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Digital Light Path Length Modulation

FIELD
[0001] The present invention relates to optics, and more particularly to

extending light paths.

BACKGROUND

[0002] Providing multiple focal planes, or discrete steps of focus
adjustment, is useful for a number of applications. It can be part of creating a more
realistic three dimensional display, as well as the ability to capture three dimensional
data. In the prior art, multiple focus capture utilized mechanical movement such as
gears or liquid lenses. Such mechanisms are expensive, slow, and relatively fragile.
Another prior art method of capturing multiple focal lengths uses multiple mirrors and
lenses. This is like having multiple cameras; it is bulky and expensive. Because of
the bulk and expense, it also limits the number of focal lengths that can be
simultaneously captured. A large beam splitter has also been used in the prior art to
create two light path lengths. However, this is also a bulky solution.

[0003] Such prior art solutions are some combination of large, expensive,
and slow. Liquid lenses are expensive and slow, and large beam splitters are large.
This makes them difficult to use, and not useful for size or cost constrained systems,

particularly portable or worn devices.
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BRIEF DESCRIPTION OF THE FIGURES

[0004] The present invention is illustrated by way of example, and not by
way of limitation, in the figures of the accompanying drawings and in which like
reference numerals refer to similar elements and in which:

[0005] Figure 1A is a block diagram of one embodiment of a digital light
path length modulator.

[0006] Figure 1B is a block diagram of one embodiment of a digital light
path length modulator.

[0007] Figure 2Ais a block diagram of one embodiment of a system in
which the digital light path length modulator may be used.

[0008] Figure 2B is a block diagram of another embodiment of a system in
which the digital light path length modulator may be used.

[0009] Figures 3A and 3B are diagrams of one embodiment of a digital
light path length modulator in a near eye display (NED) system.

[0010] Figures 4A and 4B are diagrams of one embodiment of a digital
light path length modulator in a camera system.

[0011] Figure 5A illustrates one embodiment of a cross-sectional view of
an optical path length extender (OPLE).

[0012] Figure 5B illustrates another embodiment of an OPLE.

[0013] Figure 6A illustrates one embodiment of a self-aligned OPLE used
to control spatial shift.

[0014] Figure 6B illustrates another embodiment of a self-aligned OPLE.

[0015] Figure 6C illustrates another embodiment of a self-aligned OPLE.

[0016] Figure 6D illustrates one embodiment of an OPLE including a

plurality of plates.
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[0017] Figure 7A illustrates one embodiment of the effect of using an
OPLE with non-reflected light.

[0018] Figure 7B illustrates one embodiment of the effect of using the
OPLE of Figure 7A, with reflected light.

[0019] Figure 7C illustrates one embodiment of the effect of using a self-
aligned OPLE, with reflected light.

[0020] Figure 7D illustrates an example of light path extensions and the
effect on a display.

[0021] Figure 7E illustrates an example of light path extensions and the
effect on image capture.

[0022] Figures 8A and 8B illustrate one embodiment of a digital light path
length modulator and an OPLE, showing different light path lengths.

[0023] Figures 8C and 8D illustrate one embodiment of a digital light path
length modulator and an OPLE, showing various light path lengths.

[0024] Figures 9A and 9B illustrate one embodiment of a digital light path
length modulator and an OPLE, showing various light path lengths.

[0025] Figure 10 illustrates one embodiment of a modulation stack
including three digital light path length modulators.

[0026] Figure 11 illustrates one embodiment of manufacturing a set of
plates to be used as OPLEs.

[0027] Figure 12 illustrates a perspective view of one embodiment of an
OPLE.

[0028] Figure 13A is a block diagram of one embodiment of a digital light

path length modulator.
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[0029] Figure 13B is a block diagram of one embodiment of a digital light
path length modulator.

[0030] Figure 14A is a block diagram of one embodiment of a system in
which the digital light path length modulator may be used.

[0031] Figure 14B is a block diagram of another embodiment of a system
in which the digital light path length modulator may be used.

[0032] Figure 14C is a diagram of one embodiment of a first type of OPLE.

[0033] Figure 14D is a diagram of one embodiment of a second type of
OPLE.

[0034] Figures 15A-15D illustrate one embodiment of the light paths in a
cross-sectional view of one embodiment of an optical path length extender (OPLE).

[0035] Figure 16A illustrates another embodiment of an OPLE.

[0036] Figure 16B illustrates a perspective view of one embodiment of the
elements of an OPLE.

[0037] Figure 17 is a flowchart of light path extension through one
embodiment of an OPLE.

[0038] Figure 18 is one embodiment of a modulation stack including a
plurality of OPLEs.

[0039] Figure 19 is a flowchart of one embodiment of manufacturing an
OPLE.

[0040] Figure 20A is diagram of one embodiment of an orthogonal optical
light path length extender (OPLE).

[0041] Figure 20B is a diagram of an alternative embodiment of the

orthogonal OPLE.
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[0042] Figures 21A-21C are diagrams illustrating light paths through the
orthogonal OPLE.

[0043] Figure 22A is a diagram of another embodiment of an orthogonal
OPLE, using a single angled polarization sensitive reflective element.

[0044] Figure 22B is a diagram of a different configuration of an orthogonal
OPLE with a single angled polarization sensitive reflective element.

[0045] Figure 22C is a diagram of another embodiment of an orthogonal
OPLE, with two angled polarization sensitive reflective elements.

[0046] Figure 22D is a diagram of one embodiment of an orthogonal OPLE
with two path length extenders.

[0047] Figure 22E is a diagram of one embodiment of an orthogonal OPLE
using a curved mirror.

[0048] Figure 23A is a diagram of one embodiment of the assembly of one
embodiment of an orthogonal OPLE.

[0049] Figure 23B is a diagram of one embodiment of the assembly of one
embodiment of an orthogonal OPLE.

[0050] Figure 24 is a diagram of one embodiment of a modulation stack

including the orthogonal OPLE.
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DETAILED DESCRIPTION

[0051] A digital light path length modulator is described. The digital light
path length modulator includes an optical path length extender (OPLE) and a
polarization modulator, and can be used to adjust the path length of light. In one
embodiment, light with state 1 polarization travels through a longer path in the OPLE
than light with state 2 polarization. This can be used to create two focal planes. An
OPLE is made up of one or more plates with a plurality of polarization sensitive
reflective elements. A plurality of digital light path length modulators create a
modulation stack.

[0052] In one embodiment, using a modulation stack the number of focal
planes can be increased. This provides the capacity to build a system that can meet
the physiological requirements of human vision, by creating display in which the 3D
indicia of overlap, focus, and vergence match. This produces a better quality 3D
display and can prevent the headaches associated with 3D displays.

[0053] This mechanism in one embodiment can also be used for image
capture, and various other uses in which light waves or other waves in a similar
spectrum are either projected or captured, including but not limited to cameras,
binoculars, 3D printing, lithography, medical imaging, etc. Creating a simple, easy to
manufacture digital light path length modulator is like the step from vacuum tubes to
transistors, it enables more complex, cheaper, and much more dense digitally
controlled elements, which can become building blocks for a wide range of uses.

[0054] The following detailed description of embodiments of the invention
makes reference to the accompanying drawings in which like references indicate
similar elements, showing by way of illustration specific embodiments of practicing

the invention. Description of these embodiments is in sufficient detail to enable
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those skilled in the art to practice the invention. One skilled in the art understands
that other embodiments may be utilized and that logical, mechanical, electrical,
functional and other changes may be made without departing from the scope of the
present invention. The following detailed description is, therefore, not to be taken in
a limiting sense, and the scope of the present invention is defined only by the
appended claims.

[0055] Figure 1A is a block diagram of one embodiment of the digital light
path length modulator. The digital light path length modulator 110, includes an
optical path length extender (OPLE) 130 and a polarization modulator 120. The
polarized or unpolarized light impacts the polarization modulator 120. The
polarization modulator 120 may rotate polarization, leave the polarization
unchanged, and/or filter the light. The output of the polarization modulator 120
enters the OPLE 130. In one embodiment, the polarization modulator 120 is digital,
thus providing a digital control to select light path length by turning on and off the
polarization modulator 120. In one embodiment, the switching speed of the
polarization modulator 120 is adjustable, and switching speed may be under 50
milliseconds. The combination of the polarization modulator 120 and OPLE 130
enables the digital light path length modulator 110 to selectively lengthen the light
path.

[0056] Figure 1B is a block diagram of one embodiment of the digital light
path length modulator. The digital light path length modulator 150 includes an OPLE
160 and a polarization modulator 170. In this instance, the polarization modulator
170 is placed after the OPLE 160. The polarization modulator 170 can act as a filter,
to remove a portion of the light. Either configuration of the digital light path length

modulator, shown in Figures 1A or 1B may be utilized. In one embodiment, a digital
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light path length modulator may include a polarization modulator on both sides of the
OPLE.

[0057] The OPLE may comprise one or more plates with a plurality of
polarization sensitive reflective elements. The OPLE does not need to be flat, and
may in one embodiment be curved to provide additional optical features. The
polarization sensitive reflective elements in the OPLE are substantially parallel in one
embodiment. In another embodiment, they may not be parallel, but may be angled
to provide other optical characteristics. The polarization sensitive reflective elements
in the OPLE may be evenly spaced in one embodiment. |In another embodiment, the
spacing of the polarization sensitive reflective elements may vary along the length of
the OPLE.

[0058] Figure 2Ais a block diagram of one embodiment of a system in
which the digital light path length modulator may be used. The system is for display.
The light source 215 provides the light for display. The light source 215 may be a
spatial light modulator.

[0059] In one embodiment, there may be a digital correction system 210,
which adjusts the output of the light source to compensate for the predicted
difference in the location of light of different polarizations coming out of the digital
light path length modulator 230. By pre-adjusting the light, the resulting light
regardless of its path length is properly positioned when it is displayed.

[0060] The digital correction system 210 spatially shifts the image
elements entering the digital light path length modulator 230 which would be shifted
by the digital light path length modulator 230, to place them in the correct location
upon exit from the digital light path length modulator 230. The spatial shifting may

include lateral shift correction, and correction for other artifacts of the system. Such
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pre-calculation of the output of a digital display system is known in the art. Digital
correction systems 210 are utilized to correct for lens warping, color separation, and
other issues. The digital correction system 210 creates an output which is in the
“rendering state” such that the perceived image by the user is correct.

[0061] In one embodiment, the optical path length extender (OPLE) 240
may be configured to be self-aligned. That is, spatial shift between the light that
travels the longer and the shorter path through the OPLE 240 may be eliminated, or
may be set to an intentional spatial shift. The creation of such a self-aligned OPLE is
discussed below.

[0062] In the embodiment of Figure 2A, the light from light source 215 is
polarized by polarizer 220. The polarizer 220 may be eliminated if the light source
215 outputs polarized light, or may be integrated into the light source 215. The
output of the polarizer 220 is light with one polarization.

[0063] The digital light path length modulator 230 includes a polarization
modulator 235 and an OPLE 240. The polarization modulator 235, in one
embodiment, is an electronically controlled element which can rotate the polarization
of beams of light between two orthogonal states, state 1 and state 2, by selectively
modulating the polarization of some or all of the light. In one embodiment, the
orthogonal states are S-polarized and P-polarized light. The polarization modulator
235 may also be a filter which selectively filters light.

[0064] In one embodiment, the polarization modulator 235 is an
electronically controlled liquid crystal device (LCD). In another embodiment, the
polarization modulator may be a Faraday modulator, a switchable birefringent crystal

(i.e. LINO3), or another modulator, which can selectively modulate a portion or all of
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the light impacting it. In one embodiment, the polarization modulator 235 may
selectively polarize the light based on other factors, such as color, wavelength, etc.

[0065] The polarization modulator 235 may modulate a subset of the light
that impacts it, in one embodiment. In another embodiment, the polarization
modulator 235 may modulate all of the light, and switch modulation in time
sequential slices. Time sequential slices means that light impacting at time T is not
modulated, while light impacting at T+x is modulated. Because the image perceived
by a human user is constructed of a series of time sequential slices of data, in one
embodiment, these slices are perceived as components of a single image. This is
referred to as “biological real time,” which is perceived as being concurrent by a
human viewer, even though it is time sequential in processing.

[0066] The polarized or selectively polarized light impacts the OPLE 240.
The OPLE 240 includes one or more plates, each plate having a plurality of
polarization sensitive reflective elements, which reflect light having a first
polarization, and pass through light with a second polarization. The reflected light
bounces between the polarization sensitive reflective elements two or more times,
before exiting the OPLE 240. This increases the path length of the light having the
first polarization, compared to the light having the second polarization which passes
directly through the OPLE 240. In one embodiment, the light exits the OPLE 240 at
the same angle that it entered the OPLE 240.

[0067] Use of this system, alters the relative light path length of the light
with the two polarizations, because the light with a first polarization travels through a
longer path than the light with the second polarization.

[0068]  Utilizing a plurality of digital light path length modulators 230 allows

for a multitude of digitally selectable path lengths. Having the various selectable

10



WO 2018/031965 PCT/US2017/046648

path lengths enables the creation of multiple focal lengths of light exiting the digital
light path length modulator 230, since the light appears to be at different distances
from the user, based on the length of the light path. In one embodiment, image
elements formed by the light that has a longer light path appear further from a user.

[0069] In one embodiment, the OPLE 240 is self-aligned so that light
exiting the OPLE 240 is not spatially shifted, or intentionally spatially shifted,
regardless of polarization. The specific configuration of the OPLE 240, and its
manufacture, is discussed in more detail below.

[0070] The OPLE 240 and polarization modulator 235 make up the digital
light path length modulator 230. A digital light path length modulator 230 creates two
or more light path lengths. Although only a single digital light path length modulator
230 is shown in Figure 2A, the system may include a modulation stack with a
plurality of digital light path length modulators 230, to create an increasing number of
light path lengths. This may be used to create more focal planes, to create a
perception of a hologram. The system thus provides slices of a hologram at two or
more focal planes. As the number of focal planes is increased, the output provides
3D cues that approach the limits of human perception. By utilizing a number of focal
planes perceived by a user, the perception or recording of a digital hologram can be
created.

[0071] The output of the digital light path length modulator 230 is displayed
via display element 245, or through some other means. The display element 245
may provide a component for a three-dimensional display, with image elements
displayed in different focal planes.

[0072] Figure 2B is a block diagram of another embodiment of the system

in which the digital light path length modulator may be used. In this embodiment,

11
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rather than displaying light/images/data, the system captures light/images/data. In
one embodiment, the initial image or data enters a lens 250. Polarizer 255 polarizes
the light, if it is not already polarized when it is captured.

[0073] The polarized light is then selectively modulated by polarization
modulator 260, and passed through OPLE 265. As noted above, within the OPLE
265, the differently polarized light has different path lengths. In one embodiment, a
portion of light may be polarized so that a portion of an image embodied in the light
goes through a longer light path than another portion. In one embodiment, all of the
light may have the same polarization, and the changes in polarization and thus focal
length may be varied in time sequential slices. In one embodiment, the system may
combine concurrent and time-based light path adjustment.

[0074] Imager 275 captures or displays the image. The imager 275 may
be an electronic image sensor, such as a charge coupled device (CCD) or a
complementary metal oxide semiconductor (CMOS) sensor. The imager 275 may
be another capture element, such as film, binoculars, scope, or any mechanism to
capture or display an image. In one embodiment, a digital correction system 280
may be used to correct the captured or displayed image to account for any spatial
shift between the light beams, because of the path they took. As noted above, in
one embodiment, the OPLE 265 is self-aligned.

[0075] The OPLE 265 and polarization modulator 260 together form a
digital light path length modulator 270. In one embodiment, although only a single
digital light path length modulator 270 is shown, the system may include a
modulation stack with a plurality of digital light path length modulators 270.

[0076] Figures 3A and 3B are diagrams of one embodiment of a digital

light path length modulator in a near eye display (NED) system. The light modulator

12
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310 outputs polarized light, both state 1 and state 2 polarized light, in one
embodiment. Polarizing filter 315 removes the state 1 polarized light, and passes
through state 2 polarized light only. The polarization modulator 320 in Figure 3A is
“off,” leaving the state 2 polarized light to pass through. In this context, the term “on”
refers to a setting in which the polarization modulator 320 rotates the polarization of
light, while the term “off” refers to the setting in which the polarization modulator 320
does not alter the polarization of light.

[0077] OPLE 325 has a plurality of polarization sensitive reflective
elements, which reflect state 1 polarized light, while passing through state 2
polarized light. Here, state 2 polarized light is transmitted straight through (having the
shorter light path.) The output in one embodiment is transmitted to near eye display
(NED) projection optics 330. Of course, though it is not shown, additional optical
elements may be included in this system, including lenses, correction systems, etc.

[0078] Figure 3B is a diagram of the digital light path length modulator of
Figure 3A with the polarization modulator “on.” Here, again, the polarizing filter
passes only state 2 polarized light. However, here, the polarization modulator 320
modulates the light, and outputs state 1 polarized light. The state 1 polarized light is
reflected by the polarization sensitive reflective elements in OPLE 325. Thus, this
light goes through a longer light path.

[0079] A comparison of Figures 3A and 3B, shows that the state 1
polarized light has a longer light path than the state 2 polarized light. In this way, a
digital light path length modulator 340 can change the light path length. While only a
single digital light path length modulator 340 is shown here, a plurality of digital light
path length modulators 340 may be stacked to provide a larger number of light path

lengths.

13
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[0080] Figures 3A and 3B show a time sequential embodiment, in which all
of the light entering the digital light path length modulator 340 has one polarization,
and is either modulated or not modulated by polarization modulator 320. In this
example, the system switches between the states shown in Figure 3A and 3B, in
time. The polarization modulator 320 may selectively modulate the polarization of a
subset of the light, in one embodiment. In one embodiment, modulation may be
based on location, time, color, wavelength, and optionally other differentiable factors.

[0081] Figures 4A and 4B are diagrams of one embodiment of a digital
light path length modulator in a camera system. The camera lens 410 captures the
image data, and transmits it through the polarizing filter 420. The polarization
modulator 430 selectively polarizes the light, and sends it through OPLE 440. The
output from OPLE 440 goes to image sensor 450. The polarization modulator 430 is
“off” in Figure 4A, and the state 2 polarized light is not modulated. The OPLE 440
does not reflect state 2 polarized light, and thus the light passes straight through the
digital light path length modulator 460. The light coming out digital light path length
modulator 460 impacts the image sensor 450. Of course, though it is not shown,
additional optical elements may be included in this system, including lenses,
correction systems, etc.

[0082] Figure 4B shows the same system when the polarization modulator
430 is on, and modulates the light to state 1 polarization. The state 1 polarized light
goes through a longer light path, because it is reflected by the polarization sensitive
reflective elements in the OPLE 440. This will cause objects at a nearer distance to
come into focus without moving any elements of the imaging lens. Also, focus can
be changed as fast as the polarization modulator can change states, which can be

under 50 milliseconds. The OPLE 440 and polarization modulator 430 form a digital

14
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light path length modulator 460. In one embodiment, the system may include a
plurality of digital light path length modulators 460.

[0083] Figure 5A illustrates one embodiment of an optical path length
extender (OPLE). The OPLE 510 includes a plurality of polarization sensitive
reflective elements also referred to as a polarized beam splitters (PBS) 520, which
selectively reflect light beams of one polarization state, while passing through light
with the other polarization state. The two polarizations are referred to as state 1 and
state 2 polarization. The polarization sensitive reflective elements 520 are evenly
spaced, parallel to each other, a distance t1 apart from each other, in one
embodiment. In another embodiment, the polarization sensitive reflective elements
520 may not be parallel, or evenly spaced.

[0084] The thickness of the OPLE 510, t2, in this example, is designed to
have the reflected light beam bounce twice before exiting the OPLE 510. Angle “@”
defines the angle of the polarization sensitive reflective elements 520 with respect to
the face of the OPLE 510 where light enters. The relationship of t1, t2, and angle a
define the path length of the light with the polarization state that is reflected. These
values also define the position (location and angle) of the reflected polarized light
exiting the OPLE 510.

[0085] As can be seen, in this example, state 2 polarized light passes
straight through the OPLE 510, and state 1 polarized light is reflected through the
polarization sensitive reflective element 520, and thus takes a longer light path.

[0086] This figure also illustrates that not all of the light impacts the OPLE
perpendicular to the face of the OPLE 510. Because light spreads (when it is not
collimated light), some of the light impacts as angled light beams 540. Figure 5A

shows that the OPLE 510 provides path lengthening for light impacting at an angle.
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The change in angle as light enters the OPLE and is refracted is not shown in this
figure or similar figures for simplicity.

[0087] Figure 5B illustrates another embodiment of an OPLE 550, in which
the OPLE 550 is thicker. In this example, the state 1 polarized light bounces multiple
times within the OPLE 550. As can be seen from Figures 5A and 5B, the thickness
of the OPLE impacts how much the light path is lengthened.

[0088] Figure 6A illustrates one embodiment of a self-aligned OPLE 610,
which includes two plates 620, 630, that adjust the spatial shift of the reflected light.
The self-aligned OPLE 610 can be used to spatially realign the reflected and passed-
through light. In one embodiment, the two plates 620, 630 are matched. As shown in
Figure 6A, they may be matched by having the same thickness, t2, and mirror image
polarization sensitive reflective elements 640. In one embodiment, two plates may
be matched by having the spatial shift created by one of the plates 620 with a
particular thickness, and angle of the polarization sensitive reflective elements be
matched by a second plate 630 with a different thickness and/or angles, which is
designed to provide a matching spatial shift.

[0089] Using the self-aligned OPLE adjusts the spatial shift between the
light going through the shorter and longer light paths. In one embodiment, for a self-
aligned OPLE 610 with two plates having mirrored 45 degree angled polarization
sensitive reflective elements, the relative positions of the two light beams exiting the
OPLE 610 is identical to their relative position entering the OPLE 610. This is useful
to eliminate the need for correction of a spatial shift in the input or output. In one
embodiment, the self-aligned OPLE 610 may also be used to intentionally set a
particular spatial shift. The effective thickness of OPLE 610 is the cumulative

thickness of the plates 620, 630 making up the OPLE 610, in this case 2*t2.
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[0090] As shown in Figure 6A, there may be a gap between the two plates
620, 630 of OPLE 610. In one embodiment, the size of the gap is irrelevant, since
light travels straight through the gap. In one embodiment, other optical elements,
including other OPLEs, polarization modulators, etc. may be positioned between the
two plates 620, 630. The plates of the self-aligned OPLEs 610 do not require spatial
proximity, in one embodiment.

[0091] Figure 6B illustrates another embodiment of an OPLEs 650. In this
example, there is no gap between the two plates 655, 660 of the OPLE 650.
Furthermore, in this configuration, the polarization sensitive reflective elements 665
of the two plates 655, 660 are not aligned. However, they do have the same
distance (d) between the polarization sensitive reflective elements. As can be seen,
such shifts between the positioning of the parallel polarization sensitive reflective
elements 655 do not alter the functioning of the OPLE 650.

[0092] While the self-aligned OPLEs shown in Figures 6A and 6B show
plates of thickness t2, it should be understood that the actual thickness of a plate is
not limited. Figure 6C illustrates a self-aligned OPLE 670 in which the plates are
much thicker, causing more lengthening of the light path between state 1 polarized
light and state 2 polarized light. It should also be noted that the thickness of the two
plates used in a self-aligned OPLE need not be matched.

[0093] Figure 6D illustrates one embodiment of an OPLE 680 which
includes a plurality of plates. A single OPLE 680 may include one or more plates
with polarization sensitive reflective elements. In the example illustrated in Figure
6D, the OPLE 680 includes five plates. The effective thickness of OPLE 680 is the

thickness of the plates making up the OPLE 680, in this case 2*t3+t2+2*t2.
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[0094] Figure 7A illustrates one embodiment of the effect of using an
OPLE, with a light source for non-reflected light. As can be seen, in this example, for
state 2 polarized light which is not reflected by the polarization sensitive reflective
elements, the real light source and the “virtual” or perceived light source are in the
same position. This figure additionally shows that for a real light source, light travels
in a cone, rather than a straight light as is usually illustrated for simplicity.

[0095] Figure 7B illustrates one embodiment of the effect of using the
OPLE of Figure 7A, with a light source for reflected light. In this illustration, state 1
polarized light is reflected. Thus, the user’s perceived “virtual light source” is
spatially shifted from the real light source. The lengthening of the light path shifts
the virtual source vertically, while the movement of the light caused by the bounce
shifts the apparent light source horizontally. In the example shown, the virtual light
source is shifted to the right and back. The virtual rays show that the user’s
perception tracks back the light, to perceive the virtual source.

[0096] Figure 7C illustrates one embodiment of the effect of using a self-
aligned OPLE, with a light source, for reflected light. As can be seen, by using the
self-aligned OPLE, the virtual light source appears to further away (e.g. lengthening
the focal length) but not shifted in position. Although the self-aligned OPLE shown in
Figure 7C has no gap between the plates, as discussed above a gap, including a
gap with additional optical elements could continue to provide this self-alignment
feature. Furthermore, while the two plates in the shown self-aligned OPLE are
matched, they need not have an identical thickness or angle for the polarization
sensitive reflective elements, as discussed above.

[0097] Figure 7D shows the effect of light extension, on a perceived image.

The illustration shows three degrees of light extension side by side, for comparison.
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The first one passes the light without any lengthening, so the image is perceived at
the focal plane of the display. The second one lengthens the light path, which causes
the user to perceive the image at a different focal plane. The third one lengthens the
light path further, which causes the user to perceive a virtual image at a third focal
plane. Thus, by controlling the length of the light extension, a system can create
virtual images and image elements at various focal points. Using the digital light
path length modulator, the system can adjust the light path digitally, and selectively
position virtual images at various focal lengths.

[0098] Figure 7E shows the effect of light extension on capturing image
data, at different real planes. Because of the light extension, the virtual images
appear co-planar, even when the real objects are at different planes.

[0099] Figures 8A-8D illustrate embodiments of an OPLE combined with a
digital light path length modulator, showing some examples of the various light path
lengths which may be created. Figures 8A and 8B show a digital light path length
modulator 840 and an OPLE 810.

[00100] In the example shown in Figure 8A, the polarization modulator 820
is “off,” and thus the state 2 polarized light goes straight through both OPLEs 810,
830, while the state 1 polarized light is reflected in both OPLEs 810, 830. Thus, in
this example, the light that is state 2 polarized entering the system is not extended at
all, while the light that is state 1 polarized when it enters the system is extended, in
this example by 3*d.

[00101] In contrast, in Figure 8B the polarization modulator 820 is “on,”
reversing polarization between the two OPLEs 810, 830. Therefore, the state 2
polarized light passes through the first OPLE 810, then is changed to state 1

polarized light, and is reflected in the second OPLE 830. The originally state 1
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polarized light is reflected in the first OPLE 810, is changed to state 2 polarized light,
and is passed through the second OPLE 830.

[00102] When the angle of the polarization sensitive reflective elements is at
45 degrees, as shown in Figures 8A and 8B, the length of the incoming state 2
polarized light is extended by d in the second OPLE 830, while the length of the
incoming state 1 polarized light is extended by 2d, in the first OPLE 810. Thus, by
utilizing a set of digital light path length modulators, a number of different light path
lengths may be created.

[00103] Figures 8C and 8D show another digital light path length modulator
combined with an OPLE. In this example, the distance between the polarization
sensitive reflective elements in the first OPLE 850 is different from the distance
between the polarization sensitive reflective elements in the second OPLE 870.
Thus, the extension of the beams is based on an addition of d1 (the distance
between the polarization sensitive reflective elements of the first OPLE 850) and d2
(the distance between the polarization sensitive reflective elements of the second
OPLE 870). Note that the reason the extension is by d+d2 is because the angle of
the polarization sensitive reflective elements for both OPLEs 850, 870 is 45 degrees.
If the angle is altered, the length of the light path extension may also be altered.

[00104] In this way, by tuning the light with the polarization modulator, and
optionally varying the thickness of the OPLEs in a series of digital light path length
modulators, the system can adjust the light path extension in discrete steps. That is,
by adjusting the polarization of a light beam, while it passes through a plurality of
OPLEs, the total path length of the light can be adjusted incrementally between a
shortest length (where the light passes through all OPLEs without reflection) and a

longest length (where the light is reflected by all of the OPLEs.)
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[00105] In one embodiment, for OPLEs having different light path lengths —
caused by one or more of different thickness, spacing or angle of the polarization
sensitive reflective elements -- N OPLEs produce 2*N light path lengths. For
identical OPLEs, N OPLEs produce N+1 light path lengths. In one embodiment, they
may produce more light path lengths than N+1, or 2*N. In one embodiment, the
thickness of an OPLE may range from 250 microns to 3 mm, though it may be larger
or smaller.

[00106] Figures 9A and 9B illustrate one embodiment an OPLE combined
with a digital light path length modulator. In this example, the OPLE 930 in the digital
light path length modulator 940 has the polarization sensitive reflective elements at a
different angle than the other OPLE 910. As can be seen, the light path length
adjustment in such an instance would be larger.

[00107] Figure 10 illustrates one embodiment of a modulation stack
including three digital light path length modulators. Each of the digital light path
length modulators 1010, 1030, 1050 includes a polarization modulator and an OPLE.
In this example, two of the OPLEs 1020, 1040 are self-aligned OPLEs.

[00108] In various embodiments, one or more of the following variations
may be made: the effective thickness of the OPLEs may vary, as may the angles of
the polarization sensitive reflective elements, and the OPLE may include one, two, or
more plates. The effective thickness of the OPLE is defined as the cumulative
thickness of the plates which are parts of the OPLE. Thus the effective thickness of
OPLE 1040 is different than the thickness of OPLE 1060, even though the individual
plates in the two OPLEs 1040, 1060 are identical.

[00109] With the shown set of three different OPLEs, the system can create

up to eight, 2° focal lengths by selectively modulating the polarization, as follows:
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OPLE 1 OPLE 2 OPLE 3
State 1 State 1 State 1
State 1 State 1 State 2
State 1 State 2 State 1
State 1 State 2 State 2
State 2 State 1 State 1
State 2 State 1 State 2
State 2 State 2 State 1
State 2 State 2 State 2

[00110] Figure 11 illustrates one embodiment of manufacturing plates to be
used as OPLEs. One of the advantages of the present system is the ability to easily
and affordably manufacture consistent OPLEs. Note that the manufacturing creates
plates, one or more of which form an OPLE. As discussed above, an OPLE may
include one or more such plates.

[00111] The OPLEs, in one embodiment, are made with a plurality of base
substrates 1110 stacked. The substrates 1110 are made of material that is optically
transparent to the wavelengths being modulated. In one embodiment, the substrate
1110 is made of glass. Alternatively, another material that is optically clear to the
wavelengths used, such as plastic, transparent ceramic, silicon, sapphire, or other
materials may be used. In one embodiment, each substrate 1110 is between 250
microns and 3mm thick. The thickness of the substrate defines the spacing of the
polarization sensitive reflective elements in the final OPLEs.

[00112] Deposited on each substrate 1110 is a polarization sensitive
reflective element 1120, also referred to as a polarized beam splitter (PBS). In one
embodiment, the polarization sensitive reflective element 1120 is a dielectric film.
The dielectric film may be deposited in various ways. In one embodiment, the
dielectric film comprises oxide/nitride stacks which are spun, vapor deposited, or
annealed, or evaporated onto the substrate. The polarization sensitive reflective

element in another embodiment is a wire grid, nanoscale wire lines forming a closely
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spaced grid. In one embodiment, the sizing of the wire grid is wires that are 100 nm
wide, with a 200 nm pitch. The spacing of the grid lines is smaller than the
wavelength of the light.

[00113] The substrates 1110 with the polarization sensitive reflective
elements 1120 are then attached to each other. The attachment may use adhesion,
fusing, or other methods of securing together the substrates 1110, in one
embodiment. In one embodiment, the adhesive used is optically clear glue. In one
embodiment, the substrates 1110 may be attached via a scaffolding, in which the
substrates 1110 are spaced apart using a support structure, rather than adhered or
otherwise directly attached. Other methods of securing substrates together may be
used. At a minimum, three substrates 1110 with polarization sensitive reflective
elements 1120 are stacked to form an OPLE, while at a maximum the number of
substrates 1110 may be in the hundreds.

[00114] Once the adhesive or other attachment mechanism 1130 is fully
secured, the OPLEs are cut apart, at saw lines 1140. The angle of the saw lines
1140 is between 20 and 70 degrees, and defines the angle of the polarization
sensitive reflective elements 1120 in the OPLE 1150. In a preferred embodiment, the
saw lines are at a 45 degree angle. In one embodiment, the thickness of the OPLEs
is between 250 microns and 3 mm. Figure 12 illustrates a perspective view of an
OPLE, having a length and width, and a thickness t2.

[00115] Returning to Figure 11, the process shown produces consistent
OPLEs 1150 with polarization sensitive reflective elements 1120 at an angle
between 20 to 70 degrees. These plates may be used for an OPLE which provides
a staircase effect for lengthening the light path, which may be controlled by digitally

modulating the polarization of the light impacting the OPLE. The OPLE and the
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digital light path length modulator is easily and consistently manufactured, and takes
up very little space.

[00116] Figure 13A is a block diagram of one embodiment of the digital light
path length modulator. The digital light path length modulator 1310, includes an
optical path length extender (OPLE) 1330 and a polarization modulator 1320. The
polarized or unpolarized light impacts the polarization modulator 1320. The
polarization modulator 1320 may rotate polarization, leave the polarization
unchanged, and/or filter the light. The output of the polarization modulator 1320
enters the OPLE 1330. In one embodiment, the polarization modulator 1320 is
digital, thus providing a digital control to select light path length by turning on and off
the polarization modulator 1320. In one embodiment, the switching speed of the
polarization modulator 1320 is adjustable, and switching speed may be under 50
milliseconds. The combination of the polarization modulator 1320 and OPLE 1330
enables the digital light path length modulator 1310 to selectively lengthen the light
path.

[00117] Figure 13B is a block diagram of one embodiment of the digital light
path length modulator. The digital light path length modulator 1350 includes an
OPLE 1360 and a polarization modulator 1370. In this instance, the polarization
modulator 1370 is placed after the OPLE 1360. The polarization modulator 1370
can act as a filter, to remove a portion of the light. Either configuration of the digital
light path length modulator, shown in Figures 13A or 13B may be utilized. In one
embodiment, a digital light path length modulator may include a polarization
modulator on both sides of the OPLE.

[00118] Figure 14A is a block diagram of one embodiment of a system in

which the digital light path length modulator may be used. The system is for display.
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The light source 1415 provides the light for display. The light source 1415 may be a
spatial light modulator.

[00119] In one embodiment, there may be a digital correction system 1410,
which adjusts the output of the light source to compensate for the predicted
difference in the location of light of different polarizations coming out of the digital
light path length modulator 1430. By pre-adjusting the light, the resulting light
regardless of its path length is properly positioned when it is displayed.

[00120] The digital correction system 1410 in one embodiment changes the
brightness of the light having a particular polarization through the digital light path
length modulator 1430, to correct for the loss of brightness due to the OPLE. The
digital correction system 1410 in one embodiment spatially shifts the image elements
entering the digital light path length modulator 1430 which may be shifted by the
digital light path length modulator 1430, to place them in the correct location upon
exit from the digital light path length modulator 1430.

[00121] The corrections from digital correction system 1410 may include
brightness, lateral shift, and correction for other artifacts of the system. Such pre-
calculation of the output of a digital display system is known in the art. Digital
correction systems 1410 are utilized to correct for lens warping, color separation,
and other issues. The digital correction system 1410 creates an output which is in
the “rendering state” such that the perceived image by the user is correct.

[00122] In one embodiment, the optical path length extender (OPLE) 1440
may not produce any spatial shift between the light that travels the longer and the
shorter path through the OPLE 1440. In one embodiment, the OPLE 1440 may

produce a spatial shift or may be set to an intentional spatial shift.
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[00123] In the embodiment of Figure 14A, the light from light source 1415 is
polarized by polarizer 1420. The polarizer 1420 may be eliminated if the light source
1415 outputs polarized light, or may be integrated into the light source 1415. The
output of the polarizer 1420 is light with one polarization.

[00124] The digital light path length modulator 1430 includes a polarization
modulator 1435 and an OPLE 1440. The polarization modulator 1435, in one
embodiment, is an electronically controlled element which can rotate the polarization
of beams of light between two orthogonal states, state 1 and state 14, by selectively
modulating the polarization of some or all of the light. In one embodiment, the
orthogonal states are clockwise and counterclockwise circularly polarized light. In
one embodiment, the two orthogonal states are S-polarized and P-polarized linearly
polarized light. The polarization modulator 1435 may also be a filter which
selectively filters light.

[00125] In one embodiment, the polarization modulator 1435 is an
electronically controlled liquid crystal device (LCD). In another embodiment, the
polarization modulator may be a Faraday modulator, a switchable birefringent crystal
(i.e. LINO3), or another modulator, which can selectively modulate a portion or all of
the light impacting it. In one embodiment, the polarization modulator 1435 may
selectively polarize the light based on other factors, such as color, wavelength, etc.

[00126] The polarization modulator 1435 may modulate a subset of the light
that impacts it, in one embodiment. In another embodiment, the polarization
modulator 1435 may modulate all of the light, and switch modulation in time
sequential slices. Time sequential slices means that light impacting at time T is not
modulated, while light impacting at T+x is modulated. Because the image perceived

by a human user is constructed of a series of time sequential slices of data, in one

26



WO 2018/031965 PCT/US2017/046648

embodiment, these slices are perceived as components of a single image. This is
referred to as “biological real time,” which is perceived as being concurrent by a
human viewer, even though it is time sequential in processing.

[00127] The polarized or selectively polarized light impacts the OPLE 1440.
The OPLE 1440 reflects light having a first polarization, and passes through light
with a second polarization. The reflected light bounces, before exiting the OPLE
1440. This increases the path length of the light having the first polarization,
compared to the light having the second polarization which passes directly through
the OPLE 1440. In one embodiment, the light exits the OPLE 1440 at the same
angle that it entered the OPLE 1440.

[00128] Use of this system alters the relative light path length of the light
with the two polarizations, because the light with a first polarization travels through a
longer path than the light with the second polarization.

[00129] Utilizing a plurality of digital light path length modulators 1430
allows for a multitude of digitally selectable path lengths. Having the various
selectable path lengths enables the creation of multiple focal lengths of light exiting
the digital light path length modulator 1430, since the light appears to be at different
distances from the user, based on the length of the light path. In one embodiment,
image elements formed by the light that has a longer light path appear further from a
user.

[00130] In one embodiment, light exiting the OPLE 1440 is not spatially
shifted, or intentionally spatially shifted, regardless of polarization. The specific
configurations of an OPLE 1440, and its manufacture, is discussed in more detail

below.
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[00131] The OPLE 1440 and polarization modulator 1435 make up the
digital light path length modulator 1430. A digital light path length modulator 1430
creates two or more light path lengths. Although only a single digital light path length
modulator 1430 is shown in Figure 14A, the system may include a modulation stack
with a plurality of digital light path length modulators 1430, to create an increasing
number of light path lengths. This may be used to create more focal planes, to
create a perception of a hologram. The system thus provides slices of a hologram at
two or more focal planes. As the number of focal planes is increased, the output
provides 3D cues that approach the limits of human perception. By utilizing a
number of focal planes perceived by a user, the perception or recording of a digital
hologram can be created.

[00132] The output of the digital light path length modulator 1430 is
displayed via display element 1445, or through some other means. The display
element 1445 may provide a component for a three-dimensional display, with image
elements displayed in different focal planes.

[00133] Figure 14B is a block diagram of another embodiment of the system
in which the digital light path length modulator may be used. In this embodiment,
rather than displaying light/images/data, the system captures light/images/data. In
one embodiment, the initial image or data enters a lens 1450. Polarizer 1455
polarizes the light, if it is not already polarized when it is captured.

[00134] The polarized light is then selectively modulated by polarization
modulator 1460, and passed through OPLE 1465. As noted above, within the OPLE
1465, the differently polarized light has different path lengths. In one embodiment, a
portion of light may be polarized so that a portion of an image embodied in the light

goes through a longer light path than another portion. In one embodiment, all of the
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light may have the same polarization, and the changes in polarization and thus focal
length may be varied in time sequential slices. In one embodiment, the system may
combine concurrent and time-based light path adjustment.

[00135] Imager 1475 captures or displays the image. The imager 1475 may
be an electronic image sensor, such as a charge coupled device (CCD) or a
complementary metal oxide semiconductor (CMOS) sensor. The imager 1475 may
be another capture element, such as film, binoculars, scope, or any mechanism to
capture or display an image. In one embodiment, a digital correction system 1480
may be used to correct the captured or displayed image to account for differences in
brightness/light level or spatial shift between the light beams, because of the path
they took.

[00136] The OPLE 1465 and polarization modulator 1460 together form a
digital light path length modulator 1470. In one embodiment, although only a single
digital light path length modulator 1470 is shown, the system may include a
modulation stack with a plurality of digital light path length modulators 1470.

[00137] Figure 14C is a diagram of one embodiment of a first type of OPLE,
referred to as a transverse OPLE. The OPLE includes one or more plates, each
plate having a plurality of polarization sensitive reflective elements, which reflect light
having a first polarization, and pass through light with a second polarization. The
reflected light bounces between the polarization sensitive reflective elements two or
more times, before exiting the OPLE. This increases the path length of the light
having the first polarization, compared to the light having the second polarization
which passes directly through the transverse OPLE.

[00138] Figure 14D is a diagram of one embodiment of a second type of

OPLE, referred to as a longitudinal OPLE. The OPLE includes a reflective element
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on the bottom surface, which reflects light having a first polarization. The light in turn
bounces back from the top of the OPLE, before exiting the OPLE through the bottom
surface. This increases the path length of the light having the first polarization,
compared to the light having the second polarization which passes directly through
the longitudinal OPLE.

[00139] Figures 15A-15D illustrate one embodiment of the light paths in a
cross-sectional view of one embodiment of an optical path length extender (OPLE).
The OPLE includes an entry surface, coated by a partially reflective coating 1520, a
quarter wave plate 1530, and a wire grid polarizer 1540. In this example, the light
polarization is defined in the direction of propagation. For example, in one
embodiment:

e (1 polarization is right handed circular polarization,
o (2 polarization is left handed circular polarization,
e L1 polarization is s-type linear polarization,

e L2 polarization is p-type linear polarization.

Of course these particular polarizations are merely exemplary, and the actual

polarizations are two sets of orthogonal polarizations. One of skill in the art

would understand that the polarizations may be altered without changing the
invention.

[00140] For light with polarization type two, here C1 (circular polarization
type 1), the light passes through the partially reflective coating 1520, passes through
the quarter wave plate 1530, and exits through wire grid polarizer 1540. The quarter
wave plate 1530 alters the C1 polarization to an L1 polarization, so the exiting light is

L1 polarized. This may be input to another digital light path length modulator.
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[00141] Figure 15B-15D show the path taken by light with polarization C2
(circular polarization of type 2), as it impacts the OPLE. Itis changed to polarization
L2 by the quarter wave plate 1530. Light with polarization L2 is reflected by the wire
grid polarizer 1540. Figure 15C shows the path of the reflected light, returning
through the quarter wave plate, which re-converts it to C2 polarization. It then
impacts the partially reflective coating 1520.

[00142] The partially reflective coating 1520 reflects a portion of the light, as
C1 polarized light, and permits the rest of the light to pass through, as C2 polarized
light. The now C1 polarized light passes through the quarter wave plate one more
time, before exiting through the wire grid polarizer. Thus, the path of the light
entering with the C2 polarization is three times the length of the path of light entering
with the C1 polarization, since it reflects back up through the OPLE, and down
through the OPLE a second time, before exiting. However, there is no lateral shift of
the virtual source during this process.

[00143] Figure 16A illustrates another embodiment of an OPLE. OPLE
1600 includes a first layer 1620 with a partially reflective coating 1625, a middle layer
1630 comprising a quarter wave plate 1635, and a third layer 1640 including a wire
grid polarizer 1645. OPLE 1600 in one embodiment utilizes spacers 1650 between
each of the layers. In another embodiment, the layers may be attached to each
other.

[00144] The partially reflective coating 1625 is applied to a first layer 1620.
The partial reflective coating 1625 is one embodiment a thin layer of a reflective
metal or dielectric, in the 160-100 angstrom thickness. In one embodiment, material
is aluminum or silver. In one embodiment, partially reflective coating 1625 is applied

to a bottom of the first layer 1620. In one embodiment, the middle layer 1630 is
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entirely made of quarter wave plate 1635, or may have a quarter wave plate portion.
The quarter wave plate may be mica, or a polymer plastic. There is no limitation on
a size of the quarter wave. The bottom layer includes a wire grid polarizer 1645,
which may be applied to the top of the third layer. Each of the layers is made of a
material clear to the type of light that is used with the OPLE. The material may be a
glass, plastic, sapphire, or other material. The thickness of the OPLE is selected to
optimize the value of the light path lengthening. In one embodiment, the reflective
elements may be shaped, rather than flat.

[00145] Figure 16B illustrates a perspective view of one embodiment of the
elements of an OPLE. As can be seen the layers may be separately made and then
either attached using spacers, or using intermediate layers of glass or other
materials. The height of the OPLE is defined by the size of the layers, including
intermediate layers or spacers. The height controls the lengthening of the optical
path.

[00146] Figure 17 is a flowchart of light path extension through one
embodiment of an OPLE. The process starts at block 1710. At block 1720,
circularly polarized light is received, with polarization C1. The light passes through
the quarter wave plate, changing polarization to linear (L1). The light hits the wire
grid polarizer at block 1740.

[00147] Atblock 1750, it is determined whether the light of polarization L1
will be reflected by the wire grid polarizer. If the L1 polarized light is not reflected, at
block 1760 the L1 polarized light is passed through the wire grid polarizer, and exits
the longitudinal OPLE.

[00148] If the L1 polarization is reflected, as determined at block 1750, at

block 1770 the light is reflected back through the OPLE. At block 1775, the reflected
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light passes through the quarter wave plate again, changing the polarization from the
L1 to C1.

[00149] At block 1780, the partially reflective coating reflects back a portion
of the light. The reflected portion of the light changes polarization to C2. The twice
reflected light passes through the quarter wave plate again, changing the
polarization from C2 to L2.

[00150] At block 1795, the L2 polarized light passes out of the longitudinal
OPLE. The process then ends.

[00151] Figure 18 is one embodiment of a modulation stack including a
plurality of OPLEs. The modulation stack includes four digital light path length
modulators. Each of the digital light path length modulators 1850, 1855, 1860, 1865
includes a polarization modulator and an OPLE. In this example, the first OPLE
1810 is a longitudinal OPLE, while the other OPLEs are transverse OPLEs. One of
the transverse OPLEs 1820 is a self-aligned OPLE.

[00152] In various embodiments, one or more of the following variations
may be made: the effective thickness of the OPLEs may vary, as may the angles of
the polarization sensitive reflective elements, and the OPLE may include one, two, or
more plates. The effective thickness of the OPLE is defined as the cumulative
thickness of the plates which are parts of the OPLE. Thus the effective thickness of
OPLE 1820 is different than the thickness of OPLE 1840, even though the individual
plates in the two OPLEs 1820, 1840 are identical.

[00153] With the shown set of four different OPLEs, the system can create

up to sixteen, 2* focal lengths by selectively modulating the polarization, as follows:

OPLE 1 OPLE 2 OPLE 3 OPLE 4
State 1 State 1 State 1 State 1
State 1 State 1 State 1 State 2
State 1 State 1 State 2 State 1
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State 1 State 1 State 2 State 2
State 1 State 2 State 1 State 1
State 1 State 2 State 1 State 2
State 1 State 2 State 2 State 1
State 1 State 2 State 2 State 2
State 2 State 1 State 1 State 1
State 2 State 1 State 1 State 2
State 2 State 1 State 2 State 1
State 2 State 1 State 2 State 2
State 2 State 2 State 1 State 1
State 2 State 2 State 1 State 2
State 2 State 2 State 2 State 1
State 2 State 2 State 2 State 2

[00154] In one embodiment, because the light exits from both sides of a
longitudinal OPLE, the longitudinal OPLE 1810 is preferentially a first OPLE in a
modulation stack 1800 that includes longitudinal OPLEs. In one embodiment, the
number of longitudinal OPLEs 1810 is limited by the level of light loss for each
longitudinal OPLE.

[00155] Figure 19 is a flowchart of one embodiment of manufacturing a
longitudinal OPLE. The process starts at block 1910.

[00156] At block 1920, two optically transparent sheets of material are used.
In one embodiment, the sheet is made of glass. Alternatively, another material that
is optically clear to the wavelengths of the system, such as plastic, transparent
ceramic, silicon, sapphire, or other materials, may be used.

[00157] At block 1930, a partially reflective coating is applied to the first
surface of the first sheet. In one embodiment, this first surface is the “top” surface of
the sheet, which will form the entry surface of the OPLE.

[00158] At block 1940, the second surface of the first sheet is attached to
the quarter wave plate. In one embodiment the adhesive used is optically clear glue.
In one embodiment, the substrates may be attached via spacers, in which the

substrates are spaced apart using a support structure, rather than adhered or
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otherwise directly attached. Other methods of securing substrates together may be
used. The quarter wave plate is made of a birefringent material, for which the index
of refraction is different for different orientations of light passing through it. The
guarter wave plate may be a bulk material, such as mica, quartz, calcite, or plastic.
The quarter wave plate may be a film applied to an optically clear material. The
quarter wave plate converts circularly polarized light into linear polarized light, and
vice versa.

[00159] Atblock 1950, the second sheet is attached to the other side of the
guarter wave plate. The quarter wave plate is now sandwiched between the two
transparent sheets of material. The attachment may be via adhesive, spacers, or
other methods.

[00160] At block 1960, the wire grid polarizer is applied to the second
surface of the second sheet. This is the exit surface, in one embodiment.

[00161] At block 1970, the resulting material is cut into appropriately sized
longitudinal OPLEs. The process then ends.

[00162] Although this is illustrated as a flowchart, one of skill in the art
would understand that the steps need not be taken in the order shown. For
example, the wire grid polarizer may be applied to the optically transparent material
at any time, before or after the second sheet is integrated into the OPLE structure.
Similarly, the partially reflective coating may be applied at any time.

[00163] The process shown produces consistent longitudinal OPLEs.
These longitudinal OPLEs can be used to lengthen the light path, which may be
controlled by digitally modulating the polarization of the light impacting the OPLE.
The OPLE and the digital light path length modulator is easily and consistently

manufactured, and takes up very little space.
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[00164] In one embodiment, an OPLE is made up of one or more
polarization sensitive reflective elements, which cause light of one polarization state
to travel a longer path than light of the other polarization state. In one embodiment,
the OPLE comprises a cuboid with one or two diagonal polarization sensitive
reflective elements, and quarter wave plate and a mirror on both sides. Light of a
second polarization state is reflected by the polarization sensitive reflective element,
passes through the quarter wave plate, is reflected by the mirror and passes through
the quarter wave plate for the second time. This reverses the polarization of the
light, which is reflected at least once more prior to exiting the orthogonal OPLE. In
one embodiment, the structure supporting the polarization sensitive reflective
elements are four triangular prisms arranged in a cuboid, which support two
differently oriented angled polarization sensitive reflective elements and with a light
path extender on one side. In one embodiment, the angled polarization sensitive
reflective element comprises a wire grid polarizer or a thin-film polarizer coating. In
one embodiment, the OPLE may be made up of one or more plates with a plurality of
polarization sensitive reflective elements. A plurality of digital light path length
modulators create a modulation stack.

[00165] In one embodiment, by using a modulation stack, the number of
focal planes can be increased. This provides the capacity to build a system that can
meet the physiological requirements of human vision, by creating a display in which
the 3D cues of overlap, focus, and vergence match. This produces a better quality
3D display and can prevent the headaches associated with 3D displays.

[00166] This mechanism in one embodiment can also be used for image
capture, and various other uses in which light waves or other waves in a similar

spectrum are either projected or captured, including but not limited to cameras,
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binoculars, 3D printing, lithography, medical imaging, etc. Creating a simple, easy to
manufacture digital light path length modulator is like the step from vacuum tubes to
transistors; it enables more complex, cheaper, and much more dense digitally
controlled elements, which can become building blocks for a wide range of uses.

[00167] Figure 20A is diagram of one embodiment of an orthogonal optical
light path length extender (OPLE). The orthogonal OPLE 2000 includes four prisms
2010A, 2010B, 2010C, and 2010D, arranged to form a cuboid. In one embodiment,
the cuboid is a square cuboid. The prisms 2010A, 2010B, 2010C, 2010D define an
entry surface (base of prism 2010A), an exit surface (base of prism 2010C), and two
sides (bases of prisms 2010B and 2010D). In one embodiment, the height (h1) of
the face defined by prisms 2010A, 2010B, 2010C, and 2010D is between 5mm and
2000mm. In one embodiment, the height is based on an aperture of the system.

[00168] Between the contact areas of the prisms 2010A, 2010B, 2010C,
2010D are angled polarization sensitive reflective elements (in one embodiment wire
grid polarizers) 2030A, 2030B, 2040A, 2040B. The first diagonal formed by the
prisms, formed by the shared edges prisms 2010A and 2010B and the shared edges
of prisms 2010C and 2010D, has a wire grid polarizer in a first orientation 2030A,
2030B, and the perpendicular diagonal, formed by the shared edges of prisms
2010B and 2010C and the shared edges of prisms 2010A and 2010D, has a wire
grid polarizer in a second orientation 2040A, 2040B.

[00169] A path length extender 2020 is positioned at one side of the OPLE
2000, here on the base of prism 2010D. In one embodiment, the height of the path
length extender 2020 (h2) is between 20/4 mm to 30mm.

[00170] On both sides of the OPLE 2000 there is a quarter wave plate

2050A, 2050B and mirror 2060A, 2060B. In one embodiment, the quarter wave
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plate 2050A, 2050B is a birefringent material such as mica. In one embodiment, the
guarter wave plate 2050A, 2050B is a polycarbonate film, which may be applied to
the base of the side prism 2010B and the base of the path length extender 2020. In
another embodiment, the quarter wave plate 2050B may be applied to the top of the
path length extender 2020 or the bottom of prism 2010D.

[00171] In one embodiment, the prisms 2010A, 20108, 2010C, 2010D and
path length extender 2020 are made of material transparent to the wavelengths
being used, e.g. optically transparent for light in optical wavelengths. The prisms
2010A, 2010B, 2010C, 2010D and path length extender 2020 are glued together, in
one embodiment.

[00172] Figure 20B illustrates an alternative embodiment in which the prism
on one side is a pentagonal prism 2080. In this embodiment, the path length
extender 2090 may be manufactured as part of one of the prisms, here prism 2080.
Prism 2080 replaces prism 2010D and path length extender 2020 shown in Figure
20A.

[00173] Additionally, in one embodiment there is a small non-reflective area
2070 on the tip of the prisms forming the intersection of the prisms 2010A, 2010B,
2010C, 2080. In one embodiment, the non-reflective area 2070 may be a black spot
in the cross section. The non-reflective area 2070 ensures that light hitting the
intersection point does not cause scattering of the light.

[00174] The embodiments of Figures 20A and 20B are not designed to be
exclusive, and the elements may be mixed and matched.

[00175] Figures 21A-21C illustrate the light paths followed by light in the
orthogonal OPLE of Figure 1A. To enable seeing the light paths, the light bounced

from the mirror is offset slightly. One of skill in the art would understand that this

38



WO 2018/031965 PCT/US2017/046648

offset is for illustration purposes only. Figure 21A illustrates the light path for light
having a first polarization 2120. The light with the first polarization exits polarization
rotator 2110, and enters orthogonal OPLE 2100. It passes through the wire grid with
the first orientation, and is reflected by the wire grid with the second polarization. It
passes through quarter wave plate, then is reflected by the mirror. Due to passing
through the quarter wave plate twice, the light now has the second polarization.
Therefore, it passes through the wire grid with the second orientation, and is
reflected out of the orthogonal OPLE 2100 by the wire grid with the first orientation.
The length of the light path through the OPLE 2100 is 21*h1, twice the length of the
sides of the square formed by the prisms. Note that although it is illustrated as
having a thickness, the quarter wave plate does not add significantly to the light path
length.

[00176] Figure 21B illustrates the light path for light having a second
polarization 2140. The light with the second polarization exits polarization rotator
2110, and enters orthogonal OPLE 2100. Itis reflected by the wire grid with the first
orientation, and passes through the light path extender. It passes through the
quarter wave plate, and is reflected by the mirror back through the quarter wave
plate and the path length extender. Due to passing through the quarter wave plate
twice, the light now has the first polarization. Therefore, it is reflected out of the
orthogonal OPLE 2100 by the wire grid with the second orientation. The length of
the light path through the OPLE 2100 is 21*h1 + 21*h2, twice the length of the sides
of the square formed by the prisms plus twice the length of the path length extender.
In a typical configuration of a 10mmx10mm prism, and a 21mm light path extender,
the difference in the light paths therefore is 210%, 210mm to 214mm. In one

embodiment, a polarization modulator is placed before the OPLE, so that light of one
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polarization is sent through the OPLE 2100, resulting in all of the light exiting at the
same time, having traveled the same path length. In another embodiment, the light
sent through the OPLE may include light of both polarizations, and the polarization

selection may occur after the light goes through the OPLE 2100.

[00177] Figure 21C illustrates the light path for light having the second
polarization entering the OPLE 2100 at a different location. As can be seen, in this
instance the light passes through the wire grid with the first orientation, before being
reflected by the wire grid with the second orientation through the light path extender.
Thus, the distance traveled by the light is again 21*h1 + 21*h2.

[00178] Figure 22A illustrates an alternative embodiment of the orthogonal
OPLE. In this embodiment, there is only a single polarization sensitive reflective
element (in one embodiment a wire grid polarizer) 2210, framed by the two quarter
wave plates 2220A, 2220B and mirrors 2215A, 2215B. In one embodiment, this
configuration may be built with two triangular prisms. In another embodiment, this
configuration may be built with a single triangular prism.

[00179] In one embodiment, this configuration does not utilize a light path
extender, in one embodiment, because there is a single polarization sensitive
reflective element only the light with the second polarization is reflected. Light with
the first polarization 2225 passes straight through the OPLE 2205. Light with the
second polarization 2227 is reflected by the polarization sensitive reflective element
2210, passes through the quarter wave plate 2220B, is reflected by the mirror, and
passes through the quarter wave plate 2220B again. It now has the first polarization
and thus passes through the polarization sensitive reflective element 2210 before
encountering the second quarter wave plate 2220A, and being bounced back once

more, with the polarization rotated back to the second polarization. It then impacts
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the polarization sensitive reflective element 2210 for the third and last time, and is
reflected out of the OPLE 2205. Thus, for a square cross-section of orthogonal
OPLE 2205, the path length for the light with the first polarization is W, the width of
the polarizer 2205, while the path length for the light with the second polarization is
2H + W (or 22H), since it bounces twice between the sides of the OPLE 2205.

[00180] Figure 22B illustrates an alternative embodiment of the OPLE with a
single polarization sensitive reflective element. In this configuration, the OPLE 2230
includes the same elements of polarization sensitive reflective element 2210, two
guarter wave plates 2220A, 2220B, and two mirrors 2215A, 2215B. However,
instead of utilizing prisms to position the polarization sensitive reflective element
2210, the polarization sensitive reflective element 2210is supported by a different
support structure. In one embodiment, the support structure may be a thin sheet of
glass, plastic, film, or other material that can provide support for a polarization
sensitive reflective element such as a wire grid polarizer or a thin film polarizer
coating and can maintain its structure. In one embodiment, the prisms may be
replaced by air, and the polarization sensitive reflective element 2210 may be
supported on one or more edges of the support structure by being attached to a
frame or other structure. In another embodiment, the polarization sensitive reflective
element may be supported by a support structure such as a diagonal piece of glass,
plastic, or other optically transparent material. This configuration may be useful if
weight is a concern.

[00181] Figure 22C illustrates an embodiment of the OPLE 2235 shown in
Figures 1A and 1B, without the prism supporting structure. This configuration
includes a support framework for the polarization sensitive reflective elements

2240A, 2240B, but does not include the prisms shown in Figure 1A. In one
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embodiment, the polarization sensitive reflective elements 2240A, 2240B are
fastened to the top of the path length extender portion 2246 of the OPLE 2235. In
one embodiment, the path length extender may be formed by a framework which
provides a spacing between the bottom of the polarization sensitive reflective
elements 2240A, 2240B and the quarter wave plate 2244B.

[00182] Figure 22D illustrates an alternative embodiment of an OPLE. In
this configuration, both sides of the OPLE 2250 have a path length extender 2270A,
2270B. In this configuration, the difference in path length is the difference in the
height of the path length extender 2270A, 2270B. In one embodiment, the system
may provide an adjustable height, enabling changes in the light path length. In one
embodiment, the height may be adjusted by moving the mirror relative to the rest of
the OPLE to create a longer or shorter path length extender on either or both sides
of the OPLE.

[00183] Figure 22E illustrates another embodiment of an OPLE. In this
configuration, the light path length extension on one or both sides is provided by a
curved mirror 2290. In one embodiment, no light path length extender is needed. In
another embodiment, an optional light path extender is used. By using mirrors which
have an optical power the virtual object distance is modulated. This may be
combined with a light path extender (not shown).

[00184] Figure 23A is a diagram of one embodiment of assembling the
pieces of an orthogonal OPLE. The triangular prisms 2310, 2315, 2320, 2325 are
matched in size. In one embodiment, each prism 2310, 2315, 2320, 2325 has
isosceles triangle ends. The triangles in one embodiment are 90-45-45 triangles. In

one embodiment, the prisms are made of glass or plastic that is transparent to the
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wavelengths used by the system. For visual object representation or capture, the
prism is transparent to light in the visual frequency range.

[00185] The wire grid or other polarization sensitive reflective element (not
shown) is placed on the prisms. In one embodiment, wire grids may be placed on
the prisms, glued onto the prisms, or nano-imprinted on the prisms. In one
embodiment, one side of each prism 2310, 2315, 2320, 2325 has a wire grid placed
on it, such that there are two prisms with polarization sensitive reflective elements of
each orientation. In another embodiment, two prisms may have polarization
sensitive reflective elements of opposite orientations placed on the two sides of the
prism.

[00186] Once the polarization sensitive reflective elements are applied, the
prisms 2310, 2315, 2320, 2325 may be attached to each other. In one embodiment,
the prisms are glued together with index matched glue, which does not have an
optical effect.

[00187] The path length extender 2330 is then attached to a base of a
prism, here prism 23 2340. In one embodiment, the path length extender 2330 is
also made of glass or plastic transparent to the wavelengths used by the system,
and it is glued using index matched glue. In another embodiment, as shown above
in Figure 1B, one of the prisms may include an integral light path extender. In that
configuration, the light path extender does not need to be attached to the prism.

[00188] The quarter wave plates 2335, 2345 are then coupled to the sides
of the cuboid formed by the prisms 2310, 2315, 2320, 2325 and the light path
extender 2330. In one embodiment, the quarter wave plates 2335, 2345 may be a

film applied to the base of the prism 2315 and path length extender 2330. Mirrors
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2340, 2347 are coupled to the quarter wave plates 2335, 2345. In one embodiment,
the mirrors are glued on, using index matched glue.

[00189] Although the prisms 2310, 2315, 2320, 2325 here are shown as
relatively short pieces, in one embodiment the system may be assembled as a large
rectangle, and then cut to an appropriate size. The size, in one embodiment,
depends on the aperture of the system. In one exemplary embodiment, the face
formed by the prisms is 5Smmx5mm (H), and the length of the OPLE (L) is 12mm.
The length may be between 5mm and 100mm.

[00190] Figure 23B illustrates one embodiment of the assembly of an OPLE
without the prisms. In one embodiment, polarization sensitive reflective elements of
the first orientation 2350 and second orientation 2355 are intersected. The
polarization sensitive reflective elements 2350, 2355 are placed on a support
structure, in one embodiment. The support structure may be plastic, glass, film, or
another optically clear material which can provide structure for the polarization
sensitive reflective elements s 2350, 2355. In one embodiment, the polarization
sensitive reflective elements 2350, 2355 and their support structure have half slits,
so the two polarization sensitive reflective elements 2350, 2355 slide into each other
forming an X shape. In one embodiment, the polarization sensitive reflective
elements 2350, 2355 are perpendicular to each other, and the wire grid polarizer
with the first orientation is at a -45 degree angle from the entrance surface of the
OPLE.

[00191] In one embodiment, in this configuration the center of the OPLE has
a non-reflective area to ensure that no negative optical effects are introduced into the
system. In one embodiment, the OPLE includes the polarization sensitive reflective

elements 2350, 2355, quarter wave plates 2370, 2380, and mirrors 2380, 2385.
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[00192] The structure is supported by a framework 2360, illustrated for
simplicity by framing elements. The framework in one embodiment may be plastic,
glass, or another material, and need not be transparent as long as it is capable of
supporting the mirror and polarization sensitive reflective elements. In one
embodiment, the quarter wave plates 2370, 2380 may be attached to the mirror
2375, 2385. In one embodiment, there may be a path length extender (not shown).
In another embodiment, the bottom of polarization sensitive reflective elements
2350, 2355 is positioned a height h2 above the quarter wave plate 2370 and mirror
2375 to create the spacing of the path length extender without requiring a physical
object.

[00193] From Figure 23A and 23B it should be clear how to assemble the
various OPLE configurations shown in Figures 1A, 1B, 2A, 2B, 2C, 2D, and 2E.
Although these embodiments are separately shown, one of skill in the art would
understand that elements from the configurations may be utilized in other
configurations as well.

[00194] Figure 24 is a diagram of one embodiment of a modulation stack
including a plurality of OPLEs. This exemplary modulation stack includes four digital
light path length modulators, each of the modulators 2430, 2450, 2470, and 2490
includes a polarization modulator and an OPLE. In this example, the first OPLE
2435 is a longitudinal OPLE 2435, the second OPLE is an orthogonal OPLE 2455,
the third and fourth OPLEs are transverse OPLEs 2475, 2495. With the shown set
of four different OPLEs, the system can create up to sixteen focal lengths by

selectively modulating the polarization.
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[00195] In one embodiment, because the light exits from both sides of a
longitudinal OPLE, the longitudinal OPLE 2435 is preferentially a first OPLE in a
modulation stack 2410 that includes longitudinal OPLEs.

[00196] In the foregoing specification, the invention has been described with
reference to specific exemplary embodiments thereof. It will, however, be evident
that various modifications and changes may be made thereto without departing from
the broader spirit and scope of the invention as set forth in the appended claims.
The specification and drawings are, accordingly, to be regarded in an illustrative

rather than a restrictive sense.
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CLAIMS

We claim:

1. A system to adjust light path length comprising a digital light path
length modulator, the digital light path length modulator comprising:

a polarization modulator to receive polarized light and to modulate a
polarization of some or all of the polarized light; and

an optical path length extender (OPLE) to direct the light having a first
polarization through a first light path through the OPLE, and to direct the light having
a second polarization through a second light path through the OPLE, the first and
second light paths having different light path lengths.

2. The system of claim 1, wherein the OPLE comprises a plurality of

polarization sensitive reflective elements.

3. The system of claim 2, wherein the polarization sensitive reflective
elements are parallel to each other, and at an angle between 20 degrees and 70

degrees to a path of the light entering the OPLE.

4. The system of claim 2, wherein the polarization sensitive reflective

elements are selected from among a dielectric layer and a wire grid.

5. The system of claim 1, further comprising:
the OPLE comprising two plates forming a self-aligned OPLE to adjust a
spatial shift of the light with the first polarization and the light with the second

polarization.

6. The system of claim 5, wherein the two plates in the self-aligned OPLE

have mirrored polarization sensitive reflective elements.

7. The system of claim 1, further comprising:
a second digital light path length modulator, the second digital light path

length modulator comprising:
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a second polarization modulator, to receive the polarized light exiting
from the OPLE, and to modulate the polarization of some or all
of the polarized light; and

a second OPLE to further alter relative light path lengths;

thereby creating a plurality of digitally selectable path lengths.

8 The system of claim 1, further comprising:

a polarizer to generate the polarized light.

9. The system of claim 1, further comprising:
a modulation stack comprising a plurality of digital light path length modulators

to enable a plurality of digitally selectable path lengths.

10. A system comprising:

an optical path length extender (OPLE) including a plurality of polarization
sensitive reflective elements, the OPLE comprising two light paths having different
path lengths, such that light having a first polarization is directed through a first light
path, and the light having a second polarization is directed through a second light

path.

11.  The system of claim 10, wherein for polarized light incident on the
OPLE, a first subset of light travels through the first light path, and a second subset
of light travels through the second light path.

12.  The system of claim 10, wherein all of the polarized light incident on
the OPLE has a first polarization, and a polarization of the light is modulated over

time.

13.  The system of claim 10, wherein the polarization sensitive reflective
elements are parallel to each other and at an angle of between 20 degrees and 70

degrees to a path of the light entering the OPLE.

14.  The system of claim 10, wherein the polarization sensitive reflective

elements are selected from among a dielectric layer and a wire grid.
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15.  The system of claim 10, wherein:

the OPLE comprises two plates forming a self-aligned OPLE.

16.  The system of claim 15, wherein light exiting the self-aligned OPLE is
not spatially shifted from a path of the light entering the self-aligned OPLE.

17.  The system of claim 15, wherein angles of the polarization sensitive

reflective elements in the two plates in the self-aligned OPLE are mirrored.

18.  The system of claim 10, further comprising:

a polarization modulator to modulate a polarization of some or all of the
polarized light exiting from the first OPLE;

a second OPLE receiving light output by the polarization modulator, the
second OPLE to further alter light path lengths; and

the polarization modulator and the second OPLE comprising a digital light

path length modulator.

19.  The system of claim 10, further comprising:

a polarizer to generate the polarized light;

a polarization modulator to modulate a polarization of some or all of the
polarized light before entering the OPLE; and

the polarization modulator and the OPLE comprising a digital light path length

modulator.

20.  The system of claim 19, further comprising:
a plurality of digital light path length modulators forming a modulation stack,
the modulation stack used to generate a plurality of digitally selectable light path

lengths.

21.  The system of claim 10, further comprising:

a digital correction system to adjust the light from a light source to correct
spatial shift between the light exiting the first light path, and the light exiting the
second light path.
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22. A system comprising:
a light source;
a modulation stack comprising:
a first digital light path length modulator comprising:
a first polarization modulator to modulate a polarization of a first
set of light from the light source;
a first optical path length extender (OPLE) including a plurality of
parallel polarization sensitive reflective elements, the
OPLE to direct light having a first polarization through a
first light path, and the light having a second polarization
through a second light path through the OPLE, the first
and second light paths having different light path lengths;
a second digital light path length modulator comprising:
a second polarization modulator to modulate a polarization of
the light exiting from the first OPLE;
a second OPLE including a plurality of parallel polarization
sensitive reflective elements, the second OPLE having a
third light path and a fourth light path, the second OPLE
to direct the light having a first polarization through the
third light path, and the light having a second polarization
through the fourth light path through the OPLE, the third
and the fourth light paths having different light path
lengths; and

an output of the modulation stack having a plurality of path lengths

corresponding to a number of the digital light path length modulators in the

modulation stack.

23. A system to adjust light path length comprising a digital light path

length modulator, the digital light path length modulator comprising:

a polarization modulator to receive polarized light and to modulate a

polarization of some or all of the polarized light; and

an optical path length extender (OPLE) having an entry surface and an exit

surface, to direct the light entering the OPLE with a first polarization through the
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entry surface and along a first light path through the OPLE to exit through the exit
surface, and to direct the light entering the OPLE with a second polarization through
the entry surface and along a second light path through the OPLE to exit through the
exit surface, the second light path through the OPLE having a light path length two or
more times longer than the first light path length through the OPLE.

24. The system of claim 23, wherein the OPLE is a transverse OPLE, in
which the light having the second polarization is reflected by angled polarization

sensitive reflective elements.

25.  The system of claim 23, wherein the OPLE is a longitudinal OPLE, and
the light entering the OPLE with the second polarization is reflected back towards the

entry surface, prior to exiting the OPLE through the exit surface.

26. The system of claim 25, wherein the longitudinal OPLE comprises:
a quarter wave plate, changing a type of polarization between a circular
polarization and a linear polarization, such that the light entering the OPLE has

circular polarization, and the light exiting the OPLE has linear polarization.

27.  The system of claim 25, wherein the longitudinal OPLE includes:

a quarter wave plate to change the polarization of the light between a circular
polarization and a linear polarization;

a wire grid polarizer to pass the light having a particular polarization through,
and to reflect the light with a different polarization; and

a partially reflective coating to reflect a portion of the light, reversing the
circular polarization of the light, such that the reflected light is passed through the

wire grid polarizer to exit the OPLE.

28. The system of claim 27, wherein the partially reflective coating is on the
entry surface of the longitudinal OPLE, the quarter wave plate is in a center of the

OPLE, and the wire grid polarizer is on the exit surface of the longitudinal OPLE.

29. The system of claim 25, wherein the first light path traverses the

longitudinal OPLE one time, and the second light path traverses the longitudinal
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OPLE three times, reflecting off a wire grid polarizer and a partially reflective coating,
such that a second light path length through the longitudinal OPLE is a multiple of
the first light path length.

30. The system of claim 25, wherein the polarization of the light entering
the OPLE is a circular polarization, and the light with the second polarization is

converted between the circular polarization and a linear polarization multiple times.

31.  The system of claim 23, further comprising:
a second digital light path length modulator, the second digital light path
length modulator comprising:

a second polarization modulator, to receive the polarized light exiting
from the OPLE, and to modulate the polarization of some or all
of the polarized light; and

a second OPLE to further alter relative light path lengths;

thereby creating a plurality of digitally selectable path lengths.

32. A system comprising:

an optical path length extender (OPLE) having two light paths having different
path lengths, such that light entering the OPLE with a first polarization is directed
through a first light path, and light entering the OPLE with a second polarization is
directed through a second light path having a light path length two or more times
longer than the first light path length through the OPLE..

33. The system of claim 32, wherein the OPLE is a transverse OPLE

comprising a plurality of angled polarization sensitive reflective elements.

34. The system of claim 32, wherein the OPLE is a longitudinal OPLE in
which the light entering the OPLE with the first polarization passes through the OPLE
and exits through an exit surface of the OPLE, and the light entering the OPLE with
the second polarization is reflected back through the OPLE prior to exiting through
the exit surface of the OPLE.
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35. The system of claim 34, wherein the light entering the OPLE with the
second polarization passes through the OPLE three times prior to exiting through the

exit surface.

36. The system of claim 34, wherein:

the light entering the OPLE with the second polarization is converted to a third
polarization,

the light with the third polarization is reflected back from a wire grid polarizer,

the light with the third polarization is converted to the second polarization,

the light with the second polarization is reflected back from a partially
reflective surface thereby being converted to the first polarization, and

the light converted to the first polarization passes through the OPLE through
the first light path.

37. The system of claim 34, further comprising:
a quarter wave plate to convert the light with the first polarization to a third

polarization, and the light with the second polarization to a fourth polarization.

38.  An optical path length extender (OPLE) comprising:

an entry surface;

an exit surface;

a first light path for light entering the OPLE with a first polarization at the entry
surface, the first light path exiting the OPLE at the exit surface; and

a second light path for light entering the OPLE with a second polarization at
the entry surface, the second light path exiting the OPLE at the exit surface;

wherein the second light path is more than two times as long as the first light
path through the OPLE.

39. The OPLE of claim 38, further comprising:
a plurality of angled polarization sensitive reflective elements to reflect the

light entering the OPLE with the second polarization.

40. The OPLE of claim 38, further comprising:

a partially reflective layer to reflect light;
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a quarter wave plate to change polarization between circular polarization and
linear polarization; and
a wire grid polarizer, to reflect light with the second polarization and pass light

with the first polarization.

41.  The OPLE of claim 40, wherein the light entering the OPLE has a

circular polarization, and the light exiting the OPLE has a linear polarization.

42. The OPLE of claim 41, wherein a first reflection is from the wire grid

polarizer, and a second reflection is from the partially reflective layer.

43. A system to adjust light path length comprising a digital light path
length modulator, the digital light path length modulator comprising:

a polarization modulator to receive light and to modulate a polarization of
some or all of the light; and

an optical path length extender (OPLE) to direct the light entering the OPLE
with a first polarization along a first light path through the OPLE, and to direct the
light entering the OPLE with a second polarization along a second light path through
the OPLE, the second light path through the OPLE having a light path length longer
than the first light path length through the OPLE.

44. The system of claim 43, wherein the OPLE is an orthogonal OPLE
comprising:
a rectangular cuboid body comprising:
an entry surface;
an exit surface substantially parallel to the entry surface;
a first side and a second side substantially perpendicular to the entry
surface;
an angled polarization sensitive reflective element having a first orientation
extending along a diagonal from the entry surface to the exit surface;
a first mirror and first quarter wave plate, for reflecting light and changing a
type of polarization of the light on the first side; and

a second mirror and a second quarter wave plate on the second side.
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45.  The system of claim 44, further comprising:

a second angled polarization sensitive reflective element having a second
orientation extending along a second diagonal from the entry surface to the exit
surface, the second angled polarization sensitive reflective element crossing the first
polarization sensitive reflective element; and

a path length extender above the second quarter wave plate on the second

side.

46. The system of claim 45, wherein the first diagonal and the second

diagonal are formed by four triangular prisms.

47.  The system of claim 46, wherein a first prism and a second prism of the
four prisms have a first face with a first wire grid polarizer with a first orientation and
the second face with a second wire grid polarizer with the second orientation, such
that when the four prisms are coupled, the first diagonal and the second diagonal

extends through the rectangular cuboid of the orthogonal OPLE.

48. The system of claim 45, wherein the light with the first polarization
traverses the orthogonal OPLE by entering the entry surface, being reflected by the
wire grid polarizer with the first orientation to the first wave plate, changing to the
second polarization, being reflected by the first mirror, and being reflected by the

wire grid polarizer with the second orientation to the exit surface.

49. The system of claim 48, wherein the light with the second polarization
traverses the orthogonal OPLE by entering the entry surface, being reflected by the
wire grid polarizer with the second orientation to the light path extender, then passing
through the second wave plate, changing to the first polarization, being reflected by
the second mirror, passing through the wave plate, and the light path extender
before being reflected by the wire grid polarizer with the first orientation to the exit

surface.

50. The system of claim 44, wherein the wire grid polarizer is one of: glued,

nano-imprinted, and deposited onto a support structure.
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51.  The system of claim 50, wherein the support structure for the wire grid

polarizer is one of: a prism, a sheet of glass, a sheet of plastic, and a film.

52.  The system of claim 44, wherein a first mirror is a curved mirror with an

optical power, the optical power of the mirror shifting a virtual image distance.

53. The system of claim 44, further comprising:

a framework to support the wire grid polarizer.

54. The system of claim 44, wherein a distance between the first side and

the second side is adjustable, to alter a light path length.

55.  The system of claim 43, further comprising:
a second digital light path length modulator, the second digital light path
length modulator comprising:

a second polarization modulator, to receive the polarized light exiting
from the orthogonal OPLE, and to modulate the polarization of
some or all of the polarized light; and

a second OPLE to further alter relative light path lengths;

thereby creating a plurality of digitally selectable path lengths.

56. A system comprising:

an optical path length extender (OPLE) having two light paths having different
path lengths, such that light entering the OPLE with a first polarization is directed
through a first light path, and light entering the OPLE with a second polarization is
directed through a second light path having a light path length longer than the first
light path length through the OPLE.

57. The system of claim 56, wherein the OPLE is a rectangular cuboid
comprising:

a first quarter wave plate and a first mirror on a first side of the OPLE;

a second quarter wave plate and a second mirror on a second side of the
OPLE; and
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a diagonal polarization sensitive reflective element extending across a body of

the rectangular cuboid.

58.  The system of claim 57, wherein the diagonal polarization sensitive

reflective element is a wire grid polarizer supported by a support structure.

59. The system of claim 58, wherein the support structure is one of: a

prism, a sheet of plastic, a sheet of glass, and a film.

60. The system of claim 57, wherein the polarization sensitive reflective
elements comprise a first wire grid polarizer having a first orientation extending along
a first diagonal, and a second wire grid polarizer having a second orientation

extending along a second diagonal of the OPLE.

61. The system of claim 56, further comprising:

a polarization modulator, to receive the polarized light exiting from the OPLE,
and to modulate the polarization of some or all of the polarized light; and

a second OPLE to further alter relative light path lengths;

thereby creating a plurality of digitally selectable path lengths.

62. An orthogonal OPLE comprising a rectangular cuboid, the orthogonal
OPLE comprising:

a first wire grid polarizer with a first orientation extending along a first
diagonal;

a second wire grid polarizer having a second orientation extending along a
second diagonal, the second angled polarization sensitive reflective element
perpendicular to the first polarization sensitive reflective element;

a path length extender having a height positioned on one side of the OPLE;

a quarter wave plate and a mirror positioned on a first side of the OPLE; and

a second quarter wave plate and a second mirror on the second side of the
OPLE, after the path length extender;

such that light with a first polarization has a light path that is longer by two
times the height of the path length extender.

57



WO 2018/031965
1/46

!

Optical Path Length Extender (OPLE)
130

*

Polarization Modulator
120

*

Polarized or Unpolarized Light

Fig. 1A

Polarization Modulator
170

?

Optical Path Length Extender (OPLE)
160

*

Polarized or Unpolarized Light

Fig. 1B

PCT/US2017/046648

Digital Light
Path
Length
Modulator
110

Digital Light
Path
Length
Modulator
150



WO 2018/031965 PCT/US2017/046648
2/46

245

Optical Path Length Extender (OPLE)
240 Digital Light
* Path Length
Modulator

Polarization Modulator 230
235

Polarizer
220

*

Light Source
(Spatial Light Modulator)
215

Digital Correction System
210

Fig. 2A



WO 2018/031965 PCT/US2017/046648
3/46

255

Polarization Modulator
260 Digital Light
* Path Length
Modulator

Optical Path Length Extender (OPLE) 270
265

i Digital Correction System :
| 280 :

Fig. 2B



PCT/US2017/046648

WO 2018/031965

4/46

ve b4

sssssss —— Z OIS 101

NPOIA 1YDIT

e B

(018

GlLE

g B s

0ce gt

-
e
»

IR USRI

ove

s e S s e v od Pl s wd B e e e e e vy RERIRR

Joje|npoln
bue yyed
o117 1eybia

G2€ 3140 AT A A W —

w{f‘m

SondQ uonosloid dIN

0ee




PCT/US2017/046648

WO 2018/031965

5/46

,,,,,,,,, - zams [ 103B[NPON 3YDIT

———— 1 9]E15

Gle

dg¢ 614

0Le

J93 Buizuejod s

!
i
m
m
_
Yy
;

oce "

J03RINPO UOILZLIRIO]

ove

0ee

Joje|npop
N7 |
| \ oI [eybig

{ —p—

SO11AQ UOOY=alodd d4N




PCT/US2017/046648

WO 2018/031965

6/46

Vi b4

......... Z 2318315 10SU9S abeuwl]
-———T1 23815 )
i 0S¥
! p
! — —
Ov¥ 3140 !
1 09
/ Joje|npo
01374 4 yibua Yyied
A01RINPO co_umNtEo&//,. i ,  [ub revdia
A
! B
ocy I L 1
193 Buiziiejod

0Ly

tu:wub.u:)
ww)p




PCT/US2017/046648

WO 2018/031965

7/46

———— T 93815

ovy 31dO

ocy

1038|NPON co_ummtm_oa/
| |

Ocy
19141y Buizuejod

dy ‘014

7 B3EIS 10SuoS abew]

UV

e

T

AN

09t
JO1B|NPOIA

uibue yied
oI [eubig

oLy




WO 2018/031965

8/46

PCT/US2017/046648

i Optical Path Length Extender
i (OPLE)
! 510
|
!
I
!
' £2
!
! | State 1 ———n—
: i
/'.' i State 2 --r—ommm
/ I Perpendicular
Light Beams
Angled 530
Light Beams
540

Fig. 5A



WO 2018/031965 PCT/US2017/046648
9/46

PBS
580

/ Perpendicular
! Light Beams
Angled 560
Light Beams
570

Fig. 5B



PCT/US2017/046648

v9 b4

MR M s M A A Y M R A

WO 2018/031965

10/46

21l oeo
== 019
Sdd
029
0L9
31d0O



PCT/US2017/046648

WO 2018/031965

11/46

Sn & 00 X GeN & s X e & e0e

g9 ‘014

23

G99

059
3140

099

e, G99
Sdd




WO 2018/031965 PCT/US2017/046648

12/46
Yo |
S o ;
L 0 |
l i
I i
i
- N
v W
bt odoned
I l n©
«\, wand wand
Y o "' n
Dl S B - I ........... i

SO Sp— _-—
Z U
\
P
?NM—--«...__
o

Fig. 6C



WO 2018/031965 PCT/US2017/046648
13/46

OPLE
680
4 :
PES_| l
PBS__ A
! t2
3

Fig. 6D



PCT/US2017/046648

WO 2018/031965
14/46

Aob A
vy

i {
PBS\\\\ ‘ ; a
T v S
\ SNy & S £2
bk
Vit _
tsl
‘.' State 2 ~=—=mm--
L N
Real Source
PBS\\

t2

State 1~ F|g 7B

State 2 = ===
Virtual Ray ...........................

“Virtual Source



WO 2018/031965 PCT/US2017/046648
15/46

PBS

t2

Real Source

2d

Lo

S~
Virtual Source

Fig. 7C



WO 2018/031965 PCT/US2017/046648
16/46

v Three Light Path Extensions
side-by-side for comparison

Sub-sets of real image o /
at display plane

g
Py
foe

#2

Virtual Images ~
at different focal planes ¢ N

= #3

~—

Real Light Ray

Visual guide® .o

*for iflustration only.
Shows displacement of input and output rays,
Does not indicate real path of light

Fig. 7D



WO 2018/031965

Real objects at
different planes

W

Co-planar )
virtual images <.__

Fig. 7E

PCT/US2017/046648
17/46

Three Light Path Extensions
side-by-side for comparison

——
-
P e
o
e
——

et
e
-

S~
-
..
~——

Real Light Ray
Visual guide®

*for Bustration only.
Shows dispiacemant of input and cutput rays.
Does not indicate real path of light



WO 2018/031965 PCT/US2017/046648
18/46

m-..,.

P8BS

Digital Light SO i \ .
Path Length b ! 0
Modulator ;—Ti ' H
840 __Polarization Modulator - Off
I 3" 820
PBS
State 2 -~
Intermediate Polarization modulator off.
Incoming tight in State 2 is has no path extension.
Incoming fight in State 1 is extended by 3*d
A A
PBS :
I ‘\

BV ]

Digital Light| N [ i © a3
Path Length > :
Modulator i ]

840 : _Polarization Modulator - On
{ .~ 820
t
;
810

PBS
e

/_

t
i
i[ State 1 — e
t

} State 2 -—mmmom

Intermediate Polarization modulator on.
Incoming light in State 2 is extended by d.
Incoming light in State 1 is extended by 2%d




WO 2018/031965 PCT/US2017/046648

Digital Light| [N\
Path Length
Modulator e
880

t2  g70

’/Polarization Modulator - Off

3 860

/ = Fig. 8C

State 2 ~rmimrmimem

Intermediate Polarization modwlator off,
Incoming light in State 2 is has no path extension.
Incoming light in State 1 is extended by d14-d2

A A
PBS | :
S | a
Digital Light| |\ _, \ \
igital Lig N — i 2
Path Length 7 1\ ; o7
Modulator cu§ : .
880 i //.Polarxzatlon Modutator - On
I 860
— i

H o
] S

// | 850

Fig. 8D

State 1

|
i |
!
i
]
i |

Intermediate Polarization modulator on,
Incoming light in State 2 is extended by d1.
incoming light in State 1 is extended by d2



WO 2018/031965 PCT/US2017/046648
20/46
poo
i
PBS at 45 degrees\ i
N i
AN ;
.\\ \\ !
Digital Light| |\ O\\ | 2
Path Length R {
Modulator di ’ ! _
940 ! Polarization Modulator - Off

f . P 920
i
- i

/‘// // : '/‘/./
PBS at 35 degrees | il ///f“\\7 .,iV/ //'/ 910
\:: :;;%f\\\‘\ yd l P S ///‘ 3
/,/ %\ // ! // n
C Fig. 9A
. g.
d2

State 1 e
State 2

Intermediate Polarization modulator off.

PBS at 45 degrees A »‘\
\, :\ l t
VO T
Digital Light| [N, .S ™. PN )
N ! 930

Path Length ‘ )

Modulator a1 :
; _Polarization Modulator - On
940 ) A S -~ 920

A

I H

§

/// /// : e d
PBS at 35 degrees e /,/T\\\J/V e 910
e SN y >} -
T e
>/ Ve } o []
/'/ ////g\\\,l// 3/-/'/ F Ig . 9 B
.—{ i .
de = . State 1 ———————
i State 2 --imimeme

Intermediate Polarization modulator on.



WO 2018/031965 PCT/US2017/046648

21/46
l
A
.
PBS__ : | L
‘\t\\ A
Ny )
Digital Light / 7/ / /)/“\z/ t2 1060
Path Length :
Modulator i
1050 :
; __Polarization Modulator - On
( el 1065
3
}
— i
;»WSLM} t
PBS \ { \ 1040
< . ‘.
Digital Light > T Ne S w2
Path Length < : £
Modulator i
1030 :
; _Polarization Modulator - On
t " 1045
3
I i
}
— ]
13
Digital Light {
Path Length - RN 1020
Modulator o
1010 /:/

é State 1 v
| : |State 2 ----==--

Polarization Modulator

Fig. 10



WO 2018/031965 PCT/US2017/046648
22/46

PEZ
1120°

N T s IO EFNE H
Baae Subeiate P

R T T I T T N T T T T eI e
R T T O T T T N L T T ey <

’

B Lings

-

=~
e

"t Substrates 1110
2

1150

Fasaling Bistkad Poladzivng Boam Splitler

Fig. 11



WO 2018/031965 PCT/US2017/046648
23/46

Fig. 12




WO 2018/031965 PCT/US2017/046648
24/46

T _

Optical Path Length Extender (OPLE)
1330 Digital Light
Path
* Length
Polarization Modulator Modulator
1320 1310

) _

Polarized or Unpolarized Light

Fig. 13A

! _

Polarization Modulator
1370 Digital Light
Path
? Length
. Modulator
Optical Path Length Extender (OPLE)
1360 1350

*

Polarized Light

Fig. 13B



WO 2018/031965 PCT/US2017/046648
25/46

1445

Optical Path Length Extender (OPLE)
1440 Digital Light
* Path Length
Modulator
Polarization Modulator 1430
1435
Polarizer
1420

*

Light Source
(Spatial Light Modulator)
1415

Digital Correction System
1410

Fig. 14A



WO 2018/031965

Fig.

26/46

1455

Polarization Modulator
1460

Y

Optical Path Length Extender (OPLE)
1465

i Digital Correction System :
. 1480 |

14B

PCT/US2017/046648

Digital Light
Path Length
Modulator
1470



PCT/US2017/046648

WO 2018/031965

27/46

o1 b4

g# 9dAlL 31dO

/1111

L# @dAL 3140




PCT/US2017/046648

WO 2018/031965

28/46

| 9dAL 1yBI] pazirejod Jeaur] |
| 9dAL 1B pazirejod JenouI) 11D

0vS | Joziejod pUn) SN\

0£SG1 (8bueyd uonezuejod 7 01 D) d1e|d SAEM JaeNnd)

0251 Buieo) aAnos|eY Ajeilied

0LG| Jozirejod

VGl "Old

>_,|_

I I N INI I N | |

()

WoIT



PCT/US2017/046648

WO 2018/031965

29/46

¢ odAlL b paziejod Jesur g1
| 9dAL yBI paziiejod Jeaur L7
¢ 9dAL b paziejod Jeinoil) g0
| 9dAL 1ybI paziejod Jeindil) (1D

0vS 1 J9ziejod plL) SJIAN

0£S1 (8bueyd uonezuejod 7 01 D) d1e|d dABM Japend)

OGS Ol

A Ao A A,

¢l

o, o, o, o " o, " o, e o,

0cS | Buireo) anids|jey Ajfeled

LGl Jozirejod

0S| Joziejod plUL) SJIAN

0EG | 91B|d dABM Japend)

025 | Bueo) aAnos|IeY Ajeilied

0LG| Joziejod

dst ‘Oid

AN H IR

dsl "Old

A I TN I L I I I

>N|_




PCT/US2017/046648

WO 2018/031965

30/46

d9l "Old

G9| Jozlejod pluL) Sl <© _. mv_n_

0%91 Jehe| paiyL /

Jaoeds —p
Ge9al (ebueyd uonezuejod 7 0} 9) d1e|d dABM JapeNd)
0g9 1 Joke ajppiN |

<, *,

R R R

629l Buneo) aaios|iey Ajeled
0291 Joke| 18114

X

019} Jezlie|0d 009} 31dO



WO 2018/031965 PCT/US2017/046648

31/46

Receive circularly polarized light
(polarization C1)
1720

| Light passes through quarter wave |
plate, changing polarizationto |
linear (L1)

Light hits wire grid polarizer
1740

Is L1
polarization
reflected?
1750

No Pass L1 polarized light out

of longitudinal OPLE
1760

L1 light is reflected back
1770

Reflected light passes through
quarter wave plate, changing
polarization to C1
1775

Partially reflective coating reflects
back a portion of the light,
changing polarization to C2
1780

Reflected light passes through
quarter wave plate, changing
polarization from C2 to L2
1790

_________________________________________________  —

Pass L2 polarized light out of
longitudinal OPLE
1795

FIG. 17




WO 2018/031965

Polarization
Rotator
1805

Polarization
Rotator
1815

Polarization
Rotator
1825

Polarization
Rotator
1835

Fig. 18

32/46

PCT/US2017/046648

Modulation Stack

, 1800
Incoming
Light
]

o First
————————Longitudinal pigita) Light Path
cersnnnnnnnvernnneel OPLE 1) ength Modulator

1810 1850
P38 S8 IROXOX S I RN 8 IR XX R IS XN
]
Second
Digital Light Path
Transverse | | ength Modulator
Self-Aligning 1855
OPLE
1820
! Third
Transverse | Digital Light Path
OPLE | Length Modulator
1830 1860
I Fourth
Transversel pigita Light Path
OPLE Length Modulator
1840 1865



WO 2018/031965 PCT/US2017/046648
33/46

Take two optically transparent
sheets of material
1920

e

{ Apply partially reflective coating to
: first surface of first sheet '
1930

Attach second surface of first sheet
: to quarter wave plate '
1940

—

Attach second sheet to second

side of quarter wave plate
1950

................................................. T

Apply wire grid polarizer to second
' surface of second sheet '
1960

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, s

Cut into appropriately sized
longitudinal OPLEs
1970

Fig. 19



WO 2018/031965 PCT/US2017/046648
34/46
Orthogonal Polarization Polarization
OPLE Sensitive Sensitive
2000 Reflective Reflective
Element Element
(first orientation) (second orientation)
2030A 2040A
Mirror 2060A
Quarter /',
Wave plate 2050A
Prism 2010B -
Prism 2010A X Prism 2010C h1
/,,A i
, Prism 2010D A
o Path Length
Quarter Extender
Wave plate 20508 <«——2020
Mirror 2060 ot
Polarization Polarization
Sensitive Sensitive
Reflective Reflective
Element Element
(second orientation) (first orientation)
2040B 2030B

FIG. 20A



WO 2018/031965

Orthogonal
OPLE
2000

Mirror 2060A

Quarter
Wave plate 2050A

Wave plate 2050B

Mirror 2060

FIG. 20B

35/46

Polarization

Sensitive
Reflective
Element

(first orientation)

2030A

PCT/US2017/046648

Polarization
Sensitive
Reflective

Element
(second orientation)
2040A

Non-Reflective

area

/ 2070

h1

Polarization
Sensitive
Reflective

Element

(second orientation)

2040B

A
Path Length
¢—Extender
portion of
Prism 2080
2090
Polarization
Sensitive
Reflective
Element
(first orientation)
2030B



WO 2018/031965

Orthogonal
OPLE
2100

Light
Having a
First
Polarization
2120

PCT/US2017/046648

Polarization
Rotator
2110

FIG. 21A

h1
Light
Having a
> Second
Polarization
2130
h2

Distance traveled by Light: 2*h1



WO 2018/031965 PCT/US2017/046648
37/46

Orthogonal
OPLE
2100
Light
Having a .
Second ,/
Polarization 7
2140
Light
Having a
> First
Polarization
2150
Polarization Distance traveled by Light: 2*h1+2*h2
Rotator
2110

FIG. 21B



WO 2018/031965 PCT/US2017/046648
38/46

Orthogonal
OPLE
2100
]
Light
/’ Having a
, (. > First
t Polarization
Light 2 2150
Having a
Second 7 h
Polarization L’
2140
|h2
Polarization
Rotator Distance traveled by Light: 2*h1+2*h2
2110

FIG. 21C



WO 2018/031965 PCT/US2017/046648
39/46

Polarization
Sensitive
Reflective
Element Orthogonal OPLE
2210 2205

Mirror 2215A

W /
Quarter
i 7y <4 Wave plate 2220A

Light with a
First
Polarization
2225

Light with a
Second
Polarization

2227 H

Quarter
Wave plate 2220B

Mirror 2215B Path Length:

First polarization: W
Second polarization: 2H+W

FIG. 22A



WO 2018/031965

Polarization

Sensitive

Reflective

Element
2210

40/46

Orthogonal OPLE
2230

Light with a |
First

Polarization
2210 |

I
I
|

PCT/US2017/046648

Mirror 2215A

/ Quarter
<4 Wave plate 2220A

Light with a |
Second |
Polarization
2215 |

Quarter |
Wave plate 2220B I

Mirror 2215B

FIG. 22B

Path Length:
First polarization: H1
Second polarization: 3*H1

H1




WO 2018/031965 PCT/US2017/046648

41/46
Orthogonal
OPLE
2235 o
Polarization Polarization
Sensitive Sensitive
Reflective Reflective
Element Element
(first orientation) (second orientation)
2240A 2240B
Mirror 2242A

Quarter / :

Wave plate 2244A

h1

Quarter N Path Length
Wave plate 2244B I ho Extender

/\:_ 2240

Mirror 2242B

Polarization Polarization
Sensitive Sensitive
Reflective Reflective

Element Element
(second orientation) (first orientation)
2240B 2240A

FIG. 22C



WO 2018/031965 PCT/US2017/046648
42/46
Polarization Polarization
Orthogonal Sensiti Sensitive
OPLE ensitive :
Reflective Reflective
2250
Element ( Ecliem.ent ion)
. first orientation second orientation
Mirror 2265A ( 5053/ ) 2255A
h3 Path Length
/ | <4——Extender
Quarter 2270A
Wave plate 2260A
h1
/,,A A
Quarter . Path Length
Wave plate 2260A\ |h2<_ Extendgr
/ 22708
Mirror 2265 L
Polarization Polarization
Sensitive Sensitive
Reflective Reflective
Element Element
(second orientation)  (first orientation)
22558 22538
Path length:

First polarization: 2*h1+2*h2

FIG. 22D

Second polarization: 2*h1+2*h3



WO 2018/031965

PCT/US2017/046648
43/46
Orthogonal
OPLE
2275 o
Polarization Polarization
Sensitive Sensitive
Reflective Reflective
Element Element
(first orientation) (second orientation)
2280A 2282A
Mirror 2284 Quarter
Wave plate 2286A
Light with a . ;
First | *,
Polarization + 1
2292 L
’
Light with a h1
First
Polarization
2294
>
Quarter
Wave plate 2286B
Curved o
Mirror 2290 PO|a”Z.§t'On Polarization
Sensitive Sensitive
Reflective Reflective
Element Element

(second orientation)

2282B

FIG. 22E

(first orientation)

2280B



WO 2018/031965 PCT/US2017/046648
44/46

Mirror
2347

Quarter Wave Plate

Prism 1
2310
Prism 3
Prism 4

2320
/
2325

Quarter Wave
Path Length Extender Plate 2335
5330 /
Mirror
2340
FIG. 23A




WO 2018/031965 PCT/US2017/046648
45/46

Mirror
2385

Framework 4// Quarter wave
3 plate

2360 i Do

Polarization
Sensitive

Reflective ; 3 TR Polarization
. Element . Sensitive
First Orientation Reflective
2350 Element
Second Orientation
2355

Mirror

Quarter wave
2375

plate
2370

FIG. 23B



WO 2018/031965

Polarization

46/46

Incoming
Light
2415

PCT/US2017/046648

Modulation Stack
2410

Rotator [

2420

Polarization
Rotator
2440

Polarization
Rotator
2460

Polarization
Rotator
2480

Fig. 24

2430
First
Light Path
Length Modulator

(Longitudinal OPLE)
2435

2450
First
Light Path
Length Modulator

(Orthogonal OPLE)
2455

ANNNNN\WY

A

2470
Third
Light Path
Length Modulator

(Transverse OPLE)
2475

AN

2490
Fourth
Light Path
Length Modulator

(Transverse OPLE)
2495



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 17/46648

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - GO2F 1/01 (2017.01)
CPC

- GO2F 1/0136; GO2F 1/0131; HO1S 5/0608; HO1S 5/18355

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of

See Search History Document

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

the priority date claimed

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2007/0139760 A1 (BAKER et al.) 21 June 2007 (21.06.2007), para [0001], {0043), [0049)], 1-4,7,9,10, 13, 14, 18,
[0050], [0052]), [0053], [0055]-, 0056], [0060]-[007 1], [0075) 22, 23, 31, 32, 38, 43, 55,
56, 61
Y 8, 15-17, 19, 20, 24, 33,
39-42, 44-48, 50-53, 57-
60
A 5,6, 12, 21, 25-30, 34-37,
49, 54, 62
X -1 WO 2015/190157 A1 (MITSUBISHI ELECTRIC CORPORATION) 17 December 2015 10, 11
- (17.12.2015), pg. 11, para 4; pg. 16, para 1, 5; pg. 20, para 1; pg. 31, para 5;
Y 52
Y US 2016/0077338 A1 (ROBBINS et al.) 17 March 2016 (17.03.2016), para [0043], [0051] 8,19, 20
Y US 2004/0156134 A1 (FURUKI et al.) 12 August 2004 (12.08.2004), para [0025), [0068], [0090), | 15-17, 24, 33, 39-42, 44-
(0098}, [0101], [0114]-[0115], [0121]-[0122), [0197] 48, 50-53, 57-60
A 5, 6, 21, 49, 54, 62
Y US 2016/0131920 A1 (GOVERNMENT OF THE UNITED STATES, AS REPRESENTED BY 40-42, 44-48, 50-53,
THE SECRETARY OF THE AIR FORCE) 12 May 2016 (12.05.2016), para [0010], [0044] 57-60
A 49, 54, 62
|Z Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “T” later document published after the international filing date or priority
“A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or after the international  “X” document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L dpcgment wlg)ilghhmzy thrgl\y dq)ubtfj on pl;jorityhclaim(s)'or whic}Lis step when the document is taken alone
cited to establish the publication date of another citation or other “Y” document of particular relevance; the claimed invention cannot be
special reason (as specified) considered topinvolve an inventive step when the document is
“0” document referring 10 an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
“P”  document published prior to the international filing date but later than  «g,» document member of the same patent family

Date of the actual completion of the international search

11 October 2017

Date of mailing of the international search report

17 NOV 2017

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

- Authorized officer:
Lee W. Young

PCT Hetpdesk: 571-272-4300
PCT OSP: 5671-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US 17/46648

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 4,670,744 A (BUZAK) 02 June 1987 (02.06.1987), col 7, In 60-37;col 8, In 25-42; col 9, In 41,42
52-56;
Y WO 2012/104839 A1 (ADVISOL, LTD) 09 August 2012 (09.08.2012), para [006], [0044) 46-47
Y US 2009/0237785 A1 (BLOOM) 24 September 2009 (24.09.2009), para [0042], [0054] 50, 51
Y US 2004/0263806 A1 (SILVERSTEIN et al.) 30 December 2004 (30.12.2004), para [0019] 53

Form PCT/ISA/210 (continuation of second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - claims
	Page 49 - claims
	Page 50 - claims
	Page 51 - claims
	Page 52 - claims
	Page 53 - claims
	Page 54 - claims
	Page 55 - claims
	Page 56 - claims
	Page 57 - claims
	Page 58 - claims
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - drawings
	Page 100 - drawings
	Page 101 - drawings
	Page 102 - drawings
	Page 103 - drawings
	Page 104 - drawings
	Page 105 - wo-search-report
	Page 106 - wo-search-report

