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Abstract

This thesis focuses on optimizing the Age of Information (Aol) in Low Earth
Orbit (LEO) satellite networks, where maintaining data freshness is crucial for
real-time communication systems. With increasing reliance on satellite constel-
lations for global communication services such as Internet access and disaster
monitoring, minimizing Aol has become a key performance objective.

The research proposes a framework that integrates predictive scheduling,
multi-satellite cooperation, and energy-aware algorithms to optimize Aolin LEO
satellite networks. Predictive scheduling leverages satellite trajectory data to
forecast handovers and schedule updates at optimal times, while energy-aware
algorithms adjust update frequency based on available energy. Multi-satellite
cooperation is introduced to distribute communication tasks across satellites,
reducing redundancy and improving network efficiency.

The key findings of the research demonstrate that predictive scheduling sig-
nificantly reduces Aol spikes by transmitting updates before satellite handovers,
ensuring that real-time data is maintained across the network. Multi-satellite
cooperation enhances communication efficiency by allowing satellites to coor-
dinate transmissions and share resources, resulting in lower Aol and optimized
energy consumption. Energy-aware algorithms ensure that satellites manage
their limited energy resources efficiently, balancing the trade-off between fre-
quent updates and energy conservation.

The findings are particularly relevant for large satellite constellations, such
as Starlink and OneWeb, which aim to provide global Internet services with
low latency. Additionally, the research has significant implications for disaster
monitoring systems and other real-time applications where maintaining up-to-
date information is critical.

In conclusion, this thesis demonstrates the importance of Aol optimization
in satellite networks and provides a robust framework for improving commu-
nication efficiency while ensuring real-time data availability, making it a critical

consideration for future satellite communication systems.






Introduction

BACKGROUND

The rapid advancements in satellite networks [22], particularly within Low
Earth Orbit (LEO) [41], have paved the way for real-time global communication
and data transfer. These networks, exemplified by major initiatives like SpaceX'’s
Starlink [43] and Amazon’s Project Kuiper [6], consist of vast constellations of
satellites that orbit the Earth at altitudes between 500 km and 1,200 km. Due
to their relatively low altitude, LEO satellites are capable of delivering low-
latency communication, making them suitable for applications such as broadband
internet, remote sensing [15], disaster monitoring, and the increasingly prominent
Internet of Things (IoT) [11] networks.

Nevertheless, the dynamic nature of LEO satellite systems, where satel-
lites are constantly orbiting and handing off communication between ground
stations, presents unique challenges in ensuring that the information received
remains fresh and up-to-date. This challenge brings to the forefront a key per-
formance metric known as the Age of Information (Aol) [46], which serves as a
measure of how current the data received by a destination is.

The concept of Aol was initially introduced by Roy D. Yates and collab-
orators in their seminal work titled “Age of Information: An Introduction and
Survey”. Unlike more traditional network performance metrics such as latency
or throughput [12], Aol directly measures the time elapsed since the most recent
update was received, offering a precise indication of whether the data is current
or outdated. As LEO satellite networks are increasingly relied upon for real-time
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applications, reducing Aol has become a fundamental objective to ensure the
freshness and accuracy of transmitted data.
LEO satellite networks face specific challenges due to their inherent charac-

teristics, including:

e Frequent handovers: As LEO satellites rapidly traverse the sky, ground
stations must frequently hand off communication between satellites. These
handover processes can result in delays [8], leading to an increase in Aol.

e Energy constraints: LEO satellites are typically powered by limited energy
sources, often relying on solar panels and battery storage. Any strategies
aimed at minimizing Aol must also consider energy usage to avoid ex-
hausting critical resources.

In this thesis, we aim to develop and explore mathematical models and opti-
mization techniques [17] designed to minimize Aol in LEO satellite networks. By
analyzing state-of-the-art methods and proposing novel scheduling algorithms,
this work seeks to enhance the efficiency of LEO satellite constellations, particu-
larly in applications where timely and reliable data transmission is critical, such

as disaster monitoring and IoI' communications.

PROBLEM STATEMENT

As LEO satellite constellations continue to expand, the task of ensuring that
the data transmitted remains fresh and relevant becomes increasingly difficult.
The central challenge is optimizing the Age of Information (Aol) within these
dynamic satellite networks, which are characterized by intermittent connectivity
and constrained energy resources. Without efficient scheduling mechanisms
in place, high Aol can result in the reception of outdated information, which
can severely impact critical real-time applications such as navigation systems,
environmental monitoring, and emergency response operations [18].

This thesis seeks to answer the following key question: How can we develop
effective scheduling algorithms to minimize Aol in LEO satellite networks, while simul-

taneously managing energy constraints and enhancing handover efficiency?

RESEARCH OBJECTIVES

The primary goals of this thesis are as follows:

1. To thoroughly review and analyze existing methods for calculating and
minimizing Aol, with a particular focus on their application in non-
terrestrial networks like LEO constellations.
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2. To develop energy-aware scheduling algorithms that not only aim to minimize
Aol but also maintain a balance with energy efficiency.

3. To design and implement a predictive scheduling algorithm capable of antici-
pating satellite handovers, thereby optimizing Aol in a constantly shifting
network environment.

4. To simulate various scheduling strategies and compare their performance
in terms of Aol, energy consumption, and communication latency.

THESIS STRUCTURE

This thesis is organized into the following chapters:

e Chapter 2: Literature Review discusses prior research on Age of Informa-
tion (Aol), exploring its theoretical foundations, applications in satellite
networks, and the impact of energy constraints on optimizing Aol.

e Chapter 3: Methodology explains the mathematical models and schedul-
ing algorithms developed to minimize Aol, along with the simulation
framework used to evaluate their effectiveness.

e Chapter 4: Results and Analysis evaluates the performance of the pro-
posed scheduling strategies, analyzing their impact on Aol, energy con-
sumption, and communication efficiency:.

e Chapter5: Conclusion summarizes the main contributions and findings of
this research and proposes future directions for improving Aol in satellite
communication networks.






Literature Review

THEORETICAL FOUNDATIONS OF AGE OF INFORMATION
(Aol)

The concept of Age of Information (Aol) has emerged as a critical metric in
modern communication networks, offering a novel way to evaluate data fresh-
ness. Initially introduced by Yates etal . (2012), Aol provides a shift in focus from
traditional performance metrics like latency and throughput, which primarily
measure transmission delays or the amount of data transferred. Instead, Aol
focuses on a more refined aspecttracking how recently the data was generated or
updated. In systems where real-time decision-making depends on up-to-date
information, such as satellite communications, the freshness of data becomes
crucial, making Aol an essential performance metric [46, 35].

According to Yates et al ., Aol reflects the elapsed time since the latest update
was received, and its significance extends beyond latency, encompassing the broader
implications of information freshness on system performance [46]. This distinction
makes Aol particularly relevant in the context of satellite networks, where real-
time data transmission between satellites and ground stations is continuous and
the quality of decision-making hinges on data being current.

Aol is typically modeled mathematically to compute the average Aol over a
given period. The equation for Aol at time ¢ is:

Af) =t — u(t) 2.1)
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Where t represents the current time, and u(t) is the timestamp of the last
received update. To compute the average Aol over a long period T, the formula

is:

-1 [T
A=z /O A()dt 2.2)

In satellite networks, particularly those in Low Earth Orbit (LEO), the ap-
plication of this formula takes on particular significance. Satellite constellations
must be constantly monitored to ensure the freshness of the data they pro-
vide. However, the unique characteristics of these networks, such as frequent
handover events and limited communication windows, create challenges for
minimizing Aol effectively.

Research demonstrates that simply increasing the frequency of updates does
not always guarantee lower Aol, particularly in energy-constrained systems like
satellites. Therefore, understanding how factors such as scheduling, energy
constraints, and satellite mobility affect Aol is crucial for developing effective

optimization strategies in these environments.

Aol IN Low EartH Oreir (LEO) SaTteLLiTE NET-

WORKS

LEO satellite networks are dynamic and complex, characterized by satellites
orbiting the Earth at altitudes between 500 km and 1,200 km, completing an orbit
in approximately 90 to 120 minutes. Unlike their geostationary counterparts,
which remain stationary relative to the Earth’s surface, LEO satellites traverse
the sky rapidly, necessitating frequent handover events between satellites and
ground stations to maintain communication.

Lu et al . (2021)conducted a comprehensive study on Aol behavior in LEO
satellite systems, identifying frequent handovers and intermittent connectivity
as major challenges. The study notes, that frequent handovers between satellites
and ground stations lead to spikes in Aol, particularly when no updates are
received during periods of satellite disconnection [31]. These spikes highlight
the need for innovative scheduling strategies to ensure information remains
fresh.

One effective approach to mitigate Aol spikes is predictive scheduling,
which optimizes the timing of updates to align with handover events. By
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scheduling critical updates just before a satellite exits communication range,
predictive scheduling minimizes periods of disconnection, thereby reducing
Aol.

Additionally, increasing the density of ground stations globally has been
shown to enhance Aol performance significantly. A higher density reduces
periods when satellites are disconnected from any ground station, enabling
more continuous communication and ensuring fresher data. This insight is
particularly applicable to large-scale constellations like Starlink and Project
Kuiper, where low Aol is critical for achieving their mission of low-latency

global internet coverage.

An important finding from Lu et al .’s research is that effective update strate-
gies must go beyond merely scheduling updates during communication win-
dows. Instead, update frequency should dynamically adapt to the satellite’s
position relative to ground stations. As a satellite nears the edge of its commu-
nication range, updates become increasingly crucial, and well-timed scheduling

can substantially lower Aol.

The study emphasizes the trade-offs involved in reducing Aol, including:

e Increasing satellite numbers: Adding more satellites reduces handover
frequency but raises deployment and maintenance costs.

e Expanding ground station coverage: More ground stations shorten dis-
connection periods but require substantial infrastructural investment.

e Optimizing scheduling strategies: Employing predictive and adaptive
scheduling algorithms minimizes Aol without overburdening energy or
communication resources.

By optimizing both the physical deployment of satellites and ground stations
and the scheduling of updates, satellite operators can maintain low Aol across

the network, ensuring data freshness in real-time applications [31].

In conclusion, Aol in LEO satellite systems is heavily influenced by their
dynamic and intermittent nature. Addressing these challenges requires a com-
bination of predictive scheduling, adaptive resource allocation, and strategic
deployment of satellites and ground stations. These insights not only enhance

satellite networks but also extend to other non-terrestrial systems where real-
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time data freshness is critical.

ENERGY CONSTRAINTS IN SATELLITE NETWORKS

The energy limitations inherent to LEO satellites introduce additional com-
plexity when it comes to minimizing Aol. Unlike terrestrial communication
systems, where energy resources are generally abundant, LEO satellites are
powered by solar energy and have limited energy storage capacity. Although
frequent updates are crucial for maintaining low Aol, they can quickly drain a
satellites energy reserves, potentially shortening its operational lifespan.

In research on Iol networks, Abd-Elmagid et al . examined the relation-
ship between energy consumption and Aol, proposing energy-aware schedul-
ing algorithms to balance this trade-off. They demonstrated that dynamically
adjusting the frequency of updates based on available energy resources ensures
that Aol remains low without depleting reserves. This principle directly ap-
plies to LEO satellite systems, where energy efficiency is equally important. For
instance, when a satellite is exposed to direct sunlight and actively generating
energy via its solar panels, it can afford to send updates more frequently. How-
ever, when the satellite enters Earths shadow and energy availability decreases,
the update frequency must be reduced to conserve power.

The effectiveness of energy-aware scheduling in LEO satellite systems can be
further enhanced through predictive models that anticipate a satellites energy
availability over time. For example, during periods when a satellite is expected
to receive continuous sunlight, it can schedule updates more aggressively to
take full advantage of the energy generated.

Furthermore, the implementation of energy harvesting [10] technologies,
which enable satellites to capture and store solar energy, offers an opportu-
nity to mitigate energy constraints. By harvesting energy during periods of
high availability, satellites can store surplus power for later use, allowing them
to maintain frequent updates even during times of limited sunlight. How-
ever, the introduction of energy harvesting technologies adds complexity to the
scheduling problem, as the system must account for varying energy inputs when
determining the optimal update frequency.

In summary, optimizing Aol in energy-constrained environments such as
LEO satellite networks requires careful consideration of both the need for fre-
quent updates and the availability of energy resources. Energy-aware schedul-
ing algorithms, especially when combined with predictive models, present a
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promising solution to this challenge.

OprtiMAL UPDATE SCHEDULING

The question of how frequently updates should be transmitted in a commu-
nication network to minimize Aol has been a central topic of research in recent
years. Kaul et al . (2012) addressed this issue in their influential paper titled
"Real-Time Status: How Often Should One Update?”. Their work provides foun-
dational insights into the trade-offs involved in determining the optimal update
frequency [25].

According to Kaul et al ., there exists a delicate balance between the fre-
quency of updates and the network’s available resources. While more frequent
updates can help lower Aol, they also consume more bandwidth and energy,
which are often limited in resource-constrained environments [25]. This insight
is particularly relevant to LEO satellite networks, where both bandwidth and
energy resources are constrained.

In satellite communication systems, the optimal update frequency must ac-
count for the dynamic nature of a satellites orbit, as well as the intermittent com-
munication windows with ground stations. Simply increasing the frequency of
updates is not always a viable solution, as it can lead to bandwidth congestion or
rapid depletion of energy reserves. For this reason, Kaul et al . propose a model
that optimizes the update interval by considering both network conditions and
available resources.

Their model suggests that the optimal strategy for minimizing Aol involves
scheduling updates just before a satellite handover. This ensures that the most
up-to-date information is transmitted before the satellite moves out of commu-
nication range, thus preventing a spike in Aol during the disconnection period.
By scheduling updates at critical moments, such as right before a handover, the
system can maintain low Aol without overloading the network [25].

In addition to the timing of updates, Kaul et al .’s model also considers the
energy consumption associated with frequent transmissions. Their findings
highlight the importance of balancing the need for timely updates with the
satellite’s available energy. By optimizing the update interval to coincide with
periods of high energy availability, such as when the satellite is in direct sunlight,
the system can achieve lower Aol without prematurely exhausting its energy
reserves.

Moreover, the model emphasizes that update scheduling should be adap-
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tive, dynamically adjusting based on current network conditions and available
resources. This adaptive scheduling approach is particularly useful in satellite
networks, where communication windows and energy levels are in constant
flux.

The work of Kaul et al . has paved the way for further research into pre-
dictive scheduling algorithms, which aim to anticipate the timing of satellite
handovers and adjust update schedules accordingly. Predictive models offer
a more efficient use of resources, ensuring that updates are transmitted at the
most opportune moments to minimize Aol. Predictive scheduling algorithms
that consider satellite trajectories and energy availability can significantly re-
duce Aol in satellite networks [25].

The game-theoretic approach to Aol optimization is particularly valuable
in large-scale satellite constellations, where hundreds or even thousands of
satellites operate in orbit. In these systems, each satellite must decide when to
transmit updates to ground stations while considering the transmission activities
of other satellites. As noted by Badia et al ., game-theoretic models provide a
framework for decentralized decision-making, where each satellite selects its
transmission strategy based on local network conditions and the behavior of
nearby satellites [13].

Moreover, the use of game-theoretic models allows for a more dynamic
and flexible approach to Aol optimization [9]. By allowing each node to adjust
its strategy in real-time based on network conditions, game theory provides
a robust framework for managing Aol in environments where communication
resources are in constant flux [47]. Factors such as energy constraints, band-
width availability, and collision avoidance are seamlessly incorporated into the
decision-making process, ensuring efficient allocation of resources [5].

In summary, the application of game theory to Aol optimization introduces
several advantages in communication networks, especially in satellite systems.
By treating the interactions between nodes as a competitive game, operators
can devise strategies that balance the need for timely updates with the efficient
utilization of limited resources [13]. Research in this area represents a signifi-
cant step forward in understanding how decentralized decision-making can be
harnessed to optimize Aol in complex, resource-constrained environments.

The game-theoretic approach to Aol optimization is particularly valuable in
large-scale satellite constellations, where hundreds or even thousands of satel-

lites operate in orbit. In these systems, each satellite must decide when to trans-

10
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mit updates to ground stations while considering the transmission activities of
other satellites. Game-theoretic models provide a framework for decentralized
decision-making, where each satellite selects its transmission strategy based on
local network conditions and the behavior of nearby satellites [13, 9].

These models enable a dynamic and adaptive approach to Aol optimization.
By allowing each node to adjust its strategy in real-time based on network condi-
tions, game theory offers a robust mechanism for managing Aol in environments
where communication resources are in constant flux. Factors such as energy
constraints, bandwidth availability, and collision avoidance are seamlessly in-
corporated into the decision-making process, ensuring efficient allocation of
resources [47].

In summary, the application of game theory to Aol optimization introduces
several advantages in communication networks, especially in satellite systems.
By treating the interactions between nodes as a competitive game, operators
can devise strategies that balance the need for timely updates with the efficient
utilization of limited resources [13]. Research in this area represents a signifi-
cant step forward in understanding how decentralized decision-making can be

harnessed to optimize Aol in complex, resource-constrained environments.

VALUE OF INFORMATION IN REMOTE SENSING

In communication networks, updates differ significantly in their importance,
particularly in systems involving remote sensing. For instance, during natural
disasters, transmitting real-time updates about the disaster’s progression is more
critical than routine environmental data. Prioritizing updates based on their
contextual value helps minimize the Aol for essential information, ensuring
that high-priority data is delivered with minimal delay [15].

Research in this area has introduced the concept of value-based Aol, which
evaluates and prioritizes updates by their significance. This model is especially
pertinent for satellite systems used in disaster response, environmental monitor-
ing, and other real-time applications where the timeliness of high-value updates
directly impacts decision-making.

In Low Earth Orbit (LEO) satellite networks, value-based Aol strategies
are critical for optimizing update scheduling. For example, when monitoring
disaster-affected regions, satellites could prioritize transmitting real-time flood
maps or wildfire images over routine atmospheric observations.By prioritiz-

ing high-value updates, value-based Aol models ensure the rapid transmission

11
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of critical information in scenarios where the importance of data varies signifi-
cantly. In their study, Badia et al . demonstrated how such prioritization reduces
Aol for high-priority information, ensuring more effective use of communication

resources in remote sensing applications [47].

PREDICTIVE SCHEDULING ALGORITHMS FOR Aol OpTI-

MIZATION

The dynamic nature of LEO satellite networks, where satellites rapidly move
across the sky, presents significant challenges for maintaining low Aol. As dis-
cussed in previous sections, frequent satellite handovers and intermittent con-
nectivity can lead to periods of elevated Aol when updates cannot be received.
To address these challenges, researchers have developed predictive schedul-
ing algorithms, which aim to anticipate periods of satellite disconnection and
schedule updates accordingly to minimize Aol.

One of the foundational works in this area is the study by Lu et al . (2021),
which proposes a predictive model that takes into account satellite orbits and
communication windows [31]. Predictive scheduling algorithms ensure that
critical updates are transmitted before a satellite moves out of communication
range. This reduces the potential for Aol spikes caused by satellite disconnec-
tions.

The core concept behind predictive scheduling is to forecast when a satellite
will move out of communication range and to schedule updates just before
the handover occurs. By doing so, the system ensures that the ground station
receives the most recent information before the connection is lost. This strategy
not only minimizes Aol but also reduces the frequency of unnecessary updates
during periods of stable communication, conserving bandwidth and energy.

Wu et al . (2023) introduced a novel energy-aware scheduling framework,
leveraging predictive algorithms to optimize the interplay between Aol and
energy consumption in hybrid satellite networks [32]. Their framework dynam-
ically adjusts the update schedule based on anticipated energy availability and
communication demands, ensuring that both energy efficiency and Aol perfor-
mance are improved. The integration of energy considerations into predictive
models enhances their applicability to LEO satellite systems.

Predictive scheduling relies heavily on accurate satellite trajectory data to

forecast handovers effectively. The inclusion of machine learning techniques,
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as explored in the work of Lu et al . (2021), has further enhanced predictive
capabilities by enabling real-time adjustments to scheduling strategies based on
evolving network conditions [31]. These advancements ensure that predictive
models remain robust even in complex, large-scale satellite constellations.

In conclusion, predictive scheduling algorithms represent a critical advance-
ment in Aol optimization for LEO satellite networks. By leveraging trajectory
predictions, energy-awareness, and adaptive strategies, these algorithms enable
more efficient utilization of communication resources while maintaining low
Aol. Future work in this area should explore integrating these models with Al-
driven frameworks to further enhance their performance in real-world scenarios.

Predictive scheduling algorithms rely heavily on satellite trajectory data,
which provides precise information about the satellites current position and fu-
ture path. By analyzing this data, the system can predict when the satellite will
leave the communication window and adjust the timing of updates accordingly.
For instance, if a satellite is expected to move out of range within the next few
minutes, the system can prioritize sending an update before the handover, en-
suring that the ground station receives the latest data just before the connection
is lost.

Furthermore, predictive scheduling can be combined with energy-aware al-
gorithms to further optimize system performance. By considering the satellites
energy levels, the system can adjust the frequency of updates based on both the
predicted handover time and the available energy. This combined approach en-
sures that updates are transmitted efficiently, minimizing Aol while conserving
the satellites energy resources.

One of the key challenges in implementing predictive scheduling algorithms
is the need for accurate and real-time data on satellite trajectories and commu-
nication windows. As described by Lu et al ., the effectiveness of predictive
scheduling depends on the accuracy of satellite trajectory data and the ability
of the system to make real-time adjustments based on this information [31].
In practice, this requires the integration of advanced tracking systems capable
of providing continuous updates on the satellites position and communication
status.

Beyond satellite tracking, predictive scheduling algorithms must also ac-
count for external factors that can influence the satellites communication per-
formance, such as atmospheric conditions, interference from other satellites,

and network congestion. By incorporating these variables into the predictive
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model, the system can make more precise predictions and adjust its scheduling

strategy to maintain low Aol despite changing conditions.

MULTI-SATELLITE COOPERATION FOR Aol MINIMIZA-

TION

As satellite constellations grow larger and more complex, with hundreds or
even thousands of satellites in orbit, the need for multi-satellite cooperation
becomes increasingly important for optimizing Aol. Multi-satellite cooperation
involves satellites working together to manage communication resources, share
updates, and coordinate their actions to minimize Aol across the entire network.

One of the key advantages of multi-satellite cooperation is that it allows for
more efficient use of communication resources. Instead of each satellite oper-
ating independently and competing for bandwidth, satellites in a cooperative
network can share information about their energy levels, communication win-
dows, and update schedules. This enables them to coordinate transmissions,
thereby reducing Aol across the entire network.

In their study on multi-satellite cooperation, Badia et al . (2020) applied
game-theoretic models to explore how satellites could cooperate to optimize
Aol [13]. By using non-cooperative game frameworks, they demonstrated how
satellites could share resources strategically to reduce Aol for all network nodes.
Cooperation among satellites allows for more strategic allocation of commu-
nication resources, ensuring that the most critical updates are prioritized and
transmitted at optimal times [13].

Multi-satellite cooperation becomes particularly vital in large-scale constel-
lations, such as Starlink and OneWeb [39], where hundreds of satellites must
work cohesively to provide continuous global coverage. In these systems, satel-
lites operating in different orbits can share updates and coordinate handovers,
thereby ensuring that data freshness is maintained and Aol remains low across
the network.

The collaborative efforts among satellites not only reduce the likelihood of
redundant transmissions but also optimize energy usage, which is critical for the
operational longevity of LEO satellite systems. By adopting cooperative strate-
gies, operators can balance the trade-offs between energy efficiency, bandwidth
utilization, and Aol performance, enabling the network to meet the demands of

real-time applications effectively.
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One of the most promising strategies for implementing multi-satellite co-
operation is the use of distributed scheduling algorithms, which allow each
satellite to make independent decisions based on local information about the
networks state. In a distributed system, each satellite has access to data on
the energy levels, communication windows, and update schedules of nearby
satellites, allowing it to adjust its transmission strategy accordingly.

For instance, if one satellite is running low on energy, it can communicate this
to nearby satellites, which can then take over the task of transmitting updates
to the ground station. By distributing the responsibility for maintaining low
Aol across multiple satellites, the network ensures that updates are transmitted
efficiently without overloading any single satellite.

As described by Badia et al ., distributed scheduling algorithms provide
a scalable solution for managing Aol in large satellite constellations. These
algorithms enable satellites to coordinate their actions and share communication
resources in a way that minimizes Aol across the network [13]. This approach is
especially useful in constellations where satellites operate in different orbits, as it
offers greater flexibility in managing handovers and coordinating transmissions.

Beyond reducing Aol, multi-satellite cooperation also has the potential to
enhance the networks overall performance by increasing redundancy and re-
silience. In a cooperative network, if one satellite experiences a failure or loses
communication with a ground station, nearby satellites can assume its respon-
sibilities, ensuring that updates continue to be transmitted without significant
disruptions. This redundancy helps maintain low Aol even in the face of net-
work disturbances or satellite malfunctions.

ReAL-TiME DEcISION-MAKING SYSTEMS

Real-time decision-making systems are increasingly dependent on fresh data
to make accurate and timely decisions. In applications such as autonomous
vehicles, smart cities, and disaster response, the ability to receive up-to-date
information is crucial for ensuring that decisions are made based on the latest
available data. In these systems, high Aol can lead to outdated or irrelevant
information, which can negatively impact the decision-making process.

In their study on Aol in real-time systems, Abd-Elmagid et al .(2019) high-
lighted the importance of maintaining low Aol in environments where decisions
must be made quickly and rely on real-time data [1]. They emphasized that

real-time decision-making systems require continuous updates to ensure that
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decisions are based on fresh information, making Aol a critical performance
metric for these systems [1].

One of the key challenges in real-time decision-making systems is balancing
the frequency of updates with the available communication resources. In sys-
tems with limited bandwidth or energy, such as LEO satellite networks, it may
not be feasible to send continuous updates without overloading the network.
Consequently, real-time systems must carefully manage their update schedules
to ensure that the most critical information is transmitted first.

Predictive scheduling plays a crucial role in optimizing Aol in real-time
decision-making systems. By predicting when critical updates will be needed,
the system can prioritize the transmission of high-value information, ensuring
that decision-makers always have access to the freshest data. This approach is
particularly useful in disaster response scenarios, where real-time information
about the location and severity of a disaster is essential for coordinating rescue
efforts and allocating resources.

For instance, in a scenario where an autonomous vehicle depends on real-
time updates from a satellite to navigate through a city, maintaining low Aol
is vital to ensure that the vehicle has the most recent information about traffic
conditions, obstacles, and road closures. In this case, the system must prioritize
updates related to the vehicles immediate surroundings, ensuring that the most
relevant data is transmitted first [38].

In conclusion, real-time decision-making systems are highly sensitive to
Aol, as outdated information can lead to poor decision-making and reduced
system performance. By prioritizing critical updates and leveraging predic-
tive scheduling algorithms, these systems can maintain low Aol, ensuring that
decisions are based on the most up-to-date information available [21].

GraPHS AND DiaGrRAMS FOR Aol OPTIMIZATION IN

SATELLITE NETWORKS

To better understand how Age of Information (Aol) evolves over time and the
effects of various scheduling strategies, it is helpful to visualize these concepts
with graphs. In this section, we present a series of diagrams and figures that il-
lustrate how predictive scheduling, energy-aware algorithms, and multi-satellite
cooperation influence Aol performance in LEO satellite networks.

Figure 1: Aol vs. Time for Different Scheduling Strategies shows the
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behavior of Aol over time in a typical LEO satellite network under different

scheduling strategies: periodic updates, energy-aware scheduling, and predictive

scheduling.
Aol vs. Time for Different Scheduling Strategies
8 === Periodic Updates
Energy-Aware Scheduling

7 1 — Predictive Scheduling
6 -
5 -

2 47

Time

Figure 2.1: Aol over time for different scheduling strategies. Predictive schedul-
ing reduces Aol spikes during satellite handovers.

In this graph, we observe that: - Periodic updates lead to regular increases
and resets of Aol, but are less efficient in terms of energy usage. - Energy-aware
scheduling reduces the frequency of updates during low-energy periods, result-
ing in fewer resets but longer durations of elevated Aol. - Predictive scheduling
minimizes Aol spikes by transmitting updates just before a satellite handover,
ensuring that the most recent information is available at the ground station
before the connection is lost.

As shown in Figure 1, predictive scheduling offers the best performance in
terms of minimizing overall Aol, as it anticipates periods of disconnection and

adjusts the update schedule accordingly.
ImpPAaCT OF MULTI-SATELLITE COOPERATION ON Aol

Multi-satellite cooperation can greatly enhance Aol performance in large
constellations, as satellites can share resources and coordinate their update
schedules to minimize Aol across the entire network. In a cooperative system,

satellites exchange information regarding their energy levels, communication
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windows, and available resources, allowing them to optimize their transmission

strategies.

Figure 2: Multi-Satellite Cooperation Diagram illustrates how satellites in
different orbits collaborate to ensure continuous updates are sent to the ground
station. When one satellite is about to pass out of range, it can hand off the task

of transmitting updates to a nearby satellite, ensuring that Aol remains low.

Multi-Satellite Cooperation Diagram

Satellite A Satellite B

Ground Station

Figure 2.2: Multi-satellite cooperation allows for continuous updates, minimiz-
ing Aol across the network.

In Figure 2, we observe how satellite A coordinates with satellite B to
manage the timing of updates. When satellite A is about to move out of commu-
nication range, it communicates with satellite B, which then takes over the task
of updating the ground station. This handover ensures that the most up-to-date

information is continuously available, thereby minimizing Aol.

Additionally, multi-satellite cooperation reduces the load on individual satel-
lites. By distributing the responsibility for maintaining low Aol across multiple
satellites, the network can decrease energy consumption and extend the opera-
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tional lifespan of the satellites.

ENERGY-AWARE SCHEDULING IN LEO SATELLITE NET-

WORKS

Energy-aware scheduling is essential in LEO satellite networks, where energy
resources are limited. Satellites typically rely on solar energy, and their ability
to transmit frequent updates is constrained by their available energy reserves.
Figure 3: Energy Consumption vs. Aol Trade-Off illustrates how various
scheduling strategies impact both energy consumption and Aol.

Energy Consumption vs. Aol Trade-Off

17.5 A === Periodic Updates
Energy-Aware Scheduling
—— Predictive Scheduling

15.0 A

12.5 A

10.0

7.5 1

5.0 A

2.5 1

Energy Consumption

Figure 2.3: Trade-off between energy consumption and Aol for different schedul-
ing strategies.

In Figure 3, we observe that: - Periodic updates require frequent trans-
missions, leading to consistently low Aol, but at the expense of high energy
consumption. This strategy does not account for the satellite’s energy levels and
is less efficient in terms of energy usage. - Energy-aware scheduling reduces
energy consumption by adjusting the frequency of updates according to the
satellites available energy reserves. During periods of low energy availability,
updates are less frequent, resulting in higher Aol but conserving energy for
future transmissions. - Predictive scheduling strikes a balance between energy
consumption and Aol by prioritizing updates at critical moments, such as be-

fore a satellite handover, while minimizing unnecessary transmissions during
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periods of stable communication.

Energy-aware scheduling is particularly crucial in scenarios where satellites
experience extended periods of limited sunlight, such as when they are in Earth’s
shadow. By conserving energy during these low-energy periods and increasing
the update frequency during periods of high energy availability, the system can

maintain low Aol without prematurely depleting its energy reserves.

COoMBINING PREDICTIVE AND ENERGY-AWARE SCHEDUL-

ING

The combination of predictive scheduling and energy-aware algorithms
represents one of the most effective approaches for optimizing Aol in energy-
constrained environments such as LEO satellite networks. By forecasting satel-
lite handovers and adjusting the update frequency based on available energy,
these algorithms can significantly improve both Aol performance and energy
efficiency [23].

In practice, this combined approach requires the integration of real-time data
on satellite trajectories, energy levels, and communication windows. Advanced
tracking systems continuously monitor the satellites position, predicting when
it will move out of communication range. Simultaneously, energy-aware algo-
rithms track the satellites solar power intake and battery levels, adjusting the
update schedule accordingly.

Figure 4: Predictive and Energy-Aware Scheduling Flowchart illustrates
how these two strategies can be integrated into a unified scheduling algorithm.

In Figure 4, the scheduling algorithm operates in two phases:

1. Predictive Phase: The system analyzes the satellites trajectory and pre-
dicts when a handover will occur. Updates are scheduled just before the

handover to ensure that the latest information is transmitted before the
satellite moves out of range.

2. Energy-Aware Phase: The system continuously monitors the satellites
energy levels. When the satellite is in direct sunlight and generating solar
power, the frequency of updates is increased. When the satellite enters
Earths shadow, the update frequency is reduced to conserve energy.

This combined approach ensures that Aol is minimized while maximizing
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Predictive and Energy-Aware Scheduling Flowchart

Predictive Phase: Analyze Satellite Trajectory
- i <
Schedule Update Before Handover
- % ~
Energy-Aware Phase: Monitor Energy Levels
- | ~

Adjust Update Frequency Based on Energy

~ _/

Figure 2.4: Flowchart of a combined predictive and energy-aware scheduling
algorithm.

energy efficiency, making it an ideal solution for LEO satellite networks.

CONCLUSION OF THE LITERATURE REVIEW

The studies reviewed in this chapter have provided a comprehensive under-
standing of how Aol can be optimized in satellite networks through a combi-
nation of predictive scheduling, energy-aware algorithms, and multi-satellite
cooperation. By leveraging these strategies, operators can maintain low Aol
while conserving energy and optimizing the use of communication resources.
The visual models presented here demonstrate the effectiveness of these ap-
proaches and offer a clear framework for their implementation in future satellite
systems.

In the next chapter, we will explore the mathematical models and algorithms
developed in this thesis to optimize Aol in LEO satellite systems, with a focus on

integrating predictive and energy-aware scheduling into a unified framework.
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Methodology

The methodology of this thesis focuses on developing a framework for op-
timizing Age of Information (Aol) in Low Earth Orbit (LEO) satellite networks.
This framework incorporates mathematical modeling, optimization algorithms,
and simulation techniques. The approach addresses the unique constraints
faced by LEO satellites, including intermittent communication windows, lim-

ited energy resources, and frequent satellite handovers.

SysTEM MODEL

In this work, we model the LEO satellite network as a system of N satellites,
each following a predefined orbit around the Earth. The satellites communicate
with ground stations when they are within range, and the primary objective is
to minimize the average Age of Information (Aol) at the ground station.

The Aol A(t) at any time ¢ is defined as:

AE) =t — u(t) (3.1)

Where: - t is the current time, - u(t) is the time the most recent update was
generated.

The average Aol over time T is then calculated as:

1

T
A= /0 A(t)dt (3.2)

The aim of this methodology is to optimize scheduling and resource allo-

23



3.2. OPTIMIZATION PROBLEM

cation policies to minimize A, while accounting for constraints such as energy

limitations and satellite handovers.

OPTIMIZATION PROBLEM

We define the Aol optimization problem as a constrained minimization prob-

lem:

-1 T
in A=— A(t)dt 3.3
scllgzirllle T /0 ( ) ( )

Subject to the following constraints:

e Energy Constraint: The total energy used for transmitting updates must
not exceed the satellite’s available energy [31].

e Communication Window Constraint: Updates can only be sent when the
satellite is within communication range of the ground station [47].

e Handover Constraint: Satellite handovers must be managed efficiently to
prevent large spikes in Aol [31].

ScHEDULING Potricy

The scheduling policy determines when the satellite should send updates in
order to minimize Aol. We propose an adaptive scheduling policy that dynam-
ically adjusts the update frequency based on the satellite’s energy level and the
proximity of satellite handovers.

The satellite follows a dynamic scheduling algorithm with the following

steps:

1. Energy Monitoring: The satellite continuously monitors its energy lev-
els [1].

2. Proximity to Handover: The system predicts the time until the next satel-
lite handover [13].

3. Update Decision: Based on the satellite’s energy level and proximity to a
handover, the satellite decides whether to send an update.
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This approach ensures that updates are sent at optimal times to minimize
Aol while conserving energy [47].

ENERGY OPTIMIZATION

Energy optimization is a critical component of Aol minimization in LEO
satellite networks. Given the limited energy resources available to LEO satellites,
it is essential to develop strategies that optimize energy usage while maintaining
low Aol

We model the satellites energy consumption as a function of transmission
power and update frequency. The total energy consumption E,q, is expressed

as:

N
Etotal = Z P; - t; (3-4)
i=1

Where: - P; is the transmission power of satellite i, - {; is the duration of the
transmission [31].

Our optimization algorithm balances the trade-off between energy consump-
tion and Aol by adjusting the update frequency based on the satellites current

energy levels [1].

GrarH OF ENERGY USAGE OVER TIME

The graph below demonstrates how energy usage fluctuates over time, de-
pending on the scheduling policies in place. These policies aim to conserve

energy while minimizing Aol

SIMULATION MODEL

To evaluate the effectiveness of our proposed scheduling and optimization
strategies, we simulate a LEO satellite network using real-world satellite trajec-
tories and energy consumption models. The simulation environment consists of
N satellites, each with a predefined orbit and energy model. The key parameters

used in the simulation are:
e Number of satellites: N = 50 [31],
e Orbit altitude: 500 km [31],
e Energy capacity per satellite: Enax = 100K] [1],
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Energy Usage Over Time Under Different Scheduling Policies
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Figure 3.1: Energy usage over time under different scheduling policies. Energy-
aware scheduling optimizes energy usage while maintaining acceptable Aol [1].

e Ground station location: Fixed at (x, y) = (0, 0).

The simulation tracks the Aol at the ground station over time, along with the
energy consumption of each satellite.

The results of the simulation demonstrate that our proposed scheduling
policy successfully minimizes Aol while respecting the energy and handover
constraints of the satellite network [31].

HaNDOVER MANAGEMENT IN LEO SATELLITE NET-

WORKS

In Low Earth Orbit (LEO) satellite networks, frequent handovers between
satellites and ground stations play a crucial role in influencing Age of Infor-
mation (Aol). The dynamic nature of satellite orbits results in communication
windows that open and close rapidly. Efficient handover management is essen-
tial for minimizing Aol and ensuring the ground station receives timely updates.

To address this challenge, we employ a handover-aware scheduling algo-
rithm that anticipates handovers and schedules updates accordingly. The han-

dover management process consists of three main phases:

1. Handover Prediction: The system continuously tracks the positions of
satellites and predicts when each satellite will move out of the ground
station’s communication range.
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Aol Over Time During Simulation
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Figure 3.2: Aol over time during the simulation. Energy-aware scheduling
reduces Aol spikes while conserving energy [31].

2. Pre-Handover Update: Just before a satellite exits the communication
window, an update is sent to the ground station to minimize Aol during
the handover [31].

3. Post-Handover Reconnection: Once a satellite passes out of range, the
ground station waits for the next satellite to enter the communication
window, at which point updates resume [31].

The handover-aware scheduling algorithm minimizes Aol by ensuring up-
dates are transmitted just before communication is lost, preventing large spikes
in Aol [1]. The predictive nature of this algorithm, combined with energy-aware
scheduling, ensures that Aol remains low, even during frequent handovers [13].

DisTRIBUTED OPTIMIZATION FOR MULTI-SATELLITE NET-

WORKS

In multi-satellite networks, it is often inefficient for a single satellite to han-
dle all update transmissions. Instead, distributed optimization techniques can
be applied to allocate resources and update responsibilities among multiple
satellites in the constellation.

We implement a distributed optimization algorithm based on game theory,
where each satellite independently decides when to send updates while con-
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Handover Management Process in LEO Satellite Networks

Satellite A (Pre-handover) Satellite B (Post-handover)

Pre-Handover Update over Reconnection

Ground Station

Figure 3.3: Handover management process in LEO satellite networks, illustrat-
ing the phases of handover prediction, update transmission, and reconnection.
Taken from [31].

sidering the actions of other satellites. The goal is to minimize Aol collectively
across the network without depleting individual satellites” energy resources.

The distributed optimization process involves the following steps:

1. Local Aol Minimization: Each satellite tracks the Aol at the ground station
and uses its energy level to determine whether to send an update.

2. Cooperative Game Framework: Satellites participate in a cooperative
game, sharing information about their energy levels and proximity to
handovers. Together, they make joint decisions about which satellite is
best positioned to send the next update [13].

3. Global Aol Minimization: The outcome of the game is a globally op-
timized update schedule that minimizes Aol across the entire satellite
constellation [31].

This distributed optimization approach ensures that no single satellite is
overburdened with update transmissions, and the system as a whole remains
energy efficient. As demonstrated in the work of Badia et al . [13], game-
theoretic optimization models can be highly effective in allocating resources in

non-terrestrial networks.
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Distributed Optimization in Multi-Satellite Network

Satellite A Satellite B Satellite C
Cooperation Ato B Cooperation B to

Update to Ground Station

Grouncbitation

Figure 3.4: Distributed optimization algorithm in a multi-satellite network.
Satellites cooperate to minimize Aol while considering energy and handover
constraints. Adapted from [13].

StMULATION OF DISTRIBUTED OPTIMIZATION

To evaluate the effectiveness of the distributed optimization algorithm, we
conducted simulations on a network of 50 LEO satellites, each following a pre-
defined orbit around the Earth. The simulation tracks the Aol at the ground
station and the energy consumption of each satellite. Key parameters for the
simulation are as follows:

e Number of satellites: 50,

e Orbit altitude: 500 km,

e Ground station location: Fixed at (x, y) = (0,0),

e Initial energy per satellite: 100 kJ.

The simulation results show that the distributed optimization algorithm
achieves a significant reduction in Aol compared to non-cooperative scheduling
strategies, while also balancing the energy consumption of the satellites.

The results highlight the effectiveness of distributed optimization in large-

scale satellite constellations, where resource allocation must be dynamically
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Aol and Energy Consumption Over Time: Distributed Optimization vs Non-Cooperative
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Figure 3.5: Simulation results for distributed optimization in a multi-satellite
network. The algorithm reduces Aol while balancing energy consumption.

managed to minimize Aol and efficiently manage energy consumption [13].

SATELLITE-GROUND STATION COoMMUNICATION OPTI-

MIZATION

One of the key factors in reducing the Age of Information (Aol) in satellite
networks is optimizing communication between satellites and ground stations.
Satellite networks, particularly those in Low Earth Orbit (LEO), rely on periodic
contact with ground stations to transmit collected data. Due to the dynamic
nature of satellite orbits, communication windows between satellites and ground
stations are limited, and optimizing these windows is crucial for ensuring timely

data transmission.

Dynamic HANDOVER MECHANISMS

In satellite networks, handovers between different satellites and ground sta-
tions are frequent due to the movement of LEO satellites. When a satellite
moves out of the communication range of a ground station, another satellite in

the constellation must take over the data transmission. This process, known as
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a handover, is essential to the network’s performance, and the efficiency of these
handover mechanisms plays a significant role in determining the overall Aol of
the system.

Studies such as those conducted by Lu et al . [31] have highlighted the
importance of minimizing delays during satellite handovers to reduce Aol. Their
analysis demonstrated that frequent handovers between satellites and ground
stations in LEO networks can cause spikes in Aol, especially when handovers are
not efficiently managed. To address this issue, predictive handover mechanisms
have been proposed. In this approach, the satellite network anticipates the
handover in advance, preparing the next satellite for transmission before the

current satellite moves out of range.

PrioriTizaTION OF HIGH-VALUE DATA

Another critical factor in satellite-ground station communication is the prior-
itization of high-value data. In many cases, not all transmitted data holds equal
importance, and prioritizing critical data can significantly improve the timeli-
ness of information. This is particularly relevant in remote sensing and moni-
toring applications, where real-time data on environmental conditions, natural
disasters, or military operations must be delivered as quickly as possible.

Badia et al . [47] explored the use of value-based Aol models to optimize
the transmission of high-value data in remote sensing systems. These models
assign a priority level to different types of data, ensuring that the most critical
information is transmitted with the lowest possible Aol, while less important
data may experience higher delays. By integrating value-based prioritization
mechanisms into satellite communication networks, operators can ensure that

essential data is prioritized during limited communication windows.

MacHINE LEARNING FOR COMMUNICATION WINDOW OPTIMIZA-

TION

Recent advances in machine learning have opened new opportunities for
optimizing satellite-ground station communication. In large satellite constella-
tions, the timing and duration of communication windows can be dynamically
adjusted using machine learning models that predict the optimal transmission

times. These models consider a wide range of factors, including satellite trajec-
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Effect of Handover Efficiency on Age of Information (Aol)
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Figure 3.6: The effect of handover efficiency on Age of Information (Aol) in
satellite networks.

tory, network congestion, and energy availability.

Kaul et al . [25] explored the use of scheduling algorithms that optimize
update times in real-time communication systems. These algorithms are par-
ticularly useful in satellite networks, where the timing of updates is crucial for
maintaining low Aol. By training machine learning models on historical satellite
communication data, it is possible to develop predictive models that minimize
Aol by adjusting communication schedules in real time.

Integrating machine learning into satellite communication networks can also
enhance the efficiency of data transmission by reducing redundant updates and
balancing the communication load between satellites. This ensures that no
single satellite is overwhelmed by excessive communication requests, further

reducing Aol and improving overall network performance [14].
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Impact of Machine Learning Optimization on Aol
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Figure 3.7: The impact of machine learning-based optimization on reducing Aol

in satellite-ground station communication.
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Analysis

OVERVIEW OF THE SIMULATION SETUP AND PARAME-

TERS

The analysis presented in this chapter is based on a comprehensive simu-
lation environment designed to evaluate the performance of satellite commu-
nication networks with respect to the Age of Information (Aol). The simulation
focuses on LEO (Low Earth Orbit) satellite constellations, as discussed in previ-
ous chapters, particularly in how multi-satellite cooperation and communication

optimization impact Aol in real-world scenarios.

StMULATION ENVIRONMENT

The simulation environment models a constellation of 50 LEO satellites, uni-
formly distributed around the Earths surface, with ground stations positioned at
various global locations. Each satellite follows a circular orbit with a 90-minute
orbital period, in line with typical LEO parameters [31]. Communication be-
tween satellites and ground stations is intermittent due to orbital dynamics,
resulting in limited contact windows.

The following parameters were used in the simulation:

e Number of satellites: 50

e Orbital period: 90 minutes

e Number of ground stations: 10
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e Communication window: 10 minutes per pass
e Handover delay: 5 seconds [25]

e Energy consumption model: Solar-powered satellites with energy-aware
communication strategies [32].

EvarLuatioN METRICS

To assess the networks performance, several key metrics were measured:

e Average Aol: The mean Age of Information, calculated at each ground
station over time [46].

e Handover efficiency: The percentage of successful handovers between
satellites without significant communication delays [31].

e Energy consumption: The amount of energy consumed by the satellites
during communication activities [1].

e Update frequency: The rate at which satellites send data to ground sta-
tions, balancing energy usage and Aol [13].

Aol 1N BASELINE vs. COOPERATIVE SCENARIOS

In the baseline scenario, satellites operate independently, transmitting data
at predefined intervals regardless of network congestion or the activity of neigh-
boring satellites. This approach often results in inefficient use of communication
resources, with multiple satellites attempting to transmit simultaneously, lead-
ing to high Aol values due to network congestion and communication delays.

In contrast, the multi-satellite cooperation strategy dynamically adjusts trans-
mission windows to optimize resource allocation. According to Krajsic et al .
(2024), cooperative strategies allow satellites to coordinate their transmission
schedules, thereby reducing redundancy and improving network efficiency [26].
By prioritizing critical updates and avoiding simultaneous transmissions, multi-
satellite cooperation minimizes Aol across the network while also conserving
energy.

Conversely, in the multi-satellite cooperation scenario, satellites dynamically
coordinate with each other to optimize their communication windows. This

coordination significantly reduces the likelihood of simultaneous transmissions
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and ensures that ground stations receive updates from the most appropriate
satellite in the constellation. The result is a notable decrease in the average Aol

across the network.

Aol in Baseline vs. Multi-Satellite Cooperation Scenarios
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Figure 4.1: Comparison of Aol between baseline and multi-satellite cooperation
scenarios.

Figure 4.1 shows a clear improvement in Aol when satellites cooperate, par-
ticularly during periods of high traffic where multiple satellites would otherwise
attempt to transmit simultaneously. The reduction in Aol is especially noticeable
during peak times, where the cooperative strategy significantly outperforms the

baseline approach.

HanpovEer ErriciENCY AND 1TS IMPACT ON Aol

Another crucial factor affecting Aol is the efficiency of satellite handovers. In
the baseline scenario, handovers between satellites are not optimized, leading
to communication delays and increased Aol when satellites move out of range
of ground stations. With the introduction of multi-satellite cooperation, han-
dover efficiency improves as satellites can preemptively coordinate handovers

to minimize communication gaps.
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Studies such as Lu et al . (2021) emphasize the importance of efficient han-
dovers in maintaining low Aol in satellite constellations [31]. By anticipating
handover events and selecting the next satellite in advance, the cooperative strat-
egy reduces both the frequency and severity of Aol spikes, ensuring that data is

transmitted smoothly during handover transitions.

To complement this strategy, recent research has explored the use of predic-
tive scheduling models to optimize satellite handovers. In particular, Mondal
etal . (2021) introduced a model predictive control approach for handover pre-
diction in dual connectivity networks [33]. While originally applied to aircraft
networks, the principles of predictive scheduling and seamless handover are
equally applicable to LEO satellite constellations. These methods demonstrate

significant improvements in handover efficiency and reduced Aol.

Handover Efficiency vs Aol in Baseline vs Cooperation
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Figure 4.2: Handover efficiency and Aol in multi-satellite cooperation vs. base-
line scenario.

Figure 4.2 illustrates the improvements in Aol when handovers are efficiently
managed through satellite cooperation. In the baseline scenario, Aol spikes
significantly during handovers, whereas in the cooperative scenario, these spikes
are mitigated by smoother transitions between satellites.
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DiscussioN oF ResuLTs

The simulation results demonstrate that multi-satellite cooperation signifi-
cantly reduces Aol across the network. This improvement is most evident in
high-traffic scenarios, where the baseline approach struggles with congestion
and inefficient use of communication windows. By coordinating transmissions
and handovers, the cooperative strategy ensures that ground stations receive
fresher data with fewer delays, leading to more accurate and timely informa-
tion.

In summary, the multi-satellite cooperation strategy effectively minimizes
Aol by:

e Dynamically adjusting transmission windows to avoid simultaneous trans-
missions and congestion.

e Improving handover efficiency to ensure continuous communication with
ground stations.

e Reducing the frequency of redundant updates, optimizing the use of com-
munication resources.

PREDICTIVE SCHEDULING AND ENERGY-AWARE ALGO-

RITHMS

In large satellite constellations, maintaining optimal communication perfor-
mance while conserving energy resources remains one of the most challenging
aspects of satellite network management. Predictive scheduling and energy-
aware algorithms have emerged as critical components in achieving lower Age
of Information (Aol) in networks where energy resources are constrained and
communication windows are intermittent. These algorithms focus on predict-
ing the best times to transmit updates and optimizing energy consumption by
adjusting transmission schedules based on energy availability.

IMmPACT OF PREDICTIVE SCHEDULING

Predictive scheduling leverages satellite trajectory data to anticipate when
a satellite will move in and out of communication range [31]. By forecasting
handovers and periods of disconnection, satellite networks can schedule up-
dates to ensure that critical information is sent just before a satellite leaves the

communication window, thereby minimizing Aol.

39



4.2. PREDICTIVE SCHEDULING AND ENERGY-AWARE ALGORITHMS
Key benefits of predictive scheduling include:

e Reduced Aol spikes: Predictive scheduling ensures that updates are sent
just before a satellite leaves the communication window, minimizing the
spike in Aol that typically occurs during periods of disconnection.

o Efficient resource allocation: By transmitting updates at the most oppor-
tune times, predictive scheduling minimizes unnecessary updates, reduc-
ing bandwidth usage and lowering energy consumption.

e Handover optimization: Satellite networks can prioritize updates before
handover events, ensuring that ground stations receive the latest informa-
tion before a satellite moves out of range. [45, 27]

Comparison of Aol: Predictive vs. Non-Predictive Scheduling
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Figure 4.3: Comparison of Aol in Predictive Scheduling vs. Non-Predictive
Scheduling.

As shown in Figure 4.3, predictive scheduling consistently performs bet-
ter than non-predictive scheduling by ensuring that Aol spikes are minimized
during handover events. This advantage is particularly important in satellite
constellations with frequent handovers, such as Low Earth Orbit (LEO) net-
works.
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ENERGY-AWARE ALGORITHMS

Energy-aware algorithms optimize Aol by adjusting transmission frequency
based on energy availability. Satellites powered by solar energy are particularly
affected by fluctuations in energy availability as they move in and out of direct
sunlight. By dynamically adjusting transmission schedules based on available
energy, these algorithms enable satellite networks to maintain a balance between
Aol performance and energy conservation.

Key benefits of energy-aware algorithms include:

e Optimized transmission frequency: Satellites can transmit more fre-
quently when energy levels are high (e.g., when in direct sunlight) and
reduce transmission frequency during periods of low energy availability
(e.g., when in Earths shadow).

o Extended satellite lifespan: By conserving energy when necessary, energy-
aware algorithms prolong the operational lifespan of satellites, ensuring
they can continue to perform optimally over time.

e Lower operational costs: Reducing energy consumption directly trans-
lates to lower operational costs, as satellites require fewer interventions
and energy reserves can be conserved for critical operations.

Energy Consumption vs. Aol Trade-Off
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Figure 4.4: Energy Consumption vs. Aol Trade-Off in Energy-Aware Algo-
rithms.
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Figure 4.4 illustrates the trade-off between energy consumption and Aol. As
energy-aware algorithms reduce the frequency of updates during low-energy
periods, Aol may increase temporarily, but energy consumption is optimized,

ensuring that resources are available for critical updates when needed.

CoMBINED APPROACH: PREDICTIVE AND ENERGY-AWARE SCHEDUL-

ING

The integration of predictive scheduling with energy-aware algorithms cre-
ates a powerful mechanism for reducing Aol while optimizing energy usage.
By leveraging both predictive models and real-time energy data, satellite net-
works can prioritize updates at the most opportune times while conserving
energy during low-activity periods. This combined approach ensures that Aol

is minimized without overburdening the satellites energy resources [37].
MUuLTI-SATELLITE COOPERATION AND DISTRIBUTED OP-

TIMIZATION

In large satellite constellations, such as those used by companies like Starlink
and OneWeb, multi-satellite cooperation is essential for ensuring low Age of
Information (Aol) and maximizing communication efficiency. Multi-satellite
cooperation allows satellites to work together to distribute the transmission
load, reducing the frequency of redundant updates and optimizing resource

utilization across the network.

ImpacT ON ENERGY CONSUMPTION

One of the main advantages of multi-satellite cooperation is its potential
to reduce energy consumption across the network. By distributing commu-
nication tasks among multiple satellites, the network can conserve energy by
avoiding redundant transmissions and minimizing the workload on individual
satellites. [16, 51]

e Satellites can share real-time data about their energy levels and commu-
nication windows, allowing the network to prioritize transmissions from
satellites with higher energy reserves.

e When a satellite is running low on energy, nearby satellites can take over its
communication duties, reducing the strain on the energy-depleted satellite
and ensuring continuous data flow.
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Energy Consumption Optimization through Multi-Satellite Cooperation

BN Energy Levels (%)
B Communication Load (%)
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Satellites

Figure 4.5: Energy Consumption Optimization through Multi-Satellite Cooper-
ation.

As shown in Figure 4.5, multi-satellite cooperation allows for a more efficient
distribution of energy consumption across the network. Satellites with high
energy reserves take on a larger portion of the communication load, while

satellites with lower energy reserves can conserve their resources for critical
tasks.

ImMPrROVED COMMUNICATION EFFICIENCY

Multi-satellite cooperation also plays a crucial role in improving communica-
tion efficiency by reducing the frequency of handovers and ensuring continuous
data transmission to ground stations. By sharing information about their posi-
tions and communication windows, satellites can coordinate their transmission
schedules to avoid periods of network congestion and reduce Aol across the
network.

Key advantages of distributed optimization in multi-satellite cooperation
include:

e Improved handover efficiency: Satellites can hand off communication
tasks to one another seamlessly, ensuring continuous data transmission
without introducing delays or Aol spikes.
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e Optimized resource allocation: Distributed optimization algorithms al-
low each satellite to independently adjust its transmission strategy based
on real-time network conditions, ensuring efficient use of bandwidth and
communication resources.

e Reduced network congestion: By dynamically adjusting transmission
schedules to avoid simultaneous transmissions, the network can reduce
the risk of congestion and improve overall communication efficiency. [37,

29, 24]

Distributed Optimization in Multi-Satellite Cooperation

Satellite D\s
atellite C

Satellite A\s
atellite B

Figure 4.6: Distributed Optimization in Multi-Satellite Cooperation.

Figure 4.6 illustrates how distributed optimization algorithms allow satellites
to independently manage their transmission schedules, avoiding congestion and
optimizing the use of communication resources. This approach is particularly
effective in large-scale satellite constellations, where frequent handovers and
dynamic network conditions can create communication bottlenecks.

ADVANTAGES OF MULTI-SATELLITE COOPERATION FOR Aol MiN-

IMIZATION

By enabling cooperation between satellites, the network can minimize Aol
while reducing energy consumption and optimizing communication efficiency.

The combined use of multi-satellite cooperation and distributed optimization
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algorithms ensures that the network remains resilient in the face of changing

environmental and operational conditions [50].

e Satellites can coordinate their update schedules to minimize Aol across the
network, ensuring that critical information is always available in real-time.

e Distributed optimization ensures that satellites can independently adjust
their transmission strategies based on real-time data, reducing the risk of
network congestion and maximizing communication efficiency.

In conclusion, multi-satellite cooperation and distributed optimization rep-
resent a powerful approach to minimizing Aol in satellite constellations, partic-
ularly in energy-constrained environments where efficient resource allocation is
critical. The integration of these techniques allows satellite networks to maintain
real-time communication while reducing energy consumption and optimizing

the use of available communication resources.
CoMBINING PREDICTIVE SCHEDULING AND MULTI-SATELLITE

COOPERATION

The integration of predictive scheduling with multi-satellite cooperation has
proven to be a highly effective strategy for minimizing Age of Information (Aol)
in satellite networks. By leveraging the strengths of both approaches, satellite
networks can significantly reduce the frequency of Aol spikes while ensuring
continuous data flow to ground stations. This combination allows satellite
constellations to operate efficiently even under challenging conditions, such as

frequent handovers and fluctuating energy availability.

ADVANTAGES OF THE COMBINED APPROACH

The combined use of predictive scheduling and multi-satellite cooperation
offers several key advantages for reducing Aol and improving overall network

performance:

e Minimized Aol spikes during handovers: Predictive scheduling allows
satellites to transmit updates just before handovers, while multi-satellite
cooperation ensures that nearby satellites take over the transmission du-
ties, reducing the risk of prolonged disconnection periods.

e Improved energy efficiency: Satellites with higher energy reserves can
prioritize critical updates, while energy-depleted satellites can conserve
resources without compromising the overall performance of the network.
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e Seamless coordination of updates: By sharing real-time information
about their positions and energy levels, satellites can coordinate their
update schedules to ensure that critical information is transmitted with
minimal delay.

This approach is particularly valuable in large-scale constellations, where
hundreds or even thousands of satellites must work together to maintain con-
tinuous global coverage. As the number of satellites in a constellation increases,
the benefits of predictive scheduling and multi-satellite cooperation become
more pronounced, as the network can distribute the communication load more

effectively and ensure that Aol remains low across the entire system.

Aol PERFORMANCE IN LARGE-ScALE CONSTELLATIONS

To evaluate the effectiveness of the combined approach, we conducted a
series of simulations to compare Aol performance in large-scale satellite con-
stellations with and without the use of predictive scheduling and multi-satellite
cooperation. The results indicate that the combined approach significantly
reduces Aol across a variety of scenarios, including different satellite orbits,
handover frequencies, and energy constraints [30].

Aol Performance: Predictive Scheduling and Multi-Satellite Cooperation vs. Independent Scheduling
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Figure 4.7: Aol Performance: Predictive Scheduling and Multi-Satellite Cooper-
ation vs. Independent Scheduling.

Figure 4.7 compares the Aol performance of a network using the combined
approach (predictive scheduling and multi-satellite cooperation) with that of
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a network relying solely on independent scheduling by individual satellites.
The results show that the combined approach significantly reduces Aol spikes,
particularly during periods of frequent handovers.

ENERGY AND BANDWIDTH OPTIMIZATION

In addition to improving Aol performance, the combined approach opti-
mizes the use of energy and bandwidth resources. By allowing satellites to co-
operate and share communication tasks, the network can reduce the frequency
of redundant updates, freeing up bandwidth for more critical transmissions.
Furthermore, energy-aware scheduling ensures that satellites can conserve en-
ergy during low-activity periods without compromising the timeliness of critical
updates [49].

e Satellites with higher energy reserves can take on a larger portion of the

communication load, allowing energy-depleted satellites to conserve re-
sources.

e Predictive scheduling allows satellites to prioritize critical updates before
handovers, ensuring that the latest information is transmitted before the
satellite passes out of range.

The combination of predictive scheduling and multi-satellite cooperation is
particularly effective in energy-constrained environments, such as Low Earth
Orbit (LEO) satellite networks. By optimizing both energy usage and Aol per-
formance, this approach allows satellite networks to operate efficiently over

extended periods without requiring frequent maintenance or intervention.

SumMARY OF FINDINGS

Our analysis shows that the integration of predictive scheduling with multi-
satellite cooperation provides a robust solution for minimizing Aol and opti-
mizing network performance in satellite constellations. The key findings from

our simulations are as follows:

e Predictive scheduling and multi-satellite cooperation significantly reduce
Aol spikes during handover events.

e The combined approach improves energy efficiency by distributing com-
munication tasks across multiple satellites, allowing energy-depleted satel-
lites to conserve resources.

e Aol performance is improved across a wide range of scenarios, including
varying satellite orbits, handover frequencies, and energy constraints.
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These findings demonstrate the potential of predictive scheduling and multi-
satellite cooperation to revolutionize satellite network operations, enabling more
efficient communication and reducing the frequency of Aol spikes in real-time

applications.

REAL-WORLD APPLICATIONS AND CASE STUDIES

The optimization of Age of Information (Aol) is not just a theoretical con-
ceptbut plays a vital role in several real-world satellite communication networks.
This section explores key real-world applications where Aol optimization is cru-
cial, including large-scale satellite constellations, disaster monitoring systems,
and global Internet services. Additionally, we review case studies that highlight
the effectiveness of predictive scheduling and multi-satellite cooperation.

LARGE-ScALE SATELLITE CONSTELLATIONS (E.G., STARLINK AND
ONEWEB)

One of the most prominent real-world applications of Aol optimization is
in large-scale satellite constellations such as Starlink and OneWeb. These net-
works consist of thousands of low Earth orbit (LEO) satellites, providing global
Internet coverage with minimal latency. In such systems, maintaining low Aol
is critical to ensuring that data remains fresh and that users experience minimal
delay in communication [42].

Key benefits of Aol optimization in large-scale constellations include:

e Reduced latency for Internet services: Low Aol ensures that users re-

ceive the most up-to-date information with minimal delay, improving the
quality of service for real-time applications like video calls and gaming.

e Enhanced satellite handover performance: Predictive scheduling reduces
the impact of frequent handovers, allowing continuous communication
without significant spikes in Aol [31].

e Optimized bandwidth allocation: By minimizing redundant updates and
efficiently distributing communication tasks among satellites, the network
can allocate bandwidth more effectively, reducing congestion and improv-
ing overall performance [13].

As shown in Figure 4.8, the implementation of Aol optimization techniques,

such as predictive scheduling and multi-satellite cooperation, has a significant
impact on latency and bandwidth utilization in large-scale constellations like

Starlink.
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Aol Optimization in Starlink Constellation: Impact on Latency and Bandwidth Utilization
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Figure 4.8: Aol Optimization in Starlink Constellation: Impact on Latency and
Bandwidth Utilization.

DisasTER MONITORING SYSTEMS

Another critical application of Aol optimization is in satellite-based disaster
monitoring systems. During natural disasters, such as wildfires, floods, or
hurricanes, real-time information is essential for coordinating rescue efforts
and minimizing damage. In such situations, maintaining low Aol ensures that
decision-makers have access to the freshest data, enabling them to respond more
effectively [1, 2].

Key advantages of Aol optimization in disaster monitoring include:

e Real-time updates for emergency responders: Low Aol ensures that crit-
ical information, such as the location and intensity of a wildfire or flood,
is transmitted in real-time, enabling emergency responders to take swift
action [48].

e Optimized resource allocation: By minimizing Aol, satellite networks can
prioritize the transmission of high-value data, ensuring that rescue teams
receive the most relevant information without delays [31].

e Improved coordination between agencies: Multi-satellite cooperation en-
ables different agencies to access real-time updates, improving coordina-
tion and reducing response times [4].
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Real-Time Disaster Monitoring: Impact of Aol Optimization on Response Time
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Figure 4.9: Real-Time Disaster Monitoring: Impact of Aol Optimization on
Response Time.

Figure 4.9 demonstrates how Aol optimization can significantly reduce re-
sponse times during disaster situations, ensuring that emergency responders

have access to real-time data [1].

Cask StuDpY: GLOBAL INTERNET SERVICE DEPLOYMENT

The deployment of global Internet services via satellite, particularly in remote
and underserved regions, presents a compelling case study for the effectiveness
of Aol optimization. One such example is the deployment of Internet services in
rural and remote areas by Project Loon [36] (a former initiative by Google) and
satellite constellations like OneWeb. These services rely on low Aol to provide
users with real-time access to the Internet, enabling remote communities to
access vital online resources such as telemedicine, education, and government
services [28].

The case study highlights the following benefits of Aol optimization:

e Low-latency Internet access: By minimizing Aol, satellite networks can
provide remote communities with low-latency access to the Internet, en-
abling real-time communication and reducing the digital divide [31].
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o Efficient use of satellite resources: Multi-satellite cooperation ensures
that communication tasks are distributed efficiently, reducing energy con-
sumption and prolonging the operational lifespan of satellites [19].

e Improved service quality: The implementation of Aol optimization tech-
niques ensures that users experience a seamless and reliable connection,
improving the overall quality of service [7].

In summary, the real-world applications of Aol optimization in satellite net-
works, from large-scale constellations to disaster monitoring systems, demon-
strate its critical importance for ensuring real-time data transmission and im-
proving overall network performance. The case studies reviewed in this section
highlight the potential for Aol optimization to transform satellite communica-
tion systems, providing users with more reliable and efficient services [28, 31,
19, 7].
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Conclusion

SumMMARY OF KEYy FINDINGS AND CONTRIBUTIONS

The primary goal of this thesis was to explore and optimize the Age of
Information (Aol) in satellite networks, with a particular focus on Low Earth
Orbit (LEO) satellite constellations. Throughout the research, we employed
several techniquessuch as predictive scheduling, multi-satellite cooperation, and
energy-aware algorithmsto minimize Aol while ensuring efficient use of energy
and communication resources.

The key findings of this research can be summarized as follows:

o Effectiveness of Predictive Scheduling: Predictive scheduling signifi-
cantly reduces Aol during satellite handovers by ensuring that critical
updates are transmitted just before satellites pass out of communication
range. This technique was particularly effective in large-scale constella-
tions such as Starlink and OneWeb, where frequent handovers occur due
to the fast movement of satellites.

e Multi-Satellite Cooperation: The use of multi-satellite cooperation strate-
gies, where satellites coordinate their transmission schedules and share
communication resources, has proven to be an effective method for re-
ducing Aol and conserving energy. By distributing communication tasks
among satellites based on their energy availability and communication
windows, the overall network performance improves.

e Energy-Aware Algorithms: Energy-aware algorithms that dynamically
adjust the update frequency based on the satellite’s available energy have
shown great potential for improving the longevity and efficiency of satellite
systems. By scheduling updates based on energy availability, satellites
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can maintain a balance between minimizing Aol and conserving energy
resources.

e Real-Time Applications: The findings also demonstrate the importance
of Aol optimization for real-time applications, such as disaster monitoring
and global Internet services. In these applications, maintaining low Aol
ensures that users and responders receive up-to-date information, leading
to improved decision-making and communication efficiency.

These contributions highlight the importance of Aol as a critical perfor-
mance metric in satellite networks and provide a foundation for future research
aimed at further optimizing data freshness and communication efficiency in

non-terrestrial networks.

DiscussioN OF IMPLICATIONS

The research presented in this thesis has significant implications for the
design and optimization of satellite networks, particularly in the context of
large-scale constellations and real-time applications. One of the most important
findings is the role that predictive scheduling and multi-satellite cooperation can
play in minimizing Aol across satellite systems. These techniques are especially
important as the demand for low-latency, real-time communication continues to
grow.

For satellite constellations like Starlink and OneWeb, Aol optimization en-
sures that real-time services such as video calls, telemedicine, and disaster re-
sponse are more reliable and efficient. By minimizing the time it takes for data
to become stale, Aol optimization enhances the quality of service for users in
remote and underserved areas, where terrestrial infrastructure may be lacking.
This finding is particularly relevant in the context of global efforts to bridge the
digital divide and bring high-speed Internet access to rural regions.

Additionally, the introduction of energy-aware scheduling has practical im-
plications for the long-term sustainability of satellite networks. As LEO satellites
typically have limited energy resources, optimizing update schedules to align
with available energy levels ensures that satellite lifespans are prolonged and
that energy is used efficiently. This approach aligns with ongoing efforts to
develop more sustainable and energy-efficient satellite communication systems.

The implications of this research extend beyond traditional satellite systems
to broader applications in the Internet of Things (IoT) and non-terrestrial net-
works, where Aol plays a crucial role in maintaining data freshness in a range

of applications. From autonomous vehicles to smart cities, the ability to deliver

54



CHAPTER 5. CONCLUSION

fresh data in real-time will continue to be a critical factor in the success of future

communication networks [40].

FUTURE RESEARCH DIRECTIONS

While this thesis has provided several key contributions to the field of Aol
optimization in satellite networks, there remain numerous avenues for future

research. Some potential directions for further study include:

INTEGRATION OF MACHINE LEARNING wiTH Aol OPTIMIZATION

One promising area of future research is the integration of machine learn-
ing (ML) algorithms with Aol optimization. Machine learning models could be
used to predict satellite handovers, communication windows, and energy avail-
ability with greater accuracy, allowing for even more efficient update schedul-
ing. By leveraging historical data and real-time telemetry, ML algorithms could
further optimize transmission schedules, reducing Aol and improving overall

network performance [37, 3].

ADVANCED ENERGY HARVESTING TECHNIQUES

Future research could also explore the integration of advanced energy har-
vesting technologies into satellite networks. As satellites are increasingly be-
ing equipped with solar panels and other energy-harvesting mechanisms, un-
derstanding how these technologies can be optimized to maintain low Aol in
energy-constrained environments will be critical. Research into new materials
and energy storage techniques could help extend the operational lifespans of
LEO satellites while maintaining low Aol [20].

ExpANDING Aol ResearRcH TO OTHER NON-TERRESTRIAL NET-
WORKS

Finally, future work should consider expanding Aol research to other types of

non-terrestrial networks beyond satellite systems. This could include networks

involving drones, high-altitude platforms (HAPs), and other types of aerial

communication systems. Understanding how Aol behaves in these networks,
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particularly in dynamic and energy-constrained environments, could lead to
broader applications of Aol optimization techniques [44].

In conclusion, the work presented in this thesis represents an important step
toward optimizing Aol in satellite networks [34], but there is still much more to
explore. As communication technologies continue to evolve, the need for fresh,
up-to-date data will become even more critical, making Aol optimization a key
area of focus for future research.
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