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ABSTRACT

Earth observation (EO) missions have traditionally involved large, complex spacedfaft
multiple payloads. This has led to EO spacecraft having a large price tag and being limited in
numbers. Whilst the EO payloads on these missions are typically highly sophisticated, outputting
excellent data with high spatial resolution for missiomisgsts and users, there is often a data gap
due to having only one spacecraft for each payload. Nanosatellites are not known for their EO
capabilities and their physical limitationslialways hinder their abilityo provide quality high
spatial resolutin imagery. Howevercurrent developments are proving that it is possible to
supplement the data from high spatial resolution payloadsgelkquality medium resolution data

from nanosatellites of 5kg and lesfue to the low volume, mass
and cost of thse spacecraft, ithen becomes practical to hav
constellations of these spacecrafening up the opportunity to stai
to significantly improve the temporal resolution of science data fr
space.

This paper describesthe challenges and solutions faced whi
designing an advanced imaging payload for a miniature space£_. &
and also the requirements that payload places on the platfoare 1
is no doubt that the ability to fly advanced EO missions us
nanosatellites presents an exciting opportunity for the EO
science community in terms of temporal resolution of data. It .
hopg:-d that this .rr.}iniature EO missionlwill stimulate the bazig.'gm Figure 1 Ar t i St 6

of. b|g oppo_rtunltles for fgture EO science and Earth monltorGEOEYE' a  high spati
missions using nanosatellites. resolutionmission

1. INTRODUCTION

Most Earth Observation missions are characterised by medium to large spacecraft with a large
optical payload. GeoEye is an excellent example of whathgvablen terms of very high spatial
resolution from a medium sized spacecraft. However, thesgomssare often limited in terms of

their temporal resolution; this is due to the high cost of the spacecraft and the launch. Essentially,
due to cost limitations, it iBkely that this class of spacecraft will not exceed in orbit numbers of
five spaceaft at any time. With these numbers, the tempasblutionof the image is about 1
image per day of the same area of interest. In addition, due to imaging payloads mostly being in
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Sun Synchronous orbit, with an LTAN (Local Time of the Ascending Nofi@pproximatelyl2

noon, this data will most likely be gathered at the same time each day, leaving the area un
monitored for the majority of the daylight period. For many applications, this poor temporal
resolution results in a data deficit, or a needriore data gathering capability throughout the day.

Anotherexample of data deficit is the ocean colour monitoring mission Seastar, with its SEAWIFS
instrument. SEASTAR provides vital data for the world's oceanography experts, however the
spacecraft has a one day repeat and an LTAN of noon+20mins, meaning that oceanographers do not
have the opportunity to study the changes in our oceans at other times of the day.

For this application,ite use of small constellations of EO nanosatellites with high quality imaging
payloadscould provide the temporal resolution desired by scientists whilst still being economically
viable. With this need in minda 5kg nanosatellitevith a 2030m spatial resolution, 120km swath,
and four spectral band imager is currently under
development. The imager is being designed by on
Europe's leading space optical instrumentation de
centres where the knethwow from payload design fo
flagship EO missions is being combined with design
cost engineering and novel approaches to maxi
image quality within the limitations of the spacecr
dimensions.

This paper focuses on the need for data for ocean c
monitoring and how, for tki particular case, CubeSa
with sophistiated imaging system can provide a solutio

2. WHAT IS TEMPORAL RESOLUTION

Time is, of course, one of the dimensions of the unive '
Therefore, when talking about gathering data, we mFigure2 Artist impression of 3U CubeSat w
consider the frequency thie data collection in addition tPtical payload

the data itself. For instance, a space company could

produce the ultimate supligh spatial resolution imagéie. the imager has the ability tesolvea
high degree of fingphysicaldetail on the ground) on a spaasty launch it into space, but it can
only take one image per year over each area of inteféstrefore, it would be said thetis imager
has excéént spatial resolutigrbut poor temporal resolution.

Compare this with a constellation of spacectiédtt has a very low spatial resolution, and is only

able to resolve very large objects on the ground (i.e. islands), but there are 100 such spacecratft in
complimentary orbits, providing a fresh image of the subject area every 20 miQuteg:ould say

tha this imager has a poor spatial resolution, but a high temporal resoliiti@challenge for high
temporal resolution missions is to provide a payload and platform with sufficient performance to
make the data from a constellation of such satellite shwnite.

3. OPTICAL DESIGN FOR CUBESATS

A feasibility study into optical design options for a three colour (blue, green and red) camera system
to be used in a CubeSat satellite has been carried out. The study looked at the possibilities of
designing asimple imaging lens which could be used with a suitable detector to provide a small,
low cost camera capable of being mounted in a CubeSat.



The study considered two different form factorCofbeSat 1U (100mm x 100mm x 110mm) and

3U (100mm x 100mm x 3mm). Allowing for necessary ancillary systems, it was assumed that the
available volume for an optical system is 100mm x 100mm x 40mm for a 1U CubeSat, and 100mm
x 100mm x 240mm for a 3U CubeSat. The available volume (specifically the length available)
places a limit on the maximum focal length that can be accommodated. For a 1U CubeSat this is
taken to be 75mm, and for a 3U CubeSat the limit is 200mm.

For a system operating in fApushbroomd mode, t
direction of travel. An image is then built up line by line as the system scans along the groled.

optical designs presented in the study were based on a commercially available linear CCD sensor
supplied by Kodak (model number kdiL04. This has threeadour linear arrays (each of 4080
pixels) and an additional luminance array (of 8160 pixelgblel shows the key characteristics of

the detector. Figure 3 shows the spectral response of the detector (note that this plot shows that
each of the three channels has a significant response in the IR part of the spectrum; this can be
blocked using a suitable IR caff filter).

Tablel Key characteristics of Kodak detector

Number of pixels 4080 x 3
Pixel size 10nm
Array spacing 90mMm
Array length 40.8mm
Package type an DIL, 61.0 X
dimensions 10.4mm
KLI-4104 Image Sensor Typical Responsivity —e—Bus

Green

35

——Red
— O - nefilter cn chroma
% Luma Channel

Responsivity (Viudem*2)

Wavelength (nm)

Figure3 Typical spectral response of k014 detector

The pixel size, together with the focal length of the lens and the altitude of the satellite determine
the ground resolution. If the altitude is 600km the ground resolwi@0 imetres for a focal length
of 200mm, and 80 metres for a focal length of 75mm.



The study also examined the likely signal level producgtk plot below shows the detector output
from each of the three colour channels as a function of integratien foma lens with an F/number

of F/4. This shows that the output from the red channel is lowest, and that overall an output with a
good signal to noise ratio can be expected when the integration time is of the order of & theec.
ground speed of theatellite is 6.91km/second, and taking the smallest pixel ground resolution as
30m (for a 200mm focal length lens) then the time to transit 1 pixel on the ground is 4.34 msec.
Therefore an integration time of 3 msec would be acceptable for this systershdftar focal
lengths, the pixel ground resolution will be larger, so the pixel transit time will also increase.
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Figure4 Detector output from three colour channels for an F/4 relative aperture

The diagram on the left of thegtlbelow shows the layout of a 200mm F/4 focal length lens, using
the KLI-4104 detector.The lens comprises 6 individual elements, each of different optical glasses
T this is necessary to correct the chromatic aberration over the waveband.
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Figure5 200mm focal length leris Optical layout and image quality

The right hand side of the plot shows the imaging performance of this lens at three different
wavelengths (462nm, 540nm and 630nm, corresponding to the peak respomsh ftiannel) and
across the field of view. Each box isr28 on a side, equivalent to 2x2 pixels. At each position,
most of the energy is concentrated in a small core which is well within the box. This means that the
overall image quality of the system wlié detector limited.



The plot below shows the same information for the 75mm focal length lens.
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Figure6 75mm focal length len Optical layout and image quality

In conclusion, the study has found that such a simple three colour camera system is feasible using a
commercially availablettt ol our | i near CCD sensor, operatin
The study shows that the longest focal length that can temawodated is 200mm for a 3U
CubeSat, and 75mm for a 1U CubeSafor a 10 micron detector pixel these give ground
resolutions of 30m and 80m respectivelgensitivity calculations show that adequate flux levels

can be achieved using a lens of relativerape of F/4. Sample optical designs for different focal
length systems have been generatébese show that the optical image quality achievable is such

that the overall system image quality will be effectively detector limited.

4. PERFORMANCE REQUIREMENTS ON THE CUBESAT

For a 3U CubeSat with amager consistingf a pushbroom approach using a refractive 200 mm
F/4 focal length lens system, together watB-colour linear detector arraps described in the last
section, it is nowmportant to ensurthatthe platform performance can match the imager.

Power and Communications grerennialissues for very small spacecraft, but these are related to
the ability to get the data from the spacecraft to the ground. For the most @setptbblems are
solvable with deployedadditional solar arrays, bigger batteries, more efficiency and a more
powerful communications system.
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Figure7 Simple Block Diagram of CubeSat ADCS

The main challenge when doing more sophisticated imaging from a CubeSat is the attitude
determination and control systems; morecspEally, the problem is with sensors. All spacecraft



would prefer to have smaller sensors for ADCS, so it is clear that the issue of miniaturisation of
sensors is notrivial. In order to determine the attitude of the spacecraft to a high degree of
acairacy, sensors such as horizon sensors and star cameras have to be used. Although these
systems are in development for nanosatellite
solution that will fit on a 3U CubeSat comfortably. Therefore, it iasary to make do with more
standard sensors for the 3U imaging CubeSat. With this in mind, Clyde Space are developing an
off-the-shelf CubeSat ADCS system that will be based on magnetometers, rate sensors and sun
Sensors.

The CubeSat ADCS consists @mother board provides the basic functions required of the ADCS
system, and can operate on its own to control and sense the attitude of the speieetheft
magnetometers, sun sensorate sensorand magnetorquers. The mother board also houses an
FPGA with embedded processor that will run the ADCS task and interface with all of the sensors
and actuators directly. For higher performandajghter boardscan be added to the system,
including 3axis reaction wheels and a GPS receiv&he target perfonance of this system is
better than +/1°. Figure7 is a simple block diagram of the ADCS System with advanced sensors
and actuators.

Figure8 shows a top level view of the systems that would constitute the CubeSat platform. On the
mission, the platform systeswould use a volume of approximatelylU CubeSa(10cm x 10cm x

10am) leavinga volume of 10cm x 10cm x 24cm for the payload. A high-daitaa SBand comms

system would be used to downlink the data from the imager at a speed of 1mbps, with a UHF/VHF
system being used for command and control functioAsMission Interfa@ Computer would
manage the payload and data and provide the digital interfacing between the ground station and the
payload for ease of mission operations.

Our initial study into the viability of providing the necessary platform performance to support an
imaging mission of this type show that it is feasible; however, there is a need for development
support in the area of both comms for high speed downlifk , imaging missions with higher
spatial resolutionthere wouldalso be a need fominiaturisedadvancedsensorsn order to make

the necessary improvements to #tetude determinatiogystem
Typical 3 U COTS CubeSat Platfi
3 U =100 x 100 x B4nm
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Figure8 Typical modules for a standard COTS CubeSat



5. EXAMPLE APPLICATION: OCEAN COLOUR MONITORING USING
CUBESATS

Ocean Colour Applications

Ocean colour remote sensing has provided the oceanographic community with unprecedented
spatial information on surface processes that has stimulated important new insights on physical and
biogeochemical interactions on a global scale. Since the launckeaWigS in 1997, and with
subsequent sensors such as MODIS (Aqua and Terra) and MERIS providing overlap and continuity,
the oceanographic community has benefited fr
cloud cover excepting. Together with impottaadvances in sensor characterisation and data
validation, we now have access to time series of ocean colour products that are becoming important
tools for climate research studies [1]. Ocean colour remote sensing provides a unique window onto
interactionsbetween biogeochemical and physical processes in the ocean. In the past decade we
have been able to observe hugely important processes such as global seasonal and interannua
primary production, regional events such as El Nino / La Nina and atmospheo®itéen of desert

dusts in the ocean, as well as local events sucbddgles, the impact of storm events and transport

of suspended matter in coastal waters [2,3]. There is increasing exploitation of ocean colour remote
sensing for management of fiskesr and aquaculture operations [4] and maritime surveillance
applications. Regional, national and international bodies have recognised the need for rapid
monitoring capability for natural water systems, often in response to treaty obligations, and ocean
colour remote sensing has the potential to provide useful information with the required spatial and
temporal resolution [5].

Ocean Colour Sensors

The Coastal Zone Colour Scanner (CZCS) was launched in 1978 with 4 operational wavebands and
demonstrated thgotential utility of ocean colour measurements from space. Since 1996 a sequence
of sensors have been launched by various space agencies with higher numbers of spectral bands
(e.g. 36 bands on NASA MODIS instruments) to facilitate improved atmosphericton and
derivation of a broader range of products. There are natural trade offs between swath width, repeat
cycle and spatial resolution, but swaths of ~10@D00 km and resolutions of ~0:3L km are
currently reasonably common [6] and this patterodntinued with scheduled missions. Exceptions

to this include HICO on board the International Space Station which has a spatial resolution of
100m and 124 spectral bands but only 50 km swath, and HSI which is scheduled to launch in 2013
with a spatiatesolution of 30 m, 30 km swath and 228 spectral bands. The majority of ocean colour
sensors are / have been mounted onssuchronous polar orbiting platforms with the obvious
exception of HICO on the ISS. GOCI is scheduled to be launched on a geosgushpdatform by

South Korea in 2010 and should provide 500 m resolution images of a 2500 x 2500 km region
around South Korea with an image acquisition time of less than 30 minutes [7]. Further
development of ocean colour sensors on geosynchronous platfoay be anticipated, providing
higher temporal resolution imaging of low to matitudes, but there is currently a major gap in

high frequency temporal coverage of mid to kigtitudes that could potentially be addressed using

a constellation approach.



Ocean Colour from a CubeSat / CubeSat Constellation

Basic requirements for an opeoatal ocean
colour sensor were outlined in the first IOCC
report [8] and include consideration ¢
requirements for both atmospheric correcti
and product derivation. A low cost camera wi
four or five spectral bands would have limite
capability for denving multiple products due tc
the need for at least two channels f
atmospheric correction. However, given tt
massive reduction in costs envisaged, it mig
well be feasible to have produspecific space
craft, possibly flying in formation anc
simultan@usly observing the same locations.
is also conceivable that multiple, simultaneo
observations over a location with different vie
angles and hence different optical paths throt
the atmosphere might offer alternative strateg
for atmospheric coection that would reduce the
number of channels that need to be dedicatet
this effort. Sensor calibration is also critica
particularly if contribution to long term globa
monitoring is envisaged. A combination of pr
launch calibration, in flight lumaand vicarious
calibration, possibly using cross calibration wii
other satellite systems, would be required
meet data quality controls. It is likely that ear
versions would struggle to meet the ve
stringent requirements for climate chang

monitoring programmes, but would be a viti

testbed for developing new calibratiol
processes required for this type of approach. T
potential benefits of developing such a lowst
option for ocean colour monitoring strongl
favour the investment of effort in deloping
appropriate calibration methods. A multispecti

camera with ~30m spatial resolution would offi i
significantly higher spatial resolution than mo |

standard systems providing observation

variability below meso and even satesoscales
and givingnew insights into mixing dynamics
that are currently relatively poorly understoo
High spatial resolution imagery would improv
our ability to monitor fjords, estuaries, cori
reefs and other neahore environments [9]
where anthropogenic stresses argéermf most
acute and where there are considerable sect
and commercial interests. It would also facilita
closer inspection of meltwater environmen
near glaciers and ice shelves whe
phytoplankton productivity may be significant!

Figure9 Images from MODIS Aqua for the UK on 11t
May 2009, processed by David McKee and Claire Neil
in the Physics Dept, University of Strathclyde. Showi

a singlewaveband (551 nm), Pseudo true colour

(RGB), and standard chlorophyll product. Note the
losses due to cloud cover (this is an exceptionally clear
day), and limited penetration into near shore waters e.g.
Bristol Channel.



enhanced but is ciently poorly observed due to the difficulty of making in situ and remote
observations [10].

Development of low cost sensors and platforms is a vital precursor for the establishment of a
constellation approach to ocean colour remote sensing. A key linfagtgr in obtaining daily

global coverage of the planetary surface is the presence of cloud, which might be mitigated to some
extent by the improved repeat cycle that an imaging constellation would offer. Moreover, high
temporal resolution imagery from eonstellation would provide many of the benefits of a
geostationary system but with greater potential for monitoring high latitudes. So, for example, a
constellation of ocean colour sensors might facilitate observation of tidal processes in sediment
resusension and transport, diurnal processes in phytoplankton biology as well as rapid monitoring
capability in response to natural or maade disasters. The combination of an order of magnitude
improvement in spatial resolution and multiple imaging opporgsitper day would be a
revolutionary step forward in operational monitoring of the ocean.

Evaluation of commercial detector for SeaWiFS type payload

Table 2 shows data on scene radiance in a number of spectral bands taken from the SeaWiFS
project Figure10shows a comparison of the normalised spectral response of th&1KRHIdetector
(including a suitable IRCut-off filter) with the SeaWiFS spectral bands. As can be seen from the
plot, the SeaWiFS spectral bands are much narrower than, and not well aligned with the detector
spectral response. This is a consequence nfsicommercially available detector. Customisation

of the detector may be possible, for example by applying bandpass multitzatangs onto the
detector Options for customising the detector spectral response to better match a given set of
spectral banslwas not investigated as part of this stuldyt considered possible, as would be the

use of a nortommercial detector if necessary

Table2 Radiance data from SeaWiFS project






