www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 11 November 2024 | ISSN: 2320-2882

IJCRT.ORG ISSN : 2320-2882

INTERNATIONAL JOURNAL OF CREATIVE
RESEARCH THOUGHTS (1JCRT)
An International Open Access, Peer-reviewed, Refereed Journal

éhp

Review Paper On Active Space Debris And
Management

I1Sidhant Gade, 2Sahil Gawas, *Keval Vira, *Vijay kankekar, °Prof. Shailaja Kadam

'Engineering Student, 2Engineering Student, 3Engineering Student, “Engineering Student, SAssistant
Professor
Department of Electronics Engineering,
Terna Engineering College, Nerul, Navi Mumbai, Maharashtra, India

Abstract: Increasing space debris poses significant risks to operational satellites and space missions,
necessitating effective debris management and monitoring strategies. This paper comprehensively surveys
current technologies and methodologies used in debris management and satellite monitoring. The survey
categorized existing approaches into active and passive debris removal techniques, alongside satellite
monitoring systems that employ ground-based and space-based sensors. Comparative analyses are conducted
to evaluate these techniques' effectiveness, cost efficiency, and scalability. Despite advancements, significant
research gaps remain, particularly in the areas of debris detection accuracy and the long-term sustainability
of the removal methods. This paper also discusses the challenges and future directions for research,
emphasizing the need for international collaboration and policy development. These findings highlight the
critical role of integrated satellite monitoring and debris management systems in ensuring the long-term
sustainability of space activities.

Index Terms - Space Debris, Satellite Monitoring, Debris Management, Active Removal, Passive Removal

Introduction

Space debris management and the monitoring of active space debris have become critical topics as space
exploration and satellite usage continue to surge. since the cold war, rival nations have launched satellites in
orbit using single-use launch vehicles. as technology has advanced over successive generations,
communication has become a key factor, making communication satellites indispensable. These observatory
and communication satellites are launched into various Earth orbits, with the Low Earth Orbit (LEO) being
the most impacted. The leftover remains of launch vehicles, defunct satellites, and "zombie" satellites—those
that are nonfunctional but still in orbit—pose significant hazards. These uncontrolled objects revolve around
the LEO, presenting potential threats to future satellite launches and priority space missions. Effective debris
management and continuous monitoring are crucial to ensuring the sustainability and safety of space
operations. The primary objective of this review is to explore improved methods for the management and
elimination of space debris 1 by examining recent extensive research in this field. This study provides a
comprehensive literature review, discusses the challenges, classifies different approaches, identifies research
gaps, and concludes with recommendations. References will be provided to support the analysis and findings.

I. LITERATURE REVIEW

This topic has a major impact on space technology and debris management. Recent studies have been carried
out on this topic. The paper discussed here focuses on Design, management, types, and topology for debris
and satellite development.

IJCRT2411638 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org \ 696


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 11 November 2024 | ISSN: 2320-2882

Marco M.'s paper, “Active Space Debris Removal—A Preliminary Mission Analysis and Design”, published
in Acta Astronautica, explores the emerging need for active space debris removal to mitigate the growing
risks posed by space debris in Earth's orbit. The paper delves into the technical and operational challenges of
removing debris, focusing on mission design and analysis for effective removal solutions. The author begins
by discussing the increasing threat of space debris, emphasizing that the accumulation of defunct satellites,
fragments, and other objects poses significant risks to active satellites and future space missions. He outlines
the primary approaches to debris removal, including methods like capture and de-orbit, with particular focus
on active removal strategies rather than passive methods such as re-entry by atmospheric drag. The paper
includes a preliminary analysis of mission parameters, such as targeting debris in low Earth orbit (LEO),
where most dangerous objects are concentrated. The analysis considers the spacecraft's design, propulsion
requirements, and the potential use of robotic arms or nets for debris capture. Marco also examines the
financial, logistical, and legal considerations involved in implementing these missions, recognizing that cost-
effective and sustainable solutions are necessary for long-term debris management. In conclusion, the study
underscores the importance of international cooperation and policy development, as well as the need for
further research to refine active debris removal technologies and mission architectures. The paper serves as a
foundational piece in the ongoing conversation around space debris mitigation and presents a roadmap for
future missions to preserve Earth's orbits' usability.

2Shin-Ichiro Nishida and Satomi Kawamoto's paper, “Space Debris Removal System using Small Satellites”,
published in Pegamon Science Digest in 2009, explores the feasibility of using small satellites for space debris
removal. The study proposes an innovative system that employs multiple small satellites to mitigate the
growing threat of space debris in low Earth orbit (LEO) and other key orbital regions. The paper begins by
highlighting the increasing risks posed by space debris, particularly in LEO, where most active satellites are
located. The authors argue that conventional debris removal methods are either too costly or technologically
challenging, which has prompted the need for cost-effective and scalable solutions. They introduce the idea
of utilizing small, lightweight satellites as a means of capturing or deorbiting debris, proposing that these
satellites could operate in swarms to collectively tackle the debris problem. Nishida and Kawamoto focus on
mission design and system architecture, analyzing key aspects such as satellite configuration, propulsion
systems, and debris capture mechanisms. Their proposed system primarily targets medium-sized debris, as
these pose a significant threat to both operational satellites and future space missions. The.study discusses
various removal techniques, including tether systems, nets, and robotic arms, which small satellites could use
to capture or alter the orbits of debris for safe deorbiting. The paper also addresses the economic and
operational viability of deploying a small satellite-based debris removal system. The authors suggest that this
approach could be significantly more affordable and flexible than large-scale debris removal missions, making
it suitable for long-term debris management. In conclusion, Nishida and Kawamoto emphasize the potential
of small satellites to serve as an effective tool for space debris removal. They recommend further research
and development of these systems, as well as international collaboration, to ensure the successful
implementation of small satellite-based debris mitigation strategies in the future.

3C. Priyant Mark and Surekha Kamath's paper, “Review of Active Space Debris Removal Methods”,
published in Space Policy in 2018, provides an extensive review of the current and emerging methods for
active space debris removal (ADR). The paper critically examines various techniques developed to address
the growing issue of space debris in Earth's orbit, highlighting the technological, economic, and policy
challenges associated with each method. The authors begin by discussing the scale of the space debris
problem, noting that it poses a significant threat to operational satellites, space stations, and future space
missions. They emphasize that while passive debris mitigation strategies, such as post-mission disposal and
collision avoidance, are important, active debris removal methods are crucial for dealing with the existing
debris population, particularly in low Earth orbit (LEO). The paper provides a detailed analysis of several
active debris removal techniques, including mechanical capture, laser ablation, ion beam shepherds, and
electrodynamic tethers. Each method is assessed based on its technical feasibility, cost-effectiveness, and
potential for large-scale implementation. The authors highlight mechanical capture methods, such as robotic
arms and nets, as promising due to their relatively mature technology and precision. However, they also note
the limitations of these techniques, particularly when dealing with small or fast-moving debris. In addition,
the review explores advanced methods like laser ablation, where high-powered lasers are used to alter the
trajectory of debris, and ion beam shepherds, which use ion beams to push debris into safer orbits. These
methods are considered innovative but face technical challenges, such as the need for precise targeting and
high energy requirements. Electrodynamic tethers, which can generate drag to lower debris into the
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atmosphere for safe re-entry, are another potential solution discussed, although they are still in the
experimental stage. The paper also considersthe policy and legal aspects of active debris removal. The authors
underscore the need for international cooperation, as space debris is a global issue that affects all spacefaring
nations. They also point out that the legal framework for ADR is still underdeveloped, particularly concerning
liability, ownership of debris, and authorization of removal missions. In conclusion, Mark and Kamath call
for continued research into active space debris removal methods and advocate for the development of
international policies to support ADR efforts. The paper provides a comprehensive overview of current
technologies while identifying the gaps that must be addressed for successful long-term debris management.

“H. Klinkrad and P. Beltrami’s paper, “The ESA Space Debris Mitigation Handbook™, published in Advances
in Space Research in 2002, provides a comprehensive overview of space debris mitigation strategies
developed by the European Space Agency (ESA). The handbook is a foundational resource for understanding
and addressing the growing risks associated with space debris in Earth’s orbital environment. The paper
begins by outlining the scope of the space debris problem, focusing on the increasing number of defunct
satellites, rocket stages, and fragments from collisions that endanger operational spacecraft. Klinkrad and
Beltrami emphasize that the rapid accumulation of debris, particularly in low Earth orbit (LEO) and
geostationary orbit (GEO), presents a long-term threat to space operations. The authors present ESA’s
approach to mitigating the problem, which involves both preventive and corrective measures. Preventive
strategies include designing satellites and launch 3 vehicles with features that minimize debris creation, such
as controlled re-entry and passivation (rendering unused fuel and energy sources inert). Corrective measures
focus on active debris removal and end-of-life disposal to reduce the risk of debris collisions. The paper
highlights several key mitigation techniques recommended by the ESA, such as deorbiting spacecraft at the
end of their operational life, moving satellites in GEO to a designated graveyard orbit, and minimizing in-
orbit explosions by properly venting leftover propellants. The handbook also discusses the importance of
collision avoidance measures, including maneuvering satellites to avoid potential impacts, and adopting
guidelines for safe separation distances in orbit. In addition to technical recommendations, the paper
emphasizes the need for international cooperation and compliance with mitigation standards to ensure the
long-term sustainability of space activities. The authors suggest that debris mitigation should be an integral
part of mission planning and operations for all spacefaring nations and commercial entities. In conclusion,
The ESA Space Debris Mitigation Handbook serves as an essential guide for implementing space debris
management practices. Klinkrad and Beltrami advocate for the widespread adoption-of these mitigation
strategies to reduce the risk of future debris generation and ensure the continued safety of space operations.
The paper underscores the importance of combining technical, operational, and policy measures in tackling
the global issue of space debris.

°H. Stokes, Y. Akahoshi, C. Bonnal, and R. Destefanis' paper, “Evolution of ISO’s Space Debris Mitigation
Standards”, published in the Journal of Space Safety Engineering in 2020, offers a detailed review of the
development and updates to the International Organization for Standardization (1SO) standards concerning
space debris mitigation. The paper emphasizes how these standards have evolved in response to the growing
issue of space debris, and their importance in promoting global cooperation for the sustainable use of outer
space. The authors begin by outlining the history of ISO’s involvement in space debris mitigation, noting that
ISO has played a key role in developing standardized guidelines for preventing the generation of debris. The
paper describes how these standards have been formulated to address the entire lifecycle of spacecraft, from
design and launch through to end-of-life disposal, aiming to reduce the risk of accidental debris creation. The
review focuses on the evolution of key SO standards, particularly 1SO 24113, which provides the overarching
framework for space debris mitigation requirements. 1ISO 24113 sets forth requirements for satellite and
launch vehicle operators to minimize debris production, such as guidelines for post-mission disposal,
passivation (removal of stored energy), and collision avoidance. Stokes and his co-authors explain how 1SO
24113 has been updated over time to incorporate new research and technological advancements, making the
guidelines more comprehensive and aligned with modern space activities. The paper also examines related
ISO standards, such as those governing space systems' design (ISO 23312) and risk assessments for human
spaceflight (ISO 27852). These standards contribute to a broader framework that helps space agencies and
commercial operators ensure that their missions comply with debris mitigation practices, reducing the
likelihood of creating long-lived debris. In their review, the authors emphasize the importance of international
cooperation in the implementation of these standards. They highlight that ISO’s debris mitigation standards
are non-binding, but they serve as a reference for national space agencies and international organizations to
develop their own regulations. The paper discusses how compliance with ISO standards has been integrated
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into the policies of major spacefaring nations and suggests that global adherence to these standards is critical
to minimizing the future risks posed by space debris. In conclusion, Stokes, Akahoshi, Bonnal, and Destefanis
underscore the necessity of regularly updating ISO’s space debris mitigation standards to keep pace with the
evolving space environment. They advocate for the continued improvement of these guidelines and greater
international collaboration to ensure that debris mitigation practices are consistently applied across all space
activities. The paper provides valuable insights into the role of ISO standards in shaping global space safety
efforts [5].

6S. Chen, B. Mulgrew, and P. M. Grant's paper, “A Clustering Technique for Digital Communications”,
presents a novel approach to signal detection and classification in digital communication systems using
clustering algorithms. The paper focuses on improving the performance of communication systems by
leveraging clustering techniques to enhance the efficiency of data transmission and reception, especially in
environments with noise and interference. The authors introduce the concept of clustering as a method to
organize data points (received signal samples) into groups or clusters based on their similarity. In digital
communications, signals are often distorted due to noise, multipath propagation, or other channel
impairments, making it difficult to accurately detect the transmitted information. The proposed clustering
technique helps to mitigate these issues by grouping received signal samples that belong to the same
transmitted symbol, thereby improving the signal classification process. The paper explores the application
of clustering in various aspects of digital communication, including signal modulation classification,
detection, and error correction. The authors compare traditional methods of signal detection, such as decision
thresholds and maximum likelihood estimation, with the proposed clustering approach, demonstrating that
clustering can offer significant improvements in terms of robustness against noise and interference. This
technique is particularly useful in adaptive communication systems, where the channel conditions are
constantly changing. Chen, Mulgrew, and Grant also provide an in-depth analysis of different clustering
algorithms, such as k-means clustering and hierarchical clustering, and their suitability for digital
communication applications. The study shows that clustering techniques can be effectively employed for blind
detection—detecting transmitted signals without prior knowledge of the modulation scheme—making them
valuable for applications like cognitive radio and adaptive modulation systems. In addition to the technical
analysis, the paper discusses the computational complexity of clustering techniques and their feasibility in
real-time communication systems. While clustering algorithms are generally more complex than traditional
detection methods, the authors argue that advancements in processing power and algorithm optimization make
them increasingly practical for modern digital communication systems. In conclusion, the paper highlights
the potential of clustering techniques to improve signal detection and classification in digital communications,
especially in challenging environments with high levels of noise and interference. The authors suggest that
further research could focus on optimizing clustering algorithms for real-time applications and integrating
them into adaptive communication systems for enhanced performance and reliability. This study serves as an
important contribution to the field of digital communications, offering a new perspective on signal processing
and detection.

"Karl Dietrich Buntem, Tiziana Cardone, and Luisa Innocenti’s paper, “Consideration of Space Debris Issues
in Early Spacecraft Design Phases”, published in The Journal of Space Research and Technology, emphasizes
the importance of addressing space debris mitigation during the initial design stages of spacecraft
development. The paper argues that integrating debris mitigation strategies early in the design process can
significantly reduce the long-term impact of space missions on Earth's orbital environment. The authors begin
by discussing the increasing threat of space debris to active spacecraft and future missions, especially in low
Earth orbit (LEO). They explain that many debris mitigation efforts are typically considered in the later stages
of spacecraft operations, such as end-of-life disposal, but argue that these measures alone are insufficient.
Instead, they propose that mitigation strategies should be a key consideration during the spacecraft's
conceptual and design phases. The paper outlines several technical recommendations for spacecraft design
that can help minimize debris generation. These include designing spacecraft with controlled deorbiting
capabilities, ensuring that components can withstand the harsh space environment without breaking apart, and
minimizing the use of materials that may fragment after collisions or explosions. The authors also suggest
incorporating features like passivation, which involves safely dissipating residual energy in spacecraft
components (such as batteries or fuel tanks) to prevent accidental explosions that could generate debris. In
addition to technical solutions, Buntem, Cardone, and Innocenti emphasize the role of compliance with
international debris mitigation guidelines, such as those provided by the Inter-Agency Space Debris
Coordination Committee (IADC) and ISO standards. They argue that early consideration of these guidelines
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can help ensure that space missions do not contribute to the growing problem of orbital debris. The paper also
discusses the balance between debris mitigation and mission costs. While incorporating debris-reduction
features early in spacecraft design may increase development costs, the authors argue that these costs are
outweighed by the long-term benefits of reducing the risk of collisions and preserving the orbital environment
for future missions. Furthermore, the integration of debris mitigation strategies in early design phases can lead
to more sustainable space operations by reducing the need for costly post-mission disposal methods. In
conclusion, the authors advocate for a shift in spacecraft design philosophy, where space debris mitigation is
not treated as an afterthought but as an essential part of mission planning from the outset. They call for greater
collaboration among space agencies, industry, and policymakers to ensure that debris mitigation
considerations are systematically integrated into spacecraft design processes, ensuring the long-term
sustainability of space activities.

8Jinlu Kuang and Paul A. Meehan's paper, “Nonlinear Dynamics of Satellites with Deployable Solar Panel
Arrays”, published in the International Journal of Nonlinear Mechanics in 2004, explores the complex
behavior of satellites equipped with deployable solar panel arrays through a nonlinear dynamic analysis. The
study focuses on understanding the mechanical interactions between the satellite body and its deployable solar
arrays, as these interactions can significantly affect the satellite's stability and overall performance during and
after deployment. The authors begin by explaining the importance of deployable solar panel arrays in modern
satellite design, particularly for large satellites that require substantial power generation. While these arrays
are essential for mission success, their deployment and subsequent operation introduce dynamic complexities
that must be addressed to ensure the satellite’s stability in orbit. The research highlights how the dynamic
response of a satellite changes due to the flexible nature of the solar arrays and their coupling with the
satellite's rigid body. In the paper, Kuang and Meehan use nonlinear dynamic models to simulate the behavior
of the satellite and its solar arrays. The analysis incorporates the effects of flexible vibrations, rotational
motion, and external disturbances, such as gravitational and aerodynamic forces. The study particularly
focuses on the nonlinearities introduced by the flexible panels, which can exhibit large deformations during
and after deployment. These nonlinearities lead to complex dynamic behaviors, such as oscillations and
coupling between different modes of motion, which can influence the satellite's pointing accuracy and control.
One of the key contributions of the paper is its detailed analysis of the deployment process itself. The authors
examine the dynamic interactions between the satellite and the unfolding solar panels, noting that the
deployment phase is critical because it can induce transient oscillations and large displacements that need to
be controlled to avoid destabilizing the satellite. Their nonlinear dynamic models capture the time-varying
nature of these interactions, providing insights into how the system’s parameters, such as the stiffness and
damping of the arrays, affect the satellite’s response. The paper also explores different control strategies to
mitigate the effects of these nonlinear dynamics, suggesting that active control systems, such as reaction
wheels and thrusters, could be used to counteract the destabilizing forces during and after deployment. The
authors emphasize the importance of incorporating these control measures into the design of satellites with
large deployable arrays to ensure mission stability and success. In conclusion, Kuang and Meehan's study
highlights the challenges posed by the nonlinear dynamic behavior of satellites with deployable solar panels.
The paper provides valuable insights into the mechanical complexities associated with these systems and
proposes nonlinear dynamic modeling as an essential tool for predicting and mitigating potential issues. The
authors advocate for further research into more advanced control methods and enhanced dynamic models to
improve the stability and performance of future satellite missions with large deployable structures.

%V. Adimurthy and A.S. Ganeshan's paper, “Space Debris Mitigation Measures in India”, published in Acta
Astronautica in 2005, provides an overview of India’s efforts and strategies to address the growing challenge
of space debris. As the Indian space program expanded with ambitious satellite launches and deep space
missions, the need for effective space debris management became increasingly important. This paper outlines
the measures taken by Indian space authorities to mitigate space debris, highlighting the country’s contribution
to global space sustainability. The authors begin by discussing the space debris problem from an international
perspective, emphasizing the risks that debris poses to active satellites and future missions. With the
increasing number of objects in Earth’s orbit, especially in Low Earth Orbit (LEO) and Geostationary Orbit
(GEOQ), the potential for collisions between operational spacecraft and debris is a growing concern. Focusing
on India, the paper highlights the steps taken by the Indian Space Research Organisation (ISRO) to mitigate
space debris. ISRO has implemented several measures in its satellite missions to minimize the creation of
debris. These include the passivation of spent rocket stages—depleting all remaining energy sources such as
residual fuel or pressurized gases to prevent explosions—and the controlled re-entry or disposal of defunct
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satellites at the end of their operational life. These steps are in line with international best practices, such as
those recommended by the Inter-Agency Space Debris Coordination Committee (IADC) and the United
Nations Committee on the Peaceful Uses of Outer Space (COPUQS). One of the key contributions of this
paper is its discussion of ISRO’s focus on designing and building satellites and launch vehicles that comply
with international debris mitigation standards. Adimurthy and Ganeshan point out that India has been
proactive in ensuring that its space missions include debris prevention measures from the early design stages.
For example, India’s PSLV and GSLV launch vehicles are designed to leave minimal debris in orbit, and
satellites are designed for either controlled deorbiting or relocation to a graveyard orbit. The paper also
touches on India’s collaborative efforts in global space debris monitoring and research. India participates in
international forums such as the IADC, contributing to global knowledge on debris tracking and management.
The authors emphasize that space debris mitigation is not just a national issue, but a global responsibility,
requiring coordinated efforts across nations and space agencies to ensure the sustainability of space
operations. In conclusion, “Space Debris Mitigation Measures in India” outlines ISRO’s commitment to
responsible space operations and debris management. Adimurthy and Ganeshan’s paper provides a clear
picture of how India has adopted and 6 implemented international space debris guidelines while contributing
to the global discourse on space sustainability. Their work demonstrates that, even as India’s space program
grows, there is a strong emphasis on ensuring the long-term safety and viability of Earth’s orbital environment.

19G. W. Juette and L. E. Zeffanella's conference paper, “Radio Noise Currents in Short Sections on Bundle
Conductors”, presented at the IEEE Summer Power Meeting in Dallas, TX, in June 1990, investigates the
phenomenon of radio noise currents generated by bundle conductors in power transmission systems. The
study addresses the increasing concern regarding electromagnetic interference (EMI) and radio noise in
electrical systems, particularly as power transmission lines are often situated in close proximity to
communication networks. The authors begin by outlining the significance of understanding radio noise
currents in the context of power transmission and telecommunications. As electrical transmission systems
expand, their electromagnetic emissions can adversely affect nearby communication systems, resulting in
degraded signal quality and potential operational disruptions. Therefore, evaluating the characteristics of radio
noise currents in bundle conductors is crucial for mitigating interference. In their investigation, Juette and
Zeffanella focus on short sections of bundle conductors, which are commonly used in overhead power
transmission lines. These conductors consist of multiple wires bundled together to reduce electrical resistance
and improve mechanical stability. However, the authors note that this bundling can lead to complex
electromagnetic interactions that influence the generation and propagation of radio noise. The paper presents
experimental results and theoretical analyses regarding the behavior of radio noise currents in bundle
conductors. The authors employ mathematical models to simulate the electromagnetic fields generated by
these conductors and examine how various factors, such as conductor spacing, frequency, and load conditions,
impact the magnitude and distribution of noise currents. One of the key findings of the study is the
identification of specific configurations of bundle conductors that minimize radio noise emissions while
maintaining efficient power transmission. The authors provide recommendations for optimizing conductor
arrangement to reduce electromagnetic interference, which can be particularly valuable for utility companies
and engineers involved in the design and maintenance of power lines. findings Additionally, Juette and
Zeffanella discuss the implications of their for regulatory standards governing electromagnetic emissions from
power systems. They emphasize the importance of integrating noise mitigation strategies into the design and
installation of power transmission infrastructure to ensure compliance with emerging regulations aimed at
protecting communication systems from interference. In conclusion, “Radio Noise Currents in Short Sections
on Bundle Conductors” offers valuable insights into the relationship between power transmission systems and
radio noise emissions. Juette and Zeffanella's work contributes to the understanding of electromagnetic
interference in power systems and provides practical guidance for reducing radio noise in bundle conductors.
Their research highlights the need for continued exploration of EMI mitigation techniques as power
infrastructure evolves, ensuring that both electrical and communication systems can coexist effectively.

"The paper “Analysis of the Effectiveness of Space Debris Mitigation Measures Using the Delta Model” by
R. Walkar, C.E. Martin, and P.H. Stokes, published in 2001, investigates the impact and effectiveness of
various space debris mitigation strategies through a systematic analytical framework known as the Delta
Model. This study addresses the growing concern over space debris, which poses significant risks to
operational satellites and future space missions. The Delta Model is introduced as a quantitative tool designed
to assess the efficacy of different debris mitigation measures. The authors describe the model's structure,
which allows for the simulation of various scenarios involving space debris generation and the implementation
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of mitigation strategies. By using this model, the authors aim to provide a clear understanding of how specific
measures can influence the long-term sustainability of the space environment. The paper reviews a range of
mitigation strategies, including design modifications for spacecraft, end-of-life disposal techniques, and
operational practices aimed at minimizing the creation of new debris. The authors categorize these measures
based on their operational complexity and potential effectiveness. Walkar et al. conduct simulations using the
Delta Model to evaluate how each mitigation strategy can reduce the amount of debris generated over time.
The results illustrate that certain measures, such as the implementation of robust end-of-life disposal practices,
significantly lower the risk of long-term debris accumulation in orbit. Furthermore, the authors emphasize the
need for international collaboration and policy development to encourage adherence to debris mitigation
guidelines. They argue that effective mitigation requires a collective effort from both governmental and
commercial space entities, as well as the establishment of stringent regulations to enforce best practices. The
paper also suggests areas for further research, including the need for more advanced modeling techniques to
account for the dynamic interactions between active satellites and debris. The authors call for ongoing
assessments of mitigation measures as 7 new technologies and methods are developed in the evolving
landscape of space operations. In summary, the paper by Walkar, Martin, and Stokes provides a
comprehensive analysis of space debris mitigation measures through the Delta Model framework. It highlights
the critical importance of proactive strategies for managing space debris and underscores the necessity of
collaborative efforts to ensure the long-term sustainability of space activities. The insights gained from this
study serve as a valuable resource for policymakers, engineers, and researchers working in the field of space
debris management, guiding future efforts to mitigate the risks associated with this growing challenge.

12The paper “CubeSat System Structural Design” by J.E. Herrera-Arroyave, B. Bermudez-Reyes, and J.A.
Ferrer-Perez, presented at the International Aeronautical Federation in 2016, focuses on the structural design
considerations and methodologies for CubeSat systems. CubeSats, small and modular satellites, have gained
popularity in the aerospace community due to their low cost, compact size, and versatility for various
missions, including scientific research, Earth observation, and technology demonstration. In this paper, the
authors begin by discussing the growing significance of CubeSats in the context of modern space missions,
emphasizing their advantages over traditional satellite designs. They outline the critical factors that influence
the structural design of CubeSats, including mass constraints, material selection, mechanical integrity, and
environmental factors such as vibrations and thermal conditions during launch and in orbit. The authors
present a detailed overview of the design process, highlighting the need for a systematic approach that
integrates both engineering principles and mission requirements. They explore various design methodologies,
including finite element analysis (FEA) and analytical modeling, which are employed to evaluate the
structural performance of CubeSat systems under expected operational conditions. The paper emphasizes the
importance of validating design choices through simulations and prototype testing to ensure reliability and
mission success. Additionally, Herrera-Arroyave et al. address the challenges and trade-offs involved in
CubeSat structural design, such as balancing weight reduction with structural strength and the impact of
design modifications on the overall mission performance. The authors also discuss the necessity of adhering
to standardized CubeSat specifications to facilitate compatibility and interoperability among different
systems. In conclusion, this paper provides a comprehensive framework for the structural design of CubeSat
systems, underscoring the importance of a rigorous design methodology that considers both engineering and
mission factors. The insights presented in this work are valuable for engineers and researchers involved in
CubeSat development, contributing to the effective design and deployment of these innovative satellite
systems in various applications.

13The paper “End to End Satellite Servicing and Space Debris Management” by Aman Chandra and
Himangshu Kaltia, presented at the Space Traffic Management Conference, explores the growing challenges
associated with satellite servicing and the management of space debris in Earth's orbit. With the increasing
number of active satellites and the rising concerns about space debris, the authors emphasize the necessity for
robust strategies to ensure the long-term sustainability of space activities. The paper begins by discussing the
concept of satellite servicing, which involves maintenance, repair, and upgrading of satellites while in orbit.
The authors highlight the potential benefits of servicing missions, including extending satellite lifespans,
reducing costs associated with launching new satellites, and mitigating the risks posed by space debris. They
outline various servicing techniques, such as refueling, component replacement, and debris removal,
underscoring the importance of developing technology capable of performing these complex tasks. Chandra
and Kaltia also address the significant issue of space debris, emphasizing its impact on operational satellites
and future missions. The paper provides an overview of the types of debris present in orbit, their sources, and
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the potential collision risks they pose. The authors argue that effective debris management strategies must be
integrated into satellite servicing frameworks to minimize the creation of new debris and ensure safe
operations in space. The paper proposes an end-to-end approach to satellite servicing and debris management,
advocating for collaboration among stakeholders, including governments, space agencies, and commercial
entities. This collaborative approach is deemed essential for developing comprehensive policies and
guidelines to regulate space activities and ensure compliance with debris mitigation standards. In conclusion,
the paper by Chandra and Kaltia presents a thorough examination of satellite servicing and space debris
management, emphasizing the need for innovative solutions to address the challenges posed by increasing
satellite congestion and debris. The insights and recommendations provided in this work serve as a valuable
resource for engineers, policymakers, and researchers involved in space traffic management, contributing to
the development of sustainable practices for the future of space exploration and utilization.

14The paper “Design of an Optical System for a Multi-CubeSats Debris Surveillance Mission” by Dan Pineau

and Leonard Felicetti, published in 2023 in Acta Astronautica, addresses 8 the critical issue of space debris
monitoring using a multi-CubeSat configuration. With the increasing threat posed by space debris to active
satellites and future missions, the authors propose an innovative optical system designed to enhance debris
surveillance capabilities. The paper begins by outlining the significance of effective debris monitoring in
maintaining the safety and sustainability of space activities. The authors discuss the limitations of existing
ground-based and space-based debris detection systems, highlighting the need for more advanced solutions
that can provide high-resolution data on the location, size, and trajectory of debris objects. The multi-CubeSat
approach is presented as a promising strategy to improve coverage and data collection cost-effectiveness.
capabilities while maintaining Pineau and Felicetti detail the design considerations for the optical system,
including sensor selection, optical resolution, and field of view requirements. They explore various optical
configurations and imaging techniques, emphasizing the importance of achieving high sensitivity and
accuracy in detecting small debris objects. The authors also discuss the challenges associated with operating
multiple CubeSats in formation, including coordination, data sharing, and the need for robust communication
systems. The paper highlights the potential benefits of using a multi-CubeSat system for debris surveillance,
such as increased redundancy, scalability, and the ability to cover larger areas of space. The authors propose
a mission architecture that incorporates advanced algorithms for data processing and analysis, enabling real -
time monitoring and tracking of debris objects. In conclusion, the study by Pineau and Felicetti contributes
valuable insights into the design and implementation of an optical system for debris surveitlance using a multi-
CubeSat approach. The authors emphasize the importance of developing innovative technologies to address
the growing challenges of space debris and enhance the safety of space operations. Their findings and
recommendations serve as a significant resource for researchers, engineers, and policymakers involved in
debris management and satellite mission planning, paving the way for future advancements in space
situational awareness.

5The paper “Autonomous Deorbit of LEO Spacecraft for Space Debris Mitigation” by R. Hoyt and R.
Forward, presented at the 38th Aerospace Sciences Meeting and Exhibit in January 2000, explores innovative
strategies for addressing the growing concern of space debris in low Earth orbit (LEO). As the population of
satellites continues to increase, so does the risk of collisions and the resultant debris, which poses a significant
threat to both operational spacecraft and future missions. The authors begin by discussing the urgent need for
effective debris mitigation measures to ensure the sustainability of space activities. They emphasize that the
uncontrolled deorbiting of defunct satellites contributes to the debris population, and thus, developing
autonomous deorbiting technologies is essential for minimizing future risks. Hoyt and Forward propose a
system that allows LEO spacecraft to autonomously execute deorbit maneuvers at the end of their operational
lifetimes. They outline the critical components of this system, which include onboard sensors, propulsion
mechanisms, and control algorithms capable of determining the appropriate time and method for deorbiting.
The paper discusses the various deorbiting methods available, such as drag augmentation devices and
controlled reentry, emphasizing the importance of selecting a strategy that minimizes risks during the
deorbiting process. One of the key contributions of the paper is the introduction of an autonomous decision-
making framework that integrates real-time data from onboard sensors to optimize deorbiting operations. This
system is designed to assess the spacecraft’s status, trajectory, and environmental conditions to ensure a safe
and efficient deorbit process. The authors also address the potential challenges associated with implementing
autonomous deorbiting systems, including regulatory considerations, the need for standardized protocols, and
the importance of collaboration among stakeholders in the aerospace community. They argue that the success
of such initiatives will depend on developing consensus on best practices for debris mitigation. In conclusion,
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the paper by Hoyt and Forward provides valuable insights into the role of autonomous deorbiting in space
debris mitigation. By presenting a comprehensive approach to enhancing the safety of LEO operations through
proactive deorbiting strategies, the authors contribute to the broader discourse on sustainable space practices.
Their findings serve as a crucial resource for engineers, researchers, and policymakers involved in space
debris management, emphasizing the importance of innovative solutions to ensure the long-term viability of
space exploration and utilization.

16The paper “Deployment Dynamics of Tethered-Net for Space Debris Removal” by Shan, M., Guo, J., and
Gill, E., published in Acta Astronautica in 2017, presents a comprehensive study on the dynamics involved
in deploying a tethered-net system for the purpose of space debris removal. With the increasing concern over
space debris in Earth’s orbit and its potential hazards to active satellites and future missions, the authors focus
on innovative methods for capturing and removing these debris objects. The study begins by emphasizing the
urgency of addressing the space debris issue, which has been compounded by the proliferation of satellites
and the resultant fragmentation of defunct spacecraft. The authors introduce the concept of using a tethered-
net system, which combines the advantages of tether technology and net capture mechanisms to effectively
secure and deorbit space debris. In their research, Shan et al. explore the fundamental principles of deployment
dynamics related to the tethered-net system. They analyze various factors that influence the deployment
process, including the tether length, mass properties, and relative velocities between the net and the debris.
Through analytical modeling and simulations, the authors assess the performance of the tethered-net system
under different operational scenarios, providing insights into optimal design parameters for effective debris
capture. The paper presents several key findings regarding the dynamics of the tethered-net system during
deployment. The authors identify critical moments in the deployment sequence where adjustments may be
necessary to enhance capture efficiency and minimize risks associated with unintended collisions. They
discuss the importance of controlling the deployment speed and angle to ensure successful interaction with
the debris object. Additionally, the study addresses the challenges and limitations of the tethered-net approach,
such as the complexity of the operational environment and the potential for entanglement with other debris.
The authors advocate for further research to refine the design and deployment strategies, emphasizing the
need for rigorous testing in realistic conditions to validate the proposed concepts. In conclusion, the paper by
Shan, Guo, and Gill contributes valuable knowledge to the field of space debris removal through its detailed
analysis of the dynamics involved in tethered-net deployment. The findings underscore the potential of this
innovative approach to enhance debris capture efforts, providing a framework for future developments in
active debris removal technologies. The insights presented in this study are essential for engineers and
researchers aiming to address the challenges of space debris management and promote the sustainability of
space activities.

II.LIMITATIONS

The existing literature on space debris management reveals several critical gaps that warrant further
investigation and refinement. For instance, *Marco M.'s exploration of active space debris removal primarily
emphasizes preliminary mission analysis and design. While this foundation is important, the study falls short
in addressing the intricate complexities and real-world challenges that could arise during the debris removal
process. It raises essential questions regarding the feasibility and effectiveness of proposed missions but does
not adequately explore the dynamic factors that could influence their success in practical scenarios.

In a similar vein, 2Shin-Ichiro Nishida and Satomi Kawamoto introduce a debris removal system based on
small satellites. However, the effectiveness of their findings would be significantly enhanced by conducting
comprehensive simulations or empirical validation across various orbital conditions. Their reliance on
theoretical frameworks, without extensive practical testing, may limit the applicability of their proposed
methods in real-world situations. 3C. Priyant Mark and Surekha Kamath present a thorough review of various
active debris removal techniques. Nevertheless, their analysis may overlook recent advancements and
innovations in the field. While their discussion is comprehensive, it could benefit from a critical examination
of the current technological landscape, including the integration of novel strategies that have emerged since
their publication.

4The ESA Space Debris Mitigation Handbook, authored by H. Klinkrad and P. Beltrami, offers valuable
guidelines for mitigating space debris. However, the handbook may not fully account for the rapid
advancements in technology and practices related to space operations. As the nature of space activities
evolves, there is a pressing need for updates to ensure that these guidelines remain relevant and effective in
addressing new challenges. In the context of space debris mitigation standards, °H. Stokes and colleagues
highlight the need for universal applicability across various spacefaring nations. However, their study may
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not adequately consider the diverse operational environments and capabilities of different countries,
potentially resulting in recommendations that lack applicability in certain contexts.

The insights provided by “Karl Dietrich Buntem, Tiziana Cardone, and Luisa Innocenti regarding the
incorporation of debris considerations in early spacecraft design phases are valuable, yet their work lacks
concrete, actionable guidelines for designers and engineers. Emphasizing the importance of integrating debris
considerations into the design process requires complementary strategies to facilitate effective
implementation. 8Jinlu Kuang and Paul A. Meehan contribute an analysis of satellite behavior concerning
deployable solar panel arrays, yet they neglect to address the practical challenges associated with deploying
and managing these systems in orbital environments, especially those impacted by existing debris.

%V. Adimurthy and A.S. Ganeshan focus on India's efforts in space debris mitigation, emphasizing national
initiatives. However, their approach does not adequately highlight the necessity of international collaboration
and the sharing of best practices to tackle the global challenge of space debris effectively. The work of 1°G.
W. Juette and L. E. Zeffanella, which examines radio noise currents, although pertinent to electrical
engineering, lacks direct relevance to space debris management, potentially diverting attention from critical
issues that require urgent address.

In their analysis of the Delta Model's effectiveness for debris mitigation, 1'R. Walker, C.E. Martin, and
P.H. Stokes point out significant limitations in the model. Their critique raises concerns about potential
oversimplifications, emphasizing the need for more nuanced frameworks that consider a broader array of
scenarios and variables impacting debris management strategies. '2J.E. Herrera-Arroyave. provide insights
into the structural design of CubeSat systems but do not sufficiently address how space debris may affect
these systems, which is essential for ensuring their long-term viability and operational effectiveness. *Aman
Chandra and Himangshu Kaltia discuss end-to-end satellite servicing and space debris management but do
not delve deeply enough into the logistical challenges and potential barriers that could hinder the
implementation of such servicing missions in orbit.

4Dan Pineau and Leonard Felicetti explore the design of optical systems for debris surveillance missions.
However, their findings would benefit from a more comprehensive examination of the reliability and
effectiveness of these systems in environments characterized by significant debris presence. Finally, the paper
by °R. Hoyt and R. Forward focuses on innovative autonomous deorbit strategies for Low Earth Orbit (LEO)
spacecraft. Despite its innovative approach, further empirical validation is required to confirm the feasibility
and effectiveness of these autonomous systems in mitigating space debris. ®Shan, M., Guo, J., & Gill,
investigate the deployment dynamics of tethered nets for debris removal, yet their conclusions would be
considerably bolstered by experimental validation to evaluate the practical challenges involved in deploying
such systems in space. Collectively, these limitations highlight the need for more comprehensive research that
integrates empirical data, fosters international collaboration, and establishes practical guidelines to effectively
advance the field of space debris management.

I11l.METHEDOLOGY

The methodology for effective space debris management draws upon a diverse body of literature,
integrating theoretical frameworks, empirical data, and practical applications to develop a comprehensive
strategy for addressing the challenges posed by space debris.

4.1 Literature Review

The foundation of this methodology begins with an extensive review of existing literature related to
space debris management. Klinkrad and Beltrami's ESA Space Debris Mitigation Handbook serves as a
cornerstone, providing established guidelines and best practices for debris mitigation. Their work offers a
systematic approach to identifying and managing risks associated with space debris, which is essential for
shaping future operational protocols. Complementing this foundational work, the review by Priyant Mark and
Surekha Kamath highlights various active debris removal methods, critically analyzing their effectiveness and
limitations. This analysis not only provides insights into current technologies but also identifies gaps where
further research and innovation are necessary.
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4.2 Simulation and Modeling

To address the complexities involved in debris removal systems, simulation and modeling play a
crucial role. The work of Nishida and Kawamoto emphasizes the importance of robust simulations to evaluate
the performance of space debris removal systems, particularly those utilizing small satellites. Through detailed
simulations, researchers can explore various orbital scenarios and mission parameters, thereby assessing the
feasibility and potential effectiveness of proposed systems in realistic environments. This approach ensures
that theoretical models are grounded in practical considerations, enhancing their applicability to real-world
challenges.

4.3 Design Consideration

The structural design of spacecraft is critical for their long-term effectiveness in debris management.
Herrera-Arroyave et al. provide valuable insights into CubeSat system structural design, emphasizing the need
for robust frameworks that can withstand the operational challenges of space. Additionally, the work by
Buntem, Cardone, and Innocenti underscores the significance of incorporating debris considerations into early
spacecraft design phases. By integrating debris risk assessments into the design process, engineers can
develop more resilient systems capable of mitigating potential collisions and ensuring mission success.

4.4 Experimental Validation

Empirical validation is essential for confirming theoretical predictions and enhancing the reliability
of debris management strategies. Shan et al. stress the necessity of conducting ground tests and in-space
demonstrations to validate the performance of debris removal 11 systems, such as tethered nets or other
capture mechanisms. This hands-on approach allows researchers to assess the practical challenges and
limitations associated with deploying such systems in the complex space environment. Similarly, Hoyt and
Forward advocate for rigorous validation of autonomous deorbit strategies to ensure their effectiveness in
real-world scenarios, emphasizing that theoretical models must be substantiated by empirical evidence.

4.5 Iterative Improvement

Finally, the methodology emphasizes the importance of continuous assessment and iterative
refinement of debris management strategies. As space activities evolve and new challenges emerge, it is
crucial for researchers and practitioners to adapt their approaches based on new findings and technological
advancements. By fostering a culture of continuous improvement, the space community can ensure that debris
management strategies remain effective and responsive to the changing landscape of 'space operations.

I\V. CONCLUSION

In conclusion, the comprehensive review of literature on space debris management reveals a pressing need
for innovative solutions and collaborative efforts to address the escalating challenges posed by orbital debris.
The examined studies collectively highlight a range of methodologies, including active debris removal
systems, satellite servicing, and cutting-edge technologies designed to mitigate space debris effectively.
Despite the promising strategies outlined, the identified limitations signal an urgent call for further
investigation and refinement. Many of these works are grounded in theoretical models that lack sufficient
empirical validation, leaving critical questions about their real-world applicability and effectiveness
unresolved.

Moreover, while certain studies introduce pioneering concepts, they often fall short of providing concrete,
actionable guidelines that can be readily implemented by engineers and designers in the field. The importance
of international collaboration is another crucial aspect that emerges across the literature; however, this theme
remains underexplored. A united global approach is vital to share knowledge, resources, and best practices
among spacefaring nations, ensuring that collective efforts can be made to tackle the pervasive issue of space
debris.

As the dynamics of space activities continue to evolve, it is essential for future research to not only
embrace advanced technological innovations but also prioritize the development of comprehensive
frameworks that address the multifaceted nature of debris management. This holistic strategy should
encompass empirical validation, international partnerships, and practical guidelines, all aimed at enhancing
the sustainability of space operations. Ultimately, a concerted effort involving continued research, investment,
and cross-border collaboration is paramount to advancing the field of space debris management, safeguarding
the orbital environment, and ensuring the long-term viability of future space missions. In doing so, we can
foster a safer and more sustainable space environment for generations to come.
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