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space and energy-intensive data centers. Furthermore, the computational power needed for processing
and analyzing this data is considerable, particularly for complex, large-scale computations.

e Energy burden in deploying heavyweight AI models. The use of heavyweight Al models
also adds to the energy burden, especially during model training and inference. These models demand
vast computational resources, including GPUs and TPUs, which consume substantial energy. As Al
models become increasingly complex, the ongoing energy costs for their maintenance and updates also
rise. Addressing this issue involves developing and implementing more energy-efficient AI techniques,
such as model pruning, quantization, and the construction of lightweight models.

Challenge 2—Real-time requirement. Meeting the real-time requirement in 6G networks is a
formidable challenge due to the need for ultra-fast processing and decision-making in highly dynamic
and latency-sensitive environments. 6G networks are expected to support agile edge-access services with
rapid resource scheduling to accommodate differentiated QoS needs, particularly in hyper-reliable low-
latency communications scenarios like machine interactions, emergency services, and telemedicine, where
even minor delays can have severe consequences. Moreover, real-time applications within radio access
networks (RANs), such as dynamic traffic management, autonomous troubleshooting, and adaptive QoS
provisioning, all require immediate data processing and decision-making to maintain network performance
and user experience. To meet these demands, 6G must achieve slot-level, ms-scale real-time intelligence,
which presents the following key challenges.

e Difficulty in real-time precise data collection. 6G networks generate vast amounts of het-
erogeneous, redundant, and dynamic data, including channel state information (CSI), network topology
changes, and user behaviors. The precise collection and effective management of this data pose significant
challenges, impacting the ability to achieve accurate and timely data acquisition.

e Latency in data and control message transmission. Current networks employ external Al
frameworks, where data collection, model inference, and control commands are processed across different
network elements. This setup introduces transmission delays of tens of milliseconds between nodes. Such
latency, along with the sequential execution of tasks, hampers the achievement of slot-level, real-time
intelligence, particularly in applications demanding microsecond-scale responsiveness.

e Inference latency of heavyweight AI models. The deployment of heavyweight Al models exac-
erbates the challenge of meeting real-time requirements due to their significant computational demands.
These models require substantial processing power for both training and inference, which can lead to
delays in real-time applications. The complexity of such models necessitates extensive computations,
potentially resulting in slower response times.

Challenge 3—Controllable requirement. The controllable requirement in 6G networks is a sig-
nificant concern due to the complex and dynamic nature of both the wireless environment and Al-driven
systems. The rapid variation of wireless channels and increasingly sophisticated traffic models create an
environment filled with fluctuations and uncertainties, making consistent, controllable performance diffi-
cult to achieve. This challenge is exacerbated by the inherent unpredictability of AI models, which often
make real-time decisions under volatile and non-stationary conditions. These factors increase the risk
of performance lapses, potentially leading to significant, even catastrophic, consequences, particularly in
mission-critical applications where continuous, high-quality service is essential. Therefore, ensuring reli-
ability in such a dynamic and uncertain environment necessitates addressing several key considerations.

e Uninterpretability. Many Al models function as “black boxes”, obscuring their internal decision-
making processes and complicating the prediction of their performance. This lack of transparency
poses challenges for ensuring that AI models consistently meet controllable requirements, particularly
in mission-critical applications such as industrial control systems where reliability is paramount.

e Unpredictability. The fluctuating nature of wireless channels and various traffic in 6G networks
challenges the consistency of Al model performance. This unpredictability, driven by the non-stationary
nature of wireless environments, complicates the deployment of AI models that require stable and pre-
dictable behavior, particularly in applications demanding strict QoS requirements.

To meet the green, real-time, and controllable requirements, a fundamental transformation in 6G’s net-
work architecture and Al frameworks is required. Traditional AT approaches, characterized by large-scale
data processing and heavyweight models, are insufficient to address the stringent demands of sustain-
able 6G networks. To bridge this gap, in the following, we propose a novel PML-AI framework that is
specifically tailored to provide a sustainable, responsive, and performance-guaranteed solution for 6G.
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Figure 14 Experimental results of the uplink 4K video transmission. (a) Screen shots of results; (b) statistical results.

In this scenario, the UEs function as video servers, facilitating the uplink transmission of 4K videos
to video clients through communication with the RRUs. To ensure the quality of video transmission
for each user, an uplink throughput exceeding 40 Mbps is essential. To this end, the near-real-time
intelligent control unit and endogenous real-time intelligent control units collaborate to conduct slot-level
on-demand resource allocation in a hierarchical way. In brief, the near-real-time intelligent control unit
performs coarse-grained resource pre-allocation for users in each cell based on reference signal received
power (RSRP) reported by users, allocating resources to users on demand meanwhile coordinating the
interference among users. While the endogenous real-time intelligent control units or DUs predict the
channel quality of each resource block (RB) or resource block group (RBG) in real time, to further
allocate resources to users in a fine-grained way.

The experimental results, illustrated in Figure 14, reveal that prior to the activation of the real-time
Al-powered resource allocation algorithm, both Cell 1 and Cell 2 could only support four users each for
4K video uploads. Notably, by deploying the real-time Al algorithm, both Cell 1 and Cell 2 are capable of
supporting all six users for 4K video uploads and thus achieve a 50% increase in the number of supported
users. Additionally, the uplink throughputs of Cell 1 and Cell 2 increase from 251.12 and 233.58 Mbps
to 275.17 and 287.85 Mbps, respectively, i.e., 9.5% and 23.2% performance improvement. Overall, the
total throughput of the two cells increases by 16%. Apparently, the proposed algorithm can remarkably
enhance both the overall system uplink throughput and the individual uplink throughput requirements
of UEs via the efficient allocation of resources based on user QoS requirements, facilitated by the wireless
data KG and its enabled real-time AI capability. It is also worth noting that with the help of KG, a
feature dataset composed of 5 data fields is extracted from a total of 44 collected data fields, with a
reduction of nearly 90%. The data volume, model size, and model training cost are therefore reduced by
a factor of 10.

6 Conclusion

This paper investigated the critical technologies for next generation 6G networks, with a focus on integrat-
ing AT into sustainable 6G networks. After providing a brief review of the 6G vision and emerging trends,
we identified three key challenges for the integration of Al and sustainable 6G-green, real-time, and con-



