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Source: E. Calvanese Strinati and Barbarossa.,“6G Networks: Beyond Shannon Towards Semantic and Goal-Oriented Communications”. Computer Networks Journal, Feb. 2021.

3. Level C: How effectively does the received 

meaning affect conduct  in the desired way?     

(The effectiveness problem)

1. Level A: How accurately can the symbols of 

communication be transmitted?    

(The technical problem)

2. Level B: How precisely do the transmitted 

symbols convey the desired meaning?    

(The semantic problem) 

The broad subject of communication 

can be organized into three levels 
[Shannon,  Weaver,  49]

SEMANTICS & EFFECTIVENESS: A REVOLUTION FROM THE PASTWHAT
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Source: E. Calvanese Strinati and Barbarossa.,“6G Networks: Beyond Shannon Towards Semantic and Goal-Oriented Communications”. Computer Networks Journal, Feb. 2021.

SEMANTICS & EFFECTIVENESSWHAT
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FROM DATA TO INSIGHTFUL INFORMATIONWHAT

Semantics refers to the meaning or interpretation of information — what the 
data represents (in a context, for a use, etc.), rather than the data itself.

Semantics = what    that information means (context, intent, purpose)

In contras:       Syntax = how    information is structured (bits, packets, symbols)

Semantics: abstraction, representation and extraction of meaning from data. 

Meaning extraction is conditioned to the logic of the semantic extraction engine

WHAT

HOW

“Information is data endowed with meaning and purpose”
Herbert Simon, 1971

5G

6G
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SEMANTIC 101: GIVING MEANING TO DATAWHAT

Any structural (topological), statistical, or causal relationship 
within the data to be communicated, assessed to the desired 

reconstruction metric or desired actions to be taken at the receiver
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SEMANTIC COMMUNICATION GAINS & CHALLENGESWHAT

Opportunities & Gains

• Energy efficiency – transmits only relevant 
information, lowering power use and overhead

• Latency reduction – improves timeliness for 
real-time and goal-oriented tasks

• Better spectrum utilization – adaptive spectrum 
usage via semantic-aware protocols

• Scalability – supports massive IoT and machine-
type communications with reduced signaling load

• Integration with AI/ML – enhances learning and 
inference tasks directly at the communication 
layer (train while communicating)

• Cross-domain efficiency – boosts performance 
in numerous applications

• Interoperability – enables compatible 
communication across heterogeneous networks

• AI optimization: new effective communication–
computation–caching trade-offs 

Challenges

• Lack of established semantic information theory –
no widely accepted framework for metrics and limits

• Knowledge, logic, representation mismatch –
different devices may interpret semantics differently

• Complex trade-offs with AI timing – balancing 
compression, fidelity, computational cost, and real-
time/causal constraints is difficult

• Standardization gap – absence of agreed semantic 
interfaces, KPIs, and protocols across vendors

• Backward compatibility – integrating semantic 
layers with existing 5G architectures remains complex

• Limited testbeds available

• Coexistence between semantic and legacy systems 

• Support for O-RAN’s intent-based RAN 
management: how semantics enrich intent translation

6
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TO MEASURE SEMCOMS GAINS & EFFECTIVENESS?

Semantic communications metrics

20+ metrics and KPIs in 6 different areas: Information theoretic, text, image/video, timing-

related, goal-oriented, secrecy  [D2.2 6G-GOALS]

HOW

Rate-distorsion-perception: low 
distortion alone is not enough —

perception (semantic fidelity) is essential
Semantic similarity among embeddings

Perceptual Image similarity (DL, GO, Heuristics)
It measures meaningful features preservation

Frechet-Information Distance: Captures semantic similarity measuring on a 
learned feature space

Age of Loop: freshness of information when used

Area of Effectiveness
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SEMANTIC COMMUNICATION GAINS: ROBUSTNESSWHAT

Semantic robustness (Comm, 
Inference, Task accomplishment)

Trade-offs:

• Robustness versus ambiguity

• Robustness versus resource use 
(energy, processing, …)
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SEMANTIC COMMUNICATIONS NEED A NEW RAN ARCHITECTUREWHY

SemComs changes what we optimize : meaning instead of bits

➔ It requires intelligence inside the network and tight AI–RAN coupling
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THE SEMANTIC PLANE IN AI-NATIVE 6G ARCHITECTURES 

Semantic plane

• New logical layer to 
processing meaning

• To “semantically” 
enhances both the user 
& control planes

• Facilitate the delivery of 
semantic services, 
enable knowledge-
driven reasoning

SECRET

[D2.5 6G-GOALS]: 6G-GOALS Project, Initial 6G-GOALS architecture and operation analysis June 2025. https://sites.google.com/view/6ggoals/results/deliverable?authuser=0

https://sites.google.com/view/6ggoals/results/deliverable?authuser=0
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THE SEMANTIC PLANE IN AI-NATIVE 6G ARCHITECTURES SECRET

AI–Communication Convergence: Enables joint 
reasoning and adaptation across AI models and 
communication layers

Semantic Cross-Layer Optimization: Injects meaning 
into PHY/MAC/Network decisions → new metrics, new 
information-communication–computation trade-offs

Resilience & Efficiency: Preserves semantic intent 
rather than bits, enabling importance-aware protection, 
drop, and resource allocation

Advantages

• Extra latency and signaling overhead

• Possible higher energy per bit (extra semantic 
processing & signaling) but lower CUMULATIVE energy 
per goal (send less bits – large semantic compression)

Issues (Potential)
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O-RAN  MATTERS FOR SEMCOMS: AN ARCHITECTURAL DESTINY

RICs naturally map semantic timescales

• Near-RT RIC: semantic-aware radio & power control

• Non-RT RIC: semantic training, orchestration, long-term alignment and policy learning

• RT RIC: semantic waveforms and ultra-fast PHY adaptation

From KPI optimization to semantic cross-layer control

• O-RAN supports rigorous cross-layer optimization beyond bit-level metrics under multi-
owner, multi-vendor constraints : exactly the problem O-RAN was designed to solve.

Open interfaces enable semantic interoperability

• Open APIs connect semantic information/metrics across components and vendors

Operationalizing semantics at scale

• Lifecycle management and orchestration make semantic modules deployable at scale.

WHY

O-RAN is structurally aligned with semantic communications, 
introducing: disaggregation, intelligence & open control loops
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MAIN INNOVATIONS WITH RESPECT TO O-RAN (COMPATIBLE)

Semantic RIC (S-RIC)

• Programmable and extensible 
platform for the deployment of 
semantic-oriented applications

Semantic module

• Extracting meaningful information 
from data and understanding its 
meaning, Semantic alignment

Semantic Interfaces

• Linking UEs to S-RIC and Sem-EDGE

O-RAN interfaces are about the same 

but the metrics carried are different: 

ex. BER → Semantic Fidelity
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MAIN INNOVATIONS WITH RESPECT TO O-RAN (COMPATIBLE)

New Semantic-RIC (xApps / rApps)

Near-RT RIC

• Semantic context aggregation
(CQI, latency, mobility, traffic type, 
SLA)

• Dynamic adaptation: AMC, resource
allocation, semantic drop / retain
decisions

Non-RT RIC

• Long-term semantic intelligence
(UE behavior, semantic traffic
patterns, alignment drift)

• Mapping task goals → semantic
KPIs and policies
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MAIN INNOVATIONS WITH RESPECT TO O-RAN (COMPATIBLE)

New functional components, 
procedures, and interfaces to:
UE & Semantic Edge

• Semantic extraction/interp.
• Collection of application / task context, 
requirements, KPIs, and feedback

O-CU (CP / UP)
• Semantic flow differentiation and task-
aware routing
• Semantic retransmission support (with O-
DU)

O-DU
• Semantic-aware scheduling
• Adaptive semantic fidelity at PHY/MAC 
level

Interfaces (Extension): Bidirectional UE / 
application interaction→ Extend for 
semantic context and feedback exchange
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MAIN INNOVATIONS WITH RESPECT TO O-RAN (NEEDS CHANGES)

Semantic RIC (S-RIC)

• Programmable and 
extensible platform for the 
deployment of semantic-
oriented applications

Semantic module

• Extracting meaningful 
information from data and 
understanding its meaning

Semantic Interfaces

• Linking UEs directly to S-RIC
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O-RAN SEMCOM PROOF OF CONCEPT

• Collaborative robot 
(cobot) trail under 
the semantic-
aware Open RAN

• SemCom is 
designed to 
improve the overall 
operational 
efficiency of the 
cobot system

• This work is in 
progress (June 
2026 first demos 
@ EUCNC)
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6G-GOALS HORIZON PROJECT

Technical Manager:

Paolo DI LORENZO

EU Member 

States
411 Consortium 

Partners
Asian Affiliated partner1

PHASE 2
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6G-DISAC HORIZON PROJECT 

PHASE 2

EU Member 

States
510

Consortium

Partners

Project Coordinator:

Emilio CALVANESE STRINATI

Technical Manager:

Henk Wymeersch
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6GARROW EU-KR HORIZON PROJECT

Technical Manager:
Riku Jäntti

EU Member States + Korea413 Consortium Partners

Project Coordinator KR

Prof. Seong-Lyun Kim
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Thank you! ALOHA

Nature reviews


