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ABSTRACT

Mission primes are faced with the ongoing challenge to introdeege tachnologies into their

existing spacecraft platforms which improve performance and tibaamarket competitiveness of
their product. Customers however, are frequently unwilling teicthe risk of new technologies,
predominantly due to a lack of flight heritage. This viciousleican ultimately have effect on the
prime’s business; if the business cannot improve their product reamgéviely with each mission,

the product will become outdated.

In coming years, technology from emerging space nations sucthias and India will soon
directly compete with established offerings in terms of peréorce, but is likely to come at a lower
price. In order to maintain existing market share, European pnraed to ensure that their
products maintain a technological superiority; a difficult propasitjiven customer reticence of
non flight heritage technologies.

Although ESA have funded technology validation programmes in thegeasing to demonstrate a
range of new technologies ahead of widespread adoption, thesensiigsnain expensive and, as a
result, are not an attractive proposition for commercial compahese recently, lower-cost small
satellite platforms have been proposed to fill this gaptatah estimated cost of around 10 MGBP.
Although such an approach is welcome, it is likely to serve thetimegi space market to
demonstrate high Technology Readiness Level (TRL) products, wieificeint resources have
already been committed to that product’s development. Thig paglenes another economically
feasible alternative for technology validation through the usectdss of hanospacecraft known as
CubeSats, in order to enable the same and lower TRL testipgra®f an overall lower cost
development cycle.

Clyde Space Ltd is utilising local government innovation funding to stipperdevelopment of a
modular CubeSat platform suited to a range of missions and orbit cosditiom LEO and beyond
into GTO. Low cost CubeSat modular subsystems are alreadgldeadn the market, and the
paper begins by examining CubeSats in a technology context. An overvibe system design,
capabilities and economic feasibility for a technology validaptatform, drawing conclusions
from a number of feasibility studies performed for potential usérsuch a platform. With the
estimated total cost for a mission starting around 250 kGBP ingludimch and operations,
commercial CubeSat missions can offer a more radicalishitie range of feasible payloads.

In comparison to even a relatively low-cost small sagetkichnology demonstration test bed, this
work shows that the CubeSat remains competitive on core mstiitsas mass, data and power,
and in many offer value-adding making such missions preferableal Volume available to
payloads is reduced, and implications of this are considerad. low total cost and scalability of
the CubeSat facilitates a dedicated single payload senvicke¥elopers, allowing opportunities for
optimised system utilisation and mission-specific platform coisation, so minimising potential
interface conflicts and overhead. Lower TRL payloads caacbepted by the CubeSat, increasing
the potential return for developers by providing on-orbit performaata at an earlier stage in
development.



1 INTRODUCTION

The demand for technology validation missions has existed sin€iestngays of space. In the US,
technology validation was a founding element of the New Millenninag®@mme [1], and ESA
and the UK have run comparable PROBA [2] and STRV [3] missioAs.an agency level,

technology validation missions are complex with tens of pagladamouring for the available
resources, making interface control and management a signi€icallenge.

Simultaneously, major space companies are interested in technaladation in order to maintain
position in an increasingly competitive market. Both China and Ina&@ recent experience in
high performance satellites. The Indian Space Research Gatjamitelecommunication 12/3-K
platform buses [4] are becoming more widely adopted such as tisefdrathe HYLAS (despite a
recent failure of an I-3K platform), whilst China is developing own indigenous satellite
capability in partnership with Western enterprise (e.g, [&)d has its own constellation of three
geostationary navigation satellites, BeiDou.

Current proposals for technology validation focus upon late stage teghmEmonstration and are
too frequently only willing or able to manifest high Technology Readinkevel (TRL)
developments, and in accordance with the TRL definitions for whereim#iurity process space-
based demonstrations are required [6]. Whilst this may waigEntial future customers in terms
of flight heritage, it is unlikely to be as valuable to the elepers of the products as a flight
opportunity for characterisation at an earlier stage in developmeietad to little or no reduction in
product cycles and total development costs. Numerous work has higtligieedifficulty of
raising TRL from 4 to 7 [7, 8], the so-called ‘TRL Gap’; [1Bptes that for some technology,
raising a technology to TRL 5 requires some in-orbit experiembést [7] asserts that based on
experience with integrating new technology into European space trarigpodystemsithe ideal
solution developed to overcome the “‘TRL Gap’ problem has been to fySKEWIS devices at the
low and mid TRL stage in development.”

Figure 1 indicates the area in which the potential return froorbit data can have the biggest
impact on the system design and with respect to the oyeroallict TRL development cycle. The
majority of funded studies performed by Clyde Space have corgigecbnology with a TRL
between 4 and 7 indicating the existence of a real market nBg examining the economics in
Sec. 4, this paper establishes the extent to which thidmésasible using CubeSats.
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Figure 1; TRL and its relationship to cost, risk, and impat¢ on design



The work is based upon key findings and elements of design commoinatitya series of
technology validation feasibility studies undertaken for a rafigmtential users of CubeSats. The
potential user list has included universities, the militemgjor space engineering and space service
companies, and spin-in technology firms. These studies havedewsts various types of
technology validation such as proof-of-concept for advanced or tmiisied platform technologies
(both for CubeSats and for larger missions), demonstration of mperhtional concepts and
related technology, characterisation of specific componentsdrsion in the baseline of agency
level mission, and complete proof-of-concept missions. Repegsenpayloads are described in
Table 2. Typically, the orbit environment has been LEO, althanigrest in GTO applications has
been expressed.

2 CUBESATS

The CubeSat concept was originally proposed by Prof. Bob Twiggsnfogd University in 2000
[9] with the aim of promoting the development of very smatiélites by universities through the
standardisation of the launch interface, known as a POD. The GuiaSaefined as a discrete
but scaleable 100 x 100 x 100 mm cuboid unit, commonly referred to astl Uigure 2 depicts a
1 U CubeSat from Clyde Space Ltd., whilst Figure 3 showsgern& U spacecraft produced for a
US customer with Clyde Space power system.

PUMPKIN
E—n

Figure 2; 1 U standard CubeSat Figure 3; 3 U CubeSat with deployable solar
arrays available from Pumpkin Inc. [ ?Pump]

The allocated mass per unit varies however between 1 to 2 tygicsl. These units may be
combined to produce larger mass and volume systems (up to 3 U @ubaBabeen demonstrated
in-orbit, with up to 12 U systems proposed). The approach has been dadypteumerous
universities and organisations, and to date has been used for thefoagwards of 50 missions
which have been launched since 2003, with an estimated 60+ actjgetpnooridwide. Shared
features of the majority of these CubeSat missions include,

Access to more lower cost launch opportunities through standarmlieedces

Rapid development cycles from concept to launch using modulayssebsproducts

A reduction in project management and quality assurance roles

Use of Non-Space Rated (NSR) Commercial-Off-The-ShelfTi@®@omponents (although
some suppliers already offer higher reliability variantsefunanced product assurance)
Limited or no built-in redundancy (redundancy at a spacecradt)lev

CubeSats offer an economy of scale rarely demonstratechwiithispace industry. For example,
Clyde Space report over 120 sales of their electric poweersysivailable in three key variants
over three years. Sales of other standard subsystems arecapmyd200 units. This has enabled
CubeSat subsystem suppliers to amortise development costsoftucts over much shorter
timeframes and over a larger sales forecast than anym#heous subsystem suppliers.



2.1 Typical Missions

As the CubeSat standard has grown in acceptance and héasgeoved viability of the format,
the market has witnessed a shift away from predominantly 1 dddb&ubeSats missions for
educational applications to 3 U based CubeSats with purposeful paykais as the NASA
GeneSat and Firefly missions [10, 11]. The typical customes @sCubeSat products now
includes not only educational establishments, but national sgpaecies and both military and
commercial entities.

Use of CubeSats for commercial or non-commercial technology demamstis not a new

concept. All previous CubeSat missions have had a significaneateof technology demonstration
and validation, albeit generally reported as for non-commeredalcation or research. Already
however, Cubesats have shown that they can provide an entry poithhénspace market, with

dynamic young SMEs emerging as a result of experience oénsitiy CubeSat projects (e.g. [12]).
Based on a survey of the reported mission objectives for previobeSat missions, technology
demonstration has featured in all, as described in Table 1.

Table 1; elements of previous CubeSat missions

Objective % Elements of previous missions

COTS component integration and radiation hardness, experimental
sensors, system architectures, radiation and fault tolerance, solar array

0,
Technology 100% performance, tethered systems, deployable systems, wireless links, power
management
Earth imaging 330 COT_S CMOS camera, dedicated processor, attitude determination
algorithms
Novel 18% Non-AX.25 protocols, active grid and patch antennae, redundant links,
communication advanced modulation techniques

Charged particles, solar sailing, earthquakes, airglow, animal tracking,
Science 25% DNA denaturing, gamma-ray bursts, atmospheric GPS scintillation, atomic
oxygen, radiation

Ship AIS monitoring and data relay, risk reduction for future missions or

ili 0,
Other utility 15% technology demonstration testbed
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Figure 4; idealised technology validation process contributing ta larger mission



The spacecraft baseline is a target lifetime of 24 morithe to the nature of technology validation
however, an emphasis on characterising the technology withirrshé finonths is preferred. This
reduces operational cost and risk (based on the assumption of NSR €€&¥TSec 3.4.2), and
allows feedback into the development cycle of the technology &g @&ampossible. Figure 4

outlines an idealised technology validation cycle in which a technaloigd for a future agency

level mission is first characterised and demonstrat@dhit using a low-cost CubeSat mission.

The spacecraft is currently assumed in a LEO environment; howappdications for technology
validation in GTO have also been explored and can provide betteruegpims a comparable
operating environment for some technologies. The spacecrifbsHaunched by as a payload-of-
opportunity, and thus be deployed into an orbit whose parameters may okipwe once the
system design is complete.

3.1 Typical Payloads

The mission system for technology validation may be classedaimbomber of groups with
differing requirements. These are broken down into groups in Talé2representative mass,
volume and power requirements for the payloads. For any technolodstiai mission, mission
objectives include elements of the following

1. Characterisation of the in-orbit performance and stabilithefpayload
2. Effect on payload performance of the space environment
3. Experience of integration and testing process for flight onopalytiesign
4. Proof-of-concept mission and operations
5. Capability demonstration (‘flag-waving’) by the technology eleper
Table 2; typical payloads mass, volume and power requirementer technology validation

Technology Validation Type Typical Sample Technology Mass Volume Power
g mm mW
Technol ductd tration f Il
ectinology or procuct AemOonSration for SMalt| - - rse MEMs rate gyro 750 | 70x110x140 | 6000
satellite subsystem
Minaturised or spin-in component replacement \ 5 ¢ terisation of MediPIX 50 50 x 50 x 10 500
for future agency level mission
Advanced autonomous operations, computin
; P ! s Recaonfigurable FPGA-based data handling 400 100 x 100 x 30 1500
and processing
Testbed f | attitud trol algorith
estbe [.jr novel aliifude confrol algorfhms Underactuated control using inertial wheels 1200 80 x 80 x 40 800
and techniques
Development of modular nanospacecraft . .
) Micro pulsed plasma thruster propulsion 200 100 x 100 x 20 550
platform technologies
High performance instrument for future agency )
. Synthetic aperture radar system 40000 800 x 800 x 500 10000
level missions
Proof-of- t fi d ft
rog-oCONCEpE Tor Proposed NANospacetralt | beean colour monitor 2000 | 200x100x 100 | 5000
constellation missions
Spin-in technology d trati d in-orbit
p”_] n fechnology 9”70”5 rafion and in-oror Satcom relay terminal for time-critical data 300 80 x 80 x 20 1500
environment characterisation
Future operations proof-of-concept Inflatable LEO deorbit system 2000 100 x 100 x 100 neg.

3.1.1 Commercial Applications

CubeSat missions in themselves still need to be demonstratediasie commercial proposition.
In the US, the potential for CubeSats has already been reedgmiith the likes of NASA, Boeing,
Lockheed Martin all expressing an interest and developing suchormgssind with the National
Science Foundation supporting development for research and technoloigatapys. Europe is
yet to embrace CubeSats to a similar degree.

The following is a summary of a mission concept recently proposea future technology
validation mission; the concept has been subjected to an initidd-lpaik feasibility study, and is



now moving into a definition phase in which a breadboard systdinbevdeveloped. In terms of
responsiveness, work to date represents four weeks of man eftiw platform provider, during
which requirements and design drivers have been identified, feggsiemonstrated, and a baseline
system design defined based on spin-in and off-the-shelf moduRes/lload development is
continuing with a partner organisation.

A major telecommunications service provider requires a LEO bastensyto monitor the quality
of broadcasts from its fleet, and determine the sources of potamtalerence. The payload
package is small volume, but demands high power and moderate pointing capatilitydntenna
systems better than +/- 5 deg. The RF payload will be spun-in dxisting ground- or space-
based receiver systems and interfaced to a high performance digital processor. In addition,
it is desirable that the payload should alert the fleet operator inetrent anomalous signal is
received. The service provider requires an initial proof-afaept and payload validation mission,
in order to demonstrate the mission concept and technology and hence $ecding for a
complete system, based upon further refinement of the payloadadiftdrplsystems developed.

3.2 Platform Architecture

A typical baseline of a 3 U CubeSat is shown in Figure 5 (tigbtnbe expected to be realised as a
system similar to that depicted in Figure 3). With a rasfgeodular and semi-customisable off-
the-shelf subsystems now available, the configuration possildontinue to increase. At a
conceptual level, this can be tracked and optimised using a CufjgRdfic design tool. This is
subject to a separate ongoing development, with the ultimateogmadking available online, so
potential users of the systems can rapidly explore the bisd@sign space and trades.

Figure 5; typical platform architecture elements
3.3 Payload Interfaces

CubeSats advocate a more flexible and parallel approach to payledmheent and management
facilitated by the simplified baseline interfaces. Thenber of interfaces results in reduced



flexibility and increased overheads. The payload interface aamithble resources should reflect
the scalability of the CubeSat itself.

A standard but flexible payload interface requirements has defined for CubeSat missions. The
requirements offer standard electrical and data handlingdnés which provide a baseline from
which to deviate for specific missions. The payload is manhgeamhe or more payload controller
which can accept a standard set of telecommands from themistrface computer and negotiate
use of direct 10 from the payload to computing capabilities foa g@bcessing. The payload
controller hardware can be defined by the developer, subject th wiéh minimum technology
requirements starting from a < 10 mW microcontroller.

Standard voltage and data buses are accessed from a commonrigackpddogous to a computer
motherboard, whilst dedicated payload 10 can be accessactdy in a module-module harness.

An emulator for the basic data interface functionality and dase a networked set of
microcontrollers shall be made available to potential devedofsown in Figure 7) as part of an
‘interface pack’ supplied following specific customisation imission system study where specific
interface demands are assessed (Figure 6). In additiorceétemating payload development, the
interface pack key objective is to identify any potentiaériaice conflicts at an early stage in
development, despite the fact a fully mature platform orgaeadyill be available.

Figure 6 ; elements of the proposed interface Figure 7 ; microcontrollers emulating
pack for payload developers platform and payload telecommand exchanges

3.4 Operations
3.4.1 Launch & Early Operations

As a payload of opportunity, the launch vehicle and orbit for the missien be determined;
typical options for CubeSat launches include PSLV, Dnepr, COSM@ERockot. By complying
with a POD interface standard (e.g. CalPoly P-POD) launtelfaice issues are minimised (as the
launch vehicle provider will have approved the POD for laundiartdess of the CubeSat within,
provided that it meets the design specification) corresponditigpéoand cost reductions.

A number of CubeSat launch service brokers exist, with a lawstlo€ around 150-250 kGBP for
a 3 U spacecraft dependent upon mass, although free launetesiable through ESA.

The LEOPS procedure is not expected to last more than 28 daysirigllaunch before mission
operations can begin. In this time any tip-off rate inducedhey ROD separation shall be
minimised, health status of the spacecraft confirmedyelmble communication links established.



3.4.2  Mission Operations

The mission system shall be operative continuously following LEAR®rder to ensure that risks
associated with the use of lower assured NSR COTS componentsisien plan should be
defined in order to ensure minimum objectives are met witlmolBths from launch. The expected
mission life is two years, resulting in a probable minimum setrefind 60 M data points (for the
lowest data rate), and equating to 10 to 100 GB of data. Abilg)i estimations are not possible
with industrial grade components, lifetime cannot be assured arfidilge impact mitigation
strategies (such as minimum success in 6 months) arerpcefe

3.4.3 Ground segment

The ground segment is anticipated to be located at a singlgiing limited link availability on
VHF / UHF and S-band. Data collected would be made avail@ble principal investigator
remotely through the internet, from where they may also g@@@oad commands for upload. A
low data rate has significant cost advantages (both equipmenticanding) for this class of
spacecraft, and margin may be added in a number of ways,

Reducing the payload data resolution or sample rate
Reducing the overhead for health telemetry from the platform

Increasing the number of ground stations accessible to thecsgifice

Figure 8; typical passes for a LEO (600 km, sun synchronouspacecraft, accessing a ground
station based in Glasgow, UK

3.5 Implementation

This work advocates a rapid development cycle for technology tialidanissions, to support
earlier stage missions, and which lead to a flight-readgssysithin 12 months. This is described
by Figure 9. The first step would be a rapid quick look fedtsibstudy to consider baseline
requirements, system design, and identify design drivers. Wdudd be followed by a mission
system study to refine specific requirements and consider gbthe core drivers in more detail.
The core objectives of this work would be resolving the desigrectygs identified in the initial



feasibility study, explore trade options in more detail, provideission specific interface pack to
support payload development. It is intended that the study wouldegeotire mission concept to a
point where a complete off-the-shelf baseline system iselfi The output of this study would be
a system design specification, full costing, and utility agsessfor the mission. This would allow
a go / no-go decision for the customer as early as possible.

A protoflight refurbished to flight model development is preferredtifigr technology validation
model, without intermediary engineering models. This is becausevast majority of the
subsystem modules expected to be baselined for these spaséchbaftoff-the-shelf based on NSR
COTS components, and fit for flight.

If required, and simultaneous to the preliminary studies, a phylweadboard development
activity, based upon the supplied interface pack, would be undertaken bystioener or a third

party, as appropriate to the mission. This would result in amliftatform-Payload integration
stage (starting with the power and data interfaces) and ttieaCDesign Review, where the final
design for flight would be frozen. The rapid progression to Platfeagyioad integration, allows
early stage identification of potential issues and entrydrtasting phase.
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Figure 10 ; anticipated development cycle



4 COST & FEASIBILITY

In order to establish whether CubeSats offer an economicadlgibie platform option as a
technology validation testbed, key system metrics are mexsén Table 3. These are contrasted
against a larger platform proposed for technology demonstration wiktmmated total cost of 10
MGBP [13], based upon a typical 150 kg spacecraft bus.

Table 3; cost metrics for CubeSat and small sat technology vadiiton missions

Unlike small sat technology validation missions, CubeSats rewmsh effective for a single
payload. In order to be economically feasible, a small satérsimodel would most likely require
numerous payloads within the resource budget from multiple contrif@@+3. Multiple payloads
are likely to possess conflicting requirements and objecéspscially in key system design areas
such as pointing, electromagnetics and accommodation. Obvibesly are issues which exist in
all major space missions to some extent and can be resoltddgduently result in a compromise
in design, operations, or constraints on the payloads finally adcepiéne balancing of the
conflicting requirements can add significant resources for adgerfnanagement. This has already
been recognised by the major space agencies, with recentesmessions being smaller platforms
with a more limited range of objectives than previously.(ELY. This is particularly important
when considering that 16 to 42 CubeSat missions could be feasibie fesirne cost of a small sat
mission.

Complex interface trades are unnecessary for a CubeSat wisithehdistinct advantage in that it
may operate as a dedicated platform for a specific payloBds enables greater integration
between the platform and payload, allowing improved optimisation ajavdlresources. If the 10

contributors supposed for a small sat mission were able to edsé atdedicated 3 U CubeSat bus
(subject also to savings for economies of scale, dedicatedagobhyptimisation, and lower

anticipated interface overheads) a reduction in total cost lefaat 3 MGBP could be expected,
even including margin for a redundant flight unit. The lower totadts for the programme,

irrespective of cost effectiveness; enable a more radippfoach to risk and hence potential
payback to technology developers.

4.1.1 Mass

The mass fraction of the 3 U CubeSat is significantly imprawesbmparison to a 1 U system and
of the same order as the Small Sat < 200 kGBP.&gd typically can provide 2-4 kg of mass. The
total mass available directly drives the overall launch cfistshe satellites, meaning that cost
reductions can be secured in response to the payload needs.



41.2 Volume

CubeSats are volume limited in order to conform to a standardisech interface. It is recognised
that in order to decrease the relative cost per unit volumeniparison to the Small Sat bus, larger
CubeSats of 6 or 12 U may be realised (some are alreadyetodment). Whilst a 12 U satellite
would require some scaling of the currently available off-thd-shibsystems, it is anticipated that
a 6 U satellite would be feasible in the near-term, withnajor development overheads. The
resultant cost per unit volume, based upon the enhanced 3 U CubeSaiubdisesuce costs to
around 140 kGBP.cH) a rough future estimate for a 12 U being around 70 kGBP.d&wen in the
latter case the Small Sat solution appears to offer a tdofwtrease in volumetric cost
effectiveness.

As a result an emphasis on smart volume utilisation and mingnisterface volumetric overheads
is key to any CubeSat development. Fortunately, the standarérgizenterfaces for CubeSat
subsystem modules enable enhanced. Unused volume, which asthagy have resulted in dead
space, can be harnessed by additional ‘remote subsysterthsisthe remote battery board.

4.1.3 Power

In terms of available power for the payload, CubeSats canaffgore cost effective solution than
the small sat baseline considered in this work, espeeiddn deployable solar arrays are added as
in the enhanced 3 U variant, offering a two fold reduction in costipiepower from 200 kGBP.W

! to < 100 GBP.W. It is noted, however, that a small sat system poweigraation could likely
also be reconfigured to provide additional power should it be requiresdnot clear if this would
reduce costs to a comparable level as the CubeSat systesideced.

4.1.4 Data Rate

Assuming a basic ground station infrastructure to minimise ,clmstsdata rate communication
systems enable a post-compression mean data rate fromytbagof up to around 200 bps for 9.6
kbps. At lower data rates however, a greater proportion (25-45%¢ adtal downlinked data will
be an effective overhead consisting of platform telemetrye &fshigher data rate microwave
transmitters operating around 100 kbps will provide at least 1500 bs domparable ground
station availability. Although demanding larger transmission powe impact on the power
budget is not generally as significant a driver as the syisteimlikely to be active for more than 2-
5% of the orbit.

Communication systems for CubeSats still have some way to gffetosimilar cost effectiveness
as a Small Sat mission. However, the barrier in thgeds not technical, and many innovative
solutions have already been proposed. Ongoing developments for CobeBzunication systems
will enable data rates of 2-4 Mbps in the near term; thikentas the baseline for the enhanced 3
U.

Whilst it is recognised that data rate will be a sigaific driver in a number of technology
validation scenarios, other missions, especially those faratarised component validation can
function within the data rates provided by current levels of Cub&shnology. For example,
Figure 11 shows a possible data budget, without data compression ajipliedo the likely high
level of cross-correlation between associated datalestdess compression of up to 8:1 may be
feasible. As a result, the total net mission return wilhiseeased accordingly, with an effective per
bit cost of 20 kGBP.bit, using existing off-the-shelf technology.



Figure 11; sample payload data budget meeting existing CubeSat cesce capabilities
4.1.5 Pointing

CubeSats are able to offer a range of pointing capability fronse@aaxis alignment or spin using
passive magnetics, coarse sun tracking using solar array poswerand magnetotorquers within
+/- 5 deg, momentum biased, or 3-axis control with reaction whe€ubeSats have not yet
demonstrated as high pointing accuracy as small sats, witbothenonly reported accuracy no
better than +/- 1 deg. With the exception of high performancacimstruments, it is unlikely
that technology validation would demand pointing outwith the capabilif an enhanced CubeSat.

4.2 Product Technology Readiness

In-orbit data available earlier in the product development cyatxpected to reduce risk, design
uncertainty, provide feedback before resources have been expandeeduce the overall time to
market.

Table 4 indicates when in the product development cycle a technoldgiation mission by
CubeSat may become feasible, based upon development cost. Due taintresin both cost and
definition, technology at TRL 2 or less is not shown. Values tmeen projected based on
information in two sources; the first empirical estimatecadt multipliers [16], and the second
based on TRL definitions in [6]. It is noted that the distidyubf product development costs are
likely to show a large variance dependent upon the technologgqgsreéments, and application,
and so it is recommended that ROM TRL cost spread is caldwata case by case basis. Further
work would validate these costs against an accepted parametliel such as the NASA MCIM-
TRL, and estimate potential savings in resource allocatiotisisk should early stage in-orbit data
be made available to the development team.



Table 4; relationship between total product development cosTRL and feasibility of CubeSat
validation mission, based on estimated TRL cost models

A further indicator for technology validation is the forecast salese the product gains flight
heritage and complete characterisation in the in-orbit environn¥éns is expressed as a premium
on top of the total sale price, itself expressed as an uplift ihenmitial R&D investment. Table 5
indicates the level to which a technology validation mission by Culessabe absorbed into the
sales price, which would be amortised over the forecast nurhbales.

Table 5; premium on sales price per unit to gain flight hatage for different CubeSat
platforms, gross uplift and total development cost

With a gross uplift of 100%, 200%, and 500% CubeSats remain feasbpecially for
developments in which the overall investment is greater thdarb MGBP. By approximate
comparison, for a larger small satellite carrying insteadiphellpayloads and costing around 10



MGBP, around 40 payloads would be required for similar sales premumntie same uplift
(noting the disparities in cost-performance metrics outlinedipus Table 3).

4.3 Payload Types

With regard to the payload classification given in Table 1, &dblpresents the anticipated
suitability of the payload for both CubeSat and small satedjisgems. Whilst a small satellite
system can offer a complete spectrum of technology validagorices, the vast majority will
require multiple payloads to be economically feasible; thisoistrue of the CubeSat. With the
exception of high performance instrument validation, CubeSats ldee ta offer comparable
services to the small satellite.

Table 6; suitability of CubeSat and small satellites to aange of
technology validation missions

5 CONCLUSION

This paper has presented an overview of CubeSats as a techmalaption vehicle, and
contrasted the capability and cost reduction they offer over a cooreentional small satellites
solution. Whilst both solutions are able to serve different satgnof a growing technology
demonstration market, the work concludes that CubeSats can, in craoynstances, offer
improved cost effectiveness for technology validation. In @aer, CubeSats offer the following
advantages over Small Sat missions,

Dedicated payloads, reducing the programmatic and technical compteExithe payload
interfaces, payload-payload conflicts, system budget margins antheads; and specific
platform-payload customisation

Support for early stage technology validation from lower TRLs tylgit@m 5, with lower total
cost platforms enabling a less risk averse approach

Comparable mass and higher power cost per unit, with data rggtumsmall satellite levels in
the near-term. If lossless compression is applied to hightglated data sets, the demand for
high data rates is expected to be reduced.

CubeSats are scalable units for technology validation, allosnmajler or larger vehicles to be
developed based upon the specific resource requirements of the canddatology, and
therefore ensuring the platform is not over-specified or costly

Lower resource overheads are facilitated by dedicated paylmassapproaches to risk, modular
off-the-shelf subsystems, and simplified management witllenteam size



Opportunities for payload developers to engage closely with theoratirovider to train its
engineers in space development issues

In the future, it is anticipated that CubeSats will enablargel range of technology validation
missions for new and established space users. In order to max@ée opportunities, commercial
CubeSat developers should seek to minimise the barriersriarigtion. A number of tools and
process have been proposed to help support this initiative including

Supply of a developer customised interface packs, allowing eade £hecking of interface
compatibility and highlight of potential conflicts

Use of CubeSat system design tools to accelerate explorattbe design space, aid in initial
feasibility and baseline architecture definition

Movement towards an application layer within the CubeSat artinéedo support rapid
reconfiguration

Further work will refine and expand the cost metrics presenteldisnvork in order to allow an
estimate of potential resource savings in the product developoyete should a CubeSat
technology validation vehicle be available for low TRL missions
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