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ABSTRACT: 

Spacecraft Earth Observation systems can provide economic and societal benefits, if part of a sustainable development programme. Small satellites have matured to make these very attractive tools for such national programmes, by themselves or in constellation.
Satellite constellations provide a number of benefits over individual satellites, and one of the challenges to making satellite constellations more viable is in the reduction of their overall cost. New advances in spacecraft manufacture are described, which leverage the advances in automated manufacture and test, and qualify these specifically for use in space systems. These advances are particularly useful in batch productions of satellite systems and improving the cost-benefit ratio.
1. SPACE PROJECTS FOR DEVELOPMENT
It is widely accepted that Earth observation information gathered from spacecraft can provide substantial benefits in economic development, and can be used to support informed policy and decision making (OECD, 2006). 

Access to suitable Earth Observation data is often insufficient, and both the Earth Observation infrastructure development and its utilization require a high degree of skill. It is very important to ensure that once its use becomes established, that this can be sustained in the longer term. Consequently, it is necessary to build local capacity and knowledge in the underpinning space technologies, ground infrastructure, as well as in the skills for utilising EO obtained from spacecraft.

Although valuable in its own right, free EO data rarely comes with guarantees for the future. Individual or shared ownership of an Earth Imaging satellite can help underpin and build capacity in nations and organisations, supporting economic development in a way that provides full visibility and control and a degree of independence of programmes which are otherwise outside the reach of most nations. One important factor is to implement such sustainable development projects in areas which have real application, and one such area is in Earth Observation systems using small satellites. 
As the cost of ownership for space systems has come down, an increasing number of nations are also getting involved in operating their own small satellites, to get access to the data they need, and get it when they need it.  To date, over 50 individual nations have now launched a small satellite. In many cases this helps develop support and infrastructure for eGovernment systems which can help in the review of the effects of national policies, help make policies and decisions based on real information, or monitor resources and events outside its own borders such as waterways, crops, pollution or illegal activities. Several of these countries have initiated their own space programmes through a training and development programme. The programmes focus on a long term roadmap on how space features in their national development; not just on a a single satellite project. Such programmes have often included both academic as well as hands-on training in the development of Earth Observation spacecraft and their applications. This helps develop local expertise, make many more aware of the basics of satellite technology. It also has supported these nations in the development of their space policy, and has supported the establishment of their space agencies to coordinate the use of space across the disparate end-users including Transport, Defence, Education, Economic development etc.  The projects have also helped build a knowledgeable local user community, in each case leading to a long-term space strategy and programme focused on socio-economic development.
2. THE PROMISE OF CONSTELLATIONS

The Earth Observation sector has also pioneered using small satellites in constellations.  Over the past decade, the COSMIC system of six small satellites has provided weather data to the meteorological community. The Disaster Monitoring Constellation (da Silva Curiel, 2005) comprising nine satellites has demonstrated that a group of coordinated Earth Observation satellites can provide both public services to the international community during the time of disaster, as well as providing economic value at other times. In this case, each of the constellation satellites were individually owned by governments or commercial organizations. Another small satellite Earth Observation constellation which has been operational is BlackBridge’s RapidEye system comprising five satellites. This focuses on commercial services for the insurance and agricultural market. Each of these constellation leverages low cost satellites to provide capabilities which could not be achieved with individual satellites, for instance providing higher temporal resolution.
Demand and interest in such high temporal resolution satellite data has been increasing in the past years through a number of new commercial initiatives, with the most visible players being Google Skybox and Planet labs. This has been driven by the fact that new business models can now be implemented by using small reliable low-cost satellites to create valuable data sets, which can be widely accessed through Cloud IT infrastructure. The organizations behind these systems plan to support the traditional Earth Observation services, but also attempt to explore emerging markets in location based services, market analytics and the mass media. This has also seen the emergence of video-from-space systems. The focus in these systems is not the scientific quality of the imagery, but to fill the gaps in Earth Observation imagery and systems from traditional government and institutional satellite missions. These gaps include significant improvements in price and availability of imagery, as well as capability gaps in temporal resolution and coverage.
Spacecraft price, schedule and capability are each very important in the implementation of such EO systems. SSTL has carried out significant technological development on spacecraft systems which can address this new emerging branch of the EO sector.
3.  EARTH OBSERVATION USING THE X-SERIES SPACECRAFT
In order to provide significant improvements in price and schedule for constellations of spacecraft, as well as on individual satellites, it is necessary to consider alternative approaches. An SSTL internal R&D programme, designated ‘FIREWorks’ was started in 2011, with its main objective to improve performance to cost ratios even further, by exploiting new commercially developed technologies, protocols and processes in order to offer the equivalent performance of current SSTL small satellite platforms at a significantly improved mass, schedule and price point. This internal development programme heavily leverages the investments made in other industries in batch manufacture of highly reliable products, and has realised the “X-Series” spacecraft.

The X-Series avionics and core platform elements are designed with maximum production efficiency as a driver. Hence the design takes advantage of automated batch manufacture and test processes. This entails management of a controlled preferred parts list, use of pick and place machines, reflow soldering process, press fit connectors and comprehensive test coverage via automatic test equipment and built-in self-test.
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Many requirements for this platform will come from organisations that already have a payload, want to develop their own payload, or want to pilot an idea quickly in a cost-effective manner. The low recurrent cost and high performance to mass ratio offered by the X-Series satellites make them ideal for low cost science and in orbit demonstrations missions, where an affordable and rapid solution can, for example

· Provide a platform for on orbit demonstration of new technologies, instruments, services or techniques,

· Provide risk reduction, pre-cursor or gap filler type capabilities by accommodating scientific and/or imaging payloads.

The available payload can comprise a 530x430x400mm contiguous volume, with access to 5 sides of the cuboid shaped spacecraft. The 30kg bus can accommodate 45kg of payload, and provide 35W of Orbit Average power and 85W peak power in a standard spacecraft configuration.
The SSTL-X50 series spacecraft are the first mission products, which were released in 2013, and the first spacecraft using this class bus is already under contract and in production.

3.  THE “X50-PRECISION” SPACECRAFT
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The SSTL-X50 “Precision” mission is targeted at providing high resolution still and video imagery from a compact sub-100 kg class platform, by itself or in constellation.
The imager delivers approximately 180,000-280,000 km2 coverage per day of 0.7 m GSD panchromatic and 2.8 m GSD multispectral Red, Green and Blue imagery, with a 17 km swath width. Images data is digitised to 10 bits, and designed for a signal to noise ratio greater than 100:1. 
The imager can be operated in a single image mode, or in 1m GSD 

HD video mode depending on the end user application. Video can be fixed pointing, or target tracking at up to 50 frames per second covering a 2.5x2.5km area.
The attitude control system enables a ± 40 degree across track roll capability that offers over 1000km wide field of regard; this wide field of regard makes it possible to design constellations providing very frequent access opportunities to any location on Earth. 
The spacecraft has dual redundant avionics, can support up to 1TByte of data storage, with up to 500Mbps X-band downlink.
The X50 precision mission is ideally suited to a constellation of satellites that would supply an owner, or group of owners, with a wide area landmass imaging system with high temporal and spatial resolution.  End user applications of this system include rapid high-quality land cover assessment and mapping, global high-resolution situational awareness; commercial quality data suitable for online mapping and geographic information system (GIS) services; disaster management. The satellite supports market analytics applications, and with the video capability, the satellite is also well suited to media applications.
4.  THE “X50-TRUECOLOUR” MISSION
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The TrueColour imaging spacecraft, which will weigh around 80kg, and provides unique wide area multispectral imagery for rapid area coverage applications. This spacecraft mission achieves higher resolution than existing ‘wide swath’ EO assets as illustrated below in Table 2, while maintaining a much wider swath. At the same time more wavebands are included in the instrument pushing into the shortwave IR (SWIR) and supporting true colour imagery applications. As a result, the spacecraft is highly attractive as a constellation in order to provide high temporal resolution coverage of large geographical areas, for the precision agriculture, insurance and forestry community.
Table 1:  Comparison of various wide swath missions
	
	SSTL-100

“UK-DMC2”
	SSTL-X50 
“TrueColour”
	SSTL-150

“RapidEye”
	NASA

LandSat-8
(3)
	ESA

“Sentinel-2”
(4)

	Bands
	3
	5
	5
	9
	13

	GSD (m)
	22
	5
	6.75
	15
	10

	Swath (km)
	600
	390
	80
	185
	290


The spacecraft instrument uses a type of single lens covering all necessary wavelengths. This custom lens is incorporated in an SSTL instrument design with commercial of the shelf (COTS) detectors (Silicon for VISNIR and InGaAs for SWIR) and drive electronics. The single lens channel uses a combination of in-field and in-band focal plane separation to accommodate the COTS detectors. Three instruments are then combined to provide a total swath of 390km.
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Figure 4: Single TrueColour channel cross-section without barrel mechanics.

The main departure from the previous SSTL DMC imagers is that TrueColour spacecraft instrument will include a short-wave IR (SWIR) channel and a blue channel, which is sensitive to foliage, in addition to visible and near-IR (VNIR).. The baseline spectral bands are:

Table 2:  SSTL-X50 “TrueColour” bands
	Blue: 
	450nm – 510nm

	Green: 
	530nm – 590nm

	Red: 
	610nm – 675nm

	NIR: 
	840nm – 890nm

	SWIR: 
	1550nm – 1650nm


The number of stated bands is fixed due to accommodation issues, but there is some flexibility in bandwidths and centre wavelength locations. E.g. the generic Landsat 8 (LDCM) OLI bands can be used but not past the SWIR band 1 due to glass transmission cut off wavelengths.

The TrueColour spacecraft is designed to provide medium to high spatial resolution over a wide swath. GSD and swath width are defined for a typical platform altitude, and will scale for higher or lower altitudes used in practice.

Table 3:  SSTL-X50 “TrueColour” key characteristics
	Baseline altitude  
	700km

	VNIR GSD
	5m or 10m selectable modes

	SWIR GSD
	20m or 40m selectable modes

	Swath width
	390km


The expected SNR performance is shown in table 4 below with the applicable reference and saturation radiances. 

Table 4:  SSTL-X50 “TrueColour” bands specifications
	Band
	wave-lengths, nm
	Radiances, W.m-2.sr-1.nm-1
	SNR

	
	Min
	Max
	width
	Reference
	Saturation
	Ref Radiance
	Sat Radiance

	blue
	450
	510
	60
	0.1247
	0.499
	120
	250

	green
	530
	590
	60
	0.1154
	0.462
	120
	250

	red
	610
	675
	65
	0.0998
	0.399
	120
	250

	NIR
	840
	890
	50
	0.0555
	0.222
	120
	250

	SWIR
	1550
	1650
	100
	0.0155
	0.062
	118
	400


5.  ONGOING DEVELOPMENT AND IMPROVEMENT

The FIREWorks internal R&D initiative, which has produced the X-Series, represents an ongoing programme in SSTL which will, over the coming years, result in all SSTL developed equipments being evolved in line with core principles of robustness, standardisation, modularity and design for production efficiency. 
In addition to 50-100kg class missions using the Fireworks avionics in the SSTL-X50 series spacecraft, SSTL is also working on a series of smaller variants in the 15-25kg range. These are targeted at achieving similar EO capabilities.
6.  SUMMARY
This paper has described the rationale behind the development of the next generation of SSTL small satellite platforms, the X-Series. This series of platforms build on 30 years of small satellite engineering experience at SSTL, whilst also incorporating many up to date technologies, protocols and production processes. 

The main innovation in the X50 series spacecraft is to implement an automated production and test process for spacecraft production. Although such techniques are widely used in other industries, SSTL has need to spent extensive effort in qualifying and developing processes which support the particular needs and requirements in the production of electronic assemblies for space. SSTL has developed several reference missions to utilise the resulting low cost and rapid delivery platforms, and the “Precision” and “TrueColour missions have been described in more detail. 
Small Earth Observation satellites are an ideal platform for developing national space programmes through targeted training programmes, and for forming EO constellations for providing higher temporal coverage.
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Figure 1:  Typical payload allocation for minimal configuration spacecraft
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Figure 2:  Typical payload allocation for minimal configuration spacecraft
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Figure 3:  Typical payload allocation for minimal configuration spacecraft








