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(57) ABSTRACT

The camera system consists of a folded optical system that
focuses object in the visible waveband on a plurality of CCD
detector arrays (6). The camera system 1s a push-broom
imager with a plurality of long, substantially linear CCD
arrays (6) arranged orthogonal to the scan direction S. The
camera system 1s capable of image resolutions down to 1 m
from a space orbit.

14 Claims, 3 Drawing Sheets
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1
CAMERA SYSTEM

This application 1s a continuation of application Ser. No.
08/957,168, filed Oct. 24, 1997, which 1s incorporated
herein by reference in 1ts entirety.

The present ivention relates to a camera system and in
particular to a camera system for ground surveillance and
remote sensing from space.

Camera systems for space surveillance capable of 1mag-
ing down to less than 10 metres ground sampling distance
are well known. However, such systems are expensive and
for those systems which provide even finer imaging, for
example below 1 metre, the costs become very high, up to
$2 billion.

An example of a known camera system which 1s capable
of providing low resolution 1imagery 1s the BADR-B system
which consists of lens optics for focusing the light image
onto a square CCD array.

The present invention seeks to provide a camera system
which 1s capable of imaging to below 1 metre ground
sampling distance with a significant reduction in the overall
costs of the camera system 1n comparison to known systems.

The present mnvention provides a camera system compris-
ing a plurality of object detectors, each object detector
comprising an array of charge coupled devices (CCDs), and
optical means for focusing an object on the plurality of
object detectors comprising a telescope arrangement of
mirrors and wherein the number of CCD pixels of each CCD
array 1 a plane orthogonal to the scan direction of the
camera system 1s much greater than the number of CCD
pixels 1 a plane parallel to the scan direction and the
plurality of object detectors are substantially linearly
aligned.

Each of the CCD arrays has at least two pixels in
orthogonal dimensions. Preferably, the CCD pixels are
addressed so that the outputs of the CCDs are subject to a
time delay integration. Additionally, preferably, each of the
object detectors 1s positioned in the focal plane of the camera
system and partially overlap one another. Ideally, each of the
arrays ol CCD, pixels 1s divided into a plurality of separately
addressable groups enabling parallel readout of data.

With the present invention a camera system 1s provided
which 1s capable of below 4 metres ground sampling dis-
tance from space and 1n a preferred embodiment around 1
metre, in a modular design which ensures the system 1s more
compact and lighter 1n weight than conventional systems.
Since the camera system 1s mtended for use 1n space orbit
the size and weight of the camera system 1s an important
factor as 1t determines the ease and expense of positioning
the camera system in orbit. Moreover, with the present
invention savings ol approximately an order of magnitude
can be made in the overall cost of the camera system 1n
comparison with conventional systems.

An embodiment of the present invention will now be
described by way of example with reference to the accom-
panying drawings, in which:

FIG. 1 1s a diagram of a 3-mirror system forming the
optical system of the present invention;

FIG. 2 1s a diagram of a CCD detector of the camera
system of the present invention; and

FIG. 3 1s a diagram of the arrangement of CCD detectors
in the camera system of the present invention.

It 1s to be understood that reference herein to a linear array
of CCD pixels 1s intended as reference to an array of CCD
pixels having a much greater number of individual pixels in
a plane orthogonal to the scan direction of the camera system
in comparison to the number of pixels in a plane parallel to
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the scan direction. The ratio of the number of CCD pixels 1n
a plane orthogonal to the scan direction to the number of
CCD pixels 1n a plane parallel to the scan direction 1s greater
than 2:1. Preferably, the minimum ratio 1s 10:1 and 1deally
the ratio 1s 64:1.

The camera system, which provides ground surveillance
and remote sensing from space, consists of a folded optical
system (shown 1n FIG. 1) that focuses objects 1n the visible
waveband on a plurality of CCD detector arrays (shown in
FIG. 3). Infra-red sensing can also be provided, albeit at
reduced resolution. By using a folded optical system the size
of the camera system can be reduced overall. The camera
system 1s a push-broom 1mager which 1s modular in design
having a plurality of long, linear CCD arrays arranged
orthogonal to the scan direction S (along-track scan). The
camera system 1s designed for operation at any altitude. As
an example, at an altitude of 600 km the equivalent ground
speed 1s roughly 6.91 km/s. This implies that the camera waill
traverse 1 m on the ground 1n a time period of approximately
145 us. For a resolution of 1 m ground sampling distance,
this means that each detector must be capable of being read
out within 145 us. At higher altitudes greater focal lengths
are required for the same ground sampling distance which 1n
turn increases both the size and weight of the camera system.

The optical system 1s based on an off-axis 3-mirror
telescope design 2, as shown in FIG. 1, which 1s a well
known optical arrangement of mirrors. The off-axis tele-
scope design enables baflling against stray light which 1s
particularly important where, as 1n the present case, the
camera system 1s to be used for Earth imaging rather than
astronomical sensing.

The 3-mirror system 2 has a decentered pupil so that there
1s no central obscuration in the beam. Otherwise such
obstructions can significantly reduce image contrast. How-
ever, using a decentered pupil reduces the field of view 1n the
plane of pupil decentration whilst the field of view 1n the
orthogonal plane remains substantially unaffected. For this
reason, conventionally, decentered pupil design has not been
considered the preferred option. With the camera design
described herein, though, as the camera detectors are
arranged 1n a linear array, loss of the field of view in one
plane does not atlect the performance of the camera system
as the plane of pupil decentration 1s aligned transversely to
the array of detectors. The mirrors 4 are generally of
aspheric form so as to achieve diflraction limited designs.
The forms are kept to conic sections as much as possible to
facilitate accurate testing of the individual mirrors during
manufacture prior to system assembly.

Diffraction at the entrance pupil of the system places an
ultimate limit upon the resolution achievable. However,
unlike astronomical sensing where the image 1s interpreted
as an assembly of point images, in ground sensing the image
1s extended which means to say that the image 1s a two-
dimensional intensity distribution map 1n which the desired
information 1s the spatial arrangement and contrast in the
intensity distribution. (Information on the spectral content of
the 1mage may also be required). These 1maging require-
ments 1n turn aflect the defimition of the desired optical
resolution for example where structures 1 an extended
object are small enough for their images to be degraded by
diffraction even though the extended object as a whole 1s
larger than the diffraction limit. Such structures will, to some
extent, be reproduced 1n the image, but their contrast 1n the
image will be less than for larger structures. To address this
problem the resolution of the system 1s specified using the
contrast transfer function or modulation transfer function
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(MTF) which specifies resolution 1n terms of the variation of
contrast in the 1image as a function of 1image structure size in
cycles per millimetre.

The camera system at an orbital altitude of 600 km
requires an entrance pupil or aperture diameter of around 0.5
m 11 the Airy disc for visible light 1s to be approximately 1.5
m 1n diameter on the ground. This means that the MTF of the
image produced by the camera system will decrease to zero
for objects having a size of 1.5 m or less. The size of the
smallest resolvable object varies in inverse proportion to the
entrance aperture size and in direct proportion to the wave-
length.

For recording the images focused by the folded mirror
optical system 2, the camera system has a plurality of
detector arrays 6. Each detector array (6,, 6,, 65, 6,,) consists
of a linear charge coupled device (CCD) array, four are
shown 1n FIG. 3. The detector arrays 6 are aligned substan-
tially linearly along a plane O orthogonal to the scan
direction S of the camera system. The plane O defines the
swath of the camera system. As can be clearly seen each of
the detector arrays partially overlaps with an adjacent array
along at least one end. Thus, in the case of the array 6,
turthest to the left (1n FIG. 3), the right-hand end of the array
6 overlaps with the left-hand end of the adjacent array 6.,
and so on. The CCD array preferably features 12 um pixels
arranged 1n a 8192x128 Time Delay Integration (1TDI) array,
as shown 1n FIG. 2. This affords a total focal plane coverage
ol 4x8000 pixels. The fact that the pixels are not infinitely
small does though have the efiect of degrading the MTF
slightly.

The readout register 8 1s provided along one of the long
(longitudinal) edges of the array and 1s divided into prefer-
ably eight sub-registers each with 1ts own parallel output
port (8a—8%). This enables parallel readout which affords an
cightfold (for example) increase i1n the eflective frame
readout rate. Where larger resolutions are acceptable, the
sub-registers (8a—8/) can be grouped so that the array 1s read
out through only four of the potential eight ports. Thus the
camera system enables optimisation of the number of par-
allel video signal processing and digitisation channels
needed which in turn enables optimisation of the pixel
readout rate.

The long axis of the array, extending for 8192 pixels, 1s
aligned with the swath O of the camera system so that there
are 128 CCD lines aligned with the scan direction S. As the
camera system orbits the Farth, the image projected on to the
pixels moves across the 128 CCD lines towards the readout
register 8 at a rate determined by the equvalent ground
speed and the optical configuration. The TDI enables the
image to be ‘clocked’ at the same rate as 1t moves across the
array. This means that the image 1s integrated over itself 128
times as 1ts crosses the array any optical image smear can be
avoided. Thus, the 128 line TDI CCD array eflectively
provides 128 times greater sensitivity than a conventional
(one line) CCD detector.

The 128 TDI CCD lines are preferably grouped ifor
example 1mnto four banks 10, 12, 14, 16 each of 32 lines of
pixels, as shown 1n FIG. 2. Thus, the first-bank 10 groups
lines 1 to 32 of the pixel array, bank 12 group lines 33 to 64,
bank 14 groups lines 65 to 96 and bank 16 groups lines 97
to 128. Each group 1s clocked 18 independently and enables
the lines to be selectable. For example, some of the lines
may be clocked backwards towards a ‘dump’ drain diode 20
(shown 1n FIG. 2 on the opposing longitudinal edge of the
array opposite to the readout register 8) where necessary. In
FIG. 2 arrow I represents the nominal direction of charge
transfer during image integration whereas arrow D repre-
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sents the direction of charge transier during ‘1mage dump’.
The ability to select the number of lines which are used 1n
a given integration provides a form of exposure control and
enables limited adjustment for varying 1llumination condi-
tions around the orbit.

The clocking, control and readout of the detectors 1s
straightforward. Data compression and encryption can be
performed for eflicient and secure utilisation of the camera
system.

Each CCD array 6 acts as a single detector channel. With
the camera system described herein a plurality of detector
channels are provided, preferably four, to provide increased
swath coverage. As shown in FIG. 3, the four detector
channels 6, 6,, 6,, 6, are arranged 1n the focal plane along
the swath O (1.e. orthogonal to the scan direction) and the
detector channels are staggered, as mentioned earlier, so as
to provide a small overlap between each of the CCD arrays.
This ensures that there are no gaps 1n the image subsequently
obtained from the four detectors following TDI. For
example the overlap may be approximately 192 pixels. The
overall length of the detector 1s therefore around 38 cm.

As each pixel 1s 12 um 1n size the overall linear array of
the four detectors (around 32000 elements) requires an
image field of 384 mm 1n one dimension. The field require-
ment 1n the other dimension 1s smaller. For an effective focal
length of 7200 mm, this corresponds to a field angle of
+/-1.52°.

The camera system shown 1n FIG. 3 gives a 32 km swath
where the camera system 1s set up for 1 m pixel ground
sampling distance. In circumstances where less ground
resolution 1s required, for example 4 m, 10 m or more per
pixel, the focal length of the instrument decreases which 1n
turn reduces the size and weight of the camera system. Also,
the detectors can be read more slowly because the time taken
to traverse 4 m of ground 1s greater by a factor of 4.

Since the camera system 1s to be transported 1nto space
and 1s intended for orbiting around the Earth, the matenals
employed are particularly important. For example, Beryl-
llum and silicon carbide afford weight reduction and
increased stifiness 1n comparison to other materials com-
monly employed 1n this field.

With the camera system described, high resolution ground
images can be achieved employing a more compact and
lightweight system in comparison to conventional systems.
Also, the camera system aflords a degree of flexibility in
both resolution and data rate depending upon any particular
set of requirements. It will of course be realised that alter-
native numbers of detector channels and pixels 1n each array
may be used without departing from the overall concept of
the camera system involving a linear array of detectors and
a folded 3-mirror imaging system.

The invention claimed 1s:

1. A camera system for scanning a remote object from
space, comprising:

a plurality of object detectors each comprising a pixel-
lated array of charge coupled devices (CCDs) acting as
a single detector channel; and

a telescope arrangement of mirrors defining a folded
optical path for focusing an object on the plurality of
object detectors;

wherein the number of CCD pixels of each object detector
in a direction orthogonal to a scan direction of the
camera system 1s greater than the number of CCD
pixels 1n the scan direction; and

wherein the plurality of object detectors are substantially
in a line orthogonal to the scan direction.
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2. A camera system as claimed in claim 1, wherein each
object detector 1s positioned substantially 1n the focal plane
of the camera system.

3. A camera system as claimed 1n claim 2, wherein at least
one end of each object detector partially overlaps with an
end of an adjacent object detector.

4. A camera system as claimed in claim 1, wherein at least
one end of each object detector partially overlaps with an
end of an adjacent object detector.

5. A camera system as claimed 1n claim 1, further com-
prising addressing circuitry for addressing the CCD pixels in
cach of the pixellated arrays and wherein the addressing
circuitry 1s adapted to perform time delay integration of the
outputs from the CCD pixels.

6. A camera system as claimed 1n claim 1, wherein each
pixellated array of CCDs 1s divided into a plurality of
separately addressable sectors and the addressing circuitry 1s
separately connected to each addressable sector thereby
enabling parallel readout of the outputs from each sector.

7. A camera system as claimed 1n claim 1, wherein the
camera system 1s a push-broom 1mager.

8. A camera system as claimed 1n claim 1, wherein the
telescope arrangement ol mirrors 1s an off-axis telescope
arrangement.
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9. A camera system as claimed in claim 8, wherein the
oll-axis telescope arrangement of mirrors has a decentered
pupil.

10. A camera system as claimed in claim 1, wherein the
ratio of the number of CCD pixels 1n a plane orthogonal to
the scan direction of the camera system to the number of
CCD pixels 1n a plane parallel to the scan direction 1s at least
2:1.

11. A camera system as claimed in claim 10, wherein the
ratio 1s at least 10:1.

12. A camera system as claimed 1n claim 11, wherein the
ratio 1s around 64:1.

13. A camera system as claimed 1n claim 1, suitable for
spaceborne observation providing a spatial ground resolu-
tion of at least 4 m.

14. A camera system as claimed 1n claim 13, suitable for
spaceborne observation providing a spatial ground resolu-
tion of around 1 m.
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