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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: 

 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.  

 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.  

 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. 

 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: 

 At least 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.  

 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.  

 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: 

 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 1/10th of the mass and 1/50th of the internal volume. 

 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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 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). 

 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: 

 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. 

 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.  

 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: 

 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. 

 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.  

 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: 

 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. 

 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.  

6 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. 
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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 lus 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/l.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 II 

We really cannot take possession of parts of outer 
space? Article II 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 valid 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 situ 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 Ius 
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. 

Reinventing Space Conference 2014 Becerra 14



 

- A clear-cut mechanism that may promote 
space exploration is to amend the Corpus Juris 
Spatialis to allow Property Rights (real estate) over 
parts of outer space to promote private programs that 
lead the human being to explore and remain 
permanently in outer space. 

- There is no contradiction between the 
protection and preservation of outer space with the 
permission to claim parts of it. This would even help 
prevent the de facto development and claim to take 
place due to the collision between regulation and real 
facts. 

 

REFERENCES 

1. United Nations. 1963. The Declaration of 
Legal Principles Governing the 
Activities of States in the Exploration 
and Uses of Outer Space. Principle 3. 
(General Assembly resolution 1962 
(XVIII) of 13 December 1963). United 
Nations, New York. 

2.  United Nations. 1967.The Treaty on 
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"). Art II. Adopted by the 
General Assembly in its resolution 2222 
(XXI), opened for signature on 27 
January 1967, entered into force on 10 
October 1967. United Nations, New 
York. 

3. United Nations. 1979. The Agreement 
Governing the Activities of States on the 
Moon and Other Celestial Bodies (the 
"Moon Agreement"). Art. XI. Adopted 
by the General Assembly in its 
resolution 34/68, opened for signature 
on 18 December 1979, entered into 
force on 11 July 1984. United Nations, 
New York. 

4. United Nations. 1962. Document A/5181 
and A/C.1/880 United Nations, New 
York. 

5. Lunar Embassy. 2014. See at: 
http://lunarembassy.com/  

6. Velásquez, L.G. 2010. Bienes, Duodécima 
edición, Editorial Temis, Bogotá.  

7. Becerra, J. 2014. El principio de libertad en 
el derecho especial, Colección Jus 
Público, No. 1, Universidad Católica de 
Colombia, 2014. 

8. US State Department. 1998. “Treaties and 
other international acts series 12927”, 
Space Station Agreement between the 
United States of America and other 
governments, signed at Washington 
January 29, 1998. Art. 5, US 
Government, Washington. Also see, 
United Nations. 1975. The Convention 
on Registration of Objects Launched 
into Outer Space (the "Registration 
Convention"), adopted by the General 
Assembly in its resolution 3235 
(XXIX), opened for signature on 14 
January 1975, entered into force on 15 
September 1976. Art. II, United 
Nations, New York, And Supra cita 2. 
Art. VIII. 

9. Lee, R.J. and Eylward. October 2005. 
“Article II of the outer space treaty and 
human presence on celestial bodies: 
Prohibition of state sovereignty, 
exclusive property rights, or both?” 
Proceedings of the forty-eight 
colloquium on the law of the outer 
space, Fukuoka, Japan. 

10. Ibid. 

11. Ibid. 

12. Tronchetti, F. September 2007. “The non-
appropriation principle under attack: 
Using article II of the outer space treaty 
in its defense” Proceedings of the 50th 
colloquium on the law of the outer 
space, Hyderabad, India. 

13. Ibid. 

14. Valdeón, J. Agosto 2006. El hombre que 
vende la Luna. Periódico el Mundo, 
Suplemento crónicas, número 565, 
España. 

15. Supra note 4. Título y modo. 

16. Supra note 5. 

17. Byers, M. 2008. “International Law” The 
Oxford handbook of international 
relations, Reus-Smit, C and Snidal, D. 

Reinventing Space Conference 2014 Becerra 15

http://lunarembassy.com/


 

(ed), p, 625, Oxford university press, 
New York. 

18. Supra note 8. And see at: 
http://www.semana.com/gente/articulo/
se-vende-luna-bajo-precio/336871-3.  

19. See at: http://www.fbi.gov/scams-
safety/fraud.  

20. Subirats, J., Knoepfel, P., Larrue, C. and 
Varone, F. 2008. Análisis y gestión de 
políticas públicas, Ariel, Barcelona.   

21. Launius, R. 2012. “Why go to the moon? 
The many faces of lunar policy” Acta 
Astronautica, Elsevier, Pages 165–175, 
Volume 70, January–February 2012. 

22. Sagdeev, R. “United States-Soviet Space 
Cooperation during the Cold War” Nasa 
Web page,   See  at: 
http://www.nasa.gov/50th/50th_magazi
ne/coldWarCoOp.html  

23. See The European Commission. 2011.  
Communication from the commission to 
the council, the European parliament, 
the European economic and social 
committee and the committee of the 
regions towards a space strategy for the 
European Union that benefits its 
citizens. Com (2011) 152 final. The 
European Commission, Brussels. And 
United States Government. 2010. 
National space policy of the United 
States of America, the White House, 
Washington.  

24. De las Casas, B. 1985. Brevísima relación 
de la destrucción de las Indias, Sarpi, 
Madrid.  

25. Tindall, G.B. and Shi, D.E. America: A 
narrative history, I., W.W. Norton & 
Company, New York. 

26.  Ramos Pérez, D. 2008. “La conquista” 
Historia de Iberoamerica, tomo II. 
Historia Moderna. Salmora, M. (ed), 
Ediciones Catedra, Madrid.  

27. Gómez Robledo, A. 2003. El Ius Cogens 
Internacional. Estudio Histórico-
critico. Serie doctrina jurídica, No. 147, 
Instituto de investigaciones Jurídicas, 

Universidad Nacional Autónoma de 
México, México. 

28. Supra note 6. 

29. Supra note 23. 

30. Shaw, M.N. International Law, sixth 
edition, Cambridge University Press, 
2008.  

31. Grinlinton, D. 2011.  “Evolution, adaptation, 
and invention: Property Rights in 
natural resources in a changing world” 
Property Rights and Sustainability. The 
evolution of property rights to meet 
ecological challenges. Page 275, 
Martinus Nijhoff publishers, Leiden, 
Boston.  

 

Reinventing Space Conference 2014 Becerra 16

http://www.semana.com/gente/articulo/se-vende-luna-bajo-precio/336871-3
http://www.fbi.gov/scams-safety/fraud
http://www.fbi.gov/scams-safety/fraud
http://www.nasa.gov/50th/50th_magazine/coldWarCoOp.html
http://www.semana.com/gente/articulo/se-vende-luna-bajo-precio/336871-3
http://www.nasa.gov/50th/50th_magazine/coldWarCoOp.html


BIS-RS-2014-38 

CubeSats to support Mars exploration 

 Three scenarios for valuable planetary science missions 
 

Sabrina Corpino 
Politecnico di Torino 

Corso Duca degli Abruzzi, 24; +39 011 090 6867 
sabrina.corpino@polito.it 

 
Fabio Nichele 

Politecnico di Torino 
Corso Duca degli Abruzzi, 24; +39 011 090 6858 

fabio.nichele@polito.it 
 

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 
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 documents1 provided the authors the 

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 
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 generated2, 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 
team3 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 consolidated4. 
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” 
Project5,6 , the 2013 “Fly Your Satellite!” Program7, 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 date8. 

CubeSat and nanosatellite missions have been mostly 
developed for education, technology demonstration in 
LEO and for Earth observation9,10. 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 surveys11.  

Figure 1: Number of CubeSat launched per year in 
the decade 2003-201311.  

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 time12. 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 stations13,14.  

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 
services15.  

 

Corpino AIAA Reinventing Space Conference 201418



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 
conferences16 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 
(NIAC) 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 Moon17. MIT EAPS and 
Draper Lab are building ExoplanetSat18, 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 format19 (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-120. 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. 

 

Figure 2: preliminary concept of 6U Interplanetary 
CubeSat Bus17 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 products21. 
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 
observations22. 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 IV, 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 
directions23. 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 planet24. 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: to 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-SAG24 

Timing Description 

IV Needed to plan human missions to Mars orbit 

IV 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 

Activities25. 

Priority 
High Medium Low Timing 

 
IV- 1 3 4 
IV Early 1 3 4 
IV 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  

SKG Gap-filling activity Priority Timing 

A1. 
Upper Atmosphere 

A1-1. Global temperature field High IV- 
A1-2. Global aerosol profiles and properties High IV- 

A1-3. Global winds and wind profiles Medium IV- 

A3. 
Orbital Particulates A3-1. Orbital particulate environment 

Medium IV- 

… 

D1. 
Water Resources 

D1-3. Hydrated mineral compositions High IV+ 
D1-4. Hydrated mineral occurrences High IV+ 

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: A1-2 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. 

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. 

GFA Description Data distribution needs COI Rank 

A1-1 Observation of global temperature field Full diurnal coverage B 1 

A1-2 Observation of global aerosol composition Global coverage, all local times B 1 

B1-2a 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 

A1-3 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 

B1-2c 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 
proved26. Their orbit should be located in the equatorial 
plane of Mars27 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;  

2) 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. 

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 V 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 V needed to increase inclination 
from equatorial plane to the maximum inclination 
( i=40°) was 2.61 Km/s, too expensive even divided 
among on-board propulsion system and the mothership. 
Upper limit for V provided by a CubeSat propulsion 
system is currently around 1 km/s, that establishes and 
upper limit of i to 15° for plane change (Figure 5). 

 

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 moons27 (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 27 

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 Interplanetary 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.  

 

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: “To 
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 used 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. 

2. 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. 

3. 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).  

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

5. 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. 

6. 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 surface+lower 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).   

 

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 System28 
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 test28 

During the test, successfully completed, the penetrator 
experienced a deceleration of 24 000 g28. 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 unique 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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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”

© Springer International Publishing Switzerland 2017 
S. Hatton (ed.), Proceedings of the 12th Reinventing Space Conference, DOI 10.1007/978-3-319-34024-1_5 

69 



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:

• 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

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

due to Executive Order 12951 (1995)

• 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:

• 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)

• Demonstration of high performance, low-cost “SmallSat” missions such as ChipSat

• Commoditization of scalable cloud storage and processing for image and GIS data

• High value data extraction through crowd-sourcing and machine learning algorithms

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

image sensors
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• 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.

(a) Nice, France - SkySat-1 (b) Port-au-Prince, Haiti - SkySat-2

(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, 4] for more details):

• Keep it simple

• Modularity is key

• 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

Figure 4. SkySat-1 and SkySat-2 in the clean-

room awaiting launch

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[11].

Skybox’ satellite engineering work was

performed with team numbering less than

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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(a) Football field lines (b) SkySat-2’s Soyuz launch pad

(c) 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.

Fig. 6 shows an example of what can be seen by fusing NIR with visible imagery.

(a) Comparison of RGB and NRG renderings of the same scene

(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, 8].

III. Trends and Critical Enablers

Figure 7. Small is the new big!a

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

forces at play in this section.

A. Small Satellites

“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., PlanetIQ 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

aGeoEye-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[6]. 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 SWI 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:

φi =

∫
λ

fi(λ)dλ

∫
λ

fi(λ)dλ+
∑
j �=i

∫
λ

fi(λ)fj(λ)dλ
(1)

where i is the channel being evaluated, and f(λ) is the non-dimensional spectral sensitivity

function for that channel and {φi ∈ R, 0 ≤ φi ≤ 1}.
The number of samples per time that a system generates can be conveniently defined as:

SWi =
Aiφi

Δt×GSD2
i

(2)

Reinventing Space Conference 2014Dyer 78



where Ai is the collected area for ith channel over Δt, the time collection time and GSDi is

the Ground Sample Distance for the ith channel. For convenience we will use Δt = 1 day

because most systems report capacity in square kilometers per day.

The system space-bandwidth product thus becomes:

SW =
∑

i=1→N

Ai/Δt

GSD2
i

×

∫
λ

fi(λ)dλ

∫
λ

fi(λ)dλ+
∑
j �=i

∫
λ

fi(λ)fj(λ)dλ
(3)

Note that if we use consistent units for GSDi and Ai, 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.

109

1010

1011

1012

1013

S
W

1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
Launch Date

Te
rra

AS
TE

R

Ca
rto
sa
t-2

Du
ba
iS
at
-2

EO
-1
AL

I

W
or
ld
Vi
ew
-3

W
or
ld
Vi
ew
-2

W
or
ld
Vi
ew
-1

Qu
ick
Bi
rd
-2

Ik
on
os

Do
ve

As
na
ro

Ra
pi
dE
ye

Or
bV
iew

-3
Sp
ot
-6
/7

Sk
yS
at
-1
/2

La
nd
sa
t 7
/8

Pl
eia
de
s

Ge
oE
ye
-1

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:

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

weigh one as more valuable than the other

• 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 ∝ m1.261 (4)

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

FOM =
SW

m1.261
(5)

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

ΔV . 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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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 km2 / day

Terra ASTER 4850 kg

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
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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

DubaiSat-1 200 kg

420-510 nm 5.0 m 12k

760-890 nm 5.0 m 12k

510-580 nm 5.0 m 12k

600-720 nm 5.0 m 12k

420-720 nm 2.5 m 12k

DubaiSat-2 300 kg

450-520 nm 4.0 m 18k

770-890 nm 4.0 m 18k

520-590 nm 4.0 m 18k

630-690 nm 4.0 m 18k

550-900 nm 1.0 m 18k

EO-1 ALI 573 kg

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

WorldView-3 2800 kg

450-510 nm 1.2 m 630k

1710-1750 nm 3.7 m 630k

2185-2225 nm 3.7 m 630k

2235-2285 nm 3.7 m 630k

770-895 nm 1.2 m 630k

1195-1225 nm 3.7 m 630k

1550-1590 nm 3.7 m 630k

860-900 nm 1.2 m 630k
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2295-2365 nm 3.7 m 630k

1640-1680 nm 3.7 m 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 1.2 m 630k

630-690 nm 1.2 m 630k

400-450 nm 1.2 m 630k

450-800 nm 0.3 m 630k

WorldView-2 2800 kg

450-510 nm 1.8 m 785k

630-690 nm 1.8 m 785k

510-580 nm 1.8 m 785k

585-625 nm 1.8 m 785k

400-450 nm 1.8 m 785k

860-900 nm 1.8 m 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

QuickBird-2 951 kg

450-515 nm 2.4 m 200k

740-900 nm 2.4 m 200k

515-595 nm 2.4 m 200k

605-695 nm 2.4 m 200k

450-900 nm 0.6 m 200k

Ikonos 817 kg

445-516 nm 4.0 m 350k

757-853 nm 4.0 m 350k

506-595 nm 4.0 m 350k

632-698 nm 4.0 m 350k

450-900 nm 0.8 m 350k

Dove 6 kg

400-550 nm 5.0 m 43k

475-600 nm 5.0 m 43k
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575-750 nm 5.0 m 43k

Asnaro 495 kg

430-550 nm 2.0 m 200k

750-950 nm 2.0 m 200k

489-610 nm 2.0 m 200k

600-720 nm 2.0 m 200k

479-830 nm 0.5 m 200k

RapidEye 150 kg

440-510 nm 6.5 m 800k

690-730 nm 6.5 m 800k

760-850 nm 6.5 m 800k

520-590 nm 6.5 m 800k

630-685 nm 6.5 m 800k

OrbView-3 360 kg

450-515 nm 4.0 m 210k

740-900 nm 4.0 m 210k

515-595 nm 4.0 m 210k

605-695 nm 4.0 m 210k

450-900 nm 1.0 m 210k

Spot-6/7 800 kg

450-525 nm 6.0 m 1,500k

760-890 nm 6.0 m 1,500k

530-590 nm 6.0 m 1,500k

625-695 nm 6.0 m 1,500k

450-745 nm 1.5 m 1,500k

SkySat-1/2 85 kg

450-515 nm 1.1 m 125k

740-900 nm 1.1 m 125k

515-595 nm 1.1 m 125k

605-695 nm 1.1 m 125k

450-900 nm 0.9 m 125k

Landsat 7/8 2500 kg

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
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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

Pleiades 970 kg

430-550 nm 2.0 m 1,000k

750-950 nm 2.0 m 1,000k

489-610 nm 2.0 m 1,000k

600-720 nm 2.0 m 1,000k

479-830 nm 0.5 m 1,000k

GeoEye-1 1955 kg

450-510 nm 1.8 m 500k

780-920 nm 1.8 m 500k

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.i 

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.ii 
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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.iii  The Almaz-1iv,v and HJ-1Cvi 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 

Optimum orbit 580 km (SSO or low inclination 
Equatorial 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 v 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 v 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.vii 

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.viii  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 resourcesix.  
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 
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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downturn that began in 2008 has driven the 
international community to re-evaluate how to 
more efficiently and affordably deploy and operate 
space systems and architectures while not 
appreciably diminishing the effectiveness of the 
systems currently on orbit. Leadership worldwide 
has been evaluating how to reach this vision 
through architecture studies and analyses, and both 
the government and commercial space industries 
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 systems1. 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. 

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].”2 

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”.3 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 

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

from 1] 
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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.”4  

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.”5 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 LV 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.”6 

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…”7 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.”8 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.9 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.10 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.11 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.12 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.13 

Why Standardized Interfaces Help Increase Smallsat Launch 
Rates 

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 
will “do no harm” to the primary mission (for sRS launches), or 
the LV and other ridesharers (on dRS missions). This clear 
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 
attachment interface of the rideshare APLs to the LV or its 
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 
standard interface requirement, like stipulating that rideshare 

Figure 2. Potential Benefits of Clearly Defined 
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.14 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.”15 

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 
establish a unifying single standard interface for any 
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. 

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 

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

Reinventing Space Conference 2014Lim 109



 

“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.16 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.”17 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.”18 
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.”19 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.20 

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 
respect to the LV because they are so small relative to the overall 
mass of all spacecraft on a particular manifest. Therefore, industry 
standards for this size of spacecraft have been developed with 
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.21, 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. 

Reinventing Space Conference 2014Lim 110



 

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.23 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.24 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 
costly.”25 

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. 

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.”26 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 

Figure 5. CubeSat Variants [From 
21]. 

Figure 6. Representation of a P-POD 
[From 22]. 
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expensive, costing at minimum $1 million [USD], and easily ranging into the $100’s of millions for large efforts.”27 
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.28 The ABC bolted interface is located in the aft end of the 
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 
requirements for these types of direct LV interfaces tend to be very 
restrictive to prevent direct harm to the booster itself. 

However, more commonly, the interface between the LV and smallsats are 
based on smallsat adapter systems that are vetted and approved by LV 
providers. For example, Atkins mentions the EELV Standard Rideshare 
Adapter (ESPA) ring and Arianespace’s Ariane Structure for Auxiliary 
Payloads (ASAP) 5 adapter.29 As shown in the representation of the ESPA 
ring in Figure 7, the launch adapters mate to directly to the LV and/or 
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.30 

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 

Figure 7. Example ESPA Rideshare 
Mission [Adapted from 29]. 
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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.  

First, it is comprised of a containerized dispenser that 
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-RiDE 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 lbs (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 (CG), 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 

Figure 8. FANTM-RiDE with Representative APL 
Rideshare Spacecraft on an ESPA Ring. 
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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-RiDE 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-RiDE, 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.31 Although highly proprietary, 
these iOS 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 iOS.32 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 iOS 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 

Reinventing Space Conference 2014Lim 114



 

industry has widely accepted and adopted Apple’s interface requirements to capitalize on the high popularity of 
Apple’s iOS 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 
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. 

 

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. 

 

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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ABSTRACT 
The global economic environment combined with the rapid pace of technology advancement is placing 

importance on reducing the cost and increasing the responsiveness of access to space systems. Based on decades of 
practical experience with rocket-only launch vehicles, current technology is operated close to theoretical limits and 
only marginal further efficiency improvement is achievable. In order to further improve the efficiency of access-to-
space vehicles, new propulsion systems will be required. Airbreathing engines, and scramjets in particular, are 
considered the most promising alternative. Scramjets have an advantage over rocket propulsion in terms of a 
significantly higher specific impulse; other benefits of airbreathing propulsion for access-to-space are increased 
launch flexibility, such as shorter time to rendezvous with a target spacecraft, and increased launch window duration 
and number of opportunities. This project investigates the use of a three-stage rocket-scramjet-rocket system for 
transporting payloads of approximately 500 kg to a Sun Synchronous Orbit. It is believed that this mission profile 
meets the requirements of many missions, such as responsive surveillance of man-made and natural disasters and 
several earth science missions.  

The first stage is being developed as an advanced academic programme in Australia, South Africa and France, 
and is named the Austral Launch Vehicle (ALV). The ALV is a re-usable liquid rocket stage used to accelerate the 
stack to the point of Scramjet ignition at Mach 6, after which it is recovered by flying back to the launch site. The 
reusable second stage named the Scramjet Powered Accelerator for Reusable Technology AdvaNcement 
(SPARTAN), is based on a winged-cone vehicle initially developed for the US National Aerospace Plane program. 
It is powered by liquid hydrogen fuelled Scramjets and it is intended to provide acceleration until the net specific 
impulse drops below useful levels. The final stage is deployed upon scramjet shutdown, using a conventional 
expendable liquid-fuelled rocket motor to place the payload in the desired orbit. Preliminary analysis of the 
complete three-stage system indicates a better overall performance, in terms of the payload mass fraction to orbit, 
than current rocket-only systems of this scale. In order to explore this concept further the project has advanced to the 
next phase of development which includes the design, manufacturing and testing of scaled down demonstrators of 
the ALV and SPARTAN vehicles.  

1.  INTRODUCTION 
The global economic environment combined 

with the rapid pace of technology advancement is 
changing the requirements of current and future 
space-access systems. Both reduced scale and 
increased responsiveness will be the future drivers of 
access-to-space. This is in contrast to the late 20th 
century where large scale multi-experiment satellites 
with long lifespans led to the development of large 
launch systems.  Due to the rapid development of 
micro-scale, low power electronics, satellites that 
were many thousands of kilograms, now weigh just 
hundreds of kilograms. There is also a movement to 

even smaller satellites (< 100 kg) with limited life.1 
The current costs for launching small satellites are at 
least a factor of three greater than large satellites on a 
per kilogram basis, so while the reduced mass is a 
significant advantage, the lower structural efficiency 
of smaller rockets inhibits its usefulness.  A 
technology shift to reusable systems with an air-
breathing propulsion component may be the best 
solution for the launch of small satellites.2 

Rocket based expendable launch systems are 
expensive and lack the responsiveness that will be 
desired by the space community in the future. Based 
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on decades of practical experience with rocket-only 
launch vehicles, current technology is operated close 
to theoretical limits and only marginal further 
efficiency improvement is achievable.  The 
introduction of new commercial players such as 
Space-X has increased the organisational efficiency 
of space launch, with a flow-through reduction in 
costs.  But the fact remains; throwing away a 
significant portion of your launch system each time 
you fly will always be inherently expensive. Two key 
changes in technology are needed to improve the cost 
and responsiveness of space access.  Firstly, a 
substantially re-usable system will decrease costs if 
the technology is right.  Secondly, introduction of an 
air-breathing facet to space launch, and therefore 
aircraft-like operations, will remove the rigidity of 
fully rocket based systems in terms of orbital 
inclination, time to rendezvous and safe abort. 

Many concepts involving air-launch have been 
proposed in recent years.3 These launchers take-off 
from a runway, typically fly to high subsonic speed 
and approximately 10 km altitude, and release a 
multi-stage rocket in the desired direction.  They can 
also return to base if problems occur, or manoeuvre 
around bad weather.  The main advantages of 
introducing air launch are, (i) lifting the rocket stage 
above the lower atmosphere (reducing drag and 
heating), and (ii) increasing launch flexibility.  In 
terms of energy, the subsonic launch speed and 10 
km altitude do not substantially contribute to the 
required delta-V of the system, so the overall payload 
mass fraction is relatively unchanged by air launch.  
An alternative to this is to use a 3-stage rocket-
scramjet-rocket system.  In this system the 2nd stage 
scramjet supplies the flexibility of aircraft-like 
operations, but also contributes to an increase in 
payload mass-fraction by using airbreathing 
propulsion over a meaningful proportion of the 
launch trajectory.  Furthermore, the scramjet powered 
vehicle is inherently reusable, and its high Lift-to-
Drag ratio enable it to return to base for the next 
launch. 

For significant reductions in launch costs, the 
first stage booster of such a rocket-scramjet-rocket 
system should also be reusable.  To this end, UQ has 
teamed up with Heliaq Engineering to combine a fly-
back booster first stage with a second stage scramjet 
powered vehicle.  The small third stage can be a 
standard expendable upper-stage rocket, as this is a 
relatively small proportion of the overall mass at 
take-off.  The third stage will be deployed at high 
dynamic pressure, so it will require thermal 
protection.  Preliminary studies of this system have 

shown real promise in accomplishing the combined 
goals of reusability and flexibility. 

In this article some background on the status of 
scramjet development will first be described, along 
with details of the proposed configuration of the fly-
back booster.  The 3-stage rocket-scramjet-rocket 
system will then be described in the context of a 
system for delivery of approximately 500 kg to Sun 
Synchronous Orbit (SSO).  Finally, a technology 
road-map will be presented, including sub-scale flight 
tests. 

2. CURRENT STATUS OF SCRAMJET 
PROPULSION 
Based on decades of practical experience with 

rocket-only launch vehicles, current technology is 
operated close to theoretical limits and only marginal 
further efficiency improvement is achievable. To 
further improve the efficiency of access-to-space 
vehicles, new propulsion systems will be required. 
Airbreathing engines, and scramjets in particular, are 
considered the most promising alternative.4 In 
contrast to conventional rockets that carry separate 
tanks for both fuel and oxidizer, scramjet-powered 
systems carry the fuel only, using atmospheric 
oxygen for combustion.  Scramjets have an 
advantage over rocket propulsion in terms of a 
significantly higher specific impulse (Isp).5 However, 
scramjet operation requires an engine-airframe 
integrated vehicle design, which is inherently more 
complex than a rocket propulsion system.6 A further 
benefit of airbreathing propulsion for access to space 
is increased launch flexibility, such as shorter time to 
rendezvous with a target spacecraft, increased launch 
window duration, and number of opportunities.7 
These benefits are obtained through airbreathing 
propulsion throttling and aerodynamic turning and 
pitch control available from a high L D vehicle. The 
importance of these aircraft-like operational 
characteristics for space access missions has only 
recently begun to be explored. 

Recent scramjet flights, such as NASA’s Hyper-
X8 and the US Air Force X-519 have given impetus to 
the practical application of airbreathing propulsion to 
hypersonic flight. Furthermore, the HIFiRE Program, 
a joint Australian/US program for the development of 
sustained hypersonic flight involves 9 flights of 
increasing complexity.10  The final flight (scheduled 
for 2016) of an autonomous hypersonic vehicle that 
will fly at Mach 7 for more than 30 seconds (Fig. 1) 
will include significant use of high temperature 
composite materials, enabling the vehicle to fly with 
a “hot” structure.  All these flight tests have
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Figure 1.  HIFiRE 8 Autonomous vehicle powered by a scramjet at Mach 7 

 

indicated that the theoretical advantages of scramjets 
over rockets can be realised. A series of studies have 
been conducted at The University of Queensland to 
examine the use of a three-stage rocket-scramjet-
rocket system for transporting payloads of 
approximately 100 kg to Low Earth Orbit (LEO).11-13 
In these studies a conventional rocket 1st stage was 
used to boost the vehicle to the point of scramjet 
ignition at Mach 6. The reusable second stage was 
based on a winged-cone vehicle (WCV) and powered 
by a near-term Mach 6-12 3-D scramjet using 
hydrogen fuel.14 The final stage was deployed upon 
scramjet shutdown, using a conventional liquid-
fuelled rocket motor to place the payload in LEO.  
The second stage scramjet powered accelerator was 
the subject of a series of Multi-Disciplinary 
Optimisations (MDO) of increasing fidelity which 
involved flying complete trajectories.  The resulting 
vehicle is shown in Fig. 2.  Key aspects of the vehicle 

that led to high net specific impulse over a wide 
Mach range were a tight integration of the vehicle 
and the propulsion system, relatively large engine 
capture and low trim requirements.  Payload mass 
fractions of the order of 2% were obtained; a value 
that compares very favourably with rocket based 
systems of the same scale.12  High temperature 
Ceramic Matrix Composite (CMC) materials were 
critical to enabling the reusability of the vehicle and 
also to minimise its structural mass fraction. Two 
options for third stage separation have been 
considered for such a system; (i) high dynamic 
pressure, horizontal flight, and (ii) a pull-up of the 
scramjet vehicle to a low dynamic pressure at a 
relatively large flight path angle.  It has been found 
that the aerodynamic losses of the pull-up far out-
weigh any advantages of this method, so a high 
dynamic pressure separation of the third stage is a 
key part of the system. 

 

 
Figure 2.  Optimised scramjet powered accelerator 
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3. ALV: A FLY-BACK 1ST STAGE BOOSTER 

The Austral Launch Vehicle (ALV) project is 
an international effort to develop a cost-optimized 
partially Re-usable Launch Vehicle. Now in its fourth 
year, the ALV project originated as an investigation 
into how re-usability can provide real launch cost 
reduction. Requirements of modularity, flexibility 
and simplicity were identified as most important.15 
Modularity is required to increase the vehicle flight 
rate (through larger payload range and more module 
flights per launch) and to reduce development cost 
(through reduction of the number and size of newly 
developed elements). Flexibility is required to ensure 
a wide market can be captured, while simplicity leads 
to critical reductions in development and operational 
costs as well as increased reliability.  Based on a 
response to these requirements, the ALV includes a 
re-usable liquid rocket booster stage that takes off 
vertically, deploys upper stages to continue to orbit, 
and fly’s back to the launch site (Fig. 3).   

 
Figure 3. ALV fly-back booster in aircraft mode 

 

This is achieved by the booster performing a high 
angle-of-attack re-entry (from approximately 1800 
m/s using a body-flap and all-moving fins for 
control), followed by deployment of wings and 
propeller at subsonic speed.  The booster then travels 
back to the launch site and lands like a conventional 
aircraft under autonomous control. 

 

4. SPARTAN SYSTEM ARCHITECTURE 
FOR SUN SYNCHRONOUS ORBIT 
The reusable second stage named the Scramjet 

Powered Accelerator for Reusable Technology 
AdvaNcement (SPARTAN), is based on a winged-
cone vehicle initially developed for the US National 
Aerospace Plane program.16 It is based around a 
conical fuselage with tightly integrated scramjet 
engines. Delta wings with a diamond cross section 
are included to provide the required lift for return 
flights and landings. Three views of the vehicle are 
shown in Figure 4. The vehicle has a length of 25m 
and a gross mass of 11.5t which includes the 4.5t 
third stage booster. The expendable third stage is 
positioned on SPARTAN in a piggy back 
configuration. It has a liquid propellant rocket engine. 
A full cladding heat shield is included for thermal 
protection during the high dynamic pressure stagging 
event and during the atmospheric acceleration period. 
The 500kg payload is positioned in the front section 
of the 3rd stage. 

 

 

Figure 4. Views of SPARTAN 
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SPARTAN was designed around a mission profile of 
delivering a 500kg payload into a SSO of 566km 
altitude. It is believed that this requirement combined 
with a small launch capability focusing on rapid 
deployment, one mission only satellites, and short 
lifespans of 2-4 years will meet the needs of many 
missions, such as responsive surveillance of man-
made and natural disasters and several earth science 
missions. The SSO is a popular orbit used for earth 
science missions, because it provides numerous 
desirable characteristics that satisfy many key 
mission requirements. The key feature is that the 
orbit crosses over the equator at the same local time 
each day as shown in Figure 5. This orbit allows for 
consistent scientific observations with fixed lighting 
conditions along the mission ground track. Another 

benefit is a global coverage due to the high 
inclination angles. 17 

The launch trajectory for the chosen SSO 
mission starting from Cape York (-12.25º Latitude, 
143.1º Longitude) in Northern Australia is shown in 
Figure 6. Cape York is an attractive potential launch 
site because of its remoteness and close proximity to 
the equator. The launch stack will travel in a 
Northern direction at a 97º retrograde resulting in a 
SSO with an altitude of 566 km. This gives 15 
revolutions per day at an orbital period of 5760 
seconds, resulting in a view of 2671.7km between 
adjacent ground tracks; Characteristics that are 
believed to be very favorable for the intended earth 
science missions. 

 

 

Figure 5. Sun Synchronous Orbit showing the ground tracks at fixed lighting conditions  
Source: http://earthobservatory.nasa.gov/Features/OrbitsCatalog/page2.php 

  

 

Figure 6. Launch trajectory from Cape York Australia. SPARTAN flight shown in red and 3rd stage 
trajectory shown in yellow. 
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Figure 7. SSO launch stages for the SPARTAN and 3rd stage booster 
 

The different trajectory stages of the SPARTAN 
and the 3rd stage booster along the chosen SSO 
launch mission can be seen in Figure 7. Key 
trajectory data such as time, altitude, dynamic 
pressure, velocity, Mach number and flight path 
angle corresponding to the different stages shown in 
Figure 6 are reported in Table 1. A mission starts 
with the system launching from Cape York. The 1st 
stage rocket booster accelerates the SPARTAN to 
favourable operating conditions for the scramjet, 
typically Mach 6 at a dynamic pressure of 50kPa. At 
this time (Fig. 6I), the scramjet engines ignite and 
SPARTAN separates from the booster. The reusable 
1st stage booster now returns to base. SPARTAN 
accelerates until the performance, in terms of net ISP, 
drops below useful levels. At this point (Fig. 6II) the 
liquid rocket on the final stage ignites and a high 
dynamic pressure separation is performed. The 
reusable SPARTAN returns to base while the final 
stage accelerates away. The 3rd stage continues to 
accelerate up to a point where it can coast to a 
dynamic pressure at or below 10Pa (Fig. 6III). At this 
point (Fig. 6IV) the thermal protection system is no 
longer required and is discarded while the rocket 
continues to coasts towards the apogee of its orbit. At 
the apogee (Fig. 6V) the 3rd stage performs a 
Hohmann transfer to insert the payload into the SSO 
at 566km altitude.  

 

Table 1. SSO launch sequence data for 
SPARTAN and 3rd stage booster  

Trajectory Phase I II III IV V 

Time, s 0 206 348 414 503 

Altitude, m 26665 32593 67445 96352 110418 

Dynamic pressure, Pa 50000 50000 1000 10 1 

Velocity, m/s 1798 2839 6327 6206 6183 

Mach Number 6.00 9.34 21.47 21.06 20.98 

Flight path angle, deg. 1.36 0.27 5.07 2.93 0 

 

Preliminary analysis of the complete three-stage 
system indicates a better overall performance, in 
terms of the payload mass fraction to orbit, than 
current rocket-only systems of this scale. The 
presented system achieved a payload mass fraction of 
2% corresponding to 500kg into a 566km altitude 
SSO. 

 

I 

II 

III 

IV 

V 
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5. TECHNOLOGY PLAN 
The next steps needed to progress the concept 

involve sub-scale flight testing of key technologies 
that are particular to the launch system, and have not 
been done before.  Table 2 lists all the key 
technologies needed to be developed for the overall 
concept to be successful. There are many other 
necessary technologies, such as those related to the 
1st stage booster rockets, but these are considered to 
be typical of the current space industry. 

Those technologies that are new and un-proven 
have been assigned a high risk level in Table 1.  The 
planned sub-scale flight tests have been particularly 
designed to prove the viability of these for the first 
time.  Technologies that are currently being 
developed in other programs and are more generic 
(such as sustained scramjet propulsion), have been 
assigned a moderate risk level.  Those technologies 
that are particular to the concept, but are slight 
variations on current space practice, have been 
assigned a low risk level.  It is expected that once the 
high risk technologies have been proven, confidence 
in the voracity of the overall concept would be high.   

On the fly-back booster, the subsonic wing 
deployment is assigned a high risk level.  This type of 
deployment has not previously been accomplished, 
and is a key differentiating feature of the ALV.  On 
the scramjet accelerator, the high-q deployment of 
the upper stage is assigned a high risk level, as it a 
complex procedure that is very dependent on the 

particular vehicle configurations. There are no 
technologies on the upper stage that have been 
assigned a high risk level.  

Two subscale flight tests are planned to 
provide proof that solutions can be found for the high 
risk items.  These flights will be at reduced scale, and 
designed solely to prove the high risk technologies.  
To keep costs to a minimum, they will not be sub-
scale versions of the complete system.  The 
characteristics of the planned test vehicles are as 
follows:  

ALV-1: Subscale fly-back booster 

 Boost to supersonic speed using solid 
propellant motor 

 Re-enter under body-flap and all moving fin 
control 

 Deploy wings and propeller at subsonic 
speed 

 Fly-back and land 
SPARTAN-1: Subscale Scramjet 2nd Stage 

 Boost to scramjet take-over (using an ALV 
or other booster) 

 30 second scramjet operation 
 Deploy upper-stage at high dynamic 

pressure with dummy payload (upper stage 
does not go to orbit) 

 Re-enter, glide-back and land 
 

Table 2. Technology plan with associated risk levels 

Stage Technology Risk Level Comment 
Booster 2nd stage deployment low In-line separation 

 Controlled re-entry medium Lifting body with body flap and all moving 
fin control (X37-B) 

 Subsonic wing deployment high Not done before 

 Propeller deployment and fly back and land medium Similar technology exists 

Scramjet Accelerator Sustained scramjet operation medium based on HIFiRE technology 

 High-q upper stage deployment high Not done before 

 Re-enter, fly/glide back and land medium High L/D vehicle 

Upper Stage High-q motor ignition medium Not standard for liquid fuel rockets 

 TPS drop-off on way to orbit low Similar to fairing drop-off at low q 
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6. CONCLUSIONS 
The current economic environment and the 

rapid pace of technology advancement is driving a 
need for reduced scale and increased responsiveness 
in access to space systems. This article showed that 
one alternative to rocket only systems is the 
application of airbreathing technology. To this end an 
overview of the current status of scramjet propulsion 
was given to highlight the performance benefits such 
as improved specific impulse. Mission benefits 
include increase flexibility and increased launch 
window duration. A three stage to orbit rocket-
scramjet-rocket system was introduced. The first 
stage is a reusable rocket booster focused around 
modularity, flexibility and simplicity in order to 
provide real launch cost reduction. The second stage 
vehicle is a winged cone vehicle powered by 
Scramjet engines, and the final stage is an expendable  

liquid propellant rocket booster. A preliminary study 
found that this configuration can deliver a payload 
mass fraction of 2% (around 500kg) into a 566km 
altitude Sun Synchronous Orbit. In addition to 
gaining two reusable systems the performance results 
compares very favourably to expendable systems of 
the same scale. The next phase of the project involves 
the demonstration of key technologies of the system. 
A plan was outlined identifying technologies needed 
for the success of the project. The key, as-yet un-
proven technologies were, i) subsonic wing 
deployment in the first stage booster, and ii) the high 
dynamic pressure upper stage separation from the 
second stage airbreather. Future work will involve 
two subscale flight tests to provide proof that 
solutions can be found for these items.   
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ABSTRACT 
This paper tries to show that big launch vehicles may not be required to enable big space operations. It first 
highlight the essential role of space launch in enabling all space operations and indicates the dominant role that 
‘customer’ demand has played in both enabling and constraining its development. It then discusses the 
advantages and drawbacks of a subsonic air-launched reusable launch vehicle (RLV); comparing and 
contrasting them against a wide range of other possible launcher concepts. In doing this it highlights the unique 
evolutionary opportunities that this concept has to offer and provides some insight as to how these may be 
realised and enhanced via existing technologies. Finally, the paper highlights the radical improvements in 
operational architectures afforded by such a vehicle. It shows how an RLV with a relatively modest launch 
performance of less than 5t to low Earth orbit could be capable of supporting almost all current and future 
launch demand by forming the key element of a fully reusable space transportation infrastructure. 

KEYWORDS: 

ACES = Air Collection & Enrichment System 
CR = Collection Ratio 
ELV = Expendable Launch Vehicle 
GEO = Geosynchronous Earth Orbit 
GTO = Geosynchronous Earth Orbit 
IRR = Internal Rate of Return 
kg = kilogram 

LEO = Low Earth Orbit 
Mg = Metric tonne 
Mn = Mach number 
SSTO = Single Stage to Orbit 
TSTO = Two Stage to Orbit 
RLV = Reusable Launch Vehicle 

1. THE LIMITS TO GROWTH 
HE frequency and complexity of space operations 
has evolved relatively slowly over the last three 

decades and is certainly much reduced in comparison 
with the first two decades of the Space Age, which 
began more than half a century ago. The reasons for this 
‘phase change’ can be easily understood when one 
considers the changes in both political and economic 
drivers that control most space activities, especially 
those involving human spaceflight. 

The past five decades of space activity have, to a 
large degree, been driven by a few specific issues such 
as national security and conservation of the industrial 
base. In contrast, the slow growth of commercial 
ventures has been due mainly to market and financial 
constraints, rather than any basic limitation of the 
available technology. As a consequence, the diversity 
and intensity of spaceflight operations have also been 
paced by these trends, though the manner in which they 
are performed, on both the ground and in space, has 
been radically improved by the phenomenal advances in 
computing and software over this same period. 

1.1 The Current Space Paradigm & Potential of 
NewSpace 

We first consider future possibilities to identify the 
factors that may either prevent or severely restrain their 

realisation. Given the importance of markets in the 
development of commercial activities, this assessment 
also considers how such factors may also influence 
their growth and sustainability. 

i) Current Constraints 
Current space activities range from pure science 

missions through to civil and military applications like 
communication, navigation and observation systems. 
Nevertheless, growth and evolution in all these areas is 
limited by a few key factors: 

 government priorities and constraints; 
 competition from terrestrial alternatives; 
 low market ‘elasticity’ (i.e. lower prices 
stimulate only limited market growth); 
 launcher cost/availability/reliability. 

The first factor is important because the growth of 
space activities is still dominated by government 
programmes, both civil and military. Communication 
satellites represent the nearest thing to a truly 
commercial market sector, but government funding still 
underpins much of their basic R&D while the second 
and third factors have placed significant restraints on 
their growth and evolution, as witnessed by the 
problems of commercial ventures like Iridium, 
Globalstar, ICO, SkyBridge and Teledesic. 

T 
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To put the situation into perspective, Figure 1 shows 
a breakdown of the global space industry’s annual 
revenue, which was $304 billion in 2012. However, this 
was still less than the annual turn-over of a single 
successful commercial company like Wal-Mart [RD.2], 
which was founded in 1962 but has managed to 
outgrow the entire world space industry by servicing 
vastly bigger and established markets to give a turnover 
of $445 billion in 2011. 

ii) Future Potentials 
A wide range of future space-based activities and 

associated business opportunities1 have been discussed 
for many decades (e.g. space manufacturing facilities, 
solar power satellites) but their realisation has also been 
limited by a few key factors: 

 large investment requirements; 
 operation and utilization cost uncertainty; 
 market demand and ‘elasticity’ uncertainty; 
 launcher cost, availability and reliability. 

Given these circumstances – and in the absence of a 
major government imperative, equivalent to that which 
justified Apollo (i.e. the Cold War) – it has become 
clear to many that the current paradigm will not lead to 
any significant growth of space activities in the 
foreseeable future. As a consequence, a number of 
NewSpace ventures have begun to emerge2 that 
represent an attempt to change the paradigm by placing 
greater emphasis on entrepreneurial rather than 
government activities. 

NewSpace ventures believe that the best way to 
change the paradigm is to stimulate existing and/or new 
markets in order to drive and sustain their growth, 
primarily through the power of commercial enterprise. 
Moreover, as launch issues are seen as the common 
factor that limits both current and future growth, most 
have chosen to address this issue first; their ultimate 

                                                            
1 For example, the Commercial Space Transportation Study (CSTS) 

performed a comprehensive review in 1994 of all current and 
foreseeable markets [RD.3] 

2 Summaries and links for all current ventures are at 
(http://www.space-frontier.org/commercialspace/) 

aim being to reduce specific launch costs by an order of 
magnitude to below about $1000/kg to LEO, the point 
where significant growth in all market sectors is 
expected to be triggered. 

Nevertheless, it is important to realize that the 
NewSpace paradigm is not solely restricted to 
entrepreneurial start-up companies. A more thoughtful 
definition would also include groups working within 
established companies, such as Boeing, Lockheed-
Martin and Orbital Sciences, who are also seeking to 
stimulate existing and new markets by applying novel 
technologies and commercial practices such as fixed-
price, rather than cost-plus, contracts. 

1.2 NewSpace and the Realities of Space Access  
As launch services are one of the most significant 

constraints on the growth of future space operations, we 
now consider the significant improvements in vehicle 
design, operation and economics that will be required 
and the ways in which these could be realized. 

It has long been recognised that the only way to 
achieve significant improvements in space access is via 
reusable launch vehicles (RLVs) instead of expendable 
launch vehicles (ELVs), because they offer: 

 major reductions in marginal costs, as expensive 
components tend not to be discarded after use; 

 better amortisation of investments, as costs can 
be spread across more users; 

 higher reliability and safety, due to the intrinsic 
value of the vehicle. 

Unfortunately government efforts to field such 
systems have, to date, either missed many of their 
original goals (i.e. Shuttle) or been outright failures (X-
33/VentureStar, X-34, etc.). Moreover, commercial 
efforts to develop such systems have been hampered 
because their development costs are difficult to justify 
against potential markets, for example: 

 many studies estimate it will cost $10-20 billion 
to field an operational system; 

 the existing markets are insufficient to justify 
their development because they have limited 
growth and ‘elasticity’3 (i.e. lower prices 
stimulate only limited market growth); 

 the new markets that could justify their 
development are far too uncertain and 
speculative. 

Such factors show that both market and financial 
issues play just as important a role as the obvious 
technical ones. They also explain why NewSpace 
ventures have chosen to begin by developing RLVs to 
service sub-orbital markets, which demand significantly 
less of an initial investment, with many estimating that 
only $100m-$200 million will be required. 

                                                            
3 Space market elasticity is difficult to estimate due to the relatively 

small size and low diversity of current markets, though studies 
such as the CSTS [RD.3] and the NASA ASCENT Study [RD.4] 
have derived tentative estimates. 

Figure 1. Global Space Activities, 2012 [RD.1] 
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Nevertheless, it should be appreciated that cost isn’t 
everything and that frequent flight availability and a 
timely and efficient integration process are just as 
important. A good example of this is NASA’s Get 
Away Special (GAS) canisters [RD.5] that were priced 
on the order of $100/kg to LEO but, because of the long 
and complex Shuttle integration process, were 
undersubscribed so that many GAS canisters were filled 
with ballast and the service was eventually discontinued 
after the Columbia accident. 

2. THE CASE FOR SUBSONIC AIR-LAUNCH 
Having identified space launch as a fundamental 

enabler of future space operations, this section 
discusses the advantages and drawbacks of a subsonic 
air-launched fully reusable launch vehicle (RLV). In 
doing this it highlights the unique evolutionary 
opportunities that this concept has to offer and provides 
some insight as to how these may be realised and 
enhanced via existing technologies. It explains why 
subsonic air-launch is the only realistic way of enabling 
space launch from conventional airfields within the 
foreseeable future and discusses the other major 
operational advantages of this concept, such as: much 
enlarged and flexible launch windows; recovery of all 
flight elements to the same geographic location; 
increased contingency options for launch abort; the 
potential to harvest propellant during its cruise to the 
launch point. 

2.1 Brief History of Air-Launch 
The idea of air-launching a rocket has a long history 

that dates back to the early 1950’s when rockoons, 
which were sounding rockets launched from helium 
balloons. These allowed the rocket to achieve a higher 
altitude so that it did not have to move under power 
through the lower and thicker layers of the atmosphere. 
Unfortunately, they had some serious disadvantages 
because the balloon could not be steered and so both the 
launch direction and the region where it fell was not 
easily to control. Possibly the most successful was the 
USAF’s Project Farside, which launched six vehicles in 
late-1957 though only two reached their target altitude 
of just over 2000km. 

The first aircraft launched rockets were primarily 
developed as anti-satellite (ASAT) weapons. The first 
of these was Project Pilot, which was an attempt by the 
Naval Ordnance Test Station (NOTS) at China Lake to 
orbit a 1kg payload in response to Sputnik. The 
vehicles, named NOTS EV-1 (NOTSNIK), were solid 
rockets launched by a Douglas F-4D1 Skyray and ten 
were flown in mid-1958, though none were successfully 
tracked to orbit. Similarly, a Bold Orion missile, which 
was air-launched from a B-47 Stratojet on 19th October, 
1959, against the Explorer 6 satellite. However, this 
was a limited test and it was not until 13th September, 
1985, that an F-15A launched an ASM-135 ASAT 
destroyed the Solwind P78-1 satellite flying at an 

altitude of 555 km. Since then, the only operational air-
launched rocket has been Pegasus, which was 
developed by the Orbital Sciences Corporation as a 
commercial satellite launch vehicle and first flown on 
5th March, 1990, with 42 launches to date. 

Most air-launch concepts carry the rocket external 
to the launch vehicle, either on top or under the fuselage 
or wing. However, a few concepts have proposed 
carrying the rocket inside the fuselage and ‘extracting’ 
it during launch via drag chutes, which also provide 
stability during the subsequent free-fall phase, before 
igniting the rocket motor. The USAF tested air 
launching a Minuteman ICBM from a C-5A Galaxy 
transport aircraft on 24th October 1974, but this concept 
was never pursued. However, the AirLaunch LLC 
performed significant demonstration tests in 2006 of a 
very similar concept called QuickReach for the  
DARPA/USAF FALCON programme, which launch a 
liquid ELV from a Boeing C-17A. Similarly, the Air 
Launch Aerospace Corporation proposed an air-
launched system capable of placing satellites into LEO 
using the AntonovAn-124 "Ruslan", though this was 
never developed. 

Other concepts proposed in the mid-1990’s have 
envisaged towing the launcher behind an aircraft (i.e. 
Astroliner, proposed by Kelly Space & Technology) 
while others have envisaged in-air fuelling of the 
launcher in order to reduce take-off mass (i.e. Black 
Horse, proposed by Pioneer Astronautics). Neither of 
these approaches were ever pursued beyond the 
conceptual design stage, though Kelly did perform tow 
tests of an F-106 jet behind a C-141 cargo aircraft in 
early-1998 under a NASA SBIR award. 

The most recent air-launch concept to attract serious 
attention has been the Stratolaunch Systems proposal in 
2011 to build a massive aircraft by combining the wings 
and fuselage of two Boeing 747 airliners. However, the 
exact nature of the launch vehicle was not specifically 
defined and initial speculation was that it would be a 
variant of the SpaceX Falcon. It now appears that OSC 
will build the rocket, called Pegasus II, using two solid-
stages and a cryogenic upper stage, which will be 
capable of launching a 6.1t payload into LEO. Two 
other air-launch concepts have been proposed in recent 
times: the Lynx III from XCOR and LauncherOne from 
Virgin Galactic. Both are evolved from sub-orbital 
launch systems but plan to launch much small satellites 
than Stratolaunch, on the order of 100kg, by using an 
expendable rocket launched from the sub-orbital 
vehicle: XCOR’s Lynx rocket plane, separating at a 
high supersonic speed of around 4Mn; Virgin Galactic’s 
WhiteKnight 2 carrier aircraft, separating at a subsonic 
speed of around 0.9Mn. 

2.2 RLV Design Factors, Issues & Trades 
Before discussing the specific benefits of a subsonic 

air-launched RLV, this section provides some insight of 
the advantages and drawbacks of the myriad possible 
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designs that have been considered to date. Although 
limited in technical detail, it is based upon a synthesis 
of RLV conceptual designs. The synthesis is presented 
in more detail within the Appendix of RD.6 and is 
based upon a large number of authoritative papers that 
reported the results of detailed design studies, 
performed mainly for/by NASA. Most were published 
between the late-1980s or mid-1990s; a period that 
covers the last serious effort by the US government and 
aerospace industry to build a fully reusable launch 
vehicle through initiatives like NASP, DC-X and both 
the X-33 and X-34 projects. Sadly, with the exception 
of the DC-X, all of these efforts were cancelled before 
any significant hardware could be flown or even tested 
and, as a consequence, all subsequent new launch 
vehicle initiatives have focused upon the development 
and/or evolution of expendable designs. 

To enable a sensible comparison of the incredibly 
large if not infinite variety of RLV concepts, the 
synthesis classified and assessed them with respect to 
three basic design and operational characteristics. 

• Propulsion system; pure rocket, or some 
combination of rocket and air-breather (a/b) 

• Configuration; two-stage-to-orbit (TSTO), or 
single-stage-to-orbit (SSTO) 

• Launch and landing mode; vertical take-off and 
vertical landing (VT/VL), or vertical take-off 
and horizontal landing (VT/HL), or horizontal 
take-off and horizontal landing (HL/HL). 

In addition, the impact of several design and 
operational issues (flight profile, payload size and 
technology assumptions) was also assessed. 

i) Propulsion 
Pure rocket vehicles are always lighter (dry) than 

vehicles with equivalent payload performance that use 
some form of air-breathing propulsion due to the 
installed mass of air-breathing engines. Assuming dry 
mass relates directly to research and development 
(R&D) and production costs (which is a reasonable first 
order approximation), then pure rocket concepts will be 
cheaper to both develop and produce. The only 
exception is when an existing air-breathing vehicle can 
serve as a TSTO booster. Moreover, as all-rocket 
concepts will be mechanically less complex than one 
using some combination of air-breathing and rocket 
engines, then the pure rocket concepts will be easier to 
maintain and so be cheaper to operate. 

Pure rocket vehicles with dual-fuel propulsion are 
lighter (dry) than equivalent vehicles which use only 
hydrogen, but the extra cost of developing and 
operating a hydrocarbon engine in addition to a 
hydrogen engine, or the development of tri-propellant 
engine technology, will make the life cycle costs of 
dual-fuel vehicles significantly more than the 
equivalent hydrogen only vehicles. Dual-fuel vehicles 
using propane are lighter (dry) than those using other 
hydrocarbons. 

ii) Configuration 
TSTO concepts are lighter (dry) than equivalent 

SSTO concepts, but the extra complexity of developing 
and operating essentially two distinct vehicles in 
parallel means that the SSTO life cycle costs are less 
than those of an equivalent TSTO. The one exception to 
this may be the Siamese concept, in which the orbiter 
and booster are designed to be as similar as possible in 
order to minimise, or even eliminate, duplicated effort 
and equipment during the development, production, and 
operational phases. 

iii) Launch & Landing Modes 
SSTO rocket concepts based upon HT/HL designs 

are lighter (dry) than equivalent VT/HL designs, due to 
lower T/W engines and a lifting ascent trajectory that 
reduces mission delta-v, but the added complexity of a 
launch assist device may make their life cycle costs 
more than equivalent VT/HL designs. Wet-wings 
(containing LOX) provide a significant way of reducing 
the mass of HT/HL designs, possibly enough to reduce 
their overall life cycle cost to below that of equivalent 
VT/HL designs. 

iv) Flight Profile Impacts 
If re-entry cross-range requirements are relaxed to 

around 100km, then pure rocket VT/VL vehicles using 
ballistic re-entry will have the lightest mass (dry) and 
the lowest life cycle costs. 

If significant  launch flexibility is required, such as 
a launch off-set capability (in both time and position) 
and/or a cruise/loiter capability (for ferry or 
reconnaissance purposes), concepts will have to use air-
breathing propulsion to some degree in order to 
minimise the vehicle's mass (dry). 

v) Payload Size Impacts 
Small payloads, around 5t and less, will favour 

TSTO configurations because system scaling factors 
tend to reduce SSTO payload fractions as absolute size 
decreases, plus it also becomes more feasible to 
consider using an existing vehicle as a TSTO booster in 
order to significantly reduce the R&D costs. 

Large payloads, around 60t and more, will favour 
VT/VL with ballistic re-entry because lifting re-entry 
vehicles have a far-aft centre of gravity problem that 
tends to increase with vehicle size. 

vi) Technology Assumption Impacts 
SSTO air-breathing concepts will be significantly 

lighter (dry) than equivalent TSTO air-breathing 
concepts if they can use the advanced technologies 
envisaged for NASP to provide more than a 40% 
reduction in structural and system mass relative to the 
Shuttle (e.g. titanium metal matrix composite 
fuselage/wings/frames, silicon carbide hot structures, 
graphite composite tanks, slush hydrogen, etc.). 
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2.2 Benefits of Subsonic Air-Launch 
There have been numerous studies of air-launch 

concepts and Table 1 provides an overview of a very 
small but representative selection of them. Significant 
effort was invested in developing these concepts 
because air-launch provides some important benefit 
with respect to performance, operations and the 
potential for evolution and these are discussed in the 
following subsections. 

vii) Performance Benefits 
Rocket operations above the dense atmosphere 

reduce significantly both drag and gravity losses. It also 
allows for a significant increase in engine specific 
impulse (Isp) by allowing the use of a larger expansion 
ratio nozzle, which is constrained at lower altitudes 
because over-expanded nozzle flows suffer destructive 
instabilities. Theoretically, the latter problem can be 
overcome by using some sort of altitude compensating 
nozzle, though the additional mass and complexity 
tends to cancel out any performance benefit. 

Figure 2 illustrates the delta-V losses encountered 
by a rocket as a function of launch altitude for both sea-
level and the 10km case, which represents a subsonic 
air-launch. It shows a major reduction in velocity losses 
and, more specifically, that these losses represent 
around 20% of the ideal ascent delta-V for a typical 

sea-level launch (i.e. 7.7km/s to LEO), but only around 
10% of an air launch. 

Another small but positive benefit of air-launch is 
that the launch point may be chosen to match the 
inclination of the target orbit. This not only allows for 
maximum exploitation of Earth’s rotation (~400m/s for 
equatorial orbit), it also reduces trajectory losses by 
reducing or even removing the need for plane changes 
to achieve the target orbit. 

viii) Operational Benefits 
Air-launch offers the only realistic way to operate a 

space launch system from existing airfields, including 
the possibility of one day operation out of major civil 
airports. This is because the launch aircraft uses air-
breathing propulsion as opposed to a pure rocket, which 
enables an enormous reduction in noise during take-off 
due to the reduced exhaust velocity. However, concepts 
that use a supersonic military jet will never be as ‘quiet’ 
as those that use a subsonic transport and will also be 
penalised because of their much reduced payload 
capacity, which will likely be at least one order of 
magnitude less. 

Using an existing military or commercial aircraft 
also means that the air-launch system can build upon 
this vehicle’s inherent safety, reliability, maintainability 
and availability. Moreover, these will be extremely 
valuable if rapid and/or frequent launch is one of the 
primary system requirements. In addition, it leads to a 
launch system whose elements are all processed and 
operated horizontally, which helps to streamline the 
maintenance and launch workflow as it simplifies 
access to the vehicle. 

As already mentioned, air-launch offers the 
possibility to choose the launch point to match the 
inclination of the target orbit. An additional but 
extremely important benefit is that the launch point can 
be ‘tracked’ so that the launch window for rendezvous 
with an orbiting target can be widened significantly. 
This not only improves operational flexibility but, as 
already stated, also reduces the need for plane changes 
to achieve the target orbit and so has the potential to 
reduce the size of the upper stage by reducing the on-
orbit propellant requirements. 

Figure 2. Delta-V Loss Comparison 

Config. Concept Name Designer/Year Air-launch Vehicle Propellant Reusable Payload 
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Boeing AirLaunch USA/1999 747 Solid No 3.4t 
Interim HOTOL UK/1991 An-225 LH2/LOx Fully 7.0t 
MAKS-M USSR/1989 An-225 RP-1/LH2/LOx Partly 5.5t 
MAKS-OS USSR/1989 An-225 RP-1/LH2/LOx Partly 8.3t 
Pegasus II USA/2011 Stratolaunch Solid+Cryo No 6.1t 
Saenger II Germany/1991 Mach 4.4 turbo-ramjet LH2/LOx Fully 9.0t 
Spiral 50-50 USSR/1965 Mach 6 turbo-ramjet RP-1/LOx Partly 10.0t 
Teledyne-Brown USA/1986 747 LH2/LOx Fully 6.7t 
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 Global Strike Eagle USA/2006 F-15 Solid No 0.3t 
Pegasus USA/1990 L-1011 Solid No 0.5t 
Yakovlev HAAL USSR/1994 Tu-160 Solid No 1.1t 

Table 1. Selection of external carriage Air-Launch concepts (excludes towed or internal carriage) 
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Figure 3 presents a schematic of the operational 
profile of a generic subsonic air-launch RLV and also 
shows another operational advantages of this concept, 
which is that it can use the launch aircraft to ferry the 
rocket back to the launch site if it should have to land at 
an alternate. More importantly, it also highlights the 

potential to use the cruise phase to harvest liquid 
oxygen, which would require the aircraft to carry an Air 
Collection and Enrichment System (ACES) and is 
discussed in more detail within the next subsection. 
Additionally, it indicates the potential to refuel the 
aircraft in-flight in order to either reduce its take-off 
mass or extend its cruise and/or loiter capability. 

Another capability that is not obvious from the 
figure but could have very important operational 
benefits is the ability to fly the launch vehicle up-range 
so that the 1st stage booster of any TSTO RLV can 
return directly to the launch site after staging, thus 
avoiding the need to fly or glide back up-range. 
Requiring the booster to fly-back up-range is a very 
constraining problem for ground launched TSTO RLVs 
because it either: 

 limits the staging to around 3Mn at 30km 
altitude to ensure the booster has sufficient 
‘energy height’ to glide back to the launch site; 

 forces the booster to carry extra propellant in 
order to perform an up-range boost-back 
manoeuvre; 

 forces the booster to carry an additional air-
breathing propulsion system in order to fly back 
up-range; 

 requires an additional landing site down-range of 
the launch site as part of the basic infrastructure. 

For an SSTO RLV, it also means that an aborted 
launch could fly-back directly to the launch site should 
the abort occurred sufficiently early in the mission. 
Thus, air-launch also increases the number of abort 
options and so improves both safety and operational 
robustness. 

ix) Evolutionary Benefits & ACES 
Air-launch offers the ability to adapt an existing 

ground launched system and increase its performance 
by acting as a high altitude launch platform. As an 
example, the Pegasus system uses Orion solid rocket 
motors and adds an a wing structure to ensure a high 
flight path angle during the initial boost phase in order 
to maximise its performance. In this way, it may be 
possible to evolve an existing sub-orbital launcher into 
an orbital launcher, or at least improve its payload 
performance. 

As increasing vehicle size tends to increase both 
development and operational costs, air-launch could 
offer an importance path for commercial ventures. 
However, the orbital payload performance of any air-
launch concept is fundamentally limited by the 
aircraft’s carrying capacity and, more specifically, its 
maximum take-off mass. Currently, the world’s largest 
operational aircraft is Russia’s An-225 but this is a one-
off design, based upon a heavily modified An-124, 
which is likely to be an impractical option for an air-
launch system. Commercially available options include 
the Airbus A380 and the Boeing 747-400, though the 
former is relatively new and so is very expensive. Two 
747-100 aircraft (SCA-905 & SCA-911) were 
converted to carry the Space Shuttle Orbiter for both 

Figure 3. Subsonic Air-Launch Operations [optional in-flight LOx harvesting/transfer or in-flight refueling]
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test and ferry flights. The mass of the drop/glide tests 
orbiter (OV-101 Enterprise) was 68Mg, though later 
orbiters had an empty mass of 78Mg, so there is good 
reason to believe that a second-hand 747-400 would be 
a good candidate for an air-launch concept. Table 2 
gives an overview of the relevant performance of the 
most likely candidate aircraft and includes a rough 
estimate of the maximum payload mass, taken from 
RD.7, they could deliver to LEO if used as the basis for 
an air-launch system. 

The gross mass of any launch vehicle that uses 
liquid oxygen (LOx) as an oxidiser will be dominated 
by the amount of LOx it must carry. Typical 
oxidiser/fuel ratios of 5.2 and 2.3 respectively for liquid 
hydrogen (LOx/LH2) and kerosene (LOx/RP-1) fuelled 
rockets mean that the LOx will account for more than 
half the launch vehicle’s gross mass at take-off. 
Therefore, it is reasonable to think any design approach 
that enables the LOx to be loaded after take-off should 
offer a number of significant advantages such as: 

 increased payload performance for any given 
aircraft; 

 improved safety during ground operations and 
take-off due to elimination of the LOx. 

A cursory reflection on this idea may well lead one 
to think it illogical as, without LOx, the rocket cannot 
function and the mission will be futile. However, more 
thoughtful consideration shows the idea has some merit 
and that two approaches appear possible: 

i) transfer the LOx in-flight from a ‘tanker’ 
aircraft; 

ii) utilise the cruise phase to harvest the LOx from 
the atmosphere. 

Though the first approach is the most obvious, it 
requires not only an additional aircraft but also the 
ability to transfer very large amounts of LOx in-flight 
between two independent vehicles, separated by many 
tens of meters – something that has never been 
attempted, to date. The second approach also requires 
technology that has yet to be fielded aboard an aircraft 
(i.e. the separation and liquefaction of LOx from the 
atmosphere), though it is a process that is performed 
routinely on-ground by industrial facilities. However, if 
an Air Collection and Enrichment System (ACES) 
could be ‘miniaturised’ sufficiently to fit inside an 
aircraft, it offers the possibility of mounting it within 
the carrier aircraft and so avoids the need for an 
additional vehicle. 

There is actually a long history of RLV concepts 
that have used air collection as the basis for their 
propulsion cycle; the earliest being the USAF’s 
Aerospaceplane programme of the late-1950s and early 
1960s to develop a hypersonic airplane. Since then, 
studies of this approach have tended to focus upon 
SSTO RLVs using the Liquid Air Cycle Engine 
(LACE), though the resulting designs were always 
judged to be too complex and heavy, due to the mass of 
the LACE engine having to be carried all the way into 
orbit. 

ACES can therefore be regarded as a variation of 
this general approach that avoids most of the 
performance penalties by placing the heavy machinery 
outside of the rocket (i.e. within the launch ‘platform’). 
In fact, several patents have been issued for ACES 
designs [RD.8 & RD.9] and some work has been 
performed to develop and test representative hardware 
[RD.10 & RD.11]. Moreover, air-launch concepts based 
upon such devices have already been proposed that 
involve both subsonic [RD.10] and supersonic [RD.12] 
separation of the rocket stage.  

A schematic of the ACES cycle and its key 
components is shown in Figure 4. The operating 
principle is that, while cruising to the launch point, the 
ACES device generates liquid oxygen by ingested air 
from the atmosphere and separating out the nitrogen 
component through a series of heat exchangers and a 
rotational fractional distillation unit. The heat 
exchangers use LH2 to super-cool incoming air, which 
is either tapped off the aircraft’s main engines or drawn 
in by a dedicated compressor. The resulting LOx is then 
pumped from the ACES system on the carrier aircraft 
into the empty LOx tanks of the launch vehicle during 
flight. The tank holding the LH2 that super-cools the 
incoming air is sized by the volume of LOx required by 
the rocket, so this ‘collection ratio’ (CR) is an important 
performance characteristic of any ACES concept. 

Perhaps because of its novelty, the ACES concept 
has rarely featured in launch vehicle design studies, 
though recently it was considered within a NASA-
DARPA assessment of air-launch concepts [RD.7]. 
Although the study did not include ACES within any of 
its three vehicle point designs, its preliminary screening 

Candidate Aircraft External 
Mass (Mg) 

Max. P/L to 
LEO (Mg) 

An-225 200 13.8 
A380-800F 120 7.8
747-100 SCA -911 109 7.0 
747-400F 140 9.1 
Dual-fuselage C-5 350 23.7 
Stratolaunch Carrier 120 6.1 

Table 2. Candidate Aircraft for Air-Launch 

Figure 4. ACES Cycle Schematic [RD.12] 
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task did include a trade-off of ACES against others 
technologies (e.g. high-energy propellants) and found it 
to be the most promising option, in terms of 
cost/benefit, to enhance air-launch performance. The 
results of these findings are considered in more detail in 
the next subsection, which uses them as the basis for a 
more detailed assessment of the likely payload 
performance gains achievable by a 
design that includes ACES. 

2.3 Benefits of ACES 
The following high level 

assessments are presented merely 
to illustrate the potential benefits of 
augmenting an existing air-launch 
concepts with ACES. As such, the 
absolute magnitudes of the payload 
performance gains must be 
considered with a degree of caution 
and should in no way be thought of 
as definitive. 

i) DARPA/NASA Study 
In 2010, NASA and DARPA commissioned a joint 

study to assess horizontal launch concepts for military 
and civilian applications. Its goal was to recommend 
system concepts for subsonic and supersonic carrier 
aircraft options and to identify technology gaps for 
potential investments that included a near-term 
horizontal launch demonstration. The final results were 
published in October, 2011 [RD.7]. 

Payload market projections limited the detailed 
systems study to expendable concepts because the 
additional costs of reusability could not be justified for 
the assumed launch rate of 6 flights per year. 
Nevertheless, the initial screening analysis did compare 
the payload performance to LEO and lifecycle costs of 
a TSTO concept (LOx/RP 1st stage and LOx/LH2 2nd 
stage) with both a reusable and an expandable 1st stage. 
These results showed that, although life cycle costs 
were similar, 1st stage reusability reduced the payload 
performance by around 14% (i.e. 7.4Mg down to 
6.5Mg). A simple extrapolation suggests that a fully 
reusable design would therefore experience at least 
another 14% reduction (i.e. around 30% in total) and so 
reduce the payload performance to around 5Mg. 

Following the initial screening, detailed design tools 
and methods were then used to develop ‘point designs’ 
for three expendable launcher concepts: 

 PD-1, a three-stage design using solid rockets on 
all stages; 

 PD-2, a two-stage liquid design using LOx/RP 
on the 1st stage and LOx/LH2 on the 2nd stage; 

 PD-3, a two-stage liquid design using LOx/LH2 
on both stages. 

Mass budgets were presented for each point design, 
along with trajectory, reliability and cost breakdowns 
that provide a very useful insight upon the impacts of 

propulsion choice. The point designs were also used as 
the basis for assessing cost/benefits of alternate 
technologies, which included both ACES and in-flight 
LOx transfer. Table 3 presents a short summary of the 
payload performance to LEO – 185km, due East – of 
four relevant designs and then estimates the impact of 
ACES, based upon the results of the technology trades. 

As would be expected, the reported performance 
values from the initial screening were rather optimistic 
with respect to those of the point designs (i.e. 7.4Mg 
compared to 5.7Mg). However, the impact of ACES, 
though clearly beneficial, was somewhat unexpected. 
The overall O/F ratio of the LH2/LH2 design (i.e. PD-
3) means it should carry a larger proportion of LOx 
than the RP/LH2 design (i.e. PD-2) and so benefit more 
from ACES, but the results show the reverse (i.e. +35% 
for PD-2 and +21% for PD-3). Initial suspicions suggest 
that the density-volume impacts of the LH2 fuel in the 
1st stage may have resulted in a heavier dry mass, which 
is also compounded by the higher separation velocity 
(11.7Mn for PD-3 and 8.4Mn for PD-2) that shifts the 
energy split between 1st and 2nd stages and so results in 
a larger booster. 

ii) Parametric Assessments 
In order to investigate these interesting results in a 

little more depth, a spread-sheet model was developed 
by the author that used vehicle mass and performance 
characteristics from both the DARPA/NASA study 
[RD.7] and the Future European Space Transportation 
Investigations Programme (FESTIP) [RD.13, RD.14, 
RD.15]. The baseline vehicle design and mission 
assumptions are listed in Table 4, which includes key 
performance characteristics and design factors used for 
assessing the impact of ACES. 

The mass breakdown for the PD-2 and PD-3 designs 
were rescaled to account additional mass for reusability, 
which included wings and TPS as well as scaling of 
tanks and fuselage. As the FESTIP concept (FSSC-16) 
was a fully reusable TSTO design that used LOx/LH2 
propulsion on both stages, the design re-scaling mainly 
accounted for performance effects relating to separation 
speed and the impact of using RP1 instead of LH2 in 

Analysis Level Screening Screening PD-2 PD-3 
Stage Reusability (1st/2nd) Yes/No No/No No/No No/No 
Stage Fuel Type (1st/2nd) RP/LH2 RP/LH2 RP/LH2 LH2/LH2 
Separation Mach Number (Mn) --- --- 8.4 11.7 

Reported Payload Performance to LEO (Mg) 
Baseline 6.4 7.4 5.7 8.1 
Baseline + ACES --- --- 7.7 9.9 
Baseline + In-Flight LOx transfer --- --- 7.8 9.9 
Impact of ACES --- --- +35% +21% 
Impact of 1st Stage Reusability --- -14% --- --- 

Estimated Payload Performance to LEO (Mg) 
Reusable 1st stage --- 6.4 4.9 7.0 
Reusable 1st & 2nd stages --- 5.5 4.3 6.1 
Reusable 1st & 2nd stages + ACES --- 7.4 5.8 7.4 

Table 3. Payload performance Summary [from RD.7] & Extrapolations 
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the 1st stage. The scaling rules applied to these models 
are outlined in Table 5. 

The mass budget and payload performance of the 
vehicle was modelled for a range of separation speeds 
by splitting the baseline mission delta-v between the 
two stages but accounting the full delta-v loss only on 
the 1st stage. The resulting payload performance for 
each concept was then estimated for a range of 
separation speeds, crudely associated with Mach 
number by a simple linear interpolation, which gave 
specific point designs as shown in Table 6. 

When plotted together, these points produced curves 
that indicated an ‘optimum’ split for each concept and 
these are shown in Figure 5. In addition, each 
‘optimum’ was then re-scaled to assess the impact of 
improved ACES performance with respect to the 

Collection Ratio and LOx purity. The impact of using a 
less capable carrier aircraft was also assessed, assuming 
the carrying capacity of a 747-100 instead of a 747-400 
(see Table 3), while the impact of assuming more 
advanced structural materials (i.e. 10% lighter) was also 
investigate to show how far the payload performance 
from a 747-100 could be ‘evolved’. 

The limits of this relatively simple modelling are 
indicated by the payload performance differences 
between the PD-2/PD-3 and FSSC-16 results, which 
should be the same if the models were truly equivalent. 
Nevertheless, the curves are reasonably coherent and so 
their differences can be taken to indicate the level of 
modelling uncertainty and are shaded accordingly. 
More importantly, the models do show a consistent 
benefit of the ACES concept, which increases the 
baseline payload on the order of 40%. This value is in 
reasonable agreement with the DARPA/NASA study 
findings (Cf. Table 3.), although their result for the all-
LH2 design (i.e. PD-3 with only a 21% increase) does 
seem rather low considering its much higher 
oxidizer/fuel ratio. 

As mentioned before, the analysis was performed to 
simply illustrate the potential benefits of augmenting an 
existing air-launch concepts with ACES and should not 
be thought of as definitive. Though promising, these 
results have yet to include other design and operational 
issues that may have both positive and negative 
impacts, such as: 

 the need to cruise for ~4 hour in order to harvest 
the required mass of LOx, based upon a nominal 
collection rate of 9kg/s; 

 effects on carrier aircraft (e.g. lift, stability and 
cruise range) of increasing mass during LOx 
harvesting, which may reach as much as 20%; 

 using sub-cooled hydrogen (e.g. stored at 16K 
instead of 20k, with a higher para-hydrogen 
fraction) to increase both its density and heat 
absorption capacity, which promises to reduce 
both LH2 tank size and LH2 boil-off during 
cruise while also increasing the ACES collection 
ratio (CR); 

RLV Design & Mission 
1 Baseline mission delta-v to 400km LEO = 7820 m/s 
2 Delta-v loss: 1750 m/s from sea-level; 850 m/s from 10km 
3 Existing rocket engines (e.g. Merlin 1C & RL10A-4-2) 
4 Oxydised/Fuel ratio: 2.28 for LOx/RP; 5.24 for LOx/LH2 
5 Isp: 450s @10km for LOx/LH2; 300s @10km for LOx/RP 
6 Current available structural materials (i.e. TRL 6+) 
7 TPS mass: 5% Booster dry mass; 20% Orbiter dry mass 
8 Wings + Empennage +  body flap: 7% dry mass 

ACES Characteristics [RD.11] 
1 LOx collection plant (LCP) mass / volume = 4Mg / 6m3 
2 Collection Ratio (CR) = 2.0 (i.e. 1kg LH2 => 2.0kg LOx) 
3 LOx collection purity = 90% (i.e. 10% N2) 
4 LOx collection rate = 9 kg/sec 
5 Isp = 292s @10km for LOx/RP with 90% purity LOx 
6 Isp = 435s @10km for LOx/LH2 with 90% purity LOx 

Table 4. Air-Launch Model – Assumptions 

Separation Mach number (Mn) = 12 Air-Launched +ACES Air-Launched +ACES
Materials density scaling factor (S) [%] 1.00 1.00 1.00 1.00
TSTO Booster Details TSTO Orbiter Details
Specific Impulse (Isp) [sec.] 450 435 Specific Impulse (Isp) [sec.] 450 435
Rocket equation factor (R=Exp(dV/Isp/g) 2.5968 2.6836 Rocket equation factor (R=Exp(dV/Isp/g) 2.7448 2.8421
TSTO Gross Mass (MTg=MBp+MBs+MBf) [kg] 138576 200848 Orbiter Gross Mass (M0g=MOp+MOs+MOf) [kg] 34857 48908

Booster Dry Mass (MBs=SUM(MBs1:MBs6)) [kg] 18508 25933 Orbiter Dry Mass (MOs=SUM(MOs1:MOs6)) [kg] 5379 7139
Wings Mass (MBs1) [kg] 1414 1981 Wings Mass (MOs1) [kg] 615 817
TPS Mass (MBs2) [kg] 1014 1421 TPS Mass (MOs2) [kg] 1090 1446
Fuselage Mass (MBs3) [kg] 3390 4399 Fuselage Mass (MOs3) [kg] 1251 1588
Tank Mass (MBs4) [kg] 3509 4555 Tank Mass (MOs4) [kg] 1508 1914
Systems Mass (MBs5) [kg] 2020 2987 Systems Mass (MOs5) [kg] 677 968
Engines Mass (MBs6) [kg] 7162 10590 Engines Mass (MOs6) [kg] 854 1222

FSSC-16 Defined Propellant Mass (MBf) [kg] 85211 126006 FSSC-16 Defined Propellant Mass (MOf) [kg] 22158 31700
Booster Payload (MBp=MOg, Orbiter Gross Mass) [kg] 34857 48908 Resultant TSTO Payload (MOp) [kg] 7320 10070

Booster delta-V loss (LdV) [m/s] 850 850 Orbiter delta-V loss (LdV) [m/s] --- ---
Booster delta-V (BdV) [m/s] 3363 3363 Orbiter delta-V (OdV) [m/s] 4457 4457

ACES Details TSTO System Details
LOx fraction of TSTO gross mass 65% 66% Total Mission Delta-V [m/s] 8670 8670

Total LOx propellant [kg] 90165 132436 TSTO Dry Mass (MTs=MBs+MOs) [kg] 23887 33072
LCP mass [kg] --- 4000 TSTO Gross Mass (MTg=MTs+MBf+MOf+MOp) [kg] 138576 200848

LH2 for ACES [kg] --- 66218 TSTO Gross Mass without LOx [kg] --- 68412
ACES 'kit' Mass [kg] --- 70218 TSTO Gross Mass without LOx + ACES [kg] --- 138630

Table 6. TSTO Performance Analyses - FSSC-16 using 747-400 

Wing & TPS Mass: Scales directly with materials factor (S) and the 
change, with respect to the baseline, in the sum of Fuselage, Tank, 
Systems, and Engine masses (Ms3 + Ms4 + Ms5 + Ms6). 
Fuselage Mass: Scales directly with materials factor (S) and the 
change, with respect to the baseline, in the propellant tank mass (Ms4). 
Tank Mass: Scales directly with materials factor (S) and change, with 
respect to baseline, in propellant mass (Mf) raised to the power of 2/3. 
Systems & Engine Mass: Scales directly with the change in the 
propellant mass (Mf), with respect to the baseline. 

Table 5. Air-Launch Model – Scaling Rules 
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 using hydrogen to fuel the aircraft’s gas turbines 
[RD.10] and also to boost their thrust, via 
afterburning in the bypass duct, to increase 
flight-path angle at separation and so improve 
payload performance [RD.16]. 

Nevertheless, the current results give some 
confidence to the idea that an existing commercial 
aircraft could be used as a platform for air-launching a 
fully reusable TSTO rocket capable of placing 
‘commercially significant’ payloads (i.e. ~4000kg) into 
low Earth orbit – a subject that is discussed in more 
detail within the next main section. 

iii) Conclusions 
The inherent operational principles the ACES 

concept (i.e. aircraft take-off without LOx) increases 
safety and makes use of the cruise phase the launch 
point to harvest LOx in a synergistic manner. More 
importantly, it offers a realistic way of ‘evolving’ an 
existing or planned air-launch RLV by increasing its 
payload performance to LEO by around 35% or more. 
In addition, it also holds out the potential to increase 
this to 80% or more if key ACES characteristics can be 
improved (i.e. Collection Ratio and LOx purity). Such a 
major performance boost could also widen the potential 
range of aircraft that could prove suitable for air-launch, 
which may be a very important factor for any future 
commercial venture – something that is discussed in 
more detail within the next section. 

3. OPERATING BEYOND THE LIMITS 
This final section highlights the radical 

improvements in operational architecture afforded by a 
subsonic air-launched RLV. It shows how such an RLV 
with a relatively modest launch performance of between 

4-6t into low Earth orbit could be capable of supporting 
the majority of current and future launch demands by 
forming the key element of a fully reusable space 
transportation infrastructure. It identifies the RLV 
technologies and systems that are common to both 
orbital transfer vehicles and Lunar landers, as well as 
the synergistic way their development and production 
could be coupled in order to both reduce their costs and 
to increase their reliability, availability and safety. More 
importantly, it indicates how all these factors can be 
combined to radically improve the business case for 
pursuing  these ventures as a commercial enterprises, 
funded almost entirely by private investment. 

3.1 LEO Operations & Beyond 
The science fiction writer Robert A. Heinlein is 

quoted as saying that “once you reach low orbit, you’re 
halfway to anywhere in the Solar System”, referring of 
course to mission energy rather than distance. Viewed 
in this way, it’s clear to see why many regard Earth-to-
orbit launch vehicles as the key enabler to opening up 
space for all humanity. However, simply reaching LEO 
is only part of the problem because most missions, both 
in and beyond LEO, are severely constrained by issues 
of both cost and schedule (i.e. operational factors such 
as the availability and frequency of launch are just as 
important as low cost). While reusing a launch vehicle 
may help reduce costs by eliminating the need to 
procure new hardware, the cost of maintaining both the 
vehicle and its associated ground infrastructure (i.e. 
facilities and people) may offset any savings if its flight 
rate is too low. Indeed, this was the critical factor that 
undermined the cost effectiveness of NASA’s Space 
Shuttle, which was ‘sold’ on the basis that it could 
support 64 flights/year. 

Figure 5. Air-Launched RLV – Payload Performance Sensitivity 
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i) Availability & Launch Windows 
Beyond launch frequency and the obvious 

requirements for reliability and safety, the availability 
to launch at short notice and to support as wide a range 
of launch azimuths and launch windows as possible are 
also important factors for missions requiring 
interception and/or rendezvous with an on-orbit target. 
Air-launch offers a very attractive and realistic solution 
to these requirements and Figure 6 illustrate this by 
showing how the cruise range increases the number of 
launch opportunities (i.e. from two per day from a fixed 
launch site to more than six for air-launch) and, by 
definition, a wider range of launch azimuths because it 
can move the launch to a point where the launch ascent 
ground track will not fly over populated regions (i.e. 
over open oceans). It also shows a typical ‘dog-leg’ 
manoeuvre that may be required when operating from a 
fixed launch site in order to enable injection into a 
specific orbital plane for rendezvous, which an air-
launch can reduce significantly or even eliminate. 

These important operational benefits are why many 
concepts for rapid reaction launch vehicles have 
involved Air-launch. This is significant because 
military programmes like DARPA’s XS-1, which aims 
to develop a reusable first stage of a space transport 
system that can reach Mach 10 or higher and fly 10 
times in 10 days, see air-launch as a likely solution and 
so may represent an important stepping stone towards a 
viable air-launched RLV that could eventually be put 
into commercial service. 

ii) Logistics & Crew Transportation 
The success of any commercial venture requires 

both the capability to provide a service and a market 
that needs this service. More importantly, the size of the 

market must be sufficient to justify the initial  
investment while its ‘elasticity’ will be important to 
ensure growth and secure future investment. 

Beyond individual scientific satellites, primarily in 
polar orbits to support Earth observation missions, the 
International Space Station (ISS) currently represents 
the only significant market in LEO that needs frequent 
and routine transport services. They are currently 
supported by a fleet of both government and 
commercial vehicles, which are listed in Table 7. As 
can be seen, a number of them have an injected mass 

into LEO that appears compatible with the payload 
performance of an air-launched RLV that uses ACES. 
This suggests that ISS logistics resupply may be 
potential market for any commercial venture, especially 
as two of these vehicles are already built and operated 
by commercial companies that have secured 
commercial resupply contracts with NASA. Note that 
the reusable X-37B, which has a mass of just under 
5000kg, could also represent be another potential LEO 
payload though its military nature may make this 
possibility somewhat more unlikely. 

Future commercial LEO space stations, like those 
planned by Bigelow Aerospace, represent another 
potentially lucrative market because they are predicated 
upon the availability of routine and frequent launch 

Figure 6. Impact of Air-Launch cruise time on launch LEO windows 

ISS Servicing Vehicles LEO Mass (Mg) 
Soyuz (Government – Russian) 7200 
Progress (Government – Russian) 7200 
ATV (Government – European) 20200
HTV (Government – Japanese) 19000 
Dragon (Commercial – SpaceX) 6000 
Cygnus (Commercial – OSC) 4500

Table 7. ISS servicing vehicles mass in LEO 

Reinventing Space Conference 2014Salt 159



services. Like the ISS, they will also require the 
transportation of crew and so demand a demonstrated 
level of safety much greater than that needed for cargo 
re-supply. However, such levels should be more easily 
achievable via a fully reusable launch vehicle because 
its inherent value will demand better operational 
contingency options in addition to a crew escape 
system. 

iii) Propellant Depot Resupply 
A future LEO mission that may prove far more 

lucrative than those already mentioned is as the first leg 
of a space transportation infrastructure that consists of a 
set of operational nodes and transfer vehicles, namely: 

 Space stations and human-tended experimental 
platforms; 

 propellant depots to support missions both in, 
around and beyond LEO; 

 short-range orbit maneuver vehicles (OMVs) to 
capture and transfer payload in and around LEO; 

 long-range orbit transfer vehicles (OTVs) for 
travel to/from GEO and lunar orbits; 

 OTVs fitted with legs and throttlable engines for 
lunar surface descent/ascent missions. 

Details of one such space transportation architecture 
are shown in Figure 7, which also presents the delta-v 

required to reach each node and the representative 
masses of each of the key elements. Interestingly, the 
dry mass of many of these elements falls within the 
payload launch performance of an air-launch RLV 
using ACES. However, a more important point to note 
is that the majority of each element’s mass is 
propellant. 

Analysis of the launch requirements for the build-up 
and operation of such an infrastructure [RD.17] show 
that the vast majority (~80%) of the mass launched into 
LEO is propellant. This is very significant because 
propellant can be infinitely subdivided and so would be 
the ideal payload for a small RLV capable of supporting 
both rapid and frequent launch and rendezvous 
missions. It therefore suggests that most of this 
architecture could be either launched and/or serviced by 
a subsonic air-launched RLV. 

3.2 Commercial GEO Operations 
Unfortunately, the markets identified so far are 

considered insufficient to justify the commercial 
development of a subsonic air-launched RLV because 
they are either too small or too speculative. Currently, 
the largest and most lucrative commercial launch 
market sector is the delivery of geostationary 
communications satellites (GEO comsats) into 
geosynchronous transfer orbit (GTO), with a perigee 
height ~200km and an apogee height ~ 36000km. 

Any commercial business case for developing a 
subsonic air-launched RLV should therefore assess the 
viability of addressing the GEO comsat market sector, 
even though a cursory look at the LEO payload 
performance estimates presented in Figure 5 may 
appear to rule this out. 

i) GEO Comsat Characteristics 
An analysis of typical comsat mass characteristics is 

presented in Table 8 and indicates that the majority 
have a beginning of life (BoL) mass ~35% below their 
launch mass. This is because a significant fraction of 
their launch mass is propellant that they use during their 
transfer burn from GTO to GEO. More importantly, it 

suggests that any vehicle capable of delivering a 4t 
payload into LEO could service the majority of 
currently planned GEO comsats if some sort of kick-
stage were available on-orbit to perform the LEO to 
GEO transfer. 

The key to servicing these markets with such a 
small reusable launcher is, therefore, the on-orbit 

 
Table 8. Typical GEO ComSat mass characteristicsFigure 7. LEO-Lunar transport architecture [RD.17] 
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assembly of a kick-stage capable of delivering the 
comsat directly into GEO, as illustrated in Figure 8. 
Such an operation would demand a rather special set of 
vehicle performance characteristics, namely the ability 
to perform: 

 orbital rendezvous and docking; 
 in-orbit propellant transfer or assembling sets of 

plug-in propellant modules; 
 multiple launches within a short time period (e.g. 

a few days) to avoid effects of atmospheric drag, 
if low altitude orbits are used. 

Such a vehicle would require an evolution of the 
basic orbital vehicle’s capabilities but the upgrades to 
enable rendezvous and docking are not considered too 
major a technological challenge since they have already 
been demonstrated successfully by both Japanese and 
US spacecraft (i.e. ETS VII and Orbital Express). 
However, it is very unlikely that GTO customers would 
be willing to risk their satellites being launched in this 
manner until its operational complexity had been 
thoroughly proven, even if the launch price was half 
that of existing ELVs! 

Nevertheless, GEO comsat missions are currently 
the most commercially viable market sector for any 
new launch vehicle and so this operational scenario is 
used as the basis for a brief business case analysis, 
which is described in more detail in the following sub-
sections. 

ii) Business Model Assumptions 
Justifying the commercial development of a 

subsonic air-launched RLV requires more than just an 
assessment of the vehicle’s design, operations and 
performance. It also requires an assessment of the 
associated costs and, more importantly, the revenue that 
it can be expected to generate from selling its services 
to commercial customers. 

Development and operating costs can be based upon 
past estimates but will be highly uncertain. However, 
they can be used to bound the analysis and so indicate 
the range of values required to justify any investment. 

Assessment of the potential market can be based 
upon data in RD.18, which gives annual projections for 
the number of GEO satellites within different mass 

groups and is summarized in Table 9. These market 
projections and estimated costs can then be used to 
construct a business model spreadsheet that generates 
an Income Statement and a Cash Flow Statement for 
any given scenario, which enables the performance of 
the venture to be assessed [RD.19]. 

From the investors’ point of view, the key is to get 
an acceptable return on any investment. A common 
yardstick to measure this is the internal rate of return 
(IRR), which is defined as “the rate of return at which 
the present value of the cost of the investment and the 
present value of the future income stream equate” – in 
simplistic terms, this is somewhat akin to the annual 
interest rate of a savings account. For high risk 
aerospace investments, the IRR has to be 20-30% for 
such projects to merit serious consideration. Another 
parameter of interest is the end-of-year (EOY) cash 
balance, which gives a good indication of the level of 
cash assets a company is generating and, more 
importantly, allows the payback period – the time 
needed to recoup the initial investment – to be assessed. 

There are three or four fundamental parameters that 
drive the results: the available market; the cost of 
services (development and direct plus indirect 
operations cost); the revenue that can be generated by 
selling services at a given price per flight; and the 
annual number or flights. Other factors such as 
depreciation, taxes, amortisation and insurance 
generally have a relatively minor impact on the final 
result. Therefore, in order to simplify the analysis in the 
face of so many unknown or ill-defined values, a 
number of shortcuts or approximations were applied. 

a) All up-front investment was expensed (i.e. put 
down as business expenses) in the same year it 
was applied. Strictly speaking, investments related 
to flight hardware and other capitalised equipment 
should be depreciated over their expected lifetime, 
however, as no useful breakdown is available here, 
they were expensed as they were incurred. 

b) Depreciation was not accounted since it has only a 
marginal effect upon taxable income – it may 
change a 20% IRR into a 23% IRR, but not much 
more – and only occurs after the assets are paid for 
and in use. 

c) Vehicle insurance, which could have been 
addressed by including at least one additional 
vehicle as an added expense (i.e. “self-insurance” 
against hull replacement), was simply taken as a 
nominal cost of $0.2M per flight against third 
party liability. 

First Launch: Kick-Stage plus basic propellant into LEO (~200km)

Next Launch(s): Additional propellant (via plug-in tanks or fluid transfer)

+ =

Last Launch: Comsat with Beginning of Life (BOL) propellant only!

+ =
to GEO

N.B. Assumes storable propellants
No Cryogens!No Cryogens!

First Launch: Kick-Stage plus basic propellant into LEO (~200km)

Next Launch(s): Additional propellant (via plug-in tanks or fluid transfer)

+ =

Last Launch: Comsat with Beginning of Life (BOL) propellant only!

+ =
to GEO

N.B. Assumes storable propellants
No Cryogens!No Cryogens!

Figure 8. Orbital Assembly Scenario (Std. Comsat)

Satellite Mass 
(kg) 

Total No. 
(2013-2022) 

Annual Average 
(2013-2022) 

% of 
Total 

Below 2200  29 2.9 13% 
2200 to 4200 62 6.2 27% 
4200 to 54000 46 4.6 20% 
54000 and above 91 9.1  40% 
Total Forecast 228 22.8 100% 

Table 9. GEO ComSat size forecast [RD.18] 
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d) Interest was taken at a nominal annual rate of 
10%, though this can vary and should be put to 
zero if the venture can be funded entirely by 
equity rather than debt, as assumed here. A more 
reasonable estimate for an all debt scenario could 
be 12-13%, which is essentially what it cost before 
taxes to borrow money at a corporate level in the 
US during the late-1999s, though this would have 
had minimal impact on the results. 

e) Tax, which was accounted after interest and before 
the net income, was written-off when the venture 
incurred losses in the early years – in other words, 
it got a "tax credit" which could either be used to 
offset future gains or shared amongst the investors 
to offset gains in other investments. Therefore, 
assuming losses could be expensed against other 
gains, the net effect of taxes in the early years – 
especially during the development phase, which 
covers about three years – was to reduce the total 
out-of-pocket investment. 

In addition, a set of financial and operational 
business parameters, shown in Table 10, was also 
developed in order to bound the business model and to 
investigate its sensitivity against changes in the baseline 
assumptions. A key point to note here is that the price 
per flight was only allowed to vary up to a maximum of 
$20M to ensure a reasonable margin against competing 
ELVs (e.g. Falcon 9 with a launch price of around $60 
million for 4900kg GEO comsat, which would require 4 
RLV launches). Also, as the kick-stage was assumed to 
be expendable, its cost were included within the overall 
variable cost  and estimated to be around $2 million. 

iii) The R LV Business Case 

Assuming the maximum payload mass for the air-
launched RLV is 4000kg, the number of flights needed 
for each class of GEO comsat are shown in the far right 
column of Table 8. This number was then uses to 
calculate the number of flights per year if 100% of the 
projected market was captured, which gave an average 
of 85 per year. However, a capture factor – nominally 
taken as 40% – was then applied to account for the fact 
that in the real-world a 100% market capture is 
considered as infeasible because at least one other 
competitor must be considered in any commercial 
scenario. The resulting annual flight rate, along with 
specific values for each of the business factors 

identified in Table 10, was then used to calculate the 
IRR and EOY cash balance over a ten year period from 
the venture’s start. 

This exercise was repeated for variations to the 
following key parameters in order to assess their overall 
impact: 

 capture factor (25%, 40%, 55% & 70%); 
 investment ($1000 million, $750 million & $500 

million); 
 price per flight ($10 million, $15 million & $20 

million). 
The results of this ‘sensitivity’ analysis are 

presented in Figure 9, which shows the evolution of 
IRR and EOY cash balance over the a ten year period 
from the venture’s start with respect to a sub-set of the 
above values. 

The plots show the impact of increasing market 
share (25% to 55%) and reducing launch price ($20M 
to $15M) for the $1000 million investment case, but 
also include one $500 million case ($15M price & 40% 
market) to illustrate the very significant impact of a 
reduced investment requirement. 

Assuming that an IRR above 20% will be sufficient 
to justify investment in the venture, it is clear that an 
investment requirement of $1000 million would not be 
acceptable if the price per flight was $15 million (i.e. 
the price needed to be competitive with Falcon 9) and 
market capture was held at 40%. However, it would 
become acceptable if the market share could increase to 
55% or the investment requirement was substantially 
reduced (e.g. down to $500 million). 

iv) Observations on the Business Case 
Clearly, this business case analysis is far too crude 

to judge the true commercial viability of such a venture. 
However, given these results, the general conclusion is 
that there are some good reasons for thinking that a 
fully commercial air-launched RLV venture may prove 
to be successful, particularly if its investment 
requirements can be kept around the $500 million mark 
and its launch price can be kept below $15 million. The 
major caveat here is that a development cost of $500 
million appears extremely low for vehicles with such a 
payload performance, based upon current launcher 
development experience. 

As a point of comparison, the estimated 
development cost of the PD-2 concept [RD.7] was $940 
million. However, being expendable, its per flight cost 
was $120 million, of which $112 million was for the 
production of each new vehicle and $8 million was for 
launch operations. Obviously the development costs for 
an RLV will be somewhat higher but the launch 
operations costs should be similar or better, which lends 
come credibility to the results of this rather simplified 
business case assessment. 

One important observation here is that the business 
case can be improved significantly if some degree of 
leverage can be applied to reduce the initial investment. 

Business Parameter Value range 
Total R&D investment $500-1000 million 
Fleet size 3 operational vehicles 
Price per flight $10-20 million 
Variable cost (per flight) $2-10 million 
Fixed annual operating cost $40 million 
Income tax rate 40%-60% 
Interest rate 10% (for debt finance) 
Annual flights (fleet max.) 100 
First commercial launch 4 years after start 

Table 10. RLV business model parameters 
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One obvious way to achieve such leverage would be to 
develop key elements of the system through a separate 
venture or business phase. DARPA’s XS-1 initiative 
may be provide just such a leverage, while a business 
venture to service the nascent sub-orbital market may 
represent another. Whether these would be practical or 
sufficient to leverage development of an orbital RLV 
has yet to be determined. However, there are a number 
of real-world examples, both current and past, that may 
justify this approach, for example: 

 SpaceX leveraging their NASA contracts to 
support development of the Dragon capsule; 

 Boeing leveraging their USAF contracts for the 
KC-135 to support development of the 707. 

Whatever the form of the leverage, this analysis 
serves to underscore the value of building up any space 
launch business in a series of small steps rather than 
one giant leap. 

 

4. CONCLUSIONS 
This paper has identified the key reasons why space 

activities have so far failed to achieve the great 
expectations set out at the dawn of the space age, over 
half a century ago. It has also described the ways in 
which small groups of people are attempting to change 
the current paradigm but, in doing so, has tried to 
indicate the enormity of the challenges they must 
overcome in order to realize their ultimate goal. 

Having identified access to LEO (i.e. launch 
vehicles) as one of the main constraining factors for in-
space developments and operations,  it has assessed one 
very promising launch vehicle concept (i.e. the air-
launched RLV) and identified potential technologies 
that could produce significant improvements in both its 
safety, operability and payload performance. 

Based upon these insights, it has then shown how a 
relatively small air-launched RLV could improve space 
access and thereby enable new in-space transportation 
infrastructures that will deliver a significant increase in 
future space-based operations for the purposes of both 
exploration and resource exploitation. In short, it has 

shown that we do not necessarily need big launchers to 
enable big space operations! 

In addition, it has also tried to show that such 
developments could be driven by commercial 
investments, though there is still much scope for 
governments to foster them in a synergistic manner by 
funding new capabilities (e.g. DARPA’s XS-1) or 
procuring operational services (e.g. NASA’s 
Commercial Resupply Services). 

One major caveat of these results is that subsonic 
air-launch should be regarded as an enabling capability, 
since the majority of the technology/cost challenge 
resides within the RLV that performs the bulk of the 
work needed to place any payload into orbit. 
Nevertheless, it does relax the RLV design constraints 
significantly and so makes these challenges far more 
tractable, realistic and affordable. 

As a final synthesis of all these ideas, an attempt has 
been made to consolidate them together by briefly 
sketching out some likely steps for achieving this new 
space paradigm. Table 11 presents these steps and 
includes a tentative timeline, covering the next decade, 
along with their likely impacts upon future in-space 
activities. 

Clearly, many of these steps will slip, change or 
may never be realized. In fact, this new space paradigm 
may prove to be unachievable because of fundamental 
constraints that have yet to be discovered. So, although 
there is good reason for cautious optimism, it would be 
better to regard such developments as experiments 
within a process of Darwinian evolution rather than the 
milestones of some overarching space program, 
established by the directive of a government space 
agency. 

Nevertheless, given the current number of new 
space ventures and their success to date, it seems 
reasonable to believe that some may manage to “boot-
strap” themselves into orbit within the next decade and 
finally begin to open the space frontier in order to 
harness the infinite resources of outer-space for the 
benefit of all mankind. 

 

 
Figure 9. Air-Launched RLV business base sensitivity analysis 
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Timeframe Future Steps Impacts 

Proof of 
Concept 
(2012-2018) 

COTS payload services to ISS (~2012) MODEST: Increased microgravity experimentation 

Frequent reusable suborbital services for tourist 
passengers (~2016) 

SIGNIFICANT: Rapid flight vehicle turn-around and passenger 
training  

COTS crew rotation to ISS (~2018) MODEST: Improved human in-situ servicing and support 

Concept 
Maturation 
(2018-2025) 

Commercial space station & ELV support (~2020) SIGNIFICANT: Increased human in-situ servicing and support 

Air-launched RLVs for ISS cargo and GEO satellite 
launch (~2020) 

VERY SIGNIFICANT: Increased satellite missions and space 
infrastructure development 

Air-launched RLVs for passenger services to ISS and 
commercial stations (~2023) 

VERY SIGNIFICANT: Increased human in-situ activities 
supporting complex space developments 

In-orbit propellant depots for crewed exploration 
missions (~2025) 

VERY SIGNIFICANT: Enables deep space exploration missions 
and exploitation of space resources 

Table 11.   Steps towards a  new space paradigm 
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ABSTRACT 
The Scorpius low-cost launch vehicle architecture greatly reduces the cost of space access due to its emphasis on 
designing specifically for low total life cycle cost. Due to its simplicity, a pressure-fed launch vehicle is low in cost 
compared with pump-fed and solid rockets. The pressure-fed approach in the Scorpius architecture is enabled by the 
development of all-composite propellant and pressurization tanks, which have about half the mass of metallic tanks. 
The low-cost Scorpius “Pressurmaxx” composite tanks comprise half the dry mass of the vehicle. In addition, a 
high-performance pressurization system using heated helium reduces the mass of the pressurization system by half. 
Ablative, LOX/Jet A engines have acceptable performance and are very low cost. The mass savings of the tanks and 
pressurization system together with the engines yield a 3-stage launch vehicle that can be much lower in cost than a 
high-performance (pump-fed) vehicle. Sprite, which delivers 480 kg to LEO, is the vehicle in the Scorpius® family 
of low-cost, scalable launch vehicles that has progressed the furthest in terms of development. Propellant tanks, the 
pressurization system, and engines of the size needed for Stages 1 and 2 of Sprite have been built and tested. A 
prototypical “pod” of Sprite has been flown suborbitally. This paper describes the Scorpius architecture, its 
scalability into a family of low-cost vehicles capable of payloads to Low Earth Orbit (LEO) from 100 kg through 
9000 kg and larger, and the responsiveness of the vehicles. The Sprite configuration is presented, its performance 
and sample missions are shown, and a market analysis is provided. 

KEYWORDS: Scorpius, Sprite, Launch Vehicle, Low-Cost, Responsive, All-Composite, Pressure-Fed, SmallSat

1. INTRODUCTION 
Microcosm and its sister company, Scorpius Space 
Launch Company (SSLC), developed the Scorpius® 
family of low-cost launch vehicles with the goal of 
greatly reducing the cost of access to space. The 
vehicles were developed through SBIR Phase I, II, 
and III programs, funded mainly by the U.S. Air 
Force and NASA. The Scorpius® technology is 
scalable to different sizes; therefore all vehicles can 
be built using essentially the same technologies. The 
family of orbital launch vehicles is comprised of the 
following vehicles: 

 Demi-Sprite: 160 kg (350 lbs) to LEO 
 Sprite: 480 kg (1,060 lbs) to LEO 
 Liberty: 1,920 kg (4,240 lbs) to LEO 
 Exodus: 8,940 kg (19,700 lbs) to LEO 
 Heavy Lift: 18.1 t (40,000 lbs) to LEO 

 Space Freighter: 36.3 t (80,000 lbs) to LEO 
 Super Heavy Lift: 90.7 t (200,000 lbs) to LEO 

Some of the above vehicles are shown in Fig. 1. The 
figure also shows the SR-S, SR-Q, and SR-M 
suborbital vehicles. The orbital vehicles up to the 
Liberty size are appropriate for small LEO missions, 
whereas Exodus and Heavy Lift are appropriate for 
Large LEO missions or typical GEO/Inter-planetary 
missions. The Space Freighter and Super Heavy Lift 
vehicles can be used for very large LEO or large 
beyond-LEO missions1. All orbital vehicles use the 
same vehicle configuration and key technology 
elements: 

 3-stage expendable vehicle 
 6 outer pods constituting the first stage 
 A nearly identical inner pod as the second stage 
 3rd stage and payload, on top 

 Reinventing Space Conference 2014Sarzi-Amade 166

Copyright © 2014 by Microcosm. Published by the British Interplanetary Society with permission. 

mailto:namade@microcosminc.com
mailto:mrufer@scorpius.com


 LOX/Jet A, pressure-fed, ablatively-cooled, 
essentially identical first and second stage 
engines 

 All-composite propellant tanks 
 High Performance Pressurization System 

(HPPS) 

 
Figure 1. Scorpius® Launch Vehicle Family. 

The 3-stage design was selected to minimize the cost 
to LEO. Even though, on one hand, the 3-stage 
approach has the disadvantage of increasing the 
overall parts count (e.g., more engines, more tanks) 
and of increasing the number of mid-air engine starts 
and separation events, it has several advantages. In 
particular, the 3-stage approach reduces the delta V 
required of each stage, decreases the sensitivity to 
mass, drag, and Isp in the lower stages, and increases 
the design margins, which drives down cost. For a 
given burn-out fraction, increasing the number of 
stages decreases the gross lift-off weight (GLOW) of 
the entire vehicle primarily because it means carrying 
less vehicle mass to a high velocity after it’s no 
longer useful. This reduces the stage 1 engine size, 
which further reduces cost, and allows an Isp more 
tailored to altitude. To maintain the same GLOW as a 
3-stage vehicle, a 2-stage vehicle would need to 
reduce the burnout mass fraction from 14% to 9%.  

The Scorpius® launch vehicles are characterized by 6 
identical outer pods (1st stage) and a central pod (2nd 
stage) that is virtually identical to the 1st stage pods. 
This means that, by having 7 virtually identical pods 
in each vehicle, if only 2 or 3 vehicles are produced 
annually, this is still 15 to 20 pods per year, which 
creates a small assembly line and the resulting 
economies of scale. The vehicles have very clean 
systems with almost no moving parts, and are 
characterized by very robust performance, being able 
to go to orbit with 1 engine out.  

2. DESIGN FOR MANUFACTURABILITY  
The design for manufacturability is a key aspect of 
the Scorpius  launch vehicle technology. The 
Scorpius  manufacturing process consists of setting 
up, maintaining, and using a low-cost launch vehicle 
manufacturing environment with build-to-inventory 
and launch-on-demand. Manufacturability, low cost, 
and assured availability are preferred over the 
traditional emphasis on performance optimization. In 
other words, Microcosm and SSLC adopt a 
throughput orientation versus a mission assurance 
orientation, they try to achieve a break from tradition, 
and utilize an industrial production mentality.  

Backing off even a small fraction from the optimum 
and stepping into “robust design,” “large margin” and 
“throughput orientation” territory has enormous 
benefits and a compounding effect on cost. Even a 
minimal level of modularization of sub-systems and 
standardization of interfaces and fasteners makes a 
significant difference. Adding flexibility to the 
material flow using multiple-use tools, movable 
production assets, wheeled setups, and cross trained 
personnel who work sliding scale and split shift 
schedules, reduces costly dependencies that are 
otherwise mandated by the demand for optimization. 
Reducing the requirements catalog to the essential 
functions of the product and designing multi-
functionality into the production environment, as 
opposed to into the product, are essential 
requirements of a design-to-cost approach. Carry-
over or adoption of manned flight or military quality 
standards are eliminated wherever possible. 
Microcosm and SSLC are breaking the chain of 
perpetual performance optimization. 

In terms of technical performance, this vehicle 
architecture offers a very low parts count, virtually no 
secondary structure, high structural stiffness, large 
performance margins, low thermal effects sensitivity, 
high shock and vibration tolerance, and good 
operating agility. In terms of cost performance, in 
addition to low manufacturing cost, this design has a 
compounding impact on logistics and operational 
costs, since it facilitates the application of 
commercial standards for all non-flight procedures 
such as storage, check-in/check-out, crating, 
shipping/transportation, handling, corrosion 
prevention, and an industrial-type rapid production 
throughput. 

If the commercialization of space is to be an 
achievable goal, we have to address cost as a key 
ingredient. The particular culture of the aerospace 
engineering profession plays a major role in terms of 
the cost of space missions and is therefore worth 
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examining. For contrast, let’s compare the 
performance optimization design mindset of an 
aerospace engineer to that of an automotive engineer, 
whose effort is driven by the need to achieve high 
Design Efficiency. That means simply, that his 
design considerations are guided by trades of total 
manufacturing time and total assembly time 
(impacting cost and schedule) contrasting the 
aerospace typical product function and performance 
optimization (impacting mission assurance). In the 
automotive world, a certain car model must fit a very 
narrow cost bracket in the market place, which 
mandates a highly disciplined design-to-cost 
approach. All other considerations pale in 
comparison — for if the car misses its selling price 
target, it will simply not sell and the development 
investment will go to waste. In contrast, the 
aerospace engineer is concerned with optimal 
vehicle/payload performance and maximum mission 
assurance, meaning that the design decisions are 
informed by the performance optimization goals of 
every part, as well as the mandate that the mission 
can never fail, with cost typically of significantly less 
importance. The following, very simple Design for 
Assembly (DFA) example illustrates the different 
mentalities (Fig. 2).  

 
Figure 2. Aerospace and Automotive Part Design 

Comparison. 
Example A: (aerospace) is a design guided by 
performance optimization, where the short pin helps 
to reduce mass at the expense of difficult insertion 
and a high operator skill requirement. Although not 
visible in this example, it can be safely assumed that 
this part would be made of some ultralight specialty 
alloy, probably machined out of a block of material, 
and that numerous inspections and material 
certifications would guarantee the flawless function 
that is demanded by the near 100% mission assurance 
requirement (i.e., typically > 99% even for unmanned 
missions). Considerations for such factors as ease of 
manufacturing, assembly, storage, cost, and 
availability do not rise to a level where they can 

compete with the mass optimization demands. 
Example B: (automotive) is a design for the same 
part, guided by cost goal demands, thus affecting 
aspects such as features that accommodate quick and 
error-free assembly at the cost of slightly higher 
mass. Although not visible in this example, it can be 
safely assumed that this part would be made of very 
common off-the-shelf materials and that it would 
include no additional treatments or processes that 
don’t add direct value for the customer. The
commercialization of space will create a market, 
namely the space commerce market, which will 
eventually be ruled by the same forces as the car 
market: price, availability, accommodation of 
customer needs and reasonable quality/reliability of 
the product. 

3. BREAKTHROUGH TECHNOLOGIES OF 
THE SCORPIUS® FAMILY OF LOW-COST 
LAUNCH VEHICLES 

The Scorpius® technologies, developed by 
Microcosm and its sister company, Scorpius Space 
Launch Company (SSLC), enable a low-cost 
architecture for the family of orbital launch vehicles. 
The three main technologies are the all-composite 
cryogenic tanks, the high-performance pressurization 
system, and the composite ablative engines. They not 
only are low-cost in themselves, but they also greatly 
reduce the vehicle’s overall life cycle cost, including 
manufacturing, integration, and launch operations. 
These technologies make a high-performance 
pressure-fed propulsion system possible, therefore 
greatly reducing cost compared to pump-fed 
propulsion systems and solid rockets. In particular, 
pump-fed systems use turbopumps and regenerative 
cooling systems that make the vehicle as much as an 
order of magnitude more expensive than a pressure-
fed system. Similarly, solid rockets use expensive 
and polluting propellant, are heavy and dangerous 
during ground operations, cannot be shut down or 
restarted, and require expensive steering mechanisms 
for controlled flight, making the pressure-fed system 
the option with the lowest cost; also, generally, 
compared with pressure-fed LOX/Jet A systems, 
solid motors for orbital launch have inferior 
performance. More details on the differences between 
pressure-fed and pump-fed propulsion systems are 
provided in Chakroborty and Bauer2. The key 
Scorpius® technologies are described more in detail 
below.  

3.1 All-Composite Cryogenic Tanks 
Microcosm and SSLC have developed an innovative 
line of all-composite, linerless, cryogenic tanks called 
Pressurmaxx®, which is characterized by a common

 Design A: Mass optimized 
(performance) 

Design B: Assembly 
process optimized (cost) 
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carbon fiber material and SSLC’s proprietary 
cryogenic resin formulation, termed Sapphire77. One 
of these tanks is shown in Fig. 3. The tanks can be 
built in a wide range of sizes and aspect ratios 
(Fig. 4), not only for the Scorpius® family of launch 
vehicles, but also for other applications such as 
spacecraft (manned and unmanned), aircraft, 
cryogenic fluids storage and transfer, high-pressure 
storage, unmanned aircraft systems (UAS), 
unmanned underwater vehicles (UUV), automotive, 
oxygen & air supplies, medivac vehicles, military 
ops, and Special ops diving. The tanks have been 
successfully tested with nitrogen at cryogenic 
temperatures down to –321 deg F, and at burst 
pressures up to 7,200 psi. This high performance is 
achieved with a shorter lead time than traditional 
composite-overwrapped pressure vessels (COPV) or 
metallic tanks, while maintaining very low cost. 
Another key characteristic of the tanks is their low 
weight, approximately half of that of metallic tanks 
of the same volume; a consequence of this advantage 
is that the tanks constitute only about half of the dry 
weight of any of the vehicles of the Scorpius® family.  

  
Figure 3. Pressurmaxx® All-Composite Tank. 

 
Figure 4. All-Composite Tanks of Different Sizes 

and Shapes. 

The Pressurmaxx® composite tanks are characterized 
by unique technologies such as all-composite polar 
bosses, integration of external structural stringers 
(circumferential or longitudinal) and internal slosh 
baffles, and tooling production. Additive 
manufacturing techniques are employed for these 
integrated features (Fig. 5), which are not externally 
attached but built from “inside out.” Thanks to these 
breakthrough technologies, the tanks are effectively 
unibody structures and can therefore become the 
primary structure of a launch vehicle or a spacecraft3.  

 
     

 
Figure 5. All-Composite Tank with Skirts and 

Longitudinal Stringers.
Tanks have been built from 0.5 cuft to 200 cuft 
volume for propellants, gases, pressurants, and 
cryogens up to 3,600 psi maximum expected 
operating pressure (MEOP), which translates into 
7,200 psi burst pressure given that the tanks, 
currently, are built to a safety factor of 2.0. Figure 6 
shows an example of a 200 cuft tank that was 
transported on a regular truck trailer, providing 
evidence of the great robustness and ease of handling 
of the tanks, which really is a revolution compared to 
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current metal tanks used for space applications. 
Figure 7 shows an application of the 
PRESSURMAXX® all-composite tanks with the 
Armadillo Aerospace rocket vehicle, used in the 
X Prize Northrop Grumman Lunar Lander Challenge 
Level 2, for which two of our high-pressure helium 
tanks at 2,200 psi MEOP were used, allowing 
Armadillo to successfully complete the challenge.  

Several qualification tests have been conducted on 
the tanks to date3: 

 Chemical compatibility: compatibilities include 
petroleum-based fuels, e.g., kerosene; alcohol 
based fuels, e.g., ethanol; cryogens, e.g., liquid 
oxygen and nitrogen; various gases, e.g., 
methane, helium, oxygen, nitrogen; and 
propellants, e.g., turpentine, hydrazine, and AF-
M315E green propellant.  

 Pressure tests: pressurant tanks operating at 
3,600 psi (7,200 psi burst rating) are in use, for 
which 50 fill/discharge cycles were performed.  

 Temperature range: 25 temperature cycles and 
rapid chill-down testing have been conducted 
with nitrogen from +175 deg F to –321 deg F.  

 Load / Impact / Vibration tests: a vibration test 
has been conducted on a spacecraft bus 
characterized by a unibody composite 
pressurized structure. 

 Radiology tests: NASA White Sands Test 
Facility (WSTF) shearography, pressure, and 
leak tests have been conducted. 

 
Figure 6. Local Transport of a 200-cuft., 500-psi 

LOX Tank. 

 
Figure 7. Prize Winning Armadillo Lunar Lander 

GHe Tanks, 2,200 psi MEOP. 
Additionally, Microcosm and SSLC have developed 
tanks incorporating a positive expulsion device 
(bladder), which is used for spacecraft in-space 
propulsion3. The positive expulsion device, or PED, 
is made from an EPDM (ethylene propylene diene 
monomer) rubber material that has already been 
qualified by both NASA and ESA and has flown to 
space on multiple missions. The development effort 
of the Microcosm/SSLC bladder tank technology was 
funded by NASA Glenn Research Center. This tank 
uses the linerless all-composite PRESSURMAXX® 
unibody technology already successfully 
demonstrated in various applications, and is designed 
for use in either blow-down or external accumulator 
mode. The bladder and tank body are Hydrazine and 
AF-M315E green propellant compatible. This 
technology does not require standard propellant 
management devices (PMD’s), and is therefore 
simple and reliable.  

3.2 High-Performance Pressurization System 
The high-performance pressurization system (HPPS) 
developed by Microcosm and SSLC is based on 
Tridyne, which is a concept first developed in the 
1950’s by Rocketdyne (hence the name) in Canoga 
Park, CA. Microcosm and SSLC improved this 
concept, first through extensive analytical work and 
comprehensive test programs under IR&D, and then 
through various government contracts. These 
contracts were issued as part of the DARPA 
FALCON program, and they substantiated the 
viability of the system. The system configuration is 
illustrated in Chakroborty et al.4 

Heating the helium through this process was shown 
experimentally to reduce the mass and volume of the 
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required helium and the associated tankage by nearly 
50% compared to a cold gas system, resulting in 
substantial payload gain. Figure 8 shows one of the 
tests: the tank on the right (white) is the regulated 
propellant, while the one on the left (black) is the 
actual Tridyne tank. There are virtually no moving 
parts in the system. Successful liquid oxygen (LOX) 
expulsion tests with a flight-like HPPS system 
validated the technology for a Sprite size vehicle. 
This technology qualification program also verified 
the scalability of the system to both smaller and 
larger sizes.4  

 
Figure 8. High-Performance Pressurization 

System Test. 
Thanks to Microcosm’s HPPS, uniform and constant 
pressure is maintained in the launch vehicle’s 
propellant tanks (LOX and Jet A). Therefore the 
performance is predictable all throughout the flight. 
The successful tests show that this system is expected 
to work in space without issues. 

3.3 Composite Ablative Engines  
The Scorpius® ablatively cooled engines are designed 
by both Microcosm and Scorpius Space Launch 
Company (SSLC) and are built in-house by SSLC. 
An image of the Scorpius® 20K lbf thrust engine is 
shown in Figure 9. These engines are characterized 
by an external layer (structural) of carbon fiber and 
Sapphire77® cryogenic resin, and an internal ablative 
layer. The simple design of the engine enables very 
low cost production. These engines have almost no 
moving parts and do not need expensive components 
like the turbo pump or the regenerative cooling 
system. The preferred propellant combination for the 
propulsion system is LOX/Jet A, both very low cost 

and compatible with the ablative layer. The SSLC-
built engines are characterized by an ease of 
production and integration. Engines providing 5K lbf 
of thrust and 20K lbf of thrust have been built and 
tested. In particular, the 5K lbf engines have flown on 
two successful suborbital flights, the SR-S (1999) 
and SR-XM (2001), both from the White Sands 
Missile Range, NM. Examples of 20K lbf engines are 
shown in Figure 10 (these are the engines used by the 
Sprite vehicle). Microcosm has conducted firing tests 
on both the 5K lbf and the 20K lbf thrust engines 
(Fig. 11). 

 
Figure 9. 20K lbf Thrust Engine Apparatus. 

 
Figure 10. 20K lbf Thrust Engines. 
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Figure 11. 20K lbf Thrust Engine Firing Test 

(Edwards Air Force Base). 
The specific impulse of the 1st stage engines is 
286 sec. (vacuum) for all vehicles. The Scorpius® 
engines have moderate performance compared to 
other liquid propellant engines; however, the 
Scorpius® engines have the advantage of being much 
lower in cost. Additionally, the manufacturing 
process of these engines is relatively simple 
compared to pump-fed engines, because the 
Scorpius® engines have almost no moving parts (only 
valves and gimbals can move), making this system 
very low cost. 

4. SPRITE CONFIGURATION AND 
PERFORMANCE  

The configuration of the Sprite launch vehicle is 
shown in Fig. 12, and some of its key characteristics 
are presented in Table 1. Sprite’s payload capacity to 
low Earth orbit (100 nautical miles altitude with 
launch due east) is 1,060 lb (480 kg). The launch 
price is less than $6.0M, in 2014 dollars, which is a 
very appealing aspect of the vehicle. Sprite uses 
pressure-fed engines that are small, light-weight, and 
simple. The vehicle has 3 stages, the first of which is 
made of 6 identical pods each with a 20,000 lbf of 
thrust engine, 1 fuel tank, 1 oxidizer tank, and 2 
Tridyne tanks. The outer pods surround the core pod, 
which is the vehicle’s 2nd stage. This pod is almost 
identical to the outer pods, as the only real difference 
is the slightly dissimilar engine configuration. On top 
of the 3rd stage sits the payload bay surrounded by a 
bi-conic fairing. Each pod and the 3rd stage are 42 
inches in diameter, and the whole vehicle is 11.2 ft in 
diameter; additionally, the vehicle’s height is 54.2 ft, 
and its gross lift-off weight (GLOW) is 80,500 lb 
(9,300 lb dry weight). 

 

Figure 12. Sprite Configuration. 
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Table 1. Key Characteristics of the Sprite Launch 
Vehicle.

Characteristic Sprite 
LEO Payload (100 Nmi due East) 1,060 lb 
Launch Price  < $6.0 M ($FY14) 
Overall Height 54.2 ft 
Pod Diameter 42.0 in 
Vehicle Diameter 11.2 ft 
GLOW 80,500 lb
Dry weight 9,300 lb 
Propellant  LOX/Jet-A
Pressurization Tridyne 
Max Axial g’s 5.9
Engine Configuration   
Stage 1 6  20K 
Stage 2 1  20K 
Stage 3 1  2.3K 
Stage 1   
Number of pods 6 
Thrust, vac (lbf) 120,000
Thrust, sl (lbf) 101,000
Gross Mass (lbm) 65,600 
Stage 2   
Number of pods 1 
Thrust (lbf) 22,300 
Gross Mass (lbm) 10,900 
Stage 3   
Thrust (lbf) 2,300 
Gross Mass (lbm) 3,005 

Sprite provides true launch-on-demand service from 
a flat pad with minimal infrastructure within 8 hours 
of arrival of the payload at the launch site, and it is 
capable of all-weather launch through 100-kt ground 
wind and 99.9% of winds aloft. This capability is 
possible thanks to Sprite’s squat configuration and,
therefore, low moments of inertia, which allow much 
better steering control, and also thanks to its very 
strong all-composite tanks which are also the load-
bearing structure of the vehicle. Additionally, Sprite
is scalable to much larger (or smaller) vehicles using 
the same technology and basic vehicle design. 
Finally, all the Scorpius® launch vehicles are very 
easy to launch, because they do not need a flame 
bucket, just a flame deflector, so they can launch 
from virtually anywhere. These key properties make 
Sprite and the other vehicles of the Scorpius® family 
extremely responsive and ready to meet any of the 
world’s launch needs. Specific applications of the 
Sprite vehicle are presented in Sec. 6. 

One of the scaled-down versions of Sprite, called 
Demi-Sprite, can put up to about 160 kg into LEO for 
a recurring launch cost of about $3.6 M. The main 

application consists of launching NanoEye or 
equivalent category spacecraft to LEO.  

5. SPRITE’S STATE OF DEVELOPMENT  
Sprite is the Scorpius® vehicle that has progressed the 
furthest in terms of development, both in terms of 
design and testing. The technology for Sprite has 
been revised since Chakroborty et al.5 resulting in an 
increase in LEO payload performance from 318 to 
480 kg (700 to 1060 lbs.) mostly thanks to the 
advancements in the tank technology. The metallic 
bosses of the first generation of composite tanks have 
been eliminated, resulting in truly all-composite 
propellant and pressurant tanks, which saves weight. 
Factor of safety of 2 has been established providing 
ample margin and assurance for the ranges. A high 
density ablative chamber has been incorporated to 
provide longer life. The avionics system has been 
updated taking advantage of ongoing developments 
in electronics that save weight, power, and size. 
Moreover, subsequent efforts have increased the 
confidence in the technology and approach through 
extensive analyses, simulation, wind tunnel testing, 
Tridyne expulsion testing, and 20K engine testing. As 
mentioned, considerable experience at building all-
composite tanks in a variety of sizes for a range of 
applications with different pressures, temperatures, 
and fluid types has increased maturity in this most 
crucial of the Scorpius technologies. A GPS-based 
range operation has been adopted, which reduces 
range cost and flight hardware. 

The SR-M suborbital launch vehicle is shown in 
Fig. 13. This vehicle is very similar to Sprite’s 2nd 
stage, and has already been designed and built by 
Microcosm and SSLC, but has not yet flown. The 
SR-XM suborbital launch vehicle, which has 
successfully flown in 2001 (Fig. 14), represents a 
prior version of the SR-M launch vehicle, and 
therefore, of a pod of Sprite. The SR-XM was 
assembled, erected, fueled and ready to launch within 
8 hours of arrival at the launch site (West Center 50, 
White Sands Missile Range).  

 
Figure 13. SR-M Suborbital Launch Vehicle. 
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Figure 14. Scorpius® SR-XM. 

6. SPRITE VEHICLE — SAMPLE MISSIONS 
The performance of the Sprite launch vehicle to 
various LEO orbits is depicted in Figure 15.
Representative missions in LEO include launch of 
small satellites up to 480 kg for observation, remote 
sensing, science, and military. Another application is 
to launch to Sun-synchronous orbits (SSO) from 
dedicated locations such as the Vandenberg Air Force 
Base in California (for example for weather 
monitoring missions); additionally, Sprite can launch 
to transfer orbits for the International Space Station 

(ISS, circular orbit in a range of 330 km – 435 km 
altitude) with the purpose of delivering commodity 
cargo (e.g., water, food), to the station itself.
Microcosm’s NanoEye spacecraft, whose baseline 
configuration is in the nano/microsatellite category,6
could potentially perform most of the above 
missions. 

Sprite can also deliver payloads to orbits beyond 
LEO. For example, payloads can be delivered to 
Geostationary Transfer Orbit (GTO, 168 kg
maximum payload); in particular, applications in 
Geostationary orbits (GEO) can include 
communication satellites, space situational awareness
(e.g., space debris monitoring), or scientific observation
missions. A longer-term application could be the 
launch of small satellites to GPS transfer orbits to 
allow future generations of GPS satellites to either 
replace or augment existing, much older satellites.
Finally, with a Scorpius® upper stage, Sprite can 
launch small satellites to interplanetary orbits (i.e., 
very high energy orbits); in particular, small satellites 
like Hummingbird7, in the 100 kg mass range, could 
be launched to escape orbits (and then the satellite
can use its own propellant to maneuver to a desired 
interplanetary orbit). Additionally, smaller satellites, 
up to 54 kg, can be launched directly to a Mars 
transfer orbit. Potential missions for the Sprite launch 
vehicle are summarized in Table 2. 

Figure 15. Sprite Performance to LEO.
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Table 2. Potential Missions for Sprite. 

Mission Inclination 
(deg) 

Altitude 
(km)

Payload
(kg) Note 

NanoEye = Target 
Latitude + 5 200  500 434 At 

45 deg 

Earth 
Observation 98 740 296 

Sun-
Synchro-

nous

Experimental 
Satellite 35 400 443  

Comm 
Satellite 52 615  750 383 Satellite 

= 172 kg 

ISS 52 330 426  

GPS Transfer 
Orbit 55 191 × 

20,182 100  

GTO 28 185 × 
35,746 168 

w/Scorpi
us Stage 

4 

Mars Transfer 28 Escape 54 
w/Scorpi
us Stage 

4 

7. MARKET ANALYSIS 
Microcosm has reviewed several recent studies of the 
market need for low-cost access to space for small 
satellites. The main sources of information that were 
found by Microcosm are Snow et al.8, Buchen and 
DePasquale9, Bauer et al.10, and Foust et al.11 

SpaceWorks made an assessment of the 2013 global 
launch vehicle market8 and an assessment of past and 
future nano/microstellite launch demand.9 In 

particular, SpaceWorks projected the global launch 
demand in the nano/microsatellite market segment 
from 2014 to 2020 (note that SpaceWorks placed no 
value judgment on whether developers will 
successfully meet their announced launch date). The 
satellites’ masses considered range from 1 kg to 
50 kg (Fig. 16); this range can be served by several of 
the Scorpius® vehicles, in particular Sprite and Demi-
Sprite. The Sprite vehicle can potentially deliver 
several nano/micro satellites to LEO with just one 
launch. A thorough study for payloads weighing up 
to 480 kg (i.e., small satellite range, 100–500 kg), 
which is Sprite’s capability to LEO, has not yet been 
conducted, but Microcosm expects that the market 
trend will be very similar to that of nano/micro 
satellites (nominally, 1–100 kg).  

The data source for this study is the SpaceWorks 
Satellite Launch Demand Database (LDDB), a 
continually updated database cataloging historical 
and future satellite missions; spacecraft masses 
included in this database range from less than 1 kg to 
over 10,000 kg, with over 3,800 historical and 
planned satellites identified. The nano/microsatellite 
projection was developed from a combination of two 
data sets: publicly announced projects and programs, 
and quantitative and qualitative adjustments to 
account for the expected sustainment of current 
projects and programs, as well as the continued 
emergence and growth of commercial companies.  

The projections based on announced and future plans 

Figure 16. SpaceWorks Assessment of the Nano/Microsatellite Launch Demand. 
Reproduced from Buchen and DePasquale,9 with Permision. 
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of developers and programs indicate that between 
2,000 and 2,750 nano/microsatellites will require a 
launch during the period from 2014 through 2020 
(compared to 92 in 2013 alone). According to 
SpaceWorks, the nano/microsatellite industry 
continues to thrive, with an estimate of roughly 140
satellites requiring launch during 2014. Additionally, 

the commercial sector contributed 64% of 2014 
nano/microsatellites, and the civil sector contributed 
~25%; future launches suggest that this trend will 
continue. Finally, 91% of the nano/microsatellites 
launched in 2014 were used for either Earth 
observation/remote sensing or technology 
demonstration. 

The 2nd source of information used by Microcosm is 
the DoD Space Experiments Review Board (SERB)
list, which was evaluated by Microcosm in 2010.10

The SERB list contains 62 payloads or spacecraft, 59 
of which with sufficient definition to compute an 
equivalent mass to LEO for launch vehicle sizing.
The analysis consisted in determining how many
SERB payloads could be launched by specific 
Scorpius® launch vehicles. The result is shown in 
Fig. 17 and also summarized below:  

 41 (70%) could be launched by Demi-Sprite 
 50 (85%) could be launched by Sprite 
 9 (15%) vehicles would require Liberty 

As the figure shows, currently the knee of the
demand curve falls generally near the Demi-Sprite 
launch capability.

The 3rd relevant source used by Microcosm for its 
market analysis is a Futron Study conducted in 2006 
for AFRL, and presented at the 2008 USU SmallSat 
Conference.11 The study identified over 30 markets in 
4 principal areas: military (the largest market), 
civil/commercial remote sensing, civil/commercial 
communications, and other. The total addressable 

market for small satellites (which were defined in the 
study as having a mass between 100 kg and 200 kg) 
resulted to be 39 to 76 satellites per year. This 
projection showed that the SmallSat market is very 
robust and growing, and that there are many non-
traditional customers. According to the SpaceWorks 
2014 study, this market has increased by more than a 
factor of 10 since the time of the Futron study; many 
more non-traditional customers could come from 
selling complete systems to traditionally non-satellite 
users (e.g., oil pipeline protection in Mexico, U.S.
border security, and worldwide emergency response). 

8. CONCLUSIONS 
The Scorpius® family of low-cost launch vehicles
developed by Microcosm and its sister company, 
Scorpius Space Launch Company (SSLC), can 
greatly reduce the cost of access to space. The 
Scorpius® technology is scalable to different sizes 
and enables a wide range of missions based on the 
size of the vehicle. All Scorpius® orbital vehicles use 
the same vehicle configuration: 3-stage expendable, 
6 outer pods constituting the first stage, a nearly 
identical inner pod constituting the second stage, and 

 

Demi-Sprite 

Figure 17. Distribution of Required Scorpius® Launch Vehicle Size for DoD SERB List.     
(Mini-Sprite has now been replaced by Demi-Sprite in the launch manifest.) 
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a smaller restartable third stage. (A fourth stage may 
be added for some missions.) All vehicles use the 
same key technology elements: a pressure-fed 
propulsion system based on LOX/Jet A, ablatively-
cooled engines, all-composite cryogenic propellant 
tanks, and a high performance pressurization system 
based on Tridyne. By having 7 virtually identical 
pods in each vehicle, even if only a few vehicles are 
produced per year, a small assembly line can be 
created, which further reduces cost due to the 
economies of scale. The unique vehicle architecture 
offers a very low parts count, virtually no secondary 
structure, high structural stiffness, large performance 
margins, low thermal effects sensitivity, high shock 
and vibration tolerance, and a high controllability 
launch environment.  

This design also has a compounding impact on 
logistics and operational costs. The smaller vehicles 
are easy to transport in a standard cargo container; 
they are also easy to move thanks to their robustness 
and compact dimensions. They do not need a flame 
bucket for launch but just a flame deflector, and 
therefore can launch from virtually anywhere. They 
are all characterized by a squat configuration, which 
lowers the moments of inertia and enables greater 
steering control. They can launch through 100 kt 
ground winds and 99.9% of winds aloft, thanks to 
their better controllability and strong structure.  

The design for manufacturability is a key aspect of 
the Scorpius  launch vehicle technology. The 
Scorpius  manufacturing process consists in setting 
up, maintaining, and using a low-cost launch vehicle 
manufacturing environment, with build-to-inventory 
and launch-on-demand. Manufacturability, low cost, 
and assured availability are preferred over the 
traditional space industry’s emphasis on performance 
optimization. A throughput orientation and an 
industrial production mentality are adopted, versus a 
traditional mission assurance orientation that is 
anchored in large systems and manned flight 
requirements. This approach does not trade away 
quality or reliability – it trades accommodations to 
manufacturability (cost) against performance 
optimization. Additionally, significant cost 
reductions are achieved by robust design, large 
margins, modularization, and standardization. 
Microcosm and SSLC are breaking the chain of 
perpetual performance optimization. 

The Sprite small launch vehicle can deliver up to 
480 kg to LEO for less than $6.0M. It is clear that a 
substantial market for small satellite launches exists, 
and will almost certainly grow significantly over time 
as small spacecraft become increasingly competent. 

The Sprite launch vehicle is expected to fulfill the 
need of potential customers to launch small satellites 
by providing access to various orbits and enabling 
numerous missions. The vehicle greatly reduces the 
cost of access to space and is very responsive thanks 
to its capability for launch-on-demand within 8 hours 
of payload arrival at the launch site. Sprite is 
expected to introduce a breakthrough, disruptive 
capability in the launch vehicle market.   
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ABSTRACT 

The United States has announced plans to continue supporting the International Space 
Station (ISS) through at least the year 2024.  NASA, working with the other ISS 
International Partners, will continue to foster greater use of the ISS platform, for both 
research and commercial activities, while using the ISS as a base for expanding the 
commercial use of low Earth orbit (LEO).  In the United States, NASA remains the 
primary supplier of capabilities and services in LEO, such as habitation systems, power, 
cooling, crew health equipment, upmass and sample return, research facilities, cold 
stowage, crew time, and data transmission.  Access to LEO for ISS cargo has already 
been transitioned from a primary government activity to a commercially supplied 
capability through the development and operations of the Commercial Cargo Services 
providers.  NASA is in the process of developing commercial crew transportation system 
capabilities also in support to the ISS.  It is the goal of NASA to evolve these systems 
and capabilities through the ISS Program in such a way that they will support market 
driven commercial research, as well as NASA's long-term exploration plans.  NASA will 
continue to make investments in these areas through at least 2024 to ensure continue 
access to LEO.  This paper will examine the intersection of the growing commercial 
transportation and research markets, as well as the ways in which the transition from 
government to commercial activity in LEO might unfold. 
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THE INTERNATIONAL SPACE  
STATION: A GOVERNMENT 

OUTPOST READY FOR 
TRANSITION 

 
The International Space Station (ISS) is 
humanity’s outpost in low Earth orbit.  
Possessing more electrical power, crew 
time, data transfer capabilities, and 
experiment and research housing than 
any space vehicle in human history, the 
ISS is the anchor tenant of this most 
accessible region of space.  Occupied 
continuously from November 2, 2000, 
through today, the ISS has hosted more 
than 200 people from 15 countries, and 
represents the largest and most 
complicated international engineering 
effort ever attempted.  The pressurized 
crew modules, built in the United States, 
Japan, Europe, and Russia, launched 
onboard the U.S. Space Shuttle and 
Russia’s Proton vehicle, were assembled 
on-orbit by spacewalking crews using a 
Canadian robot arm; most of the 
modules had never met on the ground, 
and every one connected successfully in 
space.  The amount of crew time 
available for research aboard the ISS is 
already equal to every other human 
spaceflight program in history, 
worldwide, combined, and will more 
than double that amount over the next 
decade, with operations continuing 
through at least 2024.  However, until 
now, the ISS has been a primarily 
government undertaking.  This is 
beginning to change dramatically. 

 
NASA’s mission on the ISS 
encompasses four main areas:  
 Research many science disciplines 

aboard this space laboratory 
 Establish a global partnership for 

future exploration beyond Earth 

 Serve as a technology development 
testbed for deep space exploration 

 Grow a commercial marketplace in 
space 

 
This paper will primarily address the 
fourth area: the ways in which the 
International Space Station is facilitating 
the growth of a robust commercial 
market in low Earth orbit for scientific 
research, technology development, and 
human and cargo transportation.  The 
ISS will show that LEO is an emerging 
marketplace, ripe for commercial 
development and utilization. 
 
 

RECENT ACTIVITIES IN THE 
COMMERCIALIZATION OF LOW 

EARTH ORBIT 
 
While launch vehicles have traditionally 
been the realm of governments, or at 
least government-sponsored providers, 
actual users of Earth orbit have included 
many commercial players, from Telstar-
1 in 1962, built by AT&T, through the 
commercial radio, satellite internet and 
phone service, and Earth observations 
satellites on-orbit today.  NASA has, at 
various points, attempted to encourage 
commercialization; much of the 
justification for building the Space 
Shuttle was the promise of a cheap, easy 
way to quickly and reliably launch 
commercial satellites. 
 
Onboard the ISS, commercial companies 
have been playing an increasingly 
important role in many different areas.  
NASA sponsored the Commercial 
Orbital Transportation System (COTS) 
program, which resulted in the 
development of two new launch vehicles 
and two new cargo capsules.  Today, 
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SpaceX’s Falcon 9 launch vehicle and 
Dragon capsule are three flights into a 
12-flight Commercial Resupply Services 
(CRS) contract, delivering 20 metric 
tons of pressurized and unpressurized 
cargo to the ISS, as well as returning 
science samples to the ground; Orbital 
Science Corporation’s Antares launch 
vehicle and Cygnus capsule are two 
flights into an eight flight contract, also 
delivering 20 metric tons of cargo to ISS 
and providing much-needed refuse 
disposal upon reentry.  With the proven 
and ongoing success of these services, a 
CRS-2 contract is in work to continue 
essential cargo delivery to ISS for the 
duration of its life on-orbit. 
 
NASA, using lessons learned from the 
COTS development effort, is also 
providing funding and expertise for a 
new round of vehicle development, this 
time to take crew to and from the ISS.  
Crew transportation, using Russia’s 
historically reliable Soyuz vehicle, 
stands as the only mission-critical 
single-fault-tolerant link in the entire 
Space Station chain.  For both mission 
and national needs, NASA is helping 
several different private companies 
develop human-rated vehicles under the 
Commercial Crew Program.  While 
development is ongoing, first flights are 
expected in 2017. 
 
Cargo and crew transportation, however, 
are only the most obvious and visible 
ways in which the ISS is contributing to 
the inevitable commercialization of low 
Earth orbit.  With the ISS, NASA has 
built the runways, radios, and beacons of 
the 1920s airmail system.  It has helped 
develop the private craft necessary to fly 
between Earth and space.  Now, through 
the NASA National Laboratory initiative 
and the Center for the Advancement of 

Science in Space (CASIS), the market is 
open for new, commercial developments 
in nearly every area of research and 
technology, including communications, 
biotechnology, human health, habitats, 
material sciences, Earth and Space 
science and observations, and other uses 
that may not even be hinted at yet. 
 
 

 

 
For example, through an arrangement 
with CASIS, the Nanoracks company of 
Webster, Texas, has developed a suite of 
facilities that are now onboard ISS.  
Other interested parties, from biotech 
development firms to elementary 
schools, can contract with Nanoracks 
and CASIS to use these facilities for 
whatever purposes they require, from 
vaccine development to Cubesat 
launches.  Because transportation to ISS 
is still in a relatively early stage of 
maturation, NASA provides launch 
services and on-orbit accommodations 
for all U.S. National Lab and CASIS 
payloads, eliminating this not-
insignificant risk for smaller 
developmental organizations. 
 
Also under development and slated for 
launch in 2015 is the Bigelow 
Expandable Activity Module (BEAM).  
Developed by Bigelow Aerospace, the 
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BEAM will be a demonstration of the 
feasibility of using lower-cost, lower-
weight inflatable modules for human 
habitation in low Earth orbit.  By 
utilizing the ISS, Bigelow is able to save 
on development costs of independent 
power, data, and environmental control 
systems, while getting experience with 
actual humans moving around and 
working in an inflatable structure- 
something that has never before been 
demonstrated in space.  If BEAM is 
successfully demonstrated on ISS, it will 
open the door to large-scale, lower-cost 
inflatable habitats that can be deployed 
in low Earth orbit as an eventual 
commercial successor to the ISS. 
 
 

 

 
Nanoracks and Bigelow are only two 
examples of the many companies 
currently pursuing research using the 
capabilities of the ISS.  In order to fully 
understand the potential of the 
commercial marketplace that is 
developing in space, we must examine 
the constraints- financial, technical, and 
political- to opening up this final 
frontier. 
 

CREATING AN ECONOMIC  
DEVELOPMENT ZONE IN LEO 

 
Commercial activity in low Earth orbit, 
for industries besides communications 

and remote sensing, has always faced a 
chicken-and-the-egg problem; supply of 
transportation and resources cannot exist 
without demand for these capabilities, 
but demand for services in LEO cannot 
develop without a consistent supply 
chain.  Economically viable supply and 
demand is just one of the barriers or 
constraints to developing a commercial 
market in LEO. 
 
NASA, along with its international 
partners, hopes to help show that LEO is 
a viable economic development zone, 
with unique resources that are available 
to anyone with the ability to exploit 
them.  Similar to emerging markets 
around the world, LEO is a geographic 
area with its own benefits and 
challenges; as with any market, those 
that can maximize the benefits while 
mitigating the challenges will profit the 
most.  As the scope and breadth of the 
activities at the ISS show, this profit can 
take many forms- economic, research 
results, technology development, new 
operational models, and so on.  
However, like traditional emerging 
markets, there are barriers to commerce 
and development in LEO.  Unlike 
traditional emerging markets, however, 
they are not simply matters of culture 
and regulatory differences (though these 
also factor as well). 
 
Despite NASA’s efforts to serve as a 
pathfinder in utilization of LEO, 
significant barriers still exist outside 
NASA’s control.  These include 
economically viable transportation for 
cargo and crew; intellectual property 
rights derived from government activity; 
and investment and tax incentives to 
encourage private industry to risk their 
own capital in LEO.  By committing to 
operating the ISS through at least 2024, 
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NASA has at a minimum another decade 
to continue to work with stakeholders 
through the technical, financial, and 
policy barriers that inhibit the 
development of a commercial market in 
LEO. 
 
Another significant barrier is that of 
demand for LEO, which is still primarily 
NASA-driven.  Going forward, NASA 
can guarantee at least 10 more years of 
operations in low Earth orbit, with the 
crew and cargo transportation this will 
require (approximately five cargo and 
two crew flights per year, at a 
minimum).  NASA can also define areas 
of operations that are open to 
commercially-provided services for 
which NASA can be a customer; for 
example, the Sabatier carbon dioxide 
reduction system that is on-orbit was 
originally a commercial model where 
NASA purchased the water it produced 
rather than the hardware that generates 
it.  NASA is in the process of 
determining what capabilities and/or 
services that are required for NASA’s 
mission that are also applicable to the 
transition and development of a LEO 
commercial market.  It is hoped that a 
commercial demand for services like this 
will flow out of the proof-of-concept 
demand that NASA is providing.  Until 
such time, industry is likely to remain 
dependent on government to provide 
demand for services in LEO. 
 
Through examples like Nanoracks and 
BEAM, it is becoming apparent that 
there is demand for space station-type 
capabilities in LEO.  While many 
communications and Earth-observation 
satellites can justify the expense of a 
free-flying satellite bus, many smaller, 
experimental or developmental payloads 
cannot afford that type of investment.  

However, by using the power, data, crew 
time, attitude and control, and 
transportation resources provided by the 
ISS, experiments and technology 
development activities can be 
undertaken that would never before have 
been economical on their own.  As 
profitable commercial endeavors 
become routine, it can be expected that 
other commercial providers will enter 
the market to provide ISS-like resources 
in LEO, offering services to allow 
continued development or production 
that can only be accomplished in this 
environment.  For some activities, 
reliable and economically feasible crew 
transportation will also be a key factor; 
by 2024, ISS will have proven this 
capability as well. 
 
For the NASA side of this emerging 
market, there are steps the government 
can take to continue the positive path 
that industry is on.  NASA, with input 
from industry, can begin creating a 
strategic plan for the gradual transition 
of being a supplier of many services in 
LEO- data transmission, environmental 
control and life support, research 
facilities- to being a consumer of and 
customer for these services, and can 
forecast its own need for continued LEO 
services post-ISS.  As a pathfinder, 
NASA is able to take the types of risks 
for new types of operational models that 
industry cannot.  Working with industry, 
NASA can help identify the areas of ISS 
operations that can be privatized, in 
order to provide operational experience 
for the commercial successors to ISS. 
 
However, NASA still needs help from 
industry to create the kind of effective 
strategic plan necessary for this 
marketplace to flourish.  New avenues to 
create demand need to be identified, 
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especially in areas where government 
does not or cannot operate, such as space 
tourism.  Methods for protecting 
intellectual property (IP) created in an 
international environment by non-
employees of the IP creators need to be 
strengthened.  Government and industry 
need to work together to find ways to 
create investment incentives for 
microgravity research and applications.  

Fortunately, much of this will be 
accomplished in due course as the full 
research potential of the ISS becomes 
apparent.  “Mission success” for ISS will 
be defined as the day when a private 
space station is launched because there is 
no room to do more research onboard 
ISS. 
 

 
CONCLUSIONS 

 
Spaceflight is an entirely different endeavor than computer development, commercial air 
transportation, or standard economic emerging markets.  It is unrealistic to draw straight-
line comparisons between development timeframes for these or any other industries.  
However, the historical model of government development followed by a transition to 
commercial utilization and further development is sound.  NASA and the space industry 
are quickly reaching this tipping point, and are beginning to show that low Earth orbit is 
an emerging commercial marketplace, similar to any other.  The next few years will be a 
critical time for commercial transportation to low Earth orbit.  The next decade will also 
be a critical time for NASA, along with industry partners, to show that research and 
development in low Earth orbit need not be confined only to the launch and 
communication industries.  Biomedical firms, educational institutions, and technology 
development efforts need help in realizing the full potential of the amazing facilities and 
capabilities offered by the ISS.  Full utilization of all sectors of low Earth orbit will be 
required to ensure a vibrant and viable marketplace.  Working together, we can achieve 
new heights. 
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ABSTRACT 
The re-use of launch vehicles (RLVs) is accepted as the most promising method for significantly reducing space 
access cost, increasing responsiveness and increasing reliability. Unfortunately, flight experience has proven 
otherwise. This leads to the current situation where all operational launch vehicles are expendable, and the majority 
of LVs under commercial development are also expendable systems.  

The Austral Launch Vehicle (ALV) project is an international effort to develop a cost-optimized partially Re-usable 
Launch Vehicle (RLV). Now in its fourth year, the ALV project originated as an investigation into the additional 
requirements that will ensure that re-usability can provide real launch cost reduction. These requirements were 
identified as modularity, flexibility and simplicity. Modularity is required to increase the vehicle flight rate (through 
larger payload range and more module flights per launch) and to reduce development cost (through reduction of the 
number and size of newly developed elements). Flexibility is required to ensure a wide market can be captured, 
while simplicity leads to critical reductions in development and operational costs as well as increased reliability.  

The ALV family of RLVs are being developed based on these principles. In the ALV architecture, only the first 
stage modular boosters are re-used since they represent the bulk of the launch vehicle mass and cost, while being the 
simplest to recover. The ALV first stage boosters use a deployable wing and aero engine to return to the launch site 
after re-entry. Re-use of upper stages does not appear economically feasible, except for small satellite launches 
where the structural mass fraction of expendable stages becomes excessive. For this reason the ALV project is 
partnered with the SPARTAN scramjet powered, reusable second stage project of the University of Queensland. The 
SPARTAN uses the ALV boosters as first stage. 

The ALV project gathers students and professionals’ knowledge from several companies, associations and 
universities in the UK, Australia, France and South Africa. The project is organized in four phases: Phase 0 studies 
are almost complete, and Phases 1 and 2 consist of the development of test vehicles of increasing complexity as 
precursors to the full-scale development in Phase 3. The Phase 1 vehicle currently being designed, the ALV-1, is a 
small scale, low cost, analogue test vehicle to prove key concepts of ALV architecture. It will also be extensively 
used to develop and test the avionics for the larger vehicles, and is designed to be simple and extremely low cost. 
Work on the ALV-1 is progressing well, with prototyping set to commence in 2014 and a flight test planned for the 
end of 2015.  

KEYWORDS:   [Reusable Modular Launch Vehicle Flyback Booster] 
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1. INTRODUCTION 
The re-use of launch vehicles is the only practical 
way to reduce space transportation cost. But despite 
this potential for significant reduction in the cost of 
space access when compared to expendable vehicles, 
this has not materialized. Experience with reusable 
vehicles (e.g. the Space Shuttle) has shown that 
reusability alone is not sufficient to guarantee that a 
RLV will have lower overall costs than an 
expendable vehicle. Evidently some additional design 
drivers are required to ensure real cost reductions.  

This project originated from a study that aimed to 
identify these additional design drivers. Since the 
goal was the reduction of mission costs, the study 
was based on commercial considerations rather than 
technical. Both sides of the cost equation were 
evaluated using market analysis and programme cost 
estimates. The result of this study, which was 
presented in detail in a previous paper1, was the 
identification of three key design drivers that are 
required for commercial viability. These drivers, 
namely Modularity, Flexibility and Simplicity, were 
then applied to a RLV design. The resulting concept 
is now called the Austral Launch Vehicle (ALV).  

Since the original study in 2011, the ALV project has 
made significant progress. This paper presents an 
overview of the main design drivers, the selected 
configuration and its advantages, ALV project 
execution details as well as recent progress on the 
ALV-1 test vehicle.   

 

2. OVERVIEW OF ALV DESIGN DRIVERS 
This section presents a brief overview of the three 
key design drivers for the ALV project. 

Fundamental Commercial Constraints 
The original study identified the two fundamental 
commercial problems that any new RLV design has 
to address, namely low flight rate combined with 
high development costs. These two issues conspire to 

negate most of the advantage that RLVs offer over 
expendable vehicles. As a consequence these issues 
have to be addressed at the earliest phases of project 
if the design is to be commercially viable.  

However, basing a vehicle design on commercial 
considerations presents a significant problem, since it 
is not possible to do an economic evaluation of a 
vehicle that does not yet exist. For the ALV project 
this problem was overcome by translating the two 
fundamental commercial constraints (low flight rate 
and high development cost) into three key design 
drivers on which the new design was to be based. 
These design drivers had to be sufficiently generic to 
allow a wide variety of vehicle configurations to be 
considered, but also needed to be sufficiently concise 
to ensure the design addressed the fundamental 
commercial constraints.  

Design Driver 1: Modularity 
Modularity is required to increase the flight rate by 
allowing a multitude of vehicles with wide payload 
range to be integrated using standardized modules. 
The development cost of the vehicle is therefore 
spread over a larger number of flights, and due to the 
smaller size of each module the development cost is 
also reduced.  

For the vehicle in the original study, the booster 
flight rate was increased an order of magnitude 
through the use of modularity. Given the uncertainty 
in future launch rates, modularity is seen as an 
absolute necessity for a new rocket-powered RLV 
design.   

Design Driver 2: Simplicity 
Even for a modular vehicle the high development 
costs of reusable vehicles may prove uncompetitive 
with expendable systems. Only by reducing 
development costs by a substantial amount will 
competitiveness be assured. The graph below, taken 
from the original study, shows how a new RLV 
design does not meaningfully reduce total 
programme cost if statistical (US Government) 
development costs are used (red line).    
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Figure 1: Total Programme Cost Estimates 
 

However, if development costs can be reduced to 
10% of the Government costs (as some private space 
companies have claimed) then the RLV may realize 
significant savings (as shown by the green line).  

Such a cost saving is only possible if the design is 
simplified to the maximum extent possible. For the 
ALV project this is implemented by:  

 Use of operational concepts that are well 
proven 

 Use of commercially available components, 
preferable those from the aviation industry 

 Simplified operations 

 Reduction of the part counts 

 Removal of the requirement for high 
performance systems, parts and materials 

An added advantage of simplicity is the gains in 
reliability when compared to more complex systems. 

Design Driver 3: Flexibility 
To fully capture the additional launch opportunities 
afforded by a modular design with a large payload 
range, the design has to be sufficiently flexible to 
allow any orbit and mission type. Any reduction in 
flexibility will inevitably lead to lost launch 
opportunities, reducing the vehicle flight rate. To be 
fully flexible, the vehicle must not have any 
restrictions on: 

 Launch direction 

 Launch time (including time of day, season, 
weather conditions within reason) 

 Payload orbital elements 

 

3. ALV SYSTEM ARCHITECTURE  

Vehicle Overview 
The ALV-2 is a modular, three stage, liquid 
propellant, small satellite launch vehicle of which 
only the first stage is reusable.  
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Figure 2: Typical ALV-2 Integrated Launch Vehicle with 3 Boosters 

 

The ALV integrated vehicle consists of from 1 to 6 
flyback boosters, a core second stage and a third 
stage. It should be noted that the core second stage 
uses either the same technology (including rocket 
engines and tank construction methods) as the third 
stage (for 1-3 boosters) or the first stage (for 4 and 6 
boosters). The various combinations (i.e. 1, 2, 3, 4 
and 6 boosters and matching upper stages) can place 
from 100kg to over 1,000 kg into typical Sun-
Synchronous Orbits. 

 

Operation 
The ALV integrated vehicle is launched vertically 
from a launch pad (refer to Figure 3). After a short 
vertical section the gravity turn is commenced and 
the vehicle ascends at approximately zero angle of 
attack until first stage booster separation. The second 
stage is ignited some seconds before first stage 
separation and operates at full thrust during 
separation. After separation the upper stages place 
the payload in the desired orbit, similar to an 
expendable system (note fairing separation is not 
shown in the figure, this occurs shortly after first 
stage separation). The second and third stages are not 
recovered but are destroyed during subsequent re-
entry.  

 

Figure 3: ALV Operational Diagram 
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After separation, the first stage booster modules 
maneuver to impart a mutual separation velocity 
before main engine cut-off. The boosters then coast 
unpowered during an exo-atmospheric ballistic flight 
until re-entry (note only one booster is shown for 
simplicity). During re-entry the vehicle is held at a 
high angle of attack. Pitch stability provided by the 
ruddervators as well as a rear body flap for pitch trim. 
The high angle of attack is maintained until low 
supersonic speed, when the vehicle enters a shallow 
dive to cross the transonic region.  

Once sub-sonic, the angle of attack is again increased 
until the vehicle reaches low sub-sonic velocity. At 
this point the vehicle pitches down and the wing is 
deployed. Best glide speed is assumed and the engine 
started. With the engine operational the vehicle 
performs a turn and follows pre-programmed route of 
3D waypoints to the landing approach holding point 
(a distance of approx. 350 km). From here a pilot 
takes control and performs a remotely piloted landing 
of each module in turn.  

Minimum refurbishment is required between flights, 
and once a booster is refurbished it is re-integrated 
into another vehicle. As described in section 4, the 
booster rocket engines are only use and average of 5 
times on a first stage module after which they are 
mounted on a second stage and expended. This low 
number of engine re-uses significantly reduces the 
development and manufacturing cost of the rocket 
engines, while still unlocking most of the savings 
afforded by reusability.  

For small payloads, boosters can be integrated with 
the SPARTAN scramjet accelerator. The operational 
sequence is similar to that described above, with the 
exception that the booster does not perform an 
extended exo-atmospheric ballistic flight but rather 
decelerates gradually after separation due to the 
relatively high dynamic pressure. The flyback 
distance is therefore significantly shorter. 

The following sections describe important aspects of 
the ALV-2 vehicle architecture and highlight the 
advantages of the selected configuration. 

Use of Liquid Propellant Engines 
A study of the comparative costs of liquid and solid 
rocket engines revealed that the operational cost of a 
reusable solid rocket engine is high, primarily driven 
by the cost of propellant. Conversely the 

manufacturing cost of the casing is relatively low, 
due to the simple nature of the structure. This high 
ratio of operational cost to manufacturing cost does 
not justify reusability; which is supported by 
operational experience from the Space Shuttle and 
Ariane 5 boosters. With this in mind liquid rocket 
engines are used for the ALV-2. The use of liquid 
propellant engines has several other advantages, 
including very low structural mass resulting in a light 
vehicle during the return flight. 

Re-use of First Stage Only 
A core aspect of the ALV architecture is that only the 
first stage is reused. A cost-benefit analysis showed 
that only reuse of the first stage is commercially 
attractive. The fundamental reason for this is the 
relatively small mass and cost contribution of the 
upper stages compared to the significantly increased 
complexity of re-entering vehicles at higher velocity. 
For example, the first stage mass of a typical three 
stage vehicle can be 75% or more of the total vehicle 
mass, making the re-use of the lower stages 
significantly more commercially important than for 
upper stages. Furthermore, it is significantly less 
complex to re-use lower stages than upper stages; a 
typical first stage separation velocity is around 1,800 
m/s, whereas for a third stage it can approach 8,000 
m/s. Since the energy that has to be dissipated during 
re-entry increases as the square of speed, a reusable 
third stage needs to dissipate up to 16x more energy 
during re-entry. This requires complex and expensive 
Thermal Protection Systems (TPSs), which are not 
justifiable considering the small mass and value of 
the third stage. 

The above evaluation holds true for larger rocket 
second stages, but for very small satellites (<= 500 
kg) fixed costs dominate the expendable stage costs. 
This results in the cost per kilogram of small 
satellites being much higher than for larger satellites. 
For very small satellites it is therefore imperative that 
the number and size of expendable stages be kept to a 
minimum. The scramjet powered SPARTAN 
reusable second stage (which is partnered with the 
ALV project) shows potential to reduce the cost of 
small satellite launches. The SPARTAN concept uses 
a fully reusable second stage in conjunction with a 
very simple, low cost third stage to reduce mission 
cost. SPARTAN also has distinct advantages in terms 
of mission flexibility, reduced propellant (fuel only) 
cost and ease of reuse. 
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Figure 4: UQ SPARTAN Scramjet Accelerator and 3rd Stage 

 

Three Stage Configuration  
Three stages were selected as the optimal 
configuration after several vehicle architectures with 
two to four stages were designed and analyzed. It was 
found that two stage vehicles require complex 
engines with high specific impulse and that a TPS is 
required, as the first stage re-enters at a significantly 
higher velocity. Both of these requirements 
significantly increase the complexity of the project 
and negate any advantages of a reduced number of 
stages. The four stage configuration is typically only 
used with solid propellant engines where the 
incremental development cost of each stage is small 
and there is little weight penalty for using smaller 
stages. For liquid propellant vehicles this is not the 
case and the development cost and overall vehicle 
mass is significantly increased with multiple small 
stages. Furthermore, with an increase in size the 
speed contribution and therefore mass of the first 
stage decreases, resulting in a lower fraction of the 
overall vehicle mass being re-used. Three stages 
provide the optimal combination of simplicity and 
first stage velocity contribution.   

Modularity of First and Other Stages 
Modularity is a key feature of the ALV-2 design, 
allowing multiple configurations with a wide payload 
range to be integrated at minimal additional cost. 
This is most visibly manifested in the multiple 
identical flyback boosters that form the first stage. 
Modularity is also implemented in several other ways 
on the ALV-2, for example various sizes of second 
stages are manufactured exclusively from either first 
or third stage components, including tanks and rocket 
engines.  

The importance of modularity cannot be overstated. 
It is the only practical way to increase flight rate in a 
constrained launch market. The primary mechanism 
for increasing flight rate are (1) increasing the 
payload range significantly resulting in higher launch 
rate and (2) increasing the module flight rate by using 
multiple modules for each launch. An increased flight 
rate results in the development cost being amortized 
over more flights, resulting in a significant reduction 
of the cost share per flight.  

Modularity not only increases the flight rate, but also 
significantly reduces the development cost of the 
modules. This is clearly illustrated by the conceptual 
cost model used for this project (Transcost2). The 
primary input to all cost equations is a parameter 
related to vehicle mass or engine size. In all cases the 
development cost of a vehicle or engine is 
significantly reduced when the mass / size of the 
vehicle or engine is reduced. In a modular vehicle 
each module within a stage is significantly smaller 
(and therefore cheaper to develop) than a unitary 
stage of the same capability would have been.  

Additionally, the technical risk of using smaller 
individuals modules compared to a large unitary 
vehicle is lower. Reasons for the decrease in 
technical risk for smaller modules include: 

 Reduced likelihood of combustion 
instability in small engines 

 Significantly reduced cost of exhaustively 
testing small rocket engines 
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 Decreased likelihood of structural anomalies 
including aero elasticity, flutter, oscillations, 
etc.    

 Specialist manufacturing facilities are not 
required for small structures and engines 

 Significantly reduced logistics complexity 
and cost 

Lastly, the higher flight rate of multiple modules 
results in increased opportunities to monitor the 
performance of the system and improve the design. 
This results in the design reaching maturity much 
quicker than for a large system with a low flight rate.  

Use of Flyback Boosters 
Reusable boosters can potentially be recovered in a 
number of ways, including parachute recovery, 
vertical rocket powered descent, deployment of rotors 
for a helicopter or gyrocopter style landing, etc. 
Trade-off studies were performed on all known 
feasible methods, and the flyback booster concept 
was shown to be the optimal recovery method. Some 
drawbacks of the other methods that resulted in their 
disqualification were: 

 Short return flight range resulting in either 
an ocean landing or a strongly reduced 
launch azimuth range (most other options) 

 High likelihood of damage to tank structures 
(parachutes, especially without vehicle 
aerodynamic surfaces) 

 Significant technological challenges and 
complexity and excessive parasitic 
propellant load (rocket powered descent) 

 

4. ALV-2 FLYBACK BOOSTER 
CONFIGURATION  
This section focuses the ALV-2 flyback boosters that 
form the first stage. This stage will be discussed in 
detail, since it is a new design and the focus of the 
ALV project. The second and third stage will not be 
explicitly discussed, since they are considered 
relatively standard.  

Propellant Selection and Rocket Engine Design 
The ALV-2 boosters use Ethanol and Liquid Oxygen 
(LOX) as propellants. This combination produces 
thrust at sufficient efficiency (i.e. specific impulse), 
while the relatively low temperature in the 
combustion chamber simplifies engine design. 
Furthermore the propellants are non-toxic, 
environmentally benign (in case of an incident), non-
polluting and extremely low cost.  

The rocket engine uses four chambers fed by a single 
turbopump. This configuration has several 
advantages, including avoiding combustion 
instability due to small chamber size, significantly 
reducing the cost of developing, manufacturing and 
testing the rocket chambers as well as the ability to 
create several second stage engine configurations of 
varying thrust levels by using fewer chambers and 
changing the impellers in the turbopump. Sharing the 
turbopump further reduces the weight of the module.   

The original programme cost study clearly showed 
that there is no commercial justification for flying a 
reusable booster more than approximately 25 times 
(refer to Figure 1: Total Programme Cost Estimates). 
Furthermore, it showed the bulk of the benefit can be 
gained by re-using the booster only 5-6 times. For the 
ALV-2 the shared use of rocket engine components 
on the first and second stages provides a significant 
opportunity for cost savings. The rocket chambers, 
turbopumps and other high wear components will be 
flown on the ALV-1 first stage boosters for 
approximately 5 flights, before being removed and 
flown on the expendable second stage. This 
significantly relaxes the re-usability requirements on 
the rocket components (a major cost saving) at 
virtually no additional cost (since second stage 
engines would have been manufactured in any case).  

Note that the actual number of times an engine is 
flown is dependent on the distribution of the 
customer payloads and therefore number of first stage 
modules used in each launch. But since the third 
stage engines are used on the second stage for 
integrated vehicles with 1-3 boosters, and the first 
stage engines are only used as second stage engine 
for 4 or 6 booster integrated vehicles, the average 
number of times a first stage is flown can be assumed 
to be 5 flights. Note that the third stage engines are 
never re-used.  
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Figure 5: ALV-1 Booster in Aircraft Mode 

 

Influence of Modularity on Wing and Tail 
Configurations 
The modular nature of the first stage places a key 
restriction on the design of the flyback boosters, 
namely the avoidance of physical interference 
between adjacent modules around the core second 
stage.  

Most flyback booster concepts can be classified into 
two groups, those using delta wings and those using 
deployable wings. The advantage of delta wings is 
that they are stationary and do not require a 
deployment mechanism. But, in a modular vehicle 
the delta wings will physically interfere with each 
other when integrated around a core second stage (if 
more than two boosters are present), requiring them 
to be folded for launch. This completely removes the 
simplicity advantage of the delta wings, and makes 
pivoting wings the preferred option due to the 
significantly reduced drag during ascent and weight 
saving of the structurally efficient wing. Of the 
various types of pivoting wing, the single pivot wing 
that pivots approximately at the centre is the simplest, 
strongest and lightest option and thus selected for the 
ALV-2 boosters. The ALV-2 wing can only be 
deployed during flight, and has to be stowed on the 
ground using external force.  

Similar to the main wing, the requirement of 
modularity introduces interference issues for low or 
mid mounted horizontal stabilizers and elevators. 
These configurations will require folding control 
surfaces, which increases the complexity. The only 
configurations that will not experience interference 
are the T-Tail and V-Tail. The ALV-2 was originally 
designed with a T-Tail, but this proved to be 
aerodynamically ineffective due to body shadowing 

during re-entry and required heavy vertical tail 
structures. Recent iterations were re-designed with a 
V-tail and rear mounted body flap, similar to the 
system used on the X-37B spaceplane.  

Aero Engine 
Trajectory analysis showed that the ALV-1 first stage 
modules will re-enter the atmosphere at 
approximately 350 km ground distance from the 
launch site. This large distance will require an aero 
engine for the return flight and landing. It should be 
noted that several gliding flyback boosters have been 
proposed, but the separation speed of these boosters 
cannot be much higher than Mach 3 in order to glide 
back to the launch site. The low velocity contribution 
of such a first stage increases the size of the 
expendable upper stages, defeating the advantage of a 
reusable first stage.  

Further advantages of using an aero engine includes 
the ability to make more than one attempt at landing 
and the capability to loiter in order to allow other 
modules to land. The aero engine can also be used to 
land at a runway not co-located with the launch site, 
increasing the flexibility of the system. Lastly, the 
aero engine allows a significant amount of vehicle 
testing to be performed in aircraft mode, an important 
development consideration.  

The aero engine has to be located at the front of the 
booster to position the Centre of Gravity (CG) at the 
correct location. Several large boosters have been 
proposed with turbojet engines located in the nose, 
using exhaust ducting to route the hot exhaust away 
from the propellant tanks. This concept has however 
not been proven and adds weight to the system. In all 
likelihood the engine air intake will also require a 
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moveable shield during ascent due to the hypersonic 
air stream velocity.  

Furthermore, the ALV-2 boosters have been designed 
to cruise and land at relatively low speeds (Mach 
0.3), increasing safety and reducing drag. At these 
low speeds jet engines are relatively inefficient. 
Lastly, turbine engines are expensive and will form a 
major share of the overall booster’s cost, 
overshadowing the initial motivation for reusing the 
booster. The piston engine and propeller combination 
is at least an order of magnitude cheaper than an 
equivalent turbine engine.  

With these and other considerations in mind, a front 
mounted piston engine and folding propeller system 
is used. Mounting a piston of the front of an aircraft 
is common practice, and folding propeller systems 
have been used on motorgliders for many decades. 
The ALV-2 system uses a nose cap that is moved 
forward before the propeller blades are swung open 
by centripetal force when the engine is started.  

Fuel System and Landing Gear 
The ALV-2 fuel tank for the aero engine is located in 
the intertank section near the CG. From here fuel is 
pumped to the nose mounted engine along the front 
tank and through a firewall.  

The ALV-2 uses a tricycle landing gear arrangement 
for ease of landing. The main landing gear is stowed 
in the intertank section while the nose landing gear is 
stowed in the nose cone. Similar to the wing, the gear 
can only be deployed in flight, and retraction has to 
occur on the ground using external force.  

 

5. ALV PROJECT EXECUTION  

Project Roadmap 
The ALV project is divided into four phases, where 
the overall goal of phases 1 to 3 is to design, 
manufacture and successfully test a vehicle of 
increasing size and complexity. This approach is 
common in the aerospace industry for the 
development of new types of vehicles that have not 
flown previously. There are a multitude of 
advantages to this approach, including the 
minimization of overall risk and the incorporation of 
gains in technical and operational knowledge into the 
design early in the project.  

The initial phase (Phase 0) consisted of several 
studies and investigations and is now complete. The 
remaining three phases each have a clearly defined 

set of objectives and a vehicle (ALV-1, ALV-4 and 
ALV-2) to be developed.  

Phase 1: ALV-1 
The ALV-1 is a small, low cost test vehicle that aims 
to prove some of the main concepts of the ALV 
architecture, and give developers early access to a 
flying test bed. The main objectives of the ALV-1 
vehicle are: 

 Prove the following concepts in the sub-
sonic speed range, including 

o Vertical launch and horizontal landing 

o Transitioning from rocket mode to 
aircraft mode (i.e. wing deployment) 

o Opening of the nose cap, unfolding of 
the propeller and engine start 

o Autonomous return flight and approach 

o Remotely piloted landing 

 Act as a test platform for the avionics 
package 

 Provide development and operational 
experience to the team 

The ALV-1 is designed to be a close analogue of the 
larger vehicles. However, due to the small scale and 
low cost of the ALV-1, many sub-systems and 
components will not be scalable to the larger vehicles 
(for example the rocket propulsion sub-system). The 
project is not spending development effort on these 
“dead-end” sub-systems, and will buy Commercial-
Off-The-Shelf (COTS) equipment to perform the 
required functions.  

Work on the ALV-1 is currently nearing the end of 
the preliminary design phase with the full structural 
and configuration layout completed and operational 
procedures (e.g. sequence of events) documented. 
The first flight of the ALV-1 is planned for the end of 
2015. The ALV-1 is described in the following 
section of this paper.   

Phase 2: ALV-4 
The ALV-4 will be a significant increase in 
capability, size and complexity over the ALV-1. This 
phase has the following goals: 

 Prove key ALV-1 operational concepts: 

o Vertical launch and control using 
rocket thrust vectoring 
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o First stage separation (approx. Mach 5 
and 30 km altitude) 

o Second stage ignition and guided flight 

o First stage exo-atmospheric ballistic 
flight  

o First stage controlled re-entry at full 
velocity (approx. Mach 5) 

o Sonic transition 

o Sub-sonic return flight and landing (as 
per ALV-1) 

 Launch of the SPARTAN-1 scramjet 
accelerator (approx. Mach 5 and 25 km 
altitude) and return flight 

 Prove the design of key sub-systems: 

o Liquid rocket engines 

o Chamber steering mechanisms 

o Propellant tanks and pressurization 
systems 

o Heat shielding 

The ALV-4 is in conceptual design stage and is 
awaiting the finalization of the SPARTAN-1 
conceptual design before proceeding. In the 
meantime several technical studies are being 
performed to identify suitable technology options to 
allow the vehicle to be built and tested on a restricted 
budget.  

The first stage flyback boosters and the second stage 
will utilize identical technologies, thereby reducing 
development cost. The intent is not to construct a 
third stage for the ALV-4 in order to limit project 
cost and technical effort, although this decision might 
be revisited in future. A simple third stage will be 
developed for SPARTAN-1. 

Phase 3: ALV-2 
The ALV-2 will be the full scale small satellite 
launch vehicle. The ALV-2 will be capable of placing 
satellites from 100 kg to 1,000 kg in typical sun-
synchronous orbits. The ALV-2 design is nearing the 
end of conceptual design stage. The major body of 
outstanding work is a detailed aerodynamic study of 
the ALV-2 geometry. This work will be the subject 
of a PhD at the University of Queensland from 2015 
onwards.  

Funding 
The ALV project has not required any external 
funding to date. This has been made possible by the 
academic nature of the project and the hard work of 
more than 20 contributors and volunteers over the 
last 4 years. As an academic endeavor the ALV 
project has also benefitted these students in gaining 
real world aerospace design experience. 

It is expected that ALV-1 development and testing 
will be completed without any requirement for 
external funding. It is also expected that the bulk of 
the ALV-4 development work will proceed without 
external funding. However, manufacture and testing 
of the ALV-4 will most likely require some level of 
funding, depending on the final size of the vehicle.  

The ALV-2 will be a large scale engineering project 
that will not be suitable as an academic exercise. 
Although some design work on the ALV-2 might 
proceed regardless, full-scale development will only 
be possible through significant private and / or 
government investment.  

Contributors and Locations 
The ALV project is an international academic 
collaboration spread across four continents. The 
project, managed by Heliaq Advanced Engineering, 
uses industry accepted Project Management and 
Systems Engineering procedures. Avionics 
development work is carried out by Heliaq in the UK.  

Design work on the aero propulsion system and all 
components firewall forward (nose cone, nose cap 
and also the nose landing gear) is performed in 
Australia by current and former students from the 
University of Queensland (UQ). The ALV project is 
also tightly integrated with UQs hypersonic research 
SPARTAN-1 scramjet powered accelerator project, 
and UQ staff contribute significantly to both projects.  

Design work on the fuselage, wing and ruddervators 
is performed in France by the ESTACA Space 
Odyssey (ESO) student group. ESO has a rich history 
in the launch of sounding rockets, and the ALV-1 
project is an evolution of this work.  

A vehicle manufacture and testing workshop is being 
built by Heliaq in South Africa. This workshop relies 
heavily on computer controlled (CNC) equipment for 
parts manufacture. Ground infrastructure for the 
ALV-1 and ALV-4 is also being prepared in South 
Africa.  
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Figure 6: ALV-1 Test Vehicle in Aircraft Mode (Wing & Landing Gear Deployed) 

 

6. ALV-1 VEHICLE DESCRIPTION AND 
DEVELOPMENT PROGRESS 

This section describes the design and operation of the 
ALV-1 test vehicle. ALV-1 development has 
progressed well over the last year, to the point where 
prototyping will commence before the end of 2014.  

Please note the Figure 6 is only a conceptual design 
sketch. Detailed CAD models are shown in the 
accompanying presentation.  

ALV-1 Concept of Operation 
The ALV-1 will be vertically launched using rocket 
propulsion with its wing, propeller and landing gear 
stowed. The launch elevation angle will be less than 
90 degrees to ensure optimal conditions for mode 
transition (from rocket to aircraft mode) at the 
trajectory apogee. Control during ascent will be 
limited to small corrections near the apogee to ensure 
the correct attitude and velocity for transition.  

The transition to aircraft mode involves the wing 
opening, engine starting and propeller deployment. 
From here the ALV-1 will follow pre-programmed 
waypoints to a holding pattern from where the 
approach for landing will commence. The approach 
and landing will be flown, using remote control, by a 
pilot on the ground.  

ALV-1 Specifications 
The following approximate specifications are still 
subject to change up to the Critical Design Review: 

 Physical: 

o Overall Length: 2000 mm 

o Fuselage Diameter: 275 mm 

o Gross Weight: 40 kg 

o Landing Weight: 25 kg 

 Performance: 

o Max. Velocity: Mach 0.9 

o Apogee Altitude: 2500 m 

o Endurance (Aircraft Mode): > 2 hours 

ALV-1 Rocket Propulsion and Launch 
The ALV-1 design does not attempt to develop or use 
any rocket components that can potentially be used 
on the larger vehicles. Since the ALV-1 rocket 
propulsion system is not required to resemble that of 
the larger vehicles, a Commercial-Off-The-Shelf 
(COTS) solution was selected. Advantages of this 
approach over a new design include: significantly 
reduced effort, increased reliability and very low 
cost.  

No commercial liquid rocket motors are available in 
a sufficiently small size to suit the ALV-1. 
Furthermore, hybrid rocket motors of the correct size 
have significantly reduced performance compared to 
solid rocket motors, and are not as widely available. 
As such a simple commercial solid rocket motor 
intended for high powered amateur rocketry is used 
for the ALV-1 ascent. No attempt is made to provide 
thrust vectoring during ascent, as this mechanism will 
not be transferable to the larger vehicles.  

ALV-1 Aero Propulsion 
In contrast with the rocket propulsion, the ALV-1’s 
aero propulsion system is being designed to closely 
approximate that of the larger vehicles. The aero 
propulsion system is located at the front of the 
vehicle to offset the weight of the heavy rear 
mounted rocket motor. The aero propulsion system 
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makes a significant contribution in moving the CG 
forward to the approximate centre of the vehicle, 
which is a prerequisite for using a pivoting wing.   

The aero propulsion system uses a single cylinder 
piston engine. The ALV-1 propeller sub-system is a 
close approximation of the full scale designs. The 
propeller blades are swung outward by centripetal 
force after engine start and held open by blade drag 
and centripetal force.  

Since the aero engine is required to be started in 
flight, a starter / generator system is installed. The 
starter / generator is connected to the same power 
transfer system that connects the engine and propeller 
shafts, resulting in little additional weight. Power 
flow is reversed once the engine is started to generate 
power for the on-board control systems, ensuring 
flight endurance of several hours.  

ALV-1 Firewall, Nose Cone and Cap 
The aero propulsion system is contained in the 
truncated nose cone, forward of the firewall. The 
firewall, nose cone, nose cap and aero propulsion 
system is being designed as an integrated package 
that can be built and tested independently from the 
rest of the vehicle. All structural components are 
manufactured from machined or sheet metal 
aluminium alloy. 

The engine is mounted to the firewall at the front, 
with the main avionics stack mounted to the rear 
facing the fuselage compartment. All penetrations 
through the firewall are by means of sealed 
connectors and fittings. The nose landing gear is 
mounted on the lower rear of the firewall.  

The nose cone is a structural assembly that supports 
the propeller shaft and the power transmission 
system. The nose cone also has and air intake and 
internal baffles for engine cooling, with the hot air 
exhausted at the top of the nose cone from the 
wingtip protection protuberance. Note that the engine 
is only started once the wing is deployed and the 
protuberance opening is clear. The nose cap is moved 
forward with a powered actuator to expose the 
propeller blades before engine start. 

ALV-1 Fuel System 
The ALV-1 uses unleaded fuel for the piston engine, 
and the fuel system has been designed to comply with 
light aircraft requirements. The fuel is stored in a fuel 
tank located near the vehicle’s CG. The fuel tank has 
been designed to operate safely in both vertical 
(rocket mode) and horizontal (aircraft mode) 
attitudes.  

ALV-1 Landing Gear 
The ALV-1 is equipped with tricycle landing gear 
that can only be extended during flight. No brakes are 
installed on the ALV-1. The main gear is folded 
forward into the fuselage so that gear opening is 
assisted by drag and gravity. Originally, the nose gear 
was folded forward into the engine compartment in 
the truncated nose cone. Due to space constraints in 
the engine compartment, and the landing gear design 
progressing, the nose gear was moved and mounted 
on the rear of the firewall. The nose gear is steerable, 
and extends with a sprung system strong enough to 
overcome aerodynamic drag and then locks in place. 
During flight landing gear doors cover the bays 
ensuring that the aerodynamics are not compromised. 

ALV-1 Wing 
The ALV-1 wing is a single composite assembly that 
rotates about a pivot point on the fuselage. The wing 
is held closed during ascent by a latch at the front 
wingtip. At apogee the latch is released and the wing 
is opened by a pre-charged mechanism. Once fully 
open the wing is latched by a locking mechanism at 
the pivot point. The wing can only be deployed 
during flight, and it has to be manually stowed on the 
ground using externally applied force. The wing is 
equipped with full length flaperons for roll control 
and for the increasing lift coefficient during landing.  

ALV-1 Ruddervators 
Pitch and Yaw control of the ALV-1 is accomplished 
through two all-moving ruddervators on the top of 
the empennage arranged as a V-Tail. These control 
surfaces are used for vehicle attitude control in both 
rocket and aircraft modes.  

The larger ALVs are also equipped with a body flap 
at the rear of the empennage, below the rocket 
motors. This is used solely for pitch trim during the 
high angle of attack hypersonic re-entry, similar to 
the X-37B and Space Shuttle. However, since the 
ALV-1 is a sub-sonic vehicle, the rear body flap has 
been omitted to save weight.   

ALV-1 Fuselage 
The ALV-1 fuselage is externally geometrically 
similar to the larger ALVs. It is manufactured from 
riveted aluminium alloy sheet and machined 
components, using traditional aircraft construction 
methods.  

ALV Avionics 
The ALV-1 uses the full avionics stack of the larger 
ALVs. In fact, provision of an analogue test vehicle 
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for development and testing of the full ALV avionics 
stack is one of the primary drivers for building the 
ALV-1.  

The multiple flight modes (rocket, re-entry vehicle 
and aircraft), wide operational envelope (up to Mach 
5 and 90 km altitude) and large gross vehicle mass 
range (from < 50kg for ALV-1 to >15 ton for ALV-
2) of the ALV family of vehicles presents a 
significant challenge to the design of the avionics 
stack. In essence the avionics stack must be capable 
of controlling almost any type of vehicle of any size 
(within reason) over a very wide operational range. 
There is thus a requirement for a universal control 
system architecture that is equally applicable to 
vehicles types ranging from a light UAV to large 
Launch Vehicle.  

To address this challenge, the Heliaq Aerospace 
Vehicle Bus (HAVBUS) control system architecture 
has been developed. HAVBUS is an architecture that 
allows modular and scalable control system to be 
configured that can be physically concentrated (for 
small vehicles) or distributed around a large vehicle’s 
airframe.  

The HAVBUS architecture uses one or more 
lightweight stacks to aggregate modules that can be 
located in a single physical location. Stacks are then 
interconnected using redundant vehicle and payload 
data buses, as well as power, to form a single 
distributed control system. The functioning and 
configuration does not change with physical location, 
allowing arbitrary control systems to be configured.   

A HAVBUS interface specification has been 
produced and may be released for public use in the 
future.  

 

7. CONCLUSIONS 
The ALV project originated from a study to identify 
the key drivers for a cost effective Reusable Launch 
Vehicle. Using these drivers (modularity, simplicity 
and flexibility), a family of cost optimal partially 
reusable launch vehicles were designed. The ALV 
architecture has numerous advantages that promise 
significantly reduced costs compared to expendable 
vehicles. The ALV flyback boosters can be integrated 
with the scramjet powered SPARTAN second stage, 
resulting in a very small satellite launch vehicle with 
two re-usable stages and cost effective operations.  

The ALV project has progressed significantly over 
the last year. Moving on from the initial studies, the 
conceptual design of the ALV-2 is nearing 
completion. Moreover, work on the small scale ALV-
1 test vehicle is progressing well and the design is 
maturing rapidly. The ALV-1 will prove key aspects 
of the ALV architecture, including transition to 
aircraft mode and avionics testing, while providing 
development and operational experience to the team. 
Prototyping of ALV-1 is due to commence in 2014, 
and a first flight is planned for the end of 2015.  

 

REFERENCES 
1. Schutte, A.N. and Tolyarenko, N. September 2013. “The Austral Launch Vehicle: Reducing Space 

Transportation Cost Through Reusability, Modularity and Simplicity”, Proceedings of the 64th International 
Astronautical Congress, Beijing, China.  

2. Koelle, D. 2011. “Handbook of cost engineering for space transportation systems with TRANSCOST 8.1: 
Statistical-analytical Model for Cost Estimation and Economical Optimization of Launch Vehicles”, Ed. 8.1 
Rev 3a, Germany.  

Reinventing Space Conference 2014Schutte 197



 

12th Reinventing Space Conference
18-20 November 2014 

 London, UK

 
 

 
 

 
 
Quantifying the Cost Reduction 
Potential for Earth Observation 
Satellites 

 
Anthony Shao 

Microcosm/University of Southern California 
 
Elizabeth A. Koltz 

University of Southern California 
 
James R. Wertz 

Microcosm/University of Southern California 

Reinventing Space Conference 
BIS-RS-2014-40 

 © Springer International Publishing Switzerland 2017 
S. Hatton (ed.), Proceedings of the 12th Reinventing Space Conference, DOI 10.1007/978-3-319-34024-1_16 

199



 

Copyright © 2014 by Microcosm Inc. Published by the British Interplanetary Society with permission. 

BIS-RS-2014-40 

Quantifying the Cost Reduction Potential for Earth Observation Satellites 
 

Anthony Shao and James R. Wertz 

Microcosm/USC, 4940 W. 147th Street, Hawthorne CA 90250; 1-310-219-2700  
ashao@microcosminc.com; jwertz@microcosminc.com  

 
Elizabeth A. Koltz 

University of Southern California (USC), 854B Downey Way, Los Angeles, CA, 90089; 1-310-968-0452 
chapman@usc.edu 

 
ABSTRACT 

 
In the present budget environment, there is a strong need to dramatically drive down the cost of space missions. 

There is the perception that SmallSats are inherently much lower cost than more traditional larger satellites and can 
play a central role in reducing overall space mission cost, but this effect has been difficult to quantify. Without 
quantifiable evidence of their value, SmallSats are under-utilized as a method for reducing space mission cost. The 
purpose of this study is to quantify the relationship between cost and performance for space systems, by creating a 
Performance-Based Cost Model (PBCM). Today, most acquisition performance analyses focus on cost overruns, or 
how much the system costs relative to what it is expected to cost. Instead, PBCM allows us to focus on more 
important questions, such as, how much performance we can achieve for a given cost, or what the cost is for a given 
level of performance. In this paper, we present the relationship between cost vs. orbit altitude for a fixed resolution 
and coverage requirement, cost vs. resolution, and cost vs. coverage. Traditional cost models for space systems are 
typically weight-based, primarily because mass allocation is determined early in mission design and has historically 
correlated well with actual hardware cost. To provide the underlying cost data for this study, we apply 3 cost models 
widely used throughout the aerospace cost modeling community: the Unmanned Space Vehicle Cost Model 
(USCM), the Aerospace Corp. Small Satellite Cost Model (SSCM), and the NASA Instrument Cost Model (NICM).  

Our first application of the PBCM is for Earth observation systems. Past Earth observation systems have used 
traditional space technology to achieve the best possible performance, but have been very expensive. In addition, 
low-cost, responsive dedicated launch has not been available for SmallSats. Space system mass is proportional to the 
cube of the linear dimensions—equivalent to saying that most spacecraft have about the same density. This means 
that by flying at lower altitudes, satellites can reduce their payload size and therefore the entire mass of the satellite, 
thus reducing the cost of the system dramatically. We conclude that for an Earth observation system, an increase in 
performance, reduction in cost, or both, is possible by using multiple SmallSats at lower altitudes when compared to 
traditional systems. Specifically, 

 By using modern microelectronics and light-weight materials such as composite structures, future SmallSats 
observation systems, operating at a lower altitude than traditional systems, have the potential for: 
– Comparable or better performance (resolution and coverage) 
– Much lower overall mission cost (by a factor of 2 to 10) 
– Lower risk (both implementation and operations) 
– Shorter schedules 

 Relevant secondary advantages for the low-altitude SmallSats include: 
– Lower up-front development cost 
– More sustainable business model 
– More flexible and resilient 
– More responsive to both new technologies and changing needs 
– Mitigates the problem of orbital debris  

The principal demerits of the approach are the lack of low-cost launch vehicles, the need for a new way of doing 
business, and changing the way we think about the use of space assets. This paper provides the basis for this 
assessment, estimates for the level of cost reduction, and reports on additional results since the 2013 Reinventing 
Space Conference and AIAA Space 2014 Conference. 
 
KEYWORDS: Reinventing Space, Cost Reduction, Observation Satellites, Low-altitude, SmallSats, Cost 
Estimation, Cost Modeling 
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I. Background 
At the start of the space program in the 1960s, 

spacecraft were inevitably massive and large given 
the technology constraints at the time. As a result, 
spacecraft were very heavy and flew in a higher 
altitude regime due to the dense atmosphere at lower 
altitudes. Above approximately 500 km altitude, it is 
relatively easy for a satellite to stay in a circular orbit 
above Earth for many years to several hundred or 
even thousands of years [Wertz, Everett, Puschell, 
2011]. This capability allowed engineers to design 
spacecraft for long on-orbit lifetimes, typically in the 
range of 5 – 15 years. Because spacecraft had to last 
this long, many processes and requirements were put 
in place to ensure that the spacecraft, its subsystems 
and parts were above certain reliabilities (i.e., > 
99.99%). Parts redundancy and testing was a method 
utilized to increase reliability. However, this further 
increased the cost of the spacecraft, and thus the 
overall cost of the mission. In turn, schedules were 
elongated due to all the processes, testing, and design 
reviews. The ever-increasing cost of space missions 
leads to longer schedules and fewer missions. This 
leads to a demand for higher reliability, which, in 
turn, leads to higher cost, longer schedules, and fewer 
missions. This current mentality is represented by 
Fig. 1. We believe that space systems today have the 
following major problems: (1) they cost too much, 
(2) they take too long to build and launch, and (3) 
they are not as responsive or robust as they should be. 
It is often assumed that in order to reduce cost, you 
must chose to reduce performance or reliability, for 
example. This research on SmallSats will show how 
the claim “faster, better, cheaper—pick any two” is 
flawed. 

Currently, there is a clear and present budget 
problem that must be addressed. Arati Prabhakar, 
DARPA’s Director, was quoted in Space News 
[2014a] saying there is “something going on inside 
the national security community in space that's 
actually quite troubling, that has to do with how slow 
and costly it is for us today to do anything we need to 
do on orbit for national security purposes.” The 
USAF has announced a series of studies to determine 
the future of its big satellite programs. General 
Shelton was quoted in Space News [2014b] stating, 
“Do we want to continue with the military dedicated 
constellation? Can we turn either a portion or all of 
this over to a commercial provider and contract for a 
service?” To add context to these remarks, the 
commercial providers Gen. Shelton refers to have 
offered the same technologies but at less cost. Mark 
Valerio, VP of Lockheed Martin's Military Space 
business, quoted in Space News [2014b] saying, 
“We’re looking at innovative options for hosting 

payloads, and we are suggesting ways to reduce costs 
while maintaining our technology edge to address 
evolving threats.” Google has also demonstrated that 
the demand for low cost satellite imagery is high by 
announcing plans to buy Skybox, a company that 
makes Earth imaging microsatellites [Space News, 
2014c]. 

 

 
Figure 1. The Space Spiral [Wertz, Everett, 
Puschell, 2011]. 

In the present budget environment, likely 
extending into the future, there is a strong need to 
drive down the cost of space missions. The main goal 
of this paper is to quantify the relationship between 
cost and performance, or measures of effectiveness 
(MoEs) and determine ways to reduce space mission 
cost for Earth Observation systems. This cost and 
performance relationship can ultimately allow us to 
pursue potentially useful mission design alternatives, 
such as systems that are lower cost, have better 
performance, or both. Questions that would be useful 
to ask when designing a system are: 

 What is the cost per level of performance 
(e.g., cost/resolution, cost/coverage rate, 
cost/photo)? 

 What is the best performance that can be 
achieved for a fixed cost?  

 What is the lowest cost option for a mission 
with fixed requirements?  

Performance-Based Cost Modeling (PBCM) is a 
mission engineering approach to enable programs to 
be able to ask these questions early in the design 
phase in order to drive down cost from the outset. In 
this paper, we will explore how various factors such 
as satellite size and orbit altitude affect the cost of 
space mission. In Sec. II, we introduce the PBCM 
approach, discuss the technique used to perform the 
study, and show how we can quantify the relationship 
between cost and performance. The results are then 
presented in Sec. III. 
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II. Performance-Based Cost Modeling 
(PBCM) 

Today, most acquisition performance analysis 
focuses on cost overruns, or how much the system 
cost relative to what it is expected to cost. PBCM 
allows us to instead focus on the more important 
questions of how much performance we can achieve 
for a given cost, or what the cost is for a given level 
of performance. The goal of PBCM is not to create a 
new cost model, but to use existing and widely used 
cost models to find new ways to reduce space 
mission cost. Our first application of the PBCM is for 
Earth observation systems. In this paper, we present 
the relationship between cost vs. altitude (for a fixed 
resolution and coverage requirement), cost vs. 
resolution, and cost vs. coverage.  

Traditional cost models for space systems are 
typically weight-based, primarily because mass is 
determined or assigned early in mission design and 
has historically correlated well with actual hardware 
cost. To provide the underlying cost data for this 
study, we use three cost models widely used 
throughout the aerospace cost modeling community 
[Apgar, 2011]: 

 Unmanned Space Vehicle Cost Model 
(USCM8) [Tecolote Research, 2002] 

 SmallSats Cost Model (SSCM) [Aerospace 
Corp., 1996] 

 NASA Instrument Cost Model (NICM) 
[Habib-agahi, 2010]  

Our goal is to determine cost as a function of 
performance for an Earth Observing (EO) system. To 
do this, we predict the life-cycle costs by using the 
models listed above (USCM8, SSCM, and NICM) 
and define the performance as measured by two 
parameters: (i) the resolution at nadir, and (ii) the 
area coverage rate. For a baseline mission, we will 
assume the following performance: 

 Imaging in the visible 
 Resolution = 0.5 meter (at nadir) 
 Area Access Rate = 14,200 km2/sec 
 Mission Duration = 8 years 

Cost can then be measured by the cost per year to 
achieve this level of performance. 

The coverage rate of 14,200 km2/sec corresponds 
to the area access rate (AAR) of a system in a circular 
orbit at 800 km with a minimum working elevation 
angle of 30 deg. In order for a satellite at this altitude 
to meet the 0.5 m resolution requirement, a system 
with diffraction-limited optics will have a 0.88 m 
aperture telescope. We will define this system with 
an 8-year design life as our baseline. If the satellite 
life at a particular altitude is, for example, 4 years, 
then we will need twice as many satellites to cover 

the full 8-year mission duration. Similarly, if the 
coverage at a given altitude is one third of the 
baseline value, then we will need triple the number of 
satellites to provide the baseline coverage. 

In order to achieve the same resolution with 
diffraction-limited optics, we vary the aperture size in 
direct proportion to the altitude. Thus, at 400 km, we use 
an aperture of 0.44 m to achieve the same 0.5 m 
resolution. We assume that mass is proportional to the 
cube of the linear dimensions, which translates to 
assuming that the spacecraft dimensions scale linearly 
with the aperture and that the density of the various 
spacecraft are approximately the same (validated by 
Reeves [1999]). Our baseline spacecraft dry mass at 800 
km is then estimated to be 1,559 kg, corresponding to a 
typical observing satellite at that altitude. (The actual 
value has very little effect on the results when 
comparing costs, since it is the ratio of the masses that 
matters.) 

At lower altitudes, we assume a shorter satellite 
design life. To make the model simple, we assume a 
design life proportional to the altitude, such that the 
design life is 8 years at 800 km, 4 years at 400 km, and 
2 years at 200 km. Therefore, we will need more 
satellites at lower altitudes due to the shorter design life 
and the reduced coverage. Because the design life is 
shorter, we can assume less redundancy, and therefore 
lower mass at lower altitudes. We essentially reduced 
the mass per satellite as a function of altitude and also 
required 10% more satellites to cover potential launch 
failures. 

Finally, there are financial issues associated with 
the satellite lifetime and the number of satellites 
required for the mission. We have defined an upfront 
cost equal to the non-recurring development cost plus 
the first production unit, often called the theoretical 
first unit (TFU). The remainder of the spacecraft are 
built assuming a 90% learning curve, which is 
conservative for space systems [NASA, 2008a]. An 
advantage to building multiple satellites is that they 
don’t all have to be built prior to the first launch. The 
production of the satellites can be spread out over 
time and, therefore, paid for over time. For this 
effect, we have initially used an 8% interest rate and 
an impact of amortization of a 19% reduction in cost 
for units built after the first one, based on the results 
of a 90% learning curve analysis over the 8 year 
mission duration [Shao and Koltz, 2013]. The list of 
numerical assumptions is shown in Table 1.  

In summary, the steps for PBCM are as follows: 
1. Identify the numerical performance 

requirements 
2. Size the payload required to meet the 

desired resolution 
3. Size the spacecraft bus to support the 

payload 
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4. Determine the spacecraft wet mass 
5. Determine the number of satellites required 

for coverage and lifetime requirements 
6. Input mass estimates into weight-based cost 

model Cost Estimating Relationships 
(CERs) to predict costs 

7. Determine launch cost 
8. Determine recurring and non-recurring 

engineering (NRE) costs 
9. Estimate total mission cost 

A more detailed description of each of these steps can 
be found in Shao et al. [2013] and Koltz et al. [2013]. 

We have not taken into account any variations in 
ground system performance on cost. To first order, 
we do not anticipate any major changes due to the 
ground system. Recall that the initial assumption was 
that the resolution and coverage rate were both held 
constant as the altitude changed. This implies that the 
data rate will also remain constant. Changing the 
altitude and the satellite lifetime will have three 
principal secondary effects: 

 At lower altitudes the time in view of a 
single ground station will be less, but there 
will be more satellites viewing more ground 
stations 

 At lower altitudes the same power-aperture 
on the spacecraft will result in higher data 
rates 

 With shorter lifetimes and newer 
technology, the ability to store data on board 
the spacecraft becomes much higher (and 
will be effectively unlimited in the future) 

The net effect is that we do not anticipate a 
substantive impact on the cost or performance results 
of the study due to the ground station, although it 
could result in a somewhat further reduction in cost 
for the lower altitude system.  

III. Results for Earth Observing Systems 
We selected three mission altitudes of 200 km, 400 

km, and 800 km and applied the technique and 
assumptions described Sec. II. We also have provided 
three real observation system examples for reference, 
which include NanoEye [Wertz, Van Allen, and 
Barcley, 2010], Quickbird [Digital Globe, 2013; 
Spaceflight Now, 2000], and GeoEye-2 [GeoEye, 2013; 
Space News, 2012]. We start off by determining the 
payload aperture diameters using diffraction-limited 
optics and we see that the aperture is linearly 
proportional to the mission altitude (i.e., 0.22 m at 
200 km, 0.44 m at 400 km, and 0.88 m at 800 km). As 
can be seen in Table 2, the payload power and datarate 
scale proportionally to the mission altitude as well. 
For a fixed resolution, the spacecraft mass required 

at 200 km is 17 kg, but is almost 2 orders of 
magnitude larger (1,559 kg) at 800 km. This is a very 
significant difference in mass and will generate a 
substantial difference in mission cost, as will be seen in 
Table 3a and 3b. 

Table 1. List of numerical input assumptions. 

Assumptions Value 
Resolution (m) 0.5 
Area Access Rate (AAR) at 800 km Altitude (km2/s) 14,217 
Mission Duration (yrs) 8 
Wavelength to Observe (nm) 550 
Spacecraft/Payload Average Density (kg/m3) 79 
Propellant Density (kg/m3) 1000 
Dry Mass/Aperture3 2287 
Payload % of Total S/C Dry Mass 31% 
Spacecraft Power/Spacecraft Dry Mass (W/kg) 1.3 
Payload Power Percentage of Spacecraft Power (W) 46% 
Spacecraft Datarate at 800 km Altitude (kbps) 800,000 
Drag Coefficient 2 
Solar State (Min, Mean, Max) Mean 
Minimum Working Elevation Angle (deg) 30 
Percentage of Launches that Fail 10% 
Min. No. Sats for No System Redundancy 2 
Spacecraft Propellant Isp 235 
Learning Curve 90% 
Interest Rate 8% 
Cumulative Savings Effect of Amortization 19% 

 
The area access rate (AAR) is less at lower 

altitudes, and therefore will require additional 
satellites to satisfy the coverage rate requirement of 
14,200 km2/sec. To support the same coverage rate a 
single satellite at 800 km, requires 2.9 satellites at 
200 km and 1.6 satellites at 400 km. Then, based on 
the design life of each spacecraft and accounting for 
launch failures, we determine the number of satellites 
required for the entire 8-year mission. For the 
baseline mission providing 0.5 m resolution in the 
visible at 14,200 km2/sec, for 8 years, our 3 options 
are:  

1. 1 traditional large satellite (1,559 kg) flown 
at 800 km  

2. 3.6 moderate-size satellites (156 kg each) 
flown at 400 km 

3. 12.9 SmallSats (17 kg each) flown at 200 
km 

The projected cost values, in constant year dollars, 
for several cost items using USCM8 and NICM are 
displayed in Table 3a, and for comparison using 
SSCM in Table 3b. The key cost values here are: 

 The total upfront cost (line 2) 
 The remaining recurring cost with learning 

curve (line 6) 
 The total adjusted system cost after 

amortization (line 12) 
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Table 2. Physical Parameters of 3 Select Mission Altitudes and 3 Example Observation Systems. 

NanoEye Quickbird GeoEye-2
1 Orbital Altitude (km) 200 400 800 215 482 681
2 Resolution (m) 0.5 0.5 0.5 0.5 0.65 0.32
3 Payload Aperture Diameter (m) 0.22 0.44 0.88 0.23 0.60 1.10
4 Spacecraft Dry Mass (kg) 24.4 194.8 1,558.6 23.0 995.0 2,086.0
5 Non-Redundancy Mass Reduction 30.0% 20.0% 0.0%
6 Corrected Spacecraft Dry Mass (kg) 17.0 155.9 1,558.6
7 Spacecraft Wet Mass (kg) 292.5 181.2 1,559.4 76.4 1,028 2,540
8 Payload Power (W) 10.2 93.2 932.0
9 Payload Datarate (kbps) 273,345 489,309 800,000

10 Spacecraft Area Access Rate (km2/sec) 4,858 8,696 14,217 5,177 10,034 12,819
11 Satellite Orbital Period (min) 88.5 92.6 100.9 88.8 94.2 98.4
12 Spacecraft Design Lifetime (yrs) 2 4 8 2.15 4.82 6.81
13 No. of Sats Needed for Same Coverage at Any Given Time 2.9 1.6 1.0 2.7 1.4 1.1
14 Number of Satellites Required for Entire Mission 11.7 3.3 1.0 10.2 2.4 1.3
15 Number of Redundant Satellites 1.2 0.3 0.0 1.0 0.2 0.0
16 No. of Satellites to Build w/ System Redundancy* 12.9 3.6 1.0 11.2 2.6 1.3
17 Total Launch Mass (kg) 3,767 652 1,559 859 2,659 3,309
* Note that fractions of satellites have been allowed in this model for purposes of comparison simplicity and a smoother display of results

ExamplesModel PredictionsPhysical Parameters

 
 
Table 3a. Cost Predictions for the 3 Selected Altitudes using USCM8 [Tecolote Research, 2002] and NICM 
[Apgar, 2011], and 3 Example Observation Systems. 

NanoEye Quickbird GeoEye-2
1 Orbital Altitude (km) 200 400 800 215 482 681
2 Total Upfront Cost (FY13$M) $47.45 $178.85 $991.29 $15.5 $87.5 $835.0
3    Total NRE Cost (FY13$M) $14.89 $100.79 $708.75 $10.0
4    TFU or T1 Cost (FY13$M) $24.95 $73.31 $244.88 $2.0 $60.0 $784.4
5 Total RE Production Cost w/ Learning Curve (FY13$M) $217.84 $217.07 $244.88 $22.5 $134.3 $981.7
6 Remaining RE Production Cost w/ Learning Curve (FY13$M) $192.90 $143.76 $0.00 $20.5 $74.3 $197.3
7    Average RE Unit Cost per Spacecraft (FY13$M) $16.92 $60.35 $244.88 $2.0 $51.9 $784.4
8    Nth (Last) Unit Cost (FY13$M) $14.62 $55.65 N/A $2.0 $50.6 N/A
9 Equivalent Present Value of Amortized Cost (FY13$M) $203.94 $123.97 $0.00 $36.0 $87.8 $170.1

10 Total System Cost Before Amortizing (FY13$M) $299.27 $331.93 $991.29 $36.0 $161.8 $1,032.3
11 Total System Cost to be Amortized (FY13$M) $251.82 $153.07 $0.00 $20.5 $74.3 $197.3
12 Total Adjusted System Cost After Amorizing (FY13$M) $251.39 $302.82 $991.29 $51.6 $175.3 $1,005.1

ExamplesModel PredictionsCost Estimates - USCM8 and NICM (from SME)

 
 
Table 3a. Cost Predictions for the 3 Selected Altitudes using SSCM [Aerospace Corporation, 1996], and 3 
Example Observation Systems. 

NanoEye Quickbird GeoEye-2
1 Orbital Altitude (km) 200 400 800 215 482 681
2 Total Upfront Cost (FY13$M) $12.27 $48.05 $790.88 $15.5 $87.5 $835.0
3    NRE Cost (FY13$M) $2.30 $26.59 $569.37 $10.0
4    TFU or T1 (FY13$M) $2.35 $16.71 $183.84 $2.0 $60.0 $784.4
5 Total RE Production Cost w/ Learning Curve (FY13$M) $20.49 $49.48 $183.84 $22.5 $134.3 $981.7
6 Remaining RE Production Cost w/ Learning Curve (FY13$M) $18.14 $32.77 $0.00 $20.5 $74.3 $197.3
7    Average RE Unit Cost per Spacecraft (FY13$M) $1.59 $13.76 $183.84 $2.0 $51.9 $784.4
8    Nth (Last) Unit Cost (FY13$M) $1.37 $12.68 N/A $2.0 $50.6 N/A
9 Equivalent Present Value of Amortized Cost (FY13$M) $62.41 $34.08 $0.00 $36.0 $87.8 $170.1

10 Total System Cost Before Amortizing (FY13$M) $89.33 $90.13 $790.88 $36.0 $161.8 $1,032.3
11 Total System Cost to be Amortized (FY13$M) $77.07 $42.08 $0.00 $20.5 $74.3 $197.3
12 Total Adjusted System Cost After Amorizing (FY13$M) $74.68 $82.13 $790.88 $51.6 $175.3 $1,005.1

ExamplesModel PredictionsCost Estimates - SSCM (1996) (from SME)
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The total upfront cost for both the 200 and 400 
km mission are much less than the upfront cost for 
the 800 km mission. However, both missions at the 
lower altitude have additional costs associated with 
the mission (i.e. the remaining production cost). 
Even without adjusting the cost due to advantages 
of amortization, the total system cost (Table 3, line 
10) shows that at lower altitudes the life-cycle 
costs are much less, even with many more 
satellites to build. (Again, the life-cycle cost does 
not include operations cost. Section V describes how 
adding operations cost will not impact the relative 
results of the study.) Results from Table 3b have 
notably different values because USCM8 is 
developed by parametric cost modeling of traditional 
large satellite systems, and the SSCM is derived from 
parametric cost modeling of SmallSats [Apgar, 
2011]. 

Our model estimates the required mass to operate 
at each altitude for a given resolution and coverage 
rate, and then inserts them into separate costs models 
(USCM8 & NICM, and SSCM). We run the model 
twice over a range of altitudes: first with projections 
from USCM and NICM, and again with projections 
from SSCM, and then plot them on the same graph 
for comparison. This means the missions are 
compared within the same class each time. In a sense, 
what we are doing is comparing apple to apples and 
oranges to oranges at the same time. 

 
Performance vs. Cost 

A. Cost vs. Coverage 
Figure 2 shows the relationship between cost and 

coverage for two mission altitudes at a fixed 
resolution of 0.5 m. In order to have twice the 
coverage at a given altitude, it takes twice as many 
satellites, which increases the cost by approximately 
1.8 times. (Recall that we introduced a 90% learning 
curve in this model to account for the production of 
multiple units.) Flying high increases cost because 
it is more expensive to achieve a given resolution.  

B. Cost vs. Resolution 
Figure 3 shows a sample relationship between 

cost and resolution for two mission altitudes. For a 
given mission altitude, if a higher resolution is 
desired, you must build a larger satellite and, 
therefore, spend more money. At any altitude, twice 
the resolution increases the spacecraft mass by 8 
times and increases the cost by up to 4.5 times.  

C. Cost vs. Altitude for Fixed Resolution and 
Coverage 

The relationship between total mission life-cycle 
cost and altitude for a fixed resolution and fixed 
coverage requirement is shown in Fig. 4 over a range 

of altitudes in LEO. In the figure, the blue lines 
represent predictions using USCM8 and NICM, and 
the red lines represent predictions using SSCM. The 
solid lines represent the cost predictions using 
spacecraft bus mass values that fall within the range 
specified by the cost models. Extrapolated 
predictions based on values that are outside these 
specified mass ranges are indicated by the dotted 
lines in Fig. 4, which according to Aerospace 
Corporation [Mahr and Richardson, 2002] is less 
certain but not an unreasonable estimate. Beardon 
[1996] gives an in-depth analysis of this using the 
planetary spacecraft NEAR (Near Earth Asteroid 
Rendezvous), which went beyond the SSCM 
database range in several cases, and provided decent 
correlation between the model results and the actual 
spacecraft costs. 

 
Figure 2. Cost vs. Coverage for a 0.5 m Resolution 
Requirement at 400 km and 800 km. 

 

 
Figure 3. Single Satellite Theoretical First Unit 
Cost vs. Resolution at 400 km and 800 km. 

As can be seen, the results from the two sets of 
models correlate very well with each other. (Note that 
the shapes of the two curves are essentially the same, 
suggesting that the extrapolation is reasonable.) The 
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Standard Error of the Estimate (SEE) of 34% has 
been added to the plot as vertical dashed bars. 

 
IV. Impact of Altitude and Size on Cost 

and Performance 
By reducing the altitude, you can reduce the size 

of the spacecraft, and this has a significant impact on 
cost. This can be seen in Fig. 4. The results clearly 
show that using smaller satellites at lower altitudes 
can provide much lower cost missions for an 
observation system while achieving the same 
performance requirements in terms of both resolution 
and coverage. We have also included three real 
observation systems as examples for comparison 
against this model. There have been many 
assumptions made to produce the results of this 
PBCM. However, changing the values of these 
assumptions, does not change the shape of the curves 
in Fig. 4. That is, the relationship between mission 
cost and altitude remained the same over a very 
wide range of assumed inputs because the shape of 
these curves depends only on physics and the 
empirical mass-based cost models. 

Our most substantive conclusion is that by 
significantly reducing the altitude of an Earth 
observation system, we can achieve the same 
performance in terms of resolution and coverage, 
but at dramatically lower cost. Why is that the case? 
Basically, if we reduce the altitude by a factor of 2, we 
will also reduce the sensor aperture and linear 
dimensions of the spacecraft by a factor of 2. This 
reduces the volume and mass of the spacecraft by a 
factor of 8, which, according to the traditional mass-
based cost models, reduces the cost by a factor up to 
4.5. There will likely be the need of more spacecraft at 
the lower altitude because of reduced coverage per 
satellite and possibly a shorter design life, or greater 
atmospheric drag, but even with more spacecraft, it 
will be a much lower cost and more robust system that 
is less sensitive to spacecraft or launch failures. In 
addition, schedules are shorter, spending is spread out 
over time, and the problem of orbital debris essentially 
goes away below roughly 500 km [Wertz, et al. 2012]. 
This path has the potential to be an important option 
for Earth observing systems, particularly in times of 
critical budget problems. 

Figure 4. Cost vs. Altitude for a Fixed Resolution (0.5 m) and Coverage Rate (14,200 km2/sec). The total 
mission cost includes launch, but excludes cost associated with operations. 
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The primary disadvantage of low altitude is that 
there is higher drag, which can result in a short 
mission lifetime. However, compared to traditional 
large satellites, there are many advantages to 
SmallSats at lower altitudes. Below is a list of 
advantages of low-altitude SmallSats over traditional 
satellites: 

 Shorter development schedules 
 Lower implementation and operations risk 
 More flexible and resilient 
 More responsive to new technologies and 

changing needs 
 More sustainable business models 
 Greater attitude agility due to smaller 

moments of inertia 
The specific advantages of low altitude systems as 
identified by Eves [2013] are: 

1. If the resolution of the required system is 
already adequate, a reduction in orbit height 
potentially allows a smaller, lower cost, and 
lighter sensor to be used. 

2. The lower the satellite orbit, the greater the 
mass of hardware and/or payload that can be 
placed into orbit. 

3. For a given (passive or active) imaging 
sensor, the resolution or performance 
improves proportionally as you lower the 
altitude. 

4. A shorter path length makes it easier to 
establish an adequate communications link 
budget to a terminal on the ground. 

5. For a given aperture size, the effective 
surveillance footprint size of the mission 
actually increases as the orbit altitude 
decreases, so the timeliness of revisit is 
better. 

6. Flying lower permits the collection of 
unique data sets that would not otherwise be 
possible (e.g., the gravity map resolution of 
the GRACE mission [Tapley, et al. 2004]). 

7. There is no need to perform de-orbit 
maneuvers since atmospheric drag can bring 
the satellite down “for free.” 

8. The problem of long-term orbital debris 
environment is mitigated since spacecraft 
below approximately 500 km will decay 
within a few days to several months. 

V. Operations Cost 
The relationship between cost and performance in 

Fig. 4 does not include operations costs.  So far as we 
are aware, none of the publicly available space cost 
models that include operations cost break that cost 
down into elements that reflect the size, cost, or 

complexity of the spacecraft that is being operated.  
Nonetheless, it is reasonable to assume that we won't 
use the same Ops Concept for a $200 million 
spacecraft with a 10-year intended life as we would 
with a $2 million spacecraft with a 2-year intended 
life.  There is also empirical evidence that this 
difference is real, as discussed below. Creating an 
operations cost model that is a function of the 
spacecraft size or complexity will likely be a 
challenging task. Adding operations cost to the 
current model will likely either move the model 
vertically, without changing the shape of the curve or 
possible tilt it a bit further in the in the direction of 
favoring SmallSats.  We do not expect the change to 
be substantial in either case, but would welcome any 
data that others may have that reflects the impact of 
spacecraft size and complexity on operations cost. 

Typically, operations cost depends on the 
following factors [Apgar, 2014]: 

1. The number, complexity, and location of 
control and other ground stations and 
whether the control stations are dedicated to 
a single program (e.g., GPS) or allocated to 
multiple programs (e.g., JPL robotic 
missions) 

2. The number of operators and hours per day 
required, the requirement for data recovery 
or additional data processing, and the level 
of automation (See Chap. 28 of Wertz, 
Everett, and Puschell [2011]) 

3. The amount of on-going R&D required 
(e.g., the need to upgrade operating 
software) 

4. The amount of contactor support during the 
early years of the mission 

In addition, small satellites naturally have lower 
operating cost. NEAR, Clementine, SAMPEX, 
ALEXIS, UoSat-05 are all examples of low cost 
small satellite programs with low operations costs. 
Operations costs for these specific missions were 
approximately 5-10% of their total mission cost, and 
their associated data can be found in Wertz and 
Larson [1996]. Therefore, multiple SmallSats flying 
at lower altitudes can have comparable operations 
cost to a single traditional satellite mission. Chapter 6 
of Wertz and Larson [1996] gives detailed methods 
and concepts for reducing the cost of mission 
operations. 

VI. Schedules, Reliability, and Risk 
SmallSat missions provide much shorter schedules, 

comparable reliability, and significantly less risk than 
traditional large satellite missions. SmallSat schedules 
are much shorter than for traditional satellites. For 
instance, according to the Performance of Defense 
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Acquisition System Annual Report [DoD, 2013a], 
traditional major defense programs take 8.8 years in 
development (Milestone B) and well over 10 years from 
Milestone A to implementation. Reliability of SmallSats 
(including single-string SmallSats) is essentially similar 
to that of traditional large satellites according to a 
Goddard study [NASA, 2008b] of over 1,500 spacecraft 
launched between 1995 and 2007. 

Risk is defined as the probability of a negative event 
times the impact or consequences of that event. Non-
recurring cost for SmallSats is 1 to 2 orders of 
magnitude less than for traditional satellites [NASA, 
2008b]. Therefore, implementation risk is low due to 
low non-recurring cost and short schedules. The 
consequences of failing to implement a SmallSat system 
will not endanger the larger, more traditional system. 
Operational risk of SmallSats is also much lower than 
traditional systems due to shorter operational life and the 
availability of spares (on orbit or on the ground) or 
back-up. An immediate result of having shorter 
schedules, reduced risk, and increased reliability is that 
SmallSats support the DoD objective of disaggregation 
[DoD, 2013b].  

SmallSat missions are developed in less than 3.5 
years while more traditional, large satellites an 
average of 10 years to develop. SmallSats have 
comparable reliability to larger satellite programs, 
despite often having single-string configuration and 
using COTS products. SmallSats poses significantly 
less risk (both implementation and operational) than 
traditional large satellite missions because failure rate 
is comparable to that of large satellites and 
consequence of failure is reduced due to low 
development cost. In addition, a paper by Hurley and 
Purdy at NRL “Designing and Managing for a 
Reliability of Zero” [2010], points out that most of 
today’s space systems are designed for a reliability of 
zero, in the sense that for every day that the system is 
not operational or the data available to the end user, it 
has a reliability of zero. If the data isn’t there, it 
doesn’t matter to the warfighter who was killed or the 
scientist who’s data was lost whether it wasn’t there 
because of a parts failure or because the program was 
delayed or canceled due to more reviews or a lack of 
funding.  

VII. Conclusions for Earth Observation 
Systems 

The United States has more missions that need to 
be done than there is time and money available to do 
them. If the U.S. continues with the traditional way 
of doing business, there is the potential of physical 
gaps between missions that need continuity, such as 
weather and climate data and surveillance. 
Additionally, the U.S. does not have and has never 

had launch on demand, other than for ICBMs. 
Without responsive dedicated launch vehicles, it is 
impossible for the U.S. to respond to emergencies. 
This is a capability that Russia/Soviet Union has had 
for the past 3 decades. SmallSats can never replace 
traditional large satellites, but it is reasonable to 
believe there should be some sort of mix of both 
large and SmallSats in order to fill in mission gaps 
and increase the number of missions without added 
cost. 

SmallSats are under-utilized as a method to 
dramatically reduce space mission cost. Without 
quantifiable evidence of their value, SmallSats will 
continue to be overlooked and under-recognized for 
their potential. By space mission cost, we mean the 
total mission cost from design and fabrication of a 
spacecraft, through launch and operations for the 
entire duration of the mission. Traditional (large) 
satellites have been used since the start of the space 
program, in the 1960s. These programs have done a 
tremendous job in terms of engineering and meeting 
the goals of NASA, DoD, and the United States. 
However, the U.S. has gotten to the point where there 
are many more missions that we need to or would 
like to accomplish, than there is funding available for 
them. If there are methods to dramatically reduce 
space mission cost, then it is clearly a benefit to 
implement them, or at least consider them. 

Past Earth observation systems have used 
traditional space technology to achieve the best 
possible performance, but have been very expensive. 
In addition, low-cost, responsive dedicated launch 
has not been available for SmallSats.  

 
Due to advancements in technology and 
modern microelectronics, SmallSats at 
lower altitudes now have the potential for 
much lower overall mission cost, 
comparable or better performance, lower 
implementation and operations risk, and 
shorter schedules.  

 
SmallSat observation systems need greater field 

of view (FoV) agility than larger, higher altitude 
systems. The needed agility is inversely proportional 
to altitude, but moments of inertia are also much 
smaller. Responsive, low-cost, small launch systems 
are needed for operational missions. All of this 
requires changing the way we do business in space 
and how we think about using space systems. This 
culture change is probably the most challenging 
thing, and the USC/Microcosm Reinventing Space 
Project [2014] is directed at continuing to find ways 
to make progress in this direction. 
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VIII. Future Work 
While the PBCM provides sufficient detail to 

draw significant conclusions about the use of LEO 
satellites for Earth observation, there are several 
areas that should be researched in the future to 
broaden and strengthen the model. The current cost 
model is based solely on circular LEO Earth 
Observation satellites, but other constellation 
configurations such as LEO Elliptical Orbits and 
other types of missions such as communications or 
interplanetary science missions can be studied. Also, 
there are significant characteristics of LEO missions 
that require adaptation from more traditional, large 
missions, such as using autonomous orbit control, 
propulsion systems, checkout time and calibration 
process, and the responsive capabilities of SmallSats.  
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ABSTRACT 
The primary objective of this Airbus Defence and Space funded, Pre-Phase-0 study was to make an early assessment of 
the feasibility of a combined NEO/space weather monitoring system based on interplanetary Cubesats. During this study 
the original concept of surveying and in-situ visits of NEOs had to be de-scoped to just a survey system as the original 
assumptions on the performance specifications of the proposed JPL propulsion system were overestimated. The study 
mainly focused on assessing the currently available and in development technology that could be used on an 
interplanetary Cubesat. We have reviewed such technologies for critical subsystems such as AOCS, communications and 
propulsion with the aim of defining if such a mission is feasible within the current hardware availability, or if not, define 
the key design drivers for further review / development. In the absence of robust information for various parameters on 
technologies and subsystems, we have made assumptions based on the defined specifications for each of these systems. 
A cost analysis could not be performed as there was no available information on any of the studied technologies. All the 
missing information will be assessed in a further study funded again by Airbus Defence and Space. 

KEYWORDS: [Cubesats, NEO, Space Weather] 

RELEASE B: “Copyright © 2014 by (Airbus DS). Published by the British Interplanetary Society with permission. 

I.  CONCEPT 
With plans to deflect, visit and even mine asteroids 
beginning to become a reality, it may well be that the 
Near-Earth Asteroids (NEOs) detection/characterization 
phase becomes the bottleneck to developing asteroid 
resources.  However, in order to plan any mining, 
deflection or human visitation activities to NEOs, firstly 
we need to find the missing population of NEOs and then 
establish a wide range of selection criteria such as: mass, 
non-spherical morphology, surface boulder size 
distribution, mass moments, small companions, impulsive 
outgassing. Assuming that the probability to meet each of 

these criteria is as high as 75%, the combined probability 
to find a candidate to pass the selection is less than 20%. 
This means that in order to select 5 potential candidates, 
at least 25 targets need to be investigated. Assuming a 
robust schedule of launch windows every 6 months and 
taking into account current design strategies (e.g. 
OSIRIS-REX), in order to achieve the above goal, more 
than 15 years and $1 billion need to be spent. Solar 
Orbiters for Imaging Asteroids (SOFIA) aims in 
achieving the above goal in less than 10 years, in only a 
fraction of the cost. 
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The idea, based on the SWARM concept (D. Landau), is 
to put 360 Cubesats at a 0.9 AU heliocentric orbit, with a 
spacing of 0.015 AU. This formation solves the following 
problems: 1) synodic period problem 2) survey all of 1 
AU orbit and 3) since it will observe NEOs at phase 0, 
optics requirements are minimal. Using the Microfluidic 
Electrospray Propulsion (MEP) developed in JPL, each of 
the Cubesats will require maximum 2 years for a trip to 
station.  They will then spend 1-2 years as NEO Sentinels 
and on the third year they will start their 1-2 years round 
trip to their assigned NEOs. Another 3-6 months will be 
spent in orbit around the NEO gathering data. As soon as 
they are back in formation, each of the Cubesats will start 
relaying its data to the nearest Cubesat, until the nearest 
Cubesat to Earth relays everything back to the ground. 

S.O.F.I.A. not only would be able to produce the largest 
ever database of NEOs but also to fully characterize 
hundreds of them. The latter can’t be achieved from the 
ground as described above and it is absolutely crucial in 
planning any future NEO mission.  For comparison, only 
4 NEOs have been fully characterized so far. The mission 
relies in mass production of Cubesats hence not subject to 
single unit failures both in orbit but also on the ground. 
SOFIA/SWARM concept is shown in Figure 1. 

 

Figure 1: Schematic showing the basic idea behind the 
SOFIA/SWARM concept (D. Landau). 

In the following sections of this paper we will provide an 
insight of the major outcomes of the feasibility study on 
this concept. 

II.  MISSION ANALYSIS 

Requirements 
In close collaboration with the science team (Landau & 
Elvis) we have identified a set of key mission 
requirements: 

 Observe NEOs at distance <0.1 AU over all solar 
longitudes 

 Observe the NEOs at phase-0 (Sun facing) 
 Form a communications ring for data relay back to 

Earth with spacing ~0.015AU, i.e. 360 satellites in 
a 0.9AU radius ring. 

 

Figure 2: Perihelion distributions for NASA’s 10 year 
Spaceguard survey sample of NEOs. 

Figure 2 shows the perihelion distribution of all NEOs 
detected in NASA’s 10 year Spaceguard survey. From 
this figure it becomes apparent that NEO perihelions lie in 
the range of 0.2 to 1.3AU. Our primary interest lies in 
NEOs with perihelion <= 1AU (ie Earth crossing). 
Therefore the best candidate orbit for this constellation is 
a circular (no drift or longitude libration) orbit with a 
radius between 0.8-0.9AU. 

Potentially Hazardous Objects 
Earth collisions can potentially happen for any NEO with 
perihelion < 1AU and inclination vector such that the 
ecliptic crossing is at ~1AU. For an arbitrary, unknown 
set of NEO’s, risk of collision over an unlimited time 
period is related to the number of Earth orbit crossings 
within the resonance period, eg resonance = n NEO revs 
to m Earth revs – crosses Earth orbit at n different 
longitudes relative to Earth.  

Such resonances can be for NEO’s with semi-major axis 
(SMA) close to 1AU, eg 20:21 resonance, ie 20 crossings 
within the repeat period. But resonances are also possible 
with greater SMA, eg 20:41. Again has 20 crossings in 
the repeat period. The repeat period is now 41 years in 
comparison to 21 years which means a similar probability 
of Earth collision but probability per unit time is smaller. 
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Mission Baseline 
The initial mission objective was:  

 Transfer period of no more than 2 years 
 2 years observing NEOs 
 Leave constellation and perform an in-situ visit of 

selected NEOs for approximately 2 years. 

On-board propulsion should be a high specific impulse, 
micro-thrust system. A typical unit capability is 100 
microN with Isp 5000secs (initial JPL cited impulse 
capability) which should be equivalent to 1000’s m/s for 
few kg spacecraft. The initial baseline proposed transfer 
method was: 

 Low energy escape via Lunar Gravity Assist 
(LGA) achieving 1500 m/s 

 SMA of 0.9 AU with perihelion at 0.8 AU 
 Use electric propulsion to speed up, slowdown in 

the drift orbit 
 Use electric propulsion to circularise at required 

radius. 

Following the availability of the detailed JPL MEP 
spreadsheet the mission baseline scenario had to be de-
scoped and remove the in-situ visit as not-feasible. The 
latter statement is true for the studied technologies in 
development. Potential upgraded capabilities of the MEP 
system that JPL develops could offer this capability as 
well.  

Starting with 1500 m/s (assuming LGA method for 
escape) and if we assume maximum available 
acceleration of 10-4N/3kg then the target to achieve an 
equally spaced ring in solar longitude is achieved within 2 
years. Example of relative longitude of 180 degrees after 
two years with DV 2km/sec and 0.9AU final semi-major 
axis is given in Figure 3 where the evolution is shown. 
Achieving relative longitude greater than 180 degrees and 
also achieving the required final orbit radius is more 
challenging than the previous case. Options are: 

 Direct injection to further increase speed which 
has limited effectiveness 

 Extension of transfer to 4 years 
 Increase of thrust to 300 N 
 Use a service module to deploy spacecraft in target 

orbits 
 

Transfer Initialization 
The following sequence can be used to initialise the 
transfer: 

 Inject the constellation to an Earth elliptical orbit 
like GTO or sub-lunar orbit using a service 
module. 

 A range of different Earth escape velocities should 
be targeted to achieve the required longitude 
spread to avoid excessive demands on the satellite 
propulsion. This can be achieved by different 
Lunar Gravity Assists (LGAs), each targeting a 
different velocity. 

 Ideally each satellite would perform a different 
Lunar gravity assist to target its optimal escape 
velocity vector. In this case each satellite would 
need to execute and control the lunar gravity assist 
and would need a propulsion system compatible 
with that. This would include the apogee raising 
from sub-Lunar orbit. 

 

Figure 3: Evolution of semi-major axis and Earth 
relative longitude over 800 day transfer using updated 

mission baseline analysis. 
Relatively high thrust is needed to perform the apogee 
raising/correction manoeuvres (ie acceleration of the 
order of 0.01 m/s2. Alternatively groups of satellites can 
be collected onto a mini-dispenser equipped with a small 
propulsion unit. This dispenser unit would execute and 
control the lunar gravity assist. This would include the 
apogee raising from sub-Lunar orbit. The mini-dispensers 
are then separated from the main dispenser before each 
makes its LGA. Each of the spacecraft is then separated 
from the mini-dispenser post LGA and then achieves a 
range of target Earth relative longitudes by application of 
different thrusting strategies. All dispensers can start in 
the same initial orbit (ie on the same main dispenser), eg 
elliptical orbit such as GTO or sub-Lunar. Each 
group/mini-dispenser then instigates its own LGA by 
making a perigee manoeuvre to target the Lunar flyby. 

 If starting from GTO, total DV to reach the moon 
and achieve LGA is 700 m/s 
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 If starting from 300000km, total DV to reach the 
moon and achieve LGA is 40 m/s 

 High thrust is needed for this Lunar gravity 
assist and Earth escape mission phase. 

Launch options 
Low cost launch options are preferred. A dedicated 
launch to sub-Lunar orbit is possible, although potentially 
a more costly option than a shared launch to an 
intermediate orbit or injection with a small launcher to a 
lower orbit. Therefore two indirect scenarios can be 
considered: 

Use of Rockot type launcher to LEO: In this case the 
injection orbit is similar to that used by Lisa Pathfinder 
(LPF): slightly elliptical with perigee altitude circa 200km 
and apogee circa 900km. A propulsion stage (eg the LPF 
propulsion module) can then be used to perform apogee 
raising to reach the sub-Lunar orbit. LPF allocates 
approx. 3100 m/s to reach L1. The DV needed to reach 
the sub-Lunar orbit is only circa 80 m/s less than this 
value. 

Use of Ariane-5 shared launch: The Auxilliary Payload 
adaptor (ASAP 5) can potentially be used. This system 
was proposed when Ariane-5 was commissioned. It has 
rarely been used and its current availability and cost needs 
clarification. ASAP 5 has two options: micro-sats on the 
‘ring’ and mini-sats in a more central location. The mass 
available for a mini-sat is approx. 300kg. Up to 4 mini-
sats can be used on the adaptor. The injection orbit would 
be a shared launch to GTO. This can potentially be used 
as a starting point for an apogee raising sequence to reach 
a Lunar gravity assist. However the compliance required 
with the nominal midnight launch window may result in 
an unfavourable apse location for the transfer after launch 
at certain times of year. Additional transfer DeltaV is 
needed in these cases. The nominal DeltaV for apogee 
raising from GTO to a 300000km sub-lunar orbit is circa 
700 m/s. This can rise to over 1000 m/s at unfavourable 
launch dates. Therefore a propulsion module is needed to 
deliver the required DeltaV. 

NEO In-situ visit 
Initial concept proposed a transfer to NEOs in order to 
perform an in-situ examination of a large sample of 
NEOs. Then each of the spacecraft would transfer back to 
the constellation in a round trip estimated to last two 
years. Transfers are limited by rate at which DV could be 
delivered which is calculated approximately to 2000 m/s 
per year with continuous thrust. To achieve a successful 

transfer to a NEO the following criteria need to be 
satisfied: 

 DV is low enough (restricts range of apohelions, 
perihelions, inclinations, nodes, perihelion 
longitudes that can be accessed). 

 The phasing of the NEO in its orbit must be 
suitable 

 Given a large scale observation, the closest 
member of the constellation can be selected to 
minimise the transfer duration and required DV. 
This solves perihelion longitude and node issues. 

Mission Design Baseline 
Following all the analysis above there are two alternative 
options for this mission. Both of them use a single launch 
to an elliptical orbit, eg to sub-Lunar, or to lower orbit, 
followed by apogee raising with a dedicated propulsion 
stage to reach sub-Lunar orbit. 

1) Separate mini-dispensers from the main dispenser are 
put in this orbit. Each mini-dispenser will then execute a 
manoeuvre to target with its required LGA: manoeuvre 
with 40 m/s plus 30 m/s for corrections.  High thrust is 
needed (ie chemical propulsion). After the LGA the 
satellites are dispensed from the mini-dispensers. 

2) All satellites separate from the main dispenser in sub-
Lunar orbit. Each satellite would perform a different 
Lunar gravity assist to target its optimal escape velocity 
vector. In this case each satellite would need to execute 
and control the lunar gravity assist and would need a 
propulsion system compatible with that. This would 
include the apogee raising from sub-Lunar orbit. 
Manoeuvre capability of at least 40 m/s plus 30 m/s for all 
corrections is required. 

Each satellite will then follow a transfer of up to three 
years until the required constellation is achieved. Satellite 
DV for transfer will be up to 5km/sec using a low thrust 
SEP system. 

III.  PROPULSION 
The SOFIA mission analysis in Section II showed that the 
following propulsion requirements (Figure 4) are needed 
which assumes that the spacecraft start off in a sub-Lunar 
orbit. In order to achieve this, a separate propulsion 
module (for example, the Lisa PathFinder propulsion 
module) could be used to transport all the SOFIA 
satellites together from the launcher to the sub-Lunar 
orbit.   
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LGA 
The LGA manoeuvre requires high thrust. For this, the 
proposed JPL Microfluidic Electrospray Propulsion 
(MEP) thrusters would not be suitable, as their thrust is in 
the order of micro-Newtons. A survey of existing 
technology was performed and a viable option found in 
the VACCO Chemically Etched Micro Systems 
(ChEMSTM) propulsion modules, specifically the Hybrid 
ADN Delta-V / RCS system, seen below in Figure 5. 

 V Requirement 

Low energy escape via Lunar 
Gravity Assist (LGA)  80 m/s 

Transfer to observation orbit 5000 m/s 

Rendezvous with NEO 4000 m/s 

Figure 4: DV requirements 
 

 
Figure 5: VACCO propulsion system 

The VACCO module is equipped with one 100mN 
ECAPS ADN thruster to provide the delta-V, and four 
10mN cold gas ACS thrusters for attitude control. The 
ACS thrusters will be used to stabilise the spacecraft 
during the delta-V manoeuvres, but not for the operational 
AOCS manoeuvres (for which the JPL MEP thrusters will 
be used).  As the system is a self-contained module, it can 
be easily integrated into the SOFIA spacecraft with 
reduced AIT effort in comparison to a bespoke system.  A 
trade-off was performed for the 80m/s LGA manoeuvre 
between the VACCO system, the JPL MEP and an 
integrated Butane system from JPL, built for the 
Microinspector spacecraft. 

From our trade-off analysis, we concluded that the 
VACCO module can achieve the delta-V required in just 
over 2 hours. This assumes the thruster is firing 
constantly, which may not realistically be the case; 
however the order of magnitude is acceptable. The fuel 
mass required for this manoeuvre is 400g which fits 
within the module’s total fuel capacity of 528g. 

Transfer to Operational Orbit 

The transfer to the operational orbit requires a very high 
delta-V of 5000 m/s. This would be achieved using the 
JPL MEP thrusters (Figure 6) due to their high predicted 
ISP. JPL claims that they will be able to achieve an ISP of 
5000 seconds, so this is the figure used in the 
calculations. 

 

Figure 6: JPL MEP thruster 
Assuming 7 thrusters each providing 100 N of thrust in 
the same direction, the delta-V manoeuvre can be 
achieved in 2.17 years. The fuel required for this would 
be 930 g, which is outside the current capacity of the 
thrusters of 10g each, however JPL intends to increase the 
throughput capacity of the thrusters. It is therefore 
assumed that it will be possible to do so.  

NEO In-situ visit 
As the current technology is stretched past its capacity 
with the delta-V manoeuvre to the observation orbit, it is 
not considered feasible to achieve the additional 4000 m/s 
required for the rendezvous. 

Propulsion System Configuration 
The propulsion system will consist of the VACCO Hybrid 
module and 7 JPL MEP thrusters for delta-V and AOCS 
manoeuvres.  The VACCO module and the 7 MEP 
thrusters will all provide thrust in the same direction. The 
total wet mass of the propulsion system is 2799.41g. The 
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budget assumes that the VACCO propulsion module is 
fully fuelled, but that the MEP thrusters are only fuelled 
with the required propellant load. 2g of propellant has 
been added for the MEP thrusters for AOCS. 

IV.  COMMUNICATIONS  
The key driver for the communications system for SOFIA 
is up to 1000 bits of telemetry per Cubesat over the 
lifetime of the mission. Before the telemetry rate is 
reviewed the basic range requirements could be 
determined from the orbital geometry. As defined above it 
is proposed to deploy 360 cubesats equally spaced 1° 
around the Sun at a distance of 0.9AU with 
communications relayed from satellite to satellite. This 
leads to secondary requirements on the communications 
subsystem. 

1. Nominal intra-satellite range ~2.35Mkm 

2. Nominal intra-satellite Off boresight angle = 0.5° 

3. 1 failed Cubesat intra-satellite range ~4.7Mkm 

4. 1 failed Cubesat, Off boresight angle, 1° 

5. Closest range to Earth  ~15Mkm 

6. Boresight Range to Earth ~65Mkm 

Given the extreme ranges involved in order to enable 
successful communications between Earth and every 
satellite in the network, each cubesat will need to act as a 
data relay satellite so that Earth based communication 
only occurs between Earth and the nearest of the cubesats. 
The commands and telemetry are then routed round the 
network to required destination.  

Looking into Data Handling it is recommended that the 
CCSDS File Delivery Protocol (CFDP) be employed to 
enable this functionality. This protocol is specifically 
tuned for long-delay and disrupted communication links 
between a network of relay nodes, which each cubesat 
would form a part of. So far some American missions 
(LRO, Messenger & JWST) are known to use CFDP 
however no known European mission has yet employed 
this protocol. It is known that SciSys in conjunction with 
Keltik and Trinity College Dublin (TCD), have been 
conducting just such a study for ESOC. It is thought that 
the soon to be implemented European Data Relay 
Satellites (EDRS) must also employ a similar receive and 
re-transmit data protocol. 

The telemetry requirement above is based on a fixed 
number of photos being transmitted back to Earth that 
allow ground based analysis and detection of the target 

NEOs. Even at 1kb the data volume is minimal in terms 
of subsystem design driver. It is likely that any 
housekeeping telemetry will greatly exceed the max 1kb 
science return per cubesat.  

Assuming 24 hour ground station coverage, each cubesat 
in the network could have a dedicated communications 
window of 240 seconds each day. Baselining a telemetry 
data rate of 50bps, would equate to a total daily downlink 
data volume per cubesat of 12kbits (1.5kBytes).  

Given the proposed 3-axis stabilised configuration and the 
limited communication window every cubesat would 
have to be vritually autonomous. It is therefore expected 
that whilst in nominal operational mode each cubesat 
would downlink mostly science data and some mode / 
positioning data. When in safe mode, science data 
downlink would cease with the downlink mainly 
composed of AOCS and equipment health data. 

The orbital geometry leads to a simple design that allows 
simultaneous sun pointing, communications and science 
operations. Two configuration options are immediately 
obvious; 

1) A single antenna on one side of the cubesat. Cubesat 
rotates about Z-axis to point at +X and –X cubesats in 
turn.  

- This requires Macro AOCS control 

- Only one link possible at a time. 

2) Two antennae on opposite sides of the cube. One 
always pointed at +X cubesat, the other pointed at –X 
cubesat. 

- Requires only position stabilisation control 

- Constant 2 way link with cubesat network possible. 

Due to the necessity for both cubesats to be pointed at 
each other in order to successfully communicate, option 1 
is not recommended. Option 2, which uses two fixed 
antennae on opposite sides of the cubesat is 
recommended. This allows for potentially constant intra-
network communications and a fully 3-axis stabilised 
design greatly simplifying the AOCS steering / pointing 
requirements. 

The proposed cubesat configuration easily allows for 
intra-satellite communications. However as depicted in 
Figure 7, the Earth direction at closest approach is not 
within the field of view of either antenna. It is therefore 
proposed that Earth communications do not use the 
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nearest cubesat but rather the next cubesat in the chain. 
From Figure 8 we can see that the Earth is directly on 
boresight of one of the X-face mounted antennae on the 
trailing cubesat. The significant increase in range, from 
2.35Mkm to 65Mkm, will in the next section, be shown to 
be offset by use of the large ground station antenna, 
making the requirement for a dedicated Earth 
communication antenna obsolete. 

 

Figure 7: Simplified Cubesat geometry 

 

 

Figure 8: Orbital geometry (not to scale) 

Link Budget 
Taking current hardware technology out of the equation 
the necessary spacecraft equivalent isotropically radiated 
power (EIRP) can be determined in order to close the RF 
link. Once the necessary EIRP has been determined a 
simple trade-off follows in order to define the required 

antenna and power amplifier size in order to produce the 
required EIRP. 

Baseline assumptions: 

1) Data Rate (raw) = 50bps 

2) Modulation = PCM(NRZ-L)/PSK/PM (according to 
ECSS Std for data rates <60kbps) 

3) Coding = Turbo Code Rate 1/4, Frame Size 8920 

4) Intra-satellite range (1 failed satellite) ~4.7Mkm 

5) Cubesat to Earth Range  65Mkm 

6) TM Margin = 3dB 

7) Receiver Carrier Tracking Threshold = -150dBm 

8) Receiver PLL = 7Hz 

9) Fairbanks 13m G/S (X-band baselined) 

The links are in large part driven by the receiver carrier 
tracking threshold, more so than the data rate which is 
unusual, but then so are the distances involved with this 
study. Nominal intra cubesat link: Irrespective of 
frequency used, a Satellite EIRP of 42.12dBW is required 
to close the link. Non nominal (one failed cubesat) intra-
cubesat link: irrespective of frequency used, a Satellite 
EIRP of 48.14dBW is required to close the link. Cubesat 
to Earth downlink: irrespective of frequency used, a 
Satellite EIRP of 35dBW is required to close the link. 

As expected the analysis concludes that the intra-satellite 
link is clearly the design driver, irrespective of whether 
there is a failed satellite in the chain or not. Two options 
therefore exist for the ground station. Either a reduction in 
ground station dish diameter from 13m to ~7.5m would 
be possible, opening up the number of available ground 
stations, with an expected corresponding reduction in 
costs; Or an increase of the Earth link telemetry rate to 
~10kbps. This would be especially beneficial where no 
failed satellite exists in the chain. The communications 
subsystem should therefore be sized for 1 failed cubesat 
intra-satellite link where the required EIRP is equal to 
48.14dBW i.e. worst case. 

Figure 9 below has been created to demonstrate how the 
antenna diameter sizes vs amplifier power for the three 
main frequency bands utilised by spacecraft. The EIRP is 
fixed at 48.14dBW. 

• S-Band (Deep Space): 2290 - 2300MHz 
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• X-Band (Deep Space): 8400 - 8450MHz 

• Ka-Band (Deep Space): 31800 - 32300MHz 

This clearly shows that for a fixed transmit power, the 
higher the frequency, the smaller the required antenna 
diameter for a given EIRP. 

 

Figure 9: EIRP Comparison. Amplifier Pwr vs 
Antenna Diameter by Frequency Band 

From Figure 9 it becomes apparent that only Ka-Band 
stands out as potentially feasible for this mission given 
the limited physical size of the satellite. It is plausible that 
up to a 30cm diameter planar array antenna could be 
utilised (fold out panels), however this would likely be 
quite heavy and would still require a ~17W Transmitter. 
At 20cm diameter ~40W would be required. At 10cm 
diameter ~160W would be required. 

Hardware Selection 
Cubesat communication subsystems are still in their 
relative infancy. Up until recently most cubesats have 
relied on UHF / VHF for low Earth orbit 
communications. In the past couple of years S-band 
systems have been demonstrated, first transmit only but 
more recently in receive as well. 

• X-band transmitters are now beginning to be 
demonstrated but with low transmit powers. 

• Syrlinks EWC 27 HDR X Band Transmitter (up to 2W). 

• IRIS DSN Compatible Small Satellite Navigation and 
Communications Transponder (0.25W) 

• Cubesat size X-band GaN SSPA’s are in development 
and ground test (Airbus DS & JPL). Technology being 
developed allows adaption to work at Ka-Band. 
Potentially capable of 17.5W RF output. 

Only known X-band receiver in development is IRIS 
Transponder mentioned above with Rx sensitivity of -
130dBm. Additional development would be required to 
increase the threshold sensitivity to ~-150dBm). Ka-Band 
transmitter (IRIS ka-band development) and reflecta-array 
(35dBi) have been developed for a JPL cubesat (ISARA). 
No known Ka-band receivers in development. 

Despite the large amount of investment currently being 
provided by NASA into cubesat subsystem development, 
the technology does not at present exist to perform the 
SOFIA mission as currently envisioned. Using the best 
known technology in development, IRIS X-band 
Transponder coupled with an Airbus Defense and Space 
GaN 17.5W SSPA, two high gain antennae both equal to 
~1.2m in diameter would be required, which is unfeasible 
for the current 1 x 3U cubesat baseline. Non flight 
inflatable antennae are known to exist (GATR inflatable 
HGA’s), however these are mass intensive (~26kg for a 
1.2m dish) and will not meet the launch envelope and 
mass requirements. Whilst the transmit side of the RF link 
is not possible without the move to ka-band, the receive 
side also needs development to increase the sensitivity of 
the receiver to ~-150dBm. Currently the IRIS receiver 
development is focused on Earth based communications 
out to Mars (2.6AU max) and based on the use of a 70m 
Ground station. Baselining the IRIS Transceiver (both the 
existing X-band variant and the Ka-band development 
variant) the number of cubesats required for a successful 
chain network can be calculated. Baseline assumptions; 

• Transmitter RF Power = 17.5W (Portsmouth 
development SSPA) 

• Receiver Carrier Tracking Threshold = -130dBm 

• Orbital Radius = 135Mkm 

• Orbital Circumference = 846Mkm 

Figure 10: Number of Required Satellites in Chain (1 
failed scenario assumed) 

The numbers specified in Figure 10, in all instances 
exceed the number of cubesats allocated to the baseline 
mission. What makes the scenario worse is that this was 
evaluated using technology that is not yet flight rated 
(Airbus DS SSPA and Antenna). The analysis has 
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identified that direct to Earth communications were not 
the subsystem design driver. As such this section will 
investigate the possibility of a mission where every 
cubesat communicates directly with Earth rather than to 
the next cubesat in the chain. The number of cubsats in 
this scenario is not limited by the communications 
subsystem but rather by the Field of View of the payload. 

Baselining a 15m Ground Station (ESA’s Korou) and the 
IRIS X-Band Transceiver operating at 2W, coupled with 
an Airbus DS SSPA as per Section 6.1 both the following 
scenarios are analysed; 

• 15m Ground station 

• 35m Ground station 

For the 15m ground station although it is possible to 
establish a downlink (125bps increasing as the range 
decreases by 1/R2) from 1.9AU it is not possible to 
successfully uplink a telecommand unless the Earth to 
Satellite range is <0.84AU. Given that the worst case 
Earth to Cubesat range is to be ~1.9AU this provides an 
incomplete communications solution.  

For the 35m ground station a downlink with increased 
telemetry data rate (up to 4kbps) is possible from 1.9AU 
generally increasing as the range decreases by 1/R2. A 
standard ESA uplink data rate of 2ks/s is also possible. 
Given the limited availability of the 35m ground stations 
it is proposed to only use the 35m dishes for 
telecommanding and baseline the more plentiful 15m 
dishes for the downlink. Although not analysed in any 
detail here it should be noted that direct to Earth 
communications will be not be possible during super 
conjunction (up to a SES angle of ~5°) and will be 
degraded by between 4dB at 5° SES to 15dB during 
inferior conjuction. 

The alternative design detailed above utilises two 
technologies that are not flight capable:  

1). SSPA 

• 17.5W RF output not currently met, further development 
required. 

• Frequency range of phase 1 development model at 
wrong frequency range. 8.5GHz required. 

• Dimensions exceed cubesat standard with one 
dimension at 160mm.  

2). Antenna 

Currently baselined is a custom microstrip phased array 
based on the design produced by Airbus Defence and 
Space Antenna group for the APPS program. This was a 
10cm x 10cm single panel array, weighing 156g per panel 
and requiring 240mW of DC power. It should be noted 
this was a design only, no hardware was manufactured 
and is such considered a new development. Each SOFIA 
panel, of which there will be 5, will be the equivalent of 
four APPS panel arrays. The SOFIA Antenna baselined is 
to be 20 x 60cm on the back of the solar array panel. 
Predicted performance is 32.6dBi and is focused in the 
plane of the ecliptic. 

 

Figure 11: Baseline Configuration Showing Antenna 

 

V.  THERMAL DESIGN 
The sun illumination angles based on the orbit of the 
mission, suggest that the PX, MX, PZ & MZ faces should 
ideally all be completely isolated with MLI, as they will 
be all be illuminated at various different times during the 
mission, as shown below. The PY and MY surfaces 
would then be the optimum candidates for radiators for 
any items which are expected to dissipate throughout the 
mission (eg. the PCDU and the OBC). 

However, during the Earth communication phase the total 
internal dissipation of the spacecraft is estimated at 
around 60W. This requires approximately 0.16m² of 
radiator area to dissipate, but each side of the cube has an 
area of only 0.04m², so 4 sides would be needed as 
radiators to achieve an acceptable steady state 
temperature. 

For the very short communications phases (eg. <10 mins), 
the communications units may stay within limits simply 
due to their own inertia. For the longer communications 
phases, it is worth noting that the MX face will be in 
shadow for the vast majority of communications 
windows. Unfortunately the MX face is directly exposed 
to the sun during closest-Earth communication window, 
and would then receive approximately 68W of solar flux. 
And of course, this face will face the sun during all 
nominal NEO observation windows, so this is unlikely to 
be an acceptable solution. 
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Very approximately,  if the mass of the whole spacecraft 
is ~10kg, and the average thermal capacity is taken as 
900J/kg/K (which is the appropriate value for 
aluminium), then an 60W internal power dissipation 
would cause an increase of about 30°C an hour (assuming 
no heat loss, which is very conservative). In principle, if 
the spacecraft is kept cold immediately prior to 
communication, (by switching most units off), and if the 
communication units are sufficiently well coupled to the 
rest of the spacecraft bulk mass, then the thermal inertia 
may be sufficient to keep the  units below their limit 
during the communication window. This would have to 
be investigated more thoroughly to confirm the design. 

VI.  AOCS 
The following activities during which the AOCS has to 
fulfil specific performance requirements to help achieve 
the mission goals have been identified from the mission 
concept. Note that, though in theory every activity could 
be represented by a separate AOCS mode, to optimise the 
overall mission concept and the AOCS more than one 
activity might be performed in the same AOCS mode. 

Activity Description 

P/L Survey 

Search for new NEOs and 
measuring of their orbital 
parameters using the P/L 
camera. For visibility 
reasons, the survey has to 
be performed in the direction 
away from the Sun 

Comms Establishing a COM link to 
Earth 

Transition Transition from one pointing 
direction to another 

Orbit/Position 
Determination 

Detection of the position of 
the S/C 

Propulsion Delta-V manoeuvres 

Wheels 
Unloading 

Unloading of the reaction 
wheels 

Charging Charging the battery 

Detumbling Detumbling after separation 
or in case of an accident 

Safe Safe mode 

Figure 12: Activity description 
The most challenging identified requirements for 
SOFIA’s AOCS are as follows: 

• Absolute Knowledge Error (AKE):  < 2 arcsec 

• Absolute Pointing Error (APE): < 1 deg (during delta-v 
activity) 

• Pointing Stability: < 2 deg/s 

• Maximum slew rate: > 2 deg/s  

Obviously, the main design drivers are the AKE during 
P/L operation and the APE during propulsion usage (high 
torque). Note that the stability requirement for the survey 
is not particularly strict because a star tracker is going to 
be used as P/L camera. 

The accuracy requirements for the determination of the 
S/C position relatively to the sun are assumed to be of the 
same magnitude as the accuracy requirements for the 
determination of the NEO’s position relatively to the S/C.  

To fulfil the challenging AKE requirement a star tracker 
is needed. This sensor also has the advantage that it 
provides a 3-axis estimate using only a single sensor.  

To detect the current S/C position a set of sensors is 
needed. A feasible configuration for a CubeSat is as 
follows: 

1. Medium precision sun sensor (~0.2 deg): The attitude 
of the S/C is already known because of the star tracker. 
So the sun sensor can be used to detect in which direction 
relatively to the S/C the Sun is. This reduces the possible 
positions of the S/C to a single line. 

2. COMS delay to ground: The exact delay of a COMS 
signal from Earth to the S/C and back defines a shell of 
possible S/C positions around Earth.  

From the two intersection points of these geometric 
shapes, the right one can be selected by knowledge of 
previous S/C positions and orbit propagation methods. 
Several measurements of the S/C position over time are 
then used to determine its orbital parameters. No analysis 
about the accuracy of this procedure has been performed 
yet. However, it is assumed to be sufficient. 

The APE requirement is much less challenging than the 
AKE one and the torques – when no propulsion is active – 
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are assumed to be small (mainly SRP). Therefore 
relatively weak and in-precise actuators would be 
sufficient. The main torque experienced by the S/C when 
doing observations (solar panel array facing the sun, P/L 
sensor facing anti-sun direction) is the Solar Radiation 
Pressure (SRP).  

The S/C will have to regularly change its attitude by large 
angles to either point the solar panel array towards the 
Sun or the antenna array (rear of solar panel) towards the 
Earth. To not waste energy (i.e. fuel) on these repetitive 
manoeuvres, reaction wheels are the way forward for 
closed-loop control of the S/C attitude during most 
activities. The only exceptions are: delta-v manoeuvres 
using the high thrust system (ADN) and the ‘safe mode’.  

The ADN propulsion module includes its own closed-
loop attitude control system (4 thrusters). This module is 
not going to be analysed here. It is assumed that as long 
as the alignment/positioning requirements of the module 
relatively to S/C CoM are fulfilled, the attitude control 
result will be sufficient. 

Reaction Wheel (RW) unloading will be performed in the 
following ways: 

• X RW: Change of the y-angle (pitch) of the S/C during 
P/L operation to invert the torque induced by SRP. 

• Z RW: Mostly the same as for the x RW + plus some 
torque from thrusters (because z cannot be unloaded 
separately from x). 

• Y RW: Thrusters. 

The largest momentum input will be about the x-axis 
because of the placement of the antenna/solar panel. 
Usage of the pitch angle of the S/C to unload the reaction 
wheel about this axis is possible since there is no 
requirement on the pitch angle during P/L operations. 
This strategy leads to a reduction in fuel mass needed for 
attitude control by nearly 95 percent. 

The following COTS CubeSat bus has been selected to be 
used (in a tailored version): 

•   Blue Canyon Technologies: XB1 

This module fills 1 CubeSat unit and contains the 
following AOCS HW satisfying the HW requirements 
defined earlier: 

• 2 Star Trackers (BCT: Nano Star Tracker)  

• 3 Reaction Wheels (BCT: Micro Reaction Wheel) 

• IMU 

• Magnetometer 

• Magnetorquers 

• GPS 

This module was chosen over the XACT module (1/2 
CubeSat units) because of its additional bus 
functionalities. These include: 

• OBC 

• EPS (including battery) 

• Control for P/L, Propulsion, Thermal and Solar Panels 

• COMS module 

Note that the star tracker of this module will be used as 
P/L camera.  

This module could be used of the shelf – ignoring 
radiation issues (see corresponding chapter). However, 
for mass/power/volume optimisation it is assumed to be 
used in a tailored version removing the following 
components: 

• 1 Star Tracker (1 single star tracker satisfies the 
requirements) 

• Magnetorquers (cannot be used in any phase of the 
mission) 

• COMS module (wrong band for this mission) 

Other components like the GPS chip and the 
magnetometer could be removed but their presumed 
mass/power/volume needs do not seem to justify the 
effort. There is detailed data available only about the star 
tracker; therefore only that device is removed from the 
mass and power budget (assuming only removing 85 
percent of mass/power of the stand-alone version). 

The following sun sensor has been selected: 

• Sinclair Interplanetary: SS-411 

With the following performance: 

• Accuracy +/- 0.1 over +/- 70 FoV 

Two sun sensors are included in the baseline to be able to 
deal with different attitudes the S/C has when 
communicating with Earth. 
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The following thrusters are needed by the propulsion 
subsystem: 

• 1 Vacco: Hybrid ADN Delta-V /RCS System (high 
thrust) 

• 7 JPL: Microfluidic Electrospray Propulsion (MEP) 
Thrusters (low thrust) 

The configuration is shown in Figure 12. During high 
thrust manoeuvres (moon swing-by) the ADN unit is 
used. During low thrust manoeuvres the MEP thrusters 
are used. The configuration shown here is sufficient for 
unloading the RWs assuming that the following 
assumptions are fulfilled: 

• The S/C is in nominal attitude most of the day: Solar 
panel facing sun, star tracker pointing in anti-sun 
direction (+/- 20 deg). 

• For the majority of the day the pitch angle can be freely 
chosen. 

With these assumptions the pitch angle can be used to 
unload the x RW before it is saturated (happening in >= 
12 hours). The x-axis has the highest disturbance torque 
input (due to the non-symmetric shape of the S/C 
assembly) and there is no controllability about this axis by 
MEP thrusters in this configuration. The ADN module’s 
ACS thrusters are not assumed to be used because its fuel 
is reserved for the attitude control during high thrust 
delta-v manoeuvres. If these assumptions are not fulfilled, 
two MEP thrusters will have to be added to allow the 
unloading of the x-RW and the fuel mass has to be re-
calculated (increase by more than factor 15). The current 
configuration provides at least the following torque 
capability (+/-) about the y- and z-axes: 1.5e-05 Nm. This 
is nearly two orders of magnitude larger than the largest 
disturbance torque, which is sufficient for wheel 
unloading. Note: It would also be sufficient for direct 
control (e.g. for a safe-mode). 

 

Figure 13: Thruster configuration 

VII.  POWER SYSTEM DESIGN 

Based on our analysis:  

• The average power consumption is about 32W per hour 
along the whole SOFIA mission, with peaks and lower 
power requirements spread depending on the active 
specific mode; 

• The peak power consumption is about 64W and it is 
required in correspondence with autonomous 
communications with Ground. This is mainly driven by 
the fact that, due to the big distance from Earth, it is 
required to use an SSPA for providing enough RF power 
for transmitting the whole set of scientific and/or 
telemetry data. An additional requirement is that during 
communication with Ground SOFIA will be Earth-
pointing 

SOFIA’s power system has been designed to be simple 
and capable to meet the power requirements described in 
the previous section. For this reason, it includes the 
following components: 

• A large Solar Array, capable to generate enough power 
to sustain nominal operations and to recharge the 
batteries, 

• A set of Batteries, to support power peak requirements 
and to provide the required energy during periods in 
which the solar array is not generating power, i.e. eclipse 
periods along the transfer orbit, and when communicating 
with Ground implies to lose the Sun-pointing attitude and 
therefore a reduced amount of solar power can be 
collected, 

• An Electronic Power System (EPS), which enable 
power conditioning and distribution between all the 
subsystems.  

In practice, taking into account that SOFIA is a 2U side x 
2U side Cubesat, a couple of 2U solar panels has been 
considered for each side. Each side then can ideally 
generate up to 10.4W (using Clyde Space product 
catalog). Therefore, in order to take into account the 
required average power of about 32W and the need for 
battery recharge and margins on solar cells failure, a Solar 
Array composed by five (5) solar panels (each solar panel 
large as a SOFIA side) has been assumed. The maximum 
power generation is then estimated as about 52W. 

The sizing case for the battery resulted to be when SOFIA 
is communicating to Ground while in its operational case. 
In fact, as worst case, SOFIA is Earth-pointing and the 
Solar Array is not “facing” the Sun. In this condition, the 
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battery has to provide up to 64W per hour. Taking into 
account that a 25Whr battery module is already included 
in the XB1 AOCS component, two 30Whr battery 
modules supplied from Clyde Space have been selected. 

VIII.  ACCOMMODATION/STRUCTURE  
A key advantage of the cubesat technology is the modular 
approach that enables off the shelf technology to be used, 
therefore reducing the amount of costly bespoke design 
and development. The design of the SC shall utilise as 
much existing cubesat technology as possible. Some 
bespoke structure will be required to enable 
accommodation. The structure of the SC shall 
accommodate the following key hardware items; 

• Magnetometer 

• X-Band Communication System 

• Antenna 

• Solar Arrays 

• Batteries 

• ADN Thruster 

• MEP 

• Propellant for MEP 

• AOCS Unit 

• Sun Sensors 

 

 

 
Figure 14: SOFIA LH (top), RH (bottom) view. 

 

 

The SC will be deployed in a pod. For deployment four 
rails are required on the edges. The solar arrays will be 
required to be recessed into the body of the SC. Hold 
down mechanisms will be required for launch. After 
launch the arrays will deploy in two stages, see Figure 15. 
This will be achieved using standard spring driven 
deployment technology and off the shelf hold down 
mechanisms. 
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Figure 15: SOFIA solar array deployment 
A compact magnetometer will be included as part of the 
payload. The concept will be similar to previous Cubesat 
missions where a compact Magnetometer is deployed 
using a Stacer spring producing a 1m long boom. This 
will help predict hazardous space weather events. 

Initial concept is to launch from a customised dispenser 
similar to the XPOD system that has flight heritage. The 
structure is held in a dispenser at the guide rail hard points 
and along the guide rails themselves.  Upon lid release a 
spring pushes the structure out, sliding at the guide rail to 
dispenser interfaces. The Launch pusher will need to 
allow for propulsion system thrusters emerging from base 
of the unit.  The pusher interface points will be at the base 
of the guide-rails (hard-points) for the structure. 

VIII.  SUMMARY 
With this study we tried to assess whether a large 
formation of Cubesats could perform an extensive survey 
and in-situ characterization of NEOs, even those that are 
affected by the synodic problem. Although the in-situ 
characterization is far beyond the current technological 
capabilities we have shown that a 10Kg spacecraft not 
only could travel to 1.9 AU but it is capable of 
transmitting a large portion of science data directly back 
to Earth, without the need of the initially planned ring 
formation. We established that communications, 
propulsion and AOCS technologies either exist or are in 
advanced development statge, to  perform such a task. 
Radiation is still a a major problem and to allow such a 
mission to survive the hostile space environment lots of 
development will be needed. However we have secured 
Airbus Defence and Space funds to take this 
interplanetary Cubesat to the next level. 
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ABSTRACT 
The North Star Rocket Family is a family of rockets based on hybrid rocket motors clustered together to form 2-
stage sounding rockets for scientific research. Two sizes of 2-stage sounding rockets are planned and together these 
“launcher elements” form the basis for a small launcher. The initial version of the small launcher will be able to 
serve the market for dedicated launches of 20-25kg into a 250-350km SSO orbit. This market will be extremely cost 
sensitive and is seen as the low end of the space market. It is crucial for the concept that the component cost is kept 
low enough. “Space qualified” components are not likely to fit into this model. 

Commonality between the sounding rocket market and the small launcher segment are the basis for obtaining 
economy-of-scale. The selection of components is tailored towards “industry quality” components, characterized by 
manufacturing processes which provide reliability through robust processes and sufficient quantities. The intended 
launcher will strive to be the smallest possible to do the job, and size alone will already keep the cost down. Only if 
the launcher is small enough can the propulsion system also be used as the propulsion system for the sounding 
rocket market, which is urgently looking for new motors. The propulsion system constitutes the single largest sub-
system of a launcher and has therefore been the primary focus of the work. 

To reach our goal, disruptive thinking is needed to assemble a new rocket based on a novel propulsion system. But 
the success also builds on the modularity aspects of the hybrid propulsion, the ease of upgrading it and the inherent 
safe behavior. The North Star project is the only project around which attacks the launch cost from below, i.e. by 
developing an efficient, safe and cost effective propulsion system first. The first firings of the scaled-up hybrid 
motors have been successful. 

 
KEYWORDS: Launch System, Micro-Launcher, Sounding Rocket, Low Cost, Hybrid Propulsion 

 

INTRODUCTION 
In Norway, Andøya Space Center (ASC) operates a 
launch site for sounding rockets and scientific balloons. 
The site has been operative since 1962 and has 
launched around 1500 sounding rockets (see Figure 1 
and Figure 2). It has a close cooperation with ESA, 
NASA, DLR and JAXA on scientific sounding rocket 
campaigns. Andøya Space Center offers launch services 
capable of rockets up to 20 tons. ASC can construct 
their own payloads and offers space education through 
their subsidiary NAROM (Norwegian Centre for Space-
related Education). Andøya Space Center is located at 2 
degrees north of the Arctic Circle in northern Norway, 
making it ideally situated for scientific research in the 
auroral oval (see Figure 3). The supply of adequate 
rocket motors for these scientific experiments has 
become increasingly more difficult.  

 

Figure 1 The launch of a LOX/HTPB hybrid rocket 
from Andøya1 (Picture: ASC) 
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Figure 2 Sounding rocket launch from Andøya Space 
Center in Northern Norway (Picture: ASC) 

 

Figure 3 Andøya Space Center located north of the 
Polar Circle (Source: ASC) 

Andøya Space Center does not manufacture rocket 
motors and is dependent on their customers to provide 
their own rocket motors or acquire rocket motors on the 
open market. Increasing difficulties in acquiring 
suitable rocket motors for their customers has made 
them approach the rocket motor manufacturer Nammo 
Raufoss (Nammo) for a solution to this problem. Recent 
successes with hybrid propulsion made by Nammo 
facilitated an opportunity to develop environmentally 
friendly, flexible and safe rocket motors. 

In 2008, the rocket range and Nammo conceived the 
vision to cooperate on the realization of a family of 
rockets based on hybrid rocket propulsion. They 
nurtured a plan to develop and introduce 
environmentally friendly, flexible and safe rocket 
motors to the market. The family of rockets created was 
called the North Star Rocket Family. 

The North Star Rocket Family is based on a modular 
concept existing of hybrid rocket motors clustered 
together to form a 2-stage sounding rocket for scientific 
research. There are plans for two sizes of these 2-stage 
sounding rockets, see Figure 4. Ultimately, these 
“launcher elements”, will form the basis of a small 

launcher (Figure 5). If the scaling of the technology 
proves to be efficient, the cost can be kept to a 
minimum. 

 

Figure 4 The two 2-stage sounding rockets from the 
North Star Rocket Family (Source: ASC) 

 

Figure 5 Artist impression of the North Star Launch 
Vehicle (NSLV) concept (Source: ASC) 

The propulsion system of the North Star Rocket Family 
is based on Nammo’s hybrid technology. With the 
experience from all three readily available green 
oxidizers; liquid oxygen (LOX), nitrous oxide (N2O) 
and hydrogen peroxide (H2O2), Nammo concluded that 
the alternative based on hydrogen peroxide was the 
most promising alternative for a low cost launcher. A 
series of maturation programs were conducted2 with 
support from the Norwegian Space Agency and ESA. 
SAAB Dynamics (SAAB) in Sweden contributed with 
their H2O2 experience to the team. SAAB has over 50 
years of experience in handling H2O2 for military 
torpedoes, and also supplied the catalysts for these 
programs. The small scale firings exhibited consistent 
efficiencies above 95-98%, removing the supposed 
Achilles heel of hybrid rocket engines. It has long been 
known that the theoretical performance of hybrid rocket 
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motors can surpass the performance of a solid rocket 
motor, but with the combustion efficiencies falling 
behind, it had been hard to prove their excellence 
through real firings. With the efficiencies obtained in 
these small scale firings, Nammo has opened the door 
for a new look at implementing hybrid rockets into real 
applications. 

After successful demonstration of the potential of 
Nammo’s hybrid rocket technology, Norway provided 
funding through ESA’s Future Launcher Preparatory 
Program (FLPP) to demonstrate the up-scaling to a 
useable size. The initial application is to use this up-
scaled engine as the building block for a small sounding 
rocket for Andøya Space Center. This project has now 
progressed from a period of additional small scale 
testing3 and initial design work on a conceptual micro-
launcher, into a phase of ground testing of the rocket 
motor concept at a larger scale. To get to this point, 
Nammo had to invest in a large scale test facility for 
hybrid rocket motor testing. This newly erected Green 
Propulsion test stand is capable of ground testing of 
hybrid rocket engines up to 500kN.  The FLPP hybrid 
demonstrator activities correlate well with the need for 
new sounding rocket motors for Andøya Rocket Range 
in northern Norway. 

There are at the moment more sounding rocket launches 
than dedicated micro-launcher campaigns. This is 
because of all the piggy-back solutions offered. The 
latter launches are either heavily sponsored or deliver 
their payloads in rather unfavorable orbits as they are 
just secondary payloads. Another issue coming up is the 
conjunction of space which might lead to restrictions on 
at which altitude these low cost satellites can be 
released. With their number rapidly increasing, they 
become a real threat on their way down for important 
installations as the International Space Station (ISS) and 
other satellite services depending on relatively low 
altitude orbits, i.e. 350km approx. Actually, the 
problem is more that it takes them too long, up to 
several decades, to come down from their typical 
release orbits (500-600km) which increases the 
probability of a collision. Most of these low-cost 
satellites have stopped working long before that. 

It is this market for dedicated launches of nano-
satellites and CubeSats and delivering them to their 
desired altitudes and orbit when they want (and not their 
host), which is the motivation for taking the hybrid 
sounding rocket ambition also into the micro-launcher 
world. 

OPERATIONAL ADVANTAGES 
The H2O2 based hybrid technology offers more than 
just the thrust to reach an altitude. The commonly 
reported advantages of hybrid propulsion are also valid 

for Nammo’s hybrid technology and Nammo has 
already demonstrated these benefits with their designs: 

 a Green Propulsion alternative 
 start/stop capabilities 
 throttleability 
 non-hazardous materials 
 non-toxic 
 thrust profile tailored to the mission 
 low cost 

If these properties are combined with thrust vector 
capabilities, these sounding rockets based on hybrid 
rocket motors provide the scientist with a rocket which 
can be steered into the area of interest and stay there for 
a prolonged period in time (Figure 6). Atmospheric 
conditions and seasonal effects require tailoring of the 
rocket to allow it to reach the ideal altitude. The North 
Star sounding rocket will offer the scientist such 
flexibility. The traditional solid propellant based 
sounding rockets cannot adapt to such variations and 
often overshoot the area of interest if they are not 
loaded down with additional lumped mass. 

 

Figure 6 Precise flight control adapts the attitude of the 
hybrid rocket to the phenomenon of interest  

(Source: ASC) 
THE OPERATIONAL CONCEPT  
The operational concept behind the North Star Rocket 
family has not been fully developed yet, but there are 
considerable pieces in place already. Andøya Space 
Center is a highly capable rocket range for sounding 
rockets up to the sizes of the North Star 1 and 2. 
Launching a micro-launcher of the same size will be 
new for ASC but represents a manageable step forward, 
mostly involving controlling a different trajectory and 
managing the third stage which will be responsible for 
the orbit insertion. Launching into orbit from Andøya 
has been an ambition which has become more and more 
pronounced. 

In an established North Star Launch Vehicle (NSLV) 
operation, the hybrid rocket engines and other 
propulsion components will be manufactured by 
Nammo in Raufoss, Norway. Because of the nature of 
the hybrid rockets and by clustering of these motors, no 
big investments are needed in new manufacturing 
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facilities. Not even for the largest hybrid rocket motor 
of 450kN approx. The fuel grains will be relatively 
small when compared with solid rocket motor 
substitutes and can be manufactured in Nammo’s 
existing manufacturing facilities. Hybrid rockets are by 
definition inert, so they are easily transported from 
Nammo to the launch site by standard shipping 
methods. 

No big investments are needed in launch infrastructure 
either. The already available U3 launch rail at Andøya 
Space Center supports a maximum lift-off mass of 20 
tons. The target Gross Lift-Off Mass (GLOM) of the 
NSLV will be in the range of 15 tons or less. The rocket 
motor launcher elements will be assembled into a 
sounding rocket (or micro-launcher) at Andøya, where 
the payload will be prepared as well, Figure 7 and 
Figure 8. For work directly on sensitive payloads, 
clean-room facilities will be established. ASC has all 
the facilities available to support a launch campaign, 
including tracking radars and telemetry. 

In support of a future micro-launcher campaign, after 
the rocket is too far down the trajectory to be controlled 
from Andøya, Norway has other existing infrastructure 
at the satellite station SVALSAT, Longyearbyen, 
Spitsbergen, which will be utilized for orbital insertion. 
In this way, the complete flight from launch to orbital 
insertion can be controlled from Norwegian territory.  

 

Figure 7 Sounding rocket assembly at Andøya 

 

Figure 8 Payload assembly at Andøya 

The capability of launching micro-launchers from 
Andøya will provide Andøya Space Center with a new 
business area offering dedicated CubeSat and nanosat 
launches and will provide launch services for In-Flight 
Experiments. To be able to offer the complete range of 
services, a third stage to inject the payload into orbit 
will be needed in addition to the two stages of the 
largest North Star 2 sounding rocket. 

LOW COST APPROACH 
If the hybrid technology as demonstrated by Nammo 
keeps scaling-up as planned and the anticipated cost 
levels can be realized, a dedicated low cost micro-
launcher service will be within reach. It is crucial for 
this concept that the component cost is kept at the cost 
levels acceptable to the sounding rocket market. This is 
where the economy-of-scale can be achieved while the 
dedicated micro-launcher market has not taken off yet.  

 

Figure 9 A modular concept is adopted and engines and 
complete stages are reused (Source: ASC) 

Commonality between the sounding rocket market and 
the small launcher segment are the basis for obtaining 
the economy-of-scale (Figure 9). The selection of 
components is tailored towards “industry quality” 
components, characterized by manufacturing processes 
which provide reliability through robust processes and 
sufficient quantities. The launcher design will be the 
smallest possible to do the job, and size alone will 
already keep the cost down. Only if the launcher is 
small enough can the propulsion system also be used as 
the propulsion system for the sounding rocket market, a 
market which is also urgently looking for new motors. 
The propulsion system constitutes the single largest 
sub-system of a launcher and has therefore been the 
primary focus of the work. 
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To realize this plan, not only the cost of the launcher 
elements should be kept affordable, also the non-
recurring cost during development and the launch 
campaign(s) itself have to be optimized. Substantial up-
front financing has not been identified yet, simply 
because the targeted customers do not have that kind of 
money available. But it should be mentioned that the 
concept has been well received by the community. 

To keep the cost under control, an approach has been 
adopted which takes the project forward in smaller 
steps, with each step being affordable, with each step 
making the project move closer to the final goal and 
with each step resulting in a new building block which 
can be used for the next step. 

The project has therefore adapted to the following 
philosophy in order to move forward: 

 Primary goal is to offer sounding rocket launch 
services 

 Secondary goal is to develop a nano-sat launch 
service if economically viable 

 Incremental progress through a spiral 
development concept 

 Each step has a clear goal and a well-defined 
outcome 

 For each step, the confidence in the concept 
will grow 

 Modularity is the basis for keeping the cost 
down 

 Modularity combined with the flexibility and 
robustness of the hybrid engines allows for 
future upgrades 

The concept has been compared with several other 
initiatives based on air-launched concepts and 
disposable micro-launch initiatives based on solid 
propellants. These projects all appear to be aiming at 
payloads of around 100kg and upwards, while the North 
Star Launch Vehicle is aiming at the lower end payload 
range of 20-25kg. The mass of 20-25kg is equivalent to 
a stack of 8-12 CubeSats with dispensing units and 
support equipment. For this market, low cost is the far 
most important property of the solution. 

GREEN PROPULSION TEST STAND 
In 2012, Nammo recognized the single most important 
hurdle to pass before one could start the development of 
the hybrid rocket engines for the North Star Family: 
these new rocket motors needed to be tested in a test 
stand capable of handling large thrust levels, long burn 
times and should be equipped with an installation which 
can handle large quantities of hydrogen peroxide. Such 
a facility did not exist anywhere in Europe. 

In support of the North Star Rocket Family 
development and the FLPP hybrid demonstrator 

program, Nammo made the decision to invest in such a 
facility themselves4. Large amounts of H2O2 needed to 
be handled to support long burn times and high mass 
flow rates. To support a test campaign, also a long term 
storage facility for large quantities of H2O2 needed to 
be established.  

The facility was built at the Nammo Test Centre and 
took 18 months to complete. The Nammo Test Centre is 
already a well-equipped test center for the development 
and qualification of solid rocket motors for tactical 
missiles. It has a complete range of environmental test 
cells including shock and vibration testing to support 
the development and the qualification of products and 
components for both military and aerospace customers. 
Nammo’s portfolio of Ariane 5 products have been 
tested and qualified at this test center. Together with the 
existing capabilities of the Nammo Test Center, the new 
Green Propulsion Rocket Test Stand will be a unique 
installation capable of supporting many future rocket 
development programs. 

In April 2014 the facility was approved and certified by 
the authorities for the use of H2O2 and is now 
operative.  Our partner SAAB Dynamics assisted in the 
design and construction of all H2O2 related equipment. 
The test cell consists of a reinforced building (Figure 
10) containing the fortified test bench which is holding 
down the test object during firings. On the other side of 
a strong wall, the long term storage and handling 
facilities of the H2O2 have been established. Half of the 
building is taken up by the long term storage and 
handling equipment for the H2O2. A separate building 
contains the control room for data acquisition and 
controlling the test procedure (Figure 11). 

 

Figure 10 The new test cell for large scale hybrid rocket 
motor firings (500kN) 

The test stand is dimensioned for hybrid rocket motor 
firings up to 500kN of thrust and a long term storage 
capacity of 20.000 liter of H2O2. The capacity of the 
facility is large enough to support the development of 
the largest booster of the North Star 2 sounding rocket 
which will also be the first stage of the North Star 
Launch Vehicle. 
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As an example of the amount of propellants consumed 
during a single firing, the FLPP hybrid demonstrator 
will consume around 1080kg of oxidizer and 152kg of 
fuel in order to demonstrate a hybrid engine with a 
thrust of 112kN during a 25-28 seconds burn.  

 

Figure 11 The control room 

In support of large testing campaigns, two 10.000 liter 
H2O2 storage tanks were installed. The tanks are 
manufactured in pure aluminum, providing a stable 
storage period of years for the 87.5% H2O2. The tanks 
have been mounted in a raised position above a pool of 
water (see Figure 12). The water basin is for safety. In 
case a leakage or spill occurs, the water will dilute the 
H2O2 quickly into a harmless concentration.  

    

Figure 12 Both tanks in place just above the water basin 
below floor level 

When H2O2 is delivered from the factory, the filling of 
H2O2 will be done from a standard road delivery on a 
special lorry. In Figure 13 one can see the truck under 
the delivery of H2O2 to Nammo. By having the 
possibility to use readily available propellant 
ingredients available in large quantities, the cost of the 
North Star concept can be kept low. 

 

Figure 13 Filling of the tanks from standard truck 

 
MODULAR MOTOR DEVELOPMENT 
The North Star Rocket family is based on the 
communality of motors. The initial step is to up-scale 
the technology from the laboratory scale motors into the 
first, and smallest, usable size of the hybrid rocket 
motor. This will require a scaling factor of 20 when 
compared with the lab test motors. This first practical 
motor will be the rocket motor for the second stage of 
North Star 1 and will be an important building block of 
the concept. It is called the Unitary Motor. After 
successful up-scaling to the Unitary Motor size, the 
booster stage of North Star 1 will be a clustering of 4 
Unitary Motors. Clustering of motors (see Figure 14) 
will keep the cost down and the development risk of the 
hybrid rocket motors manageable. 

 

Figure 14 Clustering of motors  

The performance of the 4 Unitary Motors clustered 
together, is the configuration which will be 
demonstrated in the FLPP-project5. This low-risk 
approach allows for the realization of the North Star 1 
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without further scaling of the hybrid rocket motor 
technology. In Figure 15 the correlation between the 
different sizes of engines is visualized. The clustering 
of 4 identical motors will increase the production rate of 
each of the components needed, which in turn assures a 
more favorable cost and quality on all parts being used. 

After sufficient funding has been identified, this process 
will be repeated for the large booster needed for the 
first stage of North Star 2. A new slightly larger Unitary 
Motor is foreseen for this step.  

 

Figure 15 Correlation between the small and large scale 
motors 

Design data for the Unitary Motor is given in Table 1. 
These are the target values of the performance of the 
Unitary Motor based on the available background 
information and the design data and experience gained 
from the small scale firings. Delivered performance 
data are sea level performance data including nozzle 
and combustion (in-)efficiencies. These values should 
not be compared with theoretical data and expansion to 
vacuum conditions. 

Table 1 Design data for the Unitary Motor 
 

Thrust 28 kN Total propellant mass 308 kg 

Total impulse 700 kNs Total oxidizer mass 270 kg 

Burn time 25 s Total fuel mass 38 kg 

Chamber pressure 35 bar Liquid oxidizer 
volume 

196 L 

Optimal OF 
(CEA) 

7.1 Solid fuel volume 39.6 L 

Delivered Isp 
(at sealevel) 

232.01 s Propellant mass flow 12.3 
kg/s 

Delivered c* 1542.4 
m/s 

Oxidizer mass flow 10.8 
kg/s 

Delivered Cf 
(at sealevel) 

1.4751 Fuel mass flow 1.5 kg/s 

 

To give an impression of the size of the Unitary motor, 
one can see one of the fuel grains in Figure 16. They 
will be machined into their final shape depending on the 
results from the development tests and the intended 
purpose of the test. This is a good example of the 

versatility and robustness of the hybrid propulsion. Try 
to do this with a solid rocket motor grain. The motor 
case housing used during initial testing can be adapted 
to different grain lengths. The outer diameter of the 
breadboard Unitary Motor is slightly oversized to 
provide a margin for longer firings or higher regression 
rates, but under a nominal test run there should be some 
remaining fuel after shut-off.  

 

Figure 16 The fuel grain for the Unitary Motor 

FIRING RESULTS 
The initial motor firings of the Unitary Motor have 
started and two motors have been fired by Oct. 2014. 
The oxidizer feed system was tested first separately to 
demonstrate that a full burn duration of 25 seconds with 
an oxidizer mass flow of 10.8 kg/s could be achieved. 
During these firings the catalyst was tested as well. 

  

Figure 17 The breadboard Unitary Motor on the test 
stand just before firing 

After successful demonstration of the capacity of the 
oxidizer feed system and by showing full 
decomposition of the H2O2 for the full duration of the 
firing, the test program of the Unitary Motor could start. 

The first two firings were complete hybrid rocket motor 
firings (see Figure 17) and the duration of burn was 
gradually increased, the first with a burn time of 11 sec, 
the second 16 sec. Ignition occurred instantly in both 
cases and also termination of the motor functioned as 
commanded. Both firings reached the desired thrust 
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level of 28kN and the efficiency which was 
demonstrated at the smaller scale was successfully 
repeated at the 20x larger scale. C* and Isp values were 
also according to the predictions. These results are a big 
step forward for the North Star Concept, as both thrust 
level and efficiency at the larger scale were seen as the 
most challenging aspects of the hybrid propulsion 
technology. Figure 18 shows the Unitary motor during 
its first firing. Water vapor is created initially at start-up 
and creates some fog under the extreme humid outdoor 
conditions under this firing.  

 

Figure 18 The Unitary Motor during test firing 

 

 

Figure 19 The plume just after start-up (top) and during 
the remainder of the burn (bottom) 

With a plume consisting of only H2O and CO2 a small 
cloud is created at start-up which is quickly replaced by 
a completely smokeless behavior for the remainder of 
the burn as shown in Figure 19. Indirectly, this is an 
excellent proof of the burning efficiency of this hybrid 
rocket motor design. 

Testing will continue with full duration firings and the 
design will be optimized based on the demonstrated 
performance and the condition of the hardware. Flight 
weight Unitary Motors are expected to be manufactured 
in spring 2015. 
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