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Abstract. The evolution of mobile communication from 5G to 6G marks a revolutionary shift in the way
smart cities operate, communicate, and optimize resources. This paper presents a comprehensive review of
advanced communication protocols, focusing on the design and optimization aspects of 5G and emerging 6G
technologies for intelligent urban ecosystems. Fifth-generation (5G) communication introduces high-speed
connectivity, low latency, and massive device interconnectivity through technologies such as Massive
Multiple Input Multiple Output (MIMO), beamforming, and network slicing. However, the exponential rise
in data demand, ultra-reliable communication requirements, and the integration of billions of Internet of
Things (l1oT) devices necessitate further innovation—ushering-in the sixth generation (6G). 6G envisions
unprecedented performance with terabit-level data rates, sub-millisecond latency, and integrated sensing,
computing, and communication capabilities powered by artificial intelligence (Al) and machine learning
(ML). The paper analyzes the performance parameters such as channel capacity, spectral and energy
efficiency, latency, and signal-to-noise ratio (SNR), highlighting their implications for smart city applications
including autonomous transportation, real-time environmental monitoring, and advanced healthcare systems.
The review concludes by identifying key design challenges and future research directions necessary to
achieve efficient, adaptive, and sustainable communication infrastructures for next-generation smart cities.
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1 Introduction

The history of modern communication technology reflects a continuous pursuit of faster, more reliable, and
more intelligent connectivity. Over the past few decades, several milestones have marked transformative
shifts in how humans communicate and access information. During the 2010s, the emergence of mobile
devices operating in the 3 GHz spectrum heralded the era of third-generation (3G) mobile technology. This
development represented a substantial leap in mobile broadband (MBB) capabilities, providing users with
significantly higher data transmission speeds, enhanced network reliability, and improved global
connectivity. The 3G era not only revolutionized voice and data services but also laid the groundwork for
mobile Internet access, video streaming, and early cloud-based applications.

As technology advanced into the 2020s, the world witnessed the proliferation of fifth-generation (5G)
communication networks, incorporating groundbreaking innovations such as Multiple Input Multiple Output
(MIMO), Ultra-Reliable Low-Latency Communication (URLLC), and Massive Machine-Type
Communication (MMTC). These technologies became the backbone of modern wireless infrastructure,
enabling seamless integration with emerging fields like Cloud Computing, Internet of Things (loT), and
smart city ecosystems [1]. 5G networks have played a pivotal role in supporting massive connectivity, ultra-
fast data transfer, and real-time communication, facilitating applications ranging from autonomous vehicles
to remote surgeries and industrial automation.

More recently, the evolution toward sixth-generation (6G) networks has begun to redefine the boundaries of
communication technology. 6G aims to deliver even greater data rates, ultra-low latency, and advanced
intelligence by integrating Aurtificial Intelligence (Al) and machine learning into communication systems.
This convergence of Al and communication networks is expected to produce self-optimizing and adaptive
systems capable of anticipating network demands and optimizing performance autonomously. As society
steps into the 2030s, these Al-integrated 6G technologies are projected to transform the way humans interact
with devices, data, and the digital environment, extending far beyond traditional communication to influence
diverse sectors such as healthcare, education, transportation, and industry.

Overall, this paper presents a comprehensive overview of the evolution from 5G to 6G technologies,
emphasizing their architectural advancements, key features, and performance parameters. It also highlights
the vital role of MIMO technology in enhancing spectrum efficiency and data throughput, providing a clearer
understanding of how modern communication systems continue to evolve to meet the growing demands of
a hyper-connected world.

2 Overview of 5G technology

Fifth-generation (5G) communication technology represents a major milestone in the evolution of wireless
networks, offering unprecedented speed, capacity, and reliability. One of the defining characteristics of 5G
is its exceptionally high data transmission rate, which can surpass 1 Gbps, enabling ultra-fast and seamless
connectivity. Operating within a broad frequency spectrum ranging from 3 GHz to 300 GHz, 5G utilizes
both sub-6 GHz and millimeter-wave (mmWave) bands to deliver enhanced bandwidth and lower latency
compared to previous generations. This extensive frequency range ensures not only greater data throughput
but also supports a massive number of simultaneous device connections, making 5G the foundation for next-
generation digital ecosystems.

The structural design of 5G networks closely follows the principles of the Open Systems Interconnection
(OSI) model, comprising multiple interdependent layers that collectively ensure efficient communication
and data transfer. The primary components of its layered architecture include the Application Layer, Open
Transport Protocol (OTP) Layer, Upper and Lower Layers, and Data Link Layer, all functioning under
the Open Wireless Architecture (OWA) framework. This modular design allows 5G to maintain high
flexibility, interoperability, and scalability, facilitating integration with emerging technologies such as
Artificial Intelligence (Al), Internet of Things (10T), and cloud-based services.

Due to its advanced functional parameters, 5G has become widely adopted in various high-demand
applications that require real-time communication and high data capacity. Typical examples include video
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telephony, high-definition (HD) multimedia streaming, multimedia newspapers, online gaming, and
HD television broadcasting. Furthermore, its near-limitless wireless communication capabilities have
transformed global access to information, effectively supporting the World Wide Wireless Web (WWWW)
concept—an evolution of the traditional World Wide Web that envisions fully mobile and ubiquitous
connectivity [2], [3].

A key technological innovation driving these capabilities is the implementation of Massive Multiple Input
Multiple Output (Massive MIMO) systems. Massive MIMO employs large antenna arrays to
simultaneously transmit and receive multiple independent data streams over the same frequency channel,
significantly enhancing spectral efficiency, network capacity, and reliability. By intelligently managing
spatial diversity and beamforming, MIMO technology minimizes interference and ensures robust
communication even in dense urban environments. In this paper, the role and development of MIMO
technology are discussed in detail to further illustrate its contribution to the evolution and optimization of
the 5G mobile communication framework.

2.1 MIMO Technology in Communication Systems

Multiple Input Multiple Output (MIMO) technology is one of the most significant advancements in modern
wireless communication systems. The main objective of MIMO is to enhance system performance through
the use of multiple antennas at both the transmitter (Tx) and receiver (Rx) ends. Unlike conventional single-
antenna systems, MIMO allows simultaneous transmission of multiple data streams over the same radio
channel, which greatly increases the overall capacity of the wireless network without requiring additional
spectrum.

Through advanced signal processing techniques, MIMO efficiently manages the multipath propagation
phenomenon, where transmitted signals reach the receiver through multiple paths due to reflection,
scattering, and diffraction. Instead of treating these multipath components as interference, MIMO exploits
them to transmit multiple independent information streams, thus improving both reliability and spectral
efficiency. This ability enables network operators to accommodate more users within the same bandwidth,
reducing the cost per bit and enhancing overall communication quality.

The working principle of MIMO is based on distinct signal paths between each transmitting and receiving
antenna, as illustrated in Figure 1. Each directional line represents an individual MIMO channel, signifying
the system’s inherent spatial diversity and complexity. The multiple antennas on both sides create a multipath
environment, allowing efficient signal reconstruction at the receiver end through spatial multiplexing and
diversity coding algorithms [4]. This structure forms the foundation for advanced communication methods
such as Massive MIMO, which is a key technology in fifth-generation networks.

2.1.1 Massive MIMO Technology in 5G

As the demand for higher data rates and device connectivity continues to grow, traditional MIMO
technologies, including Single-User MIMO (SU-MIMO), Multi-User MIMO (MU-MIMO), and Network
MIMO, are no longer sufficient to satisfy the increasing data requirements in the 5G era [5-11]. To address
these limitations, Massive MIMO has been introduced as a high-capacity evolution of conventional MIMO
systems.

Massive MIMO extends the basic principle of MIMO by deploying tens or even hundreds of antennas at the
base station to serve multiple users simultaneously. This configuration significantly enhances spectral and
energy efficiency while improving the quality and stability of wireless links. By employing a large number
of antennas, Massive MIMO can form narrow and highly directional beams that increase signal strength and
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reduce interference between users. Figure 2 illustrates the typical Massive MIMO structure, where multiple
users can independently receive data streams from the base station at high transmission speeds [12].

The introduction of Massive MIMO has become one of the key enabling technologies of 5G networks. It
supports ultra-high data rates, reduced latency, and massive connectivity for diverse applications such as
autonomous vehicles, industrial automation, virtual and augmented reality, and large-scale Internet of Things
(1oT) deployments.

2.1.2 Performance Parameters of Massive MIMO

The performance of Massive MIMO systems depends on several key technical parameters that determine the
overall efficiency, data capacity, and reliability of the communication network.

2.1.2.1 Channel Capacity

Channel capacity refers to the maximum data rate that can be transmitted through a communication channel
without error. In Massive MIMO systems, the use of multiple antennas enables the parallel transmission of
several data streams, effectively increasing the total channel capacity. As the number of antennas grows, the
system can approach the theoretical Shannon limit, leading to improved data throughput and efficient
spectrum utilization.

2.1.2.2 Signal-to-Interference-plus-Noise Ratio (SINR)

Signal-to-Interference-plus-Noise Ratio (SINR) is a critical metric that measures the quality of a received
signal in comparison with interference and background noise. Massive MIMO systems achieve higher SINR
values because they can spatially separate user signals, minimizing interference and enhancing
communication reliability. Advanced beamforming and precoding technigues further contribute to improved
SINR by focusing transmission energy toward desired users and suppressing unwanted signals.

2.1.2.3 Beamforming

Beamforming plays an essential role in the functioning of Massive MIMO systems. It enables precise control
over the direction of signal transmission and reception, ensuring that energy is concentrated toward specific
users. This directional transmission reduces signal leakage, improves spectral efficiency, and enhances the
quality of service. Beamforming also strengthens system resilience by mitigating interference and ensuring
more stable connections, especially in dense urban environments.

Collectively, these factors—enhanced channel capacity, improved SINR, and intelligent beamforming—
contribute to optimal utilization of the available spectrum and ensure high-quality communication
performance. Massive MIMO also provides wider coverage, lower energy consumption, and stronger indoor
signal penetration. Moreover, the increased number of antennas in a Massive MIMO system enhances its
resistance to interference and deliberate jamming compared to conventional systems [13].

Several leading telecommunication companies have already commercialized Massive MIMO as part of 5G
network deployment. For example, in September 2017, Ericsson announced the launch of a new Frequency
Division Duplexing (FDD) radio that supports both 5G and Massive MIMO. This innovation was intended
to bridge the technological gap between 4G LTE and 5G networks by expanding the capacity of existing
infrastructure while preparing it for next-generation communication technologies.
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2.2 Defects and Limitations of 5G

Despite its advanced performance, 5G technology faces several limitations that restrict its widespread
implementation. One of the most critical challenges is its limited coverage range, which arises from the use
of high-frequency bands, particularly in the millimeter-wave range (up to 300 GHz). These high-frequency
signals have short wavelengths, making them less capable of traveling long distances or penetrating obstacles
such as buildings and trees. Consequently, the deployment of 5G networks requires a denser infrastructure
of base stations to maintain reliable connectivity, which increases both system complexity and deployment
costs.

Additionally, the high cost associated with acquiring and maintaining access to these high-frequency bands
imposes financial constraints on service providers. The requirement for dense cell deployment further adds
to operational expenses, making large-scale 5G implementation economically challenging in certain regions.
Although 5G offers significant advantages in speed, latency, and capacity, achieving consistent performance
across wide geographical areas remains difficult. Overcoming these limitations will depend on further
innovations in antenna design, signal processing algorithms, and hybrid communication architectures that
integrate 5G with emerging 6G technologies.

3 Overview of 6G Technology

The sixth generation (6G) of communication technology is envisioned to offer users a superior experience
by significantly reducing propagation delay and expanding coverage through the integration of advanced
antenna systems and highly capable receiver processing. With broader bandwidth and improved hardware
intelligence, 6G is expected to deliver data rates nearly ten times higher than those of 5G, with the potential
to support up to one million simultaneous connections. This capability would enable seamless data
transmission for a wide variety of users and applications, pushing the limits of wireless connectivity to new
heights.

Unlike 5G, which already operates on a mature and standardized framework, 6G remains an emerging and
evolving concept. Over the next decade, the development of 6G is expected to be driven by the adoption of
new technologies and the integration of artificial intelligence (Al) and sensing as key enablers. While 5G
primarily focused on enhanced mobile broadband, ultra-reliable low-latency communication, and massive
machine-type communication, 6G will expand these capabilities by embedding Al-driven network
automation, intelligent data analytics, and real-time sensing functions.

In the 6G era, innovative applications such as Extended Reality (XR) cloud services, real-time haptic
feedback, and fully immersive holographic communication are anticipated to become mainstream. The
exponential increase in traffic per device and the stringent requirements for ultra-low latency and reliability
will make network capacity and efficiency major design challenges. Furthermore, the proliferation of 10T
devices and the emergence of advanced wireless sensing technologies will generate vast volumes of data.
These data streams will fuel Al algorithms, transforming Al into the core automation engine across all
network operations. The synergy between Al, big data, and communication infrastructure will result in
networks that can self-optimize, predict demand, and dynamically allocate resources.

Big data analytics is expected to drive 6G network throughput by several orders of magnitude compared to
previous generations. The integration of diverse technologies and adaptive systems will become a defining
feature of 6G, enabling it to cater to heterogeneous applications ranging from autonomous systems to
healthcare and smart environments. However, many of these technologies are still at an early stage of
research and development. Considerable effort and innovation are required to overcome technical barriers
and realize the full potential of 6G networks in the coming decade.
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4 Comparison Between 5G and 6G

A comparison between 5G and 6G can be made by evaluating key performance parameters that define the
efficiency and capability of a communication system. These include signal-to-noise ratio (SNR), peak data
rate, latency, spectral efficiency, and energy efficiency. Although 6G is still under conceptual development,
its design goals and projected parameters clearly indicate a significant leap beyond 5G in terms of speed,
reliability, and intelligence.

4.1.1.1 3.2.1 Signal-to-Noise Ratio (SNR)

In 5G networks, performance in terms of SNR is already well optimized. 5G systems operate across a wide
range of frequencies, including sub-6 GHz and millimeter-wave (mmWave) bands (24 GHz and above),
which enable higher data rates. The deployment of Massive MIMO and beamforming techniques enhances
SNR by directing energy more efficiently toward users.

However, both 5G and 6G networks are influenced by the propagation characteristics of high-frequency
signals. mmWave and terahertz (THz) frequencies experience greater path loss and are more susceptible to
blockage, which can lead to SNR degradation in certain environments. The density of users, interference
levels, and environmental conditions will continue to impact the effective SNR in future 6G deployments.
Artificial Intelligence (Al) and Machine Learning (ML) methods are expected to play a major role in
dynamically optimizing transmission parameters, mitigating these challenges, and improving signal quality.

4.1.1.2 Peak Data Rate

The peak data rate defines the maximum achievable transmission rate under ideal conditions. In 5G systems,
this rate varies depending on environmental factors and interference, typically ranging from several gigabits
per second (Gbps) to about 10 Gbps. In contrast, 6G aims to exploit the sub-terahertz (sub-THz) and terahertz
(THz) bands, providing significantly larger bandwidths that can achieve peak data rates exceeding 100 Gbps,
potentially reaching up to one terabit per second (Tbps) in optimized conditions. Each new generation of
mobile communication introduces higher frequency ranges and advanced modulation schemes to
accommodate growing data demands and improve spectral utilization.

4.1.1.3 Latency

Latency, the time delay in signal propagation, is a critical performance measure for real-time applications.
In 5G, although latency has been significantly reduced compared to earlier generations, it is still subject to
path loss and interference at higher frequencies. The exploration of sub-THz and THz bands in 6G will lead
to shorter communication distances, smaller cell coverage areas, and consequently, much lower propagation
delays. This reduction in latency is expected to support emerging technologies such as tactile internet,
autonomous vehicles, and real-time holographic interaction.

4.1.1.4 Spectral Efficiency

Spectral efficiency measures how effectively a communication system utilizes its available spectrum. For
5G, improving area throughput remains a primary challenge and can be expressed as:

Area throughput (bit/s/km2) = Bandwidth (Hz) X Cell density (cells/km?2) X Spectral ef ficiency (bit/s/Hz/cell)
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This relationship shows that area throughput can be enhanced by increasing bandwidth, deploying more cells
per unit area, or improving spectral efficiency. In 5G, Massive MIMO technology has been instrumental in
enhancing spectral efficiency through narrow beamforming, which focuses transmission toward individual
users.

As research progresses toward 6G, even greater spectral efficiency is anticipated. Future systems are
expected to use higher-order modulation techniques such as advanced Quadrature Amplitude Modulation
(QAM), adaptive coding, and Al-driven signal optimization to achieve more efficient use of available
spectrum and further improve network capacity [14].

4.1.1.5 Energy Efficiency

Energy efficiency in communication networks is defined as the number of bits transmitted per unit of energy
consumed (bits per joule). It is influenced by both spectral efficiency and the power required for transmission.
To optimize energy efficiency, advanced modulation schemes can be used to transmit more bits per unit
energy, while power control mechanisms can dynamically adjust transmission power based on network
demand and environmental conditions.

In both 5G and 6G, energy efficiency will remain a vital design consideration. As networks become denser
and more data-intensive, reducing power consumption while maintaining high performance will be critical.
The integration of Al for intelligent power management, energy harvesting technologies, and low-power
hardware design will help make 6G networks more sustainable and cost-effective in the long term.

5 Conclusion and Future scope

The evolution from 5G to 6G communication technologies marks a transformative milestone in the
realization of smart city infrastructures. While 5G has enabled high-speed connectivity, ultra-low latency,
and large-scale device integration through technologies such as Massive MIMO, beamforming, and network
slicing, it still faces challenges related to spectrum limitations, high deployment costs, and energy efficiency.
The upcoming 6G technology is envisioned to overcome these constraints by integrating advanced concepts
such as terahertz (THz) communication, artificial intelligence (Al)-driven optimization, edge computing, and
intelligent sensing. These advancements aim to deliver unprecedented data rates, real-time responsiveness,
and ubiquitous coverage, forming the backbone of next-generation urban ecosystems.

In the context of smart cities, 6G will play a crucial role in enabling autonomous transportation, intelligent
energy management, precision healthcare, and large-scale Internet of Things (IoT) deployments. Future
communication networks will not only transmit data but also perceive, learn, and adapt dynamically to
environmental and user conditions. To achieve this, research must focus on optimizing protocol design
through Al and machine learning algorithms for adaptive resource allocation, interference management, and
energy optimization. Furthermore, integrating quantum communication, THz spectrum utilization, and
sustainable networking practices will be essential to ensure secure, energy-efficient, and resilient
communication infrastructures.

Ultimately, the convergence of 5G and 6G communication protocols will lay the foundation for intelligent,
connected, and self-sustaining smart cities. By developing scalable, context-aware, and green communication
systems, future networks will move beyond conventional connectivity to create an ecosystem where data,
devices, and humans interact seamlessly—paving the way for a truly digital and intelligent society.
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