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Enabling Wearables towards the Metaverse:
Trade-Offs Involving Blockage and Heat

Olga Chukhno, Francesco Malandrino, Alessandro Catania, Antonella Molinaro, and Carla Fabiana Chiasserini

ABSTRACT

Immersive and extended reality (XR) represents
one of the most exciting applications of beyond-5G
networks, paving the way towards the metaverse.
Wearable devices (wearables for short) are the core
component of XR and, being small and lightweight,
face several unique challenges. Most notably, they
must handle large amounts of complex computa-
tions despite their limited processing power, which
can lead to device overheating. This issue becomes
more pronounced when heavy computational tasks
cannot be offloaded to the edge due to connectivi-
ty issues like blockage. In this work, we aim at iden-
tifying the best approach for delivering XR services,
considering that both local and edge-based XR pro-
cessing can be combined to best cope with chal-
lenging operational conditions, most importantly,
channel blockage and device overheating. Through
numerical experiments based on real-world wear-
ables, we demonstrate that balancing the trade-offs
between heat management and blockage mitiga-
tion leads to the best performance and quality of
experience for XR applications.

INTRODUCTION

Extended reality (XR) applications are a crucial
building block towards the metaverse and represent
one of the most exciting — and challenging — appli-
cations of next-generation mobile networks. They
are unique in the multifaceted roles of end-user
devices (a.k.a. {wearables) as sensors, displays, and
computing units. For example, virtual/augmented/
mixed reality (VR/AR/MR) gaming applications use
a wearable as both a sensor that transmits real-time
data and a terminal to display multimedia content
to users [1]. XR functionality encompasses a wide
range of tasks, including simultaneous localization
and mapping, hand gesture tracking, pose estima-
tion, machine learning (ML) inference (e.g., object
detection), and multimedia processing [2].

In spite of the significant ensuing requirements,
wearables are limited by several factors. Today’s
wearables do not have any cable connection and
rely solely on embedded batteries and wireless con-
nectivity. It follows that performing any computation
on a wearable has to account for the available pro-
cessing power, memory, storage, connectivity, and
battery life, which are far more limited in wearables
than in other end-user devices like laptops. An addi-
tional issue is represented by the heat generation

resulting from intensive tasks: indeed, excessive heat

from a wearable poses serious risks to user comfort

and safety, as it may cause not only skin irritation or

burns but also dizziness and disorientation [3].

As a result, performing all required opera-
tions on the wearable is not always feasible, and
XR can greatly benefit from a distributed pro-
cessing approach [1], where the processing is
split between edge servers and local devices. On
the negative side, as offloading XR applications
requires substantial throughput and ultra-low laten-
cy, XR systems also face connectivity hurdles. The
network bandwidth to support immersive experi-
ences necessitates new network technologies and
higher frequencies, which, in turn, pose challenges
such as intermittent connectivity and blockage [4].

In summary, edge computing can mitigate
battery consumption and heat generation in XR
devices, but its reliability in high-frequency bands
is often compromised by blockages. Performing
computations locally on the wearables sidesteps
connectivity issue; however, it must be balanced
against the wearables’ tendency to become hot
with usage, causing discomfort, thus disrupting the
XR experience itself. This makes the extent of the
split between local computation and edge offload-
ing one of the crucial decisions to make for XR.

In this study, we focus on a scenario like the one
depicted in Fig. 1, where multiple radio technolo-
gies are available, and a user device may run the XR
application (or part of it) locally — as long as over-
heating does not occur — or offload it to the edge.
Task offloading can be performed using different
radio technologies, which entail different speed/reli-
ability trade-offs. In this context, it is critical to assess
how to best exploit the wearable’s limited capabil-
ity for local processing, jointly accounting for the
thermal management of wearables and potential
connectivity issues due to blockage, which hinders
edge offloading. These two challenges call for oppo-
site actions: thermal management would benefit
from reducing on-device processing, while blockage
issues can be tackled by increasing it.

Our main contributions can thus be summa-
rized as follows:

+ We identify the main challenges associated
with enabling XR applications on wearables,
including the risk of overheating and the
potential for blockage that prevents task off-
loading to the edge;
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The data flow begins at the

wearable, which transmits
data from its embedded
sensors, and ends therein,
with the wearable display-
ing the complete XR video
stream to the user.
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FIGURE 1. Our reference scenario, including the key entities — XR devices, base stations, and edge servers — (blue boxes), their roles in XR processing (violet

text), main radio technologies (green text), and the faced issues (red text).

+ We review the current approaches to blockage
prediction and heat/power characterization
and point out the need to explore their mutual
interaction to optimize offloading strategies;

+ We conduct the thermal performance analysis
of a real-world wearable device, considering
both local computation and offloading, using
it as a case study. Our findings confirm that
accounting for the trade-off between blockage
prediction and thermal performance estimation
is essential for optimizing system performance;

+ Finally, we outline the road ahead, highlight-
ing open issues that need to be addressed,
including optimizing network infrastructure,
advancing hardware materials, and predicting
and managing mobility-related blockages for
enhanced XR performance.

CONTEXT AND MOTIVATION

In this section, we review the latest trends in XR
technology and highlight how they are inter-
twined with the challenges of device overheating
and link blockage.

XR technology evolution. XR devices have
become widely available and are continuously
evolving. This evolution can be traced back to the
early days of virtual reality, from innovations such
as Google Cardboard to recent developments
from companies like Oculus and Apple, which
are already offering highly immersive and acces-
sible experiences. Beyond hardware and software
advancements, wearables themselves are evolving
rapidly, and key areas of development include
increased display resolution, higher tracking accu-
racy, more realistic haptic feedback, eye track-
ing, improved rendering, and advancements in
wireless connectivity [5]. These developments not
only collectively contribute to a more immersive,
realistic, and accessible XR experience, but also
create significant computational demands, often
exceeding the capabilities of modern wearables.

As an example, Fig. 1 illustrates the typical traf-
fic flow of an XR application and the various XR
functionalities it requires. The data flow begins
at the wearable, which transmits data from its
embedded sensors, and ends therein, with the
wearable displaying the complete XR video
stream to the user. As a consequence of the wear-
ables’ limited capabilities, substantial research is
focused on how best to offload computing tasks
from wearables to the edge.

In this context, Ericsson envisions several levels of
offloading based upon the task to perform and the

local conditions [2]. Options range from a low-off-
load architecture, where most processing occurs on
the device, and only heavy tasks like compression
and transmission of point cloud data are delegat-
ed to the edge, to high-offload setups, where only
essential sensor data, such as the camera feed, are
transmitted to the edge, with the bulk of processing
handled locally on the end-user device.

Offloading requires ultra-low latency data trans-
fer to and from the edge, which in turn necessitates
high-speed wireless connectivity.High-frequency
technologies can provide the necessary speed,
however, they are vulnerable to blockage. While
local computation can address this issue, it may
lead to the same overheating problems that off-
loading was originally meant to mitigate.

Challenge 1: blockage. Offloading XR workloads
to edge servers requires significant data transmission
over the network. To provide the required capacity,
5G and beyond systems can operate at higher fre-
quencies using directional antennas. However, harsh
propagation conditions at high-frequency environ-
ments make them susceptible to channel intermit-
tency and blockage caused by both fixed structures
(e.g., buildings) and human movement.

The dynamic nature of human blockage in XR
scenarios, including wearables with state changes
occurring within milliseconds, further complicates
the problem. The changing position of the body
relative to the mobile device or head movement
may be an additional cause of rapid drops in sig-
nal strength. Specifically, dynamic blockages can
cause additional attenuation (of approximately 15
— 40 dB) [6], which negatively impacts signal qual-
ity, making the network unreliable for time-sensi-
tive applications like XR. Moreover, such events
trigger frequent handovers, leading to increased
data transmission delays, lower throughput, and
higher power consumption for user equipment,
ultimately degrading the user experience.

Challenge 2: heat. The second challenge is
unique to wearables and stems from their compact
design, which is necessary for their physical use.
The dense integration of components within such
a limited space exacerbates heat dissipation issues,
making traditional convective cooling solutions,
such as fans, impractical. This limitation restricts
heat dissipation capacity to a few watts. At the
same time, wearables have tighter temperature
limits than other mobile devices; hence, account-
ing for the instantaneous power consumption
becomes necessary to avoid overheating and the
ensuing damages like low-temperature burns [71].

88

This workis licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

IEEE Communications Magazine ¢ January 2026



Another power-related issue stems from the
high computational demands associated with
high-resolution displays, complex 3D rendering,
and real-time tracking. Significant amounts of
computation must occur directly on the wearable,
meaning that both hardware and software tech-
niques are needed to keep energy consumption as
low as possible, thus maximizing battery duration.

Therefore, it is essential to develop optimal man-
agement strategies that address the intertwined chal-
lenges of blockage and overheating by maintaining
temperature and battery levels within safe ranges
and dynamically adjusting computational load.

EXISTING APPROACHES

In this section, we examine the latest approaches
to address the challenges of blockage and heating
in XR applications and highlight the gap in current
research that we seek to fill. Note that the task of
detecting blockages is distinct from their mitiga-
tion and is typically performed using timeouts.

Blockage mitigation. To address connectivity
challenges, particularly signal blockage, prior work
has proposed using multiple network technolo-
gies concurrently. However, these solutions can be
complex to implement at high frequencies, espe-
cially in power-limited devices. Beyond the funda-
mental requirements of power and timing tracking,
both the network and the user device must con-
stantly monitor the transmission direction of each
potential link. Specifically, this necessitates real-time
estimation and tracking of the angles of departure/
arrival for each beam. This means that devices
must dynamically reconfigure or maintain multiple
beams simultaneously to avoid losing connectivity.
Without proper motion and blockage prediction
models, which have yet to appear, this process
incurs substantial overhead, increasing computa-
tional complexity for beam selection, tracking, and
management, as well as handover procedures.

To help dealing with this issue, computer vision
and neural networks have been exploited to enhance
reliability. For example, [8] leverages computer vision
to detect obstacles, user location, and speed, and a
neural network model to mitigate beam blockage
and reduce handover frequency. While comput-
er vision focuses on real-time detection, blockage
prediction aims to anticipate potential obstructions,
allowing for proactive actions. These predictors typ-
ically utilize ML models that consider communica-
tion link metrics and external factors such as visual
and location data. However, one major challenge
with ML predictors is their reliance on large deploy-
ment-specific training datasets, an issue that can be
addressed using meta-learning techniques [91.

Furthermore, analytically tractable models
have been developed to handle blockages. An
extensive survey of such models is presented in
[6], covering essential components for modeling
scenarios that include deployment, propagation,
antenna characteristics, blockages, micromobility,
beam searching, traffic patterns, and service mod-
els under various system and environmental con-
ditions. These models provide a foundation for
the development of blockage prediction models
that are essential in the complex environment of
future-generation networks and applications like
XR. However, effective prediction of link block-
ages in XR requires integrating user-side factors,
such as application-dependent behavior [4], as

usage patterns directly influence motion patterns
(e.g., movement speed and direction), which in
turn impact blockage probability.

Thermal and battery management. To tack-
le the challenge of heat dissipation, the existing
research has explored various strategies to opti-
mize thermal management and power consump-
tion in XR devices. A recent thermal analysis model
[10] breaks down XR glasses into individual com-
ponents, creating an equivalent thermal resistance
circuit for each part. This simplifies heat-generating
elements, incorporating power consumption as
the heat source, and provides heat transfer coeffi-
cients for natural convection in air.

The influence of material selection on tem-
perature regulation in XR glasses has also been
explored, revealing that the choice of frame mate-
rials significantly impacts temperature control. For
example, while aluminum can decrease overall
temperature, it may cause low-temperature burns
near the ear due to its high thermal conductivity.
Conversely, cellulose acetate plastic reduces ear
temperature but increases the surface tempera-
ture of the device body. A combination of cellu-
lose acetate plastic for the temples and temple tips
together with aluminum for the rims offers a bal-
anced solution for temperature regulation across
the device. Recent studies on other innovative
materials, such as advanced nanopolyhybrids [11],
suggest significant performance improvements in
XR glasses. Beyond thermal management, these
nanopolyhybrids contribute to the miniaturization
of electronic systems. These materials may offer
efficient heat management, extending the usage
time of wearables and enhancing user comfort.

Another area of focus in current research is
optimizing the arrangement of electronic compo-
nents to effectively mitigate thermal challenges.
For example, [12] employs a genetic algorithm and
a thermal resistance circuit to minimize tempera-
ture around the ears and frequently touched areas
of XR glasses, enhancing user comfort and safety.
However, the time that XR glasses can be worn in
active operation mode before they become hot
can be influenced by patterns of use [13]. Given
their close proximity to the body and prolonged
use, maintaining safe operating temperatures is
crucial to prevent tissue damage. The thermal
models developed so far allow for an estimation of
the steady state temperature of the system, given
the heat sources, the geometrical constraints, and
the heat transfer coefficients. An enhanced model
for transient simulations would be beneficial to
predict maximum temperatures during intense
computational periods, thus ensuring user safety
and comfort throughout the experience.

In summary, predictive modeling holds notable
significance in anticipating when XR devices are
prone to thermal issues and begin to overheat.
These models must consider various aspects, such
as device characteristics, usage patterns, environ-
mental factors, and thermal properties of materi-
als, to facilitate preemptive thermal and battery
management. This capability would greatly help
XR developers and network operators by reliably
predicting on-device processing limitations before
thermal issues disrupt the user experience.

Research gap. Existing research addresses block-
age mitigation through multi-connectivity, computer
vision, and analytical modeling, and thermal man-

Significant amounts of
computation must occur
directly on the wearable,

meaning that both hardware

and software techniques
are needed to keep energy
consumption as low as
possible, thus maximizing
hattery duration.
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Making optimal offloading
decisions — determining
where to run computations
— depends on multiple
factors, including traditional
ones like netwaork load,
channel conditions, and
device capabilities, which

are commonly considered
in existing offloading
strategies.

success

drop
(heat)

FR2 offload
unnecessary?

unnecessary?

FIGURE 2. Decisions made by wearables about how to serve an XR request.
First, they choose between local execution and edge offloading; if they
opt for offloading, then they decide between FRT and FR2. Locally-served
requests may be dropped due to overheating; while FR2-offloaded
requests may be lost due to blockage. In terms of cost, local execution
is the most efficient, followed by FR2, and then FRI. If a cheaper option is
viable, offloading is deemed "unnecessary."

agement through material selection, component
optimization, and steady-state modeling. However,
these solutions treat blockage and thermal challeng-
es separately. We identify a need to integrate these
factors within the specific context of XR.

Making optimal offloading decisions — determin-
ing where to run computations — depends on mul-
tiple factors, including traditional ones like network
load, channel conditions, and device capabilities,
which are commonly considered in existing offload-
ing strategies. In this work, we seek to broaden the
focus to include novel, XR- and wearable-specific
factors, most notably, the interaction between net-
work blockage prediction and thermal management.
These two aspects are intertwined, as both are criti-
cal for ensuring the overall performance and quality
of XR experience. Accurately predicting the duration
of a blockage is essential for deciding whether local
computation is viable. At the same time, precise
models of wearable thermal behavior are needed
to determine how much local computation can be
performed before overheating occurs. Neglecting
either factor could lead to suboptimal decisions —
either excessive or insufficient local computation —
resulting in high costs or overheating issues.

MUTUAL IMPACT OF TASK OFFLOADING,
LINK BLOCKAGE, AND WEARABLE TEMPERATURE

In this section, we characterize the relationship
among task offloading decisions, network condi-
tions, and wearable temperature. To this end, we
first present our reference system, and then the
strategies we compare and their performance.

REFERENCE SYSTEM

In the following, we first introduce the options
available to wearables to serve XR requests, their
possible outcomes, and the device thermal model
we consider.

Decisions, outcomes, and objectives. We
consider a system similar to the one in Fig. 1,
where a wearable executes an XR application by
combining local computation and task offload-
ing. For simplicity and without loss of generality,
we model the application load as a series of dis-
crete requests. As summarized in Fig. 2, for each
request, the wearable can:

+ Serve the request locally (the cheapest option);

+ Offload the request to the edge using Fre-
quency Range 2 (FR2) technology (e.g.,
mmWave), which provides plentiful, cheap
bandwidth but is prone to signal blockages;

+ Offload the request to the edge using Fre-

quency Range 1 (FR1) technology (e.g., 5G

NR in the C-band), which is more robust to

blockage but incurs higher cost.

Serving a request locally impacts three key
aspects of the wearable behavior, on different
time scales:

+ It increases the instantaneous power con-
sumption, which shall not exceed the wear-
able’s thermal design power;

+ It increases the wearable temperature, which
shall not exceed 43°C to avoid user discomfort;

+ It depletes the wearable battery, whose level
shall not drop to zero.

It is worth mentioning that repeated overheat-
ing cycles also accelerate battery aging, leading to
reduced capacity and increased internal resistance
over time [14]. Although this long-term degrada-
tion process is beyond the scope of the present
study, it represents a key consideration for future
work on sustainable thermal management in XR
wearables. Among the three mentioned aspects,
power and battery constraints are common to most
mobile devices; in contrast, temperature is espe-
cially relevant and challenging to manage in XR
wearables. For this reason, our focus is on thermal
constraints. Accordingly, as shown at the bottom of
Fig. 2, locally-served requests may be dropped due
to overheating. For offloading, requests offloaded
via FR2 might be lost due to blockages, while FR1
is assumed to be always reliable.

1. If the wearable estimates that the request can
be served locally without overheating, it opts
for local execution;

2. Otherwise, if the wearable predicts an
unblocked transmission path, it offloads the
request using FR2;

3. Otherwise, it offloads the request using FR1.
The decisions (and their outcome) depend crit-

ically upon two main factors:

1. The accuracy of the blockage prediction,

2. The precision in estimating heat increase due
to local computation.

Thermal behavior. We simulate the thermal
profile of a wearable device matching a real-world
scenario [10], with a Ball Grid-Array (BGA)-pack-
aged chip similar to the OMAP4430 system-
on-chip (SoC) by Texas Instruments, which was
designed for image/video processing and used in
the Google Glass Explorer. We perform a time-de-
pendent thermal analysis using the “Heat Transfer”
module within COMSOL Multiphysics, a finite ele-
ment analyzer, solver, and simulator. In the simu-
lation, time is divided into 60-second slots. During
local computation, the chip dissipates 0.6 W, cor-
responding to the thermal design power of the
OMAP4430. When computation is offloaded to
the edge, power dissipation drops to 0.1 W.

Figure 3 highlights how power dissipation influ-
ences the chip’s temperature. As expected, tempera-
ture rises during periods of on-device processing
and falls during offloading. The purple horizontal
line in the figure marks the 43°C safety threshold,
identified in [7] as the limit beyond which there is a
risk of low-temperature burns. Critically, when slots
with on-device processing occur in close succession,
the device temperature can exceed this threshold,
as demonstrated in the figure. This highlights the
importance of understanding the device’s thermal
behavior to prevent overheating while taking full
advantage of its local computational capability.
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Importantly, in practical scenarios, wearables
may not have full knowledge of their internal state,
therefore, our model assumes that temperature esti-
mates are affected by jitter, simulating the uncer-
tainty in the wearable’s awareness capabilities.

BENCHMARK APPROACHES AND RESULTS

Throughout our performance evaluation, we com-

pare the following approaches:

+ Our prediction-based approach, leveraging
existing blockage-prediction strategies to
inform decisions;

* A history-based approach, where a blockage
duration is assumed as the average of the last
10 observed durations;

+ Two benchmark strategies called FR1 only
and FR2 only, using (respectively) only FR1 or
only FR2 for offloading.

Importantly, we do not propose a new block-
age prediction strategy, rather we exploit exist-
ing ones. We do, however, account for different
levels of prediction accuracy by introducing a jit-
ter over the blockage duration, ranging from 0%
(ideal prediction) to 30% (rough, yet serviceable,
prediction). Similarly, we consider different values
of jitter in estimation of the heat increase due to
locally served requests. Intuitively, a larger jitter
means a higher probability of hitting the tempera-
ture threshold, hence, dropping a request.

Figure 4 presents the outcome of the service
requests across the different approaches. Each
bar in the figure represents one approach, and
all bars are of equal height, corresponding to the
total number of requests. The colored segments
within each bar indicate the possible outcomes.
Of particular interest is the combined size of the
orange and red segments, corresponding to failed
requests, respectively, lost and dropped requests.
The prediction-based approach always achieves
a very low failure rate, which increases gradual-
ly with the prediction jitter. Notably, even with a
30% jitter, it outperforms the state-of-the-art histo-
ry-based benchmark. Looking at the last two bars,
corresponding to the “only FR1” and “only FR2"”
approaches, we highlight their contrasting behav-
iors. The “only FR1” strategy, in particular, results
in a very low failure rate, matching that yielded
by perfect prediction. The “only FR2” approach
instead disregards blockage and results in the high-
est number of lost requests across all strategies.

The hatched areas in all bars correspond to
unnecessary offloads, e.g., requests that are off-
loaded via FR1 even though FR2 or local com-
putation would have been viable options. We
observe that larger jitter values always result in
more unnecessary offloads. However, even with
a 30% jitter, our prediction-based approach still
outperforms the history-based method. The “only
FR1” strategy, in particular, results in a very large
number of unnecessary offloads, as it altogeth-
er disregards the option of cheaper, FR2-based
offloading. Although the lower failure rate of
this approach may justify its higher costs in spe-
cific scenarios, in most practical cases, our pre-
diction-based approach offers the best trade-off
between reducing costs by exploiting all local ser-
vice and offloading opportunities and maximizing
the probability of successful request completion.

We now increase the jitter in heat estimation
from 5% to 30%, and present the resulting out-
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FIGURE 3. Thermal simulation of a device with an afternation of local computa-
tion (high dissipated power, pink areas in the figure) and task offloading to
the edge (low dissipated power), with the duration of ime slots fixed at 60 s.
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comes in Fig. 5. We can immediately observe
larger red areas, corresponding to higher dropped
requests; this highlights the critical role that accu-
rate thermal behavior estimation plays in any
XR™offloading scheme. Despite this increase in jit-
ter, the relative performance of the different strat-
egies remains consistent with the results shown in
Fig. 4, which confirms the robustness of our pre-
diction-based strategy under varying conditions.

OPEN ISSUES AND ENVISIONED SOLUTIONS

Further research is required to optimize network
infrastructure and to fully utilize available resourc-
es from both networks and devices. Moreover,
there is a need for research in transportation and
neuroscience to effectively predict and handle
blockages related to macro- and micro-mobility
in XR environments. Advancements in electronics
are essential to improve hardware materials and
component distributions for better heat dissipa-
tion in XR devices. Another aspect is thermal man-
agement, which is essential for ensuring human
safety and preventing thermal discomfort during

However, ensuring seam-
less XR experience still
presents challenges from
both network and device
perspectives, not only due
to the demand for high
throughput and ultra-low

[atency, but also because of

issues related to link block-
age and XR devices' thermal
management.
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XR experiences [3]. The microclimate tempera-
ture between the user and the XR device, along
with factors like battery life and weight, play a
significant role in enhancing immersion quality,
especially during prolonged use. Consequently,
research must focus on thermal-aware solutions
to mitigate the risk of overheating.

To enhance XR performance, several strategies
could be considered, such as optimizing network
efficiency through selective radio resource man-
agement, measurement skipping, and intra-device
multi-modality. These approaches improve sched-
uling and support diverse QoS flows, tackling net-
work congestion and device diversity. Latency and
reliability issues can be addressed through delay-
aware logical channel priority and radio link control
in acknowledged modes. In addition, improving
application information provision and condition-
al mobility can further enhance performance,
by directly addressing the complexities of user
movement prediction and obstacle management.
Research on localized services, Al/ML integration,
and improved XR positioning should also be con-
sidered to improve user perception and interac-
tion [15]. This should be explored along with novel
materials with superior thermal conductivity and
innovative cooling mechanisms while testing new
component distribution strategies to prevent over-
heating and prolonging devices’ lifespan.

These solutions, among others, will contrib-
ute to the realization of future XR applications,
ensuring their mainstream adoption across various
industries, from gaming to education, ultimately
making XR an integral part of human daily life.

CONCLUSIONS

In recent years, wireless XR setups have revolu-
tionized immersive experiences by allowing users
to move freely and interact with their surround-
ings. However, ensuring seamless XR experience
still presents challenges from both network and
device perspectives, not only due to the demand
for high throughput and ultra-low latency, but also
because of issues related to link blockage and XR
devices’ thermal management. In this work, we
addressed these challenges, identifying network
outage as one of the most prominent issues. Fur-
thermore, we demonstrated that effective block-
age prediction and thermal management are key
methods to successfully overcome network outag-
es. Of paramount importance is the simultaneous
consideration of these methods, which requires
novel metrics and traffic management strategies
that account for their mutual effect.

ACKNOWLEDGMENTS

This work was supported by SNS JU under the
European Union’s HE research and innova-
tion programme under Grant Agreements No.
101095363 and No. 101192521, and by the
European Union under the Italian National Recov-
ery and Resilience Plan (NRRP) of NextGeneratio-
nEU (PEO000000T — program “RESTART”).

REFERENCES

[1] B. Sébire, WI Rapporteur RAN2 (Nokia) and Huilin Xu, WI
Rapporteur RANT (Qualcomm), “eXtended Reality for NR,”

accessed July 21, 2025; https://www.3gpp.org/technolo-

gies, 2023.

F. Alriksson et al., “XR and 5G: Extended Reality at Scale

with Time-Critical Communication,” accessed July 21, 2025;

https://www.ericsson.com/en/reports-and-papers, 2021.

[3] M. A. Rupp, “Is It Getting Hot in Here? the Effects of VR
Headset Microclimate Temperature on Perceived Thermal
Discomfort, VR Sickness, and Skin Temperature,” Applied
Ergonomics, vol. 114, 2024, p. 104,128.

[4] O. Chukhno et al., “Interplay of User Behavior, Communica-

tion, and Computing in Immersive Reality 6G Applications,”

IEEE Commun. Mag., vol. 60, no. 12, 2022, pp. 28-34.

Giiven Celikkaya, “Top 10 XR Technology Trends in 2024,”

accessed July 21, 2025; https://www.linkedin.com/pulse, 2024.

[6] D. Moltchanov et al., “A Tutorial on Mathematical Modeling
of 5G/6G Millimeter Wave and Terahertz Cellular Systems,”
IEEE Commun. Surveys & Tutorials, vol. 24, no. 2, 2022, pp.
1072-1116.

[7] A. Q. Han, “Thermal Management and Safety Regulation of
Smart Watches,” 2076 15th IEEE Intersociety Conf. Thermal
and Thermomechanical Phenomena in Electronic Systems
(ITherm), 2016, pp. 939-44.

[8] M. Al-Quraan et al., “Intelligent Beam Blockage Prediction

for Seamless Connectivity in Vision-Aided Next-Generation

Wireless Networks,” IEEE Trans. Network and Service Man-

agement, 2022.

A. E. Kalgr, O. Simeone, and P. Popovski, “Prediction of

mmWave/THz Link Blockages Through Meta-Learning and

Recurrent Neural Networks,” IEEE Wireless Commun. Let-

ters, vol. 10, no. 12, 2021, pp. 2815-19.

[10] K. Matsuhashi, T. Kanamoto, and A. Kurokawa, “Thermal
Model and Countermeasures for Future Smart Glasses,”
Sensors, vol. 20, no. 5, 2020, p. 1446.

[11] D. G. Atinafu et al., “Nanopolyhybrids: Materials, Engineer-
ing Designs, and Advances in Thermal Management,” Small
Methods, vol. 7, no. 6, 2023, p. 2,201,515.

[12] K. Kusumi et al., “Electronic Component Placement Optimi-
zation for Heat Measures of Smartglasses,” leice Electronics
Express, vol. 20, no. 6, 2023, p. 20,230,011.

[13] R. Bahru, A. A. Hamzah, and M. A. Mohamed, “Thermal
Management of Wearable and Implantable Electronic Health-
care Devices: Perspective and Measurement Approach,” Int’l.
J. Energy Research, vol. 45, no. 2, 2021, pp. 1517-34.

[14] Y. Che et al., “Battery Aging Behavior Evaluation Under
Variable and Constant Temperatures with Real Loading Pro-
files,” 2023 IEEE Applied Power Electronics Conference and
Exposition (APEC), 2023, pp. 2979-83.

[15] M. Gapeyenko et al., “Overview of NR Enhancements for
Extended Reality (XR) in 3GPP 5G-Advanced,” IEEE Access,
2024.

[2

[5

[9

BIOGRAPHIES

OLGA CHUKHNO (olga.chukhno@unirc.it) obtained her double Ph.D.
degree (2022) as an MSCA fellow from Tampere University, Fin-
land and Mediterranea University of Reggio Calabria, Italy, where
she is currently an Assistant Professor. Her main research interests
include wireless communications and mathematical modeling.

FRANCESCO MALANDRINO earned his Ph.D. degree from
Politecnico di Torino in 2012 and is now a senior researcher at
the National Research Council of Italy (CNR-IEIIT). His research
interests include distributed ML as well as wireless, cellular, and
vehicular networks.

ALESSANDRO CATANIA obtained his Ph.D. degree from the University
of Pisa, Italy, in 2020, where he is currently an Assistant Professor.
His research interests include mixed-signal microelectronic design
for high-temperature environments and implantable medical devices.

ANTONELLA MOLINARO received her Ph.D. degree from the Uni-
versity of Calabria in 1996. She is a Full Professor of telecom-
munications at the University Mediterranea of Reggio Calabria,
Italy, with double affiliation at CentraleSupelec, University of
Paris-Saclay, France. Her research mainly focuses on wireless
and mobile networking, vehicular networks, and future Internet.

CARLA FABIANA CHIASSERINI received her Ph.D. from Politecni-
co di Torino in 2000. She is currently a Full Professor with the
Department of Electronic Engineering and Telecommunications
at Politecnico di Torino, Italy. She is also an Associate Research-
er at CNR-IEIIT and CNIT, and a WASP Guest Professor at
Chalmers University of Technology, Sweden.

92

This workis licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

IEEE Communications Magazine ¢ January 2026




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


