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This thesis will first present the main properties of the Earth’s ionosphere as well
as the properties of the plasma waves in a cold plasma model. Then the method
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order to allow a real-time determination of ionospheric properties along the satel-
lite’s orbit. Moreover, the work tests the performance and truthfulness of the new
functions and analysis tools developed for the radiation monitoring model.
The thesis shows that the additions and extensions to the Ray tracer provide a
versatile simulation program that can be used to study the propagation of the
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Tämän diplomityön tavoitteena on kehittää globaali ionosfäärikarttasimulaatio
(GIM) avaruussään sekä keski- ja korkeataajuuksisten (MF/HF) radioaaltojen
tutkimukseen Maan ionosfäärissä.
Uuden C++ -kielisen ohjelmiston pohjana on Aalto-yliopistossa aikaisemmin ke-
hitetty säteenseurantaohjelma, johon on lisätty uusia toimintoja. Nämä malli-
laajennukset mahdollistavat säteenseurantaohjelman entistä laajemman hyödyn-
tämisen ionosfääritutkimuksessa.
Diplomityössä esitetään aluksi Maan ionosfäärin keskeiset ominaisuudet sekä
kylmän plasman aalto-ominaisuudet. Tämän jälkeen kuvataan menetelmä
määrittää radiosäteen rata käyttäen plasman taitekerrointa sekä taitekerrointa
käyttävää Hamiltonin sädeyhtälöä. Kuvattu lähestymistapa muodostaa pohjan
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Diplomityö esittelee seuraavaksi tapaustutkimuksen, jossa Suomi 100 -
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seurantasimulaation antamiin tuloksiin. Säteenseurantamalliin on kehitetty
ohjelmistolaajennuksia, jotka mahdollistavat ionosfäärin ominaisuuksien reaali-
aikaisen määrittämisen pitkin satelliitin rataa. Lisäksi työssä testataan säteen-
seurantamalliin kehitettyjen uusien toimintojen sekä analyysivälineiden suoritus-
kykyä ja todenmukaisuutta.
Diplomityö osoittaa, että säteenseurantamalliin tehnyt lisäykset ja laajennuk-
set tarjoavat monipuolisen simulaatio-ohjelman, jolla voidaan tutkia radioaalto-
jen etenemistä ionosfäärissä. Lisäksi työ antaa esimerkkianalyysin siitä, kuinka
tehdyt mallilisäykset mahdollistavat laajennetun säteenseurantamallin hyödyn-
tämisen satelliitin radiomittalaitteen tekemien mittausten tulkinnassa.
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1 Introduction

1.1 Increasing Interest in Space

Figure 1: Northern Lights of Kotka [1]. Image of the Suomi 100 nanosatellite taken on
22nd of January 2019. Courtesy of Aalto University.

Since 1950’s the interest in space research has increased from humanmade objects
flying to outer space to the first human in space and the Moon. In the current era,
the keen interest in nanosatellites has increased for various research purposes. On
October 24th 2020 Elon Musk changed a dream into a reality as SpaceX launched the
Starlink at an altitude of approximately 550 km for providing high-speed broadband
internet access. Starlink is a satellite internet constellation used for providing global
access to the internet with a higher performance than traditional satellite internet
and without the limitations of ground infrastructure [2]. Which shows the evolution
of technology from the ground to space and how space research is evolving currently
in a fast phase and moving humankind towards the era of Artificial Intelligence (AI),
Machine Learning (ML), and Deep Learning (DL).

1.1.1 Aalto University’s Space Research

Aalto University members (staff and students) have been part of designing and con-
structing satellites for different research purposes, from image capturing of Earth to
space weather research. The most known around campus and the world are Aalto-1,
Aalto-2, and Suomi 100 nanosatellite missions (see figure 2). The first two satellite
missions belong to Aalto Satellites project, which includes currently three Cube-
Sat projects: Aalto-1, Aalto-2, and Aalto-3, where Aalto-3 is a future open-sourced
student satellite project in development under Assistant Professor Jaan Praks. In
this section, the aim is to introduce Aalto University’s additional space-related re-
search projects, including satellite and ground-based astronomical observation and
measurement researches that are done by the staff and students of the University.
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Aalto-1 is the first satellite mission designed by Aalto University. It’s 3U unit
CubeSat (10×10×34 cm, 4 kg) satellite with multiple payloads and an electrostatic
plasma brake. The multiple payloads are used for remote sensing and ionospheric
research, and the plasma brake (designed in the Finnish Meteorological Institute) for
de-orbiting at the end of its mission [3, 4]. For communication, the Aalto-1 satellite
uses ultra-high frequency (UHF) uplink. In the beginning, it was planned that it
was able to use both very high frequency (VHF) and UHF uplink, but the VHF
link was narrowed down as necessary and removed from the satellite. Aalto-1 was
designed to give a possibility to downlink data from the CubeSat with an S-band,
but at the moment, this has not been possible, because of satellite attitude control
[3].

Figure 2: Satellite mission in Aalto University displayed in the Research Winter Day.
From left to right: Aalto-1, Aalto-2, Aalto-3 (Mock-Up model) and Suomi 100. Courtesy
of Aalto University.

Even though Aalto-1 is the first satellite designed by the Aalto University,
the first satellite to be launched into space was Aalto-2, it was 2U unit CubeSat
(10×10×20 cm) and was part of the QB50 satellite project to research the thermo-
sphere. The main instrument in the satellite was the multi-needle Langmuir probe,
which is used to measure the electron density and temperature of the ionosphere [5].
UHF uplink (just like Aalto-1) is used to establish communication uplink between
the satellite and Aalto University’s ground station (GS) [3].

As a future project, Aalto University is designing Aalto-3 and Foresail-1 nanosatel-
lite. Aalto-3 is a 1U unit CubeSat designed around software-defined radio (SDR)
payload and has UHF and VHF uplink for communication with the University’s
ground station [6]. Aalto-3 is an open student-based project, that is meant to be
open-sourced. In the December of 2019 Aalto-3 project was selected to participate
in one of the European Space Agency’s (ESA) selection workshop for Fly Your Satel-
lite! for competing for a spot in ESA’s launcher support for the project. Foresail-1
is a 3U unit CubeSat, part of a trilogy, and the mission is for researching Sustainable
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space. It contains two payloads, where the main is a particle detector (PATE) [7].
The satellite itself is designed and built in the space lab of Aalto University. After
these projects, there were discussions about more CubeSat projects, like Foresail-2,
Foresail-3, and Aalto-4.

Figure 3: Solar radio map simulation (left) and NASA’s Helioviewer solar 304 angstroms
(Å) image (right) of erupting solar flare in the Sun on the 6th of September 2017 [8].
Courtesy of Metsähovi Radio Observatory and NASA.

In addition to the satellite projects and research mentioned above, Aalto Uni-
versity has a ground-based space research centre, Metsähovi Radio Observatory, for
astronomical research like active galaxies, the Sun, and also the rotation of the
Earth. The observatory’s primary instrument is the 14-meter radio telescope that
is used around the clock and used for observing Sun’s activity through a solar radio
map (see figure 3) simulations for solar research. The radio observations done in
the observatory are at millimetre (mm) and micrometre (µm) waves (2-150 GHz)
[9]. Metsähovi is also part of NASA’s global positions system (GPS) ground station
used for generating datasets on a worldwide scale for ionospheric and atmospheric
research. The observatory also observes stellar objects positions in outer space and
satellite’s orbits, by utilizing the Satellite laser ranging (SLR) and the Very Long
Baseline Interferometry (VLBI), the accuracy is about a few mm.

1.2 Research Purpose & Goals

The purpose of this thesis is to observe and analyze Suomi 100 nanosatellite’s ra-
dio spectrometer’s datasets to the Ray tracer program’s results for validating both
the RF measurements of the satellite and the background ionospheric and atmo-
spheric models used by the program. This thesis aims to design a non-commercial
global ionospheric map (GIM) simulator as a primary product for ionospheric and
atmospheric weather research.

The secondary product of this thesis is an ionospheric and atmospheric tracking
profile for Suomi 100 nanosatellite, for observing the peak values of the F2 layer on
each location of the satellite’s orbital location. The tracking mode does not itself
predict satellite locations; instead, an additional program was designed for predicting



4

Suomi 100 nanosatellite’s orbital location for every 1 minute on the defined day for
the Ray tracer program.

1.2.1 Research Question & Problems

In the current era more accurate GIM simulations are produced in real-time (RT)
by utilizing worldwide ground stations GPS (Metsähovi is part of this) with the up-
to-date satellite datasets for generating a map of total electron content (TEC). This
thesis explores the options of utilizing open-sourced ionospheric and atmospheric
models for developing the datasets in a global view and producing the GIM by
using the photon mapping algorithms for the results gained from the program.

The main concern for the program is that it will be designed into the Aalto’s
Ray tracer program, developed and released in 2018 [10], as program mode. The
program’s source codes will be redesigned and modified for operating the new pro-
gram modes designed during the time of this thesis with the two previous program
modes, raytrace and photonmap. In this thesis, we refer to the university’s ray tracer
program developed in [10] as Ray tracer.

1.3 Outlining the Content of Research

This thesis is concerned with the design and development of a GIM simulator of
F2 layer’s peak values, with a satellite tracking ionospheric and atmospheric profiler
features, by using the Ray tracer software’s base. The software will be used in
data analysis of Suomi 100 nanosatellite’s medium and high frequency (MF/HF)
measurements done by the satellite’s radio spectrometer.

The findings of the thesis are divided into seven core sections, where the first
three sections (section 2-4) will be background study for the rest of the main sections:

• Section 2 is concerned with identifying the primary properties of the terrestrial
ionosphere that are needed to understand radio wave measurements done by
the Suomi 100 nanosatellite and the ionospheric ray tracing. In this section,
we will formulate the analytical expression of critical frequency fcrit and the
semi-empirical expressions for the effective electron-neutral collision frequency
νen. The introduction of the coordinate system used for developing the Ray
tracer will also be introduced with the weakening of the magnetic field and
the background ionosphere model of the Ray tracer and Proplab Pro 3.

• Section 3 presents the magnetoionic theory of electromagnetic (EM) wave
propagation in plasma, both in magnetized and non-magnetized plasma. We
derive the refractive index of the propagating ray using Maxwell’s equations for
understanding the difference in parallel ‖ and perpendicular ⊥ wave propaga-
tion. In this section, we have also introduce two wave modes that are manifest
when the geomagnetic field is introduced to anisotropy [10]. The ray equations
used by the Ray tracer will also be derived by using the Hamiltonian functions,
and we have derived the loss of the carried energy of the transmitted ray.
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• Section 4 presents a brief background about the Suomi 100 nanosatellite and
the ferrite antenna implemented. The ferrite antennas are designed for two
different frequency ranges, and the inductance of the antennas will be derived
as constant when the relative permeability µr is known. We will also introduce
the different measurement modes performed by the satellite and how they differ
from each other. We will also introduce the communication method used by the
ground station and the UHF front used by the communication (COM) system
of the Suomi 100. In this section as background, we will also introduce two-
line elements (TLE) used for predicting a universal satellite’s orbital location
in Coordinated Universal Time (UTC) and the global ionospheric map for
understanding the products developed during this thesis.

• Section 5 is a documentation on the development of the GIM and satellite’s
ionospheric profile tracking using both Ray tracer and skyfield python module
from a software engineering aspect. In this section, we will introduce the Ray
tracer and the method used to operate the background ionosphere models
introduced in section 2. The benchmarking performed in this section will
focus on a personal laptop instead of the earlier used power-PC, which name is
Rosetta and which was introduced in [10], due to the pandemic. Benchmarking
will focus on the operation time, Central processing unit (CPU) load and
random-access memory (RAM) uses for both program modes introduced in
this section.

• Section 6 presents data analysis on the satellite’s data on the 16th of June
2019 with the updated Ray tracer (version 1.2), introduced in section 5. The
radio frequency (RF) measurement dataset is cut from a full set (about 200
minutes) to just 90 minutes, for observing the variation of the ionosphere in
one full satellite orbit, which is approximately 90 minutes. In this section,
the results will be introduced with the aid of the Ray tracer’s ray tracing and
photon mapping, of N numbers of photons in a random direction, simulations
aspect. For observing the rotation of the Earth and the vary of the peak values
location in UTC, we use the GIM simulations generated by the Ray tracer.

• Section 7 is a dedicated presentation of the validation of the results obtained by
the Ray tracer version 1.2. In this section the validation is performed with two
different methods: Primary validation test is performed with the comparison
of PropLab Pro 3’s [11] and Ray tracer’s background ionospheres for observing
the ionospheric profile produced by the IRI-2016 and IRI-2007. The secondary
validation is done with the radio wave measurement done by the satellite in
section 6.

• Section 8 is a presentation of the summary of the results of this thesis. We will
also introduce future possibilities of Ray tracer’s results and the improvements
done to the software for more accurate results in a multi-dimensional plane.



1.3.1 Purpose of Appendix

The appendix consists of useful information and simulations that help to understand
and to follow along with the content of this thesis. The appendix is divided into
eight sections:

• A consists of mathematical formulas used in this thesis (mostly used in section
3).

• B introduces the time prediction and the coordinate system used by the simpli-
fied general perturbation 4 (SGP4) model. We will also introduce definitions
of the TLE elements datasets introduced in section 4, listing 1.

• C presents Suomi 100 nanosatellite’s flight planner commands used for obtain-
ing the dataset on the 16th of June 2019, with the definitions of the commands.
We will also introduce the full data simulation graph of the datasets of the
measurement.

• D presents the configuration file used by the new Ray tracer software, with
the definitions of the parameters used by the new two programs.

• E presents GIM simulations of the peak, and Suomi 100 nanosatellite’s ap-
proximated altitude electron number density and critical frequency of the F2

layer done for the data analysis of section 6.

• F presents ray tracing and photon mapping simulations (form ≈ 0 km to 600
km altitude) for the data analysis of section 6.

• G presents the personal laptops spec and the program used for observing the
CPU and RAM activity during the benchmarking of Ray tracer version 1.2.

• H presents the physical construct of the university’s ground station.

Figure 4: Suomi 100 satellite projects logo [12]. Courtesy of Aalto University.
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2 Terrestrial Ionosphere
The terrestrial ionosphere is Earth’s upper atmosphere, which is ionized by solar and
cosmic radiation. The altitude of the ionosphere is assumed to begin at 60 km above
Earth’s surface. Nature of the terrestrial ionosphere is known to be dynamic and
has a strong dependence on solar activity, altitude, time, and geographic location
[10]. Atoms and molecules found in this area are ionized positively because of high
energy release, from the Sun, and Cosmic rays strip electron(s) from them. These
stripped electrons from the atmospheric particles are then no longer bound to them
and behave like free particles.

Figure 5: Typical daytime and nighttime electron density profile during the Solar max-
imum and minimum [13, 14].

During the daytime, the Earth’s ionosphere is affected by cosmic and solar ra-
diation, which means that half of Earth’s ionosphere is ionized by the Sun at any
time. During the night ionosphere is ionized only by cosmic rays. During this time
the ionizing is weaker because cosmic radiation is weaker than solar radiation. This
means that nighttime ionization is comparatively weaker than daytime ionization.
The presentation of this phenomenon is illustrated in the scaled altitude profile of
electron properties in figure 7.

2.1 D, E & F Regions of Ionosphere

The ionosphere is known to have three main regions, that are D, E, and F (figure
6). Region F is divided into two layers, F1 and F2. They were first revealed with the
remote-sensing instruments of situ observations (both airborne and ground-based)
[10]. The name of each region originated from the early works of Appleton. The E
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region is the first layer he recognized and stated that the name E is for the reflected
electric field from that layer [15]. At higher altitude, he recognized region F, which
is for reflected fields [15]. Region D was recognized as a layer for lower altitudes
[15].

The ionosphere is known to affect radio signals transmitted from both the Earth
and from outer space. One of the reasons for this is the critical plasma frequency of
the ionosphere:

fcrit = fp =
1

2π

√
MAX[Ne]e2

ε0me

, (2.1)

where Ne describes the electron density (in [ 1
m3 ]). Equation (2.1) shows how the

critical frequency fcrit of the ionosphere depends on electron density Ne and are
presented mostly in megahertz (MHz) range. Plasma frequency describes the min-
imum frequency of electromagnetic (EM) waves that can propagate through the
ionospheric plasma in the terrestrial ionosphere without the reflection. If the wave
frequency is lower than the critical frequency of the region, the signal will be reflected
(depending on the elevation (El) angle of the signal).

Figure 6: Terrestrial ionosphere layers and electron density profile as a function of altitude
[16].

F2 is known to be the layer that contains the maximum electron density, this
can be seen from figure 5 and 6. Electron density is higher during daytime than
nighttime, and this is because during the daytime solar activity is higher and the
ionosphere is much stronger than during the nighttime. It also depends on the
geographical location of the transmitter. In the equator, the effective solar irradiance
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is higher when compared to the North and South pole regions, but due to the
Earth’s dipole like field lines and ion precipitation, the North and South pole regions
might have higher particle flux density. Also, during the solar maximum, F2 layer’s
maximum density is known to be typically higher than during solar minimum. This
is presented in figure 5, which illustrates the typical electron density profile in the
terrestrial ionosphere.

Two lines in both graphs in figure 7 are from the same date, but from a dif-
ferent time, one is from daytime, and the other is from the nighttime. During the
nighttime, ionisation is weaker in the ionosphere, so the electron density in F2 layer
is smaller than the daytime. This means that the critical frequency of the layer
is weaker during the nighttime than the daytime. The explanation for this is that
during the nighttime F1 layer and D region vanishes. During this time the only
radiation ionising the ionosphere is mostly cosmic radiation, without the Sun’s ra-
diation interfering. This mostly explains the drastic difference between the daytime
and nighttime in figure 5. The information about the difference between daytime
and nighttime (also the information about seasonal-variation) helps satellite oper-
ators to narrow measurement frequency for doing ionospheric measurements based
on the time. The primary standard time used is coordinated universal time (UTC)
when generating the altitude profiles presented in figure 7.

Figure 7: Electron and plasma frequency profile of terrestrial ionosphere as a function
of altitude from daytime (12:00 UTC) and nighttime (24:00 UTC). Profiles taken from
above Otaniemi (60.1oN, 24.8oE). Profiles are generated between 60 km and 1000 km. The
profiles are generated from the latest ionospheric model, IRI-2016.

D region is the lowest region of the terrestrial ionosphere, which is known to have
the highest density of neutral molecules, Oxygen O2 and Nitrogen N2. Free electrons
produced by ionization collide with neutral molecules in the D region causing high
values of electron-neutral collision frequency νen (also known as effective electron
collision frequency νeff ).

For calculating the effective electron-neutral collision frequency, it is needed to
know the electron-oxygen and electron-nitrogen collision frequencies. The frequen-
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cies in the semi-empirical formula are presented in the following way [15, 17]:

νO2 = 1.82× 10−16NO2(1 + 3.6× 10−2
√
Te)
√
Te, (2.2)

νN2 = 2.33× 10−11NN2(1− 1.21× 10−4Te)Te, (2.3)
where Te is the electron temperature in Kelvin [K] and neutral molecules density is
defined as NO2 and NN2 in [ 1

m3 ]. The effective electron-neutral collision frequency
in altitude (all the regions of ionosphere) is defined as a weighted average of two
collision frequencies, equation (2.2) and (2.3):

νavg = νeff = νen =
NN2νN2 +NO2νO2

NN2 +NO2

. (2.4)

Collisions frequencies presented in equations (2.2)-(2.4) are given in hertz (Hz).
When the densities of the neutral species, N2 and O2, are equal to each other (NO2 ≈
NN2), the neutral collision frequency drops below the arithmetic mean of the two
neutral collisions [17, 18]. Figure 8 is a collision frequency altitude profile generated
for logarithmically scaled electron-neutral collision and semi-empirical expressions,
(2.3)-(2.4).

Figure 8: Collision frequency comparison altitude profile of semi-empirical expressions
and effective electron collision frequency. Collision frequencies are taken from June 16th

2019 at 12:00 Coordinated Universal Time (UTC), above Otaniemi (60.1oN, 24.8oE). The
profiles are generated from the latest atmospheric model, NRLMSISE-00.

It is important to point out that above D region, equations (2.2) and (2.3) are
not valid, because at higher altitude the collision process between neutral molecules
and free charged ions becomes significant [10]. It must therefore be careful and
considerate of the odd behaviour of neutral molecules, oxygen, and nitrogen when
measuring the above D region. During the nighttime, D region is known to vanish
with F1 layer, which will cause the neutral densities to show odd behaviours if
measured during the nighttime.
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2.2 Magnetic Field

The magnetosphere of Earth’s is known to be exceedingly complex, and its nature
is described to be dynamic due to the interaction between solar wind (SW) and
Earth’s magnetic field, which is generated by the liquid core’s electric current. The
magnetic field is mostly considered a product of the Dynamo effect, which is caused
by Earth’s planetary rotation [19, 20]. Liquid metallic iron in the core becomes a
conducting model that moves the current J perpendicular to the magnetic field B.
The direction of the Earth’s magnetic field near the surface is presented in figure 9
as a unit magnetic field vectors.

Figure 9: Arrowed 3D simulation of the Earth’s magnetic field. The plot is generated
from MATLAB’s WMM2020 model for visualizing the magnetic field directions.

Earth’s magnetic field is in the first order a magnetic dipole, where the South pole
of the magnetic field is near Earth’s geographical North pole, and the North pole of
the magnetic field is near the Earth’s geographical South pole. The magnetic poles
of Earth are not stationary and have curtsy of drifting from their original location.
The South pole of the magnetic field is drifting closer to the geographical North
pole and onward. This was first found in 1831 when this was first measured [20, 21].
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From the 1990s onward the drifting speed has increased and is currently changing
about 50-60 km

year
(approximately 55 km

year
), and because of this, the magnetic models

must be updated frequently [20]. Currently, the magnetic South pole has drifted
approximately about 2300 km from the first discovery, from 1831 to 2019 [20, 22].

Figure 10: Total magnetic flux density B, also known as total magnetic field intensity,
simulation at the approximate altitude of Suomi 100 nanosatellite (h ≈ 600 km) on 16th

of June 2019 with the MATLAB’s WMM2020 model.

Earth’s magnetic field presented in figure 10 is simulated by MATLAB program
which utilizes the World Magnetic Model 2020 (WMM2020), for a specific date and
year, to calculate the magnetic field [23]. WMM2020 is developed by the National
Centers for Environmental Information (NCEI) and British Geological Survey, with
the support of the Cooperative Institute for Research in Environmental Sciences
(CIRES) [22]. The model considers magnetic poles of Earth not to be stationary and
forecasts their drifting from their location from 2020 to 2025 [22]. Inputs required
for the WMM2020 model are a full range of latitude and longitude, with the altitude
of observation. The altitude is defined from -1 to 850 km, which is referenced to
either World Geodetic System (WGS) 84 ellipsoid model or Mean Sea Level (MSL).

WMM2020 models total main magnetic field B is the magnetic vector of the
total geomagnetic field and is mathematically calculated as the negative gradient of
the scalar potential, because it is considered as potential field [15, 24]:

B(λ, φ, r) = −∇V (λ, φ, r), (2.5)

where r is detonating the distance from the centre of Earth [24, 25]. The geomag-
netic field vector is determined by the absolute value of the total magnetic field,
the magnetic declination (δ) and the magnetic inclination (I) [15, 24]. The scalar
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potential (V ) is derived from equation (2.5):

V (λ, φ, r) = R⊕

N∑
n=1

(
R⊕
r

)n+1 n∑
m=0

(gmn cos(mλ) + hmn sin(mλ))Pm
n (sin(φ)), (2.6)

where N is the degree truncation of WMM2020 model and two time depended
functions are the Gauss coefficients functions (gmn and hmn ) [15, 24]. This again makes
the main magnetic field B and scalar potential V as functions of time t. Function
Pm
n is the Schmidt quasi-normalized associated Legendre functions of degree n and

order m just like the Gauss coefficient functions [15, 24]. Equations (2.5)-(2.6) are
expressed in geocentric spherical coordinates (latitude λ, longitude φ and radius r).

Figure 11: Magnetic declination δ at the approximate altitude of Suomi 100 nanosatellite
(h ≈ 600 km) on 16th of June 2019 with the MATLAB’s WMM2020 model.

Ray tracer program utilizes the option of the constant geomagnetic field for ra-
dio propagation in the ionosphere [10]. This is done with the assumption of Earth’s
magnetic field being an intrinsic geomagnetic dipole field, which is a multipole ex-
pression of equation (2.5) [16]:

B0(r, λ, φ) = B⊕

(
R⊕
r

)3

[3(m̂ · r̂(λ, φ))r̂(λ, φ)− m̂], (2.7)

where the B⊕ presents the strength of geomagnetic field which is defined on the
magnetic equator at Earth’s surface (r → R⊕) and r̂ is approximately normal to
Earth’s surface [10, 16]. Equation (2.7) is obtained when we only consider the dipole
value (n = 2) in a azimuthal symmetry situation. On the magnetic equator, scalar
product of m̂ and r̂ becomes zero (m̂· r̂ = 0) and m̂ is the dipole moment unit vector
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which is assumed to point towards South magnetic pole location [10] of WMM2020
model (80.65oS, 107.32oE) [22, 26]:

m̂ =

cos(λ) cos(φ)
cos(λ) sin(φ)

sin(λ)

 ≈
−0.04837

0.15510
−0.98671

 . (2.8)

The dipole moment m̂ is considered as a constant in this thesis just like in [10]. Ray
tracer was developed with the magnetic South pole location of the WMM2015 model
(80.31oS, 107.38oE), which was the latest version at that time. When pointing unit
calculated when using a magnetic South pole location of the WMM2015 version gives
approximately similar values than the pointing vector unit calculated in equation
(2.8) using the location of WMM2020 model. The constant geomagnetic field from
equation (2.7) after the consideration of equator and pointing of magnetic South
pole equation (2.8) is:

B0(r, λ, φ) = B⊕m̂. (2.9)

The geomagnetic field B⊕ = 30.5 µT, which is the magnetic strength of year 1986
[10, 16]. This assumption is based on the slow and slight secular variation of Earth’s
geomagnetic field.

Figure 12: Magnetic inclination I at the approximate altitude of Suomi 100 nanosatellite
(h ≈ 600 km) on 16th of June 2019 with the MATLAB’s WMM2020 model.

Simulations presented in figure 10-12 are from the approximated altitude of
Suomi 100 nanosatellite on June 16th 2019. The parameters presented in the simula-
tions are absolute values based on date, time and location. The wanted parameters
for analysing and aiding in the comparison of radio spectrometer observations used
in this thesis are the following: Total magnetic field B (figure 10), Declination δ
(figure 11) and Inclination I (figure 12).
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Declination and inclination are wanted not only for defining the main magnetic
field vector B, but to understand the electromagnetic (EM) wave propagation in the
ionosphere. The constant value used to calculate the coefficient has sets of constant
values that are zero when the declination δ of the magnetic field is considered to be
zero and makes the coefficient into imaginary [27]. This causes conflict when going
to the mid-latitudes, where the magnetic declination is none-zero (δ = 0). This is
because the refractive index gets close to zero when the frequency gets close to the
plasma frequency.

Declination angle is calculated from the absolute values of Eastward field Y and
Northward field X vectors, where the inclination angle is calculated then from the
absolute values of the horizontal field H and Downward (vertical) field Z vectors
[15]:

δ = arctan(
Y

X
), (2.10)

I = arctan(
Z

H
). (2.11)

The horizontal line presents the magnetic meridian and downward field the Nadir
direction in the vector component in the geomagnetic field. The range of declination
is from -180o to 180o and inclination is from -90o to 90o.

2.2.1 International Geomagnetic Reference Field (IGRF)

International Geomagnetic Reference Field (IGRF) is a standard empirical mathem-
atical description of Earth’s magnetic field, that is used for studying the ionosphere,
and magnetosphere [24]. The main magnetic fields are mathematically described
by using a computed coefficient from a set of coefficients produced by the Interna-
tional Association of Geomagnetism and Aeronomy (IAGA) members [24]. IGRF
model assumes that Earth’s surface has no free electrical currents and Amperé’s curl
equation reduces to zero, while the scalar potential still existing [10]:

∇×H = 0, (2.12)

where H is the magnetic field intensity. For equation (2.12) to be zero the free
electrical current J has to be zero everywhere outside the planet. It is important
to point out that there are anyway ionosphere currents which are not taken into
account in the model.

IGRF model is mostly used by the background ionospheric models for determ-
ining the monthly average of total electron content (TEC). IRI-2007 model, used
by PropLab Pro 3 [11], uses the 10th version when the program was first published.
IGRF model is used to compute Earth’s magnetic field coordinates needed by IRI
for generating the background ionosphere [24, 28]. For ray tracing the IGRF field
is not best suited as the model uses an analytic equation to describe the magnetic
field lines and also diffusive equilibrium density model is highly dependent on the
field [29].
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2.3 Earth-Centred-Earth-Fixed (ECEF) Coordinate System

Ray tracer uses Earth-Centred-Earth-Fixed (ECEF) coordination system for ex-
pressing all the vector used by the program in global coordination’s system and
aiding with transforming from one system to another [10]. The general view of the
ECEF is that positive x - and y-axis is taken to the equator from Earth’s centre,
which is the origin. x -axis point in the coordination system is in the Greenwich me-
ridian (0oN, 0oE) and y-axis location is perpendicular to the x -axis, 90oE meridian,
(0oN, 90oE). The third axis, z -axis, is taken from Earth’s centre to the geograph-
ical North pole (90oN, 0oE). Figure 13 illustrates deep visual presentation of ECEF
coordination system and particular choice of axes [10].

Figure 13: ECEF coordination system [10].

Detonating the position from the centre of Earth r is defined based on the visual
presentation of ECEF coordinate system, in figure 13 [10]:

r(λ, φ, h) ≡

xy
z

 = (R⊕ + h)

cos(λ) cos(φ)
cos(λ) sin(φ)

sin(λ)

 , (2.13)
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where h is the altitude at which the position is calculated. Equation (2.13) can be
written in spherical coordinate, by reproducing the used parameters in Cartesian
coordinates [10]:

λ = arcsin(
z

r
), (2.14)

φ = atan2(y, x), (2.15)

h = r −R⊕. (2.16)

Ray tracer uses the 2-argument arctangent function (atan(y,x )) for identifying the
correct quadrant at P(x, y) when reproducing spherical coordinates from equation
(2.15). The r in equation (2.16) is the length of r:

||r|| = r =
√
x2 + y2 + z2. (2.17)

The local orthogonal units vectors presented in figure 13, {λ̂, φ̂, r̂}, are used for
expressing transmitting radio waves elevation and azimuth angle, when developing
the Ray tracer program [10].

2.4 Global Ionospheric & Atmospheric Models

A background ionosphere is used to computationally model radio waves propagation
in Ray tracer [10]. It is good to understand the global computational models that are
currently available and used by the Ray tracer program because the ionosphere has
a major role in this thesis. Ray tracer program uses two global models, International
Reference Ionosphere (IRI) and US Naval Research Laboratory mass spectrometer
and incoherent scatter radar global (NRLMSISE) atmosphere, model. The accurate
version of the programs is IRI-2016 and NRLMSISE-00 (the year 2000 model). Both
of the models are open-sourced, and the atmospheric model is briefly modified for
the uses of the Ray tracer program [10].

For validating the ionospheric program designed and developed during the time
of this thesis, we will use commercial software simulations to comparison with Ray
tracer’s new ionospheric chart simulation program mode. The commercial software
is called PropLab Pro 3, which is a program that simulates high resolution and ac-
curacy ray tracing signal through realistic 2- (2D) and 3-dimensional (3D) view [11].
PropLab uses the IRI-2007 model, with the International Geomagnetic Reference
Field (IGRF) model for generating a background ionosphere and signal tracing. The
2007 version of the ionospheric model also an open-source project and the Fortran
source code can be found from [30], with the source code of IRI2016.

2.4.1 IRI-2016

The IRI is an ongoing joint international project done by the Committee on Space
Research (COSPAR) and International Union of Radio Science (URSI). The IRI
project was started in the late sixties and from 1999 has been used as the standard
empirical model of terrestrial ionosphere. The specific model used is the Ray tracer
is the latest version available, IRI-2016. The program is written in Fortran 77 and is
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an open-source project [30]. IRI is used to get the electron density, main ions, and
electron temperature as a function of altitude, based on the specific geographical
coordination and time of date (year and month included) [10]. Table measurement
of the solar activity and the geomagnetic indices fitted in IRI-2016 during the time
of this thesis is from 1962 to 2023.

Figure 14: The standard output of IRI-2016 visualised as a horizontal profile on the 16th

of June 2019 at 12:00 Coordinated Universal Time (UTC). Profiles are generated above
Otaniemi (60.1oN, 24.8oE), Espoo, from an altitude of 60 km (starting height) to 600 km,
by using a step length of 1 km.

The IRI-2016 model has two improvements compared to the older versions, new
models to show the F2 peak electron density height and ion composition (O+, H+,
He+, N+, ...) at low and high Solar activity. For speeding the computation speed
of IRI values, a change was done to the input of the solar and ionospheric indices
[31]. Peak electron density height is important to us for understanding the radio
wave measurement done by the satellite. Because of equation (2.1), electrons peak
height is same for maximum plasma frequency (fp).

For increasing the accuracy, the IRI-2016 uses two models. The first model, the
Satellite and Digisonde Model of F2 (SDMF2) is to provide accurate data and to
improve measurement techniques. For getting real-time measurement, in the IRI
program, a model has been developed, the IRI Real-Time Assimilative Modelling
(IRTAM) model. SDMF2 layer height assumes a logarithmic dependence on solar
activity, which is improved to give more realistic data on the height of F2 peak [31].
IRI-2016 programs real-time model, IRTAM, generates real-time measurements of
the ionospheric profile by providing to IRI from over 40 different digisonde stations
[31].

Only two output parameters are collected from the IRI-2016, the electron density
Ne(h) and the electron temperature Te(h) as an altitude profile, for the ray tracing
purpose. The electron density can be used for reproducing the ionospheric layers and
critical frequencies for every altitude when the maximum density of that altitude is
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known with the principle of equation (2.1):

fph =
1

2π

√
MAX[Neh ]e2

ε0me

, (2.18)

where Neh is the electron density of that certain altitude. Figure 15 presents the
plasma frequency of the maximum electron density of every altitude, between 60 km
to 600 km (below 60 km IRI assumes the ionospheric profiles to be zero), presen-
ted in figure 14, which illustrates the standard output of IRI-2016. The electron
temperature is used for determining the semi-empirical expressions, equations (2.2)
and (2.3), for evaluating the collision frequencies of electron-oxygen and electron-
nitrogen, which is later used to calculate electron-neutral collision frequency, equa-
tion (2.4).

Figure 15: Plasma frequency on the 16th of June 2019 at 12:00 UTC is derived from the
IRI-2016 model. The profile is generated from electron density altitude profile presented
in figure 14.

Standard outputs of the IRI-2016 are stored in an array data structure that
is used internally by the Ray tracer program when it calls the background iono-
sphere and atmosphere models (more about this in section 5). The altitude profiles
presented in figure 14 and figure 15 generated above Espoo (near the University) on
June 16th 2019 at 12:00 in UTC. Both altitude profiles are log-scaled on the x-axis,
for better visual presentation and reading. The IRI-2016 program can generate an
altitude profile for one pair of latitude and one pair of longitude at a time.

2.4.2 IRI-2007

The IRI-2007 model calculates the monthly average of ionospheric density, temper-
ature, and ion composition in a non-auroral ionosphere [28]. For calculating the
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monthly average of electron density from total electron content (TEC), the program
uses two options for improving its topside profile: (1) comparing the IRI-2001 with
TOPEX satellite measurements data of TEC and (2) NeQuick topside model [28].
Topside means the higher regions, like F , which is important to understand in signal
tracing. NeQuick model uses Epstein-layer function with altitude dependencies for
theoretically calculating the average electron density decrease in topside [32, 33]:

Ne(h) = 4NmF2
e
h−hmF2

H

(1 + e
h−hmF2

H )2
, (2.19)

where H is the scale height:

H = H0[1 +
100 · 0.125(h− hmF2)

100 ·H0 + 0.125(h− hmF2)
]. (2.20)

The H0 in NeQuick model is the empirically deduced parameter, which is dependent
on the peak parameters of F2 layer: peak density NmF2, the critical frequency foF2
and the maximum ionization height hmF2 of F2 layer [32].

Figure 16: Electron density and temperature outputs of IRI-2007 model on the 16th of
June 2019 at 12:00 UTC. The profiles are generated from above Otaniemi (60.1oN, 24.8oE),
Espoo, from an altitude of 60 km (starting height) to 600 km, by using a step length of
2.5 km.

For electron density variation in the auroral regions, a Neural Network (NN)
model has been included in the IRI-07 version for bypassing the issue of missing
ionization enhancement at auroral latitudes, when generating electron density at E
region [28]. The NN is trained with a large volume of EISCAT incoherent scatter
data, and rocket profiles of wave propagation experiment data [28]. The D re-
gion electron density is generated by using three different options with the rocket’s
wave propagation profiles: (1) Standard model, (2) Faraday International Reference
Ionosphere (FIRI) model and (3) Danilov model. The Danilov model considers the
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winter absorption and warming of the stratosphere, without the FIRI. The FIRI is
a semi-empirical model of the non-auroral ionospheric model, that uses radio wave
propagation measurements of rockets to determine the ionospheric profiles of the
lower ionosphere (D and E regions) [34, 35]. The IRI-2007 version uses the FIRA
to understand the high frequency (HF) signal loss happening at the lower regions,
with the knowledge of their chemically complex nature.

The IRI-2007 model uses the same data models to define electron density Ne at
lower ionospheric regions (D and E regions). However, for the topside region (F)
the IRI-2016 uses real-time (RT) satellite data (discussed in the IRI-2016 section)
instead of two options models used by the IRI-2007, that does not include accurate
error marginal or real-time measurement which IRI-2016 has included from the
previous versions (IRI-2007 and IRI-2012). Due to this, the peak values of the
F region are different for both models. In the IRI-2007 the F2 peak density is at a
much higher altitude (close to 300 km).

Figure 17: Plasma frequency profile on the 16th of June 2019 at 12:00 UTC. The profile
is generated from electron density altitude profile presented in the figure 16.

Figure 16 presents the ionospheric profiles of the IRI-2007 model’s standard
outputs, electron density (scaled around the x -axis), and electron temperature, that
are used by the Ray tracer program. The difference is in the peak values of F2

layer when comparing the profiles to the IRI-2016 model’s standard output profiles,
presented in figure 14. More about the comparison of IRI-2016 and IRI-2007 is in
section 7 when we are validating the Ray tracer programs F2 layer’s critical frequency
chart simulation results with PropLab Pro 3’s chart.
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2.4.3 NRLMSISE-00

NRLMSISE-00 is the latest version of the empirical atmospheric model and is de-
veloped by the US Naval Research Laboratory. The model is based on the previous
atmospheric models MSISE-86 and MSISE-90. The major update done in the latest
atmospheric model is that it is extended from the ground level to the outermost
region of Earth’s atmosphere (exobase) [36]. The older version, like MSISE-90, ex-
tended from the ground to the thermosphere and in the latest version, it is possible
to go above 1000 km into space. The program provides data of neutral densities and
their temperatures from ground level (≈ 0 km) to exobase.

Semi-empirical expressions for collision frequencies (equations (2.2)-(2.3)) need
the knowledge of neutral densities, oxygen O2 and nitrogen N2. For this reason,
the Ray tracer program needs an atmospheric model that provides neutral densities
as standard output. The semi-empirical expressions can then be used to calculate
the effective electron collision frequency, equation (2.4). Collision frequency, νcoll,
is calculated in the Ray tracer after storing the standard output of NRLMSISE-00
and IRI-2016 in an array data structure that is defined in the Ray tracer program
internally (more about in section 5).

Figure 18: The standard output of NRLMSISE-00 visualised as a horizontal profile on
the 16th of June 2019 at 12:00 Coordinated Universal Time (UTC). Profiles are generated
above Otaniemi (60.1oN, 24.8oE), Espoo, from the surface of Earth (starting height) to
600 km, by using a step length of 1 km.

Figure 18 illustrates the standard output of neutral densities generated from
the NRLMSISE-00 atmospheric model and figure 19 presents the electron-neutral
collision frequency output generated from the Ray tracer program. This is done by
using the semi-empirical expression presented in equation (2.2)-(2.3) and in figure 8
visualized comparison of neutral molecules (electron-nitrogen and electron-oxygen)
collisions frequencies to electron-neutral collision. The altitude profiles in figure 18
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and 19 are generated above Espoo (near Aalto University) on June 16th 2019 at 12:00
UTC. Both of the altitude profiles are scaled logarithmically on the x-axis just like
the standard outputs of IRI-2016, electron density, and electron plasma frequency
in figure 14-15. Just like IRI-2016 the atmospheric model can only generate a profile
for a single point at the time.

Figure 19: Electron-neutral collision frequency calculated in the Ray tracer program
using equation (2.4). The profile is generated from a height of 0 km to 600 km, by using
a step length of 1 km.

The source code of NRLMSISE-00 can be found in both Fortran 77 and C pro-
gramming languages. Ray tracer source code is written in C++, and the C version
of NRLMSISE-00 is a system called within the Ray tracer program. Because of
the compatibility between C and C++, the C version of the program was more
comfortable to use with the Ray tracer [10]. The NRLMSISE-00 uses the geomag-
netic index and solar activity values fetched by the IRI-2016 program in the Ray
tracer, for generating neutral densities from the same ionosphere that is used in the
IRI-2016 model.
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3 Plasma

3.1 Cold Plasma Waves

The plasma is a gas formed by charged particles which motion is controlled by long-
range electric and magnetic forces. Plasma is a quasi-neutral gas, and it is often
called as the 4th state of matter. The other three states are known as solid, gas, and
liquid. Plasma has a collective behaviour, due to its attractive and repelling electric
forces, depending on the temperature and density of the plasma. This means that
it can exhibit the behaviour characteristic of the other three fundamental states
[37, 38]. Quasi-neutrality is a non-ideal state which is achieved by readjusting the
local charge distribution in response to a disturbance.

Quasi-neutrality in plasma is an approximation, which assumes that the overall
charge densities of the particles that make up the plasma cancel each other in equi-
librium [37, 38]. This means that the number densities of ions (Ni) and electrons
(Ne) are locally balanced, and charges are equal (Ne ≈ Ni). When describing the
quasi-neutrality charge state Z is included, in the presence of multiply charged ions
the quasi-neutrality gets the form [37, 38]:

Ne ≈ ZNi. (3.1)

Collective behaviour of the plasma comes from the long-range nature of 1
r
Cou-

lomb potential. This means that there might be a strong influence on remote regions
of plasma, when there is a local disturbance in equilibrium [37, 38]. According to
Gauss’s law, the net charge imbalance will give rise to an electric field E. The
electric field and its sources are related to each other by Maxwell’s equation [16]:

∇ · E =
ρ

ε0

, (3.2)

∇ ·B = 0, (3.3)

∇× E = −∂B
∂t
, (3.4)

∇×B = µ0J + µ0ε0
∂E

∂t
. (3.5)

In the Ampère-Maxwell law (equation 3.5), multiplication of vacuum permeability
µ0 and permittivity ε0 is the inverse of light speed to the second power (µ0ε0 = 1

c2
).

The ρ in Gauss’s law (equation 3.2), is the net charge imbalance:

ρ = e(ZNi −Ne), (3.6)

also known as the total charge density. The electric field is formed due to the
charge imbalance, and the macroscopic fields are dominating over the short-lived
microscopic fluctuations [37]. The induced magnetic field B of the plasma is a
product of current density produced when particles are moving in specific velocities
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(ve and vi) and the time-varying electrical field. Note that if we would assume a
static case, then the Ampère-Maxwell law (equation 3.5) would get the form:

∇×B = µ0J, (3.7)

where J is the electric current density produced by the motion of ions and electrons
in their specific velocity [37, 40]:

J = e(ZNivi −Neve). (3.8)

The electric current density considers the charge state (equation 3.6) of multiple ions.
In the Ray tracer program, it is considered that all other particle species, other than
the electron, are immobile, i.e. that their velocities are zero [10, 29]. This means
that the electric current density (equation 3.8) only consists of electrons:

J = −eNeve, (3.9)

meaning that J is the electron current density, J = Je. It should be finally noted
that the quasi-static approximation is not used in the cold plasma model.

Figure 20: Neutral temperature of the ionosphere, as altitude profile [39]. Profile derived
at Otaniemi (60.1oN, 24.8oE), on June 16th 2019 at 12:00 UTC and generated with the
NRLMSISE-00 model.

The cold plasma model can be used to describe the properties on many regions
is the universe because the universe contains about 95 % of plasma in the present
state, even though it is assumed that in the earlier epoch everything in the universe
was plasma [40, 41]. Our Solar System contains plasma in the form of the solar wind,
and also planets and other Solar System objects have plasma around them [40, 42].
Plasma is electrically conductive due to their long-range of Coulomb potential and
for consisting a large portion of charges that collide with each other rarely. Still,
they do have other properties that are important in radio signal propagation.
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Applying the cold plasma model in the Earth’s ionosphere, instead, requires
certain specific treatments. In the higher regions, F regions (F1 and F2 layers),
neutral molecules are less than in lower regions, D and E regions. The necessity of
including ions for studying wave propagation is needed when Low Frequencies (LF)
are used, like below 1 kHz [10]. This relates to their frequency while moving in the
magnetic field, gyro-frequency [10]:

Ωc =
|qα||B0|
mα

, (3.10)

where the qα and mα are the mass and electric charge of particle species α. The B0

is the geomagnetic field, (equation 2.7), presented in section 2.2. Electron’s gyro-
frequency is three orders of magnitude larger than ions gyro-frequency, because ions
mass mi is several thousand times larger than electrons mass me (mi » me). Even
if considering the charge of electron and ion to be equal (qi ≈ −qe = e) the mass is
different which then affect the gyro-frequency. This can be seen in equation (3.10).
When studying cold plasma waves in the ionosphere ion affects the radio signal, if
the gyro frequency of the ion is greater than the radio signals frequency. If the signal
is greater than 1 kHz, then the movement of ion can be ignored [43].

The temperature of ions and electron raises as one is moving upwards in the iono-
sphere, both the neutral molecules and electron. Electron temperature increases is
presented in figure 14 (right altitude profile) and neutral temperature of atmosphere
is presented in figure 20. The temperature also raises a few hundred Kelvin when
observing from region D and E for both cases, but when moving to region F the tem-
perature peaks up. The neutral temperature stays below 1000 K, but the electron
temperature raises above a few thousand. The Ray tracer is designed to neglect
a single thermal effect in the wave propagation (the cold plasma model) because
electron collisions that are included in propagation, in the long run, have included
the thermal effect [10, 43]. Electron thermal effect in the collision is presented in the
semi-empirical expression, equations (2.2)-(2.3). The neutral temperature is ignored
as it is insignificant in the wave propagation simulated by the Ray tracer, that is
why the program does not include the neutral temperature which could have been
obtained as an output from the NRLMSISE-00 model.

3.2 Wave Propagation in Plasma

Radio signal behaviour in the MF and HF depends on the conditions of the terrestrial
ionosphere. Signal wave penetrates the ionosphere layer if the frequency of the
signals is equal or stronger than the layers critical frequency, equation (2.1). The
propagation also depends on the elevation (El) angle of the coming signal.

The received signal by the satellite is always weaker than the originally trans-
mitted signal, because of the geometric attenuation in the vacuum ( 1

r2
). Moreover,

a radio wave that enters into the ionosphere is split into two waveforms: extraordin-
ary (X -mode) and ordinary (O-mode) wave. These wave components can have
drastically different propagation paths when compared to each other.
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High frequency (HF) signal in O-mode interacts efficiently with the ionospheric
plasma, that is found in the F2 layer [45]. The interaction happens between the
reflection height of the HF signal and upper hybrid resonance height [45]. Ordinary
O-mode waves follow a differential form of Snell’s law in the ionosphere [46]:

d

dP
(µû) =

1

u
∇̄µ, (3.11)

when interacting with the regions of the ionosphere and the vibration direction is
perpendicular to the ray path. The P in equation (3.11) describes the phase path
(do not confuse with power) of the ray. Extraordinary X -mode waves violets the
Snell’s law (3.11) and the direction are not perpendicular to the magnetic field like
in the O-mode. In other words, the extraordinary wave does not follow Snell’s law
directly but indirectly as the wave is also partly related to Snell’s law through wave
normal that obeys the law.

Transmitted waveform the antenna has a power density to a specific distance r
when the antenna is assumed to be ideal isotropic transmitter [47, 48]:

S =
PtGt

4πr2
, (3.12)

where Pt and Gt are the transmitters power and gain for the waves path direction.
Equation (3.12) can be used to express the electric and magnetic field at the distance
r, due to the connect of impedance in the vacuum (Z0 = µ0

ε0
≈ 376.73 Ω), below D

region [44]:

Z0 =
E

H
=
E2

S
=

S

H2
. (3.13)

Here E and H are the refractive absolute values of the electric E and the magnetic
field H strengths affecting the radio wave at the specific distance r. In a homogen-
eous anisotropy the magnetic field H and the electric displacement field D has a
constitutive relation with B and E:

D = εE, (3.14)

B = µH ≈ µ0H, (3.15)

where µ is the magnetic permeability tensor that has included the relative per-
meability with vacuum’s permeability (µ = µ0µr). The relative permeability µr is
assumed to be unity, based on magneto-ionic theory [10, 43]. From equation (3.14)
the dielectric tensor (ε = ε0εr) is a second order tensor in the magnetized plasma,
where the relative permittivity is εr [10]:

εr ≡ I +
i

ωε0

σ =

 S iD 0
−iD S 0

0 0 P

 . (3.16)

Here σ is the conductivity tensor, a 3 × 3 matrix, just like the second rank relative
permittivity. The tensor is derived from Ohm’s law when the electric field and the
electric current density is known:

Je = σ · E. (3.17)
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The electric current density is the electron current density which is derived from
Maxwell’s equation (3.9). The parameters S, P , and D in equation (3.16) include
the shorthand notations used for defining the relative permittivity tensor [10]:

D =
XY

U2 − Y 2
=

(ωp
ω

)2 Ωc
ω

(1 + i νen
2πf

)2 − (Ωc
ω

)2
, (3.18)

P = 1− X

U
= 1−

(ωp
ω

)2

1 + i νen
2πf

, (3.19)

S = 1− XU

U2 − Y 2
= 1−

(ωp
ω

)2(1 + i νen
2πf

)

(1 + i νen
2πf

)2 − (Ωc
ω

)2
. (3.20)

Here ωp is the angular plasma frequency calculated from plasma frequency equation
(2.1), ωp = 2πfp ( rad

s
), and νen is the electron collision frequency calculated from

equation (2.4). The parameter U = 1 + iνen
ω

is a sum expression which is due to
plane waves expression form in the design of the Ray tracer in [10]:

g(r, t) ∝ ei(k·r−ωt), (3.21)

where k is the plane wave vector, and the absolute value of this is the wavenumber
k.

3.2.1 Electromagnetic Waves in a Non-magnetized Plasma

Fist of all, the frequency and wavelength of the electromagnetic (EM) wave in the
cold plasma do not obey the dispersion relation in a vacuum:

ω =
c

k
. (3.22)

The velocity of the particle species α in the plasma is changed by the electric field
E in the Lorentz force:

mα
∂vα
∂t

= qα(E(r, t) + vα ×B(r, t)), (3.23)

where vα is the bulk velocity of the particle species α. Based on the Cold Plasma
treatment the thermal effect and collision are neglected [40, 49]. In consideration of
the absent magnetic field B (= 0) and that all the other particles expect electrons
are immobile, equation (3.23) can be simplified to the form:

me
∂v

∂t
≈ eE(r, t). (3.24)

Here we assume that the electric charge of the particle α is equal to the elementary
charge, qα = e. Equation of the motion can be simplified with the plane wave
operator ( ∂

∂t
→ −iω), when the time dependencies are assumed to be harmonic

[40, 41]:

me
∂v

∂t
≈ −imeωve. (3.25)
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The solved electron bulk velocity from equation (3.25) can be inserted into equation
(3.9) to get Ohm’s law, presented in equation (3.17). The conductivity tensor σ can
then be identified with an identity matrix:

σ = I(i
e2Ne

meω
) =

1 0 0
0 1 0
0 0 1

 (i
e2Ne

meω
), (3.26)

where I is 3 × 3 sized matrix. By inserting this into equation (3.16) the dielectric
tensor can be simplified to the following form:

εr ≡ I + I(i2
e2Ne

meω2ε0

) = I(1− e2Ne

meω2ε0

) = 1−
ω2
p

ω2
=
ω2 − ω2

p

ω2
. (3.27)

Homogenous wave equation can be solved by linearising Maxwell’s equations
(3.2)-(3.5) [16, 40]:

n× (n× E) + εr · E = 0, (3.28)

where n is the complex refractive index defined as:

n =
ck

ω
. (3.29)

When assuming, without loss of generality, that the EM wave propagates in the
xz -plane, we can write the real part of the refractive index <[n] as:

<[n] =

<[nx]
<[ny]
<[nz]

 =

<[n] sin(θ)
0

<[n] cos(θ)

 , (3.30)

where θ is the angle between the background magnetic field B0 and the real part of
the wave vector <[k]. The homogenous wave equation (3.28) can then be written in
a matrix form:S − n2 cos2(θ) iD n2 cos(θ) sin(θ)

−iD S − n2 0
n2 cos(θ) sin(θ) 0 P − n2 sin2(θ)

ExEy
Ez

 = M · E = 0, (3.31)

where the parameters D, S and P are shorthand notations presented in equations
(3.18)-(3.20). The real part < of the shorthand notions:

D
<
= 0, (3.32)

P
<
= 1−

ω2
p

ω2
, (3.33)

S
<
= 1−

ω2
p

ω2
. (3.34)
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In a non-magnetized plasma the gyro-frequency is zero, Ωc = 0. By inserting the
refractive index with the solved dielectric tensor from equation (3.27) into the ho-
mogenous wave equation 3.28, it can be simplified into to the following form:

c2k× (k× E) + (ω2 − ω2
p) · E = 0. (3.35)

The propagating wave can be assumed to directed along the z -axis (θ = 0) and
the corresponding wave vector k = kẑ. Equation 3.35 reduces then into a matrix
equation [40, 41]:−c2k2 + ω2 − ω2

p 0 0
0 −c2k2 + ω2 − ω2

p 0
0 0 ω2 − ω2

p

ExEy
Ez

 = M · E = 0, (3.36)

where the determinant of the matrixM is assumed to be zero for non-trivial solutions
[10, 40]:

det(M) = (−c2k2 + ω2 − ω2
p)

2(ω2 − ω2
p) = 0, (3.37)

which gives two solutions. Due to the absence of the magnetic field, the parameter
Y presented in shorthand notations becomes zero, Y = 0, resulting:{

D = 0

P = S = 1− X
U

. (3.38)

The first root is a definition of plasma wave that oscillates to a fixed plasma
frequency, ω = ωp [40, 49]. It is also called longitudinal wave, because the wave
vector k of the plasma wave is parallel to the electric field. In this case the plasma
wave is purely electrostatic. This can be seen in Maxwell’s equations (3.4)-(3.5)
when they are simplified with plane wave operators (∇· → i~k· and ∇× → ik×)
[10]:

k× E = ωB, (3.39)

ik×B = µ0J− i
ω

c2
E, (3.40)

because if the k and E are parallel, k ‖ E, then the cross product becomes zero,
k× E = 0, making the magnetic field B zero.

The second root gives a transverse wave:

ω2 = c2k2 + ω2
p, (3.41)

where the wave vector k is perpendicular to the electric field E, i.e. k ⊥ E, and
where the electrical field in a harmonic wave form in a plane wave is (3.21) [10, 49]:

E =

ExEy
Ez

 ei(k·r−ωt). (3.42)

Here Ez = 0 and k describes the direction of the propagating wave, and in this case,
it can be seen that the wave is propagating along the z -axis as assumed above.
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Equation (3.41) shows that the wave is an EM wave that has a dispersion relation
of ω2 = c2k2 + ω2

p. This implies that if ω of the transmitted wave is smaller than
the ωp, ω < ωp, the wavenumber:

k = ±
√
ω2 − ω2

p

c
, (3.43)

becomes purely imaginary, implying that the wave does not propagate. The har-
monic electrical field will then either grow or decay exponentially. Therefore, the
angular frequency of the wave has to be equal or greater than the plasma frequency
(ω > ωp) in order for the wave to propagate in the plasma.

If the transmitted EM wave frequency approaches the plasma frequency (ω →
ωp), the wavenumber drops to zero, and the wavelength (λ) approaches infinity
(λ→∞). This wave reflects then back from the ionosphere layers plasma instead of
propagating through the ionosphere. Because the plasma frequency depends on the
density of electrons, this also means that the wave can only propagate in a plasma
where the plasma density is below a specific critical electron density Ne [40, 41].

3.2.2 Electromagnetic Waves in a Magnetized Plasma

The propagation of an EM wave is affected by the external magnetic field B in a
specific direction. The wave propagation parallel to the external magnetic field, it
is considered that θ = 0 and the homogenous wave equation in (3.31) simplifies into
a form: S − n2 iD 0

−iD S − n2 0
0 0 P

ExEy
Ez

 = M · E = 0. (3.44)

Here one eigenmode is E = [0, 0, Ez]
T i.e. when the electric field vector is purely

along the z -axis, i.e. along the background magnetic field. The wave is a longitudinal
mode plasma wave that was found above (section 3.2.1). The particles oscillate
parallel to the background magnetic field B0, because the magnetic force affecting
the particle, species α, is zero [40, 41]:

Fα(r, t) = qα(E(r, t) + vα ×B(r, t)) = qαE(r, t). (3.45)

Other solutions can be found, when setting the determinant of the homogenous
wave equation (3.31) matrix M to zero, for non-trivial solutions [10]:

det(M) = an4 − bn2 + c = 0. (3.46)

Therefore, the determinant gets the form of a quadratic equation. The parameters
a, b and c are shorthand notations:

a = S sin2(θ) + P cos2(θ), (3.47)

b = (S2 −D2) sin2(θ) + SP (1 + cos2(θ)), (3.48)

c = (S2 −D2)P. (3.49)
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The derivative of the matrix determinant is presented in appendix A and then
simplified to form the quadratic equation when we have a non-trivial solution.

When the consideration of parallel oscillation to the background magnetic field
B0 (θ = 0) is included equations (3.47)-(3.49) simplifies into forms:

a = P, (3.50)

b = 2SP, (3.51)

c = (S2 −D2)P. (3.52)

Roots of the determinant is then:

det(M) = Pn4 − 2SPn2 − (S2 −D2)P = P (n4 − 2Sn2 + S2 −D2) = 0, (3.53)

where P is a shorthand notation introduced in equation (3.19), but the right side, in
this case, is defined as the plasma wave solution presented above in equation (3.43).
The x and y components of the electrical field can, therefore, be obtained by solving
equation:

n4 − 2Sn2 + S2 −D2 = 0 (3.54)

The values of n2 are therefore:

n2 =
−b±

√
b2 − 4ac

2a
=

2S ±
√

4S2 − 4S2 + 4D2

2
= S ±D. (3.55)

The power of the refractive index n2 gets two solutions from equation (3.55):

n2 = S +D, (3.56)

n2 = S −D, (3.57)

where the electrical field for both refractive index n2 values is E = [Ex, Ey, 0]T [40].
Equation (3.56) is a right-handed polarized wave, because the y component of the
electrical field is Ey = iEx. Equation (3.57) is a left-handed polarized wave, because
the y component of the electrical field is Ey = −iEx.

Perpendicular propagation to the external magnetic field simplifies the wave
equation (3.31) into the form: S iD 0

−iD S − n2 0
0 0 P − n2

ExEy
Ez

 = M · E = 0, (3.58)

when the angle θ is π
2
. One of the solution is a transverse wave, which is the second

root of equation (3.41), solved for dielectric tensor when the electric field is purely z -
axis directed: E = [0, 0, Ez]

T . The wave is identical to the electrostatic plasma wave
in the non-magnetized plasma because particle motion is directed to the direction
of the magnetic field for avoiding the field from affecting the wave mode dynamics
[40]. This wave is known as the O-mode wave.
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Other roots are again found from the determinant of perpendicular wave equation
(3.58). Parameters a, b, and c for the perpendicular wave, when inserting θ = π

2

into equations (3.47)-(3.49), get forms:

a = S, (3.59)

b = S2 −D2 + SP, (3.60)

c = (S2 −D2)P. (3.61)

By inserting the parameters calculated in equations (3.59)-(3.61) to the matrix M
determinant, equation (3.46) gives:

det(M) = Sn4 − (S2 −D2 + SP )n2 + (S2 −D2)P = 0. (3.62)

By inserting the calculated shorthand notations, equations (3.59)-(3.61) we get:

n2 =
(S2 −D2 + SP )±

√
(S2 −D2 + SP )2 − 4SP (S2 −D2)

2S
, (3.63)

i.e.
n2 =

S2 −D2 + SP ± (S2 −D2 − SP )

2S
. (3.64)

The n2 value gets two roots in perpendicular wave propagation, which are the fol-
lowing:

n2 =
S2 −D2

S
, (3.65)

n2 = P. (3.66)

It can be shown that the wave vector k in the perpendicular propagation case is
pointed on the direction of x -axis and that equation (3.65) gives the electrical field
E of [Ex, i

S
D
, 0]T [40].

The perpendicular propagating EM wave will have two different magneto-ionic
wave modes: extraordinary and ordinary wave modes. The ordinary mode wave
has already been introduced earlier, but the properties of the extraordinary, the
X -mode, wave in the cold plasma are more complicated. In plasma physics the
quadratic equation can be modified into a more illuminating form to calculate the
refractive index n2 value by writing [10]:

n2 = 1− 2(a− b+ c)

2a− b±
√
b2 − 4ac

, (3.67)

where the refractive index n2 is solved for general propagation direction θ. This is
an simplified form [10] of the quadratic equation (3.46) which is obtained by adding
both the right-hand and left-hand side with an2:

an4 − bn2 + c+ an2 = an2 ⇔ n2 =
an2 − c

an2 + a− b
, (3.68)
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and then adding the solution of equation (3.55) to the right side of equation (3.68).
After inserting equations (3.47)-(3.49) to the illuminated form, we achieve Appleton-
Hartree’s formula for electron refractive indices in the magnetic plasma [50]:

n2 = 1− X(U −X)

U(U −X)− 1
2
Y 2 sin2(θ)±

√
1
4
Y 4 sin2(θ) + Y 2(U −X)2 cos2(θ)

, (3.69)

where the shorthand notations, equations (3.18)-(3.20), are included in the para-
meters a, b, and c. The derivative of equation (3.69) is found in appendix A. In
the magnetized plasma, the effect of gyro-frequency is that then the parameter Y
will not any more be zero, and its value will depend on the angle θ. The ± sign
determines the wave mode in the both perpendicular ⊥ and parallel ‖ propagation.
In the perpendicular (θ = π

2
) propagation, the Appleton-Hartree formula gets the

form (3.69):

n2 = 1− X(U −X)

U(U −X)− 1
2
Y 2(1± 1)

, (3.70)

and in the parallel propagation (θ = 0) the form:

n2 = 1− X(U −X)

U(U −X)± Y (U −X)
= 1− X

U ± Y
. (3.71)

In the parallel propagation, the refractive index is the same as above found in
equations (3.56)-(3.57). The polarization handedness of each ± sign of the refractive
index in equation (3.69) depends on the direction of the geomagnetic field shown in
[10].

The ordinary wave mode is found from the ’+’ sign of ’±’:

n2 = 1− X(U −X)

U(U −X)− 1
2
Y 2(1 + 1)

= 1− X(U −X)

U(U −X)− Y 2
, (3.72)

and the extraordinary wave mode when the sign is ’−’:

n2 = 1− X(U −X)

U(U −X)− 1
2
Y 2(1− 1)

= 1− X(U −X)

U(U −X)
= 1− X

U
. (3.73)

Equations (3.72)-(3.73) are similar than the results of equations (3.65)-(3.66), after
inserting the shorthand notations introduced in section 3.2 (equations (3.18)-(3.20)).

3.2.3 Refractive Index in a Non-Collisional Plasma

Assuming that the plasma has no collisions affecting the particles, the complex
value U in the shorthand notations is equal to 1, which again affects the electron
refractive index. In a non-magnetized plasma, where the magnetic field is assumed
to be absent (B = 0 → Y = 0), the refractive index will be similar to equation
(3.73) and when including U = 1 it gets the form:

n2 = 1−X. (3.74)
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The refractive index n used in the design of the Ray tracer is a complex number:

n = <[n] + i=[n] = κ + iκ. (3.75)

However, it is assumed to be mostly real with a small imaginary part, n ≈ κ [10]
due to the theory of geometrical optics [51]. If the refractive index is real, then the
harmonic wave, gets the form:

E(r, t) = Ẽei(k·r−ωt) = Ẽeiω(κ
c
·r−t), (3.76)

where the propagating EM wave has harmonic variation in space and time.
If the refractive index in equation (3.75) is assumed to be mostly imaginary with

a small real part, n ≈ iκ, the wave vector k becomes purely imaginary due to the
relation of k and n presented in equation (3.29) which causes the assumptions in the
geometrical optics to become invalid. The harmonic EM wave function becomes a
non-propagating evanescent wave, with a harmonic time variation, due to the wave
vector becoming imaginary [10]:

E(r, t) = Ẽei(k·r−ωt) = Ẽe−ω(κ
c
·r+it), (3.77)

where the wave vector k = iωκ
c
. From equation (3.77), when the imaginary wave

vector is included, the EM wave amplitude varies, but variation is non-harmonic.
For the practical estimation of wave attenuation by absorption, when the imaginary
part of the refractive index κ is assumed to be same direction of the real wave vector
<[k] [10].

3.2.4 The Cut-Off & the Resonant Frequencies of Refractive Index

The cut-off wave is obtained when the refractive index gets to zero (n2 → 0). From
equation (3.46), it can be seen that refractive index gets the value zero if the para-
meter c is zero:

n2 = 0, if c = P (S2 −D2) = 0. (3.78)

With the definition of Zero-Product property from algebra, the refractive index n2

gets value zero only when [10]:

n = 0, if


P = 0

or
S2 −D2 = 0.

(3.79)

Here the cases when the shorthand notations (equations (3.18)-(3.20)) gets zero
values can be observed from equations (3.18)-(3.20):

P = 0, if X = U ⇔
ω2
p

ω2
= 1− i νen

2πf
, (3.80)

and

S2 −D2 = 0, if X = U ∓ Y ⇔
ω2
p

ω2
= 1− i νen

2πf
∓ Ωc

ω
, (3.81)
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where the parameters get zero involves real and complex values. Values of the
parameters X and Y in equations (3.80)-(3.81) are real-values < and the parameter
U is a complex value, which can be seen in equation (3.20). The cut-off frequency
does not dependent on the propagation direction of the EM wave, or on the angle
θ, as it depends only on the frequency.

The propagating wave in the plasma dissipates the wave energy into heat at the
resonance frequency. In a plasma where the direction of wave propagation is not
identical in all directions, i.e. in an anisotropic plasma, if the refractive index goes
to infinity, n2 → ∞, the wave is called as a resonance wave. From the quadratic
equation (3.55) only one of the roots of the refractive index n2 goes to infinity, when
the parameter a in equation (3.47) is zero:

a = S sin2(θ) + P cos2(θ) = 0. (3.82)

Resonance frequency depends on the direction of wave propagation relative to the
magnetic field. This means that refractive index can only approach infinity n2 →∞
(only when U and Y are both 6= 1) if:

X =
U(U2 − Y 2)

U2 − Y 2 cos2(θ)
, (3.83)

where the angle θ defines the direction of the propagating wave. Let us now assume
that plasma is non-collisional (U = 1) and that the EM wave is propagating in
parallel (θ = 0 or θ = π), then the refractive index will increase to infinity only
if Y = 1. Equation (3.83) cannot has simultaneously U = 1 and Y = 1 as this
would drop the X to zero causing the frequency to be close to infinity, which does
not apply [10]. Also the resonance at the gyro-frequencies come from different
conditions that are not possible to be derived from equation (3.83). During the
perpendicular propagation (θ = π

2
) the upper hybrid resonance in a non-collisional

plasma is [10, 40]:

X =
U(U2 − Y 2)

U2 − Y 2 cos2(θ)
= 1− Y 2, (3.84)

where the perpendicular wave is propagating across the static magnetic field causing
an EM resonance. In this case the upper hybrid resonance frequency, ωUH , is:

ω2
p

ω2
= 1− Ω2

c

ω2
⇒ ω =

√
ω2
p + Ω2

c ≡ ωUH . (3.85)

3.3 Ray Tracing Method

Ray tracing in a radio science is a method to derive the path of a radio wave in
space, by following the direction of the Poynting vector P:

P = E×H, (3.86)

where E and H are the electrical and magnetic field intensities of a radio wave. If
they have harmonic variations and if they are plane waves, their forms are (3.21)
[10]:

E = Ẽei(k·r−ωt), (3.87)
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H = H̃ei(k·r−ωt), (3.88)

where Ẽ and H̃ are the magnitude of the electric and magnetic fields. The Poynting
vector describes the direction of the power flux density of the EM wave.

Radio waves in this thesis are transmitted from Earth until the ionospheres
regions start to affect them. In the ionosphere, the wave will either propagate
through the layers or reflect back to Earth. Reflection takes in place if the incident
frequency of the wave is smaller than the plasma frequency of the region of the
ionosphere, ω < ωp, because in plasma the ionosphere has a refractive effect in
the EM wave. When the incident frequency is equal or greater than the plasma
frequency, ω > ωp, the wave has a chance to penetrate the ionospheric region but
is dependent on the elevation angle of transmission and other factors. Radio signal
direction will change when it comes in contact with the ionosphere. Signal will not
have its original direction due to the refractive effect of the ionospheric plasma and
the background magnetic field. Also, the wave energy follows a curved ray path,
because the energy of an EM wave does not travel in the direction of wave vector
k. Still, depending on the direction of the magnetic field, the EM wave might be
parallel to the wave vector. This is presented in figure 21. The reflection of the
wave can happen even though the incident frequency ω is greater than the critical
frequency as the reflection depends on the transmission elevation angle (presented
in section 6).

Figure 21: The Ray tracing simulation of single ray two magneto-ionic wave modes:
Ordinary (O) and Extraordinary (X ) at 7.5 MHz. The ray is transmitted from a half-
dipole antenna at the location of the EISCAT radar, Tromsø, Norway.

The Ray tracing simulation of a single ray is presented in figure 21. The radio
signal is transmitted from Northern Norway, Tromsø (69.6oN, 19.2oE), where the
European Incoherent Scatter Scientific Associations (EISCAT) heating transmitter
is located. The simulation was taken on the 16th of July 2019 at 10 UTC as a part of
scientific research for the Suomi 100 satellite to detect the EISCAT HF heater signal
emitted by the transmitter. Signal’s base frequency in the simulation is selected as
7.5 MHz, for observing the difference between the ordinary and extraordinary wave
modes.
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3.3.1 Ray Tracing Equations

Ray path designed in the Ray tracer follows the condition of Hamiltonian ray tracing
considered the H as a constant through the wave path [10]:

H(ω,k, r, t) = C, (3.89)

where C is some constant. When the Hamiltonian ray function is considered to be
a constant, then the total differential of equation (3.89) is zero:

dH = (
∂H

∂ω

∂ω

∂k
+
∂H

∂k
) · dk + (

∂H

∂ω

∂ω

∂r
+
∂H

∂r
) · dr + (

∂H

∂ω

∂ω

∂t
+
∂H

∂t
)dt = 0. (3.90)

In equation (3.90) we consider the total differential of the angular frequency ω to
consist the ray equations ṙ and k̇ [10, 40]:

dω =
∂ω

∂k
· dk +

∂ω

∂r
· dr +

∂ω

∂t
dt. (3.91)

In the ray equations, ṙ and k̇, are solved from equation (3.90), when the transmitted
wave is propagating through spatial and non-uniform plasma in time [10, 40]:

ṙ =
dr

dt
=
∂ω

∂k
= −∂H/∂k

∂H/∂ω
, (3.92)

k̇ =
dk

dt
= −∂ω

∂r
=
∂H/∂r

∂H/∂ω
. (3.93)

The Ray tracer solves the ray paths by numerically integrating the ray equations, ṙ
and k̇, in time [10].

Let us now solve the total time derivative of equation (3.91) by dividing by dt
from both side to solve the angular frequency shift and inserting the ray equations
(3.92)-(3.93):

dω

dt
= ṙ · k̇− k̇ · ṙ +

∂ω

∂t
=
∂ω

∂t
, (3.94)

where the scalar product of ray equations (3.92)-(3.93) presented in frequency shift
equation (3.94) is equal, ṙ · k̇ = k̇ · ṙ, and their subtraction becomes zero. The
relation between Hamiltonian ray and frequency shift can be solved from equation
(3.90), when considering:

∂H

∂ω

∂ω

∂t
+
∂H

∂t
= 0⇒ ∂ω

∂t
= − ∂H/∂t

∂H/∂ω
. (3.95)

By combining equation (3.95) and equation (3.94) we get:

dω

dt
= ω̇ = − ∂H/∂t

∂H/∂ω
. (3.96)

Note, however, that in a static situation, the frequency shift is equal to zero as the
Hamiltonian function (3.89) will not have time dependency [10, 40].
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3.3.2 Energy of the Electromagnetic Wave

Electromagnetic waves carry energy when they are transmitted from the transmit-
ting source. The energy flux can be obtained from the Poynting vector, equation
(3.86):

<[P] = <[E×H] = <[E]×<[H] = [
1

2
(E + E∗)]× [

1

2
(H + H∗)], (3.97)

where we have used the fact that <[Z] = 1
2
(Z + Z∗)], where the Z is a complex

number (Z ∈ C). Lets assume that the EM wave is a plane wave as in equations
(3.87)-(3.88). By taking the time averaged Poynting vector over one period from
equation (3.97), the oscillatory part in equation becomes zero, when the fields are
assumed to be harmonic. This simplifies the averaged Poynting vector, Pavg, [43, 52]:

Pavg =
1

4
(Ẽ× H̃∗ + Ẽ∗ × H̃) =

1

2
<[Ẽ× H̃∗], (3.98)

where the cross product of the plane wave fields is in the Cartesian coordinates:

Ẽ× H̃∗ =

∣∣∣∣∣∣
x̂ ŷ ẑ

Ẽx Ẽy Ẽz
H̃∗x H̃∗y H̃∗z

∣∣∣∣∣∣ . (3.99)

When we use the relation between the magnitudes of the electric and magnetic
fields by using Maxwell’s equations (3.2)-(3.5) and assuming that the wave vector k
is parallel to z -axis we get [10]:

Ẽ× H̃∗ =

∣∣∣∣∣∣
x̂ ŷ ẑ

Ẽx Ẽy Ẽz
H̃∗x H̃∗y H̃∗z

∣∣∣∣∣∣ =

∣∣∣∣∣∣
x̂ ŷ ẑ

Ẽx Ẽy Ẽz
− k∗

ωµ0
Ẽ∗y

k∗

ωµ0
Ẽ∗x 0

∣∣∣∣∣∣ . (3.100)

The magnetic field magnitude through the z -axis becomes zero, H̃z = 0, so the
conjugate of this is also zero. The result of the fields cross production is, therefore:

Ẽ× H̃∗ =
k∗

ωµ0

[x̂(−Ẽ∗xẼy) + ŷ(−Ẽ∗yẼz) + ẑ(Ẽ∗xẼx + Ẽ∗yẼy)]. (3.101)

Here the z -axis component can be written also in the following way ẑ(|Ẽx|2 + |Ẽy|2),
because |Z|2 = Z∗Z. The conjugate of wave vectors amplitude can be expressed
with the refractive index n, k∗ = n∗ω

c
, where the speed of light is substituted with

c = 1√
ε0µ0

to simplify the denominator in to the free space impedance Z0 =
√

µ0
ε0
:

Ẽ× H̃∗ =
n∗

Z0

 −Ẽ∗xẼy
−Ẽ∗yẼz

|Ẽx|2 + |Ẽy|2

 . (3.102)

Note that the refractive index is a complex number, as mentioned earlier, and that
it is presented in equation (3.75).
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The polarization of EM radio waves, when observed along the x -axis, will be
either parallel or perpendicular. By dividing the electric fields on the y- and z -axis
by the field on the x -axis, we get [10]:

Ẽ‖ =
Ẽz

Ẽx
, (3.103)

Ẽ⊥ =
Ẽy

Ẽx
. (3.104)

By inserting this and equations (3.103)-(3.104), into equation (3.102) and dividing
the vector with the magnitude of x -axis, the cross product of the field will simplify
into form:

Ẽ× H̃∗ =
n∗|Ẽx|2

Z0

 −Ẽ‖
−Ẽ∗⊥Ẽ‖

1 + |Ẽ⊥|2

 . (3.105)

As discussed above, when assuming that the wave vector is mostly real, the refractive
index n is also real with a small quantity of imaginary κ. Still, when defining the
carried energy of the wave we cannot tell straight that κ is close to small (close
to zero). Now lets include the the cross product into the time-averaged Poynting
vector, equation (3.98) [10]:

Pavg =
1

2
<[Ẽ×H̃∗] =

|Ẽx|2

2Z0

<

n∗
 −Ẽ‖
−Ẽ∗⊥Ẽ‖

1 + |Ẽ⊥|2

 =
|Ẽx|2

2Z0

 −<[n∗Ẽ‖]

−<[n∗Ẽ∗⊥Ẽ‖]

κ(1 + |Ẽ⊥|2)

 , (3.106)

where the z -axis of the cross product is purely real. The parallel and perpendicular
polarization indicates the characteristics of the plasma. In isotropic plasma, the
parallel polarization becomes zero, Ẽ‖ = 0, and the carried energy of the EM wave
will be through the z -axis, making the averaged Poynting vector parallel to the wave
vector, Pavg ‖ k. The energy flux density in this special case will be only dependent
on z -axis component of the cross product because:

Pavg =
|Ẽx|2

Z0

 0
0

κ(1 + |Ẽ⊥|2)

 = ẑ
|Ẽx|2κ

2Z0

(1 + |Ẽ⊥|2). (3.107)

This happens mostly in the absent of the magnetic field, B = 0, which causes Y = 0
in the shorthand notations, equations (3.18)-(3.20), or when the refractive index is
1, n2 = 1 [10].

Cold plasma emits thermal radiation (also described as black body radiation)
because plasma is coupled to its own EM field. The radiation emitted by the plasma
is calculated from the direction time-averaged Poynting vector, equation (3.106) is
observed [40]:

W =
dPavg

dd̂
, (3.108)

where d̂ is the observing direction, x̂, ŷ or ẑ, used to calculate the emitted power of
the plasma. If emitted power is smaller than 0, W < 0, then the carried energy of
wave is absorbed by the plasma.
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4 Satellite Tracking & Communication

4.1 Suomi 100 nanosatellite

The Suomi 100 nanosatellite is one-unit (1U) CubeSat (10 cm × 10 cm × 10 cm,
1, 3 kg) designed as weather research satellite and to celebrate the centenary of
Finland’s independence, which was on 6th of December 2017. 3rd of December 2018
after some delays the satellite was successfully launched to the orbit with Falcon 9,
from California. In figure 22 we a have artistic model of the satellite in the outer
space [53].

Figure 22: Artist’s sketch of the Suomi 100 nanosatellite in space [53]. On the camera
side satellite has two ferrite rod antennas. The 1U CubeSat platform is manufactured in
Denmark by GomSpace company [54]. Radio instrument’s 3D printed antenna support
structure can be seen on the top. Courtesy of Aalto University.

The main research goal of the Suomi 100 satellite is to study the properties of
the ionosphere by measuring how the plasma modifies the propagation of the radio
waves. Radio waves are measured with an onboard MF/HF radio spectrometer.
The ionosphere research is also supported by a wide FoV (field of view) white light
camera, which takes images of auroras, Earth, and Finland [3]. Aurora presented
in figure 1 was taken with Suomi 100 satellite’s camera on the 22nd of January 2019
[1]. For communication, the satellite uses UHF uplink, just like Aalto-1 and Aalto-2
nanosatellites.

4.1.1 Radio Instrument’s Measurement Modes

Satellite’s radio instrument has three different operation modes: The raw, the av-
erage, and the sweep modes. In the raw and average modes, the satellite measures
a single frequency [54]. The difference between the modes is that in the raw mode,
satellite saves and transmits to ground every measurement. In contrast, in the av-
erage mode, satellite saves only statistical values (minimum, maximum, average,
mean, standard deviation) [54].
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The sweep mode is quite similar to the average mode. The user gives the following
input parameter to the sweep mode: The start frequency (fstart), the end frequency
(fend), the integer which controls the number of frequencies (nf ) and the the amount
of the sweeps (ncycle) [54]. The operation starts from the start frequency, and then it
sweeps frequencies upwards. The sweep moves upwards with a frequency increment
(finc):

f = fstart + finc ∗ nf , (4.1)

where the value of the increment is obtained by dividing the wanted frequency range
with the amount of frequencies bins:

finc =
fend − fstart

nf
. (4.2)

The radio instrument moves to the next cycle and starts again from the starting
frequency, until the frequency f , equation (4.1), is equal to defined end frequency.
The sweep mode is illustrated in figure 23. The number of cycles is defined in the
radio measurement flight planner (FP).

Figure 23: A block diagram presenting the Suomi 100 satellite’s radio instrument’s sweep
mode. See text for details. Courtesy of Aalto University.

The FP is defined for each radio operation mode. Appendix C presents the
FP commands used in June 16th, 2019, when the radio instrument made measure-
ments which are analysed in detail later in this thesis with the satellite’s ionospheric
tracking profile program that is developed into the Ray tracer (section 6).

4.1.2 Ferrite Antenna

The radio spectrometer payload is an AM (amplitude modulation) receiver [44, 54].
AMmodulates the amplitude of the radio frequency (RF) carrier signal while keeping
the frequency unchanged [44]. The radio payload has two ferrite rod antennas. The
3D printed antenna support structure (white structure in figure 22) holds the ferrite
rods on either side [54]. The first antenna is designed to do measurement from
0.2 MHz to 2.2 MHz. The second antenna is designed for measurement between
1.0 MHz and 9.3 MHz [54]. In figure 24 is presented the frequency ranges of each
antenna. Ferrite rods antennas are designed with four ferrite rods, which has a
combination of low loss, and a matching frequency range [44, 54]. The support
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structure is designed by using 3D plastic (Ultem) that has high sustainability to a
harsh and extreme environment, like space [54].

Ferrite rod antennas are named by numbers, the first is 0 and the second one is
1. Both have copper coils twisted around the ferrite rods. Antenna 0 has twisted
turns of nf0 = 22 and antenna 1 has nf1 = 110. The number of coil turns is used to
calculate the inductance of the antenna [44]:

Lf = µ0µen
2
f

A

lf
= µ0

µr
1 +Df (µr − 1)

n2
f

πr2
f

lf
, (4.3)

where µe is the effective permeability that depends on the relative permeability (µr)
and the demagnetization factor (Df ). The variable lf is the length of the ferrite rod
and rf is the radius of the ferrite rod’s cross section [44]. By using equation (4.3),
the inductance of the two ferrite rod antennas are the following, Lf0 ≈ 41.0 µH and
Lf1 ≈ 747.0 µH [55].

Figure 24: The frequency range simulation of two ferrite rod antennas designed based on
the satellite’s radio calculation program [55]. Note that the labelled antenna numbers 0
and 1 in the plot refers to the actual ferrite rod antennas and not the antenna’s numerical
definition in the satellite program.

In figure 24, antenna 1 is the antenna with coils turn of 22, and antenna 0 is the
antenna with coil turns of 110. The resonance frequency of the rod antenna in the
radio instrument is:

f0 =
1

2π

√
1

LfC
, (4.4)

where C is the total capacitance of the antenna.
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4.2 Ground Station

The ground station (GS) is designed to communicate with both Ultra High Fre-
quency (UHF) and Very High Frequency (VHF) range uplinks. During the time
of writing of this thesis, the ground station is only able to provide a UHF link.
The Suomi 100 satellite is designed to support UHF uplink, and the communica-
tion frequency is 437, 775 MHz. Monitoring the uplink between the satellites, Aalto
University operators use OpenWebRX, which is an open-source Software-Defined
Radio (SDR) application. The application is designed to monitor remote spectrum
[56, 57]. For the UHF uplink communication, the University staff and students have
mounted the roof of the Electrical department in Maarintie 8, Espoo, Finland, a
UHF Yagi antenna. The antenna is mounted with a low noise amplifier (LNA) and
transmit/receiver switch (T/R), which is designed in Aalto University [3]. In the
operation room (Appendix H) can be found the rest of the radio frequency front end
[3]. Figure 25 illustrates the front end as a bloc-diagram.

Figure 25: Block-digram of the UHF system’s front-end that is designed to the Univer-
sity’s ground station [3]. Courtesy of Aalto University.

The ground station system and structure are currently upgraded for improving
its performance. A new rotator was installed with an updated control program
for reducing noise below 15% in communication due to the antennas rotation. Old
rotator caused over 30% (the actual percentage was close to 35%) of the signal
disturbance and also multiple times crashed the communication between satellites.
A new modem computer has been updated to the ground station for supporting
various satellite missions. Currently, the ground station supports Aalto-1, Aalto-2,
and Suomi 100 satellite missions. The physical structure of the ground station [3]
can be found in appendix H. The information listed in the section is based on the
time writing this thesis, so the ground station might be further updated during the
time of this thesis publication.
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4.2.1 OpenWebRX

OpenWebRX has an in-build waterfall system that helps the satellite operators to
check the communication uplink between the ground station and satellite. The
waterfall is a graphical presentation of the radio signals across the frequency range,
and in the WebRX this feature is colour-coded. The waterfall feature shows the noise
produced by the ground station and also the noise produced by the third party (near
companies ground stations or hobby RF application users).

The waterfall feature is an informative way to see if all the satellite subsystems
are responding or the servers are functioning correctly. In figure 26 operator is com-
municating with the communication system (COM) with the rest-time of 1 second.
Satellite response to the pings has a short delay time, about a few hundred milli-
seconds (ms). This is the reason why few of the ping dots in figure 26 are slightly
further away from each other.

Figure 26: OpenRX’s waterfall feature displaying communication between ground station
and Suomi 100 nanosatellite. The uplink frequency of the Suomi 100 satellite used in
this presentation is approximately 437,775 MHz. The green shattering presents the noise
resulted from the rotation of the UHF Yagi antennas.

In an ideal situation, the ground station should be able to communicate with
the satellite when it is in the ground station’s range of visibility. But in reality, the
communication can be disturbed because of many reasons. First of all, the uplink
is affected by the antenna’s elevation (El) and the disturbance noise. The uplink
can also be broken, or it can because of a large disturbance noise during satellite
operation. The elevation angle of the antenna can also be too small for the ground
station to see the satellite, meaning the Doppler shift:

fO = fS
v ± vr
v ∓ vS

= fS
c± vGS
c∓ vS

, (4.5)

is also small (fO ≈ 0). The receiver’s velocity in equation (4.5) presents a ground
station and it is not moving, meaning that vr = vGS = 0. The c is the speed of light
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and vS the speed of the satellite with respect to the ground station. Moreover, the
closer satellite is to the ground (with a high El angle), the stronger is the uplink.

4.3 Two-Line Element (TLE)

In this thesis for predicting the Suomi 100 satellite’s orbital locations in time,
we utilize the Two-Line Element (TLE) dataset published by the North American
Aerospace Defence Command (NORAD) with the simplified perturbations model,
Simplified General Perturbations 4 (SGP4). In general tracking applications the
classical orbital elements, Keplerian elements (also known as two-body elements),
are widely used for predicting and calculating the objects orbital location in time.
Still, the problem is that they do not apply to universal tracking, and for that reason,
in this thesis, we focus on TLE. Figure 27 is visual presentation of stellar objects
classical orbital elements [58].

Figure 27: Classical orbital elements [58].

TLE was developed for avoiding some orbital geometries that the classical orbital
elements suffer when predicting the location in real-time. The elements of TLE [59]:

• Mean motion, n.

• Eccentricity, e.
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• Orbital Inclination, i.

• Right ascension of the ascending node (RAAN), Ω.

• Argument of perigee, ω

• Mean anomaly, M.

• Mean motion rate, ṅ
2
.

• Mean motion acceleration, n̈
6
.

• Ballistic coefficient and perigee density, B∗.

are quite similar to the classical elements but are not identical. The first six in the
above list present the independent quantities that are required for calculating the
orbital locations in the UTC time and the remaining three parameters describe the
effect of perturbations on the satellite’s motion [59].

Figure 28: Orbital forms and their specific eccentricity e values [60].

The mean motion n describes the angular speed in which the satellite is moving
in the Earth’s orbit. The velocity of the satellite can be calculated by utilizing
Kepler’s 3rd law:

T = 2π

√
a3

µ
, (4.6)

where T is a square of the period that is proportional to the cube of the semi-
major (a) of the orbit and µ is the standard gravitational parameter (in celestial
mechanics), µ = GM⊕. The mean motion is the angular speed of the stellar object
in a circular orbit where the distance a is assumed to be constant. The satellite’s
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orbital distance a from the Earth’s surface is not constant and Earth’s orbit is not
circular, the general definition of mean motion is not valid in the SGP4. Instead,
we define the orbital velocity by considering the effect of both the mean distance
and the instantaneous distance for all orbits [59]:

v =

√
µ

(
2

r
− 1

a

)
, (4.7)

where r is the stellar objects instantaneous distance in a specific instant, in which
the instantaneous velocity of the object is calculated.

Eccentricity describes the shape of the orbit that is a conic section, meaning the
orbit can be circular, elliptical, parabolic, or hyperbolic. The shape depends on the
e value which can be any positive number between 0 and 1 (0 6 e < 1):

• e ≈ 0 → The orbit form is getting close to be a circular -like form.

• e ≈ 1 → The orbit form is getting close to be parabolic-like form.

If the eccentricity gets higher than 1, then the orbit will have hyperbolic-like form.
This is a special case where the objects orbital velocity is greater than escape velocity.
In figure 28 is presented different forms and the approximated e values of the orbits.

Figure 29: An illustration of the Ascending node’s Right Ascension [61].

Orbital inclination i describes the angle between the equator and orbit (see figure
27) [61]. The range of inclination is defined from 0 to 180 degrees, where 0 degrees
would mean that orbit is going around the equatorial plane from West to East
and 180 degrees when going around the equatorial plane from East to West. The
observation is assumed to be from the Earth’s centre.
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The RAAN Ω describes the angle between Aries (in the figure 27 has the same
location as Vernal equinox) and the ascending node when observed from the centre of
Earth [59, 61]. The ascending node describes the place where the satellite crosses the
equator when moving from the Southern Hemisphere to the Northern Hemisphere
[59, 61]. Aries is selected as a fixed object in the space to measure Ascension (figure
29) [59, 61].

Due to the elliptical shape of the satellite’s orbit, its position changes so that
it is periodically closest to the Earth (perigee), and periodically furthest from it
(apogee), as it is demonstrated in figure 30. The argument of perigee ω describes
the angle (see figure 27) between the perigee and the ascending node [59, 61]. In
the case of the perigee occurring at the ascending node, the angle would be 0.

Figure 30: An illustration of the perigee and the apogee. [61].

The mean anomaly M describes the satellite’s location in its orbital path for
a fraction of orbital period. This means that M is the angular distance from the
periapsis point and imaginary position of the stellar object, which is in the direction
of the motion of the object, for the same time elapsed since for passing the periapsis
for circular orbit around the same body (in this thesis study case the body will be
Earth) with the same orbital period. The mean anomaly can be derived from [59]:

M = E − e sin(E), (4.8)

where E is the eccentricity anomaly, which defines the position of the stellar object
that is moving in an elliptical orbit. In figure 27 the mean anomaly is not well
presented instead of the true mean anomaly θ, which is the angle between the w
and the actual position of the stellar object. The difference is that M increases
linearly in time as θ do not, except if we are talking about circular -like orbit when
the M and θ are identical. The connection between these two can be found from E
in equation (4.8):

cos(θ) =
cos(E)− e

1− e cos(E)
, (4.9)

or

sin(θ) =

√
1− e2 sin(E)

1− e cos(E)
. (4.10)
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By dividing equation (4.10) with equation (4.9) and use the tangent half-angle for-
mula [59] we will get the relation between the eccentricity anomaly and the true
anomaly without ambiguity:

tan

(
θ

2

)
=

√
1 + e

1− e
tan

(
E

2

)
⇒ tan

(
E

2

)
=

√
1− e
1 + e

tan

(
θ

2

)
. (4.11)

By solving the E from equation (4.11) and inserting it to equation (4.8), we will
have the relation between the mean anomaly and the true anomaly. In this thesis,
we will focus on M as the TLE dataset uses only the mean anomaly instead of the
true anomaly as seen in listing 1 and appendix B.3.

The mean motion rate ṅ
2
is the first derivative of the mean motion, and it de-

scribes the average change speed of the mean motion n:

ṅ = D(n), (4.12)

where n is the instantaneous mean motion as the Suomi 100 satellite is orbiting
around an elliptical orbit. Here a and r are not constant values, and therefore the
first derivative gets the form:

ṅ =
D(2a− r)
D(ra)

√
µra

4(2a− r)
, (4.13)

where D describes the derivative of the function inside the brackets (do not confuse
it to the shorthand notations introduced in section 3). The mean motion rate is
taken by calculating the average form equation (4.13):

ṅ

2
=
D(2a− r)
D(ra)

√
µra

16(2a− r)
. (4.14)

The right-hand side of the equation was multiplied by 1
2
because we need the average

of n first derivative.
The mean motion’s acceleration n̈

6
is the second derivative of the mean motion,

and it describes how fast the stellar object changes its velocity:

n̈ = D2(n) ≈ 0. (4.15)

In the TLE dataset, it is assumed as 0 (see listing 1 and appendix B) due to its
complexity and because it is one of the variables in the TLE dataset that cannot be
measured accurately.

Ballistic coefficient and perigee density B∗ is a drag-like parameter [59]:

B∗ =
cDAρ0R⊕

2m
, (4.16)

where cD is the coefficient of drag and ρ0 is the atmospheric density at the perigee.
The true ballistic coefficient:

BC =
m

cDA
, (4.17)
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is recovered from the B∗ by switching variables places in equation (4.16):

B∗ =
ρ0R⊕
2BC

. (4.18)

For getting an accurate value of B∗ the correct BC value is needed because B∗ is
always modified and it is also an arbitrary free parameter [59].
1 43804U 18099AY 19167.83004367 +.00000206 +00000−0 +23977−4 0 9991
2 43804 097.7426 239.7971 0014654 341.3430 018.7252 14.95265938029156

Listing 1: Two-Line elements dataset of the Suomi 100 satellite for the real-time orbital
prediction. The values are generated from [62] on the 16th of June 2019.

The TLE dataset propagates well to the future predictions of the satellite’s or-
bital locations. Still, it has small drifting (about a few kilometres off from the
original prediction) if the epoch data in the TLE is not up-to-date (more in section
5). The listing 1 presents the TLE datasets generated from [62]’s application pro-
gramming interface (API). The description of the Suomi 100 TLE dataset shown in
listing 1 can be found in appendix B.3.

4.4 Global Ionospheric Map (GIM)

Figure 31: Global ionospheric map simulation of the total electron content (TEC) on the
31st of October 2020 at 02:00:00 UTC. [63]. Courtesy of NASA.

A global ionospheric map (GIM) is a map simulation used for observing iono-
spheric profiles around the Earth. It is mostly used for simulating F2 layer’s peak
values of TEC, Ne and fp. In general worldwide provided computed GIM rely on the
global position systems (GPS) ground stations around the world and it uses already
existing satellite data with internally computer error marginal [64, 65]. The GIM
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simulation presented in figure 31 is generated in real-time by NASA’s Jet propulsion
Laboratory, for ionospheric and atmospheric research [63].

For this thesis, the goal is to develop an own GIM simulator with the satellite
tracking ionospheric profile generator, for the ionospheric research done in Aalto
University by using the latest published atmospheric and ionospheric models, IRI-
2016 and NRLMSISE-00. The second reason for an own simulation model is to
avoid the uses of a commercial radio wave tracing and GIM simulating software, like
PropLab Pro 3, as the software uses an older version of the ionospheric model which
does drift largely from the actual measurement (more in section 7). The secondary
motivation for an own simulator is the server and execution file crashes (more in
section 7.3) of the programs as mentioned earlier that happened during the time of
this thesis and caused the issue of narrowing the validation test of the software to
existing data before the incident.

PropLab Pro was slightly introduced in section 2 when discussing worldwide
ionospheric and atmospheric models, the IRI and the NRLMSISE. PropLab Pro 3 is
currently probably the best commercial software to simulate the propagation of the
HF radio waves worldwide, but it has the older version ionospheric model, which
causes the output of the ray tracing and GIM simulation to be largely stronger.
The data used to calculate the average monthly TEC is from TOPEX and NeQuick
models (see section 2.4.2).

GIM simulations can be used for observing ionospheric condition by monitoring
and forecasting ionospheric storms that occur due to the Earth’s magnetosphere
interaction with the solar wind. The GIM simulator model designed during this
thesis predicts TEC in real-time (RT) for the user by utilizing the background iono-
sphere of the Ray tracer (more in section 5-7). Accuracy of the results depends on
the datasets provided to the ionospheric and atmospheric models from the multiple
satellites and worldwide digisonde stations, SDMF2 and IRTAM models (see section
2.4.1).
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5 The Ray tracer 1.2
The Ray tracer software was developed at Aalto University as a computational tool
for modelling MF/HF radio propagation in the stationary ionosphere where the
density of plasma and neutrals vary only with an altitude [10]. It has now four
different programs: raytrace, photonmap, iono3D and satellite_track. The first two
programs were the original ray tracing programs. The two other programs, iono3D
and satellite_track were developed in this thesis to help the analysis of the Suomi
100 satellite’s radio instrument’s measurements.

The Ray trace program transmits rays into space based on the parameters defined
in the ray tracing option, in appendix D. The rays are in a 3-dimensional (3D) space
and, as mentioned earlier, it uses 1D altitude profiles for the plasma and neutrals.
For a multiple ray simulation, the Ray tracer computes rays for one direction around
the defined ray elevation and then rotates the rays around the defined ray azimuth.
The ray equations (equations (3.92)-(3.93)) does not have 3D dependencies (dis-
cussed more in section 8.1). The user can configure which wave (O- or X -) mode
parameter is traced after the first magneto-ionic splitting event [10]. Photon map-
ping sends multiple photons, defined in photon mapping options, from the location
of the transmitter and calculates each location of photons hit a surface with the
transmitter power of 1 Watt (W). The program calculates the ground level hit loc-
ations of each photon and the hit locations of each photon at the maximum height
(defined in the configuration file).

Figure 32: An illustration of how the spatial resolution is controlled in the developed
iono3D program in a low resolution (the left panel) and a high resolution (the right panel)
cases. The used parameters are:
Left image; λstep = 20 and φstep = 10.
Right image; λstep = 10 and φstep = 5.

In order to generate the ionospheric profile of each program, generateIRI func-
tion runs two different programs called IRI and NRLMSISE. As mentioned in sec-
tion 2, IRI is used to generate electron properties (density and temperature), and
NRLMSISE is used to calculate the neutral particle density. The location of the gen-
erated profiles is defined under the IRI options in the configuration file (appendix
D). Two program modes, raytrace and photonmap, use the IRI option section of
the configuration file to generate ionospheric profile program. Two new programs
implemented and developed in the software, iono3D and satellite_track, generate
the profile slightly different. Iono3D creates a square cell, that consists of multiple
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grid points (figure 32) and it generates the profile for each point. The program con-
siders them geographical locations on a map. Satellite_track reads all the necessary
parameters (date, time, location, and altitude) from a generic data file.

In this section, the focus will be on the development and implementation of two
new programs, iono3D and satellite_track, into the Ray tracer application. For both
programs, the fundamental function is to call the IRI-2016 and the NRLMSISE-00
models for the ionospheric and atmospheric analyzing purposes. A reader interested
in details of the Ray tracer and the previous two program modes, raytrace and
photonmap, is suggested to look M. Fontell’s master’s thesis which explains the
design and implementation of the Ray tracer model [10]. Geographical coordination
system units, latitude, and longitude will use the following symbols to describe them
in this thesis: φ (phi) describes latitude and λ (lambda) describes longitude.

5.1 Requirements

Figure 33: A high-level illustration of the Ray tracer program and required dependencies
[10]. The system called IRI-16 produces a text file as output for the Ray tracer in order to
generate the ionospheric altitude profile, properties of electrons and the collision frequency
together with NRLMSISE-00 [10].

The Ray tracer is currently available to be installed on Linux based operating
system (OS). The source codes of the program are written in C++ and can be



55

compiled easily with g++. Following dependencies must be found on the system
before compiling the Ray tracer [10]:

• gfortran, GNU Fortran compiler for compiling IRI-2016 program.

• gcc, GNU C compiler for compiling NRLMSISE-00 program.

• g++, GNU C++ compiler for compiling the Ray tracer program.

• OpenMP library, for operating C, C++ and Fortran programs on multiple
processors at same time.

The IRI-2016 program is written in Fortran 77 [30] and is executed by system
call [10], within the Ray tracer program. The IRI-2016 creates a text file as an
output, after reading the generic data files needed, and sends it to the Ray tracer to
read. Read data is then stored into a model vector. The Fortran source codes can
be compiled with GFortran. GFortran is primarily developed for compiling three
versions of Fortran: F95, F2003, and F2008. Also, the compiler has included support
for legacy F77. Compiler g77 can also be used but not recommended, because
the version is no longer maintained [78]. NRLMSISE-00 program is written with
standard C99 [39] and is externally linked to the Ray tracer [10]. Programs source
codes are compiled using gcc, which has complete support over C99. Programs and
their dependencies are illustrated in figure 33 [10].

The Ray tracer creates separate output files, depending on the program mode in
the configuration file (appendix D). For post-processing the output files, five Python
scripts will be provided with the Ray tracer program:

• plot_IRIoutput.py, visualizes the ionospheric altitude profile generated during
photonmap and raytrace program modes [10].

• plotrays3D.py, visualizes raytrace modes output, which consists of three-dimensional
(3D) ray paths r(t) on the geographic map projection [10].

• photonmap.py, visualizes the strike point and intensity on the predefined mesh
of the photonmap [10].

• GIMsim.py, Visualizes ionospheric profile map (maximum value and at wanted
height) from the output of iono3D mode.

• plot_SateTrack.py, visualizes the Suomi 100 satellite’s orbit and the iono-
spheric profile (maximum value, at 600 km and S100’s altitude), through the
satellite’s orbit, from the output of satellite_track mode.

• S100_position_coordinates.py, calculates the Suomi 100 satellite’s orbital pass
(satellite location, altitude and solar Zenith angle) for n amount days.

The first three post-processing scripts are written in standard Python 2.7 version
[10]. Scripts used for the ionospheric map and satellite tracking (coordination and
ionospheric profile) are written in standard Python 3.7. The following Python pack-
ets are required as dependencies for operating the above scripts:
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• NumPy, Python module for processing multidimensional arrays.

• Matplotlib, Python module for plotting.

• Matplotlib Basemap, Python module for plotting geographic map.

• Skyfield, Python module for computing satellite position.

• Astropy, Python module for Astronomical calculation and research.

• Datetime, Python module for manipulating date and time.

• Timezone, Python module for manipulating the timezone, from local to UTC.

Basemap module is not anymore supported by Python 3. By using the Anaconda
packet management tool, conda, Python 3 users can install Basemap and also by-
pass the support problem some modules have with the newer version of Python.
Anaconda is data science platform for programming in Python and R [66]. NumPy,
Astropy and Matplotlib are standard modules that will be installed with Anaconda.

Installation instruction for the Ray tracer program and all dependencies that are
needed will be found in the README file, which will be provided with the program
folder [67]. The IRI-2016 and the NRLMISE-00 will have their README files,
which is also recommended to be read because the programs must be set correctly
for the Ray tracer to recognize as the background ionosphere.

5.2 Input & Output

The Ray tracer program uses a configuration file called config.txt, which is in the
text format (.txt), as an input file. The configuration file is presented in appendix
D, with a short option description (see appendix D.1). The base of the text file
is the same that was introduced in M. Fontell’s thesis [10] but has few additional
features included to operate the two new program modes in the Ray tracer, iono3D,
and satellite_track, and also the option description presented in appendix D.1 will
consist of parameters that are needed for operating the two program modes. The
geomagnetic South pole location and the magnetic strength have been updated for
the 2019 values, based on NASA’s research.
% la t i t ud e l ong i tude max(Ne) Ne( h_s100 )

Listing 2: Standard output values of the iono3D mode generated from the Ray tracer
program.

The two program modes will produce 5 output files that are generated from
the background ionospheric and atmospheric models: Ne, Te, N2, O2, and electron-
neutral collision frequency (νen). The difference is that the iono3D program’s output
file only consists locations of all grid points in a square cell, figure 32, and two
different ionospheric values, value at the altitude of s100_height, and the peak value
of the ionosphere (look listing 2). In the case of the electron density, it is the peak
density of F2 layer, NmF2, which is the main research output wanted. The output
files are simulated by using the GIMsim.py program, which uses a photon mapping
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algorithm for post-processing the files and producing global ionospheric simulation
maps. Nightside is included in UTC time by using Timezone and Datetime python
packet for converting the time for UTC and implementing the nightside effect for
the correct time.

The Ray tracer uses two input files when operating the tracking program for pro-
ducing the ionospheric profile output files in time. The first one is the configuration
file that the Ray tracer uses and the second is the satellite’s position file on one day
that is defined in the main input file. The path of the position file is hardcoded into
the Ray tracer program’s setup.cpp script [67]. The position file consists of a date,
time, satellite locations (λ, φ, and altitude) on the specific date and time. The out-
put file has the following information (see listing 3): Time (as an hour), satellite’s
location (λ and φ), the maximum value of the ionospheric profile, ionospheric prop-
erties at an altitude of 600 km and at an altitude of the Suomi 100 satellite (from the
position file). The post-process simulation of the ionospheric profile is generated by
the following Python program, plot_SateTrack.py, which is mostly used for a simple
mathematical plotting, Matplotlib, and Numpy Python packets. The program also
stimulates the satellite’s path from the output files location information.
% Time Lat i tude Longitude max(Ne) Ne(h_600) Ne(S100_h)

Listing 3: Standard output values of the satellite_track mode generated from the Ray
tracer program.

Thread and output files of both program modes are cleared from their specific
directories by the system calling the Linux to remove command in the terminal as
the Ray tracer is operated. In output files case the program removes all content in
the folder. Still, in the case of threads files, the program removes all thread folders
and recreates them by again system calling a Linux folder creation command in
the command terminal form the output.cpp script [67]. The OS terminal will give
the warning about the output folder directory or files that do not exist due to the
pointed folder being empty in the manual removal of the files and folders are called
during the operation of the Ray tracer.

5.3 The Iono3D program

The purpose of the iono3D mode is to generate a global ionospheric map of the
Earth’s ionosphere from two different altitudes by using the Ray tracer’s background
ionosphere, the IRI-2016 and the NRLMSISE-00 models. The first altitude is the
peak value of the ionosphere and the second altitude is a specifically wanted altitude
(defined in the configuration file). For the research purposes, we will focus on the
examples on the electron density, so the first value is the peak Ne value of F2 layer,
NmF2.

The program mode reads six parameters from the configuration file, presented
in appendix D: φIRIstart , φIRIstop , φIRIstepsize , λIRIstart , λIRIstop and λIRIstepsize . The
start and stop coordinate values in the configuration file give the corner locations
of a square cell (figure 32). The cell will consist of multiple grid points, where the
amount (Npoint) depends on the delta factor (the step value of the latitude and the
longitude) with the starting and ending locations. The start and stop coordination
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units define how large the observation area is (Asquare) and the step value defines
the distance to the closest neighbouring point while controlling the number of points
found in Asquare:

φm − φn = φstep, (5.1)

λm − λn = λstep, (5.2)

where n = {0, 1, 2, 3, 4, ...} is the observing point and m = n+ 1 is the next closest
neighbouring point. Read parameters in listing 4 are converted into numerical forms
with decimal points by the program. Two additional functions are used to read
the latitude and the longitude, readLatitude and readLongitude, for converting the
value with the direction letter (latitude: ’N’ or ’S’ & longitude: ’W’ or ’E’) behind
the numerical value of the coordination into a positive or negative in the spherical
coordinate system.
// Lat i tude
double l a t_s ta r t = readLat i tude ( readOption ( c o n f i g f i l e , " IRI_lat i tude_start " ) ) ;
double lat_stop = readLat i tude ( readOption ( c o n f i g f i l e , " IRI_lat itude_stop " ) ) ;
// Longitude
double lon_start = readLongitude ( readOption ( c o n f i g f i l e , " IRI_longitude_start " ) ) ;
double lon_stop = readLongitude ( readOption ( c o n f i g f i l e , " IRI_longitude_stop" ) ) ;
// Step value o f l a t i t u d e & long i tude
double la t_de l ta = stod ( readOption ( c o n f i g f i l e , " IRI_lat i tude_steps i z e " ) ) ;
double lon_delta = stod ( readOption ( c o n f i g f i l e , " IRI_long i tude_steps ize " ) ) ;

Listing 4: The read method used in the Ray tracer program, for reading the iono3D
modes specific parameters from the configuration file.

// Generating the c l o s ed box
f o r ( double lat_s = la t_s ta r t ; lat_s <= lat_stop ; lat_s += lat_de l ta ) // Lat i tude po in t s
{

f o r ( double lon_s = lon_start ; lon_s <= lon_stop ; lon_s += lon_delta ) // Longitude po int s
{

// −− CODE BLOCK −−
}

}

Listing 5: Loop statements are used for creating a square cell and generating an
ionospheric profile for multiple single grid points inside it.

A square cell is created by implementing a simple for loop statement, for both
coordination systems units, in the generateIRI() function. The order of the state-
ments does not matter, in this thesis, they are written in the following order: the
first statement is for the latitude, and inside the first loop statement a second for
longitude. Listing 5 illustrates the actual order and method implemented in to
Ray tracer program’s setup.cpp function, generateIRI(), for generating the global
ionospheric map output. Before running the loop statements new variables (initial-
ization) is defined for both loops, φs and λs. These variables will be equal to the
starting coordination points defined in the configuration file:

φs = φIRIstart , (5.3)

λs = λIRIstart . (5.4)

The new start variable, equation (5.3) and (5.4), will be used for implementing
the loop statements condition and increment, listing 5. Condition for both cases
are following: The new start variable, equation (5.3) and (5.4), must be smaller or
equal to the stop parameters value:

φs 6 φstop, (5.5)
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λs 6 λstop. (5.6)

If the loop statements conditions, equation (5.5) and (5.6), are True, program will
proceed to generate ionospheric profile for all points in the horizontal direction and
separate the wanted values to the output file. When the condition in the second
statement becomes False, the first statement moves to the next neighbouring latitude
in the vertical direction (based on the increment). In the second statement, the
program moves in the horizontal direction (to the next longitude) after the program
has gone through the Code Block, in listing 5.
// Elect ron dens i ty output tread f i l e
std : : s t r i n g direct ion_test_Ne = " iono / iono_s ing l e / threads /Ne_threads/test_iono_Ne_" ; // Path
direct ion_test_Ne . append ( std : : to_str ing ( ion ) ) ; // I n s e r t i n g the thread number
direct ion_test_Ne . append ( " . txt " ) ; // Def in ing f i l e format in to a text f i l e
std : : o fstream Ne_str ( direction_test_Ne , std : : i f s t r e am : : out ) ; // Creat ing the s t r i ng ed f i l e

Listing 6: Appending the thread number and file format into the stringed directory and
file name, before actually creating the output file.

The flow diagram in figure 34 illustrates the implementation of the for loop
statements introduced in listing 5. Increment in general programming means that
a value is increased by one (i = i + 1), but in this case the starting value, equation
(5.3) and (5.4), is increased by the step value which is defined in the configuration
file and read as delta factor for the locations in listing 4:

φs = φs + ∆φ, (5.7)

λs = λs + ∆λ, (5.8)

where the delta factors are the step values, mentioned above in equation (5.1) and
(5.2), which describe the distance between two neighbouring points latitude and
longitude.
double max_Ne = 0 . 0 ; // Maximum Ne
double Ne_h_s100 = 0 . 0 ; // Ne at wanted a l t i t u d e
double Ne ;
double h_Ne ;
// Finding the maximum Ne value
whi le (Ne_str >> h_Ne >> Ne)
{

i f (Ne > max_Ne)
{

max_Ne = Ne ;
}
i f (h_Ne <= s100_height )
{

Ne_h_s100 = Ne ;
}

}

Listing 7: For reading and storing the wanted data from the profile files, two-loop
statements are defined. The while loop statement, is used to read the file’s horizontal
line into rows. The second loop statement, if, is used to store the wanted values into a new
parameter.

Inside the Code Block presented in listing 5 program, the system calls the IRI16
and externally operates the NRLMSISE-00 models. The ionospheric data collected
from the programs are stored in the array data structure, which is defined intern-
ally in setup.hpp [67] header file and written into a data file in a new function,
iono3D_profile(), after calculating the electron collision frequency. Both the func-
tion and calculation of νen is found in setup.cpp. The iono3D_profile() separates all
stored data from array data structure and writes them onto their own specific data
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files as a profile of altitude. The difference between this function and the function
called by previous two programs (photonmap & raytrace), write_ModelOutput(), is
that it creates multiple treads of files each time the function is recalled during the
loop statements in generateIRI() function. Thread number is defined as ion in the
generateIRI() function before reading from the configuration file when iono3D mode
is called. Thread number is defined as zero first and then incremented at the end of
second for loop statement, ion++.

Figure 34: A general flow diagram displaying of listing 5. The Code Block contains
the IRI-2016 and NRLMSISE-00 programs needed to generate the wanted values for the
generating global ionospheric map simulation.

For creating tread files and inserting the tread number (ion) to it, the file dir-
ectory had to be made into a string (with the file name included). The thread
number and the file format (.txt) are then appended into the defined string. List-
ing 6 presents the appending process for electron density thread files written in
iono3D_profile() function. The same method is implemented for the four different
ionospheric and atmospheric profiles:

• The electron-neutral collision frequency (νen)
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• The electron temperature (Te)

• The neutral densities (O2, and N2)

The thread number is converted from a numerical form, in this case from an integer
(int), to a string because in C++ numerical values can not be appended. The last
line presented in 6 creates the text file and sets it so that the data can be written
into the created files. The function starts to separate the stored data from the array
data structure and write them into the specific files if there are no errors during file
creation.

The final five functions called in generateIRI() function, in the setupp.cpp, reads
the thread files that are created and written in the iono3D_profile():

• highestValue_Ne() reads electron density (Ne) thread files.

• highestValue_Te() reads electron temperature (Te) thread files.

• highestValue_N2() reads nitrogen density (NN2) thread files.

• highestValue_O2() reads oxygen density (NO2) thread files.

• highestValue_coll() reads electron-neutral collision frequency (νen) thread files.

The functions above read the wanted values, the peak values of ionosphere (max[Ne])
and the value at a specified altitude (Ne(s100_height)), from the thread files. In
listing 7, highestValue_Ne() is used as an example for showing how the wanted value
is stored into a new variable from a thread file. Rest of the four functions work and
is defined in the same way as the electron density separation function, shown in
listing 7. Profile files are read by using a while statement instead of if, because
in programming while is considered to be a continuous loop that will execute the
program as long the condition is True. The if statement executes the program only
once, if the condition is True and then moves to the next command in the program.
std : : o fstream iono_str ( "iono_Ne . txt " , std : : i f s t r e am : : out | std : : i f s t r e am : : app ) ;
iono_str << l a t i t u d e << " " << long i tude << " " << max_Ne << " " << Ne_h_s100 << std : : endl ;
iono_str . c l o s e ( ) ;

Listing 8: Ionospheric profile output files definition in the Ray tracer program, when the
ionospheric profile system is called. Second line.

Maximum value is checked under the first if, where the condition is that the read
profile value must be higher than the current maximum value, (Ne > Nemax). If the
statement is True, the profile value will be stored as a new maximum variable. Read
value will be always stored as a new maximum if the newly read profile value is higher
than the old maximum. The second if is for reading the profile value at a certain
altitude, which is defined under the ionospheric map options in the configuration
file, s100_height. The if statement checks, if the read profile altitude is lower or
equal than the defined height, and then the program stores the read profile value
into a new parameter. In listing 7 this new parameter is defined as Ne_h_s100. As
long as the condition is True for both if statements, the program will continue to
store profile values into the new parameters (max_Ne and Ne_h_s100 ) until it gets
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the correct values. The flow diagram displayed in figure 35 illustrates the functions
route of listing 7 from beginning to end.

Final functions create their own ionospheric profile data files that are the output
files of iono3D program mode. The files which the function will write are the collec-
ted values stored in the variables, listing 7, with the ionospheric profile location, the
latitude, and the longitude. In each time when a new thread file is created, the pro-
gram will read it as a new input file and restore them in the variables. The restored
values from the variables are written below previous thread file values (appending
the value below each other). The method, std::ifstream::out | std::ifstream::app cre-
ates and lets append values/information into the created file. Each time the Ray
tracer program is newly called in the operating system’s terminal, the previous iono-
spheric profile files are removed (or deleted) and written again, because in C++ if
the file is not removed, it will keep appending data into the old data file, due to the
file creating statement shown in listing 8 (explained in section 5.2).

Figure 35: A flow diagram displaying how the wanted values are read from a thread file
in listing 7.

The Code block in the second flow diagram presented in figure 35 is the storing
process illustrated in listing 7. The output introduced in the flow diagram defines
listing 8, where the output file is created to the correct directory, and stored values
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from the variables are written in a specific order presented in section 5.2, listing
2. The Ray tracer program calls through the command terminal to remove the
output files and thread folder, for avoiding necessary memory load to the computer’s
memory driver (SSD/HHD).

5.3.1 Time Dependence

double hour_step = stod ( readOption ( c o n f i g f i l e , "hour_step" ) ) ;
double end_time = stod ( readOption ( c o n f i g f i l e , "end_hour" ) ) ;

Listing 9: Two extra variables are defined to read with the variables introduced in listing
4, the end, and the step times, from the configuration file.

The Iono3D program has two different forms: iono_IRI and iono_IRI_time.
They both generate output files for global ionospheric maps by creating a closed
square. The first program seen in the instruction generates an ionospheric profile
for a closed area, in a single time defined under IRI options in the configuration
file. The time dependence form generates the map for multiple different times in a
single day. The profile data in the output file dependence on the start (tstart), the
end (tend) and the step time (tstep). The end and the step times are read with the
coordination values (mentioned in section 5.3) to define the time difference, listing
9.

Figure 36: A flow diagram displaying how the developed program generates ionospheric
profile maps for different UTC times, in listing 10.

In order to generate times in multiple different UTC time, a for loop statement
is written for time variables, listing 10. The program reads the time as points in a
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line (either horizontal or vertical) and generates ionospheric profile maps for these
points. The step time again defines the distance of two closest times:

tm − tn = tstep, (5.9)

wherem = n+1 and n = {0, 1, 2, 3, 4, ...} is similar to equations (5.1) and (5.2). The
for statement work in the similar manner as the for statement introduced in the
iono3d program mode for generating single global ionospheric map data output. The
end and the step time are given in hours. Minutes and seconds must be converted
into hours with the following equation:

t = h+
min

60
+

sec

3600
. (5.10)

This holds True for both the starting hour (both forms) and for the ending hour
that is used for only time-dependent form.
f o r ( double hour_UTC = hour ; hour_UTC <= end_time ; hour_UTC += hour_step )
{

// −− CODE BLOCK −−
}

Listing 10: The loop statement for generating ionospheric profile square for multiple
different times, from the starting hour.

Loop statements used for generating the square and ionospheric profile for the
points are written in the CODE BLOCK, presented both in listing 10 and figure 36
flow diagram. The difference between listing 5 and listing 10 is that a single global
ionospheric map simulation presented in the iono_IRI is implemented inside the
CODE BLOCK of the iono_IRI_time and the time is read before entering for loop
statement, because the program operates until the starting time gets closer to the
end time. In the iono_IRI time is read inside the loop statements, because the
time stays unchanged for the full operation. In the time dependent form, program
operates. The UTC conversion still happens inside the ionospheric profile map
generation statements, listing 5.

5.3.2 GIM with the Photon Mapping Algorithm

x = in t (math . f l o o r ( ( l ong i tude − lon_min ) /dlon ) )
y = in t (math . f l o o r ( ( l a t i t u d e − lat_min ) / d la t ) )

Listing 11: The floor function demonstrated in the GIMsim.py Python program.

The GIM is simulated by calling a Python program, GIMsim.py, which reads
the specific ionospheric profile data generated by the iono3D program mode. The
Python program is developed for post-processing the output global ionospheric pro-
files generated by the iono_IRI version of the program mode. Peak values of the
ionosphere are stored in a quadrant point z(y, x), where x and y are the largest
integer of xfloor and yfloor:

xfloor =
λ− λmin

∆λ
, (5.11)

yfloor =
φ− φmin

∆φ
, (5.12)



65

where x and y are equal or less than floor equations. In Python this is implemented
through a function in Math module, floor. The floor function takes the degrees and
returns the largest integer for storing the peak and altitude dependent profile values
into the point z, working as the points coordinates. In listing 11, the method of
storing the largest integer of the locations into x and y is presented. In equations
(5.11) and (5.12) the minimum value is the lower left-hand corner of the latitude
and the longitude in Basemap, llcrnrlat, and llcrnrlon. The delta factor in equation
are calculated with maps contour thickness included, which are in the program nx
and ny :

∆λ =
λmax − λmin

nx
, (5.13)

∆φ =
φmax − φmin

nx
, (5.14)

where the maximum value is the right upper corner of the latitude and the lon-
gitude, urcrnrlat and urcrnrlon. The contour level is defined as 1000 for avoiding
an unnecessary load of the CPU and unnecessary iterations done by the Basemap
module when generating the contour visualization into the GIM simulation.

Figure 37: The result of a GIM simulation: The F2 layer’s critical frequency in MHz.
The plot has been made with a MATLAB. The simulation is taken on the 31st of April
2020 at 12:00:00 UTC.

The Ray tracer program does not rely on worldwide ground stations to provide
the necessary TEC data for simulating a GIM. Instead, it uses the ionospheric
and atmospheric profiles provided by the background ionosphere models in real-
time. This means that the Ray tracer uses 62 digisonde data of hmF2 and radio
occultation (RO) data from multiple various satellite missions (more in section 7)
for the density value at the upper ionosphere, F1 and F1 layer. For developing
the GIMsim.py program for post-processing the GIM output files, a test program
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was generated by using MATLAB. The script was initially created for the older
iono3D output version, which provided a single altitude profile that appends each
geographical location profile into one file. The GIM simulation presented in figure
37 is generated by using the test script and old output version.

5.4 Satellite Track
2020−04−30 00 : 00 : 00 −60.267227 −11.344091 599.077127
2020−04−30 00 : 01 : 00 −56.666594 −13.415558 597.228554
2020−04−30 00 : 02 : 00 −53.040485 −15.169418 595.313549

Listing 12: An example format of the position file used in the Ray tracer’s satellite
tracking program mode. Values are in the following order: The date, the time, the latitude,
the longitude, and satellite’s altitude.

The developed new program follows a satellite’s track in orbit and produces an
ionospheric profile through the orbital path. The length of the orbit is defined as
a duration of the measurement, which will be given in the program under satellite
tracking options in the configuration file (appendix D). All together program will
read three different parameters from the configuration file: Satellite’s orbital position
file in time, the starting time in hours, and the measurement duration in minutes.
std : : s t r i n g S100_pos i t i on_f i l e = readOption ( c o n f i g f i l e , " S100_pos i t i on_f i l e " ) ; // Filename
double measurement_start = stod ( readOption ( c o n f i g f i l e , "Measurement_start_hour" ) ) ; // In hours
double measurement_duration = stod ( readOption ( c o n f i g f i l e , "Measurement_duration_time" ) ) ; // In

minutes

Listing 13: Filename and values that are read by the satellite tracking mode in the Ray
tracer program from the configuration file.

The program reads the Suomi 100 satellite’s position file, which consists of the
satellite’s locations (latitude λ and longitude φ) and altitudes in time. In listing
12 we have an example input file parameters that the Ray tracer program can
read. The Suomi 100 satellite does not have a GPS tracking application stored
in the satellite, so the position file is being generated by using North American
Aerospace Defence Command’s (NORAD) TLE dataset for generating time-based
orbital locations of the satellite. This is done with a Python program called the
S100_position_coordinates.py (more in section 4.3.1).
whi le ( s100_str >> in t year_int >> char hyphen >> in t month_int >> char hyphen >> in t day_int >>

in t hour_int >> char colun >> in t minute_int >> char colun >> in t seconds_int >> double
l a t i t u d e >> double l ong i tude >> double a l t i t u d e )

{
// −− VARIABLE DATE & TIME MODIFICATION

// −− CODE BLOCK −−
}

Listing 14: The Ray tracer reading the satellite’s position file. The date and time are
separated into numerical and character form.

i f (hour_UTC >= measurement_start && hour_UTC <= measurement_end )
{

// −− CODE BLOCK −−
}

Listing 15: The ionospheric profile is generated between the desired times.

The satellite tracking program mode separates the coordination file, and it reads
each parameter as a numerical value. There are few characters in the file which it
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reads as char, for example ’-’ and ’:’ in the dates and times. The coordinate file will
have either 1 440 or 86 400 lines. The first case is in a situation where the position
program gives the orbital locations every 1 minute (24 ∗ 60 = 1440 min) and in the
second case the position program gives it in every 1 second (24 ∗ 60 ∗ 60 = 86400
s). In order to enable the Ray tracer to read each line in continues loop, until
the statement is False, while loop is used for reading the position file, which is
demonstrated in listing 15. In C++, each data type must be defined when reading
files horizontal line (empty spaces can be left defined). The position file consists the
date and the time in the format presented in listing 12, where they have a hyphen
(’-’) and colon (’:’). Characters are only used to separate dates and times numerical
values into their own variables. The numerical values of the date and the time are
then modified for the Ray tracer use for generating an ionospheric profile. The time
is converted into hours, by equation (5.10).

Figure 38: The flow diagram displays the continues loop statement presented in listing
15 and the ionospheric profile generated for the satellite position file in the satellite_track
program mode.

In the satellite_track mode, the program defines the time zone automatically to
UTC, because the time read from the file is in UTC and not in the local time zone.
For this reason, the tracking mode jumps over the reading of the time zone from
the configuration file (defined as ’time’). The program was designed to follow the
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satellite measurement path during a radio operation measurement (from the start to
end) instead of an entire position file. To get the ionospheric profile for the desired
time length, the user defines the starting hour and the duration of the measurement
in the configuration file after determining the correct position file. The duration
time of the radio measurement timestamp can be calculated from the two Unix
timestamps (tUnixStart and tUnixEnd) read from the RF measurement file produced
by the Suomi 100 satellite:

tUnixDuration = tUnixEnd − tUnixStart. (5.15)

The timestamps are given in seconds. Converting the timestamp into minutes for
getting the duration length for the Ray tracer program:

tDuration =
tUnixDuration

60
. (5.16)

For getting the ionospheric profile from the starting time to the ending time of
the measurement, if statement is developed for limiting profiles length to a specific
time range. The function calls and generates an ionospheric profile if the new start
time is between tstart and tend, where tend is the sum of tstart and tDuration after the
measurement duration is converted into hours by equation (5.16):

hMeasurementEnd = tstart +
tDuration

60
. (5.17)

The duration time is converted into the program automatically and added to the
starting value for defining the condition that if statement must follow, which is
presented in listing 15. The program generates an ionospheric profile if the read
time from the position file is between the defined the starting time and the value of
equation (5.17):

hUTC > tstart, (5.18)
hUTC 6 hMeasurementEnd. (5.19)

The read time is converted into a numerical form (double), with minutes and seconds
added into it by using equation (5.10) as decimals, and renamed as hour_UTC.
Instead of using two if statements, in programming it is possible to do under one,
by specifying is it either OR (’||’) or AND (’&&’). Because the ionospheric profile
is wanted during the measurement, so by using AND it is possible to narrow the
area of time between the wanted timeline inside the tstart and tend, listing 15.

The background ionosphere, the IRI-2016, and the NRLMSISE-00 are called in-
side the CODE BLOCK in listing 15, and it stores values into an array data structure
just like all the other program modes. The tracking program calls a function called
the satellite_Profile() in setup.cpp, which creates threads of ionospheric profiles as
altitude functions, just like Iono3D function, and writes the information stored in
the array data structure into the thread files. The last five functions create and
write three different ionospheric profile values: The peak value of ionosphere, the
ionospheric profile at the satellite’s altitude, and the ionospheric profile at 600 km
altitude. The constant height of 600 km is hardcoded into the Ray tracer’s program
scripts. Output functions generate and create a file that consists of time, location,
and the three specific ionospheric profile values:
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• Satellite_profile_Ne(), reads the electron density (Ne) thread file and gener-
ates the profile as function of time.

• Satellite_profile_Te(), reads the electron temperature (Te) thread file and
generates the profile as function of time.

• Satellite_profile_N2(), reads the nitrogen density thread (NN2) file and gen-
erates the profile as function of time.

• Satellite_profile_O2(), reads the oxygen density (NO2) thread file and gener-
ates the profile as function of time.

• Satellite_profile_coll(), reads the electron-neutral collision frequency (νen)
thread file and generates the profile as function of time.

Reading the correct value and storing it into a new variable from the thread file
is similar to in listing 7. The output function reads the profile for two different
altitudes: 600 km and satellite’s altitude, which is read in the satellite_Profile()
function and then provided to the function.

5.4.1 S100 Positions

# Calcu la t e s and in c l ude s the So la r Zenith Angle in to the f i l e
S100 = EarthLocation ( l a t = subpoint . l a t i t u d e . degrees , lon = subpoint . l ong i tude . degrees , he ight =

subpoint . e l e v a t i on .km)
t_STR = Time( t . utc_str f t ime ( "%Y−%m−%d %H:%M:%S" ) ) . va lue
S100_AltAz = AltAz ( obstime = t_STR, l o c a t i o n = S100 )
t t t = Time( t . utc_str f t ime ( "%Y−%m−%d %H:%M:%S" ) )
S100_SZA_deg = 90 − get_sun ( t t t ) . transform_to ( S100_AltAz ) . a l t . deg

Listing 16: A part of the position program calculating the Solar Zenith Angle (SZA), by
defining the viewing direction to the zenith.

The Suomi 100 satellite does not have a GPS receiver. Therefore a Python
program, S100_position_coordinates.py, is developed that predicts the Suomi 100
satellite’s orbital locations (the coordinates and the altitude) in time. The program
uses Python’s Skyfield module to predict the satellite’s orbital locations by using
the TLE dataset files from the NORAD [62, 68]. In section 4.3, we introduced
elements of the TLE and described why it is used instead of the classical orbital
elements. Skyfield uses the SGP4 program to generate real-time predictions of the
satellite’s coordinates and altitudes. The SGP4 uses a historical TLE dataset and
True Equator Mean Equinox (TEME) coordinate system for calculating locations.
More about the SGP4 and the coordination system used by the program can be
found in appendix B. The TLE data is published by NORAD and is currently
updated 2 to 3 times a day.

Satellite locations generated by the position program are estimations based on
the epoch time of the TLE. The TLE epoch time is fitted based on the satellite’s
launch time and the epoch time of the original TLE datasets epoch time [59]. Ac-
curacy of the prediction depends on the TLE files epoch data. If the epoch is not
up-to-date, the accuracy will decrease by a few kilometres or more when generating
predictions for the future or past passes. Due to this, it is essential to remember that
the TLE file is mostly useful for about a week in both directions, but even a day old
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file TLE will affect the accuracy shortly, with minimal drop. The predictions might
have a little shift even with an up-to-date TLE data file because the file and the
SGP4 have a small shift due to error handling [72]. NORAD error handles historical
TLE before publishing, and the SGP4 has very own error handling function pro-
grammed in its source code, which shifts the prediction by less than a kilometre off
[68, 72]. The satellite’s orbital positions time and date given by the Python program
are in the UTC time zone as the SGP4 uses universal time for its predictions. In
appendix B there is a small introduction about the SGP4 program’s time prediction
as it is uncertain if it uses UT1 or UTC time system.

Figure 39: The orbit of the Suomi 100 satellite on the April 30th 2020. The green line
shows the orbit during one whole day (consists of about 16 full orbital rotation).

As already emphasised, for accurate estimations, it is recommended to use the
TLE data that is estimated at the time of the observation for the wanted orbital
pass of the satellite, because up-to-date TLE data can drop the accuracy (about few
kilometres) of prediction when generating past orbital passes. Epoch time of the
TLE data should arise close to the generated data. The program generates three
different position files: The position in seconds, minutes, and the position files in
seconds, including the SZA. The ray tracer can use the first two file modes as it does
not recognise the 6th parameter, which is the SZA value in the third position file.
Figure 39 illustrates the satellite’s orbital motion around the Earth’s in 24 hours
when the satellite has done about 16 full orbits. The TLE epoch date and time
provided for generating the position file used in figure 39 is 16:19:49 UTC on the
30th of April 2020.
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i e r s . Conf . iers_auto_url . s e t ( ’ f tp :// cdd i s . g s f c . nasa . gov/pub/ products / i e r s / f ina l s2000A . a l l ’ )

Listing 17: A command for reading the IERS Bulletin A dataset into the Astropy from
an outer source.

Based on the locations and altitude, the program calculates the angle between
the zenith and the Sun viewed from the satellite. The program selects satellite’s
position and calculates the angel by using the Astropy module, listing 16. During
the time of this thesis, the Astropy project is under maintenance. In order to get
the International Earth Rotation and Reference Systems (IERS) bulletin A dataset,
an open Uniform Resource Locator (URL) is used which contains NASA’s dataset,
which is provided by the Crustal Dynamics Data Information System (CDDIS).
This is done with importing the IERS from the Astropy module, and reading the
correct URL for the dataset, listing 17. The dataset will update itself as a new
dataset is provided into CDDIS’s URL, and the size is about 3.3 MB. The file will
be automatically downloaded as the program is operating.

5.5 Benchmark

Figure 40: Benchmarking results of the satellite tracking program, when the time differ-
ence of the satellite’s locations was changed.

In this section, we will go through the benchmarking of two new program modes,
the iono3D, and the satellite_track, to investigate the correlation between the thread
files and the area (Asquare) size to the running time of the Ray tracer program.
Benchmarking was done on an HP EliteBook 840 G5 laptop instead of Aalto Uni-
versity’s Rosetta desktop which was used to test the original Ray tracing program,
due to the pandemic situation during the time of this thesis. Laptop’s specifications
can be found in appendix G, with the benchmarking system used for monitoring
CPU’s and RAM’s activity during the operations. This section’s focus and aim will
be to investigate the operation timer’s, RAM’s, and CPU’s performance rate when
the new program modes of the tracer used different inputs and outputs:

• The GIM: The step values of the latitude and the longitude were increased in
four different scenarios.

• Satellite tracking profile: The file size and the line numbers of the file content
with decreased time difference and the line length.
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We will also investigate the RAM and cache memory performance when operating
the two new program modes of the Ray tracer. It is important to note that the two
new program modes will not be connected to the Ray tracer’s previous two program
modes (photonmap and raytracing) thread control. Instead, these modes will use all
the possible CPU’s available thread memory.

Figure 41: Benchmarking results of the GIM simulations, when the delta factors of the
latitude and the longitude were modified briefly. The parameters n and m are the delta
factors of the coordinates, see equations (5.1) and (5.2) for details.

The GIM simulator was investigated by modifying the step values of the latitude
and the longitude in four different ways for the total of 32 operations (8 operations
for a single method). The operations are called in this section are called Run time.
From the benchmarking presentation in figure 41 it can be seen that the operation
time of the Ray tracer decreased in a straight line in the lin-log plot when the step
values were increased. The used benchmark operations methods were the following:
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1. The step value of the latitude and the longitude was kept as equal, λstep = φstep,
and was continuously increased simultaneously together.

2. The step value of the latitude was kept as constant λstep = 5o and the step
value of the longitude was continuously increased.

3. The step value of the longitude was kept as constant φstep = 5o and the step
value of the latitude was continuously increased.

4. The step value of the longitude was 2 times greater than the latitude’s step
value, φstep = 2× λstep.

The benchmarking graph in each situation decreased as a straight line in a lin-log
plot, the only difference was the program’s running time. When the step value
of the longitude was increased, the operation accomplished much faster compared
with expanding the step value of the latitude. This might be due to the length
difference of the longitude and the latitude: The latitude range was [-90o, 90o] and
the longitudes range was [-180o, 180o]. With small step values the input values of
the Ray tracer increases, making more massive load on the system’s spec, and this
will cause the system to crash. The recommended minimum step value for latitude
and longitude is about 5o for both latitude and longitude.

To analyze the satellite_track program modes performance time, we investigated
the input file (configuration file) and the satellite’s orbital location file. In the
benchmark profile presented in figure 40, we have 8 satellite track operations, with
8 different satellite’s position files from the same date and time. For observing
the performance, the measurements starting time is set as 12:00:00 UTC, and the
duration is 2 hours (120 minutes) in the configuration file. In the benchmarking
graph the satellite positions are given in the position file in every:

1. 1 minute difference (1440 lines).

2. 5 minutes difference (288 lines)

3. 10 minutes difference (144 lines)

4. 15 minutes difference (96 lines)

5. 20 minutes difference (72 lines)

6. 30 minutes difference (48 lines)

7. 45 minutes difference (32 lines)

8. 1 hour difference (24 lines)

We can see in figure 40 that the smaller file finished earlier as the read ionospheric
inputs in the position file was less. For an accurate profile, the recommended position
file is a 1-minute file for long-duration measurements, e.g. measurement length from
100 to 200 minutes, because a 1-second file can overload the system’s CPU so that
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it can crash the system. Also, the length of observation will crash the system, so it
is recommended to observe about 200 lines of inputs from the position file.

The CPU’s and RAM’s activity was analysed through a default Ubuntu system
monitor program (see appendix G.2). For avoiding unnecessary memory leaks, the
WI-FI and non-mandatory programs were closed for the time of the benchmarking.
The analysis showed that the CPU got its highest peak activity present (90 %) when
operating the iono3D program mode with small step values (φstep = λstep = 5o). All
8 thread found in the i5 core was active and reached the highest peak alternately
through the full operation, and the RAM activity slightly rose from 0.1 GB to 0.3
GB from its original size, 3.9 GB (cache memory increasing from 3.2 GB to 3.9 GB).
Larger step values (φstep = λstep = 180o) did not cause the CPU activity to peak
higher than 60 present, but the RAM activity stayed the same (3.9 GB) while the
cache memory rose from 3.2 GB to 3.3 GB.

Tracking program mode’s CPU activity roses up to 50 % alternately through all
CPU threads for the every file size. In figure 68, for example, we had taken when
the Ray tracer program was provided with a 1-second position file. The RAM uses
minimal, about. 3.9 GB, while the cache memory did rose to 3.9 GB, even though
the program mostly uses satellite position files as input. Only time parameters are
read from the configuration file for limiting the time range of measurement from
start to end in Ray tracer’s ionospheric profile.
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6 Data Analysis

6.1 Satellite Measurement

In this thesis, the focus of the data analysis is the Suomi 100 satellite’s radio inter-
ment’s measurements on the frequency from about 1 MHz to 9.3 MHz (c.f. section
4). The radio wave measurement used in the case study is collected by the average
mode 8 MHz measurements that were done on 16th of June 2019. Note that ba-
sic properties of the ionosphere during the analysed case study has been presented
earlier in figures 7-8, 10-12 and 14 (see section 2).

During the analysed period (10:10:00 UTC - 11:40:00 UTC), the ionosphere was
relatively weak as the strongest critical frequency was around 10 MHz (see figure 62).
For analysing a single full orbit of the Suomi 100 satellite, a 90 min measurement
period was selected that held the two largest peaks in average measurement mode
data, from 10:10 UTC to 11:40 UTC. For clarity, the 8.0 MHz measurements are
scaled so that the maxim value is 1 (red lines in figures 42 and figure 44).

Figure 42: Averaged 8.0 MHz radio instrument’s measurement made by the Suomi 100
satellite on the 16th of June 2019 (the red line) and the simulated normalised maximum
plasma frequency (the blue line). Both values are normalized so that the maximum value
in the showed time range is 1. The frequency is normalized with the approximated value
of 8.0 MHz.

The red lines in figures 42 and 44 are the normalized mean values taken when
the measurement frequency was 8.0 MHz. As mentioned in section 3, the plasma
in the ionosphere can have a mirror -like behaviour so that the EM radio wave
transmitted from the ground can be reflected back to the Earth if the incident
frequency of the EM wave is smaller than the local critical frequency, f < fp. The
observed anti-correlation between the observed signal strength and the simulated
plasma frequency may, therefore, result from the situation where a dense ionosphere
prevents the measured signal to be transferred effectively from the ground to the
satellite. It is, however, also possible that some of the collected signals come from
the space and are own electromagnetic noise from the satellite.

The ionospheric profile was generated by the satellite_track program mode
through the single full orbit of the Suomi 100 satellite on 16th of June 2019, fig-
ure 43, gives a theoretical prediction of the Suomi 100 satellite’s location with the
help of the SGP4 program used in the Skyfield library (discussed in section 5). Fig-
ure 43 shows the simulated plasma frequency derived from the electron density (see
equation 2.1). The values are derived along the orbit at the fixed height of 600 km
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(the top panel), i.e. close the altitude of the Suomi 100 satellite, as well as the
critical frequency foF2 (the bottom panel).

Figure 43: Simulated plasma frequency, fp, along the Suomi 100 satellite’s one full orbit
on the 16th of June 2019 from 10:10 to 11:40 UTC.
Top: The simulated plasma frequency at the 600 km altitude (approximately at the altitude
of the Suomi 100 satellite).
Bottom: The simulated critical frequency, foF2, along the orbit.

Earlier in this thesis, figure 15 showed a simulation of how fp varies in different
altitudes due to the changes of the electron density. The relation between Ne and
fp was given in equation (2.1) which was introduced in section 2. Note that the
lowest altitude of 60 km is the altitude of what the IRI program treats as the lowest
altitude for the ionospheric profile.

Figure 44: A comparison between the normalized 8.0 MHz averaged measurements (the
red line) and the normalized (max SZA = 1) solar zenith angle (the green line) during the
presented case study on the 16th, June 2019.

It should be finally noted that, as mentioned earlier, some of the waves from the
ground cannot be detected by the satellite, even if the maximum plasma frequency is
smaller than the measurement frequency. If the wave is propagating perpendicular
to the ionosphere (i.e. if the elevation angle is 90o), then the wave can penetrate
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through the ionosphere. We should also recall that the 8 MHz waves lose their
energy and change their directions when they propagate through ionospheric layers.
This was illustrated in the Ray tracing simulation of the wave modes introduced in
section 3, figure 21. We will return to this topic later in section 6.3 when we analyze
the ray paths and signal strike positions at the location of the satellite during the
90 min orbit.

6.1.1 Role of the Satellite’s Positions

The Suomi 100 satellite makes a full orbit approximately in 90 minutes, during when
the satellite is about 40 min on the dayside and about 50 min on the nightside. The
positioning program generates the satellite’s locations at every 1 second on one
day. However, in this thesis, we research and analyze waves from every 10 minutes
location of the satellite. In figure 45 we show 10 simulated locations of the Suomi
100 satellite, starting from 10:10:00 UTC to 11:40:00 UTC on the 16th of June 2019,
which we will use in this thesis for generating wave strike locations and ray paths
from the Ray tracer’s raytracing and photonmap program modes.

Figure 45: The simulated positions of the Suomi 100 satellite at every 10 min during the
90-minute orbit from 10:10:00 UTC to 11:40:00 UTC on the 16th of June 2019. The first
position point is at about 180oE and the satellite moves in the figure from the right to the
left.

By looking at the simulated positions, one may get a hint of why at the beginning
of the measurements the satellite detected only weak signals, even though the critical
frequency of foF2 was smaller than 8.0 MHz. One possibility is that the satellite
is then at the area where the RF activity is low from 10:10 to 10:20 UTC and
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from 11:10:00 UTC to 11:20:00 UTC as the satellite is flying above the pacific
ocean during. From 10:20:00 UTC, we can see a slight RF activity rise in the RF
measurement, presented in figure 42, as we get close to the lands. From 11:10:00
UTC to 11:20:00 UTC we see a slight activity rise, maybe because the surrounded
grounds are close enough for the satellite to detect the radio waves transmitted from
these lands.

6.2 Correlation with the F2 Layer

Let us now look in more closely 2D ionosphere maps of the critical frequency during
the observations seen in 43. Changes in the ionospheric charts during the analysed
measurement time 10:10:00-11:40:00 UTC is presented in appendix E, which show
the electron density and the plasma frequency simulations for two different altitudes.
The first four sets of the density and frequency simulations presented in figures 61
and 62 are values from the F2 layer where the electron density is highest. The second
four sets of simulations are generated from at an altitude of 600 km. The nightside
on ionospheric chart simulations are generated in post-process script by importing
the Nightshade function from the Basemap module with the help of the Datetime,
which converts the time zone into UTC.

Figure 46: The critical frequency and the electron density chart simulation of the F2

layer on 16th of June 2019 at 10:40:00 UTC.

Earth rotation cases changes of the properties of the ionosphere at a given latit-
ude and longitude. Roughly speaking, the highest electron densities are at the places
where the sunlight is most strongest. Because of that, the critical frequency F2 is
highest in these places (c.f section 2). It is also important to note that areas located
on the nightside do not have ionospheric D and F1 layers because they gradually
disappear in the shadow, which decreases the critical frequency F2. Disappeared D
and F1 layers do either reappear immediately when Earth’s nightside areas move
back to the dayside. Note also that the peak of the measured signal, which is shown
in figure 42, is from locations where the critical frequency is smallest. The sudden
drop of the signal to the minimum value in the middle of the two maximum peaks
is occurring when the satellite is close the equator during dayside, between [30oN,
30o S]. From the ionospheric chart simulations in figure 62 it can be seen that the
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critical frequency of F2 layer at these areas is mostly around 9 MHz (mostly the
continents of Africa). This can also be seen in the ionospheric simulation presented
in figure 46.

6.3 Signal Tracing

In the performed Ray tracing simulations, we are assuming that the elevation of the
transmitter is 90o and 100 m above the ground level. This means that the analysed
signal is transmitted perpendicular to the ionosphere. The transmitted signals can
move in the 3D space, as seen in the Ray tracing simulation presented in figure 47.
In figure 47 the Ray tracer simulation is defined, so that is will send approximately
36 rays into the ionosphere from an ideal dipole antenna to the elevation angles from
0o to 90o and the azimuth angles from 0o to 360o

Let us now simulate how an 8.0 MHz signal propagates in the ionosphere and
how it could be detected by the Suomi 100 satellite at the altitude of 600 km from
each the satellite’s location presented in figure 45. As already mentioned, some of
the rays will not be propagating through the ionosphere because of the large angle
between the direction of the ray and the surface normal of the ionosphere. This is
possible even if the critical frequency of each region is less than the propagating wave
frequency. Figure 47 shows a ray tracing simulation for an 8.0 MHz signal, which
included 10 different locations along the satellite’s path. The simulation assumes
that each location has a transmitter at an altitude of 100 m above the ground
and that it produces the O-mode waves. The extraordinary, X -mode, waves would
reflect at lower frequencies than the ordinary waves and, therefore, they would be
more difficult to detect by the satellite.

Figure 47: The ray tracing simulation made at 10 (latitudes, longitude) positions along
the orbit of the Suomi 100 satellite locations at 10 minutes intervals from 10:10:00 UTC
to 11:40:00 UTC on the 16th of June 2019.

Photon map simulations are generated by launching 10000 photons into random
directions when the transmitter is directed perpendicularly towards the sky. We
then recorded all possible locations where the 8.0 MHz rays strike the ground when
it is reflected from the ionosphere, and also the locations at the satellite’s altitude
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of 600 km when the wave has propagated through the ionosphere. A two-argument
arctangent, atan2 (equation (2.15) in section 2.3), method was used for identifying
the correct quadrant of point (x, y) [10].

6.3.1 Radio Waves Path

Let us analyze results from figure 42, which gives the critical frequency and radio
instrument’s measurement by using the path simulation presented in 45. During the
first 20 minutes of the measurement (from 10:10:00 UTC to 10:30:00 UTC) the orbit
is above the Pacific Ocean where the observed signal was weak. One reason for that
might be that there probably are not so many radio wave sources or transmitters.
Let us now simulate with the Ray tracer a situation where there is a transmitter that
can produce 8.0 MHz signals to all the directions. In appendix F.1, figure 63 presents
results of such ray tracing simulations for the O-mode wave along the satellite’s path
at every 10 minutes. The Ray tracing simulation was made by generating at every
position 9 rays into four directions (North, South, East, and West), meaning that
we have in total 36 rays in a one Ray trace simulation.

Figure 48: Results of the Ray tracing simulations made for 8.0 MHz signals at the
Suomi 100 satellite’s locations near the equator, where the critical frequency is strongest.
Simulations are made at 10:50:00 UTC (the left panel), 11:00:00 UTC (the middle panel)
and 11:10:00 UTC (the right panel) on the 16th of June 2019. The surface reflection is
defined in the simulation to be zero.

The critical frequency chart simulations presented in appendix E.2 shows that
the satellite is in the nightside where the critical frequency is mostly low, in the range
between 3.0 MHz to 6.5 MHz. Due to this frequency range and the observed weak
signal seen in figure 42, it can be considered that possible radio waves produced in
the pacific ocean (between North and South Pacific Ocean) was a transmitter either
in the MF or the LF. There is also the possibility that the HF wave transmitting
elevation angle is so small that it is reflected from the ionosphere. This can be seen
in the simulation in figure 63 which is generated at 10:10:00 UTC and at 10:20:00
UTC, as the satellite is orbiting close to the equator where the critical frequency is
high.

From 10:30:00 UTC to 10:50:00 UTC, the radio measurements show drastic wave
activity as the Suomi 100 satellite is orbiting above the northern countries (Asia and
Europe). The critical frequency is around the staring range of the HF band (around
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4.0 and 5.0 MHz). By analysing the ray tracing simulations from these timelines
and by comparing it to the measurements presented in figure 49, we can conclude
that at approximately 10:40:00 UTC, the elevation angle of the rays does not affect
much if the critical frequency is weaker than the frequency of the signal. At the
beginning of the measurement (10:30:00 UTC), the satellite is surrounded by the
borders of Russia and Northern-America, where the ionosphere is a slightly stronger
(on the satellite’s locations the critical frequency is between 6.0 MHz and 6.5 MHz)
as can be seen in the chart simulations presented in appendix E.2. The first peak
occurs between 10:40:00 and 10:50:00 when the satellite is orbiting in the Northern
hemisphere. In the Northern hemisphere, the critical frequency becomes smaller as
the satellite moves away from the equator.

Figure 49: The first measured signal peak (the red line) and the simulated critical fre-
quency (the blue line) during 10:15:00 to 11:05:00 UTC on the 16th of June 2019.

From 10:50:00 to 11:10:00 the satellite passes the Earth’s equator, and we see
a drastic drop to the first minimum in the measurements, figure 49. The middle
simulation presented in figure 48 shows the ray paths of a 8.0 MHz signal from a
location where the critical frequency is highest (appendix E.2, figure 62). From the
measurement graph, this occurs when the normalized mean of the 8.0 MHz meas-
urement is at its minimum (close to 0). The 8.0 MHz rays with smaller elevations
are reflected in lower regions of the ionosphere, in the D and E regions, when we are
close to the equator. Rays that do propagate to the F region are mostly reflected
back if the direction of the wave is not approximately the same as the transmitters
pointing direction. In this case, the pointing direction is purely perpendicular, so
90o. The smaller frequency rays can propagate the ionosphere if the ray is purely
perpendicular to the ionosphere even though the critical frequency of the ionospheric
region is low.

As the satellite moves further to the South from the equator, the measured
signal has the second peak, as seen in figure 50. The normalised mean gets there
to 1, indicating that this peak is the actual maximum in the analysed whole time
range when comparing the two peaks presented in figure 42 on the 16th of June 2019.
At 11:10:00 UTC the observed signal shows a small raise which may indicate that
the South Atlantic ocean (between Africa and Northern-America) has some kind of
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radio transmitter that produces radio signals at 8.0 MHz. Then during about 10
minutes, the activity keeps relatively steady, as can be seen in figure 42 from 100 to
110 minutes, as we move close to the geographical South pole.

Figure 50: The second observed signal peak (the red line) and the simulated critical
frequency (the blue line) during 11:10:00 to 11:40:00 UTC on the 16th of June 2019.

The maximum observed signal strength is obtained when the satellite is near
the South pole (the time between 11:22:00 and 11:32:00 UTC) where there is very
little sunlight. The simulated small critical frequency indicates that rays’ elevation
can be slight and it can still propagate through the ionospheric regions, as seen
in the Ray tracing simulation presented in appendix F at 11:30:00 UTC (taken
at the geographical South pole). Because there is no D and F1 regions, the critical
frequency drops drastically as discussed in section 2 and presented in the ionospheric
profile simulation, figure 6. The strength of the observed signal decreases after
the peak. This may be associated with the fact that the satellite is then orbiting
around the Pacific ocean which may not have an active radio wave transmission, as
discussed earlier. The elevation of the rays increases from the almost zero degrees to
be a slightly higher than 50o, as the satellite moves closer to New Zealand at night,
as can be seen in the ray tracing simulation presented in appendix F at 11:40:00
UTC. During the dayside, the elevation angle of the rays will mostly be much higher
(almost close to perpendicular), probably because Australia and New Zealand are
in the dayside.

6.3.2 Radio Waves Strike Locations

Let us now investigate the strike locations at the ground and at the altitude of 600
km. The transmitter is assumed to be directed towards the sky perpendicular to the
ionosphere. Transmitters are 100 m above the ground at satellite’s location (just
like in section 6.3.1) that are presented in the ray path simulation, figure 45. Strike
locations are derived with a photon map simulation from two different altitudes:

1. at Earth surface (≈ 0), which is the lowest altitude.

2. at 600 km, which is the approximated altitude of the Suomi 100 satellite.
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and are presented in appendix F.2 and F.3 from each satellite location for 10 minutes
(just like ray tracing simulation presented in section 6.3.1). We will not go through
the full satellite path in this section. Instead, we will observe the photon strike
locations from figure 42 when the observed signals get its peak values. We can also
follow a small steadiness in the measured signals before and after the peaks, during
the increase to peaks (the secondary and the primary maximum), and also during
the decrease to the primary minimum at 11:00:00 UTC. The observed peaks that
will be analyzed are the following:

• The secondary maximum (normalized mean approximately at 0.88), figure 49,
which occurred approximately at 10:40:00 UTC on the 16th of June 2019.

• The primary maximum (normalized mean at 1), figure 50, which occurred
approximately at 11:30:00 UTC on the 16th of June 2019.

Figure 51: Simulated strike locations of the transmitted 8.0 MHz rays at the primary
(top two simulations) and the secondary (bottom two simulations) peak of the Suomi 100
satellite’s RF measurement, figure 42. The simulation was made with the Ray tracing
program.
Left: The strike locations at the ground level.
Right: The strike locations at the altitude of 600 km i.e. near the altitude of the satellite.

The secondary maximum in the Suomi 100 satellite’s radio wave measurement
occurred when the satellite is orbiting close to the geographical North pole. As
discussed previously, the critical plasma gets slightly smaller as we move away from
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the equator. The bottom two photon map simulations presented in figure 51 are
generated at 10:40:00 UTC when the normalized mean gets its first peak (the sec-
ondary maximum). The critical frequency is then about 4.4 MHz. Let’s compare
the ionospheric profile of the satellite’s 90 min orbital rotation presented in figure
43 to the radio wave measurements presented in figure 42. We can see that over
the South pole, the rays transmitted from the specific location will not propagate
through the ionosphere in all waves directions. The north pole is mostly in dayside
as the Earth rotates and that region is mainly affected by sunlight, which causes
the wave to interact with all the ionospheric regions (D, E, and F).

A wave loses its energy when it interacts with the plasma and also the elevation
angle of the radio wave changes. In the photon map simulation presented in figure
51 the rays are transmitted by an ideal dipole antenna perpendicular to the sky to
reach the satellite. Moreover, rays are also transmitted between 50o and 90o degrees
in all four directions. This can be seen from the Ray tracing simulation at 10:40:00
UTC presented in appendix F. The transmitted rays that have smaller elevation
angle than 50o are reflected back to the surface from the altitude below 100 km at
the E region.

Figure 52: Simulated strike locations of the transmitted 8.0 MHz rays. The simulation
times are times when the observed signal was low in the analysed case study on the 16th

of June 2019 shown figure 42.
Left: The strike locations at the surface of Earth.
Right: The Strike locations at the altitude of 600 km.

Moreover, rays with a minimal elevation angle are reflected in the first region (the
D region) already at the IRI model’s starting altitude of the ionosphere at 60 km.
On the ground, the 8.0 MHz rays will mostly shatter around the South pole, only
leaving a small surrounding area around the satellite empty. The highest attenuation
when the ray is reflected back to the surface is about 10 dB [V/m2], which is mostly
in the latitude of 90o to North, which is also similar to the attenuation when the
strike locations are observed at the altitude of 600 km.

The primarily measured maximum occurs near the geographical South pole,
where the ionosphere does not have the D region and the F1 layer due to lack
of the sunlight. Due to this the electron density in the surrounding plasma is low,
and the critical frequency is minimal, indicating that practically every radio wave
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transmitted around the South pole does not depend on the elevation angle of the
ray if the satellite is measuring in the MF and the HF frequency band waves. In
appendix F, the simulations are performed for 11:30:00 UTC, when the satellite is
at the geographical South pole. We can see in this case that all transmitted ra-
dio waves propagate through the ionosphere and continue their path further into
outer space. The top two photon map simulations, presented in figure 51, show that
all 10000 photons transmitted from the ideal dipole antenna in random directions
propagate through the ionosphere and strike around the entire covered South pole
at the altitude of 600 km. In the simulated ionospheric chart from 11:00:00 UTC to
11:40:00 UTC, it can be seen that the critical frequency stay very small as the time
shifts, due to the low amount of the ionizing sunlight.

Figure 53: Measured normalized signal strength (the red line) when the Suomi 100
satellite is orbiting around the equator, from 10:40:00 to 11:30:00 UTC on the 16th of June
2019. The minimum is occurring at the Earth’s equator. The normalized critical frequency
is shown as the blue line.

Some photons get through the ionosphere and propagate to the altitude of the
Suomi 100 satellite, and further higher when the satellite is orbiting at the equator.
The critical frequency at the observed minimum is approximately around 8.0 MHz.
The photons strike locations are mostly in the ground because they are reflected back
to the surface. The largest attenuation occurs around the location of the transmitter
as we observe in the ground-level photon map simulation presented in figure 52. By
comparing the ray tracing simulation taken at 11:00:00 UTC, the middle simulation
in figure 48, shows that even though some rays propagate through the F2 layer when
the electron density is at its maximum, they will get reflected back if the elevation
angle of the transmitted wave is not approximately close to 90o.

The global minimum presented in figure 53, illustrates two brief wave activity in
the normalized mean: (1) the signal strength decreases to the minimum and (2) the
signal strength increases from the minimum to the global maximum. The observed
normalized mean is around 0.4. The high signal strength may indicate that the
nearby lands are transmitting 8.0 MHz radio waves with a desirable ray elevation so
that the satellite can detect them, even though the critical frequency of F2 layer is
high. The first steadiness, between about at 75 and 81 minutes in figure 53, occurs
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when the satellite is moving from Europe to the African’s continent at the equator,
where the critical frequency is highest (can be seen from figure 62 in the Ray tracing
simulations, appendix F.1). The strong signal strength may indicate that the nearby
lands are producing radio waves in higher elevation angles. The second steadiness
occurs when the satellite is moving away from the African continent to the Southern
hemisphere, where the measurements reach its primary peak seen in figure 50.
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7 Results

7.1 Ionospheric Map Validation Using PropLab Pro 3

For analyzing the credibility of the Ray tracer’s ionospheric chart simulation of
the critical frequency, the post-processed data is compared with the PropLab Pro
3 software’s ionospheric chart derived for the 15th of June 2019. The PropLab is
a commercial HF radio wave simulation software that is developed by the Solar
Terrestrial Dispatch [69]. Both the Ray trace and the PropLab programs use a
background ionosphere to simulate the wave propagation. As already mentioned,
Ray tracer uses the latest version of the ionospheric model, the IRI-2016 model,
while the PropLab uses an older version of the IRI model, the IRI-2007 model.
Due to the large version difference between these ionospheric models, there will be
some differences in the profiles and the simulation results produced these ray tracing
software (as discussed in section 2). Multiple tests are not possible to do, because,
during the time of the writing this thesis, the PropLab software crashed and is
giving a DOMAIN error. The simulation presented in this section is taken before
the software crashed.

Figure 54: The ionospheric map chart of the critical frequency generated by the PropLab
Pro 3 software for the 15th of June 2019 at 12:00:00 UTC. The nightside, the twilight, and
the dayside regions as well as the position of the Sun (the yellow dot) are shown in the
plot.

Figure 54 shows the critical frequency generated by the PropLab and figure 55
presents the critical frequency simulation derived from the Ray tracer program.
Both simulations are derived for the same date and time, 15th of June 2019 at
12:00:00 UTC. The frequency equal contour lines illustrated in Ray tracer’s post-
processed simulation matches qualitatively with the commercial software. However,
there are some substantial quantitative differences between the predictions. The
PropLab’s frequency maximum seen in the simulation is much higher than obtained
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from the Ray tracer. The strongest values in both simulations are around Saudi-
Arabia. However, the frequency increases as high as 13 MHz in the PropLab’s
simulation, but Ray tracer’s frequency increases only to 10 MHz. This shows a
large fp peak value difference between the background ionosphere models in the
second layer of the upper ionosphere, F2. The altitude profiles (the electron density
and the plasma frequency) presented in figure 56 illustrate the ionospheric profile
comparison of the IRI models. The altitude profiles presented in figure 56 present a
large difference between the two ionospheric model’s peak values, NmF2 and foF2,
from the analysed location on the same date and time (more about the ionospheric
model comparison in section 7.1.1).

Figure 55: The ionospheric map chart of the critical frequency generated by the Ray
tracer for the 15th of June 2019 at 12:00:00 UTC.

7.1.1 Comparison of Ionospheric Models

The lower ionosphere, the D and E regions, in the IRI-2007 and the IRI-2016 models
are defined by using the definition options for calculating the electron density and ion
composition, which is why the lower ionosphere Ne and fp values are the same in the
profiles presented in figure 56. In the upper ionosphere of both ionosphere models,
the value differs from each other because the options used to calculate the TEC are
different. The IRI-2016 uses two models, the SDMF2 and the IRTAM models (more
in section 2), for describing the TEC in the F layer. The IRI-2007 also uses two
options for theoretically calculating the electron density and the ion composition
in the upper ionosphere: The TOPEX ocean measurement satellite’s data and the
NeQuick model. The accuracy of the electron density and the ion composition in
the upper ionosphere, in the Ray tracing simulation, is quite accurate in the latest
ionospheric model, because the SDMF2 model uses the satellite and the digisonde
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data for calculating a realistic TEC of the upper ionosphere, and the IRTAM is used
for getting real-time ionospheric measurements.

Figure 56: Comparisons of the IRI-2007 and IRI-2016 ionospheric models’ standard
outputs, the density of the electrons (the panel on the left), the temperature of the electrons
(the middle panel), and the plasma frequency (the panel on the right) profiles as a function
of the altitude.

Let’s look at the details of the compared two ionospheres models. It should be
noted that the IRI-2007 model uses the Epstein-layer function, equation (2.19), to
theoretically obtain the average electron density decrease in the upper ionosphere
by using the TOPEX data, in contrast to the previous IRI model, the IRI-2001.
The TOPEX is a satellite developed for making ocean measurements and map the
ocean surface topography, which is orbiting at the altitude of 1340 km. The TOPEX
was launched in 1992, and the mission was ended in 2006. The data extracted to
calculate the monthly average TEC content is based on the analytical estimation of
the TOPEX data, and due to this, the Ne and Te values do not consider natural
causes that have happened after the year 2006.

The IRI-2016 model uses a global median model of the ionospheric peak height
(hmF2) of the F2 layer, the SDMF2 model, that uses satellites’ and digisonde meas-
urement data to calculate the monthly average of the TEC in the upper ionosphere
in the F region. The SDMF2 model consists of the radio occultation (RO) data
from the CHAMP, GRACE, and COSMIC satellites. The model also includes the
hmF2 data at 1987-2012 from 62 digisondes. The IRTAM model is updated into
the IRI based on ionosonde and the GPS data for the IRI model to describe real-
time weather conditions, instead of relying on provided climatology data that was
provided into the standard IRI model previously [31].

The altitude of the F2 layer is different in both ionospheric models when com-
paring the ionospheric profiles presented in figure 56. The ratio profile presented in
figure 57 presents the electron density ratio, derived from the equation (??), when
the profile as a function altitude is:

Ne.ratioi =
Nei

max[Ne]
, (7.1)

where i = 1, 2, 3, 4, ..., n (n is the maximum length of the column lines). The max[Ne]
is the highest peak density in the F2 layer, NmF2. The profile presents an altitude
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difference of two ionospheric models density ratios, for a comparison. The altitude
difference in the ratio profile is about 50 km in the upper ionosphere predictions
from the F1 to the F2 layer, but the lower ionospheric regions estimations up to
the F1 layer are approximately identical due to the same options. Due to this, the
PropLab’s results are slightly complicated to use for the analysis and the research
the upper ionosphere with the Suomi 100 satellite’s radio wave observations because
the IRI-2007 options estimate the monthly average TEC based on the Epstein-layer
function and the TOPEX satellite data from 1996-2006. Based on the analysis of
section 6, the IRI-2016 model’s upper ionosphere estimation slightly matches with
the radio measurements presented in figure 42.

Figure 57: The ratio profiles of the electron density which are presented in figure 56.

7.2 Ionospheric Map Validation with the Measurements

The Suomi 100 satellite’s radio wave measurements presented in section 6 showed
us a strong variation of the ionospheric profile when the satellite is moving around
the Earth. By comparing the normalised mean to the normalised critical frequency
in two different altitudes, we can assume that the portion of the signals detected
by the Suomi 100 satellite’s radio spectrometer is from the Earth’s surface when
we involving the predicted location of the satellite, based on the NASA’s epoch
data on the analyse date. In this validation test we will focus on comparing the
satellite’s radio measurements presented in figure 60 (see appendix C.2) to the iono-
spheric electron density profile, presented in figure 43 (see section 6), generated by
satellite_track program for the 16th of June 2019, with the IRI-2016 ionospheric
model.

As discussed in the previous section, figure 42 presents a comparison graph of the
normalized critical frequency and the normalized signal obtained from the Suomi 100
satellite’s radio spectrometer. By observing the locations of the satellite at every 10
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minutes along the orbit which was presented in figure 45, we will focus now mostly
on the RF activity detected on the land as the activity on the ocean areas is weak in
the normalized mean graph. The refractive index and the wave energy, introduced
in section 3, in the land area show the possible ray paths of the transmitted EM
wave when observing the ray tracing and photon map simulations presented in the
appendix F.

As mentioned in section 6, the transmitted rays in the satellite’s locations, when
the ionosphere is weak, are possible to be detected from a larger area if we assume
that the satellite’s radio spectrometer detection area is a circular-like. In the weaker
ionosphere areas, the refractive index is less dependent on the elevation angle of
the ray’s as our ionosphere will easily let the MF and HF radio waves to propagate
through the peak of F2 layer.

Let us now investigate the satellite’s locations from the satellite path simula-
tion shown in figure 45 and the RF activity, when the satellite is orbiting in the
Northern hemisphere. Based on the Ray tracer’s GIM, in the Northern hemisphere,
the critical frequency varies approximately between 4.5 MHz and 9.0 MHz (see the
GIM simulations presented in appendix E.2, figure 62) and the EM wave observed
is 8.0 MHz, meaning the areas that have a critical frequency less than our incident
frequency (fp < f) are detected in a larger area as they are less dependant on the
rays path elevation. Based on the Ray tracer’s ray tracing simulations, the ray path
refracts further upwards in the ordinary wave mode than in the extraordinary mode
(see the ray tracing simulations in appendix F.1, figure 47).

The peak plasma frequency (foF2) in the Southern hemisphere is much weaker
than in the Northern hemisphere due to the missing D region and the F1 layer,
which causes the TEC being less at the Southern hemisphere. The transmitted rays
are then less dependent on the angle at which the EM wave is transmitted from the
antenna when observing the MF and HF waves in the ionosphere during the time
of the satellite’s measurements. In the Southern hemisphere, the critical frequency
during the analysed radio measurement is from 1.3 MHz to 6.0 MHz (see foF2
simulations in appendix E.2). Based on section 6, the transmitted rays propagate
(from the surface of Earth) through the ionosphere and randomly strike all around
the geographical South pole (c.f. the photon simulation made for 11:30:00 UTC
in the appendix F.2 and F.3). In the nightside, because of the effects of basemap
module, the frequency range is slightly difficult to observe due to the dark theme in
the GIM simulations presented in figure 62.

The global GIM simulations include the largest content electron density near
the Earth’s equator resulting there the highest peak values of the F2. The IRI-2016
model generates a slightly higher peak critical frequency than 9.0 MHz (see the GIM
simulations presented in appendix E.2). In the radio instrument’s data which were
taken when the Suomi 100 satellite was orbiting around the equator, we see a slight
activity peaks in the normalized mean, presented in figure 53, indicating that the 8.0
MHz radio waves have propagated through the ionosphere even though the plasma
surrounding it is the densest. The older ionospheric model used the ProbLab also
assumes the equator during the day time has the largest TEC at the peak of the F2

layer. However the PropLab’s foF2 values do not match exactly with the radio wave
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measurement which was is done with the Suomi 100 satellite, because the critical
plasma frequency was much higher than the measured frequency.

7.3 Problems & Errors

The Ray tracer’s ionospheric simulation produces the peak density of F2 layer from
the grid points inside a square cell (figure 32) because the developed script creates a
box from grid points and generates the ionospheric profile for a point until moving
to the next point (listing 5). The operating system crashes at the Earth’s border
locations in latitude (90o and -90o), when the delta factors for the λ and the φ are
too small (∆λ and ∆φ), due to the IRI’s and the Ray tracer’s border estimation and
the file size generation. The iono3D program produces five output files that consist
of Ne, Te, N2, O2, and the neutral-electron collisions frequency values on the grid
points. The output file size, when the delta factors are ∆λ = ∆φ = 5, is about 80
kB, while the electron temperature file alone is half of 80 kB.

It is also important to recall that the delta factor defines the number of threads
that will be created while producing the output files. A single thread file size is about
8 kB (the Te thread’s size is between 4 kB and 5 kB) and it depends on the following
IRI model parameters defined in the configuration file (appendix D): height_begin,
height_end and height_step. The total size of a full ionospheric simulation produced
by the iono3D program mode, when considering the delta factor to be five for both
latitude and longitude, is approximately 10 MB in total.

The Ray tracer’s fourth program mode’s (satellite_track) problems mostly de-
pend on the coordinate file’s size. If the read coordinate file consists of the satellite
locations on every second, the measurement length defined in the configuration file
must be smaller than 1440 lines because the program will generate, just like in the
iono3D program mode, multiple thread files which will crash the operating system
after some time if the length is higher than 1440 lines. The position file that consists
of the satellite’s locations for every minute (1440 lines) is considered the smallest
position file that is recommended for the satellite track program when generating a
large length (140 min) measurement of the ionospheric profile. The output informa-
tion of this program mode is similar than in the previous model (Ne, Te, N2, O2 and
the neutral-electron collisions frequency values in time and location), but the size of
the file is much smaller (the size of one file is about 8 kB for 100 min measurement).

During the time of the writing of this thesis, the largest problem was the crash of
the PropLab Pro 3 program, which limited the possibilities of doing validation tests
on the ionospheric chart simulations generated by the Ray tracer. The commercial
software opened the operation interface but when operating the Global ionospheric
map and other features of the program, the execution file of PropLab Pro 3 gaves the
DOMAIN error. Due to this reason the validation test was done with the ionospheric
maps generated previously for the 15th of June 2019. Earlier GIM simulations can
be found, but for the comparison of the GIM result to the Suomi 100 satellite’s
measurement, we selected the date closes to the radio instrument’s observations
used in this thesis analysis (see section 6).
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8 Summary
This thesis has studied and analyzed the Suomi 100 satellite’s radio spectrometer’s
measurement in the Earth’s ionosphere at the altitude of ≈ 600 km. The numerical
simulations of the propagation of the radio waves were made with the Ray tracing
software which simulates how the ordinary and extraordinary waves propagate in
the magnetized plasma. In order to analyze the propagation of these waves, their
properties were first investigated with the Appleton-Hartree formula.

As a first simulation product of this thesis, we developed a global ionospheric
map (GIM) simulator program into the Ray tracer software in C++ language, to
investigate the ionospheric and atmospheric density profiles globally. Instead of
using worldwide ground stations to estimate the TEC for the GIM in real-time,
the Ray tracer uses the IRI-2016 and the NRLMSISE-00 models for calculating the
monthly average ionospheric and atmospheric profile in a real-time. The average
TEC in the upper ionosphere is calculated with the combination of the worldwide
digisonde stations and the multiple satellite radio osculation (RO) data, with an
up-to-date geomagnetic field model for an accurate ionospheric profile estimation.
Digisonde stations provide a real-time measurement to the IRTAM model and the
ionospheric profile data of the F2 layer’s peak height to the SDMF2 model.

As a secondary simulation and data analysis product made in this thesis, we
implemented into the Ray tracer a method for reading the ionospheric and atmo-
spheric inputs from an external position file to generate ionosphere profiles along the
satellite’s orbit. The so-called tracking system is for validating the reliability of the
ionospheric profiles when calculating the monthly averaged TEC for the read inputs.
The secondary use of the developed program is to derive the peak electron density
values of the ionosphere. In this thesis, we are focusing on the peak electron density
value in the F2 layer and the electron density at the satellite’s altitude to study the
propagation of the EM wave in the ionosphere. The Ray tracer provides the electron
density values at two altitudes, on the satellite’s (1) altitude and on its (2) approxim-
ate (600 km) altitude. The estimated altitude is read from the external file, which
gives the satellite’s estimated positions. The developed positioning program uses
the skyfield module that utilizes the SGP4 program for estimating the satellite’s
orbital position in real-time from the TEME coordination system by propagating
the TLE data’s epoch date and the time into the SGP4 program.

Section 2 provides background information about the medium analysed in this
thesis. The main parameters are the electron number density Ne, the neutral dens-
ity, the electron-neutral collision frequency νen, equation (2.4), the geomagnetic
dipole field model B0(r, λ, φ) and equation (2.7). The Ne and νeff are generated
and provided to the current version of the Ray tracer by using the latest steady
ionospheric and atmospheric models, the IRI-2016 and the NRLMSISE-00 models,
as a 1-D altitude profile. The IRI-2016 and the NRLMSISE-00 models work as the
background ionosphere for the Ray tracer. The geomagnetic dipole field is designed
to exhibit in a 3D spatial variation as a dipole magnet [10]. The electron-neutral fre-
quency is calculated by the Ray tracer program by defining it as a weighted average
of two neutral molecules collision frequency, equations (2.3)-(2.2). The geographic
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coordinates of the geomagnetic South pole are given by the WWM2020 model, which
is also used for simulating the geomagnetic flux density B, the declination δ and the
inclination I at the approximated altitude of the Suomi 100 satellite, figures 10-12.
Introduction of the IGRF and the IRI-2007 models are related to the PropLab Pro
3 models and are of crucial importance for the validation of the developed GIM
(section 7).

Section 3 contains background information about the properties of the cold
plasma model. Effects of the charged particles’ circular motion at the ionosphere,
the gyro-frequency Ωc, equation (3.10), must be included when defining the refract-
ive index in the magnetized plasma. As the investigated frequency is in the MF
and HF, the gyro-frequency of ions can be ignored from the refractive index be-
cause ion’s Ωc is the order of 1 kHz. This means that ion’s gyromotion will only
affect the ultra-low frequencies (ULF) waves. In defining of the electron refractive
index we include the electron gyro-frequency to the shorthand notations, equations
(3.18)-(3.20).

Section 4 provides the final information about measurement methods and stellar
body object tracking. The Suomi 100 satellite uses two ferrite antennas for making
radio wave measurement in the MF/HF ranges. The first antenna is designed for
frequencies at 2 MHz and below, for studying the signals produced from the outer
space and in the rare occasions propagating through ionospheric regions to the
satellite’s altitude. The frequency range of each antenna is defined by equation
(4.4). The values of the capacitance and the inductance can be found from the
Suomi 100 satellite’s source code, which is found from S100’s Git repository in
[55]. The satellite is designed with three different measurement modes, the raw,
the average, and the sweep modes. For analyzing the radio measurement with the
ionospheric profile, and partly validating the developed GIM simulator, the focus of
the analysis was the averaged 8 MHz radio wave measurement.

In addition to the simulations and data analysis, the thesis contained also work to
develop a robust commanding of the Suomi 100 satellite’s radio spectrometer. Aalto
University’s ground station uses the UHF uplink (see figure 25) for communicating
with the two currently operating satellites, Aalto-1 and Suomi 100. For observing the
performance of communication with satellite’s subsystems, the University uses an
open-sourced software-defined radio (SDR) application, the OpenWebRX, in order
to build a waterfall system. The ground station uses an in-build tracking system,
The Mission Control Center (MCC) GUI, to co-operate with the SDR application
for observing the Doppler shift, equation (4.5), to obtain a strong uplink between
the satellite and the ground station. The tracking system uses Keplerian orbital
elements for calculating and predicting satellite’s orbital locations in time near the
University’s ground station. However, for this thesis, we focused on the TLE as the
program used for predicting the orbital locations of the Suomi 100 satellite, which
uses the universal model and not the classical two-body element. Communication
between the satellite and the ground station is performed when the satellite gets to
the radar area of the uplink antenna, in our case at the UHF Yagi antenna’s radar.

Section 5 introduces the design and implementation of the primary and second-
ary product of this thesis into the Ray tracer. Both products focus on a system



95

which is calling the background ionosphere. The GIM focuses more on a global
simulation because the program generates geographical location profiles from a set
of grid points found in a square cell (see figure 32), which are then spread around
spherical locations with a photon mapping algorithm in the post-processing. For
reducing the burden on the operating system’s RAM and CPU, the output files
content was modified. Instead of appending each profile into one single file, an ad-
ditional function was designed into the program that stores the wanted values into
a new variable and writes it to a new file, making the output file size so reduce
significantly (about 10 times smaller than the original version).

The tracking product follows a time-based pre-determined path from the satellite
position program, and it generates a geographical location profile in time. The
date, the time, and the location (λ, φ, and altitude) are read from the position
file, making the program to be more dependent on the secondary input file than
in the configuration file. From the configuration file, the Ray tracer only reads
profiles starting and duration times with the satellite’s position files name. Satellite’s
positions are estimated into a position file with the help of the epoch data and the
SGP4 program. Epoch date and time for the Suomi 100 satellite are generated from
the NORAD. The SGP4 is the program that the skyfield module uses in order to
calculate and to estimate satellite’s positions with the help of the epoch data.

Section 6 analyses averaged 8 MHz measurement done on the 16th of June 2019,
with the Suomi 100 satellite’s radio spectrometer. The case study was made for 90
minutes observations, i.e. about one full orbit. The ionospheric profile, presented in
figure 43, and the Ray tracer simulations presented in appendix F was generated for
every 10 minute difference from 10:10:00 UTC to 11:40:00 UTC. The photon map
simulation was made from every 10 minutes presents the strike locations of 10000
photons, that are transmitted in a random direction from the specific locations found
in the position file (during the 90-minute rotation).

In section 7 the aim was to validate the GIM simulation results generated from
the Ray tracer with the PropLab Pro 3 program and the Suomi 100 radio wave
measurements. We emphasised problems associated with the ionospheric profiles
generated by two different ionospheric profiles because the PropLab uses an older
version of the IRI model, the IRI-2007 model, for generating the background iono-
sphere than the Ray traces program. This causes the ProbLab to estimate the peak
values of the upper ionosphere to sometimes occur at the higher altitude and be
much stronger than in the IRI-2016 version. The difference between the peak values
of the ionosphere can be seen from figure 56 and the altitude difference of the F2

layer in both the IRI model version is presented in ratio profile, figure 57.
Comparison between the IRI-2016 simulations ane the Suomi 100 satellite’s radio

wave measurement done for the 16th of June 2019 showed how the predicted iono-
spheric profile matches to radio wave measurements made by the satellite’s radio
spectrometer. For validating the GIM output, we observe when the satellite is orbit-
ing in the following areas: Northern hemisphere, Southern hemisphere, and Earth’s
equator. The Northern hemisphere shows the secondary peak that was detected
first from the normalized mean graph presented in figure 49 around the geograph-
ical North pole. In this area, the transmitted rays show a slight dependency of
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the transmitted elevation angle. The Southern hemisphere during the measurement
time was mostly covered in nighttime (the nightside effect is shown in the GIM
simulations presented in appendix F), indicating the ionosphere to be weaker and to
let the MF/HF radio waves to propagate to the outer space. It also tells us that the
ionosphere does not have the D and the F1 layer around this area. In the Southern
hemisphere, the satellite detects the primary peak presented in figure 50 around the
geographical South pole. The equator is observed for the validation due to it has
the strongest plasma content during the daytime and the nighttime.

8.1 Suggestion for Future Works

Figure 58: A 3D global ionospheric map simulation on the 15th of June 2019. The critical
frequency is taken from the approximated altitude of the Suomi 100 satellite.

Several development works were unidentified during this thesis. The current Ray
tracer generates a single ray’s path, in the raytrace mode, in a 3D but the electron
density profile used to generate the path is in 1D. In this thesis, the 3D simulations
of multiple rays are generated by utilizing the azimuth and the elevation functions
of the Ray tracing simulation. The azimuth of the ray path does one full circle (2π
or 360o), and the elevation is rotated as a half ball (0 to π or 0o to 180o). The signal
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transmitter’s location is defined as the centre of the half ball. In the future, it would
be recommended to convert the 1D density profile in the Ray tracing simulation into
a 3D observation, by giving the ray equations ṙ and k̇, equations (3.92)-(3.93) (see
section 3.3), from the Hamiltonian ray tracing function (3.89) an 3D dependency by
utilizing trilinear interpolation. In simplicity, the ray equation that is interpolated is
surrounded by the eight corners of a square cell-like structure. The 3D ray equations
are computed by utilizing the cube cell for the coordinated grid points. The trilinear
method is similar to bilinear interpolation, but instead of a 3D grid, in bilinear, we
are observing the grid point in 2D.

The time-dependent GIM model introduced in section 5 can be used for post-
processing ionospheric animations for the virtual reality (VR) program used by the
University’s Space Plasma Physics and Technology research group. The model has
images that have to be made into an orthographic model. It is also recommended to
convert the post-processing scripts from Python 2 to Python 3, as of January 2020
there will be no support to Python 2. The module Basemap should be changed Car-
topy because the Basemap module does not support Python 3, unless installed with
the conda. An additional method to improve the GIM program is to generate the
TEC from the worldwide ground stations based on their GPS data. This will cause
the need to separate the GIM simulator from the Ray tracer and do an individual
program that does not depend on the background of the ionosphere. The positive
side of the individual GIM is that the accuracy might be slightly accurate than the
global ionospheric models used in this thesis to develop the GIM simulator.
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A Mathematical Formulas

A.1 Appleton-Hartree Formula

Appleton-Hartree Formula can be used to investigate the polarization ρ in an elec-
tron plasma [43]:

ρ =

1
2
iY sin2(θ)± i

√
1
4
Y 2 sin4(θ) + cos2(θ)(U −X)2

(U −X) cos(θ)
. (A.1)

The polarization is solved from ρ’s quartic equation. The polarization ρ is defined
by using the x - and y-components, ρ = Ey

Ex
= Dy

Dx
, where the relation of D and E is

obtained from equation (3.14):

Dx = ε0Exn
2, (A.2)

Dx = ε0Eyn
2. (A.3)

The polarisation P is defined with the relation of electrical and electric displacement
field [43], equation (3.14):

D = ε0E + P ≈ εE. (A.4)

Therefore, the polarization (ρ = Py
Px
) can be presented in the x - and y directions as:

Px = ε0(n2 − 1)Ex, (A.5)

Py = ε0(n2 − 1)Ey. (A.6)

By solving equation (A.5) and then inserting it into the x -component of the
relation in [43], we get the refractive index n2:

X

n2 − 1
= −U − iρY cos(θ)⇒ n2 = 1− X

U + iρY cos(θ)
. (A.7)

Now by inserting the solved ρ in homogeneousness electron magneto-plasma equation
(A.1) into the refractive index equation (A.7), we get the Appleton-Hartree Formula:

n2 = 1− X(U −X)

U(U −X)− 1
2
Y 2 sin2(θ)±

√
1
4
Y 4 sin2(θ) + Y 2(U −X)2 cos2(θ)

. (A.8)

A.2 Solving of the Homogenous Matrix Wave Equation

Let us define a 3 × 3 matrix A:

A[3×3] =

a11 a12 a13

a21 a22 a23

a31 a32 a33

 . (A.9)

Then the determinant of the matrix A is:

det(A) = a11(a22a33−a32a23) +a21(−a12a33 +a32a13) +a31(a12a23−a22a13). (A.10)
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We can use equation (A.10) to derive the determinant M to the homogenous
matrix wave equation (3.31) by defining A = M:

det(A) =

∣∣∣∣∣∣
S − n2 cos2(θ) iD n2 cos(θ) sin(θ)

−iD S − n2 0
n2 cos(θ) sin(θ) 0 P − n2 sin2(θ)

∣∣∣∣∣∣ . (A.11)

The first column values are then:
a11 = S − n2 cos2(θ)

a21 = −iD
a31 = n2 cos(θ) sin(θ)

, (A.12)

the second column values are: 
a12 = iD

a22 = S − n2

a32 = 0

, (A.13)

and third column values are:
a13 = n2 cos(θ) sin(θ)

a23 = 0

a33 = P − n2 sin2(θ)

. (A.14)

By inserting the unit values of the matrix into equation (A.10) and changing the
places of variables we will get the wanted quadratic equation:

det(A) = an4 − bn2 + c, (A.15)

where: 
a = P cos2(θ) + S sin2(θ)

b = (S2 −D2) sin2(θ) + SP (1 + cos2(θ))

c = P (S2 −D2.

(A.16)
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B SGP4
One main new feature developed in this thesis is the possibility to derive plasma
parameter along the orbit of the spacecraft. In order to do that, we need a method
to derive the position of the spacecraft at a given time. This appendix describes
information which is needed to do that.

B.1 Time Prediction

The SGP4 program assumes the time system to be UTC, because it is uncertain
which time systems the program uses to calculate Greenwich Mean Sidereal Time
(GMST), UTC or UT1 [72]. The GMST uses Greenwich Meridian and vernal equi-
nox for measuring Earth’s rotation in relevant to distant celestial objects. The
GMST time is calculated by using UT1:

tGMST = 24110.55 + 8640184.81T + (9.31× 10−2)T 2 − (6.2× 10−6)T 3, (B.1)

where T is in Julian centuries from 2000 January 1st [73]. UT1 is assumed to be 0h
(86400 seconds of UT1), so T :

T =
JD(tUT1 = 0h)− 2451545

36525
. (B.2)

The difference between UTC and UT1, equation (B.3) was so small (below 0.7
seconds of UT1), it can be considered that UT1 is approximately equal to UTC
time (tUTC ≈ tUT1). UT1 is known to shift a little due to Earth’s rotation being
non-uniform [73]. The shifting UT1 will never be constant and will continually offset
from the atomic clock causing larger shifting in prediction. For avoiding these issues
when design the SGP4, the time was assumed as UTC. The difference between UTC
and UT1 times:

∆tUT1 = tUT1 − tUTC , (B.3)

is monitored by the IERS [73]. The UT1 measures the actual rotation of Earth’s
relative to mean Sun and is independent of observations location [73]. For measuring
the rotation of Earth’s for relevant to a celestial object the SGP4 uses hour angle of
the GMST, which is calculated from equation (B.1) by using Julian dates d0 [74, 72]:

θGMST =
tGMST (tUT1 = 0h)× 360o

86400s
+ 180o + d0 × 360o. (B.4)

B.2 True Equator Mean Equinox Coordinate System

For observing satellite locations, the SGP4 program assumes the True Equator Mean
Equinox (TEME) coordinate system for the python program, where the observation
point is at the Earth-Fixed (EF) frame [72, 75]. The direction of TEME is referred
to as uniform equinox, which causes the definition of coordination system to be a
slightly complicated. The TEME is found by observing Greenwich Apparent Sidereal
Time (GAST) hour angle’s components [72, 75]:

r̄TOD = ROT3(−θGAST )r̄PEF , (B.5)
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r̄PEF = ROT3(θGMST )r̄TEME, (B.6)

r̄TEME = ROT3(−θGMST )r̄PEF , (B.7)

where the GAST hour angle θGAST is connected to equation (B.4):

θGAST = θGMST + Eqe. (B.8)

The direction of the TEME is assumed technically to be in the true equator, that is
between the Pseudo Earth-Fixed (PEF) and the True of Date frames (TOD) [72, 75].
That is why the direction of the PEF and the TOD where defined in equations (B.5)
and (B.6). The ROT3() function describes directions r̄ rotation in 3 dimensional
(3D) surface. Visual demonstration of the TEME coordinate system, found in [75],
is presented in figure 59. The PEF differs from the TEM direction by the GMST
[75], which can be seen in the ROT3() function presented in equation (B.7).

Figure 59: Visual demonstration of True Equator Mean Equinox Coordinate System [75].

Python’s Skyfield module converts the coordination system of TEME to a stand-
ard coordination frame in the position file program after reading the epoch inform-
ation, date and time, from the TLE dataset for predicting satellite locations. The
coordinate systems converting are recommended for doing due to the TEME sys-
tems complex understating and finding the correct direction based on the GMST
and the GAST hour angles. The observation point of skyfield is constantly fixed to
the object’s location, in position programs case the observation point is the Suomi
100 satellite’s location.
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B.3 TLE Element Descriptions of the Listing 1

In this section we present the details of the TLE dataset presented in listing 1 (see
section 4.3). The dataset is generated on the 16th of June 2019. It is very important
to understand the orbital elements used for generating the orbital location of the
satellite in UTC time for a single day.

TLE Element Description
1 43804U Satellite Number
2 43804
18099AY International Designator
097.7426 Inclination
19167.83004367 Epoch Year & Day Fraction
239.7971 0014654 RAAN
+.00000206 Mean Motion Rate
+00000-0 Mean Motion Acceleration
341.3430 Eccentricity
018.7252 Argument of Perigee
14.952659380 Mean Anomaly
29156 Revolution Number at Epoch & Checksum
+23977-4 Drag Term
0 Ephemeris Type
9991 Element Number & Checksum
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C Measurement Flight Planner (FP) Commands
Radio operation measurement flight planner (FP) commands used on June 16th
2019. Operation mode was selected as Average (more in section 4.1) mode with a
frequency of 8.0 MHz. The FP frequency is defined in kilohertz instead of megahertz
so that is the reason why frequency shows the value of 8000 (8000 kHz = 8.0 MHz).
fp c r ea t e c01 1560676620 " eps output 0 1 0"
fp c r ea t e c02 1560676640 "adcs run f u l l s t o p "
fp c r ea t e c03 1560676660 "param mem 1 5"
fp c r ea t e c04 1560676680 "param se t amsoftmutemaxa 0"
fp c r ea t e c05 1560676700 "param save 5 5"
fp c r ea t e c06 1560676720 " rad io ve r s i on 1"
fp c r ea t e c07 1560676740 " rad io switch_power 3 0"
fp c r ea t e c08 1560676760 " rad io switch_update 1 0"
fp c r ea t e c09 1560676780 " rad io switch_update 0 2700"
fp c r ea t e c10 1560676800 " rad io operat ion PARAM PARAM 2 0 ;8000 ; 6000000 ; 1000 ; 1000 ; 3 ; 0"
fp c r ea t e c11 1560676820 " rad io am_agc_override 0 1 0"
fp c r ea t e c12 1560682941 " rad io switch_power 3 1"
fp c r ea t e c13 1560693601 " eps output 0 0 0"
fp c r ea t e c14 1560693621 " eps output 0 1 0"
fp c r ea t e c15 1560693641 "adcs run r e s t a r t "
fp c r ea t e c16 1560693661 " reboot 1"

Mode Averaged
Frequency 8000 kHz
Duration 6000000 ms | 100 min
Antenna 0

C.1 Radio Operation Line’s Definitions
Abbreviation Definition Selection Defined Input Unit

mode Measurement mode
1 (Raw), 2
(Average), 3
(Sweep)

2

tstart
Operation start delay
time 0 Millisecond [ms]

fconst
Measurement fre-
quency f 1000-9300 8000 Kilohertz [kHz]

ntimes
Read times in samples
(1 ms = 1) 6000000 Millisecond [ms]

tsleep
Read delay time of
satellite 1000 Millisecond [ms]

nave
N (1000 kHz) amount
of samples to average 1000

output
Wanted outputs from
the RF measurement,
see [55]

0-3 3

ferrite

Ferrite antenna used
for the RF measure-
ment in the specific
frequency, see figure
24

0 (Antenna 1),
1 (Antenna 0) 0
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C.2 Measurement Simulation

Figure 60: All measurement values collected by the Suomi 100 satellite during the radio-
spectrometer’s Average mode on the 16th of June 2019.
Top: Non-normalized mean and median values on each measurement count.
Middle: The maximum and minimum values during each count.
Bottom: Standard deviation and average values.
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D Ray tracer Configuration File Options
This appendix contains the configuration file used to operate the Ray tracer program.
All the options in the configuration file are necessary for the Ray tracer program
to function correctly without any error or malfunction. A single missing part will
cause the program to send a warning message and stop the process immediately. In
the option definition below, we will list only those options that were implemented in
the progress of developing the two new program modes in the Ray tracer program.
Options that are not listed in this section can be found in [10] with more details.
DEFINE TRANSMITTER:
l a t i t u d e =60.1N
long i tude =24.8E
a l t i t u d e =100
antenna_type=hal fwave_dipole
antenna_elevat ion=0
antenna_bearing=0

DEFINE RHOMBIC ANTENNA PARAMETERS ( i f antenna_type==rhombic ) : beta=L/wavelength , alpha=rhombus
angle [ degrees ]

rhombic_beta=6
rhombic_alpha=16

DEFINE GEOMAGNETIC (SOUTH) POLE:
po l e_la t i tude =80.65S
pole_longi tude =107.32E
B_EQ=30.5e−6
magf i e ld=d ipo l e

DEFINE EARTH SURFACE ELECTRICAL CHARACTERISTICS:
ground_conductivity =0.01
ground_permitt iv ity=30

DEFINE IRI OPTIONS:
use_IRI=true
IRI_lat i tude =60.1N
IRI_longitude =24.8E
year=2020
month=5
day=12
time=UTC
hour=13.5833
height_begin=60
height_end=1000
height_step =2.5

DEFINE IONOSPHERE PROFILES ( i f use_IRI==f a l s e ) :
dens i ty=proplabdens . txt
c o l l i s i o n s=p r op l ab c o l l s . txt

DEFINE INTEGRATOR:
pos_abstol=1e−8
pos_re l t o l=1e−8
k_abstol=1e−8
k_re l to l=1e−8
i n i t i a l_ s t e p=1e−8
max_step=1e−6
min_height=50e3
max_height=1000e3
max_hops=0
max_number_steps=1e6
i n c l u d e_c o l l i s i o n s=true
inc lude_magf ie ld=true
pseudorea l_to le rance =0.2
resonance_to lerance=1e4

DEFINE PROGRAM: program i s e i t h e r ’ raytrace ’ , ’ photonmap ’ , ’ iono3D ’ or ’ s a t e l l i t e_ t r a c k ’
program=iono3D
frequency=8e6
num_threads=8

DEFINE RAYTRACING OPTIONS ( i f program==rayt race ) :
mode=O
e l e va t i on =45:1:45
azimuth =45:45:45

DEFINE PHOTON MAPPING OPTIONS ( i f program==photonmap ) :
photons=10000
e levat ion_range =0:90

IONOSPHERIC MAP COORDINATES ( i f program==iono3D ) : form i s e i t h e r ’ iono_IRI ’ or ’ iono_IRI_time ’
IONO_form=iono_IRI
end_hour=14.30
hour_step=1
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IRI_lat i tude_start=90S
IRI_lat itude_stop=90N
IRI_lat i tude_steps i z e=5
IRI_longitude_start=180W
IRI_longitude_stop=180E
IRI_long i tude_steps ize=10
s100_height=600

SATELLITE TRACKING ( i f program==sa t e l l i t e_ t r a c k ) : durat ion gven in minutes
S100_pos i t i on_f i l e=S100_POSITION_MIN_20200512
Measurement_start_hour=11.25
Measurement_duration_time=140

DEFINE OUTPUT:
path_posit ion=OFF
path_k=OFF
path_time=OFF
path_attenuation=OFF
path_refract ive_index=OFF
path_groupveloc ity=OFF
str ike_ground=OFF
strike_maxH=OFF

D.1 Configuration file’s Option Definitions
Option Definition Selection Example Input Unit

pole_latitude Geomagnetic South
pole’s latitude

N (North), S
(South) 80.65S Degrees

[o]

pole_longitude Geomagnetic South
pole’s longitude

E (East), W
(West) 107.32E Degrees

[o]

B_EQ
Magnetic field
strength at Earth’s
magnetic equator

30.5e-6 Tesla [T]

magfield Geomagnetic field
model

dipole, con-
stant dipole

ground_conductivity
Electrical conductiv-
ity σ at the Earth’s
surface

5

Siemens
per
meter
[ S
m
]

ground_permittivity
Electrical permittiv-
ity εr at the Earth’s
surface

70

use_IRI

Generates a back-
ground ionosphere
from IRI-2016 and
NRLMSISE-00,
more information in
[10]

true, false true

IRI_latitude Latitude of back-
ground ionosphere

N (North), S
(South) 60.1N Degrees

[o]

IRI_longitude Longitude of back-
ground ionosphere

E (East), W
(West) 24.8E Degrees

[o]
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Option Definition Selection Example Input Unit

year Year of ionospheric
profile

Depending
on the ver-
sion of IGRF
coefficient data

2020

Month Month of iono-
spheric profile 1-12 5

day Day of ionospheric
profile 1-31 12

time
Time zone specific-
ation for the iono-
spheric profile

local, UTC UTC

hour Hour of day for iono-
spheric profile 0-24 13.5833 Hour [h]

height_begin Starting height of
ionosphere 60-1500 60 kilometre

[km]

height_end Ending height of
ionosphere 60-1500 1000 kilometre

[km]

height_step
Height distance of
two ionospheric pro-
file

1 kilometre
[km]

density

User-defined elec-
tron density data
for the Ray tracer
program, if use_IRI
== false

proplabdens.txt

collisions

User-defined
electron-neutral
frequency data for
the Ray tracer pro-
gram, if use_IRI
== false

proplabcolls.txt

program Specific program
mode

raytrace,
photonmap,
iono3D, satel-
lite_track

iono3D

frequency Transmitted rays
frequency f 8e6 Hertz

[Hz]

num_threads
CPU’s maximum
thread number used
by OpenMP

8

IONO_form

Ionospheric charts
version specified by
the user: single time
or multiple chart in
N different time

iono_IRI,
iono_IRI_time iono_IRI
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Option Definition Selection Example Input Unit

end_hour

Final time for iono-
spheric chart, if
IONO_form ==
iono_IRI_time

0-24 14.30 Hour [h]

hour_step

Time distance
between two con-
stative time value
in ionospheric
chart simulation,
if IONO_form ==
iono_IRI_time

1 Hour [h]

IRI_latitude_start
Starting border lat-
itude of ionospheric
chart

N (North), S
(South) 90S Degrees

[o]

IRI_latitude_stop
Ending border lat-
itude of ionospheric
chart

N (North), S
(South) 90N Degrees

[o]

IRI_latitude_step

Degree distance of
two constative lat-
itudes in the iono-
spheric chart simula-
tion

5 Degrees
[o]

IRI_longitude_start
Starting border lon-
gitude of ionospheric
chart

E (East), W
(West) 180W Degrees

[o]

IRI_longitude_stop
Ending border lon-
gitude of ionospheric
chart

E (East), W
(West) 180S Degrees

[o]

IRI_longitude_step

Degree distance of
two constative lon-
gitudes in the iono-
spheric chart simula-
tion

10 Degrees
[o]

s100_height
Ionospheric chart
simulation for a
specific altitude

600 Kilometre
[km]

S100_position_file

Stellar objects posi-
tion files name from
tracking path, de-
tailed more in sec-
tion 5

S100_POSITION_20200512

Measurement_start_hour
Starting time of the
ionospheric from ob-
jects position file

0-23.9834 11.25 Hour [h]

Measurement_duration_time

Duration length of
wanted profile from
the objects position
file

140 Minute
[min]
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E Global Ionospheric Profile Map Simulations

E.1 Electron Density Ne

Figure 61: Ionospheric map of the maximum electron density (Ne in m−3) on the 16th

of June 2019, from 10:10 UTC to 11:40 UTC. The first four simulations (two columns
on the top) present the maximum electron density in the ionosphere, and the next four
simulations (two columns at the bottom) present the electron density of the ionosphere at
the altitude of 600 km, i.e. approximately at the altitude of the Suomi 100 satellite.
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E.2 Plasma Frequency fp

Figure 62: Ionospheric map of the maximum plasma frequency (fp in MHz) on the 16th

of June 2019, from 10:10 UTC to 11:40 UTC. The first four simulations (two columns
on the top) present the maximum critical frequency in the ionosphere, and the four next
simulations (two columns at the bottom) show the critical frequency of the ionosphere at
the altitude of 600 km, i.e. approximately at the altitude of the Suomi 100 satellite.
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F Photon Map & Ray Tracing Simulations

F.1 Ray tracing

Figure 63: Ray tracing simulations of transmitted 8.0 MHz signals on the O-mode at the
Suomi 100 satellite’s locations presented in figure 45 from the surface of Earth (≈ 0 km)
to 600 km.
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F.2 Photon Maps at Ground (≈ 0 km)

Figure 64: Photon map simulations of transmitted 8.0 MHz rays strike points to the
ground, at the satellite locations presented in figure 45. Isotropically radiated transmitter’s
power was 1 W and the colour shows the intensity [ W

m2 ] in dB.
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F.3 Photon Maps at Satellite’s Altitude (≈ 600 km)

Figure 65: Photon map simulations: Strike points of the transmitted 8.0 MHz rays at
the altitude of 600 km (i.e. approximately at the altitude of the Suomi 100 satellite) at the
satellite’s locations presented in the figure 45. Isotropically radiated transmitter’s power
was 1 W and the colour shows the intensity [ W

m2 ] in dB.
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G Computing & Benchmark Device

G.1 System Spec

The benchmark performance is measured on an Intel i5-8265U Central Processing
Unit (CPU), with Linux Ubuntu operating system (OS). The key features of the
CPU:

• Base Frequency: 1.6 GHz

• Number of Cores: 4

• Number of Threads: 8

• Cache: 3.2 GB

• Random Access Memory (RAM): 32 GB (2 × 16 GB)

The systems CPU base frequency can be raised up to 3.9 GHz and the RAM
is a Double Data Rate (DDR) 4 Synchronous Dynamic Random Access Memory
(SDRAM), with base frequency of 2400 MHz. The CPU has a Turbo Boost Tech-
nology, which accelerates processors and graphics performance for peak load. Other
specs of the system:

• Graphics Processing Unit (GPU): Intel Ultra High Definition (UHD) Graphics
620

• Solid State Drive (SSD): 512 GB M.2 Peripheral Component Interconnect
Express (PCIe) Non-Volatile Memory express (NVMe).

G.2 GNOME System Monitor

Figure 66: GNOME Systems Monitor’s interface showing CPU and RAM activity without
Ray tracer running in the background.

The GNOME system monitor is a process monitoring tool that is used for check-
ing CPU and RAN activity during systems operation. It is an inbuilt monitoring
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system for Ubuntu based operating systems. In this thesis, the monitoring tool was
used for observing CPU and RAM activity, when the modified Ray tracer program
was running. In figure 66, we have the systems normal CPU and RAM activity
when Ray tracer is not operated.

TheWireless local area network of the system was closed for avoiding unnecessary
memory leaks. 3.9 GB of RAM activity seen in the system monitor is due to the
system running private and mandatory programs in the background. This does not
affect the benchmark analysis. CPU color coordination seen in the monitor interface
shows the activity of each CPU thread. This system is mounted with i5-8265U CPU
which has only 4 cores and 8 threads. In the normal situation, CPU activity varies
from one thread to another, where a few CPU are inactive, and others divide the
load into each other. The activeness of CPU threads stays somewhat of 40 % when
the system is operating normally. It is good to point out that the version in use
is the latest model currently available, GNOME System Monitor 3.36.0, during the
time this thesis was written.

G.2.1 CPU Activity

Figure 67: CPU activity when iono3D program mode was operating. Wi-Fi and non-
mandatory programs were shut for reducing the unnecessary load on the CPU. In Both of
the simulations step values were set as equal, ∆λ = ∆φ.
Top: ∆λ = ∆φ = 5o.
Bottom: ∆λ = ∆φ = 180o.

Figure 68: CPU activity when satellite_track program mode was operating. Wi-Fi and
non-mandatory programs were shut for reducing the unnecessary load on the CPU. The
position file in uses had satellite locations between every 1 second.
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G.2.2 RAM Activity

Figure 69: RAM activity for both program modes rose between 4.0 GB and 4.2 GB of
memory while having a cache memory of 3.2 GB. Wi-Fi was shut down when the programs
were operated for avoiding unnecessary memory leaks.
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H Physical Structure of Ground Station

Figure 70: The physical structure of Aalto University’s ground station at Otaniemi,
Espoo, Finland, which was used in this work [3]. The ground station in the image has
both the new and old modem computers still installed in it. Old modem computer is not
in use during the time of this thesis. The UHF and VHF front-ends in use are similar
to each other, figure 25. The difference between communication uplinks is the frequency
range. Courtesy of Aalto University.


