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This document provides supplementary information to “Dynamic 2D implementation of 3D diffractive optics,” 
https://doi.org/10.1364/OPTICA.5.001220. It presents additional information on diffraction efficiency analysis, 
system limits discussion, and experiment details of 3D diffractive optics. 

1. DIFFRACTION EFFICIENCY ANALYSIS3D diffractive optics has several interesting advantages relative to thin DOEs in terms of diffraction efficiency, spectral/angular selectivity, as well as new functionalities such as synthetic 3D spatial-temporal wavefront encoding, engineered space-variant functions, and space-time pulse shaping. Here we show the diffraction efficiency can be controlled and enhanced by proper design, due to the additional degrees of freedom provided by the third dimension, compared to 2D DOEs.       The system parameters of importance are the number of layers, 
N, layer separation, ∆ , pixel sizes in the x and y directions, ∆  and ∆ , and number of pixels in the x and y directions, Nx and Ny. For the examples shown here, ∆  =∆  =8 , ∆  =486 . We change 
N =2, 4, 6, …, 20, Nx = Ny=256, 1024.       We implement a frequency multiplexing scheme with two wavelengths, 633nm and 532nm, to encode two desired reconstruction functions. For the purpose of investigating diffraction efficiency, the target images are two off-axis spots at different locations. The first (second) spot, which corresponds to the 633nm (532nm) illuminating wavelength is located halfway (three quarters) from the center to the edge of the far-field grid used.       The 3D diffractive optics are designed with the POCS algorithm with distribution-on-layers optimization. The two spots are reconstructed as designed, namely the first spot (left) shows up for 633nm wavelength reconstruction, and the second one (right) for 532nm. The diffraction efficiency of both spots as functions of the number of layers and the number of pixels are shown in Fig. S1. It takes less than 1 minute to finish the design at two layers with 256×256 pixels, on a 2.8GHz quad-core CPU with 12Gb memory. The diffraction efficiencies for the two spots are 64.55% and 66.68%, respectively. As the number of layers increased to 20, the diffraction efficiencies increased to 70.28% and 72.07%, 

respectively. As we use 1024×1024 pixels in each layer, the diffraction efficiencies for the two spots are 74.11% and 75.16%, respectively, when the number of layer is 2. The numbers increase to as large as 83.26% and 84.77%, respectively, as 6 layers are used in the design. Designs with more layers are beyond the computational power of a personal computer but are still possible with more powerful hardware. 

Fig. S1.  Diffraction efficiency as functions of the number of layers and the number of pixels in each layer. The solid red line is the diffraction efficiency of the first spot as a function of the number of layers with 256×256 pixels. The solid green line is the diffraction efficiency of the second spot as a function of the number of layers with 256×256 pixels. The dashed red line is the diffraction efficiency of the first spot as a function of the number of layers with 1024×1024 pixels. The dashed green line is the diffraction efficiency of the second spot as a function of the number of layers with 1024×1024 pixels.       This result, like all other results, confirms the hypothesis that 3D diffractive optics indeed provides additional degrees of freedom to enhance system performance such as diffraction efficiency. One 

https://doi.org/10.1364/OPTICA.5.001220


wom
2.SLpareSLHobeto leaSLeff     pixscilluis fore     shandiThfrobedidethSephwhlinreprde3rddrstrge     mcaredilevLalaylayshillu20armacalimto ThAc

ould expect furtmore layers and m
. SLM DEVIATLMs are commoarticular, reflectesponse time andLM addresses arowever, the refetween the appl the non-ideal pad to performanLM phase drifts fficiency and rela The 3D diffractxels in each layecheme, namely “umination. The 486 m. The sir “C” and 65.5%espectively.  The investigatihown in Fig. S2. n SLM that is nrection of the inhe result is the pom the original be 0.8, 0.6, and thffraction efficieeviation becomehe DC term. Accoecond, we test hase. This occuhich is a built-nearly convert tesulting phase roperly adjustinesigned layers ad, and 4th order, arop more as higronger DC termenerated.  Third, we add map. This is to simause a spatially vesults for randoffraction efficienvel increases, anast, we investigayers. The designyer can be shifhows the reconsumination as t0 . The corresre plotted in Figmisalignment tolecceptable reconignment toleramultiplexing sche 50  with reshe diffraction effcceptable recon

ther improvememore pixels. 
TIONS AND Mon devices for tive SLMs are md higher fill factorbitrary phase prflective display lied voltages andproduction procence degradationon 3D diffractiative error. tive optics is deer. Letter “C” an“C” with 633nm pixel size is 8mulation yields% for “U”, with ion is conductedFirst, we test thnot properly cancident beam isphase modulatioby a constant cohe 0.4, as is showncies for the faes larger and as ordingly, as expethe effect of a rs when there -in mechanism the gray level oretardation of ng the applied are converted inas is shown in Fgher order nonm shows up as random noise wmulate irregularvarying phase reom noise levelsncies of both pand speckles startate the effect ofn is up-sampled fted distances astructed patternthe second layesponding diffracg. S3a. The resuerance could be nstructed patterance in longitueme, the secondpect to the 486fficiency and relanstructed patte

ents in diffractio
MISALIGNMENlight manipulatmore popular bor. The ideal pharofiles onto a cohpanels usually d the designed ess [1–3].  Those. Here, we invesive optics in teresigned of 2 layend “U” in a frequillumination and

×8 m, and ths diffraction effica relative errord in three aspecthe linear deviatioalibrated, or ths drifted from thon from the SLMoefficient. We sewn in Fig. S2a. Tfar-field patternmore energy bected, the relativenonlinear deviare errors in tin the SLM’s of the input phathe liquid cryvoltage. The pn a nonlinear faig. S2b. The diffrnlinear deviationwell as larger with different lerities of liquid cesponse of the SLs of 20%, 40%atterns are impat to appear in thef misalignment 8 times such thaas small as 1n under both 63er is misalignedction efficiency aults show that wup to 1 pixel (8rns. Visualizatioudinal directiod layer is misalig layer separaative error are perns are obtain

on efficiency wi
NT ANALYSIStion purposes. ecause of shortase-only reflectiherent light beasuffer deviatiophase values, due distortions coustigate the effect rms of diffractioers with 128×12ency multiplexind “U” with 532nhe layer separatiociencies of 62.5r of 0.16 and 0.1ts. The results aon. This applies he wavelength he designed valuM is linearly shiftt the coefficient The correspondinn decrease as theing transferred e error increaseation in the SLthe look-up tabcontrol circuit ase pattern to thystal molecule bphase map of thashion, for the 2raction efficiencins are induced. errors are beinevels to the pharystal cells, whiLM. Fig. S2c show%, and 60%. Thaired as the noie background. between the twat modeling of th. Visualization33nm and 532nd from -20and relative errwith 2 layers, th) and still yieon 3 shows thon. In frequengned from -50ation in the desigplotted in Fig. S3ned from in th

ith 
In ter ive m. ns ue uld of on 28 ng 
nm on 5% 14 are to or ue. ted to ng he to s. LM ble to the by the 2nd, ies A ng ase ch ws he ise wo the n 2 
nm to ror the eld the ncy  gn. 3b. the 

misaligbecome

Fig. S2.deviatiowith thnonlinereconstlevels oimages.

Fig. S3diffracticorrespschemethe two
3. MUAngulafunctiondiffractthe intecrosstaoptics cWe var

gnment range fre more critical a

 Simulation resuon of the phase he correspondinear deviation of 2tructed images. of 20%, 40%, an. 

3. Simulation reion efficiency anponding to 633ne, are plotted as ao designed layers.
ULTIPLEXING ar and frequennalities of thetive optics. Hereerval between thalk of the encodconsisting of 4 ry the angular in

rom -25  to 2as the number of

ults for SLM phasmap of 20% (0.ng reconstructed2nd, 3rd, and 4th o(c) phase map wnd 60% with the 

esults for layer nd relative error 
nm and 532nm a function of rela. 
LIMITS  ncy multiplexine proposed 2e, we provide a he multiplexed aded informationlayers, with 12nterval in angula

25 . Alignmenf layers is increa

se deviation analy8), 40% (0.6), and images. (b) porder with the cwith added randcorresponding r

misalignment of the two far-fin a frequencyative shifting dista
ng are the tw2D implementadiscussion on tangles or wavelen. We design 328×128 pixels oar multiplexing, f

nt tolerances ased. 

ysis. (a) linear nd 60% (0.4) phase map of corresponding dom noise at reconstructed 

analysis. The field patterns, y-multiplexing ance between 
wo important ation of 3D the impact of engths on the 3D diffractive n each layer. from 0.02° to 

2



1°Figwin  

FigfredisNointreintas      3Dennowasm~2
4.Fooppixmto thre     acwhspseim

°, and plot the ng. S4 (left) showe conclude the sthis example is 

g. S4. Crosstalk equency multiplesplayed for deormalized error terval betweenconstructed imagtervals. Bottom r a function of wav In frequency mD diffractive optncoding waveleormalized error avelength intervmallest waveleng20nm. 
. EXPERIMENor the design of ptics presented xels in each laymultiplexed outpu 3mm. To supprhe designed layeesults are shown The SLM is horccommodate bothere the first lpherical mirror aecond layer is dimplementation. 

ormalized errorws the plot and rsmallest angular~0.2°. 

measurement fexing (right). Topesigns at selectin angular muln the two reges are displayedright: Normalizedvelength intervalmultiplexing, we tics, and encode ength for “U” and reconstructvals are shown igth interval to av
TAL DETAILS the 7-function fin the main teyer to 256×256ut fields. Accordress the backgroers are padded n in Fig. S5. rizontally divideth layers. The belayer is displayat a small distanisplayed. Fig. S5

r as a function oreconstructed imr interval to avoi

for angular multp left: The reconsed angle intervtiplexing as a fueconstructions. d for designs at sed error in wavell between the twouse the same p“C” at 633nm wfrom 632nm ted images for din Fig. S4 (right)void sever cross
frequency multipext, we expande6 to prevent crodingly, the beam ound light unaffwith tilted blaed into two parteam first incidenyed, then imagnce front of the le5 left is the phot

of angular intervmages, from whid severe crossta

tiplexing (left) anstructed images avals. Bottom leunction of angulTop right: Telected wavelengength multiplexio reconstructionsparameters for thwhile changing thto 583nm. Thdesigns at select). We conclude thstalk in this case
plexing diffractied the number osstalk among thsize was adjustfected by the SLazed gratings. Ths, left and right, nt on the right paged by a concaeft part, where thto of experiment

val. ich alk 

 nd are eft: lar The gth ing s. the the he ted the e is 
ive of the ted M, he to art ave the tal 

Fig. S5wavelenblazed dashed the SLM
5. DESIn this sdiffractthe lettilluminpatternfield im 

Fig. S6.device inumber
Refere
1.   Z.

cry
2.   D

"C
va

3.   R
co
74

 

5. Designed langths. The contigratings to matcircle) while supM. 
SIGN OF 16-LAsection, we prestive optics for freters “C” and “U” nation, respectivns, which impromages to reach 77

.  Phase patternis designed to mr in each layer is 1
ences 
. Zhang, Z. You, a
ystal on silicon (L
. Engström, M. P

Calibration of spa
arying phase resp
. K. Banyal and B

orrections for a liq
4, 961–971 (2010

ayers for frequinuous phase patch with the beappressing the bac
AYER 3D DIFFsent the results equency multipfrom the “CU” lovely.  Fig. S6 soves the diffracti7.4% and 81.8%

ns of 3D diffractivmultiplex “C” and128×128, and th
nd D. Chu, "Fund

LCOS) devices," L
ersson, J. Bengts
tial light modulat

ponse," Opt. Expr
. R. Prasad, "Non
quid crystal spati

0). 

uency multiplexatterns are paddeam profile (indickground of light 
FRACTIVE OPof a design for alexing of 2 functogo, with 633nmshows the desion efficiency of% from 62.1% an

ve optics with 1d “U” in frequenhe phase values a
damentals of pha
ight Sci. Appl. 3, e
son, and M. Goks
tors suffering fro
ess 21, 16086–16

nlinear response s
al light modulato

 xing with 7 ed with tilted icated by red unaffected by 
PTICS a 16-layer 3D tions, namely 
m and 532nm signed phase f the two far-nd 65.4%. 

 16 layers. The ncy. The pixel are 8 bits. 
se-only liquid 
e213 (2014). 
sör, 

om spatially 
6103 (2013). 
studies and 
or," Pramana 

3




