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ATHERMAL OPTICAL ASSEMBLY

TECHNICAL FIELD

[0001] This disclosure relates to optical assemblies.

BACKGROUND

[0002] Optical assemblies are used in a wide range of commercial, industrial and
military devices and systems. The assemblies may include, for example, various types of
passive optical elements such as diffractive, refractive or reflective components. For
some applications, hybrid optical elements can be advantageous. A hybrid optical
element can have a diffractive surface that is etched, micro-machined or embossed, for
example, onto the surface of a refractive or reflective optical component. Such hybrid
elements can, in some cases, provide enhanced flexibility in the selection of materials

based, for example, on dispersion and thermal behavior of the refractive materials.

[0003] Depending on the application, various factors such as temperature variations may
adversely impact the performance of the optical assembly. For example, in some
situations, an optical assembly may be integrated into an optoelectronic module that also
includes a light emitting element such as a vertical cavity surface-emitting laser (VCSEL)
operable to emit infra-red (IR) radiation. Operation of the VCSEL in close proximity to
the optical assembly may result in thermally-induced changes to the optical elements of
the assembly. For example, if the optical assembly includes polymeric lenses, changes in
temperature may result in changes to the dimensions and/or the refractive index of the
lenses. Such changes can, in turn, cause the output of the optical assembly to deviate

from the optimal specifications.

[0004] In view of the foregoing or other problems, it is desirable in some applications to
provide an athermal optical assembly (i.e., an optical assembly that generates output with

substantial stability over a wide variation in temperature).
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SUMMARY

[0005] This disclosure describes athermal optical assemblies, in other words, optical
assemblies that generate output with substantial stability over a wide variation in
temperature. The optical assemblies can be integrated, for example, as part of array
generators arranged to project an array or other pattern of dots onto an object or

projection plane.

[0006] For example, in one aspect, a hybrid optical assembly includes a first
transmissive substrate and a second transmissive substrate separated from the first
transmissive substrate. A first aspherical lens is on a first side of the first transmissive
substrate, and a second hybrid diffractive/refractive lens is on a second side of the first
transmissive substrate. Likewise, a third aspherical lens is on a first side of the second
transmissive substrate, and a fourth aspherical lens is on a second side of the second
transmissive substrate. The third aspherical lens faces the second hybrid
diffractive/refractive lens. The output of the hybrid optical assembly exhibits substantial

stability over a temperature range of 20°C - 100°C.

[0007] In another aspect, the hybrid optical assembly can be integrated into an optical
pattern generator that includes an array of light emitting elements (e.g., VSCELSs). The
array of light emitting elements is disposed such that light generated by the light emitting
elements passes through the fourth lens, the third lens, the second lens and the first lens
of the hybrid optical assembly, in that order, so as to project a pattern of optical dots

corresponding to the arrangement of the light emitting elements.

[0008] In accordance with another aspect, a method of generating a pattern of optical
dots includes emitting light from a plurality of light emitting elements arranged in an
array or other pattern. The emitted light is passed through a hybrid optical assembly
comprising three aspherical lenses and a hybrid diffractive/refractive lens. The light that
passes through the hybrid optical assembly is projected onto an object or plane and forms

a pattern of dots.
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[0009] Some implementations include one or more of the following features. For
example, the first and second transmissive substrates of the hybrid optical assembly can
be separated from one another by a distance in a range of 4 mm — 10 mm. In some
instances, the first and second transmissive substrates are composed of clear borosilicate
glass and the first, second, third and fourth lenses are composed of epoxy. In some cases,

the light emitting elements of the optical array generator are VCSELs.

[0010] Some implementations provide one or more of the following advantages. For
example, in some cases, the quality of the projected dots can be relatively high over a
wide temperature range (i.e., most of the optical energy for each dot is contained within a
respective centroid having a relatively small radius, e.g., of about 3.5 pm or less for the

range of 20°C to 100°C).

[0011] Other aspects, features and advantages will be readily apparent from the

following detailed description, the accompanying drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 illustrates an example of an optical array generator that includes an
athermal optical assembly.

[0013] FIG. 2 illustrates an example of an array of optical dots projected onto a
projection plane by the optical array generator of FIG. 1.

[0014] FIG. 3 illustrates an example of an aspheric lens.

[0015] FIG. 4 illustrates properties of an example of a hybrid diffractive/refractive lens
that can be included in the optical assembly.

[0016] FIGS. 5A, 5B and 5C are graphs illustrating performance of the optical assembly

at different temperatures.

DETAILED DESCRIPTION
[0017] The present disclosure describes hybrid athermal optical assemblies that can be
integrated, for example, into array generators arranged to project an array or other pattern

of dots. Optical pattern projection can be used in a variety of applications such as three-



WO 2017/069705 PCT/SG2016/050512

dimensional (3D) or depth mapping, area illumination, and LCD backlighting. 3D (or
depth) mapping, for example, refers to a set of 3D coordinates representing the surface of
an object. As part of the process of depth mapping, light (i.e., visible, infra-red, or other
radiation) can be projected onto a region with a pattern of high quality (e.g., good
resolution, and with dots of optimal encircled energy) and well-controlled intensity, so
that depth values can be found reliably over a substantial part of an object or objects in a

scene and over a range of operating temperatures (e.g., from 20°C to 100°C).

[0018] As shown in FIG. 1, a hybrid optical assembly 20 includes several passive optical
elements, i.e., lenses A, B, C and D. Two of the lenses, A and B, are disposed on
opposite sides of a first transmissive (e.g., glass or wafer) substrate 32; the other two
lenses, C and D, are disposed on opposite sides of a second transmissive (e.g., glass or
wafer) substrate 34. The optical axes of the lenses A, B, C and D are aligned with one
another, and the inner surfaces of the lenses B and C are separated from one another by a
distance d, which for some applications is in the range of several (e.g., four) millimeters
(mm) to about ten mm. In some implementations, although the optical axes may be
aligned, the geometric path may not be aligned; for example, in implementations having a
folded optical path, the geometric path is not aligned, whereas the optical axes of the
lenses A, B, C and D are aligned. An array 22 of light emitting elements, such as a
VCSELs, can be placed in front of the optical assembly 20 such that lens D is closest to
the VCSEL array 22 and the lens A is furthest from the VCSEL array 22. Such an
implementation can be particularly advantageous is some cases because the overall
footprint of the assembly can be reduced (i.e., by increasing its thickness — the dimension

orthogonal to the footprint).

[0019] As illustrated in FIG. 2, the optical assembly 20 is arranged such that when light
(e.g., IR light) from the VCSEL array 22 is emitted toward the optical assembly 20, an
array of well-defined optical dots 38 appears on the projection plane 36. Collectively, the
various lenses A, B, C and D help collimate and focus the light, such that the array of
dots 38 appearing on the projection plane 26 corresponds, for example, to the

arrangement of the VCSELSs in the array 22. FIG. 2 illustrates a particular arrangement
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of the VCSEL array 22; other arrangements, and other numbers of VCSEL emitters

within the array 22, can be provided for other implementations.

[0020] In the illustrated example, lenses A, C and D are implemented as aspherical
lenses. In general, aspheric lenses can be designed, for example, with surfaces of the
form:
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where the optic axis is presumed to lie in the z-direction, and z(r) is the sag, i.e., the z-
component of the displacement of the surface from the vertex, at distance r from the axis.
The aspheric coefficients o; describe the deviation of the surface from the axially
symmetric quadric surface specified by R and k. See FIG. 3. On the other hand, lens B
is implemented as a hybrid diffractive/refractive lens. Lens B can be described using the
aspheric equation above in combination with the following polynomial expansion

describing the diffractive phase @ of lens B:

A
D = ﬂzfg f{p“
i

where M is the diffraction order of the hybrid diffractive/refractive lens, N is the number
of polynomial coefficients in the series, A is the coefficient on the 2i" power of p, and p
is the normalized radial aperture coordinate. Specific examples of the lens characteristics

and their respective properties for particular implementations are described below.

[0021] The specific properties of the lenses A through D are such that the optical
assembly 20 is substantially athermal (i.e., its output exhibits substantial stability over a
wide variation in temperature, for example, over the range 20°C to 100°C). Further,

lenses (e.g., lenses A through D) also can provide for aberration correction.
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[0022] Computer modeling was used to determine how different properties of the lenses
and the optical assembly would vary with changes in temperature. Data describing
implementations of hybrid optical assemblies are indicated in Tables I — VI, below. The
dimensions (radius, thickness and diameter) associated with each surface based on the
computer modeling is set forth in Table I and VI (in microns (um)). Further surface
coefficients describing the shapes of lens surfaces and the characteristics of the hybrid
refractive/diffractive element B are described in Tables II and V. Different dimensions
may be appropriate for other implementations, however. Further the example hybrid
optical assemblies described below can be modeled or simulated by, for example,
sequential and/or non-sequential ray-tracing simulation software such as Zemax, the
numerals included below describe the various components (e.g., thicknesses, diameters,
surface shapes, coefficients) and their position within the illumination assembly, these
numerals include a plurality of decimal places. For example the aspheric coefficients
used to describe the aspheric surfaces of various components below can include as many
as nine decimals places or more. However, although up to nine decimals places are
included, in some cases far fewer decimal places are needed to adequately describe the
various components and their respective position within the illumination assembly. For
example, in some cases no more than two or three or four decimal places are required in
order to effectively describe various components and their respective position within the

hybrid optical assembly further described below.

[0023] Multiple surfaces define the optical assembly 20, including the lenses A through
D. Table I, below, describes the various surfaces in the optical assembly 20 and the

VCSEL array 22 for some implementations with a total track length of about 4 mm.
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[0024] Thus, lens A is defined by surfaces 4 and 6; lens B is defined by surfaces 8, 9 and
10; lens C is defined by surfaces 13 and 14; and lens D is defined by surfaces 16, 17 and
18. Table II describes the various surface shapes, coefficients, and characteristics of the
optical surfaces within the optical assembly 20 and the VCSEL array 22 for some
implementations with a total track length of about 4 mm. In this implementation, the
conic for each of the surfaces is zero. Further, although this implementation is described
by an aspheric polynomial and a polynomial expansion describing the diffractive phase of

lens B, other ways of describing the surfaces are within the scope of this disclosure.
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[0025] Table III, below, describes further information pertaining to the foregoing

implementation.

10
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[0026] The foregoing information (i.e., in Tables I, II and III) is non-limiting and is

provided as examples to enable a person of ordinary skill to make and use the invention.

[0027] Table 1V, below, describes the various surfaces in the optical assembly 20 and the

VCSEL array 22 for some implementations with a total track length of about 6.356 mm.

11
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[0028] Thus, lens A is defined by surfaces 4 and 6; lens B is defined by surfaces 8, 9 and
10; lens C is defined by surfaces 13 and 14; and lens D is defined by surfaces 16, 17 and
18. Table V, below, describes the various surface shapes and characteristics of the
optical surfaces within the optical assembly 20 and the VCSEL array 22 for some
implementations with a total track length of about 6.356 mm. In this implementation, the
conic for each of the surfaces is zero. Further, although this implementation is described
by an aspheric polynomial and a polynomial expansion describing the diffractive phase of

lens B, other ways of describing the surfaces are within the scope of this disclosure.

12
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[0029] Table VI, below, describes further information pertaining to the implementation

described above.

15
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[0030] The foregoing information (i.e., in Tables IV, V and VI) is non-limiting and is

provided as examples to enable a person of ordinary skill to make and use the invention

[0031] Among the listed lens materials, D263TECO is a clear borosilicate glass of high
chemical resistance, and R14 is an epoxy resin. Further properties of these materials are

set forth in Table VII below. Other lens materials may be used for some implementations.

16
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[0032] For a particular implementation, the diffractive/refractive surface (i.e., Surface ID
10) of the hybrid lens B is can have characteristics as shown in FIG. 4, which indicates
how phase and line frequency change with radius/distance from the center of the aperture.
The curve 102 indicates the change in phase, whereas the curve 104 indicates the change
in line frequency. Further, although the diffraction order of the hybrid
diffractive/refractive surfaces described above is equal to four, in other implementations
the diffraction order can be equal to one or another value. In general, the diffraction
order may depend on the ease of manufacturing and/or the diameter of the hybrid

diffractive/refractive lens B.

[0033] For the values of index of refraction, the computer modeling assumed that the
index data is relative to air at the system temperature and pressure and that wavelengths
are measured in air at the system temperature and pressure. For a wavelength of
0.940000 pum, the absolute air index values were 1.000270 at 20°C, 1.000237 at 60°C,
and 1.000212 at 100°C.

[0034] The foregoing details are illustrative only, and various properties or parameters of

one or more of the lenses and lens surfaces can be adjusted in other implementations so

as to obtain a substantially athermal optical assembly. For example, some parameters of

17
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the described implementations can be additionally described in terms of effective-focal-

length normalized parameters such as in Table 8 below:

Table VIII
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[0035] The described implementations can be additionally described in terms of an
aspect ratio where the aspect ratio is defined as the largest diameter optical surface
divided by the total track length of the hybrid optical assembly. For example, in some
implementations the aspect ratio of the hybrid optical assembly can be 0.5, while in other
implementations that aspect ratio can be larger or smaller depending on the intended
application of the hybrid optical assembly. For example, for some implementations with
a total track length about 4 mm, the aspect ratio can be about 0.356, while for some other
implementations with a total track length of about 6.356 the aspect ratio can be about

0.224.

[0036] As indicated previously, the optical assembly 22 can be integrated as part of an

optical pattern generator arranged to project an array or other pattern of dots onto a

18
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projection plane 36. As illustrated in the graphs of FIGS. 5A, 5B and 5C based on
computer modeling, the optical assembly 22 can be used to project a high-quality array of
dots onto the projection plane. In FIGS. 5A - 5C, each curve (e.g., 202, 204) represents a
different field point, for example, a projected dot from the VCSEL array 22. The values
above the top of the graph (i.e., 0.000mm — 0.550 mm) indicate the distance of each field
point from the center of the VCSEL array plane. FIG. 5A illustrates the curves at 20°C,
FIG. 5B illustrates the curves at 60°C, and FIG. 5C illustrates the curves at 100°C.

[0037] Each curve in FIGS. 5A — 5C indicates the fraction of the optical energy enclosed
within a centroid having a given radius from the center of the dot projected onto the plane
36. The steepness of the slopes of the curves out to a radius of about 3.5 pm is indicative
of the high quality of the projected dots (i.e., most of the optical energy for each dot is
contained within a centroid having a radius of about 3.5 pm). Further, the high quality of
the projected array of dots substantially is maintained over the temperature range of 20°C
- 100°C. That is, at an operating temperature of about 20°C — 60°C, about 80% of light is
enclosed in a circle (a dot) with a radius slightly less than about 3.4 um for all possible
light source (VCSEL) positions, whereas up to an operating temperature of about 100°C,
about 80% of light is enclosed in a circle with a radius slightly less than about 3.5 pm for
all possible light source (VCSEL) positions. Accordingly, the quality of the output of the
athermal optical assembly 20 is substantially constant over the operating range 20°C to
100°C. Thus, high quality system performance can be achieved even as the temperature

varies.
[0038] Various modifications and combinations of features will be evident from the

foregoing examples and are within the spirit of the invention. Accordingly, other

implementations are within the scope of the claims.

19
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What is claimed is:

1. A hybrid optical assembly comprising:

a first transmissive substrate;

a first aspherical lens on a first side of the first transmissive substrate;

a second hybrid diffractive/refractive lens on a second side of the first
transmissive substrate;

a second transmissive substrate separated from the first transmissive substrate;

a third aspherical lens on a first side of the second transmissive substrate; and

a fourth aspherical lens on a second side of the second transmissive substrate;

wherein the third aspherical lenses faces the second hybrid diffractive/refractive
lens, and wherein the output of the hybrid optical assembly exhibits substantial stability

over a temperature range of 20°C - 100°C.

2. The hybrid optical assembly of claim 1 wherein the first and second transmissive

substrates are separated from one another by a distance in a range of 4 mm — 10 mm.

3. The hybrid optical assembly of any one of the previous claims wherein the first and
second transmissive substrates are composed of clear borosilicate glass and the first,

second, third and fourth lenses are composed of epoxy.

4. An optical pattern generator comprising:

an array of light emitting elements; and

a hybrid optical assembly according to any one of claims 1 — 3,

wherein the array of light emitting elements is disposed such that light generated
by the light emitting elements passes through the fourth lens, the third lens, the second
lens and the first lens of the hybrid optical assembly, in that order, so as to project a

pattern of optical dots corresponding to the arrangement of the light emitting elements.

5. The optical array generator of claim 4 wherein the light emitting elements are

VCSELs.

20
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6. A method of generating a pattern of optical dots, the method comprising:

emitting light from a plurality of light emitting elements arranged in an array or
other pattern;

passing the emitted light through a hybrid optical assembly comprising three
aspherical lenses and a hybrid diffractive/refractive lens; and

projecting the light that passed through the hybrid optical assembly onto an object

or plane, wherein the projected light forms a pattern of dots.

7. The method of claim 6 including passing the emitted light through the hybrid optical

assembly of any one of claims 1 — 3.

8. The hybrid optical assembly according to claim 1, wherein the first aspheric lens has a
focal-length-normalized curvature of 9.21, the second hybrid diffractive/refractive lens
has a focal-length-normalized curvature of 2.85, the third aspheric lens has a focal-
length-normalized curvature of 0.34, and the fourth aspheric lens has a focal-length-

normalized curvature of 0.78.

9. The hybrid optical assembly according to claim 1, wherein the first aspheric lens, the
second hybrid diffractive/refractive lens, the third aspheric lens, and the fourth aspheric

lens have focal-length-normalized diameters of 0.49, 0.49, 0.35, and 0.29, respectively.
10. the hybrid optical assembly according to claim 1, wherein the first aspheric lens, the
second hybrid diffractive/refractive lens, the third aspheric lens, and the fourth aspheric
lens have focal-length-normalized thicknesses of 0.0044, 1.048, 0.067, and 0.067,

respectively.

11. The hybrid optical assembly according to claim 8 having an aspect ratio of 0.356.
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12. The hybrid optical assembly according to claim 8, the first, third and fourth

aspherical lenses have the following coefficients, respectively:

1* aspheric 3" aspheric 4™ aspheric
Coefficient (r) lens lens lens
Fourth-order -0.103 0.114 0.382
Sixth-order 0 2.4032 3.544
Eighth-order 0 -41.19 -62.281
Tenth-order 0 324.92 523.773
Twelfth-order 0 -1203.11 -1930.264
Fourteenth-order 0O 1694.44 2348.243

and wherein the second hybrid diffractive/refractive lens has the following coefficients:

2" hybrid

diffractive/refractive
Coefficient (p) lens
Aspheric Fourth-order -0.115
Aspheric Sixth-order -0.859
Aspheric Eighth-order 5.705
Aspheric Tenth-order -17.849
Aspheric Twelfth-order 28.092
Aspheric Fourteenth-order -17.554
Diffractive-phase Second-order  -525.287
Diffractive-phase Fourth-order 71.546
Diffractive-phase Sixth-order -30.983

13. The hybrid optical assembly according to claim 8 having an aspect ratio of 0.224.
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14. The hybrid optical assembly according to claim 8, wherein the first, third and fourth

aspheric lenses have the following coefficients, respectively:

1** aspheric 3" aspheric 4™ aspheric
Coefficient (r) lens lens lens
Fourth-order -0.026 0.028 0.095
Sixth-order 0 0.237 0.350
Eighth-order 0 -1.611 -2.436
Tenth-order 0 5.034 8.115
Twelfth-order 0 -7.384 -11.847
Fourteenth-order 0O 4.119 5.709

and wherein the second hybrid diffractive/refractive lens has the following coefficients:

2" hybrid

diffractive/refractive
Coefficient (p) lens
Aspheric Fourth-order -0.027
Aspheric Sixth-order -0.085
Aspheric Eighth-order 0.223
Aspheric Tenth-order -0.277
Aspheric Twelfth-order 0.172
Aspheric Fourteenth-order -0.043
Diffractive-phase Second-order  -834.621
Diffractive-phase Fourth-order 113.678
Diffractive-phase Sixth-order -49.228
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