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Multispectral Step-and-Stare Imaging With Single Sensor

Related Applications

The present Application claims priority to Israel Patent Application No. 290139, filed
March 1, 2022, entitled "Multispectral Step-and-Stare Imaging With Single Sensor,"
the contents of which are incorporated by reference as if fully set forth herein.

Field of the Invention

The present Application relates to an airborne reconnaissance with a focal plane
array (FPA), and more specifically, but not exclusively, to a device and method for
capturing multispectral images of a target area, at high resolution, with a single
sensor.

Background of the Invention

Step-and-stare imaging is a technique for obtaining a composite image of a large
geographical area. An imaging sensor is mounted on an airborne platform, such as
on a drone. As the airborne platform advances along a track, the sensor captures
images of a target area. For example, as illustrated schematically in FIG. 1A, airplane
20 flying in a straight line and bearing an image sensor passes each of patches 1-15,
whether directly overhead or at an angle, and the image sensor captures an image of
each patch. After capture of the images, the frames are recorded or transmitted to a
ground station for further processing.

Multispectral step-and-stare imaging refers to the process of capturing
images in more than one defined spectral band during a step-and-stare imaging
process.

There are various known strategies for multispectral step-and-stare imaging,
each suffering from various drawbacks. One approach utilizes multiple cameras
mounted on the imager, each configured to scan a particular range of spectral
wavelengths. However, multiple cameras take up a large volume, have a high weight,
and increase the cost of the imaging. A second approach is to apply a series of filter
strips onto a single focal plane array. This approach is typically used for hyperspectral
imaging, when it is desired to scan in a large number of spectral bands. However, this
approach limits the flexibility of the system. Step-and-stare imaging benefits from

the flexibility of controlling where to place the camera for a subsequent image,
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including repeating images if desired. This flexibility is unavailable in setups with
fixed spectral filters.

The step and stare process is typically designed such that neighboring images
contain overlapping measurements of the region of interest. The presence of
overlapping regions in the output images allows for later image processing to
register neighboring image frames and to mosaic the images together to reconstruct
a more complete image of the region of interest.

Summary of the Invention

The present Application discloses a solution for high-speed multispectral
scanning using a filter wheel construction, with each filter area covering the entire
imaging area, and with an improved technique for synchronization. The filter wheel
rotates at constant velocity while the image sensor captures images. Specifically, the
rate of capture of images by the image sensor is precisely synchronized with the
speed of rotation of the filter wheel. In addition, when the step and stare scanning is
assisted by a fast steering mirror for back scanning, the movement of the fast
steering mirror is synchronized with the capturing of the images by the image sensor
and with the movement of the imaging platform relative to the target. Thus, the
image sensor captures a single image for every advancing of a spectral filter, without
requiring any change of speed of the filter wheel during the imaging. As a result, the
multispectral imager is able to capture images at a high frequency, with a
correspondingly high resolution as well. The images are captured with sufficient
overlap to enable post-processing combination of the images covering the entire
imaged area for each spectral filter.

According to a first aspect, a multispectral image capture device is disclosed.
The device includes an imaging platform having arranged thereon an image sensor
comprising a photosensitive surface and an optical unit, a gimbals system for
controlling a line of sight of the image sensor, a filter wheel comprising a series of n
spectral filters arranged between the image sensor and an imaging target; and a
drive system configured to rotate the filter wheel at a constant velocity so as to bring
each of the spectral filters into a line of sight between the image sensor and the

imaging target. A controller is adapted to synchronize movement of the imaging



10

15

20

25

30

WO 2023/166502 PCT/1L2023/050204

platform, control of the line of sight of the image sensor with the gimbals, and
constant rotation of the filter wheel, such that the image sensor captures a sequence
of overlapping step-and-stare images through the series of rotating spectral filters
without changing a speed of rotation of the filter wheel.

In another implementation according to the first aspect, a percentage of
overlap between two adjacent step-and-stare images is at least 100*(n-1)/n.

In another implementation according to the first aspect, the controller is
configured to capture a single image each time a spectral filter passes through a line
of sight between the imaging target and the image sensor.

In another implementation according to the first aspect, the filter wheel
further comprises at least one additional spectral filter of a smaller dimension than
the each of the series of n spectral filters, and the controller is configured to freeze
the rotation of the filter wheel when capturing the step-and-stare images via the at
least one additional spectral filter. Optionally, the at least one additional filter allows
a combination of all spectral bands allowed by the n spectral filters.

In another implementation according to the first aspect, the device further
comprises a fast steering mirror, and the controller is configured to advance the
spectral filters relative to the image sensor, and to capture step-and-stare images,
when using the fast steering mirror for back scanning. The back scanning may be
performed in order to freeze the line of sight relative to the ground for each
captured frame.

In another implementation according to the first aspect, the image capture
rate is at least 30 frames per second.

According to a second aspect, a method of multispectral step-and-stare
imaging is disclosed. The method includes: advancing an imaging platform relative to
an imaging target, wherein the imaging platform has arranged thereon an image
sensor comprising a photosensitive surface, a gimbals system for controlling a line of
sight of the image sensor, and a filter wheel comprising a series of n rotating spectral
filters and arranged between the image sensor and the imaging target; rotating the
filter wheel at a constant velocity so as to bring each of the spectral filters into a line

of sight between the image sensor and the imaging target, and synchronizing straight



10

15

20

25

WO 2023/166502 PCT/1L2023/050204

line movement of the platform, image capture rate of the image sensor, control of
the line of sight of the image sensor, and rotation of the filter wheel, such that the
image sensor captures a sequence of overlapping step-and-stare images through the
series of rotating spectral filters without changing a speed of rotation of the filter
wheel.

In another implementation according to the second aspect, a percentage of
overlap between two adjacent step-and-stare images is at least 100 * (n-1)/n.

In another implementation according to the second aspect, the method further
includes capturing a single image each time a spectral filter passes through a line of
sight between the imaging target and the image sensor.

In another implementation according to the second aspect, the filter wheel
further comprises at least one additional spectral filter of a smaller dimension than
the each of the series of n spectral filters, and the method further comprises freezing
the rotation when capturing the step-and-stare images via the at least one additional
spectral filter. Optionally, the at least one additional spectral filter allows a
combination of all light allowed by the n rotating spectral filters.

In another implementation according to the second aspect, the spectral filters
permit passage of light in the visible and infrared ranges.

In another implementation according to the second aspect, the imaging
platform includes a fast steering mirror, and the method further includes advancing
the spectral filters relative to the image sensor, capturing step-and-stare images
while using the fast steering mirror for back scanning. The back scanning may be
used in order to freeze the line of sight relative to the ground for each captured
frame.

In another implementation according to the second aspect, the image capture
rate is at least 30 frames per second.

In another implementation according to the second aspect, the method further
includes stitching images captured through each respective filter, so as to form a

photomosaic of the imaging target for each spectral band.
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In another implementation according to the second aspect, the method further
includes performing exposure fusion on images of the imaging target captured
through different spectral bands.

Brief Description of the Drawings

FIG. 1 is an example of a prior art depiction of an airborne scanner
performing step-and-stare imaging;

FIG. 2A schematically depicts a system for multispectral step-and-and stare
imaging, according to embodiments of the present disclosure;

FIG. 2B depicts a filter wheel, according to embodiments of the present
disclosure;

FIG. 3 depicts an exemplary sequence of non-overlapping multispectral
images;

FIG. 4 schematically depicts an exemplary sequence of overlapping
multispectral images with two different spectral filters, according to embodiments of
the present disclosure;

FIG. 5 schematically depicts an exemplary sequence of overlapping
multispectral images with three different spectral filters, according to embodiments
of the present disclosure; and

FIG. 6 illustrates coordination of timing of capturing of images with the image
sensor and rotation of the filter wheel, according to embodiments of the present
disclosure.

Detailed Description of the Invention

The present Application relates to reconnaissance with a focal plane array
(FPA), and more specifically, but not exclusively, to a device and method for
capturing multispectral images of a target area, at high resolution, with a single
sensor.

Before explaining at least one embodiment of the invention in detail, it is to
be understood that the invention is not necessarily limited in its application to the
details of construction and the arrangement of the components and/or methods set

forth in the following description and/or illustrated in the drawings and/or the
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Examples. The invention is capable of other embodiments or of being practiced or
carried out in various ways.

FIG. 2A schematically depicts a system 100 for multispectral step-and-stare
imaging, according to embodiments of the present disclosure. The system 100 is
configured to image a ground target 110 while passing the target 110 along a line of
sight 111.

Imaging platform 101 serves as a base for other elements of imaging system
100. Imaging platform 101 is mounted on a suitable airborne vehicle, such as an
airplane or a drone.

A gimbals system 107, represented schematically, is mounted to the imaging
platform 101. The gimbals system 107 supports the other components of the
imaging system 100. The gimbals system 107 is capable of rotation and fixation
around the X, Y, and Z axes. Gimbals system 107 also includes an inertial measuring
unit (IMU). Using the IMU and the axes of rotation, the gimbals system 107 is
capable of compensating for forward motion and maneuvers of the imaging platform
101, in order to fix the line of sight of the imaging system 100.

Imaging system 100 further includes an image sensor 102. Image sensor 102
has a photosensitive surface, and may be any suitable sensor for capturing images in
various spectral bands, such as the visual and infrared ranges. In exemplary
embodiments, the image sensor 102 is a focal plane array.

Optionally, optical unit 113 is configured anterior to the image sensor 102.
Optical unit 113 contains one or more lenses for focusing light onto the image sensor
102.

Filter wheel 104 is mounted anterior to the image sensor 102.The filter wheel
104 includes a series of n spectral filters, arranged circumferentially around filter
wheel 104. In the illustrated embodiment, n equals 2, and there are two filters 106,
108. In a typical scenario, each of the spectral filters is a band-pass filter that permits
through only a defined spectral band.

Fast steering mirror 122 is configured between the filter wheel 104 and a
light opening 115 of the imaging system 100. The fast steering mirror 122 is mounted

on a rotatable axis 124, enabling rotation of the fast steering mirror 122 relative to
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the opening 115, image sensor 102, and filter wheel 104. Rotation of the fast
steering mirror 122 in a back-scanning motion fixates a line of sight of the image
sensor 102 to a center of each frame on the ground, when the gimbals 107 are
moving the line of sight 111 continuously along a line that connects the centers of
the frames in a manner known to those of skill in the art. While it is possible to
achieve the same step and stare function with the gimbals 107 alone, the fast
steering mirror 122 enables a faster step and stare scanning, and is thus well-suited
for capturing images at rates of as high as 30 frames per second, 100 frames per
second, or an even faster rate.

Pass-through region 114 is defined on the filter wheel 104. The pass-through
region 114 is the region on the filter wheel 104 that is aligned with the image sensor
102, through optical unit 113. Light originating at imaging target 110, traveling along
line of sight 111, through opening 115, and through the filter wheel 104 at pass-
through region 114, will reach image sensor 102.

The filter wheel 104 is mechanically connected to a drive system 105 (shown
schematically), for example, through spinning axis 120. The drive system 105 causes
the filter wheel 104 to rotate relative to the image sensor 102. In the illustrated
embodiment, the filter wheel is depicted as rotating in a counterclockwise direction,
as indicated by the arrow a. As a result of the rotation of the filter wheel, each of the
spectral filters 106, 108 is sequentially brought into the pass-through region 114.

Controller 103 is arranged on the imaging platform 101. The controller 103
includes a processor, and a non-transitory computer-readable medium for storing
therein instructions that are executable by the processor. Controller 103 controls
movement of drive system 105, the gimbal system 107, and the capture of images by
the image sensor 102. Specifically, controller 103 synchronizes straight-line
movement of the imaging platform 101, motion of the gimbals 107, rotation of the
filter wheel 104, and back-scanning of the fast steering mirror 122, when present.

In particular advantageous embodiments, the rate of capture of images by
the image sensor 102 is precisely synchronized with the speed of rotation of the
filter wheel 104. In addition, the movement of the fast steering mirror 122 is

synchronized with the capturing of the images by the image sensor 102 and with the
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control of the line of sight of the image sensor 102 with the gimbals 107. Thus, the
image sensor 102 captures a single image for every advancing of a spectral filter,
without requiring any change of speed or slowing down of the filter wheel 104
during the imaging.

For example, filter wheel 104 may rotate at a rate of r revolutions per second.
Because there are n filters on the wheel, during each second, filters sequentially
reach pass-through region 114 a total of r * n times. The controller 103 causes image
sensor 102 to capture a single image each time a spectral filter passes through the
pass-through region 114. Thus, when r * n filters cross the pass-through region 114,
image sensor 102 correspondingly captures r * n images.

As discussed above, due to the synchronizing of movement of the filter wheel
104, imaging platform 101, and fast steering mirror 122, the filter wheel 104
transitions from filter region to filter region without slowing down its rotation. As a
result, system 100 is able to capture images covering an entire target area highly
efficiently. For example, the controller 103 may be configured to advance the
spectral filters at a rate (i.e., the rate r * n discussed above) exceeding 30 or 100 per
second, and correspondingly to capture images at the same frame rate. This high
frame rate, in turn, allows for capturing of images at high resolution.

During this entire process, imaging platform 101 is advancing relative to the
target 110, typically in a linear fashion, as depicted in FIG. 1. Despite the constant
movement of the image sensor 102, the line of sight 111 is nevertheless stabilized
through a combination of movement of gimbals 107 with back-scanning of fast
steering mirror 122.

FIG. 2B depicts an exemplary embodiment of a filter wheel 204 that is usable
with system 100. Filter wheel 204 includes two spectral filters 206, 208, that occupy
most of the circumference of the wheel 204, and which are configured to be located
in the line of sight of the image sensor during capture of images, as described above
in connection with FIG. 2A. Filter wheel 204 also includes a spinning axis 220 around
which the filter wheel 204 rotates. Filter wheel 204 differs from filter wheel 104 in
that filter wheel 204 also includes one or more additional filters 210, 212. Filters 210,

212 have a smaller dimension than that of filters 206, 208. In exemplary
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embodiments, filters 210, 212 are the same size as the pass-through region 114 of
FIG. 1.

When the system 100 is used in the multispectral imaging mode, with the
filter wheel 104 rotating, the controller may be configured to pass over filters 210,
212 during imaging. For example, suppose that the wheel 104 rotates completely
every 2/100 of a second. If an image is captured exactly every 1/100 of a second, and
the first image is taken with one of filters 206, 208 in the pass-through region, then
all subsequent images will also be taken through filters 206 and 208, and none of the
subsequent images will be taken through filters 210 and 212.

By contrast, filters 210, 212 (as well as filters 206 and 208) are suitable for
filtering light coming toward the image sensor when the filter wheel is in a fixed
position. Such filters may be advantageous, both for using the same apparatus 100
for regular (non-multispectral) step-and-stare imaging, or for capturing other
frequencies of interest. For example, one of filters 210, 212 may be a panchromatic
filter having a pass-through region that a combination of all the spectral bands
allowed by the image sensor. Another of the filters 210, 212 may be used for an
additional spectral band to those of filters 206, 208.

FIGS. 3-5 illustrate the overlapping of images captured by the image sensor
102 during rotation of the filter wheel 104, 204. FIG. 3 depicts sequential images 301
taken through a first spectral filter, 302 taken through a second spectral filter, 303
taken again through the first spectral filter, and 304 taken again through the second
spectral filter, as the imaging line of sight moves from right to left. There is no
overlap between the images. As a result, this imaging pattern is not suitable for step-
and-stare imaging, because only half of the target region is captured through each
spectral filter.

FIG. 4, by contrast, illustrates the effect of overlapping images. Image 401 is
captured through a first spectral filter, image 402 is captured through a second
spectral filter, image 403 is captured through the first spectral filter, and image 404
is captured through the second spectral filter. Image 402 overlaps image 401 by at
least 50%, image 403 overlaps image 402 by at least 50%, and image 404 overlaps

image 403 by at least 50%. This overlap is shown with the dashed lines drawn from
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the boundaries of images taken through a first filter, through the images taken
through a second filter, and through the mosaicked final image. For example, line
411 commences at point 410 from the images captured through the first filter, and
reaches point 410 of the combined images. Line 413 commences at point 412 from
the images captured through the second filter. Line 415 commences from the
boundary point 414 between images 401 and 403 from the first filter, which is the
same as the midpoint of image 402 from the second filter. The pattern repeats
throughout the entire length of the imaged target region. As a result, a mosaicked
image is formed covering the entire line, for both spectral filters.

FIG. 5 illustrates a similar arrangement of overlapping images for a scenario
in which there are three spectral filters. Image 501 is captured through a first
spectral filter, image 502 is captured through a second spectral filter, and image 503
is captured through a third spectral filter. Image 504 is captured through the first
spectral filter again, and so the pattern repeats. Each image overlaps an adjacent
image by at least 67%. As a result, mosaicked images may be formed covering the
entire line, for each spectral filter.

The degree of necessary overlap between adjacent images, for a filter wheel

with n spectral regions, is governed by the following equation:

Over Lap % = 100 - {u}
N

Thus, for n = 2, the overlap region must be at least 50%; for n = 3, the overlap
region must be at least 67%; and for n = 4, the overlap region must be at least 75%.
The overlap percentage converges to 100% as the number of filter regions n
increases.

In view of the foregoing, there is a tradeoff between the number of filter
regions n included in a filter wheel and the area coverage rate. By way of example,
when n = 2 the overlap between frames will be 50% and the coverage rate will
decrease to 50% of a coverage with a single spectral band. When n=3, the overlap
between frames will be 67% and the coverage rate will decrease to 33% of a

coverage with a single spectral band.
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In most applications, a value of n from between 2 and 4 enables capturing of
images with a desired coverage rate.

FIG. 6 depicts a graph 600 that illustrates the synchronizing of the angular
revolutions of the filter wheel with the capturing of the images. In the illustrated
embodiment, there are two filter regions. Line 601 depicts which filter region is in
the line of sight of the image sensor, as a function of time. At line 602a, the first filter
region is in the line of sight; at line 602b, the second filter region is in the line of
sight; at line 602c, the first filter region is again in the line of sight; and at line 602d,
the second filter region is again in the line of sight. Line 603 depicts the angular
velocity of the line of sight over time. As can be seen, for most of the time, the line of
sight is moving at a constant rate, except for periods of taking a snap shot 604a,
604b, 604c, and 604d. During this time, due to the operation of the back-scanning,
the effective movement of the line of sight relative to the target is zero. That is, the
line of sight appears to remain steady on the target, in order to enable capture of a
stable image. The bottom of the figure depicts the filters through which each image
is taken. Thus, at time 604a, an image 606a is taken through the first filter; at time
604b, an image 606b is taken through the second filter; at time 604c, an image 606¢
is taken through the first filter; and at time 604d, an image 606d is taken through the
second filter.

Following capture and mosaicking of the different multispectral images, the
images may be processed in a manner known to those of skill in the art. For example,
exposure fusion may be applied using two views of an environment taken from
different spectral filters, in order to emphasize the contrast between background
material and objects of interest. In one application, a leafy target area may be
imaged in both the visual spectral band and the near-infrared band with the same
image sensor. The reflection of the leaves is much higher in near-infrared than in the
visual range. As a result, following an exposure fusion process, the vegetation in a
picture may be easily identified and painted a different color, such as purple,

enabling easier identification of camouflaged items in the vicinity.
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Claims
What is claimed is:

1. A multispectral image capture device, comprising:

an imaging platform having arranged thereon an image sensor comprising a
photosensitive surface and an optical unit, a gimbals system for controlling line of
sight of the image sensor, a filter wheel comprising a series of n spectral filters
arranged between the image sensor and an imaging target; a drive system
configured to rotate the filter wheel at a constant velocity so as to bring each of the
spectral filters into a line of sight between the image sensor and the imaging target,
and

a controller adapted to synchronize movement of the imaging platform, image
capture rate of the image sensor, control of the line of sight of the image sensor with
the gimbals, and constant rotation of the filter wheel, such that the image sensor
captures a sequence of overlapping step-and-stare images through the series of
rotating spectral filters without changing a speed of rotation of the filter wheel.

2. The multispectral image capture device of claim 1, wherein a percentage of
overlap between two adjacent step-and-stare images is at least 100*(n-1)/n.

3. The multispectral image capture device of claim 1, wherein the controller is
configured to capture a single image each time a spectral filter passes through a line
of sight between the imaging target and the image sensor.

4. The multispectral image capture device of claim 1, wherein the filter wheel
further comprises at least one additional spectral filter of a smaller dimension than
the each of the series of n spectral filters, and wherein the controller is configured to
freeze the rotation of the filter wheel when capturing the step-and-stare images via
the at least one additional spectral filter.

5. The multispectral image capture device of claim 4, wherein the at least one
additional filter allows a combination of all spectral bands allowed by the n spectral
filters.

6. The multispectral image capture device of claim 1, wherein the device
further comprises a fast steering mirror, and the controller is configured to advance

the spectral filters relative to the image sensor, and to capture step-and-stare
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images, when using the fast steering mirror for back scanning in order to freeze the
line of sight relative to the ground for each captured frame.

7. The multispectral image capture device of claim 1, wherein the image
capture rate is at least 30 frames per second.

8. A method of multispectral step-and-stare imaging, comprising:

advancing an imaging platform relative to an imaging target, wherein the
imaging platform has arranged thereon an image sensor comprising a photosensitive
surface, a gimbals system for controlling a line of sight of the image sensor, and a
filter wheel comprising a series of n rotating spectral filters and arranged between
the image sensor and the imaging target;

rotating the filter wheel at a constant velocity so as to bring each of the
spectral filters into a line of sight between the image sensor and the imaging target,
and

synchronizing straight line movement of the platform, image capture rate of
the image sensor, control of the line of sight of the image sensor, and rotation of the
filter wheel, such that the image sensor captures a sequence of overlapping step-
and-stare images through the series of rotating spectral filters without changing a
speed of rotation of the filter wheel.

9. The method of claim 8, wherein a percentage of overlap between two
adjacent step-and-stare images is at least 100 * (n-1)/n.

10. The method of claim 8, further comprising capturing a single image each
time a spectral filter passes through a line of sight between the imaging target and
the image sensor.

11. The method of claim 8, wherein the filter wheel further comprises at least
one additional spectral filter of a smaller dimension than the each of the series of n
spectral filters, and the method further comprises freezing the rotation when
capturing the step-and-stare images via the at least one additional spectral filter.

12. The method of claim 11, wherein the at least one additional spectral filter
allows a combination of all light allowed by the n rotating spectral filters.

13. The method of claim 8, wherein the spectral filters permit passage of light

in the visible and infrared ranges.
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14. The method of claim 8, wherein the imaging platform comprises a fast
steering mirror, and the method further comprises advancing the spectral filters
relative to the image sensor, capturing step-and-stare images, while using the fast
steering mirror for back scanning in order to freeze the line of sight relative to the

5 ground for each captured frame.

15. The method of claim 8, wherein the image capture rate is at least 30
frames per second.

16. The method of claim 8, further comprising stitching images captured
through each respective filter, so as to form a photomosaic of the imaging target for

10  each spectral band.
17. The method of claim 8, further comprising performing exposure fusion on

images of the imaging target captured through different spectral bands.



