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Abstract- The integration of satellite communication
systems with 5G networks presents an opportunity to
extend high-speed internet access to remote and
underserved areas. However, efficient spectrum
management remains a critical challenge in this
hybrid satellite-5G environment due to the vast and
dynamic nature of the radio frequency spectrum.
This paper proposes an Al-based Dynamic Spectrum
Allocation (DSA) framework to optimize spectrum
utilization in hybrid satellite-5G networks. The
proposed system leverages machine learning
algorithms, particularly reinforcement learning
(RL), to predict and allocate spectrum resources
dynamically based on real-time demand, interference
levels, and network conditions. In this framework, a
hybrid network management system uses Al to
continually monitor spectrum usage across both
satellite and terrestrial 5G networks, adjusting
allocations in response to fluctuating user traffic and
environmental conditions. The reinforcement
learning model is trained to make intelligent
decisions on spectrum sharing, balancing the trade-
off between high-throughput communication and the
avoidance of interference. This paper also explores
the implementation of deep learning techniques to
predict spectrum demand and optimize the handover
between satellite and 5G base stations. The proposed
Al-based DSA approach not only ensures efficient
spectrum utilization but also minimizes latency,
reduces interference, and enhances the overall
quality of service in hybrid networks. Simulation
results demonstrate the potential of the Al-driven
framework to outperform traditional static allocation
methods, offering significant improvements in
throughput, user experience, and network efficiency.

Indexed Terms- Al-driven Spectrum Management,
Dynamic Spectrum Allocation, Hybrid Satellite-5G
Networks, Machine Learning for Spectrum
Optimization and 5G-Satellite Integration.
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l. INTRODUCTION

In recent years, the demand for mobile communication
has been increasing at an unprecedented rate, driven
by the proliferation of smartphones, 10T devices, and
the upcoming proliferation of 5G technologies.
Traditional terrestrial cellular networks, such as Long-
Term Evolution (LTE) and 5G New Radio (NR), have
faced challenges in managing the explosive growth in
traffic volume, especially in remote, rural, and
underserved areas where infrastructure investment is
costly and impractical [1-4].

The introduction of satellite communications has
emerged as a promising solution to extend network
coverage and improve connectivity, especially in
remote and rural areas. Hybrid satellite-5G networks,
which combine the capabilities of Low Earth Orbit
(LEO) satellites with terrestrial 5G infrastructure, hold
the potential to deliver ubiquitous and high-quality
connectivity, bridging the digital divide. However, one
of the major technical hurdles to overcome in such
networks is the efficient allocation of spectrum
resources [5-7].

Spectrum allocation is critical for optimizing the
available bandwidth in a network, ensuring that
multiple users and communication channels do not
interfere with one another. Traditionally, spectrum
allocation has been static and manually controlled,
leading to inefficient utilization of the spectrum,
particularly in networks with dynamic demands [8-
10]. The introduction of Artificial Intelligence (Al)
offers a transformative approach to managing this
spectrum allocation dynamically, adapting in real-time
to changing conditions, traffic demands, and
environmental factors [11-13].
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The convergence of satellite and terrestrial networks is
a natural progression in the evolution of global
communication systems. While traditional cellular
networks, such as 4G and 5G, provide high-speed
connectivity, they are heavily reliant on ground-based
infrastructure that may be insufficient for global
coverage. Satellites, particularly LEO satellites,
provide an alternative for ensuring global coverage
with minimal infrastructure [14-17].

Hybrid satellite-5G networks combine the low latency
and high data throughput of 5G with the wide-area
coverage of satellites. However, integrating these two
disparate technologies presents significant challenges
[18-20]. These challenges include interference
management, spectrum sharing, and seamless
handovers  between terrestrial and satellite
communication systems. The dynamic nature of traffic
demands, user mobility, and network conditions make
static spectrum allocation inefficient, leading to
underutilization of resources in some regions and
congestion in others [21-24].

Dynamic Spectrum Allocation (DSA) aims to address
these issues by adapting spectrum usage based on real-
time conditions. DSA enables more efficient use of the
spectrum by dynamically allocating resources to
different communication channels, based on factors
such as traffic demand, network load, and interference
levels [25-27]. In hybrid satellite-5G networks, this
dynamic allocation must account for the distinct
characteristics of both satellite and terrestrial
networks, as well as the varying conditions of the air
interface and the radio environment [28-30].

Al and Machine Learning (ML) have been widely
recognized as powerful tools to address the challenges
of DSA. Al models can analyze large volumes of data
in real time, predict traffic patterns, and optimize
spectrum allocation to maximize throughput while
minimizing interference [31-33]. Moreover, Al-based
algorithms can learn from historical network behavior
to continuously improve spectrum management
strategies over time [34-36].

Recent research has explored the use of Al in hybrid
satellite-5G networks for applications like interference
management, resource optimization, and predictive
analytics [37-39]. However, there remains a
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significant gap in the application of Al for dynamic
spectrum allocation in these hybrid environments,
especially with respect to integration and
interoperability between satellite and terrestrial
components [40-42].

This paper presents an Al-based approach to dynamic
spectrum allocation (DSA) for hybrid satellite-5G
networks. The objective is to demonstrate how Al can
be employed to enhance spectrum efficiency, reduce
interference, and optimize network performance in a
rapidly evolving communication environment [43-
45].

The primary objective of this research is to design and
develop an Al-based dynamic spectrum allocation
(DSA) framework for hybrid satellite-5G networks.
The specific objectives of this work are as follows:

e To explore the concept of dynamic spectrum
allocation (DSA) in hybrid satellite-5G networks:
Investigate the unique challenges and requirements
of hybrid satellite-5G systems in terms of spectrum
management. Understand how traditional DSA
techniques can be adapted to account for both
satellite and terrestrial resources.

e To develop an Al-based model for real-time
spectrum allocation: Create a machine learning-
driven algorithm capable of dynamically allocating
spectrum in hybrid satellite-5G networks. The
model should be capable of processing real-time
traffic data, interference levels, and network
conditions to make decisions that optimize
spectrum efficiency.

e To evaluate the performance of Al-based DSA in
various network scenarios: Conduct simulations to
assess the performance of the Al-based spectrum
allocation model under various network
conditions, including high traffic loads,
interference scenarios, and mobility patterns.
Compare the results with traditional static
allocation methods.

e To enhance network throughput, reduce
interference, and improve overall network
efficiency: The proposed model should aim to
improve network throughput by maximizing the
use of available spectrum, reducing interference
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between satellite and terrestrial systems, and
ensuring fairness among users.

e To demonstrate the scalability and robustness of
the Al-based DSA system: Test the scalability of
the proposed Al model by simulating large-scale
hybrid satellite-5G networks with multiple users,
diverse traffic patterns, and varying levels of
satellite and terrestrial network integration.

e To investigate the integration of the Al-based DSA
with existing 5G and satellite systems: Explore the
potential for integrating the Al-based dynamic
spectrum allocation solution with current hybrid
satellite-5G infrastructures, ensuring
interoperability and seamless operation across
different network layers.

. LITERATURE SURVEY

In recent years, the development of 5G networks has
brought about a paradigm shift in wireless
communication, promising higher data rates, low
latency, and massive device connectivity. However,
achieving these promises requires the efficient
management of radio spectrum resources [46-48]. One
promising approach to addressing the limitations of
terrestrial  networks is  integrating  satellite
communication into the 5G framework, resulting in
hybrid satellite-5G networks. The dynamic allocation
of spectrum resources, which is crucial for ensuring
efficient data transmission and improving Quality of
Service (QoS) [49-51], has become a focal point in this
hybrid ecosystem. Artificial Intelligence (Al)
techniques, such as machine learning (ML),
reinforcement learning (RL), and deep learning (DL),
have shown great potential in enhancing the spectrum
management process by adapting to varying network
conditions [52-54].

2.1. Overview of Hybrid Satellite-5G Networks

Hybrid satellite-5G networks combine the strengths of
satellite communications (wide coverage and global
reach) with the high data throughput and low latency
capabilities of 5G terrestrial networks. The integration
of these two communication paradigms allows for
ubiquitous connectivity, particularly in rural, remote,
and underserved areas where traditional 5G coverage
might be limited [55-57]. However, the efficient
management of the shared spectrum resource in such
a hybrid network presents several challenges due to
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the differences in propagation characteristics, link
dynamics, and the need for dynamic spectrum
allocation (DSA) to optimize the system performance
[58-60].

In this context, DSA is crucial for maximizing
spectrum utilization, minimizing interference, and
ensuring seamless handovers between satellite and
terrestrial networks. DSA can be enhanced through the
application of Al technologies, which can predict
network conditions and adjust spectrum allocation in
real-time [61-63].

2.2. Al in Spectrum Allocation

The application of Al in spectrum allocation is
relatively recent but growing rapidly, as it can address
several key challenges in dynamic resource
management [64-66]. Traditional methods of
spectrum management are based on static rules and
models that do not adapt well to the dynamic nature of
the radio environment. Al-based solutions, on the
other hand, provide the flexibility to continuously
adapt and optimize spectrum allocation decisions
based on real-time data from the network [67-70].

2.3. Machine Learning for Spectrum Allocation
Machine learning (ML) algorithms, including
supervised and unsupervised learning techniques,
have been applied to predict network traffic patterns,
estimate spectrum demand, and allocate spectrum
accordingly. A key advantage of ML techniques is
their ability to handle large datasets and learn from the
network environment, thereby providing better
prediction accuracy and more efficient spectrum
allocation decisions. For example, a study by [71-73]
demonstrates how ML algorithms such as decision
trees and support vector machines can be used to
predict the spectrum requirements of a given area in a
hybrid satellite-5G network, optimizing frequency
reuse and reducing interference.

Moreover, [74-76] proposed an ML-based framework
for hybrid networks that uses historical data to predict
spectrum demand trends, enabling dynamic
adjustments to the spectrum allocation process. These
ML models help identify potential spectrum shortages
or surpluses in real-time and dynamically allocate
resources between terrestrial and satellite networks to
meet the demand.
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2.4. Reinforcement Learning for Dynamic Spectrum
Management

Reinforcement learning (RL) has been gaining
attention in the context of dynamic spectrum
allocation for hybrid satellite-5G networks due to its
ability to make optimal decisions through interaction
with the environment. In RL, the system learns
through trial and error by receiving feedback from the
environment, which makes it particularly useful for
dynamic systems like hybrid networks, where
conditions change frequently [77-79].

A notable study [80-82] utilized deep Q-learning, an
RL technique, for spectrum allocation in a satellite-
terrestrial hybrid network. The proposed system
learned the best spectrum allocation strategy based on
network conditions, such as interference levels and
traffic demands, improving the overall network
performance. The research demonstrated that RL-
based models outperformed traditional algorithms in
terms of spectrum utilization efficiency and reduced
interference.

2.5. Deep Learning for Advanced Spectrum
Allocation

Deep learning (DL), a subset of machine learning
involving deep neural networks, has been applied to
more complex spectrum allocation problems in hybrid
satellite-5G networks. DL models are capable of
processing large amounts of data and discovering
intricate patterns that simpler models may not capture.
A study by [83] developed a deep learning model
using convolutional neural networks (CNNs) for
spectrum prediction and allocation, achieving
significant improvements in bandwidth efficiency and
QoS in hybrid networks [84-86].

dynamic spectrum allocation for hybrid satellite-5G
networks:

Data Quality and Availability: Al models require large
amounts of data for training, and in the case of hybrid
networks, obtaining high-quality, labeled data can be
challenging due to the complex interplay between
terrestrial and satellite links [91].

Scalability: The application of Al models to large-
scale networks with millions of devices and varying
network conditions can pose scalability issues.
Ensuring that Al algorithms can handle the scale of
real-world hybrid networks while maintaining high
performance is a key challenge [92].

Real-Time Operation: Al models need to make
decisions in real-time, which requires low-latency
processing and high computational power. Ensuring
that Al-based models can operate efficiently under
stringent time constraints is crucial for practical
deployment [93].

Interoperability: Satellite and 5G networks often use
different communication protocols and technologies,
which can create challenges when trying to implement
a unified Al-based spectrum management system [94].

1. PROPOSED METHODOLOGY
The proposed methodology integrates Al techniques

into the spectrum management process, involving
several key steps:
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3.1. Data Collection and Feature Engineering

The first step in implementing Al-based DSA is to

collect data from both satellite and terrestrial network

components [95]. Key data points include:

e Channel Conditions: Signal strength, interference
levels, and noise measurements from satellite and
terrestrial nodes.

e Traffic Load: Data usage patterns, peak demand
times, and user density.

Mobility Patterns: User movement and satellite beam

adjustments.

e Spectrum Usage: Current spectrum allocation
across different bands and regions.

Feature engineering techniques will be employed to
derive relevant characteristics from this data, such as
time-of-day variations, geographical location, and
propagation characteristics.

3.2. Al Model Training and Spectrum Prediction
Once the data is preprocessed, an Al model is trained
to predict spectrum demand based on historical and
real-time data. Several machine learning algorithms
could be applied, including [96-98]:

Reinforcement Learning (RL): RL models are suitable
for making decisions in real-time environments where
actions  (spectrum allocations) have long-term
consequences. The agent learns through trial and error,
adapting its behavior to maximize long-term rewards,
such as QoS improvements or spectrum efficiency.

Deep Learning (DL): Deep neural networks can model
complex relationships in large datasets, making them
useful for predicting traffic patterns, interference, and
spectrum demand.

Supervised Learning: Classification or regression
models, such as decision trees or support vector
machines (SVM), can predict traffic types or classify
regions based on spectrum needs.

The training process involves using labeled data (e.qg.,

known spectrum usage and network conditions) to
learn the optimal allocation strategies.
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3.3. Dynamic Spectrum Allocation and Decision
Making

Once the model is trained, it can be deployed in the
network to make real-time spectrum allocation
decisions. The Al system continuously monitors the
network and adjusts spectrum allocations based on
predicted demand, interference levels, and QoS
requirements [99].

The system may employ the following strategies:

o Adaptive Spectrum Sharing: The Al dynamically
allocates frequency bands to satellite and terrestrial
components based on real-time network
conditions,  minimizing  interference  and
maximizing throughput.

e Load Balancing: The Al system ensures that
spectrum resources are distributed evenly across
different network regions, preventing congestion
in high-demand areas.

¢ Interference Mitigation: The model can predict and
prevent interference by adjusting frequency
allocations or power levels in overlapping regions.

3.4. Feedback Loop and Model Refinement

Al-based systems benefit from continuous learning.
After each decision-making cycle, the network
performance (e.g., user satisfaction, throughput,
latency) is monitored, and feedback is provided to the
Al model. This feedback loop allows the model to
refine its predictions and allocation strategies over
time, improving performance and adapting to changes
in network conditions [100].

3.5. Model Training: The training of the Al models
involves collecting historical network data, including
traffic patterns, satellite link conditions, and 5G user
demands. This data is used to train both the
reinforcement learning agent and the deep learning
model. For reinforcement learning, the environment
consists of the network's spectrum resources, while the
actions represent different allocation strategies. The
agent is trained using reward functions that encourage
high throughput and low interference. Deep learning
models are trained to predict network congestion and
traffic demands, with the objective of providing
accurate predictions to guide the spectrum allocation
process [101].
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3.6. Real-Time Spectrum Allocation: In real-time, the
Al model utilizes live network data, including satellite
signal strength, user demand, and network congestion,
to make spectrum allocation decisions. The
reinforcement learning agent continually adjusts its
policy based on current network conditions, while the
deep learning model forecasts future demand,
providing the system with foresight to allocate
spectrum in advance. The hybrid spectrum
management layer then implements these decisions,
allocating spectrum to the satellite or 5G network
accordingly [102].

3.7. Continuous Adaptation: As the network
environment is dynamic, the system continuously
adapts to changing conditions. The Al models are
updated periodically with new data, allowing them to
learn from past experiences and improve their
predictions and spectrum allocation strategies. The
feedback layer helps refine the model’s decision-
making process by providing performance metrics that
highlight areas of improvement [103].

To validate the proposed methodology, simulations
will be conducted in a hybrid satellite-5G network
environment. The evaluation metrics include:

e Spectrum Utilization Efficiency: Measure how
effectively spectrum is used across both satellite
and terrestrial networks.

e QoS Metrics: Assess the quality of service,
including latency, throughput, and packet loss,
under different spectrum allocation strategies.

o Interference Reduction: Evaluate the effectiveness
of interference mitigation techniques employed by
the Al model.

e Computational Complexity:  Analyze the
computational requirements for real-time spectrum
allocation.

The performance of the Al-based DSA methodology
will be compared against traditional static and
heuristic-based allocation methods.

IV. RESULTS AND DISCUSSION
The results of Al-based dynamic spectrum allocation

for hybrid Satellite-5G networks can be observed
across several key performance indicators (KPIs).
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Table 1. summarizes the comparative performance of
Al-based dynamic spectrum allocation in hybrid
satellite-5G networks [104]

Al-
Traditiona | Based Improveme
Metric | Methods | Metho nt (%)
[105] ds
[106]
Spectrum Lower .
Utilization efficiency | S0/ | Stgnificant
Quality  of
Service Ie_f(:‘\ilz‘ise:ncy 85% Significant
(QoS)
Interference :-r:l[ge?firren Reduce Significant
Reduction d
ce
Computation
al Lower Higher
Complexity

e Improved Spectrum Utilization Al algorithms,

particularly deep learning models, can analyze
network traffic patterns and predict spectrum
requirements in real time. By continuously
monitoring the availability of spectrum across
satellite and terrestrial links, Al can dynamically
allocate resources based on predicted demands.
Studies have shown that Al-based dynamic
spectrum  allocation  improves  spectrum
utilization by over 25%, as compared to
traditional static allocation methods. This
improvement is crucial in 5G networks, where
spectrum efficiency is paramount [107].

e Reduced Interference and Congestion One of the

key challenges in hybrid Satellite-5G networks is
interference management. Satellite
communications often face interference from
terrestrial networks and vice versa. Al algorithms,
such as reinforcement learning (RL) and
supervised learning, have been demonstrated to
effectively mitigate interference. By dynamically
adjusting frequency bands and power levels in
real time, Al-based systems can avoid congested
frequency bands and minimize cross-network
interference. In several studies, Al-based
approaches have led to a 15% reduction in
interference compared to traditional methods,
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leading to better quality of service (QoS) for end-
users [108-112].

e Optimized Quality of Service (QoS) Al can
enhance QoS by adapting the spectrum allocation
based on factors such as signal strength, latency
requirements, and real-time traffic conditions. For
example, in scenarios where satellite links
experience signal degradation due to weather
conditions, Al-based systems can allocate more
resources to the terrestrial 5G network to ensure
uninterrupted service. Furthermore, Al can adjust
the spectrum allocation to balance the latency and
throughput requirements of various services, such
as video streaming, gaming, and IoT applications.
Research has shown that Al-based spectrum
management can improve the average QoS by up
to 30% compared to static methods [113-116].

e Energy Efficiency and Cost Reduction Dynamic
spectrum allocation powered by Al leads to better
energy efficiency. By optimizing spectrum usage
and minimizing the need for redundant
transmissions, Al reduces the energy consumed
by both satellite and terrestrial network
components. This leads to cost savings for
network operators. In fact, some models predict
up to a 20% reduction in operational costs when
Al is integrated into spectrum management, due
to improved resource allocation and minimized
need for infrastructure upgrades.

e Enhanced User Experience As Al continually
adapts to real-time network conditions, end-users
benefit from a more responsive network. Al
algorithms ~ can  prioritize  high-demand
applications (e.g., emergency services, real-time
communications) while ensuring low-latency and
high-throughput services for general consumers.
This intelligent prioritization of network traffic
has shown improvements in user satisfaction
scores by up to 15%.

CONCLUSION

The Al-based dynamic spectrum allocation for hybrid
satellite-5G networks offers a promising solution to
enhance spectrum efficiency, optimize resource usage,
and improve overall network performance. By
combining the strengths of both satellite and 5G
systems, this approach addresses the challenges posed
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by the increasing demand for high-speed connectivity,
especially in remote and underserved areas. Al
algorithms enable real-time spectrum management,
allowing for intelligent decisions on spectrum
allocation based on traffic patterns, network
congestion, and user requirements.

One of the key benefits of Al-based spectrum
allocation is its ability to continuously monitor and
adapt to the dynamic environment of hybrid satellite-
5G networks. Machine learning models can predict
demand, minimize interference, and allocate spectrum
in a way that maximizes throughput and minimizes
latency. Moreover, the integration of satellite
networks extends coverage to vast geographical areas,
ensuring global connectivity.

However, challenges such as the complexity of Al
model training, data privacy concerns, and the need for
seamless integration between satellite and terrestrial
networks remain. Future research and development are
required to overcome these obstacles and refine Al
algorithms to achieve more efficient spectrum
allocation and network interoperability.

In conclusion, Al-based dynamic spectrum allocation
for hybrid satellite-5G networks has the potential to
revolutionize connectivity by providing scalable,
efficient, and adaptable solutions. As technology
evolves, it will play a crucial role in ensuring the
success of next-generation communication systems,
enabling faster, more reliable, and ubiquitous
connectivity worldwide.
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