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Abstract

The Collaborative Research Centre (CRC) 1667 “Advancing Technologies of Very Low Altitude Satellites—ATLAS” was
established in April 2024 with the scientific goal of addressing the fundamental challenges of making satellite operations in
Very Low Earth Orbits (VLEO) sustainable. These orbits are beneficial for satellite services that have become indispensable
to our modern society. Moreover, access to VLEO offers the opportunity to operate satellites without exposure or contribution
to the increasing contamination of traditional orbits with space debris. Seventeen highly interlinked research projects have
been selected to investigate and advance accurate numerical and experimental methods for gas—surface interactions, novel
concepts utilising the residual atmosphere and minimising the satellite sizes, and mission-related challenges of a selected
scenario. In addition, support projects cover topics related to public outreach and academic exchange and assist in achiev-
ing the strategic goal of positioning the University of Stuttgart as a key contributor to this internationally very important
research area. In summary, the CRC ATLAS aims to constitute a research-oriented profile-building measure at the University
of Stuttgart with a strong international reputation.

Keywords Very Low Earth Orbit - Collaborative Research Centre CRC 1667

b4 Stefanos Fasoulas Institute for Modelling Hydraulic and Environmental
fasoulas @irs.uni-stuttgart.de Systems, University of Stuttgart, Stuttgart, Germany

Institute of Navigation, University of Stuttgart, Stuttgart,

Institute of Space Systems, University of Stuttgart, Stuttgart,
P y Y & £ Germany

Germany
Institute of Robust Power Semiconductor Systems, University

Institute of Aircraft Systems, University of Stuttgart,
1 ! ys 1versity utte of Stuttgart, Stuttgart, Germany

Stuttgart, Germany
Institute for Theoretical Chemistry, University of Stuttgart,

Institute for Functional Matter and Quantum Technologies,
Stuttgart, Germany

University of Stuttgart, Stuttgart, Germany
Institute of Aerospace Thermodynamics, University

Institute of Aerodynamics and Gas Dynamics, University of Stuttgart, Stuttgart, Germany

of Stuttgart, Stuttgart, Germany
Institute of Geodesy (GIS), University of Stuttgart, Stuttgart,

Institute of Flight Mechanics and Control, University Germany

of Stuttgart, Stuttgart, Germany
Institute of Technical Physics (DLR-TP), German Aerospace

Institute for Photovoltaics, University of Stuttgart, Stuttgart,
Y & g Centre DLR, Stuttgart, Germany

Germany

Published online: 16 December 2025 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12567-025-00687-8&domain=pdf

S. Fasoulas et al.

1 Introduction

According to the definition of the German Research Foun-
dation (DFG), Collaborative Research Centres (CRC) “are
long-term university-based research institutions, established
for up to 12 years, in which researchers work together within
a multidisciplinary research programme. They allow for
tackling innovative, challenging, complex and long-term
research undertakings through the coordination and con-
centration of individuals and resources within the applicant
universities. They therefore enable institutional priority area
development and structural development” [1].

This basic concept of a CRC has been identified to con-
stitute a uniquely suitable format for closing various knowl-
edge gaps in the basic understanding of the science domains
associated with spaceflight in the Very Low Earth Orbit
(VLEO) and for a profile-building measure at the Univer-
sity of Stuttgart. Following review and approval of the pro-
posal, the CRC 1667 “Advancing Technologies of Very Low
Altitude Satellites—ATLAS” has been established by the
DFG in April 2024, for an initial funding period of 4 years.
Twenty-three subproject leaders from thirteen institutes of
the University of Stuttgart, and the Institute of Technical
Physics at the German Aerospace Center are involved.

The CRC ATLAS addresses fundamental challenges
of rendering VLEO sustainably accessible. Definitions of
VLEO vary, with the distinction from traditional Low Earth
Orbit (LEO) often being drawn at perigee altitudes below
values of 400 km to 500 km. For the purpose of defining the
research goals of the CRC ATLAS, a typical satellite operat-
ing in VLEO without dedicated drag mitigation measures is
considered to undergo terminal orbital decay within about
6 months. These orbits are beneficial for satellite services
that have become indispensable to our modern knowledge,
information, and communication society. In addition, access
to VLEO offers the opportunity to operate satellites without
exposure or contribution to the increasing contamination
of traditional orbits with space debris. Attaining sustained
and economically viable VLEO flight is, however, challeng-
ing due to the unique environmental properties of the lower
thermosphere. These properties result most notably in the
significant, barely predictable and dynamically changing
aerodynamic drag, which leads to a rapid deterioration of
any spacecraft’s orbit unless mitigated by a combination of
active and passive techniques. Thus, the various advantages
of VLEO, including its self-cleaning effect due to drag from
the residual atmosphere dramatically reducing the dwell
times of orbital debris, are to date offset by the disadvan-
tage of an accordingly shortened operational lifetime for
satellites that do not employ any dedicated drag mitigation
measures. The leading research question of the CRC ATLAS
is therefore:
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How can the lifetime of a satellite in VLEO be increased
by at least one order of magnitude without the necessity
of huge amounts of fuel carried or resupplied continu-
ously from Earth?

The CRC ATLAS aims to answer this leading research
question with a scientifically coherent and comprehensive
research approach that comprises a broad range in the level
of detail. It encompasses various engineering disciplines
and requires an innovative and long-term research effort,
including a significant variety of research competencies and
experimental capabilities, to set the foundations for future
satellites in VLEO. The research programme is characterised
by strong interdependencies and necessitates intensive coop-
eration between disciplines that builds on the joint insight of
processes at and across their interfaces to comprehensively
leverage synergies.

The motivation and challenges of VLEO spaceflight
are described below. This is followed by overviews of the
state of the art as well as the general structure of the CRC
ATLAS, the individual research subprojects and how they
are interlinked. As the fundamental ideas and themes of the
CRC ATLAS are considered to exhibit significant potential
for increasing public interest in spaceflight-related and sci-
entific topics as well as for academic exchange, dedicated
supporting projects are foreseen, the goals and measures of
which are also briefly introduced.

2 Motivation and challenges

The last years have seen record numbers of orbital launches,
and a further increase is expected due to the growing
demand for satellite constellations incorporating both public
and private investments (Fig. 1). Thus, more than 500 annual
launches are likely by the end of this decade. The space sec-
tor has evidently entered an exponential growth phase, which
is further reinforced by an increase in the number of satel-
lites per rocket launch. Forecasts indicate that the number of
launched satellites will rise by one order of magnitude until
the end of this decade (Fig. 2).

The new records in launch rates and satellite deployments
raise the question about the environmental impact of space-
flight activities in general, which can further be subdivided
into impacts on the Earth and space environment, respec-
tively. Concerning the Earth environment, recent studies
show, for example, a potentially significant impact on the
climate and ozone from launch and re-entry emissions [2—6],
and the World Meteorological Organisation expressed con-
cerns about the associated long-term impacts [7]. Related to
the space environment, concerns arise in particular for the
conventional LEQ, i.e. at altitudes above 450-500 km, as this
region is subject to the very real risk of becoming congested.
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Fig. 1 Worldwide rocket launches with orbital payloads (as of December 31, 2024)
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This is due to the fact that the population of space debris
stemming, e.g. from collisions, debris impact, defunct mis-
sion hardware, anti-satellite weapon tests and explosions of
upper rocket stages increases continuously. In consequence,
the LEO is subject to the very real risk of experiencing a
collision cascade scenario, which is known as the “Kessler
syndrome” [8]. This scenario may close off effective access
to LEO for the subsequent decades or even centuries, unless
a sufficient number of debris items is removed by yet unavail-
able technologies or natural orbit decay.

Nowadays, most of the launched satellites are currently
positioned in LEO mainly because this allows for an ade-
quate operational lifetime with respect to the investment
costs using traditional satellite systems. On the other hand,
a lower altitude in VLEO would be beneficial for almost all
existing and upcoming near-Earth satellite utilisation cases.
Also, the VLEO region offers an attractive alternative in
terms of minimising the threat of a collision cascade [9].
The primary benefits of VLEO platforms are in summary:

e A significant increase in measurement accuracy in geo-
physical science missions, higher resolutions and/or
lower payload masses for Earth observation missions.

e Shortened communication response times and reduced
transmission power levels.

e A reduction in launch costs due to lower orbits and sat-
ellite masses for equivalent tasks, with an indirect addi-
tional potential towards minimising the environmen-
tal impacts of space activities due to the reduction of
required launches and/or burn-up mass during re-entry.

e Sustainable flight within previously only temporarily
accessible areas of Earth’s thermosphere for atmospheric
science missions.

e The possibility of exploiting aerodynamic forces for
propellant-less orbit and attitude control of satellites.

e Constituting the single viable alternative towards secur-
ing future satellite services, should a collisional cascade
lead to an exponentially accelerated increase of space
debris in conventional LEO.

e A safe, rapid and passive post-mission disposal, which
does not contribute to the growing abundance of space
debris.

VLEO flight is, however, challenging due to the barely
predictable and dynamically changing aerodynamic drag
caused by the residual atmosphere (lower thermosphere).
The atmosphere is mostly composed of atomic oxygen in
VLEO (depending on model and altitude up to 99%), which
is produced by photochemical dissociation reactions and
increases in abundance at higher altitudes as illustrated in
Fig. 3. Since these reactions mainly depend on the current
solar and geomagnetic activity, the variations over a solar
cycle with an 11-year period, over the year and even over
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a day are correspondingly large. A small fraction of the
atomic oxygen is ionised, forming the ionosphere and peak-
ing at daytime and within VLEO-relevant regions in general,
whilst never exceeding 1% of the total gas density.

The accuracy of predictions of density, temperature, com-
position, etc. is limited by the inherent inaccuracy of state-
of-the-art, semi-empirical atmospheric models, and lies in
the range of 10—15% [10-13]. This holds true even if impor-
tant model parameters such as the solar and geomagnetic
activity are known, which themselves are hardly predictable
[10, 14]. In addition, the velocity vector of a satellite relative
to the atmosphere differs from the inertial satellite velocity
vector, which is defined by orbital mechanics, depending
on its orbital position (longitude, latitude) and constantly
fluctuating atmospheric conditions including thermospheric
winds [11]. Finally, as the mean free path of particles in
VLEO exceeds typical satellite dimensions, satellites are
subject to free molecular flow conditions at relative veloci-
ties of 7-8 km/s.

Different research activities have been conducted to
investigate potential VLEO utilisation worldwide and at
the University of Stuttgart, in most cases concentrating
on individual themes. A general overview of related top-
ics is provided in Sect. 4. However, a coordinated research
programme is essential to achieve meaningful progress, in
particular with regard to coalescing findings from distinct
disciplines in engineering sciences. This strongly motivates
the CRC 1667 ATLAS, whose overall concept is described
in Sect. 5.

3 State of the art

The research topic “VLEO spaceflight” has received increas-
ing attention from the scientific community in recent years.
An indicator is the continuously increasing number of sci-
entific publications using the terminology “Very Low Earth
Orbit”, as depicted in Fig. 4. A closer look reveals the Uni-
versity of Stuttgart to be in one of the leading positions. This
is due to some research work conducted in preparation for
the CRC ATLAS and also based on the foregoing EU-funded
project “Disruptive technologies for very low Earth orbit
platforms” (DISCOVERER) under the lead of the University
of Manchester. The thereby already established cooperation
cluster is clearly visible in Fig. 4. Further intense research
activities are noticeable in particular for the TU Delft in
Europe, the University of Tokyo in Japan, the University of
Colorado Boulder in the USA, the Carleton University in
Canada, and the Beihang University in China. All of them
are part of research clusters. Based on the available publi-
cations, dedicated research foci for these institutions have
been as follows:
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Fig.4 Publications (based on

“google scholar”) with the term

Year of Publication

sions.ai, as of July 2023) [130, 131]. Important note: The terminology

“Very Low Earth Orbit” in title, abstract or full text (since 2010, as
of December 31, 2024) and their origin indicating localisation of
research clusters and amount of related activities (database dimen-

“Very Low Earth Orbit” is actively and more frequently used since
about 2015. The illustration should be, therefore, interpreted only as
an indicator for the recent developments in the research field
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e The University of Manchester concentrated on the appli-
cation of satellite aerodynamics to attitude control as well
as on the characterisation of satellite surface materials,
and the lead of DISCOVERER as one of the largest
research projects on the topic to date [15-19].

e The University of Tokyo published primarily on topics
associated with atmosphere-breathing propulsion tech-
nology, specifically small-scale atmosphere-breathing
coaxial Pulsed Plasma Thrusters [20-22].

e The University of Colorado Boulder conducted research
on low-drag and atomic oxygen-resistant materials as
well as on the effect of space weather on satellites and
debris in (V)LEO [23-26].

e Carleton University investigated primarily optical wire-
less satellite networks, also known as free-space optical
satellite networks in particular for a deployment in VLEO
[27-31].

e The TU Delft has published articles on the design of
an attitude determination and control system of a 6U
CubeSat for Earth observation as well as contributions
to scientific missions in VLEO [32-35].

e Beihang University performed investigations on aerody-
namic drag and related reduction strategies for satellites
in VLEO, as well as aerodynamic attitude control and
intake devices for atmosphere-breathing electric propul-
sion systems [36—41].

Most of the activities at these institutions concentrate on
individual topics as the availability of relevant expertise to
cover the required broader research topics on single loca-
tions is rare. Nonetheless, it is expected that the worldwide
research efforts will further increase for the same or simi-
lar motivations as for the CRC ATLAS. Indicators for this
are ongoing and emerging major worldwide efforts towards
achieving VLEO utilisation. Examples are the announce-
ments of the “Defense Advanced Research Projects Agency”
on the programmes “Daedalus” end of 2022 [42] and “Otter”
[43]. Other space actors are also active, e.g. ESA [44] or
Chinese CASIC [45]. Finally, some companies, including
SpaceX with its Starlink constellation, have announced plans
to operate satellites between 200 and 400 km [46], however,
still relying on existing technologies like ion thrusters fed by
on-board stored propellants.

In the following, an overview of the state of the art for
individual topics is given, beginning with “space debris
mitigation”, as it represents a strong motivational argument
for the CRC ATLAS. Then an overview of the (limited)
knowledge on “VLEOQ utilisation” is provided, followed by
the therewith associated topic of “active drag compensation
with atmosphere-breathing electric propulsion”. The option
of passive drag compensation through dedicated gas—sur-
face interaction properties is subsequently addressed. Out-
lines for the topics of “space-borne gravity field mapping”
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and “thermospheric research missions” are then given, as
they represent the focal points of future scientific mission
scenarios assessed within the CRC ATLAS. Finally, “cur-
rent trends on relevant satellite subsystems and payloads”
are outlined. An interim summary addressing the identi-
fied knowledge gaps provides the basis for the subsequent
Sects. 5 and 6, which introduce the concept, research ques-
tions and goals of the CRC ATLAS.

3.1 State of the art on space debris mitigation

Satellites in traditional LEO as well as the International
Space Station in VLEO are at constant risk of being
impacted by space debris of varying kinetic energies, with
only larger items being catalogued and monitored. The first-
ever hypervelocity impact occurred between the operational
satellite Iridum-33 and the defunct Kosmos-2251 at an
altitude of 789 km at a northern polar latitude in February
2009 [47]. This event alone bolstered the population of space
debris by about 2,300 trackable items (Fig. 2), indicating
how important a swift removal of large, defunct satellites in
particular is to operational safety in space. Other, “non-acci-
dental” events, such as the Chinese anti-satellite weapon test
(ASAT) in January 2007 and the Russian ASAT in Novem-
ber 2021, further increased the abundance of potentially
hazardous space debris (Fig. 2).

Hence, many research efforts worldwide investigate
options of actively capturing key debris objects by various
means for the purpose of subsequent disposal (e.g. [48-54]).
This measure could indeed contribute to reducing the over-
all risks, especially if larger objects would be removed.
However, besides all challenges associated with capturing a
non-cooperating target in space, the number of items to be
removed would incur considerable expenses. This is addi-
tionally aggravated by the lack of a legal basis in an interna-
tional context today: who is allowed to capture and dispose
whose objects, who is responsible and who is going to pay?
Because of a variety of particular and partially conflicting
interests, it is doubtful whether a worldwide agreement will
be attained in the foreseeable future.

Therefore, besides the operational benefits, enabling a
sustained operation in VLEO might constitute the only suit-
able option to continue operating near-Earth spaceflight in
the future.

As an example, illustrating the potential danger to oper-
ational space hardware, Fig. 5 summarises the proximity
warnings triggered for the University of Stuttgart’s small
satellite “Flying Laptop” since its launch in July 2017 to
an altitude of about 596 km. The risk of incurring a Kes-
sler syndrome is greatly exacerbated by the trend towards
mega-constellations with thousands of satellites, which are
actively being implemented (Fig. 2). This threat is clearly
already present today, considering the tremendous increase
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Satellite Flying Laptop (Jul 17—Sep 24) Amount
Total number of events ~750
... of which with known objects 150
(multiple instances possible)

... of which with unknown objects 110
(multiple instances possible)

... closest (predicted) distance 29m
... largest predicted collision probability 0.708 %

Fig.5 Metrics and locations at which proximity warnings (pass of
tracked debris item within 1 km predicted distance) have been trig-
gered through the Combined Space Operations Center (CSpOC) for

of calculated maximum collision probabilities in the recent
past as illustrated in Fig. 6 [55]. This holds true even if con-
temporary standards for end-of-life satellite disposal were
to be adhered to strictly or even improved upon significantly
[56, 57]. One example of new regulations is the announce-
ment of the USA Federal Communications Commission in
September 2022 on new rules, specifically requiring satel-
lite operators in LEO to dispose of their satellites within
5 years after completing their missions, which shortens the
previously required decades-old 25-year disposal window
for deorbiting satellites post-mission [58]. However, it is
highly doubtful whether these updated guidelines will suffice
in mitigating this risk or whether they will be implemented
by all space-faring nations. The need for collision avoid-
ance manoeuvres during operation is nonetheless continu-
ously increasing, e.g. for the ISS [59, 60], and a key question
remains unanswered: What happens if a significant number
of satellites fail, and control over them, either for colli-
sion avoidance or disposal manoeuvres, is no longer pos-
sible? With decay times at VLEO-relevant altitudes being

the University of Stuttgart’s small satellite Flying Laptop since its
launch in July 2017 as of September 2024 (initial altitude ~ 596 km,
inclination =~ 98°)

intrinsically short, the amount of harmful debris existing
therein at any time can be considered sufficiently low, even
following the potential fallout of a Kessler syndrome.

It follows that satellites operating in VLEO are intrinsi-
cally less susceptible both to falling victim to in-orbit colli-
sion events and to themselves significantly contributing to
a potentially catastrophic collisional cascade following e.g.
in-orbit failure or debris impacts.

3.2 State of the art on VLEO utilisation

Examples on VLEO utilisation range back to the very begin-
ning of spaceflight with necessarily short-lived satellites
used primarily for scientific and military reconnaissance
purposes. Later, crewed space stations, including the con-
temporary “International Space Station” (ISS), would be
placed in what can now arguably be referred to as VLEO.
This, however, results in the requirement of regular orbit-
raising manoeuvres conducted in compensation of the
orbital decay caused by atmospheric drag. In consequence,
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Fig.6 Predicted conjunctions (< 1 km) per week based on CelesTrak/Socrates Plus computations [55], as of May 2023
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they either re-enter within a few months or depend entirely
on carefully scheduled re-supply of propellant from Earth
for orbit-raising manoeuvres [61].

A rare but prominent example of a spacecraft sustaining
a VLEO orbit by its own resources is ESA’s “Gravity Field
and Steady-State Ocean Circulation Explorer” (GOCE),
which maintained a circular orbit at approximately 255 km
altitude for 55 months starting in 2009 [62, 63]. The atmos-
pheric drag acting on GOCE was mitigated by a sleek design
of the spacecraft itself as well as through highly efficient
ion thrusters exerting a constant thrust of 20 mN. GOCE’s
mass of 1100 kg comprised 40 kg of Xenon as fuel and
its lifetime was limited only by the amount of propellant
stored on board [64]. GOCE, as one of the best-characterised
satellites in terms of its aerodynamic properties, is also an
excellent example to illustrate the existing knowledge gaps
and uncertainties associated with VLEO spaceflight: on 21st
October 2013, ESA stated that GOCE will most likely re-
enter in about 2 weeks (early November 2013). The actual
re-entry occurred on 11th November 2013, which, from the
perspective of the original prediction, corresponds to a rela-
tive error of 30% [65, 66].

Another VLEO mission, named “Super Low Altitude Test
Satellite” (SLATS), was launched by the Japanese Space
Agency JAXA in late 2017 to demonstrate technologies
in VLEO between 180 and 250 km altitude, including an
ion engine system and the satellite system itself [67]. Some
further studies for VLEO systems for remote sensing and
technology demonstration purposes have been conducted.

In summary, VLEO missions today are either short-
lived or entirely dependent on available on-board fuel or its
replenishment from Earth.

3.3 State of the art on active drag compensation
by atmosphere-breathing electric propulsion

Following technology research programmes for atmos-
phere-breathing electric propulsion concepts, interest into
the topic of VLEO flight has renewed within the European
Space Agency, as demonstrated by an increased output of
public invitations to tender for technology development
activities on specific topics. This acute rise in interest is
certainly in part a result from the continuing struggles with
technical as well as international legal issues associated with
the intention of establishing a globally coordinated space
debris mitigation strategy. Other agencies and institutions
worldwide support similar activities. An overview about
the current state of the art on atmosphere-breathing electric
propulsion is given by Andreussi et al. [68]. In summary
and with regards to research on drag mitigation measures in
VLEDO, a frequent focus lying on atmosphere-breathing elec-
tric propulsion and the experimental simulation of atomic
oxygen flow conditions, only a few international research
activities have so far preceded the CRC ATLAS as indicated
in Table 1 [67-74].

One exception in this context is the project DISCOV-
ERER, which was funded through the European Union’s
Horizon 2020 research and innovation programme. With
nine partners in six countries, it constituted one of the larg-
est concentrated research efforts into VLEO satellite con-
cepts so far, covering topics from atmosphere-breathing
electric propulsion, low drag and atomic oxygen-resistant
materials, acrodynamic attitude and orbit control, and busi-
ness models for VLEO utilisation with a focus on Earth
observation [75]. The University of Stuttgart was involved
in the design of an atmosphere-breathing electric propulsion
concept based on an inductive plasma thruster, the develop-
ment of aerodynamic control methods, contributions to the

Table 1 Selected past and present research activities on atmosphere-breathing electric propulsion (ABEP) for VLEO flight

Activity Focus Funding agency Year (initial)
ABIE [69, 132] Atmosphere-breathing ion thruster, theoretical and experimental activities JAXA 2003
RAM-EP [71] Concept study for atmosphere-breathing RIT-10 propulsion system ESA 2007
ABCHT [72] Atmosphere-breathing cylindrical Hall-effect thruster, tested with xenon The Aerospace Corporation 2009
only
VIPER [133] Laboratory tests of small-scale atmosphere-breathing coaxial Pulsed Plasma University of Tokyo 2015
Thruster (PPT)
DISCOVERER [75]  Activity focussing on atmosphere-breathing inductive plasma thruster, EU 2017

investigation of materials with specular reflection properties, aerodynamic
attitude and orbit control, and business utilisation scenarios

AETHER [73, 84, 93] Air-breathing electric thruster; industry-led consortium focussing on EU 2019

increasing technology readiness level
ram-CLEP [91, 92]

Air-breathing cathode-less electric propulsion; follow-up on ABEP system  ESA 2021

development begun in DISCOVERER, with intent on advancing technical
aspects and establishing end-to-end ground test methods
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test facility programme at the University of Manchester, and
the support to the development of business case scenarios
[76]. Whilst the findings provide a valuable foundation, the
CRC ATLAS explores aspects and applications of VLEO
satellites beyond the scope of DISCOVERER, specifically
geodetic and atmospheric research. Furthermore, topics
that were investigated in DISCOVERER are meaningfully
expanded upon, and alternative approaches to various chal-
lenges posed by the environment of VLEO are explored,
informed by the knowledge gained in that activity. The facil-
ities and methods to be developed in the course of the CRC
ATLAS are complementary in nature, i.e. non-redundant to
those established in the context of DISCOVERER, whose
funding period ended in 2022. The DISCOVERER project
also sponsored, arranged and performed the “1st Interna-
tional Symposium of Very Low Earth Orbit Missions and
Technologies™ (28-29 June 2021) as a virtual event due to
the corona pandemic. Some of the presented results have
been peer-reviewed and were published [77-90]. Other con-
tributions from this symposium are available on the DIS-
COVERER website [75].

Conceived as a technical follow-up on the ABEP-focussed
research activities within DISCOVERER, the ESA-funded
project ram-CLEP (“air-breathing Cathode-Less Electric
Propulsion”) aimed to improve the existing prototype design
further, specifically by incorporating a dedicated power pro-
cessing unit and rescaling the thruster prototype correspond-
ingly [91, 92]. The methods and lessons learnt provide an
ideal starting point for further research and design improve-
ments. In addition, first approaches to assess and verify
potential platform designs (i.e. VLEO satellites) considering
the use of both Earth observation and telecommunication
payloads have been developed. These findings are also very
fruitful for the activities within the CRC ATLAS.

Another project called AETHER (“Air-breathing Electric
Thruster”, 2019-2022), which was also funded through the
Horizon 2020 programme, focussed primarily on the further
development of a concrete concept of an ABEP system on
an industrial level. This concept bases on a formerly pro-
ject performed by the Italian company SITAEL, where a
prototype based on a Hall-effect thruster was designed and
preliminarily tested successfully in an end-to-end laboratory
setup [73, 84, 93]. Nonetheless, the main issue remains in
the operation of such a thruster with atmospheric propellant,
due to the high concentration of atomic oxygen, a primary
source of erosion for critical thruster components, such as
grids for radio frequency ion thrusters or discharge chan-
nels for Hall-effect thrusters. Moreover, technical restric-
tions referring to a minimum density at which some of the
industrial thrusters can operate lead to limitations of these
to lower VLEO altitudes.

In summary, all activities conducted so far indicate that
an ABEP system could be feasible, though with many open

questions. To give a quantitative example, a GOCE like
spacecraft (mass 1,000 kg, cross area 1 mz) would require
a power level of about 2-3 kW to continuously maintain
an altitude of about 200 km [83]. These figures, however,
base on very rough estimations and assumptions and may
vary significantly. Open questions concern, in particular, the
intake design, dealing with the high fluctuations in operating
conditions, efficiencies, atomic oxygen resilience, and above
all experimental verification, to name a few.

3.4 State of the art on gas—surface interaction
research

Under VLEO-specific boundary conditions, i.e. a free
molecular flow with relative velocities of 7-8 km/s, gas—sur-
face interactions directly lead to a momentum and energy
exchange between the incident gas particles and the external
surfaces, therefore resulting in forces and torques acting on a
spacecraft. Overviews of the state of the art in aerodynamic
drag modelling and incorporated gas—surface models for
Earth-orbiting satellites are given, for example by Mostaza
Prieto et al. [94] and by Livadiotti et al. [95], respectively. In
summary, the interactions depend on the physical parameters
of the surface (roughness, cleanliness, molecular composi-
tion, lattice configuration and temperature) as well as the
characteristics of the incident flow (composition, velocity
and incident angle).

The associated drag coefficient has usually been assumed
to be a constant equal to 2.2, and the lift coefficient has
almost always been neglected in the past. Today, it is widely
accepted that the coefficients are not constant but dependent
on the spacecraft shape as well as the atmospheric tempera-
ture and composition at the flight altitude, and that existing
models are generally not sufficient for their required predic-
tion accuracy.

The imprecise knowledge of the drag coefficient amplifies
the already substantial uncertainty in predicting the atmos-
pheric forces acting on a satellite in VLEO, which results
from uncertainties regarding space weather conditions, the
inherent inaccuracy of the available semi-empirical density
models, inaccurate knowledge of the spacecraft’s attitude
with respect to the flow, and uncertainties in the modelling
of thermospheric wind. Combined, these effects may cause
deviations up to one order of magnitude for the predicted
force acting on a satellite, as schematically indicated in
Fig. 7. Vice versa, atmospheric density models obtained
from satellite orbit observations, directly incorporate any
error on the drag coefficient as density biases. Any improve-
ment on the knowledge will, therefore, directly impact the
accuracy of mission analysis and orbital predictions. Sub-
sequently, for example, a more accurate determination
of re-entry paths and debris footprints could be realised.
In the context of the CRC ATLAS, a more accurate orbit
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Fig. 7 Estimated drag of a CubeSat (0.10x0.10%x0.10 m3) in 350 km
altitude illustrating the uncertainties due to density variations and
imprecise knowledge of the drag coefficient

determination and tracking of space objects would be pos-
sible, allowing, for example, optimum and precise collision
avoidance manoeuvres. Also, a comprehensive aerodynamic
characterisation of a given spacecraft will allow for the study
of new mission concepts in which the aerodynamic forces
play an active role, such as passive drag compensation and
optimisation, or relative trajectory and attitude control.
Passive drag compensation by specifically designed sur-
face materials and spacecraft shapes was already shown to
increase the operational lifetime by about 10-30% with real-
istic (conservative) assumptions on occurring gas—surface
interactions and by orders of magnitude with yet unavailable
specular reflection properties [96].

3.5 State of the art on space-borne gravity field
mapping

Space-borne gravity field mapping is a research field that
will considerably benefit from sustained VLEO operations.
The fine structure of the gravity field attenuates strongly with
height, and hence, gravity sensors should sample the field
as close as possible to the attracting masses, i.e. in VLEO.
Missions such as CHAMP, GRACE and GRACE-FO were
launched into an initial altitude between 450 and 500 km
[97-99]. Due to atmospheric drag, their orbits decay(ed) in
height naturally into the VLEO regime during their mission
lifetime. Only ESA’s GOCE mission was actively kept in
an orbit around 255 km altitude by continuously counter-
acting the atmospheric drag. Beyond its scientific success,
GOCE was able to demonstrate the scientific potential and
value of VLEO platforms, directly motivating the research
of technological principles, concepts and an exploration of
further application scenarios for a quasi-indefinite VLEO
deployment of satellites.
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ESA has also supported numerous studies of academic
and industrial teams to prepare for a next-generation grav-
ity mission. Such studies have addressed technical aspects,
including drag free compensation in VLEO over longer
mission durations, or laser ranging options between satel-
lites [100]. Technological advances in the field of cold atom
interferometry are monitored closely because future grav-
ity missions would benefit from such novel inertial sensing
technologies in various ways: accelerometry, gradiometry
and attitude sensing. These possible future payloads have
been, for example, partly the focus of the CRC 1464 Ter-
raQ—Relativistic and Quantum-based Geodesy, which has
been supported by the DFG since 2021 [101].

Other ESA studies addressed the inherent undersampling
of the time-variable gravity field from orbit, and therefore,
analysed the design of constellations with multiple satel-
lite pairs on polar and inclined VLEO orbits. However, in
an ESA or multi-agency context, the typical mission design
involves mid-size or larger satellites and budgets of 200 Mio.
€ or more. The noted studies are, therefore, complementary
to the investigations in the CRC ATLAS, which aim at novel
gravity mission concepts pointing at reconfigurable and dis-
tributed low-cost architectures.

3.6 State of the art on thermospheric research
missions

Research missions in the thermosphere are rare, and thus
the knowledge and understanding of the therein occurring
phenomena is limited, which leads to the frequently used ter-
minology “ignorosphere” (e.g. [102]). An overview includ-
ing a gap analysis has been given, for example, by Mlynczak
et al. [103]. Space-based observations have been primarily
made between 45 and 120 km in altitude (mesosphere and
lower thermosphere, MLT). Though quite limited, the under-
standing of the structure and composition as well as the sig-
nificance of the MLT has been largely revolutionised as a
result of these observations. A key result is the long-term
cooling of the MLT because of increasing CO, levels [104],
which confirms a fundamental prediction of climate change
theory [105, 106]. In addition, these data have become vital
for the development of next-generation whole-atmosphere
prediction models for space weather applications [107, 108].

The long-term cooling of the MLT is further predicted
to significantly reduce the atmospheric density at altitudes
wherein low-Earth-orbiting satellites operate, and evidence
for this effect already exists [109]. The reason is that above
120 km in altitude, long-term changes associated with
increasing CO, levels are largely driven by physical pro-
cesses in the “heat sink region” of the MLT between 85 and
125 km in altitude, where radiative cooling by CO, domi-
nates [110, 111]. Thermal energy at higher altitudes in the
thermosphere is naturally transported downward by heat



Motivation, structure and goals of the Collaborative Research Centre 1667: Advancing...

conduction and is ultimately radiated by CO, in the heat
sink region. As the amount of CO, increases, more energy
from the upper thermosphere can, thus, be transported down
and radiated from the heat sink, resulting in cooling and
decreased density both in the MLT and in the upper ther-
mosphere. This scenario would increase the orbital lifetime
of satellites and space debris, which could amplify hazards
to all spacecraft in LEO [103].

An example for a planned satellite mission is the “Space
Weather Atmospheric Reconfigurable Multiscale Experi-
ment” (SWARM-EX), a CubeSat initiative funded by the
US National Science Foundation (NSF). Three identical
CubeSats will be launched for the investigation of scientific
phenomena in the upper atmosphere (planned launch date in
2025). CU Boulder is leading the project with contributions
from Stanford University, Georgia Institute of Technology,
Western Michigan University, University of Southern Ala-
bama and Olin College. An atomic oxygen sensor system
“FIPEX” from the University of Stuttgart and a Langmuir
Probe measuring ion density will be deployed onboard to
address the spatial and temporal variability of the equatorial
ionisation anomaly and equatorial thermospheric anomaly
[112].

Another example is the “Daedalus” mission, which has
been proposed to the European Space Agency (ESA) in
response to the call for ideas for the Earth Observation pro-
gramme’s “10th Earth Explorer”. It was selected in 2018
as one of three candidates for a Phase-0 feasibility study.
The mission design aimed to break through the current
spacecraft exploration “barrier” of 150 km and to access
electrodynamics processes at lower altitudes. In line with
ESA’s Living Planet Programme, Daedalus constituted an
ambitious programme covering a wide range of observations
and measurements that are needed to resolve key energy
balance issues in one of the most under-sampled regions
of the Earth’s environment: the “ignorosphere”, i.e. lower
thermosphere and ionosphere. As it turned out, however,
the ambitious mission, based on traditional satellite design,
was beyond budget, so Daedalus was not selected for a Phase
A study. Nevertheless, there may be a future for Daedalus,
albeit in ESA’s Science Directorate and no longer in the
Earth Observation Directorate [102, 113].

3.7 State of the art and trends on relevant satellite
subsystems and payloads

As most visibly by the increasing prevalence of nanosatel-
lites based on the CubeSat standard, a clear trend towards
miniaturisation is observed in satellite design, with deploy-
ment via launcher ridesharing having become the rule [114].
The considerably reduced development and launch costs
have led to an increased abundance of cost-efficient min-
iature satellites in orbit, which is continuing to exacerbate

the challenge of space debris. That very development has
further prompted a growing prevalence of single-purpose
satellite designs, intentionally built for specific and nar-
rowly bounded scientific or commercial missions, which
are in many cases conducted by multiple interlinked space-
craft orbiting in formations or constellations. This design
philosophy lies in strong contrast to conventional singu-
lar large multi-purpose satellite design approaches. The
increased tendency to distribute and coordinate mission- and
operations-related tasks between individual platforms neces-
sitates advances in mutual self-organisation capacities and
enhanced intra-satellite and ground station communication
capabilities, utilising highly efficient means such as laser
links.

Fundamentally, any technology potentially contributing
to a reduction in a satellite’s system mass and increase in
efficiency can be considered meaningful for broader space-
flight applications, and numerous eminent advances have
been reported in this respect. Examples, which are also
investigated within the CRC ATLAS, comprise perovskite
solar cells and quantum-based technologies. NASA classi-
fies perovskite solar cells as a notable upcoming technology
of considerable value both for and beyond VLEO applica-
tions [115]. Following a first successful demonstration of
quantum-encoded communication techniques by Shi et al.
[116], a notable surge in the global research and commer-
cial interest in quantum technologies is ongoing, owing to
their great potentials in a broad range of areas including
computation, secure communication, metrology, and many
more [117]. It is highly likely that such quantum technolo-
gies will become a staple payload for many satellite applica-
tions within the next 10 to 15 years; however, the focus of
ongoing developments primarily lies on their deployment
in conventional LEO orbits. For example, a white paper on
satellite-based quantum communication missions has been
published by Jennewein et al. [118]. As these conventional
orbits become exceedingly populated, greater demands and
requirements are placed on the exact determination and pre-
diction of orbital trajectories, which is motivated in no small
part by the desire to improve collision avoidance measures.

Finally, as practically every satellite placed in LEO or
fragment thereof will eventually re-enter Earth’s atmos-
phere in an uncontrolled manner, partially burning up in
the process, various dedicated research activities around the
globe investigate “Design for Demise” strategies by which
to reduce the risk of any residual debris causing harm to life
and property on impact [119-121].

3.8 Conclusion of the state of the art
The CRC ATLAS builds upon the level of knowledge

achieved in VLEO spaceflight so far and aims to close the
various existing knowledge gaps in the basic understanding
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thereof by considering the foreseeable trends in satellite
technologies and applications. Unleashing the full potential
of VLEO utilisation necessitates significant advancements
with regard to the interaction and integration of physical
models as well as experimental and numerical methods to
achieve the levels of required understanding. The need for
this advancement results from the current state of the art,
which reveals urgent research requirements, in particular in
the fields of gas—surface interactions, enabling subsystems
and VLEO mission-related challenges.

The mission examples for thermospheric research and
space-borne gravity field mapping have been chosen to illus-
trate the international research interest for long-term in situ
investigations and the associated needs for appropriate satel-
lites, and to indicate the potential impact of related research
findings. These entirely new mission scenarios are an addi-
tional motivation for the CRC ATLAS and completely inde-
pendent of the mentioned space debris issues. This is also
the reason why the focus for respective reference scenarios
has been chosen as a guiding element in the CRC ATLAS.

4 Conception of the CRC 1667 ATLAS
4.1 Research goals

Based on the previous discussion, open research questions
related to VLEO utilisation comprise the following, mutu-
ally influencing challenges:

e Knowledge gaps in modelling and experimental testing of
a free molecular, high-speed, and chemically aggressive
flow, covering all relevant spatial scales.

e Missing methodological and technological knowledge
concerning utilisation of the residual atmosphere.

e Need for technological subsystem concepts that offer
design options to minimise mass, volume and especially
cross-sectional requirements.

e Lack of concepts to deal with significantly shorter trans-
mission and communication windows.

e Missing solutions for reliable autonomous response to
unpredictable events with widely varying time scales,
including low latency precise orbit determination.

As a result of these challenges, the research goals of the
CRC ATLAS towards rendering VLEO sustainably acces-
sible for long-term satellite operations are:

e Mastering of rarefied flow aerodynamics and gas—sur-
face interactions with unprecedented accuracy: The total
drag can be reduced through an accordingly optimised
spacecraft design, which, however, is strongly dependent
on surface properties, overall configuration and specific
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utilisation scenarios. The basic understanding of gas—sur-
face interactions under VLEO conditions and a related
characterisation of surface materials will allow to control
and direct them to further reduce the drag coefficient.
The impulse and energy exchange between individual gas
particles and surfaces depend on microscopic gas—sur-
face interactions. On the other hand, the drag coefficient
must be known precisely on a macroscopic level for the
entire satellite. The gas—surface interactions are mainly
dominated by material and surface properties, e.g. rough-
ness, temperature, incident angle, absorption, desorption
and chemical reactions with atomic oxygen [94, 95]. The
chemically highly corrosive nature of atomic oxygen
is an additional challenge, particularly in conjunction
with UV radiation, thermal cycling and micrometeoroid
impacts.

e Solutions for aerodynamic drag mitigation: Longer mis-
sion durations require drag-mitigating systems that oper-
ate either entirely without propellant, e.g. by utilising lift
and drag for orbit and attitude control purposes [122],
or collect residual atmospheric gases to be used as such
[123, 124]. Harvesting of the residual atmosphere for
later propulsion purposes is challenging due to the rare-
fied flow conditions. Thus, the idea has not yet devel-
oped above pure conceptual status. Passive utilisation
of aerodynamic drag or lift has not yet been applied in
a detail as required for satellites in VLEO. For potential
in situ propellant collectors and subsequently therewith
fed electric propulsion systems, directing and compress-
ing rarefied flows as well as igniting and maintaining a
plasma flow consisting of chemically aggressive atomic
oxygen requires a breakthrough through modelling and
experiments.

e Methods to handle the dynamic and unpredictable nature
of the environmental conditions: Innovative solutions
concerning the flexibility and control of all affected
spacecraft subsystems, in particular those for drag miti-
gation, are required. The dynamic nature necessitates
research to characterise and map its behaviour in suffi-
cient detail to improve predictions for VLEO operations.
A regular and precise determination of the current orbit
and attitude is imperative, prompting the development of
high-fidelity, real-time localisation techniques.

e Subsystem solutions enabling VLEO-specific satellite
design options: Minimising cross-sectional area neces-
sitates new concepts, in particular for solar cell arrays, as
they represent large parts of a satellite’s surface, which in
turn is a system driver to aerodynamic orbit and attitude
control. The electrical power demand, e.g. for atmos-
phere-breathing electric propulsion, will also result in
waste heat, which calls for new thermal control solutions
assisting synergistically in the drag mitigation or attitude
control purpose. Minimising mass and volume demands
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requires, in particular, solutions for key components of
potential payloads.

e Solutions for the reduced ground coverage of individ-
ual satellites, narrow operational fault tolerances, and
autonomy: The performance improvements associated
with shorter distances between satellites and ground
stations must be developed and exploited to maintain
and improve up- and downlink efficiencies. To establish
comprehensive ground coverage, constellations must
comprise a relatively increased number of individual
spacecraft, which poses additional challenges with regard
to coordination, task distribution, and control. The rela-
tively large amount of drag acting on spacecraft operat-
ing in VLEO implies that even a partial failure of sub-
systems associated with drag mitigation will result in a
comparatively fast deterioration of their nominal orbit.
As a countermeasure, a rapid, automated response to
potential faults and functional redundancies is needed to
minimise the risk of mission failure.

Many other relevant important topics with large knowl-
edge gaps exist, concerning, e.g. methods for end-of-life
disposal. Despite their obvious relevance, they do not rep-
resent a strictly VLEO-specific research challenge because
the same holds true for the traditional LEO regime.

The outlined research goals are highly interdisciplinary,
drawing from the fields of fluid mechanics, thermodynam-
ics, plasma dynamics, material science, chemistry, electrical
engineering, communication science, automation and con-
trol theory, atmospheric physics, geophysics and geodesy,
with many individual research topics incorporating more
than one of these fields simultaneously. Thus, a CRC con-
stitutes a uniquely suitable format for closing the various
knowledge gaps in the basic understanding of the science
domains associated with VLEO spaceflight.

4.2 Anticipated project phases

The overall, long-term scientific vision of the CRC ATLAS
is to achieve the fundamental understanding, knowledge
and methodology to render a sustained operation in VLEO
possible without a continuous re-supply from Earth or an
onboard storage of large amounts of fuel. The focus in the
first funding period (2024-2027) lies in addressing the fun-
damental research questions associated with VLEO flight,
i.e. setting up the overall framework and the core elements
for achieving the long-term vision. It is, therefore, dedicated
to the establishment of detailed and accurate numerical and
experimental methods for the description of the underly-
ing physical phenomena of gas—surface interactions under
VLEO conditions, focussed and validated on selected mate-
rials. Enabling subsystem concepts utilising the residual
atmosphere and minimising satellite sizes are investigated

under consideration of boundary conditions imposed by
mission-related challenges of a selected reference scenario.
The CRC ATLAS aims thereby at three main objectives:

A. To achieve a fundamental understanding and mastery of
gas—surface interactions under VLEO boundary condi-
tions, covering relevant scales in time and space.

B. To ascertain solutions for enabling subsystems with
breakthrough potential for attaining sustainable VLEO
utilisation.

C. To establish a methodology for solving VLEO mission-
related challenges, focussed on thermosphere and grav-
ity field research missions.

These three main objectives motivate the Project Areas
A, B and C, respectively, which are outlined in the follow-
ing Sect. 6.

The research activities in a second funding period
(2028-2031) will further be oriented towards the stated
main objectives. The emphasis will shift towards integrating
and refining the tools, methods and facilities for dedicated
research on key components at a subsystem level, consid-
ering the various interrelations between the subsystems
specific to VLEO platforms. These considerations will be
assisted by high-fidelity simulations as well as extensive
component experiments, which build on the results of the
first period. The goal in this second period will be to pro-
vide the understanding and to generate the tools that enable
a highly accurate quantitative assessment of subsystems
requirements and specifications, including their uncertain-
ties in terms of predictability and operational envelope. First
technology transfer projects might arise in parallel, which
will be based on the expected results of the first funding
period.

A third funding period (2032-2035) will finally con-
centrate on the synthesis of all findings for dedicated over-
all system concepts surrounding VLEO flight. It will be
focussed on the quantification of the synergies and potentials
of highly integrated VLEO satellites and requires the multi-
disciplinary numerical and experimental validation of the
component and subsystem interactions using the correspond-
ing methods developed in the first two funding periods. To
further accelerate concrete applications of the research find-
ings, technology transfer projects with partners from space
agencies or industry are also anticipated within this funding
period. Attaining system-level know-how with all core ele-
ments in terms of methodology and technology at the end
of the third funding period will finally allow for reliable
studies and the development of concrete mission scenarios in
VLEO. The latter could be subsequently realised as a dem-
onstration mission in an international cooperation context.

Besides the scientific vision, the strategic vision of the
CRC ATLAS is to constitute a profile-building measure
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at the University of Stuttgart by deepening the interaction
of research activities in aerospace engineering, geodesy,
aeronomy, physics, electrical engineering and information
technology. The influence of the CRC ATLAS will further
extend directly and indirectly into the education of aerospace
engineers in Germany, throughout Europe and the world,
supported by academic and public engagement activities
conducted within the dedicated Projects INF and O, which
are described in Sect. 7.

5 Research projects

The CRC 1667 ATLAS is structured into the following three
Project Areas to adequately address the research questions
and goals:

A. Gas—surface interactions
B. Enabling subsystems
C. Mission-related challenges

Within the 3 Project Areas A, B and C, a total of 17
deeply integrated research projects form the basis for the
first funding period.

In addition, three supporting projects are conducted: Pro-
ject O focuses on the aspects of scientific communication,
both within the CRC ATLAS and to the scientific public, as
well as educational and public outreach activities and events.
Most notably, this includes the planning and execution of an
annual Satellite Design Workshop (SDW). A dedicated Pro-
ject INF assists in the dissemination, exchange, publication
and reuse of data, software and methods. Finally, general
coordination, management and administrative support for
the entire CRC are concentrated in Project Z. An overview
of the three scientific project areas detailing their coverage
of respective fields of research and subgrouping is given
in the following subsections. An illustration of the general
setup is given in Fig. 8.

5.1 Project Area A: gas-surface interactions

Project Area A focuses on tools and methods required for
a fundamental understanding and mastery of gas—surface
interactions from both experimental and numerical model-
ling points of view, further covering different relevant scales
in time and space (Fig. 9).

Starting from a microscopic level, i.e. nano- to micro-
metre scale, ab-initio and molecular dynamics simulations
based on density functional theory are further developed,
adapted and applied to calculate interactions of atomic oxy-
gen with possible surface materials of satellites (AO1). The
results will be used as a boundary condition to develop and
implement more accurate gas—surface interaction models for
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the simulation of rarefied flows on a meso- to macroscopic
level with the Direct Simulation Monte Carlo (DSMC)
method (A02, A03), i.e. centimetre to metre scale. With
DSMC, it is possible to simulate even very complex geom-
etries, thus enabling the calculation of macroscopic drag, lift
and momentum coefficients of entire satellite configurations
for a certain point in time and for a given inflow boundary
condition. With the DSMC method, however, it is not real-
istically possible to conduct thousands of 3D simulations for
all possible uncertainties of the atmosphere model, surface
modelling, satellite orientation and shape. Thus, a hybrid
uncertainty-quantification model combining detailed DSMC
data with a simpler panel method is being created in addi-
tion. This approach will provide reliable estimates of the
satellite force coefficients under uncertain on-orbit and sur-
face model conditions for selected reference satellite geom-
etries (A02). This analysis also allows for the identification
of the primary driver of uncertainty in force coefficient
prediction. Modelling of gas—surface interactions requires
experimental validation, which will be conducted in a new
experimental facility for hyperthermal flow conditions, the
set-up of which is also assisted by numerical simulations
with the DSMC method (A03), as well as by further devel-
opments of dedicated diagnostic tools for the measurement
of atomic oxygen (A04). The validation of the numerical
modelling under at least very similar boundary conditions is
essential, since real VLEO flight conditions cannot be fully
reproduced in ground test facilities. From a long-term per-
spective, the methodology could facilitate the determination
of time-dependent drag coefficients by explicitly consider-
ing surface alterations caused by erosion, UV radiation and
micrometeoroid impacts. Capturing these processes is vital
for closing the gap between laboratory testing and in-orbit
performance.

The coefficients for various inflow boundary conditions
and geometries, and their potential variations, are an indis-
pensable part for the investigation of the potential to utilise
aerodynamic forces for new attitude control approaches
(A05), which require simulation time frames of up to a few
seconds or minutes, and sophisticated orbit control methods
(A06), for which time frames of up to days or even months
are mandatory. Both will incorporate additional active drag
counteracting measures, which are investigated in Project
Area B. Vice versa, the tools and findings of Project Area
A support the investigations conducted in Project Area B,
i.e. atmosphere-breathing electric propulsion and the associ-
ated intake design (BO1, B03). Also, an exchange with the
entire Project Area C is required to iterate on the investigated
mission-related challenges therein, with the options offered
by a specific satellite design.

To focus the investigations conducted in the first fund-
ing period, the surface materials to be examined are chosen
to be of particular relevance within ATLAS, i.e. especially
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aluminium as a typical structural material, platinum and
gold used for the atomic oxygen sensors (A04), and perovs-
kites/silicon dioxide as material/protection for future satel-
lite solar cell arrays (B0S).

In subsequent funding periods, Project Area A is planned
to expand towards the design of certain beneficial surface
properties and configurations, including an assessment of
uncertainties in prediction accuracy. Also, the considera-
tion of ionised flow conditions is foreseen, partially includ-
ing imposed electric surface potentials and active ionisation
methods, which would then allow further influencing the
aerodynamic coefficients via active plasma flow control by
interacting with the ionosphere and magnetic fields.

In summary, Project Area A will deliver the overall meth-
odology, including open-source tools and databases, for the
experimental and numerical characterisation of surface
materials and functional structures, as well as guidelines
for VLEO-capable satellite design configurations.

5.2 Project Area B: enabling technologies

Realising platforms capable of efficient, sustained, con-
trolled and safe VLEO flight requires fundamental techno-
logical advances for many spacecraft subsystems. Project
Area B focuses, therefore, on solutions with breakthrough
potential towards attaining sustainable VLEO utilisation. An
overview of the selected projects is given in Fig. 10.

A promising approach for active drag mitigation lies in
atmosphere-breathing electric propulsion (ABEP), which
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directly exploits the residual atmosphere as propellant mass.
Based on the development efforts conducted to date, Pro-
ject BO1, therefore, concentrates on the experimental inves-
tigation of an entire system with a helicon-mode inductive
plasma thruster and a prototype intake. BO1 will further
define general procedures and provide infrastructure for
the experimental investigation of ABEP concepts, linking
closely with the planned test facility for atomic oxygen flows
and its associated diagnostic tools (A03, A04). Significant
improvements concerning intake efficiency are anticipated
by the employment of porous structures, which might also
be coated with reactive materials to increase the available
propellant mass. Project BO3 addresses this topic, focussing
on the design of adequate porous structures, which raises
several research questions on the conceptual and methodo-
logical level. Projects BO1 and BO3 require input from A01
and A02 in terms of detailed gas—surface interactions and
themselves provide input to A02, A05 and A06 in terms of
spacecraft configurations and thrust levels.

ABEP systems will generate excess heat, which imposes
harsher demands on the thermal control system but also
provides an additional opportunity for drag mitigation and
control of a satellite, as each watt of emitted radiation
delivers 3.3 nanonewton of thrust. Project BO4 focuses,
therefore, on enabling solutions for exploiting both waste
heat and solar irradiation through an asymmetric re-emis-
sion of the total radiation to support attitude and orbit con-
trol strategies, again with close interfaces to Projects A0S
and A06. B0O4 also interacts closely with B0S, in which
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Fig. 10 Overview of Project Area B illustrating project interfaces and sub-clusters

novel, perovskite-based thin-film solar cells are investi-
gated, as they could represent large parts of a heat-emitting
and/or solar radiation-absorbing surface. Due to their high
efficiency, flexibility and excellent power-to-weight ratio,
further permitting direct printing onto a surface from a
solution, these thin-film cells are an excellent candidate
for VLEO satellites. Accordingly shape-adapted panels
could be placed directly on the surface, thus enhancing
the aerodynamic properties whilst minimising mass. This
significantly increases the design options to be studied and
optimised in AO2 and A06 and is of significant relevance
for all mission-related challenges (Project Area C). On the
other hand, however, atomic oxygen resilience must be
achieved (e.g. through thin-film aluminium or glass coat-
ings) and an understanding of the relevant gas—surface
interactions must be attained (Project Area A). In Project
BO06, the exploration of the ground-breaking potential of
quantum technologies is initiated. The goal is to research
key components for the realisation of quantum applica-
tions in space, with a special focus on the miniaturisation
and shielding requirements associated with VLEO deploy-
ment. Project BO6 further assumes a technology-oriented
perspective by studying miniaturised integrated optics as
a key component for a variety of future quantum-based
applications. The project will focus on solutions that are
satellite-compatible, meaning miniaturisation and opti-
mising payloads will be crucial. The integrated quantum
optical components could then be deployed for secure
quantum-key-based satellite communication, quantum

computing or space-based quantum measurements, which
may be assessed in a future funding period, further illus-
trating the interrelations with Project Area C. The key is
to achieve the same functionality that today requires cubic
metres (i.e. bulky optics setups) on a scale of cubic mil-
limetres or centimetres.

An important additional connecting element within Pro-
ject Area B is electrical power demand and management,
and the therewith related aspect of thermal control. These
have a direct impact on optimisation strategies for satellites
in VLEO and vice versa (Project Area C). From the methodi-
cal point of view, a close cooperation of Projects A02, A03,
BO1, and BO3 for the application of the open-source particle
code “PICLas” is foreseen, which is a parallel high-order
three-dimensional PIC-DSMC solver allowing the predic-
tion of rarefied gas and plasma flows under the influence of
electromagnetic forces.

In subsequent periods, the investigation of ABEP-related
topics could merge into a favoured overall subsystem con-
cept, which will then be explored and optimised thoroughly.
Similarly, the investigations on the key elements of power
supply, thermal control and integrated optical systems will
stepwise evolve towards enabling as precisely as possible
the quantitative assessment of subsystems requirements and
specifications, and in particular their synergetic potential
towards overall system concepts.

In summary, Project Area B will deliver technological
approaches directly pursuing sustainable VLEO spacecraft
deployment in terms of counteracting drag through passive
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Fig. 11 Overview of Project Area C illustrating project interfaces and sub-clusters

and active measures and simultaneously minimising mass,
volume and/or power requirements for the needed subsys-
tems and payloads.

5.3 Project Area C: mission-related challenges

Ultimately, striving towards VLEO flight is justified by the
prospect of notably improved or novel application scenarios.
Aside from the potential of single satellites or formations,
a likely deployment scenario will be that of larger constel-
lations. Whilst bearing the full variety of applications in
mind, Project Area C concentrates on the challenges associ-
ated with a specific set of utilisation scenarios, namely the
investigation of the thermosphere and gravity field, as this
exemplarily allows to consider single satellites, formations
and even small constellations on a focussed level. An over-
view of the projects is given in Fig. 11.

VLEO poses a fundamental change compared to tradi-
tional LEO for any kind of operations: lower orbits lead
to shorter and fewer contact times to ground stations, an
increased influence of the atmosphere on attitude and orbit,
and subsequently to higher orbit determination, acquisition
and tracking efforts. Furthermore, due to the high and unpre-
dictable rates of orbital decay, mission-critical reactions to
environmental hazards must occur faster than for conven-
tional satellite missions. Therefore, Project CO1 investigates
how VLEO spacecraft can be operated, including possible
degrees of automation and autonomy for the ground and
space segments, such that the mission output is maximised
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whilst the risk of losing the mission is minimised. To this
end, high-precision orbit determination is essential, and the
Projects C02 and CO5 investigate two new, complementary
concepts that promise to achieve accuracies in the range of
millimetres, especially if combined, further providing oppor-
tunities for attitude determination. Here, C02 investigates
ground-based laser systems based on chirp pulse compres-
sion of laser radiation in the near-infrared spectral region,
whilst CO5 assesses the satellite-based synthesis of signals
from Global Navigation Satellite Systems (GNSS), i.e. GPS,
Galileo, BeiDou, utilising GNSS-like pseudo-random noise
code signals on two distinct frequencies.

Considering both the VLEO-specific boundary condition
of shorter and fewer contact times to ground stations as well
as the communication requirements between satellites, a fast
data offload and high data transmission throughput within
a brief window of time is essential. The required degree of
autonomy further demands deeply integrated, multi-nodal
computational capabilities as well as accordingly high data
transfer rates. Project CO3 advances on this topic by inves-
tigating promising, cost- and power-efficient, miniaturised
millimetre-wave monolithic integrated circuit technologies
for satellite communications in the high millimetre-wave fre-
quency bands (V-, E- and W-band). Extensive inter-satellite
communication is a prerequisite for a distributed computing
platform, basic concepts of which are investigated in Pro-
ject C04, which foresees each satellite describing its own
architecture, capabilities, computing resources and instru-
ments and sharing this information to create a multi-vehicle
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distributed computing platform capable of dynamically
adapting to changes. An ultra-precise absolute and relative
orbit determination of satellites in VLEO, combined with
an accurate knowledge of the aerodynamic properties and
in situ measurement of the residual atmosphere (with sen-
sors investigated in A04), constitute the ingredients for ena-
bling new gravity mapping mission concepts from VLEO,
beyond the classical along-track in-line satellite pair constel-
lation, which is a topic investigated in Project C06. On top
of that, ultra-precise absolute and relative orbit and attitude
determination, at least during flyovers of ground stations,
would allow for an in situ calibration of onboard sensors for
atmospheric measurements.

All of the findings in Project Area C have a direct impact
on all projects in Project Areas A and B in terms of the defi-
nition of requirements and require vice versa input in terms
of, e.g. available control authority, power budget, thermal
management/control or orbit design.

The goal of the subsequent funding periods, in particular
for Project Area C, is to gradually arrive at an overall sys-
tem view of realistic VLEO-specific satellite applications,
though still focussed on atmosphere and gravitational field
research missions. Based on the current state of knowledge,
it is impossible to judge whether CubeSat-class, medium-
sized or large satellites equipped with powerful ABEP sys-
tems are best suited for this purpose.

In summary, Project Area C will deliver the boundary
conditions and, more importantly, new scenarios for VLEO
utilisation focussing on scientific applications. However, its
output will be sufficiently broad to illustrate the potential of
the overall findings of the CRC ATLAS for future VLEO
satellites in general.

6 Academic exchange and public outreach

The fundamental ideas and themes of the CRC ATLAS are
considered to exhibit significant potential towards increasing
public interest in spaceflight-related and scientific topics in
general. Especially as the topic of space debris has found
prominent narration and discussion in recent years through
various media outlets, even inspiring major blockbuster
films, the research programme can be predicted to resonate
notably within the general public, as it is also motivated by
the desire both to mitigate and to avoid the associated risks.
Similar arguments are also valid for the worldwide scientific
and academic community. It is, therefore, expected that the
CRC ATLAS will result in a very strong interest in academic
and educational exchange, especially in an international
context. To cover these highly important points adequately,
dedicated actions within the supporting Projects O, INF, and
Z are foreseen for public outreach, research methods and

data dissemination, as well as fostering of academic and
educational exchanges.

As one of the core actions in Project O of the CRC
ATLAS, a Satellite Design Workshop (SDW) will be
held on an annual basis. The format is motivated by the
great success of the “Space Station Design Workshop”,
which has been hosted almost annually at the Institute of
Space Systems for more than 20 years. In the first fund-
ing year, the doctoral researchers within the CRC will
be the participants, and in the following years, they will
serve as co-organisers/assisting experts of the workshop.
For the student participants, half of the planned 30-40
positions will be reserved for applicants from Germany
and the other half for worldwide candidates, following an
international tender. Over 1 week, the (student) partici-
pants will be organised into competitive teams to conduct
system and mission design feasibility studies on a repre-
sentative VLEO satellite project, incorporating the latest
results from the individual research activities and utilising
accordingly improved and developed analysis tools.

As a measure to focus the activities conducted within
the SDW, and to provide a common framework for a regu-
lar exchange, synthesis and application of research findings
within the CRC ATLAS, a guiding reference mission con-
cept named MEROPE (“Multi satellite Exploratory Research
Of Physical Environment in VLEO”) is introduced. Since
the potential application areas are extremely broad, the range
of scenarios is presently restricted to thermosphere and grav-
ity field research (as also in Project Area C). These areas
have already been addressed in past or suggested missions.
However, they consistently relied on performance-limited
traditional satellite platforms.

The Project INF will ensure that the research data and
software originating from the CRC ATLAS follow the FAIR
guiding principles (Findable, Accessible, Interoperable and
Reusable). By harmonising the handling of data and soft-
ware, the integration of the results from the individual pro-
jects will be standardised and optimised.

The supporting Projects of the CRC ATLAS will conduct
further measures to increase the academic exchange and vis-
ibility of the topic in the international scientific community.
Examples are:

e Organisation of international symposia to foster and
enhance cooperation and exchange opportunities. As
intended outcomes, the CRC ATLAS will engage with
international partners in the preparation of white papers
for open research questions.

e Suggestion and organisation of dissemination sessions at
national and international conferences.

e Publications on the topic in special issues of peer-
reviewed journals.
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e Further enhancement of visibility and collaboration
with international groups through the establishment of
an international scientific advisory group and funding
opportunities for postdoctoral researchers/scientists, as
well as guest lecturers visiting the CRC ATLAS.

e Collaborations with international partners shall further be
advanced via internships of the CRC’s doctoral research-
ers abroad.

¢ Implementation of public and educational outreach strat-
egies for the CRC ATLAS, including various social net-
work platforms. Planning and organising public exhibi-
tions of activities and findings in appropriate venues.

7 Summary

The Collaborative Research Centre (CRC) 1667 “Advanc-
ing Technologies of Very Low Altitude Satellites (ATLAS)”
addresses the fundamental scientific and engineering chal-
lenges of rendering Very Low Earth Orbit (VLEO, about
200 km to 450 km altitude) accessible. These orbits are par-
ticularly beneficial for indispensable satellite services of our
modern knowledge, information and communication society.
In addition, access to VLEO offers the opportunity to oper-
ate satellites without exposure or contribution to the increas-
ing contamination of traditional orbits with space debris.

Attaining sustained and economically viable VLEO flight
is challenging due to the unique environmental properties of
the lower thermosphere. This is most notably the significant,
barely predictable, and dynamically changing drag, which
leads to a rapid deterioration of any spacecraft’s orbit unless
mitigated by a combination of active and passive techniques.
Thus, the various advantages of VLEO, including its self-
cleaning effect through the residual atmosphere, are to date
offset by a prohibitively short operational lifetime. The lead-
ing research question of the CRC ATLAS is therefore: how
can the lifetime of a satellite in VLEO be increased by at
least one order of magnitude without the necessity of large
amounts of fuel carried or resupplied continuously from
Earth?

To answer this question, an advanced understanding of
the interactions between rarefied high-energy flows and
functional surfaces, innovations for collecting and utilising
the residual atmosphere and novel concepts for designing
and operating satellites in these conditions are essential.
Within the CRC ATLAS, the basic principles and result-
ing technological concepts exploiting these findings and
ultimately enabling VLEO utilisation will be investigated,
established and verified. The scientific potentials of individ-
ual satellites, formations and constellations operating in this
dynamic environment are explored simultaneously, aligned
to a multi-faceted reference mission scenario. The research
programme is characterised by strong interdependencies
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and necessitates an intensive cooperation between various
engineering disciplines that builds on the joint insight of
processes at and across their interfaces to fully leverage
synergies. A strategic goal is to position the University of
Stuttgart as an important contributor to this rapidly evolving
international research topic. The long-term scientific goal is
to provide the spaceflight community with core elements in
terms of methodology and technology to facilitate reliable
studies and the development of concrete mission scenarios
in VLEO.
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