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Abstract

Recent developments in electronics and technology have pushed miniaturised satellites to the

femto-scale, which feature a low mass between 10 to 100 g. Although femtosatellites have

been proven as a feasible concept, most designs are limited by sensor capacity and mission

lifetime due to the lack of environmental protection and onboard propellent. In this thesis, a

novel concept of using femtosatellites for Earth remote sensing missions has been proposed.

In particular, a novel femtosatellite concept based on the utilisation of solar radiation pres-

sure is introduced together with an Earth remote sensing mission concept. The prototype fem-

tosatellite design features a high area-to-mass ratio to maximise solar radiation pressure for

orbit control. A flexible base material enables self-release when loaded with pre-applied ten-

sion to reduce the complexity of the carrier spacecraft release mechanism. Its flat-bubble design

also provides basic thermal and radiation protection. In addition to an antenna for communi-

cation to the carrier spacecraft, the prototype design includes a separate antennae for radar

applications, the design of which will vary depending on the mission requirement. A hardware

design is also provided for such a femtosatellite concept and performance is evaluated for an

Earth remote sensing mission. The mission concept utilises swarms of femtosatellites as re-

ceivers for enhanced radar mission. A ‘dawn-dusk’ Sun-synchronous orbit has been chosen to

maximise solar radiation pressure for orbit control and power generation.

The orbital dynamics of the proposed femtosatellite concept is investigated and a novel



active orbit control strategy for relative motion control with solar radiation pressure is devel-

oped. This control strategy demonstrates the feasibility of using solar radiation pressure for

swarm control, which can be modulated by using electrochromic panels, to achieve the active

orbit control of individual femtosatellites. This will extend the femtosatellite swarm mission

capability and lifetime. The femtosatellite swarm deployment evolution is also provided to

demonstrate the active orbit control strategy.

The performance of the femtosatellite swarm Earth remote sensing mission is evaluated

and characterised by the number of femtosatellites, the receiver signal-to-noise ratio and the

accuracy of positioning. These research results demonstrate the feasibility of using swarms of

femtosatellites for Earth remote sensing. In addition, by adapting the radar signal processing

algorithm, on-orbit targets could be detected. This is demonstrated by imaging the international

space station and mock space debris for space situational awareness applications.



Contents

Declaration of Authorship i

Dedication ii

Acknowledgements iii

Abstract iv

List of Figures xi

List of Tables xiv

Nomenclature xv

Publications xxii

1 Introduction 1

1.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Original Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

vi



1.4 Thesis Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Femtosatellite Systems 8

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Femtosatellite Development . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Femtosatellite Subsystems . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.1 Command & Data Handling . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.2 Communication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.3 Attitude Determination & Control System . . . . . . . . . . . . . . . . 11

2.3.4 Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3.5 Propulsion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.6 Thermal Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Current Femtosatellites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4.1 WikiSat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4.2 Sprite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 Solar Sailing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5.1 Solar Radiation Pressure Model . . . . . . . . . . . . . . . . . . . . . 21

2.6 Relative Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.7 Sun-Synchronous Orbit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3 Synthetic Aperture Radar Principles for Femtosatellite Swarms 27

vii



3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 Synthetic Aperture Radar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3 Synthetic Aperture Radar Signal Processing . . . . . . . . . . . . . . . . . . . 29

3.3.1 Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.2 Radar System Configuration . . . . . . . . . . . . . . . . . . . . . . . 30

3.3.3 Range-Doppler Algorithm . . . . . . . . . . . . . . . . . . . . . . . . 32

3.4 Current Spaceborne Missions . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.4.1 TerraSAR-X and TanDEM-X . . . . . . . . . . . . . . . . . . . . . . 34

3.4.2 COSMO-SkyMed . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4.3 Capella Constellation . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4 Femtosatellite Design 38

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2 Femtosatellite Mission Overview . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.3 Femtosatellite Preliminary Design . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3.1 Design Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3.2 Design Methodologies . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3.3 Proposed Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3.4 Mission Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.4 Femtosatellite Hardware Design . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.4.1 Budget Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

viii



5 Femtosatellite Dynamics and Control 56

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.1.1 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.1.2 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.2 Orbital Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.2.1 Relative motion with external acceleration . . . . . . . . . . . . . . . . 59

5.2.2 Force Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.2.2.1 Solar Radiation Pressure . . . . . . . . . . . . . . . . . . . . 62

5.2.2.2 Atmospheric Drag . . . . . . . . . . . . . . . . . . . . . . . 64

5.2.2.3 Carrier Spacecraft . . . . . . . . . . . . . . . . . . . . . . . 65

5.2.2.4 Example Scenario . . . . . . . . . . . . . . . . . . . . . . . 66

5.3 Orbit Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.3.1 Attitude Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.3.2 Attitude Transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.3.2.1 Example Scenario . . . . . . . . . . . . . . . . . . . . . . . 74

5.3.3 Active Orbit Control . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.4 Example Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.4.1 Low Initial Speed on Y-axis . . . . . . . . . . . . . . . . . . . . . . . 79

5.4.2 High Initial Speed on Y-axis . . . . . . . . . . . . . . . . . . . . . . . 81

5.4.3 High Initial Speed on Y-axis with Tumbling . . . . . . . . . . . . . . . 83

5.4.4 Femtosatellite Swarm Deployment . . . . . . . . . . . . . . . . . . . . 85

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

ix



6 Femtosatellite Radar Applications 88

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.1.1 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.2 Modified RDA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.3 Performance Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.4 Performance Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.4.1 Test 1: Number of Femtosatellites . . . . . . . . . . . . . . . . . . . . 97

6.4.2 Test 2: Received Signal SNR . . . . . . . . . . . . . . . . . . . . . . . 99

6.4.3 Test 3: Positioning Error . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.5 Space Situational Awareness . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.5.1 Test 1: Target Orbit Altitude . . . . . . . . . . . . . . . . . . . . . . . 103

6.5.2 Test 2: Target Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

7 Conclusions and Future Work 110

7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

A Clohessy-Wiltshire Equations with External Acceleration 114

B Evolution of Femtosatellite Swarm Deployment 119

Bibliography 124

x



List of Figures

2.1 Needles from the West Ford Experiment (Morrow et al., 1964) . . . . . . . . . 10

2.2 VLM thruster (Mueller et al., 2003) . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Triple chip assembly (Mueller et al., 2003) . . . . . . . . . . . . . . . . . . . . 14

2.4 Principle of EDT (Bell et al., 2011) . . . . . . . . . . . . . . . . . . . . . . . . 15

2.5 WikiSat prototype (Fernandez-Murcia et al., 2011) . . . . . . . . . . . . . . . 18

2.6 Sprite (Manchester et al., 2013) . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.7 Coordinate system geometry for relative motion . . . . . . . . . . . . . . . . . 23

2.8 Required inclination for Sun-synchronous orbits . . . . . . . . . . . . . . . . . 25

3.1 SAR geometry (Clemente, 2013) . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Bi-static radar (Griffiths et al., 2010) . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Block diagram of RDA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.1 Definition of femtosatellite geometries . . . . . . . . . . . . . . . . . . . . . . 42

4.2 Rendered flat-bubble shaped design . . . . . . . . . . . . . . . . . . . . . . . 45

4.3 Mission concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.4 Flat-bubble shaped design schematic - top view . . . . . . . . . . . . . . . . . 51

xi



4.5 Dynamic temperature profile . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.1 Femtosatellite force model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.2 Force model - solar radiation pressure . . . . . . . . . . . . . . . . . . . . . . 63

5.3 Ratio of ay,AD to ay,SRP at various altitudes when α = 12◦ . . . . . . . . . . . . 67

5.4 Effect of atmospheric drag and solar radiation pressure along the y-axis . . . . 68

5.5 Effect of atmospheric drag and solar radiation pressure along the z-axis . . . . 69

5.6 Torque generated by differential SRP . . . . . . . . . . . . . . . . . . . . . . . 70

5.7 Angle transfer from the α1 to the α2 with phase plane . . . . . . . . . . . . . . 73

5.8 Electrochromic panel scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.9 Attitude angle transfer time between the α1 and the α2 . . . . . . . . . . . . . 76

5.10 Active orbit control flow chart . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.11 Femtosatellite’s distance to the carrier spacecraft along the y-axis . . . . . . . . 79

5.12 Active orbit control (time elapsed since release from carrier spacecraft) . . . . 80

5.13 Femtosatellite’s distance to the carrier spacecraft along the y-axis . . . . . . . . 81

5.14 Active orbit control (time elapsed since release from carrier spacecraft) . . . . 82

5.15 Femtosatellite’s distance to the carrier spacecraft along the y-axis . . . . . . . . 83

5.16 Active orbit control (time elapsed since release from carrier spacecraft) . . . . 84

5.17 Deployed femtosatellites over time, xy-plane . . . . . . . . . . . . . . . . . . . 86

5.18 Deployed femtosatellites over time, xz-plane . . . . . . . . . . . . . . . . . . . 87

6.1 Block diagram of modified range-Doppler algorithm . . . . . . . . . . . . . . 92

6.2 NESZ for femtosatellite swarm . . . . . . . . . . . . . . . . . . . . . . . . . . 95

xii



6.3 SNR for femtosatellite swarm . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.4 Example airliner (Airbus A380) . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.5 SAR image benchmark . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.6 Radar image produced with different numbers of femtosatellites . . . . . . . . 98

6.7 Image peak SNR against number of femtosatellites . . . . . . . . . . . . . . . 98

6.8 Radar image produced with different received signal SNR . . . . . . . . . . . . 100

6.9 Image peak SNR against received signal SNR . . . . . . . . . . . . . . . . . . 100

6.10 Radar image produced with different positioning errors . . . . . . . . . . . . . 102

6.11 Image peak SNR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6.12 International space station (ISS) . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.13 ISS image benchmark . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6.14 Radar image produced of the ISS at different orbit altitudes . . . . . . . . . . . 106

6.15 Image peak SNR of ISS at different orbit altitudes . . . . . . . . . . . . . . . . 106

6.16 Radar image produced with different targets at the ISS orbit . . . . . . . . . . . 108

6.17 Image peak SNR against different space debris target sizes . . . . . . . . . . . 108

B.1 Deployed femtosatellites over time, xy-plane (hr:min) . . . . . . . . . . . . . . 119

B.1 Deployed femtosatellites over time, xy-plane (hr:min) (continued) . . . . . . . 120

B.1 Deployed femtosatellites over time, xy-plane (hr:min) (continued) . . . . . . . 121

B.2 Deployed femtosatellites over time, xz-plane (hr:min) . . . . . . . . . . . . . . 121

B.2 Deployed femtosatellites over time, xz-plane (hr:min) (continued) . . . . . . . 122

B.2 Deployed femtosatellites over time, xz-plane (hr:min) (continued) . . . . . . . 123

xiii



List of Tables

2.1 Satellite classification by wet mass (Janson, 2003) . . . . . . . . . . . . . . . . 9

2.2 Comparison of propulsion solutions for femtosatellites . . . . . . . . . . . . . 16

2.3 Comparison between WikiSat and Sprite . . . . . . . . . . . . . . . . . . . . . 20

3.1 TerraSAR-X specifications (Melvin et al., 2011) . . . . . . . . . . . . . . . . . 35

3.2 COSMO-SkyMed specifications (Bianchessi et al., 2008) . . . . . . . . . . . . 36

3.3 Capella constellation specifications (Farquharson et al., 2018) . . . . . . . . . 37

4.1 Comparison of femtosatellite geometries (Atchison et al., 2011) . . . . . . . . 43

4.2 Femtosatellite mission specifications . . . . . . . . . . . . . . . . . . . . . . . 45

4.3 SAR signal space specifications . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.4 Power budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.5 Weight budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.6 Femtosatellite specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

6.1 SAR system parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.2 ISS orbit specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

xiv



Nomenclature

Acronyms

2-D 2 dimensional

AD Atmospheric drag

ADCS Attitude determination and control system

AIS Automatic identification system

ASI Italian space agency

au Astronomical unit

C&DH Command and data handling

CM Centre of mass

CMG Control moment gyroscope

COTS Commercial off-the-shelf

DEM Digital elevation measurement

DLR German aerospace centre

EADS European aeronautic defence and space company

EDT Electrodynamic tether

FFT Fast Fourier transform

xv



HET Hall-effect thruster

IFFT Inverse fast Fourier transform

IMU Inertial measurement unit

ISAR Inverse synthetic aperture radar

ISS International space station

JAXA Japan aerospace exploration agency

JPL Jet propulsion laboratory

LEO Low Earth orbit

MCU Microcontroller

MEMS Micro-electro-mechanical system

MIMO Multi-input-multi-output

MISO Multi-input-single-output

NASA National aeronautics and space administration

NESZ Noise equivalent sigma zero

PCB Printed circuit board

RCD Reflectivity control devices

RCMC Range cell migration correction

RDA Range-Doppler algorithm

RF Radio frequency

SAR Synthetic aperture radar

SIMO Single-input-multi-output

xvi



SRP Solar radiation pressure

SSO Sun-synchronous orbit

VLBI Very long baseline interferometry

VLM Vaporizing liquid micro-thruster

Greek Symbols

α Spacecraft attitude angle

αs Spacecraft surface solar absorptivity

β Bi-static angle

ε Thickness coefficient

εs Spacecraft infrared emissivity

η Sail efficiency

∆η Sail efficiency coefficient difference

Γ Spacecraft mean speed

λ Torque coefficient (Chapter 5)

λ Wavelength (Chapter 6)

µEarth Gravitational parameter of the Earth

ωn Mean motion

Ω Ascending node angle

∆Ω Angular precession per orbit

ψ Incident angle

ρ Mean desity of the spacecraft (Chapter 4)

xvii



ρ Atmospheric density (Chapter 5)

ρr Resolution in the range direction

σ Stefan-Boltzmann constant

τ Slow time (Chapter 3)

τ Torque (Chapter 5)

τ Transmitting pulse width (Chapter 6)

τc Centre of slow time

Roman Symbols

A Spacecraft projected area

a Orbit semi-major axis

a0 Solar sail characteristic acceleration

AAD Projected area of the spacecraft for the atmospheric drag

Acarr,xy Projected area of the carrier spacecraft in the x,y-plane

Acarr,xz Projected area of the carrier spacecraft in the x,z-plane

Ae Surface area for absorption of the radiation from Earth

ALCD Total area of electrochromic panels

Ar Surface area for heat radiation

As Surface area for absorption of the solar energy

ASRP Cross-section area of the spacecraft for the solar radiation pressure

ax External acceleration along the x-axis

ay External acceleration along the y-axis

xviii



az External acceleration along the z-axis

B0 Bandwidth

c speed of light

CD Drag coefficient

CL Lift coefficient

cp Heat capacity

e Orbit eccentricity

f0 Carrier frequency

FDrag Drag force

Fk Attenuation factor

FLi f t Lift force

∆FSRP Differential torque

Ge Thermal energy radiated by the Earth

Gr Receiver antenna gain

Gr Reflected solar flux from Earth surface

Gs Direct solar flux

Gt Transmitter antenna gain

I Moment of inertia

i Orbit inclination

J2 Coefficient of the Earth oblateness

k Scatterers’ identifier (Chapter 2)

xix



k Torque coefficient (Chapter 5)

Kr Range chirp pulse frequency

L Charactristic length-scale (Chapter 4)

L Lenth of spacecraft (Chapter 5)

Ltot System loss

m Mass of spacecraft

mcarr Mass of the carrier spacecraft

MSE Mean square error

n Gaussian noise (Chapter 2)

n Number of femtosatellite (Chapter 6)

NF Receiver noise figure

P Solar radition pressure

PRF Pulse repeat frequency

Pt Transmit power

Qint Internal heat generation rate

R Range

r Carrier spacecraft orbit radius

R⊕ Earth radius

Rrx Range between the receiver and the target

Rtx Range between the transmitter and the target

srx Received signal

xx



stx Transmitted signal

T Spacecraft surface temperature (Chapter 4)

T Spacecraft orbit period (Chapter 5)

t Fast time

T0 Receiver temperature

Tr Range chirp pulse duration

Vs Radar velocity

vvel Relative velocity

∆vy Change in velocity

wa Antenna pattern

wr Transmit envelop

x Coordinate along x-axis

y Coordinate along y-axis

ay,AD AD acceleration along the y-axis

ay,Carr Carrier spacecraft acceleration along the y-axis

ay,SRP SRP acceleration along the y-axis

ay,Total Total acceleration along the y-axis

z Coordinate along z-axis

az,AD AD acceleration along the z-axis

az,Carr Carrier spacecraft acceleration along the z-axis

az,SRP SRP acceleration along the z-axis

az,Total Total acceleration along the z-axis

xxi



Publications

Some aspects of the work reposted in this thesis have been presented and published.

Journal papers

Cao, J., Clemente, C., McInnes, C. R., and Soraghan, J. J. (2020). “Synthetic Aperture Radar

Using Solar Radiation Pressure Enabled Femtosatellites”. In: IEEE Transactions on Aerospace

and Electronic Systems. Accepted for publication.

Persico, A. R., Clemente, C., Gaglione, D., Ilioudis, C. V., Cao, J., Pallotta, L., Maio, A. D.,

Proudler, I., and Soraghan, J. J. (2017). “On Model, Algorithms, and Experiment for Micro-

Doppler-Based Recognition of Ballistic Targets”. In: IEEE Transactions on Aerospace and

Electronic Systems 53.3, pp. 1088–1108.

Conference papers

Cao, J., Clemente, C., Mcinnes, C., Soraghan, J., and Uttamchandani, D. (2015). “A Novel

Concept for Earth Remote Sensing Using A Bi-static Femto-satellite Swarm in Sun Syn-

chronous Orbit”. In: 66th International Astronautical Congress, Jerusalem, Israel.

xxii



Ilioudis, C., Cao, J., Theodorou, I., Striano, P., Coventry, W., Clemente, C., and Soraghan,

J. (2019). “GNSS based passive radar for UAV monitoring”. In: IEEE Radar Conference

2019.

MacLeod, C., Cao, J., Pierce, S., Sullivan, J., Pipe, A., Dobie, G., and Summan, R. (2014).

“Remotely deployable aerial inspection using tactile sensors”. In: 40TH Annual Review of

Progress in Quantitative Nondestructive Evaluation.

Persico, A., Clemente, C., Ilioudis, C., Gaglione, D., Cao, J., and Soraghan, J. (2015). “Micro-

Doppler based recognition of ballistic targets using 2D gabor filters”. English. In: 2015

Sensor Signal Processing for Defence (SSPD).

Poster

Cao, J., Clemente, C., Mcinnes, C., Soraghan, J., and Uttamchandani, D. (2016). “Enabling

Space Based Radar with Femtosatellites”. In: SET for BRITAIN, London, UK.

xxiii



Chapter 1

Introduction

1.1 Preface

The development of technology in electronics, especially in miniaturisation, has enabled satel-

lites to be reduced in both mass and volume while maintaining or improving their performance

and mission capability. For example, the most popular small satellite platform is the CubeSat,

described as ‘the possible future platforms for scientific missions’ (Sandau, 2010). Selva et

al. have published a survey on the capabilities of CubeSat platforms for Earth observation ap-

plications, covering the technological capabilities and limitations of CubeSats as well as Earth

science mission requirements (Selva et al., 2012). Villela et al. have published a statistical

overview of CubeSat missions and predict that one thousand CubeSat will be launched by

2021 (Villela et al., 2019).

Another key benefit of small satellites is that multiple platforms can fly in formation or in a

constellation to enrich their capability. Bandyopadhyay et al. notes that of 39 impending small

satellite formation-flying missions, Earth science-related missions are the most popular, while

1
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most multi-satellite missions are using constellations with more than 4 satellites (Bandyopad-

hyay et al., 2015).

One of the challenges of formation-flying is the requirement for continuous corrections to

the orbital elements of the satellites. This increase in system complexity will increase the

demands on small satellites. The FIRST (Formation-flying sub-Ionospheric Radio astron-

omy Science and Technology) Explorer mission has been proposed to demonstrate passive

formation-flying with science applications (Bergman et al., 2009). This system includes 1

mother spacecraft and 6 daughter spacecraft. The mother spacecraft is responsible for trans-

port of the daughter spacecraft to the desired orbit, collecting data from the daughter spacecraft

and transmitting pre-processed data to Earth. On the daughter spacecraft, 2 variable area sails

could be used for attitude control by taking the advantage of solar radiation pressure. The

daughter spacecraft will passively self-stabilise and orientate itself towards the Sun. The use

of solar radiation pressure for orbit control will be discussed later in this thesis.

Moreover, the TechSat 21 mission was proposed to demonstrate the possibility of a ‘virtual

satellite’, which included 3 microsatellites in formation (Martin and Kilberg, 2001). This ‘vir-

tual satellite’ creates a large sparse aperture system using X-band transmitter and receivers as

payloads. Unfortunately, this project was cancelled due to cost overruns. A similar study was

conducted by Engelen et al. for Nano-SAR (Engelen et al., 2012), a case study of synthetic

aperture radar (SAR) for nanosatellites. This concept provides detailed specifications of the

radar system and requirements to allow in-orbit demonstration of the system. Persico et al. fur-

ther explore the feasibility of passive bi-static radar for space situational awareness on CubeSat

platforms (Persico et al., 2019). Other example missions that are feasible for small satellites

includes automatic identification systems (AIS) for ships (Wahl et al., 2005), radar calibration
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(Martin, Fisher, et al., 2011) and disasters monitoring (Becena et al., 2012). Radar applications

for swarms of femtosatellites will be investigated later in this thesis.

To further reduce small satellite mass and volume, Barnhart et al. have proposed a ‘satellite-

on-a-chip’ design (Barnhart, Vladimirova, and Sweeting, 2005), a concept first noted by Joshi

(Joshi, 1994). Their work covers mission analysis, payload and spacecraft configuration and

subsystem design. They outline a realistic ‘satellite-on-a-chip’ design: “200 mm maximum

diameter, less than 5 mm thick, less than 100 g mass, and l00 mW peak power”. This design

fits into the category of femtosatellite and becomes a guideline of further research. In addition

to the design, they also noted that “a successful demonstration of this technology will open

the door for distributed mission concepts”. In recent years, several femtosatellite designs have

been proposed: PCBSat (Barnhart, Vladimirova, and Sweeting, 2007b), WikiSat (Tristancho

et al., 2011), Sprite (Manchester et al., 2013), RyeFemSat (Stuurman et al., 2010), Monarch

(Adams et al., 2019) and a recent PCB-satellite concept (Hu et al., 2019). Those designs feature

different architecture, payloads and missions, as will be discussed in Chapter 2.

1.2 Motivation

One of the key aims of the thesis is to investigate new design concepts for femtosatellite.

The main goal for this new design is to increase mission capabilities while reducing size and

mass by investigating the subsystems and existing femtosatellite designs. Also, this research

is aimed at enabling a novel active orbit control strategy for femtosatellite swarms and then

characterising the performance of such a swarm based on Earth remote sensing missions.
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The objectives of the research presented in this thesis are: the development of a novel solar

radiation pressure enabled femtosatellite concept for Earth remote sensing; the development of

an Earth remote sensing mission to demonstrate the capability of femtosatellite swarms; the

analysis of femtosatellite orbital dynamics in relative motion with external forces; the develop-

ment of a control strategy for femtosatellites to achieve orbit control; the performance analysis

of the femtosatellite swarm for Earth remote sensing using SAR. This thesis will therefore

address the developments required to create a feasible femtosatellite swarm for a novel Earth

remote sensing mission.

1.3 Original Contributions

The research conducted in this thesis has led to a number of original contributions in the fields

of femtosatellite design, femtosatellite orbital dynamics, femtosatellite orbit control and fem-

tosatellite swarm missions. The contributions are as follows:

A novel femtosatellite design based on the utilisation of solar radiation pressure is pro-

posed. Compared to existing femtosatellite designs, this prototype design features a high area-

to-mass ratio to maximise solar radiation pressure for orbit control. Also, a flexible base ma-

terial is used to reduce mass and enables self-release when loaded with pre-applied tension

to reduce the complexity of the carrier spacecraft release mechanism. The flat-bubble design

provides basic thermal and radiation protection. In addition to an antenna for communication

to the carrier spacecraft, the prototype design includes separate antennas for radar applications.

Preliminary design specifications are provided.
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A novel orbital dynamic analysis for the femtosatellite concept is investigated. In conjunc-

tion with the proposed design, the force model is exploited in order to analyse the suitable

orbit altitude for Earth remote sensing missions. The suitability of Earth remote sensing mis-

sions is demonstrated through simulation analysis. Furthermore, a novel orbit control strategy

for relative motion with external forces is demonstrated based on the femtosatellite orbital dy-

namics. Compared to previous concepts without an orbit control strategy, this control strategy

demonstrates the feasibility of using solar radiation pressure, which can be modulated by using

electrochromic panels, to achieve active attitude and orbit control on the femtosatellite. This

will extend the femtosatellite swarm mission capability and lifetime. The results demonstrated

that with a suitable orbit altitude and active orbit control strategy, femtosatellites are able to

adapt to different initial release speeds and initial perturbations. A swarm of femtosatellites

can be deployed in a controlled manner.

A novel femtosatellite swarm SAR mission concept based on the prototype and active or-

bit control strategy is presented. The mission concept utilises femtosatellites as receivers for

radar. The performance of the femtosatellite swarm mission is analysed and characterised by

investigating ground targets. Based on the characterisation, the quality of the generated radar

image from a femtosatellite swarm could be estimated for different mission configurations.

The research results demonstrate the feasibility of using swarms of femtosatellites for Earth

remote sensing. In addition, the performance is also evaluated by focusing the SAR signal on

in-orbit targets for space situational awareness purpose. These will further expand the mission

capability of the femtosatellite swarm.
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1.4 Thesis Organization

The remainder of the thesis is divided into 6 chapters organised as follows: Chapter 2 intro-

duces the key concepts to be used, including the basic femtosatellite design, solar radiation

pressure and relative motion. It begins with an introduction to standard spacecraft subsystems.

Two femtosatellites, WikiSat and Sprite, are then compared as the foundation for the novel

design which will be introduced in Chapter 4. Solar radiation pressure and relative motion are

investigated to provide the theoretical basis for Chapter 5.

Chapter 3 introduces the concept of SAR as the example Earth remote sensing mission

which is used in Chapter 6 to characterise the performance of femtosatellite swarms. The bi-

static SAR concept is also introduced to enrich the mission capability. Then, a SAR signal

model, radar system configuration and the range-Doppler algorithm for signal processing used

in this thesis are provided. Spaceborne missions, TerraSAR-X, TanDEM-X, COSMO-SkyMed

and Capella constellation, are considered to demonstrate the feasibility of the Earth remote

sensing missions used in this thesis.

This thesis exploits the potential capability of a femtosatellite platform with limited mass,

therefore, Chapter 4 is the first novel chapter which proposes a femtosatellite design to max-

imise the capability of the femtosatellite for the radar mission. The femtosatellite design will

be developed and the radar mission concept will also be investigated to take advantage of such

a design. The hardware design of the femtosatellite will be evaluated, based on the literature

review in Chapter 2. This will provide the foundation for further investigation of the fem-

tosatellite orbital dynamics and control.
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Chapter 5 investigates the orbital dynamics and control of the femtosatellite concept pro-

posed in Chapter 4. The force model, attitude control and translation control are discussed in

detail to exploit the orbit manoeuvrability of the femtosatellite swarm. An active orbit control

strategy is then provided to demonstrate the capability of femtosatellite orbit control with an

example mission where a femtosatellite will be ejected at different speeds from a carrier space-

craft. Finally, the evolution of a swarm of femtosatellites released from the carrier spacecraft

is provided. A swarm with active orbit control will be used to form a linear antenna array for

radar applications.

Chapter 6 evaluates the performance of the proposed femtosatellite swarm for the Earth

remote sensing SAR application. A modified SAR signal processing algorithm based on a

range-Doppler algorithm will be provided to process the simulated SAR signal. The perfor-

mance of such femtosatellite swarms are analysed and evaluated in different scenarios: the

number of femtosatellites, received signal-to-noise ratio and positioning error. Other on-orbit

targets will also be evaluated to demonstrate the capability of using a femtosatellite swarm for

space situational awareness applications.

Chapter 7 concludes the thesis with a discussion of its limitations and future work.



Chapter 2

Femtosatellite Systems

2.1 Introduction

In this chapter, a review of the femtosatellite concept is provided. A brief review of femtosatel-

lites is provided in Section 2.2. Key aspects of femtosatellite design are reviewed based on

subsystems in Section 2.3. Existing femtosatellites are discussed with a focus on their hard-

ware design and mission capabilities in Section 2.4. The physical background of solar radiation

pressure control is presented in Section 2.5, followed by the simplified model used in this the-

sis. The technical details of relative motion is provided in Section 2.6, with the coordinate

system used for analysis. The simplified linear equations of relative motion used are presented

in analytical form. Finally, Sun-synchronous orbits used in this thesis are then explored in

Section 2.7, to take full advantage of the prototype femtosatellite which will be discussed in

Chapter 4.

8
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2.2 Femtosatellite Development

Miniaturisation is a popular trend in almost every area which involves electronics. Many key

parameters can benefit from it: efficiency, power consumption etc. Another benefit, for satel-

lites, is the reduction of launch cost. For example, the standard cost of launching a payload

into Low Earth Orbit (LEO) with 28.5◦ inclination using the Falcon 9 vehicle is approximately

$ 2719 per kg (SpaceX, 2018). In terms of the satellite, satellites with a wet mass (including

fuel) below 500 kg are considered “small satellites”. Table 2.1 shows the standard satellite

classification by wet mass.

TABLE 2.1: Satellite classification by wet mass (Janson, 2003)

Class Mass

Large satellite > 1000 kg

Medium satellite 500 - 1000 kg

Minisatellite 100 - 500 kg

Microsatellite 10 - 100 kg

Nanosatellite 1 - 10 kg

Picosatellite 0.1 - 1 kg

Femtosatellite 10 - 100 g

Femtosatellites are defined with a mass between 10 g and 100 g. Generally, all satellites

with a mass less than 100 g are currently classified as femtosatellites. Therefore, the earliest

and smallest femtosatellites are the needles in the West Ford Experiment, May 1963 (Morrow

et al., 1964; Shapiro et al., 1964). In the experiment, a cloud of needles was used as an artificial
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reflection layer for 8 GHz radio signals. In total, 480 million copper needles, as shown in Figure

2.1, which were 17.8 mm long and 0.0178 mm diameter, were launched and dispersed. After

two months, the needles spread to a 30 km thick and 15 km wide cloud at 3,700 km altitude.

There was then no further development of the femtosatellite concept due to the limitations of

technology until recent years.

FIGURE 2.1: Needles from the West Ford Experiment (Morrow et al., 1964)

2.3 Femtosatellite Subsystems

In order to develop the concept of femtosatellites, more detailed design requirements need to be

conducted. According to Larson et al., spacecraft can be divided into the following subsystems

(Larson et al., 1999):
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2.3.1 Command & Data Handling

The command and data handling (C&DH) subsystem is essential to the spacecraft. It processes

commands and data for the spacecraft and the payload. The C&DH connects all active sub-

systems: collecting, processing and distributing information to or from those subsystems. For

femtosatellites, C&DH, communications and the payload can be combined to maximise the

integration of the design.

2.3.2 Communication

The communication subsystem provides a data link to the ground station or other spacecraft.

This system is responsible for spacecraft status telemetry to monitor the condition of the space-

craft. Depending on their mission, the communication system may also receive commands and

transmit data generated by the payload. Due to size and power limitations, the femtosatel-

lites considered in this thesis will communicate with the carrier spacecraft instead of a ground

station.

2.3.3 Attitude Determination & Control System

The attitude determination and control system (ADCS) is the subsystem that measures and con-

trols the spacecraft’s orientation. Similar to the propulsion subsystem, it is not required for the

simplest free-floating femtosatellites. Another approach to maintain the spacecraft orientation

is by using a specially designed geometry to enable passive ADCS (Martinelli et al., 2005).

This is particularly attractive for femtosatellites.



Chapter 2. Femtosatellite Systems 12

In addition to using propulsion as an ADCS actuator, there are two more actuator solu-

tions available for femtosatellites. Magnetorquers are electromagnetic coils that create a mag-

netic field to interact with the environmental ambient magnetic field. Magnetorquers do not

require propellant and include no moving parts, and are therefore lightweight and reliable.

Jove-Casulleras et al. and Hu et al. developed femtosatellite prototypes that feature magne-

torquers as ADCS actuators (Jove-Casulleras et al., 2011; Hu et al., 2019). Reaction wheels

are also widely used ADCS actuators for small satellites and can provides finer attitude con-

trol than magnetorquers. Reaction wheels can also be used for power storage (Peczalski et al.,

2001). These have two major configurations: momentum wheels and control moment gyro-

scopes (CMG). Post et al. proposed a MicroElectroMechanical System (MEMS) CMG design

for femtosatellite attitude control (Post et al., 2016).

2.3.4 Power

The power subsystem manages the generation, storage and distribution of electrical power. The

most common source of power is solar energy using solar cells. The power generated can be

stored in a battery, super capacitor or reaction wheels (Peczalski et al., 2001). For femtosatel-

lites, three solutions have been proposed: 1) Solar cell and battery: this is proposed by Barnhart

et al. for the PCBSat, and it is ideal for complex payloads and long lifetime missions (Barnhart,

Vladimirova, and Sweeting, 2007b). 2) Battery only: this is proposed by Jove-Casulleras et al.

for the WikiSat (Jove-Casulleras et al., 2011). The battery provides greater mission short-term

capability. However, the lifetime is limited due to the lack of external power generation. 3)

Solar cells and super capacitor: this is proposed by Manchester et al. for the Sprite femtosatel-

lite (Manchester et al., 2013). The femtosatellites have a limited power supply during eclipses,
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resulting in a limited capability. However, the disadvantage of a limited power supply can be

circumvented by the novel mission concept which will introduced in Chapter 4.

2.3.5 Propulsion

The propulsion subsystem produces thrust to change the orbital elements of a satellite. It is not

required for all spacecraft, however, it is key to enhancing the capability of a spacecraft. For

conventional spacecraft, of order half of the mass can be used for propulsion depending on the

orbit and mission. Conventional hot gas propulsion is not suitable for the femtosatellites due

to mass and volume limitations. Therefore, miniaturised propulsion subsystems are required

to enhance mission capability. Possible propulsion solutions which can be miniaturised for

femtosatellites are listed below.

The vaporizing liquid micro-thruster (VLM) has been developed by the NASA Jet Propul-

sion Laboratory (JPL) as an attitude control thruster for micro-spacecraft (Mueller et al., 2003).

It would be sufficient to be used for orbit control for smaller spacecraft, such as femtosatellites.

The VLM is a resistojet concept built using MEMS technology that provides thrust by heating

a fluid. Typically, the thruster vaporizes a non-reactive liquid such as water, to generate thrust.

One of the benefits of using liquid propellant is to decrease the weight and size of the propellant

tank compared to an equivalent gas storage system. The use of water as propellant is also safer

for testing. An assembled thruster produced by NASA JPL is shown in Figure 2.2.

The VLM feeds liquid propellants with pressure via heater strips, which are then vaporized

and expanded through a micro-nozzle to produce thrust. In order to minimise the size and limit

power consumption, the VLM is T-shaped to provide thermal insulation, as shown in Figure

2.3. This includes 2 thin-film deposited gold heaters. These are spaced apart by a spacer-chip
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FIGURE 2.2: VLM thruster (Mueller et al., 2003)

and joined via a gold thermal compression bond. The specific impulse was measured to be of

order 100 s.

FIGURE 2.3: Triple chip assembly (Mueller et al., 2003)

The Hall-effect thruster (HET) is one type of electric propulsion. During operation, propel-

lants are ionized and accelerated by an electric field to produce thrust. The HET features a high

specific impulse between 1500 and 3000 s. Snyder et al. has investigated a novel HET than
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can be powered by a solar array directly to increase the power over similar HET by an order-

of-magnitude (Snyder et al., 2014). This technology has potential to be used as femtosatellite

thrusters.

The electrodynamic tether (EDT) is one type of propellantless propulsion solution. It fea-

tures a long conducting wire to convert between kinetic energy and electrical energy based on

electromagnetic principles. An illustration of the EDT operating is shown in Figure 2.4.

FIGURE 2.4: Principle of EDT (Bell et al., 2011)

Atchison et al. investigated the feasibility of using EDT on a millimetre-scale, fully in-

tegrated spacecraft-on-chip (Atchison et al., 2007). By exploiting the Earth’s magnetic field,

it can achieve a daily perturbation of 18 m from a Keplerian circular orbit at 350 km. Bell

et al. proposed a novel approach for femtosatellites which utilises 2 tethered femtosatellites

(Bell et al., 2011; Bell, 2014). The EDT is then able to generate sufficient thrust to overcome

atmospheric drag in LEO. In addition, McTernan et al. demonstrated that EDT can also be

configured for current collection to generate power (McTernan et al., 2012).

Solar sailing is a form of spacecraft propulsion using solar radiation pressure (SRP), gen-

erating acceleration from the momentum of solar photons. Solar sailing is also a propellantless
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propulsion solution. Solar sailing requires a high area-to-mass ratio to take advantage of SRP.

Compared to EDT, SRP can be used to generate thrust for both orbit control and attitude con-

trol. This is one of the promising solutions for femtosatellites. Further details will be discussed

in Section 2.5.

Both EDT and SRP require no on-board propellant. Thus, their specific impulses are in

principle infinite. Table 2.2 shows the comparison between the propulsion solutions discussed.

It is clear that SRP is the most versatile and promising solution for femtosatellites since it is

lightweight, and again, can be used for both orbit control and attitude control.

TABLE 2.2: Comparison of propulsion solutions for femtosatellites

Specific Impulse (s) Feasibility Potential for attitude control

VLM approximately 100 Mid Mid

HET 1500 - 3000 Low Low

EDT ∞ High Low

SRP ∞ High High

2.3.6 Thermal Control

The thermal subsystem protects the spacecraft and its other subsystems from extreme temper-

atures. The main external sources of heat for the spacecraft in the vacuum environment are

radiation from the Sun and the Earth. Extreme temperatures will physically damage silicon

devices and other components such as batteries. The thermal subsystem is crucial to fem-

tosatellite space environment survivability. Devices on femtosatellites are generally exposed to

the space environment since a structure is usually not considered, other than a single printed
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circuit board. This will reduce the radiation tolerance of the femtosatellite. Compared to con-

ventional spacecraft, the femtosatellite mission lifetime is much shorter. Therefore, radiation

protection is not compulsory. Based on the mission requirements, metal spot shielding could

be used to protect the core components.

2.4 Current Femtosatellites

In order to investigate the potential of the femtosatellite concept, standard spacecraft sub-

systems have been simplified and integrated. Many femtosatellite concepts, which aim for

cost-effective applications, have emerged recently. The common theme is that they use a

minimal design to accomplish mission objectives. Early designs include: PCBSat (Barn-

hart, Vladimirova, Sweeting, et al., 2007), SpaceChip (Barnhart, Vladimirova, and Sweeting,

2007a), RyeFemSat (Stuurman et al., 2010) and Monarch (Adams et al., 2019). Nicolai et al.

reviews the latest devices, where WikiSat and Sprite are two of the most feasible femtosatellite

prototypes (Niccolai et al., 2019).

2.4.1 WikiSat

WikiSat is a femtosatellite with a sub-20 g mass and dimensions of 141×30 mm (Fernandez-

Murcia et al., 2011; Tristancho et al., 2011; Jove-Casulleras et al., 2011), developed to down-

load images from low Earth orbit (LEO). Prototypes have been designed to be launched into a

250 km orbit with a lifetime of less than one month due to its large area-to-mass ratio.

The fourth version of WikiSat, shown in Figure 2.5, is built on a two-layer printed circuit

board (PCB) with an ATmega168 AVR microcontroller running open source Arduino firmware.
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FIGURE 2.5: WikiSat prototype (Fernandez-Murcia et al., 2011)

An InvenSense ITG-3200 3-axis gyroscope and an STMicroelectronics LIS331HH 3-axis ac-

celerometer are used for the inertial measurement unit (IMU) to measure the device orientation

and two pairs of magnetorquers maintain an Earth facing attitude. The onboard payload is a

TCM8230MD camera to capture images at 640 × 480 pixel resolution. The images are down-

loaded to a ground station via a NRF24L01 2.4GHz low power transceiver and a synthetic

aperture antenna made from 4 AT9520 multilayer chip antennas, which point the beam to the

Earth electronically. WikiSat uses a coin battery to provide power instead of solar cells to

maximise performance during its short orbit lifetime.

2.4.2 Sprite

The Sprite satellite, shown in Figure 2.6, is a simple proof of concept femtosatellite (Manch-

ester et al., 2013), which is 35×35 mm in size with a mass of 5 g, developed by Cornell

University and crowdfunded via Kickstarter. The concept is to create a ‘personal spacecraft’,

that could be owned and operated on a low budget. Sprites were launched into orbit above 300
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km inside a 3U CubeSat called ‘KickSat’ on 18th April 2014. Unfortunately, the Sprites failed

to deploy due to a clock reset and were lost during re-entry on 15th May 2014. On 18th March

2019, over 100 of Sprite femtosatellites successfully deployed from the ’KickSat-2’ spacecraft

(Coldewey, 2019).

FIGURE 2.6: Sprite (Manchester et al., 2013)

Sprite is designed as a free floating satellite without attitude control. A Texas Instruments

CC430F5137 microcontroller running Energia firmware is used as the onboard computer. The

IMU includes an InvenSense ITG-3200 3-axis gyroscope and a Honeywell HMC5883L 3-axis

compass. Sprite is designed to send a beacon signal to ground via a CC1101 radio at 437.240

MHz, which is integrated into the microcontroller. Two solar panels provide power for the

microcontroller and communications. A comparison between WikiSat and Sprite is shown in

Table 2.3.

WikiSat and Sprite are two examples of current femtosatellite concepts. They share a

similar PCB design with integrated sub-systems. However, both designs have limited payload
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TABLE 2.3: Comparison between WikiSat and Sprite

WikiSat Sprite

Size 141 × 30 mm 35 × 35 mm

Weight 7.6 g (without battery) 5 g

MCU ATmega168 CC430F5137

Radio chip NRF24L01 CC1101

Radio frequency 2.4 GHz 437.240 MHz

Attitude determination
Gyroscope
Accelerometer

Gyroscope
Compass

Attitude control Magnetorquers N/A

Power Coin battery
Solar cell
Super capacitor

Payload Camera N/A

capacity for applications when compared to CubeSats. A new design is proposed in Chapter 4

to improve the capabilities of the femtosatellite concept.

2.5 Solar Sailing

As discussed in Section 2.3, solar sailing is a promising technology for femtosatellites. It can

be used for both propulsion and attitude control with no on-board propellant. The source of the

acceleration for solar sailing is SRP, which is the momentum carried by photons from the Sun.
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2.5.1 Solar Radiation Pressure Model

The magnitude of SRP is 4.56× 10−6Nm−2 at a distance of one astronomical unit (au) from

the Sun. The sail acceleration can be expressed as (McInnes, 2004):

a0 = 2ηP
ASRP

m
(2.1)

where a0 is the solar sail characteristic acceleration, η is the efficiency, P is the solar radiation

pressure, ASRP is the cross-section area of the spacecraft for the solar radiation pressure and m

is the mass of spacecraft. The sail reflectivity has been taken into consideration by adding a

factor of 2, since reflected photons transport the same momentum as incoming photons.

Equation (2.1) shows that to improve the solar sail acceleration, a large cross-section and

low mass are required. In addition, when the direction of incoming photons is not parallel to

the normal to the spacecraft, the total force will split into incident force and reaction force

components. Weis et al. introduced an active solar sail which features MEMS actuated mirrors

to change the SRP incidence angle (Weis et al., 2014).

As shown in Equation (2.1), another key parameter for the total SRP force is the surface

efficiency or material reflectivity coefficient. Two extreme scenarios are the ideal condition of

a mirror when all incoming photons will be reflected, and a black absorbing surface when all

incoming photons will be absorbed.

In practice, the change of reflectivity can be controlled via thin-film electrochromic coat-

ings. Such devices can change their reflectivity based on an applied electric potential, also

termed ‘reflectivity control devices (RCD)’. The IKAROS spacecraft has demonstrated the use

of RCD for attitude control (Tsuda et al., 2011; Ha et al., 2015). During this mission, the SRP
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acceleration has been estimated (Yamaguchi et al., 2014) and very long baseline interferometry

(VLBI) tracking used (Takeuchi et al., 2011).

Electrochromic coatings were investigated by Lucking et al. for orbit control of ‘smart

dust’ devices (Lücking et al., 2012). In addition to basic orbit control, the possibility of using

RCD for formation-flying was demonstrated by Mingotti et al. (Mingotti et al., 2014). Also,

Williams et al. proposed a solution of using a solar wing instead of RCD for formation-flying

(Williams et al., 2002). It can be concluded that SRP is widely used by low mass spacecraft for

attitude and orbit control.

2.6 Relative Motion

The periodic motion between two objects in orbit within a relatively short distance is termed

relative motion. It shares the same period as the period of the reference orbit around the Earth.

A coordinate system is introduced in Figure 2.7 to describe such relative motion. The x-axis is

the orbit radial direction, the y-axis is aligned with the velocity vector of the reference space-

craft and the z-axis completes the triad. The reference spacecraft is located at the origin (0,0,0)

of this local frame of reference.

When all spacecraft are assumed to be in nearly circular orbits, the simplified linear equa-

tions of relative motion with external accelerations (ax,ay,az) can then be written in the form
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FIGURE 2.7: Coordinate system geometry for relative motion

of the Clohessy-Wiltshire or Hill’s equation (Vallado, 2013):

ẍ−2ωnẏ−3ω
2
n x = ax (2.2a)

ÿ+2ωnẋ = ay (2.2b)

z̈+ω
2
n z = az (2.2c)

ωn =

√
µEarth

r3 (2.3)

where ωn is the mean motion, µEarth is the gravitational parameter of the Earth, and r is the

carrier spacecraft orbit radius.
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This relative motion model will be used to describe the motion of spacecraft under constant

external accelerations in Chapter 5 for the development of femtosatellite orbit control strategies.

2.7 Sun-Synchronous Orbit

The Sun-Synchronous Orbit (SSO) is one particular orbit for Earth remote sensing. SSO is

enabled by the oblateness of the Earth. The oblateness will cause orbit plane precession (as-

cending node angle Ω), which can be expressed as (Macdonald and Badescu, 2014):

i = cos−1

(
−3

2
∆Ω

J2

a7/2(1− e2)2

R2⊕√µEarth

)
(2.4)

where i is the orbit inclination, ∆Ω is the angular precession per orbit, J2 is the coefficient

of the Earth oblateness, a is the orbit semi-major axis, e is the orbit eccentricity and R⊕ is the

radius of the Earth (6371 km).

When the angular precession rate matches the mean motion of the Earth about the Sun,

the orbit plane can maintain a fixed angle to the Sun through the year. According to Equation

(2.4), the required inclination for a SSO is approximately 98 ◦, with detailed results shown in

Figure 2.8. Therefore, SSO is a nearly polar orbit and slightly retrograde to the Earth’s rotation.

Generally, the altitude of SSOs are approximately 600-800 km. Using an SSO, the spacecraft

will pass the same location at the same local mean solar time. Thus, SSO is widely used for

Earth remote sensing missions (Macdonald, McKay, et al., 2010). Some special SSOs which

can be found are the noon/midnight SSO where the spacecraft will pass the equator at noon

or midnight local mean solar time and the dawn/dusk SSO where the spacecraft will pass the

equator at sunrise or sunset local mean solar time.
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FIGURE 2.8: Required inclination for Sun-synchronous orbits

The unique feature of the dawn/dusk SSO is that the orbit plane is perpendicular to the

incoming solar radiation providing a constant solar flux without eclipse. The spacecraft will be

under direct illumination during the entire orbit to maximise power generation and enable SRP

for orbit control. This orbit will be used for the femtosatellite swarm to be described later in

Chapters 4, 5 and 6.

2.8 Summary

This chapter has presented a review of different aspects of femtosatellites and mission design.

The femtosatelite concept was introduced and its related subsystems were discussed. Two

promising designs, WikiSat and Sprite, were reviewed as proof of concepts where both of

them feature integrated subsystems. These were discussed as the starting point for the novel

femtosatellite design in Chapter 4. To solve the limitation on ADCS, power and propulsion for

femtosatellites, solar sailing was introduced as a propellentless propulsion technique to extend

the mission lifetime and capability of femtosatellites. The unique dawn/dusk SSO was also
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considered to overcome the limitation on power generation and enable as the use of SRP for

orbit and attitude control. The combination of solar sailing and the dawn/dusk SSO will be

further investigated in Chapter 5 for an active orbit control strategy for relative motion.



Chapter 3

Synthetic Aperture Radar Principles

for Femtosatellite Swarms

3.1 Introduction

In this chapter, the application of synthetic aperture radar (SAR) to femtosatellite swarms is

discussed. The concept of synthetic aperture radar is introduced in Section 3.2. SAR signal

processing is discussed in Section 3.3, with the signal model and radar system configuration

introduced in Section 3.3.1 and 3.3.2. The SAR signal processing algorithm used in this thesis

is provided in Section 3.3.3. Finally, a widely used spaceborne Earth remote sensing method is

concluded from two current missions in Section 3.4.

27
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3.2 Synthetic Aperture Radar

Synthetic aperture radar is a radar system that generates radar images (Cumming et al., 2005).

Compared to optical sensors, SAR can provide more robust performance regardless of weather

and light conditions. SAR includes its own signal source, so it operates night and day, unlike

optical sensors which depend on scattered sunlight. It has been used for a wide range of Earth

remote sensing applications including disaster monitoring, Earth imaging and surveillance.

Instead of using a large real aperture antenna, SAR uses a large virtual antenna that is formed

by the relative motion between the radar platform and target to achieve high-resolution images.

FIGURE 3.1: SAR geometry (Clemente, 2013)
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A standard space-based SAR operation geometry is shown in Figure 3.1. The radar trans-

mits a pulse to the surface in the direction perpendicular to the direction of travel and then

receives its echo. The received signal will be processed on-board or at the ground station,

depending on the mission. The femtosatellite is not capable of processing the SAR signal on-

board. It will be transmitted to the carrier spacecraft for processing and down-linking to an

Earth ground station.

3.3 Synthetic Aperture Radar Signal Processing

3.3.1 Signal Model

The simplified transmitted signal stx can be expressed as (Cumming et al., 2005):

stx(t) = wr(t)cos

(
2π fo±

πB0t2

Tr

)
(3.1)

It is a function of the fast time t, which is sampled continuously. The transmit envelop is rep-

resented by wr. The signal’s carrier frequency is f0 and bandwidth is B0, while the range chirp

pulse duration is Tr. The approximate resolution in the range direction, ρr, can be expressed as

(3.2):

ρr ≈
c

2B0
(3.2)

where c is the speed of light.
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The demodulated received signal srx(t,τ) can be expressed as (Cumming et al., 2005):

srx(t,τ) =
K−1

∑
k=0

[
Fkwa(τ− τc)wr

(
t− 2R(τ,k)

c

)

exp

(
− j2π fo

2R(τ,k)
c

+ jπKr

(
t− 2R(τ,k)

c

)2
)]

+n(t,τ)

(3.3)

It is a function of the fast time t and slow time τ , which is sampled at the pulse repetition fre-

quency. The scatterers’ identifier is k and the attenuation factor is Fk. The range is represented

by R(τ,k) and the range chirp pulse frequency is Kr. The antenna pattern is implemented by

wa and the Gaussian noise is n and τc is the centre of slow time.

3.3.2 Radar System Configuration

There are two main radar configurations: mono-static and bi-static, which can be defined based

on the bi-static angle of the radar system. The bi-static angle, β , is the angle subtended between

the transmitter, target and receiver as shown in Figure 3.2.

FIGURE 3.2: Bi-static radar (Griffiths et al., 2010)
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Mono-static is when the transmitter and receiver of the radar system are collocated. The

bi-static angle of a mono-static radar system is 0◦. Instead, bi-static is when the transmitter and

receiver of the radar system are spatially separated compared to the target distance.

There are four classes of bi-static radar configurations (Cherniakov, 2008; Griffiths et al.,

2010). Pseudo mono-static is when the bi-static angle is close to 0◦. In this configuration,

the estimated range between the radar system and the target is orders of magnitude larger than

the distance between the transmitter and the receiver. The femtosatellite swarm and carrier

spacecraft system will operate in this configuration during the Earth remote sensing mission.

A simulated SAR mission is evaluated later in Chapter 6.

Forward scatter radar is when the bi-static angle is equal or close to 180◦. Jayasimha et

al. provides an example of when orbital debris is close to the line-of-sight between a satellite

and ground station (Jayasimha et al., 2013). This is widely used in space debris detection radar

systems (Jayasimha et al., 2013; Muntoni et al., 2017; Persico et al., 2019).

Multi-static radar is when there are more then 2 elements in the radar system. It is a gen-

eralisation of the bi-static radar system and includes single-input-multi-output (SIMO), multi-

input-single-output (MISO) and multi-input-multi-output (MIMO). Passive radar is when there

is no transmitter in the radar system. It operates from non-cooperative sources of illumination.

Persico et al. investigate the feasibility of space situational awareness for CubeSat platforms

(Persico et al., 2019). It was demonstrated that a forward scatter passive radar is capable of

detecting a 20 cm2 target in a 600 km orbit. The femtosatellite swarm to be considered later is

capable of space debris detection when configured as a forward scatter passive radar.

The raw SAR data will be arranged into a 2-D matrix consisting of range and azimuth,

shown in Figure 3.1. This can be considered as a superposition of the point scatterers’ response
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which spreads in both range and azimuth. SAR processing will compress that response back to

a single point. This can be achieved by applying a matched filter. The data will be processed

separately in range and azimuth due to the difference time-scale. A common algorithm for

SAR signal processing is the range-Doppler algorithm, which will now be considered.

3.3.3 Range-Doppler Algorithm

The range-Doppler algorithm (RDA) is a widely used algorithm for processing SAR data, de-

veloped by MacDonald Dettwiler and Associates and NASA JPL (Cumming et al., 2005). It

takes advantage of the large difference in the time-scale of range and azimuth to process data

separately. RDA applies range cell migration correction (RCMC) in the range-Doppler domain

to correct the hyperbolic behaviour of the target trajectories (Cumming et al., 2005). The range-

Doppler domain means range-time and azimuth-frequency. RDA is designed for simplicity and

efficiency. It can be applied to a block of SAR data and is a one-dimensional process during

data processing. A block diagram of RDA is shown in Figure 3.3.

The range compression is achieved by applying the matched filter in the range direction.

It multiplies the data and the range reference function in the frequency domain for better effi-

ciency. First, each azimuth bin is processed by a fast Fourier transform (FFT). Next, it multi-

plies the result by the range reference function in the range direction in the frequency domain.

Last, an inverse fast Fourier transform (IFFT) is applied in the range direction to convert the

data back to the time domain. An azimuth FFT is then applied to the result from the last step,

converting it into the range-Doppler domain. The data is shifted in the range direction based on

the target trajectories for range cell migration correction. The azimuth compression is utilised
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FIGURE 3.3: Block diagram of RDA
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by multiplying data with the azimuth reference function in the azimuth direction. Finally, ap-

plying azimuth IFFT to the data to convert the data back to the time domain results in the final

processed SAR image.

3.4 Current Spaceborne Missions

Compared to S-band (2 to 4 GHz) and C-band (4 to 8 GHz), X-band (8 to 12 GHz) features

shorter wavelengths, therefore, a smaller antenna can be used. In addition, X-band radar can

achieve higher spatial resolution (Marzano et al., 2011). Ku-band (12 to 18 GHz) and above

would introduce challenges for radar payload hardware design and it has a higher attenuation

due to the shorter wavelength. X-band is the most feasible option for femtosatellite Earth

remote sensing missions.

3.4.1 TerraSAR-X and TanDEM-X

There have been some very successful spaceborne SAR missions in recent years. The TerraSAR-

X mission was launched in June 2007, jointly developed by the German Aerospace Centre

(DLR) and EADS Astrium (now Airbus Defence and Space). It carries a SAR payload oper-

ating at X-band in a dawn/dusk SSO (Melvin et al., 2011). A summary of the TerraSAR-X

specifications is listed in Table 3.1. TerraSAR-X is able to reliably provide excellent radar

images with a resolution up to 1 m in the spotlight mode.

TerraSAR-X could only operate as a mono-static SAR system until TanDEM-X was launched

in June 2010. TanDEM-X is designed for digital elevation mesurement (DEM) and is almost
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TABLE 3.1: TerraSAR-X specifications (Melvin et al., 2011)

TerraSAR-X Value

Orbit altitude 514.8 km

Inclination 97.44◦

Eccentricity 0.001

Argument of perigee 90◦

Centre frequency 9.65 GHz

Bandwidth 300 MHz

identical to TerraSAR-X. With TanDEM-X flying beside TerraSAR-X closely in formation-

flying, they are orbiting each other in the relative motion frame. The combined bi-static SAR

configuration is able to provide elevation data in addition to the 2D radar images. The results

are published in WorldDEM in 2014 and the data is available for the entire globe. Krieger et al.

investigated the performance of an interferometric SAR mission enabled by formation-flying

and proposed Tandem-L to further enrich the capability of spaceborne Earth remote sensing

(Krieger, Hajnsek, et al., 2010).

3.4.2 COSMO-SkyMed

In contrast to formation-flying, spaceborne SAR also utilises constellations. COSMO-SkyMed

(COnstellation of small Satellites for the Mediterranean basin Observation) was developed by

the Italian Space Agency (ASI) and launched during June 2007 and November 2010 (Bianchessi

et al., 2008). This mission consists of 4 satellites in a constellation with 90◦ phase shift along

their orbit. Similar to TerraSAR-X, COSMO-SkyMed is operating in a dawn/dusk SSO and
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carries an X-band SAR payload. A summary of the COSMO-SkyMed specifications is listed

in Table 3.2.

TABLE 3.2: COSMO-SkyMed specifications (Bianchessi et al., 2008)

COSMO-SkyMed Value

Orbit altitude 619.6 km

Inclination 97.86◦

Eccentricity 0.00118

Argument of perigee 90◦

Centre frequency 9.6 GHz

Bandwidth 400 MHz

3.4.3 Capella Constellation

The Capella constellation was developed by the Capella Space from the United States. Syn-

thetic aperture radar satellites have been launched since 2018 and the constellation will con-

sist of 36 individual synthetic aperture radar satellites in 12 different orbit planes by 2021

(Farquharson et al., 2018). Different from TerraSAR-X and COSMO-SkyMed, the Capella

constellation is operating in polar orbit instead of SSO. When fully deployed, the Capella con-

stellation will able to provide an hourly visit rate. A summary of the Capella constellation

specifications is listed in Table 3.3.

All discussed spaceborne missions are using X-band SAR, two of which operate at a dawn/-

dusk SSO. This is a widely used combination for Earth remote sensing missions. This will also
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TABLE 3.3: Capella constellation specifications (Farquharson et al., 2018)

Capella Value

Orbit altitude 485 - 525 km

Inclination 90◦

Argument of perigee 90◦

Centre frequency 9.4 - 9.9 GHz

Bandwidth 500 MHz

be used for the femtosatellite swarm later in Chapters 4, 5 and 6.

3.5 Summary

This chapter presented the concept of synthetic aperture radar with a focus on Earth remote

sensing missions. Related SAR signal models and radar configurations are reviewed and dis-

cussed. A commonly used mono-static SAR signal processing range-Doppler algorithm is

introduced to evaluate the performance of the femtosatellite swarm later in Chapter 6. Finally,

three current SAR missions are also introduced to demonstrate the capability of the mission

concept introduced in Chapter 4.



Chapter 4

Femtosatellite Design

4.1 Introduction

In this chapter, a novel femtosatellite design and mission concept based on the utilisation of

solar radiation pressure (SRP) is proposed. As noted in Section 2.4, current femtosatellites use

commercial off-the-shelf integrated circuits to reduce cost. However, the mission capabilities

of such femtosatellites are limited by their propulsion and power subsystems. In order to further

exploit the mission capability of femtosatellites, an overview of a new femtosatellite concept

and mission is presented in Section 4.2. A novel femtosatellite design for such a mission is

then described in Section 4.3. In Section 4.3.4, a detailed mission configuration is developed

for the novel femtosatellite design. The hardware design for the femtosatellite is provided and

evaluated in Section 4.4. The application of the proposed configuration will be investigated in

Chapters 5 and 6.

38
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4.2 Femtosatellite Mission Overview

In this thesis, the proposed demonstration mission is to exploit the femtosatellite concept for

synthetic aperture radar for Earth remote sensing. With the unique advantages of femtosatel-

lites, the overall system mass can be reduced, and so, the combined launch cost of the mission

can be reduced. Moreover, a femtosatellite swarm allows a large, distributed system to be

deployed to enhance mission performance.

The proposed mission concept is inspired by TerraSAR-X and TanDEM-X that were de-

scribed in Section 3.4.1. Femtosatellites are configured as the receivers for a bi-static SAR

system. A swarm of femtosatellites will operate in addition to a carrier spacecraft. During

the mission, the carrier spacecraft is responsible for the radar signal transmission and com-

munication to a ground station. The femtosatellite swarm will be used as a passive receiver.

With this bi-static configuration, enhanced performance can be delivered by implementing ad-

vanced radar signal processing. The femtosatellites will operate close to the carrier spacecraft,

which can be considered as relative orbital motion. The distance between the femtosatellites

and the carrier spacecraft is controlled by using active orbit control which will be discussed in

Chapter 5, and will focus on the orbit dynamics and control of the femtosatellites. The radar

performance of the femtosatellite swarm will be considered in Chapter 6.

The proposed mission orbit is similar to the TerraSAR-X and TanDEM-X missions which

use dawn/dusk Sun-synchronous orbits at 700 km altitude. The selection of the orbit altitude

will be explored further in detail in Chapter 5. The proposed Earth remote sensing mission now

forms the basis of the femtosatellite preliminary design.
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4.3 Femtosatellite Preliminary Design

In order to design the femtosatellite for the proposed mission, a novel SRP enabled design

approach is proposed to fully exploit the capabilities of femtosatellites for the chosen orbit

configuration. The proposed design is inspired both by current femtosatellite prototypes and

conventional satellites. It utilises SRP for attitude control and orbit control. The proposed

design would be capable of undertaking the proposed SAR mission.

4.3.1 Design Objectives

The main objective of the novel design is to configure a femtosatellite platform which will

enable swarm usage for the Earth remote sensing mission. Compared to conventional satellites,

one distinct feature of femtosatellites is their low mass, as discussed in Section 2.2. As noted

in Table 2.1, the femtosatellite class has a wet mass lower than 100 g. This is the core of the

femtosatellite concept.

In addition to being lightweight, femtosatellites require a compact design. Before deploy-

ment from the carrier spacecraft, their small size will increase the efficiency of packing in the

carrier spacecraft. This objective can be achieved by a flat design or a folded structure. Most

of the femtosatellites designs noted in Section 2.4 feature a simple flat design. The origami

folding robot introduced by Boyvat et al. also presents a promising method to enable compli-

cated geometries (Boyvat et al., 2017). Combining low mass and size, femtosatellites can be

launched by multiple methods: by a carrier spacecraft, as a secondary payload to similar orbits,

or as a dedicated launch. A large number of femtosatellites in a swarm will improve mission

performance.
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Also, to enhance the femtosatellite concept, it is necessary that a femtosatellite swarm is

capable of executing a complete mission. This requires that the femtosatellite has an orbit

lifetime sufficient for the mission. Moreover, an on-the-fly re-configurable software design

will boost the usability of the femtosatellite significantly.

To further increase the mission capability of femtosatellites, passive or active orbit control

strategies can be considered. Since femtosatellites are mainly designed to operate in Low

Earth Orbit (LEO), a de-orbit solution is also required to reduce the risk of swarms of devices

becoming space debris.

4.3.2 Design Methodologies

To meet the design objectives noted above, a review of current femtosatellite designs and other

small satellites is provided. WikiSat and Sprite were reviewed in Section 2.4, both of which

feature a flat design geometry. Compared to other geometries, a flat plate is the easiest option to

manufacture. This is the fundamental structure of most electronic devices. Compared to other

geometries, a flat design also features the maximum projected area which will benefit orbit

control using SRP. Three common geometries are investigated: a plate, cube and sphere. Figure

4.1 illustrates those geometries with the same characteristic length-scale L and the thickness

coefficient ε (ε << 1) for the plate (Atchison et al., 2011).

SRP and atmospheric drag (AD) are the major sources of perturbations on femtosatellites.

Both are directly proportional to their projected area (Vallado, 2013). For a dawn/dusk Sun-

synchronous orbit, the incident sunlight is assumed perpendicular to the orbit plane, therefore,

it is always perpendicular to the velocity vector of the femtosatellite and the atmospheric drag
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FIGURE 4.1: Definition of femtosatellite geometries

force it experiences. A higher maximum/minimum projected area ratio therefore creates the

possibility of increasing the effect of SRP while decreasing the effect of atmospheric drag.

To enable orbit control, a torque will be generated by the femtosatellite to change its at-

titude. The torque required for attitude control is proportional to the femtosatellite moment

of inertia. A lower moment of inertia means that less torque is required to change the atti-

tude angle for a given required angular acceleration. Table 4.1 presents a comparison between
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common geometries for femtosatellite designs, where ρ is the mean density of the spacecraft.

TABLE 4.1: Comparison of femtosatellite geometries (Atchison et al., 2011)

Geometry Min. projected Max. projected Max/min ratio Area-to-mass ratio Moment

(for AD) (for SRP) (for SRP) of inertia

Plate εL2 L2 1
ε

1
ερL

ε

12
ρL5

Cube L2
√

3L2
√

3

√
3

ρL
1
6

ρL5

Sphere
π

4
L2 π

4
L2 1

3
2ρL

π

60
ρL5

Combining both projected area and moment of inertia, the flat plate is the most suitable

option for the femtosatellite geometry design for the proposed SAR mission. It features the

highest maximum/minimum projected area ratio when the normal to its surface is perpendicular

to the orbit plane. Especially in this configuration, atmospheric drag is negligible due to the

minimum projected area. Compared to other geometries, a plate also has the highest area-to-

mass ratio for SRP and lowest moment of inertia for attitude control if ε is small (ε << 1).

4.3.3 Proposed Design

As noted, the two major challenges for femtosatellites are the propulsion and power subsys-

tems. According to Section 2.3, these challenges can be overcome by using solar radiation

pressure for orbit control. In order to fully explore the potential of using solar radiation pres-

sure on a femtosatellite, a novel preliminary design has to be defined. It will also be used as

the concept demonstrator and the test subject for active orbit control later in Chapter 5.

Taking the design objectives and methodologies into consideration, the proposed design is

composed of a flat-bubble shaped femtosatellite (Cao et al., 2015). The femtosatellite is built on
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Kapton film as an alternative to a conventional glass fibre based printed circuit board to reduce

weight and provide flexibility (McLeod, 2003). The use of flexible material also satisfies the

low mass design objectives. The flexural stress on the femtosatellite could also provide energy

for the initial ejection from the carrier spacecraft. This would therefore reduce the complexity

of the femtosatellite release mechanism on the carrier spacecraft.

The onboard components are assumed to be commercial off-the-shelf (COTS) to reduce

cost. All core electronics in the centre of the femtosatellite are covered by an extra layer of

Kapton film on top to protect them from radiation and provide passive thermal control. The

thin film solar panels around the edge are not covered to maximise the solar power generation.

The design features a high area-to-mass ratio which, again, enables the femtosatellite to

take advantage of solar radiation pressure for propulsion without onboard propellant. Elec-

trochromic panels in each corner can be controlled electronically to change their transparency

between reflective and black to enable attitude control (Lücking et al., 2012; Mingotti et al.,

2014). Size and weight are greatly minimised by integrating the propulsion and power subsys-

tems together. A rendered image of the proposed design is shown in Figure 4.2

The onboard firmware of the femtosatellite would be able to reconfigure on-the-fly to per-

form updated mission tasks, for example, radar receiver mode and communication relay mode.

This will increase usability and further enhance the mission capability of the femtosatellites.

4.3.4 Mission Concept

With the proposed femtosatellite design, a mission concept is proposed to evaluate the fea-

sibility of a fetmosatellite swarm. As noted in Section 4.2, the proposed mission is inspired

by the TerraSAR-X and the TanDEM-X missions. The femtosatellite swarm can operate on a
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FIGURE 4.2: Rendered flat-bubble shaped design

dawn/dusk Sun-synchronous orbit for the proposed Earth remote sensing mission. Orbit spec-

ifications are shown in Table 4.2. The orbit altitude will investigated further in Section 5.2.2.

TABLE 4.2: Femtosatellite mission specifications

Femtosatellite Value

Orbit altitude 700 km

Inclination 98.19◦

Argument of perigee 90◦

Eccentricity 0

The orbit plane of such an SSO is perpendicular to the incoming sunlight. Therefore the fem-

tosatellite will operate under maximum illumination during the entire orbit to maximise the

effect of SRP and power generation.

The normal to the femtosatellite surface would be parallel to the normal to the orbit plane.
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According to Table 4.1, this will maximise the projection area for SRP while minimising the

effect of atmospheric drag. During the Earth remote sensing operation, the femtosatellite would

rotate around its velocity vector to point the radar antenna at the area of interest. Under this

condition, the normal of the femtosatellite surface would remain perpendicular to the velocity

vector, so that atmosphere drag remains minimised.

In order to maximise the benefits of SRP for orbit control and to maintain a high area-to-

mass ratio, a flat micro-strip antenna and surface-mount chip antenna are considered for the

Earth remote sensing mission. According to the femtosatellite orbit and the required attitude

of the femtosatellite, the antenna design will vary, for example, a patch antenna whose main

lobe is parallel to the antenna normal, or a Vivaldi antenna whose main lobe is perpendicular

to the antenna normal. The design could vary from a single or array design depending on the

radar carrier frequency and beam-forming requirements. The antenna could also be placed

symmetrically and controlled by an electrical relay to reduce the required manoeuvre along

the femtosatellite’s yaw axis. A surface-mount chip antenna can be used for communication

between the femtosatellites and the carrier spacecraft. This features a smaller footprint and a

more stable performance than other commonly used antennas. A mission concept is illustrated

in Figure 4.3. The carrier spacecraft would be responsible for transmitting radar signals and

collecting received signals from the femtosatellites. The collected data would then be processed

or compressed depending on the processing capability of the carrier spacecraft before sending

the data back to a ground station.
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FIGURE 4.3: Mission concept

4.4 Femtosatellite Hardware Design

Since the power supply and energy storage on the femtosatellite is limited due to its small size

and low mass, a Texas Instruments MSP430F2274-EP ultra-low-power microcontroller and

CC2520 RF transceiver have been chosen to minimize power consumption (Cao et al., 2015).

These components are the core electronics for the femtosatellite command and data handling

and communication subsystems, as described in Section 2.3.

Compared to other microcontrollers, the MSP430F2274 also includes two configurable op-

erational amplifiers (Texas Instruments, 2020c). This combination could be reconfigured in

software for different objectives to enhance mission capability. The device working tempera-

ture of−40 ◦C to 85 ◦C is a limitation for some applications. MSP430F2274-EP is an enhanced

version for defence, aerospace and medical applications. Compared to the standard model, the

main feature of the EP model is the military temperature range of−40 ◦C to 105 ◦C. The power

consumption is 0.7 µA in standby mode and 270 µA in active mode.

CC2520 is an RF transceiver designed for low power wireless sensor networks at 2.4 GHz

(Texas Instruments, 2020b). The working temperature range is −40 ◦C to 125 ◦C. Combined
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with the EP model microcontroller, the reliability and survivability of the femtosatellite core

electronics would be improved in extreme thermal conditions. It capable of up to 250 kbps data

rate with a power consumption 25.8 mA for transmitting and 18.5 mA for receiving. For the

synthetic aperture radar, which will be introduced in Chapter 6, with Pulse Repeat Frequency

of 3000 Hz for a duration of 0.5 s, a swath width of 500 m, a bandwidth of 100 MHz and

with a 5% communication overhead (Agrawal et al., 2011), the estimated total received data is

160.26 megabit, which is equivalent to 20.03 megabyte. The details of the SAR signal space

are listed in Table 4.3.

TABLE 4.3: SAR signal space specifications

Parameter Value

Azimuth 1500 bins

Range 4668 bins

Date depth 12 bits

Data format Complex I/Q

Communication overheads 5%

Data rates 250 kbps

Duration 11.20 minutes

It would take 11.20 minutes to transmit all received data to the carrier spacecraft. This

could be considered as the gap between individual radar images. In addition, the CC430 series

is also available for simple applications to reduce mass, which has an integrated microcontroller

and sub-1GHz RF transceiver (Hu et al., 2019).
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The attitude determination subsystem of the femtosatellite is enabled by a TDK InvenSense

MPU-9250 inertia measurement unit (IMU) (InvenSense, 2020). This is a 9 degree-of-freedom

IMU consist of a 3-axis gyroscope, 3-axis accelerometer and 3-axis magnetometer. The work-

ing temperature is−40 ◦C to 85 ◦C. The attitude control and propulsion subsystems are enabled

by using SRP. These will be discussed and further evaluated in Chapter 5.

The power subsystem includes solar panels and an energy harvesting chip. Thin film so-

lar panels from Alta Devices (Alta Devices, 2020) are used for power generation. This dual

junction Gallium Arsenide (GaAs) photovoltaic solar panel features a high efficiency of 29%.

The power density is estimated at 345 W/m2 for the space environment. Combined with an

Analog Devices ADP 5090 energy harvesting ultra-low-power boost regulator (Analog Decice,

2020), low voltage power generated from the solar panels can be regulated to supply a stable

3 V power to other subsystems with 90% efficiency.

4.4.1 Budget Analysis

A power budget of the femtosatellite is listed in Table 4.4. The command and data han-

dling power consumption is based on the Texas Instruments MSP430F2274-EP microcon-

troller (Texas Instruments, 2020c). The communication power consumption is based on the

Texas Instruments CC2520 RF transceiver (Texas Instruments, 2020b). The peak condition

is when the system is transmitting and receiving data simultaneously at full speed. The at-

titude determination power consumption is based on the TDK InvenSense MPU-9250 IMU

(InvenSense, 2020). The attitude control power consumption is based on Rdot Display printed

flexible electrochromic displays (Displays, 2020). The payload power consumption is based
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on the Texas Instruments ADS5295 octal channel 12 bit, 100 Msps high-signal-to-noise-ratio

and low-power analogue-to-digital converter (Texas Instruments, 2020a).

TABLE 4.4: Power budget

Subsystems Idle (mW ) Peak (mW )

Command and data handling 0.002 0.81

Communication 4.8 133

Attitude determination 10.5 10.5

Attitude control 0 10

Payload 5 190

Redundancy (10%) 1.63 34.4

Total power consumption 17.9 378.7

Considering the 90% efficiency of the power boost regulator (Analog Decice, 2020), a

total power of 420mW is required from solar panels, therefore, 4 of 35× 10 mm solar panels

are placed around the core electronics to provide an even mass distribution. No batteries are

required for this configuration to reduce mass since the femtosatellites will be on a dawn/dusk

SSO. When the femtosatellite is not perpendicular to the incident sunlight less power will

be generated from the solar panels, so the communication and payload subsystems could be

turned off to reduce total power consumption and ensure sufficient power for attitude control.

A schematic of the femtosatellite concept is illustrated in Figure 4.4.

The mass budget of the femtosatellite concept is listed in Table 4.5. The mass of each

module is estimated based on common electronics and existing femtosatellites (Janson and
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FIGURE 4.4: Flat-bubble shaped design schematic - top view

Barnhart, 2013). A payload of 50% of the total mass is included to ensure a margin for mission

capability (Larson et al., 1999).

Due to the small size and low power design, the thermal control subsystem is a passive

design with Kapton film. The condition for thermal equilibrium can be expressed as (Janson,

1995):

αsAsGs +αsAeGr + εsAeGe +Qint = εsσT 4Ar (4.1)
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TABLE 4.5: Weight budget

Components Weight (g)

Core electronics 4

Solar panels 2

Electrochromic panels 1

Structural 3

Payload (50%) 10

Total 20

where αs is the spacecraft surface solar absorptivity, εs is the spacecraft infrared emissivity, As

is the surface area for absorption of solar energy, Ae is the surface area for absorption of the

radiation from the Earth, Ar is the surface area for heat radiation, Gs is the direct solar flux,

Gr is the reflected solar flux from the Earth surface, Ge is the thermal energy radiated by the

Earth, σ is the Stefan-Boltzmann constant, Qint is the internal heat generation rate and T is the

spacecraft surface temperature.

For the mission concept described in Section 4.3.4, where the normal to the femtosatellite

is perpendicular to the orbit plane (Gr = 0,Ge = 0), the temperature of the femtosatellite can

be expressed as:

T = 4

√
αsAsGs +Qint

εsσAr
(4.2)

Base on the design shown in Figure 4.4, the surface area is 0.1 m2 for absorption of solar energy

and 0.2 m2 for heat radiation. The solar absorptivity and infrared emissivity are based on the

characteristic of the Kapton film structure (Kang et al., 2016). The solar flux of 1370 W/m2 is
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TABLE 4.6: Femtosatellite specifications

Parameter Value

αs 0.4

As 0.01 m2

Ar 0.02 m2

Gs 1370 W/m2

εs 0.8

σ 5.67×10−8 W/(m2T 4)

Qinternal Idle: 17.9 mW

Peak: 378.7 mW

based on the LEO environment at 1 AU (Janson, 1995). With the parameters listed in Table 4.6,

the thermal equilibrium temperature of the femtosatellite is estimated as 279.0 K and 283.5 K

in the idle and peak power conditions. These results will be used in Chapter 6 for the radar

performance analysis.

If the femtosatellite was in an alternative orbit whose orbit plane is 45◦ to the incident

sunlight and the normal of the femtosatellite remains perpendicular to the orbit plane (Gr =

0,Ge = 0), the femtosatellite will enter eclipse and go through a thermal cycle during each

orbit. By numerically integrating a lumped-heat-capacity model, expressed as (Janson, 1995):

αsAsGs +αsAeGr + εsAeGe +Qint − εsσT 4Ar =
d

d t
(mcpT ) (4.3)

where cp is the heat capacity of the Kapton structure of femtosatellite (cp = 1090 J/(kgK),
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Doorly et al., 1987), the dynamic temperature of the femtosatellite in such an alternative orbit

is shown in Figure 4.5.

FIGURE 4.5: Dynamic temperature profile

From Figure 4.5, it can be seen that the temperature will decrease during eclipse and in-

crease when illuminated by sunlight. The femtosatellite will reach a maximum equilibrium

temperature of 254 K when idle or 260 K when working at the peak power condition. Com-

pared to the mission concept described in Section 4.3.4, the maximum equilibria are lower

due to the angle of the incident sunlight. The lowest temperatures during eclipse are 148 K

and 165 K for the idle and peak conditions. These are lower than the working temperature

of the electronic components, and therefore, may physically damage those core electronics

(Gutierrez-D et al., 2001). From this analysis it is clear that the use of a dawn/dusk SSO pro-

vides key advantages for thermal control (uniform temperature) as well as continuous power

generation.
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4.5 Summary

In this chapter, a novel femtosatellite design and a novel mission concept have been proposed.

They are based on existing femtosatellite designs and SAR missions introduced in Section 2.4

and 3.4. The design objectives and methodologies were listed and discussed in Section 4.3.1

and 4.3.2. In Section 4.3.3, a flat-bubble shape femtosatellite design has been described and a

novel mission concept to take advantage of such design was proposed in Section 4.3.4. This

mission configuration largely eliminates the influence of atmospheric drag, therefore simplify-

ing the complexity of attitude control. The hardware design of the femtosatellite was provided

in Section 4.4 based on the femtosatellite subsystems review in Section 2.3. A budget analysis

was also provided in Section 4.4.1 to evaluate the power, mass and thermal performance of the

femtosatellite. These result will be used in Chapters 5 and 6. The novel femtosatellite design

features a high area-to-mass ratio of 0.5 m2/kg to maximise the effect of SRP for orbit control.

The orbital dynamics and control of the femtosatellite will now be investigated in Chapter 5.



Chapter 5

Femtosatellite Dynamics and Control

5.1 Introduction

In this chapter, integrated orbital dynamics and attitude control strategies are introduced to

exploit the capability of the femtosatellite concept proposed in Chapter 4. All assumptions

used in the chapter are listed in Section 5.1.1. This chapter focuses on the relative motion

between the femtosatellite and the carrier spacecraft under the model described in Section

2.6. Based on these assumptions, the evolution of the orbital dynamics of the femtosatellite is

established in Section 5.2 by investigating a force model comparing the effects of relative solar

radiation pressure (SRP) and relative atmospheric drag. This model creates the foundation

for orbit control in Section 5.3. With the active orbit control strategy developed, a swarm

of femtosatellites could maintain a formation relative to the carrier spacecraft for the radar

applications in Chapter 6. Two example scenarios are provided in Section 5.4 to demonstrate

the active orbit control strategy.

56
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5.1.1 Assumptions

A number of assumptions have been made to simplify the femtosatellite dynamical model for

relative motion. The mission is assumed to be in a nearly circular orbit and the femtosatellites

remain close1 to the carrier spacecraft to enable the use of the linear Clohessy-Wiltshire or

Hill’s equation introduced in Section 2.6 (Vallado, 2013). The centre-of-mass coincides with

the geometric centre of each femtosatellite and torques are generated by electrochromic panels.

It is assumed that yaw control can be achieved by utilising a MEMS reaction wheel included

in the core electronics which will not be considered here. This is independent from the roll and

pitch control of the femtosatellite which will be achieved using SRP. The incident sunlight is

assumed perpendicular to the orbit plane, so that a dawn-dusk orbit is assumed. The effect of

SRP on the electrochromic panels is simulated as being at the outer edge of each panel instead

of integrated along the panel surface.

5.1.2 Contributions

The main contribution of this chapter includes: integrating a generalised analytic solution of

the Clohessey-Wiltshire equations with the attitude dynamics of the femtosatellite; a force

analysis of a flat femtosatellite; and an active orbit control strategy for the femtosatellites based

on attitude control. All contributions are demonstrated by example scenarios.

1The distance between the femtosatelite and the carrier spacecraft is below 0.1% of the orbit radius and so a
linear approximation applies.
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5.2 Orbital Dynamics

As noted in Section 4.3.4, the Earth remote sensing mission proposed is a bi-static synthetic

aperture radar mission which includes a swarm of the femtosatellites as passive receivers and

a carrier spacecraft as the transmitter. Therefore, this chapter will focus on the relative motion

between the femtosatellites and the carrier spacecraft.

In the proposed mission, the distance between the femtosatellite and the carrier spacecraft

will be maintained by utilising an SRP enabled orbit control strategy. With the assumptions

noted in Section 5.1.1, this scenario fits the relative motion model introduced in Section 2.6.

During the Earth remote sensing mission, each femtosatellite is free-flying in close prox-

imity to the carrier spacecraft. Due to perturbations, for example, atmospheric drag, the fem-

tosatellites will drift away from the carrier spacecraft. Therefore, an orbit control strategy is

required to maintain the formation. As noted in Section 2.3, solar radiation pressure is the most

appropriate propulsion solution for orbit control for the femtosatellite platform.
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5.2.1 Relative motion with external acceleration

The relative motion between the femtosatellite and the carrier spacecraft can be described by

the linear Clohessy-Wiltshire equations introduced in Section 2.6.

By solving the Clohessy-Wiltshire Equations (2.2)2 in Section 2.6, a generalised analytic

solution for analysis and fast computation is found as follows:

x(t) =
(

ẋ0

ωn
−

2ay

ω2
n

)
sin(ωnt)−

(
3x0 +

2ẏ0

ωn
+

ax

ω2
n

)
cos(ωnt)

+
2ay

ωn
t +
(

4x0 +
2ẏ0

ωn
+

ax

ω2
n

)
(5.1a)

y(t) =
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+
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ω2
n

)
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−
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t2−
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(

y0−
2ẋ0
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z(t) =
żo
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(
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ω2
n

)
cos(ωnt)+

az

ω2
n
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ẋ(t) =
(

3ωnx0 +2ẏ0 +
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ωn

)
sin(ωnt)+

(
ẋ0−

2ay

ωn

)
cos(ωnt)+

2ay

ωn
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ẏ(t) =−
(

2ẋ0−
4ay

ωn

)
sin(ωnt)+

(
6ωnx0 +4ẏ0 +

2ax

ωn

)
cos(ωnt)

−3ayt−
(

6ωnx0 +3ẏ0 +
2ax

ωn

)
(5.1e)

ż(t) =−
(

ωnz0−
az

ωn

)
sin(ωnt)+ ż0 cos(ωnt) (5.1f)

By integrating the Clohessy-Wiltshire Equation (2.2b) without external acceleration (ay =

0) it can be seen that ∫
ÿ dt +

∫
2ωnẋ dt =C (5.2)

2The derivation of the Clohessy-Wiltshire equation analytical solution is provided in Appendix A
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and so ẏ+2ωnx =C for some constant C.

Therefore, a new parameter Γ = ẏ0 + 2ωnx0 can be defined which again is constant and

evaluated at the initial conditions of the femtosatellite at release. When the femtosatellite is

free-flying (ax = ay = 0), from Equation (5.1e) it can be seen that

ẏ(t) =−2ẋ0 sin(ωnt)+(6ωnx0 +4ẏ0)cos(ωnt)−3Γ (5.3)

Then, the long-term average speed along the y-axis, ˙̄y, can be written as

˙̄y =
1
T

∫ T

0
ẏ(t)dt (5.4)

where T =
2π

ωn
is the orbit period of the carrier spacecraft. Substituting ẏ(t) with Equation 5.3,

it can be found that

˙̄y =
1
T

(
2ẋ0

ωn
cos(ωnt)+

6ωnx0 +4ẏ0

ωn
sin(ωnt)−3Γ t +C

∣∣∣∣T
0

)
(5.5)

for some constant C, therefore

˙̄y =
1
T

(
2ẋ0

ωn
−3ΓT − 2ẋ0

ωn

)
(5.6)

and so

˙̄y =−3Γ (5.7)

When Γ = 0, the femtosatellite will therefore only have periodic motion relative to the carrier

spacecraft and will not drift. This result will be used later to assess orbit control strategies.
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5.2.2 Force Analysis

After ejection from the carrier spacecraft, typically with Γ 6= 0, the femtosatellites will drift

without active orbit control. By using the electrochromic panels on each corner, each fem-

tosatellite can adjust its attitude to achieve active orbit control using solar radiation pressure.

According to Equation (5.1c), the motion along the z-axis is decoupled from the x-axis and the

y-axis. The length-scale of motion along the y-axis is typically larger compared to the x-axis.

According to Equation (5.1a) and (5.1b), the ratio of the oscillation range between the y-axis

and x-axis is 2:1 when Γ = 0. Therefore, an external force applied along the y-axis is used to

constrain the distance between the femtosatellites and the carrier spacecraft to ensure a coher-

ent swarm is established. This can be controlled via modulation of the attitude angle of the

femtosatellite relative to the xy-plane (Lücking et al., 2012; Mingotti et al., 2014). The force

model for a femtosatellite is shown in Figure 5.1, demonstrating the effect of solar radiation

pressure and atmospheric drag, where α is the angle between the femtosatellite surface normal

and the flight direction.

Solar radiation pressure (SRP) and atmospheric drag (AD) are the main external forces

applied to both the femtosatellites and the carrier spacecraft. The consequences of those two

external forces are now considered. With the carrier spacecraft acceleration (Carr) included,

the total differential acceleration (Total) caused by the external forces are summarised as:


ay,Total = ay,SRP +ay,AD−ay,Carr

az,Total = az,SRP +az,AD−az,Carr

(5.8)

From Figure 5.1 it can be seen that the y-axis acceleration can be reversed, while the x-axis
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FIGURE 5.1: Femtosatellite force model

acceleration remains fixed, through changing the femtosatellite pitch angle from −α to +α .

This will form the basis of the orbit control strategy.

5.2.2.1 Solar Radiation Pressure

The effect of solar radiation pressure on each femtosatellite can be illustrated as shown in

Figure 5.2. According to Equation (2.1), the acceleration generated by SRP depends on the

SRP cross-section for a given satellite. The projected area of a femtosatellite of total surface

area A along the Sun vector is given by

ASRP = Acosα (5.9)
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FIGURE 5.2: Force model - solar radiation pressure

Therefore, the total SRP acceleration applied in the femtosatellite surface normal direction

becomes

aSRP =
2ηPA

m
cos2

α (5.10)

The reflective efficiency, η , is incorporated to represent the non-perfect optical properties of

the femtosatellite surface, although it is assumed the force is normal to the surface. The solar

radiation pressure, P, is approximately 4.56×10−6Nm−2 in low Earth orbit (McInnes, 2004).

The femtosatellite’s mass and surface area are described by m and A. The femtosatellite’s

attitude angle in the xy-plane along the x-axis is again defined by α . When the acceleration

generated by SRP is split along the y-axis and z-axis, this becomes


ay,SRP =

2ηPA
m

cos2
α sinα

az,SRP =
2ηPA

m
cos3

α

(5.11)
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5.2.2.2 Atmospheric Drag

The other major perturbation that can influence the orbit evolution of the high area-to-mass ratio

femtosatellite is atmospheric drag. For atmospheric drag, the projected area of a femtosatellite

along the velocity vector is, AAD, given by

AAD = A|sinα| (5.12)

The drag and lift forces on the femtosatellite (Sowter, 1989) are then given by


FDrag =−

1
2

cDAADρv2
rel

FLi f t =−
1
2

cLAADρv2
rel

(5.13)

where cD is the drag coefficient, cL is the lift coefficient, ρ is the atmospheric density (Vallado,

2013) and vvel is the velocity of the femtosatellite relative to the atmosphere. In this chapter,

the atmospheric density, ρ , is considered as constant across the entire mission orbit since only

close proximity motion relative to the carrier spacecraft is considered. Assuming a Newtonian

approximation with free molecular flow and specular reflection of molecules (Sowter, 1989),

the drag and lift coefficients are:


cD = 2sin2

α

cL = 2sinα cosα

(5.14)
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so that, the aerodynamic forces in the y-axis and z-axis become


ay,AD =−A

m
ρv2

rel|sinα|sin2
α

az,AD =−A
m

ρv2
rel|sinα|sinα cosα

(5.15)

5.2.2.3 Carrier Spacecraft

In addition to the direct effect of solar radiation pressure and atmospheric drag on each fem-

tosatellite, the differential acceleration between the femtosatellite and the carrier spacecraft in

the relative coordinate system can be considered. As discussed in Section 2.6, the y-axis is

aligned with the spacecraft velocity vector and z-axis is perpendicular to the orbit plane. For a

mission that operates in a dawn/dusk SSO as described in Section 4.3.4, where the orbit plane is

assumed normal to the incident sunlight, the carrier spacecraft is perturbed by the atmospheric

drag in the y-axis and solar radiation pressure in the z-axis. The cross-section of the carrier

spacecraft has been defined as Acarr,xz for the y-axis and Acarr,xy for the z-axis, with its mass

mcarr. In the coordinate system defined in Figure 2.7, where the origin of the local frame of

reference is at the carrier spacecraft, the effect of forces applied to the carrier spacecraft can be

considered as 
ay,Carr =−

1
2

cDAcarr,xz

mcarr
ρv2

rel

az,Carr =
2ηPAcarr,xy

mcarr

(5.16)



Chapter 5. Femtosatellite Dynamics and Control 66

5.2.2.4 Example Scenario

Figure 5.3 shows the ratio of ay,AD to ay,SRP at various altitudes when, for example, α = 12◦ at

which half of the maximum acceleration along the y-axis can be achieved according to Equation

(5.11). Atmospheric drag using a non-exponential atmospheric model3 (Vallado, 2013) is the

dominant force along the y-axis at lower altitudes, while radar applications also favour lower

altitudes to reduce the required transmit power and round-trip signal loss. Therefore, 700 km

is chosen as the orbit altitude for investigation in this thesis as discussed earlier. The ay,AD is

approximately 1% of ay,SRP, therefore, can be ignored. At 700 km altitude, the atmospheric

density ρ is 3.614× 10−14 kg/m3 (Vallado, 2013) and the relative speed vrel is 7.5043 km/s.

The femtosatellite used is assumed to be 0.02 kg with an area of 0.01 m2, as discussed in

Chapter 4.

A standard 3U CubeSat mass of 3 kg, cross-section 0.01 m2 in the xz-plane and 0.03 m2 in

the xy-plane has been used as the carrier spacecraft and, again, femtosatellites of 0.02 kg mass

and 0.01 m2 surface area are considered, with the assumption that the carrier spacecraft will

maintain a fixed attitude and has perfectly reflecting panels. The external forces as a function of

femtosatellite orientation are shown in Figure 5.4 and 5.5. It can be seen that the forces acting

on the carrier spacecraft are extremely small relative to the femtosatellite, due to the difference

in their area-to-mass ratio.

It can be seen that the effect of atmospheric drag is small relative to solar radiation pressure

at the mission orbit altitude of 700 km. This provides the basis for the femtosatellite to use

solar radiation pressure for orbit control. Figure 5.4 shows that the total y-axis acceleration is

minimised when α = 0, which verifies the design goal in Chapter 4. For example, when α ∈
3The atmospheric density is not exponential above 100 km.
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FIGURE 5.3: Ratio of ay,AD to ay,SRP at various altitudes when α = 12◦

(−12◦,12◦), atmospheric drag is negligible where it contributes approximately 1% to the total

acceleration along the y-axis. As a result of atmospheric drag, it can be seen that the maximum

magnitude of ay in the +y and −y directions is at α = 31◦ and α = −41◦ respectively. This

will be the operating range of α for maximum manoeuvrability. Atmospheric drag will have

a significant influence on long-term orbit evolution, therefore it is necessary to consider these

forces when planning a long-term mission, and indeed the influence of these drag forces can

be overcome by active orbit control. However, here the direct SRP acceleration dominates the

dynamics of the relative motion of the femtosatellite and the carrier spacecraft, as will be used

later in Section 5.4. Based on Equation (5.1c), the maximum range of motion in the z-axis due

to solar radiation pressure is zmax = 2
az

ω2
n

when z0 = 0 and ż0 = 0. For a 700 km altitude Earth
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FIGURE 5.4: Effect of atmospheric drag and solar radiation pressure along the y-axis

orbit, the maximum range of motion is only 8 m with the assumption that the Earth is a perfect

sphere with a radius of 6371 km. An in-plane control strategy can now be developed.

5.3 Orbit Control

As noted in Section 5.2, orbit control in this thesis will focus on motion along the y-axis. The

foundation of the active orbit control strategy is the ability to control the attitude angle of the

femtosatellite to modulate SRP.
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FIGURE 5.5: Effect of atmospheric drag and solar radiation pressure along the z-axis

5.3.1 Attitude Control

In order to explore the manoeuvrability of the femtosatellites for active position control, elec-

trochromic panels are used, placed on each corner of the femtosatellites to control the solar

radiation pressure by modulating the panel reflectivity. With the assumption that the centre-of-

mass (CM) coincides with the geometric centre of the femtosatellite, a differential force ∆FSRP

can generate a torque τ , shown in Figure 5.6, to enable attitude control.

The dynamics of the femtosatellite with electrochromic panels introduced in Chapter 4 can

be investigated as a function of orientation α and from the moment of inertia I as shown later

in Equation (5.21). Here, L is the length of femtosatellite and ALCD is the total surface area of
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FIGURE 5.6: Torque generated by differential SRP

all electrochromic panels. The differential force ∆FSRP in the direction of surface normal can

be written as

∆FSRP = 2∆ηP
ALCD

2
cos2

α (5.17)

where ∆η is the difference of reflective efficiency between the electrochromic panels. These

will form the basis for active orbit control, so that for control torque τ

τ = Iα̈ (5.18)

where

τ = ∆FSRP
1
2

L (5.19a)

I =
1
12

mL2 (5.19b)
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therefore

∆FSRP
1
2

L =
1
12

mL2
α̈ (5.20)

and finally, substituting ∆FSRP using Equation (5.17) it can be seen that

2∆ηP
ALCD

2
cos2

α
1
2

L =
1
12

mL2
α̈ (5.21)

From Equation (5.21), a simplified dynamic model can be shown as follows

α̈ = λ cos2
α (5.22)

where

λ =
6∆ηPALCD

mL
(5.23)

In order to represent the torque direction and magnitude that can be achieved by using elec-

trochromic panels, a new torque coefficient parameter k = [−1,1] is added to Equation (5.22),

so that

α̈ = kλ cos2
α (5.24)

From Equation (5.24) it can be seen that

dα̇

d t
= kλ cos2

α (5.25)

so that

dα

d t
dα̇

dα
= kλ cos2

α (5.26)
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and therefore

α̇
dα̇

dα
= kλ cos2

α (5.27)

Equation (5.27) can then be written as

α̇dα̇ = kλ cos2
αdα (5.28)

and integrating on both sides

∫
α̇

α̇0

α̇dα̇ =
∫

α

α0

kλ cos2
αdα (5.29)

1
2

α̇
2
∣∣∣∣α̇
α̇0

=
1
2

kλ (
sin2α

2
+α)

∣∣∣∣α
α0

+C (5.30)

α̇
2− α̇0

2 = kλ (
sin2α

2
+α− sin2α0

2
−α0)+C (5.31)

Finally, when α̇ = α̇0 and α = α0, C = 0, so that,

α̇
2 = kλ (

sin2α

2
+α− sin2α0

2
−α0)+ α̇0

2 (5.32)

The relation between α and α̇ can be established as shown in Equation (5.32), which can now

be used to develop an attitude control strategy. A phase plane can then be created as shown

in Figure 5.7. The vectors are calculated using Equation (5.24) and (5.32) to visualise the

attitude behaviour under different conditions, where red lines illustrate an example attitude

transition process. It shows that the torque direction can be reversed at any point by changing

the reflectivity of the electrochromic panels. This is required to transit between different fixed
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FIGURE 5.7: Angle transfer from the α1 to the α2 with phase plane

attitude angles.

5.3.2 Attitude Transition

When the femtosatellite is required to change its attitude angle from α1 to α2, and from rest-to-

rest, as illustrated in Figure 5.7, the attitude transition process can be divided into two phases,

when the magnitude of α̇ is increasing to start the rotation and decreasing to stop the rotation.

The switch point between these two phases, (α3, α̇3), can be determined by substituting the

initial condition (α0, α̇0) in Equation (5.32) with (α1, α̇1) and (α2, α̇2). With the appropriate

torque coefficient, k, it is found that


α̇3 = λ (

sin2α3

2
+α3−

sin2α1

2
−α1)+ α̇1

2

α̇3 =−λ (
sin2α3

2
+α3−

sin2α2

2
−α2)+ α̇2

2

(5.33)
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so that

sin2α3

2
+α3 =

1
2

(sin2α1

2
+α1 +

sin2α2

2
+α2 +

α̇2
2 − α̇2

1
λ

)
(5.34)

The switch point (α3, α̇3) can then be found by solving Equation (5.24) and (5.34).

By integrating Equation (5.24) from the α1 to α3 and from the α3 to α2, the time required

for each phase can be found as t1 and t2 respectively. The change in velocity, ∆vy =
∫

aydt,

during each phase, can then be found by integrating the angle transition over time, as will be

discussed later in Section 5.3.3. This process is reversed when the attitude transfer is from α2

to the α1.

5.3.2.1 Example Scenario

For the femtosatellite prototype with 4 cm2 total surface area for the electrochromic panels, as

discussed in Chapter 4, Figure 5.8 shows the influence of the total electrochromic panel surface

area on the transfer time between, for example, 0◦ and 12◦, which indicates a logarithmic

relation. A balance can be found between the electrochromic panel size and the femtosatellite

manoeuvrability based on specific mission requirements.

In addition, Figure 5.9 demonstrates the time required to change between different attitude

angles. In the extreme situation, from−45◦ to 45◦, only 21 minutes is required to complete the

manoeuvre. With the ability to control the attitude angle of a femtosatellite, and therefore to

generate an acceleration along the y-axis, an active orbit control strategy can now be developed.
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FIGURE 5.8: Electrochromic panel scaling

5.3.3 Active Orbit Control

A ‘bang-bang’ controller is defined to execute the active orbit control strategy. This is an open-

loop controller to demonstrate the capability of using SRP acting on each femtosatellite for

orbit control in various scenarios. The strategy is capable of controlling a femtosatellite to

change its average speed along the y-axis. When the average speed is zero, the femtosatellite

will be in periodic motion relative to the carrier spacecraft, therefore maintaining a relative

stationary position.

Similar to the attitude transition discussed in Section 5.3.2, orbit control can also be di-

vided into two stages; change the attitude angle of the femtosatellite to manoeuvrer and then

recover the attitude angle back to zero. During both stages, the femtosatellite will generate an

acceleration along the y-axis. A look-up table (LUT) is created to establish the relationship be-

tween the time required for each attitude transition state and the total change in velocity along
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FIGURE 5.9: Attitude angle transfer time between the α1 and the α2

the y-axis, ∆vy, during such orbit control. The maximum total change in velocity is defined

as ∆vy,max, when the femtosatellite’s attitude angle reaches its limit of 35◦ in the first stage at

maximum acceleration ay,max and so starts the second stage immediately. When the required

∆vy is higher than ∆vy,max, an extra stage will be added where the femtosatellite remains at its

maximum acceleration to generate an additional change in velocity. The time required for such

a stage can be defined as

t3 =
∆vy−∆vy,max

ay,max
(5.35)

A flow chart to summarise the active orbit control strategy is shown in Figure 5.10.



Chapter 5. Femtosatellite Dynamics and Control 77

Active Orbit Control

Current Γ

Calculate required ∆vy =−Γ

∆vy < ∆vy,max?

Get t1 and t2 from LUT t3 =
∆vy−∆vy,max

ay,max

Excute

Stop

yes

no

FIGURE 5.10: Active orbit control flow chart

5.4 Example Scenarios

Based on the orbital dynamics and control strategy discussed above, an example mission sce-

nario is now investigated for demonstration. In this example, the orbit control will initiate once

the distance of the femtosatellite along the y-axis reaches 100 m from the carrier spacecraft.

Once reached, the femtosatellite will apply active orbit control to maintain the desired distance,
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with ˙̄y = 0 as described in the Equation (5.7), before continuing the mission.

The dynamical model can be approximated through Equation (5.36) based on Equation

(2.2), (5.11) and (5.24) , such that



ẍ−2ωnẏ−3ω
2
n x = 0

ÿ+2ωnẋ =
2ηPA

m
cos2

α sinα

z̈+ω
2
n z =

2ηPA
m

cos3
α

α̈ = kλ cos2
α

(5.36)

The model couples the attitude control, the relative motion model and the femtosatellite force

model together. In order to better demonstrate active orbit control, only solar radiation pressure

on the femtosatellite has been considered in this section. The effect of atmospheric drag on the

femtosatellite and the forces on the carrier spacecraft and are small relative to the solar radiation

pressure acting on the femtosatellite, as demonstrated in Figure 5.4 and 5.5. AD varies due to

solar cycles which have a period of 11 years (Hathaway, 2010). A lower AD could decrease

the ay,AD to ay,SRP ratio, therefore, enable the femtosatellite to operate at lower altitude orbits

and vice versa. Compared to conventional Earth remote sensing missions, femtosatellite will

have a limited mission lifetime. The size of the electrochromic panels can be changed to

satisfy the mission altitude requirement and AD variation due to solar cycles. With attitude

control introduced in Section 5.3.1, a small perturbation can be corrected by modulating the

electrochromic panels. A specialised release mechanism could be exploited as future work to

minimise the tumbling at the initial release phase.
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5.4.1 Low Initial Speed on Y-axis

The active orbit control strategy is utilised with a ‘bang-bang’ controller, achieved using the

parameter k in Equation (5.36). The femtosatellite is ejected from the carrier spacecraft with an

initial speed of 1 mm/s along the y-axis in the opposite direction to the carrier spacecraft orbital

motion. Figure 5.11 shows the simulated result along the y-axis. A detailed demonstration of
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FIGURE 5.11: Femtosatellite’s distance to the carrier spacecraft along the y-axis

the active orbit control strategy is shown as Figure 5.12.

Figure 5.12a represents the direction of the differential solar radiation pressure on the elec-

trochromic panels. Figure 5.12b and 5.12c shows the femtosatellite attitude angular rate and
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FIGURE 5.12: Active orbit control (time elapsed since release from carrier space-
craft)

angle during active orbit control as the result of differential solar radiation pressure on the elec-

trochromic panels. These results show the acceleration and de-acceleration of the femtosatellite

attitude angle α to reduce the speed along the y-axis. Γ is shown in Figure 5.12d, which shows

the effect of the active orbit control on the drift of the femtosatellite orbit. After active orbit

control, the femtosatellite enters periodic motion relative to the carrier spacecraft, as indicated

by Γ = 0. For this mission, the duration of active orbit control is 23 minutes, which is equiva-

lent to a quarter of the full orbit period. This demonstrates a smooth orbit transition from drift

to periodic motion relative to the carrier spacecraft.
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5.4.2 High Initial Speed on Y-axis

When the femtosatellite is ejected with a high initial speed, a different approach is required

where an extra stage is add as discussed in Section 5.3.3. During such a stage, the femtosatellite

will maintain its attitude angle to generate the additional velocity change ∆vy.

In this scenario, the femtosatellite is ejected from the carrier spacecraft with an initial

speed of 5 mm/s along the y-axis in the opposite direction of the carrier spacecraft orbital

motion. Figure 5.13 shows the simulated results. After active orbit control, the femtosatellite
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FIGURE 5.13: Femtosatellite’s distance to the carrier spacecraft along the y-axis

is oscillating at a point 145 m from the carrier spacecraft along the y-axis. The active orbit

control strategy can be triggered early to reduce the overshoot along the y-axis. A detailed
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demonstration of the active orbit control is shown as Figure 5.14.
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FIGURE 5.14: Active orbit control (time elapsed since release from carrier space-
craft)

Compared to Figure 5.12a, Figure 5.14a shows the stage where the femtosatellite maintains

its attitude angle, also shown in Figure 5.14b and 5.14c. In addition, Figure 5.14a and 5.14b

shows the impact of a larger attitude angle, where the available torque is lower as described in

Equation (5.17) and (5.19a). Releasing the femtosatellites at high initial speed will introduce

greater challenges for orbit control. As shown in Figure 5.14c and 5.14d, the rate of change

of Γ is directly related to the femtosatellite attitude angle. These examples demonstrate the

feasibility of using solar radiation pressure for femtosatellite active orbit control with different

speeds along the y-axis, when neglecting atmospheric drag perturbations.
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5.4.3 High Initial Speed on Y-axis with Tumbling

Tumbling could happen when the femtosatellite is ejected with a high initial speed. A simple

detumbling strategy based on attitude control from Section 5.3.1 is applied after release without

consideration on the effect of orbit control.

As in Section 5.4.3, the femtosatellite is ejected from the carrier spacecraft with an initial

speed of 5 mm/s along the y-axis in the opposite direction of the carrier spacecraft orbital

motion and an angular speed of 0.05 ◦/s around the x-axis clockwise direction. Figure 5.15

shows the simulated results. It is similar to the scenario without tumbling shown in Figure
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FIGURE 5.15: Femtosatellite’s distance to the carrier spacecraft along the y-axis

5.13. The orbit trajectory is merely affected by the small initial attitude angle. A detailed
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demonstration of the active orbit control is shown as Figure 5.16.
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FIGURE 5.16: Active orbit control (time elapsed since release from carrier space-
craft)

Figure 5.16a represents the direction of the differential SRP on the electrochromic panels

during the attitude control and the active orbit control. Figure 5.16b and 5.16c demonstrate the

changes of attitude angle and rate during such a process. The initial detumbling requires 13

minutes. Γ is shown in Figure 5.16d. It can be seen that the mean speed is changed as the result

of the detumbling process and the active control is not affected. This example demonstrates that

a small perturbation during release could be corrected by using simple attitude control. How-

ever, it cannot be used with high initial attitude rates which result in the attitude exceeding 90◦
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during the detumbling process. The larger angular rate scenario requires a more comprehensive

detumbling strategy.

5.4.4 Femtosatellite Swarm Deployment

By applying simple active orbit control on each femtosatellite, a swarm of femtosatellites can

be manoeuvred away from the carrier spacecraft in a controlled manner to form a large sparse

antenna for the Earth remote sensing radar application, as illustrated in Figure 5.17 and 5.18.

In this example, the femtosatellite swarm will form a linear array on each side of the carrier

spacecraft along the y-axis. Two femtosatellites are released from the carrier spacecraft every

5 seconds, with an initial speed of 1 mm/s in opposing directions along the y-axis. In total, 100

femtosatellites will be released and controlled individually to form a formation approximately

20 m away from the carrier spacecraft and spread 100 m long in both direction of the y-axis.

Figure 5.17a and 5.18a shows that all femtosatellites have been released from the carrier

spacecraft and are free-flying before initiating active orbit control. In Figure 5.17b, the fem-

tosatellites start to reach their desired distance and apply active orbit control to maintain their

desired distance. From Figure 5.17c, the femtosatellites start to group within the swarm, this is

due to the oscillation in the y-axis as shown in Figure 5.11. Figure 5.18 illustrates the motion

along the z-axis during the deployment. Detailed results on the swarm evolution are provided

in Appendix B.
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FIGURE 5.17: Deployed femtosatellites over time, xy-plane

5.5 Summary

In this chapter, the dynamics of femtosatellites have been investigated and exploited, with the

assumptions used listed. The force analysis in Section 5.2 details the effect of solar radiation

pressure for the femtosatellite concept proposed in Chapter 4. Results of this analysis are pro-

vided to demonstrate the feasibility of using solar radiation pressure for orbit control of the

femtosatellites. In Section 5.3, the attitude control model was introduced and the attitude tran-

sition process has been discussed. An active orbit control strategy was also proposed in Section
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FIGURE 5.18: Deployed femtosatellites over time, xz-plane

5.3.3 to investigate the feasibility of orbit control. In Section 5.4, an example mission scenario

was used to demonstration the active orbit control strategy under different initial release speeds.

Finally, an example of femtosatellite swarm deployment was provided to further demonstrate

the capability of the active orbit control strategy for the femosatellite radar application.
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Femtosatellite Radar Applications

6.1 Introduction

The femtosatellite swarm performance will now be evaluated in this chapter. As noted in

Chapter 4, the SAR application will be used for system evaluation in this thesis. Section 6.2

introduces a modified range-Doppler algorithm (RDA) for a femtosatellite swarm using SAR

signal processing. It is used to process the simulated radar data and to evaluate the capability

of the femtosatellite swarm. The performance of the femtosatellite swarm is then analysed in

Section 6.3, including the orbit and radar application specifications. The radar specification is

similar to the TerraSAR-X mission in Section 3.4. In Section 6.4, a mock mission scenario is

provided to further evaluate the femtosatellite swarm SAR system. The swarm performance

is then characterised for 3 different configurations: the number of the femtosatellites, received

signal SNR and positioning error. In addition to Earth remote sensing, Section 6.5 will demon-

strate that the same femtosatellite swarm configuration can also be used for space situational

awareness.

88
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6.1.1 Assumptions

As noted in 3.3.2, a bi-static radar system can be considered as pseudo mono-static when the

bi-static angle is close to 0◦. In this chapter, the received signal is simulated at a position

the same as the carrier spacecraft. No reference channel is not included in the simulation and

the local oscillator is assumed synchronised across each femtosatellite. A commercial GPS

chip is assumed to be used for positioning, although in principle computer vision at the carrier

spacecraft could be used to enhance the femtosatellite relative positioning. The positioning

error is simulated by shifting the raw SAR data in the azimuth and range direction separately.

The original code was created by Schlutz (Schlutz, 2009). Changes which have been made

for this research include: different targets; geometries for ground and on-orbit targets; bi-static

configuration; multiple receivers; inclusion of different noise / errors; modified RDA and radar

image characterisation. The target is modelled as a binary occupancy map for simulation.

6.2 Modified RDA

Motion along the x-axis and z-axis in the local orbit frame will introduce challenges for radar

signal processing due to focusing problems, requiring algorithms such as a non-linear chirp

scaling methods to achieve finer focusing (Wong et al., 2008). Both mono-static and bi-static

configurations have been investigated for small satellite platforms (Engelen et al., 2012; Pang

et al., 2015). Due to the limitations of femtosatellites, one single femtosatellite is not powerful

enough to be used in the mono-static configuration. Therefore, for bi-static configurations, the

received signal will be described by Equation (6.1). The range of the target to the transmitter
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and the target to the receiver are represented by Rtx and Rrx respectively, such that

srx(t,τ) =
K−1

∑
k=0

[
Fkwa(τ− τc)wr

(
t− Rtx(τ,k)+Rrx(τ,k)

c

)

exp

(
− j2π fo

(
Rtx(τ,k)+Rrx(τ,k)

c

)
+ jπKr

(
t− Rtx(τ,k)+Rrx(τ,k)

c

)2
)]

+n(t,τ)

(6.1)

Krieger and Moreira have noted that the spatial separation has to be ‘a significant fraction’

of Rtx or Rrx (Krieger and Moreira, 2006). In order to avoid the error introduced from bi-

static radar algorithms and reduce the computation time from back projection (Yegulalp, 1999;

Albuquerque et al., 2008), a modified mono-static range-Doppler algorithm (RDA) has been

developed for the femtosatellite swarm case study in this thesis.

Introduced in Section 3.3.3, the RDA is a common algorithm for SAR signal processing.

It converts a continuous SAR signal space to an image (Cumming et al., 2005). A block

diagram of the modified RDA is shown in Figure 6.1. All received signals will be processed

individually at the beginning via the standard RDA introduced in Chapter 3.3.3. The first step is

range compression, which converts the long transmitted pulse width to a short high resolution

pulse width in the range direction. Each azimuth bin is processed by a fast Fourier transform

(FFT), matched filter and inverse fast Fourier transform (IFFT). Similarly, the result will be

compressed in the azimuth direction. This process starts by applying azimuth FFT to each

range bin to generate the range-Doppler domain. Then, the converted range-Doppler domain

is processed by the range cell migration correction (RCMC) to flatten the hyperbolic range

contour before matched filtering. All individually processed signals are shifted based on the

relative distance in the flight direction and the radar signal round trip distance differences,
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compared to the carrier spacecraft before data fusion. Data fusion is the process in which the

signals are superimposed together coherently. This is a similar process to multi-look SAR

(Melvin et al., 2012), however, by using data from each femtosatellite, the speckle on the final

image can be reduced without reducing the resolution. Finally, the azimuth IFFT is applied to

generate the final image.
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RDA

Raw SAR Data

Range Compression

Azimuth FFT

RCMC

Azimuth Compression

Data Fusion

Azimuth IFFT

SAR Image

Stop

FIGURE 6.1: Block diagram of modified range-Doppler algorithm
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6.3 Performance Analysis

The theoretical performance of a SAR system can be evaluated by using the noise equivalent

sigma zero (NESZ) and signal-to-noise ratio (SNR), which can be expressed as (Wang et al.,

2018):

SNR =
σ0

NESZ
(6.2)

where σ0 is the backscattering coefficient and

NESZ =
4 · (4π)3 ·R3 ·Vs · sinψ ·σ ·T0 ·NF ·B0 ·Ltot

λ 3 · c ·Gt ·Gr · τ ·Pt ·PRF
(6.3)

where R is the range from the radar to the target, Vs is the velocity of the radar, ψ is the

incident angle between the incidence radar beam and the target surface normal, σ is the Stefan-

Boltzmann constant, T0 is the receiver temperature, NF is the noise figure of the receiver, B0 is

the bandwidth, Ltot is the system loss, λ is the wavelength, Gt is the transmit antenna gain, Gr

is the receive antenna gain, τ is the transmitting pulse width, Pt is the transmit power and PRF

is the pulse repetition frequency.

For the femtosatellite SAR swarm, the number of the femtosatellites, n, is considered and

the NESZ of can be expressed as:

NESZswarm = NESZ ·
√

n (6.4)

In order to evaluate the performance of the bi-static femtosatellite swarm, an example sce-

nario of a common X-band SAR system has been investigated for demonstration. The carrier

spacecraft is orbiting at 700 km altitude. It is assumed that the orbit is circular with an orbital
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speed of 7.50 km/s. The radar pulse repetition frequency is 3000 Hz and lasts for a duration of

0.5 s. The swath range, which is the distance between the carrier spacecraft nadir track and the

target, is 400 km. The size of the Vivaldi antenna is approximately 14.5×37 mm (Mandeville

et al., 2009). The main SAR parameters are listed in Table 6.1.

TABLE 6.1: SAR system parameters

Parameter Value

Carrier frequency 9.65 GHz

Bandwidth 100 MHz

Pulse repeat frequency 3000 Hz

Duration 0.5 s

Chirp pulse duration 10 µs

Orbit altitude 700 km

Swath range 400 km

Velocity 7.50 km/s

Approximate range resolution 1.5 m

Receiver temperature 280 K

Noise figure 7 dB

System loss -3 dB

Transmit antenna gain 30 dB

Receive antenna gain 10 dB

Transmitting pulse width 10 s

Transmit power 100 W

The NESZ and SNR of the femtosatellite swarm are shown in Figure 6.2 and 6.3. Most

spaceborne SAR systems features a NESZ between −20 dB to −30 dB (Meng et al., 2017).
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Therefore, a swarm of 50 femtosatellites is required to provide a competitive performance to a

conventional spaceborne SAR system.
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FIGURE 6.2: NESZ for femtosatellite swarm
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FIGURE 6.3: SNR for femtosatellite swarm
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6.4 Performance Evaluation

An Airbus A380 airliner is used as the target, which is shown in Figure 6.4. It has a wingspan

of 80 m and length of 73 m (Leung et al., 2007). The SAR signal space is calculated by

using Equation (3.3) and processed by the modified range-Doppler algorithm to produce the

final images (Cumming et al., 2005). The position offsets between the carrier spacecraft and

femtosatellites are corrected based on their position. Figure 6.5 is generated by using the SAR

signal space without noise and positioning errors. It is used as a benchmark to compare the

performance under different conditions. The performance will be characterised based on the

image peak SNR compared to the benchmark, as shown in Figure 6.5. The image peak SNR is

calculated by Equation (6.5), such that

image peak SNR = 10log10
1

MSE
(6.5)

where MSE is the mean square error between the final radar image and the reference image.

FIGURE 6.4: Example airliner (Airbus A380)
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FIGURE 6.5: SAR image benchmark

6.4.1 Test 1: Number of Femtosatellites

Figure 6.6 shows images produced from different numbers of femtosatellites with -50 dB SNR.

With only one femtosatellite, the airliner is invisible in Figure 6.6a. When there are up to

20 femtosatellites, the airliner starts to appear in the images, as in Figure 6.6b. The more

femtosatellites, the less noisy an image can be produced.

Due to the nature of the data fusion method used in the modified RDA, the image quality is

proportional to the square root of the number of femtosatellites, as shown in Figure 6.7. This

matches the result in Figure 6.3. The image SNR will reach noise saturation as the low raw

signal SNR results in loss of sensitivity. This test uses Gaussian white noise as an example for

demonstration under optimistic conditions and applied to the entire raw SAR data from each

femtosatellite. In reality, the sources of noise are more complicated and powerful noise may

have other influences on the final radar image, therefore, further research is required.
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(D) 100

FIGURE 6.6: Radar image produced with different numbers of femtosatellites
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FIGURE 6.7: Image peak SNR against number of femtosatellites
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6.4.2 Test 2: Received Signal SNR

Figure 6.8 shows the processed images with different signal-to-noise ratios. All images are

processed based on the signal space from 20 femtosatellites. Figure 6.8a presents a similar

result as the benchmark in Figure 6.5 with -30 dB SNR. As the SNR reduces, the airliner

becomes less visible and hard to identify. The target is undetectable when the SNR reaches -60

dB as shown in Figure 6.8d.

Figure 6.9 shows a linear relationship between the received signal SNR and the image peak

SNR. The image peak SNR will be saturated at low signal SNR and the target will not be

visible at such a condition. An unsaturated low received signal SNR can still provide basic

target detection capability, as shown in Figure 6.8c, and a high received signal SNR enables

the identification capability as shown in Figure 6.8a and 6.8b. Based on these simulated result,

it may possible to identify the airliner by its dimensions and number of engines when the signal

SNR is -40 dB or higher. The required received signal SNR for a given femtosatellite swarm

SAR system can then be estimated based on this simulated result.
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(D) -60 dB

FIGURE 6.8: Radar image produced with different received signal SNR
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FIGURE 6.9: Image peak SNR against received signal SNR
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6.4.3 Test 3: Positioning Error

In real-world scenarios, position errors will be present which will degrade the performance

of the system. This will lead to an offset of the target in the final radar image. Figure 6.10

shows the effect of this error on processed radar images. All images are processed based on the

signal space from 20 femtosatellites with -30 dB SNR. The processed radar image indicates

an acceptable result with 2 m error, as shown in Figure 6.10b. The image is clearly blurred

when the positioning error is 5 m. The image SNR flattens as positioning error increases and

the boundary is proportional to the size of the target and the resolution of the radar. In Figure

6.10d, the target will be extremely hard to identify. Accurate position determination is key to

reduce the ambiguity of the target. The effect of positioning error could be further reduced by

matching the raw SAR data from each femtosatellite.

The effect of positioning error and SNR are shown in Figure 6.11. The image SNR has a

steady drop as the positioning error increases unless it reaches a noise saturation at 12 dB where

the target is entirely invisible. With higher SNR, the target remains detectable but no longer

identifiable when the positioning error increases. This plot can be used to estimate the expected

radar image quality from the bi-static femtosatellite swarm with a given system specification.
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FIGURE 6.10: Radar image produced with different positioning errors
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FIGURE 6.11: Image peak SNR
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6.5 Space Situational Awareness

Space debris can be a threat to all active satellites and spacecraft (Johnson, 2010). Mullick et

al. provides a comprehensive study of such threats (Mullick et al., 2019). Much research had

been done on the detection of space debris (Anz-Meador et al., 2019; Mariappan et al., 2019).

In addition to the Earth remote sensing mission evaluated in Section 6.4, the same fem-

tosatellite swarm could also be used to detect debris for space situational awareness. By adapt-

ing the RDA to focus on a moving target, on-orbit targets could be detected and imaged. In

this scenario, both the femtosatellite swarm and the target are moving along their orbit. This

is categorised as inverse synthetic aperture radar (ISAR) (Wang et al., 2018). Anger et al. and

Qian et al. investigated advanced ISAR image processing algorithms to improve focusing in

this scenario (Anger et al., 2019; Qian et al., 2019).

As noted in Section 6.2, motion along the range and the elevation directions will introduce

focusing problems. In this section, the femtosatellite swarm and the target are investigated in

a relative coordinate system where the origin is the target and is considered stationary. With

the known orbit parameters of the femtosatellite swarm and the target, the relative motion can

then be simplified. Targets on other orbits could also be detected by applying the SAR signal

processing algorithm on the same SAR signal space with different target orbital elements.

6.5.1 Test 1: Target Orbit Altitude

The international space station (ISS) is used as the target, as shown in Figure 6.12, and the

orbit specifications are listed in Table 6.2. It is the largest spacecraft in LEO and continuously

faces the threat of collision with orbiting debris (Akella et al., 2000). It has an overall length
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of 73 m and width of 110 m (Chan, 2009). The ISS is assumed to be in a circular orbit at 400

km1 and an inclination of 51.64◦. Figure 6.13 shows the radar image benchmark if the ISS was

stationary.

FIGURE 6.12: International space station (ISS)

TABLE 6.2: ISS orbit specifications

Parameter Value

Orbit altitude 400 km

Inclination 51.64◦

Speed 7.66 km/s

Figure 6.14 shows radar images of the ISS generated at different orbit altitudes without

noise and positioning errors. The orbit inclination is 51.64◦ for each altitude and the speed

is calculated based on the orbit altitudes. Compared to Figure 6.13, blurs are introduced due

to the motion of ISS along the orbit. The shape of the ISS remains recognisable across all

orbit altitudes. The intensity of the target in the radar images decreases while the orbit altitude

increases. The modules of the ISS blur in Figure 6.14c and 6.14d due to the limited resolution

of the SAR sensors composed by the femtosatellite swarm. Figure 6.15 shows a flat image

1The ISS altitude varies between 280 km and 460 km (Gustafsson et al., 2009).
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FIGURE 6.13: ISS image benchmark

peak SNR across all orbit altitudes. It can be considered that the target orbit altitude should not

affect the performance of the space situational awareness application. Also, the magnitude of

these results are approximately 9.6 dB which is worse than those in Section 6.4. This is caused

by the additional motion of the target compared to the stationary scenario. It indicates that the

performance of the SAR signal processing algorithm could be improved with advanced InSAR

signal processing algorithms (Wang et al., 2018).
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(B) 300 km
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(C) 400 km
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(D) 500 km

FIGURE 6.14: Radar image produced of the ISS at different orbit altitudes
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FIGURE 6.15: Image peak SNR of ISS at different orbit altitudes
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6.5.2 Test 2: Target Size

After identifying the target spacecraft, a target with a square cross section is used to evaluate

the capability of using the femtosatellite swarm to detect space debris. It is assumed that the

target is orbiting at the same orbit as the ISS in a 400 km circular orbit. Figure 6.16 shows the

radar images of different size targets. All images are processed based on the signal space from

20 femtosatellites with −50 dB SNR. As noted in Table 6.1, the approximate range resolution

of the femtosatellite swarm is 1.5 m which is larger than most space debris (Smirnov, 2001).

Figure 6.16b, 6.16c and 6.16d show that the targets are detectable but unrecognisable when

their size is smaller than the femtosatellite swarm SAR range resolution as listed in Table

6.1. This demonstrates that space debris smaller than a CubeSat could be detected by the

femtosatellite swarm, although not spatially resolved. Figure 6.17 shows the image peak SNR

against different target sizes. The image peak SNR is approximately 22.13 dB when the target

size is larger or close to the radar system resolution, and approximately 20.56 dB when it is

marginally smaller than the resolution. This shows that the image peak SNR can be used to test

if the target been spatially resolved or not. Compared to stationary scenarios, the magnitude of

the image peak SNR is higher due to the simple shape of the target. It also indicates that the

image peak SNR is not related to the size of the target when it is not close to the radar system

resolution.
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(D) 0.01×0.01 m

FIGURE 6.16: Radar image produced with different targets at the ISS orbit
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FIGURE 6.17: Image peak SNR against different space debris target sizes
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6.6 Summary

In this chapter, the performance of the femtosatellite swarm for SAR applications is evalu-

ated. A modified range-Doppler algorithm is proposed in Section 6.2 to process the received

signal at the femtosatellite and generate the radar image. In Section 6.3, the performance of

the femtosatellite swarm is analysed by using NESZ and SNR. A theoretical performance for

SAR missions can then be estimated. It has then been further evaluated with a simulated mock

mission scenario in different configurations in Section 6.4. The radar image quality from the

femtosatellite swarm can be estimated based on the simulated configurations. Finally, by fo-

cusing the SAR signal processing for on-orbit targets, the femtosatellite swarm could be used

for on-orbit target and space debris detection as demonstrated in Section 6.5.



Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis provided a comprehensive system level analysis of femtosatellite swarms for syn-

thetic aperture radar applications. It covers femtosatellite prototype design, orbital dynamics

and control and synthetic aperture radar performance.

In Chapter 2, an extensive review of femtosatellite systems was provided. The femtosatel-

lite concept and its subsystems were discussed to provide the foundation of the thesis. In

particular, each subsystem is discussed in detail, specifically for the femtosatellite concept.

Current designs of femtosatellites were reviewed as proof of concepts. WikiSat and Sprite

prove the basic functionality of the femtosatellite concept. Solar sailing and relative motion

are then introduced to establish the orbital dynamics required for the thesis. An active control

strategy can be developed within such dynamic models. In addition, Sun-synchronous orbits

are key to exploit the femtosatellite concept. In such orbits, the femtosatellite is under constant

110
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illumination without eclipse, which increases the femtosatellite’s orbit lifetime and mission ca-

pability. This combination provides an unique opportunity to enable the femtosatellite swarm

to be used for synthetic aperture radar applications.

Chapter 3 introduced the basics of synthetic aperture radar. A signal model was provided

to generate radar signals in a simulated scenario. Common radar system configurations, espe-

cially the bi-static configuration, were discussed for femtosatellite-based SAR missions. The

range-Doppler algorithm was introduced to process the data from such missions and produce

the final radar image. Current spaceborne missions were also reviewed as inspiration for the

femtosatellite synthetic aperture radar mission.

A novel femtosatellite mission concept was proposed in Chapter 4 to exploit the concept

of femtosatellite swarms. With this mission in mind, the design objectives were listed and

discussed. The geometries of the femtosatellites were compared to take advantage of Sun-

synchronous orbits and solar sailing. A novel flat-bubble shaped femtosatellite concept was

then proposed. Its flat design is capable of maximising solar radiation pressure for orbit con-

trol while minimising atmospheric drag. The bubble protects the core electronics from solar

radiation and heat. Electrochromic panels on each corner of the femtosatellite enable the con-

trol of solar radiation pressure, therefore generating torques for active attitude and orbit control.

Finally, a detailed mission concept and femtosatellite hardware design were presented for later

analysis in Chapter 5.

In Chapter 5, the orbital dynamics and orbit control of a femtosatellite in relative motion

were explored, with assumptions made to simplify the analysis. The orbital dynamics of rela-

tive motion was investigated with external accelerations. The effect of solar radiation pressure,

atmospheric drag and differential forces relative to the carrier spacecraft were evaluated in the
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relative motion analysis. The attitude dynamics of the problem was then studied to exploit the

manoeuvrability of the femtosatellite. An active orbit control strategy was developed based

on solar radiation pressure. This demonstrates the attitude transfer process between different

attitudes, therefore, enabling control of the orbit of the femtosatellite within the relative motion

analysis. Example scenarios with low and high deployment speeds were presented to demon-

strate the feasibility of the active orbit control strategy. An example of femtosatellite swarm

deployment evolution was provided. This demonstrates the feasibility of the mission concept

defined in Chapter 4.

With active orbit control, a swarm of femtosatellites can be controlled and positioned

around the carrier spacecraft. Chapter 6 evaluates the performance of such femtosatellite

swarms for the synthetic aperture radar applications. A modified range-Doppler algorithm

was presented to process the radar signal from the femtosatellite swarm. The performance

of the femtosatellite SAR system was analysed by noise equivalent sigma zero (NESZ) and

signal-to-noise ratio (SNR). The results were then confirmed by a mock mission scenario.

The performance of the swarm was evaluated in three different configurations: the number of

femtosatellites, received radar signal SNR and positioning error. Based on these result, the per-

formance of a given femtosatellite swarm configuration can be estimated. Furthermore, space

situational awareness for on-orbit targets was also investigated to enhance the mission capabil-

ity of the femtosatellite swarm. By refocusing the SAR processing on a moving target, orbiting

targets and space debris can be detected and imaged.
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7.2 Future Work

This thesis has demonstrated the feasibility of using femtosatellite swarms with active orbit

control for synthetic aperture radar missions. A range of research topics can be further investi-

gated.

The femtosatellite concept can benefit from a more comprehensive analyse of orbital dy-

namics and perturbations. With the latest development in MEMS technology, MEMS mirrors

can be used in addition to the electrochromic panels. MEMS mirrors are able to provide torque

to control the femtosatellite attitude in the yaw axis. A new closed-loop active orbit control

strategy can then be developed for a more comprehensive dynamics model.

The hardware of the femtosatellite could be further optimised by using customised com-

ponents, especially on the radar payload subsystem. As demonstrated in Chapter 6, the radar

performance is strongly related to the radar received signal SNR. A faster communication link

between the femtosatellites and the carrier spacecraft can reduce the response time of the fem-

tosatellite swarm between measurements. The carrier spacecraft could also be investigated for

different radar missions.

The sources of noise in the space environment can be evaluated to improve the accuracy of

performance analysis. The performance of the femtosatellite swarm can be further improved by

an advanced bi-static synthetic aperture radar signal processing method. As noted in Chapter

6, more advanced ISAR signal processing algorithms could be investigated to increase on-orbit

target detection performance. In addition, a wider spatial spread of the femtosatellite swarm

has the potential to form a sparse aperture radar system.



Appendix A

Clohessy-Wiltshire Equations with

External Acceleration

First, re-write Equation (2.2a) as

ẍ = ax +2ωnẏ+3ω
2
n x (A.1)

and differentiate both sides

...x = 2ωnÿ+3ω
2
n ẋ (A.2)

substituting ÿ in Equation (A.2) with Equation (2.2b), this becomes

...x = 2ωn(ay−2ωnẋ)+3ω
2
n ẋ = 2ωnay−ω

2
n ẋ (A.3)
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and applying a Laplace transform provides

s3X(s)− s2x0− sẋ0− ẍ0 +ω
2
n sX(s)−ω

2
n x0−

2ωnay

s
= 0 (A.4)

which then becomes

sX(s)(s2 +ω
2
n ) = (s2 +ω

2
n )x0 + sẋ0 + ẍ0 +

2ωnay

s
(A.5)

Then, solving for X(s), it is found that

X(s) =
x0

s
+

ẋ0

s2 +ω2
n
+

ẍ0

sω2
n
− sẍ0

s(s2 +ω2
n )

+
2ay

s2ωn
−

2ay

ωn(s2 +ω2
n )

(A.6)

and applying the inverse Laplace transform to obtain the time domain solution, it is found that

x(t) =
(

ẋ0

ωn
−

2ay

ω2
n

)
sin(ωnt)−

(
3x0 +

2ẏ0

ωn
+

ax

ω2
n

)
cos(ωnt) (A.7)

Taking the derivative of Equation (A.7) provides the time domain solution for ẋ, such that

ẋ(t) =
(

3ωnx0 +2ẏ0 +
ax

ωn

)
sin(ωnt)+

(
ẋ0−

2ay

ωn

)
cos(ωnt)+

2ay

ωn
(A.8)

Then, re-writing Equation (2.2b) as

ÿ = ay−2ωnẋ (A.9)
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and substituting ẋ with Equation (A.8) to obtain

ÿ = ay−2ωn

[(
3ωnx0 +2ẏ0 +

ax

ωn

)
sin(ωnt)+

(
ẋ0−

2ay

ωn

)
cos(ωnt)+

2ay

ωn

]
(A.10)

This can be expanded as

ÿ =−(2ωnẋ0−4ay)cos(ωnt)− (6ω
2
n x0 +4ωnẏ0 +2ax)sin(ωnt)−3ay (A.11)

Then, integrating to find ẏ and y, it can be shown that

ẏ =−(2ẋ0−
4ay

ωn
)sin(ωnt)+(6ωnx0 +4ẏ0 +

2ax

ωn
)cos(ωnt)−3ayt +C (A.12)

y = (
2ẋ0

ωn
−

4ay

ω2
n
)cos(ωnt)+(6x0 +

4ẏ0

ωn
+

2ax

ω2
n
)sin(ωnt)− 3

2
ayt +Ct +D (A.13)

where C and D are constants. When t = 0, the results become

ẏ0 = 6ωnx0 +4ẏ0 +
2ax

ωn
+C (A.14)

y0 =
2ẋ0

ωn
−

4ay

ω2
n
+D (A.15)

therefore

C =−6ωnx0−3ẏ0−
2ax

ωn
(A.16)

D = y0−
2ẋ0

ωn
+

4ay

ω2
n

(A.17)
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and the time domain solution for ẏ and y is given by

ẏ(t) =−
(

2ẋ0−
4ay

ωn

)
sin(ωnt)+

(
6ωnx0 +4ẏ0 +

2ax

ωn

)
cos(ωnt)

−3ayt−
(

6ωnx0 +3ẏ0 +
2ax

ωn

)
(A.18a)

y(t) =
(

6x0 +
4ẏ0

ωn
+

2ax

ω2
n

)
sin(ωnt)+

(
2ẋ0

ωn
−

4ay

ω2
n

)
cos(ωnt)

−
3ay

2
t2−

(
6ωnx0 +3ẏ0 +

2ax

ωn

)
t +
(

y0−
2ẋ0

ωn
+

4ay

ω2
n

)
(A.18b)

Finally, re-writing Equation (2.2c) as

z̈+ω
2
n z−az = 0 (A.19)

and applying a Laplace transform, it is found that

s2Z(s)− sz0− ż0 +ω
2
n Z(s)− az

s
= 0 (A.20)

which becomes

(s2 +ω
2
n )Z(s) =

az

s
+ sz0 + ż0 (A.21)

and can be solved for Z(s) as

Z(s) =
sz0

s2 +ω2
n
+

ż0

s2 +ω2
n
+

az

sω2
n
− saz

ω2
n (s2 +ω2

n )
(A.22)



Appendix A. Clohessy-Wiltshire Equations with External Acceleration 118

Then, applying the inverse Laplace transform to obtain the time domain solution for z, it is

found that

z(t) =
żo

ωn
sin(ωnt)+

(
z0−

az

ω2
n

)
cos(ωnt)+

az

ω2
n

(A.23)

and taking the derivative, the time domain solution for ż can be found as

ż(t) =−
(

ωnz0−
az

ωn

)
sin(ωnt)+ ż0 cos(ωnt) (A.24)

Finally, the analytical solution for the Clohessy-Wiltshire equations with external acceler-

ation become

x(t) =
(

ẋ0

ωn
−

2ay

ω2
n

)
sin(ωnt)−

(
3x0 +

2ẏ0

ωn
+

ax

ω2
n

)
cos(ωnt)

+
2ay

ωn
t +
(

4x0 +
2ẏ0

ωn
+

ax

ω2
n

)
(A.25a)

y(t) =
(

6x0 +
4ẏ0

ωn
+

2ax

ω2
n

)
sin(ωnt)+

(
2ẋ0

ωn
−

4ay

ω2
n

)
cos(ωnt)

−
3ay

2
t2−

(
6ωnx0 +3ẏ0 +

2ax

ωn

)
t +
(

y0−
2ẋ0

ωn
+

4ay

ω2
n

)
(A.25b)

z(t) =
żo

ωn
sin(ωnt)+

(
z0−

az

ω2
n

)
cos(ωnt)+

az

ω2
n

(A.25c)

ẋ(t) =
(

3ωnx0 +2ẏ0 +
ax

ωn

)
sin(ωnt)+

(
ẋ0−

2ay

ωn

)
cos(ωnt)+

2ay

ωn
(A.25d)

ẏ(t) =−
(

2ẋ0−
4ay

ωn

)
sin(ωnt)+

(
6ωnx0 +4ẏ0 +

2ax

ωn

)
cos(ωnt)

−3ayt−
(

6ωnx0 +3ẏ0 +
2ax

ωn

)
(A.25e)

ż(t) =−
(

ωnz0−
az

ωn

)
sin(ωnt)+ ż0 cos(ωnt) (A.25f)
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FIGURE B.1: Deployed femtosatellites over time, xy-plane (hr:min)

119



Appendix B. Evolution of Femtosatellite Swarm Deployment 120

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(G) t = 02:10

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(H) t = 02:20

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(I) t = 02:30

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(J) t = 02:40

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(K) t = 02:50

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(L) t = 03:00

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(M) t = 03:10

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(N) t = 03:20

-100 -50 0 50 100

 y (m) 

-5

0

5
 x

 (
m

) 
Femtosatellites

Carrier Spacecraft

(O) t = 03:30

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(P) t = 03:40

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(Q) t = 03:50

-100 -50 0 50 100

 y (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(R) t = 04:00

FIGURE B.1: Deployed femtosatellites over time, xy-plane (hr:min) (continued)
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FIGURE B.1: Deployed femtosatellites over time, xy-plane (hr:min) (continued)
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FIGURE B.2: Deployed femtosatellites over time, xz-plane (hr:min)



Appendix B. Evolution of Femtosatellite Swarm Deployment 122

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(G) t = 02:10

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(H) t = 02:20

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(I) t = 02:30

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(J) t = 02:40

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(K) t = 02:50

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(L) t = 03:00

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(M) t = 03:10

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(N) t = 03:20

0 5 10

 z (m) 

-5

0

5
 x

 (
m

) 
Femtosatellites

Carrier Spacecraft

(O) t = 03:30

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(P) t = 03:40

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(Q) t = 03:50

0 5 10

 z (m) 

-5

0

5

 x
 (

m
) 

Femtosatellites

Carrier Spacecraft

(R) t = 04:00

FIGURE B.2: Deployed femtosatellites over time, xz-plane (hr:min) (continued)
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FIGURE B.2: Deployed femtosatellites over time, xz-plane (hr:min) (continued)
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