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Abstract

Due to the evolution of 6th generation (6G) communication networks, it has been
witnessing an increasing need for ultra-high data rates, massive connection, low latency, and
intelligence. However, some tasks need to be performed for fulfilling this demand through
preserving the energy consumption. In this article, it is providing an extensive assessment of
technological, computational, and architectural developments for optimizing energy efficiency
during developing 6G communication networks. In context of architectural advancement, it is
assessing intelligent reflecting surfaces, Green cell-free massive MIMO, and hierarchical edge-
cloud computing architectures. They help decrease energy consumption during processing,
device, and transmission, according to those architectures. The capabilities of Al-driven
network management, energy-conscious resource allocation, and reinforcement learning
optimization for optimizing energy efficiency in an effective manner through computing
capabilities of Al have been described. The role of technological innovations like energy
harvesting, integrated sensing and communication, ultra-low-power transceivers, and terahertz
transmission in lowering operational network costs has been discussed too. In this review
article, it is discussing THz wave communication and Green cell-free massive MIMO
technology particularly.

Keywords: 6G Generation Networks, Energy Efficient, Network Management, Artificial
Intelligence (Al), CF-mMIMO, THz Waves, Artificial Intelligence (Al).

1. Introduction

The fundamental generations of mobile communications offered an access to very
intelligent and integrated paradigm developed for sixth generation (6G) communication
technologies because of a fast development of wireless communication systems. Researchers
and firms concentrate on architectures and algorithmic systems capable of dealing with
growing requirements of new applications in making a demand for a high standard of data
speed, reliability, latency reduction, and universality But a fundamental problem of energy
consumption and environmental sustainability arising from a fast growth of density,
widespread usage of Internet of Things (IoT), and development of ultra-massive machine type
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components in designing and implementing next-generation wireless networks in place of an
individual optimization statistic.

It has been forecasted that 6G networks would allow immense connectivity compared
to 5G, along with operation at speeds of high terabits/sec and ultra-low latency in microsecond.
Future applications like holographic communication, manual internet, digital twin, ubiquitous
artificial intelligence (Al), and smart automation systems in the industrial, urban, and social
sectors would rely on these technical requirements. The above research [1] reveals that 6G
networks need to implement “intelligent, cloud-based, and decentralized architecture to
achieve seamless integration in the air, land, water, and space sectors.” In the global context, it
would allow intelligent energy management, efficient resource distribution, and safe and sound
network operation, which assist in architectural restructuring to ensure more performance.

The energy-efficient design in 6G targets minimizing the energy consumption of
communication gadgets as well as the network infrastructure by adopting intelligent processing
and optimization techniques. Specifically, the increasing use of loT-enabled automation
systems has created an energy-intensive requirement in networks that should be in a perpetual
quest to optimize between energy constraints and performance [2]. There will be architectural
designs that integrate the edge computing layers, distributed Al processing layers, and adaptive
protocol layers to optimize energy while keeping the communication dependable in ultra-dense
sensors’ implementations of smart gadgets. Present-day energy-efficient designs being used
within 5G will be ineffective in supporting high traffic loads in next-generation communication
systems to ensure users in their quest to develop next-generation networks support the energy-
efficient design in 6G. Figure 1 shown here illustrates various regions where 6G has varying
levels of capabilities.

Figure 1. Different Functions of 6G Communication Networks [5]

The idea of “green 6G” underlines that energy efficiency is the basic goal that will guide
technologies like Reconfigurable Intelligent Surfaces (RIS), massive Multiple-Input Multiple-
Output (mMIMO) array systems, millimeter wave (mmWave), and terahertz (THz)
communication, novel coding schemes, and quantum communication systems through a broad
sustainability approach [3]. The said technologies will introduce novel sources of energy
consumption challenges due to their complexity, signal processing, and accurate
synchronization. This novel technology will work under sustainable energy constraints, and
novel approaches for architecture and algorithms will emerge. The transmission environment
will change from improved, high-power transmitters, like how RISs can greatly reduce energy
consumption and combine sensing and communication systems to eliminate repeated tasks.
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The rapid transformation to 6G communication networks points out the problems about
energy consumption and environmental sustainability, but also introduces the requirements for
ultra-high data speeds, high data interconnection, and ultra-low latency. Examples of such
emerging technologies are terahertz communication, ultra-dense cell-free massive MIMO, and
Al-driven network control. These technologies significantly raise the hardware complexity and
signal-processing needs. State-of-the-art energy-efficient methods using the 4G and 5G
network are unable to handle these problems, and therefore the 6G networks will be used to
increase the power consumption. Thus, the required architectural, algorithmic, and technical
advancements to achieve high performance and energy efficiency in future 6G systems will be
analyzed and integrated.

The goal of this work is to describe how the developments in architecture, algorithmic
design, and related technologies explain the energy efficiency achieved in the future 6G
ecosystem. This study is further explained in section 3 with respect to the development and
innovations towards the sustainable next-generation communication networks.

2. Literature Review

In the literature review explains the previous works of 6G communication networks
and the table 1 illustrates the comparative table on the previous works.

The research work [4] defined the comprehensive survey on the use cases, KPIs,
candidate spectrum that includes mmWave and THz enabling technologies like massive MIMO
which included sensing and communications, edge computing, blockchain/quantum primitives
and AI/ML integration. It is also illustrating the increasing density, ubiquitous sensing and new
high-frequency bands that provides energy and system-integration challenges that will be
resolved across the protocol and hardware levels. This work commonly mentioned the source
for 6G overviews that include gap analysis with literature integration. This research [5] analysis
the ubiquitous intelligence changes architecture, security needs and applications in their Al-
based work on 6G. The authors illustrate the AI’s dual position as a non-trivial energy
consumer and an enabler of energy savings, in addition to analysing Al-based control plane
principles and security risks to Al pipelines this study makes the case for combined
computational-communication optimization frameworks that particularly take security and
energy considerations.

This article [6] mainly focuses on energy-efficient methodologies that applicable to
future mobile networks. Their review discusses approaches that include PHY/MAC, RAN
operation and hardware with identifying real deployment challenges and constraints. This work
also illustrates the lack of large-scale experimental validations and standardized energy-based
KPIs but it helps for identifying possible processes and focusing on energy analysis that
requires system-level consideration for communications, sensing and computation. The
research [7] continually identify sustainability and energy limits as essential design issues when
discussing technological advances like as THz connections, ultra-massive MIMO, advanced
antenna systems and combined sensors. This work is comprehensive and focused on
applications, essential for connecting manual needs to simpler technological issues but it
remains focused on quantitative energy methods and depends on other research for
comprehensive energy solutions.

This study [8] combines the 6G communications, Al and power systems that analysing
the smart grid features can be enabled by ubiquitous low-latency connection. A major
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improvement of this research is incorporates the security concerns with energy management.
The authors also evaluate the attack surfaces for communications regarding the problems or Al
models have direct energy and stability effects for the grid. It also focused on radio based
energy research by illustrating communications-level design decisions overflow into macro
energy systems and highlighting the safe requirements with resilient collaborative designs. This
review [9] classified the semantic encoding techniques, RIS use-cases for improving link
budgets and edge management patterns for positioning prediction within data sources.
Additionally, the authors declared the energy advantages from decreased transmission must be
adjusted against the computational energy costs, recommending for cooperative optimization
and accurate evaluation.

Akgul et.al. [10] proposed a sustainable architectural development from 5G to 6G by
implementing technologies like disaggregation, modular sharing of resources, intent-based
management and energy-efficient operations. Ultra-dense implementations may substantially
decrease inactive power usage based on their approach in architectural design elements. This
study presents a design explanation and proposed operational principles and also highlights the
need for prototypes and energy-based KPIs to test predicted improvements in action. Table 1
illustrates the comparative work of the previous work that mainly focussed on the contribution
and the energy-related points.

Table 1. Comparative Table for the Energy Based Views in Previous Works

Reference Focus Primary contribution Energy-related views
Priya et al. | Green 6G Design patterns and Edge reduces the backhaul and
[11] and Edge combining green 6G transmitting the energy for
principles with edge latency-sensitive applications
computing
Kumar et 6G for Requirements and network | XR intensifies energy needs and
al. [12] VR/AR mapping for XR energy/semantic mitigation
Anowar et | Fog RAN Al-based fog RAN Fog offload lowers the common
al. [13] architecture and evaluation | energy and helps Al scheduling.
Lietal. Green 6G Research based on green Supports energy efficient per
[14] roadmap 6G and standardized KPIs | task and CO2e measures
Tyagi etal. | Energy and | Enabling technologies and | Focuses on cross-layer
[15] sustainability | strategies for energy collaborative design and
efficiency in 6G from assessment
physical layer techniques.
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3. 6G Communication Networks
3.1 Architectural Innovations

Energy-efficient 6G communication networks depends on architectural advancements
that provide the network systems are arranged, linked and functioning to achieve ultra-low
energy usage while enabling huge connection and high data speeds. Architectural efficiency
becomes more important when 6G moves toward combining terrestrial, airborne and satellite
layers. This section discusses the key architectural achievements that enabling sustainable 6G
systems, enhanced with real-life scenarios and new research methods.

3.1.1 Edge Computing

The Edge Computing architecture is a core component inside the development of the
more eco-friendly nature of the 6G. The wireless network has reduced energy consumption
when it comes to backhaul and central networks by ensuring that data transport is optimized,
hence less data is transmitted over long distances. The application example is the use of Edge
Offloading in Extended Reality. Edge nodes in 6G technology play an important role in
processing in a manner less in terms of energy consumption and low latency as compared to
requesting large data in the field of XR to the cloud server for processing. Energy-efficient
platforms in the edges that can efficiently offload tasks to the near low-power computing nodes
developed by telecom giants Ericsson and Nokia [28] are depicted in Fig. 2 and represented by
ericsson.

Private edge Network edge Extended public edge
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Figure 2. Edge Computing Infrastructure by Ericsson [31]
3.1.2 Green Sites

“Green Sites”-self-sustaining units are an emerging architectural innovation that
exploits the use of solar power and micro-wind turbines to energize the 6G access
points/microcells. The green sites are often equipped with SAE from Al-based management
systems and energy-harvesting controllers. The power of energy harvesters in 6G networks
through the use of green sites has been indicated by Figure 3.
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Figure 3. Harvesting Power Using Green Sites in 6G Network [16]

For instance, rural test networks of the proposed 6G network in Southeast Africa and
the Asian region indicated that “solar-powered micro-cells will be able to survive for days
without the need to have access to the main power grid and that reducing operating carbon
emissions. [29].

Ericsson and Nokia have demonstrated the existence of measurable reductions in
backhaul traffic and cloud computation in the central cloud within edge computing. These
results cause direct reductions in energy per transmitter bit and central network power
consumption. Edge computation reduces data transmission for long-distance communication
at the system level, as it also satisfies energy-limited task offloading strategies that have been
demonstrated to reduce power for latency-intensive tasks. With the work demonstrated on the
Huawei experiment platforms, Al-managed energy at the base station is comparable to deep
learning control methods when the elements of the communication network switch between
active and sleep modes depending on traffic patterns. This behavior can be equated to analytical
and simulation work, and it has been found that a substantial decrease in the energy
consumption of a radio access network can be achieved in a low to moderate traffic condition
while satisfying the criteria of quality of service. The decrease in the power of the passive
signal leads to the improvement of the received signal strength with no adjustment in the power
of transmission as theoretically expected.

Analytic model shows how a DP LL link can minimize channel loss by decoupling AP
user distances are confirmed by experimental prototypes integrating terahertz communication
with cell-free massive MIMO configurations. This provides a DP framework to harness the
inherent increased circuit power of terahertz devices by minimizing transmission power and
maximizing geographical differences. Probably, these applications would offer straightforward
but sound technical verification that innovative algorithms and architecting concepts explored
under this research can lead to beneficial performance in terms of energy efficiency in future
6G network systems [22].

3.2 Algorithmic Innovation

Adaptive beamforming methods can reduce the energy loss because 6G supposed to
operate at sub-THz and THz frequencies. The system can significantly decrease the RF-chain
power consumption by activating the part of antennas that required for directional transmission
by using methods like compressed sensing-based beam selection. For example, hybrid
beamforming algorithms can achieve effective high-gain transmission for holographic
communications by reducing the amount of power-consuming digital phase shifters by
combining analog and digital components [23].
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Energy-efficient network slicing is currently important for 6G infrastructures. Slicing
algorithms constantly distribute virtualized resources among RAN, transport and core networks
based on user needs. A real-life example is that the deactivation of inactive network slices
during the low traffic situations using the mixed-integer linear programming (MILP) models
that lowers the energy consumption in cloud-based 6G units [24]. Finally, the green routing
and mobility management algorithms will improve the energy efficiency for ultra-dense
situations. Energy-efficient shortest path algorithms and other graph-based routing techniques
will choose the routes with the least amount of relay and transmission power. LSTM
networksbased mobility prediction models will minimize the unnecessary transfers, reducing
power for both mobile devices and base stations. Scalable 6G deployments are made possible
in large part by innovations in energy-efficient algorithms [25]. By dynamically adjusting
transmission strategies and resource allocation, methods like hybrid beamforming, Al-based
power control using deep reinforcement learning (DRL), and mobility prediction using LSTM
networks provide significant energy savings, as Table 2 illustrates. Scalability issues in ultra-
dense 6G environments are greatly reduced by these methods' deployment at the network edge
and use of distributed intelligence, even though they add computational complexity and
training overhead [27].

Table 2. Comparison of Energy-Efficient Algorithms [15][25][27]

Technique Purpose Challenges

Hybrid Beamforming Reduces transmit and hardware High design and CSI
energy consumption complexity

Network Slicing (MILP- | Allocates resources efficiently Computational
based) across services complexity
Al-Based Power Control | Dynamically optimizes transmit Training overhead
(DRL) power
Mobility Prediction Minimizes handover and signaling | Sensitivity to mobility
(LSTM) energy variations

The capacity of energy-efficient algorithms to function in a distributed, lightweight and
adaptable way is critical to their scalability for ultra-dense 6G improvements. Conventional
centralized optimization techniques such network slicing based on mixing-integer linear
programming provide optimum solutions but have scalability issues because of exponential
computing as the number of users, access points and slices grows. Algorithms based on
machine learning and reinforcement learning shows the greater scalability. Decreasing
signalling overhead and centralized processing techniques like deep reinforcement learning for
power control and sleep scheduling scaled in congested situations. Hybrid beamforming and
reduced sensing based beam selection algorithms scale effectively with antenna density,
controlling circuit power and computational expansion even in ultra-massive MIMO systems
by decreasing the number of active RF chains [15]. Overall, the suggested algorithmic
approaches are practically scalable for ultra-dense 6G deployments due to the combination of
distributed edge intelligence as well as cross-layer coordination and computational resource
limitations are managed.
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3.3 Technological Innovations

3.3.1 Artificial Intelligence (AI)

The most crucial component of the energy-efficient strategy of 6G is artificial
intelligence (Al) technology. Al-based power control, intelligent resource allocation with new
beamforming techniques achieved through AI will help the network optimize energy
consumption in real-time. For instance, an innovative deep reinforcement learning (DRL)
method can analyze the behavior of the users and dynamically adjust the level of cell actuation
to avoid unnecessary energy consumption. Huawei’s research labs have demonstrated that
energy consumption can be reduced up to 15% with Al-based base stations that adjust modes
of operation dynamically throughout the low-traffic period [18].

3.3.2 Quantum communication

Highly advanced quantum communication solutions, specializing in low power
quantum-secure cryptographic hardware. With the growing and increasing needs to ensure the
protection of communication pathways, the 6G network will grow as it will facilitate more
critical and security-concerned applications. As ID Quantique’s low power Quantum Random-
Number Generators (QRNGs), the integration of quantum-grade security in cellular and IoT
devices is possible without additional power sources.

3.3.3 Intelligent Reflecting Surfaces (IRS)

A massive programmable metasurface called Intelligent Reflecting Surface (IRS) to
manage the electromagnetic signals without incorporating any active component, namely
amplifiers. IRS modules would enhance coverage and minimize the need for high-power
broadcast signals of the base stations and assist in directing the signals around the obstacles.
IRS modules would offer a less energy footprint of the networks that essentially need little
setup power consumption. China Mobile's test of IRS tiles installed on buildings helped to
enhance the coverage by a considerable 25% within by utilizing lower base station power and
offers a specific example of the ability to reduce the power consumption of the network with
high population density regions [21].

3.3.4 Green Power Technology and Energy Storage

The energy efficiency in the operations of the 6th Generation is a result of
advancements in battery and storage technology. The technological advancements in the
development of graphene storage devices and solid-state batteries and supercapacitors enable
fast charging and more working hours without energy losses. For instance, Samsung has
developed graphene-based Li-ion batteries with higher energy density, enabling the duration
of the 6G-capable mobile gadgets and sensors [32].

Finally, green power technologies are growing more important for lowering the carbon
footprint of 6G infrastructure. Solar-driven based stations, hydrogen fuel cells and Al-
optimized cooling systems are the examples of these technologies. Ericsson’s “Energy Smart”
radio modules include passive cooling and renewable energy support to achieve 30% of lower
power usage compared to traditional ratio hardware. Figure 4 shows the technological
innovations of 6G networks [30].
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Figure 4. Technological Innovations in 6G [19]

4. 5G to 6G Energy-Efficient Transformation

However, transitioning from the current 5G to the next technological evolution, termed
as 6G, is obviously the next step. This is because of an improvement in the skills and
capabilities of the new technology, which utilizes concepts such as terahertz, Al-native, and
cell-free massive MIMO architectures. The application of the current 5G technology, in any
event, is made effective through its mobile broadband, low-latency communications, and [oT
connectivity [20] [15].

The challenges with THz communication include a high resistance to blockages, air
absorption and considerable path loss. 6G uses cell-free massive MIMO (CF-mMIMO), hybrid
beamforming, ultra-massive antenna arrays and innovative access points (Aps) are controlled
by edge processing units, CF-mMIMO deals with the traditional concepts of cells [17]. THz
connections are dependable even in dynamic situations because the dense structure also
improves link stability, boosts macro-diversity and reduces the propagation distance. The real-
time transformative factors are predictive blockage detection, Al-assisted beam management
and adaptive to the environment networking that uses the sensors and machine learning to
modify beams. High-resolution imagery, meter-level positioning and new uses like holographic
communication, interactive internet and smart industrial networks are made possible by the
integration of THz communication with 6G integrated structure for Joint Communication-
Sensing Computing (JCSC). As highlighted in Table 3, 5G technology operates in sub-6 GHz
and millimeter wave frequency ranges and provides maximum data rates of up to 20 Gbps with
a latency of 1-10 ms, whereas in 6G technology, communication is expected to take place in
sub-THz and THz frequency bands, which range from 0.1 to 10 THz, providing terabit per
second data rates and a latency of below 1 ms, which is necessary for various services such as
holographic communication, digital twin, extended reality, autonomous systems, and JCSC.
[25]. THz communication systems easily incorporate complexities such as strong path losses,
molecular absorption, and a blocking effect, but these conditions could be readily overcome in
6G communication systems through cell-free massive MIMO topologies being incorporated
into these systems of communication. The cell-free MIMO concept introduces a fresh
philosophy, in which a massive number of spatially distributed APs are used to serve a user
community at a very large distance, thus increasing the efficacy of a reduced power frequency
of transmitter and receiver [10]. The normal latency of a 5G network ranges from 1 ms to 10
ms, which is quite a good amount of time to support both classical URLLC and mobile
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broadband sessions. However, as illustrated in Table 3, a sub-ms latency is required in future
6G wireless networks, with microsecond latency being required in a number of mission-critical
applications. This very strict latency is compensated by Al-enabled beam management
techniques, predictive blockage detection, and an ultra-dense distribution of Aps [16].

Table 3. Difference between the 5G and 6G Wave Communication [15] [25]

Features 5G 6G
Main Sub-6GHz, mmwave Sub-THz and THz (=0.1-10 THz)
Spectrum (24-100 GHz)
Data Rate Up to 20 Gbps Up to 1 Thps (target)
Latency 1-10 ms Sub-millisecond (<1 ms target)
Sensing Limited Integrated communication and sensing
MIMO Massive MIMO Cell-free ultra-massive MIMO (CF-mMIMO)

The cell-free massive MIMO (CF-mMIMO) technology helps to lower the transmit
power by reducing the distances between the access points and the users. The large low-power
distributed access points provide a combined service to the users by removing the need for
large power macrobase stations; as a result, the detection of the THz signal is possible after
traveling a few meters and with less power consumption. The effects of a distributed system,
as shown in Table 4, cause the removal of boundaries among cells, results in a uniform
coverage pattern, and provides optimal Macro Diversity in the system. The cost incurred in the
signal processing, beam-forming, and transmission in the case of the CF-mMIMO in the THz
communication system is significant; however, the system provides the best possible energy
efficiency in terms of smaller transmission distances, access point transmission power, and the
reuse of space.

Table 4. The Difference between the 5G and 6G with THz & CF-mMIMO

[10][16][26][27]
Feature 5G 6G with THz & CF-mMIMO
(Target)
Operating Frequency | Sub-6 GHz, mmWave (<100 | Sub-THz/ THz (=0.1-1 THz and
GHz) beyond)

Propagation Moderate path loss, limited High path loss, blockage-sensitive
Characteristics blockage tolerance (mitigated by dense APs)
Network Cell-based (macro + small Cell-free, user-centric distributed
Architecture cells) APs
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MIMO Structure Massive MIMO at base Cell-free ultra-massive MIMO
stations across many APs

Transmit Power Moderate to high per base Lower per AP due to short AP-UE

Requirement station distances

Beamforming Moderate High processing cost, but lower

Energy Cost radiated power

Circuit Power Centralized, relatively high Distributed, lower per AP

Consumption

Coverage Cell-edge performance Uniform user experience

Uniformity degradation

Energy Efficiency Improved over 4G High

Therefore, THz with CF-mMIMO provides the energy-efficient solution and will
revolutionize THz communication in terms of energy efficiency by overcoming the distance
constraint in transmission, minimizing the power consumption in AP, and offloading it to many
smaller nodes with less power consumption. The Al and RIS are also utilized to minimize
energy in the beam prediction mechanism. The AP is set to be sleep scheduled with less passive
signal routing.

Finally, the benefits of the 6G technologies at the systemic level increased data rate,
low latency, low transmitted power, and high energy per bit compensate for the complexities
of the technologies at the hardware and signal processing levels introduced by THz
communications and CF-mMIMO. It can thus be concluded that the results presented in Tables
2, 3, and 4, with joint optimizations of innovations on the architecture, algorithm, and
technology sides, respectively, imply that 6G networks are envisioned to have higher
performance with superior energy efficiency than that of 5G networks.

5. Discussion

This technology made it possible for a vast Internet of Things and a significantly better
mobile broadband experience with extremely low latencies in 5G. However, with an aim
towards the future technology of 6G, this technology is expected to deliver speeds that measure
terabits per second in a second with latencies in microseconds. These technologies that are
included within the evolution of 6G include new technologies that include cell-free massive
MIMO communication systems, Reconfigurable intelligent surfaces, THz communication
systems, and intelligent Al-assisted control with an aim of achieving maximum performance
using least amounts of energy.

The drawback of these architectural advancements is that they offer a new opportunity
for energy-efficient performance such that advanced optimization and management approaches
are required to avoid the transmission of the energy load too early in order to control the units
or cloud processing units. The development of adaptable and contextual-aware energy
management systems achieved by the successful invention of Al-based networks, where there
is distribution of the resources at all times, based on traffic conditions, user mobility, and
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environmental changes. Machine learning optimizations through reinforcement learning and
federated learning exhibit prominent improvements in energy consumption without having any
effect on latencies and reliability. Innovative technologies affect the energy system of 6G; it
includes terahertz communications, advanced semiconductor materials, and integrated sensing
& communication approaches. The bands in terahertz communication offer high transmit
capacity but require highly directive antennas and powerful components as well. Likewise, in
signal processing requirements, there is enhanced demand in that it includes sensing in the
communication system to increase the efficiency directly. The findings from these research
phases emphasize the relevancy to combine algorithm and hardware in which purpose to
decrease the in-built energy cost of next-generation technologies.

Thus, there will be using of THz and the cell-free massive MIMO makes the 6G more
energy-efficient network. By updating the network by comparing the 5G and mainly updated
the massive MIMO into cell-free massive MIMO makes the 6G as energy-efficient network.
Instead of using large, the CF-mMIMO implements the distributed access points across the
environment coordinately to serve users in the isolated base stations. This will remove the cell
boundaries, ensures the uniform service and reduces the AP to device distance for THz
communication. This will result in strong network architecture that maintain THz connection
dependability even in high dynamic environments.

This analysis demonstrates that employing advancements in technology, algorithm
developments, as well as architectural developments, a convergent approach is imperative in
realizing energy-efficient 6G wireless networks. To support the future generation of networks,
energy architectures that are intelligent, flexible, & renewable will be imperative where the
performance will be measured by sustainability instead of relying on isolated innovations. This
will make the green connection in the 6G generation networks scalable.

6. Conclusion

As has been identified in the review study, the application of energy-efficient
communication networks in the 6th generation should have a wide-reaching process in tech
development, as well as development based on its algorithms in an environment that is totally
sustainable. The development in the area of device density, the application related to the
Internet of Things, as well as the revolutionary technology of holographic communication,
digital twin, and Ubiquitous Artificial Intelligence increases the requirement related to the
management or reduction in energy usage in 6G technology more when compared to 5G
technology. In addition, it provides terabit per second data transmission with micro-second
latency and smart connectivity worldwide. According to the study, architectural solutions that
decrease interference, the number of pathways, and support cell-free massive MIMO
communication, edges, clouds, and green energy sites have an impact that reduces the energy
usage of the network effectively. Further, the developments in algorithms also enable adaptive
and context-conscious control over the network resources that guarantee the performance
requirements reached at low-level energy efficiency. The low power 6G system has further
improved the technology with developments that include technological innovations. Briefly,
the study outlines the technology of wave communication and the cell-free massive MIMO
technology that applies to the 6G energy efficiency technology. The developments also include
new challenges with regard to high-frequency transmission and hardware as well as processing
complexities. This study concludes that incorporating the different developments into large-
scale IoT, autonomy, and extended reality applications are essential towards building the 6G
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sustainable ecosystem that accomplishes the right amalgamation of high performance and
sustainable energy efficiency.

Future 6G system research should focus on developing fully integrated energy-aware
architectures that will collaboratively optimize communication, sensing, and computing across
terrestrial, aerial, and satellite domains. Energy consumption, convergence time, and reducing
training overhead are of prime importance in designing scalable Al-based control systems that
can autonomously manage ultra-dense cell-free massive MIMO networks. In addition,
developments in green power technologies based on energy harvesting, Al-driven storage
management, and renewable-based access points will become important for sustainable large-
scale deployments.
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