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1 Introduction

Sincethe inventionof digital holography manyalgorithms
have beenproposedio solve the problemof designingan
elementto transforma given light distributioninto another
desiredlight distribution! An interestingcandidatefor this
challenge is the iterative Fourier transform algorithm
(IFTA). This term was introducedto characterizea family
of algorithms that bounce back and forth betweentwo
spaceselatedby a Fouriertransform?™ Thefirst IFTA, the
errorreductionalgorithm, was proposedfor digital holog-
raphy in the early seventies. Gerchbeg and Saxton
adaptedit for phaseretrieval problems® and the error
reductionalgorithmis consequenthalsoreferredto asthe
Gerchbeg-Saxton algorithm in the literature. The error
reductionalgorithmwasextensivelystudiedby Fienupwho
introducedthe input-outputclassof algorithmsto speedup
convegence’® However both the errorreductionand the
input-outputalgorithmswere not suitedfor elementswith
discretephasevalues(binary or multilevel DOE). For the
design of phase-only computergenerated holograms
(CGH) such as the kinoform, various improvementsto
IFTA were proposedn the last 20 years>*%% As a con-
sequencethe optical engineerfacing a designproblemnow
hasthe delicatetask of choosingthe mostsuitedvariantof
the IFTA. Algorithms with more parametersometimesal-
low animprovedconvegencespeedwisebut mostly allow
avoiding being trappedinto local minima. However this
wider choice of parameterss also synonymousto added
complexity for the optical engineer The designerneeds
more experienceto masterconvegenceand to pick the
best-suitedalgorithm instead of the most primitive ones
suchasinput-outputanderrorreduction'® Consequentlyit
is importantto identify which addedcomplexity brings a
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real improvement.We aim at giving someadvicefor this
choice,basedon our experiencewith severalof the varia-
tions of the IFTA.

Among the severalusesof the CGH, threeare of par
ticular interestin digital holography:beamshaping,beam
splitting, and patternor image generation Although they
arethreeaspectof the samedesignproblem,theydiffer by
the merit functionsusedto characterizeheir performance.
For example,imagegeneratiorwill not in generalrequire
the highestpossiblelight throughputfrom the optical ele-
ment,while beamshapingtaskswill. Similarly, beamsplit-
ting is usually usedto divide a light beaminto several
sub-beam®f equalpowerwhile imagegeneratiorrequires
pixelsof differentintensitylevels.This articleaimsat com-
paringvariousalgorithmsfor beamshaping.Beamshaping
is mostcommonlyusedin high-enegy laserapplications,
such as laser branding or photolithographic
illumination 1”8 Theseapplicationsoften require minimal
enegy losses,implying the use of phase-onlyelements,
suchaslensesandkinoforms.

In Sec.2, we describethe variousalgorithmswe have
tested.The criteriawe useto quantify their relative perfor
manceandthe beamshapingdesignproblemwe utilize are
tackledin Sec.3. Then,in Sec.4, we presentthe results
comparingthe raw performanceof the algorithms.Finally,
Sec.5 furthersthe discussiorfor eachalgorithm,consider
ing easeof use,speedof convegence,and stagnation.

2 Description of the Algorithms

The first IFTA variant, the errorreduction algorithm, is
well known andwill be usedhereasa referencelts prin-
ciple is explainedin Fig. 1. At iteration k, the complex
amplitudeof the light field in the signal plane A, is back-
propagatedo the CGH plane,leadingto the complexam-
plitude a,. The CGH constraintsare then appliedto pro-
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Fig. 1 The principle of the iterative Fourier transform algorithm. The
dashed box denotes the input-output kernel.

ducea new amplitudea, . CGH constraintsdependon the
fabrication technology In general, for kinoforms, the
modulusof the amplitude|a,| is identified to the modulus
of the incident illumination. Additionally, for multilevel
and binary elementsthe phaseof a, hasto be quantized.
The new amplitude a, is propagatedo the signal plane
leadingto a complexamplitudeA; . The goal to achieve
being Ao, the signalplaneconstraintsare now enforced,
i.e.,| A is replaceddy Agqy to produceA, . 1, whichis the
startof a newiteration.Fienuphasshownthat,for continu-
ous phaseelements this algorithm succeededn reducing
the errorsat everyiterationin their respectiveplane,hence
the nameerrorreduction’

If the CGH constraintsare enforcedstrictly, the errorin
the CGH spaceis not relevant,and only the error in the
resulting signal is of interest. The two propagationsteps
andthe applicationof the CGH constraintscanbe grouped
in the input-outputalgorithm kernel/® symbolizedby the
dashedbox in Fig. 1. Among the variants of the input-
outputalgorithm,we havechoserthe onegivenby Egs.(9)
and(10) of Ref. 7. Fienupcalledthis variantoutput-output
in alaterarticle® The signalordersarechangedrom itera-
tion k to k+ 1 accordingto

A 1=Ax+ BAAgriving k (1)

with

AAdriving,k: |AgoaH2 expli- arg(Ali)]
—exfi-ag(Ag I} — Ay, 2

where B is a free parameterusually chosencloseto one.
The input-outputfamily is speciallydesignedo give high
efficiency andimprovedconvegence,speedwiseThe two
otheralgorithmsof the family arethe input-outputandthe
hybrid input-output,which will be mentionedin Sec.5.
The two previous algorithmsare known to give poor
performancevhenthe CGH is constrainedo discretephase
levels. They have a tendencyto convege to the nearest
local optimum, failing to find the desiredglobal optimum.
To overcomethis failure, many improvementshave been
introduced.Studieshave beencarried out on the role of
designfreedomsin the performanceof the CGH>'° If the
desiredlight distribution is only constrainedin a limited
region of space,the value of the complex amplitude A,

@

Fig. 2 Soft quantization on four levels of phase in the complex
plane. At the beginning, the phases are spread over the entire an-
gular interval of 27 (a). They are progressively projected onto the
four phase levels (b) until the quantization process is ended (c).

outsidethis areacan be arbitrarily chosenby the designer
This possibility is referredto as amplitude freedom.Fur-
thermore,in mostapplicationsthe phaseof the generated
light distribution can also be chosenarbitrarily by the de-
signer This secondfreedomis called phasefreedom.Fi-
nally, in someapplicationswherethe fidelity of the gener
atedsignalmattersmorethanthe level of light throughput,
a scalefactor canbe utilized by the designerto adjustthe
power repartitionbetweenthe signaland noiseareas.This
scalefactor freedomis the basisof the tuning of the algo-
rithms by a techniquecalled overtensing,which will be
coveredat the end of this section.

The threefreedomspresentedhboveare not specificto
discretephasedesign,but happento be more necessaryn
this case.A most noticeableadditionalimprovementspe-
cific to discretephasedesignis the soft-quantizationcon-
ceptproposeddy Wyrowski Soft-quantizatiorconsistsas
shownin Fig. 2, in quantifyingprogressivelythe phaseval-
uesof a, in theelementplane At a giveniteration,only the
points whose phaseis containedinside intervals centered
aroundthe discretephaselevels are quantized.The inter-
vals areprogressivelyenlageduntil all the phasesrecov-
eredandthe CGH is treated.Most of the time, this algo-
rithm is not usedalone, but as the final step of a more
generalschemethat we will referto hereasthe three-step
algorithm. The completedesignprocessstartsby generat-
ing acontinuousCGH whereall the poweris constrainedo
be in the signal (use of phasefreedomonly). Then, the
amplitudefreedomis introduced allowing the signal qual-
ity to increaseat the expenseof the apparition of noise
outsidethe signal. This resultsin an optimizedcontinuous
CGH. Thenonly, the soft-quantizatiorprocesds appliedto
obtainthe discretephaseCGH. A recentvariantwasintro-
ducedin which the soft quantizations partially performed,
andrepeatedseveratimes,thelasttime leadingalwaysto a
completequantization:* This variant introducesnew pa-
rametergo adjustthe convegenceof the IFTA.

A fourth algorithm of interestis the overcompensation
algorithm proposed by Prongue for continuous beam-
splitting elements® Although originally introducedasa fi-
nal stepto optimizefurther resultsobtainedby the simplex
downhill method, overcompensationcan be used alone
with good results?® The amplitudesA, in the signal win-

dow of the outputplanearemodifiedfor A, . ; accordingto
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where (|A;|) is the averageof the |A;|. Thus, the low

power ordersare setto highervaluesand the high power
ordersareattenuatedThis techniquerequirestaking careof

the conservatiorof the power by re-normalizingthe total

power at every iteration. Also, one hasto avoid the cases
where the denominatortendstoward zero and implies di-

vergenceof the correspondingalueof |A, 4| in Eq. (3). It

hasto be notedthat the amplitudesin Eq. (3) can be re-

placedby intensities,without changingmuch the conver

gencepropertiesof the algorithm?® This algorithmiis re-

stricted to binary signal distributions, but can be easily
extendedo generaldistributions,by changingEq. (3) to

|AgoaJ
| A

A=A (4)

Overcompensatiorwas also proposedsimultaneouslyby
Farrf! and hasbeenrediscoveredecentlyby Liu.®

Anothervariationof the IFTA worth of interestwaspro-
posedby Arrizon .12 The authororiginally introducedit for
para-geometricadnd continuoussolutions,i.e., continuous
profiles that are closeto solutionsdesignedby meansof
geometricaloptics and whose phasecan be unwrapped.
However we havefound it interestingto includeit in our
tests, even with discrete phaselevels, and random start
phasedistributions.It is characterizedy the possibility to
reducethe desiredenegy within the signal,i.e., to usethe
scalefreedom.Wheneverthe uniformity is not improving
enoughduring an iteration, the efficiency goal is slightly
decreasedllowing the uniformity errorto belowered.The
algorithmstopswhena givenuniformity goalis reachedpr
in the caseof stagnationWe havechosenn our testto stop
whena uniformity error of 0.5% wasreached.

Lastly, we studiedanotherrecentalgorithmproposedy
Johansson for continuous profile CGH, called
up-scaling?®?3This algorithmis basecbn a conceptsimilar
to overcompensationTwo real-valuedthresholdsare de-
finedin the signal spacea lower A, anda higher Ay,
aroundthe desiredrealsignalvalueA,,. Thesignalorders
are changedaccordingto

Amax if |AI,<|SAmin
|Aci1]=1 Amin it [Agl=Amax ©)
2Ag0a—|A| otherwise

Thenoiseordersarenot modifiedin the original algorithm.
IFTA as describedhere doesnot seemto be tunable,
with the exceptionsof the variationsproposedoy Arrizon
and Fienup.However the designerusually utilizes a tech-
nigue called overtensing,which canbring someflexibility
to errorreductionand its derivatives.This techniqueex-
ploits the scalefactorfreedommentionedearlier Insteadof
replacing the signal amplitude A; by Ay, to generate
Ay 1, thesignalordersarereplacedoy yAyq, Whereyis a
scalar If vy is superiorto one,the IFTA is saidto be over
tensed,andif inferior to one,undertensed We haveused
this techniquein orderto makethe errorreduction,the up-
scaling, and the three-stepalgorithms adjustable.For the
input-output,we have usedthe B parameterto tune the

Fig. 3 The signal window W (in gray) defines the area of the output
space where the constraints are applied. For beam-shaping pur-
poses, it is often decomposed in a zero frame W, and a non-zero
signal area WAW, (dashed).

convegence Overcompensationvasnot tuned,but we re-
tained the configurations of best efficiency and best
uniformity.

3 Test Pattern and Performance Criteria

The study of the variousalgorithmshasbeenrealizedfor a
very simplesituation,the shapingof a uniform waveinto a
squarelight distribution of uniform intensity This corre-
spondsto a patternof Ng,ge,s= 15X 15 orders.We havere-
ducedthe study to a small CGH composedof only 128
X128 pointsperunit cell. The startphaseof the algorithms
wasrandom,but the samefor everycomputatiorto allow a
relevantcomparisonWe hadthe option to imposea frame
of zerosaroundthe squarepattern.In this case,the signal
window W containeda sub-windowW,, as showin Fig. 3.

The resultswe presenthere were obtainedwithout zero
frame,but we tacklethe topic in Sec.5. Sinceefficiencyis

an important requirementof beam-shapindasks,the ele-
mentwas a kinoform, i.e., a phase-onlyelement.The task
wasto designsuchanelementwith continuousgight-level,
and binary profiles. Although we chosethis problemwith

beamshapingin mind, this also correspondgo a classical
beam splitting situation, where the incoming light is di-

videdinto 225 spotsof equalintensity locatedon a 15Xx15
grid of points. Consequentlythis study is also valid for

beamsplitting applications.

Different criteria are usually encounteredn the litera-
ture for measuringhe performancef illumination designs.
At a giveniterationk, the generateccomplexamplitudeis
composedf pixels that we denoteby the index . For the
sakeof simplicity, we omit the iteration numberand note
the complexamplitudeA; . The mostinterestingfor beam
shapingis often the efficiency the ratio

2J EW\W0|AJ|2 (6)
=
VSR
of light in the signalwindow WAW, to thetotal light in the
output space.The intensity presentin the zero frame W,



leadsto a parasiticnoisethat cannotbe accountedn the
efficiencyandis measuredy the zeronoise
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For beam-splittingelements,which are often designedto
generateequallyintenseorders,the uniformity of the setof
ordersis oftenmeasuredby its min-to-maxuniformity error

I max— I mi
U= _max mlny )

I max+ I min

wherel;=|A;|? andl y,=min(l;) and| y,=max(;) arethe
intensitiesof the weakestand the strongestordersof dif-

fractionsrespectivelyThis errormeasurds alsocommonly
usedin generaillumination design Anothermeasuref the
uniformity is the normalizedstandarddeviationof the in-

tensity of the diffraction ordersin the signal

[Z)cww, (1~ mean 212
o= 9
Zjeww,lj

wherel 020 is the meanof the signalintensitiesin WAW,,.

Additionally, in the literature,one canfind othercriteria
suchasthe signal-to-noiseaatio (SNR) or the meansquared
error E. However they aremostly usefulin designof CGH
for imagegeneratiorproducinglight distributionswith sev-
eral levels of intensity We will thus not usethemin our
study For beamshapingelementsgeneratinga binary in-
tensity patternsuch as the oneswe are interestedin, we
preferthe efficiency uniformity error, andthe zeronoise.

In general,a merit function can be built up from the
previousformulasfor any specificdesigntask.Whencom-
paredto direct optimizationtechniquessuchas simulated
annealing® or direct binary searctt® it is noticeablethat
IFTA cannotuse the merit function to acceptor rejecta
changen the optical elementandconsequentlyannotuse
it to reliably controlthe convegence The merit functionis
mostly a measureof the evolution of the IFTA process.
Attempts have howeverbeenmadeto influencethe algo-
rithm basedon the merit function whenit is composedf
antagonisticcriteria, suchas efficiency and uniformity er-
ror, or efficiencyand SNR1326|n this situation,onecan
approximatelyrelatethe value of the merit function to the
value of the overtensingfactor y. Thesealgorithmsare
howeverdifficult to masterandreliable only for somespe-
cific merit functions. Additionally and more simply, it is
possibleto monitor the merit function during the optimiza-
tion processandto retain the configurationof the bestit-
eration,which canbe differentfrom the ultimate iteration.
Of course,this strategyis only applicablewith algorithms
wherethe completeset of constraintsis satisfiedat every
iteration,which is not the casefor the three-steplgorithm
becausef the soft-quantizatiomature.

If the resultof the IFTA is not satisfying,one canim-
provethe procesduy chainingvariousalgorithms.Onecan
associateseverallFTA suchasin the three-stepmethod°
or the recentvariation of the overcompensatiorby Liu.®
One can also associatelFTA to anotherfamily of algo-
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rithms, suchas downhill simplex® or direct binary search
(DBS).?” However in all thesecasesthe IFTA stepinflu-

encesstrongly the final results,and the conclusionsof this

study are still relevant.On the other hand,combiningdif-

ferentfamilies of algorithmsrequiresmoreexperiencérom

the engineer Combinationdimited to IFTA arethus more
interestingfrom an engineeringpoint of view.

4 Results of the Various Algorithms

We now tacklethe quantitativeresultsobtainedfor the de-
sign problemdescribedn Sec.3 with the algorithmspre-
sentedin Sec. 2. The efficiency # is plotted versusthe
uniformity error U for the resultingoptimizedsolution.For
eachalgorithm, the different points correspondo different
valuesof the tuning parametermostoftenthe overtensing
factor y. The figuresillustrate the overall performance®f
the algorithmsandtheir flexibility. In sucha plot, the data
correspondingo the bestresultsarelocatedin the top-left
corner

With respectto the conditions of computation, two
points have to be stated.First, as previously mentioned,
every optimization processstartedfrom the samerandom
configuration.Second,we ran the samenumberof itera-
tions (1200 for eachalgorithm. This number quite large
for IFTA, waschoseno ensurethateveryalgorithmwould
reacha stablestate.An exceptionwas madewhen stagna-
tion was encounteredand the algorithm was exited to
avoid uselesscomputationsFor the three-stepalgorithm,
we divided the total numberof iterationsequally between
the threesteps.

4.1 Continuous Phase

Theresultingefficiencyanduniformity error for a continu-
ous phaseCGH are presentedn Fig. 4. As seen,most of

the algorithmsperformwell. It is noticeablethat sincesoft-

guantizationis not used,the secondandthird stagesof the
three-step algorithm are actually equivalent to error

reduction. However the presenceof the first phase-
synthesisstageimprovessignificantly the performanceof

the algorithm. This emphasizeghe role of choosingor

building a good startdistribution for IFTA, which the first

stagerealizes.

A furtherlook at the curvesshowsthat threealgorithms
are performing very well. Overcompensationthe three-
step algorithm, and the variation by Arrizon are reaching
high efficiency with low uniformity error Concerningthe
last one, it should be noted that the points are located
aroundU = 0.5%. This is dueto our designchoice,which
was, as statedin Sec. 2, to tamget 0.5% for this criterion.
Up-scaling,three-stepmethod,and errorreductionappear
to be very tunable,with the presenceof a clear trade-of
betweenefficiency and uniformity error.

4.2 Eight-Level Phase

Figure 5 presentghe plots of efficiency versusuniformity
error for the designof an eight-levelelement.The differ-
encewith the continuouscaseis obvious for most algo-
rithms. Both the algorithmsaimedat continuousphasede-
sign (up-scaling and Arrizon’s variany and the first-
generationalgorithms (output-outputand errorreductiorn)
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Fig. 4 Comparison of efficiency and uniformity error of a continuous profile design with various algo-

rithms; (b) is a magnification of (a).

fail in optimizing the uniformity error We may, however
note that all the algorithmsstill performwell from the ef-
ficiency point of view.

Two algorithms are now clearly apart: over
compensationand three-stepwith soft-quantization.We
will not draw conclusiongrom this curve abouttheir rela-
tive performanceThe differenceis not significant,andwe
have observedoppositeresultsfor a different problem?®
However we observethat the three-stepalgorithm allows
usto balanceuniformity versusefficiency which canbe an
interestingfeaturefor the optical designerThe conclusion
is that they both out-perform the other algorithms, and
achievesimilar results.

4.3 Binary Phase

With drasticallyreduceddesignfreedomsthe convegence
of the optimization processis no longer straightforward.
The multiplicity of local optimausually trapsthe process,
and mostof the algorithmsstagnateafter a few iterations.
This is obviousfrom Fig. 6, wherethe gap betweenover
compensationand the other algorithms has increased.
Among the not-optimalalgorithms,the three-stepone still
presentghe option to allow eithergood efficiency or good

uniformity by sacrificing the other criterion. Additionally,
up-scalingnow seemsto be the second-besalgorithm for
overall performance.

An interestingpropertycanbe observedn Fig. 6 andto
alesserextentalsoin Fig. 5. Thealgorithmsusingthe scale
freedomexhibit curveswith chaotic behaviors,especially
when comparedto the regularity seenfor continuouspro-
files. This illustratesthe fact that modifying the scalefactor
(overtensingand undertensing is not a completelyreli-
able parametetto tunethe IFTA, as previouslymentioned
in Sec.3.

5 Discussion

In this section,we discussin more details the resultsfor

eachalgorithm,andtry to takeinto accountthe easeof use
andflexibility in our appreciationMost of the conclusions
found herearenot new andhavealreadybeenstatedin the

literature.We merelywantto reasserthemwith respecto

our test.

5.1 General Observations

From the previouscurves,two generalconclusionscan be
drawn.First, therole of the startphasds importantto reach
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agoodsolution. It is responsibldor the differencebetween
errorreductionandthe three-steplgorithmfor continuous
phaseln practice,the designemwill benefitfrom the possi-
bility to launchseveraloptimizationprocessesvith differ-
ent start phases.He will then comparethe results and
choosethe bestconfiguration.Building a good start phase
is alsoa possibility Para-geometricadolutions,as seenin
Arrizon’s original article, usually result in a higher
efficiency!?28

Secondthe useof the scalefactorto tunethe efficiency-
uniformity trade-of is very effective. For phaseelements,
sincethe amountof enegy is conservedthis scalefactoris
easilyintegratedin the algorithmby the overtensingtech-
nigue. In general, overtensing implies increasing effi-
ciency while undertensing meansincreasinguniformity.
The threealgorithmsthat usethis technique namelyerror
reduction,three-stegechnique,and up-scaling,are the al-
gorithmspresentinghe highestvariability of efficiencyand
uniformity in our test. Additionally, an advantageof the
overtensingis thatit allows betterconvegencefor multi-
level structures.

5.2 Input-Output Family

As we can seefrom the simulations,choosingthe param-
eter 8 in Eq. (1) to tune the performanceof the output-
output algorithm is not effective. Most of the resultsare
similar, with high efficiencyand poor uniformity, with val-
uesof B rangingfrom 0.5 up to 500. Also, the resultsare
similar for the threetypesof DOE, which suggestshatthe
algorithm is not able to take advantageof the additional
designfreedomsof the continuousprofile.

As mentionedin Sec.2, we chosethe variation called
output-output.The reasonof this choice is illustratedin
Fig. 7, where we comparethe performanceof the three
variations. While the overall behavior is the same, the
output-outputexhibits a slightly better efficiency in the
threetests.

Input-outputalgorithmsare usually good for speedof
convegence,and were an appreciablamprovementwhen
introducedin the early eighties.However they shouldnot
be seriouslyconsiderecanymorefor designtasks.

5.3 Over-Compensation

Overcompensatiomasconstantlyshowna remarkableper
formancein this test. It is noticeable,however that this
techniquehasnot often beenusedin practice.We attribute
this mainly to lack of knowledge dueto the low numberof
articles where it was described. Nevertheless, over
compensatiorexhibits some drawbacksthat are not out-
lined by the testwe haveperformedhere.

First, there are design situations where over
compensatiordoesnot achievehigh performancelndeed,
Eq. (3) divergeswhenthe valueof the denominatois close
to zero.Consequentlyovercompensatioris often not effi-
cient at imposing zero or low-intensity valuesinside the
signalwindow. Thus, overcompensations well suitedfor
flat-top beamshapingandbeamsplitting, but not for image
generationAlso, it is not optimal for shapinga beamto a
distribution with areasof low enegy suchas a Gaussian
profile.

Furthermorepvercompensatiofis notgoodatimposing
windows of zeroenegy, suchasthe oneillustratedin Fig.
3. The zeronoiseN is usually strongerfor this algorithm,
especiallywhencomparedo the three-steplgorithm.
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Fig. 7 Comparison of the results of the three variants of Fienup’s

algorithm, namely input-output, output-output, and hybrid output-
output.



Lastly, overcompensationis insensitiveto the use of
overtensing,andwe still haveto seea parametethat can
allow easytuning. This restrictsthe freedomof the optical
engineerSincewith respecto uniformity thefinal iteration
is not guaranteedo be the bestiteration, we recommend
the useof a merit function during the optimizationprocess,
in orderto retainthe bestiteration of all.

5.4 IFTA Variation by Arrizon

The conclusiondrawnfrom thetestis thatthis algorithmis
only to be usedfor continuousphasewhich is the field it
was proposedfor. Neverthelesspur testshowsthat in ad-
dition to the para-geometristart phaseof the original ar-
ticle, it works alsowith arandomstartphaseWe think that
it is worth implementingthis algorithm, sinceit gives a
simple control to the designeron the evolution of the opti-
mization processThe centralidea of the algorithmis that
since uniformity and efficiency are competing,and since
overtensingthe IFTA increase®fficiencyat the expensef
uniformity (and vice versa, the overtensingis decreased
progressivelyuntil acceptableuniformity is reached.This
ideacould be appliedto otheralgorithms,at the condition
thatthey are affectedby overtensing.

5.5 Three-Step with Soft-Quantization

This algorithmexhibitsvery interestingcapabilities While
it is comparableo the overcompensatiorin performance,
it canbeappliedfor amuchwider rangeof designssuchas
imagegenerationsinceit is not sensitiveto the presencef
signalordersof low value.

On the otherhand,a typical drawbackof this technique
is the presenceof isolatedpixels in the CGH pattern.Ap-
plication of filters suchas the medianfilter hasbeenpro-
posedto overcomethis issue?® The overcompensationon
the otherhand,seemgo be naturallyimmuneto this defect,
and generallygeneratesnore symmetricalpatterns.

We have mentionedin Sec.2 the existenceof a recent
variationof the soft-quantizatiorstep,proposedn thefield
of imagegenerationWe havetestedthis algorithmin our
beamshapingproblem,and have not found it to produce
significantly better CGH. Sinceit introducestwo supple-
mentaryparametersvith no straightforwardphysicalsigni-
ficationandthusrequiresmuchmoreexperiencewe advise
optical engineerdo considerthe three-stepalgorithmwith
soft-quantizationas a better candidatefor beam shaping
and beam splitting problems.The comparisonfor image
generations the subjectof Ref. 14.

Finally we would like to point out thatour experiences
that the three-stepalgorithm performsvery well with re-
spectto the noiseN of Eq. (7) whena window of zerosW,,
is imposed,asillustratedin Fig. 3.

6 Conclusions

We havecomparedvariousvariationsof the iterative Fou-
rier transformalgorithmin orderto give the optical engi-
neeradvicefor the choiceof the mostsuitedprocedureto
design phase-onlycomputer generatedholograms.Three
algorithmshave shown good performancegor continuous
phaseelements,namelyArrizon’s variant, three-stepwith
soft-quantizationand overcompensationThe lasttwo are
alsothe only onesthatexhibit goodperformancesvhenthe

phaseis quantizedWe advisethe optical engineeito avoid
outdatedalgorithmsandto concentraten thesethreevari-
antsin order to have fast and effective design processes
whenaiming at beamshapingand beamsplitting.

Additionally, we have stressedhe needto take some
carein the choiceof the startpoint of the IFTA, andhave
shown the possibility to adjust the variants,which is an
importantparameterfor the designer

It mustbe notedthat the problemwe have usedexhib-
ited a low degreeof designfreedom,dueto the smallnum-
ber of pixelsused.In practice the designershouldincrease
the number of pixels for such a designto obtain better
results.We chosethis situationasit outlinesthe capability
of the algorithmsto performwell with drasticdesigncon-
straints.
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