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Abstract

The Satcube Ku is a satellite terminal which provides internet access to a user
anywhere on Earth with the help of spot beam technology. For a given position
on Earth, multiple intersecting beams will be present with varying signal strength.
There is the need to distinguish one beam from another in order establish a hierarchy.
The purpose of this master thesis is to investigate a way to rank the available beams
at a position on Earth and develop that into a new beam selection algorithm for the
Satcube Ku terminal. The new algorithm must address both circular and elliptical
HTS-beams as the beams are projected across the surface of the Earth.

There are many limitations to this project and many different approaches have been
presented. The approach is to analyze user data and geospatial data combined with
provided satellite information in order to find important aspects of the problem. A
five step algorithm was ultimately decided. The algorithm takes the user position
as an input and gives a sorted list from highest to lowest carrier-to-noise expected
in that position as output.

The steps are: Step 1: Position and all available beams, Step 2: Beamcenter of
beams, Step 3: CNR value at beamcenter, Step 4: CNR reduction to the user posi-
tion, Step 5: CNR arranged list based on projection and accuracy. The step 1 was
solved using polygon conversion of the beam contours given by the terminal and
then calculating which polygons the user was inside of. In step 2 the beamcenter
of the beams were estimated by measuring the distance from the polygon center to
a beam center position provided by Intelsat for certain beams. In step 3 the each
beamcenter was given a maximum theoretical value also provided by Intelsat. In
step 4 three different methods were investigated to project what the received CNR
would be at the user position. The methods were Concentric Contour Contraction,
Concentric Elliptical Expansion and Least square fit method. The Concentric El-
liptical expansion was the most appropriate method available and was used in step
5 for a test position in Gothenburg.

The resulting output was limited to only IS33 and IS37 satellites due to the lack of
information regarding the beam center values. The final list projections compared
to actual measurements performed within 1 dB.

Keywords: Satellite communication, Algorithm, Python, Data analysis, High-throughput
satellite, Satcube Ku
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1

Introduction

1.1 Background

Satcube is a Gothenburg based company specializing in satellite communication.
Example of stakeholders range from civil emergency workers to military person-
nel in circumstances where reliable communication is needed. Their main product
is the Satcube Ku which will be the focus of this project. The Satcube Ku is a
portable Wi-Fi hotspot that connects to the internet through Geostationary satel-
lites. The connection is made primarily through High-throughput satellites (HTS).
These satellites, unlike conventional satellites, utilizes a spot beam technology which
focuses multiple beams to different geographically restricted areas. With this tech-
nique larger power can be focused to a certain spot allowing for higher data rate
and smaller user terminals.

A stable and powerful connection is of most importance to Satcubes clients. Different
clients may have different needs in term of the connection, for an example, journalists
may need better upload speed to stream video while other clients may be in need of
a higher download speed. Finding the most optimal beam is of great importance as
the terminal is manually pointed towards the satellite by the user. It is therefore of
great importance for Satcube to always make sure they are able to deliver the best
service.

1.2 Problem description

With multiple HTS’s in space more beams are created, thus leading to a high variety
of beams in a given area. Therefore a problem arises in which beam to choose. The
different beams will have different performance due to many factors. The optimal
choice is always the beam with the best performance for the user. A beam with best
performance is primarily defined by the Carrier-to-noise ratio (C/N). The beam is
affected by factors such as: the distance between the satellite and the terminal, the
elevation- and azimuth angle, atmospheric attenuation, transmitter strength and
more.

The current algorithm implemented in the Satcube Ku terminal is functional but
not optimal. It is an intricate algorithm that functions by selecting the beam which
has its polygon center closest to the user. However, there are limitations to the
algorithm such as.
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e The modem in the terminal has no information of the beam strength

e The beam contours provided by the modem are inconsistent in their gradient
levels.

e The beam center is not a 1d point, but rather a 2d area.

The primary problem is that the modem in the terminal has no information of the
strength of the beam. This is a problem because the algorithm might suggest a
beam which is closer than another beam, but weaker in strength. This could affect
the performance significantly for users in field.

Beam contours has gradients due to the power distributed within the beam. A beam
can be estimated with multiple contours forming a gradient of fading power level
in relation to distance to the beam center. The attenuation is caused partly due
to path loss and the distribution of power within the beam, more power is focused
in the center and the power fades circularly. This problem is related to the first
problem where the carrier-to-noise ratio is unknown.

The beam center area is determined to be the first gradient contour of a given
beam where the signal strength is the strongest, this would be a more accurate
representation.

1.3 Objectives

The objective with this project is to investigate methods to optimize the beam
selection algorithm in the Satcube Ku. By combining prior knowledge of the current
beam algorithm, calculations and data analysis methods of optimization should be
investigated and deemed useful for a new beam selection algorithm.

1.4 Limitations

The focus is to develop the algorithm in Python. Translations to Rust will not be
implemented as it is out of the scope of this project. Neither of us possess knowledge
of the programming language Rust which the terminal utilizes. Implementation of
the algorithm within the terminal was deemed too difficult and time demanding.

1.5 Disposition

The report will cover all of the details in the project. The theory chapter will include
the theoretical background of every process. In the method chapter every step in the
project will be documented in separated sections describing the breakdown of each
problem. In the result and discussion the outcome of each section in the project will
be showcased and discussed. A conclusion of the project in its entirety will also be
presented.
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Theory

In this chapter, we will provide a brief background, history, and theory behind the
effects and methods that will be used in the project.

2.1 Beams and satellites

Beams transmitted from the satellites are projected in many different ways on the
Earth surface, this is due to different distances traveled, elevation and azimuth
location of the satellite and more. According to the website Satbeams the footprint
of the beams that are projected directly below the satellite are circles [3]. Directly
below the satellite equals to an elevation angle of 90°. When deviating from this
point, which is also called the nadir point, the beam will be distorted proportionally
to the distance from the nadir. This distance from the point can be described with
the GEO-stationary distance and angles from the new point.

2.2 Python

Python is a high-level programming language which is designed to be easy to use.
The syntax is easy to read and write making it a user friendly language. It is an
object oriented language which is helpful when analyzing data, building scripts and
creating applications. In this project python will be used to handle and analyze
data and also be used to write the script for the beam algorithm.

2.2.1 Packages

Python has a vast amount of packages that can be installed and imported. Packages
contain functions which serve different purposes. The most basic packages like
NumPy and Matplotlib contain fundamental mathematical functions and analytical
tools for data handling. A core package that will be utilized is Pandas. Pandas is an
intricate but easy to use package that is important when dealing with data. It offers
the ability to efficiently read excel files and create dataframes in order to process.

2.3 Geospatial analysis

As the earth is a 3d geoid, working with geospatial data is more complex compared
to working with 2d-planes and cartesian coordinates.
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Geospatial data is mostly used in this project, that is, data that is described and
connected to a latitude and longitude position. Geospatial data is difficult to pro-
cess with conventional tools as the geographic coordinate system is not similar to
Cartesian coordinates. There are a lot of packages in python which are helpful when
dealing with geospatial data. Some of these packages are: Geopandas, GEQOjson,
and geoplot. Geopandas is similar to Pandas but specifically programmed to han-
dle geospatial data. Geoplot is a library that is used for geospatial visualization.
Shapely is an additional core packages that offers functions to deal with any ge-
ometrical shape. Beam contours are difficult to handle due to the nature of the
shapes, making calculations on uneven shapes is difficult, shapely is therefore a very
efficient solution to this problem. It is worth noting that all calculations assume a
spherical earth and not a geoid. This means that the calculations base around a
uniform radius. All the geostationary satellites are located at the equator with a
latitude of 0°.

To calculate the distance from a certain point on earth to a satellite in geostationary
orbit spherical trigonometry had to be utilized. The distance is dependant on several
geographical factors. The equation is a spherical implementation of the Pythagorean
theorem.

d= \/(RS — Recos Acos ¢)? + (R sin Acos ¢)? + (R, sin ¢)? (2.1)

R, and R, in the equation is the distance to the satellite from the earth’s core and
earth’s radius. These are static values R, = 42164 km and R. = 6367 km. \ is
the difference in longitude between the points on earth’s surface. That is, the nadir
point of the satellite and the location of the user. ¢ is simply the latitude point of
the user. In python the equation is implemented as following.

def dist_tosat(satpos_long,p):
lat, lon =p
Rs = 42164
Re = 6367
satpos = (0,satpos_long)
dist_to_sat = np.sqrt((Rs-(Re*m.cos(m.radians(satpos_long -
pl1]))*m.cos(m.radians(p[0]))))**2 +
(Re*m.sin(m.radians(satpos_long -
pl1]1))*m.cos(m.radians(p[0])))**2 +
(Re*m.sin(m.radians(p[0])))**2)
return dist to_sat

It is also relevant to calculate the elevation from a point on earth to a satellite [5].
The parameters needed for the elevation is similar to equation 2.1.

(2.2)

(cos)\cosqb — 0.155)
e = arctan

V1 — cos A2 cos ¢?
The azimuth between two points can be calculated using the "arctan2' function
which is the 2-argument arctangent [6]. As in the previous equations 2.2 and 2.1,
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A is the difference in longitudes between the satellites nadir point and the user
longitude. ¢, and ¢, is the user latitude and the satellite nadir latitude respectively.
For an example, an azimuth of 90° means that the satellite point is east of the user
point.

A = atan2 ( sin A cos ¢, coS ¢ sin ¢g — sin ¢y cos Py oS )\) (2.3)

The equation will return a value that ranges from 0° to 360°. Or if desired, the
azimuth value can be shifted to a value range of -180 to 180 °.

2.4 Transmission equations

2.4.1 Carrier to noise ratio

The carrier to noise ratio, % or CNR, is a measure of the received carrier strength
relative to the strength of the received noise. A higher CNR ratio represents a better
performance and higher reliability in communcation applications. It is similar to
the Friis equation with a added value for the noise level as can be seen in equation
2.4. The k; is the Boltzmann constant, T is the system temperature and B is the

bandwidth.

PeGiGy (A
kBT 47 - R

c
== (2.4)

2.5 Antenna Characteristics

2.5.1 Beamwidth and footprint

The satellite coverage is determined by the antenna directivity and gain function
which is determined by the material and dimensional characteristics of the antenna.
The beamwidth is the angle in degrees between two points where the directive gain
has the same value. In satellite communications for reception the peak power is
observed at the boresight of an antennas gain pattern. The signal strength reduces
as the receiver moves away from the center point. If a satellite is placed above a
flat surface the antenna beam shape is circular with a distinct center point with the
peak signal power. If the satellite is instead placed in Geostationary orbit around
Earth transmitting a beam to the surface, the beam in question depending on the
inclined angle will take a elliptical shape. To determine peak power, center position
and the 3dB beamwidth angles for the incident beams now grows in difficulty. To
be able to predict signal power, beam center and 3 dB beamwidth angles there is a
need for modelling and analysis.

2.5.2 Polarization

The polarization of an electromagnetic wave is the orientation of which the electric-
field component (E) oscillates in. An electromagnetic wave is electromagnetic radi-
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ation propagating in a given direction. It consists of an electric-field and magnetic-
field.

P=ExH (2.5)

Where E represents the electric field, H the magnetic field and P the poynting
vector, which is the directional power flow of the wave. The E-field and H-field
are perpendicular in relation to each other and perpendicular to the propagation
direction. The propagation direction can be assumed to be in the z-direction of a
given coordinate system, the E-field can then be described by the equation:

E(t,z) = EyelUwt=+2) (2.6)
The H-field is described similarly:

H = Hyelwt=+2) (2.7)

Polarizing an electromagnetic wave is a method of separating waves. Separating
waves is important to avoid interference and to allow for communication to work.
Separation is mainly done in the frequency domain and by the use of communica-
tion protocols. Equation 2.6 can be further elaborated to include the direction of
oscillation as following:

E = ey | edvi=ke) (2.8)

There are three types of polarization, linear, circular and elliptical. In this project
only linear polarization is relevant. Linear polarization can be horizontal, vertical
or a combination of both, slant polarization.

Linear Circular Elliptical
Polarization Polarization Polarization

Figure 2.1: Three types of polarization. [4]

Figure 2.1 depicts the three types of polarizations of an electromagnetic wave. Linear
polarization, unlike circular and elliptical, oscillates in the same plane. Horizontal
or vertical polarization means linear oscillation along either the x-axis or the y-axis.



2. Theory

2.5.3 HTS beam

Beams describe the shape of the electromagnetic waves radiated from an antenna.
From satellites beams are projected on Earth and spread according to their distance
from Earth. On a conventional FSS-satellite the beams are designed to cover large
areas. GEO-stationary satellites are typically FSS-satellites and illuminate very
large areas of the visible side of Earth. The typical theoretical range of FSS-satellites
is & 70° latitude and £ 30° longitude. The coverage is large due to the distance
from Earth to the GEO-stationary satellites, which is roughly 36 000 km from Earths
surface. The GEO-stationary orbit is one of the most common orbits for satellite as
it is the orbit where the satellites orbit around Earths axis with the same angular
velocity as Earth. This allows the satellites to always look at the same point on
Earths surface.

In this project HT'S-satellites are the only relevant satellites. The HTS-satellites are
GEO-stationary satellites that vastly differ from conventional FSS-satellites. HT'S-
satellites has an overall coverage similar to conventional satellites but using multiple
beams instead of a singular beam. Multiple spot-beam technology allows the satellite
to focus more power in a smaller area and allowing for a stronger signal in exchange
for geographical coverage. This means that the throughput in the communication
can become significantly higher.

requLAr FSS SATELLITesS

Figure 2.2: Representation of the difference between regular FSS satellite and HTS
satellite coverage. Picture taken from Telenorsat. [§]

2.5.4 Beam Center

The beamcenter is a theoretical point representing the position inside a beam with
the highest EIRP, and in result the highest received CNR of a terminal. The figure
2.3 shows the 3-dB EIRP coverage of a IS33 beam.



Figure 2.3: Beam contours of beam U36 from IS33 according to SatBeams. The
center contour with the blue marker has a estimated EIRP of 55.6 dbW. For each
expanded contour outwards the EIRP is reduced by 1 dBW.



2. Theory

2.6 Satcube Ku

The Satcube Ku is a manually pointed satellite terminal designed to provide instant
internet access all over the globe. The directional antenna on the terminal is pointed
by the user towards a given satellite. The technical specifications can be found in
figure 2.7.

Figure 2.4: Satcube Ku terminal.

2.6.1 Operation and usage

The Satcube Ku is flexible and lightweight which is designed for field use. It weighs
only 8kg according to the technical specifications in figure 2.7. Batteries are pri-
marily used to run the terminal. There are three slots available for batteries where
hot-swapping batteries is possible. It is also possible to run the terminal directly
through a power-connection which can be useful when, as an example, is utilized in
camps where there is power available.

Upon starting the terminal the user is given a list of beams to choose from. When
a beam is chosen the user has to manually aim the antenna towards the satellite
which the beam originates from. There are three axises of rotation which has to
be aimed, azimuth, elevation and polar