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Abstract: 

The proliferation of small satellites in Low Earth Orbit (LEO) has dramatically 

increased over the past decade, driven by advancements in technology, 

decreasing costs, and a growing demand for various applications ranging from 

telecommunications to Earth observation. However, this rapid expansion has 

raised significant concerns regarding space debris, which poses a risk to both 

operational satellites and human spaceflight. This paper examines the current 

state of space debris, technological advances in debris mitigation strategies, and 

the specific challenges and opportunities presented by small satellites in LEO. 

Key technologies discussed include active debris removal, collision avoidance 

systems, and improved satellite design and operations. Furthermore, the role of 

international cooperation and regulatory frameworks is highlighted as critical for 

ensuring sustainable use of space. The findings underscore the necessity for 

innovative solutions and collaborative efforts to address the growing threat of 

space debris while maximizing the potential of small satellite missions. 

Keywords: Space debris, Low Earth Orbit, small satellites, debris mitigation, 

active debris removal, collision avoidance, satellite design, international 

cooperation. 
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I. Introduction: 

The advent of small satellites has revolutionized the space industry, enabling a 

range of applications that were previously either too costly or technologically 

unfeasible. These satellites, often weighing less than 500 kilograms, have 

democratized access to space, allowing universities, startups, and governments 

to deploy missions that provide valuable data and services [1]. However, as the 

number of small satellites in Low Earth Orbit (LEO) continues to rise, so does 

the risk of space debris, which is defined as any non-functional object in orbit 

around Earth. This debris poses a significant threat to both active satellites and 

human spaceflight, necessitating the development of effective mitigation 

strategies. Space debris can originate from various sources, including defunct 

satellites, spent rocket stages, and fragments generated by collisions or 

explosions. As of early 2024, thousands of pieces of debris are tracked, with 

estimates suggesting that millions of smaller fragments remain undetected. The 

increasing density of satellites in LEO, particularly with the emergence of mega-

constellations like Starlink and One Web, exacerbates the risk of collision, 

creating a cascading effect known as the Kessler Syndrome.  

This scenario posits that a single collision could generate additional debris, 

leading to further collisions and potentially rendering certain orbits unusable. 

Given these challenges, the importance of technological advances in space debris 

mitigation cannot be overstated. Innovative approaches are required not only to 

prevent the generation of new debris but also to actively remove existing debris 

from orbit. This paper aims to explore the latest developments in debris 

mitigation technology, focusing specifically on their application to small satellites 

operating in LEO. 

The paper is structured as follows: the subsequent sections will discuss the 

current state of space debris, technological advances in mitigation strategies, 

and the role of small satellites in this context. Finally, the paper will conclude 
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with an analysis of the future outlook for space debris mitigation and the role of 

collaboration among stakeholders [2]. 

II. Current State of Space Debris: 

As of 2024, the issue of space debris has reached critical levels, with an 

estimated 130 million pieces of debris smaller than 1 cm, over 900,000 pieces 

between 1 cm and 10 cm, and more than 34,000 pieces larger than 10 cm 

orbiting Earth. These fragments pose a significant hazard to operational 

satellites and the International Space Station (ISS), which must perform 

maneuvers to avoid collisions regularly [3]. The increasing number of satellite 

launches, particularly in LEO, has led to a substantial rise in the population of 

space debris, with forecasts indicating that this trend will continue unless 

effective mitigation measures are implemented. The origins of space debris are 

diverse. Non-functional satellites and rocket stages are significant contributors, 

accounting for a substantial portion of the debris population. Additionally, 

fragmentations caused by collisions between operational satellites or by 

explosions of defunct spacecraft have led to a proliferation of smaller debris. For 

instance, the 2009 collision between an Iridium communications satellite and a 

defunct Russian satellite generated thousands of pieces of debris, highlighting 

the risks associated with space activities. 

The consequences of space debris are far-reaching. Collisions with debris can 

lead to the loss of valuable satellites, which in turn affects communication, 

navigation, and scientific research. Moreover, the threat to human life in space 

cannot be underestimated, as astronauts aboard the ISS face constant risks 

from even tiny fragments traveling at high velocities. The economic implications 

of debris-related incidents are also significant, with estimates suggesting that 

the cost of mitigating debris and safeguarding operational satellites could reach 

billions of dollars. International bodies such as the United Nations Office for 

Outer Space Affairs (UNOOSA) and the Inter-Agency Space Debris Coordination 
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Committee (IADC) have recognized the urgent need for action to address the 

space debris problem. Guidelines and best practices have been developed to 

promote responsible behavior in space, including recommendations for the end-

of-life disposal of satellites and the minimization of debris generation during 

launches. Despite these efforts, compliance remains inconsistent, and there is a 

pressing need for enhanced regulatory frameworks and enforcement 

mechanisms [4]. 

The current state of space debris necessitates a multi-faceted approach to 

mitigation, incorporating technological innovations, regulatory measures, and 

increased awareness among stakeholders. In particular, the rapid growth of 

small satellites presents both challenges and opportunities for debris mitigation. 

The following sections will explore the technological advancements being 

developed to tackle this pressing issue. 

III. Technological Advances in Debris Mitigation: 

Technological advances in debris mitigation are critical for ensuring the long-

term sustainability of space operations. Various strategies have been proposed 

and implemented to address both the generation of new debris and the removal 

of existing debris [5]. Among these strategies, active debris removal (ADR), 

collision avoidance systems, and improved satellite design are particularly 

noteworthy. Active debris removal involves the use of dedicated spacecraft to 

capture and deorbit defunct satellites and large debris fragments. Several 

concepts have been proposed, including nets, harpoons, and robotic arms for 

capturing debris. For instance, the European Space Agency’s ClearSpace-1 

mission, scheduled for launch in 2025, aims to demonstrate the feasibility of 

capturing a defunct satellite using a robotic arm and safely deorbiting it. Such 

missions are pivotal in proving the effectiveness of ADR technologies and paving 

the way for future operations. In addition to ADR, collision avoidance systems 

play a crucial role in debris mitigation [6]. These systems leverage advanced 
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tracking and prediction algorithms to assess the risk of collision with space 

debris and provide guidance on evasive maneuvers. Many small satellite 

operators are increasingly adopting these systems, which use data from the U.S. 

Space Surveillance Network and other sources to calculate potential 

conjunctions with debris. The ability to autonomously perform collision 

avoidance maneuvers significantly enhances the safety of small satellite 

operations in LEO. 

Furthermore, advancements in satellite design have led to the development of 

"debris-friendly" satellites. These designs incorporate features such as low-drag 

shapes, materials that reduce the likelihood of fragmentation upon collision, and 

controlled deorbiting mechanisms. For example, some small satellites are now 

equipped with propulsion systems that enable them to perform controlled 

reentry at the end of their operational life. This proactive approach helps to 

minimize the risk of leaving defunct satellites in orbit, contributing to overall 

debris mitigation efforts. In addition to these technological solutions, there is a 

growing emphasis on international cooperation in space debris mitigation [7]. 

The complexity of the space environment requires collaborative efforts among 

governments, industry stakeholders, and research institutions. Initiatives such 

as the Space Debris Mitigation Guidelines and the Space Safety Coalition aim to 

foster collaboration and share best practices among nations and organizations. 

Such partnerships can enhance the effectiveness of debris mitigation strategies 

and promote a culture of safety in space. 

Moreover, the role of artificial intelligence (AI) and machine learning in debris 

monitoring and mitigation is becoming increasingly prominent [8]. These 

technologies enable more accurate tracking of debris and can predict potential 

collision scenarios with greater precision. By analyzing vast amounts of data 

from various sensors and tracking systems, AI algorithms can optimize collision 

avoidance maneuvers and enhance the overall safety of space operations. In 

summary, technological advancements in debris mitigation encompass a wide 
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range of strategies, including active debris removal, collision avoidance systems, 

and improved satellite design. These innovations are crucial for addressing the 

challenges posed by space debris, particularly in the context of the growing 

number of small satellites in LEO. The next section will delve into the specific 

challenges and opportunities that small satellites present in the realm of debris 

mitigation. 

IV. Challenges and Opportunities for Small Satellites: 

The proliferation of small satellites presents both challenges and opportunities 

for space debris mitigation. On one hand, the sheer number of small satellites 

being launched increases the risk of collisions and the generation of new debris. 

On the other hand, these satellites can also contribute to mitigation efforts 

through innovative design and operational strategies. One of the primary 

challenges associated with small satellites is their high launch frequency. As 

commercial space ventures and government programs increasingly deploy small 

satellite constellations, the number of operational satellites in LEO has surged. 

This rising density in orbit elevates the probability of collisions, leading to the 

generation of additional debris [9]. A collision involving small satellites can have 

a particularly devastating effect, as the resulting fragments can jeopardize other 

nearby satellites, creating a domino effect. Additionally, the limited resources of 

small satellite operators can hinder effective debris mitigation. Smaller 

companies and organizations may lack the financial or technical capabilities to 

implement sophisticated collision avoidance systems or active debris removal 

measures. This disparity in resources can result in a less uniform application of 

best practices in debris mitigation, exacerbating the challenges posed by the 

growing small satellite population. 

However, small satellites also present unique opportunities for debris mitigation. 

Their compact design allows for innovative engineering solutions that can 

enhance safety. For instance, some small satellites are designed with deployable 



Journal of Innovative Technologies  Vol. 7 (2024) 

7 

 

sails that increase drag, facilitating a quicker deorbit at the end of their 

operational life. This proactive approach to end-of-life disposal significantly 

reduces the risk of leaving defunct satellites in orbit. Moreover, small satellites 

often leverage commercial off-the-shelf components, allowing for cost-effective 

solutions that can be rapidly developed and deployed [10]. This agility in design 

and production enables small satellite operators to implement new debris 

mitigation technologies more readily than larger satellite programs, which may 

have longer development cycles and more stringent regulations. Collaboration 

among small satellite operators can also enhance debris mitigation efforts. By 

sharing data and best practices, organizations can collectively improve their 

collision avoidance strategies and operational protocols. Initiatives like the Space 

Data Association provide platforms for small satellite operators to exchange 

information and collaborate on safety measures. 

Furthermore, small satellites can be equipped with advanced sensors and 

communication systems that enhance tracking and monitoring capabilities. 

These technologies can provide valuable data on debris population dynamics, 

contributing to a more comprehensive understanding of the space environment 

and enabling more effective mitigation strategies. In summary, while the 

growing number of small satellites in LEO presents significant challenges for 

space debris mitigation, it also offers opportunities for innovative solutions and 

collaborative efforts. The next section will explore the role of international 

cooperation and regulatory frameworks in addressing the space debris problem 

and ensuring the sustainable use of space. 

V. Role of International Cooperation and Regulatory Frameworks: 

The challenges posed by space debris extend beyond national boundaries, 

making international cooperation and effective regulatory frameworks essential 

for addressing the issue. The increasing number of satellites in Low Earth Orbit 

and the associated risk of collisions necessitate a coordinated global response 
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that involves various stakeholders, including governments, international 

organizations, and private industry. Historically, international cooperation in 

space has been facilitated through treaties and agreements. The Outer Space 

Treaty of 1967 established foundational principles for the peaceful use of outer 

space, including the responsibility of states to avoid harmful interference with 

the activities of other states in space. This treaty has served as a framework for 

subsequent agreements addressing specific issues, including space debris 

mitigation. In recent years, the United Nations and other international bodies 

have taken steps to address the growing concern over space debris. The UN 

Committee on the Peaceful Uses of Outer Space (COPUOS) has developed 

guidelines for the long-term sustainability of outer space activities. These 

guidelines emphasize the need for responsible behavior in space, including the 

implementation of measures to minimize debris generation and the active 

removal of existing debris. Moreover, organizations such as the Inter-Agency 

Space Debris Coordination Committee (IADC) have played a vital role in fostering 

collaboration among space agencies worldwide. The IADC’s Space Debris 

Mitigation Guidelines provide best practices for space operations, encouraging 

member states to adopt measures that reduce the creation of debris and enhance 

safety in space. 

Despite these initiatives, compliance with debris mitigation guidelines remains 

inconsistent. The lack of binding regulations and enforcement mechanisms has 

led to varying levels of commitment among nations and organizations. To address 

this gap, there is a growing call for the development of legally binding 

international agreements that establish clear responsibilities for debris 

mitigation and removal. The involvement of private industry in space activities 

further complicates the regulatory landscape [11]. With the rise of commercial 

satellite operators and the deployment of large constellations, it is essential to 

establish regulations that govern not only the actions of national governments 

but also the practices of private companies. This can include requirements for 

collision avoidance, end-of-life disposal, and contributions to active debris 
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removal efforts. International cooperation is also critical in sharing data and 

information related to space debris.  

Collaborative initiatives that facilitate data exchange among countries and 

organizations can enhance the accuracy of debris tracking and monitoring, 

ultimately improving the safety of space operations. Platforms like the Space 

Data Association provide a model for how data-sharing agreements can enhance 

safety and promote responsible behavior in space. International cooperation and 

effective regulatory frameworks are essential components of a comprehensive 

strategy for addressing the space debris problem. While significant progress has 

been made, further efforts are needed to establish binding regulations, enhance 

compliance, and promote collaboration among all stakeholders in the space 

industry. The following section will explore the future outlook for space debris 

mitigation and the role of ongoing innovation and collaboration in ensuring the 

sustainable use of space. 

VI. Future Outlook for Space Debris Mitigation: 

The future of space debris mitigation will depend on continued innovation, 

collaboration, and commitment from all stakeholders in the space community. 

As the number of satellites in Low Earth Orbit continues to grow, the urgency to 

address the space debris problem will only increase. To ensure the sustainability 

of space operations, it is crucial to develop effective strategies that encompass 

both technological solutions and international cooperation. One promising 

avenue for the future is the advancement of active debris removal technologies. 

The successful demonstration of ADR missions, such as the European Space 

Agency's ClearSpace-1 and other similar initiatives, will pave the way for 

operational systems capable of removing debris from orbit. As technology 

matures, these systems could become integral to maintaining a safe space 

environment and mitigating the risks associated with the growing debris 

population. Moreover, the integration of artificial intelligence and machine 
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learning into debris tracking and mitigation strategies will enhance the ability to 

predict and respond to collision threats. As these technologies continue to evolve, 

they will enable more sophisticated collision avoidance systems that can 

autonomously assess risk and perform necessary maneuvers, thereby increasing 

the safety of both small and large satellites. 

The development of standardized protocols and best practices for small satellite 

operations will also play a vital role in debris mitigation. By establishing clear 

guidelines for satellite design, launch practices, and end-of-life disposal, the 

space community can collectively reduce the generation of new debris and 

promote responsible behavior in orbit. This is especially important for small 

satellite operators who may have varying levels of resources and expertise. In 

addition, the establishment of international agreements that mandate 

compliance with debris mitigation practices will be essential for ensuring a 

coordinated global response to the space debris problem. These agreements 

should include specific requirements for debris removal, collision avoidance, and 

reporting of debris incidents. By creating a legal framework that holds all 

stakeholders accountable, the risk of debris generation can be significantly 

mitigated. As the commercial space industry continues to grow, partnerships 

between governments and private companies will be increasingly important [12]. 

Collaboration can drive innovation in debris mitigation technologies and 

practices, leveraging the expertise and resources of both sectors. Public-private 

partnerships can also facilitate the development of ADR missions and other 

initiatives aimed at addressing the debris issue. 

Public awareness and education regarding the space debris problem will also be 

crucial for fostering a culture of responsibility in space operations. Increased 

awareness can lead to greater support for debris mitigation initiatives and inspire 

future generations to pursue careers in space science and engineering. 

Educational programs that emphasize the importance of sustainable practices 

in space can help cultivate a more responsible space community. In summary, 

the future outlook for space debris mitigation is characterized by the need for 
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continued innovation, collaboration, and commitment from all stakeholders. By 

embracing new technologies, establishing clear regulatory frameworks, and 

promoting responsible behavior in space, the space community can work 

towards a sustainable future where the risks of space debris are effectively 

managed. 

VII. Conclusion: 

The rise of small satellites in Low Earth Orbit has transformed the space 

industry, bringing with it both opportunities and challenges. While these 

satellites enable a wide range of applications and democratize access to space, 

they also contribute to the growing problem of space debris, which poses 

significant risks to operational satellites and human spaceflight. As the 

population of satellites in LEO continues to increase, the need for effective debris 

mitigation strategies becomes ever more urgent. Technological advances in 

debris mitigation offer promising solutions to address the challenges posed by 

space debris. Active debris removal, collision avoidance systems, and improved 

satellite design are critical components of a comprehensive approach to 

mitigating debris risks. Furthermore, the integration of artificial intelligence and 

machine learning can enhance tracking and monitoring capabilities, ultimately 

improving the safety of space operations. 
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