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Annular Input Aperture . . . “Through-Focus” spot distributions for the 8-Refl. Lens
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Large NA & long focal lengths mean short depth of field
— Fine for long range (i.e. surveillance) applications
— Not for nearby/deep object fields (i.e. cellphones)
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;V Wavefront Coding for Extended Depth of Field Photonoc N

Collaboration with CDM Optics
WEFC: Cathey & Dowski Applied Optics 41, p.6080, 2002

Traditional Imaging System ) Wavefront Coded Imaging System
Add WFC Asymmetric Phase

Profile at Pupil

Extended focal distribution

Tight focal spot

MTF for varying focal plane alignment

» Wavefront Coding with Post-processing
* Rotationally Symmetric fabrication errors 1
* Focal plane alignment N
» Temperature variations

Wavefront
Coded System
after Filtering |= = ===

08
Wavefront

Coded System

» Thickness tolerances B Before Filtering
- . E - ‘ ! Traditional
» Post-processing (remapping RGB planes) System at
* Lateral color aberration —
- Field dependent coma System with
+/- 10um
Tolerance

Normalized Spatial Freq
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’V Wavefront Coded Design for the 8-Reflection Prototype =
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Wavefront Coded Surface Design: Joel Rutkowski, Inga Tamayo (CDM Optics)
Testing & Characterization: Eric Tremblay, Ron Stack (DFC)

Modest tolerance specification
» WFC surface: 0.25 wave (at 546 nm)
* Flat surface: 0.25 wave (at 546 nm)
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Simulated PSFs
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'W Showdown Time: Live Phase 1 demo for DARPA =
7

The Contenders The Contest
* 43mm Pentax SLR camera lens » 1000x700 pixels over 0.1 rad field of view
« Symmetric 8-Reflection camera * Real-time image acquisition & processing

 Wavefront Coded 8-Reflection camera

E. J. Tremblay et al., Appl. Opt. 46, 6751-6758 (2007).
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Conventional Pentax lens 8-Reflection Lens Wavefront Coded 8-Refl. Lens
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V/ Pupil Phase Encoding & Post-Processing UCSDth&"l
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Previously: Collaborated with CDM Optics to Wavefront Code the Eight-reflection camera

E.J Tremblay et.al., “Relaxing the alignment and fabrication tolerances of thin annular folded imaging systems using Wavefront Coding” Appl. Opt. 46, 6751
(2007)

More recently: MDO Design of PPE and Post-Processing for the Four-Reflection camera:
E. J. Tremblay et. Al., "Ultrathin four-reflection imager" Appl. Opt. doc. ID 101823 (posted 4 November 2008, in press).

Modified IL ,
annular SAG(r, 9) = Zair' COS(39)
_aperture T

Phase encoded surface sag

1.226E-003

o iy
’l'| ... 9. BUSE-00Y
1" h

7, 354E-00Y4
4. 90B3E-0BVY

2, 451E-804

The Four-Reflection design is
optimized with a PPE surface
for depth of field and tolerance
enhancement. Resulting raw
Images are post-processed to
produce the final images.
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!V MDO Optimization Process conr =T
Optimization

details set new optical parameters

v
Computational Flow M| For each Field & Configuration:

A

- propagate rays to
load ZEMAX lens file calculate PSF

A

Apply Digital Filter

y

get parameters, configs,

’ - A
fields & A's. Calculate 2D MTF

|
y 1 I
| . |

perform MATLAB fF"
optimization on
Four-Reflection design | For each Field & Configuration
4t power weighted threshold for
The mean x/y MTF xly MTF minima below a
inside cutoff *| threshold limit
frequency (penalize zeros)
| ! | B
L ~ s
: o~
MTF similarity of the Merit
Multi-Domain Optimization field points =
. y . (enforce spatial invariance) Val ue
(Collaborators: Rick Morrison @ DFC,
Michael Stenner @ UAZ)
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VSimuIated Results of Optimization
/
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PPE Results
(unfiltered)
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!V/ PPE Four-Reflection Measured PSFs oo ——

Axial Unmodified
PSFs
(Exposure: 0.8 msec)

Axial PPE
unprocessed PSFs
(Exposure: 3.3 msec)

Axial PPE
processed PSFs

Slight Assembly misalignment:
5 um decentration (measured)

3.6 m Object 3.9 m Object 4.2 m Object
Distance Distance Distance
y [ "} ‘ "]

Significant Assembly misalignment:
11 um decentration (measured)

o L L




;V/PPE vs. Unmodified: Image Comparison UCSD Photon L.

Unmodified Four- PPE Four-Reflection
Reflection Camera Camera (processed)

.56 Ip/mm (H)
.63 Ip/mm (V)

3.9m
(Best Focus)

L .56 Ip/mm (H)
.63 Ip/mm (V)

g

.50 Ip/mm (H)
.56 Ip/mm (V)

3.6m
(3.5 waves defocus
@ 550 nm)
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