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Skimsats: bringing down the cost of Earth Observation

Andrew Bacon
Thales Alenia Space UK Ltd
660 Bristol Business Park, Coldharbour Lane, Bristol, BS16 1EJ; +44 (0) 1179 375231
andrew.bacon@thalesaleniaspace.com
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ABSTRACT

The Skimsat concept is based upon the central idea of that the closer you are to a target, the smaller an
imaging payload can be; leading to reductions in overall satellite size and cost. Skimsats are small
satellites designed to operate in Very Low Earth Orbits (VLEO), with perigees as low as 160km, which
would place them closer to the ground than all past and present operational satellites.

The Skimsat concept has been developed to meet the challenge of Unmanned Ariel Vehicles (UAVs) to
the satellite Earth Observation (EO) industry. UAVs have very high persistence over a target and can
achieve spatial resolutions better than all but the very largest instruments found on current EO satellites.
EO satellites have several advantages over UAVs including lower vulnerability, intrusiveness and a
significantly larger daily area coverage. However to match the persistence and resolution of a UAV
requires constellations of expensive satellites; out of reach of all but the largest budgets.

High resolution EO satellites can be provided at costs at least an order of magnitude lower than the
current state of the art by a single change; significant reduction in orbital altitude. By operating at down to
160km altitude the Skimsat platform can provide SAR and optical imagery at 1m Ground Sample
Distance (GSD) with a launch mass of <75kg, which is more than four times less than the current smallest
1m GSD capable EO satellite (SSTL 300 S1).

The decrease of altitude, with respect to a 650km orbit, by a factor of four leads to a 64x reduction in
radar RF power, 16x reduction in communications RF power and 4x reduction in optical aperture diameter
to achieve the same performance.

The comparatively large drag forces due to increased air density at these low altitudes would normally
cause a small satellite (<100Kg) to de-orbit within 1-2 months. However, Skimsats are intended to use a
combination of low cross-sectional drag area and a novel air-breathing drag-compensating propulsion
system to increase the operational lifetime to 24 months or more. This has the added benefit of a
guaranteed propellantless de-orbit shortly after the end of the operational mission, generating no debris
and clearing the orbit for follow-on missions.

Additional challenges for Skimsats include increased damage on optical surfaces from higher atomic
oxygen densities found at low altitudes and the higher rates of orbital drift. Both of these can be
somewhat countered by improved materials, positioning and maneuvering technology but will ultimately
limit the lifetime to approximately 24 months. This will give Skimsats a higher turnaround enabling each
successive generation to make use of the latest payload technology; improving performance and
services.

The overall aim of developing the Skimsat EO platform is to enhance the capability of the EO sector by
providing low-cost access to VLEO and to benefit from the new and enhanced applications that this will
offer. The reduced cost of EO will also help bring entities that are currently regarded as non-space (e.g.
UAV and aircraft operators) together with the space sector to enhance their capability.
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1 THE SKIMSAT CONCEPT

Thales Alenia Space UK Ltd (TAS UK) have developed the “Skimsat” concept of Very Low Earth Orbiting
(VLEO) small satellites that fly at an altitude that can be considered as ‘skimming’ the top of Earth’s
atmosphere and obtain significant EO payload miniaturisation whilst continuing to improve performance.

A Skimsat EO imaging platform offers a solution to the issues with the expense of current EO platforms
due to the benefits of orbiting at an unprecedented low altitude of 160km, including:

e Operation at 160km leads to an approximate 64x reduction in the required RF power of an Earth
scanning radar, for the same Signal to Noise Ratio (SNR), when compared to a radar imaging
satellite at 650km altitude.

e Operation at 160km leads to an approximate 4x reduction in the required aperture diameter and
focal length, for the same Ground Sample Distance (GSD), when compared to an optical imaging
satellite at 650km altitude.

e A reduction in the overall cost by at least an order of magnitude of building and launching high
resolution radar and optical imaging systems through miniaturisation of the platform, without
compromising performance. This enables many Skimsats to be launched into different orbits for
the price of a single traditional high resolution imaging satellite, improving the temporal resolution
and redundancy by an order of magnitude or more for the same cost.

e Secondary benefits that make Skimsats better platforms for EO imaging include:

o Operation at 160km leads to an approximate 10x reduction in the required RF power for
downlinking EO data, for the same SNR, when compared to a satellite at 500km altitude.

o Elimination of orbital debris issues as operation at 160km guarantees total disintegration
of the space segment by re-entry within approximately 30 days from mission end.

The Skimsat concept is based upon the idea of that the closer you are to a target, the smaller an imaging
payload can be; leading to reductions in overall satellite size and cost. Skimsats, as shown in Figure 1
below, are small satellites designed to operate in Very Low Earth Orbits (VLEO) with perigees as low as
160km which would place them closer to the ground than all past and present operational satellites.

Figure 1 Baseline Skimsat space segment concept
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The comparatively large drag forces due to increased air density at these low altitudes would normally
cause a small satellite (<100Kg) to de-orbit within 1-2 months. However, Skimsats are intended to use a
combination of low cross-sectional drag area and air breathing drag-compensating thrusters to increase
the operational lifetime to 24 months or more. This has the added benefit of a guaranteed propellantless
de-orbit shortly after the end of the operational mission, generating no debris and preserving the orbit for
follow-on missions.

The overall aim of developing the Skimsat imaging platform is to enhance the UK capability by providing
low-cost access to VLEO and to benefit from the new and enhanced applications that this will offer. The
reduced cost of EO will also help bring entities that are currently regarded as non-space (e.g. UAV and
aircraft operators) together with the space sector to enhance their capability.

2 BENEFITS

The primary benefits of developing Skimsat high resolution EO platforms brought to the providers and
users of EO data, include:

e Atleast an order of magnitude reduction in the cost per satellite when compared to traditional EO
platforms, due to the significantly reduced payload size. This means that constellation sizes can
be increased by an order of magnitude or more for the same cost, leading to significantly reduced
target revisit times. The availability of 1m GSD imagery with revisit times of a few hours or less
will greatly enhance the quality of existing user applications and lead to the development of new
ones.

e Shorter lead times from application idea to launch by the use of satellites which are considerably
smaller than traditional EO platforms, for the same performance. Smaller satellites require less
time to build, test and obtain launch slots for, enabling EO data providers to exploit new
applications faster.

e The lower altitude will also greatly improve the link budget of Skimsat to ground communications;
potentially allowing the size of the ground segment receiver to be reduced, in size or complexity,
to achieve the same downlink rate. This will lead to ground segment build and operational
savings to EO data providers.

There are also direct benefits from the developments of a multi-application Skimsat platform to EO
payload designers:

e An equivalent EO payload on Skimsats, when compared to traditional EO satellites in higher
orbits, can be greatly miniaturised with respect to optics size and active sensor power which will
reduce development costs, times and risks. This is shown to-scale in Figure 2 below:

Figure 2 To-scale size comparison of a SAR-Lupe (left, image credit OHB-System AG) radar
satellite and the current baseline Skimsat concept. By orbiting at an altitude three times lower
Skimsats can achieve the same radar performance as SAR-Lupe on a satellite that has
approximately 1/1 0™ of the mass and 1/50™ of the internal volume.

e The intended standardized payload interface (that will take the requirements for optical,
hyperspectral and radar into account) will reduce the development time for payload developers
and encourage entities with UAV instrument experience to create payloads.
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e The reduced lifetime and lower cost of Skimsats will allow for a much faster turnaround time and
more in-orbit demonstration opportunities of new EO payload developments. This will allow the
industry to expand and retain skills between successive missions whilst encouraging incremental
improvements to EO payloads over subsequent missions (as opposed to developing a single
payload that is still required to meet user needs >5 years after launch).

e The peak of the ionosphere (the F2 layer) varies daily between 250km and 350km, as Skimsats
are intended to operate lower than this radar signals will experience significantly less attenuation
and propagation uncertainty than those that have to travel through the F2 layer. This will improve
the SNR and accuracy of radar EO payloads and will allow the use of frequencies <10MHz which
are usually reflected by the ionosphere.

Skimsats also provide non-EO benefits that are useful to the Space sector, for example:

e The improvement of communication link budgets due to the reduced altitude can also be used to
reduce the power consumption and/or antenna size of transceivers on the ground, reducing the
size of handheld satellite communication terminals and unmanned sensors.

e Skimsats will offer long term access to altitudes down to 160km which allows for in-situ
measurements of the lower thermosphere, an area of great scientific interest for the transition
between the neutral and ionised atmosphere but currently only accessible by <10 minute
sounding rocket flights.

e The reduction of orbital debris issues by the widespread use of Skimsats for EO applications will
help to preserve important, but currently congested, orbits (such as 600-800km sun-synchronous)
for future generations. Eventually these orbits could only be used for specialist scientific missions
that require them, such as astronomical observatories. Skimsats are a solution that could go a
long way towards the reduction of unwanted bodies in LEO, without the cost of active debris
removal missions.

3 PRECEDENT

The use of VLEO satellites has some precedent; the US CORONA ‘Keyhole’ satellites, launched regularly
from the late 1950’s until the early 1970’s, operated in an orbit of 185x278km to provide high resolution
imagery. This low altitude was sustained by large rocket engines with mission durations measured in tens
of days.

TAS UK’s concept updates and broadens this approach using 21st century technologies, most notably:
miniaturised EO payloads, electric propulsion and satellite autonomy. In the past 40 years the enormous
improvements in performance and miniaturisation, the concern for the prolonged life of space debris in
higher orbits, and a trajectory of decreasing cost for launch into LEO combine to make a compelling case
for revisiting and exploiting these orbits.

Skimsats are, in effect, a ‘UAV at orbital velocity’ which provides the coverage of a global UAV, with
greater repeatability and reduced risk of interception.

4 PHILOSOPHY

Skimsats are intended to take the form of a common small satellite bus that can be adapted to a number
of different EO payloads and mission profiles in order to maximise reuse, decrease risk and reduce
deployment costs.

The comparatively short lifetime and more benign radiation environment (found when orbiting at very low
altitudes) mean that there can be a lowered reliance on rad-hard parts for new systems, further reducing
costs. The level of testing can also be reduced, most prominently in components, materials and
mechanisms, when compared to traditional satellites designed to last for 5+ years in orbit; further
reducing costs.

As the Skimsat dimensions are limited, to reduce the atmospheric drag to a minimum, internal volume will
need to be highly prioritised. To maximise the use of this volume, redundancy will be limited to the most
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critical or vulnerable systems only or may not be used at all. The lack of internal redundancy can be offset
by adding spare Skimsats to a constellation that are held in storage orbits until needed.

To overcome this minimisation of redundancy and maximise the potential of Skimsats they are best
deployed into constellations or formations. When assigning multiple Skimsats to a single mission the
disadvantages of small size and redundancy are significantly reduced and they can operate in the same
way as a much larger satellite in an orbit much lower than could be achieved by a single large structure.
The concept of payload fractionation can be used to distribute the different payloads between a formation
of Skimsats so they can all observe the same point with different instruments in a similar manner to the A-
Train; the CNES/NASA/JAXA formation of complementary EO satellites. Alternatively, the same payload
could be put onto a number of Skimsats, orbiting in different planes, to create a constellation. Therefore
global views can be built up by measuring multiple points simultaneously with the same instruments.

5 KEY CHALLENGES

The primary challenge for Skimsats is the increased air density in VLEO that leads to a greater level of
atmospheric drag. Without compensating propulsion this would lead to re-entry of a small satellite within a
few months. There are three past and future missions that have encountered or will soon encounter this
issue:

e The European Space Agency’s (ESA) Gravity Field and Steady-State Ocean Circulation Explorer
(GOCE) has demonstrated sustained operation at *260km using a drag compensating ion engine
combined with a highly sensitive accelerometer (which also acts as the payload) to conduct
autonomous drag compensation. GOCE managed to operate for 55 months before running out of
fuel and re-entered within 3 weeks.

e The FP7 funded QB50 project, led by the von Karman Institute, is a planned constellation of 50
CubeSats to explore the lower thermosphere. As none of these CubeSats have significant
propulsion capabilities their lifetimes will be measured in months.

e The planned JAXA SLATS mission is also intending to demonstrate sustained operation at
250km altitude, descending to 180km, but only carries enough fuel for approximately 100 days
below 250km [1].

The lifetime of all three of these missions is entirely dependant upon the amount of fuel that can be
carried and it has been determined that using, for example, a gridded ion engine and an elliptical
‘atmospheric dipping orbit’, a Skimsat could operate for six months [2]. This is a limiting factor for the
majority of missions and it is unlikely that conventional electric propulsion could be sufficiently optimised
to achieve greater than a year’s operation for a <100kg satellite.

TAS UK is therefore proposing the development of Air-Breathing Electric Propulsion (ABEP) which will
gather the ambient ions and neutrals available in the lower thermosphere, ionise and accelerate them to
achieve thrust. This removes the fuel restrictions on lifetime and also offers large mass reductions due to
the elimination of propellant tanks and management systems. ABEP will be a game-changing technology
for VLEO satellites, removing the primary lifetime limitation and allowing for much lower orbits to be
accessed, with correspondingly greater benefits for EO applications.

The secondary challenges for Skimsat EO platforms and payloads are:

e At altitudes below 250km the ambient atomic Oxygen density is orders of magnitude higher than
that experienced by traditional EO satellites. Atomic Oxygen erodes exposed surfaces over time;
with telescope optics and solar arrays being particularly vulnerable. The degradation of optical
quality and solar array power over time will become an important restriction on the lifetime of
Skimsat EO payloads and platforms.

e The increased air density in VLEO has an effect on the aerostability of an EO platform, providing
a resistance to attitude changes not normally encountered on satellites. This will have an impact
on the ability of Skimsats to point payloads at ground targets with a sufficient accuracy and
stability to achieve 1m GSD imagery. There are also issues with day/night cross-winds and
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density variation in the upper atmosphere that could have undesirable effects on the Skimsat
orbit.

The orbital velocity of a satellite in a 160km circular orbit is approximately 10% faster than that in
a 500km orbit which will have impacts on the design of EO payloads and the ground segment. A
higher orbital velocity leads to a faster ground speed which puts limitations on the integration time
of radar and optical sensors. It also leads to shorter ground station passes and faster tracking
rates of steered antennae, which may prevent the use of some existing ground hardware.

NEW AND EMERGING MISSIONS

Whilst improvements in SNR, and potentially spatial resolution, are possible with Skimsats, the greatest
benefit to applications will be the ability to launch large constellations at a lower cost for significantly
improved temporal resolution. A number of existing and new applications can benefit from Skimsats, with
some examples below:

High resolution security & defence reconnaissance and surveillance can make use of a large
constellation of multiple groups (in different orbital planes) of SAR, panchromatic, and
multispectral equipped Skimsats flying in close (<1km) formations. With high resolution mean
revisit times anywhere on the Earth of <3 hours may be achieved and the use of wider networks
could allow images to be distributed in near-real time (<1 hour delay). In many cases this could
eliminate the need to deploy UAVs which are vulnerable to interception, require a launch site
within range and have a limited endurance.

Obtaining high resolution imagery after natural or manmade disasters could be accomplished by
the same or similar constellation described above. This can also overcome delays caused by the
need to obtain air-space entry permission and flight time for disaster monitoring UAVs.

A constellation of 20 Skimsats equipped with a 40km swath SAR payload and an AIS receiver
would be able to scan Earth’s oceans daily for tracking the position of maritime assets. The
combination of SAR and AIS data could be used to detect vessels with no or disabled AIS
transponders, potentially indicating power failure or piracy. A similar concept using MTI radar and
ADS-B receivers could be used for tracking civilian aircraft, without a minimum radar height, but
would require a much larger constellation or larger swath to provide a useful update interval.

Skimsats with radar altimetry payloads could be used in a constellation of leader — follower
formations with small separations (100m to 1km) to perform continuous interferometry
measurements for daily high resolution and accuracy elevation maps that could be used to
predict landslides, earthquakes and volcanic eruptions.

Skimsats with scatterometer payloads could be used in a constellation to create high resolution
(<1km) global wind maps daily to evaluate the effectiveness of potential sites for offshore wind
turbines.

Skimsats with thermal infrared imaging payloads could be combined with those with miniaturized
SAR to detect wildfires and quantify the expected damage and monitor the loss of biomass in
near-real time.

A constellation of Skimsats with miniaturized multispectral payloads for imaging surface
vegetation (as demonstrated on PROBA-V) could create daily global vegetation maps at a
resolution high enough for assessment of crop stress levels and monitor deforestation.

Skimsat EO platforms could also serve a number of non-EO applications, including:

o Skimsats could be an ideal platform for low cost microgravity and life science
experiments, without the human contact and biohazard concerns found on the ISS.

o Store and forward communications could take advantage of the improved link budget and
reduction in ionospheric effects (including attenuation and faraday rotation of linearly
polarised signals) by reducing the size and power of ground terminals.

Bacon
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7 SUMMARY

The Skimsat concept benefits from the significant reduction in size of instruments when operating at low
altitudes, driving down project and acquisition costs as well as the mass of the spacecraft. In turn, this
means that Skimsats can are potentially easier to deploy into global constellations, as shown in Figure 3
below, thereby providing very high resolution optical, hyperspectral and radar imagery at a fraction of the
cost of existing platforms and with reduced time delays.

Skimsat bridges the gap between conventional observation satellites and high endurance UAVs, via its
superior performance relative to the former and its ability to rapidly reach targets beyond the range of
UAVs within hours. But rather than rendering these systems redundant, Skimsat enhances their
capabilities by improving their operational efficiency, whether by promoting more accurate target definition
or by wider coverage context imagery.

The Skimsat platform’s versatility extends its usefulness to a wide range of applications, from observation
to scientific or communications roles, as well as offering a low risk solution to in-orbit flight tests for new
technology.

Through its huge potential, Skimsat could become a showcase for the ingenuity and the ability of the UK’s
space industry and reaffirm the country’s reputation as a leader in innovative, effective satellite systems.

Figure 3 Skimsats will be designed for versatile operation in isolation, formations and
constellations
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ABSTRACT

This paper presents an analysis of Article II of the Outer Space Treaty - OST in its juridical and political context
(policies); and how the prohibition of appropriation of outer space may be an obstacle for the development of lower
cost and more responsive space systems.

The non-appropriation of outer space by any State or natural persons is a principle that has no discussion in
International Law; it has become a norm of /us cogens or mandatory commitment. Since the 1963 Declaration of
Legal Principles Governing the Activities of States in the Exploration and Uses of Outer Space, followed by the
Article II of the Outer Space Treaty and finally, Article XI of the Agreement Governing the Activities of States on
the Moon and Other Celestial Bodies, the idea of not change the norm has been consistent. But, if main driver of
human exploration has been the desire by acquisition of real state or private property, is difficult not to do a
question: How will be the last frontier (outer space) conquered without implementing this right? And then, is it
necessary to rephrase Article II of the OST, to encourage the private exploration of outer space in the next decades?

We try to establish with this paper, that to achieve more participation of private industry, it is necessary to amend
Article II of the OST, and allow the appropriation of some areas of outer space like asteroids, some sections of the
moon, and even areas of empty space, reinventing the space for future generations.

KEYWORDS: Space law, private property, national appropriation, equitable access, real estate.

INTRODUCTION"

Since the declaration regarding the Legal Principles
Governing the Activities of States in the Exploration
and Uses of Outer Space issued by the UN General
Assembly in 1963[1], and later on through the Treaty
of Principles Governing the Activities of States in the
Exploration and Use of Outer Space, including the
Moon and Other Celestial Bodies (the Outer Space
Treaty, OST) [2], and finally, the Agreement
Governing the Activities of States on the Moon and

" Copyright © 2014 by Jairo Becerra. Published by
the British Interplanetary Society, with permission.

Other Celestial Bodies [3], space law established the
principle of non-appropriation of outer space. This
guiding principle of Space Law was enacted within
the context of the Cold War, when the two
superpowers at that time, the US and the USSR, had
an open dispute regarding space conquest. The
proposal to establish as a principle of space law the
prohibition to appropriate space was filed by the
Soviet Union in the document A/AC.105/C.2/1.1 [4]
in 1962, (accepted by the United Nations Committee
on the Peaceful Uses of Outer Space in 1963). Based
on this prohibition, the Space countries and private
entities have been carrying out their activities for
more than 50 years.

© Springer International Publishing Switzerland 2017
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Still, this proposal has been contradicted by some
activities being carried out by several persons and
private entities (Lunar Embassy) [5] by selling the
moon and other celestial bodies, without there being
any definite action by the signatory States, or at least
some action together to prevent it. Is it feasible that
space legislation only prevents the States from
appropriating space, or does it include their citizens?
Presently, we are evidencing ambiguity regarding
how to proceed in this matter, since the states signing
international treaties on outer space respect the
principle, yet those violating it are not persecuted or
sanctioned in many of these countries.

On the other hand, it is important to analyze the
implications inherent in this prohibition and their
impact on space exploration. Is this principle
preventing the human being’s permanence in space?
Would some legislation allowing private property
help conquering outer space?

PRIVATE PROPERTY

One of the basic human rights beings have is the right
to private property, part of national orderings since
the French Revolution until now, with very few
exceptions. Even international law incorporates the
right all individuals have to own private property.
The right to private property is stated in article 17 of
the Universal Declaration of Human Rights, which
states: “Everyone has the right to own property
individually as well as in association with others,” a
document adopted by the UN General Assembly in
its Resolution 217 A (III), which has become one of
the most important documents at an international
level. Likewise, the right to own private property is
acknowledged and respected in almost all
democracies. In France, the 1791 Constitution
included it in its article 2: “The purpose of any
political association is to preserve the natural and
inalienable rights of men.” such rights are “freedom,
property, safety, and resistance to oppression.” And it
is in force in its civil code and its later development,
including the 1958 Constitution. Similarly, the US
Constitution, even though it does not expressly
mention it, does acknowledge its existence in its fifth
amendment: “(...) nor shall private property be taken
for public use, without just compensation (...);”
likewise, it is stipulated in tens of other national
legislations, from Colombia in Latin America, as
stated in article 58 of its 1991 constitution, which
says: “Private property and all the rights acquired
according to civil laws are thus guaranteed (...).”
Even in Asia, Japan’s Constitution (1947), in article

29 also states: “The right to own or keep property is
inviolable.” As for international law, private property
is acknowledged and protected in the same manner as
are Human Rights and, thus, its existence is not
questioned.

The said property can be of different kinds: on
material or immaterial goods; on natural or real estate
property. Material goods are those that can be
perceived by the senses and have a real value; it is
something material, such as a house or a book;
immaterial goods are mere rights, such as credits or
patents. Furniture is goods that can be transported
from one place to another, be that through their own
force or an external one; real estate is goods that
cannot be moved, such as in the case of farms or
pieces of land; they are the ones that remain fixed [6].

The non-appropriation principle in outer space refers
indeed to the real estate on the lot or piece of land, as
a material good or real estate since all the other rights
in fact are present and are regulated by international
and space legislation [7]. Thus, the objects we launch
into space continue being under the property of their
owner on Earth, and jurisdiction is kept by the State
that has registered them, as well as the rights to
inventions or patents, which are protected under the
national legislation of the States that have jurisdiction
over the spaceship or her crew, in the place where
those rights have been granted [8].

Therefore, we may be able to talk about, think over,
and analyze the prohibition to physically appropriate
of outer space (real estate) since private property in
the outer space is accepted. We don't lost the property
rights over the space object just because the material
goods are sent into outer space (Rights of enjoy and
dispose of the thing we own)

OST, ARTICLE 11

We really cannot take possession of parts of outer
space? Article I of the Outer Space Treaty states:
“Outer space, including the Moon and other celestial
bodies, is not subject to national appropriation by
claim of sovereignty, by means of use or occupation,
or by any other means.” And this implies the issue of
national appropriation [9]. Private companies that sell
parts from outer space say that this prohibition is only
for the states and not for them, because this article
does not explicitly mention them.
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National Appropriation

It is true that article II does not explicitly refer to
private entities or persons, yet it has been clearly
established that such prohibition is extensive to all
these entities that depend on the States. The said
states are the ones responsible for such activities, and
they would be the ones that are internationally
accountable for the activities of private entities. In
addition, private individuals cannot act in outer space
without supervision from their State; moreover, they
are required to have a license to carry out space
activities, without which they would be violating the
law [10]. This implies a clear dependence,
subordination, and extension of the norm applied to
the States.

On the other hand, the recognition of property rights
over outer space cannot be considered, as these
companies pretend it, due mainly to consuetudinary
law [11] and as well as the interdependence between
the prohibition and the law itself. The consuetudinary
law is clearly defined by the International Court of
Justice as “evidence of a general practice accepted as
law” in its article 38.1 (b) [12]. That is, they are
widely accepted norms that become law. They are not
in writing but the actions in that sense by all the
States make them so, with all the force that this
implies. Since the States do not possess nor do they
claim property rights, this generates an international
norm of imperative enforcement. Another reason for
this is that they are interdependent [13]; if there is the
prohibition to claim sovereignty, there exists the
prohibition of property right on the outer space that
we cannot appropriate.

Virgiliu Pop, a University of Glasgow researcher, has
referred to this several times when stating that even if
the legal gap argued by Mr. Hope (owner of the lunar
embassy) were to be accepted — that indeed private
persons can appropriate themselves of physical real
estate located in outer space — these companies would
be the owners of nothing since no one can be the
proprietor of something just because they say so [14].
We would add, in addition, that such a statement
ought to be accompanied by a wvalid and
acknowledged property deed, which cannot happen
because at this time no deed is capable of fulfilling
the said requirements because do not exist. Simply
stated, since the requirements do not exist, nor are
they defined, they cannot be met [15].

by any others means

The prohibition to appropriate outer space by claim
of sovereignty or assertion, by means of use or
occupation, or by any other means, we think is quite

clear, since it pretended to encompass any form of
appropriation of outer space as a whole.

The most common ones were mentioned, such as the
claim for sovereignty by a State over some territory
where it exerts effective domain; that is, its
jurisdiction, the force to legally enforce — what is
known as the empire of the law and, thus, considers it
its own. This includes the use or occupation, which
are complementary means through which there is the
pretense to claim sovereignty over a space or
territory, as it is understood that rights are acquired
when we have used or occupied a good for enough
time for it to be considered as our own, and which it
is characterized by our capacity to act as its lords and
masters. Thus, States could not, due to their repeated
activities or their extended permanence somewhere
or in outer space, assert that rights over such a
territory have been acquired.

Finally, the term “by any other means” which for
some authors is controversial and of uncertain scope,
for us it is quite clear. Although Lanch suggests, for
example, three possibilities for the scope of this last
norm, “namely discovery, contiguity, and parts of
outer space immediately bordering air space,” or
which for Christol refers to the prohibition to
appropriation through private individuals or
enterprises. For us it does imply a clear-cut
willingness of the States to include any other means,
be it already invented or to be invented [16]. They
had the intension to prohibit any way of
appropriation.

The goal is to fully limit appropriation of outer space,
a concept which would include Lanch and Christol’s
conceptions, and beyond. It is quite common that at
an international level when international treaties are
signed, the signatory States (subject to international
law) look to include fully all the problems to be
solved or the obligations to be created; that is, to
obtain the maximum extent of the protection,
prohibition or obligation proposed [17]. That is why
we believe that through such a statement the whole
wide spectrum of the prohibition to appropriate could
have been included even without the need to
previously specifying the claims of sovereignty by
use or occupation.

The desire of the States or of those drafting an
international treaty is a basic norm of interpretation
under International Law; that is, to determine which
the intention the drafters had when they conceived
the norm. As far as we are concerned, the intention to
prohibit appropriation of space under any way or by
any (States, individuals, private enterprises,
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international  organizations, NGOs, belligerent
subjects, etc.) is quite clear without any trace of
doubt. If under a State’s jurisdiction or under
International Law (that is all of them) such premise is
valid, it is an absolute imperative: “By any other
means” is the same as “By any means.”

STATES AND THEIR ACTION

The action of signatory States of treaties regarding
outer space law is unequal or even contradictory. The
referent as to the action against private enterprises
that sold heavenly bodies takes place in China’s
jurisdiction. Quoting the case of the Lunar Embassy
Company, China branch, which was sanctioned for
speculation and usury, and its license suspended by
Beijing’s industrial and commercial authorities, the
company sued the administration for its decision, and
the legal suit was taken to court, which ruled in two
instances against the company. In its last ruling in
2007, Beijing’s First Intermediate People’s Court
used as the basis for its argument that neither private
citizens nor states may claim property over the Moon,
as it is established in the Outer space Treaty, of
which China is a signatory state.[18]

But, what does happen in western countries? We
could even state that we can act beyond a mere
sanction and the suspension of a license, and claim
Fraud or Scam. Just to mention an example: the
Spanish Penal Code, Act 10/1995, dated 23
November, in Chapter VI, on frauds, section 1, on
swindles, article 248 (1) states: “Fraud is committed
by those who, in order to profit, use gross deceit to
lead another into error, inducing them to carry out an
act causing personal detriment to them or to others.”
And then, in Article 251, it sets that “(...) will be
subject to imprisonment from one to four years:
1.Whoever, falsely endowing themselves with the
faculty to dispose of a good or real estate without
having the legal power to do so, either because they
have never owned it, or because they owned it before,
they sold it, levy it or leased it to another, in
detriment of the latter or of a third party”. We would
then foresee the possibility of introducing the act of
selling real estates on the Moon within this legal
offense, as they are empowering themselves with the
right to sell a property that they do not own.

In the United States, it is worthwhile to ask whether it
falls under Investment Fraud crimes the selling of
properties one does not own, inducing people to
believe that the domain of the property is transferred
when the latter is out of commercial status, or it is
considered res extra commercium, using deceitful

means, such as the issuance of property deeds. In
addition, there is inducement to deceit by making
people believe that there is a legal loophole that
allows such appropriation when in fact it does not
exist. The FBI itself has included within the crimes of
Investment Fraud the real estate investment fraud and
the business opportunity fraud [19], which leads us to
ask ourselves why this type of criminal behavior has
not been investigated in countries where such
enterprises have branches.

SPACE POLICIES

It is quite clear that signatory and non-signatory
States of space treaties or Corpus Juris Spatialis do
respect the principle of non-appropriation of outer
space in their space activities, but it is also necessary
to determine whether or not this norm may be
preventing the development of more forward-looking
space policies or programs [20].

We might be able to clearly define three macro-level
stages in space exploration. The first one refers to the
beginning of the space programs by the superpowers
during the cold war. At that time, the main booster
for conquering space was to show that their national
technological capability was far more superior than
its opponent’s, and to become the first one in
achieving some specific goals (place the first man in
space; the first one to walk into the space void; the
first one to land on the Moon; or the first one to live
extensively in such an environs). These goals
generated the possibility of counting on a meaningful
amount of public funds (budget) as the former
became a foremost national interest [21]. This space
race did gain meaningful advancements regarding
space exploration and use.

The second stage refers to the post-space race period
[22], when the States focused their policies on the
development of science and their international
cooperation programs to develop specific knowledge
competences, with ample budgets but lacking
unlimited funding for their purposes. This lead to a
stage where there is a sense of stagnation regarding
the physical space exploration, whose main icon was
the human being in action and their in sifu presence
in the exploration. If we contrast it with the first
stage, we could observe that the drive to carry out
such exploration and to finally reach the goal of a
permanent and massive human presence was
decelerated, but exploration was increased. It is at
this stage that space was explored and investigated in
a more detailed manner but focused mainly on the
use of autonomous technology such as space
satellites, rovers, or space probes.
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The third and last stage is the one where private
individuals and companies participate in outer space
exploration [23]. Even though such participation did
also take place in the other two stages which, in fact,
combine themselves (that is, the stages have several
convergent periods), it is in the latter stage where, we
believe, private individuals and companies will be the
ones who will pursue space exploration, taking into
account the premise under which private enterprise
governs itself, that of profitability. Thus, we can see
that the main presence of private sector takes place in
sectors such a communications or remote sensing,
where profit for the provisions is obtained. What
happens then with exploration? Without profit, it is
unlikely that the private sector gets involved.

It is worthwhile to ask ourselves: How to promote
and develop the necessary competences within the
private sector for the exploration and conquest of the
outer space? It is there where we look into the
development of our society, and we see how one of
the most important engines for the exploration and
conquest of unexplored sites was the desire to acquire
private property. Thus, conquerors arrived in
America seeking richness or new territories [24], and
the colonizers in the American West settled down
looking for fortune or private property [25]. Even
though this was clearly troublesome, since we do
know that the importance of such territories led to
nefarious consequences still felt by our society
nowadays [26], it is important for us to determine
that by allowing for the claim or acquisition of
territory in outer space could indeed promote the
development of space systems to have access to and
remain in space in a more economical, efficient,
sensible, and safe way.

PROPERTY AND EXPLORATION

As we proposed in the previous paragraph, it may be
possible that the low degree of participation in space
exploration by private individuals and companies
with their own projects is influenced by the
prohibition to appropriate that environs which,
according to our analysis, is not subject to discussion,
and it is a norm that must be complied with, or Jus
Cogens [27]. Regarding this issue we can see how
two essential arguments are developed. The first one
deals with the limited expectations regarding the use
of space by private individuals, and how their profits
are obtained from mass media or the sale of data
gotten mainly from space itself, but not much more;
the private sector participates in the development of
new exploration technologies only because exist

demand by the public sector, which buys this
technology for their programs and not because the
private sector has a true desire to develop exploration
as they are not quite certain of how they will profit at
all from it.

The second has to do with the scarce clarity the
public sector has as to the legality of exploiting this
environs. Is it feasible to exploit outer space? We
believe it is not clear; it is quite clear that it can be
use and explore, but it cannot be exploited for the
individuals own benefit since only in the Moon
Treaty mention is made of exploitation which, in any
case, must be done for all humankind’s benefit, and it
is a regulation yet to be determined. This forces the
private sector to not have a clear-cut legal view as to
where and how to invest.

The capacity to acquire private property would
permit to have more clarity regarding the two
instances mentioned above because it would provide
these owners-to-be with the capacity to dispose of the
good as it is done on Earth; that is, it could be
exploited by searching for alternatives that would
render economic benefits from their properties [28].
We believe that this fact would exponentially
increase at a medium- and long-term the participation
of private individuals and companies with
autonomous programs as well as an extended or
permanent permanence of the human being in outer
space.

LOOKING FOR AN ALTERNATIVE

The search for incentives to private sector may
participate in the exploration and colonization of
outer space is crucial for the development of more
economical and efficient means to reach it and
remain there. And in the search for such alternatives
the transformation of norms that facilitate such
incentives is imperative. For this reason, we propose:

The authorization of real estate

Since it is quite clear that the appropriation of outer
space is not permitted, it is necessary to think of the
amendment of article II of the Outer Space Treaty as
well as of article XI of the Moon Agreement in order
to find a permit for the progressive appropriation of
the outer space, together with what — we believe —
must be some characteristics that will has the process,
as follows:
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- Invalidate all the possible claims for
sovereignty over celestial bodies currently filed on
Earth, establishing precise terms for their invalidity
and lack of efficacy.

- To draft an acknowledgement of rights (real
estate) by sectors (sectors on the Moon, Mars, etc.)
and structuring it by stages (access, permanence, and
acknowledgement) that will allow the control of the
expansion of property, in relation to the exploration
capacity that settlers have. That is, there is not a
juridical intervention, nor are there assignations to
those who do not have the capacity to arrive and
permanently remain there.

- To establish the zones that will be the
subject of possible appropriation, and which zones
will be under the prohibition to be claimed due to
their special conditions.

- To establish as a requirement, with no
exception whatsoever, the real fact of accessing and
remaining in the site in order to be able to claim those
rights (It will be an aposteriori rights).

Such an amendment would clearly provide the
private sector with a boost by permitting the
ownership of parts of outer space since it would
greatly reduce the costs involved in the search for
economic and effective means to have access to such
a possibility as well as the search for alternative ways
to exploit them.

In search for a consensus

It can be stated that many of the States participating
in space exploration at present have a strong
component of incentives for the private sector to
participate in space exploration as well as the intent
that this sector be the one that carry out the next stage
in such a field. This leads us to think that the States
could be accept an amendment in international law
on the property rights in outer space, should this help
to increase the participation of private individuals, as
well as to make concrete the permanence of the
human being in space [29].

The dilemma between regulating or waiting for a
“de facto” event

The issue of private ownership in outer space is
polemic and has a number of opponents with solid
arguments, such as the protection of the environment,
the prevention of an arms race in space, or the rights
of future generations to such an environs (all of

which we share), but it is also clear that the claim for
sovereignty is already present, and it will increase
once private entities can access to outer space and
remain there.

It is just a matter of time, maybe we have only ten or
thirty years, before private individuals develop a
technology to live in space and it will be as of this
moment when they will start organizing themselves
and to disavow the Earth’s jurisdiction over them,
wanting to own the zones where they remain. So, we
believe it is much better to set clear rules for the
development of such a principle and to promote the
human presence in that environs instead of allowing
for the increase of alternatives that only seek the
benefit of few and not of the majority [30].

Allowing ownership over outer space may be the best
alternative to gain benefits for humankind as a whole
since the necessary juridical rules can be enacted to
obtain equitable access that, at the same time,
continue guaranteeing the protection of the space
environment, preventing an arms race, as well as
preserving in an adequate manner the right for future
generations [31]. The Private Property does not
contradict protection and access regulations, and
could help in their development and prevent
disorganized and pernicious actions, such as the
present tries for appropriation.

Finally, we can state that the opportunities provided
by Outer Space are limitless; so, it is our right, but
also our duty, to take advantage of them, by making
use of all the mechanisms within our reach (technical,
juridical, social, etc.) in order to definitely access this
environs and defeat our own fears regarding our
behavior as a society, that will lead us to transcend
and reinvent space for ourselves and our future
generations.

CONCLUSIONS

- Outer space is presently the object of
sovereignty claims by private individuals and
companies, and these have no solid foundation under
international law, which fully establishes a clear and
total prohibition to claim outer space by the States or
any other individual.

- It is possible that the low participation of
private individuals in space exploration is due to the
prohibition to claim by or adjudicate to individuals
parts of outer space, since the alternatives for the
usufruct of the said outer space by either States or
individuals are not clearly defined or are not
attractive.
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ABSTRACT

Planetary science originally tended to rely on “flagship” missions characterized by large satellites and expensive
resources. Interplanetary CubeSat missions represent a radical new approach enabling high quality and impact
science to be achieved with ultra-small and low-cost nanosatellites. Launched as second-class payloads, deployed in
swarm-like or constellation configurations, they offer spatially distributed measurements and temporal resolution not
achievable by single-monolithic-satellite platforms. Reduced development times, standardization of components and
deployment systems, platform modularity have been drivers to the growth of CubeSats’ launches in Earth orbit in
the last decade. Constraints in size, volume and available power on-board, still limit their capabilities for
independent planetary exploration. Propulsion, communications, radiation environment protection are top three
technological areas to empower for this class of small satellite to support science objectives in the near future. A set
of scientific objectives for CubeSats to serve astrobiology goals and support to future human exploration on Mars
was selected to the purpose of this work. Missions to accomplish orbital and atmospheric measurement, in situ
analyses related to biosignatures detection and environmental characterization have been explored. Three set of
mission architectures based on surface penetrators, atmosphere scouts and orbiting fleet, have been assessed in the
perspective of the science return value. Mission concepts provided metrics and design options to address the
stakeholders’ needs and strategic knowledge gaps, as defined by the NASA Mars Exploration Program Analysis
Group’s definition of top-level required investigations.

KEYWORDS: [CubeSats, Mars exploration, Planetary Science, Mission Architecture, Conceptual Design]|

INTRODUCTION

In this paper the authors explore the state of the art in
CubeSat missions design and implementation by
defining the range of science capabilities for CubeSats
beyond LEO, and by enhancing the top technological
challenges to support science objectives. The paper

opportunity to explore the key activities necessary to
fill the gap of knowledge in a particular area of interest.
High-level scientific  objectives achievable by
distributed platforms have been prioritized, by
enhancing measurement and interaction capabilities that
are not attainable with single-monolithic structures. The

highlights the emerging capabilities of distributed
small-satellites in the context of a planetary science
mission in the Solar System, addressing the high-level
objectives defined by formal processes within the
scientific community. Planet Mars was chosen as target
destination to this purpose, by selecting a set of
scientific objectives for CubeSats to serve astrobiology
goals in preparation for future human exploration.
NASA-MEPAG (Mars Exploration Program Analysis
Group) living documents' provided the authors the

Copiright © 2014 by Politecnico di Torino.
Published by the British Interplanetary Society with permission

purpose was to generate and explore space mission
concepts aimed at  gathering  unprecedented
measurements and data about the planet Mars’
ecosystem, enabling in turn the future human
exploration. Preference was given to unconventional
architectures of distributed space assets, networks of
small and replicable satellites, low-cost platforms.
Three mission concepts have been generated’, based on
the deployment of a large number of small spacecraft in
orbit or on a global distribution of a planet’s surface
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and subsurface landers and scouts. Distributed satellite
systems are often overlooked in the preliminary
comprehensive science mission proposals, either
because their value proposition fails in justifying the
risk or expense, or because decision-making is biased
by the heritage of traditional monolithic architectures.
The needs of alternative solutions are hence not
explicitly stated and remain unrevealed throughout the
process of concept development and preliminary
design. The investigation described in the following
sections section consists in searching for evidence of
these needs and bringing to light emerging capabilities,
issues, risks of distributed small-satellite solutions
through the concept exploration of a planetary science
mission to Mars. Methodologies for concept
exploration and system analysis developed within the
team’ were used to generate different design options
and populate a tradespace for the exploration of best
alternatives.

THE CUBESAT ERA

The advancement and miniaturization of electronics
allowed the shift from mainframes to personal
computers up to smartphones, and exponentially
increased the number of organizations that could afford
this technology. Similarly, in the last decade lower-cost
and smaller-size satellites have substituted large
monolithic spacecraft architectures, and the number of
organizations that gained access to space increased.
Small satellites became important in providing cost-
affordable access to space to developing countries
where space industry was not yet consolidated”.
NASA’s New Frontiers and Discovery programs are
two examples of how larger “Flagship” planetary
science explorations being complemented by many
smaller and more frequent missions using fewer
resources and shorter development times. The ultimate
example of this diversification is being represented by
the proliferation of micro- and nanosatellites,
particularly CubeSats. Technology innovation and
broaden participation of university and industry are into
Space agencies’ programs enabled this paradigm shift.
In academia, many universities around the world
develop nanosatellites as hands-on experience tools to
prepare a well-qualified space-engineering workforce in
the process of conceiving, implementing and operating
a space mission. The support of space agencies over the
development and launch of university-driven CubeSats
missions manifested in Europe and United States with
several initiatives, among which the ESA-Education
Office’s 2008 “CubeSats on VEGA Maiden Flight”
Project™, the 2013 “Fly Your Satellite!” Program’, and
the NASA ELaNa program, which first call for
proposals issued in 2010 and counts seven launches and
more than 30 CubeSat deployed in orbit to date®.

CubeSat and nanosatellite missions have been mostly
developed for education, technology demonstration in
LEO and for Earth observation”'’. The possibility to
deploy multiple satellites in the same launch, the
increased availability of launches (as piggy-back
payload) and the advent into the market of private
launchers providers, the interest from industries and
military organizations in the development of CubeSats
as fast-response technology demonstrators, and finally
the support of space agencies over the development and
launch led to a total of 175 CubeSats launched into
Earth orbit in the decade 2003-2013, according to
recent surveys' .
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Figure 1: Number of CubeSat launched per year in
the decade 2003-2013"".

Large-scale CubeSat programs established in last years
will trigger the trend shown in Figure 1 to grow more
rapidly in the next future. QB50, an international
project coordinated by Von Karman Institute for Fluid
Dynamics, aims at studying temporal and spatial
variations of a number of key parameters in lower
thermosphere (90-320 km) with a swarm of 40 double
CubeSats deployed at the same time'?. HUMSAT, an
international project initiated by the University of Vigo
under the patronage of ESA and UNOOSA, aims at
monitoring  climate  changes and  supporting
humanitarian initiatives. The purpose is to launch a
CubeSat constellation to support a communication
service based on ground sensors, and to validate a
global network of amateur radio ground stations'*'*,

Politecnico di Torino takes part to the latter initiative
through the development of a 3U CubeSat (3STAR),
designed by the AeroSpace Systems Engineering Team
(ASSET) and the CubeSat team of the Department of
Mechanical and Aerospace Engineering. The project’s
challenging scientific objective is to perform on-orbit
GNSS-based remote sensing measurements, limb-
sounding the atmosphere. The mission will serve
weather forecasting systems and eventually warning
services'.
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Interplanetary CubeSats

CubeSat community members are starting to propose
the use of this class of small satellites for interplanetary
missions. A series of yearly workshops and
conferences'® hosted for the first time in 2012 at
Massachusetts Institute of Technology (MIT) focusing
on interplanetary small satellites and CubeSats
missions, draw the attention on the number of
challenges that designers will have to overcome: longer
lifetimes, propulsion for trajectory changes and
potentially entering orbit, power, communications from
vastly further distances than Earth orbit, higher
radiation outside Earth’s protective magnetosphere, and
instruments to make meaningful measurements. A
study of the NASA Innovative advanced Concepts
(NTAC) showed that spacecraft and payloads useful for
Solar System exploration, astrophysics, space physics,
and heliophysics can utilize a new Interplanetary
CubeSat architecture, enabling lower-cost, up-close
measurement of distant destinations, including Mars,
asteroids, comets and the Moon'”. MIT EAPS and
Draper Lab are building ExoplanetSat'®, a 3U CubeSat
that aims to detect superEarth exoplanets by the transit
detection method, pushing the limit of potential
applications out of the solar system.

CubeSats for interplanetary missions are still seen as
secondary payloads: they will keep sharing a launcher,
not being able to choose the desired optimal orbit. This
translates into the need for a DeltaV available to be
spent on operations, transfers, and corrections. This in
turn is reflected in the need to have more space on
board: 6U is the minimum foreseen format'’ (An
example of a 6U configuration is given in Figure 2).

Apart from chemical cold-gas propulsion, electrical
propulsion and the solar sails propulsion technology are
being considered. In the absence of Earth's magnetic
field, the solar radiation pressure represents the highest
torque disturbance, but it can also be exploited to obtain
thrust. The solar sail technology has established itself in
recent years with different missions, such as NanoSail-
D, Sunjammer, LightSail-1?. Limits in this case are
due to the high equivalent specific impulse and low
thrust, which reflect on mission duration. Operational
lifetime for interplanetary CubeSats shall exceed 5
years. An evolution of the external configurations (e.g.
from face-mounted to deployable solar panels) is
required to satisfy demanding power requirements.

The approach to communication changes as well. Radio
communication system onboard shall be presumably
always on, instead of on a cyclic on/off (as can be
afforded in certain LEO missions). This translates into a
higher average orbit power required (30 W for a 6U,
typical). The support of amateur-radio communications

would fail: the most common strategies provide for X-
band and High Gain Antennas onboard, and the support
to the DSN - 34m dish (Beginning of Life) and 70m at
the End of Life. The use of the DSN has no reliable
alternative to date, and could represent a not-negligible
cost percentage. If for a "Discovery-class" mission may
be of the order of 1% of total committed costs
excluding launch, for a CubeSat mission this could
represent the major cost element. Distance limits are
also driven by communication. If no data-relay systems
are envisaged, the limit for 6U architectures is on the
order of 0.5 AU (i.e. Mars). For instance, with X-band,
high gain antenna on board and 34m DSN on Earth, the
datarate is in the order of 1 kbps @ 0:25 AU, or 250
bps @ 0.5 AU.

:k, 2012/3/17

Figure 2: preliminary concept of 6U Interplanetary
CubeSat Bus' Image copyright: Tomas Svitek, 2012

The common outcome from these concept studies is
that a key driver for succeeding resides in the
employment of these platforms not as single
independent spacecraft, but as part of a large mission
deploying them in distributed configurations.
Constellations, collaborative networks, fractionated and
federated systems are becoming popular between the
developers’ community, these concepts being able to
demonstrate spatially distributed, simultaneous and
shared measurements, among other emergent
capabilities. Distributed satellites working in concert,
used as disposable sensors with reliability and
flexibility not achievable by monolithic single-
spacecraft platforms, could produce more precise data
than a single highly capable large asset, and could open
avenues of unprecedented collection of data products®'.
Fleet of nanosatellites or CubeSats are likely to play a
role in future planetary missions, but most presumably
as daughter craft carried to their destination by larger
mothership.
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Destination: Mars

Mars has a unique place in solar system exploration: it
holds keys to many compelling planetary science
questions, and it is accessible enough to allow rapid,
systematic exploration to address and answer these
questions. The program of Mars exploration over the
past 15 years has provided a framework for hypotheses
to be formulated and tested and new discoveries to be
pursued rapidly and effectively with follow-up
observations®. According to the Decadal Survey for
Planetary Science 2013-2022, the study of Mars as an
integrated system will continue well beyond the coming
decade, following the approach that produced missions
supporting one another both scientifically and through
infrastructure, with orbital reconnaissance and site
selection, data relay, and critical event coverage. The
challenging science objectives will focus on
understanding the evolution of the planet as a system,
focusing on the interplay between the tectonic and
climatic cycles and the implications for habitability and
life. Future missions will implement geophysical and
atmospheric networks, providing in situ studies of
diverse sites, and bringing to Earth additional sample
returns, addressing in detail the questions of habitability
and the potential origin and evolution of life on Mars.

Over the past decade the Mars science community, as
represented by the NASA Mars Exploration Program
Analysis Group (MEPAG) has worked to establish
consensus priorities for the future scientific exploration
of Mars, formulating three major science themes that
pertain to understanding Mars as a planetary system: 1)
understand the potential for life elsewhere in the
universe; 2) characterize the present and past climate
and climate processes; and 3) understand the geologic
processes affecting Mars’s interior, crust, and surface.
A fourth theme, the MEPAG Goal 1V, identifies the
investigations that are still needed to prepare for human
exploration. From these themes, MEPAG has derived
the key science questions that drive future Mars
exploration, providing the science community with
updates on the answers found, and shaping future
directions™. The Goal IV is different in nature from the
former three, commonly referred to as Life, Climate,
and Geology. Unlike Goals I-III, which focus on
answering  scientific  questions to develop a
comprehensive understanding of Mars as a system,
Goal IV addresses issues that have relatively specific
metrics related to increasing safety, decreasing risk and
cost, and increasing the performance of the first crewed
mission to the planet”. Precursor activities and
technology demonstrations in several venues (Earth,
LEO, International Space Station, and nearby celestial
objects such as the Moon or asteroids) would be
involved in the long-term preparation for the human
exploration of Mars. Although all represent an

important and necessary part of the forward path, the
connectivity between these precursor activities and the
technology demonstration roadmap are maintained
separately and considered complementary to the
required science data cited in the MEPAG Goal IV
document. For these reasons the precursor activities
listed in the document result to be to a lower extent
constrained by the necessity of low-term engineering
and cost feasibility demonstrations. They are rather
explicitly tied to those data products the scientific
community requires to fill the gaps of knowledge on
critical features of the planet’s environment, before
planning ahead a manned mission to Mars.

SCIENCE GOAL ANALYSIS

The aim of this work is to generate some space mission
concepts where CubeSats play a role in supporting
exploration for valuable planetary science beyond LEO.
The root problem to be addressed in the formulation of
a mission concept was to learn about planet Mars in
connection to human exploration. As inferred from
MEPAG documents review, in order to prepare the
human exploration of Mars it is necessary to fill the gap
in the knowledge in, and to address the uncertainties
related to specific phenomena in the Mars’ environment
(orbit, atmosphere, ground). This is especially true on
global scale and with coverage of all local times.
Science mission concept can be generated by selecting
a key observation, measurement, sounding technique
that fills the gap of knowledge in a specific area of
interest (e.g. ground bio-hazard, atmosphere
composition, presence of dust and/or micrometeoroids
in orbit) suitable for distributed nanosatellite system
architecture. Principal stakeholders of this study have
been identified within the scientific community. Space
mission planners, strategists, and designers who will be
building the future manned missions to Mars would
also benefit from mission results. The top-level
scenario calls for significant objectives: innovative,
unprecedented and visionary concepts have been
explored, such as mission architectures based upon
constellations, swarms, distributed satellites, single-
instrument multiple-units platforms; technology return
for Earth-related applications was taken into account, as
the prospect to inspire the general public imagination.

The problem statement reads as follows: fo establish a
low-cost/fast-delivery space asset at Mars for filling the
lack of knowledge on specific phenomena in the
Martian orbit, atmosphere and on ground on
regional/global scale, that may affect the future human
exploration of the planet. To provide the scientific
community with unprecedented measurements and data
that reduces the level of uncertainty to support the
long-term vision of human exploration of Mars.
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Selection of Gap-filling Activities

The science goals analysis opened with the
identification of the Strategic Knowledge Gaps (SKG)
and with the mapping to the different activities needed.
Table 3 lists part of activities and SKG prioritized by
the Precursor Strategy Analysis Group (P-SAG). The
comprehensive P-SAG science traceability matrix can
be found in ref. 25. Authors analysed how activities are
mapped to the investigations, or high-level science
goals, and how investigations in turn could be driven by
single or multiple measurements. Priorities among
multiple investigations were determined by the P-SAG
first assessing the impact of relevant data within each
investigation, and then assessing the value of new
precursor data against timing criteria. The result is a
classification based on a dual ranking: “timing” and
“priority”. The first metric indicates which activities are
needed earliest, the second is a metric to recognize if a
set of activities enables critical need or mitigates high-
risk items. The total combined priority indicates that
measurements needed earliest were prioritized ahead of
measurements of equal priority needed later. Priority
and timing levels have been defined as per Table 1 and
Table 2. The ranking defined by MEPAG and P-SAG
allowed the authors to recognize which activities are
being considered critical and what are the needs to be
met before others. A further selection has been made on
a basis of subject location and type of activity. This
allowed to discard those activities planned in Earth
orbit or in the vicinity of Phobos/Deimos in preparation
for a Mission to Mars, those providing for sample
return or demonstration of technologies for rendezvous
and docking, entry, descent and landing, and forward
contamination. The selection enabled to reduce from 78
to 30 the number of GFAs subject to further analysis.
Attention has been given also to the need of spatial and
temporal distribution of data products (global coverage,
full diurnal cycle, all local time coverage) and to the
“class of interaction” between spacecraft and mission
subject. The latter refers to a classification made
according to two variables, the location of the mission
subject (e.g. ground, atmosphere, orbit) and type of
sensing (e.g. measurement, observation, in-situ
analysis, etc.) Six classes have been identified: A.
upward remote sounding of atmosphere; B. downward
remote sounding of atmosphere; C. remote sounding of
surface; D. in-situ surface measurements; E. in-situ
orbit  measurements; F.  in-situ  atmosphere
measurements. The resulting distribution of GFAs
between classes is shown in Figure 3: remote-sounding
classes (i.e. A, B, C) almost equally share the half of
the total number of activities, while the three remaining
classes include in-situ measurements most needed on
the planet surface.

Table 1: Shorthand for human mission goals timing
and criteria for setting priorities by P-SAG™

Timing Description

v Needed to plan human missions to Mars orbit

1V Early Needed to plan architecture of the first human
missions to the Martian surface

IV Late Needed to design hardware for first human missions
to the Martian surface

IV+ Needed for sustained human presence on the
Martian surface

Priority Description

High Recognized as an enabling critical need or mitigates
high-risk items (including crew or performances)

Medium Less definitive need or mitigates moderate risk items

Low Need uncertain or mitigates lower risk items

Table 2: Investigation priority levels mapped to
Timing and Priority for individual Gap-filling

Activities™.
Priority
A High Medium Low

Timing

1V- 1 3 4
1V Early 1 3 4
1V Late 2 3 4
IV+ 5 5 5

This result tells that on one hand the remote-sounding
activities are perceived as important as the direct in-situ
measurements, and on the other that being these tasks
preliminary and preparatory for a manned mission to
the planet, the soil and the subsurface gain most of the
interest from scientific community and mission
planners. The push towards this interest is also given by
the recent success of robotic landers and rovers’
missions, which, however, have allowed so far getting a
good knowledge of the planet only at the local level in
some selected spots. In contrast, the analysis made on
the MEPAG and P-SAG documentation already cited,
highlights the need of measurements globally
distributed in time and space, that robotic missions
mentioned above could not offer. The proof is the fact
that despite the “class D” necessary activities (in-situ
surface measurements) represent 40% of the total, only
two of them has been evaluated with a combined score
of high priority and timing, while the remaining ones
got a medium/low average ranking, their impact on the
mitigation of risk being considered moderate and/or the
necessity of results in this area not compelling
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Table 3: Partial listing of P-SAG Strategic Knowledge Gaps and Gap-filling Activities

Al Al-1. Global temperature field High V-
Upper Atnios here A1-2. Global aerosol profiles and properties High 1V-
pp P A1-3. Global winds and wind profiles Medium V-
A3 Medium 1v-

Orbital Particulates A3-1. Orbital particulate environment
D1-3. Hydrated mineral compositions High IV+
DI. D1-4. Hydrated mineral occurrences High IV+
Water Resources D1-5. Shallow water ice composition and properties Medium IV+
D1-6. Shallow water ice occurrences Medium IV+

In order to adequately consider the full range of
possible designs, and avoid a priori design selections
without analysis or consideration of other options, three
activities have been selected within the top-ten list
illustrated in Table 4: Al-2 Observation of global
aerosol composition, B2-1 Detection of biohazards, A3-
1 Observation of orbital particulate in high Mars orbit.
The choice has been made by selecting activities that
were representative of different classes of interaction,
different ranking position (combination of priority and
timing), and manifested necessity of spatial and
temporal data distribution. This approach allowed
regarding for the preferences of key decision makers
since the early stages of design, still leaving the concept
generation open to different options and creative
enough to envision in which ways it could be possible
to explore planet Mars in the future. For each of the
activities identified a mission concept has been

generated. The three scenarios are described in the
following sections.

£(n=1) F(n=1)
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Figure 3: Distribution of Gap-Filling Activities
within classes of interaction. Classes A,B,C
remote-sounding, D,E,F = in-situ measurements. See
text for in-depth analysis and details.

Table 4: Top ten Gap-Filling Activities as ranked by MEPAG and P-SAG [27-28]. COI = “class of
interaction” as defined throughout the analysis. Rank refers to the total priority given by the combination of
“timing” and “priority” values. Data distribution needs are deduced from GFAs statements and descriptions

as per ref [23]. n/d = not defined. See text for further details.

Al-1 Observation of global temperature field Full diurnal coverage B 1
Al-2 Observation of global aerosol composition Global coverage, all local times B 1
Bl-2a Measurement of global surface pressure Full diurnal cycle, multiple locations D 2
B1-2b Observation of local/regional weather Full diurnal cycle coverage A 2
B2-1 Detection of biohazards Multiple environments D 2
Al-3 Observation of global wind velocity and direction Global coverage, global distribution B 3
A3-1 Observation of particulate in high Mars orbit Equatorial plane, multiple altitudes E 3
B1-1 Dust and aerosol activity climatology n/d B 3
B1-2¢ Observation of local weather at multiple sites Multiple locations, full diurnal cycle A 3
B5-1 Measurements for presence of ground ice n/d C 3
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CONCEPT A: ORBITAL PARTICULATE - MARS
ORBITAL ENVIRONMENT EXPLORATION
(MOEX)

The source of orbital particulate in high Mars orbit is
represented by micrometeoroids and dust rings.

Micrometeoroids are fragments of bigger space corps as
asteroids or comets, with dimensions ranging
millimetres to meter. Because of their high velocity,
these corps could jeopardize spacecraft and endanger
the success of a mission. Origin, composition and main
characteristics of these corps shall be understood
performing numerous observations. This could be
achieved by gathering enough data to create a
consistent statistic model. A possible method consists
in to observe the burning trail they left after being
entered in Martian atmosphere and gathering
information about mass, dimensions, composition and
velocity based on a spectrometric analysis.

Regarding dust rings, their existence is still to be
proved”. Their orbit should be located in the equatorial
plane of Mars”’ between Phobos and Deimos. They
would induce optical and communication instruments
malfunctions, and the particles might have a non-
uniform distribution. Thus an adequate number of
satellites is necessary to have a good probability to get
enough close to discover those particles clouds. A
sufficient proximity would be required to surely
identify those particles, as their diameter would range
under the millimetre. As a result, an impact sensor
would be a good solution to detect dust particles.

A mission of CubeSats as distributed systems with the
aim of detecting this particulate has both scientific and
engineering implications: studying micrometeoroids
and dust rings origins and composition will improve the
knowledge of the Solar System environment and, at the
same time, discovering the position of Mars dust rings
and building up a statistical map of the distribution of
micrometeoroids could avoid the failure of future
mission in Mars environment. Two scientific goals
derived from the analysis of needs:

1) To investigate the statistic distribution through
the Martian year of Martian micrometeoroids’
mass, velocity and composition using meteor
trails spectroscopy in order to understand the
origins of Martian micrometeoroids and for
human exploration hazard mitigation;

To search for Martian dust rings and determine
the spatial and particle size distributions,
composition, origin, density and their time
evolution in order to understand Martian
system history and evolution and for human
exploration hazard mitigation.

2)

Micrometeoroids

A sufficient amount of data is needed to create a
statistical distribution and predict the number of events.
The optical cameras inside a CubeSat are not likely to
have enough resolution to define objects with 1 mm
radius. The best option is to look for trails produced by
the ablation of micrometeoroids in the atmosphere.
Figure 4 shows the concept developed to detect the
presence of micrometeoroids. The first analysis
combined with a ballistic fall simulation determined the
lower limit of the range for the length of
micrometeoroids trails. A constellation of nanosatellites
in circular orbits around Mars at an altitude that allows
optical observations of impact events has been
designed.

Figure 4: Micrometeoroids mission concept

Two figures of merit have been considered for the
trade-off: Resolution and Coverage. A wide coverage
pattern allows the highest number of events possible to
be detected. Observation payloads for nadir-sounding
and limb sounding of the Martian atmosphere have
been chosen to address both vertical and horizontal
resolution required to see in a satisfactory way what is
really happening where they are pointing to, so that the
image can be properly analysed and processed in order
to obtain the required information. The trade-off result
tells that satellites should be positioned in as low as
possible orbits to increase the resolution, but this affect
negatively the coverage attribute.

Latitude range between 40° north to 40° South has been
chosen after trade-off studies on surface spots, future
landing sites for human exploration and mission costs.
These latitude limits reflect on a total 65% of global
surface; increasing the maximum latitude observed will
increase this percentage but AV limitations for
inclination change inclination have to be taken into
account. The opportunity to rely on already existing
space assets in the proximity of Mars, or on a
mothership for orbit insertion in the equatorial plane
has been considered in this context.

A second iteration of design allowed to refine
instruments models but also fixed the maximum
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inclination achievable: a constellation of 30 satellites at
2000 km altitude with FOV of 30°, 10 orbit planes has
been designed. Two main problems arose with this
configuration: the instant coverage was good, but the
resolution of each pixel was near to the limit imposed
to define a trail. The AV needed to increase inclination
from equatorial plane to the maximum inclination
(Ai=40°) was 2.61 Km/s, too expensive even divided
among on-board propulsion system and the mothership.
Upper limit for AV provided by a CubeSat propulsion
system is currently around 1 km/s, that establishes and
upper limit of Ai to 15° for plane change (Figure 5).

cube sat

mathership

Figure 5: change plane maneuver calculated starting
from initial conditions provided by mothership
insertion. Actual chemical-propulsion cubesat
capabilities limit the DeltaV available and the
related inclination change capability.

A 500 km altitude would have led to a very low instant
coverage (about 10%). The option of giving to the
camera an off-axis pointing angle was taken into
account. A good compromise has been found setting
altitudes at 1000km, with a starting inclination of 10°
provided by a mothership. Combining it with a second
manoeuvre provided by the satellites’ propulsion
system, resulted in a maximum inclination of 25°.
Simulation with AGI-STK with a Coverage Definition
tool showed an instant mean coverage value of 22.05%,
90% coverage of the planet after 1:30 h, 98% after 3h.
Figure 6 shows the instant coverage of the planet.

Figure 6: Simulation sample (6 months lifetime).

The mission scenario encompasses three different
phases. The first phase will be divided in: 1) arriving in
the Martian environment relying on the mothership; 2)
to manoeuvre in order to reach the already chosen orbit;
3) to perform commissioning operations for the
satellites to be fully functional. The last phase could
take months, depending on the kind of propulsion
system chosen (e.g. cold gas, electric, solar sail).

The second phase focus mostly on the measurement,
i.e. dust images taken of the micrometeoroids trails.
This will implicate a precise attitude control, especially
during the camera pointing. During the second phase
the system will communicate with the chosen network
to send data and images to the ground segment, where
they will be processed. Image processing could also be
achieved on board. In the first case, the satellites would
have to store every single image and transmit data very
frequently. With an on-board processing system,
images without trails and false positives would be
discarded and there would be more available memory
for data storage and less data to be transmitted. On the
other hand this affects the system complexity.

The third and last phase is disposal operation, which
would implicate a end-of-life manoeuvre. The disposal
could be obtained by crashing on Mars’ surface. To
fulfil the mission requirements one possible
configuration of a single satellite could be a 3U
CubeSat, 1U for the camera, 1U with propulsion system
and spectrometer analyser, 1U for avionics. Since
uncertainties at this stage are pretty high, a 6U
configuration has also been assessed, providing more
confident results.

Dust rings

This section will focus on the mission concept seeking
for dust rings’ existence and characteristics. Several
studies state that is more likely that dust ring resulted
from impact on Phobos and Deimos. The search will be
concentrated specifically on the zone from Mars’
atmosphere to Deimos, approximately 23500 km far
from the planet, and for the most part on a region
between the two Martian moons®’ (Figure 7).

A CubeSat mission can accomplish the task by means
of impact with the dust or by capturing an image of it.
The measurements would require some post processing
work; spatial and temporal distribution of dust will be
the result of a post processing over the data gathered
during the mission, which shall last for one Martian
year at minimum in order to gather a number of impacts
statistically relevant. Therefore the total space swap by
a hypothetical constellation has been considered as
figure of merit for the analysis.
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Electrically propelled decaying orbits were discarded
for time and cost reasons. Polar or equatorial circular
orbits were considered at the beginning: circular orbits
imply a fixed altitude from the planet, so the regions
that would be studied are small, and limit the
probability of dust impacts; polar orbits are demanding
in terms of expensive manoeuvres for inclination
change. Elliptic orbit was the third option evaluated,
allowing the constellation to sweep more space with
respect to the previous options. A simulation performed
with a Simplified Perturbation Propagator (SPG4)
revealed that an equatorial orbit with approximately
6000 km perigee and 23000 km apogee would change
the ascending node argument of almost 0.5 degrees per
sol, being back in on initial position in one Martian
year; in this case a multiple-satellite system would
swap most of the Martian environment of interest
during its mission lifetime.

Figure 7: Cross-section of toroidal envelopes
containing initial orbits of debris ejected from
Deimos dust belt (at right). Smaller Phobos toroids
(left) are centered at 2.76 RM. Image copyright by
S.Soter %’

The first part of the mission will involve the Earth-Mars
transfer and the orbit insertion by means of a
mothership from an equatorial circular orbit of about
30000 km radius. In a second step a Hohmann transfer
would place the system inside the zone of interest,
where the mothership would operate the deployment of
the first satellites. Six satellites deployed with a 60°
phasing distance would need to operate themselves an
impulse to lower the perigee. The mothership could
then perform a manoeuvre to move to a lower circular
orbit (with a radius matching the value needed by the
micrometeoroids’ mission described above) deploying
the other set of satellites.

The measurements would probably need post-
processing on ground, meaning that one critical aspect
of the mission is to communicate back to Earth where
those will be analysed. Disposal operations have been
considered in preliminary analysis: disposal can be
obtained by escaping Mars' influence sphere with an
escaping manoeuvre, by crashing on one of the Martian
moons or by crashing on Mars. The concept requires
the implementation of an impact sensor, of a dust
analysing system able to detect charged particles after

dust impact, and of an optical sensor for the imaging of
orbital dust.

As the impact sensor is concerned, the implementation
requires the development of a passive type piezoelectric
sensor with a large frontal area to enhance dust impact
probability, and the development of an opening system
and a structure to support the sensor itself. A quick and
simple  solution  for dust impact sensors’
implementation is to use a passive sensor on big surface
with electric properties. This type of sensor allows to
optimize the available power on board and to increase
the impact rate. Piezoelectric polymers materials can be
used to detect the deformation of the impact surface.

As the dust analysis system is concerned, the
implementation would require the arrangement of a
large metal alloy impact surface, a sensors system able
to detect charged particles (ions and electrons), and the
activation of an electric field between impact surface
and sensors system, in order to separate ions and
electrons. The dust analyser would measure the electric
charge carried by dust particles, the impact direction,
the impact speed, mass and chemical composition.

As far as the camera is concerned, this would require
the implementation of an optical system that enhances
visibility of micrometric dust size in a kilometric range
and the development of an attitude control system with
an orbital database for optimization of lighting
conditions that will help in the visualization.

Given these options, three solutions have been
proposed with the aim to be evaluated in a later step of
design: dust detector supported by a camera, inflated
sail, deployed sail supported by multiple satellites. A
drawing concept can be seen in Figure 8.

Figure 8: Three system concepts for dust belt
detection: dust detector, inflated sail, deployed sail
supported by satellites.

For the communication of the mission data and
telemetry, a network able to connect the in-orbit
systems and the ground stations shall be implemented.
Two main parts of this network have been considered in
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combination: the Deep Space Network (DSN) and a
Satellite Relay System (SRS). The DSN must be able to
establish a communication link between Mars and the

Earth: this means that the nanosatellites must be
equipped with a high gain antenna with a high pointing
precision and a source unit powerful enough. Recent
studies state that the limits for Interplanetary CubeSats
are in the order of 250 bps data rate from Mars, with X-
band and high beam antennas on-board and relay to
DSN 34m antennas (see Interplanctary CubeSats
section on this paper). For these reasons the
communication segment of the nanosatellite
constellation shall be probably supported by a pre-
existent orbiter or by the mothership itself.

L)
MOEX COMSTELLATI
‘ L w

% %

%

Figure 9: Communication strategy for MOEX
mission concept

We considered a relay satellite orbiting on a circular
trajectory of 24000 km radius that connects to the
satellites when they run on their orbit's apogee (Figure
9). This architecture is expensive because of the
implementation of an dedicated relay satellite, but is
also appropriate because no need of pointing accuracy,
high gain antennas or high power signals to establish a
link are envisioned for the CubeSats. Another solution
could be considering a ground station on Mars surface
as a relay system. This ground station will transfer data
to an NASA/ESA orbiter on Low Mars Orbit, which in
turn will link to DSN. This strategy however would
need an additional link to be implemented. More
detailed analyses and trade-offs have to be performed in
terms of architecture cost, data volume to transfer,
availability of the link, and architecture reliability.

The MOEX mission scenario is illustrated in Figure 10.

Figure 10: MOEX mission concept

CONCEPT B: AEROSOL COMPOSITION. MARS
ATMOSPHERE RESEARCHES WITH IN-
SITU OPERATIONS (MARIO)

This mission concept is aimed at the study of the
aerosol composition of the Martian upper atmosphere
by means of a system of distributed nanosatellites. The
mission goal is to provide the scientific community,
mission designers and other stakeholders with data
capable of improving the confidence on the current
Martian atmospheric models, with an eye towards
future human habitation, through deployment of low-
cost, fast deliverable and multi-purpose platforms.

The scientific goal for this mission concept states: “7To
characterize and study atmospheric features and
processes of Martian atmosphere and to investigate
their interaction with future human in situ missions”.

The broad scope is to understand how the Martian
atmosphere affects possible human operations on Mars,
with an eye towards future human habitation. This
involves the collection of data that help in assessing the
feasibility of Martian human exploration and the
possibility to support it. The knowledge of atmospheric
processes and the interaction between human
operations (both crews and equipment) and the
atmosphere itself have been considered fundamental,
and so included in the scientific goal. The GFA
identified requires global measurements of the vertical
profile of aerosols (dust and water ice) at all local times
between the surface and >60 km. The observations
should include optical properties, particle sizes and
number densities.

Preliminary mission architectures definition

A preliminary draft of the mission concept was
developed through the identification of different types
of architectures, including both orbiters and landers, in
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order to have a more complete and accurate coverage
using both points of view. Two main different
distributions for those two types of devices have been
envisaged: 1) a fleet of few orbiters, and several little
landers carrying the instrumentation that cannot be
contained on board the former; 2) a fleet of several
small orbiters, and a few important landers with almost
the full set of payloads.

The best configuration providing low cost, ease of
deliverability, use of multipurpose in-situ platforms has
been investigated. Another key point established since
the very beginning has been the possibility to establish
a strong data link between ground and orbit segment.
Preliminary trade-offs were performed over the number
of satellites within the orbiter fleet, the type of landers
within a fleet and the choice of landing sites. Three
options have been considered at the beginning for the
type of satellites: 1) a ground platform for lower
atmosphere measurements with a balloon connected
and a retractable wire for measurements in higher
altitudes; 2) a lander detecting information about the
upper atmosphere during its entry, and then serving as
ground station without deployable balloons capability
but with the prerogative of a possible re-use by future
astronauts; 3) a fleet of landers detecting information
about the upper atmosphere during entry, able to extract
a balloon during landing to spend more time in
atmosphere and working, once landed, as a simple
ground station.

A set of 6 Concept of Operations (ConOps) was
evaluated.

1. Tethered Balloons: several CubeSats, capable
of atmospheric entry, performing remote
sensing of the upper atmosphere. Some of
them wused as entry-probe and landers,
gathering data during the atmospheric entry
and descent. After the landing on Mars,
CubeSats are able to gather atmospheric data
in a 0-30 m altitude range.

Free-flying Balloons: During the descent
phase, each CubeSat deploys a free-flying
balloon, which is inflated with Martian air.
After the balloon is deployed atmospheric data
is gathered. After a few days of data
collection, the balloon lands and the lander
gathers atmospheric data from the surface.
Landers shower: several CubeSats perform
remote sensing of the upper atmosphere. After
a nominal phase, they perform atmospheric
entry and descent, gathering atmospheric data
when entry aerodynamics allows it. Once
landed, they gather atmospheric data from the
surface of Mars (Figure 11).

Ballistic: Atmospheric data is gathered during
the descent, until the touchdown on Martian
soil.

Sounding rockets: CubeSats able to land on the
surface of Mars, each one carrying a sounding
rocket. During the atmospheric entry and
descent, these CubeSats do not gather data
regarding the upper atmosphere. After landing
on the Martian surface, each lander is able to
deploy and operate its sounding rocket that is
used to gather atmospheric data from Martian
soil to suborbital altitudes.

Rockoons: CubeSats able to land on the
surface of Mars, each one carrying a rockoon
(a sounding rocket whose ascent is assisted by
a balloon).

Some of these concepts are more realistic than others.
Particular speculations have been made on the space
segment and on systems able to land on the surface of
Mars. Both space segment and ground segment are
essential to address the specific knowledge gaps and
needed for the mission success. The reliance on a data-
relay system, such as a mothership, Mars
Reconnaissance Orbiter (MRO), Mars Odyssey, Mars
Express or other future data relay satellites, is
fundamental for both space and ground assets. Other
common features between ConOps evaluated are: 1) all
the landers are left by the mothership in an orbit that
allows landing in at least two identified landing areas of
interest, lately chosen to be Elysium Planitia and Utopia
Planitia. 2) Orbiters shall be deployed by a mothership
in circular, low-altitude Martian orbits. This is to ensure
an effective communications architecture: low altitude
orbits allows avoiding powerful transmitters and big
receivers, circular patterns allows the signal strength to
be uniform along the orbit.

Figure 11: Artist impression of MARIO Lander
Shower concept

To evaluate the best ConOps, several figures of merit
were used, grouped in three families: goals
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accomplishment, objectives balance and ConOps
features. The first family describes how well and
completely high priority scientific objectives are met;
the second family describes, among the accomplished
scientific objectives, if gathered data is more useful to
human Martian exploration or Martian atmospheric
sciences; the third describes the general features of a
given ConOps. Starting from the preliminary
configuration chosen and trade-off carried out on the
basis of the FoM identified the final mission concept
evolved as follows: orbiters fleet: 12 orbiters 3U, 4
orbital planes with 3 orbiters each, to perform remote
sensing of the upper atmosphere. The Mars segment
includes two kinds of spacecraft: 2 landers, one for
each landing site, with a tethered balloon (as described
in ConOps 1, and smaller CubeSats as described in
ConOps 4). Landers are stored in a CubeSat with a 3U
configuration, not including balloons support system
(e.g. helium canister), from which one balloon would
be inflated and deployed with a retractable wire. The
lander swarm is composed by 20 CubeSats in 1U
configuration, which dimensions have been imposed
downstream of a definition of necessary payloads to
make measurements. These CubeSats, smaller and
considered more resistant to impact, are released in sets
of 5 units from the mothership during the entry phase,
passing through the Mars atmosphere. For the final
mission concept, two landing sites were chosen:
Elysium Planitia and Utopia Planitia, respectively in
equatorial and polar planes, enough far in latitudes to
have a complete study of lower Mars atmosphere and
having considered as landing sites for future human
missions or by other Mars missions in development.

Baseline selection

After trade studies and an iterative process the mission
architecture has been divided in two main segments:
orbit and Mars surfacetlower atmosphere. The in-orbit
fleet will be constituted by 12 CubeSats arranged in
four different orbital planes; all the orbits will be
circular and polar, with an inclination of 95° and a 200
km altitude. This architecture will guarantee a complete
coverage of the planet’s surface during each Martian
day. The payloads carried by the orbiters will be
cameras, mass spectrometers and radiation sensors. The
cameras will allow tracking the dust storms and the
formation of clouds, in order to help to characterize
their seasonal variations. The mass spectrometers will
collect information about the composition and the
distribution of the upper Martian atmosphere. Finally,
the radiation sensors will gather data about the radiation
environment around Mars.

The chosen mission architecture has two other profiles
of measurements that require an entry into the Martian
atmosphere: these two additional branches are called in

this baseline as "CubeSat shower" and "landers". They
represent the segment on Mars surface and lower
atmosphere. The first one is formed by a series of
CubeSats (about 20 units, gathered in groups of 4 or 5
units), which are made to de-orbit in different areas of
Mars in order to collect temperature, pressure and wind
speed measurements during the descent toward the
ground. This will enable the mission to acquire data
with an high coverage of the surface of Mars, both from
the point of view of latitude and longitude, but also
temporally, since it will be possible to make them de-
orbit at different times of the Martian year,
characterizing its seasons. To collect as much data as
possible, landers should be restrained during the
descent, so as to extend their measurement life: after
reaching the ground, sensors will continue to collect
information on atmosphere variations, becoming
weather stations on the surface until the exhaustion of
their data transmission capacity or the generation of
power. This “CubeSat shower” is effective only in the
ballistic phase of its components to create a model of
the profile variation of the physical properties of the
Martian atmosphere, with a vertical resolution
otherwise not achievable. The landers form the second
part of the ground segment: these are CubeSat sized
structures, greater than those presented previously as
containing a higher quantity of instrumentation. These
components need to reach safely the ground to begin
the measurements, for which the descent must be
strictly controlled and also the landing zones were
chosen in order to avoid areas that are not flat and the
various roughness on Mars. After landing, the
deployment of instrumentation provides inflation of a
balloon in order to make measurements within the
chosen altitude of 30 meters. The main feature provided
is the repeatability of the measurement: through the
balloon and its ability to achieve predetermined heights
through the bond with the main lander on the ground
given by a special cable, it will be possible to acquire
data at different times of the Martian year, but always at
the same altitude. The number of lander is reduced to
only two units, one for each landing zone (Utopia
Planitia and Elysium Planitia) and the type of
measurements is different and comprising a large
number of aspects of the Martian atmosphere. Only a
part of the instrumentation will be embarked on the
balloon and flown to the defined heights: these are the
probes for pressure, temperature, humidity and wind
intensity. The remaining will stay on the ground with
the main lander during the entire mission, allowing to
collect data about the radiations that reach the Martian
surface, as well as those resulting from a mass
spectrometer and a sensor for the analysis of dust
carried by winds (dust impact sensor). Every CubeSat,
both in orbit and on surface, is expected to
communicate only with the mothership and with
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already existing spacecraft orbiting around Mars. No
direct Earth communication or crosslink between
CubeSats will be implemented, since both these
configurations will require too many complex systems.
The two segments previously defined will be able to
work in synergy in order to provide a more detailed
model for the Martian atmosphere that could be used to
plan a future human mission on the red planet.

CONCEPT C: SURFACE BIOHAZARDS.
PLANETARY PENETRATORS

It is fascinating to imagine to land on Martian surface
in order to look for presence of life-evidences. It is also
obvious that an extensive in-depth analysis of data from
the scientific community should be necessary. The
main purpose of this concept generation is to find
possible solutions to support future human missions. So
it is necessary to look for hazards that could create
difficulties for a human crew or even to find evidences
of past/present life on Mars so that further missions will
investigate more accurately on certain landing sites. In
order to improve the knowledge of the potential
Martian environment in which a mission is expected to
find bio-evidences, the team investigated experiments
conducted in laboratories worldwide, focusing on
experiments in which astro-biologists tried to repeat
Martian conditions on Earth. Then it was defined what
kind of biohazards the mission may find on Mars and a
way to find bio-evidences was investigated too. All
information gathered from this phase were useful to
investigate the progress the scientific community made,
thus better understanding the probability to find life-
related evidences on Mars and how to find them.

The first step consisted of converting the mission
statement into a specific objective. In detail, the task
were the following: to find life-related molecules on
Mars ground using tests, experiments and collecting
samples of the Martian soil; to determine if the Martian
environments to be contacted by humans are free, to
within acceptable risk standards, of biohazards that
might have adverse effects on the crew that might be
directly exposed. The team focused on identifying in
what ways a fleet of CubeSats could have been of
support in a search for organic complex molecules, then
on the planet soil and subsurface characteristics, on the
achievable landing sites and finally on techniques for
soil penetrations. The possibility to look for more
molecules using the same instrument resulted in
extending the purpose and the length of the mission. In
this context it was possible to determine at least five
achievable landing sites, sorted by different soil types,
chemical composition, latitude, temperature, presence
of water. Three candidate methods for soil penetration
methods were assessed: laser, drill, and impact. Four
types of optical analyzers for the search for biomarkers

were investigated: Raman Spectroscopy, Infrared
Spectroscopy, UV  Fluorescence, and Capillary
Electrophoresis (Mars Organic Analyzer). Useful
information to study the soil was collected: maps of
ground ice and sub layered ice, maps of average
temperature, humidity and atmosphere composition.

Five landing sites were selected (see Figure 12) after a
trade-off based on scientific interest (presence of ice
water, atmospheric pressure, etc.) compared with the
difficulty of operations (e.g. difficulty of penetration).

240°

Figure 12: selected landing sites for bio-hazard
search

As the penetration methods are concerned, the drilling
involves different techniques: force, heat, chemical
reactions, and ultrasonic waves. In any case a CubeSat-
size system was considered unlikely to provide
sufficient force or energy for these solutions. The
impact solution with the Space Penetrator System®
instead seemed very promising at the first glance.
Though there have not been successful planetary
penetrator missions yet, three systems have been
developed and tested on the ground: Deep Space-2
(DS-2), Mars’96 and Lunar-A. Moreover, a lot of work
has been done in this field and a great number of new
concepts have been developed in the last years.
Between the latest mission concepts encountered the
idea of penetrator a system providing an alternative
way to access the subsurface was interesting: the idea is
basically to deliver instrument packages to the
subsurface at high speed. This concept have the purpose
to take advantage from the high kinetic energy provided
by the descent, thus saving weight and power of an
heavy decelerator, avoiding as well to carry a
complicated drill and all the subsystem needed to
sustain its functionality. The truly concern of such a
system is to guarantee the survival of the impact. In
particular referring to the ESA’s Core Technology
Programme that has developed the SPS, a 20 kg
penetrator 400 mm long and 200 mm wide able to
impact the surface at 100 up to 300 m/s. The system is
shown in Figure 13.
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Figure 13: Space Penetrator System before test™

During the test, successfully completed, the penetrator
experienced a deceleration of 24 000 g**. Such a system
can be deployed from carrier, it is designed for hard
landing, breaking through ice and regolith (soil) and
penetrating to 2-3m depth; instruments might include
sample retrieval drill, optical microscope and mass
spectrometer.

The necessity of descending on Mars surface in order to
fulfill the mission goal was immediately clear and the
researches made led to the identification of five landing
sites where it is expected to have higher possibilities of
finding bio evidences. Landers relatively small, simple
and spread across the surface would ensure the
capability of exploring all the identified landing sites.
The research the group made brought to evidence the
necessity of operating during hot seasons both because
thicker ice and the highest environmental pressure are
expected, which means higher probability for finding
water at triple-point conditions (vapor, liquid and ice).

Mission Concepts

The definition of different options led to the creation of
three different mission concepts.

The first mission concept is illustrated in Figure 14. It is
constituted by five Space Penetrator System SPS that
will descend on Mars surface by ballistic fall and
penetrate the ground after the impact with the surface.
The SPS itself could contain a set of instruments in a
CubeSat-form factor (as the ultrasonic drill) needed to
sample and make the required analysis. Using five SPS
the exploration of the most important landing sites
identified by the researches is guaranteed. All the Space
Penetrator System involved in Mission Concept 1 will
relay on one orbiter that will send all the data to Earth.

Figure 14: Mission Concept 1 representation

The second mission concept relates to the use of five
landers and two orbiters. The five landers will descend
on Mars surface through a controlled landing, achieved
by using a parachute and airbags. The surface will be
penetrated using an ultrasonic drill, then samples will
be collected and analyzed: data will be sent to the two
orbiters and then to the ground stations on Earth.
Having two orbiters may assure a better coverage of the
landing sites and scientists on Earth should receive data
more frequently.

Mission Concept 3 is a mix of the previous ones,
considering both penetrators and landers. SPS will
descend on Mars surface by ballistic fall and penetrate
the ground after the impact with the surface. On the
other hand a controlled landing for the landers is
required and will be achieved using a parachute and
thrusters. Once on the surface the landers will penetrate
the ground using a laser drill and both the landers and
SPS will collect and analyze the samples. Data will be
sent to an orbiter that will transmit them to the ground
stations on Earth. Using landers and SPS the
exploration of the most important landing sites
identified by the researches is guaranteed. Moreover it
will be possible to choose to send the SPS in the most
demanding landing sites, for example where a deeper
penetration is required.

The critical requirements definition process and the
comparison with existing systems, which led to the
feasibility assessment and a first sizing estimate, helped
the team to define some Figures of Merit such as
coverage, resolution, communication, lifetime, payload
power, size, weight, and cost. As trade-off result, the
mission concept 1 was chosen as baseline, in according
with mission and scientific objectives and goals, also
considering a total autonomy after the deployment
phase. In terms of mission objective the SPS, including
the “lab-on-a-chip” and a spectrometer or an ultrasonic
drill, should be able to find past or present bio-
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evidences in the Mars soil with a generically soil
analysis, considering a penetration depth from 50 to
300 cm. The mission scenario includes a number of
spacecraft equal to the number of landing sites that
provide the visit of different portions of Martian surface
and taking samples of Martian soil with an autonomous
process.

CONCLUSIONS

As part of a research on advanced concepts for future
generation of small-satellite missions beyond Earth
orbit, the team focused attention on the visionary
scenario of networks of CubeSats in support to the
human exploration of planet Mars.

The CubeSats-on-Mars-scenarios encompass the
perspective of CubeSats as effective tools in support to
the envisaged human exploration of Mars’ orbit and
surface, and contributes to the long-term vision of Mars
exploration. An analysis of the potential environmental
hazards and of the precursor measurements necessary to
support human operations led to the definition of some
primary needs prioritized by NASA MEPAG and P-
SAG groups.

With the analysis of different levels of conceivable
mission scenarios, this work highlighted the necessity
for humans on Mars to have a support from a timely
responsive and spatially distributed network of highly
disposable, replenish-able, and low-cost satellites.

The wunique features of CubeSats when used as
distributed systems have been evaluated against the
need of precursor global measurements: at least three
investigations for three different subjects (orbit,
atmosphere, surface) seem to fit promisingly. The cost
and technical feasibility of the three concepts will be
subject to further investigations.
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Abstract

The two major United Nations treaties that relate to property rights in space, the Outer Space
treaty (OST) and the Moon Treaty, are of little help. Key ideas and terms are not defined clearly
with the exception that they prohibit the establishment of territorial sovereignty on the Moon or
other outer space body. There is support in one segment of the legal community for at least some
form of property rights in space. The situation will evolve depending on conditions extant at the
time a decision is necessary. A laissez-faire approach to property rights in space is the
appropriate path.

KEYWORDS: Property rights in space; Moon Treaty; Space law

INTRODUCTION AND BACKGROUND TO THE ISSUE

In 1950 Robert Heinlein, acclaimed science fiction master, published the novella The Man Who Sold the Moon'.
The story takes place in the late 20" Century and focuses on the attempt by one man to take control of the Moon.
By page 24 of the story, Heinlein’s protagonist has separated ownership from use in outer space, something that will
be shown below to be of key importance. At the same time, John Cooper wrote the first article specifically about
space law.> What was science fiction and legal foundations 60 years ago is now about to become science and legal
fact, and the issues faced by the protagonist of The Man Who Sold the Moon are now being addressed by corporate
executives and government bureaucrats around the world.

With the exception of the era of the Apollo Lunar program of the 1960s, the present decade is perhaps the most
dynamic in spaceflight. ‘“Russia, ESA, Japan, China, and India all have proposed ambitious missions, including
manned missions, to the Moon and planets.”® The United States is the same. Landing and initial surveying are one
thing, but when space activities expand to include the extraction and return of resources from extra-terrestrial
bodies, the competition and potential for conflict will only increase.

The development of space, particularly by private entities, has yet to occur for a number of reasons. The standard
explanation for this lack of development is because the cost of spaceflight is prohibitively high, and there is no
question but that the cost is great. One reason why spaceflight costs are high is technical, but as technology
develops, cost will fall. A second reason why costs have remained high, some believe, is due to the lack of effective
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competition for access resulting in a limited incentive to reduce costs. Simberg* posits that as long as there remains
uncertainty regarding the rights to off-planet resources, private industry will have little incentive to invest
competitively. Only when there is clarity about the ability to profit from resource collection activities will costs be
driven down.

The major issue to be addressed is one of the legal ability of individuals, firms, and/or countries to access and
remove raw materials from the lunar, Martian, or asteroid surfaces for private use and gain. Treaties exist that, some
claim, establish rules regarding property rights on lunar property, but this is in significant doubt.

The major concern of this paper is the legal environment surrounding access to and removal of raw materials from
the Moon, Mars, and asteroids. The area of specific interest is that of private property rights in space. Property
rights related to possession/use of territory and resources, of course, are not the only property rights that need to be
defined. “Orbital rights, intellectual property rights, and commercial transactions are other areas in which the law
regarding property rights in space need to be developed.” Space has long since ceased to be the province of just the
United States and Russia. Arising out of scientific research, national pride, or perceived national defense needs,
many nations, including those which are considered to be developing, have credible plans for accessing space. In
addition, a number of private ventures have demonstrated the ability to operate successfully in space.

Legitimate concern has arisen about the rights of states and of entities within states to access and appropriate
resources in space and the extent to which private property rights may be — or may not be — established. Dalton
states, “Given the...rise in private ventures into outer space and onto other celestial bodies in our solar system, the
set of rights that protect those private ventures should be clearly defined.”® Clarity about property and the rights
surrounding it will do much to both foster rational, non-exploitative development and to reduce the potential for
conflict.

Economic development yields pressure for private property. Speaking in an agricultural sense, Feder and Feeny
note that “Generally, secure individual property rights over land, or secure and long-term use rights on land induce
exertion of higher levels of labor and management effort and higher levels of investment to protect or enhance land
fertility.”” The same may be said of investment in resource development and utilization.

A significant concern with the issue is that private industry may balk at investment in extra-terrestrial landings
without legal assurances. “Private enterprises often claim that the ambiguity regarding the status of property rights
on celestial bodies is a major barrier to commercial development.”® Thus, there is the fear that development will not
take place without clarification of the issue of property rights.

Therefore, given the above concerns and their importance to the development of outer space, this study addresses the
issue of private property rights in space, both title to land and ability to claim natural resources on the Moon, Mars,
and the asteroids.

Why Care Now?

A number of factors make this study both timely and relevant. These factors are both qualitative — the overall level
of the capability of accessing and living in space has multiplied dramatically — and quantitative — there is an
increasing number of national and private space organizations with documented capabilities of space flight.

First, there has been a quantum leap in the technical capabilities of existing and formerly-potential space faring
nations, and many other states and non-governmental organizations have demonstrated an interest in space travel.
Further, whereas previously interest was limited to the Moon because of its relative proximity, interest now includes
the planet Mars where colonization rather than just exploration is likely due to the travel time involved. Each nation
or organization has developed its plans essentially in isolation with little evident consideration of the plans and goals
of the others. As Schackelford notes, “This lack of multilateral cooperation is now threatening core principles of
space law as technology leapfrogs the applicable governance regime.”’ An example of technological advance can
be seen in the potential use of 3-D printing to make replacement or new parts and even food in space. NASA has
already successfully tested a complex rocket injector and is currently studying how food variety in long duration
spaceflight might be improved through literally creation in space." In addition, the creation of hydrogen for fuel
while in space is also becoming more likely."? Further, as the cost of space operations decreases, additional state and
non-state organizations will be able to enter, yielding an even greater potential for commercialization — and

Davis 35 Reinventing Space Conference 2014



conflict.”® Thus, having an appropriate legal regime in place as far in advance as possible would provide clear
parameters within which state and non-state space organizations could function.

A second factor is the potential financial value of access to the Moon, planets, and asteroids. As then-President
Bush noted in his call for an expanded program, “The Moon is home to abundant resources. Its soil contains raw
materials that might be harvested into rocket fuel and breathable air.”'* In addition, the discovery of significant
supplies of helium-3, in extremely limited supply on Earth is in relative abundance in the regolith on the Lunar
surface as noted by Slyuta et al.'® The isotope helium-3 is of high value for use as a fuel in nuclear fusion reactors
and would generate large amounts of very inexpensive energy. Retrieval of the isotope in the regolith would require
the processing of large quantities of surface material to generate the product, so concern over environmental
degradation is an issue, but such degradation would have significantly less impact on human lives than if carried out
on the surface of the Earth. As Simberg notes, the same resource availability is true of “asteroids [which] are
relatively rich in rare earth minerals such as neodymium, scandium, and yttrium,”' rare earth minerals used in
electronic equipment. Further, the confirmation of water at the poles on the Moon and planets will provide the raw
materials for drinking and irrigation water, breathable oxygen, and energy.'” Finally, “Planetary scientist John S.
Lewis has estimated an average sized metallic asteroid would contain more iron nickel, and platinum group metals
than have been mined in all of human history.”'® Access to the resources contained in an asteroid could be of
significant value to the nation that is able to claim and appropriate these resources.

The current U.S. President has called for landings on asteroids whose orbits bring them within range of U.S.
launchers. Studies have been conducted for over two decades that show relatively low-cost flights to asteroids are
possible and that high-value resources are available on these bodies in situ for use in longer distance space flights as
well as for removal and use on Earth itself. '?*° More recently, Adamo, et al., have shown that, “No less than 36
potentially accessible human-mission destinations were culled from the SBDB [small-body data base maintained by
the Jet Propulsion Laboratory) in July 2009. Over the interval from 2020 to 2050 these destinations give rise to at
least 58 potential mission opportunities coinciding with NEO [Near Earth Object] encounters closer than ~0.1 AU
from Earth [9.3 million miles].” “As the SBDB is populated with an order of magnitude more NEOs in the coming
decades, opportunities using any exploration capability appreciably beyond that achieved during the Apollo program
will increase by at least a factor of 10.”*'

An effective, agreed-upon legal system must be in place if Lunar and Martian development is to take place. Collier
speaks convincingly of squandered opportunities for economic development in the Two-Thirds World due to the
lack of international codes and laws resulting in mistakes and mis-aligned incentives.”? Opportunities for
development could similarly be lost with regarding extra-terrestrial resources if there is not clarity about property
rights and resource rights.

Third is the impetus provided by awards such as the Google Lunar X Prize which is designed to encourage the
development and launch of a lunar lander. Twenty-six teams are presently entered and competing for the $30
million prize. Modeled after the Ansari X Prize (which itself was modeled after the Orteig Prize won by Charles
Lindberg in 1927), the competition will reward the first team that lands a rover on the lunar surface, drives at least
500 meters, and returns images and data.

Fourth, mission planners are exploring alternative mission profiles. When humans are present as was the case in the
Apollo program, time in space must be minimized, hence a Hohmann transfer approach to and return from the
Moon, for instance, must be taken. When humans are not present, however, other mission profiles may be followed,
in particular those which minimize energy and cost while maximizing the size of the launch vehicle and payload.
Edwin Belbruno at the Jet Propulsion Laboratory designed such a sample return mission following what is being
called the “Interplanetary Superhighway,”(see Lo* and Benson®*) and such an approach would make access to the
lunar resources much more economical and, hence, likely. A sample return mission called OSIRIS-Rex and
developed by a joint NASA-University of Arizona team to asteroid 101955 Bennu, a potentially Earth-intersecting
impactor, is currently planned and on schedule for 2016.

Finally, there is the issue of national prestige. Developing nations, particularly China and India, have a strong desire
to become technologically-respected actors on the world stage in much the same manner as the Soviet Union did in
the 1950s and 1960s. The Soviet Union used the orbiting of Sputnik to draw ahead of the United States in the
perception of the developing world. Now, others wish to follow this model toward international respect.
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The Potential Barrier

The reason for this study is the disagreements regarding what a party could or could not do on the lunar or planetary
surfaces. Are claims of property rights permissible by states? If not by states, what of non-state entities? Are
entities permitted to use but not claim title to property on the lunar surface? Are entities permitted to neither claim
nor use lunar property? Finally, is the developing entity permitted to develop-and-keep the resources extracted or is
it required to develop-and-share the resources? The lack of clarity has opened the door for frivolous Lunar land
claims by individuals as will be noted below. As Virgiliu Pop states, “While the “extraterrestrial real estate”
claims . . . are nothing more than media curiosities, it needs to be agreed that behind their triviality they hide
significant legal implications. The advancement of such claims has been only possible because of the lack of a
property rights regime in the extraterrestrial realms.”*” The world of trivial claims and forthcoming real ones
requires that a coherent statement of property rights in space be understood by all parties.

Types of Property and Property Rights

Feder and Feeny state that “There are four basic categories of property rights in land: none (or open access),
communal property, private property, and state (or crown) property. Under open access, rights are left unassigned.
The lack of any exclusivity implies the lack of an incentive to conserve, and therefore often results in degradation of
scarce resources. Under communal property, exclusive rights are assigned to a group of individuals. Under state
property, management of the land is under the authority of the public sector. In private property, rights are held by
an individual. These four categories are ideal analytical types. If the group holding exclusive communal rights is
large enough, the distinction between communal property and open access becomes moot. If private property rights
are not viewed as being legitimate or are not enforced adequately, de jure private property becomes de facto open
access. Nonetheless the simple taxonomy is useful for describing property rights systems.”* Feder and Feeny go on
to note that “Private property rights in land have evolved gradually in response to increases in the scarcity value of
land and therefore the benefits to be derived from more precise and secure land rights,”? i.e., there is an increasing
need for clarification as the value of the resources in question rises. With quite literally trillions of U.S. dollars in
untapped resources available on the Moon alone, clarity is essential. Clarity and transparency yield the grounds for
trust and the peaceful development of space resources.

For Murray, a key issue is that there is a variety of types of property. Murray cites an opinion rendered in Moore v.
University of California Regents that “the same bundle of rights does not attach to all forms of property,”* and thus
land, chattels, and intangible property deserve different treatment under the law. Using the analogy of streets and
parks, Murray states that “Communal access to territory...does not preclude all other claims of private property in
that territory” or “preclude...all other claims of ownership.”

The United Nations treaties refer to property on the Moon and other extraterrestrial bodies as being held in common
for all mankind. This being the case, the type of common property must be identified. As Lin states, “we need to
understand what it means to own space in common with others. Is our relationship one of ‘positive community of
ownership,’ in that we each own an equal share in space and its contents? On the other hand, if our relationship to
space is one of ‘negative community of ownership,” then no one has a prima facie claim to the property in question,
i.e., no one owns anything yet, or we share the common starting point of owning no part of space.”*® As Lin
discusses, a “positive” situation brings with it a host of issues including the effective division and accumulation of
property today (does the United States own 5% of the Moon because it has 5% of the Earth’s population?) and
tomorrow (how do we account for the property rights of generations as yet unborn?). Clearly, the definition in use
by the United Nations raises more questions than it provides answers.

A further complication arises out of the provision in the United Nations Outer Space Treaty that no nation may
claim sovereignty over any body in space. If national sovereignty is required for an individual or firm to hold title to
private property or to extract natural resources, clearly these would be precluded by the Outer Space Treaty.
However, “Some scholars argue that property rights can exist only under a nation’s dominion, but most believe that
property rights and sovereignty can be distinct.”*! A determination must be made with regard to this divergence.

The type of legal system at issue can also affect this outcome. Legal systems fall into two broad categories, civil
law and common law. In civil law, “the code precedes judgments; the common law follows them.”** While the
treatment in judgment can vary significantly, regardless of whether one functions in a civil law (a priori codified) or
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a common law (precedent derived) jurisdiction, the concept of property is similar. In both systems rights in property
include some aspect of the right to possess, the right to use, and the right to enjoy. The concepts of “adverse
possession” and “occupation” apply, and the occupation and use of real property to which no other person has title
results in effective ownership.

“Regarding claiming ownership over asteroidal resources, it appears that the ancient Roman law of pedis possessio
will apply. Pedis possessio is the basis for Western law on ownership, and analogies have long existed in other parts
of the world as well.”** Pedis possessio is defined as “The principle that a prospector working on land in the public
domain is entitled to freedom from fraudulent or forcible intrusions while actually working on the site.”** Certainly
it must be held that the Moon and asteroids are in the public domain given that it is contrary to the Outer Space
Treaty for a nation to claim title to them.

Lin suggests that the starting point for a determination of property rights “would be to consider space development
through political thinker John Rawls’ Original Position in which we operate under a ‘veil of ignorance’ or pretend
that we don’t know any facts about ourselves, including who we are, what economic class we belong to, what
nationality we are, and so on. With our biases stripped away, what rules would we set up, knowing that we would
have to live by those rules once we find out who we are? Applying the veil of ignorance to rules in space, this helps
ensure that the processes we set up are fair and consider the interests of all people, including protecting the worst-off
people from an even worse and uncaring fate.”* If this were followed, it is highly likely that the developed, space-
faring nations would approach the issue quite differently from the present situation where their wealth and
advantages are known. The concern, however, is obviated if property rights do not exist in space.®® Do property
rights exist in on the Moon or elsewhere in space? It is Gilson’s position that, “the best prediction given the current
state of the law is ‘probably not.”*” However, although property rights in space may not exist de jure, they may
well exist de facto.

WHERE WE STAND TODAY: TREATIES, CLAIMS, CASE LAW, LEGISLATION, AND THE COMMONS

Background

Space may exist in a vacuum, but space property law does not. There are many environmental factors that affect the
landscape and that must be resolved in assessing property rights in space. Some of these environmental factors are
potential barriers, others are potential facilitators; all must be examined.

It is informative to review the context within which current space law was developed. Goldman* identifies three
periods in the evolution of space law, the Classical Period (1957 to 1979), the Transitional Period (1980 to 1991),
and the Modern Period (1992 to present). Broadly, space law deals with public, private, and military issues; the first
two have evolved whereas military space law has not. The major powers, not wishing to spur a costly arms race in
space, yet mindful of the need for an effective defense, have tended to leave military space law extremely flexible.
As Kasku-Jackson and Waldrop note, “From a legal perspective. . . it is clear that space law is very permissive for
national security space activities. There are also few or no enforcement mechanisms to punish violators.”* During
no period was this more evident than during the Classical Period of space law.

The Classical Period (1957-1979) was dominated by the Cold War. As the Soviet Union and the United States
jockeyed for world leadership, space law focused on military and foreign affairs, and the foundation for all space
law was laid. “International space law, like all other branches of international law, has two sources: oral or
customary law, and written or treaty law.”*® Both forms have affected the evolution and subsequent interpretation of
legal claims. An example of the role of customary law put forward by Goldman is that of the altitude at which space
begins and aviation space ends given the two very different bodies of law that are applicable. Space law is
international in nature whereas aviation law reflects national sovereignty. The specific altitude at which space law
begins and aviation law ends has never been established. However, when Sputnik, the first artificial satellite, was
placed on orbit, circling the Earth in 1957, no nation filed a protest claiming an invasion of national sovereignty. As
a result, “When twenty years later, several equatorial nations raised the issue and claimed sovereignty over the
geosynchronous orbits, their claims were not accepted; this rule of law simply had already been established by
practice and custom.”' Given that these orbital positions are a scarce and, hence, valuable resources, the power of
customary law and its relevance for private property claims in space may be seen.
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During the Classical Period, space flight and exploration were in their infancy. The only major actors on the scene
were the national governments of the United States and the Soviet Union. Whereas the space program of the United
States included major contributions from private companies, that of the Soviet Union was composed only of
government-controlled entities. The issues and concerns of the period were those of the Cold War and national
security, and the two nations attempted to provide themselves with the maximum flexibility to pursue national goals.
As a result, space law focused on the issues and concerns of governmental actors, and “classical international space
law reflects a pro-state, anti-free enterprise orientation.”*

As the name would imply, the Transitional Period (1980-1992) was one of change in the nature of space law.
Additional nations began to assert their presence in space, and commercial enterprises, particularly in the form of
providers of telecommunication and remote sensing satellites, became major actors. Compounding this was “that
era’s political context where third world developing states became a majority in the UN system.”* While
developing nations lacked a space presence, they did hold the majority of votes within the General Assembly of
United Nations, and they began to forcefully make their presence felt in New York and Geneva. The result was a
stalemate with regard to space law. With veto power in the Security Council, neither the Soviet Union nor the
United States would allow space law to be passed that was counter to its broader political and military aims.
Therefore, “In this period, international space law entered a hiatus. In its stead, domestic space law and private
international law (contractual negotiations among states and corporations) filled the legal void.”* The result was the
creation of private international space law, a variation of the Medieval lex mercatoria that oversaw commercial
transaction disputes.

Following the legal drought of the Transitional Period, the Modern Period (1992 — to date) has brought a renewed
interest in space law. Perhaps, however, the period should be designated as “Transition II” in that, while there has
been a “new productivity,” the outcome has been one of “only providing declarative and symbolic statements rather
than codified treaty.”* That this is the case should not be surprising. With the fall of the Soviet Union and its focus
on state control of space and with the increased importance and dominance of the role of commercial space, space
law, particularly United Nations resolutions, have focused on the issues of direct television broadcasting, remote
sensing, the sharing of the benefits, and nuclear power in space. (See United Nations*’) None of the United Nations’
resolutions carries with it anything like the force of law, hence passage was significantly easier than if they had been
legal statements to which the parties would have been bound to adhere.

It is important to note that all of the major space laws were formulated during the Classical period, an era of
domination by two international state powers, both of which were struggling for a position of sole leadership on the
world stage. Spaceflight was in its infancy, and private actors were merely supporting cast to the two leading States
Parties. Both of the major parties wished to be able to develop space to its advantage and fought to maintain an
unfettered openness to its activities. From a legal perspective, then, it is clear that space law is very permissive for
national security activities while less open for private and commercial actors. In both cases, there are few or no
enforcement mechanisms to punish violators of any sort.

Treaties

Briefly, four issues exist regarding current United Nations treaties. First, according to Article 16 of the Outer Space
Treaty and Article 11 of the much-contested Lunar Treaty, signatories to the treaties may leave with one year notice.
Second, interpretations of law can vary significantly with multiple parties reading the same text in very different
ways. Third, the legal foundations and approaches of the several nations are very different. For example, the
Chinese legal perspective, the approach by a major actor in the Lunar drama is quite different from that of the
Western democracies.”’” Fourth, the United States is a signatory to the Outer Space Treaty but has refused to sign
the Moon Treaty, thus is not bound by the provisions of the latter. However, as Dalton states, “Some of the
principles expressed in the Outer Space Treaty have passed from simply binding signatories to the treaty, but into
customary international law that binds all nations generally. The ideas expressed in the Outer Space Treaty were
reaffirmations of a number of UN General Assembly Resolutions.” “Therefore, withdrawing from the treaty would
not avail a nation from being bound by its principles.”*® Simberg expands this issue by noting that withdrawal from
the treaty would not be politically practicable. “It [the Outer Space Treaty] is the basis for most current
international space law, including follow-on treaties, such as those relating to astronaut rescue and return.”* It
should further be noted that the renegotiation of the treaty is not a viable option because the treaty is now 45 years
old and because the developing nations would most certainly block such attempts.
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Major Space Related Treaties

There are five major United Nations treaties that directly relate to issues of outer space: the Outer Space Treaty
(1967), the Rescue Treaty (1968), the Liability Treaty (1972), the Registration Treaty, an the Moon Treaty (1979).%°

“The Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space, Including
the Moon and Other Celestial Bodies” (1967) (known as the “Outer Space Treaty™)

This treaty serves as the foundation for all subsequent treaties and, in reality, all of space law. The treaty was very
broadly written at the beginning of the space age and attempted to assure that space would be developed peacefully
for the benefit of all mankind “with no real profit for any nation or person.”' The goal was cooperation in
international affairs rather than on national actions in space.

The Outer Space Treaty states that nations are free to pursue space exploration which is for the benefit of all
mankind (Article I), that bodies in space are not subject to national appropriation (Article II), that there are to be no
weapons in space (Article IV), and that states are responsible for damages caused by it or organizations under its
jurisdiction (Articles VI and VII). Additional articles include the issue of ownership, i.e., “Ownership of objects
launched into space, including objects landed or constructed on a celestial body, and of their component parts, is not
affected by their presence in outer space or by their return to Earth” — Article VIII) and non-interference in the space
activities of another signatory to the treaty. Articles 9 through 12 either use the word “cooperation” or “reciprocity,”
furthering the concept of intended mutuality. The treaty has been ratified by 98 states and signed by 27 others. It is
“a widely accepted notion that the treaty now constitutes customary international law.”

One aspect of the Outer Space Treaty that is of particular relevance for this study is Article II which prohibits the
establishment of territorial sovereignty on the Moon or other outer space body. As White notes, there are four
reasons why the United States and the Soviet Union and the other signees to the treaty chose to limit sovereignty:
“(1) to prevent conflict; (2) to ensure free access to all areas of outer space; (3) because it would be difficult for
states to delineate boundaries in outer space; and (4) to enhance national pride, prestige and influence.”> Item one
acknowledges the extremely high cost of the establishment of bases in space and the long history of inter-national
conflict on Earth. Item two addresses the issue that nation-state claims on new territory were geographically
extensive in the past, essentially preventing other states from access to territory and leading to the long period of
armed conflict. Non-state property claims, should any be established, tend to be smaller in scope, leaving territory
for newcomers. Item three recognizes the vastness of space, although admittedly the surface of outer space bodies is
much easier to delineate. Finally, in item four the United States and Russia, who were in intense competition for the
allegiance of newly-independent former colonies, recognized that anything that appeared to be a new colonialism in
outer space would diminish their influence with the new states. The focus of this treaty was specifically on national
states and said nothing about private actors. Therefore, because individuals are specifically not mentioned in the
Outer Space Treaty, it is the contention of Stephen Gorove that “at present, an individual acting on his own behalf or
on behalf of another individual or a private association or an international organization could lawfully appropriate
any part of outer space.”*

Finally, one key problem with regard to Article II of the Outer Space Treaty is the assumptions that are brought to it.
It is clear that the treaty does not mention private entities, only nations. If one follows common law assumptions,
this would none-the-less preclude private claims since rights in real property are devolved from the sovereign. Once
you move past the assumption that Anglo-Saxon, common law base prevails, that basis is lost.

A present concern with the Outer Space Treaty and other space-related treaties was not envisaged during their
drafting. The issue of the definition of what constitutes a “launching state” for liability purposes has become
extremely complex. “Take the case of the launch of a Russian-built Soyuz rocket from the spaceport in French
Guiana, procured in this hypothetical example from an American company for its satellite. France, Russia, and the
United States are all together launching states and accordingly liable to the caused damages if the launched satellite
falls back to Earth or collides with another satellite or object in space.”™ While theoretically all three states could be
held liable for damages caused as a result of a launch, in reality individual liability would likely have to be
established before an award could be granted.
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Because the Outer Space Treaty was crafted at the height of both the Cold War and the space race, gaining passage
required a herculean effort — and many compromises and ambiguities were a part of the process. As a result, many
key ideas and terms are not defined. Whereas the Soviet Union wished to restrict space activities to national
governments, the United States wanted to have it open to private companies. The United States got what it wanted,
but the Soviet Union did also through the mechanism of making States Parties liable for the activities of their
nationals. Space lawyer Ezra Reinstein acknowledges that, “The Outer Space Treaty is riddled with ambiguities. It
is silent, outside of affirming freedom of ‘exploration and use,” as to what sort of rights parties can claim in celestial
bodies. It is silent as to the circumstances under which these unspecified property rights might vest, that is, what a
person must do to gain whatever property rights are available.”*® Wasser and Jobes conclude that in dealing with
areas of conflict during passage of the Outer Space Treaty, “In many cases, the solution was to insert vague
language, that could be interpreted whichever way the reader wanted, but would leave the enactment of any real
rules to a future discussion.”’ 1t is precisely these ambiguities that have opened the door to the confusion of the
past 45 years.

Finally, it is worthy to note the parallels between the actors on both sides of the Trade-Related Intellectual Property
Rights (TRIPs) Treaty and the outer space resource debates. Developing nations wish to protect their ability to enter
the arenas while developed nations wish to protect their investment. These positions were abundantly clear in the
development of the Outer Space and Moon treaties.

Despite the prohibition of the establishment of national sovereignty and despite the potential disagreement over the
rights of private organizations to establish property claims, the United States ratified the Outer Space Treaty.
However because of the prohibition of any portion of the Moon becoming the property of any entity, the United
States refused to ratify that treaty.

“The Agreement on the Rescue of Astronauts, the Return of Astronauts and the Return of Objects Launched
into Outer Space” (1968) (known as the “Rescue Agreement”)

This treaty provides for the safe return of astronauts and space vehicles considered to be the property of the
launching state. This treaty has been ratified by 89 states and signed by 24 others.

“The Convention on International Liability for Damage Caused by Space Objects” (1972) (known as the
“Liability Convention”)

This treaty strengthens the damage provisions of the Outer Space Treaty and holds States Parties responsible for
damage caused by property belonging to it and to anyone under its jurisdiction. This treaty has been ratified by 84
states and signed by 24 others.

“The Convention on Registration of Objects Launched Into Outer Space” (1975) (known as the “Registration
Convention”)

This treaty requires presentation to the United Nations of information regarding the orbital parameters and general
function of space craft that have been launched. Much the same as land deeds are registered, spacecraft launched by
a state party are to be registered with the United Nations. The treaty has been ratified by 51 states and signed by
four others.

“The Agreement Governing the Activities of States on the Moon and Other Celestial Bodies” (1979) (known
as the “Moon Treaty”)

The goal of the Moon Treaty is to establish a mechanism for a highly controlled development of the Moon. A draft
treaty was submitted by Argentina in 1970, one year after the first Apollo landing. In 1971, the Soviet Union
submitted its own draft. Interestingly, considering the subsequent actions of most nations, the final version was
adopted unanimously. This treaty attempted to settle the question of private property rights on the Moon growing
out of the wording of the Outer Space Treaty and to greatly restrict property claims on the Moon and planets. In
fact, “The Moon Treaty...very clearly attempts to ban private ownership of land in space. The very existence of the
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1979 Moon Treaty is a clear indication that the 1967 Outer Space Treaty does not ban private ownership of land in
space and that lawmakers and diplomats recognized that to be the case.”™®

One particularly contentious issue of the Moon Treaty is the term “common heritage of mankind” contained in
Article 11.1. Specifically, the treaty states that “The Moon and its natural resources are the common heritage of
mankind, which finds its expression in the provisions of this Agreement, in particular in paragraph 5 of this article.”
(Paragraph 5 relates to the establishment of an international organization along with the necessary procedures to
maintain the “common heritage” clause.) Precisely what this term means is not spelled-out and has led to much of
the current confusion.

The opening articles of the Moon Treaty parallel the opening articles of the Outer Space Treaty, and many of the
later articles address Moon-related, non-controversial issues. It is Article 11, however, that is the major point of
contention. The first portion of the Article states that “the Moon and its natural resources are the common heritage
of mankind...not subject to national appropriation” and that “neither the surface nor the subsurface of the Moon, nor
any part of the natural resources in place, shall become the property” of any entity. The second portion directs
States Parties “to establish an international regime, including appropriate procedures, to govern the exploitation of
the natural resources of the moon” in order to make certain that there is “an equitable sharing by all States Parties in
the benefits derived from those resources, whereby the interests and needs of the developing countries, as well as the
efforts of those countries which have contributed either directly or indirectly to the exploration of the moon.”
Gangale and Dudley-Rowley (p. 5) note, “The American delegation’s statement in UNCOPUOS [United Nations
Committee on the Peaceful Uses of Outer Space], at the time that the Moon Agreement was negotiated, that the
words ‘in place’ allow private property rights to apply to resources upon extraction, went unchallenged.”* (see
United Nations. 1979. Document No. a/AC.105/PV.203) As of January 1, 2014, the treaty has been ratified by only
15 states (with India being the only truly space-faring signatory) and signed by only four others. The treaty called
for a review of its provisions and for the creation of the international regime to oversee lunar property and profits ten
years after the treaty was put into force. That date (July 11, 1994) has long since come and gone with no regime
established at the review in 1994. Bini speaks of the “Inspirational Principles” of the Moon Treaty, but “inspiration”
carries little weight in a court of law. Bini further notes that “As set out by article 18 of the Agreement, ten years
after its entry into force COPUOS considered the question of a first review of the Agreement and the prospective of
the establishment of an international regime at its thirty-seventh session in 1994. After the discussion, the
Committee recommended to the General Assembly at its forty-ninth session that the Assembly should take no
further action at the time.”® Because of all of this, it has been claimed by some that the treaty is, therefore,
effectively dead. It is possible, however, that it has been simply resting.

Major Treaty Summary

The concern over private property rights in space arises out of conflicting definitions of property rights along with
conflicting interpretations of the Moon Treaty. In the absence of ratification of the Moon treaty by the major actors,
the treaties accepted by both nations (the Outer Space, Rescue, Registration, and Liability) provide the legal
framework within which States Parties must function. “Space, like the Antarctic and the high seas, is a global
commons. However, unlike with the other global commons, the international law that governs space developed
rapidly — within months rather than decades or centuries. It was a scant ten months from the end of the Outer Space
Treaty negotiations to its entrance into force in 1967. The other four space treaties entered force in under twenty
years. The speed with which the international community established this treaty regime demonstrates a clear intent
that space was to be governed by international law.”®" Thus, it can be accepted that the four space treaties ratified by
the majority of the states and by all space-faring nations will hold sway.

Relevant Non-Space, Other Space Treaties

Beyond the five major space treaties, there are a number of additional treaties and agreements that are relevant.
These treaties and agreements provide a background for understanding the thinking that undergirds issues such as
property rights in space. Included are the following:
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The Antarctic Treaty (1961)

This set of agreements defines relationships between and among the member states that conduct research in the
Antarctic. It prohibits territorial claims and requires that the continent be used peacefully for the benefit of
mankind. The Antarctic Treaty was an outgrowth of the International Geophysical Year (1957-1958) and was
signed by 12 nations on December 1, 1959. The treaty went into force on June 23, 1961. Since then, an additional
16 nations have signed the treaty and 20 more have acceded to it, meaning that they have agreed to abide by the
provisions of the treaty.”® As the Secretariat of the Antarctic Treaty notes, the purpose of the treaty is to ensure "in
the interest of all mankind that Antarctica shall continue for ever to be used exclusively for peaceful purposes and
shall not become the scene or object of international discord."®® The continent is be used solely for peaceful
purposes with scientific investigation the primary activity. While then-existing territorial claims were continued, the
treaty granted open access to the facilities of all nations and provided for an exchange of plans and results. The
single treaty has evolved into a treaty system, and “In the 1980s the consultative parties to the Treaty began
developing the Regulations of Antarctic Mineral Resource Activities. However, before it was ratified it was agreed
to expand their efforts into a more comprehensive system to include the protection of the Antarctic Environment.
This developed into the Protocol on Environmental Protection to the Antarctic Treaty,* signed on 4 October
1991.”% While the major focus is on environmental protection, Article 7 of the protocol reads: “Prohibition of
Mineral Resource Activities - Any activity relating to mineral resources, other than scientific research, shall be
prohibited.” Thus, while the treaty itself did not prohibit the removal of resources, the subsequent protocol did. One
would anticipate that the Earth-bound snow of the Antarctic would generate a higher level of support for the
prohibition of mining activities than would the dusty surface of the Moon.

As a final comment on the impact of the Antarctic Treaty, Gimarc has noted, “Today, Antarctica is an example of
what happens when property rights are denied and a government monopoly...is created. Rather than being a job and
wealth creator, activities on the continent are net expenditures to the taxpayers of the signatory nations. There is no
growing infrastructure in and around the continent. There is no self-sustaining economy.”® While others may not
wish to support economic development in the Antarctic as does Mr. Gimarc, his point is well taken.

“The Agreement Relating to the International Telecommunications Satellite Organization (INTELSAT)”
(1971)

This treaty deals with property rights as related to the allocation of the limited number of slots available for
telecommunications satellites in geosynchronous orbit. Through the treaty, “It is possible to claim ‘property’ in
geosynchronous orbit, positions which allow a satellite to remain fixed in place over a single small area allowing it
to be a part of a global communications network. Both companies and countries can claim a volume of space for
their satellite(s), can legally exclude others from this space, and of course can make a private profit from use of this

space.” These rights are based on “a claim and a fee.”® These space property rights are extremely valuable, and
mechanisms have been put into place to prevent electronic interference with signal transmission.

“The United Nations Convention on the Law of the Sea” (1982)

This agreement defines national property rights as a series of extensions, each with a different set of rights, from the
shoreline of a state. This treaty and the Moon Treaty are written, “declaring space and the seabed floor both to be
the ‘common heritage of mankind,” and thus requiring that any economic activity be conducted by a U.N. agency.”*®
This convention has been ratified by 157 states and signed by 9 others, but notably not by the United States. The
Law of the Sea has been interpreted to require the sharing of technology and profits, and the United States has
acceded only to one small portion of the treaty, that dealing with an enclosed body of water. “U.S. opposition to the
Convention focuses on the regulation and use of the deep seabed beyond national jurisdiction. [According to the
treaty,] all activities in this area are to be regulated by the International Sea-Bed Authority (ISA), empowered to
grant mining rights to both public and private ventures.”® Written very much in parallel with the Moon Treaty, the
Law of the Sea Treaty established a regime to allocate and manage the seabed as does the Moon Treaty. The United
States opposed both the relinquishment of power to an international agency and to the forced sharing of the
resources developed by a member state.
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Rather than accede to the Law of the Sea, the United States has relied on customary maritime salvage law and on the
development of its own law. “In maritime salvage law, which also deals with property rights beyond national
territory, actually being there is the key: those who reach a wreck first and secure the property are generally entitled
to a percentage of what they recover.”” In adhering to both maritime salvage law and in its own law of the seas, the
United States established a precedent that bears weight for property rights in space. “In the 1980 Deep Seabed Hard
Mineral Resources Act, the United States recognized deep-sea mining rights outside its own territory without
claiming sovereignty over the seabed.””" As the law states: “By the enactment of this chapter, the United States —
(1) exercises its jurisdiction over United States citizens and vessels, and foreign persons and vessels otherwise
subject to its jurisdiction, in the exercise of the high seas freedom to engage in exploration for, and recovery of, hard
mineral resources of the deep seabed in accordance with generally accepted principles of international law
recognized by the United States; but (2) does not thereby assert sovereignty or sovereign or exclusive rights or
jurisdiction over, or the ownership of, any areas or resources in the deep seabed.” (30 U.S.C.A § 1402)

“International Space Station Intergovernmental Agreement” (1998) (known as the “Space Station
Agreement” or the “Intergovernmental Agreement”)

This agreement among the partner agencies of the International Space Station (ISS) designates NASA as the lead
agency and spells out ownership rights for the component parts supplied by the various team members. Resources
developed on a portion of the International Space Station owned by a member state are the property of that state.

“Agreement on Trade-Related Aspects of Intellectual Property Rights” (TRIPs) (1994)

This agreement specifies the rights of intellectual property owners and provides a mechanism for their protection.
The agreement has been much debated, and there appear to be close similarities among the types of states which
have aligned on each side of the issue of property rights in #rade and the issue of property rights in space, with the
developed nations supporting strong intellectual property rights while the less developed nations tending to oppose
them.

Other space treaties of less significance to the issue of private property in space include: “Principles Governing the
Use by States of Artificial Earth Satellites for International Direct Television Broadcasting,” adopted on December
10, 1982; “Principles relating to Remote Sensing of the Earth from Outer Space,” adopted on December 3, 1986;
“Principles Relevant to the Use of Nuclear Power Sources in Outer Space,” adopted on December 14, 1992; and
“Declaration on International Cooperation in the Exploration of Outer Space for the Benefit and Interest of All
States, Taking into Particular Account the Needs of Developing Countries,” adopted on December 13, 1996.

Property Claims

There has been no shortage of claims to lunar and other extra-terrestrial property. Pop has detailed these claims
extensively in Chapter 1 of Who Owns the Moon?™ and in the complete book, Unreal Estate.” The first recorded
claim to the Moon dates to 1756 when the Prussian king presented it to a subject out of gratitude. The next claim
dates 180 years later and is by A. Dean Lindsay who filed a claim document in Pittsburgh, Pennsylvania. Other
claimants have come and gone, but the most serious and influential claim is by Dennis Hope, an American
entrepreneur who founded the Lunar Embassy Commission in 1980 and began selling “deeds” to lunar land. Sales
moved slowly, reaching only 3,500 by 1998 at which point the ability to market through the Internet increased sales
dramatically. The latest figures show that Hope has “sold” over 611 million acres of land on the Moon, 325 million
acres of land on Mars, and become a millionaire. Others have followed in Hope’s footsteps, offering land on the
Moon and Mars. That these deeds have been carefully worded to protect Mr. Hope (and the others) from liability of
fraud has not deterred sales. Mr. Hope’s claims are invalid for a number of reasons. “The first reason for
invalidating the claims...is the lack of corpus possidendi. In the acquisition of possession, two concurrent elements
— ‘the mind’ and ‘the body’ are required. [To own a thing, a person must have the intention to possess it and must
actually possess or have a right to the object.] One is insufficient without another; there must be ‘both an intention
to take the thing and some act of a physical nature giving effect to that intention.””™ Mr. Hope is not able to legally
document that he owns the land that he purports to sell.
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One claim worthy of note because it proceeded into the American courts and became a part of case law is that made
by Gregory W. Nemitz for ownership of the asteroid 433, Eros. Mr. Nemitz filed his claim to the asteroid with the
Archimedes Institute. Following the 2001 landing by NASA on Eros, Mr. Nemitz billed NASA for parking charges
for its spacecraft, claiming special damages of $5,000,000 per day. After an exchange of communication between
Mr. Nemitz and both NASA and the U.S. Department of State, Mr. Nemitz filed a complaint in the United States
District Court for the District of Nevada. The courts determined that Mr. Nemitz’ suit was without merit and
dismissed both it and Mr. Nemitz’ subsequent appeal to the United States Court of Appeals for the Ninth Circuit.
That Mr. Nemitz was willing to pursue his property claim to 433 Eros in the U.S. court system demonstrates that
additional such claims may at some future time follow. Some claims are likely to be taken more seriously by the
courts, and a client, represented by a trained attorney which Mr. Nemitz who represented himself was not, might
have more success given the vagaries of decision making in national and international law.

That there is no official mechanism for recording deeds to extra-terrestrial property has not deterred entrepreneurs.
“There are currently three companies selling lunar ‘deeds.” The pioneer in the field, Lunar Embassy, founded in
1980; Lunar International, founded in 1996; and Lunar Republic (now called the Luna Society), founded in 1999.”7
These efforts have generated a significant amount of business and revenue for the entrepreneurs. Carefully wording
the “deeds” to reflect that they are “novelty items” and of no real value has not deterred sales. In fact, the deeds are
invalid. “Their claims are invalid not because the Outer Space Treaty prohibits them per se, but because they have
no historically legitimate basis — especially since they do not involve traditional homesteading recognition practices
as occupation and improvement.””®

The sale of these lunar “deeds” with no intrinsic value has shown the level of interest that exists in the public. “Over
the past twenty-five years, an entreprencur named Dennis Hope unwittingly conducted an experiment that indicates
the potential market for lunar deeds. In 1980, Hope ‘claimed’ the Moon and started a business selling lunar land
‘deeds.” Thanks to Hope, the average value of lunar land, even on the remote regions of the Moon’s surface, is
clearly no less than about $200 per acre [the standard sale price] — even with the land undeveloped, completely
inaccessible, and barren and airless. Hope has sold over two million of these deeds since 1980.””" In doing this,
Hope may well be the first — and only — person to have directly made a profit from the Moon.

Case Law

To repeat a term used at law, “there is a paucity of case law” regarding property rights in space. In fact, of course,
there is a great deal of litigation in the aerospace arena, and societies, including the Forum on Air and Space Law of
the American Bar Association of which the author is a member, exist dedicated to the field. The focus of most
litigation in aerospace is in the more typical commercial and labor law areas. Gorove notes that “while space law is
a distinct discipline among the various branches of the law, the issues which arise in the courts and the procedures
used [today] differ little from those encountered in other areas of the law.””® That similarity may well end when off-
Earth cases become the norm in space law.

The first space-related case was filed 11 years before the launch of Sputnik. United States v. Causby (328 U.S. 256,
66 S. Ct. 1062 [1946]) dealt with overflight by U.S. military aircraft of an individual’s property. As Gorove”
points out, while the case was decided for the plaintiff, the issue of cujus est solum, ejus est usque ad coelum (“he
who owns the land owns it to the skies”) was part of the case. The court considered and rejected this argument by
the plaintiff, stating that the doctrine “had no place in the modern world.” The first significant case to deal with
space law was United States v. Safety Steel Services Co. (S.D. Texas, December 7, 1965) which resulted in enjoining
the defendant from operating electronic equipment in a manner that would interfere with communications between a
NASA ground station and the Gemini 7 spacecratft.

A case specifically concerning property in space was COMSAT v. Franchise Tax Board (156 Cal. App. 3d 726,
203Cal. Rptr. 779 [Cal.App. 1* Dist. 1984]). In this case the court held that a satellite owned by COMSAT, which
had offices in California was considered to be tangible personal property owned and used in the state by the
appellant. COMSAT maintained ownership and responsibility for a revenue-generating space object operating
solely in space, and the State of California taxed it, confirming that property rights extend beyond the surface of the
Earth.
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What is lacking is litigation specifically regarding property rights in space. With no legitimately recognized
property rights claims to challenge, Hertzfeld reports, “Right now there’s really very little litigation going on.”®
There has been the occasional suit such as that brought by Gregory William Nemitz (Nemitz v. US, Slip Copy, 2004
WL 316704, D. Nev., 2004 (April 26, 2004)) as discussed previously in which Nemitz claimed ownership of the
asteroid 433, Eros and that was quickly disposed of in court, but these suits have been few and far between. This
does not, however, mean that there is a lack of legal opinion and speculation, informed and otherwise, in the field.

One outcome of the Nemitz suit relates directly to the issue of property rights under the United Nations treaties.
Kelly notes that “The failure by the United States to sign the Agreement regarding Activities on the Moon and Other
Celestial Bodies or the signing and ratifying of the Principles Governing the Activities of States in the Exploration
and Use of Outer Space, including the Moon and Other Celestial Bodies did not provide for a right to private
property on asteroids.”® Kelly further states that Nemitz’ claim of denial of his constitutional right under the Tenth
Amendment, to whit, “The powers not delegated to the United States by the Constitution, nor prohibited by it to the
States, are reserved to the States respectively, or to the people” was not abridged. Kelly reports that Nemitz claimed
“that since the power to own or regulate the ownership of lunar and celestial property was not delegated by the
Constitution to the Federal Government nor reserved to the States, it is retained by individuals as part of the
unenumerated and reserved powers of the Ninth and Tenth Amendments.”** The courts found this argument to be
without merit.

Legislation

Two pieces of legislation regarding property rights in space are currently working their way through committees in
the United States Congress. One bill has to do with the establishment of a United States national park at the Apollo
landing sites on the Moon and the second is focused on setting property rights for asteroidal resources. The national
park bill is H.R. 2617* and was introduced by Rep. Donna Edwards and co-sponsored by Rep. Eddie Bernice
Johnson. If passed, the bill would establish the landing sites of the Apollo program (as well as crash site of the
Saturn IVB stage from Apollo XIII) as a national park under the jurisdiction of the U.S. Park Service. This proposal
has received significant criticism particularly in light of the Outer Space Treaty’s prohibition of the establishment of
national sovereignty on the Moon or other space body.** The asteroidal bill is H.R. 5063* and was introduced by
Rep. Bill Posey and co-sponsored by Rep. Derek Kilmer. This bill would permit resources extracted from asteroids
to be the property of the entity that performed the extraction.®® Legal opinion regarding this bill is split with experts
including Joanne Gabrynowicz opposing the bill in its present form® while attorney Charles Stotler supports it
provided the final bill adheres broadly to the provisions of the Outer Space Treaty.® Passage of both bills is
uncertain, but it is unlikely that either will be passed in the current Congress.

The Commons

The final concern that must be addressed is a more theoretical one: this concept is that of the commons. The issue
was popularized by the publication of Garrett Hardin’s 1968 article, “The Tragedy of the Commons.”® Hardin’s
contention is that people, following their own self-interest, will over use resources held in common. Hardin applied
this in particular to population growth and control, but also discussed applications to environmental issues. Hardin
contends that coercion will be required to bring about “cooperation” and that “freedom in a commons brings ruin to
all.” In economics, land held in common and available to all is considered to be a public good, and with a lack of a
legal owner public goods are typically misused. The remedies for goods held in common are to agree to cooperate,
to designate a single owner, or to impose government regulation. Private property results in the second option
obtaining. Again, economic theory would posit that under a regime of private property, owners will manage the use
of the resource such that it will produce the maximum gain over the long run.

There is an ongoing debate among legal scholars about the issue of the commons, however. Do extraterrestrial
bodies fall under the definition of terra nullis or terra communis? Is the concept of res nullis (no person’s property
therefore free to be owned) or res communis omnium (belonging to the entire community and not subject to
appropriation) more appropriate? With space resources to be utilized for “the benefit of all mankind,” there is
concern regarding whether or not revenues generated by lunar and other planetary activities would have to be shared
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among all states. “The crucial determination to be made in interpreting the normative provision of the Outer Space
Treaty requiring space activities to be ‘for the benefit and in the interest all countries’ is the determination of the
ambit of the norm, namely whether it imposes a positive and specific obligation ‘regarding the sharing the benefits
of space exploration and use’ or is merely an expression of desire that the activities should be ‘ beneficial,” in
contrast to being harmful ‘in a general sense.”””® Add to this the debate between the “natural law” or idealist school
where in laws exist evidently to all rational viewers and the “positivist” or realist school with laws written by a
recognized governmental body, and the topic begs further study.

Cherian and Abraham advocate the position of res communis as “the most apt concept of space law,”*' although they
go on to state that while “res communis prohibits appropriation of property by a person, it does not, however
prohibit occupation or use of such property. . .. Possession rights exist, though implicitly.”®* The benefits from
property such as extracted resources would belong to the entity (person or business, not government) that first
possesses it.

Hardin’s ideas regarding the commons have been applied widely, but not all have accepted his pessimistic
predictions of resource misuse and over-exploitation. For instance, van Vugt in his 2009 article “Triumph of the
Commons” states that the decision making of people and organizations is influenced by “four ‘I’s (eye-s)” —
Information (understanding), Identity (belonging), Institutions (trusting), and Incentives (self-enhancing).”
Management of these four “I’s” and, particularly making people and by extension states, fully aware of the issues
and helping people and states to feel like a part of the “inside” group, has the potential to lead to positive solutions
of debated issues.

Treaties, claims, case law, legislation, and the commons — none of these provides a definitive answer as to either the
propriety or the legality of private property in space. Each domain has brought light, but not full clarity on the
subject. We will now turn to the specific arguments directly put forward in support of and in opposition to the
subject.

ARGUMENTS REGARDING PRIVATE PROPERTY RIGHTS IN SPACE

In Support of Some Form of Private Property Rights

There is ample support in the legal community for at least some form of real private property rights in space.
Wasser and Jobes™ provide a summary of the opinions of some of these scholars:

Law professor Glenn Reynolds and columnist Dave Kopel — “It is widely agreed by space-law scholars that the
Outer Space Treaty forbids only national sovereignty — not private property rights.””*

Joanne Gabrynowicz, Director of the International Institute of Space Law and former Professor of Law and Director
of the National Remote Sensing and Space Law Center at the University of Mississippi — “As regards to property
rights per se, the Outer Space treaty is silent. It contains no prohibition.”*

Stephen Gorove, Professor and former Chairman of the Graduate Program of the School of Law at the University of
Mississippi — “The Treaty in its present form appears to contain no prohibition regarding individual appropriation or
acquisition by a private association or an international organization. Thus, an individual...could lawfully
appropriate any part of outer space, including the Moon and other celestial bodies.””

National Space Society Representatives Pat Dasch, Michael Marti-Smith, and Anne Pierce — “Several important
principles have been established by customary law and treaty. First, national sovereignty stops where outer space
begins. Second, that national appropriation of the Moon, other planets, asteroids, etc., is forbidden. And third, that
private property rights are not forbidden.”*

Attorney and space law consultant Wayne White — “Some interpret Article II [of the Outer Space Treaty] narrowly
to prohibit only national appropriation. Many others interpret the clause broadly to prohibit all forms of
appropriation including private and international appropriation. When Article II is compared to similar provisions in
other documents, however, it becomes clear that the narrow interpretation is correct.””
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Saying so doesn’t make it so, as has been demonstrated regarding the lunar land claims made by Dennis Hope, but
the collected opinion of legal scholars should carry some level of consequence.

Gorove’s interpretation of the Outer Space Treaty'® (admittedly the OST is of lesser specificity regarding property
rights than the unratified Moon Treaty) is that whereas the prohibition of national appropriation of outer space
resources applies to these resources in situ, it does not once the resources have been extracted and returned to the
Earth. No claim can be made while the resources remain on the lunar surface, for instance, but once under the
control of an entity and off the lunar surface, possession may be claimed. Jakhu and Buzdugan concur, stating that
“Natural resources in place can not become the property of anyone [but] once these resources are removed, they may
be considered to have become the exclusive property of the entity that caused them to be removed.”'" Further, in
the same article Gorove asserts that whereas states are proscribed from asserting a claim to property on the Moon or
other extraterrestrial body, private organizations are not prohibited from doing so.'” Jakhu and Buzdugan’s position
is that governments and private organizations are prohibited from ownership of land under the Outer Space
Treaty,'® but as noted, not prohibited to a claim to the resources extracted.

How is a land claim established and who grants the right to claim land? “In countries like France, which follow
“civil law” (as opposed to “common law” which the United States inherited from England) property rights have
never been based on national sovereignty. Instead they are based on the “Natural Law” theory that individuals mix
their labor with the soil and create property rights independent of government. Government merely recognizes those
rights.” “Throughout history, actual settlement, occupation and use has been the traditional basis for claims of
ownership that had no sovereign.”'® As the Space Settlement Institute further notes, “For property rights on the
Moon, the U.S. will have to recognize Natural Law’s “use and occupation” standard, rather than the common law
standard of “gift of the sovereign,” because the common law standard cannot be applied on a Moon where
sovereignty itself is barred by international treaty.”'®

Brooks, among others, proposes that a new treaty be drawn up that would create a legal framework for managing the
occupation and use of extra-terrestrial land, not just the Moon as proposed in the Moon Treaty. His proposal would
establish a system or agency, independent of any single government, that would have jurisdiction over the land and
which would exercise management of the territory. In speaking of Mars, Brooks states that the agency would
“properly regulate the process and provide a legal and reliable regulatory system for purchasing and selling Martian
land shares. Since this treaty would not be giving sovereignty of Mars to any nation, but simply granting
jurisdiction of the land to an international agency, it would not be in violation of the Outer Space Treaty.” ' While
the year 2014 does not have the same competition between the capitalist and socialist powers as when the Outer
Space and Lunar treaties were crafted, the era still is beset by a strong developed versus developing nation
competition that would likely stymie any attempt to create such an agency that would operate on a basis acceptable
to the spacefaring nations.

In contrast, Alan Boyle, again among others, calls for the passage in the United States of a Space Settlement Prize
Act that would make possible private ownership without national sovereignty. Under this proposal, the United
States government would “recognize ownership of extraterrestrial territory if a private venture establishes a
permanently inhabited settlement on another world.”'”” Boyle quotes Simberg who states, “In some sense, it gives
the imprimatur of the U.S. government. But, it doesn’t make it a sovereignty question. It’s a recognition, not an
appropriation.”

James Dunstan takes exception with a “recognition” proposal. Dunstan states that, “There is no way that the United
States could directly recognize land claims in outer space that were made based on use and occupation, as the
legislation Rand proposes would do. The ‘loophole,” as Rand calls it, simply doesn’t exist.”'® Dunstan, who does
support private property rights in space, wishes to effect a system that will internalize the externalities of space
activities (although he does not use that terminology). Dunstan points to what he calls “the tragedy of the
commons” that exists as a result of space debris left in orbit by defunct satellites. Space, he notes, has become a
dumping grounds because nations and firms have not been held responsible for their actions as they should have
been under the existing Outer Space Treaty had property rights existed. “Launching states retain jurisdiction and
control (as well as liability) over their objects, even after they are abandoned.”'” Hence, the rights of salvage that
exist on the seas do not exist in space, and the nation causing the pollution does not bear the cost of it’s action yet no
other nation may recover and possess the abandoned item.
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Pointing to the example of the law of the sea, Tanja Masson-Zwann, President of the International Institute of Space
Law, states that it is not necessary to create property rights in space for activities to be profitable for developers.
The type of licensing that permits the mining of deep-sea resources solves the issue to her way of thinking. The
Law of the Sea approach provides a third way of addressing the extra-terrestrial resource issue. To Masson-Zwann,
it is not necessary to grant property rights or to prohibit them. The issue of rights to real property can simply be
ignored.'"

In speaking specifically of the planet Mars, David Collins, Lecturer at Law at City University, London, states his
concern for the retention of property rights for land as well as for structures put in place on the surface of the planet.
He holds that the principle of first possession as practiced previously on Earth would be appropriate. He believes
that, “Rooted in natural law, “first possession’ is compatible with Locke’s principle of adding value to an object by
investing labor in it.”""" “The most efficient mechanism of real property allocation of an un-owned res nullis planet
Mars would be a limited form of first possession: the allotment of only a portion of land to the first arriving
organization, not the entire planet. This bounded first possession is in keeping with the language of the Outer Space
Treaty and Moon Treaties that prohibit sovereign claims to the celestial body, which could be interpreted to mean
the planetary sphere itself.”''? He expresses concern, however, that “While relatively straightforward and based on
historic precedent, the doctrine of first possession may not be the most efficient...because the first nation to land on
Mars is not necessarily the one that will use the planet’s land in the most productive way.”'"* Collins rejects the idea
of competitive bidding in advance for land rights and instead proposes a “use tax on Mars” with those desiring to
occupy and use the land paying a tax to be distributed to all nations a /a the “common benefit of all mankind.” This
tax would be paid in advance of the first arrival, and the rights to the land could be bought and sold on the open
market under the assumption that the land would end up the possession of the nation which placed the greatest value
on it and had the capability of exercising that valuation. This must be done, he believes, to assure that those landing
on Mars would retain rights to their property.

Ownership of real property transported to the Lunar surface and left in place does not change ownership merely
because it is in space — the Outer Space Treaty is quite clear about this. What is less clear is ownership of facilities
constructed of local materials in space from a body that by treaty can not be owned by a country or company. “With
regard to any structure essentially made from locally available resources, there are no clear rules, and it may be
valuable to establish clarity on this subject.”'"*

Wayne White believes that the spirit and letter of the law as expressed in the Outer Space Treaty may be observed
through a form of limited real property rights in space. White cites the homesteading act in the United States
whereby land grants were given to those who would occupy, use, and improve the land for a specified period of
time. He believes that this system “would provide greater certainty to investors and entities participating in the
development and settlement of outer space. Those entities would be able to look to terrestrial property law for legal
precedents. National judicial systems would experience similar benefits, as judges could decide cases on the basis
of established legal principles.”'” Precisely whose “established legal principles” would form that basis is not
specified by White. As Hertzfeld and von der Dunk, note, “There are many different forms of property rights, each
defined by a nation’s culture, history, and political priorities. Ownership over immovable property is not a self-
evident phenomenon, defined by natural law or divine intervention; it is a concept provided for by national laws that
elaborate it in their own fashion as to all relevant details.”''® This being the case, “established principles” should be
established in advance for this completely new situation.

It goes without saying that it is a high goal to assure conflict-free space. Desiring this, “If peaceful and efficient
coexistence in space is to prevail, then the creation and enforcement of property rights is inevitable.”'"” Certainly
we wish the rule of law to prevail and wish not to repeat the experience of the United States when it opened its
western territories to settlement and use. For a period, the law was “honored more in the breach than in the
observance.” To make certain that peace prevails and to reduce the possibility of conflict, the law must be in place
in advance, waiting for the settlers and prospectors when they arrive and not be developed a posteriori.

Opposed to Private Property Rights

It is Keefe’s contention that private property rights can not exist on the Moon. Hence, her proposal is that the
international regime as called for in the Moon Treaty be established and empowered to implement “a system of
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leases which will benefit those persons occupying outer space as well as those remaining on Earth.”!'** Her concept
of an “equitable distribution” is that any profits resulting from activities under the supervision of the regime, after all
costs have been recouped and there has been a six-week period in which all profits accrued to the investor, would be
split ““at a rate of 60% for the investor, 40% for the organization [supervising regime].” Keefe provides no basis for
her 60/40 split of the profits.

Thomas Gangale believes that it would be impossible to support private property rights in any form including
differentiating between the concepts of “granting” and “recognizing.” “Property rights exist only if they are granted
or recognized by a government and subject to the protection of law. For Congress to pass ‘land claim recognition’
legislation legalizing private claims of land in space would be an exercise of state sovereignty, and therefore a
violation of international law under provisions of the Outer Space Treaty.”'"” Gangale, however, does support the
right of a government or private entity to remove resources from an extraterrestrial body and to take title to these
goods. '

As stated previously, Jakhu and Buzdugan’s position is that neither a state nor a private entity may claim private
property in space.'?!

Finally, the prestigious International Institute of Space Law (IISL) has taken a position against private claims to
property on the Moon. The IISL states that “the activities of non-governmental entities (private parties) are national
activities” prohibited under the United Nations treaties and that “the prohibition of national appropriation also
precludes the application of any national legislation on a territorial basis to validate a ‘private claim.””'*

Despite the fact that neither the United States nor Russia has signed the Moon Treaty, one feature of the Moon
Treaty that is worth expanding upon is the idea that the Moon specifically and individually may be considered the
“common heritage” of mankind. For millennia humans have looked at the Moon and, at least to some extent,
formed a bond with it. The same cannot be said of the asteroids. “The Moon may be treated differently from the
asteroids. Legal issues aside, the Moon is one large body already in orbit around Earth, is well known by all
cultures on Earth since the advent of man (and worshipped by some over the eons), and in some ways is
environmentally sensitive, e.g., industrial operations could result in a significant atmosphere around the Moon which
would degrade its natural state and could interfere with others’ scientific and industrial operations as well.”'* The
same cannot be said of the asteroids. The estimates of the number of asteroids in orbit around the Sun is in the
neighbourhood of 350,000. The estimate of the number of comets is one trillion. It is not likely that an emotional
attachment will be felt toward many of these bodies. Therefore, whereas property rights may be prohibited on the
Moon, it may be unnecessary to hold this position with regard to the asteroids.

In Actuality, No Decision May be Required

As a contrast to the preceding, some hold that no a priori decision is required: the situation will self-sort depending
upon the conditions in existence at the time that a decision is required. Klotz, quoting her interview with Michael
Gold, attorney for Bigelow Aerospace, notes that “he doubts that the treaty [U.N. Outer Space Treaty] will be a
show-stopper for companies, such as Planetary Resources, that are eying natural resources beyond the earth. . . .
Legal justification to mine asteroids likely would follow technical capability, he added. ‘It is my belief that in the
end, capability will trump law.””'** In this, Gold forwards the idea that laws regarding resource extraction off Earth
will follow a common law rather than a civil law approach. Instead of establishing laws in advance, Gold posits that
applicable laws will follow the need for them.

Furthering the idea that no decision regarding lunar resource extraction is required is Anthony Scott. In “Property
Rights and Property Wrongs,” Scott notes that the Canadian and, similarly, the American experience with
homesteading land grants and sales demonstrate what would likely happen on the surface of the Moon. One of the
major goals of the American and Canadian legislatures in establishing criteria for the division of the lands on the
vast western prairies of the continent was equity. Equal-sized parcels were established and distributed in a
standardized manner. “The new disposal arrangements did not last. Homesteading, for example, did create a new
generation of free and equal land owners in freehold tenure. But not for long. The parcels were sold, divided,
combined, mortgaged, leased, and abandoned, with scant concern about the original vision. Eighty years later the
western ladder of land tenure is little different from that in European regions long under traditional common-law
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property systems.”'? Scott further denies “that government policy has been an economically important definer of
standard real property rights by arguing that there is a process at work outside the government sector.”
“Government is not needed, because a contractarian process is potentially at work to create and recreate exclusive,
enforceable property rights.” “Government is not needed because property rights, like all social institutions, simply
evolve.”'*

Hertzfeld separates the protection of real property from tangible property. His assessment is that “Ownership of real
estate on the Moon is neither a necessary nor a sufficient condition for investing in a lunar business with the ability
to earn a fair return on that investment. Even terrestrially, profitable businesses often do not own the land or
buildings they occupy. The most important concern for private businesses in space is not property rights. It is the
ability for a company to make a rate of return on a new investment that is greater than the return it can get from
other investments.”'?” Thus, if the right to resources extracted from the Moon can be assured, Hertzfeld believes that
need for title to the land from which the resources are extracted is moot.

Finally, Collins, in discussing the likely increase in the number and complexity of space launches as launch costs per
kilogram decrease, expresses no concern about the establishment of private property laws in advance. “For practical
reasons, the need to be commercially attractive will act as a pressure encouraging the evolution of the most efficient
legal regime, as happened in the early days of international trade in Europe.”'*® During that period, commercial
courts, lex mercatoria or law merchants, arose through the actions of those who traded to provide the regulation that
best suited their needs. No government action was required for this to come about.

Scott, an academic economist, and Gold, a corporate attorney, would posit that a laissez-faire approach to property
rights in space would be the appropriate path to follow. As definitions and laws are required, they will evolve to
meet the needs at the time in ways that could not be anticipated a quarter of a million miles away and 20 years in
advance. Ultimately, both Scott and Gold agree, “the courts replace the legislature in developing new interpretations
of standard property rights.”'?

IN SUMMATION

Ownership of real property by a state, organization, or individual is prohibited under the United Nations Outer Space
Treaty. This prohibition was repeated and strengthened through the unratified United Nations Moon Treaty. As a
signatory to the Outer Space Treaty, the United States and other like entities are bound by the provisions of that
treaty. However, the access, removal, and use of natural resources from the Moon is a permissible action.
Precedent has been set for this. Both the United States and Russia have removed soil and minerals from the Moon
and returned them to Earth. There has been no legal action taken against either nation for doing so. Given that the
bases of the legal systems of the two countries differ, the United States being a common law state while Russia is a
civil law state, it has been established that materials may be removed from the Moon and, hence, other
extraterrestrial bodies with impunity. “Notably, the Soviet Union sold a very small sample of the dirt that it brought
back from the Moon, for $500,000. This set a precedent of a government owning and selling a resource extracted
from a celestial body in outer space.130 Functional property rights exist.

Supporting this conclusion are the following arguments. Whereas Article II specifically states that the Moon and
other bodies are not subject to national appropriation, other articles point in a different direction. Article VI of the
Outer Space Treaty states: “States Parties to the Treaty shall bear international responsibility for national activities
in outer space, including the moon and other celestial bodies, whether such activities are carried on by governmental
agencies or by non-governmental entities, and for assuring that national activities are carried out in conformity with
the provisions set forth in the present Treaty. The activities of non-governmental entities in outer space, including
the moon and other celestial bodies, shall require authorization and continuing supervision by the appropriate State
Party to the Treaty.” Thus, property launched into space and located on the surface of the Moon comes under the
legal jurisdiction and control of the states party that launched it. Article VII further establishes that the liability for
damages caused by an object launched into space is the responsibility of the State Party of the launching
organization, subjecting the object to the laws of that jurisdiction. This liability — and subsequent effective property
right — is further established by the United Nations Liability Convention (1972). Finally, the United Nations
Registration Convention (1975) states that a States Party from whose territory an object is launched is required to
register each item and to file such information with the Secretary-General.
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Similar to the Outer Space Treaty, Article 12 of the Moon Treaty declares: “States Parties shall retain jurisdiction
and control over their personnel, vehicles, equipment, facilities, stations and installations on the moon. The
ownership of space vehicles, equipment, facilities, stations and installations shall not be affected by their presence
on the moon.” Hence, the laws of the launching state apply to an object or installation placed on the surface of the
Moon. While Article 11 states that “Neither the surface nor the subsurface of the Moon, nor any part thereof or
natural resources in place, shall become property of any State, international intergovernmental or non- governmental
organization, national organization or non-governmental entity or of any natural person,” the following article of the
treaty undercuts the strength of that argument. To repeat; an object launched from State A and located on the lunar
surface remains under the “jurisdiction and control” of that state and the state has liability for any damages. Given
that the owned-object rests on the surface and given that both common law and civil law recognize that possession,
i.e. occupation and use, constitute effective ownership, a party may work the region surrounding its facility,
something permissible under the Moon Treaty. Should a party be aggrieved and claim damages by another party,
the suit would be tried in the country from which the object was launched and according to the laws of that state.
Given that within the United States commercial activities are considered to be private matters, cases would be tried
in U. S. civil courts. Courts in the United States tend not to be guided by international treaties but by local laws, so
United States commercial law would apply. The matter would, therefore, be decided in a U.S. court, and, to the
extent that the court considered the space treaties, “courts in common law countries will likely interpret treaty
language in light of public policy.”"*! Appeal to the International Court of Justice is possible, of course, but such a
case can only be brought if both nations agree to submit to the decisions of the court. The United States Department
of State, which has fundamental differences with the Moon Treaty, is not likely to do this, so there the litigation
would end.

There is precedent for the application of functional property rights — the management of the Spitzbergen Islands off
the coast of Norway. Ederington provides an insightful review of the issue. Because of its location and presumed
lack of natural resources, originally “the states generally recognized the status of the islands as terra nullis.” When
coal deposits were discovered, it became necessary to establish a mechanism to settle conflicting claims in the
absence of territorial sovereignty. “The solution was a 1920 treaty in which the nine countries with an interest in
Spitzbergen recognized Norway’s sovereignty over the archipelago,” but in return granted the existing occupiers of
the land with “equal freedom of access, commerce, mining, and fishing.”'** Those without sovereignty were granted
rights to the resources of the territory. This approach has significant merit for application to outer space territories.

There is another distinct possibility that must be anticipated. In the longer run, individuals will travel to, occupy,
and colonize an asteroid or other body. Separated by both time and distance from their home planet, it is not
unlikely that the colonizers will declare themselves to be a new nation, independent of the nation and planet from
which they originated. When this occurs, the new political entity will no doubt declare itself as a non-signatory of
the Earth’s Outer Space Treaty to be outside the treaty’s jurisdiction. The new nation will proceed to develop its
own regulations and laws, including laws regarding the rights to the ownership of private property. Certainly from
the many examples of colonies on Earth following this path, there is ample reason to anticipate that this will become
the norm rather than the exception. While it has not much been discussed by the world’s space agencies, the
possibility exists of intentional one-way trips into space — much the same as was the case when people left their
home countries in Europe to travel to North America. A return trip was not expected, and settlers relied on a
combination of what they brought with them along with what resources might be available at the new location.
These space settlers who had severed their relationship with Earth and with no intention to return would quickly
establish a self-government and develop a legal system meeting their own unique needs.

While the Outer Space Treaty prohibits the establishment of sovereignty over extraterrestrial lands and could not,
therefore, confer title, it could recognize titles to such land claims. It is highly likely that any permanent settlement
is likely to contain people of multinational backgrounds. Multinational ventures have become the norm already.
“Russia currently launches American astronauts from a base in Kazakhstan, India places satellites in orbit for France
and Japan, and the European Space Agency, an international organization with members from 19 states, launches its
spacecraft from Kourou in French Guiana.”'** In addition, as with the ESA, the International Space Station is
international by design. The same will likely be the case for a settlement which will maintain its own registration of
property boundaries regardless of what any state back on Earth might wish to be the case.
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CONCLUSION

The issue of private property need not be a barrier to the exploration, development, or use of extraterrestrial bodies.
The treaty-based legal framework in existence does not prohibit states or other organizations from accessing and
using the resources it needs for its own purposes. The door is open to any and all who would enter.
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Paradigm Change in Earth Observation -
Skybox Imaging and SkySat-1

Jonathan M. Dyer and Jim McClelland
Skybox Imaging, Inc., Mountain View, CA 94043

Skybox Imaging is building a constellation of high-resolution Earth imag-
ing micro-satellites in order to revolutionize access to information about the
changes happening across Earth. In 2013, Skybox launched its first satellite,
SkySat-1 as the pathfinder to a constellation of small spacecraft.

We begin with a high-level overview of Skybox Imaging and its mission.
Then we discuss the unique design approach at Skybox and the critical
engineering ingredients that have enabled such a powerful spacecraft in a
small package and at low cost.

Finally we discuss our plans for a constellation of small imaging satellites.

I. Introduction

Skybox Imaging, Inc. was founded in 2009 with a vision to revolutionize access to infor-
mation generated from timely, very high resolution satellite image data with cutting edge
data extraction and analysis. Our first two satellites, SkySat-1 and SkySat-2, were launched
November 2013 and July 2014 respectively and have provided Skybox with an initial source
of timely, sub-meter multispectral imagery and panchromatic high definition video.

We will discuss where Skybox Imaging fits in the greater continuum of Earth Remote

Sensing, and what we see in the future for Skybox and the industry at large.

A. A Brief History of Satellite Earth Observation

For more than 50 years [10] humans have taken high quality images of the Earth from space,
starting with the United States” Corona program of the early 1960’s. The Corona (“KH”
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for Keyhole) missions were the first satellites specifically designed to take high resolution
pictures of things on Earth. They were film-based and had an effective resolving capability
that started around 12-14m in early missions and rapidly improved to better than 1m over
subsequent Corona satellite missions and those of its successors[9], Lanyard and Argon.
The Gambit and Hexagon missions followed with additional film-based satellites capable
of resolutions better than 15cm[2] (Gambit-3) and, at lower resolution, covering huge areas
of Earth (Hexagon). All of these systems were, however, fundamentally limited by a finite
supply of photographic film that had to be returned to Earth for “read out” - a difficult and

slow proposition.

(a) Corona image of the Pentagon, 1967 (b) Gambit (KH-7) image of the US Capitol, 1966

Figure 1. Corona and Gambit images of Washington, DC

The charge coupled device (CCD) was invented in 1969 and ushered in a revolution in
imaging. Applications formerly requiring film to be returned from space could now utilize
these sensitive, compact and, most importantly, purely electronic devices to capture images
for transmission via radio. This technology was quickly recognized as revolutionary for
remote sensing and the use of CCD-based, electro-optical imaging in the next generation
of Keyhole systems (KH-11+, still classified) allowed them to collect more data, with lower
latency and over much longer time spans than the previous film-based systems.

Under the Clinton Administration in the late 1990’s and early 2000’s a revolution in
the availability of high resolution remote sensing data was kicked off through the following

actions:

e Congress passed the 1992 Land Remote Sensing Act, making it legal for commercial
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entities to capture high resolution satellite imagery and sell it commercially

e Declassification of details and photos from the Corona, Lanyard and Argon programs

due to Executive Order 12951 (1995)

e Declassification of details and photos from the Gambit and Hexagon programs due to
Executive Order 12951 (2002)

The change in regulatory environment and demonstrated value of the declassified imagery
catalyzed three American companies to build high resolution Earth imaging spacecraft for
commercial use - Space Imaging, Inc., EarthWatch, Inc. (later to become DigitalGlobe,
Inc.) and Orbital Imaging Corporation (ORBIMAGE - later to become GeoEye). Over the
next two decades, these companies, as well as other European and Indian entities, deployed
progressively more capable imaging systems culminating in systems capable of collecting

extremely high quality 0.5m (and soon 0.25m) imagery.

B. State of the Market and Path Forward

As remarkable as the rapid progress in the capabilities of commercial remote sensing satellites
has been since the 1990’s, the trend has been towards more and more costly systems, with
the newest generation of spacecraft costing more than US $600M[5] to-orbit. This large and
rising capital requirement has limited the number of such systems on orbit, and therefore
the availability of fresh data to a wide variety of customers. It has also precluded private
investment in such systems, the majority of the capital coming from state entities such as
the National Geospatial Agency (NGA) within the US.

Several trends are setting the stage for what we believe will be a second revolution in the

commercial remote sensing industry:

e Increased awareness of and demand for data in the commercial, civil and consumer

sectors (thanks in part to popular mapping services such as Google Maps and Earth)
e Demonstration of high performance, low-cost “SmallSat” missions such as ChipSat
e Commoditization of scalable cloud storage and processing for image and GIS data
e High value data extraction through crowd-sourcing and machine learning algorithms

e Exponential performance improvement of COTS processing, solid state storage and

image sensors
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e Faster engineering development cycles through rapid prototyping tools, flexible manu-

facturing options
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Figure 2. Resolution of Commercial Remote Sensing Satellites vs. Time

Together these factors have enabled Skybox Imaging to deploy two sub-meter resolution
small imaging spacecraft, SkySat-1 and SkySat-2, at a cost point that enables constellations
of 10’s of satellites. And, as importantly, this was achieved with private capital brought to
bear by commercial market demand rather than government investment.

The excitement created by the success of SkySat-1 and SkySat-2 in the remote sensing
and private capital industries is apparent and fascinating. In this paper, however, we will
focus primarily on the spacecraft themselves.

We assert that trends in many areas are poised to enable fleets of small, inexpensive satel-
lites to collect Earth remote sensing data of high business value. We will discuss the trends
and critical enablers driving the paradigm shift to more, smaller satellites after describing
SkySat-1 and SkySat-2 in a bit more detail. Then we will define a Figure of Merit useful in
quantitatively assessing capability or value in a space-based Remote Sensing system. And
finally we look at the capability a constellation of remote sensing satellites like SkySat-1 can

provide.
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II. SkySat-1 and SkySat-2

SkySat-1 was launched on November 21, 2013 and SkySat-2 on July 8, 2014. They
are nearly identical high resolution imaging spacecraft consisting of precise 3-axis attitude

control, a 35cm primary optical instrument, high performance X-band downlink system and

all necessary C&DH support avionics. First-light images for both spacecraft are shown in
Fig. 3.

(¢c) Nice, France Zoomed (d) Port-au-Prince, Haiti Zoomed

Figure 3. First-light images captured by SkySat-1 and SkySat-2

A. Approach and Philosophy

In building SkySat-1, the team kept developed a philosophy for design and build with several

tenants (see Dyer [3, 1] for more details):
e Keep it simple
e Modularity is key

e Leverage other industries
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Take time to do the right thing

Design to fail gracefully - redundancy is NOT the root of all evil

Build, test and fail early and often

Balanced engineering decisions - don’t let the tail wag the dog

Perform "right-sized” analysis

Vertical integration is key

Having the luxury of good in-house facili-
ties for prototyping and testing allowed us to
build hardware early and learn from our mis-
takes. SkySats consist of almost exclusively
Commercial-off-the-shelf (COTS) electronic
components, allowing us to build avionics
quickly and inexpensively. We do the right
thing by screening these electronics for the
space thermal, vacuum and radiation envi-

ronment extensively[l1].

Skybox’ satellite engineering work was
Figure 4. SkySat-1 and SkySat-2 in the clean- performed with team numbering less than
room awaiting launch 30. Additionally we leverage the knowledge
of a senior advisory group we call the Technical Advisory Group (TAG) which has injected
several hundred years of combined space experience into our team knowledge base. The
small team size coupled with a flexible, iterative design build and qualification approach
allowed us to go from a clean-sheet design to a flight-ready spacecraft in less than 3 years.
We believe this approach is incredibly powerful and applicable far outside the realm of
just Remote Sensing satellites. And the results obtained from SkySat-1 and SkySat-2 speak

for themselves.

B. Results

Fig. 5 illustrates the diversity and quality of imagery SkySat-1 and SkySat-2 have collected
to-date.
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(¢) Runway markers and paint scheme on aircraft (d) An oblique shot

Figure 5. Example images from SkySat-1 and SkySat-2
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While the pictures in Fig. 5 are all visible color reproductions, the spacecraft actually

capture imagery in 5 bands - panchromatic, red, green, blue and near-infrared.

(b) MSAVI vegetation index computed form SkySat-1 imagery

Figure 6. The value of NIR

Critical assessment of the data being produced by SkySat-1 and SkySat-2 shows their

ability to clearly resolve sub-meter sized features. For more details on SkySat-1 and SkySat-2
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imaging performance, see Murthy et al. [7, &].

ITI. Trends and Critical Enablers

There is a growing recognition that
smaller systems generally fair much better in
performance-per-cost than large systems.
This is a critical component of return-on-
investment and, therefore, one of the most
important factors in determining commer-

cial viability and enabling scalability. We

believe strongly that smaller systems do pro-

vide greater value and will elaborate on the GeoEye-2
forces at play in this section. Hubble
A. Small Satellites Figure 7. Small is the new big!®

“SmallSats”, roughly defined as <400kg

mass, are very trendy right now. There are a number of commercial endeavors (e.g. Planet-
Labs Inc., Planetary Resources Inc., PlanetlQ Inc., Dauria Labs) as well as University (e.g.
Can-Xn), science (e.g. QuakeSat) and Government-funded (e.g. TechDemoSat-1) systems
in development or on orbit today. The popularity of the smaller systems is well-deserved
and the result of a great number of factors, not least of which is huge success of the Cubesat
form factor. However SmallSats are not a new thing; most of the earliest satellites fit within
the definition of SmallSat’s and tended to benefit from many of the same advantages that
modern SmallSat’s leverage.

Examples of these advantages are simplicity, shorter design cycles, higher programmatic
tolerance to risk and physical scaling laws that makes thermal, structural and electrical
design easier.

Small satellites also require significantly less capital to deploy. The ability to launch
satellites as secondary payloads or cluster several smaller satellites on a single launch results
in much less expensive launch.

Recognition of the recent success small teams in the University and small science commu-

nity have had in building very successful and capable SmallSats in very short time periods

2GeoEye-2 image Credit DigitalGlobe, Inc.
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and at very low cost has catalyzed an explosion of interest in small systems. We firmly
believe that fleets of smaller, less expensive remote sensing satellites will prove revolutionary

to the industry.

IV. Remote Sensing Figure of Merit

We have extolled the virtues of SmallSats and the associated philosophy and will now
propose a Figure of Merit (FOM) by which to quantitatively demonstrate the advantage
provided by systems like SkySat-1/2.

In optical engineering and image processing, the “Space-Bandwidth Product” (SW) is a
common metric used to assess performance[0]. It is fundamentally related to the information
content in an image in that you can trade image extent (or system field of view) against
resolution (resolving power). Lohmann et al. [6] have shown that the space-bandwidth prod-
uct for an image, SWI, is not necessarily equivalent to that of the system that produced
it, SWY. Because we are looking for qualitative FOM by which to compare relative per-
formance of systems, we will consider SW I and SWY equivalent and compared the SW of
various systems by looking at the SW of the image data they produce.

The SW for a remote sensing system should be representative of the number of di-
mensionally independent samples produced per time. A dimensionally independent
sample in a multispectral image is one spatial sample (pixel) of one channel. We want to
assess this per time, because time becomes one more dimension of information content; or
thought of differently, inverse time is a form of bandwidth in the time/frequency duality
sense.

Because ”"channels” are not necessarily dimensionally independent if they overlap, we will

define the following spectral independence fraction:

[ HN)x
7= JENDA+ L TRNLND )

where i is the channel being evaluated, and f()) is the non-dimensional spectral sensitivity
function for that channel and {¢; € R,0 < ¢; < 1}.

The number of samples per time that a system generates can be conveniently defined as:

Aigi

At x GSD;

(2)
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where A; is the collected area for ith channel over At, the time collection time and GSD; is
the Ground Sample Distance for the ith channel. For convenience we will use At = 1 day
because most systems report capacity in square kilometers per day.

The system space-bandwidth product thus becomes:

J fi(N)ax
SW= Y AJAL 2 (3)
= 2
v GSD; [ AN+ 3 [ Fi(N) f;(A)dA
A 370 A
Note that if we use consistent units for GSD; and A;, the units of SW become samples per
day.
SW is shown for several remote sensing system launched in the last 20 years in Fig. 8.
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Figure 8. SW vs. time for several systems

As can be seen there is a general trend upwards in SW over time although there are
strong outliers. This is due to the fact that the missions evaluated differed by 2-3 orders of
magnitude in cost and many system metrics such as mass, pointing accuracy, and resolution.

This highlights a few inadequacies of using just SW as a figure of merit:

e Spectral and spatial resolution are treated identically - in reality, many applications

weigh one as more valuable than the other

e Performance is not normalized by cost or complexity
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The first inadequacy we will not address as it is very application dependent. There are
good arguments that state that for many commercial applications spatial resolution should
be weighed more heavily and for many Earth Science applications, spectral resolution.

To address the second inadequacy, we seek to generate a ” cost-normalized” figure of merit
by dividing SW by a cost metric.

Bearden et al. [1] provides a variety of statistical cost models for small spacecraft and,
while imperfect, mass is generally the most popular variable correlated with cost. Bearden
et al. [1]’s mass / cost correlation nominally is only applicable up to a 400kg spacecraft mass,
but the authors have observed good predictive performance in systems of known cost with

masses > 3000 kg as well.

cost oc m!'2%! (4)

Finally we will define our primary figure of merit (FOM) for remote sensing systems as

FOM = il (5)

m1-261

Fig. 9 shows SW normalized by mass-predicted cost.
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Figure 9. FOM vs. time for several systems
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V. Constellation

A cornerstone of the Skybox vision is a belief that by leveraging Silicon Valleys big
data technology and innovation engine we can fuel a revolution in the use of remote sensed
imagery to fundamentally transform our understanding of the ever-changing world around
us. We realized early on, however, that to bring about this transformation we would need
a set of imagery sources that met minimum thresholds for both utility and availability.
These thresholds for utility and availability are driven by the need to distinguish activities
occurring on a human scale in both space and time.

The existing market has already fairly clearly established the utility threshold at around
1m GSD with multiple suppliers offering products at or below this level. However, while these
suppliers do have reasonably stable business bases, nearly all are fairly heavily subsidized by
their respective governments.

The slow growth of these commercial markets has been primarily driven by the very
limited availability that these suppliers are able to offer. By way of comparison, the current
availability for imagery is a bit like having a GPS system that can give you a position fix
once every couple hours. While there are some applications that may be able to tolerate
such a sparse availability, the real potential of the commercial markets cannot be unlocked
until the refresh rates are much closer to the timescales over which most things are changing.

So, to tip the commercial market scales, the set of imagery sources need to be not only
capable of refreshing the changing parts of the world on a timescale of hours to days versus
the current timescale of weeks to months but also provide relatively uniform access over a
significant portion of the day. Having developed and demonstrated a satellite design capable
of delivering the threshold sub-meter imaging performance capability, the solution to the
availability challenge is basically a numbers game where technical success is measured by
access uniformity and overall area capacity of the system but business success is measured

by the cost per unit of GSD-normalized area per unit time.

A. SkySat-3 - The Constellation Pathfinder

One of the most important factors in the systems ability to ensure timely refresh of the worlds
most interesting places is the ability to establish and maintain the required orbital configu-
rations. And while there are numerous options for precisely how the satellites get deployed,
one requirement common to every option is the capability to modify the characteristics of a

given satellites orbit.
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Following the successful launch and demonstration of SkySats 1 and 2, Skybox imme-
diately kicked off the design process to update the design in a few areas that are essential
for operations within a much larger constellation context. The most critical of these de-
sign updates was the addition of basic propulsion capabilities to facilitate the proper initial
establishment and long-term maintenance of each satellites orbit.

Along with a few other design improvements, SkySat 3s design now includes a propulsion
system using a high-performance green propellant capable of delivering over 170 m/s of total
AV'. This level of performance facilitates not only the correction of the initial launch vehicle
dispersions but also affords the capability to establish and later correct modest relative

sun-sync drift rates.

B. The Constellation

As discussed previously, the fuel needed to revolutionize the remote sensing industry is a set of
imagery sources that meet both the minimum utility and availability thresholds. To address
the availability challenge, Skybox has selected a minimum viable configuration “MVC” for
the Constellation that is sized to achieve an average of daily refresh for the “interesting”
areas of the world. While all of these areas may not require daily refresh, by setting the
minimum threshold at this level we baseline a minimum system capacity that is capable of
a refresh mix that includes both intra-day and multi-day refresh rates.

In addition, we have structured our development cadence and selected our partners to
facilitate scaling flexibility, allowing us to rapidly adjust our plans to better respond to the
evolving remote sensing landscape.

In parallel with the SkySat 3 pathfinder development, Skybox is ramping production of
additional spacecraft. Figure 10 provides a notional view of revisit (access opportunities per

day) performance for an evolving constellation of satellites.

C. The future

As is the case with all thriving companies, continuous exploration and innovation is essential
to remain current, competitive, and connected with the ever-changing world. Skybox is no
different in this regard and to ensure that we remain at the forefront of the aerospace devel-
opment frontier we have structured the program to inject new and/or updated technology
into each Block revision. Leveraging this steady and rapid deployment cadence allows us
to remain in lock step with the latest developments in technology and constantly push the

boundaries of aerospace innovation.
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Latitude

Constellation altitude: 500 km
Accesses <30° off-nadir (£0.92m product GSD)

Average Revisits per Day

Figure 10. Constellation average revisit performance
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VI. Conclusion

SkySat-1 and SkySat-2 have demonstrated what is possible by leveraging technology
trends in other industries, small team dynamics and careful SmallSat system design. They
show a performance per cost 1-2 orders of magnitude better than comparable systems, en-
abling deployment in numbers never before seen. And a constellation of such systems will
open the door to entirely new applications of high resolution space-based remote sensing
data.

The trends that enabled their success are only accelerating. And the technologies, pro-
cesses and philosophy utilized in their design and construction are not unique to the remote
sensing application. We firmly expect the recognition of the value of Small Satellites to
engender a paradigm shift across the space industry, enabling more missions at lower cost

and faster time scales than ever before.
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VII. Appendix A - Tabulated system performance parameters

Table 1: Remote Sensing System Data

System Mass Bands GSD  km? / day
10250-10950 nm  90.0 m 31,949k
10950-11650 nm  90.0 m 31,949k

8475-8825 nm 90.0 m 31,949k
8925-9275 nm 90.0 m 31,949k
2360-2430 nm 30.0 m 31,949k
8124-8475 nm 90.0 m 31,949k
1600-1700 nm 30.0 m 31,949k
2145-2185 nm 30.0 m 31,949k
2185-2225 nm 30.0 m 31,949k

520-600 nm 15.0 m 31,949k

630-690 nm 15.0 m 31,949k

760-860 nm 15.0 m 31,949k

Terra ASTER 4850 kg
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2235-2285 nm  30.0 m 31,949k
2295-2365 nm  30.0 m 31,949k

Cartosat-2 695 kg 479-830 nm 0.8 m 175k
420-510 nm 5.0 m 12k
760-890 nm 5.0 m 12k
DubaiSat-1 200 kg 510-580 nm 5.0 m 12k
600-720 nm 5.0 m 12k
420-720 nm 2.5 m 12k
450-520 nm 4.0 m 18k
770-890 nm 4.0 m 18k
DubaiSat-2 300 kg 520-590 nm 4.0 m 18k
630-690 nm 4.0 m 18k
550-900 nm 1.0 m 18k

433-453 nm 30.0 m 6,815k
450-515 nm 30.0 m 6,815k
2080-2350 nm  30.0 m 6,815k
845-890 nm 30.0 m 6,815k
1550-1750 nm  30.0 m 6,815k
775-805 nm 30.0 m 6,815k
630-690 nm 30.0 m 6,815k
525-605 nm 30.0 m 6,815k
479-690 nm 10.0 m 6,815k
1200-1300 nm ~ 30.0 m 6,815k
450-510 nm 1.2 m 630k
1710-1750 nm 3.7m 630k
2185-2225 nm 3.7 m 630k
2235-2285 nm 3.7 m 630k
770-895 nm 1.2m 630k
1195-1225 nm 3.7 m 630k
1550-1590 nm 3.7 m 630k
860-900 nm 1.2 m 630k

EO-1 ALI 573 kg

WorldView-3 2800 kg
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2295-2365 nm 3.7m 630k

1640-1680 nm 3.7m 630k
705-745 nm 1.2 m 630k
585-625 nm 1.2 m 630k

2145-2185 nm 3.7 m 630k
510-580 nm 1.2m 630k
630-690 nm 1.2 m 630k
400-450 nm 1.2 m 630k
450-800 nm 0.3 m 630k
450-510 nm 1.8 m 785k
630-690 nm 1.8m 785k
510-580 nm 1.8 m 785k
585-625 nm 1.8 m 785k

WorldView-2 2800 kg 400-450 nm 1.8 m 785k
860-900 nm 1.8m 785k

770-895 nm 1.8 m 785k
705-745 nm 1.8 m 785k

450-800 nm 0.5 m 785k

WorldView-1 2500 kg 450-900 nm 0.5 m 750k
450-515 nm 2.4 m 200k

740-900 nm 2.4 m 200k

QuickBird-2 951 kg 515-595 nm 2.4 m 200k
605-695 nm 2.4 m 200k

450-900 nm 0.6 m 200k

445-516 nm 4.0 m 350k

757-853 nm 4.0 m 350k

Ikonos 817 kg 506-595 nm 4.0 m 350k
632-698 nm 4.0 m 350k

450-900 nm 0.8 m 350k

400-550 nm 5.0 m 43k

Dove 6 kg 475-600 nm 5.0 m 43k
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575-750 nm 5.0 m 43k

430-550 nm 2.0 m 200k
750-950 nm 2.0 m 200k
Asnaro 495 kg 489-610 nm 2.0 m 200k
600-720 nm 2.0 m 200k
479-830 nm 0.5 m 200k

440-510 nm 6.5 m 800k
690-730 nm 6.5 m 800k
RapidEye 150 kg 760-850 nm 6.5 m 800k
520-590 nm 6.5 m 800k
630-685 nm 6.5 m 800k

450-515 nm 4.0 m 210k
740-900 nm 4.0 m 210k
OrbView-3 360 kg 515-595 nm 4.0 m 210k
605-695 nm 4.0 m 210k
450-900 nm 1.0 m 210k

450-525 nm 6.0 m 1,500k
760-890 nm 6.0 m 1,500k
Spot-6/7 800 kg 530-590 nm 6.0 m 1,500k
625-695 nm 6.0 m 1,500k
450-745 nm 1.5 m 1,500k
450-515 nm 1.1m 125k
740-900 nm 1.1m 125k
SkySat-1/2 85 kg 515-595 nm 1.1m 125k
605-695 nm 1.1m 125k
450-900 nm 0.9 m 125k
11500-12500 nm  100.0 m 31,949k
10300-11300 nm  100.0 m 31,949k
433-453 nm 30.0 m 31,949k
525-600 nm 30.0 m 31,949k
450-515 nm 30.0 m 31,949k

Landsat 7/8 2500 kg
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845-885 nm 30.0 m 31,949k
630-680 nm 30.0 m 31,949k
2100-2300 nm  30.0 m 31,949k
1560-1660 nm  30.0 m 31,949k
1360-1390 nm  30.0 m 31,949k
500-680 nm 15.0 m 31,949k
430-550 nm 2.0 m 1,000k
750-950 nm 2.0 m 1,000k
Pleiades 970 kg 489-610 nm 2.0 m 1,000k
600-720 nm 2.0 m 1,000k
479-830 nm 0.5 m 1,000k
450-510 nm 1.8 m 500k
780-920 nm 1.8 m 500k
GeoEye-1 1955 kg 510-580 nm 1.8 m 500k
655-690 nm 1.8 m 500k
450-800 nm 0.5 m 500k
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ABSTRACT

The NovaSAR program builds on the synergies between SSTL and Airbus Defence and Space in the UK translating
their expertise to small satellite based synthetic aperture radar. The UK government has supported the development
of the first spacecraft in the series, and further satellites are planned. The current system works in S-Band and
focuses on applications including maritime monitoring and forestry.

The roadmap for the development of this program may take a number of different avenues. One possibility is the
enlargement of the antenna array to realise improvements in the payload performance. Another is the development
of the platform to reflect mass reductions made in other SSTL platforms, through SSTL s ongoing development
activities. Alternatively, the system could be modified to allow operation at X-Band, the shorter wavelength
offering enhanced access and different physical observables. Airborne testing has been performed at both S and X
band to investigate and demonstrate the differing potential data products. Each of these alterations has varying
advantages, disadvantages and impacts on the concept of operations, the possible applications of the data, the
payload imaging modes and other aspects of the mission and system. The system changes are presented and

discussed.

KEYWORDS:

THE NOVASAR PROGRAMME

NovaSAR is an initiative brought about by SSTL and
Airbus Defence and Space under the support of the
UK government to realize a small satellite design
capable of supporting the requirements of a Synthetic
Aperture Radar (SAR) payload. Previously, small
satellites (i.e. those below 500kg) have supported a
wide range of payloads, but the size and high power
requirements of an active SAR payload makes
accommodation on a small platform difficult. While
many small satellite SAR mission designs exist they
are rarely implemented due to performance issues, or
planned small satellites during detailed design result
in satellites weighing tonnes.'

Figure 1 — NovaSAR-S

Recent years have seen a number of advances that
have enabled small satellite platforms to support
more resource hungry payloads. Some examples are
higher efficiency solar cells, higher power density
and more reliable batteries and more compact and
lighter data handling and on board computing
technologies.

On the SAR payload side, advances have also been
made. Gallium Nitride amplifiers offer higher peak
RF power and higher efficiency of power conversion
into RF, enabling a power efficient solution with far
fewer phase centres than traditional systems. An
antenna solution has been devised as a non-
deployable design, and the thermal handling is
simplified, thus significantly reducing mass and risk.

The first NovaSAR mission is in manufacture in the
clean rooms in Guildford and Portsmouth for flight
readiness review early 2016.

The specifications of NovaSAR meet a wide range of
application needs, and it is particularly suitable for
maritime and forestry monitoring. The antenna and
payload design offer modes with wide observation
angles, including a novel maritime mode operating
with high along-track ambiguity specifically to spot
bright targets on the surface of the ocean."
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Figure 2 — NovaSAR-S in SSTL cleanroom

The selection of S-Band for imaging is less common
than the other more widely used X- C- and L- bands.
However, at the time of mission design the high
efficiencies of new GaN based amplifiers (40-45%)
at S-Band made this highly desirable. Also, the band
offers different performances across various
applications.  Airborne tests have demonstrated
performance improvements for forestry application
compared to shorter wavelength observations,
expected to also provide benefits to agricultural
applications." The Almaz-1"" and HJ-1C" satellites
have demonstrated various applications in S-Band,
and the planned Kondor-E satellite will build on this
experience.

FUTURE DEVELOPMENTS

The NovaSAR system is intended to work both alone
or as part of a constellation, but each individual
owner has their own interests and application
requirements to meet and may require specific
modifications. Whereas in some cases, these may be
classed as a new generation of the mission design,
others require relatively simple alterations. As a
reference, below is a table of key specifications for
the first satellite.

Imaging band S-band (3.1-3.3GHz)

Lifetime 7 years
Mass 450kg
Lead time 24 months KO to FRR

Antenna array Microstrip patch phased (3x1m)

Imaging
polarisations

Single, dual or tri-polar
(HH,HV,VH,VV) incoherent

580 km (SSO or low inclination
Equatorial orbit)

Optimum orbit

Payload duty
cycle

Average at least 2 minutes per
orbit (single image strip >800km
long)

Typical area
coverage

>1 million km2 per day (mode
dependent)

Table 1 — First NovaSAR-S specifications

Some possible modifications are now described and
discussed.

Increased Antenna Area

The NovaSAR-S SAR payload antenna is made up of
an array of 6x3 phase centres. This configuration
allows for a 3m by 1m total antenna area with the
required element spacing, allowing launcher
accommodation of 3 in a Dnepr, Vega or PSLV
faring or similar. Adding an extra two columns
would allow for enhanced performance, but could
limit the launcher options, particularly in the case of
Dnepr. This is one of the simpler possible antenna
modifications.

Having an 8x3 array would require a slightly higher
standby power due to the increased phase centres, but
will increase access to higher incidence angles and
reduce the power needed during imaging.

The increased antenna area would enable a reduced
pulse duty from 25% for the existing configuration to
10.55% for the alternative configuration.

This will reduce the peak power requirement of the
mission, and providing the imaging time dominates
will reduce the total average power consumption or
increase the imaging time capability of the mission.
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Other impacts however would need to be considered
with respect to their impact on other payload aspects,
for example data storage and downlink power.

Power (W) 18 p/centres | 24 p/centres
Standby Back End | 126 126
Standby Front End | 222 296
Standby Total 348 442
Imaging Back End | 126 126
Imaging Front End | 1993 1176
Imaging Total 2119 1302

Table 2 — Payload power versus phase centres

Deployable antennas can be considered, but may add
to the mission complexity and mass. Most SAR
satellites use deployable phased array antennas but
there are design challenges including: ensuring the
alignment of the panels is good; that the panels are
stable and that each array element has an equal path
length from the RF source/s. These challenges are
not insurmountable, but do add complexity.

Increasing Orbit Control

Many satellites operate on a fixed orbit, using on-
board propulsion systems to correct the orbit as it
decays. One advantage of this is that it allows for the
smallest baseline variation at regular time intervals
for the purposes of interferometric measurements. A
disadvantage is that for a particular imaging mode,
the revisit is fixed, whereas allowing the orbit to
change can offer varying revisit rates over different
sites, and less predictable imaging times.

The NovaSAR mission under manufacture does not
allow for such a high level of orbital control, with
mission Av of 29m/s. Interferometric measurements
will be possible, but will be opportunistic, using
image pairs that have similar observation conditions.
Temporal decorrelation therefore will have to be
taken into account, which will reduce the available
image pairs. The particular type of interferometry
needed for measuring ground deformation,
particularly of interest for mining, relies on
maintaining the imaging baseline, which will also
vary.  Improving the propellant volume and/or

reducing the spacecraft mass will allow for better
orbital control.

Alternatively, the extra Av could allow for the
spacecraft to fly at a lower orbit, which requires more
propellant to maintain said orbit. This would allow
for modification and potential improvement of the
imaging modes to account for the shorter time to
target and increased received RF power at the sensor
array.

X-Band Variant

A recent evaluation by the Earth Observation Mission
Advisory Group lead by the Centre for Earth
Observation Implementation saw good prospects for
an X-Band variant of NovaSAR. X-Band is a
popular SAR mission waveband due to its potential
to achieve higher imaging resolutions with its smaller
wavelength and broader available imaging
bandwidth. However, unlike the first generation
NovaSAR, aimed primarily at maritime and forestry
services, an X-Band variant would alter the proposed
application areas due to multiple factors, but
particularly the typically reduced imaging swath and
reduced RF penetration of the target. This may make
it more suitable for urban and mapping applications,
but limit its utility when needing to image very large
areas or gain more information about the structure
below the surface observed. An X-Band variant will
importantly benefit from significantly greater access
to higher incidence angles, providing shorter revisit
intervals.

Those Gallium Nitride Solid State Power Amplifiers
(SSPAs) that afforded NovaSAR an improvement in
RF conversion are becoming available in X-Band
with good levels of efficiency (35-40%). Though
these may need more space qualification, the GaN
devices are well suited to space with their inherent
radiation hardness and are expected to perform well.

Increasing Payload Duty Cycle

While the GaN High Electron Mobility Transistor
based SSPAs to be launched in the first mission are
running at efficiencies of 40-45%, the latest S-Band
high power products just to reach the market have
efficiencies of 50-55%, and development is planned
for the higher power variants needed for SAR
imaging from space. These products need space
qualification, but will improve the power
requirement.”

The power availability to the platform may also be
improved by adding additional deployable solar
panels. Unlike extending the phased array antenna,
adding solar panels is a less challenging engineering
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task, with simpler connections required to the
platform and less stringent alignment requirements.

Other Improvements

SSTL is continually improving the specifications and
capabilities of its various satellite platforms and
subsystems. Through a variety of mission programs
and technology development activities, various
subsystems are being redesigned and improved, and
space proven in a piecewise fashion the risk
managed through redundancy on operational
missions and technology demonstration missions.

The SSTL avionics suite has been improved, along
with data storage and on board computing. Within
the timescale of the next NovaSAR mission, these
improvements may help realise mass reductions in
the order of 50kg on this platform type with
corresponding volume and power consumption
improvements. The extra platform resource may also
be used to offer increased mass storage.

Parallel activities include the modification of the X-
Band downlink chain currently on board NovaSAR-S
to a Ka band variant."" While using Ka band results
in increased platform stability and control

requirements, the narrower beam allows for higher
power and a much higher bit rate for data downlink.
Though this band may experience a higher level of
signal drop out due to atmospheric moisture, a
variable bit rate can be implemented to mitigate this.

Figure 3 — ‘Selfie’ of SSTL high gain antenna
pointing mechanism on board TechDemoSat-1

Software and Ground Segment Modifications

The SSTL mission planning software solution is
designed to function in a distributed manner,
allowing multiple users to interface with the central
mission planning system. However, the various
requirements of the satellite, for example the need to
reorient the satellite for different imaging modes, the

thermal control and power regulation requirements
mean that on occasion imaging requests must be
prioritised to maximise the mission utility. This
prioritisation is done automatically, but occasionally
requires human intervention. As the number of users
increases the complexity of scheduling the imaging
tasks increases. Systems can be developed to
improve the automated sorting of the imaging tasks,
making a many user interface feasible.

One particularly interesting area of application
development will come following the commissioning
of the first mission, the data fusion of near-
synchronously acquired SAR imagery and AIS
signals transmitted by ships. NovaSAR is likely to
be the only satellite with this capability at time of
launch, and if not first will be the only one with very
wide swath imaging modes. Previously, where
images are acquired at a different time to the AIS
data, there is a need to extrapolate and predict ships
past or future positions based on old data. It is likely
that simultaneously (or near simultaneously as ships
do not transmit AIS constantly) acquired data will
allow for automated processing of fused data, with
AIS unique identifiers bringing together tertiary AIS
data to provide a fuller maritime picture.

Within the context of image processing, there are also
opportunities to automate and productise output data
on the fly to provide the best application
performance. The Satellite Applications Catapult
promises to kick off a broad range of activities in this
area.

Improvements Offered through Constellation

NovaSAR was always intended to function in a
similar manner to the Disaster Monitoring
Constellation, where individual satellite owners come
together to benefit from each other s resources™.
Low earth orbiting satellites spend only a proportion
of their time over the owner s country. During other
times the satellite capacity may be traded to offer
improved imaging capacity and revisit rates over
other areas of the interest.

The first NovaSAR satellite will be placed in a polar
orbit, which has global reach but revisit in the
equatorial regions is not as good at the poles. Future
NovaSAR owners may opt for further polar orbiting
satellites, or may go for lower inclination orbits. The
revisit rate will then be improved.
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Figure 4 — NovaSAR average revisit time in a
polar orbit — 1 satellite, imaging mode 4, yellow is
3 days, green <1 day

Figure 5 — NovaSAR average revisit time in 30
degree inclined orbit — 1 satellite, imaging mode 4,
purple is 40 hours, green is 24 hours

Figure 6 — NovaSAR average revisit time in
combined 30 degree inclined and polar orbits — 2
satellites, imaging mode 4, light blue is 12 hours,

purple 24 hours

DISCUSSION

The NovaSAR program is intended to remain on a
small platform, to offer an affordable and accessible
solution for those requiring SAR data. The lower
cost of the system that makes constellations more
affordable is key to its success. It is possible to
envisage a NovaSAR system that conforms to the
historic all things to all men archetype. However,
this would not offer anything substantively new and
already exists elsewhere. The benefits to be found in
the NovaSAR program are those where the changes
can be done without breaking the bank. Of the above
changes, increasing the phase centres, adding
deployable solar arrays and implementing the
improved SSTL subsystems may be achieved at low
system resource cost, in some cases reducing the
overall mission mass and volume. These
improvements may well allow the imaging payload to
be run for longer each orbit, a key user requirement.
This offers the opportunity to propose a wider range

of SAR satellite variants to the NovaSAR
constellation and meet a more user needs.
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ABSTRACT

Demand for small low-cost spacecraft — either as individual missions or in groups such as clusters, swarms or
constellations — has been increasing significantly over recent years. In parallel, the microsatellite market has seen an
increase in the rate of innovation, as more players create new micro (and nano) satellite offerings. In order to address
this increased demand, SSTL has investigated, qualified and implemented a new satellite platform production
process and associated new set of avionics as part of a larger innovation framework. The first fruits of this
development approach are the new X-series of spacecraft. The process makes significant use of modern automated
manufacture and test techniques, and the avionics are designed taking this into consideration. The consequence of
this is that significant savings in production costs and schedule are achieved, which are quantified in this paper. A
secondary and serendipitous effect of this development is the X-series family of spacecraft (and an expandable space
technology framework) which is tremendously well matched to operationally responsive space applications. The
first mission to use an X-series platform has been contracted for delivery. This paper outlines how the X-series was
designed primarily for cost effectiveness, and how these cost savings manifest themselves as time savings.
Additionally, the use of an X-series spacecraft as the launch vehicle avionics is discussed, highlighting the cost,
schedule and mass benefits to the launch segment of the mission. This paper then summarises how all the design
features combine and compound on each other resulting in a game changing approach to cost effective responsive
space, ultimately leading to a demonstrable ability to design, build and test a cost effective microsatellite platform in
less than 6 months.

KEYWORDS: Batch Manufacture, Reflow, Schedule, Mission Flexibility, Standard Interfacing, Build-from-
stock

INTRODUCTION

Over the last 33 years, SSTL has delivered 43 small satellites for a range of applications including Earth
Observation, Communications, Navigation, Science and Technology Demonstration. Last year, SSTL released the
first of a new range of mass efficient, high performance low cost satellite platforms — the SSTL X-Series.

Initially implemented on a high performance 50kg class platform, the X-series core architecture and avionics will be
implemented in all SSTL’s small platforms over the next three to five years, thereby lowering the cost and
improving delivery times for all X-series platforms.

SSTLs current range of platforms has been extremely successful in the market place, offering high performance at
low cost. A special SSTL internal R&D programme was started in 2011, whose main objective has been to improve
performance to cost ratios even further, by exploiting new commercially developed technologies, protocols and
processes in order to offer the equivalent performance of current SSTL small satellite platforms at a significantly
improved mass, schedule and price point. This internal development programme has therefore realised the X-Series.

The X-Series platform developments span the range of current and future SSTL platform classes.

Copyright © 2014 by Surrey Satellite Technology Limited. Published by the British Interplanetary Society with permission.
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Figure 1 illustrates the envelope of X-series platforms in the context of current SSTL mission and satellite platform
offerings

\4

kg 50kg 150kg  300kg 600kg
Spacecraft Size and Mass

Figure 1: Capability-mass analysis of SSTL missions

THE X-SERIES

At the time of writing, there are two X-series platforms under development; the X-15 and the X-50. The X-series
platforms are designed primarily for users who want to develop their own payload, or want to pilot an idea in a cost-
effective manner quickly. The low recurrent cost and high performance to mass ratio offered by the X-Series
satellites make them ideal for low cost science and in orbit demonstrations missions, where an affordable and rapid
solution can, for example:

e Provide a platform for on orbit demonstration of new technologies, instruments, services or techniques,
e  Provide risk reduction, pre-cursor or gap filler type capabilities by accommodating scientific and/or imaging
payloads.

The available payload volume for the X-50 variant is a 530x430x400mm contiguous volume, with access to 5 sides
of the cuboid shaped spacecraft. The 50kg bus can accommodate 45kg of payload, and provide 35W of Orbit
Average power and 85W peak power in a standard spacecraft configuration.

The spacecraft structure can be modified as demanded for different missions, and in its simplest form a payload is
carried on top of the core avionics providing an instrument field of view over more than an entire hemisphere.

530mm
E— “H_jg_[:lmm

-

400mm

45kg
From 35WOAP
From 80Wpk

The X-15 variant of the X-series of platforms is targeted at missions that require a very low cost-per-spacecraft
metric; primarily entry-level missions, extremely rapid demonstrations or large constellation deployments with
modest payloads. The platform can accommodate up to 15kg of payload mass within its ~30cm cuboid structure,
and can generate an orbit average power of approximately 20W. Development of this platform offering continues.
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COST AND TIME SAVINGS

Schedule, price and reliability are very important factors for all customers, and increasingly commercial spacecraft
operators are considering groups of satellites working as part of a constellation. SSTL has been involved with a
number of such constellations in various capacities, including DMC, RapidEye, KANOPUS, FORMOSAT-7 at
spacecraft level, and at payload / subsystem level in ORBCOMM-SG, CYGNUS and the 22 Galileo FOC payloads.
The production philosophy typically adopted for such batches of satellites to consider the closest existing product,
modify this to the specific mission needs, build a proto flight unit, and then carry out a limited batch production run.
As a result, the cost savings that can be achieved in batch production are often limited, as the base design was never
optimised for such a batch production.

For individual spacecraft, the cost of the spacecraft production can also be prohibitive for science and technology
demonstration missions, or restrict the feasibility of new business ideas in space. Increasingly, the labour costs
involved in spacecraft production are dominating.

SSTL has developed a concept for spacecraft manufacture which has so far not been used elsewhere in the space
industry, which removes some of these limitations and cost drivers. This is targeted at improving production cost,
speeding up mission delivery, and maintaining and improving reliability.

The low cost, batch build philosophy allows for a module level rather than component level stores inventory,
drastically reducing the period from customer order to spacecraft delivery. Coupled with the low cost of the
recurrent parts, this results in extremely low recurrent costs for the core X-Series elements.

Key to this approach is moving to card frame based hardware architecture at the heart of all of the X-Series
platforms, developed with maximum flexibility and modularity in mind. A number of standard building block
“cards” deliver the main platform functions such as power conditioning, TT&C, on-board processing and storage.
The card-frame can be configured in an expandable arrangement to deliver the platform performance required by
different payloads and associated mission classes.

Savings in Mission Design Phase

The rewards of this approach are first reaped in the mission design stage. A more traditional approach to new
mission design is to take an existing spacecraft design as a baseline, identify any changes necessary to the design
and implement the non-recurring engineering (NRE) to realise the differences. Often, the NRE occurs at module
level, where electronics may have to go through a design, review, prototype, test and manufacture cycle.

In the new SSTL X-series approach, module-level NRE is limited to payload interfacing only, and changes to
mission requirements such as power generation or data storage and handling are dealt with at system design level, by
including more or less modules of the same design. This creates a truly modular framework that simplifies initial
spacecraft system design.
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Savings in Manufacturing Phase

The X-Series avionics and core platform elements are designed with maximum production efficiency as a driver.
Hence the design takes advantage of automated batch manufacture and test processes. This entails management of a
controlled preferred parts list, use of pick and place machines, reflow soldering process, press fit connectors and
comprehensive test coverage via automatic test equipment and built-in self-test.

In recent years SSTL have invested heavily in mass production facilities and processes. These in-house capabilities
are now installed and qualified, and are being levered to drastically reduce the production costs of the next
generation X-Series elements. The key capabilities are:

Pick & Place of Components

Automated soldering (reflow)

Automatic Inspection, including X-ray inspection of re-flowed electronics
Automated Test

These factors result in a step change in production approach: Typically when producing space hardware, significant
costs are expended both on the raw materials and parts (‘Space Qualified” parts being extremely expensive with
associated long lead times), and the skilled labour associated with largely manual assembly and test activities. Even
if lower cost (e.g. COTs) parts are used, the significant labour elements results in a high cost investment in any
space equipment produced in this way. A secondary effect is that the resulting hardware is typically extensively
analysed, tested and repaired if it develops a fault — due to the high value, discarding the equipment at the point
where the fault is discovered is not a realistic option. This pattern is broken by the production approach for the X-
Series; low cost parts are procured, automated process are used extensively to manufacture, inspect and test the
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hardware. Therefore if a fault is detected, during test, for example, the option to simply discard the element in
question becomes an easier and more attractive option in the cases where faults can be shown not to be systematic

and/or design related.

The following table illustrates in broad labour cost terms (man hours/weeks/days/months) the differences between

three production approaches:

e A traditional space industry approach, where Space Qualified Parts are employed and the manufacture and test

phases are largely bespoke and manual

e SSTL’s historical approach, where COTs low cost parts are utilised, but the remaining production phases re-

main labour intensive,

e The X-Series approach, where COTs parts are used and the remaining production activities are all automated

and therefore shortened in duration.

g Procurement | Weeks Days Days
2
5
a Assembly Weeks Weeks Hours
a
]
£
t Inspection Days Days Hours
2
©
= Test Weeks Weeks Hours
£

Overall Months Weeks/ Days

Months

Table 1: Comparison of production of equipment between traditional labour intensive methods and SSTL X-Series

automated techniques

It can clearly be seen that a dramatic saving in production time and therefore cost is attained with the X-Series

approach. This is further illustrated in the

graph below which illustrates broadly how the proportion of costs

associated with each production phase and activity changes with the different approaches adopted.

Traditional
/Bespoke

Production Costs Proportion Comparisons

mTest
W Inspection
= Assembly

m Parts & Raw materials

COTs Manual COTs
Automated

Figure 4: Breakdown of production of equipment between traditional labour intensive methods and SSTL X-Series

The manufacturing approach has recently

automated techniques

been put to the test, the first batch of X-series cards has been

manufactured and the effort savings have been shown to be approximately 55%.

Kenyon
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Legacy Unit Effort X-Series Unit Effort

The effort savings are largely from moving to an almost completely pick & place, reflowed design. The process is
fully automated and so the effort savings increase with manufacture batch size. This reduces the time to build the
units, and if still using a build-to-order approach, would still yield some time savings on the whole mission timeline.
However, since the build effort is reduced, this dramatically reduces the value of the built units, allowing the units to
become a low enough value item to be stocked at risk without specific missions associated to each of the units. If
known good (i.e. fully tested) stock is held, then further time savings on the top level mission schedule can be made.

Savings in AIT Phase

The knock-on effects of lower cost avionics being ready in stock are significant for the AIT phase of a mission. In a
legacy AIT phase, the manufacture of all the various modules (to order) has to be carefully managed such that they
arrive for integration in to the spacecraft in the correct order. Managing lead times for various units becomes a major
part of AIT schedule management, and defines the critical path.

tructure & Mechanica 1

odule Manufacture est

Module Manufacture &
Legacy AlT

Module Manufacture est

Flat Stack Soft Stack Hard Stack & EVT

FlatStack SoftStack ™ Hard Stack & EVT

Take 90% of modules out of

stores of known, tested good } X-Series AIT
stock

Bespoke Module Manufacture &
Test ‘

Structure & Mechanical E—

With all the core avionics in stock ready for integration, however, integration of the spacecraft can begin
immediately after the mission critical design review is complete. This allows for a more streamlined schedule to
manage, with long-lead items being limited to mission-specific bespoke items.

LAUNCH AVIONICS

The primary focus of the development of the X-Series avionics was a disruptive reduction in the build costs of an
SSTL spacecraft. For launch safety and simplicity, it is normal for SSTL spacecraft to be launched unpowered, with
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the power to the spacecraft only being switched on at the point of separation from the launch vehicle. Therefore
vibration tests have tended to only validate the functionality of SSTL spacecraft posz-launch, not during launch.

The X-series avionics however, have been designed to not rule out a “live” launch, or indeed be used as launch
vehicle avionics in and of themselves.

Additionally, the OBDH module and equipment bus have been sized to allow for guidance and control loops in the
order of tens of hertz, partly because of the potential for very agile mission requirements (such as rendezvous and
docking missions or rapid off-pointing of payloads), but also in part to enable the avionics to be used as launch
vehicle control avionics.

APPLICABILITY TO RESPONSIVE SPACE

SSTL has a rich history of building spacecraft faster than the industry standard. Mission design and build lifecycles
tend to be less than 4 years. However SSTL has also on occasion built spacecraft in less than 12 months. The X-
series takes a further step towards a sub-12 month design and build schedule becoming the norm. It does this by
building on the robust and proven design philosophies of all SSTL spacecraft (for example keeping the same FDIR
and ConOps strategies, using stable automotive industry standards where applicable), whilst capitalising on new
electronic manufacturing techniques developed for terrestrial industries. In terms of responsive space, being able
design, build, test and deliver a spacecraft platform ready for launch in less than 12 months opens many different
options for rapid deployment of space assets to react and respond to various scenarios.

The existing SSTL policy of maximising the use of industry standard interfaces to reduce development costs is
maintained and extended in the X-series, with extensive use of CAN, LIN, LVDS, RS422/485, SpaceWire and
internet protocol (IP). Further capability for USB and CameraLink is also possible. In terms of applicability to
Responsive Space, the use of industry standard interfaces allows for abstraction of payload development, or the
rapid integration of payloads based on modern terrestrial COTS technologies, with interfaces that most engineers are
familiar with regardless of field.

The development of the X-series capability to launch live or indeed even act as launch vehicle avionics also opens
up possibilities for extremely rapid LEOP procedures and in-orbit operations within hours of launch.

CONCLUSIONS

SSTL continues to develop its product range become ever more cost effective. The most recent development to that
end — the X-series range of spacecraft platforms — aim to reduce total mission cost by reducing the time required to
design the mission and manufacture the units, and by allowing unit costs to be low enough such that stock can be
held at risk so that spacecraft integration reaps the benefits of having all core avionics ready for integration at the
beginning of AIT.

By reducing the time aspect of mission development for cost purposes, SSTL has also enabled a framework for
developing missions extremely rapidly, which may then also have uses in its own right, in the responsive space
community.
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ABSTRACT

With the increase in interest of small satellite technologies and solutions comes a strong desire by the industry to
simplify integration of the spacecraft with the launch vehicle (LV) interfaces. Those that have been developing,
integrating and launching smallsats for some time are seeking to reduce the need for “one-off” mechanical, electrical,
environmental, and operational interfaces between the satellites and LV. The prominent solution to this desire for
better-defined interfaces is a call to develop standardized interfaces. Smallsat providers are interested in a standard
interface to help bound their spacecraft design trade spaces (it is important to be efficient this this fiscally constrained
environment) and to simplify the integration process when their systems are ready for LV integration and launch. LV
providers are keen on standardized interfaces with smallsats to reduce complexity and analyses costs in the integration
process so that they can focus on their main objective: The successful integration and launch of the primary spacecraft
provider for a rideshare mission.

This paper contends that the creation of standardized interfaces by a governmental body is not the most optimal answer
to meet the overall needs of smallsat and LV providers: The desire to have a clear expectation of what the interfaces
are, to simplify interfaces to reduce one-off analyses, and enough bounds to guide smallsat developers to ensure the
maximum probability that their spacecraft is successfully integrated and launched. Instead, the paper asserts that the
integration hardware (e.g., LV adapters and dispensers) providers and mission integrators should be given the
responsibility of providing a consistent, well-defined interface to each LV provider and for the smallsats that are
integrated with the hardware. Defining consistent interfaces in this nuanced fashion allows the interface hardware
providers and integrators to absorb the complexity of defining and managing interfaces between the smallsats and the
LV providers. Further, the paper presents how interface hardware and integration service providers are best suited to
lead efforts to setting clear and constant interfaces and expectations to each stakeholder because of their typical role
as the intermediary across the interfaces.

Moreover, the paper presents a clear argument for allowing the United States (US) and international space market to
define “industry standards” based on viable and successful interface systems versus creating an interface standard by
a governmental entity and requiring the industry to adhere to the defined standard. This paper describes how the latter
practice is much less likely to be adopted by the industry as a whole and why this method of defining the interfaces
creates definitions that are much less responsive to new technological and methodological advances and lessons
learned. Even more, the paper describes how the latter is more likely to over-constrain smallsat developers. The paper
cites several examples that the former means to convey clear and consistent expectations to smallsat and LV providers
increases the probability of more widespread adoption, while at the same time, allows for responsive evolution of
interface requirements and maximizes the design space and flexibility for smallsat creators and developers.

KEYWORDS:

Standard interfaces, rideshare, small satellites, smallsats, piggy-backing, adapters, dispensers, industry standards,
ESPA, CubeSat, P-POD, FANTM-RiDE

THE NEED FOR CHANGE

On the Cusp of Progress...

The United States (US) and international space industry is at the precipice of major transformation from “business as
usual” in the manner in which programs acquire, develop, launch and field space assets to orbit. The global economic
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fiowntul.*n that began. in 2008 has driven the Agile Larger Lame PO Syetams
international community to re-evaluate how to Systems '
more efficiently and affordably deploy and operate Hybrid Constallations .

space systems and architectures while not -
Smallsat Constellations .~

Moore’s Law

appreciably diminishing the effectiveness of the ' BodliLowerBost
systems currently on orbit. Leadership worldwide Microsats Resilient Distributed
has been evaluating how to reach this vision Nanosats Architectures

through architecture studies and analyses, and both Gube.ats
the government and commercial space industries
o . mallsats
have been strongly considering small satellite
(smallsat) solutions to reducing costs, shortening
the time of technology infusion to orbital assets,
and bring resilience to space architectures. This
evolution follows the phenomena of Moore’s Law
and the increase in technical and mission capability of smallsats, as depicted in Figure 1. This figure, adapted from
this author’s presentation “Shaping Our Future: Practical Actions to Bring Real Industry Change” given at the 2014
Small Payload Rideshare Association Rideshare Conference, depicts how the intersection between Moore’s Law and
smallsat innovation brings resilient, effective and lower cost space architectures, consisting of more agile large
satellites, constellations of smallsats, as well as hybrid constellations of interconnected networks of small and large
satellite systems'. Although this phenomena should occur naturally in the advancement of space development, the
process has been stymied by institutional and programmatic barriers that hinder opportunities for smallsat programs
to demonstrate true mission utility to decision makers. Therefore, the entire space industry stands at the cusp of
advancing towards more affordable, effective and resilient space architectures, yet wholly dependent on changes in
the mindsets of leadership of government and commercial space programs to progress forward.

Smallsat Tech
Advancement/
Innovation

Figure 1. Intersection of Moore's Law and Smallsat
Innovation Brings Robust Space Architectures. [Adapted
from 1]

Smallsats Are Critical for Progress

In order to progress towards the goal of robust, advanced, lower cost, and resilient space architectures, smallsat
technologies must be allowed to demonstrate their worth in terms of real operational and scientific capabilities.
Furthermore, as commonly applied today, smallsat systems are necessary in the ecosystem to demonstrate emerging
technologies and applications that will be incorporated into larger space systems. In his Master’s thesis entitled “EELV
Secondary Payload Adapter (ESPA) Ring: Overcoming Challenges to Enable Responsive Space,” Robert Atkins
argued that smallsat technologies were a necessary step in reducing risk to larger space systems by increasing the
technical readiness level (TRL) of technologies that need first to be proven out prior to integration into the larger
architectures. Atkins states, “By taking the new technology and testing it in the operational environment, the feasibility
and concept is proven, which greatly reduces the unknowns in development [of larger spacecraft systems].”?

But Something’s Holding Back Forward Movement...

As alluded to earlier, several barriers restrict the number of smallsat technologies that are put on orbit, and thus, hold
back the entire space industry. As detailed in this author’s paper entitled “Defining a Roadmap to Bringing the US
Space Industry Back to Health,” two phenomena stunt progress of US (and international) space programs: The “launch
cost dichotomy” and “institutional inertia”.> Without going into much detail on these phenomena, the launch cost
dichotomy is summarized as follows: Decision makers desire distributed (disaggregated) architectures of smaller
spacecraft, in theory, to reduce the cost of larger systems and overall architectures. However, to prove out these
theoretical disaggregated architectures, smallsat technologies must be put on orbit to demonstrate system performance.
Yet, high launch costs preclude smallsat access to space for many small payload providers, thus leaving these
distributed architecture as theoretical. In short, systems must be distributed to reduce overall architecture costs, but
the high price point for launching the smallsats that will constitute the disaggregated architectures dissuade decision
makers to embrace distributed architectures in their trade studies.

Institutional inertia also constrains access to space for the smallsat technologies that would bring more robust and
advanced systems on orbit. Five major mindsets held by key decision makers in the space industry are outlined in this
author’s aforementioned paper that hinder adoption of smallsat technologies in operational and scientific programs.
In the physical realm, objects at rest tend to stay at rest and objects in motion tend to stay in motion; accordingly, the
same phenomenon occurs for space programs, methodologies, and ideologies. The driving factor that hampers smallsat
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access to space is not technical complexity; institutional mindsets are the main reason for reduced frequency of
smallsat launch opportunities.

Dismantling the Barriers

To break through the launch cost dichotomy, the international space industry is increasingly turning to “ridesharing”
(also known as “piggy-backing”) of smallsats with other spacecraft to divide up launch costs for each spacecraft on
the manifest. Instead of a smallsat provider having to obtain funding for an entire launch vehicle (LV) to gain access
to space, by ridesharing spacecraft, the smallsat provider would only be responsible for paying for a smaller portion
of the total launch costs. Two types of rideshare missions have emerged to facilitate smallsat access to space: Standard
rideshare (sRS) and dedicated rideshare (dRS) missions, as outlined in this author’s paper entitled “Practical
Knowledge on Opening Up Low-Cost US Launch Opportunities for International Smallsats.”

For the sake of brevity, SRS missions are those that are comprised of a primary spacecraft provider that wholly dictates
the mission requirements (e.g., launch date, orbital parameters, spacecraft separation timing, etc.), with one or more
smaller spacecraft flying as secondary (also called auxiliary) payloads (APLs). With sRS missions, the primary
spacecraft provider must be willing to take on additional APLs on their manifest. Currently, many of them decline the
potential of sharing the overall launch costs with rideshares because of high perceived and actual risks/complexity
added by including ridesharers on their missions. In contrast, dRS missions do not have a primary spacecraft and is
composed of a number of smallsats ridesharing on a single mission. These missions provide greater control for the
ridesharers over the mission requirements, such as launch date and final orbits. However, dRS missions are more
difficult to build because it requires a complex effort in aggregating enough smallsats to fully fund the overall launch
costs for that mission.

Both types of rideshare missions provide the potential of significant cost savings for the smallsat providers. As an
example, Atkins provides the following example scenario in his thesis: The US Air Force Space Test Program (STP)-
1 mission in 2007 consisted of five distinct spacecraft with nine total experiments launched on a single $90 million
(M) US dollars (USD) mission. He stated that that single mission was “equivalent to seven launches spanning a year’s
worth of launches on the [Evolved Expendable Launch Vehicle (EELV)] manifest and costing approximately $700M
(USD) in launch vehicle cost.” Obviously, there was a substantial cost benefit to using rideshare to divide up the
launch costs and provide a greater utilization of launch capabilities for these spacecraft customers.

Despite the financial advantages brought by ridesharing spacecraft, widespread adoption of these modes of smallsat
access to space have yet to materialize except for pockets in the international space industry. This is due to the
institutional inertia that continues to throttle forward progress. Primary spacecraft and L'V providers continue to view
rideshare as more hassle than benefit, and government and commercial decision makers continue to hesitate in funding
enablers and opportunities for smallsats to exploit launch opportunities.

In order to shift the paradigm towards frequent, lower cost access to space for smallsats, and subsequently,
improvement of all international space programs, the smallsat industry must work together to remove all excuses for
not allow ridesharing to occur on the majority of launch missions around the world. Specifically, the smallsat industry
must provide technologies that will show clear applicability to future integration into the next generation of space
architectures, either with payloads with direct operational or scientific applicability, or indirectly by launching
technologies that raise TRLs of enablers for future systems. Simultaneously, the smallsat industry must work to make
their spacecraft least intrusive and non-interfering to primary spacecraft providers and low risk and complexity to LV
providers. They must be “transparent” to these two entities in order to encourage them to allow for more rideshare
missions.

Standardized Interfaces for Smallsats Facilitate Change

Aside from specific technological enablers, one (of several) facilitators to reducing complexity and risk in adding
rideshare spacecraft to missions is a well-defined standardized interface between the APL rideshares and the LV". To
establish a baseline lexicon for this paper, a standard is defined as Jeff Ganley from the Air Force Research Laboratory

* The purpose of this paper is not to outline other enablers to addressing the barriers to smallsat rideshare, such as
technological solutions, innovative methodologies, and changes to national and international space policies and
regulations; the paper seeks only to address how standardized interfaces contribute to the advancement of the
international space industry.
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(AFRL) stated in his paper “Small Satellite Standards Development™: “A standard is a rule or requirement that is
determined by a consensus opinion of users and that prescribes the accepted criteria for a product, process or
procedure.”®

By defining and enforcing a standard APL to LV interface, primary spacecraft and LV providers will have a
predetermined set of expectations and requirements for the integration of rideshares on their missions, significantly
reducing risk and complexity on these launches. Atkins comments “a standardized launch service aboard the majority
of all missions manifested... will allow many programs to deploy new, faster, smaller satellites into orbit...”” He
continues by conveying that the “standardization process” will allow for “safe deployment of the secondary payloads
on a noninterference basis with the primary payload, which will benefit US space programs.”® This truth certainly
applies to space programs throughout the international community as well.

Additionally, Reese, Martin, and Acton from STP stated in their presentation at the Small Satellite Conference in
Logan, Utah entitled “STPSat-3: The Benefits of a Multiple- Build, Standard Payload Interface Spacecraft Bus” that
standardized interfaces maximize potential launch opportunities for their smallsats by allowing for integration on a
wider selection of LVs, as well as by reducing risk and schedule during integration.” Analogously, the Futron
Corporation speaks of the benefits of standard interfaces of payloads onto host spacecraft buses in their “Hosted
Payloads Guidebook™ prepared for NASA Langley Research Center. The guidebook states that standard interfaces
create greater “flexibility” in choosing hosts because it introduces a level of interchangeability of payloads because
the interface requirements would remain uniform across all candidate hosts.!® The guidebook also asserts that
utilization of standard interfaces also proffers a “price reduction” in launch costs for the host spacecraft as they contract
with the rideshare hosted payload for the slot on their bus. These statements are made with respect to hosted payloads,
i.e., small payloads without smallsat buses that rideshare on host spacecraft buses versus on the LV itself. However,
the benefits of standardized interfaces directly applies to the discussion of this paper because the integration challenges
between hosted payloads and host buses are very similar to the issues in integrating whole smallsats onto LVs.

Historically, the international community has agreed with the necessity to standardize interfaces. In his article in the
International Standards Organization (ISO) Focus magazine entitled “The launch business: Standard formats for
launch vehicle - spacecraft interface documents”, Phillipe Boland strongly advocates for the establishment of standard
interfaces between launch vehicles and spacecraft, citing several ISO standards development efforts to clearly define
these interface requirements.!! Boland cites in an earlier article “Developments and Initiatives: Interfaces between
launch vehicles and spacecraft” that delegates from Europe, Japan, Russia, the US, China and Brazil have been
involved in the working group to develop LV to spacecraft standards.'? Specific to smallsat integration, ISO has
published a standard interface control document (ICD) for the “small-auxiliary-spacecraft (SASC)-to- launch- vehicle
interface” (ISO 26869:2012) to help define the types of requirements necessary for integration between the LV to the
smallsat APL.!3

Why Standardized Interfaces Help Increase Smallsat Launch

Rates Assuages

. . . . Intellectual Concerns
The potential benefits of defining standardized interfaces for _

smallsat rideshare are four-fold, summarized in Figure 2. First of
all, they help alleviate concerns of the primary space vehicle (SV)
and/or LV provider by providing a clear understanding of the
requirements levied on the rideshare spacecraft to ensure that they 7 :
will “do no harm” to the primary mission (for sRS launches), or Il:lesults il el - Defines

. . . n Cost PL/L SV Design
the LV and other ridesharers (on dRS missions). This clear Savings . Boundaries
definition of requirements will enable the primary SV and LV
providers to baseline the risks and expectations of having one or
more rideshare spacecraft on each mission, helping to alleviate
the institutional psychological stigma against rideshare spacecraft
on their missions. For instance, standardizing the mechanical R

. . . educes Technical

attachment interface of the rideshare APLs to the LV or its Complexities
adapter provides the LV provider confidence that mission unique
analyses for the mechanical mating surfaces will not be necessary
for the predominance of rideshare missions. An operational Figure 2. Potential Benefits of Clearly Defined
standard interface requirement, like stipulating that rideshare Standard Rideshare to LV Interfaces
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spacecraft will not power on nor transmit data until after the primary SV has separated, negates the concern of
electromagnetic interference (EMI) of rideshare spacecraft that may damage sensitive primary SV systems.
Standardized interfaces define these requirements and expectations up front, reducing the concern of possible
degradation, destruction, or delay of the primary mission because of complex rideshare APLs.

Secondly, a standard smallsat to LV interface provides the added benefit of delineating design bounds for spacecraft
development. Although this could potentially serve as a double edge sword to over-constrain spacecraft design,
defining a standard interface can provide helpful technological development direction for the smallsat providers in
terms of parameters such as overall spacecraft mass, the physical bus dimensions and mechanical interface to the LV,
electrical harnessing and signal protocols, or allowable materials to build spacecraft components. The standard can
also provide smallsat providers a clearer understanding of what to expect during the overall mission integration process
or orbital deployment operations. By building to the requirements set in the standards, the smallsat APL increases its
probability of obtaining an opportunity to be integrated and launched to orbit because the standard requirements should
ease the concerns of technological and programmatic risk and complexity of rideshare.

Additionally, standardized interfaces reduce the technical complexities associated with integrating rideshare
spacecraft by reducing the amount of recurring engineering analyses for each mission. Sparing the details of the
technical nuances of these analyses, defining standard interfaces allows for APL, LV and primary SV providers to
design a APL to LV interface only once as non-recurring engineering (NRE) versus having to re-design the interface
for a unique mating of numerous differing spacecraft interfaces. This cuts down on the design effort and analyses
required to demonstrate compatibility of the rideshare spacecraft with the LV interface. For example, by defining the
mechanical attachment interface between the APL and LV once as a standard interface, the LV provider would only
have to conduct a single NRE analysis of the mechanical interface, and every subsequent spacecraft that would mate
to this interface would not require re-design given that the standard requirements are upheld, such as overall spacecraft
mass, number and sizes of attachment bolts, etc.

Subsequently, appreciable cost savings are possible with the reduction of interface re-design and/or interface
requirements re-definition through the use of a standardized interface. For instance, a standardized electrical interface
harness and pin-out would provide design guidance for APL smallsat providers to electrically mate the spacecraft to
the LV interface. NASA Goddard Space Flight Center’s (GSFC’s) Design and Manufacturing Standard for Electrical
Harnesses specifically warns of the “cost and schedule” risks associated with progressing with spacecraft design with
an “inadequate” model of the electrical interface.'* Standardization of interface requirements on the APL rideshares
reduces costs by allowing for a smaller number of recurring engineering tasks because the upfront design and analyses
are completed as NRE only one time during the first implementation of the standard. Ganley states that standards
move “a significant amount of the technical work to the front of the process,” which “can greatly reduce the recurring
engineering costs of a product.”!3

CHALLENGES IN DEVELOPING A STANDARDIZED INTERFACE

Despite the benefits of defining a standard APL to LV
interface and the great interest in the international industry
to creating these requirements sets, the overall national and
international communities have not yet been able to Competition Among
establish a unifying single standard interface for any Cis bl
size/class of spacecraft. As stated earlier, several ISO
standards have been published to bring a consensus on a
standard interface, in addition to other attempts to define a
single standard for SV to LV interfaces. However,
adoption and utilization of these standards have been
sporadic or short-lived. Several factors produce difficulty
in producing a unifying standard interface for spacecraft to
launch vehicles that is universally (or at least, widely)
adopted, represented in Figure 3.

Created in Vacuum Tech Challenges

High Costs of Standards
Development

Figure 3. Factors That Hinder APL to LV Interface
Standards.

Competition Among the Stakeholders

First of all, standards in general are difficult to generate because they are commonly developed by stakeholders that
compete within the same market. Ganley writes that the parties that participate in the development of standards are
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“most often the result of market forces,” that is, that oftentimes, competing companies and/or organizations often
constitute the body that is called to define a particular standard.!'® This is problematic, he asserts, because “the primary
end goal of the [standards development] process” is consensus with a “required mechanism for negative opinions and
resolution.” Futron’s “Hosted Payloads Guidebook” also mentions the concerns of commercial stakeholders resisting
a common standard because it potential creates “an alternative to proprietary interfaces, developed at great expense
by each manufacturer, in favor of some common standard.”!” Specific to the smallsat industry, Ganley opines that the
small satellite industry lacks the capability to create a “critical mass” of enough companies and organizations that
would be willing to cooperate to develop common standards, stating bluntly that “cooperation in the space industry is
all but impossible, with the true cooperation required for this level of standards development effort non-existent.”'
Moreover, when international governments are involved, the potential for conflicting goals and motivations bleeds
beyond financial concerns into other factors, such as politics and nationalism. Therefore, this “tyranny of consensus”
leaves many standards development efforts stifled and/or impotent.

Requirements Developed in a Vacuum

Another challenge for standards in general is that they are sometimes generated in a partial vacuum by stakeholders
slightly removed from the international space industry as a whole. These types of standards are usually generated by
representatives from governments or pure academia, but not often between government, academia and the commercial
space industry all together. Therefore, these standard requirements end up failing to obtain advocacy by enough of
the market, greatly reducing the probability of adoption. Since standards generation from these entities typically take
a long time to develop, the requirements created are often can be outdated or irrelevant to the dynamic nature of the
space technology environment. This seems to be the case for the aforementioned ISO standards for common spacecraft
to LV interfaces. Furthermore, standards that are generated in this fashion, especially by governments, provide the
sense of being imposed rather than encouraged. In their presentation entitled “Creating Standards for the Small
Satellite Industry”, Herrell, Primpikar, Hines, and Quintero seem to imply that the highly competitive smallsat industry
would to be more receptive to standards that are “commonly accepted, not imposed.”!® Further, this author reported
in the paper “Hosted Payloads or Dedicated Rideshare: What’s the Best Way to Orbit?” that “many in the industry do
not desire formalized standards, such as military standards (MIL-STD), which could be over- restrictive.?

Technical Challenges that Complicate Standardization

The development of standards is further frustrated by several
technical challenges associated with the smallsat to LV interface.
First of all, as the size of the small satellite goes up or the number
of smallsats at a particular location increases, the technical
complexity of the interface increases, as represented in Figure 4. <
The most blatant example of this is for coupled loads and dynamics
phenomena between the satellites and the LV. Single smaller
satellites, especially in the Picosatellite class of smallsats that
generally range from 1 kg to 10 kg generally do not affect the
overall loads and dynamics of the entire group of satellites with

exity

Microsats
(100-1000 kg)

_ompl

n Effort/

Nanosats (10-100 kg)

respect to the LV because they are so small relative to the overall = F"Gupesats (1-10 kg)
mass of all spacecraft on a particular manifest. Therefore, industry . m—
standards for this size of spacecraft have been developed with Smallsat Size/Mass

widespread adoption across the international government,
commercial and academic industries through the CubeSat standard.
The CubeSat construct was developed by California Polytechnic
University at San Luis Obispo, California in conjunction with
Stanford University. The CubeSat, along with its associated dispenser system, the Poly Picosatellite Orbital Deployer
(P-POD) system emerged as the industry standard for this class of smallsats. Figure 5 represents a CubeSat from
Atkins’ paper, and Figure 6 provides a representation of the P-POD from the P-POD Mark 1 ICD.?" 22 Part of the
success of this standard lies in the small relative size of the spacecraft, which presents negligible impacts to the overall
coupled loads analyses (CLAs) associated with each mission.

Figure 4. Qualitative Correlation between
Smallsat Size and Mission Effort Required
and Complexity.
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However, as the size of the smallsats increases, the spacecraft create a
more appreciable impact on the coupled interaction of all of the spacecraft
with respect to the LV, requiring much more mission-unique analyses, as
shown in Figure 4. This potentially introduces the technical risk of
breaking components on the other spacecraft in the manifest, or even on
the LV itself, due to the tremendously harsh loads and dynamics events
associated with launching a rocket through the atmosphere to get to orbit.
In order to mitigate this technical risk, SV and LV providers rely on at
least two CLAs to characterize the coupled interaction between the
primary spacecraft, rideshares, and LV. Subsequently, this introduces
associated programmatic, schedule, and cost risks to the primary mission,
which further increases reluctance to allow rideshare missions. For
specific example, the publically released Launch Services User’s Guide
for the Delta IV booster requires that spacecraft providers deliver a
dynamic model of their satellites a launch minus (L-) 24 months as input
to the preliminary CLA for that mission, which is typically completed
around L-18 months.?* The European Space Agency’s (ESA’s) Ariane 5
User’s Manual requires model delivery at L-20 months to complete the first
CLA by L-18 months as well.>* This is a particular challenge for smallsat
providers on rideshare missions because smallsat providers typically do not
begin development of their systems until between L-18 and L-12 months;
thus they are typically not able to provide models with the necessary
fidelity to input into the preliminary CLA. This introduces technical,
schedule and cost risk to the overall mission because the mission
integrators may discover loads exceedences late in the mission integration
timeline, requiring costly additional analyses and possibly, even more
expensive system re-designs. Even NASA GSFC’s paper entitled “Primer

on the Craig Bampton Method” admittedly describes the CLA as “long and
2925

costly. >

Figure 5. CubeSat Variants [From
21].

Coupled loads issues significantly hinder the establishment of a common
smallsat interface because the wide variability in spacecraft size, volume,
overall mass and center of gravity of smallsats larger than the Picosatellite
class of spacecraft make it extremely difficult to create a standard that envelopes the coupled loads interactions. To
many primary SV and LV providers and their associated leadership, the coupled loads risk itself is enough to deter
them from allowing rideshares on sRS missions, aside from the additional technical and programmatic risks associated
with ridesharing. Further, as more smallsats are aggregated onto a mission to decrease the overall launch costs, the
combined mass of the rideshares, even if they are CubeSats in P-PODs, impact the overall loads and dynamics of the
coupled total payload to LV interaction. Therefore, naturally, there are much more numerous launch opportunities in
the current international launch landscape for very small groups of CubeSats than for larger clusters of CubeSats
and/or smallsats of larger form factor.

Figure 6. Representation of a P-POD
[From 22].

In addition to the coupled loads issue, other technical factors cause a reluctance to establish and/or adopt and apply
standards across the international smallsat community. As alluded to earlier, standards are a proverbial double-edged
sword insomuch as they can overly constrict the smallsat spacecraft design. A strong example of this phenomenon is
with the P-POD system mentioned earlier. The fact that there are increasingly more launch opportunities for CubeSats
than other smallsats forces smallsat providers to cram as much capability into the small CubeSat form factor as
possible. This author has previously stated that “smallsat providers spend more time and dollars miniaturizing
technologies to fit the Cubesat standard in order to maximize their chances for launch. The smallsat provider’s time
and resources should be focused on the specific capability of the overall spacecraft instead of diverting much effort
into miniaturizing components.”?® Many smallsat developers labor under the challenge of meeting the volume and
mass restrictions of the CubeSat and P-POD standards.

High Cost of Standards Development

In addition to the factors already discussed, significant costs are associated with the coordination of the technical and
programmatic requirements for standards development. Ganley succinctly states, “Standards development is
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expensive, costing at minimum $1 million [USD], and easily ranging into the $100’s of millions for large efforts.”?’

This is one of the major reasons why government institutions are often the creators of formalized standards
documentation. The high costs and long timelines required for non-government entities to meet together to establish
requirements for a common standard interface is virtually impossible for shallow-pocketed academic and commercial
smallsat companies.

AN ALTERNATIVE FOCUS CAN GET US THERE

After digesting the previous discussion, one may wonder if the effort behind finding a standard interface between
smallsat rideshares and the LV is worth the time and resources it would take to define the requirements. Furthermore,
one may wonder if a standard, once developed, could be widely adopted and applied by the international launch vehicle
and smallsat community. This author strongly asserts that a shift in focus can make possible the establishment of
industry standards that would be attractive enough to encourage widespread embrace of its requirements. The focus
should shift to allowing the adapter hardware providers and mission integrators to create “organic” industry standards.

Standards Defined with Respect to Adapters

Currently, the international space industry is already moving in the direction
of defining smallsat interfaces with respect to launch adapter systems
specifically designed to accommodate smallsat rideshares. Only in a few
examples do LVs create direct interface locations for smallsats onto the
booster itself, such as the Aft Bulkhead Carrier (ABC) location described in
Atkins’ thesis.?® The ABC bolted interface is located in the aft end of the

| Primary SV

Centaur upper stage of the Atlas V LV, where a smallsat or set of smallsats

could be integrated directly onto the launch vehicle. The associated interface J

requirements for these types of direct LV interfaces tend to be very . ESPARIng
restrictive to prevent direct harm to the booster itself. \

However, more commonly, the interface between the LV and smallsats are vk EriEllEGEE
based on smallsat adapter systems that are vetted and approved by LV " APLs

providers. For example, Atkins mentions the EELV Standard Rideshare
Adapter (ESPA) ring and Arianespace’s Ariane Structure for Auxiliary .
Payloads (ASAP) 5 adapter.’ As shown in the representation of the ESPA  Figure 7. Example ESPA Rideshare
ring in Figure 7, the launch adapters mate to directly to the LV and/or Mission [Adapted from 29].
primary spacecraft provider, and then provide mating locations for APL rideshares. The ESPA ring, provided by Moog
CSA Engineering, creates a standard mechanical interface between the LV, the ring, and the primary SV that remains
static regardless of the various types of rideshare spacecraft that can bolt radially from the ring’s center. Assoicated
with the ESPA ring is a detailed set of interface requirements laid out in the ESPA Rideshare User’s Guide (RUG),
such as mission requirements, launch environments, APL to ESPA interfaces, and operational restrictions. Therefore,
the LV and/or primary SV providers, as well as the APL smallsat providers have a strong understanding of the
requirements to utilizing the ESPA system for rideshare missions, alleviating many of the inhibitions to rideshare.

In essence, the ESPA system is a strong example of the advantages of allowing rideshare hardware and mission
integrators to create standards for the APL to LV interface. The ESPA RUG has become a well received set of standard
requirements that has been embraced by many launch vehicle and spacecraft providers in the government, commercial
and academic space industry around the world. The development of the ESPA RUG coalesced inputs from the US Air
Force (USAF), their Federally Funded Research and Development Center (FFRDC), the Aerospace Corporation, and
the commercial industry, and synthesized these inputs into a comprehesive set of requirements with enough detail to
both assuage many of the concerns of the LV providers as well as provide sufficient APL spacecraft design boundaries
to maximize the probability of clean acceptance for launch on rideshare missions. Atkins’ entire thesis is centered
around the strengths and capabilities of the ESPA system to provide a non-interfering, “nearly transparent” presence
to the primary spacecraft.>

Although led by the government, this industry standard was devised by mission integration experts that were very
well acquainted with both the LV and smallsat rideshare perspectives. Therefore, the contributors were the most
congnizant of the particular challenges and issues that increase or decrease mission complexity and risk due to
rideshare spacecraft. This is precisely why mission integrators are the most suited to lead the development of interface
standards. Standards devised by mainly the LV community are most likely biased towards more severe requirements
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on rideshare spacecraft because the LV providers are wholly focused on the overall mission success of the primary
spacecraft the safety of the rocket itself. Therefore, these standards tend to overly constrict the developmental trade
space for the smallsat rideshare spacecraft. Conversely, common standard requirements developed by the smallsat
APL providers will tend to allow the greatest amount of flexibility in the rideshare spacecraft design in terms of
technical requirements, developmental timelines, and mission operations and orbital parameters. Thus, common
interface standards should be devised by the entity that must balance the desires and requirements of the two sides of
the interface: The mission success and safety of the LV and the other spacecraft in the manifest versus the greatest
amount of mission and design flexiblity for the smallsat rideshare APLs. This neutral third party is the rideshare
mission integrator of the single rideshare spacecraft or the aggregate of several APLs on a single manifest.

Despite the many strengths of the ESPA system and its associated RUG that serves as the industry standard for
smallsats up to 180 kgs (400 lbs), the ESPA system by itself does not assuage the coupled loads concerns discussed
at length earlier. However, enabling technologies are emerging from the interface hardware and mission integration
industry to complement the ESPA system to address issues like the CLA alignment issue between the rideshare
spacecraft and the primary mission.

As a specific example, TriSept Corporation, in conjunction
with Moog CSA Engineering is developing the FANTM-
RiDE™ dispenser system to specifically address all of the
mission integration and technical concerns that dissuade
LV and primary spacecraft providers from allowing
rideshare spacecraft on their missions, to include the
coupled loads dillema. The FANTM-RiDE system, with
the dispenser depicted on an ESPA ring in Figure 8,
addresses the key concerns of the LV and primary SV
communities with respect to rideshare by providing four
major features.

Figure 8. FANTM-RIDE with Representative APL

First, it is comprised of a containerized dispenser that Rideshare Spacecraft on an ESPA Ring,

provides the assurance that in the unlikely case that a
smallsat APL component breaks off of the spacecraft during launch, the debris would be captured within the dispenser.
Currently, the FANTM-RIiDE system allows for one or several spacecraft to be loaded within an available volume of
24 in by 24 in by 32 in space with a mass availability of 240 Ibs (108 kg) for one or more APLs. Containerization also
enables the integration of potentially more than one spacecraft per dispenser, further dividing up the launch costs
among the ridesharers.

Additionally, the dispenser’s most salient feature is that it can be “mass-tuned” so that the mass properties of the
dispenser can be manipulated so that every FANTM-RiDE dispenser will have the same overall mass and center of
gravity (CQG), regardless of the number, shape and size of the spacecraft that fit within the dispenser. This specifically
addresses the coupled loads concerns mentioned earlier because a LV provider can execute their preliminary CLA
once for the dispenser as NRE, and then never have to re-execute final verification CLAs for that dispenser
configuration again because the mass dynamics properties will remain unchanged despite the configuration or number
of spacecraft within the dispenser.

This mass tuning feature is a perfect example of allowing the adapter hardware and mission integrators define a set of
standard requirements instead of defining them with respect to the direct LV interface to the APLs. FANTM-RiDE’s
mass tuning capability allows a static configuration to the LV provider, i.e., the overall mass and dynamics properties
will not change for each dispenser, even between mission to mission. Therefore, it inadvertantly creates a psuedo-
standard interface to the LV, in complement of the ESPA RUG requirements. FANTM-RiDE’s capability to become
a transparent “phantom” to the LV and other spacecraft in the manifest perfectly complements the ESPA system.

Likewise, the requirements that will be defined in the FANTM-RiDE user’s guide and associated ICD will provide
adequate bounds for smallsat rideshare spacecraft designs, while allowing a much greater flexiblity in design flexibilty.
Unlike the P-POD or similar CubeSat dispenser systems, FANTM-RiDE’s size, containerization, and mass tuning
capabilites allow greater flexiblity in the physical dimensions and mass properties of the contained rideshare
spacecraft, especially since the overall mass properties will be tuned to the standard mass and CG. For instance, this
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allows for more allowances for protrusions for deployables and antennas, as well as the potential to allow propellants
and pressure vessels to be carried without further risk the other spacecraft in the manifest because of containerization.

FANTM-RIDE’s third feature of a stand alone architecture further enables transparency to the LV and primary SV.
Basically, FANTM-RiDE’s dispenser contains all of the necessary commodities to sustain and deploy one or numerous
smallsats from each dispenser. These include independent battery power for trickle charging of spacecraft, and an
independent sequencer system that can trigger numerous events and deployments for a single dispenser. This allows
for a single, standard electrical harness for the dispenser, common to all LVs, that will receive a dual redundant
separation signal from the LV when they are allowed to begin deployement of the APLs. Further, the mechanical
interface is a 15 in circular bolted interface that has become standard throughout the international space industry
because of the ESPA system. Therefore, the FANTM-RiIiDE dispenser can be integrated on any interface that can
accommodate the mass and CG of the dispenser, not exclusively on an ESPA ring.

The final FANTM-RiDE system feature is total mission integration. This provides a comprehensive “concept to orbit”
turnkey rideshare solution. With FANTM-RiIDE, TriSept mission integrator will guide all APL rideshare provider
through the entire mission integration process, from launch opportunity selection and manifesting, contracting,
documentation development, verification, validation, test, integration, launch and on-orbit operations.

All in all, the FANTM-RIDE system will create a set of standard requirements that appeal to LV and primary SV
providers due to the invariability of CLA contributions and the non-interference, transparent nature of the system.
Basically, FANTM-RiDE allows for a decoupling of the mission integration timeline of the primary mission from the
rideshare spacecraft, enabling smallsats to enter and exit the manifest without perturbing the overall mission.
Additionally, the requirements should widely appeal to smallsat providers because it provides a greater level of
technical design, programmatic, operational, and schedule flexiblity. Other technological and methodology
innovations akin to FANTM-RiDE, P-POD, and ESPA will further enable more frequent and lower cost launch
opportunities for smallsats.

Promulgating Organic Industry Standards

In many of the examples provided thus far, many of the APL spacecraft to LV interface requirements have
“unintentionally” become standards for much of the international space industry. For instance, the ESPA RUG
requirements have organically propagated as the industry standard not as a result of a body of government
representatives in a vacuum, purposefully intending to create a universally accepted common standard interface.
Instead, the government, with interaction with the commercial space industry, worked to define a set of requirements
that would enable the widespread use of the ESPA system on US Government launches. Organically, these
requirements have become the “rule of thumb” for spacecraft design and interface requirements for applications
outside of merely ESPA and US Government missions.

Therefore, the smallsat industry should look to the most effective and widely accepted interface hardware systems and
mission integration requirements to realize common interface standards. This provides the greatest potential for wider
adoption and utilization than a top-down approach of a standards organization pushing down standards for the
international community to adhere to. This also ensures that the requirements are more contemporary to the most
current technologies and practices employed by the smallsat industry.

A strong analogous example of this is Apple’s iOS construct and its associated hardware systems. The popularity of
Apple’s intuitive user interface, hardware features, ergonomics, aesthetics and reliability has resulted in over 800
million iOS devices sold as of June 2, 2014, according to an article on Mashable.com.?' Although highly proprietary,
these 10S devices’ interfaces with other hardware and software systems and applications have driven numerous
industry standard requirements and protocols. For instance, Apple’s proprietary Cocoa Touch programming
framework has been utilized to drive the development of over 1.3 million applications (apps) and third-party software
programs as of September 9, 2014, according to the Wikipedia entry for i0S.3? Furthermore, the devices’ proprietary
hardware interface requirements have driven a multi-billion US dollar third-party market of hardware devices and
products, such as protective cases, keyboards, docking interfaces with audio systems, and even devices like home
thermostats and lighting systems, and golf swing analyzers. Additionally, Apple’s signals protocols, such as their
AirPlay feature, allows for i0OS devices to stream music and video to a large number of third-party audio and visual
systems that must comply with the AirPlay design protocol requirements. All of these devices and apps must strictly
adhere to Apple’s proprietary interface requirements to work with iOS device. However, the consumer electronics
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industry has widely accepted and adopted Apple’s interface requirements to capitalize on the high popularity of
Apple’s 10S devices. Apple did not intend to directly codify a set of interface requirements for all mobile devices.
Instead, they focused on creating strong interface requirements for only their products, which have dominated the
consumer electronics industry around the world.

Similarly, the CubeSat and associated P-POD’s simple, low-cost, effective, and low-risk form factor and interfaces
have played a large role in the international assumption of the standard interfaces of the CubeSat paradigm. Again,
the CubeSat program did not directly intend to create a common standard interface when it devised its requirements.
Instead, it defined the requirements for maximum acceptability by the LV and Picosatellite provider community, which
then organically evolved into the industry standard for 1 to 10 kg spacecraft. As a result, there are numerous launch
opportunities for CubeSats, to include launches from the International Space Station and standard locations directly
on boosters themselves.

SUMMARY AND SPECIFIC RECOMMENDATIONS

The international space industry needs reform to break free from the bonds of developing extremely expensive satellite
systems that require the highest levels of reliability, which drives excessively high launch costs with highly
conservative reliability requirements to deliver these costly systems to orbit. Smallsat technologies could potentially
propel the industry to a healthier state of lower complexity, less expensive, yet mission-effective space architectures
and more frequent and lower cost launch opportunities for spacecraft of all sizes. As asserted earlier, the smallsat
industry is a the cusp of helping to break the destructive cycle of the current space development and acquisition
paradigm if allowed more numbers of launch opportunities at a more affordable price point made possible from
rideshare missions. Additionally, if the smallsat industry can recognize and widely adopt interface requirements from
strong interface hardware systems and mission integration methodologies to realize a set of organically derived
industry standards, ridesharing opportunities will only increase for missions around the global market.

The smallsat industry should look to the phenomena surrounding the development of the industry standards brought
about by CubeSats, P-PODs, and ESPA to glean lessons on how to recognize interface standards for rideshare
spacecraft to LVs from strong interface hardware solutions and mission integration practices. Furthermore, the
industry would benefit from a careful study of analogous interface standard developments of non-smallsat systems,
such as Apple’s iOS devices. Finally, international smallsat providers should seek out and explore the strongest
interface hardware systems and mission integration providers to find more lower cost launch options that will a set of
common industry standard requirements for the interface between the rideshare APLs and the LV to organically
emerge. New technological and integration methodology innovations that enable smallsat rideshare access to space
will highly benefit the entire international space industry. Change must occur now to exploit the current opportunities
to significantly change the international space industry for the better.
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ABSTRACT

The Mars Sample Return (MSR) mission is the number one goal for Mars planetary science and will present a major
milestone in the exploration of the solar system. Despite the scientific instrumentation brought to the surface of Mars by
previous and planned missions, studying unaltered Martian materials using the huge array of sensitive scientific
equipment on Earth may result in a paradigm shift in planetary science, helping to answer questions about the nature of
Mars, its formation, and the possibility of life on another planet. Various mission architectures are under consideration,
and are evolving. All such mission concepts have a common fundamental requirement - the launch of a sphere -
containing the collected soil samples and of the size of a football - into Mars orbit and its retrieval performed by a pre-
existing orbiter. This sphere, Sample Container (SC), must be found thousands of kilometres away, approached, and then
captured to be further packaged before its return to Earth. This complex sequence of operations must be done almost
completely in an autonomous way, due to the typical delay in Earth-Mars communications, and the whole success of the
MSR Mission relies on its successful performance. For this reason, this represents a major risk that must be mitigated
before the mission actually begins. Previous studies have investigated some of the key aspects relevant to this
rendezvous and capturing sequence, but they have also immediately showed the limitations in what can be actually
tested/replicated on-ground and/or during parabolic flight/drop tower campaigns.

This paper describes how a low cost In-Orbit Demonstrator (IOD) can be used to validate this mission critical
development, and pave the way for future autonomous in-orbit rendezvous missions. The defined mission was aimed at
providing a cost efficient demonstration of key technologies such as long range optical detection, autonomous GNC for
rendezvous & capture of uncooperative target, capture and securing of the free-flying Sample Container, and on
understanding their applications on similar missions, e.g. debris removal.

A clear definition of the main mission objectives and of the associated benefits in terms of risk mitigation and TRL
improvement has been derived, together with an overview of the mission architecture and of the full operations concept
to be implemented. One of the most critical aspects that have been assessed is to verify the representativeness of a low-
cost IOD with respect to the actual Mars Sample Return mission (which will likely be a multi-agency endeavour due to
the complexity and overall cost). This has been demonstrated by identifying the main commonalities and differences
with the MSR mission and environmental parameters, and how those shall be addressed in order to guarantee useful and
reliable results. In support to these analyses, a phase-0 design of the sample capture payload has been performed,
including a preliminary selection of potential platforms, launchers, and ground segment strategy, and a preliminary
estimation of the main engineering budgets. This allowed demonstrating the feasibility not only from the technical point
of view but also by ensuring to implement a low cost mission.

KEYWORDS: [In-orbit demonstration, Payload and platform technologies, International programmes and
cooperation]
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The development of space assets is nowadays
experiencing a significant need for the introduction of
novel and disruptive technologies aimed at improving
the achievable performance. Telecommunications
satellites are designed to improve the surface coverage
and the type, quality and amount of data that can be
transmitted from the orbit. Earth Observation satellites
need to accommodate advanced payload for gather more
and better information about the Earth and monitor its
special features (winds, ocean currents, etc.).
Exploration spacecraft are designed to gather
information about the solar system and the universe,
every time facing new challenges requiring the
development  of  specific = hardware/technology
sometimes even existing only as a concept/idea.
However, the novelty/complexity of such new
technologies can require the implementation of
expensive test campaigns, which may significantly
affect the budget of a mission. Therefore, it becomes
mandatory to develop the capability to perform test as
early as possible in the mission, with the aim of de-
risking those technologies and reducing their potential
impacts on technical feasibility, costs and schedule.

In such a frame, In-Orbit Demonstrations (IODs) have
represented a valuable mean for enabling this capability.
IODs are nowadays used to validate technologies and
products, allowing them climbing in the TRL ladder and
getting flight heritage for use in main stream projects
usually remaining within reasonable costs. Important
examples are represented by the PROBA-1 and
PROBA-2 missions that, despite their limited budget,
allowed the demonstration of several novel
platform/payload experiments now flying on operational
missions.

Although this advantage is quite clear and
straightforward for the development of technologies for
Earth orbit, it is also true that to perform an in-orbit
demonstration of a technology for an exploration
mission poses a new challenge: the environment
representativeness. In fact, it is difficult to justify that a
technology aimed at operating in Mars orbit can be fully
demonstrated with a mission in Earth orbit.
Nevertheless, there are cases where this can be not only
made possible, but also provide additional advantages.

A strong example is provided by the ESA “Mars
Sample Return In-Orbit Demonstration” Study. This
Study has been performed in the frame of the ESA’s
General Studies Programme (GSP), and was aimed at
investigating the opportunity to demonstrate in Earth
orbit some of the key critical technologies of the actual
Mars Sample Return (MSR) Mission foreseen for the

next decade: autonomous rendezvous and capture of an
uncooperative target. The demonstration of such
technologies was already discussed in previous studies
of the MSR Mission, but the actual demonstration was
planned to occur in MSR orbit. This would guarantee to
be very representative of the mission environment, but it
would significantly increase not only the risks (i.e. it is
still a mission occurring in Mars orbit, with limited
control from Ground), but also the effort in terms of
development time and cost.

Successfully completed in the last May 2014, the MSR
IOD Study led by Airbus DS UK provided a potential
alternative low cost solution to this problem,
demonstrating that those technologies can be validated
up to some extent also with an Earth orbit mission. This
is because the key parameters that drive the
performance of the investigated technologies have been
thoroughly understood and their value is fully in line
with the one expected in the actual MSR Mission.

The resulting advantages to such a

demonstration in Earth orbit are:

perform

e Close capability to control/monitor the mission
data and performance - some of the post
processing operations can be performed on
Ground, in a cheaper and quicker way than in
the Mars orbit case, this reducing operations
cost and the impacts on the onboard HW/SW
without affecting the representativeness,

e Low mission cost = an Earth’s orbit represents
a less challenging environment with respect to
a mission to Mars. Standard platforms can be
used, as well as off-the-shelf/existing
technologies. Moreover, several launch
opportunities (i.e. piggy-back or secondary
payload) are available, which helps in reducing
the launch cost,

e Synergy with other similar missions -
rendezvous and capture technologies are
applicable to various other missions (i.e. debris
removal),  which  would  significantly
beneficiate of this demonstration,

e Adoption of lean and novel approaches for
hardware manufacturing/ software
development may allow for cost reductions and
shorter schedules.

The following sections of the paper will provide an
insight of the major outcomes of the Study, clarifying
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the benefits and the importance in promoting such kind
of missions.

II. BACKGROUND: THE MSR MISSION

As explained in the previous section, the Mars Sample
Return Mission has been largely investigated during the
last two decades, with several architecture concepts that
have been proposed and analysed in-depth. During those
studies, several critical technologies have been
identified, some of which are currently under
development. However, there are technological areas
that, despite the efforts, still lack available data for
calibrating/validating the developed models/simulators.
Those technologies require an additional step for
reaching a level of maturity/risk that is acceptable
enough to make the main mission feasible.

The main objective of the MSR Mission is to collect
samples of Martian soil and to safely carry them back
for enabling in-depth analyses by the more powerful and
advanced instruments equipping terrestrial laboratories.

In the most up to date architecture concept, the MSR
mission can be divided in three main consecutive stages.
Each of them is separated from the previous one by a
gap of two years, allowing for a specific relative
position/alignment between Earth and Mars for reducing
transfer time and relax propulsion requirements. Briefly,
the three stages envisage the following:

e Delivery of a Sample Caching Rover (SCR)
aimed at collecting samples on Martian surface
in a selected site,

Delivery of an Orbiter in Mars Orbit aimed at

providing communication/navigation services to

surface assets, and hosting the Earth Re-Entry
Capsule as well as the rendezvous and capture
equipment,

Delivery of a spacecraft on Martian surface in-
cluding a lander, an ascent vehicle (MAV), and a
Sample Fetching Rover (SFR). This latter is
aimed at retrieving the SCR, taking the cache
containing the samples and carrying it back to
the lander site. Here, the cache is accommodated
inside a Sample Canister (SC) that is stored in-
side the MAV. Once the SC is filled and sealed,
it is delivered in Mars Orbit by the MAV. There-
fore, the Orbiter detects the SC and then per-
forms a rendezvous trajectory to capture it. Once
captured, the SC is stored in the ERC and the re-
turn journey to Earth is performed.

In such complex sequence of operations that spans
within a timeframe of about 6 years, one of the most
critical operations is the “detection, rendezvous and
capture” of the Sample Canister (see the following
figure). This is a high risk manoeuvre affected by large
uncertainties on:

e The altitude (and up to some extent the inclina-

tion) at which the Sample Canister is (success-
fully) released by the MAV after departure from
Mars surface,
The capability of the Orbiter to detect a free-fly-
ing, non-cooperative, very faint (magnitude is es-
timated to be about 13, TBC), and distant
(>1500km) object as the Sample Canister while
in Mars Orbit.
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Figure 1: The actual MSR Mission

Those uncertainties and the risk of failure in capturing
the unique Sample Canister, which would mean to fail
the whole 6-year mission, require a robust and safe
approach to increase the success probabilities.

III. THE TECHNOLOGIES
DEMONSTRATED

Taking into account the described background, the MSR
10D Study investigated the opportunity to raise the TRL
of the following technologies:

TO BE

e Long-range optical detection

e Autonomous GNC for rendezvous & capture of
an uncooperative target

e Capture mechanism

Long-range optical detection

The SC optical detection represents one of the main
challenges of the overall MSR rendezvous operations.
Detecting a very small and faint object from up to
1500km and discriminate this object against other
bodies (e.g. stars, moons of Mars, etc.) requires a
dedicated camera as well as state-of-the-art image
processing algorithms. In the far range, the Sample
Canister represents a discrete point object similar to a
star. Its magnitude (up to 13 TBC, depending on the
actual detection distance, Sun phase angle and Sample
Canister design) makes it difficult to be detected

because of the poor signal to noise ratio and because of
the great number of objects of the same size and signal
(typically about 2,000 stars in a 5 degree field of view,
far more in worst cases) appearing within the camera
Field of View (FoV). In the actual MSR mission, the
Sample Canister is designed to house an RF beacon,
while an RF sensor accommodated on the Orbiter is
used to support the detection phase and to provide RF-
based measurement for the whole rendezvous.
Moreover, a Narrow Angle Camera (NAC) is also
required in order to cope with the visual detection
requirements. This allows for a single failure tolerant
system.

The mission proposed in the MSR 10D Study envisages
implementing the same type of sensors, i.e. a NAC and a
RF sensor, in order to provide the same functional
redundancy given by the two different methods and to
guarantee the representativeness with the real mission.

At the same time, the image processing algorithms
currently used for detection of very faint objects are all
based on the a priori knowledge of the type of
movement of the object to be detected. There are mainly
two types:

e Algorithms based on the difference of angular
rate between the target and the other objects: if
the spacecraft is pointed towards the target, all
moving objects are removed from the image. Al-
ternatively, if the spacecraft pointing is stable
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with respect to the celestial vault, all fixed ob-
jects are rejected.

e Algorithm based on the trajectory of the object to
be detected: if the trajectory of the object is
known (position in the FoV = f(time)), only ob-
jects with the expected trajectory are selected.

Figure 2: Example of faint object detection in a
motion-blurred star field. Here, detection of an
asteroid with a ground-based telescope.

Previous studies allowed the consolidation of those
image processing algorithms taking into account various
effects as star background, radiation environment,
straylight, parasitic objects (e.g. Mars moons), detector
and camera optics modelling. However, all the
performed analyses relied on simulated images and
experimental data, while the actual in-orbit images are
still lacking.

This can be fulfilled with in-orbit acquisition through
the 10D mission

The actual approach would consist in releasing the
Sample Canister from the Chaser and detecting it with
suitable algorithms. Robustness and performances of
detection algorithms for large relative distances are
demonstrated and validated also by using GPS data
acquired onboard the Sample Canister and then
downloaded after capture. In this way, the collected data
would allow reconstructing the SC trajectory and
validate the trajectory “simulated” by the algorithms.
The post processing for the long range optical detection
is foreseen to be performed on ground. This is allowed
because of the time scale of this operation (days of
acquisition), because the same approach is foreseen in
the actual MSR mission, and because it allows reducing
the requirements on the on-board processing capability.

Autonomous GNC for rendezvous & capture of
uncooperative target

In the frame of the MSR mission, the rendezvous &
capture phase requires an unprecedented level of

autonomy. In particular, during the terminal phase of the
rendezvous manocuvre, Ground close interaction is no
longer possible due to the large distance from Earth,
which causes significant delays in the communications
(~30 minutes). It becomes then mandatory to provide
the Chaser of the capability to operate autonomously,
which can be achieved thanks to the contemporaneous
use of on-board sensors and algorithms. Particularly
critical is the “last meter” operation. In fact, this is
performed in “blind” condition, completely relying on
the predictions of the SC trajectory provided by the on-
board GNC algorithms (i.e. in the actual MSR mission,
the accommodation of the GNC sensors is such that in
its last meters before entering the “capture cone” the SC
is not anymore in the sensors’ field of view). During
this final approach, it is also important to take into
account that a switch to safe mode may cause a Delta-V
that, depending on the mission thruster configuration,
may set the Chaser on a collision trajectory with the SC,
seriously decreasing the chances of mission success. For
these reasons, the rendezvous scenario must be tested
and made robust to safe-mode occurrence. In the
following figure, an alternative collision-free scenario
proposed during the past Mars NEXT Study is showed.

Orbiting
Sample Collision PR

risk ’°
Orbital. 4

motion

Initial
Classical trajector hold point .
) v OS orbit

Safe mode

AV 2 cm/s Real trajectory
RN (with GNC errors)
Y R4 TRAA ,
. v
\._" LN - \\\

Collision free trajectory

after safe mode Drifting orbit

Final hold point Secure trajectory on a drifting orbit

Figure 3: Collision-free scenario proposed in Mars
NEXT Study

Finally, in addition to the above contingencies, the
capability to resume the rendezvous scenario must be
ensured to allow re-attempting in case the capture fails.
Nowadays, in orbit autonomous rendezvous & docking
but with a co-operative target has been already
performed (e.g. ATV mission) in Europe. On ground,
autonomous GNC rendezvous has been instead
demonstrated in the frame of the HARVD study by
performing  software and  hardware-in-the-loop
simulations.

The relative navigation represents then a critical step for
the successful performance of the actual MSR mission,
in particular for such level of autonomy and accuracy,
and it is of primary importance to demonstrate the
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robustness of the proposed algorithms/approach with
respect to the conditions of the space environment.

The MSR IOD Study proposed to demonstrate and
validate the image processing required to track the
Sample Canister and the navigation filter able to fuse
vision-based and inertial measurements (e.g. IMU and
Star Trackers). At the same time, FDIR and capability
to compute anti-collision manoeuvres in real-time will
be also demonstrated.

The autonomous GNC for rendezvous & capture of an
uncooperative target therefore encompasses several
challenges, all to be addressed in this [OD mission:

e Autonomous GNC during the final approach
phase, encompassing hop manoeuvres and forced
translation, until start of the free-drift phase
Autonomous collision avoidance

Free-drift and capture

Capture mechanism

The last critical technology of the MSR mission that has
been here considered for the MSR IOD Study is the
Capture Mechanism. This element is aimed at actually
“capturing” the Sample Canister when this latter is
flying close to the Chaser. The capture phase is critical
because, as explained above, it is performed in “blind”
condition, so only on the basis of the predictions of the
Sample Canister trajectory provided by the GNC
algorithms. In fact, during the terminal phase, the SC is
so close to the Chaser that it is not in the sensors’ field
of view and it is detected only once it is inside the
capture cone and it is passed through a set of detection
sensors. After the SC detection, a device (i.e. a robotic
arm) is used for retaining the Sample Canister bouncing
against the capture cone walls and preventing its loss in
space. As for the rendezvous, this operation has to be
performed in an autonomous way, without any Ground
intervention, due to its very short duration with respect
to the communications delay. At the moment, in Europe
the development of such a mechanism is ongoing,
including ground and parabolic flight testing. However,
the SC dynamics during capture represents a critical
aspect that cannot be fully simulated on-ground
(because of the need of a 6 DOF SC) or on a plane
(because the time for the test is not compatible with the
whole duration of the capture). Finally, while a number
of docking mechanisms have been used in space, none
has been operated yet on a non-corporative target of

such a small scale as the intended Sample Canister (~10
to 23cm).

The MSR 10D mission is designed to allow testing the
“last meter” in space, focusing in particular to the
coupling between the design of the capture device and
the achievable GNC performances at the end of the
forced translation phase.

Taking the above into account, the MSR IOD Mission is
aimed at replicating, demonstrating, and validating up to
some extent the full End-To-End Rendezvous and
Capture Scenario of the actual MSR Mission, allowing
increasing the maturity of some of its most challenging
technologies/operations. A successful 10D  will
significantly reduce the high risks associated with such
a manoeuvre and increase the probability of mission
success.

IV. MISSION DESIGN

The MSR IOD Mission lasts about 2 years and
envisages as primary demonstration the performance in
Earth orbit of the end-to-end rendezvous and capture
sequence. Therefore, a secondary demonstration is
performed with the goal to demonstrate the capability to
perform rendezvous and, potentially, approach and
capture a piece of debris having a size similar to the
Sample Canister. Finally, the last period of the mission
is dedicated to conclude some guest experiments hosted
on the platform or to actually enable their performance,
depending on the resources still available.

A summary of the sequence relevant to the primary
demonstration is represented in the following figure.

After launch, insertion in a Sun-Synchronous Orbit at
around 700km altitude, and LEOP, the actual primary
demonstration starts with the release of the Sample
Canister. Therefore, the Chaser moves reaching a higher
altitude (about 40km higher) in order to get in a
condition similar to the one expected during the actual
MSR Mission. Once there and once the desired distance
between the Chaser and the Sample Canister has been
reached, the Chaser uses its RF beacon receiver and the
Narrow Angle Camera to detect the Sample Canister.
The duration of the search phase can vary depending on
various parameters, among which the altitude difference
between the Chaser and the Sample Canister, and the
orbit altitude.
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Figure 4: The MSR IOD Primary Demonstration Scenario

After at least two to three detections, the Chaser
progressively reduces its orbit getting closer to the SC
until the short range sensors, i.e. Wide Angle Camera
and LiDAR, can be used. While during the performed
search phase the ground provide support for what it
concerns the image processing capability, during the
approach phase this can be done autonomously on-
board. This is called “forced translation” phase, and it
ends once the Sample Canister is too close and it is
practically not anymore in the sensors’ field of view”. In
this case, a free drift phase is allowed until the SC is
inside the cone where it is captured and secured.

Representativeness vs. actual MSR Mission

A major issue in planning such a mission was to
guarantee the highest representativeness of the obtained
results.

The following table reports a brief summary of the main
MSR Phases and of how the MSR IOD Mission
matches them during the actual demonstration.

Sample
Canister

Chaser

Table 1: MSR Phases and those that are to be
demonstrated via the MSR IOD mission

MSR Phase

MSR 10D

Notes

Search Phase

Smaller difference
between Chaser and
SC orbits

Approach Phase

Chaser and SC are on
orbits with the same
inclination (this
mainly impacts the
delta V requirements)

Re-Acquisition
Phase

Reduced impulse
manoeuvre
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MSR Phase MSR IOD | Notes

VBar Hops Fully demonstrated
Phase and v

Terminal Phase

Free Drift Phase / Fully demonstrated
Capture v/ Fully demonstrated

The above table shows that several aspects of the actual
MSR Mission are demonstrated, with as main limitation
the reduced altitude difference between the Chaser and
the Sample Canister. Such a difference was necessary in
order to be compliant with the limited amount of
propellant available onboard of the selected small
platforms. However, this is still representative of the
overall system behaviour (just with smaller delta V).

Taking this into account, an in depth investigation was
then performed during the study to understand how the
chosen orbit(s) was impacting the representativeness
with respect to the MSR Mission. In particular, the
focus was given to the following aspects:

e Detection of a very faint object at far range
e [llumination conditions different from Mars Or-
bit
Regarding the first aspect, three main factors were taken
into account:

1. Sample Canister Signal To Noise Ratio (P1):
the Sample Canister can be detected if the signal
received at detector level is sufficiently high with
respect to noise sources

2. Sample Canister motion (P2): the sample
canister is more easily detected when its apparent
motion in the image is slow, allowing accumulation of
the signal over several images.

3. Background stars distribution and motion
(P3): the canister is expected to have a magnitude
between 10 and 14. The density of stars of comparable
magnitude in the field of view is high, causing
additional noise, possible confusion and even possibly
masking the canister signal.

Assuming to perform a mission in a Low Earth Orbit,
and investigating the sensitiveness of the above defined
parameters with respect to the changed environment,

two scenarios were proposed for which the
representativeness was guaranteed. One called “true
scaling”, requiring no modification on the sensors
design/performance, and one called “low delta-V”,
ensuring the performance of the mission with a reduced
spend of delta-V but implying to modify the used
sensors. It has to be said that the modification on the
sensors was not considered as impacting the
representativeness of the mission as this is instead
driven by keeping constant the three discussed
parameters: P1, P2, and P3. Taking also into account the
constraint on the available delta-V, the second scenario
was finally chosen to be implemented in the MSR 10D
mission.

Another important aspect was related to the illumination
conditions to be considered. In this case, the idea was to
enable the possibility of testing the sensors in the
highest variability of the illumination conditions on the
Sample Canister. This, together with the need to choose
an orbit characterised by a high launch rate (since IOD
is expected to be secondary payload), has driven to
choose a Sun-Synchronous orbit with a local time of
9:30h.

V. PAYLOAD DESCRIPTION

The Payload of the MSR IOD Mission is composed by
two main elements:

e the Capture Mechanism
e the Sample Canister (x2 for redundancy)
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Figure 5: The Payload of the MSR IOD Mission
accommodated on one of the investigated small
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platforms (i.e. SSTL-150 Platform). One of the two
Sample Canisters is not visible as it is accommodated
inside the Capture Cone

The Capture Mechanism is accommodated on top of the
Platform and is equipped with a specific suite of
instruments required in order to achieve the defined
demonstrations. Its main functions are:

to release the Sample Canister

to detect the Sample Canister during the long
range demonstration

to reconstruct the Sample Canister trajectory in
order to get closer to it

to perform the final rendezvous with the Sample
Canister

e to capture and secure the Sample Canister.

The Sample Canister instead has the size of a football
sphere, i.e. 23cm diameter, and it is a mock-up of the
spacecraft that in the actual MSR mission will host the
Martian soil samples and will be delivered in Martian
orbit by the MAV for its capture. In the MSR IOD
Mission, it is released from the Platform/Capture
Mechanism once the demonstration begins. Its main
functions are to provide a RF beacon signal to support
the long range detection and to survive in space until
capture.

An important aspect that has been driving for the design
of those elements was the definition of the required
GNC sensors. In fact, their selection was made bearing
in mind the level of representativeness to be achieved
with respect to the actual MSR Mission, the cost
associated with their development, and the current
uncertainties relevant to their design. Moreover, the
share of the AOCS/GNC functions among the Platform,
the Payload, and the Ground Segment was also defined
in support of the final choice. As explained above, the
same functionalities requested to the GNC sensors
in/algorithms in MSR Mission were ensured also for the
MSR IOD Mission. In particular, the decision to
perform during the search phase image processing on
ground allowed saving onboard computing resources
and reduced impacts at the platform level.

On such a basis, the following set of AOCS/GNC
components was identified:

o A Narrow-Angle Camera (NAC) for search
phase, far range navigation. Its design is specific
to the IOD Mission, but still close to the expec-
ted MSR design. Based on the current VISNAV

design,

o A Wide-Angle Camera (WAC) for short range
navigation. Several cameras are already avail-
able, including COTS cameras requiring space
qualification to already space-qualified cameras.
GPS receivers on both Platform/Capture Mech-
anism and Sample Canister; processed on ground
(no real-time) to provide reference trajectory.
E.g. the Phoenix receiver provided by DLR rep-
resents a valuable candidate,

A LiDAR sensor. Two different technologies are
available: scanning LiDAR and flash LiDAR.
Scanning LiDARs are representative of the full
MSR sensor chain (as foreseen today, but still
subject to change), but imply high mass and cost.
An interesting alternative is to use a short range
Flash imaging LiDAR. Although the operating
range of such LiDAR for space applications in
Europe is currently much shorter, such a sensor
would still allow demonstrating short range nav-
igation and collision avoidance, for a lower mass
and power penalty.

Figure 6: Some of the potential GNC Sensors: WAC
GomSpace NanoCam (on the left), Phoenix GPS
receiver (on the right)

During the Study, various configurations were
investigated, assuming an increasing level of
complexity and of cost. Such sensors were then
distributed between the Platform hosting the Capture
Mechanism and the Sample Canister.

For the Capture Mechanism, the reference design has
been based on the current development performed at
OHB-CGS in the frame of the ESA “Sample Canister
Capture Mechanism” (SCCM) Study. However, this
may change in later studies, in case additional
requirements are provided and investigations are carried
on. It includes the following main components:

o The Capture Cone Assembly. This component is
aimed at providing an envelope volume within to
capture the incoming Sample Canister, at en-
abling the detection of the Sample Canister once

located inside the Funnel, and at providing a

“Monchieri”

125

Reinventing Space Conference 2014



“hold” point to stow the Robotic Arm during
launch. It is mainly composed by a rigid funnel,
by a set of LED sensors for SC detection and ac-
commodated on the funnel, and by an HDRM to
hold the robotic arm in stowed configuration,

e The Robotic Arm Assembly. This component is
aimed at retaining, transferring, and securing the
Sample Canister during capture. It is mainly
composed by a 1DOF robotic arm able to per-
form multiple operations,

e The SC Trap Assembly. 1t is aimed at accom-
modating the first Sample Canister during launch
and, then, at hosting it during capture. The SC
Trap is made of an aluminium/CFRP cylinder,
attached at the bottom of the Funnel. The SC re-
lease could be done by using a dedicated simple
mechanism, ideally a spring, or could be guaran-
tee just by thrusting backwards the Platform, this
guaranteeing the required separation distance

In order to control the above described mechanisms, to
support the search, detection and rendezvous operations,
additional equipment is required:

e The C&DH/Comms System. It includes all the
electronics and the boards that are required to
support the described elements, together with the
OBC Software,

e The GNC Sensors. These sensors are aimed at
supporting the overall demonstration and include
one NAC, one WAC, one Flash LIDAR, and an
RF Beacon receiver,

e The Thermal Components. These are standard
MLI, heaters, and thermal sensors (thermostats,
thermocouples, etc.) that are required to guaran-
tee the survival at the space environment condi-
tions.

The Sample Canister is a football sphere size of 23cm,
and its design has been based on the one for the Mars
NEXT Study, although with some modifications. First
of all, the overall mass and the external surface were
kept similar to the SC of the actual MSR Mission, in
order to guarantee representativeness and do not impact
the GNC sensors performance. However, due to the
different environment, Low Earth Orbit vs. Mars Orbit,
the core electronics has been selected in order to ensure
the same functionalities but at a reduced cost. For this
reason, the core electronics box has been derived from
Cubesat applications.

The SC includes the following main components:

e The Structure, represented by an external shell
inside which a set of frames/rails are accommod-

ated. This shell is 23 cm diameter faceted sphere
made in Aluminium or CFRP and at its turn is
composed of two hemispheres, which are sealed
together. The external surface provides the ac-
commodation for the solar cells, the microstrip
antennas, and for the retroreflectors (in case the
use of LiDAR technology is also envisaged),

e The Power System. Solar cells are spread over
the surface in order to provide enough power to
guarantee survival and RF beacon transmission.
Cubesat EPS and batteries are envisaged for
power distribution and storage,

o The C&DH/Comms System. The OBC is derived
from Cubesat applications, while a memory is
provided to store housckeeping data and GPS
data,

e The GNC Sensors. These include 1 RF beacon
signal transmitter, a set of microstrip antennas,
which provide omnidirectional coverage, and a
GPS device keeping track of the position of the
Sample Canister while free-floating,

o The Thermal Components. These are standard
MLI, heaters, and thermal sensors (thermostats,
thermocouples, etc.) that are required to guaran-
tee the survival at the space environment condi-
tions.

Figure 7: External and internal views of the Sample
Canister. The external surface of the Sample
Canister is representative of the actual MSR Sample
Canister

VI. PLATFORM IDENTIFICATION

The Platform was selected through a trade-off process
involving several platform suppliers. The list of
platforms to be traded-off was made taking into account
the following main aspects:

e suitability with the rendezvous mission
e suitability for accommodating payload mass and
envelope
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e suitability for supporting payload needs in terms
of power and delta-V requirements

e availability within a constrained timeframe

e Jow mass and cost

Each supplier was asked to provide a specific set of
information, and therefore two platforms were selected
for investigating more in depth the potential
accommodation and integration of the designed payload
on the platform itself during dedicated workshops. The
set of considered platforms included:

e The PRISMA MANGO Platform developed by
OHB Sweden,

e The PROBA NEXT Platform developed by
Qinetiq Belgium,

e The Myriade SPIRALE/Myriade Evolution Plat-
forms developed by Airbus DS France in collab-

oration with CNES,

e The SSTL-150 and SSTL-300 Platforms de-
veloped by SSTL Ltd,

e The TET-X Platform developed by Kayser-
Threde,

e The CHEOPS Based Platform developed by Air-
bus DS Spain (former EADS CASA).

The resulting selected platforms were the PRISMA
MANGO Platform, which is still operational, and the
PROBA NEXT Platform. Those platforms were
selected because they provided a good compromise with
respect to the above listed aspects. However, the
payload was designed with particular attention to
maximise the compatibility with most of the
investigated platforms. In this way, a higher flexibility
was ensured, together with the possibility to select
another platform in case new constraints and/or
requirements occur.

VII. LAUNCHER OPPORTUNITIES

For completing the overall investigation, potential
launcher opportunities have been also identified. In this
case, the goal was to find a launch at a reasonable cost
for an in-orbit demonstration but still providing the
amount of mass and envelope required by the mission.
In such analysis, the main issue was to find a slow cost
solution guaranteeing enough envelope to host the
whole spacecraft (platform + payload), which has a
considerable size due to the specific features of some of
its component (e.g. the funnel and the robotic arm).

For such a purpose, several launchers have been
considered, including:

e Small Class (e.g. VEGA, PSLV, EuRockot,
DNEPR, SOYUZ-1),
e Medium Class (e.g. SOYUZ-ST, Cyclone-4).

VEGA Soyuz-1 Dnepr PSLV  Soyuz-ST

Figure 8: Launchers providing potential launch
opportunities

Various options have been analysed, among which the
possibility to perform:

e A dedicated launch with a small launcher, ex-
ploiting the full launcher capability,

e Shared as a primary/secondary payload or
Cluster launch (e.g. as auxiliary payload),

e Piggy Back launch, launched together with an-
other satellite which drives orbit/time of launch.

From this analysis, two launchers were preliminary
selected: VEGA in its VESPA configuration, and
SOYUZ being an auxiliary payload. These were
selected not only for their technical performance but
also because of the requirement for a European launcher
imposed by ESA. However, the analysis shown that the
IOD Spacecraft could be launched also by other
investigated launchers and potentially at lower cost.

VIII. OPERATIONS SEQUENCE

Regarding the main operations sequence, this can be
split in a set of operations/demonstrations that are
performed within the MSR 10D Mission. This includes
four main phases:

e Launch and Early Operations (LEO) Phase
e Primary MSR Rendezvous and Capture Phase

e Secondary Debris Rendezvous and Capture
Phase
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e Guest Experiment and Long-Duration Testing
Phase

(1) The LEO Phase: this phase includes the initial
orbital insertion, standard separation and initial
acquisition steps, and trim-manoeuvres to set the
platform in the approximately correct attitude for initial
testing and calibration, as well as solar array
deployment, dependant on the final platform chosen for
the MSR IOD. Telemetry and data relay can be checked
during this time, along with preliminary activation and
testing of the platform OBC. Subsystems calibration
such as gyro and pointing calibration, guide star
locating, battery conditioning, propulsion system and
thruster testing, etc., will then be performed to ensure
correct and satisfactory operation of the overall
platform. Any major issues can be mitigated or
addressed at this point. The unique payload of the MSR
10D will require switching on and confirming activation
of the main rendezvous sensors, including the Wide and
Narrow Angle Cameras (WAC, NAC), LiDAR, and RF
receiver. The capture mechanism arm will be activated
and perform an initial open-and-close cycle to both
confirm operation of the arm HDRM and motor, while
simultaneously confirming the correct operation of the
detection sensors accommodated on the capture cone. It
will also be possible to calibrate some of the camera
algorithms at this stage using bright point sources such
as known nearby satellites, the moon, and/or bright
guide stars. The Sample Canister is in effect a separate
spacecraft, and as such will require an initial systems
check. Primary systems include the on-board EPS, the
RF transmitter, and the basic OBC and system clock,
and batteries. Testing and conditioning of the secondary
batteries can begin at this point, while still connected to
the platform. This will depend on charge levels and the
predicted time-lapse until the first demonstration. Once
disconnected from the platform, charging is not foreseen
to be possible without adding additional complexity
(e.g. charge-docking mechanism, etc.). It is anticipated
that the early phase testing and calibration can take
between two and four weeks, depending on progress
and the occurrence of any unplanned issues.

(2) The Primary MSR Rendezvous and Capture Phase: -
This phase is aimed at enabling the demonstration of the
identified critical technologies. It therefore represents
the most important phase of the MSR 10D. The primary
demonstration requires the implementation of a complex
sequence of events incorporating the careful operation
and monitoring of two spacecraft, the Chaser and the
Sample Canister, the second one being non-cooperative,
over large and short range orbital distances. The
performance of those operations may require in some

cases on-ground in-the-loop control, as well as
autonomous  guidance, navigation and control,
depending on the kind of operation is performed. A
high-level, step-by-step process of the operational
stages involved in the primary MSR demonstration
phase is as follows:

v Stage 1: Initial release of SC

v' Stage 2: Demonstrate forced translation, free
drift and capture

v’ Stage 3: Demonstrate final approach
v’ Stage 4: Demonstrate far-range detection

v' Stage 5: Demonstrate end-to-end rendezvous,
from far-range detection down to capture

Within each stage, the achievement of safe-hold points
is always ensured in order to provide reference points
for starting/ending each demonstration.

The primary MSR capture demonstration is expected to
last between 6 — 12 months depending on Delta-V
allowance for repeatability and unforeseen technical
issues. The baseline envisages repeating the end-to-end
demonstration for three times, and it includes tests
under varying conditions (illumination conditions,
attitude pointing law), and a demonstration of
autonomous collision avoidance.

The above described stages are mapped below versus
the achieved demonstrations.

Table 2: The Primary MSR Rendezvous and
Capture Phase Synthesis

Demonstration Stl | St2 | St3 | St4 | St5
Data acquisition v 4 v v v
Relat.ive station- v v v v v
keeping

Capture Strategy 4 ) v
Forced Translation 4 v v
R-Bar/V-Bar hops v v
Autonomous ) v
Collision
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Demonstration St 1 St2 | St3 St4 | St5

Avoidance

Sensors Hand-offs v v

Visual Detection

and Orbit v v
Determination

RF Detection and

Orbit v v
Determination

(3) The Secondary Debris Rendezvous and Capture
Phase: - Once the primary MSR IOD rendezvous and
capture phase has been completed, the secondary debris
capture can be demonstrated. The operational sequence
will be similar to the one planned for the capture of the
Sample Canister, except that the RF beacon will remain
inactive throughout the entire capture demonstration
(this sensor cannot be used because the generic debris
cannot transmit any RF beacon signal). The operations
will begin by commanding the platform to being
manoeuvred in order to get closer to the orbit of a pre-
determined item of suitable space debris. At this point
the Wide- and Narrow Angle Cameras will be switched
on, and along with the detection algorithms, search and
isolate the targeted debris. Autonomous collision
avoidance will be tested again here, since the debris will
be irregular in shape and spinning.

The secondary debris rendezvous and capture phase is
predicted to last ~ one month depending on the
distances involved to suitable debris, and the use of the
most efficient transfer orbits to reach the target, as well
as contingency for unforeseen technical issues.

(4) Guest Experiment and Long-Duration-Testing
Phase: - The final operational phase is the activation of
the guest experiments accommodated on-board, and the
long term performance testing of both the guidance
sensors and capture mechanism. Depending on the final
guest experiment/s chosen, and particularly the peak
power required, it may be possible to begin the
experiments earlier in the mission. In the actual MSR
mission the Capture Mechanism will stay in orbit for 12
to 24 months before performing the critical capture
operation. Therefore, testing the long-term performance
of the mechanism and of the sensors, and comparing the
results against the ones obtained through ground-testing
and initial space-based performance, will be very

beneficial for understanding their robustness with
respect to the environment. Once the primary phases of
the MSR IOD have been completed, it will also be
possible to test the long-term survivability of the
Sample Canister by releasing for an extended period of
time, and simulate the full free-floating mission of the
Sample Canister in Mars Orbit as in the actual MSR
mission.

At the end of life, the platform will perform its de-
orbiting manoeuvre. The selected platforms already
foresee a specific amount of delta-V dedicated for it.

IX. BENEFITS TO OTHER SIMILAR MISSIONS

The implementation of the MSR 10D Mission
represents then an alternative solution to a Mars In-
Orbit Demonstration for the development of the
described technologies. The achieved in-orbit validation
would allow gaining sufficient confidence before their
implementation on the actual MSR Mission.

However, the benefit of their development would not be
limited to the increase of their TRL, but it would be also
spread to other missions that have strong synergies with
the MSR rendezvous and capture operations. An
example is given by the Active Debris Removal (ADR)
missions, where the GNC technologies identified for the
MSR IOD can be largely reused applying similar
operations strategy. In fact, while long-range optical
detection is not a required technology for ADR as debris
orbits are already roughly known from the Ground
observations, the image processing and navigation filter
may still be used to refine the knowledge of these orbits
thanks to the accuracy reached through optical means.
Furthermore, although a reduced level of autonomy may
be accepted for ADR missions, autonomous GNC for
rendezvous of uncooperative target remains fully
applicable to ADR missions.

There are at least five main categories of missions
where the technologies advanced thanks to the
implementation of the MSR IOD mission will provide
significant benefits:

1. Near Earth Asteroid (NEO) sample retrieval

2 LEO debris removal

3 Lunar/Mars-satellite sample return

4. Full Mars sample return mission

5 Automated docking of small-medium satellites
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Further investigations should be made to understand
other potential synergies and to create future mission
opportunities.

X. ACHIEVEMENTS AND CONCLUSIONS

The above sections reported the main outcomes of the
MSR I0D Study. The Study has successfully
demonstrated the feasibility of a low cost demonstration
in Earth orbit of some of the most critical technologies
of the MSR Mission. The resulting spacecraft has a
mass ranging between 200kg and 300kg, including a
payload of about 50kg, and can be launched as
secondary payload into a Sun-Synchronous Earth Orbit.

During the Study, both design and operational aspects
of the actual MSR Mission and of the MSR IOD
Mission have been investigated and compared in order
to not only better understanding them, but also to
provide solutions for their mitigation and for increasing
the mission success probability. Moreover, particular
attention has been given to the achievable
representativeness and level of fidelity with respect to
the actual MSR Mission scenario to guarantee the
validation of the results.

The depicted scenario may change depending on the
imposed requirements, and taking into account also the
changes that the MSR Mission itself may have in the
future, but it is still applicable also to the
demonstration/performance of other similar missions. In
particular, an interesting outcome is the possibility to
setup a low cost “flying” (IOD) testing facility, which
could support the development of future applications

Summarising:
e The Assessment of a Mars Sample Return In Or-

bit Demonstration has been performed success-
fully demonstrating its Feasibility
The Technologies to be demonstrated have been
identified and analysed in—depth, taking into ac-
count

v Benefits of demonstrating them in orbit vs.

on ground

v’ Representativeness vs. actual MSR
The Overall Mission Architecture and Opera-
tions Concept have been defined, also identifying

v Compatible Platforms

v" Launcher Opportunities
The Phase-0 Design of Main Payload Elements
has been performed, including a first assessment
of the Programmatic & Cost Aspects

As future step of this study, a follow on (Phase A Study)
would be now necessary to further define the mission
and provide better cost figure (here estimated as well
below <100ME, including launcher).
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ABSTRACT

As the SMALLSAT and NANOSAT communities advance space technology, a communications evolution must
also begin. The infrastructure to effectively maintain, monitor, command, and communicate with a satellite requires
resources. Historically, this communication link was accomplished by a dedicated ground site with a dish antenna,
which provides limited daily access, requires dish operation, and is limited to a single satellite at a time. Although
satisfactory for the traditional large satellite architecture, small satellites will break this paradigm as their numbers
increase. The value in small satellites may not be in their individual performance, but rather in their numbers. As
the number of SMALLSATS and NANOSATS increase from hundreds to thousands of satellites, dedicated ground
sites will be rendered ineffective. This paper offers a concept that utilizes existing cell phone technology and a
modified cellular infrastructure to revolutionize communications for all satellites. This novel approach will
significantly advance satellite technology by providing access to space for academia and entrepreneurs, while off
ering the military unconventional access to perform its mission.

KEYWORDS: [Satellite ICE Communication Cellular NANOSAT]

PROBLEM

With the proliferation of SMALLSAT and NANOSAT satellites, the usual method of communicating with satellite
systems, that is, using dedicated ground stations with dish antennas is rendered ineffective. This method provides
only limited daily access, requires dish operation, and is limited to a single satellite at a time.

SOLUTION

The solution is very simple: modify existing cellular towers to provide a fixed upward pointing narrow beam
antenna. A single cell tower provides limited communication access, but distributing these antennas over
appropriately spaced cell towers provides overlapping coverage spanning large areas of arbitrary size (Figure 1).

Figure 1 — Illustrates Overlapping Coverage

The goal is to integrate satellite communications into the existing cellular networks and break free from the legacy
ground station concept, offering a new Integrated Communication Environment (ICE) for all future satellite
programs.
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Satellite ICE Module

Many of today’s SMALLSAT and NANOSAT satellite systems use smartphone technology for onboard data
processing based on size, sophistication, and needed capabilities. ICE leverages the communication capability of
these powerful devices to transmit and receive data to and from the satellite. As the ICE communication technology
advances, waiting hours to access the next available ground site will become history and watching live streaming
video from space will become the norm.

Smartphone technology is currently being considered for the operating system on many of these new small satellite
applications (Figure 2).

Figure 2 — DROID™ Integration into Satellite Technology

Although this technology has greatly evolved over the past decade for terrestrial use, some modifications are
required for a satellite communication implementation. The link budget analysis points to increasing transmit power
and adding a downward pointing directional antenna as two variables that can be adjusted in order to secure the link.

ICE Cell Tower

Current cellular towers are dedicated to providing the necessary coverage for terrestrial communication through
antennas aimed at the horizon. ICE requires that a directional upward pointing antenna be integrated on existing cell
towers (Figure 3).

Figure 3: Zenith Antenna Integration

Based on the particular cellular network and available transmit/receive frequencies, an antenna configuration can be
designed to provide the required orbital footprint at Low Earth Orbit. For this analysis, we assume a 300 km altitude
orbit. A 4G network operating at 4 GHz requires a 25 cm dish (slightly larger to minimize interference with
terrestrial antennas) to create an 18 degree footprint in space. This footprint requires an ICE cell tower antenna
every 60 km to provide pattern overlap. The details of the design will vary depending on the selected network and
available frequencies.

What makes this approach interesting is a network of many cell towers, appropriately spaced, in order to provide
overlapping orbital coverage at Low Earth Orbit (LEO) satellite altitudes. Only a fraction of the many available cell
towers are required to provide continual communication over large areas of land.

A thorough link budget analysis is needed to ensure dedicated communications can be established with any satellite
passing through the ICE antenna beams. The balance of the analysis defines various factors that can be adjusted to
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help define the ICE network size, number of antennas, transmit power, receiver sensitivity, and cost to build and
install equipment. Ultimately, a solution that provides the largest effective individual footprint will drive the ICE
cell tower antenna design since this will result in a lower ICE network cost. A business case must be made which
demonstrates the return on investment for populating an ICE cellular network.

The Virtual Ground Site

The ICE approach relieves the satellite community from depending on traditional dedicated ground sites, and instead
a virtual satellite monitoring system will be established. A generic approach will be used to send data to and from
the satellite in logically-small transfer packages (ICE Pacs). Based on cell tower access statistics (worst-case short-
duration access), packages would be designed to identify standardized data types: Command and Control (C2)
uplink; Status of Health (SoH) downlink; and Data Packages (Puzzle Pieces in Figure 4), etc.

Software will be designed to monitor SoH, manage customer needs, perform satellite sensor tasking, create satellite
commands and manage satellite operations, operate the ICE Network (under certain operational demands such as
Multiple-Cell Tower Operations), and manage the ICE Pacs into logical ICE Trays (Figure 4).

Figure 4: The Virtual Ground Site

Although the existing telecommunication infrastructure will be used to seamlessly integrate the ICE network, there
are refinements that can be made to minimize typical cellular communication operational overhead. For example,
the fact that we know the satellite trajectory allows us to configure the appropriate sequential cell towers to act as
one continuous connection and offer seamless video transmission.

TECHNICAL ISSUES

Although this concept leverages the success and maturity of existing cellular network technology, integration of
these pieces into the ICE system presents several hurdles: cell phone communication hardware on satellites, satellite
antenna and transmitter power requirements, cell tower antenna and associated transmit/receive hardware, selecting
the appropriate cellular phone network, software to manage the system, etc. The goal is to make communications
achievable and affordable by simply incorporating the necessary cellular equipment into the satellites. Despite the
many technical issues that must be resolved, the most difficult challenge is likely to be political: “How do we
convince industry to invest in the necessary cellular infrastructure to make the ICE concept feasible?

Link Budget Analysis

A link budget analysis is needed to define the ICE configuration parameters (antenna gain, transmit power, receive
sensitivity, etc.) of the satellite phone and cell tower system. Currently used cell phone parameters may be modified
since they will not be operated in the conventional fashion and will not be restricted by human safety requirements.
Likewise, ICE cell tower antennas will be pointing upwards and can incorporate low sidelobe and backlobe
antennas. The goal is to ensure feasibility of an executable communication system that provides seamless satellite-
to-cell tower communications while operating within FCC approved restrictions.
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Antenna Patterns

The cell tower antenna pattern will set the pace. The antenna will be mounted rigidly on top of the cell tower and be
pointing upwards. This will minimize interference with the many other antennas in the vicinity of the cell tower.
The antenna beam width is a critical operations and cost driving factor. It defines the orbital intercept area in space
and the maximum distance between ICE antenna installations.

Diameter

R
Overlap %‘ e

Altitude

e

Figure 5: Antenna Design Considerations

These physical settings establish the satellite operating environment (access time per cell), which impact
communication operations (ICE Pac size, etc.).

The link budget analysis will determine whether any candidate configuration is feasible. The desire will be to

minimize the number of ICE cell tower antennas needed to perform the mission, thus minimizing ICE hardware
installation costs (Figure 6).

Figure 6: Antenna Gain Performance vs Spacing

Likewise, the satellite ICE communication antenna must be designed to support simultaneous coverage over
neighboring cell towers to ensure uninterrupted communications (Figure 7).
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Figure 7: Simultaneous Coverage

In short, the link budget analysis will help define minimum equipment requirements and performance levels to
ensure a robust communication capability.

Cellular Networks

Cell phone services have significantly evolved over the past decade. Advances in telecommunication technology
have transformed a simple voice phone into a media storefront. Networks are now able to stream video into the
palm of your hand. These advances should also benefit the small satellite community.

What service is the best: AT&T™, Verizon™, Sprint™, 3G, 4G, GSM? Each has benefits and shortcomings, but
the key factors that will determine the initial choice will be the service that offers a programmable interface, can be
used globally, and offers low operating costs. Since many of the satellites that will use ICE are for research and
academia, the cell network of choice will be the one which offers the most flexibility for the satellite
owner/operator. Open architectures allow academia and commercial industry to explore various communications
concepts for their satellite applications. The cost of the ICE cell tower equipment (antenna, receiver, transmitter,
cell tower integration, etc.) must be minimized. Non-recurring costs associated with the initial design and
fabrication should be subsidized by the federal government to reduce the upfront investment (similar to
government’s role in developing the internet and GPS).

The ultimate goal is to allow a satellite vendor to purchase a satellite-enabled phone that can be integrated into their
satellite hardware. To reduce weight, these phones would offer no video interface or antenna, and these phone
circuit cards could be easily integrated into a NANOSAT or SMALLSAT chassis. A monthly service fee or data-
package fee could be charged, and at least initially, a usage fee may apply.

ICE Software

This is a major R&D growth area. Firmware is necessary to translate remote commands into satellite operations.
Software is necessary to manage satellite tasking, the communication network, and information flow to/from the
satellite (Figure 8).

Figure 8: ICE Operations Management
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Applications will be developed for handheld devices to request collection tasking and to view products.

Ultimately, the goal is to provide a framework, an architecture (Figure 9), from which academia, commercial
industry, or even the ordinary citizen can explore satellite technology. Eliminating the physical ground site and
offering a virtual communication framework unleashes the public to explore and invent in an area that was
previously controlled by a limited and well-funded private community.

ICE Box
ICE Dish

Figure 9: ICE Architecture
APPLICATIONS

The applications are many and include homeland security, emergency management, natural disaster, monitoring,
communication, atmospheric and ionospheric research, sensor calibration, forest fires, weather, land survey, etc.
There are many concepts for SMALLSATs, NANOSATS, and PICOSATS, from single satellites to constellations of
tens to hundreds of satellites. Legacy communication systems and single pedestal antennas would be overwhelmed
by the increased demands associated with managing thousands of satellites and systems, monitoring their health,
commanding each satellite, and managing the flow of data/information to and from each satellite. This is the
problem that the ICE concept addresses. The lessons learned from today’s cellular communication networks in
simultaneously managing thousands of phone calls will be used to manage the information to and from these many
satellites.

“Look at me”

Let’s assume we have a constellation of 100+ satellites (multiple sun-synchronous orbital planes with many
satellites in each plane). Such a constellation would offer on-demand coverage over large areas of land. These
satellites could be configured in many ways (video, Electro Optical, Thermal, Hyper/Multi Spectral, etc). With the
click of a button on a handheld phone application — “Look at me” — the phone geo-location would be sent to the task
manager and would designate the appropriate satellite(s) to point towards the uploaded latitude and longitude
(Figure 10).

Figure 10: “Look at me” Application
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The application for this could be used many ways: natural disaster, news, tornado sightings, etc. Anyone could
request snapshots and videos through a simple application or even on the computer by simply clicking the map.
Immediately, the ICE Tasking Management System would task available satellites supporting the “Look at me”
service.

The Dynamic Earth

Videos could be painted onto any global web service: Google Earth™, NASA World Wind, CESIUM, etc. These
form the digital canvas upon which to paint information from hundreds and thousands of data sources. Imagine 100
satellites feeding streaming video onto this global canvas. This application would allow users to log in and task a
satellite via a simple point-and-click interface.

Military Application

The government may choose to encrypt their data (eICE Pac or Black ICE) to protect the content of all uplink and
downlink data. In certain cases, the government may utilize ICE as a way to transmit satellite live data to designated
receive sites, with this data then forwarded to appropriate person(s) through established secure means. USSOCOM
would be a likely customer in such cases.

The US State Department may utilize such a system to monitor international activities in such global hotspots as
Libya, Egypt, Syria, Yemen, etc. This would provide real-time situational awareness on large scale international
activities. This effectively becomes an eye in the sky (albeit with limited resolution).

There are many different applications that can be attempted at very low cost. Space Situational Awareness, signals
monitoring, hyper-spectral, weather, etc. Whatever the technology, ICE offers a robust communication infrastructure
to get the data down quickly.

CONCLUSION

The overall ICE benefit is to provide large area unrestricted satellite communications using relatively simple,
inexpensive, redundant, and scalable technology. Utilizing the existing cellular network leverages the infrastructure
of a massive data communications network to disseminate the information. As the numbers of small satellites and
constellations increases, this approach offers unlimited access. It can be applied globally on cell towers or at any
broadband internet access point. The legacy dish pedestal approach can only handle a single satellite within its field
of view, whereas ICE can simultaneously handle many satellites with a single cell tower; no pointing, no tracking,
no prioritizing, no man-in-the-loop. Just as the internet and cell phone technology offered people unrestricted access
to each other, ICE extends the reach of these two technologies and offers unrestricted access to space.

Riverside Research has a rich history of bringing technology-based solutions to our customers in the most cost
effective manner, especially in the satellite collection tasking and mission management arena. As a not-for-profit
corporation, Riverside Research has supported the US Government for over four decades and looks forward to
meeting future challenges.

Further details regarding the ICE system and technology are disclosed in U.S. Patent No. 8,751,064 B2 entitled
“Methods and Systems for Satellite Integrated Communications,” which issued June 10, 2014.
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