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Kurzfassung

Meteore sind Leuchterscheinungen, welche auftreten, wenn ein Me-
teoroid in die Erdatmosphäre eintritt. Meteoroide sind Fragmente
von Kometen und Asteroiden, welche seit den Anfängen des Son-
nensystems so gut wie unverändert sind. Daher können durch eine
Beobachtung von Meteoren Rückschlüsse auf die Entwicklung des
Sonnensystems gezogen werden. Auÿerdem kann durch Meteorbe-
obachtung der Meteoriden Fluss (Anzahl der Meteoriden pro Zeit-
und Flächeneinheit) bestimmt werden. Dieser ist wichtig für die
Planung und Durchführung von Aktivitäten im Weltraum.

Im Vergleich zu bodengestützten Beobachtungen hat eine satel-
litengestützte Beobachtung von Meteoren mehrere Vorteile: Zum
einen ist die Abdeckung gröÿer, d.h. es können mehr Meteore beob-
achtet werden. Weiterhin ist eine satellitengestützte Beobachtung
unabhängig vom Wetter und es �ndet keine Dämpfung des vom
Meteor erzeugten Lichts durch die Atmosphäre statt.

In dieser Arbeit wurden zwei Beispielmissionen verwendet, um
die jeweilige Mission und ein Instrument für die visuelle Beobach-
tung von Meteoren zu konizipieren. Die erste Mission ist Stuttgart
Operated University Research Cubesat for Evaluation and Educa-
tion (SOURCE), einCubeSat, der für Technologiedemonstratio-
nen, Wiedereintrittsuntersuchungen und Meteorbeobachtungen ein-
gesetzt wird. Im Rahmen der Mission soll das Instrument zur Me-
teorbeobachtung quali�ziert und getestet werden. Die zweite Missi-
on heiÿt Formation for Analysis of Cosmic Particles (FACIS), eine
Mission, die aus einer Formation von zwei Kleinsatelliten besteht.
Das Missionsziel ist Meteorbeobachtung und Messung von Staub-
partikeln. Da zwei Satelliten verwendet werden, soll diese Mission
Meteore stereoskopisch beobachten, um die Trajektorie der Meteore
zu bestimmen.
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Die zwei wesentlichen Herausforderungen einer satellitengestütz-
ten Meteorbeobachtung wurden in dieser Arbeit behandelt. Die ers-
te ist die Missionsanalyse und die Auslegung des Instruments. Dies
beinhaltet eine Analyse des Ein�usses der Satellitenbus Parame-
ter (beispielsweise die Genauigkeit der Lagebestimmung) und der
Formationsparameter (beispielsweise der Satellitenabstand) auf die
wissenschaftlichen Ergebnisse einer (stereoskopischen) Meteorbeob-
achtungsmission. Weiterhin muss das Instrument zur Meteorbeob-
achtung abhängig von der wissenschaftlichen Zielsetzung der Missi-
on ausgelegt werden. Daher wurden im Rahmen dieser Dissertation
verschiedene Simulationen entwickelt und verwendet, um die wis-
senschaftlichen Ergebnisse in Abhängigkeit von den Satellitenbus-
und Formationsparametern sowie den Instrumentenparametern zu
bestimmen. Diese Simulationen wurden verwendet, um die Mission
zu planen, einschlieÿlich der Auslegung des Instruments und dem
Aufstellen von Anforderungen an den Satellitenbus. Auÿerdem konn-
ten die idealen Formationsparameter in Abhängigkeit von der wis-
senschaftlichen Zielsetzung und dem Instrumentendesign bestimmt
werden.

Die zweite Herausforderung bei einer weltraumgestützten Meteor-
beobachtungsmission ist die Begrenzung der Datenmenge, die ein
Satellit zur Bodenstation senden kann. Dies erfordert die Verar-
beitung der Bilddaten auf dem Satelliten, damit nur Bilder, die
einen Meteor enthalten, zur Bodenstation gesendet werden. Dies
geschieht durch einen Algorithmus, welcher alle aufgenommenen
Bilder verarbeitet und Meteore detektiert. Bestehende Detektions-
algorithmen können nicht verwendet werden, da sich der Satellit
während der Meteorbeobachtung bewegt und somit auch der Hin-
tergrund in Bewegung ist. Daher wurde im Rahmen dieser Arbeit
ein neuer Algorithmus zur Meteorerkennung entwickelt, basierend
auf der Berechnung des optischen Flusses. Dieser Algorithmus wur-
de getestet, indem eine künstliche Meteorsimulation entwickelt und
verwendet wird, um Testdaten zu erzeugen. Weiterhin wurde ein
Prüfstand entwickelt und gebaut, um diese Daten anzuzeigen und
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mit dem Instrument abzubilden. Eine Herausforderung für die Ent-
wicklung des Algorithmus war die begrenzte Rechenleistung auf dem
Satelliten. Daher wurde der entwickelte Algorithmus durch die Ver-
lagerung von Funktionen auf spezielle Hardware des verwendeten
Bordcomputers beschleunigt.

Letzendlich können das Beobachtungskonzept und die potentiel-
le wissenschaftlichen Leistungsfähigkeit beider Missionen unter Be-
rücksichtigung der Instrumentenparameter, der Parameter des Sa-
tellitenbusses und der Formation sowie der Performanz des Algo-
rithmus bestimmt werden. Für beide Missionen konnte ein Konzept
entwickelt werden, das eine signi�kante Beobachtung von Meteoren
ermöglicht.

Zusammenfassend zeigt diese Arbeit, dass eine weltraumgestützte
Meteorbeobachtungsmission mit Hilfe von Kleinsatelliten möglich
ist. Die wichtigsten Aspekte des Missionsdesigns wurden analysiert,
um zwei verschiedene Missionen zu entwerfen. Die Hauptaspekte,
die in dieser Arbeit behandelt wurden, sind das Instrumentendesign,
die Anforderungen an den Satellitenbus und die Formation sowie
die Algorithmenentwicklung. Alle drei Aspekte konnten erfolgreich
abgehandelt werden, die Missionen wurden geplant und ein Prototyp
des Instruments wurde entwickelt und quali�ziert. Darüber hinaus
konnte das Instrument für die SOURCE Mission gebaut werden,
einschlieÿlich der Entwicklung des Detektionsalgorithmus.
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Abstract

A meteoroid entering the Earth atmosphere causes a light pheno-
menon called meteor. Meteoroids origin from comets or asteroids,
these small particles are mostly unchanged since the formation of
the solar system. Therefore, observing meteors gives insight on how
our solar system evolved and from what materials it consists. Ad-
ditionally, meteor observations are used to improve meteoroid �ux
models, which are needed to safely plan space activities.

Meteor observations from space o�er several advantages compa-
red to ground-based meteor observations, such as greater coverage
and an unobstructed view to the meteor as well as weather inde-
pendence. Using two satellites for meteor observations allows to
calculate the trajectory of a meteor and determine its parent body.

In this thesis two example satellites are used to develop and design
a mission and an instrument for the visual observation of meteors.
The �rst mission is called Stuttgart Operated University Research
Cubesat for Evaluation and Education (SOURCE), a three unitCu-
beSat dedicated to technology demonstrations, demise investiga-
tion and meteor observation. Here, a visual monochromatic camera
is used to observe meteors and qualify the instrument. The second
mission is called Formation for Analysis of Cosmic Particles (FA-
CIS), which consists of a formation of two identical small satellites
dedicated to meteor observation and dust measurements. Since two
satellites are used, meteors are observed stereoscopically to deter-
mine meteor trajectories.

Two main challenges of spaceborne meteor observation are ad-
dressed in this thesis: The �rst one is the design of the mission and
the instrument. This includes analysing the in�uence of the satellite
bus parameters (e. g. attitude knowledge accuracy) and formation
parameters (e. g. satellite distance) on the scienti�c output of a
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(stereoscopic) meteor observation mission. Furthermore, the instru-
ment parameters must be analysed and optimized depending on
the scienti�c objective of the mission. Thus, di�erent simulations
are developed to evaluate the scienti�c output depending on satel-
lite bus and formation parameters as well as instrument parameters.
These simulations were used to develop the mission, including the
design of the instrument and deriving requirements for the satellite
bus. Furthermore, the ideal formation parameters depending on the
scienti�c objective and instrument design could be determined.

The second challenge of a space based meteor observation mis-
sion is the limited downlink capacity of a satellite. This requires
onboard processing of the image data. An algorithm must be used,
to identify images containing a meteor and downlink only these
images. Existing detection algorithms can not be used, since the
satellite moves during an observation and thus, the background is
moving as well. Therefore, a new meteor detection algorithm called
Spaceborne MEteor Detection ALgorithm (SpaceMEDAL)based on
optical �ow calculations is developed. This algorithm is tested by
developing and using an arti�cial meteor simulation calledArti�cial
Meteorvideo Simulation Software (ArtMESS)to generate test data
and a test bed to display and image this data. A challenge for the
algorithm is the limited processing power. Thus, the developed al-
gorithm is accelerated by moving functions to dedicated hardware
of the used on board computer.

Finally, the observation concept and scienti�c output of both mis-
sions can be determined, by taking into account the instrument
parameters, satellite bus and formation parameters as well as the
algorithm performance and operational constraints of the satellite.
For both missions a concept resulting in a signi�cant observation of
meteors could be developed.

All in all, this thesis shows that a space based meteor observation
mission using small satellites is possible. The main aspects of the
mission design were analysed in order to design two di�erent mis-
sions. The main aspects addressed in this thesis are the instrument
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design, the satellite bus and formation requirements and the algo-
rithm development. All three aspects could be successfully revised
and the missions and the instrument could be developed. Further-
more, a demonstrator instrument for the SOURCE mission could be
built, including the development of the detection algorithm.
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As I stand out here in the wonders of the unknown at Hadley,
I sort of realize there’s a fundamental truth to our nature:

Man must explore!

� David Scott, 1974

1. Introduction

The term meteor describes the lightning phenomenon occurring
when a meteoroid enters the Earth atmosphere. Meteors have been
observed for centuries, beginning with naked eye observations, later
with binoculars, photo plates and today also with digital cameras.
Meteoroids are small particles from comets or asteroids, which are
mostly unchanged since the formation of the solar system. There-
fore, observation of meteors gives insight on how our solar system
evolved and from what materials it consists. Furthermore, deter-
mining the meteoroid �ux by observing meteors is important to
improve existing meteoroid �ux models. Those models are crucial
for planning safe space activities such as astronauts extra-vehicular
activities or satellite missions. For example, recently the new James
Webb Space Telescope (JWST) was hit by an unexpectedly large
meteoroid (see [1]). While JWST still ful�ls all requirements, this
incident underlines the importance of understanding the meteoroid
environment for space missions.

The technological advancement generally allows to built more ca-
pable instruments, which in turn gives more insight to the objects
observed. This is also true for meteor observation: Digital cameras
with low noise in combination with powerful processing algorithms,
allow the continuous observation of meteors during all nights, de-
tecting faint meteors and thus helping to characterize meteor phe-
nomena.

1
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In recent years, satellites became more a�ordable. The reasons
for this is mainly the miniaturization of electronics and usage of
Commercial o�-the-shelf (COTS) components, e. g. in small satelli-
tes for the Low Earth Orbit (LEO). As a result, it is now technically
and economically feasible to carry out a satellite mission with the
objective of meteor observation.

1.1. Advantages of meteor observation from
space using small satellites

While ground observation of meteors are common for quite some
time, ranging from naked eye to video observations, a space borne
instrument has several advantages and can aid the ground observa-
tions.

First, a space borne instrument can cover a much greater area
than a ground based system, due to the higher distance from orbit.
This allows for an observation of more meteors and thus enhan-
cing the available data base and leading to more robust statistic
results. Of course, this depends on the instrument parameters and
its orientation. This was for example analysed by Bouquet et al. (see
[2]).

Furthermore, a satellite based instrument is independent from the
weather, while ground based systems can only observe during a clear
night.

Also, the instruments observe the meteor from above the atmosp-
here, meaning the light produced is not absorbed by the atmosphere.
This gives an unobstructed view to the meteor and gives the possibi-
lity to observe in di�erent wavelength bands (e. g. in the ultraviolet
(UV) band, see [3]). This allows the detection of Carbon in the UV
spectrum, allowing identi�cation of extra-terrestrial material.

Existing ground based instruments are mostly located in the nort-
hern hemisphere. As a result, some meteor showers are not well ob-
served, due to the usually bad weather conditions when the shower
peaks (e. g. Quadrantids in January, see [4, p.357]). Furthermore,

2 1. Introduction



Per aspera ad astra

the radiant (apparent location from where the meteors of one shower
seem to originate) is below the horizon during the best observation
time (midnight). A spaceborne instrument is independent from the
seasons and the location of the radiant.

Even more insights to meteors can be gained if two or more satel-
lites are used to observe the same meteor. In this case, the trajectory
of the meteor can be determined, which is used to determine the
parent body of the meteoroid.

In conclusion, a spaceborne observation of meteors can aid the
ground observations, enhance the statistical basis of meteor research
and allow for new insights to meteor physics. Besides contributing
to fundamental research about our solar system, the data can be
used to improve meteor shower prediction models in order to protect
assets in space or safely plan extra-vehicular activities.

1.2. Technical challenges of meteor
observation from a satellite

As outlined in the previous section, a spaceborne meteor observa-
tion o�ers many advantage. However, some challenges are associ-
ated with instruments on satellites in general and with an meteor
observation instrument speci�cally.

First, the satellite and the instrument are constantly moving around
the Earth, which means attitude and position change constantly.
This makes the evaluation of the data more complicated, since the
position and attitude are important to determine the direction of
the meteor and thus the assignment to a meteor shower. In case
of a stereoscopic meteor observation, this data is also needed to
determine the meteor trajectory. Finally, position and attitude data
have a certain noise level, which decreases the accuracy of trajectory
determination.

Second, due to the orbit altitude of the satellites, meteors ap-
pear fainter compared to ground based observations. The typically
altitude in LEO is around300 kmto 800 km, meteors occur in an

Technical challenges of meteor observation from a satellite3
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altitude of about100 km(see [4]). Due to the higher distance, the
signal reaching the camera is weaker.

Third, onboard processing of the data is needed. While meteor
showers can be predicted, meteors still occur randomly and it can
not be predicted when exactly a meteor occurs. This means an in-
strument must constantly observe the Earth during eclipse. Daylight
observations are possible, but meteors are usually too faint to be
observed during the day with visual cameras.

Visual cameras are widely used for meteor observation, but they
are producing a large quantity of data. Even with a low framerate
and resolution about4 GBcan be produced in30 min. The downlink
capacity of a satellite is limited and is depending on the available
resources (e. g. available power). Thus, the data must be proces-
sed onboard, in order to only downlink data containing a meteor
observation.

Here, the fourth challenges becomes apparent: The volume and
power available on a satellite is limited, therefore the processing
power of the onboard computer is limited too. The algorithm must
be able to process all data with the available resources. For com-
parison, the Central Processing Units (CPUs) used for payload pro-
cessing are usually less or equally powerful as CPUs used in modern
smartphones.

Finally, the satellite can only be controlled from the ground by
sending commands. This must be taken into account when develo-
ping the instrument software (control software and algorithm). The
software must be able to run autonomously and allow for remote
adaption of parameters.

1.3. Example missions: SOURCE and FACIS

In this thesis, two missions dedicated to meteor observation are used
as an example to design the instrument. The �rst satellite is the
Stuttgart Operated University Research Cubesat for Evaluation and
Education (SOURCE), which is a three unitCubeSatdeveloped at
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the Institute of Space Systems (IRS) in cooperation with the Small
Satellite Student Society at the University of Stuttgart (KSat e.V.).
The scienti�c mission goals are atmospheric and re-entry science
using di�erent sensors as well as meteor observation using a visual
camera.

The second mission is theFormation for Analysis of Cosmic Par-
ticles (FACIS), a formation of two micro satellites (about30 kg).
Besides serving as a technology demonstration, the main scienti�c
objectives are the stereoscopic observation of meteors as well as
dust measurements using a dust sensor.

Both missions are presented in more detail in the following secti-
ons.

The SOURCE mission

Figure 1.1.: CAD drawing of the SOURCE satellite with one so-
lar panel already deployed. The second panel is not
shown. (Credit: SOURCE Team)

The SOURCEsatellite as a Computer-Aided Design (CAD) model
is shown in Figure 1.1. The following information is taken from the
documentation (see [5]) prepared by theSOURCEteam of which
the author is a member.

The SOURCEmission goals has three primary and one secondary
objective. The primary objectives are:

1. Student education

Example missions: SOURCE and FACIS 5
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