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SAMENVATTING 

In dit onderzoek wordt bestudeerd of baanbepaling van educatieve satellieten mogelijk is met het Global 
Educational Network for Satellite Operations (GENSO). GENSO streeft erna om een communicatiesysteem te 
ontwikkelen dat volledig transparante communicatie mogelijk maakt gedurende 24 uur per dag, tussen een 
educatieve satelliet ergens boven de aarde, en ten minste één grond station op aarde. Een dergelijk 
communicatiesysteem is noodzakelijk omdat deze educatieve satellieten meerdere malen in een dag rond de aarde 
draaien en daarom maar slechts gedurende een korte periode van de dag binnen het bereik van een grondstation 
zijn. GENSO kan al deze grondstations onderling verbinden, door gebruik te maken van het internet. 
 
Om communicatie met de educatieve satellieten tot stand te kunnen brengen, is het noodzakelijk om over de 
baangegevens van de satellieten te beschikken. Op dit moment zijn deze baangegevens vrij verkrijgbaar, maar dit 
is onzeker naar de toekomst toe gezien. Met GENSO als een wereldwijd observatienetwerk voor satellieten, is 
GENSO een perfecte kandidaat om zelf deze baangegevens te genereren door ook zelf satelliet-baanbepaling uit 
te voeren. Hoe deze satelliet-baanbepaling met GENSO uitgevoerd kan worden, is het onderwerp van het 
onderzoek. 
 
Omdat GENSO tijdens het onderzoek werd gebouwd door de GENSO ontwikkelaars, maar nog niet operationeel 
was, is een simulatiemodel van GENSO ontwikkeld. Met dit simulatiemodel zijn de baanbepalingsmethoden die 
in het onderzoek ontwikkeld zijn, getest. Twee verschillende methoden zijn ontwikkeld om baanbepaling mogelijk 
te maken gedurende de gehele levensduur van de satelliet. Ondanks relatief beperkte en onnauwkeurige 
communicatiemiddelen van GENSO, tonen simulaties aan dat GENSO is staat is om zelf satelliet-baanbepaling 
uit te voeren, om zo zichzelf te kunnen voorzien van de benodigde baangegevens. 
 
De eerste methode, genaamd 'static mode orbit determination', wordt toegepast indien geen gegevens van de 
satellietbaan vooraf beschikbaar zijn. De satellietbaan wordt gereconstrueerd uit de observaties die door het 
GENSO observatienetwerk worden gedaan. De baanbepaling geeft na twee dagen bruikbare baangegevens. 
 
De tweede methode, genaamd 'tracking mode orbit determination', wordt toegepast indien vooraf wel gegevens 
van de satellietbaan beschikbaar zijn. Een intelligent zoekalgoritme test verschillende satellietbanen en kijkt 
welke van deze banen het best past bij de werkelijke baan van de satellite. Deze baanbepaling geeft na vijf dagen 
bruikbare baangegevens. Het zoekalgoritme kan worden gecategoriseerd als een 'hill-climbing trial-and-error' 
zoekalgoritme, gebaseerd op de ideeën van 'reinforcement learning'. 
 
In dit onderzoek is aangetoond dat het mogelijk is om baanbepaling voor educatieve satellieten uit te voeren met 
GENSO, via experimenten met een simulatiemodel van GENSO. De baangegevens zijn niet zo precies als de 
huidige gegevens, maar de nauwkeurigheid is groot genoeg om communicatie met de satellieten tot stand te 
brengen. 
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SUMMARY 

During this research project, the possibility of satellite orbit determination with the Global Educational Network 
for Satellite Operations (GENSO) was studied. GENSO aims to implement a communication system that makes 
fully transparent, 24-hour-a-day communication possible between an educational satellite anywhere above the 
Earth and at least one ground station somewhere on Earth. Such a communication system is necessary, because 
these educational satellites orbit the Earth multiple times a day, and are therefore only within reach of a satellite 
ground station for a small portion of the day. With the Internet as the communication backbone, GENSO has an 
Earth-bound communication medium to connect these ground stations together. 
 
In order to communicate with these satellites, the orbit of these satellites has to be known. Currently, data about 
the orbits is available, but the availability of this data is not guaranteed for the future. With GENSO being a 
world-wide satellite observation network, it is a perfect candidate to generate this orbit data, by performing orbit 
determination itself. How satellite orbit determination can be performed with GENSO, is the research topic of 
this thesis. 
 
Because GENSO was being built during this research by the GENSO developers, but not operational yet, a 
simulation model of GENSO was developed. With this simulation model, the orbit determination methods that 
were developed were tested. Two different strategies were developed to perform orbit determination during the 
entire lifetime of the satellite, starting from its launch. Despite the relatively low-end communication resources 
of GENSO, the simulations show that GENSO is able to perform orbit determination by itself, and can be self-
supporting in obtaining data about the orbits. 
 
The first strategy, called static mode orbit determination, covers the situation where no prior information about 
the orbit is available. The orbit data is reconstructed out of the observations made by the GENSO observation 
network. After 2 days of running the orbit determination process, usable orbit data is generated. 
 
The second strategy, called tracking mode orbit determination, covers the situation where initial orbit data is 
available. A smart search algorithm tests different orbits, to see which orbit fits best to the orbit of the satellite. 
Usable orbit data is generated after 5 days. The search algorithm can be categorized as a hill-climbing trial-and-
error search algorithm, based on the ideas of reinforcement learning.  
 
In this research is shown that it is possible to perform orbit determination for educational satellites with 
GENSO, by means of experiments performed with a simulation model of GENSO. It is shown that the orbital 
parameters determined by GENSO are not as precise as the ones that are currently provided, but the accuracy is 
sufficient to make communication with the satellites possible. 
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1. INTRODUCTION 

This thesis deals with satellite orbit determination, performed with the Global Educational Network for Satellite 
Operations (GENSO) [1]. In 1.1, an introduction is given to GENSO and to the kind of satellites that are 
involved. In 1.2, the problem statement and the research questions are presented, followed by an outline of this 
document in 1.3. 

1.1 World-wide LEO Satellite Communication with GENSO 

In the last few years, small educational satellites called cubesats [2] appeared and became very popular among 
space-oriented universities [3]. Cubesats are in a class of small research spacecraft called pico-satellites, with a 
size of only 10 x 10 x 10 cm. Typically cubesats are launched into near-circular, low-Earth orbits (LEO) [4], 
with a height of about 500 to 800 km above the Earth. To stay in orbit they travel at speeds where they circle the 
Earth about 14 times a day. To perform radio communication with the satellite, a ground station on Earth is 
used, mainly for receiving data from the satellite. Because of the high speed of the satellite, it will only be in 
range of a single ground station for up to 15 minutes maximum, but there are also passes (time slots where a 
satellite is in range of a ground station) of only 1 minute or less. Mainly due to the rotation of the Earth 
underneath the satellite, the orbit of the satellite rotates and causes only a few (typically 6 to 8) passes a day as 
seen from a single ground station. 
 
This small available time window to communicate with a cubesat can be a problem, because normally a satellite 
from a university has only one ground station for communication with the satellite. Telemetry data can only be 
received during a small portion of the day, and in case of an emergency with the satellite, it cannot be reached 
(by means of radio communication) immediately. Because several ground stations around the world suffer from 
these restricted communication opportunities, the Global Education Network for Satellite Operations (GENSO) 
is being developed. GENSO brings these individual ground stations together, to perform the task of 
communication with the satellites collectively. With the Internet as the communication backbone, GENSO has 
an Earth-bound communication medium to connect these ground stations together. This makes GENSO a 
collection of ground stations around the world, connected by the Internet, which together form a world-wide 
network for radio communication with educational satellites. GENSO aims to implement a communication 
system that makes fully transparent, 24-hour-a-day communication possible between an educational satellite 
anywhere above the Earth and at least one ground station somewhere on Earth.  
 
One prerequisite for communication between a ground station and a satellite is the availability of the orbital 
parameters of the satellite. The orbital parameters describe the shape and the size of the satellite orbit, the 
orientation of the orbit relative to the Earth, and the position of the satellite in that orbit in time. With these 
orbital parameters, the speed and velocity of the satellite can be predicted using an orbit propagator algorithm, 
which models the forces on the satellite. The position and velocity of the satellite are necessary for calculating 
the available communication windows for a certain ground station. Within the communication window, the 
calculated position of the satellite in time is used to point the directional antenna of the ground station towards 
the moving satellite. Within the same communication window, the calculated speed of the satellite relative to the 
ground station is used to set the correct radio frequency, because the high speed of the satellite causes a Doppler 
frequency shift to the radio signal. 
 
The orbital parameters are currently provided by NORAD (the North American Aerospace Defense Command), 
as so-called two-line element sets [5, 6] (mostly indicated as 'TLEs'), one set per satellite. The time-varying 
orbital parameters are defined relative to a reference time. Typically TLEs are updated daily, and are available 
free of charge.  
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1.2 Problem Statement and Research Questions: Orbit Determination with GENSO 

GENSO is fully dependent on the TLE data provided by NORAD, but this source of regularly updated TLEs is 
uncertain in the long term, and may be rescinded [7]. If NORAD stops providing TLEs to GENSO (or to the 
public in general), the GENSO system will stop functioning after a few weeks time. However an orbit of a LEO 
satellite will normally not change instantaneously, atmospheric drag and the forces of the oblate Earth [4], will 
cause the orbit of the satellite to change only slightly over time. Normally these changes are handled with the 
regular update of TLEs, although when NORAD stops providing new TLEs, another source for providing the 
TLEs has to be found. 
 
With the unsure provision of TLEs into the future, and a global reception network like GENSO in place, the 
problem statement of this thesis is "To what extent is it possible to perform orbit determination with GENSO 
itself, using the received signals from the satellites?" To solve this problem statement, a number of research 
questions have to be answered. 
 
Because GENSO is not operational yet, a simulation model of GENSO has to be developed to test different 
approaches for orbit determination with GENSO in theory. To create such a simulation model, the first research 
question to be answered is "Which characteristics of LEO satellite communication with GENSO have to be 
modelled to test orbit determination approaches, and how can the quality of the determined orbit be tested?". 
 
GENSO is a system designed for the worldwide communication with low-Earth orbit satellites, where the 
position and velocity in time of a satellite is determined by an orbit propagator algorithm called SGP4 [8], with 
an up-to-date TLE as the input. The communication with the satellites is performed by relatively low-end ground 
stations, also including homemade amateur radio stations. Although this configuration performs well for 
communication with the cubesat satellites, it is far from perfect for the task of orbit determination. Although 
more suitable systems are available for performing orbit determination [4, 6, 9], the second research question is 
"How can the relatively low-end communication resources of GENSO be used for the task of orbit 
determination?". 
 
To perform orbit determination, signals transmitted from the satellites must be used. In the case when TLEs are 
not provided anymore, a different strategy has to be developed to receive signals from the satellites with 
GENSO. Because GENSO is designed to know where a satellite is, based on a known TLE, this principle does 
not work anymore when no TLE is available. GENSO ground stations do not know where to point the antennas 
to anymore, and to what frequency the radios must be tuned. This brings the third research question, "Which 
strategies have to be used to still receive satellite signals when no, or an inaccurate, TLE is available?". 
 
When finally, (1) a simulation model has been developed, (2) the low-end communication resources are used, 
and (3) a way to use GENSO ground stations without (precise) TLEs has been found, the fourth research 
question is "How can TLEs be generated out of the observations made by GENSO?". A TLE is precise 
description of the orbit of a satellite, and the observations made for the orbit determination have to be converted 
into a TLE, in order to make it usable for GENSO. 
 
In this thesis, answers to all these four questions are given, in order to solve the problem statement. 

1.3 Thesis Outline 

After the introduction in Chapter 1, Chapter 2 ('Background') gives background information about the GENSO 
system, cubesats, and about orbits of LEO satellites, providing background information to answer the first, 
second, and fourth research question. Especially the parameters that describe a low-Earth orbit (LEO) are 
important, because they are frequently used throughout the document. Readers who are familiar with GENSO or 
low-Earth satellite orbits can skip these sections of the document. 
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In Chapter 3 ('Orbit Determination Problem'), the problems with performing satellite orbit determination by 
using GENSO are explained. In addition, existing orbit determination approaches are discussed briefly, together 
with the reasons why they cannot be used here. With that, the chapter derives answers to the first and second 
research question. 
 
Chapter 4 ('Orbit Determination with GENSO') describes the proposed methods how GENSO can be used for 
satellite orbit determination. It describes the different developed approaches, the problems that arise, and 
solution to these problems. Therewith, the chapter’s focus is on the second, third and fourth research question. 
 
Chapter 5 ('Experimental Setup') describes how the simulation system for orbit determination is modelled in 
such a way that statements about the functioning of the proposed orbit determination approaches in the real 
world can be made, which is input to the answer of the first research question. The ways of how different entities 
(like radio, satellite, antenna, etc.) are modelled are described, and the overall architecture of the simulation 
system is given. It also describes the experimental setup of how the developed approaches have been tested. 
 
The results of the methods described in Chapter 4, which are generated with the simulation model described in 
Chapter 5, are given in Chapter 6 ('Orbit Determination Results'). Different essential aspects of the satellites and 
GENSO are varied in several simulation experiments, to test the developed orbit determination methods, to give 
an answer to the problem statement. In 6.1, a part of the first research question is derived. 
 
Chapter 7 ('Discussion') gives an overall discussion of the results of performing orbit determination with 
GENSO, and therewith it discusses the answers to all four research questions. It also mentions some 
architectural impact issues, in case when the orbit determination methods developed here are actually 
implemented in GENSO. Finally some recommendations on future work with respect to orbit determination with 
GENSO are given. 
  
At last, a high-level description of the main conclusions of this research is given in Chapter 8 ('Conclusion'). It 
gives a conclusive answer to all research questions and the problem statement. 
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2. BACKGROUND 

In this chapter, background information about the GENSO system is given in 2.1, about cubesats in 2.2, about 
low-Earth satellite orbits in 2.3, and about how to predict the position and speed of a satellite into the future in 
2.4. Basic knowledge about the reception of radio signals from a satellite is given in 2.5. The topic of orbit 
determination itself is not touched upon here yet, this is described in Chapter 3 and further. 

2.1 GENSO 

GENSO stands for the Global Educational Network for Satellite Operations [10]. GENSO is a collection of 
radio stations around the world, connected by the Internet, which together form a world-wide network for radio 
communication with educational satellites. GENSO aims to implement a communication system that makes fully 
transparent, 24-hour-a-day communication possible between an educational satellite anywhere above the Earth 
and at least one ground station somewhere on Earth. These educational satellites perform scientific experiments 
in space, and transmit the results of the experiments back to Earth. From an organizational point of view, these 
educational satellites are not part of GENSO. A general description about the GENSO project can be found on 
the official GENSO website [1]. 
 
Normally, an educational satellite has only one corresponding ground station to collect data. Because of the 
typical low-Earth orbit of these satellites, the educational satellite will only be in reach of this ground station for 
a short period during a day. During the rest of the day the satellite is behind the horizon for that particular 
ground station, so a communication problem exists for the time the satellite is not within reach. Because several 
ground stations all around the world suffer from this communication problem, GENSO brings these ground 
stations together to perform the task of communication with the satellites collectively. 
 
Furthermore, new satellites being built in the future can make use of GENSO, without the need for setting up a 
new ground station. This makes that satellite builders can fully focus on their task of building a satellite, without 
spending valuable time on building a ground station. This makes GENSO unique in the world of educational 
satellites. 
 
The ground stations of GENSO are part of a larger GENSO architecture. The term 'ground station' that is used 
in this thesis actually refers to the 'Ground Station Server' entity in GENSO. The GENSO network comprises  
three different types of entities, (1) Ground Station Servers (GSSs), (2) Mission Control Clients (MCCs), and 
(3) Authentication Servers (AUSs). As schematically shown in Figure 2.1, an MCC is the owner of a satellite, 
and uses GSSs to communicate with their satellite. Communication within the GENSO network is only possible 
after permissions are set by an AUS. All GENSO entities use the Internet as the communication backbone. 
MCCs can 'book' passes for their satellite at GSSs, where the data collected from the passes are reported back 
by means of 'pass-reports'. Details about the architecture of GENSO, can be found in the GENSO Software 
System Specification [11]. 
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Figure 2.1: Simple schematic of the GENSO architecture 
(Taken from [11]) 

 
From an organizational point of view, GENSO is a project coordinated by the European Space Agency (ESA) 
Education Office - Projects Unit (LEX-EP), under the auspices of the International Space Education Board 
(ISEB). The design and implementation work in GENSO is being carried out by a distributed set of student and 
Amateur Radio teams worldwide, coordinated by LEX-EP. Therefore, GENSO refers to the radio, computer and 
software structure, as well as the people working in the GENSO project. 
 
At the time of writing, GENSO is not operational yet, but the first public release of the system is planned for the 
second half of 2010. Despite this, it has already delivered multiple scientific outputs [12-16] by students 
working on GENSO. 

2.2 Cubesats 

In the last few years, small educational satellites called cubesats [2] appeared and became very popular among 
space-oriented universities [3]. Cubesats are in a class of small research spacecraft called pico-satellites, with a 
size of only 10 x 10 x 10 cm. Typically cubesats are launched into near-circular, low-Earth orbits (LEO) [4], 
with a height of about 500 to 800 km above the Earth. To stay in orbit they travel at speeds where they circle the 
Earth about 14 times a day. Most of the educational satellites that are tracked by GENSO are cubesats. 
 
Cubesats mainly serve as a study project, to carry out (scientific) experiments in space, and transmit the results 
of the experiments back to Earth. The main reason for building satellites according to the cubesat standard [2] is 
the ease of launching them as a secondary payload using standard equipment on a launch vehicle (rocket), and 
therefore the relatively low price for launching. Because of their simplicity, in general cubesats have no thrusters 
to perform active orbit corrections in space. Figure 2.2 shows a picture of the Compass-1 cubesat, built by 
students of the University of Applied Sciences Aachen, Germany.   
 
The communication capabilities of cubesats are limited. The small surface of a cubesat does not permit to have 
large solar panels, so the energy for powering the electronic equipment, including the transmitter, is limited. 
Typically, antennas for transmitting data back to Earth are small, and power levels of the radio transmitters of 
cubesats are in the range of 100 mW to 1 W. 
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Figure 2.2: Picture of the Compass-1 cubesat (engineering model) 
(Picture taken at the AMSAT-DL Symposium 2010 in Bochum, Germany) 

 
Cubesats mainly use UHF frequencies (around 435 MHz) for transmitting data back to Earth [3], the so-called 
downlink. These frequencies fall into the UHF satellite Amateur Radio frequency band, causing a close 
collaboration between the Amateur Radio and the cubesat community [17]. The Amateur Radio community is a 
community of people ('radio amateurs') who have 'radio' as their hobby, and where a radio licence is required to 
do transmissions. Radio amateurs who are interested in radio via satellites are often member of the AMSAT 
community. 
 
The cubesat community, which builds and operates cubesats, consists of people from universities, from the 
AMSAT community and, for example, from ESA (the European Space Agency), because ESA is sponsoring 
cubesats. The cubesat community organizes regular cubesat workshops where the latest developments are 
presented and discussed. 

2.3 Low-Earth Satellite Orbits  

The low-Earth orbits of cubesats are described here. First, in 2.3.1, two coordinate systems are described, one 
that defines the low-Earth satellite orbits and one that defines the observations made from ground stations. The 
way to define the low-Earth satellite orbits, by means of orbital parameters and by using a theoretical model, is 
described in 2.3.2. The way in which a satellite is observed from the point of view of a ground station is 
described in 2.3.3. The differences between the theoretical model of the satellite orbit and the real-world 
behaviour is described in 2.3.4, followed by two definitions of a 'day' in 2.3.5. 

2.3.1 Coordinate systems 

Among the many coordinate systems that exist in relation to satellite orbits, two systems are important to the 
orbit determination problem described in this thesis, which are the 'Geocentric-Equatorial Coordinate System' 
and the 'The Topocentric-Horizon Coordinate System'. 
 
The Geocentric-Equatorial Coordinate System 
Before explaining how a satellite orbit can be described, first a coordinate system is defined as a reference. 
Because of the three-dimensional space in which satellites move, a three-dimensional coordinate system is 
required.  
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In order to define the three-dimensional coordinate system, the following definitions have to be made: 
1. The origin of the coordinate system. 
2. The fundamental plane of the coordinate system. 
3. The principle direction. 
4. The direction of the Z-axis (the Z-axis is always perpendicular to the fundamental plane). 

 
The most commonly used coordinate system for Earth-bound satellite orbits is the Geocentric-equatorial 
coordinate system [9] (Figure 2.3). The origin of this system is at the Earth's centre (hence the name geocentric). 
The fundamental plane of this system is the plane through the Earth's equator (hence geocentric-equatorial). The 
system has Cartesian coordinates, so the fundamental plane contains both the X-axis and Y-axis. The direction 
of the X-axis, the principal direction, is defined as constant in space, and points to the vernal equinox. This 
vernal equinox is the direction from Earth's centre to the Sun, on the first day of spring (on the Northern 
Hemisphere). The Z-axis is (always) perpendicular to the fundamental plane, and is defined at the North Pole as 
positive. This coordinate system is also referred to as the Earth-centred inertial (ECI) system. 
 

 
 

Figure 2.3: Geocentric-equatorial coordinate system 
(Adapted from [9]) 

 
It is important to realize that this coordinate system is fixed to the stars, not to the Earth, because the X-axis is 
pointing to the vernal equinox. Therefore, the Earth is rotating in this coordinate system around the Z-axis at 
about one revolution per day, in the direction as indicated in Figure 2.3. 
 
The Topocentric-Horizon Coordinate System 
Besides the geocentric-equatorial coordinate system, which has the Earth as the origin, also a topocentric 
coordinate systems exist, which has a point on the surface of the Earth as the origin. The topocentric-horizon 
coordinate system is shown in Figure 2.4, with a ground station as the origin. The fundamental plane in this 
system is the local horizon. The principle direction (Xh-axis) is south, the Yh-axis is pointing east and the Zh-axis 
is pointing up.  
 
A special kind of polar coordinates [18] is used with the topocentric-horizon coordinate system. The azimuth 
(Az) can be compared with the right ascension α, but measured from the North clock-wise. The elevation (El) 
can be compared with the declination δ, but measured from the local horizon upwards. The distance r between 
the ground station and the satellite can finally be compared with the distance r in polar coordinates. 
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Figure 2.4: Topocentric-horizon coordinate system 
(Adapted from [9]) 

 
The topocentric-horizon coordinate system is very convenient for defining satellite observations at ground 
stations, because it is an Earth-fixed coordinate system. Observations can be expressed in azimuth and elevation 
directions for that particular ground station.  

2.3.2 Orbital Parameters 

In this paragraph, a way to describe the orbit of a satellite is presented. In principle, a satellite orbit always has 
an elliptical shape, and because the main force on a low-Earth orbit satellite is Earth's gravity, the elliptical orbit 
lies in an orbital plane that goes through the centre of the Earth.  
 
By making some simplifying assumptions about the force model for a satellite's orbit, the complexity of 
describing a satellite's orbit is reduced largely. The most important assumptions are: 

1. The Earth and the satellite orbiting Earth are spherically symmetric with a constant mass density. This 
makes it possible to treat both masses as point masses, with their masses concentrated at their centres. 

2. The satellite is subjected to no other force than Earth's gravity. 
3. The mass of the satellite is negligible to the mass of the Earth. 

 
After making these three assumptions, the remaining problem of describing the orbit of a satellite is known as 
the (unperturbed) two-body problem [9]. In this two-body problem, the orbit of a satellite is exactly an ellipse 
with the Earth as one focus. This ellipse lies in a fixed plane that goes through the centre of the Earth. The 
satellite itself moves in the ellipse with such a speed that the line joining the satellite to the centre of the Earth 
sweeps out equal areas in equal times (Kepler's second law). 
 
In reality, the simplifying assumptions about the orbit of a satellite that are made above are not completely true. 
The extra perturbations on a satellite that do exist in reality are described in 2.3.4. First, a way of describing the 
orbit by means of six orbital parameters, without the extra perturbations, is given here. Because in the two-body 
problem model, a satellite orbit can be described as an ellipse that stays fixed in a non-moving plane through the 
centre of the Earth, the following definitions are made about the orbit, that are explained further below. 
 

1. The size of the orbit - the size of the ellipse. 
2. The shape of the orbit - the shape of the ellipse. 
3. The orientation of the orbit in space - the orientation of the non-moving plane in space. 
4. The orientation of the orbit – the orientation of the non-moving plane in space. 
5. The position of the satellite in time - the position on the ellipse in time. 
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Size and shape of the orbit 
In Figure 2.5, the orbital ellipse is shown, which lies in the plane through the centre of the Earth (the geo-centre). 
The centre of the Earth is in one focus of the ellipse. 
 

 
 

Figure 2.5: Geometry of the orbital ellipse for an Earth-bound satellite 
(Adapted from [19]) 

 
This ellipse defines the shape and size of the orbit. The following terms and equations apply to this ellipse: 
Distance a is called the semi-major axis, the distance 2a the major axis. 
Distance b is called the semi-minor axis, the distance 2b the minor axis. 
Distance c is the distance from the origin to one focus, in this case the distance from the origin to the centre 

of the Earth. 
The basic mathematical equation for an ellipse does apply: a2 = b2 + c2. 
The eccentricity e is defined as e2 = 1 - (b/a)2. 
The radius of the Earth is called R, the distance from the satellite to the centre of the Earth is called r. 
The point where the distance from the satellite to the centre of the Earth is maximal is called the apogee, the 

minimum distance the perigee. 
The apogee and perigee distances can be calculated, ra = a(1 + e), rp = a(1 - e). 
The point where line r intersects the surface of the Earth is called the sub-satellite point. The movement in 

time of this point creates the so-called ground track of the satellite.  
 
Six parameters are described (a, b, c, e, ra and rp), where any two can be used to define the orbital ellipse. The 
semi-major axis a and the eccentricity e are used often in practice. 
 
The velocity of the satellite in the orbit can also be expressed in terms of size and shape of the orbit, because the 
velocity of an Earth-bound satellite only depends on its distance to Earth. The larger the distance from the Earth, 
the less the velocity of the satellite is. The velocity can be calculated by Equation 2.1. 
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2MGv2           [Eq. 2.1] 

where 
 v =  magnitude of the velocity in m/s 
 G =  gravitational constant, 6.67259 · 10-11 m3kg-1s-2 [4] 
 M =  Earth's mass, 5.974 · 1024 kg [4] 
 µ =  G · M = 3.98600405 · 1014 m3s-2 [4] 
 r =  distance between the satellite and Earth's geo-centre in m 
 a =  semi-major axis of satellite orbit in m 
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The orbital period and the size of the orbit are also related, as expressed by Equation 2.2. 
 

3
2

2 a4T 



             [Eq. 2.2] 

where 
 T = orbital period in s 

µ =  3.98600405 · 1014 m3s-2 
a =  semi-major axis of satellite orbit in m 

 
Closely related to the orbital period is the mean motion (MM), which is used in a TLE to indirectly specify the 
size of the orbit. The mean motion is defined as the number of revolutions (perigee to perigee) completed by a 
satellite in one day. The relation between the orbital period in minutes and the mean motion is defined by 
Equation 2.3. 
 

T
MM 86400

             [Eq. 2.3] 

 
where 

86400 = number of seconds in 24 hours 
T =  orbital period in s 
MM = mean motion in revolutions per solar day 

 
Orientation of the orbital plane 
After the shape and size of the orbit have been defined, the orientation of the orbital plane in space will be 
defined. Because the orientation is in the three-dimensional space, two parameters are used to fix the orbital 
plane in space, relative to the geocentric-equatorial coordinate system. The first parameter, the inclination (i), is 
the angle between a line perpendicular to the orbital plane (defined according to the Right-hand rule [20]) and 
the Z-axis in the geocentric-equatorial coordinate system, as shown in Figure 2.6.  
 

 
 

Figure 2.6: Orbit inclination (i) 
(Adapted from [19]) 
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The inclination can vary from 0 to 180 degrees. An inclination of 0 degrees means that a satellite is always 
flying above the equator, which is the case for geo-stationary satellites. An inclination of 90 degrees means that 
the satellite will always fly over the poles for each orbit. It is defined that, for an inclination between 0 and 90 
degrees, the satellite moves in the same direction as the motion of the Earth (and is called a direct orbit), where 
as for an inclination between 90 and 180 degrees the satellite moves against the motion of the Earth (and is 
called a retrograde orbit). 
 
Before describing the second parameter to define the orientation of the orbital plane in space, another definition 
has to be given first. The point where the satellite passes the equatorial plane from the southern hemisphere to 
the northern hemisphere is called the ascending node. Correspondingly, the point where the satellite passes the 
equatorial plane from the northern hemisphere to the southern hemisphere is called the descending node. In 
Figure 2.7, the descending node is indicated, and the ascending node lies behind the Earth. Finally, the line of 
nodes is the line joining both the ascending and descending nodes, which is also the intersecting line between the 
equatorial X-Y plane and the orbital plane, which goes through the centre of the Earth. 
 
Therefore, the second parameter to define the orientation of the orbital plane in space is a parameter that 
specifies the rotation of the orbital plane around the Z-axis of the geocentric-equatorial coordinate system. This 
second parameter is the right ascension of the ascending node (Ω) (often abbreviated to RAAN). The RAAN is 
the angle in the fundamental plane between the vernal equinox and the line joining the ascending node and the 
origin, measured counter clockwise when viewed from the side of the positive Z-axis. This RAAN angle is called 
Ω. 
 

 
 

Figure 2.7: Right ascension of the ascending node (Ω) 
(Adapted from [19]) 

 
The orientation of the orbit in the non-moving plane in space 
Until now, the size and shape of the orbit and the orientation of the orbital plane in space have been defined. 
These two definitions are now brought together by defining how the orbit is positioned in the orbital plane. 
 
From the two-body problem model, it is known that the centre of the Earth is one focus of the orbital ellipse, 
which is also the origin in the geocentric-equatorial coordinate system. That means that the only orientation left 
is the rotation of the orbit around the origin in the orbital plane. 
 
The next parameter to be defined is the orientation of the elliptical orbit in the orbital plane, which is the 
question in which direction the perigee and apogee are pointing. This orientation is defined by the argument of 
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perigee (ω), which is defined as the angle, in the orbital plane, between the ascending node and the perigee, 
measured in the direction of the satellite's motion (and can therefore have a value between 0 and 360 degrees). 
The argument of perigee (ω) is shown in Figure 2.8, where it has a value of approximately 315 degrees. 
 

 
 

Figure 2.8: Argument of perigee (ω) and true anomaly 
(Adapted from [19]) 

 
The position of the satellite in time 
After defining the size and shape of the orbit and its orientation in space, only the position of the satellite in that 
orbit has yet to be defined. In contrast to the previously defined orbit parameters, which remain unchanged in 
time (for the unperturbed two-body problem), the position of the satellite changes over time. Therefore the 
position of the satellite at a certain point in time is given, where the actual position for other points in time have 
to be calculated. 
 
The last parameter is the true anomaly at epoch. This is the angle, in the orbital plane, between perigee and the 
position of the satellite at a particular point in time (called the epoch), measured in the direction of the satellite's 
motion (see Figure 2.8). The mean anomaly at epoch is actually used to define the position of the satellite in 
time in a TLE. The mean anomaly is what the true anomaly would be if the satellite moved with constant speed 
along a perfectly circular orbit (with an eccentricity equal to zero) around the Earth in the same time. Just as for 
the true anomaly, the mean anomaly is equal to 0 in the perigee and 180 degrees in the apogee, but at other 
points along the satellite's orbit the true and mean anomalies are not equal to one another. The difference 
between the true and mean anomaly is caused by the effects of Kepler's second law, which causes that the line 
joining the satellite to the Earth sweeps out equal areas in equal times, and not equal degrees in equal times. 

2.3.3 Satellite Observation from a Ground Station 

From the point of view of a ground station, it is important to know when a satellite is within reach. Today, many 
prediction and tracking software programs are available to calculate when a satellite will be within reach (when 
there is a satellite pass). In the figures 2.9, 2.10 and 2.11, three graphical views are shown from one of the many 
available prediction and tracking software packages, in this case Orbitron [21]. 
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Figure 2.9: Satellite ground track for one revolution (including actual footprint) 
(Source: Adapted from Orbitron [21]) 

 
In Figure 2.9, the ground track of the DELFI-C3 satellite is shown, which is the sub-satellite point projected on 
the world map over some time, here for one revolution of the satellite. In this figure, a future ground track is 
shown. The footprint of the satellite is also shown, the area on Earth were the satellite is within reach (can be 
'seen') at a certain point in time. For locations on the outer line of the footprint the elevation is 0 degrees, where 
as for the location on the dot the elevation is 90 degrees. 
 
For typical LEO satellites, the satellite can be observed by a ground stations for three to four consecutive passes, 
after which the satellite will be out of reach of the ground station for many hours. This is the result of the 
Earth’s rotation, which 'moves' the ground track westwards. In Figure 2.10, a ground track of three future 
revolutions of the satellite is shown, where the westward ground track movement in time is clearly noticeable. 
 
For a ground station, the point in time where the satellite, during a pass, just appears above the horizon is called 
the Acquisition of Signal (AOS), as the point where the satellite just disappears behind the horizon is called the 
Loss of Signal (LOS). For both the AOS and LOS the elevation of the satellite observation is 0 degrees. The 
point where the satellite is closest to the ground station is called the Time of Closest Approach (TCA). At the 
TCA, the elevation is the highest of the entire pass, but seldom 90 degrees, because the satellite will only seldom 
fly exactly straight over the ground station. 
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Figure 2.10: Satellite ground track for three revolutions (including actual footprint) 
(Source: Adapted from Orbitron [21]) 

 
Figure 2.11 shows a sky plot [6] of a satellite pass. In a sky plot, the ground station on Earth is located in the 
middle of the plot. The horizon (elevations of zero degrees) is the outer circle, where the middle is 'straight up' 
(an elevation of 90 degrees). The line, from the AOS via the TCA to the LOS, indicates the path of the satellite 
along the sky, seen from the ground station. In this case, the satellite appears (the AOS) in the South-East, 
passes over and disappears (the LOS) in the North. 
 

 
 

Figure 2.11: Satellite sky plot for a satellite pass 
(Source: Adapted from Orbitron [21]) 
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2.3.4 Perturbations 

As described in 2.3.2, the (unperturbed) two-body problem is a simplified model of the real orbit. Here the major 
deviations from the perfect model are described. 
 
As a first approximation, it is reasonable to treat the Earth as spherically symmetric with a constant mass 
density. For a single orbit, this will work, but for long-term predictions, this is inadequate. Earth is in reality not 
exactly spherical, but oblate. At the poles, it is a bit flattened, and at the equator, it is a bit wider. A better 
approximation for the shape of the Earth is to give the sphere an eccentricity of 0.08182, where the radius at the 
poles is 6357 km and the radius at the equator 6378 km. More precise models are available (like the World 
Geodetic Systems WGS72 and WGS84 [4]), but this model is a reasonable approximation. Looking only at the 
eccentricity, it is less bad to treat near-circular orbits (e = 0.00116681 for example) as circular, than treating the 
oblate Earth (e = 0.08182) as spherical. 
 
The oblate Earth affects the unperturbed two-body calculations in several ways: 
Because the mass distribution of the Earth changes with changes in latitude [19], the velocity of the satellite 

changes also due to additional forces on the satellite. 
A position on the surface of the Earth is slightly different for a spherical Earth compared to an oblate Earth. 

This will affect the pointing accuracy of a ground station. In practice, these errors will only be small 
fractions of a degree, which is not noticeable for a GENSO ground station. 

The oblate shape causes a change of the argument of perigee over time (see below). 
The oblate shape causes a rotation of the orbital plane about the Earth's North-South (N-S) axis over time 

(see also below).  
 
Due to the equatorial bulge of the Earth, the argument of perigee will change over time. This means that the 
ellipse stays in the same orbital plane, but the ellipse itself will rotate along the geo-centre. The rate of 
precession (variation), also called the apsidal rotation, is given by Equation 2.4.  
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          [Eq. 2.4] 

 
where  

dω/dt = rate of change of argument of perigee in degrees / day 
Requator = mean equatorial radius of the Earth = 6378 km 
a =   semi-major axis of the satellite orbit 
i =  inclination 
e =  eccentricity of the satellite orbit 

 
A specific case should be noted, when (5·cos2i - 1) equals zero, the change of the argument of perigee over 
time is zero. This happens for inclinations of 63.4 degrees. Another case which should be noted, is when e = 0, a 
circular orbit. Although the argument of perigee is not defined for a circular orbit, the orbit itself will still have a 
rotation as defined in Equation 2.4. 
 
Due to the equatorial bulge of the Earth, the right ascension of the ascending node will also change over time. 
This means that the orbital plane itself rotates around Earth's N-S axis. The precession (rate of change) of the 
orbital plane about Earth's N-S axis, also called the nodal regression, is given by Equation 2.5. 
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where 

dΩ/dt = orbital plane precession rate in degrees / day 
Requator = mean equatorial radius of the Earth = 6378 km 
r =   distance between geo-centre and satellite 
i =  inclination 
e =  eccentricity of the satellite orbit 

 
Besides the influence of the oblate Earth, for low-altitude orbits the atmospheric drag is also a major perturbing 
force on the satellite. Atmospheric drag is increasing with the frontal surface area of the satellite and its velocity. 
Atmospheric drag causes the satellite to spiral downwards to Earth, where according to Equation 2.1 the velocity 
will increase. Higher solar activity causes increased atmospheric density and greater drag on the satellite. 
Because of the small surface area, cubesats are less influenced by atmospheric drag than other satellites, which 
have for example a larger solar panel surface area. 
 
These perturbations, and even more, are modelled (taken into account) in detail in the so-called SGP4 model [8, 
22, 23], which will be explained in 2.4. 

2.3.5 Solar and Sidereal Day 

For the orbit determination computations, it is important to distinguish between solar and sidereal days. 
Normally when the term 'day' is used, the period of 24 hours is meant (which is 1440 minutes). This is the solar 
day, the time the Earth rotates around its axis such that the Sun is always on the same meridian at the same time 
every day. 
 
Because the Earth also orbits around the Sun (one revolution in one year), the Earth rotates slightly more than 
360 degrees during a solar day, in order to keep the Sun always at the same meridian every day. This 
phenomenon is shown in Figure 2.12, where a solar day starts at A and ends at C, where a meridian on Earth is 
pointing to the Sun again.  
 

 
 

Figure 2.12: Relation between solar and sidereal time 
(Adapted from [19]) 

 
The time for the Earth to rotate exactly 360 degrees is known as the sidereal day. In Figure 2.12, the sidereal 
day starts like the solar day at A, but ends at B, when the Earth rotated 360 degrees. One solar day lasts exactly 
24 hours (=1440 minutes), where a sidereal day lasts 23h56m4s.091[4], which is approximately 4 minutes 
shorter than a solar day.  
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2.4 TLEs and SGP4 Orbit Propagation 

Prediction of the future positions of satellites is essential for satellite communication. Without information about 
where and when a satellite will pass by, and at what speed, reception of data from a satellite is simply not 
possible. To perform these predictions, prediction models are available, and in GENSO, the 'SGP4' model is 
used for this. This model is a piece of software (based on a set of equations) that models a satellite orbit, and is 
therefore capable of predicting the future position of the satellite. This prediction is also called propagation, 
because the software starts with an initial position of the satellite, and propagates the position and speed into the 
future. The SGP4 model is part of a family of commonly used satellite orbit models, the Simplified General 
Perturbations (SGP) model series, which were developed in the 1970's by the US Air Force. These series model 
for example atmospheric drag on the satellite, the effect of the oblate Earth, and the influence of gravity of the 
Sun and Moon on the orbit of the satellite. 
 
The name Simplified General Perturbations model can be explained as follows. "Simplified" is referring to some 
simplifications that were made to modelling atmospheric drag and gravitational forces. Although the SGP 
models are high-precision models for the kind of use of GENSO, they are of low-precision compared to other 
satellite orbit models [24]. "General" is referring to the fact that general perturbations are modelled instead of 
special perturbations [24]. Overall, the SGP model gives about 1 km accuracy over a short (a few days) 
propagation time. As the time is extended, accuracy goes down as the complexities of the SGP models are 
inadequate and other, un-modelled, perturbations start to play a bigger role. 
 
The SGP4 model will be taken 'as is' in this thesis, no details of the equations the SGP4 model are described 
here. This is because (1) satellite prediction in GENSO uses an existing SGP4 library, and (2) the details of the 
SGP4 model fall more into the field of astrodynamics than in the field of computer science. A detailed 
description of the SGP4 model can be found in "Spacetrack report No. 3" [8], although a more descriptive 
overview is given in "The history of Analytical Orbit Modelling" [22]. An overview of the changes made to the 
SGP models since the first version was issued is given in "Revisiting Spacetrack Report #3" [23]. 
 
The SGP4 model takes so-called two-line elements (TLEs) as the input for the orbit prediction. TLEs are two 
lines of text data that are frequently issued to the public, and contain the latest orbital parameters of a satellite. 
These TLEs are currently provided by NORAD (the North American Aerospace Defense Command), one per 
satellite. Typically TLEs are updated daily, and are available free of charge. 
 
In practice, the SGP4 model is used to predict when a satellite is in range of a ground station and what the real-
time position is, in order to track the satellite with an antenna. The Doppler shift [19, 25-27] (see also 2.5) can 
be determined by calculating the speed of the satellite relative to the ground station. The SGP4 model is 
integrated into satellite prediction programs like, for example, Orbitron [21], SatPC32 [28] or NOVA [29]. 
These prediction and tracking software applications use TLEs provided by NORAD as the initial parameters for 
the propagation calculations, and have automatic update functionality to get the latest TLEs. Many stand-alone 
software versions of SGP4/SDP4 are also available. The original source code was provided in Fortran [8], but 
implementations in Pascal and C became available later. A Java version, which is both used in the GENSO 
project, and in the simulation model in this orbit determination project, is available [30] as open-source. 
 
When using TLEs from NORAD, it is important to realize that not just any prediction model can be used. The 
elements of the NORAD TLEs are mean values, which were obtained by removing periodic variations in a 
particular way (the 'SGP4 way'). To get the most precise prediction results, it is important that these variations 
will be reconstructed in the same way as they were removed. When the SGP4 model is used, these optimal 
results are achieved [8]. For satellite prediction in GENSO, this high precision is not necessary to correctly 
predict and track the satellites.  
 
In Figure 2.13 a TLE is shown of the CP6 cubesat from the California Polytechnic State University which was 
launched on May 19th 2009 [31]. The six main orbital elements can be found in the second line of a TLE, and 
the epoch reference time in the first line.  
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                               epoch 
         1 35004U 09028D   09156.84140383  .00003395  00000-0  87986-4 0   154 
         2 35004 x40.4627 308.3133 0027431 x81.4359 278.9560 15.39970114  2598 
                   incl     RAAN      e    argofper   MA         MM 
 

Figure 2.13: A two-line element set (TLE) of the Polysat CP6 cubesat 
The abbreviations above and below the TLE 

 indicate the positions of the main orbital parameters in the TLE 
 
In Table 2.1 an overview is given of these six main orbital parameters, their values in the given TLE, in which 
columns of the second line of the TLE they can be found, and how they relate to the orbital parameters described 
in 2.3.2. 
 
Element in TLE Value Columns Relation to orbital parameters 
Inclination 40.4627 degrees 9-16 Inclination i 
Right ascension of the 
ascending node 

308.3133 degrees 18-25 Right ascension of the ascending node Ω 

Eccentricity 0.0027431 27-33 Eccentricity e 
Argument of perigee 81.4359 degrees 35-42 Argument of perigee ω 
Mean anomaly 278.9560 degrees 44-51 Mean anomaly (MA) 
Mean motion 15.39970114 

revolutions per day 
53-63 Semi-major axis a. See 2.3.2 for their mutual 

relationship, Equations 2.2 and 2.3. 
 

Table 2.1: Main orbital elements in a TLE 
 
The epoch defines the time to which all of the time-varying fields in the TLE are referenced. In the first line of 
the TLE, the last two digits of epoch year can be found in the columns 19-20 (in this case "09"), and the day of 
the year and fractional portion of the day for the epoch can be found in columns 21-32 (in this case 
"156.84140383"). In this TLE is referred to 19 May 2009. All details of the TLE data format data can be 
found in Appendix A, or in other literature [5, 6, 8, 23]. 
 
One source of NORAD TLE data is the celestrak website (http://www.celestrak.com) ran by Dr. T.S. Kelso. 
From the URL http://www.celestrak.com/NORAD/elements/ the latest TLEs are freely available. Although 
generally 'NORAD' is used as the source of the TLE data, actually the Joint Space Operations Center (JSPOC) 
within the Cheyenne Mountain Operations Center (CMOC) produces the TLE data [23]. 

2.5 Satellite Reception Principles 

Up until now, the term ground station was used as the entity that receives radio signals from satellites. Here the 
essential characteristics of such a ground station are described, with respect to receiving data from LEO 
satellites. To receive radio signals from the satellites that will be monitored by GENSO, radio equipment is 
necessary. The typical and most important radio equipment consists of the following items. Most of them are 
schematically depicted in Figure 2.14. 
A receiver. This receiver (or radio) is able to receive the frequency on which the satellite transmits. When 

the receiver is combined with a transmitter, it is called a transceiver. The radio must have the reception 
(modulation) mode that is necessary to decode the satellite signals.  

A modem is needed when digital signals have to be demodulated. This modem is connected between the 
receiver and a computer. The signals between the receiver and the modem are typically audio-based, the 
signals between the modem and the computer are typically digital (RS-232 for example). 

An antenna is needed to receive the radio signals. In principle, every frequency (band) requires its own 
antenna. Directional antennas are used, which have extra gain in the main direction of the antenna, at the 
cost of antenna gain in other directions. 
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An antenna cable. This co-axial cable should have low losses, so that as much as possible signal picked up 
by the antenna will reach the receiver. 

A rotator is needed to point the antennas into the direction of the satellite. Rotation in both the horizontal 
plane (azimuth) as the vertical plane (elevation) is necessary. The predicted positions of the rotator are 
calculated by a software tracking program running on a computer (often the same as the modem is 
connected to). Via an electronic interface, the rotator is also controlled from that computer.  

 
Reception of radio signals from low-Earth orbit satellites by a ground station is not trivial, and is schematically 
shown in Figure 2.14. This figure is used to explain the main reception principles. 
 

 
 

Figure 2.14: Principles of satellite reception 
 
A low-Earth orbit satellite will fly over a ground station during a pass, in which signals can be received when 
there are no obstructions between the antenna of the satellite and the antenna of the ground station. Various 
obstructions can be present, for examples houses and trees, or the satellite itself, in case the orientation of the 
satellite is not controlled correctly. The rotator moves the antenna of the ground station continuously towards the 
satellite, to make use of the maximum antenna gain, as the satellite also moves continuously relative to the 
ground station.  
 
The satellite transmits signals with an amount of signal power (Psatellite), which is reduced by the signal losses 
(Plosses) on its way to the antenna of the ground station. The signal received by the ground station antenna (Pground 

station) is transported to the receiver through the antenna cable. The demodulated radio signal is often fed into a 
modem, where a PC is used to perform further processing of the data. 
 
The receiver is able to demodulate data of a radio signal only if the frequency of the receiver matches the 
frequency of the satellite sufficiently. The frequency of the radio signal from the satellite (fsatellite) gets a Doppler 
shift (fDoppler shift) relative to the frequency of the receiver at the ground station (freceiver). This Doppler shift [19, 
25-27] is caused by the speed of the satellite relative to the ground station.  
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The way to determine the Doppler shifted frequency for a radio signal from a satellite is given by Equation 2.6: 
 

o
sat

rec
received f

vc
vcf 











            [Eq. 2.6] 

 
where 
 freceived =  received (observed) frequency by the ground station 
 fo =   transmitted frequency by the satellite 
 c =   speed of light, 3.00·108

  m/s 

vrec =   velocity of the ground station (receiver), in m/s 
vsat =   velocity of satellite, in m/s 

 
Both velocities, vrec and vsat , are defined in such a way that the received (observed) frequency is increasing when 
either the source is moving towards the observer or the observer is moving towards the source.  
 
The Doppler shift in time of a signal from a typical low-Earth orbit satellite is shown in Figure 2.15. The 
frequency transmitted by the satellite is indicated as f0, and the AOS, TCA and LOS points in time are indicated. 
The largest Doppler shift occurs at the AOS and LOS, where the relative speed of the satellite compared to the 
ground station is the largest. No Doppler shift is present at exactly the TCA, as the speed of the satellite relative 
to the ground station is zero. The Doppler shift change rate is the highest at the TCA, and the lowest at AOS 
and LOS. A constant adaptation of the frequency of the receiver is necessary, to be able to demodulate the data 
of the radio signals. 
 

 
 

Figure 2.15: Doppler curve in time of the LO-19 LEO satellite on June 7 2009 CET 
The dots on the curve indicate equidistant points in time. 
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3. ORBIT DETERMINATION PROBLEM 

Being able to predict a satellite's position and velocity is a prime condition to make use of that satellite. In order 
to establish communication between a ground station and a satellite, the availability of the orbital parameters is 
essential. The orbital parameters (also called orbital elements) describe the shape and the size of the satellite 
orbit, the orientation of the orbit relative to the Earth, and the position of the satellite in that orbit in time, as 
described in 2.3. For GENSO, the orbital parameters are currently provided by NORAD (the North American 
Aerospace Defense Command), as so-called two-line element sets [5, 6] (TLEs), one set per satellite. TLEs are 
updated daily, and are available free of charge. By obtaining these TLEs, the position and velocity of the 
satellites can be predicted, so GENSO is able to communicate with the satellites. 
 
GENSO is fully dependent on the TLEs provided by NORAD, but this source of regularly updated TLEs is 
uncertain in the long term, and may be rescinded [7]. If NORAD stops providing TLEs, GENSO will not be able 
to function, after a few weeks time. However, an orbit of a LEO satellite will normally not change 
instantaneously, atmospheric drag and the forces of the oblate Earth [4], will cause the orbit of the satellite to 
change only slightly over time. Normally these changes are handled with the regular update of TLEs, although 
when NORAD stops providing new TLEs, another source for providing the TLEs has to be found. In this thesis 
is described how GENSO is able to generate the orbital parameters by itself, by using GENSO as a system to 
perform orbit determination. In this chapter, the characteristics of GENSO are analyzed, compared to the 
characteristics of existing orbit determination systems. 
 
In 3.1 is described how low-Earth satellite orbits can be determined in general, and which methods are available. 
Then the comparison between those methods and the capabilities of GENSO is given in 3.2. This chapter is 
completed by a conclusion in 3.3, where also the preconditions that were taken for this research are summarized. 

3.1 Current Situation 

Currently, orbital parameters for satellites that will be tracked by GENSO, are determined by NORAD, and 
issued as TLEs. The time frames in which these TLEs are issued after a launch of a satellite, is described in 
3.1.1, together with the accuracy in the different time frames. A small introduction into existing orbit 
determination techniques in given in 3.1.2. 

3.1.1 Orbit Determination Time Frames 

Different time frames can be identified in relation to the precision of the orbital parameters, from the point in 
time where a satellite is launched, until the point in time where the satellite orbits around the Earth with known 
orbital parameters. In Figure 3.1, these stages are schematically shown, with the time shown in the horizontal 
direction. 
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Launch and Early Operations (LEOP) Operational Use

Launch provider NORAD NORAD

launch early operations operational use
Time

Precise
TLE satellite 1

Precise
TLE satellite 2

Precise
TLE satellite n

Anonymous TLEs:
'TLE lottery'

Approximate
TLE satellite 1

Approximate
TLE satellite 2

Approximate
TLE satellite n

 
 

Figure 3.1: Different stages in time, in relation to the precision of the orbital elements. 
 
Two major time frames can be distinguished: The Launch and Early Operations (LEOP) and the Operational 
Use. At the beginning of the LEOP time frame, the satellite will be launched from the launch site, and at the end 
of the launch trajectory, it will be put into its (final) orbit. Before launch, the launch provider will give a set of 
initial orbital parameters, which could be converted into an initial TLE. However, this initial TLE can have 
significant error margins, which makes it unsure if the initial TLE can be used directly for radio communication 
with the satellite. In Figure 3.1, these TLE sets are mentioned as 'approximate TLEs'. 
 
NORAD will provide the first TLEs most of the time within 24 hours after launch, but this depends if they were 
provided with detailed information about the launch in advance. In the case of a cubesat launch, often several 
cubesats are launched together, and will be put into orbit at almost the same time. Different TLEs are therefore 
provided by NORAD. In the first few days it is not mentioned which TLE set belongs to which satellite, because 
initially these cubesats are orbiting close together. This situation is mentioned in Figure 3.1 with 'anonymous 
TLE sets'. In the AMSAT community, the question of which TLE set belongs to which satellite is often referred 
to as the 'TLE lottery'. GENSO can easily determine the relation between the TLE sets and the recently launched 
cubesats, probably even faster than NORAD, as described in Chapter 4. 
 
After NORAD finally assigned the different TLEs to the individual cubesats, the process of issuing updated 
TLEs, with a frequency of around once a day, starts. The LEOP time frame ends here, and the continuous 
'Operational use’ time frame starts. The TLE sets provided in this time frame are mentioned as 'Precise TLE 
sets' in Figure 3.1. 

3.1.2 Existing Orbit Determination Techniques 

The principle of describing satellite orbits is dating back to 17th century. The study on planetary motion of 
Johann Kepler, based upon the observations of Tycho Brahe, finally resulted in 1609 in the famous three Kepler 
laws [9]. Actually, these laws only described the orbits, but did not explain why these laws hold. Almost 70 
years later, Isaac Newton published1 his famous three laws of motion, and his universal law of gravitation [9], 
which explain why planets have the orbits Kepler had described. The principle of planets orbiting the sun is also 
true for satellites orbiting the Earth. Since the world's first satellite (Sputnik) was orbiting the earth in 1959, a 
lot of improvement in satellite orbit determination has taken place. Today, highly accurate models are available 
[4, 6], even including the effect of Earth’s tides on a satellite orbit. 
 

                                                   
1 Newton published them, only because someone asked for it by accident! [9]  
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Most of the existing systems for orbit determination make use of radio signals from a satellite to determine the 
position and speed. For satellites without an active transmitter onboard, or when the transmitted signal from the 
satellite are not precise enough, radar is used. A well-known, high-power radar system called PAVE PAWS 
[32], is used by NORAD. It consists of three operational locations spread out over the United States of America. 
PAVE here stands for the Air Force program name, where PAWS stands for Phased-Array Warning System 
(PAWS). In exceptional cases, laser or imaging telescopes are used for orbit determination. 
 
In order to perform orbit determination, a ground station should be able to determine at least two of the 
following quantities about the satellite in space [9], relative to the ground station: 

1. The direction of a satellite, which is obtained by searching for the directions of the maximum signal 
intensity transmitted from the satellite. The direction is expressed as the azimuth and the elevation angle 
(see 2.3.1). 

2. The distance to the satellite, by measuring the round trip time of a radio (or radar) signal transmitted 
from the ground station.  

3. The velocity of the satellite, by measuring the Doppler shift of the reflected or (re-)transmitted signal. 
 
With these quantities of the satellite in time, the orbit of the satellite can be reconstructed with existing 
techniques [4, 6, 9], which is not explained here further. 

3.2 Orbit Determination with GENSO 

GENSO has both limitations and possibilities to perform orbit determination by itself. In 3.2.1, the limitations of 
GENSO as a system for orbit determination are given. Although GENSO has many of these limitations, 
possibilities are also present, which are discussed in 3.2.2. 

3.2.1 Limitations of GENSO for Orbit Determination 

At the end of 3.1.2 was mentioned that, in order to perform orbit determination, a ground station should be able 
to determine at least two of the three quantities of the satellite, relative to the ground station: the direction of the 
satellite, the distance to the satellite, and the velocity of a satellite. Strictly speaking, the currently designed 
GENSO can provide none of these three quantities. 
 
The direction of the satellite is the quantity that can be determined, but with a very poor accuracy. The precision 
of determining the direction of the satellite depends on the so-called beam width of the antenna (system). The 
maximum signal intensity will be received in the main direction of the antenna, where in other directions the 
intensity is reduced. A common way of expressing an antenna's beam width is the angle between the two points 
where the signal intensity is 3 dB2 below the intensity of the main direction. A small beam width is essential to 
make accurate angle observations (the azimuth and elevation angles). Because GENSO ground stations are 
designed for general satellite reception, and are made out of relatively low-cost antenna systems with typical 
beam widths between 20 and 30 degrees, accurate angle observations are not possible. 
 
In principle, the distance to the satellite cannot be measured at all in GENSO. Educational satellites are too 
small and simple to provide precise time-stamped radio signals from the satellite (the time it took a radio signal 
to travel from the satellite to a ground station, is a measure for the distance). GENSO ground stations are also 
not able to perform such precise time measurements, and 'round-trip-time' measurements (measuring the time it 
takes for a radio signal to travel back-and-forth from a ground station to a satellite) are therefore not possible 
too. 
 
The velocity of the satellite can be determined from the Doppler shift of the radio signals from the satellite, but 
no direct frequency measurements are possible in GENSO. GENSO is designed to calculate the receiving 

                                                   
2 Decibel, the ratio between two power levels, as explained in 5.1.4. 
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frequency of the satellite signal, and to set the frequency on the receiver, where no feedback with the real 
frequency is used. 
 
Besides the fact that it is not possible to perform direction, distance, or velocity measurements of the satellite, 
the main limitation for performing orbit determination with GENSO is an architectural reason: GENSO uses the 
predicted position and speed of the satellite, not the real (actual) values. The reception of signals from a satellite 
with GENSO is not performed by finding the best antenna pointing direction, and the best receiving frequency. 
By continuously measuring the signal intensity and adapting both the antenna pointing direction and the 
receiving frequency, optimal reception could be achieved. However, GENSO makes use of the relative high-
precision TLE data, together with the relative high precision orbit predictions by the SGP4 model. These 
predictions are so accurate, that the predicted antenna pointing direction and the receiving frequency are always 
good enough to receive signals from the satellite. 
 
A number of other factors that limit GENSO in performing orbit determination, but to a lesser degree, are 
summarized below. 
 Signal strength measurements are performed by the GENSO ground stations, but because these 

measurements are non-calibrated, no absolute comparisons can be made between the individual ground 
stations. This is caused by the fact that (1) the signal strength measurements themselves are not calibrated, 
but (2) even more because of the heterogeneous nature of the different ground stations.   

Rotators that point the antennas in the predicted direction of the satellite are relatively inaccurate. For 
example, a commonly used, low-end, G-5500 antenna rotator (Yaesu, Tokyo, Japan), has a specified 
pointing accuracy of +/- 4 percent. Another issue is that the rotators for GENSO ground stations are not 
designed for continuous use, so constantly searching for the best signal intensity of the satellite is not 
possible. 

A practical aspect is the non-continuous nature of transmission from the satellites. For different satellites, 
the frequency in which data is transmitted is different. In practice, it can vary from semi-continuous to once 
per minute. Although this is not a limitation of GENSO, it still limits GENSO in performing orbit 
determination.  

3.2.2 Possibilities of GENSO for Orbit Determination 

Despite the fact that all observations in GENSO are done based on the predicted position and speed of the 
satellite, and not on the real position and speed, GENSO will observe if signals are received for the predicted 
values, and with which signal strength these signals were received. This means that GENSO indirectly has 
information about the position and speed of the satellite. 
 
As a system to perform orbit determination, the strength of GENSO is that it is a world-wide, centrally 
coordinated, extendable, and open ground station network. 
Many GENSO ground stations will be located on many different places on Earth, and not only a few ground 

stations at a few places. The large amount of relatively low-resolution stations together, can generate large 
amounts of reception data, were random errors in the observations will average out if all observations are 
combined. 

Because all GENSO ground stations are connected by the Internet, the system is centrally coordinated. 
Being centrally coordinated has the advantage that the entire system can function as a whole, and the system 
can be optimized to a specific task, for example orbit determination. 

GENSO is designed to be extendable, both for new ground stations on new locations, and for new ground 
station functionality. New ground stations will improve the communication abilities in the future, as more 
people and institutions will join GENSO. 

New functionality enables GENSO to adapt to new techniques, by means of both new software and 
hardware. The software of GENSO will also become open-source, so all kinds of improvements are possible 
in the future. 
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The relatively low accuracy of the GENSO ground stations also has an advantage. Because of the low accuracy, 
GENSO does not require high-precision satellite predictions. As long as communication with a satellite is 
possible, no more precision of the satellite orbit is required. 

3.3 Conclusion 

Although GENSO has many limitations with respect to performing orbit determination as described in 3.2.1, in 
this thesis will show that orbit determination can be done with the available possibilities as described in 3.2.2. 
 
In principle,existing orbit determination techniques are not usable for orbit determination with GENSO, because 
no precise observations can be made by the relatively low-end communication resources of GENSO. Because 
GENSO is a world-wide, centrally coordinated, extendable, and open ground station network, these properties 
have to be used to perform orbit determination in an alternative way. Smart, non-standard methods are required 
to perform orbit determination with GENSO, which will be described in Chapter 4.  
 
Although various advanced methods for orbit determination are available, in this thesis the possibilities of orbit 
determination are explored, where GENSO is taken 'as is', a system designed for the world-wide communication 
with low-Earth orbit satellites, performed by relatively low-end communication resources. It is also assumed that 
the radio transmission frequency of the satellite is known, otherwise no reception of satellite signal is possible at 
all. 
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4. ORBIT DETERMINATION WITH GENSO 

This chapter describes the methods that are used to solve the orbit determination problem with the GENSO.  In 
the process of solving the orbit determination problem, two different modes for GENSO have been developed. 
These two different modes are explained in 4.1, together with the relationship between them, followed by an 
overall assumption about the satellite orbit. The detailed algorithms for the two orbit determination modes are 
described in 4.2 and 4.3. A method for handling multiple TLEs after a cubesat launch, in the case that they are 
provided by NORAD, is described in 4.4. 

4.1 Orbit Determination Approach 

Two factors are important for the developed approach to determine the orbits of LEO satellites with GENSO: 
1. The splitting up of the orbit determination into two parts, called modes. 
2. The assumption of a completely circular LEO satellite orbit 

 
First, the splitting up into two orbit determination modes is described in 4.1.1, followed by a description of how 
these modes are used together in 4.1.2. In 4.1.3 is discussed why a purely circular orbit is used as the orbit 
model for both the orbit determination modes. 

4.1.1 Orbit Determination Modes 

For solving the problem of orbit determination, two different orbit determination modes for GENSO have been 
developed: 

1. Static mode orbit determination 
2. Tracking mode orbit determination 

 
The first mode of the orbit determination is designed for the situation where no prior information about the orbit 
is available, except the frequency on which the satellite transmits. Due to the fact that signals from the satellite 
need to be received on almost the exact receiver frequency, and with the antenna roughly in the right direction, 
the only way to still receive information is to point the antenna up, tune on the non-Doppler-affected frequency, 
and wait till the satellite will be received at the time of closest approach (TCA). Because of the stationary 
position of the antenna and the fixed receive frequency, this first part of the orbit determination is called the 
static mode. The orbit determination algorithm of this mode will process the received data from the ground 
stations and generate an initial TLE. This processing is based on the analysis of the artificially generated ground 
track of the satellite. The static mode algorithm will be described in detail in 4.2. 
 
After the static mode analysis, the ground stations start to track the satellite using the initially generated TLE, so 
data will actually be received. The next step is to actively search for the even more precise values of the orbital 
parameters, by letting the system learn the correct parameters by means of a supervised learning algorithm. The 
algorithm varies the values of the different orbital parameters by means of issuing different TLEs, and analyzes 
the reception quality obtained with these different TLEs. Because the ground stations will track the satellite 
during the search algorithm, this next part of the orbit determination is called the tracking mode. The tracking 
mode algorithm will be described in detail in 4.3. 
 
In the case that NORAD does provide anonymous TLEs, as described in 3.1.1, a pseudo-mode can be identified, 
called the anonymous TLE assignment mode. In this mode GENSO will assign the anonymous TLEs to the 
corresponding satellites by testing which TLE fits best to which satellite, as will be described in detail in 4.4. 
This mode is a pseudo orbit determination mode, because no actual orbit determination is performed by 
GENSO. 
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In Table 4.1, an overview of the characteristic properties of the three orbit determination modes is given. First, 
for each mode is mentioned if there is a known TLE available for the orbit determination, followed by 
mentioning whether or not normal communication with the satellite is possible. The duration of the modes are 
also mentioned, together with the high-level principle of the orbit determination algorithm. 
 

Mode Usage of a 
known TLE 

Communication 
possible 

Duration  
of the mode 

Algorithm principle 

Static No Hardly any Hours to days Reconstruction 
Tracking Yes, varied ones Mostly Continuous Searching 
TLE assignment Partly Hardly any Hours Elimination 
 

Table 4.1: Overview of characteristic properties of the different orbit determination modes 

4.1.2 Orbit Determination Mode Transitions 

Here the two different orbit determination modes are placed in the total scope of the orbit determination process. 
The TLE assignment pseudo-mode is not mentioned here, because it has no relation with the static and the 
tracking mode. In 4.1.1, the static mode and the tracking mode orbit determination were explained briefly. Here, 
the relation between the two modes is presented, by describing under which conditions mode transitions will 
happen. In Figure 4.1 these mode transitions are depicted schematically in a state transition diagram with three 
states: 'Initial TLE creation', 'static mode orbit determination', and 'tracking mode orbit determination'. 
 

Static mode
orbit determination

Tracking mode
orbit determination

Launch Parameters

Launch successful

Initial TLE has tracking qualityInitial TLE has no tracking quality

TLE acquired tracking quality

TLE lost tracking quality

Initial TLE creation

 
 

Figure 4.1: Orbit determination mode transitions 
 
This state transition diagram shows two time phases, first the non-recurring initial creation of a TLE out of the 
parameters given by the launch provider, followed by the time phase where continuous mode changes between 
static and tracking mode can occur. 
 
In Figure 4.1 the term tracking quality is used to indicate if, with the currently best-known TLE, a ground 
station is capable of communicating with the satellite for a reasonable amount of time in a predicted pass. As 
long as a TLE has not sufficient tracking quality, the static mode has to be used to determine a new TLE that 
has sufficient tracking quality, so the tracking can be entered (again). If in the tracking mode the tracking quality 
of the TLE drops in such a way that communication with the satellite is not possible anymore, a downgrade to 
the static mode occurs. 
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Figure 4.1 suggests distinct mode changes between the two orbit determination modes. However, before a mode 
change will be made from static to tracking mode, the best-known TLE will be tested by a small number of 
ground stations, which partly already start the tracking mode analysis. After sufficient tracking quality has been 
confirmed, a full switchover to the tracking mode is made. In the other direction, from tracking to static mode, 
the changeover is more distinct. After a TLE has lost its tracking quality, there is in principle no use to keep on 
searching, and the static mode has to be used to get a TLE with sufficient tracking quality to move back to the 
tracking mode. This will be described in detail later in 4.3.6 ('Tracking Quality Monitoring' for the tracking 
mode orbit determination). 
 
The ideal situation would actually be that the initially created TLE has sufficient tracking quality to enter the 
tracking mode directly, and the TLE quality remains high enough to stay in the tracking mode from there on. 

4.1.3 Circular versus Elliptical Orbits for LEO Satellites 

For both the orbit determination modes, the orbits are assumed to be purely circular instead of elliptical. 
Cubesats typically have orbits with an eccentricity of almost zero, which turns the elliptical shape of the orbit 
towards a circular shape. In the Table 4.2 below, the calculated [4, 26] differences between the original elliptical 
orbits and the circular ones are shown, for three typical cubesats orbits (from three different launches). 
 

Cubesat Eccentricity Apogee 
height [km] 

Perigee 
height [km] 

Circular 
height [km] 

Difference 
[km] 

Difference 
[%] 

XI-V 0.0018742 611 585 598 13 2.2 

PolySat CP-6 0.0023695 449 417 433 16 3.7 

COMPASS-1 0.0016565 636 612 624 12 1.9 

 
Table 4.2: Differences between elliptical and circular-assumed orbits 

TLE data April 17th, 2010 (from http://www.celestrak.com/NORAD/elements) 
 
For the static and tracking mode orbit determination presented here, the near-circular LEO orbits of the cubesats 
will be assumed as circular, because of the following: 

1. The errors caused by the circular orbit assumption, are in the same order of the accuracy of the 
relatively low-end communication resources of GENSO (3.2.1). 

2. The assumption of a circular orbit simplifies the orbit determination algorithms significantly. Circular 
orbits have only four orbital parameters instead of six. The eccentricity is zero by definition, and the 
argument of perigee is not applicable for circular orbits.  

 
The theoretical drawback of this circular orbit assumption is that, even when the precise orbital parameters are 
found with the orbit determination algorithms (a four-parameter circular orbit description), it can never be as 
precise as the six-parameter near-circular orbit description. However, simulations show3 that the amount of 
received data with the four-parameter circular orbit description is less than 0.1 percent smaller than if the precise 
six-parameter near-circular orbit description would have been used.  

4.2 Static Mode Orbit Determination 

In the static mode phase of the orbit determination process, the orbit of the satellite is determined without any 
prior information, except the transmission frequency of the satellite. When no information about the orbit is 
available, the GENSO ground stations do not know where to point the antennas to, or how to tune to the precise 
frequency (the transmission frequency of the satellite is known, but not the occurring Doppler shift).  
 

                                                   
3 A comparison for cubesat Compass-1 was made between the normal eccentricity and an eccentricity of 0. 
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The static mode algorithm actually makes use of this problem. In the static mode, the ground stations listen 
continuously for the satellite to pass over, with the antenna pointing up, and the receiver tuned to the 
transmission frequency of the satellite. Then, signals from the satellite will only be received when the satellite is 
roughly straight above the ground station. A line in time through the ground stations that have received the 
satellite gives a coarse ground track of the satellite. The main principle of the static mode orbit determination 
algorithm is the deduction of the orbital parameters based on this artificially reconstructed ground track of the 
satellite.  
 
For the purely circular orbit, four orbital parameters are determined, namely the inclination, the mean motion, 
the mean anomaly and the RAAN. The algorithm for determining these four orbital parameters, and finally the 
TLE, consists of several stages. Four main stages, and their algorithms, can be distinguished, which are 
described in the next paragraphs: 

1. The stationary ground track reconstruction algorithm (4.2.1) 
2. The mean motion and inclination determination algorithm (4.2.2) 
3. The epoch and mean anomaly determination algorithm (4.2.3) 
4. The right ascension of the ascending node determination algorithm (4.2.4) 

4.2.1 Stationary Ground Track Reconstruction Algorithm 

Before the algorithm starts determining the four orbital parameters, the received data of the ground stations is 
pre-processed. Received data is defined as reception events here, where a reception event is a successful 
reception at a certain time, at a certain position. During a pass of the satellite over the ground station, not a 
single reception event is detected, but a number of reception events around the time of closest approach (TCA). 
Because in principle the signal intensity reception curve is symmetric, the average point-in-time of a pass is 
taken for the orbit determination process, which will represent the TCA. This process of converting the data 
from a pass into a single event is schematically shown in Figure 4.2, where reception events from two passes 
from two different ground stations (1000 and 1008) are shown. The time stamps for the reception events are 
shown, together with the latitude and longitudes values (which are fixed for a ground station, but for the 
reception events they will change later in the orbit determination process).  
 

 
 

Figure 4.2: Pre-processing data from passes (left) into single events (right) 
 
Not in all passes that are received with this method, the satellite will fly straight over the ground station. In fact, 
for most of the passes the satellite will not fly straight over, but with a high elevation, which causes a small error 
to the ground track reconstruction. Low-elevation passes are not received due to the attenuation of the antenna in 
those directions. Again, because of the symmetric nature of the passes, when measurements are taken during a 
sufficiently long period, these errors will average out. The result of these measurements and the performed pre-
processing, is a time-stamped list of positions on Earth where the satellite was observed to fly almost straight 
over, called the 'ground track positions'. 
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To determine the orbital parameters with these ground track positions, the algorithm requires a ground track of 
the satellite, in a geocentric-equatorial coordinate system (see 2.3.1), but with the X-axis and Y-axis fixed to the 
orientation (the line of nodes) of the orbital plane of the satellite. In this thesis, this coordinate system is called 
the orbit-centric-equatorial coordinate system, and is shown in Figure 4.3. The ground track will be fixed in 
this coordinate system. With the orbit-centric-equatorial coordinate system to represent the ground track 
positions, ground tracks of successive orbits will overlap. This fact is the base for the determination of the 
orbital parameters (except for `the right ascension of the ascending node (RAAN)). 
 

 
 

Figure 4.3: The 'orbit-centric-equatorial coordinate system': 
X-axis and Y-axis are relative to the line of nodes of the satellite orbit 

 
Since the coordinates of the ground track positions are measured relative to the Earth (in the geocentric-
equatorial coordinate system), and the orbital plane rotates around the Earth’s Z-axis, a coordinate correction of 
the ground track positions is required to transform the ground track positions into the orbit-centric-equatorial 
coordinate system. This principle is shown in Figure 4.4. 
 

 
 

Figure 4.4: Coordinate corrections for the ground track positions 
(to transform the ground track positions into the 

orbit-centric-equatorial coordinate system) 
 
To perform this coordinate system transformation, the amount of rotation of the orbital plane around the Z-axis 
of the geocentric-equatorial coordinate system is required for every ground track position. This rotation is only 
partially known: 
The factor that contributes most is the rotation of the Earth. The rotation of the Earth relative to the 

geocentric-equatorial coordinate system is 360 degrees eastwards per sidereal day [4]. 
Another known factor is the nodal regression of the plane of the satellite [9] (2.3.4). This can be up to 9 

degrees per day, but for typical cubesat orbit, it is about 0.5 to 3 degrees, depending on the height and the 
inclination of the satellite. Because both the inclination and the height are initially unknown, this rotation 
conversion is determined in an iteration loop, which is described later in this paragraph. 

 In comparison with the rotation of the Earth and the nodal regression, other factors can be assumed to be 
negligible [4]. 

 
In a first coordinate system transformation step, the longitude values of the ground track positions are corrected 
for the rotation of the Earth. The timestamp of the first (earliest) ground track position is taken as the time 
reference, and all other positions are corrected relative to this first time stamp, according to Equation 4.1. 
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 0486164.0905
360 ttnn            [Eq. 4.1] 

 
where 
 Δλn   = longitude correction for ground track position n, in degrees 
 360    = number of degrees of a circle, here the equator of the Earth 
 86164.09054  = number of seconds in one sidereal day [4] 
 tn   = time-stamp of ground track position n, in seconds 
 t0   = time-stamp of the first ground track position (reference position), in seconds 
 
After applying the corrections, longitude values which fall outside of the [-180º, 180º] range will be corrected 
with an integer times 360º value in the desired direction, until they fall within the range. No latitude corrections 
are needed, because Z-coordinate values do not change with a rotation along the Z-axis. 
 
In Figure 4.5 the ground track position for multiple orbital periods are plotted, in (a) without a correction, and in 
(b) corrected for the rotation of the Earth. In (a) the concentration of ground stations in Europe is clearly visible, 
around a longitude of 0 degrees and a latitude around 45 degrees. Although only the available single ground 
station observations are plotted in (b), the ground track of the satellite in the orbit-centric-equatorial coordinate 
system starts to be become visible. 
 

 
(a) 

 
(b) 

Figure 4.5: A plot of the collection of ground track positions on Earth, 
(a) not corrected for the rotation of the Earth, 

(b) corrected for the rotation of the Earth 

4.2.2 Mean Motion and Inclination Determination Algorithm 

The mean motion and the inclination are determined in two stages, first approximately and then precise. 
 
Determining the mean motion approximately 
Now that the ground track of the satellite is a fixed circle in the orbit-centric-equatorial coordinate system, the 
mean motion is determined by finding the angular speed of the satellite. Finding the angular speed is based on 
finding the orbital period, which is then converted into the mean motion value (see Equation 2.3) that is used in 
the TLE. 
 
An algorithm will search for 'nearby' ground track positions that are multiple times an orbital period away. 
Because the coordinate conversion is only applied for the rotation of the Earth, the mean motion is only 
determined approximately here. First, the distance between two ground track positions is calculated with 
Equation 4.2 [20].  
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where 
 Δσ = angular distance between the two positions, in degrees 
 Δø = difference in latitude between the two positions, in degrees 
 Δλ = difference in longitude between the two positions, in degrees 
 ø1 = latitude of the first position, in degrees 
 ø2 = latitude of the second position, in degrees 
 
To determine the orbital period, the following steps are performed: 
 For every (ground track) position, the closest nearby position is searched, where the distance must be within 

a maximum range of 2 degrees4, to prevent matching for 'lonely' positions. The time stamp of pairs must 
also have at least 30 minutes difference, so that only positions of at least one orbit 'away' are found (a 
satellite pass of a LEO cubesat will never exceed 30 minutes). This principle is shown in Figure 4.6, where 
the dots are the time-stamped ground track positions, and the striped circle indicates the maximum range of 
two degrees. Position 9:27:40 matches best to 7:57:25, because it is the position closest by, within the 2 
degrees range, and at least 30 minutes away in time. 

 

 
 

Figure 4.6: Principle of the nearby position search 
 
By approximation, all the pairs of nearby positions must be an integer times an orbital period away from 

each other. This is the main principle for determining the orbital period. Figure 4.7 shows this principle, 
where T stands for one orbital period, and the small squares indicate the events time periods between the 
found pairs of nearby positions. Despite the fact that the time periods will be approximately an integer times 
the orbital period, not for all integer times the orbital period events occur. 
 
The orbital period T is found by searching for the best-fit value for the orbital period T, by varying the 
orbital period over a predefined range. The best fit here is defined as the minimum least squares error of the 
distances between the events and the closest multiple-times-T time. To prevent the algorithm from finding 
'overtones' of the orbital period (for example T/2, T/3, etc.), the search is limited to a minimum value of 
5300 seconds, and for performance reasons limited to a maximum value of 6300 seconds5. 

 

 
 

Figure 4.7: Principle of the time periods between the pairs of nearby positions, 
which are an integer times an orbital period 

 The small squares indicate the events of the time periods between the pairs of nearby positions. 

                                                   
4 The value of two degrees was determined experimentally. 
5 The orbital period of the low-earth satellite orbits in GENSO will not exceed this range. 
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Determining the inclination approximately 
When the line-of-nodes of the orbital plane is lined up with the X-axis of the orbit-centric-equatorial coordinate 
system (by a rotation along the Z-axis), and the ground track positions are projected on the YZ-plane, the slope 
of a line through these points is equal to the inclination of the orbit (Figure 4.8). Again, because in the first 
correction step only a correction for the rotation of the Earth is applied, the inclination is also determined only 
approximately here. 
 
The main question here is to find the angle of rotation along the Z-axis, which aligns the line-of-nodes with the 
X-axis. Two solutions exist, 180 degrees away from each other, which represent a direct or a retrograde orbit 
(which stands for an inclination of less than, or more than 90 degrees).  
 
The projection of the ground track positions on the YZ-plane, as a function of the orientation of the line-of-
nodes, is performed by applying Equations 4.3a and 4.3b. The Earth is here assumed to be spherical, and the 
coordinates are normalized to a range of [-1, 1]. An example is plotted in Figure 4.8, 
 

 ppz sin            [Eq. 4.3a] 
 

  )sin(cos rotationpppy           [Eq. 4.3b] 
 
where 
 zp = z-coordinate projection 
 yp = y-coordinate projection 

øp = latitude of the position 
λp = longitude of the position 
λrotation = line-of-nodes orientation 

 
To find the angle where the line-of-nodes aligns best with the X-axis, a rotation of the orbital plane (λrotation in 
Equation 4.3b) between 0 and 180 degrees is performed. For every rotation, the projected points on the YZ-
plane are fed into a linear regression algorithm, where a search is performed for the rotation where the residual 
sum of squares (RSS) is minimal. The rotation with the minimum RSS, has the best fit, and is assumed to be the 
best alignment of the line-of-nodes with the X-axis. Figure 4.8 shows this principle graphically for three 
different rotations. 
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Figure 4.8: A plot of the collection of ground track positions projected on the YZ-plane, 
for three different line-of-nodes rotations (represented by squares, triangles and circles). 

The conversion for the squares fits best, the conversion for the triangles worse. 
The line shows the best fit of the linear regression algorithm for the squares rotation 

 
The absolute value of the slope of the line determined by the linear regression algorithm is also the slope of 
orbital plane. The angle of the slope with the XY-plane is the inclination (in case of a direct orbit), or 180 
degrees minus the inclination (in case of a retrograde orbit).  
 
A separate algorithm will determine if the orbit is direct or retrograde. In the time-sorted list of ground track 
positions, the longitudes of all positions are compared with their next position in time. By both counting the 
points where the longitude values decrease or increase, a direct orbit will have more increasing pairs, where a 
retrograde orbit will have more decreasing pairs.  
 
Determining the mean motion and the inclination precisely 
The determination of the mean motion and the inclination so far, are based upon the assumption that the orbit is 
stable in the defined coordinate system, while actually the nodal regression of the orbit is not taken into account. 
The nodal regression is both dependent on the mean motion of the satellite and the inclination. 
 
An iteration loop is used to calculate the final values of the mean motion and inclination, where the rotation of 
the ground track positions is both corrected for the rotation of the Earth and for the nodal regression. Therefore, 
the rotation caused by the nodal regression, based on the mean motion and the inclination of the previous 
calculations, is applied, and the mean motion and inclination are determined again. At the time when the values 
of the mean motion and inclination get stable, the iteration loop is stopped, or when a maximum number of 
iterations has elapsed6. 
 
Apsidal rotation correction 
Before the orbital period is converted into the mean motion (by Equation 2.3) for the TLE, a small correction 
must be performed. The mean motion value in a TLE does not take the extra apsidal rotation [9] of the orbit (see 
2.4), caused by the equatorial bulge of the Earth, into account. This extra rotation is dependent on both the 
height of the satellite and the inclination of the orbit. The extra rotation is in the range of a few seconds per 
revolution, for typical cubesat orbits. 

                                                   
6 In practice the iteration gets stable after 3 iterations. 
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4.2.3 Epoch and Mean Anomaly Determination Algorithm 

In a TLE, the mean anomaly is defined relative to a reference time, the epoch. To determine the values for both 
the mean anomaly and the corresponding epoch, the mean anomaly is fixed and the epoch time is determined to 
match this mean anomaly. Because the mean anomaly is defined relative to the argument of perigee, which is 
non-existing in the circular orbit model that is used here, both the argument of perigee and the mean anomaly are 
set to zero. In the definition of a TLE, this means that the epoch time is exactly on the ascending node, the time 
where the satellite arises above the equatorial XY-plane. To summarize this: 
 

Mean Anomaly [degrees]: Fixed to 0 
Argument of perigee [degrees]: Fixed to 0 
Epoch time: On an ascending node 

(nearest to the latest ground track position) 
 
The algorithm to determine this epoch time uses the fact that the satellite moves in a circle with a constant speed, 
which is true for a circular orbit. In the projection used to determine the inclination, where the orbit-centric-
equatorial coordinate system was matched to the line-of-nodes, and where the projected ground track position 
were almost in a straight line, the distance from a ground track position to the origin of the coordinate system, 
will be a sine function as observed in time. The period of this sine function is equal to the orbital period of the 
satellite. This sine function will be called the 'projection distance function', where the distance between a ground 
track position and the origin of the coordinate system, is called the 'projection distance'. The missing information 
of this sine function is the phase, since the period and the amplitude are known. The phase of the projection 
distance function is found by fitting the sine function for all phase shifts (360° = a full orbital period), where the 
best fit is at the minimum least squares error between the sine function and the projection distance values. This 
principle is shown in the left part of Figure 4.9. 
 
The projection distance function gives the points in time of the ascending and the descending nodes at the zero-
crossings. The epoch time to searched for, must be (1) at an ascending node, and (2) must be near the latest 
time-stamp of the ground track positions, because from this point in time the tracking mode tries to take over the 
orbit determination from the static mode described here. The epoch time is found by searching for the first 
ascending node in the projection distance function, and use the time of this occurrence for the epoch. This 
principle is shown in the right part of Figure 4.9. Before the epoch time can be put into the TLE, the time has to 
be converted in the custom TLE epoch format [5]. 
 

 
 

Figure 4.9: The algorithm principle for determining the epoch time, 
with left the sine function fitting, 

and right the epoch time determination 

4.2.4 Right Ascension of the Ascending Node Determination Algorithm 

The last orbital parameter to determine is the right ascension of the ascending node (RAAN). To get a TLE that 
matches best with the used SGP4 orbit propagator, the RAAN is determined by making use of the SGP4 orbit 
propagator. The algorithm will search for that value of the RAAN (which is between 0 and 360 degrees), where 
the ground track position observations matches best with the observations predicted with the SPG4 orbit 
propagator. 
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TLEs with the different RAAN values are tested against virtual ground stations made out of the computed 
ground track positions. For every TLE, the distances between the virtual ground stations and the satellite are 
summed together. Because the ground track positions represent the times of closest approach (TCA), the TLE 
that gives the smallest sum of the distances, has the best RAAN. 
 
In contrast to the other parameters that have been determined, the RAAN is determined by finding the best match 
between the SGP4 orbit propagator and the orbital parameters found so far. This method tries to maximize the 
match between the simplifications made in the orbit determination algorithms, and the real orbit that is 
represented by the actual observations. 
 
With the determination of the RAAN, all parameters that are necessary for constructing a TLE are available.  

4.3 Tracking Mode Orbit Determination 

When a TLE of a satellite with sufficient tracking quality is available, as the result of either the static mode 
algorithms, or provided from outside of GENSO, orbit determination can be performed in tracking mode, as 
mentioned in 4.1.2. The search for the precise orbital parameters in the tracking mode orbit determination is 
quite different from the deterministic approach that was taken for the static mode orbit determination. Orbit 
determination in the tracking mode is based on a hill-climbing trial-and-error search [33] for the best 
parameters. The quality of the parameters during the search is deduced from the quality of a pass. This quality 
of a pass is measured by comparing the predicted orbit of the satellite (defined by the orbital parameters of the 
TLE), against the real observations (made by the collection of GENSO ground stations). This principle is shown 
in Figure 4.10.  
 

 
 

Figure 4.10: Principle of the tracking mode orbit determination 
 
When looking at Figure 4.10, the 'search strategy and administration' determines the most optimal search, and 
keeps an administration of the results already acquired. The SPG4 orbit propagator calculates the 'predicted 
positions and speeds' of the satellite for the tested TLEs, for pointing the antennas towards the satellite and 
tuning the radios to the correct frequencies. For the different ground stations in the 'GENSO reception network', 
the 'ground station locations' are used by the 'pass predictor' to generate 'pass predictions'. When the 'pass 
predictions' are compared with the 'real observations' of the 'GENSO reception network', the amount of matching 
delivers the 'quality' of the 'tested TLE'. With this continuous loop, the 'orbit determination agent' tries to 
determine the orbit of the satellite as precise as possible. 
 
In 4.3.1, the search for multiple parameters is analysed, and in 4.3.3, the mutual dependency between the 
searched parameters is discussed. In 4.3.2, the actual tracking mode orbit determination search algorithms are 
given. In 4.3.4, the corresponding reward functions (the 'Quality' in Figure 4.10) are defined. The field-of-view 



 
 
Satellite Orbit Determination with GENSO 
Master Project Thesis 
  
 
 

 
 
 page 44 of 107   

around a ground station is called a horizon mask, and the relation to the search algorithm is given in 4.3.5. In 
4.3.6, the monitoring of the quality of the generated TLEs is discussed, as well as a link to the static mode orbit 
determination. 

4.3.1 Multiple Parameter Search 

Like the static mode orbit determination, the circular orbit description of the satellite that the tracking mode orbit 
determination is looking for, is defined by means of the following four parameters: 

1. Inclination 
2. Mean motion 
3. Right ascension of the ascending node (RAAN) 
4. Mean anomaly 

 
The algorithm varies all four parameters to search for the best set of values. This creates a four-dimensional 
search space for the tracking mode orbit determination search algorithm. Although there are four parameters to 
be searched, the orbital parameters are searched sequentially, where a correctly chosen search sequence must 
finally lead to the correct orbital parameters. 
 
For all parameters hold that if the value of an orbital parameter is not found precisely yet, this can temporary 
influence the search of the other parameters in the short run. An error in one parameter value can partly be 
compensated by an error in the value of another parameter, caused by many small local maxima in the search 
space. Instead of determining the complex mutual dependencies of the orbital parameters on the ground station 
reception, an iterative search process is used to find the correct values for all four parameters. When the errors 
in the orbital parameter values are not too large, the process of finding all four parameters will converge. On the 
other hand, when the errors in the orbital parameters are so large that satellite signals cannot be received 
anymore within the pass predictions, the search process will not converge, and the orbit determination process 
should switch back to the static mode orbit determination.  

4.3.2 Search Algorithm 

The tracking mode orbit determination algorithm will search for the best set of orbital parameter values, based 
on finding the maximum reception quality for the orbit with those parameters. The sequentially searched 
parameters can each be searched multiple times, and in any order. A parameter is searched within a dynamically 
determined search width. There is in principle just one best 'solution' in the search for finding the four orbital 
parameters, although for this single solution to the search problem, the four orbital parameter values can have a 
small deviation from their perfect values, while the maximum performance of the system is still achieved. 
 
The tracking mode orbit determination algorithm makes use of a hill-climbing technique [33]. The four 
parameters are searched iteratively, each time improving the set of orbital parameters, in order to find the best 
matching orbit. The overall quality of the set of orbital parameters is the main search objective for the algorithm. 
 
The algorithm makes use of both fixed and variable search algorithm parameters (not to be confused with the 
orbital parameters where the algorithm searches for). The orbit determination agent is in charge of determining 
the correct values for the variable search algorithm parameters, where the fixed values have to be determined 
only once. All parameters are summarized in Table 4.4 at the end of this paragraph. 
 
The basic search principle for finding an orbital parameter is that the best-known orbital parameter value so far 
is taken, and a trial-and-error search for better values is performed around that best-known value. The search 
width around the best-known value is determined dynamically by the agent, based on the overall reception 
quality of the latest found orbital parameters. Both the initial search width values per orbital parameter, and the 
number of parameter values that is searched within the search width, are fixed. These values have been 
determined empirically during adjustments of the algorithm. A graphic overview of the search algorithm is given 
in Figure 4.12, at the end of this paragraph.  
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Parameter updates 
The best parameter value found in the search, is used to update the previous best-known value, based on 
Equation 4.4:  
 

 kkkk PpPP   11            [Eq. 4.4] 
 
where 
 Pk+1 = updated best-known parameter value 
 Pk  = previous best-known parameter value 
 α = step-size parameter, or learning rate [34], with 0 < α < 1. 
 pk+1 = best parameter value in the last search 
 
By using Equation 4.4, the best-known parameter value is a weighted average of the previous values [35]. This 
way of calculating successive parameter values, will update the parameter into the direction of the last-found 
values, but will also take care of filtering out occasionally parameter values with large offsets from the correct 
value. The step-size parameter α itself, is depending on the quality of the last used best-known TLE, based on 
Equation 4.5: 
 
 

 120/11 kk Q            [Eq. 4.5] 
 
where 
 α k+1 = updated step-size parameter 
 Qk  = previous overall TLE quality, value between 0 and 100 
 
The quality is a value between 0 (minimum) and 100 (maximum), and is described in detail in 4.3.3. Equation 
4.5 will give high step-sizes at low overall TLE qualities, and low step-sizes at high overall TLE qualities. This 
relation gives a fast converge to the first coarse parameter value, and a careful converge to the final precise 
parameter value. Because the search is a non-stationary tracking problem [35] in practice, the step-size cannot 
be reduced below 0.17 (for a quality of 100, 1 – 100/120), so the algorithm keeps on searching for parameter 
changes in time. This minimum step-size value is determined empirically in simulations. 
 
Best value of a parameter search 
The best parameter value of a search (rk+1in Equation 4.4) is extracted from the reward curve of the parameters 
values within the search width. The best value is the parameter value with the highest reward value. The 
relatively low precision of the ground stations, together with the random signal fluctuations on the signals from 
the satellite, do not deliver a clear distinct peak for the best parameter value in the reward curve. In addition, the 
circular orbit assumption can generate extra measurement noise on the reward signals, because the real orbit is 
not circular, but slightly elliptical (as shown in 4.1.3).  
 
Because of the random nature of the influences on the reception quality, a smoothing filter is used to reduce the 
noise from the curve, so more accurate peak detection can be performed. A three-point moving average filter 
[36] was used, with the algorithm as shown in Equation 4.6: 
 

4
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where 
 r i, smooth = smoothed reward value 
 r i,  = reward value i 
 r i-1  = reward value i-1 (the value below i) 
 r i+1  = reward value i+1 (the value above i) 
 
A typical unsmoothed reward curve is shown in Figure 4.11 ('Unsmoothed data' curve), where the search 
rewards for 13 different values for the mean motion are shown. The smoothed reward curve is also shown in 
Figure 4.11 ('Smoothed data'). In this example, the correct value is shown with the vertical line. As the algorithm 
picks the highest reward value as the best parameter value, the algorithm would have picked a value that was too 
high when smoothing was not applied. Although this will not happen for every search, tests have shown that, on 
average, with the smoothing algorithm more accurate selections are made than without the smoothing algorithm. 
 

 
 

Figure 4.11: Smoothed versus unsmoothed reward curve: 
A search for the mean motion 

 
Search width 
A new search width for a parameter is determined based on the shape of the smoothed reward curve. Because the 
reward curves from the parameter searches are bell-shaped curves, and the agent has to ensure that it searches in 
the maximum of that curve, the search width is adapted dynamically by the agent. Without an active adaptation 
of the search width, the search can become too small or too wide. A too small search width will not be able to 
search for better values that can lie outside of the search width, which can easily happen with the presence of the 
high fluctuations in the reward curve. A too wide search width will find a global optimum, but not the precise 
one, which can interfere with finding the correct values for the other orbital parameters. 
 
The search width is therefore adapted in such a way, that the distance between the minimum and the maximum 
reward value (the 'height') is kept around a predefined range. This is achieved by multiplying the current search 
width by a correction factor, based on the current distance between the minimum and the maximum reward 
value. In Table 4.3 the empirically determined relation between the correction factor and the distance between 
the minimum and the maximum reward value is shown. The search width is determined and stored per orbital 
parameter individually. 
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Distance between the minimum and 
the maximum reward value [%] 

Multiplication factor for the next search 
width 
(percentage of previous search width) 

0 - 10 1.5 (150%) 
10 – 20 1.2 (120%) 
20 - 30 1.0 (100%) 
30 – 50 0.85 (85%) 
50 - 70 0.75 (75%) 
70 - 100 0.5 (50%) 

 
Table 4.3: Relation between the search width correction factor and the distance 

between the minimum and maximum reward value. 
 
Within the search width, the values to perform a trial-and-error search for are equally spaced among the search 
width. For example for the mean motion, in a search width of 0.012 rev/day with 13 values to search with, the 
values are all 0.001 rev/day away from each other, where the centre value has the last best-known value of the 
mean motion. 
 
Ground stations usage 
One ground station can test only one orbital parameter value at a time, by means of using the TLE provided by 
the orbit determination agent for receiving signal from the satellite. When more ground stations are available 
than parameter values are tested within the search width, a parameter value will be tested by more than one 
ground station at the same time, which will improve the orbit determination speed. Parameter search values are 
equally spread over the available ground stations. A small amount of ground stations should not be used for the 
orbit determination process, as they should be used to measure the quality of the best-known TLE determined so 
far. 
 
The search will be performed continuously during the lifetime of the satellite, because the search is a non-
stationary tracking problem. The quality of the best-known TLE determines the number of ground station 
resources that will be used for the orbit determination task. When the quality of a TLE is sufficiently high and 
stable after a period of orbit determination, the number of resources can be reduced to make the resources 
available to others tasks in GENSO. 
 
Search loop and iteration 
To share the available GENSO resources and the available time among the different parameter searches, the 
concept of a search loop is defined. Within a search loop, a parameter can be searched and adapted several times 
(called iterations), until the maximum defined number of iterations has elapsed, or the parameter is stable within 
a predefined range. After a search loop has finished, a search loop for the next parameter to be searched is 
started. 
 
Within one iteration, measurements are performed, until the average number of quality reports (from individual 
ground stations) for every tested parameter value in the search width, is above a predefined threshold. This 
ensures that a sufficient amount of data is collected before conclusions are drawn based on the rewards curve. 
The average value is used to prevent infinite loops, because ground stations which test a parameter value can be 
out of reach of a certain satellite orbit, which can be the case for low-inclination orbits together with ground 
stations on high latitudes. A smart overall scheduling algorithm could prevent this situation to happen, but 
scheduling is left out of the scope of this project. 
 
Summary 
To conclude, in Figure 4.12 a schematic overview of the tracking mode search algorithm is given, followed by 
an overview of all parameters in the tracking mode algorithm in Table 4.4.  
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Figure 4.12: Schematic overview of the tracking mode search algorithm 
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Function 
Global Detail Description 

Total number of ground 
stations for the TLE search 

The total number of available ground stations for searching 
for the best TLE.  Assignment of 

ground stations Number of ground stations 
using the main TLE 

Out of the total number of available ground stations, a fixed 
number of stations will use the best-known ('main') TLE.  

Initial parameter 
values 

Start TLE The TLE (initial orbital parameters) to start the search with. 
Determined outside of the learning phase. 

Number of samples around 
the main TLE 

The number of samples that are taken below and above the 
main value. The total number of TLEs which are tested in 
one iteration is 2 * the number of samples + 1. 

The initial parameter search 
width 

The initial search width for the best parameter value. This 
width is defined as the width in one direction around the main 
value. The width is defined for all four parameters 
individually. 

Search width 

Actual parameter search 
width 

Determined by the orbit determination agent, based on the 
reward value range of actual reward curve. 

Reward function 
The minimum average 
number of reward entries 

For the construction of the reward function curve out of 
tested parameter values, a minimum average number of 
rewards entries (from ground stations) must be available.  

The maximum number of 
iterations per parameter 

For one orbital parameter, a maximum number of iterations 
within a search loop is defined. After this maximum number 
has been reached, or the parameter is stable (see below), a 
search loop for the next parameter in the search sequence is 
started. 

Stop criterion If during a search loop the orbital parameter is not changing 
more than the stop criterion value, a next search loop for the 
next parameter in the search sequence is started. The stop 
criterion is defined for all four search parameters 
individually. 

Step-size The step-size, or learning rate. A factor that determines to 
what degree the previously best-known parameter value must 
be updated with the latest best-known parameter value. 
Determined by the orbit determination agent, based on the 
quality of the best-known TLE so far. 

Parameter search 
control 

Parameter search sequence The search order of orbital parameters. Any order of mean 
motion, inclination, right ascension of the ascending node, 
and mean anomaly is possible. 

 
Table 4.4: Overview of search algorithm parameters of the tracking mode algorithm 

4.3.3 Mutual Dependant Parameters 

Not all four parameters can be searched in the same way. All parameters are searched sequentially with the hill-
climbing trial-and-error based algorithm, except for the combination of the mean motion (MM) and mean 
anomaly (MA), where a sequential search is not possible. The MA defines a starting point, where the MM is the 
speed of the satellite. When the MM is searched, with a fixed value for the MA that is too early, the best found 
MM will always be too fast, as a compensation for the extra distance the satellite had to fly for the MA offset. 
When the MA is searched next, with a fixed value for the MM that is too fast, the best found MA will continue 
to become earlier, as a compensation for the extra distance the satellite flies with the speed which is too high.  
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Three solutions to this MA-MM-search problem are available:  
1. Keep the mean anomaly unchanged. An error in the mean anomaly will not propagate in time7, and the 

tracking mode orbit determination will continuously adapt to this small error. 
2. Select a number of values around the best-known value of the mean anomaly, and let the algorithm 

search for the best value of the mean motion. For the best value of the mean anomaly, the value of the 
mean motion should be the most stable in time, because it does not have to correct continuously for a 
wrong value of the mean anomaly. This search mode has a direct two-dimensional search space, in 
contrast to the other parameters, where one parameter is searched at a time. 

3. Wait until the value for the mean motion is stable, and test different values for the mean anomaly. The 
value for the mean anomaly where the mean motion is the most stable over time is the most correct one. 

 
The first solution, doing nothing, is the easiest one, and when the mean anomaly offset is small, it saves a large 
number of ground station resources for the extra testing. The second solution will require extra ground station 
resources, but the results between different values of the mean anomaly are hard to compare, because for the 
different mean anomaly experiments, different ground stations had to be use. The third solution, waiting for a 
stable mean motion, is the worst of the three, because the stable and exact value for the mean motion will never 
be reached with a trial-and-error search algorithm. To focus the research on the main subjects, the simulations 
that are performed to test the developed orbit determination algorithms use the first solution, a fixed offset for 
the mean anomaly. 

4.3.4 Defining Rewards 

In the search for the best values of the orbital parameters, the amount of success for that specific TLE has to be 
measured. This amount of success is called reward here, based on the term in reinforcement learning [35], as it 
indicates what is good in an immediate sense. 
 
The definition of the reward for a tested TLE in GENSO is a non-trivial task. In GENSO no value is available 
that directly measures the amount of reward. The real orbit is not known to GENSO, so a comparison is made 
between the tested TLE (the 'assumed' orbit) and the observations made with it (the 'real' orbit), as already 
shown in Figure 4.10. The 'amount of matching' between these two, is a measure for the reward. The definition 
of the reward is based on the following items summarized below. 
 Precision of the AOS and LOS 

The Acquisition Of Signal (AOS) and the Los Of Signal (LOS) are two relatively well-defined points in 
time. The amount of matching between the expected times of AOS and LOS, and the actual real 
observations in time, is a measure for success. A better match indicates greater success. 

 Precision of the total pass time 
The total time of a pass of a satellite, the time between AOS and LOS, is also well defined in time. The 
amount of matching between the expected total time of the pass, and the actually measured total time of the 
pass, is a measure for success. A better match indicates greater success. The total pass time is in theory 
directly related to the precision of the AOS and LOS, but due to imperfect signal reception from the satellite, 
these two rewards give different values. 

 Precision of the signal intensity peak 
During a pass, the distance between the satellite and a ground station will first decrease from the AOS until 
the Time of Closest Approach (TCA), and then increase again until the LOS. Because the signal intensity is 
inversely correlated to this distance, the peak in the signal intensity curve happens at the TCA, which is in 
the middle of the pass. The amount of matching between the expected middle of the pass, and the actually 
observed middle of the pass, is a measure for success. 
 
 
 

                                                   
7 Propagation in time means that a constant error gives worse overall results in time. 
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Three issues about these rewards can be observed: 
1. The determination of the rewards based on the precision in time of the AOS and LOS, and the precision in 

the total pass time, suffer from the effect that cubesats with very low radio signal power will only be 
received after the AOS, and will be lost before the LOS. The method based on the maximum signal intensity 
does not suffer from this effect. 

2. In cases when cubesats do not transmit continuously but in time-intervals, the maximum resolution of these 
measurements is determined by the transmission time-interval, which is in fact a sampling resolution 
problem. All three methods suffer from this problem. 

3. All three methods to determine the reward measure relative qualities, the comparison between expected 
values (based on the tested TLE) against the real observations (which represents in fact the real TLE).  

 
Although the signal intensity is measured and recorded during the entire pass, only event-based observations (a 
signal (data packet) was received or not) are used for determining the precision of the tested TLE. This is 
because no sound conclusion can be drawn from the absolute signal intensities, and almost all ground stations 
are un-calibrated with respect to absolute signal intensity measurements. Only the peak of the signal strength is 
known to be in the middle of the pass, which is a relative observation from the signal intensities. Research on the 
prediction of signal intensities in a system like GENSO has been carried out [12, 13], but for regular cubesats 
the fluctuation of the signal intensities is too high to draw detailed quantitative conclusions from it. 
 
The reward is defined as a value between 0 and 100, where 0 corresponds to the minimum reward and 100 to the 
maximum possible reward. The final reward as used for the parameter search, is a combination of the following 
three values: 

1. The minimum value of the AOS and LOS rewards. The AOS and LOS rewards are determined 
respectively by the offset in time between the first received signal after the predicted AOS, and the 
offset in time between the last received signal and the predicted LOS, as a percentage of the total time 
of the predicted pass. This percentage is subtracted from 100, so that a perfect match between the 
predicted value and the observed value gives a reward of 100. The minimum of both the AOS and LOS 
values is taken to eliminate the unwanted positive effect of a late satellite on the LOS reward, and the 
same effect of an early satellite on the AOS reward. 

2. The percentage of the time of the predicted pass where signals were actually received, called the pass 
reward. 

3. The offset in time between the peak of the signal intensity curve and the predicted TCA, as a percentage 
of the total pass time. This offset is taken twice to get a value between 0 and 100. This is called the 
TCA reward. 

 
Equation 4.7a shows the general formula for the determination of the reward value, by combining the three 
separate reward values. Several tests were performed with different weight values for a, b and c, where the 
effective combination of the three separate reward values is given by Equation 4.7b. 
 

)(
321

cba
rcrbrarresult 


           [Eq. 4.7a] 
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            [Eq. 4.7b] 
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where 
 r result = resulting reward value 

r 1 = minimum of the AOS / LOS reward values 
 r 2 = pass reward value 
 r 3 = TCA reward value 
 a = weight coefficient r 1 

 b = weight coefficient r 2 

 c = weight coefficient r 3 
 
The (event-based) signals that are used to determine the rewards values contain random fluctuations. Two 
previously described methods reduce the effects of these influences on the reward values. First, the use of a 
minimum average number of reward entries for constructing the reward curve will filter out random fluctuations. 
Second, the smoothing of the reward curve itself by an averaging algorithm, also contributes to minimize these 
fluctuations. 

4.3.5 Horizon Masks 

A horizon mask is a virtual curve around a ground station, which indicates for every azimuth, the minimum 
elevation where signals from a satellite can be received. When a satellite is below the horizon mask curve, it 
cannot be received by the ground station, because the signal is blocked by buildings, houses or other 
obstructions. As described later in 7.3, the horizon mask for each ground station can be determined by GENSO 
itself. In practice, most of the GENSO ground stations will have a horizon mask that affects the reception of 
radio signals from the satellites. 
 
The horizon mask should be taken into account with the determination of the reward, since it narrows the pass 
window. When the horizon mask is not taken into account, the rewards turn out to be different from what they 
actually are. In relation to the determination of the rewards, two situations can be distinguished in practice: 

1. Existence of horizon masks, combined with the GENSO-determined masks 
This is the best-case scenario. The reward calculations make use of the fact that the horizon mask is 
present, and incorporate the horizon mask in the time comparisons for the AOS, the LOS and total pass 
time (see 4.3.4), by assuming that no signals will be received below the horizon mask. A well-defined 
horizon mask improves the accuracy of the computed AOS and LOS reward, because the AOS and LOS 
from a sharp-shaped obstruction give a clearer signal transition around the AOS and LOS. The 
accuracy of the computed pass reward also improves, because the effects of the very low radio signal 
power of cubesats, as also mentioned in 4.3.4, are reduced. During tracking mode orbit determination, 
no reception of signals at low elevations can have two reasons. First, the signal intensity was too low, or 
second, the actual satellite was behind the horizon but according to the best-known TLE, it was not. 
With accurate horizon masks values for the ground stations, the first problem of the low signal intensity 
will be reduced, because at higher elevations, the signal strength increases. 

2. Existence of horizon masks, but the masks are unknown to the orbit determination system 
This is the worst-case scenario. The reward calculations assume no horizon mask, while there is one 
present. Both the AOS and LOS rewards, and the pass reward, will give worse results than they use to 
give when the horizon mask was known, or when no horizon mask was present. 

 
The TCA reward value, based on the maximum signal intensity value at the TCA, will essentially not be affected 
by the horizon mask. 

4.3.6 Tracking Quality Monitoring 

In the tracking mode orbit determination process, there is no guarantee that a TLE will be found that has 
sufficient quality. In addition, the time that it takes to find the TLE can be much longer than the time it normally 
takes to find a TLE with sufficient quality. The way to handle these situations is described below. 
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During the orbit determination in the tracking mode, the quality of the found TLE should normally increase in 
time. In some cases, the search process can become instable, which causes the TLE tracking quality to drop 
rapidly. The four orbital parameters are all searched based on a single reward value, so the search algorithm 
cannot distinguish between the errors of individual parameters, which can cause the agent to loose the grip on 
the search process. Therefore, a quality check agent should monitor the TLE tracking quality continuously, and 
switch back to the static mode orbit determination in the case that the TLE quality drops after it had reached a 
minimum threshold (like stated in Figure 4.1) for a period of time. This threshold condition is necessary to (1) 
give the algorithm time to find the correct values for the parameters, and (2) to prevent switching back to the 
static mode orbit determination too early.  
Another option to deal with the situation that the system lost the grip on the search process is to re-initialize the 
search parameters after the TLE tracking quality dropped. The agent should take the parameter values of the last 
best-known TLE, and start the search again with the initial search widths for the parameters. This step can be 
performed once, and if successful, the search in the tracking mode can be continued, and if not successful, the 
search should still switch back to the static mode. 
 
The last item that the agent should monitor is the time of the orbit determination between the start of the tracking 
mode and the point in time where it first reaches the minimum threshold for the TLE tracking quality. When it 
takes too long to reach the minimum threshold value, a time-out should occur, and the agent should switch back 
to the static mode directly. 
 
Figure 4.13 shows these principles schematically. Although the 'Search orbital parameters' stage is mentioned 
three times in this figure, it refers to the same search process, but in different stages of the TLE tracking quality 
monitoring. 
 

 
 
 

Figure 4.13: Schematic overview of the tracking mode TLE tracking quality monitoring 
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4.4 Anonymous TLE Assignment with GENSO 

After describing the static mode and the tracking mode orbit determination in 4.2 and 4.3, this paragraph 
describes the pseudo-mode of anonymous TLE assignment. In the situation when NORAD does provide TLEs to 
the public, and GENSO does not have to perform orbit determination itself, GENSO can still be useful in 
relation to orbit determination. Just after a launch of several cubesats, the different TLEs are available, but the 
assignment of these TLEs to the corresponding cubesats is not done yet (as explained in 3.1.1). GENSO can 
considerably reduce the time of assigning the 'anonymous' TLEs to the corresponding cubesats. 
 
By using a brute force approach, GENSO can check the reception quality of every pair of a TLE and a cubesat. 
For every cubesat (or TLE), the pair with the highest quality must be the correct combination.   
 
In the worst-case scenario, the required number of ground stations for this experiment is given by Equation 4.8: 
 

mnn cubesatsionsgroundstat  2           [Eq. 4.8] 
 
where 
 ngroundstations = number of required ground stations 
 ncubesats  = number of cubesats, or number of anonymous TLEs 
 m   = number of ground stations taken for testing one cubesat-TLE pair 
 
The number of required ground stations increases quadratic with the number of cubesats involved. In addition, if 
more ground stations are used to test one cubesat-TLE pair, a much better quality of the outcome can be 
expected, but this is a linear relation. For a typical cubesat launch [3] where six cubesat are launched, a three 
ground stations-per-pair configuration will require 108 ground stations to be available. 
 
Many ground station resources can be saved by changing from a brute-force approach to a semi-brute-force 
approach. The first improvement can be achieved by reusing ground stations among different test pairs. When 
the cubesats moved further away from each other, the principle of sharing a ground station between multiple 
pairs could be applied. The drawback of this approach is that a separate overall scheduler must create a smart 
schedule, which can be a computing-intensive task. The second improvement could be the sharing of ground 
station during a pass. Because the reception quality measurements do not have to be performed during the entire 
pass of the satellite, time-sharing between testing different pairs can be applied. Here also, a separate overall 
scheduler has to create a smart schedule, which is again a computing-intensive task.  
 
Both the assignment of anonymous TLEs, and the related subject of scheduling in GENSO, are not covered in 
more detail in this thesis. 

4.5 Summary 

In this chapter is described how orbit determination could be performed with GENSO. Two orbit determination 
modes, the static mode and the tracking mode, are introduced to make orbit determination possible during the 
entire lifetime of the satellite, from launch till the point were the satellite is actively tracked by the GENSO 
ground stations. The tracking quality, a measure for determining the quality of the orbital parameters, was used 
to switch between the two modes when necessary. 
 
The static mode orbit determination is developed in case no prior information about the satellite orbit would be 
available. By pointing the antennas straight up in the sky without moving them, hence the name 'static mode', the 
GENSO ground stations wait until a satellite will pass over. Out of the time of the observations, together with 
the locations of the ground stations that received the signals from the satellite, a virtual ground track is 
reconstructed. This virtual ground track is used to reconstruct the orbital parameters. 
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Contrary to the static mode, where the orbit is reconstructed, the tracking mode orbit determination searches for 
the best orbital parameters, by intelligently varying the orbital parameters, and test the outcome. Because the 
quality of the orbit cannot be measured directly, the quality is determined by comparing the predicted orbit 
against the actual observations. In an iterative search process, the values of the orbital parameters will improve 
during the trial-and-error search. The name 'tracking mode' is derived from the fact that the satellites are actually 
tracked by GENSO in this orbit determination mode. 
 



 
 
Satellite Orbit Determination with GENSO 
Master Project Thesis 
  
 
 

 
 
 page 56 of 107   

5. EXPERIMENTAL SETUP  

This chapter describes the experimental setup that is used to test the orbit determination methods with GENSO, 
as described in the previous chapter. First in 5.1, the use of a simulation model is described, followed in 5.2 by a 
description of which GENSO resources and which satellites are used to test the developed orbit determination 
methods. 

5.1 GENSO Reception Simulation Model 

While carrying out the orbit determination research project, no operational GENSO system was available. In 
order to test the orbit determination methods that are developed, a simulation model was developed in parallel. In 
this simulation model, only the essential items that affect the reception of signals from the LEO satellites are 
modelled, where less important items are ignored. 
  
An often-used simulation platform for modelling satellite orbits is the Satellite Toolkit (STK - AGI, Extton, 
USA). STK is a general-purpose modelling and analysis application for any type of space, defence or 
intelligence system [37]. For the orbit determination project, STK was not used, but a custom model was 
developed, in order to have the closest match with the existing SGP4 orbit propagator that is used in GENSO. 
This SGP4 orbit propagator software library [30] is free of charge and open-source. Being open-source made it 
possible to perform some important performance updates to the existing code in relation to this orbit 
determination project. 
 
First, in 5.1.1, the requirements for the developed simulation model are discussed, followed by an architectural 
overview of the simulation system in 5.1.2. Details of the simulation model are given in 5.1.3, 5.1.4 and 5.1.5, 
satellite prediction modelling, signal strength modelling, and reception band width modelling. 

5.1.1 Requirements 

The simulation model for testing the orbit determination methods is a simplification of the real GENSO. 
However, a correctly designed simulation model still gives a good approximation of the real GENSO, by 
implementing the essential items, and leaving out the non-essential ones. Below, an overview of these essential 
items is given, followed by an overview of the left-out, non-essential ones. Finally, a number of issues are 
mentioned that are required to make the simulations possible in practice. 
 
First, the five essential items for the simulation model are summarized below. 

1. Realistic GENSO orbit prediction.  
The prediction of the satellite orbits in the simulation system must be as much as realistic as the orbit 
prediction in the real-world GENSO. How to implement a realistic orbit prediction is described in 5.1.3. 

2. Realistic signal reception 
The orbit determination methods developed here are fully reliant on the reception quality of radio signals 
from the satellites. A wrong modelling of the signal reception quality would not give realistic tests. The 
way in which the signal reception is modelled is described in 5.1.4 and 5.1.5. 

3. Predicted orbit versus actual orbit comparison 
A requirement closely related to realistic signal reception, is the ability to compare the predicted orbit in 
GENSO against the 'real' orbit of the satellite. How to achieve this is described in 5.1.3. 

4. Realistic ground stations configuration 
GENSO is a heterogeneous system as seen from the point of ground stations. The reception equipment 
of ground stations is not standardized, and the distribution of ground stations around the world is far 
from equally spread. The way in which the variety of ground stations is modelled is described in 5.1.2, 
5.1.4, and 5.1.5. In 5.2.1 is described how a realistic distribution of ground stations is achieved. 
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5. Real cubesat orbits 
The simulation model must test the orbit determination methods on orbits of real cubesats. The way to 
achieve this is described in 5.2.2. 

 
The following four items are left out of the simulation model 

1. Parallel multi-satellite simulation. 
The simulation model is not capable of simulating multiple satellites at the same time. Modelling 
multiple satellites at the same time would require more computer resources, and would make the 
simulation model more complex. Because orbit determination is related to one satellite, the single 
satellite simulation approach does not affect the testing of the orbit determination methods. 

2. Decoding data from satellite. 
The simulation model makes use of so-called reception events, which represent the generic reception of 
data in time. Therefore, the actual data that is transmitted by the satellite is not simulated. Data 
transmitted from the satellite is mostly send by means of AX.25 [38] data packets, which can contain bit 
errors, so that the data can become lost. By means of random loss of reception events, these bit errors 
are taken into account without simulating them, which is described in 5.1.4. 

3. Noise calculations in the signal strength model. 
A simplified signal strength model is used in relation to handle radio signal noise, which is less complex, 
but still models the main principles. 

4. Real-time aspects. 
The simulation model does not handle real-time aspects, like available computation time and time for the 
orbit determination process to communicate with the ground stations. 

 
Finally, three other requirements, which are not directly related to the simulations, but also essential, are 
summarized below. 

1. Stability and reproducibility 
The simulation model must be stable during long simulations, where large amounts of data are 
produced. The reproducibility of simulation experiments is needed, in order to guarantee comparable 
results. The architecture to achieve this is described in 5.1.2. 

2. Flexibility 
Different configurations of the real-world GENSO system can have different effects on the results of the 
orbit determination methods. In the rest of this chapter, the available parameter variations are 
mentioned.  

3. Monitoring the orbit determination methods 
The progress and results of the orbit determination methods have to be monitored. Decisions taken by 
the orbit determination agent have to be analyzed in a later stage. The availability of a reports database 
makes it possible to trace the behaviour of the orbit determination methods, because the actions taken 
can be logged into that database. This principle is described in 5.1.2, and the structure of the reports 
database is described in Appendix C. 

5.1.2 Architecture 

Before describing the details of how the reception of the satellite signals is modelled, first the following five 
items of the overall structure and main mechanisms are described.  
 System architecture 
Configuration of a ground station 
Unique simulation ID 
 Simulation sample rate 
High-level class structure 
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System architecture 
The core simulation model itself consists of two main processes, (1) the reception simulation and (2) the orbit 
determination. These two processes are organized together in one java application, so that communication 
between the two is easily established. Around the core simulation model itself, a number of external items are 
present, of which an overview is given in Figure 5.1. 
 
At the start-up of a simulation, information is read from two sources, (1) a configuration file and (2) the ground 
stations configurations database. The configuration file is a plain text file, which contains the simulation 
parameters that typically change for different simulations (like changes in the selected ground stations 
configuration, or the initially known TLE of the satellite). Typically, every simulation has a separate 
configuration file, from which a copy is made to the results directory of the simulation, where all simulation 
results are stored. Details about this configuration file can be found in Appendix B. The ground stations 
configurations database contains all the different configurations which can be used, and which are made up out 
of individual ground stations. Data will only be read from this database. The different configurations have a 
unique ID, which can be assigned to a simulation in the configuration file. Details about the ground stations 
configurations database structure can be found in Appendix C. 

 

 
 

Figure 5.1: Simulation model system architecture 
 

In GENSO, data received by the ground stations is organized in pass-reports [11]. During a simulation, these 
pass-reports are stored in the reports database by the reception simulation process, where they are re-collected 
by the orbit determination process. The orbit determination agent also logs status messages to this database, so 
the progress and (intermediate) results can be retrieved for later analysis. For every simulation, a new empty 
database will be used. Details about the reports database structure can also be found in Appendix C. 
 
The simulation model was written in Java version 1.6, and developed in Eclipse version 3.4.2. The two used 
databases were developed in Microsoft Access 2000. Communication with the two databases was performed by 
means of two ODBC/JDBC connections. 
 
More details about the practical use of the simulation model can be found in Appendix B. 
 
Configuration of a ground station 
For each individual ground station, the following items can be configured: 
Antenna type 
Radio type 
Horizon mask type and orientation 

 
Every combination of antenna, radio, horizon mask, and its orientation can be made. In 5.1.4 and 5.1.5 more 
details about these three items are given. 
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Unique simulation ID  
The simulation system requires a unique ID per simulation, which must be entered by a user in the configuration 
file. This ID is used to store all data from a simulation, and prevents from overwriting previously generated 
results. This makes it possible to refer to a simulation in a unique and uniform way. 
 
Simulation sample rate 
Most cubesats do no transmit continuously, but in an intermittent way. This is implemented in the simulation 
model by taking a simulation sample rate of, for example, 5 seconds. This models the intermittent way of 
transmission, but also prevents the system from spending time and resources on idle time between two 
transmissions of a satellite. This sample rate can be set in the configuration file, in seconds. However, the overall 
time resolution of the simulation model is 1 second. 
 
High-level class structure 
The main entities of the simulation reception model are linked together as described below, where the classes 
are indicated. A corresponding high-level UML class diagram is given in Figure 5.2. 
A Satellite, simulated as a Spacecraft, transmits data via a RadioLink to a GroundStation that is 

within reach of the satellite. 
Radio signals from the Satellite are received via an Antenna to a Radio, when they are not blocked by the 

HorizonMask. 
A single received data event is an Observation, where multiple observations are grouped into an 

RxReport. 
The available GroundStations are managed by the GoundStationconfiguration. 
 Antennas are configured by an AntennaFactory, Radios by a RadioFactory, and HorizonMasks by 

a HorizonMaskFactory.  
 

 
 

Figure 5.2: High-level UML class diagram of the simulation reception model 

5.1.3 Satellite Prediction Modelling 

The prediction of the position and velocity of the satellite into the future is based on the SGP4 orbit propagator, 
as described in 2.4. With a TLE as input, the orbit propagator will give the predicted values of the position and 
velocity for a given point in time. The simulation model uses exactly the same orbit propagator as the real world 
GENSO does. The SGP4 software library used as the orbital propagator in both GENSO and the orbit 
determination, is based on an existing implementation of the SGP4 model [30].  
 
Within the orbit determination project, some improvements to the libraries were carried out. The most important 
improvement was a performance improvement to the computation of the position and velocity vectors of the 
satellite in time. Originally, for the computation of the position of the satellite relative to a ground station, the 
position and velocity vectors were always recalculated. In the case when the position of the satellite relative to 
more than one ground station has to be determined, it is sufficient to compute the satellite vectors only once, and 



 
 
Satellite Orbit Determination with GENSO 
Master Project Thesis 
  
 
 

 
 
 page 60 of 107   

determine its orientation to the different ground stations individually, based on the same satellite vectors. A 
calculation speed improvement of a factor of ten was gained, which saves large amounts of simulation time, 
because of the computing intensive nature of the orbit propagator. 
 
The real orbit versus the assumed orbit 
The main functionality of the reception simulation model is to determine what the reception quality of the radio 
signals from a satellite is, when the ground station does not hold the most accurate TLE of the satellite, but a 
more inaccurate one. In the simulation model, the most accurate TLE is used for modeling the 'real' orbit of the 
satellite, while the inaccurate TLE is used to model the 'assumed' orbit, the one that a GENSO ground station 
uses to predict the position and velocity of the satellite. The ground station uses the prediction of the assumed 
orbit to point the antenna towards the satellite, and to tune the radio to the Doppler-affected frequency of the 
transmitted signals from the satellite. The orbit determination process does in fact not know the real orbit, but 
the simulation model has to know this orbit to determine the difference between the real and the assumed 
positions and velocities, to compute the actual reception quality. 
 
Two instances of the SGP4 orbit propagator are therefore running in the simulation model, one for the real orbit, 
and one for the assumed orbit. With the two orbit propagator instances for the real and the assumed orbit, the 
simulation system can determine: 
The off-pointing angle of the antenna, relative to the real position of the satellite. 
The frequency offset of the radio, relative to the real frequency of the satellite radio signal. 
The fact that the real satellite is behind the horizon, while this is not the case for the assumed position of the 

satellite (or reverse). 
 
The TLE of the real orbit is specified in the configuration file. For the tracking mode orbit determination, the 
initial TLE for the assumed orbit is also specified in the configuration file. 
 
The simulation model approach assumes that the predictions of the SGP4 orbit propagator correspond to the real 
world behavior of the satellite orbit (that is, the 'real' orbit corresponds to the 'real world' orbit). Although the 
real world orbit is unknown to the simulation system, experiences show [19] that the SGP4 orbit propagator 
predicts the position and speed of the satellite with such a high quality, that in the real world a GENSO like 
ground station does not notice a difference between the predicted and the real world orbit of a satellite (when an 
up-to-date TLE is used). 
 
Interfacing to the existing SGP4 library 
An adapter design pattern [39] is used to interface with the SGP4 software library (the 
uk.me.g4dpz.satellite Java package), as shown in Figure 5.3. Possible changes to GENSO in the future 
can be (1) a change in the SGP4 software library, for example caused by new requirements of GENSO, or (2) 
the use of another orbit prediction model than the SGP4. In both cases, because of the use of the adapter design 
pattern, only the interface to the external library has to be changed, without the need to change all the code 
references made from the orbit determination simulations. 
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Figure 5.3: UML class diagram - interfacing to SGP4 library with an adapter design pattern 
Left the existing SGP4 Java package is shown, 

 right the new developed orbit determination Java package 

5.1.4 Signal Strength Modelling 

The reception of satellite signals is modelled by using the combination of two main items: 
1. The signal strength of the radio signal at the ground station receiver 
2. The frequency Doppler offset of the radio signal at the ground station receiver 

 
These two items are the main variables in determining if a signal is received, and finally decoded, at the ground 
station receiver. The modelling of the signal strength from the satellite to the ground station receiver is described 
in this paragraph, while the modelling of the allowed frequency offset due to the Doppler shift is described in the 
next paragraph 5.1.5. In this paragraph, the items that are involved in the signal strength modelling, are 
mentioned, but not explained in every detail. A more detailed description of the reception of satellite signals can 
be found in a document [27] that was written in preparation to this final thesis, or in other literature [19, 40]. 
 
A radio signal from a satellite must have a minimum value to be detected by the radio receiver, so that the 
information from the transmitted data can be decoded. From a high-level view, the path of a radio signal from 
the satellite to the ground station receiver can be seen as in Figure 5.4. The radio signal starts at the satellite 
where it is being transmitted through the antenna on the satellite. Typical power levels of cubesats are in the 
range of 100 mW to 1 W. After transmission from the satellite, the radio signal is highly attenuated on its long 
way through space. The remaining signal is finally received by the ground station antenna system. When the 
radio signal has enough signal strength left, the ground station receiver can detect the signal above the noise. The 
detailed signal strength calculations (also called link-budget calculations) are described further in this paragraph. 
The final overall picture is given in Table 5.2 and Figure 5.6. 
 

Satellite 
transmission

Ground station 
antenna system

Ground station 
receiver

Signal path 
through space

 
 

Figure 5.4: High-level view on signal strength modelling 
 
However, this signal strength modelling is simplified with respect to the noise in the radio signal. During the 
travel of the radio signal from the satellite to the radio receiver, noise is added to the signal. This noise decreases 
the signal-to-noise ratio of the signal, which worsens the reception quality. This extra noise factor is left out of 
the model because of the extra complexity it would bring. The final simulation model is ‘tuned’ in such a way, 
that it behaves like a reception system in practice, without separately modelling the reception of noise. The noise 
simplification does therefore not have an influence on the entire signal strength model. This final tuning is 
described at the end of this paragraph. 
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dB, dBm, dBd, dBi and EIRP 
In the signal strength model, the decibel (dB) is used as the main unit, together with some derived units. The 
decibel defines the ratio between two power levels (here the power levels of the signal strengths), as the 10·10log 
of the ratio of both power levels. While the dB is a relative measure, dBm, dBd and dBi are absolute ratios, in 
the way that they are defined as a ratio against a fixed level or standard. 
 
The dBm is defined as the ratio, in dB, against a fixed power level. The dBm is defined as 0 dBm equals the 
reference power level of 1 mW. Positive values in dBm indicate power levels more than 1 mW, where negative 
values indicates values less than 1 mW. 
 
The dBi and dBd are ratios, in dB, related to antennas. Both the dBi and dBd are the amplification ratios relative 
to standard antennas, so it defines the gain of an antenna relative to the standard antenna. The dBi is the antenna 
gain, in dB, relative to an 'isotropic radiator'. The isotropic radiator here is an imaginary antenna, namely a point 
source that radiates equal in all directions. The dBd is the antenna gain, in dB, relative to one of the main 
directions of a dipole antenna [40, 41]. There is a fixed relation between dBi and dBd, a reference dipole antenna 
is defined to have 2.15 dBi of gain. Negative values of dBi and dBd indicate attenuation instead of amplification, 
which makes that an isotropic radiator has a gain of –2.15 dBd. 
 
The power output of a satellite in the signal strength model is given as the EIRP, the Effective Isotropic Radiated 
Power, in dBm. The EIRP is the power that is radiated in the main direction of the antenna, relative to an 
isotropic radiator. 
 
The dB-based units are convenient to use in the signal strength calculations, because the amplifications or 
attenuations in the signal path are also given in dB. Because of the logarithmic scale, multiplications turn into 
additions, which means that amplifications or attenuations of the signal strength power can be calculated by 
adding or subtracting the values to or from the power levels. 
 
The precise definitions and more examples about all these units can be found in [40] and [42]. 
 
Signal strength modelling 
The signal strength modelling can be spit into four main parts (as in Figure 5.3), which are: 

1. Satellite transmitter power output 
2. Downlink path signal attenuation 
3. Ground station antenna system gain 
4. Ground station reception by the receiver 

 
The way in which these four main parts are modelled is described below (where the downlink path signal 
attenuation is the most extensive part). 
 
1. Satellite transmitter power output 

The transmitter power output from the satellite is determined by the output power of the transmitter, minus 
the transmission cable losses, plus the antenna gain. These three values are constant in time for a particular 
satellite, so the final signal power transmitted by the satellite is modelled as constant. The power is 
expressed EIRP, in dBm. The power transmitted by the satellite, and the gain of the antenna of the satellite, 
can be specified in the configuration file. 

 
2. Downlink path signal attenuation 

The downlink path signal attenuation of the transmitted signal from the satellite is depending on several 
factors, which all have their contribution to the total attenuation of the signal that travels from the satellite to 
the ground station. The most important factor is the (free space) path-loss, which is depending on the radio 
frequency and the length of the path through space. The path loss is modelled by Equation 5.1 [19, 27].  
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kmMHz log20flog204.32L          [Eq 5.1] 
 
where 
 L =  free-space path-loss in dB, between two isotropic radiators 
 ρkm =  distance between the satellite and the ground station in km 

fMHz =  frequency of the transmitted signal in MHz 
 
Another factor that influences the radio signal during its path though space is the attenuation due to 
atmospheric losses. These losses, due to atmospheric gases, are nearly independent of atmospheric 
temperature, mean density and relative humidity at frequencies below 2 GHz (which is true for the majority 
of the frequencies used by cubesats). Atmospheric absorption depends strongly upon the total number of 
molecules distributed along the path between the spacecraft and the ground station. This, in turn, means that 
the attenuation of the radio signal is depending on the elevation of the satellite, as seen from the ground 
station [43, 44]  In Table 5.1 the relation between the elevation angle and the atmospheric losses is given. 
 

 Elevation angle [degrees] Loss [dB]  
 0 10.2  
 2.5 4.6  
 5 2.1  
 10 1.1  
 30 0.4  
 45 0.3  
 90 0.0  

 
Table 5.1: Losses due to atmospheric gases, as a function of the elevation angle, 

as seen from a ground station to a satellite, for frequencies below 2 GHz. 
(Sources: [43, 44]) 

 
In the reception simulation model, the values in the table are used, where linear interpolation is used for 
elevation angles in between the given values. 
 
A factor in the same area of the atmospheric losses is the attenuation due to ionospheric losses. These losses 
of the radio signal, caused by passing though the ionosphere, are frequency dependent, where higher 
frequencies have lower losses. The losses on the VHF and UHF frequencies (which are the frequencies used 
by cubesats) are less than 1 dB, and will therefore be neglected in the reception simulation model.  
 
Two other factors can also influence the signal reception quality, however in an unpredictable way. The first 
is noise from 'natural' sources (e.g. lightning), and the second is noise from 'man-made' sources (e.g. 
unwanted emissions from all kind of electronic equipment). Both factors increase the noise in the received 
signal, and therefore decrease the signal-to-noise factor, which means that more radio signal is needed to still 
decode the radio signals from the satellite. Because of the unpredicted nature of these two noise sources, and 
the possible complete block of the received signal at a time, the influence of these factors are modelled by 
blocking the received radio signal completely. A fixed percentage of the reception events will not occur in 
the model, although they should have occurred otherwise. Because for low elevations the chance of man-
made noise is higher, the percentage of blocked signals ranges from 20% at an elevation of 0 degrees, to 1% 
at an elevation of 90 degrees.  
 
Two other factors, not related to the travel of the signal through space, can have significant impact on the 
attenuation of the radio signal before it is received. These factors are the pointing and polarisation losses. 
At both the satellite side and the ground station side, the pointing of the antennas can be non-optimal, which 
means that both antennas are not pointing optimally to each other. LEO satellites will always have some 
pointing and polarisation losses, because the satellite will be looked at from different sides as the satellite is 
passing over. Small satellites like cubesats also do not always have optimal stabilisation control, so the 
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satellite will spin or rotate a bit over time. The polarisation losses will also apply to the receiving ground 
station, but from the point of modelling the polarisation losses, they are treated as one attenuation factor, 
which varies in time and in location. The pointing losses at the satellite are also modelled with this one 
attenuation factor.  
 
This time-varying attenuation factor is based on a sine function that varies between 0 and 3 dB of extra 
attenuation, with a period of 3 minutes. This 3-minute period simulates the attenuation due to the rotation of 
the satellite. The phase shift of the sine attenuation function is different for various ground station locations 
on Earth, where different shifts are implemented for every 20 degrees of longitude and every 10 degrees of 
latitude8. Finally, a complete random factor will cause an extra attenuation between 0 and 2 dB. 
 
The signal from the satellite can also be blocked if there is something in between the satellite and the ground 
station antenna, for example buildings, houses or other obstructions. This effect is modelled by the horizon 
mask, where a horizon mask is a virtual curve around a ground station, which indicates for every azimuth 
the minimum elevation where signals from a satellite can be received (see also 4.3.5). The horizon mask is 
modelled by defining the minimum elevation angles for every 10 degrees of azimuth, where azimuth values 
in between the 10 degrees steps are modelled by linear interpolation. 
 
Five different horizon mask types are defined in the simulation system, ranging from a perfect mask with no 
obstruction, to a mask that models a city with many obstructions in almost all directions. The five different 
types are configured in the HorizonMaskFactory class of the simulation system. Per ground station, a 
different horizon mask can be assigned, where an azimuth rotation of the mask can be set in steps of 10 
degrees. The rotation of the mask is used to achieve that, even with the same horizon mask, ground stations 
have different reception behaviour. 

 
3. Ground station antenna system gain 

The high-gain antennas that are used for the reception of signals from cubesats, have a highly directional 
gain pattern [40], because these directional antennas have extra signal gain in the main direction of the 
antenna, at the expense of antenna gain from other directions. Therefore, the pointing accuracy of the ground 
station antenna towards the (moving) satellite is important in order to have the maximum signal gain. In 
Figure 5.5, an example is shown by two views of a gain pattern. 
 

 
(a)  

(b) 
Figure 5.5: Gain pattern of a commonly used antenna. 

0° in the figure is the main direction of the antenna. 
The gain is indicated relative to the main direction of the antenna. 

(a) Horizontal view, (b) polar view 
 
Four different antenna types are defined in the simulation system, where the different gain patterns are 
configured in the AntennaFactory class. The gain patterns are defined in steps of 10 degrees from the 

                                                   
8 These 20 by 10 degrees squares correspond to the first two characters of the Maidenhead locator system, used by radio 
amateurs world-wide. 
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main direction, where linear interpolation is applied for the intervening angles. The antenna gain pattern is 
defined in a two-dimensional plane (azimuth or elevation), where actually the antenna pointing accuracy will 
be based on the result of both the azimuth and elevation pointing accuracy towards the satellite. The 
resulting pointing accuracy is calculated by means of the scalar product of the two separate angles. With 
this method, the assumption is made that the gain pattern of the antenna is rotational symmetric along its 
main-direction-axis, which is true by approximation. 
 
Where the directional gain of the antennas is fixed for a certain direction, the antenna pointing losses at the 
ground station antenna system, which are used in the model, are variable. The pointing losses are depending 
on the orientation of the antenna with respect to the satellite, which is caused by the difference between the 
real orbit and the assumed orbit. The resulting pointing accuracy is used to calculate the pointing losses. 

 
4. Ground station reception by the receiver 

When at last the radio signal from the satellite reaches the radio receiver, there must be sufficient power left 
over to decode the signal out of the noise. This is modelled by a reception threshold value in dBm, together 
with a minimum required signal to noise ratio in dB. If the signal level of the satellite is more than the 
reception threshold plus the minimal required signal-to-noise, the signal is marked as detected.  

 
Final tuning 
In the signal strength modelling, the most important factors are taken into account. However, it is almost 
impossible to model the signal strength chain in such a way that it matches reality exactly. To overcome this 
final factor, the reception threshold of the receivers are calibrated in such a way that a satellite is detected just as 
it appears above the horizon. 
 
Overview 
Table 5.2 gives an overview of all factors that are involved in the signal strength modelling.  
 
Type Factor Dependence/modelled 

Output power of the 
transmitter 
Transmission cable 
losses 

Satellite transmitter 
power output 

Antenna gain 

Constant values. Modelled as constant EIRP power value. 

Free space path loss Model by formula, dependent on frequency and distance. 
Atmospheric losses Distance/elevation dependent. 
Ionospheric losses Highly unpredictable and small. Ignored in model. 
Natural and 'man-
made' noise 

Random blocking of signal, dependent on the elevation. 

Pointing and 
polarisation losses 

Random attenuation factor. Time and location dependent. 

Downlink path 
signal attenuation 

Horizon mask Blocking of signals below the horizon mask. Every ground 
station has its own mask, based on five different types. 

Antenna gain Gain patterns of different antennas are defined. 
Ground stations 
antenna system gain 

Antenna pointing 
losses 

The pointing accuracy is calculated based on the 'real' 
versus the 'assumed' orbit, together with the gain pattern for 
the used antenna. 

Ground station 
reception 

Decoding of signal Fixed signal threshold. Tuned to match real-world 
behaviour. 

 
Table 5.2: Overview of factors involved in the signal strength modelling 
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The principle of the signal strength modelling is visually represented in Figure 5.6. The last 'AND' rectangle 
shows a logical AND-function, where the dots at the inputs on the left are negations. In the signal path until the 
'Compare', the signal is modelled as an absolute value, where after the 'Compare' the signal is modelled by a 
Boolean value. 
 

EIRP
satellite Path loss Atmospheric 

loss

frequency distance elevation

Other losses

-+ -+ -+

Antenna 
system gain

++

Compare
Receiver 
threshold

Signal detected

'AND'

Signal at 
receiver

Signal at 
receiver

Random 
loss

Reception event

Satellite 
visible

Horizon 
mask  

 
Figure 5.6: A visual representation of the signal strength model 

5.1.5 Reception Band Width Modelling 

When in the end there is enough radio signal left over to be detected by the ground station receiver, the next thing 
to determine is if the radio is tuned9 accurate enough to the correct frequency, to be able to detect this signal. 
 
For the standard kind of radio receivers used in GENSO, radio signals will only be received if the receivers are 
tuned within a certain frequency range from the actual radio signal frequency. This range (the so-called 'pass 
band' or 'band width') is determined by the audio filters inside the radio. These filters are necessary to provide 
selectivity to the receiver, so that only the desired signals are received and no other signals in the neighbourhood 
of the desired signals. Radio signal reception from LEO satellites is much more concerned about this issue of 
correct tuning, than radio signal reception from terrestrial sources, because of the occurring Doppler frequency 
shift with the satellite signals. 
 
Therefore, in the simulation model, a radio signal can have a maximum frequency deviation that is allowed to 
still receive the signal inside the filters of the radio. Because the term 'frequency deviation' has a commonly used, 
but different meaning10, the term 'frequency offset' is used in this document. 
 
Without explaining all details of radio receivers (details can for example be found in [40]), the items mentioned 
below give the most important factors related to the modelling of the reception band width modelling: 
Radio signals just above the minimum required signal intensity for the receiver, allow less frequency offset 

to the signal than stronger signals. This is caused by the slope of the edges of the filters. 
Radio signals with higher data baud rates require more band width than signals with lower data baud rates. 

For cubesats, the main high baud rate is 9600 baud, and the main low baud rate is 1200 baud [3]. The more 

                                                   
9 The term tuning is used here as the commonly used term for setting the frequency of the receiver to a receive 
frequency. 
10 Frequency deviation is used to to describe the maximum instantaneous difference between a frequency modulated 
(FM)  radio signal and its nominal carrier frequency. 
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band width is required, the less frequency offset is allowed, because wider signals will reach the edges of the 
filters sooner than smaller signals. 

Different modulation schemes require different allowed frequency tuning offsets. Here the offset are not only 
determined by the band width of the reception filters, but also by of the demodulation technique of the data 
in the radio. The most commonly used [3] modulation schemes are (A)FSK ((Audio) Frequency Shift 
Keying) and BPSK (Binary Phase Shift Keying) [40]. BPSK tolerates the least offset, followed by FSK and 
AFSK as the one that tolerates the most offset.  

 For 9600 baud signals, the radio signal just fits in the standard band width of the commonly used radio 
receivers. These 9600 baud signals therefore tolerate almost no frequency tuning offset. 

 
These characteristics are modelled as depicted in Figure 5.7.  Whether or not the signal can be detected by the 
receiver, is determined by a combination of the actual frequency offset and the signal intensity. The actual 
frequency offset is the difference between the frequency the receiver is tuned to and the frequency of the 
Doppler-affected frequency transmitted by the satellite. When the received signal intensity is below the noise 
floor plus the minimum signal-to-noise (S/N) ratio, the signal cannot be detected. Stronger signal intensities can 
be detected, if they are within the receiver band width. This receiver band width is modelled by a linear 
interpolation from the minimum frequency offset point to the maximum offset point, and the band width is 
constant above that point. Signals that fall within the shaded area are detected, others not. 
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Figure 5.7: Reception band width modelling principle 
 
Four different kinds of radio signals are modelled in the simulation model, each with different parameter values. 
An overview of the signals and their parameters11 is given in Table 5.3. In the simulation model, other kind of 
signals can easily be added, or values of existing parameters can be changed. In the simulation model the 
reception band width model is implemented in the Radio class. 
 

Signal type Noise floor 
[dBm] 

Minimal 
S/N [dB] 

Maximum 
offset point 
[dB] 

Minimum 
frequency 
offset [kHz] 

Maximum 
frequency 
offset [kHz] 

AFSK 1200 baud -140 15 10 1 5  

FSK 1200 baud -140 12 10 1 5 

BPSK 1200 baud -140  9 10 0.1 0.5 

FSK 9600 baud -140 10 10 1 3 

 
Table 5.3: Reception band width modelling parameters 

                                                   
11 These values were determined after extensive discussions with radio amateurs who experimented with the reception of 
satellite radio signals, using radio reception equipment like is used in GENSO. 
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5.2 Orbit Determination Experiments 

To test the developed orbit determination methods, a selection must be made out of (1) the available GENSO 
ground station resources, and (2) the available satellite orbits. In 5.2.1 the worldwide distributions of ground 
stations, which are used in the simulation model, are presented. In 5.2.2 the LEO satellite orbits that are used for 
the simulations are given. The developed orbit determination methods are tested in their ability to find the 
necessary orbital parameters of these satellite orbits, with the available GENSO ground station resources. In 
5.2.3, the different tests that were performed to test the developed orbit determination methods are described. 

5.2.1 Ground Stations Configurations 

A realistic worldwide distribution of ground stations (called the ground stations configuration) is important for 
running realistic simulations, especially because the distribution of ground stations around the world is expected 
to be far from ideal. The ground stations configuration used for the orbit determination simulations, is based on 
the list of 270 locations of ground stations that collected telemetry data for the Delfi-C3 cubesat mission [45]. 
The kind of ground stations that collected telemetry data for the Delfi-C3 mission, are potential candidates for 
ground stations for an operational GENSO in the coming years. 
 
The list of 270 ground stations have (randomly) been split into three new configurations of 90 ground stations, 
(1) to make the ground stations configurations more realistic (not all ground stations will be available all the 
time), and (2) to test the algorithms with different ground stations configurations. The number of 90 is based on 
the estimation of number of ground stations in the early stages of the GENSO project [46]. The three 
configurations are called A, B and C, and are shown in Figure 5.8 The distribution of ground stations around the 
world is very concentrated in Europe and the United States, with a few other ground stations elsewhere in the 
world. This distribution is typical, and was for example also seen with the Compass-1 cubesat mission [47]. 
 
Among the ground stations of the three configurations, the different antennas and horizons masks are assigned 
randomly, but fixed to a configuration after the assignment. This gives a ground stations configuration that is 
highly heterogeneous, which is typical for GENSO, but fixed for every time a simulation is run, so the results of 
the different simulations are comparable. 
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure 5.8: Ground stations configurations 

(a) Ground stations configuration A 
(b) Ground stations configuration B 
(c) Ground stations configuration C 
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5.2.2 Selection of Typical GENSO LEO Satellite Orbits 

The experiments to test the orbit determination methods are performed for three different cubesats. The three 
cubesats are all from a different launch, and therefore have different orbits (cubesats from the same launch 
would have had comparable orbits, because they were launched from the same launch vehicle). In Table 5.4 the 
three cubesat orbits are mentioned, with a basic description of the orbit, by means of the mean motion, the 
orbital period, the inclination, and the eccentricity. The mentioned NORAD Catalogue Number is a unique 
identifier assigned by NORAD for each earth-orbiting artificial satellite in their satellite catalogue [5]. 
 
Cubesat NORAD 

Catalogue 
Number 

Launch Mean 
motion 
[rev/day] 

Orbital 
period 
[s/rev] 

Inclination 
[degrees] 

Eccentricity 

Compass-1 32787 April 2008 14.8183 5830.63 97.9 0.00000460 
SwissCube 35932 September 2009 14.5220 5949.60 98.3 0.00005228 
PolySat CP-6 35003 May 2009 15.4430 5594.77 40.5 0.00012786 
 

Table 5.4: Cubesats used to test the orbit determination methods 
 
In Table 5.5 below, the TLEs of the three cubesats are shown. The three TLEs were taken from 
http://www.celestrak.com/NORAD/elements/cubesat.txt on April 17th 2010. 
 

    COMPASS-1 
    1 32787U 08021E   10106.04675119  .00000460  00000-0  64843-4 0  6467 
    2 32787  97.8981 171.6446 0016565 125.0927 235.1746 14.81829624106290 

    SWISSCUBE                
    1 35932U 09051B   10106.29742679  .00005228  00000-0  12986-2 0  3305 
    2 35932  98.3287 204.4541 0008589  29.0915 330.9987 14.52198005 29754 

    POLYSAT CP6 
    1 35003U 09028C   10106.50017868  .00012786  00000-0  27281-3 0  2667 
    2 35003  40.4628 219.1927 0023695 278.9350  80.8765 15.44298250 51175 

 
Table 5.5: TLEs of the cubesats used to test the orbit determination methods 

5.2.3 Simulations 

To test the quality of the developed orbit determination methods, a number of simulations were performed. 
Because it is impossible to test all combinations of parameters, TLEs, and ground stations configurations, a 
representative set of simulations was chosen to perform the tests. Four different sets of simulations were 
performed, where one parameter was varied, while the others were kept unchanged. For both the static mode and 
the tracking mode orbit determination methods, these sets of simulations were performed. 
 
First, a set of simulations for TLE Experiments was performed. The algorithms were tested for the TLEs of all 
three cubesat mentioned in 5.2.2, to see if the algorithms were able to handle different TLEs. Second, a set of 
simulations for Modulation Technique Experiments was performed. For two main different modulation methods 
(1200 baud AFSK and 9600 baud FSK), the orbit determination algorithms were tested. Third, a set of 
simulations was run for the Random Signal Attenuation Experiments. In two different simulations, the effect of 
switching the random signal attenuations of the signal reception on and off was tested. And fourth, a set of 
Ground Stations Configurations Experiments simulation was performed. The effects of using the three different 
ground stations configurations were tested here. For the tracking mode tests, the effect of the different 
modulation techniques was tested together with testing the ground stations configurations. 
 
All details of the simulations themselves are mentioned in the next chapter, Orbit Determination Results. 
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5.3 Summary 

In this chapter, the approach to test the developed orbit determination methods is described. The use of a 
GENSO simulation model was explained, and the requirements for such a simulation system were presented. A 
high-level description of the implementation of the simulation model was given, followed by a detailed 
explanation of the two main parts of the GENSO simulation model. First, the signal strength modelling, the way 
to determine the received signal strength from the satellite at the ground station, and second the band width 
modelling, the way to determine if the signal was received by the receiver at the ground station, due to the 
Doppler shift on the frequency on the radio signal from the satellite. 
 
The different orbit determination simulations were also described. The three different satellite orbits that were 
used in the simulations were described, together with three different ground stations configurations. The chapter 
was concluded by an overview of which simulations were actually performed. 
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6. ORBIT DETERMINATION RESULTS 

This chapter describes the orbit determination results that were generated using the simulation model. In 6.1, the 
methods for measuring the quality of the determined orbits are explained. The results of the static mode orbit 
determination are presented in 6.2, followed by the results of the tracking mode orbit determination in 6.3. 

6.1 Quality Measurement Methods 

To test the quality of the developed orbit determination algorithms, two different methods are defined: 
1. Direct quality measurements: Comparison of the orbital parameters 

Within the boundaries of this project, a direct comparison can be made between the orbital parameters 
of the real orbit, and the orbital parameters determined by the algorithms. This is possible because the 
real orbit of the simulated satellite is known by the simulation model. 

2. Indirect quality measurements: Comparison of the reception quality 
For the indirect quality measurement method, the quality is defined as the percentage of data received by 
GENSO, compared to the maximum possible amount of data that could have been received, which is 
calculated by loading the real TLE into the simulation model, and simulate this maximum amount of 
data. This quality is called the reception quality. 

 
Both quality measurement approaches will be used. The direct method is used to test the performance of the 
static mode orbit determination algorithms, by looking at the values of the individual orbital parameters. The 
indirect method is used to test the overall performance of both the static mode and the tracking mode orbit 
determination.  
 
A human visual inspection of the TLE found by the orbit determination, can be performed by loading both the 
real TLE and the determined TLE into a satellite prediction program [21, 28] as two different satellites, and 
examine (1) how well the orbits fit over each other, and (2) how well the pass predictions of both satellites 
match. This method of a human visual inspection is not used for the quality measurements here. 
 
For every orbit determination simulation experiment, 36 single simulations were run, where the Right Ascension 
of the Ascending Node (RAAN) was varied between 0 and 350 degrees in steps of 10 degrees. Because of this, 
the ground stations configuration and the satellite orbit are the same for all the 36 simulations, however the 
satellite passes over different parts of the world for every single simulation. For the 36 single simulations of one 
experiment, the average values and the corresponding standard deviations were computed. 
 
The algorithms for both the static mode and the tracking mode orbit determination were tested by the variation of 
four factors. First, finding three different TLEs was tested, the main objective of the orbit determination. 
Second, two different signal modulation techniques were compared. Third, the robustness of the algorithms was 
tested by comparing a simulation with the random signal attenuations, against a simulation without. Finally, the 
algorithms were tested with three different ground stations configurations (5.2.1). Although GENSO cannot 
directly influence the distribution of ground stations around the world, the three simulations show the effects of 
using different configurations for the orbit determination. 

6.2 Static Mode Orbit Determination 

The simulations for the static mode orbit determination algorithms were run for the period between 17 and 20 
April 2010. For this 3-day simulation period, the results of the orbit determination algorithms were generated for 
observation periods starting with 6 hours, and increasing by 6 hours successively (this gives 12 periods ranging 
from 6 to 72 hours).  
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The quality of the determined orbit is analyzed by two direct comparisons, and one indirect comparison. A direct 
comparison is made by comparing the determined orbital period (derived from the mean motion) and the 
inclination with the orbital period and the inclination from the TLE. For the indirect comparison, the reception 
quality is used. 
 
The four different experiments that were performed, are described below: 

1. Testing different TLEs in 6.2.1: Orbital period, inclination, and reception quality analysis. 
2. Testing different signal modulation techniques in 6.2.2: Reception quality analysis. 
3. Testing the effect of the random signal attenuation in the model in 6.2.3: Reception quality analysis. 
4. Testing the effect of different ground stations configurations in 6.2.4: Reception quality analysis. 

6.2.1 TLE Experiments 

The efficiency of the static mode orbit determination algorithms for different orbits was tested for three different 
cubesat TLEs (Compass-1, PolySat CP-6 and SwissCube, see 5.2.2). The other simulation parameters which 
were used, were as follows: 

Random signal attenuation: enabled 
Horizon masks: enabled 
 Satellite transmission frequency: 435 MHz 
 Simulation time step: 5 seconds 
Ground stations configuration: Configuration A 
Modulation: 1200 baud AFSK 

 
In Figure 6.1, the errors in the determined values for the orbital periods for the three different TLEs are given as 
a function of the orbit determination time. With orbital periods between 5000 and 6000 seconds, the errors of 
less than 1 second after 1 or 2 days are relatively low. The three graphs show that the values for the orbital 
period become stable with a small error during the 3-day period. After 36 hours, all three graphs show an almost 
constant value of the orbital period.  
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(a) 

 

 
(b) 

 

 
(c) 

 
 
 
 
 
 

Figure 6.1: Determination of the orbital period for 
three different TLEs: 
Average error in the orbital period in seconds for  
(a) Compass-1, (b) SwissCube, and (c) Polysat CP-6. 
The error bars indicate the standard deviations. 
Caption links? 

 
In Figure 6.2, the errors in the determined values for the inclinations for the three different TLEs are given as a 
function of the orbit determination time. The graphs show that the values for the inclination become stable, but 
for the high elevations of 97.9 and 98.3 degrees, a fixed small offset of less than 1 degree is present. From the 
orbit model used in this thesis, no direct cause can be derived for this offset. Further analysis should be 
performed to find the cause of this offset, or a way to correct for it. An extra, un-modelled orbital perturbation 
of the SGP4 model could also be the cause of the offset, which falls outside of the scope of this thesis. The linear 
regression technique to determine the inclination value is also a candidate for a possible improvement.  
 
Tests with the simulation model have shown that an offset in the inclination of less than 1 degree has no effect on 
the communication capabilities with the satellite in the short term. As long as GENSO continuously performs 
orbit determination, effects in the long term will be corrected by the orbit determination algorithm. If no orbit 
determination is performed, small errors in the inclination will propagate into the future (see also 7.2.4 about the 
long term effects of orbital parameter deviations), causing a degradation of the communication capabilities with 
the satellite. 
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(a) 

 

 
(b) 

 
(c) 

 
 
 

Figure 6.2: Determination of the inclination for three 
different TLEs: 
Average error in the inclination in degrees for 
(a) Compass-1, (b) SwissCube, and (c)Polysat CP6. 
The error bars indicate the standard deviations. 
 
In figures (a) and (b) the Y-axis is inverted relative to 
(c), because (c) is a direct orbit, where (a) and (b) are 
retrograde orbits. With this inversion the deviation 
are in the same direction relative to the equator. 

 
In Figure 6.3, the overall reception qualities for the three different TLEs are given as a function of the orbit 
determination time. For all three TLEs, the overall reception quality approximates to 100%, after 42 hours of 
collecting observations from 90 ground stations and running the orbit determination algorithms. Although an 
offset in the inclination is present for the high inclination orbits, it has no noticeable impact on the overall 
reception quality for this 3-day period. 
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(a) 

 

 
(b) 

 
(c) 

 
 
 
 
 
 

Figure 6.3: Results of the overall reception quality for 
three different TLEs: 
Average reception quality, relative to the real TLE for 
(a) Compass-1, (b) SwissCube, and (c)Polysat CP6. 
The error bars indicate the standard deviations. 

6.2.2 Modulation Techniques Experiments 

The effect of a different modulation technique of the signal transmitted by the satellite was tested by comparing 
the orbit determination efficiency between 1200 baud AFSK and 9600 baud FSK. The other simulation 
parameters which were used, were as follows: 

Random signal attenuation: enabled 
Horizon masks: enabled 
 Satellite transmission frequency: 435 MHz 
 Simulation time step: 5 seconds 
Ground stations configuration: Configuration A 
 Satellite: Compass-1 

 
In Figure 6.4, the overall reception qualities for the two different modulation techniques are given as a function 
of the orbit determination time. The two graphs clearly show a better performance of the algorithms for the 1200 
baud AFSK, than for the 9600 baud FSK. The reduced efficiency for the 9600 baud FSK modulation method 
can be explained by the fact that less data is received than is received for the 1200 baud AFSK modulation 
technique. This is because the Doppler-affected signals from the satellite fall outside the width of the receiver 
filters almost immediately before of after the time-of-closest-approach (TCA) for signals with more band width, 
like the 9600 baud FSK signal. The significantly lower determined value for the inclination (not shown in a 
separate graph here) is the cause of the 80% maximum reception quality, instead of 100% for the 1200 baud 
AFSK modulation technique. 
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(a) 

 

 
(b) 

Figure 6.4: Results of the overall reception quality for two different modulation techniques: 
Average reception quality, relative to the real TLE for 

(a) 1200 baud AFSK, and (b) 9600 baud FSK. 
The error bars indicate the standard deviations. 

6.2.3 Random Signal Attenuation Experiments 

To test the robustness of the orbit determination algorithms with respect to random signal attenuation of the 
satellite signals, two tests were performed, one with, and one without the random signal attenuation of radio 
signals from the satellite. The other simulation parameters which were used, were as follows: 

Horizon masks: enabled 
 Satellite transmission frequency: 435 MHz 
 Simulation time step: 5 seconds 
Ground stations configuration: Configuration A 
Modulation: 1200 baud AFSK 
 Satellite: Compass-1 

 
In Figure 6.5, the overall reception qualities for the random signal attenuation enabled and disabled are given as 
a function of the orbit determination time. The reception quality almost performs the same for both, but the 
maximum quality is reached about 12 hours later without the extra random signal attenuations. The difference 
between the two experiments disappears after 54 hours where the reception quality for both reaches a value near 
100%. 
 
An explanation for the slower performance of the standard deviation in time can be that the random signal 
attenuations average out differences between the 36 single simulations more than for the simulations without the 
random signal attenuations. The two graphs also show that the static mode algorithm is robust, because it 
handles random signal attenuations very well, which is very likely to happen in practice.  
 



 
 
Satellite Orbit Determination with GENSO 
Master Project Thesis 
  
 
 

 
 
 page 78 of 107   

 
(a) 

 

 
(b) 

Figure 6.5: Results of the overall reception quality for the influence of the random signal attenuation: 
Average reception quality, relative to the real TLE for 

(a) random attenuation enabled, and (b) random attenuation disabled. 
The error bars indicate the standard deviations. 

6.2.4 Ground Stations Configurations Experiments 

To test the robustness of the orbit determination algorithms with respect to different distributions of ground 
stations around the world, tests were performed with the three different ground stations configurations (see 
5.2.1). The other simulation parameters which were used, were as follows: 

Random signal attenuation: enabled 
Horizon masks: enabled 
 Satellite transmission frequency: 435 MHz 
 Simulation time step: 5 seconds 
Modulation: 1200 baud AFSK 
 Satellite: Compass-1 

 
In Figure 6.6, the overall reception qualities for the three different ground stations configurations are given as a 
function of the orbit determination time. Different ground stations configurations have a significant influence on 
the orbit determination speed. As can be seen in 5.2.1, the ground stations of configuration A are more equally 
spread around the world than for configuration B and C. The more equally spread the ground stations are, the 
better the algorithm performs, as can be concluded from Figure 6.6. For configuration C, the ground stations are 
less equally spread, with for example only one ground station in and near Australia, and no ground station in 
South-Africa, which also gives the worst orbit determination performance. Although GENSO has not direct 
influence on the locations of ground stations, it is worth the effort trying to populate remote places on Earth with 
GENSO ground stations, because for the static mode orbit determination algorithms a more equally spread 
ground stations configuration performs better. 
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(a) 

 

 
(b) 

 
(c) 

 
 
 
 
 
 

Figure 6.6: Results of the overall reception quality for 
three different ground stations configurations: 
Average reception quality, relative to the real TLE for 
(a) configuration A, (b) configuration B, and (c) 
configuration C. 
The error bars indicate the standard deviations. 

6.2.5 Overall Results of Experiments 

The overall result is that the static mode orbit determination algorithms start to deliver useful TLEs after 24 
hours. Before 24 hours of orbit determination time, up to 50% of the orbital parameters were invalid (for 
example extremely small or large values). This can be observed in the low overall reception qualities results, and 
the large errors in the inclinations in the first 24 hours. 
 
After 2 days of running the orbit determination process, TLEs are obtained that could be used to track satellites 
with GENSO. When the 1200 baud AFSK modulation technique is used, the reception quality typically reaches 
100% with a small standard deviation, where for the 9600 baud FSK a reception quality of typically 80% is 
reached, with a large standard deviation that almost reaches the 100% value. 

6.3 Tracking Mode Orbit Determination 

After the results of the static mode algorithm, the results of the tracking mode algorithm are shown. The 
simulations for the tracking mode orbit determination algorithms were run for the period between 17 and 24 
April 2010. For this 7-day simulation period, the results of the orbit determination algorithms (the reception 
qualities) were generated for observation periods starting with 6 hours, and increasing by 6 hours successively. 
To obtain the orbit determination results, 28 periods, ranging from 6 to 162 hours, were analyzed.  
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The four different experiments that were tested, are described below: 
1. Testing different TLEs in 6.3.1. 
2. Testing different modulation techniques in 6.3.2. 
3. Testing the effect of the random signal attenuation in the model in 6.3.3. 
4. Testing the effect of different ground stations configurations in 6.3.4. 

 
The simulations were performed with the fixed search parameter values12 of the tracking mode algorithm as 
listed in Table 6.1. 
 

Type Search parameter Orbital parameter Value 
Number of samples around the TLE - 6 

Mean motion 0.05 rev/day 
Inclination 10 degrees Search width Initial search width 

RAAN 10 degrees 

Reward function Minimum average number of reward 
entries 

- 8 

Maximum number of iterations per 
parameter 

- 6 

Mean motion 0.0001 rev/day 
Inclination 1 degree 

Stop criterion 

RAAN 1 degree 
Parameter search 
control 

Parameter search sequence13 - Mean motion - 
Inclination - 
Mean motion - 
RAAN 

 
Table 6.1: Values of the fixed search parameters  

of the tracking mode orbit determination algorithm 
 
The TLEs that the tracking mode algorithm started with, all had the same deviations. In Table 6.2, the offsets of 
the start TLEs compared to the real TLEs are shown. Offsets for the mean anomaly values are used in some 
simulations and not in other, which is mentioned at the different simulations. The offsets for the mean motion 
values (in revolutions per day) correspond to approximately 10 seconds of one orbital period. 
 

TLE Mean motion Inclination RAAN Mean anomaly 
Compass-1 -0.02537 rev/day (~ + 10 s) + 5 degrees + 5 degrees +2 / 0 degrees 
SwissCube -0.02537 rev/day (~ + 10 s) + 5 degrees + 5 degrees +2 / 0 degrees 
PolySat CP-6 -0.02756 rev/day (~ + 10 s) + 5 degrees + 5 degrees +2 / 0 degrees 

 
Table 6.2: Offsets of the start TLEs compared to the real TLEs, 

for the tracking mode simulations 
 
Tracking mode TLE quality monitoring (see 4.3.6) has been applied to the results. This means that some of the 
36 simulations in an experiment were stopped, after the reception quality had been below the threshold of 40% 
for more than 24 hours (after the threshold was reached before), or the 40 % threshold had not been reached 
within 4 days. After the tracking mode orbit determination was stopped, a switchover to the static mode orbit 
determination should be performed. In 53% of the simulation experiments no simulations were stopped at all, 
where in the other 47% of the experiments, the average number of stopped simulations was less than four. The 
results of the stopped simulations and not included in the results here. 
                                                   
12 These values ware determined experimentally. 
13 As described in 4.3.3, the tracking mode algorithm does not search for mean anomaly values here. 
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6.3.1 TLE Experiments 

The efficiency of the tracking mode orbit determination algorithms for different orbits was tested for three 
different cubesat TLEs (Compass-1, PolySat CP-6 and SwissCube, see 5.2.2). The other simulation parameters 
which were used, were as follows: 
 

Random signal attenuation: enabled 
Horizon masks: enabled 
 Satellite transmission frequency: 435 MHz 
 Simulation time step: 5 seconds 
Ground stations configuration: Configuration A 
Modulation: 1200 baud AFSK 
Mean anomaly offset: 2 degrees fixed 

 
In Figure 6.7, the overall reception qualities for the three different TLEs are given as a function of the orbit 
determination time. For the TLEs of Compass-1 and SwissCube, the overall reception quality stabilizes just 
above 90% after 120 hours of collecting observations from 90 ground stations and running the orbit 
determination algorithms. The values for standard deviation also stabilize, but at a high level. 
 

 
(a) 

 

 
(b) 

Figure 6.7: Results of the overall reception quality for two different TLEs: 
Average reception quality, relative to the real TLE for 

(a) Compass-1, and (b) SwissCube. 
The error bars indicate the standard deviations. 

 
Finding the TLE of PolySat CP-6 is not possible with the current tracking mode algorithm, together with the 
available ground stations configurations. None of the 36 simulations gave a resulting TLE with a tracking 
quality of more than 40% after 7 days. Because the main difference between PolySat CP-6 and the other two 
satellites is the inclination, for PolySat CP-6 also simulations were performed with inclinations of 55 and 80 
degrees, while the other values in the TLE were kept the same. These results are shown in Figure 6.8. For the 
TLE with the inclination of 40 degrees, all simulation data is included, while for the inclinations of 55 and 80 
degrees, the 'tracking mode TLE quality monitoring' was applied. The figures show clearly that higher 
inclination values give better results than the lower ones. 
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(a) 

 

 
(b) 

 
(c) 

 
 
 
 
 
 

Figure 6.8: Results of the overall reception quality for 
three different values for the inclination for PolySat 
CP-6: 
Average reception quality, relative to the real TLE for 
(a) inclination 40°, (b) inclination 55°, and (c) 
inclination 80°. 
The error bars indicate the standard deviations. 

 
To check whether or not the tracking mode algorithm has a systematic error for in the orbit determination of low 
inclination orbits, two extra TLE tests were performed. These two tests were equal to the other TLE tests, where 
the TLE to start with was one time exactly the real TLE, and the other time exactly the same TLE but with a 
mean anomaly offset of 2 degrees, in order to test the effect of the mean anomaly offset.  
 
The result for exactly the real TLE in Figure 6.9a shows that the tracking mode algorithm has a stable behaviour 
for the low inclination of 40 degrees. When the perfect TLE is available to the tracking mode orbit determination 
algorithm, the search algorithm will keep these correct values, and the reception quality stays near 100%. In the 
case that the mean anomaly has an offset of 2 degrees (Figure 6.9b), the reception quality slowly drops, which is 
to be expected from the orbit determination of the other 40 degrees inclination orbits. 
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(a) 

 

 
(b) 

Figure 6.9: Results of the overall reception quality for testing two perfect TLEs 
for the 40 degrees inclination orbit of PolySat CP-6: 

Average reception quality, relative to the real TLE for 
(a) the start TLE equals the real TLE 

 (b) idem, but the mean anomaly is 2 degrees higher for the start TLE. 
The error bars indicate the standard deviations. 

 
An explanation for the poor performance of the algorithm for low inclinations is the combination of the low 
inclination satellite orbit, together with the, on average, high latitude of the ground stations. The passes of a low-
inclination satellite for a high-latitude ground station are typically (1) with a low maximum elevation, (2) short 
in time, and (3) low in the number of passes. This makes it difficult for the tracking mode algorithm to obtain 
data for a reliable reward function. 

6.3.2 Modulation Techniques Experiments 

The effect of a different modulation technique was tested by comparing the orbit determination efficiency 
between 1200 baud AFSK and 9600 baud FSK. The other simulation parameters which were used, were as 
follows: 

Random signal attenuation: enabled 
Horizon masks: enabled 
 Satellite transmission frequency: 435 MHz 
 Simulation time step: 5 seconds 
Ground stations configuration: Configuration A 
 Satellite: Compass-1 
Mean anomaly offset: no 

 
In Figure 6.10, the overall reception qualities for the two different modulation techniques are given as a function 
of the orbit determination time. The two graphs clearly show a better performance of the algorithms for the 9600 
baud FSK, than for the 1200 baud AFSK. The improved efficiency for the 9600 baud modulation method can be 
explained by the fact that the reward function is more selective for radio signals with more band width, than for 
signal with smaller band width. This improved selectivity is because the Doppler-affected 9600 baud signals 
from the satellite fall out of the receivers filters sooner, than for the 1200 baud signals, for a non-perfect TLE.  
 
Figure 6.10b shows that with a 9600 baud FSK modulation, and with no mean anomaly offset, a near 100% 
reception quality can be achieved after one week, where the standard deviation is less than 1%.  
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(a) 

 

 
(b) 

Figure 6.10: Results of the overall reception quality for two different modulation techniques: 
Average reception quality, relative to the real TLE for 

(a) 1200 baud AFSK, and (b) 9600 baud FSK. 
The error bars indicate the standard deviations. 

6.3.3 Random Signal Attenuation Experiments 

To test the robustness of the orbit determination algorithms with respect to random blocking of the satellite 
signals, two tests were performed, one with, and one without the random blocking of radio signals from the 
satellite. The other simulation parameters which were used, were as follows: 

Horizon masks: enabled 
 Satellite transmission frequency: 435 MHz 
 Simulation time step: 5 seconds 
Ground stations configuration: Configuration A 
Modulation: 1200 baud AFSK 
 Satellite: Compass-1 
Mean anomaly offset: no 

 
In Figure 6.11, the overall reception qualities for the random signal attenuation enabled and disabled are given as 
a function of the orbit determination time. Without the extra random signal attenuations, the reception quality 
performs slightly better. After one week, the reception quality without the extra attenuations is about 5 % better, 
with a smaller standard deviation. 
 
Although the extra random signal attenuations influence the performance of the orbit determination algorithm, 
the overall performance with the extra attenuations still gives more than 90% of reception quality. The two 
graphs also show that the tracking mode algorithm is robust, because it handles random signal attenuations very 
well, which is very likely to happen in practice. 
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(a) 

 

 
(b) 

Figure 6.11: Results of the overall reception quality for the influence of the random signal attenuation: 
Average reception quality, relative to the real TLE for 

(a) random attenuation enabled, and (b) random attenuation disabled. 
The error bars indicate the standard deviations. 

6.3.4 Ground Stations Configurations Experiments 

To test the robustness of the orbit determination algorithms with respect to different distributions of ground 
stations around the world, tests were performed with the three different ground station configurations (see 5.2.1) 
Because the two modulation techniques (1200 baud AFSK and 9600 baud FSK) deliver different results, the 
ground stations configuration experiments were also performed for the two modulation techniques. The other 
simulation parameters which were used, were as follows: 

Random signal attenuation: enabled 
Horizon masks: enabled 
 Satellite transmission frequency: 435 MHz 
 Simulation time step: 5 seconds 
 Satellite: Compass-1 
Mean anomaly offset: 2 degrees fixed 

 
In Figure 6.12, the overall reception qualities for both the three different ground stations configurations, and for 
the two different modulation techniques, are given as a function of the orbit determination time.  
 
In contrast to the results of the static mode orbit determination, the tracking mode algorithms tend to perform 
better for 1200 baud AFSK for a ground stations configuration where the ground stations are more grouped 
together, because configuration C performs best, followed by configuration B. This can be explained by the fact 
that ground stations closer together give more comparable results for an orbital parameter search, than for 
ground stations that are more spread. For 9600 baud FSK, the different configurations do not show substantial 
differences between the three ground stations configurations. 
 
The comparison between the results of the two modulation techniques confirms the conclusion drawn in 6.3.2 
that orbit determination performs better for signals with a higher band width of the radio signal from the 
satellite. 
 
All six experiments show a small 'dip' in the reception quality just before 24 hour. A possible cause is can be the 
fixed search sequence for all simulations, where at the start of the search roughly the same parameters will be 
searched, together with the same offsets in all start TLEs. 
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(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

 
(e) 

 

 
(f) 

Figure 6.12: Results of the overall reception quality for three different ground stations configurations: 
Average reception quality, relative to the real TLE for 

(a) configuration A – 1200 baud AFSK, (b) configuration A – 9600 baud FSK,  
(c) configuration B – 1200 baud AFSK, (d) configuration B – 9600 baud FSK, 
(e) configuration C – 1200 baud AFSK, (f) configuration C – 9600 baud FSK, 

The error bars indicate the standard deviations. 
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6.3.5 Overall Results of Experiments 

Some of the experiments for the tracking mode orbit determination were performed with a fixed offset for the 
mean anomaly orbital parameter, and other experiments were performed without an offset. The experiments 
without the offset give a better reception quality in the end (in 6.3.2 and 6.3.3), than the experiments with the 
offset (in 6.3.1 and 6.3.4), although the difference is only a few percent. This shows two things. First, the more 
precise the orbital parameters are determined, the more reception quality is achieved, which is to be expected. 
Second, a small offset in the mean anomaly can be tolerated, without having a large impact on the functioning of 
the tracking mode algorithms. 
 
The overall result is that tracking mode orbit determination algorithms start to deliver more than 80% of 
reception quality after 48 hours, and for high inclination orbits, the reception quality reaches values between 90 
and 100% after five to seven days. 
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7. DISCUSSION 

With this research, a proof-of-concept has been developed for satellite orbit determination with GENSO. The 
simulations demonstrate that GENSO should be able to perform orbit determination on its own. Two different 
methods for orbit determination with GENSO have been developed, and tests were performed with the 
simulation model of GENSO that was developed as well. Orbit determination with GENSO is possible, even 
within the limits of the system. The limiting condition that was set for the orbit determination with GENSO was 
the use of the relatively low-profile ground stations of GENSO. When orbit determination would have been the 
main objective of GENSO, other reception equipment would have been used, and the orbit determination would 
have been performed faster and more precise. Therefore, the results of the orbit determination are not the best 
possible in general, but of high quality with GENSO as a global network for non-commercial, non-state-owned 
satellite communication, made out of non-commercial, non-state-owned ground stations. 
 
On the one hand, the TLEs provided by GENSO do not reach the accuracy of the TLEs that are provided by 
NORAD. On the other hand, GENSO does not need the accuracy that is provided by NORAD. Simulations have 
shown that the developed orbit determination algorithms could provide GENSO with TLEs that reach near 
100% of the reception that would have been achieved with TLEs provided by NORAD, for near-circular low-
earth orbit satellites. 
 
In several conversations during the orbit determination project, many people made suggestions about how to 
perform orbit determination, however most of the ideas fell outside the range of the standard capabilities of 
standard GENSO ground stations. One emerging reception technique that can improve the quality and speed of 
the orbit determination, and which can be part of the standard GENSO ground station capabilities soon, is the 
software-defined radio (SDR). More about this is described in 7.4.2. 
 
In this chapter, several items about this research project are discussed. A discussion about the use of a 
simulation model for testing the orbit determination methods is given in 7.1. In 7.2, the individual algorithms are 
discussed, and in 7.3 the impact on the current GENSO system architecture is given, with a list of required 
additions to the system, if orbit determination will be implemented as proposed in this project. Recommendations 
to improve the system and other future work are described in 7.4. Although future work is separately mentioned 
in 7.4, some future work is also mentioned in the other paragraphs of this chapter, at the point where the topic 
concerned is discussed. 

7.1 Simulation Model Approach 

Two items have to be discussed in relation to the use of a simulation model to test the developed orbit 
determination methods. First, the comparison between the behaviour of the simulated GENSO and the real-world 
GENSO, and second the real-time behaviour of the developed orbit determination methods. 
 
Simulation model versus real-world GENSO 
The success of the two developed orbit determination methods is determined by testing the methods with a 
simulation model of GENSO. These test showed that the principles of the two orbit determination techniques 
work, but do not guarantee that it will immediately function in the real-world GENSO. 
 
The simulation model of GENSO is based on different theoretical models that together simulate the reception of 
signals from satellites by GENSO ground stations. Together with these theoretical models, user experiences on 
satellite reception from the amateur radio community are also included, because this community uses radio 
equipment that is comparable or equal to the equipment used in GENSO ground stations. This combination of 
theoretical models and practical experiences, should give a high level of similarity between the simulation model 
and the behaviour of the real-world GENSO. 
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However, when data from the real-world GENSO will become available, this data must first be compared with 
the reception data from the GENSO simulation model. The comparison will give an indication of the correctness 
of the GENSO reception model. Second, this real-world data should be fed into the developed orbit 
determination algorithms to see if the algorithms give the same results as they did with the data from the 
simulation model. Probably small optimizations and adaptations are needed on the parts that process the 
reception data collected by the ground stations. 
 
Real-time behaviour 
For the orbit determination that is performed with the simulation model, all data is always immediately available. 
First, because the entire simulation is performed on one computer, and second, because the simulation model can 
'wait' for the next time step in the orbit determination simulations, and or even step back in time. 
 
In the real-world GENSO, not all data will be available immediately. In general, the reception data will be 
generated at ground stations all across the GENSO network, and has to be moved to the orbit determination 
agent on time. For the tracking mode orbit determination, also the TLE test process is time-critical. The TLEs to 
be tested have to be distributed to the correct ground stations on time, and after a pass the reception data of the 
tested TLEs have to be send back to the agent on time. A quick response is required, in order to actively change 
the search algorithm parameters like the search width and the orbital parameter search sequence. In a non-
congested GENSO network, the update of TLEs and delivery of reception data should be fast enough to perform 
the tracking mode orbit determination, because the update of the TLEs and the delivery of reception data is in 
the order of an hour, where typical updates on the GENSO network are in the order of minutes or less. 
 
For the static mode orbit determination, no real-world problems are to be expected. The static mode orbit 
determination is performed in time frames in the order of hours to days, where the reception data can be 
delivered in the order of minutes to hours.  

7.2 Algorithms 

The developed orbit determination algorithms are discussed here, in 7.2.1 for the static mode orbit determination, 
and in 7.2.2 for the tracking mode orbit determination. In 7.2.3, the comparison between the two modes is made, 
and in 7.2.4, the long-term effects of errors in the orbital parameters are discussed. 

7.2.1 Static Mode Orbit Determination 

The static mode orbit determination algorithm uses several custom-made algorithms, while actually the problem 
that the static mode orbit determination solves is the fitting of a (moving) circular trajectory into a three-
dimensional space. For three reasons this last approach was not used here. First, the rotational correction of the 
orbit is not known in advance and has to be determined by an iteration process. Second, a match to the SPG4 
orbital propagator was desired, as was done with the determination of the RAAN. And third, the approach taken 
here, directly provides the required TLE parameters, without an extra conversion from a generic description of a 
circular trajectory in a three-dimensional space. 
 
In the static mode orbit determination, out of the set of observations made by a ground station during a pass, the 
average point in time is taken as the TCA. An improvement could be that beside this average point in time, the 
signal strength curve will also be used to determine the TCA. This is a similar approach to the one was used to 
determine the reward value during the tracking mode orbit determination. 
 
The high accuracy of the static mode orbit determination algorithms was indirectly shown during the testing of 
the algorithms. Initially, the computation of the orbital period always gave a fixed offset of a few seconds. 
Further research discovered that the apsidal rotation of the orbit (see 2.4 and 4.2.2) was overlooked in the 
algorithms, as the fixed offsets turned out to be the values of this extra the apsidal rotation. 
As explained in 4.2.1, overall errors in the position of the determined TCA will average out on the long run. 
However, the accuracy of the determination of the position of the TCA itself actually depends on several factors. 
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In theory, the position of the determined TCA can be anywhere in the footprint (see 2.3.3) of the satellite, as long 
as it is within reach of the ground station. In practice, only high-elevation positions will be detected. The lowest 
elevation, at which TCA observations will be made, is depending on the following factors. 
The beam width and the radiation pattern of the antenna (see 5.1.4). Although the antenna is pointing 

upwards, signals from lower elevations can still be detected, depending on the signal strength factors 
mentioned below. The more directional the antenna is, the more accurate the TCA positions will be made. 

The transmitted power level of the satellite. The higher the transmitted signal power of the satellite, the 
lower elevation passes will be detected, because less antenna gain is necessary to still receive the satellite at 
the ground station receiver. 

The overall quality of the ground station reception system. The better the quality of the reception system of 
the ground station, the lower elevation passes will be detected, because again less antenna gain is necessary 
to still receive the satellite at the ground station receiver. 

 
To improve the reconstruction of the ground track of a satellite with static mode orbit determination, an extra 
filtering on the data could be applied to filter out the low-elevation passes, so only the high-elevation passes 
remain. This filter should filter out the passes that are relatively short, and with relatively low signal intensities, 
where an optimum should be found between accuracy (high elevation passes) and the available amount of 
ground track observations for the algorithm. Experiments with real-world observations should be performed to 
determine the optimal amount of filtering. For example, for low-inclination orbits, the use of low-elevation 
passes could possibly improve the orbit determination speed, at the cost of some accuracy. 

7.2.2 Tracking Mode Orbit Determination 

The tracking mode orbit determination searches for the orbital parameters, which is contrary to the static mode 
orbit determination, where the algorithm constructs the orbital parameters out of the observations. A number of 
limitations to this search are described here first, followed by the observation that the orbit determination 
problem could be a deceptive problem, as known in the field of artificial intelligence.  
 
Algorithm limitations 
Although the tracking mode orbit determination gives usable results, a number of limitations hold the algorithm 
back from performing optimally. The most important limitation is the determination of the correctness of a TLE 
to be tested. First, there is no direct quality indicator for a TLE, only a predicted pass can be compared to an 
actual pass of the satellite, where the fit of both is an indirect measure for the TLE quality.  
 
Second, all orbital parameters are searched based on this one quality parameter. In the short term, errors in one 
or more orbital parameters can be corrected by adapting one or more other orbital parameters. Because the 
search algorithm does not known which parameter value is correct and which is not, the algorithm is not always 
able to select the correct values from of the search results. 
 
Third, the instability for searching the mean motion and the mean anomaly simultaneously, as described in 4.3.3, 
also keeps the search algorithm from reaching optimal results. The results show that usable results can be 
achieved with a fixed offset for the mean anomaly value, but the results also show that better results are obtained 
without the fixed offset. More-dimensional searches could solve this problem in theory, but the limited number 
of ground station resources makes this impossible to carry out in practice. 
 
These three limitations show up in the relative high values for the standard deviations in the results. Although the 
final reception qualities become stable, a large standard deviation resides in most cases. 
 
 
Deceptive problem 
In 6.3.1, simulations showed that for low inclination orbits, the tracking mode algorithm was unable to find the 
correct orbit (TLE). The experiment in Figure 6.9a also showed that for the same low inclination orbit, in the 
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case that the algorithm starts with the correct TLE, the algorithm kept that correct TLE. This implies that the 
algorithm itself works correctly, but the orbit determination problem could be a 'deceptive problem' [48]. Extra 
tests, where orbital parameter deviations are made from small to larger values, should give a decisive answer to 
this. 

7.2.3 Static versus Tracking Mode Orbit Determination 

Both the static mode and the tracking mode can be used to perform orbit determination with GENSO, and 
together the two modes can perform orbit determination during the entire lifetime of the satellite. In 7.2.1 and 
7.2.2 the two modes have been discussed separately, in this paragraph a direct comparison between the two 
modes is made. 
 
Overall, the static mode performs better than the tracking mode orbit determination. The static mode gives the 
maximum results within two days, the tracking mode within four to five days. The main reason for this is that 
the static mode algorithm uses observations that are more precise, and computes the orbital parameters based on 
all data that was collected from the point in time where the orbit determination algorithms started. The tracking 
mode algorithm uses less precise observations (the reward values), and data from the past searches is only partly 
used (by means of the step-size parameter). 
 
Although the tracking mode performs less well than the static mode orbit determination, with the tracking mode, 
actual data from the satellite will be received during the satellite passes, while during the static mode only a 
small amount of data will be received (only around the TCA of the satellite pass, when the satellite is passing at 
a high elevation). 
 
With respect to the baud rate of the radio signals from the satellite, the static mode and the tracking mode have 
opposite behaviour. The static mode performs better with lower baud rates, because then more data will be 
received, whereas the tracking mode performs better with higher baud rates, because the reward curve will be 
sharper due to the smaller allowed amount of Doppler shift. 
 
This opposite behaviour is also partly true with respect to the ground stations configurations. For the static mode 
orbit determination, the ground stations have to be spread as much as possible around the world. For the 
tracking mode, more ground stations geographically grouped together will perform better. For the static mode 
the ground stations configuration is 'as is', while for the tracking mode a ground station scheduling algorithm 
should be able to optimize the allocation of ground stations for testing different TLEs. 
 
The two different orbit determination algorithms behave differently for low-inclination orbits, when different 
ground stations configurations are used. For low-inclination orbits, like Polysat CP6 with an inclination of 40 
degrees (see 5.2.2), both algorithms will suffer from less information from the observations, because most 
ground stations are located at relative high latitudes compared to the inclination of the satellite orbit. For static 
mode orbit determination, fewer observations will be made in the same time than for high-inclination orbits, 
which causes the orbit determination process to run for a longer period. The observations themselves are 
principally not different for low and high-inclination orbits. For tracking mode orbit determination, the orbit 
determination process will not only run longer, but also less accurate observations are made. Many satellite 
passes are short and have low maximum elevations, which are less effective for testing the different TLEs. 
Advanced ground station scheduling could improve tracking mode orbit determination for low-inclination orbits, 
by only schedule low-latitude ground stations for the TLE testing. 

7.2.4 Long-term Effects of Parameter Deviations 

The orbital parameters determined by the tracking mode algorithms would have offsets most of the time, 
compared to the real orbital parameters.  These offsets have different effects for different orbital parameters, 
when they are used in the SGP4 orbit propagator, to compute future states of the satellite (position and velocity) 
relative to a reference time (the TLE epoch time).  
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Errors are most serious on the long-term for the mean motion parameter (or the directly related orbital period). 
An error of for example 10 seconds per orbital period of 90 minutes (which is only about 0.2 %), will give an 
error of more than 10 minutes after five days. These 10 minutes seen together with the maximum time of a 
satellite pass of 15 minutes show that a few seconds error per revolution will result in losing the satellite (and 
losing its tracking quality) after those five days. In addition, the nodal regression and the apsidal rotation of the 
orbit are dependent on the mean motion, but they have less influence than the direct effect of the offset in the 
orbital period value. The mean motion parameter is the most important orbital parameter to determine correctly, 
because of all four parameters its error propagates most in time. 
 
For an inclination error of for example three degrees (which is about 3%), a satellite will slowly drift away from 
its real orbit but after five days the satellite is not completely lost. In terms of the orbit determination process, it 
still has sufficient tracking quality. An error in the inclination will propagate in time (the nodal regression and 
the apsidal rotation of the orbit in time is inclination dependent (see 2.3.4)), so long-term effects are present, but 
not a major problem. 
 
Errors in the right ascension of the ascending node do not propagate in time, but give a constant deviation of the 
satellite position in time. The error will demonstrate itself by a longitude shift of the position of the satellite, 
because the satellite will fly in the same orbit, but with the orbital plane a few degrees rotated along the Z-axis 
of the Earth. 
 
Errors in the mean anomaly do not propagate in time either, and give a constant deviation of the satellite position 
in time. The error will demonstrate itself by a time shift of the satellite in the direction of the orbit. The satellite 
will fly in the same orbit, but will appear earlier or later to a ground station, depending on the direction of the 
error in the mean anomaly. 

7.3 Impact on GENSO 

The implementation of the orbit determination methods will have some impact on GENSO. The two main 
aspects are described here, the architectural impact in 7.3.1, and the psychological impact in 7.3.2. 

7.3.1 Architectural Impact 

The orbit determination methods that were developed in this research project, have taken GENSO principally 'as 
is'. GENSO in this case has to be seen as a system designed for the world-wide communication with low-Earth 
orbit satellites, where the position and velocity of a satellite in time is determined by the SGP4 propagator, with 
an up-to-date TLE as the input. Although GENSO was taken as the base system for the orbit determination 
process, orbit determination will give the TLE as the output, instead of taking it as the input. In addition, 
multiple system design decisions were made without orbit determination as the main functionality. Therefore, 
some additions to the currently developed GENSO system [7, 11] are inevitable in order to implement the orbit 
determination methods in practice. The required principle additions to the system, which are described in more 
detail below, are: 
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1. Central scheduling of ground station usage for orbit determination. 
2. 'Static mode' behaviour of ground stations, including reporting ('pass report') functionality. 
3. A flexible and centrally coordinated distribution of TLEs. 
4. An orbit determination process per satellite, which also controls the orbit determination modes of the 

ground stations. 
5. Additional pass report data. 
6. Implementation of the horizon mask functionality. 

 
Central scheduling 
The orbit determination process in GENSO would benefit from a centrally organized scheduling mechanism. 
This scheduling mechanism would share the available ground stations between the regular collection of telemetry 
data, and the orbit determination process. From the point of view of the entire GENSO, this scheduler must also 
be able to make decisions between the priorities of the different tracked satellites. During the development of 
GENSO in the past years, several discussions were held about the topic of central scheduling (for example on 
the 8th GENSO workshop in Vienna 2009), but until now no implementation work has been done in GENSO. 
 
Static mode behaviour 
The static mode analysis has to be added to the ground station (GSS – Ground Station Server [7]) software. 
Normally a GENSO ground station will schedule passes of different satellites, where the satellite telemetry data 
will be received (and the antennas pointed towards the moving satellite), based on the available TLEs of the 
satellites. While for the static mode the ground station should listen to only one satellite, and the antennas should 
point straight up and remain stationary. Another addition to the system would be the use of this static mode of 
operation for the time a ground station is 'idle'. Idle here means that no satellite pass is booked, or that the 
ground station is in principle not available, for example because the owner is at work, and does not want his 
antennas moving while he is not present. Because in the static mode the antenna will remain stationary, the 
ground station can be left on without the moving of the antennas. 
 
Ground stations in GENSO will provide so-called 'pass reports' on the received information from a satellite. As 
the name suggests, these reports are provided per pass, which is the continuous period where data can be 
received from a satellite. In the tracking mode, this report principle will hold, although for the static mode this 
works differently. In the static mode, no prediction about the pass can be made, because the orbit is after all 
unknown. This means that the time frame of a pass report has to be set artificially, for example a couple of 
hours. 
 
Centrally coordinated TLE distribution 
The process of distributing TLEs to ground stations needs to change drastically. Instead of fetching the TLE 
periodically (for example daily) from the central GENSO server, ground stations need to continuously (after 
every pass for example) check which TLE set they have to use. This high update frequency is necessary because 
the tracking mode is performed by testing different TLEs by different ground stations. With the orbit 
determination process running, in principle three kinds of TLEs are present within GENSO: 
 

1. Original NORAD TLEs, as long as NORAD provides them. 
2. TLEs generated by GENSO. 
3. Deviated TLEs generated by the GENSO orbit determination process, to continuously search for the 

best orbital parameters. 
 
Addition of orbit determination processes 
Per satellite an orbit determination process should be running. This process should determine which ground 
stations are part of the orbit determination process, and what specific tests they have to perform. The number of 
stations for orbit determination will be depending on the total number of ground stations, the number of satellites 
for which orbit determination should be performed, and the quality of the orbit determined so far. The higher the 
quality of the orbital parameters, the fewer stations are required for an orbit determination process.  
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The orbit determination process can be located at the MCC (Mission Control Client [7]) for a particular 
satellite. At the MCC, normally all pass report data from the different grounds stations are already collected, so 
the analysis of this data for orbit determination at the MCC is a logical place. Above all the individual orbit 
determination processes, a central scheduler (like described above as the first addition) should be available, to 
schedule the different ground stations amongst the different orbit determination processes.  
 
Additional pass report data 
The standard pass report from ground stations (GSSs) to the Mission Control Clients (MCCs) should be 
extended. An overview of the data is required for orbit determination as proposed in this project in given in 
Table 7.1. 
 

Kind of data: Data: 

Pass report meta data 
Ground station were the data was collected 
 Start and end time of the pass report 
Used TLE (see remark below) 

Pass report data 
Per successfully received 'reception event': 
Time/data (1 second precision) 
 Signal strength of the received signal 

For future improvements Received frequency (see remark below) 
Azimuth and elevation of the antenna (see remark below) 

 
Table 7.1: Required pass report data for orbit determination 

 
The TLE that was used to collect the pass report data has to be known. This can be stored (1) in the pass report 
meta data, by means of including the TLE, or (2) by making a reference with an ID which is centrally registered. 
Another option is to (3) leave the TLE data out of the pass report, because the orbit determination process 
knows which TLE was issued to which ground station at what time. 
 
When the used TLE is known, for a ground station, the received frequency, and the azimuth and elevation 
pointing directions of the antenna can be re-calculated by using the SGP4 propagator, which is also used at the 
ground stations. Therefore, the frequency, azimuth and elevation data in the pass report is redundant. To include 
this data or not, is a consideration between available memory for storing the redundant data, and processing 
power to re-calculate the data. 
 
Implementation of the horizon mask 
The implementation of the horizon mask for a ground station (see also 4.3.5) is necessary. Because of the 
importance of the AOS and LOS points in time for the orbit determination, the orbit determination process must 
know when no reception from the satellite is possible because of obstructions around the ground station (for 
example buildings or mountains). In the case when a horizon mask for a ground station is not known, it can 
easily be determined by GENSO itself. A search for the lowest elevation for every azimuth position around the 
ground station will give the horizon mask, in case there is sufficient data.  

7.3.2 Psychological Impact  

Besides the architectural impact that the implementation orbit determination has on GENSO, the implementation 
will also have a psychological impact. This human factor is related to the other-than-normal use of the ground 
stations. 
 
GENSO ground stations that are owned by individual radio amateurs are normally used optimally. This means 
that a high-quality TLE is used to receive as much as possible data from a satellite. In the case when a ground 
station will be used for orbit determination, the use will be sub-optimal, when solely seen from the point of that 
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single ground station operator. For the tracking mode, the ground station can be used with a deliberately wrong 
defined TLE, or for the static mode the station can be put into a static reception mode when otherwise a satellite 
would have been tracked. 
 
For orbit determination to be accepted by the owners of the ground stations, GENSO should make a clear 
explanation of the ground station usage for the overall goal of GENSO, including orbit determination. 

7.4 Recommendations and Future Work 

The implementation of the orbit determination as developed in this research, should not start before the core 
GENSO functionality (without orbit determination) is operational, because this core functionality is the most 
important to GENSO. When this core functionality is operational, the methods for orbit determination as 
proposed in this research project can be tested step-by-step. It is also recommended to investigate whether the 
use of software-defined radios (SDRs) can increase the performance of the orbit determination even more, or if 
the use of SDRs requires less ground stations and less time to achieve the same results (see also 7.4.2). 
 
In the course of the project, more ideas were generated, than there were actually used in this research. To 
prevent that these ideas get lost, and will never be used in future projects, they are listed in this paragraph. The 
ideas are described in the paragraphs 7.4.1 and 7.4.2. 
 
The outcome of the project, in relation to developed Java code, is not a ready-to-use piece of software, but a 
simulation model where the proposed orbit determination methods have been tested, and can be used for testing 
in the future. With respect to future work on orbit determination, or GENSO in general, the developed 
simulation model is available after this project, and can be used to perform other simulation tasks for GENSO.  

7.4.1 Algorithms and Simulations  

The recommendations and future work on the orbit determination algorithms and simulations are listed below. 
 
Alternative TLE test strategies 
For the orbit determination in GENSO, three alternative strategies are available, in addition to the ones described 
in this research. 
 
First, in the tracking mode orbit determination, a ground station can continuously switch between two or more 
TLEs, to test the variation between the different TLEs. Because the different TLEs are tested at the same ground 
station, an absolute comparison is achieved. The drawback is that in the case of large differences between the 
TLEs, the antennas of the ground stations have to move a lot more than usual, which can cause early 
breakdowns of antenna systems. Because of the large beam widths of the commonly used reception antennas, for 
small differences between the TLEs, one can choose to keep the antenna pointing direction constant, and only 
change the reception frequency of the receiver. This alternative TLE test strategy will give the best orbit 
determination improvement, but also the most impact on the current GENSO architecture. 
 
Second, a combination could be made between the static mode and the tracking mode. When in the tracking 
mode data is collected at the TCA, this data could be fed into the static mode determination algorithms. Extra 
data pre-processing algorithms will be required in that case. 
 
Third, in the tracking mode, the TLE deviations are now equally spread around the best-known value. An option 
is to make the deviations smaller around the best-known value and larger at the edges, which can make the 
search more precise, while using the same amount of ground station resources. 
 
 
 



 
 
Satellite Orbit Determination with GENSO 
Master Project Thesis 
  
 
 

 
 
 page 96 of 107   

Fine-tuning per satellite 
Every satellite or cubesat will have its own characteristics, in terms of transmission interval, modulation method, 
protocols and speed, radio frequencies, and so on. Therefore, per satellite the orbit determination algorithms can 
be fine-tuned to optimize the performance for that particular satellite. 
 
TLE meta data 
The output of the static mode orbit determination algorithm is a TLE that includes the necessary information to 
perform orbit predictions with the SGP4 model. Besides this necessary information, other values in the TLE are 
not handled by the static mode algorithm yet, for example orbit counters or checksums. The difference between a 
TLE provided by NORAD and a TLE provided by the GENSO static mode orbit determination algorithm is 
shown in Figure 7.1. The full specification of a TLE is described in Appendix A. 
 
 DELFI-C3 (DO-64) 

1 32789U 08021G   10087.23332389  .00001165  00000-0  15314-3 0  6402 
2 32789  97.9078 153.5765 0015905 183.8784 176.2296 14.82037719103517 
 

 
(a) 

 DELFI-C3 (SIM) 
1 00000U 00000    10087.23332389  .00000000  00000-0  00000-0 0  0000 
2 00000  97.9078 153.5765 0000001   0.0000   0.0000 14.82037719  0000 

 
(b) 

  
Figure 7.1: (a) An original TLE as provided by NORAD), compared to  

(b) a TLE provided by the GENSO static mode orbit determination algorithm. 
The corresponding values are shown in bold 

 

 
Enhanced ground station scheduling 
The tracking mode orbit determination could perform faster, when an enhanced ground station scheduling will be 
used. In the currently developed algorithms, TLEs are randomly distributed among ground stations, where the 
orbit determination agent passively waits for a satellite to pass by a ground station. Enhanced ground station 
scheduling would make it possible to select ground stations to test different TLEs, just before the satellite is 
expected to pass, so the time to wait for a pass is minimized. Although the tracking mode orbit determination 
will perform faster here, a separate computing-intensive scheduling algorithm will require many extra computing 
resources from GENSO. 

7.4.2 Software-Defined Radio 

This research assumed that only standard amateur radio receivers were available in GENSO, because at the time 
of writing only this kind of receivers are supported by the GENSO software. The main limitation of these 
receivers with respect to orbit determination is that no direct frequency measurement is possible14. 
 
A new generation of receivers, the Software-Defined Radios (SDRs), can partly overcome this limitation. The 
main difference of a SDR compared to standard receivers is that a SDR is capable of analysing a large reception 
segment at once, and is able to determine the precise reception frequency of a radio signal from a satellite. 
Several SDR models are currently available [49, 50] at prices that are within the reach of individual radio 
amateurs. A SDR has a number of promising features related to orbit determination. 
 
The first feature is that the use of a SDR makes it possible to record the Doppler curve of the satellite at the 
ground station. The Doppler curve contains information about the orbit of the satellite [4, 19], because it gives 
the velocity of the satellite relative to the ground station. For example, the TCA can be determined directly from 
the Doppler curve, and the distance at the TCA can be determined from the slope of the curve [19]. In addition, 
for the currently developed tracking mode algorithms, the fit of the observed versus the predicted Doppler curve 

                                                   
14 The use of AFC (Automatic Frequency Control) and receiver discriminator reading fall out of the scope of standard 
GENSO receiver functionality. 
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can be used as input for the reward function. To summarize, the recording of the Doppler curve can reduce the 
orbit determination time and the required number of ground station resources largely. 
 
The second feature is that for the static mode orbit determination, a SDR is able to receive multiple satellites at 
the same time, as long as they are close enough together in the same frequency band. A selection of satellites 
with frequencies close together can be made for parallel observations by a single ground station. 
 
Besides these promising new features, some points of attention should be noted. Because multiple satellites can 
be received at the same time by using SDRs, extra attention should be given to the identification of a satellite, so 
that no signals from other satellites are accidentally used. Also, for non-continuous satellite transmissions, the 
Doppler curve of the satellite signal must be reconstructed out of the entire radio spectrum of the satellite. 
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8. CONCLUSION 

In this chapter, answers to the four research questions and the overall to the problem statement, as stated in 1.2, 
are given. 
 
The answer to the first research question, "Which characteristics of LEO satellite communication with GENSO 
have to be modelled to test orbit determination approaches, and how can the quality of the determined orbit 
be tested?", is derived from Chapter 2, 3, 5 and 6. The answer is given in two pieces here. 
 
The answer to the first piece of this research question, which characteristics have to be modelled, consists of 
four parts. First, in Chapter 2, an overview of the necessary entities for a simulation model was given, together 
with the characteristics of these entities. Second, the use of the SGP4 prediction model ensures a realistic 
simulation of the orbit of the satellite in space. Third, the requirements for a simulation model to test the orbit 
determination approaches were given in Chapter 5. And fourth, how the reception of signals from satellites can 
be modelled was also described in Chapter 5, where the developed simulation model was based on both 
theoretical models and practical experiences from satellite signal reception.  
 
The answer to the second part of the first research question, how the quality of the determined orbit can be 
tested, is described in Chapter 6, based on the information in Chapters 2 and 3. The quality of the determined 
orbit can be tested in two ways. First, by comparing the orbital parameters found by the algorithms against the 
orbital parameters of the simulated orbit. Second, by measuring the percentage of the amount of data that is 
received by using the orbital parameters found by the algorithms, relative to the amount of data that is received 
by using the orbital parameters of the simulated orbit. 
 
The answer to the second research question, "How can the relatively low-end communication resources of 
GENSO be used for the task of orbit determination?", is derived from Chapter 2, 3 and 4. In Chapter 3, based 
on the principles described in Chapter 2, possibilities of orbit determination with GENSO are given. Despite the 
relative low-end communication resources of GENSO, a collective ground station network of 90 ground stations 
was able to perform orbit determination for GENSO. Two different strategies had to be developed to perform 
orbit determination during the entire lifetime of the satellite, which are described in the answer to the third 
research question. The limitation that satellites signals can only be received if the position and velocity is known 
was actually used for the first strategy. The amount of matching between the predicted orbit and the actual 
observations was used for the second strategy. 
 
The answer to the third research question, "Which strategies have to be used to still receive satellite signals 
when no, or an inaccurate, TLE is available?", is derived from Chapter 3 and 4. From the possibilities of orbit 
determination with GENSO given in Chapter 3, two strategies were developed in Chapter 4. The first strategy, 
called static mode orbit determination, was developed for the situation where no prior information about the 
orbit is available. The second strategy, called tracking mode orbit determination, was developed for the situation 
where an initial TLE is available, and where data reception and orbit determination were performed 
simultaneously. Further improvement of the TLE was obtained by a hill-climbing trial-and-error search, where 
the GENSO ground station network was used to perform the search. Both strategies were integrated into one 
overall orbit determination process, where the quality of the determined orbit controls the switchover between the 
two modes. 
 
The answer to the fourth research question, "How can TLEs be generated out of the observations made by 
GENSO?", is derived from Chapter 2 and 4. The definition of the orbital parameters, and the method of how 
these orbital parameters are define a TLE, is given in Chapter 2. For static mode orbit determination, the orbital 
parameters are generated out of a reconstruction of the ground track of the satellite. For tracking mode orbit 
determination, the orbital parameters were continuously improved by the search algorithm of this mode. 
Although no direct measurement of the quality of the TLE was available, the amount of matching between the 
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predicted orbit and the actual observations was used as the quality indicator. The main difficulty that the search 
faced was that the correctness of all orbital parameters had to be measured with one quality indicator. 
 
From the answers to the four research questions, the answer to the problem statement, "To what extent is it 
possible to perform orbit determination with GENSO itself, using the received signals from the satellites?" 
can be derived. In this research was shown that it is possible to perform orbit determination for low-Earth orbit 
satellites with GENSO, by means of experiments performed with a simulation model of GENSO. It was shown 
that the orbital parameters determined by GENSO were not as precise as the ones provided by NORAD, but the 
accuracy was sufficient to make communication with the satellites possible, like it is possible with TLEs 
provided by NORAD.  
 
With the static mode orbit determination strategy, after 2 days of running the orbit determination process, TLEs 
were obtained that could be used to track satellites with GENSO. With the tracking mode orbit determination 
strategy, sufficient results were obtained within 5 days. With the tracking mode orbit determination strategy, the 
algorithms start to deliver more than 80% of reception quality after 48 hours, and for high inclination orbits, the 
reception quality reaches values between 90% and 100% after five to seven days. 
 
Overall, static mode orbit determination performs better than tracking mode orbit determination. The static mode 
gives the maximum results within two days, the tracking mode within four to five days. The main reason for this 
is that the static mode algorithm uses observations that are more precise, and computes the orbital parameters 
based on all data that was collected from the point in time where the orbit determination algorithms started. The 
tracking mode algorithm uses less precise observations, and data from the past searches is only partly used. 
 
Future research is necessary to test the developed orbit determination strategies with the real-world GENSO, 
because they were only tested with a simulation model, but in this research, a proof-of-concept is given that 
satellite orbit determination is possible with GENSO. 
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USED ABBREVIATIONS AND ACRONYMS 

 
Term Meaning 
(A)FSK  (Audio) Frequency Shift Keying, digital modulation method 
AMSAT Community of Radio Amateurs interested in space radio communication 
AOS  Acquisition of signal. The point in time where a satellite appears above the horizon 
AUS Authentication Server, GENSO network entity 
AX.25  Amateur Radio digital communication protocol, derived from X.25 
BPSK Binary Phase Shift Keying, digital modulation method 
CMOC Cheyenne Mountain Operations Center  
COE Classical orbital element 
ECI Earth-centred inertial, coordinate system 
EIRP Effective Isotropic Radiated Power 
ESA European Space Agency 
GENSO Global Educational Network for Satellite Operations 
GSS Ground Station Server, GENSO network entity 
ISEB International Space Education Board  
JDBC Java Database Connectivity 
JSPOC Joint Space Operations Center 
LEO Low-Earth orbit 
LEOP Launch and Early Operations  
LO-19 Amateur Radio satellite 
LOS Loss of signal. The point in time where a satellite disappears behind the horizon 
MA Mean anomaly, orbital parameter 
MCC Mission Control Client, GENSO network entity 
MM Mean motion, orbital parameter  
NORAD North American Aerospace Defense Command. 
ODBC Open DataBase Connectivity 
PAWS Phased-Array Warning System  
RAAN Right ascension of the ascending node, orbital parameter 
S/N Signal-to-noise ratio 
SDR Software-Defined Radio 
SGP4 A Simplified General Perturbations model 
TCA Time of closest approach. Point in time where a satellite is closest to a location 
TLE Two-line elements. Satellite orbital data format from NORAD 
UHF Ultra high frequency, radio frequency range from 300 MHz to 3 GHz 
UML Unified Modelling Language, standardized general-purpose modelling language 
VHF Very high frequency, radio frequency range from 30 MHz to 300 MHz 
WGS72 World Geodetic System, version defined in 1972 
WGS84 World Geodetic System, version defined in 1984 
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APPENDIX A TWO-LINE ELEMENT SET FORMAT DEFINITION 
 
Syntax for characters in a TLE 
 
   1 NNNNNC NNNNNAAA NNNNN.NNNNNNNN +.NNNNNNNN +NNNNN-N +NNNNN-N N NNNNN 
   2 NNNNN NNN.NNNN NNN.NNNN NNNNNNN NNN.NNNN NNN.NNNN NN.NNNNNNNNNNNNNN 
 
Where: 
Columns with an 'N' can have any number 0-9 or, in some cases, a space.  
Columns with an 'A' can have any character A-Z or a space. 
The column with a 'C' can only have a character representing the classification of the element set—

normally either a 'U' for unclassified data or an 'S' for secret data.  
Columns with a '+' can have either a plus sign, a minus sign, or a space and columns with a '-' can have 

either a plus or minus sign (if the rest of the field is not blank). 
 
Overview of Two-Line Element Set Format Definition 
In the table below a detailed overview is given of the two-tine element set format definition. 
 

Column Description 
01 Line Number of Element Data 
03-07 Satellite Number 
08 Classification 
10-11 International Designator (Last two digits of launch year) 
12-14 International Designator (Launch number of the year) 
15-17 International Designator (Piece of the launch) 
19-20 Epoch Year (Last two digits of year) 
21-32 Epoch (Day of the year and fractional portion of the day) 
34-43 First Time Derivative of the Mean Motion 
45-52 Second Time Derivative of Mean Motion (decimal point assumed) 
54-61 BSTAR drag term (decimal point assumed) 
63 Ephemeris type 
65-68 Element set number 
69 Checksum (Modulo 10), (Letters, blanks, periods, plus signs = 0; minus signs = 1) 
01 Line Number of Element Data 
03-07 Satellite Number 
09-16 Inclination [Degrees] 
18-25 Right Ascension of the Ascending Node [Degrees] 
27-33 Eccentricity (decimal point assumed) 
35-42 Argument of Perigee [Degrees] 
44-51 Mean Anomaly [Degrees] 
53-63 Mean Motion [Revs per day] 
64-68 Revolution number at epoch [Revs] 
69 Checksum (Modulo 10) 

 
Most information in this appendix is taken from the documentation on http://www.celestrak.com. 
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APPENDIX B SIMULATION MODEL DETAILS 
 
Javadoc documentation 
The javadoc documentation of the simulation model can be found at: 

http://www.xs4all.nl/~ivok/genso-ou/javadoc/ 
 
Source code 
The source code of the simulation model can be found at (GENSO login required): 
 http://dev.genso.org/svn/genso-repo1/dev/orbdet/trunk/src/ 
 
SGP4 library 
The simulation model is compiled against the following version of the SGP4 library: 
 https://websat.svn.sourceforge.net/svnroot/websat/branches/PerformanceImprovementsPa1ivo/ 
 
Required files 
 

EmptyReports.mdb The template for creating Report databases. 
Reports.mdb The actual reports database. This file should only be generated by the system 

itself. If this file, and the corresponding reports.ldb file, exists when the 
simulation is not running, it should be deleted. 

GroundStations.mdb The ground stations configurations database. 
 
 
Application start up parameters 

java OrbitDeterminationController <id> <configuration file name> 
 
<id> 
2 - Static mode simulation 
3 - Tracking mode simulation 
9 - Utility or other testing 

 
Required ODBC connections 
In order to run the simulation model, the following two ODBC connections (mdb driver) have to be made: 
 

Data Source Name Linked to database Description 
groundstations GroundStations.mdb MS Access database with the ground station 

configurations.  
Reports Reports.mdb MS Access database to log all reports data to. 

For configuring this ODBC connection, the 
EmptyReports.mdb file should be copied to 
Reports.mdb, but must be deleted after 
creating the ODBC connection. 
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Configuration settings file 
 

Item Meaning Example / Remark 
SimId Unique simulation ID Integer value, for example 58000. 
ConfigName 
 

Name of ground stations 
configurations. 

See ground stations configuration 
database of available configurations. 

GsDatabaseUrl 
 
 

Java ODBC/JDBC URL to the 
ground stations configurations 
database. 

jdbc:odbc:groundstations 

ReportsUrl 
 

Java ODBC/JDBC URL to the 
reports database. 

jdbc:odbc:reports 

EmptyReportsDatabaseNam
e 
 

Name of the empty reports 
database. 

Template for the actual reports 
database. 

ReportsDatabaseName 
 

Name of the actual reports 
database. 

- 

SimReportsDir 
 
 
 
 

Directory where all simulation 
results will be stored. 

A new directory with the simulation 
ID as the name will be made in this 
directory, to store all simulation 
results. 

GlobalLogFileName 
 

Name of a global log file. Can be used as a common log file 
over more then one simulation. 

StartSimTime 
 

Start time of the simulation YYYY, MM, DD, HH, MM, SS. 
MM starts at 0. 

EndSimTime 
 

End time of the simulation YYYY, MM, DD, HH, MM, SS. 
MM starts at 0. 

TimeStep Simulation time step. In seconds. 
UseRandomAttenuation 
 
 

Enables or disables the use of the 
random attenuation of the radio 
signals from the satellite. 

True or false. 

UseHorizonMasks 
 
 

Enables or disables the use of the 
horizon mask for the ground 
stations. 

True or false. 

SatFrequencyMHz 
 

Transmission frequency of the 
satellite. 

In MHz. 

SatAntGainDbi 
 

Antenna gain of the antenna of 
the satellite. 

In dBi. 

SatTxPowerDbm 
 

Transmission power of the 
satellite. 

In dBm. 

realTleLine0 
realTleLine1 
RealTleLine2 

The TLE of the 'real' orbit of the 
satellite. 

- 

startTleLine0 
startTleLine1 
startTleLine2 

The TLE where the tracking 
mode algorithms starts with. 

Not used for the static mode orbit 
determination. 
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Example of a configuration file: 
 
SimId                    = 58000 
ConfigName               = config006 
GsDatabaseUrl            = jdbc:odbc:groundstations 
ReportsUrl               = jdbc:odbc:reports 
EmptyReportsDatabaseName = EmptyReports.mdb 
ReportsDatabaseName      = Reports.mdb 
SimReportsDir            = F:\Documents\genso\OrbitDetermination\ 
globalLogFileName        = F:\Documents\genso\OrbitDetermination\GlobalLogFile.csv 
 
StartSimTime = 2010, 3, 17, 0, 0, 0 
EndSimTime = 2010, 3, 24, 0, 0, 0 
TimeStep = 5 
UseRandomAttenuation = true 
UseHorizonMasks = true 
 
SatFrequencyMHz = 435 
SatAntGainDbi   = 0 
SatTxPowerDbm   = 25 
 
realTleLine0 = COMPASS-1 
realTleLine1 = 1 32787U 08021E   10106.04675119  .00000460  00000-0  64843-4 0  6467 
realTleLine2 = 2 32787  97.8981 350.6446 0016565 125.0927 235.1746 14.81829624106290 
 
startTleLine0 = COMPASS-1 
startTleLine1 = 1 32787U 08021E   10106.04675119  .00000460  00000-0  64843-4 0  6467 
startTleLine2 = 2 32787 102.8981 355.6446 0016565 125.0927 235.1746 14.79829624106290 

 
 



 
 
Satellite Orbit Determination with GENSO 
Master Project Thesis 
  
 
 

 
 
 page 107 of 107   

APPENDIX C DATABASE STRUCTURES 
 
The static structure of the two databases used in the simulation model, are shown below in figures C.1 and C.2. 
The horizontal arrows marked with 'p' indicate the primary keys of the tables, the vertical arrows indicate the 
referential integrity relations between the tables. 
 

 
 

Figure C.1: Structure Ground Stations Configurations Database 
 
 

 
 

Figure C.2: Structure Reports Database 
 


