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Preface
This is the final report in a project which aims to design a mega-constellation to survey the Earth for environ-
mental, safety and security reasons: monitoring gases, humans, vehicles, and potential other aspects such
as forest fires. This first phase design comes within the scope of the aerospace faculty bachelor project at
TU Delft, more commonly known as the design synthesis exercise or DSE. The authors are, hence, bachelor
students and part of DSE group 01.

The name Mira comes from the Spanish meaning of the word, which is: òlookò and from the Italian one,
which means òaimò. In Latin, Mira also means òwonderfulò. Mira is also a red giant in the constellation Cetus,
which conveniently happens to have the shape of two boxes connected: with a bit of creativity, one could say
Cetus reminds of the TIR and the MS satellite (we invite the reader to find our more about these two satellites in
the upcoming pages). As the mission looks at our wonderful planet making use of a constellation, Mira seemed
to be the perfect fit for the name.

On behalf of the team would like to thank the tutor, coaches, teaching assistants, external experts and the
DSE organising committee for their support, help and motivation throughout this entire synthesis.
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Executive Overview
This is the final report of this project, which aims to present a design for a satellite mega-constellation to monitor
the Earthôs atmospheric gases such as carbon dioxide, using short wave radiation, as well as human activity
and potentially fires using thermal radiation.

Project baseline

Mission description
For this mission, the project objectives are clear. They consist of monitoring the gases such as carbon dioxide,
methane, and nitrogen dioxide, using short wave, as well as humans, vehicles and fires using the thermal
infrared spectrum. This must be done using a satellite mega-constellation. The following mission need, and
project objective statement are then formulated. The mission will have to give at least a temporal resolution of
30 minutes for TIR and 60 minutes for gases.

Mission Need Statement: Provide remote sensing through optical instruments with high spatial, radio-
metric and temporal resolution in order to obtain optical images addressing societal applications related
to justice, safety, security, and environmental threats.
Project Objective Statement: Design a Low Earth Orbit satellite constellation equipped with deployable
space telescopes to survey locations of interest for societal objectives.

Market analysis
The market is first defined for its geopolitical and economic region: that is NATO and the EU states, as their
share in the worldôs space budget together is 75%. In the EU, the three main potential users are the EU
commission, France, and Germany, due to their very high space budgets. The Netherlandsô budget, only at
140Meuros, means that the Dutch authorities need to share this mission. Moreover, the scientific market and
the demand are both increasing drastically in the field of optical Earth observing mission, about 9.4% per year
for the next ten years.

Furthermore, the analysis of various missions and of SWOT aspects, points out that the mission designed
here is unique, as it is a large constellation, with a high temporal resolution, combined with the fact that it anal-
yses both gases and thermal infrared in shortwave, as the spectral ranges are 2.6-3.5 and 8-12 Õm respectively.

Technical Risk Analysis
Technical risks refer to events which can take place, and which will have a guaranteed negative impact on
the mission. To name a few, short circuiting, collision risks and launch vehicle failure are addressed. Their
probability and their potential impact are evaluated and the assessment of possible mitigations to these risks,
to lessen their effect on the system are given.

Sustainable Development Strategy
The approach taken towards sustainability is done by elaborating a strategy. Sustainability was taken into
account in all subsystems economically, mission or environment wise. Whether it is the lowest number of
launches possible, not using non disintegrating materials in the atmosphere, or applying series production, this
space mission aims to take sustainability seriously. Possibly, the major factor at play will be the fact that the
satellite disintegrates in the atmosphere at its end of life.

RAMS analysis
In the first step, the RAMS analysis is about reliability. Redundancy is present on both a subsystem level and
on a system level, with additional satellites being sent in case of some failing. Other kinds of reliability exist as
well, such as the reliability in performance of subsystems. This type of reliability is important for off the shelf
products, and cannot be determined for parts that need to be developed (ADCS and payload).

Furthermore, availability is achieved mostly by just meeting the user requirements on performance. Of
course, here again, redundancy can have a positive impact. Moreover, maintenance in this system is assured
by renewing the constellation every 7 years. Mission safety is mostly related to the safekeeping of the satelliteôs
structures and integrity. This is done by thermally controlling the satelliteôs components and also by choosing
a fitting structure for the loads.
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System design

Mission analysis
Through a comprehensive mission analysis, the main aspects of the mission are analysed. Firstly, the wave-
lengths for the multispectral imager were determined to be between 2.65 and 3.52 Õm. Additionally, for the
thermal imaging, a method to find the SNR is presented. That is the ratio of signal to noise, which finds that
between 2-11 people minimum can be found depending on the environment. This calculation also presents
the method used to determine how many humans can be detected by the TIR satellite. There will thus be two
types of satellites: one for thermal infrared imaging, and the other with MS imaging.

Payload
An individual telescope, is designed for both the TIR and the MS satellite types. The MS telescope is larger
than the TIR one, as the first is assumed to be signal limited, and the second diffraction limited. Thus, the
volume and the mass of the MS telescope, are between 1.35 and 1.5 times higher than the TIR telescopes. In
both cases, a sensor would have to be developed for the imaging, which will be made of HgCdTe, driving low
operational temperatures, 190K and 81K respectively.

Constellation Design and Astrodynamic Characteristics
Calculating astrodynamic characteristics is key in the design of the constellation. The constellation will require
816 satellites per generation, including extra satellites for maintenance. They will be placed in 24 planes at
an altitude of 350 km. 12 planes are used for both TIR and MS, and another 12 planes are only used for TIR.
These numbers are attainable by using both the swath of each type of satellite (100 vs. 200 km) and their
respective temporal resolution of 30 and 60min.

Propulsion and GNC
For propulsion, constant ion thrusting is chosen. For a generation which lasts 7 years, about 35 kg of propellant
will be needed. The propulsion design also incorporates launch parameters. For this, the Falcon 9 is chosen
for its low price (528-655Meuros per generation) and performance and Atlas V for its high capacity, for the TIR
and MS satellites respectively. For this, 24 launches will be needed per generation. For position and velocity
determination, GNSS signal receivers will be used along with Galileo constellation of satellites. Furthermore,
software architecture is used to simulate the constellation of satellites to better predict positions of other space-
craft and collision probability.

ADCS
The ADCS subsystem uses reaction wheels (1Nms) with magnetorquers (42A m2). These are custom fit for
this mission. Moreover, star trackers are used, with redundancy as they are relatively cheap with regards to
the impact they have on the mission if they were to fail.

Communication and Data handling
A phased array antenna consisting of a grid of 14x14 patch elements (1 cm x 1 cm each), equally spaced 0.5
cm apart, was used to transfer data at maximum 2 h after data sampling at an average data rate of 200 Mbit/s
for TIR and 2 Gbit/s for MS at a radio-frequency of 10 GHz. To make direct data links possible 22 ground
stations, scattered around the globe, are required. The satellites have an on-board data storage capacity of
600 and 5400 GB for TIR and MS respectively, designed for maximum data sampling and the addition of a
factor 3 redundancy to account for degradation.

Power
The power subsystem is composed of custom fit batteries, leading to a mass of 2.56 kg. Furthermore, the two
solar arrays that are employed will be double sided, deployable, fixed and with areas of 1.35 and 0.93m2 and
with a total mass of 15.8 kg. Lastly, the PCDU is sized using existing PCDU as reference, and its mass, 3.54
kg and volume 2.4 m3 are interpolated based on the peak power consumption.

Thermal control
The thermal control subsystem features a deployable baffle that shields the telescope from sunlight. Stray light
reaching into the baffle is deviated away by mirrors mounted on the internal baffle surface. The instrument box
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of TIR and MS are cooled by a pulse tube cryocooler and the excessive heat generated in the instrument box
is transported away with heat pipes and led to a radiator positioned on a bus surface. Louvers are used on
the radiator to modulate emissivity for different orbital orientations. The propellant tank is insulated with MLI
blankets and cooled by a micro pulse tube and the remaining components in the spacecraft bus remain within
their operational temperature range thanks to the relatively warm LEO thermal environment.

Structures and mechanisms
The structure of the satellite mostly consists of aluminium frame and honeycomb panels. The aluminium frame
allows for stiffness and load bearing, while the honeycomb panels also support the load, add stiffness and
protect against radiation and debris.

Outcome performance, AIT, development and costs
AIT, configuration and layout
AIT, configuration and layout poses an integral challenge requiring innovative solutions, with the deployment
of solar arrays, the telescope and its baffle. For each of these aspects, a comprehensive and efficient stowed
configuration was envisioned, as well as, a logical deployment sequence and behaviour.

Performance analysis
During the performance analysis of the system, it is found that the TIR and MS satellite are quite similar. Their
total masses are 203 kg and 235 kg and their power consumptions are 160 and 133W, respectively. Their
nominal data rate vary because the MS satellite is required to take larger pictures, 1950 for the MS versus
198MB/s for the TIR satellite.

Moreover, such an analysis on Mira underlines that all user requirements have been met, with the exception
of 2: collision avoidance was not thoroughly investigated, and the satellites do not store the data for 3 months.
The latter is due to the fact that the data is directly down-linked. Besides these 2 un-met requirements, there
are 3 that can not be verified right now as further research needs to be conducted: sustainability with respect
to the design methods, the use of toxic materials and sustainability during the life-cycle. These three non-met
requirements can be interpreted as recommendation for future related projects.

Operations, logistics and scalability
The constellation is launched in 6 steps after the final model is tested in space. Step 1-4 double the temporal
resolution and step 5 and 6 fill in the remaining orbits such that after step 6 the whole constellation is launched.
After that, an additional step 7 and 8 can be initiated to further increase the temporal resolution of the TIR
satellites. A schedule for launching spans about 7 months, from January 2030 to July 2030. The temporal
resolution of the constellation improves step-wise as more and more satellites are launched. The mission is
designed modularly: scalability is possible, either by lowering or increasing the number of satellites. This could
lead to a respective increase or decrease of temporal resolution, but also a respective lower or higher cost
per satellite, but higher or lower cost for the whole constellation. Moreover, if two more steps of launches are
added to the already existing 6 ones, the cost would increase exponentially too between steps 6 and 7 and 8,
but also provides the ability to double the pre-existing temporal resolutions more.

Project development
Project development analyses at which stage or phase the design is, and what are the future phases. Thus,
the reader should keep in mind that this report only presents a pre-phase A level of design. There are at least
three phases left before launch and deployment, and two left before production.

Cost analysis
The cost analysis can be divided into two parts: cost breakdown, and cost budget. The cost breakdown divides
the costs into: investment, development, manufacturing, operations and maintenance, launch and AIT. The
largest cost being in investment: 1.3Bú. Moreover, while making the cost budget, one finds that both the TIR
and MS satellites are cheaper than the target budget, with the MS one being more expensive by a factor of
1.35 per satellite. This is mostly because the MS satellite would be produced in smaller numbers. Finally, it
can be concluded that there is no return on investment as this mission would solely be government- funded.
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PG Pranav Gurumallappa
POP Populated Earth monitoring
POS Project Objective Statement
POWR Power
PROP Propulsion
RAAN Right Ascension of the Ascending Node
RAMS Reliability, Availability, Maintainability & Safety
ROI Return on-investment
RW Reaction wheel
SNR Signal-to-Noise Ratio
SR System Reliability
STK Systems Tool Kit
STRC Structures
SUS Sustainability
THRM Thermal Control
TIR Thermal Infrared
TL Thomas Litjens
TPM Technical Performance Measure
TV Tim van Voorbergen
WFD Work Flow Diagram
WBS Work Breakdown Structure
WT Whole Team
YH Yannick Heumassej

Symbols

Semi-major axis [m]
Monitored Earth surface area [m2]
Aerodynamic area [m2]
Circumference of Earth [m]
Data Storage Capacity [bits]
Swath width [m]

d ground sampling distance [m]
d pixel pitch [Õm]

Data rate [B/s]
Energy [J]
Bit energy [J]
Solar irradiance [W/m2]
Optimum elevation angle for the transfer of data to ground stations [deg]
Frequency [sī1]
Thrust [N]
Gravitational constant on Earth [m/s2]
altitude [km]
Inclination [deg]
Specific impulse [s]



x

Gravity field constant [ī]
Mass [kg]
Propellant mass [kg]
Spacecraft mass [kg]
Mean motion [deg/s]
Number of measured spectral bands [ī]
Band depth [bits]
Number of ground stations [ī]

, Minimum number of polar planes [ī]

, Minimum number of polar satellites [ī]
Power [W]
Radius of Earth [m]
Required read-out data rate [bit/s]
Required sampling data rate [bit/s]
Solar flux [W/m2]
Receiver Temperature [K]
Burn time [s]
Sidereal day time [s]
Orbital period [s]
Temporal resolution [s]
Available data transfer time [s]
Orbital velocity [m/s]
Ground speed [m/s]

Ύ Velocity budget for plane change [m/s]
Ύ Longitudinal plane change angle [deg]
ΎΣ Node precession [deg/day]

Angle [deg]
ɚ Wavelength [m]

Constants

c Speed of light [2.988 Õ 108m/s]
h Planckôs constant [6.626 Õ 10ī34 J s]
k Boltzmann constant [1.381 Õ 10ī23m2 kg sī2 Kī1]

Others

� The requirement is met.

Õ The requirement is not met.
 The requirement can not be verified at the moment.



1
Introduction

Since the Montgolfier brothers, human societies have longed to know how the Earth looks from above. It is
this simple but key thought which drove some of the most creative inventors, to design and build the majestic
U2 or meteorologic balloons. This idea has driven intelligence as well as environmentally related projects and
missions. Furthermore, since Sputnik, it became only a matter of time before the humans could monitor the
Earth from space. The need for security and defence state organisations to always collect better and faster
intelligence on humans and vehicles, as well the need to be faster informed of forest fires or various gaseous
emissions regarding climate change and the effects of pollution, are both key drivers in satellite monitoring
systems, the TROPOMI mission being such an example. One way of accomplishing such tasks is using a
mega-constellation consisting of hundreds of satellites to provide global continuous coverage. For a growing
demand in surveillance, this satellite mission configuration is fitting. Recent missions such as SPOT, or Starlink,
show the potential applications of Earth monitoring or constellation missions. It is why, in a bachelor project,
of ten students for ten weeks, TU Delft has ordered a first phase design of such a constellation. Moreover, the
design of such a mission is directly made possible because of the development by TU Delft of a deployable
space telescope (DDST) and its stabilising platform, as well as decreasing launch costs. This is the final report.

In the previous report, after extensive trade-offs, one concept for this constellation was chosen. This con-
cept incorporated two kind of satellites: one analysing gases with a multispectral imager, and one monitoring
humans, vehicles and potentially forest fires with a thermal infrared imager. Thus, the DDST would be sized
for monitoring in the thermal infrared and medium infrared region.

This last report aims to present a final design for this mission. Firstly, through a sustainability strategy,
RAMS analysis, requirements overview and conceptual design summary, the report will lay the basis for the
final design of the subsystems and other aspects. These will start with the mission analysis and payload design
as they are the driving aspects of this constellation. Furthermore, the astrodynamic characteristics as well as
all other relevant spacecraft bus subsystems, such as power, thermal control, and propulsion, are designed.
Lastly, with a description of the AIT, the performance and of the costs, this report concludes with the project
development.
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2
Project Objectives

The systemôs mission is to provide remote sensing for monitoring and surveillance for several societal interests.
The main focus is the detection of fires, emissions of greenhouse gases and pollutants, and movement of
humans and vehicles. This is clearly defined in the Mission Need Statement (MNS) and Project Objective
Statement (POS).

Mission Need Statement: Provide remote sensing through optical instruments with high spatial, radio-
metric and temporal resolution to obtain optical images addressing societal applications related to safety,
security and industrial emissions.
Project Objective Statement: Design a Low Earth Orbit satellite constellation equipped with deployable
space telescopes to survey locations of interest for societal objectives.

The challenge consists of designing a mega-constellation with performance in spatial, temporal, spectral and
radiometric resolution. The payload needs to be mission-specific. Narrow-band optical imagining will be used
to detect emissions while thermal IR will be used to detect vehicles, groups of people and fires. The outcome of
the project shall include feasibility study and preliminary design as well as a full specification of the capabilities
of the entire system [1].
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Market Analysis

Market analysis, is valuable as it helps the reader and the engineers to better understand what market the final
product will be on. This can be done through defining the market, analysing the demand and supply, and by
performing a SWOT analysis and a market viability study.

3.1. Market definition and demand
The market can be defined on two fronts, the geographical and geopolitical market area, and the scientific
market area.

3.1.1. Geopolitical/economic market area
The market and regulatory authority on space aimed projects is still largely driven by national governments,
specifically with respect to the defence sector. This is primarily due to the high costs, high revenues and often
interconnected defence capabilities of space missions. It is logical that it is then dependant on geopolitical
spheres.

After a discussion with members of the Dutch ministry of security and justice, it was understood that this
mission would be designed to first serve the Dutch authorities and potentially European partners in the EU, as
well as, other international allies. Thus, the market is mostly limited to the European Union, specifically the
Netherlands, with a potential to partially involve the United States and other NATO countries.

After an initial analysis of the space market, is important to note that the EU countries concentrate 17.25 %
of the world space budgets, and the US concentrate 57.82% of them. Currently, the Netherlands spends 143
million dollars, accounting for only 0.2% of the worldôs budget. Thus, the market would likely have to expand
to incorporate at least the EU country members, especially the EU commission, France and Germany which
together spend 10.47 % of the worldôs space budgeta.

3.1.2. Scientific market and demand
Eurocontrol data is used here to get an approximation of the size of the market and its forecast development.
This a firm, which has provided space market consulting for a about 20 yearsbc, and also provides insights in
the optical Earth observing missions. This field of optical imaging is obviously the one for this mission, as the
final design satellite will have telescope incorporated in them to monitor the Earth.

The institute comes to the conclusion, that by 2028 the market, that is the spending on Earth observation
data would grow by 9.4% each to 2028, that is an increase of 12.1 billion dollars by the end date, having started
at 8.1 billion dollars in 2018de.

All of this growth, is the clear illustration of a constant or rapidly growing demand for Earth observing mis-
sions, on both climate issues and military ones.

3.2. Supply
Listed in Table 3.1 are some of the missions, mostly in constellation formats, which fulfill resembling or similar
objectives as the one elaborated upon in this report.
Additional information about these missions:

Å Pleides-Neo: launch mid 2020 f, 10 years mission lifetime, 550 Meuros investmentg, 0.3 m GSD, from
deep blue to panchromatic bandwidthsh

ahttps://spaceq.ca/euroconsult-releases-its-government-space-programs-report-expenditures-reach-us70-9-in-2018/ [cited 12 June
2020]

bhttps://www.nsr.com/about/ [cited 28 April 2020]
chttp://www.euroconsult-ec.com/about [cited 28 April 2020]
dhttps://spacewatch.global/2019/11/market-for-earth-observation-data-and-services-forecast-to-grow-by-9-annually-over-next-decade/
[cited 28 April 2020]

ehttps://spacenews.com/forecasts-call-for-rapid-growth-in-earth-observation-market/ [cited 28 April 2020]
fhttps://www.airbus.com/newsroom/press-releases/en/2020/02/pleiades-neo-well-on-track-for-launch-mid2020.html [cited 25 June 2020]
ghttps://satelliteobservation.net/2016/09/15/the-airbus-very-high-resolution-constellation/ [cited 15 June 2020]
hhttps://www.intelligence-airbusds.com/en/8671-pleiades-neo-trusted-intelligence [cited 12 June 2020]
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