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MINIATURE TELEPHOTO LENS ASSEMBLY

CROSS REFERENCE TO RELATED APPLICATIONS

This application is a Continuation application of US patent application No.
15/418,925 filed January 30, 2017, which was a Continuation in Part application of US
patent application No. 15/170,472 filed June 1, 2016, which was a Continuation
application of US patent application No. 14/932319 filed November 4, 2015, which was
a Continuation application of US patent application No. 14/367924 filed June 22, 2014,
which was a 371 of international application PCT/IB2014/062465 filed June 20, 2014,
and is related to and claims priority from US Provisional Patent Application No.

61/842,987 filed July 4, 2013, which is incorporated herein by reference in its entirety.

FIELD

Embodiments disclosed herein relate to an optical lens system and lens assembly,
and more particularly, to a miniature telephoto lens assembly included in such a system

and used in a portable electronic product such as a cellphone.

BACKGROUND

Digital camera modules are currently being incorporated into a variety of host
devices. Such host devices include cellular telephones, personal data assistants (PDAs),
computers, and so forth. Consumer demand for digital camera modules in host devices
continues to grow. Cameras in cellphone devices in particular require a compact imaging
lens system for good quality imaging and with a small total track length (TTL).
Conventional lens assemblies comprising four lens elements are no longer sufficient for
good quality imaging in such devices. The latest lens assembly designs, e.g. as in US
8,395,851, use five lens elements. However, the design in US 8,395,851 suffers from at
least the fact that the TTL/EFL (effective focal length) ratio is too large.

Therefore, a need exists in the art for a five lens element optical lens assembly
that can provide a small TTL/EFL ratio and better image quality than existing lens

assemblies.
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SUMMARY

Embodiments disclosed herein refer to an optical lens assembly comprising, in
order from an object side to an image side: a first lens element with positive refractive
power having a convex object-side surface, a second lens element with negative
refractive power having a thickness d» on an optical axis and separated from the first lens
element by a first air gap, a third lens element with negative refractive power and
separated from the second lens element by a second air gap, a fourth lens element having
a positive refractive power and separated from the third lens element by a third air gap,
and a fifth lens element having a negative refractive power, separated from the fourth
lens element by a fourth air gap, the fifth lens element having a thickness ds on the optical
axis.

An optical lens system incorporating the lens assembly may further include a stop
positioned before the first lens element, a glass window disposed between the image-side
surface of the fifth lens element and an image sensor with an image plane on which an
image of the object is formed.

The effective focal length of the lens assembly is marked "EFL" and the total
track length on an optical axis between the object-side surface of the first lens element
and the electronic sensor is marked "TTL". In all embodiments, TTL is smaller than the
EFL, i.e. the TTL/EFL ratio is smaller than 1.0. In some embodiments, the TTL/EFL
ratio is smaller than 0.9. In an embodiment, the TTL/EFL ratio is about 0.85. In all
embodiments, the lens assembly has an F number F# < 3.2. In an embodiment, the focal
length of the first lens element f1 is smaller than TTL/2, the first, third and fifth lens
elements have each an Abbe number ("Vd") greater than 50, the second and fourth lens
elements have each an Abbe number smaller than 30, the first air gap is smaller than d,/2,
the third air gap is greater than TTL/5 and the fourth air gap is smaller than 1.5ds. In
some embodiments, the surfaces of the lens elements may be aspheric.

In an optical lens assembly disclosed herein, the first lens element with positive
refractive power allows the TTL of the lens system to be favorably reduced. The
combined design of the first, second and third lens elements plus the relative short
distances between them enable a long EFL and a short TTL. The same combination,
together with the high dispersion (low Vd) for the second lens element and low

dispersion (high Vd) for the first and third lens elements, also helps to reduce chromatic

2
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aberration. In particular, the ratio TTL/EFL < 1.0 and minimal chromatic aberration are
obtained by fulfilling the relationship 1.2x|f3| > |f2| > 1.5xf1, where “f” indicates the lens
element effective focal length and the numerals 1, 2, 3, 4, 5 indicate the lens element
number.

The conditions TTL/EFL < 1.0 and F# < 3.2 can lead to a large ratio L11/Lle
(e.g. larger than 4) between the largest width (thickness) L11 and the smallest width
(thickness) of the first lens element (facing the object) L1e. The largest width is along the
optical axis and the smallest width is of a flat circumferential edge of the lens element.
L11 and L1e are shown in each of elements 102, 202 and 302. A large L11/L1e ratio (e.g.
> 4) impacts negatively the manufacturability of the lens and its quality.
Advantageously, the present inventors have succeeded in designing the first lens element
to have a L11/L1e ratio smaller than 4, smaller than 3.5, smaller than 3.2, smaller than
3.1 (respectively 3.01 for element 102 and 3.08 for element 302) and even smaller than
3.0 (2.916 for element 202). The significant reduction in the L11/L1e ratio improves the
manufacturability and increases the quality of lens assemblies disclosed herein.

The relatively large distance between the third and the fourth lens elements plus
the combined design of the fourth and fifth lens elements assist in bringing all fields'
focal points to the image plane. Also, because the fourth and fifth lens elements have
different dispersions and have respectively positive and negative power, they help in

minimizing chromatic aberration.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows a first embodiment of an optical lens system disclosed herein;

FIG. 1B shows the modulus of the optical transfer function (MTF) vs. focus shift
of the entire optical lens assembly for various fields in the first embodiment;

FIG. 1C shows the distortion vs. field angle (+Y direction) in percent in the first
embodiment;

FIG. 2A shows a second embodiment of an optical lens system disclosed herein;

FIG. 2B shows the MTF vs. focus shift of the entire optical lens assembly for
various fields in the second embodiment;

FIG. 2C shows the distortion +Y in percent in the second embodiment;

FIG. 3A shows a third embodiment of an optical lens system disclosed herein;

3
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FIG. 3B shows the MTF vs. focus shift of the entire optical lens system for
various fields in the third embodiment;

FIG. 3C shows the distortion +Y in percent in the third embodiment.
DETAILED DESCRIPTION

In the following description, the shape (convex or concave) of a lens element
surface is defined as viewed from the respective side (i.e. from an object side or from an
image side). FIG. 1A shows a first embodiment of an optical lens system disclosed herein
and marked 100. FIG. 1B shows the MTF vs. focus shift of the entire optical lens system
for various fields in embodiment 100. FIG. 1C shows the distortion +Y in percent vs.
field. Embodiment 100 comprises in order from an object side to an image side: an
optional stop 101; a first plastic lens element 102 with positive refractive power having a
convex object-side surface 102a and a convex or concave image-side surface 102b; a
second plastic lens element 104 with negative refractive power and having a meniscus
convex object-side surface 104a, with an image side surface marked 104b; a third plastic
lens element 106 with negative refractive power having a concave object-side surface
106a with an inflection point and a concave image-side surface 106b; a fourth plastic lens
element 108 with positive refractive power having a positive meniscus, with a concave
object-side surface marked 108a and an image-side surface marked 108b; and a fifth
plastic lens element 110 with negative refractive power having a negative meniscus, with
a concave object-side surface marked 110a and an image-side surface marked 110b. The
optical lens system further comprises an optional glass window 112 disposed between the
image-side surface 110b of fifth lens element 110 and an image plane 114 for image
formation of an object. Moreover, an image sensor (not shown) is disposed at image
plane 114 for the image formation.

In embodiment 100, all lens element surfaces are aspheric. Detailed optical data is
given in Table 1, and the aspheric surface data is given in Table 2, wherein the units of
the radius of curvature (R), lens element thickness and/or distances between elements
along the optical axis and diameter are expressed in mm. "Nd" is the refraction index.

The equation of the aspheric surface profiles is expressed by:
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where 1 is distance from (and perpendicular to) the optical axis, k is the conic coefficient,
¢ = 1/R where R is the radius of curvature, and a are coefficients given in Table 2. In the
equation above as applied to embodiments of a lens assembly disclosed herein,
coefficients o and oy are zero. Note that the maximum value of r “max r” = Diameter/2.
Also note that Table 1 (and in Tables 3 and 5 below), the distances between various
elements (and/or surfaces) are marked "Lmn" (where m refers to the lens element
number, # =1 refers to the element thickness and » = 2 refers to the air gap to the next
element) and are measured on the optical axis z, wherein the stop is at z = 0. Each
number is measured from the previous surface. Thus, the first distance -0.466 mm is
measured from the stop to surface 102a, the distance L11 from surface 102a to surface
102b (i.e. the thickness of first lens element 102) is 0.894 mm, the gap L12 between
surfaces 102b and 104a is 0.020 mm, the distance L21 between surfaces 104a and 104b
(i.e. thickness d2 of second lens element 104) is 0.246 mm, etc. Also, L21 =d and L51 =
ds. L11 for lens element 102 is indicated in FIG. 1A. Also indicated in FIG. 1A is a width
Lle of a flat circumferential edge (or surface) of lens element 102. L11 and L1le are also
indicated for each of first lens elements 202 and 302 in, respectively, embodiments 200
(FIG. 2A) and 300 (FIG. 3A).

Comment Radius R Distances Nd/vd Diameter
# [mm] [mm] [mm]
1 Stop Infinite -0.466 24
2 L11 1.5800 0.894 1.5345/57.095 2.5
3 L12 -11.2003 0.020 2.4
4 L21 33.8670 0.246 1.63549/23.91 22
5 L22 3.2281 0.449 1.9
6 L31 -12.2843 0.290 1.5345/57.095 1.9
7 L32 7.7138 2.020 1.8
8 L41 -2.3755 0.597 1.63549/23.91 33
9 L42 -1.8801 0.068 3.6
10 L51 -1.8100 0.293 1.5345/57.095 3.9
11 L52 -5.2768 0.617 43
12 Window Infinite 0.210 1.5168/64.17 3.0
13 Infinite 0.200 3.0
Table 1
5
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# coefficient
k

2 -0.4668 7.9218E-03 2.3146E-02 -3.3436E-02 2.3650E-02 -9.2437E-03
3 -9.8525 2.0102E-02 2.0647E-04 7.4394E-03 -1.7529E-02 4.5206E-03

4 10.7569 -1.9248E-03 8.6003E-02 1.1676E-02 -4.0607E-02 1.3545E-02

5 1.4395 5.1029E-03 2.4578E-01 -1.7734E-01 2.9848E-01 -1.3320E-01
6 0.0000 2.1629E-01 4.0134E-02 1.3615E-02 2.5914E-03 -1.2292E-02
7 -9.8953 2.3297E-01 8.2917E-02 -1.2725E-01 1.5691E-01 -5.9624E-02
3 0.9938 -1.3522E-02 -7.0395E-03 1.4569E-02 -1.5336E-02 4.3707E-03

9 -6.8097 -1.0654E-01 1.2933E-02 2.9548E-04 -1.8317E-03 5.0111E-04

10 -73161 -1.8636E-01 8.3105E-02 -1.8632E-02 2.4012E-03 -1.2816E-04
11 0.0000 -1.1927E-01 7.0245E-02 -2.0735E-02 2.6418E-03 -1.1576E-04

Table 2

Embodiment 100 provides a field of view (FOV) of 44 degrees, with EFL = 6.90 mm, F#
=2.80 and TTL of 5.904 mm. Thus and advantageously, the ratio TTL/EFL = 0.855.
Advantageously, the Abbe number of the first, third and fifth lens element is 57.095.
Advantageously, the first air gap between lens elements 102 and 104 (the gap between
surfaces 102b and 104a) has a thickness (0.020 mm) which is less than a tenth of
thickness d, (0.246 mm). Advantageously, the Abbe number of the second and fourth
lens elements is 23.91. Advantageously, the third air gap between lens elements 106 and
108 has a thickness (2.020 mm) greater than TTL/5 (5.904/5 mm). Advantageously, the
fourth air gap between lens elements 108 and 110 has a thickness (0.068 mm) which is
smaller than 1.5d5 (0.4395 mm).

The focal length (in mm) of each lens element in embodiment 100 is as follows:
f1 =2.645, £2 =-5.578, £3 = -8.784, f4 = 9.550 and f5 = -5.290. The condition 1.2x|f3| >
[f2| < 1.5xf1 is clearly satisfied, as 1.2x8.787 > 5.578 > 1.5x2.645. {1 also fulfills the
condition f1<TTL/2, as 2.645 <2.952.

Using the data from row #2 in Tables 1 and 2, Lle in lens element 102 equals
0.297 mm, yielding a center-to-edge thickness ratio L11/L1e of 3.01.

FIG. 2A shows a second embodiment of an optical lens system disclosed herein
and marked 200. FIG. 2B shows the MTF vs. focus shift of the entire optical lens system
for various fields in embodiment 200. FIG. 2C shows the distortion +Y in percent vs.

field. Embodiment 200 comprises in order from an object side to an image side: an
6
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optional stop 201; a first plastic lens element 202 with positive refractive power having a
convex object-side surface 202a and a convex or concave image-side surface 202b; a
second glass lens element 204 with negative refractive power, having a meniscus convex
object-side surface 204a, with an image side surface marked 204b; a third plastic lens
element 206 with negative refractive power having a concave object-side surface 206a
with an inflection point and a concave image-side surface 206b; a fourth plastic lens
element 208 with positive refractive power having a positive meniscus, with a concave
object-side surface marked 208a and an image-side surface marked 208b; and a fifth
plastic lens element 210 with negative refractive power having a negative meniscus, with
a concave object-side surface marked 110a and an image-side surface marked 210b. The
optical lens system further comprises an optional glass window 212 disposed between the
image-side surface 210b of fifth lens element 210 and an image plane 214 for image
formation of an object.

In embodiment 200, all lens element surfaces are aspheric. Detailed optical data is
given in Table 3, and the aspheric surface data is given in Table 4, wherein the markings
and units are the same as in, respectively, Tables 1 and 2. The equation of the aspheric

surface profiles is the same as for embodiment 100.

Comment Radius R Distances Nd/vd Diameter
# [mm] [mm] [mm]
1 Stop Infinite -0.592 2.5
2 L11 1.5457 0.898 1.53463/56.18 2.6
3 L12 -127.7249 0.129 2.6
4 L21 6.6065 0.251 1.91266/20.65 2.1
5 L22 2.8090 0.443 1.8
6 L31 9.6183 0.293 1.53463/56.18 1.8
7 L32 3.4694 1.766 1.7
8 L41 -2.6432 0.696 1.632445/23.35 3.2
9 L42 -1.8663 0.106 3.6
10 L51 -1.4933 0.330 1.53463/56.18 3.9
11 L52 -4.1588 0.649 43
12 Window Infinite 0.210 1.5168/64.17 5.4
13 Infinite 0.130 55
Table 3
5
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# coefficient
k
2 0.0000 -2.7367E-03 2.8779E-04 -4 3661E-03 3.0069E-03 -1.2282E-03
3 -10.0119 4.0790E-02 -1.8379E-02 2.2562E-02 -1.7706E-02 4.9640E-03
4 10.0220 4.6151E-02 5.8320E-02 -2.0919E-02 -1.2846E-02 8.8283E-03
5 7.2902 3.6028E-02 1.1436E-01 -1.9022E-02 4.7992E-03 -3.4079E-03
6 0.0000 1.6639E-01 5.6754E-02 -1.2238E-02 -1.8648E-02 1.9292E-02
7 8.1261 1.5353E-01 8.1427E-02 -1.5773E-01 1.5303E-01 -4.6064E-02
8 0.0000 -3.2628E-02 1.9535E-02 -1.6716E-02 -2.0132E-03 2.0112E-03
9 0.0000 1.5173E-02 -1.2252E-02 3.3611E-03 -2.5303E-03 8.4038E-04
10 -4.7688 -1.4736E-01 7.6335E-02 -2.5539E-02 5.5897E-03 -5.0290E-04
1 0.00E+00 -8.3741E-02 4.2660E-02 -8.4866E-03 1.2183E-04 7.2785E-05
Table 4

Embodiment 200 provides a FOV of 43.48 degrees, with EFL = 7 mm, F# = 2.86 and
TTL = 5.90mm. Thus and advantageously, the ratio TTL/EFL = 0.843. Advantageously,
the Abbe number of the first, third and fifth lens elements is 56.18. The first air gap
between lens elements 202 and 204 has a thickness (0.129 mm) which is about half the
thickness d, (0.251 mm). Advantageously, the Abbe number of the second lens element is
20.65 and of the fourth lens element is 23.35. Advantageously, the third air gap between
lens elements 206 and 208 has a thickness (1.766 mm) greater than TTL/5 (5.904/5 mm).
Advantageously, the fourth air gap between lens elements 208 and 210 has a thickness
(0.106 mm) which is less than 1.5xds (0.495 mm).

The focal length (in mm) of each lens element in embodiment 200 is as follows:
fl1 =2.851, f2=-5.468, {3 =-10.279, f4 = 7.368 and {5 = -4.536. The condition 1.2x|f3| >
[f2| < 1.5xf1 is clearly satisfied, as 1.2x10.279 > 5.468 > 1.5x 2.851. f1 also fulfills the
condition f1< TTL/2, as 2.851 < 2.950.

Using the data from row #2 in Tables 3 and 4, Lle in lens element 202 equals
0.308 mm, yielding a center-to-edge thickness ratio L11/L1e of 2.916.

FIG. 3A shows a third embodiment of an optical lens system disclosed herein and
marked 300. FIG. 3B shows the MTF vs. focus shift of the entire optical lens system for
various fields in embodiment 300. FIG. 3C shows the distortion +Y in percent vs. field.
Embodiment 300 comprises in order from an object side to an image side: an optional

stop 301; a first glass lens element 302 with positive refractive power having a convex
8
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object-side surface 302a and a convex or concave image-side surface 302b; a second
plastic lens element 204 with negative refractive power, having a meniscus convex
object-side surface 304a, with an image side surface marked 304b; a third plastic lens
element 306 with negative refractive power having a concave object-side surface 306a
with an inflection point and a concave image-side surface 306b; a fourth plastic lens
element 308 with positive refractive power having a positive meniscus, with a concave
object-side surface marked 308a and an image-side surface marked 308b; and a fifth
plastic lens element 310 with negative refractive power having a negative meniscus, with
a concave object-side surface marked 310a and an image-side surface marked 310b. The
optical lens system further comprises an optional glass window 312 disposed between the
image-side surface 310b of fifth lens element 310 and an image plane 314 for image
formation of an object.

In embodiment 300, all lens element surfaces are aspheric. Detailed optical data is
given in Table 5, and the aspheric surface data is given in Table 6, wherein the markings
and units are the same as in, respectively, Tables 1 and 2. The equation of the aspheric

surface profiles is the same as for embodiments 100 and 200.

Comment Radius R Distances Nd/vd Diameter
# [mm] [mm] [mm]
1 Stop Infinite -0.38 24
2 L11 1.5127 0.919 1.5148/63.1 2.5
3 L12 -13.3831 0.029 23
4 L21 8.4411 0.254 1.63549/23.91 2.1
5 L22 26181 0.426 1.8
6 L31 -17.9618 0.265 1.5345/57.09 1.8
7 L32 4.5841 1.998 1.7
8 L41 -2.8827 0.514 1.63549/23.91 34
9 L42 -1.9771 0.121 3.7
10 L51 -1.8665 0.431 1.5345/57.09 4.0
11 L52 -6.3670 0.538 44
12 Window Infinite 0.210 1.5168/64.17 3.0
13 Infinite 0.200 3.0
Table 5
9
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# coefficient
k
2 -0.534 1.3253E-02 2.3699E-02 -2.8501E-02 1.7853E-02 -4.0314E-03
3 -13.473 3.0077E-02 4.7972E-03 1.4475E-02 -1.8490E-02 4.3565E-03
4 -10.132 7.0372E-04 1.1328E-01 1.2346E-03 -4.2655E-02 8.8625E-03
5 5.180 -1.9210E-03 2.3799E-01 -8.8055E-02 2.1447E-01 -1.2702E-01
6 0.000 2.6780E-01 1.8129E-02 -1.7323E-02 3.7372E-02 -2.1356E-02
7 10.037 2.7660E-01 -1.0291E-02 -6.0955E-02 7.5235E-02 -1.6521E-02
3 1.703 2.6462E-02 -1.2633E-02 -4.7724E-04 -3.2762E-03 1.6551E-03
9 -1.456 5.7704E-03 -1.8826E-02 5.1593E-03 -2.9999E-03 8.0685E-04
10 -6.511 -2.1699E-01 1.3692E-01 -4.2629E-02 6.8371E-03 -4.1415E-04
11 0.000 -1.5120E-01 8.6614E-02 -2.3324E-02 2.7361E-03 -1.1236E-04
Table 6

Embodiment 300 provides a FOV of 44 degrees, EFL = 6.84 mm, F# = 2.80 and TTL =
5.904 mm. Thus and advantageously, the ratio TTL/EFL = 0.863. Advantageously, the
Abbe number of the first lens element is 63.1, and of the third and fifth lens elements is
57.09. The first air gap between lens elements 302 and 304 has a thickness (0.029 mm)
which is about 1/10™ the thickness d, (0.254 mm). Advantageously, the Abbe number of
the second and fourth lens elements is 23.91. Advantageously, the third air gap between
lens elements 306 and 308 has a thickness (1.998 mm) greater than TTL/5 (5.904/5 mm).
Advantageously, the fourth air gap between lens elements 208 and 210 has a thickness
(0.121 mm) which is less than 1.5ds (0.6465 mm).

The focal length (in mm) of each lens element in embodiment 300 is as follows:
fl1 =2.687, £2 =-6.016, f3 =-6.777, f4 = 8.026 and £5 = -5.090. The condition 1.2x|f3| >
[f2| < 1.5xf1 is clearly satisfied, as 1.2x6.777> 6.016 > 1.5x 2.687. f1 also fulfills the
condition f1<TTL/2, as 2.687 <2.952.

Using the data from row #2 in Tables 5 and 6, Lle in lens element 302 equals
0.298 mm, yielding a center-to-edge thickness ratio L11/L1e of 3.08.

While this disclosure has been described in terms of certain embodiments and
generally associated methods, alterations and permutations of the embodiments and
methods will be apparent to those skilled in the art. The disclosure is to be understood as
not limited by the specific embodiments described herein, but only by the scope of the

appended claims.
10
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WHAT IS CLAIMED IS:

1. A lens assembly, comprising: a plurality of refractive lens elements arranged along an
optical axis, wherein at least one surface of at least one of the plurality of lens elements is
aspheric; wherein the lens assembly has an effective focal length (EFL), a total track length
(TTL) of 6.5 millimeters or less and a ratio TTL/EFL of less than 1.0, wherein the plurality of
lens elements comprises, in order from an object side to an image side, a first lens element with
positive refractive power, a second lens element with negative refractive power, and a third lens
element, wherein a focal length f1 of the first lens element is smaller than TTL/2 and wherein a

lens assembly F # is smaller than 2.9.

2. The lens assembly of claim 1, wherein the third lens element has negative refractive
power.
3. The lens assembly of claim 1, wherein the plurality of refractive lens elements includes

five lens elements.

4. The lens assembly of claim 1, wherein the focal length f1, a focal length f2 of the second
lens element and a focal length {3 of the third lens element fulfill the condition 1.2x[f3| > [f2| >
1.5xf1.

5. The lens assembly of claim 2, wherein the plurality of refractive lens elements includes
five lens elements, and wherein a fourth lens element and a fifth lens element have different

refractive power signs.

6. The lens assembly of claim 3, wherein a fourth lens element and a fifth lens element have

different refractive power signs.

7. The lens assembly of claim 3, wherein a fourth lens element and a fifth lens element are

separated by an air gap smaller than TTL/20.

8. The lens assembly of claim 3, wherein one of a fourth lens element and a fifth lens
element is characterized by an Abbe number smaller than 30 and wherein the other of the fourth

lens element and the fifth lens element is characterized by an Abbe number greater than 50.

11
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9.  The lens assembly of claim 5, wherein the third lens element and the fourth lens element are
separated by an air gap greater than TTL/5, wherein the fourth lens element and the fifth lens
element are separated by an air gap smaller than TTL/20, wherein one of the fourth lens element
and the fifth lens element is characterized by an Abbe number smaller than 30, and wherein the
other of the fourth lens element and the fifth lens element is characterized by an Abbe number

greater than 50.

10.  The lens assembly of claim 6, wherein the third lens element and the fourth lens element
are separated by an air gap greater than TTL/5, wherein the fourth lens element and the fifth lens
element are separated by an air gap smaller than TTL/20, wherein one of the fourth lens element
and the fifth lens element is characterized by an Abbe number smaller than 30, and wherein the
other of the fourth lens element and the fifth lens element is characterized by an Abbe number

greater than 50.

11. A lens assembly, comprising: a plurality of refractive lens elements arranged along an
optical axis, wherein at least one surface of at least one of the plurality of lens elements is
aspheric, wherein the lens assembly has an effective focal length (EFL), a total track length
(TTL) of 6.5 millimeters or less and a ratio TTL/EFL of less than 1.0, wherein the plurality of
lens elements comprises, in order from an object side to an image side, a first lens element with
positive refractive power and a focal length f1, a second lens element with negative refractive
power and a focal length f2, and a third lens element with a focal length {3, wherein the focal
length f1, the focal length 2 and the focal length f3 fulfil the condition 1.2x|f3| > |f2| > 1.5xf1,

and wherein a lens assembly F # is smaller than 2.9.

12.  The lens assembly of claim 11, wherein the third lens element has negative refractive

power.

13. The lens assembly of claim 11, wherein the plurality of refractive lens elements includes

five lens elements.
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APPL-1002 / Page 12 of 624
APPLE INC. v. COREPHOTONICS LTD.



14.  The lens assembly of claim 12, wherein the plurality of refractive lens elements includes
five lens elements, and wherein a fourth lens element and a fifth lens element have different

refractive power signs.

15.  The lens assembly of claim 13, wherein a fourth lens element and a fifth lens element

have different refractive power signs.

16.  The lens assembly of claim 13, wherein a fourth lens element and a fifth lens element are

separated by an air gap smaller than TTL/20.

17. The lens assembly of claim 13, wherein one of a fourth lens element and a fifth lens
element is characterized by an Abbe number smaller than 30 and wherein the other of the fourth

lens element and the fifth lens element is characterized by an Abbe number greater than 50.

18. A lens assembly, comprising: five refractive lens elements arranged along an optical axis,
wherein at least one surface of at least one of the lens elements is aspheric; wherein the lens
assembly has an effective focal length (EFL), a total track length (TTL) of 6.5 millimeters or less
and a ratio TTL/EFL of less than 1.0, wherein the lens elements comprises, in order from an
object side to an image side, a first lens element with positive refractive power, a second lens
element with negative refractive power, a third lens element and a fourth lens element, wherein
the third lens element and the fourth lens element are separated by an air gap greater than TTL/5

and wherein a lens assembly F # is smaller than 2.9.

19.  The lens assembly of claim 18, wherein the third lens element has negative refractive

power.

20. The lens assembly of claim 18, wherein the fourth lens element and a fifth lens element

have different refractive power signs.

21. The lens assembly of claim 18, wherein the fourth lens element and the fifth lens element

are separated by an air gap smaller than TTL/20.

22.  The lens assembly of claim 18, wherein one of the fourth lens element and a fifth lens
element is characterized by an Abbe number smaller than 30 and wherein the other of the fourth

lens element and the fifth lens element is characterized by an Abbe number greater than 50.
13
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23.  The lens assembly of claim 18, wherein a focal length f1 of the first lens element is

smaller than TTL/2.

24, The lens assembly of claim 19, wherein the fourth lens element and a fifth lens element

have different refractive power signs.

14
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ABSTRACT

An optical lens assembly includes five lens elements and provides a TTL/EFL < 1.0. In an
embodiment, the focal length of the first lens element f1 < TTL/2, an air gap between first and
second lens elements is smaller than half the second lens element thickness, an air gap between
the third and fourth lens elements is greater than TTL/5 and an air gap between the fourth and
fifth lens elements is smaller than about 1.5 times the fifth lens element thickness. All lens

elements may be aspheric.
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is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information is used by the U.5. Patent and
Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not furnish the requested information, the U.S.
Patent and Trademark Office may not be able to process and/or examine your submission, which may result in termination of proceedings or abandonment of
the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act (5 U.S.C. 552) and the Privacy
Act (5 U.SC. 552a). Records from this system of records may be disclosed to the Department of Justice to determine whether the Freedom of
Information Act requires disclosure of these records.

Arecord from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a court, magistrate, or administrative
tribunal, including disclosures to opposing counsel in the course of settlement negotiations.

Arecord in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a request involving an individual, to whom
the record pertains, when the individual has requested assistance from the Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the information in order to perform
a contract. Recipients of information shall be required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.5.C.
552a{m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records may be disclosed, as a routine use,
to the International Bureau of the World Intellectual Property Organizaticn, pursuant to the Patent CooperationTreaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of National Security review (35 U.S.C. 181)
and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or his/her designee, during an
inspection of records conducted by GSA as part of that agency's responsibility to recommend improvements in records management practices and
programs, under authority of 44 1.5.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of
records for this purpose, and any other relevant {i.e., GS5A or Commerce) directive. Such disclosure shall not be used to make determinations about
individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of the application pursuant to 35 U.S.C.
122(b) or issuance of a patent pursuant to 35 U.5.C. 151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use,
to the pubilic if the record was filed in an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement agency, if the USPTO becomes
aware of a violation or potential viclation of law or regulation.
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Application Number

Declaration Declaration —

Submitted Submitted After Initial | Filing Date

With Initial OR Filing (surcharge ,

Filing (37 CFR 1.16(f)) Art Unit

required)

\ Examiner Name J

MINIATURE TELEPHOTO LENS ASSEMBLY

(Title of the Invention)
As a below named inventor, | hereby declare that:

This declaration is directed to:

OR

United States Application Number or PCT International application number

filed on

The above-identified application was made or authorized to be made by me.
| believe | am the original inventor or an original joint inventor of a claimed invention in the application.

| hereby acknowledge that any willful false statement made in this declaration is punishable under 18 U.S.C. 1001
by fine or imprisonment of not more than five (5) years, or both.

Direct all . The address Correspondence
correspondence to: associated with 92342 OR - address below
Customer Number:
Name
Address
City State Zip
Country Telephone Email
[Page 1 of 2]

This collection of information is required by 35 U.S.C. 115 and 37 CFR 1.63. The information is required to obtain or retain a benefit by the public which is to file (and by
the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 21 minutes to
complete, including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any
comments on the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS
ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PTO-9199 and select option 2.
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PTO/AIA/08 (11-15)

Approved for use through 4/30/2017. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

DECLARATION — Utility or Design Patent Application

N
J

WARNING:

Petitioner/applicant is cautioned to avoid submitting personal information in documents filed in a patent application that may
contribute to identity theft. Personal information such as social security numbers, bank account numbers, or credit card numbers
(other than a check or credit card authorization form PTO-2038 submitted for payment purposes) is never required by the USPTO
to support a petition or an application. If this type of personal information is included in documents submitted to the USPTO,
petitioners/applicants should consider redacting such personal information from the documents before submitting them to the
USPTO. Petitioner/applicant is advised that the record of a patent application is available to the public after publication of the
application (unless a non-publication request in compliance with 37 CFR 1.213(a) is made in the application) or issuance of a
patent. Furthermore, the record from an abandoned application may also be available to the public if the application is referenced
in a published application or an issued patent (see 37 CFR 1.14). Checks and credit card authorization forms

PTO-2038 submitted for payment purposes are not retained in the application file and therefore are not publicly available.
Petitioner/applicant is advised that documents which form the record of a patent application (such as the PTO/SB/01) are placed
into the Privacy Act system of records DEPARTMENT OF COMMERCE, COMMERCE-PAT-7, System name: Patent Application
Files . Documents not retained in an application file (such as the PTO-2038) are placed into the Privacy Act system of
COMMERCE/PAT-TM-10, System name: Deposit Accounts and Electronic Funds Transfer Profiles.

LEGAL NAME OF SOLE OR FIRST INVENTOR:

(E.g., Given Name (first and middle if any) and Family Name or Surname)

Michael Dror

Inventor's Signature Date (Optional)

/Michael Dror/

Residence: City State Country

Nes Ziona IL
| Mailing Address

5 Eliyahu Meron St.

City State Zip Country
Nes Ziona 7401905 IL

|:| Additional inventors are being named onthe 4 Supplemental sheet(s) PTO/AIA/10 attached hereto
[Page 2 of 2]
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with
your submission of the attached form related to a patent application or patent. Accordingly, pursuant to
the requirements of the Act, please be advised that: (1) the general authority for the collection of this
information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the
principal purpose for which the information is used by the U.S. Patent and Trademark Office is to process
and/or examine your submission related to a patent application or patent. If you do not furnish the
requested information, the U.S. Patent and Trademark Office may not be able to process and/or examine
your submission, which may result in termination of proceedings or abandonment of the application or
expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the
Freedom of Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records
from this system of records may be disclosed to the Department of Justice to determine
whether disclosure of these records is required by the Freedom of Information Act.

2. Arecord from this system of records may be disclosed, as a routine use, in the course of
presenting evidence to a court, magistrate, or administrative tribunal, including disclosures
to opposing counsel in the course of settiement negotiations.

3. Arecord in this system of records may be disclosed, as a routine use, to a Member of
Congress submitting a request involving an individual, to whom the record pertains, when
the individual has requested assistance from the Member with respect to the subject matter
of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the
Agency having need for the information in order to perform a contract. Recipients of
information shall be required to comply with the requirements of the Privacy Act of 1974, as
amended, pursuant to 5 U.S.C. 552a(m).

5. Arecord related to an International Application filed under the Patent Cooperation Treaty in
this system of records may be disclosed, as a routine use, to the International Bureau of the
World Intellectual Property Organization, pursuant to the Patent Cooperation Treaty.

6. Arecord in this system of records may be disclosed, as a routine use, to another federal
agency for purposes of National Security review (35 U.S.C. 181) and for review pursuant to
the Atomic Energy Act (42 U.S.C. 218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the
Administrator, General Services, or his/her designee, during an inspection of records
conducted by GSA as part of that agency's responsibility to recommend improvements in
records management practices and programs, under authority of 44 U.S.C. 2904 and 2906.
Such disclosure shall be made in accordance with the GSA regulations governing inspection
of records for this purpose, and any other relevant (i.e., GSA or Commerce)
directive. Such disclosure shall not be used to make determinations about individuals.

8. Arecord from this system of records may be disclosed, as a routine use, to the public after
either publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent
pursuant to 35 U.S.C. 151. Further, a record may be disclosed, subject to the limitations of
37 CFR 1.14, as a routine use, to the public if the record was filed in an application which
became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspection or an
issued patent.

9. Arecord from this system of records may be disclosed, as a routine use, to a Federal,
State, or local law enforcement agency, if the USPTO becomes aware of a violation or
potential violation of law or regulation.
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Under the ngerwork Reduction Act of 1995, no persons are reguired to resEond to a collection of information unless it contains a valid OMB control number.

PTO/AIA/10 (06-12)
Approved for use through 01/31/2014. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

[ ADDITIONAL INVENTOR(S)
SUPPLEMENTAL SHEET FOR DECLARATION | supplemental Sheet (for PTO/AIA/08,09) 1
\ Page of
Legal Name of Additional Joint Inventor, if any:
(E.g., Given Name (first and middle (if any)) and Family Name or Surname)
EPHRAIM GOLDENBERG
Inventor's /EPHRAIM GOLDENBERG/ )
Signature Date (Optional)
Ashdod IL
Residence: City State Country
32 Tel Chai St.
Mailing Address
~ Ashdod 7751025 IL
City State Zip Country
Legal Name of Additional Joint Inventor, if any:
(E.g., Given Name (first and middle (if any)) and Family Name or Surname)
GAL SHABTAY
Inventors /GAL SHABTAY/
Signature Date (Optional)
Tel Aviv IL
Residence: City State Country
4 Shmuel Shnitzer St.
Mailing Address
_ Tel Aviv 6958313 I
City State Zip Country
Legal Name of Additional Joint Inventor, if any:
(E.g., Given Name (first and middle (if any)) and Family Name or Surname)
Inventor’s
Signature Date (Optional)
Residence: City State Country
Mailing Address
City State Zip Country
This collection of information is required by 35 U.S.C. 115 and 37 CFR 1.63. The information is required to obtain or retain a benefit by the public which is to file

(and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 21
minutes to complete, including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual
case. Any comments on the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information
Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED

FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PTO-9199 (1-800-786-9199) and select option 2.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection
with your submission of the attached form related to a patent application or patent. Accordingly,
pursuant to the requirements of the Act, please be advised that: (1) the general authority for the
collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary;
and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark
Office is to process and/or examine your submission related to a patent application or patent. If you do
not furnish the requested information, the U.S. Patent and Trademark Office may not be able to
process and/or examine your submission, which may result in termination of proceedings or
abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the
Freedom of Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from
this system of records may be disclosed to the Department of Justice to determine whether
disclosure of these records is required by the Freedom of Information Act.

2. Arecord from this system of records may be disclosed, as a routine use, in the course of
presenting evidence to a court, magistrate, or administrative tribunal, including disclosures to
opposing counsel in the course of settlement negotiations.

3. Arrecord in this system of records may be disclosed, as a routine use, to a Member of
Congress submitting a request involving an individual, to whom the record pertains, when the
individual has requested assistance from the Member with respect to the subject matter of the
record.

4. Arecord in this system of records may be disclosed, as a routine use, to a contractor of the
Agency having need for the information in order to perform a contract. Recipients of
information shall be required to comply with the requirements of the Privacy Act of 1974, as
amended, pursuant to 5 U.S.C. 552a(m).

5. Arrecord related to an International Application filed under the Patent Cooperation Treaty in
this system of records may be disclosed, as a routine use, to the International Bureau of the
World Intellectual Property Organization, pursuant to the Patent Cooperation Treaty.

6. Arecord in this system of records may be disclosed, as a routine use, to another federal
agency for purposes of National Security review (35 U.S.C. 181) and for review pursuant to
the Atomic Energy Act (42 U.S.C. 218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator,
General Services, or his/her designee, during an inspection of records conducted by GSA as
part of that agency’s responsibility to recommend improvements in records management
practices and programs, under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall
be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not
be used to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after
either publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent
pursuant to 35 U.S.C. 151. Further, a record may be disclosed, subject to the limitations of 37
CFR 1.14, as a routine use, to the public if the record was filed in an application which
became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspection or an
issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State,
or local law enforcement agency, if the USPTO becomes aware of a violation or potential
violation of law or regulation.
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Electronic Patent Application Fee Transmittal

Application Number:

Filing Date:

Title of Invention:

MINIATURE TELEPHOTO LENS ASSEMBLY

First Named Inventor/Applicant Name:

Michael Dror

Filer:

Menachem Nathan

Attorney Docket Number:

COREPH-0080 US CON3

Filed as Small Entity

Filing Fees for Utility under 35 USC 111(a)

Description Fee Code Quantity Amount Suz—;l'g(t;)l in
Basic Filing:
UTILITY FILING FEE (ELECTRONIC FILING) 4011 1 70 70
UTILITY SEARCH FEE 2111 1 300 300
UTILITY EXAMINATION FEE 2311 1 360 360
Pages:
Claims:
CLAIMS IN EXCESS OF 20 2202 4 40 160

Miscellaneous-Filing:

Petition:
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Sub-Total in

Description Fee Code Quantity Amount USD($)
Patent-Appeals-and-Interference:
Post-Allowance-and-Post-Issuance:
Extension-of-Time:
Miscellaneous:
Total in USD ($) 890
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Electronic Acknowledgement Receipt

EFS ID: 30992163

Application Number: 15817235

International Application Number:

Confirmation Number: 7330
Title of Invention: MINIATURE TELEPHOTO LENS ASSEMBLY
First Named Inventor/Applicant Name: Michael Dror

Customer Number:

92342

Filer:

Menachem Nathan

Filer Authorized By:

Attorney Docket Number:

COREPH-0080 US CON3

Receipt Date: 19-NOV-2017
Filing Date:
Time Stamp: 15:25:41

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment yes
Payment Type CARD
Payment was successfully received in RAM $890

RAM confirmation Number

112017INTEFSW15303500

Deposit Account

Authorized User

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows:
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File Listing:

Document
Number

Document Description

File Name

File Size(Bytes)/
Message Digest

Multi
Part /.zip

Pages
(ifappl.)

Specification

Filing.pdf

186036

eBccB3aa3c6c28bcdac737d7828a530870d
bac31

no

Warnings:

Information:

Application Data Sheet

ADS.pdf

1861894

6b65b5c9cc9ed8ab79e5fe8b1e97f0e9309

no

Warnings:

Information:

QOath or Declaration filed

Declaration.pdf

794803

Oed154c7d3aal705f8feadadSca745eeddes)
c8e3

no

Warnings:

Information:

Qath or Declaration filed

Declaration_Al.pdf

224563

b2664af639200624d6239fc9d24b83ac014|

no

Warnings:

Information:

Fee Worksheet (SB06)

fee-info.pdf

36565

cc6a404ada8501fcd8cfa69954661b9c7f70

no

Warnings:

Information:

Total Files Size (in bytes){

3103861
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This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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Electronic Acknowledgement Receipt

EFS ID: 30992163

Application Number: 15817235

International Application Number:

Confirmation Number: 7330
Title of Invention: MINIATURE TELEPHOTO LENS ASSEMBLY
First Named Inventor/Applicant Name: Michael Dror

Customer Number:

92342

Filer:

Menachem Nathan

Filer Authorized By:

Attorney Docket Number:

COREPH-0080 US CON3

Receipt Date: 19-NOV-2017
Filing Date:
Time Stamp: 15:25:41

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment yes
Payment Type CARD
Payment was successfully received in RAM $890

RAM confirmation Number

112017INTEFSW15303500

Deposit Account

Authorized User

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows:
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File Listing:

Document
Number

Document Description

File Name

File Size(Bytes)/
Message Digest

Multi
Part /.zip

Pages
(ifappl.)

Specification

Filing.pdf

186036

eBccB3aa3c6c28bcdac737d7828a530870d
bac31

no

Warnings:

Information:

Application Data Sheet

ADS.pdf

1861894

6b65b5c9cc9ed8ab79e5fe8b1e97f0e9309

no

Warnings:

Information:

QOath or Declaration filed

Declaration.pdf

794803

Oed154c7d3aal705f8feadadSca745eeddes)
c8e3

no

Warnings:

Information:

Qath or Declaration filed

Declaration_Al.pdf

224563

b2664af639200624d6239fc9d24b83ac014|

no

Warnings:

Information:

Fee Worksheet (SB06)

fee-info.pdf

36565

cc6a404ada8501fcd8cfa69954661b9c7f70

no

Warnings:

Information:

Total Files Size (in bytes){

3103861
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This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.

APPL-1002 / Page 37 of 624
APPLE INC. v. COREPHOTONICS LTD.




PTO/MIAGD (07-12)

Approved for use through 11/30/2014. OMB 0651-0035

3.8, Patent and Trademark Office; U.S DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required o respond te a collection of information uniess it displays a valid OMB control number.

POWER OF ATTORNEY TO PROSECUTE APPLICATIONS BEFORE THE USPTO

| hereby revoke all previous powers of atforney given in the application identified in the attached staterment
under 37 CFR 3.73{c).

i heraby appoint:

E ;s:itioners associated with Customer Number: 92342

D Practitioner{s) named below (if more than ten patent practitioners are to be named, then a customer number must be used):

Name Registration Name Regisiration
Number Number

As aitorney(s) or ageni(s) to represent the undersigned before the United States Patent and Trademark Office (USPTO) in connection with
any and all patent applications assigned gnly to the undersigned according to the USPTO assignment records or assignments documents
attached to this form in accordance with 37 CFR 3.73(c).

Please change the correspondence address for the application identified in the atlached statement under 37 CFR 3.73{c¢} to:

The address associated with Customer Number: 9 2 3 42
Firm or
individual Name

Address

Telephone Email

Assignee Name and Address: Corephotonics Ltd.
25 Habarzel St.
Ramat Hachayal, Tel-Aviv, 6971035
Israel

A copy of this form, {ogether with a statement under 37 CFR 3.73(c) {Form PTO/AIA/SE or equivalent) is required to be
Filed in each application in which this form is used. The statement under 37 CFR 3.73{c} may be completed by one of
The practitioners appointed in this form, and must identify the application in which this Power of Attorney is {o be filed.

SIGNATURE of Assignee of Record
The individual whose signatura and iitle is supplied below is authorizad to act on behalf of the assignea

Signature /GAL SHABTAY/ Date 11-19-2017
Name GAL SHABTAY Telephone
Title VP-R&D

This collection of information is required by 37 CFR 1.31, 1.32 and 1.33. The information is required to obtain or retain a benefit by the public which is to file {and
by the USPTC to process) an application. Confidentiality is governed by 35 U.8.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 3 minutes
to complete, including gathering, preparing, and submitting the completed application form o the USPTO. Time will vary depending upon the individuat case. Any
comments on the amourt of time you require to complete this form and/or suggestions for reducing this burden, should he sent to the Chief information Officer,
U.8. Patent and Trademark Office, U.8. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SERND FEES OR COMPLETED
FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 223131450,

if you need assistance in completing the form, call 1-800-PT0-8189 and select option 2.
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Privacy Act Statement

The Privacy Act of 1874 (P.L. 83-579) requires thal you be given certain information in connection with your
submission of the attached form related (o a palent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1} the general authority for the collection of this information is 35
U.S.C. 2(b}2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the
information is used by the U.8. Patent and Trademark Office is to process and/or examine your submission
related to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and
Trademark Office may not be able to process and/or examine your submission, which may result in termination of
proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
information Act (5 U.5.C. 852) and the Privacy Act (5 U.§5.C 552a). Recards from this system of records
may be disclosed to the Depariment of Justice o determins whsther disclosure of these records is
reguired by the Freedom of information Act.

2. Arecord from this system of records may be disclosed, as a routine use, in the course of presenting
evidence {o a court, magistrate, or administrative tribunal, including disclosures o opposing counssl in
the course of settlement negotiations.

3. Arecord in this system of records may be disclosed, as a routine use, to a Member of Congress
submitling a request involving an individual, fo whom the record pertains, when the individual has
requested assistance from the Member with respect to the subject matter of the record.

4. Arecord in this system of records may be disciosaed, as a routing use, {0 a contracior of the Agency
having need for the information in aorder to perform a contract. Recipients of information shall be required
to comply with the requirements of the Privacy Act of 1874, as amended, pursuant to 5 U.5.C. 552a(m).

5. Arecord related to an International Application filed under the Patent Coopsaration Treaty in this system of
records may be disclosed, as a routine uss, 1o the International Bureau of the World Intellectual Property
Crganization, pursuant to the Patent Cooperation Treaty.

8. Arecord in this system of records may be disclosed, as a routing use, lo another federal agency for
purposeas of National Security review (35 U.5.C. 181) and for review pursuant to the Atomic Energy Act
(42 U.5.C. 218(c)}.

7. A record from this system of racords may be disciosed, as a routine use, to the Administrator, General
Services, or his/har designee, during an inspection of records conducted by GSA as part of that agency's
responsibility to recommend improvements in records managemsant praclices and programs, under
authority of 44 U.8.C. 2004 and 2806. Such disclosure shall be made in accordance with the GSA
regulations governing inspection of records for this purpose, and any cther relevant {i.e., GSA or
Commerce) direclive. Such disclosure shall not be used {o make determinations about individuals.

8. A record from this system of records may be disclosed, as a rouline use, to the public after either
publication of the application pursuant to 35 U.S.C. 122{b) or issuance of a patent pursuant to 35 U.8.C.
181. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the
public if the record was filed in an application which became abandoned or in which the proceedings were
terminated and which application is referenced by sither a published application, an application open (o
public inspection or an issued patant.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, Stale, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential viclation of law or
regulation.
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Doc code: IDS
Doc description: Information Disclosure Statement (IDS) Filed

PTO/SB/08a (01-10)

Approved for use through 07/31/2012. OMB 0651-0031
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number 156817235

Filing Date

2017-11-19

First Named Inventor ‘ Michael Dror

Art Unit

Examiner Name ‘

Attorney Docket Number

‘ COREPH-0080 US CON3

U.S.PATENTS

Pages,Columns,Lines where

E)anllner Cite Patent Number Kind Issue Date Na”.”e of Patentee or Applicant Relevant Passages or Relevant
Initial No Codet of cited Document )
Figures Appear

1 8395851 2013-03-12 Tang et al.

2 8508860 2013-08-13 Tang et al.

3 8072695 2011-12-06 Lee et al.

4 7826151 2010-11-02 Tsung-Han Tsai

5 5946142 A 1999-08-31 Hirata et al.

6 8233224 B2 2012-07-31 Chen

7 8310768 B2 2012-11-13 Lin et al.

8 5172235 A 1992-12-15 Wilm et al

EFS Web 2.1.17
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INFORMATION DISCLOSURE

First Named Inventor ‘ Michael Dror

STATEMENT BY APPLICANT |, |

( Not for submission under 37 CFR 1.99)
Examiner Name ’

Attorney Docket Number ‘ COREPH-0080 US CON3

CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection(s):

That each item of information contained in the information disclosure statement was first cited in any communication
[] from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

L] any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e)(2).

[] See attached certification statement.
[] The fee set forth in 37 CFR 1.17 (p) has been submitted herewith.

A certification statement is not submitted herewith.

SIGNATURE
A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the form
of the signature.

Signature /Menachem Nathan/ Date (YYYY-MM-DD) 2017-11-15

Name/Print MENACHEM NATHAN Registration Number 65392

This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA
22313-1450.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the
attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised
that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is
voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office is to process
and/or examine your submission related to a patent application or patent. If you do not furnish the requested information, the
U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may result in termination
of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:
1. The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act

(5 U.S.C. 552) and the Privacy Act (5 U.S.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settiement
negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a reques

involving an individual, to whom the record pertains, when the individual has requested assistance from the Member with
respect to the subject matter of the record.

4, A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

7. A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to recommeng
improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and 2906. Such
disclosure shall be made in accordance with the GSA regulations governing inspection of records for this purpose, and
any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make determinations about
individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication of the
application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record may be
disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in an application
which became abandoned or in which the proceedings were terminated and which application is referenced by either a
published application, an application open to public inspections or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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UTILITY
PATENT APPLICATION
TRANSMITTAL

(Only for new nonprovisional applications under 37 CFR 1.53(b))

\_

Under the Paperwork Reduction Act of 1995 no persons are required to respond to a collection of information unless it displays a valid OMB control number
Attorney Docket No.  [COREPH-0080 US CON3

PTO/AIA/15 (03-13)
Approved for use through 01/31/2014. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

First Named Inventor

Michael Dror

Title

MINIATURE TELEPHOTO LENS ASSEMBLY

Express Mail Label No.

_/

APPLICATION ELEMENTS

See MPEP chapter 600 concerning utility patent application contents.

ADDRESS TO:

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

1. D Fee Transmittal Form
(PTO/SB/17 or equivalent)

2. D Applicant asserts small entity status.
See 37CFR 1.27

3. D Applicant certifies micro entity status. See 37 CFR 1.29.
Applicant must attach form PTO/SB/15A or B or equivalent.

4, D Specification [Total Pages ]
Both the claims and abstract must start on a new page.
(See MPEP § 608.01(a} for information on the preferred arrangement)

5. D Drawing(s) (35 U.S.C. 113) [Total Sheets

6. Inventor’s Oath or Declaration [Total Pages ]
(including substitute statements under 37 CFR 1.64 and assignments
serving as an oath or declaration under 37 CFR 1.63(e}}

a. D Newly executed (original or copy)
b. D A copy from a prior application (37 CFR 1.63(d))

7. l:] Application Data Sheet  * See note below.
See 37 CFR 1.76 (PTO/AIA/14 or equivalent)

8. CD-ROM or CD-R

in duplicate, large table, or Computer Program (Appendix)
l:‘ Landscape Table on CD

9. Nucleotide and/or Amino Acid Sequence Submission
(if applicable, items a. — c. are required)

a. I:I Computer Readable Form (CRF)
b. D Specification Sequence Listing on:
i D CD-ROM or CD-R (2 copies); or

ii.I:l Paper

c. D Statements verifying identity of above copies

ACCOMPANYING APPLICATION PAPERS

10.[ ]

1. ]
12.[ ]
13.

1. ]
15.[ ]

6. ]
17.[ ]

18.

Assignment Papers
(cover sheet & document(s))
Name of Assignee

37 CFR 3.73(c) Statement |:| Power of Attorney

(when there is an assignee)

English Translation Document
(if applicable)
Information Disclosure Statement
(PTO/SB/08 or PTO-1449)

Copies of citations attached
Preliminary Amendment
Return Receipt Postcard
(MPEP § 503) (Should be specifically itemized)
Certified Copy of Priority Document(s)
(if foreign priority is claimed)

Nonpublication Request

Under 35 U.S.C. 122(b){(2){B)(i). Applicant must attach form PTO/SB/35
or equivalent.

Other; Remarks - This is an IDS. Citation or identification of any

reference in this IDS shall not be construed as an admission

that such reference is available as prior art.

interest in the matter. See 37 CFR 1.46(b).

*Note: (1) Benefit claims under 37 CFR 1.78 and foreign priority claims under 1.55 must be included in an Application Data Sheet (ADS).
(2) For applications filed under 35 U.S.C. 111, the application must contain an ADS specifying the applicant if the applicant is an
assignee, person to whom the inventor is under an obligation to assign, or person who otherwise shows sufficient proprietary

19. CORRESPONDENCE ADDRESS

The address associated with Customer Number; 92342

OR I:' Correspondence address below

Name

Address

City State Zip Code

Country Telephone Email

signatre | /Menachem Nathan/ pate 11-19-2017 )
| rinryoe) | MENACHEM NATHAN (roomay/agens) | 65,392 )

This collection of information is required by 37 CFR 1.53(b). The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO
to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 12 minutes to complete,

including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on
the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND

TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PTO-9199 and select option 2.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is
35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which
the information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission
related to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and
Trademark Office may not be able to process and/or examine your submission, which may result in termination
of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (56 U.S.C 552a). Records from this system of
records may be disclosed to the Department of Justice to determine whether disclosure of these
records is required by the Freedom of Information Act.

2. Arrecord from this system of records may be disclosed, as a routine use, in the course of presenting
evidence to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in
the course of settlement negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress
submitting a request involving an individual, to whom the record pertains, when the individual has
requested assistance from the Member with respect to the subject matter of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency
having need for the information in order to perform a contract. Recipients of information shall be
required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C.
552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this
system of records may be disclosed, as a routine use, to the International Bureau of the World
Intellectual Property Organization, pursuant to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for
purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act
(42 U.S.C. 218(c)).

7. Arrecord from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that
agency’s responsibility to recommend improvements in records management practices and programs,
under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the
GSA regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or
Commerce) directive. Such disclosure shall not be used to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either
publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35
U.S.C. 151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine
use, to the public if the record was filed in an application which became abandoned or in which the
proceedings were terminated and which application is referenced by either a published application, an
application open to public inspection or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local
law enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or
regulation.
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KABY @A ENDI A AITHRBFEIS, CheoDfflheahadkdic, BEXED
Zw FEAWVBILICEIDAASERBRIZILBTEDRETITEL, SHBRICERMGE
Ay FEEBRITZICLEICIXVDAASHEEZMNMIZC LPAETHD. fAIE., # X
S EEETEFEOFHBRANBENESF VR NEBHREBRILZCLITAETH S,

{00 48]

B2 1, BEHRADBENEFTFVEALEREO-FIELT, FPLZLEED U ORISR
flzEmAWHE L., W22, 1, F2RBEBIEZRLNL, LN2ZERLEZE1
, B2IRBHEFE v FLULl, LUZOMIREBRMONABEETRST., TV2LEBDUK
B ThwaEGE®a2=-wy FLU1, LUZ2RX. 21 cR3 5. Bk (¥4ab
LHER) MiAhSEC, WiAoYeEs (Em) 1M1, IM22ERITI2EEHOE1,
E2RMENAFSRLNIL, LN2 (AX1, AX2 3 &, EITEHRPT1, PT2 (
BMBEFSRIL, SRZOANR—HIA  HEBERIGLCTEBENSEZNO—IXT 2V
R, FKAAYEF TNV EZEONRZET I EAFICHYST S, » &, B1l, BE2REBNEERL
N1, LN2iZXbEABRKROSZXEH (RHE) SS1, SSZ2EkEREIhZEESEI]
M1, ITM22BXMEESKERTEIEL, B2HBBETFSR1I, SR2E. ZBAT
VW5, ZOWBIEFEIZ Yy FLUL, LU2 TEHBAABEMNEFT O ZLEBIED UEER
THRBG. BEZTORT AT ICHEBENXFE2=_vy LUL, LU2EEEITZZEICKED
A, DASEBERZEHIZIBICRBAEIISUEREEZBRHTZCENAETH B AR
BBy FLUL, LU2EFYENLERDUOARKIN L TERAEXIZESE
BEKERIZCEATAETSH S,

[o049]

T, B2HBNCPERLNL, LN2@F, i LizksicA—FARMEm@MZHESL Y
ZXTHo, MBEETSRI, SR2OMBES S 1, SS2EickE/B/IMI, IM2%E
FERTBERICE>T VWS, FLT., B2RENLEZRLN2OEHAFEHE fmHAE 1 BEBY
EZRLNIDESEFEHIfwibhbEL, F1REBXERLN1I TEN-EBEH G 1
M1) OB HLICXEZETFXA—LTCLAMD O FRIESHBREEZ TOX—I 25 (f
wllEfmEi Zi7n., H2REBEFPRLN2 TELNHEBS OCEEBIM2) O
HLie&ES3EFA—LTHHESFRRENSHEUBRBETOZX—I> Y (FmBlEF t I
T) 52 kicky, XL LTHEAWRIOCEREBETOLA—I0Y (fw~T 1) %
TOMBICE > TV, BB, HBIRISL TP ELEE—FAOBBEERICHEX— L
AR Y TE XL,

{00501

E22icmd &3k, HIBEBENNERLNILILERBEEERELNZ 2, BiET 2 X
IREEBEETNTVSE, CTOXDSICEHBET S LICXD., RESTFv T AETEDFETNHETL
THIEMTES, 1, E2HWBAZRLNI, LN2EBRERRELEES. 74 —H
ABMETFIHLFETHI3LPFELY, FOB, 74—HAO0OBHEBERE2EAELPH LD
EATWERALRZDT, E1BEEPRELN]I LE2EBBNAYRLN2ET I+ —h AEH
BHRRS XS5, BRI, S2BBREYRIN2 TE -HOL Yy AR LY ABEOFEHIKK
XBT74—HABITOHRCITBIILEPBIRGEL L,

[oo051]

FBl, F2RENEZRLNL, LN2@HRE—FAMAZEAVWTWVWSZS, HMAX1, AX
SEHEAWCEITICE>TWHESH, 1, E2HEBNXAPERLNL, LNZ2ZDODThAHh—FA%
ETHEIZZLREODBEFHICIUTHESTS., FH1, F2WBEXEERLNIL, LN2
MTONRST T Z7AEMELTCE I, LA o-T, 1, FE2|WBEHFEEZLNL, LN
2HAE—FRAEBAWVWTWVWSEZ L. NI 7 AMEEREBLEZETOFRAEEERLT
WAEDT, BEEZXEKRTHMAX 1, AX2HPHWVWKEFTTHS3LHEE®E N, £/, X2
WERNWMHLEBETEL, T2BEBYERXRLNIL, LN2owFiHh—-AHD, L2AXTY
2—LOEEDEEXE., PHELEE—HBOLYABEBICIDRASS v T AHMEERTS X
HFILTEE VY, FPREAFMIEENSNS S P AMEETCT 7 Fan—%—%2HFGELT B &
MTEZOT, BBEBOERE «- NEAEEDRBICERT B EMNAIGEL RS,
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[o052]

K23ic, 81, E2BNAEI=_vyFLULl, LU2EBRLETFTHXINERDUD
MEERAONEERT, COFYXILEHDUR., BEHEAMICHERZRE TSI TEE
HETSHRXNOBEG AL e EERHHEE (WA, FYVRLAHAS, BHEE, BY
RIS E) THEL, FYVRXILEBRDUOTETEA (A) KEIBERIAKENEXRER
WEMABRISNTED, Eml (B) KRB 1BBEERLN L EE2EBHBEA¥ERLN?Z
CABEEMAMICATEDOHBEZS T CTHEENTHNET S XSICEL, E2BRMHNAEZA -2 F
LU1, LUZ2ZHEBEBINTWVWS (G, TYZXLBEDUO LmENS I ERIFEE 4 SR
HBENTWVS, ) o THIXIKE1, H2EENERLNIL, LN2EZ#HI I LickbHE
EREIEZCLMWTEZZRD, E2BEAZRFLNZOEGE#RE fmicBWT, B 18
BAERILN I THONIBEBRLEFE2EBEBEFRLNZ CTELGNZEBRE W T AB4g
DERETITENTES,

{005 3]

BBETSRL, SR22LTHEH, I ZAEEROBEESETSZCCDRAA - Y
, CMOSHIAA— YLy IHZORMGEREETHAVLONDG, B1, FE2HRBILEERLN
1, LN2&., BBEEFSRIL, SR2ONBLEMWTHHMBES S 1, SS 2 kicH
BEEDOXZEBIMI, IM2HWERENBZIIECR|BIFIENTVWEOT, B, B2RHBN
¥HRLNL1, LN2IKE->TERENTAFEHIML, ITM2E, #BFFSR1, SR
2ICEH»TBRENERSCERINSE, T, TCTER2OOBBETSRI, SR2E
HWLWTWaA, 1, F2HEXPYZRLNL, LN2EWNLTIDOEBEGBEEF»HEICH
WTE KW,

[005 4]

FURNLEBDU (K21) i, H1, #2@HE¥aI-w FLU1, LUZ20OMIC,
EEOERE 1, fiEm2, A€V 3, HEH4, KRWsFEWA TS, REETFTSR
1, SR2THRLI-EESR. SSUHEE 1 TREOF Y X )VE N EH 5 F 0L H%E
ABRBICIGEUTHERN, SYLXILBBESLLTAED 3 (¥BEAFTY, ¥F0s A TE
Y KEHEIThZED, BREKLoTREI—TNLENLEODRNABRESFICERINEOLT
fhoaicmEInsg (FIAIESEEOBEEHEE) . I 2@k~ roa>ra—%
PEE->THED, BFA—LEE, BEEE (BFLEREEE, BEBEHEES) | BiE
HEBESOBEOHIHE ; 7+ —hT > Y, FTREAMESORZDOL Y ABRHHBEBOHE
FEETHIETS. fIAE. HEROHILERE, BTEBEOI B0 EL s —HETT
S&3ic, MEIH2ICEDE1, Fa2EEXEZEI -y FLU L, LU2HTZHEHT
bz, ERHSBEREA—FOF AT LA BEEE S THY, BBETSRI1,
SR2ZR ES>TEBRENEZEBEEIIVEATYICEBRIRTVAI2EBEHREANT
HEBERRETH., BEHRAEZ., BERL2Y (FAAELYV—-—XREx) , BEXAL YL (F
ZEBEE-FEAYL) SORERMESCRITHL ., BMESIHBEAALLZBERE
I 2 iIc {232 F B,

[o055)]

Ric, 1, B2OEMOBEZBT T, F1, FZHEEXEZELNL, LN2OAEHK
RN ZEREHHAT S, M1E. E1O0EHOBEEEBRTIE L BWMEMAERLN 1 (
EX1—w) OLYXER, XBEFERIEZHFTORTHD. K6k, F1 OEBOBRE
EBETAE2BBNEFRLNZ (EX1—m) OLYXHER, HEBSERIEEWmKX
TH3, M1 1, H2OXMBOBEPHK I SBE1IRBENEERLNI (EX2—-—w) O
Ly AW, RBREEZRIAEZNERTED.,. 16, HE20XHBORELERT ZE
2R HERLNZ (EX2-—m) OL Y XK, NRERPRINEZHMERTD 5.
[0056]

WIOEMOBETE., S 1IHEXERLN]L (H1) G CTATAEO4ARERICE>T
Bo, E2BEBEERLNZ (K6) AFAARADAKRBRER>D TS, B 20E
MORETE., B1RBMEXNXAYHRLNL (M1 1) BFAFFAOSKEBRICE->TED.,
B2HRMBAERLNZ (KM16) FFAFAEDOSSKENICE-TWVS, i, BHHES
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S1, SS2LELDESILIKKEL, B2WMELZERLNL, LN2OGHAREENT
WABEFTERP Tk, XZERO—INA 700 %, IRV N7 2%, BHREBBRBETFO Y
—IVHZAEREELLELDOTH S,

[=hEH]

[o0057]

IF, AEBEERELZBBEBEOAZHENEEZ, BENOIA I IraryF—=i
HHRBRFTCHICEERMICHAT S, CcC TR TFsEMBP 1, 2 (EX 1, 2) &, ®idL
1, B2O0ORMOBRICZThINNICTZHMEEMIITHL., B1, H2O0XRBEOE
BEErRTAEERE (B1, M6 ;E11, ®16) &, WET 5EmEH 1, 2081,
Eo2WBAERLNIL, LN2OLYyA#MREFNFNRELTVL S,

{00581

BEBHDIAATLSIaryF—2TER., mF—2¢ LT, EHoOMHY»SIEIC., @S
S, BBEERr (mm) , M EFEHEMEd (mm) , dff GFE58 7. 56 nm) M7
ZREITEnd, dBIKETZ7 vy _REvIdERT., MBS B FEIN2HEIEIERT TH
., ZOHBRATHAZESET A2 — AL EESTEESR (x, vy, z) ZHAVEMT
DF (AS) TEEENS, IREF—R2L LT, FEKEEEEETRT, A, SEHEM
DKM T —HICBNNTREDEVEHOKRMIOTHDH, I XRTCOF—HICHLTE—n
=X10"THs.
z=(c+h® [1+/ {1 — (1 +K) »c?+-h? 1 +% (Aj~-hi) - (A
S)

=Ee.,

h:z# OEBWMAX1, AX2) ERULCEBESZARAORE (hi=x?+y?) |

z I EEThOMBTOXMAX 1, AX2ARNOTFVE (HESAERE) |
c WAL TOHE (BEREEr OBED |
K © M8 % 8.

A jRoOIFEKmHEE.
THB,

[0059]

Flle, FMF— 22 LT, Z2ROELAEH (fwXiE fm, B mm) , FF+n
— (FNOWXWEFNOmM) , WMAHBEEZEHFEOL Y X2E (TLwXETLm, HA
mm) , BBETSRIL, SR2OZTHESS 1, SSz2oxAaE2Y” (Y ' :H&H
IM1, TM2icBU 28RBS, 2HA (ZowXE2om, ), Bil>ALi
(i=1, 2, 3, ) OFLSFEH (fiwXlZfim, BN : mm), F1, #H2L>
L1, L2 ESAERE (FFwXiZf Fm, BAii:mm) , BA»rs2FBHOL
AL XOESEEHE (FXwXiE T Xm, Bl mm) , MBEFSR1, SRZOME
(PX, AHE I N) , BEFAXA—-LBFEOUYOLHLORNERR (AHLEFEN) , BT
A—LBEEoEyObHLOBRKRKESESR (mm) , E7X—4LH (ZR), RU135BET
DESNESHE (mm) Z2RT. B, LYXZ2ETLwXETLmikEsm (HES 1)
MAEBEIMI, IM2ETOREBETHS, £, BZEEHFANBEESERMA IOV
TR,

[0060]

E2, M3, EEM1 (EX 1) OF 1IRBEFZRLN 1 OEEEWAERSE (&
FREE :c0) LHEIRMKHEMRE (WEKESE: 1 0cm) ORNERTHD., M7, M8 .
EHF 1 (EX 1) OFE2HBAEZRLNZ2OEREWEEHES (WEEHE: ) 2HE
PIIRBE RS (MIfRBEEE D 1 O cm) OMINEKNTHZ., 12, ®W1 3k, HfifMl2 (E
X2) OF1REBNAFRLN 1 OEEEYAEER (WEES o) EHEWMAEBER (
PIEBEEE : 1 0 cm) OMNERKTHSH., M1 7, K18k, Efifl2 (EX2) OFE2
BENXEHRLN2OEBHEDEERE (ARG : o) LGB IEEBER (MR 1
Ocm) OMNEXTH 2., . ERYAEHRE (WHEESE: 1 0 cm) OMEFMT
F., 74A—NAAARELELT2EBOBLEMEL T3,
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[o061]

Ez2, M3 :®7, M8 : W12, 13 :®W17, HL8DFNFhickB\T., (A
Y ITEREN AN, (BY @IEANER., (C) BEMNERTHZ. BRENZXIE, K
TRy diR (EES587. 56nm) NI SHENERE., —HEETRICEH (HES6
56. 28nm) ENTAHHENEZE, MRTRIgH (ER435. 84 nm) 19
ZEmMINEZREER., TAFNAMBHEAIASONMAX 1, AX2ABAOAXLE (B mm
) TELTED, I ADAFNEETZZORAKEECHRBELZME (4505 FH R
HE) BRLTVLS, EANERCBLT, BETRJIRCH TSI 2V oy LB
VERSBIdRENTEVUALGRE. THMBEALSONXBAX 1, AXZ2ARADRAL
2 (Bfii mm) TELTHD., #wE#s (IMG HT, B imm) ZBLTWLS
o BHINAMICBWT., FMEMT dRICH T ZEM (B : %) PELTED. MEBRAE
(IMG HT, BEffi:mm) #FLTWVW3, B, B85 1MGC HTORKMEIEE. Bm@W
IM1, IM2icBYSRABAY ((RHBFTFSRI1, SR2OVHXHESS 1, S$§2
DHEO¥T) KHYT S,
foco6 2]

BJ4, 5., EMifl1 (EX1) OFIBENXERLN 1 OEEEHEEHERE (Wi
FEBfE to0) LEEWAERE (WAEM : 10 cm) OMNERTHH, K9, K1 0
L EEML (EX 1) OB 2BEBLERLN2OEEEDAHEER (WEEEE: <) &F
IR AR sy (EEHSE : 1 0cm) OBNERTHD, K1 4, K1 5. EHEH 2 (
EX2) OF1HEBIAFRLN LI OEBEEMEERER (WEEEE : o) GRYIkERR
({EEEME . 1 0cm) OMNERTHD., M1 9, W20k, HiEfz2 (EX2) OF
2B RLN 2 OMMBIEW AR (WEEE o) L ERYMAHBER (VR EH%
10cm) OBMINEXRTH B,

o086 3]

B4, M5;:;H9, M10;HE14, M15 :®19, M200FNFhicswT, (
A) ~(E) BEV ¥ VMR TOMNEHTHD., (F) ~ (J) BH R
WTEOENENTH S, SHENAEKIEF. RELATIVE FIELD HEIGHTT
ZENhTV58EHE (EEA0° ) TOBNE (mm) #, HETTRIIR (EE587

56nm) . —RHHETRICH (WHEE656. 28nm)  BEBTRAT g (EE4
35. 84nm) OFNFNRIECODVWIRLTWVS, LZEGBEEHLHE. BEEFEBEREEY T
HBLLZEMNZEHRZTH S,

{006 4]

EHEM 1O LIBBEFRLNL (K1, EX1—w) &, WEAH»EIEE., BEBOKY
STE:,. EOFE1LYAL1E, AOFE2LYXL 2, EOFE3LYAL3E, BAOE
4L AL 4k, oERENTEY, LY AERLTIHKETH 3, FHOEERTE
LYy AXEREGE. 81 LAL 1 @WHEMCHOERAZALALYAXTHb, E21L
XL2@EMMOALYXTHb, E3L AL I3ERBMUICHDODERAZAHALYXTHY
VEBAL XL AREMODBELYATED, Ly ARBIRTTSAF v L XTHBN
L HSAL X ERAWTE XY, £, J4A—HAR2EBOHLEEELTV S,
o086 5]

HEEF 1 OFE2H\BENFERLNZ (K6, EX1—m) &, WEHISIEHIC, FAOKY
ST, FOFE1LAXL1L, AOHE2L AL 2k, ADE3LYZL 3L, AOE
ALYRAL A4k, POBETATEY., LyYAERELTHEETNTH S, sSEiomER TS
LYAEREEE, S1LXAL 1 RERWAMCHOIEAZAHZAL X THb, E2L
XL2@3WMOALYXTHb, E3LYAL3EWMEAMICMOARAZAHALYXTH
b, BALALAEAEMYMOALYAXTHB, LYXARIRTTISAF v I LA TCHSB
M, HI ALY XERAVWTLE Y, £, 7+ —H AR RERIHELFEEHELTWV S,
[o066]

ERH 2O 1BEXFRLNL (K11, EX2—w) &, &A> 5 EIC, B
HDSTE, EOFEILyXL1E, ADFE2L AL 2k, EOE3LYAL3E, [ED
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AL XL 4k, BOESLYALbHE, PoERENTED., L>XAEBETIERT
ThHhd, OMOEBERTHEL YA EZREBEE. 1AL 1EBEMOELXXTHD.
B2LYyAL2I3BHAUKEMOBAZAHARAL YA THD, 53 LAl 3EWMEMICHD
EAZZAHALYRATHED, ALY XL ABBAUAKCMHMOTEAZRBAL Y X THO . B

SLYALS5EMMOALYAXTHB, LYRARBITRNTTSAF v 7Ly XTHBH, H
ALY AXZRAVCTE IV, £, 74— HAEG2HEBROHBLEEELTVS,

[006 7]

EEH 2O 1BGBAEFRLN2 (K16, EX2—m) &, &M 5EIC, BEOE
DSTE, EOFE1LYIAL1E, AOF2L>XL 2, TOEILYAL3E, a0
AL AL 4k, BOESLYALbSE, oEREATEDY., Ly XEEETIERT
TH3. THMOEERTRELVAXZEEES. 81 L AL 1B3WENICMNOEAZ RS
ALAXTHb, B2LYyAL2EBAICHMODAAZAHIRALXATHD, E3L2XL
3EPERAIICHDIEAZZRAARAL Y XTHD, BALYAL AEMEAIICMOE A=A
ALATHED, FEELYALSERMOABL Y X THB, LYARITRTTSTRAF v D
LYXTHhHaH, H5ALYXERHWTE LW, ¥k, 74— AR EHEBROHBLEEE

LTWw3d,
[o06 8]
EmMLOFE LIEBEHNEFRLNIL
BA7 D onm
w7 — %
mHEE r d nd vd
1 oo oo
1 H) oo 0. 000
2% 1.135 0. 455 1.54470 56.15
3% 4,929 0.106
4% -13.457 0. 300 1.63469 23.87
5% 8.084 0. 242
iE3 -21893.628 0. 397 1.54470 56. 15
T -1.708 0.725
8% -2.118 0. 400 1.54470 56. 15
9% 1.712 0.106
10 co 0.110 1.51633 64.14
11 oo 0. 200
& co
[o0609]
JEERME 7 — &
mE s K A4 AB A8 AlQ Al2 Al4
2 1.132 -1.01E-01 -4.36E-01 1. 01E+00 -3. 63E+00 0. 00E+00 0. 00E+00
3 -50 -3.04E-01 -3.41E-01 -5.62E-01 -1.59E+00 0. 00E+00 0. 00E+00
4 46.321 -4.39E-01 -3.45E-01 1. 49E+00 -2.08E+00 -2.01E-01 0. 00E+00
5 -50 -1.06E-01 1. 38E-01 3.63E-01 1. 34E+00 -1. 19E+00 0. 00E+Q0
6 50 7.51E-02 -1.73E-01 4. 42E-02 1.16E-01 -1.70E-01 0. 00E+00
7 -12.577 -1.36E-01 3.68E-01 -3.45E-01 2. 00E-01 -6.20E-02 0. 00E+00
8 0 -3.14E-01 1. 22E-01 1. 41E-02 2.68E-03 -9.50E-04 -1.27E-03
9 -27.755 -9.32E-02 3.04E-02 -2.11E-02 4. 91E-03 4.96E-04 -2.50E-04
[c070]
EHER 1 OFE 2|MEBEHLERLN 2
B mn
W7 — &
HES r d nd vd
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0 T oo co
1(#%& D) = 0. 000
2% 1.001 0.548
3% 6.361 0. 050
4% -10.735 0. 300
L 5.243 0. 457
6% -1.751 0. 300
7% -2.426 1.021
8% -3.987 0. 400
O 3.008 0. 262
10 oo 0.110
11 == 0. 200
5 o
[007 1]
JEERTE 7 — &
BES K A4 AB
2 0.222 -7.13E-03 -2.33E-01
3 -1.95E+01 -1.81E-01 -2.57E-01
4 -8.218 -5.94E-02 -2.10E-01
5 18.999 1. 58E-01 6. 91E-01
6 -50 -7.63E-01 1. 63E+00
7 -50 -2.13E-01 4. 09E-01
8 0 -2.33E-01 1. 27E-01
9 -50 -1.56E-01 2.81E-02
[oo7 2]
EHF 208 L ImBNEFHRLNIL
LR T T
my — &
m&ES r d
1(&H) o 0.100
2% 1.583 0.3535
3% -7.954 0. 050
4% 86. 727 0. 300
5% 2.182 0. 334
6% 7.448 0. 300
7% 57.053 0.539
8x% -5.230 0.556
9% -1.093 0. 280
10%* -6. 245 0. 400
11* 1.182 0.516
12 oo 0. 300
13 e 0. 250
B oo
{007 31
R 7 — &
HES K Ad AG
2 -0.044 -3.30E-04 -6.93E-03
3 41. 478 2. 10E-02 4. 82E-02
4 -50 -6.95E-02 1.87E-01

(16)

1. 54470

1.63469

1.54470

1. 54470

1.51633

A8
5.01E-01
2.18E-01
1. 26E+00
-1.08E+00
-2.67E+00
-2.19E-01
-1.65E-02

5.81E-03

nd

1.54470

1.63469

1.63469

1. 54470

1.53048

1.51633

A8
-1.27E-02
-1.22E-01
-2.49E-01

56.

23.

56.

56.

64.

A%

56

23.

23.

56.

55.

64.

15

87

15

15

14

AlQ
9.32E-01
6. 66E-02
1. 65E+00
3. 38E+00
2. 02E+00
7.14E-02
2.95E-03
2.63E-03

d

.15

87

87

15

72

14

AlQ
1. 13E-02
3. 74E-02
1.63E-01

JP 5741395 B2 2015.7.1

Al2
0. 00E+00
0. 00E+00
7.66E-01
8. 27E-01
-3. 48E-01
-4.63E-02

1.02E-03
-2.09E-04

Al2
0. 00E+00
0. 00E+00
-3.57E-02

- 00 OO O OO

Al4
. 0GE+00
. 00E+00
. 00E+00
- 00E+00
. 0GE+00
. 00E+00
. 08E-05
. 08E-04

Al4
0. 00E+00
0. 0O0E+00
0. 00E+00
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D W O =

5.

.01E-01
. 59E-03
. 49E-02
. 85E-02
02E-02

. 15E-02 7.9236E-03
.71E-02 1.5803E-02

050

. 530
. 071

300

. 181
. 500
.592
. 800
. 050
. 300
111
. 300
. 121

AB
. 55E-03
. 46E-02
.97E-01
. 33E-01
. 16E-01
. 54E-02
. 66E-02
. 44E-03
. DOE-02
. 68E-02

5 -9.645 9. 23E-03
6 -10 -1.14E-01
7 -10 -9.96E-02
8 6.135 -1.59E-02
9 -4.282 -3.60E-02
10 6.752 -6
11 -8.272 -6
[c07 4]
EHFl 2 OF 2 WMHBIHEFEFRLN2
HA7 D omn
m7 — %
mES r
k| co
1(&H) oo
2% 1. 364
3 88.751
4% 21.096
5% 2.261
6% 4. 669
7% 6. 536
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THIN MULTI-APERTURE IMAGING SYSTEM WITH AUTO-FOCUS AND
METHODS FOR USING SAME

CROSS REFERENCE TO RELATED APPLICATIONS

This application is related to and claims priority from US Provisional Patent
Application No. 61/861,185 filed August 1, 2013 and having the same title, which is

incorporated herein by reference in its entirety.

FIELD

Embodiments disclosed herein relate in general to digital cameras and in particular to

thin multi-aperture digital cameras with auto-focus.

BACKGROUND

In recent years, mobile devices such as cell-phones, tablets and laptops have become
ubiquitous. Most of these devices include one or two compact cameras — a main rear-facing
camera (i.e. a camera on the back side of the device, facing away from the user and often
used for casual photography) and a secondary front-facing camera (i.e. a camera located on
the front side of the device and often used for video conferencing).

Although relatively compact in nature, the design of most of these cameras is very
similar to the traditional structure of a digital still camera, i.e. they comprise an optical
component (or a train of several optical elements and a main aperture) placed on top of an
image sensor. The optical component (also referred to as "optics") refracts the incoming light
rays and bends them to create an image of a scene on the sensor. The dimensions of these
cameras are largely determined by the size of the sensor and by the height of the optics.
These are usually tied together through the focal length ("f") of the lens and its field of view
(FOV) — a lens that has to image a certain FOV on a sensor of a certain size has a specific
focal length. Keeping the FOV constant, the larger the sensor dimensions (e.g. in an X-Y
plane), the larger the focal length and the optics height.

As the dimensions of mobile devices shrink, the compact camera dimensions become
more and more a key factor that limits the device thickness. Several approaches have been

proposed to reduce the compact camera thickness in order to alleviate this constraint.
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Recently, multi-aperture systems have been proposed for this purpose. In such systems,
instead of having one aperture with one train of optical elements, the camera is divided into
several apertures, each with dedicated optical elements, all apertures sharing a similar field of
view. Hereinafter, each such aperture, together with the optics and the sensor area on which
the image is formed, is defined as a “sub-camera”. Typically, in multi-aperture camera
designs, each sub-camera creates a smaller image on the image sensor compared with the
image created by a reference single-aperture camera. Therefore, the height of each sub-
camera can be smaller than the height of a single-aperture camera, reducing the total height of
the camera could be reduced and allowing for slimmer designs of mobile devices.

FIG. 1A and FIG. 1B show a schematic design of a traditional camera and of a dual-
aperture camera with two sub-cameras, respectively. A traditional camera 100' in FIG. 1A
includes an image sensor 102 placed on a substrate 104 and a lens 106. A "camera height" is
defined as the height of the camera module, from substrate 104 to the top of lens 106. A dual-
aperture camera 100" in FIG. 1B includes two sub-cameras, a sub-camera 1 with an image
sensor 112a and a lens 116a with an optical axis 118a, and a sub-camera 2 with, an image
sensor 112b and a lens 116b with an optical axis 118b. The two sensors are placed on,
respectively, substrates 114a and 114b. For comparison's sake, it is assumed that the
reference single-aperture camera and the dual-aperture camera have the same field of view
(FOV) and the sensors have the same pixel size. However, image sensor 102 has a higher
resolution (number of pixels) compared with image sensor 112a or image sensor 112b, and is
therefore larger in size. The potential advantage in camera height of the dual-aperture camera
(i.e. the thickness from substrate 114a to the top of lens 116a and from substrate 114b to the
top of lens 116b) may be appreciated.

There are several significant challenges involved in multi-aperture camera designs.
First and foremost, the sensor area of each sub-camera is smaller compared with that of a
single-aperture camera. If the pixel size in each sub-camera sensor is kept the same as that in
the single-aperture camera sensor, the resolution of an image captured by each sub-camera is
smaller than that captured by the single-aperture camera. If the resolution of the output image
is to be kept the same, the images from the different sub-cameras need to be combined into a
higher-resolution image. This is usually done in the digital domain, by a dedicated algorithm.
Several methods have been proposed for combining lower-resolution images to produce a
higher-resolution image. Some algorithms in such methods require a registration step
between the set of low-resolution images, to account for parallax (which is present in a multi-

aperture camera system due to the shift in point-of-view between sub-cameras). One such
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algorithm is described in co-assigned PCT patent application PCT/IB2014/062180 titled
"Dual aperture zoom digital camera", which is incorporated herein by reference in its entirety.

Another challenge relates to the requirement that the camera provides an in-focus
image for a wide range of object distances (usually from several centimeters to infinity in
compact camera modules). To fulfill this requirement, a single-aperture camera may include
an Auto-Focus (AF) mechanism that controls the focus position of the optics, by moving the
optical element along the optical axis, thus changing its height above the sensor. In multi-
aperture cameras, in order to support an in-focus image for a wide range of object distances, a
straightforward approach would be to provide a dedicated AF mechanism in each sub-
camera. This approach has several drawbacks including increased size and cost of the
camera, higher operating power and more complicated control, as the AF mechanisms of
each sub-camera needs to be synchronized, to ensure all of the sub-cameras are focused to the
same position.

Another complication that may arise when using an AF mechanism in a multi-
aperture camera is connected with the algorithm that combines the lower resolution sub-
camera images to produce a higher resolution image. Since an AF mechanism moves the
optical element along the optical axis above the sensor, it scales the image that is formed on
the sensor to some extent. Slight differences between the focusing positions of different AF
mechanisms in each sub-camera may result in different scales applied to the lower resolution
sub-camera images. Such differences in scale may degrade the performance of the image
registration step in the algorithm. Correcting for the different scale is not trivial, due to the
dynamic nature of the scale - the scale applied on the image depends on the focus position of
the optics, which in turn changes with object distance. This means that the scale cannot be
trivially corrected by calibrating the multi-aperture camera and applying a fixed correction,
but rather, the correct scale has to be estimated at each image. Estimating the correct scale to
apply from the image is not trivial, in the presence of parallax (where different objects appear
at different locations as a function from their distance from the camera) and in the presence of
possible occlusions of objects in one aperture but not in the other. There is therefore a need
for a method that can accurately estimate and correct differences in scaling on a per-image
basis.

As an alternative to using AF, multi-aperture camera designs have been proposed with
no AF mechanism at all. Such designs rely on the smaller focal length of each sub-camera to
provide increased depth-of-focus (DOF) compared with a corresponding single-aperture

camera that supports a larger sensor. Since a larger DOF means that a wider range of object
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distances is imaged in-focus onto the sensor, the AF mechanism could be removed. While
this approach is advantageous in terms of cost, size and system complexity, the larger DOF
that results from the shorter focal length of a multi-aperture camera is often insufficient to
support an in-focus image for object distances ranging from a few centimeters to infinity. In
these cases, settling for a multi-aperture camera with fixed-focus optics results in poor
imaging performance at close object distances.

Between using multiple AF mechanisms and using only fixed-focus optics, there is a
need for a multi-aperture camera system that combines the benefits of an AF mechanism

without adding additional complexity and cost to the camera system.

SUMMARY

Embodiments disclosed herein provide designs of a multi-aperture camera with an AF
mechanism, describe an algorithm that dynamically corrects for scale differences between
sub-camera images, and propose a color filter array (CFA) design that may result in higher
resolution and sensitivity when combining sub-camera images, compared with standard
CFAs.

In various embodiments, there are provided dual-aperture digital cameras with auto-
focus (AF) for imaging an object or scene, each such dual-aperture digital camera comprising
a first sub-camera that includes a first optics bloc and a color image sensor with a first
number of pixels, the first camera operative to provide a color image of the object or scene, a
second sub-camera that includes a second optics bloc and a clear image sensor having a
second number of pixels, the second sub-camera operative to provide a luminance image of
the object or scene, the first and second sub-cameras having substantially the same field of
view, an AF mechanism coupled mechanically at least to the first optics bloc, and a camera
controller coupled to the AF mechanism and to the two image sensors and configured to
control the AF mechanism, to calculate a scaling difference and a sharpness difference
between the color and luminance images, the scaling and sharpness differences being due to
the AF mechanism, and to process the color and luminance images into a fused color image
using the calculated differences.

The first number of pixels and second number of pixels may be equal or different. The
first and second images sensors are formed on a single substrate. The first sub-camera may
include an infra-red (IR) filter that blocks IR wavelengths from entering the color image

sensor and the second sub-camera may be configured to allow at least some IR wavelengths
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to enter the clear image sensor. In some embodiments, the color image sensor may include a
non-standard color filter array (CFA).

In an embodiment, the AF mechanism may be coupled mechanically to the first optics
bloc, and the second optics bloc may have a fixed focus position. In an embodiment, the fixed
focus position may be such that a DOF range of the second sub-camera is between infinity
and less than about 100 cm. In an embodiment, the AF mechanism may be coupled
mechanically to the first and second optics blocs and operative to move them together in a
direction common to respective optics bloc optical axes.

In an embodiment, the camera may further comprise an optical image stabilization
mechanism coupled mechanically to the first and second optics blocs and in a direction
perpendicular to respective optics bloc optical axes to optically stabilize the AF fused color
image.

In an embodiment there is provided method for obtaining a focused color image of an
object or scene using a dual-aperture camera, comprising the steps of obtaining
simultaneously an auto-focused color image and an auto-focused or fixed focus luminance
image of the object or scene, wherein the color image has a first resolution, a first effective
resolution and a first signal-to-noise ratio (SNR), and wherein the luminance image has a
second resolution, a second effective resolution and a second SNR, preprocessing the two
images to obtain respective rectified, normalized and scale- adjusted color and luminance
images considering scaling and sharpness differences caused by the AF action, performing
local registration between the rectified, normalized and scale-adjusted color and luminance
images to obtain registered images, and fusing the registered images into a focused fused
color image.

In an embodiment, the step of preprocessing to obtain scale-adjusted color and
luminance images includes calculating a set of corresponding points in the color and
luminance images, extracting a single coordinate from each corresponding point and using
the single coordinate to estimate a scaling factor S between the color and luminance images.
The extracted coordinate is Y and the scaling factor S may be given by S =
(Y2'F*WHFY2\Y2'*W*Y1, where Y1 is a vector of Y coordinates of points taken from one
image, Y2 is a vector of Y coordinates of points taken from the other image, and W is a
diagonal matrix that holds the absolute values of Y2.

In an embodiment, a method may further comprise using scaling factor S to scale one
of the images to match the other image, thereby obtaining the registered images.

In an embodiment, a method may further comprise optically stabilizing the obtained
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color and luminance images.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting examples of embodiments disclosed herein are described below with
reference to figures attached hereto that are listed following this paragraph. The drawings and
descriptions are meant to illuminate and clarify embodiments disclosed herein, and should
not be considered limiting in any way.

FIG. 1A shows schematically the design of a traditional digital camera;

FIG. 1B shows schematically the design of a dual-aperture camera;

FIG. 2 shows schematically an embodiment of a dual-aperture imaging system with
auto-focus disclosed herein, in (a) a general isomeric view, and (b) a sectioned isomeric
view;

FIG. 3 shows an embodiment of an image sensor for the imaging system in FIG. 2, in
which one sub-camera has a CFA sensor, while another sub-camera has a clear sensor;

FIG. 4A shows schematically in a flow chart an embodiment of a method disclosed
herein;

FIG. 4B shows in a flow chart details of the scale adjustment step in the method
shown in FIG. 4A;

FIG. 4C shows two images with corresponding points;

FIG. 5A shows schematically another embodiment of a dual-aperture imaging system
with a single auto-focus mechanism disclosed herein in a sectioned isomeric view;

Fig. 5B shows schematically in a flow chart an embodiment of a method for auto-
focus imaging with the imaging system in FIG. 5A;

FIG. 6 shows schematically yet another embodiment of a dual-aperture imaging

system numbered with a single auto-focus mechanism in a sectioned isomeric view.

DETAILED DESCRIPTION

FIG. 2 shows schematically an embodiment of a dual-aperture imaging system with
auto-focus disclosed herein and numbered 200, in (a) a general isomeric view, and (b) a
sectioned isomeric view. In the following description, "imaging system" and "camera" may
be used interchangeably. System 200 comprises two sub-cameras, labeled 202 and 204, each

sub-camera having its own optics. Thus, sub-camera 202 includes an optics bloc 206 with an
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aperture 208 and an optical lens module 210, as well as a sensor 212. Similarly, sub-camera
204 includes an optics bloc 214 with an aperture 216 and an optical lens module 218, as well
as a sensor 220. The sensors are also referred to henceforth as “sensor 17 (212) and “sensor
2” (220). Note that the two sensors may be implemented as two distinct areas on the same
substrate, and not necessarily as two stand-alone sensors. Each optical lens module may
include several lens elements as well as an Infra-Red (IR) filter 222a, b. In some
embodiments, some or all of the lens elements belonging to different apertures may be
formed on the same substrate. The two sub-cameras are positioned next to each other, with a
small baseline 224 between the two apertures 208 and 216. Each sub-camera further includes
an auto-focus mechanism, respectively 226 and 228.

The sensors used in each sub-camera may have different color filter arrays (CFAs). In
some embodiments, sensor 1 may have one type of CFA, while sensor 2 may have another
type of CFA. In some embodiments, sensor 1 may have a CFA and sensor 2 may have a
"white" or “clear” filter array (marked by “W”) — in which all the pixels absorb the same
wide range of wavelengths, e.g. between 400nm and 700nm (instead of each pixel absorbing
a smaller portion of the spectrum). A sensor having a color filter array may be referred to
henceforth as a "color image sensor”, while a sensor with a clear or W filter array is referred
to as a "clear image sensor".

FIG. 3 shows a sensor embodiment 300, where numeral “1” represents sensor 1 (with
a CFA) and numeral “2” represents sensor 2 (with a clear "white" filter array). Circles 302a,
302b mark image circles formed by the optics on the sensors, while a white area 304 marks
the substrate on which the sensors are located. Circles 302a, 302b may be larger than the
respective size of the sensor the image is formed on. In some cases, overlap between the two
image circles may occur and mechanical light blocking elements (e.g., walls) may be needed
to prevent optical cross-talk between the sub-cameras. By using a CFA on sensor 1, sub-
camera 1 captures the color information about the scene, while sub-camera 2 captures
luminance information about the scene.

The CFA of sensor 1 may be standard or non-standard. As used herein, a “standard
CFA” may include a known CFA such as Bayer, RGBE, CYYM, CYGM and different
RGBW filters such as RGBW#1, RGBW#2 and RGBW#3. "Non-standard" CFA patterns
may exemplarily include repetitions of a 2x2 micro-cell in which the color filter order is
RRBB, RBBR or YCCY where Y=Yellow = Green + Red, C = Cyan = Green + Blue;
repetition of a 3x3 micro-cell in which the color filter order is GBRRGBBRG (e.g. as in

sensor 1 in FIG. 3A); and repetitions of a 6x6 micro-cell in which the color filter order is one
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of the following options:

1. Line 1: RBBRRB. Line 2: RWRBWB. Line3: BBRBRR. Line 4: RRBRBB. Line
5: BWBRWR. Line 6: BRRBBR.

2. Line 1: BBGRRG. Line 2: RGRBGB. Line 3: GBRGRB. Line 4: RRGBBG. Line
5: BGBRGR. Line 6: GRBGBR.

3. Line 1: RBBRRB. Line 2: RGRBGB. Line 3: BBRBRR. Line 4: RRBRBB. Line
5: BGBRGR. Line 6: BRRBBR.

4. Line 1: RBRBRB. Line 2: BGBRGR. Line 3: RBRBRB. Line 4: BRBRBR. Line
5: RGRBGB. Line 6: BRBRBR.

The CFA pattern of sensor 1, utilizing some of the non-standard CFAs listed above
has an advantage over the standard Bayer pattern in that it divides the red, green and blue
colors evenly across the sensor pixels. This results in a finer sampling of red and blue colors,
while the green color experiences coarser sampling compared with the standard Bayer
pattern. However, as the image captured by sensor 2 is used to extract luminance information
about the scene (instead of relying on the green channel for that, as is the case when using a
Bayer CFA), the green pixels are used only for color information.

In traditional compact camera design, a filter that lets in light in the visible range and
blocks light in the IR range is typically placed in the optical path, sometimes as part of a
cover glass that protects the sensor. Although the blocking of IR light wastes photons, it
allows for a more accurate estimation of the color in the scene, as it reduces color crosstalk
from the spectral response of the R, G and B color filters (which may be sensitive to IR light).
In an embodiment, clear sensor 2 is made sensitive to IR light by removing the IR filter or by
redesigning its spectral response to let in some light in the IR range. The motivation for
capturing IR light, in addition to light in the visible range, is to increase the Signal-to-Noise
Ratio (SNR) in the image, as many natural and artificial light sources also emit photons in the
IR spectrum. Unlike a sensor with a color CFA (i.e. sensor 1), absorption of IR light does not
introduce color cross-talk in clear sensor 2 (since the sensor records a panchromatic image of
the scene).

Removing the IR filter may have some negative implications on image quality. For
example, extending the range of wavelengths that are captured by the camera may lead to
longitudinal chromatic aberrations that may degrade the Point Spread Function (PSF),
resulting in a blurrier image. To address this issue, in an embodiment, the optics of sub-

camera 2 are optimized across both the visible and the IR range, to mitigate the effect of

APPL-1002 / Page 84 of 624
APPLE INC. v. COREPHOTONICS LTD.



10

15

20

25

30

WO 2015/015383 PCT/1B2014/063393

chromatic aberrations and to result in a more compact PSF compared with standard compact
camera optics that use an IR filter. This is unlike the standard optimization process, which
considers only wavelengths inside the visible range.

In use, the two sub-cameras share a similar FOV and have substantially equal (limited
only by manufacturing tolerances) focal lengths. An image capture process is synchronized,
so that the two sub-cameras capture an image of the scene at a particular moment. Due to the
small baseline between the two apertures (which could be only a few millimeters, for
example 6.5mm or 8.5mm) of the sub-cameras, the output images may show parallax,
depending on the object distances in the scene. A digital image processing algorithm
combines the two images into one image, in a process called “image fusion”. Henceforth, the
algorithm performing this process is called "image fusion algorithm". The resulting image
may have a higher resolution (in terms of image pixels) and/or a higher “effective resolution"
(in terms of the ability to resolve spatial frequencies in the scene, higher "effective
resolution" meaning the ability to resolve higher spatial frequencies) and/ or a higher SNR
than that of one sub-camera image.

In terms of resolution and exemplarily, if each sub-camera produces a 5 megapixel
(2592x1944 pixels) image, the image fusion algorithm may combine the two images to
produce one image with 8 megapixel (3264x2448 pixels) resolution. In terms of effective
resolution, assuming that an imaged object or scene includes spatial frequencies, the use of a
dual-aperture camera having a clear sensor and a color sensor as disclosed herein leads to an
overall increase in effective resolution because of the ability of the clear sensor to resolve
higher spatial frequencies of the luminance component of the scene, compared with a color
sensor. The fusion of the color and clear images as performed in a method disclosed herein
(see below) adds information in spatial frequencies which are higher than what could be
captured by a color (e.g. Bayer) sub-camera.

In order to generate a higher-resolution or higher effective resolution image, the
image fusion algorithm combines the color information from sub-camera 1 with the
luminance information from sub-camera 2. Since clear sensor 2 samples the scene at a higher
effective spatial sampling rate compared with any color channel or luminance thereof in the
color sensor 1, the algorithm synthesizes an image that includes information at higher spatial
frequencies compared with the output image from sub-camera 1 alone. The target of the
algorithm is to achieve a spatial resolution similar to that obtained from a single-aperture
camera with a sensor that has a higher number of pixels. Continuing the example above, the

algorithm may combine two 5 megapixel images, one color and one luminance, to produce
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one 8 megapixel image with information content similar to that of a single-aperture 8
megapixel color camera.

In addition to improved spatial resolution, the image fusion algorithm uses the
luminance information from clear sensor 2 to generate an image with increased SNR, vs. an
image from a corresponding single-aperture camera. The fact that the pixels of sensor 2 are
not covered by color filters allow each pixel to absorb light in a wider wavelength spectrum,
resulting in a significant increase in the light efficiency compared with a color CFA camera.
In an embodiment, the fusion of clear image information and color image information then
provides a +3dB SNR increase over that of a single aperture digital camera.

As clear sensor 2 is more sensitive than color sensor 1, there may be a need to adjust
exposure times or analog gains to match the digital signal levels between the two cameras.
This could be achieved by fixing the same exposure times to both sensors and configuring a
different analog gain to each sensor, or by fixing the analog gain in both sensors and
configuring a different exposure time to each sensor.

FIG. 4A shows schematically, in a flow chart, an embodiment of a method disclosed
herein. FIG. 4B shows in a flow chart details of the scale adjustment step in the method
shown in FIG. 4A. Two images 400a and 400b from respectively sub-cameras 1 and 2 serve
as inputs. The two images undergo pre-processing, in respectively step 402a for the color
image of sensor 1 and 402b for the luminance image of sensor 2. Step 402a includes digital
image signal processing (ISP) in an ISP pipeline. The ISP generates a full color image, with
R, G, B values at each image pixel. If the CFA pattern on sensor 1 is non-standard, the ISP
includes non-standard demosaicing to interpolate the missing colors at each pixel location. In
addition to demosaicing, other standard ISP pipeline algorithms may be applied on the image,
e.g., black level correction, defect pixel correction, noise removal, etc, as known in the art.
The luminance image from sub-camera 2 is also pre-processed to correct for defects, noise,
shading profile, blur and other optical, analog and digital aberrations. Normalization,
rectification and scale adjustment are then applied on the two images in step 404. First, the
two images are normalized to have the same mean signal intensity and standard deviation
(which is a measure for the image dynamic range). This is done by subtracting the mean from
each pixel and dividing each pixel by the standard deviation in each image. Then, the images
are rectified by applying two projection matrices, in order to correct for different rotations
around the x, y and z axes, to correct for x-y translations of the optical center of the two
cameras and to fix lens distortions. The projection matrices parameters are pre-calculated

from calibration data, which may be acquired through a calibration step that is applied for
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each camera module during camera module assembly. The data may be saved in one-time
programmable memory or EEPROM in the camera module. After the rectification step,
epipolar lines in both images are more-or-less parallel to the horizontal axis of the image, in
case the two sub-cameras are positioned one beside the other along the X-axis, or parallel to
the vertical axis of the image, in case the two sub-cameras are positioned one beside the other
along the Y axis.

The scale adjustment, done after the rectification step, is described now in more detail
with reference to FIGS. 4B. Preprocessed and rectified images 418a and 418b (also shown
exemplarily in FIG. 4C) from respectively sub-cameras 1 and 2 serve as inputs. In step 420,
corresponding points between the two images are found. In an embodiment, the set of
corresponding points is calculated over the entire image. In another embodiment, the set of
corresponding points is found for a specific region of interest (ROI) in each image. FIG. 4C,
which shows schematically two images A and B of the same scene captured by adjacent
cameras (i.e. A captured by sub-camera 1 and A' captured by sub-camera 2) with some
parallax — due to the different viewpoint, objects are imaged with some displacement in one
image compared with the other, depending on their distance from the cameras. Pairs of
features a - a', b- b' and ¢ - ¢' represent the same "corresponding points" in the two images A
and A'. An algorithm is used to find corresponding points between the two images. A set of
prominent points are found (e.g. corners) in the two images and then the algorithm finds
matches between the points in the two images. Such algorithms are known to the skilled in
the art. In step 422, the Y coordinate only is extracted in order to estimate the scale between
the two images. Since the position of the optics, which is controlled by the AF mechanism,
may introduce different scales between the two sub-camera images, the proper scale needs to
be determined for each captured image (i.e. for each focus position). Assuming the two sub-
cameras are positioned adjacent to one another along the X-axis, once corresponding pairs of
points are found, a single coordinate is extracted from each point in step 422. That is, the
algorithm considers only their Y coordinate and disregards their X coordinate. The inventors
have advantageously realized that while the X coordinate may be affected by parallax, the Y
coordinate is largely unaffected by parallax after the rectification step, and therefore the Y
coordinates can be used to estimate the scale more robustly. If the two sub-cameras are
positioned adjacent along the Y-axis, then once corresponding pairs of point are found, the
algorithm considers only their X coordinate and disregards their Y coordinate. Continuing
with the assumption of the two sub-cameras being adjacent along the X-axis, the Y

coordinates of the corresponding points are used to estimate a scaling factor S between the
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images in step 424. In an exemplary embodiment, the scaling factor estimation is performed

using least-squares, in which case S is given by

S = (Y2FWHFY2\Y2'*W*Y1

where Y1 is a vector of Y coordinates of points taken from one image, Y2 is a vector of Y
coordinates of points taken from the other image, and W is a diagonal matrix that holds the
absolute values of Y2. Scaling factor S is then used in step 426 to scale one image in order to
match the scale between the two images. In step 426, point coordinates in each image are
multiplied by the same scaling factor S. Finally, in step 428, the corresponding pairs of
scaled points are used to calculate a shift in X and y axes between the two images for each
axis. In an embodiment, only a subset of the corresponding points that lie in a certain ROI is
used to calculate the shift in x and y. For example, the ROI may be the region used to
determine the focus, and may be chosen by the user or the camera software (SW). The
estimated shift is applied on one of the images or on both images. The result of the scale
adjustment process in FIG. 4B (and in step 404, FIG. 4A) are scaled images 430.

Returning now to FIG. 4A, local registration and parallax correction to estimate a
disparity map are applied to the scaled images in step 406. The local registration uses scale
and shift parameters found in step 404. Fusion to enhance the resolution and improve SNR in
the final image is then performed in step 408, by combining information from both images,
according to the disparity map. The fusion process uses the image from sub-camera 1 as a
baseline. The output is a fused image 410. Post-processing such as tone mapping, gamma
correction, contrast enhancement and color correction/enhancement may then be applied to

the fused image.

Auto-Focus

As mentioned with respect to FIG. 2, a camera system disclosed herein includes an
AF mechanism that controls the focus position of the optics. The system shown in FIG. 2
includes two such AF mechanisms. FIG. 5A shows schematically another embodiment of a
dual-aperture imaging system numbered 500 with a single auto-focus mechanism in a
sectioned isomeric view. System 500 includes in addition to the regular image sensors and
optics only one AF mechanism 502, positioned in a color sub-camera 1. A luminance sub-
camera 2 does not have an AF mechanism, being instead a fixed-focus camera, with the focus

fixed to a certain object distance. The focus position is such that the DOF range of sub-
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camera 2 is between infinity and several tens of centimeters, depending on the focal length
and optical design. For example, the DOF may be between infinity and 50cm, such that sub-
camera 2 would produce sharp images for object distances that lie within this range from the
camera. In system 500, sub-camera 1 can produce an image in which the main object is in
focus for a wide range of object distances, so that it appears sharp in a sub-camera 1 image,
by changing the focus position of the optics.

Fig. 5B shows schematically in a flow chart an embodiment of a method for image
fusion using an imaging system 500 that has AF. Two images 500a and 500b from
respectively sub-cameras 1 and 2 serve as inputs. A focus position is chosen for sub-camera 1
in step 502. A check is performed in step 504 to determine whether the distance of an imaged
object lies within the DOF of sub-camera 2, by calculating a sharpness metric on the images
of sub-cameras 1 and 2, as known in the art. The calculation of the sharpness metric may
result in a sharpness difference. If the answer in the check of step 504 is "Yes", the object
will appear sharp in the sub-camera 2 image. In such a case, image fusion as described above
is applied to the object image obtained by both sub-cameras in step 506 to achieve higher
output resolution and better SNR. If the answer to check 504 is "No" (i.e. the object lies
closer to the camera, outside the DOF range of sub-camera 2), the object will appear blurry
(not sharp) in the sub-camera 2 image. In this case, the image from sub-camera 2 is not used
to enhance the resolution, but only to improve the SNR of the image from sub-camera 1. To
this end, another algorithm (procedure) similar to the fusion algorithm (procedure) above is
applied in step 508. The image from sub-camera 1 is scaled to the proper output size and a
de-noising algorithm that uses information from the sub-camera 2 image is applied. Since in
this case high frequencies are lost in the sub-camera 2 image (due to defocus), the algorithm
only considers information at low spatial frequencies from the image of sub-camera 2. In
order to determine the object distance, the chosen focus position of the AF mechanism of
sub-camera 1 is used (after the focusing process has converged).

FIG. 6 shows schematically yet another embodiment of a dual-aperture imaging
system numbered 600 with a single AF mechanism in a sectioned isomeric view. Similar to
system 500, system 600 includes in addition to the regular image sensors and optics only one
AF mechanism 602. However, in contrast with AF mechanism 502, AF mechanism 602
moves the optics of sub-camera 1 and the optics of sub-camera 2 together. The optical
elements are mounted on a lens holder 604 with dedicated threads to hold the two lenses,
which is moved by the AF mechanism. Since the optics of sub-camera 1 and sub-camera 2

have very similar focal lengths, the mechanical movement brings the image from sub-camera
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1 and from sub-camera 2 to focus at the same time. The advantage of this construction over
having only one AF mechanism is that both sub-cameras support the same range of object
distances, so that the image fusion algorithm can be applied for the entire range. When the
AF mechanism chooses the best focus position for the lens, information from both sub-
camera images can be taken into account (e.g. to assist in focusing in low-light situations). In
low-light, AF sharpness measurements are noisier, due to the lower SNR in the images.
Using two images instead of one can help reduce the noise and improve the robustness and
accuracy of the AF process (algorithm).

In an embodiment, some or all the optical elements of sub-camera 1 and sub-camera
2, are made on the same die, using wafer-level optics manufacturing techniques or injection
molding of glass or plastic materials. In this case, the single AF mechanism moves the optical
dies on which the optical elements of the two sub-cameras are fabricated, so that the two
optical stacks move together.

In another embodiment, a camera is similar to camera 500 and includes a single AF
mechanism placed on sub-camera 1 (with the color CFA). Sub-camera 2 does not have an AF
mechanism, but uses instead fixed focus optics with unique characteristics that provide
extended depth of focus, which is achieved by means of optical design (e.g., by employing
optics with narrower aperture and higher F-number). The optical performance of the optics of
sub-camera 2 is designed to support sharp images for object distances between infinity and
several cm from the camera — in this case, the fusion algorithm can be applied to enhance
output resolution for a wider range of object distances compared with the single AF
embodiment described above. There is usually a tradeoff between the DOF of the camera and
the minimal achievable PSF size across the DOF range. An algorithm may be used to
enhance the sharpness of the image captured by sub-camera 2 before the fusion algorithm is
applied to combine the photos. Such an algorithm is known in the art.

To conclude, dual-aperture cameras and methods of use of such cameras disclosed
herein have a number of advantages over single aperture cameras, in terms of camera height
resolution, effective resolution and SNR. In terms of camera height, in one example, a
standard 8Mpix 1/3" camera with a 70 degree diagonal FOV may have a module height of
5.7mm. In comparison, a dual-aperture camera disclosed herein, with two SMpix 1/4" image
sensors (one color and one clear), each with 70 degrees diagonal field of view may have a
module height of 4.5mm. In another example, a standard 8Mpix 1/3" camera with a 76 degree
diagonal FOV may have a module height of 5.2mm. In comparison, a dual-aperture camera

disclosed herein, with two 5SMpix 1/4" image sensors (one color and one clear), each with a
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76 degree diagonal FOV, may have a module height of 4.1 mm.

While this disclosure has been described in terms of certain embodiments and
generally associated methods, alterations and permutations of the embodiments and methods
will be apparent to those skilled in the art. The disclosure is to be understood as not limited
by the specific embodiments described herein, but only by the scope of the appended claims.
In addition, citation or identification of any reference in this application shall not be
construed as an admission that such reference is available as prior art to the present

application.
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WHAT IS CLAIMED IS:

1. A dual-aperture digital camera with auto-focus (AF) for imaging an object or scene,
comprising:

a) a first sub-camera that includes a first optics bloc and a color image sensor with a first
number of pixels, the first camera operative to provide a color image of the object or scene;

b) a second sub-camera that includes a second optics bloc and a clear image sensor
having a second number of pixels, the second sub-camera operative to provide a luminance
image of the object or scene, wherein the first and second sub-cameras have substantially the
same field of view;

c) an AF mechanism coupled mechanically at least to the first optics bloc; and

d) a camera controller coupled to the AF mechanism and to the two image sensors and
configured to control the AF mechanism, to calculate a scaling difference and a sharpness
difference between the color and luminance images, the scaling and sharpness differences
being due to the AF mechanism, and to process the color and luminance images into a fused

color image using the calculated differences.

2. The camera of claim 1, wherein the AF mechanism is coupled mechanically to the

first optics bloc and wherein the second optics bloc has a fixed focus position.

3. The camera of claim 2, wherein the fixed focus position is such that a depth of field

range of the second sub-camera is between infinity and less than about 100 cm.

4. The camera of claim 1, wherein the AF mechanism is coupled mechanically to the
first and second optics blocs and operative to move them together in a direction common to

respective optics bloc optical axes.

5. The camera of claim 4, further comprising an optical image stabilization mechanism
coupled mechanically to the first and second optics blocs and operative to move them
together in a direction perpendicular to respective optics bloc optical axes to optically

stabilize the AF fused color image.

6. The camera of claim 1, wherein the first number of pixels and second number of

pixels are equal.
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7. The camera of claim 1, wherein the first number of pixels and the second numbers of

pixels are different.

8. The camera of claim 1, wherein the first and second images sensors are formed on a

single substrate.

9. The camera of claim 1, wherein the first sub-camera includes an infra-red (IR) filter
that blocks IR wavelengths from entering the color image sensor and wherein the second sub-

camera is configured to allow at least some IR wavelengths to enter the clear image sensor.

10. The camera of claim 1, wherein the color image sensor include a non-standard color

filter array (CFA).

11. The camera of claim 10, wherein the non-standard CFA includes a repetition of a 3x3

micro-cell in which the color filter order is GBRRGBBRG.

12. A method for obtaining a focused color image of an object or scene using a dual-
aperture camera, comprising the steps of:

a) obtaining simultaneously an auto-focused (AF) color image and an auto-focused or
fixed focus (FF) luminance image of the object or scene, wherein the color image has a first
resolution, a first effective resolution and a first signal-to-noise ratio (SNR), and wherein the
luminance image has a second resolution, a second effective resolution and a second SNR;

b) non-standardpreprocessing the two images to obtain respective rectified, normalized
and scale- adjusted color and luminance images considering scaling and sharpness
differences caused by the AF action;

©) performing local registration between the rectified, normalized and scale-adjusted
color and luminance images to obtain registered images; and

d) fusing the registered images into a focused fused color image.

13. The method of claim 12, wherein the step of preprocessing to obtain scale-adjusted
color and luminance images includes calculating a set of corresponding points in the color
and luminance images, extracting a single coordinate from each corresponding point and
using the single coordinate to estimate a scaling factor S between the color and luminance

images.
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14. The method of claim 13, wherein the extracted coordinate is Y and wherein the
scaling factor S is given by S = (Y2"W*Y2\Y2'*W*Y1, wherein Y1 is a vector of Y
coordinates of points taken from one image, Y2 is a vector of Y coordinates of points taken

from the other image, and W is a diagonal matrix which holds the absolute values of Y2.

15. The method of claim 14, further comprising the step of using scaling factor S to scale

one of the images to match the other image, thereby obtaining the registered images.

16. The method of claim 12, further comprising the step of optically stabilizing the

obtained color and luminance images.
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Title: DUAL APERTURE ZOOM DIGITAL CAMERA
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(57) Abstract: A dual-aperture zoom digital camera oper-
able in both still and video modes. The camera includes
Wide and Tele imaging sections with respective
lens/sensor combinations and image signal processors and
a camera controller operative!y coupled to the Wide and
Tele imaging sections. The Wide and Tele imaging sec-
tions provide respective image data. The controller is con-
figured to combine in still mode at least some of the Wide
and Tele image data to provide a fused output image from
a particular point of view, and to provide without fusion
continuous zoom video mode output images, each output
image having a given output resolution, wherein the video
mode output images are provided with a smooth transition
when switching between a lower zoom factor (ZF) value
and a higher ZF value or vice versa, and wherein at the
lower ZF the output resolution is determined by the Wide
sensor while at the higher ZF value the output resolution
is determined by the Tele sensor.
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DUAL APERTURE ZOOM DIGITAL CAMERA

CROSS REFERENCE TO RELATED APPLICATIONS

This application is related to and claims priority from US Provisional Patent
Application No. 61/834,486 having the same title and filed June 13, 2013, which is

incorporated herein by reference in its entirety.

FIELD

Embodiments disclosed herein relate in general to digital cameras and in particular to

thin zoom digital cameras with both still image and video capabilities

BACKGROUND

Digital camera modules are currently being incorporated into a variety of host devices.
Such host devices include cellular telephones, personal data assistants (PDAs), computers.
and so forth. Consumer demand for digital camera modules in host devices continues to grow.

Host device manufacturers prefer digital camera modaules to be small, so that they can
be incorporated into the host device without increasing its overall size. Further, there is an
increasing demand for such cameras to have higher-performance characteristics. One such
characteristic possessed by many higher-performance cameras (e.g., standalone digital still
cameras) is the ability to vary the focal length of the camera to increase and decrease the
magnification of the image. This ability, typically accomplished with a zoom lens, is known
as optical zooming. “Yoom™ is conunonly understood as a capability to provide different
magnifications of the same scene and/or object by changing the focal length of an optical
systen, with a higher level of zoom associated with greater magnification and a lower level of
zoom associated with lower magnification. Optical zooming is typically accomplished by
mechanically moving lens elements relative to each other. Such zoom lenses are typically
more expensive, larger and less reliable than fixed focal length lenses. An alternative
approach for approximating the zoom effect is achieved with what is known as digital
zooming. With digital zooming, instead of varying the focal length of the lens, a processor in
the camera crops the image and interpolates between the pixels of the captured image to

create a magnified but lower-resolution image.
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Attempts to use multi-aperture imaging systems to approximate the effect of a zoom
lens are known. A multi-aperture imaging system (implemented for example in a digital
camera) includes a plurality of optical sub-systems (also referred to as "sub-cameras"). Each
sub-camera includes one or more lenses and/or other optical elements which define an
aperture such that received electro-magnetic radiation s imaged by the optical sub-system and
a resulting image is directed towards a two-dimensional (2D) pixelated image sensor region.
The image sensor (or simply "sensor”) region is configured to receive the image and to
generate a set of image data based on the image. The digital camera may be aligned to receive
electromagnetic radiation associated with scenery having a given set of one or more objects.
The set of image data may be represented as digital image data, as well known in the art.
Hereinafter in this description, "image” "image data" and "digital image data” may be used
interchangeably. Also, "object” and "scene” may be used interchangeably.

Multi-aperture imaging systems and associated methods are described for example in
US Patent Publications No. 2008/0030592, 2010/0277619 and 2011/0064327. In US
2008/0030592, two sensors are operated simultaneously to capture an image imaged through
an associated lens. A sensor and its associated lens form a lens/sensor combination. The two
lenses have different focal lengths. Thus, even though each lens/sensor combination is
aligned to look in the same direction, each captures an image of the same subject but with two
different fields of view (FOVs). One sensor is commonly called “Wide” and the other “Tele”.
Each sensor provides a separate image, referred to respectively as “Wide” (or “W”) and
“Tele” (or “T) images. A W-image reflects a wider FOV and has lower resolation than the T-
image. The images are then stitched (fused) together to form a composite ('fused") image. In
the composite image, the central portion is formed by the relatively higher-resolution image
taken by the lens/sensor combination with the longer focal length, and the peripheral portion
is formed by a peripheral portion of the relatively lower-resolution image taken by the
lens/sensor combination with the shorter focal length. The user selects a desired amount of
zoom and the composite image 1s used to interpolate values from the chosen amount of zoom
to provide a respective zoom image. The solution offered by US 2008/0030592 requires, in
video mode, very large processing resources in addition to high frame rate requirements and
high power consumption (since both cameras are fully operational).

US 2010/0277619 teaches a camera with two lens/sensor combinations, the two lenses
having different focal lengths, so that the image from one of the combinations has a FOV
approximately 2-3 times greater than the image from the other combination. As a user of the

camera requests a given amount of zoom, the zoomed image is provided from the lens/sensor
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combination having a FOV that is next larger than the requested FOV. Thus, if the requested
FOV is less than the smaller FOV combination, the zoomed image is created from the image
captured by that combination, using cropping and interpolation if necessary. Similarly, if the
requested FOV is greater than the smaller FOV combination, the zoomed image is created
from the image captured by the other combination, using cropping and interpolation if
necessary. The solution offered by US 2010/0277619 leads to parallax artifacts when moving
to the Tele camera in video mode.

In both US 2008/0030592 and US 2010/0277619, different focal length systems cause
Tele and Wide matching FOVs to be exposed at different times using CMOS sensors. This
degrades the overall image quality. Different optical F numbers ("F#7) cause image intensity
differences. Working with such a dual sensor system requires double bandwidth support, i.c.
additional wires from the sensors to the following HW component. Neither US 2008/0030592
nor US 2010/0277619 deal with registration errors. Neither US 2008/000592 nor US
201070277619 refer to partial fusion, i.e. fusion of less than all the pixels of both Wide and
Tele images in still mode.

US 2011/0064327 discloses multi-aperture imaging systems and methods for image
data fusion that include providing first and second sets of image data corresponding to an
imaged first and second scene respectively. The scenes overlap at least partially in an overlap
region, defining a first collection of overlap image data as part of the first set of image data,
and a second collection of overlap image data as part of the second set of image data. The
second collection of overlap image data is represented as a plurality of image data sub-
cameras such that each of the sub-cameras is based on at least one characteristic of the second
collection, and each sub-camera spans the overlap region. A fused set of image data is
produced by an image processor, by modifying the first collection of overlap image data
based on at least a selected one of, but less than all of, the image data sub-cameras. The
systems and methods disclosed in this application deal solely with fused still images.

None of the known art references provide a thin (e.g. fitting in a cell-phone) dual-
aperture zoom digital camera with fixed focal length lenses, the camera configured to operate
in both still mode and video mode to provide still and video images. wherein the camera
configuration uses partial or full fusion to provide a fused image in still mode and does not
use any fusion to provide a continuous, smooth zoom in video mode.

Therefore there is a need for, and it would be advantageous to have thin digital
cameras with optical zoom operating in both video and still mode that do not suffer from

commonly encountered problems and disadvantages, some of which are listed above.
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SUMMARY

Embodiments disclosed herein teach the use of dual-aperture (also referred to as dual-
lens or two-sensor) optical zoom digital cameras. The cameras include two sub-cameras, a
Wide sub-camera and a Tele sub-camera, each sub-camera including a fixed focal length lens,
an image sensor and an image signal processor (ISP). The Tele sub-camera is the higher zoom
sub-camera and the Wide sub-camera is the lower zoom sub-camera. In some embodiments,
the lenses are thin lenses with short optical paths of less than about 9mm. In some
embodiments, the thickness/effective focal length (EFL) ratio of the Tele lens is smaller than
about 1. The image sensor may include two separate 2D pixelated sensors or a single
pixelated sensor divided into at least two areas. The digital camera can be operated in both
still and video modes. In still mode, zoom is achieved "with fuston” (full or partial), by fusing
W and T images, with the resulting fused image including always information from both W
and T images. Partial fusion may be achieved by not using fusion in image areas where the
Tele image is not focused. This advantageously reduces computational requirements {(e.g.
time).

In video mode, optical zoom is achieved "without fusion”, by switching between the
W and T images to shorten computational time requirements, thus enabling high video rate.
To avoid discontinuities in video mode, the switching includes applying additional processing
blocks, which include image scaling and shifting.

In order to reach optical zoom capabilities, a different magnification image of the
same scene is captured (grabbed) by each camera sub-camera, resulting in FOV overlap
between the two sub-cameras. Processing is applied on the two images to fuse and output one
fused image in still mode. The tused image is processed according to a user zoom factor
request. As part of the fusion procedure, up-sampling may be applied on one or both of the
grabbed images to scale it to the image grabbed by the Tele sub-camera or to a scale defined
by the user. The fusion or up-sampling may be applied to only some of the pixels of a sensor.
Down-sampling can be performed as well if the output resolution is smaller than the sensor
resolution. .

The cameras and associated methods disclosed herein address and correct many of the
problems and disadvantages of known dual-aperture optical zoom digital cameras. They
provide an overall zoom solution that refers to all aspects: optics, algorithmic processing and

system hardware (HW). The proposed solution distinguishes between video and still mode in
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the processing tlow and specifies the optical requirements and HW requirements. In addition,
it provides an innovative optical design that enables a low TTL/EFL ratio using a specific lens
curvature order.

Due to the large focal length, objects that are in front or behind the plane of focus
appear very blurry, and a nice foreground-to-background contrast is achieved. However, it is
difficult to create such a blur using a compact camera with a relatively short focal length and
small aperture size, such as a cell-phone camera. In some embodiments, a dual-aperture zoom
system: disclosed herein can be used to capture a shallow DOF photo (shallow compared with
a DOF of a Wide camera alone), by taking advantage of the longer focal length of the Tele
lens. The reduced DOF effect provided by the longer Tele focal length can be further
cnhanced in the final image by fusing data from an image captured simultancously with the
Wide lens. Depending on the distance to the object, with the Tele lens focused on a subject of
the photo, the Wide lens can be focused to a closer distance than the subject so that objects
behind the subject appear very blurry. Once the two images are captured. information from
the out-of-focus bhured background in the Wide image is fused with the original Tele image
background information, providing a blurrier background and even shallower DOF.

In an embodiment there is provided a zoom digital camera comprising a Wide imaging
section that includes a fixed focal length Wide lens with a Wide FOV, a Wide sensor and a
Wide image signal processor (ISP), the Wide imaging section operative to provide Wide
image data of an object or scene; a Tele imaging section that includes a fixed focal length
Tele lens with a Tele FOV that is narrower than the Wide FOV, a Tele sensor and a Tele ISP,
the Tele imaging section operative to provide Tele image data of the object or scene; and a
camera controller operatively coupled to the Wide and Tele imaging sections, the camera
controller configured to combine in still mode at least some of the Wide and Tele image data
to provide a fused output image of the object or scene from a particular point of view (POV),
and to provide without fusion continuous zoom video mode output images of the object or
scene, a camera controller operatively coupled to the Wide and Tele imaging sections, the
camera controller configured to combine in still mode at least some of the Wide and Tele
image data to provide a tused output image of the object or scene from a particular point of
view and to provide without fusion continuvous zoom video mode output images of the object
or scene, each output image having a respective output resolution, wherein the video output
images are provided with a smooth transition when switching between a lower zoom factor
(ZF) value and a higher ZF value or vice versa, wherein at the lower ZF value the output

resolution is determined by the Wide sensor, and wherein at the higher ZF value the output
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resolution is determined by the Tele sensor.

In an embodiment, the camera controller configuration to provide video output images
with a smooth transition when switching between a lower ZF value and a higher ZF value or
vice versa includes a configuration that uses at high ZF secondary information from the Wide
camera and uses at low ZF secondary information from the Tele camera. As used herein,
"secondary information" refers to white balance gain, exposure time, analog gain and color
correction matrix.

In a dual-aperture camera image plane. as seen by each sub-camera (and respective
image sensor). a given object will be shifted and have different perspective (shape). This is
referred to as point-of-view (POV). The system output image can have the shape and position
of cither sub-camera image or the shape or position of a combination thereof. If the output
image retains the Wide image shape then it has the Wide perspective POV. If it retains the
Wide camera position then it has the Wide position POV. The same applies for Tele images
position and perspective. As used in this description, the perspective POV may be of the Wide
or Tele sub-cameras, while the position POV may shift continuously between the Wide and
Tele sub-cameras. In fused images, it is possible to register Tele image pixels to a matching
pixel set within the Wide image pixels, in which case the output image will retain the Wide
POV (“Wide fusion™). Alternatively, it is possible to register Wide image pixels to a matching
pixel set within the Tele image pixels, in which case the output image will retain the Tele
POV (“Tele fusion™). It is also possible to perform the registration after either sub-camera
image is shifted. in which case the output image will retain the respective Wide or Tele
perspective POV.

In an embodiment there is provided a method for obtaining zoom images of an object
or scene in both still and video modes using a digital camera, the method comprising the steps
of providing in the digital camera a Wide imaging section having a Wide lens with a Wide
FOV, a Wide sensor and a Wide image signal processor (ISP), a Tele imaging section having
a fele lens with a Tele FOV that is narrower than the Wide FOV, a Tele sensor and a Tele
ISP, and a camera controller operatively coupled to the Wide and Tele imaging sections; and
configuring the camera controller to combine in still mode at least some of the Wide and Tele
image data to provide a fused output image of the object or scene from a particular point of
view, and to provide without fusion continuous zoom video mode output imnages of the object
or scene, each output image having a respective output resolution, wherein the video mode
output images are provided with a smooth transition when switching between a lower ZF

value and a higher ZF value or vice versa, and wherein at the lower ZF value the output

APPL-1002 / Page 111 of 624
APPLE INC. v. COREPHOTONICS LTD.



10

15

20

25

30

WO 2014/199338 PCT/1IB2014/062180

resolution is determined by the Wide sensor while at the higher ZF value the output resolution

is determined by the Tele sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting examples of embodiments disclosed herein are described below with
reference to figures attached hereto that are listed following this paragraph. The drawings and
descriptions are meant to illuminate and clarify embodiments disclosed herein, and should not
be considered limiting in any way.

FIG. 1A shows schematically a block diagram illustrating a dual-aperture zoom
imaging system disclosed herein;

FIG. 1B is a schematic mechanical diagram of the dual-aperture zoom imaging system
of FIG. 1A:

FIG. 2 shows an example of Wide sensor, Tele sensor and their respective FOVs;

FIG. 3 shows a schematically embodiment of CMOS sensor image grabbing vs. time;

FIG. 4 shows schematically a sensor time configaration which enables sharing one
sensor mterface using daal sensor zoom system;

FIG. 5 shows an embodiment of a method disclosed herein for acquiring a zoom
image in capture mode;

FIG. 6 shows an embodiment of a method disclosed herein for acquiring a zoom
image in video/preview mode;

FIG. 7 shows a graph illustrating an effective resolution zoom factor;

FIG. 8 shows one embodiment of a lens block in a thin camera disclosed herein;

FIG. 9 shows another embodiment of a lens block in a thin camera disclosed herein.

DETAILED DESCRIPTION

FIG. 1A shows schematically a block diagram illustrating an embodiment of a dual-
aperture zoom imaging system (also referred to simply as “digital camera” or "camera")
disclosed herein and numbered 100. Camera 100 comprises a Wide imaging section (“sub-
camera’”) that includes a Wide lens block 102, a Wide image sensor 104 and a Wide image
processor 106. Camera 100 further comprises a Tele imaging section (“sub-camera”) that
includes a Tele lens block 108, a Tele image sensor 110 and a Tele image processor 112, The

image sensors may be physically separate or may be part of a single larger image sensor. The
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Wide sensor pixel size can be equal to or different from the Tele sensor pixel size. Camera
100 further comprises a camera fusion processing core (also referred to as “controller”™) 114
that includes a sensor control module 116, a user conirol module 118, a video processing
module 126 and a capture processing module 128, all operationally coupled to sensor control
block 110. User control module 118 comprises an operational mode function 120, a region of
interest (ROI) function 122 and a zoom factor (ZF) function 124,

Sensor control module 116 is connected to the two sub-cameras and to the aser control
module 118 and used to choose, according to the zoom factor, which of the sensors is
operational and to control the exposure mechanism and the sensor readout. Mode choice
function 120 is used for choosing capture/video modes. ROI function 122 is used to choose a
region of interest. As used hercin, “ROI” is a user defined as a sub-region of the image that
may be exemplarily 4% or less of the image area. The ROl is the region on which both sub-
cameras are focused on. . Zoom factor function 124 is used to choose a zoom factor. Video
processing module 126 is connected to mode choice function 120 and used for video
processing. Still processing module 128 is connected to the mode choice function 120 and
used for high image quality still mode images. The video processing module is applied when
the user desires to shoot in video mode. The capture processing module is applied when the
user wishes to shoot still pictares.

FIG. 1B is a schematic mechanical diagram of the dual-aperture zoom imaging system
of FIG. 1A. Exemplary dimensions: Wide lens TTL = 4.2mm and EFL = 3.5mm; Tele lens
TTL = 6mm and EFL = 7 mm; both Wide and Tele sensors 1/3 inch. External dimensions of
Wide and Tele cameras: width (w} and length (1) = 8.5 mm and height (h) = 6.8 mm. Distance
"d" between camera centers = 10mm.

Following is a detailed description and examples of different methods of use of

camera 100,

Design for continuous and smooth zoom in video mode

In an embodiment, in order to reach high quality continuous and smooth optical
zooming in video camera mode while reaching real optical zoom using fixed focal length sub-

cameras, the system is designed according to the following rules (Equations 1-3):

Tan (FOVvyig.)/Tan (FOVyere) = PLwige/ PLyideo (1)

where Tan refers to “tangent”, while FOVwig. and FOV 1. refer respectively to the Wide and
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Tele lens fields of view (in degrees). As used herein, the FOV is measured from the center
axis to the corner of the sensor (i.e. half the angle of the normal definition). PLy;g. and PLjgeo
refer respectively to the “in-line” (i.e. in a line) number of Wide sensor pixels and in-line
number of output video format pixels. The ratio PLwig/PLgco is called an "oversampling
ratio”. For example, in order to get full and continuous optical zoom experience with a 12Mp
sensor (sensor dimensions 4000x3000) and a required 1080p (dimension 1920x1080) video
format, the FOV ratio should be 4000/1920=2.083. Morcover, if the Wide lens FOV is given
as FOVwige = 37.50, the required Tele lens FOV is 20.2° The zoom switching point is set
according to the ratio between sensor pixels in-line and the number of pixels in-line in the
video format and defined as:

Zswieh=PLwige/ PLuigeo (2)
Maximum optical zoom is reached according to the following formula:
Zmax= Tan (FOVwige /Tan (FOVee) * PLrete/ Plyideo 3

For example: for the configuration defined above and assuming PLy=4000 and PL.igo=
1920, Zmax=4.35.

In an embodiment, the sensor control module has a setting that depends on the Wide
and Tele FOVs and on a sensor oversampling ratio, the setting used in the configuration of
each sensor. For example, when using a 4000x3000 sensor and when outputting a 1920x1080
image, the oversampling ratio is 4000/1920=2.0833.

In an embodiment, the Wide and Tele FOVs and the oversampling ratio satisfy the

condition
0.8*PLwiae/ PLigeo < Tan (FOVwige)/Tan (FOVrae) <1.2¥PLwigo/ PLuvideo- €3]
Still mode operation/function

In still camera mode, the obtained image is fused from information obtained by both
sub-cameras at all zoom levels, see FIG. 2, which shows a Wide sensor 202 and a Tele sensor
204 and their respective FOVs. Exemplarily, as shown, the Tele sensor FOV is half the Wide
sensor FOV. The still camera mode processing includes two stages: (1) setting HW settings
and configuration, where a first objective is to control the sensors in such a way that matching
FOVs in both images (Tele and Wide) are scanned at the same time. A second objective is to

control the relative exposures according to the lens properties. A third objective is to
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minimize the required bandwidth from both sensors for the ISPs; and (2) image processing
that fuses the Wide and the Tele images to achieve optical zoom, improves SNR and provides
wide dynamic range.

FIG. 3 shows image line numbers vs. time for an image section captured by CMOS
sensors. A fused image is obtained by line (row) scans of each image. To prevent matching
FOVs in both sensors to be scanned at different times, a particular configuration is applied by
the camera controller on both image sensors while keeping the same frame rate. The
difference in FOV between the sensors determines the relationship between the rolling shutter
time and the vertical blanking time for each sensor. In the particular configuration, the
scanning is synchronized such that the same points of the object in each view are obtained
simultancously.

Specifically with reference to FIG. 3 and according to an embodiment of a method
disclosed herein, the configuration to synchronize the scanning includes: setting the Tele
sensor vertical blanking time VByqe to equal the Wide sensor vertical blanking time VBwige
plus half the Wide sensor rolling shutter time RSTwiq; setting the Tele and Wide sensor
exposure times ETye. and ETwige to be equal or different; setting the Tele sensor rolling
shutter time RSTrue to be 0.5%¥RSTwige: and setting the frame rates of the two sensors to be
equal. This procedure results in identical image pixels in the Tele and Wide sensor images
being exposed at the same time

In another embodiment, the camera controller synchronizes the Wide and Tele sensors
so that for both sensors the rolling shutter starts at the same time.

The exposure times applied to the two sensors could be different, for example in order
to reach same image intensity using different F# and different pixel size for the Tele and Wide
systems. In this case, the relative exposure time may be configured according to the formula

below:

ETlrae= ETwige (Fére/Fwiae) + (Pixel sizewio/Pixel sizeree) (3)

Other exposure time ratios may be applied to achieve wide dynamic range and improved
SNR. Fusing two images with different intensities will result in wide dynamic range image.

In more detail with reference to FIG. 3, in the first stage, after the user chooses a
required zoom factor ZF, the sensor control module contigures each sensor as follows:

1) Cropping index Wide sensor:

Y wide start = 1/2- PCyiae(1-1/ZF)

10
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Y wide eng = 1/2-PCwidge(1+1/ZF)
where PC is the number of pixels in a column, and Y is the row number
2) Cropping index Tele sensor:
If ZF> Tan (FOVwigTan (FOV ). then
Yorate star 1= 1/2-PCra(1-(1/ZF) - Tan (FOVree)Tan (FOVwig.))
Yrae end = 12 PCroe{ 1+(1/ZF) - Tan (FOVree)/Tan (FOVgiae))
If ZF < Tan (FOVwig.)/Tan (FOV ). then
Y vete san-= 0
Y rete end= PCrele

This will result in an exposure start time of the Tele sensor with a delay of {in numbers of

lines, relative to the Wide sensor start time):

(1-ZF/((Tan (FOVwig.)/Tan (FOVre))- 1/(2-FPS) (6)

where FPS is the sensor's frame per second configuration. In cases where ZF> Tan
(FOVwia.)/Tan (FOVree). no delay will be introduced between Tele and Wide exposwre
starting point. For example, for a case where Tan (FOVwig.)/Tan (FOVyg.)=2 and ZF=1, the
Tele image first pixel is exposed 1/4-(1/FPS) second after the Wide image first pixel was
exposed.

After applying the cropping according to the required zoom factor, the sensor rolling
shutter time and the vertical blank should be configured in order to satisfy the equation to

keep the same frame rate:

VBwidetRSTwige= VBreetRSTrae )

FIG. 3 exemplifies Eq. (7). One way to satisty Eq. (7) is to increase the RSTwige.
Controlling the RSTw.y. may be done by changing the horizontal blanking (HB) of the Wide
sensor. This will cause a delay between the data coming out from each row of the Wide
Sensor.

Generally, working with a dual-sensor system requires multiplying the bandwidth to
the following block, for example the ISP. For example, using 12Mp working at 30fps, 10bit
per pixel requires working at 3.6Gbit/sec. In this example. supporting this bandwidth requires

4 lanes from each sensor to the respective following ISP in the processing chain. Therefore,
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working with two sensors requires double bandwidth (7.2Gbit/sec) and 8 lanes connected to
the respective following blocks. The bandwidth can be reduced by configuring and
synchronizing the two sensors. Conscquently, the number of lanes can be half that of a
conventional configuration (3.6Gbit/sec).

FIG. 4 shows schematically a sensor time configuration that enables sharing one
sensor interface using a dual-sensor zoom system, while fulfilling the conditions in the
description of FIG. 3 above. For simplicity, assuming the Tele sensor image is magnified by a
factor of 2 compared with the Wide sensor image, the Wide sensor horizontal blanking time
HBwige 18 set to twice the Wide sensor line readout time. This causes a delay between output
Wide lines. This delay time matches exactly the time needed to output two lines from the Tele
sensor. After outputting two lines from the Tele sensor, the Tele sensor horizontal blanking
time HBr is set to be one Wide line readout time, so, while the Wide sensor outputs a row
from the sensor, no data is being output from the Tele sensor. For this example, every 3™ line
in the Tele sensor is delayed by an additional HByy. In this delay time, one line from the
Wide sensor is output from the dual-sensor system. After the sensor configuration stage, the
data is sent in parallel or by using multiplexing into the processing section.

FIG. 5 shows an embodiment of a method disclosed herein for acquiring a zoom
image in still mode. In ISP step 502, the data of each sensor is transferred to the respective
ISP component, which performs on the data various processes such as denoising,
demosaicing, sharpening, scaling, etc, as known in the art. After the processing in step 502,
all following actions are performed in capture processing core 128: in rectification step 504,
both Wide and Tele images are aligned to be on the epipolar line; in registration step 506,
mapping between the Wide and the Tele aligned images is performed to produce a registration
map; in resampling step 508, the Tele image is resampled according to the registration map,
resulting in a re-sampled Tele image; in decision step 510, the re-sampled Tele image and the
Wide image are processed to detect errors in the registration and to provide a decision output.
In more detail, in step 510, the re-sampled Tele image data is compared with the Wide image
data and if the comparison detects significant dissimilarities, an error is indicated. In this case,
the Wide pixel values are chosen to be used in the output image. Then, in fusion step 512, the
decision output, re-sampled Tele image and the Wide image are fused into a single zoom
image.

To reduce processing time and power, steps 506, 508, 510, 512 could be bypassed by
not fusing the images in non-focused areas. In this case, all steps specified above should be

applied on focused areas only. Since the Tele optical system will introduce shallower depth of
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field than the Wide optical system, defocused areas will suffer from lower contrast in the Tele

system.

Zoom-in and Zoom-out in stilli camera mode

We define the following: TFOV = tan (camera FOV/2). “Low ZF" refers to all ZF that
comply with ZF < Wide TFOV/Tele TFOV. “High ZF” refers to all ZF that comply with ZF >
Wide TFOV/Tele TFOV. “ZFT” refers to a ZF that complies with ZF = Wide TFOV/Tele
TFOV. In one embodiment, zoom-in and zoom-out in still mode is performed as follows:

Zoom-in: at low ZF up to slightly above ZFT, the output tmage is a digitally zoomed,
Wide fusion output. For the up-transfer ZF, the Tele image is shifted and corrected by global
registration (GR) to achieve smooth transition. Then, the output is transformed to a Tele
fusion output. For higher (than the up-transfer) ZF, the output is the Tele fusion output
digitally zoomed.

Zoom-out: at high ZF down to slightly below ZFT, the output image is a digitally
zoomed, Tele fusion output. For the down-transfer ZF, the Wide image is shifted and
corrected by GR to achieve smooth transition. Then, the output is transformed to a Wide
fusion output. For lower (than the down-transfer) ZF, the output is basically the down-transfer
ZF output digitally zoomed but with gradually smaller Wide shift correction, until for ZF=1
the output is the unchanged Wide camera output.

In another embodiment. zoom-in and zoom-out in still mode is performed as follows:

Zoom-in: at low ZF up to slightly above ZFT, the output image is a digitally zoomed.
Wide fusion output. For the up-transfer ZF and above, the output image is the Tele fusion
output.

Zoom-out: at high ZF down to slightly below ZFT, the output image is a digitally
zoomed, Tele fusion output. For the down-transfer ZF and below, the output image is the

Wide fusion output.

Yideo mode operation/function

Smooth transition

When a dual-aperture camera switches the camera oufput between sub-cameras or

points of view, a user will normally see a "jump" (discontingous) image change. However, a
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change in the zoom factor for the same camera and POV is viewed as a continuous change. A
“smooth transition” is a transition between cameras or POVs that minimizes the jump effect.
This may include matching the position, scale, brightness and color of the output image
before and after the transition. However, an entire image position matching between the sub-
camera outputs iS in many cases impossible, because parallax causes the position shift to be
dependent on the object distance. Therefore, in a smooth transition as disclosed herein, the
position matching is achicved only in the ROI region while scale brightness and color are

matched for the entire output image area.

Zoom-in and Zoom-out in video mode

In video mede, sensor oversampling is used to enable continuous and smooth zoom
experience. Processing is applied to eliminate the changes in the image during crossover from
one sub-camera to the other. Zoom from | to Zgien is performed using the Wide sensor only.
From Zyiwen and omn, it is performed mainly by the Tele sensor. To prevent “jumps” (roughness
in the image), switching to the Tele image is done using a zoom factor which is a bit higher
(Zewiren FAZ00OmM) than Zewien. AZ0OOM 18 determined according to the system's properties and is
different for cases where zoom-in is applied and cases where zoom-out is applied (AZoom;#
AZoonmgy). This is done to prevent residual jumps artifacts to be visible at a certain zoom
factor. The switching between sensors, for an increasing zoom and for decreasing zoom, is
done on a different zoom factor.

The zoom video mode operation includes two stages: (1) sensor control and
configuration, and (2) image processing. In the range from 1 t0 Zgyen. only the Wide sensor
is operational, hence, power can be supplied only to this sensor. Similar conditions hold for a
Wide AF mechanism. From ZgwienrtAZoom to Ziy.x only the Tele sensor is operational, hence,
power is supplied only to this sensor. Similarly, only the Tele sensor is operational and power
is supplied only to it for a Tele AF mechanism. Another option is that the Tele sensor is
operational and the Wide sensor is working in low frame rate. From Zgwiieh 10 Zgyirch+AZo0Om,
both sensors are operational.

Zoom-in: at low ZF up to slightly above ZFT, the output image is the digitally
zoomed, unchanged Wide camera output. For the up-transfer ZF. the output is a transformed
Tele sub-camera output, where the transformation is performed by a global registration (GR)
algorithm to achieve smooth transition. For higher (than the up-transfer), the output is the

transter ZF output digitally zoomed.

14

APPL-1002 / Page 119 of 624
APPLE INC. v. COREPHOTONICS LTD.



10

15

20

25

30

WO 2014/199338 PCT/1IB2014/062180

Zoom-out: at high ZF down to slightly below ZFT, the output image is the digitally
zoomed transformed Tele camera output. For the down-transfer ZF, the output is a shifted
Wide camera output, where the Wide shift correction is performed by the GR algorithm to
achieve smooth transition, i.e. with no jump in the ROI region. For lower (than the down-
transfer) ZF, the output is basically the down-transter ZF output digitally zoomed but with
gradually smaller Wide shift correction, until for ZF=1 the output is the unchanged Wide
camera output.

FIG. 6 shows an embodiment of a method disclosed herein for acquiring a zoom
image in video/preview mode for 3 different zoom factor (ZF) ranges: (a) ZF range = 1 :
Zoireny (b)Y ZF range = Zgwuch * Zswiten + AZoomy,: and (¢) Zoom factor range = Zgwien +
AZoomyy, : Ziy.. The description is with reference to a graph of effective resolution vs. zoom
value (FIG. 7). In step 602, sensor control module 116 chooses (directs) the sensor (Wide,
Tele or both) to be operational. Specifically, if the ZF range = 1:Zien module 116 directs the
Wide sensor to be operational and the Tele sensor to be non-operational. If the ZF range is
Zowiteh © Zswiten + AZoomy,, moduale 116 directs both sensors to be operational and the zoom
image is generated from the Wide sensor. If the ZF range IS Zgyiwen + AZOOMYy © Ziax, module
116 directs the Wide sensor to be non-operational and the Tele sensor to be operational, After
the sensor choice in step 602, all following actions are performed in video processing core
126. Optionally, in step 604, color balance is calculated if two images are provided by the
two sensors. Optionally yet, in step 606, the calculated color balance is applied in one of the
images (depending on the zoom factor). Further optionally, in step 608. registration is
pertformed between the Wide and Tele images to output a transformation coefficient. The
transformation coefficient can be used to set an AF position in step 610. In step 612, an output
of any of steps 602-608 is applied on one of the images (depending on the zoom factor) for
image signal processing that may include denoising. demosaicing. sharpening. scaling, etc. In
step 614, the processed image is resampled according to the transformation coefficient, the
requested ZF (obtained from zoom function 124) and the output video resolution (for example
1080p). To avoid a wansition point to be executed at the same ZF, AZoom can change while
zooming in and while zooming out. This will result in hysteresis in the sensor switching point.

In more detail, for ZF range | : Z.ien fOr ZF < Ziwuen, the Wide image data is
transferred to the ISP in step 612 and resampled in step 614. For ZF range = Zqwitch | Lswiteh +
AZoony,, both sensors are operational and the zoom image is generated from the Wide
sensor. The color balance is calculated for both images according to a given ROL In addition,

for a given RO, registration is performed between the Wide and Tele images to output a
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transtormation coetticient. The transformation coefficient is used to set an AF position. The
transformation coefficient includes the translation between matching points in the two images.
This translation can be measured in a number of pixels. Different translations will resuolt in a
different number of pixel movements between matching points in the images. This movement
can be translated into depth and the depth can be translated mto an AF position. This enables
to set the AF position by only analyzing two images (Wide & Tele). The result is fast
focusing.

Both color balance ratios and transformation coefficient are used in the ISP step. In
parallel, the Wide image is processed to provide a processed image, followed by resampling.
For ZF range = Zgyiteh + AZ0OMyy © Liyax  and for Zoom factor > Zgvieh, + AZooOmy,, the color
balance calculated previously is now applied on the Tele image. The Tele image data is
transferred to the ISP in step 612 and resampled in step 614. To eliminate crossover artifacts
and to enable smooth transition to the Tele image, the processed Tele image is resampled
according to the transformation coefficient, the requested ZF (obtained from zoom function
124) and the output video resolution (for example 1080p).

FIG. 7 shows the effective resolution as a function of the zoom factor for a zoom-in
case and for a a zoom-out case AZoomy, is set when we zoom in. and AZoOMmuows 15 Set when
we zoom out. Setting AZoomy, to be different from AZoomgew, will result in transition
between the sensors to be performed at different zoom factor (“hysteresis”) when zoom-in is
used and when zoom-out is used. This hysteresis phenomenon in the video mode results in

smooth continuous zoom experience.

Optical Design

Additional optical design considerations were taken into account to enable reaching
optical zoom resolution using small total track length (TTL). These considerations refer to the
Tele lens. In an embodiment, the camera is “thin” (see also FIG. 1B} in the sense that is has
an optical path of less than 9mm and a thickness/focal length (FP) ratio smaller than about
0.85. Exemplarily, as shown in FIG. 8, such a thin camera has a lens block that includes
{along an optical axis starting from an object) five lenses: a first lens element 802 with
positive power and two lenses 804 and 806 and with negative power, a fourth lens 808 with
positive power and a fifth lens 81¢ with negative power. In the embodiment of FIG. 8, the
EFL is 7 mm, the TTL is 4.7 mm, f = 6.12 and FOV = 20°. Thus the Tele lens TTL/EFL ratio
is smaller than 0.9. In other embodiments, the Tele lens TTL/EFL ratio may be smaller than 1.
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In another embodiment of a lens block in a thin camera, shown in FIG. 9, the camera
has a lens block that includes (along an optical axis starting from an object) a first lens
clement 902 with positive power a sccond lens element 904 with negative power, a third lens
element with positive power 906 and a fourth lens element with negative power 908, and a
fifth filed lens element 910 with positive or negative power. In this embodiment, { =7.14, F#
= 3.5, TTL = 5.8mm and FOV = 22.7".

In conclusion, dual aperture optical zoom digital cameras and associate methods
disclosed herein reduce the amount of processing resources, lower frame rate requirements,
reduce power consumption, remove parallax artifacts and provide continuous focus (or
provide loss of focus) when changing from Wide to Tele in video mode. They provide a
dramatic reduction of the disparity range and avoid false registration in capture mode. They
reduce image intensity differences and enable work with a single sensor bandwidth instead of
two, as in known cameras.

All patent applications mentioned in this specification are herein incorporated in their
entirety by reference into the specification, to the same extent as if each individual patent
application was specifically and individually indicated to be incorporated herein by reference.
In addition. citation or identification of any reference in this application shall not be construed
as an admission that such reference is available as prior art to the present disclosure.

While this disclosure has been described in terms of certain embodiments and
generally associated methods, alterations and permutations of the embodiments and methods
will be apparent to those skilled in the art. The disclosure is to be understood as not limited by

the specific embodiments described herein, but only by the scope of the appended claims.
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WHAT IS CLAIMED IS:

1. A zoom digital camera comprising:
a) a Wide imaging section that includes a fixed focal length Wide lens with a Wide field
of view (FOV), a Wide sensor and a Wide image signal processor (ISP). the Wide imaging
section operative to provide Wide image data of an object or scene;
b) a Tele imaging section that includes a fixed focal length Tele lens with a Tele FOV
that is parrower than the Wide FOV, a Tele sensor and a Tele ISP, the Tele irnaging section
operative to provide Tele image data of the object or scene; and
c) a camera controller operatively coupled to the Wide and Tele imaging sections, the
camera confroller configured to combine in still mode at least some of the Wide and Tele
image data to provide a fused output image of the object or scene from a particular point of
view and to provide without fusion continuous zoom video mode output images of the object
or scene, each output image having a respective output resolution;

wherein the video output images are provided with a smooth transition when
switching between a lower zoom factor (ZF) value and a higher ZF value or vice versa,
wherein at the lower ZF value the output resolution is determined by the Wide sensor, and

wherein at the higher ZF value the output resolution is determined by the Tele sensor.

2. The camera of claim 1, wherein the controller includes a user control module for
receiving user inputs and a sensor control module for configuring each sensor to acquire the

Wide and Tele image data based on the user inputs.

3. The camera of claim 2, wherein the user inputs include a zoom factor, a camera mode

and a region of interest (ROT).

4. The camera of claim 2, wherein the sensor control module has a setting that depends
on the Wide and Tele fields of view and on a sensor oversampling ratio, the setting used in

the configuration of each sensor.

5. The camera of claim 4, wherein the Wide and Tele FOVs and the sensor oversampling
ratio satisty the condition 0.8%PLwise/ PLludeo < Tan (FOVwiaeYTan (FOVre) <1.2*PLwiqe/
PLigeo, Wherein Plyiq. 1s an in-line number of Wide sensor pixels and wherein PLjge, 18 an

in-line number of output video format pixels.
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6. The camera of claim 1. wherein the Tele lens includes a ratio of total length

(TTL)/etfective focal length (EFL) smaller than 1.
7. The camera of claim 5 wherein each lens includes five lens clements.

8. The camera of claim 6, wherein the five elements have, in order [rom the object side,

positive-negative-negative-positive-negative powers.

9. The camera of claim 6, wherein the five elements have, in order from the object side,

positive-negative-positive-negative and positive or negative powers.

10. The camera of claim 1, wherein the camera controller contiguration to provide video
output images with a smooth transition when switching between a lower ZF value and a
higher ZF value or vice versa includes a configuration that uses information either from the

Wide sensor or from the Tele sensor.

11. The camera of claim 1,wherein the camera controller configuration to provide video
output images with a smooth transition when switching between a lower ZF value and a
higher ZF value or vice versa includes a configuration that uses at high ZF secondary
information from the Wide camera and uses at low ZF secondary information from the Tele

camera.

12. A method for obtaining zoom images of an object or scene in both still and video

modes using a digital camera, the method comprising the steps of:

a) providing in the digital camera a Wide imaging section having a Wide lens with a
‘ide field of view (FOV), a Wide sensor and a Wide image signal processor (ISP). a Tele

imaging section having a Tele lens with a Tele FOV that is narrower than the Wide FOV, a

Tele sensor and a Tele ISP, and a camera controller operatively coupled to the Wide and Tele

imaging sections; and

b) configuring the camera controller to combine in still mode at least some of the Wide

and Tele image data to provide a fused output image of the object or scene from a particular

point of view, and to provide without fusion continuous zoom videc mode output images of
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the object or scene, each output image having a respective output resolution, wherein the
video mode output images are provided with a smooth transition when switching between a
lower zoom factor (ZF) value and a higher ZF value or vice versa, and wherein at the lower
ZF value the output resolution is determined by the Wide sensor while at the higher ZF value

the output resolution 1s determined by the Tele sensor.

13. The method of claim 12. wherein the step of configuring the camera controller to
provide without fusion continuous zoom video mode output images of the object or scene
includes configuring each sensor with a setting that depends on the Wide and Tele FOVs and

on a sensor oversampling ratio.

14. The method of claim 13, wherein the Wide and Tele FOVs and the oversampling ratio
satisfy the condition 0.8¥PLwimp/ Pluigeo < Tan (FOVwige)/Tan (FOVree) <1.2%PLwide! Pluigea.
wherein PLwige is an inline number of Wide sensor pixels and PLyjg, is an in-line naumber of

output video format pixels.

15. The method of claim 12, wherein the step of configuring the camera controller to
provide without fusion continuous zoom video mode output images of the object or scene
includes performing a registration between the Wide and Tele images to output a
transformation coefficient and using the wansformation coefficient to set an autofocus

position.

16. The method of claim 12, wherein the smooth transition is obtained when zooming-in
by switching between a lower ZF factor and a higher ZF factor at a first ZF value, and is
obtained when zooming-out by switching between a higher ZF factor and a lower ZF factor at

a second ZF value different from the first ZF value.

17. The method of claim 12, wherein the step of configuring the camera controller to
combine in still mode at least some of the Wide and Tele image data to provide a fused output
image includes configuring the camera controller to combine Wide and Tele image data only

in focused areas.

18. The method of claim 12, wherein each lens has a different F number and wherein the

step of configuring the camera controller to combine in still mode at least some of the Wide
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and Tele image data to provide a fused output image includes configuring the camera

controller to set an exposure time based on a ratio of the different F numbers.

19. The method of claim 12, wherein the step of wherein the step of configuring the
camera controller to combine in still mode at least some of the Wide and Tele image data to
provide a fused output image includes configuring the camera controller to set two images

with different intensities to provide a wide dynamic range image.

20. The method of claim 12, wherein the step of configuring the camera controller to
combine in still mode at least some of the Wide and Tele image data to provide a fused output
image includes configuring the two sensors to obtain the fused image using a single sensor

bandwidth.

21. The method of claim 12, wherein the step of configuring the camera controller to
combine in still mode at least some of the Wide and Tele image data to provide a fused output
image includes configuring the camera controller to synchronize the Wide and Tele sensors to
force an overlap area in the object image to be exposed at the same time, wherein the
synchronizing includes:

i. setting a Tele sensor vertical blanking time VBrye to equal a Wide sensor

vertical blanking time VBwi« plus half a Wide sensor rolling shutter time RSTwige,

it setting respective Tele and Wide sensor exposure times ETrq. and ETwiqe to be

equal,

iii. setting a Tele sensor rolling shutter time RSTiee to be RSTwige/2, and

iv. setting frame rates of the two sensors to be equal.

22. The method of claim 12, wherein the step of configuring the camera controller to
combine in still mode at least some of the Wide and Tele image data to provide a fused output
image includes configuring the camera controller to synchronize the Wide and Tele sensors to

force the two sensors to start exposure at the same time.
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in particular miniature cell- phone and tablet cameras, in-
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along a first longitudinal axis, and a elongated second ferro-
magnetic member with a second longitudinal axis. The first
and second ferromagnetic members have respective first and

second operative surfaces and are aligned such that their lon-

gitudinal axes are parallel and such that respective operative

surfaces overlap each other across a gap. The two members

are mechanically coupled to respective frames. A frame
hinge connects the frames and enables a relative tilt motion
between the ferromagnetic members when current passes

through the coil. The tilt motion is convertible into a linear
displacement along an optical axis of an optical element
coupled to the actuator. Two actuators can be combined into
an assembly capable of providing double-axis tilt.
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ELECTROMAGNETIC ACTUATORS FOR DIGITAL CAMERAS

CROSS REFERENCE TO RELATED APPLICATIONS

This application is related to and claims priority from US Provisional Patent
Application No. 61/585,795 titled “Magnetic Actuator” and filed January 12, 2012,

which is incorporated herein by reference in its entirety.

FIELD

Embodiments disclosed herein relate in general electromagnetic (EM)
actuators having ferromagnetic members and conductive coils and more particularly

to EM actuators used in miniature cameras.

BACKGROUND

In its basic form, an electronic camera, such as digital still camera or a camera
embedded in a mobile (cell) phone or in a tablet computer includes two components:
(1) a lens module comprising a set of one or more plastic or glass lens elements and
used to create an optical image of the viewed scene, and (2) an image sensor (e.g.,
CMOS or CCD), which converts the optical image to the electronic domain, where the
image can be processed and stored. There are different types of electronic (or
digital) cameras ranging by application (e.g., regular SLR, camera-phone, automotive,
security and medical) and by functionality (e.g., with or without auto-focus). The
simplest cameras are those in which the lens module is fixed in position with respect
to the image sensor. These cameras are often called fixed-focus cameras, where the
camera is focused to a pre-determined distance. Objects that fall within the depth of
field of the camera can be captured sharply and those which fall beyond the depth of
field will be blurred. In more advanced cameras, the position of the lens module (or at
least one lens element in the lens module) can be changed by means of an actuator
and the focus distance can be changed in accordance with the captured object or
scene. In these cameras it is possible to capture objects from a very short distance

(e.g., 10cm) to infinity.
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Some advanced camera designs may include different groups of lenses that
can move with respect to each other and hence change the effective focal length of the
camera, which results in optical zoom capability. The trend in digital still cameras is
to increase the zooming capabilities (e.g. to 5x, 10x or more) and, in cellphone
cameras, to decrease the pixel size and increase the pixel count. These trends result in
greater sensitivity to hand-shake or in a need for longer exposure time. This has
created a need for optical image stabilization (OIS), which now appears in advanced
cameras. In OIS-enabled cameras, the lens or camera module can change its lateral
position or tilt angle in a fast manner to cancel the hand-shake during the image
capture.

In compact (miniature) camera modules, the most ubiquitous form of an
actuator is the Voice-Coil Motor (VCM), which includes a coil (wire turned on a
cylinder), fixed (or “permanent” or "hard") magnets and springs. When current is
driven through the coil, an electro-magnetic (EM) force is applied and the lens
module changes position. While the VCM is considered a mature technology, it is
costly, large in size, uses rare-earth magnets, is slow in operation and consumes high
power. Therefore, there is a need for, and it would be advantageous to have technical

advances which overcome the shortcomings of VCM and related technologies.

SUMMARY

In various embodiments, there are disclosed EM actuators which can be used
in digital (including cell-phone and tablet) cameras where at least one lens element in
a lens module and/ or an image sensor move to adjust camera focus, stabilize an
image, create a super-resolution effect or provide enhanced user experience.

Embodiments disclosed herein teach semi-planar geometry EM actuators for
miniature camera auto-focus (AF) and OIS, as well as for any other functionality that
can be obtained by tilting or moving a camera module or elements therewithin. The
actuator’s thickness may be less than half of its large dimension. The actuator moves
along the thickness axis. The actuation force is magnetic, using ferromagnetic
materials ("soft" magnets). The structure is inspired by the basic reluctance motor
scheme. Actuator structures disclosed herein are designed to reduce the magnetic
reluctance of the actuator and thereby provide a large EM force. Further, actuators

disclosed herein are designed to allow solely one dimensional (1D) tilt of parts within
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the actuator, thereby enabling accurate and smooth motion while avoiding jamming.
Assemblies of two such actuators allow 2D tilts.

In some embodiments, there is provided an EM actuator used to linearly move
an optical element along an optical axis, the actuator comprising: a first elongated
ferromagnetic member surrounded partially by a conductive coil, the first
ferromagnetic member having a first longitudinal axis and a first operative surface; a
second elongated ferromagnetic member having a second longitudinal axis parallel to
the first longitudinal axis and a second operative surface, the first and second
ferromagnetic members disposed such that a gap and an overlap are formed between
the first and second operative surfaces; and a frame hinge having a third longitudinal
axis parallel to the first and second longitudinal axes, the frame hinge used to enable
one ferromagnetic member to undergo a tilt motion relative to the other ferromagnetic
member when a magnetic force is generated by current in the coil, the tilt motion
convertible into a linear displacement of the optical element from a first position to a
second position.

In some embodiments, the operative surface includes two operative surface
sections disposed at two opposing ends of each ferromagnetic member.

In some embodiments, the movement between the first and second positions is
continuous and provides a third, intermediate position for the optical element.

In some embodiments, the first position corresponds to a maximal overlap and
the second position corresponds to a minimal overlap.

In some embodiments, each ferromagnetic member has an extension along its
respective longitudinal axis, the extension of the second ferromagnetic member being
greater than the extension of the first ferromagnetic member along the first
longitudinal axis, so that the first ferromagnetic member is configured for being at
least partially contained within the second ferromagnetic member.

In some embodiments, each ferromagnetic member is formed with two
operative surfaces spaced and facing away from one another so that when the first
ferromagnetic member is at least partially contained within the second ferromagnetic
member, the operative surfaces of the first ferromagnetic member face the operative
surfaces of the second ferromagnetic member.

In some embodiments, each operative surface is in the form of a fork having a
plurality of portions spaced apart by respective gaps, each portion being formed with

an operative sub-surface.
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In some embodiments, the gap and the overlap are formed between first and
second operative surface sections defined by flat planes perpendicular to an axis
originating at the hinge.

In some embodiments, the gap and the overlap are formed between first and
second operative surface sections defined by curved planes having a common radius
originating at the hinge.

In some embodiments, one ferromagnetic member is fixedly attached to a first
platform, the other ferromagnetic member is fixedly attached to a second platform,
and one of the two platforms is movable.

In some embodiments, the platforms are non-ferromagnetic.

In some embodiments, at least one platform is in the form of a frame.

In some embodiments, at least one of the first longitudinal axis and the second
longitudinal axis is oriented parallel to the frame.

In some embodiments, at least the movable platform is made of a flexible
material which is used to form the common hinge as an integral hinge.

In some embodiments, two actuators are combined to form an actuator
assembly which provides a double-axis tilt capability.

In some embodiments, an actuator assembly is configured for controlling
focus of the optical device

In some embodiments, an actuator assembly is configured for controlling
vibration compensation of the optical device.

In some embodiments, an actuator or actuator assembly are implemented in a
digital camera.

In some embodiments, the actuator has a height h and the digital camera has a

height H wherein H/h >3.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments are herein described, by way of example only, with
reference to the accompanying drawings, wherein:
FIG. 1 shows a known EM actuator in isometric and frontal views in: (A) a
relaxed (open) state and (B) a final (closed) operative state;
FIG. 2 shows an embodiment of an EM actuator disclosed herein in an

isometric view in: (A) a relaxed state and (B) an operative state;
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FIG. 3 shows another embodiment of an EM actuator disclosed herein in
isometric and frontal views in: (A) a relaxed state and (B) closed operative state;

FIG. 4 shows another embodiment of an EM actuator disclosed herein in
isometric and frontal views in: (A) a relaxed state and (B) closed operative state;

FIG. 5 shows yet another embodiment of an EM actuator disclosed herein in:
(A) isometric and side views of a relaxed state, (B) isometric and side views of a
closed operative state, and (C) side view of an intermediate operative state;

FIG.6 shows yet another embodiment of an EM actuator disclosed herein in:
(A) isometric and side views of a relaxed state and (B) isometric and side views of a
final operative state;

FIG. 7 shows yet another embodiment of an EM actuator disclosed herein in:
(A) isometric and side views of a relaxed state and (B) isometric and side views of a
final operative state;

FIG.8 shows isometric views of yet another embodiment of an EM actuator
disclosed herein in: (A) a relaxed state and (B) final operative state;

FIG. 9 shows isometric views of an embodiment of an EM actuator assembly
disclosed herein and capable of 0-¢ (double-axis) tilting in: (A) an open-open state;
(B) an open-closed state; (C) a closed-open state; (D) a closed-closed state;

FIG. 10 shows isometric views of another embodiment of an EM actuator
assembly disclosed herein and which can provide double-axis tilting in: (A) an open-
open state and (B) a closed-closed state;

FIG. 11 shows schematically an embodiment of a camera module which
includes an actuator assembly coupled to a lens module: (A) isometric view in a first
position, (B) isometric view in a second position, (C) a frontal view in the first
position, (D) a frontal view in the second position, (E) a flexible band coupling the
actuator assembly and the lens module in the first position, and (F) the flexible band
in the second position;

FIG. 12 shows results of a simulation related to the actuator of FIG. 6.

DETAILED DESCRIPTION

FIG. 1 shows a known EM actuator numbered 100 in isometric and frontal

views in: (A) a relaxed (open) state, and (B) a closed operative state. The frontal view

is along the -Z axis in an orthogonal X-Y-Z reference frame, which is used throughout
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the description below. Actuator 100 includes a first elongated ferromagnetic member
(also referred to as "core") 102 surrounded partially by a conductive coil 104 and a
second elongated ferromagnetic member 106. Core 102 and coil 104 form an
electromagnet. The core and coil are coaxial along a first longitudinal axis 108.
Member 106 is elongated along a second longitudinal axis 110 which is parallel to
axis 108. Core 102 has two end sections 112a and 112b which extend along axis 106
beyond the area covered by the coil. The core end sections are exemplarily similar.
End sections 112a and 112b have planar horizontal (X-Z) “operative” surfaces 114a
and 114b. Second ferromagnetic member 106 has two end sections 116a and 116b
with respective planar horizontal operative surfaces 118a and 118b which face
surfaces 114a and 114b across a gap 120 of size "d" and overlap over an area "A".
The operative surfaces are shown exemplarily as having rectangular shapes. Other
shapes are possible.

In an operative state, FIG. 1B, current applied to the coil develops an EM
force F in the Y direction. F is approximately proportional to A(IXN)*/ (B + d)* where
I is the current, N is the number of coil wire turns and B is a constant which depends
on the geometry and material of the device. The magnetic force pulls the two
ferromagnetic members toward each other, reducing the gap size and thereby
minimizing the magnetic reluctance. Evidently, when the gap is small, F is very large.
However, for larger gaps, e.g. gaps satisfying d > B, F decreases quickly as d
increases. A counterforce S may be provided by a spring 122. For a particular
current, an equilibrium formed between the EM force and the spring force leads to a
particular gap size. However, while F is approximately proportional to 1/d%, S
proportional to 1-d (i.e. is linear). The different dependencies on d lead to two major
problems: the range of significant EM force is small, and the gap can collapse.
Therefore, the use of such an actuator would be problematic in camera applications.

The problems mentioned may be somewhat alleviated by introducing a
ferromagnetic fluid to fill the gap. This can result in a significant reduction in the
constants A and C, which in turn reduces the maximal F (when d — 0) but increases
the usable gap (displacement) range.

FIG. 2 shows an embodiment of an EM actuator disclosed herein and
numbered 200 in an isometric view in: (A) a relaxed state, and (B) a closed operative
state. Also shown are details of a “gap and hinge” region. Actuator 200 comprises a

ferromagnetic frame 202 includes a U-shaped section 204 having an elongated base

APPL-1002 / Page 141 of 624
APPLE INC. v. COREPHOTONICS LTD.

PCT/1B2013/050130



WO 2013/105012

10

15

20

25

30

member 206 extending along a first longitudinal axis 208 and arms 210a and 210b.
Frame 202 further includes a second section 212 which includes arms 212a and 212b.
All arms have cross sections A (in essentially the X-Y plane). Arms 212a and 212b
are connected through an elongated ferromagnetic member (core) 214 surrounded
partially by a coil 216. Core 214 and coil 216 extend along a second longitudinal axis
218 which is parallel with axis 206. Arms 208a and 208b and 212a and 212b are
separated by respective V-shaped gaps 220a and 220b except at hinges 222a and
222b which extend along a third longitudinal axis 224, parallel to axes 206 and 218.
Each gap 220 is characterized by an angle 0 and a top opening of size d’. The gap
determines the reluctance of the magnetic circuit. The gap is shaped to allow a
relative tilt (pivoting) motion between sections 204 and 210 around hinges 222
through a tilt angle which can vary exemplarily between O degrees (for a relaxed or
“open” state) and 5 degrees for a closed (minimal reluctance) state. When current
passes through coil 216, a “folding” EM force develops in the frame such that
member 206 undergoes a displacement Ay in the Y direction relative to core 214
(FIG. 2B). Ay may be along an optical axis. The EM force F is approximately
proportional to A(IXN)”/ (B + d’)’. The material in the hinge region has elastic
properties and serves as a spring. This configuration has an advantage in that even if
the maximal d is small (which results in a high force) one can achieve a large lateral
movement of base member 204.

FIG. 3 shows another embodiment of an EM actuator numbered 300 in
isometric and frontal views in: (A) a relaxed (open) state, and (B) a closed operative
state. Actuator 300 comprises a U-shape structure with a first planar frame 302, a base
section 304, and a second planar frame 306. The two frames are non-ferromagnetic
and joined at a frame hinge 308, which may be integral to the structure (see below).
The base section and /or hinge material have elastic properties that enable them to act
as a spring. Frame 302 is stationary and has attached thereto a first elongated
ferromagnetic member (core) 310 surrounded partially by a conductive coil 312. The
core and coil extend and are coaxial along a first longitudinal axis 314. The core has
two end sections 310a and 310b which extend beyond the area covered by the coil.
End sections 310a and 310b have planar vertical (X-Y) operative surfaces 316a and
316b with an overlap depth S (in the Z direction). Exemplarily, S may be about 1 mm.
Frame 306 has attached thereto a second ferromagnetic member 318 which extends

along a second longitudinal axis 324 and has two end sections 318a and 318b. These
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end sections have respective planar vertical operative surfaces 320a and 320b.
Essentially, the extension of second ferromagnetic member 318 is greater than the
extension of first ferromagnetic member 310, so that the first ferromagnetic member
is configured for being at least partially contained within the second ferromagnetic
member. The pairs of vertical operative surfaces 316a and 320a and 316b and 320b
thus face each other across constant gaps 322 of size d.

Frame 306 is movable (can tilt or pivot) around frame hinge 308. Note that
hinge 308 (positioned here at ends of "arms" of the frames, arms which are
perpendicular to the ferromagnetic members) extends along a third longitudinal axis
326. Axis 326 is parallel to axes 314 and 324. An overlap area between operative
surfaces is defined by depth S multiplied by a displacement Ay in the Y direction, i.e.
by SAy. Ay may vary exemplarily between O and 500um. In a typical application
involving cameras, actuator 300 and others disclosed below may be connected to an
optical lens which will in turn undergo a similar displacement upon actuation.

Note that a U-shape shown is exemplary. Other shapes which allow a relative
tilt between two frames around a common frame hinge (such as a V-shape, an
intermediate shape between a U-shape and a V-shape, and more generally partially
curved frame shapes which keep the longitudinal axes of the two ferromagnetic
members parallel) may be used for purposes set forth herein. Also note that the use of
frames to support the ferromagnetic members and to provide the tilt movement
capability through their connection to a common hinge is exemplary, and that full
plates (see FIG. 10) or other types of platforms may replace the frames. Further note
that a hinge may be formed by local structural or mechanical changes in the same
material used for the frames. That is, a frame may be locally (in a narrow area around
the hinge longitudinal axis) thinned or its mechanical/elastic properties changed so
that it becomes more flexible in that area. Such a hinge is referred to as an "integral”
hinge.

All following actuator embodiments have first and second ferromagnetic
members and hinges with parallel longitudinal axes. Also, electromagnet core end
sections with operative surfaces extend beyond the coil in all embodiments.
Therefore, these facts are not described further but can be seen in the drawings.

A current applied to coil 308 develops an EM force F in the Y direction
approximately proportional to S(IXxN)*/ (B + d). The force causes the operative

surfaces to slide relative to each other, changing the overlap area but leaving d
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constant. The overlap is minimal in the relaxed (“open”) state, FIG. 3A, and, in an
operative state, increases with I to a maximal overlap (FIG. 3B) which represents a
“closed” state. To a first approximation, the EM force in this configuration depends
essentially only on the current (i.e. is independent of position). This provides easier
control of the position (actuation state) than for example in actuator 100.

FIG. 4 shows another embodiment of an EM actuator disclosed herein and
numbered 400 in isometric and frontal views in: (A) a relaxed (open) state, and (B) a
closed operative state. Actuator 400 is similar to actuator 300, i.e. it has exemplarily a
U-shape structure with a first fixed planar frame 402, a base section 404, and a second
movable planar frame 406. Frames 402 and 406 are joined at a common hinge 408.
Actuator 400 differs from actuator 300 in that a first elongated ferromagnetic member
410 has end sections 410a and 410b with “forked” vertical surfaces 414a and 414b.
End sections 416a and 416b in a second ferromagnetic member 416 have respective
forked vertical surfaces 418a and 418b. Each forked surface has two “prongs” (each
prong having an operative ‘“‘sub-surface”). Respective operative sub-surfaces of
opposite members (414 and 418) are separated by gaps of size d. Opposing (across
the gap) operative surfaces overlap over a depth S. For two-prong forks, the overlap
area between operative surfaces is 2SAy, i.e. double the one obtained with actuator
300. The fork geometry provides effectively two operative sub-surfaces for each
ferromagnetic member, and this allows having doubled force (and magnetic
reluctance) compared to that in actuator 300 for the same vertical displacement.

FIG. 5 shows yet another embodiment of an EM actuator disclosed herein and
numbered 500 in: (A) isometric and side views of a relaxed state, (B) isometric and
side views of a final operative state, and (C) a side view of an intermediate operative
state. In principle, actuator 500 is similar to actuators 300 and 400 in that it is based
on a framed structure capable of tilting around a hinge. However, in actuator 500, the
movable member includes the electromagnet, in contrast with actuators 300 and 400
in which the tilting member is the opposite ferromagnetic member. Also, operative
surfaces in actuator 500 (as well as others below) are in planes substantially parallel to
the longitudinal axes, in contrast with actuators 300 and 400, in which they are
substantially perpendicular to such axes. Actuator 500 includes exemplarily a U-shape
structure with a first frame 502, a base section 504 and a second planar frame 506.
The frames and base section are non-ferromagnetic. Frame 506 has attached thereto a

first surface of a non-ferromagnetic spacer 510. Spacer 510 has attached thereto at a
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second, opposite surface, two ferromagnetic arms 512a and 512b with respective
operative end surfaces 514a and 514b. Arms 512a and 512b are connected through
an elongated ferromagnetic member (core) 514 surrounded partially by a coil 516.
Frame 502 has attached thereto a vertical ferromagnetic member 518 (similar to
member 316 in FIG. 3) with two end sections 518a and 518b. End sections 518a and
518b have respective operating end surfaces 520a and 520b. Surfaces 520a and 520b
face respectively surfaces 514a and 514b across constant gaps of size d. Operative
surfaces 514a and 514b have a curvature with radius R, where R originates at
common hinge 508. Exemplarily, R is 3 mm. Operative surfaces 520a and 520b have
a matching curvature with respectively radii R and (R+d). Opposing (across the gap)
operative surfaces overlap over a depth S. A relative tilt movement between the
operative surfaces of opposing ferromagnetic members keeps the gap constant while
changing an overlap area.

As in actuator 300, a current applied to coil 516 develops an EM force which
depends essentially only on the current. The operative surfaces slide relative to each
other with a displacement Ay occurring in the Y direction. In some camera
embodiments, Ay may vary between O and 500um or between O and 1000um. In other
embodiments, Ay may vary between O and 1000pum. The displacement provides an
overlap area SAy. The overlap area is minimal in the relaxed state, FIG. 5A, and
increases in an operative state to a maximal overlap, FIG. 5B, which represents a
“closed state”.

FIG. 6 shows yet another embodiment of an EM actuator disclosed herein and
numbered 600 in: (A) isometric and side views of a relaxed state, and (B) isometric
and side views of a final operative state. Actuator 600 is shown with exemplary
dimensions of length L. of 3.5 mm, width W of 8mm, height h (along an optical axis)
of 2 mm, radius R of 3mm and a gap d of 15um for the position in which the
operative surfaces are parallel. In this embodiment, opposing operative surfaces
overlap over a depth S which is exemplarily 0.9 mm. Actuator 600 is similar to
actuator 500, except that operative surfaces 614 (on a moving ferromagnetic member
616) and operative surfaces 620 (on a stationary ferromagnetic member 618)
approximate flat planes instead of arcs. Surfaces 614 and 620 actually represent two
operative surfaces of the same ferromagnetic member, as in FIG. 5. In contrast with
gaps in actuator 500, the gap between opposing operative surfaces 614 and 620 is not

constant over the range of Ay displacements between a relaxed (open) state (FIG. 6A)

10

APPL-1002 / Page 145 of 624
APPLE INC. v. COREPHOTONICS LTD.

PCT/1B2013/050130



WO 2013/105012

10

15

20

25

30

and a fully operative (closed) state (FIG. 6C). Nevertheless, the change in gap width
is tolerable over an operating range of displacements (for example, d varies from a
minimum of 15um to a maximum of 25um).

FIG. 7 shows yet another embodiment of an EM actuator disclosed herein and
numbered 700 in: (A) isometric and side views of a relaxed state, and (B) isometric
and side views of a final operative state. Actuator 700 is similar to actuators 500 or
600 (i.e. it can have either flat or curved operative surfaces), except that its operative
surfaces 714 and 720 are forked as in actuator 300 (and thus provide similar sub-
surfaces). Its operation is similar to that of actuators 500 and 600, with the sub-
surfaces providing doubled force (and magnetic reluctance) compared to that in
actuators 500 or 600 for the same vertical displacement.

FIG. 8 shows isometric views of yet another embodiment of an EM actuator
disclosed herein and numbered 800 in: (A) a relaxed state and (B) a final operative
state. Actuator 800 is similar to previously described actuators disclosed herein,
having two frames 802 and 806 with respective arms 830a, 830b and 832a and 832b.
The frames are coupled at frame hinges 808 positioned at some point (e.g. centered)
along of the length of the arms. The ferromagnetic members (e.g. a first member 810
with surrounding coil 812 and a parallel second member 814) are perpendicular to the
arms. The displacement Ay depends on the hinge position and on the length of the
arms L. The frames can tilt around the hinges in a range of angles + 0 (exemplarily +
5 degrees).

FIG. 9 shows isometric views of an embodiment of an EM actuator assembly
numbered 900 and capable of 6-¢ (double-axis) tilting in: (A) an open-open state, (B)
an open-closed state, (C) a closed-open state, and (D) a closed-closed state. Assembly
900 includes two actuators 800 (numbered. 800' and 800'") arranged such that their
respective ferromagnetic members are orthogonal. This provides double-axis tilting.
One tilt motion (0) is around hinges 808’ and the other tilt motion () is around hinges
808”°. Each actuator can provide at least "end" two positions, i.e. "open" and "closed"
(as well as a range of intermediate positions).

FIG. 10 shows isometric views of another embodiment of an EM actuator
assembly numbered 1000 which can provide double-axis tilting in: (A) an open-open
state and (B) a closed-closed state. Assembly 1000 includes two actuators similar to
actuator 400 (numbered. 400' and 400'") coupled so as to provided 0-¢ (double-axis)

tilting. In contrast with the actuators in assembly 900, actuators 400' and 400" are
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arranges such that their ferromagnetic members are parallel. Note that here plates
1002 and 1004 are used instead of frames to support the ferromagnetic members. FIG.
10A shows the assembly in a relaxed state while FIG. 10B shows it in an operational
state. An optical element may be coupled to the assembly at points 1004 and 1006 and
each actuator may provide a different displacement Ay along axes 1008 and 1010
such that the result is tilt in two directions. Note that other actuators disclosed above
can be similarly combined into two-actuator assemblies.

Single actuators or actuator assemblies disclosed above can be used as drive
mechanisms in digital cameras, and in particular in small cameras like those in
cellphones. Assemblies such as 900 and 1000 can provide tilt movement of various
optical components. They can for example implement OIS by tilting an entire camera
module, and/or lateral movement of various components to implement camera Auto
Focus (AF) by changing a lens-to-sensor distance.

FIG. 11 shows schematically an embodiment of a camera module 1100 which
includes an actuator assembly coupled to a lens module 1101: (A) isometric view in a
first position, (B) isometric view in a second position, (C) a frontal view in the first
position, (D) a frontal view in the second position, (E) a flexible band 1102 coupling
the actuator assembly and the lens module in the first position, and (F) the flexible
band in the second position. The actuator assembly is similar to that in FIG. 10 in the
sense that two (first and second) actuators 1104° and 1104 have respective
electromagnets 1104a and 1104b arranged in parallel on opposite sides of the lens
module. Actuators 1104° and 1104” are exemplarily similar to actuator 600. The total
module height (along an optical axis) is indicated by “H” while “h” indicates an
actuator height (as in FIG. 6). Exemplarily, H/h > 3. Actuator 1104’ includes a first
ferromagnetic member 1106 and a second ferromagnetic member 1108 partly
surrounded coaxially by a coil 1110 and fixedly attached to flexible band 1102
through spacers 1114. Actuator 1104” includes a first ferromagnetic member 1116
and a second ferromagnetic member 1118 partly surrounded coaxially by a coil 1120
and fixedly attached to flexible band 1102. Flexible band 1102 may be made of a
flexible material (e.g. hard rubber) and provides two spring-like “integral hinges”
1102a and 1102b for each actuator. The ferromagnetic members and hinges have
parallel longitudinal axes. A lens barrel 1126 is fixedly attached to the band at two
opposite (along a barrel radius) lens holders (or “shoulders”) 1128. The band is

attached at four corners by spring sections 1129 to pillars 1124, which may be made
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of hard rubber or similar material. The pillars may tilt slightly to allow tilt by integral
hinges 1102. The two hinges allow both Y-displacement and tilt of the second
ferromagnetic members (in the electromagnet) of an actuator, as well as displacement
of the lens barrel along the Y axis and tilt of the lens barrel around the Z axis.

In use, when both actuators are operated to provide the same displacement, the
overlap between opposite operative surfaces of each actuator changes. Exemplarily, in
first position (A) shows no overlap between operative surfaces 1130 and 1132 while
second position (B) shows a maximal overlap between these surfaces. In the move
from the first to the second position, the band flexes around the two hinges, such that
it changes shape from a planar state (E) to a flexed state (F). Hinges 1102a are kept
stationary in the Y direction by the fixed attachment of the band to the pillars, but
allow tilt of the spacers (and of operative surfaces 1130). The two hinges 1102b and
the band section therebetween (attached to the lens holder) are therefore displaced
along the Y axis and tilting spacers 1114 as well as displacing the lens barrel along
the Y axis. The action just described can be used for miniature camera AF, with AF
functionality achieved without an increase of the camera module’s total height.

In an OIS application, an actuator assembly as described in FIGS. 9 or 10 is
placed under the camera module so that it can tilt the entire camera module and
achieve pitch and yaw correction. Alternatively (for one-axis tilt) this can be done by
providing a different displacement by each actuator in an actuator assembly such as
that of FIG. 11.

FIG. 12 shows results of a simulation related to the actuator of FIG. 6. The
figure shows the EM force as function of the position (and gap size) for N=580 and
illustrates that at least for certain currents (e.g. for 40 mA), the force is approximately
constant over a large part of an operating range of 500 pm.

While this disclosure has been described in terms of certain embodiments and
generally associated methods, alterations and permutations of the embodiments and
methods will be apparent to those skilled in the art. The disclosure is to be understood
as not limited by the specific embodiments described herein, but only by the scope of

the appended claims.
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CLAIMS

1. An electro-magnetic actuator used to provide a linear movement of an
optical element along an optical axis, the actuator comprising:

a) a first elongated ferromagnetic member surrounded partially by a conductive
coil, the first ferromagnetic member having a first longitudinal axis and a first
operative surface;

b) a second elongated ferromagnetic member having a second longitudinal axis
parallel to the first longitudinal axis and a second operative surface, the first and
second ferromagnetic members disposed such that a gap and an overlap are formed
between the first and second operative surfaces; and

c) a frame hinge having a third longitudinal axis parallel to the first and second
longitudinal axes, the frame hinge used to enable one ferromagnetic member to
undergo a linear tilt motion relative to the other ferromagnetic member when a
magnetic force is generated by current in the coil, the linear tilt motion convertible
into a linear displacement of the optical element from a first position to a second

position.

2. The actuator of claim 1, wherein each operative surface includes two operative

surface sections disposed at two opposing ends of each ferromagnetic member.

3. The actuator of claim 1, wherein the movement between the first and second
positions is continuous and provides a third, intermediate position for the optical

element.

4. The actuator of claim 1, wherein the first position corresponds to a maximal

overlap and wherein the second position corresponds to a minimal overlap.

5. The actuator of claim 1, wherein each ferromagnetic member has an extension
along its respective longitudinal axis, the extension of the second ferromagnetic
member being greater than the extension of the first ferromagnetic member along the
first longitudinal axis, so that the first ferromagnetic member is configured for being

at least partially contained within the second ferromagnetic member.
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6. The actuator of claim 5, wherein each ferromagnetic member is formed with
two operative surfaces spaced and facing away from one another so that when the first
ferromagnetic member is at least partially contained within the second ferromagnetic
member, the operative surfaces of the first ferromagnetic member face the operative

surfaces of the second ferromagnetic member.

7. The actuator of claim 6, wherein each operative surface is in the form of a fork
having a plurality of portions spaced apart by respective gaps, each portion being

formed with an operative sub-surface.

8. The actuator of claim 2, wherein the gap and the overlap are formed between
first and second operative surface sections defined by flat planes perpendicular to an

axis originating at the hinge.

9. The actuator of claim 2, wherein the gap and the overlap are formed between
first and second operative surface sections defined by curved planes having a common

radius originating at the hinge.

10. The actuator of any of claims 1 to 9, wherein one ferromagnetic member is
fixedly attached to a first platform, wherein the other ferromagnetic member is fixedly

attached to a second platform, and wherein one of the two platforms is movable.

11. The actuator of claim 10, wherein the platforms are non-ferromagnetic.

12. The actuator of claim 11, wherein at least one platform is in the form of a
frame.

13. The actuator of claim 12, wherein at least one of the first longitudinal axis and

the second longitudinal axis is oriented parallel to the frame.

14. The actuator of claim 13, wherein at least the movable platform is made of a

flexible material which is used to form the common hinge as an integral hinge.

15. The actuator of claim 10, wherein the displacement ranges between O and

approximately SO0um.
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16. The actuator of claim 10, wherein the tilt is in an angle between O and

approximately 5°.

17. The actuator of claim 10, wherein the optical element is a lens assembly.

18. The actuator of claim 10, combined with another such actuator to form an

actuator assembly which provides a double-axis tilt capability.

19. The actuator of claim 18, wherein the two actuators have first ferromagnetic

members and coils orthogonal to each other.

20. The actuator of claim 18, wherein the two actuators have first ferromagnetic

members and coils parallel to each other.

21. The actuator of claim 18, wherein the actuator assembly is configured for

controlling a focus of the optical device.

22. The actuator of claim 18, wherein the actuator assembly is configured for

controlling vibration compensation of the optical device.

23. The actuator of claim 10, implemented in a digital camera.

24. The actuator of any of claims 11-17, implemented in a digital camera.

25. The actuator of claim 18, implemented in a digital camera.

26. The actuator of claim 23, wherein the actuator has a height h, wherein the

digital camera has a height H, and wherein H/h >3.
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OPTICAL OBJECTIVE HAVING FIVE LENSES WITH FRONT FOCUSING

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U. S. Provisional Patent
Application Serial No. 61/550,789 entitled “OPTICAL SYSTEM WITH
MICROELECTROMECHANICAL SYSTEM IMAGE FOCUS ACTUATOR?” filed
October 24, 2011. The entirety of the above-noted application is incorporated by

reference herein.

TECHNICAL FIELD
[0002] The following relates generally to imaging optics, and more particularly
to a compact optical lens system with micro electromechanical system (MEMS) actuator

for focusing the optical lens system.

BACKGROUND
[0003] Applications for optics and optical devices have become numerous in
conjunction with advances in optical fabrication technology. One interesting
advancement in optical technology is fabrication of micro lenses, and other optical
components on a millimeter or micrometer scale, or less. Compared with traditional
optical elements typically on the scale of centimeters or larger, micro optics have made
optical systems compatible with smaller devices than traditional telescopes,
microscopes, cameras, and so on.
[0004] One mechanism facilitating the fabrication of micro optics is wafer-level
optics. Wafer-level optics is a fabrication technology that enables design and
manufacture of optical components using techniques similar to semiconductor
manufacturing. The technology is generally scalable with different size scales (e.g.,
millimeter, micrometer, etc.). Moreover, wafer-level optics can produce single-element
as well as multi-element optical structures, yielding precision aligned stacks of lens
elements. The end result of wafer-level optics provide cost effective, miniaturized
optical components that enable reduced form factor for optical systems. These optical
systems can be employed in a wide range of small or miniature devices, including

camera modules for mobile phones, surveillance equipment, miniature video cameras,
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and the like.

[0005] Although wafer-level optics is one relatively recent technology for
fabricating small optical components, some traditional fabrication techniques have been
adapted to small-scale optical fabrication as well. For instance, plastic fabrication
techniques including injection molding, and others can be employed for manufacturing
small-scale optical components. Further, glass fabrication techniques have been adapted
for miniaturized optical components, providing high quality optical surfaces for small-
scale devices.

[0006] In addition to optical elements, the miniaturization of digital imaging
sensors has also facilitated the continuing miniaturization of image capture and
recording devices. Improvements in image sensors have provided high resolution image
detectors utilizing micro-scale pixilation, and at high signal to noise ratio and
increasingly lower cost. In conjunction with micro optics, such as wafer-level optical
components, small, relatively inexpensive digital capture and recording devices can
match or exceed the capabilities of relatively expensive, yet very high quality camera
systems utilizing traditional optics of just a decade ago. Although quality is very high
for modern micro optical devices, one persistent limitation has been zoom capability for
miniature optical systems. One solution has been the introduction of digital zoom,
which sacrifices optical resolution to enlarge an image. For high resolution sensors, this
often provides a suitable alternative to traditional optical zoom capability. However,
optical zoom provides advantages that digital zoom cannot achieve.

[0007] For example, the inventors of the disclosed subject matter suggest it
would be desirable to have a miniature optical system with optical auto-focus capability.

Such an optical system that achieves close focus would be additionally desirable.

SUMMARY
[0008] The following presents a simplified summary of one or more aspects in
order to provide a basic understanding of such aspects. This summary is not an
extensive overview of all contemplated aspects, and is intended to neither identify key
or critical elements of all aspects nor delineate the scope of any or all aspects. Its sole
purpose is to present some concepts of one or more aspects in a simplified form as a
prelude to the more detailed description that is presented later.
[0009] Particular aspects of the subject disclosure provide a miniaturized optical

system. In some aspects, the miniaturized optical system can comprise an injection
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molded optical system. In further aspects, the miniaturized optical system can be an
auto-focus optical system comprising five optical components. In still other aspects, the
miniaturized optical system can be an auto-focus optical system employing a micro
electromechanical system (MEMS) actuator to achieve focusing of the optical system.
[0010] In one or more other aspects of the subject disclosure, provided is an
optical system that employs a MEMS actuator to achieve close focus. In one such
aspect, the close focus can comprise a substantially 10cm object distance. Further,
according to other aspects, the optical system can be configured to achieve close focus
and infinity focus by adjusting position of a subset of optical components of the optical
system. In particular aspects, the subset of optical components can comprise a single
optical component of the optical system. In at least one such aspect, the single optical
component can be a lens closest along an optical axis of the optical system to an object
being imaged by the optical system (referred to as an object-side lens). In such
aspect(s), the MEMS actuator can be configured to displace the object-side lens of the
optical system a first distance configured to focus an object at infinity onto an image
sensor associated with the optical system, and to displace the object-side lens a second
distance configured to focus a close object (e.g., an object substantially 10cm from the
object-side lens) onto the image sensor.

[0011] According to one or more additional aspects, an auto-focus optical
system disclosed herein can be configured to include an aperture stop. In a particular
aspect, the auto-focus optical system can comprise injection molded plastic lenses,
whereas in other aspects, the auto-focus optical system can comprise wafer-level optical
lenses, glass lenses, or a suitable combination thereof. In another aspect, the aperture
stop can be positioned on an object side of the object—side lens of the optical system. In
one alternative aspect, a MEMS actuator can be configured to move a subset of optical
components of the optical system to focus an object, while maintaining the aperture stop
in a fixed position along an optical axis of the optical system. In another alternative
aspect, the MEMS actuator can instead be configured to move both the subset of optical
components and the aperture stop relative to the optical axis, to focus the object.

[0012] According to still other aspects, disclosed is an auto-focus optical system
comprising a plurality of optical components. The plurality of optical components can,
in some such aspects, comprise an object-side lens providing a substantial amount of
optical power to the optical system. In at least one such aspect, the object-side lens can

comprise substantially half or greater than half of the combined focal length of the
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optical system. In another aspect, the object-side lens can comprise substantially three-
quarters or more of the combined focal length of the optical system. In a particular
aspect, a MEMS actuator is connected to the object-side lens, and is configured to
displace the object-side lens a first distance configured to focus an object at infinity, and
a second distance configured to focus an object close to the optical system. According
to one specific embodiment, a ratio of the focal length of the object-side lens and of a
combined focal length of the optical system can be a function of a difference in
magnitude of the first distance and the second distance along an optical axis of the
optical system.

[0013] According to additional aspects, the subject disclosure provides a micro-
optical system comprising five optical lenses. In one such aspect, an objective lens of
the five optical lenses can be configured to supply all positive refractive power of the
five optical lenses. In this aspect, the remaining four lenses have a combined net
negative refractive power. In at least one particular aspect, the remaining four lenses
can have respective negative refractive powers, with a combined net negative refractive
power. According to an alternative or additional aspect, a third lens of the five optical
lenses can a convex object side surface and a concave image side surface. As yet
another alternative or additional aspect, a spacing between a fourth of the five optical
lenses and a fifth of the five optical lenses can be a largest spacing between lenses of the
optical system. In another aspect, the micro-optical system can be an auto-focus system
in which a subset of the five optical lenses are movable along an optical axis to refine a
focus of the optical system. In one specific aspect, the subset of the five optical lenses
can comprise the objective lens, and the subset being movable by a MEMS actuator.
[0014] In further aspects of the subject disclosure, provided is a micro-optical
system comprising five optical lenses. The five optical lenses can be arranged into a
plurality of lens groups, each lens group comprising respective subsets of the five
optical lenses. Each group comprises inter-lens distances equal to or less than a
distance(s) between the plurality of optical groups. In a further aspect, each lens within
at least one of the plurality of lens groups comprises at least one optical surface having
both a concave portion and a convex portion. In a particular aspect, an effective focal
length of the micro-optical system varies in response to a change in position along an
optical axis of a first lens of the five optical lenses, and in an alternative or additional
aspect, a back focal length of the micro-optical system remains substantially the same in

response to the change in position along the optical axis of the first lens.
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[0015] To the accomplishment of the foregoing and related ends, the one or
more aspects comprise the features hereinafter fully described and particularly pointed
out in the claims. The following description and the annexed drawings set forth in
detail certain illustrative aspects of the one or more aspects. These aspects are
indicative, however, of but a few of the various ways in which the principles of various
aspects can be employed and the described aspects are intended to include all such

aspects and their equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] Figure 1 illustrates a diagram of an example optical imaging system
configured to focus a relatively close object, according to various aspects of the subject
disclosure.
[0017] Figure 2 illustrates a diagram of a sample optical imaging system
configured to focus an object substantially at infinity, according to other disclosed
aspects.
[0018] Figure 3 depicts a diagram of an example optical imaging system
comprising a plurality of injection molded optical components.
[0019] Figure 4 illustrates a diagram of example field curvature and distortion
graphs for a sample optical imaging system focusing a relatively close object.
[0020] Figure 5 illustrates a diagram of example field curvature and distortion
graphs for the sample optical imaging system of Figure 4, focusing an object
substantially at infinity.
[0021] Figure 6 depicts a diagram of a sample lateral color graph for an example
optical imaging system focusing a relatively close object, according to further aspects.
[0022] Figure 7 illustrates a diagram of a sample lateral color graph for the
example optical imaging system of Figure 6 focusing an object substantially at infinity,
according other aspects.
[0023] Figure 8 depicts a diagram of transverse ray fan plots for a disclosed
optical imaging system with an object focused at 10cm.
[0024] Figure 9 illustrates a diagram of transverse ray fan plots for the disclosed
optical imaging system of Figure 8, with an object focused substantially at infinity.
[0001] Figure 10 illustrates a cross-section of a sample optical system for

focusing an image of an object at 10cm according to aspects of the subject disclosure.
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[0002] Figure 11 illustrates a cross-section of a sample optical system for
focusing an image of an object at infinity according to aspects of the subject disclosure.
[0003] Figure 12 illustrates an example graph of field curvature and distortion
for an object at 10cm according to aspects of the subject disclosure.

[0004] Figure 13 illustrates an example graph of field curvature and distortion
for an object at infinity in other aspects of the subject disclosure.

[0005] Figure 14 illustrates an example graph of primary lateral color for an
object at 10cm according to an aspect(s).

[0006] Figure 15 illustrates an example graph of primary lateral color for an
object at infinity according to one or more other aspects.

[0007] Figure 16 illustrates an example transverse ray fan plot for various image
heights for an object at 10cm according to still other aspects.

[0025] Figure 17 illustrates an example transverse ray fan plot for various image
heights for an object at infinity according to at least one other aspect.

[0026] Figure 18 depicts a transverse ray fan plot for a range of field angles for
an example micro-optical system according to additional disclosed aspects.

[0027] Figure 19 illustrates a sample diagram of the micro-optical system of
Figure 18 including lenses and optical surfaces.

[0028] Figure 20 depicts an example graph of field curvature and distortion for
an object focused by the micro-optical system of Figure 18.

[0029] Figure 21 illustrates a sample graph of longitudinal aberration for a pupil
radius of 0.90 millimeters in an aspect.

[0030] Figure 22 depicts an example graph of lateral color for a disclosed micro-
optical system according to further aspects.

[0031] Figure 23 illustrates a transverse ray fan plot for a range of field angles
for a micro-optical system focused in the near-field according to disclosed aspects.
[0032] Figure 24 depicts a sample diagram of the micro-optical system of Figure
23 including lenses and optical surfaces.

[0033] Figure 25 illustrates an example diagram of field curvature and distortion
for a near-field object focused by the micro-optical system of Figure 23.

[0034] Figure 26 depicts a sample diagram of longitudinal aberration for pupil
radius of 0.90 millimeters for a disclosed micro-optical system, in an aspect.

[0035] Figure 27 illustrates an example diagram of lateral color for a disclosed

micro-optical system according to still other disclosed aspects.
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[0036] Figures 28 A, 28B, 28C and 28D illustrate diagrams of an example
micro-optical system focused at infinity according to further aspects, and related optical
performance graphs.

[0037] Figures 29A, 29B, 29C and 29D depict the micro-optical system of

Figure 28 focused in the near-field and related optical performance graphs.

DETAILED DESCRIPTION
[0038] Various aspects are now described with reference to the drawings,
wherein like reference numerals are used to refer to like elements throughout. In the
following description, for purposes of explanation, numerous specific details are set
forth in order to provide a thorough understanding of one or more aspects. It will be
evident, however, that such aspect(s) can be practiced without these specific details. In
other instances, well-known structures and devices are shown in block diagram form in
order to facilitate describing one or more aspects.
[0039] In addition, it should be apparent that the teaching herein can be
embodied in a wide variety of forms and that the specific structures or functions
disclosed herein are merely representative. Based on the teachings herein one skilled in
the art should appreciate that the disclosed aspects can be implemented independently of
other aspects, and that two or more of these aspects can be combined in various ways.
For example, an apparatus can be implemented and/or a method practiced using any
number of the aspects set forth herein. In addition, an apparatus can be implemented
and/or a method practiced using other structure and/or functionality in addition to or
other than one or more of the aspects set forth herein. As an example, many of the
apparatuses and lens systems disclosed herein are described in the context of providing
high resolution optical imaging via compact fixed position optical lens arrangements.
One skilled in the art should appreciate that similar techniques could apply to other
optical lens architectures. For example, the lens arrangements used herein may be used
in mechanical focus or auto-focus systems whereby the optical arrangement is
automatically or manually displaced relative to the image plane.
[0040] In at least one aspect of the subject disclosure, an optical imaging system
is provided. The optical imaging system can comprise a first group of lenses and a
second group of lenses. The optical imaging system can be focused by repositioning the
first group of lenses relative to the second group of lenses along an optical axis of the

optical imaging system. In at least one aspect of the subject disclosure, the second
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group of lenses includes an image sensor for the optical imaging system. In particular
aspects of the subject disclosure, the first group of lenses can comprise a single lens.
For instance, the single lens can include an object-side lens, which is an optical element
closes to an object side of the optical imaging system.

[0041] Referring now to the drawings, Figure 1 depicts a block diagram of an
example optical system 100 according to aspects of the subject disclosure. System 100
comprises an arrangement of optical elements 102 positioned transverse to an optical
axis 104. As utilized herein, an optical element refers to a single piece of refractive or
reflective material at least partially transparent to electromagnetic radiation at least
partially within the visible spectrum (e.g., including wavelengths approximately 400 to
700 nanometers [nm]). Examples of suitable material include ground and polished
glass, molded glass or glass formed from a replication molding process, wafer-level
optics (WLO), injection-molded plastic, etched micro optics formed on an optical
substrate, or the like. Additionally, an optical element will have at least one refractive or
reflective surface. One example of an optical element utilized herein is an optical lens.
An optical lens is an optical element comprising two opposing refractive surfaces, and
an edge between the opposing surfaces that defines an outer diameter (for a circular
lens) or perimeter of the lens, and an edge thickness of the lens. A typical arrangement
of optical lenses includes a series of lenses 102 at least generally transverse to an axis
(optical axis 104). It should be appreciated, however, that other possible arrangements
can exist consistent with the subject disclosure. A “lens component” is defined herein
as (A) a single lens element spaced so far from any adjacent lens element that the
spacing cannot be neglected in computing the image forming properties of the
respective lens elements, or (B) two or more lens elements that have adjacent lens
surfaces either in full overall contact or so close together that any spacing between the
adjacent lens surfaces are so small that the spacing(s) can be neglected in computing
image forming properties of the two or more lens elements. Thus, some lens elements
can also be lens components, and the terms “lens element” and “lens component”™ are
not mutually exclusive terms. In addition, it should be appreciated that the term “optical
component” is utilized herein to refer to a superset of items having significant properties
related to imaging optical systems, and includes optical elements such as lens elements
and lens components, as well as various optical stops including but not limited to
aperture stops, but can also include various other items such as a thin film, a bandpass

filter, a lowpass or highpass filter, a polarizing filter, a mirror, efc.
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[0042] Light entering the left side, or object side, of optical elements 102 can
interact sequentially with respective elements (102) and exit the right side, or image
side, of the elements 102, toward an optical sensor 106. It should be appreciated that
not all light interacting with the left side of the optical elements 102 will be transmitted
to the sensor 106; some light can be reflected off of respective elements (102), some
light can be scattered away from the optical axis 104 and absorbed (e.g., by an optical
stop — not depicted), and so forth. However, in general, the optical elements 102 will
receive light from an object on one side of the elements (e.g., the left side) and form a
real image of the object on an opposite side of the elements (e.g., on the right side). The
real image will be formed along the optical axis 104 a certain distance from the optical
elements 102, called an image distance (ID). Notably, the ID depends primarily on a
corresponding object distance (OD — distance between the object and the optical
elements 102 along the optical axis 104) and a refractive power, or optical power, of the
combined optical elements 102.

[0043] Sensor 106 can be a digital device comprising a multi-dimensional array
(e.g., atwo dimensional array) of electro-optical sensors, or pixels. Examples of such a
device can include a charge-coupled device (CCD) array, or a complementary metal-
oxide semiconductor (CMOS) array, or some other suitable array of optical sensors.
Each electro-optical sensor, or pixel, of such array is configured to output an electric
signal when irradiated with light. Furthermore, an amount of electric current for the
electric signal is directly related to energy density of light irradiating the pixel.
Accordingly, by collecting output current levels from each pixel of the array, sensor 106
can digitally reproduce a two dimensional radiant energy pattern of light irradiating the
sensor 106. Additionally, where the pixel surface or sensor plane of sensor 106 is
placed at the above-mentioned ID, the two dimensional radiant energy pattern that is
produced is that of a real optical image generated by optical elements 102. Accordingly,
sensor 106 can be utilized to digitally reproduce that image. Resolution of a digital
image generated by sensor 106 depends on a number of pixels within an active array of
sensor 106. In addition, optical system 100 can comprise a cover plate 108 between the
optical elements 102 and image sensor 106, as depicted by Figure 1.

[0044] As depicted by optical system 100, optical elements 102 can comprise
five optical lenses, including lens 1.1, lens 1.2, lens 1.3, lens 1.4 and lens L5, from the
object-side of optical elements 102 to an image-side of optical elements 102. As

depicted, lens L1 is a biconvex lens having positive optical power, having convex
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object-side and convex image-side surfaces, R1 and R2, respectively. Additionally, lens
L1 can have a relatively strong positive optical power, relative to lenses 1.2, 1.3, .4 and
L5. In at least one aspect, lens L1 can have a relatively strong positive optical power
relative to a combination of lenses 1.2, .3, .4 and 5. In a particular aspect, lens L1
can provide at least about half or more of the combined focal length of optical elements
102. In an alternative aspect, lens L1 can provide substantially about three-quarters or
more of the combined focal length of optical elements 102. In related aspects, the
optical power of the object-side lens (L1power) can be about 1.25x the combined optical
power of optical elements 102 (e.g., L1power < 1.25%(L1 power + L2power + L3power +
LApower + LSpower)- In a particular aspect, an aperture stop Al can be positioned at or in
front of an object-side of lens 1.1. Aperture stop Al is described in more detail below.
[0045] Lens L2 can have an overall negative optical power. Further, lens L2, in
one aspect, can have a mildly concave object-side surface R3. In an alternative aspect,
object-side surface R3 can be flat, with no optical power. As yet another alternative
aspect, object-side surface R3 can be mildly convex. An image-side surface R4 of lens
L2 can have concave curvature. Moreover, lens 1.2 can be configured to provide
chromatic aberration correction for optical system 100. In at least one aspect, lens L2
can provide a majority of chromatic aberration correction for optical system 100.
[0046] Lens L3 comprises an object-side surface RS and an image-side surface
R6. Object-side surface RS can be mildly concave, in particular aspects. Moreover,
image-side surface R6 can be convex. In a particular aspect, lens L3 can have a positive
optical power.

[0047] Lens L4 comprises an object-side surface R7 and an image-side surface
R8. Object-side surface R7 can have convex curvature near optical axis 104.
Moreover, in at least one aspect of the subject disclosure, object-side surface R7 can
transition to concave further from optical axis 104. Moreover, image-side surface R8
can be substantially flat with little or no optical power near optical axis 104, and
transition to convex curvature away from optical axis 104. In an alternative aspect,
image-side surface R8 can be convex near optical axis 104 having significant optical
power for low to mid field angles, as well as convex away from optical axis 104. In a
particular aspect, lens 1.4 can have positive power for low field angles (e.g., field angles
between zero and about 12 to 15 degrees). In another aspect, lens L4 can have small

positive, small negative, or substantially zero optical power for medium field angles
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(e.g., field angles between about 12 to 15 degrees and about 22 to 25 degrees). In yet
another aspect, lens 1.4 can have small positive, small negative, or substantially zero
optical power for for high field angles (e.g., field angles between about 22 to 25 degrees
and about 33 or more degrees, up to a maximum accepted field angle of optical system
100).

[0048] Lens L5 comprises an object-side surface R9 and an image-side surface
R10. Object-side surface R9 can have concave curvature for low and medium field
angles. In at least one aspect, object-side surface R9 can transition to mildly concave or
no curvature for high field angles. Image-side surface R10 can be concave near optical
axis 104. Moreover, image-side surface R10 can transition from concave to convex for
medium and high field angles, as depicted.

[0049] As depicted, optical elements 102 can have respective spaces (e.g., air
spacing) between respective lenses L1, 1.2, 1.3, 1.4 and L5. In at least one disclosed
embodiment, a first on-axis distance between lens L1 and 1.2 can be substantially small
compared with a third on-axis distance between lens 1.3 and lens L.4. In another
embodiment, the first on-axis distance can be substantially small compared to a second
on-axis distance between lens 1.2 and 1.3, and a fourth on-axis distance between lens 1.4
and L5, in addition to the third on-axis distance. In at least one embodiment, the
second, third and fourth on-axis distances can be substantially similar in magnitude, at
least in comparison with the first on-axis distance. In other embodiments, these
relations between the first, second, third and fourth on-axis distances need not exist.

For instance, other relationships between the first, second, third and fourth on-axis
distances may exist instead.

[0050] In at least one aspect of the subject disclosure, a MEMS actuator can be
connected at least to lens 1. The MEMS actuator can be configured to reposition lens
L1 along optical axis 104 to focus objects at different object distances. As one example,
the MEMS actuator can change the first distance between lens L1 and lens L2 to focus
objects at differing object distances. In at least one aspect, the MEMS actuator can
position lens L1 a distance Do 110 from lens L2 to focus onto sensor 106 an image of
an object that is substantially 10 centimeters (cm) from a position of aperture stop Al on
optical axis 104.

[0051] According to further aspects, aperture stop Al can be fixed relative to
optical axis 104. In another aspect, aperture stop Al can be fixed relative to a position

of lens L1. In the latter aspect, aperture stop Al can be moved by a MEMS actuator in
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conjunction with lens L1 when focusing an image of an object. According to still other
aspects, the MEMS actuator can be configured to move lens 1.1, either alone or in
conjunction with aperture stop Al, a total distance along optical axis 104. The total
distance can, in a particular aspect, at one end thereof focus an image of an object at
infinity, and at an opposite end thereof, focus an image of an object substantially at
10cm from aperture stop Al. As utilized herein, an object at infinity includes an object
distance that satisfies the paraxial approximation known in the art of optical imaging
science. The paraxial approximation, broadly stated, refers to an object at such a
distance that an angle - subtending a first optical ray that is parallel with optical axis 104
and a second optical ray that originates at a point on the object farthest from the optical
axis and passes through optical axis 104 at aperture stop Al — is substantially zero
degrees. In yet another aspect, lens L1 can have a focal length that is at least in part a
function of a magnitude of the total distance. In still other aspects, a ratio of the focal
length of lens L1 and a combined focal length of optical elements 102 can at least in
part be a function of the magnitude of the total distance.

[0052] Because the pixel array of sensor 106 generates an electronic
reproduction of a real image, data generated by sensor 106 (and other sensors disclosed
herein) in the form of electric signals can be saved to memory, projected to a display for
viewing (e.g., digital display screen), edited in software, and so on. Thus, at least one
application of optical system 100 is in conjunction with a digital camera or video
camera comprising a digital display. Furthermore, optical system 100 and other optical
systems included in the subject disclosure can be implemented in conjunction with a
camera module of an electronic device. Such an electronic device can include a wide
array of consumer, commercial or industrial devices. Examples include consumer
electronics, including a cell phone, smart phone, laptop computer, net-book, PDA,
computer monitor, television, flat-screen television, and so forth, surveillance or
monitoring equipment, including commercial equipment (e.g., ATM cameras, bank
teller window cameras, convenience store cameras, warchouse cameras and so on),
personal surveillance equipment (e.g., pen camera, eyeglass camera, button camera,
etc.), or industrial surveillance equipment (e.g., airfield cameras, freight yard cameras,
rail yard camera, and so on). For instance in consumer electronics, because optical
system 100 can comprise optical components having physical dimensions on the order
of a few millimeters or less, and because at least some of optical elements 102 can have

a fixed position, system 100 and other disclosed systems are well suited for various
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types of mini or micro camera modules. It is to be appreciated, however, that the
disclosed systems are not limited to this particular application; rather, other applications
known to those of skill in the art or made known by way of the context provided herein,
are included within the scope of the subject disclosure.

[0053] Figure 2 illustrates a diagram of an example optical imaging system 200
according to additional aspects of the subject disclosure. Optical imaging system 200
can comprise a set of optical elements 202 arranged transverse to an optical axis 204.
Furthermore, optical elements 202 can be configured to focus an image onto an image
plane 206 of an object located substantially at infinity from an aperture stop Al of
optical imaging system 200. In at least one aspect, optical elements 202 can be
substantially similar to optical elements 102 of Figure 1, supra, except for the first
distance between lens L1 and lens L.2. Particularly, this first distance in optical imaging
system 200 can be a distance Diemnry 210 configured to focus the object located
substantially at infinity, discussed above. Furthermore, as described at Figure 1, supra,
aperture stop Al can, in one aspect, be fixed in position relative to optical axis 204. In
an alternative aspect, aperture stop Al can be fixed in position relative to lens L1, and
move along optical axis 204 with lens L2.

[0054] It should be appreciated that surfaces R1 through R10 of lenses L1
through L5 of optical elements 102 and 202 (as well as other optical surfaces described
throughout the subject disclosure) can be of varying shapes. In one aspect, one or more
of the surfaces can be spherical surfaces. In other aspects, one or more of the surfaces
can be conic surfaces. In yet other aspects, one or more of the surfaces can be aspheric

surfaces, according to a suitable aspheric equation, such as the even aspheric equation:

CcYy? v ;
) Z:[{1+(1—(1+K)CZYZ)]/Z}]+Z(Ai *Y") | where z is the sag height (in

(1
mm) of a line drawn from a point on the aspheric lens surface at a radial distance, Y
from the optical axis to the tangential plane of the aspheric surface vertex, C is the
curvature of the aspheric lens surface on the optical axis, Y is the radial distance (in
mm) from the optical axis, K is the conic constant, and A;is the ith aspheric coefficient,
with the summation over even number i. However, these aspects are not to be construed
as limiting the scope of the subject disclosure. Rather, various surfaces can be odd

aspheric, or of an aspheric equation comprising even and odd coefficients.

[0055] Further to the above, it should be appreciated that lenses of optical

13

APPL-1002 / Page 177 of 624
APPLE INC. v. COREPHOTONICS LTD.



WO 2013/063097 PCT/US2012/061668

elements 102 and 202 (and optical lenses of various other optical systems provided
throughout the subject disclosure) can be made of various suitable types of transparent
material, and formed according to various suitable processes for generating an optical
quality surface. In one aspect, lenses L1 through L5 can be ground and polished glass,
where the glass is selected to have an index of refraction resulting in a desired effective
focal length for the combined lenses L1 through 5. In another aspect, the lenses can be
an optical-quality injected molded plastic (or plastic of optical quality formed by
another suitable method), wherein the plastic has an index of refraction suitable to
provide the desired effective focal length. In at least one other aspect, the lenses L1
through L5 can be etched from a transparent glass, crystalline or other suitable structure
(e.g., silicon dioxide — SiO, wafer) with a lithographic etching process similar to that
used to etch semiconductor chips (e.g., solid state memory chip, data processing chip).
In a particular aspect, optical elements 102 and optical elements 202 can be described

according to the optical prescription of Tables 1 — 9, below.

Parameter Description Value
Effective Focal Length (in air at system temperature and pressure) 4.131396
Effective Focal Length (in image space) 4.131396
Back Focal Length 0.349633
Total Track Length (TTL) 5.49089
Image Space F/# 2.293412
Paraxial Working F/# 2.44
Working F/# 2.857105
Image Space NA 0.1752143
Object Space NA 0.008991
Stop Radius 0.90071
Paraxial Image Height 2.956
Paraxial Magnification -0.04388
Entrance Pupil Diameter 1.801419
Entrance Pupil Position 0.18
Exit Pupil Diameter 1.236574
Exit Pupil Position -3.03634
Maximum Radial Field 2.956
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Lens Units Millimeters (mm)

Angular Magnification 1.183246

Table 1: General Optical Properties

Field # X-Value Y-Value Weight
1 0 0 1
2 0 0.571 1
3 0 1.142 1
4 0 1.714 1
5 0 2.285 1
6 0 2.57 1
7 0 2.856 0.2
8 0 2.956 0.2

Table 2: Field Type v. Real Image Height (in mm)

Field / # VDX VDY vex vey VAN
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 -0.04364 0.000234 0.043642 0
6 0 -0.081 0.001432 0.081006 0
7 0 -0.1227 0.004184 0.122713 0
8 0 -0.13916 0.006035 0.139171 0

Table 3: Vignetting Factors for Fields of Table 2

Wavelength # Value (in um) Weight
1 0.47 91
2 0.51 503
3 0.555 1000
4 0.61 503
5 0.65 107

Table 4: Wavelengths Used for Raytracing
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Surface Type Radius Thickness Material Diameter | Conic Notes
Object Standard Infinity 100 132.3188 0
1 Standard Infinity 0.18 2.036472 0
Stop Standard Infinity -0.1 1.85939 0
3 EvenAsph | 1.974507 | 0.637634 | APEL5514ML | 1.907153 0
4 EvenAsph | -13.5665 0.166808 1.939212 0
0 not
5 Standard Infinity | 0.049504 1.939212 vignetting
6 EvenAsph | 68.79989 | 0.528506 OKP4HT 1.951274 0
7 EvenAsph | 2.992822 | 0.247886 1.977445 0
0] Vignetting
8 Standard Infinity 0.09498 2 at 1.000
9 EvenAsph | 143.3822 | 0.902332 | APEL5514ML | 2.122436 0
10 EvenAsph | -24.6284 0.367969 2.741479 0
11 EvenAsph 1.97917 0.596974 | APEL5514ML | 3.225637 0
12 EvenAsph | 91.68886 | 0.360983 4127183 0
13 EvenAsph | -3.10061 0.382215 | APEL5514ML | 4.395569 0
14 EvenAsph | 3.497914 0.2251 4.876466 0
15 EvenAsph Infinity 0.3 N-BK7 5.271775 0
16 Standard Infinity 0.55 5.427336 0
Image Standard 0 0
Table 5: Surface Data Summary
Surface Parameter Description Value
R1 Even Asphere
Coefficientonr 2 0
Coefficientonr 4 -0.01328
Coefficientonr 6 0.020358
Coefficientonr 8 -0.03418
Coefficient on r 10 0.012665
Coefficientonr 12 0
Coefficientonr 14 0
Coefficientonr 16 0
R2 Even Asphere
Coefficienton r 2 o
Coefficient on r 4 -0.0043
Coefficientonr 6 0.001395
Coefficientonr 8 0.02717
Coefficient on r 10 0.022646
Coefficientonr 12 0
Coefficienton r 14 0
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Coefficientonr 16 0
R3 Even Asphere
Coefficienton r 2 0
Coefficienton r 4 0.01683
Coefficienton r 6 0.019474
Coefficientonr 8 003875
Coefficientonr 10 0.034171
Coefficientonr 12 o
Coefficient onr 14 0
Coefficientonr 16 0
R4 Even Asphere
Coefficientonr 2 0
Coefficient on r 4 -0.01678
Coefficientonr 6 0.057631
Coefficientonr 8 -0.06199
Coefficient onr 10 0.029185
Coefficientonr 12 0
Coefficient onr 14 0
Coefficientonr 16 0
R5 Even Asphere
Coefficientonr 2 0
Coefficienton r 4 0.07378
Coefficientonr 6 0.078871
Coefficientonr 8 -0.04834
Coefficient onr 10 0.007991
Coefficientonr 12 0
Coefficient onr 14 0
Coefficientonr 16 0
R6 Even Asphere
Coefficientonr 2 0
Coefficientonr 4 -0.20739
Coefficientonr 6 0.12971
Coefficienton r 8 -0.04163
Coefficient onr 10 0.00675 1
Coefficientonr 12 0
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Coefficient onr 14 0
Coefficient onr 16 0
R7 Even Asphere
Coefficienton r 2 0
Coefficienton r 4 T
Coefficienton r 6 0.019487
Coefficientonr 8 000924
Coefficientonr 10 0.001005
Coefficientonr 12 0
Coefficient onr 14 0
Coefficientonr 16 0
RS Even Asphere
Coefficienton r 2 0
Coefficienton r 4 0.054595
Coefficientonr 6 -0.04501
Coefficienton r 8 0.010689
Coefficient onr 10 -0.00087
Coefficient onr 12 0
Coefficient onr 14 0
Coefficientonr 16 0
RO Even Asphere
Coefficientonr 2 o
Coefficient on r 4 _0.01701
Coefficient on r 6 0.02087
Coefficientonr 8 -0.00363
Coefficient onr 10 0.000212
Coefficientonr 12 0
Coefficientonr 14 0
Coefficientonr 16 0
R10 Even Asphere
Coefficientonr 2 0
Coefficientonr 4 -0.07822
Coefficientonr 6 0.013989
Coefficienton r 8 -0.00152
Coefficienton r 10 6.37E-05
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Coefficientonr 12 0
Coefficientonr 14 0
Coefficientonr 16 0

Table 6: Surface Aspheric Coefficients

Surface Edge

Object 100
1 0.18

Stop 0.13436

3 0.361345
4 0.208736
5 0.052866
6 0.700429
7 0.0726
8 0.054707
9 0.625532
10 0.494114
11 0.625166
12 0.144313
13 0.505743
14 0.480978
15 0.3
16 0.55

Image 0

Table 7: Edge Thickness Data
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Temperature (Temp) in degrees Celsius and pressure (Press) in atmospheres
Surface | Material | Temp |Press 0.47 0.51 0.555 0.61 0.65
0 20 1 1 1 1 1
1 20 1 1 1 1 1
2 20 1 1 1 1 1
3 A::’4E'\I/_IES 20 1 1.552896 1.549574 1.546504 1.543579 1.541977
4 20 1 1 1 1 1
5 20 1 1 1 1 1
6 OKP4HT| 20 1 1.65642 1.646281 1.637383 1.62927 1.625419
7 20 1 1 1 1 1
8 20 1 1 1 1 1
o |APELSS| 20 | 1 | 1.552896 | 1549574 | 1546504 | 1.543579 | 1.541977
10 20 1 1 1 1 1
1 A-||D4E'\I/_IE5 20 1 1.552896 1.549574 1.546504 1.543579 1.541977
12 20 1 1 1 1 1
13 |APEL55|] 20 1 1.552896 | 1.549574 | 1.546504 1.543579 1.541977
19
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14 20 1 1 1 1 1
15 N-BK7 20 1 1.523605 1.520769 1.518274 1.515909 1.51452
16 20 1 1 1 1 1
17 20 1 1 1 1 1
Table 8: Index of Refraction Data
Wavelengths (um):
0.47 0.51 0.555
Number Field Tan Sag Tan Sag Tan Sag
(mm)
1 0 2.4569 2.4569 2.4571 2.4571 2.4591 2.4591
2 0.571 2.5045 2.4888 2.5043 2.4886 2.506 2.4902
3 1.142 2.5363 2.5666 2.5363 2.5654 2.538 2.5662
4 1.714 2.6412 2.6707 2.644 2.6687 2.6478 2.6688
5 2.285 3.1763 2.8179 3.1806 2.8155 3.1856 2.8152
6 2.57 3.6191 2.9098 3.6212 2.9074 3.6236 2.907
7 2.856 4.1799 3.0168 4.1688 3.0144 41575 3.014
8 2.956 4.4668 3.0594 4.4391 3.0571 4.4113 3.0567
Table 9: F/Number Data
Wavelengths (um)
0.61 0.6
Number Field Tan Sag Tan Sag
(mm)
1 0 2.4624 2.4624 2.4666 2.4666
2 0.571 2.509 2.4932 2.5132 2.4973
3 1.142 2.5408 2.5684 2.5444 2.5721
4 1.714 2.6522 2.6703 2.656 2.6736
5 2.285 3.1911 2.8164 3.1952 2.8194
6 2.57 3.6263 2.908 3.6281 2.911
7 2.856 4.1459 3.0151 4.1376 3.018
8 2.956 4.3835 3.0578 4.3641 3.0606
Table 9A: F/Number Data (Continued)
[0056] Table 1 provides general optical information for an embodiment of

optical imaging systems 100 and 200. Table 2 provides image heights in the y axis,

measured at the image sensor 106 or image sensor 206, for eight different optical fields,

and provides weights for the respective fields. Table 3 includes vignetting data for the

eight fields indicated in Table 2. Table 4 depicts wavelengths of respective rays traced
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in optical imaging systems 100 and 200, depicted at Figures 1 and 2. Table 5 provides a
summary of general optical surface characteristics for the lenses of optical elements 102
and optical elements 202, including surface type, radius of curvature, thickness, material
(from standard glass and plastic catalogues), diameter, conic constant, and notes
regarding vignetting. Table 6 describes even aspheric coefficients for the surfaces of
Table 5, whereas Table 7 provides edge thickness information for those surfaces. Table
8 provides index of refraction data for multiple wavelengths for the optical fields
identified at Table 2. Tables 9 and 9A provide F/# data for those same wavelengths and
optical fields.

[0057] Figure 3 illustrates a diagram of an example injection molded plastic
optical system 300 (also referred to as system 300) according to further aspects of the
subject disclosure. System 300 can be formed from multiple injection molded plastic
components. In one embodiment, two or more of lenses 1.1, 1.2, 1.3, 1.4 and L5 can be
formed from a single mold. In other embodiments, respective lenses can be formed
from separate molds and assembled, as depicted, after molding. In other aspects,
formation of lenses L1, 1.2, 1.3, .4 and L5 can result from another optical fabrication
technique, such as wafer-level optic fabrication. In at least one disclosed aspect, system
300 can be substantially similar to optical imaging system 100. In another aspect,
system 300 can be substantially similar to optical imaging system 200. According to yet
other aspects, system 300 can comprise MEMS hardware configured to displace lens L1
along optical axis 302 to achieve focusing at an image plane 304 of system 300. Ina
particular embodiment, system 300 can comprise lens surfaces R1 and R2 of lens L1,
surfaces R3 and R4 of lens 1.2, surfaces R5 and R6 of lens 1.3, surfaces R7 and R8 of
lens 1.4, and surfaces R9 and R10 of lens L5, that are substantially similar to surfaces
R1 — R10 described at Figure 1, supra.

[0058] Figure 4 illustrates a diagram of field curvature and F-Tan(Theta)
Distortion (referred to hereinafter as distortion) for an optical imaging system as
described herein. Particularly, Figure 4 illustrates field curvature and distortion for an
object distance of 10cm, which can correspond with optical imaging system 100 of
Figure 1, supra. The field curvature and distortion graphs utilize five wavelengths,
having wavelengths of 0.470, 0.510, 0.555, 0.610 and 0.650 pm, respectively, and have
a maximum field angle of 33.391 degrees. The left-hand graph depicts field curvature
in millimeters along a y-axis at an image plane of an optical imaging system. Field

curvature data is depicted for Sagittal rays (delineated as ‘S’ on Figure 4) and Tangential
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rays (delineated as “T” on Figure 4). As is clear from the graph, field curvature is
minimal for sagittal rays over most of the image plane, and field curvature is within a
few microns for tangential rays for most of the image plane, and several microns at the
outer edge of the image plane (high y values).

[0059] The distortion graph on the right hand side also includes curves for the
above five wavelengths. The distortion data is normalized to 0% at the optical axis.
Throughout the image plane, distortion is less than about 1.5%, and less than one
percent for low field angles.

[0060] Figure 5 depicts a diagram of field curvature and distortion for an
optical imaging system focusing an object at infinity. Thus, the graphs of Figure 5 can
correspond with optical imaging system 200 of Figure 2, supra. The field curvature and
distortion graphs of Figure 5 employ graphs for the same wavelengths as for Figure 4,
for a maximum field angle of 34.897 degrees. Field curvature includes lines for sagittal
rays (S) for the indicated wavelengths, as well as transverse rays ('T) for those same
wavelengths. As depicted, field curvature for an object in focus at 10cm is within about
+/- 50 microns.

[0061] Distortion at infinity varies a bit more than for the 10cm graph of Figure
4. Distortion is again normalized to 0% on the optical axis. The distortion ranges from
about a half percent at medium field angles to about negative one and a half percent at
the edge of the image plane. Total distortion for all field angles is about two percent.
[0062] Figure 6 illustrates a graph of primary lateral color for an optical imaging
system as described herein. Particularly, the primary lateral color graph of Figure 6 is
for an object in focus at 10cm object distance, and therefore can correspond with optical
imaging system 100 of Figure 1, supra. The maximum field for the primary lateral
color graph is 2.9560 mm, and ranges in wavelengths between 0.4700 and 0.6500 um.
As depicted, lateral color variation is well within a half a micron for small field angles,
varies to just over negative one microns for medium field angles, and becomes as large
as about negative one and a half microns for higher field angles. Overall distortion
remains below two microns for the image plane.

[0063] Figure 7 illustrates a graph of primary lateral color for an object in focus
at infinity. Accordingly, Figure 7 can correspond with optical imaging system 200 of
Figure 2, supra. Similar to Figure 6, the maximum field is 2.9560 mm for wavelengths
between 0.4700 and 0.6500 um. For low and medium field angles, primary lateral color

remains at or below about one half a micron. Only at larger field angles does the
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primary lateral color exceed half a micron, reaching a peak at just over about two
microns at an edge of the image plane.

[0064] Figure § illustrates several transverse ray fan plots at an image plane of
an optical imaging system described herein. Particularly, the transverse ray fan plots of
Figure 8 correspond with an object in focus at 10cm object distance, and therefore can
correspond with optical imaging system 100 of Figure 1, supra. The transverse ray fan
plots depict transverse ray error (ey) along a vertical axis, and pupil diameter (Py) along
the horizontal axis, for various image heights. Flatter plots indicate optimal
performance and minimal error, whereas greater deviations along the vertical axis
indicate greater transverse ray error. As is depicted by Figure 8, transverse ray error is
minimal for near the optical axis (small image height), and generally increases with
image height. The scale ranges from positive 25 microns to negative 25 microns along
the x and y axis, respectively. The transverse ray fan plots include wavelengths between
0.470 and 0.650 wavelengths.

[0065] Figure 9 depicts several transverse ray fan plots for an object in focus at
infinity, and therefore can correspond with optical imaging system 200 of Figure 2,
supra. Similar to Figure 8, the plots exhibit minimal error near the optical axis, and
generally low error for small pupil diameters at all field angles. At higher field angles
and particularly higher pupil diameters, the transverse ray error increases. Generally,
transverse ray error for the object at infinity is less than for the object at 10cm.

[0066] Referring now to the drawings, Figure 10 depicts a cross sectional view
of an optical system 1000 for an object at 10cm comprising an arrangement of optical
elements 1002 positioned in a like manner relative to an optical axis 1004. Light
entering the left side, or object side, of optical elements 1002 can interact sequentially
with respective elements 1002 and exit the right side, or image side, of the elements
1002, toward an image sensor 1006. The real image will be formed along the optical
axis 1004 a certain distance from the optical elements 1002, called an image distance
(ID). Notably, the ID depends primarily on a corresponding object distance (OD —
distance between the object and the optical elements 1002 along the optical axis 1004)
and a refractive power, or optical power, of the combined optical elements 102.

[0067] Sensor 1006 can be a digital device comprising a multi-dimensional
array (e.g., a two dimensional array) of electro-optical sensors, or pixels, which can
include a CCD array, or a CMOS array, efc. Resolution of a digital image generated by

sensor 1006 depends on a number of pixels within the sensor plane array 1008, which in
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turn is dependent on pixel area and total array area. Thus, for example, for relatively
square pixels approximately 1.4 microns per side (1.96 square microns), a 0.4 cm square
sensor array can comprise as many as 8.1 megapixels (Mp). Said differently, such a
sensor would have resolution of about 8Mp. Because the pixel array generates an
electronic reproduction of a real image, data generated by sensor 1006 in the form of
electric signals can be saved to memory, projected to a display for viewing (e.g., digital
display screen), edited in software, and so on.

[0068] It should be appreciated that the optical imaging arrangement 1000
depicted in Figure 10 (and other optical imaging systems disclosed herein) is not
intended to be drawn to scale. For instance, lens thicknesses, positions and heights are
not necessarily depicted in proper proportion with actual sizes. Rather, arrangement
1002 is intended to provide a visual context of an imaging system to aid conceptual
understanding of other aspects disclosed herein.

[0069] Optical system 1000 comprises a first lens L1, a second lens 1.2, a third
lens 1.3, a fourth lens 1.4, and a fifth lens L5 centered upon an optical axis 104. The
lenses are numbered starting from the object side to the image side. Thus, lens L1 is
closest to the object, and lens LS5 is closest to the image. Aperture Al can be embedded
into lens L.1, or can be fixed to L1 physically. Accordingly, in this embodiment,
aperture A1l does not move relative to lens LL1. In certain aspects of the disclosure, the
aperture Al can have a S0um depth.

[0070] Lenses L1 through L5 each have two opposed refracting surfaces. A
radius of curvature for the respective surfaces is denoted by the letter “R” followed by a
surface number, starting with the object side surface of lens L1. Thus, the surfaces in
order from object side to image side are object side surface R1 and image side surface
R2 of lens L1, object side surface R3 and image side surface R4 of lens 1.2, object side
surface RS and image side surface R6 of lens L3, object side surface R7 and image side
surface R8 of lens 1.4, and object side surface R9 and image side surface R10 of lens
L5. The respective surface identifiers (R1, R2, R3, ..., R10) are also utilized to
represent the radius of curvature for the respective surfaces. Additionally, refractive
index n; denotes the refractive index of the lens medium associated with the it surface,
and v_di is the Abbe number of the lens medium associated with the i surface.

[0071] Lens L1 can have a large positive refractive power, with both optical
surfaces, R1 and R2, being convex. As utilized herein, the terms large or small

refractive power (whether positive or negative) are intended to be relative to other
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lenses of a particular optical system. Thus, for instance, referring to lens L1 as having
large positive refractive power implies that lens 1.1 has greater than average positive
refractive power as compared with other positive power lenses of optical system 1000.
Conversely, a lens having small positive refractive power for optical system 1000 will
have less than the average positive refractive power.

[0072] In an embodiment, 1.1 can be moveable relative to lenses 1.2-1.5 and the
sensor plane 1008. Movement can be achieved using MEMS or other appropriate
actuators. In this embodiment, L.2-L5 remain fixed relative to the image sensor plane
1008 and image sensor 1006. In some aspects of the disclosure, the range of movement
of L1 is around 100um. The movement of L1 allows optical system 1000 to maintain
focus on objects at various distances. In Figure 10, the optical system 1000 is focused
on an object at a distance of 10cm from the optical system. In Figure 2, the optical
system 1100 is focused on an object at optical infinity.

[0073] In certain embodiments, there is an inverse relationship between the
refractive power of L1 and the range of motion required to focus on objects at various
distances. An L1 with a higher power requires a shorter range of movement to focus on
objects at various distances and vice versa. According to some aspects of the disclosure,
the axial gap, or distance between lenses L1 and L2 at the optical axis is around 125um,
with a gap of about 170 um at the clear aperture.

[0074] L2 can have a meniscus shape (having smaller thickness near the optical
axis than away from the optical axis), with optical surface R3 being convex, and optical
surface R4 being concave. In some aspects of the disclosure, lens L2 provides most of
the chromatic correction for optical system 1000 and has negative refractive power.
Lens 1.3 can be biconvex near the optical axis 1004 as optical surface R5 is convex near
the optical axis 1004 and concave away from the optical axis 1004 and image side
optical surface R6 is convex. According to some aspects of the disclosure, lens L3 can
have a positive refractive power. In certain embodiments, L2 can be mounted on to L3,
such that 1.2 is fixed to 1.3, and L.2 does not touch an optical barrel that arranges lenses
L1 — L5 of optical system 1000 along optical axis 1004.

[0075] Lens L4 has a concave object side optical surface R7, and a convex
shaped image side optical surface R8. Lens L5 can be meniscus shaped with a convex
optical surface R9 near optical axis 1004 and optical surface R10 that is concave near

the optical axis 104.
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[0076] It should be appreciated that surfaces R1-R10 (as well as other optical
surfaces described throughout the subject disclosure, including optical surfaces for
system 200 can be of varying shapes. In one aspect, one or more of the surfaces can be
spherical surfaces. In other aspects, one or more of the surfaces can be conic surfaces.
In yet other aspects, one or more of the surfaces can be aspheric surfaces, according to a
suitable aspheric equation, such as the even aspheric equation:

cy?
1+a-a+K)Cr?)"?

[0077] 1) z=I[ 1+ Z(Ai *y'), where z is the sag

height (in mm) of a line drawn from a point on the aspheric lens surface at a radial
distance, Y from the optical axis to the tangential plane of the aspheric surface vertex, C
is the curvature of the aspheric lens surface on the optical axis, Y is the radial distance
(in mm) from the optical axis, K is the conic constant, and A;is the ith aspheric
coefficient, with the summation over even number i. However, these aspects are not to
be construed as limiting the scope of the subject disclosure. Rather, various surfaces
can be odd aspheric, or of an aspheric equation comprising even and odd coefficients.
[0078] Further to the above, it should be appreciated that lenses L1-L5 of optical
system 1000 (and the optical lenses of optical system 1100) can be made of various
suitable types of transparent material, formed according to various suitable processes for
generating an optical quality surface. In one aspect, the lenses 1.1-L.5 can be ground and
polished glass, where the glass is selected to have an index of refraction resulting in a
desired effective focal length for the combined lenses L1-L5. In another aspect, the
lenses can be an optical-quality injected molded plastic (or plastic of optical quality
formed by another suitable method), wherein the plastic has an index of refraction
suitable to provide the desired effective focal length. In at least one other aspect, the
lenses L1-L5 can be etched from a transparent glass, crystalline or other suitable
structure (e.g., silicon dioxide — SiO, wafer) with a lithographic etching process similar
to that used to etch semiconductor chips (e.g., solid state memory chip, data processing
chip).

[0079] According to various aspects, the lenses 1.1, 1.2, 1.3, 1.4 and L5 can be
made of plastic (e.g., APL5014, OKP4HT, or ZE-330R or another suitable plastic
having similar refractive index and Abbe number, or a suitable combination thereof). In
one specific aspect, lenses L1, 1.3, and L5 are made of one plastic (e.g., APL5014) while
lenses L2 and L4 are made of different plastics (e.g., OKP4HT and ZE-330R
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respectively). It should be appreciated, however, that in other aspects the lenses can be
of other materials having similar Abbe numbers or refractive indices instead.

[0080] Turning now to Figure 11, a cross-section of a sample optical system
focused at infinity according to aspects of the subject disclosure is shown. The optical
system 1100 of Figure 11 is similar to optical system 100, although optical system 1100
is focused on an object at infinity as opposed to at 10 cm. A difference between optical
system 1100 and optical system 1000 is that .1 is positioned at a different distance from
the sensor 1106 relative to lenses L.2-L5.

[0081] According to one specific aspect of the subject disclosure, a prescription
for the respective lenses 1.1, 1.2, 1.3, .4 and L5 is provided in Tables 10-13, below.
Table 10 lists general lens data for the respective lenses, and Table 11 lists surface data
including radius of curvature (R) (in mm) near the optical axis, distance between
surfaces, diameter of the respective lenses, and material of the respective lenses.
Furthermore, Table 12 provides aspheric constants A;fori=2, 4, 6, 8, 10, 12, 14, 16 of

(3341
1

equation (1), supra, for aspheric surfaces of Table 11, where the index is denoted by
“r” (e.g., as generated in the optical design software program ZEMAX, available from
ZEMAX Development Corporation). Table 13 provides refractive index n; of the i
lens for a set of wavelengths. Table 14 provides a range of fields versus image height,
Table 15 provides vignetting information for optical systems 1000 and 1100, Table 16
provides wavelength and weights used for the raytracing of Figures 10 and 11, Table 17
provides surface data for optical systems 1000 and 1100, including radius, thickness,

material, diameter, and conic constant. Additionally, Table 18 provides edge thickness

information for optical systems 1000 and 1100.

Surfaces (including apertures) 15
Stops 1
System Aperture Float by stop size = 0.886727
Apodization Uniform Factor = 0.00000E+000
Temperature (C) 2.00000E+001
Pressure (ATM) 1.00000E+000
Effective Focal Length 4.28412 (in air at system temp & pressure)
Effective Focal Length 4.28412 (in image space)
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Back Focal Length 0.5015793
TTL 5.299934
Image Space F/# 2.415692
Paraxial Working F/# 2.415692
Working F/# 2.40149
Image Space NA 0.202684
Object Space NA 8.867272e-011
Stop Radius 0.8867272
Paraxial Image Height 2.856
Paraxial Magnification 0
Entrance Pupil Diameter 1.773454
Entrance Pupil Position 0
Field Type Real Image height in mm
Maximum Radial Field 2.856
Primary Wavelength 0.555um
Lens Units mm
Angular Magnification 1.39828

Table 10: General Properties for Optical Systems 1000 and 1100
(Optical Properties defined in Optical Design Software Zemax)

Radius Thickness Diameter
Surface Type (mm) (mm) Medium (mm)
OBJ Standard Infinity Infinity 0
Al Standard Infinity 0.05 1.773454
R1 Even_Asph 2.031962 0.545 APL5014 1.774436
R2 Even_Asph -17.60993 0.1242087 1.867362
R3 Even_Asph 4.178319 0.3 OKP4-HT 1.941112
R4 Even_Asph 1.60308 0.3519566 2.054041
R5 Even_Asph 5.790688 0.6445624 APL5014 2.132792
R6 Even_Asph -2.417954 0.2002186 2.449247
R7 Even_Asph -0.9919052 0.3658935 ZE-330R 2.5699
R8 Even_Asph -1.223582 0.5116968 2.686087
R9 Even_Asph 12.46394 1.123586 APL5014 2.987795
R10 Even_Asph 2.132428 0.3415114 4.646312
14 Standard Infinity 0.3 D263T 6
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15 Standard Infinity 0.4913 6
IMA Standard Infinity 6.4

Table 11: Surface Data for Lens Elements for Optical System 1000 and 1100

Surface Conic Note
OBJ 0
Al 0 stopl
R1 -1 L1-1
R2 -1 L1-2
R3 -1 L2-1
R4 -1 1L2-2
R5 -1 1.3-1
R6 -1 L3-2
R7 -1 14-1
R8 -1 1L4-2
R9 -1 L.5-1
R10 -1 L5-2
Ir cut-off
14 0 (D263T)
15 0
IMA

Table 11: Continued

Surface R1
Coeff on 12 0
Coeff on r4 0.021400101
Coeff on r6 -0.0044229854
Coeff on r8 -0.00018162551
Coeff on r10 0
Coeff onrl2 0
Coeff onrl4 0
Coeff onrl6 0
Surface R2
Coeff on 12 0
Coeff on r4 0.0013366226
Coeff on r6 0.0044675095

29

APPL-1002 / Page 193 of 624
APPLE INC. v. COREPHOTONICS LTD.



PCT/US2012/061668

WO 2013/063097
Coeff on r8 -0.0065254167
Coeff on r10 0
Coeffonrl2 0
Coeff on r14 0]
Coeffonrl6é 0
Surface R3
Coeff on 12 0
Coeff on r4 -0.15575931
Coeff on r6 0.11775238
Coeff on r8 -0.040496241
Coeff on r10 0
Coeff onrl2 0
Coeff onrl4 0
Coeff onrl6 0
Surface R4
Coeff on 12 0
Coeff on r4 -0.17899613
Coeff on r6 0.13165259
Coeff on r8 -0.041877243
Coeff on r10 0
Coeffonrl2 0
Coeff on r14 0
Coeff onrl6 0
Surface R5
Coeff on r2 0
Coeff on r4 -0.034806957
Coeff on r6 -0.055196853
Coeff on 18 -0.0076170308
Coeff on r10 0
Coeff onrl2 0
Coeff on r14 0
Coeffonrl6 0
Surface R6
Coeff on 12 0
Coeff on r4 0.020581236
Coeff on r6 -0.0065040866
Coeff on r8 -0.018006387
Coeff on r10 0
Coeff onrl2 0
Coeffonrl4 0
Coeff onrl6 0
Surface R7
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Coeff on r2 0

Coeff on r4 0.17752822

Coeff on r6 0.0025820117

Coeff on 18 0.0073104429

Coeff on r10 -0.0065708267

Coeff onrl2 0]

Coeff on r14 0

Coeffonrl6 0
Surface RS

Coeff on 12 0

Coeff on r4 0.03288338

Coeff on r6 0.076502466

Coeff on r8 -0.06842281

Coeff on r10 0.038984099

Coeffonrl2 -0.0076836467

Coeffonrl4 0

Coeff onrl6 0
Surface R9

Coeff on 12 0

Coeff on r4 -0.1830718

Coeff on r6 0.075510932

Coeff on r8 -0.034603365

Coeff onrl0 0.0066539539

Coeffonrl2 -0.00029016159

Coeff on r14 0

Coeffonrl6 0
Surface R10

Coeff on 12 0

Coeff on r4 -0.15124446

Coeff on r6 0.071176496

Coeff on r8 -0.029255744

Coeff on r10 0.0080879291

Coeffonrl2 -0.0014220241

Coeffonrl4 0.00014276636

Coeffonrl6 -6.2275295e-006

Table 12: Aspheric Coefficients for Optical System 1000 and 1100

Index (for given wavelength in um)
Surface | Medium Temp | Pressure | 0.47 0.41 0.555 0.61 0.65
L1 APL5014 20 1 1.5518 | 1.5483 | 1.5452 | 1.5424 | 1.5408
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12 OKP4-HT 20 1 1.6564 | 1.6458 | 1.6369 | 1.6291 | 1.6248
L3 APL5014 20 1 1.5518 | 1.5483 | 1.5452 | 1.5424 | 1.5408
L4 ZE-330R 20 1 1.5172 [ 1.5139 | 1.5111 | 1.5084 | 1.5069
L5 APL5014 20 1 1.5518 | 1.5483 | 1.5452 | 1.5424 | 1.5408

Table 13: Index of Refraction for Optical Systems 1000 and 1100

Field # X-Value Y-Value Weight
1 0 0 1
2 0 0.571 1
3 0 1.142 1
4 0 1.714 1
5 0 2.285 1
6 0 2.57 1
7 0 2.856 1

Table 14: Field Type v. Real Image Height (in mm)

Field / # VDX VDY VCX VCY VAN
1 0 0 0 0 0
2 0 -0.00376 0.00001 0.003764 0
3 0 -0.00751 0.00003 0.007509 0
4 0 -0.01125 0.000093 0.011253 0
5 0 -0.01512 0.00015 0.015117 0
6 0 -0.01707 0.000226 0.017069 0
7 0 -0.019 0.000251 0.018997 0
1 0 0 0 0 0
Table 15: Vignetting Factors for Fields of Table 2
Wavelength # Value (in um) Weight

1 0.47 91

2 0.51 503

3 0.555 1000

4 0.61 503

5 0.65 107

Table 16: Wavelengths Used for Raytracing
| Surface ‘ Type Radius Thickness Material Diameter ‘ Conic ‘ Notes
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Object Standard Infinity Infinity 0 0
Stop Standard Infinity 0.05 1.773454 0
2 Standard Infinity -0.204 1.773454 0
3 EvenAsph | 2.031962 0.545 APL5014 1.774436 -1 L1
4 EvenAsph | -17.6099 | 0.124209 1.867362 -1
5 EvenAsph | 4.178319 0.3 OKP4HT 1.941112 -1 L2
6 EvenAsph 1.60308 0.351957 2.054041 -1
7 EvenAsph | 5.790688 | 0.644562 APL5014 2.132792 -1 L3
8 EvenAsph | -2.41795 | 0.200219 2.449247 -1
9 EvenAsph | -0.99191 0.365894 ZE-330R 2.5699 -1 L4
10 EvenAsph | -1.22358 | 0.511697 2.686087 -1
11 EvenAsph | 12.46394 | 1.123586 APL5014 2.987795 -1 L5
12 EvenAsph | 2.132428 | 0.341511 4.646312 -1
13 Standard Infinity 0.3 D263T 6 0 IRCF
14 Standard Infinity 0.4913 N-BK7 6 0
Image Standard Infinity 6.4 0 0

Table 17: Surface Data Summary

Surface Edge

Stop 0.05
2 0.000726
3 0.315728
4 0.189805
5 0.491449
6 0.078721
7 0.308446
8 0.214072
9 0.303193
10 0.428579
11 1.31122
12 0.662695
13 0.3
14 0.4913

Image 0

Table 18: Edge Thickness Data

[0082] Figure 12 illustrates a graph of field curvature and distortion for optical
configuration 1002. Further, the field curvature and distortion values are displayed for
several wavelengths ranging from 0.470um to 0.650um. Field curvature is within about
10 microns for these wavelengths for low field angles, and is less than 100 microns even
at the perimeter of the image plane. Further, distortion is well within the range of two
and negative two percent. As would be clear to one of skill in the art, aberrations are
well compensated for by the subject optical arrangement 1002.

[0083] Figure 13 illustrates a graph of field curvature and distortion for optical

configuration 1102. Further, the field curvature and distortion values are displayed for
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several wavelengths ranging from 0.470um to 0.650um. Field curvature is well within
the range of +/- 100 microns, and distortion is well within the range of two and negative
two percent. As would be clear to one of skill in the art, aberrations are well
compensated for by the subject optical arrangement 1102.

[0084] Figure 14 depicts a graph of lateral color for optical arrangement 1002.
A maximum field for the graph is 2.8560mm. Additionally, the lateral color curve is
over a range of wavelengths from 0.470um to 0.650um. The primary lateral color for
an object in focus at 10cm is about -3.5um as depicted by the graph.

[0085] Figure 15 depicts a graph of lateral color for optical arrangement 1102
for an object in focus at infinity. A maximum field for the graph is 2.8560mm.
Additionally, the lateral color curve is over a range of wavelengths from 0.470um to
0.650um. The primary lateral color for the object in focus at infinity is about +0.8
microns.

[0086] Figure 16 and Figure 17 depict transverse ray fan plots for optical
arrangements 1002 and 1102 respectively. The transverse ray fan plots depict transverse
aberration (ey and ey) along the y and x axis for pupil diameters Py and Px. The
transverse ray fan plots are made at image heights 0.000mm (1600 and 1700),
0.5710mm (1602 and 1702), 1.1420mm (1604 and 1704), 1.7140mm (1606 and 1706),
2.2850mm (1608 and 1708), 2.5700mm (1610 and 1710), and 2.8560mm (1612 and
1712). The plots are generally within acceptable ranges for optical imaging and
accordingly, the optical arrangements 1002 and 1102 have good imaging quality.
[0087] Figure 18 illustrates a diagram of an example ray plot diagram for an
optical system 1800 according to alternative aspects of the subject disclosure. System
1800 comprises an arrangement of optical elements 1802. Optical rays are depicted
intersecting optical elements 1802 within a field of view of optical system 1800. On-
axis rays are focused onto the optical axis at an image plane or focal plane associated
with optical elements 1802, and rays originating at larger field angles are depicted as
converging at farther distances from the optical axis at the image plane.

[0088] A left-most side of optical elements 1802 is an object side of optical
system 1800, and a right-most side of optical elements 1802 is an image side of optical
system 1800. A real image of the object is formed at the image plane of optical
elements 1802 when optical elements 1802 are properly in focus. In at least one aspect
of the subject disclosure, optical system 1800 can comprise a variable focus optical

system, in which a subset of optical elements 1802 can be moved along the optical axis
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to bring an image of an object into focus at the image plane. In particular aspects, a set
of positions of the subset of optical elements 1802 can correspond with a set of object
distances having respective images in focus at the image plane. In other words, when
the subset of optical elements 1802 is positioned at one of the set of positions, an object
at a corresponding one of the set of object distances will be in focus at the image plane.
A position of optical elements 1802 as depicted by Figure 18 and Figure 19, infra,
illustrate an example arrangement in which optical elements of system 1800 are in a
position to focus an object located at infinity onto the image plane. A position of optical
elements 1802 as depicted by Figures 23 and 24, infra, illustrate an example
arrangement in which the optical elements are in a position to focus a near-field object
onto the image plane.

[0089] Figure 19 depicts a diagram of an example optical system 1900
comprising optical elements and optical surfaces according to additional aspects of the
subject disclosure. Optical system 1900 can be substantially similar to optical system
1800. As indicated, optical system 1900 is configured to focus an image of an object
located in the far-field (e.g., at infinity).

[0090] Optical system 1900 can comprise a set of optical elements 1902
centered along an optical axis 1904. Optical elements 1902 can be configured to focus
an image that can be captured by a sensor 1908. Sensor 1908 can comprise a multi-
dimensional array of optical-sensitive pixels located at an image plane of sensor 1908.
The optical-sensitive pixels can output electrical signals in response to electro-magnetic
energy (e.g., light) focused by optical elements 1902 upon sensor 1908. Moreover, the
electrical signals can have characteristics related to optical characteristics of the electro-
magnetic energy. These electrical signals can be utilized to re-produce the image
focused by optical elements 1902 and captured by sensor 1908, as described herein or
known in the art. Optical system 1900 can also comprise a cover plate 1906 for sensor
1908. Cover plate can protect the optical-sensitive pixels of sensor 1908 from dust or
other particles that might otherwise absorb or scatter electro-magnetic energy focused
by optical elements 1902, thereby distorting the image.

[0091] Optical elements 1902 can comprise five optical lenses, including lens
L1, lens L2, lens L3, lens L4 and lens LS5 (referred to collectively as lenses L1 — L5).
The optical lenses are numbered from left — the object side of optical system 1900 — to

right — the image side of optical system 1900. The left-most lens, 1.1, is therefore also
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referred to herein as the object-side lens. Alternatively, lens L1 can be referred to as an
objective lens of optical system 1900.

[0092] As depicted, lens L1 is a bi-convex lens having positive optical power,
and having a convex object-side surface R1 and convex image-side surface R2.
Furthermore, lens 1.1 can have a strong optical power relative to lenses 1.2, 1.3, .4 and
L5 of optical elements 1902. In particular aspects, lens L1 can have greater positive
optical power than either of lenses 1.2, 1.3, .4 or LL5. In a further aspect, 1.1 can have
greater positive optical power than any subset of lenses 1.2, 1.3, L4 and LS. In at least
one alternative or additional aspect, lens L1 can have greater positive optical power than
the combination of lenses L2, L3, L4 and L5. As depicted, an aperture stop Al can be
located about the object side surface R1 of lens LL1.

[0093] Lens 2 can be a lens having a negative optical power. Lens L2 can have
an object-side surface R3 and an image-side surface R4. Surface R3 can be mildly
convex, in some aspects of the subject disclosure. In other aspects, surface R3 can be
substantially flat with no significant optical power. In still other aspects of the subject
disclosure, surface R3 can have a complex curvature that is convex for a subset of pupil
radii (e.g., a range of distances from optical axis 1904) of surface R3, and concave for a
different subset of pupil radii of surface R3. As an example, surface R3 can have a
concave curvature from the optical axis 1904 to a first pupil radius, and can have a
convex curvature from the first pupil radius to a second pupil radius, where the second
pupil radius is larger than the first pupil radius. An image side surface R4 can have a
concave curvature, providing the majority of negative optical power of lens L.2.

[0094] Lens 1.3 can be a meniscus lens having a convex curvature toward the
object side of lens L3. As depicted, lens .3 comprises an object side surface RS and
image side surface R6. Object side surface R5 can have convex curvature. In particular
aspects, convexity of object side surface RS can be stronger near optical axis 1904 than
near a perimeter of lens L.3. Said differently, a radius of curvature of object side surface
RS5 can increase with increasing pupil radius of object side surface R5, and in at least
one aspect become infinite near the perimeter of lens L3. Image side surface R6 can
have concave curvature. In at least one aspect, a radius of curvature of image side
surface R6 can increase with increasing pupil radius of lens 1.3. In an alternative or
additional aspect, image side surface R6 can be convex near the perimeter of lens 1.3.
[0095] Lens L4 comprises an object side surface R7 and an image side surface

R8. Lens L4 can be a meniscus lens toward the image side of optical elements 1902.
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Additionally, lens 14 can have mild positive optical power. In one alternative or
additional aspect, positive power of lens 1.4 can be greater near optical axis 1904 as
compared with a periphery of lens 1.4, whereas in other aspects the positive power can
be substantially constant over the surface of image side surface R8.

[0096] Lens L5 comprises an object side surface R9 and image side surface
R10. Object side surface R9 can have concave curvature for low and medium field
angles, and reduced curvature at higher field angles. Image side surface R10 can be
concave near optical axis 1904. Further, image side surface R10 can transition from
concave to convex for medium and high field angles.

[0097] Optical elements 1902 can have respective spaces (air gaps) between
respective lenses 1.1, 1.2, .3, .4 and L.5. In a particular aspect, an on-axis air distance
between lens 14 and lens L5 can be a largest of a set of air distances among lenses 1.1 —
L5. In an alternative or additional aspect, an air distance between lens .3 and lens L4
can be a second largest of the set of air distances among lenses L1 — LS.

[0098] In a further aspect of the subject disclosure, an actuator can be connected
to a subset of optical elements 1902. In one example, the actuator can be a MEMS
actuator, whereas in other aspects the actuator can be another type of actuator known in
the art. The actuator can be configured to reposition the subset of optical lenses along
optical axis 1904. Repositioning the subset of optical lenses can cause images of
objects at different object distances to come into focus at sensor 1908 of optical system
1900. In particular aspects, optical lenses 1902 can be configured to focus an image of
an object located in the far field (e.g., infinity, ...) onto sensor 1908. According to
further aspects, the subset of optical elements 1902 can be repositioned to focus an
object in the near field at sensor 1908. In a specific aspect, the subset of optical
elements can include lens L1, and lens L1 can be positioned as depicted by Figure 19 by
the MEMS actuator to bring an object located at infinity into focus at sensor 1908, and
can be positioned as depicted by Figure 23 by the MEMS actuator to bring an object at
an object distance of substantially 12.8 centimeters (cm) into focus at sensor 1908.
[0099] In a further aspect, aperture stop Al can be fixed relative to optical axis
1904. In another aspect, aperture stop Al can be fixed relative to a position of lens L1.
In the latter aspect, aperture stop Al can be moved by a MEMS actuator in conjunction
with lens I.1 when focusing an image of an object onto sensor 1908. According to still
other aspects, the MEMS actuator can be configured to move lens L1, either alone or in

conjunction with aperture stop Al, a total distance along optical axis 1904. The total
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distance can, at one end thereof, focus an image of an object at infinity on sensor 1908,
and at another end thereof, focus an image of an object at an object distance of
substantially 12.8cm at sensor 1908.

[00100] Lenses L1 — L5 can be of various suitable types of suitable optically
transparent material, and formed according to a suitable method(s) for generating an
optical quality surface. In one aspect, lenses L1 — LS can be ground or polished glass,
where the glass is selected to have an index of refraction resulting in a desired effective
focal length for the combined lenses L1 — LS. In another aspect, the lenses can be an
optical-quality injection molded plastic (or plastic of optical quality formed by another
suitable fabrication method), wherein the plastic has an index of refraction suitable to
provide the desired focal length. In another aspect(s), the lenses .1 — L5 can be etched
from a transparent glass, crystalline or other suitable structure with a lithographic
etching process similar to that used to etch semiconductor chips. In a specific aspect(s),
lenses L1 — L5 can be of differing glasses, plastics or suitable optical-transparent
medium, by one or more of the above or similar suitable fabrication techniques (note
that cover 1908 is a fictional material). In a further aspect, optical elements 1902 can

have be described according to the optical prescription of Tables 19 — 27A.

Parameter Description Value
Effective Focal Length (in air at system temperature and pressure) 4.803702
Effective Focal Length (in image space) 4.803702
Back Focal Length 0.1097044
Total Track Length (TTL) 5.588093
Image Space F/# 2.668723
Paraxial Working F/# 2.668742
Working F/# 2.647852
Image Space NA 0.1841501
Object Space NA 9e-007
Stop Radius 0.9
Paraxial Image Height 3.492
Paraxial Magnification -4.803736e-006
Entrance Pupil Diameter 1.8
Entrance Pupil Position 0.05
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Exit Pupil Diameter 1.214476

Exit Pupil Position -3.231397
Maximum Radial Field 3.492

Lens Units Millimeters (mm)
Angular Magnification 1.482119

Table 1: General Optical Properties (Object in Focus at Infinity)

Field # X-Value Y-Value Weight

0
0.339
0.678
1.018
1.357
1.696
2.035
2.375
2.714
3.053
3.392
3.492

OO N0~ |WIN =

10

O|Oo|Oo|o|Oo|o|Oo|o|o|o|0|0o
alalalalalalalalalalala

Table 20: Field Type v. Real Image Height (in mm)

Field / # VDX VDY vex vey VAN
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0
6 0 0 0 0 0
7 0 -0.005032 0.000003 0.005032 0
8 0 -0.018773 0.000041 0.018775 0
9 0 -0.031175 0.000230 0.031178 0

10 0 -0.062274 0.000739 0.062281 0
11 0 -0.154303 0.005254 0.154319 0
12 0 -0.218933 0.013148 0.218954 0

Table 21: Vignetting Factors for Fields of Table 20

Wavelength # Value (in um) Weight
1 0.4358 0.15
2 0.4861 0.45
3 0.5461 1.00
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4 0.5876 0.80
5 0.6563 0.10

Table 22: Wavelengths Used for Raytracing

Surface Type Radius Thickness Material Diameter | Conic Notes

Object Standard Infinity 1000000 1471328 0
1 Standard Infinity 0.05 2.054093 0 Stop1

Stop Standard Infinity -0.176644 1.8 0 A1

3 EvenAsph | 2.024203 0.721 ZEONF52R 1.872 -1 R1
4 EvenAsph | -11.83444 0 1.89 0 R2
5 Standard Infinity 0.1656548 2.013514 0 Stop 2
6 EvenAsph -250 0.32 EP5000 1.91 0 R3
7 EvenAsph | 2.745619 [ 0.3434152 2.093864 0 R4
8 Standard Infinity 0.0030239 2.284004 0 Stop 3
9 EvenAsph | 2.970147 [ 0.3494011 EP5000 2.456709 0 R5
10 EvenAsph | 3.958667 [ 0.1844251 2.735497 0 R6&
11 Standard Infinity 0.3353069 2.904996 0 Stop 4
12 EvenAsph | -4.538803 | 0.5144013 | ZEONF52R | 3.007844 0 R7
13 EvenAsph | -1.564577 [ 0.2719004 3.349097 -1 R8
14 Standard Infinity 0.421506 5.022903 0 Stop 5
15 EvenAsph | -3.333743 0.908 ZEONF52R | 5.142131 0 R9
16 EvenAsph | 3.980869 | 0.6500583 6.098372 0 R10
17 Standard Infinity 0.3 6.850686 0 CG 1908
18 Standard Infinity 0.1 7.016723 0

Image Standard Infinity 7.009976 0

Table 23: Surface Data Summary

Surface Parameter Description Value

R1 Even Asphere

Coefficientonr 2 o

Coefficientonr 4 0.0072492627

Coefficientonr 6 -0.0011425636

Coefficientonr 8 -0.026147557

Coefficient on r 10

0.02892707
Coefficientonr 12 -0.015728565
Coefficientonr 14 0
Coefficientonr 16 0
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R2 Even Asphere
Coefficientonr 2 0
Coefficient on r 4 -0.018496708
Coefficienton r 6 0.041017657
Coefficientonr 8 014989043
Coefficient on r 10 0.18705355
Coefficientonr 12 10.081043158
Coefficientonr 14 o
Coefficientonr 16 0
R3 Even Asphere
Coefficientonr 2 0
Coefficient on r 4 -0.04452888
Coefficientonr 6 0.1590456
Coefficientonr 8 -0.32756888
Coefficientonr 10 0.38155806
Coefficientonr 12 -0.15580658
Coefficient onr 14 0
Coefficientonr 16 0
R4 Even Asphere
Coefficienton r 2 o
Coefficienton r 4 0.067461498
Coefficientonr 6 0.16544449
Coefficientonr 8 0.23156178
Coefficient onr 10 0.20660588
Coefficientonr 12 0.067541427
Coefficientonr 14 0
Coefficientonr 16 0
RS Even Asphere
Coefficientonr 2 0
Coefficienton r 4 -0.10351059
Coefficientonr 6 0.083284677
Coefficientonr 8 -0.073446626
Coefficient onr 10 0.031355945
Coefficient onr 12 -0.005953706
Coefficient on r 14 0
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Coefficientonr 16 0
R6 Even Asphere
Coefficienton r 2 0
Coefficienton r 4 -0.080839736
Coefficienton r 6 0.05806703
Coefficientonr 8 0042396061
Coefficientonr 10 0.013117216
Coefficientonr 12 P .
Coefficient onr 14 0
Coefficientonr 16 0
R7 Even Asphere
Coefficientonr 2 0
Coefficient on r 4 -0.061283862
Coefficientonr 6 0.056005953
Coefficientonr 8 -0.023784572
Coefficient onr 10 0.004382924
Coefficientonr 12 0
Coefficient onr 14 0
Coefficientonr 16 0
R8 Even Asphere
Coefficientonr 2 0
Coefficienton r 4 T —
Coefficientonr 6 0.02067126
Coefficientonr 8 0.001625502
Coefficient onr 10 -0.001134584
Coefficientonr 12 0
Coefficient onr 14 0
Coefficientonr 16 0
R9 Even Asphere
Coefficientonr 2 0
Coefficientonr 4 0.019100544
Coefficientonr 6 -0.000208483
Coefficienton r 8 5.84E-05
Coefficient onr 10 3.36E-06
Coefficientonr 12 0
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Coefficientonr 14

0
Coefficientonr 16 0

R10 Even Asphere
Coefficientonr 2 0

Coefficient on r 4 P

Coefficientonr 6 0.004903112

Coefficientonr 8 -0.000509017

Coefficient on r 10

1.88E-05
Coefficientonr 12 1 99E-07
Coefficient on r 14 0
Coefficientonr 16 0

Table 24: Surface Aspheric Coefficients

Surface Edge
Object 1000000
1 0.05
Stop 0.036971
3 0.45386
4 0.053525
5 0.17191
6 0.53351
7 0.123651
8 0.113652
9 0.301427
10 0.121772
11 0.050401
12 0.30346
13 0.767748
14 0.053483
15 0.953242
16 0.972839

17 0.3
18 0.1
Image 0

Table 25: Edge Thickness Data

Temperature (Temp) in degrees Celsius and pressure (Press) in atmospheres
Surface| Material | Temp |Press| (.4358 0.4861 0.5461 0.5876 0.6563
0 20 1 1 1 1 1 1
1 20 1 1 1 1 1 1
2 20 1 1 1 1 1 1
3 ZEONF5| 20 1 1.5467026 |1.54130926| 1.53688 1.53462 1.531786
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2R
4 20 1 1 1 1 1 1
5 20 1 1 1 1 1 1
6 EP5000| 20 1 1.67140227 |1.65459312| 1.641717 1.635484 1.628005
7 20 1 1 1 1 1 1
8 20 1 1 1 1 1 1
9 EP5000| 20 1 1.67140227 |1.65459312| 1.641717 1.635484 1.628005
10 20 1 1 1 1 1 1
11 20 1 1 1 1 1 1
ZEONF5
12 2R 20 1 1.5467026 [1.54130926| 1.53688 1.53462 1.531786
13 20 1 1 1 1 1 1
14 20 1 1 1 1 1 1
ZEON 1.541309
15 F52R 20 1 1.5467026 26 1.53688 1.53462 1.531786
16 20 1 1 1 1 1 1
MODE 1.5267041 1.522378
17 L 20 1 6 72 1.518719 1.516798 1.514329
18 20 1 1 1 1 1 1
19 20 1 1 1 1 1 1
Table 26: Index of Refraction Data
Wavelengths (um):
0.4358 0.4861 0.5461
Number | Field Tan Sag Tan Sag Tan Sag
(mm)
1 0 2.6405 2.6405 2.6425 2.6425 2.6479 2.6479
2 0.339 2.6528 2.6499 2.6546 2.6517 2.6597 2.6568
3 0.678 2.681 2.6772 2.6823 2.6783 2.6871 2.683
4 1.018 2.7091 2.7201 2.7106 2.7201 2.7153 2.7239
5 1.357 2.7373 2.7739 2.7401 2.7726 2.7455 2.7753
6 1.696 2.8006 2.8361 2.8059 2.8335 2.8128 2.8352
7 2.035 2.9489 2.9083 2.9563 2.9045 2.9645 2.9052
8 2.375 3.1818 2.9917 3.1891 2.9868 3.196 2.9866
9 2.714 3.5028 3.0817 3.5075 3.076 3.5109 3.075
10 3.053 4.1133 3.1794 4.1121 3.1732 4.109 3.1717
11 3.392 5.1478 3.3011 5.1473 3.2949 5.1404 3.2931
12 3.492 5.7808 3.3568 5.7754 3.3511 5.7637 3.3495
Table 27: F/Number Data
Wavelengths (um)
0.5876 0.6563
Number Field Tan Sag Tan Sag
(mm)
1 0 2.6519 2.6519 2.6583 2.6583
2 0.339 2.6637 2.6608 2.67 2.6671
3 0.678 2.6909 2.6867 2.697 2.6927
4 1.018 2.719 2.7272 2.7249 2.7327
44

APPL-1002 / Page 208 of 624
APPLE INC. v. COREPHOTONICS LTD.




WO 2013/063097 PCT/US2012/061668

5 1.357 2.7494 2.7781 2.7555 2.7831
6 1.696 2.8173 2.8375 2.824 2.8417
7 2.035 2.9694 2.907 2.9763 2.9106
8 2.375 3.2 2.9879 3.2054 2.9909
9 2.714 3.5125 3.0759 3.5143 3.0782
10 3.053 4.1067 3.1722 4.1033 3.1741
11 3.392 5.1347 3.2934 5.1255 3.295
12 3.492 5.7553 3.3499 5.7426 3.3515
Table 27A: F/Number Data (Continued)
[00101] Table 19 provides general optical information for an embodiment of

optical systems 1800, 1900 of Figures 18 and 19, respectively. Table 20 provides image
heights in the y axis, measured at the image sensor 1906 for a set of optical fields, and
respective weights for the respective fields. Table 21 includes vignetting data for the set
of optical fields of Table 20. Table 22 depicts wavelengths of respective rays traced in
optical imaging system 1800, depicted at Figure 18. Table 23 provides a summary of
general optical surface characteristics for lenses of optical elements 1902, including
surface type, radius of curvature, thickness, material (from standard glass and plastic
catalogues; not that a fictitious material is used for cover glass 1908), diameter, conic
constant and applicable notes. Table 24 describes aspheric coefficients for the surfaces
of Table 23, whereas Table 25 provides edge thickness information for those surfaces.
Table 26 provides index of refraction data for multiple wavelengths for the optical fields
identified at Table 20. Tables 27 and 27A provide F/# data for those same wavelengths
and optical fields.

[00102] Figure 20 depicts a diagram of field curvature and distortion for the
optical systems 1800, 1900 of Figures 18 and 19, supra. Particularly, the field curvature
and distortion depicted in Figure 20 correspond with the optical elements 1902
configured to focus an image of an object at infinity onto sensor 1906. The field
curvature and distortion graphs utilize five wavelengths, including 0.436, 0.486, 0.546,
0.588 and 0.656 um respectively. Moreover, the rays are traced with a maximum field
of 35.543 degrees. The left-hand graph depicts field curvature in millimeters along a y
axis at an image plane of an optical imaging system. Field curvature curves are
depicted for Sagittal rays (delineated by an ‘S’) and Tangential rays (delineated by a
“T”). The range of field curvature over the utilized wavelengths is within a few microns
for sagittal and tangential rays. The distortion graphs on the right-hand side of Figure

20 also includes curves for the above five wavelengths. The distortion data is
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normalized to 0% at the optical axis. Throughout the image plane, distortion is less than
about -1%, and for mid to low field angles below about + / - one half a percent.
[00103] Figure 21 illustrates a diagram of longitudinal aberration for a set of
wavelengths. Longitudinal aberration of Figure 21 relates to optical elements 1902,
configured to image an object located at infinity onto sensor 1906. The listed
wavelengths include 0.436, 0.486, 0.546, 0.588 and 0.656 um. The graph charts
longitudinal aberration in millimeters for increasing field angles, for a pupil radius of
0.9mm. At low field angles the longitudinal aberration is generally positive and less
than about 0.02 millimeters. At high field angles, the longitudinal aberration is more
negative and generally less than about 0.03 millimeters. The longitudinal aberration
graph of Figure 21 indicates optical elements 1902 provide reasonably good aberration
correction for the identified wavelengths.

[00104] Figure 22 depicts a graph of lateral color for optical elements 1902 of
Figure 19, supra. Accordingly, the graph of lateral color relates to optical elements
1902 configured to focus an image of an object located at infinity onto sensor 1906.
The maximum field for the lateral color graph is 3.3920 millimeters, and wavelengths
for the lateral color graph range from 0.4358 through 0.6563 um. In addition, data is
referenced to 0.546100 um. For most field angles the lateral color is within about + / -
0.5 microns. At high field angles, lower wavelengths exhibit lateral color about -1
micron or greater, and higher wavelengths exhibit lateral color about 1 micron.
[00105] Figure 23 illustrates a diagram of an example optical system 2300
according to still other aspects of the subject disclosure. Optical system 2300 can
comprise a set of optical elements 2302, as depicted. In at least one aspect of the
subject disclosure, optical elements 2302 can comprise a set of lenses substantially
similar to optical elements 1802 and 1902 of Figures 18 and 19, supra, but having a
different focus position. Specifically, a subset of optical elements 2302 can be
positioned in a manner suitable to focus an image of a near-field object at an image
plane of optical elements 2302. As depicted, the near-field object position for optical
elements 2302 is 12.8cm. By repositioning the subset of optical elements 2302 between
the position depicted by Figure 23 and that of optical elements 1902 of Figure 19,
optical system 2300 can focus different object distances between the near-field object
and an object at infinity.

[00106] Optical system 2300 illustrates a set of ray fans representing light

incident upon optical elements 2302 at discrete field angles. A field angle of zero is
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depicted by rays of light that converge at an optical axis of optical system 2300 at an
image plane of optical elements 2302. Light converging at points on the image plane at
increasing distances from the optical axis represent rays of light encountering optical
elements 2302 at correspondingly larger field angles.

[00107] Figure 24 depicts a diagram of an example optical system 2400
according to still other aspects of the subject disclosure. Optical system 2400 delineates
optical lenses and associated optical surfaces of optical system 2300 of Figure 23.
Further, in at least one aspect, the optical lenses and associated optical surfaces of
optical system 2300 can be substantially similar to the optical lenses and optical
surfaces of optical systems 1800 and 1900 of Figures 18 and 19, supra. Optical system
2400 can differ from optical systems 1800 and 1900 in that optical elements 2402 can
be configured to focus an image of an object located at substantially 12.8cm at a sensor
2408. Other aspects of optical system 2400 and optical elements 2402, including
optical surfaces R1 and R2 of lens .1, R3 and R4 of lens .2, R5 and R6 of lens 1.3, R7
and R8 of lens 1.4, and R9 and R10 of lens LS. Further, sensor 2408 and cover glass
2406 can be substantially similar to sensor 1906 and cover glass 1908 of optical system
1900.

[00108] According to a particular aspect of the subject disclosure, optical
elements 2402 comprise an object lens, lens 1.1, which is connected to an actuator (e.g.,
MEMS actuator, ...) to facilitate auto-focusing for optical system 2400. In the
arrangement of optical elements 2402 depicted by Figure 24, and in particular an air
distance distance,e,r between lens L1 and lens 1.2, optical elements 2402 are configured
to focus a real image of an object at an object distance of 12.8cm onto sensor 2408. By
moving lens L1 into a position depicted by optical elements 1902 of Figure 19, where
the air distance between lens L1 and lens L2 is a distanceg,, optical system 2400 can be
configured to focus an image of an object at infinity, instead. In at least one alternative
or additional aspect of the subject disclosure, lens 1.1 can be repositioned to change the
air distance between distance,.,r and distanceg,,, thereby focusing an image of an object
located at points between 12.8cm and infinity at sensor 2408. Optical elements 2402
can have image characteristics as described by the optical characteristics of Tables 28 —

31A.

Parameter Description Value
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Effective Focal Length (in air at system temperature and pressure) 4673877
Effective Focal Length (in image space) 4.673877
Back Focal Length -0.05732965
Total Track Length (TTL) 5.668093
Image Space F/# 2.596598
Paraxial Working F/# 2.747179
Working F/# 2.738746
Image Space NA 0.1790633

Object Space NA 0.007028331
Stop Radius 0.9

Paraxial Image Height 3.492
Paraxial Magnification -0.03861711
Entrance Pupil Diameter 1.8
Entrance Pupil Position 0.05

Exit Pupil Diameter 1.198642
Exit Pupil Position -3.269722
Maximum Radial Field 3.492

Lens Units

Millimeters (mm)

Angular Magnification

1.501698

Table 28: General Optical Properties (Object in Focus at ~12.8cm)

Field / # VDX VDY vex vey VAN
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0
6 0 0 0 0 0
7 0 -0.00588 0.000003 0.005875 0
8 0 -0.02139 0.000058 0.021397 0
9 0 -0.0355 0.00023 0.035498 0

10 0 -0.06623 0.000798 0.066238 0
11 0 -0.16868 0.006487 0.1687 0
12 0 -0.24396 0.016135 0.243989 0

Table 29: Vignetting Factors for Fields of Table 20
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Surface Type Radius Thickness Material Diameter | Conic Notes
Object Standard Infinity 128 179.1413 0
1 Standard Infinity 0.05 2.060591 0 Stop1
Stop Standard Infinity -0.176644 1.8 0 Al
3 EvenAsph | 2.024203 0.721 ZEONF52R 1.872 -1 R1
4 EvenAsph -11.8344 0.08 1.89 0 R2
5 Standard Infinity 0.1656548 2.015092 0 Stop 2
6 EvenAsph -250 0.32 EP5000 1.91 0 R3
7 EvenAsph | 2.745619 0.3434152 2.093864 0 R4
8 Standard Infinity 0.00302399 2.284414 0 Stop 3
9 EvenAsph | 2.970147 0.3494011 EP5000 2.456709 0 R5
10 EvenAsph | 3.958667 0.1844251 2.735497 0 R6
11 Standard Infinity 0.3353069 2.905287 0 Stop 4
12 EvenAsph -4.5388 0.5144013 ZEONF52R | 3.007844 0 R7
13 EvenAsph -1.56458 0.2719004 3.349097 -1 R8
14 Standard Infinity 0.421506 5.039133 0 Stop 5
15 EvenAsph -3.33374 0.908 ZEONF52R | 5.142131 0 R9
16 EvenAsph | 3.980869 0.6500583 6.098372 0 R10
17 Standard Infinity 0.3 6.852322 0 CG 1908
18 Standard Infinity 0.1 7.029509 0
Image Standard Infinity 7.027898 0
Table 30: Surface Data Summary
Wavelengths (um):
0.4358 0.4861 0.5461
Number Field Tan Sag Tan Sag Tan Sag
(mm)
1 0 2.7277 2.7277 2.7317 2.7317 2.7387 2.7387
2 0.339 2.7368 2.7372 2.7406 2.741 2.7475 2.7479
3 0.678 2.7568 2.7652 2.7602 2.7683 2.7668 2.7746
4 1.018 2.7759 2.8091 2.7796 2.8111 2.7862 2.8166
5 1.357 2.8003 2.8645 2.8054 2.8651 2.8128 2.8695
6 1.696 2.8707 2.929 2.8781 2.9282 2.8869 2.9315
7 2.035 3.0426 3.0048 3.0514 3.0027 3.0608 3.0049
8 2.375 3.3173 3.0938 3.3236 3.0904 3.33 3.0916
9 2.714 3.7043 3.1909 3.7032 3.1866 3.7021 3.1868
10 3.053 4.4104 3.2987 4.3944 3.2936 4.3798 3.2932
11 3.392 5.6482 3.4392 5.6174 3.4339 5.587 3.4329
12 3.492 6.4939 3.5062 6.4341 3.5014 6.3828 3.5006
Table 31: F/Number Data
Wavelengths (um)
0.5876 0.6563
Number Field Tan Sag Tan Sag
(mm)
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1 0 2.7437 2.7437 2.7514 2.7514
2 0.339 2.7524 2.7528 2.7599 2.7603
3 0.678 2.7716 2.7793 2.7789 2.7865
4 1.018 2.7909 2.8208 2.7981 2.8276
5 1.357 2.8177 2.8733 2.8251 2.8794
6 1.696 2.8924 2.9347 2.9003 2.9401
7 2.035 3.0664 3.0075 3.0742 3.0122
8 2.375 3.3337 3.0937 3.339 3.0977
9 2.714 3.7016 3.1884 3.701 3.1917
10 3.053 4.372 3.2943 4.3618 3.2971
11 3.392 5.5698 3.4337 5.5469 3.436
12 3.492 6.3558 3.5014 6.3211 3.5037
Table 31A: F/Number Data (Continued)
[00109] Tables 28 — 31 A comprise optical characteristics and image

characteristics of optical system 2400 that differ from the configuration of optical
system 1900. Table 28 provides general optical information for the embodiment of
optical system 2400. Table 29 includes vignetting data for the set of optical fields of
Table 20. Table 30 provides a summary of general optical characteristics for lenses of
optical elements 2402, including surface type, radius of curvature, thickness, material
(from standard glass and plastic catalogues, including a fictitious material for cover
glass 2408), diameter, conic constant and applicable notes. Tables 31 and 31A provide
F/# data for identified wavelengths and optical fields.

[00110] Figure 25 illustrates a diagram of field curvature and distortion for the
optical system 2400 of Figure 24, supra. Wavelengths employed for the field curvature
and distortion graphs include 0.436, 0.486, 0.546, 0.588 and 0.656 um. Rays traced to
generate these graphs have units in field angle with a maximum field of 34.188 degrees.
The field curvature for both tangential and sagittal rays are generally positive and less
than about 0.05 mm for all field angles. Distortion is less than about 1% for mid to low
field angles, and increases to about 1.6% at high field angles.

[00111] Figure 26 illustrates a diagram of longitudinal aberration for optical
system 2400. The longitudinal aberration graph is provided for five wavelengths,
including 0.436, 0.486, 0.546, 0.588 and 0.656 um. The graph charts longitudinal
aberration in millimeters for increasing field angles, and with pupil radius of 0.9mm. At
low field angles the longitudinal aberration is generally positive and less than about 0.04
millimeters. At higher field angles, the longitudinal aberration ranges positive to
negative for different field angles, and is generally between positive 0.03 millimeters

and about negative 0.035 millimeters.
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[00112] Figure 27 depicts a graph of lateral color for optical elements 2402 of
Figure 24, supra. The graph of lateral color relates to optical elements 2402 configured
to focus an image of an object located at about 12.8cm onto sensor 2406. The
maximum field for the lateral color graph is 3.3920 millimeters, and wavelengths
employed for the graph range from 0.4358 through 0.6563 ym. In addition, data is
referenced to 0.546100 um. For all field angles the lateral color is less than about +3
microns and greater than about -1 microns. At low and mid field angles, the lateral
color ranges between about +1 micron and about -0.25 microns.

[00113] Figures 28 A — 28D illustrate an example optical system according to one
or more additional aspects of the subject disclosure. The optical system is depicted at
Figure 28 A on the upper left in a configuration to focus an image of an object at infinity
onto a sensor of the optical system. Figures 29A — 29D illustrate the example optical
system in a configuration to focus an image of a near-field object onto the sensor of the
optical system. The latter configuration can be achieved, for instance, by decreasing an
air distance between the first left-most lens closest to the object side of the optical
system, closer to the second lens on the object side of the optical system.

[00114] Generally, the optical system comprises five lenses, from an object side
to image side, including lens 1.1 (also referred to as an objective lens), lens 1.2, lens 1.3,
lens 1.4 and lens L5 (referred to collectively as lenses 1.1 — 1.5). Moreover, the optical
system of Figures 28 A — 28D can comprise two or more lens groups, defined at least in
part on an on-axis inter-lens air distance between respective lenses of the two or more
lens groups. As an example, the five lenses of the optical system can be arranged into
two lens groups, a first of the lens groups comprising a first lens, second lens and third
lens from the object side of the optical system, and where the second of the lens groups
comprising a fourth lens and fifth lens from the object side of the optical system. The
lens groups can be constrained to have on-axis air distances between lenses that is
smaller than an on-axis air distance between the first and the second lens groups.
[00115] Figures 28B — 28D illustrate image characteristics for the optical system
of Figure 28 A configured to focus an image of an object at infinity on a sensor of the
optical system (far field focus configuration). Figures 29B — 29D illustrate image
characteristics for the optical system of Figure 29A configured to focus a near-field
object on the sensor (near field focus configuration). Figure 28B depicts a graph of
field curvature and distortion for the far field focus configuration, with a maximum field

greater than about 32 degrees for wavelengths between about 0.47 and about 0.65
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microns. Figure 28C illustrates a graph of longitudinal aberration for the far field
configuration at the above wavelengths, and for a pupil radius of about 0.991mm, and
Figure 28D depicts a graph of lateral color for this configuration having a maximum
field of about 2.956 millimeters having data referenced to wavelength of about 0.555
microns.

[00116] Figure 29B illustrates field curvature and distortion for the near field
configuration of the optical system, depicted at Figure 29A. The field curvature and
distortion has a maximum field of about 34.51 degrees for wavelengths between about
0.470 and about 0.650 microns. Figure 29C depicts longitudinal aberration for the near
field configuration with pupil radius of about 0.991 millimeters and wavelengths of
about 0.470, 0.510, 0.555, 0.610 and 0.650 microns. Figure 29D illustrates a graph of
lateral color for the near field configuration, with a maximum field of about 2.9560
millimeters and with data referenced to wavelength of 0.555 microns. The optical
system of Figures 28A and 29A are described by the optical and image characteristics

provided by Tables 32 — 40A, below.

Parameter Description Value
Effective Focal Length (in air at system temperature and pressure) 4.309199
Effective Focal Length (in image space) 4.309199
Back Focal Length 0.528864
Total Track Length (TTL) 5.348668
Image Space F/# 2.44563
Paraxial Working F/# 2.44563
Working F/# 2.468005
Image Space NA 0.200303
Object Space NA 8.81E-11
Stop Radius 0.881
Paraxial Image Height 2.956
Paraxial Magnification 0
Entrance Pupil Diameter 1.762
Entrance Pupil Position 0
Exit Pupil Diameter 1.257817
Exit Pupil Position -3.09729
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Maximum Radial Field 2.956
Lens Units Millimeters (mm)
Angular Magnification 1.400838

Table 32: General Optical Properties (Object in Focus at Infinity)

Field # X-Value Y-Value Weight

0
0.571
1.142
1.714
2.285

2.57
2.856 0.2
2.956 0.2

aAlalalalala
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Table 33: Field Type v. Real Image Height (in mm)

Field / # VDX VDY VEX yey VAN
1 0 0 0 0 0
2 0 0.003903 0.00001 0.003903 0
3 0 0.007781 0.000035 0.007783 0
4 0 0.01172 0.000106 0.011721 0
5 0 -0.00257 0.000337 0.034007 0
6 0 -0.04564 0.001626 0.08102 0
7 0 -0.09687 0.005447 0.136263 0
8 0 -0.14243 0.009529 0.183383 0

Table 34: Vignetting Factors for Fields of Table 20

Wavelength # Value (in um) Weight
1 0.47 91
2 0.51 503
3 0.555 1000
4 0.61 503
5 0.65 107

Table 35: Wavelengths Used for Raytracing
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Surface Type Radius Thickness Material Diameter | Conic Notes
Object Standard Infinity Infinity 0 0
Stop Standard Infinity -0.05 1.762 0 Stop
2 Standard Infinity -0.05 1.762 0 Vig
3 EvenAsph 1.954112 0.658876 | APEL5514ML 1.86811 0 L1
4 EvenAsph -16.4984 0.123812 1.900083 0
5 EvenAsph 28.78283 0.537232 EP5000-F 1.936491 0 L2
6 EvenAsph 2.7513 0.242475 2.00919 0
7 Standard Infinity 0.05 2.05 0
8 Standard Infinity 0.086016 2.05 0
9 EvenAsph -34.5053 0.862679 | APEL5514ML | 2.120461 0 L3
10 EvenAsph -6.19216 0.424308 2.716502 0
11 EvenAsph 2.722564 0.509104 | APEL5514ML | 3.355454 0 L4
12 EvenAsph -4.26721 -0.19 4.009626 0
13 Standard Infinity 0.05 4.16 0
14 Standard Infinity 0.389066 4.16 0
15 EvenAsph -2.51369 0.426101 APEL5514ML | 4.449728 0 L5
16 EvenAsph 2.608397 0.329 4.878517 0
17 Standard Infinity 0.3 N-BK7 5.233205 0 CG 1908
18 Standard Infinity 0.55 5.402932 0
Image Standard Infinity 5.917565 0
Table 36: Surface Data Summary
Surface Parameter Description Value
R1 Even Asphere
Coefficient on r 2 o
Coefficient on r 4 000386
Coefficientonr 6 0.009055
Coefficienton r 8 -0.01604
Coefficient onr 10 0.006453
Coefficientonr 12 0
Coefficient on r 14 0
Coefficientonr 16 0
R2 Even Asphere
Coefficientonr 2 0
Coefficient on r 4 0.014679
Coefficientonr 6 -0.02489
Coefficientonr 8 0.011334
Coefficient on r 10 0.003758
Coefficientonr 12 0
Coefficient on r 14 o
Coefficientonr 16 0
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R3 Even Asphere
Coefficientonr 2 0
Coefficient on r 4 0.001774
Coefficienton r 6 -0.03857
Coefficientonr 8 0.035738
Coefficient on r 10 -0.00277
Coefficientonr 12 o
Coefficientonr 14 o
Coefficientonr 16 0
R4 Even Asphere
Coefficientonr 2 0
Coefficientonr 4 -0.00027
Coefficientonr 6 0.001123
Coefficientonr 8 0.000761
Coefficientonr 10 0.006183
Coefficientonr 12 0
Coefficient onr 14 0
Coefficientonr 16 0
R5 Even Asphere
Coefficienton r 2 o
Coefficienton r 4 -0.04891
Coefficientonr 6 0.029453
Coefficientonr 8 -0.01911
Coefficient onr 10 0.004124
Coefficientonr 12 o
Coefficientonr 14 0
Coefficientonr 16 0
R6 Even Asphere
Coefficientonr 2 0
Coefficientonr 4 -0.13503
Coefficientonr 6 0.048368
Coefficientonr 8 0.001742
Coefficient onr 10 -0.00582
Coefficient onr 12 0.00078
Coefficient on r 14 5.79E-05
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Coefficientonr 16 0.000106
R7 Even Asphere
Coefficienton r 2 0
Coefficientonr 4 01187
Coefficienton r 6 0.031933
Coefficientonr 8 0.0214
Coefficientonr 10 0.008804
Coefficient on r 12 -0.0012
Coefficient on r 14 -0.00074
Coefficientonr 16 0.000216
RS Even Asphere
Coefficientonr 2 0
Coefficient on r 4 0.070788
Coefficienton r 6 -0.01663
Coefficientonr 8 -0.00017
Coefficient on r 10 -0.00047
Coefficientonr 12 0.000282
Coefficient on r 14 -1.50E-05
Coefficient onr 16 -2 54E-06
RO Even Asphere
Coefficientonr 2 0
Coefficienton r 4 0.019234
Coefficientonr 6 0.011958
Coefficientonr 8 000178
Coefficient onr 10 1 79E-05
Coefficientonr 12 5 79E-06
Coefficient on r 14 9.92E-07
Coefficientonr 16 4.90E-08
R10 Even Asphere
Coefficientonr 2 0
Coefficientonr 4 0.10214
Coefficientonr 6 0.027793
Coefficienton r 8 -0.0071
Coefficient onr 10 0.000868
Coefficient on r 12 1 BBE-05
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Coefficient on r 14 -1.31E-05

7.35E-07

Coefficientonr 16

Table 37: Surface Aspheric Coefficients

Surface Edge
Stop -0.05
2 0.184732
3 0.400359
4 0.15927
5 0.723662
6 0.044372
7 0.05
8 0.026648
9 0.560283
10 0.571295
11 0.51101
12 0.022871
13 0.05
14 0.126282
15 0.613075
16 0.40481
17 0.3
18 0.55
Image 0

Table 38: Edge Thickness Data
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Temperature (Temp) in degrees Celsius and pressure (Press) in atmospheres
Surface| Material | Temp |Press| 04358 0.4861 0.5461 0.5876 0.6563
0 20 1 1 1 1 1 1
1 20 1 1 1 1 1 1
2 20 1 1 1 1 1 1
APEL55
3 14ML 20 1 1.552896 | 1.549574 | 1.546504 | 1.543579 1.541977
4 20 1 1 1 1 1 1
EP5000-
5 F 20 1 1.657924 | 1.647547 | 1.638966 | 1.631351 1.627143
6 20 1 1 1 1 1 1
7 20 1 1 1 1 1 1
8 20 1 1 1 1 1 1
APEL55
9 14ML 20 1 1.552896 | 1.549574 | 1.546504 | 1.543579 1.541977
10 20 1 1 1 1 1 1
APEL55
11 14ML 20 1 1.552896 | 1.549574 | 1.546504 | 1.543579 1.541977
12 20 1 1 1 1 1 1
13 20 1 1 1 1 1 1
14 20 1 1 1 1 1 1
57
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5514
15 ML 20 1 1.552896 1.549574 1.546504 1.543579 1.541977
16 20 1 1 1 1 1 1
17 N-BK7 20 1 1.523605 1.520769 1.518274 1.515909 1.51452
18 20 1 1 1 1 1 1
19 20 1 1 1 1 1 1
Table 39: Index of Refraction Data
Wavelengths (um):
0.4358 0.4861 0.5461
Number Field Tan Sag Tan Sag Tan Sag
(mm)
1 0 2.4671 2.4671 2.4655 2.4655 2.468 2.468
2 0.571 2.5183 2.4954 2.516 2.4934 2.5179 2.4954
3 1.142 2.5939 2.5672 2.5915 2.564 2.5931 2.5651
4 1.714 2.7124 2.6738 2.7134 2.6698 2.717 2.6702
5 2.285 3.1321 2.8097 3.1364 2.8053 3.1424 2.8052
6 2.57 3.6079 2.8988 3.613 2.8941 3.6195 2.8939
7 2.856 3.8132 3.003 3.8209 2.9987 3.8222 2.9987
8 2.956 4.0285 3.0378 4.0284 3.0345 4.0233 3.0351
Table 40: F/Number Data
Wavelengths (um
0.5876 0.6563
Number Field Tan Sag Tan Sag
(mm)
1 0 2.4725 2.4725 2.4748 2.4748
2 0.571 2.522 2.4996 2.524 2.5017
3 1.142 2.5966 2.5685 2.5984 2.5702
4 1.714 2.7219 2.6729 2.7244 2.6742
5 2.285 3.1492 2.8075 3.1529 2.8085
6 2.57 3.6267 2.896 3.6307 2.8969
7 2.856 3.8203 3.0009 3.8197 3.0019
8 2.956 4.0151 3.0376 4.0105 3.0389
Table 40A: F/Number Data (Continued)
[00117] Tables 32 — 40A provides optical and image characteristics for the optical

system of Figure 28A, having a far field focus configuration. Table 32 provides general

optical information for this optical system. Table 33 provides image heights in the y

axis, measured at an image sensor of the optical system, for a set of optical fields and
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respective weights for the respective optical fields. Table 34 includes vignetting data for
the set of optical fields of Table 33. Table 35 depicts wavelengths of respective rays
traced in the optical imaging system of Figure 28. Table 36 provides a summary of
general optical surface characteristics for lenses of this optical system, including surface
type, radius of curvature, thickness, material (from standard glass and plastic
catalogues), diameter, conic constant and applicable notes. Table 37 describes aspheric
coefficients for the surfaces of Table 35, whereas Table 38 provides edge thickness
information for those surfaces. Table 39 provides index of refraction data for multiple
wavelengths and listed optical fields. Tables 40 and 40A provide I/# data for those
same wavelengths and optical fields.

[00118] As utilized herein, the word “exemplary” is intended to mean serving as
an example, instance, or illustration. Any aspect or design described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over other
aspects or designs. Rather, use of the word exemplary is intended to present concepts in
a concrete fashion. As used in this application, the term “or” is intended to mean an
inclusive “or” rather than an exclusive “or”. That is, unless specified otherwise, or clear
from context, “X employs A or B” is intended to mean any of the natural inclusive
permutations. That is, if X employs A; X employs B; or X employs both A and B, then
“X employs A or B” is satisfied under any of the foregoing instances. In addition, the
articles “a” and “an” as used in this application and the appended claims should
generally be construed to mean “one or more” unless specified otherwise or clear from
context to be directed to a singular form.

[00119] Furthermore, various portions of electronic systems associated with
disclosed optical systems described herein may include or consist of artificial
intelligence or knowledge or rule based components, sub-components, processes,
means, methodologies, or mechanisms (e. g., support vector machines, neural networks,
expert systems, Bayesian belief networks, fuzzy logic, data fusion engines,
classifiers...). Such components, inter alia, and in addition to that already described
herein, can automate certain mechanisms or processes performed thereby to make
portions of the systems and methods more adaptive as well as efficient and intelligent.
For instance, such components can automate optimization of image quality of an optical
system, as described above (e.g., see electronic device 500 of Figure 5, supra).

[00120] What has been described above includes examples of aspects of the

claimed subject matter. It is, of course, not possible to describe every conceivable
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combination of components or methodologies for purposes of describing the claimed
subject matter, but one of ordinary skill in the art can recognize that many further
combinations and permutations of the disclosed subject matter are possible.
Accordingly, the disclosed subject matter is intended to embrace all such alterations,
modifications and variations that fall within the spirit and scope of the appended claims.
Furthermore, to the extent that the terms “includes,” “has” or “having” are used in either
the detailed description or the claims, such terms are intended to be inclusive in a
manner similar to the term “comprising” as “comprising” is interpreted when employed

as a transitional word in a claim.
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CLAIMS
What is Claimed is:

1. An optical imaging system arranged along an optical axis, comprising:

a set of optical lenses including a first lens group and a second lens group,
wherein the second lens group is fixed in position along the optical axis;

a micro electromechanical system (MEMS) actuator mechanically connected to
the first lens group and configured to adjust a position of the first lens group along the
optical axis, wherein a first adjusted position is configured to focus an image of an
object positioned far from the optical imaging system onto an image plane associated
with the optical imaging system, and wherein a second adjusted position is configured
to focus an image of an object positioned near to the optical imaging system onto the
image plane;

wherein:

the set of optical lenses comprising five lenses;

the MEMS actuator is configured to adjust a position of the first lens
group along the optical axis up to between 50 and 150 micrometers;

the first optical lens group comprising a biconvex object-side lens; and

a ratio of the focal length of the biconvex object-side lens to a combined

focal length of the five lenses is greater than one half.

2. The optical imaging system of claim 1, further comprising an aperture stop

positioned at an object-side of the biconvex object-side lens.

3. The optical imaging system of claim 2, wherein the aperture stop is fixed in

position along the optical axis.

4. The optical imaging system of claim 2, wherein the aperture stop is fixed in

position relative to the first lens group.
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5. The optical imaging system of claim 4, wherein the MEMS actuator is
configured to reposition the first lens group and the aperture stop along the optical axis
and maintain the fixed position between the aperture stop and the first lens group at least

at the first adjusted position and at the second adjusted position.

6. The optical imaging system of claim 1, the second lens group comprising four

lens elements, including a second lens, a third lens, a fourth lens and a fifth lens.

7. The optical imaging system of claim 6, the second lens having a concave image-

side surface and a flat or a weak convex curvature on an object-side surface.

8. The optical imaging system of claim 7, the second lens having a negative optical

power, and formed of an OKP4HT plastic.

9. The optical imaging system of claim 6, the third lens having a concave object-
side surface and a convex image-side surface, a positive optical power, and formed of an

APELS5514ML glass.

10. The optical imaging system of claim 6, the fourth lens having an object-side
surface that is convex near the optical axis and transitions to concave away from the

optical axis, and an image-side surface having convex curvature.

11. The optical imaging system of claim 10, the fourth lens having positive optical
power near the optical axis, and having small negative optical power, small positive
optical power, or no optical power away from the optical axis, and the fourth lens is

formed of an APEL5514ML plastic.

12. The optical imaging system of claim 6, the fifth lens having an object-side
surface that is concave near the optical axis and that transitions to convex away from the
optical axis, and an image-side surface that is concave near the optical axis and

transitions to convex away from the optical axis.
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13. The optical imaging system of claim 12, the fifth lens having large negative
optical power near the optical axis, and positive optical power away from the optical

axis, and the fifth lens is formed of an APELS5514ML plastic.

14. The optical imaging system of claim 1, the biconvex object-side lens is formed

of an APEL5514ML plastic.

15. The optical imaging system of claim 1, wherein an optical power of the biconvex
object-side lens is at least in part a function of a distance along the optical axis between

the first adjusted position and the second adjusted position.

16. The optical imaging system of claim 1, wherein the ratio of the focal length of
the biconvex object-side lens to a combined focal length of the five lenses is about three

quarters.

17. The optical imaging system of claim 1, wherein the ratio of the optical power of
the biconvex object-side lens to a combined optical power of the five lenses is at least in
part a function of a distance along the optical axis between the first adjusted position

and the second adjusted position.

18. The optical imaging system of claim 1, wherein the object positioned far from
the optical system is positioned substantially at infinity, and wherein the object
positioned near to the optical system is positioned at substantially 10cm from an

aperture stop of the optical imaging system.
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19. An optical system comprising:
a plurality of optical elements arranged along a common optical axis for forming
a real image of an object, said optical elements including:

a first lens having a positive refractive power, with both surfaces, one
facing an object side and another facing an image side, having convex shape;

a second lens having negative refractive power and a meniscus shape,
with the surface facing the object side having a convex shape and the surface facing the
image side having a concave shape;

a third lens having positive refractive power, and a biconvex shape near
the optical axis, and the surface facing the object side is concave away from the optical
axis;

a fourth lens, with the surface facing the object side having a concave
shape, and the surface facing the image side having a convex shape; and

a fifth lens having a meniscus shape with the surface facing the object
side having a convex shape and the surface facing the image side having a concave
shape near the optical axis and a convex shape away from the optical axis; and

an actuator configured to move the first lens along the optical axis.

20. The optical system of claim 19, wherein the motor is a microelectromechanical
system.
21. The optical system of claim 19, wherein the second lens performs a majority of

chromatic correction for the optical system.
22. The optical system of claim 19, further comprising an aperture that is embedded
into the first lens and moves with the first lens, wherein the aperture having a depth of

50um.

23. The optical system of claim 19, wherein the F-number of the optical system is

approximately 2.4.

24. The optical system of claim 19, wherein one or more of the lenses are made of

plastic.
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25. The optical system of claim 19, wherein the surfaces of the lenses are aspheric.

26. The optical system of claim 19, wherein the refractive index of the lenses is

within a range of about 1.5 to about 1.66.

27. The optical system of claim 19, wherein the range of movement for the first lens

is between about Oum and about 100um.

28. The optical system of claim 19, wherein an amount of movement to focus an
image of an object is inversely proportional to the positive refractive power of the first

lens.
29. The optical system of claim 19, wherein the primary lateral color range for the
optical system focused on an object at infinity is equal to or less than approximately

lum.

30. The optical system of claim 19, wherein the primary lateral color range for the

optical system focused on an object at 10cm is equal to or less than approximately 4um.
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31. An optical imaging system arranged along an optical axis, comprising:

a set of optical lenses including a first lens group and a second lens group,
wherein the second lens group is fixed in position along the optical axis and comprises a
majority of the optical lenses of the set of optical lenses; and

an actuator mechanically connected to the first lens group and configured to
adjust a position of the first lens group along the optical axis, wherein a first adjusted
position is configured to focus an image of an object positioned far from the optical
imaging system onto an image plane associated with the optical imaging system, and
wherein a second adjusted position is configured to focus an image of an object
positioned near to the optical imaging system onto the image plane;

wherein:

the set of optical lenses comprising five lenses;

the actuator is configured to adjust a position of the first lens group along
the optical axis up to between 50 and 150 micrometers;

the second optical lens group comprising a third lens of the set of optical
lenses that is third in sequence from an object side of the set of optical lenses, the third
lens having a meniscus shape that is convex toward the object side of the set of optical

lenses.

32. The optical imaging system of claim 31, wherein the actuator comprises a micro

electromechanical system (MEMS) actuator.

33. The optical imaging system of claim 31, the first optical lens group comprising a
biconvex objective lens that provides a majority of the positive optical power of the set

of optical lenses.
34. The optical imaging system of claim 33, wherein the biconvex objective lens has
greater positive refractive power than a combined refractive power of the set of optical

lenses.

35. The optical imaging system of claim 31, wherein an effective focal length of the

set of optical lenses is between about 4.5 and about 5.0 millimeters.
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36. The optical imaging system of claim 31, wherein a ratio of total track length to

effective focal length of the optical system is between about 1.1 and about 1.2.

37. The optical imaging system of claim 31, wherein the first lens group comprises a

single lens of the set of optical lenses.

38. The optical imaging system of claim 37, wherein the single lens is an objective

lens of the optical system.

39. The optical imaging system of claim 37, wherein the second adjusted position
focuses an image of an object at an object distance of about 12.8 centimeters onto the

image plane.

40. The optical imaging system of claim 31, wherein an air distance between a third
lens and a fourth lens of the set of optical lenses, numbered from an object side of the
set of optical lenses, is a largest of air distances between respective ones of the set of

optical lenses.

41. The optical imaging system of claim 31, wherein an air distance between a
fourth lens and a fifth lens of the set of optical lenses, numbered from an object side of
the set of optical lenses, is a largest of air distances between respective ones of the set of

optical lenses.

42. The optical imaging system of claim 31, further comprising an aperture stop
about an object side surface of a first lens of the set of optical lenses, numbered from an

object side of the set of optical lenses.
43. The optical imaging system of claim 42, further comprising a stop between a
second and third lens of the set of optical lenses, numbered from an object side of the

set of optical lenses.

44, The optical imaging system of claim 43, further comprising a second stop

between the third lens and a fourth lens of the set of optical lenses.
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45. The optical imaging system of claim 44, further comprising a third stop between

the fourth lens and a fifth lens of the set of optical lenses.
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INTERNATIONAL SEARCH REPORT

International application No

PCT/US2012/061668

A. CLASSIFICATION OF SUBJECT MATTER
INV. GO2B13/00 HO4N5/232
ADD.

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

B. FIELDS SEARCHED

GO2B HO4N

Minimum documentation searched (classification system followed by classification symbols)

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

EPO-Internal

Electronic data base consulted during the international search (hame of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X JP 2010 224521 A (KONICA MINOLTA OPTO INC) 1,14-18
7 October 2010 (2010-10-07)

Y abstract; figure 5 6-13

Y US 5 598 299 A (HAYAKAWA) 6-13
28 January 1997 (1997-01-28)
figure 1

A JP 2011 209554 A (Y. SHINOHARA) 19-30
20 October 2011 (2011-10-20)
figures 4,11; tables 7,19

X JP 7 181389 A (MINOLTA CO LTD) 31-35,
21 July 1995 (1995-07-21) 40-42
abstract; figure 1
paragraph [0023]; table 1

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

earlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than

the priority date claimed

g

e

ok

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

ny

"&" document member of the same patent family

Date of the actual completion of the international search

14 March 2013

Date of mailing of the international search report

21/03/2013

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Michel, Alain

Form PCT/ISA/210 (second sheet) (April 2005)
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International application No.
INTERNATIONAL SEARCH REPORT PCT/US2012/061668
Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. |:| Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. |:| Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:l As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

m No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)
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International Application No. PCT/ US2012/ 061668

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-18

Claim 1 relates to an imaging system having two lens groups,
five lenses and front-focusing carried out by a MEMS
actuator. Claims 2-18 depend on claim 1.

The underlying problem to be solved is how to enable a small
lens displacement during focusing.

The special feature is the first lens group comprising a
biconvex object-side lens, the focal length of which being
greater than half of the focal length of the whole imaging
system.

2. claims: 19-30

Independent claim 19 relates to an optical system having
five lenses, focusing being carried out by moving the first
lens. Claims 20-30 depend on claim 19.

The underlying problem to be solved is how to reduce field
curvature and distortion.

The special feature is the lens constitution of the optical
system, the first and the fourth lenses being biconvex, the
second and the fifth lenses being menisci and the third lens
being concave-convex.

3. claims: 31-45

Independent claim 31 relates to an imaging system having two
lens groups, the first lens group for focusing and
consisting of two lenses and the second lens group having
three lenses. Claims 32-45 depend on claim 31.

The underlying problem to be solved is how to reduce primary
lateral colour.

The special feature is the second lens group comprising a
fore-front lens being a meniscus that has a convex surface
towards the object side.
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Information on patent family members

International application No

PCT/US2012/061668
Patent document Publication Patent family Publication
cited in search report date member(s) date
JP 2010224521 A 07-10-2010  CN 101819315 A 01-09-2010
JP 2010224521 A 07-10-2010
JP 2011138175 A 14-07-2011
US 2010220229 Al 02-09-2010
US 5598299 A 28-01-1997 JP 3141681 B2 05-03-2001
JP 7294853 A 10-11-1995
Us 5598299 A 28-01-1997
JP 2011209554 A 20-10-2011  NONE
JP 7181389 A 21-07-1995  NONE
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ASSIGNMENT

For good and valuable consideration, the receipt and sufficiency of which is hereby
acknowledged, the undersigned:

MICHAEL DROR EPHRAIM GOLDENBERG GAL SHABTAY
(hereinafter called the "assignor(s)"), hereby sell(s), assign(s) and transfer(s) to:

Corephotonics Ltd.
25 Habarzel St.
Ramat Hachayal, Tel-Aviv, 6971035
Israel

(hereinafter called the "assignee(s)"), its/his successors, assignees, nominees or other legal
representatives, the Assignor's entire right, title and interest in and to the invention entitled:

MINIATURE TELEPHOTO LENS ASSEMBLY

described and claimed in the following US Continuation in part Application No. 15/817,235
identified as Attorney docket No. COREPH-0080 US CON3 filed 11-19-2017;

and in and to said Patent Applications, and all original and reissued Patents granted therefor, and
all divisions and continuations thereof, including the right to apply and obtain Patents in all other
countries, the priority rights under International Conventions, and the Letters Patent which may
be granted thereon,;

Signed and sealed this 19 day of November 2017

MICHAEL DROR / Michael Dror /
EPHRAIM GOLDENBERG / Ephraim Goldenberg /
GAL SHABTAY / Gal Shabtay /

Attorney Docket No.: COREPH-0080 US CON3
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PTO/AIA/96 (08-12)

Approved for use through 01/31/2013. OMB 0651-0031

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

STATEMENT UNDER 37 CFR 3.73(c)
Corephotonics Ltd.

Applicant’/Patent Owner:

Application No./Patent No.: 15/817,235 Filed/Issue Date: 2017-11-19

Titled: MINIATURE TELEPHOTO LENS ASSEMBLY

Corephotonics Ltd. _a COMPANY

{Name of Assignee) (Type of Assignee, e.g., corporation, partnership, university, government agency, etc.)

states that, for the patent application/patent identified above, it is (choose one of options 1, 2, 3 or 4 below):
1. The assignee of the entire right, title, and interest.

2. |:| An assignee of less than the entire right, title, and interest (check applicable box):

L] The extent (by percentage) of its ownership interest is %. Additional Statement(s) by the owners
holding the balance of the interest must be submitted to account for 100% of the ownership interest.

D There are unspecified percentages of ownership. The other parties, including inventors, who together own the entire
right, title and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

3. |:| The assignee of an undivided interest in the entirety (a complete assignment from one of the joint inventors was made).
The other parties, including inventors, who together own the entire right, title, and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

4. |:| The recipient, via a court proceeding or the like (e.g., bankruptcy, probate), of an undivided interest in the entirety (a
complete transfer of ownership interest was made). The certified document(s) showing the transfer is attached.

The interest identified in option 1, 2 or 3 above (not option 4) is evidenced by either (choose one of options A or B below):

A. An assignment from the inventor(s) of the patent application/patent identified above. The assignment was recorded in
the United States Patent and Trademark Office at Reel , Frame , or for which a copy
thereof is attached.

B. D A chain of title from the inventor(s), of the patent application/patent identified above, to the current assignee as follows:

1. From: To:

The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
2. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

[Page 1 of 2]
This collection of information is required by 37 CFR 3.73(b). The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO to
process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 12 minutes to complete, including
gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount
of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark
Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND
TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PT0-9199 and select option 2.

APPL-1002 / Page 270 of 624
APPLE INC. v. COREPHOTONICS LTD.



PTO/AIA/96 (08-12)
Approved for use through 01/31/2013. OMB 0651-0031
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

3. From:

4. From:

5. From:

6. From:

STATEMENT UNDER 37 CFR 3.73(c)

To:
The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

|:] Additional documents in the chain of title are listed on a supplemental sheet(s).

|:| As required by 37 CFR 3.73(c)(1)(i), the documentary evidence of the chain of title from the original owner to the
assignee was, or concurrently is being, submitted for recordation pursuant to 37 CFR 3.11.

[NOTE: A separate copy (i.e., a true copy of the original assignment document(s)) must be submitted to Assignment
Division in accordance with 37 CFR Part 3, to record the assignment in the records of the USPTO. See MPEP 302.08]

The undersigned (whose title is supplied below) is authorized to act on behalf of the assignee.

/GAL SHABTAY/ 11-19-2017
Signature Date

GAL SHABTAY VP-R&D

Printed or Typed Name Title or Registration Number

[Page 2 of 2]
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is 35
U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the
information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission related
to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and Trademark
Office may not be able to process and/or examine your submission, which may result in termination of proceedings
or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records
may be disclosed to the Department of Justice to determine whether disclosure of these records is
required by the Freedom of Information Act.

2. Arecord from this system of records may be disclosed, as a routine use, in the course of presenting
evidence to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the
course of settlement negotiations.

3. Avrecord in this system of records may be disclosed, as a routine use, to a Member of Congress
submitting a request involving an individual, to whom the record pertains, when the individual has
requested assistance from the Member with respect to the subject matter of the record.

4. Arecord in this system of records may be disclosed, as a routine use, to a contractor of the Agency
having need for the information in order to perform a contract. Recipients of information shall be required
to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. Arecord related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. Arecord in this system of records may be disclosed, as a routine use, to another federal agency for
purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act
(42 U.S.C. 218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency’s
responsibility to recommend improvements in records management practices and programs, under
authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA
regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or
Commerce) directive. Such disclosure shall not be used to make determinations about individuals.

8. Arecord from this system of records may be disclosed, as a routine use, to the public after either
publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C.
151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the
public if the record was filed in an application which became abandoned or in which the proceedings were
terminated and which application is referenced by either a published application, an application open to
public inspection or an issued patent.

9. Arecord from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PQ. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov’

| APPLICATION NUMBER | FILING OR 371(C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO./TITLE |
15/817,235 11/19/2017 Michael Dror COREPH-0080 US CON3
CONFIRMATION NO. 7330
92342 FORMALITIES LETTER

Nathan & Associates Patent Agents Ltd

P.0.Box 10178 TR AL D
0 009593

Tel Aviv, 6110101 0000
ISRAEL

3222

Date Mailed: 12/08/2017

NOTICE OF OMITTED ITEM(S) IN A NONPROVISIONAL APPLICATION
FILED UNDER 37 CFR 1.53(b)

A filing date has been accorded to the above-identified nonprovisional application papers; however, the following
item(s) appear to have been omitted from the application:

« Figure(s) All described in the specification.

Applicant must reply to this notice within the time period set forth in this notice to avoid abandonment of

this application. Applicant must select one of the three following options and the reply must comply with the
requirements set forth in the selected option and any other requirements set forth in this notice. The reply should
also indicate which option applicant has selected.

I. Petition for date of deposit: Should applicant contend that the above-noted omitted item(s) was in fact
deposited in the U.S. Patent and Trademark Office (USPTO) with the nonprovisional application papers, a copy of
this Notice and a petition (and the petition fee set forth in 37 CFR 1.17(f) with evidence of such deposit must be
filed within TWO MONTHS of the date of this Notice. The petition fee will be refunded if it is determined that the
item(s) was received by the USPTO. THIS TWO MONTH PERIOD IS EXTENDABLE UNDER 37 CFR 1.136(a)
or (b).

Applicant should review their application file and determine whether their file differs from USPTO’s records. In
some situations there may be a mislabeling of the drawings and/or a failure to describe in the brief description
each of the figures as labeled.

The brief description of the drawings in the specification must correspond with the figures and the figures must
be labeled in accordance with 37 CFR 1.84(u)(1). For example, if the brief description describes Figure 1 and
Figure 2 only, but the drawings show Fig. 1 and Fig. 2A and Fig. 2B, then the specification must be amended to
refer to Figure 2A and Figure 2B and delete the reference to Figure 2 and a substitute specification in compliance
with 37 CFR 1.52, 1.121(b)(3), and 1.125, is required. As another example, if a drawing is labeled Figure 2, but
there are actually multiple figures within the labeled Figure 2 having labels A, B, and C, then the drawings must
be relabeled in accordance with 37 CFR 1.84(u)(1) (e.g., Fig. 2A, Fig. 2B, and Fig. 2C). If the specification does
not refer to the figures as relabeled, then the specification must be amended to refer to the relabeled figures (e.g.,
Fig. 2A, Fig. 2B, and Fig. 2C) and a substitute specification in compliance with 37 CFR 1.52, 1.121(b)(3), and
1.125, is required. A petition for date of deposit under option | should NOT be filed in either situation or in similar
situations where there is simply a mislabeling of the drawings and/or a failure to describe in the brief description
each of the figures. Instead, applicant should file a reply under option Ill.A below (including replacement drawing
sheets and/or a substitute specification as required in 111.A.2).

page 1of 4

APPL-1002 / Page 273 of 624
APPLE INC. v. COREPHOTONICS LTD.



1. Petition for later filing date: Should applicant desire to supply the omitted item(s) and accept the date that
such omitted item(s) was filed in the USPTO as the filing date of the above-identified application, a copy of this
Notice, the omitted item(s), and a petition under 37 CFR 1.182 with the petition fee set forth in 37 CFR 1.17(f)
requesting the later filing date must be filed within TWO MONTHS of the date of this Notice. THIS TWO MONTH
PERIOD IS EXTENDABLE UNDER 37 CFR 1.136(a) or (b).

Applicant is advised that generally the filing fee required for an application is the filing fee in effect on the filing
date accorded the application and that payment of the requisite basic filing fee on a date later than the filing date
of the application requires payment of a surcharge (37 CFR 1.16(f)). To avoid processing delays and payment
of a surcharge, applicant should submit any balance due for the requisite filing fee based on the later filing date
being requested when submitting the omitted item(s) and the petition (and petition fee) requesting the later filing
date.

lll. Acceptance of application as deposited: Applicant may accept the application as deposited in the USPTO
by filing an appropriate amendment as set forth in either (A) or (B) below within TWO MONTHS of the date of this
Notice. THIS TWO MONTH PERIOD IS EXTENDABLE UNDER 37 CFR 1.136(a) or (b) . The application will
maintain a filing date as of the date of deposit of the application papers in the USPTO, and original application
papers (i.e., the original disclosure of the invention) will include only those application papers present in the
USPTO on the date of deposit. A petition is not required for this option.

(A) If applicant wants to accept the application as deposited without adding the subject matter that was in the
omitted item (e.g., a missing page or figure), applicant is required to submit one or more of the following items
without adding any new matter (see 35 U.S.C. 132(a)):

1. For a missing page of the specification,

a) a substitute specification including claims that amends the specification to renumber the pages
consecutively and cancels any incomplete sentences, and

b) a statement that the substitute specification includes no new matter, in compliance with 37 CFR
1.121(b)(3) and 1.125;

2. For a missing figure of the drawings (including a mislabeled figure),

a) replacement drawing sheets in compliance with 37 CFR 1.121(d) to renumber the drawing figures
consecutively (if necessary),

b) a substitute specification excluding claims that amends the specification to cancel any references to any
omitted drawing(s) and corrects the references in the specification to the drawing figures to correspond
with any relabeled drawing figures, and

c) a statement that the substitute specification includes no new matter, in compliance with 37 CFR
1.121(b)(3) and 1.125;

3. For a missing page of the claim listing only, a replacement claim listing with the claims renumbered
consecutively or, if amendment to the claims is also necessary, then a complete claim listing in compliance
with 37 CFR 1.121(c);

4. For a missing or unreadable compact disc,

a) a substitute specification (excluding the claims) deleting the reference to the compact disc and the files
contained on the compact disc, and

b) a statement that the substitute specification includes no new matter, in compliance with 37 CFR
1.121(b)(3) and 1.125; and

5. For a missing or unreadable file submitted on a compact disc,

a) a substitute specification (excluding the claims) deleting the reference to the missing or unreadable file,
and a statement that the substitute specification includes no new matter, in compliance with 37 CFR
1.121(b)(3) and 1.125; and

b) a replacement transmittal letter listing all of the files except the missing or unreadable file in compliance
with 37 CFR 1.52(e)(3)(ii).

(B) Alternatively, if applicant wants to accept the application as deposited but wishes to add the subject matter in
the omitted item (e.g., a missing page or figure) by relying on an incorporation by reference under 37 CFR 1.57 or
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other portions of the original disclosure, applicant is required to submit one or more of the following items without
adding any new matter (see 35 U.S.C. 132(a)):
1. To add the subject matter in a missing page of specification,
a) a substitute specification excluding claims and
b) a statement that the substitute specification includes no new matter, in compliance with 37 CFR
1.121(b)(3) and 1.125;
2. To add a missing figure of the drawings, new and replacement drawing sheets in compliance with 37 CFR
1.121(d);
3. To add the subject matter in a missing page of the claim listing, a complete claim listing in compliance with 37
CFR 1.121(c) (e.g., a claim in the missing page should be submitted as a new claim);
4. To add the subject matter in a missing or unreadable compact disc,
a) a replacement compact disc and a duplicate copy of the compact disc, in compliance with 37 CFR 1.52(e);
and
b) a statement that the replacement compact disc contains no new matter in compliance with 37 CFR
1.52(e)(4); and,
5. To add the subject matter in a missing or unreadable file submitted on a compact disc,
a) a replacement compact disc that contains all of the files listed in the specification including the missing or
unreadable file and a duplicate copy of the compact disc, in compliance with 37 CFR 1.52(e); and
b) a statement that the replacement compact disc contains no new matter in compliance with 37 CFR
1.52(e)(4).

If applicant is relying on an incorporation by reference under 37 CFR 1.57 to add the omitted subject matter, then
applicant must also comply with the requirements of 37 CFR 1.57.

Applicant is cautioned that correction of the above items may cause the specification and drawings page count to
exceed 100 pages. If the specification and drawings exceed 100 pages, applicant will need to submit the required
application size fee.

Replies must be received in the USPTO within the set time period or must include a proper Certificate of Mailing
or Transmission under 37 CFR 1.8 with a mailing or transmission date within the set time period. For more
information and a suggested format, see Form PTO/SB/92 and MPEP 512.

Replies should be mailed to:

Mail Stop Missing Parts
Commissioner for Patents
P.O. Box 1450

Alexandria VA 22313-1450

Registered users of EFS-Web may alternatively submit their reply to this notice via EFS-Web, including a copy
of this Notice and selecting the document description "Applicant response to Pre-Exam Formalities Notice".
https:/sportal.uspto.gov/authenticate/AuthenticateUserl ocalEPF.html

For more information about EFS-Web please call the USPTO Electronic Business Center at 1-866-217-9197 or
visit our website at http:.//www.uspto.gov/ebc.

If you are not using EFS-Web to submit your reply, you must include a copy of this notice.

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.
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PATENT APPLICATION FEE DETERMINATION RECORD

Application or Docket Number

Substitute for Form PTO-875 15/817,235
APPLICATION AS FILED - PART | OTHER THAN
(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY
FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($)
BASIC FEE
(37 CFR 1.16(a), (b), or (c)) N/A N/A N/A 70 N/A
SEARCH FEE
(37 GFR 1.16(K). ), or (m)) N/A N/A N/A 300 N/A
EXAMINATION FEE
(37 GFR 1.16(0), (8}, or (a) N/A N/A N/A 360 N/A
oy CRRIAED) 24 minue 20- 4 x40 -| 160 oR
e el I 0 | ow
If the specification and drawings exceed 100
APPLICATION SIZE | sheets of paper, the application size fee due is
FEE $310 ($155 for small entity) for each additional 0.00
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C.
41(a)(1)(G) and 37 CFR 1.16(s).
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00
* |f the difference in column 1 is less than zero, enter "0” in column 2. TOTAL 890 TOTAL
APPLICATION AS AMENDED - PART Il
OTHER THAN
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
< AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
| Total g i w -
=S (37 CF(:H 16(7)) Minus x = OR =
) Independent * Minus | *** =
5 (37 CFR 1.16(h) X = OR -
<§: Application Size Fee (37 CFR 1.16(s))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j) OR
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
(Column 1) (Column 2) (Column 3)
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
m AFTER PREVIOUSLY EXTRA RATE(S) FEE(S) RATE(S) FEE(S)
E AMENDMENT PAID FOR
LU Total * Minus | ** = =
= (37 CF?H.IB(H) X OR -
% Independent * Minus | *** = M _ OR _
w (37 CFR 1.16(h)) = =
<§( Application Size Fee (37 CFR 1.16(s))
OR
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16())
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE

* If the entry in column 1 is less than the entry in column 2, write "0" in column 3.
** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20".
*** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3".
The "Highest Number Previously Paid For" (Total or Independent) is the highest found in the appropriate box in column 1.

APPL-1002 / Page 277 of 624
APPLE INC. v. COREPHOTONICS LTD.




UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PQ. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov’

APPLICATION FILING or GRP ART
NUMBER I 371(c) DATE UNIT I FIL FEE RECD I ATTY.DOCKET.NO ITOT CLAIMSI IND CLAIMSl
15/817,235 11/19/2017 890 COREPH-0080 US CON3 24
CONFIRMATION NO. 7330
92342 FILING RECEIPT

B 5 ecates Patent Agents 1d T

Tel Aviv, 6110101
ISRAEL

Date Mailed: 12/08/2017

Receipt is acknowledged of this non-provisional patent application. The application will be taken up for examination
in due course. Applicant will be notified as to the results of the examination. Any correspondence concerning the
application must include the following identification information: the U.S. APPLICATION NUMBER, FILING DATE,
NAME OF APPLICANT, and TITLE OF INVENTION. Fees transmitted by check or draft are subject to collection.
Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please
submit a written request for a Filing Receipt Correction. Please provide a copy of this Filing Receipt with the
changes noted thereon. If you received a "Notice to File Missing Parts" for this application, please submit
any corrections to this Filing Receipt with your reply to the Notice. When the USPTO processes the reply
to the Notice, the USPTO will generate another Filing Receipt incorporating the requested corrections

Inventor(s)
Michael Dror, Nes Ziona, ISRAEL;
Ephraim Goldenberg, Ashdod, ISRAEL;
Gal Shabtay, Tel Aviv, ISRAEL;
Applicant(s)
Corephotonics Ltd., Tel-Aviv, ISRAEL,;

Power of Attorney: The patent practitioners associated with Customer Number 92342

Domestic Priority data as claimed by applicant
This application is a CON of 15/418,925 01/30/2017
which is a CIP of 15/170,472 06/01/2016 PAT 9568712
which is a CON of 14/932,319 11/04/2015 PAT 9402032
which is a CON of 14/367,924 09/19/2014 ABN *
which is a 371 of PCT/IB2014/062465 06/20/2014
which claims benefit of 61/842,987 07/04/2013
(*)Data provided by applicant is not consistent with PTO records.

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.

Permission to Access Application via Priority Document Exchange: Yes

Permission to Access Search Results: Yes
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Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as
appropriate.

If Required, Foreign Filing License Granted: 12/06/2017

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 15/817,235

Projected Publication Date: To Be Determined - pending completion of Omitted Items
Non-Publication Request: No

Early Publication Request: No
** SMALL ENTITY **
Title

MINIATURE TELEPHOTO LENS ASSEMBLY
Preliminary Class

Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No
PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents” (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,

this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
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countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).

SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
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technology, manufacture products, deliver services, and grow your business, visit http:/www.SelectUSA.gov or call
+1-202-482-6800.
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Applicant: § Confirmation No: 7330
Michael Dror g

Serial No.: 15/817,235 ’

Title: MINIATURE TELEPHOTO LENS

ASSEMBLY

§
Filed: 12/08/2017 §
§ Attorney Docket: COREPH-0080 US CON3

Mail Stop Missing Parts
Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450

RESPONSE TO FORMALITIES LETTER

Dear Madam/Sir,

This is in response to the USPTO Notice of Omitted Item(s) in a Nonprovisional
Application dated December 8, 2017. Applicant inadvertently omitted filing all Figures 1A, 1B,
1C, 2A, 2B, 2C, 3A, 3B, 3C mentioned in the specification. Since this is a Continuation
application from application No. 15/418,925, which included all these figures, Applicant submits
that the figures of application No. 15/418,925 are incorporated by reference in the present
application in accordance with 37 CFR 1.57(b).

Applicant respectfully requests acceptance of application as deposited and addition of all
the missing figures, which are attached herewith in 6 drawings sheets in compliance with 37 CFR
1.121(d). No new matter is added.

Respectfully submitted,

/ Menachem Nathan /
Menachem Nathan
Agent for Applicant

Registration No. 65392

Date: December 9, 2017
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Electronic Acknowledgement Receipt

EFS ID: 31179529
Application Number: 15817235
International Application Number:
Confirmation Number: 7330

Title of Invention:

MINIATURE TELEPHOTO LENS ASSEMBLY

First Named Inventor/Applicant Name:

Michael Dror

Customer Number:

92342

Filer:

Menachem Nathan

Filer Authorized By:

Attorney Docket Number:

COREPH-0080 US CON3

Receipt Date: 09-DEC-2017
Filing Date: 19-NOV-2017
Time Stamp: 14:19:52

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment no
File Listing:
Document Document Description File Name File Slze(B}ttes)l Multl' 'Pages
Number Message Digest | Part/.zip| (if appl.)
69466
1 Any request going to L and R Communication.pdf no 1
03f3e23f6379b8fdfdd4fAc25aadabefd 2f71]
Warnings:

APPL-1002 / Page 285 of 624
APPLE INC. v. COREPHOTONICS LTD.




Information:

1326966
) Drawings-only bIaFk and white line Drawings.pdf no 5
drawings
d4b72fc5801f84781f4ealda0fad1cbeed7e|
977
Warnings:
Information:
Total Files Size (in bytes){ 1396432

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PQ. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov’

| APPLICATION NUMBER | FILING OR 371(C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO./TITLE |
15/817,235 11/19/2017 Michael Dror COREPH-0080 US CON3
CONFIRMATION NO. 7330
92342 FORMALITIES LETTER

Nathan & Associates Patent Agents Ltd

P 0B 10178 A

Tel Aviv, 6110101 0000
ISRAEL

Date Mailed: 12/27/2017

NOTICE TO FILE CORRECTED APPLICATION PAPERS

Filing Date Granted

An application number and filing date have been accorded to this application. The application is informal since
it does not comply with the regulations for the reason(s) indicated below. Applicant is given TWO MONTHS
from the date of this Notice within which to correct the informalities indicated below. Extensions of time may be
obtained by filing a petition accompanied by the extension fee under the provisions of 37 CFR 1.136(a).

The required item(s) identified below must be timely submitted to avoid abandonment:

* Replacement drawings in compliance with 37 CFR 1.84 and 37 CFR 1.121(d) are required. The drawings
submitted are not acceptable because:
* More than one figure is present and each figure is not labeled "Fig." with a consecutive Arabic numeral (1,
2, etc.) or an Arabic numeral and capital letter in the English alphabet (A, B, etc.)(see 37 CFR 1.84(u)(1)).
See Figure(s) 2C. A brief description of the several views of the drawings (see 37 CFR 1.74) should be
added or amended to correspond to the corrected numbering of the figures. See also 37 CFR 1.77(b)(9).

Applicant is cautioned that correction of the above items may cause the specification and drawings page count to

exceed 100 pages. If the specification and drawings exceed 100 pages, applicant will need to submit the required
application size fee.
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Replies must be received in the USPTO within the set time period or must include a proper Certificate of Mailing
or Transmission under 37 CFR 1.8 with a mailing or transmission date within the set time period. For more
information and a suggested format, see Form PTO/SB/92 and MPEP 512.

Replies should be mailed to:

Mail Stop Missing Parts
Commissioner for Patents
P.O. Box 1450

Alexandria VA 22313-1450

Registered users of EFS-Web may alternatively submit their reply to this notice via EFS-Web, including a copy
of this Notice and selecting the document description "Applicant response to Pre-Exam Formalities Notice".
https://sportal.uspto.gov/authenticate/AuthenticateUserl ocalEPF.html

For more information about EFS-Web please call the USPTO Electronic Business Center at 1-866-217-9197 or
visit our website at http.//www.uspto.gov/ebc.

If you are not using EFS-Web to submit your reply, you must include a copy of this notice.

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

/enguyen/
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Doc code: IDS PTO/SB/08a (03-15)

L . . " Appraved for use through 07/31/2016, OMB 0651-0031
Doc description: Information Disclosure Statement (IDS) Filed U.S. Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1895, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Application Number 16817235
Filing Date 2017-11-19

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
{ Not for submission under 37 CFR 1.99)

First Named Inventor ‘ Michael Dror

Art Unit |

Examiner Name ‘

Attorney Docket Number ‘ COREPH-0080 US CON3

U.S.PATENTS
. . . ) Pages,Columns,Lines where
E)_(gm*lner Cite Patent Number Kind Issue Date Name of Patentee or Applicant Relevant Passages or Relevant
Initial No Codet of cited Document )
Figures Appear
1 9405009 2016-08-02 Joetal.

If you wish to add additional U.S. Patent citation information please click the Add button.

U.S.PATENT APPLICATION PUBLICATIONS

Pages,Columns,Lines where
Relevant Passages or Relevant
Figures Appear

Examiner Cite No Publication Kind | Publication Name of Patentee or Applicant
Initial* Number Ccde1| Date of cited Document

If you wish to add additional U.S. Published Application citation information please click the Add buttcn.

FOREIGN PATENT DOCUMENTS

Name of Patentee or Pages Columns Lines
Examiner| Cite | Foreign Document | Country Kind | Publication Aoplicant of cited where Relevant Ts
Initial* No | Numbers Code2j Code4| Date PP Passages or Relevant
Document -
Figures Appear
1 []

If you wish to add additional Foreign Patent Document citation information please click the Add button

NON-PATENT LITERATURE DOCUMENTS

. .. | Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the item
Examiner| Cite o . . '
o (book, magazine, journal, serial, symposium, catalog, etc), date, pages{s), volume-issue number(s), TS
Initials No . - .
publisher, city and/or country where published.

EFS Web 2.1.17
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Application Number 15817235

Filing Date 2017-11-19
INFORMATION DISCLOSURE First Named Inventor ‘ Michael Dror
STATEMENT BY APPLICANT |

{ Not for submission under 37 CFR 1.99)

Examiner Name ‘
Aftorney Docket Number ‘ COREPH-0080 US CON3

If you wish to add additional non-patent literature document citation information please click the Add button

EXAMINER SIGNATURE

Examiner Signature Date Considered

*EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through a
citation if not in conformance and not considered. Include copy of this form with next communication to applicant.

1 See Kind Codes of USPTO Patent Documents at www.USPTO.GOV or MPEP 901.04. 2 Enter office that issued the document, by the two-letter code (WIPO
Standard ST.3). 3 For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial number of the patent document.
4 Kind of document by the appropriate symbols as indicated on the document under WIPO Standard ST.16 if possible. 2 Applicant is to place a check mark here if|
English language translation is attached.
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Application Number 15817235
Filing Date 2017-11-19

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
{ Not for submission under 37 CFR 1.99)

First Named Inventor ‘ Michael Dror

Art Unit |

Examiner Name ‘

Aftorney Docket Number ‘ COREPH-0080 US CON3

CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection(s):

That each item of information contained in the information disclosure statement was first cited in any communication
[ ] from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

L] any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e}2).

[ ] See attached certification statement.
[ ] The fee set forth in 37 CFR 1.17 (p) has been submitted herewith.

[X] A certification statement is not submitted herewith.

SIGNATURE
A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the form
of the signature.

Signature /Menachem Nathan/ Date (YYYY-MM-DD) 2017-12-27

Name/Print MENACHEM NATHAN Registration Number 65392

This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA
22313-1450.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the
attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised
that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited ig
voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office is to process
and/or examine your submission related to a patent application or patent. If you do not furnish the requested information, the
U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may result in termination
of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:
1. The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act

(5 U.S.C. 552) and the Privacy Act (5 U.S.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a reques

involving an individual, to whom the record pertains, when the individual has requested assistance from the Member with
respect to the subject matter of the record.

4, A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review {35 U.5.C. 181) and for review pursuant to the Atomic Energy Act (42 U.8.C. 218(c)).

7. A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to recommeng
improvements in records management practices and programs, under authority of 44 U.5.C. 2904 and 2906. Such
disclosure shall be made in accordance with the GSA regulations governing inspection of records for this purpose, and
any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make determinations about
individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication of the
application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record may be
disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in an application
which became abandoned or in which the proceedings were terminated and which application is referenced by either a
published application, an application open to public inspections or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Electronic Acknowledgement Receipt

EFS ID: 31344226
Application Number: 15817235
International Application Number:
Confirmation Number: 7330

Title of Invention:

MINIATURE TELEPHOTO LENS ASSEMBLY

First Named Inventor/Applicant Name:

Michael Dror

Customer Number:

92342

Filer:

Menachem Nathan

Filer Authorized By:

Attorney Docket Number:

COREPH-0080 US CON3

Receipt Date: 27-DEC-2017
Filing Date: 19-NOV-2017
Time Stamp: 15:05:51

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment no
File Listing:
Document Document Description File Name File Slze(B}ttes)l Multl' 'Pages
Number Message Digest | Part/.zip| (if appl.)
316481
1 Transmittal Letter Supplemental_IDS_TF.pdf no 2
7fcedScec7d8081154e1ddd65835dc08774]
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Warnings:
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Information:

1396716
Information Disclosure Statement (IDS)
2 Supplemental_IDS.pdf no 4
Form (SBOS) e2f638fc2f38b65779769d 223 16e58293e2)

Warnings:

Information:

This is not an USPTO supplied IDS fillable form

Total Files Size (in bytes){ 1713197

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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UTILITY
PATENT APPLICATION
TRANSMITTAL

(Only for new nonprovisional applications under 37 CFR 1.53(b))

\_

Under the Paperwork Reduction Act of 1995 no persons are required to respond to a collection of information unless it displays a valid OMB control number
Attorney Docket No.  [COREPH-0080 US CON3

PTO/AIA/15 (03-13)
Approved for use through 01/31/2014. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

First Named Inventor

Michael Dror

Title

MINIATURE TELEPHOTO LENS ASSEMBLY

Express Mail Label No.

_/

APPLICATION ELEMENTS

See MPEP chapter 600 concerning utility patent application contents.

ADDRESS TO:

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

1. D Fee Transmittal Form
(PTO/SB/17 or equivalent)

2. D Applicant asserts small entity status.
See 37CFR 1.27

3. D Applicant certifies micro entity status. See 37 CFR 1.29.
Applicant must attach form PTO/SB/15A or B or equivalent.

4, D Specification [Total Pages ]
Both the claims and abstract must start on a new page.
(See MPEP § 608.01(a} for information on the preferred arrangement)

5. D Drawing(s) (35 U.S.C. 113) [Total Sheets

6. Inventor’s Oath or Declaration [Total Pages ]
(including substitute statements under 37 CFR 1.64 and assignments
serving as an oath or declaration under 37 CFR 1.63(e}}

a. D Newly executed (original or copy)
b. D A copy from a prior application (37 CFR 1.63(d))

7. l:] Application Data Sheet  * See note below.
See 37 CFR 1.76 (PTO/AIA/14 or equivalent)

8. CD-ROM or CD-R

in duplicate, large table, or Computer Program (Appendix)
l:‘ Landscape Table on CD

9. Nucleotide and/or Amino Acid Sequence Submission
(if applicable, items a. — c. are required)

a. I:I Computer Readable Form (CRF)
b. D Specification Sequence Listing on:
i D CD-ROM or CD-R (2 copies); or

ii.I:l Paper

c. D Statements verifying identity of above copies

ACCOMPANYING APPLICATION PAPERS

10.[ ]

1. ]
12.[ ]
13.

1. ]
15.[ ]

6. ]
17.[ ]

18.

Assignment Papers
(cover sheet & document(s))
Name of Assignee

37 CFR 3.73(c) Statement |:| Power of Attorney

(when there is an assignee)
English Translation Document
(if applicable)
Information Disclosure Statement
(PTO/SB/08 or PTO-1449)

Copies of citations attached
Preliminary Amendment

Return Receipt Postcard
(MPEP § 503) (Should be specifically itemized)

Certified Copy of Priority Document(s)

(if foreign priority is claimed)

Nonpublication Request

Under 35 U.S.C. 122(b){(2){B)(i). Applicant must attach form PTO/SB/35
or equivalent.

Other: Remarks - This is a supplemental IDS. Citation or identification of

any reference in this IDS shall not be construed as an admission

that such reference is available as prior art.

interest in the matter. See 37 CFR 1.46(b).

*Note: (1) Benefit claims under 37 CFR 1.78 and foreign priority claims under 1.55 must be included in an Application Data Sheet (ADS).
(2) For applications filed under 35 U.S.C. 111, the application must contain an ADS specifying the applicant if the applicant is an
assignee, person to whom the inventor is under an obligation to assign, or person who otherwise shows sufficient proprietary

19. CORRESPONDENCE ADDRESS

The address associated with Customer Number; 92342

OR I:' Correspondence address below

Name

Address

City State Zip Code

Country Telephone Email

signatre | /Menachem Nathan/ pate 12-27-2017 )
| rinryoe) | MENACHEM NATHAN (roomay/agens) | 65,392 )

This collection of information is required by 37 CFR 1.53(b). The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO
to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 12 minutes to complete,

including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on
the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND

TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PTO-9199 and select option 2.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is
35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which
the information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission
related to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and
Trademark Office may not be able to process and/or examine your submission, which may result in termination
of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (56 U.S.C 552a). Records from this system of
records may be disclosed to the Department of Justice to determine whether disclosure of these
records is required by the Freedom of Information Act.

2. Arrecord from this system of records may be disclosed, as a routine use, in the course of presenting
evidence to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in
the course of settlement negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress
submitting a request involving an individual, to whom the record pertains, when the individual has
requested assistance from the Member with respect to the subject matter of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency
having need for the information in order to perform a contract. Recipients of information shall be
required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C.
552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this
system of records may be disclosed, as a routine use, to the International Bureau of the World
Intellectual Property Organization, pursuant to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for
purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act
(42 U.S.C. 218(c)).

7. Arrecord from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that
agency’s responsibility to recommend improvements in records management practices and programs,
under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the
GSA regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or
Commerce) directive. Such disclosure shall not be used to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either
publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35
U.S.C. 151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine
use, to the public if the record was filed in an application which became abandoned or in which the
proceedings were terminated and which application is referenced by either a published application, an
application open to public inspection or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local
law enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or
regulation.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PQ. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov’

APPLICATION FILING or GRP ART
NUMBER I 371(c) DATE UNIT I FIL FEE RECD I ATTY.DOCKET.NO ITOT CLAIMSI IND CLAIMSl
15/817,235 11/19/2017 890 COREPH-0080 US CON3 24
CONFIRMATION NO. 7330
92342 FILING RECEIPT

B 5 ecates Patent Agents 1d e T

Tel Aviv, 6110101
ISRAEL

Date Mailed: 12/27/2017

Receipt is acknowledged of this non-provisional patent application. The application will be taken up for examination
in due course. Applicant will be notified as to the results of the examination. Any correspondence concerning the
application must include the following identification information: the U.S. APPLICATION NUMBER, FILING DATE,
NAME OF APPLICANT, and TITLE OF INVENTION. Fees transmitted by check or draft are subject to collection.
Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please
submit a written request for a Filing Receipt Correction. Please provide a copy of this Filing Receipt with the
changes noted thereon. If you received a "Notice to File Missing Parts" for this application, please submit
any corrections to this Filing Receipt with your reply to the Notice. When the USPTO processes the reply
to the Notice, the USPTO will generate another Filing Receipt incorporating the requested corrections

Inventor(s)
Michael Dror, Nes Ziona, ISRAEL;
Ephraim Goldenberg, Ashdod, ISRAEL;
Gal Shabtay, Tel Aviv, ISRAEL;
Applicant(s)
Corephotonics Ltd., Tel-Aviv, ISRAEL,;

Power of Attorney: The patent practitioners associated with Customer Number 92342

Domestic Priority data as claimed by applicant
This application is a CON of 15/418,925 01/30/2017 PAT 9857568
which is a CIP of 15/170,472 06/01/2016 PAT 9568712
which is a CON of 14/932,319 11/04/2015 PAT 9402032
which is a CON of 14/367,924 09/19/2014 ABN *
which is a 371 of PCT/IB2014/062465 06/20/2014
which claims benefit of 61/842,987 07/04/2013
(*)Data provided by applicant is not consistent with PTO records.

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.

Permission to Access Application via Priority Document Exchange: Yes

Permission to Access Search Results: Yes
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Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as
appropriate.

If Required, Foreign Filing License Granted: 12/06/2017

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 15/817,235

Projected Publication Date: To Be Determined - pending completion of Corrected Papers
Non-Publication Request: No

Early Publication Request: No
** SMALL ENTITY **
Title

MINIATURE TELEPHOTO LENS ASSEMBLY
Preliminary Class

Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No
PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents” (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,

this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
page 2 of 4

APPL-1002 / Page 298 of 624
APPLE INC. v. COREPHOTONICS LTD.



countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).

SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
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technology, manufacture products, deliver services, and grow your business, visit http:/www.SelectUSA.gov or call
+1-202-482-6800.
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PATENT APPLICATION FEE DETERMINATION RECORD

Application or Docket Number

Substitute for Form PTO-875 15/817,235
APPLICATION AS FILED - PART | OTHER THAN
(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY
FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($)
BASIC FEE
(37 CFR 1.16(a), (b), or (c)) N/A N/A N/A 70 N/A
SEARCH FEE
(37 GFR 1.16(K). ), or (m)) N/A N/A N/A 300 N/A
EXAMINATION FEE
(37 GFR 1.16(0), (8}, or (a) N/A N/A N/A 360 N/A
oy CRRIAED) 24 minue 20- 4 x40 -| 160 oR
e el I 0 | ow
If the specification and drawings exceed 100
APPLICATION SIZE | sheets of paper, the application size fee due is
FEE $310 ($155 for small entity) for each additional 0.00
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C.
41(a)(1)(G) and 37 CFR 1.16(s).
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00
* |f the difference in column 1 is less than zero, enter "0” in column 2. TOTAL 890 TOTAL
APPLICATION AS AMENDED - PART Il
OTHER THAN
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
< AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
| Total g i w -
=S (37 CF(:H 16(7)) Minus x = OR =
) Independent * Minus | *** =
5 (37 CFR 1.16(h) X = OR -
<§: Application Size Fee (37 CFR 1.16(s))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j) OR
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
(Column 1) (Column 2) (Column 3)
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
m AFTER PREVIOUSLY EXTRA RATE(S) FEE(S) RATE(S) FEE(S)
E AMENDMENT PAID FOR
LU Total * Minus | ** = =
= (37 CF?H.IB(H) X OR -
% Independent * Minus | *** = M _ OR _
w (37 CFR 1.16(h)) = =
<§( Application Size Fee (37 CFR 1.16(s))
OR
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16())
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE

* If the entry in column 1 is less than the entry in column 2, write "0" in column 3.
** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20".
*** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3".
The "Highest Number Previously Paid For" (Total or Independent) is the highest found in the appropriate box in column 1.
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