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In this thesis, we will introduce thianovative concepof a plenoptic sesor that can
determine the phase and dityale distortion ina coherentbeam for example a laser
beam that has propagated throughttbulentatmosphereThe plenoptic sens@an
be applied tosituations involvingstrong or deep atmospheittigrbulence This can
improve free space optad communicationsby maintaining optical links more
intelligently and efficiently. Also, indirected energy applications, the plenoptic
sensor and its fast reconstruction algorithm can give instantaneoustiogguoan
adaptive optics (AO) system trreateintelligent correctionsn directing a beam
through atmospheric turbulencEhe hardware structure of th@enoptic sensor uses
an objective |l ens and a microlensoparray (N
array that shares the common objective lens. In principle, the objective lens helps to
detect the phase gradient of the distorted laser beam and the microlens array (MLA)
helps to retrieve the geometry of the distorted beam in various gradient segrhent

software layer of the plenoptic sensor is developed based on different applications.



Intuitively, since the device maximizes the observation of the light field in front of
the sensor, different algorithntsin be developeduch as detecting the atspheric
turbulence effestas well as retriamg undistorted images of distamibjecs. Efficient

3D simulations on atmospheric turbulence based on geometric optics have been
established to help us perform optimization on system design and verify the
correctness of our algorithms. A number of experimental platforms have been built to
implement the plenoptic sensor warious applicationconceptsand show its
improvements whemomparedwith traditional wavefront sensorés a result, the
plenoptic sesor bringsa revolution to the study of atmospheric turbulence and

generates new approaches to handle turbulence effect better.
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Impacts of this Thesis

Atmospheric turbulence effects have been studied for more than 50 years (1959
present Solving turbulence problems provides tremendous benefits in fields such as:
remote sensingRS), free space optical (FSO) communication, and directed energy
(DE). A great number a$tudieson turbulence modeling and simulatidmsve been
published over the past few decaddafortunately 2 fundamentatjuestiongemain
unsolved: (1) Eery model can tell how things get WORS#it how do we know
which one is correct? (2) How to get things RIGHT (solve turbulence problems)? The
answers to these 2 fundamental questesEmsurprisingly EASY, but rely on one
difficult assumption: e complete knowledge of beam distortion must be known,
including the phase and amplitude distortion. Intuitively, given the complex
amplitude of the distorted beam, the best model to characterize a turbulent channel
can be determined. Similarly, correctialgorithms can also be figured out easily. For
example, for FSO communications, the phdsrepancyat the receiver can be
rectified. For DE applications, one can transmit a conjugated beam adifizial

glint signal on the target site, so that fi@ver of a beam can be best focused near
that spot.

The plenoptic sensor is designed as an advanced wavefront sensor. Compared with
conventional wavefront sensors, the turbulence regime is extended from weak
turbulence distortions to medium, strong aneredeep turbulence distortions. In
other words, the plenoptic sensor is much more powerful than any conventional
wavefront sensan recording and reconstructing wavefronts of incident beams. With

the actual waveform data, the correctness of past atmaspimdulence models will

XX



be comprehensively examined awldition to indirect statistical data on scintillation

and beam wanders. Intelligent and immediate correction become realizable based on
the actual waveforms. Therefore, this innovation will greatyorm thoughts,
methods and strategies in the field of turbulence studies. Furthermore, it makes the

dreamof overcoming turbulence effects real and practical.
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Chapter 1Fundamentals of Atmospheric Turbulence

1.1 Fundamental Effectsf Atmospheric turbulence

Atmospheric turbulence is generally referred to as the fluctuations in the local density
of air. These density fluctuations causes snmrathdom variatios in the refractive
index of airrangingfrom 10° to 10 [1]. Thesefitriviald disturbances ofight ray
trajectories generate a number of significant effects for remote imaging and beam
propagation. In generalight rayswill deviate from their expected trajectories and
their spatial coherence will degrade.gdVong propagation distances, the accuracy of
delivering signal/energy carried by tmeave deteriorateswith increasedurbulence

level and propagation distance. As a result, this limits the effective ranges for RS,

FSO and DE applications.

1.1.1Distortion of coherent beams

When a laser beam propagates through atmospheric turbulence, the inhomogeneity of
the air channeds refractive indexaccumulatively disturbs the phase and amplitude
distribution of the beanThe outcomes include
(1) Fluctuationsof signal intensityat the receive around expected valugdenown
as Ascintillationo [ 2]
(2) The centroid of the beam wanders rando(néferredtoa s fibeam wander ¢
[3].
(3) The beam breaks up into a number of patches (small wavelets that act like

planevaves), which is refpérfdd.to as fibeam



These effects aradetrimental to the reliability of free space opéic (FSO)
communicatiorsystems as welisdirected energy applications. For example, in FSO

systems, beam wander and scintitlatieffects will degrade the channel capacity by
jeopardizing the alignment anddisturbing signal quality. In directed energy

applications, beam brealp will scatterthe energy propagatiomto divergel and

random directions. Théeam breakip effect isprimarily caused by the reduced

spatial coherence of the beam, which carcheracterized by he A Fr i ed Par ame

[5]. Thespatialcoherence length of a laser beaydecaysoughly with L3*:

_0.4232F% C2(2)dz 8"
o = §0. Pl Cn @)dZ" 2 (1)

Il n equation (1), k =.2derotes the strength ef atmespherit u mb e r .
turbulence [6]. Without employing adaptive optics [ Fried parameteg dictates

the fundamental limit of spatial coherence of a propagating sessen. Therefore, it

is not difficult to find that a stronger turbuleniexel or longerpropagatiordistance

will cause more distortionsf a laser beam.

1.1.2Distortion of incoherent beams

In normal cases, light sources are incoherent, sucHaagps and LEDs (active
illumination) and sunlight(passive illumination) Atmospheric turbulence wdn
cause phase disorder probkfor incoherentight source. However, he degradation

of clearandaccurate visions of objects will lead Ibturring effectsand recognition
failures.For example, in remotphotographywe often find it hard to get a focused
image One can also find distant objects along the road might be shimmering and

moving around on a hot summer da¥ithout loss of generalitythe turbulene



effects for incoherent light sources can be analyzed in the same nasodrerent
sources. Therefore, we focus our discussions of turbulence primarily on coherent
waves. And for some special cases such as imaging through turbulence, we will

provide adetailed discussion about turbulence effects on incoherent waves.

1.2 Scintillation

Scintillationis commonly observed dke fitwinklingo effect of a star. In a wide sense,
scintillation describesthe time varying photon flowgollected by a fixed optic
aperture. Scintillation is often a good indicator for thagnitudeof atmospheric
turbulence. Intuitively, based on perturbation theory (Rytov method [8]), a larger
scintillation valueimplies that there are mie rapid changes the channel and a
smaller scintillation value means the turbulence conditiora channebretypically

weaker and changaore slowly

1.2.1Causes of scintillation

Due to the fluid nature of air, the turbulence hageartial range markd by the inner
scale [, typical value is Inm near the groundand the outer scalé, typical value
is 1 m near the ground Most turbulence celtructures fall within thénertial range
and inside thee temporally stable structures the refractiveindex of air can be
regarded asiniform. Structures with diameters clogetheouter scale of turbulence
primarily generate refractive changesn the beam, including diverting the
propagation direction of the beawpplying additionakconverging/divergingeffects
as well as imposing irregular aberrationson the shape othe beam. Turbulence

structures with diameters close to the inner scale often chifisetive phenomena



which imposehigh spatial frequencies ternesito the wavefront Diffraction effects
resulting fromthese highfrequencyorders divert part of the bed@nenergy away
from the expected trajectory in further propagation.

The power spectrum of scintillationlsrgelyfocused in the frequency range of 10Hz
to 100Hz. Lowfrequency(around 10Hz)scintillation is primarily affected by the
refractive behavior of atmosphertarbulence Higher frequency (around 100HZz)
scintillation is primarily affected by the diffractive behavior odtmospheric
turbulence. flthe beam isampled ag much highefrequency (for examp|elOkHz),
neighboring sample pointd o nshdw significant variations. This is often called
Taylor® &ypothesis, where turbulence is regarded as stationdifyozero for time

scales less than 1ms.

1.2.2 Scintillation analysis

To analyticallyexaminethe scintillation effect, acommonpracticeis to calculate the

normalized intensjtvariance collected through a &£ aperture. As:
Sy =——%— (2)

Intuitively, equation (2) denotes thmoportionalvariation of receivedpowerand it
helps to classify turbulence levels into 3 majegimes In the weak turbulence
regime ( wh e f €0.3 (i8]), equation (2) equals the Rytov variancén strong
turbul ence r’ed,ithepowdr othemaise syral in the channel is at

leastthe same magnitude #ise signalin transmission And the intermediate level



( 0.,3<«)) is often cded medium turbulence. Weak turbulence is typical for
astronomical imaging applications and can be corrected with conventional adaptive
optics system or imaging processing algorithms. Medium turbulence is common in
horizontal paths for FSO communicationpagations, where digital signal of on/off

can still be reliably sent through the channel. Strong turbulence represents the worst
case in turbulence, where there are severe distortions of phase and amplitude
distortionson a propagating laser beamRerforming imaging and communication
tasksin strong turbulence situations are challenging topics in the field of adaptive
optics, and many uniquchniqueshave beerdevelopedover the past decade

ameliorate the situatig®] [10] [11].

1.2.3Scintillation measurement

The commercial device for measuring scintillation is cadestintillometer [12].In
principle, a scintillometer pair (transmitter/receiver) transmits a known signal pattern
to the receiver to mimic free space optics (FSO) communication. eictihg the
distortion of the received signal, the scintillation index can be calculated either by
eqguation (2), or by calculating the variance of tmgmalamplitude of intensityFor
example, if the transmitter can generate a square waetime(on/off over time),

the receiveris expected toreceive the same signal sequence widmplitude
modifications The scintillation amplitude can be determinedby comparingthe
received waveformwvith the transmittedvaveform [13] which profiles the strength of

the turbulent channelAn alternative index for scintillation is theefractive index
structure constantC,? (unit m?®). The Adensityo of atmosphert

determined bythe C,? valuesas the coefficient in the power spectrum density



functions. In practice, it is meaningful to combing,?dneasurements with channel
length L to reflect the actual turbulence effects. Intuitivellge same scintillation
effect can either resultom strong turbulence levaver ashortpropagatiordistance

or from weak turbulence levebver along propagatiordistanceln addition to match

with the unis of C,2, one should note that the correlation of refractive index changes

or degrades with?f® (unit: m?®), often referred athefi 2/ 30 | aw [ 14] .

1.3 Beam Wander

The centroid of the beam also wandens propagating though the atmospheric
turbulence. Intuitively, the inhomogeneity can be viewed agedge effect, which
randomly refracts the beam off its propagation aXisypical example is that one can
observea traffic light shimmering on a hot summer dahis is caused by the vision
signals getting distorted by large volumestwfbulent hot air before entering our
eyes. Beam wander effect often causes alignment failure in FSO and directed energy

applications whear the main beans deviated from the target area.

1.3.1Causes of beam wander

Beam wander is caused by inhomogenéitythe refractive index of air. Due to
Tayl ordés hypothesis, turbulence is fAfrozen
thanl kHz). The gradient of the refractive index along the transverse ptanses a
weak tip/tilt effecton t he pr opagati ng . Thewsodtysofarav ef r on
fluid tends to keep similar changes (gradient valugthin an inertial range.
Therefore, ineachsmall segment of the propagation chantieg primary turbulence

effect will tilt the beam witha smallangular momenturmimicking the effect ofa



random walk. In the long run, the overbkkam wander is an aggregated effect of

those small random walks.

1.3.2Beam wander analysis

As the beam wander effect can be effectively modelled as a random walk process
[15], it can be treated as a subset of the random walk proBlgmod approximation

can be expressed as:

(r2)=2.2c01;° 3)
In equation (3), the LHS represstiie RMS value of wandering centroid of the beam.
On the RHS,C.? is the index for the strength of turbulence. The inner scale of
turbulence is expressed hyand the propagatiodistance is represented by The

inertial range of turbulence structures often refers to the range between the inner and

outer scales.

1.3.3Beam wander measurement

Beam wander can be determined by many approaches [16] [17]. Normally, the
essential prdiem is to determine the probability thiéte beam wander effect will
significantly deviateghe entire beam from the target aperture [18] (this often causes
failures in signal transmissiprirherefore, a larger receiving aperture tends to get less
affectedby the beam wander effect, whetlee probability of alignment failure drops
exponentially with increasedperturesizes (also called aperture averaging effects)
[19]. Normally, increasing the aperture size will effectively suppress scintillation and

beamwander problems in FSO communication systems.



1.4 Beam Break Up

Beam break up happens as a result of propag#timugh long turbulenchannels

(typically for distances ovet km). The deterioratingspatial coherencef the beam

varies from pointtopotacr oss t he beamé&eathe areanvherer s e

the beam passes without significant change of coherence, the phase front remains
coherentas a patchg small wavelet thiaacts like plane wavesComparatively, for
theregionswhere ts cohereoe breaks dowdramatically(temporal spatial coherence
length is close to the inner scale of turbulence structtire)beam splits into two or

more irregular intensity patterns. As an overall phenomendime original coherent

beam breaks up into sevemahjor patches ddifferentsizes This resultis commonly

referred to as beam break [20].

1.4.1Causes of beam break up

Beam brealup is caused by the structural fluctuations in the refractive index of an
atmospheric channel. The coherence of the wawmefdegenerates fastest at the
boundaries of the turbulence structures, while wavefront coherence is maintained
within a structure. The deteriorationof average coherence length in tlwavefront

can be stimatedby equation (1ps the Fried parameteéince most of the coherence

is still maintainedn the patchesthe Fried parameter also describes the average size
of the coherent sutvavelets after the beam breag In general, the beam break up
generates a group of stdeamsthat can be treated as cobetr waveletsin other
words, the bearbreaks down intemaller waveletsandthe geometric wanderinof

each wavelet makegespectivecontribution to the final intensity pattern of the

arriving beam on the target sitdnderthesecircumstanceghe centroid of the beam

pr



d o e swar@wlér much (due to WLLN), ub the spatial fluctuations ahe beands

intensity distribution is significant.

1.4.2Beam brealp analysis

Some theoretical analysis predicts that beam breakup only happens af [2HL
This is obviously incorrect as it doe@ntakes into accourthe turbulence strength.
However, if the transmitted beam has spot size pthe beam diameter and range L
are related@s:

2w = fL 2w, (4)

PWo
In the diffraction limit, w denote the projected width of the beam without being
affected by turbulence. The actual size of a patch can be denotgdvaserei
represents index for the patch at the moment. foh@wing expression serves as a
metiic for measuring the beam breag strength:

w

max{ D } ©

pbé

Equation (5) describes thelation between the projected beam width and the largest
patch after the propagation. IntuitiveR is a temporal index thatescribeshe lower
bound ofthe beam break up effect. Whé®A b ,it means there is no coherence in
the beam. On the other handRi=2, it means that there are at most 4 £yRqual
powereddominant patches in the channelttbantain majoiparts of thgpower of the
beam. When R is relatively low (<25), it is possible to use adaptive optics to correct

the beam to generate a large patch ib@insthe major power of the beam.



1.4.3Beam break up measurement

It is technicaly difficult to study the beam breakup effect lgyrectly make
measurements based on equation (5). Howdraurier transforma performedby a

thin lensarea convenient tool to reveal the beam breakup effects. Normally, when the
arriving beam (distorted bgtmospheric turbulence) enters a thems with large
aperture each bright spot at the back focal plane of the lens represents a unique patch.
Therefore, by counting the bright spot numbers we can retrieve a relatively reliable

Ry? number, and determinke situation of beam breakup accordingly.

1.5 Theoretical Explanations

Andrews and Phillips [21] have developed a fundamental optical flowchart to
theoretically explain atmospheric turbulence effects. In general, the simplesttway
express the compleamplitude ofan optical field as U(r, L), where represents the
geometric vector in the transverse plane angkpresents distance in propagation.

Therefore, thestatisti@l properties can beescribedy the following chart:

[ Turbulence ]

Second Moment (MCF) ::l [ . i ] Fourth Moment:
Optical field: Ufr, L [ >
[ Fofry, ry L) P ! () Tylry 1y, 13, 1y,L)

[ Mean field: <U(r, L)> ]
Mean irradiance: <[> Scintillation Index: o,2
Beam wander: <r?> % Correlation width: p,

RMS angle of arrival: <B,2>1/2 Phase variance: 0,2

Amplitude Phase

Figure 1.1: Flow chart of turbulence's primary effects
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In the flow chart of figure 1.1, theolarization direction of the laser beam is ignored
for simplicity and the light field igivenby a complex amplitud¥g(r, L) to represent
its magnitude and @ise. For polarized beams, it is possible to integrate the analytic

methods with unit vectoins thepolarizationdirections.

1.5.1Secondorder statistics

Second order statistit parameterbave the same units asadiance. Intuitively, this
meanstheest at i sti cs can be us esdch asdhe spotdizec at e a
degree of coherence, spreading angle and wandering range. Without loss of

generality, we expresssecond order statistic as:

Gz("li"z’l-)é<u (rl,L)U*(rZ,L)> (6)
Equation (6) describes the field correlation based on the complex amplitude. When
equalizing the space vectarandr,, the irradiance information is revealed. Accurate
analysis of weak turbulee effecs is achieved by phase screen models (also known

asthe Rytov method) [22]. In general, the complex amplitudéhebbeam affected by
turbulence is expressed as:

U(r.L) =Uo(r L)expys(rL)+ yolr L) +] (7)
In equation (7)UJo(r, L) is the free space beamthereceiver site, ang f, L) is the
complex phase perturbation of the field.general, the free space be#ldy) takes
any form of beam modes (Gaussian beam, plane wave, spherical and etc.). The real
part ofy denotes the clmge in the magnitude of the field and the imaginary part
controls the phase change of the be@heoretically, the Rytov method equalizes the

turbulence effect with a aise screen before the receiver. Therefore, the statistics of

11



atmospheric turbulence gmplified from 3D to 2D. The proof of the simplification
can be partially verified by the practice of using adaptive optics (AO) systems in
astronomy to correct for the atmospheric turbulence of celestial irf2@jes

A simple and significant conclusiatrawnfrom second order statistics is expressed

as.

O

r
4

581 Y
8

G,(r,L) =exp (8)

1 o: 08

7
7

pl

@™
O

Wh e rpeis the reference coherence length defined bytaheulence level, in the
case of plane wave and no inertial rarage,

ro =(1.46C7k%LYy ¥° (9)
The power index for coherence length degeneration is commonly regarded as
Kolmogorov law [24] which sets the base line that all theoretical models for
atmospheric turulence should satisfy.
The second order statistics can also be used to estimate the beam width [25], beam
wander [26] andangle of arrival fluctuations [27]. However, in most experiments the
strengthof the turbulence@,?) ¢ a podsistertilyebtainel by differing approaches

and measurements.

15.2Fourth-order statistics

The fourthorder statistics hee the same urstasirradiancesquaredwhich equals the
variance of irradiance. Intuitively, it can be usedidicate the variation of photon
power in an area as well as the coherence between multiple patches. Without loss of

generality, the expression for the fourth order statistic

12



AN AN =<U (r, L)U™ (rp,L)U (15, L)U” (4L )> (10)

And in the form othe Rytov method, equation (10) can\dtten as:
Gy (rrorar ok ) Wo(r,L)Uo(ro,L)Uqf sk JUG(ral)
X , . (11)
3<exp@/(r1,L)+y (ral) +xral) +xral) >E

Despite the compléty view of this equation, a common practice in the fourth order
statisticsstudiesis to equée r;=r,, andrz=r4. Therefore, the fourth order ststics can
be similarly treated as the second order statistics based on irradiance distributions.

The fourth order reveals certain properties such as scintillation [28] and phase

structure [29].

1.5.3 Spectratiensity functions

Spectraldensity functions @ used to mathematicallgetermine the correlation
structure of atmospheric turbulence in terms of refractive index fluctuations. For
weak turbulence situationghase screen models as well as Rytov methods have used
those spectral density spectrato produce results that resemble actual turbulence
situations However, since the powepectal density function outlinethe long term
averagedvariation values ohtmospheri¢urbulenceat steadystrength levels, there is

no actual match with turbulence happenin reality. In general, the power spettr
functions can be classified in \Rays: power spectrum function ithe frequency
domain and power spectrum functiortle spatial domain.

In the frequency domain, the spectrum propertg ndom process(t) is described

by the cwariance function

13



B, (£)=(x(t) X (t+1)) {x(®)) (&) (12)

And the power spectral density(Sy¥) can be r et r i eKhimtahinet hr ough

relations:
1 o
=— R 13
Sc(w) 1 B.(gcos( we (13)
B, (r) =27 Sc( deosl e (14)

Simply, the power spectral density and the covargafunction are Fourier transforms

of each other. Similarly, in the spatial domain, we have the relations:

Fo (k) —2p12 3 Bu(RIsin( ) RaR (15)

o

a4p .
B, (R)="2 ) R(K)sin( Rkd / (16)

In equation (15) ad (16), the spatial power spectral density function is represented by
0y( @and the spatial covariance function is represente® ). For simplicity,
spherical symmetry is assumed in expressing the above equations.

Therefore, the frequency spectral density function indicates how fast the turbulence
situation changes andhd spatial spectral density function indicates the turbulence
structure. For example, if the coherence length is extremely small for the turbulent
channel (~1mm), we would expect a very sharp peaked covariance function and a
relatively smooth and lontail power spectral density functiom this circumstance,

we would expect the beam to degenerate to a rather incoherent light field and fully

developed speckles should be the dominant padtehe receiver site.
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1.6 Challenges for Mathematical Analysis

The mathematical analysis of turbulence structure, however delicate and accurate,
cand provide a solution to overcome turbulence problems in reality. For example, in
directed energy research,achievemore power (improve energy delivery efficiency)

in the target spotthe actualtemporalstructure of atmospheric turbulence is needed
instead of the theoretical statistianeanvalues In FSO communication systems,
more signal power can be coupled into the receiver with AO if the temporal
dispersion modes amdetected. Itheremote imaging process, the turbulence effect is
embeddedin the spatidy dependentpoint spread functions, andhtelligent
deconvolution can happen if and only if the temporal 4D point spread function are
known [30]. Obviously, greatmiprovement can bachievedif the detailed structure

of actual turbulence can ba#etermined And, accordingly, a morehoroughand
kinetic 3D model of atmospheric turbulence can be built. The following limits on the

theoretical studies of atmpiseric turbulence should be mentioned.

1.6.1Model restrictions

Theoretical modelslond track the dynamic changes in the turbulest@cture In

other words, no model can predict the temporal apdtial result of how the
atmosphericturbulence will disort the wavefront and intensity distribution of the
beam.Another restriction isheinaccessibilityof themodek put. For example, the
turbulencelevel denotedby C,? must be given in order to facilitate the calculation of
turbulenceeffects.But G2 itself is also a factor dependent on the consequence of the

turbulence. In other words, it is logically wrong to requirg® @rst and then

15



determine the turbulenceffect later. Given thaturbulencelevels are not stationary
(even in a time window of ew seconds)theoretical analysis models are more like

empirical fitting curves instead of indicators for real time turbulence.

1.6.2Computation difficulties

Basically, all the working models afirbulencesimulations are based on 2D phase
screen modsl The phase screen models are established bashd Rytov method,
where the beam goes through-at@p process ia segmerdgd propagation distance:
free propagatior{step 1)and phase screen modificatiqistep 2) These simulation
models do provide aesmngly correctresult for temporalturbulenceeffect that
satisfy the modelé parametersin the transverse planes that are perpendicular to the
propagation axis, the correlation statisticathospheri¢urbulenceare still observed.
While along the ppagation axis, neighboring phase screens are indepeitmet.
complex3D simulation models have been proposed [31] [32] hlaneprovento be

not computational tractable. In other words, the actual turbulence changes
much faster than the speedarthievable simulation. It is also pointless to feed the
simulation with real time data and make predictiofishe subsequenbehaviorof

turbulence.
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Chapter 2Conventional Wavefront Sensors

In order to detect the complex field amplitude of a cohesawe one needs tobtain

both the phase andanagnitude distributionHowever,any image sensor can only tell
the intensity distribution of the incident light fielat the cost of losingphase
information Special optial designs are needed to retrieve the phase information of
the beam. In generadn optical systemthat provideswavetont informationaboutan
incident beams defined as avavefiont sensarlin this chapter, several conventional

designs of wavefront sensors will be introduced and discussed.

2.1 Shack Hartman Sensor

The ShackHartmann sensor [1] & very effective toolor measuing weakwavefront
distortiors. It hasalreadybeen successfully appliea theastronomy field to measure

the weak distortion generated by the Earth a t maensealektial images [2].

2.1.1Mechanisms

A ShackHartmann sesor is made up of a mictens array (MLA) and an image
sensor. The basic structure of a ShHektmann sensor can be shown by the

following diagram [3]:
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Figure 2.1:Structure diagram of the ShackHartmann sensor

The ShackHartmann sensor uses a miteos array (MLA) and an image sensor at
the back focal plane of the MLA. The incident beam is spatially divided by the MLA
lenslet cellanto small grid point@nd the gradient of the local wavefront is reflected
by the shift offocal pointat the back focal plane efch lenslet. Witlthe assembled
local gradient ofthe wavefront, the globateconstruction of the wavefromian be

achievedyy satisfying the following constraint

7 (xy) 2 min{ 4 7 (x,y) -gsn (¢ Y} e
In other words, the reconstructed phase front has the minimum mean square error

(MMSE) in its gradient when compared with the retrieved local gradient information.

2.1.2Wavefrontreconstructions

The accuracy of the wavefront reconstructiorthe ShackHartmann sensor depends
on the accuracy of local gradient retrieval. In other words, in each MLA cell, the shift

of the focus neds to be determined with certain level of accuracy. The rule of

22



thumb is to calculate the intensity weighted cefereach MLA cell, which can be

expressed as:

a axa(xy) a aldxy
=X Y _ : =Xy 2
>3 al(xy) Y a daxy @
X Yy Xy

In general, if the local wavefront distortion is concentrated in tip/tilt, the local image
cell under the MLA lenslet will have a sharp focus. lke tlocal distortion is
concentrated in higher orders of distortion, the result provided by equation (2) will be
inaccurate. To gain more accuracy in revealing local phase front gradient, one can
increase the numerical aperture of the MLA unit (enlargd/#heso that each pixel

shift will correspond with a smaller tip/tilt value. However, the dynamic range of
measurable wavefront gradient will be reduced with increased numerical aperture.
Theoretically, withinthe diffraction limits, the sensitivity of tB ShackHartmann
sensor can be infinitely increasécherefore, the Shaelartmann sensor provides

more accurate result in handling weak distortion cHsas the results acquired under
strong distortios.

On the other hand, smart algorithms in handimgre complex local phase front
distortiors in the ShackHartmann sensor have been proposed. For example, adding
blob detection before the intensity weighted averaging algorithm to find a more
accurate center shift [4JChis helps to remove random highder phase oscillation
structuresAlso, attempts to extract more complex distortion orders in each cell image
of the ShackHartmann sensor provide momesight into interpreting the Shaek

Hartmann images.
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The global result defined by equation (2fates tht a reliable wavefront

reconstructionshould minimizel mismatcled: with the retrieved local gradient

field on the ShaciHartmann sensor. Intuitively, if the phase front is assumed to be
continuous, the curl of the local phase front gradient should be MMMSE is
appliedin orderto assureghe nonzero curl of the field.
On a Shackdartmann sensor, however, each data point (representing the local
gradient of the phase front) is retrieved independently. The curl of the gradient field
can result either frorthe errofinaccuracie®f local data or fronactualbranch poirg
in the distortion discontinuityof the phase front). We will ignore the branch point
problems forthe moment, because one can always divide the phase front into
continuousblobs and recomiict themseparately To remove the data error, two
approachearecommonlytaken byresearchers

(1) Averaging over multiple integral paths.

(2) Solving the MMSE equations.
The first approach is based on the weak law of large numbers (WLLN) [5]. As each
data pont is independently retrieved, the rowofd error with the local gradient
should be independent of its neighboring MLA cells. By picking different integral
paths, the averaged error will statisticadlyproach anean value of zero. The second
approach isnoreexact but may take extra computation power to solve¢gép large
number of phase samplds fact, the standard approasthave beenimplantedin
imaging processing kere anoriginal image can be retrieved from the gradient
information.

Theaveragng path integral can be illustrated by the followtiggram
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Figure 2.2: Averaging path integral for Shack-Hartmann sensors

The benefit of averaging path integrals is #@nvenience of retrieving any arbitrary
point on tle phase frontwithout strictly satisfying MMSIE

The solution of MMSE defined by equation (2) can be mathematically described as:
D (x.y) == 0,(f) g+ g, (f) ®3)
’ y IJX egX g Msgy

In equation (3)gx andgy denotethe gradientdata retrieed from the Shacklartmann
sensorAnd the above equation in the discrete Fourier transform (DFT) domain can

be rewritten as:

(w2 + w?)F (. w) =Ff“—“;9x+—;gy l @)

In equation (4), the right hand side can be diyadtrieved from tk ShackHartmann

image, and the left hand side denotes each frequency spectrum point in the Poisson
equation defined by equation (3).discrete Fourier transform is used becaofsthe
guantization of image sensors. It can be proved that the resultatfaq#) satisfies

the MMSE requirement defined by equation (2) uredesntinuousassumption [7].

For more general cases where branch pant allowed and the phase front is not

necessarily continuoughe MMSE result typically leads to a large misamf8]. A
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common practice is to use the MMSE as a metric to determine the continuity of the
phase front by comparingwith a preset threshold valuéf the MMSE turns out to

be larger than the threshold value, the reconstructed wavefront is determhreacet
branch pointsFor any arbitrary phase front, one can always break it datena

finite number of continuous segments and apMMSE separately to realize

continuous phase reconstruction and stitch them together.

2.1.3Limitations

The ShackHartmann sensois effectivein reveaing wavefrontdistortiors in weak
turbulence regime In medium and strong turbulence cases, reconstruction errors will
show up based on sevemakll-known effects, including scintillationbranch point
problemsseltinterference and beam breag. In principle, the fundamental unit of a
ShackHartmann sensor is the cell image for each lenslet in the MLA. The
fundamental unit provides reliable result and only if it contains a sharp focus.
Therefore, the Shaedartmannses or can ot i nwite mgoercentiplexc e | |
geometricpatterns. For example, saffterference happens in strong/deep turbulence
where various parts of the beam begin to overlap geometrically due to the beam
wander effect. Whernhose interfering pahes entethe same MLA cell, the cell
image shows more than @rocal point and he local gradient is ambiguous. In
another case, when a branch point problem happens (typically when the loop sum
phase distortion equadsmultiple of 2"), the centroid celat the branch point will be

dark and no information can be provided.

The following notes should also be considered when using the Stwatinann

sensor to perform wave front reconstruction
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(1) Enlarging the focal length dhe MLA improves the angular reagion at the

cost of reducing the angular range (and wieesa).
(2) The dynamic range for each cell is limiteddgingle pixel (typicallyanging
from 0 to 255).
Fortunately, one can determine the reliability of the Shéaikmann sensor directly
by examning the cell images. lacer t ai n number of iamage cel

distinctivef oc u s , t he reconstruction canot be tr

level exceeds the capacity of the Shatsetmann sensor.

2.2 Curvature Sensor

The arvature sesor was developed by F. Roddier (since 1988) [9] to measure
distributed weak distortion curvatures. Compared with Sibarkmann sensors that
reveal the tip/tilt of local phase front, the curvature sensor is able to tell the local

focus/defocus by takintyvo images at the same time.

2.2.1Mechanisms

The diagram of the curvature sensor can be shown by the following figure:
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Figure 2. 3; Principle diagram of curvature sensor

Normally, if the incoming wave is a plane wave, thecus of the telescope
(represented by the front objective lens in the diagram figure) is able to image a sharp
focus at its back focal plane. If the incident plane wave is slightly distorted, the
corresponding area will be focused either before the fdaakif the extra curvature

is concave) or after the focal plane (if the extra curvature is convex).

As shown by figure 2.3, two images are taken at symmetric distance (marked by
from the focal plane. Based on geometric optics, the two images (markedndl,)
correspond with thegeometry of theobjective lené s a p §hetefore, eby
analyzing the intensity distribution da andl,, one can retrieve the extra curvature
distribution of the incident wavefront. Intuitively, for the same arbitrggt ®n the

pupil image pair 4 and b, the ratio between the brighter spot and the dimmer spot
denotes the strength of the extra curvature. The location of the extra curvature is
' inear with the pupi/l i magebs cdunctiodi nat es.

can be revealed by the simplified equation:

(- 1,(0) - /F(F-1) a/&FF c
1L (F) +1,(F) 2p %T ©
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In equaton (5),r represents the coordinates in the image plang~amgbresents the
focal length of the telescope (objective [eriBhe distance between the image plane
and the focal plane is marked byand the wavelength is represented d&yThe
Laplacian operator in equation (5) shows that the second order of wavefront distortion
(divergence of the phase front gradient) determitbe normalized intensity

difference for the same geometric spot on the aperture plane.

2.2.2Wavefront reconstructions

The wavefront reconstructiagorithmfor the curvature sensor (CS) is very similar
to the reconstruction process of the ShHektmain sensor. In fact, under the
continuous phase front assumption, @recessing of equation (3) under MMSE
requirement aims at extracting the Laplacian of the phase front. The curvature sensor
retrieves the same Laplacian of the phase front by using Zstagen at the same
time. Therefore, the reconstruction of the curvature sensor can be solved with the

same DFT process:

aFr
|1%7|

(w2 + w?)F (wo ) = K B
L
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|2 —ae
I

F&
|2 —ae
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(6)
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Detailed computer simulation shows that the performamndéea ShackHartmann

sensor and curvature sensa@realmost identical [10].

2.2.3Limitations

In a smilar way as the Shacklartmann sensor, the design principle of the curvature

sensor is based on perturbation of plane waves under weak turbutemigons

29



When the turbulence gets stronger, complex effeath as selinterference, branch
point problems and beam wander effect will greatly compromise the reliaifilihe
curvature sensorin a wide sense, the curvature sedasgerformanceequas the
ShackHartmann sensor. However, the technical challenges of acquiring two images

simultaneously brings in extra cost in using the CS.

2.3 Interferometer

An interferometer can be used to determine both the intensity and phase distribution
of a distorted baa. In principle, a interferometer uses a reference beam with known
phase and intensity distribution to interfere with a distorted beam with the same
wavelength. Therefore, by observing the enhancement or degeneration of intensity of
the combined beam, thEhase information of the distorted beam can be revealed as

well as its intensity distribution.

2.3.1Mechanisms

In general, when twanutually temporally cohereriieams ofthe same wavelength
encounter each other, the intensity distributieaults from interferencand forms
steady patterns of intensity enhancement/diminishment depeoditigesummation
of complex field amplitudes afhe two beams. Brighter patterns happen for spots
where fieldamplitudeare in phasevhile dimmer patterns happen where the field

amplitudeare out of phasgl1].

Theoperationof an interferometer can be shown by the following diagram:
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Figure 2.4: Diagram of an interferometer

In figure 2.4, thalistortion is specified by a deformable mirror for simplicity, and in
more general cases, the distortion can be caused by beam propagation/reflection in
inhomogeneous medid@he intensity profile of the distorted beam can be obtained by
imaging the beam wh a camera system. The phase profile of the distorted beam can
be obtained bymaging and analyzing the interference pattern.

Without loss of generality, we can express the phase difference for any arbitrary point

by the following equation:

1% (F) =@1(r)+15(r) 2cost, £)4(r) 1 ) (7)
In the above equation, the left hand side represents the intensity of the interference
pattern. The right hand side of equation (7) writes the interference pattern as the sum
of the two beamsd ireancedenns iAS lgng aslthe gntertsitye i r

distributions are retrieved, the relative phase difference between the reference beam
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and the distorted beam can becoédted besides a logic error (because the phase
difference is expressed in absolute valddje folowing diagramexplainsthe logic

error for interferometer reconstruction:

phase of phase of
distorted reference
beam beam
n
n

bifurcated situation with
same intensity results

Figure 2.5: Logic error in interferometer reconstruction

In the above figure, we assume that there is arfiase difference between the two

beams and their intensity distributions are identical. Therefore, where the phases are
differenced byp, a dark spot will show up correspondingly (and vice versa). However,

for brighter pixels near the dark spot, we find there are two equivalent wayrgssxp

the variation trend of the phasbange This is regarded aasflogic erroo as one of

the two choices is wrong in wavefront reconstruction. In general, for weak phase

di stortions, Al ogic erroro can beogicorrecte
error prevert reliable wavefront reconstructiobecause otthe large number of

ambiguities.

2.3.2Wavefront reconstructions

Interferometers are useful tadb reveal snple patterns of phase chasgm general,

the reference beam issagned to be uniform in both phase and intensity. The best
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reconstruction can be achieved when the beam to be measured has similar intensity
distribution. Various approaches have been proposed to reconstruct the phase of the
distorted beam [12}13] [14]. For simplicity, we only demonstratecaick and robust
method based on the curl shapes of the dark lines (line with lowest intensities).
Wit hout | oss of generality, this approac
Intuitively, each dark curve denotes ttfa@ spots on the linereout of phase with the
reference beam.
The contour reconstruction takes the following steps:
(2) Index marking:mark each dark curve with integers and neighboring curves
should be different by #1. Note: the marking may not be unique @ the
logic error.
(2) Interpolation, multiply thendicesfor the dark curves bgp and interpolate a
curve between neighboring curveasd mark the phases by the averaged phase.
Note: now each neighboring curves will have phase differenpe of
(3) Repeat ste (2) iteratively for smaller phase differencedai2, /4, p/8, ... until
theresolution requirement is satisfied.
The fAcontour reconstructionodo is simple an
information based on image processing approadhgsindple, it takes advantage of
the deterministic properties of dark lines and assumes that the phase changes between
them are linear. More complex methods to retrieve detailed phase information is
available, but more computation resources are required irr eod@erform the

reconstruction instantly (<1ms).
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2.33 Limitations

The connection between the interferometer, the Shickmann sensor and the
curvature sensor is that thegspectivelyreveal the phase froftased on reference
value first order of phae front and the second order of phase front. In a wide sense,
those three types of wavefrorgrsors have the same effectiveness based on their

correlated mathemastprinciples.

The limitations of interferometer in measuring atmospheric turbulencealace

evident

(1) An extra mutually temporally coherenteference beam wittknown or

controllable phase and amplitude informatismequired.

(2) The size of the reference beam needs to be larger than the distorted beam in

order to minimize logic errors.

(3) The inensity knowledgeof the distorted beam is required, which involves

imaging thedistortedbeam simultaneously

(4) The logic error is inevitableshenever there is a contour litlegat extends to
the geometric boundary of the reference beaaking the reconstrtion non

deterministic.

(5) Beam wander can cause misalignment between the reference beam and the

distorted beam.

Admittedly, an interferometer can directly reveal detailed small phase changes.
However, its limitations prevent the practical uses of interfeteraein sensing

atmosyheric turbulence in open pathstuitively, the interferometers used in the near
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field might not be a good candidate for measuring beam distortions in strong and deep
turbulence, which is typically classified te far field and comains phase distortions

that are much | arger than 2°

2.40rthogonal Polynomial Point Detector

A new thought on the wavefront detection [15] can effectively speed up the detection
and reconstruction process by interpolating the phase front as a sumofataw

order Zernike polynomials. This approach usesrizsef phase plates that mattie

basic orders of Zernike polynomials (all the phase plates have fixed radius as
common observing windows). For an arbitrary incident wavefront, the mode
matching (in phase distribution)will cast the power in each mode onto its
corresponding point detector. Therefore, the power concentration in each basic
Zernike mode is revealed directly and the wavefront distortion is the summation of
those Zernike polynomialsThe concept of the design can be back traced to

holographic wavefront sensors [lfifjoposed by @&. Andersen.

2.4.1Mechanisms

The fundamental structure of the Orthogonal Polynomial Point Detector (OPPD) in

wave front sensing can be shown as:
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Figure 2. 6: Structure diagram of OPPD

Because 2 identical copies of the wave front can be achieved with one beam splitter
the diagram shown by figure@can detect the first'Zernike polynomials with 21
beam splitter and"2rancles. Based on the' 2ata acquired on the point detectors,

the wavefront distortiors summed without any complex computation.

2.4.2Wavefront reconstructions

The wavefront reconstruction can be directly written as:
A
Fxy)=&GZ(xY (8)
i=1
In equation (8), the real number detected byi'theoint detector is expressed @s
andZi(x, y)represergthei™ Zernike polynomialAs each point detector can operate

as fast as 10kHz, the wavefront recatruction by OPPD can reach 1Ki8z.

2.4.3Limitations

Theoretically, OPPD can reach very high speed wavefront sefwingeak phase
distortions. However, for strong phase distortions in medium to strong turbulence

cases, OPPD is not effective. Intuitiyeif the beam only suffers from large tip/tilt
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and a stronger turbulence doubles the tip/tilt, one sx\&®ancrease the number of
branches in OPPD by"2In fact, the complexity of the OPPD system increases
exponentially in response to increased leveudoulence.
A few other limitations need to be considered:
@WInterfering beam patterns canod6t be reco
(2) When the coherence length of the wavefront degenerates to be much smaller
than the aperture size of OPPD, the result is unreliable.
(3)Freespace | asers canodot be strictly charac
[17].
(4) Actual size of the point detector needs to be considered.
(5) Synchronization of the point detectorsigllenging
Although the OPPD has proved to b#ective in some fiber laser systems, more
complex research needs to be done to fit into sensing long range beam distortion by

at mospheric turbulence. However, t he advan

algorithm ispotentially promising.

2.5Light field sensor

Light field cameras [18] [19] have been invented to acquire images that can be
readjusted for different focal depths. To achieve the refocusing, more information
thanthat in a simplean image needs to be recorded. Therefore, ypis of light field
camera records elements that are more fundamental than image pixels: individual
light rays. Alternatively, if the light rays of a laser beam are recorded, the

atmospheric distortion can be measured in a more fundamentalSwailarly, one
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type of plenoptic camera (CAFADIS) based on the light field principles have been
proposed and demonstrated Byl Rodiguez-Ramos[20] [21] [22] in the Canary
Islands(Spain) to image and observe atmospheric turbulence effée same time

for celestial objects. This significant achievement Hasonstratedhat light field
imaging principleshavethe potential to acquire more information than conventional

wavefront sensors.

2.5.1Mechanism

The light field sensois made up of an imaging lens set and a microlens array (MLA)
in front of the image sensor. The MLA is placed at the imaging plane of the imaging
lens set while the image sensor locates at the back focal plane of the MLA. The light

field sensor can be stvn by the following diagram:

Light Field Camera

o

rom C

Image sensor

MLA

Zoom lens

Figure 2.7: Diagram of the light field camera
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In this diagram of the light field camera, the MLA samples the original image by a
nor mal c amer ads § eachdvibA delbacts like ai pek Wfter the MLA,

the rays coming through the same MLA unit will continue propagating and hit
corresponding pixels on the image censor at the back focal plane of the MLA.
Therefore, the image on the MLA plane can be interpreted ray by ray. By picking
different pixels under the same MLA unit, once can ch@wsobject that liesit a
different depth in the field.

Based on the variable refocus ability of the light field, the atmospheric turbulence
effect can be extracted by analyzing the stableness of imagéferent focal depths.

For example, by analyzing the image wandering effect for objects that are 100m,
200m, and 300m away from the camera helps to reveal the distributive strength of
turbulence in each depth. Also, the scintillation of distributedspafr a refocused
image facilitates the analis of a detailed turbulence structuower the transverse

plane.

2.5.2Wavefront reconstructions

Without loss of generality, we assume that the image at different depths in the
channel is a horizontal line witfixed length [3]. When turbulence get involved, the
horizontal line begin to show primary distortions in the vertical direction, while in
horizontal direction, the length of the line change is regarded as secondary changes
(and normally regraded as ctaust). Therefore, the gradient of the wavefront along

the vertical direction can be retrieved by the ratio of vertical displacement versus the
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length of the line. The following expression can be useédonstruct the wavefront

distortion in linear format

t(x)=

LPy'(x)- Yo ()] ©)
[

X
In equation (9)y 06 (isxhe pixel location along the reference line, whj§) is the
expected pixel location along the reference line. The actual length of the reference
line is expressed bl, while its length in pixels is expressed IRyThe negative sign
corresponds with the typically reversed image in the light field camera. Intuitively,
the wavefront reconstruction classifies all the orthogonal distortion of line features
turbulence distortion. For example, if an uplift mhorizontal line is observed, the
wavefront must have tilted down to cause the corresponding ch@ihgescaling

factor L/ly, helps to calibrate image reconstruction at various focal depths. Without
loss of generality, the wavefront reconstructions of the light field camera have extra
capacity to analyze the progressive changes caused by atmospheric turbulence along

the propagation direction.

2.5.3Limitations

The limitatiors for light field cameraare obvious:(1) the indirect imaging approach
is very complicated; (2) diredgtnaging of a coherent bearprovides meaningless
information (in the next chapter, we will show how the plenoptic senstavisloped
based on light field cameras to welthis problem)lIntuitively, distributed objects
with excellent features along the channel are requingdich are commonly

unavailable inareal environmentAnd the light field approach has to reconstruct the
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features in each focal stack, analyze distortionsfrom expected results and derive

the actual magnitude and direction of turbulence distortions. Therefore, the first point
addresses the fact that this approach requires an ideal condition to extract turbulence
information, which isimpractical For the second point, the poispread function
(PSF)of a conventional light field camerafisrmed in each cellThis causes severe
incompatibility indirecly imaging a distorted bearAs there is no actu@pointoin a
propagating beam, the PSF formedeach cell carries no meaning. Since patches
(small wavelets that act like plameaves in the near field) with similar propagation
momentum within a distorted beam will typically fall into the same MLA cell, the
image acquired in the cell willesult from interferenceand leads toambiguity.
Therefore, the 1 ight field camerads passi
applied to sensing coherent laser beaidswever, the plenoptic sensor to be
introduced in the na chapter overcomes tbeshortcomings and can be applied

directly to image and analyzedsstortedlaser beam.

2.6 Cooperative Sensors

The idea of cooperative sensors is to examine the distortion with wavefront sensors of
various configurationsand corbine their reconstruction results to enlarge the
solution set. For example, one can use 2 Sikkkmann sensors where the MLAS

are of the same size but different f/#. The MLA with larger numerical aperture (NA)
can sense the weak phase front distortidicakely, while its lack of dynamic range

is compensated by the other MLA with smaller NA (worse resolution but more

dynamic range). As discussed in section 2.1.3, thechelfk mechanism of Shack
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Hartmann senserenables anergedresult: the strengths aingular resolution and

dynamic range are obtained at the same time.

2.6.1Mechanisms

In principle, the cooperative sensor is a stitching of results providedisidentical
sensors For simplicity, the mutual information (where two sensors agree on each
other) is marked a$ (1,08 [24], and the information provided by the sensors
respectively isH ( y , .M Then, when their result is stitched, a more detailed

results containingd ( Q+H ( -1 (1,0 ) can be obtained.

2.6.2Wavefront reconstructions

The wavefront reconstation is achieved by using the following steps:
(1) For areas reliably detected by more than one sensortheseesult that
maximizes the consensus.
(2) For areas that are reliably detected by only one of the sensorsghaise
sensor6s result.
Point (1) requireshat for overlapping areas, the sensors should agteesach other.
Intuitively, this solves the areas coverediby,,u g) in the 2 sensor scenario. Point (2)
states thawvithout consensus, individual reconstruction should be trusted. This solves

for areas indicated by ( {i-1 (1,08 andH ( -1 (1,0 B)in the 2 sensor scenario.

42



2.6.3Limitations

A multi-sensor syi'em will inevitablyhavea more complex hardware structure than
conventional single sensor systems. Meanwltile synchronizing process where all

sensors are required to operate at the same speed is not easily realizable. In fact, the
multi-sensor systemmay be required to operate at the speed of the slowest branch. In

addition, examiimg compatibility between devices difficult. For example, it is hard

to determine whether a Shaekartmann sensor and a curvature sensor are compatible

with each other. Sice t hose two sensors are mat hema

extract significantly fAmoreodo information b
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Chapter 3The Plenoptic Sensor

The plenoptic sensor [1] is an unconventional imggool that maps a light field into

its 4D phase space. It records guatteed light field and performs data mining to

find and trak patterns inside the light field. With the recovered light field, multiple
functions can be applied such as: retrievimg phase front and amplitude changes in
the laser beam, correcting a distorted image, and decoding optic communication
signals. Many conventionally complicated problems tunto be extremely simple
within the frameworkof a plenoptic sasor. In this chapter, we will discuss the

pl enoptic sensoros mechanisms and associ at

3.1 Basics in light field cameras

The light field camera is an innovation imaging technique that records the light
field of animage formation processnstead of directly imaging the object. This
indirect imaging technique provides extra degrees of freedom to perform image
processing. For example, the blurring areas in conventional imaging devices can be
refocused to be sharp on a light field cameraA2[d the image can be tilted slightly

in a semi3D way to allow for multiple viewing angles [3].

3.1.1Light field rendering

Traditional 2D imaging models treat eachsolution point & an object asa
fundamentalbuilding block. Without occlusions, eé&cilluminated point spherically

fiscatters a fan of rays in all possible angles. A good imaging process cosvere
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rays back into a sharp point, whd&rring defects in themaging processefer tothe
points with blurredfeatures.

In the advancedlight field imaging models, thefiblurring point® turn out tobe
informative. This is because the formation of the blurring points has been
decomposed into individual rays as more fundamental buildbtarks The
requirements foanimaging lens to prduce sharp point spread function are no longer
needed. In other wordsaysoriginaing from the same point do not necessarily need
to converge in théght field imaging system. In fa¢here areno fiblurringd problems

in the light field models [4becaus all rays can béacktracedand edited

For simplicity, light field rendering is the recording and reconstruction of light rays.
To express the light fieléxplicitly, the conceptof the plenoptic functionthat can
uniquely define each rg¥] [6] provides great convenienck general, the plenoptic
function is a cluster of parameters and functions that can define tiseintgractions
and popagation behavior in a speedi coordinate system. For example, in the
Cartesian coordinate system, the 4D ghsgaceX, Yy, dy, dy) for any arbitrary point

on planeZ=z, can define the ragehavior in free space propagatitmthe 4D phase
space,x and y represent the rdy interception point with plan&=z, d; and d,
represents the ré&y propagation anglwith regard to the plane normal dfz,. In
addition, the light rays can carry wavelength informatieh t6 expressficoloro
propeties and photondensity information j() to express local brightness. If two or
more rays are intercepted by the same pixel, fonstare needed to describe their

interactions such as interference (coherent) or color mixing (incoherent).
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Without loss of generalitythe plenoptic function can be treated axkas® for ray

objects [7] which contains all the necessary componentsperify optic events of
interest. The lowest order @f plenoptic function is 4D{] that projecs the linear
trajectory of rays imbsenceof refraction and reflection. Fa@implicity we use the

following plenoptic function for light field rendering:
P27 (XY §) (1)
Evidently, the plenoptic function contains all the information of 2D imaging models

as a point spread function can be easily expressed by:

s(xy)= fi f% Y% g)d qd ¢ @
G 9

In equation (2)} represents the corresponding light field of a point source. Similarly,

the image formation in the light field modslexpressed as:

(xy)= 7 (%Y gd @ y ©)
G 9

A more rigid model is to conder the actual polarizain of thefield, which replaces

the photon density with the complex field amplitude:

I(xy)=a fi B(xve% 9)dgdg O EfXY x4 ,)4.4, (4)

i g, ¢ Ty q
In equation (4), both incoherent and cohereonditions have been taken care of
Intuitively, equation (3) and (4) state thatages are formed by applying integrals of
the plenoptic function over its angular space on the image plane.
A significant convenience of using the plenoptic function is that optic events are
computationally tractable. For example, a spherical wave cateberibed by the

plenoptic function asadially outgoing raysThe field magnitude of a spherical wave
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degenerates as 1/r, where r is the radical distance. Traditional geometric optics
models begin to show problems with increased distance from the pancesas rays
diverge spatially. However, with plenoptic functions, one can always modify the
numberof rays in the systeni) rays leaving the domain of interest will eleted; 2)

rays can be added hyterpolation to increase resolution. In the casthefspherical

light wave of a point source, one can linearly interpolate edysicreased radical
distancesto assure adequate spatial resolutions. In fact, besdéswy trivial
differences, lte plenoptic function is equivalent to the wave analys®mputational

optics [9].

3.1.2 Image reconstruction

Image reconstructiom the light field camera refers to the transformation from light
field images to actual images of objects. Technically, the maximum number of rays
that can be acquired by a light llecamera isdetermined bythe resolution of the
image sensor. As discussed in section 3.1.1, enriched ray information acquired
through interpolation and computegntheticimage can beachievedwith image
reconstruction algorithms.

The image formation d light field camera can be shown[&8]:
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translated into a ray

Figure 3. 1: Diagram of light field rendering inside a light field camera

In figure 3.1, we show that the center of a MLA cell is treated as a llecaval

center and the straighhe between theetrieval center and a local pixel interprets a
ray. Theoretically, each pixel represents a ray. By back tracing the rays to the primary
rendering area (area between the zoom lens and the MLA), the primary plenoptic
function can be estabhed. The image and geometric dot array of the MLA centers
contains all the necessary information of the light field canmethe density of light

rays is not adequate in the primary rendering area, interpolations can be added.
Similarly, one can add calibration process tocaount for the smallberratios
caused by the MLA cells.

The fundamentalray interaction rule in the plenoptic function is free and linear
propagation in a free space. To reconstruct the light field in the real world (outside the

light field camera), additional functions need to be added. For example, in figure 3.1,
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the light field outside the zodng lenses s retrievedby ray tracing through the
lenslet set (with algeometic information known). And a computed scene can be
recongructed through the back tracing bysenulationsweep through the depth of
view. In other words, the focused spot at arbitrary depits zan be determined if
rays with similar properties converge to the same geometric Spaultaneously
rays passinghe vicinity of the same spot but fail to share similar properties with
other rays can be intelligently filtered out.
Since most applications focus on the image site instead of the reality site, we narrow
our discussions in the primary light field renderarga (inside the light field camera).
A more generascenariocan be applied by back tracing through the imaging lens to
explore objects in the scene. In the primary rendering area, the following benefits are
naturally acquired:
(1) An image pointfocused bedre/on/after each MLA cell can be determined by
the pattern of ray spreading on the image sensor.
(2) The change of focal depth can be correspondingly achieved by
computationally making rays converge before/on/after each MLA cell.
(3) Only a little knowledge of te zoom lensuch asts f/# is requiredto reveal
thelight field change®f animage formatiorprocess
Intuitively, if a perfecimagepoint (sharp point spread functiofajls on a MLA cell,
thefan of rays matches the f/# of the image lens. If the eagnt is formed before
the MLA cell, the fan of rays will be smaller than the f/# of the image lens.
Comparatively, the fan of rays gets larger than the f/# of the image lens happens when

the image point is formed behind the MLA cell. Based on the apawveiples,a
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sharp image point can bdentified andreconstructed locally by the ray spreading
patterns under each MLA cell.

Technically, an atsharp image can be reconstructed on the light field camera, where
points at various focal depths aienultaneouslysharp on the image [11]. However,
based on human vision principles, thesdlarp image doeé@nlook natural and even
causes someliscomfortin viewing. Therefore, for the commercial version Lytro
cameras [12], it only allows orspecifiedfocal depth that issariableby the user.
3.1.3Incompatibilitywith coherent beam sensing

The Lytro camera, unfortunatehasfailedto achievegreatcommercialsucess The
major shortcomingof the light field cameras its commerciaimplementationis the
sacrificeof high image resolutionn exchange foadjustablefocal depth Especially
when autefocusing becomea standard technique for all digital cameras (including
cellphone cameras), the ability ofaequiringafocused image is Issattractive.

The possibility of usingthe light field camera tperformwavefront sensingas been
discussedby Researchers in the Canary Islafas introduced in chaptey. However,
since all raysnside a laser beatmve identichwavelength the light field image will
also becorrupted to some extelike ordinary camera images. Thereforecad
apply in wavefront sensinglirectly. Besides, indirect methods such as imaging

changes of sharp features (chapter 2.5) of ollgatiresareinconvenient

3.2 Modified plenoptic camera

To acquire an informative image of coherent light sourtves,preconditions need to

be satisfied

54



(1) Avoid interference conditi®as much as possible.
(2) The phase front and amplitude information shoulthberpreted
simultaneously

Point (1) states that when interferenseuled out,eachpixel valuecorresponds with
the field amplitudeinformationof one wave component instead of summarized field
amplitude of several wave&@therwise, the interpretatioof the pixel value will be
complicatedAnd t he single point sample by a
all its wave componentd.he second precondition (Point &ates that theomplex
amplitude of a coherent wavequires botithe phase and arijpide distribution of
the beanto be measured/retrieved successfully
In general, théwo preconditions can be treated f@dingmapping conditions in
wavefront sensing that generates a decodable image of the laser beam. Then, a
reconstruction proces$garithm is afdecoding method that interprets the image
back to the plenoptic function (that contains the phase front and amplitude
distribution) of a laser beam.
Our studyshows that byeveralmodificationsof the light field camera, it is possible
to convert it into a wavefront sensor that can measure the phase and amplitude
distortion in a coherent beam. In fact, the modification will calgght field camera
to lose its capacityo refocust different focal depthbut as a tradeoffyrant it the
ability to imagea coherentoeam For convenience, we name the modified light field
camera agsia plenoptic camerm@as it maps theight field of a laser beam into an

image.
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3.2.1 Structure diagram
The fundamental structure diagn (2D and 3D) of the plenoptic camera can be

shown by the following figureg 3] [14]:

fr:dy=fr:d, Objective
lens MLA

v Image plane

fi fi Ll f
Figure 3.2: 2D structure diagram of the plenoptic camera
In figure 3.2, f; andf, are the focal lengths of the objective lens and Mt
respectively. The diameter of the objective lens is expresseld layd the diameter
of the MLA cell is expressed k. Besides, we regulate thiat>d, to justify the use

of paraxial approximation. In fact, the typical ratio betwkemndd, is 2500.
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Figure 3. 3: 3D structure diagram of the plenoptic sensor

In figure 3.2 and figure 3.3, we shdhata plenoptic camera is matg matching the
fi# of the objective lens and the MLA amderlapping the back focal plané the
objectlens and the front focal plane of the MLA. In short, gteuctureof the
plenoptic camera can be treated as a ik e p | ¢etescapa @rray that shares a
common objective lens.

Without loss of generality, the plenoptic image is obtairtetth@back focal plane of
the MLA by an image sensor. The entrapogil of the plenoptic sensor is defined as
the front focal plane of the objective lens. Tin@émericalaperture of the objective
lens and a MLA cell is matched so that each cell image doe®verlap with its

neighbors. The requirement of the numerical aperture cloobeneds:

N'Abbjective ¢ NA\/ILA (5)

However, in order to maximize the viewing aperture, equalization in equatios (5)

typically used.
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Intuitively, for an arbitrary patch (small wavelet that acts like a plane wave) that
incident on the front focal plane of the plenoptic sensor, its phase front will be
sampled by the front objective lens into a corresponding MLA celil its amplitude
information will be sampled by the local MLA cell into an intensity patt€or. any
other patch that overlaps geometrically but with shghdifferent propagation
direction, it will be mapped to a different MLA cell and the interferepagern is
avoided.Therefore we can use the MLA cell index to represent the phase information

and the relative patterns inside a MLA cell to represent the intensity information.

3.2.2 Analysis with geometric optics

The matching of numerical aperture candxpressed by:

=%
fy

(6)

— | O
I A

Without loss of generality, we express an arbitrary ray at the entrance of the plenoptic
sensor in a 7D plenoptic function:

RE(rux vy & & 1) )
In equation 7), }1 is the photon density of the light raz. is the location of the
entrance plane along the optic axis. The geometric coordinates of the ray at the
entrance plane is expressedayandy;. The angular information of the ray under
paraxial approximatioiis expressed s, andb;. The phase of the ray is resembled
by (;.
Similarly, the corresponding plenoptic function for the same ray at the image plane

can be expressed as:

Pzé(leleyz 3 4 2722) (8)
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Then the relations betwedh andP, can be expressed as:

-z 2% 2f, (9)
.I:2
ra=—25 1 (10)
f5
Aééalfl l u 1 1
M,N)2 gkt += o B & 11
( ) é%dz 2 H (g 2 ( )
(4, ¥2)= (M, Nep) —2 (% Y (12
1
_h d,
(@,, Q)—f—( A 1)b"‘f—(M,N) (13
2 1
“(jl_ /2): I(l 1/_ 2) =) (14)
Ha, Vo

Equation 9) and (0) can be easily obtained by the geometric configuration of the

plenoptic sensor. The integer pa{M, N) in equation {1) represents the
corresponding MLA cell that the light rayilypropagate through. Equatiod?) and

(13) can be derived by analyzing the telescope formed by the objective lens and the

MLA cell indexed by(M, N). Equation {4) states that the phase change of the ray is

stationary against small angulaariation(als o known as Fer matds pri.l
Equation (6) to (14) state the rules of the plenoptic camera in imaging the laser beam

in the forward direction (with geometric ray models). Intuitively, a plenoptic camera
maps/codes the light field into an image. Sinhilar , the inverse mappin
the image can also be explaineith geometric ray models. However, since the

image sensor has a finite pixel size, quantization effects must be considered.
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In general wekn the ray is sampled l®achpixel on the imageensor, its geometric
information and its photon contribution are recorded, while angular and phase
information of the ray is lost. For simplicity, we can express the image formation of

the plenoptic sensor as:

1(%,¥2)=9% A { (15)
R- (%, ¥,)
In equation (10)pr epr esent s the | inear response

and the total number of photons it colleGsdenotes the size of the pixel. By inverse

mapping, the contributive rays for specific pixel with coordinates, (%) must

satisfy:
aex2 loye 1
o 1
(M.N) =265 a8 (16)
f
(%, y1)=f—1(Md2- %, Nd, 'yz) (17)
2
3 1 1
a, b)i 281y oL 18
@, Q1 ZB1° 5N = (18)

Equation (B) determineshe cell indices on a plenoptic image. Equation) (i
derived directly from equatiorl®), and it means each spot on the plenoptic image
corresponds with a particular location in the incident beam. Equat®ns(tlerived

from equation(11), which deterrmes the narrow fan of raykatilluminate the same
spot on the plenoptic imagEor simplicity, we pick the center value in equatio8)(1

for the directional information of the back traced rays. Therefore, the maximum
roundo f f er r or f @auracy iady;.cBesales gthe Ipiget widdi ¢ a n 6 t
be infinitively small, and the maximum spatial round off errdids/2f,. For example,

givenf:d,=2500,di= 6 ¢ m f;dn100, the maximum spatial and angular round off
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errors are 0.3mm and 0.2mrad respectively. Intuitively, if the whole beeonimed

by adaptive optics approaches into one image cell on the plenoptic sensor, it means
that the arriving beam has maximum divergence of @whd in the above
configurations. It can also b&hownthat by increasind;, more angular accuracies

can be ahieved at the cost of losing spatalcuray and vice versa.

With the acquired plenoptic function of the laser beam, a reconstruction of the phase
front can be achieved by inverse mapping the light field to reality (real world).
Typically, the reconstmetion is performed on the front focal plane of the object lens.
Intuitively, by tracking the angular momentum to the entrance pupil, the phase
information is acquired. Similarly, by tracking the intensity to the entrance pupil, the
field amplitude informaon is acquired. A simplified 2D phase reconstruction
diagram can be showwy the following diagram. Since the reconstruction interprets
the rays into binar yaliafboaldserofr efclotn sa mdi cil G

ANapveo r eloecaoss itis axtoemalysimple).
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Note: All the information used is I(X)°. Where interferometer need to use I1(X)*.

Figure 3. 4: 2D simplified diagram of phase front reconstruction

In figure 3.4, the phase reconstruction algorithrimiplementedby back tracing the

rays in different cells to thednt focal plane Since the phase distortion scatters the
rays into different MLA cells, the back tracing process will determine where the rays
originate from in the entrance pupil. Simultaneously, the cell indices carried by the
rays represent the distution of phase distortian To increase the SNR (signal noise
ratio) of the phase front reconstruction, we use a threshold intensity (pixel value) to
select pixels that satisfy the minimum illumination condition. More formal
reconstruction algorithms wille elaborated oim section 3.4.

3.2.3 Analysis with wave optics

As discussed in section 3.1, the plenoptic function equalizes the wave analysis with
adequate resolutionVe can also use wave analysis to explain the function of the
plenoptic camera by usjy concepts in Fourier optics [13.fundamental conclusion

in Fourier optics states that in the paraxial approximation, the complex amplitude of

light fields at the front and back focal planes of a lens are Fourier transforms of each
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other. Thohatbdbeams fbackod are dictated by

light. An illustration diagram can be shown as:
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Figure 3.5: Diagram of basic Fourier optics concept

An analytical formula for the Fourier transform of a theng is expressed as:

1 + 0o + o é m

Luv)=——f tfx y)expge-j—ﬁ(xu oV ijdj (19

[
In equation (9), t1(X, y)andty(u, v)are the complex amplitude of the field at the front
and back focal plane of the thin lens respectively. The focalHeagepresented Hy

A Fourier transform is achieved by regarding the spatial frequency components as:
u \'
f, = T f, =— (20)

Thus, neglectingperture limiting effects, the Fourier transform conducted by a thin lens
swaps the geometric and angular information of the incident light field. The structure diagram

of our plenoptic sensor is replotted in figure 3.6 as:
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Figure 3. 6: Diagram for wave analysis of the plenoptic sensor

The wave analysis of the objective lens in the plenoptic sensor is the same as
eqguation (9). However, the Fourier transform by each MLA cell should consider the
aperture limiting effects sae the width of the light field at the back focal plane of the
objective lens is larger than the width of a MLA cell. Thus, a pupil function should be
added to the integral when applying equatid®).(Without loss of generality, one can
express the fieldf t(s, t)as a superposition of transforms performed by each MLA

cell:

t(st)= & t"N(s,t) 1)
M ,N

In equation 21), the integer pai(M, N) corresponds to the index for each MLA cell

in a Cartesian layouts(a )@re the local coordinates in the domain of each MLA cell

with relation to dthas: Aigl obal 6 coordinates
(shtY=(s -Md t NI (22

Symbold in equation 22) represents thpitch of the MLA (spacing between neighboring

micro-lens centers). Therefore, the field at the back focal plane of the MLA for each micro

lens can be solved HY:
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VN (s, t)— 1 i L +Md, v Nd)reC(T)recl(%l) eﬁf( AR du'dv'
(23

In equation R3), functionrect(*) denotes the rectangular pupil function for each MLA cell.

( u 0 are locd goordinates for the light figigu, v)viewedby eachMLA cell that satisfy

the relation:
u,v)=(u -Md,v NI (24)
The aperture |limiting effect is generally
to indicatethe reduced effective aperture for-affis points. It is reflected in equation
29 by the pupil funct i etreated@d dissdvantagesithgtn et t i n
should be carefully avoided or compensated for in optic deslgowever, these
effects serve as an intblock relation in the plenoptic sensor since the coordinates
(u 6 ) and € 0 ) aretindluded in the same pupil faien. In other words, each point
(s 6)in atMbA cell collects information from a slightly different area on the field of
to(u, v) where(u,v)r epr esent the angul ar spectrum of
effects provide finer adjustments of amguinformation in addition to the information
provided by the index of the MLA cglM, N).
Combining equation2?) and @4) one can derive the wave solution for the plenoptic
sensor. Due to the limited range(tf, N), one can swap the order of summataomd

integration. As a result, the general solution is expressed as:

v t 2-Nd)

ty(s, 1) = —— n tfju, v) a rect( u+ sd-2 Md) rec( 5

(29
exp{ j/f [(u- Md)(s -Md @v  NJ(t N()I]}dudv
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An intuitive observation from equatior2) is that the effective integral area is a
square of sizel x d (d is the pitch length othe MLA) for any pixel with fixed
coordinategs, t) Each integral is based on the valua,(f, V) with a linear phase tilt
modulation. Thus the intensity obtained lg(s, t)is the magnitude of a local Fourier
transform with a linear geometric shigpending on the value ¢4, t)
For exampleif the incoming light field consists of a group of interfering light patches
(smal | Apl ane watyuewwill bava durh of deteefunttians i the ,
form:
N
tz(U,V)=_'a'_1'°|~éfi Au ® Vv W (26)
i=
After propagation through the MLA, the situation can be classified into 2 major cases:
Case 1 All the (u;, v) are distinctive enough that they are observed by
different MLA cells.
Case 2 There existsnore than oneair (u;, v) that falls in the same domain
of a single MLA cell.
In case 1, one can easily determine the first order tilts in the complex amplitude of the
field as each patch is imaged by an individual MLA cell. Thus the complex amplitude

can be expressed as:

N
o WL f 2.~ Mx+ .
t(xy)= 8 g 2 expljo gMX*NY 5 27
fl g /fl

i=1
In equation 27) o i3 a constant coefficient relating the optic field strength to the
square root ¢3reprpsentsehk ratio ddtweendocal wave intensity and
corresponding pixel value on an imagmsor.|; is the pixel value for the™ patch

that represents the intensity. eWarbitrarily neglect the intensity distributioto
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emphasize theapability of the plenoptic sensor in extracting the phase gradient. In
fact, the intensity distribution is @served under the transforms of the plenoptic
sensoro6s | ens system down to the | i mit
information (DC valwue of phase) is |l ost
when imaged by different MLA cells.

In case 2, if more than one patch propagateough the same MLA cell, their initial

phase difference as well as their first order phase tilts can be revealed. Without loss of
generality, assume 2 patches with amplitudeaAd A and phase differenag liare
observed by the same MLA cell. Then, the complex amplitude after the MLA cell can

be expressed as:

.M N (s 1) = A rect(—u1+sl 'Md) rec(—\i t Nd)
T d d

i/ v
+ A;e rect( U + S Md)rect( v t Nd)exp[ jﬁ[(Uz - w)s v W]t
i/ f, d d P

(28)
Note that we have ignored the common phase that has no influence on the image. The

corresponding submage @n be written as:

|3M1N(S'!t') =
ehA’ (u )T {A(s, 1)} while (uy',vy') T{A(s, 1)}
{hAzz (u'vi)T {A(s,t)} while (uy'vy) T{A(s, 1)} (29)

th[ A%+ A2 RAAco(Du & wD §)F bothi {A(s,t)}
In equation 29), { A ( s s, the integral area determined pys 6 fromtedquation

(23). We used as a coefficient representing the linear relation between pixel value
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and field intensity to simplify the result. Thus if theo patches are imaged by the
same MLA cell, their initial phase difference as well as their first order phase tilt can
be retreved.

An overall relation between complex amplitude of the field and the final image can be
derived by combining equatiodq) and equationb). The final result is expressed as:

1 2Md+d/2 -s2Nd d/2 t- +8 +a@

a n N %% A

2
It foMNomd-d/2 s2Nd 2 t- - o - &

t3(S, t) =

exp(-j/z—/:(xu +yv))(")ex;{ }%y(u Md)( s Mo)) e‘&;( j—zf/—/Zv Ngct Ny |[-dxdydudv
(30

It is not surprising to find that the geometrical op@pproach provides results very
close to the analytical resulh a wave solution approach, unless the wavefront
oscillates at a high spatial frequency. Thus either approach can be used for gxtractin
light field information from the image obtained by the plenoptic sehsarertheless,

it is a little more complex to perform the inverse mapping from a plenoptic image to
the actual wavefront of the beam. Typically, untherassumption that all the dtes

in the plenoptiamagehave aflat phase front (each patch can be assigned a unique
value of phase front), we can back propagate the wavelets to the front focal plane of
the plenoptic camera and determine the pliiféerence bya continuityassumptia

[16] (no step function at the edge of two merging patches in back propagation).

3.3 Plenoptic sensor

The plenoptic sensor is a streaming plenoptic camera that can track the dynamic

changes of phase and amplitude distribution in a laser beam. Sinceplagnos
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turbulence structure changes all the time, it requires adaptive optics to perform instant
detection and correction on the distorted phase front. Conventionally, -Shack
Hartmann sensors [18] have been proved to be useful in correcting image dsstortion
in astronomy applications when optic signals of a celestial image get weakly distorted
i n passing through t h eorizgalpatiis orstheadrtmduep her i c
to the greatly increased level of turbulence, SHdakkmann sensorsgadt r econst r uc
the wavefront reliably due to effects (as discussed in section 2.1) of scintillatien, self
interference, large oscillation in angle of arrival as well as beam wander effect.
Therefore, the plenoptic sensordsvelopedas a much me powerful wavefront
sensor than the Sha¢kartmann sensor
Without loss of generality, the plenoptic sensor creates a plenoptic function that has
anextra parameter of time, expressed as:

Plé(rbxli Yu & @ 1/ t) (31)
In equation (31) we add the universal time parameter to track the change of the light
field inside a distorted laser beain.the worst case, when the light fields between
neighboring time stamps are irrelevant to each otlikich may be caused kgslow
frame rate of the sensor or rapid changes in the turbulence), the complexity of the
plenoptic function is increased by 1With adequate streaming speed, the correlation
time Uneeds to be considered. Equivalently, this means that frames recoried ear
than U are independent of the current turbulence situation and can therefore be
discarded. In fact, the correlation time serves as the fundamental speed requirement

for the plenoptic sensor to sense and figure out a correction solutioitively, if
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turbulence changes at 100 Hz, the minimum time budget for the plenoptic sensor is

10ms.

3.3.1 Structure diagram
The structural diagram of the plenoptic sensor can be illustrated by the following

figure:
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Figure 3. 7: Basic structure diagram of the plenoptic sensor in sensing and correcting laser beam

propagation problems

Figure 3.7showthat when a collimated laser beam gets distorted by atmospheric
turbulence, it is decoposed into patches that scatterdisordered diretions. By

using a plenoptic sensor to capture the distribution of those patches and reconstruct
the fAdisordero patterns (a phase screen

adaptive optics module can insert a compensation phase screen to bringhdown
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di sorder effects of scattering patches
intended target.

The time span between the wave front sensing and adaptive optics compensation
operation needs to be smaller than the
image acquisition time, algorithm processing time, and set up time for AO system.
Therefore, agood arrangement of data structure, streaming controls, information
storage and processing help to optimize the efficiency of the AO system in

collaborating with the plenoptic sensor.

3.3.2 Streaming controls

The streaming of information ithe plenopticsensor and its cooperatiyd system

can be shown by the following diagram:

3D 2D 1D

Affected
area

Plenoptic image stream Reconstruct phase front Actuators’ displacement commands

Figure 3. 8: Structure of information stream in the overall wavefront sensing and correcting AO

system (integrated with a plenoptic sensor)

Figure 38 shows the datihow in the plenoptic sensor, computer (or any computation
module), AO device respectively. The data stream on the plenoptic sensoras 8D,
stream of time varying plenoptic images. On the computer site, each plenoptic image

is translagd into plenoptic functions and further assembled into the actual phase front

71

an



di stortions. By the reconstructed wavefron

actual phase front deformation can be credibly determined. On the AO system site,
due to he finite number of actuators used to achieve phase front compensation, the
reconstructed wavefront deformation is further compressed to a vacty of
actuatorso displacement commands.
Therefore, a naie (simple and direct) approach is to arrangeltleih series order
(queué. And the overall loop time is determined by:

ts=t %5 th (32)
In equation (32)f, represents the image acquisition tirterepresents the algorithm
processig time andtip r e presents the AO deviceds set
stream is arranged in sequential order, the stack of time in equation (32) means that
each data processing stage needs to wait for its previous stage of processing to finish.
Evidently, the naie data flow arrangement makes the sensing and control loop
simple and easy to diagnodetuitively, at any arbitrary moment only one of the
three modules is enabled. It is alskear that if any part of the data processing
becanes considerably longer than the others, it becomes the bottleneck for the
systembs operation speed.
A more advanced data flow control can be arrangeallbwing each module to work

independently so that the following loop time can be achieved:
ts =max{t, ,ta,tp} (33)
The following diagram helps to illustrate the achievement of the advashatzd

streamarrangement (warbitrarily assume that the computation time is the longest in

the loop):
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Figure 3. 9: Advanced structure of information stream and data processing

Figure 3.9 shows the advanced arrangementhefdata flow structure that can
achieve the minimum loop time regulated by equation (33). Assume that the image
processing time is the longest (which is typically the case in reality), wéetdme
plenoptic sensor twork in afreerunning modeand allow the AO device to perform

a few other iteration trials of optimization (such as SPGD])[lbefore the
computation loop is finished'herefore, the overall loop time is optimized to be the
time consumption of the slowest module in the systemprévement can be maty
further optimizingthe slowest module (such as using parallel computing devices to

speedup the algorithm)in fact, by redesigning the flow process and usimpgrallel
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reconstruction algorithm, the system can operate at a speed that is comparable with

the maximum frame rate of tipdenopticsensor.

3.3.3 Information storage and processing

The plenoptic sensor and its cooperative adaptitedfAO) system arelifferent
devicesand each carries certatgpe of memory storagdardwaresuch as cache,
buffer or RAM. Therefore, a careful consideration of the form of data in each
processing stejs necessary.

Without loss of generality, we can break down the data processing and transmission
in the following categories:

(1) Image streamraw images aracquired on the camdgrbuffer andcopiedto
the computdgs memory.

(2) Light field renderingthe imagedata stored on the computer site are processed
into the plenoptic function of the light field at the entrance pupil of the sensor.

(3) Phase front reconstructiothe most likely (ML) phase front that causes the
scattering patterns of the light field are gerted on the computer site.

(4) Sending commands to AO: the computer samples the reconstructed phase
front based on the format of the AO device and the vector command is sent to
each actuator.

Evidently, the computer compresses the plenoptic image flow orgotar of control
commands for the AO device. Thereforejs of vital importance to perform the
processing as swift as possible. In general, the algoritisriinear if it satisfiesthe

following relation

Uf(R)=1(UR) (34)
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Equation (34) states that in a linear algorithm the set assembly and processing
algorithm are interchangeable with each other. Parallel computing can be invoked to
speed up the proces#deally, for a plenoptic image wh basic resolution of

1024x1024, the parallel algorithean be 1 million times faster given 1624reads.

3.4 Reconstruction algorithms

The reconstruction algorithms establish the relations between plenoptic images and
certain optic evestin theplenog i ¢ s fell ©fovievd sor the purpose of this
chapter in detecting laser beam distortion through random medidesaibethe

optic eventasthe phase and amplitudistortionsof the beam at the entrance of the
plenoptic sensor. Other p events such as image distortion and partial reflection
can be analyzed with specific reconstruction algorithms, which will not be elaborated
onin this chapter

The fundamental translation fronpi&el onplenoptic image to pencil of rays in the

light field can be illustrated by the inteell indices(M, N) that represent which cell

the pixel locates in and the intcell indices(S, T)that represent the location of the
pixel inside a cell image. In general we U@é, N, S, T)to represent the pikewhere

| stands for the pixel value ranged fron286 in monochrome-Bit machine vision
cameras. For simplicity, we assume symmetry is satisfied where the center cell is
indexed by(0, 0)and the center pixel inside a cell is indexed®y0)

The phae front tilt can be expressed for the pencil of rays as:

DF =%(M,N) (35)

1
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The location of the pencil of rays can be expressed as:

r =% (S, 1) (36)
f2
In equatios (35) and (36),dr epresents the pitch |l engt h

represents the width of the pixel. The focal length of the objective lens and MLA are
represented by, and f, respectively. The field intensity of the pencil of rays is
represeted byI(M, N, S, T) It is evidentthat the translation algorithm from the
plenoptic images to the light field rays is simple and linear. Based on the light field,
different algorithms depending on the accuracy and speed requirement of

reconstructhn areavailable.

3.4.1 Full reconstruction algorithm

The full reconstruction algorithm is defined if the algorithm has used all the pixels in
a plenoptic image. For instance, if the plenoptic image is composed of 1024x1024
pixels, the input of the atgithm is 1 million pixels. Since the entire image is used for
reconstruction, the full reconstruction
detailed steps are shown as:
1. Select an MLA cell and its corresponding block image as a geometric reference.
2. Shift all nonzero block images to the block of the reference image and extend the scalar
pixel values to a cluster of vectors with baseline directions extracted from MLA index
(M, N)and their length proportional to the pixel brightness (ray intensity).
3. Adjust the vectorsé direction according
Avignet torateyatively isé exuation (16).

4. Back propagate the rays to the depth of the optic event (dominant turbulence location).
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5. Filter out rays thatre traced out of the reasonable range and rays with abruptly
different angles frortheirgeometric neighboring rays (ignore unreasonable rays).
6. Project the beam propagation to the reconstruction plane assuming no turbulence and
reshape it in a vectémrm with the same geometric resolution as in step 4.
7. Combine the ray patterns before and after
phase screen.
8. Build the phase screen according to its gradient profile.
Intuitively, the gradients of the phasél cause variations of Poynting vectors in the wave
that can be picked up by the plenoptic sen
patterns can be largely retrieved by backward ray tracing. The gradient of phase distortion

can be reconstructed:a

o e a2nd M, N) n (X)
A fs tz=2f +2fz)g . gsdt

2 4 fs.tz= 2f; +2X, Ysdt

1>l

: 1 s
Di,jf(X,y;Z =7 :E. i Emoject x,y:z Z):I I o

(37)

The integral area in equatioB7) is the area of the PSF (point spread function) for

each point source located &tx , y ; withzz==zzir@)icating the plane of
reconstruction. In addition, due to the continuity of asghscreen, an extra layer of

filtering can be applied based on the fact that any integral loop of the phase gradient
equals zero. In fact, this law should be satisfied for all reconstruction algorithms of a
continuous phase screen.

A demonstrative exampfeor t he full reconstruction algor

Z(2, O)phase distortion, the reconstruction result is shown as:
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Figure 3.10: Result for Zernike Z(2,0) phase distortion with full reconstruction algorithm

In figure 3.1Q the uppeteft plot shows the shape and magnitude of the phase distortion that

is applied to the deformable mirror. A contour plot of the deformation is shoXaY ghane.

The upperright plot in figure 3.10 shows the image on the plenopsiensor when a
ADefocuso command is sent to the DM. We onl
sensor. The size of the I mage sensor (resol
maximum number of 18X18 blocks of sirhages. Equivalently, the arsimum detectable

distortion for the plenoptic sensisklN1 . 4/ mm t he case of the fdDe
block from the center iV=4, N=0) and the corresponding maximum tilt can be calculated

as 0.6a/mm. The fADefocuso can be expressed ¢
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22r, 9g=A & 0 ¢ ¢ @) (39
The symbofi A i equation 88) represents the magnitude of the distort&én4095in the
case of A De &nddaepresény the namhalizédeadius and angle respectively for

the Zermike pgtnomi al . I ntuitively, the gradient

symmetrically when the radiugincreases. The gradient at each gpgt ,is népped into

different blocks of the deformable mirror. Furthermore, the observation that the most outside

blocks are illuminated with larger areas reflects that the gradients changes faster when the

radiusriincreases.

The lowerleft plot in figure3.10s hows t he reconstruction resul"
surface. According to the algorithm steps ofjlgirphase screen reconstruction (algorithm 1),

the center block of the plenoptic image is selected as the reference block and the
reconstruction achieved by examining all the illuminated blocks. The clipping at the edges of

the reconstruction are becausahe lack of boundary conditions. There is no information

about further phase variation outside the edge of the reconstructed surfaces. Therefore, we
simply set the reconstructed phase value outside the edges to be zero. A contour plot is
presented on theY plane.

The lowerright plot in figure3.10s a detailed contour map of the reconstructed surface. The

contour plot projects the 3D result of the reconstructed phase screen into a 2D plot and helps

to show the details of the reconstruction. Inthecao f fiDef ocuso, the cont
concentric rings of the deformation. It looks similar to the contour plot of the commands at

the uppeteft plot in figure3.1Q

Using the reconstruction algorithm, one can determine:
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(1) The geometrical informatioaf light patches (rays) at the plane of distortion.
(Algorithm steps 1, 2 and 4)

(2) The angular information of light patches (rays) at the plane of distortion
(Algorithm steps 1, 2 and 3)

(3) The phase gradient along the X axis and Y axis. (Algorithm steps18,8 a

A detailed explanation of the algorithm can be illustrated by figjdre
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Figure 3.11: Detailed explanation for full reconstruction algorithm on the "Defocus” phase

w

distortion case

In figure 3.1, the uppeteft plot shows the geometric distribution of light patches at
optimized back tracing depth, with each dot representing a small patch (or single ray). The

optimized depth (the plane of reconstruction) is determined by back propagating the rays until
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the intensity ditribution resembles the beam profile before encountering the phase screen (a
Gaussian distribution in our experiment). The upigit plot shows the distribution of the
directions of the patches (rays), with each dot representing a small patch (cagindlee

angular distribution of patches results from the gradient of the phase change and is extracted
from the image on the plenoptic sensor primarily by the block ifdei) and adjusted by

the actual positions of rays on the reconstruction plaased on the geometric and
directional information of light patches (rays), the phase gradient graphs can be determined
by equation¥7). The results of the phase gradient along the X axis and Y axis are presented
in the lowerleft and lowerright plots infigure 8 respectively. With all the necessary
information, algorithm step 8 can be completed to derive the results demonstrated in figure
3.10

It is easy to see in equation (37) that the full reconstruction algorithm uses the statistical
weighting averagef each pixel to provide the overall results. In other words, each pixel
suggests a piece of information about the phase and intensity distribution of the beam at the
entrance pupil, and the reconstruction is achieved by examining through the entirénimage
the full reconstruction algorithnmo information will be arbitrarily ignored and the outliers of

pixels will be neutralized due the weak law of large numbers (WLLN).

3.4.2 Fast reconstruction algorithms

Admittedly, the full reconstruction algohniin that examines every pixel in a plenoptic
image provides a reliable and complete result that includes the phase and amplitude
distribution of the beam. However, a lot of situations and applicatioosréqtire

full knowledge of the distorted beam. Hostance, knowing the phase distortion is

adequate to make significant improvementemote imaging, free space optics (FSO)
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communication and directed energy applications. Therefore, a fast reconstruction
algorithm that can quickly resolve the phase ffrohthe beam is favored over a
thorough and complete solution.

In general, a fast reconstruction algorithm only requires a small portion of pixels on a
plenoptic sensorTypically, finformation loss will happenin a fast reconstruction
algorithm due tahe ignorance of raw image data. However, as a tradeoff, a much
faster speed can be achiewad! the overall AO corrections can be improved.

In this section, we will elaborate anfiTreed reconstruction thais based orgraph
theory anda fiCheckerboard reconstruction based ahe Poissonequation of the
phase front.

fiTreed Reconstruction Algorithm:

The overall purpose of image processing is to translate a plenoptic imagexetatable
commands on a deformable mirror (DM) that &isite number ofctuatorslf the DM has

N actuators the algorithm resultis an N-dimension vector. If the phase screen is
reconstructed on the surface of a deformabl
following discussion) and each recovered spot geonistricarresponds to one of the

actuators in the devictaevectorcan be explicitly expressed as:

1
9= 541 (39)

i
In equation (39 is the reconstructed phase front value foi'trehannel of actuator on the

DM. The phase front values are real numbers calculated based on a common reference point.
Thej"actuatoros displ a c @; anel the valweHZ aoceunts ferthee x pr e s s
DMés refl ect i v equaianr(30)agoirdgs.out that & simpte icompdnsation e

command can be formed if the reconstruction happens on the plane of the DM and only the
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spots coincide with the actuators need to be reconstructed. Thehef@igjation resembles

a graph theory problemwve cangenerate a graph that maps the actuators in a DM into
vertices and the edgeonnectingtwo vertices representhe retrieved phase difference
between them.

An illustration diagram of the phase compensation can be shown as:

deformable
mirror

conjugated wavefront

L
d ) ¥ - — o :|>Affected
_ — 1. area
i I

real wavefront L

Figure 3.12 lllustration diagram of DM's phase compensation idea

In figure 3.12d is the spacing between neighboring actuators, and L is the distance between
the reconstructed phase screen and the correction plane. It is assumedatjaittoég, is
identical with the layout df.

The task of the fast reconstruction is to find the minimum requirement to reconstruct all the
phase front values of the vertictiss a fundamental conclusion in graph theory that for a
graph with N veices, it only requires N edges to form a spanning tree that connects the
graph. As shown by the full reconstruction algorithm, a more illuminated blob has larger
influence on the reconstruction result. In other words, a large and bright blob imtheiple
image tends to provide more informatiohthe N-1 edgescorrespond with the brightest

blobs, a fast reconstruction can be formed.
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Because the neighboring actuators in an AO device are usually equally spaced, we only make
use of the shortest edgdsat join nearest pairs of vertices together. For example, in a

Cartesian layout of actuators where neighboring elements are equally spaced, all the edges
used to form a spanning tree will have the same length. Thus the total number of edges to be

retrieved from a plenoptic image can be expressed as:

1.}
|El =5a d (40)

i=1
In equation (40)¢; is the number of nearest vertices of tHevertex, andE| denote
the cardinality of the seif edges. The spanning tree withkINedges is a subset of the
edges in equation (40), denoted aq $&t.
We show next how to select the most informative edges to obtain the spanning tree, and
therefore retrieve the phases on the vertices. For simplicitg Adummy o AO system
seven channels of control is used in our explanation. Its actuators form a hexagonal layout as

shown in Figure 3.13:

D,=0;
®,=-97/8
D,=- 1/8;
D ,=-1/5;
Ds=n/8;
D =-31/8;
D.,=n/4

Figure 3.13: Simple example of reconstruction diagraph

In Figure 3.13, theigkctional red edges represent the selected edges of the spanning tree. The

numbered vertices are the geometric locations of the actuators of the device. The gray dashed
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edges are not selected by the fast reconstruction algorithm. The phase infornnigtieal ret
from the plenoptic sensor is marked in pair with each corresponding edge. Thus, with the
selected spanning tree, the phases on the vertices are deterministic.

A normal plenoptic image and the edge selection algorithm for the spanning tree is

illustrated in Figure 3.14:
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Figure 3. 14: Edge selection process on the plenoptic image for maximum spanning tree on the
digraph presented by Figure 3.13

In Fig.4, the solid black lines mark the division of image cells and thesleedis are the
images of the light patches when the distorted wavefront is imaged by the plenoptic sensor.
We virtually make copies of the | ayout of

cell to show their corresponding locations. Based on théopeediscussion, there are 12

edges in the graphyls, Eu3y, Engy, Eusyy e Enny Epsy, B4y, BEasyy Esey, By The
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direction of these edges can be arbitrarily assigned. We then use a box counting method to
sum up (over alM andN indexes) the pixel values covering each edge and rank them in
descending order. Using the sumpogdintensity as the weight for each edge, the edges
selection process is converted into a maximum spanning tree proBlem [L The #AGr eedy
method 19 can e used to practically determine the structure of the tree with the following
steps:
(1) Start with a graph with all the vertices and zero edge.
(2) Take the first element in the edge set E (the edge with highest weight) and put it into
the graph.
(3) Iftheedgedoesnt f orm a circuit in the graph, kee
(4) Delete the selected edge from the edge set E.
(5) Go back to step (2) until{ll edges are selected.
Once the structure of the maximum spanning tree is determined, the phase information of the

edges can be calculatedtbg following equation:

. _ aMd, N |
a 160,y (fée : 2, fd° %—0
1 1

- (s, Bjig =/

/ E(in

a I
(s By (41)

In equation (41)(s, t)is the pixel value with coordinatés t)on the plenoptic imagéM, N)
are the indexes for an image cell with widghVg is the unit directional vector of the edge
and } is the length of the edgeis the wavelength andl is the focal length of the plenoptic
sensor 0s o Bjgyesahe iedge betiveem \@rticesnd k. Then, by arbitrarily

appointing any vertex to béd reference poirt (i 5 6ne can find the phases of other

86



vertices by traversing the tree structure and using the phase difference information carried by
its branches.

If the reconstruction requires more resolution points, one can use a denser Seesfarett

go through the same procedure. Accordingly, a more complex form of equation (39) should
be determined to relate the higher resolution of reconstruction to the lower resolution of
wavefront correction on the AO system.

The construction for the spaing tree can be shown by the following figure based on the

simple example in figure. BL:

Assume the sorted edges are:S _ {1}, {2}, {3}, {4}, {5}, {6}, {7}
1. Edge(1,3) — '€ Licombine 1,3 3
2. Edge(1, 4) Step 2. ‘
3.Edge(2,3) o, onel g {13){2){4) 5 (6} (7
4. Edge(1, 5) 03 cop. <
: ) St Mbine
5. Edge(5, 6) P4 o .3 {1,3,4} {2}, {5}, {6}, {7}
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Figure 3. 15: lllustration of spanning tree formation based on "greedy" method for fast

reconstruction for a plenoptic image

Inconclus on, the Atreed reconstruct-4ledgesal gor it
that are covered by the most illuminated blobs and resolves the local tip/tilt of

neighboring actuators with priority. Therefore, instead of using 2D images for
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reconstruction,ta At reed reconstruction algorithm

by the predefined edges (1D data).

ACheckerboardo reconstruction algorithm:
The checker board reconstruction algorithm is invented based on the hdrdiciann
sensor 6s r e c thms A Hartmanrgaph represgnbing the sampled
wavefront tip/tilt serves as an intermediate step between a $tatkann image
and the reconstructed wavefront. In a wide sense, the Hargnaph is a small light
field with reduced resolution. In facthg geometric information of the light field is
contained in the MLA indices (interell) in a ShacikHartmann sensor while the
angular information of rays is reflected by the focus shift (io&l. Similarly, in the
plenoptic sensor, the angular informoatis contained in the MLA cell indices (inter
cell) and the geometric information is reflected by the actual cell image-¢gitja

It is not difficult to showthat the Shackdartmann sensor and the plenoptic sensor
have flipped representatisrof angular and geometric information. Therefoee,

similar reconstruction algorithm to retrieve the Hartmgreph can be achieved.

However,theh Checker boar do r e typcally isesvaonmtudchdargeral g or i

data base than those usedtie ShackHartmann reconstruction algorithm. The
amount of data acquired by each sensor will be elabooat@usection 3.5.
The process of the checker board reconstruction algorithm is atafetiows:

(1) In each MLA cell image, divide the image into gridsaatesiralle Hartmann

gram.
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(2) Search for each grid point to find the image cell in{dx N) that has the
highest intensity in that grid area.
(3) The cell index for each grid is the most credible angular information, and the
Hartmanngram can be built accordingly.
Forsi mplicity, we use the following dummy ex

reconstruction algorithm:

M=-1 M=0 M=1

SN
N=1 — A B A E

I
Cell(-1,1) ' Cell{0,0) \ ™
a
_____________....—0
N=0 l @__._-——-f"""f c D :> c D
b

. el 1,0) | Cell(1,-1) —_— \
~ £ P

Figure 3.16: Dummy example to illustrate the "Checkerboard" reconstruction algorithm

In figure 3.16,we use a uniform gd method to divide each cell into a 2 by 2 cell as

the predefined checkerboard. The checkerboard grid has identical copies in all the cell

images. Therefore, for each checkerboard unit, we only need to find which cell

contains the most illuminated pixedsd return the search with the cell indices. Then

the overall Hartmamgr aph can be retrieved based on t
(2 by 2 in this dummy example). The rest of the reconstruction converges with the
ShackHar t mann S e ns or la dgact, rwhenotimes Hartmaegtaph ois .

derived, we get the mathematical Poisson equation of the phase front and the solution

can be derived accordingly.

The complexity of the ACheckerboardo recor

algorithm of a Shackartman sensorThe checkerboard grid serves as the same
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principle as the MLA in a Shadlartmann sensor. Similar to the seanghof

di spl acement in the focus points, the ACh
brightest patch among all the possible wgatg angles In other words, the

computation complexity for each spot on the Hartragraph is equal in both

SEensors.

For the same example of #ADefocusd defor mat

(section 3.4.1), the Adithreprdvidestdresaltradd 0 r econs
Plenaoptic image Local Gradient *ectars
400 10
=
=
2. 300 % s Sualafaliu e g
[aal
5 z SEEE E(Etei
= om0 5 0 SHEET EiE= =9
z = ol il
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£ 100 = 6 ganla 3
E =4 alalulie oo
o
-10 - . . y
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Reconstructed Wavefront Seperation inta Zemike Modes
2

reconstructed phase
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[
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D
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Figure 3.17: "Checkerboard" reconstruction on "Defocus" deformation case

The result shows that the fADefocuso deform
AChecker boar do rhe.dmofact it hasu96% sindlarity she Shaok i t
Hart mann sensords result regardless of the

point out that the ACheckerboardod reconstr
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patches that are less illumindtehave been ignored in the process. A quick

explanation can be shown by the following diagram:

Data set for Data set for
Harmann-gram Plenoptic sensor

Figure 3.18: Data compression from the plenoptic sensor's information set to the Shack
Hartmann sensor's information set

Figure 318 shows that the ACheckerboardo reco
compressing its information set to fit into a Hartmamnaph. Intuitively, in each cell

of a ShackHartmann sensor, only one sharp focusing point is allowed while the other
pixelsarete at ed as fAdarko (low value pixels). H
restriction has been removed where each cell image is free to be any arbitrary pattern

and each pi xel IS equi valently i nfor mat
reconstructiorfetches a small portion of the plenoptic image and uses that to mimic

what a ShaclHartmann sensor would déhe associated speed up when compared

with full reconstruction algorithm is obtained by using one computation thread for

each spot on the Hartmagmaph. The A Checker boardo reconstr

91



also more robust when compared with a SHdakkmann sensor, which will be

proved later (in section 3.5).

3.4.3 Analytical phase and amplitude retrieval equations

In some occasions, detailed reconstructioprisferred over speed parameters. For
example, in calitating a deformable mirrorit is desirable to acquire theeak
displacement as well as the reflectivity of the surface. In other words, if the complex
field is to be reconstructed, analytical solutsgrves as an optional reconstruction
algorithm.

In general, a complex optic field contains two real number parts for any point in space
along a specified polarization directicamplitude and phas@t least 2 equations are
required to solve one spatial pointaafomplex optic fieldThus, toresolve an area of
complex field with NXN points, 2R equations need to be listed.

The analytical equations are listed by treating each patch to be uniform in phase and
assume that each point on the entrance pupil has a unique phase. Therefore, the
geometic bounding conditions can be obtained on the plenoptic image and the phase
bounding conditions can be obtained at the entrance pupil of the plenoptic sensor. By
solving the corresponding equations group with MMSE standard, an analytical
complex field reslt can be acquired.

ADummyo Exampl e

In a discrete sample array 8% 3points on the front focal plane, one can actually

predict how they evolve into blocks of images as presented in the following figure.

92



’
4
® (@ -
& ® @
® @ &

v
Z afjeMJ

Image on object lens’s front focal plane Image on the Plenoptic camera

Figure 3.19: Dummy example in analytical solution of the complex field on a plenoptic image

To reconstruct the phase information, we need the assumption that in each block, the
phase change can be neglected, which results from the fact that raysawtitoh of
the beam would basically end up in the same block with identical angular and phase

information. Hence we have the equation group:

la,@™+3g,e% +3,6% 4gleq J=a (42)
b.e™ +h,ef +hé Hled pled pé&l [ b (43)

8" + g @+, 8% g F| =c (44)
d,e™ +d, et +d, 6% e ¢ G'é J (45)

[E.e™+E,e% +E & g f Ele/ BéE Eé Ex  EHJ (46)
‘flzejflz + f13eif13 +f22é 5 _Ff23é53 g_zé3£ géje%r \/_f: (47)

V=9 (48)

0. + 85 +g, & g, €
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hae+h,ef +h €= et plef pef V H (49)
JF (50)

‘izzejfzz +izseif23 'Hszej by |.§3é 34|

I h g
In the above equationmatrix f E d is the interference parn observed on the
c b a

front focal plane of object lens and the blocks are assigned with uniform phase

informationf,,,. These real numbers can be obtained by adding all the corresponding

pixel intensities on the image of a plenoptic eaa) or can be alternatively obtained

by using a standard imaging camera and setting the image sensor at the back focal

plane of lens. By solving the equation group, the patches in the light field are initially

retrieved, including their relevant phasesem further adjustments can be used in
iterations to satisfy that in the reconst

discontinuites

<ﬁDS( r) @r @rror, (51)

Equation (51) can be invekl under continuous phase change assumptions. However,
the consumption of computation power for the analytical solution and its optimization
is considerablandis not linearly tractable. For N=100, it requires 10000 interweaved
equations and the complexib solve this goes with the trendfin(N).

Therefore, it is not practical to use the analytical equations to adaptively observe and
reconstruct the phase distortion caused by atmospheric turbulesrcstatic phase

and amplitude distortions, howevéne analytical algorithm provides reasonable and
reliable results. In fact, it maximizes the use of all the information on a plenoptic

image as all the bounding conditions have been considered.
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3.5Use lasic concepts of information thedxyreview the @noptic sensor

The fundamental difficulty in overcoming atmospheric turbulence is the incomplete
knowledge of the turbulence situation. Simply, given the actual refractive index of the

air channel, a theoretical optimization can be figured out to optitaer beam

propagation through the channel. Similarly, one canausgecial coding method to

ensure reliable signal communication through the channel. However, full knowledge

of the turbulence distribution is unrealistic. Therefore, how much useful iafamm

about the turbulent channel can be obtained is a challenging topic. And it is very
interesting to think about the turbulence channel with ideas in information theory. In

fact , we wi | | introduce a very nddifferent

concepts of information entropy [22].

3.5.1 Entropy and mutual information

Entropy has been widely used to measure the size of information content. Without

|l oss of generality, the Ainformationd can
strings. Forexampl, t he result of a coin toss can b«
for the heads and fA1l06 for the tails. [ S

outcomes, the entropy is 1 bit for the coin toss game. On the other hand a biased coin
with a D% chance to show heads and 1% chance to show tails will have an entropy
rate of 0.08 bit. This means that on average the biased coin provides little information
for each toss since the result is almost certain.

In studying the effect of atmospheric omalre propagation, normal ideas treat the
turbulence as a source of noise that degrades the beam quality in propagation, and

methods of beam corrections have been developed to provide a less distorted beam
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after propagation through the turbulent channel. &loee, the noise of the
atmospheric channel is tinvarying without being a fixed distribution. It will be

di fficult to send a fimessageod through the
is a desired, less distorted beam at the receiver site. Inndyatikeecan think in the

reverse direction: the atmospheric turbulence is the source that provides the
Amessageo, while the beam at the transmitt
the highest frequency of the turbulent channel is the rate atkwhi ii nf or mat i on ¢
sent. The noise can be controlled (at least we can keep it static in the case of no
applicable adaptive optics devices) to help us decode the information faster and

easier.

The strength of atmospheric turbulence is measured byapathged values of

refractive index structure constant?Gunit: m??). C,? is commonly acquired by

placing a point detector at the receiver site to measure the intensity fluctuation within

a finite aperture. § is usually effective in revealing the fundamiel turbulence

situations: whether the turbulence is weak, medium or strong at the current time.
However, the structure constan’C s al most fAuselessod in giVvi
about the turbulence, not only because it is a statistical averaged batualso

because of its low dimensional properties. In other words, given the same value of

C.Z, the beam can be distorted in countless ways and gives no information on how to

get a |l ess distorted beam. T h e r &uctare e i n t
constant & provides quite limited information about the channel.

Comparatively, the Shadkartmann sensor provides better information compared to

using a point detector at the receiver site. In fact, a SHacknann sensor provides
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an array opoints that expands the information set from 1D (in time dimension) to 3D
(2D in geometric and 1D in time dimension). Therefore, the entropy of the data
provided by a ShaeKartmann sensor will be much greater than that of a
scintilometer. Without loss ofjenerality, we express the entropy measure of an

arbitrary sensor as

H= 34 aplog,(p) (bity (52)
k i

In equation %2), the indexk goes over all channels of the device and the indmes

over all the quantized evaluatis of each individual channel. For example, suppose a
scintilometer provides 8 evaluations of the turbulence per second and the analyzed
C.2data can equally ranges fromfm?®3to 10 m?*wi t h fisuper accur a
fact, it is pointless to achievsuch accuracy) of T m?2 Then the cardinality of

index k is 8, and the maximum entropy (when the distribution Afi<Ci.i.d and

uniform over the range) of the data provided by the scintillometer per second is 106

bits. For comparison, suppose 28fps ShackHartmann sensor has 6464 cells and

each cell has size 1616 pixelt is easy to find that with each focal spot in a cell of

the ShaclkHartmann sensor, its location can specify 16x16 gradient directions and its
intensity values can vary frorh to 255. Therefore, the cardinality of channels is

4096, and each channel provides 16 bits of information in maximum, so the overall
maximum entropy measure of the data provided by a SHadknann sensor per

second is 2 bits (8,388,608 bits). Comparedi t h a scintill ometer6s
the amount of information provided by a Sha&t&rtmann sensor is abundant.

Evidently, the Shacldartmann sensor tells much more about the details of the

atmospheric turbulence when compared with a scintillometer.
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The entropy measure of information content on various devices gives us an

approxi mation of the devicesd6 capacities i

Without loss of generality, we can draw the diagram of the swapped sthacgeel

detection as

(Channel)

e

(e | = 5, = [ e | vNaX

[ Transmitted Beam ]

Figure 3. 20: Diagram of swapped sourcechannel detection in atmospheric turbulence modeling

In figure 3.20 the transmitted beam profile is injected at the transmitter site, and it
can be modified with known phase and amoplé distribution with the help of AO
devices such asspatial light modulator odeformable mirror, etc. Since the receiver
signal is picked up at the receiver site, the equivalent noise signal in the turbulent
channel should be the projected outcomehef transmitted beam in the absence of
turbulence. Regarding the fact that the optic signal is carried by the beam, all the
symbols in figure 1 represent the logarithm magnitude of the original signal. Thus,
the value of t he t ur bealedeab pomts with gemoaoptic X
intensity (Y would beb f or t hat point) . By taking
have the convenience of expressing the turbulence source in a more uniform manner

for weak turbulence, deep turbulence and strong turbelsifations:

X 2log, (1+ &x) (53)
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In equation %3), x, represents the amplitude and phase change iff #reall segment

of the channel length within which the amplitude and phase changesvaal. On
average, the real part gfis negative and the imaginary part>pfeflects the phase
change in each segment.

Because the noise signal is unbounded for its negative real parts, we can empirically
define a finite threshold to regulate sattihormalized signals below the threshold are

meaningless for our detection. The process is illustrated as:

Re{Y/| Y] nat

A
>
© o © O 00 mY/IV]
Data Range 0 @) o
.. @ o |0 o _.
e Meaningless
Threshold o / Data

Figure 3.21: Diagram of handling low intensity data

In figure 3.21 we show that the subset of the data with lowsitte(points below the

threshold) is discarded so that all the informative data points should lie within the
AData Rangeo. Il n practice, however, one C:
areas (that canét provide ctraed.i ble infor ma
Whenever the detecting device is changed, the coding alphabet of the source signal

and channel noise signal will be changed accordingly. For example, an interferometer

uses the intensity variation and edef er ence
wavefront. On the other hand, the Sh&tktmann sensor uses focus shift to tell the

local phase gradient of the distorted wavefront. Therefore, it is hard to establish a
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certain standard to evaluate various approaches. The entropy rate, howevanean se

as a fair measur e. | f the maxi mum capacit
(entropy measure per second) of the turbulence channel, we know that the
observation is inadequate.

Nevertheless, there are alternative ways to claim inadequate olmsgrbat we can

always quantify with the entropy concepts. For instance, one can claim that a Shack

Hart mann sensor is finadequatedo when the f
pixel of a cell. Intuitively this means that the SH sensor is short oflangange to

express the local tilt, while the concept of entropy will explain that outcome as an
Aerroro code (not because the cell iI's empt
in the neighboring cell ). | embléaHatmarnas | ong
grant, the entropy way will treat the outcome as an error. This is because the
maximum entropy measure of a Sha&tdrtmann sensor is calculated based on an

ideal Hartmanrgram.

An interesting question to ask is whether we can determinertinepy measure of

the plenoptic sensor, and whether the plenoptic sensor is capable of communicating

with the source at a higher data rate than the SHactmann sensor mentioned

above. We can assume that the plenoptic sensor uses the same imagerresolbé
ShackHartmann sensor, and the MLA is identical in both sensors with 64>x64 cells

and each cell has size 16X16 pixels. Each block is an individual angular spectrum,

and each cell image is a geometric copy of the real world. Thus we have
(64>64x16%16) individual channels and each channel gives 8 bits information. When

the plenoptic sensor is sampling at the same frame rate as theF&raolann sensor
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(128 fps), with each pixel revealing 8 bits information, the maximum information

content measurely the plenoptic sensor i$%bits (1,073,741,824 bits). Intuitively,

this means with the same MLA and image resolution, the plenoptic sensor has 128

times more possible outcomes than the Shdatmann sensor. In other words, if one

wants to characterizne turbulence channel, the plenoptic sensor can provide more

details than a Shadkartmann sensor. Note that the comparison depends on how the

i mage resolution is divided by the MLAOGS p
following chart to see theomparison between those two types of wavefront sensors:

Table 1.1. Information size comparison between the plenoptic sensor and the drdcian

sensor
Image cell| Image cell Information size of a plenopticg Information size of a Shaek
size number sensor pr second Hartmann sensor per second
6464 16x16 2% bits ~2"%its
32x32 32x32 2% bits ~2'pits
16X16 6464 2% bits 2% bits
88 128x128 2% bits ~2°° bits
44 256256 2% bits ~2°" bits
2% 5125512 2% bits ~2°® bits

From Table 11, it is not difficult to see that with the changes of a MLA cell size (cell
number will be changed accordingly if the MLA has fixed size), the plenoptic sensor

has a constant size of maximum information oytpuhtile the Shackartmann
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sensotlincreases the total number of information output with smaller cells. However,
two distinctive observations can be made:

(1) The increased amount of information on a Shdektmann sensor is at the
cost of smaller angular detection range.

(2) The plenoptic sensaitrictly provides a larger amount of information than the
ShackHartmann sensor with the same hardware (same MLA, same image
resolution, and same frame rate).

In fact, in the limit of the ShaeKartmann sensor (if the cell size is just 1 pixel) its
information size provided in 1 second equals that of the plenoptic sensor. But the
ShackHartmann sensor provides less meaningful information since there is no
angular information provided. Thus, in the practice of changing the MLA cell size to
realize tradeoffdbetween angular and geometric resolutions, the plenoptic sensor
provides a smooth traewdf without harming the capacity of the observing device.
The ShackHar t mann sensor, however, doeo not
practice. This is due to thestriction that a Shaeartmann sensor can only have
one focus interpreted under each cell image.

Nevertheless, in low illumination conditions (such as astronomy applications), the
ShackHartmann sensor does provide good SNR ratfes weak illuminain
sources, a Shadkartmann sensor is more sensitive than the plenoptic sensor because
all photons within a MLA cellreconcentrated to 1 pixel (while the plenoptic sensor
distributes the photons into many pixels). As a consequence, the-Shdokann
sensor mayut-performthe plenoptic sensor in extreme lalumination conditions.

In normal conditions where illumination is sufficidespecially in laser imagingbhe

102

hav



ShackHartmann sensors will lose the sensitivity advantage when compete with a
plenoptic sensor. In fact, thel t i mat e wuse of an 1 mage sens
every pixel to resemble a ray in the light field, and the plenoptic sensor has achieved

this. In other words, the plenoptic sensor is the optimized realization of light field

sensing.

3.5.2 Dataecompression

The purpose of advanced wavefront sensing is to obtain as much information about
the complex amplitude of the field as possible. It is regulated by the data processing
inequality (DPIlI) that anmtjevelrecreatenrdotmatiorct i on a
lost in the wavefront sensing part. Intuitivelgiven a uniform beamU(x, Y),
turbulence caused point spread functKf(s, t, X, y; L),and an arbitrary 2D sensor
acquires an image om(s, t) The sensing procesan be expessed as a convolution
result of:U(x, y)*X(s, t, X, y; LA Im(s, t). Since the transmitted beam and the image
on the wavefront sensor is knowim(s, t) is treated as an indicator of the
atmospheric turbulenc&(s, t, X, y; LA Im(s, §. On the othehand, a reconstruction
algorithm can be applied to use the wavefront sensing information to estimate the
turbulence situatiotm(s, § A X (s, t, X, y; L) Then the DPI states that:

(X, X )¢l (X,Im) (54)
Equation (54) suggesthatf r om any reconstruction algorit
extra information about the turbulence than the sensing process. The equality of
equation (54) is achieved if and only if the reconstruction algorithm is losslessl Bas
on this conclusion, the full reconstructiafgorithm provides more facts about the

turbulence than the fast reconstruction algorithms.
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As discussed in the fast reconstruction algorithm (section 3.4.2), a Hargraginis

a lossless reconstruction atgbm result for a Shacklartmann image, while it is a

data compression result for a plenoptic image. For low orders of atmospheric phase
distortion where a Hartmargraph has a larger entropy measure thardistrtion,

the ShackHartmann and the plenoptsensor should provide very similar results.
However, ambiguities happen on the Shaigktmann sensor because the local phase
gradient for each spatial point depends entirely on one MLA cell. In other words, if
the cell image is interfered, the data frothe samecell will be lost and the

reconstruction result will be affectefldmittedly, interpolation from neighboring data

pointsh¢ p t o produce a smoother result, but t
increased.
However, on t h esitepdineenwe prilyiuse a subsetsobtihedplenoptic

image, the remaining set of plenoptic image pixels might be useful. Thus, we can run
the Acheckerboardo reconstruction once aga

where the critical information hdoeen lost. The result is shown as:
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Plenoptic image Local Gradient Vectors

400 10
0
= w aial e
=, 300 5 5 Sl
= = a3 FEEE
= = IR E e F
= 200 g 0 HEEERANEEE
z —E 3iajamial
£ E a2 albiialiln oy
Z 100 T 5 niaafalnfiiji|ning
e = Bl DL Y
=
-10 . L . !
100 200 300 400 -10 -5 1] 5 1a
pixel number along x axis grid number in X axis
Reconstructed YWavefront Seperation into Zernike Modes
2

reconstructed phase
[y ]

Zarnike coefficient

20

] :

0
yadis (mm) 2020y s ) 123485678 9101112
Zemike Mumber

Figure 3.22 Checkerboard reconstruction result on the plenoptic sensor when we lose all the

information in the previous reconstruction practice
Figure 3.22 shows that a credible reconstomctan be conducted on the plenoptic
image, even if we have removed all the pixels used in the previous reconstructions
(by setting their values to zero). Since the pixels on the plenoptic image represent
light rays that are mutually exclusive, there asradundancy in the received plenoptic
image. Therefore, we can see that the second reconstruction reflects the wavefront
with accuracy. In fact, the correlation with the result @reckHartmann sensor is
95.4% (The first reconstruction trial has 9%¥reementwith the ShackHartmann
sensoro6s resul t).
For addi ti onal I nterest

, we run t he i c he

removing all the pixels used for the previous reconstructions. The result is shown as:
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Plenoptic image Lacal Gradient “ectors
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Figure 3.23: Extra trial with checkerboard reconstruction assuming that a significant amount of

information is lost

As shown in figure 3.22, we find that the dominant Zernike distortion is still

Adef ocusodo, and the similarit yfore,fivheniee t hi r d
iteratively remove relevant information from the data set, the reconstruction result

will be increasingly affected by the irrelevant information. Thus, compared with a
ShackHartmann sensor that provides only one copy of the Hartrgeam, he

plenoptic sensor provides extra robustness in revealing the wavefront information.

The di fference i n accuracy begins t o S h
deformation (higher order of distortion) with both the ShHektmann sensor and the

plenoptics ens or . The #fAtrefoil o deformation cont

106



wavefront and is comparatively more diffic
The result of the dAtrefoil édardhenh eensorast i on r e
shown in figire 3.24, while the result from a plenoptic sensor is shown in figure 3.25.

As the distortion is known to be a Atrefoli
reveals the details better than the Shdektmann sensor with the same hardware
configuration. Admittedly, we built the Shadkarman sensor with comparatively

larger image cell size (5464 pixlto reconstruct low order distortions more

accurately. Therefore, when facing the higher order Zernike modes, the- Shack

Har t mann s e n seobegnsto degradd (because rofclack of enough grid

points in the geometry). The plenoptic sensor, however, has smooth performance in
revealing higher order wavefront di storti
reconstructed credibly by the plenoptic s@n In order to make a Shaklartmann

sensor to work for higher Zernike modes, we need to make tradeoffs by reducing the

angular range (the cell size of MLA) and increasing the number of grid points (the

number of cells in a MLA).
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Shack-Hartman image Local Gradient Wectors
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Figure 3. 24: Trefoil deformation and reconstruction by the ShackHartmann sensor
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Plenoptic image Local Gradient Wectors
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Figure 3. 25: Trefoil deformation and "checkerboard" reconstruction by the Plenoptic sensor

In conclusion, a fast reconstruction algamith ( s uc h a sreconbtrection Tr e e 0
algorithm a n d ACheckerboardod reconstruction alog
process on the plenoptic image, while a full reconstruction algofghish as the full

reconstruction algorithm or the panorama reconstmcaigorithm) maximizes the

use of a plenoptic image.

3.5.3 Channel capacity

How to determine whether a wavefront sensor is adequate for typical atmospheric
turbulence situation is of great importance. In this section, we will introduce a rule of

thumb to slve this fundamental question.
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As described in section 3.5.1, wigélswapped source channel module, the turbulence

can be viewed as a transmitter that emits signals to the receiver. And the entropy
measure can be conducted on the source to determiettrad size of information

variety that is achievable on the source. For simplicity, we mark the entropy measure

of the source al.

Similarly, the maximum entropy measure on an observing device can be determined

by asymptotic equal partition (AEP) assuimop where each outcome is equally

possible. For simplicity, we use; to mark thei™ sensor for sensing the distorted

laser beam. Then, #is>H;, we can determine that th8 sensor is inadequate in

handling the current turbulence situation. In otherdspthere will be some different
turbulence structures that canot be diffe
lower resolution of the turbulence situation is possible wheiH; happens. For the

cases wherels<H;, it is Apossi Bénsoois aldyuwate totrehealtheva v e f r «
turbulence situation. The quoted word fApos
outcomes in the wavefront sensing. Intuitively, if the outcomes are not uniformly
distributed, the entropy measure of tlevideH; is overestimated and a tighter bound

needs to be determined as Hased on asymmetric outcome distribution. And the

device is adequate for observing turbulendginf{H; } and alignment is correct.

An extension for this theoreman be applied to AO devicasder the help of a

wavefront sensor (as a translator for different deformation). Without loss of generality,

the entropy measure of the AO has an entropy measuky @fith regard to the

wavefront sensor it cooperates with. Then the system entropy reeasaar be

determined asiac=min{Ha, inf{H '} }. And similar rules can be applied to determine
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whether the adaptive optics system is adequate to correct the turbulence situation by

comparingHs andHao.
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Chapter 43D dgmulations

Although the real time 3D dynamic sensing of atmospheric turbulence structure is
unrealistic, it is possible to perform 3D simulatioh atmospheric turbulence to
economically test system design aiglire out solutions in overcominiirbulence

effects. There are two major approaches to conduct the 3D turbulence simulation.
One i s based on geometric ray modeling
phase change. The other is based on wave theory and uses phase screens to resemble
the changesaused by the channel. The major advantage of the geometric ray
modeling is its simplicity where the fundamental task is to track individual ray in the
shared atmospheric channel, while wave properties of the beam might be lost in the
tracking process (ndaliffraction). Wave analysis keeps track of the continuous
changes in the beam but theugedf the turbulence channel is based on 2D models
rather than 3D models. In this chapter we will introduce both approaches and propose
a fApseudoo di fatcouatcfdr the wavenpoodeeiés int ggometric ray

modeling.

4.1 Basic concepts igeometricoptics

Geometric optics is widely applied in omlcstudies|t has been applied in automatic
optic system design software such as Gddnd Zemax1], computer ision [2], as

well as some virtual reality studig8]. In the field of atmospheric turbulence,
geometric optics can be used to describe/analyze/simulate the beam propagation

process. In fact, given the distributive refractive index of the channel and the
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transmitted beam (with adequate ray samples), the resulted distorted beam can be
calculated.

In general, the ray geometrics can be expressed as:

& dr ©
ia@ﬂ g gradn 1)
dsg ds -

Where n is atmospheric reftive index andi s a singl e rayo6s geomi

with regard toits path lengths. Because the majority of rays have weak deviation
from sight to sight alignment paraxial approximation can bgenerallyapplied.
Also, by takinginto accounthe factthat all rays collected by the receiver shares a
common propagationaxis, we can expresshe displacement equatiorasdong the

transverse planef the optical axigs:

da dx ¢_d(dn
—afl+adn)— F&——— 2
dzés;aél )dz = dx @)
da dy ¢_ddn
—ghl+adn)— F—— 3
dzés;aél )dz = dy )

Where atmospheric turbulence has been expressed directly by deviation in refractive

index, thus by further quantizing the process in evolution steps, we have:

az.
x © DD n(By 4)
ax
o 02
Dy D—%)d n(Ry )
X
Wher smagymbolthahandl|l es the increments in ray

increments inthe distribution ofatmospheric refractive indefnhote that the ray
simulation and turbulence simulation use different resolutiofilsgrefore, for any

arbitrary ray in the system, the trajectory of the ray can be tracked geometrically if all
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the channetlistortion is known. However, the diffractive behavior of the ray has been
ignored and the associated error in long range propagation conditions may cause

severe deviation from reality.

4.1.1Eikonal equation

It is of great importance to determine the seuof error in using geometric optics
without considering the minor effect of diffraction [4]. The original fornthefwave

eguation can be expressed as:

Pu H(nur) 6 (6)
In equation (6),u(r) represents the complex ogicfield and ko represents the
wavenumber of the light rays. The refractive index of the channel is expressed by
n(r).
Without loss of generality, we can assume the standard solution form:

u(r) = A(r)er© 7)

In equation (7) the amplitude informationA§) and the phase informationys(). In
generalatmospheric turbulence satisfies the following term

|A| |kJ| n
|DA|'| £, I’IE)R

/, <L, Lt min(

(8)

In equation (8), it isassumedhat the atmospheric turbulencausesmuch more
gradual changes (instead of rapid spatiaillasion) than the scale of the wavelength.
Therefore, we can introduce @afing parameteais

1 1 /
m=-—— =

_—<

kL knL 2pL ©)
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In addition, dmensionless wave equat®oan be obtained by the following

transformation

2 2

pAu+tu 6, b A N kx¥ ky# k

2 2 _Zil#-)g
g M (10)
2 2 2
pu+slue pH A HoOX Y2
ZU+/ﬁu 2 uxzz Iz-’- ZEIXl Lyl Lzl L (11)

Equation (10) and (11) are 2 different methods to derive a dimensionless wave

eqguation. Theelatiors between amplitude and phase scaling expressed as

A= A(/ni) =A(I‘2) (12)
y (r) :yl(mm) —_ zKr/:’Z?) (13)
oy 24 - g (14)

Similarly, the slution forthedimensionlesequation can be transformed as:

And the original wave equation can be reformed as:

, 2 1 H 5 9 (] )
DU zu FZIT (4DIA SE (AL PALY B yEeD )

(16)

A general sries solution by expandirtge anplitudei n power s of € can be

u(r,) =€ B (ml )" A(1,)
=0 (17)

By matching each p Bikoealequation ggtoup canhbe obtaioed:1 o wi n g
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(m) @ 0)° =",
(mY)  20,AB %) # Py 07
() 20,AB ) A Py ="AP

(1) 20,A,B %) A, By =2AB (18)

In Cartesiancoordindes (X, Yy, z representation), the Eikonal equation group is

reformed as

By)? =n?,
20AD ) A B OF
2PAD) A B £ PAD

20A,5) A, B+ AP 19)

It can be directly followed in equation (19) that geometric optics is the approximation

of the firsttwo ordersof theEEikonalequdions To increase the accuracy of geometric

optics, hi gher order equations can
refinement. However, it is often not worthwhile in practice due ta¢heiredlarge
computation power.

Simply, assume that the geometric parameter can be writter(@s€ ), eachrays

Eikonal equation can be written as:

vy W W 0
H% [ R L 1Ch 1q21--'1q~| —( (20)
ol B 4
Or equivalently, as:
H(p,.q) =0, B ﬁg—,y Hq) (21)
j
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Equation (21) is a simplified form of equation (20). And the momenta of a ray is
marked byp; (=1, 2, 3 in Cartesian coordinafed he frst order differential equation

can be expressed:as

dgg _ _ dn _ Oy
pH / p TR
LA LAY
j=1 (22)
The expression of equation (22) can be simplified by adtledifferential
equations
dg
¢t up
dp.
df  Hg
d/ .t  uH
“=a P (25)
dt % " up,

In equation (23)25) qj represents the universal geometric parameter gnd
represents the universal momenta parameter. For exampBgtesian coordinates

we can express the coordinates as

df  pp
t r

d F

= -pE (28)
t Hp
p= bt (29)
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Therefore, the Eikonal equation for a ray is a quadratic one, and the solution can be

expressed in a general form as:

_ < HH
y=y fap o d (30)
ds

dt = (31)

W H B
In equation (31), & length( is applied asatracing oftt r ays o6 fheaj ector

remaining question is to derive the actual form of Hamiltonian equbtioknd due

to the quadratic equation (19), thet form of Hamiltonian equatiocan be simply

written as
H :Egp2 a’(r) go
2 (32)
Where
p= B (33)
Based on thabove Hamiltonian forpthe ray equation can be written as
ﬂ = @ :]_' |ﬁ§(r)
dt " dt 2 (34)
A2 0 [ op
= dr = + d
y=yY fip v Hi(n) (35)
dt = d_S _—.CLS
pn (36)

Equation (34) is the geometric ray tracing function, equation (35) is the phase
tracking function and equation (36) is the trajegtoinction.

Similarly, the2" form of the Hamiltonian equatiosan be written as

H=p -n(r) & (37)
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p=+r (38)

Equation (37) and 38) can de deriveddirectly from solving equation (32).
Correspondinly, theray equationsre changed to

@:r{

S (39)

S |lo

ar
ds
Despite the seemingly different forms thieseHamiltonian equations, a generad

expression is shown as

=n

gz d.a dr
d d s= (40)

N
[-O:On

dr?
In conclusion, geometric optics &low order solution of the Eikonal equations in

wave analysis. When the condition of equation (8) is satisfied, geometric optics can

be safely applied to provideaccurate and reliabkolution.

4.1.2 Meridional rayand skew ray

The meridional ray is generally used in optiiber systems to describe the ray

passing through the axis of a fiber. Skew rays refer to those rays ssahpaugh the

optic fiber in zigzag paths/trajectories. As an extension, we can use a gradually
expanding light pipe to describe the behavior of a congruence of light rays.
Geometrically wecallt he center ray of the | ispht pipe
the edge of the | ight pipe as ASkew rayso.
Without loss of generality, the light pipe profiles a patch (a small wavelet that acts

like a plane wave with flat phase front). Since all the rays inside the pipe are
geometically close to each othethey pass through the same turbulence cells and

stays coherent at the end of the propagation chaBaséd on the meridional ray and
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skew rays, the analytical wave expression can be reconstruntedther words,
geometric optics and wave analysis are int@ngeable in solvingatmospheric
turbulence problems as long as spatial resolution is adequate. With the established
turbulence channel (in simulation), it is convenient to use geometric optics to

simulate the propagation process in 3D.

4.2 2D phase screesimulations

Wave analysis of the turbulence effects on laser beam propagation is conventionally
achieved by 2D phase screen models. In general, a phase screen characterizes the
concentrated atmospheric distortion effect for a segmental channel lengthelL. T
propagation is ideally simplified to free propagation plus atone interaction with a

phase screen. In fact, different from geometric @ptiwhich focuses on the
accuracies in describing the channel while causing inaccuracies in waveforngs, phas
screen methods focus on the accuracies of the waveforms but cause inaccuracies in
describing the turbulent channel.

4.2.1 Mathematical model

Atmospheric turbulence has an inertial range where correlation between the
fluctuations in the refractive index the air serves as a fundamental fluid property of

the air. In a simplified mathematical model (without investigating the actual viscidity

of air), the correlation can be implied by the correlation and structure function of

turbulencd6] as

5,(RR) (o R o 9) 4
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D.(R)=2gB,(0) -B(R | (42)

R=R -R (43)
Equation 41) describeghe autecorrelation function of fluctuations irthe refractive
index of air. In equation 42) we have made an isotropic assumptiabout the
structure function. Anisotropic results can be saved in matrix forms similarly. The
correlation can be obtained from field measurementsemperature distributi@n
wind speed and humidity lexgIWith this data, the structure properties of refractive
index can be implied to the exterftequipment limit§which prevent measurements
from retrieving furtheraccurag). For example, the refcéive index structure constant

C.Z that measures fluctuation strength can be inferred from:

2,
%9 10° = " & (44)

Where C;*> is the temperature structure constant, retrieved from temperature
measurements. Thiapproach neglects other possible effects such as correlations with
humidity. Alternatively, the autocorrelation function can be inferred from theoretical
models, since the autmrrelation function and the spatial power spectrum density

function are Fouer transform pairsf each other

F.(K) = 2/17)3ﬁ fBfR)ex( K R T (45)

In isotropic cases this equation can be simplified &b situation:

F, (%) % 38, (R)sin( /) dF (46)

Simply, one can deresthe autecorrelationby usingthe power spectrum function as
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B, (ﬁ) =R h FﬁT()exp( iK @ ¢ K (47)
Similarly, in isotropic cases, the equation can be simplified as:
B(R="L & F( 4sin( B d (48)

Based on these facts, theoretical acdorelation restrictions can be achieved through
a Fourier transform of the spatial powspectal density functions. Several basic
spatial powespectal density functions are shown figure 4.1.For conveniencewe
list only 4 of the majospectraused in mostesearch articles:

(1) Kolmogorov law is expressed as:

F.(k) =0.03L? £ 1l,< * 1A, (49)

(2) Tatarskii spectrum:

o 2 ~
F, (k) =0.03T2 £ exrge% 8 % 1L, k592 (50
¢ fm o=
(3) Von Karman spectrum:
a k? ©
€XPee - > 0
F. (k) =0.03x2-—& "™ 0 ¢k < gk 5.821

(i

)11/6

(51)
(4) Modified atmospheric spectrufHlill spectrum)
a k% i

€XPae 5
F,(k) =0.03x7&1 4.80¢ k/ k 0.254 k)"k g—iﬁk—‘;ﬂs‘
(k + g) (52)

0Ck < ok 33N, &k 4=l (53)
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Symbolsly andLy are inner and outer scales of turbulence respectiValy.modifed

atmospheric spectrum model is also catlesin Hi | |

T I I T T
I — Kolmogrov Spectrum Model
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Figure 4.1: Normalized auto correlation function for various models of spatial power spectrum

Based on the correlation function, a Zibase screen that satisfies the statistical

Isotropic Distance (m)

density

spectrumo

n

some

analysis can be generated to add phase and amplitude modifications to the beam to

mimic the atmospheric turbulence effects.

4.2.2 Generation of 2D phase screens

The generation of a phase screen is simply cormumesof atmospheric turbulence

from 3D to 2D, expressed §y:

Fxy)=ki " a(xy3d
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Where k is the wavenumber of the laser beam, and if the laser has a broad spectrum,

an extra convolution layer can bpplied to handle the situation:

Fxyk)=R~ €k -k KR dxyzkdzad (9

in

For each spectrum the phase screen is assumed to be made up of:

fxy)=y2 ki, B0k, K) E( K K K¢ (5

WhereKy andK, are spatial frequencies of turbulence in the transvdesef) (K
Ky) is a random complex amplitude with a standard normal distribution Gasidy,
Ky) is power spectrum density along the transverse plane. Therefore, the distance
along the propagation direction that a phase screen represents must satisfy the
preondition:

z.> L, (57
The symbol Ly in equation (44)s the outer scale of turbulence. This precondition
gives mathematical convenience in setting up a number of phase screshsete
similar effect of turbulence by lowering the complexity by one dimension (the
propagation direction is suppressed).
4.2.3 Limitations to phase screen simulations
The limitation of phase screen simulations is the mismatch between the 2D set up of
the channel structure and the actual 3D structure of the chaNoahally, the
correlation between neighboring phase screens is ignored by setting them far apart.
And the track of how turbulence evolves dynamically has become impossiiie
model In fact, phase screen models are rather static than dynamic due to the

compression of channel structw@mplexityfrom 3D to 2D. Advanced models of 3D
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phase screens have been proposedwhbich consider the correlation between phase
screens that lies withirhé inertial range However, the conciseness of the phase

screen will be lost and the computati@guirement has been greatly increased.

4.3 Pseudo diffraction functions for wave propagation

The weakness o0& geometric optics approach is its inconsistemgith the wave

properties. Intuitively, if a plane wave passing through a tiny hole is simulated in
geometric optics, the straight trajectory
such as Airy rings [7]. | n sedto istrodice@t i on,
APseudo diffraction functiono that counter
turbulence. In other words, the 3D turbulence generation can be simplified while
diffraction behavior in geometric optics can be obtained.

4.3.1 ADiffractiond in refractive index

In principle, an Airy pattern will be generated if one image bgasseghrough a

circular hole around the similar siz® the wavelength.The refractive index

distribution can be described asity everywhere besides infigitat blocking
(obstructing)area. In reality, the boundary of the channel is fixed while the wave

property of photons caus¢he photons to end randomly (with certain distribution)

behind the small optic opening. Mathematically, the diffraction pattern is
mathematically described by the Fresnel diffraction equation, which computes the

scaled Fourier transform of the geometry of the optic operinghe laser beam

propagation studies, the incident wavelets can be assumed to be plane waves and the

128



diffraction pattern can be simply computed by the geometric properties of thal optic
openings directly.

Based on the above factg; B small philosophical change, if we treat an individual
photon as a reference center and Wweatch the small optic openingthe @tic
opening would have alreadyauseddiffraction. In fact, instead of calculating the
diffraction patternswhile the beam is propagating, one can compute the diffraction
pattern first and convolute with illumination on the optic opening to get wavesaaly
results.Therefore geometric opscan be used directly as the setup of the media has
already considered the diffraction conditiofor conveniencewe name this as
Apseudo grodedd toantark ithe mpecial treatment in geometric optics to
diffract first and then propagate.

4.3.2 Intuitive interpretation of pseudo diffraction method

The generation of the diffracted envelope pattern is illustrated as:

Real Domain Fourier Domain

S b L
>

Sample window Fourier transform of MCF  Fourier transform of sample window

Figure 4.2: Truncated envelope extends its influence in Fouriedomain

Therefore, when the turbulence frames are generated, the hard aperture of the filter
causes a similar nddi fdiffradiantdttermcanbpat t er n and
generated because rays passing throlglgeneral turbulence cells would be added
with weak moment variations. However, we claim that our diffraction algorithm

works not because it connects physics principles, but that it functions as both a relief
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for computational resources and paragitffraction generator. In fact, one has to

sale the local fluctuations on the turbulence grids to match with the wavelength used

in the simulation.Thephilosophy that encouraged our treatment of the turbulence

grids is a simple switch from the standpoint of the real world to the world of light

rays, and for the light rays, it seems that the world (turbulence structure) is diffracting

instead.

The APseudo diffractiono can besagrdupofonstr at
parallel rays pass through a tiny rectangular aperture and the fardteddnpthrough

the above algorithm gives the following diffraction pattern that resembles the Airy

patterns for rectangular apertures:

200

180

[ O
[ B - )]
o O O

100

Y Axis (Grid Number)

50 100 150 200
X Axis (Grid Number)

Figure 4. 3: Demonstration of pseudo diffraction mechanism
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As a result diffraction can baterweaved into the process of generating turbulence
grids, which will allows for future convenience in propagating rays with diffraction

taken into account.

4.3.3 Benefits of pseudo diffraction processing

The pseudo diffraction processisgrves as a adification of the geometric optics
result that can account for the diffraction facts in long range propagation. The
diffraction angle, however small, will bend the ray trajectory significantly with
adequate propagation distance. Therefore, inserting iffraction treatments to
geometric optics helps to increase the accuracy of ray tracing results. However, it is
obvious that extra computation power is required. In fact, for a 3D channel, the
pseudo diffraction processing requires convolution between diféfaction kernel

and the 3D channel

4 4 3D simulationof turbulence

I n the 3D simulation ofcel uadasdhateheexga we f i n
computation process to generate a fApseudo
As| op p eraing dhe ZDeturbulence grid. T special arrangement seems like
Akilling two birds with one stoneo.

4 4.1 Generation of 3D turbulence

With knowledge of the correlation functions of fluctuations in refractive index, the
turbulence grids can be set upcaingly. The problem is simplified by finding a

random distribution that satisfies equation (5). And a theoretical solution can be
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achieved by the convolution of an envelope function and wide sense stationary

random grids. A simple proof is shown as:

EOE(R)=B(H, . .
(x(0)x(R) =a(g ¥ (**ENQ) & B(R) &R O

Where 00 is a reference point for simplificatiomnyhich can be replaced with an
arbitrary geometric coordinate The evaluation of the RHS of equation (13) can be
written as:

(x*E)(0) & B(R)
(X E)(0) (x EF(R (%0) Hor E(R X( B (59
(x(0) x(R) B(R otR BER H=R

In this evaluattnh we use the fact that the autocorrelation function is the convolution

of a function with its Amirroredo sel f,

X (=x(+);  (X()X(r R) ()X ( R-)dr (X X)(*B (60)

r

As a result, a direct solution exists whg) is WSS noise (can be obtained from a

3D random matrixand the envelope has the form of:

E(R)= % (R (61)
B, (0)
Therefore, the turbulence grids are generated by:
X* E(r)
n(r)= (62)
B, (0)

It is clear to see that the generation of 3D turbulence grids deals with a 3D
convolution process. And if the situation is isotropic, it can be done separately.

Otherwise, a texture filter (isotropic in 2D and anisotropic in another direction) or a
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box filter (ansotropic in all directions) needs to be applied. For simplicity, we use the

isotropic case that involves independent convolutions along 3 orthogonal directions.
To differentiate the propagation direction and its transverse plane, we build a stock of
independent 2D transverse planes first and then perform the envelope filter along the

propagation direction. The diagram is shown as:

2D texture of t

rbulence

N =

2D turbulence

@@ e
texture queue

— >
Moving Direction

Correlation filter

Figure 4. 4: generation of turbulence grids of refractive index

Generally, the generation seqae of turbulence can be swapped. We chose to build
the transverse plane first to make the process similar to the phase screen model.
However, turbulence grids allow for dense sampling along the propagation direction.
In fact, if one modifies the phase sens to make them correlated for close ranges,
eventually the turbulence generation process would lead to identical results. As a
result, our proposed method of generating 3D turbulence grids is mathematically
simple and a straightforward application ofypits. For example, when we set
C.2& 1'8m?3, we present the 2 turbulence grids that are 10mm apart from each other

by using the modified atmospheric spectrum model as mentioned above:
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Figure 4.5sampled 2D turbulence frames that are 10mm apart

The G2 in our 3D turbulence grids generation is a reference of local fluctuation
strength of refractive index.

4.4.2 Imbeddedpseudo diffraction in 3D turbulence generation

It is not difficult to discover that the
and kehave more or less in groups. Since the turbulence grids are just generated by
WSS noise andnenvelope filter, it is obvious to relate the envelope filter size to the
actual controls on the diameters of turbulence cells. That is when the enveloje filter
truncated at an arbitrary length within the inertial rangd$Lo, it results in an
aperture that matches with the turbulence cell size and it diffracts the turbulence grids
a little. And it is not difficult to find the local diffraction patterns fitwe turbulence
frames generated above.

4.4.3 Channel and signal separation

The <channel and signal separation <can be

processing where the turbulence channel and the various beams@dilgenerated

separately. The ppagation law of the rays stays the same as irnveidional
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geometric optics. In general, the propagation process is an interaction between the
beam and the channel. Some of the quantization steps in beam propagation process
based on t he fripasnelard discutsed as follbwst e d 0

Geometric optics solves the refractive behavior of inhomogeneous media in a
straightforward way. Since we have already arrarggetechanisnin the turbulence
channel that can cause pseutifraction phenomenon for highedsity rays that
propagatethrough, in the propagation algorithm wan make use of the geometric
optics equations. In fact, the generation of 3D turbulence grids depends on the
met hod of propagati on. Because taheadybeamos
been taken into account in the turbulent channel, it will be problematic if one
propagates the beam in wave forms instead of ray forms.

To describe the propagation algorithm, we make use of a chfstenctionscalled

APl enopt isthat ledpall the necessary information of a light field including

ray location, momentum, phase and energy. The Plenoptic function is widely adopted
by researchers in the imaging processing ffeldnd we have modified it for use in

turbulence simulatior In general, the Plenoptic function can be written as:
P ={r(xv ¢ ,9:3 63)
Where {} represents the clustery, st for al
are the geometric and phase parameters for each 1@y ,x, yy'd, z)is(the weight
function for the ray, and it can be amplitude or intensity for cohereimcoherent

applications respectively. The convenience of the plenoptic function lies in that it is

easier to describe and implement operations on the light field. For example, {2x}
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means a horizontal stretching of the light field by a factor of 2. AndPthroptic
function is automatically energy preserving because:

a{ro6r} eonstant (64)

One can treat the Plenoptic function adassin computer programing that includes
parameters and functionBhe function used in thithesisis simply an energy carrier
(amplitude of rays) and is designed to describe the interaction between rays such as
diffraction and interference. However, to avoid nonlinear functions with these
behaviors, we separate the difftion into the turbulence generation and thus the
function can be kept in the simplest form. In other words, each ray is independent and
can be computed in parallel. Therefore, the light field is updated at each step
following the Plenoptic function:

(1) Location update:

{$=(4 {g} © (65)
{={y% {g} © (66)

(2) Momentum update:

= meo % 67
tat={d <5, (67)
“{ g & K 68
la)={ 4 4 4 L2
(3) Phase update:
(=(} « oagIiyt (69)
@  2dz ¢

(4) Energy update:
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{r}={"} (70)

Clearly, propagating the beam through turbulentsyudl simultaneously distort and
diffract the rays. The geometric optics approach attributes the moment change by

gradients in the distribution of refractive index as:

& dr ©
Ea@ﬂ g gradn (71)
dsg ds -

Wheredsis the &olutional steps along the @ys t rya jaenadt odrsp@amhxdal i n t he
approximation. Therefore equatio®7) and ©8) is the quantized version of equation

(71), expressed as:

da dx §_dn
—gfl+n)— F— 72
dzés;aél k dz 2 dx (72)
da dy 6.dn
—al+n)— F&— 73
dzgé1 2 Gz O dy (73)

The other equations in the Plenoptic function follow normal rules of linear
propagation of rays.

As a result, the propagation of a laser beam through atmospheric turbulence has been
reduced to updating a Plenoptic function through a turbuledt §he computation
algorithm has been designed to be a linear process and parallel computing can help

speed up the calculation.
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45 Simulation implementation and optimization with GPUs

Thecomputati on t ask and arrangetegated f or
geometric optics simulation of atmospheric turbulence needs to be carefully
considered in order to be carriedt on a normal GPU enabled computer. Normally,
infinite computation power ot available. Therefore, we will iscuss how to
economically conduct the 3D geometric turbulence simulation.

45.1 Memory assignments and management

Although the algorithm introduced in previous sections seems feasible for a super
computer, the required data volume is overwhelming anéfittrer may be difficult to

realize on a standard computer. For example, the spacing between grid points should

be nogreaterthan the inner scalg.IThis implies that a 2m>XmxLkm channel with

doubl e precision data v8hyles Therefageuboththe ab o ut

algorithm and memory management must be carefully designed to reduce the
computation power required. A major step of complexity compression is achieved by
focusing only on the wavefront activity instead of the whole channel situatios. T
means that there is no need to build the turbulence channel all at once, it can be built
step by step before the beam propagates through certain frames. And in the limit, one
can generate one turbulence frame, propagate the wavefront and generatieaarbth

so on so forth. Therefore, the required memory storage problem is reduced to only
32 MB (2%, which allows computation to be done using only the memory
on the GPU.

A second step is to make use of the parallel structure of GPUs to fladen th

computation stacks. For each thread on
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updating problem. The recondition of this compression process is that each ray
behaves relatively independently and is satisfied by our special treatment in the
previaus section. If careful consideration of the wave behavior is required, higher
orders of the Plenoptic function are required and communication between threads is
unavoidable. Therefore, all the evolutional propagation steps of the Plenoptic function
are talored to a similar image processing problem.

A third step is to generate enough of a number of independent 2D turbulence frames
before the simulation and randomly load them in sequence and apply a correlation
filter along the propagation axis to generagwnturbulence grids. Therefore, the
complexity of box convolution is reduced to 1D convolution. Also, ttirbulence

frame can be stored in the shared memory of a GPU to allow for parallel access by
each thread.

4.5.2 Beam propagation

The arrangement of éhGPU is shown as:
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Figure 4.6: GPU arrangement for evolutionally updating the light field through turbulence

As a result of the above efforts, the 3D turbulence simulation can be carried out by a
normal computer that faciltas GPU computing. Clearly, the most resource
consuming task is to generate turbulent grids that involve convolution. For example,
it takes 19ms on a CUDA enabled GPU NVidig=@ce 770 ($400 general purpose
GPU) to generate a new turbulence frame with 40224 and filter size
255X255.And the overall complexity growth of the problem is linear with
propagation distance. Thus it takes 50 min $onulating 3D beam propagation
through static turbulence. If the optimization of using a pool ofgemerated 2D
turbulence grids is used, the efficiency can be improved by 10 times. Yet to overcome
the obstacles in field assessment with undetermingda@ additional scaling factor

should be invoked because most spatial p@pectaarelinear with G2 values.
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Nevertheless, it needs to be pointed out that the arrangements of the computation
resources depend on various applications. For example, if reciprocity is not
considered, the past frames can be freed immediately, otherwise one has to store all
the generated framem the computer. Indeed the data volume with 3D turbulence
simulation is strikingly large. This section gives general suggestions to manage the
3D simulation on a lab computer.

R and

For some primary results, we set the turbulence chanribl @f=10"% m?
propagation distance Km. The inner scale of turbulence isntn and the outer scale
is 1.00m. The filter uses the modified atmospheric spectrum and is truncated at

L=0.3m. The scale factor for pseudtfraction is selected by:

o -1
Ss E( ) S122

|= 3 (74)
> E2RE(a 8 (D)

Where D is theurbulence cell size, X and E represantmalized WSS noise and

envelope filter respectively from the turbulence grid generation algorithm. The
wavelength used is 600 nm. And forchasimulation presented®a 1M r ays ar e
traced.

4.5.3 Simulation results for various turbuleramnditions

For a collimated Gaussian beam with=@.2 m, the beam distortion over 1km range

looks like:
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Figure 4. 7: Gaussian bean distortion through 1km turbulence (strong) channel

It is inferred from this result that the beam breaks up at the receiver aperture. If the
beam is initially stretched with asymmetriccs0.1m, w=0.2m, then the result

becomes:
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Y Axis (m)

1200
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Figure 4. 8: Oval shaped Gaussian beam propagation through turbulence (stronghannel

If the turbulence gets lower with,&10* m?* with all the other conditions

unchanged, the result of the same Gaussian beam propagation looks like:
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Figure 4. 9: Gaussian beam distortion through 1km turbulencgmedium) channel

Though a speckle effect is still observable, the color scale suggests that the beam is
less distorted since the intensity profile is more uniform. Simil#riye stretchthe

initial Gaussian beam to bgs).1m, w=0.2m, the received beam looks like:

1100

Y Axis (m)

135 -1 0.5 0 05 1 15
X Axis (m)

Figure 4.10: Oval shaped Gaussian beam propagation through turbulencgnedium) channel

In all of the above examples, diffract vertical and horizontal lines are discernible
since we use separable convolution to generate the turbulence grids in Cartesian

coordinates. More application relevant simulations can be realized by the proposed
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3D simulation algorithm. Yet in our workye focus on the demonstration that the
method of 3D geometric simulation and its individual uses for different cases can be
explored similarly to the 2D phase screen models.

Since the results angresentedoy aray counting method, the wave result can be
derived by the methods introduced in section 4.1.2.

In conclusion, our proposed algorithm is an attempt to evolve from 2D phase screen
simulation to 3D turbulence simulation. It innovatively creates a diffraction involved
turbulence grid that simultaneoystauses the ray refractive and diffractive behavior
simply by using linear geometric ray functions. Therefore, the method is cost
effective and can be computed by a normal computer with enabled GPU computation.
And the invention of this 3D approachex@os t he aspect of tur bul
continuous distorting mechanisms on the beam, which is generally neglected by 2D
phase screen models. Therefore, the 3D simulation approach can serve as a more

robust tool to develop and evaluate various beam casrestrategies.
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Chaper 5: Experimental Results of the Plenoptic Sensor

In this chapter, we will demonstrate the functions of the plenoptic sensor through
experimental results. The algorithms mentioned in chapter 3 will also be illustrated
with intermediate steps and varyingsedo help readers to gain better understanding
on the principles of the plenoptic sensor.

5.1 Basic experimental platform

The basic experimental setup is shown as:

Figure 5. 1: Basic experimental setup picture

The illustiative diagram for thisxperimental sep can is shown as:
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Figure 5. 2: Diagram for basic experimental setup picture

In figure 5.2, a laser beam is distorted by a deformable mirror and sensed by the
plenoptic sensor. The pleptic images are transferred to the computer and
reconstruction algorithms can be applied to retrieve the distorted wavefront. To verify

t he algorithmsdé corr ectakamsvsdeformatieappdieln ¢ o mp a
to the deformable mirror. To implemiea correction algorithm, the computer can give
deformation orders to the DMVbasedthe result on the plenoptic sensor and check if

the DM can be set flat agaifihe following experiments are built based on the basic

platform

5.2 Full reconstruction algagthm

In thefull reconstructioralgorithm an OKO deformable mirror (piezoelectric, 37 actuators,

30mm diameter) is used to geneest@own ghase distortionThe plenoptic sensor is applied
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to reconstruct the phase distortion independently. A collin@atessian beam is used at the

transmittero6s site. The detai[lled experi ment

beam splitter

beam splitter

beam splitter | 35er beam module

____________ = [ -

===
|

T R R . s
& - r U R
y \ N ) 4

reconstructed phase flat mirror Plenoptic Sensor
screen

Figure 5. 3: Experimental setup for full reconstruction algorithm

The plenoptic sensor contains a thin objedens with a 2 inch diametend focal length of

750mm. The MLA used is 10mm by °dvergence wi t h 30
(EF = 5.1mm). The image sensor is an Allied Vision GX1050 monochrome CCD camera

with a max frame rate at 109fps. A detailed diagram of the OkEh&nel defrmable

mirror and its actuat®r so6 | ocations are shov
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Figure 5.4: OKO 37-channel PDM and its actuators' positions (observed from the back of the

mirror)

The commands sent to the deformable mirror consist ahdVidual integer numbers

ranging from O to 4095. The maximum number 4095 corresponds to a voltage of 150V,

which drives a piezoelectric actuator in the DM to move to itsmilgni t ude of 5.
(&=632.8nm) . When a def or maactiammm bemeatltetdes t o b
surface of the DM, one can use the experi mer
the distortion command.

The results for the reconstructiog@ithms are shown as:
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Case ADefocus Z(2, 0) deformation

Surface Constructed from DM Commands Image on the Plenoptic Sensor

phase distortion in terms of X
pixel number along Y-axis

100 200 300 400
pixel number along X-axis

Reconstructed Surface on DM . Contour Map of Reconstruction

T2\
N

-1 -0.5 0 0.5 1
XIR

YR
(=]

phase distortion in terms of X

Figure 5.5: Reconstruction results of a phase screen with Z(2, 0)

The ADefocusd can be expressed as:

29(r, 9=A&r 0 ¢ ¢ @PR) (1)
The symbolfi A & equation (1) represents the magnitude of the distorAed {95
in the case of} arfildredresentutrse mgrmalizedhradiuseand angle
respectively for the Zernike polynomi al
function increases symmetrically when the radiuscreases. The gradient at each
spot( } ,is nmApped into different btks of the deformable mirror. Furthermore, the
observation that the most outside blocks are illuminated with larger areas reflects that

the gradients changes faster when the radinsreases.
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A detailed explanation of figure 5.5 has been discussedttinrs&.4.1, which will not be

elaboratedn here.Based on the reconstruction results, the channel (actuator) values on the

deformable mirror can be quantitatively extracted by sampling the reconstructed surface at

the geometries of the hannel actuate of the DM. Then by multiplying the same scaling

factor

t

o

t

he

of

def or mabl e

740/

Table 5.1: Channel valuesofi Def ocus 0

o,

t he

mirror.

channel

The

Channel Distortion Reconstructior Error

10

11
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14

0

455

455

455

455

455

455

1365

1820

1365

1820

1365

1820

1365

0

742

641

633

782

916

794

1828

2276

1862

2267

1904

2225

1716

0

287

186

178

327

461

339

463

456

497

447

539

405

351
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15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

1820

1365

1820

1365

1820

3185

3185

4095

3185

3185

4095

3185

3185

4095

3185

3185

4095

3185

3185

4095

3185

3185

4095

2247

2064

2611

2045

2149

2671

2977

3443

3005

2976

3730

3302

3229

3453

2963

2821

3361

3167

3313

4095

3374

3238

3040

427

699

791

680

329

514

-208

-652

-180

-209

-365

117

44

-642

-222

-364

-734

-18

128

189

53

-1055
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The first column of tabl®.1is the index of the actuators as dentasd as in figuré.5

The second column is the commands sent to the actuators of the DM, and the third column is

the information extracted from the reconstruction at each position of the actuators. The fourth

column (Error) in tabl®.1is derived by sotracting the third column by the second column.

It reflects the overshoot of the reconstruction result compared with the original commands

sent to the deformable mirror. Compared with the scaling facibrdof) most channels are

reconstructed within aabsolute error ob-/ vihen the maximum deformatio® ( )Sse-

applied. Without loss of generality, we can use the correlation between the original
commands and the reconstruction results to reflect how closely the deformation is
recognized. A correlatiorelueofi® r epresents the complete rec
while a correlation value éf 0 means that the reconstructed surface is completely irrelevant

to the actual di stortion. I n the fADefocuso
figure 5.3, once the distortion pattern is recognized, the AO device can be intelligently

arranged to compensate for the major phase distortion. The remaining distortion can be
corrected by iteratively using the sensing, reconstruction, and compensatiesspor by

using conventional AO strategies such as SEEpDBr SIMPLEX[3] methods.

The time consumption in a contfeledback loop in our experiment is about 13ms, which

includes the image acquisition time (9.2ms), the algorithm processing time (B 1DF4))

and setup time foréh DM ( @1 ms) . These times do not r ef

could be achieved with more advanced (and costlier) components.
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Other cases of Zernike polynomials expressed(as r) or equivalentlyZ* can be sensed

and reconstructed accorgly. For example, figure-22 show the reconstruction results of

Z(1,1), Z(2, 2), Z(3, IndZ(4, 4)respectively:

Case BTilt Z(1, 1)deformation:

Surface Constructed from DM Commands

phase distortion in terms of A

YR

Reconstructed Surface on DM

o N s

phase distortion in terms of A

14

1
0
YR

X/R

Image on the Plenoptic Sensor

[os] w &
(5] o o
[ o o

pixel number along Y-axis
[\N]
o
o

100
pixel number along X-axis

200 300 400

Contour Map of Reconstruction

Y/R
(=]

0.5 1
XiR

Figure 5. 6: Reconstruction results of a phase screen Z(1, 1)

The functio of Z(1, 1)can be expressed as:

Zir, y=A Or 0

¢ e BR) @
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Case CAstigmatismZ(2, 2)deformation:

Surface Constructed from DM Commands Image on the Plenoptic Sensor
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phase distortion in terms of X
@
o

pixel number along Y-axis
—= [}
o o
(=} o

[43]
(=}

100 200 300 400
pixel number along X-axis

Reconstructed Surface on DM ; Contour Map of Reconstruction
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XIR

phase distortion in terms of A
Y/R
(=]

Figure 5.7: Reconstruction results of a phase screen Z(2, 2)

The functionZ(2, 2)can be expressed as:
2 A )
Z5(r, C)—E[r Gos(2g 4 0 ¢ rt 4o, 2 ) 3)

Case Drrefoil Z(3, 3)deformation
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Surface Constructed from DM Commands
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Figure 5. 8: Reconstruction results of a phase screen Z(3, 3)

The functionZ(3, 3) can be expressed as:

Z3(r, 6)=§[r3c'b;os(3q) 4 0¢ rg 40,2 )

Case ETetrafoil Z(4, 4)deformation
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Surface Constructed from DM Commands Image on the Plenoptic Sensor
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Figure 5.9: Reconstruction results of a phase screen Z(4, 4)

The functionZ(4, 4)can be expressed as:
4 _A L )
Zi(r, L)—E[r CGos(4g) 4] 0 ¢ r& 0,2 ) (5)

The accuracies of the above reconstructiesults can be evaluated similarly to the
ADefocuso case by extracting the values for

original commands. The results are listed in tal@nd table 3:

Table 5.2: Channel values offiTilt 0 and i Atigmatismo

Z(1, 1) Z(2,2)

Channel Distortion Reconstructior Distortion Reconstructior
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

2048

1367

1367

2048

2728

2728

2048

1367

686

686

686

1367

2048

2728

3409

3409

3409

2728

2048

1336

711

2037

1224

1195

1928

2796

2796

2054

1250

575

491

497

1213

1952

2777

34%

3493

3526

2817

2092

1428

886

583

106

158

2048

1820

2275

2048

1820

2275

2048

1365

1137

2048

2958

2730

2048

1365

1137

2048

2958

2730

2048

865

236

1418

1797

1521

2191

1917

1541

2343

1883

1017

934

2011

3010

2782

2023

1048

950

2164

3327

2701

1832

727

68

230

1797



24 0 0 2677 2678

25 5 6 4095 3622
26 711 544 3859 3658
27 1336 1249 3230 2972
28 2048 1997 2048 1953
29 2759 2791 865 828
30 3384 3375 236 0

31 4090 3783 0 216
32 4095 4095 1418 1905
33 4095 4084 2677 3054
34 4090 4004 4095 4095
35 3384 3508 3859 3640
36 2759 2787 3230 2715
37 2048 2117 2048 1678

Table 5.3: Channel valuesofi Tr e famdfiTét r af oi | 0
Z(3, 3) Z(4,4)

Channel Distortion Reconstructior Distortion Reconstructior

1 2048 2052 1484 1591
2 2048 1871 1468 1583
3 2048 1854 1468 1545
4 2048 2281 1516 1529
5 2048 2103 1468 1634
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2047

4095

4095
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2047
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2314

1258

1926

2845
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1557

2664

2955

2275

1416

2794

2992

2434
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2063

3579
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2258
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1070
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1468

1516

1339

1226

1774
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2000
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1226
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2000
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2694
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1554
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29 4095 3518 1758 2297

30 4095 3957 0 481
31 2048 2287 178 800
32 0 364 2694 2212
33 0 1396 2694 2242
34 2047 3269 178 1007
35 4095 4095 0 0

36 4095 3343 1758 2649
37 2048 2042 4095 4095

In table52 and tabl&63,t he FADiIi st ortiond columns are the
for the DM to enforce different Zernike Pol"
value of the actuators extracted from the reconstructed phase distortion. The reconstructed
channel valas closely resemble the imposed distortions.

The | argest mismatch in the case ATilto is
to 0.78@a). The |l argest mismatch in the case
of 515 (&d.d®m@9e Fbreftdhil 6, the | argest mismat
of 1396 (1.9%8) . And for the case fATetrafoi
absolute error of 1342 (1.8&). Althsugh the
under a constant shift (add the same value to each actuator), the worst reconstructed values

can serve as an upper limit of the reconstruction errors. All of the largest mismatched
actuators are at the edge of the DM (actuator #20 to actuator #36ai tie explained by

the fact that the reconstruction algorithm integrates the gradients of the phase distortion from
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the center point to the edge points of the I
accumulate and propagate to the outsitigaors.
Table54 provides the correlation and absolute RMS errors between the distortion values and

reconstructed values for all achievable modes of Zernike polynomials on the deformable

mirror. The mod¢€{ and modes higherth@fc ané6t be accurately enfor
in the experiment because the number of actuators in the DM is not adequate enough to

represent spatial oscillations in the radjysi{rection.

Table 5.4: Difference between imposed distortions and reconstructed distortions in basic

Zernike polynomials

Zernike Polynomial Correlation RMS Error
Tilt (Z31) 0.993 0.208a
DefocusZy) 0.9%66 0.59&
AstigmatismZ3) 0.975 0.32a
Comag3) 0.936 0.49a
Trefoil(Z3) 0.932 0.62a

Secondary AstigmatisnZf) 0.842 0.608

Tetrafoil ¢7) 0.904 0.598

In table54 , the HACor r el ahatihewncipselce thel noodenis recégoizes  t

compared to the reconstruction results. The results show that all the basic polynomial modes
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are recognized by the plenoptic sensitht he r econstruction al gorit
column demonstrates the averager for each reconstructed case of Zernike polynomials.
Compared with the maxi mum phase distortion i
on average 10% of the maximum magnitude of phase distortion.

To demonstrate a more general case where the distortion is a superposition of various Zernike

polynomialsa case of half ATrefoil o + half #ATetr af

Surface Constructed from DM Commands Image on the Plenoptic Sensor
400

phase distortion in terms of A
pixel number aleng Y-axis

100 200 300 400
pixel number along X-axis

Reconstructed Surface on DM ] Contour Map of Reconstruction

)=~
D)

-1 -0.5 0 0.5 1
X/R

0.5

&)

phase distortion in terms of A

2

Figure 5.10: Reconstruction results of a phase screen that combines 2 basic Zernike modes

The function of the distortion used is:

Z(r, ()=§[r4cos(4q)+ 3cos(3 )g 2 (6)
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where the parameters satisfy:

0o¢r @, g [0,2)

)

Figure5.10shows that for an arbitrary distortion, the plenoptic sensor isableta single

reconstruction process to recognize the major distortions in phase. In fact, the Zernike

polynomials can be treated as Eigeodes for a phase distortion and an arbitrary distortion

can be expressed with combinations of basic Zernike polgi®rmplus small local

distortions. Therefore, the reconstruction case in figut8is as accurate as the cases of

single mode Zernike polynomials. The correlation between the initial distortion and the

reconstructed results in terms of channel valugsis9 1 7

and

t

he

ARMS Error

The detailed channel values of the initial distortion and reconstructed distortion for figure

5.10are listed in table.5:

Table 5.5: Channel values for combined Zernike®P o | y nomi al+ mMTred fr aif lod | "

Channel Distortion Reconstructior Error

1

10

2144

2133

2133

2167

2133

2133

2167

2397

1962

1994

2266

2232

2330

2237

2317

2239

2400

2551

2016

2375

122

99

197

70

184

106

233

154

54

381
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11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

1962

2397

2509

1687

1962

2705

1962

1687

2509

3434

2192

1222

1903

1903

1222

2192

3434

3990

1242

1222

4095

4095

2428

2419

3005

1864

2196

2724

1696

1911

3023

3283

2419

1842

2126

2488

2107

2701

3864

4095

1962

950

2074

3848

3108

466

22

496

177

234

19

-266

224

514

-151

227

620

223

585

885

509

430

105

720

950

852

-247

-987
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34 1222 1142 -80

35 0 0 0
36 1242 2053 811
37 3990 3386 -604

Similar to the previousliscussions in different Zernike distortioases, the channel values

from the reconstruction resemble the initial distortion imposed by the deformable mirror.

Based on the full reconstruction results, corrections in the experimental setup can be quickly
applied by subtracting values sampled on the reconstructed phase frasti.dniaimum

of 90% phase correction can be achieved 1in

algorithm in this experimental platforms.

5.3 Fast reconstruction algorithm

The experiment diagram and picture of the instruments are shown agarbfigl
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Figure 5.11: Experimental setup for fast reconstruction algorithm

In the diagram shown in figure 5.11, a 5mW 632.8nmNidelaser source (Thorlabs:
HNLO50L) is used and expanded to a collimated beam with 40mm diaffieéebeam
propagates through a 50mm cubic beam splitter and reflects off the surface of the DM. The
reflected beam is truncated by the DM to an aperture with 30mm diameter and a superposed
phase change. Then the distorted beam with 30mm diameter isdlit@dhe plenoptic

sensor to measure the phase distortions as shown by theedddirrows in Figure 5.1A
secondary channel directs the distorted beam to a photodetector to measure the undistorted
amount of optical intensities as shown by the red ethsiirow in Figre 5.11 This

secondary channel uses an aspherical lens of focal length of 150mm and a pinhole with
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0.1mm diameter placed at the back focal spot of the lens. A photodetector (Thorlabs:
PDA100A) is put behind the pinhole. Thus, any sigmifichstortion will deviate part of the

beam away from the focal spot and reduce the intensity value on the photodetector.

The plenoptic sensor uses an Allied Vision GX1050 monochrome camera (1024102
resolution with 5.5 &em pi xel wi dt h, and o
objective lens has a clear aperture of 50mm and focal length of 750mm. The MLA used is a
10mmi 10mm microlens array with 30fuendn cel | w
Optics: #64476). Limited by the size of the image sensor, the plenoptic sensor has 18%1.8

(324) as the maximum number of image cells.

When no distortion is applied to the beam, the photodetector obtains the highest intensity

value and the plenoptiessor shows a round beam in one image cell (defined as the center

block). When a distortion is applied by the DM, the photodetector shows a drop of value and

the plenoptic sensor shows distributed patches in different image cells. Therefore, the goal of

SRGD correction (based on the feedback from the photodetector) is to maximize the intensity

value on the photodetector. The goal of guided correction (based on the feedback from the
plenoptic sensor) is to rehabilitate the image of the beam to the cecier blo

The i mage metric used on the plenoptic sens
measures the intensity sum outside the center block divided by a constant scaling factor. The
photodetector measures the power of the undistorted optic flux @md/entionally referred

to as fipower in the bucket (PIB)O [4]. We c|
sensor because of its simplicity and its complementary property with the PIB measurement

on the photodetector. Based on POB, one can impteameadvanced image metric that

varies significantly when some patches move further away from the center block.
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To initiate the phase distortion, we use the DM to mimic various modes of Zernike
Polynomialswi t h peak to peak value of 5.58a (8&=632
experimentally determined, and a | arger ma
enforced by the DM due to hysteresis effects in the piezoelectric actuators. Note that the

when he beam is reflected from the surface of the DM, the actual peak to peak phase

di stortion i s <l1le. Si rEgen mddds eof ad arbitraiy k e Pol
deformation on the DM, the expected iteration steps are bounded by the best and worst cases

of correcting those Zernike modes.

To correct the phase distortion, we use an
first uses the plenoptic sensor to iteratively use our fast reconstruction algorithm to correct for

the major phase distortion, aneithstart a conventional SPGD algorithm for optimization

when the beam is almost corrected (lower than a threshold image metric value). For
comparison, the HAPure SPGDO0O method is appli
strictly uses SPGD algorithm feach iteration step of correction.

For convenience of illustration, we wil/| fi
algorithm The results of ACheckerboardo reconst
chapter 3 in the entropy theory parc(¢ei on 3. 5. 2) . I n fact, the AC
is a mini version of the full reconstruction algorithm, and the speed up effect lies between the
ATreedo algorithm and t ko sinplicly,Iwe cae teatnthet r uct i ¢
ACheckerboarreconstruction algorithm as a balance between the full reconstruction and the

fastATrea reconstruction.
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5.3.1Static distortion

A detailed result of the fast reconstruction algorithm can be explaifigdria 5.12by using

the Trefoil deformation aan example. The uppkft plot shows the plenoptic image when

the Trefoil deformation is applied (the ntlominated image cells are not shown in this
plenoptic image). The uppeght plot is the maximum spanning tree that the algorithm
derives to recagze the major phase distortion pattern. The botsplot shows the
original command on each actuator of the DM to generate the deformation. Therlgbttom

plot shows the reconstructed phase for the actuators by using the fast reconstruction
algoritm. The maximum spanning tree indicates which set of pixels the fast reconstruction
should wuse -apot ifroarlnd a etoOwmlst ructi on of the p
reconstruction can be achieved by using all the pixels). In other words, thedastrtetion
algorithm makes use of the pixels that represent the location lgfltteelges rather than the
whole 2D plenoptic image, which brings down the input data requirement from 2D to 1D. It
is clear that the fast reconstruction recognizes the dotmpfease distortion correctin

other wordsthe one step phase compensation will be sufficient to fix most of the phase
di stortion in this ATrefoil 0o case.

Meanwhile, since th@Tree reconstruction uses only the pixels covered by the edges and
each edgespresents the local tip/tilt between neighboring actuatisdooking for the most
significant and notverlappingN-1 local tip/tilt deformations and connect them with a
figlobab tree structure. Parallel algorithm casobe invoked to extract therlge information

simultaneouslyecause they ageometricallyseparatedn the plenoptic image
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Figure 5.12 Fast reconstruction result for fiTrefoil d deformation

5.32 Adaptive optics corrections

To correct the phase distor on, we use an algorithm call ed
first uses the plenoptic sensor to iteratively use our fast reconstruction algorithm to correct for

the major phase distortion, and then start a conventional SPGD algorithm for optimization

when the beam is almost corrected (lower than a threshold image metric value). For
comparison, the fAPure SPGDO method is appli
strictly uses SPGD algorithm for each iteration step of correction.

We start with a simpleitilt case in Zernike Polynomials as showrfigyre 5.13
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Tip/Tilt Deformation (Z])

2 PIB for Guided SPGD Mode
—&— POB for Guided SPGD Mode
---------- PIB for Pure SPGD Mode
15 —e— POB for Pure SPGD Mode
-—--Threshold to Start SPGD Mode

Power Ratio

10’ 10’ 107 10
Number of Iteration Steps

Figure 5.13: Fast reconstructionresults for correcting Tip/Tilt deformation

In Figure5.13a tip (or equivalently tilt) deformation is applied by the DM. The aefdion

can be expressed as:
ZHr, g=AOr o ¢ e @) (8)

In equation &), i A & the magnitude of the phase deformatidal( 1,awhile } andd

represent the normalized radius and angle respectively.

As shown by the | egend, the solid blue Iline
SPGDO met hod. It is obvious that thhe maj or
guidance of the plenoptic sensor. Then the correction enters the SPGD mode to make tiny
random iterations to minimize the image metric (or equivalently, maximize the power

collected by the photodetector). At thdit@ration step, the beam has alyeaghched the

vicinity of the optimum point. This result
APl BO curve on the photodetector dat a, whi c
shown by the solid red | i netocondctdonthetsame N Pur e
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di stortion, it takes about 150 iteration st
method and many more iteration steps (about 800) to get close to the optimum point. The
difference can be intuitively explained: when ftipé#ilkt deformation is applied, it moves the

beam from one image cell to another on the plenoptic sensor. The movement is recorded by

all the 90 edges and the spanning tree will have every branch indicating the phase tipf/tilt (the
deformation can be fullyecognized regardless of which branches are selected). Thus the
correction orders for the actuator on the DM will correct the deformation directly iff the 1

step.

The ASPGDO met hod, on the other hand, wi ||
distribution (i.i.d) of Bernoulli(p=0.5)over sef + {IJ Jor each actuator, whetds a small

deformation. Then, it determines the gradient of the image metric over this small step and
tells the next movement whether to either f.
metric) or reverse thist ep (i f it 1increases the APOBO i |
magnitude of the gradient. Thus, improvement can be guaranteed in terms of every 2 iteration

steps. In practice, we make slight improvements on the SPGD to make assured convergence

in roughy every 1.5 steps by empirically equalizing the magnitude dfthd al st ep U wi
actual <correcting deformation determined by
the image metric value to accelerate the convergence (similar to the gain coefificibiet

formal theory of SPGD). Then, the SPGD methodaitliiler keep the deformation or reverse

the deformation to make assured decreasing in 1.5 steps (the trial step is actually the
correction step). However, with 37 actuators, the convergence is relatively slow because the

typical result of a random trial e makes littte improvement on the image metric

(statistically half of the actuator get closer to the correct deformation while the other half of
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the actuators get farther away from the correct deformation). Intuitively, for a DM with N
actuators, each i@tion step haél/2)" chance to guess the perfect directions of movement

for all the actuators. Therefore, given N=37, the chance that SPGD can generate significant
improvement in the first step is almost zero. The plenoptic sensor, however, has iligy capab

to recognize the major phase distortion and inform the actuators to move correctly not only in
terms of directions, but also in terms of proper magnitude. Thus, the extra intelligence
provided by the plenoptic sensor can dramatically reduce thdl cteps needed for beam
correction (or equivalently make convergence to optimization more quickly).

We should also account for the fact that the image based feedback loop takes longer per
iteration than the time required for a photodetector feedback kawpexample, in our
experiment, the image based feedback loop operates at 65 fps (9.2ms for image acquisition,
1.5ms for DM control and 4.6ms for computer process time including calculating the image
metric). Comparatively, the photodetector feedback tpepates at 482 fps (1.5ms for DM
control and 0.57ms for photodetector data acquisition plus computer process time).
Therefore, by regarding each guidance step from the plenoptic sensor as about 8 iterations in
SPGD mode, we can find the correspondingravgment in terms of time. For the tip/tilt
deformation, since there is only 1 step guidance from the plenoptic sensor, the improvement
by AGuided SPGDO method is still significan
We also stress that these execuiimes are currently constrained by working in a Microsoft
Windows environment with its associated overhead, and the max operational speed of our
current deformable mirror. Execution times per iteration can be dramatically improved by
implementing FPGA opation with a faster response deformable mirror. More results are

shown agollows:
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1.5

Power Ratio
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—8—POB for Guided SPGD Mode
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Figure 5. 14: Fast reconstruction result for correcting Defocus deformation

Astigmatism Deformation (Zg)

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

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

10° 10' 10° 10
Number of Iteration Steps

Figure 5.15: Fast reconstruction result for correcting Astigmatism deformation
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1.5
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Figure 5.16: Fast reconstruction result for correcting Coma deformation

Trefoil Deformation (Z7)
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Figure 5.17: Fast reconstruction result for correcting Trefoil deformation

176



Secondary Astigmatism Deformation (Zi)

2r PIB for Guided SPGD Mode
—&— POB for Guided SPGD Mode
---------- PIB for Pure SPGD Mode
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Figure 5.18: Fast reconstruction result for correcting SecondaryAstigmatism deformation

Tetrafoil Deformation (Z;)

2r = PIB for Guided SPGD Mode
—&—POB for Guided SPGD Mode
---------- PIB for Pure SPGD Mode
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Figure 5.19: Fast reconstruction result for correcting Tetrafoil deformation
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Figure 51%.19s how t he comparison between the MAGui
SPGD0O met hod for different orthogdbAal modes
the magnitude of the phase deformatian 1,3-anddas the normalized radius and angle.

We can expiss those deformations as:

Defocus 2(r, g= AG» (9)
Astigmatism  2(r, C)=§[r2®,os(2q) 1] (10)
Coma:  B(r, §=2[(ar®- 2 ) €os(4 y 4 (1)
Trefoil :  Z3(r, ()=§[r3c'h:os(3q) 1] (12

Secondary Astigmatism 327, ng[(4r4 -3F) éos(ay + (13

Tetrafoil ; Zi(r, ()'=§[ r* G&os(4q A (14)

The parameters from equati@) {0 equation14) should satisfy:
o¢r @, g [0,2) (15

As shown bythe results infigure 5.135.19 the AGuided SPGDO met ho
optimized phase correction much more effect
APl BO curve (prdoevtiedcetdory ftome thhleothioGui ded SF
deformation shows the exponentially increasing intensity on the receiver. This is also
reflected by the blue APOBO curve for the i
comparison, not ecutrhvaet ftolre fArPeud eA BSPBEIADO i n e

generally a concave curve with regard to the logarithm of iteration steps. This reveals that
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SPGD is more efficient in correcting weak distortion than in correcting strong distortion.

Equivalently, the sameocol usi on can be drawn by inspectin
for the APure SPGDO method in each defor ma
iteration steps is conducted by SPGD in bo

guidance from the pleptic sensor to find a much better starting point for SPGD than the
unguided APure SPGDO met hod. It costs very
help of the plenoptic sensor, and therefore, much faster convergence can be achieved by the
AGud d@PGDO0 approach.

For some cases fgwebldaansd mMTaiueddts ot hew AGui ded
SPGDO0O needs more than one step to accompl i st
value down t o t ledeto ttigger 8PSD anbdébr optimitatior). Tloisf A

means that one step fast reconstruction does not suffice to recognize all the major phase

di stortions. However, the algorithm wil/l it

distortion patterns and suppress them with pl@sapensation. Intuitively, the word

Asignificantodo means the |ight patches that
plenoptic image sequence for the first 4 guided corredticnps i n t he fADefocuso
5.14) are shown bifigure 5.20.

The stegby-step plenoptic images of the guided corrections show how the initial 4 correction

steps by the plenoptic sensor can effectively make a distorted beam converge to an almost
corrected form and trigger SPGD to perform the optimization. The-ligfpenage shows

the collimated beam on the plenoptic sensor. The upjgelle image shows how the
deformation distorts the Dbeam on the pl enc

introduces a hyperbolic phase deformation to the collimated beam and theke=am
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divergesover a range of angles, the plenoptic image sees all kinds of patches in different
blocks. The fast reconstruction algorithm picks up the outside patches (since they are largest
and most illuminated compared with other patches) andhes@stod reconstruct the phases

on the actuator to form a phase compensation suggestion for the next iteration. The upper
right image shows the result of first step correction. Clearly, the large and bright patches in
the outside image cells are eliminated! gpacked into inner image cells. Then, similar
corrections are formed iteratively in the second iteration (bottom left image), third iteration
(bottom middle image) and fourth iteration (bottom right image). After the fourth guided
correction step, the fl'eus is almost compensated as most of the optic flux is directed back
to the center image cell. If the image metric drops below the threshold value of 9, the fast
reconstruction will not see significant phase changes between vertices and we can invoke the

SPGD method to make further optimization with a few iterations.
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Figure 5.200 Pl enopti c i mages for each guided correction

guided correction steps were taken)

The image metric valuesoverthe r st 10 i teration steps with t
all the applicable Zernike modes (as showfigire.5.12~5.1pon the DM are presented in

Figure 5.21

It can be concluded frorigure 5.21that the major phase correction can be done by the

pengti ¢ sensor and its fast reconstruction a
experiments). Whenever the image metric value drops below the threshold value (M=9), the

SPGD optimization process will be triggered to fix the remaining weak aistoiti phase.

Since SPGD utili zidls rwhredem Ugues saens a(rbl tarar y
size) on each actuator of the AO device, the actual number of iteration steps fluctuates a lot to
achieve correction for the same distortion. Thus can be argued as funf

AGui ded SPGDo0o and APure SPGDO methods by pl
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since the APure SPGDO0O may get unlucky and r
out Abad lucko svengeplkeateBul®@O0SPGEDal metuhod t
Polynomial phase distortion case and selected the best correction case that requires minimum

steps to converge. The minimum step is denoted by an integénare starting with nzn

the normalized vart®mn of intensity on the photodetector is less than 2% (equivalently, the

image metric value is smaller than 2). The results are shown ifbfablée correction uses

the APure SPGDO method where the metric is t

POB Trend in the First 6 Setps for Guided SPGD Mode

——Z,

z
——mem Z;
Z
............................ P 213

.......
......

4
4
-+, v,

I Threshold to Start
SPGD Mode

......
......

Power Ratio

0 1 2 3 4 5 6
Number of Iteration Steps

Figure5.21: Fi rst 10 corrections steps for each defor mat
method

Table5.6: Mi ni mum iteration steps using fAPure

(best result through 100 repeated corrections in eadatase)

Zernike Polynomial Minimum Number of
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Modes SPGD lterations

Tip/Tilt (Z1) 199
DefocusZy) 238
Astigmatism#2) 162
Comag3) 214
Trefoil(Z3) 240
Secondary Astigmatisr#{) 304
Diamond{Zz) 210
It is easy to find that in the case ofaBh annel AO device, the best
cost around 200 iteration steps. Those resu

wit hout best case sed exRGDON.c orTrheec tp roensse nttyepd
at around 100 iterations. Thus, it is evident that the guided steps strongly speed up the
convergence of correction.

In fact, the philosophy behind the improvement is that we have implemented a wavefront

sensor thatan extract the major phase distortion within the channel. Therefore, with
deterministic direction and magnitude instructions for individual actuators in the AO device,

the phase distortion is significantly suppressed within few iteration steps (for examplO5 i n
our experiments). For the remaining weak d
further guidance since the center block will become the most illuminated cell, and SPGD can

be invoked to complete the correction (perform optimization).
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5.33 Real time correction for strong turbulence distortion

Based on the fast reconstruction algorithm, laser beam distortions caused by strong

atmospheric turbulence effects can be accomplished in real time. Because the

frequency of atmospheric turbulencehich predominantlyvaries from 10Hz to

100Hz, real time correction is possible when the correction speed of the adaptive

optics system exceeds 100Hz. Thedahle experimental platform is shown as:

1+t stage beam expander Pinhole & Non-polarizing
Hativiisin He-N& laser photo-detector beam splitter

— ‘-WMLA& image
: sensor

2"d stage beam

expander
Hotplate#2 .

Flat mirror
Hotplate#1

Equivalent

objective lens
Non-polarizing
beam splitter

Deformablemirror&  Poweramplifier forDM
millimeter mounting stage

Figure 5. 22 Experimental platform of real time correction of strong turbulence effects

In figure 5.22, a Hd\e laser source with wavelength of 633nm is located near

position | abel AAO0. I n propagation, t

~

expander neaBopasdtempahdbdl td a col

he |

i mat

10mm. The collimated beamis®®i r ect ed by a f 1l at mirror

into a second stage beam expander to be expanded into a 50mm wide beam. Then the

expanded beam propagates through aremély turbulent channel (2m) simulated by

a hotplate (near position | abel ADO)
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The surface temperature of the hotplate and the griddle is typically larger than 200F,

and the associated strong turbuleneffects will cause significant interference

patterns on the laser beam. At the end of the propagation channel, the distorted laser

beam propagates through a 50mm wide -polarizing cubic beam splitter (near
position | abel i F 0 )e nmarnord OK® DM withe88 actaators,a def or
near position | abel nGo) . T hsefrond hé or mabl e
reconstruction results to add a controllable phase to the distorted beam through
reflection. Because the deformable mirror has a diameter of 3dmencotrection is

focused to the center area of the 50mm wide beam. The phase modulated 30mm wide
beam is reflected from the DMO0s surface to
and redirected into theequivalentobjective lensin the plenoptic sems (near

posi ti onobjgctivelgns ha3 aneffective focal length of 3000mm and 30mm

di ameter. The f 1l at mirror near-pomaozeng ti on | a
beam splitter near position | abé&ehsinbKo rero
the microlens array (MLA) and f aos.t Threame r
MLA used is an Edmund optics MLA with pitch length of 806h and ef fecti ve
length of 46.7mm. The fast frame rate camera used is an AVT bonito camera with

400 fps. In order to assist measuring the quality of the correction, we also setup a side
branch from the beam spl it tphole Brrin posi t i
di ameter) and a phot ogetteoctmerasmue &r ppaweirt ii o
(PIB). The PIB value helps to indicated how much power of the corrected beam can

be directed into a target area. Intuitively, without any turbulence m@mase

modulation on the DM, the PIB reflects the entire power of3mm widebeam at
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the diffraction limited focal spot after the objective lens. When turbulence is
involved, thedi st orted beam canod6t be focused into
ampitude distortion on the bearAnd the goal of the correction is to compensate the
phase distortion in the beam so that a relatively tight focus can be achieved on the
photodetector.

In the correction process, the plenoptic sensor acquires a plenoptie onathe
distorted laser beam and the fast reconstruction algorithm quickly analyzes the
plenoptic image and forms a correction command to the Théd. DM will instantly

apply the phase correction to finish a unit iteration step of irave sensing,
analyging and correction. As a result, the correction helps to maintain a good optic
link and high PIB value. To show the difference with/without the correction, we
added a control signal to periodically turn on/off the correction.

The result of the PIB is sk as follows for various turbulence levels (all of them

fall in strong turbulence regime):
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Figure 5. 25: Correction result for 325F

In figure 5.235.25, we show the control signal, PIB signal and quantized evaluation
of the PIB signal respectively with the red, black and blue curves in each plot. When
t he red cur v e the guided borextion flom the plefioptic sensor is on.
When the red curve reaches | evel A0o, t he
flat. The black curves are plotted by the readout on the photodetector divided by the
correspondingeadout withotiturbulence (ideal alignment].he blue curves reflect

the logical outcomeof whether the instant PIB value passes a basic threshold value.
As shown in the previous section (5.3.2), the fast reconstruction can correct a major
beam distortion with almosine step (the worst case may require 5 steps). The major
correction will guarantee a PIB of 60% for correcting static distortion cases. It is
evident to show the same conclusion in correcting real time turbulence. The overall

FPS of the correction is 20@&hich means there are 200 iterative corrections in each
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second. In other words, each correction step takes only 5ms, where 2.5ms is the
image acquisition time, 1.5ms is the processing time for the fast reconstruction
algorithm and 1ms is the setup time foe DM. Therefore, a good optic link can be
maintained when the correction is on. Note that we have slightly increased the
threshold value from 60% to 70% in the 180F case to show that when turbulence
gets weaker, the correction will produce a betteultgdbecause correction will also
become easier).

The correction is not perfect (restoring 100% PIB) as there is still a 5ms time delay
before each correction is applied. Il n ot he
the small changes in the turbulea structure within the 5m#me delay.Therefore,

the real time correction is good enough to maintain a major power of the beam on the
desirable target area by considering this small imperfection reason due to limited
correction speed. In fact, ti@&?xL values can be determined on the plenoptic sensor
by measuring the angle of arrivalhe C,’<L values are 3.3x18 m*?, 1.7x10% m'”®,
3.8x10® m'” respectively for figure 5.28.25 respectively. These data is equivalent

to normalC,? values of strong tutdence (from 18° m?°to 10 m?3) for at least

3km channels. In application, it shall greatly benefit free space optics (FSO)
communication systems and directed energy (DE) apmitstiwhere the effective

range of a laser beam is severely limibgdime-varying atmospheric turbulence.
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Chapter 6:Combined Turbulenckleasurementd-rom Theory

to Instrumentation

In this chaptemwe will introducesome practicaplatforms/approachethat facilitate

the study of atmospheric turbulende section 6.1, a resistor temperature detector
(RTD) system will be discussed that can measure the local turbulence level by
measuring the coheremstructure in weak temperature fluctuations. In section 6.2, a
large aperture LED scintillometer systems will be introduced that can measure strong
turbulence levels. The transmitter of the large aperture scintillometer also has a laser
module that facitates the measure of lower levels of turbulence. In section 6.3, we
will talk about the modification of our plenoptic sensor into a remote imaging
platform that can identify the distribution of turbulence distortion in image formation.
With our plenoptic inage processing algorithm, we can remove most of the
turbulence distortion. In section 6.4, we show an enhanced back scattering (EBS)
system that exploit the reciprocity of a turbulent channel, which shows high potential
in turbulence analysis as well amang, tracking, and imaging applications.

The above instrumentations, when combined with advanced wavefront sensing of the
plenoptic sensor, will be able to pusiibulence studsto new leves. In fact, as the
phase and intensity distribution afdistorted beam can be obtained, it expands the
statisti@al characterization of turbulence experiments from intensity fluctuation to the
complex field of a laser beam. For example, EBS improves beam alignments between
the transmitter and the receivergthnowledge of distributed turbulence level by

RTD as well as imaging analysis of the target can be combined into the wavefront
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sensing result by a plenoptic sensor to form more intelligent analysis to improve

beam propagation by an adaptive optics (AQ}tey.

6.1 Resistor Temperature Measurement (R¥{Btem

Local amospheric turbulence @imarily results fromtemperature fluctuations the

air. As the equilibrium in | ocal air press
reguldes that increased air temperature results in decreased density of air and
refractive index. Therefore, for point measurement on the atmospheric turbulence

levels one can use the temperature fluctuations to indicate the refractive index
fluctuations. In ther words, we can use a precisanperatureprobe system to

estimation locaC,’.

In general, § extending Komogorov theory of structure functions to statistically
homogenoeous and isotropic temperature fluctuatianspower law can be derived

as.
D,(R=((T -T)) €R° <R | (1)

In equation (1)T1 andT, are temperature measurements at two close spots (separated
within inertial rangeof atmospheric turbulengeThe directionless spacing between
the spots is represented by R and theeinscale and outer scale of atmospheric
turbulence are represented lpyandL, respectively.To verify this power law weave

made use of 4 ultra precise air and gas RTD sensors (OMEGA/P0-1/8-6-1/8-T-

3) for point measurement of temperature as shafigure 6.1
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Figure 6. 1: Experimental platform of using RTD system to estimate locaC,? values

After callibration these probes can respond sensitively to a temperature change of
0.002K. As a resultfiroughly arranged? & 1 &0am, the 2/3 law of temperature

fluctuation structure is generally satisfied:
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Figure 6. 2: Examination of the 2/3 degradationpower law in spatial structure of air

temperature fluctuation

Thus he turbulencgarametelC, can be inferredrom temperature measurement of

C;? as:

n(R =1 +77.6 10° 1 752 18/ 2 Eg (2)
P
czo (79 10°AEL ye? ®
()
Consequently, the 3D sgieum of temperature fluctuations is expressed as:
_ 2 s 1 1
f.( A=0.0332 K°, E<< <k— 4)
0
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Due to the precision of temperature measurenikistyequiresa minimum value of
C. to satisfy:
C2

n,min

2N 3C gy Grorer 8 184 m?? (5)
This suggests that the temperature measur e
weak turbulence caseslowever, for strong turbulence lelg, it can effectively

provide G? data where saturatiortan become a problem for conventional
sdntillometers.

In order to verify the RTD system in providing reliakil¢ values, we combined the 4

RTD probes, a data acquisition and memory modadiaptingmounts as well as

weather proof housing into a compact platform and compared with data from

comnmercialavailable scintilometers. The platform is showmrfigure 6.3:

. -

Figure 6.3: Instrumentation of point C,> measurement with RTD probe system
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The verification experiment was conductedmh Thursday, October 22 to Frida
October 23 Smultaneous measurements of’@ere made with two conventional
optical scintillometers, the Scintek BLS 900 and the Scintek SLS 20, and two RTD
temperature probe systems that mea€yfelirectly and convert this 16,7,

The measurements veemade on the 1 km long TISTEF rarajeghe Kennedy Space
Center The BLS 900 was deployed over the full range with the transmitter at the far
end of the range and the receiver at the near end of the range (adjacent to the
buildings.) The SLS20 was depkxy over a 200 m range near to the buildings. Two
RTD temperature probe units were deployed, one at the far end of the range, near the
BLS 900 transmitter, and one at the near end of the range near the SLS 20 receiver.
At the beginning of experiments thedRTD units were operated next to each other

in the laboratory to verify that they were providing readings in good agreement. All
the computers collecting and storing data were time synchronized so that diurnal
variations of G from the scintillometers ahG,> measurements from the RTD units

could be computed. Figufe4 shows a composite of all the results obtained.
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Figure 6. 4: Scintillation data from two optical scintillometers and two RTD systems
It is interesting to noteéhat the SLS20 system and RTD system near it agree quite
well, and the BLS 900 and the RTD system near its transmitter also agree quite well.
But, the G? data from the full range and the’Grom the region near the buildings
are quite different. Duringgyiods of low turbulence the RTD systems generate some
noi se and canodt Jfalaes direcly. Allthese sffetts lare shewin  C

in detail in Figures.5.
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Figure 6.5: Scintillation data with comments
Figure6.6 shows the correlation between the BLS 900 and the far RTD system. These
data have been corrected for the RTD system by subtracting the effects of the average
noise on the measurements so as to increase the lower turbulence measurement range

of the RTD system
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Figure 6. 6: Correlation betweenmeasurements made with the SL0 and the adjacent RTD
system

Figure6.7 shows the correlation between the BLS 900 and the adjacent RTD system.
These data have been corrected for the RTDesy$ty subtracting the effects of the
average noise on the measurements so as to increase the lower turbulence

measurement range of the RTD system.
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Figure 6. 7: Correlation between measurements made with the BLS 900 and the adent RTD
system

We conclude from these measurements that the@ues measured on the range are
not uniform along its length. The data suggest that the turbulence is stronger near to
the buildings at the near end of the range. It is also interestimgteathat if the BLS

900 data is multiplied by a factor of 2 then the data from the two scintillometers lines
up quite well. Given the assumption thaf & gradually declining (from the near end

to the far end) over the test range of 1km, the followirgeetation should be

satisfied:

200



1) C.? close to the building (old RTD system)#Gor short range average near the
building (SLS20) > ¢ for the full range average (BLS900)%%Close to the end
(new RTD system)

2) Averaged G values for RTD systems at bothden G for the full range average
(BLS900)

Figures 6.6-6.8 show the good agreemenbetween the expected results and

experimental outcomes.
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Figure 6.8: Comparison of data from the two scintillometers
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Thus, we areonfidentthat it is adequate to use a precise RTD systeobtaingood

estimaesof local G2 data.

6.2 Large Aperture Scintillometers

Commercial scintillometers can be used to measure path ave@gealues.In
principle, a digital on/f§ signal is sent through the transmitter and collected by the
receiver in a commercial scintillometer pa@.’ is measuredy the scintillation
effects of the received signal. Due to aperture averaging effects, the sensitivity and
measuring range of aistillometer varies with different configurations. Especially in
measuring strong and deep turbulent channels, conventional scintillometer tend to
saturate because the significanatteringdegradation and beam wandering effects on
the transmitted signal. Therefore, we customized our own large aperture
scintilometer to assist field measurement for strong turbulence conditions.
addition, to supply & data when turbulence is relatively weak, we implement a laser
transmitter in the same channel.

The exmrimental platform of our laser and LED integrated scintillometer transmitter

can be shown as:
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Figure 6.9: Laser and LED integrated scintillometerés transmitter

The scintillometeds transmitter in figure 6.3 uses a 10 incldevLED beam that
sends 25Hz on/off signals. When the LED signal is off, the ambient sunlight signal is
measured and whehe LED signal is on, the summed signal of ambient light and
LED signal is measured and the actual LED signal can be detected bgcsabtr
(assuming that sunlight changes much slower than the transmitted signal). On top of
the scintillometer, there is a 2 inch diameter laser beam transmitter that sends 50Hz
on/off signals.

The fielddeploymenbf our customized scintillometer pairseownin figure 6.10:
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Figure 6.10: Pictures of scintillometer in experiments

To verify that our scintillometer provides reliable data, we made side by side
comparison with commercial scintilometers over a 240m channel.r@hdts are
shownin figure 6.11. This is suffident to show that our scintillometegprovides
reliable data on §& when compared with daprovided by commercial scintillometer

Note that a systematic ratio-8) between our large aperture LED scintillderedata

and commercial scintilometer datan beseen This is not surprising since different
scintillometers give different results for various reasons, such as sampling rate, height
above the ground, range length, @&at the generalp/down trend over time should

agree with each other.
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Figure 6.11: Side by side comparison between our customized LED large aperture scintillometer

and a commercial scintillometer (Kipp and Zonen LAS MK 11 )

6.3 Remote imaging system

Imaging through atmospheric turbulence in horizontal directions has been widely
studied over the past decadesogresses in imaging through atmospheric turbulence
can be madehroughbothhardware and software approaches. The hardware approach
will typically usea deformable mirror (or other adaptive optics devicentalify the

distorted wavefront so that the point spread functions on the image wdsblrable
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The software approacenerallyuses image/video processing algorithta retrieve
images thatare relatively clea of turbulence effectsBoth approaches haugeen
proved to be effective in specific well-defined cases.No general (wide-sense)
solution to imaging through atmospheric turbulence problems has been developed. In
fact, mostof the approaches are based on 2D imaging models and require external
referenceslt is evident froma light field anglethat conventional2D imagesd o n 0 t
provide adequate informaticaboutturbulence And cooperative referencesuch as
guide starswill be absent in general applications.

The idea of using a light field camera to tactically solve gheblemsof imaging
through turbulence in 4D provides a new direction. In thestion we will
demonstratea few convenient methadof using a plenoptic ssor to record images
through turbulence and retrieve the undistorted image. major trick is to use a
plenoptic sensor to further analyze a traditionally formed image behind a camera lens.
Without loss of generality, we assume that the image is formtde antrance pupil

of the plenoptic sensor.Intuitively, if the light field at the entrance pupil of the
plenoptic sensor happens to be light patterns of a focused image, each MLA cell will
form an image in uniformly distributed s@mgular space. In o#h words, each MLA

cell images the same object with slightly different light path from each other.
Therefore, a 3D lucky imaging algorithm can be realized on the plenoptic séhsor.
word A3Do refers to 1D in time dimension and 2D in spatial dimensiamther
words, lesides the image sequermeguiredover time, the extra 2 dimensions are
providedby the MLA cells(as an image array)

Mechanisms:
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When the optical signal of a scene propagates through an atmospheric turbulent
channel, the light field thatarries the information will suffer from random temporal

and spatial changes. For example, the image may be wandering around when we take
a sequence of images. Without loss of generality, one can simply express the

distortion of an image bthe superposibn law as:

L y)=t(xy) d(x ) (6)
In equation §), t1*(x, y) is the ideal image without turbulenaet ( is the ghgnge in
the image caused by atmospheric turbulence. Fopl&ity, we will call Gt ( x , y)
distortion, which is a 2D random variable. The ideal imat&, y) can be generally
regarded aghe mutual information for the image sequence collected at different
timestamps.
Intuitively, if the distortionis weak andpurely identical independent distributions
(i.i.d) over time, the imaging processing algorithm will be strikingly simple:
averaging over many frames. Unfortunately, the actual turbulence has correlations
within an inertial range marked by outer scélg) énd inner scaleld). The wandering
of an image is typically caused by turbulence structures comparable to the outer scale,
while the local intensity scintillation and oscillation of pixels are typically caused by
turbulence structures comparable to theemscale. Ifan image processirgpproach
just blindly uses the averaging methods, the sharp features of the image will be
blurred.
However, lucky imaging turns out to be a usefiiérnativeapproach. In general, one
can make segments on the imaging aaed, collect an image sequence over a time to

selectthe best features in each segment to assetnbleverallless distorted image.
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In other words, the lucky imaging approach issearchfor the minimum distortion
moment for each segment astidich thentogether

With the plenoptic sensor, the image is an array of cell imagesarthdifferentiatel

by slightly different vieving anglesTwo extra spatial dimensioran be addetb the
lucky imaging process. In fact, since the point spread function $potin the scene

is distributed into an array of point spread functions in different image cells, it
facilitates the selectiorof a cell imagethat contains the sharpest point spread
function. Therefore, besides the time dimension, the plenoptic sensuigs 2 extra

geometric dimensions to perform the lucky imaging process, as shown byditeire

Pixel (I, J)
B

Figure 6.12: Diagram of selecting the most stable pixels in 3D lucky imagingiethod on the

plenoptic sensor

In figure 6.12, we showthe principle of3D lucky imagingin finding the most stable
spot (in the scene) over time and space. Intuitively, the stableness in time represents
the minimum scintillation. The stableness over space (M and N indices) represents

the compensating gdient of the distorted wavefront. In other words, the first order

208



of local phase distortion can be directly compensated by a certain image cell that
represents the same tip/tilt. Therefore, the 3D lucky imaging not only provides points

that are stable ovescintillations, but also stable over wavefront tip/tilt. For
convenience, we call the set of pixels selected in the 3D lucky imaging process
isteady patternso. Once the steady pattern
one can assemble the patte to form an image that is strictly better than any cell

image in the recorded image space (the plenoptic image sequence). The assembling
process can be demonstrated with the following diagram:

Turbulent Projected ray path
eddies withoutturbulen}'\e

steady image
~ patterns

- 1]
- - - .
_______ -
Retrieved
v object profile

from multi
image sets

Figure 6.13: Assembling process for the steady patterns

Figure 6.13 shows that when the image pattern is spatially disrupted by atmospheric
turbulence, the spatial oscillation of a spot will cause minor movement of pixels
inside an image cell, and the angular oscillation of a spdt cailise intensity
redistribution of the corresponding pixels between the image cells. Therefore, by
using 3D lucky imaging to select the best features among all the collected cell
images, a strictly better image can be obtained. And in circumstances where
traditional | u c kised thenptegoptic gensorastillohas ektra 2

dimensions of spatial freedom to perform lucky imaging.
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Practically, the 3D lucky imaging on the plenoptic sensor requires solving a few more

technical problems. One of the ptems ishow to performthe image stitching once

the best patterns are acquired from the set of plenoptic images. This is because each

MLA cell has a slightly different view of the scene, and there is pairwise wandering

of cell images between any two arbity cells. Tls wandering between neighboring

cells can be solved by finding the maximum spot in the cross correlation function
between 2 cell images (since the majority of the pixels describe the same scene). The
different view of the scene can be hawdley reprojection to remove the trivial

difference of viewing angles. The image stitching problem can be illustrated by the

following diagram:
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Figure 6. 14: Image stitching problem to assemble the 3D lucky image

The second mblem is to track the pixels in a uniform pattern. Intuitively, a pixel

corresponds to a spot in reality, and if the neighborhood of a pixel is a uniform

pattern,

representatie pixels on the plenoptic sensor is hard to determine. To solve this

problem, we use the feature points for each cell image instead of all the pixels. The

t wi

be
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feature points arpoints withsharpestocal features in an image that can describe the
pixels with significant gradient to its vicinity. In other words, the feature points can
be traced much more easily than ordinary points in the image. The pixel tracing

problem can be illustrated by the following diagram:

Figure 6. 15: Diagram of using feature points to replace ordinary points for 3D lucky imaging on

the plenoptic sensor

Without loss of generality, weusei Har ri so6 corner detector to
points in each cel/l i mage o merteteedor ygsése nopt i C
the gradient of the image intensity map to find the corners of an image pattern. Since

all the cell imagsareon the same scale, we are not worried about the scaling variant
problem of the fAHarri so @@lng vagant pldeme ct or .
means if the image is magnified, some corner features will become smoother and the
AHarri so0 corner detector may be affected.
For example, if we use the plenoptic sensor to image a checkerboard, by applying the

AHar ri so c,ovecaracaptudeats geiccpbimts as shown by figuté:
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