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Planar Luneburg Lens System for Two-Dimensional Optical Beam Steering

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims the priority benefit, under 35 U.S.C. § 119(e), of U.S. Application
No. 62/840,468, filed April 30, 2019, which is incorporated herein by reference in its entirety.

GOVERNMENT SUPPORT

[0002] This invention was made with Government support under Grant No. FA8702-15-D-0001

awarded by the U.S. Air Force. The Government has certain rights in the invention.

BACKGROUND

[0003] Solid-state optical beam steering solutions enable light detection and ranging (LIDAR)
capabilities for autonomous vehicles and systems. There is an ongoing search for beam steering
solutions that enable a wide-field-of-view and are low in power consumption, weight, and device

footprint.

[0004] The rise of autonomous navigation for self-driving cars and drones has propelled interest
in LIDAR. One of the application spaces that has yet to be filled, but is of great interest, is a non-
mechanically steered LIDAR sensor which has substantial range (e.g., 100-300 m), low power
(e.g., 1-10 W), low cost (e.g., hundreds of dollars), high resolution (e.g., 10* to 10° pixels) and
small size (e.g., 10 cm?). There are several candidate technologies including micro-mechanical
mirrors, liquid-crystal based devices, and integrated photonics that are currently being explored

academically and commercially to fill this niche.

[0005] Current state-of-the-art chip-scale integrated-photonic LIDARs are based on 1D or 2D
optical phased array antennas. In this type of architecture, a 1D or 2D array of dielectric grating
antennas is connected to electrically-controlled thermo-optic or electro-optic phase shifters.
These phase shifters are fed by waveguides splitting off from one main dielectric waveguide
which brings power from an off-chip or on-chip source. By applying a gradient to the phases
tuning each antenna, the beam emitted can be steered in and/or out of the plane of the phased

array.
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[0006] The direct predecessors of this architecture are radio frequency (RF) phased arrays
developed for military and commercial RADARSs. Although the detailed implementation is
different because RF relies primarily on metallic waveguides and structures whereas integrated
photonics uses dielectrics, optical phased arrays are based on replacing RF components with
their optical equivalents. This direct translation brings a significant disadvantage: whereas
metallic waveguides can be spaced at sub-wavelength pitches, eliminating parasitic grating
lobes, dielectric waveguides are usually separated by several wavelengths to prevent excessive

coupling, resulting in significant grating lobes.

[0007] RF phased array radars are routinely produced with closely spaced antennas (e.g., <4/2
apart) in subarrays that can be tiled to create very large apertures. This provides wide-angle
steering and scaling to large power-aperture designs. Fundamentally, the radiating elements can
be closely spaced with independent control circuitry because the amplifiers, phase shifters and

switches in the RF are implemented as subwavelength lumped elements.

[0008] Current chip-scale optical phased arrays often reproduce RF phased array architectures,
with RF elements replaced with their optical analogs. Fundamentally, the optical analogs to RF
components are traveling-wave designs that are multiple wavelengths long and spaced apart by
more than 4/2. This design allows beam-steering over angles of more than 50°, but with less
power in the main lobe due to the presence of side lobes. In an end-fed geometry, for example,
the grating antenna elements can be closely spaced for wide-angle azimuthal steering and use
wavelength tuning to change the out-coupling angle of the gratings for elevation steering. But
this end-fed geometry cannot be tiled without introducing significant grating lobes due to the

sparsity of the antenna elements.

SUMMARY

[0009] An on-chip Luneburg lens optical beam steering system with subwavelength features
provides a wide-field-of-view for applications in LIDAR with low power consumption, weight,
and device footprint. The Luneburg lens is composed of a lattice of subwavelength elements
(examples are holes, posts, crosses, pixelated features, and combinations thereof) that yield a
gradient index of refraction. This gradient index of refraction controls the phase of light

propagating within the plane of the lens and results in a collimated beam in the plane of the same
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device. This may be circularly symmetric and can receive light from any angle in the plane of the
lens. The lens can contain nanostructures with periodicities in either the photonic crystal
(approximately 4/2) or metamaterial (approximately 4/10) regime, where 4 is the wavelength of
operation inside the material (with an effective refractive index #material, Wwhich may be the
effective index of the two-dimensional slab rather than the refractive index of bulk SiN). The
difference between the photonic crystal and metamaterial regimes is fluid (the periodicity can be
seen as a spectrum) and is generally taken to be about 4/10 to 4 for the photonic crystal regime
and less than 4/10 for the metamaterial regime. The features themselves can have dimensions on

the order of /10, 4/100, or smaller in both the photonic crystal and metamaterial regimes.

[0010] Optical beam steering with a Luneburg lens allows for operation (i) from any input
waveguide direction due to the radial symmetry of the lens and (ii) within the visible and infrared
regime. One version of a Luneburg lens is composed of holes, crosses, or pixelated features
arranged in a hexagonal crystal lattice with periodicity in the photonic crystal regime (approx.
A/2). The system is built using a silicon nitride (SiN) slab waveguide and a high refractive index
material layer, such as amorphous silicon (a-Si) or germanium, that is encapsulated by a silicon
dioxide (S10:) cladding. An optical signal is routed on-chip to either a Mach-Zehnder
interferometer tree or power splitter that has a total of N waveguides and, thus, N optical ports at
the interface between the waveguides and the slab containing the lens. The number of ports can
range from but is not limited to N =4 to N = 2048, which can yield in an equal number of beams
in and out of the plane of the lens. These waveguides/inputs feed directly into a slab waveguide

that contains the (planar) Luneburg lens.

[0011] The Luneburg lens collimates the incoming light, which is then fed into a curved grating
to couple the light out in the polar direction. The lens and the grating are manufactured from a
stack of a bottom waveguide slab, such as a SiN slab, and a-Si or another high refractive index
material that is compatible with semiconductor fabrication, including but not limited to silicon,
polysilicon, germanium, or gallium arsenide. The grating can have a multi-layer stack
configuration to increase or maximize emission from one side of the device (top) or a grating
with weak perturbations to increase the size of the aperture and obtain the lowest optical beam

divergence from the output of the device.
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[0012] Full-wave electromagnetic simulations demonstrate a lens with a 60 um radius can
achieve a 3-dB far-field beam-width of 0.5° and a field-of-view (FOV) of over 160°. The
performance improves as the lens is scaled up to larger radiuses. In particular, the FOV remains
constant and the beam divergence decreases as the lens radius increases (e.g., a lens radius of
120 um yields a 0.25-degree beam divergence angle). The lens can be designed within
semiconductor fabrication capabilities using either optical, electron beam, and/or related

lithography techniques.

[0013] Unlike other optical beam steering devices, a planar Luneburg optical beam steering
system enables the emission of an optical beam in a radially symmetric way (360 degrees) in the
plane of the lens. Because the Luneburg lens is radially symmetric, it can focus light over a 360-
degree FOV. This is in contrast to an aplanatic lens, which suffers from more traditional limits
on numerical aperture. The Luneburg lens’s practical FOV is 180 degrees when fed with a
network of waveguides. Furthermore, the addition of a circularly symmetric grating allows
coupling out-of-the-plane of the device with fewer effects on the far-field beam quality than with

a straight grating.

[0014] The Luneburg lens designed herein contains nanoscale photonic structures which allow
for a change in refractive index. It takes a source from input waveguides in-the-plane of the lens
and does optical wave front shaping (via refractive index gradients) and collimates the source
into a beam with approximately the same diameter as the lens. The beam is steered in the
azimuthal direction via the choice of the input port. Subsequently the collimated beam is directed
out-of-the-plane of the lens in the polar direction via a (circular) grating, which allows for
symmetric beam steering over an extremely wide field of view (e.g., 100°, 110°, 120°, 130°,

140°, 150°, 160°, 170°, or 180°),

[0015] An example optical beam steering lens may include a planar Luneburg lens formed on a
substrate in optical communication with the waveguide array and a curved grating. In operation,
the planar Luneburg lens collimates light emitted by a first waveguide in the waveguide array as
a first collimated beam propagating in a first direction in a plane of the substrate. It also
collimates light emitted by a second waveguide in the waveguide array as a second collimated
beam propagating in a second direction in the plane of the substrate different than the first

direction. It may collimate the light by the first and second waveguides at the same time. In any
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case, the curved grating couples at least a portion of the first collimated beam and the second

collimated beam out of the plane of the substrate.

[0016] The waveguide array’s outputs can be disposed on a circle concentric with the planar
Luneburg lens and the curved grating. In this case, the planar Luneburg lens may have a focal

length equal to the radius of curvature of the circle.

[0017] The planar Luneburg lens can have a field of view of at least 100°. It can comprise a
dielectric material patterned with holes having radii smaller than a wavelength of the light. These
holes can be spaced at a pitch smaller than the wavelength of the light. The radii of the holes can
vary with distance from the center of the planar Luneburg lens. For example, the planar
Luneburg lens can comprise amorphous silicon deposited on a layer of silicon nitride. The
amorphous silicon can be patterned with holes having radii ranging from about 50 nm to about

150 nm on a hexagonal lattice with a pitch ranging from about 300 nm to about 500 nm.

[0018] The curved grating can have a ruling that is a distance d from the Luneburg lens and an
inner radius of curvature R selected such that d/R is equal to or greater than 0.99. The curved
grating can have a grating fill factor that varies with distance from the Luneburg lens. The
curved grating may include a first grating layer disposed on and shifted with respect to a second
grating layer. In operation, the first and second collimated beams may illuminate first and second
approximately linear sections of the curved grating with the first collimated beam and
illuminating a second approximately linear section of the semi-circular grating with the second

collimated beam.

[0019] The optical beam steering apparatus may also include a tunable light source in optical
communication with the waveguide array. This tunable light source can tune a wavelength of the
light emitted by the first waveguide and the light emitted by the second waveguide. In addition,
there may be a network of optical switches formed on the substrate in optical communication
with the tunable light source and the waveguide array. These switches can guide the light emitted
by the first waveguide from the tunable light source to the first waveguide when in a first state
and to guide the light emitted by the second waveguide from the tunable light source to the

second waveguide when in a second state.

[0020] The optical beam steering apparatus can include a slab waveguide formed on the

substrate in optical communication with the waveguide array and the planar Luneburg lens. This
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slab waveguide can guide the light from the first waveguide and the light from the second

waveguide to the planar Luneburg lens.

[0021] All combinations of the foregoing concepts and additional concepts discussed in greater
detail below (provided such concepts are not mutually inconsistent) are contemplated as being
part of the inventive subject matter disclosed herein. In particular, all combinations of claimed
subject matter appearing at the end of this disclosure are contemplated as being part of the
inventive subject matter disclosed herein. The terminology explicitly employed herein that also
may appear in any disclosure incorporated by reference should be accorded a meaning most

consistent with the particular concepts disclosed herein.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0022] The skilled artisan will understand that the drawings primarily are for illustrative
purposes and are not intended to limit the scope of the inventive subject matter described herein.
The drawings are not necessarily to scale; in some instances, various aspects of the inventive
subject matter disclosed herein may be shown exaggerated or enlarged in the drawings to
facilitate an understanding of different features. In the drawings, like reference characters

generally refer to like features (e.g., functionally similar and/or structurally similar elements).

[0023] FIGS. 1A-1C show top views of an optical beam steering system with input waveguides,

a Luneburg lens, and a grating formed in a planar substrate.
[0024] FIG. 2 shows a generalized Luneburg lens.

[0025] FIG. 3A shows Luneburg lens index profiles for various normalized lens focal lengths, s,
where the refractive index of the Luneburg lens at the edge equals the refractive index of the

surrounding medium.
[0026] FIG. 3B shows a comparison of Luneburg lens profiles with a homogeneous outer shell.

[0027] FIG. 4 is a plot of the effective index for 2D and 3D Luneburg lenses made of hexagonal
lattice of a-Si holes in silicon nitride with a period @ = 400 nm and hole diameters ranging from

20 nm to 50 nm.

[0028] FIG. SA shows a photonic crystal Luneburg lens where black represents a-Si and white
represents holes filled with Si0.
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[0029] FIG. 5B shows the hole diameter versus lens radius in the photonic crystal Luneburg lens
of FIG. 5A.

[0030] FIG. 5C shows the ideal and achieved effective indices of refraction versus lens radius in

the photonic crystal Luneburg lens of FIG. SA.

[0031] FIG. 6A shows a photonic crystal Luneburg lens with an a-Si center (black) surrounded
by holes (white).

[0032] FIG. 6B shows the hole diameter versus lens radius in the photonic crystal Luneburg lens
of FIG. 6A.

[0033] FIG. 6C shows the ideal and achieved effective indices of refraction versus lens radius in

the photonic crystal Luneburg lens of FIG. 6A.

[0034] FIG. 7A shows a simulated permittivity profile of a SiN waveguide feeding into a SiN
slab and a photonic crystal Luneburg lens, where darker shades correspond to higher

permittivity.

[0035] FIG. 7B shows a simulated magnetic field of the device in FIG. 7A after convergence;

light coming in from the waveguide is collimated by the Luneburg lens.

[0036] FIG. 7C is a far-field plot of the simulation for a Luneburg lens with an outer radius
R =30 pm.

[0037] FIG. 7D is a far-field plot of the simulation for various values of outer radius R.
[0038] FIG. 8A is a polar plot of the far-field of a planar metamaterial Luneburg lens.
[0039] FIG. 8B is a plot of power versus angle for a planar metamaterial Luneburg lens.

[0040] FIG. 9A is a plot of power versus angle for an ideal Luneburg lens (trace with lower

sidelobes) and a photonic crystal Luneburg lens (trace with higher sidelobes).

[0041] FIG. 9B is a plot of center (main) lobes and side lobes for planar Luneburg lenses with
outer lens radii of R =15 pm, 30 um, 50 pm, and 100 um.

[0042] FIG. 9C is a plot of fractional change in full-width half-maximum (FWHM) for a beam
from a Luneburg lens at different lens rotation angles and outer lens radii of R =25 um and 50

um.
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[0043] FIG. 9D is a plot of far-field FWHM versus radius for different Luneburg lenses.

[0044] FIG. 10A is a plot of far-field FWHM versus silicon thickness for a photonic crystal
Luneburg lens with a hexagonal lattice of holes illuminated at wavelengths of 1500 nm (bottom

trace), 1550 nm (middle trace), and 1600 nm (top trace).

[0045] FIG. 10B is a plot of far-field FWHM versus silicon thickness for photonic crystal
Luneburg lenses with hexagonal lattice of holes with radii of 50 um (bottom trace), 30 um

(middle trace), and 15 um (top trace).

[0046] FIG. 10C is a plot of far-field FWHM versus silicon thickness for photonic crystal

Luneburg lenses with different normalized lens focal lengths s.

[0047] FIG. 11A is a plot of fractional change in FWHM versus mean Gaussian noise applied to
the hole diameter for photonic crystal Luneburg lenses with hexagonal lattices of holes with

outer lens radii of 25 um (top trace) and 50 um (bottom trace).

[0048] FIG. 11B is a plot of fractional change in FWHM versus the standard deviation of
Gaussian noise applied to the hole diameter for photonic crystal Luneburg lenses with hexagonal

lattices of holes with outer lens radii of 25 pum (top trace) and 50 um (bottom trace).

[0049] FIG. 11C is a plot of fractional change in FWHM versus hole offset for photonic crystal
Luneburg lenses with hexagonal lattice of holes with outer lens radii of 25 um (top trace) and 50

um (bottom trace).

[0050] FIG. 12A is a plan view illustrating the curvature of the first ruling or a semi-circular
grating used to direct light collimated by a planar Luneburg lens out of the plane of the planar

Luneburg lens.

[0051] FIG. 12B is a cross-section of a grating used to direct light collimated by a planar

Luneburg lens out of the plane of the planar Luneburg lens.

[0052] FIG. 13A is a plot of the of the electric field squared (E?) along the length of a single-
layer grating composed of a-Si on top of SiN with a length of 1000 um, a pitch of 660 nm, an a-
Si thickness of 10 nm, and a fill fraction of 0.16.

[0053] FIG. 13B is a plot of the 0.1° beam divergence in the far-field for the grating modeled in
FIG. 11A.
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[0054] FIG. 14A shows cross-sections of the ends of a linearly apodized, double-layer grating
with a top layer offset showing that the top grating is linearly increasing in fill-fraction and the

bottom grating is linearly decreasing in fill-fraction.

[0055] FIG. 14B shows the transmission of the linearly apodized, double-layer grating, with
constructive interference in the upward direction producing an average upward transmission

equal to 90 percent.

[0056] FIG. 15A shows an increasing half-Gaussian distribution function for grating

apodization.
[0057] FIG. 15B shows a symmetric Gaussian distribution function for grating apodization.

[0058] FIG. 16A shows cross-sections of the ends of a half-Gaussian apodized, double-layer
grating with a top layer offset showing that the top (a-Si) grating is increasing in fill-fraction and

the bottom (SiN) grating is decreasing in fill-fraction.

[0059] FIG. 16B shows the transmission of the half-Gaussian apodized, double-layer grating,
with constructive interference in the upward direction producing an average upward transmission

equal to 90 percent.

DETAILED DESCRIPTION

[0060] An optical beam-steering system with a planar Luneburg lens has several advantages over
other optical beam-steering systems. To start, because the Luneburg lens has a 360-degree field
of view (FOV), it can be fed from optical waveguides in an optical beam steering system over a
180-degree FOV, which is much greater than other systems. In addition, the system’s beam
quality is uniform over the entire FOV, unlike with aplanatic lenses, which suffer from

performance degradation when illuminated off-axis.

[0061] In addition, an optical beam steering system with a planar Luneburg lens can be
fabricated using CMOS compatible materials, such as silicon, silicon dioxide, and silicon nitride,
with the materials setting the index contrast for the lens. The planar Luneburg lens can be formed
by engineering the effective refractive index profile of the beam-steering chip with silicon
dioxide cylinders in holes in amorphous silicon on silicon nitride. The holes’ radii can be

selected to vary the refractive index profile as a function of distance from the lens center, thereby



WO 2020/222902 PCT/US2020/020393

creating a planar Luneburg lens whose focal length equals the distance from the lens center to the
waveguides that feed the lens. The refractive index at the edge of the planar Luneburg lens may
be greater than the refractive index of the surrounding medium to prevent the index contrast from
vanishing at the edge of the lens. The planar Luneburg lens’s radius and focal length may be

selected so that the diverging beams emitted by the waveguides fill the lens.

[0062] A semi-circular grating diffracts the beams collimated by the planar Luneburg lens out of
the plane of the planar Luneburg lens. The grating is concentric with the planar Luneburg lens,
so the grating periods experienced by the collimated beams are the same regardless of the grating
angle, giving the beam-steering system a cylindrical FOV (i.e., a rectangular FOV in polar
coordinates). In the far-field, the steered beams are circularly symmetric, which eases processing

and improves performance for lidar.

[0063] The waveguides that feed the planar Luneburg lens have outputs placed at normal
incidence (tangent) on a 180-degree arc whose radius is the lens focal length and whose center is
lens center. Because the planar Luneburg lens is circularly symmetric, it can tolerate
misalignment of output waveguides. Circular symmetry makes optimization of the waveguides,
lens, and grating easier for the size of the aperture and beam quality characteristics, such as beam
divergence. In addition, circular symmetry means that the same optimum is optimal for all input
angles, as opposed to a more traditional (aplanatic) lens where what is optimal for one angle

might not be optimal for another angle.
An Optical Beam-Steering System with a Planar Luneburg Lens

[0064] FIGS. 1A-1C show an optical beam-steering chip 100 with a planar Luneburg lens 120
and curved (here, semi-circular) grating 130. The chip 100 includes an array of waveguides 110
that are fed by a switch matrix 150, which can be implemented as a network of reconfigurable
beam splitters and is coupled to a laser 140, which can be integrated on the chip 100 (as shown in
FIG. 1A) or coupled to the chip 100. The waveguides 110 can also be fed by a splitter tree
instead of by the switch matrix 150. The lens can be included with other optical components on

the same substrate to build more complex photonic integrated circuits and/or hybrid systems.

[0065] The waveguides 110 and switch matrix 150 are formed in a semiconductor, dielectric, or
similar material on a semiconductor or dielectric substrate 102 and emit light from ports 112

arranged on a circle concentric with the center of the planar Luneburg lens 120. The radius of

10.
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this circle is equal to the focal length of the Luneburg lens 120 (the lens 120 is designed to
account for the refractive index of the surrounding medium such that the focal length is the
radius of the circle). The semi-circular grating 130 is concentric with the Luneburg lens 120 and
on the opposite side of the Luneburg lens 120 from the waveguide ports 112. The waveguides
110, Luneburg lens 120, and grating 130 may all be formed in the same layer(s) on the same

substrate 102.

[0066] FIG. 1B shows a closeup of a single SiN waveguide 100 that is clad in SiO, 104 emits a
diverging beam 121 from a waveguide port 112 toward the Luneburg lens 120, which has a
radius R and a focal length s. The Luneburg lens 120 is formed of patterned a-Si layer in a SiN
slab waveguide 122, which guides the diverging beam 121 to the Luneburg lens 120. The
Luneburg lens 120 collimates the incident diverging beam 121 to emit a collimated beam 123

propagating away from the waveguide 110.

[0067] FIG. 1C illustrates how the optical beam-steering chip 100 shown in FIGS. 1A and 1B
can steer light in different directions (in the plane of the chip 100). Each waveguide port 112 acts
as a point source that emits a corresponding diverging beam 121 towards the Luneburg lens 120.
In FIG. 1C, the leftmost waveguide port 112 emits a diverging beam 121 that the Luneburg lens
120 collimates as a collimated beam 123. The semi-circular grating 130 diffracts the collimated
beam 123 out of the plane of the optical beam-steering chip 100 at an angle determined by the
beam’s wavelength. The collimated beam can be steered in the plane of the chip 100 (the
azimuthal direction) by switching the waveguide port 121 with the switch matrix 150 (FIG. 1A).
The Luneburg lens 120 and grating 130 can collimate and diffract more than beam at a time, so it

is possible to emit beams from multiple waveguides 100 simultaneously.

[0068] The collimated beam 123 is steered in a plane perpendicular to the chip 100 (the polar
direction) by tuning the beam’s wavelength. The beam may be generated by a tunable infrared
(IR) light source, such as the on-chip laser 140 shown in FIG. 1A or an off-chip laser source
fiber-coupled to the chip 100. The beam’s wavelength may be centered at A, = 1.55 um and
tuned over a total wavelength range of 100 nm. Other center wavelengths and bandwidths are
also possible—the grating 130 can operate over a larger bandwidth than 100 nm and be centered
around a wavelength A, other than 1550 nm, so the system bandwidth depends largely on the
bandwidth of the source (laser 140). In this example, the signal is TE polarized (E-field is in

11.
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plane, H-field is out of plane). The TE polarization ensures higher confinement in the Luneburg
lens 120 and the SiN slab waveguide 122 that contains the Luneburg lens 120. An equivalent

architecture may operate on a TM polarized field.

[0069] The grating 130, Luneburg lens 120, and waveguides 110 can also be used to receive
light in addition to or instead of transmitting light. When the chip 100 is used as a receiver, the
grating 130 couples light from a particular angle into the chip 100, and the Luneburg lens 120
couples the light from the grating 130 into a corresponding waveguide 110. A detector or
detector array (not shown) at the far end of the waveguide 110 detects the received beam. The
detector(s) can be coherent or incoherent and may take the form of an integrated waveguide
photodector (such as a germanium photodiode or InP photodiode), focal plane array (FPA),
linear-mode avalanche photodiodes (APDs), Geiger-mode APDs (e.g., made of InGaAs,
HgCdTe, CdZnTe, or any other suitable material), or other suitable detector. If desired, a lidar or
other system may include two optical beam-steering chips: one for steering beams that illuminate

a scene and another for receiving light scattered or reflected by objects in the scene (the returns).

[0070] Compared to other integrated optical beam-steering systems, the optical beam-steering
system 100 shown in FIGS. 1A-1C operates over a significantly wider field of view—e.g., 140°,
150°, 160°, 170°, and possibly even 180°—in a smaller footprint thanks to the circular symmetry
of the Luneburg lens 120. This means that, unlike an aplanatic lens, a Luneburg lens 120 can

focus beams incident at both normal incidence and at 90-degree incidence.

[0071] In addition, the optical beam-steering system 100 in FIGS. 1A—1C operates uniformly
over its entire field of view. That is, a beam emitted at the edge of the chip’s field of view has the
same parameters as a beam emitted on boresight (at the center of the chip’s field of view). These
parameters include but are not limited to beam width, beam shape, divergence angle, sidelobe
levels, and power efficiency. This uniformity over such a wide field of view gives an inventive
optical beam-steering system 100 excellent beam-steering performance in a small, light package.
The face of the Luneburg lens 120 may also reflect less light than other lenses due to its gradient-

index profile, leading to higher light throughput.

[0072] If desired, many beam-steering chips 100 can be tiled together to create a larger beam-
steering system. If the chips 100 are implemented with 2D photonic crystal gratings, the chips

100 may be tiled so that the boundaries between adjacent 2D photonic crystals are seamless,
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allowing higher optical throughput. This seamless tiling allows for a larger aperture with

improved far-field beam shape and smaller beam divergences.
Luneburg Lenses

[0073] FIG. 2 shows a generalized version of a Luneburg lens 200, which is a spherically (3D)
or circularly (2D) symmetric lens that focuses parallel rays coming in from any direction (i.e.,
the lens’s focal point is at infinity) onto a point on a concentric circle with radius s > R, where R
is the outer radius of the lens. The lens is a gradient index lens with index of refraction n(r) as a
function of radius r. The maximum radius r (i.e., outer radius R) can range from 2 pm to 100 um
or more (e.g., 4 um, 6 um, 10 pm, 15 pm, 20 pm, 30 um, 40 pum, or 50 pm). The radius s of the
concentric circle (i.e., the distance between the lens and the waveguides) is about one to three
times the lens radius R, or about 2 pm to 300 um or more (e.g., 12 um, 18 pm, 30 um, 45 pm, 60
um, 90 um, 120 pum, or 150 um).

[0074] The index profile of a Luneburg lens can be solved via the parametric equations:

1
n=—exp [w(p, 10) + w(p, 1) — Qp)]

p
r=-
K
1 ¢l sin7t(=
wlp.s) = | —(f‘)ldx
P (k*—p?)2

2
Qp) = — [w(p, ang) — w(p,ny)]

In these equations, the radius 7 is normalized to the outer radius R of the lens sothat 0 <r < 1,
as shown in FIG. 2, and the refractive index # is normalized to the refractive index of the
surrounding medium (e.g., air, which has a refractive index of 1, or silicon nitride, which has a
refractive index of about 2.0 at visible and infrared wavelengths). The constant a represents the
transition point in the lens, described below. The expression for w(p, s) can be rewritten for

easier numerical evaluation:
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S R AN el I 2 St [ s ] y
w(p,s) =—<2sin"* |- T1o - dy
n s tp Jo [s2—=(y+p)? y+2p y+2p

13.



WO 2020/222902 PCT/US2020/020393

[0075] Given the location of the Luneburg lens’s conjugate focal points (which in this case are at
infinity and at s), there are multiple solutions for the Luneburg lens’s index profile. One solution
is to have the index of the Luneburg lens at the edge equal to that of the surrounding medium,
n(1) = 1. In this case, a = 1. FIG. 3A shows solutions to the equations for the refractive index
profiles of Luneburg lenses as a function of radius 7 with different values of s. Because the
solutions are not unique, they can be selected to fit fabrication limits and to be robust to

fabrication variation.

[0076] FIG. 3B shows solutions for the refractive index profile of a Luneburg lens with an outer
shell with constant index, such that in the region a < r < 1, n(r) = 1/a. This homogeneous
shell solution raises the index at the center of the Luneburg lens, but also decreases the range of
variation of refractive index » in the Luneburg lens. This can be advantageous when making a
Luneburg lens out of metamaterials that cannot reach the entire range of effective indices down

ton = 1 due to the metamaterials’ minimum feature size(s).
Photonic Crystal and Metamaterial Planar Luneburg Lenses

[0077] A Luneburg lens can be made of a photonic crystal or metamaterial patterned in a
semiconductor or dielectric substrate to provide the desired refractive index profile. Photonic-
crystal Luneburg lenses typically have features with lateral dimensions (widths or diameters) of
A/2 or larger, where 4 is the Luneburg lens’s operating wavelength, whereas metamaterial
Luneburg lenses typically have features sizes of A/10 or smaller. These features can be holes,
crosses, or pixelated features to speed lithography mask production. Both photonic crystal and
metamaterial Luneburg lenses can be made out of amorphous silicon (a-Si), silicon nitride (SiN),

and/or other materials using standard deposition and patterning techniques.

[0078] In a photonic-crystal Luneburg lens, the photonic crystal can include a layer of a-Si on
top of a bottom layer of SiN. The a-Si layer can contain a lattice of holes filled with SiO»
cladding. The lattice can be hexagonal, rectangular, concentric rings, aperiodic, or randomized.
In the case of a hexagonal lattice, the lattice spacing can be 300 nm to 400 nm, and the hole
diameters can range from 100 nm to 300 nm. The hole size at each point in the lens is chosen to
achieve a desired effective index of refraction. The lattice spacing and hole size may be larger

for longer (infrared) wavelengths or shorter (visible) wavelengths.
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[0079] The SiN layer may have a thickness of 200 nm. This thickness allows for the first
Transverse Electromagnetic (TE) mode to be used, but other thicknesses and corresponding
modes are also possible. The a-Si layer on top of the SiN layer can have a thickness of 20-40
nm. This a-Si layer could be thicker or thinner, depending in part on the geometries and

compositions of the adjacent layers.

[0080] In a metamaterial Luneburg lens, the primary feature size (e.g., post diameter) and the
smallest gap (e.g., hole diameter) of the a-Si layer can be set to be 100 nm. The lens can be
designed to have nanoscale features less than 4/10 in lateral dimension (the metamaterial
regime), or about 20—50 nm in width/diameter. The Luneburg lens’s feature size does not
necessarily correspond to its operating wavelength because a metamaterial has a feature size that
is <4/10. The smaller features here allow the Luneburg lens to act as a metamaterial that “looks

uniform” to near-infrared light (e.g., light at a wavelength of 1500 nm to 1600 nm).

[0081] FIG. 4 is a plot of the calculated effective index for a photonic crystal unit cell using two-
dimensional (2D) and three-dimensional (3D) simulations. Each Luneburg lens is made of a
hexagonal lattice of a-Si holes in silicon nitride with a period a = 400 nm. The hole diameters
range from 20 nm to 50 nm. Increasing the hole diameter increases both the effective refractive

index at the center of the Luneburg lens and the slope of the refractive index with radius.
Photonic-Crystal Luneburg Lens Simulations

[0082] FIGS. SA-5C shows an example of a photonic-crystal Luneburg lens suitable for using in
an optical beam-steering system. FIG. SA shows the lens itself, with black for a-Si and white for
Si0O7 cylinders that fill in holes formed in the a-Si. The hole diameter ranges from about 100 nm
toward the center of the lens to about 300 nm at the outer edge of the lens as shown in FIG. 5B,
which is a plot of hole/Si0O; cylinder diameter as a function of lens radius. The hole diameter is

truncated because of fabrication constraints.

[0083] FIG. 5C shows the calculated effective index profile of the photonic-crystal lens of FIG.
5A. The index profile was calculated by simulating the photonic crystal unit cell using a software
package for computing the band structures, dispersion relations, and electromagnetic modes of
periodic dielectric structures. Using a root finder, the wavenumber & corresponding to a

particular frequency can be determined. The operating frequency is determined by the range of
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the laser source. (The wavelength range for a standard C and L band laser source is between 1.46

um to 1.64 um.) The wavenumber was then used to find the effective index for the unit cell.

[0084] The achieved index of refraction in FIG. 5B is truncated due to optical lithography
fabrication limits. There is no a-Si in regions where the desired index of refraction is close to 1.
Reflections at the outer edge of the Luneburg lens can be mitigated by engineering a gradient of
index that matches the surrounding medium and the calculated index of refraction at the outer

edge.

[0085] FIGS. 6A—6C illustrate a Luneburg lens with a different distribution of holes/Si0»
cylinders in an a-Si layer on a SiN substrate. FIG. 6A shows the lens itself. FIG. 6B shows the
hole/Si0; cylinder diameter as a function of lens radius. There are no holes or SiO; cylinders at
the center of the lens (< 0.37). The hole diameter is constant at 100 nm from about 0.37 to about
0.35r, then increases monotonically to 300 nm at about 0.9r, where the hold diameter levels off.

This produces an effective index of refraction profile with discontinuities at 0.357 and 0.9 as

shown in FIG. 6C.

[0086] FIGS. 7A-7D illustrate full-wave electromagnetic finite-difference time-domain (FDTD)
simulations of SiN waveguides feeding into a SiN slab and a photonic-crystal Luneburg lens and
the resulting H-field and far-field of the simulation. The 2D simulations used perfectly matched

layers at all boundaries with a thickness of 1 um. The resolution was defined as number of mesh

cells per unit distance (1 pm) set to 30 or 40 for 2D simulations.

[0087] FIG. 7A shows the permittivity profile of the SiN waveguide, SiN slab, and photonic-
crystal Luneburg lens, where darker shades correspond to higher permittivity. FIG. 7B shows the
H-field of the simulation after convergence. Light coming in from the waveguide is collimated
by the lens. FIG. 7C shows a far-field plot of the simulated beam profile for a beam collimated
by a Luneburg lens with an outer radius R = 30 um. FIG. 7D shows a far-field plot of the
simulation for outer radii of 15 um (lowest peak), 30 um (middle peak), and 50 um (highest
peak). This simulation shows that increasing the Luneburg lens’s outer radius and hence its focal

length decreases the beam divergence angle.

[0088] FIGS. 8A and 8B are plots of 2D, full-wave simulations of a planar metamaterial
Luneburg lens with an outer lens radius of R =30 um and a normalized lens focal length of s = 3.

FIG. 8A is a polar plot of the lens’s far-field, and FIG. 8B shows power versus angle. The full-
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width half~-maximum (FWHM) of the central lobe in the far-field is relatively small at 1.521°,
indicating good collimation (little divergence). The central lobe contains about 47% of the total

beam power, and the sidelobe level is about —11.9 dB.

[0089] FIGS. 9A-9D show simulated collimation performance for different planar Luneburg
lenses. FIG. 9A is a plot of power versus angle for both ideal and photonic-crystal Luneburg
lenses with outer lens radii of R =30 um and normalized lens focal lengths of s = 3. The main
lobes are nearly identical, and the power in the sidelobes is only a few decibels higher for the
photonic-crystal Luneburg lens. FIG. 9B shows power versus angle for the main lobe from
Luneburg lenses with outer radii of 15 pm, 30 um, 50 pm, and 100 um and a normalized lens
focal length of s =3. Again, the FWHM decreases and the sidelobe levels increase with
increasing outer radius. FIG. 9C is a plot of fractional change in FWHM versus lens rotation
angle (incident beam angle) for Luneburg lenses with outer radii of 25 pym and 50 uym and a
normalized lens focal length of s = 3. For both lenses, the fractional change is less than 1% over
an angular range of over 30°. And FIG. 9D is a plot of far-field FWHM versus outer radius for
different types of lenses and beams, including a photonic crystal lens, an idealized lens, and an
idealized lens illuminated by a dipole source, which behaves as a point source. For reference, the
plot also shows the FWHM of a Gaussian beam with waist size equal to the lens size and an Airy

disk with aperture equal to the lens size.

[0090] FIGS. 10A—10C illustrate a metamaterial Luneburg lens’s robustness to fabrication
imperfections, including variations in the thickness of the a-Si layer. The simulated Luneburg
lens has a design wavelength of 1550 nm and 30 nm diameter holes on a hexagonal lattice in a-
Si. To simulate variation of the thickness of the lens’s a-Si layer in 2D, the material properties of
a-Si were modified to fit the expected effective index. The effects of changing wavelength in a
range of 1500—-1600 nm were also included in the simulation. In this case, the material
parameters, waveguide source, and far-field monitors were adjusted. Robustness to fabrication

variations was checked by varying the size of the holes by about 10 nm.

[0091] The results plotted in FIGS. 10A—10C show that lens performance is robust to changes in
a-Si thickness, wavelength, and hole size. FIG. 10A shows the FWHM of the main lobe of a
Luneburg lens versus a-Si thickness for wavelengths of 1500 nm (bottom trace), 1550 nm

(middle trace), and 1600 nm (top trace). Each trace follows that same general trend, with higher
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divergence at a-Si thicknesses less than about 30 nm. The traces coincide within less than 1° for
a-Si thicknesses of about 30 nm to about 35 nm. FIG. 10B shows the FWHM of the main lobe of
the Luneburg lens versus a-Si thickness for lens outer radii of 15 um (top trace), 30 pum (middle
trace), and 50 um (bottom trace). The traces coincide within a range of 2° for a-Si thicknesses of
about 30 nm to about 35 nm. FIG. 10C shows the FWHM versus a-Si thickness for different
values of normalized lens focal length s = 2.4 (top trace), 2.6 (upper middle trace), 2.8 (bottom

trace), and 3.0 (lower middle trace).

[0092] FIGS. 11A-11C show the effect of fabrication tolerances on the hole sizes in
metamaterial Luneburg lenses with outer radii of 25 um and 50 uym. FIGS. 11A and 11B are
plots of the fractional change in far-field, main-lobe FWHM versus the mean p and standard
deviation o, respectively, of Gaussian noise applied to the hole diameters. FIG. 11C shows the
fractional change in main-lobe FWHM versus the standard deviation of Gaussian noise applied

to the hole position.
Semi-Circular Grating

[0093] FIG. 12A shows the first ridge 1232a of a curved circularly shaped grating 130 (FIG. 1A)
that couples the collimated optical beam out of the plane of the Luneburg lens 120. To ensure the
desired diffraction, the radius of curvature of the first ruling 1232a of the grating 130 is chosen
so that the difference A between the circular segment 1201 and its corresponding chord 1203,
whose length equals the width of the collimated optical beam 123 (FIG. 1A), is as small as a
possible. (A circular segment is a portion of a disk whose upper boundary is a (circular) arc and
whose lower boundary is a chord 1203 making a central angle that is less than 180 degrees.) Put
differently, the inner radius of the grating’s first ruling should approximate a straight line over a
distance equal to the width of the collimated optical beam 123, e.g., to within a desired percent

from an ideal straight grating.

[0094] The grating 130 should “appear straight” so that the pitch/periodicity of the grating does
not change when viewed oft-axis. If the grating pitch “appears” different, the grating’s angle of
emission will change off-axis, creating a distorted mapping of points out into the far-field.
Experimentally, the emission going off-axis creates an arc that is pointed in the downward

direction. Meaning that the lowest points of the arc occur at the most extreme off-angle axis (£
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angles). The center of the arc (and the highest point) is created by the mode hitting the grating
130 at 0°.

[0095] The minimum radius of the first ruling 1232a of the grating 130 can be found using this

equation:

d\’  x\2

(7) @ =1
In this equation, R is the desired radius for the first tooth or ridge 1232a of the circular grating, x
is the radius of the lens (distance to the left or right edge of the lens), d is the distance from the
radius of the lens (left or right edge of the lens) to the segment of the grating 130 that should be
approximately linear. The ratio of d/R depends on the application and system performance goals.
For improved beam quality, the ratio d/R should remain equal to or greater than 0.99 (99%) to
ensure that the collimated beam undergoes coupling by an approximately linear section of the

grating with no more than 1%, d = (1 — 0.01) R, deviation from a straight line.

[0096] The Pythagorean Theorem, R? = x2 + d?can also be used to determine R, the inner
radius of the circular grating. Solving for R provides full control of radius and the resulting error

in the grating 130.

[0097] Instead of making the grating “appear straight” to the collimated beam, the Luneburg
lens’s focus can be adjusted to compensate for the grating curvature. For instance, the focus can
be adjusted to make the beam divergence of the collimated beam equivalent to the arc of the
grating. This improves the beam quality in the polar direction/cross-section of the beam.
However, there may be a trade-off: creating a non-collimated beam in the azimuthal/in-plane
direction may increase the beam divergence of the beam in the polar direction/cross-section of

the beam.

[0098] Alternatively, the grating could be a polygonal arc, with each side/facet of the polygonal
arc centered on the collimated beam from a corresponding side of the polygonal arc. If each arc
is long enough (i.e., at least as long the beam diameter), then each collimated beam would
experience its own “straight” grating that may be simpler to make than a corresponding circular
grating. The grating coupler could also be implemented as a 2D photonic crystal lattice. A

variation of 2D photonic crystal lattices can be implemented including but not limited to a
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hexagonal lattice with six-fold rotational symmetry like the Luneburg lens. The 2D lattice can be

closer to the lens and can provide a uniform emission from the aperture.
Single- and Double-Layer Curved Gratings

[0099] The grating used to couple light out of the plane of the Luneburg lens can be a single-
layer grating or a double-layer grating. FIG. 12B shows two teeth/rulings 1232a and 1232b
(collectively, teeth or rulings 1230) of a single-layer grating 1230. The rulings or teeth 1230 are
coated in a conformal cladding 1238 (e.g., an SiO; cladding) and are made of a-Si deposited on a
Si3Ny layer 1236, which is in turn on a SiO; layer 1234. The a-Si grating rules 1230 are in the

same plane as the a-Si Luneburg lens (not shown).

[00100] The fill-fraction (also known as the duty cycle) of the single-layer grating 1230 in
FIG. 12B is defined as the ratio between the width d of a single tooth 1232 of the grating and the
pitch A of the grating. The single-layer grating can have a fill-fraction that (1) is constant along
the direction of the grating vector, (ii) changes linearly between 0 and 1 along the direction of the
grating vector, or (iil) changes non-linearly between 0 and 1 along the direction of the grating

vector. If desired, the grating fill fraction can be apodized as described below.

[00101] A single-layer grating may have a lower diffraction efficiency than other types of
gratings and thus a larger aperture (because it diffracts light more gradually as a function of
length) and lower beam divergence angle (because it has a larger aperture). The grating’s
diffraction efficiency may be lowered further by reducing the thickness of the grating rulings

(teeth).

[00102] FIG. 13A shows the electric field squared (E*) along a cross-section of a single-
layer, a-Si grating with a length of 1000 um, a pitch of 660 nm, an a-Si thickness of 10 nm, and a
fill-fraction of 0.16. The beam diffracted by this grating has a low beam divergence angle of 0.1°
as shown in FIG. 13B.

[00103] A grating composed of at least two layers (a double-layer grating) can create
deconstructive interference in one direction orthogonal to the plane of the optical beam-steering
chip’s surface and constructive interference on the opposite side. Producing stronger emission
from one side of the grating (e.g., the top side) is done by breaking the symmetry of the grating

structure in the direction perpendicular to the slab containing the Luneburg lens. Emitting most
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or all of the light from one side of the slab increases the optical efficiency of the optical beam-

steering chip.

[00104] One type of double-layer grating has two different layers directly on top of each
other. Each layer contains a grating, with the upper grating phase-shifted with respect to the
lower grating, e.g., by about 7/2, to increase or maximize constructive interference of the light
upwards. The two layers can be comprised of different materials and have the same or different
thicknesses. They can also be formed of the same type of material and be separated by another
layer formed of a different material. In either case, the layers should be made of materials whose
effective refractive indices are higher than the refractive index of the surrounding cladding. (The
effective refractive index is determined by the thickness of the layer, surrounding cladding
material, and the bulk refractive index of the material ) Layers formed of different materials can
be next to each other or separated by another layer, which can be made of the cladding material
with a thickness selected to increase constructive interference upwards between the light emitted

from each of the two layers.

[00105] The two layers can contain gratings with fill-fractions that (i) are constant along
the direction of the grating vector, (i1) change linearly between 0 and 1 along the direction of the
grating vector, or (iii) change non-linearly between 0 and 1 along the direction of the grating
vector. Again, the grating fill fractions can be apodized as described below, with the same type
of apodization applied to the top and bottom layers. Reducing the gratings’ diffraction
efficiencies increases the aperture size and decreases the beam divergence. To lower the
grating’s diffraction efficiency, the grating should be weak—the difference in effective index

between the various teeth and gaps in the grating should be small.

[00106] The layers of the double-layer grating line up with the Luneburg lens as follows.
If silicon nitride (SiN) is the first layer of the double-layer grating and amorphous silicon (a-Si)
is the second layer of the double-layer grating, the holes for the Luneburg lens are drilled in the
second layer. The top layer of the double-layer grating can also be deposited/patterned in the
second layer (a-Si), whereas the bottom layer of the double-layer grating is in the first layer
(SiN). Of course, the first and second layers of the double-layer grating can be other dielectric

materials. The first layer can have a higher refractive index then the second layer or vice versa.

Grating Apodization
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[00107] An apodization function can be applied to the fill-fraction of the grating design.
The apodization can be used to create a smoother transition from the refractive index of the slab
waveguide containing the lens and the refractive index of the surrounding SiO; cladding
environment. Example apodization functions include linear, half-Gaussian, and full-Gaussian
apodization functions. A linearly increasing or decreasing apodization function for the SiN layer
increases or decreases the fill-fraction value to create a smooth transition in the refractive index
of the grating. In a half-Gaussian apodization, the fill fraction increases or decreases with length
according to a half of a Gaussian distribution. And in a full-Gaussian apodization, the fill

fraction increases and then decreases or vice versa according to a Gaussian distribution.

[00108] FIG. 14A shows the cross-section of a double-layer grating 1430 with a linearly
apodized top layer that is shifted with respect to a linearly apodized bottom layer. For example,
the top layer can be shifted by approximately 7/2. However, the shift of the layer is not limited to
7/2. The shift for the top layer can be determined by simulating and optimizing the beam
divergence and increasing or maximizing the far-field power (or any other desired beam
characteristic) emitted from the double-layer grating. The top layer includes upper grating
rulings 1432a—1432m (collectively, upper grating rulings 1432) made of a-Si that partially
overlap with lower grating rulings 1436a—1436n (collectively, lower grating rulings 1436) made
of SiN in the lower layer, which in turn is on a SiO» layer 1434. The upper grating rulings 1432
and lower grating rulings 1436 are clad in a material whose refractive index is lower than a-Si

and SiN.

[00109] The upper grating rulings 1432 increase linearly in width and duty cycle (fill
fraction) with distance from the Luneburg lens, whereas the lower grating rulings 1436 decrease
linearly in width and duty cycle (fill fraction) with distance from the Luneburg lens. In other
words, the bottom SiN layer linearly decreases in fill-fraction from the start to end of the grating
and the top a-Si linearly increases in fill-fraction from the start to end of the grating. The slopes
of the apodization functions can be the same or different. This double-layer structure with linear
apodization produces constructive interference in the upward direction and destructive
interference in the downward direction and has an average transmission of 90% transmission in

the upward direction, as shown in FIG. 14B.
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[00110] A Gaussian distribution can be implemented by using either a half or full
distribution of the fill-fraction. The limits of the Gaussian function are set by determining the

highest and lowest fill-fractions in a dielectric or semiconductor material and layer:
(2 2
fr) = fotare + (fena — fstare) € x=py’/20

The mean, p = 0, and distribution of the input x ranges from —3 to +3. This provides a fill
fraction ranging between 0.0 and 1.0. The fill-fraction distribution can be discretized for any
number of points (7). This discretization provides the fill-fraction for each tooth (ruling) of the
grating. The lowest and highest fill-fraction values are determined by the fabrication constraints
used in the lithography process. By holding all other variables constant and varying the
Gaussian’s width, 62, the apodization of the grating can be further engineered by either

broadening or sharpening the Gaussian peak.

[00111] FIGS. 15A and 15B are example plots of the fill-fraction distribution with the
values of f{x) across the grating. FIG. 15A shows a half-Gaussian distribution function that is

increasing while FIG. 15B shows a symmetric full-Gaussian distribution.

[00112] FIG. 16A shows a profile views of the start (top) and end (bottom) of a half-
Gaussian apodized, double-layer grating 1630 with a top layer offset. The offset can be
determined numerically to increase or maximize constructive interference (transmission)
upwards and may be about 4/4 (4/8 for a full Gaussian apodization). The top (a-Si) grating has
rulings 1632a—1632m with widths and fill-fractions that increase with distance from the
Luneburg lens according to a half-Gaussian distribution. The bottom (SiN) grating is on an oxide
layer 1634 has rulings 1636a—1636n with widths and fill-fractions that decrease with distance
from the Luneburg lens according to another half-Gaussian distribution, which may be the same
or different. There is cladding 1638 on the upper and lower grating layers. The half-Gaussian
apodizations create smooth transitions in the refractive indices of the grating layers. The two
grating layers produce constructive interference for an average transmission equal to 90 percent

in the upward direction, as shown in FIG. 16B.

[00113] A full-Gaussian apodization for both grating layers has a symmetric distribution
for the fill-fraction. The lowest fill-fraction is used at the start and end of the grating. The highest
fill-fraction value is used in the middle of the grating. The shift for the top layer with a full-

23.



WO 2020/222902 PCT/US2020/020393

Gaussian distribution can be but is not limited to a z/2 phase shift. Solutions can be found at less

then a 7/2 phase shift.
Conclusion

[00114] While various inventive embodiments have been described and illustrated herein,
those of ordinary skill in the art will readily envision a variety of other means and/or structures
for performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive
teachings is/are used. Those skilled in the art will recognize or be able to ascertain, using no
more than routine experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments are presented
by way of example only and that, within the scope of the appended claims and equivalents
thereto, inventive embodiments may be practiced otherwise than as specifically described and
claimed. Inventive embodiments of the present disclosure are directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any combination of
two or more such features, systems, articles, materials, kits, and/or methods, if such features,
systems, articles, materials, kits, and/or methods are not mutually inconsistent, is included within

the inventive scope of the present disclosure.

[00115] Also, various inventive concepts may be embodied as one or more methods, of
which an example has been provided. The acts performed as part of the method may be ordered
in any suitable way. Accordingly, embodiments may be constructed in which acts are performed
in an order different than illustrated, which may include performing some acts simultaneously,

even though shown as sequential acts in illustrative embodiments.

[00116] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary

meanings of the defined terms.
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[00117] The indefinite articles “a” and “an,” as used herein in the specification and in the

claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”

[00118] The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with “and/or” should be construed in the same fashion, i.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, a reference to “A and/or B”, when used in
conjunction with open-ended language such as “comprising” can refer, in one embodiment, to A
only (optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally

including other elements); etc.

[00119] As used herein in the specification and in the claims, “or” should be understood to
have the same meaning as “and/or” as defined above. For example, when separating items in a
list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but
also including more than one, of a number or list of elements, and, optionally, additional unlisted
items. Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,” or,
when used in the claims, “consisting of,” will refer to the inclusion of exactly one element of a
number or list of elements. In general, the term “or” as used herein shall only be interpreted as
indicating exclusive alternatives (i.e. “one or the other but not both”) when preceded by terms of

29 CC

exclusivity, such as “either,” “one of,” “only one of,” or “exactly one of.” “Consisting
essentially of,” when used in the claims, shall have its ordinary meaning as used in the field of

patent law.

[00120] As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements and
not excluding any combinations of elements in the list of elements. This definition also allows

that elements may optionally be present other than the elements specifically identified within the
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list of elements to which the phrase “at least one” refers, whether related or unrelated to those
elements specifically identified. Thus, as a non-limiting example, “at least one of A and B” (or,
equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in
one embodiment, to at least one, optionally including more than one, A, with no B present (and
optionally including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other than A);
in yet another embodiment, to at least one, optionally including more than one, A, and at least

one, optionally including more than one, B (and optionally including other elements); etc.

[00121] In the claims, as well as in the specification above, all transitional phrases such as

bR

“comprising,” “including,

29 CC 2% bR

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including but
not limited to. Only the transitional phrases “consisting of” and “consisting essentially of” shall
be closed or semi-closed transitional phrases, respectively, as set forth in the United States Patent

Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS

1. An optical beam steering apparatus comprising:

a substrate;

a waveguide array formed on the substrate, the waveguide array comprising a first
waveguide and a second waveguide;

a planar Luneburg lens, formed on the substrate in optical communication with the
waveguide array, to collimate light emitted by the first waveguide as a first collimated beam
propagating in a first direction in a plane of the substrate and to collimate light emitted by the
second waveguide as a second collimated beam propagating in a second direction in the plane of
the substrate different than the first direction; and

a curved grating, formed on the substrate in optical communication with the planar
Luneburg lens, to couple at least a portion of the first collimated beam and the second collimated

beam out of the plane of the substrate.

2. The optical beam steering apparatus of claim 1, wherein the waveguide array has outputs

disposed on a circle concentric with the planar Luneburg lens and the curved grating.

3. The optical beam steering apparatus of claim 2, wherein the planar Luneburg lens has a

focal length equal to the radius of curvature of the circle.

4. The optical beam steering apparatus of claim 1, wherein the planar Luneburg lens has a

field of view of at least 100°.

5. The optical beam steering apparatus of claim 1, wherein the planar Luneburg lens
comprises a dielectric material patterned with holes having radii smaller than a wavelength of the

light, the holes being spaced at a pitch smaller than the wavelength of the light.

6. The optical beam steering apparatus of claim 5, wherein the radii of the holes vary with

distance from the center of the planar Luneburg lens.

7. The optical beam steering apparatus of claim 1, wherein the planar Luneburg lens

comprises amorphous silicon deposited on a layer of silicon nitride.
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8. The optical beam steering apparatus of claim 7, wherein the amorphous silicon is
patterned with holes having radii ranging from about 50 nm to about 150 nm on a hexagonal

lattice with a pitch ranging from about 300 nm to about 500 nm.

9. The optical beam steering apparatus of claim 1, wherein the curved grating has a ruling
that is a distance d from the Luneburg lens and an inner radius of curvature R selected such that

d/R is equal to or greater than 0.99.

10.  The optical beam steering apparatus of claim 1, wherein the curved grating has a grating

fill factor that varies with distance from the Luneburg lens.

11. The optical beam steering apparatus of claim 1, wherein the curved grating comprises a

first grating layer disposed on and shifted with respect to a second grating layer.

12. The optical beam steering apparatus of claim 1, further comprising:
a tunable light source, in optical communication with the waveguide array, to tune a
wavelength of the light emitted by the first waveguide and the light emitted by the second

waveguide.

13. The optical beam steering apparatus of claim 12, further comprising:

a network of optical switches, formed on the substrate in optical communication with the
tunable light source and the waveguide array, to guide the light emitted by the first waveguide
from the tunable light source to the first waveguide when in a first state and to guide the light
emitted by the second waveguide from the tunable light source to the second waveguide when in

a second state.

14. The optical beam steering apparatus of claim 1, further comprising:
a slab waveguide, formed on the substrate in optical communication with the waveguide
array and the planar Luneburg lens, to guide the light from the first waveguide and the light from

the second waveguide to the planar Luneburg lens.

15. A method of optical beam steering with a planar Luneburg lens formed in a substrate in
optical communication with a waveguide array and a curved grating, the waveguide array

comprising a first waveguide and a second waveguide, the method comprising:
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collimating, with the planar Luneburg, light emitted by the first waveguide as a first
collimated beam propagating in a first direction in a plane of the substrate;

collimating, with the planar Luneburg, light emitted by the second waveguide as a second
collimated beam propagating in a second direction in the plane of the substrate different than the
first direction; and

coupling, with the curved grating, at least a portion of the first collimated beam and the

second collimated beam out of the plane of the substrate.

16. The method of claim 15, wherein collimating the light emitted by the first waveguide and

collimating the light emitted by the second waveguide occur simultaneously.

17. The method of claim 15, wherein coupling at least a portion of the first collimated beam
and the second collimated beam out of the plane of the substrate with the curved grating
comprises illuminating a first approximately linear section of the curved grating with the first
collimated beam and illuminating a second approximately linear section of the curved grating

with the second collimated beam.

18. The method of claim 15, further comprising:

emitting the light from the first waveguide at a first point on a circle with the planar
Luneburg lens and the curved grating; and

emitting the light from the second waveguide at a second point on a circle concentric

with the planar Luneburg lens and the curved grating.

19. The method of claim 15, further comprising:
tuning a wavelength of the light emitted by the first waveguide and the light emitted by

the second waveguide.

20. The method of claim 15, further comprising:
coupling the light into the first waveguide via an optical switch in a first state;
actuating the optical switch from the first state to a second state; and

coupling the light into the second waveguide via the optical switch in the second state.
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