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Abstract 

The paper gives some background information about the history of space sensor development and application. The advances in various fields of technology are the basis for miniaturized sensors which allow small satellite missions with performances comparable or even better than those of former large satellite missions. The concentration on a single physical phenomenon allows optimizing the (small) satellite/payload system. The requirements for the very different application areas in terms of spatial, spectral and temporal resolution are provided, and the actual status of small satellites with associated payloads is shown. Two examples in the areas of forest fire detection and assessment and interactive surveillance give details of the design process.

1.0
INTRODUCTION

At the beginning of space borne Earth observation in the early 60th, it started with satellite meteorology, the measurements were focused on phenomena which could be observed in the visible and infrared bands of the electromagnetic spectrum. Due to the increased knowledge of the phenomena to be observed and the advancements in sensor technology, we can make now use of the full range of the electromagnetic spectrum (see fig.1).

Figure 1: The range of the electromagnetic spectrum

The first civil space-borne Earth surface imager was flown in 1972 on the ERTS (Earth Resources Technology Satellite) spacecraft, later renamed to Landsat-1. The MMS (Multispectral Scanner System) instrument provided a spatial resolution of 80 m and a swath width of 185 km. With Landsat-4 a more sophisticated multi-spectral imaging sensor was launched in 1982: TM (Thematic Mapper) with a spatial resolution of 30 m. There are numerous sensors of different types (mechanical scanners, push-broom scanners, matrix systems) from many countries, like for instance Brazil, China, Argentina, France, India, Thailand, South Africa, Korea, UK, Germany [1]. Due to the immense improvements in such divers fields of technology as optics, mechanics and materials, electronics, pattern recognition, signal processing, computer technology, communications and navigation, the space borne imaging systems reached now ground sample distances (GSD) less than one meter. Figure 2 shows the trend of resolution improvement (decrease of GSD) of sivil spaceborne mapping systems which took place since Landsat-1 in 1972 . The number of space-borne mapping systems indicates the need of high resolution maps using the best available technologies. The background information for these needs is given in [2]
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Figure 2: Some civil Earth surface Imagers to show the trend of ground resolution (GSD)

Beside the passive optical systems, there exist also active systems able to generate DTMs (Digital Terrain Models) based on the SAR (Synthetic Aperture RADAR) or RADAR Altimeter principles. 

The Atmosphere plays a significant roll in remote sensing and surveillance. For weather and climate issues the atmosphere is itself the subject of investigation (figure 3). For observing surface phenomena, the propagation of irradiation is influenced by dispersion and absorption, requiring a careful selection of spectral bands and the correction of the atmospheric influence.


Figure 3, showing the irradiance distribution in the reflected light only, gives an impression that radiometers working in specific spectral bands and spectrometers are powerful tools for many tasks of remote sensing.

Figure 3: Influence of the atmosphere

2.0  INSTRUMENT CLASSIFICATION

There are several approaches to sensor/instrument classification. For remote sensing tasks, the classification proposed by Elachi [3] is well suited to reflect the related needs (figure 4). It is based on the 3 main information types we deal with in remote sensing:

· Spatial information

· Spectral information

· Intensity information

It gives the relation between the basic instrument types and allows to combine the different types to make use of more than just one type of information.

Examples:

· A 2D spatial information is provided by an imager, e.g. a camera

· An imaging spectrometer provides the spectral information for each pixel, too.


[image: image2]
Figure 4: Sensor classification for remote sensing (after Elachi)

All types of information and all types of related sensors are used in remote sensing. The instruments are developed to perform in an active (for instance RADAR) or passive (cameras, spectrometer, …) manner.

3.0
RESOLUTION REQUIREMENTS FOR EARTH OBSERVATION AND SURVEILLANCE

When we discuss the performance parameters, we address in the first hand the resolution in terms of:

· Spatial resolution

· Spectral resolution

· Temporal resolution

For space borne sensors, further requirement may be considered concerning mass, volume and power consumption. These are essential features when it comes to the spacecraft design, especially when targeting to small satellites. Figures 5 and 6 show the very divers requirements connected with the different remote sensing application fields [4]. Figure 5 relates the spectral requirements to the GSD for different application fields. Figure 6 depicts temporal resolution versus GSD for different application fields.

The range of spatial resolution (GSD) covers centimetres to several hundred meters. The revisit time (temporal resolution) ranges from less than one hour to 10 years. The range of spectral resolution requirements starts with panchromatic only for topographic mapping and ends with hyperspectral resolution, for instance in the field of hydrology. 

Figure 5: Earth observation request: GSD versus spectral resolution


[image: image3]
Figure 6: Earth observation request: GSD vs revisit time

Figure 7: Spatial and Temporal Requirements for Coastal Studies (after Hoepffner)

Even within the different application fields, the related subtasks may cover huge areas again. Figure 7 shows the requirement range for different coastal applications. In fig. 7 the GSD ranges from meters to kilometres with revisit times from half an hour to several years [5].

It is obvious: a small satellite system for remote sensing needs to focus on one of the application fields and within that application field on a specific task or group of tasks where feasible. With this background, when talking about a small satellite we are basically talking about an instrument or a complex instrument system optimized for a specific task and accommodated on a small satellite platform.

4.0
RESOLUTION CAPABILITIES OF SMALL SATELLITE SYSTEMS

Seeing the huge diversity in the three different resolution areas spatial, spectral, and temporal (figure 8), we need to answer two questions (for optical remote sensing systems) for small satellites and their payloads:

· what are the limitations, and

· 
what are the strengths

Figure 8: Resolution aspects of optical payloads

Spatial resolution

The spatial resolution is increasing, i.e., the GSD is decreasing. For example: the camera PIC-2 on the small satellite EROS-B from Israel provides a GSD of 0.70 m [6]. EROS-B with a mass of 290 kg was already launched on 25.04.2006 with a Russian START-1 launcher into 500 km sun synchronous orbit (SSO).

Spectral resolution

Also the spectral resolution is increasing. As an example may serve the hyperspectral imager CHRIS on the ESA funded PROBA satellite [7]. CHRIS, the 14 kg/9 W hyperspectral imager, has a GSD of 18 m and provides up to 19 out of a total of 62 spectral bands in the VIS/NIR spectral range (400 – 1000 nm). PROBA with a mass below 100 kg (so it is a micro satellite) was launched into a 600 km SSO on 2.10.2001 together with the DLR/Germany micro satellite BIRD (see chapter 5.1) and the main payload TES (India) [9] with the PSLV-C3 launcher from India.

Temporal resolution

Small satellites provide a unique opportunity for affordable constellations. In this respect, small satellites can do things that are not practical with large satellites. DMC may serve as the example for a constellation of five small satellites. We will deal with this type of distributed space systems in the lecture part “Distributed satellite systems for Earth observation and surveillance”.


5.0
EXAMPLES

If we try to count the small satellites launched into space within the last 4 years, we achieve about the following results:

· SSTL


14

· USA


15

· RoW


60

· Universities

 6, without the PicoSats.

All these small satellites are equipped with payloads to answer questions coming from different user groups. It is impossible to cover all of them in such a paper. Therefore, we will concentrate on two microsatellites with their payloads and application aspects:

· 
A microsatellite addressing one sector of the disaster monitoring application area (chapter 5.1),

· 
A microsatellite with interactive surveillance payload (chapter 5.2).

This allows also to give some details of the system designs.

5.1
Hot spot detection and assessment

The application areas are complex which is indicated by the wide range of GSDs (Ground Sample Distance) and revisit times (see figures 5 and 6). Even within one application area, the different applications show again a wide variability in terms of the three resolution aspects (see figure 7). To look now at the disaster monitoring area, this may be split into many categories, like

· Cyclones and storms,

· 
El Nino,

· 
floods,

· 
fires, 

· 
volcanic activities,

· 
earthquakes,

· 
landslides,

· 
oil slicks,

· 
environmental pollution,

· 
industrial and power plant disaster.

The micro-satellite BIRD (Bi-spectral InfraRed Detection) with its specialised payload is used to describe a possible approach for detection and quantitative characterisation of high-temperature events like vegetation fires on the Earth surface [8]. BIRD was successfully piggyback launched by an Indian Polar Satellite Launch Vehicle (PSLV-C3) in a circular sun-synchronous orbit with an altitude of 572 km on 22 October 2001.

BIRD may serve also as an example to demonstrate a general procedure how to solve a remote sensing problem by means of small satellites following the three steps:

· What exactly are the user demands

· 
What are the actual sensors in orbit and what are their disadvantages

· 
What needs to be done, and can the instrumentation meet the small satellite expectations.

User demands

Both the global change scientific community and the fire fighting authorities demand new and dedicated space-borne fire observation sensors with resolution of 50-100 m for local/regional monitoring and of a few hundred metres for global observations that would be able to detect fires from a few to a few tens of square metres and to estimate quantitatively variables such as location, temperature, area, energy release, associated aerosol and gaseous emissions.

Performance of actual used space systems

The existing satellite sensors with 3-4 µm mid-infrared channels (AVHRR/NOAA, MODIS/TERRA, GOES) used so far to provide data on active fires on Earth have limited spatial resolution of 1 km or coarser and a low-temperature saturation of the MIR channels (with the exception of MODIS) leading in some cases to false alarms and preventing a quantitative characterisation of larger fires.

Fine spatial resolution multi-spectral sensors like TM or ETM on Landsat or ASTER/TERRA do not have a 3-4 µm channel, the principal channel for daytime fire recognition. Their 2.3 µm channels are less sensitive to smouldering fires and more affected by solar reflections.

What can be done

The saturation limitations can be avoided using solid state infrared detector arrays and real time digital signal processing to provide an adaptation of the sensor radiometric dynamic range. These are the key elements of new imaging infrared (IR) sensors on BIRD.

The BIRD small satellite mission is a technology demonstrator including new infrared push-broom sensors dedicated to recognition and quantitative characterisation of thermal anomalies on the Earth surface. BIRD’s primary mission objectives are:

· 
test of small satellite technologies, such as an attitude control system using new star sensors and new actuators, an on-board navigation system based on a new orbit predictor and others, test of the latest generation of infrared array sensors with an adaptive radiometric dynamic range,

· 
detection and scientific investigation of High Temperature Events (HTE) such as forest fires, volcanic activity, and coal seam fires.

Figure 9 shows the BIRD satellite. The BIRD main sensor payload consists of:

· 
a two-channel infrared Hot Spot Recognition Sensor system (HSRS),

· 
a Wide-Angle Optoelectronic Stereo Scanner (WAOSS-B).

[image: image4.jpg]





Figure 9: Micro-satellite BIRD,Mass of s/c: 94 kg, Mass of p/l: 30.2 kg


WAOSS-B is a modified version of a scanner that was originally developed for the Mars-96 mission. It is a three-line stereo scanner working in the push-broom mode. All three detector lines are located in the focal plane of a single wide angle lens. The forward- and backward-looking lines have a visible (VIS) and near-infrared (NIR) filters, respectively, while the nadir-looking line has a NIR filter. 

HSRS is a two-channel push-broom scanner with spectral bands in the mid-infrared (MIR) and thermal infrared (TIR) spectral ranges. The detectors are two Cadmium Mercury Telluride (CdHgTe) linear photodiode arrays. 

Their characteristics are given in table 1.


Table 1: Characteristics of the BIRD main sensor payload (orbit altitude = 572km)

	
	WAOSS-B
	MWIR
	TIR

	Wavelength
	600-670 nm
840-900 nm
	3.4-4.2 µm
	8.5-9.3 µm

	Focal length
	21.65 mm
	46.39 mm
	46.39 mm

	Field of view
	50°
	19°
	19°

	f-number
	2.8
	2.0
	2.0

	Detector
	CCD lines
	CdHgTe Arrays
	CdHgTe Arrays

	Detector cooling
	passive, 20°C
	Stirling, 80 K
	Stirling, 80 K

	Pixel size
	7 µm x 7 µm
	30 µm x 30 µm
	30 µm x 30 µm

	Pixel number
	2880
	2 x 512 staggered
	2 x 512 staggered

	Quantization
	11 bit
	14 bit
	14 bit

	Ground pixel size
	185 m
	370 m
	370 m

	GSD
	185 m
	185 m
	185 m

	Swath width
	533km
	190km
	190km


Spectral Range and False Alarm Rejection

The MIR spectral range at 4 µm is commonly recognised as the optimal spectral range for satellite fire detection (see figure 10), since the MIR is near to the spectral maximum of fire emission and the reflected solar radiation and background thermal emission are relatively low in the MIR. The implementation of a false alarm rejection procedure allows decreasing an order of magnitude the required MIR threshold and consequently the minimal detectable fire area. If a MIR channel and a TIR (at 10 µm) channel are simultaneously used, false alarms caused by warm surfaces can be recognised and rejected. On the other hand, highly reflecting surfaces (e.g. sun glint) can be distinguished from fires with a combination of VIS/NIR and MIR channels. 

In addition, a combination of the VIS, NIR and MIR channels allows for detection and mapping of fire scars. A combination of VIS, NIR, MIR, and TIR channels allows also detecting clouds and smokes and makes it possible to distinguish them from one another. 

From the above discussion it follows, that for detection and mapping of fires with optimal false alarm rejection, and fire scars recognition a combination of the VIS, NIR, MIR, and TIR spectral ranges is best suited.

[image: image5.emf] 


Figure 10: Signatures of vegetation fire and background 

The detector arrays are cooled to 100 K in the MIR and to 80 K in the TIR. The cooling is achieved by small Stirling cooling engines. The HSRS sensor data are read out continuously with a sampling interval that is exactly one half of the pixel dwell time. This time-controlled “double sampling” and the staggered line array structure provide the sampling step that is a factor of 2 smaller than the HRSR pixel size, coinciding with the sampling step of the WAOSS NIR nadir channel. Radiometric investigations of thermal anomalies require (a) a large dynamic range not to be saturated by HTE occupying the entire pixel and (b) a large signal to noise ratio to be able to observe small thermal anomalies at normal temperatures and detect small sub-pixel HTE. To fulfil these requirements, a second scene exposure is performed with a reduced integration time (within the same sampling interval!) if the real-time processing of the first exposure indicates that detector elements are saturated or close to saturation. As a result, the effective HSRS radiometric dynamic range is significantly expanded preserving a fine temperature resolution of 0.1-0.2 K at normal temperatures. 

BIRD can provide an order of magnitude smaller minimal detectable fire area than AVHRR and MODIS due to a higher resolution of its MIR and TIR channels. A possibility to observe fires and other HTE without sensor saturation makes it possible: (a) to improve false alarm rejection capability and (b) to estimate temperature, area and energy release even for large HTE. Figure 11 demonstrates the capabilities of MODIS and BIRD.



[image: image6]
Figure 11: Fire detection by MODIS and BIRD (Australia, January 5, 2002)

Figure 12 illustrates the BIRD potential for fire detection in the daytime and at night. The hotspot in the white circle in a daytime BIRD image in Fig. 2a was verified to correspond to a small fire with an area of 12 m² (~ 10-4 of the pixel area of the BIRD IR channels). Fig. 2b shows a small controlled wood fire with an area of only 4 m² (3 x 10-5 of the IR pixel area) arranged at night during a BIRD overflight [10].

[image: image7.emf]
Figure 12:
Verification of the BIRD hotspot detection: (a) fire with an area of 12m2 detected at daytime; (b) controlled fire with an area of 4 m2 detected in the night.[10]
5.2
Interactive surveillance payload systems

An interactive surveillance payload system is used in cases where the target is not clearly identified in advance, a search action is involved or a target has to be followed for a while. Such a payload system and the associated satellite platform have to be developed in very close collaboration. As outlined in chapter 4, the application specific payload needs to be supported appropriately by the satellite platform.

The microsatellite DLR-TUBSAT may serve as an example for such an application [11]. It was a joint project of the Institute of Aerospace at the Technical University of Berlin (TUB) and the German Aerospace Centre (DLR). The microsatellite was launched on 26 May 1999 with the Indian Polar Spacecraft Launch Vehicle (PSLV) together with KITSAT-3 and the primary payload IRS-P4. It was developed as a test satellite in order to test the necessary technologies (camera, position and attitude measurement systems, attitude control, software for interaction with the ground station,…). The intention of this development was also

· 
to provide a cheap platform that can be configured and launched for a ery specific mission within a short time (operational responsive space),

· 
to take advantage in their mobility of monitoring processes which change fast (within one day, for instance), for search actions or for following a target.

After some years of technology advancements, the idea of DLR-TUBSAT was also implemented in LAPAN-TUBSAT which was jointly built by TUB and the Indonesian Space Agency LAPAN [12]. It was launched on 10 January 2007 by an Indian PSLV and is still jointly operated from ground stations in Rumpin (Indonesia) and Berlin.

Microsatellites have a high mobility due to their compactness and small mass which is essential for observing the following category of events: 

· 
weather phenomena like hurricanes

· 
lightning or polar lights

· 
spectacular fires

· 
volcano eruptions

· 
floods

· 
earth quakes

· 
ship, plane or railway accidents 

or any other event which for instance a news agency would like to present with only short delay in the news. The area of interest is typically only a few square kilometres large and the spatial resolution should be as high as possible.

In those cases, interactive Earth observation means that the user in the ground station receives video images from the satellite and is able to steer the pointing direction of the camera platform via mouse control to the interesting event on the ground. As already mentioned, this is appreciated in applications where the target has not been identified clearly in advance, a search action is involved or a target has to be visually followed for a while.

System description

The satellite is a cube of 32 cm x 32 cm x 32 m and weighs 44.8 kg. DLR-TUBSAT is subdivided into the payload, a house-keeping and an attitude control modules. The last two modules are part of the TUBSAT-C bus.

The payload module contains two fore field cameras with low and medium resolution and a high resolution telescope with a focal length of 1 m, a pixel size of 8.3 µm and a GSD of 6 m. Each CCD-chip contains 752x582 pixels, and each camera can transmit video images in CCIR-standard and single digital pictures. The focal lengths of the fore field cameras are 16 mm and 50 mm, respectively.

The S-band antenna is physically located on the attitude control module in order to not obstruct the field of views of the payload sensors, and the S-band transmitter is located close to the antenna. Analogue video transmission is performed within a bandwidth of 8 MHz, the transmission of single pictures occurs at 125 kbaud. The beam width of the antenna is 70º.

The attitude control system consists of magnetorquers for the reduction of the angular momentum of the satellite, and the wheel/gyro-units.  The three wheel/gyro-units allow the three axis stabilization of the satellite. The wheel/gyro-unit was designed especially for microsatellites with strong requirements for low power consumption, low mass, small volume and simple electrical interface. The DLR-TUBSAT data to perform the interactive surveillance task are summarized in table 2.


Table 2: DRL-TUBSAT system data

Mass


44.81 kg

Volume

32 x 32 x 32 cm³

Communication
VHF/UHF-band, 1200 baud, 3.5 – 5 W



S-band, 125 kbaud BPL coded or video transmission, 3.5 W

Attitude control
3 wheel/gyro-units ACS 202 (TUB), magnet torquer

Payload

f =     16 mm, GSD = 375 m



f =     50 mm, GSD = 120 m



f = 1000 mm, GSD =     6 m

The microsatellite DLR-TUBSAT worked well as a test satellite for interactive Earth observation. The special control features resulted in many informative and impressive passes. This test satellite delivered also information how to improve the performance.
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