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ARTICLE INFO ABSTRACT

Keywords:
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Spatial light modulators (SLMs) are optoelectronic devices that spatially modulate the properties of an incident
electromagnetic field, such as its amplitude, phase, or polarization. They are used to generate dynamic Diffractive

Complex modulation

Distance-based iterative Fourier transform
algorithm

Far-field diffraction

Diffractive Optical Elements

Optical Elements (DOEs), which are normally configured as pure-amplitude or pure-phase DOEs. In this work,
we propose to generate complex modulation with a single SLM for optimizing the performance of DOEs. For
that, we fill, as evenly as possible, the Argand plane, representing the complex amplitude of the DOE, with the
modulation curve provided by the SLM and the polarization plates used. Also, we modify the Iterative Fourier
Transform Algorithm to design complex DOEs and implement them in the SLM that works in an amplitude-
phase configuration. For the simulations, we have considered that the modulation curves are spiral-shaped. We
have verified that their far-field diffraction patterns present more uniformity, less background noise, and higher
diffraction efficiencies than when pure-phase configuration is used. For the experimental verification, we have
calibrated a LCoS SLM and optimized the azimuths of the polarizers and quarter-wave plates, placed before and
after the SLM, to obtain the optimal modulation curve. The diffraction pattern generated by the studied complex
DOEs presents a 32% increase in diffraction efficiency and a reduction of 85% in background noise compared to

the phase DOE.

1. Introduction

Spatial Light Modulators are programmable devices that can control
the intensity, phase, or polarization of light in a spatially varying man-
ner. They have applications in many fields such as microscopy [1], quan-
tum information processing [2], structured light [3], or beam shaping
[4]. SLMs are commonly used in pure-phase or pure-amplitude configu-
rations. Nevertheless, complex light modulation has gained importance
as it is a powerful tool for many optical applications like holography
[5], polarimetry [6], metasurfaces [7,8], and Vector Diffractive Optical
Elements (VDOEs) [9], among others.

By adding polarizers and/or quarter waveplates, SLMs generate
pure-amplitude or pure-phase DOEs. They are typically designed using
the Iterative Fourier Transform Algorithm (IFTA). This algorithm, ini-
tially proposed by Gerchberg-Saxton [10], is used to generate DOEs that
only modulate one property of light at a time, based on a desired far field
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intensity distribution. IFTA offers several advantages for design DOEs,
such as computational efficiency and fast convergence. However, as it
is a deterministic method, the solution is sensitive to the initial random
seed, often leading to a local minimum rather than the global optimum.
With the aim of increasing DOE:s efficiency, several modifications to this
algorithm have been suggested. One of the first modifications consisted
of applying the algorithm’s constrains to specific regions of the image to
increase the degrees of freedom and, consequently, enhance the perfor-
mance of the DOEs [11,12]. In addition, other variations of IFTA have
been proposed, as the use of a relaxation parameter that controls the
convergence rate [13,14], the combination of the IFTA with differential
evolution algorithms [15,16], or the adaptation of the IFTA to the vec-
tor formalism [17]. Moreover, non-iterative approaches are also used for
the efficient design of DOEs, using analytical phase encoding or direct
calculations [18,19].
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Fig. 1. Scheme for complex modulation with a transmission SLM.

For the generation of complex modulation with SLMs, several config-
urations have been explored. A common technique consists of combin-
ing two consecutive SLMs. For example, Lima et al. [20] optimized two
displays independently for phase-only and amplitude-only configura-
tions, respectively. However, the optimal configuration for each display
individually may not be the optimal configuration when both displays
are considered, meaning that they may not provide true amplitude and
phase modulations. On the other hand, Bordakevich et al. [21] per-
formed the optimization of the whole system to exploit its modulation
capabilities. Since both works use two SLMs, the cost and difficulty
of the set-up alignment increases, besides the fact that two different
masks must be calculated. Double-pass SLM configuration is also used
to achieve complex modulation. Macfaden [22] and Rosales-Guzman
[23] proposed this technique dividing the SLM into two halves and per-
forming a double-pass with a single SLM, respectively. These methods
sacrifice resolution and also present alignment issues that can lead to
cross-talk between pixels. Also, Hasegawa and Inoue [24] grouped sev-
eral pixels together to achieve complex modulation, which reduces the
effective resolution of the SLM.

In this work, we propose the use of complex modulation using a
single SLM to improve the performance of dynamic DOEs implemented
on SLMs. For that, we evenly fill the Argand plane, i.e., the amplitude-
phase plane, with the modulation curve (MC) of the SLM. We calculated
this MC from the Jones matrices of the SLM and the polarization plates
placed before and after the SLM, whose azimuths are optimized using
Particle Swarm Optimization (PSO) algorithm.

Since the modulation curve of the SLM is complex, we also propose
a modification of IFTA algorithm, labeled as distance-based IFTA (D-
IFTA), to design complex DOEs. This method minimizes the distances
between the electric field of the DOE and the allowed values of the previ-
ously optimized MC of the SLM. This D-IFTA incorporates the MC of the
SLM, facilitating the design of complex DOEs by efficiently exploiting
the capabilities of the SLM. This contribution demonstrates, computa-
tionally and experimentally, how a complex modulation DOE can be
realized using a single SLM. The optical set-up shows advantages over
other methods, such as simplicity of alignment and no loss of resolution,
allowing an easier integration of this type of DOEs.

2. Modulation curve of SLMs

Let us consider a LCoS SLM to implement dynamic DOEs. Since, its
electro-optical mechanism changes the polarization properties of the in-
cident light, each value of voltage (or grey level) can be modeled as a
2x2 Jones matrix, J gy ,,(k), where k =1,---,K, and K is maximum
grey level. Polarizers and retarders are used in combination with SLMs
to transform this polarization modulation into phase or amplitude mod-
ulation. Fig. 1 shows an example of a modulation configuration with
transmission SLMs. An incident circularly polarized light beam passes
through the Polarization State Generator (PSG) formed by a linear po-
larizer, P, and a quarter wave-plate, Q, the SLM, and the Polarization
State Analyzer (PSA), formed by a quarter wave-plate, Q,, and a linear
polarizer P,. The emerging electric field after the set-up results in

Eoy (k. 6) = Tpsp(0p,.00,) - Tsim (k) - TpsG(0p, .00, - Eiy . ¢8)

where E,-n represents the Jones vector of the input light,

JIps(0p,,00,) =T 010g,) - I p1(6p), 2

Ipsa(0p,,00,) = I p2(0p,) - T 2(0p,),

the symbol - corresponds with the matrix product, the parameters 6p ,

GQI s on’ and 0 p, are the azimuths of the polarizing elements, and 6 =
[ Ix 0o ! ’0Q2 .0 P, ) is a vector with the four azimuths to be determined.

Once the azimuths are fixed, the emerging electric field, Eout(k),
corresponds to the modulation curve of our system, which can also be
expressed as

E (k) = MCIk]p = Ae'¥p, )

where p is an unitary linear polarization vector, which will be deter-
mined by P, and which is not relevant for most applications. Therefore,
the shape of the MC depends on both the azimuths of the polarizers and
quarter-wave plates of the PSG and PSA, and the Jones matrix of the
SLM. For example, when phase modulation is required, the azimuths
are selected so that A, = 1 and ¢, € (0,2x]. This means that the MC
forms a circle in the Argand space. Moreover, other MCs are available
by selecting the appropriate azimuths for the polarization plates.

3. Distance-based Iterative Fourier Transform Algorithm

The Iterative Fourier Transform Algorithm is commonly used to de-
sign DOEs for far field applications [25,26]. It determines the phase
profile of a DOE to produce a target intensity distribution at the far
field by using the Fast Fourier Transform (FFT) approach. As an initial
seed, the algorithm uses a random phase and the amplitude of the target
at the image plane. Then, the Inverse Fast Fourier Transform (IFFT) of
the field is applied to determine the DOE, resulting in complex values,
DOE[i, j] =A[jei¢if, where i=1,--,M and j=1,---,N, being M x N
the number of pixels of the DOE. This means that the mask should
modulate both phase and amplitude at the same time. Since this is not
normally possible with manufactured DOEs, restrictions on the DOE’s
modulation are applied. For example, for a phase DOE, the restriction
imposes removing the amplitude modulation: DOE[i, j] — Ae'®, where
A is constant over the SLM. Next, the FFT is applied to the restricted
DOE’s field to obtain the diffraction pattern at the far field. As the first
evaluation of the amplitude of the calculated field is usually very differ-
ent than the desired target, the algorithm starts iterating between the
DOE plane and the far field plane, using the last calculated phase dis-
tribution at the far field plane instead of a random one. The iterations
continue until there is not further improvement in the far field distribu-
tion, obtaining the DOE’s phase map as the final result.

When analyzing the Argand plane, the restrictions applied to the
electric field for the phase DOE are quite hard, as it requires a large
displacement, d; s for each pixel of the DOE to the phase MC, that is,
the circle with radius 1, A, =1:

dij = HAijeWij _ Akeilf’k H ~ HA[jeiqﬁ,»/ — ol

=1-Ay;, C))

where ||-|| represents the distance at the complex plane, A; ~ 1 Vk, and
¢ ~ ¢;;, as long as the MC has enough sampling along the rim of the
unit circle of the Argand plane.

Using the set-up of Fig. 1, a softer restriction than that of the pure-
phase DOE, Eq. (4), is possible by filling the Argand plane with the
SLM MG, Eq. (3), as evenly as possible, so that the displacements of the
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Fig. 2. Scheme of the D-IFTA used to design complex modulation DOEs.

DOE’s field, DOE[i, j], to MC[k] are shorter. In this work, we propose
a modification of the IFTA based on the minimization of the average
displacements between DOE], j], i.e., its amplitude and phase, and the
MC][k] produced by the SLM system. The distance-based IFTA also uses
the FFT and IFFT to propagate the electric field between the object and
image plane, and applies amplitude constrains in the image plane. How-
ever, in the object plane, we calculate the distance between the electric
field of the DOE with each point of the constrain modulation curve,

d;;() = IDOEi, j] - MCIKT = || 4 ¢4 — Aeis . (5)

Then, we replace the amplitude and phase of the DOE in each pixel by
those with the smallest distance to the constrain modulation curve:

DOE[i, j] - MC[K'], (6)

where k’ is the grey level of the MC closest to A; je["’ff . Therefore, af-
ter defining the seed with random phase and the target amplitude, a
whole iteration of the proposed algorithm covers the following steps
(see Fig. 2):

1%%: Determine the transmittance of the DOE, DOE[i, j] = A; jei‘l’if,
using the IFFT.

2nd: Calculate the distance between the field of the DOE, DOE[i, j1,
respect to the field of each point of the constrain MC|[k], according to
Eq. (5).

3"d: For each DOE’s pixel, replace the amplitude and phase (4; i $ij)
by the nearest value of the constrain modulation curve (A, ¢;/), ac-
cording to Eq. (6).

4th; propagate the new DOE to the image plane using the FFT and
replace the amplitude, A’, by the target’s one, Ayge;-

We have implemented the proposed algorithm using the Python
package Diffractio [27] (see supplementary material).

Our goal is to design complex modulation DOEs that fills the Ar-
gand plane as much as possible to minimize the average distances d;;.
However, we have to keep in mind that our complex DOEs will be lim-
ited by the constraint modulation curve of our system, MC[k], defined
by the polarization properties of the SLM and the polarization elements
included in the set-up.

For the numerical simulations, we chose a spiral-shaped MC[k]
(shown in the upper left corner of Fig. 2), defined as
MCIk] = k ik,

[k] = —e€'k’, @)
since it fills the Argand plane by means of the y parameter, which is the
maximum phase shift of the spiral that determines the available phase
variability of the MC. We have analyzed complex DOEs with spiral-
shaped MC featuring different phase shifts. We have also simulated a
pure-phase MC to compare our results with those of the standard IFTA.
We studied the performance of several targets and, as an example, we
showed the results obtained for a square flat-top. Fig. 3 displays the MC

used in the D-IFTA (blue curves) along with the intensity pattern gener-
ated by the designed complex DOEs in the image plane. In the plots of
the MCs, we have also shown the points that forms the Argand plane as
black dots, whose size represents the minimum displacement to the MC.
As y increases, the distance between the Argand plane dots to the clos-
est point of the MC is shorter and, therefore, the size of the black dots
decreases. This performance is also shown in Figs. 3e and 3f, which dis-
play the decrease of the mean and maximum distances when increasing
y. On the other hand, the resulting flat-top using a y = 2z spiral-shaped
MC (Fig. 3b) has more background noise respect to the pure-phase one.
We think that it is due to the lack of symmetry of the spiral MC com-
pared to the phase MC. However, the uniformity of the flat-top and the
background level improve notably with spiral-shaped MCs with higher
phase variability y (Figs. 3c and 3d).

This improvement is also observed in Figs. 4 and 5. The first one
shows the intensity profile of the resulting flat-tops using a pure-phase
DOE and complex DOEs with spiral-shaped maps of y =4z, y = 8z,
and y = 16z, respectively. Both intensity profiles, at y = 0 (Fig. 4a) and
the average one (Fig. 4b) show that, as the MC fills the Argand plane,
the flat-top fluctuations decrease. Fig. 5 shows the dependence of some
quality parameters of the designed DOEs as a function of y. As the seed
of the IFTA is random, we have repeated the simulation 32 times for
each y value. Then, we have calculated their mean values (black dots
of Fig. 5) and we performed an empirical fitting (black dashed line of
Fig. 5), where the fitting functions are shown inside each subfigure. In
addition, we have plotted the error bars of each mean value calculated
as the standard deviation (STD) of the values obtained in the 32 simula-
tions. It is shown that our algorithm is very robust from y = 3x. Figs. 5a
and 5b show the uniformity, measured as the STD, of the flat-top and
background zones, respectively. In both cases, the STD drops sharply as
y increases from 2z to 4z and then, the STD decrease is smoother. The
red dashed lines represent the STD of a pure-phase DOE, which reaches a
value of 16.6% and 0.6% for the flat-top and background zones, respec-
tively. However, a complex DOE with y = 8z already achieves standard
deviations of 6% and 0.2%, showing the enhancement of complex DOEs
compared to phase ones. Finally, we have calculated the diffraction ef-
ficiency of the obtained intensity patterns, defined as the fraction of the
total power in the image plane falling into the flat-top region Q and can
be expressed as

3 //Q I;(x,y)dxdy
ffmgc Lp(x, ydxdy’

where 1 ,(x,y) represents the intensity in the image plane and Q. the
region outside the flat-top. Fig. 5c shows the diffraction efficiency as a
function of y and it proves that a y = 5 spiral-shaped MC already ex-
ceeds the diffraction efficiency of 94.6% of a pure-phase DOE. Therefore,
in view of these results, the use of complex modulation DOEs allows us
to achieve intensity distributions more uniform, with less background

)
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Fig. 3. Modulation curves for (a) a pure-phase DOE and spiral-shaped DOEs with (b) y = 2z, (c) y =4, and (d) y = 8z, respectively. The points of the Argand
plane are shown as black dots, whose size represents the minimum distance to the MC. The far-field diffraction pattern generated by each designed DOE is shown
to the right of the MCs. We have used logarithmic scale in the intensity plots to enhance the influence of the background as y increases. (e) Mean and (f) maximum
distances between the points of the Argand plane and the spiral MCs, in terms of y.
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Fig. 4. (a) Normalized intensity profile at y = 0 and (b) normalized average intensity profile for the flat-tops generated by the designed DOEs. The profiles have been

shifted along y-axis a value of 0.5 for their proper visualization.

noise and with higher diffraction efficiencies when we have enough
phase variability.

4. Experimental results

We analyzed experimentally how the designed complex DOEs can
be implemented with a single SLM. Fig. 6 shows the set-up used, which
is also valid for measuring the Jones matrix of the SLM. A He-Ne laser,
with a working wavelength of 4 =632.8 nm and a Gaussian beam pro-
file (Melles Griot), is filtered and expanded using a x40 microscope
objective, a 10 um pinhole and a collimating lens. Then, the light passes
through a polarizer (P,) and a quarter-wave plate (Q,) to generate circu-

larly polarized light. The beam is reflected in a mirror and goes through
the PSG (P; and Q). Then, the beam passes through a 50:50 beam split-
ter (BS) which directs the light to the reflective SLM. We have used the
PLUTO reflective LCoS modulator (Holoeye), which has a 1920 x 1080
pixels array and a pixel size of 8 um x 8 um. After the beam is reflected
by the SLM, the light passes through the PSA (P, and Q,), whose polar-
ization plates are placed on RSW-E rotation motors (Zaber) like those of
the PSG. Between Q, and P,, we included a 4-f system (f’ = 100 mm)
that can be used to image the DOE generated on the SLM plane on a
camera. We added a lens with a focal length f’ = 80 mm to observe
the far diffraction patterns of the DOE on the camera. In particular,
we have used a 72BUC02-ML CMOS camera (Imaging Source Europe
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DOE, while the black dashed line corresponds to the fit applied to the parameter values of the designed complex DOEs. Error bars are computed as the standard
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Fig. 6. Experimental set-up used to analyze complex modulation DOEs using a SLM. This set-up is also valid for determining the Jones matrix of the SLM. A He-Ne
laser beam is filtered and expanded, and passes through a polarizer (F,) and a quarter-wave plate (Q,) to set its polarization to circular. The beam directs to the PSG
(P, and Q,) and, then, to a beam splitter in order to illuminate the SLM. The beam is reflected by the SLM and goes through the PSA (P, and Q,) and a 4-f system
to transfer the SLM plane. Finally, the light is captured by a camera to measure the far field distribution of the DOEs or focused on a photodetector to determine the

Jones matrix of the SLM.

GmbH) with 2592 x 1944 pixels and a pixel size of 2.2 x 2.2 um2. On
the other hand, to measure the Jones matrix of the SLM (see Eq. (1)),
we have replaced the camera by a PDA100A2 photodetector (Thorlabs).

First, we have calibrated the SLM to optimize its MC. We have mea-
sured its Jones matrix, J g; s, which can be expressed as

J J 6
0 1€ ] 9

J = el : .
SLM .]26152 J3e’53

where J;, [ =0,...,3, represents the amplitude of each matrix element,
¢ is the global phase, and 6,,, m = 1,2,3, corresponds with the differ-
ence between the phase of the m matrix element and the global phase.
We obtained J g; ,, using the procedure described in [28]. Fig. 7 shows
the absolute values of the Jones matrix elements, the global phase and
their phase differences over the 256 gray levels. It is worth noting that
we have assumed spatial uniformity of the SLM. Although working un-
der this assumption is not critical for the development of the proposed
method, implementing calibration corrections to account for spatial
non-uniformity, as reported in [29-31], would be beneficial.

Once we have calibrated our SLM, we calculated its real MC by multi-
plying the Jones matrices of the optical elements of our system as Eq. (1).
For this purpose, we have used the Python open-source package Py-pol,
which is focused on Jones and Stokes-Mueller polarization optics [32].
We must determine precisely the azimuth of the polarization elements
(linear polarizers and retarders) according to the type of modulation we
want to perform: amplitude, phase, or complex one. For that, we have
used Particle Swarm Optimization (PSO) algorithm, a stochastic opti-
mization algorithm where a group of agents explores the search space
to find optimal solutions and whose positions improve iteratively based

on their previous trajectories and evaluations of the Merit Function. In
particular, we have used the Python open-source package PySwarms
[331.

First, we have developed an optimization process to obtain a phase
MC. In this case, we have defined a merit function (MF) that minimizes
the amplitude variation and maximizes the phase variation of the emerg-
ing electric field of our set-up. We extracted the amplitude and phase
of the output electric field and we defined the merit function for pure-
phase modulation as

- _ ¢max - ¢min
phase STD(A)

where ¢ represents the phase and STD(A) is the standard deviation
of the amplitude. Then, we perform other optimization process to ob-
tain a complex MC. For this purpose, we have first defined a grid of
points that covers evenly the normalized Argand plane, X4 Then, we
have defined a MF that calculates the distance between the emerging
amplitude-phase values of our set-up, i.e., the MC, and the defined grid.

The merit function for complex modulation is expressed as

MF, 10

N . i
> ;Lo Min ||Xgrid - XMC”
>

MF complex — N

an

where Xy represents the amplitude-phase values of our MC, N is the
total number of points used in the defined grid, N=317, which corre-
sponds with the number of points in the Argand plane of Fig. 3, and
[|-|I represents the distance at the complex plane. The function min(-)
gives us the closest distance between the i point of the grid to one of the
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Fig. 8. MC for (a) phase and (b) complex modulation obtained with Particle Swarm Optimization algorithm. The colorbar of the complex MC shows the evolution of

the curve as the gray level increases.

points of our MC. Using PSO, we minimize these distances and we try
to fill the amplitude-phase space as much as possible.

For both phase and complex optimizations, we have to determine 4
parameters, the angular positions of the polarizers and quarter-wave
plates of the PSG and PSA. We have used 50 particles, 100 itera-
tions and we bounded the values between 0 and 180 degrees. After
the optimization process, we obtained the following angles of the po-

- p_(pP pP pP P \_ o B o o
larization plates 67 = (9},1,9Q1,0Q2,9P2) = (0.74°,176.27°,2.74°,1.72°)

for a phase modulation configuration and 0_& = (0;,081,982,01(32) =
(134.02°,110.64°,109.90°,91.01°) for a complex modulation configura-
tion. The value of the merit function for the complex configuration, i.e.
the average of the minimum distances between the MC and the defined
grid, is MF qmpiex = 0.271. Fig. 8 shows the experimental phase and com-
plex MCs, respectively. As usual, the phase modulation curve presents
maximum transmission for all grey levels and a phase variability of 2z.
On the other hand, the complex modulation curve has more phase vari-
ability, around 4z, and a minimum transmission of 0.6.

Once we have obtained the optimum MCs, we used them in the pro-
posed D-IFTA to generate phase and complex DOEs and verify their
performance using the SLM. First, taking into account the resolution and
pixel size of our SLM, we defined a square flat-top as the target. Then,
we generated the desired DOEs and grey level masks using D-IFTA. The

main difference between DOEs and grey level masks is that the former
is composed of the electric field values while the latter relates the elec-
tric field to the grey levels according to the MC used to sent it directly
to the SLM. After generating the masks, we analyzed their performance
using the set-up shown in Fig. 6. We rotated the polarization elements
of the PSG and PSA to the angles obtained with the PSO, and we sent
the generated mask to the SLM. Figs. 9a and 9b show the experimental
diffraction pattern of a phase and complex DOE, respectively. The back-
ground noise significantly improves using the complex DOE. In fact, the
background average value for phase modulation takes a value of 0.0781,
while for complex modulation is 0.00932. Moreover, the complex DOE
achieves a relative intensity of background noise of 5.48%, which is half
the value reported in previous works [24]. We have also measured the
uniformity of the background, calculated as the intensity STD, which de-
creases from 0.0227 to 0.0033, a reduction of ~85%. This enhancement
is also shown in Figs. 9c and 9d, which represent the vertical average
profile of the flat-tops for phase and complex modulation, respectively.
In these profiles, we can clearly see that the background intensity uni-
formity and its mean value are lower for the complex DOE. We have also
calculated the uniformity of the flat-tops from this average profiles, ob-
taining values of 0.0829 and 0.0708 for the phase and complex DOES,
respectively, which corresponds to a reduction of ~15% (see Table 1).
Finally, we calculated the diffraction efficiencies of both diffraction pat-
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(b) Complex Modulation
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Fig. 9. Experimental far-field diffraction pattern for a (a) phase and (b) complex DOE, which generates a flat-top intensity pattern. Average vertical profile of the

flat-top using (c) phase and (d) complex modulation.

Table 1

Intensity fluctuations, calculated as the standard devi-
ation, of the diffraction patterns generated by phase
and complex DOEs along with their diffraction efficien-
cies. The parameter STD,, corresponds to the inten-
sity fluctuations of the flat-top, STDy,,,, represents the
background ones, and « the diffraction efficiency (see

Eq.(8)).
Parameter Phase modulation Complex modulation
STD,, 0.0829 0.0708
STDyown 0.0227 0.0033
Kk (%) 68.61 90.85

terns, reaching a value of 68.61% for the phase DOE and a 90.85% for
the complex DOE (see Table 1). The diffraction efficiency of the de-
signed complex DOE represents an improvement in performance over
other DOEs designed with modified IFTAs, as [15,17] reports diffraction
efficiencies of around 85% and 70%, respectively. Therefore, although
the phase variability of our SLM is not high, the improvement of us-
ing complex DOEs over pure-phase DOE:s is already noticeable. Then,
as shown in the previous section, these results could be potentially im-
proved using a SLM which allows a higher maximum phase variability.

5. Conclusions

We have developed a technique to generate complex modulation
DOEs implemented in a single Spatial Light Modulator. We have proven
that, by using a SLM modulation curve that fills the Argand plane evenly,
the performance of complex DOEs improves respect to pure-phase ones,
since their far field diffraction patterns present less background noise
and higher diffraction efficiencies. Moreover, this technique uses a much
simpler set-up with fewer alignment problems than other methods. We
have also proposed a distance-based IFTA algorithm to design complex
DOE:s in order to implement them in the SLM. This algorithm is based on
the minimization of the average distance between the DOEs electric field
delivered by each pixel and the modulation curve of the SLM. For the
simulations, we have used spiral-shaped modulation curves. First, we
numerically verified that, as the modulation curve is more evenly dis-

tributed in the amplitude-phase space, the performance of the complex
DOEs increases. As an example, we designed complex DOEs that gen-
erate a flat-top intensity distribution in the image plane. The flat-top
and its background uniformity, measured as the standard deviation of
the intensity distribution in the region of interest, reduced from 16.6%
and 0.6% for phase modulation to 7.48% and 0.3% using a y = 6z
spiral-shaped modulation curve, respectively. For the experimental ver-
ification, we calibrated our SLM and we optimized the azimuths of the
polarization plates of the PSG and PSA to fill the Argand plane as evenly
as possible. We obtained a near y = 47 modulation curve, which is con-
sistent with the maximum available phase shift of our SLM at 4 = 633
nm. Finally, using this modulation curve, we designed complex DOEs
that generate flat-tops at the image plane and we experimentally verified
their performance. As in the simulations, one of the most noticeable im-
provements is the background noise. We obtain background uniformity
values of 2.27% and 0.03% for the phase and complex DOEs, respec-
tively. This means a reduction of 85% in background noise compared
to the phase DOE. Moreover, the uniformity of the flat-top produced by
the complex DOE, and its diffraction efficiency improves respect to the
phase one a 15% and 30%, respectively. These results can be further en-
hanced by using SLMs with higher phase variability or shorter working
wavelengths.
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