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AI-native air interface
The roadmap to learning radios
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AI: One Tool in the Toolbox

6

Model 
deficiency

Algorithmic 
deficiency

• User behavior
• Application pattern

• Codecs (Semantics)
• Fine-tune general algorithms 

with trainable parameters

Don’t expect too much!
Many small refinements
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Some       Challenges                and            Opportunities 
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Technical debt and dependencies

Unstable extrapolation to unseen cases

Hardware acceleration

Inter-vendor O-RAN optimization

Data collection over networks

Detection of irregularities
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Youtube.com/wirelessfuture
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AI and 6G: Learning to Communicate & Communicating to Learn
• Learning to Communicate: AI-driven solutions for 6G 

systems to enhance network performance with extreme 
flexibility and low complexity
• Air interface design including radio transceivers 

and PA non-linearity reduction
• Physical layer and channel estimation
• Distributed-MIMO – beamforming optimisation and 

radio resource management

• Challenges: 
• Need for novel KPIs, KVIs, and metrics to properly 

assess the performance
• Need for novel network architectures including the 

integration of computing and storage capabilities 
into communication networks, to be jointly 
optimized and orchestrated with wireless resources

• Communicating to Learn: 6G networks as an efficient AI platform
• Workload management including AI-as-a-Service (AIaaS), energy efficiency targets, load balancing in 

federated learning, and joint orchestration of radio and computing resources
• Trustworthy and distributed AI - resilience to adversarial attacks, and (federated) explainable AI
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there principal roles

§ facilitate data processing, compression, and communication

§ verify and calibrate performance guarantees

§ learning-based solutions to difficult algorithmic problems
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data processing, compression, and communication

§ continously growing intelligence in the nodes
§ what can be predicted, 

does not need to be communicated
§ growing intelligence changes the technical problem 

to a semantic communication problem
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[*] P. Popovski, O. Simeone, F. Boccardi, D. Gündüz, and O. 
Sahin, "Semantic-Effectiveness Filtering and Control for Post-
5G Wireless Connectivity", Journal of the Indian Institute of 
Science, invited paper, 2020.
[**] Q. Lan, D. Wen, Z. Zhang, Q. Zeng, X. Chen, P. Popovski, 
and K. Huang, "What is Semantic Communication? A View on 
Conveying Meaning in the Era of Machine Intelligence", 
Journal of Communications and Information Networks (JCIN), 
invited paper, accepted, 2021.



verify and calibrate performance guarantees

uncertainty in wireless
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inherent randomness of wireless

changes of the channel statistics

ignorance about channel statistics

+

+

ML is must-have 
for ultra-reliability
§ model selection
§ learning
§ performance evaluation

T. Kallehauge, A. E. Kalør, P. Ramirez-Espinosa, M. Guillaud, and P. 
Popovski, "Delivering Ultra-Reliable Low-Latency Communications via 
Statistical Radio Maps," in IEEE Wireless Communications Magazine, 
accepted, 2022.



learning for algorithmic problems

ML can be through to problems that would otherwise need very 
complex hand-crafted algorithms

examples
§ joint source-channel coding
§ radio resource allocation for heterogeneus traffic

need for explainable AI
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P. Popovski et al.: 5G Wireless Network Slicing for eMBB, URLLC, and mMTC

over an extended time interval. This allows the network to
schedule wireless resources to the eMBB devices such that no
two eMBB devices access the same resource simultaneously.
The objective of the eMBB service is to maximize the data
rate, while guaranteeing a moderate reliability, with packet
error rate (PER) on the order of 10�3.

In contrast, an mMTC device is active intermittently and
uses a fixed, typically low, transmission rate in the uplink.
A huge number of mMTC devices may be connected to a
given base station (BS), but at a given time only an unknown
(random) subset of them becomes active and attempt to send
their data. The large number of potentially active mMTC
devices makes it infeasible to allocate a priori resources to
individual mMTC devices. Instead, it is necessary to provide
resources that can be shared through random access. The size
of the active subset of mMTC devices is a random variable,
whose average value measures the mMTC traffic arrival rate.
The objective in the design of mMTC is to maximize the
arrival rate that can be supported in a given radio resource.
The targeted PER of an individual mMTC transmission is
typically low, e.g., on the order of 10�1.
Finally, URLLC transmissions are also intermittent, but the

set of potential URLLC transmitters is much smaller than
for mMTC. Supporting intermittent URLLC transmissions
requires a combination of scheduling, so as to ensure a certain
amount of predictability in the available resources and thus
support high reliability; as well as random access, in order to
avoid that too many resources being idle due to the intermit-
tent traffic. Due to the low latency requirements, a URLLC
transmission should be localized in time. Diversity, which is
critical to achieve high reliability [3], can hence be achieved
only using multiple frequency or spatial resources. The rate
of a URLLC transmission is relatively low, and the main
requirement is ensuring a high reliability level, with a PER
typically lower than 10�5, despite the small blocklengths.

In 5G, heterogeneous services are allowed to coexist
within the same network architecture by means of network
slicing [4]. Network slicing allocates the network com-
puting, storage, and communication resources among the
active services with the aim of guaranteeing their isolation
and given performance levels. In this paper, we are inter-
ested in the ‘‘slicing’’ of RAN communication resources
for wireless access. The conventional approach to slice
the RAN is to allocate orthogonal radio resources to
eMBB, mMTC, and URLLC devices in time and/or fre-
quency domains, consistently with the orthogonal alloca-
tion of wired communication resources. However, wireless
resources are essentially different due to their shared nature.
Using communication-theoretic analysis, this work demon-
strates that a non-orthogonal allocation that is informed
by the heterogeneous requirements of the three services
can outperform the standard orthogonal approach, while
still offering per-service guarantees. Importantly, the con-
sidered non-orthogonal approach multiplexes heterogeneous
services, and is hence markedly distinct from the conven-
tional Non-Orthogonal Multiple Access (NOMA) methods

FIGURE 1. The considered scenario with uplink transmissions to a
common base station (BS) from devices using the three generic 5G
services.

that share radio resources only among devices of the same
type (see, e.g., [5]). This is further discussed next.

A. NETWORK SLICING OF WIRELESS RESOURCES:
H-OMA AND H-NOMA
Consider an uplink scenario in which a set of eMBB, mMTC
and URLLC devices is connected to a common BS, as shown
in Fig. 1. We note that the designing uplink access is more
complex than the corresponding problem for the downlink
due to the lack of coordination among users. Orthogonal and
non-orthogonal slicing of the RAN among the three services
are illustrated in Fig. 2(a) and (b), respectively.
The conventional orthogonal allocation depicted

in Fig. 2(a) operates in the frequency domain and allots
different frequency channels to eMBB, mMTC, or URLLC
devices. eMBB andmMTC transmissions are allowed to span
multiple time resources. In contrast, in order to guarantee the
latency requirements discussed above, URLLC transmissions
are localized in time and are spread over multiple frequency
channels to gain diversity. Furthermore, since the URLLC
traffic is bursty, the resources allocated to URLLC users may
be largely unused. This is because the channels reserved for
URLLC are idle in the absence of URLLC transmission.
Importantly, orthogonal slicing does not preclude the shar-

ing of wireless resources among devices of the same type.
For example, multiple eMBB users may share the allotted
frequency channels in an orthogonal way, which would rep-
resent a conventional Orthogonal Multiple Access (OMA).
Alternatively, they may transmit on the same frequency chan-
nels simultaneously by using NOMA [5]. Therefore, in order
to distinguish orthogonality among signals originating from
devices of the same type from the orthogonality among
different services, we refer to the approach in Fig. 2(a) as
Heterogeneous Orthogonal Multiple Access (H-OMA).
As mentioned, in this work, we investigate the poten-

tial advantages of a non-orthogonal allocation of RAN
resources among multiple services, which we refer to as Het-
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