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The Atmosphere Distorts
Laser Beams and Imagery

m Scintillation
m Refraction
m Scattering
m High
Power
beams
produce

“Thermal
Blooming”
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The Atmosphere is a Fluctuating Random Medium

m Obscuration
Aerosols
Rain, Snow
Pollution
0.5 dB/km clear air, 3 dB/km haze, >50 dB/km dense
fog
m [urbulence

Characterized by the refractive index structure
constant C, 2 m=273

m \Wind
m Ice crystals



Why is Laser Beam Propagation
through the Atmosphere Important?

m Fundamental understanding of atmospheric
effects

Obscuration

Turbulence
m Scintillation
m Aperture averaging

m Free Space Optics (FSO)

Optical communication through the atmosphere
Imaging through the atmosphere

m Optical sensing through the atmosphere
m Laser Weapons
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Synopsis

1. Principle of the plenoptic sensor.

2. Imaging and reconstruction mechanisms.
3. Turbulence correction

4. Imaging through turbulence

5. Additional application scenarios
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Note: the hardware design of the plenoptic sensor features a
Keplerian telescope array with shared objective lens.

A
light field of objec{‘ive Tome MI.A ‘ image plane
the image A
t:(x, y) \
v
/ /
\ A
Y
fi

3D Structure Diagram of a Plenoptic Image of a plenoptic sensor
Sensor (2"d generation)
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Mechanisms (wave model)

Aperture Object Lens Optic Filter ~MLA Image
Modulator Sensor
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Basic Experimental Platform for Testing

the Principles of a Plenoptic Sensor

Deformable mirror ‘l’ l
Reflected =

Adjustable mirror

. A
Gaussian beam Computer

pv

|< ————————— - -
G | systems Picture of experiment layout
| 03]
=
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(1] 3 =
3 £} | Beam i 5 - —
© 2 £ splitter ‘L g .iT
g% - —/ m—
3 O e = Wave superpositior /

Laser and beam
expander 8

Camera system

Detecting wavefront distortion
with interferometer/plenoptic
sensor




lllustrative Example of Wave Analysis “*

on the Plenoptic Sensor

6

The plenoptic image of a Gaussian beam with “Trefoil” phase deformation:

(a) Normalized Intensity of the Beam (b) Phase Distortion on the Beam
Gaussian o _— > “Trefoil”’
.1nte.sns1t.y 5 g ’ \ phase
[ 0 ] 0 I 0 .
distribution ‘ ' deformation
-10 -10 1
— ]
- X axisD(mm) 10 e X axisu(mm) i
(c) Simulated Image at Back Focal {d) Simulated Plenoptic Image
Plane of Objective Lens Aﬂer a3X3 M!.A
04 150 .
. o Corresponding
Fourier spectrum s plenoptic
density of the —> _c B .
) - 2 ¢ image
distorted beam 2 E
5 -
04 02 0 02 04 DU 50 100 150
X axis (mm) Pixel index along X axis

v
Each cell samples and solves one or more sub-Fourier spectra



An Image Example

A “Trefoil” phase distorted Gaussian Beam (Zernike Z,3):

(a) Experimental Plenoptic Image (b) Simulated Plenoptic Image
3250 J250
250 250
200 1200 00 {200
150 1150 150 1150

100

Pixel index along Y axis
Pixel index along Y axis

100 100
50 50 50
50 100 150 200 250 50 100 150 200 250
Pixel index along X axis \ Pixel index along X axis |
|
. Spectrum can be
: ) (mn) B  be
Fourier Spectrum of a Coherent Beam (fx f y) (m,n) retrieved by cell indices

l_‘_\
U(x.3)=2U; (x.5)= XA (v y)exp[ (o x+ £y ¥)+ g

Amplitude can be retrieved by intensity distribution in a cell



Experimental Reconstruction Result of”

the “Trefoil” Phase

Phase distortion Fourier Spectrum
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Actual distortion:

Distorted Phase (1)
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Additional Examples

Plenoptic image Phase distortion Fourier spectrum
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Astigmatism:
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Additional Examples

Plenoptic image Phase distortion Fourier spectrum
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phase distortion in terms of A

phase distortion in terms of A

Fundamental F
Reconstruction

Surface Constructed from DM Commands

Image on the Plenoptic Sensor

X/R

Reconstructed Surface on DM
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phase distortion in terms of A

phase distortion in terms of A

Surface Constructed from DM Commands
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the plenoptic sensor



Fundamental F
Reconstruction

Surface Constructed from DM Commands

Image on the Plenoptic Sensor
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Zernike(M=3,N=1) on
the plenoptic sensor
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the plenoptic sensor



phase distortion in terms of A

phase distortion in terms of A
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Zernike(M=2,N=2) on
the plenoptic sensor
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Fast Reconstruction Algorithm

Q

. deformable
conjugated wavefront

&D,=0;
P @2:‘977:/8
d ) """ J ) —) _ Affected @j,:- 7[/8’.
[ - S S AU A area I:> b ,=-/5;
d P— Ds=n/8;
D ,=-31/8;
e b ,=n/4
real wavefront L
Build vertices based on AO device Require only one “tree” to solve
Problem: how these edges are :
selected? ~13m/40 &,0;
1) In general, more intensity means &b,=-91/8
more “informative”. Py=-m/8;
2) Only counts the pixels on the 242'%5"
5= /0,
edges. | | D = 31/8:
3) Each edge (contains 9 pixels) ®,=n/d
forms a exclusive “counting” box. s S8
4) If the DM is a 37 channel, only 36 The remaining information of the digraph
edges are required to form a fast can be easily solved

reconstruction.



Fast reconstruction (graph theory)

M=-1,N=1 M=tN=t
\i, = 3] 5 _o | % O3\i: ! Intensity Phase !
sd 0o 0250 {OZ 50 02 5 I

® 9 © 9 N9 . x/’.,LEdge(L 2) 1200 9rr/8 :
40 03 % oj ,jO” \j/\</, _________________________
5o?§>\‘ 02 so#o#oz’?o){‘of e :
~%_ .82 9 9 N Intensity Phase :
6, o | b.o' | b 5" 1-->Edge(1, 6)
so g o250 '3 oz]s0 /02//7: 1800 317/8 :
? % 2% 9 R e T !
Assumptions: - | Edge selection rules:
1) “Red” area a highly illuminated pixels 1) Edge(1, 6) has higher intensity
(namely >100 in value). sums than edge (1, 2). Thus it
2) Geometric copies of the vertices are should be considered before
shown on the plenoptic image. edge (1, 2).
3) Once an illuminated patch falls on the 2) Edges are sorted in descend
edge, its intensity is counted. order by the overall intensity.
4) Each pixel in “red” represents phase 3) If the current branch doesn’t form
change of (MA@, NA®). a circuit, add it to the tree

structure.
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Fast reconstruction (graph theory)
Assume the sorted edges are: {1}, {2}, {3}, {4}, {5}, {6}, {7}
1. Edge(1, 3) Step 1: combine 1, 3 @
2. Edge(1, 4) tep 2- Compj .
3. Edge(2, 3) Ste ine 1 4 {1,3} {2}, {4}, {3}, {6}, {7}
4. Edge(1, 5) S 23 Comp, L
5. Edge(s, 6) o Pdoy =3 {1.34){2), {8}, {6}, {7}
6. Edge(4, 5) (T 5 Mbing p @
7.Edge(1,6) S, “cop, 0 (1234} (6 16 17
o Edge( 7; o Oy, 96 L
10.Edge( %o%%% 5 {1,2,3,4,5}, {6}, {7}
11. Edge(2, 7) .28, T
2 12. Edge %9 000767, 6 {1 5253545556}5 {7}
. Co,. De Already connected Discard
Pescend in /)7‘5/' 7’? Already connected Discard
intensity 2 . y
, *~  Already connected Discard

| N (1,2,3,4,5,6,7} Tree found!




Fast reconstruction (Branch Points) ™

Assume for the discarded edges:
Edge(4, 5) - phase change: /3
Edge(1, 6) - phase change: /2
Edge(1, 2) - phase change: 0

Net phase change in a loop:

Loop 124>5>1 : +1/40 (small
error)

Loop 12>6>5>1 : -m/8 (small error)
Loop 1=22->3->1 : +49m/8 (large

Previously retrieved phases:
-1311/40

®,=0; disagreement)

®,=-97/8

k] VXVe+0
@, =-1/5;

A | Unfortunately, a branch point
®,=-30/8; - )

— happens to locate on one of the three
edges: (1,2), (2,3) and (3,1).

Conclusion:

1.

2.

Most of the branch points are avoided by the fast reconstruction
algorithm.

A branch point that locates on a selected edge of the spanning tree
can’t be avoided (less likely to happen: P < #edge pixels/#total
pixels).
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Fast Reconstruction Algorithm Fits for Dynamic
Reconstruction & Correction

o
S

photodetector , i
enoptic -
= P s Correction results for a peak-peak
: phase distortion of 5.5\ in a 4m
beam splitter Y adjustable mirror Channel
{ ( def bl . : .
—— ﬂ o POB Trend in the First 6 Setps for Guided SPGD Mode
LASE beam splitter 1 -
1
z
...... Zg
o 2
News :'\:’\ﬂ: ...... T 213
;8 N - _*_Zi
© . i A
DE %El +, V-4
o) N Threshold to Start
% SPGD Mode
o

Fast reconstruction:

1. Graph theory

2. “Lossy” sensing

3. lterative correction
4. Quick convergence

Number of Iteration Steps



Guidance for AO systems

Comparisons with conventional SPGD:

1

Power Ratio

Power Ratio

N P, PIB for Guided SPGD Mode

Sr

Tip/Tilt Deformation (Z})

—=— POB for Guided SPGD Mode
---------- PIB for Pure SPGD Mode

—e— POB for Pure SPGD Mode
----Threshold to Start SPGD Mode

10° 10’ 10° 10
Number of Iteration Steps

Trefoil Deformation (Zg)

r = PIB for Guided SPGD Mode
—&—POB for Guided SPGD Mode
- P|B for Pure SPGD Mode

1.5F —e— POB for Pure SPGD Mode
------- Threshold to Start SPGD Mode

10° 10’ 107 10
Number of Iteration Steps

Power Ratio

Power Ratio
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Astigmatism Deformation (Zg)

---------- PIB for Guided SPGD Mode
—&— POB for Guided SPGD Mode
---------- PIB for Pure SPGD Mode

—e— POB for Pure SPGD Mode
------- Threshold to Start SPGD Mode

10° 10

Number of Iteration Steps

Tetrafoil Deformation (23)

---------- PIB for Guided SPGD Mode
—8—POB for Guided SPGD Mode
---------- PIB for Pure SPGD Mode
—e—POB for Pure SPGD Mode
------- Threshold to Start SPGD Mode

Number of Iteration Steps
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Intermediate Steps for Detecting and Correcting
Large “Defocus” Phase Deformation

Flat Mirror {Metric=0) Initial Distortion {(Metric=17.94) Iteration #1 {(Metric=14.95)
350 350
g @
; 300 § 300
> 250 % 250
c =
= 200 < 200
2 150 2 150
= £
Z 100 Z 100
% 50 % 50
o [n
100 200 300 100 200 300 100 200 300
Pixel Number along X-axis Pixel Number along X-axis Pixel Number along X-axis
Iteration #2 (Metric=11.94) Iteration #3{Metric=9.47) Iteration #4(Metric=4.88)
350 350
R (0] 2
% 300 s % 300
= 250 - = 250
s g -
= 200 = = 200
ey 1 @ @ 1
_g 50 _g .E 50
Z 100 2 Z 100
= 50 2 % 50
o ol [a
100 200 300 100 200 300 100 200 300
Pixel Mumber along X-axis Pixel Number along X-axis Pixel Number along X-axis

Note: A good staring point for initiating SPGD is obtained at the
end of 4th step. Normal SPGD would take 600 steps to find a
similar starting point.
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Real Time Correction
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1t stage beam expander Pinhole & Non-polarizing
photo-detector beam splitter

Flat mirror He-Ne laser

2nd stage beam

sensor
expander
Hotplate#2 .
Flat mirror
Hotplate#1
Equivalent

s objective lens
Non-polarizing
beam splitter

Deformable mirror & Power amplifier forDM
millimeter mounting stage

Notes:

* The laser beam propagates alphabetically

« K-=L1: Plenoptic sensor that detects the wavefront distortion.

* K-=L2: Photo detector that indicates how much power is focused to a tight spot. 25
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Real Time Correction Result

Correction ON Ideal Beam

30mm beam
1m path length @ 325F
~250 fps operation

26



Signal Quality Analysis

Correction control

Normalized signal

MNormalized PIB>=50%

05¢

Correction ONJOFF

20 30 40 50 60

10 70

Time (second)

Normalized PIB

10 20 30 40 50 60 70

Time (second)

Signal Quality Evaluation
J

10 20 30 40 50 60 70

Time (second)

A reliable optics link is

= maintained during the

correction circles

27
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Comparison: Shack-Hartmann WFS Image “*
for the Same Turbulence Condition

A normal frame example under
the same turbulence condition

. Overlapping patches will

generate image cells of
unconventional patterns, which is
difficult to interpret with accurate
wavefront information.

. Each cell provides no more than

1 phase sample (when a sharp
focus can be observed), the
overall number of phase samples
are low (around 100 samples).

. SH reconstruction will normally

fail for strong turbulence
distortions.



Additional Results under 325°F

turbulent channel

15 T

{a) Normalized PIB

05

Normalized signal

120
100
80
60
40
20

Power ratio (%)

Correction On

Correction Off

I

| --------- AO enable signal

Mormalized PIB signal

Correction On

Correction Off

Correction On

—

35 40

] |-
45 50
Time (second)

(b) Statistics for PIB

55

60 65 70

Correction On

Average PIB in each state

PIB variation in each second I_

Correction Off

Correction On

Correction Off

Correction On

35 40

45 50
Time {second)

55

60 65 70
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Turbulence Distorts Images

Turbulence near camera  Turbulence in middle of Turbulence near Target
path

Images of an A10 Warthog taken through local turbulence

30
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Principle of Plenoptic Image Correction

Ideal fan of rays

without turbulence Imaging lens
Target object i
Image of the
target object <
___________ _ Fan of rays
..................... N . contributing to
different cell
<—— images on the
plenoptic
\I \ | < sensor
!
Quantized wavefront Light field that
distortion for each area forms the image
(corresponding with a
\ MLA) ]
\ Conventional imaging |

1

Plenoptic imaging

31
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Recall: Structure of a Plenoptic Sensor

Keplerian telescope array with shared objective lens.

A

\

light field of objective lens ML A
the image A
ti(x, y)

|

fi

3D Structure Diagram of a Plenoptic Image of a plenoptic sensor
Sensor (2"d generation)



Principle of Plenoptic Image Correction ®

Turbulent projected ray path e o ONEN OO COMER .
eddies without turbulena‘\e
A< AR N 2 steady image e
............. S tt
3) .. R pa .erns
ﬁ% SO " 200 S N A S -
- - MM 7 ------ P
— R L U
—_— —24 P - 2 T 200
‘__ﬁ; -ty T A Retrieved 400
—> - v object profile
from multi : H : ] | i
image sets W -400 200 [i] 200 400 500
Integration of techniques in hyper dimensional “lucky image” :
: . . ’ Distorted checkerboard
multi aperture sensing and parallel computing
merging process of block image image on an ordinary camera resolved image of the object

0
(Mz,Nz) 1 (M4IN4)

resolved object image

(MuN)  (MyN)

(MSvNS)

Combine localized images improvements
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Principle of Plenoptic Image Correction®™
a Fast Metric Approach

Targeted wavefront area known to
be momentarily “flat” by metric
Moving directions of

local wavefront .
———————————————————————— front /e Another wavefront area with

momentarily “flat” feature that may
/ be discovered by metric

\ig\ksly-y
!

Vertical direction
N

m+2

T L e e TR T L. AP

m+1

Local density is much higher
than system’s average density

(T T o S

Distorted wavefront Distorted wavefront
at time “t” . at time “t+1”

Local density is equal to
system’s average density system’s average density

e

t t+1 Time direction

M(m’ n, t) = avertical (m? n, t) ) ahorizontal (m’ n, t) ' atime (m? n, t)

alime (m’ n, t) = \/zi,j I:Im,n,t+1 (l’ ]) + Im,n,t—l (l’ J) - 2’Imnt (l’ J):Iz



Imaging through Turbulent Media

Imaging target

water tube with
heating wires

hot plate Imaging Device

plenoptic sensor branch

conventional camera
branch
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Imaging through Turbulent Media

Reference Image Best Image by Metric

o~

(1) A “mutated” Laplacian
metric is used for auto
selection.
‘ J’ (2) No external
information is used.

(3) 98.09% similar to
20 40 60 80 20 40 B0 80 reference image.

Pixel index along X axis Pixel index along X axis
Randomly Selected CellImage  Best Image by Brute Force Search
80 80

o0
o

o
o

b
o

Pixel index along Y axis
=
o

Pixel index along Y axis

(1) Correlation between
each cell image and
‘ J reference image is
0 * exhaustively examined.
(2) The reference image is
used.
F'2i:?el inde:Ualong Xi?cis - P?}?el inde;malong XEanis - (3) 98'720/0 Similar to
reference image.

o
o

60

2]
o

20

Pixel index along Y axis
=
o

Pixel index along Y axis

Note: 3 types of local wavefront structure can be identified by a large metric
value:
1) valley of a convex; 2) peak of a concave; 3) central area near a saddle
point.



Imaging through Turbulent Media
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Image Quality for Different Cell Metric Values

095

09

0.85

: Actual best cell image with
0.8

Correlation Coefficient

Best cell image by metric

High metric values

- . ° highest correlation coefficient indicate good images
o 0
0.75 Te °% o o .
ogd 00 o
og @ P o° o
07 | | | | | | | | J
"0 05 1 15 2 25 3 35 4 45
Cell Metric Value x10°

37
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A1: Comprehensive Tool to Study ®

Turbulence Effects on Laser Beams

Plenoptic sensor with
6” Cassegrain
telescope lens

Lenovo W550S mobile
workstation

The following data can be

acquired simultaneously:

(1) Intensity scintillation.

(2) Angle of arrival
scintillation.

Power generator (3) C,2 estimation over time.

(4) Wavefront shapes over
time.
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Pixel index along Y axis Pixel index along Y axis

Pixel index along Y axis

Plenoptic Images of the Distorted Laser”

Beam (L=960m

Plenoptic Image #1 Plenoptic Image #2 Plenoptic Image #3 Plenoptic Image #4

Plenoptic Image #5

350 350 350 350 350
300 £ 300 % 300 % 300 2 300
@ © @ ©
250 > 250 > 250 > 250 > 250
(=] (=] (=] o
= = = =
200 2 200 2 200 2 200 2 200
© (o] © (]
> > > >
150 8 150 8 150 2 150 8 150
£ £ = =
100 < 100 < 100 < 100 < 100
50 o 50 Q- 50 Q. 50 Q50
100 200 300 100 200 300 100 200 300 100 200 300 100 200 300
Pixel index along X axis Pixel index along X axis Pixel index along X axis Pixel index along X axis Pixel index along X axis
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\econstructed Aperture Intensity Gt

Distributions
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S
C,2 Value Can be Evaluated Based on "
Intensity Fluctuations

12 Summation of Aperture Intensity for Each Frame
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Frame Index

Date & Time: 03/21/2016, 15:09

Calculated result on the plenoptic sensor:
C,2=7.124x10""3m=273

Reference result (by large aperture scintillometer) :
C,2=8.41x10"13m2/3



S
C,2 Value Can also be Evaluated Based ™

on Fluctuations in Angle of Arrival

«104 Averaged Angle of Arrival along X Axis for Each Frame
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Date & Time: 03/21/2016, 15:09
Estimated C, 2 contribution by
angle of arrival along X axis:
C,2=5.29x1013m23
Estimated C, 2 contribution by
angle of arrival along Y axis:
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Reconstructed Wavefront Distortion of
the Laser Beam

Reconstructed Wavefront #2
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A2: Detecting Vortex Beams (M=4 cell)

M=4 vortex phase cell Plenoptic Image of the Vortex Beam
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Reconstructed phase gradients Curl of the phase gradients
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A2: Detecting Vortex Beams (M=4 cell) ™

Retrived Phase

Retrived Phase

Reconstructed Vortex Phase Based on Actual Branch Cuts

Y axis (mm)

-10

Haxis (mm)

Importance of branch
point detection:

(1) Reconstruction will be
accurate by considering the
non-zero curl of the retrieved
phase gradient.

(2) Reconstruction will be
incorrect by ignoring the non-
zero curl of the retrieved
phase gradient.



A2: Detecting Vortex Beams

Plenoptic Image of the Vortex Phase Modulation - Phase Gradient Vector
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