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ABSTRACT

Adramaticleapinspectral efficiencyisrequired toenable ultra-high datarates, exceptionally
low latency, and immense device connection for the sixth generation (6G) wireless
communication networks. The environment of 6G is far too dynamic for static scheduling
methods to work given the rapid fluctuations in channel conditions and unpredictable
user demands. This paper proposes using Al to create an adaptive modulation framework
that identifies the most appropriate modulation scheme, given the real-time wireless
conditions. We apply machine learning algorithms, intense reinforcement learning, to
create a system that learns through the captured real-time monitoring of the channel state
information (CSI), signal to noise ratio (SNR), user traffic volumes, and historical trends
over time to make optimal modulation decision adjustments. The main contribution of this
work lies in developing intelligent modulation control combined with advanced antenna
systems like massive MIMO, intelligent reflecting surfaces (IRS), and beamforming. These
antennas offer spatial diversity and improved signal quality which are fundamental to the
functional performance of adaptive modulation systems. We perform realistic 6G channel
model simulations and show that our Al-integrated method significantly improves spectral
efficiency, bit error rates, and resistance to mobility and interference. This investigation
highlights the feasibility of integrating Artificial Intelligence with advanced antenna
systems to satisfy the requirements for future 6G networks. It provides a groundwork for
smart, context-sensitive modulation techniques for modern wireless systems.

Author’s e-mail: udita@quantumeducation.in, satish.upadhyay@atlasuniversity.edu.
in,vedanarayanan.etc@sathyabama.ac.in, pritamkesharisahoo@soa.ac.in, gn.mamatha@
jainuniversity.ac.in, sumukh.panday@muit.in, subhansh.bansal.orp@chitkara.edu.in

Author’s Orcid id: 0009-0007-2797-0022, 0000 0002 2865 014X, 0000-0002-2194-6714, 0000-
0001-5509-6431, 0000-0002-2693-072X, 0009-0005-0400-0838, 0009-0009-3402-5365

How to cite th is article: Goyal U, Upadhyay S, Venugopal V, Sahoo PK, Mamatha GN,
Sumukh Pandey S, Bansal S, Al-Powered Adaptive Modulation for Enhanced Spectral
Efficiency in 6G Networks-antenna, National Journal of Antennas and Propagation, Vol. 7,
No.1, 2025 (pp. 1-7).

National Journal of Antennas and Propagation, ISSN 2582-2659 _ 1



Udita Goyal et al. : Al-Powered Adaptive Modulation for Enhanced Spectral Efficiency in 6G Networks-antenna

INTRODUCTION

The projection for 6G networks includes supporting
ultra-reliable, low-latency = communication  and
extremely high data throughput to accommodate new
autonomous systems, holographic media, and fully
immersive virtual environments.[" The efficiency with
which data is transmitted over a given spectrum becomes
more important than ever to meet the tremendous
requirements imposed by the goals. Autonomous
systems, virtual environments, and spectral efficiency
pose new avenues for research and commercial
competitiveness of nations. Achieving these goals
“rushes” traditional and spectral considerations “to the
next level,” entering novel domains of flexibility and
multifaceted optimization. Moreover, highly dynamic
6G environments, including rapidly varying channel
conditions, user mobility, and inputs from dense device
deployment, require far more than a static approach
to modulation standard, fixed threshold parameters,
dynamic knee values, SNR, and unpredictable network
conditions. All of those must be gracefully surmounted
to achieve the goals. Overcoming the hurdles through
adaptive modulation techniques is an emerging area of
research. However, many traditional adaptive strategies
depend on sufficient present levels, predetermined
thresholds, and guard band signals rather than real-
time optimization for more intricate environments.
It’s here where Al adaptive modulation appears to
take the lead: With the benefit of wired pre-seto-
threshold fences, Al has no issue breaking known fences.
Better still, deploying powerful external antennas like
MIMO, beamforming, and increased IRS, to mention but
a few is reshaping the wireless communication industry.
Theseantennasystemsimprove thelinkquality withspatial
multiplexing and signal concentrating, subsequently
affecting adaptive modulation techniques’ performance
and dependability. This study focuses on developing a
unified framework that uses Al-based decision-making
alongside smart antennas to optimize efficiency,
facilitate adaptation to environmental changes, and
fulfil the high demands of 6G communications systems.B!

The Objective of the Research

e« To Create an Al-based adaptive modulation
framework capable of changing the modulation
method in real-time according to the state of the
wireless channel using machine learning, especially
deep reinforcement learning.

e Combining modulation methods with modern antenna
systems, such as massive MIMO and beamforming,
will improve spectral efficiency and communication
accuracy in mobile 6G network environments.

2

LITERATURE SURVEY

Within current 5G networks, Quadrature Amplitude
Modulation (QAM) and Phase Shift Keying (PSK) are some
of the most commonly employed modulation methods.™
Such schemes often use a set signal-to-noise ratio (SNR)
delimiter and fixed channel parameters. These static
approaches perform well in predictable conditions but
do not accommodate swiftly changing channel attributes
during high mobility or interference scenarios common
in next-generation networks.! Due to static channel
expectation algorithms, these approaches inefficiently
use the available bandwidth, leading to high bit error
rates. The need to overcome these challenges gave
birth to Adaptive Modulation and Coding (AMC) where
the modulation scheme and the coding rate can
vary according to the honest time feedback on the
channel.[' By dynamically altering the modulation
and coding schemes based on real-time feedback,
AMC has considerably increased the throughput and
reliability of links throughout the network. However,
conventional AMC techniques depend on rules that
rely on fixed threshold limits, leading to slow and
inaccurate responses to dynamic changes. These
techniques lack any predictive elements essential to
the image of 6G networks, considering the advanced yet
multidimensional context in which they must operate.l
The evolving intricacies of wireless networks have given
rise to the use of Artificial Intelligence (Al) and Machine
Learning (ML) technologies as pivotal resources for
communication system enhancement. Unlike traditional
systems based on heuristics, Al/ML techniques can learn
from data, adapt to novel scenarios, and take actions
on the spot, capabilities crucial in next-generation
wireless environments. In particular, machine learning
techniques like reinforcement learning, deep neural
networks, and support vector machines have been
empirically applied to resource allocation, channel
estimation, power control, and routing optimization. In
terms of modulation optimization, Al makes it possible
to intelligently select modulation using algorithmic
predictions of channel dynamics and link quality and
dynamically changing decisions.['! Such models are
expected to surpass conventional Adaptive Modulation
and Coding (AMC) methods by improving spectral
efficiency and reducing latency through learning and
exploiting past observations in a continually changing
environment. Moreover, Al techniques are increasingly
effective in joint optimization with antenna systems
whereby parameters such as beam direction, antenna
gain, channel state information, and modulation
decision can be co-optimized for enhanced end-to-end
system performance.® However, the joint treatment of
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modulation and antenna adaptation within the context
of Al algorithms is often overlooked in current research,
thus constituting an unfilled gap in comprehensive Al
modulation based solutions.!

Technological progress concerning antennas greatly
improves the capability, range, and accuracy of the
new sixth-generation 6G mobile communication
networks.l? The base station is equipped with
numerous antennas grouped into a single unit, which is
referred to as a Massive Multiple-Input Multiple-Output
(MIMO) system. Such systems enable high-reliability
communication with numerous users at reliable data
rates due to Spatial Multiplexing, Beamforming, and
other advanced techniques.!" This is extremely useful
in urban areas and regions with high vehicular traffic as
it increases data link stability and throughput. Another
emerging antenna paradigm is the use of Reconfigurable
Intelligent Surface (RIS) programmable electromagnetic
modules that change phase shifts and reflection angles
to control the environment for waves to propagate
better. This advance enables many opportunities as
the wireless channels can be manipulated instantly to
enhance the strength of the incoming wireless signal
and discard any electrical noise in the signal. RIS,
along with other technologies, can use directional
beamforming, which enables increasing the energy of
a signal in a specific direction while suppressing it in
others, thereby increasing the signal-to-noise ratio
(SNR) and conserving energy. The quality of service
and coverage in the presence of Al-controlled beam
selection and steering is much better across diverse
operational environments. No matter how sophisticated
individual advancements are, implementing adaptive
modulation methods is still in its early stages.
Existing literature appears to have overlooked holistic
system optimizations by treating antenna steering
and modulation change as separate components of a
singular system. This work attempts to fill that void by
presenting an Al-based adaptive modulation technique
that works in synergy with smart antennas on mobile
devices for better spectral efficiency in 6G Networks.

METHODOLOGY

It is foreseen that the architecture of the 6G networks
will build on the 5G networks, incorporating even more
complex models and technologies to cater to the even
more stringent requirements of ultra-reliable low latency
communication (URLLC) and high bandwidth [13]. The
dynamic base stations will be transformed into active
hubs due to the incorporation of massive MIMO, smart
antennas, and Reconfigurable Intelligent Surfaces (RIS),
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which can resourcefully alter beamforming patterns and
obey channel conditions. These base stations will use edge
computing, further worsening the latency and increasing
processing power by moving computation closer to the
user. In 6G, user terminals will support an extensive
range of applications ranging from consumer devices to
more critical infrastructure, advertise dual connectivity
for reliability, and device-to-device communication for
low-latency relay reduction.?! Most importantly, energy
efficiency will become the top goal since devices will
be required to operate with low power protocols and
energy harvesting autonomously, harnessing the power
spent on energy.[' 6G will suffer the most with highly
variable channel conditions due to using high-frequency
bands like mmWave and terahertz, which suffer
severely from fading, interference, and attenuation.
Solving these problems will involve advanced antenna
configurations, such as smart antennas and massive
MIMO, allowing beamforming, spatial multiplexing,
and interference management.” Through the use of
RIS technology, the performance of a network will be
improved by manipulating electromagnetic waves to
strengthen the signal even under challenging conditions.
Together, these technologies will form a 6G network
that is efficient, adaptable, scalable, and versatile while
maintaining high data throughput, low latency, and
energy consumption.
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Fig. 1: 6G Communication System

Figure 1, illustrates the 6G communication system. An
Al Engine integrated into a 6G network can improve the
performance of communications systems by deep learning
or reinforcement learning based on channel conditions.
1 The model can adjust the modulation technique
dynamically, whether it is QPSK, 16-QAM, 64-QAM, or even
higher-order modulation techniques, based on elements
such as Channel State Information (CSI) and Signal-to-
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Noise Ratio (SNR) as well as environmental inputs.!'"!
The Al model would be trained to understand how various
network conditions impact modulation schemes to ensure
optimum network efficiency. For example, the Al engine
would probably use 64-QAM modulation for high SNR
situations to improve throughput. Meanwhile, the engine
would likely default to using more robust QPSK modulation
in low SNR situations to ensure reliable communication.!
The model, however, is not limited to these parameters
as it could include environmental parameters such as
clutter, mobility, and interference, therefore predicting
the optimal scheme for throughput and error rate. The
network’s performance and user experience can be
enhanced overall as the Al engine learns from conditions
and feedback over time, adapts to changing scenarios,
and meets goals. With changing scenarios provided, this
intelligent decision making is helpful when controlling
complexity and heterogeneity in 6G networks.

Mobility, antenna types, and interference must be
accounted for when implementing a realistic 6G channel
model.[""], User mobility, Doppler shifts, environmental
interference, and advanced technologies such as massive
MIMO, smart antennas, and Reconfigurable Intelligent
Surfaces (RIS) should be modeled. Determining the
success of Al-driven modulation control can be done by
measuring spectral efficiency (bps/Hz) for bandwidth
utilization assessment, bit error rate (BER) for
reliability assessment, throughput for overall data rate
evaluation, computational overhead for measurement
of Al processing time, and convergence time of the Al
algorithm to measure how swiftly the model adjusts
to the environment. A thorough assessment of the Al
engine utilizing network throughput, error reduction,
and adaptive capability to changing environmental
conditions can be conducted alongside the 6G network
constraints of low latency, energy efficiency, and high
throughput demands.

RESULTS AND DISCUSSION

In 6G networks, the advantages of Al decision-making
are clearly seen when contrasting its performance
to Al-powered adaptive modulation control. This can
be understood further compared to older modulation
techniques, such as fixed modulation, which employs
QPSK, 16-QAM, and 64-QAM.

Spectral Efficiency: Adaptive Modulation powered by
Al adaptive approaches increases spectral efficiency
compared to traditional techniques which is depicted in
Figure 2. Fixed patterns like QPSK and even 16-QAM have
a set range for SNR and other external conditions; they
lack the ‘dynamically adjust’ feature. This is contrary to

.

the Al engine, which factors in all conditions, including
the channel’s CSI, SNR, and environmental factors, and
chooses the ideal modulation scheme for each set. This
is most helpful in using available bandwidth optimally,
particularly in environments with changing channel
conditions. For instance, Al’s ability to switch to higher-
order modulation schemes increases the data rate
without sacrificing reliability. Thus, using traditional
methods, Al-powered systems can surpass the efficiency
of fixed modulation techniques.

2
1 .
QPsK 16-0AM Al-Based

B Spectral Efficiency (bps'Hz)

Fig. 2: Spectral Efficiency Comparison

Al adaptive Bit Error Rate (BER): The implementation of Al
adaptive modulation increases accuracy by automatically
selecting relevant modulation classes contoured on
channel changes. Fixed modulation schemes can lag for
changing channels (with changing signal to noise ratio
(SNR)) due to rigid structures, leading to higher error
incidences. Al is capable of intermittently adjusting
strategies, for example, to QPSK, which stably operates
under FC and is below lower-order limitations at the
same time. Conventional approaches would work with
a higher-order modulation, which leads to more errors
and lesser reliability. Lower SNR, traditionally coupled
with higher order, would further increase errors while
reliability decreases working against each other which is
illustrated in Figure 3.

BER vs. SNR

=
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Fig. 3: BER vs SNR
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Throughput: As with other factors evaluating network
performance, throughput is significant as an indicator
of network performance displayed in Figure 4. The
system achieves higher throughput than traditional
schemes because of Al-powered adaptive modulation.
The Al engine chooses the most suitable modulation
scheme in real time, which ensures maximum capacity
optimization under varying channel conditions.
In contrast, fixed modulation schemes cannot adapt to
changing environments, often resulting in suboptimal
throughput. For instance, when channel conditions
improve, Al adapts and implements higher-order
modulation schemes resulting in increased throughput
with relatively low error margins. This adaptability
increases the efficient utilization of network resources
and improves overall throughput.

Throughput Over Time Under Varying Conditions

18 —— Traditional

—— Al-Based

= = =
N N o

Throughput (Mbps)

=
o

0 10 20 30 40 50 60
Time (s)

Fig. 4: Throughput Over Time Under Varying
Conditions

Computational Overhead: The additional processing
burden known as computational overhead is common with
Al-enabled systems. The simpler, traditional modulation
schemes are less demanding regarding processing
requirements. Al-powered systems, on the other hand,
need extra resources for channel estimation, Al model
invocation, and other decision-making processes, which
increase overhead. Regardless, the additional burden in
Al-driven systems is typically manageable, particularly
with edge computing, low-latency Al frameworks, and el-
fog computing development. Enhanced throughput and
lower error rates are highly advantageous, outperforming
the computational costs. Further, enhanced Al models
such as lightweight neural networks and reinforcement
learning significantly improve such performance
at nominal additional cost, thereby minimizing
computational burden. In Figure 5, the comparison
between complexity and spectral efficiency is displayed.

Convergence Time of Al Algorithm: In systems operating
in real-time, the convergence time of the Al algorithm
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Complexity vs. Spectral Efficiency
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Fig. 5: Complexity vs Spectral Efficiency

is of great importance. In Figure 6, the performance
in high mobility scenarios is depicted. In adaptive
modulation using Al, the algorithm must adapt within
a very short time to changes in networks. Unlike
traditional modulation schemes, which do not need
plans and hence have low convergence time, Al-based
systems require time to analyze the surroundings to
determine the optimal modulation scheme. However,
new achievements in applying reinforcement learning
and deep learning techniques have significantly sped
up the convergence time of Al models, enabling them
to make decisions at the very last moment or nearly in
real-time. This renders Al adaptive modulation useful in
changing environments where the network conditions
are volatile, like in high mobility scenarios or urban
settings where interference varies constantly.

Performance in High-Mobility Scenarios
0.200 —e— Traditional
—#— Al-Based
0.175
0.150
0.125

0.100

Bit Error Rate

0.075
0.050
0.025

0 25 50 75 100 125 150 175 200
Speed (km/h)

Fig. 6: Performance in High-Mobility Scenarios

Figure 7, illustrates the impact of antenna configuration
on throughput. While traditional modulation schemes
remain static, their Al-powered counterparts provide
practical benefits through adaptive modulation. These
benefits include improved spectral efficiency, reduced
bit error rates, and enhanced throughput due to Al real-
time channel condition adjustments. Despite concerns
regarding Al’s computational burden, the performance
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Fig. 7: Impact of Antenna Configuration on
Throughput

gains for data rate and reliability, particularly in 6G
networks, are undeniable. The rapid advancement of Al
algorithms ensures that these benefits will be obtainable
in real time, even in volatile conditions.

CONCLUSION

This work outlines an adaptive modulation framework to
optimize the efficacy of 6G networks through Al solutions.
The proposed system uses deep learning or reinforcement
learning approachestoautomate the selection of modulation
schemes such as QPSK, 16-QAM, or 64-QAM depending
on real-time Channel State Information (CSI), Signal-to-
Noise Ratio (SNR), and other environmental conditions.
Continuous adaptation of Intelligent modulation control
mechanisms to network conditions results in optimized
data throughput, minimized BER, and maximized spectral
efficiency. The seamless commingling of intelligible
modulation control with advanced antenna systems
like massive MIMO, smart antennas, and Reconfigurable
Intelligent Surfaces (RIS) showed seams of the framework
focus. This enables real-time responsiveness from the Al’s
decisions to automate and enhance beamforming, signal
quality, and other metrics relevant to the modulation
scheme set by the Al. Under high SNR or low interference
conditions, the system uses lower-order robust schemes
whilst, in more challenging situations, switching to
higher-order schemes to maintain link dependability.
Comparatively moderate computation cost increase proved
no deterrent to optimization Al schemes yield against
fixed modulation benchmarks on spectral efficiency,
throughput, and BER. Due to the framework’s flexibility
and intelligence, it can be considered a potential candidate
for meeting the evolving requirements for next generation
wireless systems. Future investigations may focus on using
edge distributed Al techniques, federated learning for
more autonomous decision-making, and the context of
user activity prediction, thus adding more strength to the
6G networks.

.
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