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Abstract

The next generation of wireless communication, 6G, promises a leap beyond the advances of 5G, aiming
not only to increase speed but also to redefine how people, machines, and environments interact.
This paper examines the shift from 5G Advanced to 6G. The study reviews 3GPP Releases 15 − 20,
outlining the transition from high speed mobile broadband to services that support holographic
communication, remote tactile experiences, and interactive XR applications. The three foundational
service pillars identified in this evolution are immersive communication, everything connected, and
high precision positioning. These advances enable applications such as virtual surgery, cooperative
drone swarms, and AI-driven agriculture, requiring innovations in spectrum utilization, including sub-
THz frequencies, along with the development of AI-native architectures and energy efficient devices.
Future networks are expected to deliver data rates up to 1 Tbps, localization accuracy below 10 cm, and
device densities reaching 10 M/km2, while maintaining latency under 1 ms. 3GPP Releases 15 − 20
have progressively introduced models and standards for XR, immersive services, precision, scheduling,
and sustainability. The rise of RedCap devices and Ambient IoT highlights the need for flexible, energy-
efficient systems, while satellite and NTN aim for global coverage. Supporting initiatives like Hexa-X
and the Next G Alliance, 6G is positioned as a fundamental redesign of communication networks
focused on intelligence, adaptability, accessibility, and sustainability.

Keywords: 6G; 3GPP releases; immersive communication; quantum networks; AI-native architecture;
terahertz; sustainability; 6G KPIs

1. Introduction
The evolution of telecommunications over the last few decades has been marked by a remarkable

transition from conventional voice communication to the intricate web of connected devices known
as the Internet of Things (IoT). Internet’s journey began in the 1980s − 1990s as it transitioned from
ARPANET’s closed networks to public accessibility with the launch of the World Wide Web in 1991.
During the same period, 1G analog cellular systems of the 1980s were replaced by 2G digital networks
in the early 1990s, introducing SMS and basic data capabilities. The 2000s witnessed the global
expansion of broadband Internet, alongside the rollout of 3G in 2001, which enabled mobile Internet
access, smartphones, and mobile applications, driving a connectivity revolution. By the 2010s, 4G
Long Term Evolution (LTE) had been deployed worldwide, delivering high-speed Internet access and
powering video streaming, cloud computing, and the foundation of today’s mobile-centric digital
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ecosystem. A significant leap in telecommunications occurred with the advent of smartphones, which
enabled users to access the Internet on the move. By approximately 2005, this mobile Internet era was
well underway, supported by the widespread adoption of High Speed Packet Access (HSPA) and LTE
technologies [1].

Amidts this, the concept of the Internet of Things (IoT), first introduced by Ashton in 1999,
has evolved into a complex ecosystem of interconnected sensors, devices, and platforms [2]. The
term was initially used to refer to uniquely identifiable connected objects using Radio Frequency
Identification (RFID) technology [3], and it gained momentum much later in the 2020. Despite its
technological maturity, large-scale IoT adoption remains constrained by economic, architectural,
and performance limitations. Early mobile networks were optimized for human-centric services
rather than low-power, high-density, machine-type communications. As a result, the integration of
billions of energy-constrained and latency-sensitive devices exposed the inadequacy of traditional
architectures. The emergence of 5G through enhanced Mobile Broadband (eMBB), massive Machine
Type Communications (mMTC), and ultra Reliable Low Latency Communications (uRLLC) partially
addressed these challenges but did not fully realize the vision of a seamlessly connected, intelligent
infrastructure. The limited monetization of 5G services and fragmented vertical deployments highlight
persistent gaps in scalability, determinism, and sustainability [4]. These limitations motivate the
transition toward 6G, envisioned as a native AI-driven, energy-aware, and context-adaptive network
capable of supporting extreme connectivity and automation across vertical domains.

With the global rollout of 5G nearing maturity, the question arises: what technological directions
and next-generation services will define the post-5G era, and how will they reshape communication
infrastructures? Future networks will extend far beyond device-level connectivity, evolving into
intelligent information and knowledge systems that underpin smart cities, immersive experiences,
and pervasive IoT. The convergence of AI, edge computing, and distributed intelligence will drive
this transformation, yet operators continue to face monetization challenges due to high deployment
costs and fragmented service ecosystems, underscoring the need for innovation through cross-sector
partnerships [5]. Future networks are also expected to contribute directly to achieving UN Sustain-
able Development Goals (SDGs) by supporting sustainability, circular economy, and low-emission
operations [6]. They will enable new verticals, including digital health, smart manufacturing, and
intelligent transportation, while lowering entry barriers through hardware–software decoupling, creat-
ing opportunities for small and local innovators. In response, 3GPP has initiated the 5G-Advanced
phase, encompassing Releases 18–20, to enhance spectral efficiency, energy optimization, and AI-native
capabilities. These efforts mark a transitional phase toward 6G, where research initiatives worldwide,
spanning academia, industry, and policy domains, are already shaping early frameworks. Although
formal standardization has not begun, the emerging vision of 6G anticipates fully integrated sensing,
communication, and intelligence, setting the foundation for the next leap in network evolution.

Table 1 provides a comparative overview of global 6G initiatives, highlighting the strategic
priorities, progress metrics, and innovation trajectories of major economies. It underscores how nations
such as China, South Korea, and the U.S. lead in patent activity and standardization, while regions
like the EU and Japan focus on sustainability, sovereignty, and advanced network architectures. In
November 2019, China’s Ministry of Science and Technology set up a working group called China 6G
Wireless Technology Task Force, responsible for the national 6G research and development, and another
working group consisting of government agencies to promote the development of 6G technology.
In the U.S. the Alliance for Telecommunications Industry Solutions launched the Next G Alliance
in October 2020 to advance North American leadership in 6G. Japan established the Beyond 5G
Promotion Consortium and Beyond 5G New Business Strategy Center in December 2020 to promote
beyond 5G/6G development in Japan. Europe has also launched various 6G initiatives, notably the
Hexa-X project in January 2021, which aims to shape the European 6G vision and develop key 6G
technologies to enable the vision. In June 2021, South Korea established a 6G implementation plan to
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lay the groundwork for 6G research and development, which aims to push to launch commercial 6G
services by around 2028.

According to the authors in [5], the next services that will be available to a wide audience are de-
picted in Figure 1. One of the services expected to spread in the future is Immersive Communications,
which combines both the features of the eMBB and uRLLC services defined in 5G. Typical use cases
include remote collaboration for joint design and training, gaming and entertainment, and virtual
tourism. This service will be the focus of Section 2. A second service will involve not only people but
also every type of object connected to the network, accessible remotely and from nearby devices, capa-
ble of providing micro services. The types of devices will have different characteristics, as described
in Section 3. The concept of mMTC introduced in 5G will be extended in this Everything Connected
service because the environments in which the everything connected concept will be provided will be
very different, ranging from wide area environments like smart cities to local environments like smart
offices and smart buildings, up to personal environments, involving sensors and devices such as smart
watches and medical devices with the aim of improving daily lifestyle.

Figure 1. Evolution of 5G services and its progression toward 6G KPIs.
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Table 1. Global 6G Strategic Development and Progress by Leading Economies

Country Key Contributions & Current Status Primary Strategic Focus & Future Goals Quantitative Metrics

South
Korea

Aggressive commercialization timeline tar-
geting 2028. Implements the government-
led K-Network 2030 Strategy with strong
public–private collaboration. Pioneer in
upper-mid band (7–24 GHz), LEO satellite
communication, and advanced sensing.

To secure first-mover advantage in 6G
through leadership in global standardiza-
tion and early commercialization. Focused
on national competitiveness and techno-
logical independence.

6G Patents: 760; 5G
Speed: 814 Mbps; 6G
Ready Score: 8.75/10.

European
Union

Coordinated R&D via the Smart Networks
and Services Joint Undertaking (SNS JU)
with a €1.8B+ budget. Flagship Hexa-X
and Hexa-X-II projects define Europe’s 6G
vision and architecture.

To establish technological sovereignty, sus-
tainability, and inclusivity. Focuses on AI-
driven networks, secure platforms, and
green communication infrastructure.

Aggregated metrics
unavailable; major
investments under
Horizon Europe and
Hexa-X II.

India Launched the Bharat 6G Vision and Mis-
sion (2023) promoting indigenous R&D
and manufacturing. Focused on affordabil-
ity and sustainability.

To develop AI-enabled, energy-efficient,
and affordable 6G solutions. Targets Ter-
ahertz and advanced chipset innovation
with deployment by 2030.

6G Patents: 265; 5G
Speed: 465 Mbps; 6G
Ready Score: 7.50/10.

United
States

Industry-driven innovation through the
Next G Alliance (ATIS) to accelerate North
American leadership. NIST’s CTL leads
foundational R&D. Emphasizes open, se-
cure, and resilient architectures.

To ensure security, resilience, and innova-
tion in AI-native networks and Integrated
Sensing and Communication (ISAC). Pri-
oritizes spectrum expansion and defense
applications.

6G Patents: 2229; 5G
Speed: 363 Mbps; 6G
Ready Score: 6.88/10.

China Leading in patent filings and early R&D
investments. Established the IMT-2030 6G
Promotion Group in 2019 to coordinate na-
tional efforts. Active in THz research and
has launched experimental 6G satellites.

To achieve global technological leader-
ship and standards in 6G by developing
Air–Space–Earth–Sea integrated system,
deep convergence with AI and sensing.

6G Patents: 4604; 5G
Speed: 142 Mbps; 6G
Ready Score: 5.00/10.
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Table 1. Cont.

Country Key Contributions & Current Status Primary Strategic Focus & Future Goals Quantitative Metrics

United
King-
dom

Released National 6G Strategy (2023) with
£100M R&D funding. Strong role in global
standards development and open network
ecosystems.

To lead globally in secure, resilient, and AI-
empowered 6G systems. Aims to influence
standards and promote sustainable digital
growth.

6G Patents: 115; 5G
Speed: 392 Mbps; 6G
Ready Score: 5.00/10.

Japan Launched the Beyond 5G Promotion Strat-
egy with significant government fund-
ing. Pioneering the All-Photonics Network
(APN) and NTN integration for ultra-fast,
energy-efficient communication.

To build a robust and vibrant society via
6G-enabled resilience, extended coverage,
and quantum-safe security. Targets com-
mercial rollout by the early 2030s.

6G Patents: 155; 5G
Speed: 298 Mbps; 6G
Ready Score: 3.75/10.

Finland Home to the 6G Flagship program (2018),
a leading global research initiative. Core
partner in Hexa-X and Hexa-X-II. Pioneer
in 6G concept creation.

To maintain leadership in wireless research
via human-centric design aligned with UN
SDGs. Promotes open collaboration and
innovation.

6G Patents: 12; 5G
Speed: 452 Mbps; 6G
Ready Score: 3.75/10.

Germany Supported by the BMBF 6G Research Ini-
tiative (€700M+). Hosts dedicated 6G hubs
(6GEM, 6G-RIC, Open6GHub), combining
academia and industry.

To achieve 6G sovereignty through Open
6G Platforms and secure, modular architec-
tures. Emphasis on Terahertz communica-
tion and Security by Design.

6G Patents: 77; 5G
Speed: 330 Mbps; 6G
Ready Score: 3.13/10.

Australia Engaged in collaborative 6G research ad-
dressing unique geographic and industrial
challenges. Focused on practical use cases.

To leverage 6G for national productivity
in agriculture, mining, and smart cities
through secure and reliable networks.

6G Patents: 55; 5G
Speed: 296 Mbps; 6G
Ready Score: 1.25/10.

Canada Active in the Joint Principles for 6G, em-
phasizing open and secure networks. NRC
leads national R&D on quantum and digi-
tal technologies.

To ensure open, reliable, and collaborative
telecom infrastructure while strengthening
alliances with international 6G partners.

Quantitative metrics
not publicly available.
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Finally, a third key service is the high-precision positioning, which extends beyond conventional
cellular-level localization of smartphones or IoT devices (e.g., tens of meters accuracy). Future networks
must provide sub-centimeter to millimeter-level accuracy with update rates on the order of hundreds
of milliseconds, enabling safety-critical and real-time operations. Such capabilities are essential for
human–robot collaboration, autonomous driving, logistics automation, and drone-based operations in
sectors such as smart agriculture, surveillance, and industrial manufacturing. Many vertical applica-
tions require joint provisioning of positioning, connectivity, and immersive communication capabilities.
For instance, combining precision localization with massive connectivity enables smart warehouses
with real-time tracking of goods and context-aware worker assistance. Integrating immersive commu-
nication with ubiquitous connectivity supports remote tele-operation, such as headset-assisted drone
navigation. Meanwhile, the fusion of precise localization and immersive communications provides
the basis for remote driving and intelligent transportation systems [7]. A detailed elaboration of
high-precision positioning technologies and requirements is provided in Section 4.

The existing literature in Table 2 includes several papers discussing the expectations for networks
by 2030. However, most of these papers address specific aspects rather than providing a comprehensive
view, as done in this paper. For instance, in 2018, the ITU identified key market drivers and potential
vertical markets for 2030 networks [5] offers a broad overview of future wireless networks, focusing
on applications and technological trends but without going into much detail. In [8], the author
summarizes recent advancements in Release 17 and 18, while [9] provides a thorough review of the
enabling technologies for 6G and outlines the projected timeline for its development. [10] explore
XR standardization efforts within 3GPP. Additionally, several industry leaders, including Nokia [11],
Ericsson [12], Huawei [13], and Samsung [14], have introduced potential use cases for future networks,
which they believe will be supported by the forthcoming technologies.

The transition from 5G to 6G introduces far more demanding performance requirements, motivat-
ing the definition of new Key Performance Indicators (KPIs) and advanced architectural designs to
support 6G services expected by 2030. Upcoming 3GPP activities, particularly in Release 20, will be
instrumental in enhancing data rates, reliability, coverage, latency, and network intelligence, while
accelerating the adoption of emerging enabling technologies. Importantly, the three envisioned service
domains extend beyond classical 5G capabilities and provide a unified foundation for future vertical
applications by abstracting common functional needs and guiding the development of corresponding
communication techniques and architectures. As seen historically—voice enabling cellular systems,
data enabling the Mobile Internet, and machine-type communication enabling IoT, these service classes
are expected to catalyze new innovation and business ecosystems. The key contributions of this paper
are as follows:

• A comprehensive overview of the latest advancements in 5G-Advanced and the transition towards
6G, emphasizing the three new foundational services. By introducing specific KPIs for each service,
the paper aims to facilitate the design and performance assessment of next-generation networks,
establishing a robust framework for future telecommunications systems.

• A critical examination on the developments proposed by the 3GPP in Releases 15 to 20, as well
as other potential systems and technologies for Network 2030. It details the requirements for
supporting emerging applications across different time horizons, short-term up to 2026, medium-
term 2027 − 2030, and long-term beyond 2030, and identifies the most promising enabling
technologies, providing a holistic perspective on the future landscape of telecommunications.

The organization of this review paper across different technologies and supporting discussion is
structured as in Figure 2.
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Table 2. Key Contributions from 6G Research Papers.

Ref. Topic Major Contributions

[15] Survey A survey identifying requirements, architecture, and enabling technologies for
new applications.

[16] Technologies Introduces five technology enablers for 6G, widespread AI, 3D coverage, sub-
THz distributed security mechanisms, and new architecture.

[17] Green 6G A survey on 6G architectures and technologies such as 3D coverage, AI, THz,
VLC, and blockchain.

[18] AI A comprehensive treatment of ML-related technology aspects for wireless com-
munications, covering design, management, and computing frameworks.

[19] Vision Argues that 6G should be human-centric, focusing on security, privacy, and
secrecy. Proposes a systematic framework and challenges.

[20] Vehicular Summarizes IoT, networking, and security technologies for vehicular networks,
with a vision for intelligent 6G vehicular networks.

[21] Use Cases Foresees 6G use cases and enabling technologies.

[22] Survey Presents human machine interfaces, ubiquitous computing, multisensory data
fusion, and new architectures for 6G.

[23] AI Argues that AI-assisted communication can address increased data production,
showing benefits for device-free communication.

[24,25] Reviews Discusses 5G developments and 6G vision, challenges, and strategies for cover-
age and mobility in communication systems.

[7] Survey Provides a vision for 6G applications, technological trends, and enabling tech-
nologies.

[26] ML Discusses challenges and potential research directions for advancing ML in 6G
networks.

[27] AI Discusses explainable AI concepts and proposes an AI framework for future
wireless systems.

[28] Survey Surveys 6G applications, requirements, challenges, and key technologies such
as AI, THz, blockchain, and optical wireless communication.

[29] Vision Extends 5G vision to ambitious 6G scenarios and speculates on required vision-
ary technologies.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 November 2025 doi:10.20944/preprints202511.1140.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1140.v1
http://creativecommons.org/licenses/by/4.0/


8 of 49

Table 2. Cont.

Ref. Topic Major Contributions

[30] Survey
Provides a top-down analysis of 6G systems, addressing societal drivers, tech-
nical requirements, challenges across all OSI layers, and advanced frequency
utilization.

[31] Survey Surveys 6G drivers, use cases, KPIs, architectures, enabling technologies, and
research efforts, comparing with 5G and outlining a roadmap.

[32] Mobile Examines KPIs for 6G from service and technical perspectives, addressing chal-
lenges for Tbps level data rates and ultra low latency.

[33] Vision
Provides a comprehensive review of 6G, exploring service objectives, design
principles, drivers, architectures, and integration of biological, physical, and
digital worlds.

[34] Use Cases Offers a comprehensive overview of 6G vision, requirements, application sce-
narios, architecture, key technologies, testbeds, and open challenges.

[35] Use Cases
Discusses advancements of the European Hexa-X project, focusing on AI and
ML integration for flexible, low complexity networks, addressing technical and
regulatory challenges.

[36] Industrial Needs
Analyzes KPIs and enabling technologies for 6G, focusing on unifying ICT
capabilities to meet societal and industrial needs through intelligent access and
orchestration.

[37] Use Cases Envisions 6G as a fusion of physical space, cyberspace, and connectivity, empha-
sizing immersive interactivity, critical KPIs, and enabling technologies.

[38] Energy Sector Explores 6G’s role in energy sector digitization, emphasizing KPIs for smart
grids, challenges, and solutions in seamless communication.

[39] Vision
Proposes an AI and ML embedded distributed management vision for 6G,
showing energy efficiency improvements via federated learning in VR streaming
use cases.

[40] Use Cases Explains unique features, proposes tailored KPIs for performance evaluation,
and examines enabling technologies in 3GPP Releases.
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Evolution of Key Services Towards 6G Networks

Evolution of Immersive Communication Services

Extended Reality (XR)

Virtual Reality (VR)

Haptic Communications

Holographic Type Communication (HTC)

Challenges and Enhancement in 3GPP Release 15 to 20

Release 15: The Foundation of 5G Connectivity

Release 16: A Step Towards Immersive Experiences

Release 17: A Leap Towards Extended Reality

Release 18: Advancing 5G into the Future

Release 19 and 20: Future Prospects for 6G

Conclusion on the KPIs

Evolution of Everything Connected

Specific Services, Types, and Things

Challenges and Enhancements in 3GPP Release 15 to 20

Release 15: Evolution of LTE-M and NB-IoT in 3GPP Standards

Release 16: Integration of NTN in 5G

Release 17: Advancement for RedCap Devices

Release 18: Introduction of Ambient IoT

Release 19 and 20: Enhanced Efficiency and Connectivity

Conclusion on KPIs

Evolution of High Positioning

Advanced Applications of High Precision Positioning Systems

Challenges and Enhancements in 3GPP Release 16 to 20

Release 16: Foundations for High Positioning in 5G NR

Release 17: Enhanced Accuracy for Industrial and Automotive Use Cases

Release 18: Carrier Phase and Sidelink Innovations

Release 19: AI/ML and Advanced Sensor Fusion

Release 20: Ubiquitous 6G Positioning

Communication Requirements and Challenges for Vertical Domains

Conclusion on the KPIs

The Road to 6G: Next-Gen Wireless Connectivity and Emerging Technologies

Quantum Communication and Secure Data Transmission

Quantum-Driven 6G Optimization

Trustworthy and Green 6G Networks

6G Challenges and Future Works

Conclusion

Figure 2. Organization of this paper.

2. Evolution of Immersive Communication Services
Immersive Communications (IC) represents an advanced progression of traditional telecommuni-

cations services, following the development of voice and video streaming technologies. IC integrates
high-quality, realistic human experiences by merging the physical world with digital or simulated
environments. This is enabled through multi-channel, multi-sensory interactions using digital devices
such as Head Mounted Displays (HMDs) or hologram systems. These technologies allow users to
communicate and interact in virtual spaces, regardless of their physical location. Beyond video confer-
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encing, IC has the potential to significantly impact industries such as remote collaboration, education,
training, telemedicine, and virtual events. It provides more natural and engaging communication,
fostering improved understanding, collaboration, and innovation across distances [41]. Key services
within IC focus on delivering immersive experiences. Notable examples include XR, holographic
communication, and haptic communication, which may also involve olfactory inputs [42]. XR encom-
passes AR, MR, and VR. While AR and MR blend physical and digital realms, extending reality, VR is
distinct as it entirely replaces the real world with a simulated environment. These technologies have
diverse use cases, with AR and MR offering different applications compared to VR [43,44]. Table 3
summarizes representative use cases and requirements for IC and connected devices, highlighting
their potential to transform interaction, collaboration, and user experience across various domains.

2.1. Extended Reality (XR)

XR is a broad term that encompasses technologies combining digital and real-world elements to
enhance user experiences. At the initial level, AR overlays digital objects such as vehicles, faces, or
animals onto the physical world, enriching the user’s perception of reality. AR can be accessed via
devices like smartphones or AR glasses, enabling users to view and interact with virtual objects within
their physical environment. MR takes this concept further by seamlessly integrating virtual content
with the real world. This creates a more interactive and immersive experience, as users can see and
engage with virtual objects that appear to coexist naturally with their surroundings. MR typically
employs specialized hardware, such as headsets or glasses e.g. Microsoft HoloLens, providing an
extended level of interaction and information with up to six Degrees of Freedom (6DoF). This enables
the tracking of 3D positions [x, y, z] and three rotational axes, yaw, pitch, and roll. The implementation
of XR involves three main steps:

1. Content Transmission: Video frames are captured by the AR/MR device to initiate the content
pipeline.

2. Rendering: The device processes the captured frames, performing tasks such as object detection,
recognition, positioning, and creating a physical-to-virtual mapping. After processing, digital
content is overlaid onto the augmented frames and rendered back through the device.

3. Feedback Collection: The device gathers user feedback to determine what content to deliver
next. Depending on the information gathered, e.g., from gloves or inertial sensors, some scene
processing can occur directly on the device or be offloaded to a nearby edge server to reduce
device workload.
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Table 3. Requirements for Immersive Communications Services and Connected Devices [45].

Service/Type Data Rate [Mbit s−1] Reliability
[%]

Latency
[ms]

Refresh
Rate
[fps]

Power Con-
straints

Mobility
[km h−1]

Localization
Precision
[m]

Mixed/AR 2 − 60 (DL), 2 − 30
(UL)

99.9 5 − 20 30 − 120 Medium – –

VR 30 − 100 (DL), <2
(UL)

99 10 − 40 30 − 120 Low – –

Holographic Type
Comms.

70 − 300 (DL), 35 −
150 (UL)

95 50 − 100 30 − 60 Low – –

Haptic Comms. 2 − 30 (DL and UL) 95 −
99.9999

3 − 100 90 − 150 Medium – –

Personal Devices e.g.
Smartphones, HMD

10 − 10, 000 99.9 20 − 100 – Limited 300 1

Sensors/Actuators
Simple

0.1 50 100 −
1, 000

– 1− 20 years 0 − 50 Cell

Time-sensitive 0.1 99.999 3 − 20 – Limited/1
year

0 − 120 1 − 10

Bio-devices 0.1 − 2 99.9 20 −
1, 000

– 5− 20 years 0–10 0.1

Vehicles and Drones 1 − 50 99.999 3 − 100 – Limited >300 0.1
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This layered approach enhances the XR experience by balancing local and remote processing,
thereby maintaining an interactive, real-time user experience.

2.2. Virtual Reality (VR)

VR offers a fully immersive experience by completely replacing the physical world with a sim-
ulated digital environment. Unlike AR or MR, which overlay or integrate digital elements with the
real world, VR envelops users in a standalone virtual space accessible through headsets that cover
the eyes and often ears. This creates a sensory-rich environment where users can interact with virtual
objects using hand controllers and other devices, enhancing the sense of immersion. Understanding
the human visual system, particularly the differences in clarity between central and peripheral vision,
influenced by cone and rod density in the retina, is essential for optimizing VR hardware and software.
By tailoring the optical components and visual content to these visual patterns, VR developers can
reduce processing loads while preserving high-quality visuals and user comfort [46]. A fundamental
component of realistic VR experiences is the Field of View (FoV), which denotes the horizontal extent
of the virtual environment visible through the headset. To deliver a convincing simulation, VR systems
aim to approximate the natural human FoV, typically around 135◦ horizontally. However, most current
headsets support a range between 30◦ and 115◦. To optimize both immersion and resource efficiency,
content delivery systems employ segmented video streaming, wherein video content is partitioned
into spatial or temporal segments, and only the portions within the user’s active FoV are transmitted.
This adaptive streaming approach, enabled by real-time user tracking and enhanced by advanced
network capabilities, ensures high-quality video rendering while minimizing unnecessary bandwidth
usage. As a result, users can experience seamless and responsive virtual environments, even during
dynamic movement within the digital space.

2.3. Haptic Communications

Haptic communications (HC) refer to the transmission and interaction of tactile sensations,
allowing users to perceive touch through direct interaction with objects or between individuals.
Initially confined to physical touch, HC has expanded to include feedback from electronic devices,
such as vibrations, taps, and pressure sensations delivered through smartphones, smartwatches,
and other devices [47]. This development marks a significant evolution in user device interaction,
paving the way for remote haptic communication. Unlike traditional communication methods that
primarily rely on audiovisual modalities, HC has the potential to revolutionize various fields by
introducing tactile dimensions to remote interactions [48]. Remote HC holds transformative potential
in enhancing immersive experiences in technologies such as VR, AR, and MR. For example, HC
can improve cloud gaming experiences, making interactions more realistic through touch sensations.
However, HC is distinct from MR or VR, as its primary focus lies in providing sensory feedback
through haptic interfaces, which collect and reproduce touch or kinesthetic feedback for users [49].
Currently, commercially available haptic interfaces include wearable devices such as gloves, vests,
jackets, bracelets, and sleeves, alongside external devices like consoles and smartphones. These
interfaces are capable of providing various types of feedback, including vibro-tactile feedback, force
feedback, and thermal feedback [50–52]. The applications of HC extend into healthcare, especially for
individuals with dementia-related conditions such as Alzheimer’s disease, where haptic feedback can
provide comfort and reduce anxiety. Moreover, HC enables communication for people with visual or
hearing impairments through tactile interaction. It also deepens emotional connections by enriching
the sensory and experiential quality of remote communication. Technically, the integration of HC with
holographic systems involves three fundamental phases:

1. Generation of tactile data in this phase employs various sensors to capture tactile attributes such
as force, temperature, and texture. Tools such as force sensors, thermistors, and laser scanners
measure parameters like friction, hardness, warmth, and roughness to create a tactile profile.
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2. Transmission of haptic data address the bandwidth limitations, haptic data undergoes reduction
processes either at the sender’s interface or via an intermediate server. This ensures efficient
transmission of tactile data while maintaining fidelity. Additionally, HC systems often involve
multiple sub streams originating from various devices or locations, requiring synchronization for
optimal tactile experiences [53].

3. Reproduction of tactile feedback at the recipient’s end, haptic interfaces recreate the transmitted
tactile sensations to deliver an immersive touch experience. Ensuring accurate synchronization
between sub streams is critical to providing seamless and realistic feedback.

HC Integration with XR Technologies and Future Prospects, where HC is expected to integrate
seamlessly with XR technologies, bridging the gap between virtual and physical interactions. Studies
have demonstrated promising examples of this integration, enhancing user experiences in virtual
environments [54]. However, HC imposes more stringent latency requirements than audio or video
communication, with latency thresholds as low as 0.5-3 ms to maintain realistic interactions. Despite
this, HC demands significantly lower data rates, typically ranging from 2–5 Mbps, making it more
bandwidth efficient compared to video streaming. The continued advancement of HC technologies,
particularly in the context of MR or VR systems, offers promising opportunities to redefine remote
interactions and augment sensory experiences across various domains.

2.4. Holographic Type Communication (HTC)

Holographic Type Communication (HTC) represents a transformative leap in digital interaction,
enabling the transmission and reception of 3D holographic images and videos. Unlike traditional 2D
media, holograms create IC experiences by incorporating depth and parallax, allowing users to perceive
realistic depictions of objects, people, or environments. This capability holds immense potential to
redefine remote interactions by creating virtual environments that closely mimic real-world scenes.
HTC relies on three interconnected processes: capturing, transmitting, and rendering holographic
content. Each of these processes is highly specialized, leveraging advanced technologies to ensure
seamless and lifelike visual experiences while addressing computational and bandwidth challenges
[55]. The first step in HTC is the capturing process, which involves generating a 3D representation of
an object, individual, or scene. Current technologies primarily utilize Light Detection and Ranging
(LiDAR) systems and stereo or multi-camera setups. LiDARs operate using the time of flight (ToF)
mechanism, measuring distances by calculating the time it takes for a light pulse to travel to and from
a target. These tools provide precise depth information, essential for constructing detailed 3D models.
To enhance efficiency, the captured data often undergoes post-processing, including noise reduction
and redundancy elimination, to streamline the data stream and reduce its size for transmission.

The second phase is the transmission process, which involves encoding and compressing holo-
graphic data to overcome challenges associated with high bit rates and bandwidth constraints. Unlike
standard video transmission, this process focuses on maintaining the semantic integrity of holographic
images while minimizing latency. Real-time compression algorithms are essential to reduce network
congestion and offload computational tasks from end-user devices. These efforts ensure that holo-
graphic data is efficiently transmitted without compromising quality, enabling smooth user experiences
even under demanding network conditions. The final step in HTC is the rendering process, where
3D holographic images are displayed on various devices such as smartphones, tablets, holographic
displays, or AR and VR glasses. These devices enable users to interact with holograms placed in real-
world environments, such as viewing a virtual object on a table or navigating around a holographic
scene. Rendering typically involves processing in the cloud, though advanced systems leverage
edge computing to reduce latency. 6DoF technology further enhances interactivity by tracking head
movements and adjusting the rendering perspective in real time. AI also plays a crucial role by gener-
ating holographic content when cloud access is delayed or network resources are constrained. HTC’s
continued evolution promises to enhance communication across domains, offering unprecedented
realism and interactivity in remote collaboration, education, and entertainment.
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2.5. Challenges and Enhancement in 3GPP Release 15 to 20

The journey of 5G technology has been characterized by a series of transformative advancements,
each addressing the evolving demands of modern communication networks. Starting with Release 15,
which laid the foundational framework for high-speed, low-latency connectivity, the 5G standards
have progressively evolved to incorporate groundbreaking features and cater to diverse applications,
as shown in Figure 3. These include enhancements in data rates, energy efficiency, and resource
allocation mechanisms, which have paved the way for seamless communication and advanced use
cases. Subsequent releases, such as Release 16, introduced targeted refinements for emerging ap-
plications such as IC, focusing on improved energy efficiency and time sensitive traffic handling.
Release 17 marked a turning point by addressing the specific needs of XR and HTC, while Release 18
and 19 brought further optimizations to integrate XR into the 5G ecosystem. This evolution reflects
a deliberate effort to transform 5G from a high-speed connectivity platform into a comprehensive
network capable of supporting immersive, real-time applications in diverse industries, setting the
stage for 5G-Advanced [8].

Figure 3. Timeline of 3GPP milestones driving the transition from 5G to Beyond 6G.

2.5.1. Release 15: The Foundation of 5G Connectivity

Release 15 laid the groundwork for the revolutionary 5G ecosystem, introducing key innovations
aimed at enhancing data rates, reducing latency, and improving network efficiency. Central to these
advancements were features such as mini slot transmissions, which allowed ultra-rapid data exchanges
by breaking down data into smaller, manageable packets, and downlink preemption, which prioritized
critical traffic, ensuring uninterrupted service for time-sensitive applications. Additionally, grant-free
transmissions eliminated the need for uplink scheduling requests, streamlining communication for
applications requiring immediate responses. To further enhance network performance, the Demodula-
tion Reference Signals (DMRS) were optimized to improve MIMO operations, enabling better spatial
diversity and signal robustness for end users. Despite its groundbreaking contributions, Release 15
did not specifically target emerging applications like IC, which includes MR, VR, and HTC. While the
infrastructure enabled higher capacity and speed, the technical specifications lacked the refinements
necessary to support the ultra-low latency and high reliability required by IC applications. This gap
laid the foundation for future releases to build upon, targeting specialized use cases while ensuring
backward compatibility with the initial standards set by Release 15 [56,57].

2.5.2. Release 16: A Step Toward Immersive Experiences

Release 16 represents a significant milestone in the evolution of 5G, addressing specific require-
ments of industrial and immersive communication (IC) applications through features that enhance
both user experience and network performance. One of the key advancements is dynamic power
boosting, which enables UE to prioritize the transmission of time-critical data, thereby minimizing
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delays for latency-sensitive applications. The uplink pre-emption mechanism further supports this
capability by allowing ongoing transmissions to be interrupted when high-priority traffic requires
immediate access. Enhancements to Discontinuous Reception (DRX), particularly within Connected
Mode DRX (CDRX), have improved energy efficiency by allowing UEs to conserve power during
low-activity periods. The introduction of UE Assistance Information (UAI) enables devices to provide
feedback for the adaptive configuration of DRX parameters, ensuring optimal operation based on
application-specific requirements [57]. Release 16 also introduced Semi-Persistent Scheduling (SPS),
or Configured Grant (CG), for uplink resource allocation. Unlike traditional Dynamic Grant (DG)
methods that depend on continuous Downlink Control Information (DCI) monitoring, CG allows
gNodeBs to reserve dedicated resource blocks over longer durations, reducing signaling overhead
and improving transmission consistency. Further performance improvements were achieved through
enhanced Carrier Aggregation (CA) and upgraded Multiple Input Multiple Output (MIMO) configura-
tions, which increase the number of supported carriers and layers, leading to higher achievable data
rates. Collectively, these enhancements prepare 5G systems to support the growing demands of IC
and extended reality (XR) applications envisioned for future releases [58].

Table 4. Traffic characteristics and parameters for various data types [45].

Traffic Class Arrival Rate
λ f [fps]

Jitter J f [ms] Packet Size M f
[Byte] PDB [ms] Typical

Rate R f
[Mbit s−1]

DL Video 30, 60, 90,
120

Truncated Gaus-
sian: µJ = 0, σJ = 2,
aJ = −4, bJ = 4

Truncated
Gaussian:
µM = R f /λ f /8,
σM = 10.5%µM,
aM = 50%µM,
bM = 150%µM

10, 15 30, 45, 60

UL Video 60 No jitter or as for
DL Video Same as DL Video 30 10, 20

DL/UL Audio +
Data

100 No jitter R f /λ f /8 30 0.76, 1.2

UL Control Data 250 No jitter 100 10 0.2

Table 4 summarizes the traffic characteristics of various service classes pertinent to 6G applications,
including downlink (DL) and uplink (UL) video, audio, control, and data streams. Parameters such
as packet arrival rates, typical throughput, packet size distributions, jitter models, and packet delay
budgets (PDB) are included to capture realistic service behavior. For example, DL video traffic
exhibits high and variable data rates, with packet size and jitter modeled using Truncated Gaussian
distributions to reflect dynamic frame variability. In contrast, UL control traffic exhibits high arrival
frequency but low data rate, along with stringent delay constraints, which are essential for time-
sensitive use cases such as remote actuation and teleoperation. These traffic models provide a reliable
foundation for evaluating the performance and efficiency of next-generation wireless systems. Release
16 also extends the 5G framework to industrial applications, emphasizing the Industrial Internet of
Things (IIoT) and enhanced ultra-reliable low-latency communications (eURLLC) [59]. Addressing the
stringent requirements of industrial environments, the release introduces mechanisms for improved
network security the integration of Time-Sensitive Networking (TSN) for deterministic communication
and the deployment of Non-Public Networks (NPNs) tailored to enterprise and factory scenarios
[60]. To reduce access latency and improve connection setup, a two step Random Access Channel
(RACH) procedure was standardized, mitigating preamble collisions and enhancing synchronization
efficiency [61]. Additionally, the introduction of Integrated Access and Backhaul (IAB) supports cost-
effective mmWave deployments by enabling relay-based backhaul without requiring extensive fiber
infrastructure [62]. These advancements collectively strengthen the reliability, scalability, and efficiency
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of 5G networks, establishing a robust foundation for the transition toward 6G-enabled industrial and
IC systems.

2.5.3. Release 17: A Leap Toward Extended Reality

With the rapid advancement of immersive technologies, Release 17 introduced substantial en-
hancements to support XR and HTC applications. This release formally standardized XR use cases,
as outlined in [63], categorizing them into five key domains, social immersive sharing e.g., virtual
museums, immersive gaming, 3D communication e.g., XR meetings, interactive online shopping, and
industry oriented applications such as AR-assisted emergency response. These categories highlight the
adaptability of XR technologies and their applicability across multiple sectors. A primary contribution
of Release 17 was the introduction of a comprehensive XR traffic model incorporating DL and UL
video, audio data streams, and pose control traffic. This model was designed to address the stringent
performance requirements of MR and VR applications. It considered frame based data encoding with
stereo vision support and MR-specific uplink components. To reflect real world behavior, parameters
such as frame periodicity, jitter, and packet size were modeled using probabilistic distributions. The
associated key KPIs focused on maintaining low packet error rates and strict packet delay budgets to
ensure user satisfaction. Probabilistic satisfaction thresholds were defined, with baseline performance
levels of Y = 90% for total users and X = 99% for individual frame or packet delivery. These measures
emphasized Release 17’s focus on achieving consistent quality and reliability for immersive experiences
[58].

Building on the foundations of Release 17 also addressed major challenges related to NTNs,
particularly long propagation delays in geostationary satellite systems and dynamic movements of
low Earth orbit (LEO) satellites [64]. The release introduced protocol enhancements to improve NTN
performance, including modifications to random access procedures and hybrid automatic repeat
request (HARQ) mechanisms [64]. It also resolved testing challenges in the RF domain for mmWave
technologies [65]. Further improvements were made to mMTC technologies such as LTE-M and
NB-IoT, with the addition of 16-QAM modulation to increase data throughput and enhance link
performance [66]. Sidelink communication was updated with new features, including relaying and
discontinuous reception, aimed at improving QoS and reducing power consumption [67]. Moreover,
advanced network slicing capabilities supported by machine learning models were introduced to
enhance resource allocation and minimize service interruptions [28]. Release 17 strengthened the 5G
ecosystem by expanding its support for XR, NTN, and IoT applications, ensuring higher efficiency,
reliability, and adaptability in next-generation wireless communication systems.

2.5.4. Release 18: Advancing 5G into the Future

Release 18 marks the beginning of 5G-Advanced, introducing a range of features aimed at enhanc-
ing performance, enabling new vertical applications, and preparing networks for future demands [68].
The release addresses several key challenges, including resource allocation and inter-cell interference
in sidelink group communications [67], improvement of Channel State Information (CSI) accuracy
through refined codebook and reference signal design [69], and the integration of satellite access net-
works with terrestrial infrastructures through a unified framework [70]. Major enhancements include
carrier aggregation for sidelink communication [67], advanced CSI prediction and compression tech-
niques for high-mobility environments [71], and the standardization of a northbound API framework
that enables third-party service providers to access network functionalities [72]. Furthermore, Release
18 enhances support for XR services, centimeter-level positioning, and microsecond-level synchroniza-
tion, all contributing to increased computational demand within the Radio Access Network (RAN)
infrastructure [73].

3GPP Release 18 introduces significant architectural and functional upgrades to strengthen
support for XR services, including MR and VR. The integration of XR-specific KPIs allows more
accurate performance evaluation and targeted system optimization. Building on the 5G System
(5GS) architecture introduced in Release 15, the XR Management (XRM) framework provides an
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expanded environment for external XR services and applications [74]. Within this framework, the 5G
XR Application Provider deploys a 5G XR Aware Application on the UE to communicate with the 5G
XR Client and network functions via standardized APIs and interfaces. The architecture incorporates
the Application Function (AF) and Application Server (AS), where the AF handles control and policy
interactions with the Policy Control Function (PCF) or Network Exposure Function (NEF), while the AS
processes XR media functions such as sensor data and tracking inputs to support session management
[43,44]. Additionally, the 5G XR Aware Application accesses XRM services through the Uu interface
via a gNB or through the PC5 sidelink interface, similar to V2X communications [75,76].

In addition to these architectural refinements, Release 18 incorporates XR-specific optimizations
within the 5GS framework. The RAN now includes XR-awareness mechanisms that optimize schedul-
ing based on traffic parameters such as jitter, periodicity, and QoS. New strategies are introduced for
mapping Protocol Data Units (PDUs) to QoS flows, including one-to-one mappings and multiplexing
schemes [63,77]. Power efficiency is enhanced through Discontinuous Reception (DRX) alignment with
XR frame rates e.g., 30, 60, 90 fps, reducing energy consumption while minimizing latency in PDU set
transmissions [43,44]. Capacity improvements include optimized grant periods, refined uplink packet
signaling at the physical layer, and improved utilization of unused uplink resources through Uplink
Control Information (UCI). Furthermore, enhanced Buffer Status Reporting (BSR) at the Radio Link
Control (RLC) layer reduces latency and quantization errors [77,78]. Policy control mechanisms are
also reinforced to manage multimodal XR traffic by aligning 5G QoS identifiers across audio, video,
and tactile streams. Explicit Congestion Notification (ECN) mechanisms allow dynamic adaptation of
application parameters such as frame rate and encoding in response to varying network conditions,
ensuring consistent and reliable XR performance [77,79].

2.5.5. Release 19 and 20: Future Prospects for 6G

As 3GPP progresses toward Release 19, the focus shifts toward ultra-immersive communication
(IC) experiences driven by holographic interactions and advanced XR capabilities. Anticipated develop-
ments include sub-millisecond latency benchmarks, enhanced haptic feedback systems, and optimized
network slicing for multi-modal traffic flows. Integration with AI-based traffic optimization and emerg-
ing 6G-enabling technologies is expected to manage the increasing complexity of IC services. These
advancements aim to establish a strong foundation for next-generation immersive communication,
further bridging the physical and digital realms [43,48]. Release 19 emphasizes near-term optimizations
to support Extended XR experiences. Major enhancements include defining QoS parameters tailored
to the bursty UL and DL patterns of XR traffic and improving application-aware RAN scheduling for
reduced latency and accurate frame prediction. Power efficiency is strengthened through advanced
Discontinuous Reception (DRX) mechanisms designed for XR frame alignment. Additionally, the
release advances sidelink capabilities for device-to-device communication to enable lower-latency
local processing and relaying. The integration of AI and ML into the RAN supports proactive traf-
fic prediction and channel estimation, while the expansion of Reduced Capability (RedCap) device
support enhances efficiency for lightweight AR/VR systems [80].

Looking ahead, Release 20 establishes the foundation for 6G-era immersive communications
through transformative innovations. One of the key additions is Integrated Sensing and Communica-
tion (ISAC), which utilizes radio signals for environmental mapping and synchronization, supporting
applications such as digital twins and augmented reality. The release also strengthens NTN integration,
particularly with LEO satellites, to achieve global coverage and consistent performance. Furthermore,
the air interface becomes increasingly AI-native, enabling dynamic waveform adaptation, predictive
handovers, and traffic-aware resource allocation optimized for immersive use cases. Release 20 ex-
plicitly targets holographic communication, focusing on multi-stream coordination and the use of
THz bands to achieve extremely high data rates. It also introduces mechanisms to support sub-1 ms
time-sensitive networking for haptic feedback systems and explores AI-driven energy management to
balance network performance with device power efficiency [81]. These advancements collectively drive
the transition toward seamless, multi-sensory immersive environments central to the 6G vision. In

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 November 2025 doi:10.20944/preprints202511.1140.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1140.v1
http://creativecommons.org/licenses/by/4.0/


18 of 49

3GPP Release 20, IC services are defined by more granular performance requirements, accommodating
diverse XR, metaverse, and holographic use cases. Differentiated end-to-end latency targets include
5–20 ms for computation offloading, 50–100 ms for interactive synchronization, and up to 300 ms for
high-definition media streaming. Throughput benchmarks are set at 640 Mbps DL and 100 Mbps
UL for active participants, and 320/10 Mbps for passive users. Spatial precision requirements reach
≤10 cm for AR/VR coherence, while reliability spans 99.9%–99.99%, depending on the application’s
criticality [81]. 3GPP Releases 16–20 present a coherent roadmap that addresses both the technical and
operational challenges of next-generation networks. These releases advance industrial IoT [60,82], inte-
grate satellite communications into 5G ecosystems [83], and lay the foundation for the 5G-Advanced
era [84,85]. Beyond improving data rates and coverage [86], they accelerate the realization of Industry
4.0 and beyond, transforming network architectures, device capabilities, and user experiences in the
move toward a fully connected intelligent society [73,87].

2.6. Conclusion on the KPIs

The progression from 3GPP Release 15 to the emerging discussions of Release 20 for 6G under-
scores a radical paradigm shift in the Key Performance Indicators (KPIs) for IC. What began with
foundational eMBB in Release 15, laying the groundwork for high-bandwidth video, will mature in
Release 20 with KPIs designed for truly multi-sensory and holographic realities. No longer sufficient to
merely quantify data throughput Release 16’s early focus or even robust low latency for uRLLC Release
17’s advancements, future metrics will delve into presence fidelity a measure of how indistinguishable
virtual interactions are from physical ones. This includes haptic synchronicity and visual coherence
across boundless digital spaces enabled by ubiquitous computing offload and AI-driven network
intelligence, pushing beyond Release 18’s integration of AI to inherent network cognition. The KPIs
of Release 20 will ultimately define a network’s capacity not just to transport data, but to transport
consciousness, making the imperceptible latency and infinite connectivity of 6G the very canvas upon
which our most profound digital experiences are painted.

3. Evolution of Everything Connected
The number of non-human devices, often referred to as things, connected to the Internet is

increasing rapidly worldwide. The IoT includes sensors used for monitoring infrastructure and
automating environmental processes. In the future, more devices with better processing capabilities
and fewer energy limitations, such as vehicles and machinery in smart factories, will become part of
the network. These devices will enable connectivity over varying distances, from body and local area
networks to wide and very wide area networks, including cities and large agricultural areas. This
vision of IoT connectivity goes beyond individual sensors and actuators, focusing on its importance
for interoperability between communication networks, from local to wide areas. It also supports
integration between products, processes, and applications. Key technical factors, such as mobility,
speed, and data transmission delays, play a significant role in enabling this progress, contributing to
the ongoing digital transformation of society. The concept of everything connected encapsulates the
vision of a fully connected world, where devices, services, and users seamlessly interact to create an
intelligent, immersive, and efficient ecosystem. The 6G network is expected to act as the backbone for
this vision, addressing challenges from ultra-dense connectivity to real-time data processing across
diverse applications. This section explores specific service types, enhancements across 3GPP releases,
and the KPIs that will define the success of these advancements.

Scalability in dense environments is a major challenge in large-scale IoT systems, especially as the
number of connected devices continues to grow rapidly. These environments often include a wide
variety of devices with very different communication needs, such as high-bandwidth video cameras
operating alongside low-power sensors that transmit only small amounts of data. Managing this
diverse mix places a heavy load on the network, potentially causing congestion, increased latency, and
reduced performance. As more devices are added, maintaining efficient and reliable communication
becomes increasingly complex. This is particularly important in contexts where uninterrupted data

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 November 2025 doi:10.20944/preprints202511.1140.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1140.v1
http://creativecommons.org/licenses/by/4.0/


19 of 49

flow is critical, such as smart cities, industrial automation, and healthcare. To handle these challenges
effectively, IoT networks must adopt flexible, adaptive architectures that can dynamically allocate
resources based on real-time demand. This ensures that both high- and low-bandwidth devices can
function properly without compromising the stability or efficiency of the overall system.

3.1. Specific Services, Types and Things

The spread of connected devices across various domains forms the core of the everything con-
nected paradigm. These devices include smartphones, wearables, IoT sensors, autonomous vehicles,
and smart home appliances. Each category presents distinct requirements and challenges for 6G
deployment. Table 5 presents representative use cases that illustrate the wide-ranging applications of
everything connected in modern digital ecosystems.

Table 5. Use cases for everything connected (EC).

Use Case Description

Smart Cities Real-time monitoring, connected infrastructure, and smart traffic sys-
tems.

Smart Homes and Offices Remote control of appliances, home security, and energy management.
Smart Healthcare Remote patient monitoring enabled by connected medical devices.
Supply Chain Manage-
ment

Predictive maintenance, tracking of goods, and inventory optimization.

Connected Vehicles Data sharing between vehicles for traffic safety and optimization.
Smart Agriculture IoT-enabled precision farming with soil, crop, and weather monitoring.
Wearable Devices Health and fitness tracking using connected biosensors.
Smart Factories Real-time monitoring and control of industrial machinery.
Environmental Monitor-
ing

IoT sensors tracking pollution, climate, and environmental changes.

Connected Drones Drones for surveillance, goods delivery, and agricultural applications.

3.1.1. Smartphones

Beyond traditional user terminals such as smartphones and tablets, future mobile devices are
expected to evolve into multifunctional intelligent platforms that transcend conventional communica-
tion and internet access. These next-generation systems will be deeply embedded into users’ daily
environments, acting as intelligent control hubs for smart homes, secure access management, and
personal data aggregation. According to [88], such smart terminals will play a pivotal role in enabling
comprehensive service integration across domains including digital banking, remote work, fitness
monitoring, and healthcare management. To support these diverse applications, mobile devices must
incorporate high-performance computing capabilities, energy-efficient architectures, and ultra-high-
definition display technologies, thereby ensuring seamless multitasking, immersive visualization, and
an enhanced user experience. Furthermore, smartphones will continue to function as the central nodes
of digital connectivity, facilitating the interaction between users and emerging technologies such as
AR and VR, edge computing, and ubiquitous access networks. As [89] highlighted the advent of
6G communication systems will empower smartphones with unprecedented data rates exceeding
1 Tbit s−1, ultra-low latency, and seamless mobility across terrestrial and NTNs. These advances will
ultimately redefine mobile intelligence, positioning smartphones as indispensable gateways to the
fully connected 6G ecosystem.

3.1.2. Sensors and Actuators

This category encompasses traditional sensing devices capable of environmental data acquisition
and transmission, including parameters such as humidity, temperature, and real-time video feeds.
It also includes basic actuators that respond to specific triggers by performing actions like opening
gates, adjusting thermostats, or initiating automated alerts in response to security breaches. Typically,
these devices are characterized by low computational requirements and limited energy demands,
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particularly when powered through wired connections. The intelligence of these systems generally
resides in centralized software platforms where collected data is processed and interpreted [90].
Looking ahead, the integration of sensors and actuators is expected to drive a new wave of applications
across domains such as smart agriculture, intelligent transportation systems, and the broader smart
city paradigm, extending the capabilities of mMTC as defined in the 5G framework. In these advanced
scenarios, simple sensor nodes will increasingly interact with more sophisticated edge or cloud-
connected devices that demand higher data rates up to 5 Mbit s−1 to 10 Mbit s−1, enhanced processing
capabilities, and ultra-low latency under 1 s. Moreover, future communication infrastructures must
be designed to ensure ubiquitous coverage, regardless of the operating environment, be it domestic,
industrial, agricultural, urban, or global contexts, such as logistics chains or military deployments.
Beyond mMTC, the Machine Type Communication (MTC) spectrum also includes critical Machine
Type Communication (cMTC), which imposes far more stringent requirements, including uRLLC
with delays under 10 ms, precise synchronization, and high reliability. These use cases often occur in
controlled and confined environments such as smart factories, where spatial limitations reduce the
demands on coverage and energy consumption [91].

3.1.3. IoT Devices

IoT devices form the foundational layer of the everything connected paradigm in 6G networks,
evolving from simple sensors to sophisticated systems enabling mMTC. These devices, ranging from
environmental monitors and temperature and humidity sensors to industrial actuators and medical
implants, exhibit diverse requirements. Low power sensors may operate for 10 − 20 years on minimal
energy, while advanced industrial nodes demand latency of ≤ 1 ms and 99.999% reliability for time
sensitive operations. Future IoT deployments are expected to scale to 10 million devices km2, neces-
sitating innovations in energy efficiency target 100 Mbit s−1 mW−1 and security, particularly with the
emergence of Ambient IoT. 3GPP Release 18 introduces support for battery-less operation in logistics
and asset tracking. As critical enablers of smart cities, precision agriculture, and industrial automation,
IoT devices drive the need for unified connectivity frameworks that support seamless interoperability
from personal area networks to globally satellite-linked systems, fundamentally transforming data-
driven decision-making across vertical domains [90]. IoT will dominate the connected ecosystem,
with applications ranging from industrial automation to environmental monitoring. 6G networks
must support up to 107 devices per square kilometer, while addressing challenges in power efficiency,
scalability, and security.

3.1.4. Drones and Vehicles

This category encompasses mobile platforms such as drones and vehicles, which are typically
characterized by substantial physical dimensions, onboard power sources, e.g., batteries and engines,
and integrated transceiver chipsets that enable continuous Internet connectivity [92]. Vehicles are
transitioning into fully connected systems capable of real-time interaction with other vehicles, infras-
tructure components such as Road Side Units (RSUs), and vulnerable road users (VRUs), including
pedestrians and cyclists. In contrast to drones, which often rely on centralized communication archi-
tectures, vehicular communication requires ultra-low latency and localized data exchange to support
real-time responsiveness and enhance safety. Vehicular connectivity is primarily driven by three core
application domains:

1. Traffic optimization incorporating dynamic route planning and congestion reduction strategies.
2. Safety Enhancement enabling advanced features such as cooperative collision avoidance, coordi-

nated driving maneuvers, and risk mitigation for both passengers and surrounding individuals.
3. Infotainment providing services like multimedia streaming, music access, and social media

engagement during transit.

Advanced safety use cases involve collective sensing and decision-making mechanisms, such as sensor
and state map sharing, environmental perception via multi-source data fusion, and video feed dissemi-
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nation for autonomous driving. In certain scenarios, remote driving is facilitated through Vehicle to
Everything (V2X) application servers. Beyond traditional Vehicle to Network (V2N) communication,
where vehicles interface with remote servers through gNBs, emerging paradigms include:

• V2V facilitating direct communication for cooperative driving and maneuver coordination.
• Vehicle to Infrastructure (V2I) enabling data exchange with roadside infrastructure such as traffic

lights or digital signage.
• Vehicle to Pedestrian (V2P) allowing vehicles to communicate with mobile users, including

pedestrians and cyclists equipped with user equipment.

The application of UAVs, initially confined to military and recreational uses, is expanding rapidly into
civilian and commercial sectors. UAVs integrated with high-resolution cameras, various payloads,
e.g., delivery packages, agricultural dispersant, or medical kits, and wireless connectivity have demon-
strated utility in domains such as aerial surveillance, precision logistics, environmental exploration,
and wireless coverage enhancement, particularly when configured with components like gNBs or
Wi-Fi access points [93,94]. Despite their potential, UAV operations pose significant communication
challenges due to high mobility, variable altitudes, complex environmental conditions, and the ne-
cessity of maintaining strict flight safety protocols [95]. These factors lead to increased handover
frequency and path loss variation, particularly in urban environments [96,97]. A prominent emerging
service is Urban Air Mobility (UAM), wherein UAVs are deployed for passenger transportation across
metropolitan areas, e.g., airport to city center travel, aimed at alleviating surface traffic congestion [98].
Such applications demand highly reliable and low-latency communication links to support flight
control, navigation, and real-time data transmission from onboard sensors, e.g., thermal cameras,
video feeds, or LiDAR, requiring robust connectivity, latency compliance, and application-specific
throughput [99,100].

3.1.5. Autonomous Vehicles

Autonomous vehicles, also called self-driving cars, use sensors and computers to drive themselves
without needing a person to control them. They aim to make roads safer by reducing accidents often
caused by human mistakes, and they could also help people who can’t drive get around more easily.
While the technology is improving quickly, fully self-driving cars aren’t common on public roads
everywhere yet, as developers and governments are still working to make sure they are safe and
reliable. Autonomous cars, drones, and logistics systems demand ultra-reliable connectivity with
latencies below 1 ms. High mobility, dynamic environments, and safety-critical applications make this
an essential 6G use case [101].

3.1.6. Smart Home Appliances

Smart home appliances connect to the Internet, allowing remote control via phone apps or voice
commands. These devices include thermostats, lights, refrigerators, ovens, and washing machines.
They offer convenience, such as preheating ovens on your way home, and efficiency by optimizing
energy use. They can automate tasks, learn habits, and integrate with other devices for a seamless home
experience. While promising ease and savings, setup and compatibility can sometimes be challenges.
The smart home ecosystem, encompassing devices such as connected TVs and energy systems, relies
on 6G to maintain high-throughput data transfer and robust security protocols [102,103].

3.1.7. Bio Devices Integration

The proliferation of smart devices is facilitating enhanced human-device interaction through
locally embedded technologies capable of executing a wide range of tasks, from basic operations to
advanced functionalities. Advanced bio devices, such as smart glasses, are anticipated to integrate
services traditionally associated with smartphones, including real-time navigation and contextual
information display. Smartwatches further augment user interaction by providing immediate access to
notifications such as message previews and incoming call alerts. In the domain of health monitoring,

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 November 2025 doi:10.20944/preprints202511.1140.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1140.v1
http://creativecommons.org/licenses/by/4.0/


22 of 49

wearable sensors are increasingly used to measure vital physiological parameters, including heart rate,
blood pressure, insulin levels, and general fitness indicators. Moreover, location-based devices assist
in tracking personal belongings, such as car keys or parked vehicles, enhancing daily convenience.
Bio devices also include smart rings embedded with RFID technology, which enable secure access
to homes and vehicles by leveraging multiple biometric authentication methods, such as fingerprint,
voice, and facial recognition. In addition to conventional wearable sensors, a new generation of bio-
sensing terminal,s including brain sensors, skin patches, and bio-implants e.g., pacemakers and insulin
monitors, is expected to become widespread. These technologies aim to enhance user perception
through haptic feedback and gesture recognition, as well as to support continuous health monitoring
[104]. The performance requirements of these devices are highly application-specific. In general,
bio-sensing devices operate at moderate data rates, typically below 1 Mbit s−1, and do not necessitate
ultra-reliable or low-latency communication, as most data can be retransmitted without time-critical
constraints. Acceptable latency for these applications ranges from a few hundred milliseconds to
several seconds. Similarly, energy constraints vary depending on the device. Like, pacemakers must
utilize batteries capable of providing early low-energy warnings to ensure uninterrupted operation.
Localization precision also differs by use case; for general security, a margin of a few meters may
suffice, whereas applications such as key tracking demand more precise localization, ideally within 10
cm. Table 6 provides a comprehensive overview of the essential KPIs formulated for the Everything
Connected services. These indicators serve as vital benchmarks to assess network performance in
terms of connectivity density, latency, reliability, capacity, and energy efficiency. Each KPI reflects
the strategic vision of next-generation communication systems, ensuring seamless integration of
massive IoT devices, intelligent resource management, and sustainable connectivity within diverse 6G
environments.
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Table 6. KPIs for Everything Connected Services in 6G Networks [105–110].

KPI Category Definition Performance
Level

Target Value Use Cases / Strategic Im-
portance

Network Coverage Total service area with re-
liable wireless connectiv-
ity

Extensive > 95% of ser-
vice area

Ensures universal access in
urban, rural, and remote
zones for inclusive connec-
tivity.

Connection Density Active connected de-
vices per unit area

Ultra-dense 106

devices/km2

Enables massive IoT mMTC
and hyper-connected de-
vice ecosystems.

Area Traffic Capacity Aggregate throughput
per geographic area

High 5–50 Gbps/km2
Supports immersive 6G ser-
vices such as holographic
communication and XR.

Peak Data Rate Maximum achievable
data rate under ideal
conditions

Very High 20 Gbps DL
Determines top-end perfor-
mance for enhanced mobile
broadband eMBB.

User Experienced
Data Rate

Average rate achievable
under real network con-
ditions

High 100 Mbps Reflects QoE for end users
in typical deployments.

Energy Efficiency Ratio of transmitted bits
to consumed energy

Optimized > 106 bit/Joule
Promotes sustainable green
communication for energy-
constrained devices.

Network Energy Con-
sumption

Total power used by net-
work elements

Reduced ≈ 30% lower
than baseline

Contributes to lower carbon
footprint and operational ef-
ficiency.

Latency (User Plane) End-to-end transmission
delay for data transfer

Ultra-low < 10 ms
Enables real-time control,
automation, and industrial
applications.
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Table 6. Cont.

KPI Category Definition Performance
Level

Target Value Use Cases / Strategic Im-
portance

Latency (Control
Plane)

Time for connection
setup or mobility man-
agement

Low < 100 ms
Ensures rapid session estab-
lishment and network re-
sponsiveness.

Mobility Support Ability to maintain sta-
ble connection during
motion

Extreme Up to 500 km/h
Provides seamless service
for vehicular, aerial, and
high-speed users.

Connection Reliabil-
ity

Probability of successful
data delivery

Ultra-reliable > 99.999%
Essential for mission-
critical and industrial IoT
operations.

Service Availability Operational uptime of
the network

Continuous 99.999%
Guarantees reliable service
continuity and user satisfac-
tion.

Packet Loss Rate Fraction of lost data
packets during transmis-
sion

Minimal < 0.001%
Maintains high-quality ser-
vice for AR/VR and real-
time applications.

Mobility Interruption
Time

Duration of service dis-
ruption during handover

Negligible < 10 ms
Supports uninterrupted
connectivity across hetero-
geneous cells.

Network Slicing Ca-
pability

Number of virtualized
slices per coverage area

Dynamic Up to 10 slices
Allows customized service
delivery across industrial
sectors.

Device Battery Life Operational lifetime of
IoT devices

Extended ≥ 10 years
Supports long-term deploy-
ments with minimal mainte-
nance.
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Table 6. Cont.

KPI Category Definition Performance
Level

Target Value Use Cases / Strategic Im-
portance

Deployment Density Number of access points
per area unit

Dense 40 AP/km2
Enhances service continuity,
throughput, and coverage
efficiency.

Spectral Efficiency Throughput per unit
bandwidth

Efficient 30 bit/s/Hz
peak

Reflects improved spectrum
usage and air-interface de-
sign.

Positioning Accuracy Precision of device loca-
tion estimation

High < 1 m in-
door/outdoor

Supports UAV navigation,
location-based services, and
smart industry.

Security Incident
Rate

Detected intrusions or
cyber events per year

Very Low < 0.1 inci-
dents/year

Demonstrates resilience
and trust in secure 6G
ecosystems.
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3.2. Challenges and Enhancements in 3GPP Release 15 to 20

The evolution of 3GPP standards underpins the progress of connected ecosystems. Releases 16 to
20 offer significant advancements tailored to the needs of everything connected.

3.2.1. Release 15: Evolution of LTE-M and NB-IoT in 3GPP Standards

The introduction of LTE-M and NB-IoT in 3GPP Release 15 marked a transformative step towards
enabling massive mMTC in the early phase of 5G evolution. Both technologies are based on Orthogonal
Frequency-Division Multiplexing (OFDM), but cater to distinct application profiles. LTE-M offers
two categories LTE-M1 and LTE-M2 supporting bandwidths of 1.4 MHz and 5 MHz respectively, with
LTE-M1 designed for low data rate services around 1 Mbit s−1 including voice capabilities. In contrast,
NB-IoT targets ultra low data rate scenarios 20− 50 kbps by employing a significantly narrower uplink
bandwidth of 3.75 kHz and maintaining a 180 kHz downlink. NB-IoT also features specialized control
and synchronization channels, such as NPSS, NSSS, NPDCCH, and NPDSCH, ensuring optimized
performance for simple IoT tasks. These features are tailored to support a high density of low-cost,
low-power devices, aligning with the goals of mMTC.

3.2.2. Release 16: Integration of NTN in 5G

Release 16 set the foundation for 5G evolution with enhancements such as uRLLC and V2X com-
munication. These developments enable autonomous vehicles and industrial IoT, meeting demands
for high reliability and low latency [113,114]. The 3GPP expanded the 5G ecosystem to include NTNs,
enabling global coverage through satellite constellations, HAPS, and UAVs. These platforms support
applications where terrestrial connectivity is infeasible, such as maritime, aerial, and remote area
communication. NTNs are categorized into transparent, regenerative, and hybrid architectures. In
transparent mode, satellites function as relays with ground-based gNBs handling all protocol layers.
The regenerative model hosts the gNB directly on the satellite, handling both user and control plane
functionalities. The hybrid approach splits the gNB into a distributed unit onboard and a central unit
on the ground, connected via the F2 interface. Frequencies typically used range from 2 GHz to 20 GHz,
with system architecture tailored to accommodate high latency links, mobility, and dynamic radio
conditions. These enhancements lay the foundation for seamless integration of satellite and terrestrial
networks, essential for ubiquitous 5G connectivity.

3.2.3. Release 17: Advancements for RedCap Devices

Expanding 5G capabilities, Release 17 introduced massive IoT and NTNs, including satellite
integration. This improves global coverage, addressing connectivity challenges in rural and remote
areas [115,116]. To address the growing need for intermediate-performance devices such as wearables,
wireless sensors, and industrial applications, the 3GPP introduced RedCap devices in Release 17. These
devices bridge the gap between mMTC and eMBB/uRLLC by offering a balanced trade-off between
data rate, latency, and power efficiency. RedCap UEs can support bandwidths of 20 MHz or 100 MHz,
single transmit and dual receive antennas, and a maximum modulation of 64QAM. Operating in Half-
Duplex mode with optional FDD, RedCap omits features like carrier aggregation and dual connectivity
to minimize complexity and cost. Additionally, RedCap UEs are configured during the Random
Access procedure, where the network adjusts parameters to match their capabilities. Release 18 further
expands this concept with eRedCap, which reduces bandwidth below 5 MHz to support specialized
use cases like railway communications (FRMCS) and mission-critical public safety networks. eRedCap
also incorporates sidelink communication for direct device-to-device connections and introduces
enhanced positioning through PRS, Time of Arrival(ToA), and ranging via sidelinks [117].

3.2.4. Release 18: Introduction of Ambient IoT

Release 18 is a pivotal step toward 6G, focusing on AI-driven network optimization, energy
efficiency, and support for immersive XR experiences. AI-powered dynamic resource allocation is
a hallmark of this release [113,114] and introduces the concept of Ambient IoT, targeting scenarios
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that demand ultra-low complexity and power consumption, often where batteries cannot be used
due to harsh environmental conditions. These devices, often millimeter-scale, are designed for use
cases such as object identification in logistics, medical instrumentation, remote status control, and
indoor positioning. Ambient IoT aims to overcome the limitations of RFID by supporting larger-
scale deployments with improved scanning efficiency and communication range. Four network
topologies have been defined to ensure flexible connectivity, including direct communication with base
stations, relay-assisted links, and peer-to-peer connections with other UEs. Spectrum access is enabled
through licensed and unlicensed modes using FDD or TDD, with data rates ranging from 0.1 kbit s−1

to 5 kbit s−1, latency up to 10 seconds, and coverage reaching 500 meters in outdoor environments.
Devices are categorized into Class A, no energy storage, Class B, with energy storage, and Class C,
with RF components, enabling a spectrum of deployment options based on energy availability and
communication needs.

3.2.5. Releases 19 and 20: Enhanced Efficiency and Connectivity

Release 19 enhances ultra-low complexity, low-power IoT sensors, improving battery life and
energy efficiency for massive mMTC in remote environments. It optimizes narrowband transmission,
reduces overhead, and introduces adaptive scheduling for multimodal XR traffic, improving audio,
video, and tactile data handling. Congestion-aware mechanisms, like evolved ECN (L4S) marking,
improve traffic management, while better Buffer Status Reports (BSR) and DRX alignment aid XR frame
synchronization. Positioning improvements support cooperative vehicular applications like collision
avoidance, with optimized beamforming for V2X use cases [118]. 3GPP Release 20 places a strong
emphasis on energy efficiency by introducing KPIs for both network and UE power management
and enabling UE-assisted network power optimization. The release extends positioning capabilities
to include satellite-based solutions, ensuring service continuity in GNSS-denied environments and
improving connectivity in underserved areas. Positioning precision is enhanced to reach up to 10 cm,
a level of accuracy that is critical for applications such as XR and robotics, while additional KPIs
have been defined to capture velocity estimation and orientation accuracy. The integration of sensing
and communication (ISAC) is promoted to support multi-agent systems, and multi-traffic aware
networking mechanisms are specified to satisfy the strict latency and reliability requirements of XR
and metaverse applications [80,81]. Beyond traditional mMTC, Release 20 advances an everything
connected paradigm that encompasses dense terrestrial deployments as well as resilient, low-energy
satellite-supported connectivity.

3.3. Conclusion on KPIs

he specification targets coverage of approximately 5000 km2 about 1 × 10−5 of Earth’s surface with
node densities up to 50 devices/m3, reflecting the proliferation of low-cost, low-power sensing devices.

Table 7. Characteristics and challenges of connected devices.

Ref. Device Type Key Requirements Challenges Examples
[89] Smartphones High throughput,

low latency
Energy consump-
tion, seamless
handovers

6G smartphones

[111] IoT Devices Scalability, low
power

Security, interoper-
ability

Industrial sensors, cameras

[104] Wearables Real time communi-
cation, high reliabil-
ity

Device form factor,
energy optimization

AR and VR headsets, smart-
watches

[101] Autonomous
Vehicles

uRLLC, high mobil-
ity support

Network reliability,
spectrum efficiency

Self driving cars, drones

[112] Smart Appli-
ances

High bandwidth, se-
curity

Privacy, network
congestion

Smart TVs, energy systems
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Area traffic capacity requirements are expanded to the range of 5 Gbit/s/km2 to 50 Gbit/s/km2, and
power efficiency benchmarks are raised above 100 Mbit/s/mW, underscoring sustainability goals for
battery-powered systems. Latency requirements are service-dependent, with upper bounds ranging
from 10 ms for highly delay-sensitive tactile IoT to 1 s for delay-tolerant environmental sensing, thereby
accommodating a broad spectrum of application demands [81,119].

4. Evolution of High Positioning
Accurate positioning has always been a critical requirement in various domains, ranging from

navigation to advanced communication systems. To address the need for precise user positioning
in diverse environments, a multitude of techniques and systems have been developed and refined
over time. For outdoor positioning, satellite based systems such as Global Positioning System (GPS),
Galileo, GLONASS, and Beidou collectively forming the Global Navigation Satellite System (GNSS)
are extensively employed due to their global accessibility and reliability. However, for indoor environ-
ments, alternative methodologies are essential as satellite signals are often obstructed by walls and
other physical barriers. Indoor positioning systems utilize a variety of strategies to achieve the desired
level of accuracy. Common approaches include fingerprinting, which is widely implemented for Wi-
Fi-based positioning, proximity detection relying on passive or limited-range tags such as Bluetooth
Low Energy (BLE) and RFID, and dead reckoning. Advanced techniques like Angle of Arrival (AoA)
and Angle of Departure (AoD), Time Difference of Arrival (TDoA), and Received Signal Strength
(RSS) are also utilized for enhanced precision in constrained environments. Comprehensive surveys
detailing these methods and their applications can be found in [97,120,121]. Despite their widespread
adoption, existing positioning techniques face significant challenges that limit their accuracy. Factors
such as multi-path propagation, which causes signal distortion due to reflections, time synchronization
issues between transceivers, loss of LoS signals, and the inherent complexity of antenna and receiver
hardware contribute to errors in positioning accuracy [122]. These limitations necessitate ongoing
advancements in technology and methodology to mitigate such effects.

The accuracy of positioning systems varies significantly depending on the underlying technology.
For instance, Wi-Fi-based systems, utilizing RSS and TDoA techniques, generally achieve an accuracy
range of 1 m to 5 m. Similarly, Bluetooth and ZigBee, employing RSS, TDoA, and AoA methods,
provide an accuracy of 2 m to 5 m. Ultra Wideband (UWB) technology offers superior accuracy,
ranging from 0.01 m to 1 m, by leveraging TDoA and AoA techniques. Cellular systems, depending
on RSS and TDoA, achieve an accuracy range of 2.5 m to 25 m, while satellite-based systems using
TDoA provide accuracy levels of 3 m to 5 m [123]. Meeting stringent positioning requirements using a
single technology is often impractical due to inherent limitations. Consequently, hybrid systems that
integrate GNSS with other technologies, such as visible light communication, local sensors, and diverse
communication signals, are increasingly being explored to enhance accuracy and reliability. These
integrated approaches aim to address the limitations of individual systems and achieve high-resolution
positioning in diverse operational scenarios.

4.1. Advanced Applications of High Precision Positioning Systems
4.1.1. Achieving Millisecond-Level Precision for Real-Time Services

The demand for real-time positioning has intensified with the advent of advanced services
requiring millisecond-level responsiveness and centimeter-level accuracy. Achieving such precision
facilitates critical applications in various sectors, ranging from autonomous systems to emergency
response. Real-time kinematic (RTK) positioning plays a central role in this regard. RTK relies on
correcting signal errors from satellite-based systems such as GPS, Galileo, GLONASS, and Beidou,
thereby enhancing positioning accuracy to sub-centimeter levels. This capability is essential for
industries that require precise control over tools, machinery, and vehicles. For instance, gesture
and motion recognition systems utilize RTK-enabled cameras to detect fine movements, enabling
the automation of complex operations with minimal latency [124]. In addition, real-time services
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benefit from the integration of advanced sensors, machine learning algorithms, and edge computing.
These technologies collectively process vast amounts of data at high speeds, ensuring seamless
communication and control. Examples include automated robotic arms in manufacturing and drones
used for emergency response. The ability to track the precise location, speed, and orientation of these
systems reduces operational risks and enhances efficiency. Future advancements may incorporate
quantum positioning systems to further improve accuracy and overcome the limitations of current
satellite-based technologies.

4.1.2. Transforming Industrial Operations with Precision in Smart Factories

The integration of high-precision positioning within industrial environments, commonly referred
to as smart factories, has revolutionized manufacturing and logistics. These systems optimize material
flow, streamline warehousing processes, and improve overall productivity. Precise localization allows
for continuous tracking of goods within factories, enabling real-time inventory updates and minimizing
delays in supply chain operations [125]. Factory automation heavily relies on autonomous vehicles,
such as automated guided vehicles (AGVs) and drones, for tasks like material transportation and
inspection. Accurate positioning ensures these vehicles operate safely and efficiently within dynamic
factory settings. Advanced monitoring systems now track production machinery and assembly lines
in real time, enabling the early detection of faults or performance deviations. This capability enhances
quality control and minimizes downtime by allowing immediate corrective actions based on system
alerts. High-precision positioning further improves operational safety by continuously tracking
workers and equipment, facilitating dynamic safety zones and collision avoidance measures. Such
precision is especially vital in high-risk environments with frequent human–machine interactions. As
Industry 4.0 continues to evolve, high-precision positioning will become a cornerstone of intelligent,
efficient, and safe industrial operations.

4.1.3. Enabling Seamless Communication with V2X Technologies

V2X communication is a cornerstone of intelligent transportation systems. High-precision po-
sitioning systems enhance V2X applications by providing accurate relative and absolute locations
for vehicles, pedestrians, and roadside infrastructure. In scenarios such as cooperative adaptive
cruise control and lane merging, relative positioning is often more critical than absolute positioning.
It ensures vehicles maintain safe distances from one another, reducing the likelihood of collisions
[126]. Moreover, V2X services extend to pedestrian safety and remote event detection. For example,
high-precision positioning can alert vehicles to the presence of vulnerable road users (VRUs) such
as pedestrians or cyclists, even in low-visibility conditions. Similarly, the integration of positioning
data with traffic management systems enables dynamic rerouting during accidents or roadworks,
minimizing congestion and travel delays. As autonomous vehicles become more prevalent, the role of
high-precision positioning in V2X systems will continue to expand, supporting safer and more efficient
transportation networks.

4.1.4. Context-Aware Assistance Through Smart Environments

High-precision positioning underpins the development of context-aware services in smart envi-
ronments. These systems leverage real-time data on the locations and movements of people and objects
to provide tailored services, such as activity detection, elderly care, and personalized assistance. For
instance, in healthcare settings, positioning systems enable real-time monitoring of patients, ensuring
timely interventions during emergencies [127]. In residential environments, smart home systems
integrate positioning data to automate routine tasks, such as adjusting lighting and temperature based
on the occupants’ locations. Similarly, in commercial spaces like shopping malls, retailers utilize posi-
tioning systems to analyze customer behavior, delivering targeted advertisements and personalized
offers. These applications demonstrate the versatility of high-precision positioning in enhancing user
experiences across various domains.
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4.1.5. Revolutionizing UAV Operations with Enhanced Localization

The use of UAVs has expanded rapidly in recent years, encompassing applications such as
package delivery, precision agriculture, and surveillance. High-precision positioning systems are
critical for UAV operations, particularly in urban and dense environments where GNSS signals may
be obstructed. These systems ensure accurate navigation and control, enabling UAVs to perform
complex tasks with minimal human intervention [128,129]. For instance, in precision agriculture,
UAVs equipped with high-precision positioning systems can monitor crop health, apply fertilizers,
and identify pest infestations with pinpoint accuracy. Similarly, in logistics, UAVs rely on precise
localization to deliver packages efficiently, even in crowded urban areas. As UAV technology advances,
the integration of high-precision positioning will play an increasingly important role in expanding its
capabilities and ensuring reliable performance.

4.1.6. Enhancing Livestock and Object Tracking in Rural and Urban Areas

High-precision positioning systems facilitate the monitoring and tracking of livestock and small
objects in diverse environments. In agriculture, passive or active tags embedded in animals provide
real-time data on their movements and locations, enabling farmers to manage herds more effectively.
This technology also supports wildlife conservation efforts by tracking migration patterns and identi-
fying potential threats to animal populations. In urban settings, precise positioning systems enhance
asset management and theft prevention. For example, businesses can track high-value goods in real
time, ensuring their security during transit. Additionally, the integration of positioning data with
IoT devices enables seamless tracking and management of assets in smart cities, contributing to more
efficient resource utilization.

4.1.7. High-Resolution Mapping for Enhanced Environmental Understanding

High-precision positioning plays a pivotal role in high-resolution mapping and environmental
reconstruction. By integrating object localization data with advanced imaging technologies, these
systems create detailed maps that support urban planning, disaster management, and infrastructure
development. For instance, high-resolution maps generated through UAV surveys can identify areas
prone to flooding or landslides, enabling proactive measures to mitigate risks. Moreover, these maps
are essential for autonomous systems, providing the spatial awareness required for navigation and
decision-making. As mapping technologies continue to evolve, high-precision positioning will remain
a fundamental component, driving advancements in environmental monitoring and planning.

4.2. Challenges and Enhancement in 3GPP Release 16 to 20

The evolution from 3GPP Release 16− 20 introduces significant advancements aimed at enhancing
network performance, reliability, and intelligence. Each release addresses emerging challenges, paving
the way for seamless integration of 5G-Advanced and the foundation of 6G systems.

4.2.1. Release 16: Foundations for High Positioning in 5G NR

3GPP Release 16 introduced the initial framework for high-precision positioning in 5G New Radio
(NR), leveraging the Location Management Function (LMF) to estimate UE positions. Key techniques
included Enhanced Cell ID (E-CID) for coarse localization, MIMO/beamforming for Angle of Arrival
(AoA) and Departure (AoD) measurements, Time Difference of Arrival (TDoA) using Positioning
Reference Signals (PRS), and Multi-cell Round-Trip Time (Multi-RTT) for improved range estimation.
These methods were designed to support both outdoor and indoor environments, with mmWave
frequencies up to 52.6 GHz, enhancing resolution through narrower beams.

4.2.2. Release 17: Enhanced Accuracy for Industrial and Automotive Use Cases

Release 17 significantly enhanced positioning capabilities to meet the stringent requirements of
Industrial IoT (IIoT) and V2X applications. It specified sub-meter accuracy, such as horizontal accuracy
below 0.2 m for IIoT and in the range of 0.5–1.5 m for V2X. Moreover, Low-Power High-Accuracy
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Positioning (LPHAP) was introduced to support energy-constrained devices such as warehouse
sensors. Sidelink positioning was further improved to enable relative vehicle positioning, which is
essential for cooperative collision avoidance. Public safety applications also benefited from achieving
sub-meter accuracy in complex and challenging environments.

4.2.3. Release 18: Carrier Phase and Sidelink Innovations

Release 18 focused on carrier phase-based positioning, mimicking GPS techniques for centimeter
level accuracy by analyzing phase differences in PRS signals. Sidelink positioning was further refined
with SL-PRS/SRS Sidelink Positioning Reference Signals and NR-SL carrier phase measurements, en-
abling precise relative positioning for V2X and RedCap devices. The release also optimized positioning
for UEs in RRC_INACTIVE mode to reduce energy consumption.

4.2.4. Release 19: AI/ML and Advanced Sensor Fusion

Under study in Release 19, AI and ML-driven positioning aims to address NLoS challenges
through adaptive algorithms and fingerprinting. Integration with THz sensing and 3D imaging, e.g.,
Simultaneous Localization and Mapping (SLAM), is expected to enable sub-centimeter precision for
robotics and smart factories. Hybrid positioning systems combining LiDAR, cameras, and inertial
sensors are also prioritized for complex environments.

4.2.5. Release 20: Ubiquitous 6G Positioning

Release 20 and beyond mark the path toward 6G ubiquitous positioning. The early vision for 6G
emphasizes sub-centimeter accuracy, network-native AI, and Integrated Sensing and Communication
(ISAC). These advancements will enable applications such as holographic navigation and autonomous
swarm coordination. Global coverage will be extended via NTN, ensuring seamless positioning in
remote areas. High precision positioning is a central pillar of Release 20, particularly in support of
emerging use cases such as cooperative robotics, digital twin synchronization, and real-time XR
navigation. The horizontal accuracy specification reaches ≤0.1 m for immersive and industrial
applications, with XR-based navigation tolerating up to 0.5 m. Vertical accuracy and motion tracking
are treated with equal rigor, targeting ≤10 cm altitude resolution and ≤0.5 m/s velocity estimation
error, respectively. These figures are contextualized within availability expectations ranging from
95% to 99.9%, and a positioning latency envelope of 0.1–1 s. Such granularity enables deterministic
localization a critical capability for synchronized, autonomous multi-agent systems operating in
constrained or GNSS-denied environments [81].

4.3. Communication Requirements and Challenges for Vertical Domains

Automation in vertical domains such as industrial automation, healthcare, transportation, and
smart cities is transforming industries by enabling unprecedented levels of efficiency, precision, and
connectivity. Communication networks underpinning these domains must cater to stringent require-
ments of ultra-low latency, high reliability, massive connectivity, and enhanced security. While 5G has
introduced significant advancements to meet these demands, the evolution toward 6G is expected to
address remaining limitations and anticipate future needs through advanced technologies such as AI,
THz spectrum usage, and quantum security. This section explores the communication requirements for
automation in vertical domains beyond IC, Everything Connected and High Positioning as supported
by 5G and 6G technologies. It highlights key use cases, discusses challenges faced by 5G, and examines
how 6G aims to overcome these challenges and enable new capabilities.

The 3GPP, through its Technical Specification Group on Services and system aspects, conducted a
comprehensive study on communication for automation in Vertical Domains as part of Release 16 [130].
This study highlights the diverse communication needs of various vertical industries, each defined
by distinct use cases and performance expectations. Table 9 summarizes the essential parameters,
latency, reliability, availability, bandwidth, and positioning accuracy, outlined in the 3GPP report.
These requirements highlight the complexity of designing domain-specific networks that must balance
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Table 8. KPIs for high positioning in 5G-Advanced and 6G.

KPI Definition 3GPP Release Target Values Use Cases

Horizontal
Accuracy

Error in horizontal posi-
tion (X/Y coordinates)

Rel-16/17 < 0.2 m (IIoT), < 1
m (V2X)

Smart facto-
ries, drones

Vertical Ac-
curacy

Error in altitude/depth Rel-17 < 0.3 m (IIoT), < 3
m (V2X)

Urban air
mobility,
multi-floor
tracking

Positioning
Latency

Time from measurement
to position estimate

Rel-16 10–100 ms

Autonomous
driving,
robotic
control

Integrity Confidence level in posi-
tion accuracy (95% proba-
bility bounds)

Rel-17 99.9%
Safety-
critical
applications

Update Rate Frequency of position up-
dates

Rel-18 100 Hz (real-time),
1 Hz (low-power)

AR/VR, hap-
tic feedback

Coverage Percentage of area with
positioning service

Rel-19 99.9% (in-
door/outdoor)

Global NTN
integration

Power Effi-
ciency

Energy consumed per po-
sitioning fix

Rel-18 < 1 mW (Ambi-
ent IoT), < 10 mW
(RedCap)

Wearables,
asset track-
ing

Scalability Number of devices posi-
tioned per km2

Rel-20 1M devices/km2 Massive IoT,
smart cities

Multi-Modal
Sync

Alignment of data from
multiple sensors

Rel-19 < 1 ms skew
Autonomous
robots, digi-
tal twins

Reliability Probability of meeting ac-
curacy/latency targets

Rel-17 99.999% (mission-
critical)

Industrial
automation,
emergency
response

deterministic performance with operational flexibility. Building on these foundations, the evolution
toward 6G seeks to transcend the latency, reliability, and scalability limits of 5G by enabling determin-
istic, adaptive, and intelligent connectivity. With sub-millisecond latency and reliability approaching
99.99999%, 6G will empower real-time coordination in collaborative robotics, autonomous mobility,
and smart-grid automation. AI-driven resource orchestration will dynamically manage spectrum and
interference, ensuring consistent quality of service under dense network conditions. The adoption
of terahertz bands, ultra-massive MIMO, and intelligent reflecting surfaces will support up to one
million connected devices per square kilometer, while context-aware network slicing enhances service
differentiation and resilience.
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Table 9. Communication requirements for automation use cases.

Use Case End-to-End
Latency

Reliability Availability Bandwidth
Requirements

Positioning Accuracy

Factory Au-
tomation

< 10 ms 99.999% > 99.999% High (Gbps) High (sub-meter)

Smart Grids < 50 ms 99.99% > 99.99% Moderate Low
Healthcare
(Remote
Surgery)

< 1 ms 99.99999% >
99.9999%

Very High Very High (< 1 cm)

Automated
Guided
Vehicles

< 10 ms 99.999% > 99.999% Low–
Moderate

High (< 10 cm)

Smart Cities
(CCTV
Surveil-
lance)

< 100 ms 99.9% > 99.9% High Moderate

4.3.1. Applications and Technical Requirements for Future Services

The implementation of advanced communication technologies enables the development of innova-
tive applications that address emerging societal and industrial needs. These applications rely on three
key bearer services, as introduced earlier, to ensure robust connectivity and high performance. Before
delving into specific application characteristics, it is crucial to evaluate the technical requirements that
immersive communication and interconnected services must satisfy. These requirements are quantified
using parameters such as data rates, reliability, latency, refresh rates, and device power constraints.
Requirements for IC Services Table 7 presents the technical requirements for immersive communica-
tion services described in Section II. The parameters for comparison include data rates uplink and
downlink, reliability, latency, refresh rates for data generation, and device power constraints. These
metrics are derived from established studies [49,131,132] and refined based on the services described
in Section II-A. High data rates are essential for services like HC and VR, which demand significant
bandwidth for smooth operation. HC additionally requires exceptional refresh rates to accurately
replicate tactile feedback in real time. Similarly, low latency is critical for MR and AR, especially in
scenarios such as manufacturing assistance and pedestrian navigation, where real-time responsiveness
ensures safety and operational efficiency. Reliability remains a key consideration across all immersive
communication services, ensuring seamless transmission of data without packet loss. Furthermore,
the mobility and energy constraints of devices, particularly in battery operated applications, require
innovative power management strategies to sustain long term operations.

Requirements for Everything Connected Devices are outlined in Table 7, which outlines the
technical specifications for devices categorized under everything connected, as defined in Section
III. These devices are evaluated based on data rate requirements, reliability, latency, mobility, power
efficiency, and localization accuracy. Smartphones and autonomous vehicles necessitate medium to
high power capabilities, while low-power sensors and implantable medical devices rely on optimized
energy efficiency due to their limited battery capacities. Applications involving time sensitive sensors,
such as remote drone control or autonomous vehicle operation, demand high reliability and ultra low
latency for precise real time responses. Data intensive devices, such as high definition video stream-
ing systems, require stringent data rate specifications to maintain quality. In addition, localization
accuracy is critical for systems involving mobile endpoints, ensuring precise positional awareness and
operational reliability.

4.3.2. Smart Factory: Automated and Flexible Manufacturing

The advent of Industry 4.0 has transformed traditional manufacturing practices into automated
and adaptive processes, collectively referred to as the smart factory. This paradigm shift is driven
by the need to enhance competitiveness, reduce operational costs, and enable mass customization.
Smart factories leverage advanced technologies, including Cyber-Physical Systems (CPS), Big Data
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analytics, IoT sensors, and cloud computing, to establish interconnected and efficient manufacturing
ecosystems [133,134]. One of the most significant advancements in smart factories is the integration of
collaborative robots (co-bots). These robots work alongside human operators, performing repetitive
and high precision tasks with minimal latency and moderate data rate requirements. Accurate posi-
tioning systems are integral to co-bot operations, particularly in environments requiring human-robot
interaction. The implementation of MR and VR further enhances manufacturing processes by enabling
virtual prototyping, worker training, and real-time design adjustments. Embedded IoT sensors within
machinery facilitate predictive maintenance, minimizing downtime and optimizing productivity. This
confluence of technologies fosters a resilient and adaptive manufacturing environment capable of
addressing dynamic market demands. Table 10 summarizes representative use cases that demonstrate
the growing importance of high precision positioning services across various domains.

Table 10. Representative use cases for high-precision positioning services.

Use Case Description

Autonomous Vehicles
Precise positioning at the centimeter level ensures safe naviga-
tion of autonomous vehicles and drones in dynamic environ-
ments.

Smart Agriculture Precision farming enabled by drones and sensors for real-time
crop and soil monitoring.

Collaborative Robotics Accurate synchronization of robots and humans in industrial
automation.

Drone Delivery Reliable trajectory control for drone based delivery in both urban
and rural settings.

Surveillance and Security High-precision monitoring using drones and cameras for safety-
critical operations.

Precision Mapping Accurate geospatial mapping to support urban planning and
environmental monitoring.

Robot Assisted Surgery Real-time positioning for enhanced accuracy in medical proce-
dures.

Smart Warehousing Optimized tracking of goods and equipment for inventory man-
agement.

Disaster Response Reliable tracking of first responders and assets to improve emer-
gency coordination.

4.3.3. Smart Cities and Smart Agriculture: Resource Optimization

Smart cities and smart agriculture represent large-scale applications of interconnected devices
designed to improve resource utilization, sustainability, and quality of life [111,135,136]. In smart
cities, extensive sensor networks collect and analyze data to optimize urban processes such as traffic
management, waste disposal, and energy distribution. These networks also enhance public safety
through applications like autonomous vehicles and drone assisted surveillance. In the domain of smart
agriculture, technologies such as precision irrigation, autonomous harvesting systems, and real-time
crop monitoring significantly enhance productivity. Autonomous rovers and drones equipped with
advanced sensors provide accurate data on soil health, crop conditions, and weather patterns. These
insights enable farmers to make informed decisions, reduce waste, and improve yield quality. Both
smart cities and agriculture emphasize the need for reliable communication systems, low latency
networks, and robust data processing capabilities. These technologies play a pivotal role in addressing
global challenges such as food security, urbanization, and environmental sustainability.

4.3.4. Digital Health: Revolutionizing Patient Care

The integration of advanced communication technologies with healthcare systems has revolu-
tionized patient care and medical services [112,137]. Remote patient monitoring, telemedicine, and
real-time data sharing enable timely medical interventions and improved accessibility, particularly
in remote or undeserved areas. Emerging applications, such as telesurgery, rely on low-latency net-
works and high-precision devices to support complex medical procedures. AR and holographic tools
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enhance collaboration among healthcare professionals, improving diagnostic accuracy and treatment
outcomes. The seamless integration of communication networks with medical devices underscores the
transformative potential of digital health technologies. These advancements not only enhance patient
outcomes but also reduce healthcare costs and improve operational efficiency.

4.3.5. Intelligent Mobility

The proliferation of vehicles and increased urbanization necessitate innovative solutions for traffic
management and road safety. Intelligent Transport Systems (ITS) integrate advanced communication
networks, IoT devices, and artificial intelligence to enable connected and autonomous mobility [138–
140]. Key applications include autonomous driving, remote vehicle control, and traffic optimization.
It relies on precise localization, high reliability, and low latency to support critical functions such as
collision avoidance, lane guidance, and pedestrian detection. Onboard sensors and roadside equipment
gather real-time data, enabling dynamic adjustments to traffic flow and reducing congestion. V2X
communication further enhances coordination between vehicles, infrastructure, and pedestrians. These
advancements highlight the need for standardization in communication protocols and interoperability
across diverse transportation systems. The integration of next-generation networks ensures seamless
connectivity, facilitating safer and more efficient mobility solutions.

4.4. Conclusion on the KPIs

High-precision positioning in 5G-Advanced and 6G relies on KPIs that measure accuracy, latency,
reliability, and coverage. Traditional metrics like horizontal/vertical accuracy and positioning latency
remain critical, but newer KPIs such as integrity, update rate, and power efficiency address advanced
use cases like autonomous drones, smart factories, and V2X. Emerging requirements also emphasize
scalable devices per area and multi-modal synchronization, e.g., combining LiDAR and cellular signals.
Below is a structured Table 8 of KPIs, including both standardized 3GPP and emerging metrics.

5. The Road to 6G: Next-Gen Wireless Connectivity and Emerging Technologies
Total envisioned 5G mobile wireless communication technology is still not mature in its global

deployment. The most widespread version of 5G currently in use is the Non-Standalone (NSA)
configuration, where existing 4G infrastructures serve as the backbone for 5G networks. The complete
realization of 5G, built upon a fully integrated 5G infrastructure, remains a significant undertaking
and is still years away from being universally available. However, as telecommunications continue
to evolve, research is already focusing on the next generation 6G. Projections suggest that the 6G
standard could be finalized by 2028, with commercial deployment potentially beginning in 2030. To
meet the demands of these transformative applications, three primary parameters must be addressed:
performance, architecture, and reliability. In terms of performance, 6G will offer peak speeds of 1,000
Gbps an order of magnitude higher than the maximum 20 Gbps offered by 5G. Latency in 6G is
expected to be reduced to a groundbreaking 0.1 milliseconds, with energy and spectral efficiency
doubling that of 5G. Furthermore, 6G aims to support the simultaneous connection of up to ten million
devices per square kilometer, laying the foundation for an increasingly interconnected world. Table
11 compares 4G, 5G, and 6G communication systems, highlighting 6G’s advancement in latency,
reliability, and data rates. Unlike earlier generations limited to sub-100 GHz and partial AI integration,
6G leverages intelligent surfaces, terahertz frequencies, and AI-driven architecture to achieve sub-
millisecond latency, terabit-level throughput, and seamless support for autonomous, tactile, and XR
applications.
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Table 11. Comparison of 6G with 4G and 5G communication systems.

Issue 4G 5G 6G

AI No Partial Fully
Architecture MIMO Massive MIMO Intelligent surface
Autonomous Vehicle No Partial Fully
End-to-End (E2E) Latency 100 ms 10 ms 1 ms
Haptic Communication No Partial Fully
Maximum Frequency 6 GHz 90 GHz 10 THz
Maximum Spectral Effi-
ciency

15 bps/Hz 30 bps/Hz 100 bps/Hz

Mobility Support 350 km/h 500 km/h 1000 km/h
Per-Device Peak Data
Rate

1 Gbps 10 Gbps 1 Tbps

Satellite Integration No No Fully
Service Level Video VR, AR Tactile
THz Communication No Limited Widely
XR No Partial Fully

Achieving these objectives will require the utilization of THz frequency bands, which present new
challenges in terms of coverage and antenna design. While 4G systems primarily operate below 6 GHz
and 5G extends into the mmWave bands up to approximately 100 GHz, early 6G visions, such as those
proposed by Samsung Research, anticipate the use of sub-THz frequencies between 100 GHz and 1
THz, enabling ultra high data rates and spatial resolution beyond the capabilities of current networks.
This expanded spectrum promises to enable the necessary data throughput but also necessitates the
development of novel antennas and advanced duplex technologies to improve network coverage and
performance [141]. The envisioned KPIs for 6G include several advancements that build upon the
foundations of 5G. Extreme data rates are a central objective, with 6G expected to support maximum
data rates of up to 1 Tbps for both indoor and outdoor connectivity. The user-experienced data rate is
projected to be 1 Gbps at 95% of user locations, ensuring consistent high-speed access for all users, as
shown in Table 12. Enhanced spectral efficiency and coverage will also play a critical role, supported
by advanced Multiple Input Multiple Output (MIMO) technology and innovative modulation schemes.
These improvements will enable a spectral efficiency of up to 60 bps/Hz. A key improvement will
be the uniform distribution of spectral efficiency across the entire coverage area, which will ensure
consistent performance. For end users, the spectral efficiency is expected to approach 3 bps/Hz,
making high-capacity connectivity possible even in highly mobile and challenging environments.

Wide bandwidths will be required to support extremely high data rates in 6G. This will include ex-
pansion into the millimeter-wave (mmWave) and terahertz (THz) frequency bands, which can provide
bandwidths of up to 10 GHz and 100 GHz, respectively. The use of visible light communications (VLC)
is also expected to supplement these bands, further increasing the available bandwidth. Alongside
this, energy efficiency will become a central focus for future networks. Both user equipment and
transmission efficiency will be prioritized, with 6G setting an ambitious target of achieving terabits
per second per joule. Developing communication strategies that minimize energy consumption while
maximizing throughput will remain a key challenge in this area. Another important KPI for 6G will be
ultra-low latency. Latency is expected to be reduced to less than 0.1 milliseconds, supported by the use
of frequencies exceeding 10 GHz. In addition, latency variation, or jitter, must be kept below 1 microsec-
ond. Achieving these targets will enable real-time communications that are critical for applications
such as holographic communication and autonomous systems. Extremely high reliability is another
defining feature of 6G. With the deployment of mission-critical applications, such as autonomous
vehicles, healthcare systems, and industrial automation, ultra-high reliability will be required to ensure
seamless and fail-safe operation. This level of reliability will address limitations in 5G, which cannot
currently support safety-critical scenarios at the same level. By comparison, 6G technology is expected
to significantly outpace 5G in terms of capabilities, integrating advanced functionalities across the
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Table 12. Comparison of 5G and 6G network characteristics [34].

Characteristic 5G 6G

Area traffic capacity 10 Mb/s/m2 1000–10000 Mb/s/m2

Artificial Intelligence integration Partial Full
Automation integration Partial Full
Center of gravity User-centric Service-centric
C-plane latency 10 ms 1 ms
Connection density 1 Million devices/km2 10 Million devices/km2

Coverage 70% ∼99%

Device types Smartphones, Sensors, Drones DLT devices, CRAS, NR/BCI
equipment, Smart implants

Downlink peak data rate 20 Gbps 1000 Gbps
End-to-end delay requirement <1 ms <1 ms
Energy efficiency Not specified 1000 Tb/J
Experienced data rate 0.1 Gbps 1 Gbps
Experienced spectral efficiency 0.3 bps/Hz 3 bps/Hz
Extended Reality integration Partial Full
Frequency bands Sub-6 GHz, mmWave THz, Non-RF (optical, VLC)
Haptic communication integration Partial Full
Jitter Not specified 10 µs
Localization precision <10 cm (2D) 1 cm (3D)
Maximum bandwidth 1 GHz 100 GHz
Maximum mobility 500 km/h 1000 km/h
Operating frequency 3–300 GHz Up to 1000 GHz
Peak spectral efficiency 30 bps/Hz 60 bps/Hz
Processing delay 100 ns 10 ns
Radio-only delay requirement 10 ms <1 ms
Receiver sensitivity -120 dBm <-130 dBm
Reliability 99.999% 99.9999999%
Satellite integration No Yes
Smart city components Separate Integrated
Time buffer Non real-time Real-time
U-plane latency 0.5 ms 0.1 ms
Ultra-sensitive applications Not feasible Feasible
Uniform user experience 50 Mbps (2D) 10000 Mbps (3D)
Uplink peak data rate 10 Gbps 1000 Gbps
Visible Light Communication (VLC) Partial Full

network core, access networks, and user devices. This intelligence will facilitate the development of
novel applications, including holographic communication, artificial intelligence-driven services, high-
precision manufacturing, and the integration of VLC. These advancements will allow for immersive
and globally interconnected services that cannot be fully supported by 5G.

The potential of 6G, as compared to 5G, is therefore clearly evident. For example, the demand
for ultra-high-speed, low-latency communication in holographic services already exceeds the current
capabilities of 5G. Furthermore, 6G will integrate satellite communication to provide global coverage,
extending beyond the terrestrial reach of 5G networks. The introduction of terahertz frequency bands
will further increase network capacity, enabling massive data throughput while remaining non-harmful
to human health. These developments represent a major advancement in communication technology,
paving the way for a more connected, efficient, and intelligent future. A comparative analysis of 5G
and 6G is presented in Table 12, which highlights the substantial improvements that 6G aims to deliver
in data rates, latency, energy efficiency, and overall network reliability. In addition, Table 13 provides
a comparative overview of KPIs proposed by different standardization bodies and industry groups,
including 3GPP and ITU-R. This reflects evolving targets across multiple domains such as reliability,
latency, scalability, and power efficiency. The alignment among these organizations demonstrates a
shared vision to enable diverse 5G-Advanced and 6G use cases.
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Table 13. Comparison of target KPIs for 6G across various organizations.

Target
KPI

Networld
Europe
SRIA 2022
[142]

5G Americas /
Next G Alliance
[143,144]

Huawei
(China)
[145,146]

B5G Consor-
tium (Japan)
[147]

TSDSI
(India)
[148,149]

MediaTek
(Taiwan)
[150]

ITU IMT-
2030
[143]

Density 106

devices/km2
106 devices/km2 106

devices/km2
106

devices/km2
106

devices/km2
n/a 106–108

devices/km2

Energy
efficiency
(Net-
work/Terminal)

>100% gain
vs IMT-2020

Extremely low
power / never
charging devices

Network:
100× w.r.t.
5G; Device:
20 years
battery

Network:
100× w.r.t.
5G

Battery life-
time up to
20 years

n/a n/a

Mobility <1000 km/h >500 km/h n/a Up to 1000
km/h

Up to 1000
km/h

n/a 500–1000
km/h

Peak data
rate

1 Tbps 0.5–1 Tbps 1 Tbps 100–200
Gbps

0.5–1 Tbps 1 Tbps 50–200
Gbps

Positioning
accuracy

<1 cm 1 mm–10 cm (six
DoF: x,y,z)

Outdoor: 50
cm; Indoor: 1
cm

1–2 cm <1 cm 1 cm 1–10 cm

Reliability
(BLER)

>1–10−8 >1–10−8 >1–10−7 >1–10−7 >1–10−7 n/a ∼1–10−5

to 10−7

U-plane
latency

<0.1 ms 0.1–1 ms 0.1 ms 0.1–1 ms 0.1–1 ms 0.5–5 ms 0.1–1 ms

User data
rate

10 Gbps DL: up to 1 Gbps;
UL: up to 1 Gbps

10–100 Gbps 10–100 Gbps DL: up to
10 Gbps;
UL: up to 5
Gbps

>1 Gbps 300–500
Mbps
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5.1. Quantum Communications and Secure Data Transmission

Beyond current enabling technologies, several innovations are poised to transform telecommuni-
cations in the coming years. Among the most promising is quantum communication, which leverages
qubits (quantum bits) as the fundamental unit of data transmission. Unlike classical bits, qubits exploit
quantum superposition, enabling them to encode multiple state combinations of 1 and 0 simulta-
neously. The final computational outcome is determined only upon measurement, at which point
the qubit’s quantum state collapses to a definitive value either 1 or 0 [151]. A critical application
of quantum communication is Quantum Key Distribution (QKD), which ensures ultra-secure data
transmission. In QKD, classical data is encrypted and transmitted over conventional networks, while
the decryption keys are encoded in quantum states. Several QKD protocols have been developed,
including BB84, BBM92, Six State, E91, S09, and KMB09 [152]. Quantum channels typically rely on
optical fiber or free-space transmission, with superposition states induced via precision lasers for fiber
or microwave beams for free space.

5.2. Quantum Driven 6G Optimization

Quantum Computing (QC) is emerging as a critical enabler for the extreme performance demands
of 6G networks, which require Tbit s−1 speeds, microsecond latency, and the intelligent orchestration
of massive devices [153]. The optimization challenges in 6G, such as dynamic resource allocation,
ultra-massive MIMO detection, and real-time routing in ultra-dense heterogeneous networks, are often
classified as NP-hard problems that exceed the capacity of classical supercomputers. QC, leveraging
quantum parallelism through qubits, offers the potential for an exponential computational speedup to
solve these complex combinatorial problems in real-time. Specifically, algorithms like the Quantum
Approximate Optimization Algorithm (QAOA) and Quantum Machine Learning (QML) are being in-
vestigated to efficiently model network problems into a Quadratic Unconstrained Binary Optimization
(QUBO) format, providing a pathway to achieve optimal performance for critical 6G functions like
intelligent network slicing, energy efficiency maximization, and uRLLC [153]. Furthermore, quantum-
enhanced security, particularly through Quantum Key Distribution (QKD), will be vital to secure the
vast and sensitive data flows inherent in the 6G era.

5.3. Toward Trustworthy and Green 6G Networks

Telecommunication networks are evolving toward distributed and disaggregated architectures
involving multiple stakeholders and heterogeneous interfaces. In this context, blockchain and Dis-
tributed Ledger Technologies (DLT) have emerged as key enablers for enhancing security, transparency,
and coordination in decentralized ecosystems [151]. These technologies support traceable and verifi-
able interactions across complex infrastructures, including the metaverse, where virtual asset creators,
hardware vendors, and platform operators collaborate, and smart environments, where entities such
as vehicles, pedestrians, and IoT sensors exchange real-time data to improve incident management. As
networks advance into higher frequency domains, with 5G extending into mmWave and 6G targeting
sub-THz and THz bands, transistor performance becomes a key limitation [154]. Addressing this
requires advances in semiconductor materials that deliver high-power, low-noise, and high-linearity
performance. Gallium Arsenide (GaAs) supports up to 110 GHz but remains costly, while Gallium
Nitride (GaN) offers high-temperature tolerance and energy efficiency up to 500 GHz. Indium Phos-
phide (InP) achieves frequencies beyond 1 THz due to superior electron mobility, although fabrication
remains challenging [155]. Future 6G networks must prioritize both trustworthiness and sustainability.
Trustworthiness requires ensuring confidentiality, integrity, and availability, while mitigating data
bias and ensuring ethical information dissemination [156]. Sustainability is equally critical, as the
ICT sector contributes about 2% of global CO2 emissions, potentially rising to 15% if unmanaged
[157,158]. To address this, 3GPP targets a 90% reduction in NR energy consumption compared to LTE
[159]. Achieving these objectives depends on energy-efficient architectures and sustainable hardware,
forming the foundation for environmentally responsible and resilient 6G systems.
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6. 6G Challenges and Future Works
With 6G’s hyper-connected ecosystem, ensuring end-to-end security and privacy becomes crucial.

Previous generations 1G − 5G faced challenges such as eavesdropping, denial of service (DoS), and
malware attacks. These threats are expected to intensify in 6G, particularly due to the incorporation
of AI/ML and pervasive connected intelligence. Privacy-enhancing computation (PEC) techniques,
including federated learning, differential privacy, and homomorphic encryption, are being explored to
address these security and privacy challenges effectively [160,161]. Visible light communication (VLC)
is emerging as a promising solution for short-range, high-speed communication in 6G. Compared
to traditional RF systems, VLC can offer enhanced security and higher data rates; however, its LOS
dependency and limited modulation bandwidth present significant constraints. To achieve ubiqui-
tous connectivity, hybrid RF-VLC systems combined with advanced MIMO configurations are being
proposed, allowing seamless operation in diverse environments [13]. Beyond conventional communi-
cation, 6G aims to enable cyber physical convergence where machines, humans, and environments
interact in real-time. This integration requires research into low-latency sensing, actuation, and secure
control frameworks, which are essential for applications such as autonomous vehicles, smart cities,
and healthcare robotics [162]. In parallel, quantum computing is expected to play a transformative role
in 6G by addressing challenges in optimization, security, and scalability. Quantum key distribution
(QKD) and quantum-enhanced modulation schemes promise robust solutions, but their practical
deployment demands new hardware and communication protocols [163,164].

To meet the extreme performance demands of 6G, novel multiple access and modulation tech-
niques beyond OFDM are being explored. Approaches such as Filter Bank Multicarrier (FBMC),
Universal Filtered Multicarrier (UFMC), and Generalized Frequency Division Multiplexing (GFDM)
offer lower peak-to-average power ratio (PAPR) and improved spectral efficiency, though further com-
parative studies and real-time testing are required to determine optimal schemes [165,166]. Satellite
communication is another critical component of the 6G vision, providing global 3D coverage. Integrat-
ing terrestrial networks with satellites and UAVs can enhance rural connectivity, emergency response,
and maritime communications. Research is necessary to ensure seamless handoffs and coordination
across space and ground layers [167]. The use of higher-frequency bands, including mmWave and
terahertz (THz) frequencies, raises concerns regarding human exposure. Potential impacts on skin and
eye tissues highlight the need for concurrent biomedical studies alongside technological development
[168]. Additionally, the dense deployment of diverse devices in 6G networks will require strategies
for electromagnetic compatibility (EMC), dynamic spectrum sensing, and interference mitigation,
particularly in urban and industrial environments [42,169]. Finally, the societal impact of 6G is sub-
stantial. By enabling digital inclusion, smart agriculture, mobile banking, and e-health services, 6G can
support the development of emerging economies. Ensuring affordability, scalable infrastructure, and
localized innovation will be critical to achieving equitable benefits [170,171]. Alongside technological
deployment, ethical considerations such as algorithmic fairness, user consent, and transparency must
guide implementation. Public awareness initiatives and policy frameworks are essential to align 6G
technologies with societal values and responsible usage [172].

7. Conclusion
This paper provides a comprehensive exploration of the technological evolution from 5G-

Advanced to 6G, emphasizing the transformative potential of next-generation networks in enabling
innovative services such as immersive communications, ubiquitous connectivity, and ultra-precise
positioning. By analyzing key advancements across 3GPP Releases 16− 20, the study highlights critical
developments in XR, holographic communication, haptic feedback, and quantum-secured networks,
all of which are poised to redefine user experiences and industrial applications. The paper also under-
scores the necessity of stringent KPIs for latency, reliability, and energy efficiency, which are essential
for supporting emerging use cases like smart factories, autonomous systems, and the metaverse. These
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insights establish a foundational framework for researchers and industry stakeholders to align future
network designs with the demands of 2030 and beyond.

Furthermore, the study identifies key challenges in current 5G deployments, including scalability
limitations, energy inefficiencies, and security vulnerabilities, while presenting 6G as a paradigm
shift capable of addressing these gaps through AI-driven optimization, THz spectrum utilization,
and integrated sensing-communication architectures. The discussion on semiconductor advance-
ments, e.g., GaN, InP, and quantum communications, illustrates the interdisciplinary innovations
required to achieve 6G’s ambitious targets, such as 1 Tbps data rates and sub-millisecond latency.
Additionally, the paper emphasizes the societal impact of 6G, particularly in enabling sustainable
smart cities, precision healthcare, and resilient infrastructure, aligning with global initiatives like the
UN Sustainable Development Goals (SDGs). Finally, this work serves as a critical reference for the
telecommunications community by synthesizing global research efforts, standardization roadmaps,
and industry benchmarks into a cohesive vision for 6G. By bridging theoretical research with practical
implementation challenges from network slicing to ambient IoT, the paper not only charts a path for
future innovations but also calls for collaborative efforts among academia, governments, and industry
to overcome barriers in spectrum allocation, security, and energy sustainability. As 6G transitions
from vision to reality, this study lays the groundwork for a hyper-connected, intelligent, and inclusive
digital ecosystem that will drive economic growth and societal progress in the next decade.
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Abbreviations

API Application Programming Interface
BSR Buffer Status Report
CDRX Connected Discontinuous Reception
CSI Channel State Information
DMRS Demodulation Reference Signal
DRX Discontinuous Reception
ECID Enhanced Cell ID
EMC Electromagnetic Compatibility
ETSI European Telecommunications Standards Institute
FRMCS Future Railway Mobile Communication System
GNSS Global Navigation Satellite System
HARQ Hybrid Automatic Repeat Request
HAPS High-Altitude Platform Station
IIoT Industrial Internet of Things
IMT International Mobile Telecommunications
InP Indium Phosphide
IAB Integrated Access and Backhaul

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 November 2025 doi:10.20944/preprints202511.1140.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1140.v1
http://creativecommons.org/licenses/by/4.0/


42 of 49

ISAC Integrated Sensing and Communication
ITU International Telecommunication Union
KPI Key Performance Indicator
KVI Key Value Indicator
LEO Low Earth Orbit
LiDAR Light Detection and Ranging
LMF Location Management Function
LPHAP Low-Power High-Accuracy Positioning
LTE-M LTE for Machine-type Communication
MIMO Multiple Input Multiple Output
MR Mixed Reality
mMTC Massive Machine-Type Communication
NB-IoT Narrowband Internet of Things
NPN Non-Public Network
NTN Non-Terrestrial Networks
OFDM Orthogonal Frequency Division Multiplexing
PCC Policy and Charging Control
PCF Policy Control Function
PDB Packet Delay Budget
PRS Positioning Reference Signal
RACH Random Access Channel
RAN Radio Access Network
RedCap Reduced Capability
RLC Radio Link Control
RRC Radio Resource Control
RTK Real-Time Kinematic
RTT Round Trip Time
SDGs Sustainable Development Goals
SNR Signal-to-Noise Ratio
SRS Sounding Reference Signal
Tbps Terabits per Second
TDD Time Division Duplex
TDoA Time Difference of Arrival
TSN Time-Sensitive Networking
UAI UE Assistance Information
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