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Abstract: The integration ofi Low-Earth Orbit (LEO) satellite constellations into 5G Radio Access Networks (RAN) has
emerged as a critical solution fior achieving global connectivity and low-latency communication. This paper addresses
the unique challenges ofi RF link budget optimization in satellite-enhanced 5G RAN architectures. Key considerations
include dynamic path loss, Doppler efifiects, and power constraints, all ofi which impact the quality ofi service ((QoS).
Techniques such as adaptive power control, beamfiorming, and machine learning-driven optimization are explored.
Simulation results and use cases demonstrate how link budget optimization enables seamless integration ofi LEO
systems into 5G RAN, improving efifiiciency and reliability.

Keywords: 5G RAN, Doppler Efifiects, Link Optimization, Low-Earth Orbitatellites, RF Link Budget, Satellite-
Enhanced Architecture.

L. INTRODUCTION
The demand for ubiquitous, high-speed connectivity has spurred the deployment of Low-Earth Orbit (LEO) satellite

constellations. Operating at altitudes between 300 and 1,500 km, LEO systems provide low-latency communication and high
throughput, making them essential for extending 5G Radio Access Networks (RAN) to remote and underserved areas [1].
However, integrating LEO systems into 5G RAN introduces unique challenges, such as frequent handovers, Doppler shifts,
and dynamic path loss. Effective RF link budget optimization is critical to mitigate these issues, ensuring reliable
communication and high-quality service [2].

e However, integrating LEO systems into 5G RAN introduces unique challenges:

e Frequent Handovers: Rapid satellite movement results in frequent handovers, requiring advanced resource

management.
e Doppler Shifts: The high relative velocity of satellites causes frequency shifts that complicate synchronization.
e Dynamic Path Loss: The low altitude introduces variations in free-space path loss, requiring real-time compensation.

Effective RF link budget optimization isessentialto mitigate thesechallenges, ensuring adequate signal quality,
minimizing interference, and maintaining reliable communication [2]. This paper focuses on techniques for optimizing RF
link budgets in LEO-based 5G RAN architectures and explores their practical applications.

Moreover, RF link budget optimization supports emerging use cases in satellite-enhanced 5G RAN architectures.
Applications such as autonomous vehicles, telemedicine, and disaster recovery depend on reliable, low-latency connectivity,
which is facilitated by LEO satellites. In areas with limited terrestrial infrastructure, optimized link budgets ensure efficient
backhaul communication, supporting smart agriculture and remote education. Additionally, industries like maritime and
aviation rely on LEO-based connectivity for real-time tracking, communication, and navigation. These applications highlight
the importance of RF link budget optimization in enhancing global communication solutions [9].
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A. Key Components of the RF Link Budget

The RF link budget is a crucial parameter in satellite communication systems, accounting for the total gain and loss
across the communication link. It represents the balance between the transmitted signal power, gains from antennas, and
various losses such as path loss, atmospheric interference, and system inefficiencies [2] [3]. The general equation for the RF
link budget is expressed as:

R.=P1+G¢+Gr_Lfs_La_Ls

Where:

P; is the received power (dBm).

Py is the transmitted power (dBm).

G and Gr are the transmit and receive antenna gains (dBi), respectively.

L represents free-space path loss (dB).

L, accounts for atmospheric losses (dB), including rain attenuation and other environmental factors.

Ls reflect system losses (dB), which may include losses from components like filters, amplifiers, or signal processing
inefficiencies.

B. Dynamic Path Loss

One of the primary factors influencing the RF link budget is path loss, which refers to the reduction in signal power as
the signal travels through space. In the case of Low-Earth Orbit (LEO) satellites, the path loss is more dynamic compared to
geostationary systems, primarily due to the satellite's constant movement relative to the ground station. The free-space path
loss (Lfs) in LEO systems is calculated using the following equation:

L, = 20log,o(d) + 20log,o(f) + 92.45

Where:
d is the distance between the satellite and the receiver (in km).
f is the operating frequency (in GHz).

The variations in the satellite's altitude, velocity, and distance from the ground station result in frequent changes to
the path loss, making real-time compensation essential. This variation requires accurate and frequent recalculation to ensure
continuous signal strength, especially in high-frequency bands that are more susceptible to free-space path loss.

Additionally, atmospheric losses (La) must be considered. These losses can arise from various environmental factors,
such as rain attenuation, water vapor, and ionospheric disturbances. High-frequency signals, particularly in the millimeter-
wave bands, are more prone to these atmospheric effects, which must be compensated for in real-time to prevent signal
degradation [5].

C. Doppler Shifit
The Doppler Effect, a consequence of the relative motion between the satellite and the receiver, leads to frequency
shifts in the transmitted signal. This effect is particularly significant for LEO satellites, as they travel at high speeds (up to 7.5
km/s) [4]. The Doppler shift (Af) is given by the formula: f
Ve

Af =

Where:

v is the relative velocity between the satellite and the receiver (in m/s).
fc is the carrier frequency (in Hz).

c is the speed of light (in m/s).

As the satellite moves closer or farther from the receiver, the frequency of the signal shifts, which can lead to issues
with synchronization and signal quality. This shift needs to be constantly tracked and compensated for by the system. In
practice, advanced synchronization algorithms are used to ensure that the receiver compensates for these shifts, maintaining
reliable communication without signal degradation.

D. System Losses
System losses (Ls) are inherent in all satellite communication systems and can arise from a variety of components
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within the satellite and ground station. These include losses due to imperfections in antennas, amplifiers, filters, and the
signal processing chain. In LEO systems, these losses can vary depending on the complexity of the communication hardware
and the quality of the transmission chain [5].

For instance, in high-frequency bands such as Ka-band and above, the effects of atmospheric attenuation are more
pronounced, requiring more sophisticated and power-efficient systems. Additionally, system losses also account for any
inefficiency in signal processing, modulation techniques, or switching mechanisms, which can affect the overall system
performance [12].

II. OPTIMIZATION TECHNIQUES FOR RF LINK BUDGETS
Optimizing the RF link budget is pivotal for ensuring reliable communication in LEO-based satellite systems. With the
unique challenges posed by dynamic link conditions, power constraints, and varying user demands, advanced techniques are
necessary to enhance signal quality, improve spectrum efficiency, and maintain robust connectivity. This section explores
key methods for addressing these challenges, including adaptive power control, beamforming with phased array antennas,
machine learning for dynamic resource allocation, and adaptive coding and modulation (ACM). Together, these strategies
form a comprehensive framework to optimize performance in satellite-enhanced 5G RAN architectures.

A. Adaptive Power Control
Adaptive power control ensures consistent signal-to-noise ratio (SNR) by dynamically adjusting transmit power based on
real-time link conditions. This technique operates in two modes:

e Open-Loop Control: Adjustments rely on predefined path loss models, suitable for predictable environments.

e Closed-Loop Control: Uses real-time feedback to fine-tune power levels for varying channel conditions.

During high path loss or interference, transmit power is increased, while under favorable conditions, it is reduced to
conserve energy, which is critical for LEO satellites with constrained power sources [5]. Techniques like these are
instrumental in maintaining connectivity and prolonging satellite lifespan.

B. Beamfiorming and Phased Antenna Arrays
Phased array antennas enable precise beamforming, significantly enhancing signal gain and reducing interference.
Beamforming involves electronically steering the antenna beam toward the intended receiver, maximizing efficiency. Key
techniques include:
e Multi-Beam Forming: Establishes simultaneous connections with multiple ground stations, facilitating broad
coverage.
e Dynamic Beam Steering: Continuously adjusts the beam direction based on satellite and user positions, ensuring
optimal alignment [6].
e These methods improve spectral efficiency, particularly in dense user environments where bandwidth demand is
high.
e Enhanced beamforming technologies are vital for applications like maritime communication and disaster recovery

[6].

C. Machine Learning fior Resource Optimization
Machine learning (ML) models provide predictive capabilities to optimize resource allocation in satellite communications.
Key ML approaches include:
e Reinforcement Learning (RL): Enables dynamic decisions for power control, handovers, and bandwidth allocation
based on real-time environmental changes [7].
e Supervised Learning: Utilized to predict path loss and signal degradation, allowing proactive resource adjustments.

For instance, ML-driven algorithms dynamically allocate higher power during periods of peak demand while ensuring
seamless handovers between satellites [77]. The integration of ML has revolutionized resource management, enabling more
efficient and robust satellite-based networks [11].

D. Adaptive Coding and Modulation (ACM)
Adaptive Coding and Modulation (ACM) techniques enhance communication performance by dynamically adjusting
modulation schemes and coding rates to suit channel conditions. Specific strategies include:

e High-Order Modulation: Used in strong signal conditions to maximize data throughput.

e Robust Coding Schemes: Applied during weak signal conditions to improve reliability [8].

These techniques improve spectral efficiency and link resilience, making ACM indispensable for addressing the
dynamic channel characteristics of LEO satellite systems [8][12]. For example, satellites transitioning over different terrains
use ACM to adapt in real-time, ensuring uninterrupted connectivity.
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III. HYBRID CONNECTIVITY ARCHITECTURES
As LEO satellites are increasingly integrated into 5G ecosystems, hybrid connectivity architectures emerge as a vital
solution for bridging the divide between terrestrial and non-terrestrial networks. These architectures combine satellite-based
links with ground-based 5G infrastructure to ensure seamless communication, especially in remote and underserved regions.
By leveraging the complementary strengths of different connectivity layers, hybrid models optimize coverage, performance,
and reliability.

A. Non-Terrestrial Network (NTN)-Assisted 5G RAN
In NTN-assisted architectures, LEO satellites extend terrestrial 5G RAN by providing backhaul connectivity or direct
communication with user equipment (UE). This model enables:
e Extended Coverage: LEO satellites bridge connectivity gaps in remote regions lacking terrestrial infrastructure,
ensuring global coverage [1][10].
e Load Balancing: Traffic from congested ground networks can be offloaded to satellite links, improving overall system
performance [2][12].

This approach enhances network capacity while addressing the challenges of traditional terrestrial infrastructure.

B. Multi-Layered Connectivity
Multi-layered architectures integrate LEO satellites, High-Altitude Platform Stations (HAPS), and terrestrial RANto create a
robust, multi-tiered network. In this model:
e LEO Satellites handle long-range backhaul links, providing high-capacity connections across vast areas [3][5].
e HAPS offer medium-range coverage, filling gaps between satellites and ground networks, improving redundancy and
reducing latency [6].

By combining these layers, the architecture ensures continuous connectivity and enhances fault tolerance, making it
suitable for disaster recovery and high-reliability use cases.

C. Edge Computing Integration
Edge computing complements hybrid architectures by enabling data processing closer to the user. In satellite-enhanced 5G
RAN:
e Satellite Gateways: Edge nodes deployed at satellite ground stations reduce latency by offloading data processing from
centralized cloud systems [7].
e JoT and Autonomous Applications: Low-latency edge computing facilitates time-sensitive tasks like IoT
communication and autonomous vehicle operations [9][12].

Integrating edge computing into hybrid models improves network responsiveness, enabling a new class of latency-
sensitive applications while optimizing satellite-ground resource utilization.

IV. SECURITY AND PRIVACY IN LEO-ENHANCED 5G RAN
Hybrid connectivity architectures incorporating LEO satellites introduce unique security challenges due to their
exposure to spaceborne threats, open communication environments, and integration complexities with terrestrial networks.

A. Interception and Spoofiing Risks:

Satellite links are susceptible to signal interception and spoofing attacks because of their broadcast nature.
Eavesdroppers can exploit the open-air medium to capture sensitive data, necessitating robust encryption standards, such as
end-to-end encryption at the physical and application layers [1,10].

B. Jamming and Signal Disruption:

Jamming attacks can degrade satellite signals, particularly at lower frequencies. Techniques like frequency hopping
spread spectrum (FHSS) and adaptive interference mitigation have shown promise in reducing susceptibility to such
disruptions [3].

C. Authentication Protocols:

The integration of satellites into 5G networks demands advanced authentication frameworks to prevent unauthorized
access. Approaches such as blockchain for decentralized authentication and Public Key Infrastructure (PKI)-based systems
have been proposed to enhance trust and reduce vulnerabilities [9][12].

D. Role ofi Machine Learning (ML):

ML models can proactively detect and mitigate threats by analyzing traffic patterns for anomalies, such as Distributed
Denial of Service (DDoS) attacks or spoofed signals. Reinforcement learning algorithms have demonstrated effectiveness in
optimizing network resources while safeguarding against intrusions [77][11].
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E. Privacy Concerns:

LEO satellites generate massive volumes of user data during communication. Privacy-preserving techniques, such as
homomorphic encryption and federated learning, allow data processing without exposing raw user information, ensuring
compliance with regulations like GDPR [8].

To address these security and privacy challenges, a combination of physical layer protections, advanced cryptographic
protocols, and ML-driven detection methods is essential. These measures ensure the resilience of LEO-enhanced 5G RAN
systems while maintaining user trust and system reliability.

V. CONCLUSION
This paper highlights why optimizing RF link budgets is critical for integrating Low-Earth Orbit (LEO) satellites into
5G RAN architectures. Techniques such as adaptive power control, beamforming, machine learning, and hybrid connectivity
models address challenges like path loss, Doppler effects, and power constraints. By leveraging these strategies, LEO systems
can enhance global connectivity; improve spectral efficiency, and enablereliable, low-latency communication for 5G
networks.

To summarize, the optimization of RF link budgets not onlyresolves technical hurdles like path loss and power
constraints but also lays the groundwork for the sustainable integration of LEO satellites into 5G RAN. These advancements
empower innovative applications such as IoT, telemedicine, and autonomous systems, particularly in remote areas where
terrestrial infrastructure is limited. By addressing these challenges holistically, RF link budget optimization ensures a robust,
scalable, and inclusive connectivity framework, positioning LEO systems as pivotal to the evolution of global 5G
communication networks.
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