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Abstract—Low Earth Orbit (LEO) Earth Observation (EO)
satellites have changed the way we monitor Earth. Acting like
moving cameras, EO satellites are formed in constellations with
different missions and priorities, and capture vast data that needs
to be transmitted to the ground for processing. However, EO
satellites have very limited downlink communication capability,
limited by transmission bandwidth, number and location of
ground stations, and small transmission windows due to high-
velocity satellite movement. To optimize resource utilization, EO
constellations are expected to share communication spectrum and
ground stations for maximum communication efficiency.

In this paper, we investigate a new attack surface exposed by
resource competition in EO constellations, targeting the delay
or drop of Earth monitoring data using legitimate EO services.
Specifically, an attacker can inject high-priority requests to
temporarily preempt low-priority data transmission windows.
Furthermore, we show that by utilizing predictable satellite
dynamics, an attacker can intelligently target critical data from
low-priority satellites, either delaying its delivery or irreversibly
dropping the data. We formulate two attacks, the data delay
attack and the data overflow attack, design algorithms to assist at-
tackers in devising attack strategies, and analyze their feasibility
or optimality in typical scenarios. We then conduct trace-driven
simulations using real-world satellite images and orbit data to
evaluate the success probability of launching these attacks under
realistic satellite communication settings. We also discuss possible
defenses against these attacks.

Index Terms—Satellite constellation, Earth observation, Secu-
rity, Attack, Buffer overflow, Scheduling

I. INTRODUCTION

Low Earth Orbit (LEO) Earth observation (EO) constellations
have revolutionized Earth monitoring by employing numerous
low-orbit, low-cost small satellites, rather than a few high-
cost, high-altitude large satellites targeted only at specific
regions. EO constellations enable continuous, high-resolution
imaging of the entire Earth’s surface, significantly reducing
revisit times and enhancing observation frequency. EO data
is widely used in various fields, such as agriculture, forestry,
urban planning, and disaster management [1].

As EO satellites continuously scan Earth’s surface, they
generate vast monitoring data that must be transmitted to the
ground for processing and analysis. However, several factors
hinder efficient satellite data downlinking. Firstly, the geo-
graphical requirements and high costs of constructing ground
stations limit their number and distribution, resulting in few
available windows for downlinking data [2]. Secondly, the
high velocity of satellites results in short contact windows
with ground stations, typically lasting only 7-10 minutes [3],
[4]. Third, due to the physical limitations of radio frequency

spectrum allocation and atmospheric absorption, data rates
from satellite to ground station remain limited to an average
of 160 Mbit/s [5], even with a variety of bands and advanced
antenna design or modulation and coding schemes. These
factors lead to insufficient downlink resources for the satellite
data, necessitating onboard storage and resulting in delayed
transmission, ranging from a few hours to several days [6].

A trend in EO involves multiple types of constellations
collaboratively achieving mission goals. For instance, a low-
priority EO constellation consists of satellites with low-
resolution cameras sweeping the Earth’s surface for continuous
monitoring, while a much smaller high-priority constellation
with high-resolution cameras focus on specific Areas of In-
terest (AoIs) based on results from low-priority satellites
and/or requests from users [6]. Furthermore, constellations are
increasingly supporting user-scheduled time-sensitive sensing
tasks to enable critical use cases such as rapid disaster response
or real-time emergency management [7], and will prioritize
transmission of such user-scheduled high-priority tasks over
the default (low-priority) monitoring tasks via fast tracked data
delivery to the ground [8].

In face of limited ground stations, the low- and high-priority
constellations may share communication channels and ground
stations to maximize the chance and data rate of downlink
communication [9]. When there is a high-priority request such
as monitoring the spread of forest fires at a specific location
from a user, the low-priority satellites may be preempted of
their communication resources to prioritize high-value data
transmission, in which case the low-priority monitoring data
must be stored until there is a future transmission opportunity.

This paper investigates the possibility that an attacker may
utilize the sharing of communication resources and opportu-
nities among mixed-priority EO satellites to launch intelligent
attacks targeting critical data captured by low-priority EO
satellites. Such attacks include, for instance, delaying the
downlink of target data captured at a certain time and location,
or dropping such data from the internal storage of a satellite
before it can be downlinked. In doing so, for instance, the
attacking entity (potentially a nation or organization) may aim
to prevent downlink and analysis of sensitive information, such
as regional warfare strategies or illegal operations, without
launching large-scale, easily detectable attacks such as dis-
abling a large number of ground stations (as happened at the
beginning of the Russia-Ukraine conflict) [10] or jamming all
satellite communication channels [11], [12].

We explore a new attack surface that exploits the compe-
tition for limited downlink resources between different types979-8-3503-5171-2/24/$31.00 ©2024 IEEE
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of EO satellites. Specifically, when an attacker deliberately
schedules tasks from high-priority satellites that shares the
limited downlink resources with a low-priority satellite, the
latter will have to wait for the next transmission opportunity,
leading to data on the low-priority satellite being delayed.
If data accumulated on the low-priority satellite exceeds the
internal storage limit, some data will be dropped. Specifically,
by leveraging the predictable dynamics of satellites, including
orbit information, scheduling policies, and queue status on the
satellite, an attacker can intelligently select its attack strategy,
such as how many/which transmission windows to attack, to
make its attack more viable and less detectable. In this paper,
we formalize data delay and data overflow problems, where an
attacker targets a specific piece of data to delay or drop, and
design two algorithms to solve these problems. Our attack can
be planned or even launched before the target data is captured
by a satellite, and utilize only legitimate services provided by
different EO constellations, thus making the attack easy to
launch and the attack target hard to locate or protect.

The contribution of this paper is listed as follows:
• We explore and propose a new type of attack targeting

data captured by certain EO satellites that share commu-
nication resources with others, utilizing the shared com-
munication resources to delay or prevent the downlink of
the target data via legitimate EO service requests.

• We formulate two possible attack goals of an adversary:
the data delay attack and the data overflow attack, and
devise algorithms to find feasible attack strategies con-
sidering orbital dynamics, bandwidth, storage, and attack
costs. We analyze the feasibility or optimality of our
algorithms in typical attack scenarios.

• We evaluate the attacks using real-world satellite orbital
dynamics and imaging data, demonstrating their practical
implications and effectiveness.

Organization. §II introduces background and related work.
§III formalizes the system model. §IV describes the overview
of two attacks. §V and §VI present the data delay attack and
the data overflow attack. §VII addresses practical considera-
tions of launching the attacks. §VIII presents the evaluation
results. §IX describes some countermeasures against the pro-
posed attacks. §X concludes the paper.

II. BACKGROUND AND RELATED WORK

A. Earth Observation Constellations

Satellites positioned at altitudes below 2000km are called LEO
satellite. When used for Earth observation, these satellites are
formed in EO constellations that continuously monitor the
Earth’s surface with high resolution and low costs, and can
offer detailed and frequent data for tracking environmental
changes, managing disasters, monitoring resources, etc.

Here, we use the constellations operated by Planet Labs [6]
as an example to illustrate the structure of EO constellations1.
Planet Labs hosts the world’s largest commercial EO constel-

1While our attacks are motivated by Planet Labs, they can be applied to any
constellations that (partially) share ground stations for data downlink.
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Fig. 1: EO constellations operated by Planet Labs [6].

lations, with over 150 satellites currently in LEO orbits [9]. As
shown in Fig. 1, Planet Labs currently has two constellations:
the Dove constellation and the SkySat constellation. The Dove
constellation offers continuous imaging with daily medium-
resolution imagery of 3.7 meters per pixel, covering the
entire Earth’s surface. The Dove constellation has a daily
data collection capability of 200 million km2 [2] and cap-
tures 120TB of data per day [4]. The SkySat constellation,
comprising 21 satellites, focuses on high-resolution imagery
of areas of interest at 0.65 meters per pixel, and offers on-
demand collection with less than 15% cloud cover, prioritizing
areas with high demand. This constellation allows users to
submit tasks with flexible scheduling options, including pre-
scheduled, monthly, weekly, daily, or sub-daily for specified
areas and time frames, featuring different delivery strategies
for various orders [6], [13]. Specifically, the two constellations
can work collaboratively for an EO user. For instance, a
user may first use the large amount of data generated by
Dove satellites to locate areas of interest, and then use the
SkySat satellites to capture high-quality data of those areas
at specific times. Currently, there are no Inter-Satellite Links
(ISLs) implemented for the constellations [2].

Ground stations of the constellations utilize S-band for up-
link and X-band for downlink communications [14]. Currently,
there are only a handful of ground stations globally to support
downlink transmissions [4], [15]. A typical pass, during which
a downlink X-band lock is established and maintained with a
ground station for reliable communication and data transfer,
lasts only 7-10 minutes and requires precise antenna pointing
with errors of less than 0.2 degrees [16]. The data rates from
satellite to ground station are limited to an average of 160
Mbit/s [5]. Given the limited communication resources and
windows, it is expected that most of a satellite’s captured data
needs to be stored in its internal storage for some period of
time before being downlinked via a ground station. This has
motivated the study of buffer management in these satellites.

B. Related Work
Our attacks are related to existing works that study buffer man-
agement for satellites/spacecrafts given the limited communi-
cation capabilities. While many works have studied scheduling
data collection, downlink or in-orbit computing for improving
throughput and reducing latency and data loss [4], [17]–[24],
their scope is limited to a single satellite or constellation,
and neglects the inter-play among satellites between different
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constellations. Beyond buffers in the space, queuing analysis
has been widely studied in traditional and wireless sensor
networks. These studies focus on evaluating the performance
of network systems by examining the delay and throughput
characteristics of data packets [25]–[32]. Some works have
targeted the utilization of queue dynamics for buffer overflow
distribution analysis [33], [34], but they are limited to specific
queue models with certain input and output patterns. Some
works have examined buffer attacks on single-node High Per-
formance Computing (HPC) systems or targeted the memory
bus of a single machine [35], [36], which address a inherently
different problem space from ours. To our knowledge, no
existing work has studied buffer management through an
adversarial lens, where an adversary can utilize the knowledge
towards the scheduling policy to launch data-oriented attacks.

III. SYSTEM MODEL

A. EO Constellations in Low Earth Orbit

As shown in Fig. 2, we consider two EO constellations of
LEO satellites: a high-priority constellation Sh and a low-
priority constellation Sl. They use the same set of ground
stations with a limited number of antennas, and compete for
limited downlink resources over the same spectrum bands.
Data collected by high-priority satellites has a higher priority
and needs to be transmitted to ground stations as quickly
as possible. Data is collected on a per data unit (e.g., per
image) basis. The system time is discretized into time slots
T = {0, 1, 2, . . . ,T }. The data amount collected from si∈Sl

at t∈T is denoted as Isi(t).
Each satellite si ∈ Sl has a limited internal storage with

capacity csi . As shown in Fig. 3, captured Earth data is stored
in the storage before being transmitted to a ground station.
We define the onboard queue of a satellite as a waiting line
where data units are held until they can be transmitted out or
dropped due to limited storage capacity.

We assume the onboard queue is a first-in-first-out (FIFO)
queue; in other words, the data in the queue is transmitted
or dropped in the order of arrival. For the satellite-ground
station assignment, ground station access for low-priority
satellites are prioritized based on proximity and assigned
using the Hungarian algorithm [37], which is most commonly
used in assigning communication channels between satellites
and ground stations [4], [17]; satellites closer to the ground
station within a time slot receive superior access, ensuring
more stable communication with less signal attenuation. High-
priority satellites, when contending for a ground station with
low-priority satellites, are given precedence to utilize any idle
antenna. In the absence of an available idle antenna, high-
priority satellites are authorized to occupy antennas initially
assigned to low-priority satellites. Consequently, displaced
low-priority satellites are unable to use the occupied antennas
until they become available again. The transmissible time slot
set of satellite si is denoted as Xsi , which is the set of
time slots during which the satellite si has the opportunity to
transmit data to one of the ground stations. Note that, while we
describe our attacks using a typical queue model (FIFO) and
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Fig. 2: EO constellations example consists of 4 low-priority satellites, 3 high-
priority satellites, and 2 ground stations with 2 antennas each. Tx represents
the transmissible indicator, and Att represents the attackable indicator.
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Fig. 3: Onboard queue evolution. Low-priority satellites scan the Earth’s
surface, generating onboard queue input data. Data in the queue is either
downlinked to a ground station or dropped due to limited storage capacity.

satellite-ground station assignment scheme, our attacks can
also be applied to other types of queue models and assignment
algorithms, as long as these are known to the attacker.

B. Threat Model

Given a set of target data, denoted as Θ, the data consists of
a series of images, video fragments, or other types of data
that can be captured and transmitted by a target low-priority
satellite s∗ ∈ Sl at a certain time and location. We consider
an active attacker seeking to either delay the downlink of Θ
or drop Θ before it reaches the ground.

The attacker can only use legitimate services provided by
the high-priority EO constellation, which allow their customers
to collect and downlink data according to their interests. The
attacker cannot access any other undisclosed information or
functions. Specifically, the attacker knows all satellites’ orbit
dynamics, the location and configuration of shared ground
stations, and the data capture pattern, image size, and average
downlink rate of low-priority satellites from public sources;
we justify these assumptions in §VII.

The attacker deliberately schedules downlink tasks for the
satellites in the high-priority constellation, causing them to
occupy s∗’s originally allocated downlink resource at certain
time slots, thereby disrupting the data transmission of s∗ and
delaying the downlink of Θ. With s∗ continuously generating
new data and onboard data being queued by the attacker’s
designed strategy, Θ can be deliberately dropped. We consider
the most challenging scenario for the attacker, where high-
priority satellites lack data to preempt s∗’s downlink resource,
as natural preemption would lower the attacker’s cost.

All time slots that the attacker decides to attack s∗ constitute
the attack strategy Ys∗ . A time slot t is “attackable” if there
are a sufficient number of high-priority satellites available to
occupy s∗’s downlink resource. All the attackable time slots
of s∗ form the attackable time slot set As∗ . Fig. 2 shows
an example of the transmissible and attackable status for 4
low-priority satellites in one time slot. Satellite A cannot
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transfer data out since no ground station is available, making
the current time slot neither transmissible nor attackable to
it. Satellite B connects to one ground station, with only one
high-priority satellite competing, making it transmissible but
not attackable. Satellites C and D can connect to a ground
station, making the time slot transmissible, but competition
from high-priority satellites makes it attackable.

The cost of attacking a time slot t is denoted as ρs∗(t).
Different cost functions can be applied depending on how
services are priced in the real world and/or the amount of
additional resources (such as fake user accounts) an attacker
requires to launch an attack. In our evaluation, we consider
costs that are proportional to the number of high-priority
satellites involved, assuming that scheduling a service request
for a particular satellite at a given time has a fixed price. The
costs for all time slots are denoted as ρs∗ .

Overall, the attacker can conduct two types of attacks:
• Data Delay Attack. The attacker aims to prevent the

target data from being downlinked to the ground station
until a specified later time, with minimum cost.

• Data Overflow Attack. The attacker aims to target data
being dropped due to the limited onboard queue capacity.

C. Queue Evolution Model

As mentioned in §III-A, we consider a FIFO queue for the
onboard data. Since data is collected on a per data unit basis,
we use |Θ| to represent the number of data units in Θ and use
τ ∈Θ to denote the data unit in Θ that is captured at time T (τ).
Specifically, τ̃ ≜ argmaxτ∈Θ{T (τ)} denotes the last data unit
in Θ. The onboard queue of s∗ at time slot t under the attack
strategy Ys∗ is denoted as Qs∗(t,Ys∗) with overall length
Qs∗(t,Ys∗), and the sub-queue including and preceding τ is
denoted as Qs∗(τ, t,Ys∗) with length Qs∗(τ, t,Ys∗). Given an
attack start time t0∈T, the state of the EO constellations with
respect to Θ without any attack for s∗ can be represented as
{(Xs∗ ,As∗ ,Qs∗(t0, ∅), Qs∗(τ, t0, ∅), cs∗), τ ∈ Θ}.

To model the two ways data is consumed in the onboard
queue, we define the data amount downlinked to the ground
station and the dropped data amount at time slot t from
Qs∗(t,Ys∗) as Os∗(t,Ys∗) and Ds∗(t,Ys∗)≜max{0, Qs∗(t−
1,Ys∗) + Is∗(t)−Os∗(t,Ys∗)− cs∗}, respectively. We round
up Ds∗(t,Ys∗) to maxt∈T{O(t,Ys∗)} if 0 < Ds∗(t,Ys∗) <
maxt∈T{O(t,Ys∗)} to ensure that the delay time caused by
the attack is per time slot. A data overflow occurs at time slot
t when the onboard queue reaches its full capacity and has to
drop some data, i.e., Ds∗(t,Ys∗) > 0.

The queue length at time slot t of s∗ is updated as
Qs∗(t,Ys∗)=min{cs∗ , Qs∗(t−1,Ys∗)+Is∗(t)−Os∗(t,Ys∗)}.

The sub-queue length at time slot t of s∗ is

Qs∗(τ, t,Ys∗)=max{0, Qs∗(τ, t0, ∅)−
∑t

t′=t0
∆s∗(t

′,Ys∗)},
where ∆s∗(t,Ys∗)≜Os∗(t,Ys∗)+Ds∗(t,Ys∗).

To describe how the attack strategy affects the final down-
link time of τ , we define the expected downlink time of τ
under attack strategy Ys∗ as

te(τ,Ys∗) ≜ min
t
{Qs∗(τ, t,Ys∗) = 0}.
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Fig. 4: Overview of data delay and data overflow attacks.

If τ is dropped due to the attack strategy Ys∗ , then te(τ,Ys∗)=
∞. We define a metric called the attack strength for a time
slot t′ given an attack strategy Ys∗ with respect to τ as
Φτ (Ys∗ , t′)≜ te(τ,Ys∗∪{t′})−te(τ,Ys∗). This measures the
additional delay when t′ is additionally attacked, compared to
attacking only the time slots in Ys∗ . The overall attack strength
of Ys∗ for τ is Φτ (Ys∗) ≜ te(τ,Ys∗)−te(τ, ∅), measuring the
total delay for τ caused by Ys∗ compared to no attack.

IV. OVERVIEW

In this section, we give an overview of data delay attack and
data overflow attack. The position of the target data in the
onboard queue of satellite A under a data delay attack and in
the onboard queue of satellite B under a data overflow attack
is shown in Fig. 4.

The data delay attack is devised to prolong the delay of
target data transmission from a low-priority satellite to the
ground station. By targeting specific data and its corresponding
satellite, the attacker schedules tasks to high-priority satellites,
thereby occupying the time slots typically used by the target
low-priority satellite for downlink. Consequently, the targeted
data must wait longer for additional available time slots to
downlink, resulting in significant delays in data retrieval and
potential mission-critical impacts. We design an algorithm to
enable the attacker to find the minimum cost attack strategy
in §V. We show that when targeting unit data, our algorithm
can always find a feasible attack strategy when one exists, and
is optimal in terms of cost by proving its optimality when the
queue is not empty upon initialization—an assumption typi-
cally met in practice due to limited communication resources.

The data overflow attack, exploiting the limited onboard
capacity of satellites, poses a more severe threat than the
data delay attack and leads to the dropping of the target data,
rendering it irrecoverable. As EO satellites continually collect
new data, the objective of an attacker is to find an attack
strategy that keeps the target data onboard until it is dropped
when new data occupy its space. This requires more delicate
control over when and which time slots to attack, as attacking
more slots may not result in a higher attack success probability.
We devise an algorithm to search for the attack strategy, and
for unit data as the target, our algorithm can return a feasible
attack strategy whenever one exists. See §VI for more details.

Due to page limits, we provide proof sketches for the lemma
and theorems in our theoretical analysis in the Appendix, with
the full proofs available in an extended version [38].
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data’s downlink time. Assume the attack at t′′ causes a data overflow. The
data amount overflowed due to the attack equals the data amount meant to be
downlinked during the attacked time slot; we denote this value as α.

V. DATA DELAY ATTACK

An attacker aiming to execute a data delay attack seeks to
prevent critical data on the target satellite from being down-
linked to the ground station before a specific time. This data
may involve real-time and highly urgent commands, such as
those required for disaster response or key military operations.
Delaying this data can cause confusion and disrupt crucial
decisions. The attacker needs to choose suitable time slots and
schedule high-priority satellite tasks to compete with the target
satellite for ground station access. This competition results in
the target satellite having no downlink resources available at
the attacked time slots, forcing it to queue data onboard. The
data queued before the target data takes longer to downlink,
thereby delaying the target data’s downlink time. An example
of the data delay attack is shown in Fig. 5.

An attacker’s goal is to find an attack strategy that can delay
the target data beyond a certain threshold, called the target
downlink time t∗(τ̃) > te(τ̃ , ∅), with the minimum attack cost.
We define the Data Delay problem of finding the optimal data
delay attack strategy as follows:
Definition 1. Given the state of EO constellations
{(Xs∗ ,As∗ ,Qs∗(t0, ∅), Qs∗(τ, t0, ∅), cs∗), τ ∈ Θ} at the at-
tack start time t0 for the target data Θ on satellite s∗, the
Data Delay problem is to identify an attack strategy Ys∗ that
prevents Θ from being downlinked to the ground station until
the target downlink time t∗(τ̃), with minimum cost. This can
be formulated as follows:

min
Ys∗

∑
t∈Ys∗

ρs∗(t) s.t. te(τ̃ ,Ys∗) > t∗(τ̃).

Intuitively, if the satellite’s internal storage is infinite, then
attacking a transmissible time slot before the target data
downlink will directly result in the target data’s downlink time
being delayed by one transmissible time slot. However, what
complicates the attack strategy is that if an attack results in

Algorithm 1: Data Delay Attack
Input: Target data Θ, target downlink time t∗(τ̃), EO

constellations state {(Xs∗ ,As∗ ,Qs∗(t0, ∅),
Qs∗(τ, t0, ∅), cs∗), τ ∈ Θ}, attack cost set ρs∗

Output: Attack strategy Ys∗
1 Ys∗ ← ∅;
2 for τ ∈ Θ do
3 te(τ,Ys∗)← mint{t|Qs∗(τ, t,Ys∗) = 0};
4 tlb(τ,Ys∗)← max{t0,maxt{t|Qs∗(t,Ys∗) =

cs∗ and t0 ≤ t < te(τ)}};
5 if data unit τ is dropped then return Ys∗ ;
6 while te(τ,Ys∗)− te(τ, ∅) ≤ t∗(τ̃)− te(τ̃ , ∅) do
7 T̂τ ← {t|tlb(τ,Ys∗) < t ≤ te(τ,Ys∗) and t ∈

As∗ and t /∈ Ys∗};
8 if T̂τ = ∅ then return Attack Fail;
9 t̂← argmint∈T̂τ

{ρs∗(t)};
10 Ys∗ ← Ys∗ ∪ {t̂};
11 te(τ,Ys∗)← mint{t|Qs∗(τ, t,Ys∗) = 0};
12 if te(τ,Ys∗) =∞ (τ is dropped) then
13 return Attack strategy Ys∗ ;

14 tlb(τ,Ys∗)← max{t0,maxt{t|Qs∗(t,Ys∗) =
cs∗ and t0 ≤ t < te(τ,Ys∗)}};

15 return Attack strategy Ys∗ ;

the onboard queue being full at this time slot or some time
later than the attacked slot but before the target downlink time,
then further attacking any slot before or during the onboard
queue being full will have no impact on further delaying
the downlink time of the target data. As shown in Fig. 6,
regardless of whether an attack occurs at t′ or not, by the
end of t′′, the amount of data ahead of the target data is
the same as it would be if no attack had occurred up to t′′.
To model the queue full condition, we define tlb(τ,Ys∗) ≜
max{t0,maxt{Qs∗(t,Ys∗)= cs∗ and t0≤ t< te(τ,Ys∗)}} as
the last time slot when the queue is full before the data unit τ
is transmitted under the attack strategy Ys∗ . If no data overflow
occurs before τ is transmitted out, then tlb(τ,Ys∗) = t0.

The following lemma shows that attacks on time slots at or
before the queue is full do not delay the data unit τ ∈ Θ.

Lemma 1. Given a data unit τ , an attack strategy Ys∗ and
a set As∗(tlb(τ,Ys∗))≜ {t|t ∈ As∗ and t0 <t≤ tlb(τ,Ys∗)},
te(τ,Ys∗∪A′)= te(τ,Ys∗) for all A′ ⊆ As∗(tlb(τ,Ys∗)).

Based on Lemma 1, we devise Algorithm 1 to find a feasible
data delay attack strategy and prove its optimality for unit
target data. We first initialize the attack strategy Ys∗ . Then for
each data unit τ ∈ Θ, we get the expected downlink time and
the last queue full time without any attack (lines 1-4). If τ is
dropped without any attack, then we do not need to conduct the
delay attack (line 5). If the evacuation time te(τ,Ys∗)−te(τ, ∅)
is smaller than the target duration t∗(τ̃) − te(τ,Ys∗), which
means τ needs more attack time slots to delay longer, we then
begin to find the minimum cost attack strategy for τ (line 6).
We first construct a set T̂τ that contains all the attackable time
slots that potentially have attack strength for τ (line 7). Then
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Fig. 7: The data overflow attack. Without an attack, the target data would be
downlinked to the ground station at t3. After attacks at t2 and t4, the target
data is irretrievably dropped at t4.

we find the minimum cost attack time slot in T̂τ as t̂ (line 9).
If multiple attackable slots have the same cost, the earliest
one is chosen. If the set T̂τ is empty, indicating the absence
of any time slot that can be attacked, then the attack fails and
τ can be transmitted before t∗(τ̃) no matter how the attacker
attacks (line 8). If t̂ is found, we add t̂ to the attack strategy
Ys∗ and update the expected downlink time te(τ,Ys∗) and
the last queue full time tlb(τ,Ys∗) (lines 10-14). These two
times need to be updated because additional attacks on t̂ might
influence whether further exploration of new attack time slots
is needed and exclude time slots that definitely do not have
attack strength. We repeat the process until the delay target is
met (line 6), or if the target data is dropped (line 13).

EO satellites operate on predefined orbits, covering large
regions of the Earth at fixed times. If the attacker’s goal is
to delay or drop data of a specific location at a specific time,
due to imaging frequency limitations, only a few or possibly
just one data unit may be a uniquely valuable resource. In
the following, we analyze the completeness and optimality of
Algorithm 1 in finding the minimum cost attack strategy for
single-unit target data, which suffices for many attack tasks.
Theorem 1. When |Θ| = 1 and Qs∗(t, ∅) > 0 for all t ∈ T,
if there exists a feasible solution that can delay the target
data until the target downlink time, then Algorithm 1 will
always terminate with a feasible attack strategy which has
the minimum cost for the Data Delay problem.

VI. DATA OVERFLOW ATTACK

For the data overflow attack, given target data Θ, the goal
of the attacker is to induce data overflow on the target
satellite s∗ so that the Θ is dropped. The attacker disrupts
the downlink process of s∗ by blocking specific attackable
time slots, consequently delaying the expected downlink time
for all data that is scheduled to be downlinked in subsequent
slots. With the satellite continuously capturing new data and
the attacker-caused delays resulting in additional data stored
onboard, the limited onboard storage will eventually fill up,
causing a data overflow. As the input data of the onboard
queue is not controlled by the attacker, the key point of the
data overflow attack is that the attacker needs to ensure that
the target data remains stored onboard until a data overflow
occurs, and that when the data overflow happens, Θ is at the
head of the queue, thereby ensuring that Θ can be dropped.
Fig. 7 gives an example of data overflow attack.

Algorithm 2: Data Overflow Attack
Input: Target data Θ, EO constellations state {(Xs∗ ,

As∗ ,Qs∗(t0, ∅), Qs∗(τ, t0, ∅), cs∗), τ ∈ Θ}
Output: Attack strategy Ys∗

1 Ys∗ ← ∅;
2 for τ ∈ Θ do
3 te(τ,Ys∗)← mint{t|Qs∗(τ, t,Ys∗) = 0};
4 tlb(τ, ∅)← max{t0,maxt{Qs∗(t0) = cs∗ and t0 ≤

t < te(τ,Ys∗)}};
5 Sort set {t|t ≥ te(τ,Ys∗) and t ∈ As∗} in

ascending order as Tn;
6 Sort set {t|t0 ≤ t < te(τ,Ys∗) and t ∈ As∗} in

descending order as Tp;
7 tn ← Tn.pop(), tp ← Tp.pop();
8 while τ is not be dropped do
9 if tn ≤ te(τ,Ys∗) then

10 Ys∗ ← Ys∗ ∪ {tn};
11 te(τ,Ys∗)← mint{t|Qs∗(τ, t,Ys∗) = 0};
12 tn ← Tn.pop();

13 else if Tp ̸= ∅ and tp > tlb(τ,Ys∗) then
14 Ys∗ ← Ys∗ ∪ {tp};
15 te(τ,Ys∗)← mint{t|Qs∗(τ, t,Ys∗) = 0};
16 tlb(τ,Ys∗)← max{t0,maxt{t|Qs∗(t,Ys∗)

= cs∗ and t0 ≤ t < te(τ)}};
17 tp ← Tp.pop();

18 else return Attack Fail;

19 return Attack strategy Ys∗ .

An attacker’s goal is to find a feasible attack strategy to drop
the onboard target data, preventing it from being downlinked
to the ground station. We define the Data Overflow problem of
finding the feasible data overflow attack strategy as follows:

Definition 2. Given the state of EO constellations
{(Xs∗ ,As∗ ,Qs∗(t0, ∅), Qs∗(τ, t0, ∅), cs∗), τ ∈ Θ} at the at-
tack start time t0 for the target data Θ on satellite s∗,
the Data Overflow problem is to find an attack strategy
Ys∗ that satisfies the following conditions: Qs∗(τ̃ , t,Ys∗) =
0 and Qs∗(t,Ys∗) = cs∗ for some t ≥ t0.

We design Algorithm 2 to solve the Data Overflow problem.
The attack begins by initializing the attack strategy Ys∗ as
an empty set (line 1). For each data unit τ , we calculate its
expected downlink time te(τ,Ys∗) and the initial queue full
time tlb(τ, ∅) without any attack (lines 3−4). In addition, we
generate two sets of time slots: Tn is the set of attackable
time slots at and after the initial image downlink time that are
sorted in ascending order, and Tp is the set of attackable time
slots before the initial image downlink time that are sorted
in descending order (lines 5−6). tn and tp are the next attack
time slot in Tn and Tp, respectively (line 7). If tn≤ te(τ,Ys∗),
which means we can attack the time slot tn and keep the target
data onboard and at the top of the queue, then we update the
expected downlink time te(τ,Ys∗) based on the new attack
strategy Ys∗ that includes the time slot tn and update tn to
the next element in Tn (lines 9−12). Else if tn > te(τ,Ys∗),
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Fig. 8: Dove 2473 satellite geographical trace from January 5 to 7, 2024.

which means the next attackable time slot in Tn cannot
contribute to delaying the downlink time of the target data,
we need to attack the time slot tp in Tp to delay the downlink
time of τ to make sure τ remains onboard (lines 13−17). If Tp

is empty or new data overflow happens due to the attack on tp,
then the attack fails (line 18). This means there is no available
attackable time slot to delay τ further; τ is downlinked before
it can be dropped. This process repeats for each target unit in
Θ until all are dropped. Theorem 2 shows the completeness
of Algorithm 2 for targeting a single data unit.
Theorem 2. When |Θ| = 1, Algorithm 2 terminates with
a feasible attack strategy for the Data Overflow problem
whenever a feasible solution exists.

VII. PRACTICAL CONSIDERATIONS

In this section, we analyze the feasibility of the attacks and
discuss noise tolerance in real-world scenarios.

Our attacks’ feasibility depends on three main conditions:
(1) contention for limited communication resources between
high- and low-priority satellites, (2) the attacker’s ability
to schedule transmission of high-priority tasks for specific
satellites at specific times, and (3) the attacker’s knowledge of
orbit information, scheduling policies, and the target satellite’s
queue status. We next explain why these conditions are very
likely met by current and future constellations.

(1) Resource contention. Given the high cost and environ-
mental requirements for building ground stations, sharing of
ground stations among multiple constellations are becoming
increasingly common for minimizing cost and maximizing
performance [39], [40]. For instance, the Ground Station
Operations team at Planet Labs Inc. has begun integrating
software and hardware architectures across different constel-
lations to support multiple missions through their ground
station networks, aiming to reduce on-orbit reaction latency
and increase the utilization of individual ground stations [9].

(2) Attacker’s ability to schedule transmission of high-
priority tasks. Critical applications such as rapid disaster
response or real-time emergency management require the de-
livering of user-scheduled high-priority, time-sensitive sensing
data to the ground, which is being supported by more and
more EO constellations. Such services can then be utilized
by an attacker to preempt low-priority transmission during
shared communication windows. For instance, Planet Labs
allows users to schedule Assured Tasking Orders at specific
times when satellites pass over designated areas [7], [41], and

have the data delivered with minimum delay via its Fast Track
Delivery service [8]. The data of such orders will be transmit-
ted as soon as possible in the next communication windows
after being generated, which opens up a possible avenue for
adversarial scheduling of such orders to launch an attack. The
attacker can further profile the delay in launching an attack,
by submitting multiple high-priority tasks and observing their
downlink/delivery times prior to launching the actual attack.

(3) Attacker’s knowledge of satellite orbits, scheduling,
and queues. Firstly, the orbit information for both low- and
high-priority satellites is publicly accessible [42], and since
they must adhere to the orbit parameters claimed before their
launch in FCC regulations, their future orbits are also pre-
dictable. Secondly, an attacker could obtain the communication
scheduling policy via various methods. For instance, there has
been extensive research on scheduling policy inference from
measurement data, using deep learning [43] or probabilistic
inference [44]. An attacker could also compromise a satellite
(possibly even an outdated or decommissioned one), a ground
station, or even a cloud-hosted copy of the satellite communi-
cation codebase, to uncover the scheduling policy. An insider
attack from within the operator’s organization is also possible.
Thirdly, an attacker can use various information sources to
assist in determining the initial queue’s data volume. Fig. 8
shows the data collection pattern of a single satellite over
three days. The satellite’s data collection is predictable and
periodically repeats, focusing solely on gathering data above
specific areas of the Earth’s surface. For a specific satellite,
the dynamics of data generation rate and captured images can
be reliably predicted. So if an attacker can determine the size
of the queue at a certain moment and utilize the queue’s data
generation and downlink patterns, it can relatively accurately
determine the initial queue size at the start of the attack.

To determine the queue size at a specific time, an attacker
with access to the satellite and ground station channel can
infer that a satellite’s queue is empty if it does not downlink
data during a transmissible window with no competition.
Without channel access, the attacker can infer this from
publicly available data via the open-source global network
of satellite ground stations [45]. Other starting points for the
attacker include evolving the queue from the target satellite’s
initial launch. Other methods could also be used to infer
queue status at a specific time, for instance, using input/output
communication patterns with fuzzy inference systems [46] or
other queue length estimation algorithms [47].

Dealing with estimation noise. An attacker may mis-
estimate data size and data rate in the real-world, which may
lead to failure of attacks if they are calculated based on
inaccurate information. Heuristic strategies can be employed
to deal with noise in such estimation. For instance, the attacker
can increase the attack’s robustness against noise by attacking
M extra data units both before and after its primary target
of N units. If it can find an attack strategy that is feasible
for all N+2M data units as the target, then even if noise in
queue dynamics or data rate estimation causes the attack to be
unsuccessful on some data at the beginning or the end, there is
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still a high chance that the true target of N units is successfully
attacked. We show that this strategy can significantly increase
both attacks’ robustness to estimation noise in §VIII.

There are other approaches to mitigate the impact of noise.
For example, in a data delay attack, the attacker can generate a
strategy to delay the target data past the target downlink time
by a few time slots. Alternatively, redundantly attacking mul-
tiple time slots near the target data’s downlink time can also
help combat noise. Since attack strategies can be generated
and tested through simulation, the attacker can tailor multiple
strategies for specific target data and select the most robust
one against noise for a real-world attack.

VIII. PERFORMANCE EVALUATION

A. Experiment Settings

We conducted a trace-driven simulation to evaluate the pro-
posed attacks. We obtained the real-world metadata of the
Planet Labs Dove satellite image data for January 2024 from
the Planet API [48]. We selected the top 10 Dove satellites
with the highest data generation on January 1st from the 118
satellites collecting data in January 2024 as the target satellites.
From these satellites, we randomly sampled 1000 images (100
images from each satellite) among the total of 321,744 images
generated by the entire Dove constellation.

Currently, the SkySat constellation consists of 21 satellites.
As more satellites are planned for launch in the future, we
extended the high-priority constellation to include 50 satellites
to explore potential future attack performance. The additional
29 high-priority satellites were selected from other companies’
EO constellations [49], prioritizing those with the most over-
lap in ground station sharing with Dove satellites. We also
assessed the attack performance by varying the number of
high-priority satellites, with the default setting as 50.

We utilized real-world orbit Two Line Elements (TLEs)
information [42] of all the satellites to simulate the satellite
constellation’s orbital dynamics. Twelve ground stations are
distributed around the world, each equipped with 4 antennas,
with a visibility threshold set at 5 degrees [4], [15]. The
average downlink rate from satellite to ground station was set
to 160Mbit/s, aligned with the real-world settings [5].

The onboard storage of a satellite is mainly limited by
volume and weight, and is non-upgradable after launched to
the space. We set the onboard storage to be 2000GB, which
is aligned with the existing Dove satellite [4]. We used image
as the type of data captured by the satellite; the data could be
any other type such as hyperspectral, radar, etc. The default
settings had an image size of 200MB, |Θ|= 4 for 4 images
as target data, an initial queue size of 500 images, and a
data rate of 160Mbit/s. We varied parameters such as image
size (ranging from 200MB to 500MB), data rate (ranging
from 80Mbit/s to 320Mbit/s), high-priority satellites number
(ranging from 21 to 50), and cost budget (ranging from 500
to 4000) to evaluate the impact of these factors on the attack
performance. Gaussian noise was added to simulate real-world
conditions where the attacker may not have precise knowledge
of the image size that may vary due to the nature of the
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Fig. 9: Attack success ratios vs. image size.
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Fig. 10: Attack success ratios vs. data rate.

data collected by the satellite or the different types of tasks,
or the data rate that fluctuates due to the weather or other
factors. The default setting had a standard deviation that was
0.1 times the true value, and we also varied this ratio from 0 to
0.4. To simulate the scenario where the attacker lacks precise
information regarding the initial queue size, we incorporated
random noise of ±10 images for the initial queue. For the data
delay attack, we explored delay times ranging from 1 hour to
24 hours, with 24 hours as the default value. Each experiment
was conducted with 10 different seeds to mitigate randomness.

B. Evaluation Results
We used Delay succ. ratio and OVF. succ. ratio to denote the
data delay attack success ratio and data overflow attack success
ratio, which were calculated by the number of successful
attacks divided by the total number of attacks attempted.
Vary image size. We evaluated the success ratio of the data
delay attack and data overflow attack under different image
sizes with and without noise, as illustrated in Fig. 9. The
box in this and the following figures extended from the first
quartile to the third quartile of the success ratio, with a line at
the median [50]. The whiskers extended from the box to the
maximum and minimum of the success ratio. We connected the
median of each box to show the trend as the x-axis changes.

Overall, attacks with noise had a lower success ratio than
those without, as the attack strategy was generated by the
attacker for a noise-free environment. For the data delay attack,
the success ratio increased as the image size increased. This
was because larger images required more time to downlink,
giving the attacker more opportunities to block the downlink
slots of the target satellite. The slight decrease in success ratio
observed at the image size of 300MB was attributed to the
increased likelihood of data overflow occurrences at this par-
ticular image size. Consequently, the available attackable time
slots were reduced, making it more challenging to identify an
attack strategy capable of delaying the target data for 24 hours.
The data overflow attack success ratio had a similar trend, with
the success ratio increasing as the image size increased.
Vary data rate. We evaluated success ratio of the two attacks
under different data rates, as shown in Fig. 10. For the data
delay attack, the success ratio with noise decreased as the data
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Fig. 11: Data overflow attack necessity varies under different settings.
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Fig. 12: Attack success ratios vs. number of high-priority satellites.
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Fig. 13: Attack success ratios vs. cost budget.

rate increased. This was because a higher data rate allowed
the target satellite to downlink images faster, reducing the
attacker’s chances of blocking the downlink slots. For the data
delay attack without noise, although the success ratio remained
relatively stable at 0.8, its trend varied with changes in data
rate. Specifically, it decreased from 80Mbps to 160Mbps,
then increased from 160Mbps to 320Mbps. This pattern arose
because at a data rate of 160Mbps, data overflow incidents
were more likely to occur, leading to a reduction in available
attackable windows and consequently a decrease in success
ratio. However, as the data rate increased, a larger volume
of data was transferred to the ground, making data overflow
less likely. This resulted in an increase in available attackable
time slots, leading to a higher success ratio. The data overflow
attack with and without noise showed a similar trend.

We also analyzed the trend of data overflow success ratio
with changes in image size and data rate, both with and
without the need for attack (natural data overflow), as shown
in Fig. 11. As shown in the left subfigure, as the image size
increased, the overall data overflow success ratio increased,
along with a significant increase in natural data overflow suc-
cess ratio. This means that natural data overflow contributed a
significant portion to the all data overflow success ratio. This
was because as the image size increased and the downlink
data rate remained unchanged, more data dropped directly
due to natural data overflow, without the need for an attack.
Conversely, in the right subfigure, with the increase in data
rate, there was an increase in the amount of downlink data
per unit time, leading to a decrease in data overflow instances
that could occur without the need for an attack. As a result,
the majority of data overflow successes required the attacker
to generate a corresponding attack strategy.
Vary number of high-priority satellites. We evaluated
success ratio of the two attacks with varying numbers of
high-priority satellites, as shown in Fig. 12. The number of
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Fig. 14: Attack success ratio vs. target duration.
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Fig. 16: Attack success ratios vs. extra M.

high-priority satellites significantly impacted the success ratio
of both attacks. More high-priority satellites provided more
attackable time slots, increasing the success ratio.
Vary cost budget. We evaluated success ratio of the two
attacks under different cost budgets, as shown in Fig. 13. The
results showed that for an attacker with a limited budget, a
higher cost budget allowed the attacker to launch more high-
priority tasks, thereby increasing the success ratio of the attack.
The data overflow attack success ratio had a similar trend.
Vary target duration. We evaluated success ratio of the data
delay attack under different target durations, as shown in
Fig. 14. The results indicated that for different target delay
times, if the attacker aimed to delay the target data for a
longer duration, more attackable time slots were necessary to
intercept. However, as the duration increased, more unattack-
able time slots emerged, potentially allowing the target data
to transfer out. Consequently, the effective attackable time
slots capable of causing continued delay to the target data
decreased, leading to a lower success ratio.
Vary Gaussian noise ratio. We evaluated the impact of Gaus-
sian noise on the success ratio of the two attacks by varying
the standard deviation ratio from 0.1 to 0.4. The results showed
that as the standard deviation ratio increased, the success ratio
of the data delay attack and data overflow attack decreased.
This was because the noise introduced uncertainty into the
environment, making it more challenging for the attacker
to identify the optimal attack strategy, thereby reducing the
success ratio of the attack.
Vary extra attack target. As discussed in §VII, there are
several ways to help the attacker improve the success ratio
of the attack in the scenario where the attacker has imprecise
knowledge of the initial queue size, image size in the queue
and the data rate varies. We evaluated one of the strategies
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which is to attack extra M images around the target data
to increase the success ratio of the attack. As depicted in
Fig. 16, without noise, both the success ratios of the data
delay attack and data overflow attack decreased because the
algorithms needed to generate attack sets targeting more
images. This increased demand on the attack strategy led to a
lower likelihood of finding suitable attack sets. With noise, as
the number of extra attack targets increased, the success ratio
of the data delay attack and data overflow attack increased.
This was because the attacker generated attack sets that had
redundant attack windows to defend against the noise, thereby
increasing the success ratio of the attack.

IX. COUNTERMEASURES

In this section, we discuss several potential countermeasures
to the proposed data delay and overflow attacks.
Dynamic priority assignment. When scheduling high-priority
tasks, consideration should be given to the potential impact on
future low-priority tasks. Instead of consistently prioritizing
high-priority satellites for data transmission, priority can be
dynamically adjusted based on various factors, such as the
waiting time of low-priority satellites.
Introducing unpredictable queue dynamics. Our attacks rely
on the adversary’s ability to predict queue dynamics of the
target satellite. Introducing unpredictable factors will make
launching a successful attack much more difficult. Examples
include data-specific defenses, such as transferring only the
most important images, or assigning higher priority to different
portions of the image at different time slots. Data-agnostic de-
fenses might involve using random scheduling policies instead
of FIFO (or other deterministic ones), random collaborative
data collection across satellites, or random communication
scheduling between low- and high-priority constellations.
Anomaly Detection. Our algorithms may generate specific
(malicious) task scheduling patterns that can be detected by
an anomaly detector, such as by continuously monitoring the
average delay or data overflow rate of a satellite.
Hardware expansion. Increasing the onboard storage capac-
ity, deploying more ground stations, enhancing the downlink
bandwidth, deploying inter-satellite links, and utilizing spec-
trum sharing [51] can all enhance the system’s robustness.

X. CONCLUSION

In this paper, we explore a new attack surface that exploits
the competition for limited downlink resources among differ-
ent types of EO satellites. We identify two distinct attacks
unique to EO constellations: the data delay attack and the
data overflow attack. In addition, we propose two algorithms
aimed at conducting these attacks by finding the minimum-cost
attack strategy for data-delay attacks and identifying feasible
strategies for data overflow attacks. We conducted trace-
driven simulations using real-world satellite image and orbit
data to evaluate attack success ratios under realistic satellite
communication settings, demonstrating the effectiveness of
the proposed attacks. We hope this work will inspire future
research on the new attack surface and the deployment of pro-
active countermeasures by constellation operators.
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APPENDIX
Full proofs are available at [38].

Proof Sketch of Lemma 1
Proof. If onboard queue is full at tlb(τ,Ys∗), attacking a slot
t′ ≤ tlb(τ,Ys∗) will cause the data intended for downlink
to remain onboard; let this amount be αt′

s∗ . The queue thus
has extra αt′

s∗ data in every slot after t′, until tlb(τ,Ys∗).
At tlb(τ,Ys∗), due to a full queue plus extra data, this leads
to dropping of αt′

s∗ data due to overflow at the queue head,
resulting in the same queue evolution in both Qs∗(t,Ys∗∪{t′})
and Qs∗(τ, t,Ys∗ ∪ {t′}) as before the attack at t′. This also
applies to attacking more than one slots before tlb(τ,Ys∗).

Proof Sketch of Theorem 1
Proof. Theorem 1 can be proven by induction. Assume the
data delay attack problem is feasible for a target delay t∗(τ) =
t. Define a minimal attack strategy (MAS) to be a feasible
attack strategy Ys∗ for target delay t, such that removing any
slot from Ys∗ results in it no longer being feasible for t. Since
an empty set is a feasible, min-cost and minimal strategy for
a “no-delay” attack, we induct on the solution generated in
each iteration of our algorithm, proving it to be a min-cost
MAS for each transmissible slot after the original evacuation
time as the target delay. To prove this, we rely on a step-
by-step replacement process, transforming any MAS of the
same target delay into an MAS that our algorithm will find,
with no higher cost. Each step replaces one attackable slot
in the source MAS with one slot in our algorithm’s previous
iteration’s output, until the two differ by only the newly added
slot. By showing such replacement is always possible, we
prove that our algorithm can always find a feasible and min-
cost attack strategy to any feasible target delay.

Proof Sketch of Theorem 2
Proof. We define an earliest attack strategy (EAS) as a feasible
attack strategy that causes the target data τ to be dropped at the
earliest possible time slot td. Our proof specifically focuses on
strategies that are both a MAS and an EAS: a minimal earliest
attack strategy (MEAS). By a similar induction argument as in
the previous proof, it can be shown that any MEAS to the data
overflow attack can be transformed to a (data delay) MAS that
our Algorithm 2 can find, which proves feasibility.
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