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2030, promises a paradigm shift towards intelligent, hyper-connected
services, extending far beyond the capabilities of current SG networks. This
article provides a comprehensive exploration of the symbiotic evolution of
two critical enabling technologies for 6G: millimeter-Wave (mmWave)
communications and Artificial Intelligence (AI). We delve into the
fundamental characteristics and advancements in mmWave technology,
highlighting its potential to unlock vast spectrum resources essential for 6G’s
ambitious data rate targets, alongside the inherent propagation challenges. The
article then examines the pivotal role of Al as the engine for optimizing 6G
network performance, detailing various Al techniques applicable to wireless
communications and their specific use in enhancing mmWave systems
through intelligent beam management, channel estimation, and radio resource
management. Key Performance Metrics (KPIs) for Al-integrated 6G
mmWave networks are discussed, encompassing both next-generation targets
for traditional metrics like data rates, latency, and reliability, as well as novel
metrics reflecting Al-native capabilities such as adaptability and learnability.
The integration of Al across the 6G network architecture, including the Radio
Access Network (RAN) and Core Network, is analyzed, supported by
statistical insights and foundational mathematical models. Furthermore, the
article explores transformative use cases enabled by this synergy, such as
holographic communications, Extended Reality (XR), and intelligent
infrastructure. Finally, we address the significant challenges related to
complexity, scalability, energy efficiency, standardization, security, and
ethical considerations, outlining crucial future research directions. This work
concludes by synthesizing the indispensable roles of mmWave and Al in
realizing the 6G promise and underscores the transformative potential of this
evolution towards an intelligent and connected future.
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1. INTRODUCTION: The Dawn of 6G and the Imperative for Innovation

The relentless evolution of wireless communication technologies has consistently reshaped societal
interactions, economic landscapes, and technological frontiers (Fadhel, 2015). As the deployment of fifth-
generation (5G) networks matures globally, the research community and industry stakeholders are already
deeply engaged in conceptualizing and developing the sixth-generation (6G) of wireless systems. Anticipated
to be commercially available around 2030, 6G is not envisioned as a mere incremental upgrade from 5G but
as a transformative paradigm shift, promising to integrate the physical, digital, and biological worlds into a
seamless, intelligent, and hyper-connected continuum (Fayad et al., 2024; Saoud et al., 2024). This new era of
connectivity will be characterized by unprecedented performance metrics, novel service capabilities, and a
profound reliance on emerging technologies, among which millimeter-Wave (mmWave) spectrum and
Artificial Intelligence (Al) are poised to play pivotal roles. The imperative for innovation in 6G stems from the
escalating demands of future applications, such as truly immersive extended reality (XR), holographic
communications, massive-scale Internet of Things (IoT), autonomous systems, and sophisticated sensing
services, all of which necessitate a network infrastructure that is not only faster and more reliable but also
inherently intelligent and adaptive (Cui et al., 2025; Lloria et al., 2025; Ullah et al., 2025).

1.1 Defining the 6G Vision: Beyond Connectivity to Intelligent Services

The vision for 6G extends far beyond the traditional metrics of increased data rates and reduced latency,
although these remain critical enablers. It encompasses a future where connectivity is ubiquitous, intelligent,
and deeply intertwined with human activities and environmental perception. Key themes characterizing the 6G
vision include the convergence of communication, computation, and sensing, leading to a network that can
perceive its environment, learn from interactions, and proactively optimize its operations (SNS, 2021). This
shift towards “intelligent services” implies that 6G networks will not just transmit data but will actively
participate in data processing, decision-making, and service provisioning. The concept of a “network as a
sensor” or “integrated sensing and communication (ISAC)” is a prominent aspect, where the network
infrastructure itself becomes a distributed sensing platform, enabling high-resolution environmental awareness
for applications ranging from autonomous driving to healthcare monitoring. Furthermore, 6G aims to deliver
truly global coverage, including in remote and underserved areas, potentially leveraging non-terrestrial
networks (NTNs) such as satellites and high-altitude platforms (HAPs). Sustainability, trustworthiness, and
digital inclusion are also integral components of the 6G vision, emphasizing the need for energy-efficient
operations, robust security and privacy mechanisms, and equitable access to the benefits of next-generation
connectivity (SNS JU, 2025). The ambition is to create a human-centric network that enhances quality of life,
fosters economic growth, and addresses societal challenges through intelligent and pervasive connectivity
(Chai et al., 2025; Mehmood & Mehmood, 2025; Siddiky et al., 2025).

1.2 The Role of Millimeter-Wave (mmWave) in Unlocking 6G Potential

Millimeter-Wave (mmWave) frequencies, typically ranging from 30 GHz to 300 GHz, offer vast
swathes of underutilized spectrum, which is crucial for achieving the multi-terabit per second (Tbps) data rates
envisioned for 6G (Fayad, Cinkler, & Rak, 2024). While 5G has initiated the use of mmWave bands, 6G is
expected to exploit these and even higher frequency bands (sub-THz or THz) more extensively to meet its
ambitious capacity and throughput targets. The availability of large contiguous bandwidths in the mmWave
spectrum directly translates to significantly higher data transmission capabilities, as dictated by fundamental
communication principles like the Shannon-Hartley theorem. This makes mmWave an indispensable
technology for supporting bandwidth-hungry 6G applications such as uncompressed high-definition video
streaming, real-time holographic telepresence, and massive data uploads from distributed sensors. However,
mmWave communication is not without its challenges. Signals at these high frequencies suffer from severe
path loss, atmospheric absorption, and susceptibility to blockage by common materials, which can limit their
propagation range and reliability. Overcoming these challenges necessitates advanced antenna technologies,
such as massive Multiple-Input Multiple-Output (MIMO) and sophisticated beamforming techniques, to focus
radio energy into narrow, steerable beams, thereby compensating for propagation losses and improving signal
quality (Fayad, Cinkler, & Rak, 2024). The evolution of mmWave technology, coupled with intelligent network
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management facilitated by Al, will be critical in harnessing its full potential to deliver the extreme performance
required by 6G networks (Abdul-Wajid, 2025; Abou Yassin et al., 2025; Saced et al., 2025; Yang et al., 2025).

2. Millimeter-Wave Communications: Fundamentals and Advancements for 6G

The quest for higher data rates and increased capacity in wireless networks has consistently driven the
exploration of new spectrum frontiers. Millimeter-wave (mmWave) frequencies, spanning from 30 GHz to 300
GHz, represent a significant leap in this direction, offering unprecedented bandwidth availability compared to
the congested sub-6 GHz bands traditionally used for mobile communications (Fayad, Cinkler, & Rak, 2024).
While 5G systems have made initial forays into utilizing mmWave spectrum, 6G is poised to leverage these
and potentially higher frequency bands (e.g., sub-Terahertz) even more extensively to realize its ambitious
performance targets, including terabit-per-second data rates and ultra-low latency. The unique characteristics
of mmWave propagation, however, present both substantial opportunities and formidable challenges that
necessitate innovative technological solutions and intelligent network management, areas where Artificial
Intelligence (Al) is expected to make significant contributions (Liu et al., 2025).

2.1. Characteristics and Propagation Challenges of mmWave Frequencies

Millimeter-wave signals possess very short wavelengths, which fundamentally influences their
interaction with the environment. One of the most significant characteristics is the high free-space path loss,
which increases quadratically with frequency (as per the Friis transmission equation). This means that, for a
given transmission power and antenna gain, mmWave signals attenuate much more rapidly with distance
compared to lower-frequency signals. Consequently, the coverage range of individual mmWave base stations
is inherently smaller, leading to denser network deployments. Furthermore, mmWave signals are highly
susceptible to atmospheric absorption, particularly by oxygen and water vapor, with specific absorption peaks
at certain frequencies (e.g., around 60 GHz for oxygen). This atmospheric attenuation can further limit the
effective communication range, especially in outdoor environments and during adverse weather conditions like
rain, which causes significant scattering and absorption (Saoud et al., 2024). Another critical challenge is the
high penetration loss through common building materials such as concrete, brick, and even foliage. Unlike sub-
6 GHz signals that can readily penetrate walls, mmWave signals are often blocked or severely attenuated,
making indoor coverage from outdoor base stations difficult and necessitating dedicated indoor mmWave
access points or repeaters. These signals also exhibit quasi-optical behavior, meaning they are prone to
blockage by obstacles, including human bodies, leading to link instability and requiring sophisticated
mechanisms for maintaining connectivity, such as multi-path routing and rapid beam switching. The
combination of high path loss, atmospheric absorption, penetration losses, and sensitivity to blockage
underscores the complexity of designing robust and reliable mmWave communication systems for 6G (Dogra
et al., 2020).

2.2.Enabling Technologies for mmWave in 6G: Beamforming and Massive MIMO

To counteract the severe propagation losses and other challenges associated with mmWave frequencies,
advanced antenna technologies are indispensable. Beamforming and massive Multiple-Input Multiple-Output
(MIMO) systems are cornerstone enabling technologies for effective mmWave communication in both 5G and
future 6G networks (Fayad et al., 2024). Beamforming involves using antenna arrays to concentrate radiated
power in a specific direction, creating narrow, high-gain beams pointed towards the intended receiver. This
directional transmission significantly increases the received signal strength, thereby extending the
communication range and improving link quality. The short wavelengths of mmWave signals allow for the
integration of a large number of antenna elements into a physically small array, making highly directional
beamforming feasible. Analog, digital, and hybrid beamforming architectures are employed, each with its own
trade-offs in terms of performance, complexity, and power consumption. Massive MIMO takes this concept
further by deploying antenna arrays with hundreds or even thousands of elements at the base station. This not
only enables highly precise and adaptive beamforming but also supports spatial multiplexing, allowing multiple
data streams to be transmitted simultaneously to one or more users in the same time-frequency resource,
thereby dramatically increasing spectral efficiency and overall system capacity (Alsharif et al., 2022; Maier et
al., 2021). For 6G, the evolution of massive MIMO is expected to include even larger antenna arrays,
potentially leveraging new materials and metasurfaces (Reconfigurable Intelligent Surfaces - RIS) to further
enhance beam control and coverage. The dynamic nature of the wireless channel and user mobility in mmWave
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environments necessitates highly agile beam management, including initial beam acquisition, beam tracking,
and rapid beam switching in case of blockage. This is where Al and machine learning techniques are becoming
increasingly crucial, offering intelligent solutions for optimizing beamforming strategies in real-time,
predicting channel variations, and ensuring seamless connectivity (Saoud et al., 2024). The synergy between
advanced antenna systems like massive MIMO and Al-driven control mechanisms will be fundamental to
unlocking the full potential of mmWave spectrum for 6G (Alsharif et al., 2022; Maier et al., 2021).

3. Artificial Intelligence: The Engine for Optimizing 6G Networks

The unprecedented complexity, scale, and stringent performance demands of 6G networks necessitate
a paradigm shift from traditional, often reactive, network management approaches to proactive, predictive, and
autonomous operations. Artificial Intelligence (Al), with its diverse set of techniques for learning, reasoning,
and decision-making, is emerging as the core engine to drive this transformation, enabling the optimization of
6G systems across various layers and functionalities (Saoud et al., 2024). The integration of Al is not merely
an add-on feature but a fundamental design principle for 6G, aiming to create an “Al-native” network that can
intelligently adapt to dynamic conditions, manage vast resources efficiently, and deliver novel services with
enhanced quality of experience. From the physical layer challenges in mmWave communications to the
sophisticated service orchestration in the core network, Al offers powerful tools to address the inherent
complexities and unlock the full potential of 6G technologies (T. Huang et al., 2019).

3.1 Overview of Al Techniques Applicable to Wireless Communications

A broad spectrum of Al techniques is being explored and adapted for applications in wireless
communications, particularly in the context of 6G. Machine Learning (ML), a subfield of Al, is at the forefront,
encompassing supervised learning, unsupervised learning, and reinforcement learning. Supervised learning
algorithms, such as Support Vector Machines (SVMs) and Neural Networks (NNs), can be trained on labeled
datasets to perform tasks like channel estimation, signal detection, and interference classification. Deep
Learning (DL), a class of ML algorithms using deep neural networks with multiple layers, has shown
remarkable success in handling complex, high-dimensional data, making it suitable for tasks like advanced
beamforming, end-to-end communication system design, and sophisticated anomaly detection (Singh, 2025).
Unsupervised learning techniques, including clustering and dimensionality reduction, are valuable for
identifying patterns in unlabeled network data, such as traffic profiling and user behavior analysis.
Reinforcement Learning (RL), particularly Deep Reinforcement Learning (DRL), enables agents to learn
optimal policies through interaction with the environment, making it a promising approach for dynamic
resource allocation, intelligent mobility management, and autonomous network control in 6G (Saoud et al.,
2024). Beyond these, other Al paradigms like federated learning (for privacy-preserving distributed model
training), transfer learning (for leveraging knowledge from one task to another), and explainable Al (XAI) (for
understanding and trusting Al decisions) are also gaining traction to address specific challenges in 6G network
design and operation. The choice of Al technique often depends on the specific problem, the availability of
data, computational constraints, and the desired level of autonomy and performance (Pennanen et al., 2024;
Siddiky et al., 2024).

3.2 Al for Radio Resource Management in 6G mmWave Systems

Radio Resource Management (RRM) is a critical function in wireless networks, responsible for the
efficient allocation and utilization of scarce radio resources such as spectrum, power, and time slots. In 6G
mmWave systems, RRM becomes significantly more complex due to the dynamic channel conditions, high
user mobility, directional communication requirements, and the need to support diverse service requirements
with varying Quality of Service (QoS) demands. Al, particularly ML and DRL, offers powerful solutions to
tackle these RRM challenges. For instance, Al algorithms can be employed for intelligent spectrum sensing
and dynamic spectrum sharing, enabling more efficient utilization of the vast mmWave bands. Al-driven power
control mechanisms can optimize transmission power to minimize interference and conserve energy, which is
crucial given the dense deployment of mmWave cells. In the context of beamforming, Al can facilitate real-
time beam selection, tracking, and adaptation to ensure robust links in highly dynamic environments (Saoud et
al., 2024). DRL agents can learn optimal resource allocation policies that adapt to changing network loads and
user demands, outperforming traditional rule-based or optimization algorithms in complex scenarios.
Furthermore, Al can enable predictive RRM by forecasting traffic patterns, user mobility, and channel quality,
allowing the network to proactively allocate resources and prevent congestion or service degradation. The
integration of Al into RRM functions is essential for maximizing the efficiency, capacity, and reliability of 6G
mmWave systems, ensuring that the network can dynamically adapt to the ever-changing wireless environment
and user needs (John et al., 2025; Mahesh et al., 2023).
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Figure 1: Comparison table of Al Techniques for mmWave Tasks

4. Al-Powered Enhancements for mmWave Performance in 6G

The successful deployment and operation of millimeter-Wave (mmWave) communication in 6G hinges
on overcoming its inherent propagation challenges, such as high path loss, susceptibility to blockage, and
channel dynamicity (Quy et al., 2023). Artificial Intelligence (Al) offers a transformative toolkit to address
these issues, providing intelligent mechanisms to enhance the performance, reliability, and efficiency of
mmWave links. By leveraging Al’s capabilities in pattern recognition, prediction, and real-time optimization,
6G networks can achieve robust and adaptive mmWave communication, paving the way for the realization of
ultra-high data rates and seamless connectivity (Saoud et al., 2024). Al-powered enhancements span various
aspects of mmWave systems, from sophisticated beam management to precise channel state information (CSI)
acquisition and proactive interference mitigation.

4.1 Intelligent Beam Management and Tracking in Dynamic mmWave Environments

Effective beam management is paramount in mmWave systems due to their reliance on narrow,
directional beams to compensate for high propagation losses. This includes initial beam alignment (finding the
best beam pair between transmitter and receiver), beam tracking (maintaining alignment as users move or the
environment changes), and beam switching (selecting a new beam path if the current one is blocked or
degrades). Traditional beam management techniques can be slow and inefficient in highly dynamic 6G
environments with dense user populations and frequent blockages. Al particularly machine learning (ML) and
deep reinforcement learning (DRL), provides powerful solutions for intelligent beam management. For
instance, ML algorithms can learn from historical beam measurement data, user location information (if
available), and environmental context (e.g., from sensors or cameras) to predict optimal beam directions,
significantly reducing the overhead associated with exhaustive beam sweeping (Fayad, Cinkler, & Rak, 2024).
DRL agents can be trained to make real-time decisions on beam selection and tracking, adapting to
instantaneous channel conditions and user mobility patterns to maximize signal strength and minimize
interruptions. Al can also enable proactive beam switching by predicting potential blockages based on
contextual information, allowing the network to establish an alternative link before the current one fails.
Furthermore, Al techniques can optimize beam patterns themselves, shaping beams to minimize interference
to other users or to cover specific areas more effectively. The integration of Al into beam management systems
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transforms them from reactive to predictive and adaptive, ensuring robust and resilient mmWave connectivity
in complex 6G scenarios (Quy et al., 2023).
4.2 Al-driven Channel Estimation and Prediction for mmWave Links

Accurate channel state information (CSI) is crucial for optimizing various communication tasks,
including beamforming, resource allocation, and interference management. However, acquiring precise CSI in
mmWave systems is challenging due to the high dimensionality of massive MIMO channels, the rapid channel
variations caused by mobility and blockages, and the overhead associated with transmitting pilot signals. Al
offers innovative approaches to improve channel estimation and prediction. Deep learning models, such as
Convolutional Neural Networks (CNNs) and Recurrent Neural Networks (RNNs), can learn complex channel
characteristics from partial or noisy measurements, enabling more accurate and efficient CSI acquisition
(Saoud et al., 2024). For example, Al can be used for channel fingerprinting, where a database of channel
characteristics at different locations is created, and ML algorithms predict the current channel based on location
information and other sensor data. Al can also enhance channel prediction by learning temporal and spatial
correlations in channel variations, allowing the network to anticipate future channel states and proactively
adapt transmission parameters. This is particularly important for maintaining link quality for mobile users and
for enabling predictive resource allocation. Moreover, Al can assist in compressing CSI feedback from users
to base stations, reducing overhead in massive MIMO systems. By providing more accurate and timely CSI,
Al-driven channel estimation and prediction techniques significantly contribute to enhancing the overall
performance and reliability of 6G mmWave links, enabling more efficient use of spectrum and improved
quality of service (L. Zhang et al., 2019).

4.3 A Conceptual Framework for AI-mmWave Integration in 6G Networks
To transcend the purely descriptive nature of existing surveys, this work introduces a three-
dimensional taxonomy that classifies the convergence of Artificial Intelligence (Al) and millimeter-wave
(mmWave) technologies in 6G systems. The framework is designed to capture where, how, and why Al
intervenes across the mmWave communication stack (Abou Yassin et al., 2025; Chai et al., 2025; Cui et al.,
2025; Lloria et al., 2025; Siddiky et al., 2025).

(A) Integration Layer Dimension Where Al Operates

1. Physical-Layer Intelligence:
Al models enhance signal propagation, beamforming, and channel estimation by learning non-linear
radio environments.
Examples: Deep learning-based channel prediction, reinforcement learning for beam tracking.

2. Network-Layer Intelligence:
Focused on spectrum allocation, mobility management, and interference mitigation across cells.
Examples: Graph neural networks for resource sharing, federated learning for coordinated RRM.

3. Application-Layer Intelligence:
Uses Al insights from user behavior and QoS demands to orchestrate network slicing and service
provisioning.
Examples: Semantic communications, adaptive XR and holographic streaming.

(B) AI Function Dimension How AI Contributes

1. Modeling and Prediction:
Data-driven estimation of channel states, traffic, or mobility patterns.

2. Optimization and Decision-Making:
Reinforcement or evolutionary learning to tune system parameters (power, beam, scheduling) under
constraints.

3.  Control and Adaptation:
Real-time adaptation to environmental or traffic changes; Al acts as a closed-loop controller.

(C) Deployment Hierarchy Dimension — Where the Intelligence Resides

1. Device-Level Al:
Lightweight on-device models enabling fast beam alignment and user tracking.

2. Edge-Level Al
Cooperative intelligence across multiple access points or base stations with reduced latency.
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3. Cloud/Core-Level Al
Global optimization using large-scale network data for long-term policy updates and training.

(D) Cross-Dimensional Insight Each research work in AI-mmWave integration can be mapped as a
tuple:

(Layer, Function, Deployment)

For example, Beam tracking using DRL at the edge — (Physical, Optimization, Edge).
This framework highlights research concentration areas and exposes underexplored combinations such as
(Network, Modeling, Device) or (Application, Control, Edge).

(E) Significance of the Framework
This taxonomy provides:
e  Comparative clarity: Easier benchmarking of Al solutions across layers.
e  Gap identification: Highlights unaddressed Al roles or deployment levels.

e Research roadmap: Guides the design of integrated 6G architectures combining multiple intelligence
layers.

Visual Representation A 3D cube diagram with the three axes:
e Integration Layer (x-axis)
e Al Function (y-axis)

e Deployment Hierarchy (z-axis)
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Figure 2: A Conceptual Framework for Al-mmWave Integration in 6G Networks

5. Key Performance Metrics for Al-Integrated 6G mmWave Networks

The advent of 6G, with its profound integration of Artificial Intelligence (AI) and extensive use of
millimeter-Wave (mmWave) spectrum, necessitates a re-evaluation and expansion of traditional wireless
network performance metrics. While foundational metrics such as data rate, latency, and reliability remain
crucial, the unique capabilities and complexities introduced by Al-native architectures and the specific
characteristics of mmWave communications call for a more nuanced and comprehensive set of Key
Performance Indicators (KPIs). These KPIs must not only quantify the raw performance enhancements but also
capture the intelligence, adaptability, and efficiency that Al brings to 6G systems (SNS JU, 2025). The goal is
to establish a framework for evaluating how effectively Al-integrated 6G mmWave networks can meet the
diverse and demanding requirements of future applications, ranging from immersive XR to critical control
systems (Khan et al., 2025).

5.1. Defining Next-Generation Performance: Data Rates, Latency, and Reliability Targets

The baseline performance expectations for 6G significantly surpass those of 5G, pushing the boundaries
of what is technologically feasible. For data rates, 6G aims for peak throughputs in the order of Terabits per
second (Tbps) and user-experienced data rates of Gigabits per second (Gbps) (SNS JU, 2025; Fayad, Cinkler,
& Rak, 2024). These ultra-high speeds are essential for applications like holographic telepresence, real-time
digital twins, and high-fidelity XR. The SNS JU White Paper (2025) outlines specific targets, such as a peak
data rate potentially reaching 1 Tbps and a user-experienced data rate of 1 Gbps under various conditions.
Latency is another critical metric, with 6G targeting end-to-end (E2E) latencies in the sub-millisecond range
(e.g., 0.1 ms to 1 ms) for ultra-reliable low-latency communications (URLLC) use cases, such as industrial
automation, remote surgery, and tactile internet applications (SNS JU, 2025). This represents a tenfold or
greater reduction compared to 5G. Jitter, or latency variation, also becomes a critical KPI, especially for real-
time services. Reliability and Availability targets are also exceptionally stringent, often aiming for “six nines”
(99.9999%) or even higher availability for critical services, ensuring near-continuous connectivity and service
uptime (SNS JU, 2025). This level of reliability is vital for safety-critical applications where network failures
can have severe consequences. Other traditional KPIs, such as connection density (targeting up to 10 million
devices per square kilometer), mobility (supporting speeds exceeding 500 km/h, potentially up to 1000 km/h
for high-speed trains or aerial vehicles), and energy efficiency (aiming for a 10-100 fold improvement over
5@), are also being pushed to new limits by 6G (SNS JU, 2025). These ambitious targets for conventional KPIs
form the foundation upon which the more Al-specific metrics are built (Dogra et al., 2020; Khan et al., 2025;
Liu et al., 2025).

5.2. Novel Performance Metrics for AI-Native 6G Systems: Adaptability, Learnability, &
Efficiency

Beyond the traditional KPIs, the deep integration of Al into 6G networks necessitates new metrics to
quantify the performance and effectiveness of the embedded intelligence. The SNS JU White Paper (2025)
highlights several Al-related capabilities and the need for corresponding KPIs. Adaptability refers to the
network’s ability to dynamically adjust its configuration and resource allocation in response to changing
environmental conditions, traffic loads, user demands, or network faults. KPIs for adaptability might include
the time taken to converge to an optimal state after a significant change, the range of conditions under which
optimal performance can be maintained, or the reduction in human intervention required for network
management. Learnability measures how quickly and effectively the AI models within the network can learn
from new data and improve their performance over time. This could be quantified by the learning rate of Al
algorithms, the accuracy improvement achieved with a given amount of training data, or the ability to
generalize to unseen scenarios. Efficiency of Al Operations is also critical, encompassing metrics like the
computational resources (e.g., processing power, memory) consumed by Al algorithms, the energy footprint
of Al-driven network functions, and the processing time required for Al models to make decisions or
predictions (SNS JU, 2025). For instance, an Al model for beam management might be evaluated not only on
its accuracy but also on its inference latency and computational complexity. Furthermore, metrics related to
explainability and trustworthiness of Al decisions will become increasingly important, especially for critical
applications, to ensure that network operators can understand and rely on the autonomous actions taken by the
Al Other novel KPIs could include sensing accuracy and coverage (for ISAC capabilities), positioning
accuracy and latency (for localization services), and context-awareness precision. These Al-centric KPIs, in
conjunction with the enhanced traditional metrics, will provide a holistic view of the performance and
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intelligence of 6G mmWave networks, guiding their design, optimization, and evolution (Iliev et al., 2021;
Siddiky et al., 2025).

6. AI Integration Across the 6G Network Architecture

The transformative potential of Artificial Intelligence (Al) in 6G is not confined to specific functionalities
like radio resource management or beamforming; rather, it envisages a pervasive integration of intelligence
across the entire network architecture, from the edge to the core. This holistic approach aims to create a truly
Al-native 6G system, where Al algorithms and models are embedded at various network layers and
components, enabling end-to-end optimization, automation, and the delivery of novel, context-aware services
(Saoud et al., 2024). The architectural integration of Al spans the Radio Access Network (RAN), where
intelligent base stations and user equipment (UE) will operate, and the Core Network (CN), which will leverage
Al for sophisticated functions like predictive resource allocation, dynamic network slicing, and enhanced
security. This pervasive intelligence is key to managing the complexity and scale of 6G and to unlocking its
full capabilities (Iliev et al., 2021; Liu et al., 2025).

6.1. Al in the Radio Access Network (RAN): Intelligent Base Stations and User Equipment

The 6G RAN is expected to be a highly dynamic and complex environment, characterized by ultra-dense
deployments, the use of mmWave and higher frequency bands, massive MIMO systems, and diverse user
requirements. Al will play a crucial role in optimizing RAN operations and enhancing performance at both the
base station (gNB) and UE levels. Intelligent Base Stations will leverage Al for a multitude of tasks. As
discussed earlier, Al-driven beam management, channel estimation, and interference mitigation will be critical
for mmWave communications (Fayad, Cinkler, & Rak, 2024). Beyond these, Al can enable intelligent load
balancing across cells, predictive handover management based on user mobility patterns and channel
conditions, and dynamic cell shaping or sleeping to optimize coverage and energy consumption. Al algorithms
can also facilitate self-organizing networks (SON) functionalities, allowing gNBs to autonomously configure,
optimize, and heal themselves, reducing operational expenditure (OPEX). Intelligent User Equipment will also
benefit from embedded Al. UEs can use Al for tasks like intelligent band selection, adaptive power control to
prolong battery life, and local context awareness to request appropriate network services. Al at the UE can also
assist in improving uplink transmission, for example, by predicting channel quality or selecting optimal
transmission parameters. Furthermore, federated learning approaches can allow UEs to collaboratively train
Al models without sharing their raw data, preserving privacy while contributing to global model improvement
for tasks like traffic prediction or anomaly detection. The synergy between Al at the gNB and Al at the UE
will create a more responsive, efficient, and personalized RAN experience in 6G (Rao et al., 2024).

6.2. Al in the Core Network: Predictive Resource Allocation and Network Slicing

6G Core Network (CN) will be responsible for managing network-wide resources, orchestrating services,
and ensuring end-to-end quality of service for a vast array of diverse applications. Al integration in the CN is
essential for handling this complexity and enabling advanced functionalities. Predictive Resource Allocation
is a key area where Al can provide significant benefits. By analyzing historical traffic data, user behavior
patterns, and contextual information, Al models can forecast future resource demands across different network
segments and services. This allows the CN to proactively allocate resources (e.g., compute, storage, bandwidth)
to prevent congestion, minimize latency, and ensure that service level agreements (SLAs) are met. This is
particularly important for dynamic network slicing, where different logical network slices are created to cater
to specific service requirements (e.g., eMBB, URLLC, mMTC). Al-driven Network Slicing can automate the
lifecycle management of network slices, including their creation, scaling, and termination, based on real-time
demand and performance monitoring (SNS JU, 2025). Al can optimize resource allocation within and across
slices, ensuring efficient utilization of network infrastructure while guaranteeing isolation and performance for
each slice. Furthermore, Al can enhance CN security by enabling intelligent threat detection, anomaly
identification (Singh, 2025), and automated response mechanisms. Al can also play a role in optimizing routing
paths, managing network function virtualization (NFV) infrastructure, and providing insights for long-term
network planning and evolution. The intelligence embedded in the 6G CN will be crucial for creating a flexible,
programmable, and highly automated network capable of supporting the diverse and dynamic service landscape
of the future (Hong et al., 2021; Maier et al., 2021).

7. Statistical Insights and Mathematical Models for 6G mmWave with Al

The development and optimization of Al-integrated 6G mmWave networks rely heavily on a robust
understanding of their expected performance, underpinned by statistical analysis and sound mathematical
modeling. This section delves into the projected performance gains achievable through Al, supported by
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statistical data, and outlines some of the foundational mathematical equations that model Al-driven mmWave
optimization (Liu et al., 2025). The synergy between empirical data, statistical projections, and theoretical
models is crucial for guiding research, development, and standardization efforts in the 6G era. The insights
from sources like the SN'S JU White Paper (2025) on 6G KPIs provide a quantitative basis for these
discussions, while fundamental communication and Al theories offer the mathematical framework.

7.1. Projected Performance Gains: Statistical Analysis of AI Impact on 6G KPIs

The integration of Al is anticipated to yield substantial improvements across a wide range of 6G Key
Performance Indicators (KPIs). Statistical projections, often derived from simulations, testbed experiments,
and extrapolations from current Al applications in 5G, paint a compelling picture of AI’s impact. For instance,
in data rates and capacity, Al-driven dynamic spectrum management, intelligent beamforming, and interference
coordination are projected to enhance spectral efficiency significantly. While specific quantifiable gains are
still a subject of ongoing research, improvements in user-experienced data rates and overall system capacity
are expected to be substantial, helping to achieve the target of 1 Gbps user-experienced data rate and 1 Tbps
peak data rates (SNS JU, 2025). In terms of latency, Al-powered predictive resource allocation, proactive
mobility management, and optimized scheduling algorithms can contribute to reducing end-to-end latency
towards the sub-millisecond targets. For example, Al can predict network congestion or link degradation and
reroute traffic or adjust resources proactively, minimizing delays. Singh (2025) highlights AI’s role in speeding
up real-time detection and response in network security, which has analogous benefits for latency-sensitive
communication. Regarding reliability and availability, Al-based anomaly detection, fault prediction, and self-
healing mechanisms are expected to improve network resilience. Studies like Singh (2025) show Al can boost
anomaly detection rates by nearly 30% and reduce false alerts by about 25% in specific network contexts,
which translates to more reliable operations. Similar gains are anticipated in maintaining the stringent
99.9999%+ availability targets for critical 6G services. Furthermore, Al is projected to enhance energy
efficiency by optimizing power usage in base stations and user devices through intelligent sleep modes,
adaptive power control, and optimized computational load distribution for Al tasks themselves (SNS JU, 2025).
Statistical analysis of these projected gains, often presented in research papers and industry white papers,
provides crucial benchmarks for evaluating the effectiveness of different Al strategies and for justifying the
investment in Al-native 6G architectures.

7.2. AI-Driven Modeling and Optimization of Non-Linear mmWave/6G Systems

The optimization of 6G mmWave systems using Al is grounded in various mathematical principles and
models. While a comprehensive list is extensive, some foundational equations illustrate the underlying
concepts. The Shannon-Hartley Theorem remains a fundamental benchmark for channel capacity (Mahesh et
al., 2023):

C=B *log2(1 + S/N)

Where C is the channel capacity, B is the bandwidth, and S/N is the signal-to-noise ratio. Al algorithms aim to
optimize parameters that influence B (e.g., dynamic spectrum access) or S/N (e.g., intelligent beamforming to
maximize S, interference mitigation to reduce N). For mmWave channel modeling, path loss equations are
critical. A common model is (Khan et al., 2025):

PL(d) [dB] = PL(d0) + 10 * n * log10(d/d0) + Xg

Where PL(d) is the path loss at distance d, dO is a reference distance, n is the path loss exponent (which varies
significantly for mmWave and depends on the environment), and Xg is a term for shadowing. Al can help in
accurately estimating ‘n’ or predicting Xg based on environmental context. In Al-driven beamforming,
optimization problems are often formulated. For example, the objective might be to maximize the received
signal strength at the UE, which can be expressed as maximizing |h"H * w|*2, where h is the channel vector
and w is the beamforming weight vector. Al algorithms, particularly DRL, learn policies to find the optimal
‘w’ in dynamic environments. The core of many machine learning algorithms involves minimizing a loss
function. For instance, in supervised learning for channel estimation, the loss function L might be the Mean
Squared Error (MSE) between the predicted channel state and the actual channel state (L. Zhang et al., 2019):

L=(1/M) * Z (h_pred - h_actual)*2

Where M is the number of samples. Neural networks use gradient descent or its variants to minimize such loss
functions by adjusting network weights. For resource allocation, AI might solve complex optimization
problems, often formulated with an objective function (e.g., maximizing sum-rate, minimizing latency) subject
to constraints (e.g., power limits, QoS requirements). These mathematical foundations, combined with
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statistical data from network operations, enable Al to learn, adapt, and optimize 6G mmWave systems
effectively (Pennanen et al., 2024; L. Zhang et al., 2019).

Traditional analytical models—such as Shannon’s capacity C = Blog ,(1 + SNR)and log-distance path-loss
PL(d) = PLy + 10nlog 1(d/dy)—provide tractable but idealized descriptions of wireless links. However,
real 6G mmWave/sub-THz channels exhibit severe non-linearities caused by multipath clustering, dynamic
blockages, beam misalignment, and hardware impairments (e.g., phase-noise, non-linear power amplifiers).
To cope with these complexities, Al models can learn or optimize system behavior directly from data,
complementing or replacing closed-form expressions (B. Huang et al., 2025; Jin et al., 2022; Lavdas et al.,
2023; Xue et al., 2024; Y. Zhang et al., 2024).

(a) Learning complex channel and propagation models

Deep networks fp(x)can approximate the mapping from environmental/contextual features x(e.g., position,
orientation, material maps) to channel responses h:

h= foGO,min  Il'h — fo(x) I3,
Unlike simple path-loss models, fycaptures non-linear effects such as scattering and blockage. Generative
models (GANSs, diffusion models) further synthesize spatial-temporal channel samples to augment scarce
measurement data.

(b) Learning to approximate end-to-end system mappings

Instead of separately modeling each layer, Al can learn a direct mapping from system parameters to
performance metrics, such as throughput or latency:

é = gd)(p)' pP= [B, Pt' Nt' Nrt d, 9} ]'
where ggreplaces the analytical capacity formula with a learned surrogate that remains differentiable and can
be embedded in optimization loops. This supports Al-based digital twins that emulate the wireless environment
in real time.

(c) Al-based optimization of non-convex objectives

Beamforming, power control, and resource allocation in 6G are typically non-convex, high-dimensional
problems:

Hw |2
max R(w) =log, (1+—=—)st. |WI*<P,.
w o

Reinforcement learning or neural approximators can learn policies 1y (state) — wthat approach or surpass
heuristic solvers, especially under dynamic channel conditions where gradient information is unavailable.

(d) Hybrid model-driven + data-driven approaches

Physics-informed neural networks (PINNs) or model-driven deep unfolding combine known equations with
trainable components:

h(k+1) = h(k) - akvh (Lphys(h) + Ldata(h; 9))'

ensuring consistency with physical laws while capturing residual non-linearities that classical models miss.
This balances interpretability, generalization, and data efficiency.

(e) Performance-driven learning objectives

Al models can optimize utility functions directly:

max Es [U(s, fo(S)],

where Umay encode throughput—energy—latency trade-offs, fairness, or QoS constraints. Multi-objective
learning frameworks or evolutionary algorithms handle competing KPIs.

(f) Interpretation and physical insight
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Explainable-Al tools (e.g., SHAP, saliency maps) reveal which input features dominate learned models,
helping engineers derive new empirical formulations or simplified semi-analytical approximations suitable for
standards work.

Left Panel — Classical Modeling Right Panel — AI-Driven Modeling
Inputs: Bandwidth B, Tx power, distance d — Inputs + environment/context — Neural model —
Equations (Shannon, PL) — Output throughput Predicted KPI + Optimization loop
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arrows self-learning/optimization

Color scheme: modern gradient (cyan — violet),
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Figure 3: From Analytical to Al-Driven Modeling of mmWave/6G Systems

8. Use Cases and Applications Enabled by Al in 6G mmWave Systems

The convergence of Artificial Intelligence (Al) with the vast bandwidth of millimeter-Wave (mmWave)
spectrum in 6G networks is set to unlock a plethora of transformative use cases and applications that were
previously confined to the realm of science fiction. These applications will leverage the ultra-high data rates,
extremely low latency, massive connectivity, and inherent intelligence of 6G to create deeply immersive
experiences, enable sophisticated autonomous systems, and revolutionize various industries (Saoud et al.,
2024). The ability of Al to manage the complexities of mmWave communication and to extract meaningful
insights from the data traversing the network is a critical enabler for these futuristic services. From deeply
engaging holographic communications to the seamless operation of city-wide intelligent infrastructure, Al-
driven 6G mmWave systems will redefine how humans interact with the digital and physical worlds.
8.1. Immersive Experiences: Holographic Communications and Extended Reality (XR)

One of the most anticipated application domains for 6G is the realm of immersive experiences,
encompassing holographic communications, augmented reality (AR), virtual reality (VR), and mixed reality
(MR)—collectively known as Extended Reality (XR). Holographic communications aim to transmit high-
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fidelity, three-dimensional representations of people and objects in real-time, enabling truly immersive
telepresence and remote collaboration. This requires enormous bandwidth (potentially terabits per second for
high-resolution holograms) and extremely low latency (sub-millisecond) to ensure a seamless and natural
interaction, demands that 6G mmWave is uniquely positioned to meet (SNS JU, 2025). Al will play a crucial
role in compressing and decompressing holographic data, optimizing transmission over dynamic mmWave
channels, and rendering complex 3D scenes efficiently. Extended Reality (XR) applications, which overlay
digital information onto the physical world or create fully immersive virtual environments, will also be
significantly enhanced by Al-integrated 6G. Al can personalize XR experiences, optimize rendering based on
user gaze and context, and enable more natural interactions through voice and gesture recognition (SNS JU,
2025). The high data rates of mmWave will support streaming of high-resolution XR content, while low latency
will minimize motion-to-photon delay, crucial for preventing cybersickness and ensuring a realistic experience.
Al will also be vital for managing the massive data flows and computational loads associated with widespread
XR adoption, ensuring consistent quality of service across numerous users (Maier et al., 2021; Pennanen et al.,
2024).

8.2. Intelligent Infrastructure: Smart Cities, Autonomous Systems, and Industrial IoT

Al-driven 6G mmWave networks will form the backbone of future intelligent infrastructure, enabling a
new generation of smart city services, autonomous systems, and advanced Industrial Internet of Things (IloT)
applications. In Smart Cities, 6G will connect a vast ecosystem of sensors, devices, and vehicles, generating
massive amounts of data. Al will be essential for processing this data to optimize urban services such as
intelligent transportation systems (ITS), smart energy grids, public safety, and environmental monitoring
(Saoud et al., 2024). For example, Al can analyze real-time traffic data from mmWave-connected vehicles and
sensors to optimize traffic flow, reduce congestion, and enhance road safety. Autonomous Systems, including
autonomous vehicles, drones, and robots, rely on continuous, high-reliability, low-latency communication for
navigation, coordination, and remote operation. 6G mmWave, enhanced by Al-driven beam management and
predictive connectivity, will provide the robust communication links necessary for safe and efficient
autonomous operations. Al algorithms will also process sensor data from these autonomous systems, enabling
them to perceive their environment, make intelligent decisions, and collaborate effectively. In the Industrial
IoT (IIoT) domain, 6G will support advanced manufacturing processes, such as digital twins, predictive
maintenance, and real-time process control. Al will analyze data from industrial sensors to optimize production
lines, predict equipment failures before they occur (Singh, 2025), and enable highly flexible and reconfigurable
manufacturing environments. The precise positioning capabilities of 6G mmWave, further enhanced by Al,
will also be crucial for tracking assets and guiding robots in industrial settings. These applications highlight
how Al and 6G mmWave will synergize to create more efficient, responsive, and intelligent infrastructure
across various sectors (Kebede et al., 2021; Sun et al., 2025; Zamanipour, 2019; Zhu et al., 2024).

9. Challenges and Future Research Directions

While the integration of Artificial Intelligence (Al) with millimeter-Wave (mmWave) technology in 6G
networks promises a future of unprecedented connectivity and intelligent services, the path to realizing this
vision is fraught with significant challenges. Addressing these hurdles and exploring new research frontiers
will be crucial for the successful deployment and evolution of Al-driven 6G systems. The challenges span
technological complexity, scalability, energy efficiency, standardization, security, and ethical considerations,
each requiring concerted efforts from the research community, industry, and policymakers (Fayad, Cinkler, &
Rak, 2024; Saoud et al., 2024).

9.1. Addressing Complexity, Scalability, and Energy Efficiency of Al in 6G

The sheer complexity of managing Al models within the vast and dynamic 6G ecosystem is a primary
challenge. Training, deploying, and maintaining sophisticated Al algorithms across a distributed network
infrastructure, from the core to the edge and end-user devices, requires robust MLOps (Machine Learning
Operations) frameworks tailored for telecommunications. Ensuring the interoperability of Al models from
different vendors and managing their lifecycle (updates, retraining, retirement) in a seamless manner is a non-
trivial task. Scalability is another major concern. As the number of connected devices, users, and services in
6G networks grows exponentially, Al systems must be able to scale efficiently to handle the massive influx of
data and computational demands without performance degradation. This includes scaling the training data
pipelines, the inference capabilities at the edge and in the cloud, and the communication overhead associated
with distributed Al. Energy efficiency is a critical challenge, particularly given the sustainability goals of 6G
(SNS JU, 2025). AT algorithms, especially deep learning models, can be computationally intensive and power-
hungry. Optimizing the energy consumption of AI processing at both the hardware and software levels,
developing lightweight Al models suitable for resource-constrained devices, and designing energy-aware
resource allocation for Al tasks are vital research areas. Future research should focus on developing novel Al
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architectures that are inherently more efficient, exploring neuromorphic computing, and creating green Al
solutions specifically for 6G networks (Mahesh et al., 2023).

9.2. Standardization, Security, and Ethical Considerations for AI-driven 6G

Standardization is essential for ensuring global interoperability and fostering a competitive ecosystem for
Al-driven 6G. This includes standardizing interfaces for Al model exchange, data formats for training and
inference, and performance evaluation methodologies for Al-based network functions. Organizations like ITU,
3GPP, and ETSI are actively working on these aspects, but consensus and timely standards development remain
challenging given the rapid pace of Al innovation. Security in Al-driven 6G networks presents a multifaceted
challenge. Al models themselves can be vulnerable to adversarial attacks (e.g., data poisoning, evasion attacks)
that can compromise network performance or security. Conversely, Al can be a powerful tool for enhancing
network security through intelligent threat detection and response (Singh, 2025). However, ensuring the
robustness and resilience of both the Al systems and the network against sophisticated cyber threats is a critical
research direction. This includes developing secure Al algorithms, robust defenses against adversarial machine
learning, and privacy-preserving Al techniques (e.g., federated learning, homomorphic encryption) to protect
sensitive user and network data. Ethical considerations are paramount as Al becomes more deeply embedded
in communication networks that underpin many aspects of society. Issues such as algorithmic bias (e.g., unfair
resource allocation or service discrimination), lack of transparency in Al decision-making (the “black box”
problem), accountability for Al-induced errors or failures, and the potential for misuse of Al-powered
surveillance capabilities need careful consideration and proactive governance. Future research must focus on
developing explainable Al (XAI) techniques, fairness-aware Al algorithms, and robust ethical guidelines and
regulatory frameworks to ensure that Al in 6G is deployed responsibly and for the benefit of all users (Al Kassir
et al., 2022; Biliaminu et al., 2024; Q. Zhang & Wang, 2022).

10. Conclusion: Charting the Path Towards an Intelligent and Connected Future

The journey towards the sixth-generation (6G) of wireless communication represents a monumental leap
forward, promising not just an evolution of existing capabilities but a revolution in how we connect, compute,
and interact with the world. At the heart of this transformation lies the symbiotic relationship between advanced
millimeter-Wave (mmWave) technologies and the pervasive integration of Artificial Intelligence (AI). This
article has explored the multifaceted dimensions of this synergy, from the fundamental principles and enabling
technologies to the key performance metrics, architectural considerations, and transformative use cases. The
path ahead is one of immense opportunities, but it is also paved with significant challenges that require
innovative solutions and collaborative efforts across the global telecommunications ecosystem (Khan et al.,
2025; Mahesh et al., 2023).

10.1. Synthesizing the Role of mmWave and Al in Realizing the 6G Promise

Millimeter-wave spectrum, with its vast available bandwidth, is indispensable for achieving the terabit-
per-second data rates and massive capacity envisioned for 6G. However, the inherent propagation challenges
of mmWave necessitate sophisticated solutions like massive MIMO and highly adaptive beamforming. It is
here that Artificial Intelligence emerges as a critical enabler, providing the intelligence to manage these
complex mmWave systems effectively. Al-driven beam management, channel estimation, and interference
mitigation are crucial for ensuring robust and reliable mmWave connectivity. Beyond the physical layer, Al is
set to permeate every layer of the 6G architecture, from intelligent resource allocation in the RAN to predictive
network slicing and automated security in the core network. This Al-native approach will transform 6G into a
self-optimizing, self-healing, and self-configuring network, capable of adapting to dynamic conditions and
delivering a diverse range of intelligent services with unprecedented quality of experience. The performance
metrics for 6G, therefore, extend beyond traditional measures to include Al-specific indicators such as
adaptability, learnability, and operational efficiency, reflecting the network’s inherent intelligence. The
synergy between the raw power of mmWave and the adaptive intelligence of Al is the cornerstone upon which
the ambitious vision of 6G—a vision of ubiquitous, intelligent, and immersive connectivity—will be built
(Khan et al., 2025; Mahesh et al., 2023; Pennanen et al., 2024).

10.2. Concluding Remarks on the Transformative Potential of 6G Evolution

The evolution towards 6G, powered by mmWave and Al, holds the potential to redefine industries,
enhance human capabilities, and address pressing societal challenges. From holographic communications and
truly immersive XR experiences to intelligent autonomous systems and hyper-connected smart cities, the
applications enabled by 6G will be transformative. However, realizing this potential requires a concerted focus
on overcoming the technical hurdles related to complexity, scalability, and energy efficiency, as well as
addressing the critical aspects of standardization, security, and ethical Al deployment. Future research must
continue to push the boundaries of Al algorithms, mmWave hardware, and network architectures, while
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fostering a global dialogue on the responsible development and governance of these powerful technologies. By
charting a path that balances innovation with responsibility, the global community can harness the
transformative power of Al-integrated 6G mmWave networks to create a more intelligent, connected, and
sustainable future for all. The journey is complex, but the destination—a seamlessly interconnected world
augmented by pervasive intelligence—is a compelling one that warrants our collective dedication and ingenuity
(Singh, 2025; SNS, 2021).

11. Conclusion

The integration of Artificial Intelligence (Al) with 6G millimeter-wave (mmWave) technology is set to
revolutionize wireless communication by enabling ultra-fast, low-latency, and highly intelligent networks. This
convergence facilitates transformative applications such as immersive holographic communication, Extended
Reality (XR), autonomous systems, smart city infrastructure, and advanced Industrial IoT (IloT). Al enhances
the performance, adaptability, and scalability of mmWave systems through intelligent beamforming, resource
management, and real-time decision-making. Moreover, the Al-native design of 6G will allow networks to
self-optimize, self-heal, and deliver personalized services with unprecedented quality of experience. While the
potential is vast, realizing this vision requires addressing complex technological, operational, and ethical
challenges. The convergence of millimeter-wave (mmWave) technology and artificial intelligence (AI) marks
a defining milestone in the evolution toward 6G networks. This survey has illustrated how Al-driven solutions
can overcome the physical and architectural challenges of mmWave systems by enabling intelligent beam
management, adaptive channel estimation, and dynamic resource optimization. Together, these advancements
promise to deliver the high capacity, ultra-low latency, and context-aware intelligence that characterize the
envisioned 6G ecosystem. Despite its promise, this integration remains in a formative stage with notable
limitations. The absence of large-scale, standardized datasets for training Al models in realistic wireless
environments restricts model generalization and transferability. Additionally, computational complexity,
energy consumption, and interpretability remain unresolved challenges that hinder Al deployment at the
network edge and user equipment. The lack of unified frameworks for evaluating Al-centric Key Performance
Indicators (KPIs)—such as adaptability and learnability—also limits objective performance benchmarking.
Moreover, issues related to security, privacy, and ethical governance of data-driven wireless systems must be
addressed to ensure the trustworthiness of future Al-empowered infrastructures. Future research should
therefore emphasize three main directions: (1) the development of open, federated, and privacy-preserving
datasets and platforms to support reproducible research; (2) the design of lightweight, explainable AI models
optimized for distributed and energy-constrained network environments; and (3) the formulation of
standardized methodologies for evaluating Al-native KPIs alongside conventional network metrics. Further
exploration of emerging paradigms—such as semantic communications, reconfigurable intelligent surfaces,
and joint sensing—communication frameworks—will also be essential in shaping a resilient and sustainable 6G
landscape. In conclusion, the symbiotic evolution of mmWave communications and Al represents not just a
technological transition but a paradigm shift toward networks that learn, adapt, and self-optimize. Realizing
this vision will require continued interdisciplinary collaboration, rigorous experimentation, and ethical
stewardship to ensure that 6G becomes a truly intelligent, inclusive, and transformative global communication
fabric.

12. Future Work

To overcome current limitations and fully realize the vision of Al-integrated 6G mmWave networks,
future research and development should focus on the following areas: Lightweight and Energy-Efficient Al
Models: Develop new Al architectures optimized for low power consumption and real-time operation,
especially at the edge and on mobile devices. Al Standardization and Interoperability: Collaborate globally to
define common standards for Al interfaces, data formats, and performance benchmarks in 6G networks. Secure
and Privacy-Preserving Al: Explore techniques like federated learning, differential privacy, and adversarial
robustness to enhance Al security and protect user data. Explainable and Fair Al: Advance explainable Al
(XAI) techniques to improve transparency and accountability, while ensuring fairness in resource allocation
and decision-making. Al-Driven Network Automation: Investigate self-organizing network architectures
where Al autonomously manages configuration, fault recovery, and optimization in real-time. Cross-Layer Al
Integration: Enable seamless collaboration between Al modules across the physical, network, and application
layers for end-to-end performance improvements. Testbeds and Real-World Trials: Establish large-scale
experimental platforms to evaluate the performance, reliability, and societal impact of Al-powered 6G
applications in real-world settings. Future research should focus on overcoming the above challenges through
a series of targeted strategies. First, developing open, federated, and privacy-preserving datasets tailored to
mmWave and hybrid 6G scenarios will enable reproducible and collaborative research while ensuring data
confidentiality. Second, designing lightweight, explainable, and energy-efficient Al architectures optimized
for distributed edge environments will reduce latency and improve sustainability. Third, establishing
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standardized frameworks for measuring Al-native KPIs alongside traditional network metrics—such as
throughput, latency, and reliability—will allow fair performance comparison and facilitate integration into
emerging 6G standards. Further exploration should also extend toward novel paradigms, including
reconfigurable intelligent surfaces (RIS), integrated sensing and communication (ISAC), semantic
communication, and intelligent reflecting environments, where Al can dynamically coordinate resource
allocation and environmental adaptation. Finally, embedding security-aware and ethically guided Al
mechanisms—such as robust federated learning, adversarial defense models, and transparent decision
systems—will be essential to ensure fairness, resilience, and trust in next-generation wireless networks. In
summary, advancing Al-mmWave symbiosis requires not only technological innovation but also a holistic
approach combining data availability, algorithmic transparency, and regulatory alignment to achieve the full
vision of intelligent, self-optimizing, and human-centric 6G networks.

13. Limitations

Technological Complexity: Deploying and managing distributed Al across large-scale, dynamic networks is
highly complex and requires robust MLOps frameworks and real-time orchestration. Scalability Issues: As
device and data volumes grow, scaling Al algorithms and infrastructure efficiently remains a major challenge,
particularly in edge environments. Energy Consumption: Al models, especially deep learning networks, can
be computationally expensive and energy-intensive, conflicting with 6G's sustainability goals. Security
Vulnerabilities: Al systems are susceptible to adversarial attacks and data manipulation, potentially
undermining network performance and trust. Standardization Gaps: There is a lack of unified standards for Al
integration in telecommunications, which hinders interoperability and widespread adoption. Ethical Concerns:
Issues like algorithmic bias, transparency ("black box" Al), and privacy risks are critical and require proactive
governance. Although the integration of millimeter-wave (mmWave) technology and artificial intelligence (Al)
offers transformative potential for 6G systems, several limitations remain evident. The current research
landscape lacks large-scale, realistic, and standardized datasets that capture the diverse propagation
characteristics, blockage effects, and mobility patterns inherent to mmWave environments. This data scarcity
limits the robustness and generalization of AI models trained under idealized or simulated conditions.
Additionally, the computational complexity and energy demands of deep learning algorithms pose challenges
for deployment at edge devices and user equipment, where processing and power resources are constrained.
The absence of unified frameworks for assessing Al-native Key Performance Indicators (KPIs)—including
adaptability, learnability, and operational efficiency—hampers consistent performance benchmarking across
studies. Furthermore, data privacy, adversarial attacks, and model interpretability remain unresolved concerns
that threaten both the security and trustworthiness of Al-driven mmWave systems. Ethical considerations,
particularly related to autonomous decision-making and fairness in data utilization, are also insufficiently
addressed. Collectively, these limitations highlight the pressing need for methodological standardization, data
governance, and computational efficiency within the Al-mmWave research ecosystem.
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