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AN OPTICAL BEAM DIRECTOR

Field of the disclosure

The present disclosure generally relates to a system and method for directing
an optical beam. More particularly, the present disclosure relates to a system and

method for directing an optical beam 1n two dimensions.

Background of the disclosure

Optical beam direction has several uses, including but not limited to LiIDAR
(light detection and ranging) applications, in which light 1s sent into an environment
for mapping purposes. In three-dimensional mapping, one of the dimensions relates to
the range of a point from the origin of the optical beam, whereas the other two
dimensions relate to two dimensional space (e.g. 1n Cartesian (X, y) or polar (r, theta)

coordinates) 1n which the optical beam 1s steered across.

Summary of the disclosure

According to one aspect of the disclosure, there 1s provided an optical system
for directing light over two dimensions, the light including a selected one of multiple
wavelength channels grouped into wavelength bands, the system including:

a dispersive element arranged to direct the light towards one of first
directions over an initial dimension based on the selected one of the multiple
wavelength channels; and

an array of steering elements arranged along the 1nitial dimension to receive
the directed light, the array of steering elements configured to further direct the
recerved light towards one of second directions based on 1ts position along the 1nitial
dimension, the second directions aligned along respective planes based on the
respective wavelength bands, the planes being distributed over a first dimension
associated with the initial dimension, each plane extending across a second dimension

substantially perpendicular to the first dimension.

PCT/AU2017/051235
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According to another aspect of the disclosure, there 1s provided a method of
directing light over two dimensions, the light including a selected one of multiple
wavelength channels grouped into wavelength bands, the method including:

directing the light, using a dispersive element, towards one of first directions
over an 1nitial dimension at an array of steering elements arranged along the 1nitial
dimension based on the selected one of the multiple wavelength channels; and

further directing the directed light, using the array of steering elements,
towards one of second directions based on position along the initial dimension, the
second directions aligned along respective planes based on the respective wavelength
bands, the planes being distributed over a first dimension associated with the 1nitial
dimension, each plane extending across a second dimension substantially

perpendicular to the first dimension.

According to another aspect of the disclosure, there 1s provided an optical
system for directing light over two dimensions, the optical system including:

at least one dispersive element arranged to receive light comprising at
least one of multiple wavelengths and spatially disperse the multiple wavelengths;

a first steering element arranged to receive, from the dispersive
element, a first plurality of the multiple wavelengths, less than all of the multiple
wavelengths, and spatially direct the first plurality of the multiple wavelengths across
a first projection; and

a second steering element arranged to receive, from the dispersive
element, a second plurality of the multiple wavelengths, less than all of the multiple
wavelengths and different from the first plurality of the multiple wavelengths, and
spatially direct the second plurality of the multiple wavelengths across a second
projection;

wherein in combination the first projection and the second projection

extend over two dimensions.

According to another aspect of the disclosure, there 1s provided a method for
directing light over two dimensions, the method including:
receiving, at a first steering element, a first light signal including a first
range of wavelengths and spatially directing, by the first steering element, the first

light s1gnal across a first projection;
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receiving, at a second steering element, a second light signal including
a second range of wavelengths, different from the first range of wavelengths, and
spatially direct, by the second steering element, the second light signal across a
second projection;

wherein in combination the first projection and the second projection

extend over two dimensions.

Further aspects of the present disclosure and further embodiments of the
aspects described 1n the preceding paragraphs will become apparent from the
following description, given by way of example and with reference to the

accompanying drawings.

Brief description of the drawings

Figure 1 1llustrates a module for spatially profiling an environment.

Figure 2 illustrates schematically an arrangement of system for directing an

optical beam.

Figures 3A and 3B 1illustrate schematically an arrangement of the optical
beam director and spatial distribution of the optical beam over swept wavelength

channels.

Figures 4A and 4B 1llustrate schematically another arrangement of the

optical beam director and spatial distribution of the optical beam over swept

wavelength channels.

Figures SA and 5B illustrate schematically yet another arrangement of the
optical beam director and spatial distribution of the optical beam over swept

wavelength channels.

Figures 6A and 6B 1illustrate schematically still yet another arrangement of

the optical beam director and spatial distribution of the optical beam over swept

wavelength channels.
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Figures 7A and 7B 1llustrate schematically a further arrangement of the
optical beam director and spatial distribution of the optical beam over swept

wavelength channels.

Figure 8 1llustrates schematically an arrangement of a system for directing

an optical beam.

Figures 9A and 9B 1illustrate different arrangements of a variable line-

spacing grating.

Figures 10A and 10B 1illustrate another arrangement of the array of second

dispersive elements.

Figure 10C 1llustrates yet another arrangement of the array of second

dispersive elements.

Figure 11 illustrates schematically an image of intercepted output of the

system of Figure 8.

Detailed description of embodiments

Described herein 1s an optical system for directing light over two
dimensions. The described system 1s capable of steering light based on one or more
selected wavelength channels and without mechanically moving parts. While
description herein focuses on a single selected wavelength channel (e.g. using a single
wavelength-tunable light source), it should be appreciated that the description also
applies to, with minor modifications, multiple selected wavelength channels (e.g.
using a multi-colour light source or combining multiple single-wavelength tunable
light sources). Steerability 1n terms of scanning speed, directional stability and spatial
resolution therefore depends on the wavelength-tuning speed, wavelength stability

and wavelength-resolution, respectively. The described system can be useful 1n

reducing dependence on mechanical performance, such as reducing occurrences or

impact of mechanical failure or mechanical fatigue, due to 1ts static nature.

The described system can be used a beam director, for example, 1n a spatial
profiling arrangement for estimating the spatial profile of an environment. Other

example applications for beam direction include spectrometry, optical line-of-sight
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communications, 2D scanning on manufacturing lines, projectors, 2D printers,
adaptive 1llumination and so on. While the following description focusses on spatial
profile estimation, a person skilled 1n the art would appreciate that the description 1s,

with minor modification, also applicable to the other beam direction applications.

Figure 1 illustrates an example of a spatial profiling arrangement 100. The
arrangement 100A 1ncludes a light source 102, a beam director 103, a light receiver
104 and a processing unit 105. In the arrangement of Figure 1, outgoing light from the
light source 102 1s directed by the beam director 103 1n a direction 1n two dimensions
into an environment 110 having a spatial profile. If the outgoing light hits an object or
a reflecting surface, at least part of the outgoing light may be reflected (represented 1n
solid arrows), €.g. scattered, by the object or reflecting surface back to the beam
director 103 and received at the light receiver 104. The processing unit 105 1s
operatively coupled to the light source 102 for controlling its operations. The
processing unit 103 1s also operatively coupled to the light receiver 104 for
determining the distance to the reflecting surface, by determining the round-trip

distance travelled by the reflected light.

The light source 102, the beam director 103, the light receiver 104 may be
optically coupled to one another via free-space optics, and/or optical waveguides such
as optical fibres or optical circuits in the form of 2D or 3D waveguides. Outgoing
light from the light source 102 1s provided to the beam director 103 for directing into
the environment. Any reflected light collected by the beam director 103 may be
directed to the light receiver 104. In one example, light from the light source 102 1s
also provided to the light receiver 104 for optical processing purposes via a direct
light path (not shown) from the light source 102 to the light receiver 104. For
example, the light from the light source 102 may first enter a sampler (e.g. a 90/10
fibre-optic coupler), where a majority portion (e.g. 90%) of the light is provided to the
beam director 103 and the remaining sample portion (e.g. 10%) of the light 1s
provided to the light receiver 104 via the direct path. In another example, the light
from the light source 102 may first enter an input port of an optical switch and exit
from one of two output ports, where one output port directs the light to the beam
director 103 and the other output port re-directs the light to the light receiver 104 at a

time determined by the processing unit 105.
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The light from the light source 102 includes a selected one of N wavelength
channels grouped into M wavelength bands. The light source 102 may be a

wavelength-tunable laser, allowing selection of the desired wavelength channel via an
electronic control signal. The M wavelength bands may include consecutive

wavelength channels. For example, the N wavelength channels are designated by their

centre wavelengths A, A», ... An, and the M wavelength bands are {A{, As,... Ak},
{Aket, Mes2 . Aok, oo {ANK+1, ANks+2, . AN Where k = N/M.

First arrangements

Referring to Figure 2, the described system 203 plays the role of the beam
director 103 1n Figure 1. The described system 203 includes a dispersive element 202
arranged to direct the light 201 from the light source 102 over an 1nitial dimension
(which can be a linear or a non-linear dimension). The dispersive element 202 may be
one or more gratings and/or one or more prisms. Although the 1nitial dimension

illustrated in Figure 2 appears as a continuous plane between light path 210a (e.g.
corresponding to wavelength channel A;) and light path 210b (e.g. corresponding to

wavelength channel Ay), the system 203 in practice generally accepts a selected one of

wavelength channel A, A», ... An at any one time based on the selected one of the

multiple wavelength channels.

The described system 203 includes an array of reflective elements
(collectively labelled as 204 1n Figure 2) arranged along the initial dimension to
receive the directed light 210. For 1llustrative purposes, a screen 208 which 1s not part
of the described system 203 1s 1llustrated in Figure 2 to depict the spatial distribution

of the directed optical beam 212 when the selected wavelength 1s swept between A4

and An. As illustrated 1in Figure 2, where the reflective elements 204 take the form of a

single plane mirror, the light path 210a of the directed light 210 1s reflected along the
light path 212b of reflected light 212. Similarly, the light path 210b of the directed

light 210 1s reflected along the light path 212a of reflected light 212. In the case of a

single plane mirror, the 1mage 206 1s 1n the form of a continuous line. Again, since the

system 203 in practice generally accepts a selected one of wavelength channel A4, A,,

... An at any one time, the image 206 in practice forms a point rather than a

continuous line as 1t 1s depicted 1n Figure 2 for illustrative purposes. The spatial



10

15

20

25

30

CA 03044075 2015-0b-16

WO 2018/090085 PCT/AU2017/051235

distribution of the directed optical beam 206 1s along a first dimension 214, associated
with the 1nitial dimension caused by the dispersive element 202. The directed optical

beam 206 1s not distributed along a second dimension 216 substantially orthogonal to

the first dimension 214.

Figures 3 to 7 illustrate the consequence of adopting different arrays of
reflective elements. Figures 3A and 3B reproduce the case of the single plan mirror of
Figure 2 for comparison purposes. Where the reflective elements 204 are a single
plane mirror 304, the image 206 1s 1n the form of a continuous line 306 where the
selected wavelength 1s swept between A; and An. The spatial distribution of the
directed optical beam 212 1s along a first dimension 214, associated with the 1nitial
dimension caused by the dispersive element 202. The directed optical beam 206 1s not

distributed along the second dimension 216.

Figures 4A and 4B represent the case where the reflective elements 204 are
an array of single plane mirrors 404 each separated from adjacent mirrors by a small

gap. The image 206 1s 1n the form of a broken line 406 where the selected wavelength

1S swept between A and An. Each broken section of the broken line represents a
wavelength sweep across a band of wavelength channels (e.g. {A1, As,.. Ak}, { Akt

M2 Ak}, ... OF { ANkl ANk+2. . An}). In this case, the spatial distribution of the
directed optical beam 212 1s still along a first dimension 214, associated with the
initial dimension caused by the dispersive element 202. The directed optical beam 206

1s not distributed along the second dimension 216.

Figures SA and 5B represent the arrangement of the described system 203
where the reflective elements 204 are an array of plane mirrors 504, each separated
from adjacent mirrors by a small gap, and tilted or otherwise angularly offset from
one another about a straight line axis 502 extending along the first dimension 214
through each of the plane mirrors. The image 206 1s 1n the form of stepped lines 506
where the selected wavelength 1s swept between A and An. Each step represents a

wavelength sweep across a band of wavelength channels (e.g. {A1, Az,.. . Ak}, { A1,

M2, Ak}, ... OF {ANk+l, Ank+2. . An}). The effects of the angular offset is to reflect

the received light 212 towards different substantially planar surfaces (or “planes”™

herein) distributed over the second dimension 216, where each plane extends across
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the first dimension 214. The directed optical beam 206 1s distributed along both the
first dimension 214 and the second dimension 216. The extents of the different planes
however do not overlap in the first dimension 214. Although not shown, the different
planes can be configured to at least partially overlap if the plane mirrors 504 are
further tilted or otherwise further angularly from one another about an axis which 1s
orthogonal to the axis 502 and extending along the second dimension 216. An effect
of this orthogonal tilting on the 1mage 206 1s to translate the stepped lines 506 along
the first dimension 214. An appropriate amount of orthogonal tilting for each plane
mirror 504 would translate the stepped lines to be fully overlapped with one another,

forming a two dimensional steering grid.

Figures 6A and 6B represent the arrangement of the described system 203
where the reflective elements 204 are an array of diverging mirrors 504 (such as in the
form of reflective cylinders or convex surfaces), each separated from adjacent mirrors
by a small gap, and tilted or otherwise angularly offset from one another about a
straight line axis 602 through the centre of each of the diverging mirrors. The image

206 1s 1n the form of stepped lines 606 where the selected wavelength 1s swept

between A and An. Each step represents a wavelength sweep across a band of

wavelength channels (e.g. {A1, A2, Ak} {1, Mz Aok}, .. OF {ANake1, ANk=2, . AND).
As with the case 1llustrated 1in Figures SA and 5B, the effects of the angular offset 1s to
reflect the received light 212 towards different planes distributed over the second
dimension 216, where each plane extends across the first dimension 214. The use of
the diverging mirrors 1s to extend the extents of each plane in the first dimension 214,
which can be controlled by using diverging mirrors of different curvature. In general,
a greater curvature of the diverging mirrors leads to a greater extent of the planes
extending along the first dimension 214. The directed optical beam 206 1s distributed

along both the first dimension 214 and the second dimension 216.

Figures 7A and 7B represent the arrangement of the described system 203
where the reflective elements 204 are an array of diverging mirrors 704 (such as in the
form of reflective cylinders or convex surfaces), each separated from adjacent mirrors
by a small gap, and tilted or otherwise angularly offset from one another, and
arranged about a curved axis 702 through each of the reflective elements. The 1mage

206 1s 1n the form of stacked lines 706 where the selected wavelength 1s swept
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between A and An. Each stack represents a wavelength sweep across a band of

wavelength channels (e.g. {A1, A2,... Ak}, {Ake1, A2, Aok}, ... OF {ANK+1, ANK+2. . AND).
As with the case 1llustrated 1in Figures SA and 5B, the effects of the angular offset 1s to
retlect the received light 212 towards different planes distributed over the second
dimension 216, where each plane extends across the first dimension 214. The angular
offset may be tuned to adjust the separation of the stacks. The use of the diverging
mirrors 1s to extend the extents of each plane 1n the first dimension 214, which can be
controlled by using diverging mirrors of different curvature. In general, a greater
curvature of the diverging mirrors leads to a greater extent of the planes extending
along the first dimension 214. In one arrangement, the curved axis 702 follows a
concave path 1n the 1nitial dimension for equalising or aligning the extents of the first
dimension 214 across the respective planes. In another arrangement, the curved axis
can be parabolic. The curvature of curved axis 702 may be tuned to adjust the extents
across the respective planes. The directed optical beam 206 1s distributed along both

the first dimension 214 and the second dimension 216.

Using the arrangement of Figure 7A, the described system 203 can be
configured to spatially direct the outgoing light into one of multiple directions (106a,

106b, 106¢ ...) 1in the two dimensions 214 and 216 into the environment 110. The

direction into which the outgoing light 1s directed corresponds to, or 1s based on, the

selected one of the multiple wavelength channels (centred at A, A2, ... AN).

Example

In one configuration, a light source with multiple spectral components or
with tuneable wavelength (e.g. tuneable laser C-Band 43nm tuning range) 1s incident
on or through a diffracting element, such as a prism or a compound prism, which
translates a selection of wavelength channel into a one-dimensional angular
dispersion. In this configuration, a prism providing 0.25°/nm angular dispersion
translates the 43nm spectral range into 10° of angular separation. The configuration
includes a magnifying telescope (e.g. 15X) or convex mirror (e.g. half-circle) to
magnify the angularly dispersed light. Using a 15X magnifying telescope, the angular
dispersion 1s magnified to about 150°. The output of the angle magnifier 1s arranged

to be located at the centre of curvature of a concave mirror, such that the output light
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1s directed along the radi1 of the convex mirror. In this case the incident rays would be

reflected along the same but opposite direction as they would be incident on the

mirror surface as the direction of propagation 1s normal to the mirror surface.

In this configuration, assume that the radius of the convex mirror 1s 0.05m,
hence the arc covering the 150° illuminated by the incident light 1s 0.13m = (0.05 x n
x 150°/180°). In one example, this 0.13m arc 1s divided into 50 sub-sections, each of
which 1s configured to locate a half-circle convex mirror of 0.0013m radius. The
incident light on each of the 50 convex half-circles will subtend a 3° angle (1.e.
150°/50) but the small half-circles will have an angle magnification effect such that

the light reflected of each sub-section will have angular dispersion of 3° x 38.19 =

114.59, where the magnification of 38.19x results from the ratio of the radi1 (1.e.

0.05/0.0013 = 38.19X).

This configuration may then be arranged following Figure 7A. Each of these
small convex half-circles 1s constructed out of a tubular section. By tilting each
tubular section by +0.5° 1n the Z-axis relative to the previous section so that the
retlected light of each 1s projected on to a different z-axis angular dispersion (with
0.5° increments). The reflected light generates a 2D 1mage based on the wavelength
channel. In this example the 2D 1image includes 50 lines in the vertical with 0.5°
resolution and vertical field of view of 25° (50 x 0.5°). Horizontally the example
configuration covers 114.59° with the resolution limited by the smallest change 1n

wavelength of the light source.

Based on the foregoing, there 1s provided an optical system for directing light
over two dimensions. The light includes a selected one of multiple wavelength
channels grouped 1nto wavelength bands. The system includes a dispersive element
arranged to direct the light over an 1nitial dimension based on the selected one of the
multiple wavelength channels, and an array of reflective elements arranged along the
initial dimension to recerve the directed light, the reflective elements arranged to
reflect the received light towards respective planes based on the respective
wavelength bands, each respective plane extending across a first dimension associated
with the 1nitial dimension, the respective planes distributed over a second dimension

substantially perpendicular to the first dimension.

10
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A corresponding method of directing light over two dimensions 1s also
provided. The method includes directing the light, using a dispersive element, over an
initial dimension at an array of retlective elements arranged along the 1nitial
dimension based on the selected one of the multiple wavelength channels, and
reflecting the directed light, using the array of reflective elements, towards respective
planes based on the respective wavelength bands, each respective plane extending
across a first dimension associated with the 1nitial dimension, the respective planes

distributed over a second dimension substantially perpendicular to the first dimension.

Second arrangements

Referring to Figure 8, the described system 803 plays the role of the beam
director 103 1in Figure 1. The described system 803 includes a first dispersive element
802 arranged to direct the light 801 from the light source 102 towards one of first
directions over an 1nitial dimension (e.g. along the x-axis 1in Figure 8). Each of the
first directions corresponds to a potential light path of the directed light 810, 1n turn

corresponding to a wavelength channel. For example, as illustrated in Fig. 8, light

path 810a corresponds to wavelength channel A; and light path 810b corresponds to

wavelength channel An. Some of the first directions are represented in Fig. 8 as open
triangles 811a and 811b. The first dispersive element 802 may be one or more
diffraction gratings and/or one or more prisms. The angular spread of the directed
light 810 depends on the range of the wavelength channels and the dispersive property
of the dispersive element 802. In one non-limiting example for illustrative purposes,
the light source 102 may include a telecommunications-grade laser. A
telecommunications-grade laser may have a wavelength tuning range of up to 40 nm,
such as from approximately 1527 nm to approximately 1567 nm. The dispersive
element 802 may include a diffraction grating (such as a transmission grating) with
uniform line spacing. In one variant, the diffraction grating may have a grating period
between 1000 lines/mm and 1100 lines/mm, facilitating an angular spread of
approximately 5-10 degrees. In another variant, the diffraction grating may have a

grating period of about 600 lines/mm.

The described system 803 further includes an array of second dispersive
elements 804-1...804-M (collectively referred to as 204) arranged along the initial

dimension to receive the directed light 810. In this example, there are M second

11
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dispersive elements, corresponding to the M wavelength bands. The array of second
dispersive elements 1s configured to further direct the received light towards one of

second directions. Some but not all of the second directions are represented 1n Fig. 8
as closed triangles 813a, 813b, 813¢ and 813d. As illustrated in Fig. 8, the second

directions are aligned along respective substantially planar surfaces (or “planes™
herein) based on the respective wavelength bands. For example, light at the
wavelength channels {A1, A2, ... Ak} directed towards dispersive element 804-1 1s

further directed by the array 804 (in particular dispersive element 804-1) towards
directions aligned along the leftmost plane 812-1 corresponding to a first of the M

wavelength bands. Similarly, although not shown, light at the wavelength channels

{ Aksls Ais2 ... Aok} directed towards dispersive element 804-2 1s further directed by the
array 804 (1n particular dispersive element 804-2) towards directions aligned along a
plane corresponding to a second of the M wavelength bands, and so on, with light at
the wavelength channels {Ank+1. Ank+2, ... AN} directed towards dispersive element

804-M being directed by the array 804 (1n particular dispersive element 804-M)
towards directions aligned along the rightmost plane 812-M corresponding to an M-th

of the M wavelength bands.

In practice, the system 803 does not result 1in a plane of light being directed
as the output beam. Rather, one or a few beams of light, each associated with a
corresponding centre wavelength, are directed as the output beam at any one time.
The plane representation 1n Fig. 8 1s depicted only for 1llustration purposes. That 1s,

while directed light 810 depicted Figure 8 appears as a continuous plane in the initial
dimension between light path 810a (e.g. corresponding to wavelength channel A;) and
light path 810b (e.g. corresponding to wavelength channel An), and while further
directed light 812 depicted in Figure 8 appears as continuous planes 812-1, ... 812-M,

the system 803 generally accepts a selected one of wavelength channel A, A», ... Ay at

any one time. Alternatively, the plane representation in Fig. 8 may be viewed as

capturing a rapid wavelength scan from A; to Ay.

Further, while the system 803 1s described using a single selected
wavelength channel, a person skilled 1in the art would appreciate that the system may

be adapted to accept a few selected ones of the wavelength channels simultaneously
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or nearly simultaneously. In one example, the light source 102 includes multiple

wavelength-tunable lasers, each tuned to emit a different wavelength.

For 1llustrative purposes, a screen 808 which 1s not part ot the described
system 803 1s depicted 1n Figure 8 to depict the spatial distribution 1000 (see Fig. 10

and description below) of the output optical beam 812 when the selected wavelength
1S swept between A; and An. The array of second dispersive elements 804 is each

configured to direct the received light towards the one of second directions depending
on the position at which the light 1s incident within an individual second dispersive
element 804. The array 1s depicted in Fig. 8 having separate dispersive elements 804
for 1llustration purposes. The dispersive elements 804 may or may not be separate by

a gap with lines as 1llustrated.

In one arrangement, the array of second dispersive elements 804 each
include a variable line-spacing grating (such as in transmission) to diffract the
recerved light across a second dimension. The variable line-spacing grating includes
multiple grating periods based on positions along the 1nitial dimension (e.g. along the
x-ax1s) on the variable line-spacing grating. In one arrangement, the variable line-
spacing grating 904a has a shorter grating period 908 at a first edge and a longer
grating period 910 at a second opposed edge. The grating period may increase from
the first edge to the second edge. In one arrangement, variation in the multiple grating
periods substantially repeats across the array 804 of second dispersive elements. In
other words, the grating period may increase from the first edge to the second edge of

cach of the second dispersive elements.

Figs. 9A and 9B 1llustrate two arrangements of a variable line-spacing
grating. In the arrangement of Fig. 9A, the grating period varies from the first edge to
the second edge (e.g. with line spacing 1060 lines/mm) continuously. The continuous
variation in the multiple grating periods manifest in smooth grating lines 906a. In an
example of this arrangement, the line spacing 908 at the first edge 1s 800 lines/mm
while the line spacing 910 at the second edge 1s 1050 lines/mm. Even with no change
in wavelength, such a range of line spacing 1s sufficient to cause a beam divergence of
approximately 30 to 35 degrees. Other line spacing can be used. The array may be

40mm 1n length. In this example, the width of each variable line-spacing grating (1.e.
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distance from the first edge to the second edge) may be 1 mm, thereby allowing about

40 dispersive elements 1n the array 804.

The length of the grating may be 20mm, thereby allowing about at least
18,000 grating lines. In the arrangement of Fig. 9B, the grating period varies from the
first edge to the second edge discretely. The discrete variation in the multiple grating
periods manifest in stepped grating lines 906b. Note that for illustration purposes
only, the steps along the x-axis are connected by lines along the y-axis, but 1n practice

there may be no grating lines along the y-axis.

Where a continuously variable line-spacing grating 1s used, such as that
illustrated 1in Fig. 9A, the system 903 may further include a focussing element (not
shown) to confine (e.g. focus) the light received at the variable line-spacing grating in
the 1nitial dimension. The focussing action aims to keep the spatial extent of the light
beam along the 1nitial dimension to be sufficiently small to essentially see or
illuminate an approximately uniformly spaced grating. In one example, the focussing
element 1s a cylindrical lens curved in the 1nitial dimension (1.e. along the x-axis).
After the light 1s focussed by the focussing element and confined when received at the
variable line-spacing grating, the light emerging from the variable line-spacing grating
may diverge and require collimation. In one arrangement, the system 803 includes a
collimating element for collimating the focussed light. While the system 803 may
include further optical elements to shape, direct, filter or otherwise atfect the

collimated light, the collimated light 1s ultimately directed to the environment 110.

In an alternative arrangement, the second dispersive elements may each
include a position-dependent reflective element, functioning as the variable line-
spacing grating of Figs. 9A or 9YB. In a first configuration, analogous to the discretely
variable-line spacing grating in Fig. 9B, each dispersive element 804-X includes a set
of reflective elements (e.g. plane mirrors or MEMSs), each retlective element being
positioned along the 1nitial dimension and arranged to reflect light to a one respective
of the second directions. For example, to provide this alternative arrangement, each
portion of the discretely variable line-spacing grating in Fig. 9B as seen by the
received light as having a local and uniform grating period may be replaced by a plane
mirror angled to reflect light from the first dispersive element to a respective direction

aligned along a corresponding plane among planes 812-1, 812-2 ... 812-M, the
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respective direction being associated with a position of the respective plane mirror
along the 1nitial dimension. In a second configuration, analogous to the continuously
variable line-spacing grating of Fig. 9A, the set of reflective elements of the first
configuration can be formed integrally as a curved reflective surface. In other words,
both configurations of this alternative arrangement achieve the same directional effect
as the respective portion of the variable line-spacing grating. While strictly speaking
the reflective elements alone 1n this alternative arrangement do not direct light based
on wavelength, they achieve an overall dispersive effect of the second dispersive
elements based on the collective effect of 1nitial dispersion from the first dispersive
clement and spatially-dependent angle of reflection. In other words, even though an
array of reflective elements are not dispersive by themselves, the reflective elements
each recerving different wavelength channels and being angled differently to reflect
received light are considered to achieve the function of a second dispersive element,

as the reflective elements provide wavelength-addressable steering.

Fig. 10A 1llustrates the second configuration 1000A of such an alternative
arrangement. The configuration1000A 1ncludes an array 1004 of second dispersive
celements (1004-1, 1004-2, ... 1004-11 1n this 1llustration), each including a curved
reflective surface 1006. As schematically depicted 1n Fig. 10B, the curved reflective
surface 1006 of each second dispersive element (e.g. 1004-1) can be understood as
being formed by “twisting” a flat surface 1006A 1n the x-y plane about an axis 1008
parallel to the x-axis. For example, referring to Fig. 10B(a) and (b), starting with the
flat reflective surface 1006A, a first edge 1010 of the element 1004-1 1s deformably
rotated in one direction (e.g. clockwise) about the axis 1008 while a second and
opposed edge 1012 of the element 1004-1 1s deformably rotated 1in an opposite
direction (e.g. anti-clockwise) about the axis 1008. In practice, the formation of the
curved surface 1006 may not be via deformation, but by, for example high-precision

milling followed by surface polishing and coating (e.g. with gold).

Referring to Fig. 10B(c) showing the resulting surface contour in dashed

lines, light directed by the first dispersive element 802 and incident near the first edge

1010 ( = ;1n Fig. 10B(c¢)) 1s reflected towards one y-direction (e.g. positive y-

direction), while light directed by the first dispersive element 802 and incident near

the second edge 1012 (Ax in Fig. 10B) 1s reflected towards a different y-direction (e.g.
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negative y-direction). In other words, the normal vector of the reflective surface varies

based on positions along the x-axis. The normal vector variation may be continuous or
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discrete with positions. Each additional second dispersive element 1004-X positioned
along the x-axis is configured similarly with the first and second edges “twisted” 1n
opposite directions, facilitating a raster beam steering as the wavelength changes. For

example, light 1s swept from the positive y-direction to the negative y-direction as the

light changes wavelength within a wavelength band A to Ax (i.e. when incident across

one second dispersive element), and stepped along the x-axis as the light changes

wavelength to a next wavelength band Ax4; to Ak (1.e. when incident to the next
second dispersive element), and so on. As mentioned, 1n one configuration, the curved
surface 1006 of each second dispersive element 1004-X can be alternatively formed
by a set of flat reflective elements, each incrementally angled to reflect light, for

example, from the positive y-direction to the negative y-direction.

In the arrangement 1000A of Fig. 10A, an abrupt step exists at the boundary
between adjacent dispersive elements 1004-X. Here, the abrupt step includes an
adjoining surface 1014 that 1s orthogonal to the x-y plane, and that adjoins the curved
surfaces 1006 of the adjacent dispersive elements 1004-X. In an alternative
arrangement 1000C, 1llustrated 1n Fig. 10C, the abrupt steps manifest in a zig-zag
fashion 1n the x-direction. Here, the adjoining surface 1014C 1s a mirror image of the
curved surface 1006C that receives the incident light. Zig-zag patterns along the top
end 1018 and the bottom end 1020 of the arrangement 1000C are inverted versions of
each other. Fig. 11 1llustrates schematically an image 1100 of a screen 808 located at

the output of the system 803 to intercept the outgoing light. Each dot in Fig. 11

represents a selected one of the wavelength channels A, A», ... An. Note that each dot

In practice appears on its own based on the selected wavelength channel, but for
illustration purposes all dots are depicted 1in Fig. 11 as if they could be captured at the
same time. The image 1100 indicates M groups (1102-1, 1102-2 ... 1102-M) of light
output. The M groups of light output correspond to the M second dispersive elements
(804-1 ... M), the M wavelength bands and the M planes (812-1 ... M). These planes
are distributed over a first dimension, with each extending across a second dimension
substantially perpendicular to the first dimension. The first dimension may not
necessarily exactly coincide with the initial dimension (1.e. x-axis in Fig. 8), and the

second dimension may not necessarily exactly coincide with dimension orthogonal to
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the 1nitial dimension (1.e. y-axis in Fig. 8). As illustrated 1in Fig. 11, each group of
light output 1s represented to be tilted at a small angle from the y-axis. The small
angle tilt results from the small wavelength-dependent dispersion created by the first
dispersive element 202 and required to illuminate different positions along the 1nitial
dimension of each second dispersive element to provide position-dependent
dispersion 1n the second dimension. This tilt 1s 1n practice negligible and/or easily
corrected or adapted, for example by physically adjusting the mounting angles so that
the planes 812-1, 812-2 ... 812-M align with the true vertical axis (1.e. the meridian)

in the physical world frame.

Using the arrangement of Fig. 8, the described system 803 can be configured
to spatially direct the outgoing light into one of multiple directions (106a, 106b, 106¢
...) 1n the two dimensions 814 and 816 into the environment 110. The direction into

which the outgoing light 1s directed corresponds to, or 1s based on, the selected one of

the multiple wavelength channels (centred at A, Ay, ... An).

General arrangements

The foregoing disclosure describes arrangements including one or more of
reflective, refractive and diffractive elements to facilitate wavelength-dependent two-
dimensional steering of light. More generally, the steering can be achieved by
directing light to different positions along one dimension based on a selected one of
multiple wavelength channels, and further directing the light using one or more
steering elements for steering light to different directions along another dimension
based on the different positions. The wavelength-dependent direction may be
achieved using, for example, a dispersive element such as any combination of one or
more prisms, one or more gratings and one or more grisms. The steering elements
exert a position-dependent directional influence via, for example, reflection, refraction
or diffraction on the light. For example, 1n the arrangement of Figs. 7A and 7B, the
steering elements are an array of convex retlective surfaces, whose normal vector
varies with position. As another example, 1n the arrangements of Figs. 9A and 9B, the
steering elements are an array of variable line-spacing gratings, whose grating period
varies with position. As yet another example, 1n the arrangement of Figs. 10A and
10B, the steering elements are an array of curved or “twisted” retlective surfaces,

whose normal vector varies with position.
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As a skilled person would appreciate, any one of a reflective, refractive and
diffractive element often has analogous counterparts based on either or both of the
other two elements to exert position-dependent directional influence. For instance, a
concave (convex) mirror and a convex (concave) lens are reflective-refractive
counterparts of a focussing (defocussing) element, with the former used 1n reflection
mode and the latter used 1in transmission mode. As an example, in the arrangement of
Figs. 7A and 7B, the array of convex reflective surfaces may be replaced by an array
of concave lenses as the steering elements. As another example already described
above, the array of variable line-spacing gratings in the arrangements of Figs. 9A and
9B may be replaced by the array of curved or “twisted” reflective surfaces of Figs.
10A and 10B as the steering elements. Accordingly, the steering elements can be 1n
the form of one or more of reflective, refractive or diffractive elements. Description of
one type of element may be applicable to, with minor modifications, another type of

element.

Now that arrangements of the present disclosure are described, it should be
apparent to the skilled person in the art that at least one of the described arrangements

have the following advantages:

e The use of a wavelength-dependent beam director directs the
outgoing light in a direction based on wavelength, with no or little

inertia to improve the speed of beam re-direction.

e Wavelength-tunability manifested in directional steering in one
dimension can be translated to two dimensions using a number of
analogous steering elements such as one or more of retlective,

refractive and diffractive elements.

It will be understood that the disclosure disclosed and defined 1n this
specification extends to all alternative combinations of two or more of the individual
features mentioned or evident from the text or drawings. All of these different
combinations constitute various alternative aspects of the disclosure. For example,

there 1s provided disclosure according to the following statements:

18



10

15

20

25

30

CA 03044075 2015-0b-16

WO 2018/090085 PCT/AU2017/051235

1.

11.

111.

1v.

\%

An optical system for directing light over two dimensions, the light including
a selected one of multiple wavelength channels grouped into wavelength
bands, the system including:

a dispersive element arranged to direct the light over an 1nitial dimension
based on the selected one of the multiple wavelength channels; and

an array of steering elements arranged along the 1nitial dimension to receive
the directed light, the steering elements arranged to further direct the received
light towards respective planes based on the respective wavelength bands,
each respective plane extending across a first dimension associated with the
initial dimension, the respective planes distributed over a second dimension

substantially perpendicular to the first dimension.

The optical system of statement 1. wherein the array of steering elements each

include any one of a reflective element, a refractive and a diffractive element.

The optical system of statement 11. wherein the array of reflective elements are
arranged along the 1nitial dimension to follow a concave path for equalising or

aligning the extents of the first dimension across the respective planes.

The optical system of statement 111. wherein the array of reflective elements
are angularly offset from one another to reflect the received light towards the

respective planes.

The optical system of statement 1. wherein the dispersive element includes one
or more gratings and one or more prisms for directing the light over the 1nitial

dimension.

A method of directing light over two dimensions, the light including a selected
one of multiple wavelength channels grouped into wavelength bands, the

method 1ncluding:

directing the light, using a dispersive element, over an 1nitial dimension at an
array of reflective elements arranged along the 1nitial dimension based on the
selected one of the multiple wavelength channels; and

reflecting the directed light, using the array of reflective elements, towards
respective planes based on the respective wavelength bands, each respective

plane extending across a first dimension associated with the 1nitial dimension,
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V11.

V111.

1X.

X1.

X11.

the respective planes distributed over a second dimension substantially

perpendicular to the first dimension.

An optical system for directing light over two dimensions, the light including
a selected one of multiple wavelength channels grouped into wavelength

bands, the system including:

a first dispersive element arranged to direct the light towards one of first
directions over an 1nitial dimension based on the selected one of the multiple

wavelength channels; and

an array of second dispersive elements arranged along the initial dimension to
receive the directed light, the array of second dispersive elements configured
to further direct the received light towards one of second directions, the second
directions aligned along respective planes based on the respective wavelength
bands, the planes being distributed over a first dimension associated with the
initial dimension, each plane extending across a second dimension

substantially perpendicular to the first dimension.

The optical system of statement vii. wherein the array of second dispersive

elements each include a variable line-spacing grating to diffract the received

light across the second dimension.

The optical system of statement viii. wherein the variable line-spacing grating
includes multiple grating periods based on positions along the initial

dimension on the variable line-spacing grating.

The optical system of statement 1x. wherein the multiple grating periods vary

continuously along the 1nitial dimension.

The optical system of statement x. wherein the multiple grating periods vary

discretely along the 1nitial dimension.

The optical system of any one of statements 1x.-x1. wherein variation 1n the
multiple grating periods substantially repeats across the array of second

dispersive elements.
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X111.

X1V.
5
XV.
X V1.
10
XVI11.
X V111.
15
20
25

The optical system of one of statements 1x.-x11. wherein the second directions
correspond to the positions along the initial dimension on the variable line-

spacing grating.

The optical system of any one of statements 1x.-x111. further including a
focussing element to confine the directed light received at the variable line-

spacing grating in the initial dimension.

The optical system of statement xiv. wherein the focussing element 1s a

cylindrical lens.

The optical system of statement xiv. or xv further including a collimating

element for collimating light focussed by the focussing element.

The optical system of statement vii. wherein the first dispersive element
includes any combination of one or more gratings and one or more prisms for

directing the light over the 1nitial dimension.

A method of directing light over two dimensions, the light including a selected
one of multiple wavelength channels grouped into wavelength bands, the

method 1ncluding:

directing the light, using a first dispersive element, towards one of first
directions over an initial dimension at an array of second dispersive elements
arranged along the 1nitial dimension based on the selected one of the multiple

wavelength channels; and

further directing the directed light, using the array of second dispersive
clements, towards one of second directions, the second directions aligned
along respective planes based on the respective wavelength bands, the planes
being distributed over a first dimension associated with the initial dimension,
each plane extending across a second dimension substantially perpendicular to

the first dimension.

21



oR 03044075 2019-05-16 PCT/AU2017/051255
22 Received 01/08/2018

Claims

An optical system for directing light over two dimensions, the light including
a sclected one of multiple wavelength channels grouped into wavelength

bands, the system including:

a dispersive element arranged to direct the light towards one of first
directions over an initial dimension based on the selected one of the multiple

wavelength channels; and

an array of steering elements arranged along the initial dimension to
receive the directed light, the array of steering elements comprising steering
elements configured to further direct the received light towards one of second
directions based on position along the initial dimension of the respective
steering element, the second directions aligned along respective planes based
on the respective wavelength bands, the planes being distributed over a first
dimension associated with the initial dimension, each plane extending across a

second dimension substantially perpendicular to the first dimension.

The optical system of claim 1 wherein the array of steering elements each
include a variable line-spacing grating to diffract the received light across the

second dimension.

The optical system of claim 2 wherein the variable line-spacing grating
includes multiple grating periods based on positions along the initial

dimension on the variable line-spacing grating.

The optical system of claim 3 wherein the multiple grating periods vary

continuously along the initial dimension.

The optical system of claim 3 wherein the multiple grating periods vary

discretely along the initial dimension.

The optical system of any one of claims 3-5 wherein variation in the multiple

grating periods substantially repeats across the array of steering elements.

AMENDED SHEET

TDTC A/ATT
I 1.0 AU



I PCT/AU2017/051255
Received 01/08/2018

10.

11.

12.

13.

14.

15.

16.

The optical system of one of claims 3-6 wherein the second directions
correspond to the positions along the initial dimension on the variable line-

spacing grating.

The optical system of claim 1 wherein the array of steering elements each

include a reflective element to reflect the received light across the second

dimension.

The optical system of claim 8 wherein the reflective element includes a
reflective surface whose normal vector varies based on positions along the

1ni1tial dimension.

The optical system of claim 9 wherein the normal vector varies continuously

with positions along the initial dimension.

The optical system of claim 9 wherein the normal vector varies discretely with

positions along the initial dimension.

The optical system of any one of claims 3-11 further including a focussing

clement to confine the directed light in the initial dimension.

The optical system of claim 12 wherein the focussing element is a cylindrical

lens.

The optical system of claim 12 or 13 further including a collimating element

for collimating light focussed by the focussing element.

The optical system of claim 1 wherein the dispersive element includes any
combination of one or more gratings and one or more prisms for directing the

light over the initial dimension.

A method of directing light over two dimensions, the light including a selected
one of multiple wavelength channels grouped into wavelength bands, the

method 1ncluding:

directing the light, using a dispersive element, towards one of first

directions over an initial dimension at an array of steering elements arranged
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17.

13.

along the 1nitial dimension based on the selected one of the multiple

wavelength channels; and

further directing the directed light, using elements in the array of
steering elements, towards one of second directions based on position within a
respective element along the initial dimension, the second directions aligned
along respective planes based on the respective wavelength bands, the planes
being distributed over a first dimension associated with the initial dimension,
each plane extending across a second dimension substantially perpendicular to

the first dimension.

An optical system for directing light over two dimensions, the optical system

including:

at least one dispersive element arranged to receive light comprising at
least one of multiple wavelengths and spatially disperse the multiple

wavelengths;

a first steering element arranged to receive, from the dispersive
element, a first plurality of the multiple wavelengths, less than all of the
multiple wavelengths, and without mechanical movement spatially direct the

first plurality of the multiple wavelengths across a first projection; and

a second steering element arranged to receive, from the dispersive
element, a second plurality of the multiple wavelengths, less than all of the
multiple wavelengths and different from the first plurality of the multiple
wavelengths, and without mechanical movement spatially direct the second

plurality of the multiple wavelengths across a second projection;

wherein in combination the first projection and the second projection

extend over two dimensions.

The optical system of claim 17, wherein the first projection and second
projection are distributed over a first dimension and extend across a second

dimension, transverse to the first dimension.
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The optical system of claim 18, wherein the first projection and the second

projection are substantially linear and substantially parallel.

The optical system of any one of claims 17 to 19, wherein the first and second
steering elements are dispersive elements located along a first dimension and
wherein the first and second projections are substantially transverse to the first

dimension.

The optical system of any one of claims 17 to 19, wherein the first and second
steering elements are reflective elements located along a first dimension and

wherein the first and second projections are substantially parallel to the first
dimension and offset from each other in a second dimension, transverse to the

first dimension.

The optical system of any one of claims 17 to 19, wherein the first and second
steering elements are reflective elements located along a first dimension and
wherein the first and second projections are substantially parallel to the second
dimension and offset from each other in a first dimension, transverse to the

second dimension.

The optical system of any of claims 17 to 22, including a light source arranged
to generate the light received by the dispersive element, wherein the light
source generates the first plurality of the multiple wavelengths and not the
second plurality of the multiple wavelengths during a first time period and
generates the second plurality of the multiple wavelengths and not the first
plurality of the multiple wavelengths during a second time period, different

from the first time period.
A method for directing light over two dimensions, the method including:

recelving, at a first steering element, a first light signal including a first
range of wavelengths distributed across the first steering element and spatially
directing, by the first steering element, the first light signal across a first

projection;
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recelving, at a second steering element, a second light signal including
a second range of wavelengths distributed across the second steering element,
the second range of wavelengths different from the first range of wavelengths,
and spatially directing, by the second steering element, the second light signal

across a second projection;
wherein

in combination the first projection and the second projection extend

over two dimensions; and

the first steering element and the second steering element comprise a

diverging mirror or a dispersive element.

The method of claim 24, further including producing the first light signal and
the second light signal by passing source light through a dispersive element,
the dispersive element arranged to disperse the source light into the first light

signal and the second light signal.

The method of claim 25, including tuning the source light to scan through the
first range of wavelengths and the second range of wavelengths, whereby the

tirst and second light signals are steered across the first and second projections

respectively.
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FIG. 3A —

FIG. 3B
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FIG. 4B
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FIG. 5B
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FIG. 8
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FIG. 9B

FIG. OA
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