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Abstrakt: Táto práca študuje problematiku nanosatelitov typu CubeSat a ich použi-
tie v rámci teórie distribuovaných vesmírnych systémov. Konkrétne sa práca zaoberá
štúdiou spolupráce viacerých CubeSatov vo forme napr. formácií či konštelácií, spolu
s analýzou možností na určenie a riadenie polohy a orientácie CubeSatu za použitia
rôznorodých senzorov či aktuátorov. Sú rozobrané schopnosti a limity jednotlivých
prístupov v tejto oblasti. Takisto sú rozobrané a diskutované možné prístupy k
vzájomnému riadeniu a vzájomnej kontrole viacerých CubeSatov v rámci formá-
cie. Vyústením a prínosom práce je štúdia uskutočniteľnosti vesmírneho teleskopu,
pozostávajúceho z dvoch CubeSatov, ktoré by leteli vo svojej tesnej blízkosti, kde je-
den by niesol optiku a druhý detektor. Takáto konfigurácia by umožňovala ohniskovú
vzdialenosť, ktorá by bola väčšia než akú by bolo možné dosiahnuť s jediným Cube-
Satom.
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Abstract: This thesis studies the issue of CubeSat nanosatellites and their appli-
cation in the framework of distributed space systems theory. Specifically, the thesis
deals with the study of cooperation of multiple CubeSats in the form of, e.g. forma-
tions or constellations, together with the analysis of the possibilities for determining
and controlling the attitude of a CubeSat using a variety of sensors or actuators.
The capabilities and limitations of different approaches in this area are discussed.
Additionally, relative control methods for multiple CubeSats within a formation are
studied and discussed. The contribution of the work is a feasibility study of a space
telescope consisting of two CubeSats flying in close proximity to each other, where
one would carry the optics and the other the detector. Such a configuration would
allow the design of a space telescope with a longer focal length, something which
would not be achievable with a single CubeSat.
Key words: CubeSat, Tandem, Formation Flying, Space Telescope



Contents

List of Acronyms xi

List of Figures xiii

List of Tables xiv

Introduction 1

1 CubeSat Revolution 3
1.1 Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Space Access . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Ridesharing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 CubeSat Applications and Possibilities 7
2.1 Science . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Earth Observation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Education and Technology Demonstration . . . . . . . . . . . . . . . . . . . . . 8
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Distributed Space Systems 9
3.1 Cooperation in Animal Kingdom . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Potential of DSS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3 Mission Architecture Classification . . . . . . . . . . . . . . . . . . . . . . . . 11

4 Rendezvous & Docking 13
4.1 Key Principles and Mating Strategies . . . . . . . . . . . . . . . . . . . . . . . 13
4.2 Concept Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4.2.1 First Steps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.2.2 Further Advancement and Contemporary State . . . . . . . . . . . . . . 15

4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

5 Formation Flying 19
5.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
5.2 Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

6 Constellations 23
6.1 Constellation Design and Architectures . . . . . . . . . . . . . . . . . . . . . . 23

6.1.1 Walker Constellation . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
6.1.2 Street-of-Coverage Constellation . . . . . . . . . . . . . . . . . . . . . 26
6.1.3 Flower Constellation . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

6.2 CubeSat Constellations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
6.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

viii



7 Swarms 29

8 Guidance, Navigation & Control 31
8.1 Attitude Determination and Control System . . . . . . . . . . . . . . . . . . . 32
8.2 Control State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
8.3 State Transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
8.4 Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

8.4.1 Magnetometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
8.4.2 Earth/Horizon Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
8.4.3 Sun Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
8.4.4 Star Tracker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
8.4.5 Gyroscope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

8.5 Actuators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
8.5.1 Magnetorquer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
8.5.2 Reaction Wheels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

8.6 Propulsion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
8.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

9 Communication and Relative Navigation 41
9.1 GPS-Based Relative Navigation . . . . . . . . . . . . . . . . . . . . . . . . . . 43
9.2 Radio Frequency-Based Relative Navigation . . . . . . . . . . . . . . . . . . . . 44
9.3 Vision-Based Relative Navigation . . . . . . . . . . . . . . . . . . . . . . . . . 45
9.4 Technology Fusion and Future Promises . . . . . . . . . . . . . . . . . . . . . . 46

10 Mission Study 49
10.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
10.2 Tandem Space Telescope Concept . . . . . . . . . . . . . . . . . . . . . . . . . 50

10.2.1 Concept Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
10.2.2 Moving Forward . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
10.2.3 What Does The Future Hold? . . . . . . . . . . . . . . . . . . . . . . 53

10.3 Final Thoughts on X-Ray Tandem Telescope Mission Design . . . . . . . . . . . 55

Conclusion 57

Bibliography 59

Appendix 75
A Street-Of-Coverage Illustration . . . . . . . . . . . . . . . . . . . . . . . . . . 75

ix





List of Acronyms

AC Attitude Control
ADCS Attitude Determination and Control System
CalPoly Californian Polytechnic State University
COTS Commercial-Off-The-Shelf
CPDGPS Carrier Phase Differential GPS
CPOD CubeSat Proximity Operations Demonstration
CSS Cosine Sun Sensor
DL Downlink
DOF Degrees-Of-Freedom
DSS Distributed Space Systems
ELaNa Educational Launch of Nanosatellites
EO Electro-Optical
FF Formation Flying
FOG Fibre Optic Gyroscope
GNC Guidance, Navigation & Control
GNSS Global Navigation Satellite System
GPS Global Positioning System
GRACE Gravity Recovery and Climate Experiment
IoT Internet-Of-Things
ISL Intersatellite Link
ISS International Space Station
LEMUR Low Earth Multi-Use Receiver
LEO Low Earth Orbit
LICIACube Light Italian CubeSat for Imaging of Asteroids
LIDAR Light Detection and Ranging
LINUSS Lockheed Martin In-Space Upgrade Satellite System
LoS Line-Of-Sight
LRF Laser Range Finder
MEMS Micro-Electro-Mechanical System

xi



MUSAS Multi-CubeSat Relative State Determination by Array Signal Detection
NASA National Aeronautics and Space Administration
PAN Pathfinder for Autonomous Navigation
PPOD Poly Picosatellite Orbital Deployer
RANGE The Ranging And Nanosatellite Guidance Experiment
RF Radio Frequency
R&D Rendezvous & Docking
SoC Street-Of-Coverage
TRL Technology Readiness Level
UL Uplink
VISORS Virtual Super Optics Reconfigurable Swarm
VTXO Virtual Telescope for X-ray Observations

xii



List of Figures

1.1 Satellite classification based on mass. Image by author. . . . . . . . . 3
1.2 Possible CubeSat options. Image by author. . . . . . . . . . . . . . . 4
1.3 Number of CubeSats deployed per year . . . . . . . . . . . . . . . . . 5

3.1 Classification of distributed space systems [26]. . . . . . . . . . . . . . 12

4.1 Photo of the Gemini VII spacecraft taken through the hatch window
of the Gemini VI-A spacecraft during rendezvous. Image: NASA, S65-
63194 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4.2 Photo of AeroCube-10A in space taken by AeroCube-10B [30]. . . . . 16

5.1 NetSat mission illustration [50]. . . . . . . . . . . . . . . . . . . . . . 22

6.1 Illustrative example of Walker constellation [56]. . . . . . . . . . . . . 24
6.2 Coverage geometry for CubeSats [56]. . . . . . . . . . . . . . . . . . . 25
6.3 Optimal SoC constellation for continuous global coverage [66]. . . . . 26
6.4 Optimal SoC constellation for continuous zonal coverage of low to

mid-latitudes [66]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
6.5 Illustration of a Flower constellation in three different orbital planes

[56]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

8.1 System level block diagram of the ADCS [92]. . . . . . . . . . . . . . 32
8.2 CubeSat control state illustration. Image by author. . . . . . . . . . . 32
8.3 Symbolic state transition illustration. Image by author. . . . . . . . . 33
8.4 Dellingr 6U CubeSat with extended boom containing the said sensor

thus mitigating possible issues [100]. . . . . . . . . . . . . . . . . . . 34
8.5 Image of a horizon sensor [104]. . . . . . . . . . . . . . . . . . . . . . 35
8.6 Cosine Sun sensor principle with sun rays hitting the photocell [105]. 36
8.7 Image of a quadrant Sun sensor [106]. . . . . . . . . . . . . . . . . . . 36
8.8 Image of a star tracker sensor [108]. . . . . . . . . . . . . . . . . . . . 37
8.9 Image of a CubeSat magnetorquer [110]. . . . . . . . . . . . . . . . . 38
8.10 Image of CubeSat reaction wheels [113]. . . . . . . . . . . . . . . . . 39

9.1 Illustration of nanosatellite links [120]. . . . . . . . . . . . . . . . . . 41
9.2 Comparison of relative position determination technologies [122]. . . . 43
9.3 Classification of EO sensors [132]. . . . . . . . . . . . . . . . . . . . . 45

10.1 Satellite twins TerraSAR-X and TanDEM-X [155]. . . . . . . . . . . . 51
10.2 Canyval-X mission concept showcase [164]. . . . . . . . . . . . . . . . 53
10.3 VISORS formation configuration [169]. . . . . . . . . . . . . . . . . . 54
10.4 The principle of the Kirkpatrick-Baez telescope [181]. . . . . . . . . . 56
1 Continuous street of coverage from a single orbit plane [66]. . . . . . . 75

xiii



List of Tables

8.1 State-of-the-art GNC components [103]. . . . . . . . . . . . . . . . . 40

9.1 Formation flying metrology technologies [121]. . . . . . . . . . . . . . 42
9.2 RF metrology overview. For full reference, see [130]. . . . . . . . . . . 44

10.1 State-of-the-art for position and attitude determination and control
[122]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

10.2 CANYVAL-C mission requirements and constraints [167]. . . . . . . . 53

xiv



Introduction

A disruptive innovation. This could be another term used to describe the paradigm
shift caused by an eminent representative of the nanosatellite category, i.e. a Cube-
Sat. This small, cubical satellite has managed to revolutionise the way we think
about and conduct space exploration and research. It has allowed access to this par-
ticular area of science to many institutions, organisations, and the like because of
lower development costs due to the availability of commercial-off-the-shelf compo-
nents. Thousands of universities around the world have participated in space-related
research thanks to CubeSats, which in turn opened new possibilities for student en-
gagement.

CubeSat and the technology surrounding it have undergone rapid development in
recent years, which has only magnified its popularity and resulted in an increase
in its deployment. CubeSats arranged in tandem or in a formation open up new
intriguing avenues of application. One compelling example is the potential to create
a space telescope with an extended focal length, a feat unattainable with just a
single CubeSat.

A feasibility study of this particular problem is one of the goals of this work. In the
spirit of this, the thesis begins by introducing the term CubeSat and showcasing
the impact it has had on the world of space-related research. Chapter 3 introduces
the theory of distributed space systems, which paves the way for the next four
chapters, i.e. Chapters 4-7, where CubeSats and their applications are studied in
particular deployment arrangements. The Guidance, Navigation, and Control theory
of CubeSats is contained within Chapter 8, where the nature of various sensors and
actuators is closely examined. Chapter 9 contains a discussion of various possible
approaches to relative navigation between multiple space vehicles. This leads to
the last and final chapter of this thesis, which, among other things, contains the
aforementioned feasibility study.
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Chapter 1

CubeSat Revolution

In 1957, the Soviet Union launched Sputnik I, the world’s first artificial satellite,
from the Baikonur Cosmodrome. This small spherical satellite, weighing almost 100
kilogrammes, was equipped with radio transmitters and emitted a unique signal as
it orbited the Earth. This event marked the beginning of the space age, sparking
the space race and accelerating the development of satellite technology, leading to
the rapid growth of space exploration.
Since then, thousands of satellites have been designed, manufactured, and launched.
They have come in various shapes and sizes, with weights ranging from a few kilo-
grammes to megatons. They have provided us with countless opportunities for sci-
entific research, many of which were considered impossible in the past. Despite their
immense contribution, the size and mass of satellites have reached their limits. At
the same time, a new wave of interest emerged in the scientific community. Jordi
Puig-Suari, a professor at CalPoly1, and Bob Twiggs, a professor at Stanford Uni-
versity, recognised this opportunity in 1999 and laid the groundwork for a new type
of small satellite, the Cube Satellite or CubeSat [1].

1.1 Characteristics

When discussing spacecraft, the term small is typically used to describe their mass or
size. Although there may be a variety of characteristics by which we could distinguish
between various types of small satellites, whether that would be their orbits or
mission application, we will follow the traditional path and use the most prevalent
classification, which is based on mass, see below in Fig. 1.1.

1Californian Polytechnic State University

Picosatellite Nanosatellite Microsatellite Minisatellite

0 kg 1 kg 10 kg 100 kg 500 kg

Figure 1.1: Satellite classification based on mass. Image by author.
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This thesis aims to study a prominent representative of the nanosatellite group, the
CubeSat. The basic CubeSat standard is 1U, where U denotes a unit. 1U CubeSat
can be described as a 10 × 10 × 10 cube-shaped satellite, weighing up to 2 kilo-
grammes. The 1U configuration is not the exclusive or only option. CubeSats also
come in 2U, 3U, or even 12U configuration. Various possible options are shown in
Fig. 1.2.

6U3U2U1U

10
cm

Figure 1.2: Possible CubeSat options. Image by author.

The CubeSat standard adheres to a very strict set of rules regarding its size, mass,
internal structure, i.e. components and more [2]. Counterintuitively, the restricted
nature of the CubeSat platform bears certain advantages. One such advantage is that
it makes the development process more straightforward, thus reducing the overall
financial cost and enabling organisations, i.e. universities, to utilise this platform in
their various space-related applications. It also allows third-party companies to mass-
produce components and offer COTS2 parts, making the CubeSat platform even
more accessible to a wider audience. These key elements result in reduced engineering
and development costs, which proves to be a huge advantage of this platform [3].
That said, it is only reasonable to conclude that CubeSats have revolutionised space
exploration and are proving to be a force to be reckoned with.

2Commercial-Off-The-Shelf
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1.2 Operation

Initially conceived as educational tools and experimental platforms [4], CubeSats
quickly outgrew their humble origins. What began as a handful of experimental
missions has blossomed into a vibrant ecosystem, increasingly becoming a viable
scientific platform. Although CubeSats are typically only limited to being secondary,
auxiliary payloads, they have gained great momentum in recent years across both
scientific and commercial spheres, resulting in increased deployment usage. The raw
number of CubeSats deployed has steadily grown, as shown in Fig. 1.3.

2013 2015 2017 2019 2021 20230

50

100

150

200

250

300

350

79

132 115
79

288

232

159
134

292 281

334

Year

N
um

be
r

of
C

ub
eS

at
s

Figure 1.3: Number of CubeSats deployed per year 3.

1.3 Space Access

An additional notable factor, which in no small way contributes to the increasing
popularity of CubeSats, is one of the possible ways to launch them into space (not an
uncommon approach is to deploy them from the ISS4 [6]). Deployers (dispensers) act
as a bridge between CubeSat and launch vehicles. PPOD5, developed by CalPoly,
was the first dispenser for CubeSats [4]. It can hold up to three 1U CubeSats or a
combination totalling three Us. Although various dispensers now exist, providing an
undeniable advantage thanks to their modularity and compatibility in general, they
all share the basic concept. Securely house CubeSats during launch and release them
into space on command. Modern deployment mechanisms may include spring-loader
pushers, pneumatic ejection, or electromagnetic systems [3].

3CubeSat database data kindly provided by Mr. Cesar A. Costa from Centro de Gestão e
Estudos Estratégicos. For further reference, see [5].

4International Space Station
5Poly Picosatellite Orbital Deployer
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1.4 Ridesharing

To achieve their desired orbit in the most effective manner, CubeSats often take
advantage of rideshare programmes provided by commercial launch providers and
space agencies, such as SpaceX-Rideshare [7] or XO-Ride [8]. Rideshare programmes
allow multiple payloads to be transported on the same launch vehicle, offering several
benefits to those seeking access to space. This phenomenon is called piggybacking.
One significant advantage is cost savings; by sharing the launch vehicle, rideshare
allows smaller organisations, startups, or universities to enter the world of CubeSat.
Another key factor is that rideshare enables frequent launches as multiple payloads
can be sent simultaneously. This increases efficiency and provides a wider range of
options for spacecraft in terms of the preferred orbit and launch window. However,
it is important to note that rideshare does have limitations and trade-offs, such as
potential scheduling delays and strict requirements for compatible payloads [9]. An
interesting option to consider might also be a microlauncher, such as Electron [10],
since such small-scale launch vehicles are optimised and designed to provide a cost-
effective launch service for payloads in the micro and nanosatellite range, including
CubeSats.
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Chapter 2

CubeSat Applications and
Possibilities

The indisputable advantages of CubeSats are obvious. Whether it is (1) their cost
effectiveness, where they have managed to drastically reduce the manufacturing,
launch, and operational costs compared to traditional spacecraft due to their small
nature, COTS parts and standardised design, or it is the consequent (2) more rapid
development cycle, thanks to which scientists can improve, iterate, and experiment
with the technology on a much larger scale. Not less valuable is also their modular
and flexible essence, which enables access to both a broader spectrum of applications
and, at the same time as briefly touched upon earlier, a wider variety of institutions.

Although initially, one of the primary objectives behind the development of CubeSats
was to promote education and demonstrate new technology in the field of aerospace
engineering and space science, in recent years its influence sphere and the possibili-
ties of use have expanded considerably, further increasing the scientific value of the
CubeSat platform. This reflects positively in the great diversity of applications in
various fields of scientific research, Earth observation and remote sensing, telecom-
munication, or demonstration of novel technologies, such as water-based propulsion
systems [11]. This fact has been recognised by many studies that an interested reader
can refer to, such as [12], [13] or [14].

2.1 Science

In scientific research, CubeSats have enabled investigations in aeronomy, space geo-
physics, and astronomy, providing valuable data to expand our understanding of
the universe. Of particular significance is the role of CubeSats in monitoring space
weather phenomena, such as solar flares or coronal mass ejections from the Sun,
which can significantly impact Earth’s infrastructure, including satellites, power
grids, and communication systems. CubeSats offer a cost-effective solution for con-
tinuous monitoring of the space environment, including the thermosphere, iono-
sphere, and magnetosphere, aiding in atmospheric research and early warning sys-
tems for space weather events; see [15] or [16].
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2.2 Earth Observation

Moreover, CubeSats are revolutionising Earth observation capabilities, providing
rapid and frequent imaging of the planet’s surface in different spectral bands. This is
due to their quick development and launch options, which are significant advantages
compared to the lengthy development process of larger satellites, which can typically
span several years. This is especially beneficial for monitoring natural disasters,
urban development, agricultural activities, and environmental changes. CubeSats,
such as those deployed by companies such as Planet Labs [17], offer high-resolution
imaging with the ability to revisit locations frequently, capturing dynamic processes
such as severe storms and changes in land use.

2.3 Education and Technology Demonstration

Additionally, continuing with their original goal, CubeSats serve a dual purpose as
educational tools and technology demonstrators. They offer students valuable hands-
on experience in space project development. Through CubeSat projects, students
gain practical knowledge in spacecraft design, integration, and operation, fostering
essential skills in teamwork and systems engineering. Furthermore, CubeSats con-
tribute to the advancement of telecommunications technology through experiments
such as innovative antenna designs [18]. Likewise, they encourage the initiative to
further miniaturise internal components or systems and improve existing algorithms.
These experiments push traditional communication methods’ boundaries, exploring
new data transmission and reception techniques in space environments.

2.4 Discussion

Overall, this gives sufficient reason to assume that the number of CubeSats in use
will only grow, opening up new possibilities. While single vehicles certainly carry
their own benefits and advantages, the hope is to achieve greater gains using many
inexpensive, distributed, simple machines utilising cooperation to achieve the same
or enhanced functionality as traditional single monolithic vehicles.
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Chapter 3

Distributed Space Systems

The benefits and consequent capabilities of CubeSat seem unrivalled. The demand
for and interest in technology is ever-growing. The technologies contained in indi-
vidual components or sensors are becoming more accessible, more advanced, and
perhaps more importantly, smaller. This miniaturisation leads to the idea of collec-
tively combining individual singular small CubeSats into a larger whole. Such an
action, i.e., creating a distributed system of multiple spacecraft, means a significant
broadening of the horizons for scientific and commercial purposes.

A generally agreed upon definition of DSS1 is the following [19]:

"A space system that allocates functionality among multiple spacecraft
that interact to achieve desired goals."

This definition includes a wide range of concepts that allocate program-, mission-, or
spacecraft-level functionality to different units, which may be owned and operated
by one or more organisations [19]. This definition is in alignment with perhaps a bit
more straightforward definition:

"An end-to-end system including two or more space vehicles and a co-
operative infrastructure for science measurement, data acquisition, pro-
cessing, analysis and distribution."

provided by [20].

1Distributed Space Systems
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3.1 Cooperation in Animal Kingdom

Before proceeding further into the world of CubeSat space collaboration and its
numerous opportunities, let us now for a second conduct a so-called Gedankenex-
periment in the realms of the animal kingdom, very similarly to what author in [21]
imagined. By doing so, we shall aim to fathom whether our ordinary day-to-day life
does not already provide us with sufficient inspiration, and thus a thought basis for
a deeper understanding of the following study of distributed space systems.

Let us first imagine two animals encountering each other in a critical situation, per-
haps akin to a pair of European storks engaged in the intricate ritual of mating at
their nest. This close encounter prompts thoughts of rendezvous and docking sce-
narios in spaceflight, where precise geometric conditions are paramount for success.
Moving beyond individual encounters, when two or more animals of the same species
coordinate their movements in a synchronised manner, we witness the emergence of
a formation, such as when large birds gracefully glide through the sky in a V-shaped
formation. Although rendezvous and formations represent localised or moderately
separated scales of animal distribution, globally distributed and interacting animals,
albeit rarer, also exist. Consider the communication and navigation network formed
by fin and blue whales, which spans the entire planet. The calls of these creatures
can spread across entire ocean basins, serving as a global means of communication
and navigation, although limited today by human-generated noise. Drawing paral-
lels to space exploration, we can consider a constellation as a global communication
and navigation network established by typically 20-30 globally distributed space-
craft. As such, it mirrors the interconnectedness observed in whale networks. Just
as whales synchronise their songs across vast distances, satellites in constellations
collaborate to facilitate communication and navigation across the cosmos. Another
interesting form of distributed animal behaviour is the swarm, which is made up
of a few tens to thousands of individual members, often insects, fish, or birds. Al-
though the objectives of swarm behaviour, such as minimising predation risk or
optimising rest periods, may not yet be understood, the parallels to space missions
are evident. Swarms, like satellites, exhibit coordinated movements and interactions,
demonstrating the power of collective intelligence in distributed systems.

3.2 Potential of DSS

For years, the model of space infrastructure has relied heavily on traditional large
satellites. Such spacecraft are often susceptible to single points of failure and are
costly to replace or upgrade. They operate from high orbits, utilising their high
vantage points to offer maximum coverage and connection. However, the advent of
small satellites in recent years and their consequent usage in distributed systems,
mainly constellations, offers a paradigm shift and a new way to overcome limitations
and issues stemming from classical spacecraft operations.

Regarding Earth monitoring and remote sensing, there is an ever-rising need for
increased spatial and time coverage. Constellations of small satellites such as Cube-
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Sats can increase the geographical coverage from low orbits through their strength in
numbers. Although each satellite essentially sees only a small portion of the planet,
such a spatial distribution of multiple spacecraft looking at the same region allows for
direct interferometric observations and shorter revisit times (time elapsed between
two consecutive observations of the same point on Earth by a satellite).

Another significant application related to satellites is communication. Small, low-
orbiting satellites in constellations can offer continuous global coverage in communi-
cation across the whole planet [22]. This goes hand in hand with another key usage
possibility, that is, IoT2. Logistics companies use small and inexpensive transmit-
ters to track their shipping containers, but only when within the range of wireless
networks. CubeSat constellations, such as those in development at OQ Technologies
Lacuna Space, will detect weak, low-bandwidth signals from IoT devices to track
shipment worldwide from orbit [23].

Using small satellites such as CubeSats also changes how distributed space systems
work in general. For example, traditional satellites remain in orbit for many years
or centuries after they stop working. In contrast, atmospheric drag and gravitation
will pull smaller CubeSats from orbit within a shorter period of time, compared to
classical satellites. Secondly, a more rapid development cycle allows companies and
institutions to iteratively replace each deorbiting satellite with a new one, based on
the latest technology. Thus, the new constellation can improve its performance and
introduce new capabilities. This factor is even more reinforced if we realise that the
distributed space systems are not rigidly connected. This means their relative spa-
tial arrangement can be flexibly adjusted to meet mission requirements, facilitating
scalability and expansibility. In addition, the distribution of payloads and subsys-
tems across multiple spacecraft inherently introduces redundancy, thus enhancing
mission robustness. Should a critical subsystem fail on one spacecraft, the integrity
of the mission remains intact. To conclude, we could say that the main advantages
of DSS in relation to CubeSats are, inter alia, the following.

• enhanced scientific capabilities through direct interferometric observations,

• improved temporal and spatial resolutions with shorter revisit times

• increased mission robustness and autonomy.

3.3 Mission Architecture Classification

When talking about satellite mission architectures, we can distinguish two primary
categories. The first category consists of monolithic systems which rely on a single
satellite to achieve scientific objectives. The second category, of much greater interest
to us, is distributed systems. They involve multiple satellites, i.e. two or more, aiming
to accomplish a certain mission goal. It is particularly the latter, which has been on
the rise in terms of interest, that is the subject of this study and will be examined
in greater depth.

2Internet-Of-Things
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Despite the fact that additional definitions regarding further subclassification of
distributed space systems differ [24], [25], we shall hereafter consider the following
classification introduced by [21], see Fig. 3.1.
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Figure 3.1: Classification of distributed space systems [26].

Spacecraft that perform R&D3 require high (centimetre-level) control accuracy and
operate at a small (metre-level) intersatellite distance. Spacecraft in a constellation
require very relaxed (kilometre-level) control accuracy and operate at large (> 1000
km) inter-satellite distances. Formations fill the gap between R&D and constellations
and generally require high to moderate (metre-level) control accuracy and commonly
operate at moderate (tens of metres to several kilometres) intersatellite distance [26].

3Rendezvous & Docking
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Chapter 4

Rendezvous & Docking

The general premise of the R&D concept could be characterised in various ways.
Generally speaking, we could define it in the following manner:

"Two objects in space moving in close proximity of each other."

Additionally, we could also allow the definition to include a notion of proximity oper-
ations, such as various orbital manoeuvres, circumnavigations relative to each other,
etc. These proximity operations play a key role in many R&D missions, whether that
is pure technology testing or direct demonstration, spacecraft assembly or repair.

4.1 Key Principles and Mating Strategies

Rendezvous and docking missions usually involve a sequence of precise orbital ma-
noeuvres and trajectories to bring two spacecraft in the desired proximity and
achieve controlled physical contact. The active vehicle, known as the chaser (leader),
is typically guided toward the passive vehicle, known as the target (follower), for the
final approach. This approaching phase demands precise control over the chaser’s
position, velocity, attitude, and angular rates to facilitate the mating process within
narrow parameters. We could distinguish between two primary mating strategies
[27]:

• Docking: the chaser makes contact, and it is captured by the docking interface
of the target vehicle. The docking sequence is controlled by the GNC1 system
of the chaser, which controls the vehicle state parameters.

• Berthing: the chaser GNC system delivers the vehicle to a meeting point with
nominally zero relative velocities and angular rates. The main difference lies in
how contact is carried out through a manipulator, located either on the chaser
or the target, that grasps the other vehicle, transfers it to the final position and

1Guidance, Navigation & Control
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inserts it into the interfaces of the relevant target berthing port. One benefit
of berthing is that it does not require exact alignment with the target.

4.2 Concept Development

4.2.1 First Steps

The world’s first space rendezvous took place nearly 60 years ago. It was on Decem-
ber 15, 1965, when two US spacecraft, Gemini VI-A and Gemini VII, approached
each other within a distance as close as 30 centimetres.

Figure 4.1: Photo of the Gemini VII spacecraft taken through the hatch window of the
Gemini VI-A spacecraft during rendezvous. Image: NASA, S65-63194

The original primary objective of Gemini VI-A (Gemini VI at the time) was to ren-
dezvous and dock with the Agena spacecraft, which was supposed to be launched
into orbit separately. However, the mission’s objective had to be altered because
Agena exploded during launch. Instead, Gemini VII was launched first, with astro-
nauts Frank Borman and Jim Lovell onboard. NASA2 then decided to launch Gemini
VI, now called Gemini VI-A, again to achieve rendezvous and docking objectives.
On 15 December 1965, Gemini 6A was relaunched and successfully performed the

2National Aeronautics and Space Administration
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first rendezvous in space with Gemini 7, which was still in orbit. Similarly, the first
space docking in the history of space exploration took place on 16 March 1966. This
achievement is credited to Gemini VIII and was successfully performed under the
command of Neil Armstrong, who was still a rookie at that time, who managed
to dock with the target vehicle. The first automated space docking is credited to
the Soviets for their Kosmos 186 and Kosmos 188 missions, on October 30, 1967.
Both unmanned Soviet spacecraft were launched as part of the Soviet Union’s space
programme.

4.2.2 Further Advancement and Contemporary State

The further development of the R&D concept could be traced through the decades,
with some important milestones as early as the late mid-twentieth century, when,
for instance, in 1969, the lunar module Eagle separated and then, after the lunar
surface operations were done, again rejoined with the commander module Columbia.
Although in the beginning it was more about technological demonstrations, or rather
defining what mankind was capable of, attention today is turning to important
applications related to the increasing number of objects in space and to the ever-
increasing interest in space research and exploration in general.

An important milestone in the development of R&D concept in CubeSat waters
marks the CPOD3 mission [28]. It was originally conceived in 2012, and the satel-
lites were completed in 2015. It aimed to, for the first time, execute entire sequences
of rendezvous, proximity operations, and docking of two 3U CubeSats. This included
proximity operations from various distances, approach scenarios, and lighting con-
ditions with nominal operating distances ranging from 50 to 2 kilometres and a full
range of distances from 0.5 metres to 25 kilometres. However, due to a combination
of certain issues and limitations, which essentially resulted in the vehicle featuring
previous generation hardware, and despite the recent launch date missing out on
seven years of upgrades and refinements, the two vehicles ultimately launched in
May 2022 [29]. According to the official website [28], as of 23 June 2023, the mis-
sion officially ended after the spacecraft fuel was depleted. The report states that
although multiple attempts brought the CPOD spacecraft closely together, thus ul-
timately achieving rendezvous and demonstrating the ability of the two spacecraft
to remain at determined points relative to each other, the system-level guidance,
navigation, and control systems made it difficult to complete the full planned set of
manoeuvres, which ultimately led to the depletion of all fuel before the final docking
could be completed. Both 3U spacecraft will now safely burn up in the atmosphere,
providing important lessons to be learnt from this mission [29].

Described as by far the smallest spacecraft to have accomplished a rendezvous and
proximity operation so close was the AeroCube-10 mission launched in 2019 [30]. The
mission consisted of two 1.5U CubeSats aiming to demonstrate precision satellite-
to-satellite pointing, deployment of atmospheric probes for in situ measurement of
air density, and small-spacecraft proximity operations (no docking was planned)
using propulsion from a steam thruster among other objectives. On 22 July 2020,

3CubeSat Proximity Operations Demonstration
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one of the CubeSats manoeuvred itself within 22 metres of its sibling CubeSat and
snapped a series of photos while orbiting at 17,000 miles per hour [30]. One of the
photographs can be seen in Fig. 4.2.

Figure 4.2: Photo of AeroCube-10A in space taken by AeroCube-10B [30].

Hoping to continue in this success was in January 2022 launched the PAN4 mis-
sion via NASA’s ELaNa5 [31], at the time regarded as one of the most advanced
autonomous CubeSat systems that has ever flown [32]. The aim of the project
was to demonstrate autonomous control algorithms for rendezvous and docking
manoeuvres; low-power reconfigurable magnetic docking technology; and compact,
lightweight, and inexpensive precision relative navigation using carrier-phase differ-
ential GPS6. Unfortunately, the two spacecraft survived only for four months because
of a software change that disabled some of the spacecraft’s functionality. Although
the two spacecraft demonstrated some compelling subsystem technologies, raising
them to TRL7 6, the authors note that the mission was only minimally successful
[33].

There have also been other applications. Seeker, the 3U CubeSat free-flying space
inspector, and Kenobi, its communications relay launched on April 17, 2019 [34]. The
project was greenlit in September 2017 and was marked as the ISS "X" project at the
Johnson Space Center. "X" projects are conceived with the intention of having an
expedited time frame from concept to deliverable. In contrast, the average payload
can take years to make it from conception to the ISS, Seeker aimed to be ready in
under two years [34].

The goal of the mission was to provide an ultra-low-cost approach to highly auto-
mated extravehicular inspection of crewed or uncrewed spacecraft. To be precise, it
aimed to perform inspection-like manoeuvres within 50 metres of the target vehicle

4Pathfinder for Autonomous Navigation
5Educational Launch of Nanosatellites
6Global Positioning System
7Technology Readiness Level
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(Cygnus, its launch vehicle) and then dispose of itself to burn up in the atmosphere
[35]. It completed its objective on 19 September 2019, during a 60-minute period of
time [36].

An equally important possible usage, as mentioned in the opening of this chapter,
is the possibility of in-situ spacecraft repair. The intention of showing how small
satellites can be used to upgrade constellations or provide life-extension services
such as refuelling was the objective of the LINUSS8 mission [37]. Launched at the
end of 2022 and deployed in January 2023, consisting of a pair of 12U CubeSats,
it has successfully demonstrated various rendezvous and proximity operations, thus
validating essential manoeuvring capabilities for future space upgrade and servicing
missions [38], [37].

Various other promising missions are planned as well. One such future mission is
TAMARIW [39]. TAMARIW will consist of two 3U satellites that will be launched
in a docked state as a single 6U. Once deployed, the two satellites will start the
experimentation phase by separating only a few centimetres before docking imme-
diately. This gap will increase with each subsequent experiment up to a distance of
500 metres. By doing so, the TAMARIW mission will provide valuable data for the
development of CubeSat R&D technology and will be a crucial step towards future
CubeSat proximity operation missions [39].

There are also some novel local mission proposals. Specifically, the Czech VZLUSAT3
mission concept, designed to demonstrate the feasibility of small satellite proximity
operations [40]. The mission will involve two 6U CubeSats, the proximity space-
craft (VS3-A) and the target spacecraft (VS3-B). The goal is to execute a series of
proximity manoeuvres to achieve various objectives, including in-orbit inspection,
inter-satellite communication, and formation flying. The hope is also to demonstrate
critical capabilities like spacecraft inspection by mission-specific proximity camera.

4.3 Summary

Unstoppable technological advancement coupled with various successful missions
broadens the horizons of the R&D concept, demonstrating its capability. Thus, we
can safely assume that an overwhelming number of missions will rely on R&D. On a
final note, let us now reiterate the most important characteristics, system conditions
and constraints that underscore the complexity of R&D operations [27]:

• Launch and phasing trajectory planning,

• Manoeuvres in close proximity to the target station,

• On-board system requirements and constraints,

• Constraints related to communication links.

8Lockheed Martin In-Space Upgrade Satellite System
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Chapter 5

Formation Flying

The idea of formation flying could be traced back to the millennium change. One of
the first pioneers of the concept were Landsat 7 and EO-1 (launched in April 1999
and in November 2000, respectively), where EO-1 followed Landsat 7 in its orbit by
exactly one minute [41]. Interest in the FF1 concept has always resonated greatly in
areas such as astronomy and Earth observation due to the opportunity of a higher
spatial and temporal resolution by the virtue of interferometric and other distributed
observation techniques, where large space interferometers have been proposed since
the early 2000s [42].

The attention to FF has notably risen again in recent years, underlining the key
benefits it offers in terms of mission cost, performance, and flexibility compared to
a monolithic and complex vehicle. The distribution of functions and payload among
multiple spacecraft operating in a coordinated way gives the possibility to enhance
the mission science return, increasing the flexibility of the mission, and potentially
allowing for multiple mission goals within the life-span of the satellites. Moreover,
using a network of cooperative satellites increases redundancy in the event of a
failure (i.e., decreased loss in the case of an individual failure) [43]. These positive
aspects enable extensive applications, such as Earth mapping and atmospheric data
collection coupled with scientific studies along with observations and communication
systems [44].

1Formation Flying
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5.1 Definition

An exact definition of formation flying in relation to the concept of spacecraft flying
is not strictly set. Past definitions have not clearly distinguished the boundaries of
the concept from spacecraft constellations. This resulted in the following definition,
introduced by [45] where spacecraft FF is defined as

"A set of more than one spacecraft whose dynamic states are coupled
through a common control law. In particular, at least one member of the
set must (1) track a desired state relative to another member, and (2)
the tracking control law must at the minimum depend upon the state of
this other member."

For completeness, let us also mention the following definition, proposed by NASA’s
Goddard Space Flight Center:

"Spacecraft formation flying is the tracking or maintenance of a desired
relative separation, orientation, or position between or among space-
craft."

Therefore, it can be seen that although individual authors and researchers adjust
and alter the concrete definition to their needs [44], [46], the concept has solid
foundations and key aspects are agreed on. We can also notice that the desired
relative separation between satellites is not required to remain constant in time in
order to match the definition and thus qualify as formation flying. This led to the
introduction of slightly more relaxed definitions, such as the one given in [47] where
the authors note that satellite formation flying can also be defined as

"Two or more satellites flying in prescribed orbits at an approximately
constant separation distance from each other for a given period of time."

Approximately constant and given period of time are necessary in the definition due
to certain issues discussed in greater detail therein.
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5.2 Characterisation

S. Mathavaraj and R. Padhi in [47] also distinguish between various architectures
with respect to formation flying, among other things based on configuration or
modus operandi. This includes:

• Trailing configuration where the spacecraft share the same orbit and follow
each other on the same path maintaining specified relative angular separation
from the centre of Earth whenever the chief satellite is at the perigee. The
authors remark on the fact that only in the case of circular orbits is this relative
angular separation maintained constant at all times. However, in the case of
elliptic orbits, this relative angular separation continues to vary depending on
the location of the satellites.

• A cluster in which a group of satellites are located in formation close to each
other and are placed in orbits such that they remain close to each other.
Satellites in a cluster usually fly in close formation, but not necessarily in a
trailing configuration.

An example mission of the first type is RANGE2 [48]. RANGE launched on De-
cember 3, 2018, on board the SpaceX Falcon-9 rocket. It involved two 4-kilogramme
1.5U CubeSats flying in a leader-follower formation. The main goal of the mission
was to improve the positioning (relative and absolute) capabilities of nanosatellites
while also potentially measuring the relative distance between the satellites down
to millimetres inter-satellite laser ranging measurements. The onboard instrumen-
tation included state-of-the-art global positioning system (GPS) receivers linked to
miniaturised atomic clocks for precise orbit determination. Additionally, the relative
positions of the satellites were to be measured using a compact inter-satellite laser
ranging system that would also double as a laser communications system. Although
the satellites did not have an active propulsion system, the objective was to control
the separation distance of the satellites using differential drag techniques [48]. At
the time of writing this, the last known report of the satellites [49] seems to be in
the last year, i.e. 2023, and so the current state of the mission is unknown since no
further information has been released.

Striking balance between the two types and the use of both architectures was among
the goals of the NetSat mission [50] that included four 3U CubeSats, cf. Fig. 5.1.
Launched in 2020 and still operational [51], it aimed to demonstrate and advance
the technology required for formation flying. Among other things, it performed au-
tomated multisatellite operations and demonstrated inter-satellite communication
and automatic message forwarding.

The Tianwang-1 mission [52], launched in 2015, had a similar goal in mind. It aimed
to demonstrate autonomous formation flying, coupled with intersatellite communi-
cation using software-defined radio, with one 3U CubeSat and two 2U CubeSats.

To paint the full picture, a representative case of the second type of architecture
was the SAMSON mission [53]. SAMSON consisted of three 6U CubeSat spacecraft.

2The Ranging And Nanosatellite Guidance Experiment
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Figure 5.1: NetSat mission illustration [50].

Launched in 2021, its objectives were to (1) demonstrate long-term autonomous
cluster flight of multiple satellites and (2) geolocate a cooperative radiating elec-
tromagnetic source on Earth [54]. The three satellites were launched together with
approximately the same semi-major axis, eccentricity, and inclination and separated
in orbit to form a cluster with relative distances ranging from 1000 metres for the
closest two to 250 kilometres for the farthest two [53].
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Chapter 6

Constellations

Multisatellite missions that do not satisfy the definition of formation flying missions
are called constellation missions. For example, even though specific relative positions
are actively maintained, GPS satellites constitute a constellation because their orbit
corrections require only the position and velocity (states) of the individual satellite,
as noted in [45], [55]. The idea of space constellations can be traced back to the 1960s
of the previous century [19]. During that time period, weather forecasting was an
area of particular interest and underwent rapid development. Starting with TIROS-
1, the first U.S Earth civil observing satellite, followed by other TIROS satellites, and
after a certain period of time, even second and third-generation instruments, a series
of incrementally improved satellites emerged. The authors in [19] note that since the
lifetimes of some of those vehicles overlapped intentionally to improve coverage and
decrease the re-visit time, they could be considered as predecessors of current space
constellations. In other words, CubeSat constellations are based on all of the positive
characteristics of CubeSats that we have already exhaustively discussed. Within the
DSS theory, they are on an imaginary pedestal, where the hope is to fully exploit
available resources and possibilities driven by individual singular CubeSats within
one large entity, and that is the constellation itself.

6.1 Constellation Design and Architectures

The usual goal of constellation design is to optimise the coverage over a specific
region or improve (reduce) needed revisit times. For example, when talking about
the coverage of any CubeSat mission, it is mainly dependent on different parameters
such as the number of satellites, the number of orbital planes, the elevation angle,
the inclination, the altitude, the orbital plane spacing, and the eccentricity of the
orbit [56]. However, at this point, it is important to mention a very important fact.
In general, constellation architectures have spacecraft with the same altitude and
inclination that are distributed over multiple orbital planes [57]. At the same time,
accomplishing this with CubeSats would be of greater difficulty. This comes down to
two main reasons. CubeSat constellation mission would require either (1) a dedicated
launch vehicle per plane to achieve this for a primary multiple-CubeSat mission or
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(2) a partnership with complementary primary missions that launch the CubeSats
into their desired orbits. The first option naturally introduces significant financial
constraints on the mission planning, while the second option would require multiple
identical launch opportunities or a transfer vehicle and longer CubeSat lifetimes. A
viable option is to launch each CubeSat as a secondary auxiliary payload on differ-
ent mission, i.e. launch vehicle. To make this work, one can use programmes such as
NASA’s ELaNa, which aims to make secondary payload opportunities available at
low cost as often as possible. However, launch as a secondary payload would result
in a non-traditional constellation architecture [57]. This phenomenon is usually de-
scribed as ad-hoc constellations. Instead of the CubeSat constellation being subject
to a given theoretical structure, once deployed, they form a constellation based on
particular characteristics and options hinged on the nature of deployment, which
may vary to a certain extent from the traditional architecture. Such constellations
have a longer setup time than an intentional constellation, however, their revisit
times and achievable performance are on par [57]. For further reading, an interested
reader is referred to articles such as [58] and references therein.

Constellation architectures and their applications have been extensively studied [59],
[60], [61]. Common types of constellation architectures, among others, include the
Walker constellation, Street-Of-Coverage, or the Flower constellation.

6.1.1 Walker Constellation

The Walker constellation, named after John G. Walker, who first introduced the
concept in the 1970s [62], [63] and helped it develop further tremendously, is a
constellation of symmetric design. In other words, all satellites and orbital planes
are uniformly distributed.

Figure 6.1: Illustrative example of Walker constellation [56].
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The Walker constellation is generally described by the notation n/p/f, where n
stands for the total number of satellites in the constellation (also marked as t), p is
the number of orbital planes and f is the phasing parameter, i.e. the relative spacing
between satellites in adjacent planes. This parameter f takes value between 0 and
p-1 and is equal to f × 360 / t [64]. Usually, another important detail is also
included, which is the slope i. Together, the notation reads i:n/p/f.

One significant advantage of this design approach is that the effect of perturbations
is approximately the same on each satellite. Moreover, satellites at constant altitudes
have the same resolution and signal strength, as noted in [65].

For example, when designing a CubeSat Walker constellation to maximise longitudi-
nal global coverage, the approach discussed in [56] might be considered. The authors
note that the minimum number of CubeSat per orbital plane 𝑛 and the minimum
number of orbital planes 𝑁𝑝 required for a circular orbit can be determined as:

𝑛 =
°360

2𝜃

§
, 𝑁𝑝 =

°360
4𝜃

§
, (6.1)

respectively, where ⌈·⌉ is the ceiling function and 𝜃 is the Earth central angle of
coverage. Based on Figure 6.2, the angle 𝜃 can be determined as:

Figure 6.2: Coverage geometry for CubeSats [56].

𝜃 = arcsin
Å
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ã
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The range 𝜚 can be calculated such as:

𝜚2 − 2𝑅𝐸𝜚 cos(90 + 𝜑) = (𝑅𝐸 + ℎ)2 − 𝑅2
𝐸. (6.3)
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6.1.2 Street-of-Coverage Constellation

The main goal of the Street-of-Coverage type of constellation is to provide continuous
coverage of a particular Earth region or even to provide global coverage of Earth as
well. SoC1 is based on the concept of having several trailing satellites located at the
same altitude and orbital plane. In order to form a continuous satellite coverage,
i.e. a street, at least three trailing satellites are placed per plane. The situation can
be seen in Fig. 1, where the beam of coverage of individual satellites overlaps, thus
forming a single street and, consequently, covering the desired region.

This then naturally begs the question of how many orbital planes, i.e. streets, are
needed and what their inclination should be. There are two possible cases. (1) For
regional coverage at high latitudes or any region, including the pole, researchers
found that the best results were achieved by polar orbits spread over 180 degrees,
cf. Fig. 6.3. (2) In case the focus was on a region in low to mid-latitudes, the
optimal SoC architecture will consist of inclined orbital planes, with ascending nodes
symmetrically distributed around the Earth’s equator, cf. Fig. 6.4.

Figure 6.3: Optimal SoC constellation for
continuous global coverage [66].

Figure 6.4: Optimal SoC constellation for
continuous zonal coverage of low to mid-
latitudes [66].

1Street-Of-Coverage
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6.1.3 Flower Constellation

An additional constellation architecture is the Flower constellation. First introduced
by [67] it consists of satellites moving on the same closed-loop trajectory with respect
to a rotating frame [68], [56]. These architectures open up new possibilities in fields
such as telecommunications, Earth and space observation, or new kinds of formation
flying schemes [67]. An example of such a constellation is depicted in the following;
cf. Fig. 6.5.

Plane 2Plane 1 Plane 3

Figure 6.5: Illustration of a Flower constellation in three different orbital planes [56].

6.2 CubeSat Constellations

Interest in the CubeSat constellation market has been growing steadily in recent
years. This has resulted in a growing number of commercial applications and, at the
same time, is also proving to attract new, emerging businesses as well. This notion
has also been recognised in various studies, such as [69].

At the moment, the biggest CubeSat constellation is undoubtedly the Flock con-
stellation, run by the company PlanetLabs [70]. The constellation currently consists
of more than 100 3U CubeSats, which provide 3 to 5-metre resolution images of
the Earth for a variety of mapping applications including several humanitarian and
environmental applications, from monitoring deforestation and urbanisation to im-
proving natural disaster relief and agricultural yields around the world. The company
also consistently improves their individual spacecraft and tries to regularly update
the constellation, which has resulted in more than 500 hundred spacecraft being
launched [71], [72].

We could also mention another market player, that is the company Swarm [73],
which operates its 0.25U CubeSat constellation. Using at least 7 different orbital
planes, the objective is to provide global connectivity for IoT devices at the lowest
cost [74], [73]. Their 2021 annual report states that at that time they had already
reached the milestone of 120 operational satellites in orbit [75]. However, the final
number target should be 150 individual CubeSats.
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Last but not least, achieving similar success, that is, having more than 100 spacecraft
in orbit, is the company Spire and its LEMUR2 constellation [76]. Each LEMUR is
a 3U CubeSat equipped with different instruments such as AIRSAFE, STRATOS
or SENSE, see [77]. The constellation vehicles are used to track maritime, aviation
and weather activity from space.

6.3 Discussion

If we take into consideration the popularity of CubeSats, and the proposed number
of future constellations involving CubeSats [78], it is inevitable that the amount of
spacecraft present in space, especially LEO3, where most CubeSats operate, will rise
exponentially. This begs the question of space congestion, for the space around the
Earth is becoming increasingly cluttered with debris, both natural and man-made.
Natural debris includes meteoroids and micrometeorites, whereas man-made debris
includes fragments of defunct satellites, spent rocket stages, etc. This debris poses
a significant threat to active satellites as collisions, such as a millimetre-size hit to
Sentitel-1A [79], can cause damage or even destroy them. CubeSats, being small and
often deployed in larger numbers, such is the case with constellations, contribute to
the overall population of objects in Earth’s orbit. In addition, unlike larger satellites,
CubeSats often lack propulsion systems for precise orbital manoeuvers or deorbiting,
making them more susceptible to contributing to the long-term space debris problem.
As a result, the increasing use of satellites in general has sparked discussions about
the said growing issue [80], [81], sometimes referred to as Kessler syndrome. On the
other hand, there have been proposals and studies, such as [82] on the deployment of
CubeSats, to combat this issue. Certain mission proposals even envision CubeSats
flying in a formation of two, see [83].

2Low Earth Multi-Use Receiver
3Low Earth Orbit
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Chapter 7

Swarms

Swarms mark the next potential technological advancement step. Let us first recall
how the author of the classification used throughout this work imagined the idea of
satellite swarms [21]:

"Biologically inspired DSS consisting of several tens to several thousand
individual spacecraft, each with limited functional capability."

As such, we could thus declare a swarm to be a globally controlled cluster, that is,
a cloud of primitive, single elements working together towards a certain (mission)
goal [84].

Nevertheless, it is pertinent to note that such nomenclature certainly overlaps to a
certain extent with the definition of constellations and formation flying introduced
in this work. However, it should be noted and it is vital to remember that as a sub-
class of DSS, it is unlikely that swarms will replace other space systems. In contrast,
their power lies in particular, niche applications. This is underlined by the fact that
in the case of swarms, it is of no importance which singular element performs a
specific action, provided that within a certain period of time, at least one element
is available to do so, i.e. in a desired position. This goes hand in hand with the fact
that none of the elements in the swarm are essential for the overall functionality.
Although, naturally, each element of the swarm must be designed with as much care
as possible, it is not necessary to have a single-point failure design [85].

However, the bigger the number of spacecraft involved, the higher the cost limita-
tions are, which in turn, among other things, puts extended emphasis on further
miniaturisation. For example, this could be observed within the KickSat-2 mission,
launched in 2018 [86]. The KickSat was a 3U CubeSat, where one U was reserved
for running the spacecraft, providing power, communications, and data handling,
while the other two Us served as a house for deploying over 100 centimetre-scale
miniaturised spacecraft called ChipSats. These ChipSats included power, sensor,
and communication systems on a printed circuit board that weighed just 5 grammes.
They were meant as a general purpose platform with the aim of opening up space
access to an extended number of people [87].
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Swarms also seem to be highlighting their potential in much more technologically
demanding areas. The planned COMMUTE mission [88], which aims to explore
and study Uranus, is hoping to use 16 CubeSats, dividing them into clusters of 4
with each having 4 identical spacecraft. Each group will be equipped with specialised
instrumentation, exploring Uranus more extensively and performing planned plunges
into its atmosphere while using the mothership as a communications relay with the
Earth.
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Chapter 8

Guidance, Navigation & Control

A common denominator across the whole field of distributed space systems and
especially paramount in formation flying in general is the theory of guidance, navi-
gation, and control, along with its consequent applications. Before moving forward,
it is essential to assign a clear meaning to each of these terms. Hence, hereinafter,
when describing the motion process of a spacecraft, we will be using the following
disambiguation, based on [89]:

• Guidance: calculate desired target position and velocity (orbital motion), and
target attitude and rotational rate (attitude motion), in order to achieve the
desired objectives,

• Navigation: determine current satellite position and velocity (orbital motion),
and satellite attitude and rotational rate (attitude motion).

• Control: make changes in satellite position and velocity (orbital motion), and
satellite attitude and rotational rate (attitude motion), or keep them to certain
fixed values, by means of actuators.

Motion of an object in the realms of space, i.e. a satellite such as the CubeSat, is
exceptionally complex. All the more challenging is the study of its behaviour, or
rather the effort to be able to predict this behaviour, model it, describe it, and con-
sequently control it. This difficulty arises from multiple factors, such as the influence
of chaotic and often uncertain influences, for instance atmospheric drag, radiation
pressure, or various other perturbations etc. For satellites in LEO, that is, where the
vast majority of CubeSats are positioned, the magnitude of position vector errors
can grow by about 2.5 kilometres per week, even with significant post-processing and
state filtering [90], [91]. Deeper understanding of the CubeSat dynamic in space and
mainly the knowledge on how to counteract on these undesired elements and errors
is crucial to ensure hassle-free progress throughout the mission, which in turn helps
towards the success of the mission itself, but also for the survival of the CubeSat
too, through power-generation etc.
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8.1 Attitude Determination and Control System

In case a mission utilises the concept of formation flying, i.e. contains a set of two
or more spacecraft coupled through a common control law, it is apparent that the
quality and capabilities of each individual member of the formation determine the
overall mission success and magnitude of the scientific return. Laying at the core
of this dilemma in CubeSats is the ADCS1, sometimes also denoted as ACS, i.e.,
Attitude Control System. Located in the centre of the GNC, ADCS is one of the
many satellite subsystems. A system-level scheme of this system can be seen below,
cf. Fig. 8.1.

+
-

Desired
Attitude

Calculated
Attitude

Attitude
Error

Control
Signal

Controlled
Torques

Current
Attitude

Actual
Attitude

Actuators

Sensors
Attitude
Determination
Algorithm

Attitude
Control

Sensors
Measurement

Figure 8.1: System level block diagram of the ADCS [92].

8.2 Control State

In general, we could try to describe the nature of ADCS and its subsequent rela-
tionship to CubeSat using the following image, cf. Fig. 8.2.

Phase A Phase B
Initial
State

Coarse
Control
State

Precise
Control
State

Figure 8.2: CubeSat control state illustration. Image by author.

The basis consists of three control states that a CubeSat can happen to be in. The
first state is the initial state that CubeSat finds itself in upon being deployed from
a launch vehicle or the ISS. This state could also be described as state of no control,
since upon deployment, the satellite has full absence of any information regarding
its position, altitude, etc. and may experience high rotation. It is thus apparent
that this is the state every satellite faces instantaneously when deployed and after

1Attitude Determination and Control System
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the first system start. The second state could be imagined as a state of coarse con-
trol only. During the presence within this state, generally the knowledge about a
CubeSat is limited or only approximate. In other words, the inaccuracy, i.e. an error
vector, may still be too big for particular mission requirements. The final state is
the precise or fine control state. With CubeSat being in this state, the accuracy,
precision, and control capabilities are all at their possible maximum.

8.3 State Transition

In order for CubeSat to pass from one state to another, it has to undergo a certain
transition, i.e., a phase, as depicted in the original image, i.e., Fig. 8.2. This phase
consists of three elements that work in synergy. The first element, or a step, is to
acquire the necessary information and data. The sensors on-board play a key role in
this, since they are the ones responsible for this procedure. Next, the data are fed
into a particular algorithm. A very popular choice is the TRIAD algorithm, where
attitude determination is carried out by two vector measurements in two coordinate
systems [93]. Another option is the extended Kalman filter [94], [95]. Other possi-
ble options are discussed and described extensively in a variety of sources, such as
[96]. The algorithm, along with the AC2 subsystem, then decides on what action
is required, e.g., how much torque is needed, to achieve the desired attitude, and
calculates the necessary commands that are then sent to actuators, which represent
the final step. The whole principle can be seen in the image below, cf. Fig. 8.3.

Attitude D.
Algorithm

+
Attitude Control

Sensor Data Commands

Figure 8.3: Symbolic state transition illustration. Image by author.

Naturally, the processes included in these transition phases are not one-time ac-
tions. They occur continuously to guarantee active correction of potential errors
and fluctuations. However, certain hardware components, i.e. sensors and actuators,
are better suited for and have more efficient use in a particular phase, that is, A or
B. In the spirit of this, let us now take a look at the most common components.

2Attitude Control
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8.4 Sensors

8.4.1 Magnetometer

The inexpensive, small, and lightweight magnetometers with low power consumption
are a fairly popular option for determining the attitude on CubeSats [97]. They mea-
sure the strength and direction of the local magnetic field, which, when compared
with the high-fidelity model of the magnetic field of Earth, can yield useful infor-
mation about the attitude of spacecraft [98]. However, there are certain constraints.
For one, measurements from a three-axis magnetometer can provide information on
only two axes of the spacecraft attitude [99]. Additionally, the sensor itself can be
affected by a nearby magnetic field, such as the one produced by magnetic coils or
by on-board circuits or even the chassis of the spacecraft itself [97]. A solution to
this proves to be to place the sensor outside the CubeSat [97], cf. Fig. 8.4.

Figure 8.4: Dellingr 6U CubeSat with extended boom containing the said sensor thus
mitigating possible issues [100].

Furthermore, the quality of output depends heavily on the field modelling, which,
coupled with possibly noisy measurements and variability of the Earth’s magnetic
field, gives enough reason for why some have declared them the least accurate at-
titude reference sensors [101]. Nevertheless, they are still a viable option for coarse
attitude determination, i.e. might often be used in what we denoted as Phase A.
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8.4.2 Earth/Horizon Sensor

Because the Earth is large and bright in the infrared during both sunlight and eclipse
for satellites in LEO, sensors that can detect the Earth’s limb in the infrared can be
used by the ADCS system to provide nearly uninterrupted fine attitude knowledge
[102]. The emitted radiation forms a horizon, i.e. a split between the illuminated
part of the body and the darkness of space. This discontinuity is then typically
exploited by the Earth sensor, also often called an Earth horizon sensor, in general
terms a horizon sensor (since it can be used for any planet) [103].

Figure 8.5: Image of a horizon sensor [104].

8.4.3 Sun Sensor

Sun sensors are, by nature, similar to the aforementioned Earth sensors. They are
used to determine the direction of the Sun with respect to the body frame of the
spacecraft [98]. This direction can then be used to help estimate the attitude, al-
though to obtain a complete three-axis attitude estimate, at least one additional
independent source of attitude information is required [103]. Generally, we could
distinguish between two major categories of Sun sensors [89], that is, (1) coarse Sun
sensors and (2) fine Sun sensors (each might prove more suitable for a particular
phase, that is, Phase A and Phase B respectively).

Into the first category, we could, for example, include a CSS3, which is based on
photocells. The sensor output is based on the current generated by the cell, which
is approximately proportional to the cosine of the angle 𝛼 between the Sun and the
normal to the photocell 𝑛⃗ [103], cf. Fig. 8.6.

3Cosine Sun Sensor
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The equation thus writes [105]:

𝐼(𝛼) = 𝐼0 · cos(𝛼). (8.1)

Photocell

Figure 8.6: Cosine Sun sensor principle with sun rays hitting the photocell [105].

Generally, a larger number of these sensors might be installed on a single spacecraft,
each pointing in a different direction to ensure complete sky coverage and increased
accuracy [103].

A quadrant Sun sensor might be put into the second category. Quadrant Sun sensors
typically operate by shining sunlight through a square window onto an array of
photodiodes. The current generated by each photodiode is a function of the direction
of the Sun relative to the sensor boresight. The measured currents from all four cells
are then mathematically combined to produce the angles to the Sun [103].

Figure 8.7: Image of a quadrant Sun sensor [106].
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8.4.4 Star Tracker

Star trackers can provide an accurate attitude estimate in all three axes. They can
do so independently, by taking a picture of the sky, i.e. star constellations, and
comparing this picture with a catalogue stored in their memory. Once the stars
have been identified, the inertial attitude of the spacecraft is calculated [105]. Albeit
these sensors can do this accurately, they are also subject to certain limiting factors,
such as the stellar distribution around the star sensor and the stellar brightness, the
dimensions of the sensors themselves or the exposure time [107].

Figure 8.8: Image of a star tracker sensor [108].

8.4.5 Gyroscope

Gyroscopes are used to measure the angular velocity. In the case of CubeSats, the
typical use-case consists of two types of such sensors, that is, a (1) FOG4 and a
(2) MEMS5 gyroscope [89]. The former offers superior precision compared to the
latter; however, the latter usually has greater durability, which, coupled with its
smaller size, makes it a good practice to include for increased redundancy or in case
of emergency [89]. As such, the former might find use in Phase B, and the latter
might find use in Phase A.

4Fibre Optic Gyroscope
5Micro-Electro-Mechanical System
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8.5 Actuators

8.5.1 Magnetorquer

A magnetorquer is a device that can provide torques perpendicular to the local
magnetic field [103]. This happens by generating a magnetic moment by electrical
current, which then interacts with the ambient magnetic field, that is, the one of
Earth, producing the external torque acting on the vehicle [89]. CubeSats in LEO
can take advantage of this with the aim of controlling their attitude such as when
detumbling (Phase A) or when trying to stabilise themselves further (Phase B). It
is apparent that the device works only in the presence of a magnetic field. Thus,
it is important to take into account factors such as field strength, orbit height, or
the presence of the field itself when planning to use magnetic torquers [101]. These
actuators are small in mass, low in power consumption and high in reliability [109].
They can also be used to unload the momentum of complementary control actuators
such as reaction wheels [98].

Figure 8.9: Image of a CubeSat magnetorquer [110].

8.5.2 Reaction Wheels

These momentum exchange actuators are based on the acceleration and deceleration
of spinning rotors (inside the wheels), with a nominal condition of zero angular
velocity [101]. They make it possible to control the attitude of the spacecraft by
the reaction effects of the rotation, i.e. by counteracting on it. Put differently, they
exchange momentum with the spacecraft by changing wheel speed, i.e. if the satellite
body spins in one direction, the reaction wheel spins in the other direction [111].
This fact is apparent when we consider the following equation [112], since both the
wheels and the satellite can be thought of as a spinning mass:

𝐻⃗𝑡 = 𝐼𝑠𝜔⃗𝑠 + 𝐼𝑤𝜔⃗𝑤, (8.2)
where 𝐻⃗𝑡 denotes the total angular momentum, 𝐼𝑠 is the moment of inertia of the
satellite body and 𝜔⃗𝑠 represents its angular velocity. Similarly, the same applies to
the subscript 𝑤, which is for wheels.
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One of their advantages is the fact that they need no propellant. This comes in handy,
especially for spacecraft such as CubeSats, where space is limited. However, they also
have their disadvantages. Since disturbance torques acting on the satellite gradually
accumulate as angular momentum stored in them, they need to be periodically
de-saturated using, for instance, a magnetorquer [89]. For full three-axis control,
a spacecraft requires three wheels mounted orthogonally. However, a four-wheel
configuration is often used to provide fault tolerance [105].

Figure 8.10: Image of CubeSat reaction wheels [113].

8.6 Propulsion

A component that can fundamentally improve the functionality of a CubeSat and
thus increase the possible scientific return of a mission is the propulsion system.
Although the desire for such a system has been on the rise, the actual deployment
rate is rather rare [114]. One factor to account for this is the limited mass, volume
and budget when it comes to CubeSats, which makes it challenging to port existing
technology to a smaller form-factor [114]. Typical propulsion systems are cold gas
thrusters, electric or chemical propulsion, and solar sails. [115] Each of these would
merit a dedicated discussion, so an interested reader might refer to [116] or [117].
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8.7 Discussion

Naturally, the list of hardware components discussed in the previous passages of the
text is not complete. There is a great variety of components that a CubeSat might
carry that ought to be specifically tailored to mission requirements. For example,
there is also the possibility of having an integrated ADCS system that would house
the individual components under one body.

An example of such a component is Gen 1: CubeADCS [118]. Nevertheless, an
exhaustive summary of the majority of components and their current state-of-the-
art with regard to small satellites such as CubeSats can be found in [103]. We will
include a table containing the hardware we discussed; see Table 8.1.

Component Performance TRL
Magnetometer ±75000 [nT] resolution 9

Earth/Horizon Sensor 0.25 [∘] accuracy 7-9
Sun Sensor 0.1 [∘] accuracy 7-9

Star Tracker 8 [arcsec] pointing knowledge 7-9
Gyroscope 0.15 [∘· h−1] bias stability, 0.02 [∘·h−1/2] ARW 7-9

Magnetorquer 0.15 [Am2]–15 [Am2] 7-9
Reaction Wheels 0.00023 [Nm] PT, 0.0005 [Nms] SG 7-9

Table 8.1: State-of-the-art GNC components [103].

Of great importance might also be a survey that contains the frequency of deploy-
ment of individual hardware pieces, such as [97]. Equally important are studies such
as [119] in which the complete picture of attitude control has been studied.
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Chapter 9

Communication and Relative
Navigation

A key factor and an integral part of every mission are its means of communication.
During the operation of a satellite, the communication links are used for command-
ing, retrieving telemetry, tracking, and ranging, and tasks such as applying software
updates. Additionally, communication links relay and broadcast signals and down-
link payload data [120]. The two common types of nanosatellite communication
links, i.e. space-to-ground links (UL1, DL2) and ISL3 are are displayed in Fig. 9.1.116 6 I-2e Communications

Ground Station

ISL

DL UL

Figure 6.1 Illustration of nanosatellite links.

6.2 Regulatory Considerations

The used radio frequencies fall under the authority of the International Telecommunication
Union (ITU). The ITU enacts regulations for the harmonization in frequency allocation
and coordination of frequency use. Moreover, the ITU provides recommendations (ITU-R)
and standards for telecommunication (ITU-T). The ITU divides the frequency spectrum
into different bands. In this scope, three bands are relevant: Very high frequency (VHF)
(30–300 MHz), Ultra high frequency (UHF) (300 MHz–3 GHz), and Super high frequency
(SHF) (3–30 GHz). The band designators of the Institute of Electrical and Electronics
Engineers (IEEE) are used, as they provide a better resolution and are more common.
Since nanosatellites are up until now almost exclusively deployed to low Earth orbit (LEO),
the regulations of the Fixed Satellite Service (FSS) are not discussed in here. Table 6.1 lists
all different channels relevant for nanosatellites. The frequency bands are divided into
channels, depending on the designated service. For nanosatellites, the typical services are:

● Space Research Service (SRS): Links for spacecraft with scientific or technological
research purposes.

● Space Operation Service (SOS): Links exclusively used for spacecraft TM/TC.
● Earth Exploration Service (EES): Links which carry information from earth observation

between ground and spacecraft and between spacecraft.
● Amateur Satellite Service (ASS): Links which are used for amateur purposes.

For satellite communications, the national authorities act as proxy for coordination with
the ITU. It is mandatory to register all transmitting space segments with the ITU and adhere
to its regulations. Typically, the ITU coordinates new allocations with national agencies to

Figure 9.1: Illustration of nanosatellite links [120].

1Uplink
2Downlink
3Intersatellite Link
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Space-to-ground communication is the default for virtually all communication ser-
vices provided by satellites. ISL is an emerging technology among nanosatellites,
as a means of coordinating and transmitting data within satellite formations and
constellations [120].

When talking about FF, evidently, the capability of ISL is directly proportional to
the magnitude of possible scientific return. In other words, the more accurately and
reliably ISL is implemented, the more certain and better the result a given mission
can achieve.

This leads to the problem of state estimation. Estimating the state of a satellite,
e.g. its relative position and velocity within the formation is complex. It is in effect
a large-scale optimal data-fusion problem, where one has to not only fuse many dif-
ferent data types, e.g. optical, radio, inertial, but also incorporate redundant data
measurements to obtain the state estimate. This fusion must be done on-board,
autonomously, and in real time while accounting for delayed and dropped communi-
cated data and time-varying sensing and communication topologies. An estimation
problem of such proportions is not encountered in single-spacecraft applications [44].

That being said, a satellite flying in a formation with other vehicles typically car-
ries, among other sensors, particular devices that provide measurements of the rel-
ative position between itself and other spacecraft in formation [44]. D’Amico in his
work [121] regarding autonomous formation flying in LEO summarised possible ap-
proaches to the issue of relative navigation in the following manner, see Table. 9.1.

Technology Accuracy
GNSS m-cm

Radio Frequency m-cm
Optical metrology mm-𝜇m

Laser interferometry nm

Table 9.1: Formation flying metrology technologies [121].

Similarly, a study of formation flying with CubeSats [122] identified the following
possible implementations and their limits, that is, the maximum range and sensing
accuracy, cf. Fig. 9.2.
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the agents was assumed to be at least 30 meters. Various key technologies that could satisfy this requirement
were identified and separated into two categories (technologies that can be immediately implemented and
technologies that can be implemented in 2 years). Emphasis was placed on commercial off the shelf (COTS)
products that could be easily obtained and implemented. The technologies that were initially considered for
relative sensing include: microwave ranging, GPS, camera imaging, laser diode ranging, computer vision,
infrared, and RF ranging.38 Based on specifications provided by manufacturers of these technologies, Fig. 6
shows the maximum range and sensing accuracy for each method.38 The ideal range is the top left region
in Fig. 6. However, it is clear that GPS, Laser Diode Ranging, and RF Ranging are the only methods that
meet the requirements of centimeter-level sensing accuracy and can operate at an inter-satellite distance of
at least 30 m. It is important to note that the figure is only representative of a survey of products, and is
not exhaustive.

Figure 6: Comparison of relative position determination technologies.

Relative position measurements provided by laser methods are promising, however maximum range and
accuracy both scale with power input and overall size. Because of the CubeSat power and volume constraints,
laser ranging was no longer considered for implementation in the near future based on these requirements.
The remaining GPS and RF ranging options were further analyzed as potential candidates as the sensing
method for a formation flying mission.

As shown in Fig. 6, COTS GPS receivers typically have accuracies of between 1 m to greater than 100
m.38 This range is dependent on the geometry of the satellites in view and other environmental disturbances.
Centimeter level accuracies can be achieved through post processing of Differential GPS (DGPS) data. GPS
receivers are available from a wide range of vendors and have relatively small form factors, which makes
them attractive for a formation flying CubeSat mission. In order for GPS to be used on a formation flying
mission, there must also be an inter-satellite communication system to share the ranging data. Additionally,
a single GPS receiver onboard the satellite can be used for both absolute and relative position determination.
The receivers considered for the trade study are shown below.

Because none of the options provide the positional accuracy needed directly, an additional algorithm must
be developed to improve the accuracy to the centimeter level (see section V). Also, many COTS receivers that
can be readily purchased are not space-rated, or tested for space applications, so the TRL was determined
to be at least 6.

In addition to post processing GPS data for relative position determination in a formation flying mission,
RF ranging was also.44 The maturity of this technology is not as high as that of GPS methods (approximately
TRL 4-5), but can be implemented in 2 years. For this method, the satellite sends out RF signals to a target
satellite. Based on the delay in the signal arrival, an inter-satellite distance can be determined.38 Since this
method emits RF signals, the inter-satellite communication and relative position determination subsystems
potentially can be combined to save power and space. Moreover, hardware has been specifically designed for
formation flying missions by Swift Technologies to complete the task of inter-satellite communications and
relative position determination. The maximum range is dependent on the power input and unit size. The
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Figure 9.2: Comparison of relative position determination technologies [122].

9.1 GPS-Based Relative Navigation

The use of the GPS is not restricted to the immediate vicinity of the Earth alone.
Similar signal coverage can be achieved up to altitudes of at least 1 500 kilometres,
which covers most of the LEO, where the vast majority of CubeSats are positioned,
and thus opens the way for GPS navigation in space [123]. This fact is associated
with the ability to track and use numerous individual GPS satellites. It is one of
the reasons why relative navigation based on GPS is the most common method for
formation flying and R&D of CubeSats [124].

Although the functionality of spaceborne GPS devices and regular GPS devices
meant for terrestrial use remains the same, the nature and design of the former are
much more challenging compared to the latter. For one, the spaceborne GPS has to
account for the high signal dynamics and the more hostile environment [123]. There
are also additional limitations, such as frequent changes in GPS visible satellites,
transmission time delays between individual satellites, or just the amount of com-
putation required [124]. One of the possible solutions that aims to mitigate negative
influences as much as possible is the usage of CPDGPS4. CPDGPS is a promising
technology for relative navigation, since processing single-difference (or even double-
difference) carrier-phase measurements allows determining the relative positions of
the satellite with high precision [125]. This comes from the fact that the determi-
nation of the relative position of adjacent spacecraft in a formation typically yields
improved results by subtracting carrier phases from the two user spacecraft to a
common GPS satellite. The resulting single-difference measurements allow for a re-
duction of systematic errors through the cancelation of common error terms [126].
This has resulted in centimetre-level accuracy being demonstrated in orbit by, for
instance, the PRISMA mission [127] or even some other formations, see [125] and
references therein.

However, it is important to note that the deployment of such technology aboard
a CubeSat has not been reported yet, and the separation of the aforementioned

4Carrier Phase Differential GPS
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missions spanned from several hundred metres to kilometres. On the other hand,
this technology has great potential, as generally the signal does not necessarily have
to be based on GPS only. In case the spacecraft uses other systems, such as Galileo,
GLONASS or BeiDou, we are talking about GNSS5-based navigation.

9.2 Radio Frequency-Based Relative Navigation

Knowledge of the state of a satellite in formation can also be acquired via RF6 sig-
nals. Specifically, this metrology method is based on ranging signals being exchanged
by spacecraft, which are then used to measure the range (or range rate) between
them [128]. In order to achieve this, some common techniques when it comes to
estimating the range, i.e. the distance between two points, are time-of-flight, carrier
phase shift, or Doppler shit.

In the context of intersatellite ranging methods, RF-based is the most mature [129].
One of the reasons for this is that despite the fact that GPS-based technology (or
GNSS when talking in general) is capable of delivering precision at centimetre level,
it bears certain limiting factors. Firstly, at altitudes above the GNSS constellations
(e.g. GPS satellite are orbiting at an altitude of approximately 20.200 km), only the
very weak GNSS signals from the sidelobes on the opposite side of the Earth may be
discontinuously available [130]. Additionally, author in [130] notes that poor geomet-
ric dilution of precision and slow LoS7 vector dynamics between the receivers and
GNSS satellites may make the precise GNSS carrier phase-based solution difficult.

To mitigate some of the issues discussed above, a common approach is to design
and implement standalone devices mounted on individual spacecraft that provide
a relative range of information. Some of the possible implementations and their
characteristics are listed below; see Table 9.2.

RF System Frequency Band Mission Ranging Accuracy
Star Ranger Ku TechSat21 sub-cm

AFF Ka St-3 1 cm
CCNT S St-5 1 cm
FAS S TPF 0.5 m, 1∘ LOS

SPTC L - 2-5 m
FFRF S PRISMA 1 cm, 1∘ LOS in fine mode

Table 9.2: RF metrology overview. For full reference, see [130].

5Global Navigation Satellite System
6Radio Frequency
7Line-Of-Sight
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9.3 Vision-Based Relative Navigation

Last but not least, vision-based equipment can be used. This type of relative nav-
igation is often deployed in the case of deep space exploration or when the form
factor is limited, as in the case of CubeSats [131]. Sometimes, this particular area
of navigation is also referred to as EO8. Generally speaking, the term EO sensors is
used to indicate a wide variety of devices capable of collecting radiations reflected
and/or directly emitted by the surrounding environment in the optical spectrum
[132]. In addition, they can be active or passive depending on whether they include
an energy source to emit radiation or not [132]. A disambiguation that describes the
nature of this method can be seen in Fig. 9.3.

them on orbit as soon as possible. Indeed, this is mandatory to secure the
possibility of future space activities.

The paper is organized as follows. Section 2 presents the main tech-
nical specifications, advantages and drawbacks related to the different
typologies of state-of-the-art EO sensors suitable for spaceborne pose
determination. The subsequent sections contain a detailed review of pose
determination algorithms which have been developed to deal with
cooperative (Section 3) and uncooperative targets either known (Section
4) or not (Section 5). Different approaches from the open literature are
described by highlighting the main methodological aspects, the achieved
results and the open challenges. Finally, a conclusion is drawn in Sec-
tion 6.

2. Electro-optical sensors for pose determination: a survey

Generally speaking, the term “EO sensors” is used to indicate a large
variety of devices capable of collecting radiations reflected and/or
directly emitted by the surrounding environment in the optical spectrum.
This portion of the electromagnetic spectrum approximately ranges from
0.01 μm to 1000 μm, thus EO sensors are mainly classified (according to
the specific band in which their detector is sensitive) as ultraviolet (be-
tween 0.01 μm and 0.37 μm), visible (between 0.37 μm and 0.75 μm) and
infrared (between 0.75 μm and 1000 μm) [22]. Also, they can be active or
passive depending on whether they include an energy source to emit
radiation or not.

Focusing on spaceborne applications, while ultraviolet systems are
mainly tailored to astronomic observation, spacecraft relative navigation
relies on visible and infrared sensors which can be classified into passive
systems, either based on single (monocular) or multiple (stereo) cameras,
and active LIDAR. As regards the former category, monocular and stereo
cameras operating in the visible band are able to acquire data which can
be processed to carry out pose determination. Instead, infrared images,
tough allowing target LOS estimation at far range [23], are too poorly
textured for pose determination purposes, when acquired in close-
proximity. On the other hand, the term “LIDAR” indicates a large vari-
ety of sensors that are basically able to measure distances by illuminating
a target with an infrared laser source and analyzing the backscattered
radiation. Unlike laser range finders (which use a single detector to

measure the distance travelled by a non-steerable laser beam, thus being
able to compute exclusively range and LOS of the target), LIDARs pro-
duce sets of 3D data (point clouds) which can be exploited for pose
determination, by collecting multiple echoes coming from an
assigned FOV.

This discussion about the potential of EO sensors for spacecraft
relative navigation and pose determination is summarized in Fig. 1.

The design of accurate and robust algorithms for cooperative or un-
cooperative pose determination is strictly related to the technological
solution selected for the sensor. A concise summary of the main advan-
tages and drawbacks related to the selection of active or passive EO
sensors to carry out relative navigation in close-proximity is pro-
vided below.

Passive EO sensors are characterized by lower hardware complexity,
cost and power consumption with respect to LIDARs, and they can be
simultaneously used for supervised applications, like ground control
station situational awareness and human-in-the-loop operations. Despite
these important advantages, the high sensitivity to the largely variable
illumination conditions typical of the space environment, and to the
potential presence of other celestial bodies in their field of view, makes
the use of passive cameras as main relative navigation sensor extremely
challenging. On the other hand, LIDARs are robust to operations in poor
visibility conditions and allow the target to be easily discriminated from
the background (segmentation). However, the limited operational
applicability of passive monocular and stereo cameras in poorly illumi-
nated scenarios can be partially compensated by including light sources
within the sensor architecture (thus making the system active). Of course,
this choice involves an increase in the amount of electrical power
required on board (though the power budget is typically expected to
remain lower with respect to the use of LIDARs). In terms of output,
stereo cameras can acquire 3D information about the target (range im-
ages) just like LIDARs. Although this involves additional processing steps,
e.g., image rectification and disparity map calculation, range images are
typically much denser (and consequently more textured) than LIDAR
point clouds. However, the maximum range at which stereo performance
is acceptable in terms of depth resolution (which determines the
achievable accuracy in 3D feature detection), is strongly limited by the
baseline of the stereo configuration [24]. Instead, LIDARs can ensure

Fig. 1. Taxonomy of EO sensors for spacecraft applications.

R. Opromolla et al. Progress in Aerospace Sciences 93 (2017) 53–72
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Figure 9.3: Classification of EO sensors [132].

Typically, passive visible-light cameras and active LIDAR9 systems are used. [132].

LIDAR is a remote sensing method that uses laser light to measure distances to ob-
jects. By emitting laser pulses and analyzing the reflected light, LIDAR can measure
the distance between the sensor and the illuminated object. Some LIDARs, such as
3D LIDARs, even allow the estimation of the 6-DOF10 pose of the target.

8Electro-Optical
9Light Detection and Ranging

10Degrees-Of-Freedom
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Another popular device used is LRF11. These devices are based on a single detector
that measures the distance travelled by a single laser beam and therefore they can
only estimate the range and LoS of the target [131].

Validation of such technologies in space is, for instance, planned within missions
such as SpEye, see [133]. In general, metrology based on optical principles can offer
higher accuracy than, for example, the last two methods discussed. However, one
constraint is that optical sensors tend to have a rather small field of view. They also
tend to have a smaller range, which may require high-performance hardware. This
might prove problematic in the case of CubeSats, where power and space are limited.
Another important fact to take into consideration is that, for instance, sunlight (or
essentially any light) might blind or saturate the device.

9.4 Technology Fusion and Future Promises

In the previous passages of the text, we covered the most common technologies and
principles used for relative navigation in FF, i.e., when the desire is to acquire the
knowledge of e.g. position and velocity of another spacecraft within the formation.
Usually, it is a good practice to exploit and include a broad spectrum of these
technologies, whether for increased accuracy, additional robustness, or redundancy.
However, when talking about CubeSats, with such an approach, one might encounter
certain complications due to the limited nature of the CubeSat itself. That is why
it is essential to work out and acknowledge the particular requirements of a mission
and which implementation might be the most suitable.

With this in mind, in the context of the theory of relative navigation, we can recog-
nise multiple attempts at technology fusion or novel approaches to the issue.

Studies such as [131] propose a fusion between GNSS-based navigation and vision-
based navigation. On the other hand, there is a study on the fusion of a RF-based
navigation and vision-based navigation, see [134]. Another novel approach MUSAS12,
was studied in [135].

Nevertheless, we shall not omit the new arising solution to the issue in question,
which is especially paramount in the case of a virtual space telescope consisting of
two CubeSats, to be discussed below, and that is technology based on vision naviga-
tion that utilises light sources or artificial markers placed on the target spacecraft.
This idea has been studied extensively [136], [137]. Despite the fact that this partic-
ular area is still in active development, several solutions and implementations have
already been proposed.

For example, studies such as [138] have reported experimental results that demon-
strate the capability to attain pose and relative state estimates in line with accuracy
requirements to ensure autonomous and safe close-proximity operations, e.g., up to
sub-cm and sub-degree error levels in relative position and attitude, respectively.

11Laser Range Finder
12Multi-CubeSat Relative State Determination by Array Signal Detection
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In addition, the algorithm’s computational runtime in question has shown to be
compatible with real-time implementation at an acquisition frequency of 2 Hz.

Moreover, the authors of [139] have studied relative navigation of spacecraft with
respect to a passively cooperative object, tailored for CubeSats, involving a LRF
working in near-infrared bandwidth and a monocular camera as navigation sensors.
The former is used as both a sensor and an illumination source for the observed
scene. They achieved pixel-level reprojection errors corresponding to sub-millimetre
accuracy.

Furthermore, for minimal relative distances and subsequent docking, a novel ap-
proach was studied in [140]. A system that can be housed in half-U has been inves-
tigated, which would allow for obtaining the complete relative state from the 10 m
range and be robust to illumination conditions and stray light. This study also uses
carrier phase GPS, which would be used to achieve such a small separation distance
in the first place.

Lastly, solutions for relative navigation of CubeSats in the deep space have also been
proposed, see [141].

With that being said, it can be assumed that this particular method of relative
navigation will see some major breakthroughs and the most eminent development,
namely, thanks to artificial intelligence, computer vision, or neural network solutions.
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Chapter 10

Mission Study

10.1 Motivation

In recent years a great variety of novel application studies and mission envisions,
utilising one or more CubeSats, has been on the horizon. Their goal is to extend
the field of possible CubeSat utilisation through technology demonstration, which
should subsequently result in a possible paradigm shift. One prime example is aster-
oid surveillance. This particular CubeSat usage case has been addressed in multiple
studies, such as [142], [143] or the one carried out under CTU as well [144]. A hand-
ful of missions have also been carried out for this purpose, while others are still
in their development stage. An example of the former is LICIACube1 [145], which
played a crucial role in the homonymous mission that took place in September 2022.
LICIACube successfully completed the first asteroid flyby performed by a CubeSat.
With a maximum Earth distance of approximately 14 million km during its oper-
ational phase, LICIACube is currently one of the nanosatellites that operated the
farthest from our planet in a robotic exploration mission [145]. Another example is
the Near-Earth Asteroid Scout mission [146], which hoped to travel to and image
an asteroid during a close flyby using a solar sail as its primary propulsion. Unfor-
tunately, according to [146], the project team was not able to communicate with
the spacecraft after the launch. Regarding the latter, some proposed missions in-
clude the ASPECT CubeSat [147] which aims to characterise resources on asteroid
surfaces or the MILANI CubeSat [148] which will be carried by the HERA moth-
ercraft and will take 3 years to travel from the LEO to the Didymos binary system
of asteroids. Expected to reach the asteroids in 2027, MILANI will be deployed to
survey the surface with a hyperspectral imager combining visible and near-infrared
wavelengths to survey the surface of the asteroids. It will also carry an Italian-built
dust detector capable of detecting tiny dust particles, volatiles, and light organic
matter, characterising the molecular composition of the larger asteroid bodies [148].
Some interesting possible future extensions, already being studied, include landing
on an asteroid, see [149]. We can hence safely conclude that this particular appli-
cation area will likely gain even more attention in the near future. However, what
is equally important, and what we should now focus on is the concept of a space

1Light Italian CubeSat for Imaging of Asteroids
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telescope, which should consist of two individual CubeSats in the trailing (tandem),
i.e. leader and follower configuration.

10.2 Tandem Space Telescope Concept

If we take into consideration the disambiguation we have followed throughout the
whole work, then such an idea, i.e. two CubeSats flying in close proximity of each
other, functioning as a space telescope, strikes a delicate balance between rendezvous
mission architecture and formation flying. The key lies in adopting the close-range
approach capability of the former and communication coupled with interconnection
from FF. Studies such as [150] envision the concept to consist of two CubeSats flying
at a constant distance of a few metres up to hundreds of metres, where the front
satellite, i.e. the leader, would carry the telescope optics and the second satellite,
i.e. the follower would carry the detector system.

10.2.1 Concept Background

Such a concept has been studied in general since the beginning of this century [151],
which has laid the groundwork for mission visions such as SIMBOL-X [152] where
the hope was to have three satellites, two carrying focusing mirrors, and one a focal
plane detector. The two satellites would be maintained at a distance of 20 m from
each other, with a precision of the order of centimetres. Unfortunately, to our best
knowledge, the mission has never flown.

A revolutionary pioneer in a broader sense has been the GRACE2 mission [153].
GRACE consisted of two twin spacecraft that launched on 17 March 2002 and
ceased their scientific mission on October 2017. The mission used a microwave rang-
ing system to accurately measure changes in the speed and distance between two
identical spacecraft flying in a polar orbit about 220 kilometres apart, 500 kilome-
tres above Earth. The range system was so sensitive that it could detect separation
changes as small as 10 microns, which is about one-tenth the width of a human hair
over a distance of 220 kilometres [153].

The TanDEM-X mission [154], which stands for TerraSAR-X add-on for Digital Ele-
vation Measurement3 has been in operation since 2010. The main mission concept is
based on the coordinated operation of two spacecraft flying in close formation. Using
two independent spacecraft provides the flexible and reconfigurable imaging geome-
try required to meet the mission objectives, such as its primary goal of generating a
precise digital elevation model [154]. TanDEM-X was the first formation-flying radar
interferometer in space, and it has managed to accomplish unprecedented results.
The formation combines a horizontal orbital displacement with vertical separation,
resulting in a helix-like relative movement of the satellites along the orbit [156]. The

2Gravity Recovery and Climate Experiment
3The first satellite in the original mission was TerraSar-X. This satellite was then joined by the

satellite in question, hence the name.
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Figure 10.1: Satellite twins TerraSAR-X and TanDEM-X [155].

formation managed to achieve radial and cross-track distances of 360 and 400 m,
respectively [156].

Finally, in 2010, the PRISMA mission was launched [157]. PRISMA was a technology
mission that aimed primarily at the demonstration of different sensor technologies
and guidance navigation strategies for rendezvous and formation flying in space. The
mission consisted of two spacecraft, one advanced and highly manoeuvrable called
Mango, and one called Tango [157]. Throughout the mission, various relative orbit
distances have been achieved, ranging from 1 m to 45 km in along-track separation,
up to 1 km cross-track, and to 2-kilometre radial distance [158]. The closest GPS-
based approaches were as close as 2 metres. Later in the mission, an even closer
approach of 1 metre was performed. This time, navigation was vision-based.

All in all, albeit the spacecraft within these missions were not CubeSats according
to the official standard, these missions have helped pave the way towards the general
idea of close operation of two spacecraft and at their time were the pinnacle of what
was achievable.

10.2.2 Moving Forward

The achievements of these missions did not go unnoticed and were picked up on in
the world of nanosatellites as well. A study on CubeSat formation flying published
in 2015 [122] based on [159] identified the hitherto state-of-the-art capabilities in
the following way, see Table 10.1.

One might notice that the technological apex identified by the authors was com-
posed of two particular missions. The first one, the CPOD mission, has already
been covered in 4.2.2. At that time, the second mission, that is, Can-X [160], had
not flown yet. Since some time has passed since then and the mission has luckily
been realised, we shall now elucidate the results this mission attained. The mission
consisted of two identical nanosatellites, CanX-4 and CanX-5. Although slightly
larger than a CubeSat (20 × 20 × 20) [161], it used a technology qualified onboard
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Metric Proposed Missions Achievable Then
Position

Determination
Absolute 2-5 m Can-X 1.2 m (RMS)
Relative 2.5 cm (RMS Can-X <2.4 m

Position
Control

Absolute - - -

Relative 1 m Can-X 5 m (delta V /orbit -
0.93 m/s)

Attitude
Determination

Absolute 0.007 deg CPOD <0.007 deg
Relative 0.5 deg Can-X <0.014 deg

Attitude
Control

Absolute <0.15 deg CPOD 0.021 deg (3 𝜎)
Relative 1 deg Can-X 0.042 deg (3 𝜎)

Table 10.1: State-of-the-art for position and attitude determination and control [122].

CanX-2 (a 3U CubeSat) to perform formation flying [162]. Launched in 2014, the
two satellites were deployed separately after their launch, after which a series of
drift recovery manoeuvres were executed to bring them within the range of com-
munication of each other. Subsequently, the spacecraft used onboard propulsion, an
S-band intersatellite communications link, and relative navigation using CPDGPS
techniques to perform a series of precise, controlled, autonomous formations from
1-kilometre range down to 50 metres separation [160].

Based on the results reported [163], the CanX-4/5 became the first formation flying
nanosatellites to successfully demonstrate autonomous formation flight with sub-
meter control error and relative position knowledge at the centimetre level. In this
sense, the mission has rightfully set the benchmark for small satellite formation flight
[160].

Other missions of similar nature followed. CANYVAL-X [164] was a technology
demonstration mission with the primary objective of validating technologies that
would allow two spacecraft to fly in formation along an inertial line of sight (i.e.,
align two spacecraft to an inertial source). It aimed to demonstrate a precision dual
spacecraft alignment achieving fine angular precision [164]. The mission consisted
of two CubeSats, a 1U passive target CubeSat nicknamed Jerry, and a 2U actively
controlled CubeSat nicknamed Tom. The hope was to create a virtual telescope, by
keeping the relative distance between the spacecraft to at least 10 metres, where one
would carry the lens and the other would carry the detector. The mission utilised
a vision alignment system that could determine the relative position and relative
attitude between the two CubeSats simultaneously [165]. The CANYVAL-X mission
was designed and developed from late 2012 to early 2016. The two CubeSats that
made up the CANYVAL-X mission were launched in early 2018, and the first beacon
was received after 43 days from launch. Unfortunately, due to several problems in
the communication system, it was not possible to receive any data transmitted by
the CubeSats. [166]. The hope was to receive another beacon signal later, but we
were unable to find any further mention.

Coming with an effort to correct the shortcomings was the CANYVAL-C mission
[167]. The CANYVAL-C mission was the follow-up mission of the CANYVAL-X
mission. The final goal of the mission was to obtain several images of the solar corona
by constructing an artificial solar eclipse with two CubeSats. The two CubeSats in
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Figure 10.2: Canyval-X mission concept showcase [164].

question were 1U Timon and 2U Pumbaa. The mission requirements and constraints
could be summarised using the following table, cf. Table 10.2. The CubeSats were

Content Description

Constraint (1) 20 ∼ 53 metres for the relative distance
(2) Two CubeSats contained in a single deployer

Relative positioning (1) <5 meter (3𝜎) for the sphere radius
(2) <7.5∘ (3𝜎) for the alignment angle

Table 10.2: CANYVAL-C mission requirements and constraints [167].

deployed in 2021, but unfortunately, despite the fact that the team behind the
mission attempted to identify the CubeSats by operating the ground segment, they
have been unable to communicate with either of them via the ground station [167].

10.2.3 What Does The Future Hold?

Based on the previous discussion and to our best knowledge, we can conclude that
in spite of numerous attempts and actually realised missions, an exact and concrete
implementation of the idea of a space telescope consisting of two CubeSats separated
by a distance of up to a hundred metres is still lacking. Fortunately, that does not
mean that the idea has been abandoned. Quite the opposite, there are numerous
mission proposals already. Planned to launch in 2024, that is, this year, is mission
VISORS4 [168], which would consist of two 6U CubeSats. The idea is to have one
spacecraft contain the optical payload and the second carry the detector. The former
would host a photon sieve payload that acts as a high-resolution lens in the extreme
ultraviolet spectrum. The deployable solar panels double as a sunshade, blocking
most of the light from regions outside the area of interest from reaching the detector

4Virtual Super Optics Reconfigurable Swarm
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vehicle. The latter spacecraft, i.e. the one with the detector, would collect focused
images produced by the photon sieve [168]. The situation is depicted in the image
below, cf. Fig. 10.3. Fig. 10.3 also tells us the distance envisioned between the

 2 

INTRODUCTION 

Mission Overview 

The VISORS mission is an NSF funded CubeSat project initiated from the CubeSat Ideas Lab 
in February 2019.1 The goal of the project is to further knowledge of the solar corona and the 
heating processes that occur there by conducting a technology demonstration of precise formation 
flying technologies. This objective is to be fulfilled with a distributed telescope system composed 
of two 6U CubeSats, a Detector Spacecraft (DSC) and an Optics Spacecraft (OSC), which will 
align in Low Earth Orbit (LEO) to take high-resolution observations of the solar corona as shown 
in Figure 1. Each spacecraft consists of two segments: a commercial bus procured through a con-
tract with Blue Canyon Technologies (BCT) and a payload composed of various subsystems which 
are necessary to carry out the mission. The bus flight computer also supports payload provided 
software as Hosted Software Applications (HSAs) including the formation flying Guidance, Navi-
gation, and Control (GNC) software. The VISORS team is comprised of faculty and students from 
9 educational institutions, as well as engineers from the Laboratory for Atmospheric and Space 
Physics (LASP) and NASA Goddard Space Flight Center (GSFC). VISORS is planned to be 
launch-ready by 2024, near solar maximum. 

  
Figure 1. VISORS Formation Configuration. 

The minimum success science goal of the VISORS mission is to obtain a single image of the 
Sun in the He II 304 Å line with a resolution of 0.2 arcseconds. Success will demonstrate several 
key technologies for the mission, including the photon sieve optics, the inter-satellite link, and the 
novel GNC algorithms for precise formation control. The extreme ultraviolet (EUV) wavelength is 
best for detecting the large quantities of ionized helium present in the corona, and use of an EUV 
photon sieve necessitates a 40-meter focal length to achieve diffraction limited image resolution, 
which cannot be achieved within manufacturing limits of conventional mirror-based optics onboard 
a single spacecraft. This motivates the use of a two-spacecraft formation with an off-axis photon 
sieve optic on one spacecraft to focus incoming light onto a detector located on the other. For in-
focus, on-target, unsmeared images to be collected, precise relative and inertial maneuvering and 
pointing are required. This is achieved using a flight-proven relative navigation algorithm alongside 
novel control laws to meet the formation flying requirements.2,3 To enable this relative navigation 
algorithm to estimate the state of both spacecraft, an inter-satellite link (also called XLINK) is 
required to share global navigation satellite system (GNSS) data between the two spacecraft. The 
VISORS mission also uses a swappable chief-deputy architecture, which allows for a longer mis-
sion duration and higher level of redundancy since both spacecraft carry propulsion systems capa-
ble of executing the formation flying maneuvers. More specifically, the deputy-chief roles can be 

Figure 10.3: VISORS formation configuration [169].

spacecraft vehicles. Secondly, there is the VTXO5 mission [170]. VTXO will consist
of two small satellites. One carrying a phased-fresnel lens and the second an X-ray
sensitive camera. The goal of the VTXO project is to develop a space-based X-ray
imaging telescope with high angular resolution precision [171], [170]. The original
mission proposal [172] and [171] speak of using two 6U CubeSats. Other related
works, such as [173] or [174] speak of one 6U CubeSat and one ESPA-class satellite.
According to the former (both), the distance between the spacecraft is envisioned to
be 100 metres. According to the latter, the distance is 1000 metres (20 in a certain
case, see chapter 4 in [173]).

5Virtual Telescope for X-ray Observations
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10.3 Final Thoughts on X-Ray Tandem Telescope
Mission Design

We have discussed the important features and technologies present within each
CubeSat, consequently within each mission, in Chapters 8 and 9. In Chapter 10,
we followed up on this by discussing the past, recent and upcoming missions, thus
accessing the current state of the technology with regard to the concept of a Cube-
Sat tandem space telescope. On the basis of the acquired knowledge, we can now
try to formulate, i.e. envisage a possible implementation, and discuss the mission
design of a tandem flight X-ray space telescope.

As already mentioned multiple times, the CubeSat tandem space telescope concept
involves the flight of two CubeSats in close proximity, each carrying a particular
payload. The distance between the two would range from a few metres to theoret-
ically a hundred meters or even more. Such an approach, i.e. an implementation,
would represent an intersection between R&D and FF since the close proximity of
two spacecraft is characteristic for R&D, and at the same time, and perhaps more
importantly, the orientation and relative distance between the two CubeSats must
be precisely controlled and managed. This stems from the very nature of the space
telescope concept itself and captures the nature of the character of FF, where the
individual spacecraft are interconnected and the state of one affects the state of the
other. In order to ensure such properties, thorough research is crucial, not only in
the areas discussed in Chapter 8 and Chapter 9.

Firstly, let us recall the current state-of-the-art, i.e. the contemporary technology
state, and what missions achieved it. In the context of proximity operations, one
such mission was the CPOD mission, which, although not completely successful,
managed to bring the two CubeSats to a distance as close as a few hundred metres.
A similar distance, i.e. two hundred metres and with the goal of getting even closer,
was achieved by the LINUSS mission [175]. Even a smaller distance, i.e., a mere 20
metres, was achieved by the AeroCube-10 mission. Albeit not strictly a CubeSat,
the PRISMA mission has achieved a distance of 1 metre between two spacecraft.
However, arguably the most important mission related to the issue discussed in this
thesis has been the CanX-4/5 mission. To our knowledge, the unprecedented results
achieved by this mission still serve as the absolute technology apex and have not
yet been conquered. For completeness, the distance between the two spacecraft was
50 metres, and it was the first autonomous formation flying mission to demonstrate
submeter control error and relative position knowledge at the centimetre level. Using
its CPDGPS, the relative accuracy of only a few centimetres was achieved.

In terms of the actual payload of the CubeSats, much research has been devoted
to this question and numerous studies have already been realised, some of those at
CTU as well, see [176], [177], [178] or [179]. On the basis of this, the most feasible
option seems to be the deployment of Kirkpatrick-Baez optics. Kirkpatrick-Baez op-
tics are an X-ray focusing system that uses two orthogonal mirrors to focus X-rays.
Developed by Paul Kirkpatrick and Albert Baez in the 1940s [180], this design em-
ploys two reflective mirrors placed at right angles to each other, with each mirror
focusing the X-rays in one dimension (one focuses in the horizontal plane and the
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other in the vertical plane), cf. Fig. 10.4.

Figure 10.4: The principle of the Kirkpatrick-Baez telescope [181].

By using grazing incidence, where the X-rays strike the mirrors at a very shallow
angle, the mirrors can effectively focus the X-rays without significant absorption,
which is critical because X-rays can easily penetrate and pass through most mate-
rials. Their main advantage in the context of tandem space telescopes lies in their
extended focal length, which, among other things, introduces a higher magnification.
For example, a focal length of 3 metres is required for focal accuracy of 1 centimetre
(R. Hudec, private communication, May 2024).

Therefore, since the implementation of the X-ray space telescope tandem concept
would include similar, or even smaller, relative distances, e.g. a couple of metres,
we shall also mention technologies that would facilitate such demanding necessity.
In this regard, one of the most important technologies appears to be vision-based
navigation based on LIDARs, LRFs and mainly the usage of artificial markers or
light sources on the leader spacecraft. Solutions already discussed in Chapter 9
seem to be eminent in this regard, where, for example, the system introduced by
[140], capable of 6 DOF relative navigation from 10 metre range (with 1 deg and
5 mm at docking distance), which would be robust to particular external factors,
was implemented. At the same time, this goes hand in hand with the necessity of
having a precise propulsion system, which, based on the commands of an onboard
computer coupled with the GNC system and the relative navigation system, would
mitigate possible deviations and provide the means of necessary attitude-correcting
manoeuvres, in order, for example, to maintain the required distance and allow
precise alignment of the axes.
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Conclusion

The space revolution sparked by CubeSats is in full swing. The manifold oppor-
tunities CubeSats offer are on the rise. The first two chapters of this thesis were
in the spirit of those facts, where we introduced the CubeSat concept and show-
cased its possibilities and diverse applications. Among the advantages of CubeSats
were (1) shorter and simpler development process, (2) reduced financial cost, and
(3) availability of COTS parts, which in turn creates easier access to space research.
Numerous fields of CubeSat application were discussed, such as various science appli-
cations (space environmental study, atmospheric research, etc.), Earth observation
or technology demonstration missions. We followed up on that with the concept of
distributed space systems, where, in the following chapters, i.e. Chapter 4 to Chapter
7, the collaboration of multiple CubeSats was studied and discussed, in particular
R&D, FF, CubeSat constellations and an emerging new concept, swarms. We have
rigorously defined those concepts, talked through their nature, and remarked on past,
present, and future missions. In addition, we discussed a key element in the heart
of every CubeSat and that is the GNC system. Coupled with the discussion on the
most popular components of the systems, i.e. sensors and actuators, we identified the
current state-of-the-art. In addition, Chapter 9 contains a study of various relative
navigation solutions. Section 9.4 in the said chapter is especially paramount, where
upcoming technology concepts, that might help pave the way towards realising a
space telescope consisting of two CubeSats, are discussed.

Finally, serving as the main contribution of this work, we conducted a feasibility
study regarding a space telescope consisting of two CubeSats flying in a tandem
arrangement, one carrying the optics and the other one the detector, see Chapter 10.
The background of the concept was discussed alongside past missions. The upcoming
missions, that is, VISORS and VTXO, mark the final step, and it is indeed them
that will show what mankind, together with CubeSats, is capable of.

Our own concluding remarks regarding the envisaged tandem CubeSat space tele-
scope concept, together with a discussion on possible implementation, are contained
within the last section of Chapter 10, i.e. 10.3.

Overall, this thesis, and namely, the chapter 10, might prove especially helpful to
researchers, such as those at CTU, where this idea is extensively studied. It might
also serve as a gentle introduction to the subject or as a stepping stone for further
studies.
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Appendix

A Street-Of-Coverage Illustration

Street of
Coverage

Equator

Figure 1: Continuous street of coverage from a single orbit plane [66].
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