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Abstract

Earth’s radiation belts are extremely important for space weather because they can store and
accelerate particles to relativistic energies, which can have a potential impact on satellite
functionality, communications, and navigation systems. The FORESAIL consortium wants
to measure these high-energy particle fluxes to understand the dynamics of the radiation
belts with its satellite mission Foresail-2. The mission aims to measure magnetic ultra low
frequency waves and the plasma environment in the magnetosphere around Earth. The cap-
tured data will help to improve our understanding of space weather, and in particular the
dynamics of Earth’s radiation belts during periods of large disturbances inside the magne-
tosphere. A mission design analysis and several trade-off studies are conducted to find the
requirements for the science payloads and spacecraft avionics design. Deducted from these
requirements, four different payloads are proposed to gather science data in a highly ellip-
tical orbit such as a geostationary transfer orbit. The precision magnetometer uses flux-gate
technology to measure magnetic waves from 1 mHz to 10 Hz. The spin scanning parti-
cle telescope is built around a detector stack to measure electron spectra in the range of
30 keV to 10 MeV. Additionally, this mission serves as a technology demonstrator for the
Coulomb drag experiment which proposes a new kind of electric solar wind sail utilising
the Coulomb drag force imposed onto a 300 m long tether. The fourth payload investigates
multilayer radiation shielding and single event effects. All payloads will be supported by a
newly developed 6U platform using mostly commercial off-the-shelf components. Its pro-
posed avionics face several unique design requirements rising from the payloads and the
preferred highly elliptical orbit for this mission.
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1 Introduction

Even though Earth’s radiation belts have been extensively studied since their discovery in
the 1950s, our understanding of the variability of high-energy particle fluxes in this region
remains largely incomplete (Ripoll et al. 2020; Vainio et al. 2009; Lejosne et al. 2022; Allen
etal. 1958). Earth’s radiation belts comprise an outer belt, populated by relativistic electrons,
and an inner belt where both high-energy protons and electrons are found. These belts are
separated by a slot region, which is mostly devoid of particles (Van Allen and Frank 1959).
Typically, the outer belt extends between 12,000 km and 60,000 km above Earth’s surface,
thus encompassing the geostationary orbit, and the highest particle fluxes are found between
20,000 km to 30,000 km. While the inner belt is relatively stable, the intensity of particle
fluxes in the outer radiation belt varies on timescales from minutes to days in response to
solar wind driving and geomagnetic activity (e.g. Baker et al. 2019). Observations show that
the fluxes of energetic particles can increase dramatically or drop suddenly by several orders
of magnitude, within time scales of less than one day, and sometimes much shorter (Thorne
2010). Furthermore, the positions of the outer belt and the slot region are not constant in
time, as for example the slot region can be filled with energetic particles during extreme
events (Blake et al. 1992; Baker et al. 2013).

The radiation belts play a central role in causing adverse space weather conditions in
near-Earth space. Enhancements in the high-energy particle fluxes, for example during mag-
netic storms, affect spacecraft passing through the radiation belts and can significantly im-
pact the operational lifetime of satellites in orbit (Koons and Fennell 2006). Accurate models
are required for satellite manufacturers and operators to make appropriate design decisions
and to ensure the durability and resilience of the spacecraft. This calls for a thorough un-
derstanding of radiation belt dynamics, particularly the physical processes governing the
energetic particle fluxes.

In recent years, significant progress has been made in radiation belt physics thanks to
the data collected by NASA’s twin Van Allen probes (Baker et al. 2019; Ripoll et al. 2020).
However, the relative importance of the different acceleration and loss mechanisms at play
remains unclear (Baker et al. 2018; Ripoll et al. 2020; Lejosne et al. 2022). More data are
needed to unravel the physical processes at play further. With the end of the Van Allen
Probe mission in 2019, there is no longer continuous monitoring of the radiation belts in
the equatorial plane apart from data acquired by satellites in geostationary orbit. As the
solar cycle approaches its maximum (expected in 2024-2025), a new mission targeting the
radiation belts would be extremely timely, to investigate the response of the radiation belts
during periods of intense geomagnetic activity, thus complementing the dataset from the
Van Allen probes which were operated during a mild solar cycle.

Though CubeSat missions have been mostly limited to Low Earth Orbit (LEO), where
radiation levels are modest, small satellites are proposed to be deployed in highly ellipti-
cal orbits such as the Geostationary Transfer Orbit (GTO) to conduct more in-depth space
weather observations (Madry and Pelton 2020; Kopacz et al. 2020). Such highly elliptical
orbits present several challenges that need to be overcome when designing successful mis-
sions:

At the apogee, the communication distances are at least 20 times longer than on LEO.
In combination with the need to send several MB per day and the limited power resources
of a CubeSat, a sophisticated communication solution is needed. As the orbital period of
such orbits is typically several hours and the spacecraft is most of the time near the apogee,
system thermals have also to be considered in detail. A thermal analysis will not be made in
this article as a study is currently in progress for the shown spacecraft design.
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Additionally, the injection into a GTO-like orbit has high lifetime uncertainties, which
can lead to orbital lifetimes reaching from weeks to tens of years depending on the launch
time and day (Lamy et al. 2012; Wang et al. 2020).

Furthermore, the flux of ionising radiation is increased in comparison to LEO due to
trapped particles in Earth’s magnetic field (Russell 2000). As the spacecraft passes through
the high radiation region, a radiation mitigation strategy is needed to protect the commonly
used Commercial Off-The-Shelf (COTS) components (Winokur et al. 1999; Nasa 1996).

The Finnish Centre of Excellence in Research of Sustainable Space (FORESAIL) wants
to demonstrate the capability of small satellites to perform science missions in high elliptical
orbits under these extremely challenging conditions.

This article presents the mission and spacecraft design of the Foresail-2 (FS2) CubeSat to
study Earth’s radiation belt regions. Firstly, the scientific motivation for this mission is dis-
cussed in Sect. 2. This results in the requirements needed to conduct the mission (Sect. 2.6).
In Sect. 3 the derived payloads are discussed. The resulting mission and spacecraft design
are explained in Sect. 4. Furthermore, a brief comparison with other missions is given in
Sect. 5.

2 Motivation

The FS2 mission aims to improve our understanding of radiation belt particle dynamics in
response to Ultra Low Frequency (ULF) waves, by providing a new set of measurements in
this region. ULF waves in the inner magnetosphere have major importance for the dynamics
of the outer radiation belt (Elkington 2006). Thus, quantifying their impact on relativistic
electron fluxes is crucial.

The FS2 mission will concentrate on two types of ULF waves which are routinely ob-
served in the magnetosphere and have been shown to strongly affect radiation belt electrons:
ULF waves in the Pc5 frequency range and Electromagnetic Ion Cyclotron (EMIC) waves.

2.1 Ultra Low Frequency Waves in the Pc5 Range

Continuous pulsation (Pc) range fluctuations in the Pc5 frequency band (2 mHz to 7 mHz,
see for example GlaBmeier 2007) are routinely observed inside Earth’s magnetosphere (e.g.
Anderson et al. 1990; Liu et al. 2009; Murphy et al. 2020; Sarris et al. 2022). A large frac-
tion of these waves is caused by processes occurring outside the magnetosphere, for exam-
ple, fluctuations in the solar wind dynamic pressure in the same frequency range or surface
waves at the magnetopause which trigger oscillations on Earth’s magnetic field lines (e.g.
McPherron 2005; Menk 2011). Parts of these waves are also generated internally, due to
local plasma instabilities, generally during disturbed times such as magnetospheric sub-
storms and magnetic storms (e.g. McPherron 2005; Menk 2011). Compressional Pc5 wave
power tends to be stronger on the dayside, near the outer boundary of the magnetosphere,
while transverse fluctuations in the azimuthal direction, associated with standing waves on
Earth’s magnetic field lines, are observed across all magnetic local times (MLTs) (e.g. Sar-
ris et al. 2022). The Pc5 wave power strongly depends on solar wind driving and tends
to increase with increasing solar wind velocity and density or pressure variations (Liu et al.
2010; Takahashi et al. 2012; Bentley et al. 2018). Pc5 wave activity is also strongly enhanced
during geomagnetic storms (Kalliokoski et al. 2020; Mathie and Mann 2001; Nikitina and
Trichtchenko 2021; Sandhu et al. 2021).
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Pc5 ULF waves are central to radiation belt dynamics because their periods are com-
parable to the drift periods of relativistic electrons around the Earth. As a result, energy
exchange can take place between the waves and the particles through resonant interactions.
Pc5 waves cause in particular inward and outward radial transport of electrons that can lead
to an increase of particle energies or to their losses at the magnetopause (Jaynes et al. 2018;
Lejosne and Kollmann 2020; Turner et al. 2012; Brito et al. 2020). On timescales shorter
than the drift period, narrowband coherent Pc5 waves can cause drift-resonant acceleration
of radiation belt electrons, which appears as oscillations in the particle fluxes at the same pe-
riod as the ULF waves (Elkington et al. 2003; Claudepierre et al. 2013). On long timescales,
much longer than the electron drift period, the accumulated effect of the interaction between
the electrons and the ULF waves leads to radial diffusion (Lejosne and Kollmann 2020).

2.2 Electromagnetic lon Cyclotron Waves

Electromagnetic Ion Cyclotron (EMIC) waves, with frequencies in the Pc1-2 ULF range
(0.1 Hz to 5 Hz), are discrete electromagnetic emissions caused by temperature anisotropies
in the ring current ion populations (e.g. Fraser et al. 2006; Usanova et al. 2016). They can be
generated in multiple distinct bands, associated with the gyro frequency of the resonant ion
population (e.g. H" band, He™ band). Their source is thus internal to the magnetosphere,
and their occurrence rate, their properties and their spatial distribution strongly depend on
the solar wind conditions and the level of geomagnetic activity (Saikin et al. 2016; Chen
etal. 2019; Jun et al. 2021).

The majority of EMIC wave events are observed during the recovery phase of geomag-
netic storms (Saikin et al. 2016). Sheath regions preceding interplanetary coronal mass ejec-
tions can also lead to enhanced EMIC wave activity (Kalliokoski et al. 2020). The occur-
rence rate of EMIC waves is larger on the dayside, with generally a peak in the afternoon
sector (Min et al. 2012; Saikin et al. 2015; Chen et al. 2019; Jun et al. 2021; Sigsbee et al.
2023). H* band EMIC waves tend to be found mostly outside the plasmasphere, while waves
in the He™ band are observed predominantly inside the plasmasphere (Jun et al. 2021).
Multi-spacecraft observations suggest that the extent of individual EMIC wave events ranges
between 0.5 h to 3 h in MLT, with larger extents found on the dayside (Clausen et al. 2011;
Blum et al. 2017).

EMIC waves are important for the radiation belt dynamics, as they precipitate efficiently
relativistic electrons (>~ MeV) via pitch angle scattering. However, many open questions
remain regarding their impact on particle precipitation in the upper atmosphere. For exam-
ple, it is still unclear whether they can also induce precipitation of particles in the sub-MeV
range (Denton et al. 2019; Ripoll et al. 2020). Characterising the spatial extent and the du-
ration of EMIC events is crucial to accurately quantify their contribution to electron losses.

2.3 Science Questions and Objectives

The following science objectives were identified for the Foresail-2 mission:

2.3.1 S1: What Is the Role of ULF Waves in Accelerating, Transporting, and Scattering
of Electrons in Earth'’s Radiation Belts as a Function of Solar Wind Driving and

Magnetospheric Activity?

S1.1: Quantify the role of magnetospheric activity, Pc5 and EMIC ULF waves for the re-
sponse of the radiation belt electrons (e.g., increase, depletion, or no change in the particle
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fluxes, modification of the pitch-angle distribution, evolution of the phase space density)
over a wide range of energies and locations as a function of solar wind structures (e.g., dur-
ing coronal mass ejection ejecta and sheaths, stream interaction regions and fast streams)
and magnetospheric activity.

S1.2: Explore the impact of solar wind drivers and magnetospheric activity on the ULF Pc5
and EMIC (2 mHz to 5 Hz) wave properties.

S1.3: Integrate the Foresail-2 data with measurements by other spacecraft in the solar wind
and magnetosphere, as well as from ground-based facilities to resolve whether waves are
externally transferred or internally generated (substorm activity).

S1.4: Characterise the response of electrons to ULF waves (e.g., increase, deplete or have
no change at all).

2.3.2 S2: How do ULF Waves and Turbulence Transmit Within the Inner
Magnetosphere?

S2.1: Study the variation of wave properties, such as frequency spectra, polarisation, corre-
lation lengths, etc., from ULF frequencies upwards to turbulent frequencies as these waves
travel within the inner magnetosphere.

S2.2: Characterise the spatial variation of wave properties in the largest range of L-shells
and magnetic local time as possible, by having the spacecraft reach a wide range of locations
in near-Earth space.

S2.3: Investigate the temporal variations of the wave properties as a function of solar wind
driving conditions.

2.4 Technology Demonstrators

In addition to scientific goals, FORESAIL also wants to deliver unique testing capabilities to
promote new technologies. The following technologies are considered during this mission
design study.

2.4.1 Coulomb Drag

Coulomb Drag (CD) has been proposed for interplanetary transportation in the form of an
Electric Solar Wind Sail (E-Sail) in the solar wind or a Plasma Brake (PB) for de-orbiting
within LEO (Janhunen 2004; Janhunen and Sandroos 2007; Janhunen et al. 2013). The E-
Sail and PB interact with the natural plasma stream such as solar wind or ionospheric ram
flow via long and charged tethers to transfer momentum to the spacecraft. The PB capabil-
ities of this technology will be demonstrated by Foresail-1p and ESTCube-2 (Iakubivskyi
et al. 2020).

Additionally, the plasma density can be estimated with the tether, as the electron cur-
rent gathered by the positive tether depends on the density of the surrounding plasma. In
principle, the drag can be measured for vastly different plasma densities from the dense
ionospheric plasma (starting from ~ 90 km) to the tenuous plasma outside the plasmasphere
(~ 4 Earth radii).

2.4.2 Radiation Shielding
Despite the interest in the radiation belts, current commercial CubeSat platforms cannot

tolerate the radiation levels encountered there (Madry and Pelton 2020). Most COTS com-
ponents remain operational after 5 krad of ionising dose, while some have been observed to
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function after more than 20 krad (Sinclair and Dyer 2013). Sensitive components must be
shielded to reduce the Total Ionising Dose (TID) they receive to a level at which they can be
expected to operate without failures.

Radiation shielding for CubeSats is an optimisation problem due to the size and mass
limitations of the satellite standard. Previous work for the FORESAIL project identified mul-
tilayer shielding material candidates for a CubeSat mission on GTO and the corresponding
publication is under review (Fetzer et al. 2023b). Monte Carlo particle transport simulations
using Geant4 (Agostinelli et al. 2003; Allison et al. 2006, 2016) were performed to estimate
the ionising dose deposited behind shielding by particle spectra predicted using space radia-
tion models available on SPENVIS (Donder et al. 2018). Conservative multilayer shielding
recommendations have been derived, which would keep the long-term average dose rate
inside the spacecraft below 1 krad per month (Fetzer 2023a,b,c). In-situ measurements are
needed to verify the actual ionising dose rates and TID behind the proposed radiation shield
and to demonstrate that COTS components can be operated on GTO inside a CubeSat for
the proposed mission duration of 6 months.

2.5 Technology Objectives

The following questions and objectives have been derived from the technology demonstra-
tors on this mission.

2.5.1 T1: How Does the CD Force Depend on the Surrounding Plasma Parameters and
the Tether Voltage?

T1.1: Characterise the relationship between the CD force and plasma density in various
plasma environments - starting from the ionosphere to the outside of the plasmasphere to
understand the effectivity of PB and E-Sail devices.

T1.2: Closely study the relationship between the CD force and the tether voltage to identify
the system requirements for future missions.

2.5.2 T2:Can CubeSats Use COTS Components in the Radiation Belts?

T2.1: Compare the measured and simulated TID rates for several shielding material combi-
nations to verify the results with in-situ spectra.

T2.2: Study the severity of SEEs to derive mitigation requirements for missions in highly
elliptical orbits.

2.6 Measurement and Instrument Requirements

In order to answer the science questions the mission shall provide magnetic field, energetic
particle flux and plasma density measurements.

To effectively use the CD force a tether has to be extended from the satellite and used
for drag measurements and as a scientific plasma instrument. Radiation tolerance testing re-
quires low-duty-cycle measurements for TID experiments and continuous SEE monitoring.

Figure 1 illustrates the dependency of each measurement requirement (OR) on the sci-
ence and technology objectives (S and T).
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Fig. 1 Requirement dependencies for the Foresail-2 measurement requirements (OR). Detailed information
about each requirement is provided in the accompanying text

2.6.1 Magnetic Field

To address Science Questions S1.1, S1.2, S2.1 and S2.2 the magnetic field vector shall be
measured in a frequency range of 1 mHz to 10 Hz with a minimum sampling frequency
between 1-2 Hz for Pc5 waves and of at least 10 Hz (OR4, ORS). The sampling frequency is
determined by the waves of interest with the highest frequencies, namely the EMIC waves.
These waves have frequencies between 0.1 Hz and 5 Hz, which requires a sampling rate
of at least 10 Hz. The waveforms will be barely resolved with a 10 Hz sampling rate, with
only two data points per wave period. A higher sampling rate will enable resolving the
waveforms with greater accuracy. The magnetic field magnitude shall be observed in the
range from 0.1 nT to 1000 nT (OR6). The maximum acceptable noise levels are 1 nT?>/Hz
for 1 mHz waves and 10~2 nT?/Hz for 1 Hz waves (OR7, OR8). These noise levels have
been determined based on the ULF wave power measurements by the GOES satellites. A
statistical study showed that the average quiet time levels of Pc5 wave power are of the or-
der of 5 nT?/Hz, while the average wave power in the EMIC band is around 1073 nT?/Hz
(Kalliokoski et al. 2020). The selected noise level enables measuring Pc5 waves both during
quiet times and storm times, as these waves are routinely encountered inside the magne-
tosphere. EMIC waves on the other hand mainly occur during storm times (Saikin et al.
2016), so the threshold was set in order to capture waves at storm-time levels, which are
most relevant for our science objectives.

To aid the science objective S1.2, the magnetic field intensity should be measured in the
Pc5 frequency range (2 mHz to 7 mHz) with a noise level of 50 nT?/Hz for 2 mHz, but
preferably better.

2.6.2 Energetic and Relativistic Electrons

To satisfy objectives S1.1 and S1.4, measurements of the electron energy spectrum shall
cover 800 keV to 8 MeV along 12 lines of sight at a given time (15° angular resolution)
(ORY).
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The ULF wave-particle interactions with 100 keV to 1000 keV result in drift-resonant
and non-resonant responses in the fluxes (e.g. drift echoes, zebra stripes). Signatures of ULF
wave-particle interactions have been measured for decades (Kokubun et al. 1977; Claude-
pierre et al. 2013), but in order to distinguish drift-resonant and non-resonant responses in
the fluxes one requires an energy resolution that is sufficiently fine (Hartinger et al. 2020;
Osmane et al. 2023). With an energy resolution AE/E of 20% a ULF wave with moderate
amplitude (less than a few nT), that resonates with 500 keV equatorially trapped electrons
(19.5 drift period at L-6), should not resonate with a 400 keV electron (23.5 s drift period).
The 400 keV electron will nonetheless experience a lower-amplitude non-resonant modula-
tion (drift-echo). For EMIC wave-particle interactions, the resonant energies for 1 to several
MeV electrons are highly dependent on the plasma ions density ratio (i.e. between hydrogen
and helium ions or/and hydrogen and oxygen ions) (Summers and Thorne 2003). For typical
plasmaspheric conditions, the threshold for efficient EMIC wave scattering can start from
800 keV to several MeV. With a resolution of AE/E of 100% it is possible to distinguish
the energy range where losses driven by EMIC waves are taking place.

Therefore, below 1000 keV, the energy resolution A E/E shall be at 20% (OR10). In the
1 MeV to 8 MeV range, an energy resolution AE/E of 100% shall be provided (OR11).
The range could be extended to 30 keV to 10 MeV along 30 lines of sight at a given time (6°
angular resolution) with an energy resolution AE/E of 20% to resolve smaller population
differences.

2.6.3 Electron Density

For S1.1, S1.4 and S2.2, electron density measurements shall be done with a one-minute
temporal resolution to determine if the spacecraft is inside or outside the plasmasphere
(OR12). Such distinction can be determined by estimating more than an order of magni-
tude difference in the electron density — inside the plasmasphere, it is between 10 and 10°
particles per cm?, and outside the density is below 10 particles per cm? (OR13).

This information is important for the scientific objectives as ULF wave properties differ
inside and outside of the plasmasphere (Liu et al. 2011; Takahashi et al. 2010; He et al.
2020), and the measurements will therefore provide crucial context to interpret the magnetic
field measurements.

Additionally, the electron density measurements should be performed at high temporal
resolution (up to one second in high-density plasma environment) to observe density fluc-
tuations of the order of one particle per cm® in the 1 mHz to 1000 mHz range, which are
associated with compressive ULF waves.

2.6.4 Coulomb Drag Force

The CD force (T1.1) is estimated by measuring the changes in the spin rate of the satellite.
Observations with different tether voltages and lengths shall be performed to satisfy T1.2.
A force of 0.1 nN per meter of tether length (conservative assumption) introduces a ~ 1.6°
difference in the phase angle when integrated over an hour and assuming a 300 m aluminium
tether(OR17). Thus, the attitude resolution shall be at least 1°/h with an accuracy of at least
2° (OR15). Such a tether weighs 3.3 g, with the required tether tip mass adding ~2.5 g.

2.6.5 Radiation

The actual dose accumulated by the onboard electronics shall be measured with enough
relative and temporal resolution to monitor the TID accumulation over the mission dura-
tion (T2.1). Due to the dynamics of the radiation belts, the received particle flux rates are
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expected to fluctuate on time scales of less than a day, as shown in Sect. 1. Assuming a
long-term average dose rate inside the shielded volume of the spacecraft of less than 1 krad
per month, a precision better than 30 rad shall be provided to resolve the average daily dose
accumulation (OR18).

To verify previous shielding simulations, the ionising doses behind thinner aluminium
shielding and alternative shielding materials shall be measured with a relative resolution
better than 1% (OR19). The expected relative performance differences between alterna-
tive materials are larger than 10% as concluded from simulations with Geant4 (Fetzer
2023a,b,c,d,e). Assuming a long-term average dose rate of 1 krad per month and one month
of integration time, this results in an absolute precision of 10 rad (OR20).

To study SEEs, monitoring functionality shall be implemented for a component that typ-
ically experiences SEEs (OR21). As the susceptibility to SEEs and the impact of SEEs
is dependent on the chip structure and architecture, only chip-specific conclusions can be
made.

2.7 Mission Requirements

The following mission requirements have been identified according to the science objectives
and the measurement requirements. These will form the demands for the launcher, space and
ground segments.
Orbit: The orbit for this mission shall pass through both radiation belts frequently to satisfy
S2 and S1 (ORI, OR2). A inclination of < 30° is needed for the scientific objectives of
the mission (OR3): The spacecraft’s orbit needs to lie near the equatorial plane in order to
measure those electrons whose mirror points are close to the equator. At higher latitudes, the
spacecraft would only measure the part of the high-energy electron population that has its
mirror points at higher latitudes. This low inclination is comparable to that of other radiation
belt missions such as the Van Allen Probes and the Arase satellite.

To ensure control authority from Finland, the satellite’s ground track and communication
schedule shall be optimized for visibility from Finnish ground stations.
Launch date: To perform measurements during high solar activity, which is especially in-
teresting for wave propagation science, the launch shall occur in late 2024 or the beginning
of 2025.
Attitude: To facilitate the calibration of onboard magnetometers and to provide the scan-
ning ability for particle measurements, the spacecraft shall spin with a period of 10 s to 20 s
and maintain the spin axis perpendicular to the local magnetic field direction. For conduct-
ing magnetometer calibration and scanning the surrounding plasma in a controlled manner,
the attitude control accuracy shall be at least 2° or better. The attitude shall be known with a
precision of 1° to achieve the proposed resolution for electron and magnetic field measure-
ments. To deploy the CD tether an angular momentum of approximately 21 Nms shall be
provided by the spacecraft.
Lifetime: To yield sufficient data the mission shall have an orbital lifetime of at least 6
months (OR14). This ensures a measurement of at least one geomagnetic storm. Ideally,
several storms would occur during this time period. Additionally, an orbital lifetime of below
25 years shall be maintained. Preferably, the lifetime is below 5 years to minimize space
debris as much as possible.
Duty cycle: The magnetic measurements shall be active at least in the outer radiation belt
to cover S2.2 (OR1). Particle detection should only be conducted inside the plasma (OR2).
The CD force shall be measured 100% of the orbital period to accurately determine the small
forces involved (OR16).
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2.8 Project Drivers

In addition to requirements, other project drivers need to be considered that do not arise
from science questions or technology objectives. These drivers do not affect the mission
requirements but rather influence the solutions to fulfil those requirements.

CubeSat heritage and available budget (D1): The platform provider (Aalto University) as
well as some of the science instrument providers have conducted missions together in the
past. On the first Finnish satellite, Aalto-1, which was launched in June 2017 into LEO and is
still operational, a plasma brake demonstrator by FMI as well as the radiation monitor RAD-
MON by the University of Turku are flying as payloads (Gieseler et al. 2020; Mughal et al.
2021; Praks et al. 2021). In 2021 the 3U Foresail-1 (FS1) satellite was launched into LEO
as part of the FORESAIL project (Palmroth et al. 2019). Its payloads are a particle scanning
telescope called PATE and a plasma brake technology demonstrator (Gieseler et al. 2021).
Due to an operational error, the satellite did not enter its science mission. A second satellite
Foresail-1p (FS1p) is currently under development. Considering the available technologies
and budget, the mission should obey the CubeSat standard (Poly 2022).

Education of future Finnish satellite builders (D2): The platform is intended to serve
educational purposes for students interested in space technology and satellites, with a focus
on hands-on experiences.

Finnish CubeSat science platform (D3): The platform may also aid future missions of the
Finnish science community.

3 Instrumentation

The FS2 satellite has three main instruments: Magnetometer Aboard the ForeSail-2 cubesaT
(MAST), developed by the Austrian Space Research Institute, Relativistic Electron and Pro-
ton Experiment (REPE) by the University of Turku and Coulomb Drag Experiment (CDE),
developed by the Finnish Meteorological Institute. In addition, a small Radiation Experi-
ment (RadEx) is developed by Aalto University.

3.1 Magnetometer Aboard the ForeSail-2 CubesaT (MAST)

MAST is a miniaturized version of the fluxgate magnetometer technology used for the
FIELDS instrumentation suite on the Magnetospheric Multiscale mission, designed to mea-
sure the magnetic field in Earth’s magnetosphere (Torbert et al. 2016). The implementation
used on FS2 is a new development, which employs a newly developed 4th-generation Mag-
netometer Frontend Application-specific integrated circuit (MFA) (Auer et al. 2018).

Fluxgate magnetometers measure the magnetic field by driving a highly permeable core
to saturation using a periodic drive current through the drive coil. The resulting magnetic
field exhibits a nonlinear relation to the current, as it changes along the nonlinear magneti-
sation curve of the core. This field is measured using a secondary coil (the sense or pickup
coil). The measured signal consists of the fundamental drive frequency, its odd harmonics
generated by core saturation as well as additional even harmonics generated by external
fields.

A fluxgate is not an absolute instrument. Scale factor and offset values depend on the
implementation and require calibration relative to an absolute magnetic field calibration
source.
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Fig.2 Fluxgate sensor head of
MAST at the tip of the FS2
twofold boom with the cover
dome removed

Table 1 REPE instrument target

performance for electrons and Particle species Energy range [MeV] Energy resolution [%]
protons
Electrons 0.4-8 20 for < 1 MeV
50 for > 1 MeV
Protons 5-500 30

The drive signal is provided using a Metal-Oxide Semiconductor Field-Effect Transistor
(MOSFET) switch supported by passive components (inductors and capacitors). Measure-
ments and feedback are conducted using Analog-to-Digital and Digital-to-Analog Conver-
sion (ADC/DAC), controlled by a regulation loop in an FPGA. This FPGA is also responsi-
ble for interface handling, packaging, housekeeping measurements, and handling auxiliary
magnetometers. It uses an RS-485 interface for communications with the satellite.

As seen in Fig. 2, the fluxgate sensor itself is mounted on a boom and is connected
to the electronics with a harness. The instrument needs 2.5 W of power when active in
science mode. The measurement head has a weight of 120 g and rough dimensions of
5.4 x 5.4 x 2.8 cm® so that it can fit into the tuna can volume. Whereas the electronics
box inside the satellite fits into 14.6 x 8.4 x 3 cm? and weighs around 400 g. The boom in-
creases the distance between potential magnetic disturbance sources and the sensor, which
also decreases the magnitude of the disturbances at the sensor position. MAST employs an
additional, low-sensitivity magnetometer that is used to measure the magnetic field of dy-
namic disturbance sources within the satellite. This information can be used to identify and
model magnetic disturbance sources that are significantly closer to the inner magnetometer
than MAST. For monitoring the total ionising dose on the frontend MFA, MAST utilises a
RADiation-sensitive metal-oxide-silicon Field-Effect Transistor (RADFET).

3.2 Relativistic Electron and Proton Experiment (REPE)

REPE will measure electrons and protons count rates and energies with a particle telescope
stack (Oleynik et al. 2023). The targeted energy ranges and energy resolutions of the instru-
ment are given in Table 1.

The instrument has a collimated aperture followed by a relatively thick window of
200 wm aluminium that eliminates the lowest energies from the measurements (shown in
Fig. 3). The instrument fits into an envelope of 9 x 7.6 x 9.5 cm? and weighs around 1000 g.

The first detector layer (D1) is a 2.1 x 2.1 x 0.35 mm? Si detector, the second one (D2)
isa 5.0 x 5.0 x 0.35 mm? Si detector, the third one (D3) is a 10 x 10 x 10 mm? scintillator
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Fig.3 Mechanical model of the
REPE instrument on board the
FS2 satellite: On the left, a sliced
view is shown. The right shows
the measurement slit on the front
of the instrument. It fits into

9 x 7.6 x 9.5 cm?

Fig.4 Coulomb Drag
Experiment in the FS2 version
with electron emitter and 300 m
long tether. Its envelope is

9.5 x 8.4 x 13 cm?

made of GAGG (Gd3Al,Gaz0;) and readout with a photodiode or a Si photomultiplier, and
the fourth one (D4) is a 10 x 10 x 0.35 mm? Si detector.

A hit from D1 is required only if D3 (and D4) are not hit. Once there is a hit from D3,
D1 pulse height is no longer used in the analysis, and the geometric factor of the instru-
ment thus increases by a factor of 5.5 in the ratio of the detector areas, thus allowing lower
fluxes to be measured in accordance with the spectrum in the environment. In very high flux
conditions, detection thresholds can be elevated to avoid saturation, and the lowest energies
(< 0.8 MeV) can be eliminated entirely from the electron spectrum. In full science mode
REPE can draw up to 2.5 W.

3.3 Coulomb Drag Experiment (CDE)

As a high elliptical orbit provides a wide variety of plasma conditions, the Coulomb Drag
Experiment (CDE) includes both negative and positive polarity High Voltage (HV) systems.
The negative mode is employed at perigee as a PB, while the positive mode is used around
the apogee as an E-Sail. The mechanics and electronics of the experiment build on the
heritage of payloads onboard Foresail-1 (PB) and ESTCube-2 (PB and E-sail) (Iakubivskyi
et al. 2020). As these missions were designed to function in LEO, several design changes,
improvements, and additions were introduced to the FS2 CDE payload.

The CDE consists of a motorised tether reel to deploy the tether, and two high-voltage
sources (as seen in Fig. 4) that, when turned on, bias the deployed tether to nominally —1 kV,
+1kV, and +0.5 kV relative to the spacecraft chassis. The instrument weigths around 1000 g
and has an envelope of 9.5 x 8.4 x 13 cm?. The conductive tether is 300 m and will be
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Fig.5 RadEx instrument on
board the FS2 satellite with
different materials in the top row
and different aluminium
thicknesses in the bottom row. It
fits into 6.6 x 2.6 x 13 cm?

deployed in steps. It is possible to apply a high voltage to the tether also at intermediate
tether lengths as the HV contact to the reel and tether is available through a slider contact
throughout the deployment.

The PB mode biases the tether negatively (nominally to —1 kV) with respect to the
surrounding plasma (Janhunen et al. 2013). The negatively charged tether collects positively
charged ions from the plasma (mainly oxygen ions and protons). The conducting surface of
the satellite, which includes its body as well as the boom, collects the same electron current.

The E-sail mode biases the tether to a positive potential, +1 kV and +0.5 kV. This
implies that the positive tether potential gathers electrons from the ambient plasma. In order
to maintain the positive bias, FS2 is equipped with an electron gun (Iakubivskyi et al. 2020;
Tajmar 2012). In this case, the electric current is flowing the other way around. It goes from
the tether via ambient plasma to the electron guns and through the gun cathode to the tether.

Ideally, the deployment of the tether should be observed with a camera to see the exact
dynamics of the end mass in the early reel-out phase. During reeling the instrument can
draw up to 7 W. While measurement are conducted only 0.6 W are needed.

3.4 Radiation Experiment (RadEx)

RadEx will use RADFET TID sensors behind several different shielding configurations as
shown in Fig. 5 (Fetzer et al. 2023a). The instrument fits into a volume of 6.6 x 2.6 x 13 cm?.
With a top plate out of aluminium the instrument weighs around 400 g.

The 6 mm thick plate is part of the spacecraft shielding structure. It will have conical
cutouts that leave different thicknesses of aluminium on top of the radiation sensors centred
below the cutouts. One sensor will be exposed to space by a cutout that leaves no shielding
material inside a 45° conical field of view above the sensor. Other sensors will be covered
by 1 mm, 2 mm, 4 mm and the full 6 mm aluminium shielding. A second row of sensors
will be covered by different material discs. Possible candidates are FR4, copper or stainless
steel as well as multilayer shielding plates containing polyethylene and tantalum to measure
the shielding performance of these alternative shielding materials. The thicknesses of the
sample discs will be adjusted to result in the same shielding depth in g/cm?.

The temperature of the RADFET sensors will be monitored closely to compensate for
annealing.

Only the radiation sensors and radiation-insensitive components for example resistors
and temperature sensors are going to be placed in the shielding cutouts with PCB traces
carrying power and signals to and out of the high radiation area. The power distribution,
switching, analogue to digital conversion and data processing will be done on a part of the
PCB that is shielded by the full 6 mm of aluminium shielding. Additional shielding separates
the sensor area from the rest of the spacecraft to prevent radiation from leaking to the other
electronics inside.
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Fig. 6 Perigee vs. apogee of simulated orbital lifetimes for FS2 6U CubeSat for four different launch dates
(Anger 2023)

A microprocessor will be tested for its performance in an elevated radiation environment,
especially regarding SEEs. This processor serves only to verify SEEs expectations and to
test their severity. A second controller collects and processes the data of the radiation sensors
and the microprocessor experiment.

Nominal operations of RadEx need up to 0.3 W.

4 Mission Design

With the mentioned instrumentation and the mission requirements the following design for
the space segment has been envisioned. As this mission also serves as an educational plat-
form (D2), most of the subsystems will be built from the ground up by the team at Aalto
University, instead of buying them from industry.

4.1 Orbit

To satisfy the mission requirements OR1, OR2 and OR3 a minimum apogee of at least
15,000 km is needed for the FS2 mission. To cover both radiation belts a high eccentricity
above 0.5 is desirable.

It has been shown that high elliptical earth-bound orbits exhibit drastic variations in or-
bital lifetime (Pons and Noomen 2019; Lamy et al. 2012; Wang et al. 2020). Therefore, a
study is needed to find the best possible launch time to obey the lifetime regulations for
satellites. Several different orbits from four potential launch dates were simulated with the
European Space Agencies Debris Risk Assessment and Mitigation Analysis (DRAMA) tool
around the equinoxes and solstices for a 14 kg satellite with an average surface area of
0.170 m? (Anger 2023).

The apogee height has been varied from 15,000 km to 65,000 km and orbits have been
simulated for four different perigee heights from 250 km to 400 km. The results are shown
for four different launch times in Fig. 6.
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Almost all orbits up to GTO apogee heights and with a perigee higher than 300 km were
not compliant with the 25 years guideline for a spacecraft without additional capabilities
for deorbiting. With increasing apogee height the orbital lifetime is decreasing as seen in
the performed simulations. Launches in spring and autumn were mostly not compliant with
European guidelines. The orbital period ranges from 4.58 h to 21.35 h.

These simulations showed that even when launching in a well-defined orbit the time
of the year plays a big role. Launches to highly elliptical orbits are rare and often do not
offer space for ride-share options. Therefore, it widens the launch opportunities to include a
deorbiting device. Currently, the best launch opportunities are available for GTO launches.

Even though the CDE can provide a method to deorbit the satellite even in a highly
elliptical orbit, it has to be considered as a novel payload and as such has a higher failure
risk than an already proven method. An additional system to deorbit the spacecraft after its
science mission has to deliver at least 25 m/s of AV. This value is derived assuming a GTO
orbit perigee height of 300 km that has to be lowered to a target disposal orbit perigee of
100 km and a 20% margin as well as the assumption that the manoeuvre is performed in
apogee. This additional system ensures that a mission lifetime of below five years can be
achieved, but the direct injection into an orbit with a low enough perigee height for a natural
decay within the regulations has significantly lower risks due to the component degradation
over the mission lifetime in this high radiation environment.

4.2 Attitude

Particular attention was given to the actuators in an Attitude and Orbit Control System
(AOCS) trade-off study. The final configuration depends on the possibility of providing
the required momentum for the tether deployment. The needed spin modes for REPE and
MAST in addition to the power consumption and thereby the solar panel direction also have
to be taken into account.

For all manoeuvres required by MAST and REPE a minimum total impulse of 5.8 N's
is needed. The deployment of the CDE tether requires at least 19 spin-up manoeuvres with
a summed minimum total impulse of 113.7 N's as it is deployed in steps to avoid too high
forces on the tether. The later manoeuvres for the tether deployment require an increasing
amount of angular momentum for the execution up to around 9500 mN m s as the inertial
moment of the satellite spin axis increases due to the extending tether. These manoeuvres
assume a spin around the body y-axis and a 6U CubeSat with 15 kg mass.

Magnetorquers cannot provide the required angular momentum even in best case simula-
tions. They exceeded the manoeuvre time limit which was set by the science team. A design
study with a reaction wheel unit revealed that especially for the tether deployment operation
this type of actuator cannot be used. During one spin-up manoeuvre momentum dumping
of the wheels is considered high risk as it may lead to uncontrolled tether tension. Typical
CubeSat reaction wheels achieve up to 900 mN m s, thus cannot deliver the required angular
momentum (Shields et al. 2017; CubeSpace 2023). Additionally, the spinning frequency of
most reaction wheels on the market (up to 100 Hz (Shields et al. 2017; CubeSpace 2023)) is
in the same region as the magnetic ULF waves and would introduce significant noise in the
measurements. A propulsion-based attitude control system can provide the required angular
momentum.

To obtain an estimate for the required thrust, manoeuvre time, and propellant mass, an
analysis of different propulsion units was conducted (Bonhomme 2020). The electric propul-
sion units studied showed long manoeuvre times with very high average energy consumption
of 1.2 kW h. In contrast, a cold gas-based propulsion system would require more propellant,
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Fig.7 Two possible
spin-stabilised attitude
configurations of Foresail-2
facing the sun. The spin axis is
shown in teal and the rotation
direction is shown in olive
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which introduces its own attitude dynamics to the satellite structure. A hybrid system such
as a resistojet system or a pure cold gas system is recommended due to the higher power
demand of other systems. A detailed study of attitude control without reaction wheels has
to be conducted.

The AOCS configuration should include a sun sensor for each of the six faces of the
CubeSat. They shall act as the main attitude determination sensors and provide the desired
accuracy. The use of a star tracker was discarded because its maximum limit on the track-
ing rate was in the order of 10° per second which is too slow for a spinning satellite. A
three-axial magnetometer should provide information regarding the orientation of Earth’s
magnetic field in respect to the satellite at any point in the orbit. A Global Navigation Satel-
lite Systems (GNSS) receiver will provide the position of the satellite in the inertial frame
in order to compute the orbital velocity and position vectors of the slowly decaying orbit.
Because the angular rates are one of the most important measurements, an Inertial Measure-
ment Unit (IMU) composed of three gyros is to be accommodated in the AOCS set. At least
two propulsion units will provide the means to deploy the tether, and a minimum of four
propulsion units are needed in order to detumble the satellite. For deorbiting one thruster
aligned with the centre of mass of the satellite is sufficient.

Based on the constraints collected from the major requirements, the mission design anal-
yses, and the trade-off study on the AOCS configuration, five main pointing modes have
been established: Safe Mode (SM), Coarse Pointing Mode (CPM), Tether Deployment Mode
(TDM), and Orbit Maintenance and Deorbit Mode (OMDM).

Two possible attitude configurations for CPM and TDM (shown in Fig. 7) have been
studied closer regarding the solar panel orientation and spin axis alignment.

The first mode points the satellite’s Y axis towards the Sun. The satellite will rotate
around the Y-axis to provide the required spin motion for the payloads. The orbit and attitude
orientation will stay the same over the mission lifetime in relation to the Earth-Sun plane.
Readjustments of the attitude towards the Sun are needed to deliver the same amount of
solar energy to the solar panels at every stage of the mission. The second mode still rotates
around the Y axis, but the axis is pointing perpendicular to the Earth-Sun plane. In this
case, a readjustment of the rotational axis does not have to be performed. The solar panel
configuration needs more cells and area than with the first mode.

The Attitude Determination System (ADS) will be built by the Aalto University team and
consists of the proposed sensors and GNSS system. The IMU setup from previous missions
can be reused. The GNSS receiver has heritage from Aalto-1 and is currently under develop-
ment with the Aalto-3 student satellite mission (Praks et al. 2021). As the sun sensors from
previous missions cannot sustain the elevated radiation environment on the surface of the
satellite, they have to be bought. The current best candiadates are the Lens R&D Maus sun
sensors (Leijtens 2021). The computing unit will use the same microcontroller as the OBDH
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to simplify the development. It calculates all the necessary equations and algorithms. The
propulsion-based Attitude Control System (ACS) has to be bought from an external supplier.
Ideally, the ACS can be used for both use cases: attitude control and deorbiting. Based on
GOMSpace NanoProp 6DOF such a module has a volume of less than 2U and a dry mass
of around 700 g (GOMSpace 2020).

4.3 Radiation

A beyond-LEO orbit has not been used by CubeSats with a COTS components approach.
The high-energy particles encountered in high orbits can cause damage to the onboard sub-
systems and lead to premature failures as well as the end of the mission if the spacecraft is
not appropriately designed. Monte-Carlo particle tracking simulations with Geant4, as well
as the analytical model SHILEDOSE-2, show that 6 mm of aluminium are sufficient to re-
duce the TID received by internal components of the spacecraft to less than 12 krad after
one year in orbit (Fetzer et al. 2023b; Fetzer 2023a,b,c,d). These radiation levels inside the
satellite allow the use of high-grade COTS components if additional measures are taken.
Among others, error correction codes have to be implemented as the shielding cannot stop
high-energy protons and ions. The satellite structure will provide radiation shielding to min-
imise double implementation. Payloads that have apertures are responsible for the shielding
that may be required because of their openings.

4.4 Boom and Magnetic Cleanliness

As stated in Sect. 2.6.1 the measurement of ULF magnetic field waves needs a low magnetic
noise environment for the precision magnetometer payload (MAST). The static magnetic
interference at the reference point, the magnetometer mounting point, is required to stay be-
low 35 nT, but preferably should be as low as possible. Currently, a level below 10 nT seems
achievable. The dynamic magnetic interference from the spacecraft at the reference point
should be lower than the 1/f noise limit with 0.707 nT/+/Hz at 1 mHz and 0.707 pT/~/Hz
at 1 Hz. In addition, at 1 Hz to 10 Hz the spectrum should stay below 0.707 pT/+/Hz.

A total magnetic emission budget has been determined for the spacecraft based on the
maximum allowed net magnetic noise level. The total budget is a summary of the allocations
for each subsystem, which specify the level of magnetic noise each system is allowed to
induce at the reference point. From these allocations and the locations of each subsystem
in the spacecraft, a maximum allowed Magnetic Dipole Moment (MDM) has been derived
for each subsystem. The maximum MDMs are defined separately for static and dynamic
fields. Based on the MDMs of all subsystems, two models to calculate the net magnetic
interference at the reference point are considered: a worst-case scenario, and a model with
a statistical tolerance to account for expected deviation in MDM orientations. The design
choices are driven by the worst-case model.

To minimise the effect of magnetic disturbances originating from the spacecraft, the key
mitigation technique is to spatially separate MAST from the magnetic emission sources of
the spacecraft. For this purpose, a novel twofold deployable boom is under development to
carry the magnetometer head. The deployment is observed via a sensor e.g. a camera.

The boom design is shown in an early design study in Fig. 8 which was performed at
Aalto University. One focus is to enable cost-efficient manufacturing and easy mounting on
a CubeSat. The minimum boom length that enables reaching the magnetic cleanliness re-
quirements is 500 mm. Currently, the design achieves a separation of over 620 mm. This ad-
ditional distance between MAST and the spacecraft enables significantly less strict magnetic
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Fig.8 FS2 twofold boom with fluxgate magnetometer on its tip. It achieves a separation to the spacecraft of
over 620 mm. The undeployed boom extrudes only 9 mm from the surface of the satellite and is 6.4 cm wide

cleanliness requirements for the spacecraft and its subsystems, as magnetic flux diminishes
quickly with increasing distance (B o< 1/r3).

The boom is currently under development by the Aalto University team and will be also
built and tested with the in-house facilities.

A strict magnetic cleanliness program for the system and subsystem design is still needed
to fulfil these requirements. Firstly, all magnetic disturbance sources surpassing magnetic
emission limits onboard the spacecraft should be mitigated. Secondly, the remaining mag-
netic field sources should be characterised by determining their static and dynamic magnetic
dipole moments.

Mitigation can be achieved primarily by avoiding the use of any magnetic materials and
minimising or compensating current loops. Magnetic shielding that relies on magnetically
soft materials should be avoided, if possible, as it poses a high risk of remagnetisation during
the mission. Degaussing should be performed in order to minimise the amount of remnant
magnetisation of the system. Any significant remaining MDMs have to be compensated for
where possible; mutual compensation is preferred, but permanent compensation magnets
should be used where necessary.

Intermediate magnetic screenings during the development process ensure magnetic in-
terference mitigation. The custom magnetic test bed of Aalto University can be utilised for
these characterisations (Monguil6 2021; Riwanto 2021; Monguil6 et al. 2022).

4.5 Communication

The highly elliptic orbit of the mission poses potential challenges related to communication
system design. For one, the high apogee of over 42,000 km of the mission results in a large
Free Space Path Loss (FSPL), which heavily impacts the achievable data rate and perfor-
mance of the communication system in different parts of the orbit. Furthermore, the large
operating distance also introduces latency into the Radio Frequency (RF) link which compli-
cates half-duplex operation. To combat these issues, a variable data rate is proposed for the
radio system design, which enables scientific and telemetry data downlink throughout the
mission. In addition, full-duplex communication simplifies the commanding and operation
of the satellite, since the latency of the radio link does not have to be taken into account.
The proposed system will operate with three different data rates, which are applied at
different sections of the satellite orbit. The data rate speeds were chosen to be 40.0 kbit/s, 2.5
kbit/s, 0.1 kbit/s so that the data downlink requirements are satisfied without complicating
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Table 2 Foresail-2 transmission link budgets for uplink and downlink in apogee and perigee

300 km [Perigee] 8800 km 41,800 km [Apogee]

Up Down Up Down Up Down
Freq. 2.08 GHz 2.28 GHz 208GHz 2.28 GHz 208GHz 2.28 GHz
TX Power 45 dBm 30 dBm 45 dBm 30 dBm 45 dBm 30 dBm
System Loss 2.5dB 1.6 dB 2.5dB 1.6 dB 2.5dB 1.6 dB
Antenna Gain 30.0dB —2.0dB 30.0dB —2.0dB 30.0dB —2.0dB
EIRP 72.5 dBm 26.4 dBm 72.5 dBm 26.4 dBm 72.5 dBm 26.4 dBm
FSPL 148 dB 149 dB 178 dB 179 dB 191 dB 192 dB
Propagation Losses 4.3 dB 43dB 4.3dB 43 dB 4.3 dB 43dB
Data rate 40.0 kbit/s  40.0 kbit/s 2.5 kbit/s 2.5 kbit/s 0.1 kbit/s 0.1 kbit/s
Tot. Path Loss 152.7 dB 153.5dB 182.0 dB 1182.8 dB 195.6 dB 196.4 dB
Final E,/Ep 23.7dB 23.0dB 6.4dB 5.7dB 6.9 dB 6.1dB

the mission design. The ranges to which the data rates are applied are 300 km to 2300 km,
2300 km to 8800 km and 8800 km to 41,800 km respectively.

Table 2 shows the link budget for the up and downlink in the extreme cases of perigee
and apogee communication for GTO and for the centre altitude of 8800 km. The Transmit
Power (TX Power) represents the communication system’s output power, while system loss
is the loss in the system between the communication system and the satellite antenna. It
includes the antenna efficiency. The antenna gain refers to the gain of both transmitting and
receiving antennas. The Effective Isotropic Radiated Power (EIRP) denotes the RF power
radiated by the satellite antenna, and FSPL is the Free Space Path Loss. In addition, the
propagation losses are also taken into consideration and they include losses from antenna
pointing errors, atmospheric absorption and losses due to polarization mismatch. The effect
of FSPL and propagation losses results in the total path loss of the radio link, which is also
shown in Table 2. In all cases, a suitable data rate was chosen to achieve a positive link
margin of over 5.5 dB.

Another important factor to take into consideration, is the operating frequency of the
satellite, as this heavily impacts the design of the communication system. The commercial
S-band frequency range was chosen, as this offered improved data rates compared to lower
bands such as UHF and VHF, without significant increases in propagation losses from envi-
ronmental effects. To maximise the performance of the communication system, Phase Shift
Keying (PSK) was chosen as the modulation technique for downlink and uplink. This was
done since binary PSK and quadrature PSK offer good noise and distortion performance.

The S-band communication subsystem is based on flight heritage from the UHF system
of Foresail-1. Thus, the s-Band subsystem will also be developed in-house at Aalto Uni-
versity (Clayhills 2022). Full-duplex operation is achieved by two separate antennas and
dedicated transceiver sides for both RX and TX. In addition, the system also will include
RF filters implemented on microstrips directly on the PCB, which improve the isolation and
noise figure of the TX and RX sides. The large operating distance and the ground segment
implementation result in low signal levels received at the satellite and as a result high re-
ceiver sensitivity is required with a minimal noise figure in the RX chain to achieve a positive
link margin. Microstrip filters were preferred for the design over other available solutions,
such as Surface Acoustic Wave filters since the specific properties and frequency ranges of
microstrip filters can be tuned to the application at hand.
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Fig.9 Ground station network optimisation simulation for high elliptical 30° inclination orbit

The satellite mission data downlink budget requirements are satisfied with the designed
omnidirectional dipole antennas. In addition to the in-house developed TX and RX dipole
antennas, the system is intended to also utilise a higher gain patch antenna for communi-
cation at the apogee once attitude control of the spacecraft is achieved. The use of a di-
rectional antenna increases the link margin in the downlink link budget, which enables a
higher achievable data rate for scientific and telemetry data transmission. In this scenario,
the satellite uplink communication would still be performed via the RX dipole antenna,
since satellite commanding must be possible at all times and there is a larger link margin in
the uplink due to the transmission power of the ground station. At lower orbit altitudes, the
satellite would switch back to utilise the TX and RX dipole antennas as the primary com-
mand link of the spacecraft. Together, this enables full-duplex communication at any point
of the satellite orbit. A market analysis for the TX patch antenna is currently ongoing.

4.6 Ground Segment

The inclination of the orbit determines the link time for the satellite, while the altitude of
the orbit affects the FSPL, causing more significant attenuation of radio signals.

As a result, the capabilities of the Aalto University ground station are insufficient to meet
the data downlink demands of the mission. The combination of a 3 m S-Band dish antenna
and the high latitude of the ground station (60°10'N) present challenges, resulting in large
communication distances and limited link time.

To fulfil the mission data downlink requirements, the use of external Ground Station as a
Service (GSaS) is being considered.

Even though the data rate in apogee is low, the mission data downlink requirements of
13 MB per day can be satisfied with this solution since the link time is large.

To determine the most suitable GSaS locations, a study is currently underway, utilising
mission simulation software as shown in Fig. 9. The aim of this study is to provide insight
into the best options for ensuring the successful completion of the satellite mission. In this
scenario, the satellite commanding would be performed via the Aalto Ground Station, and
the GSaS providers would be used solely for scientific and telemetry data downlink.

4.7 Electrical Power

Compared to LEO, solar cells undergo severe degradation in highly elliptical orbits. Sim-
ulations with MC-SCREAM (Messenger et al. 2008) in SPENVIS for a 6 month mission
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Table 3 Power consumption of

Foresail-2 subsystems for Modes Safe [W] Commissioning [W] Science [W]
different operating modes. Total
power consumption includes a OBDH 0.30 0.60 0.60
20% margin ADCS 9.3 33
EPS 0.72 1.0 1.0
COM 4.0 4.0 7.0
MAST 0.5 1.5
REPE 0.5 25
CDE 0.1 0.60
RadEx 0.1 0.30
Cameras 0.70
Contingency 1.0 34 34
Total 6.0 20 20
Table4 Power production i
reduction factors in Foresail-2 Angle reduction 6%
MPPT tracking accuracy 98%
Cell loss at maximum temperature 5%
Battery charging efficiency 90%
Radiation loss EOL 20%
Margin 20%
Total reduction 50.4%

lifetime show a degradation at the end of life (EOL) in the power generation at the maxi-
mum power point up to 30% with 100 wm thick cover glass and up to 20% with 150 um
thick cover glass. Cover glass thickness beyond 150 um offers marginal improvements in
degradation performance. The thermal environment is also challenging as the orbital period
is longer compared to LEO. With the first attitude mode as seen in Fig. 7 the solar panels
experience longer periods in the Sun, possibly decreasing power generation more compared
to the LEO environment. Additionally, thermal studies showed that the average temperature
of the solar panels might not rise higher than experienced in LEO.

The nominal power consumption of the mission is estimated to be around 20 W as seen in
Table 3, with the communication subsystem requiring up to 7 W due to long communication
distances. Combined with the power production reduction factors shown in Table 4, it is
estimated that the required number of solar cells in the Sun is 42 when Azur Space 3G30A
or similar are used. This amount of solar cells will yield excess production of 17.5 Wh
per orbit at EOL as shown in Table 5. The second discussed attitude mode would require
significantly more solar cells as the irradiated solar panel area is constantly changing due
to the alignment of the rotational axis. To simplify the EPS and attached system the first
attitude mode is preferred.

With this mode, solar cells can be grouped into three 7s2p solar panels. One of the solar
panels is body-mounted on the Y+ side, while the other two are deployable to the sides.
There is a backup solar panel on the backside (Y-) of the satellite that provides power dur-
ing initial tumbling and during operation of the CDE later in the mission, as the satellite
begins to lose sun-pointing mode when the CDE tether is deployed. The solar panels will
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Table5 EOL energy balance of

Foresail-2 in Orbital period 690 min

commissioning/science mode per  Average time in the Sun 580 min

orbit Average time in shadow 31 min
Power consumption 20 W
Power production 25.6 W
Total production 2475 Wh
Total consumption 230 Wh
Excess production 17.5Wh
Battery capacity 40 Wh
Total consumption in shadow 103 Wh
DoD 25.8%

be designed and built in-house based on the design used for FS1 and FS1p (Palmroth et al.
2019).

The FS2 satellite will have a 2p2s 40 W h battery pack consisting of four COTS Pana-
sonic NCR-18650B Li-ion cells. While the estimated depth-of-discharge is up to 26%, the
battery will experience only up to 100 discharge-charge cycles. As NCA-type Li-ion cells
can withstand up to 2000-3000 cycles, degradation of the capacity of Li-ion cells is not
a problem. The battery pack is equipped with heaters based on previous simulations that
showed that the overall temperature of the satellite is lower than in LEO (Naik 2019). In
addition, the battery is equipped with a balancing circuit to maintain uniform charging of
series cells.

The FS2 Electrical Power System (EPS) is an evolution of the EPS used in the FS1 mis-
sion and is developed in-house by the Aalto Platform team (Cheremetiev 2020). The EPS
implements system simplicity and extensive testing, instead of redundancy, to tackle the
challenging requirements. Implementing redundancy can be complex and time-consuming.
Because the subsystem will be built predominantly with COTS components, environmen-
tal testing such as total dose and thermal tests are required to qualify the components. For
mission-critical components, such as microcontrollers and memory chips, radiation-tolerant
parts are selected. Possibly destructive single-event latch-ups are dealt through fault con-
tainment strategies, for example, by using latching current limiters to quickly power off
functional blocks with latched components.

Reducing power generation stages through a combination of solar maximum peak power
tracking and battery management makes the EPS not only simpler but also more efficient.
Power distribution in FS2’s EPS is also unusual as it provides only “raw” voltages to loads:
regulated nominally 3.6 V and 6 V to 8.2 V battery voltage. The loads can generate their
own supply voltages efficiently with required specifications that EPS otherwise would not
be able to achieve.

4.8 On Board Data and Bus Architecture

The in-house developed OnBoard Data Handling (OBDH) of FS2 employs a simple bus
architecture to manage all payloads and subsystems. To isolate the avionics from payload
communications a central management system is connected to the avionics bus (AVI BUS)
on one side and all the payloads on the other as seen in Fig. 10. The payloads CDE, REPE
and MAST have a non-shared bus connection to reduce crosstalk. Engineering cameras
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CDE REPE MAST
RadEx CDE BUS REPE BUS MAST BUS
oPL
BUS UART
CAM1 OBDH —  GNsS
| avi BUS
cAM2 | i
ADS EPS CoM
| 12C / SPI
ACS

Fig. 10 Foresail-2 onboard data bus architecture with each bus redundant

(CAM1 and CAM?2) and RadEx share one bus connection (OPL BUS) to the OBDH. All
buses are redundant to ensure operational capabilities even if one bus gets into a deadlock
situation. The GNSS subsystem is communicating non-redundantly with the OBDH.

An external memory bank is used onboard the OBDH subsystem to hold and buffer
housekeeping and telemetry logs from the rest of the satellite prior to transferring them to
storage. Data can then be transferred to the S-Band subsystem, which handles the encoding,
antenna selection and linking.

Additionally, the deployment of the boom is initiated and observed by the OBDH. Also,
the solar panel deployment is handled by this system as their entire area is not needed at the
beginning of the mission.

The main processor will be a VA41620 — Radiation Hardened Arm® Cortex®-M4. De-
spite the radiation shielding the decision was made to use this microprocessor as it re-
duces the risks for severe single-event radiation effects. Smaller key components like bus
transceivers are planned to undergo a radiation screening process to find the most suitable
one.

4.9 Structure

Based on the analysis, a 6U form factor (100.0 x 226.3 x 340.5 mm?) is feasible as shown
in Fig. 11. As the smaller specification with only 340.5 mm rail length is compatible with
more satellite dispensers, the satellite design differs from the 6U CubeSat standard which
only specifies the longer XL version with 366.0 mm (Poly 2022).

With the attitude mode 1 as shown in Fig. 7 the following structure and payload place-
ments with respect to the spacecraft body axis in a 6U form factor can be proposed.

As seen in Fig. 12 the tether deployment and the REPE field of view are in the Z+ axis
direction. Two solar panels that are folded up on the Y+ panel will be deployed early on in
the mission. The position of solar panels after deployment will be parallel with the Y+ solar
panel.

Two dipole antennas will deploy on the Z+ panel. The patch antenna is located on the
Y-face so that its lobe is directed towards Earth once the spacecraft spins around the Y axis
pointing towards the sun.
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Avionics

| S-Band
Antennas

Avionics

Fig. 11 Preliminary subsystem layout of the Foresail-2 satellite within the 6U chassis
(100.0 x 226.3 x 340.5 mm?)

S-Band TX

S-Band RX

REPE FOV
-

Fig. 12 Foresail-2 satellite in science configuration (deployed solar panels, antennas and boom) with impor-
tant aspects marked out

The fluxgate magnetometer head is mounted to the end of the boom, which is located
within the Tuna Can volume of the launch pod in the undeployed state. The undeployed
boom is located on the X+ side and the opening is realised with a two stage deployment.
The magnetometer boom is deployed in the Z-axis direction in the spacecraft body frame.
The second Tuna Can volume can be used as a propellant tank for the ACS. The boom
will protrude more from the surface of the satellite as the allowed 6.5 mm by the CubeSat
standard (Poly 2022). A market analysis has shown that most of the satellite dispensers can
allow up to 10 mm of protrusion, which has been set as a requirement for the FS2 spacecraft
(Tolstoj and Rose 2022).

With this configuration the satellite mass is around 15 kg as seen in Table 6. The fuel
mass has been already included in the ADCS budget. The CubeSat is not compliant with the
12 kg maximum as stated in the standard (Poly 2022), but modern CubeSat dispensers are
capable of up to 16 kg for one 6U slot (e.g. (Tolstoj and Rose 2022)).
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Table 6 Mass Budget for the

Foresail-2 spacecraft. Margins of Subsystem Planned [g] Contingency [g] Total [g]

the subsystems vary due to

different heritage and TRL levels. =~ OBDH 223 32 255

ADCS subsystem includes fuel EPS 400 70 470
ADCS 1130 226 1356
COM 380 76 456
Structure 5466 673 6139
Payloads 2820 524 3344
Wires 5% 601
Margin 20% 2404
Total 15,025

5 Discussion

As stated in S1.3 the measured science data of the FS2 mission has to be compared and com-
bined with other mission data. FS2 will explore the high-radiation environment of the Van-
Allen belts, where no CubeSat has been operated to this date. The following short overview
of selected other missions will provide a better understanding of the possible collaboration
candidates, that are under development.

GTOSat is a 6U CubeSat with similar aims in terms of orbit and science to FS2 (Lucas
et al. 2022). It is fully built and tested and is waiting for a launch opportunity. It carries a Rel-
ativistic Electron Magnetic Spectrometer (REMS) and a fluxgate MAGnetometer (MAG).
REMS measures electrons in the energy range of 0.2 MeV to 1 MeV and protons from
0.2 MeV to 8 MeV. MAG is placed at the end of a four-segment one-metre boom measur-
ing + 4096 nT at 0.125 nT resolution and £ 65,536 nT at 2.0 nT resolution. The sensor
Root Mean Square (RMS) noise level is < 0.1 nT and the sensitivity threshold is 0.01 nT
Hz 2. The planned nominal orbital altitude is between 185 km and 35,000 km with the
inclination of < 25°. An S-Band transceiver with two patch antennas is used to transmit
data at >1 Mbit/s near the perigee through NASA’s Near Earth Network of ground stations.
Mitigation of radiation effects is accomplished through a multi-pronged systems approach
including parts selection and shielding. This should reduce the total dose for 1 year on orbit
to less than 30 krad (Blum et al. 2020; Barney et al. 2022).

M-BARC is being developed to carry four magnetometers to measure with the resolution
of 1.65 nT at 1 Hz. The launch was scheduled for 2019, but not confirmed. Currently, no
further information on the project has been found. The instrument is designed to detect the
ULF waves in the PC1 to PC5 range. The M-BARC team plans a 3-month mission in GTO
(Regoli et al. 2018).

SpectroCube is a spectroscopy platform being developed for astrobiology and astrochem-
istry experiments carrying sample compartments and a spectrometer. Currently the launch
date is unknown. The satellite is designed to be launched into a Highly Elliptical Orbit
(HEO) around Earth. GTO is selected as the baseline orbit with super-GTO being a viable
option. The total mission lifetime is expected to last around 200 days. The satellite car-
ries four reaction wheels, three magnetorquers, sun sensors, cold gas propulsion, an S-band
transceiver and patch antennas. Shielding of the main electronic components is used to re-
duce locally the total ionising radiation dose below 20 krad (Elsaesser et al. 2020).

The scientific objectives and instrument set of GTOSat and M-BARC are similar to FS2,
providing an opportunity to compare measurements, results and in-orbit experience. Spec-
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troCube’s orbit, lifetime and therefore radiation shielding requirements can help during the
design process.

GTOSat, SpectroCube and M-BARC missions show that high altitude and high eccen-
tricity orbits are desirable but challenging. The unique radiation environment is a subject
of scientific study by itself and could provide high-radiation exposure for several different
experiments.

6 Conclusion

As Earth’s radiation belts are extremely important for space weather and the Van Allen
Probes have ceased operation since 2019, the FORESAIL consortium wants to measure
high-energy particle fluxes to better understand the dynamics of the radiation belts during
a period of intense magnetic activity. Therefore, this mission analysis study was conducted
and concluded with the design of the Foresail-2 satellite. The primary science goals are to
measure magnetic ULF waves and the plasma environment in the magnetosphere around
Earth. The proposed science for the Foresail-2 mission sets unique requirements that come
from its orbit and instruments. Three payloads, MAST, REPE and CDE, are dedicated to
ULF wave measurements and to the understanding of the plasma environment around Earth.
Additionally, CDE will demonstrate E-sailing capabilities and a novel deorbiting technique.
A fourth payload investigates multilayer radiation shielding to minimise TID.

In this study, it was shown that the mission can be achieved with a 6U CubeSat platform
using mostly COTS components. The lifetime for this spacecraft class in highly elliptical
orbit is limited because of the environmental effects. With the presented shielding solution
the radiation level inside the satellite is expected to remain under 12 krad for the mission
duration of one year. Due to a high dependence between the orbit insertion and the orbital
lifetime, a separate deorbiting solution is needed. This will ensure that space sustainability
regarding space debris can be achieved. The deorbiting solution also opens up a wider range
of launch opportunities, a crucial advantage given the limited ride-share offerings to highly
elliptical orbits.

With the design presented in this paper, FS2 is well-suited for the demanding environ-
ment of a highly elliptical orbit and thus capable of meeting its scientific objectives.
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