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Abstract

ABSTRACT
The objective of this study is to help understand the concept of responsive space and to provide
structure to enable multidisciplinary discussions on the topic. Responsiveness had been an
element of space activities as exemplified by ICBMs which could be launched in a moment’s
notice. However, this element was lost as the focus shifted towards greater capability and
affordability. The need for enhanced responsive space capability has been expressed by the
military. Civil and commercial actors have shown interest as well. Bringing the element of
responsiveness to modern space projects is a difficult task to achieve. As an example, the
advanced payloads have shorter shelf life compared to warheads. On the other hand the security
considerations for dual-use introduce new restrictions. Furthermore, with a wider scope, the
definition of responsiveness is in flux because there is no central authority to prevent people
from redefining it for their own purposes.
This study attempts to unify existing views of responsive space by clarifying the users and needs,
by considering the entire process from need identification to solution delivery and by showing
how different architectures can be compared. The report concludes with a case study on a
European responsive space concept. The architecture proposed is for an on-demand launch
system providing high resolution images. In this interdisciplinary example, near-future
technologies are used to form the architecture elements such as the Vega launch vehicle and the
European Data Relay Satellite (EDRS). The time loss due to launch preparation is reduced by
storing satellites and launchers in launch-ready modes. The supply chain and logistics to
accomplish this are also presented. Finally, the business aspects are evaluated to determine its
feasibility. There are legal and policy issues which are avoided using ITAR-free technology and
pre-allocated frequencies. However in the optimal implementation of responsive space, these
are issues that must be overcome.
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legal challenges are inter-linked and there is great value in a systemic approach. Proudly, each
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developed.
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transfer process. With any venture into undefined territory, we understand there are inherent
risks but also great opportunities to mold potential activities such as responsive space.

The Authors of Space and Responsive Systems

viii

International Space University, Masters 2009

Space and Responsive Systems

Table of Contents

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ........................................................................................................... III
AUTHORS....................................................................................................................................... IV
ABSTRACT...................................................................................................................................... VI
FACULTY PREFACE................................................................................................................... VII
AUTHOR PREFACE...................................................................................................................VIII
TABLE OF CONTENTS ...............................................................................................................IX
INDEX OF FIGURES .................................................................................................................. XII
INDEX OF TABLES ................................................................................................................... XIV
LIST OF ACRONYMS...................................................................................................................XV
1

INTRODUCTION ....................................................................................................................1
1.1
1.2

2

USERS AND NEEDS............................................................................................................... 5
2.1
2.1.1
2.1.2
2.1.3
2.1.4
2.1.5
2.1.6
2.1.7
2.1.8
2.2
2.2.1
2.2.2
2.2.3
2.2.4
2.3
2.4

3

RESPONSIVE SPACE................................................................................................................................ 1
LAYOUT OF THE REPORT ...................................................................................................................... 3

USERS ....................................................................................................................................................... 5
Commercial ........................................................................................................................................... 6
Disaster Management Organizations...................................................................................................... 6
Humanitarian NGO ............................................................................................................................ 6
Media ................................................................................................................................................... 6
Military/JFC ....................................................................................................................................... 7
Publicly Regulated Services..................................................................................................................... 7
Scientific Community ............................................................................................................................. 7
Others ................................................................................................................................................... 7
NEEDS ..................................................................................................................................................... 7
Service Provider Needs ........................................................................................................................... 8
Remote Sensing (RS) ...........................................................................................................................10
Needs Matrix .....................................................................................................................................11
Combined Needs Matrix .....................................................................................................................16
ANALYSIS...............................................................................................................................................17
CONCLUSION ........................................................................................................................................17

RESPONSIVE SPACE ARCHITECTURES .........................................................................19
3.1
FUNCTIONAL FLOW BLOCK DIAGRAM (FFBD)..............................................................................19
3.2
RESPONSIVE TECHNIQUES .................................................................................................................22
3.2.1 Re-Orient – Physically.........................................................................................................................22
3.2.2 Re-Orient – Digitally ..........................................................................................................................23
3.2.3 Change Orbit ......................................................................................................................................24
3.2.4 Spare Satellites ....................................................................................................................................25
3.2.5 Quick Deploy – Deployable Elements..................................................................................................25
3.2.6 Quick Deploy – On Demand Launch .................................................................................................26
3.2.7 Modify – Reconfigurable ......................................................................................................................26
3.2.8 Modify – Swap Out Components.........................................................................................................27
3.2.9 Overdrive (Forced) Mode......................................................................................................................27

International Space University, Masters 2009

ix

Space and Responsive Systems

3.3
3.4
3.4.1
3.4.2
3.4.3
3.4.4
3.4.5
3.4.6
3.4.7
3.5
3.5.1
3.5.2
3.5.3
3.5.4
3.6
3.6.1
3.6.2
4

ARCHITECTURE.....................................................................................................................................28
DECISION TREE ....................................................................................................................................30
Small Satellite in High Orbit...............................................................................................................30
Quick Deploy – Deployable Elements ..................................................................................................31
Constellation of Small Satellites Deployed from Ground ........................................................................31
Constellation of Large Satellites in Low Orbit ......................................................................................31
Quick Deploy – On Demand Launch..................................................................................................32
Single Large Satellite in a High Orbit..................................................................................................32
Constellation of Large Satellites in High Orbits....................................................................................34
RESPONSIVE ARCHITECTURES............................................................................................................34
Architecture 1: Small Single Satellite - Low Orbit - Quick Deploy from the Ground.............................35
Architecture 2: Small Satellite Constellation – Low Orbit – Re-Orient Ability.....................................38
Architecture 3: Large Single Satellite – Low Orbit – Change/Modify Ability ......................................40
Summary.............................................................................................................................................42
TECHNOLOGY TRANSFER/ EXPORT CONTROL POLICY ..................................................................43
Current export control policy.................................................................................................................43
The main effect of current export control policy for the selected Architecture .............................................45

CASE STUDY: ON-DEMAND LAUNCH FOR EUROPE ................................................. 47
4.1
4.1.1
4.1.2
4.1.3
4.2
4.2.1
4.3
4.3.1
4.3.2
4.3.3
4.3.4
4.4
4.4.1
4.4.2
4.4.3
4.4.4
4.4.5
4.4.6
4.4.7
4.4.8
4.5
4.5.1
4.5.2
4.5.3
4.6
4.6.1
4.6.2
4.7
4.7.1
4.7.2

x

Table of Contents

RESPONSIVE SPACE FOR EUROPE ......................................................................................................47
Why Europe for Responsive Space ........................................................................................................47
European Defense Agency....................................................................................................................49
European Space Policy .........................................................................................................................49
CASE STUDY OUTLINE ........................................................................................................................52
Case Study Background .......................................................................................................................53
USERS .....................................................................................................................................................53
The EU Army: Eurocorps ..................................................................................................................53
The EU Civilian User ........................................................................................................................53
Potential Responsive Market ................................................................................................................54
Type of Data Required.........................................................................................................................56
THE COMPANY .....................................................................................................................................57
Identity of the Company........................................................................................................................57
Financing ............................................................................................................................................57
RAPID S.A.S. and the Celeritas Architecture ....................................................................................58
Facilities..............................................................................................................................................58
Organizational Structure......................................................................................................................59
Legal Status of RAPID S.A.S. ..........................................................................................................60
Policy Implications ...............................................................................................................................60
Technical Architecture..........................................................................................................................62
SATELLITES ...........................................................................................................................................63
Payloads ..............................................................................................................................................63
Satellite Bus.........................................................................................................................................67
Satellite Procurement and Inventory Management ..................................................................................70
LAUNCH VEHICLES ..............................................................................................................................74
Policy and Legal Restrictions on Vega and Falcon ................................................................................76
Supply Chain Management ..................................................................................................................78
LAUNCH SITE ........................................................................................................................................84
Guiana Space Center (GSC) ...............................................................................................................85
Space Traffic Management ...................................................................................................................87
International Space University, Masters 2009

Space and Responsive Systems

Table of Contents

4.8
PRE-LAUNCH OPERATIONS ................................................................................................................88
4.8.1 Orbits analysis ....................................................................................................................................88
4.8.2 Pre-Launch Timeline ...........................................................................................................................91
4.8.3 Launch Campaign Risk Analysis........................................................................................................93
4.9
LAUNCH AND POST-LAUNCH PROCEDURES ....................................................................................93
4.9.1 Early Orbit Phase...............................................................................................................................94
4.9.2 Calibration..........................................................................................................................................94
4.9.3 Data Acquisition ................................................................................................................................95
4.9.4 Data Transmission..............................................................................................................................95
4.9.5 Data Processing...................................................................................................................................98
4.9.6 Data Distribution and Management ....................................................................................................99
4.9.7 Specific Customer Needs ....................................................................................................................100
4.10
BUSINESS OVERVIEW ........................................................................................................................101
4.10.1
Overall Costing.............................................................................................................................101
4.10.2
Risk Analysis ..............................................................................................................................104
4.10.3
Market Analysis..........................................................................................................................106
4.11
CONCLUSION ......................................................................................................................................108
5

RECOMMENDATIONS AND CONCLUSIONS............................................................... 109
5.1
5.2
5.2.1
5.2.2
5.3
5.4

RESPONSIVE SPACE CONCEPT .........................................................................................................109
CELERITAS ..........................................................................................................................................109
Fast Launch .....................................................................................................................................109
Economies of Scale.............................................................................................................................110
ITU ......................................................................................................................................................110
ITAR....................................................................................................................................................110

6

REFERENCES...................................................................................................................... 113

A.

APPENDICES ....................................................................................................................... 125
A.1
CALCULATION OF THE COMBINED NEEDS MATRIX ....................................................................125
A.1.1
Methodology used to build the Utility Function: .............................................................................127
A.2
DECISION TREE .................................................................................................................................129
A.3
ALTITUDE VS. SPACECRAFT MASS CALCULATION .........................................................................130
A.4
BUSINESS TIMELINE ..........................................................................................................................132
A.5
COSTING OF THE SATELLITES ..........................................................................................................133
A.5.1
Cost of Purchase ...........................................................................................................................133

International Space University, Masters 2009

xi

Space and Responsive Systems

List of Figures

INDEX OF FIGURES
Figure 3-1 : Notional Functional Flow Block Diagram (FFBD) .......................................................19
Figure 3-2 : FFBD for Remote Sensing.................................................................................................20
Figure 3-3 : FFBD for Remote Sensing with the Terrestrial and Space Segments Defined .........20
Figure 3-4 : FFBD for Telecommunications ........................................................................................21
Figure 3-5 : Engineering Design Process ..............................................................................................21
Figure 3-6 : Stereo Imaging Mode ..........................................................................................................23
Figure 3-7 : Super-Resolution Imaging Mode.......................................................................................23
Figure 3-8 : Phased Array.........................................................................................................................24
Figure 3-9 : MDA WiSAR........................................................................................................................24
Figure 3-10 : Ground Track Modification using the Lorentz Force.................................................24
Figure 3-11 : Minerva Probe....................................................................................................................25
Figure 3-12 : Poly-Picosatellite Orbital Deployers...............................................................................25
Figure 3-13 : Reconfigurable Satellite Computer .................................................................................26
Figure 3-14 : Graphical Explanation of Response Time.....................................................................28
Figure 3-15 : Satellite Size Vs. Altitude.................................................................................................31
Figure 3-16 : Revisit Time........................................................................................................................32
Figure 3-17 : Satellite Coverage...............................................................................................................33
Figure 3-18 : Two Satellite Constellation Coverage.............................................................................34
Figure 3-19 : Quick Integration and Deployment of Space Assets...................................................36
Figure 3-20 : Small Satellite Constellation Architecture......................................................................38
Figure 3-21 : Coverage of 5 Satellites with 10° Re-Orientation Capability......................................39
Figure 3-22 : Large Single Satellite Architecture...................................................................................40
Figure 3-23 : Large Satellite Coverage with 40 Degree Re-Orientation Ability ..............................41
Figure 3-24 : Authorization Hierarchy for U.S. Export Controls (DoC & FAA, 2008)................45
Figure 4-1 : Proposed EADS Organization with RAPID S.A.S.*.....................................................57
Figure 4-2 : Organizational Structure of Company..............................................................................59
Figure 4-3 : Technical Architecture ........................................................................................................62
Figure 4-4 : Atmospheric Electromagnetic Transmittance or Opacity (NASA, 2007) ..................64
Figure 4-5 : AstroSAR-Lite Spacecraft in its Operational and Launch Configurations
(Honstvet et al., 2007) .....................................................................................................................67
Figure 4-6 : SSTL 300 (SSTL, 2009).......................................................................................................69
Figure 4-7 : Snapdragon Deployment Sequence (Eves, 2007)...........................................................70
Figure 4-8 : AstroSAR in Falcon-1 Shroud (Eves, 2007)....................................................................70
Figure 4-9 : Supply Chain.........................................................................................................................71
Figure 4-10 : Average Unit Cost Satellites in EUR ..............................................................................73
Figure 4-11 : SpaceX's Falcon 1e ............................................................................................................75
Figure 4-12 : SpaceX’s Falcon 1e Shroud (meters [inches]) ...............................................................75
Figure 4-13 : Vega Launch Vehicle.........................................................................................................76
Figure 4-14 : Vega Shroud Dimensions (mm)......................................................................................76
Figure 4-15 : Launch Service Procurement Actors..............................................................................81
Figure 4-16 : Reporting Flow for Post-Launch Phase.........................................................................83
Figure 4-17 : World Major Launch Sites................................................................................................85
Figure 4-18 : Map of Guiana Space Center (Arianespace, 2006).......................................................87
Figure 4-19 : Mission FFBD....................................................................................................................88
Figure 4-20 : Responsive Coverage through Agility ............................................................................90
xii

International Space University, Masters 2009

Space and Responsive Systems

List of Figures

Figure 4-21 : SSO vs. RCO Coverage ....................................................................................................90
Figure 4-22 : U.S. Military Responses to Situations, 1990-2002 (Space et al., 2004) ......................91
Figure 4-23 : Pre-Launch Operations Flow ..........................................................................................92
Figure 4-24 : Uplink and Downlink Procedures (Younes et al., 1998) .............................................96
Figure 4-25 : Multiple Access Management System.............................................................................97
Figure 4-26 : Overall Cost Estimation Breakdown........................................................................... 102
Figure 4-27 : Total Program Cost as a Function of the Total Number of Satellites that RAPID
S.A.S. may Launch during the First 4 Business Years............................................................. 103
Figure 4-28 : Cost per Responsive Satellite Launched vs. Annual Market Demand ................... 104
Figure 4-29 : Attributes for a Responsive Space Investment .......................................................... 106
Figure 4-30 : Launch History................................................................................................................ 107
Figure A-1 : Result of User Needs Analysis....................................................................................... 128
Figure A-2 : Decision Tree.................................................................................................................... 129
Figure A-3 : Altitude vs. Spacecraft Mass Chart................................................................................ 131
Figure A-4 : Business Timeline............................................................................................................. 132
Figure A-5 : Cost Estimation Breakdown of the Series of Satellites with Optical Payload. ..... 135
Figure A-6 : Cost Estimation Breakdown of the Series of Satellites with SAR Payload. ........... 135
Figure A-7 : Unit Cost of Purchase when Mass-Producing the Small Satellites. ......................... 136
Figure A-8 : Total Cost of Purchase when Mass-Producing the Small Satellites......................... 137

International Space University, Masters 2009

xiii

Space and Responsive Systems

List of Tables

INDEX OF TABLES
Table 1-1 : ORS Three-Tiered Approach (Sega & Cartwright, 2007, p.4).........................................2
Table 2-1 : Users Need Matrix ................................................................................................................11
Table 2-2 : Needs Matrix for the Commercial User Group ...............................................................12
Table 2-3 : Needs Matrix for the Commercial User Group ...............................................................13
Table 2-4 : Needs Matrix for JFC User..................................................................................................14
Table 2-5 : Needs Matrix for the Humanitarian NGO User Group ................................................14
Table 2-6 : Needs Matrix for the Media User Group..........................................................................15
Table 2-7 : Needs Matrix for the PRS User Group .............................................................................15
Table 2-8 : Needs Matrix for the Scientific Community User Group ..............................................16
Table 2-9 : A Section of the Combined Needs Matrix........................................................................16
Table 3-1 : Responsive Techniques ........................................................................................................22
Table 3-2 : Re-Orient - Physically...........................................................................................................23
Table 3-3 : Re-Orient - Digitally .............................................................................................................24
Table 3-4 : Change Orbit..........................................................................................................................25
Table 3-5 : Spare Satellites........................................................................................................................25
Table 3-6 : Quick Deploy – Deployable Elements ..............................................................................26
Table 3-7 : Quick Deploy - On Demand Launch ................................................................................26
Table 3-8 : Modify - Reconfigurable ......................................................................................................27
Table 3-9 : Modify - Swap Out Components .......................................................................................27
Table 3-10 : Overdrive (Forced) Mode..................................................................................................27
Table 3-11 : Short Term Imaging Needs within Days.........................................................................35
Table 3-12 : Architecture Summary Table.............................................................................................43
Table 4-1 : Short List of Organizations that Require Short Term Actions......................................55
Table 4-2 : Description or Functions of RAPID Personnel ..............................................................60
Table 4-3 : Registration Requirements...................................................................................................61
Table 4-4 : Optical Payloads (SSTL, 2008a; SSTL, 2008b).................................................................66
Table 4-5 : Optical and SAR satellite design parameters ....................................................................67
Table 4-6 : Mass Budget of the Optical and SAR Satellites................................................................68
Table 4-7 : Non-Technical Requirement Considerations ...................................................................68
Table 4-8 : Member States Contribution on Vega Program Projects (A, B, C) ..............................79
Table 4-9 : Services Provided by Arianespace ......................................................................................82
Table 4-10 : Evaluation of SSO and RCO ............................................................................................89
Table 4-11 : ITU Frequency Allocation for LEO-GEO Communication.......................................96
Table 4-12 : Applicable Algorithms and Applications to Optical and SAR Images.......................98
Table 4-13 : Types of Risks....................................................................................................................105
Table 4-14 : Risk Table for RAPID S.A.S. and Celeritas....................................................................105
Table A-1 : Combined Needs Matrix...................................................................................................126
Table A-2 : Mass Budget of the Satellite with Optical Payload. ......................................................134
Table A-3 : Mass Budget of the Satellite with SAR Payload. ...........................................................134

xiv

International Space University, Masters 2009

Space and Responsive Systems

List of Acronyms

LIST OF ACRONYMS
A
ASI

Agenzia Spaziale Italiana (Italian Space Agency)

C
CCL
CEPT
CFSP
CHRIS
CJTF
CNES
CONUS
COTS

Commerce Control List
European Conference of Postal and Telecommunications Administrations
Common Foreign and Security Policy
Compact High Resolution Imaging Spectrometer
Combined Joint Task Force
Centre National d'Etudes Spatiales (French space agency )
Contiguous United States
Commercial-Off-The-Shelf

D
DLR
DoC
DoD
DoS

Germany Aerospace Center
Department of Commerce
Department of Defense
Department of State

E
EADS
EAR
EDA
EDRS
ELV
EO
ERC
ESA
ESDP
ESP
EU
EUBG

European Aeronautic Defense and Space Company
Export Administration Regulations
European Defense Agency
European Data Relay Satellite
Ensemble de Lancement Vega
Earth Observation
European Radio communications Committee
European Space Agency
European Security and Defense Policy
European Space Policy
European Union
EU Battle Groups

F
FAO
FCC
FEMA
FFBD
FPGA
FRR

Fast Access Orbit
Federal Communications commission
Federal Emergency Management Agency
Functional Flow Block Diagram
Field Programmable Gate Arrays
Flight Readiness Review

G
GEO
GIS
GMES
GPS
GSC

Geostationary Orbit
Geographical Information System
Global Monitoring for Environment and Security
Global Position System
Guiana Space Center

International Space University, Masters 2009

xv

Space and Responsive Systems

List of Acronyms

H
HCOC
HIS

Hague Code of Conduct against Ballistic Missile Proliferation
Hyper-Spectral Imaging

I
IAA
IADC
ICAO
ICBMs
ITAR
ITU

International Academy of Astronautics
Inter-Agency Space Debris Coordination Committee
International Civil Aviation Organization
Intercontinental Ballistic Missile System
International Traffic in Arms Regulations
International Telecommunication Union

J
JAXA
JFC
JIT
ISU

Japan Aerospace Exploration Agency
Joint Force Commanders
Just-In-Time
International Space University

L
LCC
LEO
LiDAR
LRR
LV

Launch Control Center
Low Earth Orbit
Light Detection And Ranging
Launch Readiness Review
Launch Vehicle

M
MTCR
MIFR

Missile Technology Control Regime
Master International Frequency Register

N
NATO
NEO
NGO
NITF
NOAA
NSPC

North Atlantic Treaty Organization
Near Earth Object
Non-Governmental Organizations
National Imagery Transmission Format
National Oceanic and Atmospheric Administration
Needs-to-Solution Process Chain

O
OCST
ORS
OST

Office of Commercial Space Transportation
Operationally Responsive Space
Outer Space Treaty

P
PPF
PPP
PRS
PTP

Payload Preparation Facility
Public Private Partnership
Publicly Regulated Services
Point-to-Point

R
RCO
RLV
xvi

Repeat Coverage Orbit
Reusable Launch Vehicle
International Space University, Masters 2009

Space and Responsive Systems

RF
RS
RSSP

List of Acronyms

Radio Frequency
Remote Sensing
Responsive Space Service Provider

S
SAR
SAFE
RCO
SIPRNet
SLA
SSA
SSO
SSTL
STK
STM

Synthetic Aperture Radar
Synchronized Armed Forces Europe
Repeat Coverage Orbit
Secret Internet Protocol Router Network
Service Level Agreements
Space Situational Awareness
Sun Synchronous Orbit
Surrey Satellite Technology Limited
Satellite Tool Kit
Space Traffic Management

T
TDRSS
TP
TT&C

Tracking and Data Relay Satellite System
Team Project
Telemetry, Tracking & Control/Command

U
UCIF
UDMH
UN
UNICEF
UNCOPUOS
US
USML

Upper Composite Integration Facility
Unsymmetrical Dimethyl Hydrazine
United Nations
United Nations Children's Fund
UN Committee on the Peaceful Uses of Outer Space
United States
United States Munitions List

W
WA
WEU
WMO
WTO

Wassenaar Arrangement
Western European Union
World Meteorological Organization
World Trade Organization

International Space University, Masters 2009

xvii

Space and Responsive Systems

Introduction

1 INTRODUCTION

S

ince the second half of the 20th century, the major powers of the world have used space
assets for national defense and security. Indeed, throughout the space race between the
US and the Soviet Union, the military was the major driver of space technology
development. Even civilian space exploration and science programs by the US and the Soviet
Union were done under national security policies with the goal to “outdo” the other side, to win
the cold war and ultimately provide security.
During the cold war, many space programs were designed to provide rapid actionable
intelligence. Launchers like the Zenit were set up to be ready to launch satellites within hours,
and thousands of ICBMs were ready to deliver atomic bombs to Moscow and New York within
minutes. Even with the Apollo program, the idea was not only to get to the Moon but to do it
as quickly as possible. Responsiveness was an element that space brought to the table for
national security and had always been the point of its utilization.
In more recent times, the space industry has taken on a decidedly less responsive image. Many
space projects are years in the making and subject to habitual delays. Even just the paperwork
involved in launching a satellite (registering for orbital slots, allocating communication
frequencies, and applying for export licenses) can take years - giving very little room for flexible
or rapid development.
The concept of responsiveness for space is re-emerging. The potential benefits of leveraging
space assets in a more agile way are being realized, not only for national defense but also for
disaster relief, and other non-military applications. A community has emerged around this
concept of "responsive space" to study how its realization can benefit the space industry and
improve global security.

1.1

Responsive Space

The general idea of responsive space was derived from the original military concept of
Operationally Responsive Space (ORS) as defined by the US Department of Defense (DoD) for
fast, on-demand space applications. In 2003, six years after the “Vision for 2020” was
established, the US military started the Operationally Responsive Space (ORS) program
(Worden & Correll, 2004, p.6). ORS broadly defines responsive space as “assured space power
focused on timely satisfaction of Joint Force Commanders’ needs” (Sega & Cartwright, 2007,
p.2). This program is the US’s attempt to address the weakest aspect of space dependence by
establishing the capability to respond quickly to security threats. Although ORS tackles the
concept of responsive space from a decidedly military perspective on security, the same
principles could be beneficial for civil and commercial needs.
The ORS office employs a three-tiered approach which sets timeframes to define levels of
responsiveness for each “tier” (Sega & Cartwright, 2007, p.4). These tiers, described in detail in
Table 1-1, establish a system of approaching a problem requiring responsive reaction. It is very
effective at clarifying and separating the different ways of achieving the generic goals of
responsive space.
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However, the responsive space community does not universally accept the ORS definition,
perhaps due to the abundance of military jargon.
Table 1-1 : ORS Three-Tiered Approach (Sega & Cartwright, 2007, p.4)

Responsiveness

DoD Name

DoD’s Description
Use existing, fielded assets to attain responsive space
High
Tier-1
effects within a period of instantaneous to days from
when a need is established.
If no tier-1 solution to the established need is available, employ tier-2
Deploy existing, field-ready assets to establish new or
Tier-2
additional capabilities within a period of days to weeks
from when a need is established.
If no tier-2 solution to the established need is available, employ tier-3
Develop entirely new capabilities to be deployed in the
Low
Tier-3
same manner as tier-2 within a time-frame of weeks to no
more than 12 months from when a need is established.

Cooper (2003), for example, defines responsive space as only pertaining to on-demand launch,
yet the ORS definition incorporates Cooper’s concept into tier-2, which involves a rapid
deployment capability. Worden and Correll (2004) have a specific concern for flexibility and low
cost, which they see as the prime elements of responsive space. These views are also addressed
indirectly by the ORS definition, as each tier implies increasing flexibility at increasing cost.
It is evident that responsive space is a concept that is still in flux. Different definitions are
proposed on a year-to-year and even a paper-to-paper basis. Stakeholders in responsive space
projects have varying, and sometimes conflicting, priorities for how to achieve ‘fast, on-demand’
results. Although responsive space is clearly an attempt to describe new and innovative research
areas, some definitions are so vague that they end up including historic programs. Other
definitions are so specific that they cannot be used to describe anything other than a single
program. At the same time, companies are engaging in space activities that clearly embody the
spirit of responsive space yet they do not claim to be implementing anything ‘responsive’.
The lack of a clear, universal definition of responsive space and what it requires are issues that
need to be addressed. In fact, the varying definitions and needs of stakeholders, both users and
suppliers, have led to vastly different prioritizations of responsive space system characteristics.
These non-aligned, and at times conflicting, priorities were determined to be a major factor in
the failures of high-profile space projects such as the X-33 spacecraft (Meade et al., 2003, p.1).
Taking this disparity of definitions into account, along with the multitude of literature consulted,
responsive space for the purposes of the project has been defined as:
"Space capability focused on timely satisfaction of the user's needs"
In this definition, ‘space capability’ is a space system architecture implemented to achieve a
certain objective that is either temporary (short-term) or permanent (long-term), and ‘timely’
refers to how fast the activity can be completed, varying by hours, days and weeks. This
definition, albeit generic, comprehensively addresses the responsive space activity and is further
developed in the remaining chapters.

2
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Layout of the Report

This report investigates the emerging field of responsive space, how it can be realized, and what
kinds of challenges it faces.
In Chapter 2: Users Needs and Analysis, the different potential users and their needs for
responsive systems are analyzed to give context to the material to follow. The need for
responsive remote sensing capability for battle-field intelligence and disaster recovery is picked
as a focus.
Chapter 3: System Architectures investigates multiple technical solutions that can provide this
capability. A system of rapid, on-demand launch is chosen to be the topic for the case study in
Chapter 4.
Chapter 4 will illustrate the specific challenges involved in implementing an on-demand launch
solution to responsive space:
•
•
•

how to provide rapid, on-demand launch with near-future technology;
mass production of satellites and the relevant supply chain logistics involved;
how to comply with potentially restrictive regulations and bureaucratic institutions
without sacrificing responsiveness;

These topics are all addressed in the geo-political context of a dual-use (military and civil) vision
of responsive space capability in Europe. The political motives and rationale to make this come
together are also addressed.
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2 USERS AND NEEDS

T

o address any responsive space system in an effective manner, it is essential to identify
the users of the system and understand their needs. Various users of responsive space
have different definitions and priorities for “responsiveness”. A responsive solution for
one user could be insignificant whereas for another user highly critical. This is dependent on the
user’s set of priorities.

An illustrative example of this can be seen through a comparison between the needs of the
military for responsiveness and those of disaster management organizations. The ORS office
defines one level of responsiveness (see Table 1-1) as the ability to field existing assets within
“days to weeks” (Sega & Cartwright, 2007). This is an acceptable timeframe for the military
when a satellite needs to be deployed into orbit in time for a major operation; their bottleneck is
the movement of ground forces and logistics, which can take days to weeks. On the other hand,
disaster management organizations need information as soon as possible in order to plan and
organize relief and mitigation activities. The concept of responsiveness is different between
these two cases. Furthermore, the disaster management organizations may not necessarily be
interested in the same level of flexibility, capacity or service compared to a military user.
The examination of two users has spawned two possibilities for defining responsiveness. The
first is being responsive to an upcoming but demanding need, and the other is an immediate
response to an event. These differing needs can have a dramatic impact on how responsive
space is realized. Furthermore, to satisfy these needs, two separate systems can be created or,
with a few minor inexpensive changes, a single system may successfully satisfy both users.
There are more users than the military and the disaster management organizations which already
use or could benefit from responsive systems. Chapter 2 will survey the potential users, form
groups of users who have similar responsive needs, and identify the primary user. The product
of this process will also help in creating a comprehensive system which is tailored to maximize
the benefit out of a single responsive space capability. Moreover, this could also help clarify
what kind of “responsiveness” each user would seek in such a system and provide the purpose
for responsive space.

2.1

Users

In order to create a comprehensive list of users, an initial list was generated by including all
organizations or entities which may be interested in using a responsive system. A responsive
system is defined as “any system which satisfies the user's need in a timely fashion”. Thus, in the
initial assessment, there was no consideration of space as an asset. This generated a list of over
80 users. These users were then grouped based on the similarity of their affiliations, activities,
goals and needs.
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This process yielded the following seven groups of users, listed here in alphabetical order:
•
•
•
•
•
•
•
2.1.1

Commercial
Disaster Management Organizations
Humanitarian Non-Governmental Organizations (NGO)
Media
Military (with a focus on the Joint Force Commander)
Publicly Regulated Services (PRS)
Scientific Community
Commercial

The Commercial user group includes companies that provide space related services or operate
space assets which are crucial to its operations. Companies, which provide space services, have
concerns such as bandwidth and providing timely service. It is their responsibility to satisfy
requests by its customers for more bandwidth for telecommunications, higher resolution images
or faster repeat times. Other aspects for commercial services to consider are service integrity, to
test and develop new markets, and to optimize its resources. Companies such as Spot Image and
SES S.A. fall into this group.
2.1.2

Disaster Management Organizations

The Disaster Management Organizations user group addresses any organization which responds
to disasters, whether they are exclusive disaster management teams or part of a larger
organization. Disasters include natural disasters such as floods and earthquakes and
humanitarian disasters such as wars and genocides. These organizations can use remote sensing
information to assess the situation at affected sites. Organizations such as the Federal
Emergency Management Agency (FEMA) and other national disaster management
organizations are included in this user group.
2.1.3

Humanitarian NGO

The Humanitarian NGO user group is similar to the disaster management user group, but their
objectives have longer lasting needs including infrastructure architecture development.
Organizations such as Red Cross, Médecins Sans Frontières, and Amnesty International are part
of this group.
2.1.4

Media

The Media user group has been identified as a unique user which deserved further segmentation
from the commercial user group. This group includes the news and entertainment industry.
Media are one of the largest customers of space services and sometimes have special
requirements. The media industry has the financial potential to purchase those services in order
to provide images of areas which are difficult to access due to geography or political reasons.
Companies such as CNN, BBC and NY Times are included in the media user group.
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Military/JFC

The Joint Force Commander (JFC) was chosen as the representative from a broader military
category. The military category includes the armed forces (i.e. army, air force, navy, marine),
paramilitary organizations and the intelligence community. The military has responsive space
needs which range from tactical to strategic, and it maintains space assets which are crucial for
its operations. The primary users are most likely at the high command level, such as the JFC,
due to both strategic importance and considerations for availability of the space assets. Atkins et
al. (2008) have also identified the JFC as a main user of responsive space within the military. For
these reasons, a particular focus will be placed on the JFC for the military in this report.
2.1.6

Publicly Regulated Services

The Publicly Regulated Services (PRS) user group includes police forces, fire brigades, and
coastguards. These organizations have similar needs in terms of space capabilities such as widescale monitoring and local high-resolution imagery to monitor and to understand the situation
on hand.
2.1.7

Scientific Community

The Scientific Community user group addresses the needs of science and research organizations.
The space science community could better exploit some of the rapidly changing and short-lived
space phenomena such as gamma-ray bursts. The research community includes developments
for technology demonstration for academic, military and commercial applications as well as
research for educational purposes.
2.1.8

Others

Space agencies have also been considered as users, but they were not included because they are
not “specific” end users of responsive capabilities as the preceding users are. Space agencies can
be developers and providers of the capability, but they have little need of utilizing such a system.

2.2

Needs

Once the users have been defined, the needs of each user were identified. The needs were
assessed in terms of need for the responsive space activity. In order to maintain uniform
definitions across different users, a standardized list of needs pertaining to responsive space was
used. Specific needs such as high resolution remote sensing can be grouped within other remote
sensing applications; whereas, a need for replacing space assets addresses a broader need to
provide service integrity. Finally, these groupings can be categorized based on the need of a
service provider or a service customer. These two will be referred to as Service Provider Needs
and Space Capability Needs, respectively.
Many service provider needs are addressed through the technical design of the system
architecture. For example, Iridium is maintaining the service integrity by implementing a reroutable satellite network and by pre-deploying spare satellites to replace any failed ones. The
satellite constellations have been designed and built with these situations in mind.
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However, if the number of failed satellites exceeds its spare assets, then it would no longer
provide full service and degrade its service integrity. In this emergency situation, a new need
arises, one which cannot be satisfied by the current assets, and this is a service provider need in
the context of responsive space.
With respect to space capability needs, only the main services which can be provided using
space assets are included. These are remote sensing and telecommunications. There are other
needs which can only be performed in or through space such as rapid transportation of goods,
inspection of other space assets, and interference of other space assets, but these have not been
included in this study. Delivery through space was deemed impractical for the foreseeable
future. Inspection and interference of other space assets is alternative need, but the team
concluded that this was mainly a military application and that it did not fit the team’s focus on
the dual-use aspects of responsive space.
2.2.1

Service Provider Needs

Service Integrity

Availability of consistent service is a critical aspect of the service-provider business to maintain
customer loyalty and satisfaction. To provide a reliable service, companies typically have
redundancy plans in case of failure. Space can be one solution to provide redundancy for
terrestrial systems. If a data link cable gets damaged, information can be re-routed via satellites
to their intended destinations. Another aspect of service integrity is the reduction in repair
downtime so that the main system and its service are readily available. Such a task is not
daunting for terrestrial systems because they are much more accessible than satellites in orbit.
The two specific needs under this category are the following:
Provide or Renew Redundancy
Space can be an option to provide redundancy to terrestrial systems. As an advantage, space
architectures do not require physical connections between the source and destination. However,
they can suffer from signal attenuation due to poor weather. The terrestrial and space systems
can be used together as complementary systems.
Replace Space Assets
For a service provider that uses space as part of its core operations, it is important to be able to
replace failed satellites without impacting its business. Iridium (Stenger, 1996) accomplishes this
by placing backup satellites in orbit and moves them when a satellite fails, as exhibited after the
recent Iridium-Cosmos collisions in Low Earth Orbit (LEO) in February 2009
(Associated Press, 2009).
Capacity Increase

Service providers need to accommodate the demanding requests from its customers. One of the
main uses of space is satellite communications and data transmission, and for most applications,
the data rate is constant such as for television broadcasting. However, a rise in demand in
bandwidth could occur and result in insufficient supply. This was witnessed in several US
military operations such as in 2003 during operation Iraqi Freedom. In order to cope with the
shortages, commercial satellite communication capacity was leased (Dalbello, 2003).
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Such capacity shortages can be categorized into two segments depending on the duration of the
need. The first category addresses short term bandwidth spikes for separated events such as
large sporting events or short military operations. In this case, a “surge” in capacity would be
desirable. The second category addresses the underestimation of the demand of a service, and a
long-term gap-filler is needed until a more permanent solution is implemented. Therefore, two
specific needs for capacity increase are the following:
Capacity Surge
Capacity surge is a short term capacity increase for special events such as sports broadcasting.
Responding to Capacity Underestimation
Responding to capacity underestimation is for long term needs. A scenario could include the
launch of a temporary telecommunications satellite to accommodate a rapidly growing need
until a proper satellite is placed in orbit. For a commercial company, this could be used to avoid
the loss of a potential market share because it is left unattended.
Research and Development

The implementation of space-based infrastructure for different solutions is expensive and risky
investment. This may be a reason why the evolution of space in the commercial sector has been
slow and fairly conservative. If testing space technologies and solutions were streamlined and
cost-rationalized, more services could thrive. Two specific needs under this category are the
following:
Technology Demonstration
One of the aspects developed as part of the responsive space system are the cheaper launchers
and standardized components. Using these new projected as cheaper technologies, more
demonstrations and research can be performed. Several papers have been presented during
Responsive Space Conference to organize an effort, enabling shorter lifecycles and flexibility for
technology research and development (Locker & Sumrall, 2004), as well as science missions
(Webb, 2005) and education (Sellers, 2003).
Testing or Capturing Emerging Markets
Responsive space can potentially provide means to test new space services using reconfigurable
and reprogrammable satellite systems. This will allow service providers to test markets before
investing in a dedicated satellite system.
Optimize Resources

Optimization and reduction in operational costs are always a concern for service providers; this
includes the use of space assets. For future space applications, it is desirable to optimize the
orbit of a satellite or a constellation of satellites. One specific need under this category is the
following:
Asset Reallocation
Satellite operators can move their satellites to different orbital positions in order to provide
better coverage or optimized service.
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Remote Sensing (RS)

Remote sensing is one of the unique capabilities enabled by the use of space. Aerial views for
cartographic and land surveying purposes are more cost effective using remote sensing satellites
rather than aircrafts; depending on scale, prices of satellite maps range from 1 to 4 USD/km²
whereas aerial maps range from 4 to 16 USD/km² (Farrow, 2008).
There are different instrumentations for remote sensing, but the sensors which are applicable to
responsive space are optical sensors (i.e. visible to infrared, panchromatic and multispectral) and
synthetic aperture radar (SAR). These sensors can provide detailed information about ground
objects and the terrestrial environment which are useful for personnel working in the area.
Other satellite payloads such as light detection and ranging (LiDAR) and weather radar either do
not serve responsive needs or are responsive enough already. LiDAR, for example, is mainly
used for topography, but detailed topographic maps can be synthesized from archival data
without deploying a dedicated satellite. On the other hand, weather satellites are either in
geostationary or polar orbits and are providing sufficient coverage.
In terms of imaging, there are three categories which are considered:
Wide Scale RS
Wide scale RS imagery can be used to monitor a large area, but there is a tradeoff in terms of
resolution. Large area coverage can be useful for monitoring fires and tracking changes in a
region.
High Resolution RS
If there is a need to focus on a specific region, a high resolution RS image is needed. The
highest resolution currently available through commercial companies is 41 cm by GeoEye-1
(Brinton, 2009).
RS Tracking
RS Tracking uses satellites to track an object or target. At least one satellite would need to
maintain line of site with the target.
Communication

The telecommunications sector is a major user of space. Aside from broadcasting, space can
enable communication to austere locations where terrestrial systems do not exist.
Communications can also assist with connecting disparate groups of entities to facilitate
coordination of activities such as for disaster management.
Point To Point Communication (PTP)
PTP satellite communication connects geographically remote areas without sufficient terrestrial
coverage by securing data transmission.

10
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Coordination
Coordination can be an issue if many different groups are trying to work together without a
common frequency, communication platform or equipment. This can be exacerbated if the
groups are spread out and a line-of-site communication cannot be achieved. These issues can be
alleviated using common communication standards such as TETRA (EADS, 2006) and satellite
communication platforms (Auf Der Heide, 1989).
2.2.3

Needs Matrix

Each potential user of responsive space has its own set of needs that must be satisfied. These
needs can be categorized based on two criteria.
The first criterion is how quickly the need must be satisfied or the so called - responsiveness of
the system. In the context of responsive systems, this can range from minutes to months. Three
categories - hours, days, and weeks - were created to define this criterion.
•
•
•

Hours – solution to the need implemented in less than 24 hours
Days – solution to the need implemented in less than 7 days
Weeks – solution to the need implemented in less than 52 weeks

The other criterion is the duration of the need. This gauges how long the need will exist, and the
two categories of short and long duration were created for this criterion. Short duration
categorizes temporary needs, typically one-time events after which the space assets are relocated
or disposed. A key aspect is that the system configuration is temporary and can be changed after
the need is satisfied. The long duration categorizes semi-permanent and permanent needs. This
includes replacing or fixing damaged satellites and sustained efforts such as military or
humanitarian campaigns.
Using responsiveness and duration as axes, a matrix can be constructed as seen in Table 2-1. A
description of each cell and an example is provided in the matrix. A needs matrix has been
created for each user as shown below.
Table 2-1 : Users Need Matrix

User Needs

Hours
•

Short
Duration

•

•
Long
•

Temporary need
which must be
satisfied within 1 day
(ex. images for disaster
management)
Permanent need which
must be satisfied
within 1 day
(ex. replacement of
critical assets)
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Responsiveness
Days
• Temporary need
which must be
satisfied within 1 week
• (ex. provide added
communication
capacity to support
military)
• Permanent need which
must be satisfied
within 1 week
• (ex. monitoring of
areas affected by
disaster)

Weeks
•

•

•

•

Temporary need
which must be
satisfied within 1 year
(ex. overhead images
of events or target
locations)
Permanent need
which must be
satisfied within 1 year
(ex. moving satellites
for optimal usage)
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Commercial User

This user group has several service provider needs and space unique services requirement.
Companies in the commercial sector such as SPOT Image and SES S.A. would need to ensure
service integrity and system redundancy. On the other hand, geographical information system
(GIS) companies have a need for remote sensing images. The needs matrix for the Commercial
User Group is shown in Table 2-2.
Table 2-2 : Needs Matrix for the Commercial User Group

Responsiveness
Commercial

Duration

Short

Hours

Days

Weeks

Capacity Surge

Capacity Surge

Capacity Surge

High Res RS

High Res RS

High Res RS

Wide Scale RS

Wide Scale RS

Wide Scale RS

RS Tracking

RS Tracking

RS Tracking

Provide/Renew
Redundancy

Provide/Renew
Redundancy

Replace Assets

Replace Assets

Long

Asset Reallocation

Respond to Capacity
Underestimation
Testing/Capturing
Emerging Markets
Asset Reallocation

Disaster Management User

The Disaster Management User Group has needs in short duration and fast timeliness to
respond to disasters that occur. Additionally, they have needs in the long duration and slow
timeliness on the order of magnitude of weeks. This time will enable them to monitor, prepare
and mitigate any emerging or developing threats such as droughts. Depending on the size and
nature of the disaster management organization, it may even own the satellites. The matrix is
presented in Table 2-3 below.
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Table 2-3 : Needs Matrix for the Commercial User Group

Responsiveness
Disaster
Management
Hours

Short

Days

High Res RS

High Res RS

Wide Scale RS

Wide Scale RS

RS Tracking

PTP Communication

Weeks

Duration

Coordination
Asset Reallocation
High Res RS
Long

Wide Scale RS
PTP Communication
Coordination

Joint Force Commander (JFC) User

The Joint Force Commander (JFC) has been chosen as the representative from the broader
category. The analyzed scope includes the armed forces (i.e. army, air force, navy, marine),
paramilitary organizations and the intelligence community. The primary users are most likely at
the High Command level, such as the JFC, due to both strategic importance and considerations
for availability of the space assets. Atkins et al. (2008) have also identified the JFC as the main
user of responsive space within the military. The military has responsive space needs which
range from tactical to strategic. It operates space assets which are crucial for its operations and
correspond to fast responsiveness in both short and long term duration. The user matrix can be
found in Table 2-4.
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Table 2-4 : Needs Matrix for JFC User

Responsiveness
JFC
Hours

Short

Days

Capacity Surge

Capacity Surge

Provide/Renew
Redundancy

Coordination

High Res RS

PTP Communication

RS Tracking

High Res RS

Weeks

Duration

Wide Scale RS
RS Tracking
Replace Assets

Long

Coordination

Coordination

PTP Communication

PTP Communication

High Res RS

High Res RS

Wide Scale RS

Wide Scale RS

Wide Scale RS
Respond
to
Underestimation

Capacity

Humanitarian NGO User

The Humanitarian NGO User Group differs from disaster management in its goals. They are
engaged in long-term activities such as infrastructure development and humanitarian aid. The
matrix is presented in Table 2-5.
Table 2-5 : Needs Matrix for the Humanitarian NGO User Group

Humanitarian
NGO

Duration

Short

Long

14

Responsiveness
Hours
Capacity Surge
High Res RS
Wide Scale RS
RS Tracking

Days

Weeks

PTP Communication
Coordination

PTP Communication
High Res RS
Wide Scale RS
Asset Reallocation

High Res RS
Wide Scale RS
PTP Communication
Coordination
Provide/Renew Redundancy

High Res RS
Wide Scale RS
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Media User

The Media User Group is solely a service customer and a works in a fast-paced industry.
Therefore, its needs are typically short in duration, but the need for timeliness can vary from
‘fast’ - for capturing anything newsworthy to ‘slow’ - for pre-determined events of different
nature.. Media user matrix is shown below in Table 2-6.
Table 2-6 : Needs Matrix for the Media User Group

Responsiveness
Media

Duration

Hours

Short

Days

Weeks

High Res RS

High Res RS

High Res RS

Wide Scale RS

Wide Scale RS

Wide Scale RS

PTP
Communication

PTP Communication

PTP Communication
Testing/Capturing
Markets

Emerging

Long
Publicly Regulated Services (PRS) User

The PRS users have similar needs to those of the Disaster Management users since they would
need space assets to monitor a large area and also to focus on specific events. However, these
PRS users are not typically using space based infrastructure. The matrix is shown in Table 2-7.
Table 2-7 : Needs Matrix for the PRS User Group

Duration

Pub Reg.
Services

Short

Responsiveness
Hours

Days

Weeks

High Res RS

High Res RS

High Res RS

Wide Scale RS

Wide Scale RS.

Wide Scale RS

PTP Communication

PTP Communication

Coordination
High Res RS
Long

Wide Scale RS

Scientific Community User

Although the scientific community doesn’t have any imminent needs, it might benefit from the
responsive space concept. Having access to satellites for performing observations of rare and
sporadic events, such as gamma ray bursts, makes the scientific community a possible user.
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Aside from these short duration needs, most research and development occurs at a slow pace
with a detailed schedule. A summary of this can found below in Table 2-8.
Table 2-8 : Needs Matrix for the Scientific Community User Group

Scientific
Comm.

Responsiveness
Hours

Duration

Capacity Surge

Days

Weeks

Capacity Surge

Capacity Surge
Technology Demonstration
High Res RS
Wide Scale RS
RS Tracking
Replace Assets

Short

Long

2.2.4

Combined Needs Matrix

The user needs matrices were combined into a single matrix to provide a more visually useful
table. Only a portion of the combined needs matrix is shown in Table 2-9 due to its size; the
entire matrix can be found in Appendix A.A.1.
Table 2-9 : A Section of the Combined Needs Matrix

Long

Short
16

JFC
Commercial
PRS
Humanitarian NGO
Media
Scientific Community
Disaster MGT
JFC
Commercial
PRS
Humanitarian NGO
Media
Scientific Community
Disaster MGT

X
X

Testing/capturing
emerging markets

Respond to capacity
under- estimation

Capacity Surge

Replace space assets

Provide New
Redundancy

Hours

X
X
X
X
X
X
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Analysis

The combined needs matrix provides a useful visualization of the results, and the frequency of
each need can be assessed easily. However by visual inspection, it is difficult to assess which
specific need should be the primary one. By applying statistical methods to this table, the most
important user group, need, level of responsiveness and duration can be identified.
The frequency of each need was calculated in order to determine the rate of recurrence. Then
the needs were separated based on the three levels of responsiveness (hours, days and weeks) to
conclude how quickly the needs should be satisfied. Finally, the value was calculated for each
need of each user group, taking into account the results from the first two steps. According to
the outcome of the research, the highest scoring combination was the following:
•
•
•
•

the primary user is the Joint Force Commander (JFC)
with a need for high resolution remote sensing data
within a few days
for a short duration

The calculations of the statistical analysis and a more detailed description of its steps are
provided in Appendix A.1.1. The second highest scoring user was the disaster management
organization user group with the same need, responsiveness and duration.
The result of this analysis is consistent with the current trends where the ORS Office of the US
DoD is the developer and promoter of responsive space. However, this does not exclude other
users from being involved in its developments or prevent them from using the system. These
secondary users are important in the realization of large systems such as responsive space
concept. In a resource-limited world, these capabilities must be shared in both its development
and utilization phase as much as possible.

2.4

Conclusion

This chapter began with the objective to clarify the potential users of responsive space concept
and to identify the needs that could be addressed by it. Through the process of evaluating the
users and their needs, seven different user groups and a standard set of needs were formed and
defined. These needs were categorized in terms of responsiveness and duration, and the user
needs matrix was proposed as a tool to facilitate the process and organize its results.
The analysis of the matrixes identified the military as the primary user for responsive space
concept with the disaster management organizations as the secondary users. The results of this
analysis will be used to develop the system architecture in Chapter 3. It will also serve as starting
point for the case study in Chapter 4.
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3 RESPONSIVE SPACE ARCHITECTURES

A

s presented in Chapter 2, motivation for responsive space is derived from the list of
users and their needs. The seven user groups define a market for responsive space, and
if an appropriate solution is implemented, multiple users can benefit from a single
architecture. This chapter presents a process to formulate a system architecture which
will satisfy the needs of various users. The design of the architecture will be driven by the
requirements of the JFC as the primary user and it will also incorporate other users’ needs.
This is accomplished by initially defining the entire process. It starts with the identification of
the needs and ends up with the delivery of the product to the end user. The next step was to
examine the possible technical solutions that satisfy the timeliness requirement of responsive
space. These attributes are combined with the needs of the primary user, as identified in Chapter
2, to form a decision tree. The decision tree tool is used to isolate possible system architectures
that should be explored in more detail. This chapter concludes with a description of each
option, and one of them was selected as the system architecture for the case study in Chapter 4.

3.1

Functional Flow Block Diagram (FFBD)

The process through which the need is satisfied can be defined as a chain of events or series of
functions. Starting with the identification of the need, there are certain steps that must be taken
in order to satisfy the customer’s needs. Each of these steps or functions is defined as “a task,
action, or activity that must be performed” (U.S. Department of Energy, 2003). By
decomposing this needs-to-solution process, a functional flow block diagram (FFBD) can be
constructed. A simplified, top-level FFBD is shown in Figure 3-1. Each of the functional blocks
can in turn be expanded into another FFBD and further developed to the appropriate level of
detail (Wertz & Larson, 1999). A remote sensing example is shown in Figure 3-2 and a
telecommunication example is shown in Figure 3-4.

Figure 3-1 : Notional Functional Flow Block Diagram (FFBD)

In the case of the remote sensing example, when a need is identified, it is translated into
technical parameters. The operator then receives the request and sends commands to the
satellite. With the new orders, the satellite changes orbit, attitude or idles until it has achieved
the correct orientation. Once the satellite is over the designated site, it acquires imagery of the
target. This data is down-linked and processed. The information, requested by the user, is then
delivered.
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Throughout the process chain, there can be more than one option to fulfill each function,
including satellite positioning. Critical steps, such as the deployment of the satellite, must occur.
There are also optional steps that should be considered, such as the disposal or repositioning of
the satellite and the end-user feedback. These steps can be grouped and performed by one entity
or by different contractors.

Figure 3-2 : FFBD for Remote Sensing

Using the FFBD, the functions can be separated into terrestrial and space segments as depicted
in Figure 3-3. This chapter will primarily focus of the space segment in order to construct
possible system architectures. The terrestrial segment is more of a supporting system and will
only be explored at the end of the chapter where all stages of the FFBD are examined for a
specific scenario.

Figure 3-3 : FFBD for Remote Sensing with the Terrestrial and Space Segments Defined
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Figure 3-4 : FFBD for Telecommunications

The engineering design and acquisition procedures can also be represented by a process chain.
Figure 3-5 depicts this process for a satellite mission, starting from user’s needs analysis to
satellite deployment.

Figure 3-5 : Engineering Design Process

Process improvements of the entire FFBD can be considered by depicting the process into the
aforementioned steps. The major part of responsive space has been focused on improving the
space segment of the chain. This attention is warranted since space is a very visible element to
the public eye and the part that conducts the physical operations of the solution. Additionally, in
order to enable each function, there are policy and legal considerations that must be addressed.
The users of responsive space identified in Chapter 2 are either interested in the end product
such as RS images or using space as a means to provide a service (e.g. providing new
redundancies, replacing space assets, etc.). For a customer only interested in the end product,
the process does not matter as long as it is delivered on time. This means that a reduction in
time in any of the steps in the process chain will be beneficial. On the other hand, users with
critical space assets need solutions for replacing or fixing in the event of a failure. Similar to the
case examining the needs, responsive space can also be studied from the service provider and
the end user point of view.
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21

Space and Responsive Systems

Responsive Space Architectures

At first, one might consider solutions for a space service provider to be addressed from a
technical viewpoint, such as determining how to replace a damaged space asset by deploying a
new one. However, responsive space for the end user can also address non-technical solutions,
such as the activity coordination of existing assets to provide the requested remote sensing
coverage of an area.
3.2

Responsive Techniques

The following list comprises a set of “techniques” which are discussed in the responsive space
community as methods of achieving some level of responsiveness.
1.
2.
3.
4.
5.
6.
7.
8.
9.

Re-Orient – Physically
Re-Orient – Digitally
Change Orbit
Spare Satellites
Quick Deploy – Deployable Elements
Quick Deploy – On-Demand Launch
Modify – Reconfigurable
Modify – Swap Out Components
Overdrive

In order to match responsive techniques with the users analyzed in Chapter 2, a similar matrix
organization scheme was adopted. The number of each technique above is placed in the
appropriate needs category in Table 3-1 based on what kinds of needs the technique is able to
satisfy.
Table 3-1 : Responsive Techniques

Hours (< 24 hrs)
Short
1, 2, 3, 5, 7, 8, 9
Duration
Long
1, 2, 3, 4, 5, 7, 8
Duration

Days (< 7 days)

Weeks (< 52 wks)

1, 2, 3, 4, 5, 6, 7, 8, 9

1, 2, 3, 4, 5, 6, 7, 8, 9

1, 2, 3, 4, 5, 6, 7, 8

1, 2, 3, 4, 5, 6, 7, 8

This matrix will be used in the next section when a trade-off tree analysis is performed to select
the feasible options for responsive space system architectures. From Chapter 2 it was concluded
that Days – Short Duration is the logical case to study; therefore only those techniques listed in
that cell will be taken into account and further analyzed.
As depicted in Table 3-1, not all responsive techniques can be considered in every situation.
This fact is used to limit the number of options in the FFBDs and narrow down the available
options for the responsive system architecture. A description for each responsive technique,
along with a high level analysis of the advantages and disadvantages, is presented below.
3.2.1

Re-Orient – Physically

Physical re-orientation refers to a responsive technique by which the satellite has the ability to
rotate in any direction around its center of mass, in order to satisfy a new need outside of its
normal operations.
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The ability of a satellite to physically re-orient itself is not a new concept since it is used as part
of normal operation in almost all satellites. However, because of the complexity of the attitude
control system and limited amount of propellant onboard the satellite; this ability is
predominantly used for station keeping. This requires only a few degrees of re-orientation while
responsive space concept would require a satellite to turn by as much as 40 degrees. With
responsive space satellites, the lifetime of the satellite becomes less important due to shorter
mission times. This allows more fuel to be spent on re-orienting the satellite and changing its
operating mode. Small satellite manufactures such as Surrey Satellite Technology Limited (SSTL)
are taking advantage of responsive space to increase the flexibility of small satellites and make
them satisfy a larger range of users. Responsive re-orientation allows rapid switching between
modes of operation and as a result, larger capability of operation modes is possible. For
example, SSTL has incorporated a “stereo imaging mode” (Figure 3-6) and a “forward motion
compensation and super-resolution imaging mode” (Figure 3-7) into their small satellites via reorientation only (Cawthorne et al., 2008).

Figure 3-6 : Stereo Imaging Mode

Figure 3-7 : Super-Resolution Imaging Mode

Table 3-2 : Re-Orient - Physically

Pros
•
•

3.2.2

Fast response
to new needs
Enables many
new modes of
operation

Cons
•
•
•

Limited number of moves using thrusters
Shorter lifespan of satellite due to fuel
consumption and wear and tear
Area of interest has to be close to the
flight path of the satellite – limited
coverage area

Cost
•
•

More fuel required
Better reaction
wheels and attitude
control system
required

Re-Orient – Digitally

Responsive re-orientation is also possible digitally. The satellite hardware could be modified to
meet a change in the users needs. This technique is used extensively in the satellite
telecommunication industry where the antenna transmission pattern can be shaped to only
cover a desired area. Within the desired area, the pattern creates spot beams to allow frequency
reuse. The same technique can be applied to telemetry TT&C antennas (on satellites and ground
stations), as well as synthetic aperture radar antennas that allow fast re-orientation and smaller
size, resulting in decreasing the amount of mechanical components required. Figure 3-8
illustrates the principle behind a phased array, where the direction of a signal can be adapted
simply by changing the phase of each transmitter (Fox et al., 2008). Using this technique,
MacDonald, Dettwiler and Associates Ltd. (MDA) developed a small SAR satellite with an
antenna mass of only 150 kg, illustrated in Figure 3-9 (Wolff, 2008).

International Space University, Masters 2009

23

Space and Responsive Systems

Responsive Space Architectures

Figure 3-8 : Phased Array

Figure 3-9 : MDA WiSAR

Table 3-3 : Re-Orient - Digitally

Pros
•
•

3.2.3

Cons

Very Fast
Unlimited reorientation

•
•
•

Cost

More complex satellites
Limited application (generally only found in
•
radio frequency (RF) technology)
Area of interest has to be close to the flight
path of the satellite – limited coverage area

More Complex
Electronics

Change Orbit

Changing the orbit of the satellite responsively gives the end user more flexibility in satisfying
different needs with the same space asset. The performance of the satellite is greatly dependent
on its orbit because the orbit defines the ground track the satellite will follow, the resolution of
its instruments, its communication architecture and operating lifetime. With the ability to alter
an orbit, all of these parameters can be modified to fit the users’ requirements. For example, if
the orbit of a RS satellite is decreased, the resolution obtainable by its payload is increased.
Therefore a small satellite with the ability to temporarily lower its orbit can achieve same
resolutions as non-responsive large satellites. This advantage could possibly lower the cost of RS
data. Additionally, as illustrated in Figure 3-10, by continuously adjusting the orbit of a satellite,
its ground track can be modified from the original mission planned path to an orbit aligned for a
specific mission (Pollock et al., 2008).

Figure 3-10 : Ground Track Modification using the Lorentz Force
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Table 3-4 : Change Orbit

Pros

Cons
•

•
•

Moderate Response time
•
Large flexibility to satisfy
•
the users needs

3.2.4

Limited number of moves
using thrusters
Shorter lifespan of satellite
More intensive monitoring
and control required from
ground

Cost
•

More fuel or additional
equipment required
Complex attitude control
More ground control
required

•
•

Spare Satellites

This is the addition of spare satellites alongside primary satellites that could be utilized to take
over mission tasks in case of failure. Spare satellites can be located close to the operating satellite
to minimize changeover time. This method provides full redundancy at a high cost.
Table 3-5 : Spare Satellites

Pros

Cons
•

•
•

Fast
Full redundancy, almost
continuous service

3.2.5

•
•
•

Requires more satellites to be
manufactured and launched
More assets to keep track of
in space
Might not need it in the end
Space satellites also
degenerate over time

Cost
•
•

Almost doubles the cost
of the original project
Additional cost due to
monitoring and tracking
extra space assets

Quick Deploy – Deployable Elements

Responsiveness can be achieved through the deployment of new elements or components while
operational in orbit. These elements can be extensions to existing payloads onboard a satellite or
entirely separately contained systems such as nano-satellites. For example, a large antenna could
be deployed when more signal strength is required, and retracted to reduce the drag on the
satellite or risk of collision with space debris. Alternatively, a large satellite could be used as a
launching platform for nano-satellites deployed quickly when a need arises. These smaller
satellites could be launched into different orbits to accomplish a wide variety of tasks while the
larger “mother” satellite is used as a base ship to relay signals back to Earth. This concept was
explored in JAXA’s Hayabusa mission (Figure 3-11) and can be easy implemented using the PPOD concept (Figure 3-12) (Yano, 2009; Toorian et al., 2005).

Figure 3-11 : Minerva Probe
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Table 3-6 : Quick Deploy – Deployable Elements

Pros
•
•

Cons

Fast
Flexible

3.2.6

•
•
•

Cost

Limited capacity due to size of nano-satellites
Requires lots of redundant mass for the
construction of a orbital launching system
Limited number of small satellites that could be
carried

•

System complexity

Quick Deploy – On Demand Launch

The ability to quickly place the required hardware into space creates an operating framework
that enables many needs from multiple users to be satisfied. For every new need that arises, a
new satellite is launched that specifically satisfies the need. However, this ability requires both
the launcher and satellites to be already built and readily available because the satisfying of the
need is limited by the size of the inventory of components ready for deployment. To decrease
the operating costs of such a system, the trend is to develop small satellites designed for very
short missions that would be launched into lower “responsive” orbits - within a week of the
user’s request. This could be achieved by using modular launchers and satellites with plug and
play components (Wertz et al., 2003).
Table 3-7 : Quick Deploy - On Demand Launch

Pros
•

•

3.2.7

Very flexible
system able to
accommodate
many users
Moderate
response time

•
•
•
•

Cons
Expensive to maintain the system
operational and keep an inventory
Inventory will go out of date over
time
Need to develop a cheap launcher
Industry standards required for
integration and satellite assembly

•
•
•

Cost
High cost to develop
the system
Maintenance costs
are high
Having the system
always on standby to
launch is expensive

Modify – Reconfigurable

With field programmable gate arrays (FPGA) or programmable wiring, satellites can be built to
reconfigure themselves to satisfy new needs from users on-demand. Figure 3-13 illustrates how
a satellite computer system can be designed with the reconfiguring capability (Pugh, 2001).
Additionally, satellites can be also tasked to create an inter-satellite link with new or existing
satellites to expand a communication network or combine data from a wide variety of sensors
that are not on the same platform. This is the basis of the swarm concept where additional
satellites can be launched at a later date and be implemented into the system that is already in
orbit.

Figure 3-13 : Reconfigurable Satellite Computer
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Table 3-8 : Modify - Reconfigurable

•
•
•
•

3.2.8

Pros
Flexible system
Fast response
No single point
failure to end mission
Constant ability for
upgrades to the
system

Cons
Inter-satellite link limits the distance
between satellites which limits the
coverage of the constellation
Many of assets to track and keep in
formation
An error in reprogramming the hardware
could make the satellite inoperable

•

•
•

Cost
•

•

Many
launchers
required for
swarm
Electronic
complexity

Modify – Swap Out Components

A satellite is designed for modularity and therefore has the inherent ability to swap out
components during its mission to satisfy various needs. The components can be launched
separately or installed on board. The swapping of components can be both digital and
mechanical. Using this technique, satellites could be made smaller in size and still retain their
ability to accomplish significant mission tasks, just not at the same time.
Table 3-9 : Modify - Swap Out Components

Pros
•

•
•
3.2.9

Ability to
continuously
upgrade the
system
Fast response
time
Flexible platform

•
•
•
•
•
•

Cons
Large platform to carry extra components
Mechanical system required to move
components around
Wear and tear
Additional components require new
launches
Not all components can be used at once
Requires a common interface

Cost
•

•

Initial platform
is expensive,
but additional
components
will be cheaper
Launch
Expenses

Overdrive (Forced) Mode

Additional flexibility can be added to a system by incorporating an overdrive mode of operation
for the satellite, whereby satellite performance can be increased temporarily, should the need
arise. For example, this technique could be used to temporarily increase the power to an antenna
if more gain is required, at the expense of a longer charging cycle during the next orbit. This
responsive technique is analogous to afterburners on a military fighter aircraft where a
temporary boost in performance is obtained at the expense of extra fuel.
Table 3-10 : Overdrive (Forced) Mode

Pros
•
•

Very fast response
Satisfies needs that are
not very frequent

•
•

Cons
Faster degradation of
components
Shorter lifespan of
satellite
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More expensive
components to be able
to withstand the forced
mode of operation
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Architecture

As the organizational matrix from Chapter 2 was used to initially narrow the number of
available technical solutions in the FFBDs, the primary users and their needs are combined here
with the above-described techniques to further identify the best options.
At this point of the analysis, there is a need to identify a case study according to the following
definition:
Case Study - A system architecture that satisfies a specific need of a User
category in a given "responsiveness" and defined "duration of the need"
As such, the following elements need to be uniquely identified in order to determine a case
study:
•
•
•
•

a specific need
a user category for that need
the "responsiveness” dimension of the need (Hours/Days/Weeks)
the "duration of the need" dimension.

A graphical representation of the last two points is given in Figure 3-14.

Figure 3-14 : Graphical Explanation of Response Time

Having now defined the main drivers (reefer section 2.2.4), a trade-off tree has been drawn to
determine the possible alternative Space Responsive Systems Architectures (see Figure A-2 in
the Appendix).
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In Chapter 2, primary characteristics were chosen to narrow the scope of the analysis. The
following list is a summary of important points. These characteristics were used to build a
system architecture decision tree to reduce the number of techniques that might be
implemented:
•
•
•
•
•

Dual-Use
Primary User: Joint Force Commander
Need: High Resolution Optical Imaging
Responsiveness: Days
Duration: Short

The Dual-Use element has determined the maximum resolution achievable as 0.60 m. Even if it
is technically possible to achieve higher resolution only for military satellites, for commercial
purposes the 0.60 m resolution represents maximum achievable value. There are exceptions
such as the satellites WorldView-1, WorldView-2 and GeoEye-1 which have a resolution of 0.50
m, 0.46 m and 0.41 m panchromatic at nadir, respectively (DigitalGlobe, 2009; GeoEye, 2009).
The decision tree approach was taken as the second step to generate possible system
architectures from the list of responsive techniques. The first step as illustrated in Table 3-1 was
to combine the responsive techniques with the user needs matrix. Even after these two
elimination steps, there are multiple solutions that will satisfy the user and the need.
Three solutions that have been identified are:
•
•
•

Small Single Satellite - Low Orbit - Quick Deploy from the Ground
Small Satellite Constellation - Low Orbit - Re-Orient Ability
Large Single Satellite - Low Orbit - Change Orbit/Modify Ability

The darkened options in Figure A-2 in the Appendix show system architectures that have been
considered not able, for the moment, to satisfy the primary user requirements:
•
•
•
•
•
•
•
•
•
•

Small satellite in high orbit
Small single satellite already in low orbit
Constellation of small satellites to be deployed from ground into low orbit
Constellation of large satellites in low orbit
Single large satellite to be deployed from ground into low orbit
Single large satellite already in high orbit
Single large satellite already in low Orbit able to deploy new elements on orbit
Single large satellite to be deployed from ground into high orbit
Constellation of large satellites already in high orbit
Constellation of large satellites to be deployed from ground into high orbit

The motivations behind those choices will be briefly analyzed in the following section.
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Decision Tree

As mentioned above, knowing the responsiveness, the duration of need and the primary user,
the number of responsive techniques that could be applied to the system architecture was
limited. (see Table 3-1). However, these techniques are not specific to the size of the satellite,
the orbit it is in or the number of satellites. Some techniques are not even specific to where they
are used - on orbit or on the ground. Because these four alternatives are mutually exclusive, they
can be analyzed in any order. For the decision tree as illustrated in Figure A-2 in the Appendix,
it was decided to analyze the different options in the following order:
•
•
•
•

Small Satellites (≤ 500 kg) vs. Large Satellites (> 500 kg)
Low Orbit (≤ 500 km) vs. High Orbit (> 500 km)
Single Satellites vs. Constellations
On-Orbit vs. On-Ground

The 500 kg and 500 km limit between the classes was selected based on the capabilities of small
launch vehicles that could be used for responsive space. The four options listed above produce
16 different combinations for which each technique has to be analyzed to determine its
feasibility and if a system architecture can be constructed around this choice. Fortunately, some
choices could be discarded after the second option is considered, such as using small satellites at
higher orbits. This option was discarded since the focus of the analysis is on high resolution
images for the JFC, for which optical imaging systems are the most limiting architectures.
Optical systems are limited due to the operating wavelength of the instruments that are set to
the visible spectrum. This bounds the performance of the instruments due to the physics of
light propagation. Therefore even despite the fact that the radar images might be very important
to the JFC, they have less stringent requirements towards the system architecture
(Wertz & Larson, 1999).
3.4.1

Small Satellite in High Orbit

A small satellite in high orbit will be limited by the physical constraints of diffraction. The
resolution of 0.60 m influences the satellite size because the laws of diffraction dictate the size
of the aperture of optical instruments in the satellite as a function of altitude. Figure 3-15
illustrates the typical satellite mass vs. altitude for satellites capable of achieving 0.60 m
resolution. It can be observed that for a small satellite (with a mass of less than 500 kg) the
maximum operating altitude is in the range of approximately 300 km. This graph was generated
by approximation found in Wertz’s work, (Wertz & Larson, 1999) calibrated by utilizing optical
payload performance figures from SSTL and QuickBird (Kramer, 2002; SSTL, 2008a;
SSTL, 2008b). A full derivation of Figure 3-15 can be found in the Appendix A.A.3.
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Altitude vs. Spacecraft Mass
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Figure 3-15 : Satellite Size Vs. Altitude

3.4.2

Quick Deploy – Deployable Elements

This technique was encountered twice in the decision tree; once for small single satellite already
in low orbit and again in single large satellite already in low orbit. In both of these cases the
solution was dismissed due to the size of typical deployable satellites. As mentioned above for
small satellites in high orbit, the laws of diffraction dictate the size of the satellite. Therefore
these solutions would only work if the deployed satellite was close to 500 kg class depending on
the orbiting altitude.
3.4.3

Constellation of Small Satellites Deployed from Ground

Although an entire small constellation can be launched from the ground on one launch vehicle,
it would be a great technical challenge to assemble multiple satellites and integrate them with a
launcher, within one week. Furthermore, the phasing of the satellites once in orbit, that is
placing them into the correct positions, would take more time. This technique is a good
solution, but does not fit within the responsiveness of days which is required by the user.
Additionally, the user requires the service only for a short duration. This makes a constellation
solution uneconomical unless the user required persistent coverage over the short duration or
satellites could be reused by other users.
3.4.4

Constellation of Large Satellites in Low Orbit

This solution is the “one size fits all” case. However, it is unfeasible due to high costs associated
with it. Unlike small satellites, large satellites can increase their lifespan by occasionally
increasing their orbit to counter drag forces at low altitudes. This process increases the lifespan
of the constellation for many years. However, this is an extemporaneous solution. It can be
observed from Figure 3-15 that for the resolution required, a satellite at low altitude does not
have to be over 500 kg.
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The advantage of large satellites is that they can achieve an increased off-nadir resolution, which
increases response time. At lower altitudes, a greater off-nadir tilt is required to achieve the same
revisit times which require a more complex and therefore large satellite. For satellites in at
higher altitudes (~1000 km), this concept is illustrated in Figure 3-16 and will be explored in
more detail later in the report (Bharat Rakshak, 2009).

Figure 3-16 : Revisit Time

3.4.5

Quick Deploy – On Demand Launch

This technique was a roadblock for three different possible solutions:
•
•
•

Single large satellite to be deployed from ground into low orbit,
Single large satellite to be deployed from ground into high orbit
Constellation of large satellites to be deployed from ground into high orbit.

All these above scenarios are not feasible due to the absence of a “responsive launcher” for
large satellites. Current investments and studies are focused on small responsive launchers such
as the Scorpius Sprite-1. Although companies such as Microcosm Inc. intend to eventually
develop larger responsive launchers capable of delivering large payloads to space, this is not
realizable at this present moment (Chakroborty et al., 2003; ISU TP Security, 2008).
3.4.6

Single Large Satellite in a High Orbit

This scenario cannot be considered a feasible solution given our requirements, (responsiveness
in term of “Days”). Considering the worst case scenario where a satellite is required to cover an
area it has just passed or to lower to the minimum achievable orbit, it will not meet the primary
user requirements in term of responsiveness. This conclusion is based on the analysis of two
current high resolution satellites: GeoEye-1 and WorldView-2 (Stoney, 2008). Although there
are two more satellites already in orbit which can achieve a ground resolution greater than 0.60
m, they were not considered because their operating altitude is less than 500 km.
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For the analysis, the STK software package was used to simulate the orbits of the two satellites
and calculate the total ground coverage for each of these satellites during the course of one week
(7 full days). To increase the accuracy of the model, ground coverage calculations were limited
to daytime only and off-nadir imaging was taken into account by increasing the field of view of
each sensor on the satellite (GeoEye, 2009; DigitalGlobe, 2009).
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Figure 3-17 : Satellite Coverage

As illustrated in Figure 3-17, the figures on the left side of the picture, visually show the possible
coverage achievable by each satellite in one week. The figure of the right of Figure 3-17 displays
the ground coverage as a percent of the global coverage. From the simulation, GeoEye-1 is able
to acquire images of over 75% of the Earth’s surface. Therefore a system based on this
architecture will still not be completely responsive within a week timeframe.
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Constellation of Large Satellites in High Orbits
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Figure 3-18 : Two Satellite Constellation Coverage

It is possible to set up a constellation of large satellites in high orbit to image any point on Earth
as illustrated in Figure 3-18, where the coverage of a two satellite constellation (GeoEye-1 and
WorldView-2) was simulated using STK. However, to achieve this coverage, both satellites are
required to have re-orientating capability to take off-nadir images. This function, due to the size
of the satellites, leads to high propellant consumption over time, causing decreasing in the
lifespan of the satellites. Additionally, requiring satellites to re-orient themselves in order to
image any place on Earth in the timeframe of a week, could limit the potential users of the
system. Most places on Earth can be imaged by only one pass. This is easily achievable by a
constellation, within one week with each imaging window lasting a few seconds. Therefore, if
the satellite is not properly orientated or available for data collection, responsiveness within one
week may not be achievable.
Using the reasoning described above, all possible options but three were eliminated from the
decision tree. These three options are listed below and will be explored in more detail in the
next section of this chapter:
•
•
•

3.5

Small Single Satellite - Low Orbit - Quick Deploy from the Ground
Small Satellite Constellation - Low Orbit - Re-Orient Ability
Large Single Satellite - Low Orbit - Change Orbit/Modify Ability

Responsive Architectures

The primary need satisfied by these three identified architectures is high-resolution imagery with
a responsive degree expressed in days. This need relates to seven user categories, which include
explicit sub-needs as addressed in the previous chapter and shown in the following Table 3-11.
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International Space University, Masters 2009

Space and Responsive Systems

Responsive Space Architectures

This section of Chapter 3 will go into detail for each of the three options left and outline a
FFBD. This will be accomplished by providing a high level interdisciplinary analysis which will
look into the technical, business, policy and legal aspects of each architecture.
Table 3-11 : Short Term Imaging Needs within Days

3.5.1

JFC
Commercial
PRS
Humanitarian NGO
Media
Scientific Community
Disaster Management

X
X
X

X
X
X

X

X

X

X

Tracking

High Resolution Monitoring

Short

Imaging

Wide Scale (low resolution)
monitoring

Days

X
X

Architecture 1: Small Single Satellite - Low Orbit - Quick Deploy from the
Ground

The first architecture under analysis is characterized by the following key elements:
•
•
•

Small Single Satellite with a single purpose payload and short lifespan
Low operating orbit to decrease the demand on the payload
Quickly deployed from the ground using a responsive launcher

Figure 3-19 illustrates the architecture based on the above listed characteristics. The responsive
space service provider (RSSP), represented by the Control Center in the Figure 3-19, receives
requests from an end user and manages the production level and selection of appropriate
satellites. The satellite needs to be stored near the launcher, either in flight-ready mode after
integration, or as modular payloads and busses with plug-and-play integration. When the need
arises, the satellite is then integrated with the launcher and sent into LEO. After the satellite
images the target, the information is transmitted back to the RSSP by a constellation of
geostationary relay satellites (not illustrated in Figure 3-19). With such a system, the expected
lifetime of the satellite could be designed to be as short as a couple of months, due to the low
orbit that the satellite is launched into, which reduces the complexity and therefore the cost of
the satellite.
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Figure 3-19 : Quick Integration and Deployment of Space Assets

From the business perspective, it is important to consider the size of the potential market and
the cost of the system. Due to the flexibility of the system, the potential market can be increased
outside the scope of high resolution optical imaging to cover the needs of all users identified in
Table 3-11 and beyond. The main limiting factors of this architecture are the size of the
responsive launcher and the number of components in the inventory ready for quick
integration. If a larger responsive launcher becomes available that can reach higher orbits with
larger payloads, other services such as telecommunication and quick asset replacement
(redundancies) can be offered. There is a potential to expand this system architecture to satisfy
all needs by all users analyzed in Chapter 2.
Furthermore, the production of the small satellite is strictly interconnected with the launch
strategy that focuses on achieving a quick launch. The main drivers for the production strategy
are the following: the availability of satellites to satisfy the demand and the total cost of
production. In the case of out-sourced production, the availability of satellites depends on the
time it takes to transport the satellite to the service provider. Quality control, warranties and
obligations for the partner or sub-contractor have to be set. In the case of “home-production”,
decisions have to be made regarding “where” to produce and “how” to structure the supply
chain to minimize transportation time and risk between the production and integration facilities.
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For any production method, rapid transportation to the warehouse and the launch site is a key
element. However, this step does not only depend on the speed of the transportation system but
also on the policy implications of importing and exporting equipment from one country to
another. Tariffs have to be paid and licenses have to be obtained prior to the launch so that key
components are not held back at the border.
The launch sites, as well as the launch provider are central points and key variables to be
identified not only for the interconnection with the production strategies but also for the legal
and policy implication of the system. The issues related to the launch provider regard availability
of the launcher, cost of the launch and the orbits into which the satellite can be launched. Since
the business model is based on launches on-demand, a good launch strategy has to include some
way of partnership or privileged contract for achieving the high responsiveness level required.
In the case that the service will be developed and managed in Europe, the ESA launch site in
Kourou, French Guiana would be a possible solution with the Vega as the dedicated launcher.
Due to political and geographical constraints, satellites can only be launched into orbits with
inclinations ranging from 5° to 100°, from this site (Wade, 2008). In the case that the service will
be developed and managed in the US, the potential launcher is SpaceX’s Falcon 1 with the
launch site at Wallops Island. From this location the possible orbital inclinations are only in the
range from 38° to 60° (Koehler, 2008). These inclination restrictions limit the size of the market
that the RSSP can capture because a single satellite has to be directly launched into a responsive
orbit over the target. It is possible to change inclinations once in orbit. However, plane change
maneuvers are very expensive in terms of fuel which translates to a large mass increase for
already very mass sensitive launch vehicles.
Furthermore, economical and technical limitations may not allow for launches every week,
therefore situations where multiple requests are obtained from different users at the same time,
have to be addressed. A priority list has to be created, that will identify what to do in case such a
situation arises. This list could be purely based on economics; the launch goes to the customer
who is willing to pay the most. However, as is common in most of the space industry, policy
issues also have to be addressed. Additionally, the list of users will have legal implications.
Depending on the national law of the country where the RSSP is registered and international
public law, there might be restrictions on image distribution of particular target areas to
particular users and also restrictions on the resolutions of the delivered images. Additionally,
many policy implications come into play due to the primary user of the system being the JFC.
Military operations and their areas of interest are regarded as sensitive information and the
armed forces user cannot disclose this information to the RSSP. Therefore it is impossible to
provide the JFC with an imaging service. Only the responsive launch of space asset can be
offered to the JFC after which they would take full control of the satellite.
Other possible legal implications arise from the International Telecommunication Union (ITU)
and the Outer Space Treaty (OST)/Registration Convention, if the RSSP registration country is
associated with them. A possible legal roadblock for this architecture could be the ITU
frequency registration. If the launched satellite has to communicate with the ground or create an
inter-satellite link with geostationary relay satellites, frequencies have to be allocated through the
ITU for this communication link. These frequency allocations can take many years to get
approved (Allison, 2009).
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A way to get around ITU is to use laser communication system between the responsive satellite
and the geostationary relay satellites which could be owned by another company and already
have frequencies allocated to them. Or the RSSP can utilize one of the frequencies its
registration country is allocated.
As for the OST/Registration Convention, the registration of the satellite does not have to take
place before the satellite is actually launched. Therefore it is possible to launch the responsive
satellite within a week and not register it till a later date and not be in violation of international
public law (U.N. General Assembly, 2002).
3.5.2

Architecture 2: Small Satellite Constellation – Low Orbit – Re-Orient Ability

The second architecture under analysis is characterized by the following key elements:
•
•
•

A Small Satellite Constellation with a single purpose payload already in orbit
Low operating orbit to decrease the demand of the payload
Using the re-orientation ability of each satellite to increase coverage and obtain images
of any place on Earth within a week

This architecture is illustrated in Figure 3-20 where the data processing control center (as in
Figure 3-19) represents the RSSP and military figure by “T-5: map” represents the end user with
a need for high resolution imaging. The RSSP gets the request from the end user and (if the end
user is non military) sends a command to the small satellite in the constellation which is closest
to the target area to re-orient itself (if required) and image the area. The imaging satellite then
transmits the data collected back to the RSSP through a geostationary relay satellite network,
that later delivers it to the end user within a week.

Figure 3-20 : Small Satellite Constellation Architecture
38
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From a technical standpoint, to achieve responsiveness in terms of a week, the small satellite
constellation has to consist of a minimum of five satellites equally spaced in a sun synchronous
orbit at an altitude of 350km. The 350km altitude was chosen to allow a constellation lifetime of
a few years while the five satellites are required to reduce the amount of re-orientation which
has to be performed to achieve a complete global coverage. Using the STK software package
this was calculated to be approximately 10 degree for each satellite from an altitude of 350km.
From this altitude the resolution is degraded by only a few centimeters at 10° slew. The results
of this analysis are displayed in Figure 3-21.
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Figure 3-21 : Coverage of 5 Satellites with 10° Re-Orientation Capability

However from a business prospective the capital costs of such a system are high because it
requires the development and launch of five identical satellites. Unlike with architecture one,
mass production cannot be applied here because of the relatively small number of satellites
being produced. The expected savings are only around 5% per satellite for such a small order
(for details see Appendix A.A.5). Additionally, the complexity of each satellite has to be
increased due to the higher performance requirements (longer satellite lifetimes and reorientation ability). Both of these factors will drive up the initial cost of this architecture but the
operating cost will be very low. Additionally, the policy framework is not as stringent as with
Architecture 1 because export/import regulations have to be only dealt with once, during the
initial development and deployment of the constellation.
Furthermore, the potential market for this architecture is lower than the one in case of the first
architecture described above, due to the lower flexibility of the system. This system is capable of
only satisfying one need -gathering high resolution optical images. Therefore, the market is
limited to that one sector. However, a priority list of users is not as essential because there is
very little economical and no technical limitation for satisfying a new user every week or even
multiple users in the same week. Nevertheless multiple users cannot be satisfied at the same
time as described in Section 3.4 for constellations of large satellites in high orbits.
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The main challenge is going to be satisfying the primary user, the JFC. Due to the presence of
sensitive information, as described in section 3.5.1, the RSSP cannot receive requests from the
military and task the satellite constellation accordingly. A new business strategy such as satellite
time sharing with the military will have to be explored to satisfy the needs of the JFC. The
overall number of users that can be satisfied at once still increases with this system architecture,
but the total market size decreases. Nevertheless, as with Architecture 1, other policy and legal
issues regarding data distribution to selected users further limit the total size of the market.
The major technical issue regarding this architecture is that an inter-satellite link between the
five satellites of the constellation is physically impossible due to the curvature of the earth.
Therefore the way to keep contact with all satellites for data exchange is through either
geostationary relay satellites or ground stations. If the communication link with the
geostationary satellites is established with a laser communication system, then ITU regulations
do not apply. Otherwise, ITU frequency allocation is required in both cases, for a traditional
inter-satellite link or a direct to ground link.
3.5.3

Architecture 3: Large Single Satellite – Low Orbit – Change/Modify Ability

The third architecture under analysis is characterized by the following key elements:
•
•
•

A Single Large Satellite with multiple payloads and a propulsion system for orbit
keeping
Low operating orbit to decrease the demand of the payload
Re-orientation ability of the satellite to increase coverage and obtain images of any place
on Earth within a week

Figure 3-22 : Large Single Satellite Architecture

The architecture illustrated in Figure 3-22 is very similar to the one described in the previous
40
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section and illustrated in Figure 3-20. The main difference being that the constellation of small
satellites has been replaced with a single big satellite in low orbit. Therefore the RSSP tasks only
one on-orbit satellite to re-orient and image the target area. Following the imaging, the data is
relayed back to the RSSP and the end user in the same manner as in Architecture 2.
The single large satellite provides several advantages over an architecture based on a
constellation of small satellites as described in the previous section. The development and
launch of only one satellite reduces the total cost of the system and the time required to
implement the system. Additionally, the operating costs are also lower, when compared to the
second architecture, because there is only one on-orbit asset that the RSSP has to track and
maintain. However to make this architecture feasible, the space asset (the single large satellite)
has to have the ability to image the ground up to an angle of 40 degrees off-nadir as illustrated
in Figure 3-23. This translated to an approximate resolution of 0.4 m at nadir which requires a
larger sensor aperture and therefore increases the total mass of the satellite.
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Figure 3-23 : Large Satellite Coverage with 40 Degree Re-Orientation Ability

The complexity of such a satellite is going to be high due to the requirement of up to 40°
slewing and a propulsion system to counteract the atmospheric drag. However due to the lower
orbit, the size of the imaging sensor does not have to be as large as in typical higher orbit RS
satellites. In this case the typical costs of higher orbit RS satellites were used as a first
approximation. Later the cost of architecture two was approximated by using the Small Satellite
Cost Model with a Boeing-Crawford learning curve. The cost of Architecture 3 is higher than
that of Architecture 2. The cost of a typical RS satellite operating in higher orbits is
approximately USD 500 million (McCoy, 2007). The cost of a typical small remote sensing
satellite in low orbit was approximated to be around USD 25 million each therefore the
constellation of 5 would cost on the order of USD 200 million. Although this approximation is
very rough, a difference of a few hundred million dollars is observed between the two systems.

International Space University, Masters 2009

41

Space and Responsive Systems

Responsive Space Architectures

This difference could be made up over time due to the lower operational costs (only one asset
to keep track off) and potential longer lifetime (on-board propulsion system to counteract
atmospheric drag). Additional revenue can be generated by expanding the market through
providing additional services. Architecture 2 is limited to only high resolution optical imaging,
but due to the increased size of the satellite in this architecture, extra payloads can be added. A
balance between the capital cost of the space asset and the potential market has to be found.
Additionally, due to the large off-nadir angle required to achieve global coverage, the image
quality of some targets might be reduced. The angle of shadows and the curvature of the Earth
will complicate the processing of the images and might reduce the amount of information that
could be gathered from them. This could potentially reduce the market size for this system in
comparison to the other two examined above.
As for the policy and legal issues associated with Architecture 3, they will be very similar to the
ones presented in the previous section for Architecture 2. The reason behind it is that the
production and communication schemes used for Architecture 2 can also be applied here. The
only difference is that there are fewer satellites to be manufactured and communicated to while
in-orbit.
3.5.4

Summary

The key aspects of all three architectures (summarized in Table 3-12) described above are:
•
•
•

Architecture 1 refers to Small Single Satellite – Low Orbit – Quick Deploy from
Ground
Architecture 2 refers to Small Satellite Constellation – Low Orbit – Re-Orient Ability
Architecture 3 refers to Large Single Satellite – Low Orbit – Change/Modify Ability

All of these architectures are able to meet the requirements of the primary user. The rationale
behind selecting the first architecture for the case study is the following:
•
•

•
•

42

Due to project time constraints, a decision was taken to thoroughly examine one of the
architectures rather than analyzing all three.
The selected architecture (Small Single Satellite – Low Orbit – Quick Deploy from
Ground) is the one that is currently under investigation by ORS and the responsive
space community (ISU TP Security, 2008).
It is the most flexible system with the ability to capture the largest market.
It allows us to fully analyze all relevant aspects of responsive space (all the “hot
topics”). The other scenarios would have left out the issue of responsive launchers.
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Table 3-12 : Architecture Summary Table

Key Areas

Architecture 1

Architecture 2

Technical
Parameters I

Small Simple Satellite

5 Satellites with 10°
Re-Orientation Ability

Technical
Parameters II
Policy Issues I
Policy Issues II
Legal Restrictions I
Legal Restrictions II

Business Aspects I

Business Aspects II

3.6

Responsive Launcher
Export Control
Data
Distribution/User
Priority/Dual Use
Data distribution and
imaging restrictions
ITU and
OTS/Registration
Convention
Production Strategy
(Availability,
Standardization)
Launch Strategy
(Partnership,
Privileged Contract)

Architecture 3
Single Large Satellite
with 40° ReOrientation Ability

Maintaining
Configuration/ Intersatellite
Communication
Export Control
Data
Distribution/User
Priority/Dual Use
Data distribution and
imaging restrictions

Export Control
Data
Distribution/User
Priority/Dual Use
Data distribution and
imaging restrictions

ITU frequency
allocation

ITU frequency
allocation

Production Strategy

Production Strategy

Single Product (High
Resolution Optical
Images)

Single Product (High
Resolution Optical
Images)

Orbit Up-keeping
(Ion engine or extra
propellant)

Technology transfer/ export control policy

Being sensitive technology, space technology (launch vehicle, satellite, etc) is intensively
regulated by the international and national technology transfer and export control regimes.
Concerning the feasibility of the implementation of the selected on-demand launch architecture,
which relies heavily on the utilization of an appropriate responsive launcher, it is necessary to
understand its context relative to these policies.
3.6.1

Current export control policy

In the international export control regime, Wassenaar Arrangement (WA) and Missile
Technology Control Regime (MTCR) are the main policies associated with space technology.
ITAR of the U.S. is the strictest policy among the national export control regimes.
International export control policy

The Wassenaar Arrangement on Export Controls for Conventional Arms and Dual-Use Goods
and Technologies (WA) is to contribute to regional and international security and stability by
promoting transparency and greater responsibility in transfers of conventional arms and dualuse goods and technologies to prevent destabilizing accumulations of those items. The
Wassenaar Arrangement establishes lists of items for which 40 member countries are to apply
export controls. Specially designed system, component, equipment and software which can be
used on launch vehicle and spacecraft are in the lists of items.
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Member governments implement these controls to ensure that transfers of the controlled items
do not contribute to the development or enhancement of military capabilities that undermine
the goals of the Arrangement, and are not diverted to support such capabilities (WA, 2009).
EU export control policy

In all European Union member states, the control of exports of space technologies is based on a
European Council regulation (currently Council Regulation (EC) No. 1167/2008). This
regulation defines the different types of export licenses and the list of goods concerned. Any
relevant launcher or satellite technology can move freely within the EU and furthermore can be
exported to relevant economic partners of EU (namely: Australia, Canada, the US, Japan,
Norway, New-Zealand, Switzerland) (Michel, 2008). The controls apply to all exports to
territories outside the EU.
U.S. export control policy

The United States controls the export of launch vehicles, spacecrafts, component technologies,
and other space-related items for national security reasons. The controls are to reduce the
possibility of missile-related and other technology spreading to foreign entities that may use it to
threaten U.S. security and interesting.
There are two sets of regulations for export control process:
•

•

The International Traffic in Arms Regulations (ITAR) which is under the jurisdiction of
the Department of State (DoS), support the control of items, information, or activities
that could be used for threatening foreign military purposes, be they actual products
(“defense articles”), or technical data and support (“defense services”). These are
detailed in the ITAR under the United States Munitions List (USML).
The Export Administration Regulations (EAR) which is administered by the
Department of Commerce (DoC), control the technologies that could be used for
either military or commercial purposes (“dual-use”). Items are detailed in the EAR
under the Commerce Control List (CCL) (DoC & FAA, 2008).

ITAR is a set of United States government regulations which control the export and import of
defense-related articles and services on the United States Munitions List. These regulations put
into practice the rules of the Arms Export Control Act. All space-related physical object
(satellite, subcomponent, telemetry equipment for a ground station, launch vehicle, launch
facility, fuel) and technical information relating to the object (blueprints, photographs,
instructions, software directly related to the item), pertain to the ITAR, and became more
carefully protected. If the satellite launch takes place from a non-NATO country (unless the
country is a major non-NATO), additional export controls will also apply (DoC & FAA, 2008).
With the control by ITAR, the U.S. satellite and satellite components are tough to sell to foreign
states, and difficult to launch using foreign launch vehicles. For example, a single satellite sale
requires an average of nine separate licenses and four months of bureaucratic deliberation to
secure necessary approval, and outcome of any application is not assured even for transactions
involving close allies (Gallagher & Steinbruner, 2008).
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Figure 3-24 : Authorization Hierarchy for U.S. Export Controls (DoC & FAA, 2008).

The main difference between EU and U.S. export control policy is that EU is trying to keep a
delicate balance between “security” and “economic” interests (Suzuki, 2007). That is to say that
EU is also promoting export and international competition while regulating and refraining the
exports. For instance, Europeans do not regard the commercial satellite and their components
as military goods and do not restrict access to them as tightly as does the U.S. So European
space industry can build “ITAR free” satellites and components to avoid the control by US, and
foreign nations can build capable and competitive telecommunication, remote sensing, and
navigating satellites.
3.6.2

The main effect of current export control policy for the selected Architecture

Since responsive space is new concept for space industry, there is still no concerned policy
about it. When analyzing the indirect impact from current international and national export
control policy, there is an ambivalent factor, affecting the implementation of responsive space
concept.
Export control policy prevents the proliferation of advanced technology of satellite (especially
high-resolution remote sensing satellite) and launch vehicle which are essential to the realization
of this on-demand launch architecture. This ultimately limits the number of countries that could
potentially implement the architecture. Countries that have no access to an appropriate launcher
cannot be considered.
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4 CASE STUDY:
EUROPE
4.1

Case Study: On-Demand Launch for Europe

ON-DEMAND

LAUNCH

FOR

Responsive Space for Europe

A

lthough U.S has led most of the activities and developments of the responsive space
concept, other nations have begun to take initiatives to learn and adapt the new
paradigm to their needs. Several countries including Canada, Japan and Korea have
commissioned studies to assess its merit (Bedard & Spaans, 2007; ByungYoung et al., 2006). Europe in particular, has passed a number of initiatives that are closely
related to the objectives of responsive space such as the Space Situational Awareness and the
EU draft Code of Conduct for outer space activities. Furthermore, there is an increasing interest
within ESA to further investigate the concept of responsive space (ESA, 2009d). In order to
provide a context for the interdisciplinary analysis of responsive space, Europe was selected for
this case study among the space-faring nations. The rationale of this choice is briefly given in
this section.
4.1.1

Why Europe for Responsive Space

There are many questions concerning whether or not responsive space capability could be
implemented by and for Europe. Will there be unanimity between all member-states that there is
a need to develop this capability, and will they agree that it is worth investing? These are
questions of a predictive policy nature, whose answers can only boil down to speculation. The
analysis in this report is not intended to answer all these questions, but rather to outline why it is
believed that the EU is a feasible candidate to establish a responsive space capability. It’s
important to keep in mind that the case for the EU is a much more complex issue than a single
nation-state such as the US developing a similar capability.
The EU is a union of 27 independent states founded to enhance political, economic and social
co-operation. The EU has created a single market and harmonized laws which apply to all
member states. This has created an environment where people, goods, services and capital are
free to move within the borders of the EU (Europa, 2008). EU has developed a significant
foreign policy but not quite yet unified, having representation at the WTO, G8 summits, and the
UN (EU Commission, 2002a). The Common Foreign Security Policy (CFSP) of the EU
mandates that all 27 member states must reach a unanimous consensus on all foreign affairs and
security policies of the EU (House of Commons, 2008).
Because of the strict adherence to the CFSP, the EU does not have an integrated military. It has
been difficult for the EU to establish an integrated European defense capability, since member
states do not want to relinquish their sovereignty on defense issues (Chipman, 2008). As such,
from the perspective of the EU, its defense is largely the responsibility of each individual
member state. Despite that fact, 21 of the 27 EU member states are members of the North
Atlantic Treaty Organization (NATO), therefore they integrate their defense policies through it
(NATO, 2009). This cannot be done for all EU member states because some are obliged to
remain neutral on defense issues to respect their constitutional mandate (Duke, 2008).
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The EU has a limited mandate over defense issues. Since the EU does not have a standing
military structure or capability, this provides a challenge for developing a responsive space
capability for a JFC user within the context of the EU. Although the EU will have to clearly
establish a JFC for Europe, there are already developments that are leading in this direction.
The Western European Union (WEU) is a European security organization related to the EU.
The EU has recently transferred responsibility for humanitarian, peacekeeping and crisis
management missions from the WEU to the EU (Whitman, 2008). This is a step towards more
direct participation of the EU in security matters.
Following the Kosovo War in 1999, the European Council agreed that
“the Union must have the capacity for autonomous action backed by credible
military forces, the means to decide to use them, and the readiness to do so, in
order to respond to international crises without prejudice to actions by NATO”
(EU Commission, 2002b).
The result was the establishment of the EU Battle Groups (EUBG). This army is not large in
size, consisting of 1500 combat multinational soldiers for rapid response peacekeeping, however
it illustrates that the EU is gradually moving ahead in foreign and security policy. The forces are
under the direct control of the European Commission (EC) of the EU (Reynolds, 2007).
On 19 February 2009, 7 years after the formation of the EUBG, the European Parliament voted
to create Synchronized Armed Forces Europe (SAFE) as a precursor to a bigger European
military force. SAFE, based on the opt-in model (voluntary participation), will be directed by an
EU directorate with its own training standards and operational doctrine (Waterfield, 2009;
Vasconcelos, 2009).
These developments, all point toward the potential formation of a JFC for Europe. The
European Security and Defense Policy (ESDP), is the major EU policy under which this
integration might be possible. It forms the basis of common defense and military policies for
EU member-states. The ESDP has several purposes (Hunter, 2002):
•
•
•
•
•
•

Move forward the process of European integration.
Lay the foundation for a truly functioning “European” foreign policy.
Enable Europe to launch civilian and military missions to ensure peace and security in
troubled regions.
Provide a political incentive to modernize European military forces.
Grant Europe more say in decisions reached within NATO.
Prepare a coherent and unified EU action in crisis monitoring and conflict prevention
functions.

The maturation of the ESDP is pre-requirement in order for EU to develop a responsive space
capability. The Treaty of Lisbon, which was signed on 13 December 2007 and entered into force
on 1 January 2009, has given more strength to the ESDP and further integrates defense and
foreign affairs policies for Europe (Whiteman, 2008). The creation of the European Defense
Agency (EDA) is another remarkable key of that treaty.
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European Defense Agency

The EDA, headquartered in Brussels, is a fundamental organization for an integrated European
defense policy. It operates under the CFSP and reports to the Council of the European Union.
EU Council established the EDA to support the member states and the Council in four main
areas which coincide with the potential benefits of responsive space:
•
•
•
•

Develop defense capabilities in the field of crisis management and sustain the ESDP
Promote and enhance European armaments co-operation
Strengthen the Defense Technology and Industrial Base for the creation of an
internationally competitive European Defense Equipment Market
Enhance the effectiveness of European Defense Research and Technology

“The need to bolster Europe's military capabilities to match our aspirations is more
urgent than ever. And so, too, is the need for us to respond better to the challenges
facing our defense industries. This agency can make a huge difference.”
(EDA, 2009)
This quote from Javier Solana, former Secretary General of NATO, and the high representative
and head of the European Defense Agency, clearly identifies the willingness of the EU to
establish a competitive, leading edge defense industry and solidify the autonomous military
capability of Europe.
On 28 June 2007, the EDA endorsed a roadmap addressing the need for member states to cooperate and invest in new joint defense programs (ESDP, 2008). The roadmap identifies a set of
12 capability areas to develop. After this, the EDA began investigating the creation of a
coordinating body to implement the roadmap. This investigation includes in a tentative work
schedule and rough cost estimation. EDA is also trying to harmonize these efforts with similar
projects being done by NATO. Clearly, responsive space, which covers intelligence, surveillance,
target acquisition and reconnaissance, would be an appropriate capability to include in this list.
The mechanism, therefore, is already in place to start researching on responsive space activities.
Should EDA consider them valuable for the EU security and its defense program is still an open
subject to further investigation.
4.1.3

European Space Policy

The European Space Policy (ESP) is a joint effort of the EC and the European Space Agency
(ESA) which was established in May 2004. It can be seen as an example of synergistic
cooperation between the EC and ESA. The Policy recognizes the United Nations (UN)
Conventions and the Outer Space Treaty (OST) of 1957. Its main objectives are; European
independence, maintaining Europe’s leadership in space science and industry, improving
European cohesion in terms of identity, expanding the economic and strategic benefits of space
for citizens and supporting external and internal policies such as human aid, sustainable
development and climate change through national and international cooperation. Although
Europe’s space programs are primarily established to address civilian requirements (e.g. GMES
and Galileo), both EC and ESA recognize space as a strategic asset for Europe’s overall security
who aims for an independent and cost effective access to space.
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Dual Use Space Systems and Europe

The fact that Europe’s space programs predominantly address civilian requirements does not
indicate that ESA will not provide solutions to satisfy military requirements as well. Europe, in
fact, does recognize military space capabilities as a complementary tool for its security. The ESP
explicitly stresses that although member states should continue with their own military space
systems, they should not be prevented from pursuing cooperative programs between ESA and
their national defense and security organizations (ESA, 2007a).
Instead of separating military and civilian space requirements, the ESP encourages combining
them and developing solutions which can satisfy both. In this way, European space systems
tend to be dual use in nature. The ESP stresses the need for more synergy and cooperation
between civilian and military actors while retaining primary end-user responsibility
(ESA, 2007b, p. 25). Global Monitoring for Environment and Security (GMES) and Galileo are
both good examples of dual use systems where both actors can overlap and share resources. It
should be noted however, that both GMES and Galileo are under civilian control, which is not a
preferred scenario for the military requirements for remote sensing – the chosen need for this
case study.
In order to successfully implement and operate a European responsive space system it is
necessary to recognize and respect the European norms and values regarding its space programs
and operations. Although the initial end goal of the proposed case study is to benefit both
military and civilian users, in Chapter 2 the primary end user was determined to be the JFC.
According to the ESP this means that JFC would carry the responsibility to fund such a system
(ESA, 2007b, p. 25). The ESP is in favor to have a civilian open market that could benefit from
any dual-use space system developed.
ESA-EDA cooperation

As pointed out by the EDA Head of Planning & Policy Unit at the opening workshop entitled
“Critical Space technologies for European Strategic Non-Dependence” on 9 September 2008
held in Brussels (EDA, 2008), EDA is looking to increase the cooperation with ESA. This will
contribute to improve the civil-military interoperability between the Commission’s European
Security and ESA. This cooperation aims to identify those space technologies labeled as critical
for the “non-dependence” of Europe, mainly in the sector of satellite manufacturing and
launcher vehicles.
It is worth to be noted that a key result of this workshop had been the creation of a standing
task force made up of representatives from EC, EDA and ESA that is currently working on
those issues. Therefore, due to its peculiar nature, this task force could in the future be the
coordinating body of a European Responsive Space Office (EU ORS).
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Implication intra-alliance consequences with NATO of EU ORS

The decision of Europe to independently develop responsive space would inevitably affect the
relationship with and within the NATO alliance. The strategic advance, given by the responsive
space assets and technologies, would increase Europe defense capabilities, making the Old
Continent a stronger partner within the NATO alliance (EDA, 2008). Thus, Europe would have
more leverage over decisions taken by NATO – another potential incentive.
The creation of such strategic capability at EU level is coherent with the trend Europe is
following in respect of its foreign and defense policy. The EU has clearly stated its political will
to develop its military capability.
“…the European Union shall play its full role on the international stage. To that
end, we intend to give the European Union the necessary means and capabilities
to assume its responsibilities regarding a common European policy on security
and defense.” (ESDP, 2008)
Nevertheless, cooperation between the ORS Office and the hypothetical EU ORS would also fit
in the already well established framework of the EU-NATO Capability Group. This
coordinating body has the task of assuring the exchange of information on requirements
common to EU and NATO. Due to its characteristics, this body could be one forum for
cooperation on responsive space. It has to be noted, also, that cooperation in responsive space
will be done in the general framework of cooperation in space (Col. Doyne, 2008).
Further issues that the creation of a European responsive space could assess are related to the
so called “double-dependency” between the EU membership on one side and the NATO
alliance on the other side. Looking at the example of NRF (NATO Response Force) and
EUBG, it is indeed the responsibility of each EU member state to assure the required assets to
both the EU and NATO. Responsive space assets could therefore, follow the same logic.
Strategic reason

There are also strategic reasons that indicate why Europe should go for responsive space
concept. As noted by Peter (2009) Europe “enjoys a leading position in the global ‘space
hierarchy’”, but this may not last without a well-established political framework and actions to
support it. Accordingly, investing in a space critical asset such as responsive space would insure
the EU from losing its space power. Nowadays, what had been initially identified by Zervos
(1998) as a “difficult compromise” between ESA and WEU, has reached a solution with the
creation of the EC/EDA/ESA task force.
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A final remark to be highlighted is the fact that responsive space is not yet a reality, neither in
Europe nor the US. This implies that Europe can play a very significant role in it, taking its own
decisions without external influences.
Some of the different responsive space scenarios and their challenges regarding Europe are
mentioned below:
•

•

•

Responsive space will be developed autonomously by the EU. This scenario would
benefit from one side of the cooperation with NATO, thanks to the well established
EU-NATO Capability Group body, and the other side will not prevent cooperation
with other potential partners such as Russia, China, India and Japan among the others.
As a special case of the latter would be a bilateral cooperation between the US and the
EU outside any NATO framework. This would allow ORS (Adang, 2009) to find in the
EU the partner it is looking for, and will allow the EU to cover the gap with the US in
the field of responsive space. Besides, both the US and the EU would act without being
bounded by the NATO framework. However, this would certainly bring ITAR
regulations into the fold.
Responsive space will be developed within the NATO framework with the aim of
increasing the defense capability of Europe and so with a tangible benefit to the NATO
alliance.

Potential Users

Among the reasons why Europe is chosen as a policy framework to develop the case study,
there is the existence of potential users for responsive space services. Previously in the report,
the military category has been identified as the candidate user for the analysis, keeping in mind
the dual use concept. Both these points could be satisfied choosing the EU. However, an
important distinction has to be made. The Civilian potential user was identified within the
GMES framework. This is a very solid user, and according to the European Framework
Program (FP) 7 (Tobler, 2009) already 1.2 billion Euro have been assigned to it (Bischoff, 2008).
On the other side, the Military potential user for EU is neither as consolidated nor as well
established framework. Even though there is a European Security and Defense Policy and EU is
willing to pursue and increase its military capabilities, it must be clarified that all those are still
“on-going” processes, although the progress is very promising. The above statement has to be
taken into account in order to have a realistic picture of the current situation in EU.
With those considerations in mind and seeking a currently active European military force, the
focus for the proposed system architecture will be the Eurocorps.

4.2

Case Study Outline

The case study will examine each aspect of the responsive space architecture in an
interdisciplinary manner. It opens with a brief explanation of the scenario in order to establish
the context. This is followed by a discussion of the users in the European context and a
description of the public-private company which will provide the responsive space capability.
The case study will then examine the elements of the architecture in the following order:
satellites, launchers, launch site, and operations. The case study concludes with a discussion on
the feasibility of the system in terms of cost and marketability.
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Case Study Background

As stated previously, a European public-private entity is the selected entity to realize responsive
space. Thus, with respect to time frame, it is assumed that the responsive space capabilities
would need to be fully developed and privatized as a prerequisite.
European responsive space would most likely begin as a mandate from the EU to ESA. The
capability would primarily be used for its own military purposes. As its secondary mission, it can
aid disaster management efforts and serve other needs. Following that theoretical situation and
under the GMES program, EADS would be contracted to develop and build the responsive
space capabilities for Europe. Drawing parallels from the history and development of Spot
Image S.A., a company would be established with a French identity, and in the beginning, EU
would be the majority shareholder and EADS would be the second largest investor. Once the
capability is established and has proven its reliability, EU's shares would be sold to EADS, who
will eventually hold majority of the company shares. The European responsive space capability
is offered by this company as a service, ideally to anyone who can afford it.

4.3
4.3.1

Users
The EU Army: Eurocorps

The Eurocorps is the permanent military asset of EU and acts as the European army. Eurocorps
develops its own activities within NATO’s general framework, and it recently qualified to be
part of the NATO Response Force. Despite its ties with NATO, Eurocorps aims to be a
"standing force under EU command", as expressed by its Commanding General, Lieutenant
General Pedro Pitarch (Eurocorps, 2009). Indeed, Eurocorps has been involved in the major
military operations that EU has faced in the past few years. These include the NATO
Stabilization Force in Bosnia-Herzegovina (SFOR), Kosovo Force (KFOR) and International
Security Assistance Force in Afghanistan (ISAF). It has continually proven to be a reliable and
modern military instrument.
As the operational arm of the military activities for Europe, Eurocorps is the best candidate as
the user for responsive space. Moreover, as a modern military, it uses space-based services and
responsive space will be an improvement to their current capabilities. As identified in Chapter 2,
the JFC is the main user, but Eurocorps does not have a figure that fulfills this leading role such
as the JFC. However, in terms of having the same needs and the same level of decision-making
authority, the Commander of Eurocorps is thought to fit this role.
4.3.2

The EU Civilian User

EU Member States have shown a strong commitment to space through the so called
Framework Programs for Research and Technological Development. The Global Monitoring
for Environment and Security (GMES) is considered to be the next EU flagship program for
space after Galileo, as stated during the 2nd Space Council on June 2005 and its importance is
constantly growing in Europe. GMES aims to address emergency and security issues, by giving
the policy makers more accurate information on which to base decisions for the protection,
preservation and management of the environment.
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The requirements that GMES will try to satisfy are similar to those being addressed by
responsive space (see Chapter 2 section 2.3). Responsive space services could fit into the GMES
program by addressing the requirements of the emergency and security services. Due to its dualuse nature, responsive space architecture, as the one proposed in Chapter 3, could fulfill the
needs of the military and civilian institutions of the EU.
4.3.3

Potential Responsive Market

On a global scale there is clear need for fast space launch capability and assembly. Natural and
man-made disasters annually cost billions of Euros to society. . In 2007 alone there were 414
natural disasters which affected millions of lives and cost around 75 billion Euro in economical
damages (Scheuren et al., 2008). To mitigate those damages, react faster and give a timely
response, space systems are needed (GlobalSecurity.org, 2007).
When a major disaster strikes (like hurricane, volcano, earthquake, etc.) there is a need for fast
and reliable data. High resolution multispectral images, radar images, SAR, LIDAR and other
data are required by disaster management agencies and organizations. In many cases the
response from space systems is not fast enough or the data is difficult to assess. Hence, new
system architectures offering fast development and assembly timeframe together with fast
launch and on-orbit insertion are needed. To be able to respond to disasters, the system must be
launched within days and must be capable of obtaining and sending essential information to
disaster management authorities. In the case of wars and armed conflicts the same system
architecture can be used to obtain intelligence information or providing with communications
the troops in the field.
Disaster management users:

There are approximately 400 disasters per year (GlobalSecurity.org, 2007). Therefore, the market
size for responsive space systems is substantial. If the system architecture permits the launch of
short life-time satellites into orbit in days or weeks, the market potentials are promising. When
a natural or human disaster strikes certain areas, the number of involved agencies, organizations,
governments and volunteers is quite significant. The list of users is very large and the enrolment
during and after the crisis is also diverse.
National Governments, Military, Civil Protection Agencies and Publicly Regulated Services
(PRS) such as Police Forces, Coast Guards or Firefighters are the first point of contact to
mitigate the consequences of a disaster. The size, dimensions and implications of these more
than 400 catastrophes worldwide are so intense and broad that often, international collaboration
is more than required.
Error! Reference source not found. lists the main players that would benefit from the services
enabled by Celeritas. Some large NGOs like Médicins Sans Frontières or OXFAM are not listed
below since their needs and goals do not require short-term actions.
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Table 4-1 : Short List of Organizations that Require Short Term Actions

Type

Public
Organizations

Name
International
Charter for ‘Space
and
Major
Disasters’ – (The
Charter)
UN Office for the
Coordination
of
Humanitarian
Affairs (OCHA)
World Bank
International
Federation of Red
Cross and Red
Crescent Societies
(IFRC) -

NGO’s

World
Food
Program (WFP)

UNICEF

Implication
Provides unified point of contact to acquisition
and delivery of space data to those affected by
natural or man-made disasters. The main space
agencies have partnership deals to share their
space assets during the crisis.
Quickly mobilize, respond and effectively
coordinate humanitarian actions to alleviate and
mitigate complex emergencies effects on humans,
nature and infrastructures. With a budged of USD
239,617 million acts in partnership with national
and international organizations.
Financing more than 500 operations since 1980
amounting to more than USD 40 billion
The increase in number of natural disasters
worldwide in recent years has prompted IFRC to
devote more attention to disaster preparation
activities. Furthermore, IFRC assists more than 30
million people annually around the globe, from
refugees to victims of natural disasters.
Restore and rebuild and save lives, protect
livelihoods and reduce chronic hunger and under
nutrition by strengthening the capacity of each
countries.
During a complex situation, ensures completely
and effectively the delivery of humanitarian
assistance and specially address the full spectrum
of children rights during the disaster.

The market will remain relatively large based on the constant need for disaster management
efforts (Scheuren et al., 2008). The number of disasters globally every year makes the need for
responsive space systems evident. Humanitarian organizations will benefit as satellite images
help to understand the situation during humanitarian crises. Lives can be saved and
humanitarian disasters could even be prevented if information for the potential threats is
acquired from reliable data sources, to make effective planning for mitigation and prevention.
The responsive space system will provide new capabilities that will boost the efforts of the
NGOs and the humanitarian organizations worldwide.
Commercial users:

Media services can be viewed as potential commercial users. They can use data from responsive
space systems for information dissemination. The companies that will build, launch and sustain
the system in orbit are also part of the commercial chain. Their profits will be based on the
number of potential users and number of satellites needed.
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Joint Force Commander

The military is the main user for the proposed system. During wars and conflicts the JFC
commander needs fast, adequate and reliable information about the situation, in order to assess
and react accordingly. The proposed new architecture will permit receiving important data from
any point on the Earth within 2-3 days. High definition images and radar data will be provided
faster to secure better reaction capability in the case of Eurocorps.
The new satellites will offer services directly corresponding to the user specific needs that will
guarantee better effectiveness and results.
The JFC Data Needs

Does a business case exist for quick, high resolution remote sensing data? It depends on the
user's needs. Which missions require quick, high resolution images? How accurate, reliable and
qualitative is the data that is produced? Can the end product, processed data, be of a consistent
quality and how can this quality be assured? In order to answer these questions all missions of
the JFC that depend on remote sensing data would have to be addressed to identify the data
requirements for each mission. This evaluation could be done in various ways. One approach
could categorize the needs depending on the level of urgency, security and information required.
To further illustrate this matter, some example missions of the JFC will be evaluated.
4.3.4

Type of Data Required

Military Defensive and Peacekeeping Operations for National and International
Security

When a national or international conflict occurs, the JFC may use the responsive space to obtain
information about the situation. This allows them to develop a strategy to minimize the damage
caused to a state. For military defense planning, the images need to be highly accurate and have
high resolution and quality. On the other hand, the requirements for peacekeeping operations
are less demanding because the focus is on identifying problematic areas and not tactical targets.

Disaster Management and Humanitarian Crisis Management

In the case of a natural disaster, the data has to be very precise in order to identify the level of
support needed in the affected areas. The quality needs to be high so as to determine the
accessibility to an affected area. Accessibility is very important aspect in disaster management,
meaning that support teams can be sent via the quickest possible route. Affected infrastructures
can only be identified with high resolution imagery. Inaccurate and lower resolution ones may
obstruct and endanger the mentioned accessibility and, moreover, delay the crisis operation. In
the case of a humanitarian crisis the same principles apply. The resolution need can be assessed
based upon the type of humanitarian crisis. For instance, in case of an infectious disease
outbreak, it is vital to identify the affected areas and it is less concerned about the affected
infrastructures. On the other hand, for example, concerning regional armed conflicts and large
flood of refugees and infrastructure damages, high resolution images become much more
important.
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The ability to rapidly and responsively deliver updated information could be a complementary
service to the RESPOND organization that supports the humanitarian community to improve
access to maps, satellite imagery and geographical information (Stevens, 2005).

4.4
4.4.1

The Company
Identity of the Company

Responsive space is a new concept that requires a new type of business plan and company
structure that assures the activities from launch to satisfaction of the needs. The company would
be best suited to be a division of another larger company, hypothetically in this case study,
EADS. As a subsidiary of such a large aerospace corporation in Europe, accessing to
partnerships and space solutions providers as well as costumers, would be trouble-free. For this
example the company shall be called EADS RAPID S.A.S.

EADS

Coordination

Airbus

Eurocopter

Defense &
Security Astrium

EADS Defense
& Security

EADS Astrium

RAPID S.A.S.

Figure 4-1 : Proposed EADS Organization with RAPID S.A.S.*1

4.4.2

Financing

RAPID S.A.S. is the European responsive space provider and grants its service to a variety of
customers, including the JFC of Europe. Examples are the Eurocorps or divisions of the
European Defense Agency (EDA). Within the EDA, these services can bring to the armed
forces of Europe “the availability of communication and knowledge as well as new levels of
precision and protection.” (EDA, 2006).
To satisfy the military, civil and commercial interests and needs, a Public Private Partnership
(PPP) scheme could finance the venture. Initially the company would be jointly funded by the
EU member-states and by the private host company EADS.

1

Adapted from Organization of EADS (EADS, 2009)
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The combination of these two entities to finance RAPID S.A.S. will facilitate the development
of the commercial potential of the company, since one should not forget that the entrance into a
new space market requires large investments (see e.g., Peeters, 2000). Such a company scheme
could also capture the global space market by improving “its competitive position in the
commercial space markets through the development of a non-fragmented European military
space market” (Zervos, 1998).
The European Space Agency will be working in conjunction with the EU member states for the
establishment of RAPID S.A.S. under a framework where ESA will be in control of the budget
(implementation and use), while allowing the commission to fully exercise its power of audit .
Just as with the Galileo project, this similar framework optimizes cooperation between the
Commission and the ESA which is a key element for the successful outcome of RAPID S.A.S.
(EU, 2009).
“The EC-ESA Framework Agreement provides a solid base for coordination
arrangements between intergovernmental and Community actions. As Space
increasingly will gain an EU dimension, the goal remains for the EU and ESA to
pursue closer and more efficient cooperation, in particular to develop space
systems and sustain associated services responding to relevant EU sectoral
policies.” (ESA, 2007b)
ESA will therefore be in charge of the work packages to be sent out as Invitations To Tender
for the development of
•
•
•
•
•
4.4.3

System Support
Ground Mission Segment
Ground Control Segment
Space Segment
Launch Services and Operations
RAPID S.A.S. and the Celeritas Architecture

RAPID S.A.S. main feature will be the full responsibility and delivery of the responsive space
system architecture, Celeritas. The service will be made up of two important phases - Pre
Launch and Post Launch.
4.4.4

Facilities

The RAPID S.A.S. headquarters is the Ground Segment of the Responsive Mission. RAPID
S.A.S.’ main compound will have two buildings:
•
•
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Mission Control Center
Interaction and control of the Responsive Satellites and relay satellites
Satellite Ground Station
This comprises of a Satellite Ground Station and Data Handling Center. They
work together in the reception and processing of the data received from the
Responsive Satellite (Houston & Rycroft, 2003).
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The use of the facilities and its process will depend on the contractual agreements with the
customers, which is also further developed in the Operations Section.
4.4.5

Organizational Structure

The main focus of the company is to deliver the responsive service to the end user. The relevant
organization of RAPID S.A.S. is identified in Figure 4-2. The positions given in that figure are
essential for a proper functioning of the company; they are explained further in Table 4-2.

Chief Executive
Officer

Contacts Liaison

Contracts Manager

Procurement
Section

Satellite Services (PostLaunch)

Payload Specialists

Bus Specialists

Processing Manager

Sales Manager

Data Processing
Analysts

Satellite Integration
Specialists

Launch Service
Specialists
Figure 4-2 : Organizational Structure of Company

These positions are vital to the proper functioning of the company and of Celeritas, the
responsive space architecture.
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Table 4-2 : Description or Functions of RAPID Personnel

Position
Contacts Liaison
Contracts Manager

Responsibilities
Receives requests from customers and handles all contacts for the
launching of the satellite
In charge of contracts with all subcontractors and customers

Detailed knowledge of the two payloads used and can make
necessary adjustments
Detailed knowledge of the two buses used and can make necessary
Bus Specialists
adjustments
Satellite Integration
Present at Satellite Integration Facility and carefully monitors the
Specialists
process and reports the progress of the integration
Present at Launch Site and carefully monitors the pre-launch,
Launch Service Specialists
launch and post launch processes and reports the progress
Receives all data and distributes work load accordingly
Processing Manager
Payload Specialists

Data Processing Analysts
Sales Manager
4.4.6

Handles all the data received and processes to produce maps under
a strict timeframe.
Responsible for management of Revenue, sales and other sources
of funding for the organization

Legal Status of RAPID S.A.S.

RAPID S.A.S. is best incorporated as an EADS subsidiary where it can use the registry of the
Chamber of Commerce of Toulouse in France. The company will be a "S.A.S.”, i.e. a “Société
par Actions Simplifiées" which is a simplified corporation under French commercial code
(similar to a limited liability company). The S.A.S. option will be useful for the company as it
does not have a complex capital structure and is fully-owned by EADS. RAPID S.A.S. can
therefore establish a company structure without e.g., being required to have a board. The
President of the company will be also in charge of the operations with his signature right.
RAPID S.A.S. may recruit a General Manager who has the same rights as the President
(Mascré, 2003).
As a company with global operations, RAPID S.A.S. is subject to the laws of every single
country in which it conducts business. Applicable regulations for the protection of investors and
other stakeholders will be described in the relevant section of the company’s registration.
RAPID S.A.S. will also comply with the Transparency Directive, which has been implemented
in France since 2007 (2004/109/EC) in order to ensure fast access on a non-discriminatory
basis to the European Community.
4.4.7

Policy Implications

RAPID S.A.S. is registered in France and therefore has to respect all the United Nations
Treaties and Principles on Outer Space, which the State has ratified. France has signed and
ratified four out of the five main treaties that comprise the framework of the international law
regulating space related activities: The Outer Space Treaty, the Registration Convention, the
Space Rescue Treaty, and the Space Registration Treaty. As a result, a company registered in
France has an international obligation to meet the regulations of these treaties.
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The launching State

According to the Registration Convention, national, international or multinational cooperation
register for identification, shall be addressed within RAPID S.A.S.. The launching State is the
State that launches or procures the launching of a space object, or the State from whose
territory or facility a space object is launched. From above mentioned, the launching state is
France no matter what launch vehicle should be chosen by the company.
National registry

France has signed and ratified the Convention on Registration of Objects launched in Outer
Space. France has a national registry for space objects and has informed the Secretary-General
of the United Nations of the establishment of such a registry according to Article II of the
Convention. This registry is established and maintained by the Directorate of International
Affairs from CNES. The Foreign Affairs Ministry transmits, to the Secretary-General, via the
Mission Permanente in Vienna, on a 6-months basis, the information furnished in accordance
with Article IV of the convention.
Registration Requirements

As soon as possible after the launch is complete, the satellite operator provides all the relevant
information concerning the launcher elements and satellites placed in orbit. The required
parameters are summaries in Table 4-3. In additional to that, every half a year, the launching
state (France) is required to provide the UN Secretary General with an update of the satellite
catalog with the current position of the satellites and maneuvers performed. The UN Secretary
General has to also be notified if the object is no longer in orbit.
Table 4-3 : Registration Requirements

•
•
•
•
•

Launcher Elements
Name of the Satellite
Date and territory of launch
Launcher type
Basic orbital parameters at injection
into orbit and required phasing
General function for space object and
other relevant information about the
satellite

Satellite
•
•
•
•
•

Launcher type
Launch site
Data and time of the launch
Function of each element of the launcher
Basic orbital parameters at injection into
orbit of each different elements of the
launcher

Pre-launch notification to ICC

France subscribed to the Hague Code of Conduct, HCOC, against the Proliferation of Ballistic
Missiles. In this framework France is obligated to notify the ICC point of contact in Vienna, for
distribution to Focal Points of HCOC subscribing States, a Pre-launch notification. This prelaunch notification has to be submitted no later than 2 days prior the opening of the launch
window.
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Liability

The Liability Convention provides an absolute liability regime for damage caused on the surface
of the Earth or to aircraft in flight by a launching state's space object (Article II). It also
provides a guarantor for damage caused to third parties on Earth’s surface (Article III). It is
important to clarify that apart from the individual liability of the launching state, Article IV of
the Convention provides a legal regime for situations in which more than one states may be
jointly and severally liable. This principle of shared liability is victim oriented as it offers a better
chance to identify one of the involved states having caused the damage, and also provides a
choice, if both were responsible identified, to bring a claim against the State from whom
effective recovery seems most likely (Kayser, 2001). However, a State can be exonerated from
liability if a launching state establishes that such damage resulted either wholly or partially from
gross negligence or from an act of omission done with intent to cause damage on the part of the
claimant state (Article VI). Additionally, it should be noted that provisions of the Liability
Convention are not applicable to nationals of the launching state or foreign national participants
(Article VI).
National laws have been formulated in some countries like US and France to address third party
liability associated with space launches. For instance, in US mandatory provisions under
Commercial Space Launch Act for launch and spaceport licensing, allocation of liability clauses,
and insurance and financial responsibility requirements. Similar provisions also exist under
France bill on Laws relating to Space operations of 2008. These regulations were promulgated
to protect persons not involved in space activities. Thus, an ideal liability regime for responsive
space must take into consideration these salient provisions of the Liability Convention.
4.4.8

Technical Architecture

Figure 4-3 : Technical Architecture
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RAPID S.A.S. will provide a responsive optical and radar imaging to the end user following the
eight step process shown below (see also above Figure 4-3):
1. A demand by an end user is received at the RAPID S.A.S headquarters. An optimal
solution for the requested need is developed from which commands are sent to Kourou
to initiate the deployment procedures for a space asset
2. Within two days the satellite, with the appropriate payload, is integrated with the launch
vehicle and launched into the specified orbit
3. One in orbit, the satellite is deployed (if required).
4. Before data acquisition can commence, the satellite sensors have to be calibrated to
ensure the quality of the data collected
5. Depending on the selected orbit, the satellite passes over its target within hours of its
deployment and image acquisition can take place
6. Through a geostationary relay satellite, the responsive satellite can transmit the collected
data at any point in its orbit, downlink afterwards to RAPID S.A.S headquarters
7. Once the data is received, it is processed to correlate with the requirements of the end
user
8. Within a week time, the images are delivered to the end user

4.5

Satellites

In the Celeritas rapid launcher architecture, the satellite must be prepared and integrated quickly
with the launcher. In the initial assessment found in Chapter 3, the satellite of concern weighs
approximately 500 kg with an orbit of 300 km able to provide images with spatial resolutions up
to 60 cm. This section will further define the satellite to meet the assigned mission requirements
and address any issues which may arise.
The analysis will begin with the payload responsible for collecting the data for the customer.
Then, the satellite bus will be examined. Finally, business and production issues related to a
series of such satellites will be addressed.
4.5.1

Payloads

The spacecraft’s payload is responsible for carrying out the main task of the mission, and is
typically built around this payload to supports its functions. The payload can be a sensor like a
camera or a radio transmitter among others. Moreover, depending on the mission, a spacecraft
can have multiple payloads, but this requires a large satellite bus to support the power and
satisfy the volume requirements. In this case study, the objective of the mission is to provide
high resolution images so a brief overview of remote sensing is provided below.
Remote Sensing

According to the Natural Resources Canada (CRSS, 2008), “Remote sensing is the science … of
acquiring information about the Earth's surface without actually being in contact with it.” The
modern uses of remote sensing include assessment of the damages incurred by natural disasters,
monitoring of the weather, and spying on enemy targets. There are various types of remote
sensing payloads in order to satisfy such different needs.
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A remote sensing payload can be categorized according to the segment of the spectral band it is
measuring. Most common are the visible light and radio regions of the electromagnetic
spectrum because these can easily penetrate the atmosphere compared to the other segments.
This is illustrated in Figure 4-4. For spectral segments such as radar frequencies, artificial
illumination is most often required unless the objective is to measure residual radar signatures.
Sensor systems which employ their own sources of ’light’ are called active sensors while the
others on the contrary are called passive sensors.

Figure 4-4 : Atmospheric Electromagnetic Transmittance or Opacity (NASA, 2007)

Passive sensors rely on the sun to provide illumination of the target. Satellites with these sensors
fly in special orbits called the Sun Synchronous Orbit (SSO), which ensure consistent
illuminated conditions. Images taken in the visible spectrum provide a ‘bird’s-eye–view’ of the
area and are valuable in understanding the terrain. Further insight can be gained by focusing on
a specific frequency within the visible band. Every material reflects a specific color, and by
decomposing the color into its respective frequencies, its spectral signature can be obtained. In
multispectral imaging, multiple sensors, each tuned to a specific frequency, are used, and the
ratios between the selected bands provide clues to the identity of the object of interest. On the
other hand, hyperspectral imaging (HSI) sensors sample a range of frequencies, and each image
is a segment within that range.
Satellites like Envisat and RADARSAT have active payloads which use radar as an illumination
source. Because these satellites do not rely on the sun, they can collect data continuously,
regardless of day or night and even the weather conditions, as long as it has enough power. The
satellite emits radio waves towards the surface of the Earth, and it measures the reflected signal,
producing an image of the surface. Certain materials and surfaces reflect the radio waves better
and therefore appear more prominently in a radar image. The resolution of the image is
dependent on the size of the aperture, presenting a problem for smaller satellites. One way to
circumvent this physical limitation for radar is to use synthetic aperture radar (SAR); this
simulates a larger aperture by combining the measurements of consecutive time segments.
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Remote sensing was one of the first activities in space. Russia and the United States both flew
cameras above the other’s territory in the 1960s in the Zenit and Corona programs, respectively.
The precedence of these activities established customary international law regarding remote
sensing. Furthermore, Principles XII and XIII of the 1986 General Assembly Resolution on
Principles Relating to Remote Sensing of the Earth from Space permits remote sensing activities
as long as the sensed state is consulted and the data is made available to them. The International
Telecommunications Union (ITU) also provides protection for active and passive earth
observation (RSPG, 2005).
There are no legal restrictions or international policies regulating the quality or resolution of
remote sensing images; however, there are national mechanisms to control distribution of
images for national security reasons. In the United States, resolution of images is regulated
through licenses granted to companies according to the Licensing of Private Land RemoteSensing Space Systems; Final Rule (15CFR§960, 2006) of the National Oceanic and
Atmospheric Administration (NOAA). Under this, the resolution of image for commercial use
is limited to 0.5m for panchromatic, 2m for multispectral, and 3m for SAR images
(Weston, 2008). Higher resolution images are reserved for military and governmental uses.
There are also special policies and agreements restricting data altogether from certain regions
using national policy strategies such as shutter control, buyout schemes, and delaying availability.
For the case of Celeritas, a similar contractual and administrative system regulates remote
sensing activities in France.
Optical
To provide optical images with a resolution of 0.6m from an altitude of 300km, the aperture of
the sensor should be approximately 40cm. Calculations are provided in Appendix A.A.5. Besides
this requirement for aperture size, other technical considerations include total mass, power
consumption, spatial resolution, and volume. Among commercially available options for optical
sensors, the VHRI-250 and the compact high resolution imaging spectrometer (CHRIS) were
chosen as baseline sensors for the optical sensor suite. The specifications of the sensors are
provided in Table 4-4.
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Table 4-4 : Optical Payloads (SSTL, 2008a; SSTL, 2008b)
VHRI-250
CHRIS

Image

Mirror
Dia./Size

38.5 cm

26 cm x 20 cm

Length

100 cm

79 cm

Bands

B, G, R, NIR

Visible (62 bands)

Mass

41 kg

14 kg

Peak Power

55 W

9W

Heritage

Other

Upgraded from China Mapping
Telescope
(CMT)
onboard
Beijing-1
Linear CCD arrays and avoided
complex beam splitting make the
focal plane design quite simple
which positively affects the cost of
the imager.

PROBA satellite 2001

CHRIS-2 is being developed and
will include short wave infrared
(SWIR) and have 200 bands

Synthetic Aperture Radar
The benefit of using a radar system is its ability to work under any weather condition and during
the day and night because it provides its own source of illumination instead of relying on the
sun. SAR improves the resolution obtainable by radar. The current challenge is to create sensors
small enough to fit on the 500kg satellites. To address this gap, an L-band SAR is being
developed with funding from the ORS Payload Technology Initiative (Webster et al., 2008).
Another possible SAR solution is the AstroSAR-Lite by EADS, which uses a foldable satellite
design to overcome the packing difficulties associated with a conventional SAR antenna.
Because this is an integrated sensor-bus solution, it will be discussed in the next section.
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Figure 4-5 : AstroSAR-Lite Spacecraft in its Operational and Launch Configurations
(Honstvet et al., 2007)

4.5.2

Satellite Bus

For the Celeritas system, two optical imagers and a Synthetic Aperture Radar (SAR) will be
employed to satisfy the user’s need for high resolution imagery. A satellite bus is needed to
support these payloads in space. The satellite bus is responsible for providing power, attitude
control, orbit maintenance, data storage, and a communication link with the ground. To fly the
payloads in space, each payload can use a dedicated bus tailored to its needs like SPOT and
RADARSAT satellites or they can be integrated onto a single satellite like Envisat.
Two Customized Satellites vs. Single Integrated Satellite

In order to decide whether to adopt the two satellite approach or the single integrated satellite
option, a trade off was done between the requirements of the payloads. Two satellites were
designed, one for each of the optical and SAR payloads, using a concurrent design working-style
to generate tangible values for comparison purposes. The key design parameters are given in
Table 4-5, and the mass breakdown of the subsystems is written in the subsequent Table 4-6.
.
Table 4-5 : Optical and SAR satellite design parameters

Optical

SAR

Units

Payload Mass

55

180

kg

S/C Loaded Mass

305

519.2

kg

Payload Power

63

580

W

S/C Power

191.3

1194.1

W

Expected Volume

3.05

5.19

m3

Moment of Inertia

138.2

335.4

kg-m2
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Table 4-6 : Mass Budget of the Optical and SAR Satellites

Spacecraft Sizing

Optical [kg]

SAR[kg]

Payload
S/C Subsystems
ADCS
C&DH
Power
Propulsion
Structure
Thermal
TT&C
Margin
S/C Dry Mass
Propellant

55
96.2
10.7
5.5
37.2
4.9
28.9
4.5
4.5
37.8
189.0
116.0

180
165.1
18.3
9.4
63.8
8.5
49.6
7.8
7.7
86.3
431.4
87.8

S/C Loaded Mass

305

519.2

Other non technical requirements were also considered and thus, are summarized in Table 4-7.
For instance, business and operational issues are included such as number of integration lines
which affects the overall cost.
Table 4-7 : Non-Technical Requirement Considerations

Custom Satellites

Integrated Satellite

Integration line

Multiple

Cost savings due to one
integration line

Complexity of Subsystem

Low

High

Can use small, responsive
launchers
Varies
Can use shared launch
Tailor orbit to payload for
optimal data collection
Can launch only optical or
SAR depending on customer
needs
Commercial platforms for
small satellites available,
ORS is pursuing this route

May not fit in the smaller
launchers

Launcher
Number of Launches
Data Collection
Other Business Issues

Trends

1
Simultaneous data collection

The two payload systems have conflicting requirements and can result in an overdesigned
satellite when integrated on one bus. For example, an optical satellite requires agility and high
pointing accuracy, whereas, SAR can use phase change techniques to correctly gather data and
therefore does not need agility or pointing accuracy. Furthermore, the SAR sensor requires a
larger solar panel because it consumes one order of magnitude more power than optical
payloads as shown in Table 4-5.
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The SAR payload is also heavier, and this, combined with larger solar panels, contributes to a
larger moment of inertia, which has detrimental consequences regarding the agility of the
spacecraft. If the agility were to be preserved by decreasing the solar panel area, the SAR
payload would only be operational for about five minutes per orbit compared to forty-five
minutes on a dedicated bus. Five minutes may be enough for one observation per orbit, but
more observations are expected to be needed for a responsive system.
A heavier satellite also limits the number of useable launchers, but if the satellites are small and
light, different launching strategies are opened. If the optical and SAR payloads are mounted on
separate satellite buses, the two can be launched separately and placed in separate orbits or they
could share a launch. Launchers and orbits will be discussed further in later sections.
In evaluating the two strategies in light of responsive space, custom satellites for each payload
offers more flexibility in operations and business options. Moreover, the necessary technologies
are available or are being developed. By separating the two systems, the development risk can
also be reduced. These reasons support the use of small, customized satellite buses for the
Celeritas system.
Satellite Bus Selection

Using commercial-off-the-shelf (COTS) products helps reduce development time and cost as
well as risk, especially if the hardware has proven space heritage.
One of the best candidates for a satellite bus for optical payloads is Surrey Satellite Technology
Limited (SSTL) 300 series. It is available on the market and optimized for Earth Observation.
Many variants are available, and it has been flown in many missions including Beijing-1 (2005),
TopSat (2005), RapidEye(2008), and NigeriaSat-2(2009). It has performed well in each case and
accumulated many years of in-orbit heritage.

Figure 4-6 : SSTL 300 (SSTL, 2009)

One possible platform for the SAR satellite is SSTL’s Snapdragon that will be used in Astrium’s
AstroSAR-Lite satellite. By using a foldable satellite bus, it manages to carry a large planar
phased array antenna while remaining very compact during storage and weighing around 500kg.
The deployment sequence is illustrated in Figure 4-7. Once deployed, the cross-section profile
facing the in-orbit velocity vector has been optimized for a low ballistic coefficient and results in
lower propellant requirements for attitude keeping.
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Figure 4-7 : Snapdragon Deployment Sequence (Eves, 2007)
Another advantage of the Snapdragon platform is the compatibility with the light-weight
launcher Falcon-1 (Figure 4-8). Furthermore, the AstroSAR design using the Snapdragon bus
incorporates a number of simplifications in satellite hardware compared with traditional SAR
designs. Main simplifications include reduction in area and complexity of the radar antenna,
simplification of the downlink subsystem, and elimination of the control and pointing
requirement of an independent solar array. The lowered complexity level of the payload
contributes to cost savings.

Figure 4-8 : AstroSAR in Falcon-1 Shroud (Eves, 2007)

4.5.3

Satellite Procurement and Inventory Management

The main components of the satellites will be manufactured by the following companies:
•

•
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Surrey Satellite Technology Limited
o SSTL 300 satellite bus
o Snapdragon satellite bus
o VHRI-250 optical camera
o CHRIS optical camera
EADS Astrium
o SAR payload
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Having all of the components manufactured and assembled in EU territory simplifies the policy
and legal implications for RAPID S.A.S. and its potential customers. Due to the fact that
RAPID S.A.S is registered in France, and the manufacturing and operation of the satellite is
within the borders of the EU, hence there is no export out regulations. According to the
European and French export control regimes, export control regulations will not apply to the
activity of the company.
However satellites with US components, ITAR regulations apply because all space-related
physical objects and technical information involving them are on the United States Munitions
List. Now a day, the vast majority of European satellites a significant share of components and
equipments are procured outside Europe, primarily from the U.S. Even if an export license is
obtained from the US, it may induce costly delays (ESTP2006). In order to reduce the
dependence on components subject to ITAR, expand the potential use of the satellites, and
ensure reliability of production schedules, “ITAR-free” technology is favorable. For simplicity,
and due to the unpredictable nature of ITAR license approval schedules, it is assumed that
Celeritas is ITAR-free.
Sample Supply Chain

Figure 4-9 : Supply Chain
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To procure and integrate the parts listed above, the following process describes the logistics
scheme as presented in Figure 4-9:
1. SSTL manufactures, packages, and delivers the parts to Heathrow airport.
2. EADS Astrium is then responsible for transporting the parts from Heathrow (UK) to
Toulouse via their service subcontractor Air France Cargo.
3. EADS Astrium Satellites integrates the payloads with the satellite buses at the
integration facility in Toulouse.
4. EADS Astrium packages and transports the satellites to Arianespace at the Kourou
launch site via Air France Cargo after the request from Arianespace under the RAPID
HQ authorization.
5. Extra satellites that are not transferred to Kourou are stored at EADS Astrium
Satellites’ storage facility in Toulouse. This is only to replenish the inventory of 6
satellites on location in Kourou.
Procurement Cycle

It is difficult to predict the demand for a responsive space service due to the nature of the
demand itself. Responsive space services try to address sporadic events such as natural disasters
and military needs which could not be satisfied by conventional means. In a sense, it is a form of
insurance. However, a certain level of demand can be assumed.
Demand in the first year is expected to reach six launches. In a worst case scenario, either six
optical or SAR satellites would be requested. To safeguard against this situation, there should be
six of each, twelve total, satellites in inventory. Within the first four years, a demand of fifty
satellites is expected.
The procurement of twelve satellites takes around eighteen months (Wertz & Larson, 1999).
The main satellite components will be ready for production by 2013, and the RAPID S.A.S. can
start selling its services by mid-2014. A schedule is detailed in Figure A-4 in the Appendix.
The cost of each of the satellites was estimated using the PRICE H Hardware Acquisition
software. The first production unit of the optical and SAR satellite series costs approximately 16
million EUR and 20.5 million EUR in fiscal year 2008, respectively. The average cost of the first
fifty satellites is about 8 million EUR and 11 million EUR, respectively, as shown in Figure 4-10.
These figures are in agreement with the standard cost of purchase of a small satellite in the
European aerospace industry. Detailed computation of the satellite costs are provided in
Appendix A.A.5.
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Unit Cost per Satellite
21
Optical Series
SAR Series

Unit Cost of Purchase (Meuro FY08)

19

17

15

13

11

9

7

5
2

10

18

26

34

42

50

58

66

74

82

90

Number of Satellites Ordered

Figure 4-10 : Average Unit Cost Satellites in EUR

Solid line: series of satellites with optical payload. Dashed line: series of satellites with SAR
payload.
Inventory Management

The inventory will be replenished on a yearly basis, and the production will be adjusted
depending on demand trends. Maintaining the correct level of production will be a challenging
task. The satellites are expensive and have limited shelf-life due to the lifespan of its batteries.
They also face the threat of becoming obsolete, harmed or unusable after a prolonged storage
period. Overproduction could lead to expired or out-of-date satellites, but there must be enough
satellites in stock to respond to the uncertain demands. There is a balance that must be
maintained to minimize overproduction while providing uninterrupted, on-demand services.
One approach to create this balance is to borrow techniques from the just-in-time (JIT)
philosophy. In JIT, inventory is seen as a waste which must be reduced as much as possible. It is
characterized by the elimination of lead-time dependency and the management of the supply
chain and inventory. With respect to the business of RAPID S.A.S., elements of the
procurement and inventory strategies are the following:
•
•
•
•

A storage service agreement for the satellites in Toulouse with Astrium
A dedicated storage facility for in Kourou
A calibrated procurement cycle shaped annually to the demand trends
An information process to manage the re-establishment of the inventory

Implementing a JIT supply chain could be challenging, especially for a low production business
like commercial space. The fact that the major suppliers SSTL and EADS Astrium are both part
of EADS could help enforce such rules and requirements. Service level agreements (SLA)
should be included in the subcontracts in order to achieve the degree of performance needed to
guarantee a responsive supply chain. The contractors should also adopt a flexible production
line in order to respond to varying levels of needs.
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Launch Vehicles

A critical element of any space system is the launch vehicle, which enables the delivery of the
desired payload into orbit. When it comes to military operations, the choice of the launcher is
mainly based on its performance. That is, the total mass-lifting capability to a specified altitude
under certain inclination. Flexibility in orbits, as well as inclinations, is a must when it comes to
responsive systems. From an orbital mechanics point of view, most demanding is reaching a
polar orbit (inclination ~90°) thus, this performance is considered while choosing a launcher.
LV’s launch window constraints need to be also taken into account. Having a vehicle that can be
launched in non-nominal weather conditions (e.g. rain, heavy wind) would be undeniably
beneficial for the service provider, as well as for the end user. Another crucial issue is the prelaunch activities. Operations preceding the launch, including launcher operations, payload and
launch pad preparations, need to be carried out in no longer than 3 days. Otherwise it is
impossible to call it responsive space concept (a detailed descriptions of responsive pre-launch
activities can be found in section 4.7 of this chapter). Very few vehicles can be ready to fly in
short time which, unfortunately, extensively shortens the list of potential choices.
The second main LV characteristic that needs to be considered is launcher cost or more
precisely the cost of launch. Even though military users very often have large budgets available,
because of the economically harsh times present today, they look for budgetary savings more
often than in the past and thus, attach weight to optimal launcher choice. Too powerful LV for
a given payload leads to unused capacity and money loss. On the other hand too weak launcher
would not be capable of lifting the desired payload. However, in certain situations the cost of
the launcher is less important than policy and legal constrains, such as import/export control
and launching State implications.
Another concern is the launcher’s shroud volume and dimensions. Having defined payloads, it is
crucial to choose a launcher that fits given spacecraft under its shroud. It cannot be forgotten
that payload must be designed for integration with a LV. This is performed in either horizontal
or vertical position and has to be taken into account when designing the satellites.
For the purpose of responsive system, based on two RS satellites with the JFC as the primary
end user, it would be optimal to have two launchers available. One, very-light weight, low cost
capable of only lifting one of the types of satellites (optical or SAR satellites), with total mass of
around 300kg and 500kg respectively to ~300km polar orbits. And the second, a more powerful
allowing shared launches of both mentioned spacecrafts at once. The optimal system
architecture would use both a Falcon 1e launcher by SpaceX and the European Vega launcher.
First of the mentioned launchers (Falcon 1e depicted in Figure 4-11) has a payload capacity of
600 kg to a 500 km SSO (SpaceX, 2008a). Designed for horizontal payload integration, needs
only a few days of pre-launch preparations. This could be easily shortened to the desired 2 days
with the Falcon stored in a special environmentally controlled storage facility, in flight-ready
mode. Its spacious shroud (illustrated in Figure 4-12) easily fits either of the proposed
spacecrafts (SpaceX, 2008b).
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Figure 4-12 : SpaceX’s Falcon 1e Shroud (meters
[inches])

One of the biggest advantages of using the Falcon LV is the predicted production number per
year. Falcon’s manufacturer, SpaceX expects (SpaceX, 2008a) that production rates will be
increased by one unit every two or three months. A contract for many vehicles per year with the
company like RAPID S.A.S. could lead to the development of an additional production line,
even higher production rate and consequently higher availability at lower cost. Finally, with
launch cost of EUR 6.79M (USD 9.10M, 2008) (SpaceX, 2008b) and possible discounts for
multi-launch contracts Falcon 1e is a suitable choice for being selected as a launcher for the
proposed responsive space architecture.
The second launcher in the architecture, used to compliment the Falcon with shared launch
capability, would be the European Vega, illustrated in Figure 4-13. This light-weight LV is
capable of lifting up to 1.5 tons to 700 km SSO. Shroud dimensions of 7.18 m in height and
2.60 m in diameter (depicted in Figure 4-14) allow mounting of the satellites with needed
adapters and separation rings under the shroud. The only concern with the vehicle is the need
for slightly higher production rate. The business strategy would be required to motivate
Arianespace to increase the number of produces vehicles. Vega's initial qualification flight in late
2009 is expected to be followed by launches at an average rate of 2 missions per year
(Arianespace, 2006). Although designed to be ready for launch within 6 days, this time could be
decreased by introducing horizontal payload integration, if the required facilities and equipment
(e.g. erecting equipment) were available at the launch site. With a EUR 17.53M (USD 23.5M,
2008) launch cost, Vega is a very good candidate for shared launch scenarios
(Arianespace, 2006).
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Figure 4-14 : Vega Shroud Dimensions (mm)

With launch sites in Wallops and Kourou, these two LV enable access to any needed orbit,
guaranteeing global coverage for both of the proposed RS payload options. Detailed target
approach descriptions are given in section 4.8.1 of this chapter. The two LV are complementing
each other in payload performance and would lead to optimal launcher exploitation and efficient
utilization of the budget.
From the point view of export control policy, using Vega as the launcher is the better choice.
The main reasons with a more detail analysis are those:
•

•

•

4.6.1

As Vega is produced in Europe and the launch site is in Kourou, which is in the
territory of France, the launch operations are performed within the borders of the EU,
and therefore no export control policy applies.
As Falcon is produced in U.S., launching the Falcon rocket from Kourou to increase
possible accessible orbital inclinations requires the launcher to be transported to
another country. Out of the U.S. and ITAR regulation will be applied, since the launch
vehicle is on the United States Munitions List. Special licenses and authorizations will
be needed. These procedures could be time-consuming and unpredictable.
As Falcon is produced in U.S., launching the rocket from Wallops Launch pad could be
a solution for the launcher export regulations. However, this would require import
regulations for the satellites. Being a company based in the EU with the JFC as the
prime user, would present a major roadblock.
Policy and Legal Restrictions on Vega and Falcon

Under US legal regime, commercial space launch activities including launch vehicles are subject
to authorization. If the Falcon LV is chosen by RAPID S.A.S., the launcher shall be conducted
in the manner of commercial launch service thus complying with the provisions of the U.S.
Commercial Space Launch Act, which gives the Office of Commercial Space Transportation
(OCST) the authority to regulate commercial launch services.
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Implication for Falcon

For launching a spacecraft into orbit with the Falcon 1e LV, three legal substantive areas related
to the launch activities shall be examined: licensing and regulation, liability and international
obligations and export control.
If the Falcon LV is launched from Wallops, OCST set forth a two-phase approval processes for
the licensing of the launch: Mission Review and Safety Review. If the applicant satisfies the
requirements of these two reviews, a license for the launch is granted. The two reviews
conducted by the OCST seek to address "in the most effective and least burdensome manner”,
two areas of federal concern: 1) the efficacy of the proposed safety operations in order to insure
safe preparation and launch of the vehicle; and 2) significant issues of national interests, foreign
policy interests, and international obligations associated with the launch (14CFR§411.3, 1987).
The OCST is to establish liability insurance requirements for commercial launch activities,
taking into account the parameters of international law and the obligations of the U.S. under
such laws. The OCST has stated that it is in the process of formulating regulations. In the
interim, the allocation of risk-sharing between the launch facility and the launching company has
been left to the contracting parties to resolve. As the OCST begins to establish liability and
insurance requirements for commercial launch companies, it has a responsibility to evaluate
"significant issues affecting national interest and international obligations that may be associated
with a proposed launch" (14CFR§411.3, 1987).
If the Falcon LV is chosen to launch from Kourou, while not directly regulating the U.S. private
sector space transportation companies, export restrictions concerning the use of the Falcon LV
will certainly have an impact on the launch activities of RAPID S.A.S. The State Department
has set up licensing procedures to keep sensitive technology out of foreign hands. These
procedures have prevented U.S. launch vehicle manufacturers from exporting them to certain
foreign countries. Therefore, an export license is required from the U.S. Commerce Department
for RAPID S.A.S. before it makes use of the Falcon launch vehicle. If Vega is chosen as a
launcher, things become easier because no export control regulations apply.
However, France is not one of the blacklisted countries for which an export license is
prohibited. Thus, these licensing requests are reviewed on a case-by-case basis rather than being
given routine denials.
Implications for Vega

Space launch services involve a number of associated activities and subsystems like the launch
vehicle and related launch operations and therefore the launching parties and the launch vehicle
shall be examined. The launching state has been described in Article 1 of the Liability
Convention as; (a) The State which launches a space object; (b) The State which procures the
launching; (c) The State from whose territory a space object is launched; and (d) The State from
whose facility a space object is launched. Thus, it is possible to have a chain of states
constituting launching states. It is important to recognize that by virtue of Article VI of the
Outer Space Treaty, States are internationally responsible for national space activities within
their territory. This obligation of authorization and continuing supervision has been codified by
some States at the level of their national legislation.
In France, by virtue of the provisions of its new bill/law relating Space Operations of 2008,
authorization is required for any launch activity from the territory of the country. Therefore,
International Space University, Masters 2009

77

Space and Responsive Systems

Case Study: On-Demand Launch for Europe

launching the Vega LV requires an authorization from the administrative authority. This
permission is usually obtained by the manufacturer, in this case, SSTL, which shall be
responsible for obtaining all necessary relevant authorizations from the French authority.
Another important legal issue to consider here is the registration of space object. Registration
Convention obligates all States Parties to establish a national register of objects it has launched
into space, and to provide to the Secretary-General of the United Nations, as soon as practicable
(Article IV), the following information from its registry: the name of the launching state or
states, an appropriate designator of the space object or its registration number, the date and
territory or location of launch, basic orbital parameters, including nodal period, inclination,
apogee, perigee, and general function of the space object. The Convention further advices that
participating states “may, from time to time, provide the Secretary-General of the United
Nations with additional information concerning a space object carried on its registry (Article
IV), and that states “shall notify the Secretary-General of the United Nations, to the greatest
extent feasible and as soon as practicable, of space objects concerning which it has previously
transmitted information, and which are no longer in Earth orbit (Article IV).
In order to prevent damage to properties, loss of life and economic loss, a concern about the
third party liability was taken into account. Government and insurance companies play big roles
in ensuring the safety and life of persons, not participating in the launch activity. In France,
operators are expected to have and maintain insurance and financial guarantee to cover any risks
concerning possible damages, caused to third parties. Under bill no. 2008-518 of 3rd June 2008
relating Space operations, an indemnification is being put in place, where an operator is
expected to provide EUR 60 million. The French government is responsible for any claim
above the stated ceiling. This provision is similar to the U.S. indemnification clause as contained
in Commercial Space Launch Amendments Act of 1988.
4.6.2

Supply Chain Management

Due to the policy and legal restriction associated with the Falcon 1e LV, it is of a greater benefit
for RAPID S.A.S. to only utilize the Vega LV from Kourou. Bypassing the restriction and
complication associated with ITAR which governs the Falcon, potentially increases the market
size and simplifies the legal implications. The reason is that both RAPID S.A.S. and the Vega
launcher are registered in the same country. Based on the Vega LV, the supply chain of the
launcher has to be analyzed in order to select the optimal business plan for RAPID S.A.S.
Vega’s management and production overview

Before delving into the supply chain elements and scheme related to the responsive launch
service, an introduction to how the Vega program has been developed and is planned to be
implemented is necessary. Vega is an ESA optional program. The ESA Vega department within
the agency’s directorate of launchers is involved in the management of the project. The
contribution of the ESA countries is shown in Table 4-8 (ESA, 2005). Development activities
for the Vega LV have been organized into three projects addressing:

•
•
•
78

Project A: Launch vehicle
Project B: P80 (1st-stage solid-rocket motor)
Project C: Ground segment
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Table 4-8 : Member States Contribution on Vega Program Projects (A, B, C)

A+C
Belgium : 5.63%
France : 15%
Italy : 65%
Netherlands : 2.75-3.5%
Spain : 6%
Sweden : 0.80%
Switzerland 1.34%

B
Belgium : 19%
France : 66%
Italy : 9.3% + contribution from Industry
Netherlands : 4.5%

For Vega, an integrated project team has been composed. Staff members from ESA, ASI and
CNES manage the Vega program jointly. The team is based at ESRIN in Frascati, Italy, for
project phases A and C, while CNES in Evry, France, is responsible for project phase B with
the support of ESA. The industrial organization of Vega is considered a precursor of the future
organization of European launcher development and it is based on having a prime contractor
for each project. Vega’s three projects prime contractors are:
•
•
•

ELV for Project A
AVIO with delegation to Europropulsion for Project B
Vitrociset for Project C

Under the responsibility of the ground segment prime contractor Vitrociset, the work has been
separated across three main “subsystems”, with an industrial contractor responsible for each of
them. These subsystems are:
•

•

The “civil infrastructure”, which covers the renovation of the existing infrastructure
(the former Ariane-1 pad, ELA1 - Ensemble de Lancement Ariane 1) as well as the
construction of a new one (ELV - Ensemble de Lancement Vega). The operations
involve civil works, air conditioning, energy installations, etc.). The main contractor is
Vitrociset, with Cogel responsible for the system engineering.
The “mechanical, fluids and general means”, which includes the design, manufacture
and installation of the mobile framework, launcher interfaces, gas supplies,
communication systems and low-voltage installation. The main contractor is Carlo
Gavazzi Space. Oerlikon Contraves Italy is responsible for the mechanical part,
Telematic Solutions for the low-voltage installation, and Cegelec for the fluid
installations.

The “control systems” include the Vega control centre, the computer centre and monitoring and
control of ground segment housekeeping processes. Vitrociset is the main subsystem contractor,
with Dataspazio, Laben and GTD as subcontractors responsible for control-system packages.
CNES is supporting the development of the Vega ground system in terms of design, systems
engineering, and configuration management. Moreover the agency is also responsible for the
Vega related modifications of the Kourou installations, the tracking, the localization and the
telemetry systems.

International Space University, Masters 2009

79

Space and Responsive Systems

Case Study: On-Demand Launch for Europe

After completing the ground qualification and successful in-flight demonstration of the
launcher’s suitability for various missions, Arianespace is going to be in charge of Vega
commercialization and launch operations. It will therefore be responsible for all the
promotional, marketing and commercial activities. It will procure vehicles from the
manufacturer according to the market needs and customer constraints, the expected launch rate
of up to four flights per year. Arianespace will also be responsible for the management and
maintenance of the Vega launch zone facilities.
ESA is responsible for the qualification of the launch service as overseer of the development
phase and also for sustaining the qualification status throughout the exploitation phase, when
the facilities will be handed over to the Vega operator (Arianespace, as mentioned before).
The qualification flight to conclude the Vega development phase managed by ESA was planned
to take place by the end of 2007. This last decisive phase of the program is lasting about two
years, considering that the launch has been postponed and recently announced by the Italian
space agency’ director, Enrico Saggese, for the early months of the 2010. This was stated during
the conference "Italian space policy planning and Europe: Italy after the ESA’s Aja conference",
in Rome, in December 4th, 2008.
The Vega production prime contractor, ELV, will be responsible for the definition and
organization of the production of the launch vehicles in accordance with the procurement plan,
established by the Vega operator.
Launchers and launch service: procurement and inventorying

As mentioned before, Arianespace will be responsible for Vega commercialization and launch
operations. This means that the company is the key contractor for the business under analysis.
The rapid deployment is the added-value element of the service that will be provided by the
Arianespace.
The fundamental importance of this contract is related to the fact that Arianespace needs to
coordinate and manage the service, apart with the RAPID S.A.S. itself, with:
•
•
•

The operator of the Kourou spaceport, CNES
The Vega producer, ELV
The flight company Air France Cargo

So, the level of dependence on Arianespace is really high because the responsive launch service
is the final and most complex ring of the supply chain. The following Figure 4-15 summarizes
the launch service procurement scheme:
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Figure 4-15 : Launch Service Procurement Actors

For a special business such as RAPID S.A.S., the way by which all the conditions of the launch
service, provided by Arianespace, are defined is through the Service Level Agreements (SLA).
The most important SLA provisions should regard the following key aspects of the contract:
•
•
•
•
•
•

•
•
•
•
•

6 satellites (three equipped with the optical payload and three with SAR) are maintained
under specific technical requirements in a dedicated storing facility.
1 “ready-to-go” Vega launcher has to be provided and maintained in a dedicated storing
facility.
1 to 2 “on specific request” Vega launchers have to be available and “under high
priority” each month.
The Vega ground segment is maintained to achieve optimal service performances
(through CNES).
A priority line for the 1 “ready-to-go” Vega launcher and eventual sequential launches
have to be provided through schedule flexibility management activities.
Rapid and reliable response for the integration of the “under high priority” Vega
launchers for specific requests have to be provided through schedule flexibility
management activities.
Replenishment of the launcher for each launch.
Flight control operations activities are done to achieve optimal service performances.
Reports about pre-launch and launch operations have to be provided to RAPID S.A.S.
after every launch.
Disposals reports have to be provided to EADS Astrium after every launch to
coordinate the re-establishment of the inventory.
SLA conditions re-establishment after each launch.
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Table 4-9 summarizes the main services that have to be provided by Arianespace, divided in two
main phases. Figure 4-16 shows the detailed flow related to the reporting activities for the postlaunch phase.
Table 4-9 : Services Provided by Arianespace

Pre-launch operations
Transport of the satellites
Toulouse – Kourou (Air France Cargo)

Post launch-operations
Flight control

6 Satellites maintenance services
Vega ground segment maintenance (CNES)
1 Vega “ready-to-go” launch
maintenance
1 to 2 “on specific request”
Vega launchers availability
Priority launch line

Reporting about pre-launch and launch
operations
SLA conditions re-establishment

vehicle

Satellite/satellites integration
Replenishment
Launcher positioning

Due to the particular “responsive” launch service provided, there is a special contractual scheme
that needs to be implemented with Arianespace. From the Scorpius family of low-cost
expandable launch vehicles analysis (Wertz et al., 2003) derives the assumption that a monthly
fee for the inventorying (maintenance) and the availability of the launches could be the solution
to the case. A priority contract allows the end customer to pay the launch manufacturer or
provider a monthly fee to have a launch vehicle ready either at all times, or within days of
notification of a potential need.
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Figure 4-16 : Reporting Flow for Post-Launch Phase

According to Wertz (Wertz et al., 2003), the monthly fee is calculated as the 0.75% of the launch
service cost, including launcher price and operations. For this case study a 0.95% fee is assumed
due to the higher price of the Vega relative to the low-cost expendable Scorpius family
launchers (around EUR 1.2 M). In our case the fee is calculated based on the launch service
price (in the case of Vega, EUR 16.5M) due to the “high level” of responsiveness requested
through launch priority line, etc. Moreover, the calculation is done on the availability of 3
launchers, as the business requires.
So: 0.95% × (EUR 16.5M × 3) ≅ EUR 470.000
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Arianespace adds an additional fee in the case of a rapid deployment of 2 or 3 VEGA launchers
per month, which is the max level of responsiveness requested through the SLA provisions. The
additional fee in this case comprehends the priority line for the pre-launch and post-launch
operations management, human resources availability, etc.
In the case of a second Vega, the additional cost is EUR 150.000.
In the case of 3 Vega in a month, the additional cost is EUR 200.000.
So monthly, the fee for 1 launch is ≅ EUR 470.000.
So monthly, the fee for 2 launches is ≅ EUR 630.000.
So monthly, the fee for 3 launches is ≅ EUR 740.000.
To the monthly fee for each launch, the cost of EUR 16.5M has to be paid. For details, see the
overall cost section in 4.10.1. This 16.5M standard cost of launch service could decrease
depending on the demand. This provision will be included in the contract.
As well as for the procurement and inventorying strategies of the payloads, busses and satellites
integration described in the previous section 0 of this chapter, the strategies related to the
launch services comprehend some of the main drivers of the Just-in-Time (JIT) theory. The
elements of the procurement and inventorying strategies for this aspect of the supply chain are
listed here:
•
•
•
•

A storing facility in Kourou for a “ready-to-go” Vega (satellite assembly and tests)
3 Vega launches per month extendable service (by Arianespace)
An information process to manage the re-establishment of the inventory
Included transportation service for satellites flight from Toulouse to Kourou

A projected schedule for the above mentioned business plan can be found in Appendix A.A.4.
The Gantt chart visually outlines the necessary steps required from the initiation of RAPID
S.A.S to the beginning of providing service by the launch of the first responsive satellite.

4.7

Launch Site

A responsive space mission will not exist without an efficient ground segment to support it. The
ground segment includes both launch site operations and launch range organization. The launch
range provides three basic functions to support the launch campaign:
1. Provides an appropriate geographical location to meet orbital or other mission
trajectory requirements,
2. Provides project services such as processing facilities, launch complexes, tracking and
data services, and fuel and other expendable products, and
3. Assures safety and property protection to participating personnel and third-parties.
The current launch-on-schedule operations take many months for planning and preparation
before each launch. A new paradigm for launch operations and technologies will be required to
satisfy the launch-on-demand capability.

84

International Space University, Masters 2009

Space and Responsive Systems

Case Study: On-Demand Launch for Europe

There are approximately 30 launch sites around the world which are used for orbital launches.
Some of the major launch sites are plotted on the map in
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1. Sea Launch (USA)
2. Vandenberg (USA)
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(USA)
4. Kourou (France)
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(Australia)
16. Kwajelein (USA)

Figure 4-17 : World Major Launch Sites

4.7.1

Guiana Space Center (GSC)

The Guiana Space Center (GSC) is located in French Guiana, on the coast of Atlantic Ocean.
Proximity of the spaceport to the equator, gives an opportunity to launch spacecrafts to a large
variety of orbits under wide range of inclinations (5-100 degrees). The Space Center accessibility
is enabled by sea and air. Both access ways are operated by international companies on a regular
basis. Even though the GSC is located in South America, it is French territory and therefore, all
the regulations comply with those applicable in France and the European Economic
Community (Arianespace, 2006).
The GSC offers variety of facilities needed for successful spacecraft launch and operations. This
includes:
•
•
•
•
•

Arrival area in seaports and airports
Payload Preparation Facility (PPF) (for all LV)
Upper Composite Integration Facility (UCIF) (dedicated for each LV)
Dedicated Launch Sites including Launch Pad, LV integration buildings, Launch Center
and support buildings
Mission Control Centre (Arianespace, 2006)

As previously mentioned in section 4.5.3, the assembly and integration of the satellites will be
followed with a test review. This is performed on the first assembled unit of the production
cycle only. Next the assembled satellites are packed into the shipment container, which is flown
to Rochambeau airport by Air France Cargo who operates a Boeing 747 on this route every
week.
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Kourou’s airport has been built in a way which enables landing of large cargo jumbo-jets, such
as: Boeing 747, Airbus Beluga and the AN-124. From the airport the payload is taken to payload
preparation facility, which is connected with Rochambeau airport by a 75 km. road
(Arianespace, 2006).
Storage

After the shipment and successful completion of the Flight Readiness Review (FRR),
spacecrafts are transferred into a tailored storage facility where they are kept in flight ready
mode. This facility enables long term storage of up to 6 satellites, in a controlled environment.
In order to have the ability to perform responsive launches, the launcher is stored in a dedicated
UCIF-type facility with a controlled environment (cleanness level, temperature, pressure,
humidity etc.). This procedure is required to have the launcher in a flight-ready mode, which
eliminates the time-consuming stages of integration and the detailed LV screening, whenever a
need for launch arises. Because the storage facility meets 100K clean room requirements, it
simultaneously serves as a payload integration bay. This is where the already fueled and mounted
on the adapter satellites are transferred. To enable fast launch campaign, after the integration
with LV, the Launch Readiness Review (LRR) is the only review performed. More detailed
description of pre-launch operations is given in the section 4.8.
Launch Pad

The launch of Vega will be performed in a dedicated launch zone, which has been built on the
site of ELA1, formerly used for Ariane-1. The launch zone consists of two elements; a fixed
element and a mobile element (Arianespace, 2006).
Fixed element consists of:
•
•
•
•

launch pad made to maintain the vertical position of the LV
facilities monitoring LV parameters and assuring appropriate LV-pad equipment
disconnection after the launch
facilities monitoring environment (weather) conditions
exhaust ducts

The major mobile element is the gantry, which provides necessary capability for the
transportation of the integrated launch vehicle to the launch pad. This includes hoisting devices
for the erection process, platforms to access different levels of the launcher, various mechanical
and electrical connections and supplies, fuelling installations and safety systems (Arianespace,
2006).
Launch Control Center

Another important asset, necessary for operation of the Vega LV at GSC is the Launch Control
Center (LCC). LCC coordinates the launches of the Vega and Ariane-5 LVs, and allows
independent monitoring and control of all launch parameters during launch.
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All the relevant technical support for launch is conducted at the Technical Centre. It allows the
best conditions for management of all GSC operations, including safety and security services.
The Mission Control Centre of the Technical Centre is responsible for: (Arianespace, 2006)
•
•
•
•

management and coordination of final pre-launch preparations,
process telemetry and readiness data,
provide exchange of data and Go/No Go process
monitoring of flight.

All the elements of the GSC can be seen on the map in Figure 4-18.

Figure 4-18 : Map of Guiana Space Center (Arianespace, 2006)

Ground Equipment

For the transportation and handling of the hardware between the GSC facilities, including
airport, the spaceport provides a wide range of road trailers, trolleys and trucks. All the payload
containers ensure transportation with low mechanical loads and maintains contamination
environments equivalent to those in the clean rooms and storage facilities (Arianespace, 2006)
(refer to section 4.6.2).
4.7.2

Space Traffic Management

Due to the potential increase in space activities, the issues of Space Traffic Management (STM)
and space debris mitigation will become of utmost relevance to the concept and implementation
of responsive space. The notion of changing the orbit of existing satellites or rapidly launching
new satellites to satisfy urgent requirements calls for an environment, in which, these operations
can occur safely and without interference. For responsive space to function, the actors and
players involved should have a vested interest in a well functioning STM system. Currently,
there is no STM system in place to ensure that responsive space operations can be carried out
safely and successfully. However many nations are investigating the implementation of such a
system.
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The European Union is very actively addressing the issues surrounding STM, Space Debris
Mitigation and the conduct of space operations in general. In December 2008, the Council of
the European Union developed a draft Code of Conduct for outer space activities (CEU, 2008).
In keeping with the European Union’s space policy objectives, the Council believes that
improving the safety and security of space operations is vitally important, especially with more
and more actors engaging in activities in outer space (CEU, 2008). It is intended that this draft
Code of Conduct will improve the safety and security of space operations.
The development of the Code of Conduct and of STM by Europe sets the stage for a
responsive space system with strong international cooperation. If the Code of Conduct and
STM become standard practice, RAPID S.A.S. will have to abide with its rules to ensure safety
and security in its operations.

4.8

Pre-Launch Operations

Once a need which can be satisfied by responsive remote sensing arises, a decision for launch is
made. The very first operation that needs to be done in order to successfully place needed
satellite(s) in orbit, is mission profile definition. This includes a sequence of choices concerning
shared or dedicated launch, satellite type, mode of operation, orbital parameters like inclination,
attitude etc., which will be crucial for later success of the whole undertaking. This defined and
optimized for a given mission data will next be uploaded to the launch vehicle and satellite
computer units.

Figure 4-19 : Mission FFBD

4.8.1

Orbits analysis

In several publications, James R. Wertz (Wertz, 2005; Wertz et al., 2006) analyzed potential
orbits that could be advantageous for responsive missions such as the LEO Fast Access Orbit
(FAO) and LEO Repeat Coverage Orbit (RCO). Not all the orbits suggested for responsive
space are suitable for Celeritas, an architecture aimed at providing responsive solutions in days
and a duration of a few months with a “single” LEO (~250-300km) satellite.
The potential orbits proposed for Celeritas are:
•
•
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LEO Sun Synchronous Orbit (SSO): same as a standard SSO but at lower altitudes
LEO Responsive Coverage Orbit (RCO): orbit with an inclination that is 3 to 5 degrees
higher than the latitude of the target
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The features of SSO and RCO are rather complementary, and the choice between one of them
is highly dependent on the target and the mission objectives. For example, SSO provides global
coverage while RCO does not. However, RCO can provide repeat coverage on the same
location over several consecutive orbits, where this could take SSO up to a few days.
Another feature of the SSO is the constant illumination conditions of the target sites as well as
the sun incidence angle on the spacecraft, which is important for the optimized placement of
the solar panels. In the case of RCO, typical satellite designs would require orientation
capabilities of the solar panels to capture enough sun. However, in both cases, the satellites will
be required to be agile or easy to re-orient in order to image their targets, and this forces the sun
incidence angle to be non-optimal with the satellite. In the data acquisition subsection, it will be
shown that the actual time spent acquiring data is short, and this leaves ample duration between
acquisitions for recharging the batteries even with the non-optimal sun angles. Moreover, the
compact design of the satellites proposed by Celeritas (SSTL-300 and AstroSAR-Light), do not
require attitude control for the solar panels.
The advantages and disadvantages of the SSO and RCO are summarized below in Table 4-10.
Table 4-10 : Evaluation of SSO and RCO

SSO
RCO

•
•
•
•

Advantages
Constant illumination conditions
Good for global coverage
Periods with repeat coverage over
several consecutive orbits
Takes greater advantage of Earth’s
rotation that SSO (launch)

•
•
•
•

Disadvantages
Poor revisit time
Propellant consuming (launch)
Changing illumination conditions
Coverage limited to latitudes,
allowed inclinations

Agility

Whatever the orbit type is, in order to retrieve more data during the short mission duration,
orbits close to the imaged target (even when it is not at nadir) must also be considered. To be
able to use those orbits, the spacecraft must be agile or easily reoriented. As discussed in
Chapter Three under the techniques subsection and as explained by Dr. Stuart Eves in the case
of SSTL-300 (Eves, 2009), this agility also enables different operational modes and allows for
increased image quality when faced with low illumination conditions.
Using AGI's Satellite Toolkit (STK) software, the impact of agility on imaging opportunities
(coverage time) was analyzed over two regions of the world: Baghdad due to the ongoing
military campaign and Banda Aceh due to the recent tsunami disaster in 2004. Figure 4-20
shows that the coverage time is greatly improved if the satellite has off-nadir pointing ability.
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Figure 4-20 : Responsive Coverage through Agility

In running this simulation, only daytime imaging opportunities have been kept. For RCO only
the imaging opportunities happening between 8 am and 4 pm local time have been used.
The benefits of agility is greater for RCO than SSO because many more orbits before and after
the best orbit still have ground tracks close to the targeted area. However, the resolution of the
images taken with an inclined spacecraft is lower.
Latitude

There is also a difference between the coverage of the two targets due to the different latitudes
of those sites. For low inclinations, RCO spends less time covering latitudes irrelevant to the
target. Using the STK software, another simulation was run to determine the impact of the
latitude on the coverage performance for both orbits. This is illustrated in Figure 4-21.

Figure 4-21 : SSO vs. RCO Coverage
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The actual coverage times given in Figure 4-21 are only illustrative, since they also depend on
agility, but the ratio between RCO and SSO are of high interest. For latitudes up to 50°, RCO
provides at least two times much coverage of the target as SSO, even though RCO provides
images in changing illumination conditions.
Considering the recent US military hot spots (see Figure 4-22), most operations take place in
latitudes between -40° and 40° where RCO is highly competitive over SSO in providing
responsive imaging.

Figure 4-22 : U.S. Military Responses to Situations, 1990-2002 (Space et al., 2004)

Celeritas will be able to provide responsive solutions by taking advantage of the different
features offered by SSO and RCO. The final choice of the orbits will be highly dependent on
the user’s needs and the geographic location of the targeted area.
4.8.2

Pre-Launch Timeline

While mission definition process takes place in the headquarters, extensive preparations of
launch vehicle and payload is done in parallel in dedicated integration facilities. The payload,
satellite(s) with optical and/or SAR instruments on-board, are at first fuelled with liquid fuel,
which will serve for station keeping and other operations while in orbit. This process can not be
done in advance as fuelled satellites projects high risk. In the meantime weather forecast is
performed to set best suited launch window. Primary launch pad preparations take place at this
point as well. With full tanks, the satellite is mounted on a standard Vega adapter, which is
compatible with platforms of both types of our remote sensing satellites. Because the satellites
are lifted and handled with the adapter, their design allows supporting an additional mass of 100
kg. Secondly a separation ring is installed. At this point the payload is moved to the room where
needed pyrotechnics are installed. These explosives will be used for post-launch activities like
solar array deployment. Unfortunately, similarly to liquid fuel, having explosives mounted on the
spacecraft ahead of launch, is too risky and has to be delayed until very last call. When finished
with pyrotechnics, the spacecraft is ready to be transported to the launch vehicle integration bay.
This class 100K clean room facility also serves as the ready-to-flight launch vehicle storage.
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This is where the launch vehicle with already screened stages awaits its payload. What follows, is
the integration of the satellite onto the launcher. It is important to mention that the payload
integration is performed in a horizontal position. This reduces the amount of additional payload
testing needed when integrating vertically. With these activities the first day of the pre-launch
operations ends.
The following day starts with payload post-integration checkout and if everything is in optimal
shape the shroud can be attached. One additional advantage of horizontal payload
accommodation is the speed of transfer from the integration bay to the launch pad. With
nominal velocity of 10 km/h, it can even be increased to 25 km/h in extreme cases. For a
comparison, 0.5 km/h is the limit for a vertically oriented launcher with a payload inside. After
relatively fast arrival at the launch pad, the launcher is erected using dedicated equipment. This
process is not very complex and can be easily done as the Vega launcher falls in a light-weight
range. Once in vertical position, the launcher is coupled with pad equipment supplying electric
power. Next, a remote launch readiness review (LRR) is performed to assure correctness of the
whole preparations done up to the point. With a positive result of the LRR, the launch pad is
evacuated while the upper stage of Vega is simultaneously fuelled with N2O4/UDMH. With
weather conditions allowing, at this point there is no obstacle to further delay the launch of the
satellites. Detailed pre-launch operations flow is shown on figure below.

Figure 4-23 : Pre-Launch Operations Flow
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Launch Campaign Risk Analysis

In addition to the technical risks presented above, there are other risks involved with a launch
campaign. The prescribed Vega launch campaign includes a 24-month timeline for nonrecurrent mission, which can be reduced for reoccurring missions. In this case, there has to be
compatibility agreement and heritage of previous flights. In order to proceed with the launch
readiness process, the LV FRR should be completed. Such review verifies the LV, to be capable
of satisfying its mission and is done after the acceptance tests in the manufacturer facilities. The
LV FRR justifies the changes, conformities, production documentation and acceptance tests, in
order to begin the launch campaign.
Because the responsive system requires the storage of all its segments (satellite bus, payload, LV)
in appropriate environment in order to obtain the flight ready mode all the time, the LV FRR
should be done in advance, before the LV is implemented into storage facility. This procedure
enables quick integration and roll-out when a demand for launch arises.
On the other hand, scenario of responsive launch creates additional risks connected with storage
facility malfunctions. If the appropriate environment is not provided, the LV may sustain
damages, which cannot be predicted during the rapid launch preparation and LRR. Such
damages can create malfunctions during the launch or even launch failure, disabling further
system operations.
For the Vega launcher, Arianespace will provide the systems engineering support enabling the
interface compatibility, mission analysis, spacecraft compatibility and post launch analysis. In the
case, similar to Celeritas, Arianespace can provide engineering support before the contract
signature in order to verify that the spacecraft will be produced in conformity with the
Compatibility Agreement. Such support will be crucial for mass production of Celeritas
satellites, because they must be compatible with all LV’s interfaces in order to enable a
responsive launch. The incompatibility of spacecraft and LVs, due to poor quality assurance, can
create a roadblock for a fast response capability.
The Preliminary Mission Analysis, which deals with trajectory preparation, orbit injection
parameters, separation parameters and collision avoidance analysis, should be done in advance
in order to satisfy the time constrains of the responsive launch campaign. However, opposite to
tailored mission design, responsive types of Mission Analysis create the risk of inaccurate
satellite deployment. This could lead to overspending of spacecraft propellant for orbit injection
and reduction of mission lifetime.
After the LV erection, the LRR needs to be executed in order to authorize the final countdown
and launch. Such review is needed for checking software, EEE components and
communication, as well as launch pad facilities readiness etc., in order to enable safe launch
mission execution and reduce the risks to the minimum.

4.9

Launch and Post-Launch Procedures

Once the authority for launch is given, the satellite is placed to its pre-defined orbit to carry out
its remote sensing mission. Depending on the orbit, the satellite may have an opportunity to
capture the target on its first pass. However, a calibration or at least a verification process may
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be needed to check if the prolonged storage and the launch disturbed the satellite’s payload
settings.
The Celeritas architecture uses the European Data Relay Satellite (EDRS) system to command
the satellite in orbit. The EDRS is also used to transfer the remote sensing data from the satellite
once it has been acquired. The data, when received on the ground, is processed and delivered to
the customer.
Depending on the customer, there are special needs to be fulfilled such as data security and
value-adding services. The main customers for high resolution imagery are the military, civilian
users such as disaster management organizations, and commercial companies. RAPID S.A.S. has
different strategies to address the unique needs of each group.
4.9.1

Early Orbit Phase

Responsive satellites in LEO should be ready to image their target on their first pass
(Knight, 2006). Knight also recommends that the on-board checkout process must be as
autonomous as possible. It should wait for human intervention only when important no-go
conditions are encountered.
Standard early orbit phases, such as the first orbit of SPOT 4 (CNES, 2000), require support
from additional TT&C stations over the first orbital revolutions. For the same reasons as will
later be seen for the normal orbits, the early orbit phase cannot be dependent on the availability
or TT&C ground stations along the path of the satellite.
The use of a data relay satellite system is best suited for this phase; in the case of Celeritas, this
would be the EDRS. This is consistent with the trend to use a system similar to the Tracking
and Data Relay Satellite System (TDRSS) for responsive operations as illustrated in the case of
the US FALCON (Force Application and Launch from CONUS) Program
(Underwood et al., 2004).
The availability of TT&C through EDRS is more critical during early orbit phase and EDRS
providers must therefore guarantee priority access during this phase.
Since the satellite provided as part of Celeritas is compact, very few mechanical deployment are
required. The optical satellite based on SSTL-300 bus does not require mechanical deployment
and the SnapDragon bus only needs to be unfolded to create the flat structure of the SAR
satellite.
4.9.2

Calibration

The calibration of remote sensing payloads plays a major role in the usefulness and
interpretability of the information received from an Earth Observation satellite. It is argued by
Chrien et al. (2006) that, in order to reduce cost and schedule for responsive missions, the
calibrations techniques should be adapted.
For example, less emphasis should be placed on pre-launch calibrations. The rationale behind
states that ground testing facilities cannot simulate the complexity of the final space
environment. Moreover, the original calibration can be compromised by the trauma of launch.
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Chrien also proposes to reduce the payload cost by “eliminating complex on-board calibration
hardware containing metrological sources”. This should be replaced with a simplified pre-launch
“calibration”, which uses vicarious radiometric and spectral calibration using uniform ground
targets with known radiance such as dry lake beds and deserts. One drawback to this technique
is that well-characterized targets are not necessarily reached by responsive satellites in a timely
manner.
4.9.3

Data Acquisition

Contrary to typical remote sensing missions that collect images on a global scale, the primary
objective of Celeritas is to acquire data over one specific target. Therefore, the amount of data
collected by the satellite is highly reduced. The time spent acquiring the data represents on
average 0.05% of the entire mission duration as it was calculated in the orbits analysis
subsection.
4.9.4

Data Transmission

Due to the nature of the responsive missions considered (intelligence gathering or disaster
management), it is foreseen that ground stations might not always be available along the track of
the satellites.
Wertz (2005) has shown that LEO Repeat Coverage Orbits (RCO) operates at inclinations that
depend on the latitude of their respective target and therefore an overall optimal placement of
ground stations does not exist. LEO Sun Synchronous Orbits (SSO), on the other hand, are
known for their exaggerated coverage of the polar regions, preferred location for Earth
Observation ground stations. In this case the real concern is the delay between data acquisition
and transmission to Earth, which reduces the responsiveness of the architecture.
If RAPID S.A.S. were to operate multiple ground stations, this would be a financial burden.
Even if resources from EADS were leveraged, this may not be enough for satellites in RCO.
Furthermore, the need is sporadic. Agreements can be made between different organizations
around the world, and this may be acceptable for humanitarian efforts such as disaster relief.
But, responsive space supporting military operations would most likely limit the availability of
ground stations. Thus, there is a need for a global communication coverage that is not limited
by geography or politics.
To solve the aforementioned problems, Celeritas, as suggested by Wertz et al. (2006), enables
Responsive Communications using geostationary satellites as data relay. Such a system has
already been implemented successfully in the USA through the Tracking and Data Relay Satellite
System (TDRSS) and now provides high data rate downlink though Ka-Band (Northrop
Grumman, 2007; Younes et al., 1998). This system can handle both uplink (commands) and
downlink (telemetry and data) as illustrated in Figure 4-24.
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Figure 4-24 : Uplink and Downlink Procedures (Younes et al., 1998)

From the European perspective, ESA (2009a) is currently preparing the implementation of an
equivalent and independent capability with the European Data Relay System which should be
available for users like Celeritas by 2012. The exact details of the architecture are not known yet,
as opposed to TDRSS, since the project is currently under 3 parallel phase A studies
(ESA, 2009b). From the information available through the EDRS Invitation to Tender
(ESTEC, 2008), it can be assumed that the system will provide a service similar to TDRSS and
will mainly operate in optical and Ka-Band.
It is therefore suggested, if EDRS future transponders allow it, that Celeritas initial satellites take
advantage of Ka-Band being common to both TDRSS and EDRS. Even if Celeritas is designed
for the EDRS, this would, at least technically speaking, provide backup communication
capabilities in case of delay in the implementation of EDRS. In case of non availability of EDRS
(technical problem of the GEO satellites or too many users at once) non sensitive data (medium
resolution images for disaster management, for instance) could transit through TDRSS.
Frequency Allocations

All the frequencies used for any purposes are regulated and managed through the International
Telecommunications Union (ITU) in order to prevent interference, overlaps and abuses
between users. Every satellite uses a specified frequency slot assigned to it by the ITU; however
this process might take a long time. Because the Celeritas is a remote sensing system and uses
the EDRS network for communications, does not need to apply for a frequency assignments.
The ITU has specially allotted the frequencies for inter-satellite communication between LEO
and GEO as shown in Table 4-11 (Elbert, 2004). The EDRS, on the other side, would need to
apply for frequencies through the ITU assignment process.
Table 4-11 : ITU Frequency Allocation for LEO-GEO Communication

Frequency Band
C
X
Ku
Ka
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Uplink [GHz]
5.85~7.075
7.90~8.40º
13.75~14.8
28.0~30.0

Downlink [GHz]
3.4~4.2
7.25~7.75
10.7~11.7
17.7~19.7
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The situation is much more complicated in case of satellites providing communications services
instead of remote sensing. Because Celeritas satellites are launched on demand, it would be
impossible to apply for the appropriate frequencies. There are three potential solutions to this
problem. The first is to use military frequencies with the support of the appropriate
organizations, and this is viable especially for military missions. Second is to use frequencies not
regulated by the ITU. Finally, the third is to apply for a permanent allocation for responsive
space purposes.
The issue with communication for the Celeritas is not the frequencies but rather the availability
of the EDRS or other data relay satellite systems.
Multiple Access

Zillig et al. (1996; NASA, 1974) highlighted the problem of TDRSS and its access by multiple
users, problem that EDRS must also overcome. Before their proposals, TDRSS access was
based on a schedule defined days in advance, which is not suitable for responsive missions.
The new scheme illustrated in Figure 4-25 adds a layer between the ground station and the user
that manages the forward transmission (by doing real time scheduling and user
acknowledgement).

Figure 4-25 : Multiple Access Management System

EDRS will most certainly implement a similar system. However EDRS primary users are the
SENTINEL satellites of the Global Monitoring for Environment and Security (GMES)
program. Even though we have seen section 4.8.1, the amount of data required by a Celeritas
mission is negligible compared to a standard Earth Observation mission; EDRS must provide a
way to guarantee the availability of data downlink service and non monopolization of this
service by GMES satellites.
Additionally, the announced broadcast capabilities of EDRS will make it possible to use the
system to send the processed data back to mobile units (such as military troops or emergency
services). EDRS could theoretically (if available when needed) be used in real time by the
satellite. Due to potentially conflicting pointing modes and requirements (payload & relay) and
due to the fact actual data acquisition represents a small percentage of an orbit (see section
4.9.3) this system will be used in a standard 'store & dump' fashion.
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Data Processing

To maintain the responsiveness of the architecture, all part of it must be responsive. It is
therefore vital to minimize the layers or steps between the satellite and the user. It is thus the
role of Celeritas to provide a value added service that, upon reception of raw data from the
satellite, processes them and produces high quality level products that can be interpreted by a
non-space expert for direct decision making or situation assessment.
RAPID S.A.S joining remains consistent with the tendency illustrated by the following
examples: SPOT Image created by CNES to provide data from the SPOT series Infoterra by
EADS Astrium to distribute high level data based on TerraSAR and in a smaller scale, DMC
International Imaging for SSTL's satellites.
The processing itself is similar to what exists today with the added constraint of responsiveness:
the first value added data products must be made available no later than ~12 hours after the first
batch of raw information has been received. Extracted examples (Schreier et al., 1989;
Honstvet et al., 2007; SSTL, 2009) of processes made to the data and the application that can
result from it are illustrated in Table 4-12 shown below.
Table 4-12 : Applicable Algorithms and Applications to Optical and SAR Images

Algorithms

Applications

Optical
SAR
• Geo-location
• Geo-coding
• Atmospheric Correction
• Terrain Correction
• Ortho-rectification
• Correction of variations of illumination conditions
(backscattering model for SAR, radiance model for Optical)
• Radiometric Correction
• Geometric Correction
• Spectral
and
Spatial
Combination
• Surveillance
• Maritime
and
EEZ
• National and Urban
Applications
Mapping
• Surface Features
• Agricultural Monitoring
• Security Monitoring
• Precision Farming
• Flood Monitoring
• Security
• Aircraft Detection
• Orthographic Mapping

The optimal solution provided by Celeritas consists of a simultaneous launch of an optical
satellite and a SAR satellite. Indeed, this is consistent with the fact that efficient algorithms are
based on the combination of optical and SAR data for improved parallel feature extraction.
Data Standardization

Even with a fast turnaround for processed data, a responsive architecture is meaningless if the
data cannot be used or understood by the end-user. As recognized by Harris (2001) and the U.S.
National Research Council (2001), remote sensing data comes in various qualities, accuracy,
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availability, and reliability, and this can cause confusion and difficulties. A solution is to
introduce a standard for remote sensing data and image formats. Standardization would clarify
the user's expectations and eliminate the problem of receiving different information due to
different data formats (Kries von, 2000).
In order to promote a homogenous format and to ensure interoperability between current and
future organizations, existing open formats should be used and further developed through
standardization organizations such as the Open Geospatial Consortium. This approach will
benefit the public, the market and the industry as a whole (OFE, 2009).
The issue of viability of data formats could also be solved by a form of data standardization that
is clarified within a data package contract. The standardization of images would clarify the user's
expectations and take away the concern regarding data discrimination as recognized by von
Kries (2000), who calls for a non-discriminative data access. Standardization of data formats
would prevent the discrimination, and thus prevent users to receive different information when
data is shared amongst multiple users. The data standard could be aligned with the National
Imagery Transmission Format (NITF) as used by NATO, which is concerned with data
downlink formats (Doescher et al., 2005).
Standardization of data would also benefit the final customer, who could pay different prices for
different data formats according to it needs. Finally, the format consistency of Earth
observation data is also an objective of Europe's Global Monitoring for Environment and
Security program (ESA, 2006).
4.9.6

Data Distribution and Management

As recognized by Harris (2001) and the U.S. National Research Council (2001), there are some
difficulties regarding the quality, accuracy, availability, reliability, stability and viability of data
formats of remote sensing data. In order to minimize these issues it is necessary to establish a
clear contract between the user and the supplier of the data. These contracts could be
formulated in the form of Data Packages. These Packages would not only give an understanding
to the user of what can be expected it also creates a warrantee in terms of quality and
redistribution. The warrantee of redistribution of high resolution remote sensing data becomes
important when either military or politically sensitive data are visible on the processed images. A
contract could limit the distribution of the data to one particular user or could even completely
prohibit any distribution of data in case of so called 'blackout zones' where shutter control is
applied (Tahu et al., 1998). In any case whether concerned with the military or commercial
responsive space remote sensing service RAPID S.A.S. would have to register and obtain a
license through the French government to be able to provide this service.
Internet, especially web-based applications, has proof as a very valuable method for distribution
of the high-level data products. To ensure data security, the military may choose to use their
own distribution networks such as the Secret Internet Protocol Router Network (SIPRNet), a
secured military Internet (Yee, 2007; Yan et al., 2007). During the time between the initial
expression of the users' need and the availability of the first data, the users will be granted early
access to the web service. They will therefore be able to browse typical data products and
familiarize themselves with the reading and use of the service they will receive. Specific training
to the user can be provided during this short period.
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Specific Customer Needs

Military

Secrecy and data integrity, authenticity and security are the main concerns that the military
would have with using a commercial service. The specific aspects which the military would be
concerned are the following:
•
•
•

Orbital parameters of the satellites
Data encryption, transmission and privacy
Data processing

In dealing with the military, the best option is to lease or sell the satellite. The satellite will then
be under complete control by the military, and so, they do not have to disclose the details on the
orbital parameters. They will also purchase the launch so the orbit can be selected depending on
the mission objectives. If the satellite is leased, it would be returned to RAPID S.A.S. In this
situation, the orbital parameters would have to be declassified or the satellite could be placed in
a different orbit prior being returned.
The military may also choose to use a separate communication infrastructure to ensure secure
communication. In using the Celeritas architecture, the EDRS or a similar inter-satellite links
shall be used. The EDRS is a dual-use system, therefore a threat of interference from nonmilitary users might occur. Encrypted messages have been sent over commercial networks to
secure communication such as in the Iraq War (Knight, 2003), and to protect against
interference, an encryption function can also be incorporated into the design for command and
control of the satellite and data transmission. The military may provide its own downlink
stations and data processing facilities instead of relying on RAPID S.A.S. depending on the level
of security desired.
Disaster Management Organizations

The main concern for a disaster management organization is to obtain actionable information as
soon as a disaster strikes. With the activation of the European Responsive Space Emergency
Fund, they will be entitled to a dedicated launch, and the satellite will be leased to the
organization. For rapidly developing situations, LEO RCO will provide frequent coverage,
suitable for prolonged monitoring, LEO SSO in the other hand, would be more consistent.
Unlike the military, encryption is not necessary, but to maintain the responsiveness of the
system priority should be given when accessing EDRS and other communication networks.
Data processing and value-adding services should be provided in-house of RAPID S.A.S. to
shorten the turnaround time to deliver the needed information. Once the mission of the satellite
is completed, the control of the satellite will return to RAPID S.A.S. for further exploitation
before disposal.
Commercial

The commercial user is the least likely to purchase a dedicated launch. If a new imaging needs
arises, they will have to rely on spare satellites that finished its military or civil mission and are
commercially available. Raw images can be purchased from RAPID S.A.S.’s archives as well as
processed images and value-added services.
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In order to offer this service, RAPID S.A.S. would have to register its satellite service to the
French government and obtain the appropriate license to provide such service. In this license it
should be indicated what kind of service RAPID S.A.S provides to the customer and both the
requirements and limits of it. It also should be acknowledged the compliance of the French
legislation and international laws that apply to remote sensing activities. This is especially
important regarding commercial responsive space remote sensing, as the French law indicates
that all data should be monitored by the defense and national security force, and respect the
International Principles on Remote Sensing for data access on non-discriminatory
bases (Dempsey, 2004). In these principles it is also stated that in the case of a national security
need, data should be provided and distributed if useful at a reasonable price to helping
organizations.
Different data packages could be available for different prices depending on the resolution, data
integration and processing, image quantity and formats and the type of image, e.g. multispectral
or panchromatic. It must be noted that in the case of commercial data, RAPID S.A.S. will
maintain all ownership over its data, either raw or processed under the Intellectual Property
Right Regulations.

4.10 Business Overview
In this section, all the decisions made throughout this chapter are evaluated from a business
perspective. The total system cost is approximated, based on of the architecture elements and
the new infrastructure needed to support it. Furthermore, a risk analysis is performed to
highlight the potential challenges, facing the realization of responsive space. A market analysis is
performed. Finally, based on these factors, the profitability and feasibility of the Celeritas
architecture is analyzed.
4.10.1 Overall Costing

The goal of this section is to estimate the overall cost of Celeritas. However, results from
Chapter 2 have shown that it is not yet clear how many satellites are required, thus no reliable
figures are available in the literature regarding the market demand for this type of service.
Instead of calculating a definitive value, the overall cost of the project was computed as a
function of the number of responsive satellites.
An estimate of the overall cost can be obtained using a parametric costing approach such as
(Koelle, 1998) and pp. 783-820 of (Wertz & Larson, 1999).In order to aid in the calculations, the
PRICE H Hardware Acquisition Model was used (PRICE, 2007).
The overall cost estimation breakdown obtained using PRICE H is given in Figure 4-26. The
breakdown shows the different elements of cost that have to be addressed during the
implementation of the project. These include the purchase of space hardware such as the
satellite bus and payload, the payment for relevant services such as the launch with the Vega
launch vehicle and additional costs or “throughputs” such as the construction of the storage
facilities for the satellites and launchers, satellite integration, fuelling, and monthly fees for the
maintenance and upkeep to ensure the availability of the Vega launch vehicle, (see Figure 4-26).
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Figure 4-26 : Overall Cost Estimation Breakdown

The cost estimation breakdown of Figure 4-26 is based on following assumptions:
•

•
•
•
•
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The overall costs are estimated only for the first business cycle, which is four years. The
time interval of 4 years has been chosen because the maximum number of responsive
satellites needed during a given time interval (i.e., the market demand) is bounded by
the natural upper limit of the number of satellites that can be produced during that
period. PRICE H predicts that up to 200 responsive satellites can be mass-produced
during 4 years. This is why this time interval was chosen to study following figures of
market demand of responsive satellites: {4, 8, 16, 48, 96, 192}. The start date of the first
business cycle remains an open parameter in the calculation.
The most important upfront costs are the construction of a responsive launcher storage
silo for Vega in Kourou and the construction of a responsive satellite storage hangar in
Kourou.
An on-site team of eight employees is needed in Kourou to ensure the service.
Half of the satellites launched have an optical payload. The other half of satellites has a
SAR payload.
All launches are performed using the Vega launch vehicle. Depending on the
requirements of the customer, Vega can launch either one satellite or two satellites into
orbit. The price of one launch with Vega is EUR 15.6M FY08. To obtain an upper cost
limit no launch service discounts are taken into account: the launch price of EUR
15.6M is kept constant.
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An additional fee for the responsiveness of Vega is paid to Arianespace. This fee
includes services such as inventory and maintenance of the launchers at launch site,
timely availability and readiness of the launchers and a guarantee for the assured service
of up to three launches per month. The monthly fee is about EUR 0.95M FY08M and
it should be paid to Arianespace (see section 4.6.2 for more detail).
The transportation and logistics costs are deferred to the satellite providers (SSTL and
EADS Astrium) and the launch service provider (Arianespace). An overhead is included
to account for unforeseen logistical costs.
A general 20% margin is added to the total cost at the end of each calculation.

Figure 4-27 and Figure 4-28 show the results of the computations. Figure 4-27 graphs the
evolution of the total RAPID S.A.S. program cost with respect to the number of responsive
satellites launched during the 4 years. The upper curve (dash; circular markers) shows the
evolution of the total cost of a dedicated launch where each Vega launch vehicle carries only
one satellite. The lower curve (solid; square markers) represents the cost of a shared launch
where each Vega launch vehicle carries two satellites. The total program cost is therefore
bounded by the dashed and solid curves of Figure 4-27. The area between these two curves is
the area of interest for a consistent estimation of the total program cost. For instance, if there is
a market demand of 50 responsive satellites during the first 4 business years of RAPID S.A.S.,
the company has to cover a total cost of about EUR 1.6B.
Cost per number of satellites launched

Total Programme Cost (FY08MEuro)
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Figure 4-27 : Total Program Cost as a Function of the Total Number of Satellites that RAPID S.A.S.
may Launch during the First 4 Business Years.

Figure 4-28 shows the average cost of each mission as a function of the annual demand of the
satellites. The calculations are based on the assumption that the demand of satellites is constant
during the 4 years. For any number of satellites launched per year, the average cost is bounded
by these two curves. For example, if RAPID S.A.S. aims to supply the market with one
responsive space mission per year, each launch will cost EUR 54M. The US ORS Office
estimates that each launch will cost less than USD 60M FY08 or EUR 45M FY09, and this value
is included in the figure as a horizontal dotted line for comparison purposes. The calculations of
the figure are similar to the service being developed by ORS (Wilkenfeld, 2009).
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Cost vs. Annual Market Demand
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Figure 4-28 : Cost per Responsive Satellite Launched vs. Annual Market Demand

Figure 4-28 shows the cost per satellite launched as a function of the annual demand of
responsive satellites. The figure is based on the assumption that the demand of satellites is
constant during the 4 years of analysis. Once again, the dashed curve represents the case in
which each satellite is launched individually with a separate launcher. The solid curve marks the
case where all satellites are launched in pairs of two. For any number of satellites launched per
year, the cost per satellite is bounded by these two curves (see hashed region between the curves
highlighted in Figure 4-28). For instance, if RAPID S.A.S. aims to supply the market with 1
responsive satellite per year, it has to secure about EUR 54M for such a launch on-demand. For
comparison, a horizontal dotted line is added to Figure 4-28 highlighting a similar cost estimate,
performed by the US ORS office. The ORS estimates the costs of a launch on-demand to be <
USD 60M FY08 (≅EUR 45M FY09). However, they do not specify the launch vehicle used
(Wilkenfeld, 2009).
Figure 4-28 shows that a significant cost reduction can be achieved if the market demand is
sufficiently large. If the market demand is four missions per year, each launch will cost about
EUR 34M, which is a reduction of EUR 20M or 37% compared to one launch per year.
4.10.2 Risk Analysis

Space activity is inherently a risky business. With the addition of responsiveness as a new
requirement, Celeritas could be regarded as one of the highest risk activities. Thus, risk avoidance
techniques must be implemented to ensure success of the responsive space projects and delivery
of quality products. These techniques include active avoidance, anticipation mitigation and risk
control (Peeters, 2000). The type of risks that are of high priority to the customers and investors
can be distinguished into four categories or domains as shown in Table 4-13
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Table 4-13 : Types of Risks

Technical (T)
•
•
•
•

•
•

Saturation of launch capacity
Turnover rate
Complexity (Launch Vehicle + satellite)
Production approach (Built to order
+Built to inventory)
New Launch Vehicle
o Lack of Testing and
Qualification
New satellite
Lack of Testing and Qualification

•
•
•
•
•

Business (B)
High inventory holding costs
High Cost of launch vehicles
Cost of Resupply of Inventory
Low Volume nature of Launch Business
Lack of Initial Investment

•

Market (M)

•
•
•

Slow Sales
Market Shrinkage
Unfavorable Trends in the Industry
o Retrenchment

Policy Risks (P)
•
•

Export Prohibitions
Underperformance of Payment
Agreement

The evaluation of the risks is based on two variables: “severity” and “likelihood”. The “severity”
represents the importance or impact a particular event has on the project, and the “likelihood” is
the probability of that event occurring. The combination of a high “severity” and “likelihood”
equates to a high risk level. This model allows the risks to be organized and ranked relative to
each other.
The following table describes the risk, the risk levels and the respective domain.
Table 4-14 : Risk Table for RAPID S.A.S. and Celeritas

Project: Celeritas
Rank
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Risk Scenario Title
Complete Destruction of
Spacecraft/Components
Complexity
New Launch Vehicle
New Satellite
Unfavorable Trends in Industry
Turnover Rate
Market Shrinkage
Lack of Initial Inventory
Cost of Resupply of Inventory
High Inventory Holding Cost
Underperformance of Payment
Agreement
High Cost of Launch Vehicle
Saturation of Launch Capacity
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4.10.3 Market Analysis

The European space industry plays a crucial role in maintaining Europe’s industrial and
technological capability for transportation, communication, observation, security and defense.
Many member states of the EU have invested heavily in space technologies and space systems
because the information received are critical and assist in decisions for the environment, weather
forecasts, defense forces and financial markets (EU, 2008).
For responsive space to be a viable venture there has to be a proper balance between the
different users’ needs and requirements. This has caused the “one-size-fits all” idea to be
inefficient (Meade et al., 2003) First, the market segments that provide value to the end user
must be defined. Then, the cost must be estimated, and finally, proper investments are required.
Investment Motivations

The financial community assesses any investment using the following three attributes: private
and social returns, risk analysis, and payback.

Figure 4-29 : Attributes for a Responsive Space Investment

The Celeritas architecture leverages technologies that are either available on the market or
currently being developed. Thus, there is low technology development risk. Furthermore, the
service can be made available quickly for the same reasons and has great benefit potential.
Private and Social Returns
The private returns would be generally for those private investors. For the military or civil users,
generating a profit is not their objective, but the returns of the missions can be expressed in
monetary term. For example, by providing timely data for a hurricane as an early warning or as a
response to the natural disaster, human and material loss can be significantly reduced. This
prevented loss can be translated into monetary value (Peeters.et al., 2005).
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Risk Analysis
From the previous section, most of the identified risks were moderate and are to be carefully
monitored, but not much mitigation can or could take place. For example, the complexity of the
final product is high, but the likelihood of this risk will fall as the reliability of the system is
proven through its use and as newer technology is incorporated. Most of the cost risk can be
mitigated by purchasing insurance, but the initial insurance premiums will be expensive for a
new venture.
Payback
The payback period must be put into consideration and receiving financial backing from major
commercial investors shall be accounted. This is the time needed to achieve a return on a space
investment. (Copulos, 1985; Livingston, 2000) For the financiers, a quick payback period will
mean that the business is a viable venture for private investments .This it will ensure that no
capitalization of the responsive space industry by the public bodies, such as the EU, will be
needed therefore it will give the new industry a chance to grow.
Market Segments

Present Satellite Market
No market analysis is complete without a look at the current competition in the market. With
what has been launched or is proposed to launch, patterns and trends can be used to make a
forecast of the level of the satellite market and the direction it will take. A study done by the
Teal Group Corporation showed that the satellite launch market was unpredictable between the
years 1995-2004. The graph illustrated in Figure 4-30 shows the launch of 1060 satellites over
those ten years (Caceres, 2005). It illustrates that there is no consistency in the satellite market.
This makes it quite difficult to predict the future market trends.
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The introduction of Celeritas and its responsive space capabilities have the potential to “break
the pattern” (Caceres, 2005) and to boost (or lessen) the market by introducing new
technologies and new user applications and responding to political and sociological events.
Profitability
In order to be a profitable endeavor a large volume of launches of around 25 to 50 launches is
necessary. This will also reduce the mission cost to be approximately EUR 20M (Figure 4-28),
and this can further open the market for new users. The estimation of the global market of small
satellites for 2010 is greater than 25 to 30 launches per year according to the American Institute
of Aeronautics and Astronautics ((Foust & Smith, 2004). Moreover, the market is expected to
double in the coming years, even without taking responsive space into account. The profitability
of the company would be significant if it can capture a large segment of the market and provide
most of the launches.
There is another revenue stream for RAPID S.A.S., if the services of Celeritas and the collected
data could be sold to other users outside of the military (Scheuren et al., 2008). However, this is
restricted by the legal and policy environment of Europe.

4.11 Conclusion
The case study presented in this chapter synthesized the results from the previous chapters and
expresses the need of different organizations and entities within EU for a more autonomous
policy in both defense and industry. The implementation strategy of Celeritas highlighted the
challenges that Europe could face. It is evident that these hurdles are in fact universal when
developing a similar project in another country. The problems include: the high cost of
implementation, the issues of data security and integrity in a dual-use system, the restrictive
international legal and policy frameworks and the enabling technologies that have yet to be
developed. The setbacks are difficult to overcome, but the economics of the business and the
potential benefits that could be obtained by using the responsive space concept provide hope
for its realization.

108

International Space University, Masters 2009

Space and Responsive Systems

Recommendations and Conclusions

5 RECOMMENDATIONS AND CONCLUSIONS
5.1

Responsive Space Concept

R

esponsive space is a new concept that has yet to be defined in universal terms. The US
military’s ORS office has a very concise and effective system for military needs.
However, a system which takes into consideration all needs is necessary to foster more
effective cooperation. Without this unified concept, there is a risk of miscommunication
between players who see responsive space in different ways.
The process followed in Chapter 2, is a proposed method of understanding what kinds of users
have what kinds of needs and how to look at responsiveness. This method allows for
consideration of all needs, and recognition of all potential users of responsive systems. This
approach can be effective even when looking at a solution that is not meant to satisfy everyone.
The process followed in Chapter 2, can systematically lead from a selected need to a set of
potential technical solutions. Putting together these technical solutions, by grouping different
techniques, is a new use of exiting ideas. This method is proposed in order to create some
structure to responsive space, which is largely an opened subject.

5.2

Celeritas

Europe has shown its commitment and willingness on not being dependent on foreign
technologies and infrastructure. The Ariane and Vega launchers along with the Galileo
navigation program are living proofs of that. The enrolment of Europe in a responsive space
system would strengthen its autonomy and increase its security. The Celeritas case study
illustrates the pros and cons of such hypothesis.
5.2.1

Fast Launch

The ESA Vega launcher has been chosen for the Celeritas architecture. Vega is designed to be
launch-ready within six days after making the decision to launch. With changes to its prescribed
pre-launch operations, this time can be reduced to two days. In order to achieve this, satellites
and launchers must be kept in flight-ready mode near the launch-site. The rocket, on the other
side, has to be transported and integrated with its payload in a horizontal position.
With Celeritas’ launch capability it is possible to have processed, high-resolution panchromatic,
multi-spectral, or SAR data of any point on Earth in a 3 days’ timeframe. As described in Figure
3-17 : Satellite Coverage. GeoEye-1 and WorldView-2 can only achieve 40-50% coverage of the
Earth in 3 days. This capabilities and the use currently off-the-shelf RS satellites technology,
makes systems like Celeritas highly competitive.
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Economies of Scale

Mass-producing a series of the same satellites would ultimately lead to significant cost reduction
as a result of the so called learning effects. As described in section 4.5.3 by producing 50
satellites in four years, the average cost of the satellites can drop as much as 50%. Even for the
production of only 10 satellites, the average per-unit cost can drop by 25% (see Figure 4-10).
This is essential to affordably maintain the supply chain necessary for on-demand launch
service.
The challenge to overcome is how to predict and balance the demand in order to avoid costly
over-production. Before a system like Celeritas could be initiated, a thorough and reliable
demand analysis must be done to pick a safe capacity to provide for. Under-producing at first
would be a safe option, as there is less economic risk to have too many customers.

5.3

ITU

Applying for frequency allocations with the ITU is a potential bottleneck for systems like
Celeritas because it must be launch in two days. This drawn-out process was avoided in the
Celeritas architecture by routing data traffic through an in-space telecommunications network,
the European Data Relay System. However, this solution is not transferrable to other responsive
space systems – especially any telecommunication system which must communicate directly
with the user or a ground station.
A real solution to the ITU problem must be found before non-military or dual-use responsive
space becomes a reality. As technology matures, a special frequency allocation mechanism
should be created to promote the development of responsive space and new applications with it.
The spirit of the ITU regulations to coordinate efforts and prevent interference can be assured
without being an obstacle for responsive space architectures.

5.4

ITAR

The main adverse effects of ITAR are (NRC, 2009):
•

•

ITAR damages the international cooperation and weakens relations with allies by retarding
both the U.S. and its allies from sharing access to space technology, and blocks the using of
latest advanced technology for responsive space: ITAR weakens U.S. innovation and
competitiveness in the global market, thereby reducing economic prosperity which is an
essential element of U.S. national security and supplies for responsive space.
ITAR limits the best scientific talent from outside the U.S. to join the U.S. research and
development enterprise, therefore slowing down the development of space technology and
the implementation of responsive space.

Ultimately, ITAR prevents the development of optimal combinations of technologies. In the
case of Celeritas, launching from Kourou on a Falcon rocket would be a much more preferred
solution than a launch with Vega, for example. Stronger international collaboration, especially
between Europe and US, would enable a much more potent system.
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One potential solution to this problem would be to extend the borders of ITAR to all NATO
countries. However, if no solution is found, Europe must look at ITAR as an opportunity to
develop a system which is completely its own. In fact, due to the limitations ITAR puts on
international cooperation, there is already a trend to create “ITAR free” products, and this will
continue as long as ITAR is enforced. In the long run, that will lead to an increase in Europe’s
autonomy.
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A. APPENDICES
A.1 Calculation of the Combined Needs Matrix
The process that had been followed has undergone these steps:
Steps:
1. Firstly a driving need has to be identified. The criteria for choosing this driving need are
based on picking the need with the "highest frequency" among the whole matrix.
2. For each column (Specific Need) of the matrix, the "X”s counted and the sum reported
at the bottom as shown in Table A-1. These numbers represent the frequency of the
need - how often each specific need is requested by all users, without taking into
account the responsiveness and duration of that specific need. These values, the
frequency of each need, is additionally been normalized to 100.
3. In order to determine the Responsiveness required, for each segment of Hours, Days &
Weeks, all "X"’s are summed and expressed as a percentage.
4. These values represent the Responsiveness required by the User Community regardless
of the need. This analysis shows that the “Days" category of responsiveness has the
highest frequency, indicating that the entire User category community desires
Responsiveness of the activity to take place on the order of magnitude of “Days”
5. This conclusion is based on statistics that have been/ not have been yet validated. Each
cell of the matrix containing an "X" is replaced by a numerical value given by the
product of:
i.
The corresponding Specific Need (column) and the numerical value
normalized to 100 located at the bottom of the matrix.
ii.
The weighting of the Responsiveness box (Hours, Days, Weeks), value
expressed in percentage located at the top right of each Responsiveness
segment.
6. Having ascertained the values in each cell for which there was an “X”, the rows are
summed up providing a value that is proportional to the number of needs a specific
user has and to the responsiveness those needs require.
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Table A-1 : Combined Needs Matrix
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Methodology used to build the Utility Function:

Step 1: The Matrix Users/Needs has been filled using an "X".
Step 2: The number of "X" for each column/NEED (considering Hours/Days/Weeks) has
been calculated.
Step 3: For each column, representing a NEED, a coefficient, (from 0 to 100) has been
assigned in the following way: 100 have been assigned to the column (NEED) with the
highest number of "x", 0 to the column (NEED) with the lowest number.
Step 4: The number of "x" have been calculated for each "timeliness" box, i.e. for the
Hours/Days/Weeks boxes.
Step 5: These values have been normalized to 100.
Step 6: For each cell of the Matrix the "x" has been replaced by its numeric value according to
the column coefficient and box coefficient
Step 7: For each User a Utility Function has been implemented, that sum all the values in the
cells.
Step 8: In the far right, corresponding to the User, of the matrix the value of the Utility
Function is reported.
The higher the value of the Utility function the highest the priority to pick that particular case as
a Case Study.
A graphical representation of the summed values identifying number of needs per specific user
per the responsiveness required was made as is illustrated in Figure A-1 .
The end result of the graphical representations above in Table A-1 guide us in the choice of the
primary user category and the primary need respectively. This process when applied resulted in
our study focusing on:
•
•
•
•

The Joint Force Commander (JFC) as the primary user,
With High Resolution Data as a need,
A responsiveness of Days,
For a Short duration of the need.

Statistical error of this process is quite large, and therefore these results cannot be considered
having absolute values. The information provided by the described process for the purposes of
this project, provides our team with a confirmation tool, where the current primary user of the
responsive space activity is the Military. We keep in mind, however, that this does not imply that
the Military Category is the only User.
In conclusion, the result of the utility function, for both guidance and confirmation of our
preliminary findings, has focused our attention on the JFC, as our primary user for this project.
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Figure A-1 : Result of User Needs Analysis
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Decision Tree

Figure A-2 : Decision Tree
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Altitude vs. Spacecraft Mass Calculation

Ground Resolution approximation from (Wertz & Larson, 1999)

R=
R =
h =
λ =
D=
ξ =

2.44 h λ ζ
D

Ground Resolution
Altitude
Wavelength
Aperture diameter
Calibration factor

Payload mass = 40% of spacecraft mass
Payload mass = K×R3×Wo
K = Constant (1 or 2 - 2 if R is less than 0.5)
R = Aperture ratio (required/existing)
Wo = Existing instrument weight
• Using the Thematic Mapper (Wertz & Larson, 1999)
o Mass
=
239 kg
o Aperture =
0.406 m
•

Using SSTL-VHRI and SSTL-CMT (SSTL, 2008a; SSTL, 2008b)
o Mass
=
55 kg
o Aperture =
0.385 m
o Power =
63 W

Using the models developed in SMAD and calibrated using technical data on two optical
sensors from SSTL, the satellite mass was approximated as a function of altitude. In this model,
the optical instruments were scaled by the above formula to keep the ground resolution
constant at 0.6 m, which scales the size of the satellite bus. Additionally atmospheric drag was
taken into effect as a function of altitude to calculate the amount of propellant required for that
particular orbit which is crucial to responsive space due to the low operating altitudes. The
effect of the atmospheric drag can be observed by the difference between the dry and total mass
of the satellite.
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Altitude vs. Spacecraft Mass
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Figure A-3 : Altitude vs. Spacecraft Mass Chart
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Business Timeline

Figure A-4 : Business Timeline
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Costing of the Satellites

A.5.1

Cost of Purchase

The cost of purchasing a satellite of either of the two series is estimated in 2 Steps.
1. Step One - Obtain an estimate of the cost of production of the satellite;
2. Step Two - Calculate the cost of purchase of the satellite by adding a 10% profit margin
and a 19% VAT to the cost of production of the satellite.
In what follows, we briefly describe these two Steps.
Step One

During Step One the cost of production of a satellite is evaluated using a parametric costing
approach. The cost of each subsystem of the satellite, CS, is here approximated using the
empirical formula,

CS = A × M S ,
B

where

A = f1 (ΞS ),
and

B = f 2 (ΞS ),
are functions of the complexity of the subsystem, ΞS, and MS is the mass of the subsystem. The
total cost, C, of the satellite is then obtained by summing over all the subsystems:

C =  CSi .
i

We refer to (Koelle, 1998) and pp. 783-820 of (Wertz & Larson, 1999) for more detail about
existing methods for the cost modeling of space missions. The parametric costing software used
in this report is the PRICE H Hardware Acquisition Model (PRICE, 2007). The PRICE H
software provides reliable estimates for the parameters A, B and ΞS of Eq1. The only remaining
input parameter that needs to be specified to compute the cost of a satellite subsystem is thus
MS. This parameter is given for each subsystem of each of the two satellites in the mass
breakdowns of Table A-2 and Table A-3, respectively. The total cost of production C of Eq4
can then be computed in a straightforward manner.
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Table A-2 : Mass Budget of the Satellite with Optical Payload.

Spacecraft Sizing
Payload
S/C Subsystems
ADCS
C&DH
Power
Propulsion
Structure
Thermal
TT&C
Margin
S/C Dry Mass
Propellant
S/C Loaded Mass

Mass (kg)
55
96.2
10.7
5.5
37.2
4.9
28.9
4.5
4.5
37.8
189.0
116.0
305

Table A-3 : Mass Budget of the Satellite with SAR Payload.

Spacecraft Sizing
Payload
S/C Subsystems
ADCS
C&DH
Power
Propulsion
Structure
Thermal
TT&C
Margin
S/C Dry Mass
Propellant
S/C Loaded Mass

Mass (kg)
180
165.1
18.3
9.4
63.8
8.5
49.6
7.8
7.7
86.3
431.4
87.8
519.2

Step Two

The cost of purchase of the satellites is determined in Step Two by adding a 10% profit margin
and a 19% VAT to the production costs. The resulting cost estimation breakdown of the two
satellite series is given in Figure A-5 and Figure A-6.
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Figure A-5 : Cost Estimation Breakdown of the Series of Satellites with Optical Payload.

Figure A-6 : Cost Estimation Breakdown of the Series of Satellites with SAR Payload.

For the first production unit of the optical and SAR satellite series we obtain a cost of purchase
of ≅ EUR 16 million and ≅ EUR 20.5 million FY08. These figures are in agreement with the
standard cost of purchase of a small satellite in the European aerospace industry.
The production costs (and, hence, the purchase costs) in economies of scale benefit furthermore
from learning effects (see, for example, (Wertz & Larson, 1999)). To evaluate these benefits of
mass-production, the costs of the first production units of the two satellite series can be
extrapolated by using e.g., a Boeing-Crawford learning curve:

y = Cx D .
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Here y is the cost of the xth unit, C the theoretical cost of the first unit, x the unit number and

D=

log(S)
.
log2

The average cost decrease of each produced satellite in the aerospace industry is between 87%
and 96% of the cost of the previous manufactured satellite (Wertz & Larson, 1999). The
Boeing-Crawford learning factor D takes into account for this through the learning curve slope

95%, if X ≤ 10,

S = 90%, if 10 ≤ X ≤ 50,
85%, if 50 ≤ X,

where X is the total number of satellites produced. The Boeing-Crawford model is used by the
PRICE H software. Figure A-7 and Figure A-8 show the results of this computation. In Figure
A-7 we depict for both satellite series the average unit cost of purchase with respect to the
number of satellites ordered. The lower curve shows the result obtained for the satellites with
optical payloads (solid; square markers); the upper curve gives the trend for the satellites with
SAR payload (dash; circular markers). As expected, the average cost per unit purchased satellite
decreases with the number of satellites ordered. For instance, the cost of a SAR satellite drops
by about 75% to ≅EUR 15M if 8 units are manufactured instead of 1.
Unit Cost per Satellite
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Figure A-7 : Unit Cost of Purchase when Mass-Producing the Small Satellites.

Solid line: series of satellites with optical payload. Dashed line: series of satellites with SAR
payload. The cost of purchase of 1 satellite is ≅EUR 16M (optical) and ≅EUR 20.5M (SAR).
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Figure A-8 gives the total cumulative cost of purchasing mass-produced satellites. The estimate
is given for the case where 50% optical and 50% SAR payloads are ordered.
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Figure A-8 : Total Cost of Purchase when Mass-Producing the Small Satellites..

International Space University, Masters 2009

137

TPReport-Cover-SEC-final.pdf

M

Y

CM

MY

13/05/09

19:16

Hanneke in ’t Groen

Tryfon Farmakakis

Aleksandr Timofeev

Slawomir Zdybski

Halit Mirahmetoglu

Zauher Abdullah

Emanuele Barreca

Momoh Adewale

François Bulens

Tahir Merali

Brandon Cuffie

Pol Novell

Bipin Agravat

Wang Hui

Curtis Iwata

Li Cheng

CY

CMY

K

Nicolas Faber

David Mauro

Nathan Britton

Kevin Frugier

Raycho Raychev

Donny Cosic

masters 2009

SPACE AND RESPONSIVE SYSTEMS
masters ‘09

“Adequate Response Guarantees Security”

SPACE AND RESPONSIVE SYSTEMS

C

1

TEAM PROJECT REPORT

