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ABSTRACT
In this paper, we first review evolution of radio

resourcemanagement in mobile networks from tradi-
tional statistical and numerical methods towards
machine learning (ML) and artificial intelligence (AI)
driven approaches. We discuss these methods espe-
cially from perspective of joint optimization of multi-
ple radio resource management parameters and
settings. However, an application ofML in a common
way, i.e., each ML model dealing with one radio
resource management parameter, leads to an accu-
mulation of natural inaccuracies due to sub-optimality
of individual stand-alone models. Multiple radio
resource management parameters can also be han-
dled via big AI models or multi-task learning (MTL)
consisting in a large model with multiple outputs,
each corresponding to one resource management
parameter. Nevertheless, the big AI models and MTL
require large datasets for training and, like common
ML models, struggle to capture mutual relations and
dependencies among individual optimized param-
eters. Thus, we outline an approach for joint optimi-
zation of multiple radio resource management
parameters consisting in a coordination of dedi-
cated but tightly integrated small ML models. The
coordination of the small ML models is facilitated
via mutually exchanged feedback tailored to reflect
network performance and allowing to capture
mutual dependencies among the optimized radio
resource management parameters. We demonstrate
benefits of the coordinated small ML models against
state-of-the-art concepts in terms of increased net-
work performance and stable training.

I. INTRODUCTION
Futuremobile networks are supposed to handle com-
munication demands that substantially vary in time
and space, as these demands originate from hetero-
geneous devices exploiting new services and applica-
tions. These “time-space” varying demands introduce
new challenges for radio resource management and
communication control, making traditional optimiza-
tion approaches inefficient or obsolete [1]. For

example, even simple scheduling of radio resources
becomes of prohibitive complexity if hundreds or
thousands of devices communicate with a base sta-
tion (BS) offering a high number of channels, espe-
cially in mmWaves or terahertz spectrum, where a
wide band is available. This is due to the fact that
scheduling complexity is proportional to the num-
bers of devices and channels. Still, scheduling is just
one of many radio resource management algo-
rithms carried out simultaneously or sequentially by
the BS, including power allocation and power con-
trol, channel allocation, interference mitigation,
beam selection and alignment, multiple-input-
multiple-output (MIMO) management, modulation
and coding scheme selection, or mobility manage-
ment processes, to name a few. Hence, the
demands on computation resources for the radio
resource management increase dramatically with a
dense deployment of BSs and devices, as expected
in the future mobile networks.

To efficiently handle the radio resource manage-
ment in the 6G and beyond networks, solutions
based on machine learning (ML) are envisioned to
replace traditional algorithms. The ML allows to
reduce complexity and to find a solution even for
large and complex problems, while reaching close-to-
optimum performance [2]. One of the key benefits
of ML is its relatively fast reaction and ability to pro-
vide immediate output for the radio resource man-
agement once the training process is completed
[1]. Moreover, ML can solve radio resource man-
agement problems even if exact mathematical
models or connections among features of the net-
work cannot be analytically derived [3]. Albeit vari-
ous ML techniques are proven to efficiently handle
particular radio resource management tasks and
learn relatedmodels with a relatively high accuracy,
the solutions for individual radio resource manage-
ment problems are usually designed as standalone
blocks not mutually interconnected with others.

A simple juxtaposition of various stand-alone ML
models handling individual radio resource manage-
ment variables without proper consideration of their
mutual relations leads to an accumulation of inaccu-
racies of individual learned models. Hence, global
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outputs are naturally affected by possibly large learn-
ing errors [4].

Another option forML-based radio resource man-
agement in future networks is to merge multiple ML
models into one big artificial intelligence (AI) model
determining multiple radio resource management
parameters at once [5]. However, the big AI models
may also struggle with correct capturing of mutual
relations among optimized parameters. Moreover,
the big AI models require a very complex, large, and
hard-to-train model and may suffer from limited scal-
ability. Performance of the big AI models can be
improved by a multi-task learning (MTL), which sepa-
rates one large model into shared layers extracting
global aspects and features and task-specific layers
adjusting the details related to individual optimized
radio resource management parameters [6]. Still,
even the MTL is large and not able to fully capture
mutual dependencies among optimized parameters
and suffers from limited scalability.

In this paper, we seek solutions to the above fun-
damental limitations and we demonstrate efficiency
of the approach based on multiple small ML models
working together in a coordinated way. The coordi-
nation is facilitated via feedback, which is derived
with respect to the targeted objective (e.g., maximi-
zation of throughput) and constraints (e.g., comply-
ing with the maximum transmission power), and is
exchanged among theMLmodels. The coordination
of small and easy to train ML models allows to cap-
ture inter-dependencies among optimized parame-
ters and facilitates fast adaptation of the trained
models to changes in the optimized radio resource
management parameters. The contributions of this
paper are as follows.
� First, we review approaches for radio resource

management in wireless networks with focus on
modern ML/AI-based solutions and we identify
limitations of these approaches.

� Second, we outline a concept of the coordinated
learning for mutual interaction of small ML mod-
els, where individual ML models solve specific
radio resource management problems and inter-
act locally with each other via feedback towards
coordinated AI-based radio resource manage-
ment with awareness of decisions taken by other
small ML models.

� Third, we illustrate the principle of the coordina-
tion on an example of sum capacity maximization
problem, commonly addressed in the mobile net-
works. We demonstrate a superior performance
of the coordinated small ML models compared to
traditional optimization as well as state-of-the-art
ML/AI-based solutions.

� Last, we provide an overview of key future
research directions and open research challenges
enabling full integration of radio resource man-
agement based on the small coordinated ML
models to 6G and beyond networks.

II. FROM TRADITIONAL OPTIMIZATION OF RADIO
RESOURCE MANAGEMENT TO
AI-DRIVEN APPROACHES

The radio resource management covers a large set of
various problems, including power and channel allo-
cation, interference mitigation, beamforming, alloca-
tion of resources for communication and sensing,
etc. All these problems should be managed and
orchestrated together towards efficient usage of
radio resources. In this section, we review an evolu-
tion of radio resource management from traditional
optimization techniques progressively superseded by
simple stand-aloneML approaches and later by more
advanced and sophisticated ML-based solutions, rep-
resented by the big AI models and MTL (see Fig. 1).
We also identify potential limitations of individual
solutions.

A. TRADITIONAL OPTIMIZATION
Traditional optimization approaches based on statisti-
cal and numerical methods or iterative algorithms
have been used for decades to manage radio resour-
ces in mobile networks. However, such techniques
are close to their limits in terms of scalability and appli-
cability to dynamic and large-scale networks with
real-time control, as expected in 6G. In such net-
works, traditional optimization commonly suffers
from high complexity and/or long convergence time
leading to a performance degradation [1].

B. COMMON STAND-ALONE AND DISTRIBUTED ML MODELS
To overcome limitations of the traditional radio
resource management solutions, diverse machine
learning approaches have been proposed and even
considered for standardization of future 6G mobile
networks [7]. Once properly trained, the ML model
provides a relatively fast response with complexity
often significantly lower than the traditional optimiza-
tion methods [1]. The works considering ML, how-
ever, commonly adopt single stand-alone ML model
to solve the optimization of a single radio resource
management parameter. The stand-aloneMLmodels
can also be implemented in a distributedway [8]. The
distributed ML models deployed at different tiers in
the network (e.g., at the BS and at a centralized con-
troller) cooperate together, but still each solves just
one radio resourcemanagement problem.

There are fewworks, where two or few tasks of the
radio resource management are handled together, for
example, [9]. However, in these works, ML is either
applied only to one problem while the second prob-
lem is solved in a traditional way or all problems are
managed by isolatedML-based algorithms.

The ML models implemented in common as well
as distributed way naturally provide sub-optimal out-
puts, sinceML is just an approximation of the optimal
solution. Thus, if the output of one model is used by
another model as an input to solve jointly multiple

FIG. 1. Evolution of radio resource management in mobile networks from traditional optimization towards ML/AI-based approaches.
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radio resource management problems, the inaccu-
rate output of the first model can mislead decisions
taken by the secondmodel. Then, the natural error of
the second model is further emphasized by the inac-
curate inputs provided by the first model [4]. This lim-
its applicability of common stand-aloneMLmodels to
solve joint radio resource management for multiple
parameters together.

C. BIG AI MODELS AND MULTI-TASK LEARNING
A need for joint learning-based approach handling
multiple radio resource management problems is
stressed in [10], where the authors outline a high-
level solution and open challenges for AI-based radio
resource management in 6G. To this end, the big AI
models and MTL are introduced as an emerging
research concepts to manage radio resources in an
intelligent way [5].

The big AI models are represented by one large
model typically with many inputs and outputs cover-
ing multiple parameters of radio resource manage-
ment. The big AI models allow to set multiple
parameters in one shot, thus, provide an interesting
way to deal with radio resource management in 6G
and beyondmobile networks.

However, the big AI models are limited in follow-
ing aspects: i) inability to properly capturemutual rela-
tions and inter-dependencies among radio resource
management parameters (e.g., transmission power
allocation impacts channel allocation and interfer-
ence mitigation), ii) very large size of the big AI mod-
els makes training difficult, and iii) limited scalability
and extendability with new parameters of the radio
resource management, since inclusion of a new
parameter naturally requires retraining of whole
model.

Performance of the big AI models can be
improved via MTL, which combines shared training
of aspects common for all optimized parameters with
parameter-specific training into one large model. In
MTL, an initial shared part of the model captures joint
knowledge for all outputs while the later task-specific
part forks the learning towards specifics of individual
outputs. Even though MTL allows an efficient joint
training of multiple outputs, still, MTL does not prop-
erly handle interdependencies and mutual impact
among optimized outputs, since the tasks-specific

parts are independent.Moreover, like the big AImod-
els, also MTL models are naturally large and suffer
from scalability.

III. COORDINATED SMALL ML MODELS
In this section, we describe solution that suppresses
limitations of state-of-the-art ML/AI solutions via small
ML models solving individually each radio resource
management problem and interacting with other
small models in a coordinated way. We first provide
motivation for the coordination of small ML models
and outline a general concept of the coordination.
Then, we illustrate the application and benefits of the
concept on an example of practical radio resource
management problem.

A. MOTIVATION FOR COORDINATED SMALL ML MODELS
Existing state-of-the-art approaches for radio resource
management in the 6G and beyond networks suffer
from limitedmutual awareness and scalability, as sum-
marized in Section II. Thus, we outline an approach,
where small ML models, each solving one isolated
radio resource management problem, are integrated
together to work in a coordinated way. The main
challenge in such integrated solution is to deal with a
propagation of natural errors of individual MLmodels
and amplification of these prediction errors by other
models, leading to a performance degradation, as
explained in Section II-B. To avoid such degradation,
a coordination of decisions taken by the ML models
for individual parameters is necessary to inform other
models about potential sub-optimality in their outputs.

Thus, we outline an intelligent joint radio resource
management via interconnection of small, easy-to-
train, and easy-to-deploy, ML models solving individ-
ual radio resource management problems in a coor-
dinated way with a low complexity. The coordination
facilitates an efficient interaction among models
towards AI-based control of futuremobile networks.

B. GENERAL PRINCIPLE OF COORDINATED
SMALL ML MODELS

The overall idea of the coordinated small ML models
is presented in Fig. 2. The communication is con-
trolled via AI-based radio resource management
blocks, deployed at each BS, which includes a set of

FIG. 2. General concept of intelligent radio resource management with coordination among small ML models. Individual blocks solving stand-alone radio resource
management problems by small ML models are fed with inputs represented by common network information (e.g., channel qualities, requirements of
devices/users on communication, or buffer status). Output of the blocks is represented by settings various radio parameters (e.g., resource allocation, power
allocation, or beamforming).
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ML models. Each ML model is designed to solve one
specific radio resource management problem (e.g.,
power allocation, channel allocation, interference
mitigation, or beamforming) and trained indepen-
dently of other models to reduce training complex-
ity and ensure scalability. Naturally, as in common
mobile networks, setting of one radio resource
management parameter influences also other radio
resource management parameters. For example,
allocating a specific transmission power for individ-
ual devices at individual channels impacts channel
allocation, beamforming, and interference mitiga-
tion. To capture such interdependencies, we intro-
duce a local coordination among the ML models
during inference so that the models in one BS can
mutually exchange feedback on performance
allowing individual models to adjust their behavior
according to actions taken by other models and to
consider potential inaccuracies in outputs of other
models.

The coordination among ML models is facilitated
via a feedback, which is implemented as a loss func-
tion allowing modification of the parameters (e.g.,
weights and biases for neural networks) of the other
models in the same BS. The loss function is derived
from the overall network performance considering
targeted optimization objective and constraints, as
we show on a case study in the next subsection. Thus,
each ML model generates feedback that is shared
with other ML models and is used to update their
parameters during inference. The feedback loss func-
tion from other models is added to the internal loss
function of other ML model(s) and, then, applied in
the same way as the internal loss function to modify
own model’s parameters. For example, the feedback
loss functions derived in power allocation, channel
allocation, and interferencemitigationMLmodels are
added to the internal loss function of the beamform-
ing ML model to update parameters (weights and
biases) of the beamformingMLmodel.

The coordinated small ML models allow easy
training with small datasets only for each optimized
radio resource management parameter. Besides,
since each ML model deals with only one parameter,
the size and complexity of each model remain the
same as for the stand-aloneMLmodels and aremuch
smaller compared to the big AI models and MTL.
Thus, the developed concept enables a fast reaction
to changes in dynamic scenarios, making the solution
suitable not only for traditional sub-6 GHz bands, but
even for high frequencies, such as mmWaves or tera-
hertz bands, where channel quality can change rap-
idly. Moreover, at a marginal computational cost and
no signaling overhead or latency related to the local
application of the feedback to individual ML models,
the coordinated small ML models allow mutual
awareness of decisions taken by individual models
and capture relations among optimized parameters.

C. CASE STUDY OF COORDINATED SMALL ML MODELS
We demonstrate usefulness of the coordinated small
ML models on a problem with the objective of maxi-
mizing downlink sum capacity of devices. To this end,
we assume a common mobile network with devices
communicating either with the BS (cellular devices)
or directly with each other by means of device-to-
device (D2D) communication [3]. The BS allocates
orthogonal channels to the cellular devices. To ensure
efficient use of radio resources, D2D communication
reuses channels of cellular devices, hence, interference

between the D2D and cellular devices is considered.
The sumcapacity of all devices ismaximized via follow-
ing variables: i) transmission power allocation for indi-
vidual devices p¼ fp1,p2, ::: ,pNg, where N is the
number of all devices including C cellular devices
and D D2D devices, ii) bandwidth allocation
b¼ fb1,b2, ::: ,bNg for individual cellular and D2D
devices, and iii) decision on reuse of cellular channels
byD2Ddevices. The reuse is determined by the binary
variable ¼ fa1;1, ::: ,aC,Dg so that ac,d ¼ 1 indicates
that the channel assigned to the cellular device
c 2 f1, ::: ,Cg is reused by the D2D device
d 2 f1, ::: ,Dg. We consider following constraints: i)
transmission power of all devices is limited to a maxi-
mum transmission power, ii) a maximum available
bandwidth cannot be exceeded, and iii) all devices
receive at least a minimum required capacity to pre-
serve fairness.

Since our scope is to demonstrate efficiency of
the coordination, we do not develop new solutions
for transmission power allocation, bandwidth alloca-
tion, and channel reuse. Instead, we adopt existing
solutions based on deep neural networks (DNN) for
power allocation [11], bandwidth allocation [12], and
channel reuse [13]. In the existing works, each ML
model is typically deployed in the BS with no interac-
tion among themodels.

In our concept, the small ML models are trained
independently of each other and coordinate their
decisions with other small ML models in the same BS
during inference to maximize the sum capacity of all
devices. The coordination is facilitated via external
loss functions exchanged iteratively among all small
ML models for power allocation, bandwidth alloca-
tion, and channel reuse, see Fig. 3. The loss functions
reflect the network status (actual sum capacity of
devices) and fulfillment of all constraints in the optimi-
zation problem (maximum transmission power, maxi-
mum available bandwidth, and minimum required
capacity). More specifically, the loss functions indi-
cate relative network performance, in our case given
by ratio between sum capacity and minimum capac-
ity required by the devices. Fulfillment of constraints
is included via a negative contribution to the loss func-
tion in case of the constraint violation with indication
of a relative significance of the violation. For example,
if the determined transmission power is above the
maximum allowed power, the loss function includes
a negative contribution. The exact value of the nega-
tive contribution is proportional to the ratio between
the power for which the limit is exceeded and the
limit itself. Note that mathematical formulations and
details of the loss functions are beyond scope of this
paper, but are available in [14] and at public GitLab1

in codes.
The loss function generated by the channel reuse

DNN (Loss CR) is used by the power allocation and
bandwidth allocationDNNs in the same BS tomodify
internal parameters (weights and biases) of all hidden
layers, as indicated in Fig. 3. Analogically, the loss
function generated by the power allocation DNN
(Loss PA) serves to modify parameters of DNNs for
channel reuse and bandwidth allocation. Finally, the
loss function generated by the bandwidth allocation
(Loss BA) is applied to control DNNs for power allo-
cation and channel reuse.

D. PERFORMANCE EVALUATION
We consider an urban area with a size of 1000�
1000 m with four BSs serving 60 randomly dropped

1 Codes and datasets for
performance evaluation are
available at https://
gitlab.fel.cvut.cz/mobile-and-
wireless/codes/publications/
coordinated-small-ai-models
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cellular devices. The urban area includes eight ran-
domly deployed buildings with random length and
width ranging from 50 to 150 meters [3], see Fig. 3,
right part. In the same area, 10–90 D2D devices are
randomly distributed so that the maximum distance
between the D2D transmitter and receiver is 50
meters. The maximum transmission power for each
device is 23 dBm in line with 3GPP standards for
mobile networks. The carrier frequency is set to 2
GHz and the maximum available bandwidth is 20
MHz with thermal noise of –174 dBm/Hz. The pres-
ence of buildings implies a mixed line-of-sight (LoS)
and non-LoS (NLoS) path loss model. In the case of
LoS, the path loss is modeled in line with the 3GPP
outdoor-to-outdoor environment specified in [4]. The
communication channel interrupted by building(s) in
NLoS is a subject to additional attenuation of 10 dB
per wall [3]. Like in practical deployments, the serving
BS for each device is the one offering the maximum
channel quality to the device.

The DNNs for power allocation, bandwidth allo-
cation, and channel reuse are composed of three hid-
den layers with 60, 30, and 20 neurons in their
respective layers. All hidden layers employ the sig-
moid activation function due to its smooth and
bound nonlinear mapping, which stabilizes the learn-
ing process. The training as well as inference assume
inputs in a form of received signal level from each
device to its serving BS without any preprocessing or
normalization. Only small number of inputs and out-
puts for training lead to a very small dataset (dozens
of kB in our case1). All DNNs are trained using Adam
optimizer with a maximum number of epochs equal
to 500. The batch size is set to 32, and the learning
rate is 0.01. These settings are determined by a trial-
and-error approach.

We compare the proposed coordinated learning-
based solution (denoted as Coordinated small ML
models) with following competitive and state-of-the-
art algorithms:
� Multi-task learning (MTL) – the channel reuse,

power allocation, and bandwidth allocation are
solved by single large DNN with shared and task-
specific layers and with three outputs [6].

� Big AI model – the channel reuse, power alloca-
tion, and bandwidth allocation are solved by

single big AI model represented by a large DNN
with three outputs, as suggested in [5].

� Stand-alone ML models – power allocation [11],
bandwidth allocation [12], and channel reuse
[13], are handled independently using three dedi-
cated DNNs without any coordination.

� Traditional optimization – state-of-the-art non-ML/
AI solution for channel reuse and bandwidth allo-
cation based on K-means clustering and binary
search algorithm for power allocation, as pro-
posed in [15].
We evaluate performance via sum capacity of all

cellular andD2Ddevices.
Note that all performance evaluation codes and

datasets are publicly available at GitLab1.
Fig. 4 demonstrates the sum capacity of all devices

increases with the number of deployed D2D pairs.
This trend is expected, since the more D2D devices
in the scenario, the more opportunities for channel
reuse arise. Nevertheless, at a certain number of D2D
devices (in our case approximately at 80), the sum
capacity starts saturating, as the number of efficient
opportunities for reuse is no longer increasing due to
interference among the devices reusing the same
resources and the power allocation cannot help to
mitigate such interference anymore.

FIG. 3. Example of coordination of three ML models: i) DNN for transmission power allocation (PA), ii) DNN for bandwidth allocation (BA), and iii) DNN for
channel reuse (CR) of cellular devices by D2D devices. All DNNs in radio resource management block of one BS exchange loss functions derived from network
status (sum capacity) and fulfillment of constraints on maximum allocated power, bandwidth, and minimum capacity of devices. Right part of figure shows
example of deployment in the studied scenario.

FIG. 4. Impact of number of D2D devices on sum capacity
of all devices for 30 and 180 cellular devices, minimum
required capacity is 14 Mbps.
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The concept of coordinated small ML models
outperforms traditional as well as ML/AI-based
approaches. The gain in the sum capacity introduced
by the proposal compared toMTL and big AI models
ranges between 4% and 18% and between 6% and
30%, respectively. Even larger gains (from 10% to
42% and from 26% to 79%) are observed compared
to stand-alone ML without coordination and tradi-
tional optimization, respectively. The gains of the pro-
posal increase with the number of D2D as well as
cellular devices. The gains are introduced by the abil-
ity of the proposed coordination to reflect mutual
dependencies among optimized radio resource man-
agement problems.

In Fig. 5, an impact of the minimum required
capacity of D2D pairs on the sum capacity is depicted.
First, the sumcapacity is almost constant anddecreases
only marginally with increasing minimum required
capacity. Then, once the requirements of the devices
exceed a capability of the network (at about 14Mbps),
more rapid decrease in the sum capacity is observed
for all solutions due to limited network resources. This
trend is more visible for higher number of cellular devi-
ces, as more resources are consumed by higher num-
ber of devices. The results presented in Fig. 5 confirm
findings from the previous figure and demonstrate that
the proposed coordination of smallMLmodels outper-
forms MTL, big AI models, ML without coordination,
and traditional optimization by 4%–17%, 8%–30%,
14%–40%, and 26%–71%, respectively. Again, gains
increasewith the number of cellular devices.

Fig. 6 shows convergence of the coordinated
small ML models and competitive solutions. For the
coordinated small ML models, the convergence is
represented by the number of episodes so that one
episode equals to one round of loss functions
exchanges among all small ML models. The sum
capacity of the proposal never drops below the
capacity reached by any other solution. The big AI
model exhibits more significant fluctuations com-
pared to the coordinated small MLmodels, MTL, and
ML models without coordination, since the big AI
model handles a large number of ML parameters
(weights and biases) leading to amore complex learn-
ing process. Still, the big AI models quickly overcome
the fluctuation and stabilizes between 125 and 175
episodes, similarly as all other ML-based solutions
exceptMTL, which converges bit faster due to shared
and task-specific layers.

IV. FUTURE DIRECTIONS AND OPEN
RESEARCH CHALLENGES TOWARDS 6G

AND BEYOND
The results presented in previous section demon-
strate that the coordination of small ML models
allows an efficient adoption of ML for compre-
hensive radio resource management in the 6G
and beyond mobile networks delivering an out-
standing performance. Still, the concept of coor-
dinated small ML models opens following future
research directions and challenges that should be
addressed:
� Optimization of coordination among individual ML

models – designing specific feedback with prioriti-
zation of individual contributions to the feedback
and multiple dimensions reflecting various
requirements, objectives, and constraints of indi-
vidual ML models has potential to further
improve performance.

� Enhancement to mobility – detailed analysis and
optimization of the feedback for mobility is neces-
sary to mitigate an impact of mobility and fast fad-
ing on the coordination. Besides, the optimization
of mobility-related aspects (such as handover)
should be jointly solved with other radio resource
management aspects.

� Reliability and robustness – problem of reliability
and robustness of decisions made by the coordi-
nated small ML models, especially under unfore-
seen circumstances, should be investigated.

� Optimized training of ML models to reduce energy
consumption – another challenge is to find light-
weight approaches to train the small ML models
with limited realistic and imperfect datasets.

� Exploration of coordinated small ML models for
various applications – potential extension and
application of coordinated small ML models for
various emerging 6G use-cases and applications,
including integrated/joint communications, sens-
ing, and navigation, or communication of robots
and autonomous systems, should be further
investigated.

� Real-world testing and optimization – experiments
in real-world with realistic training and testing
samples are required to validate all ideas and/or
allow to fine tune the solutions to fit real-world
conditions.

FIG. 6. Evolution of sum capacity over training episodes for
50D2D and 30 and 180 cellular devices, minimum
required capacity is 14 Mbps.

FIG. 5. Impact of minimum required capacity on sum
capacity of all devices for 50 D2D devices and 30 and
180 cellular devices.
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V. CONCLUSION
In this paper, we have reviewed the evolution of
methods for radio resource management in the
mobile networks. We have further outlined coordi-
nated learning for collaboration of small ML models
solving various dependent radio resource manage-
ment problems. Then, we have shown that the coordi-
nated small ML models excel in performance
compared to traditional andML/AI-based approaches
and surpass these in sum capacity by few dozens of
percent. The performance improvement demon-
strates potentials of the coordinated small ML models
for radio resource management in the future mobile
networks. To facilitate the coordinated small ML mod-
els in practice, we have also summarized major chal-
lenges to be tackled to enable fully AI-driven radio
resource management in 6G and beyond networks
based on the coordinated smallMLmodels.

REFERENCES
[1] J. Huang et al., “Design of noncoherent communications:

From statistical method to machine learning,” IEEE Wireless
Commun., vol. 27, no. 1, pp. 76–83, Feb. 2020.

[2] D. G€und€uz et al., “Machine learning in the air,” IEEE J. Sel.
Areas Commun., vol. 37, no. 10, pp. 2184–2199, Oct.
2019.

[3] M. Najla, Z. Becvar, P. Mach, and D. Gesbert, “Predicting
device-to-device channels from cellular channel measure-
ments: A learning approach,” IEEE Trans. Wireless Commun.,
vol. 19, no. 11, pp. 7124–7138, Nov. 2020.

[4] I. Ahmad, Z. Becvar, P. Mach, and D. Gesbert, “Coordinated
machine learning for energy efficient D2D communication,”
IEEE Wireless Commun. Lett., vol. 13, no. 5, pp. 1493–1497,
2024.

[5] Z. Chen, Z. Zhang, and Z. Yang, “Big AI models for 6G
wireless networks: Opportunities, challenges, and research
directions,” IEEE Wireless Commun., vol. 31, no. 5, pp.
164–172, Oct. 2024.

[6] N. A. Mitsiou, P. S. Bouzinis, P. D. Diamantoulakis, P. G.
Sarigiannidis, and G. K. Karagiannidis, “Multi-task learning
for resource allocation in wireless networks of dynamic
dimensionality,” in Proc. IEEE Int. Symp. Pers., Indoor Mobile
Radio Commun. (PIMRC), 2024, pp. 1–6.

[7] A. Zappone, M. Di Renzo, and M. Debbah, “Wireless net-
works design in the era of deep learning: Model-based,
AI-based, or both?,” IEEE Trans. Commun., vol. 67, no. 10,
pp. 7331–7376, Oct. 2019.

[8] L. Zhang, J. Peng, J. Zheng, and M. Xiao, “Intelligent cloud-
edge collaborations assisted energy-efficient power control
in heterogeneous networks,” IEEE Trans. Wireless Commun.,
vol. 22, no. 11, pp. 7743–7755, Nov. 2023.

[9] H. Zhang et al., “Deep learning based radio resource man-
agement in NOMA networks: User association, subchannel
and power allocation,” IEEE Trans. Net. Sci. Eng., vol. 7, no.
4, pp. 2406–2415, Oct./Dec. 2020.

[10] H. Yang et al., “Artificial-intelligence-enabled intelligent 6G
networks,” IEEE Netw., vol. 34, no. 6, pp. 272–280, Nov./
Dec. 2020.

[11] W. Lee and R. Schober, “Deep learning-based resource alloca-
tion for device-to-device communication,” IEEE Trans. Wireless
Commun., vol. 21, no. 7, pp. 5235–5250, Jul. 2022.

[12] L. Ruan, M. P. I. Dias, and E. Wong, “Deep neural network
supervised bandwidth allocation decisions for low-latency
heterogeneous E-health networks,” J. Lightw. Technol., vol.
37, no. 16, pp. 4147–4154, Aug. 2019.

[13] M. Chen, J. Chen, X. Chen, S. Zhang, and S. Xu, “A deep
learning based resource allocation scheme in vehicular
communication systems,” in Proc. IEEE Wireless Commun.
Netw. Conf. (WCNC), 2019, pp. 1–6.

[14] I. Ahmad, Z. Becvar, and P. Mach, “Coordinated machine
learning for channel reuse and transmission power alloca-
tion for D2D communication,” in Proc. IEEE Global Com-
mun. Conf. (IEEE Globecom), 2024, pp. 2701–2706.

[15] R. T. V and M. Kiran, “Priority-driven resource allocation and
power optimization in D2D communication,” IEEE Trans.
Green Commun. Netw., vol. 8, no. 4, pp. 1479–1491, Dec.
2024.

BIOGRAPHIES
ZDENEK BECVAR (Senior Member, IEEE) (zdenek.becvar@fel.cvut.
cz) received the M.Sc. and Ph.D. degrees in telecommunication
engineering from Czech Technical University in Prague (CTU), in
2005 and 2010, respectively. He is a Full Professor with the
Department of Telecommunication Engineering, CTU, where he
leads the 6Gmobile Research Lab. From 2006 to 2007, he joined
the Sitronics R&D Center, Prague as a Ph.D. student focusing on
speech quality in VoIP. Furthermore, he was involved in research
activities of the Vodafone R&D Center, CTU, in 2009. He was on
internships with Budapest Politechnic, Hungary (2007), CEA-Leti,
France (2013), and EURECOM, France (2016, 2019, 2023, and
2026). From 2013 to 2017, he was a representative of CTU in
ETSI and 3GPP standardization organizations. He published more
than 140 conference and journal papers and he is (co-)inventor
of four US patents. He is a recipient of Best Paper Award at Euro-
pean Wireless 2017 and of Bronze Medal at ACM Mobicom App
contest 2015. He received the Exemplary Reviewer Award and
the Best Editor Award from IEEE Wireless Communications Letters
in 2020 and 2024, respectively.

PAVEL MACH (Member, IEEE) received the M.Sc. and Ph.D.
degrees in telecommunication engineering from Czech Technical
University in Prague (CTU), Czech Republic, in 2006 and 2010,
respectively. From 2006 to 2007, he joined the Sitronics Research
and Development Center, Prague, focusing on emerging mobile
technologies and he was involved in research activities of the
Vodafone Research and Development Center, CTU, between
2005 and 2008. He is currently an Associate Professor with the
6Gmobile Research Lab, CTU. He was involved in several Euro-
pean projects and he was/is a Principal Investigator in national
research projects focused on allocation of radio resources to cog-
nitive small cells and combination of device-to-device communica-
tion with visible light communication. He has published several
book chapters, more than 80 conference or journal articles, and
is a Co-Inventor of four U.S. patents. He was on internship in EUR-
ECOM, France, in 2019, 2023, and 2024.

ISHTIAQ AHMAD (Senior Member, IEEE) received the B.Sc. degree
in electrical engineering from the University of Engineering and
Technology, Peshawar, Pakistan, in 2007, and the M.Sc. and
Ph.D. degrees in electronic engineering from Inha University,
South Korea, in 2014 and 2019, respectively. Since 2009, he was
a Lecturer with the Faculty of Engineering and Technology, Gomal
University, Pakistan. He is currently a Postdoctoral Research with
the 6Gmobile Research Lab, Czech Technical University in
Prague. He was a recipient of Jungseok International Scholarship
for his M.S. and Ph.D. degrees with Inha University due to his
excellent academic career. He received the Outstanding Research
Award and the Excellent Student Award from Inha University, in
2019, for his excellence in journal publication and outstanding
research achievements.

DAVID GESBERT (Fellow, IEEE) received the Ph.D. degree from the
TelecomParis, France, in 1997. He serves as the Dean and the
Director of EURECOM, Sophia Antipolis, France. From 1997 to
1999, he was with the Information Systems Laboratory, Stanford
University. He was a Founding Engineer of Iospan Wireless Inc., a
Stanford Spin Off Pioneering MIMO-OFDM (currently Intel).
Before joining EURECOM in 2004, he was with the Department
of Informatics, University of Oslo. He has published about 350
articles and 25 patents, seven of them winning IEEE Best Paper
Awards. He has been the Technical Program Co-Chair for
ICC2017 and has been named a Thomson-Reuters Highly Cited
Researchers in computer science. He is a Board Member for
the OpenAirInterface (OAI) Software Alliance. He was a previ-
ous awardee of an ERC Advanced Grant in the area of future
networks. In 2020, he was also awarded funding by the French
Interdisciplinary Institute on Artificial Intelligence for a Chair in
the area of AI for the future IoT. In 2021, he received the
Grand Prix in Research jointly from IMT and French Academy
of Sciences.

IEEE Wireless Communications � Month 2026 7

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: CZECH TECHNICAL UNIVERSITY. Downloaded on August 12,2026 at 07:50:54 UTC from IEEE Xplore.  Restrictions apply. 

mailto:
mailto:


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo false
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 200
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (Adobe RGB \0501998\051)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects false
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /None
	/Optimize false
	/ParseDSCComments false
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 400
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness false
	/OtherNamespaces [
		<<
			/IncludeSlug false
			/CropImagesToFrames true
			/IncludeNonPrinting false
			/OmitPlacedBitmaps false
			/AsReaderSpreads false
			/Namespace [
				(Adobe)
				(InDesign)
				(4.0)
			]
			/FlattenerIgnoreSpreadOverrides false
			/OmitPlacedEPS false
			/OmitPlacedPDF false
			/SimulateOverprint /Legacy
			/IncludeGuidesGrids false
			/ErrorControl /WarnAndContinue
		>>
		<<
			/IgnoreHTMLPageBreaks false
			/IncludeHeaderFooter false
			/AllowTableBreaks true
			/UseHTMLTitleAsMetadata true
			/MetadataTitle /
			/ShrinkContent true
			/UseEmbeddedProfiles false
			/TreatColorsAs /MainMonitorColors
			/MetricUnit /inch
			/RemoveBackground false
			/HonorBaseURL true
			/ExpandPage false
			/AllowImageBreaks true
			/MetadataSubject /
			/MarginOffset [
				0.0
				0.0
				0.0
				0.0
			]
			/Namespace [
				(Adobe)
				(GoLive)
				(8.0)
			]
			/OpenZoomToHTMLFontSize false
			/PageOrientation /Portrait
			/MetadataAuthor /
			/MobileCompatible 0.0
			/MetadataKeywords /
			/MetricPageSize [
				0.0
				0.0
			]
			/HonorRolloverEffect false
		>>
		<<
			/IncludeProfiles true
			/ConvertColors /NoConversion
			/FormElements true
			/MarksOffset 6.0
			/FlattenerPreset <<
				/PresetSelector /MediumResolution
			>>
			/DestinationProfileSelector /UseName
			/MultimediaHandling /UseObjectSettings
			/PreserveEditing true
			/PDFXOutputIntentProfileSelector /UseName
			/BleedOffset [
				0.0
				0.0
				0.0
				0.0
			]
			/UntaggedRGBHandling /LeaveUntagged
			/GenerateStructure false
			/AddRegMarks false
			/IncludeHyperlinks false
			/IncludeBookmarks false
			/MarksWeight 0.25
			/PageMarksFile /RomanDefault
			/UntaggedCMYKHandling /LeaveUntagged
			/AddPageInfo false
			/AddBleedMarks false
			/IncludeLayers false
			/IncludeInteractive false
			/AddColorBars false
			/UseDocumentBleed false
			/AddCropMarks false
			/DestinationProfileName (U.S. Web Coated \050SWOP\051 v2)
			/Namespace [
				(Adobe)
				(CreativeSuite)
				(2.0)
			]
			/Downsample16BitImages true
		>>
	]
	/CompressPages true
	/GrayImageMinResolution 200
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages false
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.7
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Error
	/PreserveOPIComments false
	/AutoPositionEPSFiles false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/Namespace [
		(Adobe)
		(Common)
		(1.0)
	]
	/AutoFilterColorImages false
	/DownsampleGrayImages true
	/GrayImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName (http://www.color.org)
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Dot Gain 15%)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.0
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Remove
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/PDFXOutputConditionIdentifier (CGATS TR 001)
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Preserve
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
		
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/HUN <>
		/NOR <>
		/DEU <>
		/CZE <>
		/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 6.0 e versioni successive.)
		/DAN <>
		/JPN <>
		
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		
		
		
		/PTB <>
		/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 6.0 en hoger.)
		/TUR <>
		/POL <>
		
		/SVE <>
		
		/ESP <>
	>>
	/CropMonoImages false
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo true
	/ColorImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/CropGrayImages false
	/PDFXOutputCondition ()
	/SubsetFonts false
	/EncodeMonoImages true
	/CropColorImages false
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


