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REMARKS/ARGUMENTS

Upon entry of the present amendment, claims 1-50 will be pending in this application.
Claims 5-8, 10, 13, 20-27, 31, 33-34 and 36-37 have been amended, no claims have been

canceled, and claims 41-50 have been added. No new matter is added.

Claims 39-40 stand objected to as being dependent upon a rejected base claim, but would
be allowable if rewritten in independent form including all of the limitations of the base claim

and any intervening claims.

Claims 35-38 stand rejected on the grounds of alleged nonstatutory double patenting as

unpatentable over claims 22-26 of U.S. Application No. 15/880,491.

Based on the following remarks, Applicant respectfully requests reconsideration and

allowance of the pending claims.

Allowable Subject Matter

Applicants appreciate the indication in the Office Action that claims 1-34 have been

allowed.

Applicants also appreciate that the Office Action has indicated that claims 39-40 are
objected to as being dependent upon a rejected base claim, but would be allowable if rewritten to
overcome the claim objection and placed in independent form including all of the limitations of
the base claim and any intervening claims. Rather than amend claims 39-40 into independent
form, as set forth below, Applicants have obtained a terminal disclaimer to alleviate the double
patenting rejection of the parent claims that each of claims 39 and 40 depend from. Accordingly,

Applicants believe that claims 39-40 are in condition for allowance.

Double Patenting

Claims 35-38 stand provisionally rejected on the ground of nonstatutory obviousness-
type double patenting as being un-patentable over various claims of co-pending Application No.

15/880,491, which Applicants note has been allowed but not yet issued as a patent.
Without agreeing with this rejection and in the interest of expediting allowance of the
present application, a terminal disclaimer has been obtained and included with this Amendment
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to alleviate the double patenting rejection. Since the claims in the present application are not
subject to any other outstanding rejection, Applicants respectfully assert that all claims in the

present application are now in condition for allowance.

New Claims

New claims 41-50 have been added to secure an appropriate scope of protection for the

present invention.

Applicants respectfully assert that each of the new claims is supported by the application
as originally filed. For example, claim 41 is supported at least by Section 1.6 of the application
as filed including paragraphs [0037] to [0043]; claim 42 is supported by at least paragraph
[0037]; claim 43 is supported by at least paragraph [0015]; claims 44 and 45 are supported by at
least the same sections of the application that support the other independent claims in the
application as well as FIGS. 1 and 2 and the associated text, claims 46 and 47 are supported at
least by Section 1.7 including paragraph [0044]; claim 48 is supported at least by paragraph
[0045]; claim 49 is supported at least by FIGS. 1 and 2 and paragraph [0045]; and claim 50 is
supported at least by paragraph [0016].

Accordingly, examination and allowance of the new claims is respectfully requested.

CONCLUSION

In view of the foregoing, Applicant believes all claims now pending in this application
are in condition for allowance. The issuance of a formal Notice of Allowance at an early date is

respectfully requested.

Except for the issue fees payable under 37 C.F.R. § 1.18, the Director is authorized to
charge any additional fees during pendency of this application, including any required extension
of time fees, or credit any overpayment to Deposit Account Number 20-1430. This paragraph is
intended to be a constructive petition for extension of time in accordance with 37 C.F.R. §

1.136(2)(3).
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If the Examiner believes a telephone conference would expedite prosecution of this
application, please contact the undersigned at 858-350-6104 or
wshaffer@kilpatricktownsend.com.

Respectfully submitted,

/ William L. Shaffer /

William L. Shaffer
Registration No. 37,234

WLS/ka
74488874V.1
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Appl. No. 16/046,643 Attorney Docket No.: 103033~
Amdt. dated October 20, 2020 POOTUSC2-1096583
Response to Office Action of February 10, 2021

AMENDMENTS TO THE CLAIMS

This listing of claims will replace all prior versions, and listings of claims in the

application.

Listing of Claims:

I (Previously Presented) An optical imaging system comprising:

a bulk imaging optic having a focal plane;

an array of pixels; and

an aperture layer disposed between the bulk imaging optic and the array of pixels,
the aperture layer including a plurality of discrete apertures coincident with the focal plane,
wherein the aperture layer and pixel layer are arranged to form a plurality of sense channels
defining a plurality of discrete, non-overlapping fields of view beyond a threshold distance in a
field external to the optical imaging system, each sense channel in the plurality of sense channels
including a pixel from the array of pixels and an aperture from the plurality of apertures that
defines the field of view for its respective pixel, and wherein a pixel area of each pixel in the
plurality of sense channels is larger than an area of its corresponding aperture in the plurality of

apertures.

2. (Previously Presented) The optical imaging system of claim | wherein
each pixel in the array of pixels comprises a plurality of subpixels distributed across its pixel

area.

3. (Original) The optical imaging system of claim 2 wherein the plurality of
subpixels in each pixel is a plurality of SPADs.

4, (Previously Presented) The optical imaging system of claim 1 further
comprising, within each channel in the plurality of sense channels, an optical filter disposed
between the bulk imaging optic and the array of pixels, the optical filter configured to receive
light passed through the bulk imaging optic and pass a narrow band of radiation while blocking

radiation outside the band.

Page of 10
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Appl. No. 16/046,643 Attorney Docket No.: 103033~
Amdt. dated October 20, 2020 POOTUSC2-1096583
Response to Office Action of February 10, 2021

5 (Currently Amended) The optical imaging system of claim 1 further
comprising:

a bulk transmitter optic; and

an illumination source comprising a plurality of lasess-emitters corresponding in
number to the plurality of sense channels, each laser-emitter in the plurality of lasers-emitters
configured to project an diserete-illuminating beam at an operating wavelength through the bulk
transmitter optic into a field of view that is substantially the same size and geometry as a field of
view defined by the bulk imaging optic and a corresponding aperture in the plurality of sense

channels.

6. (Currently Amended) The optical imaging system of claim 5 wherein

each emitter taserin the plurality of emitters comprises tasers—is-a vertical-cavity surface-

emitting laser (VCSEL).

1. (Currently Amended) The optical imaging system of claim 5 wherein a
diameter of each illuminating diserete-beam projected from each emitter in the illumination
source is substantially similar to a cross-section to a efthe-field of view of its respective sense

channel at various distances from the optical [[bulk ]Jimaging system[[optic]].

8. (Currently Amended) The optical imaging system of claim [[5]]6 further
comprising, within each channel in the plurality of sense channels, an optical filter disposed
between the bulk imaging optic and the array of pixels, the optical filter configured to receive
light passed through the bulk imaging optic and pass a narrow band of radiation that includes the
operating wavelength of the plurality of lasers to the plurality of pixels while blocking radiation

outside the band.

9. (Original) The optical imaging system of claim 8 further comprising,
within each channel in the plurality of sense channels, a diffuser disposed within the channel

between the aperture and the pixel.

10.  (Currently Amended) The optical imaging system of claim 5 wherein

each emitter|[[laser]] in the plurality of emitters ‘asers+s comprises a vertical-cavity surface-

Page of 10
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emitting laser (VCSEL), each pixel in the array of pixels comprises a plurality of SPADs and an
optical filter is disposed between the bulk imaging optic and the array of pixels, the optical filter
configured to receive light passed through the bulk imaging optic and pass a narrow band of
radiation that includes the operating wavelength of the plurality of VCSELSs to the array of pixels

while blocking radiation outside the band.

11 (Original) The optical imaging system of claim 1 further comprising a
plurality of lenses, wherein each channel in the plurality of channels includes a lens from the

plurality of lenses disposed between the aperture of the channel and its corresponding pixel.

12. (Original) The optical imaging system of claim 1 wherein adjacent
apertures in the aperture layer are offset by an aperture pitch distance greater than a diameter of

each aperture.

13.  (Currently Amended) An optical imaging system comprising;

a bulk imaging optic having a focal plane;

an array of pixels of substantially uniform pixel area, each pixel in the array of
pixels including a plurality of subpixels distributed across its pixel area; and

an aperture layer disposed between the bulk imaging optic and the array of pixels,
the aperture layer including a plurality of discrete apertures of substantially uniform area formed
coincident with the focal plane and stop regions interposed between adjacent apertures in the
aperture layer, wherein the aperture layer and pixel layer are arranged to form a plurality of sense
channels defining a plurality of discrete, non-overlapping fields of view beyond a threshold
distance in a field external to the optical imaging system, each sense channel in the plurality of
sense channels including an aperture from the plurality of apertures and a pixel from the array of
pixels with the aperture of each channel defining the field of view for its respective pixel, and
wherein [[the ]]an area of the aperture in each channel is smaller than [[the ]]a pixel area of its

respective pixel.

14. (Original) The optical imaging system of claim 13 wherein the plurality

of subpixels in each pixel is a plurality of SPADs.
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15. (Previously Presented) The optical imaging system of claim 13 further
comprising:

a bulk transmitter optic; and

an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a
discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the

bulk imaging optic and a corresponding aperture in the plurality of sense channels.

16. (Original) The optical imaging system of claim 15 wherein each aperture
in the plurality of discrete apertures defines a field of view in the field coincident a discrete spot

output by a corresponding laser in the plurality of lasers.

17.  (Previously Presented) An optical imaging system comprising;

a bulk receiver imaging optic having a focal plane;

an optical assembly having a plurality of sense channels defining a plurality of
discrete, non-overlapping fields of view beyond a threshold distance in a field external to the
bulk imaging optic, the optical assembly comprising:

an array of pixels of substantially uniform pixel area, each pixel in the array of
pixels including a plurality of subpixels distributed across its pixel area;

an aperture layer disposed between the bulk receiver optic and the array of pixels,
the aperture layer including a plurality of discrete apertures of substantially uniform area formed
coincident with the focal plane and stop regions between adjacent apertures;

a lens layer including a plurality of lenses arranged to receive light passed through
the aperture and pass the received light towards the array of pixels; and

an optical filter layer disposed between the bulk imaging optic and the array of
pixels, the optical filter layer configured to receive light passed through the bulk imaging optic
and pass a narrow band of radiation while blocking radiation outside that band;

wherein each sense channel in the optical assembly includes a pixel from the

array of pixels, an aperture from the aperture layer that defines the field of view for its respective

Page of 10
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pixel and has an area that is smaller than a sensing area of its respective pixel, a lens from the

lens layer and a filter from the optical filter layer.

18.  (Original) The optical imaging system of claim 17 wherein adjacent
apertures in the aperture layer are offset by an aperture pitch distance greater than a diameter of

each aperture and substantially equal to a pitch between adjacent lenses in the lens layer.

19.  (Original) The optical imaging system of claim 18 wherein the optical
filter layer is disposed between the lens layer and the array of pixels and wherein each lens is
configured to collimate light rays passed by its respective aperture so that light rays incident on

the optical filter meet the optical filter at an angle of incidence of approximately 0 degrees.

20.  (Currently Amended) The optical imaging system of claim 18 further
comprising:

a bulk transmitter optic; and

an illumination source comprising a plurality of lasers-emitters corresponding in
number to the plurality of sense channels, each laseremitter in the plurality of lasers-emitters
configured to project an diserete-illuminating beam at an operating wavelength through the bulk
transmitter optic into a field of view that is-substantially-the-same-size-and-geometry-as overlaps
with a field of view defined by the bulk imaging optic and a corresponding aperture in the

plurality of sense channels.

21. (Currently Amended) The optical imaging system of claim 20 wherein the
plurality of subpixels in each pixel is a plurality of SPADs and where the plurality of lasers
emitters in the illumination source is a plurality of vertical-cavity surface-emitting lasers

(VCSELs).

22.  (Currently Amended) The optical imaging system of claim 21 wherein

each aperture in the plurality of discrete apertures has a diameter of 200 microns or less.

23. (Currently Amended) The optical imaging system of claim 21 wherein
each aperture in the plurality of discrete apertures has a diameter approaching the diffraction-
limited diameter for by the plurality of tasers VCSELSs.
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24. (Currently Amended) The optical imaging system of claim 21 wherein

each aperture in the plurality of discrete apertures has a diameter less than the diffraction-limited

diameter for the operating wavelength of heht-eutputby the plurality of lasers emitters.

25. (Currently Amended) The optical imaging system of claim 21 wherein

each aperture in the plurality of discrete apertures has a diameter matched to a dynamic range of

its corresponding pixel.

26.  (Currently Amended) The optical imaging system of claim 21 wherein the

stop region surrounding each aperture in the plurality of discrete apertures blocks light rays

reflected from a region of the surface outside the field of view of its corresponding aperture.

27. (Currently Amended) An optical imaging system comprising:

a bulk imaging optic having a focal plane;

a plurality of pixels arranged in a pixel array in which adjacent pixels in the array
are spaced apart from each other in a first dimension by a pixel pitch; and

an aperture layer disposed between the bulk imaging optic and the plurality of
pixels arranged in the pixel array, the aperture layer including a plurality of discrete apertures of
substantially uniform size coincident with the focal plane and stop regions between adjacent
apertures, wherein the plurality of discrete apertures are arranged in an aperture array in which
adjacent apertures in the aperture array are spaced apart from each other in the first dimension by
an aperture pitch and wherein the aperture array is aligned with the pixel array and a maximum
linear dimension of each aperture in the aperture array is less than the pixel pitch; and

wherein the aperture layer and pixel layer are arranged to form a plurality of sense
channels defining a plurality of discrete, non-overlapping fields of view beyond a threshold
distance in a field external to the optical imaging system, each sense channel in the plurality of
sense channels including a pixel from the array-plurality of pixels and an aperture from the

plurality of apertures that defines the field of view for its respective pixel.
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28. (Previously Presented) The optical imaging system of claim 27 wherein
each aperture in the plurality of discrete apertures is a circular aperture of substantially uniform

diameter.

29, (Previously Presented) The optical imaging system of claim 27 wherein

the aperture pitch is substantially equal to the pixel pitch.

30. (Previously Presented) The optical imaging system of claim 27 wherein
each pixel in the plurality of pixels comprises a plurality of subpixels distributed across a pixel

area.

31.  (Currently Amended) The optical imaging system of claim [[29]] 30

wherein the plurality of subpixels in each pixel is a plurality of SPADs.

32.  (Previously Presented) The optical imaging system of claim 27 further
comprising, within each channel in the plurality of sense channels, an optical filter disposed
between the bulk imaging optic and the pixel within the channel, the optical filter configured to
receive light passed through the bulk imaging optic and pass a narrow band of radiation while

blocking radiation outside the band.

33.  (Currently Amended) The optical imaging system of claim 32 further
comprising:

a bulk transmitter optic; and

an illumination source comprising a plurality of fasers-emitters corresponding in
number to the plurality of sense channels, each emitter }aserin the plurality of emitterstasers

configured to project a-diserete-iHuminating beanr-clectromagnetic radiation at an operating

wavelength through the bulk transmitter optic into a field of view that is aligned with and

overlaps with substantiaHy-the-same-size-and-ceemetry-as-a field of view defined by the bulk

imaging optic and a corresponding aperture in the plurality of sense channels; and

wherein the narrow band of radiation passed by the optical filter includes the

operating wavelength.
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34. (Currently Amended) The optical imaging system of claim 33 wherein

each emitter }aserin the plurality of emitters comprises a lasertasersis-a—VESEE.

35. (Previously Presented) An optical imaging system comprising:

a bulk imaging optic having a focal plane;

an array of pixels; and

an aperture layer disposed between the bulk imaging optic and the array of pixels,
the aperture layer including a plurality of discrete apertures coincident with the focal plane,
wherein the aperture layer and pixel layer are arranged to form a plurality of sense channels
defining a plurality of discrete, non-overlapping fields of view beyond a threshold distance in a
field external to the optical imaging system, each sense channel in the plurality of sense channels
including a pixel from the array of pixels and an aperture from the plurality of apertures that

defines the field of view for its respective pixel.

36.  (Currently Amended) The optical imaging system of claim 35 further
comprising a plurality of lenses disposed between the aperture layer and the array of pixels with
each lens in the plurality of lenses being characterized by a second focal length, and wherein
each channel in the plurality of channels includes a lens from the plurality of lenses offset from
the bulk reeetver imaging optic focal plane by the second focal length and aligned with a

corresponding aperture in the channel.

37. (Currently Amended) The optical system of claim 36 further comprising,
within each channel in the plurality of sense channels, an optical filter disposed between the bulk

imaging optic and the array of pixels, the optical filter configured to receive light passed through

the bulk imaging optic and pass a narrow band of radiation-thatineludes-the-eperating
wavelensth-of the-plurality-eflasers-to the pharality-array of pixels while blocking radiation

outside the band.
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38. (Previously Presented) The optical imaging system of claim 36 wherein,
within each channel, the lens from the plurality of lenses is disposed between an aperture and
optical filter and is configured to collimate light rays passed by the aperture and to pass the

collimated light rays into the optical filter.

39. (Previously Presented) The optical imaging system of claim 35 wherein
the pixel in each of the plurality of sense channels comprises a plurality of SPADs distributed

across a pixel area of the pixel that is larger than an area of its corresponding aperture.

40. (Previously Presented) The optical imaging system of claim 39 further
comprising, within each channel in the plurality of sense channels, a diffuser disposed within the
channel between the aperture and its corresponding pixel, the diffuser configured to spread light
rays passed by the aperture across the plurality of SPADs distributed across the pixel area of the

pixel.

41. (New) The optical imaging system of claim 35 wherein each pixel in the

array of pixels comprises a plurality of SPADs.

42 (New) The optical imaging system of claim 41 wherein each pixel in the
array of pixels is operable to output a signal corresponding to a count of photons incident on the

pixel within one sample period.

43. (New) The optical imaging system of claim 35 further comprising:

a bulk transmitting optic;

a plurality of emitters, each emitter in the plurality of emitters configured to
output electromagnetic radiation of an operating wavelength through the bulk transmitting optic
and into a field of view in the field external to the optical imaging system coincident a field of

view of a defined by a corresponding aperture in the plurality of discrete apertures.

Page of 10
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44, (New) An optical imaging system comprising:

a bulk imaging optic;

a plurality of pixels arranged behind the bulk imaging optic, wherein each pixel in
the plurality of pixels comprises a plurality of single photon avalanche diodes (SPADs) and has a
field of view that is non-overlapping beyond a threshold distance in a field external to the optical
imaging system with fields of view of all other pixels in the plurality of pixels, and wherein the
plurality of pixels includes at least a first pixel and a second pixel,

an aperture layer disposed between the bulk imaging optic and the plurality of
pixels, the aperture layer comprising a plurality of apertures separated from each other by a stop
region, the plurality of apertures including a first aperture disposed in a first optical path
extending between the bulk imaging optic and the first pixel and a second aperture disposed in a
second optical path extending between the bulk imaging optic and the second pixel;

a bulk transmitting optic disposed adjacent to the bulk imaging optic; and

a plurality of emitters arranged to project electromagnetic radiation through the
bulk transmitting optic and into the field according to an illumination pattern where
electromagnetic radiation output from each emitter in the illumination pattern is coincident with

a field of view of a corresponding pixel in the plurality of pixels.

45.  (New) The optical imaging system of claim 44 wherein the plurality of
pixels further includes third and fourth pixels, and the plurality of apertures further includes a
third aperture disposed in a third optical path extending between the bulk imaging optic and the
third pixel and a fourth aperture disposed in a fourth optical path extending between the bulk
imaging optic and the fourth pixel.

46. (New) The optical imaging system of claim 44 wherein the plurality of

emitters comprises a plurality of vertical-cavity surface-emitting lasers (VCSELSs).

47.  (New) The optical imaging system of claim 46 wherein each emitter in

the plurality of emitters comprises a single VCSEL.

11
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48.  (New) The optical imaging system of claim 44 wherein each pixel in the
plurality of pixels is operable to output a signal corresponding to a count of photons incident on

the pixel within one sample period.

49. (New) The optical imaging system of claim 44 wherein the bulk

transmitting optic and the bulk imaging optic are each image-space telecentric lenses.

50. (New) The optical imaging system of claim 44 wherein the optical
imaging system is configured to collect distance data based on recorded times between
transmission of beams of electromagnetic radiation emitted from the plurality of emitters and

detection of photons originating from the beams of electromagnetic radiation.

12
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Electronic Petition Reguest TERMINAL DISCLAIMER TO OBVIATE A PROVISIONAL DOUBLE PATENTING

REJECTION OVER A PENDING "REFERENCE" APPLICATION

Application Number 16046643

Filing Date 26-Jul-2018

First Named Inventor Angus Pacala

Attorney Docket Number 103033-PO0TUSC2-1096583

Title of Invention

OPTICAL IMAGING SYSTEM WITH A PLURALITY OF SENSE CHANNELS

< Filing of terminal disclaimer does not obviate requirement for response under 37 CFR 1.111 to outstanding
Office Action

X This electronic Terminal Disclaimer is not being used for a Joint Research Agreement.

Owner Percent Interest

OUSTER, INC. 100%

The owner(s) of percent interest listed above in the instant application hereby disclaims, except as provided below, the terminal
part of the statutory term of any patent granted on the instant application which would extend beyond the expiration date of the
full statutory term of any patent granted on pending reference Application Number(s)

15880491 filedon 01/25/2018

as the term of any patent granted on said reference application may be shortened by any terminal disclaimer filed prior to the
grant of any patent on the pending reference application. The owner hereby agrees that any patent so granted on the instant
application shall be enforceable only for and during such period that it and any patent granted on the reference application are
commonly owned. This agreement runs with any patent granted on the instant application and is binding upon the grantee, its
SUCCessors or assigns.

In making the above disclaimer, the owner does not disclaim the terminal part of any patent granted on the instant application
that would extend to the expiration date of the full statutory term of any patent granted on said reference application, "as the
term of any patent granted on said reference application may be shortened by any terminal disclaimer filed prior to the grant of
any patent on the pending reference application,” in the event that any such patent granted on the pending reference
application: expires for failure to pay a maintenance fee, is held unenforceable, is found invalid by a court of competent
jurisdiction, is statutorily disclaimed in whole or terminally disclaimed under 37 CFR 1.321, has all claims canceled by a
reexamination certificate, is reissued, or is in any manner terminated prior to the expiration of its full statutory term as shortened
by any terminal disclaimer filed prior to its grant.

(® Terminal disclaimer fee under 37 CFR 1.20(d) is included with Electronic Terminal Disclaimer request.
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O | certify, in accordance with 37 CFR 1.4(d)(4), that the terminal disclaimer fee under 37 CFR 1.20(d)
required for this terminal disclaimer has already been paid in the above-identified application.

Applicant claims the following fee status:

(® Small Entity
(O Micro Entity

(O Regular Undiscounted

| hereby declare that all statements made herein of my own knowledge are true and that all statements made on information and
belief are believed to be true; and further that these statements were made with the knowledge that willful false statements and
the like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States Code and
that such willful false statements may jeopardize the validity of the application or any patent issued thereon.

THIS PORTION MUST BE COMPLETED BY THE SIGNATORY OR SIGNATORIES

| certify, in accordance with 37 CFR 1.4(d)(4) that | am:

® An attorney or agent registered to practice before the Patent and Trademark Office who is of record in
this application

Registration Number 37234

(O Asole inventor

O A joint inventor; | certify that | am authorized to sign this submission on behalf of all of the inventors as evidenced by the
power of attorney in the application

(O Ajointinventor; all of whom are signing this request

Signat
ignature /William L. Shaffer/

Name William L. Shaffer

*Statement under 37 CFR 3.73(b) is required if terminal disclaimer is signed by the assignee (owner).
Form PTO/SB/96 may be used for making this certification. See MPEP § 324.
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Electronic Acknowledgement Receipt

EFS ID: 42683269
Application Number: 16046643
International Application Number:
Confirmation Number: 1720
Title of Invention: OPTICAL IMAGING SYSTEM WITH A PLURALITY OF SENSE CHANNELS
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Customer Number: 20350
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Submitted with Payment yes
Payment Type CARD
Payment was successfully received in RAM $170
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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 similarto 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.5.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.5.C. 371 and other applicable requirements a Form PCT/DO/EQ/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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*Kind of document by the appropriate symbols as indicated on the document under WIPO Standard ST.16 if possible. * Applicant is to place a check mark here if
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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 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.
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[C] A certification statement is not submitted herewith.
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reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce, P.O.
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P.O. Box 1450, Alexandria, VA 22313-1450.
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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.5.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 applicationasa
national stage submission under 35 U.5.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/R0O/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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{857 Abstract: Systems snd methods for inplementing array cameras coufigured o perform super- resolution processing 10 gener-
ate higher resolution super-resobved wsges osing a plusliuy of captared inages and Jens stack arrays that can be wilized n artay
cameras e disclosed. Lens stack arrags in acenrdanee with many embodinents of the vention inchude fens elemens formed ou
substrates separsted by spacers, where the lens elements, substrates and spacers dre configured 0 form g plurality of opticsl chan-
nels, at feast one aperare Jocated within each optical channel, @ Jeast one spectrad Gilter located within cach oplical channel,
where each spectral filter is contipured 1o pass 2 specific spectral band of Tight, and lght blocking materials Jocated within the lens
stack array 1o optically isolate the optical channels.
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CAPTURING AND PROCESSING OF IMAGES USING MONOLITHIC CAMERA
ARRAY WITH HETEROQGENEQUS IMAGERS

FIELD OF THE INVENTION
{0001} The present invention is related to an image sensor inchuding a plarality of
heterogencouns imagers, more specifically to an image sensor with a plurality of wafer-level

imagers having custom filters, sensors and optics of varying configurations.

BACKGROUND
j0002] fmage sensors are used in cameras and other imaging devices to captare images,
fn a typical imaging device, light enters through an opening (aperture) at one end of the
imaging device and is directed to an mage sensor by an optical clement such as a fens. In
most imaging devices, onc or more fayers of optical clements are placed between the aperture
and the image sensor to focus light onto the image sensor. The image sensor consists of
pixels that generate signals upon receiving hght via the optical element. Comunonly used
image sensors include CCD (charge-coupled device} image sensors and CMOS
{complementary metal-oxide-semiconductor) sensors.
F0003] Filters ave often employed in the image sensor to selectively transmit lights of
certain wavelengths onto pixels. A Bayer filter mosaic is ofien formed on the tmage sensor.
The Bayer filter is a color filter array that arranges one of the RGB color filters on each of the
color pixels. The Bayer filter pattern includes 30% green [ilters, 25% red filters and 25%
blue filters. Since each pixel generates a signal representing strength of a color component
in the light and not the full range of colors, demosaicing is performed to interpofate a set of
red, green and blue vahues for cach image pixel.
0604 The image sensors are subject to various performance constraints, The
performance constraints for the image sensors include, among others, dynamic runge, signal
to noise (SNR) ratio and low light sensitivity. The dynamic range is defined as the ratio of
the maximum possible signal that can be captured by a pixel 1o the total noise signal.
Typically, the well capacity of an image sensor limits the maximum possible signal that can
be captured by the image sensor. The maximum possible signal in tura is dependent on the

strength of the incident ithsmination and the duration of exposure (e.g., integration time, and
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shutier width). The dynamic range can be expressed as a dimensionless quantity in decibels
(dB) as:
wll well capacity .
PRy, equation (1)
RMS noise
Typically. the noise level in the captured image influences the floor of the dynamic range.

Thus, for an 8 bit image, the best case would be 48dB assuming the RMS noise level is 1 bit.
In reality, however, the RMS noise levels are higher than 1 bit, and this further reduces the
dynamic range.

[O005] The signal to noise ratio (SNR) of a captured image is, to a great extent, & measure
of image quality. In general, as more light is captured by the pixel, the higher the SNR. The
SNR of a captured image is asually related to the light gathering capabiiity of the pixel.
{0006] CGenerally, Bayer filter sensors have low Hght sensitivity. At low light levels, cach
pixel’s light gathering capability is constrained by the low signal levels incident upon cach
pixel. In addition, the color filters over the pixel further constrain the signal reaching the
pixel IR (Infrared) filters also reduce the photo-response from near-IR signals, which can
carry valuable information.

[0007] These performance constraings of image sensors are greatly magnified in cameras
designed for mobile systoms due to the nature of design constraints, Pixels for mobile
cameras are typically much smaller than the pixels of digital sl cameras (DSC). Due ©
limits in light gathering ability, reduced SNR, limits in the dynamic range, and reduced

sensitivity to low light scenes, the cameras in mobife cameras show poor performance.

SUMMARY
[0008] Camera arrays, imaging devices including a camera array and/or a method for
capturing an image that employ a pluratity of magers where each imager includes a plurality
of sensor clements, and fens stack arravs that can be wtilized in camera arravs in accordance
with embodiments of the invention are disclosed. The plurality of fmagers can include at
least a first imager and a second imager, where the first imager and the second imager may
have the same imaging characteristics or different imaging characteristics.
{0009] in one embodiment, the first imaging charscteristics and the second imager have
different imaging characteristics. The imaging characteristics may inchsde, among others, the
size of the imager, the type of pixels included in the imager, the shape of the imager, filters

associated with the imager, exposure time of the imager, aperture size associated with the

Ea
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imager, the configuration of the optical element associated with the imager, gain of the
imager, the resolution of the imager, and operational timing of the imager.

JOO 1] in one embodiment. the first imager includes a filter for transmitting a light
spectrum.  The second bmager also includes the same type of filter for transmitting the same
Tight spectram as the first imager but captires an image that is sub-pixel phase shifted from
an image captured by the first imager, The images from the first imager and the second
imager are combined vsing a super-resolution process to obtain images of higher resolation.
[0011] tn one embodiment, the first imager inchudes a first filter for transmitting a first
light spectram and the second imager inclades a second filter for transmiiting a second light
spectrum.  The images from the first and second imagers are then processed o obtain a
higher quality mage.

[0012] In one embodiment, fens elements are provided to direct and focus light onto the
imagers. The lens clements form lens stacks that create optical channels, and cach lens stack
focuses fight onto one imager. Because each lens element is associated with one imager,
cach lens element may be designed and configured for a narrow hight spectram. Further, the
thickness of the lens element may be reduced, decreasing the overall thickness of the camera
array. In such an embodiment, the fens elements may be made using any switable febrication
techunique. such as, for example using wafer level optics (WLO) technology, injection
molding, andior glass molding,

{0013] In one embodiment, the plurality of tmagers include at feast one near-1R imager
dedicated to receiving near-IR (Infrared) spectrum. An image generated from the near-IR
imager may be fused with images generated from other imagers with color filters to reduce
noise and increase the quality of the images. In another such embodiment, imagers covering
other spectrurs ranges includmg far-IR and UV spectra may be included as well,

[0014] In one embodiment, the plarality of imagers may be associated with fens clements
that provide a zooming capability. In one such embodiment, different imagers may be
associated with lenses of different focal lengths to have different ficlds-of-views and provide
different levels of zooming capability. Different fields-of-view can also be achieved using
imagers baving different sensor sizes/formats by means of different pixel sizes or different
numbers of pixels/light sensing elements. A mechanism mayv be provided to provide smooth

transition from one zoom level 1o another zoom fevel.
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JOOTS] in one or more embodiments, the plurality of imagers is coordinated and operated
to obtain at least one of a high dvnamic range image, a panoramic image, a hyper-spectral
image, distance to an object and a high frame rate video,

[0016] An imaging device in accordance with one embodiment of the invention includes
at least one imager array, and cach imager in the array comprises a phurality of fight sensing
clements and 4 lens stack including at least one lons surface, where the lens stack is
configured to form an image on the light sensing elements, control eircuitry configured to
capture images formed on the light sensing elements of each of the imagers, and a super-
resolution processing module configured to generate at least one higher resolution super-
resolved image asing a plurality of the captured images.

[0017] A lens stack array in accordance with another embodiment of the invention
inchsdes fons elements formed on substrates separated by spacers, where the fens elements,
substrates and spacers are configured fo form a plurality of optical channels, at Joast one
apertare located within each optical channel, at least one spectral filter located within cach
optical channel, where cach spectral filter is configured to pass a specific spectral band of
light, and fight blocking materials located within the fens stack armray to optically isolate the
optical channels.

[0018] The features and advantages described in the specification are not all inclusive
and, in particular, many additional features and advantages will be apparent to one of
ordinary skill in the art in view of the drawings, specification, and claims. Moreover, it
should be noted that the fangaage used i the specification has been principally selected for
readability and instructional purposes, and may not have been selected to delineate or

circumscribe the inventive subject matter,

BRIEF DESCRIPTION OF DRAWINGS
j0019] Figare 1 is a plan view of a camera array with a plurality of imagers, sccording to
one embodiment,
{0620] Figure 2A is 4 perspective view of a camera array with lens elements, according to
one embodiment,
f0021}] Figure 2B is a cross-sectional view of a camera array, according to one

embodiment.
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j0022] Figure 2C is a cross-sectional view of a camera array with optical crosstalk
suppression, according to one embodiment.

j0623] Figure 2D is a cross-sectional view of & camera array with optical crosstalk
suppression, according to a second embodiment,

{0024] Figure 2E is a cross-sectional view of @ camera array incorporating opaque
spacers to provide optical crosstatk suppression, according to a further embodiment.

{0025] Figure 2F is a cross-sectional view of a camera avray incorporating spacers coated
with opaque material to provide crosstalk suppression, according to another embodiment.
j0026] Figures 3A and 3B are xectional diagrams illustrating changes in the heights of
lens elements depending on changes in the dimensions of imagers, according to one
embodiment.

[0027] Figure 3C is a disgram ilustrating chief ray angles varving depending on differing
dimensions of the lens clements.

H0028] Figure 312 is a cross-sectional view of @ camera avray with field flattening,
according to one cmbodiment,

[0029] Figure 4 is a functional block diagram for an imaging device, according to one
embodiment.

[0030] Figare 5 is a functional block dizgram of an fmage processing pipeline module,
according to one embodiment.

{0031} Figures 6A through OF are plan views of camera arrays baving different lavouts of
heterogencous mmagers, accordimg to embodiments.

f0032] Figure 6G is a diagram concepiually illustrating the mamner in which sampling
diversity can depend upon object distance,

fOO33) Figure 6H is a is a cross sectional view of pixels of an imager in sccordance with
an embodiment of the invention

[0034] Figure 61 is a diagram conceptually iltustrating occlusion zones created when Red
and Blue imagers are not symmetrically distributed about the central access of a camera
array.

[0035] Figure 6J is a diagram conceptually illustrating the manner in which the occlosion
zones illustrated in Figure 61 are eliminated by distributing Red and Blue imagers

symmetrically about the central access of & camera array,

L
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[0036] Figure 7 is a flowchart Hlustrating a process of generating an enhanced image
from lower resolution images captured by a plurality of imagers, according to one
embodiment,

{00371 Figure 7A scems to be a flowchart is a flow chart ltastrating a process for
constructing a normalization plane during calibration in accordance with an embodiment of
the invention.

[DO38] Figure 7B conceptaally Hlustrates the process for constructing a normatized plane
during calibration in accordance with an embodiment of the invention illustrated in Figure
TA.

[0039] Figure 8A is a cross-sectionsl view of & camera array with optical zoom,
according to one embodiment,

{0040} Figure 8B is a cross-sectional view of a camera array with optical zoom,
according to a second embodiment.

{0041} Figure 8C is a cross-sectional view of a camera array with imagers having

different fields-of-view, according 1o a farther ebodiment.

DETAILED DESCRIPTION
j0042) Embodiments of the invention are now described with reference to the figures
where like reference numbers indicate identical or fusctionally similar elements. Afso in the
figures, the left most digits of each reference number corresponds to the figare in which the
reference number is first used.
{0643} Many cmbodiments refate to using a distributed approach 1o capturing images
using a plurality of imagers of different imaging characteristics. Fach imager may be
configured in such a manner that each imager captures an image that is shifted by a sub-pixel
amount with respect to the image captured by other imagers having similar imaging
characteristics. Each Imager may also include separate optics with different filters and
operate with different operating parameters {e.g.. exposure time). Distinct images generated
by the imagers are processed to obtain an enhanced image. In many embodiments, the
separate optics incorporated into ecach imager are implemented using a lens stack array. The
lens stack array can include one or more optical elements fabricated using wafer fevel optics

{WLO) sechnelogy.
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jO044) A sensor element or pixel refers to an individual fighs sensing efement in an
imager. The Hght sensing clement can be, but is not limited to, raditional CIS (CMOS Timage
Sensor}, CCD {charge-coupled device), high dynamic range pixel, multispectral pixel and
various alternatives thereof.

{0045] A sensor refers to a two dimensional arvay of pixels vsed to capture an image
formed on the seasor by the opties of the imager. The sensor elements of each sensor have
similar physical properties and receive light through the same optical component, Farther,
the sensor elements in the cach sensor may be associated with the same color filter,

jo046] A camera array refers to a collection of imagers designed to function as a snitary
component. The camera array may be fabricated on & single chip for mounting or installing
in various devices.

00471 Anp array of camera arrays refers to an aggregation of two OF MOre CRNCra arrays,
Two or more camera wrays may operate in conjunction to provide extended functionality
over a single camers array, such as, for example. stereo resolution.

[0048] fmage characteristics of an mager refer to any characteristics or parameters of the
imager associated with capturing of images. The imaging characteristics may include, among
others, the size of the imagor, the type of pixels included in the imager, the shape of the
imager, filters associated with the tmager, the exposure time of the imager, aperture size
associated with the imager, the configuration of the optical clement associated with the
imager {such as the mumber of clements, the shapes, profiles and sizes of the fens surfaces,
inclading the radii of curvature, aspheric coetficients, focal lengths and FOVs of the
objectives, color correction, Fi#g, etc. ), the gain of the imager, the resolution of the imager,

and operational timing of the imager,

Structure of Camera grray

[0049] Figare 1 is a plan view of a camera asray 100 with imagers 1A through NM,
according to one embodiment, The camera array 106 is fabricated on a semiconductor chip
to include a plurality of imagers 1A through NM. Each of the imagers 1A through NM may
include a plurality of pixels (e.g., 0.32 Mega pixels). In one embodiment, the imagers 1A
through NM are arranged into a grid format as illustrated in Figure 1. In other embodiments,

the imagers are arranged in a non-grid format, For example, the imagers may be arranged in

1494



WO 2011/063347 POT/US2010/0537661

a ¢ircular patiern, zigzagged pattern or scattered patiern or an irregular patiern including sub-
pixel offxets.

fOO50] The camera arrav may include two or more types of heterogeneous imagers, cach
imager including two or more sensor elements or pixels. Each one of the tmagers may have
different imaging characteristics. Alternatively, there may be two or more ditferent types of
imagers where the same type of imager shares the same imaging characteristics.

{0051} in one embodiment, each imager LA through NM has its own filter and/or optical
element {e.g., lens). Specifically, cach of the imagers 1A through NM or a group of imagers
may be associated with speetral color filters to receive cerfain wavelengths of light. Example
fitters include a traditionat filter used in the Bayer pattern (R, G, B or their complements C,
M, Y). an IR-cut filter, a near-IR filter, a polarizing filter, and a custom filter to suit the needs
of hyper-specteal maging. Some imagers may bave no fiter o allow reception of both the
entire visible spectra and near-IR, which increases the imager™s signal-to-noise ratio. The
number of distinet filters may be as large as the number of imagers in the camera array,
Further, cach of the imagers 1A through NM or a group of imagers may receive light through
lenses having different optical characteristics (e.g.. focal lengths) or apertures of different
sizes,

[0052] In one embodiment, the camera array inchsdes other related civcuitry. The other
circuitry may include, among others, circuitry to controf imaging parameters and sensors to
sense physical parameters.  The control circuitry may control tmaging parameters such as
exposare times, gain, and black level offset. The sensor may include dark pixels to estimate
dark current at the operating temperature. The dark current may be measured for on-the-fly
compensation for any thermal creep that the substrate may suffer from.  Alternatively,
compensation of thermal effects associated with the opties, e.g., because of changes in
refractive index of the lfens material, may be accomplished by calibrating the PSF for
different temperatures.

{0053] in one embodiment, the circuit for controlling imaging parameters may trigger
each imager independently or in a synchronized manner. The start of the exposure periods
for the various imagers in the camera array {analogous to opening a shutter) may be staggered
in an overlapping manner so that the scenes are sampled sequentially while having several
imagers being exposed o hght at the same time. In a conventional video camera sampling a

scene at N exposures per second, the exposure time per sample is limited to 1/N seconds.
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