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Kurzfassung

Meteore sind Leuchterscheinungen, welche auftreten, wenn ein Me-
teoroid in die Erdatmosphare eintritt. Meteoroide sind Fragmente
von Kometen und Asteroiden, welche seit den Anfingen des Son-
nensystems so gut wie unverandert sind. Daher kénnen durch eine
Beobachtung von Meteoren Riickschliisse auf die Entwicklung des
Sonnensystems gezogen werden. AuBerdem kann durch Meteorbe-
obachtung der Meteoriden Fluss (Anzahl der Meteoriden pro Zeit-
und Flacheneinheit) bestimmt werden. Dieser ist wichtig fir die
Planung und Durchfiihrung von Aktivitdten im Weltraum.

Im Vergleich zu bodengestiitzten Beobachtungen hat eine satel-
litengestlitzte Beobachtung von Meteoren mehrere Vorteile: Zum
einen ist die Abdeckung groBer, d.h. es kdnnen mehr Meteore beob-
achtet werden. Weiterhin ist eine satellitengestiitzte Beobachtung
unabhingig vom Wetter und es findet keine Dampfung des vom
Meteor erzeugten Lichts durch die Atmosphare statt.

In dieser Arbeit wurden zwei Beispielmissionen verwendet, um
die jeweilige Mission und ein Instrument fiir die visuelle Beobach-
tung von Meteoren zu konizipieren. Die erste Mission ist Stuttgart
Operated University Research Cubesat for Evaluation and Educa-
tion (SOURCE), ein CubeSat, der fiir Technologiedemonstratio-
nen, Wiedereintrittsuntersuchungen und Meteorbeobachtungen ein-
gesetzt wird. Im Rahmen der Mission soll das Instrument zur Me-
teorbeobachtung qualifiziert und getestet werden. Die zweite Missi-
on heiBt 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 satellitengestiitz-
ten Meteorbeobachtung wurden in dieser Arbeit behandelt. Die ers-
te ist die Missionsanalyse und die Auslegung des Instruments. Dies
beinhaltet eine Analyse des Einflusses 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 abhangig 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 Abhangigkeit von den Satellitenbus-
und Formationsparametern sowie den Instrumentenparametern zu
bestimmen. Diese Simulationen wurden verwendet, um die Mission
zu planen, einschlieBlich der Auslegung des Instruments und dem
Aufstellen von Anforderungen an den Satellitenbus. AuBerdem konn-
ten die idealen Formationsparameter in Abhangigkeit von der wis-
senschaftlichen Zielsetzung und dem Instrumentendesign bestimmt
werden.

Die zweite Herausforderung bei einer weltraumgestiitzten 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 kdnnen nicht verwendet werden, da sich der Satellit
wahrend 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 kiinstliche Meteorsimulation entwickelt und
verwendet wird, um Testdaten zu erzeugen. Weiterhin wurde ein
Prifstand entwickelt und gebaut, um diese Daten anzuzeigen und
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mit dem Instrument abzubilden. Eine Herausforderung fiir 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 kénnen das Beobachtungskonzept und die potentiel-
le wissenschaftlichen Leistungsfahigkeit beider Missionen unter Be-
riicksichtigung der Instrumentenparameter, der Parameter des Sa-
tellitenbusses und der Formation sowie der Performanz des Algo-
rithmus bestimmt werden. Fiir beide Missionen konnte ein Konzept
entwickelt werden, das eine signifikante Beobachtung von Meteoren
ermoglicht.

Zusammenfassend zeigt diese Arbeit, dass eine weltraumgestitzte
Meteorbeobachtungsmission mit Hilfe von Kleinsatelliten moglich
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 qualifiziert. Darliber hinaus
konnte das Instrument fiir die SOURCE Mission gebaut werden,
einschlieBlich 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 flux
models, which are needed to safely plan space activities.

Meteor observations from space offer 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 first mission is called Stuttgart Operated University Research
Cubesat for Evaluation and Education (SOURCE), a three unit Cu-
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 first one is the design of the mission and
the instrument. This includes analysing the influence of the satellite
bus parameters (e.g. attitude knowledge accuracy) and formation
parameters (e.g. satellite distance) on the scientific output of a
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(stereoscopic) meteor observation mission. Furthermore, the instru-
ment parameters must be analysed and optimized depending on
the scientific objective of the mission. Thus, different simulations
are developed to evaluate the scientific 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
scientific 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 flow calculations is developed. This algorithm is tested by
developing and using an artificial meteor simulation called Artificial
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 scientific 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 significant 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 different mis-
sions. The main aspects addressed in this thesis are the instrument

VI
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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.

VII
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As | 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 flux by observing meteors is important to
improve existing meteoroid flux 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 fulfils 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.
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In recent years, satellites became more affordable. The reasons
for this is mainly the miniaturization of electronics and usage of
Commercial off-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 different wavelength bands (e. g. in the ultraviolet
(UV) band, see [3]). This allows the detection of Carbon in the UV
spectrum, allowing identification 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
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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 offers many advantage. However, some challenges are associ-
ated with instruments on satellites in general and with an meteor
observation instrument specifically.

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 around 300 km to 800 km, meteors occur in an

Technical challenges of meteor observation from a satellite 3
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altitude of about 100 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 about 4 GB can be produced in 30 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 first satellite is the
Stuttgart Operated University Research Cubesat for Evaluation and
Education (SOURCE), which is a three unit CubeSat developed at

4 1. Introduction
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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 scientific mission goals are atmospheric and re-entry science
using different sensors as well as meteor observation using a visual
camera.

The second mission is the Formation for Analysis of Cosmic Par-
ticles (FACIS), a formation of two micro satellites (about 30kg).
Besides serving as a technology demonstration, the main scientific
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 SOURCE satellite 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 the SOURCE team of which
the author is a member.

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

1. Student education

Example missions: SOURCE and FACIS 5



Per aspera ad astra

2. Satellite platform development for future missions
3. Technology demonstration

The project gives students the opportunity to work on a satellite
project and gain technical and procedural experience. Furthermore,
a satellite platform for future missions should be developed. Finally,
the satellite serves as a platform for technology demonstration. This
includes e.g. smart heaters, new solar cells and a multifunctional
sandwich structure which includes different sensors (gyroscope and
accelerometer, radiation sensors).

Table 1.1.: SOURCE mission facts

Property Value
Orbit Sun-synchronous/ISS orbit
Orbit altitude 450 km to 500 km
Mass ~ 5kg
Size 30cm x 10cm x 10cm
Mission duration ~ 1 year
Attitude determination Sun sensors, magnetometer,

experimental Startracker
Attitude control Magnetorquer
Pointing accuracy 5°
Position determination Global Positioning System
Power generation 10 solar panels

(327 x 80.25 x 1 mm) & 7 cells

Maximum power generation 30W
Payload data rate per day 100 MB using S-band

The secondary objective is the demise investigation, which is di-
vided into two parts:

1. Atmospheric and re-entry science

2. Meteor observation

6 1. Introduction
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A sensor suite is used for atmospheric and re-entry science. This sen-
sor suite should verify the simulations software PICLas (developed
by IRS and Institute of Aerodynamics and Gas Dynamics (IAG)).
PICLas is a flexible particle-based plasma simulation suite for the
numerical simulation and modelling of re-entry flow. The sensors
suite includes two FIPEX sensors to measure atomic oxygen, pres-
sure sensors as well as two kinds of heat flux sensors. During the
re-entry of SOURCE, these sensors deliver data about the atmosp-
here, which is downlinked using the satellite network Iridium. Using
this network is necessary, since the re-entry is short and most likely
not over a ground station.

For the meteor observation, a visual monochromatic camera is
used. Since CubeSats are generally limited in terms of available po-
wer and downlink capacity, the meteor observation is a demonstra-
tion for future missions. This allows to demonstrate the feasibility
of space based meteor observations as well as testing the camera
and on-board meteor detection algorithm. The import mission pa-
rameters are summarized in Table1.1.

The FACIS mission

The FACIS mission is a joint mission planned by the IRS of the Uni-
versity of Stuttgart and the Technische Universitidt Berlin. While
the satellite bus is based on the TUBIiX20 platform developed by
TU Berlin, the IRS provides the payload and the data downlink sy-
stem. The mission consists of a formation of two identical satellites
(30 kg each, see Figure 1.2) in Low Earth Orbit dedicated to the ste-
reoscopic meteor observation and dust measurements. A miniature
dust telescope is used to measure the dust around the satellite and
delivers important data of the dust environment during meteor ob-
servation. For the meteor observation a visual camera system should
be used. Since two satellites with overlapping instrument Field of
Views (FOVs) are used, a stereoscopic meteor observation is pos-
sible. This allows to calculate the corresponding meteor trajectory
and thus, to determine the parent body. In the following, the term

Example missions: SOURCE and FACIS 7
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Table 1.2.: FACIS satellite facts

Property Value

Orbit Sun-synchronous/ISS orbit
Orbit altitude 300 km to 565 km
Mass ~ 30kg

Size 36cm x 36cm x 34cm
Mission duration ~ 2 year

Attitude determination
Attitude control

Position determination
Pointing accuracy

Attitude determination accuracy

Maximum power generation
Payload data rate per day

Sun sensors, magnetometer,
startracker, gyroscopes
Magnetorquer, reaction

wheels
Global Positioning System
tbd
36//
90 W using Solar Panels
1.6 GB using X-band

instrument describes the camera, detection algorithm as well as a
computer to control the camera and store images.

In Table1.2 the main mission data is summarized, the data is

taken from the paper about Phase A (see [7]), which is based on a
Master thesis (see [6]). Currently the project is in Phase A, the data
should be seen as a baseline. In this thesis, further details regarding
the satellite bus requirements as well as mission parameters are
detailed. Furthermore, the idea of this mission serves as an example
to develop requirements for future stereoscopic meteor observation

missions using two satellites.

8 1. Introduction
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Figure 1.2.: Preliminary CAD drawing of the FACIS satellite (Cre-
dit: MA Fabian Hufgard [6])

1.4. Further planned meteor observation
missions and instruments

Due to the advantages of space borne meteor observations descri-
bed in the previous section, several missions and instruments have
been proposed. Furthermore, some meteors could already be ob-
served from space. In this section, a short overview of successful
and proposed missions as well as instruments should be given as a
context for the missions described in this thesis (see Section 1.3).

METEOR The project METEOR (see [8]) is a Japanese project
from Planetary Exploration Research Center (PERC). In the course
of the project, a high definition colour camera was developed and
deployed onboard of the International Space Station (ISS). The
camera has a wide FOV of 57.8° and is very sensitive due to the low
f-number of 0.95. The camera observes meteors in the visual light

Further planned meteor observation missions and instruments 9
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spectrum. Several meteors could be observed and videos of meteors
have been published on Youtube .

Meteorix The Meteorix satellite is a three unit CubeSat currently
developed by the Institut de Mécanique Céleste et de Calcul des Ep-
hémérides (IMCCE), Sorbonne Université and other partners (see
[9]). The satellite development is done by a student team and su-
pervised by University researchers. The satellite is equipped with a
camera developed by 3D plus, dedicated to the observation of me-
teors in the visual light spectrum. Due to the limited data downlink
capacity, it is planned to process all image onboard and downlink
only images with meteors by using an meteor detection algorithm
based on optical flow. The main goal of this mission is to observe
sporadic and shower meteors over the course of one year to improve
meteor models and get good statistical data about meteoroids and
space debris entering the atmosphere.

SPOSH The Smart Panoramic Optical Sensor Head (SPOSH)
camera is a satellite instrument designed for the observation of faint
transient noctilucent phenomena (see [10]), which includes meteors.
The camera sensors has a high sensitivity, which is needed for the
observation of faint meteors. Furthermore, it has a large FOV of
120°. The camera is also equipped with a processing unit to detect
the desired phenomena. Currently this algorithm is optimized for
the detection of meteors at a frame rate of 3 fps. The instrument
is designed for a use on a spacecraft, but is currently also used for
ground based observations.

SWIMSat Space Weather and Impact Monitor Satellite (SWIM-
Sat) is a six unit CubeSat (see [11]). Contrary to the previous mis-
sions, it should be stationed in a geostationary orbit and equipped
with a propulsion system. The two proposed missions goals are the

"https://www.youtube. com/channel/UC1dWPtTzsDqilXsrJSocinA/
videos
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observation of Coronal Mass Ejections (CMEs) and impacts of large
meteoroids. Two instruments are used for this purpose: The Coron-
agraph for CME observation and a visual camera for meteor obser-
vations. Furthermore, it is proposed to develop a reduced version
of this satellite (three units) without a propulsion system and the
Coronagraph. Then the satellite is placed in a LEO to allow for the
observation of smaller meteors. Since the satellite is half the size of
the larger version, it is also considered to built two of them to allow
for meteor trajectory determination (see [12]). Autonomous event
detection is also planned for this mission.

As outlined above, several missions have been proposed, but cur-
rently no dedicated meteor observation satellite was launched. Ho-
wever, successful observations from the ISS could be made, showing
the feasibility. Furthermore, the multiple proposals from different
working groups show the general interest and need for a dedicated
mission for spaceborne meteor observation.

1.5. Thesis objective and outline

The main goal of this thesis is the feasibility analysis of a spaceborne
meteor observation mission, based on the results the design of the
meteor observation instrument (camera as well as algorithm) and
the derivation of requirements for the satellite bus and formation.
As outlined above, a spaceborne meteor observation is proposed by
several institutions, but so far no detailed analysis of the satellite
and formation requirements and instrument development for a ste-
reoscopic observation mission has been done. Therefore, this thesis
aims to answer the question, if a stereoscopic meteor observation
mission with small satellites is feasible and what scientific output
can be expected. This also includes the development of the onboard
meteor detection algorithm, which is crucial for all planned meteor
observation missions.

Therefore, this thesis shall provide a major step towards the
first dedicated stereoscopic meteor observation mission. In detail,

Thesis objective and outline 11
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it should be analysed how the scientific output of the two exam-
ple missions FACIS and SOURCE can be optimized, by defining
satellite bus and formation parameters depending on the scientific
objective and instrument design. Therefore, a comprehensive analy-
sis of the mission is required, to identify design driving parameters
of the satellite bus, instrument and formation on the scientific out-
put. Finally, their effect on the scientific output can be quantified
in order to define requirements necessary for a successful mission.
Here, the challenge is to first identify the design driving parameters,
which requires setting up simulations in order to also quantify their
effect on the scientific output. This is complex, since a wide vari-
ety of parameters exists, which influence each other and can not be
considered isolated. For example, some instrument parameters influ-
ence the ideal formation parameters, thus the formation parameters
can not be analysed without taking into account the instrument.

Furthermore, the instrument should be developed, which includes
deriving scientific and instrument requirements, camera and lens se-
lection as well as qualification and testing. Additionally, the software
required to control the camera and process the images should be
developed, this includes the meteor detection algorithm. All in all,
a working prototype of the complete instrument, including software
should be developed in the scope of this thesis. Here, the main chal-
lenge is the development of the detection algorithm. A complete
new concept is required, since ground based detection algorithms
can not be applied due to the movement of the background. Additi-
onally, the algorithm must cope with the limited resources onboard
of the satellite while still allowing to process a sufficient amount of
images.

1.5.1. Thesis structure

In order to consider all aspects outlined above, the thesis is divided
into four main parts (see Figure 1.3):

The first part gives an introduction to meteor sciences and pro-
vides an overview of current ground based meteor observations and

12 1. Introduction
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[ Aspects of Mission Design l

Figure 1.3.: Aspects of Mission Design

their methods. Also, an existing database containing the data of
stereoscopically observed meteors is analysed. This analysis is used
to define the scientific mission goals of FACIS and SOURCE. Furt-
hermore, the mean meteor properties from this analysis are later
used to design the instrument.

Second, parameters for the instrument, the satellite bus and for-
mation are derived by using a set of simulations. The parameters
are specified, in order to maximize the scientific output of the mis-
sion. Instrument parameters are for example the field of view of the
lens. Satellite bus parameters include the attitude knowledge while
the formation parameters take into account the orbit altitude and
satellite distance.

Third, the meteor detection algorithm is described. As mentio-
ned, the algorithm is a critical part of the instrument, since the
downlink capacity of the satellites is limited. This chapter describes
the working principle, implementation and test of the algorithm.

The last main part describes the development and final design of
an instrument for meteor detection for the SOURCE and FACIS mis-
sion. This includes choosing a suitable camera and processing unit
as well as testing and qualifying the chosen parts. The trade-off
takes into account the conclusion of the requirements and parame-
ters derivation as well as the algorithm development to optimize
the scientific output, while taking into account the limitations of
the according satellite bus. Finally, an estimation of the expected
scientific output and performance is given.

Thesis objective and outline 13
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1.5.2. Standing on the shoulder of giants

As outlined above, this works aims to analysis the effects of instru-
ment, satellite bus and formation parameters in the scientific output
in order to design two satellite missions. Furthermore, a meteor de-
tection algorithm should be developed.

As usual in sciences, this work relies also on ideas and work done
by others. In the according chapters detailed references are given.
Here, only the most important references are given credit.

Since the scientific output is the main aspect when evaluating
the effect of different parameters, a tool to calculated the scientific
output is required. Therefore, the Simulator for Wide Area Recor-
ding of Meteors from Space (SWARMS) tool is adapted and used,
which was kindly made available by the authors of the Python tool.
This tool calculates the number of observable meteors for a given
instrument and orbit parameters.

Furthermore, the scientific output is also evaluated in terms of
trajectory accuracy. Here, the Meteor Orbit and Trajectory Software
(MOTS) algorithm is used, which is implemented and adapted for
a observation from satellites instead for ground based observations.
The working principle of the tool was taken from the published
paper.

Finally, the data base from Canary Island Long-Baseline Obser-
vatory (CILBO) was used in this thesis, which was made available
by one of the team members. In this thesis, the data base is used
to derive meteor properties, which are used in the SWARMS simu-
lation.

14 1. Introduction
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2. Overview of meteor science and
scientific mission goals

Meteors have been observed for a long time by different cultures,
one of the earliest records available today origin from 687 BC during
the Chou dynasty period (this as well as the following paragraphs
are taken from [4]). A lot of myths are connected to meteors, from
interpretation of a soul going to the hereinafter to a bad omen
for upcoming times. For a long time, the nature of meteors was
unknown and it was believed meteors are as sporadic as the weather
and not predictable.

Observations of meteors from two different sites, conducted in
Gottingen in 1798 (see [4, p.39]), resulted in the discovery, that
meteors occur high in the atmosphere and origin from outside the
Earth. With more and more meteor observations and Newton's the-
ory about gravity and the movements of objects in orbits, it became
clear that meteor showers could be related to a parent comet. Co-
mets are remains of the earliest building blocks of our solar system.
By studying them, scientist are able to draw conclusions about the
origin and formation of our solar system. Observing meteors, which
are in fact formed by small parts of comets, can therefore help to
understand the properties and formation of our solar system.

Observing meteors is not only possible on Earth, they occur on
every planet with an atmosphere. Therefore, an observation of me-
teors on different planets (e.g. Mars) can help the scientist to not
only study the meteor properties but investigate the planet’'s atmos-
phere as well. This will also help to identify other dense meteoroid
streams [13]. All in all, an observation of meteors is an important
part to investigate the formation and origin of our solar system.

15
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Furthermore, detailed models of meteor and prediction of meteor
showers are needed, to asses the danger for satellites. Our society de-
pends more and more on technology, with satellites being an impor-
tant part of the infrastructure. This includes for example, navigation
systems (like Galileo) or communication systems. The observation
of meteors is important to refine the meteor flux models and thus
help to mitigate the risk of a satellite being damaged.

2.1. Meteor phenomena

In this section different terms in the context of meteors, as visualized
in Figure2.1, should be explained. Those terms are important to
understand the simulations and calculations in later chapters.

Meteoroid

)_J‘} Ablation begins
Meteor (phenomenon)

Fireball (bright phenomenon)

Dark Flight begins

teorite

Figure 2.1.: Meteor Terminology. lllustration according to [14, Fi-
gure 2, p.330].

To begin with, the term meteor describes the visual phenomenon
when particles enter the Earth atmosphere and melt due to their
high velocity. These dust particles, before entering the atmosphere,
are called meteoroids. Meteoroids vary in size and weight, from a
few millimetres up to 100 m in size and from a few gram up to
several tons. They originate from bodies like asteroids or comets
(see [4]). Some are also debris from collision impacts.

16 2. Overview of meteor science and scientific mission goals
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If parts of a meteoroid survive the entry in Earth atmosphere, the
particles reaching the ground are called meteorites. These remnants
are collected and analysed, which give the chemical composition.

Important parameters describing the meteor phenomenon include
the mass, the size and the velocity of the meteor. Most meteo-
roid have a mass between 1 x 1073gto 1 x 107" g before ente-
ring the atmosphere (see [15]), with larger particles resulting in
brighter meteors. However, very bright meteors (called fireballs or
bolides) can reach higher masses. Regarding the size of a typical
meteoroid, the range is usually between 1 x 107*m to 1 x 10'm
(see [16]). The brightness depends also on the velocity (usually
15km/s to 60 km/s, see [17]).

The brightness or luminosity of a meteor is another important
property. Usually, it is assumed that the brightness is proportional
to the kinetic energy. The following Equation?2.1, describing the
relation between meteor magnitude, velocity, entry angle and mass,
is taken from [4, p.46]:

logio(M) = 6.31 — 0.4 x mgps — 3.92 % log(Ve) — 0.41 x log(sin(€))

(2.1)
This formula allows to calculate the meteoroid mass (M in g) from
the brightness of the meteor (mgps in the magnitude system), the
entry velocity (Vi in km/s) and the entry angle (§). The luminous
efficiency T describes how much of the kinetic energy is transformed
into light (usually about 0.1% to 1%, [4]).

The brightness of a meteor is given in magnitudes, which is wi-
dely used in astronomy to describe the brightness of objects (follo-
wing section based on [18]). This scale was invented by the Greek
astronomer Hipparchus, who used a scale of 1 to 6 to describe the
brightness of stars visible to the naked eye. During the advancement
of Astronomy, the scale has been adapted and different systems are
nowadays used. It is important to notice, that this scale is reverse
(lower numbers describe a higher brightness) and logarithmic. The

Meteor phenomena 17
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brightness of an object is described by comparing it with the brig-
htness of a defined zero point of the scale as shown in Equation 2.2
(adapted [19, p. 25, Eq.2-1]).

m1 —mg = 2.5 % log (?) (2.2)
1

A reference luminosity L1 = Ly¢ference is defined to be magnitude
my zero, which results in my = —2.5 % loglo(m). Due to
historical reasons, the star Vega is used as a reference point. It has a
magnitude of (close to) zero in most magnitude scales. Furthermore,
the factor between a difference of 1 magnitude is v/100 ~ 2.512.

Additionally, the brightness described by the scale has to be cle-
arly defined in radiometric units. Since the brightness of an object
varies depending on the wavelength, a photometric system is nee-
ded. A photometric system describes different filter bands, in order
to classify objects by their brightness in different bands. The pho-
tometric system used in this thesis is the Johnson-Cousins UBVRI
System (see [20]), which is widely used in astronomy. In this system
the spectral irradiance for magnitude 0 is defined in different filter
bands (U,B,V,R,l). The important filter bands for this thesis are the
B,V and R bands, since those are in the visual spectrum detecta-
ble with a visual camera. The data of each filter is summarized in
Table2.1.

Table 2.1.: Johnson filter system (from [4])

Johnson Filter Central wavelength FWHM (nm)
(nm)

B 4443 83.1
\ 548.3 82.7
R 685.5 174.2

In the context of the filter data, Full Width Half Maximum (FWHM)
is the width of the transmission peak, at the half of the maximum
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Figure 2.2.: lllustration of the FWHM for a filter

transmission in %. This is visualized in Figure 2.2. Furthermore, the
central wavelength describes the wavelength at which the filter curve
has the maximal transmission.

When giving the magnitude of a meteor or other object, it is al-
ways important to distinguish between the apparent and absolute
magnitude. This is due to the fact, that the perceived brightness
depends on the distance between observer and object. A higher dis-
tance results in a fainter perception of the object. Therefore, the
apparent magnitude describes the brightness as seen from the ob-
server, while the absolute magnitude gives the brightness of the
object at a defined distance. Since most meteors occur at an alti-
tude of 100 km above the Earth, the absolute magnitude for meteors
describes the brightness of the meteor as seen from this distance.
Another important magnitude is the limiting magnitude, which is
used to describe the faintest stars or meteors which can be observed
by an instrument. This quantity depends on the instrument parame-
ters as well as on the observation conditions (e.g. cloud coverage,
background noise and distance to the meteor).

This leads to an another important characteristic: The distance to
the meteor. As mentioned, the light emitting process starts usually
at around 100 km, depending on the speed and entry angle of the
meteoroid. Usually an observer or instrument detects the meteor
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at higher distances, since most meteors do not appear at the local
Zenith. This is visualized in Figure2.3.

%\\;} High distance ILOW distance
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3.: Visualisation of meteor brightness distance depen-
dency: The apparent brightness of the meteor at hig-
her distance (left) is much lower than the brightness

of the meteor appearing the local Zenith.

Figure

The brightness is also depending on the entry angle, which descri-
bes the angle between the meteor trajectory and the local horizon.
A steeper angle results in brighter meteors.

Summing up, the brightness depends mostly on the velocity and
the mass of the particle as well as the entry angle and the distance
to the observer.

Finally, meteors can be divided into shower and sporadic meteors.
Sporadic meteors occur all over the sky during night and day, moving
in all directions. In contrast, shower meteors seem to appear from
one direction in the sky, the so called radiant.

Shower meteors occur when the Earth intersects the orbit of dust
particles, originating from a specific parent body (usually a comet,
see [4] for more details). Thus, the meteors appear to originate
from one direction in the sky. Usually the shower is named after the
stellar constellation from which the meteors appear. For a ground
based observation of a meteor shower, it is useful to observe close
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to the direction of the radiant! to maximize the number of observed
meteors.

While sporadic meteors occur from all directions, there are also
directions in which more meteors can be observed. This is due to
the Earth rotation and position of sources of disturbances (e. g. the
moon). For example, more meteors can be observed in the Apex
direction (direction in which the Earth moves along its orbit). This
is due to the Earth movement (see [21]). Another source for sporadic
meteors are the helion and anti-helion direction (see [22]), which are
the directions towards and away from the sun.

2.2. Meteor observations methods and goals

Meteors are observed with different methods, each of them with
the goal to study a specific property of a meteor or meteor sho-
wer. The instrument design depends on what aspect of meteors
should be studied. Meteor observation methods are naked eye, pho-
tographic, radar observations and visual observations with digital
cameras. Since digital cameras became affordable and more sen-
sitive, they are widely used for automatic meteor observations. In
the scope of this thesis, meteors should be observed with a visual
camera, to aid observations made from the ground with visual vi-
deo camera systems. Usually these camera systems consist of one
or more cameras pointing to different parts of the sky. If the camera
systems are distributed over a wider area and observe overlapping
parts of the sky, it is possible to determine the trajectory of the
meteor.

Examples are the networks called Fireball Recovery and Inter-
Planetary Observation Network (FRIPON) (see [23] and [24]) and
Cameras for Allsky Meteor Surveillance (CAMS) (see [25]) as well
as the Canary Island Long-Baseline Observatory (CILBO) (see [26]).
Depending on the scientific observation goal, the instrument design

'See https://www.imo.net/observations/methods/visual-
observation/major/
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varies. Three possible observation goals are explained in the follo-
wing sections using the FRIPON and CILBO camera networks as
an example.

2.2.1. Trajectory determination

If a meteor is simultaneously observed from two different points in
space, the according trajectory can be calculated. The back propa-
gation of the trajectory leads to an orbit of the meteor, which then
allows to draw conclusions to the parent body of the meteor. CILBO
and FRIPON are both used to calculate trajectories, but since the
scientific goal differs, the instrument design differs as well.

In short, FRIPON is dedicated to observe bright meteors (fire-
balls), calculate the corresponding meteoroid orbit and recover the
meteorite for laboratory analysis. This allows to combine informa-
tion about the meteorite origin with its physical and chemical pro-
perties to study the formation and evolution of our solar system. To
achieve this goal, multiple cameras are deployed, mainly in France
and in other European countries, but also world wide. Since fire-
balls a rare events, a large area must be covered. This is achieved
by using multiple cameras with a large FOV. Furthermore, for orbit
determination, overlapping of the cameras FOVs are required.

The CILBO observatory is a ground based meteor observatory
instrument stationed in Tenerife (see [27]). It is dedicated to the
stereoscopic observation of meteors using intensified CCD cameras
and focuses on the precise determination of trajectories for fainter
but more frequent meteors. The two stations are located about
100 km apart, to allow for a trajectory determination. CILBO has
a relativity small field of FOV, which increases the accuracy of the
meteor position determination.

Both examples illustrate already, how the scientific goals influen-
ces the instrument design.

The accuracy of the trajectory determination depends on multiple
factors, a bias analyses has been made for the CILBO system (see
[28]). While the accuracy of a system is hard to simulate, some
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factors have a great influence: A larger FOV results in a large FOV
per pixel (Instantaneous Field of View (IFOV)), which reduces the
accuracy of the meteor position determination. In contrast, a smaller
FOV reduces the total amount of meteors observed. Also the speed
measurement of the meteor depends on the frame rate, with a lower
frame rate the speed determination becomes less accurate.

2.2.2. Flux measurement

The goal of flux measurements is the determination of the number
of meteors hitting the Earth sporadically and during a meteor sho-
wer. This is useful to determine annual variation of meteor showers,
drawing conclusion to the properties of the comet orbit and its dust
trail. Furthermore, new meteor showers can be identified, by obser-
ving sporadic meteors. These kinds of measurements are made by
ground based video systems, by deploying multiple cameras with a
large FOV.

For flux measurements, a large FOV and high sensitivity of the
camera are important design drivers to detect as much meteors as
possible. This is the case for the CAMS system, which deploys se-
veral cameras in California. It is designed to confirm meteor showers,
which requires sensitive cameras to observe faint meteors. Further-
more, a large FOV is needed, since unconfirmed showers usually
have a low meteor flux. While CILBO and FRIPON can also deter-
mine the flux, they are not designed for this type of measurements
as outlined above.

2.2.3. Spectrum measurement

When a meteoroid hits the Earth atmosphere, several mechanisms
contribute to the emission of light which is observed. One of those
mechanisms is the excitement of atoms from the meteoroid, e.g.
Iron. Depending on the composition of the meteoroid, different
atoms are excited and emit light of a specific wavelength. If those
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emissions lines are measured, conclusions to the meteoroid com-
position can be drawn. This spectrum measurement can be made
without additional measurements or aid the flux and trajectory me-
asurement by providing additional data. For example, an additional
CILBO camera is equipped with a grating to measure the spectrum
of meteors.

2.3. Meteoroid mass models

Meteoroid mass models are used to describe the number of meteo-
roids of a specific mass. Since the brightness of the meteor depends
on the kinetic energy and thus the mass of the meteoroid, those
models can be used to estimate the number of meteors of a specific
brightness. Together with the properties of a meteor observation
instrument (coverage, sensitivity), these models are important to
evaluate the scientific performance of the instrument.

The mass models are given as Cumulative Distribution Functions
(CDFs), which describe the number of meteoroids above a certain
mass m per unit area and unit time (meteoroid flux). The two mo-
dels used in this thesis are the models from Halliday and Griin (see
[29] and [30] respectively). Both models give the expected mete-
oroid flux, but have been developed using different methods and
therefore differ quite widely.

The Halliday model was developed from data of the Canadian
camera Network. 259 fireballs (very bright meteors) have been ob-
served and their velocities, height, orbits, brightness and masses
were calculated.

—0.48 - log;o(m) +3.3  for m < 2.4kg

—1.06 - log;o(m) + 5.26  for m > 2.4 kg
(2.3)
Depending on the meteoroid mass, two different functions are used
to describe the CDF (see Equation 2.3). In this equation Naliiday is
given in Events/(year - km? - 10%), the meteoroid mass m is given

ing.

log1o(NHalliday) = {
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The Grin model is derived from in-situ dust measurements as
well as from studying lunar micro craters. This model describes the
meteoroid flux depending on the distance from the Sun. At 1 AU
the flux is described by Equation?2.4

Neruen(m) = (2.2 -10° - m%306 4 15)=438 (2.4)

Here, the flux is given in Events/(s - m?), m is given in g.

The meteoroid flux from both models is plotted in Figure 2.4 for
initial masses 0.01 mg to 10000 kg. As can be seen, the Griin model
predicts an order of several magnitudes higher flux at low masses.
For heavy, but rare meteoroids, the Halliday model gives a larger
number of meteoroids, although the difference is smaller than for
lightweight meteoroids. The Halliday model is biased for heavier
meteoroids and not accurate for lightweight meteoroids, since the
model is derived from bright and thus heavy fireballs.
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Figure 2.4.: Comparison of Meteoroid flux from Haliday and Griin
model

While both models are derived from observations, they are still
only modelling an average expected meteoroid flux. Furthermore,
the meteoroid flux during a meteor shower can be significantly hig-
her. Thus, any prediction made with those models must be used
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with caution and only give an estimation of the expected meteoroid
flux. The meteoroid flux calculated from observations made with
the CILBO observatory fit the Griin model well (see [31] and [32]).
After de-biasing the observed data, the slope of the meteoroid flux
depending on the meteoroid mass fits the Griin model, although
the measured flux is slightly higher. De-biasing the raw observa-
tional data is needed, because fast and large meteoroids result in
bright meteors which are more likely to be detected.

All in all, the Griin model seems to be the better choice for pre-
dicting the number of meteors which could be observed with a spa-
ceborne instrument:

First, the Halliday model is based on Fireball observations. The
instrument designed in this thesis is a visual camera dedicated to the
observation of sporadic and shower meteors and not only fireballs.

Furthermore, the Griin model fits observations made with the
visual cameras from the CILBO observatory. Nevertheless, the Hal-
liday model can still be used in parallel with the Griin model in order
to give a range of the possible number of meteor observations.

2.4. Derivation of meteor properties from the
CILBO database

Important meteor properties in the context of visual meteor obser-
vation are meteor velocity, brightness and direction of movement
(includes re-entry angle). These properties are needed to determine
whether a meteor can be observed with a given camera system. Furt-
hermore, the distribution of these properties is needed to determine
the number of meteors observable with a given camera system.
The data from the CILBO observatory has been analysed, in or-
der to get realistic values for the distribution of meteor properties.
Thanks to T. Albin, the database of cleaned meteor observations
can be used to determine meteor properties and their distribution.
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The database contains 12 045 meteors, simultaneously observed be-
tween January 2013 and August 2015 from both stations. The me-
teors are observed within at least four frames and the altitude each
meteor is at least 80 km. More details about C/LBO and the data-
base can be found in [33] and [34] as well as the dissertation of T.
Albin (see [35]).

2.4.1. Approach

The cleaned CILBO database contains the data of each meteor ob-
served from both CILBO cameras (ICC7/caml and ICC9/cam?2).
It only contains valid meteors from which the trajectory could be
calculated as well as different parameters. The ones used in this ana-
lysis are velocity, distance, apparent and absolute magnitude. Also,
the angle between camera boresight respectively zenith and meteor
radiant are analysed. Since each property is derived from several
images and two cameras, four values actually exist in the database
for each meteor property: The mean value, the standard deviation,
the median value and the absolute deviation of the median value.
For this analysis only the mean value of each meteor property is
used.

The analysis is done by creating histograms for each property and
calculating the mean value, standard deviation as well as minimum
and maximum value for each distribution.

The data base is further filtered, to only include meteors with
an velocity from 10km/s to 100 km/s, an altitude below 130 km,
an absolute magnitude > —3, a maximal distance to the meteor at
maximum brightness below 200 km and an angular distance between
radiant and zenith smaller than 90°. This is done to exclude extreme
events such as fireballs from the analysis. Furthermore, excluding
meteors far away and with a high angular distances increases the
accuracy since such meteors are measured less accurate.
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2.4.2. Results

In the following, the histograms showing the distribution of diffe-
rent meteor properties are analysed. The histograms are generated
by sorting each meteor into a bin according to its value. The his-
tograms are shown in the Appendix Section A.1. As mentioned, the
results of this evaluation are used later in this thesis to analysis the
observability of a typical meteor by a given instrument.

Angles Two different angles are measured by CILBO: The zenith
angle describes the angle between the radiant and the zenith di-
rection (see Figure2.5). The boresight angle is the angle between
the camera boresight and the radiant of the meteor. For further
calculations the boresight angle is relevant, since this angle influen-
ces the perceived brightness of the meteor in the instrument. The
distribution is Gaussian like and has a mean value of 62.55°.

Radiant_ Boresight angle
Radiant angle 7
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Figure 2.5.: Meteor angle terminology of boresight and zenith an-
gle.

Velocity The distribution has two peaks at 29 km /s and at 58 km//s.
The peaks are explained in [36] with the average velocity of two
meteor showers. For one meteor shower the velocity distribution is
Gaussian like, but not the distribution of sporadic meteors or mul-
tiple meteor showers. The velocity distribution of sporadic meteors
is according to the ECSS standard logarithmic (see [37]). In case
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the velocity is needed for further simulations, either the logarithmic
distribution from the ECSS standard, the overall mean velocity of
the CILBO data base or the mean velocity of one shower can be
used. This depends on the purpose and objective of the simulation.

Distance Two different meteor distances are available in the CILBO
data base. The first one is the mean distance to the meteor during

the time the meteor was observed. This distribution is not Gaus-

sian, but has a mean value of about 101 km as expected. The other

distribution shows the distance to the meteors at their maximum

magnitude. In this case, the mean value is shifted to higher values

(119km) than the expected 100 km, but the distance is Gaussian

distributed. All in all, it is valid to assume a Gaussian distribution

with a mean value of 101 km, even if the mean distance deviates

from an ideal Gaussian distribution.

Table 2.2.: CILBO trajectory accuracy

Min. Max. Mean Median
trajectory  trajectory  trajectory  trajectory
error (m)  error (m)  error (m)  error (m)

All 0.08 1000.00 73.17 46.00
Filtered 11.90 260.00 66.20 56.91

Trajectory error The mean, the median, the minimal and the
maximum trajectory errors of the CILBO data base were calcula-
ted as shown in Table2.2. The trajectory error is defined as the
difference between the trajectory and the meteor coordinates used
to calculate the trajectory. A large difference means the trajectory
could not be well fitted due to large errors in the meteor coordinate
measurements. These values are needed as a comparison to evaluate
the performance of a satellite based trajectory determination.
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Two different approaches are used to calculate the values in Ta-
ble 2.2. First, the values are simply determined by using all available
measurements in the cleaned data base. However, this also includes
measurements with a high error.

Thus, in a second approach, the data base is filtered and only me-
teor observations with a certain meteor velocity and measurement
accuracy of the meteor position are taken into account. The meteors
included have a velocity from 10 km/s to 45km/s, a magnitude be-
tween —1 to 3 and a measure accuracy of meteor position between
0.01’ to 0.06’. As shown in Table2.2, this only effects the minimal
and maximal trajectory error. The mean and median trajectory are
both in the same order of magnitude.

Meteor duration For later calculations, the average meteor du-
ration is also needed and derived from C/ILBO data.

Therefore, the number of frames for each observation are taken
from the data base and multiplied with the frame rate of the CILBO
cameras (25 fps). The number of frames for a meteor can be deter-
mined for each camera by two methods:

First, the average number of frames can be used.

Second, since the distribution is not Gaussian like, the maximum
of the histogram (see Figure 2.6) can be used. The results for both
methods are shown in Table2.3.

Table 2.3.: Meteor duration calculated from CILBO data. For each
camera, the maximum of the histogram as well as the
average number of frames are used to calculate the
meteor duration.

Histogram Histogram Average Average
camera camera camera  camera

1 2 1 2
Number of frames 4.75 5.77 9.18 9.85
Meteor Duration (s) 0.19 0.23 0.37 0.39
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Figure 2.6.: Histogram of number of frames per meteor from
CILBO data

Summary

In Table 2.4 mean, median as well as maximum and minimum values
for each distribution analysed previously are given. Those values are
later used for further simulations and calculations, e. g. to determine
the limiting magnitude of a given camera system (see Section 3.3)
or the expected number of observable meteors (see Section 3.4.1).
Furthermore, the data can be used to evaluate the performance of a
satellite based instrument, by calculating which percentage of mete-
ors observed by C/ILBO could be observed with a space borne instru-
ment (see Section5.1.2). Therefore, the CILBO data base provides
important data for the design of a meteor observation instrument
on a satellite. However, even if the data base is already cleaned (re-
moving unrealistic measurements and de-biasing), some values are
not realistic. This concerns the maximum velocity of 90 km /s, since
only meteors from outside the solar system exceed the velocity of
72km/s. This is the sum of the escape velocity of the Sun and the
orbital velocity of Earth. However, the data can still be used, since
the extreme values are not used.
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Table 2.4.: Mean meteor properties according to C/ILBO data base

Property Mean Median Standard- Max  Min
deviation

App Mag 3.17 3.28 1.03 5.7 -1.58

CILBO

Abs Mag 2.1 2.26 1.27 529 -2.79

Angle bore- 6255 62.01 22.26 123 3

sight (°)

Angle zenith 43.55  43.84 17.62 1.63 88.94

()

Velocity 40.3 37.6 16.7 90 10.2

(km/s)

Distance 120 119 11.0 167 90

max mag

(km)

Distance al- 101 100 8.5 130 80

titude (km)

Duration ca-  0.37 0.28 0.25 432 0.12

mera 1 (s)

Duration ca-  0.39 0.32 0.24 3.44 0.12

mera 2(s)

2.5. Scientific mission goals and constraints

For the two missions FACIS and SOURCE the scientific objectives

are different.

To begin with, the scientific goal of the FACIS mission is the de-
termination of meteor trajectories. Therefore, two satellites flying
in formation with overlapping field of views are used. Similar to
CILBO, the instrument should be able to observe faint meteors. All
major meteor showers should be observed, in order to better cha-
racterize the showers and get a solid statistic on the meteor flux.
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This includes confirming the parent body of a shower by trajec-
tory determination as well as measuring the meteor flux during the
shower in order to verify prediction models. Especially showers not
well observable with existing ground based observatories should be
characterized. Furthermore, sporadic meteors should be observed,
in order to improve existing meteor mass models and identify re-
spectively confirm new meteor showers. Please refer to Chapter1
for more details on meteor science.

SOURCE is mainly a technological demonstration, to qualify the
instrument for use in space and test the meteor detection algorithm
with actual images from meteors as seen from the satellite. Nevert-
heless, SOURCE is also capable of carrying out scientific observati-
ons. The main scientific goal is to observe a selection of important
meteor showers, as stated in the observation concept. Furthermore,
as much sporadic meteors as possible should be observed, taking
into account the limitations of the satellite bus.

For both missions, a camera operating in the visual spectral range
is suitable to fulfil the scientific goal. Additionally, to demonstrate
the use of COTS components and reduce costs, a industrial com-
mercial camera shall be used.

2.6. Scientific instrument requirements

Deriving requirements for the instrument and evaluating the effects
of camera parameters on the scientific performance is an essential
part of this thesis. Nevertheless, some high level requirements can
be directly derived from the nature of the planned objective. The
following requirements represent high level requirements, which do
not state numbers. They should be seen as preliminary thoughts on
important parameters.

For both missions, FACIS and SOURCE, the observation of me-
teors during eclipse requires a camera capable of observing faint ob-
jects. This translates to a sensor with high quantum efficiency and
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low noise. Furthermore, the aperture of the lens should be large, to
capture as much light as possible.

Other requirements are more mission specific: The FACIS mission
should determine the trajectory of meteors, which requires the ob-
servation of meteors from two satellites. This implies the number of
meteors observed from two satellites must be maximized. Further-
more, the velocity of meteors must be determined in order to calcu-
late the trajectory. Since the velocity is derived from the position of
a meteor in different frames, the accuracy of velocity determination
increases with the number of frames with a meteor. Thus, a high
frame rate is needed. The performance of FACIS should be simi-
lar to CILBO: FACIS should observe at least 75% of the meteors
from the C/ILBO data base.This should assure, that enough meteors
are observed to get a good statistical database, while at the same
time taking into account the reduction of stereoscopic observable
meteors from a satellite. Furthermore, the trajectory determination
accuracy should be in the same order of magnitude. However, this
might not be possible, since the trajectory is determined from mo-
ving satellites, which involves more measurements contributing to
the error. Thus, the trajectory error should be in the order of about
450 m. It is estimated, that this is a realistic error to be achieved
by a satellite system, while also being close to the performance of
ground based systems.

The SOURCE mission focus on the determination of meteor flux.
Therefore, a high number of observed meteors is required.

All these requirements will be refined in the following chapters,
furthermore the requirements will be verified using different simu-
lations.
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3. Instrument, satellite bus and
formation parameters

In the previous Chapter?2, the scientific mission goals of FACIS as
well as SOURCE have been defined: The FACIS instruments should
be able to determine a meteor trajectory of meteors and charac-
terize meteor showers, while the SOURCE instrument is mainly a
technology demonstration and a testbed for the detection algorithm.
More detailed requirements were derived from the C/LBO data base,
e. g. the properties of a typical meteor which the instrument should
be able to observe.

In this chapter, the influence of certain parameters (instrument,
satellite bus and formation) on the scientific output of the mission
is analysed. These parameters have a high influence on the scienti-
fic output, because they influence the number of observed meteors
and the trajectory accuracy. After the analysis, the high level requi-
rements are broken down to instrument, satellite bus and formation
requirements.

The instrument requirements describe the parameters of the in-
strument, e. g. camera noise or lens field of view, which are needed
to fulfil the scientific goals. A simulation is set up to analyse the
effect of different instrument parameters on the limiting magnitude,
taking into account the meteor properties analysed in Section2.4.
This simulation gives the limiting magnitude of a given instrument
and is described in Section 3.3.

The formation parameters (Section 3.4) also influence the scien-
tific output. The influences can be divided into the following two
aspects: First, the number of observable meteors depends not only
on the limiting magnitude of the instrument, but also on the sa-
tellite orbit (SOURCE and FACIS) and on the distance between
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the satellites (only FACIS). The SWARMS Version 2 (SWARMSv2)
simulation is used to evaluate different formation and orbit para-
meters on the number of observable meteors (Section3.4.1). The
simulation is based on Simulator for Wide Area Recording of Me-
teors from Space (SWARMS), see [2]. Second, the accuracy of the
trajectory is also influenced by formation parameters (e. g. satellite
distance). The effect of those parameters is determined by setting
up a simulation (Section 3.4.2) based on Meteor Orbit and Trajec-
tory Software (MOTS), see [38]).

Finally, the scientific output also depends on the achieved trajec-
tory accuracy. The highest achievable accuracy is defined through
the satellite bus parameters (e. g. attitude knowledge). Therefore,
the trajectory simulation is also used to determine requirements for
the satellite bus (Section 3.5). Furthermore, the CILBO data is used,
to validate the satellite bus requirements (Section 3.5.1).

Finally, a camera parameter trade-off for FACIS and SOURCE
is carried out based on the simulations and on the analysis (Sec-
tion 3.6).

Before analysing instrument, satellite bus and formation parame-
ters, a brief description of camera properties and working principles
are given in the first Section 3.1.

3.1. Basic principles of cameras and optics

In order to understand the simulation of camera sensitivity, it is
necessary to define and explain important terms used for cameras
and in optics.

First, the camera model based on the EMVA 1288 standard (see
[39]) is explained. The EMVA 1288 standard is an industrial stan-
dard defining how camera parameters should be measured based
on the photon transfer method. It was developed by the Euro-
pean Machine Vision Association (EMVA). Some adaptions to the
EMVA 1288 formulas and notation have been made in this thesis.
Furthermore, some parts of the standard are left out, which are not
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L I-Iit Sensor surface

Generate electrons/charge
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Number of umber of Digital
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(a) Physical camera model (b) Mathematical pixel model

Figure 3.1.: The EMVA 1288 camera model, drawn according to
[39, p.5, Figure 1]

relevant in the context of this thesis. This allows for a consistent no-
tations, however it does not change the model used in the standard.
Second, important lens parameters are defined.

3.1.1. Camera model and parameters

The camera model used in the EMVA 1288 standard is used in
this thesis as a basis for the simulation of camera sensitivity. The
following section is based on the standard specification document
(see [39]) as well as on an article about camera noise from the
company Thorlabs (see [40]).

In a camera sensor, photons are converted into an electrical signal.
During the exposure time, photons hit the pixel area and generate

Basic principles of cameras and optics 37



Per aspera ad astra

a number of electrons through the photoelectric effect. Those elec-
trons represent a charge which is converted into a voltage. This
voltage is amplified and digitized into a value. The value represents
the pixel value. The more light hitting the sensor, the higher the
pixel value. The process is visualized in Figure 3.1.

Using this physical model, some camera parameters can be in-
troduced: First, the pixel area A, is the area of one pixel. Due to
electronic components on the pixels, not the whole area is sensitive
to photons. The percentage of the pixel area actually converting
photons is called the fill factor. Not all photons hitting the active
pixel area generate a photon. The quotient between electrons gene-
rated p. and photons hitting the sensor p,, is called the quantum
efficiency n, see Equation 3.1.

n(A) = pie/ (3-1)

As indicated in the formula, the quantum efficiency depends on
the wavelength A. In the following, a subscript e indicates a value
regarding electrons, while p refers to photons.

The number of electrons generated p. represent the signal gene-
rated by a light source. This signal is important to later calculate
the signal to noise ratio.

APX*E*tezp*n*)‘
c hx*c (32)
Equation 3.2 shows the calculation of the signal, which depends on
the quantum efficiency (7)), the area of a pixel (Apx), the exposure
time (teyp), the irradiance of the light source (E) and the wave-
length of the signal (\). Furthermore, h is the planck constant and
c the speed of light.

This equation performs several steps at once: First, the irradiance
given in W/m? is converted to power (Unit W) with the equation
P = E x Apx. Second, the resulting power can be converted into

38 3. Instrument, satellite bus and formation parameters



Per aspera ad astra

a number of photons per second (V) by multiplying it with ﬁ
This results in Equation 3.3.

N. — p _ Pxx _ _ [W]x[m]
P Energyphoton T hxc B [J 'S]*[m/sec}

— _[J/s]¢[m]

= [ shfm/s = (1/9]

(3.3)

Multiplying the number of photons with the quantum efficiency re-
sults in the number of electrons per second, which can be converted
to a number of electrons by multiplying it with the exposure time.
As a result, the number of electrons generated during exposure time
per pixel is given, which represent the signal generated.

Noise sources

Unfortunately, different noise sources influence the signal. The first
noise source is the dark signal (subscript d), which is the number
of electrons present when no light is hitting the sensor (u4). The
electrons g are thermally induced electrons, the dark noise there-
fore depends on the temperature. Furthermore, it depends on the
exposure time (tezp). The calculation is shown in Equation 3.4.

Hd = pd.0 + 11 * tezp (3.4)

The dark signal depends linearly on the dark current piy, which in
turn depends on the temperature. 4 is the part of the dark signal
generated at zero integration time, it can be seen as a read out
noise.

To sum up, the dark noise o, is defined as:

04 = figo + [ ¥ texp (3.5)

The dark noise includes the dark signal as well as all noise sources
from sensor read out and sensor electronics.

Due to the dark noise, the measured signal (the number of elec-
trons) in the sensor is the sum of the noise py and the signal ..
The mean digital signal i, depends on the sum of p4 and .. This
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signal is generated by converting the electrons in a voltage, which
is amplified and converted into a digital value (see right side of Fi-
gure3.1). The relation between total number of electrons and the
digital value is described by the total system gain K. The unit of K
is DN/e-, where DN stands for digital number, used to describe the
digital pixel value.

py = K * (fe + pa) = fy.dark + I * pe (3.6)

The calculation of the digital signal is shown in Equation 3.6, iy dark

is the mean dark signal. The term 1, — piy 4ork is also called the

mean photo-induced digital signal and is calculated with K * pi..
Combining Equation 3.2 and 3.6 results in Equation 3.7.

APX*E*texp*)\

fy = Kxpg+Kxnkp, = Kxpg+K*n* Tr o

(3.7)

Another noise source is the shoot noise, which describes the fluc-
tuation of electrons due to the laws of quantum mechanics. The
shoot noise o, depends on the number of electrons p., more elec-
trons result in a greater shoot noise.

03 = He (3.8)

The last noise source is the quantisation noise, which results from
the quantisation of the signal into a digital value through an Analog-
to-digital Converter (ADC). The quantisation noise is quite small
(according to [39] the variance is about -5 DN) and is therefore
neglected in the following calculations.

Finally, all noise sources add up linear due to the linear camera
model shown in Figure 3.1. This results in the following noise equa-
tion:

oy = \/O'g—FO'?l: \/Me+ﬂg,0+ﬂl*tezp (3.9)

Again, 1140 is the read-out noise, u. = 7*u, the signal, 117 the dark
current and t.;;, the integration time. In Equation 3.9 the square
root of the sum of all noise variances o2 gives the total noise oy.
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The word variance already indicates, that the noise is not constant.
Due to quantum mechanics (shoot noise) and small changes in tem-
perature, the noise is never constant, even at perfectly constant il-
lumination. The total noise in Equation3.9 is given in e-/px, but
can also be calculated in DN/px by multiplying with the K.

Signal to noise ratio

The previous equations are used to calculate the Signal to Noise
Ratio for a given camera.

Apx*xExterpx\
SNR=He Nt e
Ty \/:UJe + MCZLO + pr ¥ tezp

As can be seen in Equation 3.10, the Signal to Noise Ratio (SNR)
depends on several camera parameters (pixel size, quantum effi-
ciency, dark current, read out noise) and settings (integration time),
as well as on the light reaching the sensor (wavelength and irradi-
ance). Contrary to the EMVA 1288 standard, the SNR is calculated
from signal and noise given in electrons instead of DN.

Additional noise sources can be taken into account as well, e. g. if
another signal is present which is not of interest for the measure-
ment (background noise). For a space based meteor observation,
this could be light from cities. In this case, the background noise
can be taken into account by adding the square of the noise to the
other noise sources.

(3.10)

Sensor types

All equations described in this chapter are valid for digital came-
ras with a linear response, which means the digital signal depends
linearly on the input signal. The equations are also independent
from the sensor type. Two sensor types are used in current cameras,
Charge-coupled Device (CCD) sensors as well as Complementary
metal-oxide-semiconductor (CMOS) sensors. Both sensor types con-
vert photons to electrons using the photoelectric effect (see [41]).

Basic principles of cameras and optics 41



Per aspera ad astra

The difference between the sensor types is how the charge accu-
mulated in each pixel is read out. In short, in a CMOS sensor each
pixel has its own electronic and the charge is digitized in each pixel.
Contrary, in a CCD sensor the charge is transported to the camera
electronics outside the sensor and digitized there.

Another difference between both sensor types occurs when the
Binning functionality is used. This function summarizes the value
of pixels and thus increases the signal, reduces read out noise and
decreases resolution. Depending on the type of sensor, this function
has different effects (see [42] and [43]). In both cases, the signal
is increased and the resolution is reduced. In the CCD, the read
out noise is reduced, since the charge is only digitized once. For a
CMOS, the signal increases with the same factor as in the CCD,
but the read out noise is increased as well, because each pixel is
read out independently.

3.1.2. Lens parameters

The previous section described the sensor part of a camera, but a
useful image can only be produced if an optic is used. The field of
optics in general and lenses in particular are a wide and complex
field. This chapter therefore focuses only on the parameters of a
lens relevant for the observation of meteors.

The most important parameter is the focal length (f) of the
lens. This is the distance between the focal point of the camera
(the sensor) and the centre of the lens. It indicates how large the
observed area is, namely the Field of View. A smaller focal length
results in a larger field of view and thus in a larger area observed.
The field of view describes the opening angle of the lens. From a
given focal length and physical dimensions of the sensor, the field
of view can be calculated. Since sensors are usually not square, a
horizontal and vertical field of view is calculated.

l 180
FOV = 2 xarctan (2*f> * (3.11)
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Equation 3.11 (see [44, p.16]) gives the FOV in deg with [ being
the physical dimension of the sensor and f the focal length (both
in m).

For point light sources, e. g. stars or meteors, the light collecting
area is important. For a lens, the opening in the front, allowing light
to enter is called the aperture. The relation between aperture and
focal length is the so called f-number (F#), which is defined as:

4o (3.12)
aperture
Usually the f-number can be changed on the lens in a certain range,
a lower f-number results in a larger aperture. A large aperture is
desired for meteor observations, since the light collecting area in-
creases. This area is calculated with:

2 2
Area = T * <aper2ture> =% <2 *fF#) (3.13)

3.2. Simulation overview

After introducing important camera and lens parameters, the diffe-
rent simulations used are presented. An overview of the simulations
and calculations is shown in Figure3.2, these are used to derive
instrument, satellite bus and formation parameters. Most tools are
used for a single satellite meteor observation mission as well as a for-
mation of two satellites. However, some calculations are only useful
for a stereoscopic meteor observation mission.

In a first step, the CILBO data base is used to derive average me-
teor properties (see Section 2.4) as well as to analyse the influence
of the attitude knowledge on the trajectory determination accuracy.
The average meteor properties serve as an input for the Sensitivity
simulation. This simulation is developed in the scope of this the-
sis and gives the limiting magnitude for a given set of instrument
parameters. It is also used to determine the influence of different in-
strument and meteor parameters on the limiting magnitude in order
to derive instrument requirements.
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Figure 3.2.: Overview of simulations used for meteor observation
mission design

The limiting magnitude is needed for the SWARMSv2 simulation,
in order to calculate the meteor detection rates depending on orbit
and formation parameters. SWARMSv2 is modified in this thesis
based on SWARMS simulation (developed by J. Vaubaillon at al
([2])). Formation parameters include e. g. the satellite distance and
the tilt angle. Their influence on the detection rates is evaluated,
depending on different meteor mass models.

In combination with the orbit simulation tool Analysis, Simula-
tion and Trajectory Optimization Software for Space Applications
(ASTOS), the detection rates are used to calculate the number of
meteor detections during the mission depending on different orbit
parameters.

The detection rates are also used to derive an observation con-
cept, which includes the satellite orientation and its altitude. This
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concept takes into account the influence of those parameters on the
detection rates as well as on the trajectory determination accuracy.

The effect of satellite bus and formation parameters on the trajec-
tory determination accuracy is determined with a simulation based
on the MOTS algorithm. The simulation developed in the scope of
this thesis is used to analyse the ideal formation parameters for a
low error on the trajectory determination as well as setting requi-
rements for the satellite bus. As an input for this simulation, the
properties of detected meteors as determined by the SWARMSv2
simulation are used.

Those informations can also serve as an input for the generation of
artificial meteor videos. The artificial meteor videos are necessary to
test the meteor detection algorithm. The videos are either directly
used as an input for the algorithm or displayed on the Testbed
and imaged by the camera for an hardware in the loop test (see
Chapter4).

3.3. Simulation of camera sensitivity

In order the analyse the scientific output of a meteor observation
mission, the sensitivity of the instrument must be determined. Thus,
the Sensitivity simulation was developed. It is written in Python,
with the objective of determining the limiting magnitude of a camera
system with given parameters. It is used for two objectives:

First, the influence of each camera parameter on the limiting
magnitude should be quantified. This is done to derive camera re-
quirements for meteor observation.

Second, after selecting a camera for meteor observation, this si-
mulation can be used to determine the limiting magnitude of this
camera. The limiting magnitude is an important parameter for the
scientific performance of a meteor observation instrument. As des-
cribed in Chapter 2, the number of meteors grows exponentially with
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Figure 3.3.: Schematic of Sensitivity simulation program showing
the SNR calculations. Furthermore, parameters ta-
ken into account for signal and noise calculations are
shown.

decreasing mass and therefore brightness. A higher limiting magni-
tude enables the observation of fainter meteors and thus increasing
the number of observations.

In this section, the working principle, the limitations and the veri-
fication of the simulation are presented. Furthermore, the significant
camera parameters for meteor observation are given. Finally, the li-
miting magnitude of a camera is calculated, which serves as an
example camera for further analysis.

3.3.1. Working principle

The Sensitivity simulation calculates the Signal to Noise Ratio (SNR)
for a given camera system as well as meteor and orbit properties at
different meteor magnitudes. Therefore, three steps are performed:

First, the radiance a meteor emits is derived from the magnitude.
Here, different effects and meteor properties are taken into account,
such as the distance to the meteor and the meteor speed.
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Second, the noise is calculated. This includes the camera noise
as described in Section3.1.1 as well as the background noise from
e. g. city lights.

Finally, the limiting magnitude can be calculated, which is defined
as the minimal magnitude needed to reach a given SNR. The gene-
ral principle is visualized in Figure 3.3, which shows the parameters
needed for signal as well as noise calculations.

Signal calculations

In Section 3.1, equations to calculate the signal and noise of a ca-
mera were derived. Those are now used to calculate the signal to
noise ratio for a camera system in orbit observing a point source.
Equation 3.10 is the basis for this calculation, but additional factors
have to be taken into account. First, the power (radiant flux ®g in
W) or Irradiance (E in W/m?) reaching the sensor from a target
with given radiance (Ly in W/(m?2 - um - sr)) must be calculated.
The subscript s indicates the value at the sensor. This is done using
Equation 2.18 from [44, p.33]:

Eiﬂ'*T*A)\*L)\*COS(Oé)Al 7w« T AN Ly x FF « cos(a)* x D?
N dxf3 N 4% f2

(3.14)
This equation takes into account the transmittance of the lens T,
the aperture size (via the f-number) and the angle (o) between opti-
cal axis and the nadir direction (tilt angle). With these numbers, the
target radiance L) is converted to the irradiance E reaching the sen-
sor. Since the L) depends on the wavelength, the wavelength band
A\ is needed to convert the radiance given in W/(m? - pm - sr) to
W/(m? - sr). Furthermore, the fill factor F'F is considered.
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Now, Equation 3.14 (giving the Irradiance) can be combined with
Equation 3.2 (giving the camera signal), resulting in Equation 3.15,
which gives the resulting signal S in electrons/ pixel.

S, — K[~ #tewp[s]*n[%B)x AX[nm]* A p x [m2]« F F[%]* L\ [W/(m? - sr - nm)]*X[nm]

A= h[J - s=W - s?]xc[m/s]

K = mxT*cos(a)? _ mxTxcos(a)*xD?
T 4xFgr T 4 f2

(3.15)

All values needed for the calculation are summarized in Table 3.1.
Equation 3.15 is later used in the simulations, to calculate the signal
(number of electrons in one pixel) generated from a meteor.

All parameters in this equation are natural constant or camera
parameters, except the radiance Ly. Unfortunately, the brightness
of a meteor is usually given in magnitudes and not in radiometric
units as e.g. the radiance. This means, the more challenging part
of the signal calculation is the conversion of meteor magnitude to
radiometric units. This is due to the fact, that different scales to
measure the meteor brightness exists, additionally not a lot of data
to convert the magnitude to radiometric units exists.

As described in Chapter 2, the Johnson magnitude scale defines
the brightness of an object in different filter bands. Since the instru-
ment should observe meteors in the visual spectrum, the filter bands
B (blue), V (visual) and R (red) are used. For each filter band, the
magnitude must be converted into a radiometric unit. Then, the
radiance can be used in Equation3.15, in order to calculate the
number of electrons generated per pixel by the meteor in this filter
band. The total number of electrons is calculated by adding the
electrons generated in each filter band (see Equation 3.16).

S:ZSA: Elek _ Z FElek (3.16)
PT tot o pvR PT 2

In [4, p.592] the spectral radiance for a meteor of magnitude 0
is given for each filter band. The filters are used to measure only
the radiance of a specific wavelength band. Ideally, the transmis-
sion of the filter would be 100 % inside the wavelength band and
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Table 3.1.: Values needed for SNR calculation

Symbol Unit Description
texp Exposure time
tdwell Dwell time of a meteor on one
pixel

n % Quantum efficiency
Apx pm Pixel size
rx/ry px Sensor resolution X and Y
direction

T - Transmission of lens
35 electrons/(pixel - s) Dark current
Le e-/px Sensor signal
E W/m? Irradiance reaching the sensor
Ly W/(m? - pm - sr) Radiance emitted from light
source

A nm Wavelength
A nm Wavelength range
F# - f-number
f m Focal length
D m Aperture diameter
« deg Angle bet. camera optical axis
and nadir

13 deg Angle bet. meteor radiant and
optical axis

Vin km/s Meteor speed
R km Range to meteor
FF % Pixel fill factor
c m/s Speed of light
h J-s Planck constant
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Table 3.2.: Johnson filter system and Meteor (spectral) irradiance
values (from [4, p.592])

Johnson Central FWHM Spectral Radiance

Filter wave- (nm) radiance  L(W/m?)
length Lx(W/(m? - nm))
(nm)
B 4443 83.1 6.40 x 107115.32 x 1079
\% 548.3 82.7 3.67 x 107113.30 x 10~°
R 685.5 174.2 1.92 x 107113.34 x 107°

0% outside. Unfortunately, this is not the case. Therefore, two pa-
rameters are used to describe the filter transmission curve: First,
the central wavelength is the wavelength at which the filter has the
highest transmission. Furthermore, the filter bandwidth is defined
as the FWHM in nm. This is the width of the wavelength band, at
the half of the maximum filter transmission. The filter data as well
as the spectral radiance taken from [4] is shown in Table3.2. The
radiance is calculated by multiplying the FWHM with the spectral
radiance as shown in Equation 3.17.

L=1Ly+A\N=Ly« FWHM (3.17)

This means, the filter FWHM is used as the filter band A\ in Equa-
tion 3.15.

The filter bands B,V and R are chosen, because the corresponding
wavelengths of the filter lay all in a range were the camera is sensi-
tive. The wavelengths range of all three filters are 403 nm to 947 nm,
which can be calculated by adding, respectively subtracting, the
FWHM of the filter. This represents the sensitivity range of a ty-
pical sensor which can be found in [45, p.17]. The filter curves as
well as the spectral response are shown in Figure 3.4 and 3.5.
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All in all, it is now possible to calculate the number of electrons
in a sensor generated by a meteor. This is done by converting the
magnitude to radiance and using it in Equation 3.15. The result is
the number of electrons in one pixel for the according filter band
generated by a magnitude 0 meteor.

Before adding the electrons generated in each filter band, the
meteor properties have to be taken into account: First, the spectral
radiance values stated in Table 3.2 are valid for a meteor in a dis-
tance of 100 km. Consequently, the signal has to be adapted to the
actual distance between camera and meteor, taking into account
the orbit altitude. Second, the meteor moves during the observa-
tion and thus spreads the signal over several pixels. This means, the
speed of the meteor has to be taken into account as well.

The magnitude reduction due to distance is calculated by using
the inverse square law and applying it to Equation2.2 (p.18). The
inverse square law states, that a point light source observed in twice
the distance has only a quarter of the brightness. The brightness L is
anti proportional to the square of the distance d (see Equation 3.18).

L d3
— == 3.18
Applying this equation to Equation?2.2, gives the magnitude re-
duction Amy;s for an meteor observed in the distance R instead of
the lower reference distance of 100 km:

Amgis = (3.19)

100 km>2
R

2.5 % loglo <

The distance R in the simulation is the reference distance of 100 km
minus the orbit altitude, which is the distance to the meteor from
the satellite. This implies that the meteor is observed in the centre
of the FOV and the camera is pointing towards nadir direction.
The magnitude reduction due to meteor movement results from
the spreading of the photons emitted from the meteor over several
pixels. This reduces the number of electrons generated per pixel
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and thus the signal. Therefore, the magnitude reduction depends
on the distance the meteor moves on the sensor. In [47, p. 69, Eq.3]
a formula is presented to calculate the magnitude difference bet-
ween stellar (no movement) and meteor magnitude Amy,oue (See
Equation 3.20).

A7nmove =25% 108;10 (dtravel)
(3.20)

_ 1807 Vi *teqp *sin(€)
= 2.5 xlogyg ( m* FOV«RxEWHM

The following parameters are needed to calculate the magnitude
reduction due to the meteor travel distance di 4 in the sensor:
One factor contributing to dyqve; is the angle between the meteor
radiant and the optical axis (£). An angle of 0 deg means the meteor
travels directly towards the sensor. Thus, the radiance is not spread
over several pixels.

Next, the FOV of the lens and the field of view of one pixel (/IFOV)
are taken into account. The IFQV is the angular resolution of one
pixel. A large angular resolution results in a longer time the meteor
spends on one pixel (dwell time tgy,ey is large) and thus a smaller
travel distance on the sensor.

More factors influencing the travel distance are the meteor speed
Vim, the range to the meteor R, both influencing the apparent angu-
lar velocity. A higher distance and a lower velocity result in a lower
angular velocity and thus travel distance.

The number of pixels is also taken into account via the resolution
of the sensor r. A large number of pixels, at the same sensor size,
implies smaller pixels and thus a larger travel distance.

The exposure time t.., directly influences the signal: A higher
integration time results in a larger travel distance on the sensor.
Although a longer integration time increases the amount of radiance
hitting the sensor, this is only true as long as the integration time is
lower than the dwell time of a meteor on one pixel. Due to the high
speed of a meteor, the dwell time is usually an order of magnitude
lower than the integration, which means increasing the integration
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time is not increasing the signal. The dwell time can be calculated
from the travel distance during the integration time.

The last parameter is the FWHM. This parameter describes how
a point source (e.g. a star) is imaged on the sensor. Due to the
physical limitations of the lens, a point source is spread over several
pixels. The FWHM describes over how many pixel a point source
spreads, by giving the width (in pixel) of the point source at half
of the maximum measured intensity. Both, camera sensor and lens
influence the value of the FWHM, which can be measured which
can be measured using star images.

To summarize the signal calculations, Equation 3.15 is used with
the values for radiance in Table 3.2 to calculate the signal for meteor
of absolute magnitude 0. Since distance and meteor velocity reduce
this signal, the absolute magnitude is reduced as shown in Equa-
tion 3.19 and 3.20. This means, with both equations the apparent
magnitude of the meteor is calculated, taking into account meteor
properties as well as camera and orbit parameters:

Mapp = Mabs — Ammove - Amdis (321)

Finally, the signal should be calculated for different absolute me-
teor magnitudes. The adaption is done by applying the factor bet-
ween to magnitudes of v/100 ~ 2.512 to the signal. Since the signal
is linear to the luminosity, in Equation 2.2 L can be substituted with
the signal p. in e-/px.

my—my = 2.5xlog)o(L2)
Am = 2.5 % loglo(zzi)
Am=04  =logo(L2) (3.22)
10(Am*0.4) — [e2
Hel
Lel — M@Q/lo(Am*OA)

Equation 3.22 allows to calculate the signal pe; for a meteor of
magnitude m; from the signal .o generated from a meteor with
magnitude mo = 0. In this case, Am equals m;.
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Noise calculations

The noise sources can be divided into two types of noise sources,
camera noise and background noise.

Camera noise, as described in Section 3.1.1, depends only on ca-
mera parameters and the signal generated by the meteor. Camera
noise taken into account in the simulation includes dark noise and
shoot noise. The readout noise is usually small and can be neglected,
the same applies to the quantisation noise.

The noise calculations described in this section focuses on back-
ground noise, e. g. from city lights. Compared to the camera noise,
the background noise is smaller than the shoot noise, but contribu-
tes significant to the noise level. However, the background noise is
difficult to estimate: The source of background noise is light emitted
from sources on the ground towards the camera. These are mainly
artificial sources like city lights, which are the main contributor.
Other sources include transient phenomenons like airplanes or lig-
htning as well as reflections from the moonlight. Those transient
sources must be taken into account when developing the meteor
detection algorithm, but do not significantly contribute to the con-
stant background noise. Therefore, only the background noise from
artificial and quasi constant sources are taken into account.

The next problem in estimating the background noise is the wide
range of background noise: Dense populated areas emit orders of
magnitude more light than rural areas, over the ocean the back-
ground noise is neglectable. Inevitably, the background noise can
only represent an average noise. Hence, the noise can be lower or
higher, depending on the area the satellite is currently observing.
Consequently, the limiting magnitude simulated is an estimation of
the camera performance.

The background noise can be considered in two ways:

First, a city can be treated as a point source. In this case, the city
is much brighter than the typical meteor, hence a meteor occurring
directly over a city can not be observed. Thus, this is not taken into
account in the simulation.
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The second way of considering city lights is treating them as a
diffuse light source: The city light is scattered in the atmosphere,
increasing the sky brightness. This so called sky brightness or light
pollution is also an problem for ground based astronomy. The ap-
proach chosen in the simulation is using an average value for the
sky brightness and treating the city noise as a diffuse light source
increasing the brightness of the background the camera is observing.

Hereafter, the term background noise refers to noise originating
from artificial sources on ground, mostly city lights, increasing the
sky brightness due to diffuse light scattering. The background noise
is taken from [48, p. 3]. In this paper, the sky brightness is calculated
from satellite data using models to calculate the light propagation
in the atmosphere. The authors created a map showing the sky
brightness around the world, with a colour coding indicating the
magnitude of the brightness. For the simulation, the maximum value
of fi,_sky = 2.32 x 10° photons/(cm? - s - sr) in the astronomical
V band is used. In order to calculate the background noise from the
sky noise, the amount of photons reaching the sensor is calculated
by taking into account the solid angle €2 and the lens aperture A =
7 * (D/2)? (see Equation 3.23). The solid angle is calculated from
the FOV using @ = 4 x arcsin (sin (FOVy /2) x sin (FOVy /2)).
Furthermore, the quantum efficiency in the V band 7y and the fill
factor F'F is needed.

1 2
He_background_Sensor = Mp_Sky* (102> *Q*A*nv*FF (323)

The noise generated per pixel is approximated by dividing the num-
ber of electrons generated on the sensor by the total number of
sensor pixels (rx and ry are the resolution in X and Y direction).

He_background_pxr = Mp_Senso/(rX * TY) (324)

The background noise fte_packground_ps from Equation 3.24 is given
in e-/(px-s), thus it has to be multiplied with the exposure time
texp to calculate the background noise in terms of e-/px.
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To sum up, the largest noise source considered is the shoot noise,
followed by the background noise and finally the dark current.

SNR and limiting magnitude calculations

After describing the calculation of signal and noise, the SNR can
be calculated. To recapitulate, the signal is derived from the meteor
radiance, taking into account camera and orbit parameters. First,
the signal is the sum of all electrons generated by the radiance
of a meteor with magnitude 0 in the three filterbands B,V and R
(Equation 3.16). Next, this signal is adapted to different magnitu-
des using Equation 3.22. The signal itself is calculated by combining
Equation 3.14 (giving the irradiance) with Equation 3.2 (giving the
camera signal) resulting in Equation 3.15. The apparent magnitude
is calculated by taking into account the reduction due to meteor
velocity and orbit altitude (Equation 3.21). Combining all equations
result in Equation 3.26 with Equation 3.28 giving the magnitude re-
duction.
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For the noise calculation, camera noise as well as background
noise is taken into account (see Equation3.29). All parameters
are shown in Table3.1. Furthermore, a more detailed derivation
of the signal equation is shown in the Appendix (see Appendix
Section A.2).

The simulation calculates the SNR for a given camera system
depending on the meteor magnitude. The meteor magnitude is cal-
culated for ground and space based systems as shown in Figure 3.6.
Furthermore, the stellar magnitude is used as well. The determina-
tion of the limiting magnitude is done by calculating the intersection
between the desired SNR value (in this case SNR = 5). The in-
tersections gives the stellar limiting magnitude, the meteor limiting
magnitude from ground and from orbit.

3.3.2. Simulation input parameters

Before giving details about results, the parameters for the simula-
tion are given in Table3.3. The stated parameters are needed to
calculate the limiting magnitude my;,,, of a given camera system.
They include camera parameters and settings (e.g. quantum effi-
ciency and exposure time) as well as meteor properties and orbit
parameters.

The parameters can be adapted to simulate different camera sy-
stems or orbits. Furthermore, the meteor properties can be varied.
This can be used to evaluate the effect of certain parameters on the
limiting magnitude or to get the limiting magnitude for a specific
mission and instrument.

As a starting point, the camera properties of the industrial ca-
mera for machine vision GenieNano M1920 from the company Tele-
dyne DALSA was used. The camera parameters stated in Table 3.3
are taken from the camera manual (see [45]), except the quantum
efficiency, dark current and FWHM, which were measured in labo-
ratory and real sky tests. The camera is simulated with the lens
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Table 3.3.: Simulation parameters of the sensitivity simulation with
default values from GenieNano M1920 and Schneider
Kreuznach Cinegon 1.4/12

Parameter Default Unit
value

Camera parameters

Exposure time tcy), 1—10 s
Quantum efficiency . B: 73.9, V: %
82.9, R: 67
Pixel size Apx 5.86 pm
Transmission of lens T 90 %
Dark current puy 7 electrons/(pixel - s)
Sensor res. rx/ry 1936 x 1216 pX
Tilt angle (camera optical 0 deg
axis/nadir) «
Pixel fill factor FF 100 %
Binning 2 -
FWHM 4 px
f-number F4 1.4 -
Focal length f 12.7 mm
Orbit parameters
Altitude 565 km
Meteor parameters
Speed V,, 40.3 km/s
Altitude 100.87 km
Radiant angle & 62.55 deg
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Figure 3.6.: Example SNR diagram from the Sensitivity simula-
tion. The intersection between required SNR (red line)
and calculated SNR indicates the stellar, the ground
based and the orbital limiting magnitude.

Schneider Kreuznach Cinegon 1.4/12 (see [49]). The meteor pro-
perties are taken from the analysis of the CILBO data base (see
Section 2.4).

Determination of Full Width Half Maximum In this context,
the FWHM is defined analogue to the FWHM of the filter, but
instead of filter transmission, the brightness of an object (in this
case a star) is used: The FWHM is the width of the star, at the half
of the maximum star brightness measured in pixel. This is visualized
in Figure3.7.

For the simulation, first an assumption of a FWHM of 4 px was
used. Later, after procuring the camera and lens, the FWHM was
measured, by taking images on the roof of the IRS at the University
of Stuttgart. The Python package photutils is used to determine the
FWHM. This package provides functions to evaluate and to process
astronomical images, here the star finder function is used.
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Figure 3.7.: lllustration of the FWHM using the values of a line of
pixel through the center of a star on the sensor. The
image was taken with the GenieNano M1920 on the
roof of the IRS with binning 2.

The star finder function takes several arguments, one is the mi-
nimal FWHM a star needs to have in order to be detected. As a
result, the function returns the points in the image identified as a
star with the given FWHM threshold. By using different FWHM
thresholds, the FWHM can be derived. This is shown in Table 3.4,
which gives the number of stars above the threshold.

Furthermore, the detected stars can be marked, as shown in Fi-
gure3.8. A few stars have a FWHM larger than 4 px, most of the
stars detected with a lower threshold are at the bottom of the image
and in fact noise. Thus, a FWHM of 4 px is realistic and can be used
in the simulation. The measurement is independent from the bin-
ning setting: Binning only increases the signal strength, but does
not effect the FWHM.

This measurement was confirmed, by manually measuring the
FWHM in the image using the image editing program GNU Image
Manipulation Program (GIMP).
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Table 3.4.: Number of stars with a minimal FWHM

FWHM Threshold (px) Number of stars

2 374
3 381
4 113
5 29
6 26
7 12
8 4
9 1
10 0
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Figure 3.8.: Image of stars taken on the roof of IRS showing stars
above a FWHM of 4 px. The image is inverted, blacker
parts indicate higher brightness. Points detected as
stars are marked with blue circles.
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Determination of quantum efficiency and dark current First,
the quantum efficiency and dark current of a different camera with
the same sensor was used since this data is not provided by the
manufacturer (see [50]). Later, both values were measured by per-
forming an EMVA 1288 test. The assumed values and the measured
values for both parameters are in the same order of magnitude, with
the measured value being better than the assumption.

Meteor properties As a starting point the average meteor pro-
perties, as determined by the CILBO observatory (see Section 2.4),
are used. Later, these parameters are varied, to determine their in-
fluence on the limiting magnitude.

Orbit The orbit altitude for the FACIS and SOURCE mission are
used, which is in the range of 300 km to 565 km.

Camera settings The camera settings include binning and expo-
sure time. Binning reduces resolution, but increases the SNR (see
Section3.1.1). The exposure time effects the SNR, but also the
frame rate (FR) of the camera. The frame rate (given in frames
per second (fps)) can not be higher than the reciprocal of the ex-
posure time, e. g. with an exposure time of %s, the maximal frame
rate is 5 fps. As mentioned in Section 2.6, the frame rate influen-
ces the scientific performance as well as the requirements for data
processing. Therefore, the frame rate is set to 10 fps for FACIS and
6 fps for SOURCE.

3.3.3. Results

The simulation is set up with the camera GenieNano M1920, equip-
ped with the Schneider Kreuznach Cinegon 1.4/12 lens. These com-
ponents were preliminary chosen and represent a possible option for
the instrument. The camera has a high quantum efficiency as well
as low noise and thus is suitable for the observation of faint objects.
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The lens is part of a product line offering lenses with a wide range
of focal length and respectively FOV. Furthermore, all lenses are
ruggedized, focus as well as f-number can be set and fixed with a
screw. Also, those lenses have been used on different satellites!.
The parameters stated in Table 3.5 have been systematically chan-
ged from the values stated in Table3.3. After each change, the
simulation is run and the results are evaluated. This includes the
limiting meteor magnitude, but also the observed area, the travel
distance of the meteor on the sensor (on how many pixels is the me-
teor imaged?) and the dwell time (how much time does the meteor
spend on one pixel?). The results are summarized in Table 3.5.

Field of View (FOV) A smaller FOV results in less observed
area, which does not affect the limiting magnitude, but potentially
the number of meteors observed. A larger area observed results
usually in a higher number of observed meteors. This effect is further
analysed in Section 3.4. Furthermore, the FOV is determined by
the focal length, which, together with the f-number, influences the
aperture area. A smaller FOV is the result of a larger focal length.
According to Equation 3.12, the aperture is reduced in this case,
given a constant f-number. A smaller aperture reduces the limiting
meteor magnitude, since less light from the meteor hits the sensor.
Contrary, the meteor travel distance is reduced, since a smaller area
is imaged on the same number of pixels. This is increases the limiting
magnitude, since the signal is spread on less pixel. Nevertheless,
the limiting magnitude is reduced with a smaller FOV, because the
smaller aperture area has a greater effect on the limiting magnitude.

Exposure time Increasing the exposure time does not increase
the limiting magnitude. This is due to the fact that the meteor
travels very fast. As long as the exposure time is not shorter than
the dwell time of a meteor on one pixel, increasing the exposure

see [51], further information received via personal Email correspondence
with manufacturer
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Table 3.5.: Instrument parameters and their effect on the perfor-
mance. The change of the parameter is only given in
the more favourable direction, although for some para-
meters this depends on the desired scientific objective.

Para- Change Effect
meter
FOV  Smaller Smaller area covered (-), smaller travel

distance (+), smaller aperture area (-)
Expo- Larger  More dark noise (-), less image data (lower

sure framerate) (+), worse velocity
Time determination (-)
Pixel Larger  Longer dwell time (4), more sky noise (-),
size larger limiting magnitude (+)
Bin-  Larger Smaller image size (+), Longer dwell time
ning (+), larger limiting magnitude (+), Less

accurate determination of meteor position

Orbit  Higher  smaller travel distance (+), higher distance

alti- to meteor (-), smaller limiting magnitude
tude (-), larger area covered (+)
Resolu-  Smaller Smaller travel distance (+)
tion
Frame Higher Accurate meteor velocity determination
rate (+), Higher amount of data (-)
Quan-  Higher Increases signal strength (+)
tum
effi-
ciency
f-  Smaller Larger aperture (+)
number
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time only increases the dark noise. Decreasing the exposure time
can therefore increase the limiting magnitude due the reduction of
noise (dark noise and background noise).

A lower integration time also enables a higher frame rate, which
benefits the later data evaluation: With a higher frame rate the
speed of a meteor can be determined more accurately.

Pixel size and Resolution Special care has to be taken when
dealing with the pixel size: If only the pixel size is increased without
changing the resolution, the sensor sizes increases. This is due to the
effect, that the sensor size is calculated from both values. A larger
sensor has different effects. First, the lens could not fit to the sensor,
vignetting could occur. Furthermore, due to the larger sensor more
background noise is accumulated, due to the larger field of view of
one pixel (IFOV). This effect can not be fully compensated by the
smaller travel distance of the meteor over the sensor, which means
the overall limiting magnitude is reduced. Also, with a different
sensor size, the FOV changes. All in all, it is not suitable to only
change the pixel size. However, a large pixel size is desirable. This
can be seen if two sensors with the same physical dimensions, but
different resolutions and pixel sizes are compared: A sensor with less
resolution, but larger pixels has a greater limiting magnitude. This
is basically the effect of turning binning on, but binning additionally
decreases the read out noise (although this effect is smaller for
CMOS sensors, see Section3.1.1). In Table3.5 it is assumed the
pixel size is changed together with the resolution.

Binning Binning increases basically the pixel size. This results in a
longer dwell time of the meteor on one pixel, reduced read out noise
and therefore increases signal and limiting magnitude. Furthermore,
the image size is reduced, resulting in less data to be stored, pro-
cessed and downlinked. However, due to the increased pixel size,
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the meteor position can not be determined as accurately. This in-
fluences the later trajectory determination in case of a stereoscopic
meteor observation as well as the meteor velocity determination.

Orbit altitude Increasing the orbit height has two opposing ef-
fects on the limiting magnitude: On the one hand, the travel dis-
tance of one meteor on the sensor is reduced, which increases the li-
miting magnitude. This positive effect is compensated by the higher
distance between meteors and the camera. The result is a reduced
limiting magnitude. However, the area covered is increased, which
increases the number of meteors observed.

Frame rate The maximum frame rate depends on the exposure
time as explained in Section 3.3.2. The higher the frame rate, the
more accurate the meteor velocity and in turn, the trajectory can be
determined. Unfortunately, a higher frame rate also results in more
data being generated.

Results The limiting magnitude for the GenieNano M1920 equip-
ped with Schneider Kreuznach Cinegon1.4/12 lens is 2.88. In Ta-
ble 3.6 the effect on the limiting magnitude for different parameters
is shown.

Effect of meteor properties The simulation can also be used to
determine the effect of meteor properties on the limiting magnitude.
Besides the meteor brightness, the meteor radiant and the velocity
both influence how well the meteor can be observed. A higher meteor
velocity results in a lower dwell time on one pixel and therefore
reduces the limiting magnitude. A larger radiant means the meteor
moves more horizontally over the sensor instead of moving towards
the sensor. This also reduces the dwell time and hence the limiting
magnitude.
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Table 3.6.: Limiting magnitude for the GenieNano M1920 equip-
ped with Schneider Kreuznach Cinegon 1.4/12 for dif-
ferent parameter settings. Deviations from settings sta-
ted in Table 3.3 are given. Meteor velocity and radiant
are changed by adding the standard deviation of those
values to the mean value as observed with the CILBO
observatory (see Section 2.4).

Parameter Change Limiting Magnitude change
meteor mag-
nitude
None 2.88 0.00
Focal length 20 mm 3.37 +0.49
Exposure time %s 2.65 —0.23
Binning/Pixel size 1 2.66 —0.22
Orbit 300 km 3.80 +0.92
Quantum efficiency —10% 2.78 —0.10
Angle Radiant 84.81 deg 2.75 —0.13
Meteor velocity 57 km/s 2.50 —0.38
f-number 2.4 1.04 —1.84
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Noise Beside evaluating different parameter options, the simula-
tion can also be used to address the different noise sources. Looking
at the different noise sources, the main contributor is the signal it-
self, the so called shot noise. The shot noise is about 20 times larger
then the background noise. However, the background noise is still
180 times larger than the dark current. This means, the dark current
is almost negligible.

Summary The most important camera parameters for meteor ob-
servation are high quantum efficiency, large aperture, low dark noise
and short exposure time. The meteor properties have a significant
influence on the limiting magnitude as well: A faster meteor results
in a lower SNR. Furthermore, the geometry of the observation is
important. A meteor moving towards the sensor is more likely to
be observed than a meteor moving across the sensor. The orbit
has a huge influence as well, a lower orbit results in a better sig-
nal. Nevertheless, the orbit also influences the number of meteors
observed, which is analysed in Section 3.4. Finally, calculating the
limiting magnitude and determining the requirements is a multi-
dimensional problem. Several combinations of parameters can be
suitable to fulfil the scientific requirements.

3.3.4. Verification

Before the simulation results can be used for further calculations,
the simulation must be verified. The verification of the simulation
shall ensure that the results are in a realistic order of magnitude.

Therefore, the stellar limiting magnitude was simulated and com-
pared with measurements. Images of stars were taken inside the
Planetarium Stuttgart and on the roof of IRS using the Genie-
Nano M1920. Those images were used to determine the limiting
magnitude.

For the the real sky and the planetarium tests, the camera Ge-
nieNano M1920 is equipped with the lens Kowa LM6JC in contrast
to the Schneider Kreuznach Cinegon1.4/12 to limit costs. Details
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Table 3.7.: Limiting stellar magnitude from measurements and si-

mulation

Source of Settings Lim. stellar

lim. mag. magnitude
IRS roof Binning 1, Exp 810014 ps 5.26
Simulation Binning 1, Exp 810014 ps 6.70
IRS roof Binning 2, Exp 250002 ps 4.00
Simulation Binning 2, Exp 250002 ps 5.32
Planetarium Binning 2, Exp 166 365 ps 6.54
Simulation Binning 2, Exp 166 365 ps 5.09

Simulation Binning 2, Exp 166 365 ps, no noise 6.94

about the measurements can be found in [52], here only the re-
sults are presented. The limiting stellar magnitude was determined
by comparing the image to a map of stars and determining the
magnitude of the faintest visible star. This method is widely used
in astronomy, but has some limitations. The measurement depends
on the weather and the light conditions. Furthermore, the availa-
bility and the selection of the stars influence the measured limiting
magnitude.

As can be seen in Table 3.7, the simulation values match the me-
asured values, although the simulation predicts higher magnitude
values for the real sky tests. This is likely due to the fact that the
simulation takes only sky noise in the V-Band into account. Furt-
hermore, the light pollution was high during the image campaign
on the roof. This resulted in a lower limiting magnitude than pre-
dicted. For the planetarium tests, the calculated magnitude is lower
than the measured one. This can also be explained with the noise
levels present. In the planetarium no light pollution is present, but
the simulation takes it into account. Without the simulated noise,
the values of measurement and simulation are in the same order of
magnitude.
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All in all, the simulated and the measured stellar limiting mag-
nitudes are close, indicating the simulation is working as expected.
The remaining difference can be explained with the uncertainties in
the simulation as well as in the measurements.

3.3.5. Discussion of results

Despite verifying the simulation and therefore proving the results
reliable, the Sensitivity simulation has some limitations, mostly due
to necessary assumptions. Those shall be discussed in the following.

First, the conversion from magnitude to radiance is not precise.
This is due to several reasons: The meteor irradiance is only taken
into account in the B, V and R filter bands. This reduces the ra-
diance actually reaching the sensor, since most camera sensors are
also sensitive outside of the B filter band. Furthermore, using the
FWHM of each filter to calculate the radiance means not taking
into account all radiance. On the other hand, the complete filter
bandwidth can not be used. This would result in an overestimation
of the radiance, since the filters bands are overlapping. Also, it is
assumed that the meteor radiance is constant over the filter band,
but meteors do not have the same spectral radiance over the whole
FWHM wavelength bandwidth. The accuracy of the magnitude to
radiance conversion could be increased by using the actual filter
transmission curve and integrating the spectral irradiance over the
filter transmission. This would require the knowledge of the meteor
irradiance for all wavelengths. Overall, the conversion of the appa-
rent magnitude to the corresponding irradiance is an approximation.

Second, the background noise is calculated from the sky brig-
htness in a city inside the V band. This represents a worst case
when the satellite passes over a city. However, noise in other bands
are not taken into account. Furthermore, it is assumed that the sky
noise is the same noise reaching the satellite, but in reality the noise
could differ. While this assumption does not concern the compari-
son of different cameras, it does limit the accuracy of the limiting
magnitude for later calculations.
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Third, the limiting magnitude is calculated for a meteor passing
horizontally over the centre of the sensor. This limits the validity
of the results to this meteor, since a meteor on the edge of the
FOV suffers from two additional magnitude losses: First, a meteor
on the edge of the FOV has a larger distance to the camera, thus
the magnitude loss due to distance is increased. Second, the meteor
does not appear on the optical axis, which results in vignetting (see
[34]) and reduction of lens collecting area.

Fourth, the quantisation noise is not taken into account, which
results in a slight underestimation of the noise. However, compared
to the previous points the effect is negligible.

Finally, the simulation parameter must be chosen carefully. This
regards the camera and the lens parameters on the one hand and the
meteor property parameters on the other. If the camera and the lens
parameters are not measured, the values stated by the manufacturer
must be used. Sometimes not all necessary parameters are provided,
so assumptions must be made. Especially the quantum efficiency is
not always stated and must be estimated using similar sensors and
the sensors responsivity curve. The FWHM must always be mea-
sured or estimated. Furthermore, the meteor parameters must be
chosen carefully and always specified, when stating a limiting me-
teor magnitude. This is due to the fact that the magnitude strongly
depends on the meteor speed and direction.

All in all, the simulation does have some limitations, but gives
accurate results within the given limitations. The Sensitivity script
can be used to compare the performance of different cameras and
lens combinations, to determine important camera parameters and
to estimate the limiting stellar and meteor magnitude for further
calculations and simulations.
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3.4. Formation Analysis: Optimization of
scientific output

The limiting magnitude of a camera system, as calculated in the
previous section, is an important parameter to maximize the scien-
tific output of a meteor observation mission. However, for the FACIS
mission the formation parameters also influence the scientific out-
put. In this context, the influence of orbit parameters as well as the
distance between the satellites on the scientific output are analysed.
The scientific output is determined by two parameters: The num-
ber of observable meteors as well as the accuracy of the trajectory
determination. In this section, the SWARMSv2 simulation is used
to analyse the effect of different orbit and formation parameters on
the scientific output. Furthermore, the effect of these parameters on
the accuracy of the trajectory is analysed by setting up a trajectory
simulation based on the MOTS algorithm and analysing the data
from CILBO.

3.4.1. Simulation of number of observable meteors

The SWARMS simulation (Simulator for Wide Area Recording of
Meteors from Space) is a Python based tool to calculate the number
of meteors observable with a satellite. The source code was provided
by J. Vaubaillon, details about the simulation can be found in [2].
The analysis by Bouquet et al. was done for a single satellite mission
to determine ideal camera and mission parameters. The main result
for a single satellite mission is that a high orbit and a large FOV is
desirable to increase the number of observed satellites. Furthermore,
tilting the camera would increase the observed area and therefore
the number of observed meteors.

In the original version, only one satellite is used. Therefore, the
simulation was adapted for a stereoscopic meteor observation mis-
sion. Other adaptions concern the data evaluation and integration
of the Sensitivity script which is described in the previous section.
Those adaptions started in the scope of a bachelor thesis under the
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supervision of the author (see [53]) and continued afterwards. The
original simulation (by J. Vaubaillon et al.) is called SWARMS. The
version used in this thesis (adapted among others by the author) is
called SWARMSVv2 to distinguish between the original version and
adapted version.

In this chapter, the working principle is presented before explai-
ning the necessary adaptions and presenting the results of the si-
mulations. Finally, the results are discussed.

Working principle

The goal of this simulation is to determine the number of meteors
observable with a satellite based camera. Therefore, the user defines
mission characteristics, such as the mission duration and the orbit
altitude, as well as camera characteristics, such as the FOV, and
meteor characteristics, such as the meteoroid masses. Depending
on the input data, the program calculates the occurring number of
meteors and those detectable by the specified camera. The following
section is a short summary of the according paper (see [2]), more
details can be found there.

The first step is the generation of meteoroids, which is done as
follows: The number of meteoroids occurring in the camera FOV
is determined using a settable meteoroid mass model (e.g. from
Halliday or Griin). Those models give the number of sporadic me-
teoroids per time and area occurring in a settable mass range. Be-
sides its mass, the following meteoroids properties are assigned to
each meteoroid: Velocity, position respectively distance to the satel-
lite, density, and ablation coefficient. The positions of meteoroids
are randomly chosen inside the FOV, since meteoroids can occur
anywhere. The velocities are randomly assigned, but the velocity
distribution is Gaussian with a settable mean and standard devia-
tion. This applies to all other properties (densities and entry angle
B (slope between horizon and trajectory)) as well.
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Since the physical meteoroid properties are randomly assigned,
each simulation delivers unique results. Therefore, the program al-
lows to conduct various simulations with the same input data and
then uses the average value of detected events for the detection
rates.

In the second step, it is determined whether a meteor, resulting
from the given meteoroid properties, can be detected. Therefore,
the kinetic and luminous energy of each meteoroid as well as du-
ration are calculated using the velocity and the luminous efficiency.
The luminous efficiency describes the percentage of kinetic energy
converted to luminous energy. In order to determine the detectabi-
lity of a meteor, the luminous energy released by the meteoroid is
compared to the minimal energy detectable by the camera system.
If the released luminous energy is larger than the minimal detectable
energy, the meteor is considered to be detected. The minimal detec-
table energy is derived from the limiting magnitude of the camera
as well as the exposure time and the minimal number of frames on
which the meteor should occur. A larger exposure time and a higher
number of frames means the energy of the meteoroid must be larger
in order to be detected, since it must maintain the light emission
over a longer time period.

After the detectability for all meteoroids is determined, the total
number of meteors detected by the camera systems, as well as the
meteor detection rate (given in meteors/h) can be calculated. This
allows to estimate the number of observable meteors using different
meteoroid mass models and to determine the influence of different
camera (exposure time, field of view,...) and mission parameters
(orbit altitude, minimal number of frames for detection) on the
meteor detection rate.

Adaptions

The main adaption of the SWARMS simulation is the introduction
of a second satellite. This is needed, since for a trajectory deter-
mination a meteor must be observed by both satellites. Thus, the
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detection rates of meteors observed by two satellites is of interest.
Furthermore, this detection rate also depends on the formation pa-
rameters and the orientation of the satellites. The adaption allows
to determine the effect of satellite distance and satellite orientation
on the detection rates for a stereoscopic meteor observation. The
second satellite is in the same orbit as the first, the orientation (tilt
angle) is settable by the user. A range of satellite distances can be
given and the simulation is run for each distance.

For the determination of the meteor detection rate, the area ob-
served by both satellites is used. The covered area depends on the
orientation and the distance of the satellites:

The orientation of the satellites is described by the tilt angle,
which is the angle between the optical axis and the nadir direction.
A higher tilt angle results in a larger area covered by each satellite.
The more the satellites are tilted towards each other, the further
apart the satellites must be, in order to maximize the area covered by
both satellites. Thus, the distance between the satellites (baseline)
is calculated depending on the satellite tilt angle.

The baseline is calculated with trigonometric functions and the
law of cosines (see Figure3.9). Since the orbit is circular, the dis-
tance is represented with the phase angle . The ideal phase angle
depends on the FOV, the satellite tilt angle o and the orbit height
Rorbit-

The ideal baseline and according phase angle to maximize the
area covered by both satellites can be derived from basic geometry.
The calculations are shown in the appendix (see EquationA.8 to
Equation A.17). The Equations are valid for tilt angles & < amax,
where amax is the maximum angle at which the camera does not
look over the planet’s horizon. It is defined as:

(Tplanet . FOV

Torbit 2

) (3.30)

Qimax = arcsin

In Figure 3.10, the ideal satellite distance to maximize the over-
lapping FOV according to the presented calculations is shown. The
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Figure 3.9.: Geometry for determination of optimal angle . Sche-
matic adapted from [53].
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Figure 3.10.: Ideal satellite distance for maximum overlapping
FOV for different orbits and focal length options
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calculations are done for the minimal and maximal FACIS orbit alti-
tude of 300 km and 565 km respectively. As can be seen, a higher tilt
angle requires a higher satellite distance in order to maximize the
area covered by both satellites. Furthermore, a higher orbit requires
less distance for the same angle. However, a lower orbit allows hig-
her tilt angles, before the FOV extends over the horizon. The above
described adaptions were done in the scope of a bachelor thesis (see
[53]).

Another important adaption is the implementation of the Sensi-
tivity script (see Section 3.3), which gives the limiting magnitude
of the instrument. This allows to quickly simulate different cameras
and lens combinations. Furthermore, the limiting magnitude as well
as the number of observable meteors depend on the exposure time,
thus a change in exposure time is taken into account for both va-
lues. Finally, the Sensitivity script also gives the reference angular
velocity, for which the limiting magnitude is valid. The difference
between actual meteor and reference angular velocity is taken into
account in the SWARMS simulation, to determine whether a meteor
can be detected.

The third major adaption is the option to simulate an Attitude
Control System (ACS) error. Since the satellites can not be perfectly
orientated, the area covered by both satellites can change due this
error and thus influence the meteor detection rate. Using this option,
it is possible to simulate the effect of a range of attitude errors on
a given satellite axis.

More adaptions include mainly the export of results and the ge-
neration of different plots for evaluation. All results, settings and
data (e. g. the meteor properties) can be exported into an Excel file
for later evaluation or use in other simulations.

Furthermore, it is possible to generate different plots, e. g. showing
the satellite formation and covered area, as well as the projection
of the meteor track on the sensor.

All important adaptions are summarized in the following list:

= Addition of a second satellite
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= Calculation of detection rates for one satellite or formation of
two satellites

= Calculation of optimal satellite distance to maximize the co-
vered area

= Calculation of limiting magnitude using sensitivity script (see
[54])

= Option to simulate Attitude Control System error

= Export data and plots of results and formation geometry

= Projection of meteor track on sensor

= Implementation of rectangular Field of View

= Addition of lateral meteor trajectory angle 3

= Calculation of meteor magnitude

= |mplementation of different meteor mass distribution models

= Option to change meteor speed

= Option to use European Cooperation for Space Standardiza-
tion (ECSS) speed distribution (see [37])

= Implementation of more plots of satellite formation and results

= Option to simulate different parameters in one simulation run

Approach

The SWARMSv2 simulation is used to evaluate the effect of diffe-
rent orbits, tilt angles and FOVs on meteor detection rates. These
rates depend on various parameters (see Table3.8). The parame-
ters are not independent and influence each other. Therefore, it is
difficult to evaluate the effect of a single parameter.

For the evaluation, the meteor detection rates are plotted against
the satellite tilt angle. The tilt angle indicates the area covered by
both satellites, a higher tilt angle results in a larger observation
area (see previous section). Since the satellite tilt determines the
satellite distance, this approach allows to evaluate the effect of dif-
ferent parameters depending on the satellite tilt without minding
the satellites distance.

It is important to note that the detection rates in the following
plots are only used to evaluate the relative effect of a parameter
change on the detection rates. The meteor detection rates do not
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represent actually expected rates, since some preliminary assump-
tions about the mission and camera properties have been made at
the time the simulation was conducted. Updating the simulation is
not required, this only the effect of parameter changes should be
evaluated. The expected detection rates for FACIS and SOURCE
are estimated in Section 5.1.2.

Different camera, orbit and meteor parameters must be set be-
fore a simulation can be started. The settings used for the following
simulations are shown in Table 3.8. The meteor properties are deri-
ved from the CILBO data base (see Section 2.4) except the speed
distribution, which is set up according to the ECSS standard. For
each parameter on the top of the table, a simulation is conducted
for all tilt angles. The parameters examined include orbit altitude,
focal length, meteoroid mass model and mass range of meteoroids.
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Table 3.8.: Simulation parameters for SWARMSv2 simulations

Parameter

Values

Parameter changed for each simulation

Orbit altitude
Focal length, F#

Models
Mass range Griin

Mass range Halliday
Grid steps latitude/longitude

High: 565 km, Low: 300 km
Wide FOV: 12.7mm, 1.4, Nar-
row FOV: 35mm, 1.9

Grin, Halliday

Low: 0.01g to 10000g High:
0.1gto 10000g

0.01g to 30000¢g

200/1000

Parameter constant for each simulation

Tilt angle

Camera

Number of simulation runs
Obser. time Griin

Obser. time Halliday
Meteor angle v mean
Meteor angle v sigma
Meteor angle 8 mean
Meteor angle 5 sigma
Speed distribution

Number of frames for detection
Exposure time

0, 5, 10, 15, 20, 25, 30, 35, 40
and 42 deg

GenieNano M1920

2

40h

674 h (x2 for low orbit)
—62.65 deg

22.48deg

90 deg

20deg

From ECSS standard

o= W

82 3. Instrument, satellite bus and formation parameters



Per aspera ad astra

Results

After the simulation runs, the results are evaluated for each para-
meter by plotting the satellite tilt against the meteor detection rate
of both satellites. Generally, a high detection rate is desirable, thus
it is used to determine the ideal parameter.

Effect of orbit altitude and operation time In general, the gre-
ater the covered area, the higher the meteor detection rates. Thus,
a higher orbit results in a greater coverage and detection rates as
seen in Figure 3.11. The number of detected meteors fluctuates due

= 10.5 1 —— Hourly rate 565 km Ly5 =
= Hourly rate 300 km ’ =
2 g
= 1001 N\ =
—:} F4.0 *}
+ 951 <
= 3.5 =
5 901 £
= /\ L3.0 =
3 3
2 854 \V4 =
F2.5

0 10 20 30 10
Satellite tilt (deg)

Figure 3.11.: Hourly rate for 565 km and 300 km orbits using the
12mm lens and the Griin model with a minimal me-
teoroid mass of 0.1g

to the random assignment of meteor properties.

While a higher orbit increases the coverage and thus the detection
rate, the orbit altitude also influences the operation time. The ope-
ration time is the time, during which both satellites are in eclipse. A
higher orbit decreases the eclipse time. Therefore, it was analysed
whether the greater coverage or the longer operating time has a
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larger impact on the number of detections. Furthermore, the satel-
lite distance also influences the operation time and was taken into
account as well. The higher the satellite distance, the shorter the
time at which both satellites are in eclipse.

The analysis was done by determining the total operation time
during the mission for each scenario with ASTOS and then calcu-
lating the number of detected events during the mission using the
hourly detection rates from SWARMSv2.

As a scenario, the 565 km orbit and 300 km are simulated with
different Local Time of Ascending Nodes (LTANs). Furthermore,
different satellite distances and according tilt angles are simulated.
As explained before, the tilt angle and distance are depending on
each other. Therefore, suitable distances and tilt angles are simula-
ted as outlined in Section 3.4.1. The parameters are summarized in
Table 3.9.

Table 3.9.: ASTOS simulation settings, the camera tilt angle also
defines the phase angle respectively satellite distance

Parameter Value
Altitude 300 km and 565 km
Orbit type SSO
LTAN 10, 11 and 12
Phase angle 565 km orbit 7.97°, 9.02°, 10.31°, 12.02°
and 14.58°

Satellite distance 565 km orbit 964 km, 1091 km, 1247 km,
1452 km and 1760 km

Camera tilt angle 565 km 33.7°, 35.9°, 38.2°, 40.4° and
42.6°

Phase angle 300 km orbit 4.02°, 4.52° and 5.13°
Satellite distance 300 km orbit 468 km, 526 km and 597 km
Camera tilt angle 300 km 38.2°, 40.4° and 42.6°
FOV 48.14° x 31.34°
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Figure 3.12.: Phase angle vs number of meteors and observation
time for different LTANs (565 km orbit)

In order to evaluate all possible scenarios fast, a Python script
was developed. In this script, different orbit parameters (altitude,
LTAN, satellite distance, FOV) are set and used in an ASTOS sce-
nario. After ASTQOS finished simulating and determining whether
the satellites are in eclipse, the results are exported and analysed
in Python. The operation times per day for each scenario do not
differ much for different LTANs (~ 9h/d for the 300 km orbit and
~ 7.8 h/d for the 565 km orbit). Details are shown in the Appendix
(Table A.8 and A.9).

However, the operation time per day is only one aspect defining
the scientific output. The other one is the detection rate, which
is also influenced by the parameters tilt angle and altitude. Thus,
the SWARMSv2 simulation is used to determine the detection ra-
tes using the above mentioned scenarios and settings according to
Table 3.8. The satellite distance and tilt angle are optimized to max-
imize the number of observed meteors while simultaneously allowing
for an accurate trajectory determination (see Section 3.4.3). The re-
sulting detection rates are used with the operation time to calculate
the number of observable meteors per day during the 2 year mission.
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Figure 3.13.: Phase angle vs number of meteors and observation
time for different LTANs (300 km orbit)

As can be seen in Figure3.12, the LTAN has only a little effect
on the observation times. A later LTAN results in slightly longer
observation time per day, but has little influence on the overall
detections. For all LTANSs, a larger tilt and phase angle angle results
in lower observation time per day, since with a greater distance, the
time in which both satellites are in eclipse is reduced. However, since
the detection rate increases due to a larger area covered, this effect
is compensated and the number of meteors detected increases with
the tilt angle.

The same applies when comparing the 300km orbit (see Fi-
gure 3.13) with the 565 km orbit: At each tilt angle and LTAN, the
observation time in the 300 km orbit is longer. However, the greater
coverage of a higher orbit results in a larger meteor detection rate
and compensates for the shorter operation time.

To sum up, a higher orbit is more suitable in terms of detected
meteors during the mission, taking into account coverage and pos-
sible observation time. The LTAN has only a little effect and can
be chosen depending on the available launch opportunity. If it is
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possible to chose the LTAN, a later one should be chosen due to
the longer observation time.

Effect of tilt angle The greater the tilt angle, the greater the co-
vered area and thus the number of meteors inside the FOV. Howe-
ver, the area increases faster than the number of meteors detected.
This is due to the greater distance to meteors at the edge of the
FOV, which limits the detectability of low mass, and therefore faint
meteors (see also next paragraph and Figure 3.16). As a result, the
hourly rate decreases first with an increasing tilt angle. Furthermore,
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Figure 3.14.: Hourly rate and covered area for an 565 km orbit

Figure 3.14 shows that the increase in area is low at the beginning,
only with a larger tilt angle the area increases significantly. This is
the case for tilt angles greater than 20 deg. That explains why the
hourly rate decreases first with tilt angle (due to greater distance)
and then increases due to greater coverage. A useful tilt angle must
therefore be greater than 20 deg. The same effect is observed in [2,
Fig. 9]. The maximum usable angle is reached when the edge of the
FOV hits the horizon.
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Effect of meteor mass distribution and tilt angle In Figure3.15
the hourly rates using the Halliday [29] and Griin [30] model are plot-
ted against the tilt angle. Generally, the Halliday model generates

24.0 |
—— Gruen 0.1g Hourly rate A 0.1
7
21.0 ===- Halliday Hourly rate /! L0.10
18.0 Gruen 0.01g Hourly rate // ‘

12.1

10.1

Hourly rate (Meteors/h) Gruen
Hourly rate (Meteors/h) Halliday

I
=

Satellite tilt (deg)

Figure 3.15.: Hourly rate for 565 km orbit and different mass dis-
tribution models and settings

less lightweight meteoroids and more heavier meteoroids. The Griin
model however, generates more meteors in total, especially towards
lower meteoroid masses. In the simulations, the lower masses are
set to 0.1g (Halliday and Griin) and 0.01g (Grin). The mass dis-
tribution models do not only have a huge effect on the absolute
number of meteors detected, but also affect the relation between
tilt angle and detection rate: The Halliday model and the Griin mo-
del (m > 0.1g) show first a decrease and then an increase in the
hourly rate, but those changes are small. In contrast, when using
the Griin model (m > 0.01g), the hourly rate decreases with the tilt
angle, despite a greater coverage. Furthermore, a lower minimum
mass results in a higher hourly rate, due to more fainter meteors
being generated.

Those faint meteors, together with the geometry of the formation,
lead to the decrease of the hourly rate with greater tilt angle. Before
explaining this effect, the geometry of the formation needs to be
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recapitulated: The tilt angle is set by the user. Depending on this
angle, the distance of the two satellites is determined to maximize
the covered area. The greater the tilt angle, the greater the distance
between both satellites.

The covered surface area increases with tilt angle, therefore the
number of meteors inside the FOV increases. But the area increases
faster than the number of detected meteors, because faint (and
therefore lightweight) meteors far away from the camera can not
be detected. This is due to the reduction of apparent brightness
from the greater distance to the meteor. If only heavier meteors are
simulated (which is also the case when using the Halliday model),
this effect is negligible. But for small meteor masses and greater
tilt angle, this effect becomes significant. For a great tilt angle, the
meteors close to the camera on the first satellite are far away from
the camera on the second satellite and vice versa. Therefore, small
meteors can only be detected by one camera (see Figure3.16 for
a visual representation). For a small tilt angle, the distance to the
meteors are in the same order of magnitude for both satellites. As
a result, the hourly rate decreases with increasing tilt angle, due
to the greater distance to meteors for one satellite. This effect is
stronger at higher orbits.

A higher tilt angle is beneficial for the observation of bright mete-
ors, due to the increased area. For faint meteors a smaller tilt angle
is more suitable. Furthermore, a larger tilt angle results in a higher
average mass and brightness of the observed meteors, since faint
and lightweight meteors are not detected. This effect is significantly
seen for higher orbits, at lower orbits the effect is reduced due to
the generally reduced distance to the meteors.

Effect of Field of View The effect of the size of the FOV is
straight forward: A wider FOV covers a greater area and therefore
increases the hourly rate. Beside this obvious effect, the FOV also
influences the scientific output of the instrument:
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Figure 3.16.: Geometry for a tilt angle of 5deg (left) and 30deg
(right). Left: The distance to meteors is in the same
order of magnitude for both satellites, even for me-
teors at the edge of the FOV (S2 ~ S1). Right: The
distance from a meteor at the edge of the FOV to
satellite one is significantly shorter than to satellite
two (S2 >> S1). Thus, faint meteors at the edge
are only detected by one satellite.
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A wide FOV should be chosen, if the meteor flux should be deter-
mined. In this case, a greater covered area is desirable, to observe as
much meteors as possible. For the determination of the meteor tra-
jectory, a narrower FOV results in a greater angular resolution and
therefore preciser determination of meteor velocity and trajectory.
The angular resolution describes the Field of View of one pixel, the
so called Instantaneous Field of View. With a higher angular resolu-
tion (small IFOV), the meteor position between consecutive frames
also increases. The meteor velocity is determined by the distance
between two meteor positions. Since the distance in pixel is larger,
the distance calculation is more accurate and thus also the velocity
determination.

To sum up, the FOV must be chosen depending on the scienti-
fic objective. Furthermore, regarding the trajectory determination,
a trade off between number of observable meteors and accurate
trajectory determination must be done. Finally, the FOV influences
the ideal distance between the satellites (see Figure3.10), which
also influences trajectory determination. Generally, a smaller FOV
requires a larger tilt angle to achieve the same satellite distance. In
other words: At the same tilt angle, the ideal satellite distance is
smaller for a smaller FOV.

Effect of exposure time and frame rate In the SWARMSv2
simulation, a meteor is detected if the energy (E) emitted by the
meteor is high enough to maintain a luminous energy (I) for a user
settable number of frames (see [2, section 2.3.4] and Equation 3.31).
Fpin is the minimal energy a meteor must emit in order to be
detected.

Epin = 1 texp * NFrames (331)

Since the number of frames for a useful detection is fixed (7 Frames =
3), a higher exposure time increases the minimal energy needed for
detection. Therefore, a higher integration time results in lower de-
tection rate, since meteors are not detected in the required number
of frames. Furthermore, a higher exposure time reduces the limiting
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magnitude of the camera system, since the dwell time of a me-
teor on one pixel is usually shorter than the exposure time. Thus,
a longer exposure time does not increase the time a useful signal is
measured. Finally, in the SWARMSv2 simulation is is assumed that
the frame rate is the inverse of the exposure time. Thus, a shorter
exposure time results in a higher frame rate, which is useful for a
more accurate trajectory determination.

Effect of attitude errors The SWARMSv2 simulation allows to
evaluate the effect of a settable ACS error. Therefore, one of the
camera axis (Zeam,Yeam and zeqm) is turned by the settable ACS
error.

100

200

0 200 100 600 500 0 200 00 600 800
24 in km 24 in km

(a) No error (b) Error around Zcqm,

<+ Points in FOV 1
Points in FOV 2

A Satellite

al axis

A

0 200 400 600 800 0 200 400 600 800
2y in km 2, in km

(c) Error around Yeam (d) Error around zeqm

Figure 3.18.: Top view of coverage (XY plane) for an Attitude
Control System (ACS) error of 4°, tilt angle of 30°
in an 565 km orbit
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In the simulation, the ACS error around one axis at a time can
be simulated. However, a range of ACS errors can be simulated in
one simulation run. In order to simulate the worst case effect, the
satellites are turned in opposite directions. Thus, the area observed
by both satellites is reduced. This effect can be seen in Figure 3.18.

In this figure, the top view (looking down to Earth) of the ob-
served area from both satellites is shown. Depending on the axis to
which the error is applied, the observed area is differently effected.
The largest effect has the same error on the x4, axis, followed by
Yeam- 1 he lowest change in observed area has the error around the
Zeam axis, since this is the optical axis.

For a more detailed analysis, different tilt angles and ACS errors
must be simulated.

In the following simulations, three tilt angles are used to simulate
ACS errors between 0° to 4°. As shown later, a minimal tilt angle is
needed to allow for an accurate trajectory estimation. Therefore, the
tilt angle of 30° is chosen. In order to simulate the effect of a larger
and a smaller tilt angle, the tilt angles 15° and 42° are simulated as
well. The later one is the largest tilt angle possible, before the FOV
extends over the horizon.

In Figure 3.19, the effect of the ACS error on the area observed
from both satellites is shown for each axis. The area for an error of
0° is used as reference (set as 100 %). As can bee seen, small ACS
errors have little to no effect on the observed area. Only for high
errors the area is reduced significantly. Also, for higher tilt angles,
the ACS error has a lower effect.

Furthermore, for small errors the observed area increases a little
bit. This is likely to the inaccuracies of the method, which is used
to determine the observed area.

All in all, the effect of the ACS error on the observed area is
negligible, because only large attitude errors reduce the area signifi-
cantly. Even for an 1° attitude error, the area is reduced by less than
5%. Small satellites usually reach higher attitude accuracies than
1°. For example the Flying Laptop (FLP), the first satellite of IRS,
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Figure 3.19.: Effect of 0° to 4° Attitude Control System (ACS) er-
ror on observed area for tilt angle of 15°, 30° and 42°
in an 565 km orbit on all three axis.
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University of Stuttgart (launched 2017) reaches pointing errors be-
low 150” (see [55]). Since for trajectory determination star trackers
are needed anyway to determine the attitude accurately, it is valid
to assume the satellite reaches an attitude accuracy better than 1°,
because a high precision attitude sensor is usually combined with a
high precision actuator. Furthermore, for trajectory determination
a larger tilt angle is needed (see Section 3.4.3), thus reducing the
effect of attitude errors on the observed area.

Finally, only for large area reductions (> 10%) the meteor de-
tection rate is significantly reduced, since the meteor detection rate
correlates with the observed area. Refer to Figure A.5 for effect on
detection rates and Figure 3.19 for the effect on the observed area.

Therefore, the ACS error in a range typical for small satellites has
no significant effect on the meteor detection rate.

Summary

The SWARMS simulation has been developed and used to analyse
a single satellite mission to observe meteors (see [2]), other single
satellite missions have been analysed as well (see [10]). The main
result from this analysis is that a greater coverage increases the
resulting hourly rate.

However, a mission comprised of two satellites is more complex
and differs from a single satellite mission. Therefore, the SWARMSv2
simulation is developed and used to analyse the effect of camera and
orbit parameters on the scientific output of the mission.

For a satellite formation a greater coverage is also desirable, since
the coverage has a huge influence on the detection rates. A higher
coverage results in higher detection rates, except if the higher co-
verage is achieved by tilting the camera. This is due to the effect,
that tilting the satellites also means increasing the distance bet-
ween the satellites to increase the overlapping area. The increased
distance results in a large distance to the meteor for at least one
satellite. As a consequence, the detection rate decreases, since a de-
tection is in this context defined as a detection by both satellites. A

Formation Analysis: Optimization of scientific output 95



Per aspera ad astra

greater tilt angle increases coverage, which benefits measurements
of bright meteors, but at the same time decreases the capability to
observe faint meteors. Therefore, the tilt angle must be chosen with
the scientific objective in mind. For trajectory determination, bright
meteors result in a better signal, thus a larger tilt angle is suitable.
In this case, the tilt angle should be at least 25°, otherwise the de-
tection rate is at the lowest possible value (see Figure3.14 based
on data from Table A.2). If the scientific focus is also on meteor
flux determination, a smaller tilt angle is preferable to observe as
many and faint meteors as possible. The orbit altitude has also a
significant influence on the coverage and detection rates. A high or-
bit should be chosen, which increases the total number of detected
meteors during the mission.

The selection of the FOV size is a trade-off between accuracy of
speed determination and coverage.

For the FACIS mission, the highest possible orbit (565 km) should
be used to increase the coverage and therefore meteor detection ra-
tes. The tilt angle should be at least 25°, since some tilt angle is
needed to increase the distance and allow for trajectory determina-
tion and a lower angle would reduce the meteor detection. For a
lower tilt angle, the detection rate is reduced.

Discussion of results

The SWARMSv2 simulation is successfully used to determine the
effect of different camera and orbit parameters on the scientific out-
put of the mission (detection rates and type of meteors observed).
However, two points must be kept in mind when using the simu-
lation and analysing the data: First, the simulation settings must
be chosen carefully in order to obtain realistic results. Second, the
context of the simulation and the interpretation of the data must
be considered.

The settings include the simulation time (what time frame is
simulated), the grid size as well as the meteor properties. The si-
mulation time effects the type of meteors generated. If the time
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is to low, heavy and therefore bright meteors are not generated,
due to the fact that heavy meteors are rare. This is especially true
for the Halliday model, since this model generates less meteors in
general. Here, a large enough simulation time is crucial, to ensure
the generated meteor masses and numbers are representative and
large enough to see an effect of parameter change on the detection
rates. However, the simulation time should not be too large, since
this also increases the run time of the simulation. Simulating 40 h
using the Griin model respectability 674 h for the Halliday model
results in a high enough number of generated meteors to see effects
of parameter changes while keeping the simulation time to around
30 min.

The grid size influences mainly the accuracy of the observed area
calculation and should therefore not be to small. Furthermore, me-
teors appear in the simulation on grid intersections, thus the grid
must be closed-meshed to ensure a representative meteor distribu-
tion in the FOV. On the other hand, the grid size should not be too
large in order to limit the run time of the simulation.

The meteor properties influence whether a meteor can be de-
tected or not and thus the meteor detection rate. Therefore, it is
important to choose realistic values in order to evaluate the effect of
orbit and camera parameters properly. Furthermore, the simulation
is also used to determine which type of meteors can be detected
(e.g. low or high speed), which is only possible with realistic input
values. Finally, the chosen meteor mass distribution model has a
huge influence on the effect of certain parameters. For example, the
satellite tilt angle has different effects on the detection rate, depen-
ding on the chosen model and simulated meteoroid masses. Thus,
it is important to use both models and keep the properties of each
model in mind when evaluating the simulation results.

The second point, besides the simulation settings, which must be
reminded is the context and significance of the results: The simula-
tion is based on several assumptions (regarding meteor properties)
and models (e. g. meteor mass model). Those assumptions are valid,
since the meteor properties are taken from C/ILBO data. However,
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the meteor properties are still biased, due to instrument biases. The
meteor mass models are realistic, but do not take into account me-
teor showers and the resulting detection rates differ widely. Thus,
the presented detection rates are realistic, but should not be taken
as the expected detection rate in orbit. In the context of this section,
the detection rates are only used to determine the effect of different
camera and orbit parameters and are not suitable for the prediction
of the scientific output. In order to predict the scientific output,
an observation concept must be developed. This concept needs to
take into account satellite bus constraints, meteor showers, consi-
der both meteor mass models as well as the performance of the
detection algorithm. Such a concept is developed in the scope of
this thesis and presented in Section5.1.2.

3.4.2. Simulation of meteor trajectory accuracy

In the previous section, the ideal distance between the two satellites
to optimize the number of observed meteors was calculated (see
Section 3.4.1). This is the first aspect of the scientific output for
a stereoscopic meteor observation mission. However, the distance
between the satellites also influences the trajectory determination.
Therefore, in this section the distance between the satellites is op-
timized to minimize the trajectory error.

The basic principle of a stereoscopic meteor observation is to com-
bine the two dimensional information about a meteor from different
observation stations to calculate the three dimensional movement
(trajectory) of a meteor. In the scope of the FACIS mission, two sta-
tions, e. g. satellites, are used. The distance between the stations is
important. A low distance does not allow for accurate trajectory de-
termination since the information from the different stations does
not differ significantly. A large distance would reduce the number
of meteors observed from both stations, since the meteors must be
bright enough to result in a sufficient SNR for both stations. There-
fore, the distance between the stations must be optimized in order
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to maximize the accuracy of the trajectory. In the following, the
term station refers to a meteor observing satellite.

Working principle

The simulation has three objectives: The first two are to determine
the ideal satellite distance for a low trajectory error and to determine
the expected trajectory error. The results and the approach are given
in this section. Third, the simulation is used to evaluate the effect of
satellite bus parameters (e. g. attitude knowledge) on the trajectory
determination. The third aspect is covered in Section 3.5.2. Since
the used simulation is the same, the approach to simulate the effect
of satellite bus parameters is outlined is this section as well.

In order to fulfil these objectives, the simulation is set up by
adapting a meteor trajectory algorithm for ground based to spaced
based meteor observation. The Meteor Orbit and Trajectory Soft-
ware (MOTS) algorithm (see [38]) is used to determine the effect of
different parameters on the calculated trajectory. In this context, pa-
rameters are the satellite distance, orbit altitude as well as satellite
bus parameters (attitude and position knowledge, clock accuracy).

This algorithm is successfully used for evaluating CILBO data
and is well documented. After adapting and implementing the al-
gorithm in a Python script, a meteor with settable properties (velo-
city, direction, position) is generated. Two satellites are positioned
according to the user settings (e. g. orbit altitude). The needed pa-
rameters to calculate the meteor trajectory are the position of the
two satellites as well as the meteor position during different time
steps. Different error sources can now be applied to these values in
order to simulate the effect of e.g. a satellite position knowledge
error on the final trajectory. Before describing the simulation setup
in more detail, the MOTS algorithm is briefly explained.

MOTS working principle and adaptions The MOTS algorithm
is a software program developed by Koschny and Diaz del Rio, which
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Figure 3.20.: Visualization of the MOTS algorithm. Shown in blue
is the plane calculated with satellite 2 as part of the
plane and the two vectors (green and yellow) from
satellite 2 to two meteor positions. The intersection
of this plane with the viewing direction to one meteor
as seen from satellite 1 gives the three dimensional
position.

calculates the trajectory of a meteor observed from two ground ba-
sed stations.Only a short description on the working principle is
given here, more details can be found in [38]. Generally, the algo-
rithm uses the position of the two stations, their viewing directions
and the (two dimensional) position of the meteor to calculate the
three dimensional meteor position. See Figure 3.20 for visualization.

The algorithm works as follows: First, a plane is constructed from
a point inside the plane and a normal vector of the plane. The
point in this plane is the position of Station 2. The normal vector
is calculated by calculating the cross product of two vectors. The
two vectors are the viewing directions from Station 2 to the meteor
in different frames. The meteor position, as seen from Station 2 is
derived from the camera orientation. In order to improve the normal
vector, the average cross product of all possible vector combinations
is used and the average taken as the normal vector. This is only
possible if the meteor is visible in more than two frames. The length
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of the normal vector is not yet known, because an observation from
one station is not sufficient to calculate a three dimensional position.
The data of the first Station is required, to calculate the meteor
position. This is done by calculating the intersection between the
plane and the viewing vector to the meteor as seen from Station
1 (vector from Station 1 to the meteor). The intersection point is
calculated for all frames in which the meteor is visible from Station
1. In doing so, the three dimensional meteor position is calculated
for different points in time. The trajectory is calculated by fitting
a line through the calculated meteor positions. The timestamp of
each frame is essential, to calculate the velocity and the trajectory
of the meteor.

This process is repeated with the roles of Station 1 and 2 reversed.

For this simulation the algorithm is adapted: Station 1 and 2
are replaced with Satellite 1 and 2. The satellite position is known
via Global Positioning System (GPS), the meteor position, as seen
from a satellite, can be calculated from the satellite position and
attitude. The MOTS algorithm is basically used as described above.
In contrast to ground based observations, the satellite moves during
the observation. Therefore, the average satellite position is used to
set up the plane. After all meteor positions as determined by each
satellite is calculated, a line is fitted through all calculated meteor
positions, giving the trajectory.

The trajectory error is calculated in the same way as in the C/ILBO
project: The median distance of the calculated meteor position and
the fitted line is used as the trajectory error. A shorter median
distance means the line could be fitted better to the positions. The
line and the trajectory error is calculated two times, the second
time with the reversed roles of Satellite 1 and 2. The mean error of
both trajectory errors is used for the evaluation and called simply
trajectory error.

Trajectory simulation setup The simulation is implemented in
Python and works as follows: First, the meteor position is calculated
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Figure 3.21.: Visualization of the satellite and meteor track

from given properties at different times during the event duration.
The times for which the meteor positions are calculated is called
the true time, which represents the reference time. The settable
meteor properties include lateral and horizontal angle, speed, alti-
tude, position and duration. A simple linear motion is assumed for
the short time the meteor is visible. This simulated meteor position
is hereinafter called the true meteor position, which is used as a
reference.

The two satellites are positioned close to the meteor, with the
same and settable distance from the meteor track. The satellite
position is set in a way that the middle point of the meteor track is
perpendicular to the satellite position (see Figure 3.21). The satellite
orbit can be set as well.

From those settings, the satellite position is calculated for the
same points in time as used for the calculation of the meteor position
(the true time). Those positions are hereinafter referred to as the
true satellite position.

This basic setup allows the calculation of the trajectory, the ne-
cessary data (satellite position, meteor position as seen from the
satellite and time of observation) is given in the simulation. Howe-
ver, the calculated trajectory from stereoscopic meteor observations
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is affected by different errors. In this simulation the effect of the
satellite position and attitude knowledge accuracy as well as clock
accuracy are evaluated. All three errors can be set independently
in the simulation. Before calculating the meteor positions with the
MOTS algorithm, the input data is altered by a settable error. The
error is given as the minimal and maximal deviation (in percent) be-
tween the true value and the measured value by the satellite. Three
errors can be set: satellite position, meteor position and clock error.
The meteor position as seen from the satellite (including the er-

Table 3.10.: Trajectory simulation parameter naming convention

Parameter Parameter with error
True meteor position Satellite meteor position
True satellite position (measured) Satellite position
True time Satellite time

ror) is called the satellite meteor position. The satellite position as
measured by the satellite (including the error) is called the satellite
position. The time as measured by the satellite (including the error)
is called the satellite time (see Table3.10). To each true position
and time value an individual error is applied. The error is settable
in percent by the user as a high and low value. The high and low
value are the limits in which a random number, representing the
percentage error, is generated. The percentage error is now multip-
lied with the true position or time. This gives the random absolute
error, which is added to the true position/time and finally gives the
position/time as seen from the satellite.

As stated earlier, the effect of satellite bus parameters (position,
attitude and time knowledge) on the trajectory should be evalua-
ted. The bus parameter position knowledge is directly evaluated by
setting the error on satellite position.

The second error, which should be investigated, is the satellite
attitude knowledge accuracy. This value is derived by calculating
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Figure 3.22.: Visualisation of the attitude error in the trajectory
simulation. The attitude error is defined as the angle
between true and satellite meteor position as seen
from the satellite.

the angle between the true meteor position and the meteor position
as seen from the satellite (see Figure3.22). Therefore, the error
on the satellite meteor position is treated as the satellite attitude
knowledge accuracy. This is valid since in reality the meteor position
is calculated from the satellite attitude.

The bus parameter time knowledge can be directly set as the
clock error, similar to the satellite position error. However, the clock
error does not influence the calculations directly. Instead this error
influences both, satellite and meteor position and can be seen as an
additional error to both positions:

When calculating the satellite position, orbital mechanic is used
to calculate the position for different times. For the calculation the
satellite time, which includes the error, is used and affects the accu-
racy of the satellite position. This simulates the clock error, which
comes into effect when assigning a timestamp to a frame. Due to
the clock error the timestamp is erroneous, but used to derive the
satellite position during exposure. The satellite position is needed
for trajectory determination, thus the clock error influences the tra-
jectory determination via the satellite position.

The clock error also influences the satellite meteor position: In re-
ality the satellite meteor position is derived from the meteor image
and the satellite attitude. Thus, each image is assigned a time stamp
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in order to derive the satellite attitude during exposure. The clock
error results in wrong assigned attitude value and thus meteor po-
sition. In the simulation the difference between the true time and
satellite time is used to calculate the moving distance of the meteor
during this time. This distance can be negative or positive and is
added to the satellite meteor position as an additional error.

Simulation parameters and evaluation method

As explained in the previous section, the satellite bus parameters are
evaluated by setting the according errors. In order to evaluate the
effect of formation parameters, orbit altitude and satellite distance
can be set as well. While for the FACIS mission an orbit altitude
between 300 km and 565 km is planned, the simulation includes also
higher and lower orbits. For each orbit, different satellite distances
are simulated. Each combination of orbit and distance is a separate
simulation which is run 200 times to get good average values. This
is necessary, because the errors are randomly assigned. The standard
settings for the parameters are stated in Table3.11.

The errors were chosen to represent realistic values: The satel-
lite meteor position error results in an average angle between true
meteor position and satellite meteor position of about 12”. As ex-
plained, this angle represents the satellite attitude knowledge error.
For a small satellite, this knowledge error is challenging, but pos-
sible. For comparison, the satellite FLP reaches a knowledge error
between 10” to 30”, depending on the pointing mode (see [56]). A
more accurate pointing is feasible, but requires more accurate sen-
sors and actuators as well as a thoroughly tested control algorithm.
Another example of a small satellite with a low knowledge error is
the TET-1 satellite, which reaches an attitude knowledge of 10”
(see [57])).

The satellite position error results in an average position error of
about 170 m, which is a very conservative value for GPS accuracy.
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Table 3.11.: Trajectory simulation standard settings

Parameter Setting
Meteor Altitude 100 km
Meteor speed 40km/s
Meteor start angle 45°
Meteor lateral angle 90°
Meteor slope angle 0°
Time step 0.5s
Meteor duration 2s
Exposure time 0.167s
Satellite distances 1°, 2°, 3% 4°,5° 6° 7° 8° 9°

and 10°

Orbit

Simulation runs

Low error satellite position
High error satellite position
Low error meteor position
High error meteor position
Low error clock

High error clock

200 km, 300 km, 400 km, 500 km,
565 km, 600 km and 700 km

200

8 x 1070 %

4x107°%

0.00011%

0.00013%

0.01%

0.02%

According to the GPS specifications?, the error should be < 7.8 m.
This only takes into account the space segment of the system, ho-
wever a position error below 50 m is reasonable.

The last error to be set is the satellite time error. The satellite time
is set to be accurate between 10 ms to 20 ms, which is challenging
but feasible for a small satellite. In this context, the error relates
to the difference between satellite time and actual time. In reality
the actual time reference would be the GPS time. The time of the
satellite can be synchronized by using the GPS Pulse per Second
(PPS) signal. Using this method, the FLP is designed to reach an

*https://www.gps.gov/systems/gps/performance/accuracy/
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error of ~ 100 ms, which is indirectly confirmed due to the exact
pointing during laser communication passes. An accuracy smaller
than 100 ms should be feasible using the same technique?.

The meteor and camera values are not changed, this includes
meteor altitude and speed, duration of meteor event and exposure
time. Some values (e.g. meteor angles) were changed only for dedi-
cated simulations to evaluate their effect. Generally, the evaluation
is done by plotting the trajectory error against the distance between
the satellites for each orbit. The trajectory error is the mean dis-
tance between meteor positions as determined by the satellites and
the trajectory line. The lower the error the better a line could be
fitted through the calculated meteor positions (see Section 3.4.2).
The simulation is also used to evaluate the effect of each error and
their combination. This is done by setting two or one of the errors
to zero.

Results and Summary

In Figure3.23 the trajectory error is plotted against the distance
between the satellites for different orbit altitudes. As can be seen,
there is a minimal error depending on the satellite distance for each
orbit. The higher the orbit, the higher the distance between the
satellites must be in order to achieve a minimal trajectory error.
Furthermore, the minimal trajectory error is in the same order of
magnitude for each orbit (about 580 m, see Table 3.12 for the exact
numerical values). It is important to notice, that the trajectory error
is low for a certain range of satellite distances. Therefore, it is pos-
sible to vary the satellite distance and still achieve a low trajectory
error. Furthermore, the lowest and highest possible satellite distance
is calculated. This is done by fitting a function to the data shown in
Figure 3.23 and calculating the satellite distances at which the tra-
jectory errors differs by maximal +5 % from the minimal trajectory
error (see Figure A.18 for the fit function). This gives a range of

3Personal communication with Steffen Gaifer, expert in FLP software de-
sign and operations, IRS, University of Stuttgart on 2021-07-26.
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Figure 3.23.: Trajectory error for different orbits and satellite dis-
tances

satellite distances at which the trajectory error is in an acceptable
range (see Table3.12).

All'in all, the trajectory simulation based on the MOTS algorithm
gives the ideal distance between the satellites for a given orbit al-
titude. While doing so, the simulation takes into account satellite
bus parameters (attitude and position knowledge error as well as
clock error). The effect of different satellite bus parameters is eva-
luated in Section 3.5.2. The achievable minimal trajectory error is
independent from the orbit altitude and amounts to about 580 m
with the expected satellite bus parameters. Furthermore, the satel-
lite distance can be set in a certain range, since the trajectory error
is low for a certain range of distances.

Discussion of results

In the previous section, the simulation is used for two objectives:
Determine the expected trajectory error and determine the ideal sa-
tellite distance for trajectory calculation. The simulation fulfils both
objectives. However, it has to be kept in mind, that not all errors
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Table 3.12.: Satellite distances for a low error in trajectory deter-
mination for different orbits. The minimal error satel-
lite distance gives the distance needed to achieve the
minimal trajectory error. At the lowest and highest sa-
tellite distance, the trajectory error deviates by +5 %
from the minimal trajectory error.

Orbit Minimal Minimal Lowest Highest
(km) trajectory  error sat. sat. dist. sat. dist.
error (m) distance (km) (km)
(km)
200 589 115 115 212
300 586 349 262 512
400 577 473 343 685
500 581 480 390 845
565 570 847 460 890
600 574 803 456 925
700 577 986 555 1505

sources are taken into account. This is especially true for the trajec-
tory error, which is an estimate of the expected performance. In rea-
lity, more error sources influence the trajectory accuracy such as the
determination of the meteor position on the image sensor. The me-
teor position on the image sensor is not accurate, since the meteor
moves during the exposure. Hence, a long exposure time reduces
the meteor position accuracy. Furthermore, the meteor velocity de-
termination is important to calculate the trajectory and determine
the initial orbit of the meteoroid before entering the atmosphere.
The velocity determination accuracy is also not taken into account
and depends as well on the exposure time. A longer exposure time
results in a less accurate speed determination, since the meteor po-
sition can not be determined accurately.
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Furthermore, the meteor properties are constant for the current
simulation and the meteor always appears in the middle of both
satellites. In reality the meteor position and properties vary, thus it
has to be evaluated which effect different meteor properties have on
the trajectory error. Also, the trajectory error should be estimated
using a range of different meteor properties. This is done in Sec-
tion5.1.2.

For future work more recent algorithms (e. g. [58]) could be used,
in order to take into account the movement of the satellites during
observation, which results in more accurate determination of the
trajectory error.

3.4.3. |ldeal Formation Parameters

In order to determine ideal formation parameters, two aspects must
be taken into account: First, the number and properties of obser-
vable meteors, which is analysed using the SWARMSv2 simulation
(see Section 3.4.1). Second, the accuracy of the trajectory, which is
analysed using the trajectory simulation (see Section 3.4.2). Besides
other parameters, both simulations vary the satellite distance and
orbit altitude. In order to maximize the scientific output, both para-
meters and their influences on the two aspects (trajectory accuracy
and number of meteors) must be taken into account. Furthermore,
the tilt angle of the satellites depends on the satellite distance and
must therefore also be considered.

Orbit altitude The orbit altitude has no influence on the minimal
trajectory error achievable. Only the satellite distance needed to
achieve this error changes with orbit altitude.

In order to increase the number of observable meteors, a higher
orbit is desirable. A higher orbit increases the observed area and
thus the number of observations.
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This means, the orbit altitude should be as high as possible, since
the trajectory error is not affected, but the number of observa-
ble meteors increases. Therefore, the FACIS mission should use the
565 km orbit.

Satellite distance and tilt angle For the trajectory error, a range
of satellite distances exist, in which the trajectory error is within
+5% of the minimal error. The satellite distance should be in the
range of 460km to 890 km for an 565km orbit (see Table3.12),
while the ideal distance is 847 km. Since the orbit altitude decreases
due to the residual atmosphere, the distance for ideal trajectory
determination must be adapted as well (262 km to 512km for an
300 km orbit).

The ideal satellite distance to increase the number of observed
meteors depends on the tilt angle of the satellite. A higher tilt angle
requires higher distances, in order to maximize the area observed
by both satellites (see Section 3.4.1). If the tilt angle and distance
between satellites is increased, the number of detected meteors de-
creases first, before increasing again. Thus, the tilt angle should be
larger than 25° (see Figure3.15) and the distance therefore at le-
ast 614 km (565 km orbit) respectively 246 km (300 km orbit). The
tilt angle should always match the distances, otherwise the maxi-
mum possible area observed is not reached and thus the number of
observed meteors is reduced.

Taking into account both distances, the minimal distance ideal
for a low trajectory error is slightly larger than the ideal distance
for increasing the number of observed meteors. Thus, the trajectory
error determines the distance needed, since a lower distance would
increase the error. This means, the tilt angle must be increased,
in order to bring the ideal distance for number of meteor obser-
vation to the ideal distance for a low trajectory error. Using a tilt
angle of 32°, the ideal distance for a large number of observed me-
teors is increased to 892 km. This is close to the ideal distance for
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a low trajectory error. Furthermore, the number of observed mete-
ors increases as well with a larger tilt angle, respectively, distance.
Therefore, in the following the tilt angle needed is set to 32°. For
a 300 km orbit the tilt angle of 38° increases the ideal distance to
467 km and is used for the following calculations.

Conclusion As outline above, both scientific objectives, a low tra-
jectory error and a large number of observed meteors, can be achie-
ved with the same formation parameters (see Table3.13). The tilt
angle should therefore be at least 32° (565 km orbit) respectively 38°
(300 km orbit). A consequence of the higher tilt angle and increa-
sed distance for the meteor observation is the reduced number of
observed faint meteors. Due to the higher distance between the two
cameras, a faint meteor can only be detected by one camera. The
distance to the other camera is too high and not enough light rea-
ches the camera. On the other hand, the total number of observed
meteors is increased due to the increased observed area. Depen-
ding on the scientific focus of the mission, a decision has to be
made whether the trajectory determination or the observation of
faint meteors is more important. However, the tilt angle and dis-

Table 3.13.: Ideal formation parameters for low and high orbit valid
for the Schneider Kreuznach Cinegon 1.4/12 lens.

Distance range Minimal tilt Ideal tilt Ideal dis-
trajectory angle\distance angle tance
from SWARMS
565 km orbit
460 km to 890 km 25°\614 km 32° 892 km
300 km orbit
262 km to 512 km 25°\246 km 34° 389 km

tances for ideal satellite distance from the SWARMSv2 simulation
are only valid for the 12 mm focal length lens, which was used for
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the preliminary analysis of the mission. For a larger or smaller focal
length, new simulations determining the ideal distance and tilt an-
gle are necessary (see Figure 3.10). The ideal distance for the FACIS
mission is analysed in Sectionb5.1.2.

3.5. Satellite bus requirements for trajectory
determination

As mentioned in the Section 3.4.2, the trajectory of a meteor is cal-
culated from the satellite position, the meteor position as seen from
the satellites as well as the time of observation. All three parame-
ters are directly measured or indirectly influenced by the satellite
bus. Thus, in order to design a satellite bus suitable for a stereosco-
pic meteor observations, certain requirements regarding the satellite
bus must be derived. The satellite bus parameters influencing the
trajectory determination are the accuracy of the satellite position
and attitude knowledge as well as clock accuracy. Therefore, cal-
culations are needed, in order to estimate the effect of different
knowledge accuracies on the meteor trajectory.

The knowledge of the satellite position and attitude is required to
determine the meteor position, by relating pixels to coordinates. The
position knowledge accuracy describes how accurate the satellite can
determine its position. In a Low Earth Orbit a satellite positioning
system (e.g. GPS) is often used. The attitude knowledge describes
how well the satellite can determine its attitude, which is needed
to determine the camera pointing direction. The satellite attitude
can be determined with different sensors, e.g. sun sensors or star
trackers.

The clock accuracy describes how accurate the time can be me-
asured. An accurate time measurement is important to assign time
stamps to images and to correlate telemetry data (e. g. satellite at-
titude) with the image in order to calculate the meteor position.

The effect of different satellite bus parameters on the trajectory
accuracy is analysed with two approaches: First, the C/LBO data
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is used to estimate the effect of attitude knowledge accuracy. The
achievable trajectory accuracy for a typical satellite attitude kno-
wledge is calculated. Second, the previously introduced trajectory
simulation based on MOTS (see Section3.4.2) is used to derive
requirements for satellite position and attitude knowledge accuracy.

3.5.1. Satellite bus requirements derivation from
CILBO data

The CILBO observatory and data base was introduced in Section 2.4
and is used to derive meteor properties for further simulations. In
this section, the data base is used to estimate the expected accu-
racy of the meteor trajectory determined by satellite measurements
depending on the attitude knowledge accuracy (see also [59]). The
attitude knowledge accuracy influences the accuracy of the meteor
position determination. A higher accuracy of the meteor position
results in a higher accuracy of the meteor trajectory.

This also applies to the CILBO trajectory determination. The
accuracy of the meteor position should be noticeable in the trajec-
tory accuracy. Thus, the following data base values are used for this
analysis: The first value is the measure accuracy of the meteor posi-
tion, which describes how well the meteor position could be derived
from its position on the sensor of each camera. It is stated in arcmi-
nutes (’). Second, the velocity of the meteor is needed. Finally, the
accuracy of the calculated trajectory is used. This value states how
well the trajectory line is fitted to the measured meteor positions.
The accuracy is the mean distance of those meteor positions to the
trajectory line. Thus, the fitting error is treated as an error in the
trajectory.

As mentioned before, the data base contains different statistical
data for each entry, since most parameters are derived from several
images. In this analysis the mean and median values are used.
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Approach

The objective of this approach is to analyse the relation between
accuracy of the meteor position measurement and the trajectory
accuracy. Since the meteor position accuracy has a huge influence
on the trajectory accuracy, it is assumed that there is a relation
between the parameters. This relation should be used to derive
requirements for the satellite attitude knowledge. Therefore, it is
assumed that for the C/ILBO data the accuracy of the trajectory
only depends on the accuracy of the meteor position determination.
Thus, the relation is assumed to be T'rajectory accuracy (in m) =
Function(Meteor pos. acc. (in')).

Once this relation is derived from the C/LBO data, another as-
sumption regarding the satellite requirements is made. It is assumed
that the meteor position error is only influenced by the attitude kno-
wledge, other error sources are neglected. Thus, the meteor position
error (given in ') is treated as the attitude knowledge error. This
gives a relation between the trajectory accuracy and the satellite
attitude knowledge error.

In order to have realistic assumptions, only meteors with the same
properties (velocity and magnitude) should be used to derive the
relation between trajectory accuracy and meteor position accuracy
from the CILBO data. The only difference between the meteors used
is the accuracy of the meteors position, the other parameters are in
a defined range.

This is achieved by filtering the data base on putting each selected
meteor in an according bin. Regarding the velocity, the meteors are
separated into velocity ranges from 10km/s to 45km/s in 5km/s
steps.

The magnitude is between —1 and 3 for all meteors. A separa-
tion into magnitude bins would result in an insufficient amount of
meteors in each bin.

The meteors within each velocity range are then categorized into
a meteor position accuracy bin. The bins range from 0.01" to 0.06
while each bin is 0.002" wide. For each meteor position accuracy
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bin the median and mean trajectory accuracy is calculated from all
meteors inside this bin. This gives the relation between the meteor
position and the trajectory accuracy. The resulting diagram for a
one velocity range is shown in Figure 3.24.

As mentioned, the median and mean values for the meteor posi-
tion is available in the C/ILBO data base. If the median value of the
trajectory error is used for a bin, then the median value of the bin
is calculated. In case the mean values are used, the mean value of
a bin is calculated. The whole process is done for both cameras of
CILBO separately.
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Figure 3.24.: The median meteor position accuracy for a velocity
range of 15km/s to 20 km/s and the median trajec-
tory error. The fitted slope of the median trajectory
is shown with a red line.

Results

As can be seen in Figure 3.24, a high error in the determination of
the meteor position results in a high trajectory error. Furthermore,
the relation between meteor position and trajectory accuracy seems
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linear, therefore a line is fitted to the histogram data. The slope of
the line is the function needed to derive satellite bus requirements.

Besides of the slope, the standard deviation for each line is calcu-
lated and given in absolute and relative values. The exact numerical
values are shown in Table A.3 and A.4. These calculations are done
for both cameras and each velocity range, all diagrams are shown in
the appendix (see Appendix Section A.4). For some velocity ranges,
an insufficient amount of meteors have been observed by CILBO.
This results in bad fit of the line to the histogram.

Generally, the median values can be fitted better to a line. This
can be seen when looking at the mean fitting error (standard devi-
ation) in percent, which is calculated using all velocity ranges (see
Table 3.14). Therefore, the median values are used for the following
calculations.

Table 3.14.: Comparison of mean percentage fitting error for mean
and median values

Data basis Mean std error (%)
Median Caml 16.0
Mean Caml 20.4
Median Cam?2 19.7
Mean Cam?2 229

For the median values, the slope is between 1029 m/’ to 1972m/’,
both measured by camera 1. The error in estimating the slope is
16 % for the smaller slope and 12 % for the larger slope. Due to the
higher fitting error, the data from camera 2 is not used.

The chosen slope values can be used to estimate the expected
error due to the limited attitude knowledge accuracy of a satel-
lite. To recapitulate, the two assumptions made are: The trajec-
tory error is solely a result of the meteor position accuracy er-
ror. The meteor position error is solely a result of the attitude
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knowledge error. Thus, the expected trajectory error is calcula-
ted from different attitude knowledge accuracies. A small satel-
lite, which shall be used for the FACIS mission, can reach atti-
tude knowledge accuracies of about 12" (e.g. the FLP, see Sec-
tion 3.4.2). In this case, a trajectory error due to attitude knowledge
accuracy of 205m to 394 m can be expected. This is calculated by
Trajectory error = slope * attitude knowledge error, with the
slope between 1029 m/’ to 1972 m/’. The trajectory error is also cal-
culated for different satellite attitude knowledge errors, the results
can be found in Table 3.15.

Table 3.15.: Trajectory errors calculated from slope camera 1 me-
dian values (1029 m/’ and 1971 m/’) for different sa-
tellite attitude knowledge errors

Attitude knowledge accuracy (')  Trajectory Trajectory

error min error max
(m) (m)
0.08 82 157
0.10 102 197
0.12 123 236
0.13 133 256
0.15 154 295
0.17 174 335
0.18 185 354
0.20 205 394
0.22 226 433
0.23 236 453
0.25 257 492
0.27 277 532
0.28 288 552
0.30 308 591
0.32 329 630
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Discussion of results

In order to keep the trajectory error below 450 m (see Section 2.6),
the satellite attitude knowledge should be better than 0.22'=13.2".

However, this values must be treated with caution due to several
reasons. First, the data base used for this analysis contains already
processed data. This means, a lot of error sources have already
been accounted for. On the one hand, this allows for a more precise
error estimation, since the analysis is not influenced by other error
sources. However, those compensated error sources in the CILBO
data base, also occur on a space based instrument. These errors
include mainly the non homogenous sensitivity of the camera over
the FOV as well as the influence of the pointing direction on the
SNR (see [33] and [34]).

Therefore, it has to be kept in mind, that other errors (e. g. velocity
determination) also contribute to the trajectory error. Thus the total
trajectory error will likely be larger than estimated with this met-
hod, but still in the same order of magnitude. Thus, it is desirable
to increase the attitude knowledge as best as possible.

All in all, the analysis of the CILBO data base gives an estimate
of the expected trajectory error due to attitude knowledge accuracy.
Furthermore, with a state of the art attitude determination system
the trajectory error is in a range, which allows for scientific valuable
data acquisition.

3.5.2. Satellite bus requirements derivation from
trajectory simulation

The trajectory simulation, as explained in Section 3.4.2, can also
be used to evaluate the effect of satellite bus parameters on the
trajectory error. The simulation is used to derive satellite bus requi-
rements. Those requirements ensure the trajectory error is in the
order of magnitude as defined by the scientific requirements.
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Approach

The three errors applied in the simulation are the satellite position
and attitude knowledge accuracy error as well as the clock accuracy
error. All errors can be set and evaluated independently. For the
evaluation, the trajectory is simulated for different satellite distances
and the minimal trajectory error is calculated. As explained in Sec-
tion 3.4.2, the minimal error achievable only depends on the satellite
distance and the applied errors. Thus, the effect of different errors
can be evaluated by calculating and comparing the minimal error
for each simulation case.

The simulation cases are numbered from 0 to 7, with Case 0 being
the Baseline case with all errors set to zero. Subsequently, the three
different errors are applied in different combinations and the minimal
trajectory error is calculated for each case. Each simulation case
is simulated for a range of orbit altitudes. Ultimately, the effect
of different error combinations is determined, by calculating the
minimal achievable trajectory error.

The magnitude of the errors are not changed and are chosen to
represent realistic satellite bus parameters. The simulation settings
as shown in Table A.5 are the same as used for the previous simu-
lation to derive ideal formation parameters.

Before evaluating the simulation results, it has to be verified that
the relative errors given in percent actually convert into the desi-
red absolute errors. The satellite position knowledge error should
be around 170 m, the attitude knowledge error around 12" and the
clock accuracy around 15 ms. All errors refer to the difference bet-
ween the actual value and the value measured by the satellite bus.
Furthermore, those values represent achievable values for a small
satellite as outlined in Section 3.4.2.

The verification of the position error is done by calculating the
difference between true satellite position and measured satellite po-
sition. This gives the satellite position knowledge error, which is
shown in Figure3.25. The position error increases with orbit al-
titude, since the relative error is applied by multiplying the true
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Figure 3.25.: The difference between true satellite position and
measured satellite position for different orbits (sa-
tellite position knowledge error)

satellite position with the relative error. A higher orbit increases the
values of the coordinates of the satellite position, because the cen-
tre of the coordinate system is the Earth centre. Applying the same
relative error to increasing values results in a larger absolute error.
However, the effect is small and negligible. Furthermore, the error
is in the range of 165 m to 178 m, which is around the target value
of 170 m.

In Figure3.26, the angular distance between true and satellite
meteor position is shown. The distance is about 12”. Since the
angular distance is treated as the satellite attitude knowledge error
as explained in Section 3.4.2, the desired attitude knowledge error
of about 12" is reached by the relative error.

Verifying the clock error is not necessary, since the time error is
directly applied to the true time, giving the satellite time as mea-
sured by each satellite. However, the clock error does not directly
influence the trajectory, since it is not directly used in the calcula-
tions of the trajectory. Instead, this error influences both, satellite
and meteor position, and can be seen as an additional error to both
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Figure 3.26.: The difference between true meteor position and sa-
tellite meteor position for different orbits (satellite
attitude knowledge error)

positions. This is explained in Section 3.4.2. In both cases, the clock
error simulates the error occurring when satellite bus telemetry data
(position and attitude) is correlated with an image timestamp in or-
der to derive the meteor position in the image. Since the bus data
and the payload data are recorded by different systems (satellite bus
and payload subsystem), the time reference can differ. This error is
simulated with the clock error. For the simulation cases, one simu-
lation is run in which the clock error only influences the satellite
position and one simulation where the clock error influence addi-
tionally the meteor position and therefore the attitude knowledge.
A table showing all simulation cases together with the calculated
trajectory accuracy is given in the following results section.

Results

First, each of the three errors is evaluated individually before eva-
luating different combination of errors (see Table 3.16). As can be
seen, the attitude error has the highest influence. The clock error
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Table 3.16.: Influence of different error sources on trajectory error
for realistic error magnitudes and a 565 km orbit

Case Mean min. trajectory
error (m)

Baseline 0.57

Clock error 49.22

Clock error complete 286.7

Position error 88.11

Attitude error 436.04

Attitude position error 4442

Attitude position clock error 446.22

Attitude position clock error complete 583.24

has the second highest influence, if the error is also applied to the
meteor position determination. The position error has the lowest
influence. The errors do not add up linearly, which is due to the fact
that the errors can cancel each other out due to the random nature
of the error. This can be seen when looking at Case3 to 5: The
position error and the attitude error combined (Case5) is not the
sum of the position error (Case3) and attitude error (Case4). In
the following, the results for each error are analysed in more detail.

Effect of satellite attitude knowledge In the simulation a rea-
listic satellite attitude knowledge error of 12" is used. It is analysed,
which trajectory error could be achieved with this attitude know-
ledge error. As mentioned before, the satellite attitude knowledge is
derived by calculating the angle between the true meteor position
and the meteor position as seen from the satellite.

In Figure 3.27 the minimal achievable trajectory error for different
orbit altitudes is shown. As analysed in Section 3.4.2, the trajectory
error depends on the satellite distance, but the minimal error achie-
vable is in the same order of magnitude for each altitude. As can be
seen, the minimal trajectory error achievable is around 436 m, which
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Figure 3.27.: Minimal achievable trajectory error for different or-
bits caused by attitude knowledge error

is only caused by the attitude knowledge error of 12”. This result is
in agreement with the analysis of C/ILBO data, which estimated the
trajectory error in the range of 205 m to 394 m (see Section 3.5.1).

Effect of satellite position knowledge The effect of the satellite
position knowledge error is evaluated analogously to the attitude
knowledge: Meteor position (attitude knowledge) and clock error
were set to zero and the high/low error for satellite position were
set to result in a conservative satellite position error of about 170 m.
This satellite position error results in a trajectory error of about
88 m.

Effect of satellite clock error As mentioned before, the clock
error influences the attitude knowledge, and therefore the meteor
position determination, as well as the satellite position. Thus, two
different scenarios were simulated: In the first scenario, the clock er-
ror only influences the satellite position determination (Casel). In
this scenario, the mean trajectory error is about 49 m. In the second
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scenario, the clock error also influences the meteor position deter-
mination. This results in a total error of about 288 m. Therefore,
the clock error has a higher effect on the trajectory error via the
influence on meteor position determination than via the influence
on satellite position determination.

Summary In Case5 to Case7, different combinations of realistic
values for each error source (position and attitude knowledge as well
as clock accuracy) are simulated and the effect compared to each
other. The results are shown in Table 3.16.

When combining realistic values for all three errors (satellite po-
sition and attitude knowledge as well as the clock accuracy), the
trajectory error is about 580 m (Case 7). This is an estimate of the
trajectory error to be expected from the satellite bus parameters for
a stereoscopic meteor observation. It is assumed that the satelli-
tes have the ideal distance to minimize the trajectory error and the
MOTS algorithm is used for calculation.

Regarding the satellite bus parameters, it is obvious that the at-
titude determination error has the highest effect on the trajectory
error. The used attitude knowledge of 12” is realistic but still a
challenge for a small satellite. The used position error is more con-
servative and a better performance can be expected. Even with a
optimistic attitude determination and a conservative position de-
termination error, the effect of the attitude determination error is
larger. Thus, determining an accurate attitude is essential for a low
trajectory error.

Furthermore, a precise time is also important, since the exact ob-
servation time has a huge influence on trajectory calculation. The-
refore, during instrument development the time synchronisation via
GPS has to be considered carefully.
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Discussion of results

When considering about the expected trajectory error about 580 m,
it is important to mention the limitation and context of the simu-
lation. The calculated error only takes into account the accuracy of
the satellite bus sensors for attitude, position and time.

However, it has to be noted that the trajectory error is higher in
a real application due to additional errors not included in the simu-
lation. For example, the determination of the photometric centre of
a meteor on the image sensor further increases the trajectory error.
The same applies to the error in velocity determination.

Furthermore, the error also depends on meteor properties, namely
velocity, position, direction of travel and brightness. For this simu-
lation run, average meteor properties derived from CILBO data are
used. In order to estimate the trajectory error for a given satellite
mission, different meteor properties need to be taken into account.
This is done in Section5.1.2, where the expected scientific perfor-
mance of FACIS is estimated.

The expected performance of the satellite formation and the com-
parison with the performance of existing meteor observation systems
is another important question when dealing with the trajectory error.
Therefore, the trajectory errors of the CILBO data base (as shown
in Table2.2, Section2.4) can be compared with the expected per-
formance of the satellite formation.

As can be seen, the expected trajectory error of a satellite for-
mation is between the minimal and maximal error of the CILBO
system: However, the mean and median values of the CILBO sy-
stem are significantly lower compared to the expected error for the
satellite formation. Although, it has to be noted that the cleaned
data base only contains meteors for which a good trajectory deter-
mination was possible. Furthermore, different error sources reducing
the accuracy were already removed. However, since the trajectory
determination from a satellite based observation systems requires
more indirect measurements, it is only logical that the trajectory
error is higher compared to ground based systems. For example, in
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a ground based system the meteor position can be directly measu-
red by comparing the meteor position with stars in the image. In
a satellite instrument, this information must be derived from the
measurement of satellite attitude. While the first method also in-
volves errors, the second one involves an additional measurement
and therefore a larger error.

3.5.3. Summary of satellite bus requirements

The satellite bus requirements are determined with two approaches:

First, the CILBO data was used to estimate the effect of the
attitude knowledge error on the trajectory. This method estimated
a trajectory error about 205m to 394 m for an attitude knowledge
of 12,

Since various assumptions were made for this approach and other
satellite bus parameters (position knowledge and clock accuracy)
influence the trajectory as well, another simulation was set up. The
second approach is based on the MOTS algorithm and evaluates
the effect of three satellite bus parameters on the trajectory error.
The three errors are errors on attitude and position knowledge as
well as clock accuracy. First, this simulation confirms the evaluation
of CILBO data regarding the effect of attitude knowledge error.
Furthermore, the attitude knowledge error had the largest influence
of the total trajectory error, with an error more than twice as large
as position and clock error.

Thus, for the satellite bus the attitude determination knowledge
is the most important parameter regarding trajectory determina-
tion. As defined in Section 2.6, the trajectory error should be in
the order of 450 m. A trajectory error around 580 m is achievable
with a satellite attitude knowledge error below 13.2”, a position
knowledge error below 170 m and a clock precision below 15 ms. A
small trade off between the parameters is possible, since different
combinations of errors result in a trajectory error below 580 m. The
clock precision refers to the difference between an accurate time
measurement (e.g. GPS time) and the actual timestamp assigned
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to an image. All requirements can be meet with a typical small sa-
tellite, the position knowledge using a Global Navigation Satellite
System should even be better than 170 m. However, the currently
used star trackers for FACIS achieve only an accuracy of about 36" .
Therefore, the star trackers should be upgraded to allow for a bet-
ter attitude determination. A lower trajectory error would require
a very accurate attitude measurements, which is challenging for a
small satellite. Thus, a slightly higher error than the defined 450 m
must be accepted when assuming typical attitude measurements for
small satellites.

However, the final trajectory accuracy depends on other factors as
well. This includes the velocity and meteor position determination
accuracy (also depending on camera properties) and the distance
between satellites. Thus, the final trajectory accuracy will be larger
than 580 m.

Another aspect of the satellite bus requirements is the pointing
accuracy of the satellite. The attitude pointing error (difference bet-
ween actual and command attitude), has no significant effect on the
trajectory accuracy. However, a high precision attitude sensor (like
star trackers) are usually combined with a high precision attitude
actuators (reaction wheels). Any pointing accuracy achieved with
reaction wheels and a small satellite are suitable for this mission.

3.6. Simulation summary

An overview of simulations and calculations used to design a meteor
observation mission is shown again in Figure3.28, a detailed des-
cription can be found in Section 3.2. Here, only the most important
results of the previous sections should be summarized, in order to
determine ideal parameters for the SOURCE and the FACIS mission.
Furthermore, some aspects not covered in the previous sections are
discussed.
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Figure 3.28.: Overview of simulations used for meteor observation
mission design

In the following, the ideal formation and orbit parameters (see
Section 3.4.3), the instrument parameters (see Section 3.3 and Sec-
tion 3.4.1) as well as the satellite bus parameters (see Section 3.5)
are given for each mission. Since each mission has a different scien-
tific objective, each section is divided into Subsections. The FACIS
parameters are given in the “Trajectory determination” Subsection
while the SOURCE parameters are given in the “Flux determina-
tion" Subsection.

3.6.1. Formation and orbit parameters

The formation and orbit parameters include the orbit altitude as
well as the satellite distance and orientation.
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Flux determination In order to increase the number of observable
meteors, the orbit should be as high as possible, as long as the FOV
does not extend over the horizon. This increases the coverage and
therefore the number of meteors occurring inside the FOV. As a
drawback, faint meteors can not be observed as good as bright
meteors. This bias towards brighter meteors must be taken into
account during the evaluation of the data.

During observation the satellite should point nadir or slightly til-
ted. A tilt angle increases coverage, but results in an uneven sensi-
tivity over the FOV. Faint meteors can only be observed when they
occur close to the instrument, which is only possible for a small part
of the FOV. This uneven sensitivity is another bias, which must be
taken into account when evaluating the data.

Trajectory determination For a trajectory determination instru-
ment, two factors have to be taken into account for the orbit and
the formation parameters: The trajectory accuracy and the number
of observable meteors (see Section 3.4.3). The orbit altitude only
affects the number of observable meteors. As with the Flux deter-
mination instrument, the orbit should be as high as possible.

The satellite orientation and distance on the other hand influence
both factors. Furthermore, distance and orientation depend on the
altitude.

Regarding the number of observable meteors, a higher tilt angle
results in a larger distance between the satellites to ensure maximal
coverage. However, a tilt angle below 25 deg results in less observed
meteors compared to no tilt angle. Therefore, the tilt angle should
be larger than 25 deg.

Regarding the trajectory error, the satellite distance should be
high enough to ensure a low trajectory error.

Both aspects can be taken into account with a tilt angle of 32 deg
and a distance of 892 km for a 565 km orbit.

130 3. Instrument, satellite bus and formation parameters



Per aspera ad astra

A disadvantage of the necessary distance between the satellites
is, that faint meteors are only observed with one satellite. Thus,
trajectories can only be calculated for bright meteors.

3.6.2. Instrument parameters

The instrument parameters mainly influence the sensitivity of the
instrument and the number of observable meteors. Regarding the
trajectory determination, the instrument parameters also influence
the trajectory error.

Flux determination For a high sensitivity, the most important
parameters are a large aperture and pixel size, a high quantum effi-
ciency and low sensor noise. Furthermore, the exposure time should
not exceed the typical dwell time of a meteor on one pixel.

A longer dwell time of a meteor on one pixel increases the SN R,
therefore a larger pixel size is desirable.

A high number of observable meteors can be achieved with a
large FOV .

Trajectory determination The requirements for sensitivity and
number of meteors are the same as for the flux determination.

However, the FOV and the exposure time also influence the trajec-
tory accuracy. A smaller FOV results in a better angular resolution.
This increases the accuracy of the speed determination, which in
turn is needed for the trajectory determination. Therefore, a huge
FOV is not desirable and a trade off between trajectory determina-
tion and number of observable meteors is needed.

The exposure time also influences the trajectory determination:
With a lower exposure time, higher frame rates are feasible. This
results in a better speed determination, since the meteor is imaged
in more frames, resulting in more measurement points per meteor.
Furthermore, a meteor must appear at least in 3 frames to determine
its speed. A higher frame rate increases the number of meteors
appearing in one frame.

Simulation summary 131



Per aspera ad astra

However, a lower exposure time and thus higher frame rate im-
pacts the design of the meteor detection algorithm and also incre-
ases the number of images which need to be processed and down-
linked. This has to be taken into account for the instrument design
as well.

3.6.3. Satellite bus parameters

The satellite bus parameters include the attitude knowledge, the
attitude error, the satellite position knowledge as well as the clock
accuracy. A general aspect is the pointing stability of the satellite.
In all cases the drift in attitude should be limited to less than the
Ground Sampling Distance (GSD) of the instrument to avoid sme-
aring of the image.

Flux determination Generally, the flux determination has low re-
quirements for the satellite bus. The attitude error has not much
influence on the number of observable meteors, as long as the FOV
does not extend over the horizon. A nadir pointing mode would
simplify data evaluation, but is not mandatory. The ACS should be
accurate enough, to avoid tilting the satellite too much, since the
FOV should not extend over the horizon. Furthermore, a larger tilt
angle would influence the scientific output, since faint meteors are
less observed due to the higher distance.

The satellite attitude and position is needed if the measurements
should be combined with ground observations. In this case, a de-
tailed analysis of the satellite bus requirements is needed. This also
applies to the clock accuracy. Information about the satellite atti-
tude is also needed, in case the satellite is tilted, to take into account
the sensitivity change over the FOV.

The attitude error (difference between commanded and actual
position) has little to no effect on the number of observable meteors.
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Trajectory determination The satellite bus parameters have a
large influence on the accuracy of the trajectory. The largest in-
fluence on this error has the attitude knowledge error, therefore it
is the most important parameter. It is followed by the clock error,
which is required to get an accurate time stamp for all images. Since
all three parameters influence the trajectory error, a trade off be-
tween those parameters is possible. For example, a worse attitude
knowledge can be compensated with a better position knowledge.
However, this is only possible to some degree, since the attitude
knowledge has a larger influence on the trajectory error. A combi-
nation of an attitude knowledge of 13.2”, a typical GPS position
determination accuracy and a clock accuracy of 15 ms is sufficient
to achieve a trajectory error below 580 m.

The attitude pointing error (difference between commanded and
actual attitude) has little to no effect on the trajectory accuracy
and the number of observable meteors. Thus, the attitude pointing
error achievable with typical small satellites using reaction wheels
is suitable for this mission. However, the pointing should be stable
enough, in order to avoid image blurring.
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4. Meteor Detection Algorithm

The meteor detection algorithm is a crucial part of the missions.
Without a reliable algorithm, a space based meteor observation mis-
sion is not feasible. Since the algorithm runs on board the satellite,
it is regarded as a part of the instrument.

This chapter describes the meteor detection algorithm, focusing
on the design and the performance. Before giving details about
the algorithm, the challenge of the algorithm development and its
significance for the mission is outlined. Furthermore, basic images
processing techniques are explained.

4.1. Technical challenges and significance of
onboard meteor detection

The need for an on board meteor detection algorithm arises from
two aspects of a space based meteor observation mission: First,
the downlink capacity for any satellite mission, and especially small
satellites, is limited. Second, due to the nature of meteors, it is
necessary to continuously observe the Earth and therefore generate
image data. A huge amount of data is inevitably generated which
can not all be downlinked. Thus, an onboard detection is needed.
The algorithm is needed to process all images generated by the
camera and to select images containing a meteor.

The algorithm performance is crucial for a space based meteor
mission. If the detection algorithm does not perform as intended,
two scenarios are possible. Either the algorithm does not detect
all meteors and thus reduces the scientific output or, if to many
phenomena are declared as meteors, to much data is generated.
In reality no algorithm works perfectly, it is expected that some

135



Per aspera ad astra

meteors are not detected while simultaneously some false detections
also occur. Thus, the algorithm must be tested and set up in a way,
to balance these two aspects.

Besides this general challenge, the meteor detection algorithm
faces several intrinsic technical challenges: Meteors are usually fast
(several km/s) and can be faint, thus detecting them is challen-
ging due to the short and low signal. The fact that the number
of meteors increases exponentially with decreasing brightness, high-
lights the importance to detected faint meteors (see Section 2.3).
Furthermore, the satellite is moving as well, thus simple detection
algorithms based on movement detection as used on ground based
system do not work. Also, the background noise from clouds, spi-
kes, airplanes and cities must be taken into account by the detection
algorithm.

Those challenges are intrinsic to space based meteor observation,
more aspects arise from the satellite bus: The satellite resources are
usually limited, which must be taken into account when developing
the algorithm. This includes the limited processing power as well as
the thermal budget. However, processing data on board a satellite
and transmitting only useful data is needed for other missions with
limited downlink capacity (see [60]). This includes for example deep
space missions. Thus, developing technology for on board processing
is beneficial for other missions as well and not limited to meteor
observation missions.

4.2. Existing meteor detection algorithms and
approach for space based detection
algorithm

For ground based meteor observation systems, several meteor al-
gorithms have been developed (see [61]). Different approaches are
used to detect a meteor in an image or consecutive frames, depen-
ding on the used instrument. Factors influencing the approach are
the instrument frame rate, the integration time as well as the FOV.
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However, most algorithms try to detect a moving cluster of bright
pixels or a line in an image formed by a meteor (see [62])). In most
cases, the images are processed before, usually this includes opera-
tions to remove the background. This is usually done by applying
a “threshold operation to obtain pixel exceedances that rise above
the background due to the passage of a meteor” [see 62, Section
2]. Thus, the algorithm assumes a static or only a slowly changing
background in order to remove stationary objects like stars (see
[63]).

Furthermore, in some algorithms, consecutive frames are sum-
marized in one image to allow for line detection (see [64]). In order
to be able to summarize different frames, the background must be
static. The same approach is used for the detection of space debris
from ground based systems (see [65]), here also consecutive frames
are summarized, in order to detect regions not belonging to the
static background.

For a satellite based observation, a new approach is needed, since
the background changes fast and can not be removed with the met-
hods currently used. Furthermore, city lights would also be recog-
nized as a moving cluster of bright pixels or be detected as a line
segment in consecutive frames. Finally, it is not possible to sum-
marize frames into one image for line detection, due to the moving
background.

The central challenge for a satellite based meteor detection al-
gorithm is to distinguish between satellite and meteor movement.
Thus, the movement of the satellite needs to be considered, before
meteors are detected.

A feasible approach is to use optical flow algorithms, which is
also established by other teams (see [66] and [67]). Optical flow
calculations give the movement of every pixel or a region of pixels
between consecutive frames. It is usually used for object tracking
and movement estimation. The calculation of optical flow works in-
dependently from the movement of the camera, thus it is applicable
in the case of a moving background. Therefore, the algorithm deve-
loped in the scope of this thesis is based on optical flow calculations.

Existing detection algorithms and approach for space based1
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Details about the algorithm as well as optical flow calculations are
given in the following sections.

4.3. Basics of image processing

The algorithm needs to process images in order to detect meteors.
Thus, a short introduction to the basics of image processing is given
here.

Image processing is usually computational intensive, therefore an
efficient implementation of all functions processing image data is
needed. Therefore, the algorithm relies on functions provided by
the Open Source Computer Vision Library (OpenCV). The OpenCV
library provides functions for machine learning and computer vi-
sion and implements different computer vision and image processing
functions (see [68]).

The most important functions used for the algorithm are optical
flow and a simple blob detector. The basic principles and use cases

for each function are explained in the following sections based on
[69].

4.3.1. Basic functions and concepts

Here, the basic functions used in the algorithm are shortly explained,
which do not require further elaboration.

Threshold The threshold function is applied to an image matrix,
in order to filter pixel values. For example, all pixel values above a
certain threshold can be set to zero or to the threshold value. This
can be used for noise reduction. In the context of meteor detection,
this function can be used to remove all pixels below a certain brig-
htness. Furthermore, this function is used to create binary images.

Binary images These images contain only two pixel values, black
(0) and white (maximum value, 255 in case of 8 bit images). They
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are generated by using the threshold function and setting all values
above the threshold to the maximum value and all values below to
zero.

Image Pyramids As described in [69, p.302], image pyramids are
used in a wide variety of image processing applications. Here, they
are used internally by the optical flow functions. Therefore, it is
important to understand what image pyramids are. In an image
pyramid, a single image is downsampled (meaning reduced in re-
solution) multiple times. Important parameters are the number of
images in the pyramid (called levels) as well as the scale between
two pyramid levels. A level of the pyramid is created by first ap-
plying a Gaussian filter to smooth the image, and then removing
the according rows and columns as defined by the scale. Usually a
scale of 0.5 is used, meaning every second row and column is re-
moved, thus the next layer is a quarter of the previous layer (see
Figure4.1). In the context of optical flow, different image scales
(=layers of the pyramid) are useful to calculate the movement on
different scales. In an image from the top layer of the pyramid (low
resolution), the overall motion in the image is calculated. In a lower
layer the detailed motion of specific regions can be determined.

4.3.2. Optical flow

Optical flow calculations are the core component of the algorithm.
The main idea of optical flow is to determine the movement of
specific or all points from one image to another (see [69, p. 498ff]).
The result of an optical flow calculation is the displacement of all or
a specific subsets of pixels between two images. The displacement
is the moving distance of a pixel or a region between two images.
It is given as an x and y component, so the direction of motion
as well as the magnitude can be calculated. With a known frame
rate, the magnitude can be converted into a velocity. Depending on
the scenery, available resources and goal of the image processing,
different types of optical flow can be calculated. One assumption of
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Figure 4.1.: Visualization of image pyramids. The original image
(level 0) is downscaled by a factor of 0.5 between each
level.

all optical flow methods is, that the brightness of an object moving
between two frames is (almost) constant.

Sparse optical flow For the sparse optical flow, the movement
of specific regions in the image is calculated. The idea is to select
unique parts of an image (so called keypoints) and track them from
one image to another (see [69, p.493ff and 511]). An advantage
of the sparse optical flow is the reduced processing power needed,
since only the movement of the selected keypoints is calculated. It
is crucial that the selected keypoints are as unique as possible, so
that they can be recognized in the consecutive image. However, if
the scenery is dark, like the Earth at night, no usable keypoints can
be detected. Thus, this type of optical flow can not be used.

Dense optical flow The dense optical flow calculates the mo-
vement of every pixel from one image to another (see [69, p.588]).
The result of a dense optical flow calculation is a two channel ma-
trix with the same resolution as the original image. Each channel
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gives the motion of the according pixel in x, respectively, y direction.
This image is also called the motion image. As with the sparse op-
tical flow, the dense optical flow also relies on tracking points from
one image to another. However, some regions of an images are not
well recognisable from one image to another, this mostly concerns
uniform regions. For those regions, the dense optical flow calculati-
ons rely on the interpolation of the movement from well trackable
regions. This interpolation requires processing time, which makes
the dense optical flow orders of magnitude slower than the sparse
optical flow.

OpenCV provides two functions to calculate the optical flow,
the one used here is called calc-Optical-Flow-Farneback. This
function calculates the optical flow using the Farnebick Polyno-
mial Expansion algorithm, which works as follows (according to [69,
p.588]): It is assumed, that the image can be described as a conti-
nuous surface. The image is described by locally fitting a polynomial
to every point. Therefore, every pixel value in one part of the image
is described by a quadratic polynomial.

Since the image is assumed to be a continuous surface, a small
change (displacement) between two images results in a change of
the polynomial exponents. From the change of the exponents it is
possible to determine the magnitude of the displacement.

Since this works only with small displacements, image pyramids
are used: First, the low resolution pyramids are used for the displa-
cement calculations. The displacement is small, because the resolu-
tion is small as well. Then, this displacement is used as an estimate
for the higher resolution pyramid image. Now, the polynomial ex-
ponents are not compared at the same image location, but in the
location as estimated by the displacement of the lower resolution
pyramids. The number of pyramid levels can be set. Furthermore,
at each level the calculations can be iterated to improve the displa-
cement estimation. This can also be set by the user.

Other parameters used are shown in Table4.1. Before the opti-
cal flow calculations, the image is smoothed by a Gaussian filter or
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Figure 4.2.: Dense optical flow calculation according to Farnebdck
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Polynomial Expansion algorithm, image drawn accor-
ding to [69, p.590, Figure 17-1]. A polynomial is fit-
ted to the image data, in this case a parable with the
function f = aA/B*x2+bA/B*x+cA/B, the subscript
indicates the according image. Since it is assumed that
the parable shape does not change and the displace-
ment d between the parable maxima is small, the dis-
tance can be calculated with d = —%*agl*(bg —ba)
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Table 4.1.: Parameters for the dense optical flow calculations

Parameter  Description

Image A First image

Image B Second image

Result Result image giving movement in x and y direction

levels Number of image pyramid levels

pyr_scale Scale between images of pyramid

winsize Size of the window for image smoothing before
calculations

iterations Number of iterations of optical flow calculation per
image pyramid

poly_n Size of the area to which the polynomial is fitted

poly_sigma Standard deviation used for smoothing derivatives
during polynomial fitting

flags Type of filter for image smoothing, use Result ima-

ges as input for inital estimation of flow
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sliding average filter. The type is controlled by the flags parame-
ter, the window size used for smoothing can be set with winsize.
The window size influences which types of features are taken into
account. A large window is more robust to noise, decreases the
calculation time and is able to detect fast motions. However, the
resulting motion image is blurred, since the movement of several
pixels are summarized in the window and described by one polyno-
mial. A movement from different objects in different direction can
not be determined accurately in case of larger windows.

poly_n and poly_sigma control how the polynomial is fitted to
the image. According to the OpenCV documentation for poly_n
=5, poly_sigma should be 1.1, for poly_n =7 poly_sigma =1.5
should be chosen. These represent values which have been found
to work good. According to [69, p.592] poly_sigma should be a bit
more than 20 % of poly_n. poly_n sets the area used for fitting a
polynomial around one point, similar to the winsize argument used
for smoothing. During fitting of the polynomial, derivatives of the
image are calculated. poly_sigma sets the standard deviation, used
to smooth the derivatives.

The flags parameter allows to set the type of filter used for image
smoothing before the calculations. Usually, a box filter is used, howe-
ver, it is possible to use a Gaussian filter, which gives better optical
flow results, but increases the computation time. Furthermore, the
flags parameters allow the algorithm to use the Results images as
an input. In this case, the Results image contains the optical flow
from a previous calculations. This flow is used as an estimation of
the optical flow. The option is used in case consecutive images are
analysed, in which it is assumed the current motion is similar to the
one in the previous images.

4.3.3. HSV images

Hue, Saturation, Value (HSV) is a model to represent colours. In
this model, the colour is represented by a colour value (hue), the
saturation of the colour and the brightness (value). The colour (hue)
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is encoded as an angle between 0° to 360° on a colour wheel. 0° is
red, 120° is green and 240° is blue. The brightness is encoded as
a percentage, where 1 is bright and 0 is dark. The saturation is
encoded the same way, with 1 representing the pure colour.

This representation is useful to evaluate the optical flow. In this
case, the result of the optical flow is encoded in a HSV image. The
colour is representing the direction of motion since it is defined as
an angle. The brightness represents the magnitude of the motion,
saturation is not used. Therefore, magnitude of motion (brightness)
and direction of motion (colour) can be seen as polar coordinates.

In order to get an HSV image, the result of the optical flow
calculations needs to be converted. The optical flow calculation
result is a two channel image, each channel gives the motion of
the according pixel in x, respectively, y direction. Those values are
interpreted as Cartesian coordinates, which are transformed to polar
coordinates using the cv::cart ToPolar function (see Figure4.3). The
result is two new images, one giving the direction of motion (angle),
the other of the magnitude of motion. The angle can be directly
used to construct the HSV image, the magnitude is scaled to values
between 0 to 1.

Image channel 1:
Angle
Direction of motion

Image channel 1:
X coordinates

Coordinate
transformation

Image channel 2:
Distance
Magnitude of motion

Image channel 2:
Y coordinates

Figure 4.3.: Visualization of Cartesian to polar coordinate trans-
formation
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The constructed HSV images is, one the one hand, used for visu-
alising the optical flow during the algorithm development. On the
other hand, the detection algorithm evaluates the optical flow ima-
ges based on the HSV representation.

4.3.4. Simple BLOB detector

A blob ([69, p.535]) in an image describes a region with a similar
structure, e. g. a similar brightness or colour. A blob detector is used
to detect such regions. Contrary to keypoints (see Section4.3.2),
blobs are less localised and cover a larger area. Blobs are used
to determine regions, which could be of interested, e.g. for object
recognition and tracking.

In the context of meteor detection, a blob detector can be used
to determine regions in the optical flow images, which exceed a
certain threshold. For example, in a matrix containing the magnitude
of motion of the image scene, regions which move with a similar
magnitude can be identified.

Different methods for blob detection exist, here the cv::SimpleBlob-
Detector ([69, p.534]) is used. The working principle is as follows:
First, the input image is converted to a grey scale image. Then, a set
of binary images is created by applying different thresholds to the
image. In each binary image, connected components are detected
using the cv::findContours function (see [69, p.407] for more details
on contours). The components are called blob candidates. Blob can-
didates near each other in the same binary image and the adjacent
binary images are grouped together. Each group of blob candidates
are assigned a radius and center coordinates, which forms the final
blob.

Different parameters can be applied to influence the blob de-
tection. The construction of the binary images is influenced by set-
ting the minimal and maximum threshold as well as the step size
between thresholds. For an 8 bit image, the minimal threshold starts
around 50 to 64, the maximum is set to around 220 to 235 and the
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threshold steps are around 10 (taken from [69, p.536]). The para-
meter minRepeatability determines in how many consecutive binary
images overlapping blob candidates must be found in order to be
combined into a blob. In this context, minDistBetweenBlobs is used
to define overlapping. The centre of two blob candidates must be
below this distance to be considered belonging to the same blob.

After the blob detection is finished, the list of blobs can be filtered
by different parameters (see Table4.2). If the properties regarding
area, inertia, circularity etc. of the blobs of interests are known,
these filters can be applied (see [70]). If filterByArea is set, only
blobs with an area equal or greater than minArea but smaller than
maxArea are returned.

filterByCircularity filters by circularity, meaning how close the
shape of the detected blob is to an circle. The circularity of a blob
is defined as m%.

The inertia of a blob describes how elongated the blob shape
is. A visualisation of circularity, convexity and inertia is shown in
Figure4.4.

Convexity is defined as blob area/area blob convex hull. A con-
vex hull of a shape is the tightest convex shape that encloses the
blob. A convex shape is a polygon in which all points of the polygon
can be connected to each other without intersecting the polygon.

4.4. SpaceMEDAL: Meteor detection
algorithm design

The challenges of a meteor detection from a satellite is to detect
a faint and fast moving object from a moving platform. Thus, op-
tical flow calculations are needed, in order to distinguish between
the motion caused by satellite movements and meteors (see Sec-
tion 4.2). Optical flow calculations are the core component of the
algorithm called Spaceborne MEteor Detection ALgorithm (Space-
MEDAL) developed in the scope of this thesis.
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Table 4.2.: Parameters for the Simple blob detector. For each fil-
ter, the minimal and maximum value of the according
parameter can be set (e. g. minimal and maximal area).
One exception is the colour filter, here, only the mini-
mal value can be set.

Parameter Description

minThreshold Minimal Threshold for creating binary
images

maxThreshold Maximum Threshold for creating binary
images

thresholdStep Threshold step size between binary ima-
ges

minRepeatability Number of binary images in which a blob
candidate must appear

minDistBetweenBlobs Distance between blob candidates, can-
didates below this distances are merged

filterByArea Filter blob by area

filterByCircularity Filter blob by circularity

filterBylnertia Filter blob by inertia

filterByConvexity Filter blob by convexity

filterByColor Filter blob by colour

blobColor Minimal value of blob brightness requi-
red
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Figure 4.4.: Visualisation of Blob detection filter options®. The
described parameter increases from left to right.

“Image drawn according to https://learnopencv.com/blob-detection-
using-opencv-python-c/

In a bachelors thesis, under the guidance of the author, different
optical flow algorithms were tested, in order to become familiar
with the OpenCV framework and evaluate the suitability for me-
teor detection (see [71]). A result from this thesis is that algorithms
based on sparse optical are not suitable, since meteors are not al-
ways detected as a keypoint and thus have no effect on the optical
flow calculations. The algorithm must therefore be based on dense
optical flow.

However, in this work no working algorithm was developed, it
only gave an idea on how a meteor detection algorithm could work.

Thus, a software Testbed was developed, in order to develop the
detection algorithm. Here, different ideas for algorithms and set-
tings can be implemented in one software project. The parts needed
for all algorithms, like reading images or remove noise, are only im-
plemented once. This allows for fast testing of different ideas and
approaches. Furthermore, the time needed to perform each part of
any algorithms is measured to evaluate the algorithm speed. Also,
the results of different processing steps can be visualized, e. g. the
results of optical flow calculations or the original images with the
detected meteors marked. This allows to debug the algorithm. Addi-
tionally, the data about detected meteors (position, frame number)
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is exported. This is crucial to evaluate the algorithm in terms of the
detection performance as well as the speed performance. Finally,
all important parameters are set using a configuration files, this is
useful to test different parameters of optical flow or blob detection
without needing to recompile the program. All in all, the software
Testbed is a crucial tool to develop the algorithm, by allowing to
test algorithm prototypes and evaluating their performance.

After trying different approaches and thorough testing, two wor-
king concepts of the algorithm could be developed by the author,
both based on dense optical flow calculations. The first concept
evaluates the movement of each pixel individually and determines
pixels whose movement magnitude and brightness is above a certain
threshold. Those pixels are counted as meteors if pixels with a similar
brightness and moving direction are detected in two other frames.
The second concept applies a blob detector to the magnitude of
motion part of the HSV image derived from the optical flow image.
Potential meteor candidates are found by filtering the detected blobs
and comparing their moving direction to the background movement
direction. These candidates are confirmed by evaluating their brig-
htness and the standard deviation of their moving direction. These
working concepts of the algorithm were finalized in the scope of a
master thesis, supervised by the author (see [72] and [73]), by set-
ting up an automatic test environment. Thus, the prototypes and
ideas previously developed in the software Testbed could be refined,
debugged and a final algorithm could be chosen.

The final algorithm SpaceMEDAL combines the blob detection
algorithm with some parts of the first algorithm (confirming a me-
teor in different frames). The HSV image is constructed from the
dense optical flow calculations. It is used, since it is assumed that
meteors usually have a different travel direction and a larger mag-
nitude than the movement of the background caused by satellite
motion. This is the central assumption in the algorithm and the
basis of meteor detection. Thus, a meteor is detected by filtering
the optical flow results to detect movements typical for a meteor.
This is done by determining and removing the background motion
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caused by satellite movement and then applying a blob detection to
the remaining image parts in order to detect moving image regions
typically caused by a meteor. Therefore, the simple blob detector is
applied to the magnitude of motion part of the HSV images with
the background motion removed.
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Figure 4.5.: Flow chart of meteor detection algorithm SpaceME-
DAL
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In more detail, SpaceMEDAL (see Figure4.5) works as follows:
First, all variables and the export file for the results are initialized
and the configuration file is read. The configuration file contains
the parameters of the algorithm.

Second, the first image is read and some image processing is done,
to reduce the noise. This takes place in the image class. Processing
includes a median filter, applying the opening operator and applying
a threshold. All values below the threshold are set to 0, this helps
to remove faint parts of the background which in turn improves the
optical flow calculations and results in a more precise background
motion determination.

Next, the dense optical flow is calculated as described in Sec-
tion4.3.2. All parameters, like pyramid layers and window size can
be changed via the configuration file.

Before constructing the HSV image, all displacements smaller
than a settable threshold are set to 0. This is necessary, since a
lot of pixels have a small displacement due to the uniform dark
background. The small displacement causes an incorrect angle cal-
culation. For the HSV image, the moving direction and magnitude
of motion is derived from the displacement in x and y direction (see
Section 4.3.3). Next, the mean and standard deviation of the mo-
ving direction and magnitude of motion is calculated. Regarding the
magnitude of motion, only values above a threshold are taken into
account to reduce noise. This also applies to the moving direction.
Here, only pixels above a certain moving magnitude are considered
to calculate the mean and standard deviation. However, the moving
direction is given as an angle and thus circular statistic must be
used to calculate the correct statistical values. In short, all angle
values are converted to unit vectors and the average unit vector is
calculated. Transforming the unit vector back to an angle gives the
mean angle, the standard deviation is derived from the length of the
average unit vector. Details can be found in [72, Section 6.4.3] and
[74]. The results are the final HSV image, containing magnitude and
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direction of motion, the mean magnitude fi,,4gnitude and its stan-
dard deviation 0y,4gnitude as well as the mean direction pigirection
and its standard deviation o ection.-

These results are processed in the detector class. As mentioned,
the algorithm detects parts of the image not moving in the main
direction and exceeding the background motion. Therefore, parts
of the image belonging to the background are removed. The back-
ground is defined by pixels moving in the main direction with the
main magnitude of movement, both are derived from the mean and
standard deviation as outlined above. The main direction and mag-
nitude are defined as:

main direction =

[,U'direction - 5 * Odirections Hdirection — 5 * Udirection] (41)

main magnitude =

[,U'magm'tude - ; * Omagnitudes Hdirection — 5 * Umagnitude] (42)
Those values were experimentally found, excluding a large range of
magnitude values increases the robustness of the algorithm. Again,
mean and standard values are determined from all pixel values with
a magnitude of motion greater than the set threshold.

All pixels moving with the background are set to 0 in the magni-
tude part of the HSV image, all values above are set to 255. Thus, a
binary image is created before applying the simple blob detector to
this part of the HSV image. The parameters described in Table 4.2
are used to filter the detected blobs. Due to different trials, the
typical area, the convexity and the circularity of a blob in the mag-
nitude images caused by a meteor are known. Thus, the returned
blobs are already filtered by setting up the according parameters of
the blob detector. This is used to remove blobs not representing a
meteor.

The detected blobs are called keypoints and are further filtered,
in order to determine meteor candidates. In order to be considered
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as a meteor candidate, a blob must fulfil two conditions regarding
its brightness. Thus, the mean and standard variation of the blob
brightness in the original image taken by the camera (not the op-
tical flow images) are calculated. The brightness must exceed a
threshold, since it is assumed meteors are usually brighter than the
background. This is done to avoid dark parts of an image being
detected as a meteor. Furthermore, the standard deviation must ex-
ceed a threshold as well, since for a meteor the brightness variation
inside the blob is usually high. This is due to the fact that the blob
area is larger than the meteor and the background is usually dark.
All meteors fulfilling the thresholds are stored as meteor candidates
in a vector.

This vector of meteor candidates contains all candidates of the
last 18 frames. It is used to confirm meteor candidates as meteors.
Since it is assumed that the camera of SOURCE is running with 6 fps
and a meteor last no longer than 3s, the vector is able to contain
all candidates belonging to one meteor. Since brighter meteors last
longer, this must be adapted if longer meteors should be successfully
detected.

The meteor confirmation takes place in the meteor class. Here,
all candidates detected in the current frame are compared to the
candidates of the previous frames. A meteor candidate is confirmed
if it moves in the same direction as the candidate from another
frame and the distance between both is below a threshold. In this
case, both candidates are considered to belong to the same meteor.
The distance threshold is necessary to avoid relating two candidates
which move in the same direction, but are too far away from each
other to be part of the same meteor. This distance threshold takes
into account the number of frames between the candidates. The
more frames between the candidates, the more time has passed and
the higher the threshold. All candidates which are confirmed are
stored in the confirmed meteor vector. This vector also contains the
information, which candidate is related to which other candidate.

In a final step, the meteor candidates are verified. A meteor is
considered to be detected if related candidates are found in at least
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three different frames. In this case, the meteor is verified and stored
in a vector for later export. Finally, all verified meteors are exported
in a file, which contains the size, the brightness, the movement
direction, the coordinates and the frame number of the meteor.
This file is used for the evaluation of the detection algorithm. Later
on the satellite, this file is used to determine which image (part)
should be downlinked.

This completes the meteor detection algorithm for one frame. A
visualisation of the processing steps is shown in Figure4.6. Now,
temporary variables are reset and the process is repeated with the
next image.

156 4. Meteor Detection Algorithm



Per aspera ad astra

(a) Original frame

(b) Preprocessed frame

(c) Optical flow calculation re-

sults visualisation. Colour indi-
cates moving direction, bright-
ness magnitude of motion. In
this case, green indicates the
background motion direction.

(d) Detected blobs in magnitude

of motion image with back-
ground motion compensated.
Due to inaccuracies in the op-
tical flow determination, some
blobs are detected in the top
of the image. Those are filtered
out, since they are not consis-
tent between several images.

Figure 4.6.: Visualisation of processing images with the detection

algorithm. The meteor is marked with a red square in

each image.
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4.5. Methods for performance testing of
SpaceMEDAL

During development it is necessary to test the algorithm, in order
to evaluate the performance and to debug the software. The per-
formance of the algorithm has multiple dimensions: The detection
performance (e.g. number of false positive detections) as well as
the speed performance of the algorithm. Furthermore, the complete
detection chain (camera, algorithm and controller) needs to be tes-
ted and validated, once the final algorithm is developed. Depending
on the development stage, different testing strategies with different
purposes are deployed.

First, the algorithm is tested on the development machine, using
existing data of meteors observed from space. In this step, different
algorithms can be tested using the software Testbed (as described
above). This gives a general idea of the challenges and which algo-
rithms are worth to further investigate.

In a next step, data generated using the hardware Testbed (see
Section4.5.2) can be used. Here, the meteor data is imaged by
the camera used for meteor observation. Thus, the algorithm uses
realistic data, since camera properties and settings (like dark noise
and frame rate) influence how the meteor is imaged. This allows to
further improve the algorithms.

However, in order to evaluate the algorithms detection perfor-
mance and test systematically, more data is required. Therefore,
the artificial meteor simulation (see Section4.5.1) is used, to ge-
nerated a systematic test set of videos. In this simulation a wide
range of videos showing meteors as seen from a satellite with va-
rying backgrounds, velocities and brightness as well as other para-
meters are generated. Thus, first performance tests can be done,
e. g. evaluating the detection rates for different types of meteors
and backgrounds. Furthermore, the algorithm can be improved if
certain types of meteors are not well detected. Also, the effect of
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AtMESS:
- Video data generation
- Export of meteor coordinates

Testbed:

- Semi automatic imaging of

video data

- Geometric and brightness calibration

A #start algorithn

print("start meteor detection”)

Evaluation script; 0. chdir(" fhome/ metobs/workspace/Meteor_Detect
_RuUN algorithm os.system(". /Testbed_Class -1 \""sstr(imaged:
- Evaluate results

. L . #Evaluate algorithm
- Automatic parameter optimization print(“Evaluate results)

truepositives, falsePositives, falseNegatives.

rth_cpp+export_folder+"terminal_output.txt")

Figure 4.7.: Flow chart algorithm test concept: The videos are ge-
nerated using Artificial Meteorvideo Simulation Soft-
ware (ArtMESS), imaged in the Testbed and finally
evaluated.

different parameters on the algorithm performance can be evalua-
ted. It is crucial to understand how different parameters influence
the algorithm. Then, the algorithm can be fine tuned in orbit after
the first images have been downlinked or the algorithm can be tu-
ned to a specific type of meteors which should be detected. This
concept is shown in Figure4.7.

The final test (results are given in Section4.7) is done with the
optimized algorithm. It includes two steps: First, the detection per-
formance using a test set generated to include all expected meteor
types and backgrounds. Again, this test set is imaged by the ca-
mera in the Testbed. This allows to evaluate the detection rate in
terms of false positive and negative as well as correct detections.
Second, the algorithm is ported to the Payload On-Board Computer
(PLOC), to measure how many images can be processed in a given
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Final test: test set data
imaged in testhed, Evaluate speed and detection performance
evaluation on PLOC

*

Test selected algorithm
with artifical meteor data
imaged in testbed

3

Test selected algorithm concepts
with existing data imaged in testbed

Improve algorithm (parameters) systematically
preliminary evaluation detection performance

Improvement of concepts, select algorithm

*
First test on development machine: Understand challenge of meteor detection
Different algorithms concepts, existing data develop concepts for algorithms

Figure 4.8.: Visualisation of the algorithm test concept

time frame. This is important for mission planning to estimate how
much processing time is needed for a given observation time. All
steps of the algorithm test concept are shown in Figure 4.8.

4.5.1. Meteor video generation for testing

Testing the algorithm requires data, in this case videos showing a
meteor from the perspective of a satellite. However, no sufficient
amount of data exists to develop such an algorithm. The only data
available is taken from the ISS by the METEOR project from the
PERC (see [75]). With this data it is only feasible to develop a
prototype, since camera properties and settings (especially the frame
rate) influence the representation of a meteor in the image and
therefore the design of the detection algorithm. Furthermore, the
videos available have a low resolution. In order to develop and test
the algorithm it is necessary to generate realistic image data.
Therefore, in the scope of the SOURCE project a program to ge-
nerate artificial meteor observation data was developed!. The pro-
gram is called ArtMESS (see [76]). It is a Python based script, which

'Main developers who supported the author: Niklas Geier, Marcel Liegibel
and Philipp Hoffmann
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Select background Select meteor Select noise

Combhined video frame

Figure 4.9.: lllustration of ArtMESS working principle: The se-
lected background is combined with the selected me-
teor and noise into the final frame.

generates videos of a meteor as seen from a space based camera.
Therefore, images containing a meteor are generated depending on
various settings, which are combined with different available back-
grounds (see Figure 4.9). This is done by overlaying the background
image with the meteor image.

Meteor image generation The first step is to generate a set of
consecutive images containing a meteor moving from a defined star-
ting point over the set of images. For the image generation, different
parameters of the meteor are considered. The most important ones
for the detection algorithm are the velocity, the brightness and the
duration of the meteor. Other settable meteor parameters include
the meteor start position in the frame, the moving direction as well
as the starting frame in the final video. The first step for each image
is to generate the meteor mask image, which is later overlaid with
the background image. The meteor mask image has the same size
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as the background video and is an 8 bit gray scale image. All pixel
values are initialized as black (pixel value 0).

The representation of the meteor in one image is generated by set-
ting selected pixels to a specific brightness. The pixels are selected
according to different shape masks (see Figure A.35). The pixel brig-
htness is defined by the luminosity function, which gives the current
brightness ., of the meteor depending on the duration of the me-
teor (2sotqr) and its maximum brightness (/4. ). Currently, the light
curve implementation is an inverted parable, which is orientated on
actual meteor light curves measured (see [77]). It is implemented
as shown in Equation 4.3, where z is the current time step.

4 — ~lota 2
lewrr = lmaz — 2 * <Z ot l> (43)

total * lmax 2

Finally, the brightness of the meteor core, the bright area around the
core and its tail is varied randomly for a more realistic representation.

The position of the meteor in the mask images depends on the
start position, the moving direction and the velocity of the meteor.
All steps described above are repeated until all meteor images are
generated. The number of images is defined by the duration of the
meteor.

Background image generation The background of the meteor
video is crucial, since it must represent a realistic view of the Earth
at night. In this program, the background is a video file from which
the frames are extracted.

The first option is to use no background. In this case, only the
meteor mask images are combined into a video. This video shows
only black parts, except the meteor and its tail. Thus, these videos
can be used to test algorithm concepts and to determine the effect
of algorithm parameters on the detection performance. It can be
evaluated, which types of meteors can be detected.

The second option is to use an existing video taken from the 1SS
by the METEOR project from PERC (see [75]) which already con-
tains a meteor. In this case, an additional meteor is implemented.
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This option offers a realistic view of the Earth including different
lightning conditions, clouds and thunderstorms. A wide range of
different background is crucial to test the detection algorithm tho-
roughly. However, the video quality (resolution and noise) is limited.
Furthermore, no rotation of the video occurs, since the ISS is able
to hold its attitude accurately. This may not be the case for small
CubeSats with limited ACS systems.

Therefore, the third option is to generate the background video as
well. An additional Python script allows to generate videos from the
NASA black marble? images. Those images are taken from a satellite
showing the Earth at night and are publicly available®. The images
used are taken from the Suomi National Polar-orbiting Partners-
hip (SNPP) satellite using the Visible Infrared Imaging Radiometer
Suite (VIIRS) instrument. More details about this instrument can
be found in [78]. Since the images are available in high resolution,
it is possible to extract a region of the images and use this as a
background. By moving a selection window over the image, a video
can be generated. This process is called sliding window. ArtMESS
allows to define the image to be used, the moving direction of the
window as well as the window size. Furthermore, the amount of
pixels the window is moved between each frames can be set. This
defines how fast the background moves.

Additionally, this methods allows to take into account the rotation
of the satellite, which is done by rotating the sliding window, after
the meteor was implemented. This is necessary, since the original
moving direction of the meteor relative to the background should
be kept. This process is also explained in more detail in Appendix
Section A.13.1.

Combination of meteor and background image In the final
step, the meteor and the background images are combined. In prin-
ciple, this is done by adding the meteor mask image to the selected

*https://blackmarble.gsfc.nasa.gov/
Shttps://earthobservatory.nasa.gov/features/NightLights
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background frame. However, in order to get a realistic movement
between meteor and background, the optical flow of the background
must be calculated first. The resulting movement is used to correct
the meteor movement, by adapting the meteor coordinates. This
is needed, since the meteor movement must fit to the background
movement. Otherwise, the meteor would seem to move sideways,
instead of straight.

After correcting the meteor movement, different noise types can
optionally be added to the background. This includes Gaussian
noise, speckle noise, salt and pepper noise, poisson noise as well
as hotpixels. For this purpose, the function random__noise from the
scikit library? is used.

Finally, the meteor mask image is simply added to the background
image. Since all parts in the meteor mask image except the meteor
are dark (pixel value is zero), only the meteor becomes visible in
the background images. All pixel values of the background and the
meteor image are simply added, which is possible, since both have
the same dimension.

The frame in which the meteor starts to appear can be set via
a parameter. Furthermore, the apparent velocity of the meteor can
be controlled. This is done by adding the meteor mask only every
X number of background frames, where X depends on the required
velocity. The larger X, the higher is the apparent velocity of the me-
teor, since its position changes more compared to the background.

Finally, all images generated are combined into a video file and
the coordinates and the corresponding frame number of each meteor
are exported into a file.

Test set generation The simulation ArtMESS also includes an
option to generate multiple videos at once with different back-
grounds and meteors. The generated test set of videos is used to
evaluate the algorithm systematically, by setting different meteor

dsee https://scikit-image.org/docs/dev/api/skimage.util.html#
skimage.util.random_noise
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Table 4.3.: Parameters for the test set generation

Parameter Description

Meteor speed Number of background frames between two
meteor mask images

Meteor brightness Maximum pixel value of meteor head, given
in percent of 255

Meteor duration Number of meteor mask frames

Meteor angle Moving direction of meteor in degree

properties like brightness, velocity, duration and moving direction
(see Table4.3). This is needed to avoid optimizing the algorithm
for one specific meteor property. Also, this approach helps to un-
derstand which types of meteors can be detected with the current
detection algorithm. Furthermore, different parameters of the algo-
rithm can be varied in order to evaluate how these parameters affect
the detection of different meteor types.

Each test set can be generated with different backgrounds. Availa-
ble options include any of the videos taken by the METEOR project
from the ISS, any video generated by using the blackmarble images
or no background.

Video upscaling As outlined in the description of the Testbed
(see Section4.5.2), the main component of the Testbed is a high
resolution screen. The videos must be displayed in full screen to
make sure the complete sensor of the camera is imaging the video.
However, the generated videos have a lower resolution and would
be scaled by the screen and the video player software if displayed in
full screen. Therefore, the videos should have the same resolution
as the screen.

This is achieved by upscaling the videos, after the generation is
finished. The open source tool Video2x®, delivers realistic results.

Shttps://github.com/k4yt3x/video2x
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Figure 4.10.: Comparison of original and upscaled images. The ori-
ginal image is shown with a red border?.

“Frames extracted from https://wuw.youtube.com/watch?v=j5gdLovzp0Q

For this tool a Python wrapper was developed, which automatically
upscales all videos from one generated test set to the screen reso-
lution of the Testbed. An example of an upscaled video from the
METEOR project is shown in Figure 4.10.

4.5.2. Testbed development and calibration

The Testbed is used for hardware in the loop tests of the meteor
detection chain, which consists of the camera, the detection algo-
rithm and the processing unit on which the algorithm runs (usually
called the PLOC). The idea is to display the generated videos on
a screen, which is imaged by the camera. The images taken by the
camera are either processed with the meteor detection algorithm
in real time or stored for later processing. This allows to test the
camera and optimize the algorithm by using realistic data, since the
images are acquired with the same camera and settings as planned
for the orbital observations.

Pre testing with a standard computer screen showed that those
screens are not usable for this applications. Due to the backlight
used in the screen, dark parts of the video still produce some light
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Figure 4.11.: Mechanical design of the Testbed: CAD drawing
(left) and final setup with Blackout Fabric (right).

(high black level). Therefore, an OLED display is needed due to
the superior black level. Those displays work without a backlight,
instead LEDs for each pixel emit the light.

In the following the design and the calibration (brightness and
geometric) of the Testbed is given.

Testbed design

The Testbed (see Figure4.11) consists of the OLED TV screen LG
OLED 55B8LLAS with a diagonal of 55 inch. The frame consists of
aluminium profiles, which allow a flexible and low cost construction.
On the profiles the screen mount is attached. The optical rail is
mounted on the profiles as well, the position of the rail can be
adapted back and forth as well as left and right. The complete
Testbed is covered with Nylon Blackout Fabric to avoid stray light
entering the camera. At the front, the fabric can be moved to allow
access to the camera and screen.

The Testbed is designed to fulfil two requirements:

First, the size of the screen must be large enough, that the com-
plete FOV of the camera images the screen at a useful distance.

Ssee https://gscs-b2c.1lge.com/downloadFile?fileId=
bncFyVuYmgmuY7bo3kBQ

Methods for performance testing of SpaceMEDAL 167



Per aspera ad astra

A useful distance is defined as large enough, that the camera still
can be focused (minimally 614 mm for the Schneider Kreuznach Ci-
negon 1.4/12), but small enough to keep the setup at reasonable
dimensions. With the given screen size and the FOV of the Schnei-
der Kreuznach Cinegon 1.4/12 lens, the maximum useable distance
is about 1.2m. In the actual setup a lower distance of 1 m is used
to keep the setup smaller.

Second, at the chosen camera distance, the screen resolution
should be large enough. This means, one pixel of the camera image
should image more than one screen pixel. Assuming a 4K resolution
of 3840 px x 2160 px for the screen and that the complete screen
is imaged by the camera and, the number of screen pixels per ca-
mera pixels is given by Screenyes 5/ Sensoryes 5. This results in 1.98
screen pixels per camera pixel. Since a smaller distance is used, the
resolution is reduced to 1.46 screen pixels per camera pixel.

Testbed calibration

The Testbed calibration includes two important steps: First, the
brightness of the screen must be calibrated in order to image the
videos properly. This calibration includes measuring the absolute
brightness and measuring the brightness received by the camera.

Second, is the geometric calibration. Here, the pixels of the screen
are mapped to the pixels of the camera. This allows to determine
if a meteor was detected correctly, since the position of the meteor
in the video as well as in the camera image is known. Therefore, an
automated test evaluation is possible.

Brightness calibration In the scope of the SOURCE project, the
Testbed brightness calibration was conducted by the SOURCE Pay-
load team?, see [79].

Two main aspects should be achieved with the calibration: First,
the absolute brightness of the screen should be measured. Second,

"Besides the author mainly from Philipp Hoffmann
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a relation between the screen pixel value and the camera pixel value
should be determined. This aspect is important for the video gene-
ration, since it allows to control the camera pixel value by setting
the right pixel value on the screen.

The calibration was conducted by displaying different grey scale
images with increasing pixel values on the screen. The resulting
brightness was measured using an optometer or the camera ima-
ging the screen. The image brightness and the measured brightness
are plotted against the screen pixel value. For the calibration, diffe-
rent screen and aperture settings were tested, in order to find ideal
settings.

First, the irradiance at the camera position was measured with the
optometer. The conversion between screen pixel value and irradi-
ance at the camera position is shown in Figure 4.12. The conversion
of the measured data and displayed pixel value can be described with
a 3th degree polynomial:

Irradiance(Screen piz. value ) =
6.76 x 10 %23 +1.02 x 10 °2% 4 6.10 x 10 °z +0.013  (4.4)

This equation is used to converse between screen pixel value and
irradiance at the camera position.

However, two issues arise when analysing the measured optometer
data: First, the brightness of the screen is orders of magnitude higher
than the brightness of a meteor. A meteor of magnitude 0 has a
brightness of about 1196 x 1072 yW/cm? (see Table3.2 on page
50), while the screen has a brightness in the order of 1 W /cm?.
Therefore, the aperture of the lens must be further closed than in
orbit to avoid saturation of the image. Thus, all other settings of
the camera (mainly binning, exposure time and frame rate) can be
kept the same. It is important to keep those camera parameters the
same as later in orbit for realistic algorithm testing.

Second, the brightness does not increase linear with the pixel
value. As a consequence, the camera signal is also not linear. This is
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Figure 4.12.: Absolute brightness calibration Testbed, conversion
of screen pixel values to irradiance output at ca-
mera position. Measured with screen brightness 70
and contrast 55.

a problem when imaging meteor videos, since the values in the video
are imaged differently with the camera, which effects the algorithm.
Furthermore, with the existing screen settings and available camera
apertures, it is not possible to image the whole range of screen pixel
values. Therefore, a relative brightness calibration is needed.

The idea of the relative brightness calibration is as follows: First,
an aperture setting should be found, which allows to image the
widest range of input brightness without over- or underexposing the
image. As mentioned, it is not possible to image the complete input
range with one aperture setting, however the best fitting setting
should be determined. In a next step, the relation between screen
and camera pixel value should be determined, in order to control
the pixel value of the camera pixel.

The ideal aperture setting is determined by displaying and ima-
ging different grey scale image on the screen using different aperture
settings. The measured pixel values by the camera can be plotted
against the input irradiance of the screen, changed by displaying
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Figure 4.13.: Irradiance calibration Testbed. Here the measured
pixel values of the camera image (determined in the
centre of the image) are plotted against the screen ir-
radiance values as determined with the absolute brig-
htness calibration. The blue lines indicate over expo-
sure, green lines under exposure while the orange line
represent the ideal aperture setting.

the grey scale images (see Figure4.13). The aperture setting with
the widest range of pixel values without under- or overexposure is
chosen. For binning 1 this is 4.5, for binning 2 aperture 9.3 is used.

The conversion between irradiance and camera pixel value is des-
cribed by a simple linear equation. Depending on the binning setting
and aperture, the equations are as follows:

Camera Pizel Value(Binning 1, Apertue 4.5) =

271.65 = Irradiance + 2.5 (4.5)
Camera Pizel Value(Binning 2, Apertue 9.3) =

294.32 x Irradiance + 11.91 (4.6)
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Figure 4.14.: Brightness calibration Testbed. Binning 1 is shown in
solid lines, binning 2 in dashed lines. Blue lines indi-
cate the aperture is too open, green lies indicate too
closed. The orange line indicates the chosen aperture
setting, for which almost the whole range of input va-
lues can be mapped to the complete range of camera
output values.

In a final step, the relation between the camera and screen pixel va-
lue can be determined, by combining the optometer measurements
(see Figure4.12) with the irradiance calibration (see Figure4.13).
The result is shown in Figure 4.14.

As can be seen, a curve can be fitted to the result plot. This gives
a function, which describes the relation between screen pixel value
and resulting camera image value. The function is a second degree
polynomial in the form of Ax X2+ Bx X +C =Y, with X being
the screen pixel value and Y being the target camera pixel value.

The function is fundamental for the relative brightness calibration.
It is used to control the camera pixel value, by setting the screen
pixel value. The pixel values of the video are adapted to ensure that
the pixel value in the camera image is exactly the pixel value in
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the original video. In the original video, the meteor brightness is set
to a pixel value as predicted with the Sensitivity simulation (see
Section 3.3) and thus related to a meteor magnitude. Using this
equation ensures that the meteor brightness in the camera image
is as predicted with the simulation. This function is implemented
in the artificial meteor simulation, which adapts the resulting video
pixel values. The tables shown in Appendix Section A.8 can be used
to convert the apparent magnitude into the expected camera pixel
value. Equation 4.7 shows the converted equation, which is used to
convert the video pixels values. In this case, the desired target pixel
value in the camera is the original pixel value of the video.

PizelValueVideoyew =

—B+ /B2 — 4% Ax (C — TargetPizelValueCamera)
2x A

(4.7)

The used coefficients differ, depending on the aperture and binning
setting. The coefficients are given in Table A.13.

The conversion works, as can be seen in Figure 4.15, which shows
a comparison between the original video frame, the adapted video
frame and the image taken by the camera in the Testbed. The image
taken by the camera is close to the original video frame, which is
the goal of the adaption. Furthermore, the conversion was tested
by comparing the expected camera pixel with the measured camera
pixel value. The mean difference is 7.8 pixel values for binning 2
and 6 for binning 1 (see Figure4.16). Since this error is low, the
conversion is working and can be used for further tests.

Geometric The geometric calibration is used to relate the camera
image pixels to the screen pixels. This is achieved by showing a test
chart on the screen. The test chart is a chess pattern, in which each
tile is numbered (see Figure A.36). The coordinates of each tile
in both images can be related, thus, if the tile in which the meteor
appears in the video is known, the according tile in the meteor image
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Figure 4.15.: Comparison of original® (left), converted (middle)
and imaged video frame (right) for binning 2 using
aperture 9.3

“Extracted from https://www.youtube.com/watch?v=j5gdLovzp0Q
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Figure 4.16.: Evaluation of brightness conversion for two binning
settings
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can be determined. Therefore, it can be checked if the meteor was
correctly detected. Furthermore, the chess board pattern is used to
properly align the camera before each test.

4.5.3. Algorithm test campaign

After setting up and calibrating the Testbed as well as setting up
the meteor simulation, the algorithm test campaign can be started.
The test campaign is done with a promising algorithm candidate, af-
ter testing different approaches using existing data (see Figure 4.8).
The campaign took place in the scope of a master thesis (see [72]).
Two goals should be achieved with the test campaign: First, the al-
gorithm should be improved. This includes evaluating the effect of
different parameters, selecting proper parameters as well as impro-
ving the algorithm by identifying deficiencies. Second, the detection
and the speed performance should be evaluated.

The detection performance is expressed with three metrics (see
[72]): Precision, recall and the F-measure value. These values are
calculated with the True positive (TP), False positive (FP) and
False negative (FN) results of the test. TP are the number of correct
detections of an existing meteor, FP are the number of erroneously
detected meteor and FN are the number of not detected existing
meteors. The precision value P is calculated with:

P TP TP
TP+ FP  dll detections

Thus, the precision value states how many of the total detections
are actually meteors and describes the algorithm’s ability to detect
only relevant objects. The recall value R is the fraction of meteors
detected from all actual meteors. Therefore, the recall value states
how well the algorithm is able to detected meteors. It is calculated
with:

(4.8)

R TP B TP
TP+ FN  all actual meteors
The ideal algorithm as a high precision value to ensure only meteors
are detected (reduce number of false positives) and a high recall

(4.9)
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value to ensure all meteors are detected (reduce number of false
negatives). The F' —measure is the harmonic mean of both values
to evaluate the algorithm detection performance in a single value.

2« PxR
F— _crle 4.10
measure iR ( )

In the scope of the meteor detection algorithm testing, the detection
performance is evaluated based on the results of at least one test set.
Thus, a T'P is defined as a meteor correctly detected in a video of a
test set in at least one frame. Consequently, a F'IN is a meteor not
detected in a video and a F'P is any wrong detection of a meteor.
For a test set consisting of 10 videos, the maximum number of T'P
is 10, since each video contains exactly one meteor.

The speed performance is first measured on the development ma-
chine and later on the PLOC used for the SOURCE mission using
Field Programmable Gate Array (FPGA) acceleration.

In this section, the test concept as well as the used test sets are
elaborated. The results of the test are given in the following section.

Test set generation

In order to achieve the campaign goals, different test sets are gene-
rated with the meteor simulation ArtMESS as shown in Table4.4.
The main parameters influencing the detectability of a meteor in
a test set are the background type, the meteor angle, the bright-
ness and the velocity. Each test set serves a different purpose, thus
different types of meteors and backgrounds are implemented. Four
categories of meteor types can be implemented in a test set, which
are listed in the following:

1. Slow and bright
2. Slow and dark
3. Fast and bright
4. Fast and dark

It is assumed that the difficulty to detect each meteor increases
with the category. Depending on the purpose of the test set, one or
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more categories are chosen for a test set. For each test set the same
background is used and a meteor property is varied. Thus, only one
parameter is of the test set is varied and its effect can be evaluated.

The purpose of each test set is as follows: The black background
videos (test set V1) are used to determine which meteors could
be detected in general. Since no noise or distortions from the back-
ground are present, the algorithm can be tested and issues identified.
Issues could be problems with the detection of faint meteors or me-
teors moving in a specific direction. Thus, first the moving direction
is varied using easily detectable bright and slow meteors. Next, the
brightness is varied, to determine to which brightness a meteor still
can be detected. The meteors are still slow in order to only evalu-
ate the effect of brightness. The next varied parameter is velocity,
used to adapt the optical flow calculations. Finally, both parame-
ters are varied, to ensure all combinations are tested. This test set is
also used to evaluated the effect of different algorithm parameters.
Parameters include settings of the optical flow (see Table4.1), the
blob algorithm (see Table4.2) as well as different threshold values.
A complete list of available parameters can be found in Table A.25.

The test sets with backgrounds are used to determine how well
the algorithm performs with noise and distortions present. The black
marble backgrounds provide only city lights and are more static.
They are used first, in order to evaluate the effect of a moving
background on the detection rate. Since this test set is the first
one with a background, easily detectable meteors are implemented.
Due to the background, some parameters are adapted to reduce the
number of false detection.

The ISS videos are less static, they also contain lightning and
clouds and therefore represent the biggest challenge for the algo-
rithm. Here, the final detection performance is evaluated using two
videos taken by the METEOR project from the ISS: The Italy back-
ground video shows city lights and some noise, the West India back-
ground is the most challenging one providing a view of clouds and
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Table 4.4.: Description of test sets used for algorithm test cam-

paign
Test set Meteor types Back- Vi-  Varied pa-
name ground deos rameter
Slow and bright 17 Angle
Slow and dark 9 Brightness
StV potandbright VPR 43 Velocity
Fast and dark 14  Brightness
and velo-
city
Black mar- 16
ble V1
Black mar- 16
ble V2
. Black mar- 16
Set V2 Slow and bright ble V/3 Angle
Black mar- 16
ble V4
Slow and bright 16 Angle
Slow and dark 9 Brightness
Fast and bright EB Ll 13 Velocity
Fast and dark 13 Brightness
Set V3 and velo-
city
Slow and bright ISS West 14  Angle
India
Set V4 Slow and bright  Black 8 Rotation
Marble rate
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lightning®. For this test, the same meteors as used for test set V1
are implemented to ensure a wide variety of meteor properties.

The last test set V4 is used to evaluate the effect of a satellite
rotation in case the attitude control system does not work accura-
tely. Thus, a rotation rate between 0.2°/s to 1°/s is implemented
in the videos.

For each test set the brightness conversion for binning 2 is applied
and the videos are imaged in the Testbed with binning 2, aperture
9.3, exposure time 166 365 ps and frame rate 6. These are the set-
tings intended to be used on the SOURCE mission (see Section 5.2).
Currently, the algorithm is developed for this mission, since it is the
first to fly. However, the test environment can be easily adapted for
different camera settings. The only setting different from the flight
setting is the aperture, which must be closed due to the high screen
brightness. This does not effect the algorithm testing.

Evaluation method for test set data

Finally, each test set is imaged in the Testbed and processed with
the algorithm. For the evaluation a Python script is used, which
was developed in the scope of a master thesis (see [72]). This script
allows to automatically set the parameters for the algorithm, to run
the algorithm on the selected data and to evaluate the results by
calculating the recall and precision values. In order to do so, the
script first reads the algorithm parameters defined by the user and
writes them into the configuration file for the algorithm. After the
algorithm is called the results are evaluated, by determining which
meteors were correctly detected.

Therefore, the script needs to know in which camera frames and
at which position a meteor should be detected. The meteor positions
in the original video displayed on the Testbed are given by the output
file from the meteor generation. This file contains the information
about frame number and position of the implemented meteor. Since

8West India video: https://www.youtube.com/watch?v=j5gdLovzpOQ,
Italy: https://wuw.youtube.com/watch?v=2DVsYWhvfOU
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image acquisition and video are always started at the same time
when imaging the videos in the Testbed, a relation between video
frame number and camera image frame number can be derived.
Therefore, the frame rate of the video and the camera are required
(see Equation 4.11).

Meteor Framecomera =

. ( Meteor Framey;deo >
ceil x FrameRate 4.11
< FrameRateyigeo camera ( )

A frame margin of 4 is used to account for inaccuracy in starting
the video and imaging. Thus, a meteor counts as correctly detected
if the meteor is detected in the expected camera frame or in the 4
frames before or after the expected frame.

Furthermore, the script needs the coordinates of the meteors in
the camera frame. These are derived from the coordinates of the
meteor in the original video, which are converted to coordinates on
the Testbed screen. This is necessary, since the resolution of the
screen and video are not exactly the same due to different aspect
ratios. Finally, the geometric calibration gives the relation between
screen and camera image pixel location. For each meteor a bounding
box is defined from the upper left and lower right meteor coordinate.
This accelerates the later evaluation, since it only has to be checked
whether the detected meteor is inside this box. The bounding box is
also necessary since the camera frame rate is lower than the video
frame rate and thus the meteor appears in the camera image on
more pixels compared to the original video. A small pixel margin of
30 px is applied to each side of the meteor bounding box to account
for inaccuracies in the geometric calibration. Thus, for each camera
frame a meteor bounding box is calculated which defines the area
in which the meteor should be detected.

Additionally, the script also needs the detected meteors from the
algorithm, which is provided by the output file of the algorithm.
This file contains informations about the detected meteor (frame
and position).
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Using this method, the script can automatically determine which
meteors are detected and how many false positive detections occur-
red. This allows to test different videos and algorithm parameters
fast, since manual evaluations are time consuming. The script is
used first to evaluate the effect of different parameters on the de-
tection performance and to identify the parameters that have the
largest effect. Furthermore, suitable values for some parameters are
identified, this includes for example settings of the optical flow al-
gorithm. Those settings are kept constant after identifying suitable
values. Other parameters, like thresholds for blob size and moving
direction, effect the detection performance and depend on meteor
properties.

The results of the test campaign are given in the following secti-
ons.

Summary of testing approach

The testing approach consist of the following steps:

1. Test set generation using artificial meteor simulation Art-
MESS

2. Imaging of test set in Testbed

3. Automatic evaluation of algorithm performance

In the first step, different test sets are generated, with different
backgrounds and meteor properties depending on the test objective.
Since the generation requires only some input values from the user
(meteor properties, background), the test set generation is fast and
low effort is needed to generate the data. Furthermore, the upscaling
is automated by using a Python script.

The second step, imaging the test set data, is supported by a
Python script as well. This script automatically generates a folder
for each test set video and controls the camera according to settings
specified by the user. In doing so, a test set is imaged fast in the
Testbed.
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The third step, the evaluation, is automated as well, with the
Python script described above. Therefore, the data can be easily
evaluated and different algorithm parameters can be tested syste-
matically.

All in all, the algorithm testing approach is automated as much
as possible. Thus, the pipeline allows to:

1. Generate multiple test sets with varying meteor parameters
and backgrounds

2. Image the test data with low effort

3. Evaluate the data with different algorithm parameters

This allows for fast testing and development of the algorithm.

4.6. Algorithm parameters and their effects

The algorithm, as described in Section 4.4, has three main parts: The
optical flow calculation, the meteor candidate detection based on a
blob detector and the verification of the meteor. Each part can be
influenced with different parameters, settable via the configuration
file. Resulting from the above described testing campaign (see also
[72]) the parameters are set.

For some parameters only an ideal setting has to be found. This
ideal setting works for all cases and thus changing it only worsens
the detection performance. An example would be the parameters
for the optical flow calculation. Other parameters, like the threshold
for the meteor brightness to detect a meteor candidate, influence
which types of meteors can be detected. Those parameters must
be optimized to increase the overall detection performance of the
algorithm.

The parameters for each main class (Image, Detection and Meteor
class) are explained in the following. The parameters are divided into
six different categories, depending on the algorithm step to which
they are applied (see Table 4.5).
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Table 4.5.: Parameters for meteor detection algorithm

Category

Parameter

Preprocessing

Optical flow

Background
motion

Blob detection

Meteor candidate
confirmation

Meteor
confirmation and
verification

thresNoise, ResizeFactor

1vl, scl,
poly_n, poly_sigma

win_size, iterations,

magThresholdAngleMatMean,
minDisplacementHSV

filterByArea, minArea, maxArea,
filterByCircularity,
minCircularity, maxCircularity,

filterBylInertia, maxInertiaRatio,
minInertiaRatio, minThresholdBLOB
, maxThresholdBLOB, thresholdStep

minStdBrightnessThresh,

brightnessThresh
angleDev, maxBlobDistance
framesToConfirm, storageTime,

thres_number_keypoints
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Preprocessing

Preprocessing takes place in the image class. Here, noise is removed
in order to prepare the image for the following optical flow.

thresNoise First, a threshold is applied to the image, all pixel
values below thresNoise are set to 0. This removes noise and
improves the detection of blobs. During testing a value 20 allowed
to detect also faint meteors.

ResizeFactor The image can be resized in order to reduce pro-
cessing power required. This option is not used yet.

Optical flow

Choosing the right parameters for the optical flow is crucial, since
these calculations are the core component of the algorithm. The
effect of the parameters are already described in Section4.3.2. The
parameters must be chosen in a way, that the small movements
(meteor does not cover many pixels) caused by meteors are detected.
Optical flow calculations are also part of the image class.

scl and win_size The ability to detect small objects moving fast
is mainly influenced by the scale of the image (scl) as well as the
windows size (win_size). A small scl is required, since the meteor
displacement is usually large due to the fast movement. Since the
meteor covers usually only a few pixels, the windows size must be
small. Values of win_size = 7 and scl = 0.25 resulted in accurate
optical flow calculations. These values are kept constant, but could
be adapted in orbit.

iterations and 1vl The number of images pyramids (1v1) and
iterations of the calculation at each level (iterations) influences
the accuracy of the optical flow calculations as well as the processing
time. Since only the meteor movement must be detected, accurate
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velocity determination is not required. Furthermore, the processing
power is limited. Thus, both values are set to 1.

poly_n and poly_sigma Those values are set according to the
documentation of the optical flow function to poly_n = 7 and
poly_sigma = 1.5.

Background motion detection

Before detecting blobs in the magnitude of motion image, this image
is processed: All parts of the image considered to be background
should not be taken into account when detecting blobs. This is
achieved by calculating the main direction and magnitude of motion,
which depends on the mean and standard deviation of the direction
and magnitude images (see Section 4.4). All pixels belonging to the
background are set to 0, all others to 255, which creates a binary
image. The background determination is part of the image class.

minDisplacementHSV The parameter is directly applied to the
results of the optical flow calculations (displacement in x and y di-
rection), before constructing the HSV image. All pixels which have
a displacement below this threshold, will not be taken into account.
Due to the dark background, a lot of pixels have no or very little
displacement. Furthermore, these small displacements are not accu-
rate since no keypoints can be determined for dark uniform parts of
the image and the displacement is calculated by interpolation. If an
angle is calculated from those values, the variation is very high and
does not represent the actual movement of the pixels. The value
should be at least 0.0001. Increasing this value, reduces the varia-
tion of o girection and Ormagnitude- Thus, this parameter can also be
used to ignore small movements, which may be caused by clouds
and lightning. In this case a value larger than 0.8 is required.
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magThresholdAngleMatMean This parameter is used to define
which pixel values are considered in calculating the mean and stan-
dard deviation values from the HSV image. All pixels below this
magnitude of motion are not considered for calculating the mean
and standard deviation values for the direction and magnitude of
motion. Masking these pixels out has two effects: First, the direction
of motion can not be accurately detected without this threshold,
since the small magnitude of motion values are not precise. This is
due to the fact, that no keypoints can be determined for dark uni-
form parts of the image and the displacement is calculated by inter-
polation. Second, a larger value for magThresholdAngleMatMean
reduces the variation in the calculation of the mean values, thus
the standard deviation is reduced. The main direction of motion
can thus be determined more accurately. The smaller the parameter
value, the smaller the main direction of motion range. Therefore,
less parts of the images are masked out, leading to more false posi-
tive detections. On the other hand, a wide range in the direction of
motion excludes all meteors in this direction, which can not be de-
tected. In contrast to minDisplacementHSV, this value only effects
the calculation of the statistical values, while minDisplacementHSV
determines which pixel values should be omitted for all following
calculations.

Blob detection parameters

Once the HSV image has been constructed from the optical flow
calculations and the statistical values for background motion have
been calculated, the blob detection can be run. The blob detector
is applied to the magnitude of motion image with the background
masked out. These parameters are directly passed to the OpenCV
function for the simple blob detector (see Section 4.3.4). They influ-
ence which types of blobs are returned by the function, by applying
different filters. Selectable filters include area, circularity, convexity,
inertia and intensity. Since the intensity is already used beforehand,
by applying magThresholdAngleMatMean, this filter is not used.
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Furthermore, testing showed that filtering by convexity is not use-
ful. Each filter can be turned on and off by setting the filterBy
option, furthermore the minimal and maximal thresholds can be set.
The blob detection is part of the detection class.

filterByArea This parameter is used to return only blobs with
an area between minArea and maxArea. Since the typical size of a
meteor is known, this option reduces the number of false positive
detections. Thus, the filter should be used with minArea = 60 and
maxArea = 1000.

filterByCircularity Since meteors are usually imaged as elon-
gated, but round shapes, this filter is used to reduce false posi-
tive detections. The faster the meteor and the longer its tail, the
more elongated is the detected blob. However, mostly the meteor
blob does appear more circular than blobs caused by the back-
ground. Thus, minCircularity = 0.7 reduces most false posi-
tive detections. Since meteors can also appear as circular blobs,
maxCircularity should be set to 1.

filterByInertia This filter is not used, since meteor blob usu-
ally appear with a high inertia (very elongated). Thus, setting this
options would require a very low minInertiaRatio, which does
not reduce false positive detections. A higher value would discard
meteors.

minThresholdBLOB, maxThresholdBLOB, thresholdStep The
blob detection is applied to binary images, as outlined in Sec-
tion4.3.4. The creation of the binary image is influenced by this
parameters. Since a binary image is already passed to the function,
all parameters are not used. Again, the binary image is created by
setting all pixels belonging to the background to 0 and all others to
255.
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Meteor candidate confirmation

The list of blobs detected in one frame must be processed, in order
to detected meteor candidates. This is part of the detection class
and takes place after applying the blob detector.

minStdBrightnessThresh Since meteors are usually bright com-
pared to the background and the area of the detected blob is larger
than the meteor itself, the blob brightness has a high variation. In
order to be detected as a meteor candidate, the blob brightness va-
riation must be above this threshold. However, faint meteors result
in a lower brightness variation, thus this value should not be set too
high.

brightnessThresh Meteors are usually bright, thus this thres-
hold filters out all blobs below this threshold. Currently this is not
used, since black areas are already filtered by minStdBrightnessThresh
and during preprocessing a threshold is applied (thresNoise) to

the original image to reduce noise. Thus, the parameter is currently

not used (set to 0), but could be useful for in orbit adaption in case
thresNoise must be reduced.

Meteor confirmation and verification

All meteor candidates must be confirmed, by evaluating if the same
candidate can be detected in another frame. Next, a meteor is veri-
fied, if it is detected in a settable number of frames (framesToConfirm

).

angleDev, maxBlobDistance In order for a meteor candidate to
be confirmed, it must be detected in another frame. Two candi-
dates are considered related, if they move in a similar direction.
Their difference in motion direction must be below angleDev. A
value between 10 to 40 is working for most meteors. The second
condition two candidates must fulfil, is the distance between them.
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The distance should be below maxBlobDistance, in order to reject
meteor candidates which moved an unrealistic distance between fra-
mes. Thus, the distance can be derived from the maximum expected
moving distance between frames, which depends on the velocity of
the meteor (V/;,), the camera frame rate (F'R), pixel width (Wpx),
binning, focal length (f) and orbit altitude (see Equation4.12).

f
F Rxorbit_altitude * Vm
Wpx * binning

(4.12)

maxBlobDistance =

Using this equation with the values from the SOURCE mission,
500 km orbit, V,,, = 72km/s, binning 2, FR = 61fps, f = 12mm
and Wpx = 5.56 um, results in a distance of about 24 px. However,
the actual blob distance can be larger, since the meteor has a tail
and the blob coordinates can differ from the meteor coordinates.
Thus, maxBlobDistance is set to 33 after several tests.

framesToConfirm This parameters defines in how many frames
a confirmed meteor must be detected, in order to be verified as a
meteor. The value depends mainly on the frame rate, currently a
value of 3 is used.

storageTime This parameter defines for how many frames all
meteor candidates are stored. Since a meteor candidate is compared
to all candidates of previous frames, the minimal storage time must
be in the order of the expected meteor duration. With a frame rate
of 6 fps and an expected meteor duration of 3s, the candidates
of 18 frames should be stored. This value influences the detection
performance and can be adapted, it should be increased, if precision
is high and recall is low.

thres_number_keypoints This value is intended to reduce the
number of false positive detections. In case more blobs than indi-
cated by thres_number_keypoints are detected in one frame, all
blobs from this frame are rejected. Since all previous measures to
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reduce the number of blobs not being a meteor are sufficient (like
removing the background), this parameter is currently not used. Ho-
wever, this could change in orbit and a value of 20 blobs maximal
per frame is suitable.

4.7. Algorithm parameter optimization and
performance evaluation

The final algorithm performance is evaluated in terms of speed
and detection performance. The detection performance is evaluated
using the previously mentioned test set V1-V4 and an optimized set
of algorithm parameters. The speed performance is evaluated on a
desktop machine as well as on the PLOC intended for the SOURCE
missions. The approach to determine both aspects of the algorithm
performance is given in the following.

4.7.1. Detection performance and optimization of
algorithm parameters

In the previous sections, the effect of different parameters on the
detection performance for individual videos are analysed. Hence,
the algorithm parameters were changed and optimized manually for
each video. This approach was useful to determine a range of suit-
able parameters and analyse the effect of parameters. Furthermore,
parameter values which can be kept constant independently from
the type of background and meteor were identified. However, in or-
der to detect as much meteors as possible with one parameter set,
the parameters not kept constant must be optimized. Thus, the goal
is to identify the parameter set which works best for all selected test
set videos. For the optimization 113 videos from the test sets V2
and V3 (black marble V2-V3 and all ISS background videos) are
selected, because they provide the most realistic representation.

In Table A.25 all parameters for the algorithm with their identified
ideal values are listed. The parameters chosen for optimization with
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Table 4.6.: Detection algorithm parameter selected for optimiza-
tion with a suitable value range.

Parameter Value

magThresholdAngleMatMean Otol

minDisplacementHSV 0.0001 to 1
minArea 60 to 100
minCircularity 0.3 to 0.7
minStdBrightnessThresh 5 to 18

a suitable range is given additionally in Table4.6. Only parameters
actually used are given, some features are not used (e.g. erosion
and dilation), therefore the parameters for these features are left
out. The parameters selected for optimization were identified to
have a large impact on the algorithm performance, because they
depend on the background and meteor properties, thus they should
be optimized.

In order to optimize these parameters, a second script is developed
(see [72]). The purpose of this script is to optimize the algorithm
parameters, in order to detected as many meteors from all test set
videos with a lower number of false detections. Therefore, the al-
gorithm is treated as a function with 6 parameters which returns
the F' — measure. As mentioned before the F' — measure is the
harmonic mean value of precision P (describing the algorithms abi-
lity to detected only meteors) and recall R (describing the ability
to detected all meteors). Thus, a high F' — measure indicates the
ability of the algorithm to detect all meteors with a low number of
false detections.

The optimization works as follows, see Figure4.17 for a visua-
lization: An initial set of algorithm parameters in a suitable range
is selected. The algorithm is applied with those parameters to all
suitable test set videos (Black marble V2-V4, all ISS Italy and West
India videos, totalling to 113 videos). Afterwards, the performance
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Figure 4.17.: Algorithm optimization loop: The algorithm is for
each step applied to all videos.

metrics (P, R and F — measure) are calculated. The algorithm
parameters are successively changed, to increase the F'—measure.

This process of optimizing the output of a function with different
parameters applied to a set of data is performed using the Nelder-
Mead method. The method is part of the Python library scipy. All
steps are iterated, the optimization is stopped after 70 steps.

The values of the selected parameters after optimization are found
in Table A.26. Some values slightly exceed the range defined as use-
ful from previous tests. This shows the need to optimize the para-
meters for all videos, instead of trying to optimize parameters ma-
nually. With the optimized values, 89 of the 113 meteors could be
detected (TP = 89), while only declaring 5 frames wrongly as con-
taining a meteor (F'P = 5). This results in a P of 0.9468, meaning
the 94.7 % of all detections were actually meteors (correct detecti-
ons). Furthermore, 24 meteors could not be detected (F'N). This
gives a R value of 0.7876, which means 78.8 % of all meteors could
be detected. The results are given in Table4.7. The performance is
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Table 4.7.: Final algorithm performance metrics

Parameter Value
P 0.9468
R 0.7876

F — measure 0.8599

slightly reduced compared to the results given in the master thesis
(see [72]), which is due to the fact the more and more diverse videos
are used for the optimization.

The performance values indicate a very robust and reliable me-
teor detection algorithm. Since the selected videos contain meteors
with varying properties and different background, the algorithm is
expected to work in a wide range of scenarios. However, it has to
be kept in mind that these values are determined using a limited set
of videos. Thus, further tests with even more different backgrounds
and meteor types are required. Additionally, the videos used for tes-
ting are rather short, thus the frequency of meteors is higher than in
orbit. It is likely, that the number of false positive detections increa-
ses with longer observation time and a lower frequency of meteors.
Nevertheless, the algorithm concept could be proven and can be
used on a satellite based meteor observation mission.

Effects of background and meteor properties on algorithm
performance

As mentioned, the detectability of a meteor not only depends on
the algorithm parameters, but also on the chosen background and
meteor properties of the implemented meteor. Here, the influence
of those properties is given along with possible parameters changes
to adapt the algorithm to a specific meteor or background property.
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Meteor brightness Faint meteors are more frequent, but harder
to detect. In order to detect faint meteors, the parameter thresNoise
has to be lowered. However, this also increases false positive de-
tections, since less noise is reduced, which could be detected as a
meteor. Furthermore, the minArea could be increased as well, since

faint meteors illuminate less pixels and result in smaller blobs.

Meteor velocity and tail length Fast meteors spread their sig-
nal on more pixels in a frame and thus appear elongated. This also
applies to meteors with a long tail. Thus, the blob filter has to be
adapted by lowering minCircularity. Furthermore, the displace-
ment calculation of the optical flow is less accurate, since those
meteors have a high variation in brightness along their illuminated
tail. As a result, the direction is less accurate, resulting in lower
probability of detection. Finally, the distance between blobs could
increase, requiring a higher value of maxBlobDistance in order to
confirm meteor candidates.

Meteor duration Short duration meteors are less likely to be de-
tected, since they may not be detected as blobs for the required
number of frames. Thus, framesToConfirm must be adjusted de-
pending on the expected meteor duration. This could lead to higher
false positive detections.

Clouds and lightning The last videos of test set V3 are using
the West India background video. This video contains lightning as
well as clouds. The large clouds introduce homogenous bright re-
gions into the image. The optical flow calculation is not precise
for those types of regions, thus the calculated displacements are
smaller than the expected background motion. As a result, these
regions influence the background motion determination, resulting
in a lower estimation of the background motion. Consequently, ot-
her regions belonging to the background have a higher magnitude
of motion than the calculated background motion and thus are not
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masked out. By increasing minDisplacementHSV, small displace-
ments from the optical flow calculations are omitted and replaced by
0. Therefore, small displacements do not influence the background
motion calculation. Thus, the background motion is better deter-
mined and the detection improved. A second option is to increase
magThresholdAngleMatMean, which excludes small magnitudes of
motion before calculating the statistical values mean and standard
deviation. Since these values are used to estimate the background
motion, this also avoids using the displacements caused by clouds
in the background motion.

Lightning events are short, thus they do not results in blobs which
can be tracked over different frames. Thus, lightning does not result
in false positive detections.

Rotation Due to the rotation of the satellite, a second direction
of motion is introduced to the image sequence. Therefore, the back-
ground motion can not be accurately determined, which results in
more false positive detections. These detections mostly occur on the
edges of the image, since here the rotation results in a larger magni-
tude of motion of the pixels (rotation is applied around the centre of
the image). Thus, these regions are not inside the determined ranges
for main direction and magnitude of motions. Consequently, these
regions are not masked out and lead to false detection of blobs.
Since the blobs have a uniform movement and appear in multiple
frames, they are confirmed as meteors. The higher the rotation rate,
the more false positive detections occur.

A mitigation would be to not take into account the edge of the
image and reject all blobs detected within a settable distance from
the edge. Another approach would be to adapt the determination of
the background motion. This could be done by increasing the range
of main direction and magnitude. However, in this case meteors
moving close to the main direction of motion are not detected.
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4.7.2. Speed performance

The speed performance describes how many frames the algorithm
processes per second. This is needed for the observation concept
(see next chapter), in order to determine the time needed to process
the images and in turn for how long meteors can be observed. The
speed measurements were also done during development, in order
to avoid developing inefficient algorithms and improve the speed of
the algorithm.

However, the crucial performance is the speed on the used PLOC.
As mentioned earlier, the algorithm is currently developed for the
SOURCE mission. Thus, the performance is measured on the Trenz
TE0720-03-1CFA.

Since this board has an FPGA, it is possible to increase the
processing speed, by outsourcing parts of the algorithm into the
FPGA. This means, some functions are implemented directly in the
hardware of the FPGA and thus are not executed by the CPU. A
function implemented in hardware works usually orders of magni-
tude faster.

The manufacturer of the FPGA offers the possibility to compile
a program with some functions of the program implemented in har-
dware. Several steps and multiple software packages are required
before the hardware acceleration is working, here only the results
are given. The actual hardware acceleration is implemented in a
software called SDSoC. This software is needed to compile the al-
gorithm with selected function exported to hardware.

The existing algorithm source code (written in C++) is impor-
ted into SDSoC. Since the image processing functions (optical flow
and blob detection) from OpenCV are the most time consuming,
those are candidates for hardware acceleration. In a first step, the
optical flow calculations are exported into hardware. The function
call calc-Optical-Flow-Farneback is replaced by an identical
function from xfOpenCV?®. The xfOpenCV library provides kernels
containing OpenCV functions optimized for the used FPGA. After

9See https://github.com/Xilinx/xfopencv
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Table 4.8.: Final algorithm speed performance. The processing
time for one frame is shown. The optical flow step inclu-
des the optical flow calculations as well as background
subtraction. The blob detection steps include all steps
needed for meteor candidate detection and confirma-
tion.

Processing step  Without accele- With accelera-

ration (ms) tion (ms)
Optical flow 2000 380
Blob detection 450 430
Complete 2450 810

replacing and selecting the according function for hardware accele-
ration, the algorithm is compiled and the binary file can be executed
on the PLOC.

For comparison, the same algorithm without hardware accelera-
tion is also run on the PLOC. As an example, one of the test set
videos is processed with both versions and the time needed for dif-
ferent processing steps is measured. Here, the working algorithm
as described above (see Section 4.4) is used as implemented in [72]
with minor adaptions to include time measurement and hardware
acceleration. The results are shown in Table 4.8.

As can be seen, the hardware acceleration of the optical flow cal-
culations improves the overall runtime by a factor of 3, the optical
flow calculations alone are 5.2 times faster. This is a significant
acceleration and allows the algorithm to process images in a re-
asonable time. The current processing rate of ~ 0.8s per image
can be further improved: Currently, no other speed optimization
is done, for example reducing the number of copy operations of
image data. Furthermore, more functions could be accelerated by
hardware, e. g. the blob detection or the images processing (thres-
hold as well as erosion and dilation). Thus, a processing rate of ~
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0.5's per images is realistic. Higher rates can be achieved with more
powerful PLOC hardware. However, currently no real time proces-
sing of the data is possible, thus the images must all stored in the
mass memory of the PLOC.

4.8. Summary and outlook of algorithm
development and testing

As outlined above, a working detection algorithm was developed,
which is based on optical flow calculations and detection of regions
not moving with the background. This algorithm was tested with a
variety of different videos, showing meteors as seen from a moving
satellite with different backgrounds and meteor properties. It was
shown, that the meteor detection algorithm is working due to the
high recall and precision values. Thus, a critical part of any satellite
based meteor observation mission was developed.

However, more development effort is necessary. This includes furt-
her testing with even more backgrounds and meteor types. Additi-
onally, the concept of running the detection algorithm on board
the satellite must be developed. This could include multiple runs
of the algorithm with different parameters to ensure all meteor ty-
pes are detected. Mostly parameters concerning the blob detection
need to be adapted. For the most resource intensive part, the optical
flow calculations, no parameter change is necessary. Thus, algorithm
could run after the optical flow implementation with different para-
meters without significantly influencing the required time to process
the data. Furthermore, the algorithm needs to be adapted in order
to work with a rotation of the satellite. This is especially crucial
for the SOURCE mission, since a rotation is to be expected due to
the lack of reaction wheels. This could be achieved by adapting the
filter thresholds for the direction of movement of the detected blobs
as well as the calculation of the average movement direction of the
scene.
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An option to further increase the autonomy of the meteor ob-
servation and increase the precision and recall, would be the auto-
mated adaption of parameters. Depending on the image properties,
e. g. background noise and general brightness of the image, some
parameters could be adapted. This would include e. g. thresNoise,
which is used to threshold the image before optical flow calculations.
The parameter value could depend on the average image brightness
and mask out a settable percentage of the faintest pixels.

Additionally, a concept to adapt the algorithm once the satellite
is in orbit needs to be developed. This could include downlinking
additional telemetry data, like the meta data of all detected blobs
(size, coordinates, brightness, frame number), even if they did not
get verified as a meteor. In combination with additional data of
the images, like some histogram data and the calculated mean and
standard deviation of the magnitude and direction of motion, me-
teors could be identified and the parameters adapted. Furthermore,
a series of images could be downlinked and used in the artificial
meteor simulation, to adapt the algorithm on the ground.

Also, in a first step meteor observation should take place when
the satellite is over an area with low light pollution (e.g. oceans or
uninhabited areas). Here, the algorithm can be tested more easily
since less noise (e. g. city lights) is present. Observations over areas
with low light pollution are rather the rule than the exception, be-
cause most of the Earth is covered with water or uninhabited. This
can be seen, when looking at a map showing the artificial sky brig-
htness (see [80]) Furthermore, different sets of parameters should
be used, depending on the expected background conditions.

Finally, setting the parameter for in orbit operation is a trade
off, depending on the available resources: The parameters could be
adapted to detect almost all meteors, which would also increase
the number of false detections and thus the data which need to be
downlinked. In this case, the R value would be increased, while P
decreases. On the other hand, the parameters could be set to reduce
false detections, which would also reduce the number of correct
detections. In this case, the P value would be increased, while R
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decreases. Currently, the optimization scripts uses the F'—measure
to optimize the parameters. This means R and P are weighted
equally. A new measure could be introduced, which weights one of
the parameters more than the other. Thus, the script can be used
to optimize the parameters for either a better R or P value.
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5. Instrument design and scientific
performance

In this chapter, the results of the two previous chapters are used
to design a suitable instrument for each of missions SOURCE and
FACIS. This includes selecting components (e. g. camera) and choo-
sing parameters (e. g. framerate).

Furthermore, an observation concept, taking into account the
scientific objectives as well as satellite bus and instrument parame-
ters, is developed. The observation concept defines feasible opera-
tion times of the instrument, taking into account constraints from
the satellite bus, the mission design, and the instrument. Finally,
the expected scientific performance regarding trajectory accuracy
(FACIS only) and number of observable meteors is analysed.

In the following different terms are used to describe the instru-
ment and its parts. Generally, the designed instrument is called
Meteor Observation System (MetObs System) and consists of two
parts: The Meteor Observation Camera (MetObs camera), which
consists of a camera and lens. The second part is the Meteor Ob-
servation Controller (MetObs controller), responsible for receiving
commands from ground, controlling the camera and processing ima-
ges. The general approach of selecting the parts is given first, before
describing instrument details, parameters and observation concept
for each mission.

Meteor Observation Camera The MetObs camera consists of
the camera itself and a suitable lens. Both components are ana-
lysed with the Sensitivity script in order to determine important
parameters for a meteor observation camera (see Section 3.3). Ac-
cording to the simulation, the camera should have a high quantum
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efficiency, large aperture, low dark noise and a short exposure time.
Furthermore, large pixels are desirable. These requirements are va-
lid for SOURCE as well as FACIS. Additionally to these scientific
requirements, the camera should also be low cost and demonstrate
the feasibility of using COTS parts for a satellite mission. Since
SOURCE and FACIS are both missions in a Low Earth Orbit, the
radiation is low and non radiation hard hardware can be used. The-
refore, different cameras for machine vision were analysed.

Machine vision cameras are usually used to control industrial pro-
cesses, e.g. for quality control in the electronic industry’. These
cameras are suitable due to their robustness and wide range of ca-
mera options and lens available. Furthermore, many cameras use
the same interface for controlling the camera, making software de-
velopment more independent from the actual hardware used. Also,
a lot of manufacturers offer a Software Development Kit (SDK), in-
cluding examples and support, which also reduces the effort needed
for software development.

Finally, to reduce development effort and cost and since SOURCE
should serve as a demonstration mission for FACIS, the same camera
should be used on both missions.

Meteor Observation Controller The second part of the instru-
ment is the MetObs controller, which is a critical part of the in-
strument and the detection chain. The controller is responsible for
controlling the camera, storing images and forwarding them to the
On Board Computer (OBC) as well as receiving commands from the
OBC. The most important task is running the Meteor Detection Al-
gorithm (MetDet algorithm).

Thus, the basic requirements for the MetObs controller are: The
controller has to offer interfaces to the MetObs camera and be able
to run the software needed to control the instrument. Furthermore,
interfaces to the OBC must be provided, this also includes software

"https://www.stemmer-imaging.com/de-de/maerkte/
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to receive commands. Finally, sufficient processing power and me-
mory (working memory as well as storage) to run the algorithm and
store images must be provided.

This thesis focuses on the development of the MetObs camera
as well as MetDet algorithm and deriving requirements for the sa-
tellite mission. Nevertheless, development effort is dedicated to the
development of the MetObs controller, especially the control soft-
ware and the efficient implementation of the MetDet algorithm (see
previous chapter).

5.1. FACIS

FACIS, as introduced in Section 1.3, is a satellite mission consisting
of two satellites in a formation. The most important parameters for
the following sections are again mentioned in Table5.1
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5.1.1. Instrument components

Meteor Observation Camera As mentioned, machine camera vi-
sion cameras are affordable and robust cameras, which should be
used as a meteor observation camera. Several cameras were ana-
lysed using the Sensitivity script, one suitable candidate is Genie-
Nano M1920 due to the following reasons: The camera is equipped
with the Sony IMX249 sensor, which has a low dark noise, a high
quantum efficiency and large pixels. Furthermore, the camera is
using the machine vision standard GigE Vision, which allows to use
different SDKs to developed the software. Since the camera is distri-
buted by Stemmer Imaging, their SDK Common Vision Blox (CVB)
can be used. This SDK offers a good documentation and examples
in C*++, which is needed to develop the control software using the
IRS Flight Software Framework (FSFW). Finally, this camera has
a C mount to attach the lens, for which a wide range of different
lenses are available.

A similar sensor is the Sony IMX174, which is used in the JA/
GO-2400M-PGE (see [82]). This sensor has the same resolution as
the Sony IMX249, however the quantum efficiency is lower (74 %
@550 nm compared to 82% ©525nm for the SonyIMX249, see
[83]). Furthermore, this camera has a lower operational tempera-
ture range from —5°C to 45°C. However, the power consumption
is slightly lower (=~ 2.64W ©@12V) and the dynamic range is lar-
ger. This camera could be an alternative, if for some reason in the
further development the GenieNano M1920 can not be used.

Regarding the lens, a large aperture (low f-number) is an im-
portant parameter. Furthermore, the FOV, depending on the focal
length, is a trade off: A lower focal length increases the observed
area, but reduces the trajectory determination accuracy.

Lenses options are available from a product line by the manufac-
turer Schneider Kreuznach, offering lenses with a wide range of focal
length and, respectively, FOV. Most lenses are offered as ruggedized
versions, which increases the robustness of the lens and reduces the
risk of damages during launch. Furthermore, the focus as well as
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f-number can be set and fixed with a screw, to avoid a change by
vibrations during the launch. Also, those lenses have been used on
different satellites?.

Possible lens options for the FACIS missions are the Schneider
Kreuznach Cinegon1.4/12 as well as Schneider Kreuznach Xeno-
plan1.4/17 and Schneider Kreuznach Xenoplan 1.4/23. Those len-
ses have a suitable FOV resulting from their focal length of 12 mm,
17mm and 23 mm. Choosing the focal length is a trade off, de-
pending on the scientific objective. Camera settings and processing
capabilities of the MetObs controller must be considered as well.
This is done in the following section.

%see [51], further information and confirmation received via personal Email
correspondence with manufacturer
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Chosen parameters After selecting the camera and lens product
line, the final lens must be chosen and suitable camera parameters
settings for meteor observation must be defined. Mainly, the frame
rate and exposure time, as well as focal length and aperture setting
must be chosen.

Increasing the frame rate allows for a better meteor velocity and
position determination, both are needed for a precise trajectory de-
termination. Furthermore, the meteor detection rate is increased,
since more meteors are imaged in the minimal number of frames ne-
cessary for a useful observation. As a drawback, the amount of data
to be downlinked and processed increases. Taking into account the
processing capabilities of the MetObs controller (see following para-
graph), the frame rate should not exceed 10 fps. However, it would
be possible to increase the frame rate to 15 fps if longer times for
processing those images are acceptable. This reduces the number
of time slots dedicated to meteor observation (see Section 5.1.2).

The required processing power is also influenced by the binning
setting. If binning is not used, images are taken at a higher resolu-
tion. A higher resolution requires more processing power and reduces
the sensitivity, but allows for a more precise meteor velocity and po-
sition determination. For the camera settings, binning 2 is selected
for two reasons: First, the camera is more sensitive to faint meteors,
since 4 pixel values are summarized. Second, the resolution is redu-
ced, reducing the amount of data to be downlinked and processed.
However, the binning setting can be changed in orbit, allowing to
trade longer processing times for a higher trajectory accuracy.

Regarding the focal length, it would be possible to use lenses
with a focal length of 12mm, 17 mm and 23 mm. Increasing the fo-
cal length reduces the area observed. On the contrary, the limiting
magnitude is increased due to the increased aperture. In the end,
the number of observable meteors is nonetheless reduced, since the
observed area has a larger effect. The advantage of a larger focal
length is an increased angular resolution and thus a more accurate
meteor velocity and position determination. Hence, it is a decision
about the scientific output: The 12 mm focal length results in more
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meteor trajectories with less accuracies, while the 17 mm or 23 mm
focal length results in less, but more accurate trajectory measure-
ments.

FACIS 209



‘paonpai si syuswinilsul yloq Aq passnod eade ayl ‘s|8ue 111 syl mojeg "oais Aio1dsfel mo| e uoj pasinbal sduelsip
S11[]918s "ulw 3y3 01 |enbs o 4sBie| sI AQ4 Suiddejisno “xew e 1o} SduelSIp 911||91BS |BSP! Syl YdIym 1B 3|3ue [ewiully
"ease Suiddejiano ou si aiay1 ‘sduelsip siyl 1e Jamoj s 9j3ue 111 Y1 J| (1140 W G9G @ W L8 AjPA11dadsau 11go Wy 00E
® Wy 6y€g) 4044 Aio1daled1 mo| Joj 9duelsip S11jj91es [ewluiw 18 AQ4 Suiddejisno 198 o1 pasinbas 9|3ue 311 |ewiul
"HQUo W GO ‘,99°EE JO d|Sue 11 ‘dresdwedy/y13us| ed0y pardepe Yim Ty g UOIIIDG WOy STUIRIBS ZASNYYAAS Suisn
'sdf GT pue QT 40} QIO W GOG WO} UISS Se (Z'¢'¢ Uol1dag 99s) Joslow [edidAl e Joj parejnojed)
'91€J UOI129319p J0d3aW pue spnjiudew Juljiwi| SUIWISISP O} Pasn ale sdj 0T pue sdj GT Sojed swel

E]

P

q

e

9LT X oL'LC

o8€ 09€ oVE
o o6C 05T o0C
2 o8€ -9€ oI€
- oLT oCC -81
o Y/oW 691
g Y/7ow gy’ pue GE'y  Y/#8Ww QT pue 8g°, pue y9'TT
3 ww ey'9T Ww 41T ww /0°6
S 69°€ PUe 05°€ ¥E'E pUe JT°€ 20°€ pue 88'g
sdy GT pue 0T sd} GT pue 0T sdj GT pue 0T

00620°0 X 5,98¢0°0 068€0°0 X 5,18¢0°0 o§TG0°0 X o46%70°0

oL'€C X o6'9€ €T X 181

W 00 2|8ue 311 [nyesn
pW3 00€ d[3ue 113 [ewlul|y
W GOG 9|Sue 311 [nyesn
pWX GO 9|Sue 113 jewiuly

,91BJ UOI10313p ORI\
Ja1pwelp ainuady

q apnuuSew Juiiwi| J031B|N
91eJaWel
|e21349A/[BJUOZLIOY AO|
|e21349A /[R3UOZIIOY AQS

WW €C

eWW /T W T

Jolaweled

SIDVY/ 4o} suondo a1eJ dwie) pue sud| "JJIp JO 199)47 "€°G d|qel

Instrument design and scientific performance

5.

210



Per aspera ad astra

In Table5.3 the three lens options and two frame rate options
are shown with their effect on the meteor detection rate. As can
bee seen, a smaller FOV reduces the number of observable meteors.
However, this can be partly compensated by increasing the frame
rate.

Another aspect of choosing the focal length is the tilt angle and
the distance of the satellites. As outlined in Chapter 3, two factors
influence the distance: The trajectory error and the tilt angle. The
minimal distance required is defined by the trajectory error, below
this distance the error in trajectory calculation increases. The tilt
angle influences the required distance, in order to maximize the area
covered by both instruments. The larger the tilt angle, the larger
the distance between the satellites. Since the minimal distance is
defined by the trajectory error, the tilt angle must be large enough,
in order for the ideal distance between the satellites to reach this
distance defined by the trajectory error. Thus, the useful tilt angle is
defined as the tilt angle at which the ideal distance for a maximum
overlapping FOV is larger or equal to the minimal distance required
for trajectory determination.

For a smaller FOV, the tilt angle must be larger at the same
distance, in order to get the FOVs to overlap. This means, for a
smaller FOV and larger focal length, the tilt angles increase and
therefore only brighter meteors can be observed. All in all, a smaller
FOV increases accuracy of the trajectory determination, but reduces
the number of observable meteors and increases the required tilt
angle and thus allows only the observation of brighter meteors.

If the processing unit is powerful enough to process the larger
amount of data and it is feasible to downlink the increased number
of images, using the 17 mm lens with 15 fps would be the ideal
solution. This allows for a precise trajectory determination while
also allowing to observe a significant number of meteors. Otherwise
the 12 mm lens with 15 fps should be used to ensure the observation
of a significant number of meteors. For both lenses the frame rate
could be set, depending on the processing time and power available.
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Table 5.4.: Chosen parameter values of the GenieNano M1920 and
Schneider Kreuznach Xenoplan1.4/17 for the FACIS

mission
Parameter Value
f-number Fy 14
Exposure time tcz), % s to 1—10 s
Frame rate 10 fps to 15 fps
Binning 2, horizontal and vertical

The remaining camera and lens parameters are set as follows:
The lens f-number should be set as low as possible (1.4) to incre-
ase the amount of light reaching the sensor. The exposure time is
simply the inverse of the frame rate, thus %s to %s. All settings
are summarized in Table5.4.

Meteor Observation Controller The MetObs controller has to
fulfil two basic tasks: Control the camera and process the images in
order to detect meteors. This implies requirements such as:

= providing interface for camera connection
= being able to run camera control software
= being able to process images in a reasonable time

The chosen camera requires a Gigabit Ethernet interface for camera
control and a Linux operating system to run the camera control
software using the SDK from the manufacturer. Furthermore, the
meteor detection algorithm is based on optical flow calculations
using the OpenCV library. Thus, the MetObs controller must be
able to perform those operations reasonably fast. A faster processing
increases the scientific output, at least 2 images should be processed
per second.

As for the MetObs camera, it is possible to use COTS parts as
part of a technology demonstration. Two candidates would be the
Trenz TE0720-03-1CFA (see [86]) and the Aitech A177 (see [87]).
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The first one is a System on a Chip (SoC) based on the Xilinx
Zynq XC7Z020, which is also produced with an extended tempera-
ture range for use in the automotive sector. Furthermore, the Xilinx
Zynq XC7Z020 chip is used for space applications®. The FPGA al-
lows to perform functions directly in hardware and thus accelerating
the calculations.

The Aitech A177 is a ruggedized processing unit equipped with
an NVIDIA Jetson TX2 System on Module. The processing unit is
designed for harsh environments, but not space graded. However,
the Nvidia chip provides high processing capabilities for optical flow
calculations.

For the current instrument the Trenz TE0720-03-1CFA board is
used, due to the flight heritage of the Xilinx Zynq XC7Z020 and the
suitability for the SOURCE mission due to the small form factor.
However, for future mission a different processing unit could be
chosen as the MetObs controller.

5.1.2. Observation concept and scientific performance

In the next two sections, first the observation concept is derived,
which determines how much time can be dedicated to meteor ob-
servation during a 2 year mission. This information is then used to
estimate the scientific performance of this mission in terms of num-
ber and types of meteors as well as trajectory accuracy.

From herein after, the GenieNano M1920 equipped with Schnei-
der Kreuznach Xenoplan1.4/17 is used as MetObs camera and the
Trenz TE0720-03-1CFA as the MetObs controller. Furthermore, the
analysis is done for a 565 km orbit with an LTAN of 11 and a tilt
angle of 35.9° which results in a phase angle of 7.53° and a satellite
distance of 910 km. This distance is chosen, because it is just over
the minimal distance required for a minimal trajectory error. The tilt
angle is calculated in order to maximize the area covered by both
instruments. The data is summarized in Table5.5. The analysis is

3see https://www.spacemicro.com/products/digital-systems/
CSPCUBESATSPACEPROCESSOR . pdf
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Table 5.5.: Chosen parameter values for camera, orbit and forma-

tion
Parameter Value
Focal length 17mm
f-number F4 1.4
Exposure time tcz), % s to 1—10 s
Frame rate 10 fps to 15 fps
Binning 2, horizontal and vertical
Orbit altitude 565 km
LTAN 11
Tilt angle 35.9°
Satellite distance 910 km

also done for the lower orbit of 300 km (LTAN of 11, tilt angle of
42°), but since in those altitude the quality and quantity of the
measurements are not satisfactory, the calculations are only done
to cover all orbits initially selected for the FACIS mission. This data
can be found in the Appendix (see Appendix Section A.14.1).

Observation concept

The observation concept defines how the meteor observation is
done, e. g. how much time during the 2 year mission can actually be
dedicated to meteor observation. This concept takes into account
satellite bus constraints (e. g. data and power budget), additionally
to the constraints by the instrument parameters (e.g. processing
time needed) and the formation parameters (e. g. eclipse time). All
aspects must be taken into account, in order to develop a suita-
ble operational concept and later estimate the potential scientific
performance.

The observation concept is derived by developing and using a
Python based script which calculates the time needed to perform
each step of the meteor observation. The steps include:
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= Orientation of the satellite to nadir pointing

= Take images containing potential meteors

= Process the images by running the meteor detection algorithm
= Transfer images with a meteor to the OBC

= Downlink the images

For the observation concept it is also necessary to take into ac-
count the budgets available for data downlink and power. Thus, the
script calculates how much data needs to be downlinked and how
much power is needed for the observation. For the FACIS mission
the constraints and settings are defined in Table5.6. Some assump-
tions need to be explained, before results of the analysis are given:

First, the camera properties are either set (frame rate), measured
(image size) or taken from the data sheet (power).

Second, the speed parameters are taken from measurements. The
process speed is the duration needed to process one image with the
algorithm using hardware acceleration. It is assumed, that the final
speed optimized algorithm is able to reach this processing rate (see
Section 4.5). The transfer speed is the time needed to transfer one
image from the OBC to the MetObs controller and is measured using
a serial terminal simulating the OBC and the MetObs controller
prototype.

Third, the meteor parameters are taken from the C/ILBO data
evaluation (event duration, see Section 2.4) or from the SWARMSv2
simulation (meteor detection rate). The meteor detection rate is
calculated for the ideal parameters as discussed earlier using the
Griin model. Since using the Griin model results in high detection
rates, the calculated amount of data is likely overestimated. The
false event rate is an early estimation based on the performance
of the algorithm and can be adapted once more accurate data is
available.

Fourth, the satellite parameters are estimated for a hypothetical
but realistic satellite bus. This concerns the daily data budget, do-
wnlink rate as well as time needed to orientate the satellite towards
nadir.
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Finally, the orbit duration and orbits per day are calculated from
an ASTQS scenario, using the given satellite tilt angle and distance.

Table 5.6.: Settings and constraints for the observation concept

Setting Value
Frame rate 10.00
Image size (MB) 0.40
Power PLOC (W) 3.50
Power Camera (W) 4.00
Process speed (s/Image) 0.50
Transfer speed (s/image) 1.00
Event duration (s) 1.00
Meteor detection rate (Met/h) 8.86
False event duration (s) 1.00
False event rate (Events/h) 2.00
Data budget (MB/day) 1600.00
Data downlink rate (Mbyte/s) 1.30
Satellite orientation time (min) 5.00
Orbit duration (min) 95.78
Orbits per day (-) 15.04
Limit observation time per orbit (min) 30.00
Number of observations per day (-) 10.00
Duration one observation (min) 10, 15, 20, 25 and 30

The last three settings in Table 5.6 can be set in order to evaluate
different scenarios. The observation time limit can be set in order
to take into account thermal constraints, in case the camera can
only be operated for a given time before overheating. For the FACIS
mission this is not taken into account and set for the typical Eclipse
duration of ~ 30 min. The number of observations per day, together
with the duration of one observation, gives the total observation
time per day.
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Further assumptions made for the calculations are as follows:
Since the processing can take place during the sun phase, it is as-
sumed that the batteries are charged during the processing and the
power supply system is designed to supply enough power to con-
tinuously operate the MetObs controller. At a later stage of the
mission planning, this has to be verified. Furthermore, 10 % of each
day (144 min) are dedicated to other satellite tasks, such as ground
station passes. Again, this has to be analysed in more detail in la-
ter phases. The concept presented in the following is thus an ideal
scenario regarding the available time. However, the concept can be
easily adapted to new constraints using the developed Python script.

Results As can be seen in Table5.7, making 10 observations per
day, each lasting 20 min, is the maximum possible scenario. In this
case, 13.1 orbits of the available 15.04 orbits per day are used for
tasks related to meteor observation. A longer observation time or
more observation time would result in a backlog of images, since not
all images can be processed and downlinked between observations.
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Next, the data budget must be analysed, as shown in Table5.8.
The required data budget is calculated by multiplying the number of
expected meteors during the total observation time with the event
duration and frame rate. Together with the image size, this gives the
amount of data which needs to be downlinked. The same process
is applied to determine the amount of data in the downlink budget
due to false positive detections. This is also included in the data
budget. For the same scenario, 200 min observation time per day,
the amount of data to be downlinked is lower than the available
data budget (128 MB used from 1600 MB).

Table 5.8.: Data budget for different observation times at 10 fps in
a 565 km orbit. The selected option is marked in grey.

Observation Data Images Images Datato Detected
time to- genera-  genera- with down- meteors
tal ted ted meteor link

(min) (MB) (MB)

100 24000 60000 181 72 14.77
150 36000 90000 272 109 22.16
200 48000 120000 362 145 29.54
250 60000 150000 453 181 36.93
300 72000 180000 543 217 4431

Regarding the power budget (given in Table5.9), 84 Wh/day are
needed to operate MetObs System for 200 min/day. The power de-
mand is calculated by multiplying the power consumption of each
device with its operation time. During processing only the MetObs
controller is operated, the MetObs camera is turned off. The calcu-
lated power demand only takes into account the MetObs System,
not the power needed to operate the satellite bus (e.g. the down-
link system). A detailed analysis taking into account the complete
satellite bus is necessary in a later phase. For comparison: The FLP
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has an average bus power usage of 41W* on a typical day. This
means per day about 990 Wh are used. A typical day, from which
the power usage was calculated, includes several passes with down-
link, one uplink pass and nominal payload operation during the day.
Even a slightly smaller satellite with less available power should be
able to provide enough power for the MetObs System.

Table 5.9.: Power budget for different observation times at 10 fps
in a 565 km orbit. The selected option is marked in

grey.
Observation Energy Energy Energy
time total  consumption consumption consumption
(min) PLOC (Wh)  camera (Wh) total (Wh)
100 50 7 57
150 75 10 85
200 100 13 113
250 125 17 141
300 150 20 170

For the chosen scenario (200 min observation time) and a frame
rate of 10 fps, it is expected to observe ~ 25 meteors/day. However,
for a higher trajectory accuracy it is desirable to increase the frame
rate to 15 fps. In this case, more images need to be processed and
downlinked, since the data generated increases with the frame rate.
Hence, only 15 observations each lasting 10 min are possible during
which ~ 27 meteors/day are detected. The detailed result table as
well as the results for an 300 km are given in the appendix (see Ap-
pendix Section A.14.1). All in all, the observation time is limited by
the time needed to process the images. Thus, it would be beneficial
to increase the algorithm speed in order to increase the scientific
output.

4 Average value calculated from telemetry data on 23.07.2021. Telemetry
value is PPTBUP00 PCDU Bus Power.
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Table 5.10.: Chosen scenarios for the observation concept

Orbit Frame rate Total Observable Data

observation meteors budget

time per per day
day

565 km 10 fps 200 min 25 meteors 128 MB
565 km 15 fps 150 min 27 meteors 196 MB
300 km 10 fps 200 min 13 meteors 77MB
300 km 15 fps 150 min 11 meteors 96 MB

Potential scientific performance

The previous section dealt with the possible observation times for
the given instrument and satellite bus constraints. In this section,
the potential scientific performance of the mission regarding num-
ber of observable meteors and trajectory accuracy is given for the
selected operational scenario.

ASTOS: Observation time The theoretical observation time per
day is given by the time both satellites are in Eclipse (see Sec-
tion 3.4.1). Since the actual observation time is limited by the pro-
cessing time and not the theoretical observation time, these ti-
mes are given in den Appendix (see Appendix Section A.10 and
Figure A.19). Depending on the LTAN, the theoretical observation
time for the FACIS mission ranges from 7.84h/d to 8.12h/d in a
565 km orbit (35° tilt angle) and 9.01h/d to 9.26 h/d in a 300 km
orbit (40° tilt angle).

SWARMS: Observable meteors numbers and types The simu-
lation SWARMS is run with the lens and camera selected above as
well as with the chosen orbit and tilt angle. Furthermore, the expo-
sure time and frame rate has been adapted and only the Griin model
is used. The Griin model is used because it shows good agreement
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with the data measured by the CILBO observatory (see Section 2.3).
The other settings are the same as mentioned in Table3.8. The re-
sulting meteor detection rates as well as observable meteors per
day are shown in Table5.11. For the scientific performance, it is

Table 5.11.: Meteor detection rates for chosen orbit (565 km) and
tilt angle (35°). Detection rates calculated using the

Griin model.
Framerate (fps) Detection Observation Observable
rate 565 km  time per day = meteors per
orbit (min) day
(meteors/h)
10 8.86 200 25
15 11.06 150 27

important to analyse the types of meteors which can be detected.
Therefore, the mass, the magnitude, the velocity as well as the dis-
tance to the satellites distributions of the meteors detected by both
satellites are analysed. As shown in Table5.12, a higher frame rate
allows to detect slower meteors as well as fainter and more light-
weight meteors. All other properties are comparable. As explained
in Section 3.4.1, the high tilt angle results in a larger mass and brig-
htness of the detected meteors. The higher tilt angle and distance
between the satellites require a larger brightness for a meteor, in
order to be detected by both satellites. This bias towards brighter
meteors needs to be taken into account when evaluating the data
and calculating the meteor flux from the data provided by FACIS.

The histograms showing the distributions as well as the data
for the 300 km orbit can be found in the Appendix (see Appendix
Section A.11).

CILBO: Number of meteors observable In order to evaluate
the expected scientific performance, the data base from CILBO is
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Table 5.12.: Properties of detected meteors for chosen orbit
(565 km) and tilt angle (35°)

Min. Max. Mean Min. Max. Mean
values values values values values values
10fps  10fps  10fps  15fps  15fps  1b5fps

Mass (g) 0.10 491 042 010 456  0.40
Velocity 1150 7150 2415 1150 7150 22.70
(km/s)
Distance  491.06 826.87 651.37 491.06 826.87 661.54
Sat 1
(km)
Distance  504.57 864.23 655.47 504.57 864.23 645.93
Sat 2
(km)
Magni- -11.15  2.09 -4.72  -10.64 2.42 -4.35
tude
(absolut)

used. It is calculated how many of the meteors in the data base
could be observed with MetObs camera. Therefore, the properties
of each meteor are taken from the data base and the Sensitivity
script is used to calculate the limiting magnitude of the MetObs
camera for the given meteor properties. If the limiting magnitude
is greater than the apparent magnitude of the meteor, the meteor
can be observed. The apparent magnitude of the meteor is calcula-
ted from the absolute magnitude as determined by C/LBO. Then,
the magnitude reduction due to distance and angular velocity is
subtracted. The distance is calculated from the satellite orbit and
the meteor altitude measured by CILBO. Accordingly, the reduction
due to angular velocity is also calculated from the satellite orbit, the
camera parameters and the meteor velocity as measured by CILBO.
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For the 565 km orbit, most meteors observed by C/ILBO can be ob-
served from orbit as well (78 % using 15 fps and 77 % using 10 fps).
The analysis shows that the larger distance of the satellites towards
the meteors does not significantly influence the capability to observe
the same meteors as observed from ground based systems. This is
important, if the space based measurements should be combined
with ground based observations. However, in this evaluation it is
only calculated if one satellite can observe the meteor. The obser-
vability of a meteor from both satellites depends on the satellite
distance as well as the brightness and position of the meteor. Since
the distance between the satellites is different from the distance be-
tween the CILBO stations, the observability with both satellites can
not be calculated without making assumptions about the position
of the meteor.

Trajectory accuracy In order to evaluate the trajectory accuracy,
the trajectory simulation based on MOTS is used. But instead of
using constant meteor properties, the properties of the detected
meteors from the SWARMSv2 simulation, which in turn is based
on average meteor properties of the C/ILBO data base, is used. This
gives a more realistic estimation of the expected trajectory error.

Thus, a SWARMSv2 simulation is run with the selected instru-
ment parameters (frame rate 10 fps and 15 fps, focal length 17 mm,
binning 2) and the high and low FACIS orbit. Based on the mean
and standard deviation of the meteor properties from the CILBO
data base the meteors for the SWARMSv2 simulation are genera-
ted. The number of generated meteors is calculated according to
the Griin model. Satellite distance and tilt angle are chosen as de-
fined in Section5.1.2. Within the simulation, all properties of the
detected meteors (distance, velocity, position) as well as satellite
properties (position, distance) are exported into a file.

This file is imported into the the trajectory simulation. The me-
teor and satellite data is used to evaluate the trajectory error for
each meteor from the SWARMSv2 simulation using the geometry
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(satellite and meteor position) from SWARMSv2 as well. All other
simulation parameters, especially the satellite bus parameters (atti-
tude and position knowledge as well as clock error), are unchanged
(see Table A.5). For this analysis an attitude knowledge accuracy
of sightly larger than 12" but below 13.2” is used according to the
requirement stated in Table5.1. Accordingly, a GPS accuracy of
170 m and a time accuracy between 10 ms to 20 ms is assumed.
The results are shown in Table5.13. As can be seen, the mean

Table 5.13.: Expected trajectory error from trajectory simula-
tion based on MOTS and meteor properties from
SWARMSv2 simulation

Tilt angle Median ~ Mean Max Min Number
trajec-  trajec-  trajec- trajec-  of me-

tory tory tory tory teors
error error error error from
(m) (m) (m) (m)  SWARMS

10 fps 565 km 404 540 9915 285 366

15 fps 565 km 403 562 8237 280 445

10 fps 300 km 424 599 8006 301 150

15 fps 300 km 422 662 6793 305 175

error for both orbits is between 540 m and 660 m, the higher orbit
has a slightly lower error. These values are in agreement with pre-
vious trajectory simulations as shown in Section 3.5.2. The mean
error is increased, since some combinations of meteor properties
result in high trajectory errors up to 10km. In Figure5.1, the ex-
pected trajectory error for each meteor observed is shown. Usually,
the trajectory error is as expected, but some meteors cause an ex-
pectationally high trajectory error (up to several km). Therefore,
for most observed meteors the trajectory error should be below the
mean value. This is also the case for the 300 km orbit and the 15 fps
frame rate (see Appendix Section A.12 for the according plots).
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Figure 5.1.: Expected trajectory error for each meteor observed ac-
cording to trajectory simulation based on SWARMSv2
meteor properties for the 565 km orbit and 10 fps

5.2. SOURCE: Instrument design and
development

The SOURCE mission serves as a technology demonstration for FA-
CIS to show the feasibility of space based meteor observation and to
improve the MetDet algorithm. If possible, the same camera should
be used for both missions, to reduce development effort. Secondary,
the mission should also generate useful scientific data by observing
as much meteors as possible. However, since SOURCE is a CubeSat,
the satellite bus has much more constraints in terms of available po-
wer budget, allowed heat dissipation and data downlink budget. On
top of that, the meteor observation camera on SOURCE, called Me-
teor observation, Star and Horizon tracking Camera (MeSHCam),
is not the only payload on the satellite and must share the limited
resources of the satellite bus.

Furthermore, Meteor observation, Star and Horizon tracking Ca-
mera (MeSHCam) is also used as a star tracker, to demonstrate
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the possibility of a low cost star tracker based on COTS parts. This
aspect must be considered in the software design as well as in the
component selection.

5.2.1. Instrument components

As mentioned above, the instrument should use the same compo-
nents as the MetObs System used for FACIS. However, some ad-
justments are necessary, to adapt the instrument to the satellite
bus.

Meteor Observation Camera For the SOURCE mission the Ge-
nieNano M1920 can be used as well as the MetObs camera. In the
following, the MetObs camera for SOURCE is called MeSHCam.
As mentioned, the sensor used in this camera has a high quantum
efficiency, low noise and large pixel required for meteor observations
(see Table5.2).

However, a different lens must be used, since MeSHCam is also
used as an experimental star tracker. For a star tracker, the FOV
should be small enough, to reduce the probability of blinding by
bright objects (Sun, Earth, Moon) and reduce distortions, which
occur at smaller focal length. On the other side, the FOV should
not be too small, in order to image enough stars.

Regarding meteor observations, a large FOV is desirable, to in-
crease the number of observed meteors.

Thus, the ruggedized Schneider Kreuznach Cinegon 1.4/12 lens
was chosen with a focal length of 12 mm. The FOV and focal length
result in a large area covered to increase the number of observable
meteors and stars. On the other hand, the FOV is still small enough
to avoid pointing the FOV over the horizon due to the limited ACS
precision of the SOURCE satellite (see Table5.14). The small f-
number allows for a wide aperture and thus the collection of more
photons. Furthermore, the space in a CubeSat is limited, so a shorter
lens (lower focal length) is desirable.
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Table 5.14.: SOURCE satellite bus and mission parameters

Property Value

Orbit Sun-synchronous/ISS orbit
Orbit altitude 300 km to 500 km
Mission duration ~ 1 year
Pointing accuracy 5°

Maximum power generation 30W

Payload data rate per day 100 MB

Chosen parameters The Sensitivity simulations with the Genie-
Nano M1920 and Schneider Kreuznach Cinegon 1.4/12 were done
with the settings mentioned in Table5.15. The rationale behind
those choices are as follows: The f-number is set as low as possible,
to open the aperture as wide as possible and thus collect as much
light as possible.

Table 5.15.: Chosen parameter values of the GenieNano M1920
and Schneider Kreuznach Cinegon1.4/12 for the

SOURCE mission
Parameter Value
f-number F4 1.4
Exposure time tcz, %s
Frame rate 6 fps
Binning 2, horizontal and vertical

The frame rate is a trade off. Generally, a high frame rate is
desirable to analyse the light emission of a meteor during re-entry.
However, a high frame rate generates more data to be downlinked
and the meteor detection algorithm needs to process more data.
Therefore, the frame rate is selected as high as possible while still
allowing for reasonable amount of image data and process time.

228 5. Instrument design and scientific performance



Per aspera ad astra

The SPOSH camera uses a similar frame rate (3 fps (see [10]), while
some other observation systems use higher frame rates.

Binning 2 is selected for two reasons: First, the camera is more
sensitive to faint meteors, since 4 pixel values are summarized. Se-
cond, the resolution is reduced, reducing the amount of data to be
downlinked and processed. As a drawback, the reduced resolution
also reduces the accuracy of meteor position determination. Since
SOURCE should only measure the meteor flux and demonstrate the
algorithm, this is not critical.

With those settings, the camera has a stellar limiting magnitude
of 7.39, the limiting magnitude for a typical meteor and a 500 km
orbit is 2.82. It has to be mentioned, that those parameters (with
the exception of the f-number) can be changed during the mission.

Meteor Observation Controller The MetObs controller of the
SOURCE mission is called PLOC (see Table5.16) and is based on
the same Trenz TE0720-03-1CFA as the FACIS MetObs controller.
The board is mounted on the so called port expander, a circuit board
designed by the SOURCE team.

Table 5.16.: Data sheet MetObs controller for SOURCE

Parameter Value

Mass memory (SD Card) 32GB

Working memory 1GB

CPU ARM dual-core Cortex-A9 MPCore
Interfaces Gigabit Ethernet, USB 2.0, 12C, SPI
Power consumption ~ 35W
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5.2.2. Observation concept and and scientific
performance

The observation concept and estimation of the scientific perfor-
mance for the SOURCE mission is developed using the same ap-
proach as described Section 5.1.2. The observation concept is done
using the GenieNano M1920 equipped with Schneider Kreuznach
Cinegon 1.4/12 as MetObs camera and the Trenz TE0720-03-1CFA
as MetObs controller. The analysis is done for a 500 km orbit, which
is the highest possible orbit for SOURCE. It is assumed that the or-
bit has a duration of 90 min with 30 min eclipse time. Since the
SOURCE satellite does not provide a proper nadir pointing mode,
a tilt angle of 20° is assumed. Furthermore, due to limitations in
the heat dissipation, the camera can only be operated for a max-
imum of 30 min per day. This number can change in the further
development phases, therefore different maximum operation times
are considered.

Observation concept The same Python script as used and explai-
ned in Section 5.1.2 is used here. The adapted settings are shown in
Table A.23, see Section 5.1.2 for more details about the parameters.

As shown in Table5.17, more than 3 observations each lasting
30 min are feasible while still being able to process the images during
one day (using 5.1 of the avialable 16 orbits per day).
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However, the longest observation time is currently 10 min per
observation due to the limited thermal budget. Therefore, the first
scenario (3 observations, each 10 min per day) is analysed.

Next, the data budget must be analysed, as shown in Table5.18.
For the same scenario, 30 min observation time per day, the amount
of data to be downlinked is lower than the available data budget
(13MB used from 100 MB). This leaves enough data budget for
downlinking images to test and improving the algorithm.

Table 5.18.: Data budget for different observation times at 6 fps in
a 500 km orbit. The selected option is marked in grey.

Observation Data Images Images  Datato Detected
time to- genera-  genera- with down- meteors
tal ted ted meteor link

(min) (MB) (MB)

30 4320 10800 33 13 4.5
45 6480 16200 49.5 20 6.75
60 8640 21600 66 26 9

75 10800 27000 82.5 33 11.25
90 12960 32400 99 40 13.5

Regarding the power budget (given in Table5.19), 10 Wh/day are
needed to operate MetObs System for 30 min/day. This power only
takes into account MeSHCam and MetObs controller, not the power
needed to operate the satellite bus (e.g. the downlink system). A
detailed analysis taking into account the complete satellite bus is
necessary in a later phase. Furthermore, it needs to be analysed,
if the time between the observations is sufficient to recharge the
batteries.

Scientific performance Using the Griin model and the SWARMSv2
simulation, the number of observed meteors is 4.5 meteors/d. Howe-
ver, since the model may not be accurate and the MetDet algorithm
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Table 5.19.: Power budget for different observation times at 6 fps
in a 500 km orbit. The selected option is marked in

grey.
Observation Energy Energy Energy
time total consumption consumption consumption
(min) PLOC (Wh)  camera (Wh) total (Wh)
30 8 2 10
45 12 3 15
60 16 4 20
75 20 5 25
90 24 6 30

may not detect all meteors, the actual rate will be lower. Therefore,
the scientific output is reduced, which is mainly due to the limitati-
ons of the satellite bus (thermal budget, power budget and downlink
capacity).

The scientific performance can be increased by observing during
major meteor showers. During a meteor shower the observation time
could be increased, by observing e.g. 5d around the shower peak
and delaying the processing and downlink of the images after the
shower. This reduces the thermal load on the satellite and the power
needed on one day. Possible scenarios include a 3d observation with
10 observations per day as well as 5 days of observation with 10
or 15 observations per day. The resulting energy consumption and
required downlink capacity are shown in Table A.24.

Finally, SOURCE is an important demonstrator mission, to show
the feasibility of space based meteor observation as well as to qualify
the MetObs System and the MetDet algorithm. Thus, the scientific
output is not prioritized in this mission.

SOURCE: Instrument design and development 233



Per aspera ad astra

5.2.3. Instrument development

The focus of this thesis is the mission analysis and instrument design
for a space borne meteor observation mission. However, the instru-
ment development is the next step towards realising the mission.
Thus, here the current development status of the SOURCE instru-
ment should be given. The development is divided into instrument
qualification and testing and software design.

Software design

The general software outline is shown in Figure5.2. The operating
system used is Linux distribution Ubuntu 18.04 LTS, which allows
to make use of the standard software repository to install necessary
packages (e.g. required libraries needed for the image processing
and camera control). Since the operating system is running on an
embedded board, it is necessary to build a custom Linux kernel as
well as the boot loader responsible for starting the system. This is
done by configuring the hardware and using the hardware description
to compile a custom Linux kernel with the required functions. The
operating system runs the Autostart software as a system service,
needed to start the PLOC software. The PLOC software is the term
of the main software used for camera control and image processing.

As a basis for the PLOC software the Flight Software Framework
(FSFW) developed at the IRS is used. More details about the FSFW
can be found in [88]. The usage of FSFW allows for a faster software
development, since the framework provides different functions and
interfaces required for a satellite software. Furthermore, the CVB
framework is used for camera control and OpenCV is used for image
processing.

Currently, the main parts of the software are implemented and
working, this includes basics like the start of the PLOC software
using the Autostart software, controlling the file system as well
as controlling the camera with the MeSHCam handler using com-
mands. Furthermore, the software runs on the development board
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Linux

Figure 5.2.: Overview of SOURCE instrument software design

and can be remotely controlled and debugged. Regarding the Met-
Det algorithm, the handler is defined, but most functions still need
to be implemented.

Instrument qualification and testing

The instrument qualification includes performing thermal vacuum
tests of the cameras as well as of the PLOC development board.
These tests proved that the instrument is working in vacuum and
at all expected temperatures during the SOURCE mission. Further-
more, images were taken in vacuum in order to evaluate the effect
of vacuum on the focus. No effect of the vacuum conditions on the
focus could be determined.

Additionally, several camera characterisation tests were perfor-
med. This includes EMVA 1288 tests to determine the linearity of
the sensor, its quantum efficiency as well as the dark current and
the temperature dependence of the dark current. Also, a radiometric
calibration was performed to measure the relation between irradi-
ance and measured pixel value. Finally, the geometric calibration is
performed to evaluate the lens distortion.
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All in all, the camera could be successfully qualified. Pending
tests are vibration and shock tests, which are scheduled within the
SOURCE project.
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6. Summary and Outlook

The objective of this thesis was evaluate the possibility to design a
(stereoscopic) space based meteor observation mission. Therefore,
requirements for the instrument, the satellite bus and the satel-
lite formation were derived. Different simulations were developed
to derive requirements and to answer the question, which scientific
performance of a space based stereoscopic meteor observation using
small satellites is expected. It could be shown, that such a mission
based on small satellites is feasible and able to generate a significant
scientific output.

Two missions, were designed and used as an example: The first
small satellite mission is called FACIS, which consists of two sa-
tellites for stereoscopic meteor observation. The second mission
SOURCE, consisting of one CubeSat, is a demonstrator mission
to test the instrument and the algorithm.

Furthermore, in the scope of the SOURCE mission a demonstrator
instrument could be designed, built and tested. This includes the
detection meteor algorithm as an integral part of the instrument
design, since not all images can be downlinked and thus onboard
detection of meteors is needed.

This thesis is a major step towards a spaceborne meteor observa-
tion mission, because for the first time a detailed analysis of satellite
bus and formation parameters was performed. Also for the first time,
a working prototype of a meteor detection algorithm could be de-
veloped, which is crucial for any space based meteor observation
mission.

237



Per aspera ad astra

6.1. Requirements for space based meteor
observations

In order to maximize the scientific output of a space based meteor
observation mission, requirements must be defined. The require-
ments can be divided into orbit and formation, satellite bus as well
as instrument requirements. However, most aspects are interdepen-
dent and can not be considered individually. All aspects must be
traded off for a working mission design.

Orbit and formation Regarding a single satellite dedicated to
meteor flux measurements, a higher orbit is desirable to increase
the number of observations.

For a stereoscopic meteor observation, the orbit altitude also in-
fluences the ideal distance between the satellites and their tilt angle,
to ensure an overlapping FOV of both instruments. Although a hig-
her orbit increases the number of detected meteors, it also influences
the types of meteors detected. A higher orbit requires a larger tilt
angle and thus distance between the satellites. This results in less
faint meteors being detected. For stereoscopic meteor observation
this is acceptable, since more bright meteors can be observed. Thus,
a high orbit with large tilt angle should be used, to observe as much
meteors as possible. In case of an 565 km orbit and a lens with a
focal length of 17 mm the tilt angle should be 36°.

Another aspect of the satellite distance is the trajectory determi-
nation accuracy. A minimal distance is needed, to ensure trajectory
determination is possible. However, according to the simulation, the
error on trajectory determination is low for a certain range of dis-
tances. Therefore, it is possible to chose a distance at which the
observed area is maximized and at the same time the error on the
trajectory determination is low.

Satellite bus The satellite bus has a huge influence on the scien-
tific output. Mainly for CubeSats, like SOURCE, this is due to the
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limited available power and thermal constraints. Both limit the time
the instrument can be operated. But even with a limited time,
e.g. 30min per day, meteors can be observed during the 1 year
SOURCE mission. For larger satellites, like FACIS, the instrument
can be operated in all eclipse phases and thus generate more data.
Here, the scientific output is limited by the ability of the algorithm
to process the images fast enough.

The algorithm is needed since the downlink capacity is limited.
The amount of data depends on the observation time, a minimal
amount of 20 MB/d is needed for the SOURCE mission. However,
with longer observation times, more data is generated. Furthermore,
a larger data budget also allows to improve the algorithm during in
orbit operation by downlinking all images generated. An amount
of 300 MB/d allows to downlink all generated data for the FACIS
mission, while still having some budget available to downlink ima-
ges not containing a meteor. However, the data budget necessary
depends of course on the used camera and algorithm performance.

To sum up, the power, thermal and downlink budget have a huge
influence on the scientific performance. The larger all budgets, the
larger the amount of useful data. However, even with a limited
satellite bus a useful scientific mission is possible.

Another bus parameter is the accuracy of the ACS. Here, the
requirements depend on the scientific objective: For a mission mea-
suring the meteor flux, the attitude control is less important. It just
has to be ensured, the satellite points the instrument towards the
Earth and limits its rotation to avoid image blurring.

For a stereoscopic meteor observation, the attitude and position
knowledge as well as clock accuracy are important. Especially the
attitude knowledge has a huge influence on the accuracy of the
meteor trajectory determination. This is the biggest challenge for a
small satellite, since high precision attitude sensors must be avai-
lable and properly integrated into the system. Regarding the clock
accuracy, some development effort is necessary to provide the time
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from the GPS receiver to the PLOC. The satellite position know-
ledge error should be below 170 m, the attitude knowledge error
below 12" and the clock accuracy below 15 ms.

To sum up to satellite bus requirements, all can be fulfilled by
small satellites. However, for a CubeSat the challenge is to provide
enough power and a good thermal design, to allow for long observa-
tion times. For a stereoscopic observation mission, the challenge for
the satellite bus is to provide an accurate attitude measurement, to
reduce the trajectory error below 450 m. Furthermore, development
effort is needed to provide an accurate timestamp for the images
taken.

Instrument The instrument consists of a camera, a processing
unit and a detection algorithm. The algorithm is the critical part of
the instrument. It has a huge influence on the scientific output, gi-
ven by the detection performance and the speed performance. The
algorithm needs to detect as much meteors as possible without a
significant amount of false positives. Furthermore, the detection al-
gorithm needs to run fast, in order to allow for longer observation
time, since all images must be processed before the next observati-
ons starts. All these requirements must be fulfilled with the limited
resources of a satellite. The requirement for the algorithm is to
processes one image in 0.5s.

Regarding the camera, a high quantum efficiency, low dark noise
and large pixel size are needed to increase the Signal to Noise Ratio.
The lens should have a low f-number to increase the area collecting
light. The Field of View depends on the scientific objective: For
meteor flux determination a large FOV is needed, to observe as
many meteors as possible. For stereoscopic observations, a smaller
FOV is more suitable to increase the accuracy of meteor velocity
determination.

Depending on the available satellite resources, two instrument per
satellite could be used for a stereoscopic meteor observation mission.
One instrument can be dedicated to meteor flux measurements using
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a wide FOV and one is dedicated for stereoscopic observations using
a smaller FOV. This would allow to combine both measurements and
increase the scientific output of the mission.

6.2. Scientific performance

As mentioned before, the satellite bus, the instrument and the algo-
rithm performance influence the scientific output. All three aspects
must be taken into account to develop an observation concept and
to estimate the scientific performance.

For the SOURCE mission, the resources of the satellite (power,
thermal and downlink budget) are limited due to the small form
factor. Therefore, these resources limit the scientific output. Due to
thermal constraints and available power, the instrument can only be
operated for 30 min/d. With the designed instrument it is possible
to observe up to 4.5 meteors/d. However, this number is only an
estimate and not all meteors may be detected by the algorithm.

For the FACIS mission, the algorithm speed performance is criti-
cal. In order to observe meteors during all available eclipse times,
the algorithm needs to process all images during the sun phase.
In this case, the algorithm speed needs to be improved. However,
even with the current status of the algorithm using the PLOC from
SOURCE it is possible to observe a significant amount of meteors
(up to 27 meteors/d).

The trajectory accuracy depends mainly on the knowledge of sa-
tellite attitude and an accurate time stamp for each image. For a
small satellite it is possible, but challenging, to achieve trajectory
errors below 500 m.

The accuracy from a space based measurement is reduced compa-
red to ground based systems. This is due to the fact that additional
measurements are necessary to determine the trajectory (e.g. the
attitude and position of the satellite). The additional measurements
and the movement of the satellite during observation reduce the
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accuracy. However, the advantages prevail and a space based me-
teor observation mission would be a valuable complement to ground
based observations.

6.3. Summary of instrument development

In the scope of the SOURCE mission an instrument was developed,
including component selection, environmental testing and compo-
nent qualification, software and algorithm development. The instru-
ment (MetObs System) consists of a MetObs camera (GenieNa-
noM1920 and Schneider Kreuznach Cinegon1.4/12), as well as
algorithm (MetDet algorithm) and processing unit (MetObs con-
troller). The components were selected based on the previous des-
cribed simulations as well as satellite requirements. However, the
instrument itself (camera and lens) is less complex and existing
components can be used.

The instrument was build, tested and is being integrated in the
satellite laboratory model (flat sat). Multiple tests were conducted
to qualify and characterize the instrument. These tests include ge-
ometric tests to determine lens parameters, EMVA 1288 tests to
determine the camera properties (e.g. quantum efficiency), ther-
mal vacuum testing for space qualifications, focus tests in vacuum
as well as real sky tests and tests in the planetarium to observe
meteors and stars.

In the scope of the instrument development, the software for the
MetObs controller was developed, including setting up the opera-
ting system and configuring the FPGA. Also, the instrument soft-
ware was developed and tested, which is responsible for processing
commands send from the ground segment, controlling the camera
and managing image processing and storing. The software is based
on the FSFW and could be tested on the engineering model of the
MetObs controller.

Furthermore, the algorithm, a critical part of the software, was
developed and tested in a Testbed. The algorithm influences the
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scientific output of the mission via the detection performance and
the speed performance. Without the algorithm, the mission would
not be possible due to limitations in the downlink capacity. The
developed algorithm SpaceMEDAL is able to detect most meteors
with a low number of false positives (F'— measure is 0.885). Furt-
hermore, the algorithm runs fast enough (0.8s per image) to allow
for a significant amount of observation time. This is possible by ma-
king use of outsourcing resource intensive functions of the OpenCV
framework into the FPGA.

The algorithm is based on optical flow calculations using the
OpenCV framework. The main moving direction caused by satellite
movement is identified, all parts moving in this directions are remo-
ved. A blob detection is applied to the remaining part, to identify
meteor candidates. The candidates are filtered, e. g. by brightness,
area and movement magnitude. Further filters are applied to con-
firm the meteor in multiple frames, e.g. the moving distances of
blobs between consecutive frames.

The algorithm was tested in multiple stages, a test environment
was set up for this purpose. The two main components of this test
environment are the artificial meteor simulation and the Testbed.
The artificial meteor simulation ArtMESS is used to generate image
test data with varying meteor properties and backgrounds. This test
data is either processed directly or displayed on the Testbed and
imaged by the instrument.

The development of the algorithm running on limited resources is
a crucial part for any space based meteor observation mission. The
development also enables progress in the area of complex onboard
processing of data with limited resources. This is beneficial for future
deep space missions, which also rely on onboard processing and
selecting data to be transmitted.
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6.4. Conclusion and Outlook

In this thesis it could be shown, that a space based meteor obser-
vation mission using small satellites is possible. The work done in
this thesis is a major step towards spaceborne meteor observation
mission, because for the first time a detailed analysis of satellite bus
and formation parameters was done and a working prototype of a
spaceborne meteor detection algorithm could be developed.

The thesis used two example missions to address three main as-
pects of the mission: First SOURCE, a small CubeSat dedicated to
demonstrate space based meteor observation, test the instrument
and measure the meteor flux. Second FACIS, a stereoscopic meteor
observation mission using a formation of two satellites. The main
aspects addressed in this thesis are the instrument design, the satel-
lite bus and formation requirements and the algorithm development.
All three aspects could be successfully revised and the mission and
the instrument could be developed. Furthermore, a demonstrator
instrument for the SOURCE mission could be built, including the
development of the detection algorithm.

This thesis is a significant step towards the first dedicated spa-
ceborne meteor observation missions. Especially the progress in the
development of the detection algorithm is crucial for all planned
missions. However, some tasks still need to be done:

First, the algorithm SpaceMEDAL can be improved, by conducting
more tests and thus increasing the detection rate. Currently, Spa-
ceMEDAL processes one image in 0.8s, but 0.5s are realistic with
further improvements. Additionally, the meteor simulation should be
improved and made even more realistic. Especially the radiometry
of the meteor re-entry should be investigated and a physical model
of meteor re-entry should be implemented.

Furthermore, for the SOURCE mission, the PLOC software needs
to be further developed and tested. This includes tests together
with the OBC as well as complete hardware in the loop tests inside
the Testbed. While this primarily concerns SOURCE, the developed
software can be used for FACIS as well with minor adaptions.
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For the FACIS mission, the trajectory error should be analysed
in more detail. Especially the trajectory back propagation to an
orbit of the meteoroid and the effect satellite bus parameters on the
determined orbit should be analysed.

Finally, if the principle of space based meteor observation using
small satellites and an onboard detection algorithm could be pro-
ven, successor missions could be possible. A scientifically interesting
mission would be to observe the spectrum of a meteor, to analyse
the composition of meteors. From a satellite, the spectrum could
be observed in the UV spectrum, which is blocked by the atmos-
phere and thus not observable from ground based systems. This
would give a detailed view of the composition of meteors, e. g. the
detection of Carbon in the UV spectrum, allowing identification of
extra-terrestrial material.
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A. Appendix

A.1. Meteor properties from the CILBO
database
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Figure A.1.: Angles to meteor (boresight and zenith) distribution
from CILBO data
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Figure A.2.: Velocity of meteor distribution from CILBO data
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Figure A.3.: Distance to meteor distribution from CILBO data
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Figure A.4.: Meteor magnitude distribution from CILBO data
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A.3. Formation Analysis: Optimization of
scientific output
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Table A.1.: Settings for SWARMSv2 simulation to determine ef-
fect of ACS error

Setting Value

Orbit 565 km

FOV 48°x31°

Tilt angles 15°, 30° and 42°

ACS error 0°, 0.2°, 0.4°, 0.6°, 0.8°, 1°, 2°, 3° and 4°
Axis Team Ycamr Zcam

Grid steps latitude/longitude  800/2000
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Table A.2.: Summary SWARMS simulation for different orbits.
All simulations using the Griin model (minimal mass
0.1g), GenieNanoM1920 with Schneider Kreuznach
Cinegon 1.4/12, Binning 2, 6 fps.

Tilt angle Satellite Area observed  Hourly rate
(deg) distance (km) (km?) (meteors/h)
565 km orbit

0 0 115175 6.61
5 107 117232 6.31
10 218 121345 6.09
15 335 123402 5.70
20 465 141912 5.99
25 614 160422 6.09
30 796 197443 6.46
35 1036 267371 7.48
40 1411 388716 7.94

42.64 1760 549139 9.53

300 km orbit

0 0 18510 1.90
5 44 24680 2.34
10 89 22624 2.13
15 136 24680 2.25
20 188 24680 1.95
25 246 28794 2.19
30 315 37021 2.70
35 400 43191 2.98
40 515 55531 3.08

42.64 597 76098 3.64
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A.4. Results trajectory error estimations using

CILBO data
A.4.1. Results using median values
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Figure A.6.: The median meteor position accuracy for a velocity
range of 10km/s to 15km/s and the median trajec-
tory error. The fitted slope of the median trajectory
is shown with a red line.
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Figure A.7.: The median meteor position accuracy for a velocity
range of 15km/s to 20km/s and the median trajec-
tory error. The fitted slope of the median trajectory
is shown with a red line.
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Figure A.8.: The median meteor position accuracy for a velocity
range of 20km/s to 25km/s and the median trajec-
tory error. The fitted slope of the median trajectory
is shown with a red line.
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A.9.: The median meteor position accuracy for a velocity

range of 25km/s to 30 km/s and the median trajec-
tory error. The fitted slope of the median trajectory
is shown with a red line.
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Figure A.10.: The median meteor position accuracy for a velocity
range of 30 km/s to 35km/s and the median trajec-
tory error. The fitted slope of the median trajectory
is shown with a red line.
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Figure A.11.: The median meteor position accuracy for a velocity
range of 35km/s to 40 km/s and the median trajec-
tory error. The fitted slope of the median trajectory
is shown with a red line.
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A.4.2. Results using mean values
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Figure A.12.: The mean meteor position accuracy for a velocity
range of 10km/s to 15km/s and the mean trajec-
tory error. The fitted slope of the mean trajectory is
shown with a red line.
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Figure A.13.: The mean meteor position accuracy for a velocity
range of 15km/s to 20km/s and the mean trajec-
tory error. The fitted slope of the mean trajectory is
shown with a red line.
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Figure A.14.: The mean meteor position accuracy for a velocity
range of 20km/s to 25km/s and the mean trajec-
tory error. The fitted slope of the mean trajectory is
shown with a red line.

272

A. Appendix



Per aspera ad astra

Caml Cam2

F 160

120 7 k140
£ 100 4 Fi2o E
g g
B 100 2
S 80 g
3 3
z z
) F8o 5
T 60 T
L Feo =
Z a0+ z
g Fa E
= =

20 Lo

0- Lo
001 002 003 004 005 006 001 002 003 004 005 006
Meteor position accuracy (aremin) Meteor position accuracy (arcmin)

Figure A.15.: The mean meteor position accuracy for a velocity
range of 25km/s to 30 km/s and the mean trajec-
tory error. The fitted slope of the mean trajectory is
shown with a red line.
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Figure A.16.: The mean meteor position accuracy for a velocity
range of 30km/s to 35km/s and the mean trajec-
tory error. The fitted slope of the mean trajectory is
shown with a red line.
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Figure A.17.: The mean meteor position accuracy for a velocity
range of 35km/s to 40km/s and the mean trajec-
tory error. The fitted slope of the mean trajectory is
shown with a red line.
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A.5. Formation Analysis: Trajectory error
CILBO data

Table A.3.: Slope and standard deviation (stderr) for fitting the
meteor position and trajectory error using mean values.
The standard deviation describes the how well the line
could be fitted to the data.

Velocity Slope  Stderr Percentag&lope — Stderr  Percentage
range Caml  slope  stderr Cam2  slope  stderr
(km/s) (m/) caml  caml m/’ cam2  cam2
(m/") (%) (m/) (%)
10-15 1772 259 14.62 6357 1963 30.88
15-20 1018 226 22.19 1469 264 17.96
20-25 1515 435 28.74 1617 411 25.43
25-30 1429 313 21.91 1441 276 19.15
30-35 2276 239 10.48 1760 372 21.13
35-40 1714 424 24.72 2247 517 23.04

Table A.4.: Slope and standard deviation (stderr) for fitting the
meteor position and trajectory error using median va-
lues. The standard deviation describes the how well the
line could be fitted to the data.

Velocity Slope  Stderr Percentag&lope  Stderr  Percentage
range Caml  slope stderr Cam2  slope  stderr
(km/s) (m/’) caml  caml m/’ cam2  cam?2
(m/) (%) (m/) (%)
10-15 1934 264 13.66 7326 1820 24 .84
15-20 1029 165 16.04 1336 155 11.60
20-25 1603 411 25.62 1168 211 18.05
25-30 1478 273 18.49 1502 323 21.54
30-35 1972 241 12.20 1347 294 21.86
35-40 1173 119 10.18 1872 384 20.52

Formation Analysis: Trajectory error CILBO data
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A.6. Formation Analysis: Trajectory error
simulation

—+— 565 km orbit
300 km orbit

1000
750 Mm

250 500 750 1000 1250 1500 1730 2000
Satellite distance (km)

Figure A.18.: Trajectory error for different satellite distances cal-
culated by fitting a function to the calculated simu-
lation results for a 300 km and 565 km orbit.
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A.7. Formation Analysis: Satellite bus

requirements

Table A.5.: Trajectory simulation settings for satellite bus require-

ments

Parameter Setting
Meteor Altitude 100 km
Meteor speed 40km/s
Meteor start angle 45°
Meteor lateral angle 90°
Meteor slope angle 0°
Time step 0.5s
Meteor duration 2s
Exposure time 0.167s
Satellite distances 1°, 2°, 3% 4° 5° 6° 7° 8° 9°

and 10°

Orbit

Simulation runs

Low error satellite position
High error satellite position
Low error meteor position
High error meteor position
Low error clock

High error clock

200 km, 300 km, 400 km, 500 km,
565 km, 600 km and 700 km

200

8 x 107 %

4x107°%

0.00011%

0.00013%

0.01%

0.02%

A.8. Conversion of apparent magnitude to

grey pixel value
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Table A.6.: Conversion between magnitude, signal and image grey
value for the SOURCE mission in a 400 km orbit using
GenieNano M1920 equipped with Schneider Kreuz-
nach Cinegon 1.4/12, frame rate 6 fps and binning 2.

Magnitude Orbit ~ Signal Orbit (DN)  Signal Orbit (yW /cm?)

-6.20 36303.76 7.55e-06
-6.10 33109.42 6.89e-06
-6.00 30196.15 6.28e-06
-5.90 27539.22 5.73e-06
-5.80 25116.06 5.22e-06
-5.70 22906.12 4.76e-06
-5.60 20890.63 4.34e-06
-5.50 19052.48 3.96e-06
-5.40 17376.07 3.61e-06
-5.30 15847.17 3.30e-06
-5.20 14452.79 3.01e-06
-5.10 13181.10 2.74e-06
-5.00 12021.30 2.50e-06
-4.90 10963.56 2.28e-06
-4.80 9998.89 2.08e-06
-4.70 9119.09 1.90e-06
-4.60 8316.71 1.73e-06
-4.50 7584.93 1.58e-06
-4.40 6917.54 1.44e-06
-4.30 6308.87 1.31e-06
-4.20 5753.76 1.20e-06
-4.10 5247.49 1.09e-06
-4.00 4785.77 9.95e-07
-3.90 4364.67 9.08e-07
-3.80 3980.63 8.28e-07
-3.70 3630.38 7.55e-07
-3.60 3310.94 6.89e-07
-3.50 3019.62 6.28e-07
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Table A.6.: Conversion between magnitude, signal and image grey
value for the SOURCE mission in a 400 km orbit using
GenieNano M1920 equipped with Schneider Kreuz-
nach Cinegon 1.4/12, frame rate 6 fps and binning 2.

Magnitude Orbit  Signal Orbit (DN)  Signal Orbit (yW/cm?)

-3.40 2753.92 5.73e-07
-3.30 2511.61 5.22e-07
-3.20 2290.601 4.76e-07
-3.10 2089.06 4.34e-07
-3.00 1905.25 3.96e-07
-2.90 1737.61 3.61e-07
-2.80 1584.72 3.30e-07
-2.70 1445.28 3.01e-07
-2.60 1318.11 2.74e-07
-2.50 1202.13 2.50e-07
-2.40 1096.36 2.28e-07
-2.30 999.89 2.08e-07
-2.20 911.91 1.90e-07
-2.10 831.67 1.73e-07
-2.00 758.49 1.58e-07
-1.90 691.75 1.44e-07
-1.80 630.89 1.31e-07
-1.70 575.38 1.20e-07
-1.60 524.75 1.09e-07
-1.50 478.58 9.95e-08
-1.40 436.47 9.08e-08
-1.30 398.06 8.28e-08
-1.20 363.04 7.55e-08
-1.10 331.09 6.89e-08
-1.00 301.96 6.28e-08
-0.90 275.39 5.73e-08
-0.80 251.16 5.22e-08
-0.70 229.06 4.76e-08
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Table A.6.: Conversion between magnitude, signal and image grey
value for the SOURCE mission in a 400 km orbit using
GenieNano M1920 equipped with Schneider Kreuz-
nach Cinegon 1.4/12, frame rate 6 fps and binning 2.

Magnitude Orbit ~ Signal Orbit (DN)  Signal Orbit (yW /cm?)

-0.60 208.91 4.34e-08
-0.50 190.52 3.96e-08
-0.40 173.76 3.61e-08
-0.30 158.47 3.30e-08
-0.20 14453 3.01e-08
-0.10 131.81 2.74e-08
-0.00 120.21 2.50e-08
0.10 109.64 2.28e-08
0.20 99.99 2.08e-08
0.30 91.19 1.90e-08
0.40 83.17 1.73e-08
0.50 75.85 1.58e-08
0.60 69.18 1.44e-08
0.70 63.09 1.31e-08
0.80 57.54 1.20e-08
0.90 52.47 1.09e-08
1.00 47.86 9.95e-09
1.10 43.65 9.08e-09
1.20 39.81 8.28e-09
1.30 36.30 7.55e-09
1.40 33.11 6.89e-09
1.50 30.20 6.28e-09
1.60 27.54 5.73e-09
1.70 25.12 5.22e-09
1.80 2291 4.76e-09
1.90 20.89 4.34e-09
2.00 19.05 3.96e-09
2.10 17.38 3.61e-09

280 A. Appendix



Per aspera ad astra

Table A.6.: Conversion between magnitude, signal and image grey
value for the SOURCE mission in a 400 km orbit using
GenieNano M1920 equipped with Schneider Kreuz-
nach Cinegon 1.4/12, frame rate 6 fps and binning 2.

Magnitude Orbit  Signal Orbit (DN)  Signal Orbit (yW/cm?)

2.20 15.85 3.30e-09
2.30 14.45 3.01e-09
2.40 13.18 2.74e-09
2.50 12.02 2.50e-09
2.60 10.96 2.28e-09
2.70 10.00 2.08e-09
2.80 9.12 1.90e-09
2.90 8.32 1.73e-09
3.00 7.58 1.58e-09
3.10 6.92 1.44e-09
3.20 6.31 1.31e-09
3.30 5.75 1.20e-09
3.40 5.25 1.09e-09
3.50 4.79 9.95e-10
3.60 4.36 9.08e-10
3.70 3.98 8.28e-10
3.80 3.63 7.55e-10
3.90 3.31 6.89e-10
4.00 3.02 6.28e-10
4.10 2.75 5.73e-10
4.20 2,51 5.22e-10
4.30 2.29 4.76e-10
4.40 2.09 4.34e-10
4.50 191 3.96e-10
4.60 1.74 3.61e-10
4.70 1.58 3.30e-10
4.80 1.45 3.01e-10
4.90 1.32 2.74e-10
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Table A.6.: Conversion between magnitude, signal and image grey
value for the SOURCE mission in a 400 km orbit using
GenieNano M1920 equipped with Schneider Kreuz-
nach Cinegon 1.4/12, frame rate 6 fps and binning 2.

Magnitude Orbit ~ Signal Orbit (DN)  Signal Orbit (yW /cm?)

5.00 1.20 2.50e-10
5.10 1.10 2.28e-10
5.20 1.00 2.08e-10
5.30 0.91 1.90e-10
5.40 0.83 1.73e-10
5.50 0.76 1.58e-10
5.60 0.69 1.44e-10
5.70 0.63 1.31e-10

Table A.7.: Conversion between magnitude, signal and image grey
value for the FACIS mission in a 565 km orbit using Ge-
nieNano M1920 equipped with Schneider Kreuznach
Xenoplan 1.4/17, frame rate 15 fps and binning 2.

Magnitude Orbit Signal Orbit (DN) Signal Orbit (uW/cm?)

-6.03 29143.85 7.55e-06
-5.93 26579.51 6.89e-06
-5.83 24240.80 6.28e-06
-5.73 22107.87 5.73e-06
-5.63 20162.62 5.22e-06
-5.53 18388.53 4.76e-06
-5.43 16770.54 4.34e-06
-5.33 15294 .91 3.96e-06
-5.23 13949.12 3.61e-06
-5.13 12721.75 3.30e-06
-5.03 11602.38 3.01e-06
-4.93 10581.49 2.74e-06
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Table A.7.: Conversion between magnitude, signal and image grey
value for the FACIS mission in a 565 km orbit using Ge-
nieNano M1920 equipped with Schneider Kreuznach
Xenoplan 1.4/17, frame rate 15 fps and binning 2.

Magnitude Orbit  Signal Orbit (DN)  Signal Orbit (yW/cm?)

-4.83 9650.44 2.50e-06
-4.73 8801.30 2.28e-06
-4.63 8026.88 2.08e-06
-4.53 7320.60 1.90e-06
-4.43 6676.47 1.73e-06
-4.33 6089.01 1.58e-06
-4.23 5553.25 1.44e-06
-4.13 5064.62 1.31e-06
-4.03 4618.99 1.20e-06
-3.93 4212.57 1.09e-06
-3.83 3841.91 9.95e-07
-3.73 3503.86 9.08e-07
-3.63 3195.56 8.28e-07
-3.53 2914.39 7.55e-07
-3.43 2657.95 6.89e-07
-3.33 2424.08 6.28e-07
-3.23 2210.79 5.73e-07
-3.13 2016.26 5.22e-07
-3.03 1838.85 4.76e-07
-2.93 1677.05 4.34e-07
-2.83 1529.49 3.96e-07
-2.73 1394.91 3.61e-07
-2.63 1272.18 3.30e-07
-2.53 1160.24 3.01e-07
-2.43 1058.15 2.74e-07
-2.33 965.04 2.50e-07
-2.23 880.13 2.28e-07
-2.13 802.69 2.08e-07
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Table A.7.: Conversion between magnitude, signal and image grey
value for the FACIS mission in a 565 km orbit using Ge-
nieNano M1920 equipped with Schneider Kreuznach
Xenoplan 1.4/17, frame rate 15 fps and binning 2.

Magnitude Orbit ~ Signal Orbit (DN)  Signal Orbit (yW /cm?)

-2.03 732.06 1.90e-07
-1.93 667.65 1.73e-07
-1.83 608.90 1.58e-07
-1.73 555.32 1.44e-07
-1.63 506.46 1.31e-07
-1.53 461.90 1.20e-07
-1.43 421.26 1.09e-07
-1.33 384.19 9.95e-08
-1.23 350.39 9.08e-08
-1.13 319.56 8.28e-08
-1.03 291.44 7.55e-08
-0.93 265.80 6.89e-08
-0.83 242.41 6.28e-08
-0.73 221.08 5.73e-08
-0.63 201.63 5.22e-08
-0.53 183.89 4.76e-08
-0.43 167.71 4.34e-08
-0.33 152.95 3.96e-08
-0.23 139.49 3.61e-08
-0.13 127.22 3.30e-08
-0.03 116.02 3.01e-08
0.07 105.81 2.74e-08
0.17 96.50 2.50e-08
0.27 88.01 2.28e-08
0.37 80.27 2.08e-08
0.47 73.21 1.90e-08
0.57 66.76 1.73e-08
0.67 60.89 1.58e-08
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Table A.7.: Conversion between magnitude, signal and image grey
value for the FACIS mission in a 565 km orbit using Ge-
nieNano M1920 equipped with Schneider Kreuznach
Xenoplan 1.4/17, frame rate 15 fps and binning 2.

Magnitude Orbit  Signal Orbit (DN)  Signal Orbit (yW/cm?)

0.77 55.53 1.44e-08
0.87 50.65 1.31e-08
0.97 46.19 1.20e-08
1.07 42.13 1.09e-08
1.17 38.42 9.95e-09
1.27 35.04 9.08e-09
1.37 31.96 8.28e-09
1.47 29.14 7.55e-09
1.57 26.58 6.89e-09
1.67 24.24 6.28e-09
1.77 22.11 5.73e-09
1.87 20.16 5.22e-09
1.97 18.39 4.76e-09
2.07 16.77 4.34e-09
2.17 15.29 3.96e-09
2.27 13.95 3.61e-09
2.37 12.72 3.30e-09
2.47 11.60 3.01e-09
2.57 10.58 2.74e-09
2.67 9.65 2.50e-09
2.77 8.80 2.28e-09
2.87 8.03 2.08e-09
2.97 7.32 1.90e-09
3.07 6.68 1.73e-09
3.17 6.09 1.58e-09
3.27 5.55 1.44e-09
3.37 5.06 1.31e-09
3.47 4.62 1.20e-09
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Table A.7.: Conversion between magnitude, signal and image grey
value for the FACIS mission in a 565 km orbit using Ge-
nieNano M1920 equipped with Schneider Kreuznach
Xenoplan 1.4/17, frame rate 15 fps and binning 2.

Magnitude Orbit ~ Signal Orbit (DN)  Signal Orbit (yW /cm?)

3.57 4.21 1.09e-09
3.67 3.84 9.95e-10
3.77 3.50 9.08e-10
3.87 3.20 8.28e-10
3.97 291 7.55e-10
4.07 2.66 6.89e-10
4.17 2.42 6.28e-10
4.27 221 5.73e-10
4.37 2.02 5.22¢-10
4.47 1.84 4.76e-10
4.57 1.68 4.34e-10
4.67 1.53 3.96e-10
4.77 1.39 3.61e-10
4.87 1.27 3.30e-10
4.97 1.16 3.01e-10
5.07 1.06 2.74e-10
5.17 0.97 2.50e-10
5.27 0.88 2.28e-10
5.37 0.80 2.08e-10
5.47 0.73 1.90e-10
5.57 0.67 1.73e-10
5.67 0.61 1.58e-10
5.77 0.56 1.44e-10
5.87 0.51 1.31e-10
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A.9. Scientific output of FACIS mission
Operational concept

Table A.8.: Number of observable meteors for different orbit para-
meters using 12mm lens in 300 km orbit

LTAN Phase Tilt Detection ObservatiolNumber

angle angle rate time (h of
(deg) (deg)  (met/h) per day) meteors
per day
10 4.02 38.15 2.88 9.01 25.92
10 4.52 40.40 3.00 8.97 26.91
10 5.13 42.64 4.03 8.93 35.93
11 4.02 38.15 2.88 9.22 26.50
11 4.52 40.40 3.00 9.17 27.52
11 5.13 42.64 4.03 9.12 36.69
12 4.02 38.15 2.88 9.26 26.63
12 4.52 40.40 3.00 9.23 27.70
12 5.13 42.64 4.03 9.19 36.98
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Table A.9.: Number of observable meteors for different orbit para-
meter using 12 mm lens in 565 km orbit

LTAN Phase Tilt Detection ObservatiodNumber

angle angle rate time (h of
(deg) (deg)  (met/h) per day) meteors
per day
10 7.97 33.66 7.31 7.81 57.12
10 9.02 35.91 7.45 7.72 57.55
10 10.31 38.15 8.04 7.65 61.50
10 12.02 40.40 9.04 7.52 67.98
10 14.58 42.64 9.64 7.33 70.68
11 7.97 33.66 7.31 8.07 59.03
11 9.02 35.91 7.45 7.97 59.38
11 10.31 38.15 8.04 7.88 63.37
11 12.02 40.40 9.04 7.75 70.07
11 14.58 42.64 0.64 7.58 73.05
12 7.97 33.66 7.31 8.09 59.14
12 9.02 35.91 7.45 8.04 59.92
12 10.31 38.15 8.04 7.94 63.83
12 12.02 40.40 9.04 7.83 70.73
12 14.58 42.64 9.64 7.64 73.61
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A.10. Scientific output of FACIS mission
ASTOS results

Table A.10.: Number of observable meteors for different orbit pa-
rameters using 17 mm lens in 565 km orbit

LTAN Phase Tilt Detection ObservatiolNumber

angle angle rate time (h of
(deg) (deg)  (met/h) per day) meteors
per day
10 7.23 33.66 7.58 7.87 59.61
10 7.53 35.91 8.86 7.84 69.49
10 8.37 38.15 9.27 7.78 72.18
10 9.35 40.40 10.91 7.71 84.14
10 10.54 42.64 11.04 7.64 84.30
11 7.23 33.66 7.58 8.10 59.61
11 7.53 35.91 8.86 8.09 69.49
11 8.37 38.15 9.27 8.03 72.18
11 9.35 40.40 10.91 7.96 84.14
11 10.54 42.64 11.04 7.87 84.30
12 7.23 33.66 7.58 8.14 61.70
12 7.53 35.91 8.86 8.12 71.93
12 8.37 38.15 9.27 8.07 74.87
12 9.35 40.40 10.91 8.01 87.46
12 10.54 42 .64 11.04 7.91 87.34
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Table A.11.: Number of observable meteors for different orbit pa-
rameters 17 mm lens in 300 km orbit

LTAN Phase Tilt Detection ObservatiodNumber

angle angle rate time (h of
(deg) (deg)  (met/h) per day) meteors
per day
10 3.83 40.40 3.77 9.01 34.03
10 4.19 42 .64 3.99 8.99 35.83
11 3.83 40.40 3.77 9.22 34.03
11 4.19 42.64 3.99 9.19 35.83
12 3.83 40.40 3.77 9.26 34.96
12 4.19 42.64 3.99 9.25 36.87
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Figure A.19.: Phase angle vs number of meteors and observation
time for different LTANs (565 km orbit) 17 mm lens
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Figure A.20.: Phase angle vs number of meteors and observation
time for different LTANs (300 km orbit) 17 mm lens

A.11. Scientific output of FACIS mission
SWARMSvV2 results

50 B 565km 10fps
565km 15fps
w
§ 40 A
2
< 30 1
3
5]
e
g 20
Z
10 A

500

550 600 650 700

Distance Sat 1 (km)

750 800

Figure A.21.: Histogram distance to satellite 1 565 km orbit
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Figure A.22.: Histogram distance to satellite 2 565 km orbit
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Figure A.23.: Histogram magnitude 565 km orbit
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Figure A.25.: Histogram velocity 565 km orbit
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Figure A.28.: Histogram magnitude 300 km orbit
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Figure A.29.: Histogram mass 300 km orbit
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Figure A.30.: Histogram velocity 300 km orbit
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Table A.12.: Properties of detected meteors for chosen orbit
(300 km) and tilt angle (40°)

Min. Max. Mean Min. Max. Mean
values values values values values values
10fps  10fps  10fps  15fps  15fps  1bfps

Mass (g) 0.10 4.75 0.39 0.10 4.03 0.36
Velocity 11.50 7150 26.76 11.50 71.50 24.15
(km/5)
Distance 225.06 368.57 300.59 225.06 368.57 301.77
Sat 1
(km)
Distance 238.39 400.15 303.89 238.39 400.15 303.22
Sat 2
(km)
Magni- -11.46  2.00 -498 -10.36 1.74 -4.40
tude
(absolut)
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A.12. Scientific output of FACIS mission
trajectory simulation results

Figure A.31.:

Figure A.32.:
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Figure A.33.: Expected trajectory error for each meteor obser-
ved according to trajectory simulation based on
SWARMSv2 meteor properties for the 300 km or-
bit and 15 fps

A.13. Algorithm test concept

A.13.1. Meteor video generation for testing

Generating video including rotation consists of the following steps:

1. Extract large sliding window from Blackmarble
2. Use as background and implement meteor as usual
3. Rotate Large sliding window

4. Save subframe
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Black Marble Image

Slide to next image position
Large Sliding Window

|/~1. Extract large sliding window
A,

o,
o
©Sry
7,

| 7
E 7 2 implement meteor

T ~/ %
\

i
\\ /’ 3. Rotate large sliding window

~ -

Figure A.34.: Visualisation of video generation from black marble
images including rotation. For a better visualisation,
the slide to the next image position is exaggera-
ted, the standard movement is 2 px, so there is a
large overlap between the images. The region called
subframe is the region of the image saved as a video
frame.

Meteor shape 1 Meteor shape 2

Meteor shape 3

Figure A.35.: Different meteor shapes for meteor mask generation.
Black areas indicate the meteor core, gray areas show
the reduced brightness around the core.
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A.13.2. Testbed Calibration

Table A.13.: Parameters for the brightness conversion equation

Binning Aperture Parameter A Parameter B Parameter C

1 4.5 0.00377 -0.0013 4.52
2 9.3 0.00378 -0.019 14.05

Figure A.36.: Chess pattern testchart for geometrical calibration
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A.14. Scientific output

A.14.1. Observation concept and scientific
performance of FACIS mission
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Table A.16.: Power budget for different observation times at 15 fps
in a 565 km orbit

Observation Energy con- Energy con- Energy con-
time total sumption sumption sumption
(min) PLOC (Wh)  camera (Wh) total (Wh)
100 50 7 57
150 75 10 85
200 100 13 113
250 125 17 141
300 150 20 170
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Table A.18.: Data budget for different observation times at 15 fps
in a 300 km orbit

Observation Data Images Images  Datato Detected
time to- genera-  genera- with down- meteors
tal ted ted meteor link

(min) (MB) (MB)

100 36000 90000 160 64 7.33
150 54000 135000 240 96 11
200 72000 180000 320 128 14.67
250 90000 225000 400 160 18.33
300 108000 270000 480 192 22

Table A.19.: Power budget for different observation times at 15 fps
in a 300 km orbit

Observation Energy Energy Energy
time total  consumption consumption consumption
(min) PLOC (Wh)  camera (Wh)  total (Wh)
100 50 7 56

150 75 10 85

200 99 13 113
250 124 17 141
300 149 20 169
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Table A.21.: Data budget for different observation times at 10 fps
in a 300 km orbit

Observation Data Images Images  Datato Detected
time to- genera-  genera- with down- meteors
tal ted ted meteor link

(min) (MB) (MB)

100 24000 60000 96.25 38 6.29
150 36000 90000 144.375 58 9.44
200 48000 120000 192.5 77 12.58
250 60000 150000 240.625 96 15.73
300 72000 180000  288.75 116 18.88
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Table A.22.: Power budget for different observation times at 10 fps
in a 300 km orbit

Observation Energy Energy Energy
time total  consumption consumption consumption
(min) PLOC (Wh)  camera (Wh)  total (Wh)
100 35 7 42

150 53 10 63

200 70 13 84

250 88 17 104
300 105 20 125
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A.14.2. Observation concept and scientific
performance of SOURCE mission

Table A.23.: Settings and constraints for the SOURCE observation

concept

Setting Value
Frame rate 6.00
Image size (MB) 0.40
Power PLOC (W) 3.50
Power Camera (W) 4.00
Process speed (s/Image) 0.50
Transfer speed (s/image) 29.00
Event duration (s) 1.00
Meteor detection rate (Met/h) 9.00
False event duration (s) 1.00
False event rate (Events/h) 2.00
Data budget (MB/day) 100.00
Data downlink rate (Mbyte/s) 0.12
Satellite orientation time (min) 15.00
Orbit duration (min) 90.00
Orbits per day (-) 16.00
Limit observation time per orbit (min) 15.00
Number of observations per day (-) 3.00
Duration one observation (min) 10, 15, 20, 25 and 30
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Table A.24.: Scenarios for observing meteor showers for the
SOURCE mission

Property Scenario 1  Scenario 2 Scenario 3
Observation days 3 5 5
Number of observations per day 10 10 16
Observation time (min) 300 500 800
Process time (min) 900 1500 2400
Transfer time (min) 336 560 896
Total time (min) 1536 2560 4096
Data generated (MB) 43200 72000 115200
Images generated 108000 180000 288000
Images with meteor 692.061 1153.44 1845.5
Data to downlink (MB) 277 461 738
Downlink time (days) 3 5 7
Meteor det. rate (meteors/h) 21.0687 21.0687 21.0687
Detected meteors 105.34 175.57 280.92
Energy cons. PLOC (Wh) 90 149 239
Energy cons. camera (Wh) 20 33 53
Energy cons. total (Wh) 110 183 292
Observation time per day 100 100 160
Process time per day (min) 300 300 480
Transfer time per day (min) 112 112 179
Total time per day (min) 512 512 819
Data generated per day (MB) 14400 14400 23040
Images generated per day 36000 36000 57600
Images with meteor per day 230.687 230.687 369.099
Data to downlink per day (MB) 92 92 148
Downlink time per day (days) 1 1 1
Detected meteors per day 35.11 35.11 56.18
Energy cons. PLOC per day (Wh) 30 30 48
Energy cons. camera per day (Wh) 7 7 11
Energy cons. total per day (Wh) 37 37 58
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A.15. Algorithm Parameters

Table A.25.: Detection algorithm parameter values or range for
optimized detection performance. Values marked in
gray are chosen for optimization and a suitable value
range is given.

Parameter Value
thresNoise 20
1lvl 1
scl 0.25
win_size 7
iterations 1
poly_n 7
poly_sigma 1.5
magThresholdAngleMatMean Oto 1
minDisplacementHSV 0.0001 to 1
filterByArea true
minArea 60 to 100
maxArea 1000
filterByCircularity true
minCircularity 0.3 to 0.7
maxCircularity 1
minThresholdBLOB 0
maxThresholdBLOB 255
thresholdStep 10
minStdBrightnessThresh 5 to 18
angleDev 10 to 40
maxBlobDistance 33
framesToConfirm 3
thres_number_keypoints 18
storageTime 18
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314

Table A.26.: Optimized parameter values

Parameter Value

magThresholdAngleMatMean 0

minDisplacementHSV 1.504

minArea 60

minCircularity 0.79

minStdBrightnessThresh 39

angleDev 50
A. Appendix
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