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ABSTRACT Holographic-type communication (HTC) is on the verge of revolutionizing current
communication paradigms. It will seamlessly connect people from distant locations through a fully
immersive experience that will engage all five senses: sight, hearing, touch, smell, and taste. However,
the practical realization and widespread adoption of HTC impose significant demands on current networks
and end-user devices. While recent studies have primarily focused on discussing the HTC challenges
and potential research directions, this paper takes a further step by evaluating the capabilities of wireless
networks to meet HTC requirements. Specifically, it highlights the limitations of the fifth-generation (5G)
networks by identifying HTC-related Key Performance Indicators (KPIs) and explores the potential of
the sixth-generation (6G) networks. Moreover, it not only proposes potential research approaches for
HTC enhancement but also analyzes their impact on the challenges in HTC implementation. Finally, the
paper questions the ubiquitous potential of 6G, suggesting that a coordinated approach leveraging artificial
intelligence (AI) for jointly optimizing user sites and communication networks is the most promising
strategy, rather than solely relying on the capabilities of specific network generations.

INDEX TERMS 5G, 6G, Al, communication network, HTC, KPIs, user site.

I. INTRODUCTION

HTC is a groundbreaking technology that enables real-time
transmission of holographic data across the network. It per-
mits new levels of engagement between remote users,
integrating all five human senses and facilitating interactions
that closely mimic realistic face-to-face scenarios. Many
diverse fields of everyday life, such as remote communication
and collaboration, healthcare, education, and entertainment,
will benefit from its potential. Furthermore, holography
and holographic telepresence are pivotal enablers for the
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Metaverse [1], [2], by contributing to the creation of new
digital realms, wherein human representations and systems
closely imitate their physical counterparts. Consequently,
a profound correspondence between the digital and physical
worlds can be created, as the role of HTC is to extend this
correspondence beyond mere visual representations. There-
fore, holograms, serving as three-dimensional (3D) digital
copies of real individuals and objects, must faithfully convey
not only their physical appearance but also their motions and
interactions granting users six degrees of freedom (6DoF)
[3], [4]. In terms, HTC must guarantee seamless execution
of the entire process, encompassing interactive holographic
data capture, transmission, and reproduction.
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FIGURE 1. Conceptual block diagram of HTC system, comprising local and remote user sites connected via the communication network.

Fig. 1 presents a conceptual diagram of HTC system,
where users in distinct locations (visualized as local and
remote user sites) communicate with each other by perceiving
3D visual representations of their remote interlocutor.
The Multisensory data capture and the Multisensory data
reproduction blocks are responsible for engaging multiple
human senses during communication. The Processing block
processes the captured data, which are transmitted through
the communication network. However, to ensure an authentic
and interactive user experience in a face-to-face manner,
detailed capture, fast data processing, and extreme data
transmission are required. This places significant demands on
both communication networks and user sites.

Emerging 5G networks promise to support data rates
up to 20 gigabits per second (Gb/s) and 1 millisecond
(ms) round-trip latency [5]. However, the transmission of
holographic content calls for exceeding these limits. A high-
resolution hologram of a single physical object captured
from multiple views may require data rates of up to a few
terabits per second (Tb/s). The real-time transmission of such
a vast amount of data is unattainable with 5G, prompting
the consideration of 6G networks as a potential solution.
Factors contributing to this prospect include the integration
of higher frequency bands in 6G, such as THz-bands and
the visible light spectrum, along with a reduced network
transmission delay and a network architecture enriched
with embedded intelligence. Nevertheless, enhancing com-
munication technology by transitioning to next-generation
networks is not the sole aspect on which HTC researchers
and developers should focus. Achieving a fully immersive
and interactive communication experience necessitates a
coordinated approach that considers both communication
networks and user-site optimization.

In short, the contributions of this paper are summarized as
follows:

« identifying the major technological challenges of
HTC systems, introducing HTC-related KPIs, and
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emphasizing the 5G network limitations in the context
of the indicated challenges and KPI target values;

« exploring the 6G vision for the future HTC realization
through an analysis of some of the most cited 6G
publications from the last five years;

« proposing potential approaches for HTC enhancement
from the perspective of both the communication network
and the user site;

« evaluating the impact of the proposed approaches on the
identified HTC major technological challenges;

« outlining the roles of 6G and Al in enabling a truly
immersive holographic communication experience.

The structure of the paper is shown in Fig. 2. Section II
introduces notable studies related to HTC and highlights
the contributions of this paper. The specifics of HTC are
presented in Section III, exploring critical applications, the
typical architecture of HTC systems, and major technological
challenges. Section IV introduces HTC-related KPIs and
emphasizes the motivation behind this work by explaining
why 5G networks are pushed to their limits when facing
heavy HTC requirements. In terms, the 6G vision for the
future HTC realization is explored in Section V. Further, the
impact of the potential approaches for HTC enhancement,
proposed in Section VI, on the identified technological chal-
lenges is evaluated in Section VII. Section VIII outlines the
roles of 6G and Al in enabling an immersive communication
experience. Finally, Section IX concludes the paper.

Il. RELATED WORKS

Considering the significant potential of holographic technol-
ogy in communication, the following studies propose current
research directions to advance the realization of HTC.

The need for moving to 6G networks by performing a gap
analysis of 5G and predicting the synthesis of near-future
applications such as HTC was motivated in [6]. Specifically,
critical 6G enablers, such as a new network architecture,
a pervasive introduction of Al at the network edge,
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FIGURE 2. Paper structure.

3D coverage, a new physical layer incorporating sub-THz and
visible light communications (VLC), and distributed security
mechanisms, which will facilitate holographic communica-
tion, are identified. A description of the HTC technological
challenges is provided in [7], where a cross-layer approach
toward achieving a fully interactive holographic experience
is presented. This includes optimization at the user side,
transport and application layer optimization, and network
layer optimization. Furthermore, the status and challenges
of volumetric media applications regarding 6DoF content
delivery are outlined in [8]. The authors proposed an
architecture that enables an end-to-end system for immersive
6DoF media streaming and consists of four components:
source side, network domain, client side, and a component
for quality and perception evaluation. In [9], a highlight
of the limitations of existing wired and wireless networks
that impede the realization of HTC was provided. 6G and
beyond promising networking technologies are discussed
as an emphasis is placed again on HTC sources, HTC
networking, and HTC destinations. The authors of [10]
introduce future immersive communications in 6G networks,
specifically extended reality (XR) based communications,
haptic communications, and holography and holographic
communications, their challenges, and possible solutions.
However, whereas the aforementioned publications only
highlight the problems associated with HTC, this paper
identifies HTC technological challenges based on our prior
analysis of practical implementations and simulations of
HTC systems and on our own experience in developing
a Holographic Telepresence System (HTPS) [11], [12].
Furthermore, this paper outlines various HTC-related KPIs
and categorizes them into four classes. In addition to
presenting their target values for both 5G and 6G, where
feasible, the KPIs specifically demanded by the HTC are
also indicated. The objective is to underscore the limitations
of 5G in fulfilling the HTC requirements. In alignment
with the aforementioned publications, we propose potential
approaches for HTC enhancement. These approaches are
categorized based on the principal HTC entities outlined in
Fig. 1, more specifically, the user sites and the communi-
cation network. Therefore, we delineate two distinct groups
of approaches: communication network-based solutions and
user-site optimizations. However, unlike the reviewed papers
above, we evaluate the impact of each proposed approach on
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the identified technological challenges and outline the role of
6G and Al in universally enabling HTC.

Table 1 emphasizes the research perspectives of related
papers and outlines the contributions of this work.

1Il. SPECIFICS OF HTC

This section presents the specifics of HTC, indicating
prominent HTC applications, the basics of HTC system archi-
tectures, and the major systems’ technological challenges.

A. HTC APPLICATIONS

Anticipated to become increasingly prevalent across various
sectors of everyday life, HTC is set to revolutionize not only
communications but also education, healthcare, entertain-
ment, and more. Furthermore, it is expected to play a pivotal
role in constructing the Metaverse. Figure 3 showcases
the most prominent HTC applications, encapsulated within
the domain of the Metaverse and founded upon HTC
technology.

1) COMMUNICATIONS

Holographic teleconferencing and holographic telepres-
ence [13], [14], [15], [16], [17], [18] are impressive HTC
applications. There is a small conceptual difference between
these terms. Whereas holographic teleconferencing aims to
virtually meet participants in a 3D manner, holographic
telepresence specifically refers to technology that allows
people to be immersed in a different location without
being physically there. However, both technologies refer
to HTC and depend on enabling real-time and real-life
communication and interaction with other people or objects.
People should be presented by their virtual 3D avatars, which
are exact copies of their physical bodies and should accurately
convey their movements, gestures, and emotions. Current
2D video conferencing systems, such as Webex, Zoom, and
MSTeams cannot support typical communication cues from
actual face-to-face communication, such as gaze direction,
gestures, tactile feedback, spatial faithfulness, depth percep-
tion of the physical environment, and physiological signals.
However, HTC promises to support the above while assuring
users of immersive and spatially aware communication and
interaction. This will lead to the possibility of remote task
collaboration in many application fields, such as education,
healthcare, and entertainment.
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TABLE 1. Summary of related HTC surveys.

Reference  Puplication time Topic

Research contributions

5G gap analysis and

[6] September, 2019 near-future applications in 6G

Specification of critical 6G enablers that will help to fulfill new services’
challenging requirements, such as new network architecture, Al at the network
edge, 3D coverage, new physical layer, and distributed security mechanisms;
Introduction of the concept of semantic communications.

Challenges and solutions of

7] January, 2020 truly-immersive HTC

Description of the main HTC technological challenges and proposition of a
cross-layer approach (optimization at the user side, transport and application
layer optimization, and network layer optimization) for enabling fully
interactive HTC.

Status and challenges of
volumetric media applications
regarding 6DoF content
delivery

[8] October, 2020

Proposition of an architecture for enabling an end-to-end system for immersive
6DoF media streaming consisting of four components: source side, network
domain, client side, and a component for quality and perception evaluation.

HTC architectures, limitations,
[9] September, 2022 and possible 6G and beyond
solutions.

Discussion of promising research direction by emphasizing HTC sources,
HTC destinations, and HTC networking that includes physical and data link
layer, network layer, transport layer, and Al at the network edge.

Concepts of future immersive
communications in 6G

[10] January, 2023 networks: XR-based, haptic,
and holography-based

Review on challenges and possible research directions for enabling HTC
including in the aspects of data processing, communication, and networking,
regarding the physical layer, the transport layers, and computing architectures.

HTC system framework,
[11] December, 2022 experienced challenges, and
HTC system comparison

Review of HTC system implementation challenges, systematized in main

technological challenges, representation challenges, and other challenges;

Outline of the limitations of existing HTC systems, and a proposition of a
conceptual framework for future HTC system development.

Modular and interoperable
[12] October, 2023 approach for HTPS
development

Proposition of a novel, modular architecture for HTPS, consisting of a Data
Acquisition Layer, Processing Layer, Transmission Layer, and Immersion
layer; Substantiation of the proposed approach through practical HTPS
implementation and extensive performance evaluation.

HTC specifics, HTC-related
KPIs and 5G limitations in

meeting HTC requirements,

6G vision for HTC, potential

Identification of HTC challenges based on prior analysis of HTC systems and
HTPS implementation; Indication of HTC-related KPIs categorized in four
groups; Highlight of 5G limitations to meet HTC requirements; Exploration of
the 6G vision for enabling HTC through an analysis of some of the most cited

THIS PAPER 6G publications; Proposition of potential approaches for HTC enhancement
approaches for HTC L L . .
. systematized in communication network-based solutions and user-site
enhancement and their impact T . , .
L optimizations; Evaluation of the proposed approaches’ impact on each of the
on indicated HTC : . e S .
. identified challenges emphasizing the role of 6G and Al for fully enabling
technological challenges HTC
i R [ - The Metaverse =
= ‘i B i GR "®
Entertainment dda m@ 2o = -
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FIGURE 3. Emerging domains of HTC applications.

2) HTC IN EDUCATION

HTC will play a significant role in education by pro-
viding immersive and interactive learning experience [19],
[20], [21], [22], [23], [24], [25]. Students can explore
distant locations while interacting with virtual 3D objects,
and receive real-time guidance without leaving the class-
room. They will manage to attend meetings with invited
speakers from all over the world in an immersive and
interactive manner. Students will accomplish collaborative
learning by working together on projects or problem-
solving activities, even if they are physically located in
different places. Examining complex concepts, structures,
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and organisms using appropriate 3D models will enable
interactive and detailed understanding. Using HTC, the stu-
dents will get hands-on training experience in various fields,
such as medicine, aviation, engineering, etc. In this way,
they will practice different procedures and manipulations
and receive real-time feedback in a controlled and safe
environment.

3) HTC IN HEALTHCARE

HTC has significant potential in the healthcare field [24],
(26], [27], [28], [29], [30], [31], [32], [33], [34], [35],
[36], [37], [38]. First, it is expected that HTC will
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boost telemedicine, remote consultations, and diagnosis by
allowing healthcare professionals to interact with distantly
located patients in a more realistic and immersive manner.
Doctors will be able to examine patients remotely, provide
visual guidance, and demonstrate different medical proce-
dures. Second, the use of HTC will also enhance surgical
planning. For example, surgeons will visualize and plan
complex surgeries using holographic representations and
will gain a better understanding of the procedure. Surgical
training can be facilitated by providing young surgeons with
realistic simulations. Third, remote collaboration and expert
consultation between distantly located medical professionals
in a real-life manner become possible via HTC. Doctors
will receive real-time guidance and support during complex
medical procedures by sharing holographic representations.
Furthermore, augmenting some specific virtual objects in
the surgeons’ Field of View (FoV) will provide them with
immediate access to patient data. Finally, HTC will also help
patients’ education and rehabilitation by providing them with
a better understanding of their physical state, treatment plan,
and post-operative care.

4) HTC IN ENTERTAINMENT

In the field of entertainment, HTC will bring many new
and immersive experiences [39], [40], [41], [42], [43], [44],
[45], [46]. Live concerts and performances will be brought
to the audience even if the artists are physically absent or if
the audience is not located in the performance place. HTC
will influence the gaming experience by allowing users to
immerse themselves in different worlds and view themselves
and others like virtual avatars in a more social gam-
ing environment. Holographic television, including movies,
advertisements, news, and TV shows will make the audience
feel like it is part of them, with all the characters and
scenes appearing in 3D space. Museums, virtual parks,
and attractions will be attended by distantly located users
providing them with a unique entertainment experience and
performing the idea of virtual tourism. Interactive storytelling
will immerse people in a narrative, allowing them to engage
with the characters.

5) THE METAVERSE

In addition to being standalone HTC applications, all
the mentioned use cases above are increasingly becoming
integral parts of the Metaverse [47]. The Metaverse refers to a
virtual universe encompassing interconnected digital realms
where individuals are represented by their 3D virtual avatars.
Since enabling social interactions between users is an impor-
tant aspect of the Metaverse, allowing people from different
locations to connect, communicate, interact, and engage in
various real-life activities is crucial. Therefore, HTC emerges
as a foundational technology facilitating immersive and
engaging experiences among users, making it one of the key
enablers for constructing the Metaverse [48], [49].
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B. HTC SYSTEM ARCHITECTURE

As elaborated in the preceding subsection, HTC has the
potential to revolutionize numerous sectors of our everyday
lives, reshaping current voice- and video-based commu-
nication paradigms. This transformation was due to the
introduction of a third-dimensional perspective, fostering
lifelike interactions enriched with a multisensory human
experience. A block diagram of a general HTC system based
on [11] is shown in Figure 4. Each block is responsible
for the following functions: multisensory data capture,
data processing, data transmission, and multisensory data
reproduction.

Multisensory data capture requires the use of different
sensors (visual, audio, tactile, olfactory, and gustatory) to
capture multi-sense physical data. These data are then
subjected to various processing steps during the data
processing stage. For example, if visual data are captured
from different views, they must be aligned and reconstructed
as a common 3D model. It must also be synchronized and
encoded with the rest of the sensory data and streamed to
a remote destination. When the holographic data arrive at
the destination, they must be decoded and processed further.
For example, the visual component must be calibrated and
rendered synchronously within the local coordinate system.
Finally, the rendered model and the rest of the sensory
data must be reproduced for the user by the multisensory
data reproduction block. The data transmission block is
representative of the communication network.

C. HTC MAJOR TECHNOLOGICAL CHALLENGES

Implementing a system similar to the one proposed in Fig. 4,
which is capable of real-time holographic data transfer,
faces significant technological challenges. As a result of
the HTC system analysis in [11], several key considerations
can be revealed. Firstly, ensuring a lifelike representa-
tion and interaction with human avatars, virtual objects,
or complete environments demands the assurance of 6DoF
through detailed capturing from various perspectives and
substantial subsequent processing [3], [4]. Fig. 5 illustrates
the concept of 6DoF, representing the six mechanical degrees
of freedom governing the movement of a rigid body in a
3D space. These encompass translational movements along
the three orthogonal axes: up/down (heave), left/right (sway),
and forward/backward (surge), as well as the rotational
movements around them, commonly denoted as yaw, pitch,
and roll. This feature allows users to interact and freely
explore holograms that adjust seamlessly when observed
from different viewpoints, similar to interacting with tangible
physical objects. However, the human eye is susceptible to
visual disparities; therefore holograms must be transmitted
and rendered at remote locations with very high data rates
and ultra-low latency which will inevitably strain network
bandwidth and user computational resources. Secondly, a uni-
fied network paradigm for the transmission of holographic
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content is notably absent. Thirdly, the observed latency
exceeds the HTC thresholds, thereby adversely affecting the
perceived Quality of Experience (QoE). Finally, the systems
exhibit limited scalability, as they support mainly video and
audio data flows originating from individual HTC sites. This
conceals the challenges posed by stringent synchronization
requirements, which inevitably appear when HTC attempts
to link multiple users from diverse locations.

The performance results of HTPS, as reported in [12],
validate the above observations. Firstly, the substantial
amount of data captured, facilitated by the data acquisition
network, imposes a limitation on the maximum stable frame
rate of only eight frames per second. To address this limitation
and enhance the frame rate, adjustments, such as reducing
the frame size or extending the bandwidth capacity, are
necessary. Secondly, the use of a Transmission Control
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Protocol (TCP) as a transport layer protocol introduces
drawbacks. Whereas TCP ensures reliable data delivery and
congestion control, it brings additional overhead and latency
early in the data delivery process. This leads to stuttering
and desynchronization between the sensor units. Notably,
the analysis lacks a comparison of TCP behavior with
other transport layer solutions based on the User Datagram
Protocol (UDP). However, a more efficient transport layer
protocol is required. Thirdly, the incurred latency, resulting
from the cumulative time delays during data transmission
and processing (excluding compression), exceeded 300 ms,
negatively impacting the perceived QoE. Furthermore,
introducing compression increases latency, so sufficient
computational resources are demanded. Finally, the practical
implementation of HTPS needs to be expanded to connect
distant users, potentially facing scalability limitations and
hidden synchronization problems.

Based on the aforementioned discussion, we can empha-
size four significant technological requirements that pose
challenges to HTC:

o The first HTC requirement is a large bandwidth to ensure
very high data rate transmission of the vast volume of
holographic content. The required bandwidth depends
on hologram type, size, resolution, and transmission
frame rate. As an illustration, let us consider a point
cloud hologram represented by 3D points, with each
point characterized by its x, y, z coordinates and 1, g,
b color attributes. If a single Microsoft Kinect v2 sensor
captures the point cloud, it generates 217,088 points,
with each point encoded with 15 bytes. Assuming three
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sensors working at 30 fps, approximately 2.2 Gb/s
would be required to transmit the data over the network.
Conversely, image-based holograms, particularly Light
Field Views (LFVs), represent physical objects through
multiple 2D images captured from different angles and
tiles. This approach would demand a significantly higher
bandwidth capacity for subsequent data transmission,
reaching the order of Tb/s.

o The second main requirement is the reduction of the
end-to-end latency. According to [50] the required end-
to-end latency varies for different HTC applications.
Applications that tolerate buffering may have latency
tolerances in the range of 50-100 ms, highly interactive
services may target 20-50 ms, and ultra-low latency
services may aim for approximately 1 ms. Note that
each stage of the holographic communication pipeline
adds a delay to the end-to-end latency. The 3D object
reconstruction, compression, decompression, synchro-
nization, etc., consume the time for data transmission,
whose speed cannot exceed the speed of light.

o The third technology requirement is the need to
support strict synchronization between multiple flows.
Once, synchronization must be maintained between the
different data sources at the local site [51], and then,
between the packages arriving at the destination [52],
[53]. Desynchronization decreases the perceived QoE.
The advantages of different buffering schemes and
various synchronization techniques may benefit this
requirement, but holographic data is very storage-
intensive, so large buffer sizes are practically inapplica-
ble. In addition, achieving stricter synchronization will
inevitably increase latency.

« Finally, HTC processing is often performed by imple-
menting heavy computation algorithms that increase the
processing delay, thereby affecting the overall latency.
This often requires the user to be equipped with
high-performance computational hardware, which will
hurdle the widespread adoption of HTC.

All these requirements are closely related. For instance,
improving the compression ratio will significantly decrease
the required bandwidth. However, this will also increase
the processing time, thereby negatively affecting the overall
latency. In contrast, the critical latency requirement may
benefit from lightweight computation; however the amount
of transmitted data may exceed the link capacity. Therefore,
all of these challenges must be addressed together, and an
optimal trade-off between their solutions must be achieved.

IV. 5G LIMITATIONS TO MEET HTC KPIs

This section justifies the need to move to 6G networks by
emphasizing the 5G limitations to meet the major techno-
logical challenges of HTC. To illustrate this, we present
several network KPIs [5], [54], [55], [56], [57] related to
HTC systems and categorize them into four groups. The
first category encompasses KPIs directly associated with the
HTC system performance, such as peak and user-experienced
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data rates and latency. The second category consists of KPIs
indirectly linked to the HTC system performance, including
maximum bandwidth, area traffic capacity, coverage, jitter,
and reliability. Optimizing their values is crucial for the
KPIs from the first group, and consequently, for the overall
system performance. The third group includes KPIs related to
HTC system capabilities, such as system intelligence, sensing
(imaging) resolution, mobility, and system security. Although
not exclusive to HTC system performance, maximizing these
factors can significantly enhance it or incorporate additional
features to improve QoE. The final group covers the
KPIs associated with system efficiency, including spectral,
energy, and cost efficiency. This categorization aims to
highlight which KPIs must be optimized during HTC system
implementation and which, although optional, are highly
desirable for the improving system performance and QoE.
Table 2 provides an overview of these categories, presenting
the respective KPIs, definitions, measurement units, and
target values for both 5G and 6G networks.

Since the perceived QoE is a crucial performance indicator
for holographic telepresence applications [58], [59], meeting
HTC demands is essential. However, this is not a trivial
task and 5G networks encounter challenges in this context.
To emphasize the limitations of 5G, Table 3 offers insights
into the identified HTC technological challenges and the
respective 5G and 6G KPI target values. As indicated in the
table, the optimal 5G KPIs appear insufficient to adequately
address HTC demands. Firstly, despite the varied bandwidth
requirements introduced by the level of detail in hologram
representations, the specified 5G peak data rates of up
to 20 Gb/s fall short of transmitting high-resolution holo-
grams that require anywhere from a couple of Gb/s to a few
Tb/s. Secondly, latency demands, depending on the assumed
interactivity, range from a couple of tens of ms up to only
1 ms. For highly interactive scenarios targeting end-to-end
latency below 50-20 ms, the 5G network transmission latency
of above 1 ms poses a limitation, especially when considering
significant processing times at the source and destination user
sites. Thirdly, maintaining strict synchronization is vital to
support scalable HTC systems that connect multiple users
from different locations. Reasonably, transmission latency
and its variance, known as jitter, are crucial parameters for
synchronizing data flows from multiple sources. However,
jitter values of 1ms are too high and can corrupt the rendering
process at the user site, particularly when multiple data
flows arrive. The application of more precise synchronization
algorithms capable of mitigating jitter will further increase
experienced latency.

Consistent with the above discussion, it is clear that 5G
networks will face significant challenges in meeting the
HTC requirements. In contrast, the 6G KPIs indicated in
Tables 2 and 3 significantly surpassed those of 5G, making
6G networks a promising solution. Specifically, 6G data rates,
bandwidth resources, and area traffic capacity are noteworthy
when compared to those of 5G, suggesting the potential
for transmitting much larger volumes of content through
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TABLE 2. HTC-related KPIs and their target values in 5G and 6G networks, classified into distinct groups regarding HTC system performance, capabilities,

and efficiency.

[ KPIclass KPI KPI definition Unit \ 5G \ 6G |
KPIs Maximum data rate achievable under optimal
direct] Peak data rate conditions, wherein all available radio resources are Tb/s 0.02Tb/s 1Tb/s
relatec{ entirely allocated to a single mobile station.
to HTC Sth percentile point (5%) on the cumulative
User experienced distribution function of user throughput, ensuring users )
ersf}(;iflzlce data rate have a 95% probability of achieving at least this Gb/s 0.1Gb/s 10 Gb/s
P throughput level, irrespective of the time or location.
One-way time it takes for the network to successfully
Latency deliver an application layer packet or message from ms 1ms 0.1 ms
source to destination.
KPIs Maximum Maximum cumulative system bandwidth that can be
indirectly bandwidth accommodated by single or multiple radio frequency GHz 1GHz 100GH z
related - carmiers.
to HTC . Evaluation of the complete mobile dﬁata load that a
- Area traffic network can handle within a specific unit area, 2 Py 2
ersfﬁ:;elzlnce capacity considering factors such as available bandwidth, Gb/s/m 0.01Gb/s/m 10 Gb/s/m
p spectrum efficiency, and network densification.
Coverage The coverage percentage of network service. — 10% 99%
Jitter Variability in latency times. ms 1ms 0.001ms
Network’s ability to successfully transmit a specified
Reliability amount of data within a predefined time duration with - 99.999% > 99.99999%
a high probability of success.
KPIs Maximum speed at which a mobile station can move
relaté 4 Mobility while still maintaining an acceptable QoE with km/h 500 km/h 1000 km/h
to HTC network support.
system Sensrlélsgo l(lll?ilgfmg) Resolution of sensing and imaging. m 1Im 0.001m
capabilities System
in te}l,ligence Intelligence level of the communication system. - Low High
Svstem securit Rate of trustworthy information transmission under the B Low Hioh
y ¥ threat of eavesdroppers. 9
KPIs . Average data rate under optimal conditions, adjusted
related Spectral efficiency by the channel bandwidh. b/s/Hz 30b/s/Hz >90b/s/Hz
to HTC . Amount of network energy consumption related to the 7 9
system Energy Efficiency traffic capacity provided. b/J 107 b/J 10%b/J
efficiency Cost Efficiency Amount of data traffic co§t related to the user’s data Gb/$ 10Gb/$ 500Gb/$
consumption benefit.

TABLE 3. Comparison of major HTC technological challenges with corresponding requirements and target KPI values in 5G and 6G networks.

Technological HTC requirement 5G 6G
challenge
Data rate 0.5 — 2 Gb/ s Point cloud hologram, 0.02 Tb/s Peak datarate, 0.1 Gb/s 1 Tb/s Peak data rate, 10 Gb/s User
0.1 — 2 Tb/s Light field hologram, [7] User experienced data rate experienced data rate
End-to-end latency (including processing):
Latency 50 — 100 ms Wlth buffer.mg tole_ranc_e, Network transmission latency: 1 ms Network transmission latency: 0.1 ms
20 — 50 ms highly interactive applications,
1 ms ultra-low latency applications, [50]
L Sypchromzmg multlple flows arrving from Transmission latency up to 1 ms, Jitter Transmission latency up to 0.1 ms,
Synchronization different locations at the destination [52], .
(53] values - 1ms Jitter values up to 0.001 ms
Requirement of running heavy computation . .
Computation algorithms for 3D model reconstruction, Introducing network cloud computing 6G accommodating bqth computation
. and communication
compression, etc.

the network. In addition, the reduction in latency and jitter,
along with improved reliability, facilitates real-time data
transmission and better synchronization. Some other new KPI
values, such as intelligence, sensing, and security, are to be
incorporated into 6G [57] because of their importance for
emerging immersive communications.

Fig. 6 provides a comparative visualization of the HTC-
related KPIs, organized into four groups, as outlined in
Table 2. The inner flag blocks present the KPIs, followed by
their 5G target values in the solid-lined flag blocks. These
values are compared with the 6G target values from the
dash-lined flag blocks. The outer circular blocks present
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enhancements in the KPI values in the context of 6G. Fig. 7
depicts the progression of network generations based on the
provided data rates and services, highlighting HTC as one
of the main service types that will be offered by future 6G
networks.

V. 6G VISION FOR HTC

The current section analyzes relevant 6G publications from
the last five years to explore the 6G vision for future
HTC realization. Although they cover various aspects,
each of them particularly specifies HTC. Indeed, dif-
ferent terms are used for it, such as holographic-type
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related
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99-999% Reliability

99.99999%

FIGURE 6. Comparison of KPIs target values in 5G and 6G networks.

communications, holographic communications, holographic
teleportation, holographic telepresence, holographic tech-
nology and communications, multisensory XR applications,
multisensory holographic teleportation, and multisensory XR
experience. Nevertheless, all of them refer to the same
concept, i.e. the technology of holographic data transmission
through the communication network.

The concept of future 6G networks is presented in [60],
where primary use case scenarios and their corresponding
network requirements are outlined. A large-dimensional and
autonomous network architecture for achieving pervasive and
ultimate wireless connectivity is proposed. The discussion
extends to various key enabling technologies for 6G and the
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Peak data rate KP]

0.02Tb/s 5G target value

ITb/s  } 6G target value

Enhancement

DR to SP - Directly related to system performance
IR to SP - Indirectly related to system performance
SC - System capabilities

SE - System efficiency

role of Al and ML in constructing autonomous networks and
air-interface design. In the context of HTC, the envisioned
driving forces behind 6G are the mobile Internet and
the Internet of Everything, supporting holographic and
high-precision communications to deliver a comprehensive
sensory experience. Innovative 6G applications are identified,
highlighting holographic verticals and full-sensory digital
reality as representatives of a new 6G service type, referred
to as Further-enhanced Mobile Broadband (FeMBB).
Multisensory XR applications are identified as the primary
driver of 6G [61]. Although not explicitly referred to as
HTC, they underscore a specific aspect of holographic
technology, enabling truly immersive Augmented Reality
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HTC, Tactile internet, Digital twin, Wireless brain-machine interface
(BMI) applications, Emergency rescue com. ‘
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FIGURE 7. Evolution of mobile network generations in terms of data rates
and provided services.

(AR), Virtual Reality (VR), and Mixed Reality (MR)
experiences by incorporating various human perceptions
and including multiple senses, cognition, and physiology.
New 6G service classes are introduced, such as Mobile
Broadband Reliable Low Latency Communications (MBR-
LLC), Massive Ultra-Reliable Low Latency Communications
(MURLLC), Human-Centric Services (HCS), and Multi-
Purpose 3CLS and Energy Services, where 3CLS represents
the Convergence of Communications, Computing, Control,
Localization, and Sensing. Given that upcoming services
such as multisensory XR will demand both high data
rates and ultra-low latency, the clear distinction between
enhanced Mobile Broadband (eMBB) and Ultra-Reliable
Low Latency Communications (URLLC) proposed in 5G
may no longer suffice. Consequently, 6G is anticipated to
support services existing within the realm of rate-reliability-
latency encapsulated by MBRLLC.

The perspective that human-centric mobile communica-
tions will continue to be the foremost application of 6G
networks is presented in [62] where a systematic framework
outlining potential 6G application scenarios substantiates this
viewpoint. Among these scenarios, holographic communica-
tion is highlighted as a significant use case, marking the shift
from conventional video conferencing to more immersive
interactions, with 6G identified as the primary catalyst for this
transformation. Additionally, 6G essential features, necessary
communication technologies, and potential challenges that
might hinder its practical deployment are explored.

Various new use cases, whose requirements extend beyond
the capacity of 5G networks, emphasize the necessity for
advancements beyond 5G [63]. Among these, holographic
telepresence, also referred to as ‘‘teleportation,” is recog-
nized as a challenging scenario with significant communi-
cation demands. In this context, three fundamental aspects
crucial for the transition to 6G are outlined, including the
introduction of new communication technologies, network
architectures, and deployment models.

Insights into emerging network trends that will influence
the future landscape of 6G are shared in [64], envisioning
the interconnection of physical, biological, and digital
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worlds. These trends include novel man-machine interfaces,
widespread distribution of ubiquitous universal computing
across user devices and the cloud, multisensory data fusion,
enhanced mixed-reality experiences, and precision sensing
and actuation for controlling the physical world. The concept
of holographic telepresence is anticipated to play a prominent
role in both social interactions and professional settings.
To pave the way for the integration of new services, such
as HTC in 6G, six requirements and key performance
measures are proposed. Another six fundamental dimensions
for designing 6G, encompassing data, computing, energy,
spectrum, spectrum efficiency, and space, are identified.
Additionally, six technologies expected to shape future 6G
networks are introduced: Al and ML, exploration of new
spectrum bands, advancements in localization and sensing,
extreme networking capabilities, novel network architectures,
and the development of new security, privacy, and trust
paradigms.

Another perspective for the future of 6G and beyond
wireless communication systems is presented in [65]. The
authors commence by introducing a range of critical use
cases enabled by 6G, highlighting multisensory holographic
teleportation as one of them. They assert that this particular
use case will demand both very high data rates and ultra-low
latency simultaneously, rendering 5G eMBB and URLLC
inadequate for meeting such requirements. Furthermore, they
present potential groundbreaking technologies that would
facilitate the practical realization of new use cases, such as
HTC, categorizing these technologies into two groups: 6G
and beyond 6G.

Anticipating 6G to address the fundamental problems of
its predecessor, such as higher system capacity, increased
data rates, lower latency, improved security, and enhanced
QoS, a vision of 6G networks and architectures is presented
in [66]. First, a few 6G-specific service types, including
ubiquitous Mobile Broadband (uMBB), ultra-High-Speed
with Low-Latency Communications (uUHSLLC), massive
Machine-Type Communication (mMTC), and ultra-High
Data Density (uHDD), are introduced. Specifically, the
multisensory XR experience and holographic telepresence
fall under the category of uHSLLC. Then, numerous
emerging technologies that are expected to bring 6G to reality,
including Al, big data analysis, terahertz and free-space
optic communications, unmanned aerial vehicles, cell-free
communications, integrated sensing and communications,
etc., are presented. Finally, potential challenges and research
directions are outlined.

A state-of-the-art analysis of the progress made in the
development of 6G networks is proposed in [67]. It presents a
taxonomy of 6G wireless systems, outlining main use cases,
key enablers, and ML schemes, as well as communication,
networking, and computing technologies. In addition, open
research problems and potential solutions are explored.
Holographic communication-based services are highlighted
as one of the main use cases, offering remote connections
with high accuracy and data rates.
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A perspective on the future 6G ecosystem is provided
in [68]. An emphasis is placed on 6G KPIs applicable to
specific use case scenarios. In contrast to 5G, the vision for
future services in 6G encompasses a variety of new service
classes, including further enhanced Ultra-Mobile Broadband
(feUMBB), ultra-High Sensing Low Latency Communica-
tions (uUHSLLC), ultra-High Density Data (uHDD), ultra-
High Energy Efficiency (uHEE), ultra-High Reliability and
Sensing (uHRS), ultra-High Reliability and User experi-
ence (UHRUX), ultra-Low Latency Reliability and Secure
(uLLRS), ultra-High Security (uHS), ultra-High Sensing, and
others. Holographic communications are envisioned as one of
the use cases of 6G networks with great potential to replace
physical and other types of virtual meetings. According
to [68], holographic communication will benefit from the
combination of uHSLLC, uHDD, and uHRS service classes.

To address the question of whether human society truly
needs 6G, the authors of [69] conduct a state-of-the-art
analysis of 6G-related papers. They refer to key drivers for
6G, including the exponential growth of mobile traffic and
subscriptions until 2030 and disruptive use cases, with HTC
highlighted as an example. Given the diverse and demanding
network requirements of such disruptive applications, the
authors identify three new use cases absent in 5G networks:
ubiquitous Mobile Broadband (uMBB), Ultra-reliable Low-
latency Broadband Communication (ULBC), and massive
Ultra-reliable Low-latency Communication (mULC), with
HTC specified as ULBC. The technical requirements of 6G
are discussed in terms of KPIs and enabling technologies
are categorized into groups, such as New Spectrum, New
Networking, New Air Interface, New Architecture, and New
Paradigm. Finally, insights into “What 6G may look like?”
are provided.

The future of 6G networks, system requirements, and key
features are outlined in [70]. Driving applications and new
services for 6G with a specific emphasis on multisensory
XR applications are also proposed. Owing to the perceived
inability of 5G to meet the network requirements for such
services, it is anticipated that 6G will evolve from the original
5G services (eMBB, URLLC, and mMTC) and introduce new
service types such as mobile broadband reliable low latency
communications, network slicing, massive URLLC, HCS,
and multi-purpose 3CLS and energy efficiency. Additionally,
ongoing research and open problems regarding the 6G
development and applications are presented.

A discussion of 6G systems, highlighting lifestyle and
societal changes that are steering the direction toward
next-generation networks is provided in [71]. The paper ini-
tially outlines 6G use cases and technological requirements,
emphasizing holographic communication as a fundamental
part of future networks, where holograms are envisioned as
the primary medium of communication. To address the heavy
demands imposed by holographic communication and other
emerging applications, a top-down approach for necessary
technological enhancements in core and transport networks is
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proposed. Additionally, new physical layer techniques, wave
propagation characteristics in 6G networks, and challenges
associated with developing specific hardware for the 6G
physical layer are explored.

An extensive survey on 6G frontiers covering 6G driving
trends, emerging applications, 6G requirements and visions,
enabling technologies, recent projects, research work, stan-
dardization approaches, and future research directions is
conducted in [72]. Holographic telepresence is identified
as an emerging application that highlights the limitations
of existing 5G networks. In contrast, 6G is anticipated to
be a key enabler for such services, offering seamless and
high-quality connections between remote users and ensuring
high data rates and extremely low latency.

According to [73], 6G will couple and enable interactions
between the physical world of objects and organisms, the
human world of senses, bodies, and intelligence, and the
digital world of information, communication, and computing,
creating a common cyber-physical continuum. The authors
outline the main 6G research directions, defined as connected
intelligence, network of networks, sustainability, global
service coverage, extreme experience, and trustworthiness.
Further, 6G use cases are highlighted, defining immersive
telepresence as an extreme and immersive experience that
will blur the boundary between the physical and digital
worlds and will serve as a communication tool for the future
“fully merged cyber-physical worlds.”

The 6G vision, application scenarios, and technological
trends from an industrial perspective are outlined in [74].
Three types of 6G application scenarios are introduced:
immersive, intelligent, and ubiquitous applications. In addi-
tion, key enabling technologies for the realization of these
applications are proposed. Holographic communication,
aimed at providing an extremely immersive experience,
falls into the category of immersive applications. The
development of 6G networks must consider high data rates,
low latency, transmission security, and reliability to satisfy its
requirements.

The discussion presented in [75] focuses on the evolution
toward 6G networks, with an emphasis on architectural
evolution, post-2030 application landscape, region-wise
statistics of 6G patents, 6G key enabling technologies, major
challenges, and research directions. Within this context,
holographic telepresence is identified as one of the key
emerging applications whose requirements cannot be ade-
quately addressed by the capabilities of 5G networks. These
challenges are considered to be the core of 6G research.

The evolution of wireless communication networks from
1G to 6G is also traced in [76]. Specifically, three 6G
milestones in terms of technologies, KPIs, and use case
scenarios are delineated. Holographic communication is
explicitly identified as one of the main 6G applications.

QoE management challenge in networks beyond 5G is
addressed in [77], where the QoE provisioning ecosystem
for emerging multimedia streaming services is introduced.
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The work expands to provide a road map for future 6G
networks, discussing requirements, use case scenarios, new
service classes, and potential technologies. Emphasis is
placed on 6G management, orchestration, and monitoring of
multimedia 3D service, envisioning holographic and future
media communications as one of the three main use case
scenarios, similar to eMBB, URLLC, and mMTC in 5G.

The authors of [78] motivate the necessity of advancements
beyond 5G in cellular networks, emphasizing the potential
applications, vision, and requirements of 6G, along with
enabling technologies and KPIs. Additionally, cutting-edge
computing paradigms that are anticipated to drive the
transition to the 6G era are explored. Insights into the latest
6G research, design activities, and existing challenges are
also provided. With regard to holographic telepresence and
immersive communications with their substantial demands
on wireless networks, it is anticipated that 6G will be essential
to meet their criteria. Consequently, holographic technology
and communications are identified as among the most notable
prospective applications of 6G.

An extensive survey on 6G, beginning with highlighting
the limitations and challenges of 5G networks, is conducted
in [57]. It presents a global vision of 6G, covering various
aspects of future network technology. The survey outlines 6G
technical requirements and application scenarios. In addition,
it presents a vision of 6G network architecture, supplemented
with 6G enabling technologies and existing testbeds. Finally,
the survey addresses open research directions and challenges.
The survey allocates space for holographic communication
within the context of the application scenarios. 6G is expected
to offer users a full sensory experience through various
applications, with holographic communications leading the
way.

In [79], the authors explore twelve scientific challenges
aimed at reconstructing the theoretical foundation of com-
munications. They revise various areas, including electro-
magnetic information theory, non-linear signal processing,
multi-agent learning systems, super-resolution theory, ther-
modynamics of computation and communication, signals
for time-varying systems theory, semantic communication
theory, signals for integrated sensing and communication,
large-scale communication theory, non-equilibrium informa-
tion theory, combining queuing and information theory, and
non-coherent communication theory. Within this context,
the paper delineates the connection between diverse 6G
applications, including holographic communication, and the
scientific challenges posed by 6G.

A review of 6G mobile communication technology,
covering its vision, importance, use case scenarios, and
opportunities is presented in [80]. This review empha-
sizes key enabling technologies, challenges, and research
directions. Three new service types are highlighted in
terms of usage scenarios: Ultra-reliable Low latency Broad-
band Communications (ULBC), massive Ultra-reliable Low
latency Communication (mULC), and ultra-Mobile Broad-
band (uMBB). Notably, HTC is expected to benefit from
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ULBC, which simultaneously offers ultra-low latency and
high throughput.

Table 4 summarizes the insights from the reviewed 6G
papers, focusing on HTC as a prominent application in the
upcoming 6G era. Key observations include the anticipation
of holographic technology and communication playing a
central role in both social and professional contexts, spanning
various application domains. Almost all of these papers
explicitly highlight HTC as a major application, which
will be uniquely enabled by the advancements in 6G
technology. Moreover, HTC is envisioned as a tool capable
of merging cyber-physical worlds. With 5G being perceived
as inadequate for realizing this vision, HTC stands out
as a pivotal driving force for the future development of
6G. In particular, 5G supports three primary service types:
high-data-rate-demanding applications (eMBB), ultra-low
latency-demanding applications (URLLC), and applications
for massive device connectivity (mMTC). However, HTC
falls somewhere between eMBB and URLLC, necessitating
both very high data rates and ultra-low latency and reliability.
In contrast, as evident from the reviewed papers, 6G
proposes new service types to meet the diverse requirements
of emerging technologies. Several of the reviewed papers
propose new service types that facilitate HTC, albeit labeled
under different names like MBRLLC [61], uHSLLC [66],
ULBC [69], [80], all referring to the same concept.

VI. POTENTIAL APPROACHES FOR HTC ENHANCEMENT
Potential approaches for addressing the major HTC tech-
nological challenges identified in Section III-C are pre-
sented below. They are classified into communication
network-based solutions and user-site optimizations accord-
ing to Fig. 1. This classification is illustrated in Fig. 8.

A. COMMUNICATION NETWORK-BASED SOLUTIONS

In the context of the communication network, the current
subsection introduces some 6G network-based solutions
to enhance the practical implementation of HTC. They
are categorized into physical layer enhancements, network
architectures, and transport layer improvements. Each of
them is thoroughly explored in the following text.

1) PHYSICAL LAYER ENHANCEMENTS

Current networks are challenged to meet the escalating
data rate demands of emerging technologies, such as HTC.
The transmission of high-resolution holograms captured
from multiple angles and tiles may necessitate data rates
reaching a few terabits per second, surpassing the limits
set by 5G, as specified in Tables 2 and 3. To address
this challenge, 6G networks are anticipated to leverage
higher frequency bands beyond 300 GHz, enabling access
to wider bandwidths and consequently achieving enhanced
data rates. An added benefit of using high-frequency radio
waves is the ability to form narrow beam widths through
highly directional antennas, resulting in reduced interference
and improved Signal-to-Noise ratio (SNR) at the receiver.
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TABLE 4. Summary of 6G-related papers announcing HTC as a forthcoming 6G application.

Publication

Reference time Paper topic Vision for HTC
A vision of 6G wireless networks, Identification of holographic verticals and full-sensory digital reality as
[60] July, 2019 requirements, architecture, and key representatives of a new 6G service type, referred to as
technologies Further-enhanced Mobile Broadband (FeMBB))
A vision of 6G vynjeless systems In the Introduction of multisensory XR reality application as a 6G drivin
context of 6G driving applications, 6G o isensory Y appli¢ g
[61] October, 2019 drivine trends. and 6G enablin’ application and associating it to a new 6G service class called Mobile
g techr’lologies g Broadband Reliable Low Latency Communications (MBRLLC)
A viston of 6.G tosupport Identification of 6G as the primary catalyst for transiting from
human-centric mobile communications . . . . . Lo
[62] January, 2020 - application scenarios, requirements conventional video conferencing to more immersive interactions in
enabling technologies, and challenges terms of holographic communications
Use cases and drivine technologies Identification of holographic telepresence as one of the future main use
[63] March, 2020 towards 6G wire]egss ne tworkgs cases whose requirements will go beyond 5G system performance (in
o ) terms of throughput, latency, and multisensory experience)
A vision of the future look of 6G, its Introduction of holographic telepresence by its ability to provide an
[64] March. 2020 requirements, key performance immersive experience and multisensory data fusion as one of the
’ measures, dimensions for system emerging themes for shaping 6G system requirements and
design, and enabling technologies technologies
A vision of future 6G and beyond
65] July. 2020 wireless communication systems in Highlight of multisensory holographic teleportation as one of the main
¥ terms of use cases, and 6G and beyond use cases that will be enabled by future 6G technologies
enabling technologies
Cﬁ%ﬁf;:;tfgﬁuéifgszgiisi Specification of new 6G service types, identifying multisensory XR
[66] July, 2020 architecture, enabling technologies and and holographic telepresence as ultra-High-Speed with Low-Latency
open, research directions ‘ Communications (uHSLLC)
State-of-the-art 6G wireless systems in Specification of holographic communication-based services as one of
[67] August, 2020 terms of vision, architectural elements, the main 6G use cases that is considered to connect distant users in an
and open research challenges immersive way.
Vision for holographic communications as a combination of ultra-High
6G ecosystem - current status, use . .. . b
[68] January, 2021 cases, enabling technologies, network Sensing Low Latenpy Commun‘lcatlon§ (qﬁSLLC), ultr'a-ngh Density
’ ar’chitec ture. and future t’ren ds Data (uHDD) services, ultra-High Reliability and Sensing (uHRS) 6G
’ service classes
A comprehensive survey on the road Identification of HTC as a main disruptive use case scenario in 6G and
[69] February, 2021 towards 6G, answering the question if its classification to one of the new types of 6G services termed as
we really need 6G massive Ultra-reliable Low-latency Communication (mULC)
6G survey on technologies, Specification of multisensory XR as an emerging application in 6G
[70] February, 2021 applications, challenges, and research which will impose both technological and physiological requirements
problems and perceptual criteria that must be met during the 6G design stage
:“SZI;Z: :feigrz;rillfsisr zSt:iIE:]’n?natlsn Introduction of holograms as an evolved communication media pacing
[71] March, 2021 6G enablin techn’olo ies (lhallen es’ the holographic communications as one of the main use case scenarios
a%) d opport ugni tizes &es, in 6G networks impacting their future outlook and design
A survey on 6G frontiers in terms of
(72] April. 2021 driving trends, applications, Anticipation of 6G as a key enabler for holographic telepresence by
pril, requirements, technologies, and future enabling seamless and high-quality connections between remote users
research directions
(73] November, A vision of 6G values, use cases, and Definition of holographic telepresence as a communication tool for
2021 technologies enabling the future "fully merged cyber-physical worlds"
A review of 6G vision, application . . o C .
(74] March, 2022 scenarios, and technological trends Spemﬁcatloq of holographic communications as one of _the main 6G
from an industry perspective service types, referred to as immersive applications
A dlchszgnigﬁeﬁzsns;zzg;gﬁ lution Identification of holographic telepresence as one of the key emerging
[75] May, 2022 architectures, potential applications applications unsatisfied by the 5G capabilities and a driver of the 6G
and ré;earch directions B research and development
Details on wireless communication
(76] August, 2022 networks evolution: from 1G to 6G, Identification of holographic communication as one of the main use

and specification of future 6G
perspectives.

case scenarios of future 6G networks
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TABLE 4. (Continued.) Summary of 6G-related papers announcing HTC as a forthcoming 6G application.

Reference PUbtlilI;aetmn Paper topic Vision for HTC
September Discussion on QoE management in 5G Vision for holograms and future media communications as one of the
[77] p2022 ? and beyond networks and road map three main use case scenarios in 6G, similar to eMBB, URLLC, and
toward 6G and beyond mMTC in 5G
A research on 6G trends, vision, Identification of holographic technology and communications as one
December, . R . L .
[78] 2022 requirements, technologies, research, of the prospective 6G applications whose substantial demands are
and standardization efforts expected to be met by 6G
An extensive survey on 6G vision, Expectation of 6G to offer users a fully sensory experience through a
[57] February, 2023 requirements, enabling technologies, variety of applications, with holographic communications leading the
and testbeds way
(79] February, 2023 Investigation of 6G scientific Deﬁnmop of the mapping between 6G appllcatlpnsi in particular
challenges holographic communication, and the specified scientific challenges
A review of 6G mobile communication
technology in terms of 6G vision, Vision for HTC as a representative of one of the new service types in
[80] February, 2023 opportunities, enabling technologies, 6G networks - Ultra-reliable Low latency Broadband Communications
challenges, and open research (ULBC) to benefit both ultra-low latency and high throughput
directions
[ Potential approaches for HTC enhancement J
\ Communication network-based solutions ] | User-site optimizations J
Physical layer Network Transport layer Evaluation of required data rate and
L enhancements L architectures J improvements J latency
Higher New New network ‘ ‘ New TL Adaptive ‘ Efficient data Semantic
frequency | modulation architectures protocols streaming compression segmentation
band forna:y Integration of SDN and . ,
Ad d .. Predicting user's FoV and focus for
MANCE MIMO and network slicing . .
channel . ; ; adaptive streaming
- beamforming {Integratmg cloud computing at the network edgeJ

Integration of
NTN

[Deployment of RIS l ISAC I Al ans ML at J

L

Integration
of AL

FIGURE 8. Potential approaches for HTC enhancement classified into communication network-based solutions and user-site optimizations.

However, this advantage is countered by severe path loss
due to environmental absorption and blockages, which limit
propagation distances to a few meters. Consequently, high-
frequency links may experience wild and frequent fluctua-
tions in link capacity, leading to a decrease in the overall
network performance [81]. Visible Light Communication
(VLC) has the potential to provide optical-like performance,
offering ultra-high bandwidths with zero electromagnetic
interference. However, its main drawback is its extreme
sensitivity to blockages, necessitating a Line of Sight (LoS)
channel. Moreover, achieving optimal optical transmission
will require significant advancements in optical systems,
including the use of new light sources such as micro
LEDs, enabling optical beamforming, spatial multiplexing,
and other innovations. Therefore, in addition to utilizing
higher frequency bands, the increase in data rates should
be accompanied by other physical layer improvements [71]
given below.
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First, new modulation formats will be required. The
widely adopted Orthogonal Frequency Division Multiplexing
(OFDM) in 4G and 5G is known for its few drawbacks:
sensitivity to frequency dispersion, a decrease in the spectral
efficiency due to the cyclic prefix, and a high peak-to-average
power ratio (PAPR). These challenges become more critical
in higher frequency bands.

Second, advances in channel coding at the physical layer
are required to ensure reliable and low-latency transmission.
Codes with short block lengths are more susceptible to
errors, and error-free transmission cannot be guaranteed.
However, blocks with longer lengths imply increased latency.
Therefore, a trade-off between the code block length and the
robustness of the code to errors must be achieved.

Regarding the use of multiple antenna arrays and massive
multiple input multiple output (MIMO) systems, it is foreseen
that they will still be utilized to improve spectral efficiency.
However, beamforming at higher frequency bands increases
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the circuit complexity, power consumption, and cost of
operation. Signal processing algorithms and beamforming
architectures that balance the ease of real-time implementa-
tion, low complexity, and high efficiency are subject to further
investigation.

Further, the deployment of Reconfigurable Intelligent
Surfaces (RISs) or Large Intelligent Surfaces (LISs) across
buildings, highways, and various structures emerges as
a prominent subject of interest for the forthcoming 6G
networks. They are metasurfaces that can tune the phase
of their elements to reflect the incoming electromagnetic
signals in the desired directions. RIS-aided communications
are considered to improve spectral and energy efficiency, data
rates, and high-frequency wave utilization. However, energy
consumption optimization, inference minimization, and the
possibility of real-time steering require further development.

High-demand immersive services, along with other emerg-
ing applications like autonomous vehicles and digital twins,
stand to benefit from integrated sensing and communication
(ISAC) capabilities in 6G networks. These applications
necessitate wireless systems to provide not just communi-
cation services, but also sensing, localization, and control
functionalities while delivering ultra-high data rates, near-
zero latency, and instant reliability. ISAC functionality in
6G aims to efficiently merge communication and sens-
ing on a single hardware platform, optimizing frequency
resources for improved spectral, energy, and cost efficiency.
Recent research efforts have proposed various ISAC frame-
works [82], [83], [84], [85], with some exploring its potential
for enabling wireless XR at THz bands [86], [87]. Certain
systems harness holographic beamforming, employing holo-
graphic MIMO-based stations or reconfigurable holographic
surfaces (RHS) to sense, control, and optimize the wireless
environment, thus realizing the vision of low-power, high-
throughput, massively-connected, and low-latency communi-
cations [88]. However, holographic MIMO and RHS should
be distinguished from typical MIMO and RIS, as they have
the unique ability to dynamically compose desired beams
following holographic principles [89]. On the other side,
while often referred to as holographic communication, they
should not be confused with the term “HTC” used in this
paper, considering that HTC denotes the entire process of
transmitting holographic content through the communication
network providing users with an immersive communication
experience.

The application of Al and ML at the physical layer in
6G is expected to generally impact the wireless commu-
nication systems [90]. The primary research directions of
the ML-driven physical layer include channel coding, syn-
chronization, positioning, and channel estimation. ML-based
channel state prediction will also be very beneficial, espe-
cially in noisy and degraded channels with significant time
variations in the link capacity [81]. Some ML methods at the
Media Access Control (MAC) layer are also important [90].
More specifically, ML can be exploited in different use
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case scenarios in the MAC layer, such as federated learning
for orientation and mobility prediction in wireless VR
networks, predictive resource allocation in Machine-Type
Communications (MTC), predictive power management, and
asymmetric traffic accommodation. Research on the potential
benefits and challenges of deep learning (DL) based wireless
communication systems with a focus on the physical layer is
provided in [91]. A highlight of the DL methodologies used
in conventional techniques, such as MIMO detection, channel
estimation, channel coding/decoding, resource allocation,
RIS, and MIMO-based index modulation is presented, as well
as DL-based end-to-end (E2E) communication approach.

2) NETWORK ARCHITECTURES

Although 5G is underway and shows significant improve-
ments compared to its predecessors, the transmission of
holographic content with assured QoE is still far from imple-
mentation. HTC demands future networks to support very
high data rates, as well as deterministic and ultra-low latency.
Furthermore, beyond holographic data transportation, future
networks should be capable of offloading a significant portion
of holographic data processing from the user site, particularly
in the absence of sufficient computational resources. This
underscores a crucial characteristic of future networks,
namely, their ability to accommodate both data transportation
and computation.

To support HTC, the future network architectures should
include a new data plane that will be able to dynamically
adapt to different operating nodes, a new control plane that
will be able to strictly synchronize holographic streams
routed within deterministic and low latency links (i.e., jitter
values decreased to minima), and a new management plane
which will be able to configure and optimize network
capabilities, leveraging the support of Al [6]. Currently, the
5G integration of Software Defined Networks (SDNs) that
support the separation of the control plane, data plane, and
management plane [92] provides the ability for dynamic
and flexible network adaptation and on-demand resource
allocation according to various network conditions and
user requirements. The virtualized control plane applies
QoS-oriented management of network resources, filling
the gap between the common network architectures and
services-oriented network support. Further, 5G network
slicing based on SDNs and Network Function Virtualization
(NFV) [93] allows the deployment of numerous logical
networks sharing common physical infrastructure. Each
logical network is optimized to provide guaranteed QoS for
different service types, such as delay-sensitive services, wide
broadband demanded services, and massive connectivity.
Although it is anticipated that these technologies will
continue to play an essential role in the future 6G networks,
they need to be further improved to support diverse capa-
bilities such as communication, computation, caching, and
control.
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Looking forward to the future beyond 5G and 6G
networks [94], multi-access edge computing (MEC) will
contribute to the integration of data computation throughout
the network. It extends cloud computing capabilities to the
network edge, bringing them close to users. This allows the
offloading of user-site processing and reduction in end-to-
end latency. Consequently, MEC is highly advantageous for
real-time data processing and transmission services, such as
driverless vehicles, robotics, and immersive communications,
particularly HTC. As evidence, one can refer to the outcomes
documented in [52], [53], and [95].

Another area of research is the integration of terrestrial
and non-terrestrial networks in 6G. They can ensure higher
communication reliability, multi-path routing for load bal-
ancing, and support for deterministic and low-latency data
transmission. The authors of [96] introduce an envisioned
deterministic networking-enabled non-terrestrial network
(NTN) architecture in the context of holographic-type
services.

Implementing intelligence in the networks will be the
most significant improvement of 6G compared with 5G
networks [97]. Running Al algorithms distributed across the
network will enable it to dynamically learn and improve
its performance based on deep analysis and predictions.
Allowing Al at the network edge will be beneficial for restor-
ing/rendering the holographic content with better quality,
even under worse network conditions.

3) TRANSPORT LAYER IMPROVEMENTS

In the field of 6G research and development, considerable
focus is directed toward network architectures and physical
layer enhancements. However, despite the imperative role of
the transport layer in efficiently transmitting data through
the network, it receives comparatively less attention. This
is noteworthy given the stringent HTC requirements of
ultra-low latency and high reliability, which are dependent on
the transport layer efficiency and can be positively affected by
its optimization.

At the transport level, the ultra-low latency and the very
high reliability are usually contradictory, but both are impor-
tant for optimizing the perceived QoE in HTC. Excessive
latency due to the establishment of reliable connections can
undermine real-life experience, especially in scenarios where
real-time multisensory interactions are crucial. Conversely,
unreliable connections leading to packet loss may necessitate
frequent retransmissions, increasing the latency, and again
resulting in decreased QoE. Additionally, the introduction
of new radio links with higher frequencies at the physical
layer, while promising greater data rates, also heightens
the susceptibility to losses and distortions. This further
complicates the task of transporting holographic content with
high reliability, determinism, and low latency. Therefore,
it is crucial to develop suitable transport layer protocols
for holographic data transmission. These protocols should
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incorporate adaptive streaming mechanisms to prioritize
specific segments of holographic content, ensuring better
quality for the parts of the hologram observable to the user.

Current video streaming applications rely on dynamic
adaptive streaming over hypertext transfer protocol (HTTP)
(DASH). It allows data to be segmented into different
sequences of small segments served over HTTP and assigned
different bit rates according to the available bandwidth. Thus,
prioritizing some data over others becomes possible. This is
beneficial when trying to transmit some part of the content,
which is more valuable to the user, with higher quality.
However, DASH relies on Transmission Control Protocol
(TCP) in the transport layer, which is not optimized for
real-time transmission. Since TCP is a connection-oriented
protocol aimed at preserving the reliability of the connec-
tions, it experiences slow connection establishment and often
retransmissions due to package loss. Another disadvantage
is the head-of-line (HOL) blockage, which occurs due to the
blocked transmission of the following packages as a result
of a previously lost package. Such behavior is undesirable in
HTC scenarios.

One approach to partially meet the challenges of DASH
is to use HTTP3, which relies on the Quick UDP Internet
Connections (QUIC) protocol at the transport layer. QUIC
attempts to combine the features of both the UDP and
TCP. It uses UDP datagrams and establishes multiplexed
connections between user sites while integrating transport
layer security (TLS), TCP flow control, and reliable delivery.
It operates in the user space, allowing users to configure
the protocol using their own congestion and flow control
algorithms. QUIC reduces the connection establishment time
and partially resolves the HOL blockage. It can support
different streams in the transport layer and can map them to
the respective streams in the application layer, where they
are multiplexed. Two user sites can sustain a few streams
simultaneously, which are maintained individually in the
transport layer. If a blockage occurs in one of the streams,
the other streams remain unaffected. However, the HOL
blockage may still occur in a single stream. Thus, there
may be a problem if the data between different streams are
interdependent [98], [99].

Another approach is the proposal of a partially reliable
QUIC-based data delivery mechanism [98] that can support
both reliable and unreliable 360-degree video and point cloud
data delivery. This approach is extended in [99] by integrating
DASH to increase the quality of the delivered immersive
content on lossy networks. However, these solutions are more
suitable for immersive video delivery on demand or for live
immersive videos. For real-time holographic communication,
further evaluation is needed. In [4], the differences between
video on demand, live video, and real-time video are
explored and the entire end-to-end immersive video delivery
chain for three different types of immersive media (3DoF
omnidirectional video, 6DoF volumetric video, and 6DoF
imagery video) is provided.
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A different approach for optimizing data transmission is
the development of an entirely new transport layer protocol
that operates directly over the Internet Protocol (IP) layer.
Such a protocol is PRISM proposed in [100] - a new
transport layer protocol running over IP and designed in the
context of low latency and high reliability. It can support
multiple flows, providing them with per-flow granular and
dynamic QoS to couple multiple flows from the same
application together, enabling inter-flow synchronization.
However, future research may focus on increasing the number
of different data flows and utilizing other transport layer
protocols to shorten the connection establishment latency.

UDP-based solutions that prioritize latency over reliability
have better latency performance but do not perform well in
lossy networks. Potential is seen in some approaches using
WebRTC for transporting holographic content [4], but further
exploration is still needed. One of their problems is that
WebRTC was initially designed as peer-to-peer and needs
to scale better in the context of HTC. However, according
to [11], WebRTC and Photon Unity Networks (PUN) are used
the most in realizing HTC systems.

From the discussion above, two main conclusions for trans-
port layer optimization can be drawn. First, the transportation
of holographic content should rest on both reliable and
low latency-oriented protocols. Second, managing multiple
data flows will result in faster data transmission, blockage
avoidance, and data prioritization. The latter will allow the
application of adaptive content streaming at the user site.

B. USER-SITE OPTIMIZATIONS

The realization of HTC will be facilitated by optimizing the
data processing and transmission yet at the user site. First,
the tremendous amount of holographic content should be
effectively compressed considering the available bandwidth
resources and the processing power of the user site’s
processing node. Finding a trade-off between applying
efficient compression and experienced latency is vital.
However, available 3D content compression software such
as Point Cloud Library (PCL), Google Draco, MPEG-
TMC2, and MPEG-TMC13 [101], [102], [103], [104] can
achieve a very high compression ratio, but at the cost of
an inadmissible processing delay of a couple or even tens
of seconds. Some ML methods also gain popularity in
developing innovative compression techniques [105], [106],
[107], [108]. These approaches primarily use DL-based
autoencoders trained preliminarily with 3D data. The latent
data are transmitted across the network significantly reducing
the required bandwidth. Although remarkable results for the
compression ratio and compression time have been achieved,
these methods still need to be optimized to support real-time
immersive communication. In turn, the remote user site
should decompress and render the received data. However,
since data may reach the destination with worsening quality
owing to its transmission over highly variable and noisy
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channels, the user site may benefit from some ML-based error
detection and correction algorithms for restoring corrupted
3D content [109], [110].

Another approach for facilitating HTC and decreasing the
colossal bandwidth demands is the application of adaptive
data streaming according to the user FoV, distance to the
observed objects, and available bandwidth [111], [112],
[113], [114], [115],[116], [117]. The idea is to transmit with
much lower quality (or not transmit at all) particular data
that are not observed or are very distant to the remote user.
Hence, for the effective utilization of adaptive streaming,
the remote user site needs to execute precise head and eye
movement tracking (sensing) and prediction. Additionally,
it should provide this information to the communicating user
site to optimize data transmission while still considering
QoE. Consequently, the design of a QoE-aware HTC system
that considers both local and remote user sites should be
considered [9].

The next valuable approach for realizing HTC relies
on the semantic knowledge transfer of holographic data.
In fact, semantic communication is considered one of the
frontiers of 6G, which is believed to help evade Shannon’s
rule [118]. In contrast to traditional data transmission, which
prioritizes error-free symbol delivery, semantic communica-
tion relies on shared knowledge between users and places
emphasis on understanding, transmitting, and interpreting
the meaning of the data. Therefore, by transmitting only
meaningful data parts instead of the raw data itself, sig-
nificant reductions in communication and storage capacity
requirements can be achieved. Since HTC is expected to
examine network limits, semantic communication would be
incredibly beneficial and worth implementing. Considering
the HTC scenario, where both local and remote user
sites share common semantic knowledge about holographic
content, the latter can be restored even if part of the
information is missing [6]. Our recent work [119] proposes
a model of context-aware holographic architecture for
real-time communication based on semantic knowledge
extraction. The presented model requires the analysis and
development of methods and algorithms for 3D human
body model acquisition, semantic knowledge extraction for
DL-based human behavior prediction, analysis of biomet-
ric modalities, and context-aware optimization of network
resource allocation to create a multi-party, from-capturing-
to-rendering HTC framework. Another work of ours [120]
introduces a system based on semantic representation
to communicate 3D video data. Specifically, the system
comprises an encoder-decoder architecture designed for
encoding 3D video content, where semantic information
is employed to highlight the significance of human body
parts throughout the encoding-decoding process. Although
the practical implementation of HTC systems is still in its
early stages owing to stringent system requirements and
various network conditions, the findings in [119] and [120]
offer promising insights. These results indicate the potential
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to reduce latency and achieve superior data compression
compared to traditional methods. Such advancements reveal
the great potential of semantic communication for mitigat-
ing the dependency of HTC on communication network
resources.

VII. ANALYSIS ON POTENTIAL APPROACHES FOR HTC
ENHANCEMENTS

Based on the influence of 6G enabling technologies on
diverse network KPIs, as outlined in [69], we analyze
whether the potential approaches for HTC enhancement
from Section VI can impact the major HTC technologi-
cal challenges. Table 5 presents the categorized potential
approaches, emphasizing whether they directly impact the
listed challenges. The following insights can be outlined from
this table.

The group of physical layer improvements has the greatest
potential to meet the bandwidth requirements. It can be
seen from the table that each of the listed physical layer
approaches can influence the HTC-demanded data rate.
However, the other challenges, i.e. latency, synchronization,
and computation, are less related to them. Some con-
sequential problems resulting from certain physical layer
improvements may even arise. For example, the utilization of
higher frequency bands, including the visible light spectrum,
MIMO, advanced beamforming, and RIS may lead to
additional processing complexity at the user site, thereby
increasing the computational burden. Therefore, a trade-off
between evident advantages and the induced difficulties must
be achieved. Integrating Al and ML into the physical layer
could help sustain this balance.

The group of network architecture approaches will have an
overall impact because it tends to solve each technological
challenge. Compared to the other approach types, this
one will have the most significant impact, specifically
on the experienced latency, synchronization problems, and
computational burden on the user site. The distribution of
Al-based algorithms for network management and control
throughout the network, a fundamental concept in 6G,
will enhance network performance by allowing networks to
adapt according to user behavior and network conditions.
Furthermore, networks will be able to build themselves
according to specific service types and their requirements.
Therefore, the realization of Al-embedded, adaptive, and
self-sustaining network architectures is believed to be one
of the fundamental enabling technologies that will make
immersive communications possible and available to end
users.

The most significant effect of the transport layer
approaches will be the fulfillment of the critical latency
requirements. Combining network architecture improve-
ments with the development of an appropriate transport layer
protocol for serving multiple users with low latency, while
still considering reliability, will be vital for the realization
and wide adoption of HTC.
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Optimizations at the user site are also essential. Enhancing
the data processing and transmission at the user by applying
Al-based methods for data compression, adaptive streaming,
and semantic knowledge extraction will reduce the heavy
demands on the rest of the communication pipeline. It can
be observed from Table 5 that the end-user optimizations,
as the physical layer improvements, will significantly impact
the required bandwidth by applying a variety of application-
specific algorithms. Latency and computation challenges
may also benefit from some optimizations at this point.
However, the technological requirements for specific HTC
scenarios and the network’s state must be evaluated to
complete the appropriate end-user optimization task. Tra-
ditionally, Al and ML will significantly affect the various
processing steps at this point.

Referring to Table 5, Fig. 9 depicts the comprehensive
impact of the four groups of approaches on the HTC
technological challenges. Each ellipse signifies a distinct
group of approaches and highlights the challenges it tends
to solve. While this representation is more qualitative, and
providing specific quantitative measures for the level of
impact is currently not feasible, it offers clarity regarding the
potential of the proposed approaches to meet specific HTC
requirements.

However, it is essential to acknowledge that implementing
certain approaches is not always a straightforward task. For
instance, while some approaches aim to address specific HTC
challenges, they may negatively affect others. As mentioned,
leveraging higher frequency bands or utilizing MIMO and
RIS technologies may increase processing complexity at
the user site, leading to a heavier computational burden.
Conversely, when available bandwidth is limited, advanced
compression techniques at the user site could benefit HTC
applications, but at the cost of requiring more powerful
computational resources and potentially increasing latency.
Introducing MEC at the network edge could alleviate user
loads, but it will necessitate sufficient links between users
and network nodes. Therefore, a careful trade-off analysis
is imperative when implementing different approaches.
Furthermore, this analysis must align with specific HTC sce-
narios, as diverse scenarios may have distinct requirements
regarding bandwidth, latency, synchronization, and compu-
tation. To infer, maintaining optimal coordination among
various approaches under dynamic network conditions and
across different user scenarios is crucial to ensure the highest
QoE.

VIIl. 6G ROLE IN ENABLING HTC

Referring to the 6G vision for HTC realization explored in
Section V, the proposed 6G communication network-based
solutions in Section VI-A, and the analysis in Section VI, it is
evident that 6G will play a significant role in enabling HTC-
based applications. The ubiquity of bandwidth resources, the
reduction in latency times, and the potential for offloading
user computation are promising factors that support this
idea. However, a substantial improvement in communication
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TABLE 5. Impact of the potential approaches for HTC enhancement on the major HTC technological challenges.

Potential solutions Impacted Challenges
Type' of Solution Data rate Latency Synchronization Computation
solution
Utilization of higher frequency bands
above 300 GHz, Utilization of the visible v v X X
. light spectrum
P?ngal Utilization of new modulation formats v X X X
imMDbro yement‘ Advances in the physical layer coding 4 4 X X
1mprov s Deployment of MIMO and beamforming
techniques together with signal processing v X X X
algorithms
Deployment of RIS over surfaces of X
buildings, highways, and other objects
Integrating sensing and localization v X X
Exploitation of the AI and ML potential at v v v v
the physical layer
Deployment of new flexible, adapting, and
easily scalable network architectures in v v v v
Network 6G
architectures Integration of SDN and network slicing v v v v
within the network architectures
Integration of cloud computing in the
network edge v v v
Exploitation qf the poteqtlgl of v v v X
non-terrestrial connectivity
Integrating intelligence in the 6G
networks by running Al algorithms v v v v
distributed across the network
Development of a new transport layer
Transport protocol optimized for both low latency X 4 v X
layer and high reliability data transmission
improvements Enablement of adaptive streaming of the
holographic content by supporting streams v 4 X X
with different priority
Evaluation of the required bandwidth
Optimizations capacity and experienced la.tency for v v v 4
different HTC scenarios
at the — -
user site Optimization of the data compression
efficiency and time by utilizing devoted v 4 X 4
compression techniques
Appliance of adaptive streaming X X X
according to user FoV and focus
Exploiting semantics f9r epabhng v X X X
semantic communication
in which each emerging technology drives the development
of next-generation networks, a similar scenario may unfold
{Synchronization | with 6G. Therefore, although 6G is believed a fundamental
enabler for HTC, it’s essential to look ahead and consider the
o Loty B b o1 future evolution of immersive communications.
Improvements q
\MJ the user site
Computation
| Latency | A. AI-ENABLED HTC

Network architectures

FIGURE 9. Mapping between the major HTC technological challenges and
the categories of potential approaches for HTC enhancement.

technology performance does not always account for the
potential increase in emerging application requirements.
Assuming the great potential of 6G, what if the future
applications place even larger network demands? Could this
be a challenge for the future 6G networks? The answer,
although uncertain, is likely “yes.” Given the historical trend
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In the context of potentially increasing network requirements
surpassing 6G capabilities, we emphasize the significance of
adopting a strategy that optimizes both the communication
network and the user site. This optimization involves
the integration of AI which will play a central role by
concurrently improving their performance. We highlight
several aspects to support this perspective.

Incorporating Al into the user site will play a key role
in achieving an adaptive QoE. Specifically, Al-empowered
algorithms can analyze user behavior, environmental fac-
tors, and available network resources. This analysis allows

VOLUME 12, 2024



R. Petkova et al.: On the Way to Holographic-Type Communications

IEEE Access

dynamic adjustments in real-time content processing and
transmission, ensuring the maintenance of optimal QoE
tailored to user interactions and predicted network conditions.

Moreover, Al contributes to low-latency content pro-
cessing by leveraging previously trained DL models. Inno-
vative compression strategies, including DL-based autoen-
coders and adaptive streaming, deviate from the traditional
approaches with the aid of Al. As mentioned earlier, adaptive
streaming is effective in reducing bandwidth requirements
by transmitting only essential data to remote users. The
effectiveness of this approach, however, relies on Al methods
for accurate body and eye movement tracking and prediction.

Al also plays a pivotal role in enhancing content semantic
understanding and facilitating context-aware communication.
Its involvement is mainly reflected in the transition from
accurate data transmission to precisely representing data
semantics at the transmitter and effectively interpreting these
semantics at the receiver. In the context of HTC, envision
a scenario where multiple users from various locations
engage in a virtual meeting. Given that traditional virtual
meeting platforms fail to deliver the immersive experience
promised by HTC and considering the substantial network
resources required by HTC, an alternative approach involving
semantic communication can address these issues. This
approach entails all users having access to shared 3D human
body models of the meeting participants before the meeting
commences. Throughout the meeting, Al algorithms operate
at each user site to track, extract, and predict the semantics
of participants’ behavior, such as posture, movements,
and facial expressions. This extracted information is then
exchanged among users, who interpret it by deforming the
available 3D models with the assistance of Al.

The deployment of Al in communication networks is
anticipated to be the game changer in future networks. The
primary area where Al is expected to play a pivotal role
is in big data analysis [97]. This analysis encompasses
descriptive tasks for historical insights to ensure situational
awareness among network operators and service providers,
diagnostic functions for autonomous fault detection, predic-
tive capabilities for forecasting future network status, events,
user behavior, content popularity, etc., and prescriptive
functionalities for suggesting decision options. Through such
comprehensive data analysis, future networks can acquire the
ability to learn and self-optimize. This facilitates adaptive
network planning and real-time control from the core to the
network edge. Consequently, future networks will transform
into flexible and agile entities, capable of supporting a
diverse range of QoE-oriented applications. Thus, despite the
substantial resources of 6G, its efficiency is truly realized
when complemented with intelligence.

Finally, we envision a scenario in which communication
network resources and intelligence will be seamlessly
combined with user site resources and intelligence, all orches-
trated by a coordinating AI management entity. This entity
will be trained to efficiently govern the network and the user
site together. Such integration presents tremendous potential
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TABLE 6. Table of acronyms and their definitions.

Acronym Definition
3CLS Convergence of Communications, Computing,
Control, Localization, and Sensing
3D Three-dimensional
5G Fifth Generation
6G Sixth Generation
Al Artificial Intelligence
ARQ Automatic Repeat Request
DASH Dynamic Adaptive Streaming over HTTP
DL Deep Learning
DoF Degree of Freedom
E2E End-to-end
eMBB enhanced Mobile Broad Band
FeMBB Further-enhanced Mobile Broadband
feUMBB further enhance Ultra-Mobile Broadband
FoV Field of View
HOL Head-of-Line
HTC Holographic-Type Communication
HTTP Hypertext Transfer Protocol
HCS Human-Centric Services
ISAC Integrated Sensing and Communication
KPI Key Performance Indicator
LIS Large Intelligent Surfaces
LoS Line of Sight
mMTC massive Machine Type Communication
mULC massive Ultra—reliaple }ow—Latency
Communication
MURLLC Massive URLLC
MAC Media Access Control
MIMO Multiple Input Multiple Output
ML Machine Learning
MBRLLC Mobile Broadband Rt?lial?le Low Latency
Communications
MPEG Moving Picture Experts Group
MPS Multi-Purpose 3CLS and Energy Services
MTC Machine-Type Communications
NFV Network Function Virtualization
NTN Non-terrestrial Network
OFDM Orthogonal Frequency Division Multiplexing
PAPR Peak-to-average Power Ratio
PCL Point Cloud Library
PUN Photon Unity Network
QoE Quality of Experience
QoPE Quality-of-Physical-Experience
QoS Quality of Service
QUIC Quick UDP Internet Connections
RHS Reconfigurable Holographic Surfaces
RIS Reconfigurable Intelligent Surfaces
SDN Software Defined Networks
SNR Signal-to-noise Ratio
TCP Transmission Control Protocol
TLS Transport Layer Security
UDP User Datagram Protocol
uHDD Ultra-High Data Density services
uHDD Ultra-High Density Data
uHEE ultra-High Energy Efficiency
uHRS ultra-High Reliability and Sensing
uHRUx ultra-High Reliability and User experience
uHS ultra-High Security
WHSLLC ultra-High Sensiqg pr Latency
Communications
WHSLLC ultra-high-Speed W_ith Low-Latency
Communications
uHSLo ultra-High Sensing and Localization
uMBB ubiquitous Mbile Boardband
uMBB ultra-Mobile Broadband
uMUB ubiquitous Mobile Ultra-Broadband
ULBC Ultra-reliable Low—la.tten'cy Broadband
Communication
uLLRS ultra-Low Latency Reliability and Secure
URLLC Ultra-Reliable Low-Latency communication
VLC Visible Light Communications
VR Virtual Reality
oLUME XRo16 Extended Reality
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for ensuring optimal and consistent QoE for end users, going
beyond reliance on available bandwidth or computational
resources. Therefore, prioritizing an intelligent approach,
rather than merely increasing limited capacities, is the most
effective strategy among those presented in Section VI.

IX. CONCLUSION

This paper explores the capabilities of wireless networks to
meet the demands of HTC. Specifically, it highlights the
inability of 5G in addressing HTC challenges and investigates
the potential of upcoming 6G networks. To emphasize its
superiority over 5G, the paper examines various approaches
expected to be integrated into 6G implementations. While
physical layer enhancements primarily address the challenge
of extreme data rates, other obstacles like latency, synchro-
nization, and computation are tackled through improvements
in network architecture and the transport layer. In addi-
tion, user site optimizations are also crucial for HTC
enhancement, particularly in scenarios where communication
network resources are insufficient. This raises the question:
Can immersive communication requirements exceed the
capacity of future 6G networks? An example highlighting
this concern is the potential strain on 6G capacity posed
by high-quality light field holograms, as illustrated in
Table 3. Therefore, it’s not solely the communication network
that requires improvement, nor is it solely the user site
optimization.

To conclude, despite the valuable insights gained,
we emphasize that although 6G represents a notable
advancement for HTC, it may not ensure the fulfillment of
even more demanding HTC requirements. Thus, rather than
relying solely on ubiquitous network capacity, the integration
of an intelligent approach that coordinates both the user site
and communication network becomes crucial for achieving
QoE-oriented immersive applications. Consequently, it is
important not to be overly optimistic about the capabilities
of certain network generations and instead to remain vigilant
and forward-thinking.

ACKNOWLEDGMENT

The authors acknowledge the support of the ‘“Teleinfrastruc-
ture”” Research and Development Laboratory at the Technical
University of Sofia and the “Intelligent Communication
Infrastructures” Research and Development Laboratory at
Sofia Tech Park, Sofia, Bulgaria.

REFERENCES

[1]1 Y. Wang, Z. Su, N. Zhang, R. Xing, D. Liu, T. H. Luan, and X. Shen,
“A survey on metaverse: Fundamentals, security, and privacy,” IEEE
Commun. Surveys Tuts., vol. 25, no. 1, pp. 319-352, 1st Quart., 2023.

[2] L.-H. Lee, T. Braud, P. Zhou, L. Wang, D. Xu, Z. Lin, A. Kumar,
C. Bermejo, and P. Hui, “All one needs to know about metaverse: A
complete survey on technological singularity, virtual ecosystem, and
research agenda,” 2021, arXiv:2110.05352.

[3] J. Van Der Hooft, T. Wauters, F. De Turck, C. Timmerer, and
H. Hellwagner, “Towards 6DoF http adaptive streaming through point
cloud compression,” in Proc. 27th ACM Int. Conf. Multimedia, 2019,
pp. 2405-2413.

59256

[4]

[51

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

J. van der Hooft, H. Amirpour, M. T. Vega, Y. Sanchez, R. Schatz,
T. Schierl, and C. Timmerer, “A tutorial on immersive video delivery:
From omnidirectional video to holography,” IEEE Commun. Surveys
Tuts., vol. 25, no. 2, pp. 1336-1375, 2nd Quart., 2023.

M. Series, “Minimum requirements related to technical perfor-
mance for IMT-2020 radio interface (s),” ITU, Geneva, Switzerland,
Tech. Rep. 2410:2017-2410, 2017.

E. Calvanese Strinati, S. Barbarossa, J. L. Gonzalez-Jimenez, D. Ktenas,
N. Cassiau, L. Maret, and C. Dehos, “6G: The next frontier: From
holographic messaging to artificial intelligence using subterahertz and
visible light communication,” IEEE Veh. Technol. Mag., vol. 14, no. 3,
pp. 42-50, Sep. 2019.

A. Clemm, M. T. Vega, H. K. Ravuri, T. Wauters, and F. D. Turck,
“Toward truly immersive holographic-type communication: Challenges
and solutions,” IEEE Commun. Mag., vol. 58, no. 1, pp. 93-99, Jan. 2020.
J. van der Hooft, M. T. Vega, T. Wauters, C. Timmerer, A. C. Begen,
F. D. Turck, and R. Schatz, “From capturing to rendering: Volumetric
media delivery with six degrees of freedom,” IEEE Commun. Mag.,
vol. 58, no. 10, pp. 49-55, Oct. 2020.

I. F. Akyildiz and H. Guo, “Holographic-type communication: A new
challenge for the next decade,” ITU J. Future Evolving Technol., vol. 3,
no. 2, pp. 421-442, 2022.

X. Shen, J. Gao, M. Li, C. Zhou, S. Hu, M. He, and W. Zhuang,
“Toward immersive communications in 6G,” Frontiers Comput. Sci.,
vol. 4, Jan. 2023, Art. no. 1068478.

R. Petkova, V. Poulkov, A. Manolova, and K. Tonchev, “Challenges in
implementing low-latency holographic-type communication systems,”
Sensors, vol. 22, no. 24, p. 9617, Dec. 2022.

1. Bozhilov, R. Petkova, K. Tonchev, A. Manolova, and V. Poulkov,
“HOLOTWIN: A modular and interoperable approach to holographic
telepresence system development,” Sensors, vol. 23, no. 21, p. 8692,
Oct. 2023.

S. Siemonsma and T. Bell, “HoloKinect: Holographic 3D video
conferencing,” Sensors, vol. 22, no. 21, p. 8118, Oct. 2022.

Y. Zhang, J. Yang, Z. Liu, R. Wang, G. Chen, X. Tong, and B. Guo,
“VirtualCube: An immersive 3D video communication system,” /EEE
Trans. Vis. Comput. Graphics, vol. 28, no. 5, pp. 2146-2156, May 2022.
F. E. Fadzli, M. S. Kamson, A. W. Ismail, and M. Y. F. Aladin,
“3D telepresence for remote collaboration in extended reality (xR)
application,” in Proc. I0P Conf., Mater. Sci. Eng., vol. 979, 2020,
Art. no. 012005.

N. Arora, M. Suomalainen, M. Pouke, E. G. Center, K. J. Mimnaugh,
A. P. Chambers, S. Pouke, and S. M. LaValle, “Augmenting immersive
telepresence experience with a virtual body,” IEEE Trans. Vis. Comput.
Graphics, vol. 28, no. 5, pp. 2135-2145, May 2022.

P. Stotko, S. Krumpen, M. B. Hullin, M. Weinmann, and R. Klein,
“SLAMCast: Large-scale, real-time 3D reconstruction and streaming for
immersive multi-client live telepresence-supplemental material,” /EEE
Trans. Vis. Comput. Graph., vol. 25, no. 5, pp. 2102-2112, May 2019,
doi: 10.1109/TVCG.2019.2899231.

D. Black, M. Nogami, and S. Salcudean, “Mixed reality human
teleoperation with device-agnostic remote ultrasound: Communication
and user interaction,” Comput. Graph., vol. 118, pp. 184-193, Feb. 2024.
P. J. Choi, R. J. Oskouian, R. S. Tubbs, and P. J. K. Choi, “Telesurgery:
Past, present, and future,” Cureus, vol. 10, no. 5, pp. 1-4, May 2018.

N. M. M. Barkhaya and N. D. Abd Halim, “A review of application of
3D hologram in education: A meta-analysis,” in Proc. IEEE 8th Int. Conf.
Eng. Educ. (ICEED), Dec. 2016, pp. 257-260.

C. R. Ramachandiran, M. M. Chong, and P. Subramanian, 3D hologram
in futuristic classroom: A review,” Periodicals Eng. Natural Sci., vol. 7,
no. 2, pp. 580-586, 2019.

A. S. Ahmad, A. T. Alomaier, D. M. Elmahal, R. F. Abdlfatah, and
D. M. Ibrahim, “EduGram: Education development based on hologram
technology,” Int. J. Online Biomed. Eng. (iJOE), vol. 17, no. 14,
pp. 3249, Dec. 2021.

H. Yoo, J. Jang, H. Oh, and I. Park, “The potentials and trends of
holography in education: A scoping review,” Comput. Educ., vol. 186,
Sep. 2022, Art. no. 104533.

R. Leung and G. Shi, “Building your future holographic mentor: Can we
use mixed reality holograms for visual spatial motor skills acquisition in
surgical education?”” Surgical Innov., vol. 31, no. 1, pp. 82-91, Feb. 2024.

VOLUME 12, 2024


http://dx.doi.org/10.1109/TVCG.2019.2899231

R. Petkova et al.: On the Way to Holographic-Type Communications

IEEE Access

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

B. Dominguez-Dager, F. Gomez-Donoso, R. Roig-Vila, F. Escalona, and
M. Cazorla, “Holograms for seamless integration of remote students in
the classroom,” Virtual Reality, vol. 28, no. 1, p. 24, Mar. 2024.

M. Javaid, A. Haleem, and I. Khan, “Holography applications toward
medical field: An overview,” Indian J. Radiol. Imag., vol. 30, no. 3,
p. 354, 2020.

O. Jumreornvong, E. Yang, J. Race, and J. Appel, “Telemedicine and
medical education in the age of COVID-19,” Academic Med., vol. 95,
no. 12, pp. 1838-1843, 2020.

S. Nayak and R. Patgiri, “6G communication technology: A vision
on intelligent healthcare,” in Health Informatics: A Computational
Perspective in Healthcare. Singapore: Springer, 2021, pp. 1-18, doi:
10.1007/978-981-15-9735-0_1.

H. FE. Ahmad, W. Rafique, R. U. Rasool, A. Alhumam, Z. Anwar, and
J. Qadir, “Leveraging 6G, extended reality, and IoT big data analytics
for healthcare: A review,” Comput. Sci. Rev., vol. 48, May 2023,
Art. no. 100558.

A. Ahad and M. Tahir, “Perspective—6G and IoT for intelligent
healthcare: Challenges and future research directions,” ECS Sensors Plus,
vol. 2, no. 1, Mar. 2023, Art. no. 011601.

A. A. B. Bucioli, G. F. Cyrino, G. F. M. Lima, I. C. S. Peres,
A. Cardoso, E. A. Lamounier, M. M. Neto, and R. V. Botelho,
““Holographic real time 3D heart visualization from coronary tomography
for multi-place medical diagnostics,” in Proc. IEEE 15th Int. Conf.
Dependable, Autonomic Secure Comput., 15th Int. Conf. Pervasive
Intell. Comput., 3rd Int. Conf. Big Data Intell. Comput. Cyber Sci.
Technol. Congr. (DASC/PiCom/DataCom/CyberSciTech), Nov. 2017,
pp. 239-244.

S. Sirilak and P. Muneesawang, “A new procedure for advancing
telemedicine using the HoloLens,” [EEE Access, vol. 6,
pp. 60224-60233, 2018.

M. Sugimoto and T. Sueyoshi, “Development of holoeyes holographic
image-guided surgery and telemedicine system: Clinical benefits of
extended reality (virtual reality, augmented reality, mixed reality), the
metaverse, and artificial intelligence in surgery with a systematic review,”
Med. Res. Arch., vol. 11, no. 7, pp. 1-12, 2023.

G. Galyfos, M. Pikula, A. Skalski, S. Vagena, K. Filis, and F. Sigala,
“Using a novel three-dimensional holographic technology to perform
open vascular surgery procedures,” J. Vascular Surg. Cases, Innov.
Techn., vol. 10, no. 2, Apr. 2024, Art. no. 101440.

Z. Lin, Z. Xu, H. Liu, X. Wang, X. Ai, C. Zhou, B. Huang, W. Chen,
G.-Z. Yang, and A. Gao, “Robotic manipulator-assisted omnidirectional
augmented reality for endoluminal intervention telepresence,” Adv. Intell.
Syst., vol. 6, no. 1, Jan. 2024, Art. no. 2300373.

S. K. Tanbeer and E. R. Sykes, ‘“MiVitals—xed reality interface for
monitoring: A HoloLens based prototype for healthcare practices,”
Comput. Struct. Biotechnol. J., vol. 24, pp. 160-175, Dec. 2024.

S. M. Jung, C. M. Song, K. Tae, B. J. Yi, and Y. B. Ji, “Sur-
gical training using augmented reality-based optical head-mounted
displays: A pilot study,” Ear, Nose Throat J., Feb. 2024, doi:
10.1177/01455613241226831.

A. Ahad, Z. Jiangbina, M. Tahir, I. Shayea, M. A. Sheikh, and F. Rasheed,
“6G and intelligent healthcare: Taxonomy, technologies, open issues
and future research directions,” Internet Things, vol. 25, Apr. 2024,
Art. no. 101068.

A. Hughes, “Death is no longer a deal breaker’: The hologram performer
in live music,” in The Future Live Music. USA: Bloomsbury Publishing,
2020, pp. 28-114.

J. Matthews and A. Nairn, “Holographic ABBA: Examining fan
responses to ABBA’s virtual ‘live’ concert,” Popular Music Soc., vol. 46,
no. 3, pp. 282-303, 2023.

F. Rega and D. Saxena, “Free-roam virtual reality: A new avenue
for gaming,” in Advances in Augmented Reality and Virtual Reality.
Singapore: Springer, 2022, pp. 29-34, doi: 10.1007/978-981-16-7220-
0_3.

B. Fanini, A. Pagano, E. Pietroni, D. Ferdani, E. Demetrescu, and
A. Palombini, “Augmented reality for cultural heritage,” in Springer
Handbook of Augmented Reality, vol. 46, no. 3. Routledge, UK.:
Springer, 2023, pp. 282-303, doi: 10.1080/03007766.2023.2208048.

F. Banfi, M. Pontisso, F. R. Paolillo, S. Roascio, C. Spallino, and
C. Stanga, “Interactive and immersive digital representation for virtual
museum: VR and AR for semantic enrichment of museo nazionale
romano, antiquarium di lucrezia romana and antiquarium di villa dei
quintili,” ISPRS Int. J. Geo-Inf., vol. 12, no. 2, p. 28, Jan. 2023.

VOLUME 12, 2024

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

R. Scollen and A. Mason, ‘“Shark dive and hologram zoo: Two case
studies of virtual animal encounters as possible models for sustainable
wildlife tourism,” Animals, vol. 14, no. 6, p. 926, Mar. 2024.

Q. Zeng, “Research on communication strategy of brand image of digital
intelligence-enabled cultural tourism,” Int. J. Math. Syst. Sci., vol. 7,
no. 3, pp. 1-5, 2024.

L. Vera, I. Coma, M. Pérez, J. V. Riera, B. Martinez, and J. Gimeno, ‘“‘The
Mediterranean forest in a science museum: Engaging children through
drawings that come to life in a virtual world,” Multimedia Tools Appl.,
pp. 1-22, Feb. 2024.

M. Zawish, F. Ali Dharejo, S. Ali Khowaja, S. Raza, S. Davy, K.
Dev, and P. Bellavista, “Al and 6G into the metaverse: Fundamentals,
challenges and future research trends,” IEEE Open J. Commun. Soc.,
vol. 5, pp. 730-778, 2024.

J. Yu, A. Alhilal, P. Hui, and D. H. K. Tsang, “6G mobile-edge
empowered metaverse: Requirements, technologies, challenges and
research directions,” 2022, arXiv:2211.04854.

L. He, K. Liu, Z. He, and L. Cao, “Three-dimensional holographic
communication system for the metaverse,” Opt. Commun., vol. 526,
Jan. 2023, Art. no. 128894.

VR and AR Pushing Connectivity Limits. San Diego, CA, USA:
Qualcomm, 2018.

Z. Yuan, T. Bi, G.-M. Muntean, and G. Ghinea, ‘‘Perceived synchroniza-
tion of mulsemedia services,” IEEE Trans. Multimedia, vol. 17, no. 7,
pp. 957-966, Jul. 2015.

S. Anmulwar, N. Wang, A. Pack, V. S. Ha Huynh, J. Yang, and
R. Tafazolli, “Frame synchronisation for multi-source holograhphic
teleportation applications—An edge computing based approach,” in
Proc. IEEE 32nd Annu. Int. Symp. Pers., Indoor Mobile Radio Commun.
(PIMRC), Sep. 2021, pp. 1-6.

S. Anmulwar, N. Wang, V. S. H. Huynh, S. Bryant, J. Yang, and
R. Tafazolli, ‘““HoloSync: Frame synchronisation for multi-source holo-
graphic teleportation applications,” IEEE Trans. Multimedia, VOL. 25,
pp. 6245-6257, 2022.

L. Nielsen, A. Gavras, M. Dieudonne, I. Mesogiti, P. Roosipuu,
D. Houatra, and E. Kosmatos, Beyond 5G/6G KPIs and Target Values.
Zenodo, Jun. 2022, doi: 10.5281/zenodo.6577506.

M. Dieudonne, H. Wang, I. Mesogiti, and E. Kosmatos, Beyond 5G/6G
KPI Measurements. Zenodo, Jun. 2023, doi: 10.5281/zenodo.7963247.
N. Rajatheva et al., “White paper on broadband connectivity in 6G,”
2020, arXiv:2004.14247.

C.-X. Wang, X. You, X. Gao, X. Zhu, Z. Li, C. Zhang, H. Wang, Y. Huang,
Y. Chen, H. Haas, J. S. Thompson, E. G. Larsson, M. D. Renzo, W. Tong,
P. Zhu, X. Shen, H. V. Poor, and L. Hanzo, “On the road to 6G: Visions,
requirements, key technologies and testbeds,” IEEE Commun. Surveys
Tuts., VOL. 25, no. 2, pp. 905-974, 2nd Quart., 2023.

G. Kougioumtzidis, V. Poulkov, Z. Zaharis, and P. Lazaridis, “QoE
assessment aspects for virtual reality and holographic telepresence
applications,” in Future Access Enablers for Ubiquitous and Intelligent
Infrastructures. Cham, Switzerland: Springer, 2022, pp. 171-180.

C. Udora, P. Qian, S. Anmulwar, A. Fernando, and N. Wang, ““Quality of
experience modelling and analysis for live holographic teleportation,” in
Proc. Int. Conf. Comput., Netw. Commun. (ICNC), Multimedia Comput.
Commun., Big Island, HI, USA, 2024.

Z. Zhang, Y. Xiao, Z. Ma, M. Xiao, Z. Ding, X. Lei,
G. K. Karagiannidis, and P. Fan, “6G wireless networks: Vision,
requirements, architecture, and key technologies,” IEEE Veh. Technol.
Mag., vol. 14, no. 3, pp. 28-41, Sep. 2019.

W. Saad, M. Bennis, and M. Chen, “A vision of 6G wireless systems:
Applications, trends, technologies, and open research problems,” /IEEE
Netw., vol. 34, no. 3, pp. 134-142, May 2020.

S. Dang, O. Amin, B. Shihada, and M.-S. Alouini, “What should 6G be?”
Nature Electron., vol. 3, no. 1, pp. 20-29, 2020.

M. Giordani, M. Polese, M. Mezzavilla, S. Rangan, and M. Zorzi,
“Toward 6G networks: Use cases and technologies,” IEEE Commun.
Mag., vol. 58, no. 3, pp. 55-61, Mar. 2020.

H. Viswanathan and P. E. Mogensen, “Communications in the 6G era,”
IEEE Access, vol. 8, pp. 57063-57074, 2020.

I. F Akyildiz, A. Kak, and S. Nie, “6G and beyond: The future
of wireless communications systems,” [EEE Access, vol. 8,
pp- 133995-134030, 2020.

M. Z. Chowdhury, M. Shahjalal, S. Ahmed, and Y. M. Jang, “6G wireless
communication systems: Applications, requirements, technologies, chal-
lenges, and research directions,” IEEE Open J. Commun. Soc., vol. 1,
pp- 957-975, 2020.

59257


http://dx.doi.org/10.1007/978-981-15-9735-0_1
http://dx.doi.org/10.1177/01455613241226831
http://dx.doi.org/10.1007/978-981-16-7220-0_3
http://dx.doi.org/10.1007/978-981-16-7220-0_3
http://dx.doi.org/10.1080/03007766.2023.2208048
http://dx.doi.org/10.5281/zenodo.6577506
http://dx.doi.org/10.5281/zenodo.7963247

IEEE Access

R. Petkova et al.: On the Way to Holographic-Type Communications

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[84]

[85]

[86]

[87]

59258

L. U. Khan, I. Yaqoob, M. Imran, Z. Han, and C. S. Hong, “6G wireless
systems: A vision, architectural elements, and future directions,” IEEE
Access, vol. 8, pp. 147029-147044, 2020.

J.R.Bhat and S. A. Algahtani, “6G ecosystem: Current status and future
perspective,” IEEE Access, vol. 9, pp. 43134-43167, 2021.

W. Jiang, B. Han, M. A. Habibi, and H. D. Schotten, “The road towards
6G: A comprehensive survey,” IEEE Open J. Commun. Soc., vol. 2,
pp. 334-366, 2021.

H. H. Mahmoud, A. A. Amer, and T. Ismail, “6G: A comprehensive
survey on technologies, applications, challenges, and research prob-
lems,” Trans. Emerg. Telecommun. Technol., vol. 32, no. 4, 2021,
Art. no. e4233.

H. Tataria, M. Shafi, A. F. Molisch, M. Dohler, H. Sjoland, and F.
Tufvesson, “6G wireless systems: Vision, requirements, challenges,
insights, and opportunities,” Proc. IEEE, vol. 109, no. 7, pp. 1166-1199,
Jul. 2021.

C. De Alwis, A. Kalla, Q.-V. Pham, P. Kumar, K. Dev, W.-J. Hwang,
and M. Liyanage, “Survey on 6G frontiers: Trends, applications,
requirements, technologies and future research,” IEEE Open J. Commun.
Soc., vol. 2, pp. 836-886, 2021.

M. A. Uusitalo, P. Rugeland, M. R. Boldi, E. C. Strinati, P. Demestichas,
M. Ericson, G. P. Fettweis, M. C. Filippou, A. Gati, M.-H. Hamon, M.
Hoffmann, M. Latva-Aho, A. Pirssinen, B. Richerzhagen, H. Schotten,
T. Svensson, G. Wikstrom, H. Wymeersch, V. Ziegler, and Y. Zou, “6G
vision, value, use cases and technologies from European 6G flagship
project Hexa-X,” IEEE Access, vol. 9, pp. 160004-160020, 2021.
“Vision, application scenarios, and key technology trends for 6G mobile
communications,” Sci. China Inf. Sci., vol. 65, no. 5, May 2022,
Art. no. 151301.

M. Z. Asghar, S. A. Memon, and J. Hamildinen, “Evolution of wireless
communication to 6G: Potential applications and research directions,”
Sustainability, vol. 14, no. 10, p. 6356, May 2022.

A. A. Ahmed Solyman and K. Yahya, “Evolution of wireless communi-
cation networks: From 1G to 6G and future perspective,” Int. J. Electr.
Comput. Eng. (IJECE), vol. 12, no. 4, p. 3943, Aug. 2022.

A. A. Barakabitze and R. Walshe, “SDN and NFV for QoE-driven
multimedia services delivery: The road towards 6G and beyond
networks,” Comput. Netw., vol. 214, Sep. 2022, Art. no. 109133.

S. Chavhan, “Shift to 6G: Exploration on trends, vision, requirements,
technologies, research, and standardization efforts,” Sustain. Energy
Technol. Assessments, vol. 54, Dec. 2022, Art. no. 102666.

M. Chafii, L. Bariah, S. Muhaidat, and M. Debbah, “Twelve scientific
challenges for 6G: Rethinking the foundations of communications
theory,” IEEE Commun. Surveys Tuts., vol. 25, no. 2, pp. 868-904,
2nd Quart., 2023.

M. Banafaa, 1. Shayea, J. Din, M. Hadri Azmi, A. Alashbi, Y.
Ibrahim Daradkeh, and A. Alhammadi, “6G mobile communication
technology: Requirements, targets, applications, challenges, advan-
tages, and opportunities,” Alexandria Eng. J., vol. 64, pp. 245-274,
Feb. 2023.

E. Ramadan, A. Narayanan, U. K. Dayalan, R. A. K. Fezeu, F. Qian, and
Z.L.Zhang, “Case for 5G-aware video streaming applications,” in Proc.
1st Workshop 5G Meas., Modeling, Use Cases, 2021, pp. 27-34.

A. Adhikary, Md. S. Munir, A. Deb Raha, Y. Qiao, S. H. Hong, E.-N. Huh,
and C. S. Hong, “An artificial intelligence framework for holographic
beamforming: Coexistence of holographic MIMO and intelligent omni-
surface,” in Proc. Int. Conf. Inf. Netw. (ICOIN), Jan. 2023, pp. 19-24.
A. Adhikary, Md. S. Munir, A. D. Raha, Y. Qiao, Z. Han, and C. S. Hong,
“Integrated sensing, localization, and communication in holographic
MIMO-enabled wireless network: A deep learning approach,” IEEE
Trans. Netw. Service Manage., vol. 21, no. 1, pp. 789-809, Feb. 2024.
H. Zhang, H. Zhang, B. Di, M. D. Renzo, Z. Han, H. V. Poor, and L. Song,
“Holographic integrated sensing and communication,” IEEE J. Sel. Areas
Commun., vol. 40, no. 7, pp. 2114-2130, Jul. 2022.

A. Adhikary, A. D. Raha, Y. Qiao, W. Saad, Z. Han, and C. S. Hong,
“Holographic MIMO with integrated sensing and communication for
energy-efficient cell-free 6G networks,” in Authorea Preprints. IEEE,
2024, doi: 10.36227/techrxiv.170629556.60318691/v1.

C. Chaccour, W. Saad, O. Semiari, M. Bennis, and P. Popovski, “Joint
sensing and communication for situational awareness in wireless THz
systems,” 2021, arXiv:2111.14044.

C. Chaccour, W. Saad, M. Debbah, and H. V. Poor, ‘““Joint sensing, com-
munication, and Al A trifecta for resilient THz user experiences,” IEEE
Trans. Wireless Commun., Apr. 2024, doi: 10.1109/TWC.2024.3382192.

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

C. Huang, S. Hu, G. C. Alexandropoulos, A. Zappone, C. Yuen, R. Zhang,
M. D. Renzo, and M. Debbah, “Holographic MIMO surfaces for 6G
wireless networks: Opportunities, challenges, and trends,” IEEE Wireless
Commun., vol. 27, no. 5, pp. 118-125, Oct. 2020.

R. Deng, B. Di, H. Zhang, D. Niyato, Z. Han, H. V. Poor, and
L. Song, “Reconfigurable holographic surfaces for future wireless
communications,” IEEE Wireless Commun., vol. 28, no. 6, pp. 126131,
Dec. 2021.

S. Ali et al, “6G white paper on machine learning in wireless
communication networks,” 2020, arXiv:2004.13875.

C. Mao, Z. Mu, Q. Liang, I. Schizas, and C. Pan, “Deep learning in
physical layer communications: Evolution and prospects in 5G and 6G
networks,” IET Commun., vol. 17, no. 16, pp. 1863-1876, Oct. 2023.

D. Kreutz, F. M. V. Ramos, P. E. Verissimo, C. E. Rothenberg,
S. Azodolmolky, and S. Uhlig, “Software-defined networking: A
comprehensive survey,” Proc. IEEE, vol. 103, no. 1, pp. 14-76, Jan. 2015.
J. Ordonez-Lucena, P. Ameigeiras, D. Lopez, J. J. Ramos-Munoz,
J. Lorca, and J. Folgueira, “Network slicing for 5G with SDN/NFV:
Concepts, architectures, and challenges,” IEEE Commun. Mag., vol. 55,
no. 5, pp. 80-87, May 2017.

Y. Zhang and Y. Zhang, “Mobile edge computing for beyond 5G/6G,”
in Mobile Edge Computing. Cham, Switzerland: Springer, Oct. 2022,
pp. 3745, doi: 10.1007/978-3-030-83944-4_4.

P. Qian, V. S. H. Huynh, N. Wang, S. Anmulwar, D. Mi, and
R. R. Tafazolli, ‘““Remote production for live holographic teleportation
applications in 5G networks,” IEEE Trans. Broadcast., vol. 68, no. 2,
pp. 451-463, Jun. 2022.

H. Yu, T. Taleb, K. Samdanis, and J. Song, “Towards supporting
holographic services over deterministic 6G integrated terrestrial & non-
terrestrial networks,” IEEE Netw., vol. 38, no. 1, pp. 262-271, Jan. 2024.
K. B. Letaief, W. Chen, Y. Shi, J. Zhang, and Y. A. Zhang, “The roadmap
to 6G: Al empowered wireless networks,” IEEE Commun. Mag., vol. 57,
no. 8, pp. 84-90, Aug. 2019.

H. K. Ravuri, M. T. Vega, J. van der Hooft, T. Wauters, and F. De Turck,
“Partially reliable transport layer for quicker interactive immersive
media delivery,” in Proc. 1st Workshop Interact. eXtended Reality, 2022,
pp. 41-49.

H. K. Ravuri, M. T. Vega, J. D. Van Hooft, T. Wauters, and F. De Turck,
“Adaptive partially reliable delivery of immersive media over QUIC-
HTTP/3,” IEEE Access, vol. 11, pp. 38094-38111, 2023.

N. Rozen-Schiff, A. Navon, L. Bruckman, and I. Pechtalt, “Prism
based transport: How networks can boost qos for advanced video
services?” in Proc. Workshop Design, Deployment, Eval. Netw.-Assist.
Video Streaming, 2021, pp. 1-7.

R. B. Rusu and S. Cousins, “3D is here: Point cloud library (PCL),” in
Proc. IEEE Int. Conf. Robot. Autom., May 2011, pp. 1-4.

Draco 3D Graphics Compression. Accessed: Apr. 25, 2024. [Online].
Available: https://google.github.io/draco/

S. Schwarz, M. Preda, V. Baroncini, M. Budagavi, P. Cesar, P. A. Chou,
R. A. Cohen, M. Krivokuca, S. Lasserre, Z. Li, J. Llach, K. Mammou,
R. Mekuria, O. Nakagami, E. Siahaan, A. Tabatabai, A. M. Tourapis,
and V. Zakharchenko, “Emerging MPEG standards for point cloud
compression,” IEEE J. Emerg. Sel. Topics Circuits Syst., vol. 9, no. 1,
pp. 133-148, Mar. 2019.

D. Graziosi, O. Nakagami, S. Kuma, A. Zaghetto, T. Suzuki, and
A. Tabatabai, “An overview of ongoing point cloud compression
standardization activities: Video-based (V-PCC) and geometry-based (G-
PCC),” APSIPA Trans. Signal Inf. Process., vol. 9, p. e13, Jan. 2020.

Y. Yang, C. Feng, Y. Shen, and D. Tian, “FoldingNet: Point cloud auto-
encoder via deep grid deformation,” in Proc. IEEE/CVF Conf. Comput.
Vis. Pattern Recognit., Jun. 2018, pp. 206-215.

P. Achlioptas, O. Diamanti, I. Mitliagkas, and L. Guibas, “Learning
representations and generative models for 3D point clouds,” in Proc. 35th
Int. Conf. Mach. Learn., vol. 80, Jul. 2018, pp. 40-49.

T. Huang and Y. Liu, “3D point cloud geometry compression on deep
learning,” in Proc. 27th ACM Int. Conf. Multimedia, 2019, pp. 890-898.
1. Bozhilov, K. Tonchev, A. Manolova, and R. Petkova, “3D human
body models compression and decompression algorithm based on graph
convolutional networks for holographic communication,” in Proc. 25th
Int. Symp. Wireless Pers. Multimedia Commun. (WPMC), Oct. 2022,
pp. 532-537.

T. Fujihashi, T. Koike-Akino, S. Chen, and T. Watanabe, ‘“Wireless 3D
point cloud delivery using deep graph neural networks,” in Proc. IEEE
Int. Conf. Commun. (ICC), Jun. 2021, pp. 1-6.

VOLUME 12, 2024


http://dx.doi.org/10.36227/techrxiv.170629556.60318691/v1
http://dx.doi.org/10.1109/TWC.2024.3382192
http://dx.doi.org/10.1007/978-3-030-83944-4_4

R. Petkova et al.: On the Way to Holographic-Type Communications

IEEE Access

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

T. Fujihashi, T. Koike-Akino, and T. Watanabe, ‘‘Rateless deep graph
joint source channel coding for holographic-type communication,”
in Proc. IEEE Global Commun. Conf., 2023, pp. 3330-3335, doi:
10.1109/GLOBECOM54140.2023.10437920.

Z. Liu, Q. Li, X. Chen, C. Wu, S. Ishihara, J. Li, and Y. Ji, “Point cloud
video streaming: Challenges and solutions,” IEEE Netw., vol. 35, no. 5,
pp. 202-209, Sep. 2021.

J. Park, P. A. Chou, and J.-N. Hwang, ““Volumetric media streaming
for augmented reality,” in Proc. IEEE Global Commun. Conf. (GLOBE-
COM), Dec. 2018, pp. 1-6.

Z.Liu, J. Li, X. Chen, C. Wu, S. Ishihara, Y. Ji, and J. Li, “Fuzzy logic-
based adaptive point cloud video streaming,” IEEE Open J. Comput. Soc.,
vol. 1, pp. 121-130, 2020.

J. Li, C. Zhang, Z. Liu, W. Sun, and Q. Li, “Joint communication
and computational resource allocation for QoE-driven point cloud video
streaming,” in Proc. IEEE Int. Conf. Commun. (ICC), Jun. 2020, pp. 1-6.
G. Cernigliaro, M. Martos, M. Montagud, A. Ansari, and S. Fernandez,
“PC-MCU: Point cloud multipoint control unit for multi-user holocon-
ferencing systems,” in Proc. 30th ACM Workshop Netw. Operating Syst.
Support Digit. Audio Video, 2020, pp. 47-53.

Y. Huang, Y. Zhu, X. Qiao, Z. Tan, and B. Bai, “AlTransfer: Progressive
Al-powered transmission for real-time point cloud video streaming,” in
Proc. 29th ACM Int. Conf. Multimedia, 2021, pp. 3989-3997.

T. Zong, Y. Mao, C. Li, Y. Liu, and Y. Wang, “‘Progressive frame patching
for FoV-based point cloud video streaming,” 2023, arXiv:2303.08336.
E. Calvanese Strinati and S. Barbarossa, ““6G networks: Beyond Shannon
towards semantic and goal-oriented communications,” Comput. Netw.,
vol. 190, May 2021, Art. no. 107930.

A. Manolova, K. Tonchev, V. Poulkov, S. Dixir, and
P. Lindgren, “Context-aware holographic communication based on
semantic knowledge extraction,” Wireless Pers. Commun., vol. 120,
no. 3, pp. 2307-2319, Oct. 2021.

K. Tonchev, I. Bozhilov, and A. Manolova, “Semantic communication
system for 3D video,” in Proc. Joint Int. Conf. Digit. Arts, Media Technol.
ECTI Northern Sect. Conf. Electr., Electron., Comput. Telecommun. Eng.
(ECTI DAMT NCON), Mar. 2023, pp. 542-547.

RADOSTINA PETKOVA (Graduate Student
Member, IEEE) received the master’s degree in
communication technologies from the Technical
University of Sofia (TUS), Bulgaria, where
she is currently pursuing the Ph.D. degree
in communication networks and systems. She
is a Researcher with the ‘Teleinfrastructure”
Laboratory, Faculty of Telecommunications,
TUS. Her research interests include holographic-
type communication, 3-D image processing and

compression, machine learning, and computer vision.

IVAYLO BOZHILOV (Graduate Student Member,
IEEE) received the master’s degree in communica-
tion technologies from TUS, Bulgaria, where he is
currently pursuing the Ph.D. degree in communi-
cation networks and systems. He is a Researcher
with the ‘Teleinfrastructure” Laboratory. His
research interests include 3-D image processing
and compression, machine learning, computer
vision, and holographic-type communication.

VOLUME 12, 2024

AGATA MANOLOVA (Member, IEEE) received
the Ph.D. degree from Universit de Grenoble,
France. She is currently an Associate Professor
and the Dean of the Faculty of Telecommunica-
tions, TUS; and the Head of the Research Labora-
tory “Electronic Systems for Visual Information.”
She is also a Laureate of the Fulbright Scholarship.
Her research interests include machine learning,
pattern recognition, computer vision, image and
video processing, biometrics, and augmented and
virtual reality.

KRASIMIR TONCHEV (Member, IEEE) received
the Ph.D. degree from TUS, Bulgaria. He is
currently a Senior Researcher and leading the
research activities with the “‘Teleinfrastructure”
Laboratory. He has also implemented many
commercial projects, including photogrammetry,
object detection and tracking using thermal vision,
dynamic system modeling, and image processing
for embedded systems. His research interests
include model-based machine learning, Bayesian
data analysis and modeling, and neural networks, with applications in
computer vision and data analysis.

VLADIMIR POULKOV (Senior Member, IEEE)
received the Ph.D. degree from TUS, Bulgaria.
He is currently a Professor with TUS. He has more
than 30 years of teaching, research, and industrial
experience in the field of telecommunications.
He has been the Dean of the Faculty of Telecom-
munications, TUS; and the Vice Chairperson of the
General Assembly of the European Telecommu-
nications Standardization Institute (ETSI). He is
currently the Head of the ‘‘Teleinfrastructure
Research and Development Laboratory,” TUS; and the Chairperson of
Cluster for Digital Transformation and Innovation, Bulgaria. He has
successfully managed numerous industrial, engineering, research and
development, and educational projects. He has authored many scientific
publications and is tutoring the B.Sc., M.Sc., and Ph.D. courses in the field of
information transmission theory and wireless access networks. He is a fellow
of the European Alliance for Innovation.

59259


http://dx.doi.org/10.1109/GLOBECOM54140.2023.10437920

