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(57) Abstract: Devices and methods for multiplexed imaging are provided. In one embodiment, an imaging device can simultan -
eously direct light of'a same spectrum from each of a plurality of image channels onto an image sensor to create a multiplexed image
on the sensor. Each image channel can collect light from different portions of an extended field of view or from the same portion
with difterent perspectives. The device can also include one or more encoders to encode light from the channels prior to detection.
The devices and methods described herein can also include disambiguating a captured multiplexed image to create images for each
of the plurality of image channels. Disambiguated images can cover the extended field of view at a high spatial resolution despite us-
ing only a single small format image sensor, or can produce stereo or 3D images having the full resolution of the sensor.
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DEVICES AND METHODS FOR OPTICALLY MULTIPLEXED IMAGING
GOVERNMENT RIGHTS

[0001] This invention was made with government support under Air Force contract FA8721-

05-C-0002. The government has certain rights in the invention.
FIELD

[0002] This invention relates generally to imaging and, more particularly, to optically

multiplexed imaging of a field of view.
BACKGROUND

[0003] Many different fields of endeavor have a need to image extended fields of view with
high resolution to detect and observe objects within the field of view or track movement
relative to reference points. For example, observational astronomy, celestial navigation
systems, and security/surveillance applications all need to monitor extended fields of view
with high resolution. Image sensors are limited by a tradeoff between field of view and
resolution: with a finite number of pixels on the sensor the sampling resolution in object
space (i.e., the number of pixels devoted to a given area in the field of view being imaged) is
decreased as the field of view is increased. When requirements demand a combination of
extended field of view and resolution that exceeds a conventional single-camera fixed field of
view architecture, these needs are often met using arrays of multiple cameras or image
sensors arranged to view different regions of a scene, or using a single sensor or pixel array
with a scanning mechanism (e.g., a pan-tilt-zoom mechanism) to sweep out a high-resolution
image of an extended field of view over time. The former is bulky and costly because it
requires discrete optical and sensor assemblies for each region of the field of view. The latter
suffers from the need for a scanning mechanism and intermittent temporal sampling (i.e., the
device cannot view the entire field of view at any one time). Other designs incorporate both a
bank of cameras and scanning mechanisms to improve upon some aspects of dedicated array

or scanning devices, but these hybrid devices also suffer the disadvantages of both.

[0004] Other fields endeavor to create a stereo image or a 3-dimensional (3D) depth image
of a scene. This can be done using two or more cameras that observe an object from different

perspectives, or with a single camera that produces images from two or more perspectives on
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a single focal plane. The former method suffers from the added cost, power, volume, and
complexity of using multiple cameras, as well as geometric and intensity differences in the
images resulting from the different optical systems. Methods using a single camera approach
typically either (a) use prisms or mirrors to produce two or more shifted images on a
camera’s focal plane where each image fills only a fraction of the focal plane’s area to
prevent overlap, thereby resulting in a reconstructed stereo image that has a smaller field of
view and fewer pixels than are available in the image sensor, or (b) use a moving element that
allows a sequence of frames to be captured from different perspectives. This latter approach

is more complex and restricts the sampling rate of the system.

[0005] Optically multiplexed imaging is a developing field in the area of computational
imaging. Images from different regions of a scene, or from different perspectives of the same
region, are overlaid on a single sensor to form a multiplexed image in which each pixel on the
focal plane simultaneously views multiple object points, or the same object point from
multiple perspectives. A combination of hardware and software processes are then used to
disambiguate the measured pixel intensities and produce a de-multiplexed image. For a
system with N multiplexed channels, the resulting image has N-times greater pixels than the
format of the image sensor used to capture the multiplexed image. This technique allows a
multiplexed imaging device to increase its effective resolution (i.e. the number of pixels in
the reconstructed image), which can then be applied to extending the field of view or

capturing images from multiple perspectives without resolution loss.

[0006] Prior designs of multiplexing imaging devices have their own drawbacks, however.
For example, early conceptual designs utilized a multiple lens imager optical system where
each lens focuses on the same image sensor. This configuration is likely to suffer defocus
from tilted image planes and keystone distortion, however, in addition to its questionable
savings in cost over a more traditional array of imaging sensors. Further, systems that utilize
full-aperture beam splitters to combine various fields of view require large multiplexing
optics and suffer loss due to escaping light from imperfect beam splitting. Still further, some
prior designs utilize prisms to divide a field of view, but these systems are limited in their
ability to image wide fields of view due to the fact that prisms can only be steered through
small angles because of optical dispersion. In addition, many prior multiplexing designs
utilize a form of scanning wherein each narrower field of view is sequentially captured by an

imaging sensor, meaning the various fields of view are not simultaneously multiplexed onto
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the imaging sensor (e.g., similar to the moving element stereo imaging devices described

above).

[0007] Multiplexing is also utilized in certain stereo imaging devices, but it is based on
spectral multiplexing, which is a type of optically multiplexed imaging in which two or more
images containing different spectrums of light are multiplexed into an optical device and the
superimposed image is separated using color filters at the focal plane of the camera. Devices
utilizing this approach suffer from the disadvantage of excluding portions of the spectral

waveband, as well as loss of pixel resolution due to the color filter mosaic at the image plane.

[0008] Accordingly, there is a need in the art for improved devices and methods for optically
multiplexed imaging. In particular, there is a need for improved devices and methods that
provide for imaging an extended field of view without the disadvantages associated with
assembling a large format array of imaging sensors, employing a slow moving scanning
mechanism, or multiplexing in a manner that sacrifices resolution or other information

capture (e.g., loss of spectral waveband portions, etc.).

SUMMARY

[0009] The present disclosure generally provides devices and methods for increasing any of
(a) field of view, (b) pixel resolution, and (c) parallax between objects viewed in a plurality
of multiplexed channels by multiplexing either multiple different portions of an extended
field of view onto a single imaging sensor or by multiplexing images of the same field of
view taken from different perspectives onto a single imaging sensor. The optically
multiplexed imaging systems described herein utilize one or more pixels in the imaging
sensor to simultaneously observe a plurality of points in the object space. The devices and
methods described herein generally involve dividing a pupil area of a single imager (e.g., a
single image sensor and associated optical element or system to focus light onto the sensor)
into a plurality of continuous sub-pupil regions that each define a channel representing an
image of different fields of view or the same field of view from different perspectives. The
pupil division can, in some embodiments, be accomplished by passing light through a
multiplexing assembly positioned at or near to an entrance pupil or aperture stop of the
imager that simultaneously optically multiplexes each channel onto the imager sensor. This
is in contrast to methods that divide the overall transmission of the full pupil area using

intensity beam splitters, dichroic beam splitters, polarization beam splitters, shutters, or other
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optical elements. It is also in contrast to other methods that divide the area of the pupil into a
plurality of discontinuous regions that are spaced, separated, or interleaved, such as using an
interleaved array of micro-prisms in which the total energy in one or more multiplexed
channels is derived from a plurality of separated sub-pupil elements (e.g., a checkerboard in
which all squares of a same color represent a single channel). The devices and methods
described herein generally utilize mirrors or achromatic prisms, as opposed to single-element
prisms, beam splitters, or other optical elements, to divide a pupil area into various portions
that can be simultaneously captured by an imaging sensor. Further, steerable optical
elements can be utilized to allow for breaking the relation of the imager’s focal plane to the
view created by the image. This means that various portions of an extended field of view—
whether they are adjacent to one another, overlapping, or separated within the extended field

of view—can be selected for imaging.

[0010] In one aspect, an imaging device is provided that includes an imager with a sensor
and at least one optical element to focus light on the sensor, as well as a multiplexing
assembly that divides a pupil area of the imager into a plurality of continuous sub-pupil
regions that each define an image channel. The multiplexing assembly simultaneously
directs light of a same spectrum from each of the image channels onto the imager such that
light from each image channel forms an image on the sensor that fills a focal plane of the

imager and the image overlaps with images formed by other image channels.

[0011] The imaging device described above can have a variety of modifications and/or
additional features that are considered within the scope of the invention. For example, a
number of different optical designs can be employed in the device. In some embodiments,
the multiplexing assembly can be positioned at an entrance pupil or aperture stop of the
imager, while in other embodiments the multiplexing assembly can be positioned proximate

to an entrance pupil or aperture stop of the imager.

[0012] In certain embodiments, the device can further include at least one channel encoder
that is optically coupled to the multiplexing assembly and encodes one of the plurality of
channel images prior to detection by the sensor. Coding added to a channel image can be
utilized to separate the particular channel image from a multiplexed image after detection by
the sensor. A number of different techniques for encoding channel images can be employed.
In some embodiments, for example, the at least one channel encoder can operate by any of (a)

rotating the channel image by a specific amount, (b) shifting the channel image by a specific

4-
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amount, (c) periodically attenuating light, and (d) encoding a point spread function by any of
(1) imparting a unique optical phase or diffraction effect to light, (2) spatially dividing
wavelength spectrum of light at the focal plane, and (3) spatially dividing a polarization state

of light at the focal plane.

[0013] The imaging device can be used to capture in each of the plurality of image channels
an image of a different portion of an extended field of view, or an image of a same portion of
a field of view from different perspectives. In other words, the plurality of image channels
can correspond to non-overlapping portions of a field of view in certain embodiments, and
can correspond to overlapping portions of a field of view in other embodiments. In
embodiments having image channels that correspond to overlapping portions of a field of

view, the overlapping portions can be observed from different perspectives.

[0014] The multiplexing assembly itself can have a variety of different forms. In some
embodiments, for example, the multiplexing assembly can include at least one reflective
optical element. In other embodiments, the multiplexing assembly can include a monolithic
reflector having a plurality of reflective facets that each correspond to one of the plurality of
image channels (i.e., portions of an extended field of view being imaged). The monolithic
reflector can optically combine light incident on each facet thereof to create the multiplexed
image that is detected by the imager. In certain embodiments, the multiplexing assembly can
further include a plurality of optical elements that reflect light from a portion of a field of
view onto one of the plurality of reflective facets of the monolithic reflector. Further, in
some embodiments each of the plurality of optical elements can be steerable to select the
portion of the field of view that is reflected onto each facet of the monolithic reflector. This
can allow the plurality of portions of the extended field of view being imaged to be selected
from adjacent or separated positions within the extended field of view. Moreover, in
embodiments that can produce stereo or three-dimensional (3D) images, each of the plurality
of optical elements can be positioned a distance away from one another to create different
perspectives when more than one optical element reflects light from overlapping portions of

the field of view.

[0015] A monolithic reflector is not the only type of multiplexing assembly possible,
however. In some embodiments, the multiplexing assembly can include a plurality of
discrete optical elements. These discrete optical elements can be independently supported

and independently steerable to direct light in any manner desired.

-5-
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[0016] In certain embodiments, the plurality of discrete optical elements can include at least
one refractive optical element. In some embodiments, the at least one refractive optical
element can be achromatic. Exemplary refractive optical elements can include, for example,

achromatic prisms, apochromatic prisms, and super-achromatic prisms.

[0017] The imaging devices described herein can be utilized in a variety of different settings
and, as a result, can employ various image sensors. In some embodiments, for example, the
sensor of the imager can be any of an infrared sensor, an ultraviolet light sensor, and a

visible-light sensor.

[0018] In another aspect, a method for imaging a field of view is provided that includes
dividing a pupil area of an imager into a plurality of continuous sub-pupil regions that each
define an image channel, and simultaneously directing light of a same spectrum from each of
the image channels onto a sensor of the imager such that light from each image channel forms
an image on the sensor that fills a focal plane of the imager and the image overlaps with

images formed by other image channels.

[0019] As with the imaging device described above, any of a variety of variations or
additional steps are possible and considered within the scope of the present invention. For
example, in some embodiments the method can further include disambiguating the
multiplexed image detected by the sensor to create separate images for each of the plurality

of image channels.

[0020] In certain embodiments, the method can further include coding at least one of the
plurality of channel images. This can occur prior to detection by the sensor in certain
embodiments. In some embodiments, coding at least one of the plurality of image channels
can include any of (a) rotating the channel image by a specific amount, (b) shifting the
channel image by a specific amount, (c) periodically attenuating light, and (d) encoding a
point spread function by any of (1) imparting a unique optical phase or diffraction effect to
light, (2) spatially dividing wavelength spectrum of light at the focal plane, and (3) spatially
dividing a polarization state of light at the focal plane. In embodiments in which coding is
utilized, the method can further include disambiguating the multiplexed image detected by
the sensor based on the coding to create separate images for each of the plurality of image

channels.
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[0021] In certain embodiments, the method can further include positioning a plurality of
optical elements such that each of the plurality of image channels is directed toward different
portions of a field of view. In some embodiments, the different portions of the field of view
are overlapping to some degree, while in other embodiments the different portions of the field
of view do not overlap. In still other embodiments, the method can include positioning the
plurality of optical elements such that each of the plurality of image channels is directed

toward a same portion of a field of view.

[0022] Whether the portions of the field of view overlap entirely, or only to a partial degree,
the plurality of optical elements can be positioned such that each of the plurality of image
channels have a different perspective on the field of view from the other image channels. In
some embodiments, the method can further include detecting a parallax between objects in

the plurality of channel images to enable three-dimensional imaging.

[0023] In other embodiments, the method can further include passing light from the plurality
of image channels through a multiplexing assembly positioned at an entrance pupil or
aperture stop of the imager. Alternatively, the method can include passing light from the
plurality of image channels through a multiplexing assembly positioned proximate to an

entrance pupil or aperture stop of the imager.

[0024] As noted above, a number of different optical elements can be employed to multiplex
light. Accordingly, in some embodiments the method can further include passing light from
the plurality of image channels through at least one reflective optical element. In other
embodiments, the method can include passing light from the plurality of image channels
through at least one refractive optical element. And, in embodiments where at least one
refractive optical element is employed, the at least one refractive optical element can be
achromatic. Examples include achromatic prisms, apochromatic prisms, and super-

achromatic prisms.

[0025] Many other variations and combinations of the aspects and embodiments described
above are also possible and considered within the scope of the present disclosure. The
various aspects, embodiments, and features of the invention described herein can be
combined in many ways, and the listing provided above should not be considered exhaustive

or limiting.



WO 2016/154470 PCT/US2016/024075
BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The aspects and embodiments of the invention described above will be more fully
understood from the following detailed description taken in conjunction with the

accompanying drawings, in which:

[0027] FIG. 1A is a schematic illustration of one embodiment of an imaging device

according to the teachings of the present disclosure;

[0028] FIG. 1B is a schematic illustration of an alternative embodiment of the imaging

device of FIG. 1A;

[0029] FIG. 2 is an illustration of mathematical relationships when dividing a pupil area of

an optical system imaging a field of view;

[0030] FIG. 3A is a schematic illustration of one embodiment of an optical design for an
imaging device, including placement of a multiplexing assembly in front of an aperture stop

of the device;

[0031] FIG. 3B is a cross-sectional illustration of the light incident on the multiplexing
assembly of FIG. 3A;

[0032] FIG. 4A is a schematic illustration of an alternative embodiment of an optical design
for an imaging device, including placement of a multiplexing assembly at an aperture stop of

the device;

[0033] FIG. 4B is a cross-sectional illustration of the light incident on the multiplexing
assembly of FIG. 4A;

[0034] FIG. 5A is a schematic illustration of another embodiment of an optical design for an
imaging device, including placement of a multiplexing assembly at an entrance pupil of the

device;

[0035] FIG. 5B is a cross-sectional illustration of the light incident on the multiplexing
assembly of FIG. 5A;

[0036] FIG. 6 is a perspective, partially transparent view of an alternative embodiment of an

imaging device according to the teachings of the present disclosure;
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[0037] FIG. 7 is a schematic illustration of the imaging device of FIG. 6;

[0038] FIG. 8 is a perspective view of one embodiment of a multi-faceted monolithic

structure for optically multiplexing multiple light channels;

[0039] FIG. 9 is a perspective view of an another embodiment of an imaging device

according to the teachings of the present disclosure;
[0040] FIG. 10 is a schematic illustration of the imaging device of FIG. 9;

[0041] FIG. 11A is a top view of one embodiment of an imaging device according to the

teachings of the present disclosure;
[0042] FIG. 11B is a perspective view of the imaging device of FIG. 11A; and

[0043] FIG. 12 is a schematic illustration of one embodiment of an encoding system for

multiplexing and disambiguating multiple light channels.
DETAILED DESCRIPTION

[0044] Certain exemplary embodiments will now be described to provide an overall
understanding of the principles of the devices and methods disclosed herein. One or more
examples of these embodiments are illustrated in the accompanying drawings. Those skilled
in the art will understand that the devices and methods specifically described herein and
illustrated in the accompanying drawings are non-limiting exemplary embodiments and that
the scope of the present invention is defined solely by the claims. The features illustrated or
described in connection with one exemplary embodiment may be combined with the features
of other embodiments. Such modifications and variations are intended to be included within
the scope of the present invention. Further, in the present disclosure, like-numbered
components of the embodiments generally have similar features, and thus within a particular
embodiment each feature of each like-numbered component is not necessarily fully
elaborated upon. Additionally, to the extent that linear or circular dimensions are used in the
description of the disclosed systems, devices, and methods, such dimensions are not intended
to limit the types of shapes that can be used in conjunction with such systems, devices, and
methods. A person skilled in the art will recognize that an equivalent to such linear and

circular dimensions can easily be determined for any geometric shape.
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[0045] FIGS. 1A and 1B illustrate one embodiment of an imaging device 100 that
multiplexes multiple channels of light for simultaneous collection by a single imager 106 that
includes an image sensor and at least one optical element 107 to focus light on the sensor.
The multiple channels of light can be directed to different portions 102, 104 of an extended
field of view (as in FIG. 1A), or can be directed to the same portion of a field of view 102
from different perspectives (as in FIG. 1B). Of course, any combination of the two is
possible as well, i.e., the portions 102, 104 of the extended field of view being imaged can be
different, can be the same, or can overlap by any amount. Capturing different portions of an
extended field of view can allow imaging of the extended field of view using only a single
imager 106, while capturing overlapping portions of an extended field of view from different
perspectives can allow stereo imaging or 3D imaging using the single imager 106. The
multiplexing design of the imaging device 100 is realized through the use of a multiplexing
assembly 108 placed at or near a pupil plane (e.g., an entrance pupil) or aperture stop of the
imaging device 100. The use of a single imager 106 (i.e., a single imaging sensor) for all
field of view channels ensures homogeneous image quality and proper registration between
the channels. The multiplexing assembly 108 can have a variety of configurations, as
described in detail herein, but in some embodiments can include a monolithic multi-faceted
reflector 109 that can maximize the available pupil area for each field of view channel and
can divide the pupil area into a number of continuous sub-pupil regions that are each directed
to different regions of the wide field of view by reflection from different reflective facets of
the monolithic reflector 109 and/or additional reflective elements, such as fold mirrors 110,
112. As is explained in more detail below, in other embodiments the multiplexing assembly
can include an array of independently supported sub-aperture mirrors or achromatic refractive

elements (e.g., achromatic prisms) rather than a single monolithic faceted reflector.

[0046] Placement of the multiplexing assembly 108 at or near a pupil plane of the imager
106 can minimize its volume (and therefore the size of the device 100) and provide the most
uniform image plane irradiance for each imaged field of view 102, 104 (i.e., provide imaging
with zero vignetting or other distortion). Ideal placement of the multiplexing assembly 108
can be achieved by incorporating one or more optical elements 107 into the imager 106 that
provide an external entrance pupil or aperture stop at which the multiplexing mirror assembly

can be positioned (as described in more detail below).

-10-
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[0047] The imaging device 100 can also include optical or mechanical encoders 114, 116
that encode the channels of light being imaged prior to their detection by the imager 106. A
number of different encoding techniques can be utilized, as explained in more detail below,
including rotation of each field of view image, shifting of each field of view image. periodic
amplitude attenuation of light from each channel, and through methods of imparting a unique
code to each field of view image, for example through altering the point spread function, to
uniquely encode each channel in a known manner. Point spread function alteration can be
accomplished by imparting a phase shift, aberration, or diffraction effect to the entire
intensity or to specific wavelengths or polarization states. Encoding can be accomplished
with specific elements external to the multiplexing assembly, such as encoders 114 and 116,
or by applying encoding features to surfaces in the multiplexing assembly 108 (e.g., surfaces
of the monolithic reflector 109 or fold mirrors 110, 112), the one or more optical elements
107 of the imager 106, or any other supplemental optical elements included in the device.
The coding added to each imaged portion 102, 104 of the extended field of view prior to
capture by the imager 106 can be used to disambiguate the individual images of the portions
102, 104 of the extended field of view from the multiplexed image captured by the sensor of
the imager 106. In some embodiments, disambiguation can be carried out using a digital data
processor 118 coupled to the imager 106. The digital data processor 118 can be coupled to a
digital data store 120 that can be used to archive captured images of the extended field of
view. The multiplexed image captured by the imager 106, or the disambiguated images of
the portions 102, 104 of the extended field of view, can be displayed to a user using a display
122 coupled to, or otherwise in communication with (e.g., wirelessly, etc.), the digital data

processor 118.

[0048] There are a number of possible optical designs of the imaging device 100, but in
general it can be desirable to place the multiplexing assembly 108 at, or near to, an entrance
pupil, pupil plane, or aperture stop of the device. The entrance pupil is the image of an
aperture stop as seen from a point on an optical axis 202 in front of a optical element or other
lens system 107 used to focus light onto the sensor of the imager 106. FIG. 2 illustrates some
basic mathematical relationships with regard to a chief ray 204 passing through the aperture
stop 206 of the lens system 107 and intersecting a plane a distance Z along the optical axis
202 at a height h extending perpendicular to the optical axis when imaging an angular field of
view 0. The intersection height h represents the lateral offset of the center of the beam

footprint from the optical axis 202 for a field of view angle 6. In other words, for a

-11-



WO 2016/154470 PCT/US2016/024075

multiplexing assembly located a distance Z from the pupil or aperture stop, the center of the
beam footprint for each field of view angle 6 intersects the multiplexing assembly at a height
h. As the height h increases relative to the size of a pupil-dividing mirror or prism element in
the multiplexing assembly, image irradiance non-uniformities increase due to non-uniform
division of the pupil area with channel as a function of field of view angle 0. In other words,
channel-dependent vignetting occurs when the multiplexing assembly is located remotely
with respect to a pupil plane or aperture stop. In order to minimize these image non-
uniformities, the optical design can be selected such that Z is zero (e.g., by using a pupil relay
as described below in connection with FIGS. SA-5B) or by placing the multiplexing
assembly 108 at the aperture stop (e.g., as described below in connection with FIGS. 4A-4B).
If Z is a non-zero value, the field of view 6 will generally have to be kept small to keep the
value h small relative to the size of a pupil-dividing mirror or pupil element in the
multiplexing assembly (e.g., as described below in connection with FIGS. 3A-3B). In some
embodiments, the values of Z and 6 are selected or controlled in combination according to the
mathematical relationship in FIG. 2 to produce a known value of h for the purpose of
producing a known image irradiance uniformity across a field of view of each channel of the
multiplexed image. The value of h ranges between zero and an upper limit determined by the
size of the beam footprint as a function of field of view angle and the geometry of the
multiplexing assembly. When h is sufficiently large to prevent the intersection of the beam
footprint for any angle within the field of view with any pupil-dividing element in the
multiplexing assembly, the image irradiance falls to zero for those field of view angles in the
respective multiplexed channels. Thus, the image is not considered multiplexed for those
field of view angles in those channels because the pupil area is either directed entirely into
different channels or extinguished. Those skilled in the art will understand that the
acceptable ranges of values for h, Z, and 6 will depend on the size of the pupil of the optical
system 107, its aberrations, the geometry of the pupil-dividing multiplexing assembly, and
the system-level requirements for image irradiance uniformity within the multiplexed channel
images. Modifications and variations of these values are considered to be within the scope of

this disclosure.

[0049] By way of further explanation, consider an exemplary system-level requirement that
the relative image irradiance within a single channel may vary by no more than 50%. In
other words, in a single de-multiplexed channel the ratio of the darkest point in the image to

the brightest point in the image should be greater than or equal to 0.5. This sort of
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requirement may stem from a top-level requirement, such as camera sensitivity. Also
consider a four-channel multiplexing assembly geometry (similar to assembly 108) that
divides a circular pupil into 4 equal wedge-shaped quadrants that are oriented in rotation such
that the centers of the quadrants fall at 45°, 135°, 225°, and 315° with respect to the pixel
array in the sensor 106. Next consider an imaging lens system 107 and sensor 106 that
together produce a square field of view of 20°x20° and a circular entrance pupil with a
diameter of 10 mm. Together these parameters may be used to determine the maximum
distance Z that the multiplexing assembly may be placed with respect to the entrance pupil or
aperture stop of the lens. This calculation may be made analytically, or more easily using
computer aided optical design software to compute the relative area of the imaging beam
intersecting each quadrant of the multiplexing assembly as a function of field of view 0. The
maximum field of view of this system is at the corners of the 20°x20° field of view, which is
a half-angle 6 14.14° along the diagonal. In the described geometry the corners of the field of
view will suffer the maximum image irradiance non-uniformity, which is used to determine
the maximum distance Z. As Z increases, the intersection of the beam footprint shifts to a
value h causing the beam footprint to fall predominantly on one quadrant of the multiplexing
assembly while decreasing the beam area intersecting the opposing quadrant. This has the
effect of producing a bright corner and a dark corner in the de-multiplexed image. Using
optical design software, one can easily compute that, at the maximum field of view angle of
14.14°, a Z value of approximately 3.8 mm places 34% of the beam footprint area on one
quadrant and only 17% on the opposing quadrant, giving a ratio of 0.5 in image irradiance.
Thus, in this numerical example, the value for Z must be controlled to be less than 3.8 mm.
In this example, the beam footprint was assumed to have a constant shape for all field of view
angles, but in general it may change by an effect known as pupil aberration, which can be
analyzed using known optical design software. Optical systems vary widely and have
aperture sizes that range from less than a millimeter to many meters, and fields of view that
range from less than 1 degree to beyond 180 degrees. Accordingly, a wide variation is
possible in the values for Z, h, and 6 in FIG. 2. Any variation of the parameters in this
example will produce a different Z value and these variations are considered to be within the
scope of this disclosure. Additionally, in this example the value of Z was constrained by
other known parameters; however, Z could have also been constrained to limit a maximum
field of view angle, pupil size, or multiplexing geometry to satisfy the image uniformity

requirement.
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[0050] As noted above, FIG. 3A illustrates one embodiment of an optical design for the
imaging device 100 in which an aperture stop 302 of the lens system 107 is positioned
between the multiplexing assembly 108 and the imager 106. In some embodiments, the
multiplexing assembly 108 can include a plurality of mirror or achromatic prism elements
that divide a pupil area into a number of continuous sub-pupil channels that are directed to
the same or different positions in the observed scene. Light from an extended field of view
(as shown by demonstrative light rays 301) is optically multiplexed by the mirror or
achromatic prism elements in the multiplexing assembly 108 into the lens system 107. The
lens system 107 (which can include the single lens shown at the aperture stop 302, or a series
of lenses and/or mirrors as known in the art) can direct the light onto the sensor of the imager
106 (as shown by demonstrative light rays 303). In such an embodiment, the position of the
multiplexing assembly 108 and field of view of the system can generally be sufficiently
restricted to limit the displacement of the beam footprint at the multiplexing assembly, as
noted above. As shown in FIG. 3B, displacement of the beam footprint projection at the
multiplexing assembly 108 can cause multiplexing non-uniformities that can degrade the
image illumination uniformity and resolution. Beam projection displacement is shown by the
misaligned projection circles 304, 306, 308 in FIG. 3B. This displacement causes a variation
in the pupil area multiplexed into each sub-pupil channel as a function of angle within the
extended field of view that is carried from the multiplexing assembly 108 to the imager 106

via the rays 301 and 303.

[0051] FIG. 4A illustrates an alternative embodiment of an optical design for the imaging
device 100 in which the multiplexing mirror assembly 108 is positioned at the aperture stop
402 of the lens system 107 in front of both lens 403 and imager 106. This arrangement, by
definition, co-registers the beam footprints on the surface of the multiplexing assembly, as
shown by the aligned projection circles 404 of FIG. 4B. As noted above, the multiplexing
assembly 108 can optically multiplex any light incident thereon and direct it into the lens
system 107 (as shown by demonstrative light rays 406). The lens system 107 can then direct
the light to the sensor of the imager 106 (as shown by demonstrative light rays 408).

[0052] FIG. 5A illustrates still another alternative embodiment of an optical design for the
imaging device 100. In the design of FIG. 5A, the aperture stop 502 is positioned within the
lens system 107 and lenses (or groups of lenses and/or mirrors) 504, 506 are used to create an

entrance pupil 508 that is in front of the lens system 107. Such an arrangement can be
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referred to as a reimaging or pupil relay design, and the effect is to relay the image of the
internal aperture stop 502 to the location of the entrance pupil 508 in front of the lens system
107. The multiplexing assembly 108 can be positioned at the entrance pupil 508, which
causes the projection beam footprints to overlap for uniform multiplexing, as shown by the
aligned projection circles 510 of FIG. 5B. As with the embodiments of FIGS. 3 and 4, the
multiplexing assembly 108 can optically multiplex light incident thereon and reflect it onto
the lens system 107 (as shown by demonstrative light rays 512). The lenses 502, 506, of the
lens system 107 can direct the light onto the imager 106 (as shown by demonstrative light
rays 514 and 516). In other embodiments, the multiplexing assembly may be placed near the

entrance pupil in a similar arrangement.

[0053] Of course, the multiplexing assemblies depicted in FIGS. 3A, 4A, and 5A are merely
a notional and exemplary representation. The scope of the present disclosure is considered to
encompass multiplexing assemblies consisting of a monolithic faceted reflective element, a
plurality of discrete reflective elements, and a plurality of discrete achromatic refractive
elements (e.g., achromatic prisms) that may be tilted and/or shifted with respect to an optical

axis of the lens system 107.

[0054] FIG. 6 illustrates one embodiment of an imaging device 600 that utilizes the optical
design of FIGS. SA-5B. The device 600 includes a reimaging telescope 602 that includes an
image sensor 603 and a lens system 605 configured to create an entrance pupil in front of the
reimaging telescope. The device 600 further includes a multiplexing assembly 604
positioned at the entrance pupil in front of the telescope 602. Placing the multiplexing
assembly 604 at this position (or proximate thereto) can help minimize the overall size of the
device 600. The overall dimensions of the device can vary based on the size of its
components and particular lens system 605, but in some embodiments the distances between
the entrance pupil (shown by the position of the multiplexing assembly 604) and the imaging

sensor 603 are designed by the considerations described above in connection with FIG. 2.

[0055] The multiplexing assembly 604 can include a monolithic reflector 606 having a
plurality of reflective facets, as described in more detail below. A plurality of additional
reflective elements 608 (e.g., fold mirrors) can be arranged around the monolithic reflector
606 so as to reflect light 610 from various different or overlapping portions of an extended
field of view onto each of the facets of the monolithic reflector. The monolithic reflector 606

can be configured to optically multiplex light of a same spectrum incident on each facet
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thereof and direct the multiplexed image to the reimaging telescope 602. The lens system
605 of the reimaging telescope 602 then directs the multiplexed image to the imaging sensor
603, where it can be captured for later disambiguation or other analysis using, e.g., digital
data processor 118. Note that the monolithic reflector 606 and lens system 605 are
configured such that light from each facet (e.g., each image channel) forms an image on the
sensor 603 that fills a focal or image plane of the sensor, meaning that the image formed by

light in each image channel overlaps with images formed by light from other image channels.

[0056] Use of a monolithic reflector 606 with sharp transitions between the facets can be an
energy efficient method for dividing a pupil area. In another embodiment, however, the
facets can be replaced by individually supported discrete mirror elements or achromatic
refractive elements, such as achromatic prisms. Such a variation is considered within the
scope of the present disclosure, along with any other variations that accomplish the division

of a pupil area into a plurality of continuous sub-pupil elements.

[0057] FIG. 7 illustrates a schematic view of the imaging device 600. As shown in the
figure, light 610A from a first portion of an extended field of view (i.e., a first image channel)
is reflected onto a first facet 702 of the monolithic reflector 606 via a first reflective element
608A and light 610B from a second portion of the extended field of view (i.e., a second
image channel) is reflected onto a second facet 704 of the monolithic reflector via a second
reflective element 608B. The monolithic reflector 606 optically multiplexes the light 610A
and 610B (without filtering it based on color, etc.) and directs it to the reimaging telescope
602 such that light 610A and 610B both form images on an image sensor. The images
formed by light 610A and 610B both fill a focal plane of the sensor and overlap one another.
As is clear from FIG. 6, the device 600 can simultaneously multiplex light of a same
spectrum from a plurality of portions of the extended field of view, i.e., any number of facets
of the reflector 606, it need not be limited to the two portions illustrated in FIG. 7. In another
embodiment, elements in the multiplexing assembly 604 may be arranged to direct the
incoming light 610A, 610B from the same portion of the extended field of view or object
point into the lens system 602. In such an embodiment, the imaging device 600 may be used
to provide stereo imaging or 3D imaging because the particular portion of the extended field
of view or object point is observed from different perspectives. The baseline separation
dictating the parallax of near objects is dictated by the arrangement of the multiplexing

assembly. In yet another embodiment, the multiplexing assembly 604 can be arranged to
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direct the incoming light 610A, 610B into the lens system 602 from a plurality of overlapping
portions of an extended field of view wherein the registration difference between each
channel of the multiplexed image is a known sub-pixel value. This allows each of the
multiplexed channels to image the scene with a different known shift between the sampling
array of the sensor and the object space. In such an embodiment, super-resolution techniques
can be applied in the processer 118 to produce a super-resolved de-multiplexed image in
which the effective instantaneous field of view (or angular sampling) of each pixel is
decreased. These various embodiments can apply to any configuration of a multiplexing
assembly, whether it is reflective or refractive in nature, monolithic or distributed, with any
imaging lens prescription and proximity of the multiplexing assembly to the pupil or aperture
stop, and arranged in any geometry with respect to the optical axis of the imaging lens 602.
Such variations on the disclosed embodiments are considered to be within the scope of the

invention.

[0058] Further, one or more beam-directing elements (e.g., reflective elements 606 and 608)
can be utilized to direct light into the imaging lens 602. One or more of the elements can be
steerable along one or more axes for any of the following purposes (a) to select the position
of a portion of an extended field of view that is imaged, (b) to shift or rotate the image by a
known angle, and (c) to affect the anamorphic geometric distortion caused by prism-based
multiplexing elements. Given that each element 608 (or chain of elements) can be
independently controlled, the portions of the extended field of view that are simultaneously
multiplexed and imaged can be adjacent to one another, separated from one another,

overlapping to any degree, or any combination thereof.

[0059] FIG. 7 also illustrates potential positions of an optical encoder 706 that can be used to
encode a portion of the extended field of view being imaged prior to its capture by an image
sensor. Optical encoding can be performed at any reflective or transmissive surface in the
multiplexing assembly 702 or in the imaging lens 602, or by placing a transmissive or opaque
member in a number of locations. For example, an optical encoder 706A can be positioned in
front of the reflective element 608A, between the reflective element 608A and the monolithic
reflector 606 (as shown by encoder 706B), or between the monolithic reflector 606 and the
reimaging telescope 602 (as shown by encoder 706C). Further, in embodiments that utilize a
pupil relay (including the embodiment illustrated in FIG. 7) or a design having an internal

aperture stop, encoding can be applied at the location of the stop itself or at any intermediate
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pupil location (as shown by encoder 706D). It should be appreciated that any one of the
illustrated encoders 706A, 706B, 706C, 706D can effectively encode a channel carrying light
from a portion of the extended field of view before it is captured by an image sensor, and
each of the illustrated encoders need not be used in combination with one another. Further,
any of the encoders 706 A-D can also be included at any of the disclosed locations relative to
the light 610B from the second portion of the extended field of view. The inclusion of
encoders is not necessary in all situations. As described in more detail below, in some
embodiments disambiguation of a multiplexed image can be accomplished without any form

of encoding.

[0060] FIG. 8 illustrates one embodiment of a monolithic reflector 802 in greater detail. As
noted above, the reflector 802 can have a plurality of reflective facets 804, 806, 808 that can
receive light from different portions of an extended field of view or from overlapping
portions of the extended field of view observed from different perspectives. Each facet 804,
806, 808 of the monolithic reflector 802 can be matched to a beam-directing element (e.g.,
one of the reflective members 608) such that light from different portions of the extended
field of view is directed onto each facet 804, 806, 808, thereby forming the plurality of light
channels that are multiplexed. The monolithic reflector 802 can be shaped such that it
simultaneously and optically multiplexes light of a same spectrum incident on any facet 804,
806, 808 thereof and directs the multiplexed light toward an image sensor (e.g., sensor of
imager 106, reimaging telescope 602, etc.). The angle of each facet of the reflector defines
the field of view that is multiplexed into the imaging lens. By the law of reflection, a mirror
tilted at an angle ¢ with respect to an incident light ray deviates the ray by 2¢. Thus, the
facet angles are selected according to the field of view of a single channel and the desired
field of view coverage for the multiplexed imaging system. The angles of each facet, along
with the geometry of any subsequent elements in the multiplexing assembly, may also be
used to control the rotation of the multiplexed images with respect to the imaging sensor or
scene geometry. While three facets 804, 806, 808 are visible in the figure, other facets are
not visible and, in other embodiments, the number of facets can be varied based on, at least in
part, the size of the system and the number of portions of the extended field of view to be
multiplexed. In yet other embodiments, some facet areas may be cut away to allow light to
bypass the multiplexing assembly entirely or to be directed by different elements of the
multiplexing assembly, e.g., facet-shaped hole 803 passing through the reflector 802. The

various beams of light incident on the facets of the monolithic reflector 802 can be
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immediately adjacent one another and need only be separated enough to avoid overlapping if
additional channel-dependent elements are used in the multiplexing assembly. In practice,
the monolithic reflector 802 often has 10 or fewer facets, as a higher number of facets can
reduce the surface area of each facet available to receive light, thereby compromising image

irradiance and resolution.

[0061] The monolithic reflector 802 can be formed from a variety of materials and can have
a number of different shapes and sizes. As shown in the figure, in some embodiments the
monolithic reflector 802 can have a base surface 802A, a projecting middle portion 802B, and
a multi-faceted upper portion 802C. The reflector 802 can be positioned such that the upper
portion 802C points toward the lens system 107, and light from the reflective elements 110,
112 can be directed to facets 804, 806, 808 of the upper portion. The shape of the reflector
802 can multiplex, or combine, the light incident on each facet 804, 806, 808 and reflect it
toward the lens system 107 and imager 106. The shape of the monolithic reflector 802 and its
facets 804, 806, 808 can be configured to maximize the available pupil area for each channel
or portion of the extended field of view being imaged. In some embodiments, each facet of
such a monolithic reflector 802 can have a surface area to capture 1/N of the pupil area of the
imaging light where N is the number of multiplexed channels. The facet area is sized to
accommodate 1/N of the pupil area of the imaging lens plus any shift of the beam footprint
across the field of view caused by remotely locating the multiplexing assembly with respect
to the pupil or aperture stop, or caused by tilting the individual facets with respect to the
optical axis. The devices and methods of this disclosure can apply to many types of optical
systems used for many applications, which means the surface area of each sub-pupil facet can
range from a small fraction of a square millimeter for compact imaging systems (e.g., mobile
device cameras) up to many square meters for large optical systems (e.g., ground-based
telescopes). The interfaces between the facets 804, 806, 808 of the monolithic reflector 802
can be sharp (i.e., so-called knife-edge facets) such that a minimal amount of light is lost in
the transition between adjacent facets. This geometry also has the benefit of minimizing
thermal self-emission (i.e., background noise) from the monolithic reflector 802, which can
make the reflector particularly suited for use with sensitive infrared image sensors.
Additionally, the use of a monolithic pupil-dividing multiplexing element may simplify the
mechanical mounting of the optic. Still further, the shape of the monolithic reflector 802 and
its facets 804, 806, 808 can impart unique rotation, shift, or other modification to the image

formed by each sub-pupil channel. This rotation, shift, or other modification can be utilized
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to encode the particular field of view (i.e., portion of the extended field of view) being
reflected onto a particular facet of the reflector 802, as described in more detail below. In

such an embodiment, separate optical encoders may not be necessary.

[0062] The monolithic reflector 802 (and, more generally, any mirror, achromatic prism, or
other optical element in the multiplexing assembly) can be formed from a variety of different
materials capable of reflecting light in the manner described above. In some embodiments,
for example, the monolithic reflector 802 can be formed from metals such as aluminum,
titanium, beryllium, stainless steel, invar (a nickel-iron alloy), and others, or it may be formed
by engineered composite materials, polymer materials, low coefficient of thermal expansion
glasses such as PYREX® (low thermal expansion borosilicate glass made by Corning
Incorporated), ULE® (ultra low expansion glass made by Corning Incorporated), fused silica,
or by other optical-graded glasses. In other embodiments it can be formed by any number
infrared crystalline materials such as ZnS, ZnSe, Ge, Si, GaAs, CaF2, MgF2, or by various
amorphous infrared materials such as ALON® (aluminum oxynitride made by Surmet
Corporation), spinel (magnesium aluminum oxide), or chalcogenide glasses, or it may be
formed by combinations of materials that may be plated or coated with thin films to enhance
their ease of fabrication or reflective/transmissive properties. The monolithic reflector 802
can also have a variety of different sizes, depending on the size of the device, its lens system,
and image sensor. In certain embodiments, the monolithic reflector 802 can have a height H'
and diameter D’ ranging from a fraction of a millimeter to several meters, depending on the

lens system.

[0063] FIGS. 9 and 10 illustrate an alternative embodiment of an imaging device 900 that
utilizes a different multiplexing assembly 902 to simultaneously multiplex light from various
portions of an extended field of view, or light from the same portion of the field of view
observed at different perspectives, into a single image captured by an image sensor within a
camera 916. As shown in FIG. 9, the device 900 can include a lens assembly 918 that directs
the multiplexed image from the multiplexing assembly 902 to the camera 916. In FIG. 9, the
multiplexing assembly 902 is depicted as having a single reflective element for each channel
and the multiplexing assembly may be monolithic or it can include a plurality of individually
supported discrete optical elements. The single reflective element of the multiplexing
assembly 902 includes a number of facets 904, 906, 908, 910, 912, 914 that each collect light

from the extended field of view being imaged and define a different channel to be
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multiplexed by the multiplexing assembly. As mentioned above, the multiplexing assembly
902 can be configured to multiplex a same spectrum of light incident on each facet 904, 906,
908, 910, 912, 914 such that the images produced by the various channels fill a focal plane of

the camera 916 and each channel image overlaps one another at the focal plane of the camera.

[0064] FIG. 10 illustrates the operation of the imaging device 900. Light 1000A from a first
portion of an extended field of view is incident on a first facet 904 of the multiplexing
assembly 902. Similarly, light 1000B from a second portion of the wide field of view is
incident on a second facet 906 of the multiplexing assembly 902. The multiplexing assembly
902 1s a single reflective element configured to simultaneously optically multiplex light of a
same spectrum incident on its plurality of facets 904, 906 (and 908, 910, 912, and 914, as
shown in FIG. 9, though the number of facets can vary in different embodiments) and direct
that light to the lens assembly 918 and camera 916. Similar to the imaging device 600
described above, one or more optical encoders 1002 can be positioned before or after the
multiplexing assembly 902 to encode light reflected from each of the facets of the
multiplexing assembly. In some embodiments, for example, the optical encoders 1002 can be
a transmissive or opaque member applied to the multiplexing assembly facet itself, or placed
in close proximity thereto. In other embodiments, the aberrations of the imaging lens 906 are
sufficient to provide unique encoding to the optical system. For example, spherical
aberration, defocus, or other aberrations might be used to create a point spread function at the

image sensor of the camera 916 that is different for each channel.

[0065] It should be appreciated that the multiplexing assembly 902 can be steerable along
one or more axes to allow the selection of various portions of the extended field of view for
imaging. However, the multiplexing assembly 902 has less freedom than the multiplexing
assembly 604 because it is composed of a single reflective element with static relationships
between its various facets. For example, in some embodiments each adjacent facet (e.g.,
facet 904 and 906) of the multiplexing assembly 902 can be angled such that they are exactly
one field of view apart (e.g., 15° apart from one another in one embodiment). In such an
embodiment, the general position of the multiplexing assembly 902 can be set, but the facet
904 will always image a portion of the extended field of view that is offset from the portion
of the extended field of view imaged by the facet 906 by a set amount if the mirror assembly
is monolithic. In an embodiment with independently supported discrete multiplexing

elements, the field of view relationship between the channels may be variable. Still further,
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even with a monolithic multiplexing assembly, additional beam-directing elements, such as
elements 608 discussed above, can be included to allow greater freedom in selecting the

portions of the extended field of view that will be imaged on each channel.

[0066] In another embodiment illustrated in FIGS. 11A and 11B, an imaging device 1100
can include a multiplexing assembly 1102 that includes pupil-dividing achromatic prism
elements 1104 and 1106. Each sub-pupil channel (that collects light from a particular portion
of an extended field of view) can be multiplexed into the imaging lens 1108 using an
achromatic prism pair. The wedge and tilt angles utilized, and materials of the individual
prisms, can be selected to produce a known wavelength dispersion and geometric image
distortion for light passing therethrough. Each of the two prism elements 1104, 1106 can be
constructed from a different optical material such as glasses, optical polymers, and infrared
crystals. The achromatic prism pair may include a low dispersion material sometimes
referred to as a crown and a high dispersion material sometimes referred to as a flint. The
low dispersion element can provide an excessive amount of beam deviation and the high
dispersion element can provide a lesser amount of beam deviation in the opposite direction to
impart negative dispersion into the wavelength spectrum. If the end result of this
arrangement deviates two wavelengths at the same angle with a reduced amount of angular
dispersion for the intervening wavelengths, the prism can be said to be achromatic. One
skilled in the art will recognize that additional prisms or prisms with supplemental diffraction
gratings (known as grisms) may be used to achieve this achromatic correction, or a condition
where 3 or more wavelengths are deviated at the same angle, which is sometimes referred to
as apochromatic or super-achromatic. These variations are considered to fall within the
definition of achromatic prisms as used herein. In the illustrated embodiment, two prism
elements are used in the multiplexing assembly, though other embodiments can contain
additional prisms and/or mirrors to further control the deviation, dispersion, distortion, and
image rotation of the sub-pupil channels. Further, an encoder element 1110 can be placed
between the multiplexing assembly 1102 and the imaging lens 1108 near the location of the
aperture stop of the system. The encoder element 1110 can impart any form of phase shift or
attenuation to the incoming channels, which can be used to identify the light from a particular

channel during the disambiguation process, described in more detail below.

[0067] Multiplexing images of a plurality of portions of an extended field of view in the

manner described above produces a non-standard image at the image sensor (i.e., imager 106,
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camera 916, etc.). FIG. 12 illustrates a notional example of how an extended field of view
1102 might be expressed as a multiplexed image 1104 captured by an image sensor. The

multiplexed image 1104 can have a size and aspect ratio that matches the resolution of the
image sensor, even though the information contained in the image represents the extended

field of view 1102 that has a much higher resolution and different aspect ratio.

[0068] The multiplexed image 1104 can be created optically using the multiplexing
assemblies described above. Disambiguation of the multiplexed image into the plurality of
de-multiplexed images 1106A-E, however, is typically accomplished computationally using
a digital data processor coupled to the image sensor that captures the multiplexed image
1104. To separate the information contained in the multiplexed image 1104 into the various
de-multiplexed images 1106A-E, information unique to, or encoded into, each portion of the

field of view can be utilized.

[0069] As mentioned above, optical encoders 114, 116 can encode each channel multiplexed
into the lens system in a unique manner such that the encoding can be utilized to
disambiguate a multiplexed image. For example, the optical encoders 114, 116 can any of (a)
rotate a channel image by a specific amount, (b) shift a channel image by a specific amount,
(c) periodically attenuate light from each channel or a subset of channels, and (d) encode a
point spread function by any of (1) imparting a unique optical phase or diffraction effect to
the light from each channel, (2) spatially dividing a wavelength spectrum of light at the focal
plane to form a wavelength encoded points spread function, and (3) spatially dividing a
polarization state of light at the focal plane to form a polarization encoded points spread
function. It should be noted that spatially dividing a wavelength spectrum of light at the focal
plane accomplishes, in effect, a blurring of the image in a wavelength-dependent manner.
This is distinct from certain efforts in the prior art to multiplex images using color
differences. Such designs overlay images at different wavelengths, limiting the wavelength
of each image. The devices and methods describes herein have an advantage over such
designs in that a same spectrum of light (e.g., the full spectrum visible to the image sensor)

can be captured in each image channel.

[0070] By way of further example, one method for disambiguating a multiplexed image can
be referred to as Point Spread Function (PSF) engineering. In PSF engineering, each channel
of the multiplexed image can be spatially encoded by unique spatial blurring or other

alteration in a purposeful and unique manner. When viewing the multiplexed image 1104,
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any objects that exhibit the particular type of alteration used can be determined to come from

a particular channel or portion of the extended field of view.

[0071] For example, the point spread function of channel 1206C may be encoded such that
an object point from this channel appears as a horizontal line in the multiplexed image 1204.
The other channels may have encoded point spread functions that produce lines at different
orientations in the multiplexed image 1204. Thus, the star shaped object in the multiplexed
image would appear horizontally streaked and other objects would appear streaked at
different angles. The digital data processor would then interrogate the multiplexed image
looking for objects streaked at different known orientations. The digital data processor would
observe a horizontal streaking of the star shaped object in the multiplexed image 1204 and
associate that with the known PSF of channel 1206C and place the star shaped object in the
corresponding region of the recovered image. In this example the method of PSF encoding
was a simple line, however any distribution of PSF intensity may be used for PSF encoding.
For example, the PSF encoding can include a set of 2 or more points arranged uniquely in
each channel or a more sophisticated distribution pattern. Further, the light intensity
corresponding to each point in the encoded PSF may result from the full wavelength
spectrum and polarization state of the light, or different points in the encoded PSF may

correspond to different portions of the waveband or specific polarization states.

[0072] Another exemplary method for encoding and disambiguating a multiplexed image is
to periodically attenuate the transmission of light from each channel, or from a subset of
channels in the multiplexed image. This method, known as shuttering if 100% attenuation is
used, can reveal which channel contains a certain object by comparing frames of the
multiplexed image. Objects that partially or fully disappear when a first channel is attenuated
and reappear when a second channel is attenuated can be determined to come from the first
channel. Likewise, a sub-set of the plurality of channels may be simultaneously attenuated in
a known manner to determine the object location from observing a known sequence of image

modulation in a sequence of measured frames of the multiplexed image.

[0073] In still another exemplary method for encoding and disambiguating a multiplexed
image, each channel or portion of an extended field of view being imaged can be rotated
relative to the others. Observation of platform or scene movement in the image can then be
used to reveal which image channel contains a particular object. For example, imagine a

situation where there is relative motion between the imaging device and the scene that causes
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a known shift between captured images. This may occur by mounting the imaging system on
a moving platform that observes a stationary scene such as an aircraft observing the ground,
or it may occur in a stationary imaging system observing a moving scene such as a sensor
observing vehicles passing on a highway, or it may occur by scanning the entire imaging
system at a known angle across a fixed scene. Observation of the trajectory of different
objects passing through the multiplexed image can be used to associate those objects with the
correct channel. For example, if a known relative scene motion were to cause objects in non-
rotated images to translate through the multiplexed from left to right, a 90 degree counter
clockwise rotation of the image of channel 1206A would cause the objects in that channel to
translate from bottom to top through the multiplexed image. Those objects could then be
associated with channel 1206A by its known image rotation. Further, the scanning described
above is not limited to uniform scanning of all channels simultaneously and cases of rotated
channel images. The scanning described above can be applied to individual channels or to
groups of channels by steering elements in the multiplexing assembly for the purpose of
shifting objects in the steered channels by a known amount in the multiplexed image.
Correlation between observations of the shifted objects in the multiplexed image and the

known shift values may then be used to disambiguate the multiplexed image.

[0074] There are differences between the various types of encoding and disambiguation
described above. For example, the PSF engineering method can capture all information
about a scene in a single frame, whereas the field of view rotation, shifting, and attenuating
methods can require comparing several different frames to piece together complete
information. For this reason, PSF engineering can provide great advantages of speed, as
disambiguation of the multiplexed image is limited only by the capabilities of the digital data
processor analyzing the multiplexed image. However, devices using the channel rotation,
shifting, or attenuation methods for disambiguation can still provide much faster sampling
rates than traditional scanning mechanisms (e.g., a pan-tilt-zoom scanning mechanism that
might scan a particular portion of a field of view once a minute rather than, e.g., once every

couple frames), despite the need to observe multiple image frames for disambiguation.

[0075] In addition, encoding and disambiguation methods such as PSF engineering can be
particularly suited for use with scenes that are in some way sparse (i.e., have low levels of
objects and background information). This is because each frame of the multiplexed image

contains all available information, so very information rich, dense scenes may be difficult to
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separate or parse into de-multiplexed images. Sparse scenes may be intrinsically sparse (e.g.,
a star-scape) or may be sparse in a given representation (e.g., a time-lapse sequence may be
temporally sparse in that the scene does not change much over time, making changes easily

identifiable).

[0076] As mentioned above, the optical encoders 114, 116 can be placed at any surface
within the system that is in the path of light from each channel or portion of the field of view
being imaged. The encoders can be physical, e.g., a transmissive or opaque member
positioned in the beam path or on the reflective surface, or can be another form of mechanical
or electrical interference with the transmission of light to the imaging sensor. For example,
the encoders may be constructed by placing a known surface deformation on an optical
surface that imparts a known aberration to the passing wavefront, thereby encoding the PSF.
Likewise, a diffraction grating or hologram may be used to encode the point spread function.
Or, a birefringenent or dichroic element may be used as an encoder to separate the
polarization states or wavelength spectrum to produce a polarization- or wavelength-
dependent PSF. Alternative methods of temporal encoding may be implemented that allow a
known attenuation, image shift, or image rotation to be observed. For example, a moving
element may place an attenuator in the path of a channel or pivot an optical surface to
attenuate or shift a channel in the multiplexed image. Alternatively, rotation of each channel
can be accomplished using the shape and design of the multiplexing assembly, or using
additional elements in the multiplexing assembly disposed about a primary pupil-dividing

element, such as the monolithic reflector 802 discussed above.

[0077] In certain embodiments, however, disambiguation of a multiplexed image can be
accomplished without the need for encoding any of the image channels (i.e., encoding
elements can be omitted entirely). In such embodiments, disambiguation can be
accomplished based on known information about a scene. For example, when observing a
star-scape for purposes of celestial navigation, information is known in advance about how
the scene should look at a given date, time, location, etc. (e.g., relative positions of stars,
groupings of stars, etc.). Accordingly, pattern-matching algorithms can be performed by the
digital data processor 118 to match objects in the multiplexed image to their locations in

individual image channels, thereby creating separate images for each channel.

[0078] As shown in FIG. 12, the devices and methods described herein can allow smaller,

cheaper, and more efficient image sensors to effectively amplify their capabilities. For
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example, the multiplexed image 1104 can be created by a 25 megapixel imaging sensor but
can include information for an extended field of view 5 times larger (i.e., each of images
1106A—E can be 25 megapixels). Further, the image sensor can capture this information at
its native frame rate and the steerability of the elements of a multiplexing assembly can allow
for the shape of the extended field of view being imaged to be selected at will. In other
words, an imaging sensor having a 16x9 aspect ratio can be utilized to capture a panoramic
scene, or several disparate and separated portions of an extended field of view, etc.
Additionally, devices and methods described herein can allow for stereo or 3D imaging by
capturing light from a different perspectives of an overlapping field of view in each channel.
In such an embodiment, the resolution of each channel can match the full resolution of the
image sensor, which stands in contrast to prior methods that direct images from different
perspectives to non-overlapping regions of an image sensor, resulting in a lower resolution
image and smaller field of view. Further, multiplexing in the devices and methods described
herein is accomplished while transmitting the same spectrum of light for each image channel,
in contrast to prior stereo imaging designs that overlay images from different perspectives at

different wavelengths (e.g., using color filters, etc.).

[0079] The devices and methods described herein provide for high resolution and low
distortion imaging of an extended field of view by using multiplexing optical elements to
divide a pupil area of a single imaging lens into a plurality of continuous sub-pupil portions
that can be simultaneously multiplexed together and captured by a single image sensor. As a
result, the devices and methods described herein can provide increased resolution, lower
distortion, lower cost, smaller footprint, and superior multiplexing (e.g., using continuously
sampled fields of view) over prior designs. A specific advantage of this type of system is that
the field of view of the multiplexed image can exceed the field of view provided by the
optical design of the imager lens. This particularly relates to imaging aberrations that scale
with field of view angle, notably distortion in wide field of view lenses. Such devices and
methods can be particularly suited to use in observing low background sparse scenes such as
those encountered in observational astronomy, space surveillance, and star tracking for
attitude control. Increased performance can also be achieved when viewing higher
background sparse scenes, however. Moreover, using multiple frame disambiguation
techniques (e.g., the channel attenuation or rotation methods of encoding described above)
can improve performance even with scenes that are densely populated with information, such

as those imaged in typical photographic and surveillance applications. The multiplexing
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architecture described herein can be a lower cost, size, weight, and power alternative to
conventional imaging arrays or scanning systems. This can make the devices and methods
described herein suitable for use in a variety of imaging, surveillance, and tracking
applications, including, for example, digital/optical communications, gaming, virtual reality,

etc.

[0080] All papers and publications cited herein are hereby incorporated by reference in their
entirety. One skilled in the art will appreciate further features and advantages of the
invention based on the above-described embodiments. Accordingly, the invention is not to
be limited by what has been particularly shown and described, except as indicated by the

appended claims.

[0081] What is claimed is:
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CLAIMS:

1. An imaging device, comprising:

an imager including a sensor and at least one optical element to focus light on the
Sensor;

a multiplexing assembly that divides a pupil area of the imager into a plurality of
continuous sub-pupil regions that each define an image channel;

wherein the multiplexing assembly simultaneously directs light of a same spectrum
from each of the image channels onto the imager such that light from each image channel
forms an image on the sensor that fills a focal plane of the imager and the image overlaps

with images formed by other image channels.

2. The imaging device of claim 1, wherein the multiplexing assembly is positioned at or

proximate to an entrance pupil or aperture stop of the imager.

3. The imaging device of claim 1, further comprising at least one channel encoder that is
optically coupled to the multiplexing assembly and encodes one of the plurality of channel

images prior to detection by the sensor.

4. The imaging device of claim 3, wherein the at least one channel encoder operates by
any of (a) rotating the channel image by a specific amount, (b) shifting the channel image by
a specific amount, (c¢) periodically attenuating light, and (d) encoding a point spread function
by any of (1) imparting a unique optical phase or diffraction effect to light, (2) spatially
dividing a wavelength spectrum of light at the focal plane, and (3) spatially dividing a

polarization state of light at the focal plane.

5. The imaging device of claim 1, wherein the plurality of image channels correspond to

non-overlapping portions of a field of view.

6. The imaging device of claim 1, wherein the plurality of image channels correspond to

overlapping portions of a field of view.

7. The imaging device of claim 6, wherein the overlapping portions of the field of view

are observed from different perspectives.

8. The imaging device of claim 1, wherein the multiplexing assembly includes at least

one reflective optical element.
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9. The imaging device of claim 1, wherein the multiplexing assembly includes a
monolithic reflector having a plurality of reflective facets that each correspond to one of the

plurality of image channels.

10. The imaging device of claim 9, further comprising a plurality of optical elements that
reflect light from a portion of a field of view onto one of the plurality of reflective facets of

the monolithic reflector.

11. The imaging device of claim 10, wherein each of the plurality of optical elements is

steerable to select the portion of the field of view.

12. The imaging device of claim 11, wherein each of the plurality of optical elements is
positioned a distance away from one another to create different perspectives when more than

one optical element reflects light from overlapping portions of the field of view.

13. The imaging device of claim 1, wherein the multiplexing assembly includes a

plurality of discrete optical elements.

14. The imaging device of claim 1, wherein the multiplexing assembly includes at least

one refractive optical element.

15. The imaging device of claim 14, wherein the at least one refractive optical element

includes an achromatic prism.

16. The imaging device of claim 1, wherein the sensor is any of an infrared sensor, an

ultraviolet light sensor, and a visible-light sensor.

17. A method for imaging a field of view, comprising:

dividing a pupil area of an imager into a plurality of continuous sub-pupil regions that
each define an image channel;

simultaneously directing light of a same spectrum from each of the image channels
onto a sensor of the imager such that light from each image channel forms an image on the
sensor that fills a focal plane of the imager and the image overlaps with images formed by

other image channels.

18. The method of claim 17, further comprising disambiguating the image detected by the

sensor to create separate images for each of the plurality of image channels.
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19. The method of claim 17, further comprising coding at least one of the plurality of

channel images.

20. The method of claim 19, wherein coding at least one of the plurality of channel
images includes any of (a) rotating the channel image by a specific amount, (b) shifting the
channel image by a specific amount, (c) periodically attenuating light, and (d) encoding a
point spread function by any of (1) imparting a unique optical phase or diffraction effect to
light, (2) spatially dividing a wavelength spectrum of light at the focal plane, and (3) spatially

dividing a polarization state of light at the focal plane.

21. The method of claim 19, further comprising disambiguating the image detected by the
sensor based on the coding to create separate images for each of the plurality of image

channels.

22. The method of claim 17, further comprising positioning a plurality of optical elements
such that each of the plurality of image channels is directed toward different portions of a

field of view.

23. The method of claim 17, wherein the different portions of the field of view are
overlapping.
24. The method of claim 23, wherein each of the plurality of image channels has a

different perspective on the field of view from other image channels.

25. The method of claim 24, further comprising detecting a parallax between objects in

the plurality of channel images to enable three-dimensional imaging.

26. The method of claim 17, wherein the different portions of the field of view do not

overlap.

27. The method of claim 17, further comprising passing light from the plurality of image
channels through a multiplexing assembly positioned at or proximate to an entrance pupil or

aperture stop of the imager.

28. The method of claim 17, further comprising passing light from the plurality of image

channels through at least one reflective optical element.
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29. The method of claim 17, further comprising passing light from the plurality of image

channels through at least one refractive optical element.

30. The method of claim 29, wherein the at least one refractive optical element is

achromatic.
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