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Abstract: The extent of the impact of mega constellations on the low-orbiting geospace environment,
which has not yet been assessed in more concrete quantitative terms, is an extremely important issue
to consider as mega constellations are built. Satellite safety and lifetime can clearly represent the
situation of space targets, and thus can reflect the impact of mega constellations on geospace security.
Three target satellites with different characteristics were selected and the Accepted Collision Proba-
bility Level (ACPL) was calculated to obtain the impact of Starlink on satellite mission lifetime. Upon
considering Starlink without early avoidance control, the lifetimes of the three target satellites were
shortened by 56.21%, 99.09%, and 99.82%, respectively. After 10 revolutions of early avoidance control,
two were shortened to 92.166% and 91.99%, while the lifetime of JILIN-01 was extended by 155.44%.
After joining Starlink, the total risk became larger; even if the target satellite avoided control far more
frequently than before joining Starlink, it will face a worse geospace environment. Adopting the most
aggressive orbit avoidance control cannot avoid the deterioration of the geospace environment from
the perspective of satellite lifetime, which is an irreversible and deteriorating process.
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1. Introduction

The Federal Communications Commission (FCC) approved OneWeb LLC’s entry
into the US market using its proposed NGSO FSS (fixed satellite service) on 22 June 2017.
OneWeb had previously stated that it planned to launch 720 satellites in 2018 [1]. According
to the FCC report, SpaceX plans to eventually launch 42,000 Starlink satellites [2]. Likewise,
E-Space plans to begin deploying a constellation of 100,000 satellites in 2022 [3], China’s
spectrum allocation dossier to the International Telecommunication Union (ITU) in 2020
includes two broadband constellation plans called GW-A59 and GW-2 [4], the FCC has
approved Amazon’s Kuiper constellation [5], and Samsung has announced plans for a
mega constellation for the Internet in Space [6], the details of which are given in Table 1;
all of these efforts indicate a future in which low-orbit space will be filled with satellites.
As shown in Figure 1, the mega constellation plans of various countries have resulted in
a dramatic increase in the number of satellites launched in a calendar year, as well as a
dramatic change in the Earth’s low-orbit space environment. The most obvious impact on
the space environment is space safety, and the dense number of mega constellations has
resulted in frequent close approach events. All currently planned LEO mega constellations
are expected to receive a large number of collision warnings, as any predicted approach
distance of less than 20 km could result in control avoidance [7].
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Table 1. Major international mega constellation programs [1,3-6,8,9].

S . First Launch Number of
Name Affiliation Altitude [km] Data Satellites
Starlink SpaceX 340-1150 24 May 2019 41,927
E-Space E-Space LEO March 2022 100,000
Kuiper Amazon 590-630 No launch 3236
OneWeb OneWeb 1200 27 February 2019 1980
Space Internet Samsung 2000 No launch 4700
GW-A69 China Star 508-590 No launch 6080
Network
GW-2 China Star 1145 No launch 6912
Network

In terms of mega constellation impact on the Earth’s space environment, Radtke
et al. discovered that the first-generation OneWeb constellation had a 35% probability of
catastrophic collisions over the mission lifetime [10]. Over a 90-day period, Reiland et al.
discovered 522 close encounters of less than one kilometer in the OneWeb constellation,
with a minimum distance of only 6.4 meters, and 3676 close encounters of less than one
kilometer in the Starlink constellation’s five orbital planes combined, with a minimum
approach distance of 16.7 meters [11]. According to Anselmo et al. that full compliance
with the Inter-Agency Space Debris Coordination Committee (IADC) mitigation guidelines
and the 25-year rule will enable long-term control and basic stabilization of the LEO debris
environment [12]. Given a 10% failure rate for end-of-mission disposal or satellite failure,
this is still possible, but higher failure rates, such as those documented by LEO (50-60%),
will result in a significant increase in debris [13], while the number of objects on LEO
has been increasing due to the excessive failure rate and frequent launch activity over
the year. The evolution of LEO-catalogued objects according to data on CeleTrak [14]
is shown in Figure 2. Luciano Anselmo et al. introduced a specific critical index of
collision rate percentage growth to assess the environmental impact of large satellite
constellations in near-Earth orbit [15]. The results of this index, which was calculated for
various constellations and applied at altitudes ranging from 800 km to 1400 km, show
that in regions of space where the current catalogued debris density is already high, such
as around 800 km, adding 100 more abandoned satellites would increase the current
collision rate by about 10%; in less-crowded low-orbit regions, such as near 1110 km and
1325 km, adding 100 more abandoned satellites would increase the current collision rate by
about 10%; and in less-crowded high-orbit regions, such secondary collisions from mega
constellation satellites are also a significant threat to the Earth’s geospatial environment,
according to Tao et al., with the probability of collision for surrounding orbiting satellites
exceeding the red alert threshold of 10~* within 30 min of a mega constellation satellite
collision [16]. Oltrogge et al. found that the situation in LEO space is not yet dire if properly
managed; however, both LEO and GEO have substantial and persistent collision risks, and
these collision risks, along with debris events, pose far-reaching and long-lasting effects [17].
Muelhaupt et al. characterized NewSpace as a dramatic change in the space environment
with the launch of mega constellations, and in order to cope with the changes brought
about by NewSpace, it is crucial to reconsider how to develop new space environment
management programs and enhance all aspects of space traffic management [18]. Lewis
et al., Kawamoto et al., and Anselmo and Pardini point out that [19-21] strict adherence to
post-mission disposal guidelines and disposal at the end of a satellite’s expected operational
life, where possible [22], is critical to mitigate the impact of these mega constellations on the
near-Earth geospace environment. However, as noted above, the current disposal success
rate is no more than 50 percent. According to CelesTrak forecasts, Starlink is the satellite
with the nearest rendezvous events in LEO space, with a total of 224 near approach events
with a collision probability exceeding the red alert limit of 10~# within 7 days for Starlink
launches as of 10 April 2022, the majority of which are its own rendezvous events with itself,
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but there were also many rendezvous with other LEO satellites. These findings suggest
that mega constellations have a significant impact on the geospace environment of LEO

satellites, raising the question of how to quantify such impact and assess visual impact on
LEO satellites.
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Figure 1. Number of satellites launched over the years [23].
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Figure 2. Changes in space catalogued objects in LEO, (a) 2000 (b) 2010, (c) 2022 [14].

The impact of mega constellations on low-orbiting satellites has been well-documented,
with the European Space Agency (ESA) maneuvering an Earth science satellite, Aeolus,
to avoid a potential collision with the Starlink 44 satellite in 2019 [24]. According to a
document provided by China to the UN space agency in December 2021, the Starlink
satellite flew dangerously close to the Chinese space station on two occasions, for which
the Chinese space station has implemented two avoidance control measures [25]. The
presence of many other spacecraft in Earth’s near-Earth orbit, which is also affected by
mega constellations for orbital safety, and the orbital maneuvering of satellites to avoid
collisions (which requires the consumption of propellant and therefore reduces the satellite’s
lifetime), is posing a challenge to normally operating satellites in the same orbit in order to
avoid collisions with them. The geospace environment is changing dramatically as a result
of the emergence of mega constellations, and the extent of this change is an urgent concern
for the future; this paper aims to discuss the solution to this problem as well as provide its
own approach.
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Mega constellations have already had a significant impact on the geospace environ-
ment of low-orbiting satellites, but this type of impact has not been well-quantified. In
this paper, Starlink is used as a mega constellation and three target satellites with different
characteristics are chosen to calculate the impact of Starlink on Earth’s LEO space in order
to better quantify this impact and determine which characteristics are most affected. While
two cases exist, only one without considering Starlink i.e., only other satellites, exists.
The other one, which considers Starlink’s first-batch distribution plan, is combined with
MASTER calculations in consideration of the Alt-V and Alt-Mass orbital flux changes of
the three LEO satellites before and after Starlink. It seeks to obtain the impact of Starlink
on the flux changes of the Earth’s space environment, calculate its impact on the ACPL
values of LEO satellites and the orbital maneuvers required for LEO satellites AV and the
propellant mass fraction (PMF), and calculate the change in mission lifetime of the target
satellite to quantitatively assess the impact of the mega constellation on the LEO satellite
geospace environment in terms of satellite mission lifetime and safety.

2. Models and Assumptions
2.1. Orbital Flux Calculation and Collision Probability Model

The MASTER-8 model flux calculation utilizes a similar approach to gas dynamics
theory, where space debris travels through the particle-filled Earth space environment as
if the surface were sweeping through a static gas-filled space container, called a “bin”, as
depicted in Figure 3. As shown below, Earth orbital space is divided into an infinite number
of similar space containers, with Ah indicating the container height, Ax the container
longitude span, and AJ the latitude span.

Figure 3. The spatial pattern of the bin.

The total space flux is describef by Equation (1)

F=) F =) () auin % pt x Avp) e9)

i bin

F; denotes the flux within a single space, g, denotes the spatial density at rest, p;
means the target residence probability within the “bin”, and Av;, denotes the relative veloc-
ities of space objects and static objects. The flux distribution of the spacecraft’s operational
orbit can be obtained from the evolved orbital object distribution, and Equation (2) can be
applied to determine the average number of collisions 7 [10].

n=FxAxT 2)

F is the flux, calculated from MASTER-8, T is the time frame, and A, is the cross-
sectional area of the collision, which in this paper is the cross-sectional area of the Starlink
satellite in orbit.

From the average number of collisions #, collision probabilities can be calculated using
Poisson statistics, m means the number of times a collision event occurs.

Piey = ;e—n 3)
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2.2. ACPL Assessment Model

The probability of collision is an important factor to consider when deciding whether
to perform an avoidance maneuver. In this regard, determining the threshold probability to
be applied to trigger maneuvers is critical. If this threshold is set too high, a large number
of approach points will be ignored, exposing the operator to significant risk throughout
the mission’s duration. If the threshold is set too low, however, the number of operation
tasks may be excessive, with the majority avoiding only a minor overall risk. In this
paper, the ACPL (accepted collision probability level) value is selected as the index of this
threshold. ACPL is the relationship between the number of avoidance times and collision
risk, and represents the average number of avoidance maneuvers with acceptable collision
probability [15].

ESA developed DRAMA to assist with threshold selection (Debris Risk Assessment
and Mitigation Analysis) [26]. We primarily employ its ARES (Assessment of Risk Event
Statistics) module for the assessment in this paper, and we use DRAMA to calculate the
ACPL using collision probability obtained through the above equation, adding the Starlink
constellation to the race group of DRAMA to obtain the degree to which the target satellite
is affected by Starlink. According to current research for RapidEye constellation, the more
acceptable ACPL value is 104 [15].

If the ACPL-10~° is chosen, the residual risk can be reduced to zero when only known
objects are considered, but it also implies a large number of avoidance maneuvers, which is
unacceptable for in-orbit satellite mission lifetimes, so the ACPL value of 10~ is generally
chosen. The computational model is shown below.

If the spacecraft is maneuvered when the collision risk from the catalog object exceeds
the acceptable level, the associated collision avoidance maneuver rate can be determined
based on the passage rate (i.e., flux) of the catalog object in the elliptical region as we
determine, as shown in Equation (4), and the velocity increments given later AV and
the propellant mass fractions based on different ACPL worthy avoidance maneuvers
are calculated.

The concept of collision risk is shown in Figure 4. As shown below, the collision cross
section is defined as an elliptical surface divided into an infinite number of microelements,
and dA denotes a microelement in this surface [27].

J Aj(Pc,acc)

N.=Y / FdA j=1,2,3...] )
j=1 0

Vertical miss distance Definition of collision cross-section 4.

—

QOUR])SIP SSIW [RJUOZLIOH

Figure 4. Illustration of the concept of collision risk estimation based on the integration of statistical
object fluxes over a collision probability density function in the b-plane centered on the target object.
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P 4cc represents the acceptable collision level, i.e., ACPL, N, denotes the number of
collision avoidance control, and the number of avoidance control operations is calculated
according to Pi_,;, > P 4c. In order to ensure that the satellite safety level is acceptable, the
ACPL is generally selected as 10~#, which corresponds to the red warning threshold [28].

Aj denotes the sum of the collision area of different objects with orbiting satellites, i.e.,

the cross-sectional area of the Jth target object A;, A. = (VA + m)% A, denotes the
cross-sectional area of orbiting satellites, A; indicates the cross-sectional area of different
objects, and F denotes the sum of the fluxes of all target objects (in this paper, i.e., the
different fluxes of the orbit with and without Starlink).

2.3. Starlink Constellation Configuration and Selection of Target Satellites
2.3.1. Starlink Constellation Configuration

According to the FCC report SAT-MOD-20200417-00037 [8], the summary of the NGSO
(Non-Geostationary-Satellite Orbit) constellation after the star chain modification can be
obtained as Table 2. As shown in the table, it can be seen that a total of 4408 satellites will
be deployed in the vicinity of 550 km orbit. To simplify the calculation, it is assumed that
the satellites” orbits do not change during the calculated time-period, and their positions
are designated according to the table below. ‘Orbital planes’ means the number of orbital
planes, and ‘Satellites per plane’ refers to the number of satellites in each plane.

Table 2. Starlink Deployment Summary.

Orbital Planes 72 72 36 6 !
Satellites per plane 22 22 20 58 43
Altitude 550 km 540 km 570 km 560 km 560 km
Inclination 53° 53.2° 70° 97.6° 97.6°

2.3.2. Target Satellite Parameters

Three different types of satellites were selected as target satellites for the calculations,
with the aim of assessing the impact on LEO satellites of different volumes, orbital altitudes,
and orbital inclinations, with orbital data and satellite parameters from SpaceTrack and
DISCOweb, as shown in Table 3. The orbital data for the three satellites were obtained from
two rows of SpaceTrack elements TLE [29].

Table 3. Satellite Parameters.

Name PERIOD Inclination  Apogee  Perigee Mass Width Height Depth
JILIN-01-01 . °
GAOFEN 2D 95.38 min 97.54 547 km 527km  230kg 05m 1Im 05m
CORVUS BC5 94.43 min 97.43° 500 km 481 km 10 kg 02m 03m 02m
YAOGAN-35C  94.54 min 35° 497 km 496km  300kg 25m 25m  25m

3. Impact of Starlink on Environmental Fluxes in Earth’s low-orbit Space

For low-orbiting satellites, mega constellations lead to significant changes in the flux
of objects in the Earth’s space environment, which is responsible for the change in collision
probability and is fundamental to the satellite avoidance strategy. This paper employs a
heat map to illustrate the flux change visually. The top view of the heat map helps us to
determine which region of the flux is significantly affected, making it easier to judge the
pattern of flux change.

Figure 5 represents the heat map of the flux distribution of object height and impact
velocity (Alt-V), the top of each satellite flux heat map is the flux distribution without
Starlink, and the bottom is the flux distribution considering Starlink. The figure on the
left represents the top view of the heat map, which is a magnified representation of the
projection of the heat map in the Alt-V plane, from which it can be more effectively observed
that considering Starlink before and after for that region has a greater impact.
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JILIN-01-01 GAOFEN 2D

Without Starlink
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Figure 5a,b shows the comparison of Alt-V flux variation of JILIN-01-01 GAOFEN
2D satellite, where the highest point becomes 3.258 x 107%/m?2/yr at 548.399 km and
11.5 km/s due to the addition of the Mega Constellation Starlink, which is 27.96 times
higher than without the addition, as can be seen from the top view. The influence of Starlink
is regionalized, being more pronounced for altitude fluxes in the 540 km-550 km range and
velocity fluxes in the 14-16 km/s range.

Figure 5c,d shows the comparison of Alt-V flux variation of CORVUS BC5 satellite,
which has similar orbital altitude and similar inclination with GAOFEN. The difference is
that their satellite masses are very different, the space flux is mainly concentrated between
480-500 km, 8-16 km /s without Starlink, and the distribution is more even; the maximum
value is 8.394 x 1078 /m?2/ yr at 481 km and 14.5 km/s. After adding Starlink, the space flux
is concentrated between 495-500 km and 6-16 km /s, with a more concentrated distribution,
and its maximum value becomes 4.647 x 107> /m?/yr at 499.452 km and 13.5 km/s, and
the latter value becomes 553.6 times the former value. The flux variation of CORVUS BC5 is
more concentrated in contrast to the flux variation of GAOFEN, and there is a relationship
between this variation and the volume of both.

Figure 5e,f shows the comparison of Alt-V flux variation of YAOGAN-35C satellite.
The biggest difference between this satellite and GAOFEN and CORVUS BCS5 is the varia-
tion of its inclination angle; before considering Starlink, the spatial flux of YAOGAN-35C
is evenly distributed in the range of 475-520 km and 8-15 km /s, indicating that the size
is more prominent. The maximum value is 1.871 x 10-8/m2/ yr at 505 km, 15.5 km/s.
After considering Starlink, the spatial flux distribution becomes concentrated, mainly in the
range of 495-510 km, 7-16 km/s, and the prominent values are extremely concentrated and
vary greatly. The maximum value becomes 4.001 x 10~5/m?2/ yr at 504.2253 km, 11.5 km/s,
changing to 2138.428 times the former. The flux variation due to the change in inclination
is more pronounced compared to the flux variation due to the change in volume and mass.
According to the above cases, the impact on the orbital safety is substantial; the specific
and the quantified impact will be analyzed in detail in the following section.
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Figure 5. Orbital object flux and velocity flux variation. (a,b) Before and after Alt-V fluxes of GAOFEN
satellites; (c,d) Before and after Alt-V fluxes of CORVUS BCS5 satellites; (e, f) Before and after Alt-V
fluxes of YAOGAN-35C satellites.

Figure 6 is a representation of the flux distribution heat map for object height and
object mass (Alt-Mass). Similar to Figure 5, the top of each satellite flux heat map is the flux
distribution without Starlink, and the bottom is the flux distribution considering Starlink.
The figure on the right depicts the heat map of the flux distribution corresponding to the
height and mass of various objects, allowing for a clear comparison of the trend of the flux
extremes before and after the increment.

Figure 6a,b shows the comparison of Alt-Mass flux variation of JILIN-01-01 GAOFEN
2D satellite, the highest point of flux before Starlink is 1.542 x 107 /m?/yr at 543.6587 km
altitude and 0.6796 kg of mass. In this scenario, the main source of flux is a series of
small objects such as space debris in low orbit space. The flux distribution is more even,
due to the consideration of the mega constellation Starlink. The highest point becomes
3.874 x 107%/m?/yr at 548.399 km and 222.6219 kg, which is 25.123 times higher than
the former. The top view shows that the flux impact of Starlink is very clustered in a
smaller area for altitudes in the range of 535 km. The flux impact is more obvious for
the height range of 535-555 km and the mass range of 200-250 kg, and the flux impact is
especially strong for the mass of the object around 225 kg, which is related to the properties
of Starlink itself. In short, the flux has shifted from a previously uniform distribution to a
more concentrated distribution; the precise effect of this change will be explained in the
following section.

Figure 6¢,d shows the comparison of Alt-Mass flux variation of CORVUS BCS5 satel-
lite; compared with the flux variation of Alt-V, the flux variation of Alt-Mass is more
concentrated. It is believed that the uncertainty of mass interval is smaller than the
uncertainty of Starlink velocity interval; the spatial flux is mainly concentrated in the
range of 480-500 km, between 0—450 kg, with a more even distribution, which is more
similar to the distribution of Alt-V, with the maximum value of 499.5452 km, 0.67962 of
1.216 x 10~7/m?/yr. After considering Starlink, the spatial flux is concentrated between
the range of 500 £ 5 km, 225 £ 5 kg. The overall distribution is where the maximum value
becomes 9.212 x 10~°/m2/ yr at 499.5452 km, 222.6219, and the latter value becomes
757.56 times the former value; the flux change of CORVUS BC5 is more concentrated com-
pared with the flux change of GAOFEN. This change has some relationship with the volume
of both, and the overall change trend is similar to that of Alt-V. The effect of the different
characteristics of the satellites is similar between the different types of fluxes.

Figure 6e,f shows the comparison of Alt-Mass flux variation of YAOGAN-35C satellite.
Before considering Starlink, the spatial flux of YAOGAN-35C is concentrated in the range of
475-520 km, below 50 kg. The size is relatively average and there is no extremely high value.
The maximum value is 521.7986 km, 0.67962 kg at 2.914 x 10-8/m2/ yr; this situation is
similar to the distribution of Alt-V. After considering Starlink, the spatial flux distribution
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becomes concentrated, mainly in the range of 482-510 km, 210-230 kg, and the maximum
value is higher and varies greatly. The maximum value becomes 504.2253 km, 222.6219 kg
at 4.257 x 1075 /m?/yr, 1460.878 times that of the former, considering the influence of
Starlink before and after on the flux variation. Similar variation trends for Alt-V and Alt-
Mass indicate that there is a difference in the influence of different satellite characteristics
on the satellite flux variation and that the flux variation caused by the change in inclination
angle is distinct from the flux variation caused by the change in volume and mass. The
effect of inclination angle on flux is more significant, and it also demonstrates that the effect
of Starlink inclusion on flux variation of LEO satellites is evident. Some satellites with
more special characteristics are more dangerous in this situation, implying that the choice
of some mission orbits becomes more dangerous in the face of the complex LEO space
situation, and there even be a situation where the orbit is no longer viable.
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Figure 6. Object height fluxes and object size fluxes. (a,b) Before and after Alt-Mass fluxes of
GAOFEN satellites; (c,d) Before and after Alt- Mass fluxes of CORVUS BCS5 satellites; (e,f) Before and
after Alt- Mass fluxes of YAOGAN-35C satellites.

The Starlink constellation has a significant impact on the Earth’s low orbit environment
from a flux perspective. To exclude the unique characteristics of the satellites themselves,
which would render the results unreliable, three target satellites with distinct characteristics
were chosen for analysis and calculation. Mass and Alt-V flux variation data allowed us
to calculate the ACPL values of the three target satellites and the corresponding number
of avoidance operations. The specific data are provided below. It should be noted that,
despite the drastic flux variation, the impact of flux variation on a target satellite’s collision
probability may be different due to the target satellite’s volume and mass, and this difference
will be reflected in the impact on its ACPL.
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4. Impact of Starlink on Control Avoidance Strategies for low-orbiting Satellites
in Geospace

4.1. Impact on ACPL Values for LEO Space Target Satellites

According to the flux, we can get the ACPL value of the target satellite with its corre-
sponding average daily manipulation frequency, risk variation curve, etc. The manipulation
frequency and risk (collision probability) corresponding to different ACPL values are shown
in Figure 7. Risk Reduction is the risk that decreases with the number of manipulations, and
Residual Risk is the risk that remains. In the following analysis, only the variation of risk
of known objects is discussed. For ACPL, 10~ is a more acceptable value at present [15],
attributed to its balance of safety as well as economy. ACPL-10° is added for comparison
to reflect the nature of the value.

In Figure 7a,b when Starlink is not considered, the ACPL value chosen for 10-°
corresponds to a manipulation frequency of 0.201, 10~# to 0.036, and a risk of 2.27 x 107°.

After adding Starlink, the manipulation frequency corresponding to ACPL-10~° is
1.24, the manipulation frequency corresponding to ACPL-10~* is 0.0811, and the risk is
1.27 x 107>, which reaches the yellow warning threshold. Before and after changes, the
manipulation frequency of ACPL-10~* becomes 2.252 times that of the previous one, and the
risk of known objects becomes 5.5947 times that of the previous one. Considering Starlink
before and after the change, ACPL-10~° operates 5.58 and 15.28 times more frequently
compared to ACPL-10"%, which reflects the more reasonable choice of ACPL-10"% from
the side.

The addition of Starlink to Earth’s low-orbit space has not reduced any risk, even
though the frequency of operations has changed several times, indicating that the overall
risk is greater than before, i.e., Starlink has introduced harsher changes to the Earth’s space
environment and it would be difficult to alter the current environmental conditions within
the range of conventional changes.

Figure 7c,d shows the ACPL value of CORVUS BCS5 versus the manipulation frequency
and risk, with the manipulation frequency of 1.76 for ACPL-10~, 0.0834 for ACPL-10~*
and 1.22 x 10~° when Starlink is not added.

After adding Starlink, the manipulation frequency of ACPL-10~° becomes 6.73, the
manipulation frequency corresponding to ACPL-10"% is 1.16, and the risk is 5.4 x 107°.
In comparison of the situations before and after change, the manipulation frequency
corresponding to ACPL-10~° changes to 3.823 times of the previous one; the risk of known
objects does not change; the manipulation frequency of ACPL-10~* becomes 13.9 times
of the previous one, and the risk of known objects becomes 4.5 times of the previous
one. While taking Starlink into consideration, the manipulation frequency of ACPL-10~°
compared to ACPL-10~* is 21.103 and 5.80 times of the previous one, respectively. The
overall change pattern of CORVUS BCS5 is similar to GAFEN.

Figure 7e,f shows the relationship between the ACPL value of YAOGAN-35C and
the manipulation frequency and risk; without Starlink, the manipulation frequency of
ACPL-10" is 0.334, the manipulation frequency corresponding to ACPL-10~* is 0.0809,
and the risk is 2.63 x 107,

After adding Starlink, the manipulation frequency of ACPL-10~° becomes 12.7, the cor-
responding manipulation frequency of ACPL-10"%is 1.68, and the risk is 1.65 x 10~4, which
has exceeded the yellow warning threshold. The manipulation frequency of ACPL-10~*
becomes 20.76 times of the previous one, and the risk of known objects becomes 62.73 times
that of the previous one before and after changes; considering Starlink before and after,
the manipulation frequency of ACPL-10~® compared to ACPL-10* is 4.12 and 7.55 times
more frequent than before, respectively. Combining the three comparison groups, from the
Figure 7 overall results, the impact of Starlink on target satellites in geospace is extremely
significant, and the choice of ACPL-10~* is more reasonable than ACPL-10~° in terms of
both economic and safety considerations.
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Figure 7. Comparison of ACPL values and average maneuvering coefficients for satellites with and
without Starlink constellation. (a,b) The variation of GAOFEN satellites in the frequency and risk
to different ACPL values With Starlink and Without Starlink; (c¢,d) The variation of CORVUS BC5
satellites in the frequency and risk to different ACPL values With Starlink and Without Starlink;
(e,f) The variation of YAOGAN-35C satellites in the frequency and risk to different ACPL values
With Starlink and Without Starlink.

Considering Starlink before and after the change, ACPL-10~* corresponding to the op-
erating frequency of the three target satellites in the minimum operating frequency change
has doubled, and it can be clearly observed that joining Starlink to choose ACPL-10~°
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would render the risk at 0. However, as the frequency of control avoidance increases
significantly, it is evident that it can not be adhered to over the long term, which means
that, considering the issue of mission life, the target satellite must select a more reasonable
ACPL value. However, even if the number of orbital avoidance controls vastly exceeds the
number before Starlink is considered, the geospace environment will worsen. Even with the
most aggressive orbital avoidance controls, the deterioration of the geospace environment
is an irreversible and deteriorating process.

Avoidance of controls reduces risk, and the risk relationship corresponding to the
frequency of manipulation is shown in Figure 8. The Fractional Residual Risk in the
figure represents the residual partial risk coefficient that varies according to the number
of manipulations and is used only as a quantity to describe the degree of risk and not as
a specific numerical reference. The relationship between the change in risk level and the
change in the number of maneuvers can be observed visually in the graph. In order to
observe the relationship and pattern of different maneuvering frequencies before and after
each consideration of Starlink, the maneuvering frequencies corresponding to different
ACPL values were selected in the three target satellites for comparison. In the following,
risk coefficient indicates the degree of presence of risk, with a maximum value of 1. Risk
indicates the probability of collision.

In Figure 8a,b the risk coefficient for a manipulation frequency of 0.201 without
Starlink is 1.68 x 1073 and the risk is 6.5 x 1078, and the risk coefficient for a manipulation
frequency of 1.24 with Starlink is 3.58 x 1072 and the risk is 2.52 x 10~7. It is obviously
observed that the risk coefficient increases by 2.13 times when the manipulation frequency
reaches the maximum in both comparison groups. The coefficient of risk is 2.13-times
greater after considering Starlink when the manipulation frequency is 6.16-times greater
than before, indicating that the coefficient of risk inevitably rises after considering Starlink,
even if the manipulation frequency is doubled.

In Figure 8c,d when the manipulation frequency is the smallest in the two comparison
groups, the corresponding risk coefficient is 0.681 with a risk of 4.35 x 107> when the
manipulation frequency is 6.88 x 10~* without considering Starlink, and the corresponding
risk coefficient is 0.254 with a risk of 1.73 x 10~ when the manipulation frequency is 0.131
when considering Starlink. Furthermore, the corresponding risk coefficient is 0.372 when
the manipulation frequency is 190.4-times of the previous one in the two comparison groups.
Manipulation frequency at the minimum, the risk coefficient becomes 0.372-times after the
manipulation frequency becomes 190.4-times the previous one, and this comparison group
data shows that when the manipulation frequency increases across orders of magnitude,
its corresponding risk coefficient can be reduced compared to the previous one, but the
effect is weaker and not proportional to the growth of the manipulation frequency, i.e., the
consumption is too great for half the effort.

In Figure 8e,f we choose a more moderate manipulation frequency, i.e., the manip-
ulation frequency corresponding to ACPL-10"%. The risk coefficient corresponding to a
manipulation frequency of 0.0809 is 0.0112 with a risk of 2.63 x 10~® when Starlink is not
considered. The risk coefficient corresponding to a manipulation frequency of 1.68 is 0.192
with a risk of 1.65 x 10~* when Starlink is considered. With 1.65 x 10~%, the risk coefficient
becomes 17.143-times greater after the manipulation frequency becomes 20.77-times greater
than the previous one, a data set that corroborates the fact that the corresponding risk
coefficient still grows with a similar multiplication when the manipulation frequency grows
insignificantly.

One thing the above data show is that increasing operating frequency after taking
Starlink into account does not guarantee that the risk coefficient decreases or even returns to
the original tier; in the case where the increase in operating frequency is not of a large order
of magnitude, the risk coefficient is even larger than before, indicating that the overall risk
magnitude increases, and the residual risk is operated even if it is 10% of the original risk.
It is further exhibited that even if the number of orbit avoidance controls is significantly
higher than before Starlink is considered, it will still face a worse geospace environment.
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Figure 8. Average number of operations vs. residual risk. (a,b) The variation of GAOFEN satellites
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From the preceding discussions, it can be deduced that Starlink has an impact on the
target satellites due to the large number of satellites dispersed across their entire orbit, and
that the degree of impact corresponds to the degree of flux variation.

When ACPL-10"* is selected, when comparing to the case without Starlink, the
avoidance frequency of GAOFEN satellites increases by a factor of 2.252, and the collision
risk with or without Starlink is 2.27 x 1076 and 1.27 x 10~ respectively. However, the risk
increases to 5.5947-times greater than the previous one.

CORVUS BC5 with its ACPL-10~* has increased its avoidance frequency by a factor
of 13.9, with a collision risk of 1.22 x 107° and 5.4 x 10_5, respectively. While changing
the risk to 4.5-times greater than the previous one, while maintaining the ACPL-10~4,
indicating an increased avoidance frequency. However, again the risk is shown to increase
rather than decrease.

YAOGAN-35C’s ACPL value of 10~* increases the frequency of avoidance control
by about 20.76 times, and the collision risk is 2.63 x 107% and 1.65 x 104, respectively,
becoming 62.73-times higher before Starlink is considered.

In Figure 8, the relationship between the frequency of control avoidance and its
corresponding risk coefficient and risk, the following conclusion can be drawn: after
considering Starlink, the growth of the operation frequency does not guarantee that the risk
coefficient decreases or even returns to the original tier, and the growth of the operation
frequency is even accompanied by the growth of the risk coefficient in the case that the
growth of the operation frequency is not of a large order of magnitude.

4.2. Impact on LEO Space Target Satellite Deorbit Capability

In order to refine the impact of Starlink on the target satellite in terms of risk and
avoidance operations, this section presents the changes in AV and propellant mass fraction
(PMF) required before and after considering Starlink for different ACPL values. The effects
of early and temporary Orbital maneuvering on these values are also indicated.

The AV required for the three target satellites to avoid control is depicted in Figure 9,
which shows the earliest AV from 10 revolutions ago to avoid control in advance. In order
to summarize the data in more comprehensive detail, the data in Figure 9 are summarized
in Table 4, and the more concerned information is extracted from the figure for visual
comparison. There, 0Revs/10Revs indicates the ratio of AV consumed at 0 Revolutions
to that consumed at 10 Revolutions. Also, With Starlink ACPL /Without Starlink ACPL
indicate the ratio of AV consumed with and without Starlink.

In Figure 9a,b a smaller ACPL value requires a larger AV value to be satisfied, and
the AV of ACPL-10~® and ACPL-10~* without advance avoidance control is 9.08- and
4.837-times that of avoidance control with 10 revolutions in advance. ACPL-10~¢ and
ACPL-10~* without early avoidance control are 7.16- and 5.837-times those with 10 revolutions
of early avoidance control. Without early avoidance control, ACPL-10"%-AV and
ACPL-10"%-AV are 3.98- and 2.27-times of those with Starlink, respectively, and
ACPL-10"%-AV and ACPL-10#-AV with 10 revolutions of early avoidance control are
3.98- and 2.27-times of those with Starlink. ACPL-10"%-AV and ACPL-10"*-AV are
5.05- and 1.88-times the considered ones, respectively.

In Figure 9c¢,d the difference with Figure 9a,b is the change in order of magnitude. Af-
ter considering Starlink, the AV surge, without advance avoidance control, ACPL-10~%-AV
becomes 82.822 times before considering Starlink, ACPL-10"%-AV becomes 556.129 times,
and with advance avoidance control, ACPL-10~%-AV becomes 56.944 times before consider-
ing Starlink, ACPL-10~4-AV becomes 332.733 times. At 10 revolutions of avoidance control,
ACPL-10%-AV becomes 56.944 times and ACPL-10~*-AV becomes 332.733 times before
Starlink is considered, and the effect of Starlink on CORVUS BC5 is more severe, which is
consistent with the flux changes reflected in Section 3. In the case of avoidance control by
considering Starlink, a greater change in AV is required for early avoidance control than for
immediate avoidance control, for example, the AV ratio is 26.050 for both without Starlink,
43.535 with Starlink considered, and 9.055 and 13.170 with ACPL-10~*, respectively.
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Figure 9. Required for different ACPL values in ten revolutions to change track AV.(a,b) Comparison
of different AV variations with and without Starlink for GAOFEN; (c,d) Comparison of different AV
variations with and without Starlink for CORVUS BC5; (e,f) Comparison of different AV variations
with and without Starlink for YAOGAN-.
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Table 4. Comparison of data from AV in Figure 9.

Revolutions ™
Name 0 5 10 10 I{eg:s
]SAZZZ% ACPL-107® 507 x1072 112x 1072 558 x 1073 9.08
éﬂ‘éﬁﬁé’% Smﬁ P ACPL-107¢ 202x 107! 564 x1072 2.82x 1072 7.16
With Starlink ACPL
Withont StarTink ACPL 3.984 5.035 5.053
E\ZZS% ACPL-107% 104 x 103 430x 1074 215x 104 4837
With i . » B
Startine ACPLA0 237 x 10 811 x 10 4.06 x 10 5.837
With Starlink ACPL
Withont Starlink ACPL 2.278 1.886 1.888
?ﬂ%{t ACPL-107¢ 978 x 1072 217 x 1072 1.08 x 102  9.055
With i »
CORVUSBC5 g ot ACPL-10 8.10 1.23 6.15 x 10 13.170
With Starlink ACPL
Without Starlink ACPT 82.822 56.682 56.944
gﬂ% ACPL-107% 155x 1073 119x107% 595x10°° 26.050
With i B ~ B
Startink  ACPL10 8.62 x 10 3.96 x 10 1.98 x 10 43.535
With Starlink ACPL
Without Starlink ACPT 556.129 332.773 332.773
gﬂ% ACPL-106 131x 10! 261x102 130x10°2 10.076
With i )
YAOGAN-35C gy, pon ACPL-10 6.68 x 10 2.96 1.48 45.135
With Starlink ACPL
Wil e S bT 509.923 113.409 113.846
?;ZZ%: ACPL-104 315x 1073 1.06x 103 531 x 104 5932
S;Vrlltf; ‘ ACPL-10~4 9.24 393 x 1071 197 x 107!  46.903
With Starlink ACPL 2933.33 370.75 370,998

Without Starlink ACPL

Figure 9e,f shows a pattern similar to that of Figure 9c,d. Figure 9 reflects a general
pattern in which AV without advance control avoidance is much larger than that without
Starlink, which only occurs in CORVUS BC5 and YAOGAN-35C, and YAOGAN -35C is
much better than CORVUS BC5.

According to the characteristics of the three target satellites, when only the three factors
of altitude, inclination, and area are considered, the orbit altitude has a greater impact on
the avoidance operation, the target satellite’s area has a greater impact, and inclination has
a minor impact. Early orbital maneuvering is advantageous in the avoidance operation
because it reduces the orbital maneuvering consumption of various types of target satellites.
The increase in the frequency of avoidance operation after considering Starlink brings the
increase of AV, and the change of AV supports the huge avoidance consumption of target
satellites after considering Starlink from the level of results. Starlink has a huge impact on
the target satellite.

What is more intuitive than the speed required for orbital maneuvering is the propel-
lant required for orbital maneuvering. The change of speed requires propellant, because
the three target satellites have different orbital maneuvering methods and different satellite
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masses, so in order to compare the propellant consumption more intuitively, the propellant
mass fraction is used to show the propellant consumption. In Figure 10, the propellant
mass fraction (PMF) required by the target satellite before and after Starlink is considered
and the effect of early orbital maneuvering on PMF are shown. It can be observed from

Yy
Table 5 that the trend of PMF is basically consistent with AV. PMF expresses the ratio of
consumed propellant to satellite mass, which is defined as shown in Equation (5), Mprop—per
represents the consumed propellant mass, M, represents the satellite mass, and Mpmp_al !
represents all propellant masses.
M rop—per
PMF = ProPTP (5)
Mprop—all + Msat
Without Starlink With Starlink
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Figure 10. Propellant coefficients required for orbit change at different ACPL values during the revolu-
tion. (a,b) Comparison of different PMF variations with and without Starlink for GAOFEN; (¢,d) Com-
parison of different PMF variations with and without Starlink for CORVUS BC5; (e,f) Comparison of
different PMF variations with and without Starlink for YAOGAN-35C.

For most satellites the probability of problems with the payload itself is extremely low,
so the life of a satellite is designed to be measured in terms of propellant, and when the
propellant is depleted, the life of a satellite is over. Orbital avoidance consumes propellant,
and when satellites change orbit more often due to excessive avoidance, the lifetime of
the satellite is affected [30,31].Assuming a lifetime of 5 years for one satellite in the case of
ACPL-10~* when Starlink is not considered, the lifetime of the three satellites is shortened
by 56.21%, 99.09%, and 99.82% when Starlink is considered without advance avoidance con-
trol; the lifetime of the three satellites is shortened by 10 revolutions of advance avoidance
control without Starlink, when assuming that each warning event satellite can be detected
in the case of avoiding control 10 revolutions in advance, without considering Starlink.
Assuming that each warning event satellite can be detected and controlled in advance, the
lifetime of the three target satellites can be extended by 380%, 502.6%, 493.12%. However,
when considering Starlink, the lifetime of GAOEN is extended by 155.44%, and the other
two target satellites are shortened by 92.166%, 91.99%, respectively. The data shows that
the target satellites with orbital altitude around 500 km are more susceptible to Starlink’s
interference, while the inclination angle has little effect.

Avoidance consumes propellant, but as previously stated, the same amount of propel-
lant consumption does not achieve the same avoidance effect, and using more propellant
to achieve the same ACPL value does not achieve the same level of risk. This effect can be
reduced to a minimum if avoidance is carried out in advance. However, how to provide
early warning of collision timing, which requires accurate orbit forecasting, is a challenge.
The purpose of this paper is to assess the risk of future collision and its repercussions for
the satellite’s avoidance strategy. The objective of the paper is to assess the impact of future
collision risk on the satellite avoidance strategy, and the findings are not encouraging.
Because of the emergence of mega constellations, target satellites of all types are affected,
and this impact is comprehensive, affecting not only the satellite’s safety but also depleting
the satellite’s in—orbit lifetime; frequent avoidance will result in the satellite’s premature
loss of power and abandonment.
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Table 5. Comparison of PMF data in Figure 9.

Revolutions ™
Name 0 5 10 10 I{eg:s
]SAZZZ% ACPL-106 861 x 10~ 190 x 105 949 x 106  9.072
éﬂ‘éﬁéﬁ% Smﬁ P ACPL-107¢ 344 x107% 959 x107° 4.79 x 10~° 7.18
With Starlink ACPL
Withont StarTink ACPL 3.995 5.047 5.047
E\ZZS% ACPL-104 176 x 106 732 x 107 3.66 x 107  4.808
With L i B -
it ACPLAI074 4021076 138 x10°°  6.89 x 10 5.834
With Starlink ACPL
Withont Starlink ACPL 2.284 1.885 1.882
?gg%{t ACPL-1076 166 x 104 368 x 105 184x105  9.021
With p > B -
CORVUSBC5 g pon  ACPL-10 137 x 1072 209 x 103  1.05 x 10 13.047
With Starlink ACPL
Wﬁmkm 82.530 56.793 57.065
gﬂ% ACPL-107% 264 x107°% 202x1077 1.01x107 26.138
With L 73 . .
Starlink ACPL-10 146 x 103 673 x 10~° 337 x 10 43.323
lith Starlink ACPL_ 5563.030 333.168 333.663
gﬂ% ACPL-107® 222 x107% 443 x105 221 x10° 10.045
YA?SCAN' Smﬁk ACPL-107® 1.07 x 107! 5.02x 1073 251 x 1073 42.629
With Starlink ACPL
Without Sialk ACPL 481.981 113.318 113.574
?;ZZ%: ACPL-104 535x 106 1.80x 1076 9.02x107 5931
With L S B 74
Storlinp ACPL-10 156 x 1072 6.68 x 107 334 x 10 46.706
With Starlink ACPL 2915.887 371.111 370,288

Without Starlink ACPL

5. Discussion and Conclusions

The collision probability of the Starlink constellation with the target satellite was
calculated in this paper by calculating its various altitude and mass object fluxes to LEO
satellites, and the collision probability was evaluated by the ARES module of DRAMA to
obtain the satellite’s ACPL value, as well as the corresponding maneuver frequency, risk
level, and control avoidance consumption. This study sought to determine the impact
of the mega constellation on the control avoidance strategy of the target satellite. The
following conclusions were obtained.

(1) The target satellites with varying ranges of area, orbital altitude, and inclination are
significantly impacted by Starlink, indicating that Starlink has a comprehensive effect on
LEO satellites. However, these three characteristics also vary in the degree to which Starlink
affects the target satellites, with orbital altitude having the greatest impact, followed by
inclination and area.

(2) In the case of ACPL-10~*, the manipulation frequency of the three target satellites
becomes 2.252, 13.9, and 20.76 times that of the previous one when Starlink is considered,
and the change trend is similar to the flux. For the same ACPL values, the risks of the
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three have increased, becoming 5.5947, 4.5, and 62.73 times more than the previous ones,
which means that even with frequent control avoidance, the geospace environment does
not improve, i.e., the total amount of risk becomes greater, the same proportional residual
risk becomes higher, and therefore the same ACPL values require more control avoidance
maneuvers after the influence of Starlink. However, even if the same ACPL value is
reached, the collision risk latter is much higher than the former; even with more propellant
consumed, the risk present is still not effectively removed. Furthermore, corroborating
this argument is the change of the maneuvering frequency with its corresponding risk
coefficient, where the maneuvering frequency becomes 6.16, 190.4, 20.77 times greater than
the previous one, which respectively becomes 2.13, 0.372, and 17.143 times greater than
the previous one. The increase in manipulation frequency after considering Starlink does
not guarantee that the risk coefficient decreases or even returns to its original tier, and
the increase in manipulation frequency is even accompanied by an increase in the risk
coefficient in cases where the increase in manipulation frequency is not of a large order
of magnitude.

(3) The effect of the change of AV on the orbital maneuver of the target satellite and the
effect of early orbital maneuver on AV are initially obtained from the change. According to
the characteristics of the three target satellites, the orbital altitude has a greater effect on the
avoidance control, and the area of the target satellite plays a greater effect. The inclination
angle, on the other hand, does not play a significant role. In the avoidance operation, the
early orbital maneuvering is beneficial to reduce the orbital maneuvering consumption of
different types of target satellites. The increase in frequency of avoidance operation after
considering Starlink results in the increase of AV, and the change of AV supports the huge
avoidance consumption of target satellites after considering Starlink from the level of result.
Starlink has a huge impact on the target satellite.

(4) When avoidance is not performed in advance, the lifetime of the three satellites
is shortened by 56.21%, 99.09%, and 99.82% after taking Starlink into account, and when
avoidance is performed in advance, the lifetime of the three satellites is shortened by
10 revolutions without taking Starlink into account, assuming that the satellites can detect
and avoid each warning event in advance. The lifetimes of the three target satellites can be
extended by 380%, 502.6%, and 493.12%, respectively, but in the case of Starlink, the lifetime
of the other two target satellites is extended by 155.44%, and the lifetimes of other two target
satellites are shortened by 92.166%, 91.99%, respectively, according to the characteristics
of the three target satellites combined with the data. According to the characteristics of
the three target satellites and the data, the orbital altitudes of the target satellites change
more after being affected by Starlink, so the effects of Starlink should be considered more
thoroughly for some satellites with orbital altitudes in specific areas.

We can see from the calculated values that taking Starlink into account makes the
geospace environment of the three target satellites harsher, but some features cause a bigger
impact than others. Of the three features considered in this paper, orbital altitude constitutes
the biggest impact, followed by area and inclination. According to the findings, increasing
the frequency of avoidance control after considering Starlink does not improve the risk
situation, the results from avoidance control do not improve, and the deterioration of the
geospace environment is irreversible. Given an orbital altitude higher than YAOGAN-35C,
CORVUS BC5, and in advance, Starlink has significantly less effect on JILIN-01 GAOFEN
2D. Given early avoidance control, Starlink is guaranteed to not result in any impact on
its mission lifetime, but for the first two, even with early avoidance control, less than
10 percent of the mission lifetime remains.
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