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Abstract: In recent years, satellite communication systems (SCSs) have rapidly developed in terms
of their role and capabilities, promoted by advancements in space launch technologies. However,
this rapid development has also led to the emergence of significant security vulnerabilities, demon-
strated through real-world targeted attacks such as AcidRain and AcidPour that demand immediate
attention from the security community. In response, various countermeasures, encompassing both
technological and policy-based approaches, have been proposed to mitigate these threats. How-
ever, the multitude and diversity of these proposals make their comparison complex, requiring a
systemized view of the landscape. In this paper, we systematically categorize and analyze both
attacks and defenses within the framework of confidentiality, integrity, and availability, focusing
on specific threats that pose substantial risks to SCSs. Furthermore, we evaluate existing counter-
measures against potential threats in SCS environments and offer insights into the security policies
of different nations, recognizing the strategic importance of satellite communications as a national
asset. Finally, we present prospective security challenges and solutions for future SCSs, including full
quantum communication, AI-integrated SCSs, and standardized protocols for the next generation of
terrestrial–space communication.

Keywords: satellite communication system; security attack methodologies; security countermeasure;
space policy and strategy

1. Introduction

The Internet of Everything (IoE), which aims to connect all devices and systems
in every possible location, has become the next dominant objective of communication.
However, traditional land-based communication systems (e.g., cellular communication) are
unable to cover the vast distances required for such connections. For instance, agriculture
management with smart devices in the US requires vast coverage because of its land area,
which existing telecommunications cannot cover. In response, satellite communication
systems (SCSs) have become a popular alternative due to their wide coverage.

Although SCSs have an advantage with respect to coverage, in the early days, the
use of SCSs was restricted to military and scientific applications, such as surveillance and
weather forecasting [1], due to the high costs associated with the technical advancement of
satellite launches and communication between satellites. However, with the advancement
of both technologies, as exemplified by SpaceX [2,3] and Radio Frequency (RF)-based
communication, SCSs have evolved significantly in recent years.

Rapid development has resulted in various consequences. One is user experience en-
hancement. For instance, companies like OneWeb and Amazon Kuiper provide low-latency
and wide-coverage communication by integrating mega-constellation low Earth orbit (LEO)
SCSs with ground communications (through gateways or direct communication with a
terminal). This technology enables communication in places where ground communication
alone is inadequate, such as aircraft, ships, and rural areas, and provides users with a
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similar communication experience as in cities (Figure 1). Another is enhancing the per-
formance of existing technology. For example, in the past, the global positioning system
(GPS) created by the United States was the only option available. Nowadays, consumers
can access more precise time and position data through various ground navigation satellite
systems (GNSSs) powered by SCSs, such as GLONASS, Galileo, and Beidou, developed by
countries or alliances (Figure 1).

Figure 1. Satellite communication system scheme.

However, the extensive development and deployment of SCSs have not come without
challenges. Cyber attacks on SCSs have increased due to the exploitation of vulnerabilities
that stem from their environmental and technical limitations. For example, military drone
traffic information during the Iraq War, communicated via an SCS, was eavesdropped due
to the lack of encryption caused by the limited communication bandwidth (compared to
terrestrial communication) of the SCS [4]. Also, in 2011, Iran conducted a GPS spoofing
attack on a U.S.-built RQ-170 Sentinel that misled a UAV into landing in Iran by feeding
it false GPS information, making it perceive Iran as its home base in Afghanistan. This
is because the significant distance between Earth and satellites results in communication
delays, fostering latency and increasing the susceptibility of SCSs to spoofing threats.

In addition to attacks on dedicated SCSs, cyber attacks on the latest SCS for general
communication are also prevalent. For example, during the early stages of the Russia–
Ukraine war, the deployment of the AcidRain [5] malware targeted Ukraine’s KA-SAT
satellite broadband service, causing widespread disruption by wiping data for thousands of
SCS modems across Ukraine and Europe. This attack not only rendered the modems inoper-
ative but its impact also extended to the remote monitoring or control of thousands of wind
turbines. Following this, a new variant of the malware, named AcidPour, was discovered,
demonstrating an evolution in the cyber threat landscape targeting satellite communication
systems. The progression from AcidRain to AcidPour highlights cyber threats to satellite
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communications, underscoring the requirement for robust defense mechanisms to protect
these critical infrastructure components from such destructive attacks.

Not only has KA-SAT been an attack target, but so has Starlink, the most commercial-
ized SCS for general communication, during the ongoing conflict between Ukraine and
Russia, which exposed many threats. For example, SpaceX, the company that operates
Starlink, has reported instances of jamming attacks on Starlink terminals in Ukraine. In
response, they have updated the system’s software to counter such threats [6]. Addition-
ally, recent research has also shown that Starlink terminals can be compromised by using
a custom modchip to execute arbitrary code via voltage fault injection, which bypasses
signature verification [7].

To address these emerging threats and ensure the reliability and security of global
communications, numerous studies have been proposed. These efforts aim to deal with
physical layer security [8–10], improve cryptographic security measures [11–13], and in-
tegrate terrestrial–space network frameworks [14–18]. However, there is still a lack of
systematic categorization and a limited knowledge about SCSs’ security issues in exist-
ing research.

2. Existing Surveys and Motivation

In this section, we summarize and compare existing survey papers, presenting their
works and limitations. We then introduce the motivation for our research and, in the final
part, outline the overall structure of our research.

2.1. Existing Surveys

As the importance of understanding SCSs grows, various kinds of research concen-
trating on specific aspects have been published. We categorize the existing works into
three categories.

First, some studies deal with satellite security issues in the physical layer (PHY).
Mucchi et al. [8] compile security techniques in the PHY based on Physical Layer Security
(PLS). They present solutions to counterattacks like eavesdropping. However, a limitation
of this research is that it only briefly addresses attacks and solutions specific to SCSs.
Li et al. [9] address terrestrial- and space-integrated network architectures and present
their PLS-based solutions. This study summarizes that properly designed interference or
jamming can be used to enhance the secrecy performance of legitimate users in satellite–
terrestrial integrated networks (STINs), and also focuses on the PLS that has been applied to
strengthen secure transmission in a cognitive STIN (CSTN), where the secondary terrestrial
system shares downlink spectral resources with the primary satellite system. This approach
has shown that interference from terrestrial networks can improve the secrecy performance
of satellite users. However, this study did not present solutions other than security in the
PHY and did not provide detailed methods for attacks that can occur in SCSs. Lu et al. [10]
focus on the PHY security of UAVs in 6G systems based on reinforcement learning (RL); they
also delve into RL-based frameworks for safeguarding security and privacy, demonstrating
the application of RL algorithms in optimizing security policies for 6G. This research
includes strategies for security resource allocation and tuning authentication parameters to
counteract various threats such as jamming, eavesdropping, spoofing, inference attacks,
and selfish attacks.

Second, some studies explore alternative approaches to address security problems
related to specific types of SCSs. Wang et al. [11] also categorize threats such as false
data injection and denial of service (DoS) and distributed denial of service (DDoS) attacks
into five categories and propose methods to build a reliable and trustworthy network
using blockchain technology. However, they did not provide solutions for security in
the PHY, such as defenses against spoofing or jamming attacks. Wang et al. [12] focus
on methods for converging terrestrial and satellite networks based on software-defined
networks (SDNs)/network function virtualization (NFV). Since satellite communications
are conducted through wireless channels, which are open and thus vulnerable to issues
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like eavesdropping, this paper presents methods to address this challenge. However, it
does not mention other threats beyond eavesdropping, nor does it provide solutions for
them. Hosseinidehaj et al. [13] focus on a new security framework in SCSs, QKD, which
is significant for its potential to fundamentally prevent attacks like eavesdropping. It
comprehensively covers research from the traditional optical fiber-based QKD to the recent
advancements in wireless-based QKD. However, these studies may address some solutions
for specific attacks and not provide enough solutions for other areas.

Third, some papers present new space–ground integrated networks and address both
the security threats and solutions associated with them. Guo et al. [14] address security
issues across various layers including terrestrial, maritime, submarine, and space. They
discuss potential threats and solutions in these layers, as well as natural disasters that
can occur within this communication framework. Vaezi et al. [15] focus on the wireless
communications used in Internet of Things (IoT), categorizing potential attacks in IoT
wireless communications into physical, software, and network areas. They provide an
analysis of deep learning (DL)-based methods for the IoT. However, the study scarcely
covers attacks related to SCSs and their corresponding solutions. Yue et al. [16] address
the overall security and reliability issues in LEO satellite systems, offering solutions for
these challenges. They also cover physical threats, which were previously under-addressed.
However, this study only covers general attacks and solutions related to SCS networks and
is not divided in detail according to clear classification criteria. Tedeschi et al. [17] address
the security threats, solutions, and challenges associated with the deployment and operation
of SCSs, particularly at the link layer. This paper categorizes schemes into two principal
domains: PLS and cryptographic schemes. Manulis et al. [18] present a comprehensive
analysis of the cybersecurity threats facing the space industry, especially in the context of
the emerging New Space era. It assesses past security threats and incidents to understand
adversarial threats to satellites, with a focus on the ground and RF communications as
primary targets. However, they did not clearly present countermeasures against attacks.
In Table 1, we compare and summarize the major attack and defense and main research
points of each study.

Table 1. Comparison of related surveys.

Ref.

Security Attack Security Defense
Policy

and
Strategy

Future
DirectionsEaves-

Dropping
Jamming and

Spoofing
DoS and

DDoS Energy PLS Blockchain SDN
Crypto and

QKD
Anti-

Satellite

[8] ! ! !

[9] ! ! !

[10] ! ! ! ! !

[11] ! ! ! !

[12] ! ! !

[13] ! !

[14] ! ! ! ! ! !

[15] ! ! ! !

[16] ! ! ! ! ! ! !

[17] ! ! ! !

[18] ! ! ! ! ! !

This
Survey ! ! ! ! ! ! ! ! ! ! !

2.2. Motivations

Although some existing works have tried to address various issues of SCSs, more
work is needed to provide a comprehensive understanding of the SCS landscape.
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Insufficient Review Papers on Attacks and Defences for general SCSs: Numerous
studies have tackled the potential risks and remedies associated with special-purpose
SCSs. However, these studies do not provide a comprehensive overview of the entire SCS
landscape. Furthermore, the existing research that discusses specific attacks or defenses
lacks clear classification standards and detailed descriptions of the threats and solutions
in SCSs.

Lack of Discussions on Various Aspects of SCSs: Previous studies on SCSs have mainly
focused on their technological aspects. However, SCSs are also a national asset, and it is
essential to discuss their non-technological aspects, including policy and physical aspects.

In terms of policy, conducting policy analyses regarding cyber attacks in SCSs is crucial
as they can significantly impact future research. Unfortunately, existing works have not
addressed these issues, so more research is needed. On the other hand, when it comes to
physical aspects, anti-satellite (ASAT) attacks are the most common attacks due to various
countries’ recent policy movements and geopolitical situations. However, no existing work
has addressed the ASAT landscape, so we need to make an effort to understand it.

2.3. Contributions

The contributions of this survey are below.

• We provide a comprehensive understanding of SCSs, including the background and
attack and defense mechanisms based on intuitive criteria (i.e., confidentiality, integrity,
and availability).

• From our understanding, we are the first to provide the non-technical aspects of space
security, such as countries’ security policies and the physical ASAT landscape.

• We present future research directions, including potential security issues arising from
future SCSs, such as full quantum networks.

2.4. Paper Organization

The organization of this paper is illustrated in Figure 2. Section 3 addresses the
background of SCSs and their environment. Section 4 introduces security attacks in SCSs.
Section 5 describes the security defense method for attacks on SCSs. Section 6 presents
security policies and strategies in space and compares each country. In Section 7, future
directions for research are provided. Lastly, we summarize our research in the conclusion
and provide the abbreviations that are used in this paper.

Figure 2. Paper organization.

3. Background

This section covers the background knowledge related to SCSs. First, we will address
the overall architecture of SCSs, including the basic hardware payload that satellites carry.
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We then deal with the unique environmental aspects of SCSs, as well as the characteristics
of frequency and bandwidth specific to SCSs. Furthermore, we discuss the main protocols
used in satellites and the features of space-to-ground integrated networks. The above
content includes key concepts that will be used later when discussing threats and solutions.

3.1. Satellite Communication Environment

SCS environments are fundamentally different from terrestrial-based communication
networks. This is primarily because satellites operate continuously in the unique conditions
of space. While this special environment brings many advantages to SCSs, it also introduces
various disadvantages. Therefore, in this section, we will examine the environmental
aspects that need to be considered in SCSs [19].

Vacuum: The space environment is essentially a vacuum. The boundary between the
Earth’s atmosphere and outer space, commonly referred to as the Kármán line, is defined
as being approximately 70–90 km above the Earth’s surface. Most SCSs orbit at a minimum
altitude of 200 km in LEO or higher, meaning they are essentially in a vacuum. This vacuum
state has a variety of impacts on satellites [20].

Gravity: The zero gravity state is a condition with minimal resistance. This signifi-
cantly affects satellites, whether they are subjected to external forces or generate internal
torque. For example, Earth’s gravity is a factor to consider. The gravitational field of the
Earth primarily determines the motion of the satellite’s center of mass. This gravitational
field is not linear and uniform across all regions, leading to orbital perturbations. Addi-
tionally, the gravitational fields of the Sun and Moon can cause disturbances. Moreover,
the strength of the Earth’s gravitational field varies with altitude, and as a result of this
gravitational gradient, the force does not pass through the satellite’s center of mass. This
means that this effect can generate torque within the satellite itself.

Solar Radiation Pressure: Solar radiation pressure, although a very weak force,
can significantly affect a satellite’s orientation in a resistance-free environment due to its
continuous influence. The solar radiation pressure can be considered as a force that arrives
perpendicularly from the sun to the satellite. Typically, the resultant force of solar radiation
does not align with the satellite’s center of mass. Consequently, this misalignment generates
torque that can disturb the satellite’s orientation.

Torques of Internal Origin: Satellites consist of various components, and the move-
ment of parts like antennas, solar panels, and fuel can generate torque on the satellite. For
instance, as the propellant is consumed, the center of mass of the satellite may shift, and
adjusting the direction of the satellite’s antenna can induce torque on the satellite’s body.
Therefore, to compensate for these effects, forces acting on the satellite’s center of mass
need to be periodically applied.

3.2. Satellite Communication System Architecture

Generally, a satellite’s hardware is specific for its purpose. In Figure 3, the five types
of payload generally used in satellite systems are shown [21,22].

Onboard Computer System: The onboard computer system (OCS) is a central com-
ponent that controls the satellite and is often referred to as the satellite’s processor [23].
The satellite’s OCS plays a crucial role in coordinating various sensors and hardware
components. Firstly, the processor controls the sensors contained within the satellite’s
payload, and it performs computations to determine the satellite’s orientation and position
by adjusting actuators. Additionally, the OCS handles the encryption and decryption of
data packets during communication.

Sensors: Sensors play a fundamental role in the operation of satellites, performing key
functions such as measuring the velocity, acceleration, orientation, and tracking position.
Examples of these sensors include antennas, solar sensors, star trackers, Earth sensors, iner-
tial units, RF sensors, laser detectors, angular rate sensors, magnetometers, and temperature
sensors. In addition to these, there are special-purpose sensors that, unlike the ones listed
above, do not influence the basic operation of the satellite but are included in the satellite
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payload for specific objectives. These special-purpose sensors often include cameras, SAR
(Synthetic Aperture Radar), and Light Detection and Ranging (LiDAR) systems [24].

Figure 3. Satellite architecture.

Actuators: Actuators play a primary role in controlling the orientation of the satellite
and the direction of its sensors. Actuators are crucial in space environments due to the
virtually resistance-free nature of space, meaning satellites continue to move under the
influence of inertia. In other words, even weak forces such as solar wind can alter a
satellite’s orientation or altitude, necessitating actuators for correction. For instance, in
communication satellites, precise antenna positioning is crucial [21], and actuators are
used to counteract the inertia moment. Typically, actuators produce torque to change
angular velocity, but there are also actuators that use propellants. Key components of these
actuators include angular momentum devices, thrusters, magnetic coils, and solar sails.

Power System: The power system is a component that supplies energy to the satellite.
Since satellites are limited in mass and volume, it is essential to precisely design the power
system to fit the payload. The power system not only supplies electricity to sensors, the
OCS, and actuators, but also needs to be precisely controlled and managed to avoid issues
like power shortages and system downtime [25]. In the past, onboard power supply devices
like nuclear fission devices were used, but in recent times, especially in power-intensive
satellite systems like SCSs, external power supply devices such as solar panels are almost
exclusively used. Solar panels are typically used in conjunction with batteries, which serve
as auxiliary power supplies, ensuring the availability of power even when solar radiation
is not available.

Communication System: The communication payload is the component used for
communication in satellites. It is utilized for various spatial communications, includ-
ing ground-to-ground, satellite-to-satellite, and satellite-to-ground communication. The
primary components of a communication payload typically include repeaters and anten-
nas [26].

3.3. Satellite Constellation Characteristics

In SCSs, the constellation is one of the most crucial elements. The orbit of a satellite
greatly influences the area it can cover, which is also linked to the number of satellites. For
example, as the satellite’s orbit lowers, the propagation delay and error rate decrease, but
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the area a single satellite can cover on the ground is significantly reduced. A solution to this
is deploying satellites that can fully cover the globe. However, this increases construction
and maintenance costs considerably. Thus, a satellite’s orbit has a significant impact on
various aspects of the SCS network. In this section, we will explore the different orbits used
in SCSs. Also, Table 2 summarizes the satellite constellation features [27].

Table 2. Comparison of satellite constellation.

Feature LEO MEO GEO

Altitude 500~1200 km 2000~20,000 km 36,000 km

Propagation Delay Approx. 30 ms Approx. 125 ms Approx. 600 ms

Earth Coverage Small Large Very Large

Data Loss Low Low Medium

Required Satellite At Least Tens to Hundreds At Least 6 At Least 3

Gateway Numerous Flexible Local Flexible Stationary

Orbital Period Approx. 85~120 min (11~17 round
per day) Approx. 120~480 min 24 h

Geostationary Earth Orbit: This orbit matches the Earth’s rotational speed with the
satellite’s angular velocity. This means the satellite always faces the same region of the
Earth’s surface, which is an advantage utilized by various satellites. Geostationary orbits
operate at a latitude of 0 degrees, directly above the equator, and are typically positioned at
an altitude of approximately 36,000 km. Additionally, the typical communication latency is
between 125 ms and 250 ms, resulting in a delay of nearly 0.5 s for communication between
ground stations and satellites.

The advantages of geostationary orbit (GEO) include, firstly, the satellite appears sta-
tionary from a specific point on Earth, which is advantageous for providing communication
and broadcasting services. Secondly, a single GEO satellite can cover about one-third of the
Earth’s surface, allowing services to be provided over a wide area. Thirdly, because it is
relatively stationary, the communication delay is consistent. Lastly, once Earth terminals
or ground stations adjust their antennas, they can maintain a continuous connection with
the satellite.

However, there are disadvantages as well. Firstly, GEO satellites must be placed in
high orbits, which increases launch costs and the technical complexity. Secondly, the longer
travel time for communication signals to and from the satellite can result in a relatively
high communication latency and potential data loss. Thirdly, GEO satellites are bigger and
more expensive to deploy; the network operator can gradually add to their coverage as
their business grows. Lastly, due to their fixed position relative to the Earth’s surface and
the Earth’s tilt, GEO satellites struggle to cover polar regions [28].

Medium Earth Orbit: This orbit is located between 9000 and 11,000 km and is situated
within the Van Allen radiation belt. MEO is at a lower altitude compared to geostationary
orbit. Primarily, this orbit is used for navigation satellite systems like GPSs [27].

The advantages of medium Earth orbit (MEO) include, firstly, shorter communication
delay times compared to GEO satellites, as MEO satellites operate in a lower orbit. This
also allows MEO satellites to cover a wider area than LEO satellites, while requiring fewer
satellites, thereby reducing system costs and complexity.

However, there are disadvantages. Firstly, the communication delay is higher com-
pared to LEO satellites, which can pose challenges for real-time communications. Secondly,
satellites are visible for only 2 to 8 h from Earth, necessitating satellite tracking, due to
their rotation. Lastly, signals become weaker when reaching the Earth compared to LEO,
requiring more transmit power.

Low Earth Orbit: This orbit refers to a range approximately 180 to 2000 km above
the Earth’s surface. In this orbit, there are various types of satellites, and due to the
characteristics of LEO, it is primarily used in high-speed SCSs.
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The advantages of LEO are as follows. Firstly, its proximity to the Earth results in
a lower communication latency, which is advantageous for real-time communications.
Additionally, this closeness to Earth aids in enhancing data transmission speeds. Secondly,
LEO satellites are in a lower orbit compared to GEO satellites, which reduces the cost per
launch. Lastly, satellites in LEO are capable of collecting higher-resolution images and
data [29].

However, there are disadvantages to LEO orbit. First, due to the low altitude of
LEO satellites, they can only cover a small portion of the Earth at a time, necessitating
a large number of satellites for global coverage. This requirement for a vast number of
satellites increases the complexity and cost of the network. Second, LEO satellites are more
susceptible to atmospheric drag, which can result in a shorter lifespan. Finally, the LEO
orbit is crowded with space debris, posing a heightened risk of collisions.

3.4. Main Components for Security

The three pillars of security are Confidentiality, Integrity, and Availability, known as
CIA, the most fundamental elements in safeguarding data within cybersecurity. Failing
to protect or inadequately secure any aspects exposes them to attacks or threats that
compromise the CIA triad. Therefore, this study categorizes attacks and defenses according
to the CIA framework, with detailed discussions in subsequent sections [30].

Confidentiality: Confidentiality generally refers to ensuring that information is ac-
cessible and comprehensible only to authorized individuals. It plays a crucial role in
preventing unwanted disclosure of information, closely linking it to privacy protection.
The most common form of attack related to confidentiality is eavesdropping, which is
particularly prevalent in SCSs due to the wireless nature of their transmission. SCSs that are
not encrypted due to technical limitations pose significant threats to confidentiality. Encryp-
tion is the best method to prevent such breaches, but it may not be sufficient. Additional
measures are necessary and will be elaborated on later.

Integrity: Integrity signifies that only authorized individuals have the access and
ability to modify information. Integrity is compromised when unauthorized persons alter
or access the information. In SCSs, spoofing is a primary method of compromising integrity.
Spoofing involves transmitting forged signals to deceive the receiver, thereby breaching
integrity. Protective measures include PLS and encryption, which ensure the integrity of
communications and enhance their reliability.

Availability: Availability denotes the assured, timely access and usability of informa-
tion or systems. This implies that information or systems must be properly provided and
functional whenever needed to be considered secure regarding availability. SCSs can face
availability issues due to different factors such as jamming and DoS/DDoS attacks. A com-
promise in availability can render SCSs unusable, posing a significant threat, especially in
emergencies. Ensuring availability requires traffic control through authentication systems
like blockchain or filtering unauthorized signals using PLS.

4. Attacks in Satellite Communication Systems

As SCSs continue to evolve, they play a crucial role in both civilian and military
purposes. Consequently, various forms of attacks are being directed at SCSs. In this section,
we will explore attacks on SCSs, with the overall structure depicted in Figure 4.
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Figure 4. Attack schemes in satellite communication systems.

4.1. Confidentiality Threats

Eavesdropping

Eavesdropping entails the secretive act of intercepting and listening to private conver-
sations, electronic communications, or transmissions between individuals without their
knowledge or consent, often using sophisticated devices or techniques to breach confi-
dentiality. This type of attack is traditionally associated with overhearing conversations
without being detected, but in the modern context, it extends to various forms of electronic
and digital surveillance [31]. An eavesdropping attack in SCSs is a type of security breach
where an unauthorized party intercepts and listens to the communication transmitted via
a satellite network. This has become possible due to the characteristics of satellites, such
as wireless communication, wide coverage, and unencrypted communications resulting
from a low bandwidth. Also, this kind of attack can be particularly concerning due to
the broad coverage and diverse use of SCSs, ranging from personal communication to
critical military and government transmissions. The attack involves equipment to intercept
the satellite signal ranging from a simple setup for unencrypted signals to more complex
systems capable of breaking encryption. In this section, we approach eavesdropping attacks
by dividing them into passive eavesdropping and active eavesdropping. Additionally,
the overall process of the two attacks is depicted in Figure 5 and a comparison of the two
attacks is presented in Table 3.

Figure 5. Eavesdropping attack scheme.
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Table 3. Comparison of eavesdropping attack methods.

Characteristic Passive Eavesdropping Active Eavesdropping

Victim Awareness Impossible Possible

Impact in Personal Information Cryptography (Decryption)

Technical difficulty Easy Need Sophisticated Hardware or Software

Mitigation Easy Hard

Passive Eavesdropping: Passive eavesdropping is listening to or recording communi-
cation without altering or interacting with the transmission. The eavesdropper is essentially
a silent observer. This type of attack can be difficult for the victim to detect, but it may also
be challenging for the attacker to obtain meaningful information.

The authors of [32] introduced RECORD, a novel passive attack method targeting
LEO satellite users which compromises their location privacy by exploiting the downlink
from wandering communication satellites. This method, implemented on a custom satel-
lite reception platform, uses real-world data from the Iridium SCS to demonstrate that
observing just 2.3 h of traffic can significantly narrow down a user’s position to less than an
11 km radius, a drastic reduction from the initial 4700 km satellite beam diameter. Also, [33]
presents a detailed experimental security analysis of satellite broadband signals using the
Digital Video Broadcasting for Satellite (DVB-S) protocol, highlighting vulnerabilities that
allow for the identification of individual satellite customers and their activities, as well as
posing threats to critical infrastructure. This research uncovers various network topologies
prone to interception, revealing a substantial amount of sensitive data, including Secure
Sockets Layer (SSL) and Transport Layer Security (TLS) certificates, unencrypted Hyper-
Text Transfer Protocol (HTTP) requests, emails, and Voice Over Internet Protocol (VoIP)
conversations. This data exposure raises severe risks to critical infrastructure, especially in
power generation facilities where unencrypted communications were detected.

Active Eavesdropping: Active eavesdropping involves a certain level of interven-
tion in communication. It is an attack where the eavesdropper decrypts encrypted
signals or intervenes in the communication process to directly intercept the data. While
this form of attack increases the risk of detection, it also requires the collection of more
effective information.

Pavur et al. [34] introduced a breakthrough in decrypting communications within
the Thuraya satellite network, which uses the GEO-Mobile Radio(GMR)-1 standard. By
enhancing a ciphertext-only attack and leveraging open-source software, the authors
successfully decrypted their own communications, showcasing vulnerabilities in the GMR-1
and GMR-2 SCS standards. Utilizing common, moderately priced equipment, they captured
and decrypted a live call session from the Thuraya network in under an hour using standard
PC hardware. This was achieved by exploiting weaknesses in the A5-GMR-1 cipher and
solving a system of linear equations to recover the session key. Also, ref. [35] presents an
approach for eavesdropping on optical communications between LEO satellites and High-
Altitude Platform Stations (HAPSs), focusing on both downlink and uplink transmissions. It
investigates the secrecy performance of these communications, particularly under scenarios
where an eavesdropping spacecraft is positioned close to the satellite within its optical
beam’s convergence area. This study, validated through Monte Carlo simulations, reveals
that downlink communications are generally more secure, with increased beam leakage to
the eavesdropper significantly impairing the secrecy performance.

4.2. Availability Threats

a. Jamming

A jamming attack in an SCS is a deliberate interference with satellite signals. It involves
transmitting signals at the same frequencies used by the satellite, thereby overwhelming
the legitimate signals with noise or other forms of interference. This can degrade, obstruct,
or prevent successful communication via the satellite. This is because an SCS relies on
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wireless RF signals, which are inherently weak and can be easily overwhelmed. The goal of
jamming can range from simple disruption of communication to more complex strategies
aimed at deceiving or manipulating the satellite system’s operations. The techniques used
in jamming can vary, including broadband and narrowband jamming, each with its specific
method of disrupting SCSs. Also, various forms of attacks are illustrated in Figure 6.

Figure 6. Illustration of narrow and broadband jamming attacks.

Broadband Jamming: This type of jamming covers a wide range of frequencies
simultaneously. It is designed to disrupt communication by flooding multiple frequency
bands with noise or false signals. Broadband jammers are less precise but can be effective
against a wide array of communication systems at once.

The authors of [36] investigate the impact of jamming on the GPS and the GLONASS
system, particularly in maritime navigation. They offer a detailed analysis of how varying
the jamming intensities affects these satellite navigation systems, noting a decrease in
the carrier-to-noise ratio and precision in pseudorange measurements, leading to a com-
promised positioning accuracy. This study finds the acquisition phase of receivers more
vulnerable to interference than the tracking phase. Notably, under jamming conditions,
GLONASS signals perform better than those of the GPS. This research included both static
and dynamic jamming tests to explore the effects on different GPS receivers. Similarly,
ref. [37] investigates the vulnerabilities of the GPS in maritime navigation, particularly
focusing on the effects of GPS jamming. It was found that GPS jamming significantly
impacts maritime safety by affecting on-shore vessel traffic services, aids-to-navigation
(AtoNs), ship navigation, situational awareness, and emergency communications. Licht-
man et al. [38] explore reactive jamming in SCS scenarios. Reactive jamming is characterized
by a jammer’s ability to sense a portion of the spectrum and transmit a jamming signal
upon detecting a signal it wants to disrupt. This technique can counter the processing gain
associated with the Frequency-Hopping Spread Spectrum (FHSS).

Narrowband Jamming: Narrowband jamming focuses on disrupting specific frequen-
cies or a narrow range of frequencies. This method is more precise and is used when the
frequency of the target communication is known. It is effective at blocking specific channels
without affecting others.

Ref. [39] focuses on jamming attacks against GPS receivers using Direct Sequence
Spread-Spectrum (DSSS) signals. It highlights the GPS’s vulnerability to intentional and
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unintentional interference due to its weak signal strength, which can be easily overpowered.
A key aspect of this paper is its proposal of a cascade filter approach for countering multiple
frequency modulation (FM) jammers, especially effective at high jammer-to-signal ratios.
This approach prioritizes the signal-to-noise ratio as the performance measure and treats
FM interference as instantly narrowband.

b. DoS and DDoS

DoS and DDoS attacks are malicious efforts aimed at disrupting the normal functioning
of a targeted server, service, or network. A DoS attack typically involves a single device
or computer generating malicious traffic or actions to achieve its goals, such as seizing
control of equipment or rendering it unusable. In contrast, DDoS attacks use multiple
devices or computers to generate malicious traffic or actions. This often involves the use of
botnets to infect multiple devices, allowing a collective of individual attackers to target a
single objective.

In SCSs, DoS and DDoS attacks usually involve attackers sending inappropriate traffic
to specific nodes (satellite equipment) to make them inoperative or to hijack them. These
attacks can also consume the entire bandwidth of SCS links, degrading the quality of
service (QoS) of the satellite network. This section will approach the topic by differentiating
between DoS and DDoS attacks. In Figure 7, the differences between the most representative
forms of DoS and DDoS attacks are shown.

Figure 7. DoS and DDoS attacks in a satellite communication system.

Denial of Service Attack: A DoS attack typically achieves its objective, such as seizing
or rendering a device unusable, using a single device or computer initiating malicious
traffic or actions.

In [40], the authors demonstrate the vulnerability of satellite systems to attacks using
software-defined radio (SDR). This research is crucial as it shows that individuals with
basic equipment like SDRs can disrupt SCSs. This study focused on the Reaktor Hello
World satellite, which, despite encrypted command and control channels, is susceptible
to a replay attack due to unencrypted telemetry data and the absence of authentication
between the satellite and the ground station. Using simple tools like a Linux laptop and a
HackRF device, the researchers successfully executed the attack, underlining the need for
enhanced security in SCSs. Onen et al. [41] highlight the susceptibility of satellite shared
access networks, particularly DVB-S, to DoS attacks. These attacks are characterized by
exploiting the network control center through numerous fraudulent requests from a satellite
terminal. Their paper outlines three primary forms of these attacks: (1) Consuming scarce,
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limited, or non-renewable resources like network bandwidth, memory, or CPU processing
power, which impairs the service availability for legitimate users. (2) Destroying or altering
configuration information, leading to ineffective network or computer use for legitimate
users due to corrupted or tampered data. (3) Physically damaging or altering network com-
ponents, such as cables, routers, or servers, resulting in service degradations or complete
shutdown. This study underscores the critical need for robust security measures to protect
SCS networks from these types of vulnerabilities. In addition, Ref. [42] introduces a method
for executing ransomware attacks on space vehicles, particularly those utilizing NASA’s
core flight system (cFS). The proposed attack method strategically targets the software bus
API of the cFS, a component critical to the command and data handling functionalities and
mission-specific applications. This approach is designed to compromise the spacecraft’s
operations without permanently disabling it, maintaining a balance between compelling
the victim to pay the ransom and ensuring the possibility of restoring the spacecraft’s
functionality after the ransom is paid.

Distributed Denial of Service Attack: A DDoS attack is a malicious attempt to disrupt
the normal traffic of a targeted server, service, or network by overwhelming the target or
its surrounding infrastructure with a flood of internet traffic. DDoS attacks are conducted
by utilizing multiple compromised computer systems as sources of attack traffic.

Normally, there are three common types of DDoS attacks: (1) TOS (type of service)
floods, where attackers manipulate the TOS field in IP headers, which is used for explicit
congestion notification (ECN) and differentiated service (DiffServ) flags. Attackers spoof
the ECN flag, reducing the throughput of individual connections and making a server
appear non-responsive or attackers utilize DiffServ class flags in the TOS field to prioritize
attack traffic over legitimate traffic, intensifying the DDoS attack’s impact. (2) IoT botnet
attacks, which involve infecting numerous IoT devices to form botnets for large-scale, hard-
to-detect attacks, exemplified by the Mirai botnet. (3) Ping floods, where attackers flood
networks with spoofed internet control message protocol (ICMP) echo requests, causing
significant slowdowns or complete service blackouts. Paper [43] highlights the increasing
risks of DDoS attacks on satellite service providers, exacerbated by the growing number of
internet-connected infrastructure devices. They studied the above three types of attacks.
Similarly, ref. [44] primarily contributes to the field by presenting a DDoS technique that
faces unique challenges due to its inherent characteristics like a high bit error rate, high link
delays, power control, and large round trip delays, and presents the same types of attacks
as the aforementioned paper, including TOS floods, SYN floods, and ICMP floods.

The paper by Giacomo Giuliari [45] focuses on exploring a new class of distributed
denial-of-service attacks, a type of link flooding attack, on LEO satellite networks, specif-
ically targeting their routing mechanisms. The ICARUS attack, targeting LEO satellite
networks, involves a series of steps to disrupt communication by congesting specific net-
work links. Initially, the attacker discovers the network topology and calculates routes
between compromised nodes in a botnet, focusing on paths that intersect targeted links.
These paths are then filtered to ensure they traverse these links in the desired direction. The
attacker calculates the optimal traffic volume to cause congestion without self-interference,
distributing this traffic across multiple uplinks to minimize detection. In cases of networks
with randomized multipath routing, the attack adapts to a probabilistic approach, increas-
ing the chances of congesting the target links despite the uncertainty in path selection. This
method showcases how even a limited number of compromised hosts can significantly
impact LEO satellite network communications.

c. Energy Attack

The concept of a kinetic attack involves rendering satellites inoperable through phys-
ical, mechanical, or invisible energy like a laser. This is perhaps the most definitive and
clear-cut method to compromise the availability of satellites. Energy attacks have been
a subject of design and research since the onset of the space arms race. Such attacks are
referred to as ASAT weapons and their forms have become increasingly varied over time.
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During the Cold War, the intensifying space race led the United States and the Soviet
Union to recognize the potential military significance of satellites. Consequently, both
nations pondered countermeasures against satellites and conducted various experiments.
Early ASAT efforts were not significantly different from missile defense systems. This
similarity stemmed from the fundamental resemblance between ICBMs and space launch
vehicles. Initially, the U.S. equipped missile interceptors with nuclear tips due to the lack of
advanced guidance systems.

As the 1960s progressed, the Soviet Union introduced the co-orbital ASAT weapon.
This system involved launching a weapon into the same orbit as the target satellite and
maneuvering it close enough to destroy the target, usually with conventional explosives.
In response to the U.S. ASAT technology, the Soviet Union proposed a new type of attack
in the 1970s, the Terra-3 [46], a high-energy laser weapon. This weapon was designed to
incapacitate enemy satellites using laser beams.

The 1980s saw the U.S. develop a new-generation ASAT weapon, the ASM-135A ASAT,
consisting of a missile launched from an F-15 fighter to intercept and destroy satellites using
a kinetic kill approach. Although not deployed in actual combat, this weapon successfully
destroyed the Solwind P78-1 satellite during tests. In response to the AGM-135 ASAT, the
Soviet Union modified the Mig-31 Foxhound. However, clear experimental evidence of
its effectiveness was not available. Later in the 1980s and into the 1990s, the U.S. began
developing new ground-based energy weapons. A notable project was the MIRACL [47]
(mid-infrared advanced chemical laser).

Entering the 2000s, new nations joining the space race introduced additional threats.
China, rapidly advancing in space technology, developed various interception systems,
notably the SC-19 missile. This system was a mobile ground-based missile that launched
a homing vehicle to destroy satellites via direct impact. China conducted a satellite de-
struction test using the SC-19 on the FY-1C satellite [48] and successfully developed a
submarine-launched ASAT weapon, the 2 missile. The U.S. also started developing various
weapon systems in response to these new threats. American ASAT experiments and inter-
ception systems, such as the RIM-161 Standard Missile 3 (SM-3), were developed. The U.S.
successfully conducted an actual satellite interception test, Operation Burnt Frost, with the
SM-3 [49]. After the Soviet Union collapsed and Russia was established, Russia developed
the new laser weapon Peresvet. It exhibited significant achievements in the recent Ukraine
conflict, although the U.S. dismissed these claims as propaganda. Russia also developed
the Burevestnik [50], a new missile potentially ready for deployment, evolving from the
Foxhound missile.

In summary, various forms of satellite interception systems have been developed,
which can be summarized as follows. Also, the overall ASAT types can be seen in Figure 8.

Kinetic Energy Attack: This method involves destroying target satellites by colliding
high-speed moving objects with them. There are different types of kinetic ASAT weapons,
including direct-rising ASAT missiles and common-orbit satellite interceptors. These
weapons use rocket propulsion to accelerate a warhead to high speeds for a direct collision
or to generate dense metal fragments to destroy the target in space. Prominent weapon
systems include the United States’ SM-3, Russia’s Burevestnik, and China’s SC-19.

Invisible Energy Attack: These attacks use high-energy beams like lasers and mi-
crowaves to neutralize or destroy a target. Directed energy weapons have the advantage
of a fast attack speed and can potentially reach the speed of light. Paper [51] discusses
high-energy laser beam ASAT weapons, high-energy particle beam ASAT weapons, and
high-frequency microwave radio-frequency ASAT weapons, elaborating on their technolog-
ical aspects and capabilities. Some notable examples include the United States’ MIRACL
and Russia’s Peresvet.
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Figure 8. Illustration of ASAT technology.

4.3. Integrity Threats

Spoofing

Satellites, due to their significant distance from the ground and reliance on wireless
signals, often transmit weak signals that are susceptible to interference. This vulnerability
allows for various forms of attacks, among which spoofing can compromise the integrity of
the signal. Spoofing involves deceiving a target or multiple target receivers by delaying,
forging, or sending incorrect signals [52]. Conceptually, while spoofing and jamming may
seem similar, spoofing is a more sophisticated and technical attack. Both attacks target the
availability of satellites, but spoofing requires intricate signal processing, making it a more
complex attack to execute.

Spoofing fundamentally requires replicating the RF carrier signal transmitting the
pseudo-random noise and spreading code, and the data from GNSS. Generally, the signals
transmitted from a GNSS are of the form:

y(t) = Re

{

N

∑
i=1

AiDi[t − τi(t)]Ci[t − τi(t)]e
j[ωct−φi(t)]

}

(1)

where Ai is the carrier amplitude of signal, Di(t) is the signal’s data bit stream, Ci(t) is the
spreading code, τi(t) is the signal’s code phase, ωc is the nominal carrier frequency, and
φi(t) is the beat carrier.

At this time, the spoofing signal is in a form similar to the original signal:

ys(t) = Re

{

Ns

∑
i=1

AsiD̂i[t − τsi(t)]Ci[t − τsi(t)]e
j[ωct−φsi(t)]

}

(2)

and each spoofed signal has the same N and Ci(t) and usually sends estimated data of the
D̂i(t) [53].

To understand the typical process of a spoofing attack, we can refer to Psiaki’s pa-
per [53]. In Figure 9, five stages of the interaction between the spoofed signal and the
true pseudorandom number code autocorrelation function are shown. Initially, in the first
stage, the spoofing signal is searching for the true signal’s tracking loop. In the second
stage, the real and spoofed signals merge. The third stage shows the spoofed signal being
modulated by the code autocorrelation function, and in the fourth stage, the tracking point
shifts from the real to the spoofed signal. Finally, in the last stage, the spoofed signal
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becomes stronger than the real signal and undergoes phase modulation. At this point, the
spoofed signal, carrying false positional signals or timing information, is transmitted to the
receiver. Such methods of spoofing attacks are conventional. So, to achieve a higher success
rate, appropriate techniques, equipment, and new technologies are required. Using the
aforementioned principle, SCSs can be spoofed, enabling the execution of various attacks,
as illustrated in Figure 10. Therefore, in this section, we will categorize the existing spoofing
strategies into three types: signal meaconing spoofing attacks, signal estimation and replay
spoofing attacks, and advanced signal modification spoofing attacks.

Figure 9. Spoofing attack scheme viewed from the victim receiver. Spoofer: blue dotted lines; sum of
spoofer and truth: red solid lines; receiver tracking points: blue dots [53].

Figure 10. The process of spoofing attacks.

Signal Meaconing and Replay Spoofing Attacks: These attacks are essentially no
different from a signal repeater and typically rely on known signal structures [53]. It is
a basic form of attack where the incoming signal is delayed and then retransmitted. The
primary target of this attack is the code phase time history. For instance, if the manipulated
time is 1:59:59.99, the actual time would be 2:00:00.00.

In Wesson’s paper [54], an attack method is presented where an entire block of GNSS
RF signals is recorded and played back without needing to separate each signal. This
approach does not alter the actual satellite signals’ position, velocity, and time values but
introduces the spoofer’s location and velocity to the receiver with an added time delay. In
this attack, the spoofer is ideally positioned near the receiver to prevent delays in signal
processing, enabling a zero-delay meaconing attack. This allows the spoofer to circumvent
the receiver’s defenses against clock drift. Also, the study in [55] demonstrated that the
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position, velocity, and time values of a receiver can be affected by a spoofing attack through
simulations using a station repeater spoofing model.

Signal Estimation and Replay Spoofing Attacks: Unlike the previously mentioned
attack, in this approach, the spoofer does not have all the information when receiving the
signal, but only a part of it [56]. For instance, in the case of military satellites or some
civilian satellites with undisclosed security codes, not all information is available to the
spoofer, unlike public civilian GNSSs [53]. Therefore, the spoofer needs to estimate the
missing information and then introduce a delay to execute the spoofing attack. Typically,
estimation and replay attacks are divided into two categories: security code estimation and
replay (SCER), and forward estimation attacks (FEAs).

Paper [57] was the first to propose the SCER method, suggesting a technique to
deceive receivers through accurate estimation of security codes and deliberate delays. This
approach is suitable for various cryptographic techniques, ranging from low-rate methods
like navigation message authentication (NMA) to high-rate strategies, including the legacy
military GPS Y-code encryption. An FEA is a methodology employed by adversaries to
generate counterfeit GNSS signals that are perceived as authentic by the target receiver [58].
Unlike the SCER attack, FEAs are not limited by the immediate estimation of each symbol
as it is broadcast. Instead, this approach allows an attacker to produce counterfeit signals
that can either delay or precede the genuine signal. This flexibility makes FEAs particularly
potent, as it enables the synthesis of signals that closely mimic the authentic ones, thus
making the deception more convincing and harder to detect.

Signal Modification Spoofing Attacks: Recently, a different form of attack has been
introduced, known as the nulling attack. A nulling attack is a specific type of spoofing
strategy used against GNSS receivers. In this attack, the spoofer employs nulling signals
with amplitudes that are twice those of the corresponding authentic signals. These enhanced
nulling signals are activated only during specific data bits, Di(t), whose polarity the spoofer
aims to invert. By doing so, the spoofer manages to induce a false position or timing fix in
the target receiver [54]. The detailed process is as follows.

In Equation (2), the first is the counterfeit signal, which works together with the other
spoofed signals to create a false location or time reading. The second signal is the inverse
of the authentic signal. Therefore, the total number of signals Ns is twice the number of
authentic signals N, denoted as Ns = 2N. It is assumed that the initial N signals are the
spoofed versions, while the subsequent N signals are the nulling versions. The nulling
signals are designed to negate the true signals at the receiver, which means for i = 1 to
N, the following conditions are met: Ci+N(t) = Ci(t) and D̂i+N(t) = Di(t). Moreover, the
nulling signals must adhere to As[i+N] = Ai, τs[i+N](t) = τi(t), and φs[i+N](t) = φi(t) + π.
Signal elimination occurs due to a 180-degree (or π radians) carrier phase shift [56].

The nulling process effectively eliminates any evidence of the genuine signal in the
aggregate received signal. Therefore, any anti-spoofing strategies that rely on detecting such
duplications are bound to fail. An interesting aspect of the nulling attack is its efficiency in
terms of resource utilization. It requires only half as many spoofing channels compared
to a general nulling attack, making it a more resource-effective method of spoofing. To
successfully execute a nulling attack, the spoofer must be aware of its spatial relation to the
victim receiver, as this knowledge is crucial for the precise delivery of the nulling signals.

However, this type of attack is very difficult to successfully execute in the real world
and remains largely theoretical. Additionally, there are still no known instances of its
practical application [56].

4.4. Summary

SCSs face an array of sophisticated attacks that threaten their confidentiality, avail-
ability, and integrity, showcasing the critical vulnerabilities inherent in these networks.
Eavesdropping, both passive and active, poses a significant risk by enabling unauthorized
interception of communications, potentially exposing sensitive personal and national secu-
rity information. Availability threats, including jamming and DoS/DDoS attacks, disrupt
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satellite services, affecting everything from military operations to civilian GPS navigation.
Spoofing attacks, particularly sophisticated in their execution, compromise the integrity of
satellite signals, leading to misleading data being transmitted to receivers. These threats
highlight the pressing need for comprehensive security countermeasures that encompass
advanced technological defense methods and research to safeguard the vital infrastructure
of global communication networks.

5. Defense in Satellite Communication Systems

In this section, we explore countermeasures for the attacks discussed earlier, examining
the methods for each attack through a classification criterion. The overall classification is
depicted in Figure 11.

Figure 11. Defense scheme in a satellite communication system.

5.1. Defense Methods for Confidentiality

a. Anti-Eavesdropping—Physical methods

Beamforming: Beamforming is a signal processing technique used in antenna arrays
to direct the transmission or reception of signals in specific directions. Beamforming for anti-
eavesdropping refers to the use of beamforming techniques in wireless communications
to enhance the security against eavesdropping attempts. In most cases, beamforming for
anti-eavesdropping in satellites prevents eavesdropping attacks by utilizing the size and
directivity of the beam. The overall scheme is shown in Figure 12.

The authors of [59] address the challenge of coexistence between a fixed satellite
service (FSS) and cellular networks, specifically in the shared usage of the Ka-band. They
present a system model involving satellites and base stations with multiple antennas
and FSS terminals and BS users with single antennas, forming a multiple-input single-
output (MISO) channel in the millimeter-wave frequency band. To enhance the PLS,
they propose two beamforming schemes, non-cooperation-based and cooperation-based
schemes, designed to optimize transmission beamforming and protect FSS terminals from
eavesdropping. Similarly, ref. [60] presents a model of a MISO wiretap channel, specific
to multibeam SCSs, where each ground terminal is associated with a distinct satellite
beam, treating interference from other beams as cochannel interference. They concentrate
on PHY design for secure SCS, focusing on power allocation and beamforming that is
designed to eliminate cochannel interference and nullify eavesdropper signals, with an
emphasis on understanding the impact of the eavesdropper’s channel condition on security
system design. Zheng et al. [61] introduce a novel framework for PLS in broadband
multibeam satellite systems, emphasizing new beamforming requirements. It considers a
general eavesdropping scenario, where each legitimate user could be targeted by multiple
eavesdroppers, either unique to them or shared across users. Also, they propose a partial
zero-forcing approach, designed to make the signal intended for legitimate users orthogonal
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to the channels of eavesdroppers. To optimize transmit beamforming, an iterative algorithm
based on semi-definite programming relaxation is developed.

Figure 12. Anti-eavesdropping methods’ scheme.

Adding Artificial Noise: Artificial noise (AN) for satellite anti-eavesdropping is a
strategy used in SCSs to enhance security against unauthorized interception. The noise is
designed to overlap with the eavesdropper’s signal space, making it difficult for them to
distinguish the actual communication from the noise. This process is depicted in Figure 12.

For example, ref. [62] introduces a novel deep neural network (DNN)-based secure
precoding scheme, named the deep AN scheme, for use in MISO wiretap channels. This
scheme utilizes a DNN for the joint design and optimization of precoders for both the
information signal and the AN signal. It inputs the estimated channel of the receiver
and outputs predicted precoding vectors for both the information and AN signals. Ding
et al. [63] propose the artificial-noise-aided two-way opportunistic relay selection scheme, a
novel approach to enhance security in wireless relay networks. In this scheme, two sources,
S1 and S2, transmit signals to relays in separate time slots, with each source simultaneously
emitting AN during the other’s transmission to protect against eavesdropping. This scheme
also incorporates a defense against side lobe eavesdropping, where the AN is tailored to
interfere with potential eavesdroppers by introducing perturbations in their received signal.
However, the effectiveness of this perturbation can be impacted by errors in channel state
information estimation.

Optical Communication: Optical wireless communication in satellites represents a
technology that uses light, typically in the form of lasers, to transmit data wirelessly. This
offers unique advantages for anti-eavesdropping measures compared to traditional RF.
This process is depicted in Figure 12.

Pradhan et al. [64] propose a line-of-sight, non-diffused link setup for inter-satellite
optical wireless communication systems, employing coherent optical quadrature phase-
shift keying modulation. This system is tailored for high bit-rates of up to 400 Gbps and
is capable of significant coverage across various orbits, including LEO, MEO, and GEO.
Also, a high-speed inter-satellite optical wireless communication system was designed
in [35]. The research on free-space optical communication make it inherently more secure
against eavesdropping compared to traditional RF communication. The narrow, direct
path of the laser beam and its inability to penetrate walls create a communication channel
that is hard to intercept without being noticed, thereby enhancing security and privacy in
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optical communications, especially in space, where line-of-sight communication paths are
common [65].

b. Anti-Eavesdropping—Cryptographic Methods

Quantum Key Distribution: QKD is a technology that transmits secret keys using
quantum principles over a communication network. Recently, with the rapid advancement
of quantum computer research and the development in various countries, the security of
contemporary cryptography based on mathematical complexity has started to be signif-
icantly threatened. As a response, QKD technology, which derives its security not from
computational difficulty but from physical laws, has emerged. Recently, there has been
development in the key distribution technology based on SCSs [66].

The process of QKD is depicted in Figure 13 and involves the following steps. First,
Alice sends photons to Bob, encoding bits (0 or 1) onto each photon’s quantum properties,
such as the polarization direction. The photons travel from Alice to Bob through a quantum
channel, which could be fiber optic cables or free space. Second, Bob measures the incoming
photons using a basis that he chooses randomly. This basis may or may not match the basis
used by Alice for encoding. After the transmission, Alice and Bob publicly share which
basis they used for each photon. They discard any bits where their bases do not match.
Also, they compare a subset of their matching bits to check for errors or eavesdropping.
A high error rate indicates a potential eavesdropper. Lastly, the remaining matching bits,
where the bases align and no errors are found, form the secret key.

Figure 13. Quantum key distribution scheme.

QKD has the following features: (1) Immunity to mathematical decryption. Quantum
cryptography is based on irreversible physical natural phenomena, making it immune to
decryption through mathematical approaches. (2) Resistance to replay attacks. Quantum
cryptography is immune to replay attacks. Any slight mistake by an attacker in measuring
the signal distorts it, leading to the receiver detecting that the signal has been intercepted.
(3) Principle of non-clonability. In quantum cryptography, a photon cannot be perfectly
copied due to the principle of non-clonability, a fundamental phenomenon in quantum
mechanics. Without perfect measurement of the original signal, distortion occurs, making
it impossible to obtain information [67].

Because of these features, QKD is considered the most perfect solution against eaves-
dropping and is one of the ideal methods for generating one-time pads. The process is
depicted in Figure 14. Like Figure 14, numerous studies have been conducted on using this
technology in SCSs. Early research [68] discovered the ability to create entanglement in the
Earth’s orbit. Subsequently, we progressed rapidly to stages where actual data could be sent.
Initially, satellite-based QKD was close to the experimental stage, resulting in a trade-off
between key delivery speed and distance [69–72]. Later, satellite-based QKD evolved to
capture both distances and key transmission speeds [73,74], and research also emerged
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that could achieve complete security purely through entanglement without the need for a
trust relay [75]. Moreover, research incorporating various technologies like twin fields and
technologies that are capable of much longer distances has also been conducted [76].

Figure 14. Key exchange process in QKD.

5.2. Solutions for Availability

a. Anti-Jamming

Anti-jamming in SCSs refers to the techniques and strategies used to protect satellite
signals from intentional interference or jamming attacks. These methods aim to ensure the
integrity and availability of SCSs by mitigating the effects of jamming. Anti-jamming can
involve a variety of approaches, such as using spread spectrum technologies, frequency
hopping, signal encryption, and implementing robust error-correcting codes. These tech-
niques enhance the resilience of SCSs against deliberate attempts to disrupt or degrade
the signal quality. An overall summary of anti-jamming and its pros and cons is shown in
Table 4.

Game Theoretic Approaches: Mitigating a jamming attack using a game-theoretic
approach in SCSs involves formulating the interaction between a jammer (attacker) and a
communication system (defender) as a strategic game. In this framework, each participant
is considered a player with specific strategies. The goal is to analyze and predict the
behaviors of the jammer and the defender, with the aim of finding optimal strategies for
the defender to minimize the impact of jamming.

Wang et al. [77] apply game theory to address FHSS satellite jamming. They formulate
the minimization of the damaging effect of satellite jamming attacks as a two-player asym-
metric zero-sum game framework, where the payoff is modeled as the channel capacity
of the defender under white additive Gaussian noise. Also, ref. [78] presents a two-
stage anti-jamming scheme for satellite internet communication. This scheme integrates a
deep-reinforcement-learning-based routing algorithm with a fast response anti-jamming
algorithm, using Stackelberg game theory for dynamic and uncertain environments.

Filtering-based Approaches: Mitigating a jamming attack using a filter-based ap-
proach in SCSs involves implementing specific filtering techniques to isolate and remove
the jamming signal from legitimate communication signals. This approach typically uses
advanced signal processing algorithms to distinguish between the noise introduced by the
jammer and the genuine satellite signals.
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The authors of [79] discuss a range of anti-jamming strategies for small satellites.
They cover modulation adjustments, wave filtering, spread spectrum techniques, smart
antenna technology, and methods to counter broadband interference, emphasizing an
integrated approach for enhanced system robustness against jamming. Similarly, ref. [39]
also introduces an anti-jamming technique that is a dual-filter approach combining the
augmented-state approximate conditional mean filter and discrete wavelet transform filter
to mitigate FM jamming in GPS receivers. This method is effective for both single and
multiple FM jammers, with simulations demonstrating its efficacy, especially in high
jammer-to-signal scenarios.

Table 4. Pros and cons of various defense techniques for jamming attacks in SCSs.

Solution Type Pros Cons

Anti-
Jamming

Techniques

Game
theoretic

approaches

•
Uses advanced technologies like
spread spectrum, frequency hopping,
and robust coding.

• Provides strategic defense mechanisms.

• Can be complex and costly to implement.

•
Game-theoretic models may
need extensive computation.

Filtering
techniques

•
Enhances signal resilience
against interference.

• Effectively isolate jamming signals.

•
Requires sophisticated
signal processing capabilities.

•
Filtering may not be fully effective
in highly congested environments.

b. DoS/DDoS Mitigation

DoS and DDoS attacks aim to neutralize or halt the function of devices. Typically,
these types of attacks can be countered in various ways, such as detecting intrusions in the
network or verifying changes. In SCS networks, defending against DoS and DDoS attacks
usually involves ground-satellite integrated systems and detection from the ground, as
computational costs are high in satellite systems. Therefore, this solution is approached by
dividing it into four categories: blockchain-based solutions, secure routing-based solutions,
SDN-based solutions, and collaborative-based solutions. An overall summary of DoS and
DDoS attack mitigation and its pros and cons is shown in Table 5.

Blockchain-based Mitigation: Blockchain technology has recently emerged and al-
lows for transparent information sharing within a network. Typically, a blockchain database
stores data in sequentially linked blocks, making them detectable by other users if any chain
is altered or deleted without network consensus. This ensures the blocks in a blockchain
maintain temporal consistency, guaranteeing the immutability and unchangeability of
transactions [11]. In SCSs, these features are used to enhance the stability and availability
of each node, offering solutions for mitigating attacks like DDoS attacks.

Feng et al. [80] developed a new security framework for mobile SCS networks (MSNETs)
using blockchain technology. This framework addresses security challenges in MSNETs
by integrating blockchain with a delay-tolerance network (DTN) architecture and satel-
lite constellation management algorithms. The blockchain method is employed via two
key methods: securing data communication within the DTN structure and combining it
with satellite constellation management to defend against physical cyber attacks. This
approach ensures not only the detection of cyber attacks such as flood attacks but also
enhances defense capabilities through improved communication and satellite manage-
ment. Similarly, ref. [81] introduces a new security architecture for SCS networks using
blockchain technology. This approach integrates satellite and ground equipment, with a
ground base station processing and recording information in a distributed blockchain to
eliminate malicious nodes. The architecture includes key features such as enhanced access
control, confidentiality, public key authentication for message source verification, and a
decentralized system for data management and authority. Additionally, it manages IoT
device communications and control commands, significantly improving communication
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security and protection against unauthorized access like DDoS attacks, data theft, and
hacking. Ref. [82] proposes an access control and intrusion detection framework, named
ACID, for blockchain-based SCSs. This framework introduces a token-based access control
mechanism for smart contracts, allowing only authorized users to trigger specific smart
contracts and preventing illegal access. Additionally, it incorporates an intrusion detection
mechanism capable of effectively detecting malicious attacks on smart contracts.

Secure-Routing-based Mitigation: Routing and security play crucial roles in wireless
networks. Specifically, since routing is fundamental in wireless communication, devel-
oping efficient routing strategies is a key element [83]. Recent studies [45,84,85] have
highlighted attacks on such routing strategies, necessitating protective measures. In SCSs,
the limited computational resources and energy efficiency of satellites significantly impact
routing, leading to the development of methods that can enhance the routing security. Li
et al. [86] focus on the secure LEO trust-based (SLT) algorithm, designed to secure routing
in LEO satellite networks against internal malicious attacks. They utilize a distributed trust
evaluation model based on Dempster–Shafer evidence theory, eliminating the need for a
centralized infrastructure. This model calculates direct, indirect, and aggregate trust values
among satellites to assess their trustworthiness. The SLT algorithm can be integrated with
the Orbit Prediction Shortest Path First (OPSPF) [87] routing protocol, enhancing network
security by detecting and isolating malicious nodes, thereby improving packet delivery
rates and reducing packet loss. The algorithm shows increased effectiveness in networks
with a higher presence of malicious nodes, indicating its robustness and adaptability in
challenging environments.

SDN-Based Mitigation: An SDN is an approach to network virtualization and con-
tainerization that optimizes network resources and facilitates rapid adoption of new meth-
ods for applications and traffic in changing network environments. The integration of
SDNs into SCS networks is a recent transformative development, enhancing the flexibility
and functionality of these networks. This is particularly evident in two recent proposals
focusing on the application of SDNs in space-based networks, addressing key issues like
DDoS attack detection and energy-efficient network designs.

First, ref. [88] combines an optimized long short-term memory (LSTM) DL model
with a support vector machine (SVM), specifically tailored for the SDN architecture. This
approach directly addresses the vulnerability of traditional SDN controllers to network
attacks, which can risk network paralysis. By utilizing time series data and flow characteris-
tics, the method aims for accurate detection of DDoS attacks, thereby reducing false alarms
and refining the overall detection process. The effectiveness of this method is underscored
by experimental results, demonstrating high accuracy and low false alarm rates, thus
offering a reliable solution for enhancing the security of space-based networks against such
threats. Also, the author of [89] presents an innovative approach that not only mitigates
DDoS attacks but also prioritizes energy efficiency. They introduce an energy consumption
model and an improved network topology algorithm aimed at minimizing energy usage, a
critical consideration given the limited resources and high vulnerability to DDoS attacks
in satellite networks. Furthermore, this proposal includes a DDoS mitigation mechanism
employing deep reinforcement learning algorithms, adept at managing abnormal traffic
and reducing the extra energy consumption that typically results from processing such
traffic in satellite nodes. The combination of these approaches in the software-defined
satellite network context is proven to effectively decrease energy consumption while simul-
taneously bolstering network security, thereby making software-defined satellite networks
more resilient to DDoS threats and more energy efficient.

Collaborative-Based Mitigation: Collaborative defense in satellite networks refers
to a strategy where multiple terrestrial or satellite nodes or systems work together to
enhance network security and resilience. This approach often involves sharing information
and resources among satellites or ground stations to identify and mitigate cyber attacks,
including DDoS attacks. The collaboration can be based on advanced technologies such as
blockchain for secure data sharing or artificial intelligence (AI)-driven algorithms for threat
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detection. This synergy allows for a more robust and adaptive defense mechanism, crucial
for the unique challenges faced by satellite networks in space.

Table 5. Pros and cons of various mitigation techniques for DoS/DDoS attacks in SCSs.

Solution Type Pros Cons

DoS/DDoS
Mitigation

Blockchain-
Based

Mitigation

•
Provides transparency and security
via immutable record keeping.

•
Enhances node stability
and detection of alterations.

•
Effective against cyber-physical
and data integrity attacks.

•
Blockchain complexity might
introduce latency.

•
High energy consumption and
computational requirements.

•
Dependency on the robustness
of the underlying
blockchain technology.

Secure-
Routing-

Based
Mitigation

•
Protects against internal and
external malicious attacks on routing.

•
Trust-based algorithms improve
security and network performance.

•
Adaptable to dynamic conditions
and varying levels of threat.

•
May require frequent
updates and maintenance.

•
Depends on accurate trust
and risk assessment models.

•
Potential scalability issues
in large satellite networks.

SDN-
Based

Mitigation

•
Offers network flexibility and
efficient resource management.

•
Rapid detection and
response to DDoS
through optimized algorithms.

•
Facilitates energy-efficient
network operations.

•
Relies on the reliability of
SDN controllers which
can be a single point of failure.

•
Requires substantial initial
setup and configuration.

•
Possible security vulnerabilities
in the SDN architecture itself.

Collaborative-
Based

Mitigation

•
Leverages multiple nodes for
enhanced detection and mitigation.

•
Uses blockchain and AI
for robust, adaptive defenses.

•
Suitable for complex,
multi-domain environments.

•
Coordination among diverse
systems can be challenging.

•
High overhead for maintaining
collaboration mechanisms.

•
Involve privacy and data sharing
concerns among stakeholders.

Guo et al. [90] present the Distributed Collaborative Entrance Defense (DCED) frame-
work to protect the satellite internet from DDoS attacks, addressing its unique vulnera-
bilities like the limited computing power and bandwidth. DCED includes a two-stage
detection digesting process for traffic feature extraction. First, the entrance traffic digest
(ETD) records six items of traffic features using the destination IP addresses as an index.
Second, the defense plane digest (DPD) cross-detects different types of DDoS attacks from
several perspectives using information theory, enabling the handling of various attacks
like UDP, SYN, ACK, and ICMP attacks. Also, smart-contract-based virtual aggregation of
digests with blockchain and MapReduce is utilized. Hajizadeh et al. [91] introduce a secure,
distributed model for cyber threat intelligence (CTI) sharing in SDNs using blockchain
technology, specifically Hyperledger Fabric, to provide a secure and tamper-proof environ-
ment. This model is integrated with an SDN to enhance the defense against cyber threats
like zero-day attacks and malware, ensuring fast enforcement of security policies based on
shared CTI. Also, it addresses CTI sharing challenges such as security, scalability, and trust
and demonstrates its effectiveness in mitigating DDoS attacks within multi-domain SDNs.
The platform maintains its network security and participant privacy through authenticated
access and smart contracts for reliable service-level agreements.

c. Anti-Energy Attack

In the previous section, we highlight that energy attacks on satellites are predominantly
direct attacks using missiles. This implies that missile defense systems could potentially
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be used for defense. Specifically, BMD systems might be suitable for countering ASAT
weapons. This is because intercepting ASAT weapons requires reaching altitudes where
the satellites operate, and the nature of ballistic missiles is not significantly different from
the components of ASAT weapons [92]. Therefore, in this section, we will examine BMD
systems. The overall illustration is shown in Figure 15.

Figure 15. Illustration of ASAT defense methods.

In ballistic missile defense, there are three critical phases of interception. The boost
phase involves intercepting the missile shortly after its launch while the engines are still
active. The mid-course phase targets the missile when it is in space during the period of its
trajectory where it is not powered and is in free flight. Finally, the terminal phase occurs
when the missile re-enters the Earth’s atmosphere and is nearing its target, which is the
last opportunity for interception. Given that ASAT threats would have already intercepted
satellites during the mid-course or terminal phases, our focus should be solely on systems
capable of intercepting these threats during the boost phase.

In the context of boost phase missile defense, “early intercepts are best”. Destroying
a ballistic missile during its boost phase is considered the optimal approach in missile
defense as it prevents the missile from deploying countermeasures and stops the warhead
from gaining the velocity needed to reach its target [93]. However, intercepting a missile
during this phase, while it is still ascending and fighting against Earth’s gravity, presents
significant challenges. Firstly, the boost phase lasts for only a brief period, requiring rapid
detection and transmission of precise information about the missile’s launch. Secondly,
to successfully intercept the missile during this phase, the defensive interceptor must
either be positioned very close to the launch site or be capable of extremely high speeds to
catch up with the accelerating missile. Current technological advancements are playing
a significant role in potentially making boost phase defense more viable. Innovations in
sensor technology, like gallium-nitride-based radar, could reduce the timeline for detecting
a boosting ballistic missile. Furthermore, advancements in infrared sensor performance
and image processing, as well as the declining costs of satellite manufacturing and launch,
are also contributing to the feasibility of boost-phase defense. Directed energy technology,
particularly lasers, is another area being explored for boost-phase defense.

Russia has developed a laser platform called the Beriev A-60 for anti-ballistic missile
purposes, a project that dates back to the Soviet era. Furthermore, Russia has been a forerun-
ner in laser weapon technology, reportedly deploying laser systems for missile interception
purposes in March 2018. This deployment indicates Russia’s significant advancements in
directed energy weapons, particularly in the context of missile defense [94].
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The United States has developed a high-energy-laser-based weapon system called the
High-Energy Liquid Laser Area Defense System (HELLADS). This system is designed to
defend against surface-to-air threats such as rockets, artillery, mortars, and surface-to-air
missiles. The HELLADS program aims to create a 150-kilowatt laser system that can counter
these threats effectively. The core aspect of this system is its miniaturization, allowing it to
be mounted on aircraft for the purpose of intercepting ballistic missiles during their boost
phase [46].

5.3. Solutions for Integrity

Anti-Spoofing

Anti-spoofing refers to the range of techniques and strategies used to protect GNSSs in
SCSs from spoofing attacks. The main goal of spoofing detection is to distinguish between
the spoofing signal and the actual satellite signal in the received signal. If the real signal
and the spoofing signal are not successfully detected, as seen in Section 3, this can have
serious implications, especially in critical SCS parts such as the GNSS.

So, in this section, we categorize anti-spoofing methods into three main types: physical
parameter analysis methods, hardware-dependent methods, and cryptographic methods.
Under the physical parameter analysis method section, we will look at approaches like
Doppler shifts, signal parameter statistics analysis, arrival time and time difference, and
residual signal detection. The overall steps of this method are shown in Figure 16. In the
hardware-dependent parameter analysis method section, we will explore antenna arrays,
angles of arrival, subspace projection, and signal quality monitoring. And the overall steps
of hardware-dependent method are shown in Figure 17. Finally, for the cryptographic
methods, we will examine NMA, protocol-based NMA, spreading code authentication
(SCA), and encryption.

Figure 16. Anti-spoofing using physical parameter analysis.

Figure 17. Anti-spoofing using hardware-dependent parameter analysis methods.
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5.3.1. Physical Parameter Analysis Methods

(i) Doppler Shift Analysis: The Doppler shift, also known as the Doppler effect, is
a change in the frequency of a wave in relation to an observer who is moving relative
to the wave source. In SCSs, the satellite usually moves at a high speed relative to the
receiver, leading to the occurrence of the Doppler shift. This is observed as a change in
the frequency of a wave in relation to an observer moving relative to the wave source.
In this context, if the Doppler shift value transmitted from the actual satellite and the
Doppler shift value of the received signal are consistent, it is considered a normal signal.
However, if the received Doppler shift value exceeds a certain predefined limit, it may
be indicative of a spoofing attack. The Doppler effect’s role in combating GNSS spoofing
attacks is highlighted in various research studies, each proposing unique methods to utilize
this phenomenon. Paper [95] leverages Doppler offset detection (DOD) to differentiate
between authentic and fake signals, relying on a model that highlights the necessity for a
high level of resources for spoofers to match the Doppler offset of multiple satellite signals.
In contrast, ref. [96] focuses on the Doppler effect’s frequency changes due to the relative
movement between the wave source and observer, especially in GNSS satellites. This study
notes that spoofers, usually at a lower altitude, produce a larger Doppler shift, aiding in
distinguishing between real and spoofed signals. Furthermore, the authors of [97] discuss
the proportional relationship between the Doppler frequency and relative speed and its
inverse proportionality to wavelength, leading to significant carrier frequency offsets in
GNSS satellites. This paper emphasizes how, for static receivers, the Doppler shift changes
slightly, whereas for moving receivers, these changes are more noticeable. This difference
in Doppler shift changes between static and moving receivers helps in identifying authentic
signals, as spoofed signals from a single spoofer will show uniform shift changes. Lastly,
ref. [98] describes how the observed wave frequency differs from the transmitted frequency
due to the relative velocity between the transmitter and receiver. This study advocates
for monitoring the Doppler shifts of various GPS satellites to detect spoofing, as spoofed
signals from the same platform exhibit identical Doppler shifts, unlike the varied shifts of
authentic signals.

(ii) Signal Parameter Analysis: GNSS spoofing detection using signal parameter analy-
ses can be conducted in various ways, each utilizing different aspects of statistical signal
analysis to enhance the accuracy and reliability of spoofing identification. In [99], phase-
only analysis of variance (PANOVA) tests are introduced, focusing on detecting differences
in the phases of sample groups to identify spoofed GNSS signals. This method effectively
characterizes the spatial signature of GNSS signals, taking advantage of the difficulty
experienced by spoofers when replicating certain signal features like correlation shapes
and phase spatial signatures. In another approach, ref. [100] analyzes the sum-of-squares
detector. This detector uses carrier phase measurements from two spatially separated GNSS
receivers, formulating a decision statistic for real-time applications. The effectiveness of this
method was proven through simulations and real GPS data experiments, demonstrating its
practicality in revealing spoofing attacks. Ref. [101] proposes a new method based on the se-
quential probability ratio test (SPRT), emphasizing GNSS signals’ vulnerability to jamming
and spoofing. This method, suitable for the acquisition stage, compares various techniques
for spoofing detection, including the correlation between two receivers and multi-antenna
processing, acknowledging some practical limitations for civilian GNSS receivers. Ref. [102]
extends the power-distortion (PD) detector, focusing on monitoring received power and
correlation-profile distortions to detect GNSS carry-off-type spoofing, jamming, or mul-
tipath interference. The improved PD maximum-likelihood (PD-ML) detector enhances
the classification accuracy, differentiating spoofing from jamming and multipath-affected
data. Finally, ref. [103] proposes a novel technique using differential code phase for the
time difference of arrival (TDOA) estimation of spoofing signals. This method marks a
significant shift from conventional cross-correlation-based TDOA estimation techniques,
highlighting the importance of TDOA in localizing GNSS spoofing signals.



Sensors 2024, 24, 2897 29 of 45

5.3.2. Hardware-Dependent Parameter Analysis Methods

(i) Antenna Array Analysis: The role of antenna arrays in anti-spoofing and jamming
resistance for GNSS receivers is critical, as highlighted in various studies. These arrays,
comprising multiple closely spaced antennas, can either form a fixed receive beam width or
adaptively modify it, enhancing the resistance to jamming. In [104], NavAtel’s GAJT uses a
seven-element controlled reception pattern, and QinetiQ employs a null-forming algorithm,
both recognized for their jamming resistance. However, implementing adaptive modifi-
cation, usually in safety-critical applications, can be complex and costly. One challenge
is that measurements in receivers with an antenna array and beamforming equipment
can be distorted due to time processing, affecting high-accuracy applications like carrier
phase measurements. In another approach, in ref. [105], the focus shifts to double-antenna
systems, which are particularly useful in scenarios where antennas are not synchronized.
While synchronizing measurements typically require two receivers connected to a common
oscillator or precise timestamped measurements, this can be impractical or unreliable in
low-cost receivers or spoofing attacks. To overcome synchronization challenges, this study
proposes a detection method based on double-antenna power measurements using the
correlation outputs of the code-tracking loop for spoofing detection, suitable for typical
anti-spoofing applications [106,107]. Both approaches assume that spoofing signals origi-
nate from a single point source and employ spatial domain processing techniques to isolate
and discard these signals. This is implemented before the despreading and acquisition
stages in a GNSS receiver, significantly reducing the computational load by eliminating
the need for extensive searching in the code and Doppler domains to differentiate between
authentic and spoofing signals. Also, the system models assume an arbitrary configuration
of an N-element antenna array, where the distance between adjacent elements is less than
half of a GNSS signal carrier wavelength. Also, they use the same in their experimental
setups. This describes a complex baseband representation of received signals at the array,
considering both authentic and spoofing signals involving steering vector matrices and
noise vectors.

(ii) Direction of Arrival: The principle of direction-of-arrival (DOA) sensing is a
pivotal element mitigation method against GNSS spoofing. In [108], a system developed in
Psiaki’s lab is discussed, which utilizes interferometry principles for spoofing detection.
This system employs software and two antennas to measure the carrier phase, a property
critical in discerning signal characteristic variations between antennas. This variation is
instrumental in determining the signal’s angle of arrival. By analyzing these angles, the
system can identify inconsistencies indicative of spoofing based on the fact that while a
spoofer transmits false signals from a single antenna, authentic GPS signals originate from
multiple satellites and thus arrive from different directions. Similarly, ref. [109] focuses on a
novel spoofing detection technique that relies on DOA estimation. This approach involves
categorizing emitters and selecting those with high elevation angles. DOA estimation is
crucial for distinguishing between authentic and spoofing signals, especially when they
emanate from different spatial directions. The technique’s reliance on the DOA allows for
more precise identification of spoofed signals by contrasting the spatial characteristics of
authentic and counterfeit signals.

(iii) Subspace Projection: Subspace projection introduces versatility to techniques for
GNSS security. Whether it is adapting to dynamic jamming characteristics or efficiently
mitigating spoofing attacks in single-antenna systems, subspace projection provides a
method for enhancing the reliability and security of GNSS receivers against sophisticated
interference threats. Ref. [110] highlights a significant enhancement in subspace projection
for GNSS spoofing and jamming mitigation. Traditional subspace projection methods,
while effective, face challenges regarding inaccuracies in instantaneous frequency estimates,
particularly when facing attackers with rapidly changing frequency characteristics. To
counter this, this paper introduces an adaptive-partitioned subspace projection technique.
This approach divides the received data vector into adaptive block sizes based on the
attacker’s chirp rate estimates, accommodating the varying IF characteristics. The signal is
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then projected onto the attacker’s orthogonal subspace constructed from these IF estimates.
This technique’s adaptability to the jammer’s sweep rate, by adjusting the time-frequency
observation window length, is key. This adaptability ensures consistent instantaneous
phase estimation errors, providing an effective solution against frequency-varied jamming.
Similarly, ref. [111] presents a robust spoofing mitigation algorithm using subspace projec-
tion tailored for single-antenna GNSS receivers. This approach uses the subspace projection
method to effectively eliminate spoofing signals from the received signal by projecting them
onto the orthogonal null space of the spoofing signals. This process involves approximating
the subspace of spoofing signals and subtracting this estimation from the input signals to
isolate the authentic signals and ambient noise. This method is particularly valuable for its
independence from the number of antennas, making it a versatile solution for a wide range
of GNSS receivers.

(iiii) Signal Quality Monitoring: Signal quality monitoring (SQM) techniques detect
anomalies or distortions in the received GNSS signals using specific algorithms to specify
interference, jamming, or spoofing attacks. Ref. [112] introduces an evolved version of
signal quality monitoring for spoofing detection that assesses the quality of the correlation
function using two metrics. This includes a ratio test and extra correlators for detecting
asymmetries in the correlation function, effectively differentiating between multipath
and spoofing interference. The algorithm’s capability to detect spoofers with varying
code delays is emphasized, necessitating the joint detection of both metrics to distinguish
between multipath interference and spoofer attacks. Another study [113] presents the SQM
technique, a low-complexity algorithm designed for anti-spoofing. The SQM technique
employs ratio test metrics to detect anomalies in the correlation peak and the presence
of vestigial signals, using pairs of correlators and extra-correlators to monitor distortions.
This technique includes a calibration phase for establishing baseline values and a detection
window for computing thresholds to declare the presence of a spoofer. Its effectiveness is
validated in the Texas spoofing test battery, known as TEXBAT scenarios, showing notable
success in identifying matched-power spoofing attacks under static and dynamic conditions.
Similar to both these studies, ref. [114] focuses on Galileo signals and seeks to detect
abnormally shaped or asymmetric correlation peaks caused by the interaction between
authentic and counterfeit signals. It underlines the severe risks posed by spoofing attacks,
which can mislead GNSS receivers, potentially leading to adverse outcomes. This paper
utilizes additional correlator branches for spoofing detection, assessing the correlation
peak’s distortion due to spoofing attacks. Various spoofing scenarios, including changes in
signal parameters like delays, Doppler shifts, and amplitudes, are analyzed, with different
SQM metrics evaluated for their effectiveness in detecting spoofing attacks under these
diverse conditions.

5.3.3. Cryptographic Methods

(i) Navigation Message Authentication: NMA is an anti-spoofing method for GNSSs.
It involves verifying the integrity and authenticity of the messages sent by GNSS satellites
to receivers. NMA is a method to ensure that the navigation data received by a GNSS
receiver are genuine and have not been tampered with or fabricated by a spoofer.

Ref. [115] discusses an anti-spoofing methodology using QZSS L1C/A and L1-SAIF
signals, highlighting how signature data generated from a part of the L1C/A navigation
message are broadcasted for authentication. This study emphasizes the vulnerability of
civilian GPS signals, traditionally not intended for security-critical applications, to vari-
ous forms of interference and attacks. It also reviews different methodologies to combat
spoofing and meaconing problems, detailing the use of QZSS L1-SAIF signals for broad-
casting signature data for signal authentication. This paper explains the process of spoofing
GPS/QZSS receivers and the manipulation of receiver output data. Also, ref. [54] presents
a practical technique for authenticating civil GPS signals, combining the cryptographic
authentication of the GPS navigation message with signal timing authentication. This
approach aims to secure civil GPS receivers against spoofing attacks and discusses NMA as
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a basis for civil GPS signal authentication, where the navigation message is encrypted or
digitally signed for verification by the receiver. It provides a generalized model for security-
enhanced GNSS signals and describes various spoofing attacks, including meaconing and
SCER attacks. The authors of [116] discuss an anti-spoofing scheme for BeiDou-II NMA
and spread spectrum information (BD-II NMA&SSI). This scheme is designed to protect
BeiDou II D2 navigation messages from spoofing attacks using cryptographic algorithms
and spread spectrum information. Unlike the previous studies, ref. [117] presents a new
type of method that uses the timed efficient stream loss-tolerant authentication (TESLA)
protocol for NMA in GNSSs. TESLA, originally designed for internet applications, has
been adapted for GNSSs to address their unique requirements. The key features of TESLA
in this context include the use of symmetric cryptography, which lowers the receiver’s
computational burden, and the generation of a one-way key chain by the sender, with keys
disclosed in reverse order. Users verify each key using a previously authenticated key
or the root key, which is typically authenticated using asymmetric encryption techniques
like digital signatures. To suit GNSSs, TESLA underwent modifications, such as reduc-
ing the key size and bandwidth through truncating key chain outputs and introducing
deterministic padding, which may incorporate elements like the Galileo system time.

(ii) Spreading Code Authentication: SCA is a technique in anti-spoofing that focuses
on securing the GNSSs used in satellite signals, which are essential for accurate positioning
and timing information. SCA works by ensuring that the spreading codes received by a
GNSS receiver are authentic and have not been manipulated or imitated by a spoofer.

For example, the authors of [118] discuss the generation and application of supersonic
codes for GNSSs. The key idea is multiplexing supersonic codes with an open code,
achieved through block-cipher encryption of the open code. This process generates an
encrypted code, referred to as the “fundamental code”, valid for a predetermined crypto-
period. Supersonic codes, transmitted alongside open codes like GPS C/A or Galileo OS,
are based on symmetric cryptographic schemes and block ciphers. This setup enables direct
authentication without time dependency and allows interoperability with open services.
Also, Anderson et al. [119] propose a method named Chimera to enhance the security of
GPS civilian signals against spoofing attacks. The Chimera concept involves authenticating
both the navigation data and the spreading code of a GPS signal through ‘time binding’.
In this process, the spreading code is punctured by markers cryptographically generated
using a key derived from the digitally signed navigation message. This integration of
the navigation message and the spreading code into a single, inseparable signal makes it
challenging for spoofers to replicate the correct signal.

5.4. Summary

In addressing the diverse threats to SCSs, a range of countermeasures have been
developed to safeguard confidentiality, availability, and integrity. For confidentiality, tech-
niques such as beamforming, adding artificial noise, and leveraging optical communication
enhance the security against eavesdropping. Cryptographic methods, including quantum
key distribution, provide a foundational layer for secure communications. To ensure avail-
ability, anti-jamming strategies employ game-theoretic- and filtering-based approaches,
while DoS/DDoS mitigation leverages blockchain technology, secure routing, SDN-based
solutions, and collaborative defenses to protect the network infrastructure. For integrity,
anti-spoofing measures analyze physical parameters, utilize hardware-dependent analysis,
and apply cryptographic techniques to detect and mitigate spoofing attacks.

As a result, the field of research on attacks and defenses is constantly advancing,
driven by technological advancements and the evolving paradigm of communication
systems. In addition, international politics and policies often dictate the SCS research
direction, particularly on security attacks and defense. Therefore, it is important to consider
international policies and strategies and keep up with communication technology trends.
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6. Policies and Strategies in Satellite Communication

The role of SCSs has expanded dramatically, now encompassing a wide range of
applications from military operations to civilian real-time communication and location
tracking. With their increased usage, the vulnerability of these systems to various threats
has also escalated significantly, as evidenced by rising concerns over cyber attacks and
the development of anti-satellite (ASAT) technologies [120,121]. The ongoing geopolitical
tensions, notably between China and the United States, have intensified the strategic
importance of space assets, pushing these confrontations towards cyber warfare and leading
to potential breaches of international agreements like the Outer Space Treaty [122,123].

In response to these threats, nations are crafting diverse space security doctrines,
strategies, and policies. These range from offensive strategies that deploy ASAT weapons
to disable satellite systems, potentially crippling their functionality [124], to defensive
strategies aimed at bolstering the resilience of SCSs against a spectrum of threats including
cyber and physical attacks, space debris, and natural phenomena [125]. This resilience is
crucial for ensuring continued operation despite threats, given the challenges of mainte-
nance in space. Therefore, various countries are focusing on strategies and policies that
either enhance resilience in SCSs or threaten it.

Also, the development and implementation of these national policies and strategies
are pivotal in defining the security landscape of SCSs. Given the critical role of SCSs as
national assets, it is essential to include a detailed analysis of these policies and strategies.
Firstly, this provides an overall understanding of how legal and strategic frameworks
impact technical decisions and implementations. Secondly, as SCSs are governed by strict
international and national laws, reviewing policies helps to ensure that technical designs
and operations comply with these regulatory standards. Furthermore, understanding
geopolitical dynamics and defensive strategies enhances the security posture of SCSs,
enabling effective threat mitigation and defense against a range of challenges, including
cyber and physical attacks. Lastly, this inclusion offers insights into future technological and
regulatory trends, fostering proactive planning. Consequently, this analysis not only helps
in understanding the current state of SCS security but also informs future efforts to enhance
system robustness and overall security. Therefore, in this section, we aim to clarify these
critical aspects and highlight their significant impact on global satellite communication.

The United States of America: The United States’ space security strategy regarding
SCSs and space assets has always maintained a competitive stance. While the U.S. has
consistently demonstrated technological superiority from the past to the present, there is
an ongoing effort to further enhance competitiveness due to the global leveling up of space
technology. Additionally, the U.S. is focusing on increasing the resilience against growing
threats and implementing policies to effectively respond to these challenges [126].

Space Policy Directive-5 (SPD-5) [127], recently established by President Donald J.
Trump, is the first comprehensive cybersecurity policy for space systems in the United
States. It outlines key cybersecurity principles to protect space systems, which are crucial
for functions like global communications, navigation, scientific observations, exploration,
weather monitoring, and national defense that are vulnerable to malicious activities that
could disrupt or destroy them, posing risks to critical national infrastructure. SPD-5 aims
to foster practices within the U.S. Government and commercial space operations to shield
space assets and their infrastructure from cyber threats. It aligns with the national cyber
security strategy, emphasizing the protection of space assets from evolving cyber threats
and preventing the creation of harmful space debris due to malicious activities. The
directive advocates for integrating cybersecurity throughout all phases of space system
development and emphasizes prevention, active defense, risk management, and sharing
best practices.

China: Since the 2000s, China has experienced significant economic growth, which has
enabled it to invest astronomical sums in its space program and develop various military-
purpose satellites. The primary goal of China’s current policy is to realize President Xi
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Jinping’s “Chinese Dream”, focusing on developing and launching all space-related tech-
nologies independently. To achieve this, China has developed its doctrine and strategy [50].

China publicly advocates for the peaceful use of space and actively seeks international
agreements for non-weaponization through the United Nations. Despite this stance, it con-
tinues to enhance its counter-space weapons capabilities, including integrating cyberspace,
space, and electronic warfare (EW) into its military operations. This strategy evolution
aligns with the People’s Liberation Army (PLA)’s view of space superiority as a crucial
element in conducting “informatized warfare”, a concept that emphasizes control over
information in space to deny adversaries intelligence and communication advantages [128].
China’s focus on space operations and counter-space capabilities, which has significantly
accelerated since the 1980s, is partly influenced by observing the U.S. military’s space-
based operations. The PLA perceives space as a key enabler for its forces and likely views
counter-space measures as a strategic tool to deter or counter U.S. involvement in regional
conflicts. This approach includes targeting reconnaissance, communication, navigation,
and early warning satellites to disrupt adversaries’ capabilities.

Russia: Unlike China, Russia has been engaged in space competition with the United
States since the Soviet era and has developed a variety of technologies over the years.
Therefore, for Russia, maintaining superiority in space and space communication systems
was an important factor in the past and continues to be so today [129].

Russia publicly advocates for space arms control agreements to prevent the weaponiza-
tion of space but simultaneously views space as a critical warfighting domain and believes
achieving supremacy in space is key to winning future conflicts. The Russian military
doctrine recognizes the expanding importance of space due to its role in precision weapons
and satellite-supported information networks. Despite expressing concerns about space
weapons and seeking legal agreements to limit U.S. dominance in space, Russia is actively
developing a wide array of counter-space capabilities to target U.S. and allied assets. As
part of its military modernization, Russia is integrating space services into its armed forces
and has over 60 years of technical experience in space. However, Moscow is wary of
over-reliance on space for its national defense and has developed terrestrial redundancies
for space services potentially denied during wartime. Russia perceives the U.S.’s missile
defense and precision-strike capabilities, enabled by space technologies, as a threat to strate-
gic stability and views the U.S.’s dependence on space as a vulnerability to exploit. The
Russian counter-space doctrine includes the use of ground-, air-, cyber-, and space-based
systems to target adversary satellites with a range of actions, from jamming and sensor
blinding to destruction, aiming to deter aggression and control escalation in conflicts by
selectively targeting adversary space systems [128].

Summary: Recently, the international situation has been unstable. For example, a
second Cold War, primarily between the United States and China, is emerging more than it
has done in the past, and the ongoing war between Russia and Ukraine continues to fuel
this sense of instability. Consequently, it appears that worldwide strategies and policies
are focused on protecting each country’s satellite communication systems while imposing
checks on the satellite communication systems of adversary nations. Especially now
that satellite communication systems are playing an important role in various fields, the
strategies and policies of each country will become more important elements that directly
influence the security of satellite communication systems.

7. Future Research Directions

Following our examination of attacks and defenses, this section explores potential
security issues in future SCSs within fields such as 6G, various environments and standard
protocols, AI-integrated SCSs, and quantum communications.
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7.1. Standardized Terrestrial–Space Network Integration Protocols

SCSs utilize a variety of protocols, ranging from those traditionally used in terrestrial
networks to those specifically designed for SCSs. Among the protocols currently recognized
as standards are CCSDS [130], 3GPP NTN [131] and DVB-S [132].

The Consultative Committee for Space Data Systems (CCSDS) is a key organization in
the development of communication and data system standards for spaceflight. The CCSDS
has developed over 100 standards that have been adopted by space missions globally
to ensure reliable and efficient space communication [130]. In parallel, the 3GPP NTN
(non-terrestrial network) protocol framework, designed by the Third Generation Partner-
ship Project (3GPP), aims to extend mobile network communication to satellite networks.
The efforts of the 3GPP in Releases 17 and 18 regarding non-terrestrial networks (NTNs)
mark a major milestone in the integration of SCSs with the 5G ecosystem. Specifically,
Release 17 emphasizes the 3GPP’s focus on enabling satellite access for new radio (NR) in
the FR1 bands, which are targeted at handheld devices, and on supporting massive IoT
use cases with NB-IoT and eMTC technology [131]. Complementing these efforts, GSE
(generic stream encapsulation) is a protocol for encapsulating streams defined by the digital
video broadcasting (DVB) group, designed to carry packet-oriented protocols like IP over
unidirectional PHYs such as DVB-S2, DVB-T2, and DVB-C2. The support provided by
GSE includes multi-protocol encapsulation, network layer function transparency, multiple
addressing modes, payload frame fragmentation over base band frames, and hardware
filtering [132].

Despite the establishment of these standards, it is rare for only one protocol to be
exclusively used. Some systems may employ proprietary protocols that differ from the
established standards. Therefore, the development and application of integrated protocols
are crucial for enabling efficient communication among diverse SCSs. This approach could
also enhance interoperability between various SCSs.

7.2. Software-Defined Satellite Networks

Managing SCSs can be challenging due to their highly dynamic nature, such as various
topologies and intermittent links. One of the significant difficulties faced is the cost and
effort required for reconfiguration and resource allocation [133,134]. To address this issue,
some researchers have suggested using software-defined network (SDN) features, which
include flexible scalability, virtualization, and interoperability [135].

More specifically, research on software-defined satellite networks (SDSNs), which
are SDN-enabled SCSs, has been proposed, such as Dijkstra and dynamic algorithms for
enhancing network QoS and security reliability in SCSs [136–138]. Also, a few studies [139–
142] have proposed a new load balancing algorithm to reduce congestion and bottlenecks
in an SCS network. These studies can be applied to SCS security to mitigate DDoS attacks
in an SCS network.

These approaches are particularly beneficial in managing the complex, dynamic, and
heterogeneous nature of modern satellite constellations. However, there is still room for
improvement. First, integrating SDSNs with terrestrial SDN systems presents significant
challenges due to the differing technological demands and the unique requirements of
space-based infrastructure. Additionally, as satellite constellations, such as Starlink, have
been expanded to include thousands of satellites, the complexity and demand for efficient
management of these vast networks have increased considerably. Lastly, the inherent issues
of a variable latency and link instability in satellite communications can further impede
the performance of SDSNs, potentially degrading the quality of service and the overall
network reliability [133].

In particular, the integration of ground and satellite networks through SDSNs is crucial
for creating a unified global network that can seamlessly support various applications, from
global internet coverage to specialized services like disaster management communications.
However, this integration is challenging due to the architectural and operational discrep-
ancies between terrestrial and satellite networks. Moreover, SCSs inherently have a wide
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range of coverage due to their characteristics. This can make them vulnerable to attacks
such as eavesdropping, requiring encrypted traffic during handover and upload/download
processes. However, encryption in satellite communication systems faces difficulties due to
high computational resource requirements and traffic loss.

A few studies [143,144] are attempting to address the above issues, but they still face
challenges in resolving frequent handovers and delays, which are unique features of SCSs.

7.3. AI-Based Satellite Communication Security

As attacks on SCSs become more advanced, traditional security methods, such as rule-
or behavior-based methods, are no longer adequate for countering them. Identifying the
attack patterns has become a challenge, and in response, security methods based on AI
have been developed, since AI-powered systems are capable of finding more sophisticated
patterns that are difficult for humans to detect. Therefore, it is thought that AI will play a
significant role in the next generation of SCS security methods [145,146].

In signal management, ML-powered methods that distinguish benign signals from
malicious signals in SCSs have been proposed. For example, ref. [147] introduces a novel ML
methodology designed to automatically detect both short-term and long-term interferences
within satellite communication spectra in real time. Similarly, ref. [148] proposes a deep-
learning-based system for managing interference, a significant issue in both terrestrial and
satellite networks. These ML techniques enhance the accuracy of detecting carrier signals
in the frequency domain, which is vital for securing communication channels against
unauthorized access and interference. On the other hand, a few studies [149–151] have
suggested mitigating anti-jamming using AI based on signal management. These studies
focused on enhancing real-time interference detection using ML to block jamming of SCSs.

Additionally, optimizing ISL communications using deep reinforcement learning
methods makes SCSs more robust and secure [145,152]. These methods help in optimizing
routing and satellite selection, thereby enhancing the overall security posture by ensuring
stable and secure satellite connections and mitigating eavesdropping attacks.

Lastly, AI techniques can be leveraged to forecast and manage network traffic in satel-
lite communications, which includes preventing potential cyber attacks and ensuring the
integrity of data transmission. Neural networks and other AI models aid in proactive secu-
rity management, adapting dynamically to new threats. For example, AI-based network
intrusion detection technologies used in terrestrial networks could be applied. If the exist-
ing models are adapted and made more lightweight for satellite communication systems,
it could be possible to defend against various attacks [153]. Recently, federated learning
(FL) has emerged as a promising direction for security. FL, as a new method that protects
user privacy and data privacy, could potentially replace traditional ML and DL methods.
Utilizing FL could enhance the overall network availability of satellite communication
networks through traffic classification [154,155].

Leveraging AI technologies has enhanced SCS’s security in various fields, such as
signal management, ISL communication optimization, and traffic management. However,
AI can be utilized for more sophisticated attacks on SCSs. For instance, in satellite commu-
nication systems, attacks could involve the application of encrypted traffic classification
methods, e.g., ET-BERT [156], to execute fingerprinting attacks on satellite communication
traffic. Satellite communication systems broadcast signals via RF, which makes it easy to
randomly collect traffic data and build datasets, which could facilitate various attacks on
these systems [157–159].

In addition to the issues mentioned above, AI-powered SCSs also have limitations.
For example, AI in SCSs brings limitations such as a limited access to and a reduced quality
of data, which can be noisy and incomplete, making it challenging to develop and train
accurate models. Additionally, the computational resources available on satellites are often
constrained [160], which can limit the efficiency and feasibility of advanced AI algorithms.
The reliability and robustness of AI systems must also be maintained in extreme operational
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environments; however, AI models may falter when faced with new situations or anomalies
not present in the training data [14].

7.4. Full Quantum Networks

SCSs, a crucial national asset, have become a target for eavesdropping attempts by
enemies. However, traditional cryptography methods are ineffective due to technical and
resource limitations [161]. One proposed possible solution is applying the quantum internet
principle, where packet information becomes unreadable to eavesdroppers.

According to recent research, the development of quantum networks can be outlined
in five stages. The prepare and measure networks stage enables end-to-end QKD without
the need for intermediary nodes, which is essential for basic quantum communication
tasks. The entanglement distribution network stage involves the deterministic or heralded
creation of entangled states between nodes without requiring quantum memory, crucial for
enhancing the reliability and functionality of the network. Quantum memory networks
introduce local quantum memory at the nodes, enabling the storage and manipulation
of quantum states and supporting sophisticated operations and protocols for complex
distributed quantum applications. The few-qubit fault-tolerant network stage allows for
fault-tolerant quantum operations with a few qubits, significant for tasks requiring high
reliability and for applications requiring prolonged quantum state coherence and manipula-
tion. Finally, the quantum computing network stage represents a fully developed quantum
internet, where quantum computers are interconnected, facilitating the unrestricted ex-
change of quantum information and the execution of computationally intensive quantum
algorithms. This stage realizes the ultimate goal of quantum networking, enabling a vast
array of quantum applications that are unfeasible with classical technologies [162,163].

For the quantum internet, the essential components include physical quantum chan-
nels, quantum repeaters, and end nodes/quantum processors. Physical quantum channels
are important for transmitting qubits over distances, where minimizing the photon loss and
managing the inherently lossy nature of quantum communication are critical [164]. The
quantum repeaters are needed to combat photon loss and the exponential scaling of loss
with distance. They are strategically placed along the channel to effectively extend the reach
of quantum communication and may also serve as long-distance routers within quantum
networks. Also, end nodes/quantum processors range from simple devices capable of
preparing and measuring single qubits to sophisticated large-scale quantum computers.
These nodes are vital for various quantum network tasks and must have robust storage for
quantum states and high-fidelity quantum-information-processing capabilities, along with
compatibility with photonic communication hardware, especially for efficient interfacing
with light at telecom bands [163,165,166].

However, currently, due to technical limitations, quantum communication in SCSs
transmits only quantum cryptographic keys through quantum links, while data are sent
through classical channels. Recently, research on satellite-based quantum repeaters has
been initiated, but it cannot keep up with the speed and stability of classical communication
networks [167]. Consequently, the data still utilize the existing communication infrastruc-
ture, sharing the same vulnerabilities inherent in current telecommunication equipment
and software. Therefore, the final goal of quantum communication is to have a network
entirely composed of quantum communication systems. This means a network made solely
of quantum processors and quantum repeaters, but as of now, a network solely based
on this communication system has not yet been developed. Recent research has shown
success in a prototype city-scale quantum network where eight users, each connected in
a mesh network, successfully communicated in the experiment [168]. Despite quantum
networks being in the experimental phase and facing many limitations, it is expected
that they will eventually evolve from QKD in satellite networks to a fully quantum mesh
network. Furthermore, through these advancements, we can expect a significant increase
in security for satellite communication systems.
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7.5. Discussion

Given the complex and evolving landscape of SCSs, prioritizing areas for research
and development is crucial for stakeholders aiming to enhance security and functionality.
Considering the maturity and development speed of technology, there are several research
areas that should be prioritized at present.

AI is considered to be the most important field in satellite communications. This is
because AI is currently the fastest developing field, and at the same time, it makes the
greatest contribution to SCS security. Therefore, leveraging AI in satellite communication
could revolutionize security measures against sophisticated threats such as jamming and
eavesdropping. However, this requires careful consideration of AI’s vulnerabilities and the
unique constraints of satellite environments.

The development of SDSNs is another area of priority. By centralizing control and en-
hancing network resource allocation, SDSNs could dramatically improve the management
of satellite constellations, addressing challenges like the link instability and variable latency.
This is particularly important as the scale of networks like Starlink grows. However, the
biggest problem with SDSNs is that integration with terrestrial networks is not easy, and this
is thought to be a problem in a similar context to the integration of ground-space protocols.

Lastly, advancing quantum communication technologies in SCSs holds promise for
unprecedented security capabilities, although it is still in its early stages and requires
substantial foundational research. Addressing these areas effectively would require a
coordinated approach, balancing technological innovation with rigorous security practices
to safeguard this critical infrastructure against both current and emerging threats.

8. Conclusions

In this paper, we have comprehensively classified potential attacks on satellite commu-
nication systems (SCSs), examining the unique characteristics and vulnerabilities associated
with each type. In particular, the broad coverage and wireless nature of SCSs not only en-
hance service accessibility but also increase the susceptibility to severe threats such as DoS
and DDoS attacks. These attacks pose the highest risk due to their potential to completely
disrupt services. Additionally, the challenges associated with the maintenance of these
systems heighten their vulnerability to eavesdropping and spoofing, compromising the
integrity and confidentiality of communications.

Through a sophisticated classification framework, we evaluate the existing defenses
against these threats, such as blockchain, cryptography, and quantum communication
methods, and identify critical areas. Additionally, we explore and summarize the policies
of various countries. Our investigation into the policies of various countries has revealed a
diverse range of approaches, reflecting differing national priorities and capabilities, which
highlights the need for international cooperation.

Finally, we compiled a list of potential future security issues and provided directions
for future research, such as AI, integrated protocols, SDNs, and quantum communication.
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Abbreviations

The following abbreviations are used in this manuscript:

AI Artificial Intelligence
BMD Ballistic Missile Defense
cFS Core Flight System
CSTN Cognitive Satellite–Terrestrial Integrated Networks
CTI Cyber Threat Intelligence
DCED Distributed Collaborative Entrance Defense
DDoS Distributed Denial of Service
DL Deep Learning
DOA Direction of Arrival
DoS Denial of Service
DPD Defense Plane Digest
DSSS Direct Sequence Spread-Spectrum
DTN Delay-Tolerance Network
DVB Digital Video Broadcasting
DVB-S Digital Video Broadcasting—Satellite
ECN Explicit Congestion Notification
ETD Entrance Traffic Digest
FHSS Frequency Hopping Spread Spectrum
FSS Fixed Satellite Service
GEO Geostationary Earth Orbit
GMR GEO-Mobile Radio
GNSS Global Navigation Satellite System
GPS Global Positioning System
GSE General Stream Encapsulation
HAPS High-Altitude Platform Station
HELLADS High-Energy Liquid Laser Area Defense System
HTTP Hypertext Transfer Protocol
IoT Internet of Things
LEO Low Earth Orbit
LiDAR Light Detection and Ranging
MEO Medium Earth Orbit
MIRACL Mid-Infrared Advanced Chemical Laser
MISO Multiple-Input Single-Output
ML Machine Learning
MSNET Mobile Satellite Communication Network
NFV Network Function Virtualization
NMA Navigation Message Authentication
NR New Radio
NTN Non-Terrestrial Network
OCS Onboard Computer System
OPSPF Orbit Prediction Shortest Path First
PD Power Distortion
PHY Physical Layer
PLA People’s Liberation Army
PLS Physical Layer Security
QKD Quantum Key Distribution
QoS Quality of Service
SAR Synthetic Aperture Radar
SATCOM Satellite Communication
SCA Spreading Code Authentication
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SCS Satellite Communication System
SDN Software-Defined Network
SDSN Software-Defined Satellite Network
SDR Software-Defined Radio
SLT Secure LEO Trust
SM-3 Standard-Missile 3
SQM Signal Quality Monitoring
SSL Secure Socket Layer
STIN Satellite–Terrestrial Integrated Network
SVM Support Vector Machine
TDOA Time Difference of Arrival
TESLA Timed Efficient Stream Loss-Tolerant Authentication
TLS Transport Layer Security
TOS Type of Service
VoIP Voice over Internet Protocol

References

1. Maini, A.K.; Agrawal, V. Satellite Technology: Principles and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2011.
2. Reddy, V.S. The SpaceX Effect. New Space 2018, 6, 125–134. [CrossRef]
3. SpaceX-Falcon 9. Available online: https://www.spacex.com/vehicles/falcon-9/ (accessed on 4 January 2024).
4. Gorman, S.; Dreazen, Y.J.; Cole, A. Insurgents Hack U.S. Drones. Available online: https://www.wsj.com/articles/SB126102247

889095011 (accessed on 1 January 2024).
5. Boschetti, N.; Gordon, N.; Falco, G. Space Cybersecurity Lessons Learned from The ViaSat Cyberattack. In Proceedings of the

ASCEND, Las Vegas, NV, USA, 24–26 October 2022.
6. Starlink and Other LEO Constellations Face a New Set of Security Risks. Available online: https://spectrum.ieee.org/satellite-

jamming (accessed on 20 April 2024).
7. Starlink User Terminal Modchip. Available online: https://github.com/KULeuven-COSIC/Starlink-FI/tree/main (accessed on

20 April 2024).
8. Mucchi, L.; Jayousi, S.; Caputo, S.; Panayirci, E.; Shahabuddin, S.; Bechtold, J.; Morales, I.; Stoica, R.A.; Abreu, G.; Haas, H.

Physical-Layer Security in 6G Networks. IEEE Open J. Commun. Soc. 2021, 2, 1901–1914. [CrossRef]
9. Li, B.; Fei, Z.; Zhou, C.; Zhang, Y. Physical-Layer Security in Space Information Networks: A Survey. IEEE Internet Things J. 2020,

7, 33–52. [CrossRef]
10. Lu, X.; Xiao, L.; Li, P.; Ji, X.; Xu, C.; Yu, S.; Zhuang, W. Reinforcement Learning-Based Physical Cross-Layer Security and Privacy

in 6G. IEEE Commun. Surv. Tutor. 2023, 25, 425–466. [CrossRef]
11. Wang, Y.; Su, Z.; Ni, J.; Zhang, N.; Shen, X. Blockchain-Empowered Space-Air-Ground Integrated Networks: Opportunities,

Challenges, and Solutions. IEEE Commun. Surv. Tutor. 2022, 24, 160–209. [CrossRef]
12. Wang, P.; Zhang, J.; Zhang, X.; Yan, Z.; Evans, B.G.; Wang, W. Convergence of Satellite and Terrestrial Networks: A Comprehensive

Survey. IEEE Access 2020, 8, 5550–5588. [CrossRef]
13. Hosseinidehaj, N.; Babar, Z.; Malaney, R.; Ng, S.X.; Hanzo, L. Satellite-Based Continuous-Variable Quantum Communications:

State-of-the-Art and a Predictive Outlook. IEEE Commun. Surv. Tutor. 2019, 21, 881–919. [CrossRef]
14. Guo, H.; Li, J.; Liu, J.; Tian, N.; Kato, N. A Survey on Space-Air-Ground-Sea Integrated Network Security in 6G. IEEE Commun.

Surv. Tutor. 2022, 24, 53–87. [CrossRef]
15. Vaezi, M.; Azari, A.; Khosravirad, S.R.; Shirvanimoghaddam, M.; Azari, M.M.; Chasaki, D.; Popovski, P. Cellular, Wide-Area,

and Non-Terrestrial IoT: A Survey on 5G Advances and the Road Toward 6G. IEEE Commun. Surv. Tutor. 2022, 24, 1117–1174.
[CrossRef]

16. Yue, P.; An, J.; Zhang, J.; Ye, J.; Pan, G.; Wang, S.; Xiao, P.; Hanzo, L. Low Earth Orbit Satellite Security and Reliability: Issues,
Solutions, and the Road Ahead. IEEE Commun. Surv. Tutor. 2023, 25, 1604–1652. [CrossRef]

17. Tedeschi, P.; Sciancalepore, S.; Di Pietro, R. Satellite-Based Communications Security: A Survey of Threats, Solutions, and
Research Challenges. Comput. Netw. 2022, 216, 109246. [CrossRef]

18. Manulis, M.; Bridges, C.P.; Harrison, R.; Sekar, V.; Davis, A. Cyber Security in New Space. Int. J. Inf. Secur. 2021, 20, 287–311.
[CrossRef]

19. Pratt, T.; Allnutt, J.E. Satellite Communications; John Wiley & Sons: Hoboken, NJ, USA, 2019.
20. Cascone, M. Vacuum electronics for communications and broadcasting. In Proceedings of the 2008 IEEE International Vacuum

Electronics Conference, Monterey, MA, USA, 22–24 April 2008; pp. 12–13.
21. Falco, G. When Satellites Attack: Satellite-to-Satellite Cyber Attack, Defense and Resilience. In ASCEND 2020; American Institute

of Aeronautics and Astronautics: Reston, VA, USA, 2020. [CrossRef]
22. Kolawole, M.O. Satellite Communication Engineering; CRC Press: Boca Raton, FL, USA, 2017.
23. Lee, Y.; Kim, J. A Conceptual Study on Standard Architecture Design for the Next Generation Satellite OBC. J. Korean Soc.

Aeronaut. Space Sci. 2013, 41, 1018–1024.

http://doi.org/10.1089/space.2017.0032
https://www.spacex.com/vehicles/falcon-9/
https://www.wsj.com/articles/SB126102247889095011
https://www.wsj.com/articles/SB126102247889095011
https://spectrum.ieee.org/satellite-jamming
https://spectrum.ieee.org/satellite-jamming
https://github.com/KULeuven-COSIC/Starlink-FI/tree/main
http://dx.doi.org/10.1109/OJCOMS.2021.3103735
http://dx.doi.org/10.1109/JIOT.2019.2943900
http://dx.doi.org/10.1109/COMST.2022.3224279
http://dx.doi.org/10.1109/COMST.2021.3131711
http://dx.doi.org/10.1109/ACCESS.2019.2963223
http://dx.doi.org/10.1109/COMST.2018.2864557
http://dx.doi.org/10.1109/COMST.2021.3131332
http://dx.doi.org/10.1109/COMST.2022.3151028
http://dx.doi.org/10.1109/COMST.2023.3296160
http://dx.doi.org/10.1016/j.comnet.2022.109246
http://dx.doi.org/10.1007/s10207-020-00503-w
http://dx.doi.org/10.2514/6.2020-4014


Sensors 2024, 24, 2897 40 of 45

24. Roy, P.; Behera, M.; Srivastav, S. Satellite remote sensing: Sensors, applications and techniques. Proc. Natl. Acad. Sci. India Sect.

Phys. Sci. 2017, 87, 465–472. [CrossRef]
25. Lee, J.; Kim, E.; Shin, K.G. Design and management of satellite power systems. In Proceedings of the 2013 IEEE 34th Real-Time

Systems Symposium, Vancouver, BC, Canada, 3–6 December 2013; pp. 97–106.
26. Maral, G.; Bousquet, M.; Sun, Z. Satellite Communications Systems: Systems, Techniques and Technology; John Wiley & Sons: Hoboken,

NJ, USA, 2020.
27. Lloyd, W. Internetworking with Satellite Constellations. Master’s Thesis, University of Surrey, Guildford, UK, 2001.
28. Vatalaro, F.; Corazza, G.E.; Caini, C.; Ferrarelli, C. Analysis of LEO, MEO, and GEO global mobile satellite systems in the presence

of interference and fading. IEEE J. Sel. Areas Commun. 1995, 13, 291–300. [CrossRef]
29. Qu, Z.; Zhang, G.; Cao, H.; Xie, J. LEO satellite constellation for Internet of Things. IEEE Access 2017, 5, 18391–18401. [CrossRef]
30. Samonas, S.; Coss, D. The CIA strikes back: Redefining confidentiality, integrity and availability in security. J. Inf. Syst. Secur.

2014, 10, 21–45. [CrossRef]
31. Dai, H.N.; Wang, Q.; Li, D.; Wong, R.C.W. On Eavesdropping Attacks in Wireless Sensor Networks with Directional Antennas.

Int. J. Distrib. Sens. Netw. 2013, 9, 760834. [CrossRef]
32. RECORD: A RECeption-Only Region Determination Attack on LEO Satellite Users | USENIX. Available online: https://www.

usenix.org/conference/usenixsecurity24/presentation/jedermann (accessed on 15 January 2024).
33. Pavur, J.; Moser, D.; Lenders, V.; Martinovic, I. Secrets in the Sky: On Privacy and Infrastructure Security in DVB-S Satellite

Broadband. In Proceedings of the 12th Conference on Security and Privacy in Wireless and Mobile Networks, Miami, FL, USA,
15–17 May 2019; pp. 277–284. [CrossRef]

34. Driessen, B. Eavesdropping on Satellite Telecommunication Systems. 2012. Available online: https://eprint.iacr.org/2012/051
(accessed on 15 January 2024).

35. Yahia, O.B.; Erdogan, E.; Kurt, G.K.; Altunbas, I.; Yanikomeroglu, H. Optical Satellite Eavesdropping. IEEE Trans. Veh. Technol.

2022, 71, 10126–10131. [CrossRef]
36. Glomsvoll, Ø. Jamming of GPS & GLONASS Signals—A Study of GPS Performance in Maritime Environments under Jamming

Conditions, and Benefits of Applying GLONASS in Northern Areas under Such Conditions. Master’s Thesis, The University of
Nottingham, Nottingham, UK, 2014.

37. Grant, A.; Williams, P.; Ward, N.; Basker, S. GPS Jamming and the Impact on Maritime Navigation. J. Navig. 2009, 62, 173–187.
[CrossRef]

38. Lichtman, M.; Reed, J.H. Analysis of Reactive Jamming against Satellite Communications. Int. J. Satell. Commun. Netw. 2016,
34, 195–210. [CrossRef]

39. Rao, K.D.; Swamy, M.N.S. New Approach for Suppression of FM Jamming in GPS Receivers. IEEE Trans. Aerosp. Electron. Syst.

2006, 42, 1464–1474. [CrossRef]
40. Lukin, K.; Haselberger, M. Hacking Satellites With Software Defined Radio. In Proceedings of the 2020 AIAA/IEEE 39th Digital

Avionics Systems Conference (DASC), San Antonio, TX, USA, 11–15 October 2020; pp. 1–6. [CrossRef]
41. Onen, M.; Molva, R. Denial of Service Prevention in Satellite Networks. In Proceedings of the 2004 IEEE International Conference

on Communications (IEEE Cat. No.04CH37577), Paris, France, 20–24 June 2004; Volume 7, pp. 4387–4391. [CrossRef]
42. Falco, G.; Thummala, R.; Kubadia, A. WannaFly: An Approach to Satellite Ransomware. In Proceedings of the 2023 IEEE 9th

International Conference on Space Mission Challenges for Information Technology (SMC-IT), Pasadena, CA, USA, 18–27 July
2023; pp. 84–93. [CrossRef]

43. Canetti, M. The Most Common DDoS Threats for Satellite Service Providers and How to Thwart Them. Available online:
https://www.satelliteevolutiongroup.com/articles/DDoS.pdf (accessed on 28 Febuary 2024).

44. Usman, M.; Qaraqe, M.; Asghar, M.R.; Shafique Ansari, I. Mitigating Distributed Denial of Service Attacks in Satellite Networks.
Trans. Emerg. Telecommun. Technol. 2020, 31, e3936. [CrossRef]

45. Giuliari, G.; Ciussani, T.; Perrig, A.; Singla, A. {ICARUS}: Attacking Low Earth Orbit Satellite Networks. In Proceedings of the
2021 USENIX Annual Technical Conference (USENIX ATC 21), Online, 14–16 July 2021; pp. 317–331.

46. Cook, J.R. High-Energy Laser Weapons since the Early 1960s. Opt. Eng. 2012, 52, 021007. [CrossRef]
47. Riker, J.F. Overview of the Space-Based Laser (SBL) Program. In Laser and Beam Control Technologies; SPIE: Bellingham, WA, USA,

2002; Volume 4632, pp. 181–186. [CrossRef]
48. Kan, S. China’s Anti-Satellite Weapon Test. Available online: https://apps.dtic.mil/sti/pdfs/ADA468025.pdf (accessed on 20

February 2024).
49. Johnson, N.L. Operation Burnt Frost: A View From Inside. Space Policy 2021, 56, 101411. [CrossRef]
50. Challenges to Security in Space. Available online: https://www.dia.mil/Portals/110/Documents/News/Military_Power_

Publications/Challenges_Security_Space_2022.pdf (accessed on 1 January 2024).
51. Liu, Z.; Lin, C.; Chen, G. Space Attack Technology Overview. J. Phys. Conf. Ser. 2020, 1544, 012178. [CrossRef]
52. Scott, L. Anti-Spoofing & Authenticated Signal Architectures for Civil Navigation Systems. In Proceedings of the 16th

International Technical Meeting of the Satellite Division of The Institute of Navigation (ION GPS/GNSS 2003), Portland, OR,
USA, 9–12 September 2003; pp. 1543–1552.

53. Psiaki, M.L.; Humphreys, T.E. GNSS Spoofing and Detection. Proc. IEEE 2016, 104, 1258–1270. [CrossRef]

http://dx.doi.org/10.1007/s40010-017-0428-8
http://dx.doi.org/10.1109/49.345873
http://dx.doi.org/10.1109/ACCESS.2017.2735988
http://dx.doi.org/10.1109/ACCESS.2017.2735988
http://dx.doi.org/10.1155/2013/760834
https://www.usenix.org/conference/usenixsecurity24/presentation/jedermann
https://www.usenix.org/conference/usenixsecurity24/presentation/jedermann
http://dx.doi.org/10.1145/3317549.3323418
https://eprint.iacr.org/2012/051
http://dx.doi.org/10.1109/TVT.2022.3176119
http://dx.doi.org/10.1017/S0373463308005213
http://dx.doi.org/10.1002/sat.1111
http://dx.doi.org/10.1109/TAES.2006.314586
http://dx.doi.org/10.1109/DASC50938.2020.9256695
http://dx.doi.org/10.1109/ICC.2004.1313376
http://dx.doi.org/10.1109/SMC-IT56444.2023.00018
https://www.satelliteevolutiongroup.com/articles/DDoS.pdf
http://dx.doi.org/10.1002/ett.3936
http://dx.doi.org/10.1117/1.OE.52.2.021007
http://dx.doi.org/10.1117/12.469772
https://apps.dtic.mil/sti/pdfs/ADA468025.pdf
http://dx.doi.org/10.1016/j.spacepol.2021.101411
https://www.dia.mil/Portals/110/Documents/News/Military_Power_Publications/Challenges_Security_Space_2022.pdf
https://www.dia.mil/Portals/110/Documents/News/Military_Power_Publications/Challenges_Security_Space_2022.pdf
http://dx.doi.org/10.1088/1742-6596/1544/1/012178
http://dx.doi.org/10.1109/JPROC.2016.2526658


Sensors 2024, 24, 2897 41 of 45

54. Wesson, K.; Rothlisberger, M.; Humphreys, T. Practical Cryptographic Civil GPS Signal Authentication. NAVIGATION 2012,
59, 177–193. [CrossRef]

55. Bian, S.F.; Hu, Y.F.; Chen, C.; Li, Z.M.; Ji, B. Research on GNSS Repeater Spoofing Technique for Fake Position, Fake Time &
Fake Velocity. In Proceedings of the 2017 IEEE International Conference on Advanced Intelligent Mechatronics (AIM), Munich,
Germany, 3–7 July 2017; pp. 1430–1434. [CrossRef]

56. Margaria, D.; Motella, B.; Anghileri, M.; Floch, J.J.; Fernandez-Hernandez, I.; Paonni, M. Signal Structure-Based Authentication
for Civil GNSSs: Recent Solutions and Perspectives. IEEE Signal Process. Mag. 2017, 34, 27–37. [CrossRef]

57. Humphreys, T.E. Detection Strategy for Cryptographic GNSS Anti-Spoofing. IEEE Trans. Aerosp. Electron. Syst. 2013,
49, 1073–1090. [CrossRef]

58. Curran, J.T.; O’Driscoll, C. Message Authentication, Channel Coding & Anti-Spoofing. In Proceedings of the 29th International
Technical Meeting of the Satellite Division of The Institute of Navigation (ION GNSS+ 2016), Portland, OR, USA, 12–16 September
2016; pp. 2948–2959. [CrossRef]

59. Du, J.; Jiang, C.; Zhang, H.; Wang, X.; Ren, Y.; Debbah, M. Secure Satellite-Terrestrial Transmission Over Incumbent Terrestrial
Networks via Cooperative Beamforming. IEEE J. Sel. Areas Commun. 2018, 36, 1367–1382. [CrossRef]

60. Lei, J.; Han, Z.; Vazquez-Castro, M.Á.; Hjorungnes, A. Secure Satellite Communication Systems Design With Individual Secrecy
Rate Constraints. IEEE Trans. Inf. Forensics Secur. 2011, 6, 661–671. [CrossRef]

61. Zheng, G.; Arapoglou, P.D.; Ottersten, B. Physical Layer Security in Multibeam Satellite Systems. IEEE Trans. Wirel. Commun.

2012, 11, 852–863. [CrossRef]
62. Yun, S.; Kang, J.M.; Kim, I.M.; Ha, J. Deep Artificial Noise: Deep Learning-Based Precoding Optimization for Artificial Noise

Scheme. IEEE Trans. Veh. Technol. 2020, 69, 3465–3469. [CrossRef]
63. Ding, X.; Song, T.; Zou, Y.; Chen, X.; Hanzo, L. Security-Reliability Tradeoff Analysis of Artificial Noise Aided Two-Way

Opportunistic Relay Selection. IEEE Trans. Veh. Technol. 2017, 66, 3930–3941. [CrossRef]
64. Pradhan, S.; Sahu, P.K.; Giri, R.K.; Patnaik, B. Inter-Satellite Optical Wireless Communication System Design Using Diversity

Techniques. In Proceedings of the 2015 International Conference on Microwave, Optical and Communication Engineering
(ICMOCE), Bhubaneswar, India, 18–20 December 2015; pp. 250–253. [CrossRef]

65. Kaushal, H.; Kaddoum, G. Optical Communication in Space: Challenges and Mitigation Techniques. IEEE Commun. Surv. Tutor.

2017, 19, 57–96. [CrossRef]
66. Alléaume, R.; Branciard, C.; Bouda, J.; Debuisschert, T.; Dianati, M.; Gisin, N.; Godfrey, M.; Grangier, P.; Länger, T.; Lütkenhaus,

N.; et al. Using Quantum Key Distribution for Cryptographic Purposes: A Survey. Theor. Comput. Sci. 2014, 560, 62–81. [CrossRef]
67. Scarani, V.; Bechmann-Pasquinucci, H.; Cerf, N.J.; Dušek, M.; Lütkenhaus, N.; Peev, M. The Security of Practical Quantum Key

Distribution. Rev. Mod. Phys. 2009, 81, 1301–1350. [CrossRef]
68. Villar, A.; Lohrmann, A.; Bai, X.; Vergoossen, T.; Bedington, R.; Perumangatt, C.; Lim, H.Y.; Islam, T.; Reezwana, A.; Tang, Z.; et al.

Entanglement Demonstration on Board a Nano-Satellite. Optica 2020, 7, 734–737. [CrossRef]
69. Liao, S.K.; Yong, H.L.; Liu, C.; Shentu, G.L.; Li, D.D.; Lin, J.; Dai, H.; Zhao, S.Q.; Li, B.; Guan, J.Y.; et al. Long-Distance Free-Space

Quantum Key Distribution in Daylight towards Inter-Satellite Communication. Nat. Photonics 2017, 11, 509–513. [CrossRef]
70. Yin, J.; Cao, Y.; Li, Y.H.; Liao, S.K.; Zhang, L.; Ren, J.G.; Cai, W.Q.; Liu, W.Y.; Li, B.; Dai, H.; et al. Satellite-Based Entanglement

Distribution over 1200 Kilometers. Science 2017, 356, 1140–1144. [CrossRef] [PubMed]
71. Liao, S.K.; Cai, W.Q.; Liu, W.Y.; Zhang, L.; Li, Y.; Ren, J.G.; Yin, J.; Shen, Q.; Cao, Y.; Li, Z.P.; et al. Satellite-to-Ground Quantum

Key Distribution. Nature 2017, 549, 43–47. [CrossRef] [PubMed]
72. Ren, J.G.; Xu, P.; Yong, H.L.; Zhang, L.; Liao, S.K.; Yin, J.; Liu, W.Y.; Cai, W.Q.; Yang, M.; Li, L.; et al. Ground-to-Satellite Quantum

Teleportation. Nature 2017, 549, 70–73. [CrossRef]
73. Calderaro, L.; Agnesi, C.; Dequal, D.; Vedovato, F.; Schiavon, M.; Santamato, A.; Luceri, V.; Bianco, G.; Vallone, G.; Villoresi, P.

Towards Quantum Communication from Global Navigation Satellite System. Quantum Sci. Technol. 2018, 4, 015012. [CrossRef]
74. Liao, S.K.; Cai, W.Q.; Handsteiner, J.; Liu, B.; Yin, J.; Zhang, L.; Rauch, D.; Fink, M.; Ren, J.G.; Liu, W.Y.; et al. Satellite-Relayed

Intercontinental Quantum Network. Phys. Rev. Lett. 2018, 120, 030501. [CrossRef] [PubMed]
75. Yin, J.; Li, Y.H.; Liao, S.K.; Yang, M.; Cao, Y.; Zhang, L.; Ren, J.G.; Cai, W.Q.; Liu, W.Y.; Li, S.L.; et al. Entanglement-Based Secure

Quantum Cryptography over 1120 Kilometres. Nature 2020, 582, 501–505. [CrossRef] [PubMed]
76. Roger, T.; Singh, R.; Perumangatt, C.; Marangon, D.G.; Sanzaro, M.; Smith, P.R.; Woodward, R.I.; Shields, A.J. Real-Time Gigahertz

Free-Space Quantum Key Distribution within an Emulated Satellite Overpass. Sci. Adv. 2023, 9, eadj5873. [CrossRef]
77. Wang, Q.; Nguyen, T.; Pham, K.; Kwon, H. Mitigating Jamming Attack: A Game-Theoretic Perspective. IEEE Trans. Veh. Technol.

2018, 67, 6063–6074. [CrossRef]
78. Han, C.; Huo, L.; Tong, X.; Wang, H.; Liu, X. Spatial Anti-Jamming Scheme for Internet of Satellites Based on the Deep

Reinforcement Learning and Stackelberg Game. IEEE Trans. Veh. Technol. 2020, 69, 5331–5342. [CrossRef]
79. Jia, Z. Anti-Jamming Technology in Small Satellite Communication. J. Phys. Conf. Ser. 2018, 960, 012013. [CrossRef]
80. Feng, M.; Xu, H. MSNET-Blockchain: A New Framework for Securing Mobile Satellite Communication Network. In Proceedings

of the 2019 16th Annual IEEE International Conference on Sensing, Communication, and Networking (SECON), Boston, MA,
USA, 10–13 June 2019; pp. 1–9. [CrossRef]

81. Li, C.; Sun, X.; Zhang, Z. Effective Methods and Performance Analysis of a Satellite Network Security Mechanism Based on
Blockchain Technology. IEEE Access 2021, 9, 113558–113565. [CrossRef]

http://dx.doi.org/10.1002/navi.14
http://dx.doi.org/10.1109/AIM.2017.8014219
http://dx.doi.org/10.1109/MSP.2017.2715898
http://dx.doi.org/10.1109/TAES.2013.6494400
http://dx.doi.org/10.33012/2016.14670
http://dx.doi.org/10.1109/JSAC.2018.2824623
http://dx.doi.org/10.1109/TIFS.2011.2148716
http://dx.doi.org/10.1109/TWC.2011.120911.111460
http://dx.doi.org/10.1109/TVT.2020.2965959
http://dx.doi.org/10.1109/TVT.2016.2601112
http://dx.doi.org/10.1109/ICMOCE.2015.7489738
http://dx.doi.org/10.1109/COMST.2016.2603518
http://dx.doi.org/10.1016/j.tcs.2014.09.018
http://dx.doi.org/10.1103/RevModPhys.81.1301
http://dx.doi.org/10.1364/OPTICA.387306
http://dx.doi.org/10.1038/nphoton.2017.116
http://dx.doi.org/10.1126/science.aan3211
http://www.ncbi.nlm.nih.gov/pubmed/28619937
http://dx.doi.org/10.1038/nature23655
http://www.ncbi.nlm.nih.gov/pubmed/28825707
http://dx.doi.org/10.1038/nature23675
http://dx.doi.org/10.1088/2058-9565/aaefd4
http://dx.doi.org/10.1103/PhysRevLett.120.030501
http://www.ncbi.nlm.nih.gov/pubmed/29400544
http://dx.doi.org/10.1038/s41586-020-2401-y
http://www.ncbi.nlm.nih.gov/pubmed/32541968
http://dx.doi.org/10.1126/sciadv.adj5873
http://dx.doi.org/10.1109/TVT.2018.2810865
http://dx.doi.org/10.1109/TVT.2020.2982672
http://dx.doi.org/10.1088/1742-6596/960/1/012013
http://dx.doi.org/10.1109/SAHCN.2019.8824889
http://dx.doi.org/10.1109/ACCESS.2021.3104875


Sensors 2024, 24, 2897 42 of 45

82. Cao, S.; Dang, S.; Zhang, Y.; Wang, W.; Cheng, N. A Blockchain-Based Access Control and Intrusion Detection Framework for
Satellite Communication Systems. Comput. Commun. 2021, 172, 216–225. [CrossRef]

83. Rui, K.; Pan, H.; Shu, S. Secure Routing in the Internet of Things (IoT) with Intrusion Detection Capability Based on Software-
Defined Networking (SDN) and Machine Learning Techniques. Sci. Rep. 2023, 13, 18003. [CrossRef] [PubMed]

84. Studer, A.; Perrig, A. The Coremelt Attack. In Computer Security—ESORICS 2009; Lecture Notes in Computer Science; Backes, M.;
Ning, P., Eds.; Springer: Berlin/Heidelberg, Germany, 2009; pp. 37–52. [CrossRef]

85. Kang, M.S.; Lee, S.B.; Gligor, V.D. The Crossfire Attack. In Proceedings of the 2013 IEEE Symposium on Security and Privacy,
Berkeley, CA, USA, 19–22 May 2013; pp. 127–141. [CrossRef]

86. Li, H.; Shi, D.; Wang, W.; Liao, D.; Gadekallu, T.R.; Yu, K. Secure Routing for LEO Satellite Network Survivability. Comput. Netw.

2022, 211, 109011. [CrossRef]
87. Pan, T.; Huang, T.; Li, X.; Chen, Y.; Xue, W.; Liu, Y. OPSPF: Orbit prediction shortest path first routing for resilient LEO satellite

networks. In Proceedings of the ICC 2019-2019 IEEE International Conference on Communications (ICC), Shanghai, China, 20–24
May 2019; pp. 1–6.

88. Jia, M.; Shu, Y.; Guo, Q.; Gao, Z.; Xie, S. DDoS Attack Detection Method for Space-Based Network Based on SDN Architecture.
ZTE Commun. 2020, 18, 18–25. [CrossRef]

89. Tu, Z.; Zhou, H.; Li, K.; Li, M.; Tian, A. An Energy-Efficient Topology Design and DDoS Attacks Mitigation for Green Software-
Defined Satellite Network. IEEE Access 2020, 8, 211434–211450. [CrossRef]

90. Guo, W.; Xu, J.; Pei, Y.; Yin, L.; Jiang, C.; Ge, N. A Distributed Collaborative Entrance Defense Framework Against DDoS Attacks
on Satellite Internet. IEEE Internet Things J. 2022, 9, 15497–15510. [CrossRef]

91. Hajizadeh, M.; Afraz, N.; Ruffini, M.; Bauschert, T. Collaborative Cyber Attack Defense in SDN Networks Using Blockchain
Technology. In Proceedings of the 2020 6th IEEE Conference on Network Softwarization (NetSoft), Ghent, Belgium, 29 June–3
July 2020; pp. 487–492. [CrossRef]

92. US Congress, Office of Technology Assessment. Anti-Satellite Weapons, Countermeasures, and Arms Control; US Government
Printing Office: Washington, DC, USA, 1985.

93. Ballistic Missile Defense Challenge. Available online: https://media.nti.org/pdfs/10_5.pdf (accessed on 10 January 2024).
94. Gieras, J. New Applications of Synchronous Generators. Prz. Elektrotechniczny Electrical Rev. 2012, 88, 150–157.
95. Jovanovic, A.; Botteron, C.; Fariné, P.A. Multi-Test Detection and Protection Algorithm against Spoofing Attacks on GNSS

Receivers. In Proceedings of the 2014 IEEE/ION Position, Location and Navigation Symposium—PLANS 2014, Monterey, CA,
USA, 5–8 May 2014; pp. 1258–1271. [CrossRef]

96. Qi, W.; Zhang, Y.; Liu, X. A GNSS Anti-Spoofing Technology Based on Doppler Shift in Vehicle Networking. In Proceedings of
the 2016 International Wireless Communications and Mobile Computing Conference (IWCMC), Paphos, Cyprus, 5–9 September
2016; pp. 725–729. [CrossRef]

97. Broumandan, A.; Jafarnia-Jahromi, A.; Dehghanian, V.; Nielsen, J.; Lachapelle, G. GNSS Spoofing Detection in Handheld Receivers
Based on Signal Spatial Correlation. In Proceedings of the 2012 IEEE/ION Position, Location and Navigation Symposium, Myrtle
Beach, SC, USA, 23–26 April 2012; pp. 479–487. [CrossRef]

98. van Mastrigt, L.A.; van der Wal, A.J.; Oonincx, P.J. Exploiting the Doppler Effect in GPS to Monitor Signal Integrity and to Detect
Spoofing. In Proceedings of the 2015 International Association of Institutes of Navigation World Congress (IAIN), Prague, Czech
Republic, 20–23 October 2015; pp. 1–8. [CrossRef]

99. Borio, D. PANOVA Tests and Their Application to GNSS Spoofing Detection. IEEE Trans. Aerosp. Electron. Syst. 2013, 49, 381–394.
[CrossRef]

100. Borio, D.; Gioia, C. A Sum-of-Squares Approach to GNSS Spoofing Detection. IEEE Trans. Aerosp. Electron. Syst. 2016,
52, 1756–1768. [CrossRef]

101. Yuan, D.; Li, H.; Lu, M. A Method for GNSS Spoofing Detection Based on Sequential Probability Ratio Test. In Proceedings of the
2014 IEEE/ION Position, Location and Navigation Symposium—PLANS 2014, Monterey, CA, USA, 5–8 May 2014; pp. 351–358.
[CrossRef]

102. Gross, J.N.; Kilic, C.; Humphreys, T.E. Maximum-Likelihood Power-Distortion Monitoring for GNSS-Signal Authentication.
IEEE Trans. Aerosp. Electron. Syst. 2019, 55, 469–475. [CrossRef]

103. Zhang, Z.; Zhan, X.; Zhang, Y. GNSS Spoofing Localization Based on Differential Code Phase. In Proceedings of the 2017 Forum
on Cooperative Positioning and Service, Harbin, China, 19–21 May 2017; pp. 338–344. [CrossRef]

104. Felski, A. Methods of Improving the Jamming Resistance of GNSS Receiver. Annu. Navig. 2016, 23, 185–198. [CrossRef]
105. Hu, Y.; Bian, S.; Li, B.; Zhou, L. A Novel Array-Based Spoofing and Jamming Suppression Method for GNSS Receiver. IEEE Sens.

J. 2018, 18, 2952–2958. [CrossRef]
106. Wang, F.; Li, H.; Lu, M. GNSS Spoofing Detection Based on Unsynchronized Double-Antenna Measurements. IEEE Access 2018,

6, 31203–31212. [CrossRef]
107. Daneshmand, S.; Jafarnia-Jahromi, A.; Broumandan, A.; Lachapelle, G. A GNSS Structural Interference Mitigation Technique

Using Antenna Array Processing. In Proceedings of the 2014 IEEE 8th Sensor Array and Multichannel Signal Processing
Workshop (SAM), A Coruna, Spain, 22–25 June 2014; pp. 109–112. [CrossRef]

108. Psiaki, M.L.; Humphreys, T.E.; Stauffer, B. Attackers Can Spoof Navigation Signals without Our Knowledge. Here’s How to
Fight Back GPS Lies. IEEE Spectr. 2016, 53, 26–53. [CrossRef]

http://dx.doi.org/10.1016/j.comcom.2021.03.023
http://dx.doi.org/10.1038/s41598-023-44764-6
http://www.ncbi.nlm.nih.gov/pubmed/37865650
http://dx.doi.org/10.1007/978-3-642-04444-1_3
http://dx.doi.org/10.1109/SP.2013.19
http://dx.doi.org/10.1016/j.comnet.2022.109011
http://dx.doi.org/10.12142/ZTECOM.202004004
http://dx.doi.org/10.1109/ACCESS.2020.3039975
http://dx.doi.org/10.1109/JIOT.2022.3176121
http://dx.doi.org/10.1109/NetSoft48620.2020.9165396
https://media.nti.org/pdfs/10_5.pdf
http://dx.doi.org/10.1109/PLANS.2014.6851501
http://dx.doi.org/10.1109/IWCMC.2016.7577146
http://dx.doi.org/10.1109/PLANS.2012.6236917
http://dx.doi.org/10.1109/IAIN.2015.7352259
http://dx.doi.org/10.1109/TAES.2013.6404110
http://dx.doi.org/10.1109/TAES.2016.150148
http://dx.doi.org/10.1109/PLANS.2014.6851392
http://dx.doi.org/10.1109/TAES.2018.2848318
http://dx.doi.org/10.1109/CPGPS.2017.8075151
http://dx.doi.org/10.1515/aon-2016-0013
http://dx.doi.org/10.1109/JSEN.2018.2797309
http://dx.doi.org/10.1109/ACCESS.2018.2845365
http://dx.doi.org/10.1109/SAM.2014.6882352
http://dx.doi.org/10.1109/MSPEC.2016.7524168


Sensors 2024, 24, 2897 43 of 45

109. Xu, G.; Shen, F.; Amin, M.; Wang, C. DOA Classification and CCPM-PC Based GNSS Spoofing Detection Technique. In
Proceedings of the 2018 IEEE/ION Position, Location and Navigation Symposium (PLANS), Monterey, CA, USA, 23–26 April
2018; pp. 389–396. [CrossRef]

110. Wang, P.; Wang, Y.; Cetin, E.; Dempster, A.G.; Wu, S. GNSS Jamming Mitigation Using Adaptive-Partitioned Subspace Projection
Technique. IEEE Trans. Aerosp. Electron. Syst. 2019, 55, 343–355. [CrossRef]

111. Han, S.; Chen, L.; Meng, W.; Li, C. Improve the Security of GNSS Receivers Through Spoofing Mitigation. IEEE Access 2017,
5, 21057–21069. [CrossRef]

112. Ali, K.; Manfredini, E.G.; Dovis, F. Vestigial Signal Defense through Signal Quality Monitoring Techniques Based on Joint Use of
Two Metrics. In Proceedings of the 2014 IEEE/ION Position, Location and Navigation Symposium—PLANS 2014, Monterey, CA,
USA, 5–8 May 2014; pp. 1240–1247. [CrossRef]

113. Manfredini, E.G.; Dovis, F.; Motella, B. Validation of a Signal Quality Monitoring Technique over a Set of Spoofed Scenarios. In
Proceedings of the 2014 7th ESA Workshop on Satellite Navigation Technologies and European Workshop on GNSS Signals and
Signal Processing (NAVITEC), Noordwijk, The Netherlands, 3–5 December 2014; pp. 1–7. [CrossRef]

114. Jahromi, A.J.; Broumandan, A.; Daneshmand, S.; Lachapelle, G.; Ioannides, R.T. Galileo Signal Authenticity Verification Using
Signal Quality Monitoring Methods. In Proceedings of the 2016 International Conference on Localization and GNSS (ICL-GNSS),
Barcelona, Spain, 28–30 June 2016; pp. 1–8. [CrossRef]

115. Chino, K.; Manandhar, D.; Shibasaki, R. Authentication Technology Using QZSS. In Proceedings of the 2014 IEEE/ION Position,
Location and Navigation Symposium—PLANS 2014, Monterey, CA, USA, 5–8 May 2014; pp. 367–372. [CrossRef]

116. Wu, Z.; Zhang, Y.; Liu, R. BD-II NMA&SSI: An Scheme of Anti-Spoofing and Open BeiDou II D2 Navigation Message
Authentication. IEEE Access 2020, 8, 23759–23775. [CrossRef]

117. Caparra, G.; Sturaro, S.; Laurenti, N.; Wullems, C. Evaluating the Security of One-Way Key Chains in TESLA-based GNSS
Navigation Message Authentication Schemes. In Proceedings of the 2016 International Conference on Localization and GNSS
(ICL-GNSS), Barcelona, Spain, 28–30 June 2016; pp. 1–6. [CrossRef]

118. From Data Schemes to Supersonic Codes. Available online: https://insidegnss.com/from-data-schemes-to-supersonic-codes/
(accessed on 1 February 2024).

119. Anderson, J.M.; Carroll, K.L.; DeVilbiss, N.P.; Gillis, J.T.; Hinks, J.C.; O’Hanlon, B.W.; Rushanan, J.J.; Scott, L.; Yazdi, R.A.
Chips-Message Robust Authentication (Chimera) for GPS Civilian Signals. In Proceedings of the 30th International Technical
Meeting of the Satellite Division of The Institute of Navigation (ION GNSS+ 2017), Portland, OR, USA, 25–29 September 2017;
pp. 2388–2416. [CrossRef]

120. Jafarnia-Jahromi, A.; Broumandan, A.; Nielsen, J.; Lachapelle, G. GPS Vulnerability to Spoofing Threats and a Review of
Antispoofing Techniques. Int. J. Navig. Obs. 2012, 2012, 127072 . [CrossRef]

121. Ahmad, M.; Farid, M.A.; Ahmed, S.; Saeed, K.; Asharf, M.; Akhtar, U. Impact and Detection of GPS Spoofing and Countermeasures
against Spoofing. In Proceedings of the 2019 2nd International Conference on Computing, Mathematics and Engineering
Technologies (iCoMET), Sukkur, Pakistan, 30–31 January 2019; pp. 1–8. [CrossRef]

122. Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space, including the Moon and Other
Celestial Bodies. Available online: https://www.faa.gov/about/office_org/headquarters_offices/ast/media/treaty_Princi_Gov_
Acti_States_OST.pdf (accessed on 24 February 2024).

123. Koplow, D.A. Asat-Isfaction: Customary International Law and the Regulation of Anti-Satellite Weapons. Mich. J. Int. Law 2008,
30, 1187–1272.

124. Space Policy Review and Strategy on Protection of Satellites. Available online: https://media.defense.gov/2023/Sep/14/20033
01146/-1/-1/0/COMPREHENSIVE-REPORT-FOR-RELEASE.PDF (accessed on 24 February 2024).

125. National Security Space Strategy. Available online: https://www.dni.gov/files/documents/Newsroom/Reports%20and%20
Pubs/2011_nationalsecurityspacestrategy.pdf (accessed on 24 February 2024).

126. Natonal Space Policy of the United States of America. Available online: https://www.faa.gov/sites/faa.gov/files/2022-04/
National_Space_Policy.pdf (accessed on 24 February 2024).

127. Space Policy Directive-5. Available online: https://trumpwhitehouse.archives.gov/wp-content/uploads/2020/09/Factsheet-
SPD-5.pdf (accessed on 15 January 2024).

128. Housen-Couriel, D. Cybersecurity and Anti-Satellite Capabilities (ASAT): New Threats and New Legal Responses. J. Law Cyber

Warf. 2015, 4, 116–149. [CrossRef]
129. Frydenborg, B.E. SPECIAL REPORT: Already in a Cyberwar with Russia, NATO Must Expand Article 5 to Include Cyberwarfare.

Available online: https://realcontextnews.com/wp-content/uploads/2021/06/NATO-Cyberwarfare-Russia-Article-5-REPORT.
pdf (accessed on 20 February 2024).

130. CCSDS. Overview of Space Communications Protocols. Available online: https://public.ccsds.org/Pubs/130x0g2s.pdf (accessed
on 10 January 2024).

131. ETSI, 3GPP TS 23.041 Version 18.0.0 Release 18. Available online: https://www.etsi.org/deliver/etsi_TS/123000_123099/123041
/18.00.00_60/ts_123041v180000p.pdf (accessed on 10 January 2024).

132. ETSI, Digital Video Broadcasting (DVB); Generic Stream Encapsulation (GSE). Available online: https://www.etsi.org/deliver/
etsi_ts/102600_102699/10260601/01.02.01_60/ts_10260601v010201p.pdf (accessed on 10 January 2024).

133. Jiang, W. Software defined satellite networks: A survey. Digit. Commun. Netw. 2023, 9, 1243–1264. [CrossRef]

http://dx.doi.org/10.1109/PLANS.2018.8373405
http://dx.doi.org/10.1109/TAES.2018.2852199
http://dx.doi.org/10.1109/ACCESS.2017.2754414
http://dx.doi.org/10.1109/PLANS.2014.6851499
http://dx.doi.org/10.1109/NAVITEC.2014.7045136
http://dx.doi.org/10.1109/ICL-GNSS.2016.7533684
http://dx.doi.org/10.1109/PLANS.2014.6851394
http://dx.doi.org/10.1109/ACCESS.2020.2970203
http://dx.doi.org/10.1109/ICL-GNSS.2016.7533685
https://insidegnss.com/from-data-schemes-to-supersonic-codes/
http://dx.doi.org/10.33012/2017.15206
http://dx.doi.org/10.1155/2012/127072
http://dx.doi.org/10.1109/ICOMET.2019.8673518
https://www.faa.gov/about/office_org/headquarters_offices/ast/media/ treaty_Princi_Gov_Acti_States_OST.pdf
https://www.faa.gov/about/office_org/headquarters_offices/ast/media/ treaty_Princi_Gov_Acti_States_OST.pdf
https://media.defense.gov/2023/Sep/14/ 2003301146/-1/-1/0/COMPREHENSIVE-REPORT-FOR-RELEASE.PDF
https://media.defense.gov/2023/Sep/14/ 2003301146/-1/-1/0/COMPREHENSIVE-REPORT-FOR-RELEASE.PDF
https://www.dni.gov/files/documents/Newsroom/Reports%20and%20Pubs/2011_nationalsecurityspacestrategy.pdf
https://www.dni.gov/files/documents/Newsroom/Reports%20and%20Pubs/2011_nationalsecurityspacestrategy.pdf
https://www.faa.gov/sites/faa.gov/files/2022-04/National_Space_Policy.pdf
https://www.faa.gov/sites/faa.gov/files/2022-04/National_Space_Policy.pdf
https://trumpwhitehouse.archives.gov/wp-content/uploads/2020/09/Factsheet-SPD-5.pdf
https://trumpwhitehouse.archives.gov/wp-content/uploads/2020/09/Factsheet-SPD-5.pdf
http://arxiv.org/abs/26441259
https://realcontextnews.com/wp-content/uploads/2021/06/NATO-Cyberwarfare-Russia-Article-5-REPORT.pdf
https://realcontextnews.com/wp-content/uploads/2021/06/NATO-Cyberwarfare-Russia-Article-5-REPORT.pdf
https://public.ccsds.org/Pubs /130x0g2s.pdf
https://www.etsi.org/deliver/etsi_TS/123000_123099/ 123041/18.00.00_60/ts_123041v180000p.pdf
https://www.etsi.org/deliver/etsi_TS/123000_123099/ 123041/18.00.00_60/ts_123041v180000p.pdf
https://www.etsi.org/deliver/ etsi_ts/102600_102699/10260601/01.02.01_60/ts_10260601v010201p.pdf
https://www.etsi.org/deliver/ etsi_ts/102600_102699/10260601/01.02.01_60/ts_10260601v010201p.pdf
http://dx.doi.org/10.1016/j.dcan.2023.01.016


Sensors 2024, 24, 2897 44 of 45

134. Bi, Y.; Han, G.; Xu, S.; Wang, X.; Lin, C.; Yu, Z.; Sun, P. Software defined space-terrestrial integrated networks: Architecture,
challenges, and solutions. IEEE Netw. 2019, 33, 22–28. [CrossRef]

135. Ferrús, R.; Koumaras, H.; Sallent, O.; Agapiou, G.; Rasheed, T.; Kourtis, M.A.; Boustie, C.; Gélard, P.; Ahmed, T. SDN/NFV-
enabled satellite communications networks: Opportunities, scenarios and challenges. Phys. Commun. 2016, 18, 95–112. [CrossRef]

136. Han, Z.; Zhao, G.; Xing, Y.; Sun, N.; Xu, C.; Yu, S. Dynamic routing for software-defined LEO satellite networks based on ISL
attributes. In Proceedings of the 2021 IEEE Global Communications Conference (GLOBECOM), Madrid, Spain, 7–11 December
2021; pp. 1–6.

137. Jia, M.; Zhu, S.; Wang, L.; Guo, Q.; Wang, H.; Liu, Z. Routing algorithm with virtual topology toward to huge numbers of LEO
mobile satellite network based on SDN. Mob. Netw. Appl. 2018, 23, 285–300. [CrossRef]

138. Kumar, P.; Bhushan, S.; Halder, D.; Baswade, A.M. fybrrlink: Efficient qos-aware routing in sdn enabled future satellite networks.
IEEE Trans. Netw. Serv. Manag. 2021, 19, 2107–2118. [CrossRef]

139. Pan, C.; Shi, J.; Yang, L.; Kong, Z. Satellite network load balancing strategy for SDN/NFV collaborative deployment. In
Proceedings of the 2019 IEEE SmartWorld, Ubiquitous Intelligence & Computing, Advanced & Trusted Computing, Scal-
able Computing & Communications, Cloud & Big Data Computing, Internet of People and Smart City Innovation (Smart-
World/SCALCOM/UIC/ATC/CBDCom/IOP/SCI), Leicester, UK, 19–23 August 2019; pp. 1406–1411.

140. Jiang, Z.; Wu, Q.; Li, H.; Wu, J. scMPTCP: SDN cooperated multipath transfer for satellite network with load awareness. IEEE

Access 2018, 6, 19823–19832. [CrossRef]
141. Ma, Z.; Di, X.; Li, J.; Cong, L.; Li, P. MPTCP based load balancing mechanism in software defined satellite networks. In

Proceedings of the Wireless and Satellite Systems: 10th EAI International Conference, WiSATS 2019, Harbin, China, 12–13 January
2019; Proceedings, Part I 10; Springer: Berlin/Heidelberg, Germany, 2019; pp. 294–302.

142. Tao, X.; Ota, K.; Dong, M.; Qi, H.; Li, K. Congestion-aware scheduling for software-defined SAG networks. IEEE Trans. Netw. Sci.

Eng. 2021, 8, 2861–2871. [CrossRef]
143. Caini, C. Delay-tolerant networks (DTNs) for satellite communications. In Advances in Delay-Tolerant Networks (DTNs); Elsevier:

Amsterdam, The Netherlands, 2021; pp. 23–46.
144. Dai, H.N.; Wu, Y.; Imran, M.; Nasser, N. Integration of blockchain and network softwarization for space-air-ground-sea integrated

networks. IEEE Internet Things Mag. 2022, 5, 166–172. [CrossRef]
145. Al Homssi, B.; Dakic, K.; Wang, K.; Alpcan, T.; Allen, B.; Boyce, R.; Kandeepan, S.; Al-Hourani, A.; Saad, W. Artificial intelligence

techniques for next-generation massive satellite networks. IEEE Commun. Mag. 2023, 62, 66–72. [CrossRef]
146. Fourati, F.; Alouini, M.S. Artificial intelligence for satellite communication: A review. Intell. Converg. Netw. 2021, 2, 213–243.

[CrossRef]
147. Pellaco, L.; Singh, N.; Jaldén, J. Spectrum prediction and interference detection for satellite communications. In Proceedings of

the 37th International Communications Satellite Systems Conference (ICSSC-2019), Okinawa, Japan, 29 October–1 November
2019; pp. 1–18.

148. Henarejos, P.; Vázquez, M.Á.; Pérez-Neira, A.I. Deep learning for experimental hybrid terrestrial and satellite interference
management. In Proceedings of the 2019 IEEE 20th International Workshop on Signal Processing Advances in Wireless
Communications (SPAWC), Cannes, France, 2–5 July 2019; pp. 1–5.

149. Bae, S.; Kim, S.; Kim, J. Efficient frequency-hopping synchronization for satellite communications using dehop-rehop transponders.
IEEE Trans. Aerosp. Electron. Syst. 2016, 52, 261–274. [CrossRef]

150. Xiao, L.; Jiang, D.; Xu, D.; Zhu, H.; Zhang, Y.; Poor, H.V. Two-dimensional antijamming mobile communication based on
reinforcement learning. IEEE Trans. Veh. Technol. 2018, 67, 9499–9512. [CrossRef]

151. Han, C.; Liu, A.; Wang, H.; Huo, L.; Liang, X. Dynamic anti-jamming coalition for satellite-enabled army IoT: A distributed game
approach. IEEE Internet Things J. 2020, 7, 10932–10944. [CrossRef]

152. Deng, B.; Jiang, C.; Yao, H.; Guo, S.; Zhao, S. The next generation heterogeneous satellite communication networks: Integration of
resource management and deep reinforcement learning. IEEE Wirel. Commun. 2019, 27, 105–111. [CrossRef]

153. Ashiku, L.; Dagli, C. Network Intrusion Detection System Using Deep Learning. Procedia Comput. Sci. 2021, 185, 239–247.
[CrossRef]

154. Chen, H.; Xiao, M.; Pang, Z. Satellite-Based Computing Networks with Federated Learning. IEEE Wirel. Commun. 2022, 29, 78–84.
[CrossRef]

155. So, J.; Hsieh, K.; Arzani, B.; Noghabi, S.; Avestimehr, S.; Chandra, R. FedSpace: An Efficient Federated Learning Framework at
Satellites and Ground Stations. arXiv 2022, arXiv:2202.01267. [CrossRef]

156. Lin, X.; Xiong, G.; Gou, G.; Li, Z.; Shi, J.; Yu, J. ET-BERT: A Contextualized Datagram Representation with Pre-training
Transformers for Encrypted Traffic Classification. In Proceedings of the ACM Web Conference 2022—WWW ’22, New York, NY,
USA, 25 April 2022; pp. 633–642. [CrossRef]

157. Bu, Z.; Zhou, B.; Cheng, P.; Zhang, K.; Ling, Z.H. Encrypted Network Traffic Classification Using Deep and Parallel Network-in-
Network Models. IEEE Access 2020, 8, 132950–132959. [CrossRef]

158. Dong, S. Multi Class SVM Algorithm with Active Learning for Network Traffic Classification. Expert Syst. Appl. 2021, 176, 114885.
[CrossRef]

159. Izadi, S.; Ahmadi, M.; Nikbazm, R. Network Traffic Classification Using Convolutional Neural Network and Ant-Lion Optimiza-
tion. Comput. Electr. Eng. 2022, 101, 108024. [CrossRef]

http://dx.doi.org/10.1109/MNET.2018.1800193
http://dx.doi.org/10.1016/j.phycom.2015.10.007
http://dx.doi.org/10.1007/s11036-017-0948-0
http://dx.doi.org/10.1109/TNSM.2021.3129876
http://dx.doi.org/10.1109/ACCESS.2018.2820719
http://dx.doi.org/10.1109/TNSE.2021.3055372
http://dx.doi.org/10.1109/IOTM.004.2100098
http://dx.doi.org/10.1109/MCOM.004.2300277
http://dx.doi.org/10.23919/ICN.2021.0015
http://dx.doi.org/10.1109/TAES.2015.150062
http://dx.doi.org/10.1109/TVT.2018.2856854
http://dx.doi.org/10.1109/JIOT.2020.2991585
http://dx.doi.org/10.1109/MWC.001.1900178
http://dx.doi.org/10.1016/j.procs.2021.05.025
http://dx.doi.org/10.1109/MWC.008.00353
http://arxiv.org/abs/2202.01267
http://dx.doi.org/10.1145/3485447.3512217
http://dx.doi.org/10.1109/ACCESS.2020.3010637
http://dx.doi.org/10.1016/j.eswa.2021.114885
http://dx.doi.org/10.1016/j.compeleceng.2022.108024


Sensors 2024, 24, 2897 45 of 45

160. Selva, D.; Golkar, A.; Korobova, O.; Cruz, I.L.i.; Collopy, P.; de Weck, O.L. Distributed earth satellite systems: What is needed to
move forward? J. Aerosp. Inf. Syst. 2017, 14, 412–438. [CrossRef]

161. Munro, W.J.; Piparo, N.; Dias, J.; Hanks, M.; Nemoto, K. Designing tomorrow’s quantum internet. AVS Quantum Sci. 2022, 4,
020503. [CrossRef]

162. Wehner, S.; Elkouss, D.; Hanson, R. Quantum internet: A vision for the road ahead. Science 2018, 362, eaam9288. [CrossRef]
[PubMed]

163. Kimble, H.J. The quantum internet. Nature 2008, 453, 1023–1030. [CrossRef] [PubMed]
164. Singh, A.; Dev, K.; Siljak, H.; Joshi, H.D.; Magarini, M. Quantum internet—applications, functionalities, enabling technologies,

challenges, and research directions. IEEE Commun. Surv. Tutor. 2021, 23, 2218–2247. [CrossRef]
165. Chiti, F.; Fantacci, R.; Picchi, R.; Pierucci, L. Towards the quantum internet: Satellite control plane architectures and protocol

design. Future Internet 2021, 13, 196. [CrossRef]
166. Lloyd, S.; Shapiro, J.H.; Wong, F.N.; Kumar, P.; Shahriar, S.M.; Yuen, H.P. Infrastructure for the quantum Internet. ACM

SIGCOMM Comput. Commun. Rev. 2004, 34, 9–20. [CrossRef]
167. Mastriani, M.; Iyengar, S.S. Satellite quantum repeaters for a quantum Internet. Quantum Eng. 2020, 2, e55. [CrossRef]
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