
Bridging 5G and 6G for Multimedia IoT: Structural
Limitations and Architectural Directions

Alex Piccioni∗†, Claudia Rinaldi†, Carlo Centofanti∗‡, Andrea Marotta∗‡,
Piergiuseppe Di Marco∗†, and Fabio Graziosi∗†

∗Department of Information Engineering, Computer Science and Mathematics, University of L’Aquila, L’Aquila, ITALY
{alex.piccioni, carlo.centofanti, andrea.marotta, piergiuseppe.dimarco, fabio.graziosi}@univaq.it

†CNIT, University of L’Aquila Research Unit, L’Aquila, ITALY, claudia.rinaldi@univaq.it
‡CNIT, FIBERS Lab., L’Aquila, ITALY

Abstract—The convergence of Multimedia and Internet of
Things (IoT) (M-IoT) is driving a new class of applications
that combine interactive, high-throughput content with real-time
sensing, inference, and actuation. While 5G systems have intro-
duced key enablers such as edge computing, network slicing, and
broadcast/multicast delivery, current deployments reveal struc-
tural limitations when exposed to the heterogeneous demands of
immersive Extended Reality (XR), cooperative perception, and
holographic services. This paper consolidates M-IoT require-
ments from a system-level perspective and analyzes how 5G archi-
tectures respond to these demands through the modeling of phys-
ical resources of HD and 4K streaming workloads under unicast,
sliced, Non-Public Network (NPN), and 5G Multicast/Broadcast
Service (5MBS) delivery configurations. These results reveal
structural limitations related to throughput saturation, rigid
resource partitioning, and unidirectional delivery constraints that
cannot be resolved through incremental enhancements alone. In
this background, we provide a structured mapping of identified
limitations to targeted 6G architectural directions aligned with
IMT-2030 objectives, considering that future networks must
move beyond capacity upgrades toward integrated support for
compute–communication co-design, scalable radio access, and
intelligent orchestration. These features are essential to meet the
evolving needs of M-IoT and enable resilient, low-latency, and
scalable media services.

Index Terms—Multimedia Internet of Things (M-IoT), 5G, 6G,
Mobile Networks, Multimedia.

I. INTRODUCTION

Multimedia Internet of Things (M-IoT) captures the conver-
gence of Internet of Things (IoT) sensing/actuation with high-
bandwidth media streams (e.g., audio, video, and immersive
content), where heterogeneous devices cooperate to enable
interactive services such as multi-view Extended Reality (XR),
industrial video analytics, smart-city monitoring, and real-
time cyber-physical feedback loops [1], [2]. Compared to
scalar telemetry, M-IoT pipelines expose the communica-
tion substrate to sustained high bitrates, stringent end-to-
end latency, tight multi-modal synchronization, and strong
requirements on reliability, security, and energy efficiency [3].
These characteristics make M-IoT a fundamentally cross-layer
problem, requiring integrated optimization across physical
infrastructure, transport protocols, and service orchestration.

Recent deployments in vertical domains such as remote
assistance, collaborative robotics, and immersive learning have
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revealed the practical impact of these challenges, where perfor-
mance degradations often stem from structural limitations in
the underlying network stack. In particular, many applications
must sustain heterogeneous uplink/downlink profiles, react to
rapidly changing workloads, and operate across distributed
topologies with limited local compute capabilities. Such con-
straints become even more pronounced in large-scale deploy-
ments that span enterprise sites, public venues, and mobile
outdoor environments.

Fifth generation of mobile technologies (5G) systems have
introduced a set of enabling mechanisms that are directly
relevant to M-IoT, such as: virtualization and service-based
cores, multi-access edge computing, network slicing for dif-
ferentiated Quality of Service (QoS), Non-Public Networks
(NPNs) for local determinism, and multicast/broadcast capa-
bilities for one-to-many media delivery [4]. The evolution
toward 5G-Advanced further strengthens these capabilities and
expands the design space for multimedia services running over
shared infrastructures [5]. Nevertheless, current deployments
and studies often treat these mechanisms in isolation (e.g., slic-
ing without joint edge/media orchestration, broadcast without
adaptive unicast integration, or private deployments without
systematic trade-off analysis), leaving open questions on end-
to-end architectural governance across sensing, processing,
transport, and application layers [1].

These gaps highlight a broader need for network architec-
tures that go beyond throughput and latency improvements,
embracing adaptability, content-awareness, and full-stack pro-
grammability. IMT-2030, which defines the requirements for
next generation mobile networks (i.e., 6G) is expected to
broaden the scope from connected things to intelligent, immer-
sive, and resilient cyber-physical systems, motivating architec-
tural shifts toward Artificial Intelligence (AI)-native control
loops, tighter compute-communication co-design, and support
for extreme media workloads such as high-fidelity volumetric
streaming and immersive bidirectional interaction [6]–[8]. In
this context, bridging 5G-Advanced and 6G for M-IoT calls for
a principled analysis of which emerging requirements cannot
be met by incremental upgrades alone, and which architectural
directions can enable a smooth transition path while preserving
deployability and interoperability.

This work consolidates the requirements of M-IoT systems



from a multimedia-centric perspective and repositions them
within the broader evolution from 5G to 6G. Unlike prior
works that address multimedia networking or IoT connectivity
in isolation, or that treat 6G directions at a purely qualitative
level, this paper combines a system-level requirement anal-
ysis with quantitative PRB-based modeling of representative
streaming workloads under realistic 5G deployment configura-
tions, providing a structured mapping of identified limitations
to targeted 6G architectural directions grounded in IMT-2030
objectives.

II. M-IOT REQUIREMENTS AND APPLICATION SCENARIOS

The M-IoT landscape is shifting from the concept of me-
dia sensing to interactive, closed-loop multimedia services
in which audio-visual streams are not only consumed, but
also continuously interpreted and acted upon. This evolution
amplifies the coupling between communication, computation,
and media processing, and turns network support into a first-
order design constraint rather than an implementation detail
[1], [3]. This paradigm shift is reflected in a growing class of
M-IoT applications that place unprecedented demands on the
underlying infrastructure, spanning immersive XR, cooperative
perception, and scalable group media services.

Immersive and wearable XR. Interactive XR experiences
(e.g. multi-party immersive sessions and wearable Augmented
Reality (AR)/Mixed Reality (MR) form factors) require sus-
tained high-throughput delivery, stringent motion-to-photon
latency, and stable jitter bounds to avoid perceptual discomfort
and preserve interaction fidelity [9]. Moreover, XR workloads
are inherently multi-modal (audio, video, spatial metadata,
haptics) and can involve asymmetric uplink/downlink patterns
due to viewpoint feedback, scene updates, and multi-view
contributions, making them structurally different from conven-
tional downlink-centric streaming [10].

Cooperative perception and distributed media intelli-
gence. Smart spaces and connected robotics increasingly rely
on cooperative perception, where multiple sensing agents share
intermediate representations (raw streams, features, or seman-
tic objects) to expand spatial coverage and robustness [11].
Such pipelines produce bursty traffic, frequent state updates,
and strict freshness constraints, which push the network toward
content-aware prioritization and compute-communication co-
optimization at the edge [3], [11].

Scalable group media and hybrid events. Hybrid collabo-
ration and live media experiences often combine personalized
unicast (e.g., individualized viewpoints and adaptive bitrates)
with one-to-many delivery (e.g., common scene anchors,
shared audio objects, or event feeds), stressing the need for
seamless integration of unicast, multicast/broadcast, and edge-
based adaptation within a unified service architecture [1]. As
the number of simultaneous consumers grows, unicast-based
delivery becomes inherently inefficient, since identical content
is replicated over separate radio bearers for each receiver,
consuming spectral resources proportionally to the audience
size. Broadcast and multicast mechanisms address this ineffi-
ciency by decoupling content transmission from the number

of receivers, making them a structural requirement rather than
an optional feature for large-scale M-IoT deployments. How-
ever, pure broadcast delivery lacks the flexibility to support
personalized streams, uplink interaction, and adaptive quality
selection, which are essential in immersive and collaborative
scenarios. This tension between scalability and interactivity
motivates the need for hybrid delivery architectures capable
of dynamically combining broadcast efficiency with unicast
adaptability, a challenge that current 5G deployments only
partially address through mechanisms such as 5G Multi-
cast/Broadcast Service (5MBS).

III. M-IOT REQUIREMENTS AND TRAFFIC DEMANDS

A. Architectural Viewpoint and Scope

Following established architectural models for multimedia-
aware IoT systems [1], we adopt a streamlined layered abstrac-
tion that separates device-level operations, media processing,
distributed intelligence, and communication infrastructure. The
lower layer includes sensing, actuation, and user-facing de-
vices that interact with the physical environment and generate
media-rich data. This content is acquired, encoded, and ren-
dered through application-specific pipelines that must adapt to
heterogeneous modalities and device capabilities. Data is then
processed and orchestrated across edge and cloud resources,
which manage inference, storage, and content adaptation. All
these elements are connected through a programmable network
substrate that spans access, transport, and core segments,
enabling flexible service composition and quality assurance.
While each layer introduces specific requirements and con-
straints, this paper focuses on the limitations arising at the
network level (Fig. 1). The increasing complexity of multime-
dia workloads, characterized by high-throughput flows, ultra-
low latency demands, and strict coordination between dis-
tributed components, exposes structural boundaries in current
5G deployments. These challenges reveal not just performance
bottlenecks but architectural tensions that cannot be fully
addressed by incremental enhancements, and which call for
a more integrated, media-aware network design as envisioned
in the evolution toward 6G.

B. Quantitative Requirements from XR, Haptics, and Holog-
raphy

The evolution of M-IoT is increasingly shaped by interactive
and immersive applications, where sensing, inference, and
rendering are orchestrated in tightly coupled loops spanning
devices, edge infrastructure, and network substrate. These
closed feedback cycles impose compound demands that ex-
tend beyond conventional throughput or latency metrics, and
require service continuity under heterogeneous and dynamic
conditions.

Among the most prominent modalities, XR introduces a par-
ticularly complex blend of asymmetric traffic patterns. Unlike
traditional downlink-centric media services, XR couples high-
rate visual and audio delivery with uplink streams conveying
sensor data, head and body pose, and real-time interaction
feedback. These flows are further intensified by edge-based



Application Layer
Cloud Layer
Network Layer
Edge Layer
Sensor Layer

5G/6G networks
Network slicing

Non-Public Networks

Fig. 1: Multimedia architecture.

rendering functions and perception offloading mechanisms,
leading to dynamic and asymmetric traffic profiles. According
to 3GPP technical reports, representative XR workloads range
from 0.1 − 1 Gbps for 360° video up to 10 Gbps for ultra-
high fidelity interactive scenes, depending on scene complexity
and user interaction frequency [10]. These workloads are also
highly latency-sensitive: interaction loops must be completed
within 5 to 20 ms to preserve responsiveness and perceptual
coherence.

Haptic communication and teleoperation services further
expose the limitations of current mobile infrastructures by
emphasizing the discrepancy between radio-interface latency
targets and the end-to-end requirements of closed-loop control.
These applications operate under extremely tight temporal
constraints, where round-trip delays must often remain below
1 ms. Use cases such as telesurgery, remote manipulation, or
precision feedback in industrial settings additionally impose
strict reliability requirements, depending on the operational
risk and criticality. Sustaining such performance levels be-
comes especially challenging in dynamic environments af-
fected by user mobility, radio interference, and resource con-
tention across multiple service slices. These difficulties are
exacerbated when high-rate XR media streams coexist with
latency-sensitive haptic flows, creating contending demands
on the same physical and logical network layers.

IV. 5G STRUCTURAL LIMITATIONS FOR M-IOT

A. Structural Stress Points

The traffic demands of emerging M-IoT services differ
from conventional workloads not only in scale, but in their
structural characteristics. As summarized in Table I, these ap-
plications combine sustained downlink streaming, bursty and
high-volume uplink flows, and tight feedback loops involving
latency-sensitive interaction between edge and device. Scenar-

ios involving multiple concurrent XR sessions, for example,
can quickly saturate the throughput provisioned for dense-
urban environments, where the expected user-experienced data
rates are limited to 100 Mbps (downlink) and 50 Mbps
(uplink) [10], [12].

The coexistence of latency-critical and high-throughput
modalities also creates a scheduling dilemma. Haptic or coop-
erative perception traffic must meet tight latency and reliability
targets, but competes with bulk media delivery under shared
infrastructure constraints. Although the 5G radio interface
sets aggressive theoretical targets, such as 1 ms latency and
10−4−10−5 reliability for URLLC traffic [12], [13], practical
deployments are limited by queuing delays, transport-layer
variability, and cross-domain orchestration overheads. The
cumulative impact of these effects across access, transport,
and compute layers undermines the end-to-end determinism
required by closed-loop control applications. Moreover, even
if radio access mechanisms were enhanced to meet such de-
mands, the long-term scaling trajectory implied by volumetric
media places additional pressure on spectrum availability, edge
computing density, and joint media-network optimization.
Bridging these gaps requires a shift from isolated performance
optimizations to integrated architectural solutions, which is a
core objective of ongoing 6G research directions.

B. Quantitative Evaluation of 5G Limits

We adopt a comparative modeling approach consistent with
established methodologies for evaluating network-layer per-
formance under multimedia traffic workloads [1]. Specifically,
we simulate a dense-urban deployment scenario based on a
single-cell Urban Macro (UMa) configuration with an Inter-
Site Distance (ISD) of 500 m and ideal radio conditions, focus-
ing exclusively on Physical Resource Block (PRB)-based re-
source allocation strategies in Orthogonal Frequency-Division
Multiple Access (OFDMA). Two representative multimedia



TABLE I: Indicative KPI ranges as 5G stress points for emerging M-IoT.

Modality Throughput / Bitrate Latency / Delay Notes
IMT-2020 (5G targets) 20/10 Gbps peak; 100/50 Mbps user-

experienced
1 ms (URLLC, unloaded); 4 ms
(eMBB)

Baseline evaluation targets [12]

URLLC (RAN studies) Small packets (reliability-defined) 0.5 ms UL, 0.5 ms DL; 1−10−5 for
32 B within 1 ms

Radio-interface viewpoint [13]

XR (3GPP) [0.1 − 1] Gbps (360◦ video); up to 10 Gbps
(XR classes)

5–20 ms class (mode-dependent) Interaction loop dependent [10]

VR (survey) ≥ 2.35 Gbps (tiling still high) Application-dependent Highlights rate inflation vs HD video
Holography (survey) [0.3 − 3] Gbps (point clouds); [0.1 − 2] Tbps

(LFV)
< 100 ms overall delay Includes capture, compute, and render

services are considered, High Definition (HD) and Ultra High
Definition (4K) video streaming, each associated with specific
target per-user data rates [14]. The User Equipments (UEs)
are incrementally added to the cell and uniformly distributed,
and their peak data rate is computed by assigning each UE
the minimum number of PRBs required to meet the service-
specific bitrate, assuming the maximum spectral efficiency
supported by the 5G Modulation and Coding Scheme (MCS)
table [15].

The analysis compares four distinct network configurations
commonly associated with 5G deployments. In the public
network case, the available spectrum is fully shared among all
UEs through unicast delivery and proportional-fair scheduling.
The sliced public network introduces logical separation be-
tween groups of UEs, enforcing resource partitions without dy-
namic reallocation. The NPN scenario models an isolated local
deployment, where a reduced number of UEs competes over
a dedicated slice with full resource control. Lastly, the 5MBS
configuration evaluates a one-to-many content distribution
model, based on Orthogonal Frequency-Division Multiplexing
(OFDM) broadcast waveforms and assuming a fixed 5 MHz
bandwidth with consistent per-user efficiency. The parameters
adopted for the analysis are reported in Table II.

The resulting trends, shown in Fig. 2, highlight a structural
mismatch between current 5G resource provisioning and the
scaling needs of M-IoT video services. For both HD and
4K scenarios, the aggregate cell data rate saturates rapidly as
the number of active UEs grows, while the average data rate
per user sharply degrades once PRB resources are exhausted.
Among the evaluated configurations, public 5G networks with
unicast delivery and no slicing exhibit the steepest decline,
followed by slicing-enabled setups with fixed resource par-
titions (i.e., 20%, 30%, 40% of the resource pool), which
offer limited scalability due to rigid resource isolation. NPNs
provide slightly improved performance under controlled loads,
but still suffer from resource saturation as user density grows.

Notably, this degradation occurs well before reaching the
simultaneous-user densities expected in real-world deploy-
ments, and is particularly severe for 4K workloads, where
the higher bitrate requirements translate into a significantly
larger radio resource demand per UE. These results underline
the inability of unicast-based 5G configurations to support
scalable multimedia delivery under high-density conditions,
reinforcing the need for architectural enhancements in 6G, in-

TABLE II: Adopted parameters for network analysis.

Numerology Bandwidth
(MHz)

SPS (kHz)

5G Public Network 0 [20, 50] 15

Network Slicing 1 50 30

NPN 1 [20, 50, 80, 100] 30

5MBS 5 15 e.p.

cluding broadcast-capable integration, spectrum elasticity, and
media-aware traffic management. Notably, only the 5MBS-
based configuration maintains stable data rate across all user
densities, owing to its inherent one-to-many delivery model
and fixed allocation strategy. However, even 5MBS shows
structural limitations, such as the fixed bandwidth (5 MHz in
this evaluation) imposes a hard ceiling on the total capacity,
and its unidirectional delivery model lacks support for up-
link interaction, limiting its applicability to purely broadcast-
centric services.

V. TOWARD 6G ARCHITECTURES

The results presented in Section III quantitatively confirm
three structural stress points that current 5G deployments
cannot resolve through incremental enhancements alone. First,
unicast-based resource allocation saturates rapidly under grow-
ing user density, degrading per-user data rate well before
reaching the simultaneous-user targets expected in dense
M-IoT deployments. Second, fixed resource partitioning in
network slicing provides limited scalability, as rigid isolation
prevents dynamic reallocation in response to heterogeneous
and bursty traffic patterns. Third, while 5MBS maintains stable
aggregate data rate across all user densities, its fixed bandwidth
ceiling and unidirectional delivery model make it inadequate
for the asymmetric, interaction-driven traffic profiles of XR
and cooperative perception services. These findings motivate a
deeper architectural shift: rather than treating communication,
computation, and media intelligence as separate concerns,
6G frameworks must integrate them into a unified, content-
aware substrate. The remainder of this section outlines the key
architectural directions through which this integration can be
realized, mapping each direction to the limitations identified
above.

The data rate saturation observed under unicast delivery
stems partly from the inability of current 5G architectures
to jointly optimize radio resource allocation and edge com-
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Fig. 2: Simulated maximum data rate performance under 5G-like unicast and broadcast delivery for HD and 4K adaptive
streaming.

putation placement. A defining principle of the 6G paradigm
is therefore the convergence of communication and computing
into an integrated infrastructure, enabling in-network decision-
making, predictive scheduling, and content-aware optimiza-
tion. This vision supports distributed intelligence directly
within the network, and is especially crucial for M-IoT use
cases where edge-rendering, cooperative perception, and real-
time media adaptation must occur within latency budgets
that traditional cloud processing cannot sustain. To this end,
emerging paradigms such as joint communication-computation
resource allocation, distributed training and inference over
wireless links, and dynamic network function placement are
expected to play a central role in enabling such tight integra-
tion [16].

The hard capacity ceiling exposed by the 5MBS configu-
ration motivates a fundamental rethinking of spectrum usage
and waveform design. At the radio access level, 6G will
introduce more flexible waveform designs and spectrum usage
models, potentially including sub-THz and visible light com-
munications, thus enabling multi-hundred Gbps per-user data
rates. These high-capacity channels are essential to support
future workloads such as holographic streaming and ultra-
multiview XR with spatialized feedback, where data rate
requirements may exceed 100 Gbps per session. Furthermore,
native integration of intelligent surfaces and reconfigurable
radio environments (e.g., Reconfigurable Intelligent Surface
(RIS)-assisted propagation) allows dynamic control of signal
paths to improve coverage and reduce latency in dense de-
ployments. Combined with enhanced Multiple-Input Multiple-
Output (MIMO) schemes and full-duplex transmission capa-
bilities, these innovations collectively extend the scalability
envelope well beyond current 5G constraints [17].

The rigidity of fixed resource partitioning in network slicing
calls for a fundamentally different approach to network control
and orchestration. 6G is expected to embrace intent-based
management and end-to-end QoS enforcement through AI-
native service planes. Unlike policy-based slicing in 5G,
the future control plane will rely on continuous feedback
and self-optimizing loops, adapting resource allocation and
routing decisions to real-time application semantics and user
experience metrics. This is particularly impactful for M-IoT
scenarios, where traffic patterns are inherently variable and
tightly coupled with the state of sensing and actuation cycles.
A distinctive innovation in 6G will be the pervasive embedding
of AI and Machine Learning (ML) not only for infrastructure
management, but also for content-aware adaptation and media
orchestration, implying the use of learning models for dynamic
bitrate adaptation, perceptual quality optimization, multimodal
synchronization, and proactive flow scheduling. For instance,
generative models may be employed to reconstruct immersive
content from partial streams at the edge, reducing fronthaul
load while preserving quality [18]. Reinforcement learning
can guide resource allocation based on real-time Quality of
Experience (QoE) estimates, adapting to varying network
conditions and user interactions.

Interoperability is another foundational concern for 6G,
especially as mobile systems expand into aerial, underwater,
and space-based domains. The heterogeneity in frequency
bands, addressing schemes, protocol stacks, and device types
will require modular interfaces, AI-assisted translation lay-
ers, and hybrid protocol architectures [17]. Mechanisms such
as Software-Defined Networking (SDN), Network Function
Virtualization (NFV), and blockchain-based trust systems are
expected to provide the foundation for flexible integration



across vertical domains, including healthcare, mobility, and
industrial media applications. Additionally, the concept of
network-as-a-sensor, where the infrastructure continuously
collects context data, opens new avenues for situation-aware
streaming, adaptive security, and predictive media delivery.
Finally, 6G architectures are expected to deliver natively
synchronized, ultra-reliable services by embedding support for
Time Sensitive Networking (TSN) and precision timing across
all layers, a feature crucial for enabling tightly coordinated
multi-modal media flows such as those required in distributed
XR rendering or remote haptic interactions.

The 6G transformation represents more than a capacity
boost. It redefines the network’s role as an active, intelligent
mediator of media-rich, feedback-driven services. For the
M-IoT domain, this implies not only the resolution of current
data rate and latency limitations, but also the emergence of
a new service paradigm where the infrastructure actively col-
laborates with media processing pipelines to deliver scalable,
immersive, and responsive experiences.

VI. CONCLUSIONS AND FUTURE DIRECTIONS

This paper has examined the evolving landscape of M-IoT
services, highlighting how emerging applications such as im-
mersive XR, cooperative perception, and real-time holography
push mobile infrastructures far beyond traditional throughput
and latency boundaries. Through a layered architectural per-
spective and a quantitative analysis of representative streaming
workloads, we have shown that current 5G deployments,
despite advanced features such as slicing, Multi-access Edge
Computing (MEC), and multicast, are subject to structural
limitations when exposed to the heterogeneous, asymmetric,
and tightly coupled traffic patterns typical of M-IoT. These
limitations manifest as scalability bottlenecks, latency degra-
dation, and suboptimal resource utilization, particularly under
dense user loads and real-time constraints.

Looking ahead, 6G represents a necessary architectural
shift to address these challenges. Beyond raw capacity im-
provements, future networks must embrace native support
for compute–communication co-design, semantic-aware traf-
fic prioritization, and end-to-end service-level orchestration.
This evolution will be crucial for enabling scalable delivery
of multi-gigabit volumetric media, millisecond-level haptic
feedback, and context-adaptive XR experiences. Furthermore,
the role of AI-driven network functions and programmable
data planes will become central to dynamically adapt to the
service demands of M-IoT environments. These directions
mark the transition from infrastructure-aware applications to
application-aware infrastructures, positioning 6G not only as
a faster network, but as an enabling fabric for next-generation
media-centric IoT systems.
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