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Abstract— Karth’s upper atmosphere is a dynamic system that 

is determined by external and internal forces. Understanding 

this system allows for insights into the evolution of a habitable 

world and, therefore, the origin of our Solar System. In addition, 

it is the environment for many satellites that are key to our 

modern world. The uppermost part of Earth’s atmosphere, the 

exosphere and ionosphere, couples the collision-dominated 

thermosphere with outer space, where other processes 

determine the trajectories of the particles. Whereas the 

thermosphere is mostly gravitationally bound to the planet, a 

fraction of the particles present in the exosphere leaves Earth 

into interplanetary space. Over geologic times, these loss 

processes are an important factor in the evolution of an 

atmosphere and are considered being the main reason why 

Earth currently has a_ habitable atmospheric surface 

composition in contrast to Venus and Mars, which were all very 

similar once. In the short term, the variability of the Sun’s 

radiation, including both photons (from XUV to IR) and 

energetic particles causes considerable variations in the 

chemical composition, the density, and the spatial extent of the 
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exosphere. The exobase is located at about 300 km altitude and 

the exosphere extends to tens of thousands of kilometers. 

Detailed knowledge of the exosphere is not only interesting for 

our basic understanding but is also important for spacecraft in 

near-Earth orbits, like the International Space Station. 

Although density and chemical composition are closely related, 

our present knowledge depends on separate measurements of 

the chemical composition, performed in the early 1980s, and the 

density, mostly performed during the 1990s. To end this long 

data gap, the community requires new in-orbit composition 

measurements, and to overcome the time-space degeneracy, it is 

necessary to measure both the chemical composition and the 

density of the exosphere with a network of satellites at several 

locations simultaneously. The constellation of high- 

performance exospheric science satellites (CHESS) program 

comprises a constellation of two 3U CubeSats, and more units 

later, designed to create an inventory of chemical species present 

in the exosphere, measure the density, and record their 

variability over both space and time. Each satellite is equipped 

with a novel time-of-flight mass spectrometer for both density
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measurements and highly sensitive chemical composition 

analysis of major to trace amounts of species. The payload is 

complemented by a new generation of dual-frequency global 

navigation satellite system (GNSS) receivers for precise orbit 

determination. It allows for computing the total density from 

estimates of atmospheric drag and the dispersive line-of-sight 

total electron content from the linear combination of dual- 

frequency carrier phase measurements. This pathfinder mission 

is the first step towards a permanent observation of the Earth’s 

exosphere from several vantage points simultaneously. It is 

designed to provide scale heights of each chemical species, their 

altitude profiles and exospheric temperatures to determine 

atmospheric escape parameters. Furthermore, it allows for 

analyzing the spatial and temporal variability to infer the 

drivers of the exosphere including the impact of anthropogenic 

climate change, improve satellite orbital decay models, and test 

possibilities of capturing earthquake precursors. 
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1. INTRODUCTION 

Our detailed understanding of Earth’s atmosphere becomes 

limited at the exobase. In the last decades, Earth’s atmosphere 

has attracted considerable attention, especially regarding 

weather and climate change. Chemical composition, number 

density, and temperature influence these phenomena. 

Depending on the altitude and the measurement itself (for 

example, temperature, pressure, chemical composition such 

as humidity, ozone concentration, particulate matter pollution 

in cities, and more), there is a low latency between the actual 

measurement and the time of availability of the data. In fact, 

most Earth observation systems provide almost real-time data 

of measurements from the lower and middle atmosphere 

these days. This status contrasts the upper region of our 

atmosphere, which completely lacks real-time measurements 

or, even more recently published, reliable data of the 

chemical composition and exospheric temperature. 

Measurements of the chemical composition of Earth’s upper 

atmosphere led to the currently available models of the 

exosphere. Mass spectrometers analyzed species up to an 

upper mass limit of about m/z 50 [1]-[4] covering the mass 

range of the major species in the upper atmosphere (H, N, O, 

No, CO, NO, O2, Ar; H", He*, N*, O*, N>*). Measurements in 

this mass range were ceased after the successful 

measurements of the Dynamics Explorer launched in 1981 

[4]. The resulting data provided updates to the Jacchia-70 

type models using total mass density (inferred from orbital 

decay) [5] leading to the empirical (US) Naval Research 

Laboratory (NRL) — mass spectrometer and incoherent 

scatter radar models of the atmosphere (MSIS) MSIS-86 [6] 

and MSISE-90 [7]. COSPAR International Reference 

Atmosphere (CIRA) models have also been used, especially 

in climate modeling (see discussion in [8]) but were mostly 

replaced by the International Reference Ionosphere (IRI) 

model of the ionosphere [9]. NRLMSISE-00 [8] became the 

standard model for the chemical composition of species in the 

upper atmosphere for years. It was more recently upgraded 

with the NRLMSISE 2.0 [10] but both models still rely 

mostly on measurements of the lower thermosphere or mass 

spectrometric data of the 1980s. Although several groups 

have identified this gap, both missions and instruments 

designed to fill it either failed, or considerable vary in 

scientific performance, or are scheduled for launch in the 

(far) future [11]-[19]. However, the desire for updated data 

1S persistent as illustrated by NASA science mission 

directorate’s recent announcement on its planning for a 

Dynamical Neutral Atmosphere-Ionosphere Coupling 

(DYNAMIC) mission and the solicitation for the Geospace 

Dynamics Constellation (GDC) mission. Both missions will 

address the dynamics of the atmosphere. 

Above about 200 km altitude, the atmosphere is strongly 

driven by electromagnetic forces resulting from the 

interaction of the solar wind with the Earth’s magnetosphere. 

Thus, the dynamics in the upper atmosphere cannot solely be 

described by measurements of the neutral species but requires 

a profound understanding of the coupling processes between 

the thermosphere and ionosphere. Ionospheric models such 

as the latest release of the International Reference Ionosphere 

model (IRI-2016, [9]) can capture large parts of these 

dynamics but strongly depend on the synthesis of available 

and reliable measurements, for example, from 1onosondes, 

incoherent scatter radars, rockets, topside sounders, and in- 

situ. satellites. Further improvements in _ ionospheric 

modelling require a further densification of existing 

observing networks 1n critically under-sampled regions in the 

ionosphere, for example, in the form of global navigation 

satellite system (GNSS) based electron maps or topside 

profiles [9]. 

2. CONTEXT 

The understanding of Earth’s upper atmosphere directly 

connects to numerous research fields related to both basic 

research and applied science. This selection of topics 

provides insights into how society relies on this under- 

estimated dataset.

Authorized licensed use limited to: University Bern. Downloaded on August 30,2022 at 06:24:46 UTC from IEEE Xplore.  Restrictions apply. 



Earth’s Upper Atmosphere 

Earth’s upper atmosphere is a complex region, as it has 

multiple drivers whose influences remain unclear. Depending 

on the usage, either the ionosphere or thermosphere- 

exosphere are considered. Parameters of interest are the 

chemical composition, number density, temperature, and 

total electron content. Whereas the ionosphere has significant 

amounts of ions and electrons, the thermosphere and 

exosphere mostly contain neutral species, as the abundance 

of the ions is about two decades lower. The thermosphere 1s 

characterized by the region in which many collisions of 

species statistically determine the particle trajectories and the 

macroscopic physical parameters (Knudson number < 1). 

The higher the altitude, the more the density decreases. 

Above the exobase, the particle trajectories of species are 

dominated by ballistic trajectories rather than by statistical 

collisions as observed in the thermosphere (Knudson 

number >1). The transition from the thermospheric to the 

exospheric regions is the exobase that 1s estimated to be 

located at about 300 km altitude, where the Knudson number, 

1.¢., the ratio of the mean free path to the characteristic length 

scale, is about 1. The Sun and other drivers influence the 

altitude of the exobase [20], [21]. Table 1 summarizes both 

drivers and driven processes as well as their characteristic 

timescale. Although all the drivers are thought to be 

identified (see e.g. [20], [22]-[24] and references), their exact 

influence remains largely unconstrained. Only new, highly 

sensitive and in situ. measurements of the chemical 

composition, the number density, and the total electron 

content may advance this enduring debate. 

Exospheres in Comparative Planetology 

Exospheres represent the interface between interplanetary 

space and the celestial object. A fraction of the species 

present in the exosphere constantly leaves Earth into space. 

As the extent of these atmospheric escape processes is species 

dependent, atmospheres may evolve over their lifetime. A 

planet’s atmosphere may evolve from a toxic atmosphere as 

found on present Venus to a life-bearing atmosphere as found 

on present Earth. Venus, Earth, and Mars are shown to have 

a very similar composition (rocky planets) and similar initial 

atmospheres during the times of the early Solar System [25]. 

Modeling the evolution of the Earth with these initial 

conditions and with the currently assumed atmospheric loss 

rates leads to a version of Earth that severely contradicts our 

today’s observation, for example, a habitable planet [26]. As 

the difference in chemical composition of the atmospheres of 

three siblings cannot solely be explained by enhanced Jeans 

escape, a unique evolution of Earth has to be considered. In 

situ investigation of Mars’ and Venus’ atmospheres (Mars 

Express, Venus Express, and Mars Atmosphere and Volatile 

Evolution MAVEN) found a considerable non-thermal (ion) 

contribution to the atmospheric escape that could explain this 

inconsistency. However, no sufficiently accurate data of 

Earth’s exosphere are available to conclude on this issue. 

Currently, two methods exist to determine Earth’s thermal 

escape: 1) Thermal escape can be modeled from the 

temperature and the density profiles of species by subtracting 

the superthermal contribution, which is inferred from 

velocity distributions of the species of present in the 

exosphere [27]. This approach requires a neutral and ion mass 

spectrometer for in situ measurements. 2) Plasma instruments 

are used to cover the complete energy range of ionic species 

to determine the energy distribution of them as well. The 

latter approach 1s currently not feasible given the size of the 

required instrumentation, especially for CubeSats. 

Table 1. The time scales of selected phenomena indicate 

the possibility of the CHESS ability to analyze them. 
  

  

  

  

  

  

  

  

  

  

  

Phenomena or Typical CHESS- CHESS- 

driver timescale _ pathfinder live 

Atmospheric Constantly YES YES 
escape 

Baseline for Constantly YES YES 
astrobiology 

Ionospheric Minutes to YES YES 

disturbances days 

Earthquake Hours to YES YES 

precursors days 

Night-side 
transport 1 day YES YES 

Influence of the 28 days YES YES 

Moon 

Total Electron Seasons to 

Content (TEC) solar Partially YES 

trends cycles 

Solar cycle 11 years Partially YES 

Satellite drag . 
models 25 years Partially YES 

Decades, 

Climate change but need Partially YES 

start now         

Earth Observation, Space Weather, and Climate Change 

Objects orbiting Earth as satellites constantly interact with 

energetic particles of the tenuous exosphere causing drag. 

Drag is beneficial as it causes space debris to decelerate and 

ultimately re-enter into Earth’s atmosphere. Especially, 

CubeSat designers are encouraged to meet the Inter-Agency 

Space Debris Coordination Committee (IADC) orbit lifetime 

policy stating that objects shall re-enter 25 years upon end of 

life. The lifetime of satellites is modeled using the density 

(and chemical composition) of the exosphere, the geometry 

of the satellites, and orbital parameters. Forward propagation 

of orbital elements is already challenging in a short time 

scale, for example, for re-entry into Earth’s atmosphere, but 

almost impossible in the requested lifespan as the density
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models are poorly constrained. Another issue for satellite 

designers is the largely unknown chemical composition of the 

exosphere. On a microscopic scale, drag 1s caused by the 

constant bombardment of particles on a satellite’s surface. 

This chemical sputtering degrades solar cells considerably, 

limiting their lifetime. Unfortunately, as the chemical 

composition has to be estimated and might be off by factors 

(e.g. [28]), designing appropriate surfaces remains an 

inefficient task. 

The short-, medium-, and long-term dynamics of the upper 

atmosphere (human timescales) provide opportunities for 

humankind but may also involve threats. There is an ongoing 

discussion on the long-term trends and variations of the 

parameters defining the upper atmosphere as of anthro- 

pogenic origin [23], [29]-[33]. A cooling of the exosphere is 

shown, causing the exobase to contract to lower latitudes. The 

reduced drag at a given altitude implies an increased lifetime 

of objects in space. An increased lifetime of space debris may 

threaten both the access to space in the future and projects 

such as the international space station (ISS). In the medium- 

term, satellite operators depend on space weather forecasts. 

These forecasts are substantially complicated, as, among 

other reasons, not even the current status of the exosphere is 

exactly known. In short-term, possibilities to capture 

earthquake precursors have been suggested by identifying 

disturbances in the chemical composition and in the density 

(e.g. [34]-[37] and references). Further sophisticated, 

sensitive in situ measurements are needed to provide 

evidence for this hypothesis. 

3. CHESS MISSION OBJECTIVES 

We conceived the constellation of high-performance 

exospheric science satellites (CHESS) mission to provide 

update data conducted with — state-of-the-art, high- 

performance instrumentation. At a later stage, with more 

units, low latency of data collection will be realized. The 

CHESS mission will fill the gap of space-time degeneracy in 

chemical composition, number density measurements of the 

exosphere and electron density measurements of the 

ionosphere, with a network of satellites at several locations 

simultaneously. CHESS has three primary mission 

objectives: 

A—Create an inventory of chemical species and determine 

the total electron content present in the exosphere and upper 

ionosphere to serve as a data archive for Earth observation 

including space weather and climate change, comparative 

planetology including astrobiology, and space mission design 

of satellites. 

B—Analyze the temporal and spatial variability, for example, 

the dynamics, of the chemical composition of the species and 

the total electron content. To determine both the drivers 

themselves and their influence on the upper atmosphere in 

detail, we measure these variables each at an instance, 

locality (in the orbital plane) and along the line-of sight to the 

GNSS satellites in view. These measurements, separated both 

temporally and spatially, allow overcoming space-time 

degeneracy. 

C—We use these data to couple them with data from other 

Earth observation services to establish a real-time monitoring 

system of Earth’s upper atmosphere. The CHESS mission 

will determine the parameters of the follow-up mission, for 

example, constellation parameters such as number of needed 

satellites and orbit parameters, instruments on board the 

satellites, their parameters, and, especially, the need of 

further space-time-locking of the measurements. 

4, MISSION CONCEPT 

The CHESS program (Table 2) provides almost real-time 

data of the exosphere similar to other Earth observation 

satellites provide, for example, lower atmosphere weather 

data. The first mission of this program is the CHESS- 

pathfinder mission consisting of two satellites demonstrating 

the concept. Each satellite is equipped with a mass 

spectrometer and a GNSS instrument. In this paper, CHESS 

refers to the CHESS-pathfinder mission. 

Table 2. Mission plan of the CHESS program. MS: Mass 

Spectrometer; GNSS: Global Navigation Satellite 

System; SSO: Sun-Synchronous Orbit; TBC: To Be 

  

  

  

  

    

Confirmed. 

Mission CHESS-pathfinder CHESS-live 

Satellites 2 > 8 (TBC) 

MS, GNSS, 

Payload MS, GNSS, Retroreflectors 
Retroreflector and others 

Orbital v ipoace-perizee. SS S™ Elliptical and 
parameter 550 km, 97.5° inclination SSO (TBC)     

The CHESS-pathfinder mission will determine the mission 

design of the follow-up mission CHESS-live. We investigate 

the necessity of adding additional payload such as, for 

example, plasma instruments, Lyman-alpha or ultraviolet 

instrument, energetic particle dosimeter, F10.7 antenna, and 

measure the chemical composition of negative ions, which 

are mostly present at lower altitudes. Moreover, the exact 

orbital parameters of CHESS-live will be assessed and 

improved if necessary. 

Orbital Design and Measurement Concept 

The initial constellation of CHESS consists of two satellites 

operating simultaneously to overcome _ time-space 

degeneracy. Figure 2 illustrates the measurement concept of 

CHESS. The first satellite is to be placed on a (circular) sun- 

synchronous orbit (SSO) at 550 km (~97.5° inclination). This 

orbit choice reflects that the Sun 1s considered as a major
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Figure 1. The altitude of the satellite in the circular orbit (left panel) and the elliptical orbit (central panel) decreases 

over time. Sample number density profiles are provided for reference including an anticipated dynamic range of the 

CubeSatTOF instrument in SSO (right panel). The simulation assumes To to be late 2023. 

driver for the variability of the exosphere. This satellite will 

make the measurements at a constant local time and altitude, 

hence, devoted for investigation of temporal effects such as 

diurnal cycle, night-side transport, and seasonal cycles. The 

second satellite is deployed on a coaxial elliptical orbital 

plane with 1000 — 400 km apogee-perigee. This satellite will 

establish altitude profiles of the exosphere’s chemical com- 

position and density, from which exospheric temperatures 

and atmospheric loss can be inferred. 

The mission’s lifetime 1s designed for a minimum of 2 years 

(baseline) to acquire a significant amount of data whilst 

meeting the 25 years IADC guidelines for space debris 

mitigation [38]. In fact, already two months of chemical 

composition data suffices to pass the threshold duration 

defined for the pathfinder mission. Graphs in Figure 1, left 

and center panel, show the flight trajectories of the two 

satellites modeled with ESA’s Debris Risk Assessment and 

Mitigation Analysis (DRAMA) tool. For reference, a sample 

altitude profile of neutral species’ number density 1s provided 

on the right panel, representing the best currently available 

knowledge ({39] inferred from [8]). The study foresees the 

launch To for late 2023. 

Once in orbit, the satellite’s attitude is stabilized and 

scientific imstruments are commissioned. A _ typical 

measurement campaign foresees measuring with both 

satellites simultaneously. On each satellite, both the mass 

spectrometer and GNSS instrument are operated 

simultaneously as well for several orbits to overcome space- 

time degeneracy and allow for a precise correlation of 

number density and chemical composition. Once the 

spacecraft’s data buffer approaches its capacity, the scientific 

instruments are commanded to stand-by and the upcoming 

communication window is used to downlink the telemetry. 

For downlink, the spacecraft rotates to point its antennas 

towards the ground station. Depending on the availability of 

the ground station, up to two orbits are used for the downlink, 

allowing for recharging of the satellite’s batteries. Upon 

downlink, the spacecraft receives telecommands likely 

initiating another measurement cycle. 

Mission Operation Phase and the Solar Cycle 

The solar cycle influences the trajectory of the spacecraft and 

their measurements because of the varying solar ultraviolet 

and particle environment during the cycle. Although 

determining the influence of this very issue is a study goal, 

we rely on data from the NRLMSIS 2.0 code [10]. In 

December 2019, the present solar cycle 25 started as defined 

by the last solar minimum. The solar maximum is expected 

to be reached in about 2025. During this phase, the solar 

irradiation increases. The heating causes the atmosphere to 

expand, the exobase will rise to higher altitudes, and particle 

escape might increase. For example, measurements of orbital 

drag data of objects in low earth orbit (LEO) indicated 

variations in number density of more than one decade at an 

altitude of 400 km during a solar cycle [20], [21]. This 

expansion is favorable as measurements closer to the exobase 

are desirable regarding models coupling the lower, middle, 

and upper atmosphere [10]. In principle, a highly elliptical 

orbit 1s favorable to measure altitude density profiles of 

  

Figure 2. Schematic illustration of the measurement 

concept of the CHESS-pathfinder mission (orbits not to 

scale).
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Figure 3. Computer aided design (CAD) model of the 

CHESS-1 satellite with the CubeSatTOF instrument 

(1 U, bottom), the satellite’s service module (1.75 U, 

center), and the GNSS instrument (0.25 U, top), 

including two GNSS antennas on the zenith and rear 

facing side, respectively. 

species over the complete mass range. However, approaching 

the exobase too close in such an orbit reduces the lifetime of 

the mission, thus, reducing the coverage of phenomena 

(stated in Table 1) that can be analyzed. To measure the 

phenomena over the longest possible time scales with the two 

satellites, we prioritized the lifetime of the satellite over the 

low altitude measurements at about 120 to 180 km [18]. A 

further advantage of this decision is that, during post- 

analysis, we have the possibility to histogram the recorded 

data to even increase the sensitivity of the mass spectrometer 

(see also Figure 1, right panel) [40]. 

The solar cycle and galactic cosmic ray (GCR) flux are anti- 

correlated. This relation positively influences the satellite’s 

operating electronics given the reducing flux over the next 

years. Regarding the measurements themselves, the effect of 

GCRs will be investigated during post analysis. GCRs 

dominate the ionization of atmospheric particles below 70 km 

altitude (e.g. [41]). 

CubeSat Platform 

We minimize risks by relying on commercially available 

subsystems with flight heritage. A collaboration with a 

commercial provider of CubeSat platforms (Endurosat, Sofia, 

Bulgaria) is considered as baseline design. In this (evolved) 

scenario, they will supply their 3U platform. This platform 

includes a 42 Wh battery, with 60 W of peak power. The 

average energy available for the payloads equals 13 — 28 Wh 

per orbit (based on a 550 km SSO orbit). Four deployable 

solar panels provide power. An X-band transmitter will be 

used for payload downlink, with a _ configurable 

1 — 30 Mbaud. For the telemetry and telecommands, an ultra 

high frequency (UHF) transceiver will be included. Figure 3 

shows the service module and the compartments of the 

payloads. 

Thermal Design 

The thermal design foresees an active control of the 

temperature. The subsystem’s common __ operational 

temperature ranges from 233 to333K (40 to +60 °C), 

though, most of them have a specified minimum temperature 

of about 223 K (—50 °C). Figure 4 shows the expected global 

temperature profile of the satellite in SSO when operated in 

multiple configurations, for example, during measurements, 

stand-by, and downlink. One orbit corresponds to about 

90 minutes. The presented analysis led to the conclusion that 

heaters need to be implemented as the lower limit of the 

temperature is reached for certain locations in the satellite. 

Radiation Mitigation 

Although LEO is considered as a moderate radiation 

environment, caution has to be taken if the corresponding 

orbital planes are inclined above about 55° latitude, given the 

increased flux of energetic particles from the terrestrial 

radiation belt. Therefore, the mission design was analyzed 

with the ESA’s SPENVIS tool. To provide a reasonable 

probability of failure free operation over the baselined 

mission duration, a graded-Z composite of 

1 mm Al-0.1 mm Ta- 1 mm Al protects the electronics as 

it mitigates radiation effects of energetic particles, given the 

extensive use of commercial off-the-shelf (COTS) 

components. However, we decided using spot shielding, for 

example, with Ta or W, on selected components and 

subsystems depending on the last mass available. Although 

the exposure to the fluxes depends on the actual orbital 

parameters of a satellite, there is a strong tendency towards 

designing both satellites identically, which removes 

complexity from the systems engineering, rather than 

implementing more shielding on the exposed satellite (and 

less on the other) and make use of an average weight of both 

Global temperature profile of the CubeSat in SSO 
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Figure 4. Modeled temperature profile of the CubeSat in 

the circular orbit.
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satellites. In addition, although the payloads implement other 

radiation mitigation techniques as well, for example, selected 

high reliability (Hi-Rel) components, they further include 

shielding where suitable. 

5. INSTRUMENTATION 

Each CHESS satellite carries two major instruments: the 

mass spectrometer, CubeSatTOF, and the GNSS receivers. 

CubeSatTOF provides the chemical composition of both the 

neutral particles and ions and provides altitude profiles of 

number density data for each species, from which exospheric 

temperatures will be derived. These measurements are 

improved by GNSS receivers providing complementary data 

on the total electron content, which can be converted to the 

number density as well to improve the reliability of the data. 

In addition, the GNSS receivers provide a_ precise 

determination of each satellite’s orbit, and the drag, from 

which estimates of atmospheric density can be derived. 

The CubeSatTOF Instrument 

The CubeSatTOF instrument is a neutral and ion mass 

spectrometer of 1U size for quantitative chemical 

composition analysis. It 1s described and characterized in 

detail in the references [39], [42]. This instrument uses the 

time-of-flight (TOF) technique to analyze species. TOF mass 

spectrometers have been widely used for the analysis of 

planetary atmospheres [43]-[46] since they measure the 

complete mass range simultaneously in about 100 ms 

translating at LEO to a spatial resolution of about 1 km, 

depending on orbit details. 

Atmospheric processes include chemical reactions, the 

formation and destruction of molecular species. As we cannot 

observe the reactions themselves, we analyze the reactant and 

the product of such reactions statistically with a high 

sensitivity, allowing for identification of both major and 

minor processes. To do so, the CubeSatTOF instrument is 

designed to analyze species in a mass range m/z of 

about 1 to 200. The mass resolution which is necessary to 

achieve this mass range was recently demonstrated [39], [42]. 

The instrument features two options to distinguish between 

species originating from the spacecraft background and 

actual exosphere. The instrument provides a _ velocity 

dependent mass resolution providing selectivity by design 

[42]. When the CubeSatTOF instrument 1s operated in orbit 

mode (ion optical settings of the instrument), species enter 

the mass spectrometer with a defined velocity (for example, 

the spacecraft velocity). For analysis, they will be focused on 

the detector with nominal mass resolution and transmission. 

In contrast, slow, thermal species will have a lower mass 

resolution, allowing for a suppression of the gaseous 

background from the spacecraft. As of yet, the effect 1s more 

significant for higher masses, requiring the second option to 

be applied as well. This option foresees a rotation of the 

spacecraft, for example, during downlink, to point the 

CubeSatTOF’s gas inlet opposite to the ram direction. By 

changing the configuration of the instrument to thermal gas 

mode, background measurements can be performed. The 

thermal gas mode analyzes the chemical composition of the 

ambient gas environment produced by constant outgassing of 

the spacecraft [47]. Figure 5 (after [39]) shows a typical mass 

spectrum acquired in thermal gas mode. During the 

subsequent data analysis, the separation between the signal 

from the atmosphere and the background of the spacecraft 

can be performed. Whereas comparable instruments reported 

on strict limitations concerning propellant [18], the 

CubeSatTOF instrument provides more flexibility, thanks to 

this background suppression. In addition, the proposed 

technique provides more reliability when interpreting the 

data. 
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Figure 5. Typical mass spectrum of the CubeSatTOF 

instrument recorded in the laboratory with sample gas. 

The separated isotopes of xenon in the zoom indicate its 

mass range enabled by its mass resolution. 

A further advantage of the CubeSatTOF instrument is that it 

measures the stream of gas incoming into the mass 

spectrometer directly. Thanks to this novel direct open source 

mass spectrometry technique (DOeS-MS), radicals and even 

heavy species preserve their chemical identity while entering 

the instrument. Thus, it can measure even complex (bio) 

molecules in its extended mass range. This allows for 

measurements of fragile, reactive and complex molecules 

such as O3 and N,Oy. A typical dynamic range of about 10° 

in 1 s can be reached by the CubeSatTOF instrument thanks 

to its heritage from the Neutral Gas Mass Spectrometer 

(NGMS) on board Luna-Resurs [44], [45], [48] and the 

Neutral and Ion Mass Spectrometer (NIM) on board the 

Jupiter Icy Moon Explorer (JUICE) [46]. A higher dynamic 

range can be achieved by accumulating the measurements 

during post processing [40] (see Figure 1, nght panel) and by 

increasing the signal gain, which, however, clips the intense 

peaks. The provided dynamic range 1s sufficient to analyze 

the major and minor species in one cycle consisting of two 

orbits without clipping, which is the nominal use case. In 

addition, in dedicated measurement campaigns, the signal 

gain will be increased over several cycles to analyze even 

traces of species, thus, extending the dynamic range indicated 

in Figure 1, right panel. This is possible thanks to the 

sensitive read-out electronics. The electronics draw 

substantial heritage from the NGMS/Luna-Resurs design as 

well, but benefit from both COTS components (cheaper,
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shorter lead time, part availability) and technological 

advancements. Basic concepts, including radiation mitigation 

techniques are described in [48]. 

The Dual-Frequency Multi-GNSS Receiver 

For satellites in LEO, aerodynamic forces are acting on the 

surfaces of a satellite as of non-gravitational accelerations. 

These accelerations can be estimated together with the orbital 

parameters from GNSS measurements on board the satellite. 

Figure 6 shows the relation between GNSS position accuracy 

and temporal resolution, for example, how often atmospheric 

drag parameters can be estimated on board a LEO satellite at 

an altitude of 570 km. 
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Figure 6. The impact of the GNSS position accuracy on 

the estimation of atmospheric drag parameters. 

A GNSS position accuracy of 10 m allows for estimating the 

atmospheric density every 1-2 satellite revolutions. With 

cm to dm positioning, the temporal resolution improves by a 

multiple to about 30 minutes during quiet atmospheric 

conditions or even better during moderate conditions. To 

reach this high level of accuracy, one of the preconditions is 

that the GNSS receiver is dual-frequency. On the one hand, 

this allows for mitigating dispersive atmospheric effects; on 

the other hand, this also enables the study of these effects by 

estimating the total electron content (TEC) along the signal 

paths to more than a hundred of active GNSS satellites. 

For the development of the GNSS payload board, in 2013 the 

Swiss Federal Institute of Technology Zitrich (ETH) initiated 

the CubETH project with the vision to perform GNSS 

measurements with very efficient, small, low-cost and low- 

power GNSS receivers. The GNSS payload board selected 

for the CHESS mission is based on four u-blox ZED-F9P 

dual-frequency GNSS modules for centimeter level accuracy 

[49]. This power-efficient, low-weight GNSS receiver does 

not only allow for the tracking of all four GNSS on two 

frequencies with a sampling rate of up to 20 Hz, but also for 

the computation of real-time onboard solutions based on code 

and carrier phase measurements. Each of the four modules 1s 

connected to a zenith or rear facing GNSS patch antenna of 

the TAOGLAS GPSF.36.A series, respectively, for signal 

reception. 

The core of the payload board will be an ARM Cortex (Arm 

Ltd.) microcontroller unit. Magnetoresistive random-access 

memory (MRAM) will be used for mission critical data, 

including configuration files and backup firmware images for 

the bootloader. The gathered scientific data will be stored on 

two redundant NOR-Flash memory partitions. All data will 

be equipped with appropriate checksums and_ stored 

redundantly, where applicable. To keep the costs at a 

reasonable level for this mission, all components of the 

payload board are selected as COTS components. The 

induced risk of COTS components is compensated by 

applying different measures to protect the board from 

radiation related effects. For example, with latch-up 

protection circuits and watchdogs and by adding enough 

redundancy to ensure that the mission survives a failure of 

certain components. 

The GNSS payload features two main operation modes 

(Table 3) that provide the unique capability for continuous 

precise orbit determination (POD) and atmospheric profiling 

(ATM). 

Table 3. GNSS main operation modes. GPS (G), 

GLONASS (R), Galileo (E), Beidou (C), Sampling rate 

of dual-frequency carrier phase measurements 

(Sampling), maximum data rate for download (Data 

rate) and maximum current consumption (Power). 
  

  

  

Mode GNSS Sampling | Datarate | Power 

POD GREC 1.0 sec 2.5kB/s | 110mA 

ATM G+E 0.1 sec 6.8kB/s | 170mA               

The resulting low-cost GNSS board fits into a 0.25 U form 

factor and, thus, 1s seen as the first step towards a permanent 

observation of the Earth’s exosphere from several vantage 

points simultaneously. The modular design makes it a 

scalable and adaptable payload for the first two CHESS 

satellites, with some flexibility for follow-up missions. 

For orbit validation, a retroreflector consisting of three corner 

cubes is mounted on the nadir-facing side of the satellite. This 

allows for the validation of the satellite orbit obtained from 

the GNSS measurements, and the air density values derived 

thereof, using the satellite laser ranging technique [50] with 

an accuracy of | — 2 cm. 

6. DISCUSSION 

The presented CHESS mission allows for creating an 

inventory of chemical species and measuring the density of 

them to highest presently possible sensitivity on a 3U 

CubeSat because of its modern instrumentation. These
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measurements will provide long-needed, spatially and 

temporally correlated chemical composition and density data. 

Earth’s upper atmosphere is a dynamic system that is 

determined by external and internal forces causing 

phenomena in time scales ranging from seconds to the age of 

Earth. One of the key drivers of Earth’s exosphere 1s the Sun. 

The Sun irradiates both photons (from extreme ultraviolet to 

infrared) and energetic particles. Despite Earth’s magnetic 

field provides at least some shielding against particle 

radiation, the exosphere (and therefore the satellites orbiting 

in this region) is almost fully exposed to this irradiation. This 

irradiation penetrates towards the lower altitudes until it 

eventually reacts with an atmospheric particle. The result of 

this interaction causes various effects including atmospheric 

escape, lonization, and even single event effects potentially 

destroying electronics of satellites. The type of species that 

are ionized and the amount of ionization depend on the local 

time, with the ionized species together with the electrons 

forming the ionosphere of the Earth. In addition, Earth’s 

rotation causes concentration gradients as the peak 

illumination moves over its surface. These effects cause 

night-side transport of species, which is poorly studied in 

Earth’s exosphere. As the first CHESS satellite will be placed 

into a SSO to measure at locations of constant local times, we 

anticipate isolating the impact of the sun. In addition, we 

assume that other cyclic effects can be attributed (see also 

Table 1). 

The different states and composition of the atmospheres of 

the three sibling planets Earth, Venus, and Mars are clearly 

observable today, but its different evolution remains unclear 

[51], [52]. By measuring the scale heights of each chemical 

species present in the exosphere and their altitude profile, 

global atmospheric escape rates, including exospheric 

temperatures, can easily be determined. The second satellite 

has an elliptical orbit to measure the altitude profile of the 

chemical species (and total electron content). Theoretical 

follow-up studies will use CHESS’ data to indicate whether 

it 1s necessary to carry further plasma instrumentation to 

measure the ion escape at the same time. These data will 

provide knowledge for atmospheric escape processes, which 

1s assumed the main reason for Earth having a habitable 

atmospheric surface composition, in contrast to Venus and 

Mars. 

Although for most fields, for example, comparative planeto- 

logy, short duration in situ measurements are already 

sufficient to push the frontier of science, applied research 

such as (space) weather prediction relies on continuous real- 

time data. For example, major earthquakes are thankfully 

seldom. The cumulative distribution of earthquakes 1s about 

proportional to 10™ where M is the magnitude of the event 

(e.g. [53]). We assume that capturing precursors of such 

events is more likely the bigger their magnitude is, if feasible 

at all. Over the baseline (threshold) mission duration, the 

statistical global cumulative number of earthquakes 

exceeding magnitude 6.0 equals 134.1 (11.2), 31.4 (2.6) 

exceeding M 7.0, 1.5 (0.13) exceeding M 8.0, 0.08 (0.007) 

exceeding M 9.0, 0.02 (0.002) exceeding M 9.5, respectively 

[53], [54]. Despite the duty cycle for the downlink of the data, 

we expect to perform scientific measurements during M 7.0 

events as part of the mission duration. Especially, the duty 

cycle, which is also needed for maintenance, indicates the 

need for a constellation of satellites. During the CHESS- 

pathfinder mission, sufficient data will be accrued to adapt 

the requirements of the successive CHESS-live satellites. The 

lessons learned from CHESS-pathfinder will help to establish 

a global monitoring system of Earth’s exosphere. 

7. SUMMARY 

We presented a new mission, CHESS, to analyze the 

dynamics of the chemical composition and the number 

density of Earth’s upper atmosphere with high-performance 

instrumentation. The CHESS-pathfinder mission will analyze 

the exosphere with two satellites in situ at the same time, each 

measuring with two instruments simultaneously to overcome 

space-time degeneracy. The mass spectrometer measures 

both major and minor components, and even traces of 

species, thanks to its acute sensitivity and mass range of about 

m/z | to 200. The GNSS instrument complements the mass 

spectrometer by measurements of the atmospheric density 

and total electron content. Empowered by this performance, 

these 3 U CubeSats can provide data to improve our 

knowledge of Earth’s upper atmosphere with possible 

application in comparative planetology, satellite mission 

design, climate change, and Earth observation. 
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