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GRADED INDEX STRUCTURE FOR
OPTICAL COMPONENTS WITH REDUCED
POLARIZATION ABERRATIONS

CROSS REFERENCE TO RELATED
APPLICATION(S)

This application is a 371 National Stage Application of
International Patent Application No. PCT/US2023/017538,
filed on Apr. 5, 2023, which claims priority to the provi-
sional application with Ser. No. 63/327,712 titled
“GRADED INDEX STRUCTURE FOR OPTICAL COM-
PONENTS WITH REDUCED POLARIZATION ABER-
RATIONS,” filed Apr. 5, 2022. The entire contents of the
above noted applications are incorporated by reference as
part of the disclosure of this document.

TECHNICAL FIELD

The technology in this patent document relates to methods
and devices that reduce or minimize polarization aberrations
in optical components.

SUMMARY

One application of a waveguide display system is in
augmented reality (AR) and virtual reality (VR) devices,
which provides advantages that include high image quality,
transparency, large FOV and compact thin form factor. In a
typical configuration for a head-mounted display or near-eye
display, a waveguide couples and projects light from a
microdisplay such as a liquid crystal based display, a digital
micromirror device, a beam scanner, a micro organic light
emitting diode (OLED) or a micro light emitting diode
(LED) to form a virtual image directed to the human eyes.
Depending on the design and application, the waveguide
also serves as a combiner and can transmit external light to
the human eyes, allowing the user to see both overlay and
outside images.

The existing designs, however, include waveguides that
introduce polarization aberrations, which must be reduced or
eliminated for high performance displays

SUMMARY

The disclosed embodiments relate to methods, devices
and systems that reduce or eliminate polarization aberrations
in waveguides that are used, for example, in AR/VR devices.

One example waveguide includes a cladding having a first
index of refraction, and a core positioned within the cladding
and comprising a plurality of layers positioned adjacent to
one another, the core configured to accept a polarized beam
incident on a facet thereof and to maintain propagation of the
polarized beam within the core upon multiple total internal
reflections (TIRs). Each layer has an index of refraction that
is larger than the first index of refraction, and the indices of
refraction of material of the plurality of layers are selected
to produce a core with a graded index profile that varies from
a higher index of refraction at an inner location of the core
to a lower index of refraction at an outer location of the core
in vicinity of the cladding. The waveguide is configured to
consist of a predetermined number of layers as part of the
core such that a polarization retardance associated with the
polarized beam (a) for a range of angles of incidence
spanning at least 6 degrees, and (b) after a plurality of TIRs
is limited to less than 10 degrees.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A illustrates an example slab waveguide with a step
index profile.

FIG. 1B illustrates an example slab waveguide with a
graded index profile.

FIG. 2 illustrates an example of an approximated graded
index profile.

FIG. 3 illustrates an example plot of linear retardance
produced with increasing number of layers as a function of
angle of incidence (AOI).

FIG. 4 illustrates three different examples of how the
index of refraction is varied as a function of the number of
layers in a graded index profile.

FIG. 5 illustrates example simulations of a 10-layer
gradient index coating and the resulting linear retardance
produced from total internal reflection (TIR).

FIG. 6 illustrates an example of a single ray being traced
through an example waveguide, illustrating TIR for angles
of incidence that are greater than the critical angle.

FIG. 7 illustrates an example side view of the rays that are
propagating in the waveguide with a 30-degree angle of
incidence variation and a 40-degree azimuthal spread.

FIG. 8 illustrates a first azimuthal view for the example
ray diagram of FIG. 7.

FIG. 9 illustrates a second azimuthal view for the example
ray diagram of FIG. 7.

FIG. 10 illustrates a third azimuthal view for the example
ray diagram of FIG. 7.

FIG. 11 illustrates an example plot of variations of a
Stokes parameter in a configuration with no coating at three
wavelengths, in which there is no control in the polarization
state as the number of TIR events increases.

FIG. 12 illustrates the performance of an example gradi-
ent index coating at the same three wavelengths as in FIG.
11, in which the Stokes parameter is maintained close to 1
in accordance with the disclosed technology.

FIG. 13 illustrates a set of operations that can be per-
formed to produce a waveguide having reduced polarization
aberrations in accordance with an example embodiment.

DETAILED DESCRIPTION

A typical waveguide in a waveguide display is a step
index waveguide and operates by total internal reflection
(TIR). When light is incident from a high index n,, to a low
index n, material (n,>n;) at an angle greater than the critical
angle 0., where 6 _=arcsin(n/n,), light is reflected by TIR
and is trapped inside the waveguide. For glass-air boundary
where

ny
—~1/1.52, 6. =41.1
ny

degrees. In addition to reflection, TIR introduces a phase
shift and a small lateral shift that is dependent on the
wavelength and polarization of light. The exact phase shift
is determined by the Fresnel equations and is given by:

b= 2tan~! —nmzﬁ—nz -2 @
B cosf

«]sinze —n?
2

n-cosf

tan™!

In Equation (1), n=n,/n; and 0 is the angle of incidence.
The lateral swift can be calculated from equation of the
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Goos-Hinchen effect. For many applications, the input light
is polarized, and propagation inside the waveguide intro-
duces polarization aberration which changes its polarization
states. In high performance displays, the polarization state of
light must be managed by reducing the polarization aberra-
tion of the waveguide. The presence of the Fresnel phase
shift has a negative effect on the waveguide display unifor-
mity, in addition to output coupling and polarization multi-
plexing efficiency.

FIG. 1A shows a slab waveguide 101. Light ray 102 is
incident at an angle 8 onto one facet of the waveguide 103,
is reflected from the facet 103 by TIR, and propagates inside
the waveguide. The index profile of the waveguide 101 is
presented in plot 104 which shows that the waveguide is a
step index waveguide.

It is well known that a step index waveguide introduces
polarization aberration because of the abrupt change of
refractive index at the interface. What is not as well known
is that graded index profile does not introduce a phase shift
and the corresponding polarization aberration.

FIG. 1B shows a slab waveguide 111. Light ray 112 is
incident onto one facet of the waveguide 113. The light ray
bends upon interaction with the facet 113 and propagates
inside the waveguide. The index profile of the waveguide
111 is presented in plot 114 which shows that the waveguide
is a graded index waveguide or a step index waveguide with
a graded index coating. There is no polarization dependent
phase shift introduced in this configuration.

A graded index distribution is commonly achieved by
using ion exchange glass, polymer system and chemical
vapor deposition. Typical index range, An, is of the order of
0.07 to 0.15, and the formation of the graded index distri-
bution can sometimes lead to stress birefringent such as in
the ion exchange glass system. Other techniques to create
arbitrary index distribution are nanolaminates, microfabri-
cated subwavelength structures, nanoporous materials and
multilayer metamaterials. The ideal graded index material
for a waveguide display should have a low optical loss, low
dispersion, large An and no intrinsic birefringence. One
embodiment of a waveguide display is to apply an ultra low
index nanoporous fluoropolymer coating on a glass or
plastic waveguide substrate, for example on the surface of
the facet 113. The coating can include multiple layers of
different refractive indices and porosities. In one implemen-
tation, the layers can be deposited using thermal evaporation
of Teflon AF and small molecule N,N'-bis(3-methylphenyl)-
N.N'-diphenylbenzidine (NPD). The small molecule NPD
acts as a sacrificial material which can be selectively dis-
solved and removed in solvent solution after deposition. The
refractive index can be tuned from around 1.5 to less than
1.1 by removal of the NPD molecules.

Use of a graded index coating in waveguide applications
allows for complete correction of polarization phase shift
from TIR. The critical angle between the waveguide core
and the waveguide cladding remains the same through the
continuity of Maxwell’s equations and is demonstrated with
Snell’s Law.

@

no sinfy = nysin 6 = n,sin 6,,

In Equation (2), n, and 8, are the initial index of refraction
and angle of incidence in the waveguide core; n,, and 6,,, are
the index of refraction and angle of incidence in the mth
layer of the graded index coating. Ideally the graded index
coating would be continuous from n, to n,,; however, a
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4

discrete step size in the index of refraction as a function of
layer is required given manufacturing considerations.

An example of an approximated graded index profile is
shown in FIG. 2. The index of refraction of the core is ny and
decreases with increasing layer until n,, is reached. The
index of refraction for the cladding is represented in FIG. 2
as n,

To best approximate a gradient index, the number of
layers (m) should approach infinity. FIG. 3 shows the linear
retardance produced with increasing number of layers as a
function of angle of incidence (AOI). Increasing the number
of layers flattens the linear retardance curve. It is noted that
the indices of refraction for n, and n,remain the same as the
number of layers increases, only the An between adjacent
layers decreases. In the ideal case, the linear retardance is
zero for all AOIs.

Different profiles for index variation as a function of layer
number can be modified, as well, to manipulate the resulting
linear retardance curve. FIG. 4 details three different
examples functional forms of the variation in the index of
refraction. The functions can be: (1) linear, (2) sub-linear,
such as exponential decay, (3) super-linear, such as a loga-
rithmic distribution, or (4) a combination of the above, such
as a general polynomial. For example, a linear index varia-
tion profile as applied to FIG. 2 results in a linear change in
the indices of refraction as we move from n, to n,, layers.

FIG. 5 shows example simulations of a 10-layer gradient
index coating and the resulting linear retardance produced
from TIR. Changing the functional distribution of the gra-
dient index change, with reference to FIG. 4, modifies the
extrema of the resulting linear retardance as a function of
angle of incidence. As evident from FIG. 5, the graded index
structure significantly reduces linear retardance compared to
original structure with step index profile over at angles of
incidence that span at least 30 degrees. In some embodi-
ments, the range of AOIs fall within an extended range that
spans the critical angle (i.e., arcsin (n/n,)) and close to 90
degrees (e.g., 89 degrees). Examination of FIG. 5 further
reveals retardance variations (e.g., low and high retardance
regions) as a function of AOI and the index variation profile.
This feature of the graded index structure can be advanta-
geously used in waveguides with known narrow angular
acceptance. In particular, the graded index structure can be
designed such that the known acceptance angle range of the
waveguide coincides with a minimum (or low-valued
region) in retardance. For instance, based on the example
plots in FIG. 5, for a waveguide with an operating AOI range
of 58 to 64 degrees, a sub-linear index distribution can be
chosen, which results in a minimum phase shift. In this way,
the graded index structure can be designed with fewer layers
while maintaining the retardance at a desired low level.

Another feature of the disclosed graded index structures is
that, in some embodiments, the layers are formed using the
same material. Accordingly, the layers in the graded index
structure can be formed using the same material while
providing a large index variation (i.e., from core to clad-
ding). In some embodiments, the index can vary in the range
1.3to 1.7 or 1.1 to 1.7. In an example embodiment, Teflon
AF fluoropolymers are used, which have little to no disper-
sion in the visible region, and wavelength dispersion and
feasibility of construction concerns are limited.

Simulations of the approximate graded index were com-
pleted in the coherent and incoherent regimes. In coherent
regime, the transfer matrix method was utilized. The coher-
ent regime refers to optical systems utilizing narrow spectral
bandwidth sources, such as lasers. The transfer matrix
method allows for the calculation of the reflection Fresnel
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amplitude coefficients through the coherent summation of
partial waves from m layers with a converging geometric
series. For a single layer film, the reflection Fresnel ampli-
tude coefficient is found to be:

01

i2y
"Jp

&

12
+ rslpe

01 .12

rS|p =
1+ ¥l sip®

2y

In Equation (3), r°' is the reflection Fresnel coefficient
between waveguide core and single layer film, r'* is the
reflection Fresnel coefficient between the single layer film
and waveguide cladding, and 7y is the optical path length
through the single layer thin film. Expansion into multi-layer
films through matrix methods is detailed in the literature.
The retardance produced by the gradient index coating can
then be calculated as a function of angle of incidence (8) and
wavelength (L) through the relation:

¢, 1) = |Arg(rs(8, 1)) — Arg(rp(8, D) “

In Equation (4), r, and r,, are the reflection Fresnel ampli-
tude coefficients for the gradient index film stack.

In the incoherent regime, Mueller calculus is used. The
incoherent regime refers to optical systems utilizing optical
sources which have a broad spectral bandwidth, such as
white light sources. The incoherent regime allows for partial
waves being incoherently summed, where phase information
is not considered. A recursion relation utilizing the reflection
and transmission matrices between adjacent layers is devel-
oped, allowing for incoherent summation of Stokes param-
eters. The reflection Mueller matrix for m-layers (R,,) can be
defined as:

Ry =(R=Ru-1 R + Ry + T*)(1 = Ry B (&)

In Equation (5), R and T are the Mueller matrices describ-
ing the Fresnel reflection and transmission between layers m
and m-1, respectively, and R, _, is the Mueller matrix
describing the total reflection from layers 1 through m—1,
thus the recursion relation. The retardance can be calculated
from R,, using Equation (6).

©

#@, M) = cos’l(Tr(fm) - 1)

In Equation (6), Tr is the trace operation.

Optimization of the gradient index coating film param-
eters can occur in the coherent limit using the transfer matrix
method and Equation (4) or, in the incoherent limit, using
Equations (5) and (6). Each layer has two free variables: (1)
thickness (d,,) and (2) index of refraction (n,,). An example
optimization function can be implemented to minimize the
linear retardance of the film stack as a function of wave-
length using a multivariable non-linear constrained solver.
The optimization function can consider the coherence of the
optical source and minimize ¢ over all angles of incidence.

Further simulations were completed using Polaris-M ray-
tracing software (Airy Optics Inc., Tucson, AZ). In these
simulations, Polaris-M calculated and saved a complete
polarization history for each ray. FIG. 6 shows an example
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6

of a single ray being traced through a waveguide with core
index equal to 1.5 and cladding index equal to 1.0, illus-
trating TIR as the angle of incidence is greater than the
critical angle. Additional rays were input to the system
creating a 30-degree angle of incidence variation and a
40-degree azimuthal spread to better characterize the gradi-
ent index coating. Ray propagations at different perspectives
for this calculation are shown in FIG. 7-10. FIG. 7 illustrates
a side view of the rays that are propagating in the waveguide,
and FIGS. 8-10 illustrate different associated azimuthal
views. Polaris-M used the characteristics matrix method to
calculate the reflection Fresnel amplitude coefficients, rather
than the transfer matrix method; however, both methods
yield the same result.

In many waveguide applications, the input light is circu-
larly polarized. To quantify the performance of such a
system, the S; Stokes parameter is tracked through the ray
propagation calculation. For example, a system with ideal
polarization control would show the S; parameter remaining
equal to 1 after multiple reflections, (i.e., no change in the
circular polarization occurs as the number of TIR events
increases). FIG. 11 shows the variability of the S; Stokes
parameter with no coating at three wavelengths (450 nm,
532 nm and 630 nm). There is no control of the polarization
state as the number of TIR events increases, resulting in poor
efficiency and low image quality. FIG. 12 shows the perfor-
mance of 30-layer gradient index coating at the same three
wavelengths as in FIG. 11. The plot in FIG. 12 illustrates that
the S; parameter is maintained close to 1, providing excel-
lent polarization control after multiple TIR events. As noted
earlier, this performance is maintained over a large range of
AOIs, vsing a graded index structure with multiple layers
that can be formed from the same material and are charac-
terized as having little to no dispersion in the visible region.
Furthermore, unlike some existing polarization compensa-
tors that require differing construction parameters for every
waveguide architecture and are highly sensitive to align-
ment, the graded index optical structures produced in accor-
dance with the disclosed embodiments do not suffer from
either of these problems and can be applied to any optical
system that experiences TIR.

In some AR and VR display systems, the waveguide can
be replaced by a beam splitter and/or a set of free form
optics. In these cases, the graded index coating can be
applied to the beam splitter, combiner, and free form optics
to reduce the polarization effects of TIR. In other display
systems, the waveguide can utilize transflective mirrors,
surface relief gratings, or volumetric holographic gratings,
to guide the light and expand/replicate the exit pupil of the
optical system. All of the above methods utilize TIR for light
propagation through the waveguide and therefore possess
inherent polarization aberrations. The disclosed gradient
index coatings correct these polarization aberrations, allow-
ing for the highest output efficiency and image quality.

It should be noted that slab waveguides with claddings on
both sides of the slab have been described herein to illustrate
the principles of the disclosed technology. However, it is
understood that the disclosed embodiments can be imple-
mented in other waveguides, such as those with circular,
cylindrical and even square/rectangular profiles with clad-
dings that fully surround the internal core on all sides in the
axial direction.

One aspect of the disclosed embodiments relates to a
waveguide configured to reduce polarization aberrations.
The waveguide includes a cladding having a first index of
refraction, and a core positioned within the cladding and
comprising a plurality of layers positioned adjacent to one
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another. The core is configured to accept a polarized beam
incident on a facet and to maintain propagation of the
polarized beam within the core upon multiple total internal
reflections (TIRs). Each layer has an index of refraction that
is larger than the first index of refraction, and the indices of
refraction of the plurality of layers are selected to produce a
core with a graded index profile that varies from a higher
index of refraction at an inner location of the core to a lower
index of refraction at an outer location of the core in vicinity
of the cladding. Each layer consists of a low-dispersion
material that results in no more than 10% loss in optical
power when the polarized optical beam is propagating
within the core. The waveguide is configured to consist of a
predetermined number of layers as part of the core such that
a polarization retardance associated with the polarized beam
(a) for a range of angles of incidence spanning at least 6
degrees, and (b) after a plurality of TIRs is limited to less
than 10 degrees. The low-dispersion material can be quan-
tified to have no more than a 2% refractive index variation
over the operating spectral bandwidth of the waveguide.

FIG. 13 illustrates a set of operations that can be per-
formed to produce a waveguide having reduced polarization
aberrations in accordance with an example embodiment. At
1302, the following is obtained: a desired range of angles of
incidence for a polarized beam incident of a facet of the
waveguide, a spectral range of operation for the waveguide,
a number of total internal reflections (TIRs) that support
propagation of the polarized light within the waveguide, and
an index of refraction of a cladding of the waveguide. At
1304, a material for design of a plurality of layers of a core
of the waveguide is selected. At 1306, a number of the
plurality of layers and variations in refractive indices of the
plurality of layers are determined. These determinations
include computing a predetermined number of layers such
that a polarization retardance associated with the polarized
beam is limited to less than 10 degrees for the desired range
of angles of incidence, the number of TIRs and for the
spectral range of operation.

In one example embodiment, the determinations include
using a particular graded index variation profile that mini-
mizes the number of layers. In another example embodi-
ment, the particular graded index profile is one of a linear
profile, sub-linear profile or a super-linear profile. In still
another example embodiment, the desired range of angles of
incidence is at least 30 degrees, the number of TIRs is at
least 15, and the spectral range of operation is 450 nm to 650
nm. In yet another example embodiment, all of the plurality
of layers comprise the same material and none of the
plurality of layers is a dielectric layer, such as spatially
varying metamaterials with non-insulating components. In
one example embodiment, the material is a Teflon AF
fluoropolymer. In another example embodiment, the varia-
tions in refractive indices of the plurality of layers are
produced by selectively removing a small molecule material
from each layer. In still another example embodiment, the
variations in refractive indices of the plurality of layers is in
the range 1.1 to 1.5 or 1.3 to 1.7. According to another
example embodiment, the above noted method includes
positioning the layers of the plurality of the layers on top of
one another without performing an alignment procedure.

Another aspect of the disclosed embodiments relates to a
waveguide configured to reduce polarization aberrations.
The waveguide includes a cladding having a first index of
refraction, and a core positioned within the cladding and
comprising a plurality of layers positioned adjacent to one
another. The core is configured to accept a polarized beam
incident on a facet thereof and to maintain propagation of the
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polarized beam within the core upon multiple total internal
reflections (TIRs). Each layer has an index of refraction that
is larger than the first index of refraction, and the indices of
refraction of material of the plurality of layers are selected
to produce a core with a graded index profile that varies from
a higher index of refraction at an inner location of the core
to a lower index of refraction at an outer location of the core
in vicinity of the cladding. Additionally, the waveguide is
configured to consist of a predetermined number of layers as
part of the core such that a polarization retardance associated
with the polarized beam (a) for a range of angles of
incidence spanning at least 6 degrees, and (b) after a
plurality of TIRs is limited to less than 10 degrees.

In one example embodiment, the range of angles of
incidence spans a range having a lower value that is equal to
a critical angle associated with the waveguide and an upper
value that is at least 89 degrees. In another example embodi-
ment, the plurality of TIRs includes at least 15 TIRs. In yet
another example embodiment, the graded index profile
varies according to a linear index variation profile. In still
another example embodiment, the graded index profile
varies according to a non-linear index variation profile. In
one example embodiment, the graded index profile varies
according to one of a sub-linear or a super-super linear index
variation profile.

According to another example embodiment, the predeter-
mined number of layers is selected in accordance with a
particular graded index profile variation that produces a
lower retardance value compared to a retardance value
produced when a different graded index profile variation is
selected with the same number of layers. In another example
embodiment, the predetermined number of layers produces
the lower retardance value in the range of the angles of
incidence. In still another example embodiment, the material
of the layers and the predetermined number of layers are
selected to limit the polarization retardance to less than 10
degrees for a spectral range of the polarized beam from 450
nm to 650 nm. In yet another example embodiment, the
polarized beam comprises a circularly polarized beam and
the degree of circular polarization of the polarized beam is
maintained at 85 percent or more after 20 TIRs.

In one example embodiment, all of the layers comprise
the same material and none of the plurality of layers is a
dielectric layer, examples of which include spatially varying
metamaterials with non-insulating components. In another
example embodiment, the material is a Teflon AF fluoropo-
lymer. In still another example embodiment, the retardance
is limited to less than 10 degrees in a visible range of
spectrum from 450 nm to 650 nm. In yet another example
embodiment, the waveguide is a slab waveguide and the
cladding includes a first cladding that is positioned on a first
side of the core and a second cladding that is positioned on
a second side of the core.

In another example embodiment, the waveguide has a
substantially cylindrical shape that cladding surrounds the
core. In still another example embodiment, the refractive
index of the graded index profile varies from (a) 1.1 to 1.5,
or (b) 1.3 to 1.7. In yet another example embodiment, the
waveguide is part of a refractive display system. In one
example embodiment, the layers are positioned on top of one
another without requiring an alignment procedure. In
another example embodiment, the material in each layer is
selected to produce no more than 10% loss in optical power
when the polarized optical beam is propagating within the
core after multiple TIRs.

It is understood that the various disclosed embodiments
may be implemented individually, or collectively, using
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devices comprised of various optical components, electron-
ics hardware and/or software modules and components.
These devices, for example, may comprise a processor, a
memory unit, an interface that are communicatively con-
nected to each other, and may range from desktop and/or
laptop computers, to mobile devices and the like. The
processor and/or controller can perform various disclosed
operations based on execution of program code that is stored
on a storage medium. The processor and/or controller can,
for example, be in communication with at least one memory
and with at least one communication unit that enables the
exchange of data and information, directly or indirectly,
through the communication link with other entities, devices
and networks. The communication unit may provide wired
and/or wireless communication capabilities in accordance
with one or more communication protocols, and therefore it
may comprise the proper transmitter/receiver antennas, cir-
cuitry and ports, as well as the encoding/decoding capabili-
ties that may be necessary for proper transmission and/or
reception of data and other information. For example, the
processor may be configured to determine the numbers and
thicknesses of the layers in the graded index structure for a
range of AOlIs, a particular range of wavelengths, particular
profiles of index variations, and/or or particular constituent
material properties of the layers.

Various information and data processing operations
described herein may be implemented in one embodiment
by a computer program product, embodied in a computer-
readable medium, including computer-executable instruc-
tions, such as program code, executed by computers in
networked environments. A computer-readable medium may
include removable and non-removable storage devices
including, but not limited to, Read Only Memory (ROM),
Random Access Memory (RAM), compact discs (CDs),
digital versatile discs (DVD), etc. Therefore, the computer-
readable media that is described in the present application
comprises non-transitory storage media. Generally, program
modules may include routines, programs, objects, compo-
nents, data structures, etc. that perform particular tasks or
implement particular abstract data types. Computer-execut-
able instructions, associated data structures, and program
modules represent examples of program code for executing
steps of the methods disclosed herein. The particular
sequence of such executable instructions or associated data
structures represents examples of corresponding acts for
implementing the functions described in such steps or pro-
cesses.

The foregoing description of embodiments has been pre-
sented for purposes of illustration and description. The
foregoing description is not intended to be exhaustive or to
limit embodiments of the present invention to the precise
form disclosed, and modifications and variations are pos-
sible in light of the above teachings or may be acquired from
practice of various embodiments. The embodiments dis-
cussed herein were chosen and described in order to explain
the principles and the nature of various embodiments and its
practical application to enable one skilled in the art to utilize
the present invention in various embodiments and with
various modifications as are suited to the particular use
contemplated. While operations are depicted in the drawings
in a particular order, this should not be understood as
requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated
operations be performed, to achieve desirable results. The
features of the embodiments described herein may be com-
bined in all possible combinations of methods, apparatus,
modules, and systems.
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We claim:

1. A waveguide configured to reduce polarization aberra-
tions, the waveguide comprising:

a cladding having a first index of refraction; and

a core positioned within the cladding and comprising a

plurality of layers positioned adjacent to one another,
the core configured to accept a polarized beam incident
on a facet thereof and to maintain propagation of the
polarized beam within the core upon multiple total
internal reflections (TIRs), wherein:

each layer has an index of refraction that is larger than the

first index of refraction,

the indices of refraction of material of the plurality of

layers are selected to produce a core with a graded
index profile that varies from a higher index of refrac-
tion at an inner location of the core to a lower index of
refraction at an outer location of the core in vicinity of
the cladding, and

the waveguide is configured to consist of a predetermined

number of layers as part of the core such that a
polarization retardance associated with the polarized
beam (a) for a range of angles of incidence spanning at
least 6 degrees, and (b) after a plurality of TIRs is
limited to less than 10 degrees.

2. The waveguide of claim 1, wherein the range of angles
of'incidence spans a range having a lower value that is equal
to a critical angle associated with the waveguide and an
upper value that is at least 89 degrees.

3. The waveguide of claim 1, wherein the plurality of
TIRs includes at least 15 TIRs.

4. The waveguide of claim 1, wherein the graded index
profile varies according to a linear index variation profile.

5. The waveguide of claim 1, wherein the graded index
profile varies according to a non-linear index variation
profile.

6. The waveguide of claim 5, wherein the graded index
profile varies according to one of a sub-linear or a super-
super linear index variation profile.

7. The waveguide of claim 1, wherein the predetermined
number of layers is selected in accordance with a particular
graded index profile variation that produces a lower retar-
dance value compared to a retardance value produced when
a different graded index profile variation is selected with the
same number of layers.

8. The waveguide of claim 7, wherein the predetermined
number of layers produces the lower retardance value in the
range of the angles of incidence.

9. The waveguide of claim 1, wherein the material of the
layers and the predetermined number of layers are selected
to limit the polarization retardance to less than 10 degrees
for a spectral range of the polarized beam from 450 nm to
650 nm.

10. The waveguide of claim 1, wherein the polarized
beam comprises a circularly polarized beam and a degree of
circular polarization of the polarized beam is maintained at
85 percent or more after 20 TIRs.

11. The waveguide of claim 1, wherein all of the layers
comprise the same material and none of the plurality of
layers is a dielectric layer.

12. The waveguide of claim 11, wherein the material is a
Teflon AF fluoropolymer.

13. The waveguide of claim 1, wherein the retardance is
limited to less than 10 degrees in a visible range of spectrum
from 450 nm to 650 nm.

14. The waveguide of claim 1, wherein the waveguide is
a slab waveguide and wherein the cladding includes a first
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cladding that is positioned on a first side of the core and a
second cladding that is positioned on a second side of the
core.

15. The waveguide of claim 1, wherein the waveguide has
a substantially cylindrical shape that cladding surrounds the
core.

16. The waveguide of claim 1, wherein the indices of
refraction of the graded index profile varies from (a) 1.1 to
1.5, 0r (b) 1.3 t0 1.7.

17. The waveguide of claim 1, wherein the waveguide is
part of a refractive display system.

18. The waveguide of claim 1, wherein the layers are
positioned on top of one another without requiring an
alignment procedure.

19. The waveguide of claim 1, wherein the material in
each layer is selected to produce no more than 10% loss in
optical power when the polarized beam is propagating
within the core after multiple TIRs.

20. A method for producing a waveguide having reduced
polarization aberrations, the method comprising:

obtaining:

a desired range of angles of incidence for a polarized
beam incident of a facet of the waveguide,

a spectral range of operation for the waveguide,

a number of total internal reflections (TIRs) that sup-
port propagation of the polarized beam within the
waveguide, and

an index of refraction of a cladding of the waveguide;
and

selecting a material for design of a plurality of layers of

a core of the waveguide; and

20
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determining a number of the plurality of layers and
variations in refractive indices of the plurality of layers,
wherein the determining comprises computing a pre-
determined number of layers such that a polarization
retardance associated with the polarized beam is lim-
ited to less than 10 degrees for the desired range of
angles of incidence, the number of TIRs and for the
spectral range of operation.

21. The method of claim 20, wherein the determining
comprises using a particular graded index variation profile
that minimizes the number of layers.

22. The method of claim 21, wherein the particular graded
index variation profile is one of a linear profile, sub-linear
profile or a super-linear profile.

23. The method of claim 20, wherein the desired range of
angles of incidence is at least 30 degrees, the number of
TIRs is at least 15, and the spectral range of operation is 450
nm to 650 nm.

24. The method of claim 20, wherein all of the plurality
of layers comprise the same material and none of the
plurality of layers is a dielectric layer.

25. The method of claim 24, wherein the material is a
Teflon AF fluoropolymer.

26. The method of claim 24, wherein the variations in
refractive indices of the plurality of layers are produced by
selectively removing a small molecule material from each
layer.

27. The method of claim 20, wherein the variations in
refractive indices of the plurality of layers is in a range 1.1
to 1.50r 13 to 1.7.



