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Abstract
The recent rapid increase in the satellite population in low Earth orbit (LEO) causes the number of conjunctions between 
operational spacecraft to increase sharply as well. In order to be able to cope with the associated workload in the future, 
it is necessary to define precise and acceptable rules that determine which spacecraft has to evade and how the avoidance 
manoeuvres shall be performed. To enable the assessment of different conceivable rule sets, a holistic simulation framework 
has been developed within the “Rules4CREAM” (R4C) activity at the Technical University of Darmstadt. Based on cur-
rent and expected trends in growth and distribution of satellites in LEO, long-term propagation in the order of years can be 
performed for arbitrary satellite populations with the R4C framework which enables the generation of realistic conjunction 
data. This paper presents the core modules of this simulation framework. The satellites are described by osculating Keplerian 
orbits and analytical models are implemented to represent the most dominant perturbations in LEO. Different modes of station 
keeping are depicted within the satellite operations module of the simulation. For constellations, a generic model has been 
developed that is able to model the simultaneous deployment of multiple constellation planes as well as other operational 
key aspects specific to constellations. The models are validated with other simulations and real-life data. Finally two methods 
for the all-on-all conjunction detection are examined and the number of detected conjunctions is compared.

Keywords Space traffic management · Collision avoidance · Space situational awareness · Constellations · Simulation

List of symbols
ΔGTmax  Max. deviation from the ground track
Δvf   Transverse velocity change
�Earth  Gravitational constant of the Earth
�  Atmospheric density
Ω  Right ascension of the ascending node

Ωinit  Initial RAAN to launch into
Ωref  RAAN of the reference plane
Ωrel,desired  Desired difference in RAAN to reference plane
Ω̇rel, init  Initial drift in RAAN relative to the reference 

plane
�e  Angular velocity of the Earth
a  Semi major axis (SMA)
BC  Ballistic coefficient
d, D  Distance metrics
dmin  Minimal orbit intersection distance
e  Eccentricity
f  True anomaly
F  Phasing parameter
i, j, k, m  Positive numbers
i  Inclination
J2  Zonal harmonics coefficient J2
M  Mean anomaly
n  Mean motion
p, P  Probability
p  Semilatus rectum
r1 , r2  Bounding spheres of two satellites
Re  Mean Earth radius
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S  Fundamental interval
t  Time
tOR  Duration of orbit raising manoeuvre
T1 , T2  Orbital periods of two satellites
Tk  Knodal period
u  Argument of latitude
v1 , v2  Velocity of two satellites
ppp , qqq  Linearised orbit section of two satellites
p0p0p0 , q0q0q0  Linearised position of two satellites at t0
ū̄ūu , v̄̄v̄v  Mean velocities of two satellites on linearised 

orbit section
www  Difference of linearised orbit sections of two 

satellites

1 Introduction

To avoid the generation of new space debris and therefore 
to allow safe and economic space operations in the future, 
the prevention of collisions in Earth’s orbit is one of the 
key challenges. More than five thousand operational sat-
ellites are currently in orbit controlled by more than three 
hundred different operators [1]. Due to lower launch costs 
and new applications a record number of satellites has been 
launched in the past years, and the number of objects in low 
Earth orbit (LEO) will furthermore increase drastically in 
the near future, especially due to the deployment of mul-
tiple large satellite constellations. To enable safe, sustain-
able and economic operations, today’s collision avoidance 
process (COLA) has to be evolved to take into account the 
increased number of potential collision events and for the 
fact that more events will involve two operational objects. 
Therefore, frameworks and systems are needed to enable 
coordinated and automated COLA processes, and unambigu-
ous rules must be put into place that define which satellite 
has to perform a collision avoidance manoeuvre [2]. As 
part of the “Rules4CREAM” (R4C) activity, the concept of 
rule-based collision avoidance operations is simulated and 
assessed at the Technical University of Darmstadt in support 
of ESA’s “Collision Risk Estimation and Automated Miti-
gation” (CREAM) activity [3]. The objectives of the R4C 
activity are the identification and modelling of a future low 
Earth orbit population, the development of different rulesets 
and their simulation-based application, a holistic analysis 
and assessment of benefits and disadvantages of individual 
rules and the derivation of requirements for future automated 
COLA systems.

1.1  Simulation of conjunction events

To enable the simulated application and the subsequent 
assessment of different rules and COLA operations, a rep-
resentative set of conjunction events has to be generated by 

the simulation environment which is developed as part of 
the R4C activity. The simulation includes all operational 
satellites with a perigee below 2000 km, as events involving 
two manoeuvrable objects are the main focus of the research 
activity. Space debris objects can be included for additional 
studies. In addition to today’s satellite population, potential 
future populations can be used to generate representative 
conjunction events. These have been generated by taking 
into account changing launch rates, satellite technologies 
and applications. The constellations used in the simulation 
are based upon extensive research of planned and proposed 
concepts. Perturbations and typical operations (depending 
on the satellite mission and type) are simulated over the 
course of the runtime and are the main focus of the simula-
tion, as they are constantly changing the orbits of the objects 
and generate new and changing conjunctions. The goal of 
the simulation is not to generate and predict exact events 
between individual objects, but to generate a representa-
tive set of events, mapping a realistic approximation of the 
distribution of parameters. This includes for example the 
involved operators, the orbit types of involved satellites, 
mission types and the conjunction geometry. To ensure the 
generation of realistic results, the following features have 
been implemented:

• Simulation of relevant perturbations on satellite orbits
• Satellite and constellation operations including deploy-

ment, station-keeping and end of life operations
• All-on-all conjunction detection with fixed screening 

thresholds
• High performance long-term simulation with simulation 

time > 1 year in less than 24 h computing time

1.2  Simulation framework

When the simulation is started, a database containing all 
individual satellites and all constellations is loaded. This sat-
ellite and constellation related information includes among 
others the initial orbits, constellation parameters like the 
spacing between the individual planes, information about 
operators, the size and shape of the satellites, operational 
parameters like station-keeping modes and the age as well 
as the projected lifetime of the objects. Based upon these 
information the initial state of the population is generated. 
During the runtime, the orbits of all satellites are assumed 
to be constant for a certain period of time, typically 1 h to 
24 h of simulation time. This simplification was chosen to 
increase performance, which is particularly necessary when 
several tens of thousands of objects of a possible future LEO 
population have to be considered, taking into account mul-
tiple constellations. During this time frame the position of 
each object on its orbit is propagated and the all-on-all con-
junction detection is performed. Subsequently, the effects 
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due to perturbations and satellite operations, that were rel-
evant during the simulated time frame, are calculated for 
each individual object. They are combined and the orbits 
of all objects are changed simultaneously according to the 
calculated influence on the orbital parameters. An overview 
of the framework is shown in Fig. 1.

In the following chapters the individual sub-modules for 
the simulation of perturbations, satellite and constellation 
operations as well as conjunction detection are presented.

2  Single satellite model

The single satellite model is used to represent individual 
satellites, that are not part of constellations and models the 
perturbations acting on them, as well as the operations, 
focusing on station keeping. The structure of the model with 
its submodules is shown in Fig. 2.

2.1  Perturbations

The implemented perturbation models cover the most domi-
nant perturbations in LEO. The implemented models are 
summarised in Table 1. Due to the large step size in the 
order of one hour to one day, only long periodic and secular 
perturbation effects are modelled.

The combined perturbations are verified and validated 
by comparing them with two-line element (TLE) data and 
ESA’s Orbital SpaceCraft Active Removal (OSCAR) tool.

2.2  Operations

The effects of the residual atmosphere are highly noticeable 
in LEO and lead to a decreasing altitude of the satellites. 
Most satellites in LEO are therefore equipped with a station 
keeping system. In order to get an accurate and representa-
tive simulation, the station keeping has to be incorporated.

The operations module models the station keeping and 
potential end of life operations. For the station keeping, the 
three cases which are most prominent in LEO satellite opera-
tions are implemented:

• Maintaining the ground track.
• Maintaining the local altitude.
• Keeping the orbit Sun-synchronous and maintaining the 

local time of ascending node (LTAN).

The purpose of the station keeping is not to optimise the 
manoeuvres and model the perfect station keeping, but to 
represent the general station keeping behaviour. Therefore, 
the implemented methods are highly simplified and focused 
on reliability and a short computation time.

2.2.1  Maintaining the ground track

Maintaining a ground track is especially important for Earth 
observation satellites. To mimic a realistic behaviour in the 
simulation this task is spilt into monitoring and controlling 
the ground track at the equator and at high latitudes. The 
ground track at the equator is mainly defined by the nodal 

Fig. 1  Simulation framework overview

Fig. 2  Single satellite model

Table 1  Implemented models

Model

Geopotential accuracy l = 4, m = 0

Atmosphere model NRLMSISE-00
Drag model Analogous to Vallado [4]

and Cao [5]
Sun & Moon ephemerides Analogous to Cook [6]
Third body Analogous to cook [6]
Solar radiation pressure Analogous to Vallado [4]
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period. The atmospheric drag decreases the semi-major 
axis (SMA) and therewith the nodal period. This causes 
the ground track of the satellite to drift east. In order to 
correct that drift, the SMA needs to be raised above the 
nominal SMA to cause a drift to the west. The simulation 
allows to define different bands of acceptable deviation from 
the nominal ground track for each satellite. To use the full 
allowed band, the manoeuvre has to be triggered when the 
ground track reaches the eastern boundary and has to be 
sized to stop the westward drift at the western limit. Vallado 
[4] derived a method to calculate the needed change in SMA 
relative to the nominal SMA. The needed change in SMA 
relative to the current SMA can be calculated by:

Figure 3 shows the implemented station keeping of the 
ground track by highlighting the SMA correction manoeu-
vres and showing the deviation of the ground track at the 
equator.

The deviation of the ground track at the highest latitudes 
is directly related to the inclination. If the ground track devi-
ation exceeds the limit, an inclination correction manoeuvre 
is performed.

2.2.2  Maintaining the local altitude

The simulation implements two different kinds of altitude 
keeping. The simple altitude keeping maintains the SMA 
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while keeping the eccentricity small. As Earth observation 
satellites need to maintain their local altitude, an advanced 
altitude keeping is implemented which regulates the SMA, 
eccentricity and argument of perigee. The station keeping is 
triggered if the SMA exceeds a threshold. The SMA is over 
corrected to the nominal SMA plus the current deviation. This 
change determines the size of the manoeuvre. The calculation 
of the manoeuvre size is derived from the Lagrange equations 
[4] with the assumption of small velocity changes:

In order to keep the local altitude, the eccentricity and argu-
ment of perigee need to remain nearly constant. To natu-
rally reduce the fluctuations, the station keeping keeps them 
close to the frozen values. The location of the manoeuvre 
is chosen so that the eccentricity is corrected back to the 
frozen value. There are two locations  f1 and  f2 which can 
achieve the necessary change in eccentricity Δe . One leads 
to a decrease, one to an increase of the argument of perigee. 
The location that brings the argument of perigee closer to 
the frozen value is chosen. The calculation of the maneuver 
location is also derived from the Lagrange equations [4]:

(8)Δvf =

√
p� ⋅ Δa

2(1 + e cos(f )) ⋅ a2
=

� ⋅ Δa

2v ⋅ a2
.

Fig. 3  Deviation from the ground track at the equator with active sta-
tion keeping
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Figure 4 shows the implemented station keeping. The under-
most graph show the deviation of the radius at points with a 
fixed argument of latitude. With the assumption of a rotation 
symmetric Earth and a nearly constant inclination this gives 
a good impression on how the altitude above a certain point 
on Earth changes.

2.2.3  Maintaining the LTAN

Sun-synchronous orbits maintain their orientation towards 
the Sun and keep their local time of the ascending node 
(LTAN) constant. A deviation in LTAN occurs when the 
nodal rate of the orbit, mainly caused by the J2 effect, 
deviates from the average rate of the Sun’s motion. The 

(9)
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implemented station keeping model tracks the current nodal 
rate, compares it to the rate of the Sun’s motion and inte-
grates the deviation over time. This yields the deviation from 
the LTAN. Once the deviation from the LTAN exceeds the 
limit, an inclination correction manoeuvre is triggered. If the 
altitude of the orbit remains constant due to other methods of 
station keeping, the nominal inclination at which the orbit is 
Sun-synchronous remains the same. If the altitude decreases, 
the nominal inclination at which the orbit is Sun-synchro-
nous changes. The correction manoeuvre overcorrects the 
inclination to the nominal inclination plus the current devia-
tion from the inclination. This causes the LTAN to drift in 
the opposite direction.

3  Constellation model

The characteristic of a satellite constellation is the inter-
dependence of the individual satellites. In order to model 
this behaviour, constellations are modelled as a whole and 
not as individual satellites. The constellations are split into 
subconstellations that have the same SMA, eccentricity and 
inclination. A subconstellation consists of multiple orbital 
planes. Since the satellites within one plane follow the same 
orbit and are equally spaced, only one satellite is modelled 
to represent the entire plane. This increases the performance 
and decreases the runtime. The individual satellites are then 
generated within the conjunction detection.

To be able to model an arbitrary constellation, the model 
is designed to be as generic as possible. The constellation 
design chosen for the model is the Walker constellation. The 
orbital planes have the same SMA, eccentricity and incli-
nation. The planes are identified by the right ascension of 
the ascending node (RAAN) relative to a reference plane. 
The Walker constellation design assumes circular orbits and 
evenly spaced constellation planes. It is equivalent to Street-
of-Coverage constellations with equally spaced planes or to 
Flower constellations with circular orbits. Figure 5 shows 
how the constellation is implemented in the simulation and 
details the submodules.

3.1  Deployment and orbit raising

Constellation satellites are usually deployed at an altitude 
lower than their operational altitude and use their electric 
propulsion system to spiral up to their operational orbit. 
During this process they cut through a wide altitude band 
and can therefore lead to conjunctions with several different 
satellites, which is why this phase is of particular interest for 
this simulation. Since there is very limited technical infor-
mation about the deployment process used by the different 
operators, TLE data of constellation deployment and orbit 
raising are analysed.Fig. 4  Maintaining the local altitude
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3.1.1  Analysis of TLEs

Starlink and OneWeb are two constellations that have 
already launched and populated several orbital planes, which 
is why they are chosen for the TLE analysis. They both 
deploy the satellites at an altitude lower than the operational 
and use the electric propulsion system to raise the orbit. For 
the initial population of the orbital planes, they follow dif-
ferent approaches. OneWeb typically populates one orbital 
plane per launch, which is why they have a continuous orbit 
raising. Starlink on the other hand populates three orbital 
planes with one launch. These three planes have a spacing 
in RAAN towards each other which is achieved by incorpo-
rating drift phases into the orbit raising. Figure 6 shows the 
SMA during this phase.

After deployment all Starlink satellites raise their orbit 
for approximately 10 days. After this initial phase, the sat-
ellites of the three orbital planes split up into three groups. 
The first keeps raising its orbit until it reaches the opera-
tional altitude. The others remain at their altitude and stay 
in a drift phase. Due to the SMA difference with respect to 
the operational SMA and the SMA of the first group, they 
experience a different nodal drift rate due to the J2 effect. 
This causes the second and third plane to drift away from the 
first plane. Once the desired spacing is achieved, the second 
plane begins raising its orbit. The third plane remains in the 
drift phase until the required spacing towards the second 
plane is reached.

3.1.2  Design of a generic deployment model

The implemented model is based on the analysis of the 
TLE data and is designed as generic as possible to be able 

to model the different deployment strategies. The main 
design parameters are:

• Deployment and final altitude.
• Number of satellites in one launch.
• Number of planes populated in one launch.
• Spacing in RAAN of the planes when operational.
• Orbit raising speed while deploying.

The orbital planes are characterised by their RAAN rela-
tive to the reference plane which is continuously drifting 
due to the J2 effect. The magnitude of the drift is depend-
ent on the inclination and SMA. All orbital planes have the 
same inclination and also the same SMA when they are in 
their operational orbit, so the RAAN relative to the refer-
ence plane remains constant. As discussed in the previous 
chapter the nodal drift during the orbit raising differs from 
the drift at the operational SMA. For the altitude range of 
the orbit raising the course of the nodal rate due to the J2 
effect over the time with constantly increasing SMA can be 
assumed as linear. Integrating the nodal rate over time yields 
the change in RAAN:

The initial RAAN at which the plane has to be deployed is 
calculated by integrating the above expression over the orbit 
raise duration:

(10)ΔΩ =

[
t ⋅ Ω̇rel, init − t2 ⋅

(
Ω̇rel, init

2tOR

)]t1

t0

.

Fig. 5  Constellation model

Fig. 6  Deployment and orbit raising of Starlink launch L1 based on 
TLE data
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The change in SMA and RAAN during the orbit raising in 
one time step is calculated by:

In the model, it is distinguished between launches that 
populate one plane per launch and launches with multiple 
planes per launch. If only one plane is populated, the orbit 
is continuously raised to the operational altitude. In the 
case of multiple planes per launch, the first plane raises 
its orbit continuously as well, while the other planes per-
form drift phases to change their RAAN relative to the 
first plane.

To keep the model as generic and as accurate as pos-
sible, the satellites are subjected to the complete pertur-
bation model and the change in RAAN is monitored. The 
drift phase ends when the change in RAAN is equiva-
lent to the difference in the final RAAN between the first 
and current plane. Once this point is reached, the orbit is 
raised.

The use of this approach enables the modelling of con-
stellations with arbitrary numbers of planes, differences in 
RAAN between the planes and orbit raise speeds.

3.1.3  Validation of the model with Starlink TLE data

To validate the designed deployment and orbit raising model 
the simulated deployment is compared to the TLE data of 
the Starlink launch L1 of November 11th 2019. The com-
parison is shown in Fig. 7.

The aim of the simulation is to depict the general behav-
iour during the deployment and orbit raising in a realistic 
way, but not to represent it in every little detail to reduce the 
computation time. The model follows the real data closely 
and is sufficiently accurate for the desired use case.

3.2  Operations

The operation of constellations is comprised of the synchro-
nisation of the orbital planes and the station keeping.

(11)
Ωinit = Ωref +

1

2
Ω̇rel, init ⋅ tOR

+Ωrel, desired.

(12)

ΔΩ(t,Δt) = Δt ⋅ Ω̇rel,init

−
(
2Δt ⋅ t + Δt2

)
⋅

(
Ω̇rel,init

2tOR

)

(13)Δa(Δt) =
d a

d t
⋅ Δt.

3.2.1  Orbital plane synchronisation

To avoid conjunctions between the satellites on different 
orbital planes the mean anomaly of each satellite has to be 
set to:

where Mref is the mean anomaly of the reference plane’s first 
satellite, F the phasing parameter and Ωrel the RAAN of the 
plane relative to the reference plane [7].

The different orbital planes experience almost the same 
perturbations, but the small differences lead to a shift in 
argument of perigee and mean anomaly. This leads to an 
invalid phasing and conjunctions between satellites of the 
same constellation.

To keep the synchronisation, the reference plane is simu-
lated under the influence of the entire perturbations. The 
argument of perigee of the individual planes is then set to 
the same as the reference plane and the mean anomaly for 
correct phasing is calculated by Equ. 14 in every time step.

3.2.2  Station‑keeping

Besides the synchronisation of the planes, there are two other 
main requirements for station keeping. The first is keeping 
the overall structure of the constellation by maintaining the 

(14)M = Mref + 2�
kF

nsat

(15)k =
Ωrel ⋅ nplanes

2�

Fig. 7  Comparison of the simulated SMA and RAAN of the Starlink 
L1 orbit raising and real TLE data
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desired spacing in RAAN. The second is keeping the desired 
altitude. To keep the simulation simple and runtime efficient, 
highly simplified station keeping models are implemented. 
The spacing in RAAN is done equivalently to the argument 
of perigee. The RAAN of the reference plane is propagated 
under the influence of the entire perturbation model. The 
RAAN of the individual planes is then set to the RAAN of 
the reference plane plus the desired spacing. Analysis of the 
Starlink TLE data showed that, with some exceptions, the 
satellites maintain their altitude within a band of ±120 m. 
This requires a high number of station keeping manoeu-
vres. Since Starlink uses electric propulsion systems, the 
manoeuvres can not be assumed to be impulsive. Due to the 
small variations in altitude and the difficulty of modelling 
the continuous manoeuvres the implemented model neglects 
the perturbing effects on the SMA and keeps it fixed for 
constellation satellites with electric propulsion.

3.2.3  Spare satellites

The high number of satellites in constellations make it inevi-
table that some of the satellites will fail. In order to assure 
continuous service, spare satellites are needed. The simula-
tion is able to model in plane spare satellites, overpopulated 
planes and satellites in a parking orbit. The satellites in park-
ing orbits have the same relative RAAN and follow the same 
deployment. They will be placed at a different altitude which 
can be specified.

3.3  End of life and replacement

Once the satellites of a constellation reach their intended 
end of life, an active de-orbit maneuver is simulated. In the 
simulation, this process is modelled by applying a constant 
decrease of the SMA on the satellites orbit, which acts in 
addition to the natural perturbations. Once the satellites 
reach an altitude lower than a user specified minimum alti-
tude, they are removed from the simulation.

The lifetime of the constellation satellites is usually pretty 
short, often in the order of five to eight years. This requires a 
frequent replacement of the satellites. If the constellation is 
set up by populating one plane per launch, the replacement 
is scheduled so that the new satellites reach the operational 
altitude when the old ones start to deorbit. In the case of 
multiple planes per launch the planes reach the operational 
altitude after different periods of time. This would lead to 
operational gaps or to overpopulated orbits. The simula-
tion implements two different models. The first replaces the 
planes with multiple planes per launch as well. In this sce-
nario the new satellites are launched when the old satellites 
re-enter. The second scenario uses individual launches for 
each plane to avoid the operational gap.

4  Conjunction detection

To perform all-on-all conjunction detection between the 
active satellite population a stochastic and a deterministic 
mode have been implemented. While the stochastic method 
has a high calculation speed, it can only reflect the quan-
titative and qualitative character of the conjunctions. The 
deterministic method, on the other hand, allows to determine 
the actual locations and times of closest approach. By imple-
menting two methods, the obtained results can be compared 
and thus be validated.

4.1  Stochastic

The conjunction detection strategy for the stochastic mode 
has been derived from the orbit trace method. This method 
allows to calculate a conjunction probability for each com-
bination of objects on Keplerian orbits using the equation

where r1 and r2 are the bounding spheres of the two satellites 
and dmin is the minimum orbit intersection distance (MOID) 
of the two orbits. Furthermore, v2 is the velocity of object 
2, �1 is the angle between the velocity vector v2 of object 2 
and the relative velocity vector v1 − v2 , and T1 , T2 are the 
orbital periods [8].

4.1.1  Selection of method

The orbit trace method has been chosen as it supports large 
time steps that are necessary to conduct the long-term inves-
tigations of this research in adequate computation time. 
Additionally, the method integrates well with the chosen 
propagation approach, as the conjunction probabilities are 
calculated based on Keplerian orbits. Constellation satel-
lites can moreover be easily incorporated in this method as 
outlined in Sect. 4.1.3.

4.1.2  Procedure

To discard object pairs that cannot produce a conjunction 
efficiently before the application of the orbit trace method, 
several additional calculations are performed prior. The 
logic is shown in Fig. 8.

The apogee/perigee filter allows to sort out object pairs 
whose ranges of radius values of their respective orbits do 
not overlap [9].

If the subsequent constellation filter is toggled, all 
conjunctions between satellites belonging to the same 

(16)p = 2

√
(r1 + r2)

2 − d2
min

v2 sin �1T1T2
,



663Simulation of satellites and constellations for the assessment of collision avoidance…

1 3

constellation are excluded, assuming that the constellation 
operators are capable of synchronising the orbits of their 
satellites in order to prevent collisions.

The orbit path filter discards candidate pairs based on the 
distance between their orbits [9]. For the object pairs that 
pass through the filter, it moreover delivers the distance dmin 
between the orbits that is needed for calculating the conjunc-
tion probability in Equ. 16.

However, as the orbit path filter exhibits a singularity for 
coplanar orbits, the respective object pairs are identified by 
the coplanarity filter.

The distance between these objects with coplanar orbits 
is then calculated in the coplanar orbit intersection filter by 
solving a quadratic Equ. [10].

All the object pairs whose orbits have been determined 
to come close enough to produce a conjunction are then 
forwarded to the orbit trace method and the conjunctions are 
triggered based on the calculated conjunction probabilities 
of Equ. 16.

4.1.3  Incorporation of constellation satellites

To incorporate constellation satellites into the conjunction 
detection module, the conjunction probability is modelled 
as a Bernoulli process. For this purpose, the probability p of 
a conjunction to occur between the two orbits is calculated 
with Equ. 16, assuming there is only one satellite on each 
orbit. Let there be i satellites on the first orbit and j satellites 
on the second orbit. The amount of combinations between 
the two satellite groups then amounts to

(17)m = i ⋅ j.

Assuming that all of the n conjunction combinations are 
equally likely to occur and independent, the probability P 
for k conjunctions to happen is

Of interest is the probability P(k > 0) that at least one com-
bination between the satellites i and j has a conjunction. The 
complementary probability P(k = 0) can be used to calculate

The Bernoulli probability P(k > 0) is depicted in Fig. 9 for 
a probability of p = 1 ⋅ 10−3 for a single event. As can be 
seen, the conjunction probability increases with the number 
of satellites on any of the two orbits and approaches 1 for a 
large number of satellites.

4.2  Deterministic

The deterministic conjunction detection strategy is based 
on the geometric filter chain as proposed by Woodburn 
and Dichmann [11]. In this procedure, candidate pairs are 
systematically excluded on the basis of their orbital geom-
etry before determining the time and location of the closest 
approach for the remaining pairs.

4.2.1  Selection of method

In contrast to the (smart) sieve methods [12, 13], which 
require time steps in the order of 5–15 min [13, 14], the 

(18)P(k) =

(
m

k

)
pk ⋅ (1 − p)m−k.

(19)P(k > 0) = 1 − P(k = 0) = 1 − (1 − p)m.
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able numbers of satellites i on the first orbit and j on the second orbit
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proposed geometric filter chain is more suitable for the 
objective of the R4C simulation as it is designed to exam-
ine large time periods in the order of years. The geomet-
ric filter chain integrates well with the chosen propagation 
approach, since it operates on Keplerian orbits. Assuming 
that the objects under investigation move along fixed Kep-
lerian orbits during each time step, time steps of the order 
of hours can be chosen.

4.2.2  Procedure

As shown in Fig. 10, the initial logic that is applied for 
the deterministic method is the same as for the stochastic 
method. However, the condition of the coplanarity filter for 
considering two orbits coplanar is extended to also include 
orbit pairs that are at most separated by the chosen con-
junction screening threshold at the most distant orbit points. 
The location, where conjunctions are possible can not be 
further reduced based on the orbit geometry for these near 
coplanar orbits. For this reason, they are directly forwarded 
to a sampling algorithm. This algorithm searches for the 
conjunctions between all of the near-coplanar object pairs 
by sampling the positions of the objects over the duration 
of the time step.

For the non-coplanar object pairs, in contrast, the location 
where conjunctions are generally possible can be narrowed 
down. A conjunction is only possible to occur within a true 
anomaly window around the line of mutual nodes of the two 
orbits based on the maximum distance from the relative node 
that a satellite could be and still be within the chosen screening 
threshold with respect to the other orbit. The subsequent time 
filter determines the time intervals of each object when it is 
within the respective true anomaly window. By searching for 
the overlaps between the time intervals of common residence 

of any object pair, the search intervals for the conjunctions 
can be further reduced. For any time window longer than 10 
min, sampling is applied to search for conjunctions. In the 
conducted investigations more than 75 % of the candidate 
pairs have been on non-coplanar orbits with time windows 
shorter than 10 min. To reduce the computational load the 
orbits have been linearized within these time windows. This 
allows to approximate the conjunction range by solving a sim-
ple equation instead of performing computationally expensive 
iterations or sampling. The conducted investigations showed 
that all conjunctions of candidate pairs with a time window 
shorter than 10 min which have been detected by performing 
fine sampling of the objects could also be detected by apply-
ing the linearisation. The mean error remained in the order of 
centimeters for all conducted investigations.

Linearisation 

To apply the linearisation, the Keplerian ellipses are approx-
imated by line segments within the time windows. The 
velocity at the arithmetic mean of the temporal start and 
end point is used as the constant velocity for the interval

With this approximation the positions of the satellites at 
time t have been modelled with the parametric equations

where p0p0p0 and q0q0q0 are the respective positions of the satellites 
at the start of the interval t = t0 and ū̄ūu and v̄̄v̄v are their respec-
tive mean velocities (see Fig. 11) [15]. The distance between 
the satellites at time t can thus be described by

(20)v̄iv̄iv̄i =
ve,ive,ive,i − vs,ivs,ivs,i

2
.

(21)
ppp(t) = p0p0p0 + tū̄ūu

qqq(t) = q0q0q0 + tv̄̄v̄v,

(22)d(t) = ‖ppp(t) − qqq(t)‖ = ‖www(t)‖,
combinations

Apogee / Perigee
Filter

Constellation
Filter

Coplanarity
Filter

Orbit Path
Filter

Coplanar Orbit
Intersection Filter

True Anomaly
Interval Method

Time
Filter

conjunctions

coplanar non-
coplanar

can
 b

e
tog

g
led

close orbits

anomaly windows

time
windows
< 10 min

Linearization

intersecting
orbits Sampling

time
windows
≥ 10 min

Fig. 10  Flow chart of the implemented deterministic conjunction 
detection algorithm

Fig. 11  Closest point of approach for two dynamically moving 
objects on line segments with constant velocities (adapted from [15])



665Simulation of satellites and constellations for the assessment of collision avoidance…

1 3

where www(t) = w0w0w0 + t(ū̄ūu − v̄̄v̄v) with w0w0w0 = p0p0p0 − q0q0q0  [15]. Equa-
tion 22 has a minimum when D(t) = d(t)2 has a minimum. 
For this reason, it is sufficient to calculate

in order to save calculation time [15]. This function has a 
minimum when

The time of closest approach (TCA) can be obtained by 
solving equation 24 for t:

The conjunction range at TCA can finally be obtained by 
calculating

4.2.3  Incorporation of constellation satellites

For the non-coplanar combinations, the orbit path filter 
and the true anomaly window method can be applied to 

(23)

D(t) = d(t)2 = www(t) ⋅www(t)

= (uuu − vvv) ⋅ (uuu − vvv)t2

+ 2w0w0w0(uuu − vvv)t +w0w0w0 ⋅w0w0w0,

(24)
0 =

d

dt
D(t)

= 2t[(uuu − vvv) ⋅ (uuu − vvv)] + 2w0w0w0 ⋅ (uuu − vvv).

(25)tPCA =
−w0w0w0 ⋅ (uuu − vvv)

uuu − vvv2

(26)dPCA(ppp(t),qqq(t)) = ppp(tPCA) − qqq(tPCA).

constellation satellites in the same way as for single satellites 
by using one representative satellite of each constellation 
plane as reference satellite, since both algorithms operate 
on the orbit geometry and not on the individual satellites. 
The other satellites of a constellation plane are first consid-
ered when the combinations are processed by the time filter. 
The algorithm replicates the time windows according to the 
number of satellites on the respective orbit. This process 
is depicted in Fig. 12 for the case of a single satellite and a 
constellation plane with four satellites being processed. The 
assumption is made that the satellites are equally spaced 
along the constellation plane within the time domain, so 
that the time windows can be distributed equally. For the 
coplanar combinations, sampling is performed for all pos-
sible combinations of constellation satellites.

4.3  Comparison of methods

In order to ascertain that the deterministic and the stochastic 
methods produce consistent results, a set of simulation runs 
is carried out and the obtained conjunction data is compared. 
The chosen settings for all subsequent simulation runs are 
listed in Table 2.

4.3.1  Influence of time step

In the first investigation the influence of the time step length 
on the quantity of the detected conjunctions is examined. 
The three time step lengths 6 h, 3 h and 1 h are studied for 
both the stochastic and the deterministic method by run-
ning 16 Monte Carlo runs respectively, where random ini-
tial mean anomalies are chosen for the satellites for each 
run. The distribution of the number of detected conjunction 
events is depicted in Fig. 13.

The median of the results of the stochastic conjunction 
detection method (marked orange) consistently amounts to 
around 187,600 for all time steps and agree well with the 
results of the deterministic method (marked blue). The sto-
chastic results slightly overshoot the amount of conjunctions 

Fig. 12  Determination of time period intersections for a single satel-
lite and a constellation plane with four satellites

Table 2  Chosen settings for the 
conducted simulations

Investigation Satellite Simulation Time Screening
Population Period Step Threshold

Section 4.3.1. 2600 currently operative 30 days 6 h, 3 h, 10 km
satellites (as at 01.03.2021) 1 h

Section 4.3.2. 2600 currently operative 30 days 3 h 0.1 km, 1 km,
satellites (as at 01.03.2021) 5 km, 10 km

Section 4.3.3. 2600 currently operative 30 days 6 h, 3 h, 5 km
satellites (as at 01.03.2021) 1 h

Section 4.3.4. 1100 currently operative 30 days 3 h 10 km
single sat. (as at 01.03.2021)
+ generic constellations
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in comparison with those of the deterministic method for a 
time step of 6 h and 3 h and slightly undershoot it for a time 
step of 1 h. The relative deviation of the average amount 
of detected conjunctions between the deterministic and the 
stochastic method is below 2 % for all time steps.

The greater expansion of the kernel density of the deter-
ministic method in Fig. 13 shows that the conjunction num-
ber has a greater variance for the deterministic method than 
for the stochastic mode. This is most likely attributed to the 
influence of the randomised initial mean anomaly of the 
satellites. If a satellite combination on synchronised orbits 
starts with anomalies that cause them to have a conjunc-
tion, the conjunction will be detected by the deterministic 
method repeatedly for every orbit revolution. With the sto-
chastic method, on the other hand, this effect is averaged out 
by the orbit trace method, where the anomaly is not taken 
into account. In the same way, the downwards deviations 
can be reasoned. This observation shows the importance of 
the anomalies in the initial database for the deterministic 
method.

4.3.2  Influence of screening threshold

To study the influence of a variation of the screening 
threshold on the results, another set of Monte Carlo runs 
is performed, where the time step length is fixed to 3 h and 
the screening threshold is varied (0.1 km, 1.0 km, 5.0 km, 
10.0 km; compare Table 2).

The results shown in Fig. 14 exhibit similar average 
amounts of detected conjunctions for each threshold. The 

quartiles of the results for the two conjunction detection 
show overlapping ranges for all thresholds. As in the previ-
ous investigation, it can be observed that the deterministic 
results scatter more than the results of the stochastic method.

4.3.3  Distribution of conjunction range

The number of detected conjunctions is not the only figure of 
merit that has to be considered in order to evaluate the qual-
ity of the results. In order to produce realistic conjunction 
data, the simulation shall also yield a realistic distribution 
of the conjunction range corresponding to the conjunction 
events. This distribution is shown for the stochastic and 
deterministic method in Fig. 15. To consider the influence 
of the time step length, the simulation has been conducted 
for a time step of 6 h, 3 h and 1 h.

It can be seen, that the density of the deterministic method 
exhibits few conjunctions with small conjunction ranges and 
more conjunctions the larger the conjunction range becomes. 
In contrast, the distribution of the stochastic method deviates 
very strongly, peaking at low conjunction ranges. The reason 
for this deviation is how the conjunction range is determined 
for the deterministic methods and the stochastic method. In 
the deterministic method, the conjunction range is calculated 
by applying the linearisation as explained in Sect. 4.2.2.

In the stochastic approach, there is no way of determining 
the conjunction range, as the anomalies of the satellites are 
not considered by the orbit trace method. For this reason, the 
distance between the orbits dmin , previously determined by 
the orbit path filter and the coplanar orbit intersection filter, 
is used to approximate the conjunction range and the exact 
points along the line of mutual nodes are assumed to be the 
points of closest approach. As can be seen in Fig. 15, this 
does not represent the expected distribution as predicted by 
the deterministic method.

4.3.4  Influence of constellation satellites

All of the previous investigations have been conducted 
using a satellite population database which contained both 
the operative single satellites and operative constellation 
satellites. This causes all satellites to be treated as single 
satellites by the simulation framework internally, whereby 
the developed constellation model is not used. For vali-
dating the constellation model, the constellation satellites 
are filtered out of the single satellite population database, 
leaving 1,100 operative single satellites. Subsequently, 
artificially created constellations are added to a separate 
constellation database. To ensure that the created generic 
constellation satellites cause a significant number of con-
junctions with the single satellite population, the height 
distribution of their orbits is analysed. For this purpose, 
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Fig. 13  Number of detected conjunctions for the stochastic (orange) 
and deterministic (blue) methods for a simulation period of 30 days, 
a screening threshold of 10 km and a time step length of 6 h, 3 h and 
1 h. 16 runs have been performed for each method and for each time 
step length with randomised initial anomaly values (n = 16)
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the distribution of the SMA of all single satellites is shown 
in Fig. 16. An accumulation of the SMA in the interval 
from 6800 to 7040 km can be observed.

Five artificial constellations are created that are equally 
distributed with respect to their SMA within the interval 
from 6800 to 7040 km in 60 km increments (red lines in 
Figure 16). Each of these constellations consists of 8 orbit 
planes, equally distributed with respect to their RAAN, 
where all orbits have an inclination of 52◦ and an eccen-
tricity of 0.0. The setup is depicted in Figure 17 for the 
first (lowest altitude) and fifth (highest altitude) generated 
constellation. The other three constellations show the same 
setup, but are not shown for reasons of clarity of the illus-
tration. As can be seen, the orbital planes of the individual 
constellations are stacked above each other forming a fence 

in the critical SMA range. An increased amount of conjunc-
tions is thus expected to occur along these planes.

Four sets of simulations are conducted that differ in 
the number of satellites placed on the constellation orbit 
planes. 1, 2, 10 and 100 satellites are chosen, which 
lead to a total number of constellation satellites of 40, 
80, 400 and 4,000 respectively. Each of the four sets of 
simulations with the varying satellites on the constella-
tion planes is conducted 16 times to ensure statistical sig-
nificance of the results. The number of detected conjunc-
tions is shown in Fig. 18. For one constellation satellite 
per orbit plane, the same characteristics can be observed 
that have been discussed in Sect. 4.3.1, i.e. the stochastic 
method is slightly overestimating the number of conjunc-
tions showing a smaller variance of the results than the 
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Fig. 14  Number of detected conjunctions for the stochastic (orange) 
and deterministic (blue) methods for a simulation period of 30 days, 
a time step length of 3 h and a screening threshold of 0.1 km, 1.0 km, 

5.0 km and 10.0 km. 16 runs have been performed for each method 
and for each screening threshold with randomised initial anomaly val-
ues (n=16)
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deterministic method. Increasing the number of constel-
lation satellites per plane to 2 yields an increase of about 
1000 average detected conjunction for both methods. Two 
aspects can be observed in the other two plots, which show 
the detected conjunctions for 10 and 100 constellation 
satellites per plane respectively. Firstly, the conjunction 
numbers that are determined for the two methods slowly 
diverge as the number of satellites per plane increases. 
The stochastic method overestimates the conjunctions for 
1 and 2 satellites per plane by around 2 % with respect to 
the deterministic result. For 10 satellites per plane this 
relative difference amounts to 4 % and for 100 satellites 
per plane the relative deviation reaches 8 %. Secondly, 
the variance of the stochastic method is increasing for 
increasing numbers of constellation satellites, reaching a 
similar variance as the one of the deterministic method 
for 100 satellites per plane. The results in the first row of 
Fig. 18 show that modelling the conjunction probabilities 
as a Bernoulli process is able to correctly integrate the 
conjunction probabilities for single satellites, since it pro-
vides a continuous transition from the single satellite run 
(upper left diagram) to constellations with few satellites 
on their orbit planes (upper right diagram). For constella-
tions with up to 10 satellites on each plane the results show 
good agreement with predicted conjunction numbers in the 
same order. However, an increasing overestimation of the 
number of conjunctions can be observed for the stochastic 
method for increasing numbers of constellation satellites 
per orbital plane. This could indicate that the Bernoulli 
process assumption of stochastically independent events 
might not be justified for modelling the conjunction prob-
ability of very large constellations. Other stochastic mod-
els shall therefore be analysed in future studies to see if 
they can provide a better approximation also for larger 
constellations.
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Fig. 15  Distribution of the detected conjunction range for the deter-
ministic and stochastic conjunction detection methods for a simula-
tion period of 30 days and a screening threshold of 5.0 km. The trans-
parent lines show the kernel density for the time steps 6 h, 3 h and 
1 h, the solid lines show the averaged kernel density for these three 
time steps, and the bars depict the exact averaged densities for the 
intervals

Fig. 16  Distribution of the SMA for the single satellite population 
database in LEO (blue bars) and chosen SMA for the five constella-
tions of the benchmark run (red lines)

Fig. 17  Constellation planes 1-8 
for the generic constellation 1 
(red) at SMA=6800 km and 
for the generic constellation 2 
(green) at SMA=7040 km



669Simulation of satellites and constellations for the assessment of collision avoidance…

1 3

5  Choice of simulation parameters

The propagation module and the conjunction detection 
module of the presented simulation framework have been 
designed and validated for time steps between 1 h and 12 h 
to allow for long-term simulations while still reflecting the 
important characteristics of satellite operations such as sta-
tion keeping in the created results. A time step of 6 h has 
shown a good trade-off between accuracy and run time and 
is the recommended standard time step length. Furthermore, 
it is recommended to activate all implemented perturbation 
models for the best accuracy of the simulation results cre-
ated. It has been found that the perturbation models do not 
significantly deteriorate the simulation run time in compari-
son with the conjunction detection module which accounts 
for the largest share of the calculation time. While in theory, 
arbitrarily high screening thresholds can be chosen for the 
simulation runs, it is recommended to choose screening 

thresholds below 20 km. For larger screening thresholds 
the computation time increases sharply for the determin-
istic conjunction detection method, because many satellite 
combinations pass through the filter chain. The stochastic 
method is capable of handling larger screening thresholds, 
albeit the accuracy of the predicted amount of conjunctions 
has not yet been tested for very large values. The determinis-
tic method is the recommended standard conjunction detec-
tion method as it enables the creation of realistic simulated 
conjunction events with tangible satellite positions at TCA, 
which can be used for further processing.

6  Conclusion

A large-scale orbit simulation has been presented in this 
paper that was developed with the objective of generat-
ing representative list of conjunctions for arbitrary object 
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Fig. 18  Number of detected conjunctions for 1, 2, 10, and 100 satel-
lites on each orbit plane of the five generic constellations, leading to a 
total of 40, 80, 400, and 4,000 constellation satellites respectively. 16 

runs have been performed for each number of constellation satellites 
and for each conjunction detection method with randomised initial 
anomaly values (n = 16)
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populations in LEO to allow the assessment of different rule 
sets for collision avoidance operations. The most dominant 
long periodic and secular perturbations in LEO are con-
sidered for the propagation of the satellite population and 
validated by comparison with historic TLE data and ESA’s 
OSCAR tool. In order to realistically depict the dynamics 
of the LEO environment of active satellites, station keeping, 
end of life operations and a generic deployment model for 
constellations have been developed. The deployment process 
has been validated with TLE data of the Starlink launch 
L1. For the detection of conjunctions, a deterministic and a 
stochastic method have been implemented that are both able 
to process constellation satellites, leveraging the movement 
of satellites along the same orbit to increase performance. 
A comparison of the detected number of conjunction events 
for different simulation settings has shown that both methods 
produce similar results. While the stochastic method requires 
simpler computational operations to be performed, it has the 
disadvantage that the distribution of the conjunction range 
cannot be represented correctly.
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