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Abstract: Spatial light modulators are widely used to perform modulations of different
properties of the electromagnetic field. In this work, a simple optimization method for general
double-pass setups was developed. It takes into account the involved polarizing elements and
displays, and a numerical simulation based on an exhaustive search routine finds the optimal
optical axes orientation of the polarizing elements for the desired modulation. By simultaneously
considering both impingements, we are able to take full advantage of the modulation capabilities
of the chosen spatial light modulators. In particular, different polarization modulations and
complex amplitude modulations were studied for twisted nematic liquid crystal displays and
passive linear optical elements. Examples for different optimization criteria are shown and
compared with experimental results, supporting the feasibility of this approach. This method
offers the possibility of independent modulation of two properties of the input light state,
outperforming the use of a single screen.

1. Introduction

Liquid crystal displays (LCDs) can be used as spatial light modulators (SLMs), since they are
programmable structures capable of modifying, pixel by pixel, an incoming electromagnetic field
and, in combination with passive linear optics, they can modulate properties such as intensity,
phase or polarization. SLMs are widely used in several applications [1–8], including microscopy,
optical communications, polarimetry, structured light, optical tweezers and quantum information
processing. For many of those implementations it is required to have a wide range of modulation,
with high precision, in one or more properties of the incoming beam. However, such required
modulation can be difficult to achieve due to different experimental reasons. In particular, a
considerable variability in the modulation capabilities is observed when different LCDs are
compared, since they highly depend on the particular technology with which the display is
manufactured. This fact entails the need to study each LCD individually and, consequently, find
efficient methods to optimize its performance as an SLM, take advantage of its properties, and
maximize the desired modulations.

Among LCDs, twisted nematic displays stand out for having an excellent response regarding
parameters like resolution, refresh rate and filling factor. Furthermore, they are easily available
and relatively inexpensive, as they are commonly built to modulate intensity in commercial
applications, like videoprojectors. In such displays, the alignment axes of the liquid crystal
molecules are different for every layer of the LCD and change with the set gray level [9]. As
a consequence, it is not straightforward to properly understand how the properties of light are
effectively modified according to the incident polarization and the gray level of the screen. Hence,
a variety of characterization techniques has been reported for this purpose [10–14]. Moreover, it



has been observed that the modulations of the different properties of the electromagnetic field are
coupled to each other. This has led to great efforts to decouple them and achieve independent
modulations, requiring rigorous characterizations of the displays. In particular, optimizations
for intensity-only and phase-only modulations were achieved by selecting the appropriate input
and output polarization states. For example, it has been done via a modeling of the LCDs
using the Jones formalism and obtaining the parameters of interest for the given screen through
transmission measurements [11], or studying their polarimetric properties and Mueller matrices
by experimentally measuring intensity and phase [15], or applying the polar decomposition
and combining both frameworks [16]. As shown in those works, optimizations are crucial to
determine an experimental configuration that maximally exploits the features of the screens and,
in the best case, allows the system to achieve the desired modulations.

However, even when decoupling is accomplished, the problem of a complete modulation still
remains. For instance, commercial twisted nematic screens are getting thinner and because phase
modulation depends on the thickness of the liquid crystal, complete phase modulation is often
not available. As a solution, it has been studied the possibility of using two consecutive twisted
nematic LCDs to improve phase modulation [17,18]. Also, complex amplitude modulation is
achieved by independently optimizing two displays, the first one working in a phase-only modula-
tion mode, and the second one in an amplitude-only modulation mode [10], or vice versa [19]. But
since the optimal configuration for each display is not necessarily the optimal configuration when
both displays are simultaneously considered, this approach does not completely exploit the joint
system capabilities. Alternatively, the combination of several pixels into a single macro-pixel
to achieve complete complex amplitude modulation was proposed and implemented [20–22].
Furthermore, an efficient codification of the complex amplitude information into phase-only
spatial light modulators was developed [23–26]. Similar techniques were also applied to generate
vector beams [27–29]. Nevertheless, these methods significantly reduce the effective resolution
of the SLM and require a subsequent spatial filtering to obtain the desired light state. Recently, a
double-pass setup was jointly optimized to achieve arbitrary complex modulation, after the light
impinges on the two sides of a single twisted nematic LCD between fixed polarizers [30]. In that
work, the modulation capabilities of the SLMs are described using the Jones matrix formalism
which works for fully polarized light.

In the present work we consider a double-pass configuration with fixed optics, for which
pixels are not combined into macro-pixels, nor any codification is implemented. This allows to
make use of the full resolution of the displays while avoiding the need to perform a subsequent
decodification. As optical elements, we include waveplates and polarizers, in order to be able
to choose arbitrary elliptical input and output polarizations, thus maximizing the amount of
possible experimental configurations. Additionally, our approach for optimizing the experimental
configuration is based, on the one hand, on Mueller formalism to describe the different optical
elements involved, including the SLMs. This formalism allows us to account for the effects of
depolarization, which are ignored in the Jones formalism. On the other hand, we also include
Jones formalism to determine the additional phase shifts introduced by each of the elements.
Following these considerations, a simple and general optimization method was developed with the
purpose of performing several modulations of practical interest. Our optimization algorithm can
concurrently take into account the effects of two individual displays as well as two consecutive
impingements onto the same display, which efficiently exploits the modulation capabilities
of the joint system. This allows to obtain the best performance that the available SLMs can
offer for any chosen modulation, i.e., to maximize both the dynamic range modulation and the
resolution. To this aim, an exhaustive search routine was programmed, from which we can find
the optimal experimental setup configuration for several target modulations. Finally, the results of



the numerical optimization for two twisted nematic displays, extracted from a commercial video
projector, are shown and compared with the corresponding modulations obtained experimentally.
They reveal not only a better performance than in the case where a single screen is used, but
also the possibility to perform two-dimensional modulations, in which two parameters can be
independently modulated. Specifically, we focused on complex amplitude and polarization
modulations. At our knowledge, this approach to optimizing polarization modulation is reported
here for the first time.

2. Mathematical description

The use of two displays is usually required to achieve such two-dimensional modulations, like
complex amplitude or polarization, given that the effects of an LCD acting as an SLM are
generally described as a function of a single parameter: the gray level. Thus, the properties of
the light field after impinging onto the LCD are also dependent on that single variable, which
becomes an important constraint when attempting simultaneous arbitrary modulation in two
or more of its properties. For example, if the modulation of the complex amplitude of the
electromagnetic field is studied, sweeping over the gray level of the screen results in states that
follow a curve on the complex plane [31]. Similarly, if the polarization modulation is studied,
changing the gray level gives a set of states that describe a curve in the Poincaré sphere [32].
When modulating twice, the resulting states no longer depend on a single variable, thus forming
surfaces in those spaces, not curves, and removing that limitation [31, 33].

In particular, the double-pass SLM system that we have studied is schematically shown in Fig.
1: it consists of an input light field (LightIN) that is modified by a polarization state generator
(PSG), determining the state that reaches the first spatial light modulator (SLM1). The resulting
state is modified by a polarization state coupler (PSC) and sent to a second spatial light modulator
(SLM2). Finally, the emerging field goes through a polarization state analyzer (PSA), resulting
in an output light (LightOUT). Each of these systems consists of passive linear optical elements
like waveplates, polarizers or mirrors, and its presence depends on the chosen experimental
configuration. For a more general analysis, they are all included in the formalism. On the other
hand, the SLMs can be any device with capabilities of modifying the light state according to the
selected spatial region of the wavefront, like LCDs, micromirror devices or deformable mirrors.
It is worth noting that SLM1 and SLM2 are not necessarily two different devices, but can also be
different sides or spatial zones on the screen of the same device.

Fig. 1. Schematic of the optical system under study. It consists of two spatial light
modulators (SLM8) in addition to a polarization state generator (PSG), a polarization
state coupler (PSC) and a polarization state analyzer (PSA), which comprise passive
linear optical elements. LightIN and LightOUT refer to the input and output light states.
Each SLM8 may be different zones or sides of the same device.

A mathematical description of the physical properties of this system can be made through



Mueller calculus [34]. Under this framework, light states are described by the four real parameters
of a Stokes vector (, and each of the optical elements or systems by a 4-by-4 real matrix. Also,
it allows to consider light that may not be completely polarized, and depolarizing optics. The
Mueller matrix of the whole system, " , operates over the input state (IN, resulting in an output
state (OUT.

(OUT = " (IN (1)
= "PSA "SLM2 "PSC "SLM1 "PSG (IN,

where " was decomposed as the standard product of the matrices of the optical systems in
the array. Additionally, every element may shift the phase of the state, which is not taken into
account by Mueller formalism. This fact can be analyzed, separately, with Jones calculus [34],
that describes the field state of the light by a two-dimensional complex vector and the optical
elements by 2-by-2 complex matrices. Analogously to Eq. (1), the Jones matrix of the system, �,
operates over the input state �̄IN, resulting in an output state �̄OUT:

�̄OUT = � �̄IN (2)
= �PSA �SLM2 �PSC �SLM1 �PSG �̄IN.

In this formalism, �̄OUT can be defined as

�̄OUT = exp (8V1 + 8V2)
©­«
|�G | exp(8iG)

|�H | exp(8iH)
ª®¬ , (3)

where the phases iG and iH depend on the incident polarization, as well as parameters of
the displays and the involved optics, and they are predicted by Jones calculus. Additionally,
every element provides a global phase shift due to their thickness, which does not depend
on the polarization state of light. Given that these do not contribute to any modulation, they
are not considered, except for the global phases of the displays, V1 and V2. These do con-
tribute to the phase modulation due to their dependence on the gray level of each screen,
and have to be experimentally determined in relation to a common reference. They are orig-
inated in a variation of the optical path length due to the orientation of the liquid crystal molecules.

It is important to note that, as the SLMs add spatial dependency to the input light state
by individually assigning a gray level to each pixel of the displays, the resulting state can be
considered as an image, either in intensity, phase, polarization, or a combination of them. Hence,
if an optical element is modified (e.g. the direction of the optical axis of a polarizer or a waveplate
is changed) every value in the image gets collectively modified. This changes the range of the
accessible outcomes and discards the possibility of independently representing different states in
different regions of the display at the same time. So, in order to represent images, the optical
elements must remain fixed and the modulations be implemented by only changing the gray
levels of the SLMs. This leads to the conclusion that for each particular SLM device, the ability
of creating good quality images depends on the possibility of finding the optimal configuration
of the given optical elements of the setup.

3. Computational optimization

In order to find the best optical configuration for some given modulations, a simulation based
on an exhaustive search routine was programmed in MATLAB. We have considered that PSG,



PSC and PSA consist of optical elements like mirrors, polarizers whose optical axes can be
set to angles \P, or retarders like quarter waveplates whose fast axis can be set to angles \QW.
Furthermore, the gray levels of SLM1 and SLM2 were set independently. The routine uses
Mueller calculus to predict the polarization state of light obtained by every given combination of
PSG, PSC, PSA and gray levels, and Jones calculus for their corresponding phases. Then, by
sweeping over those set of gray levels, it results in the collection of states that can be generated
for every setting of the optical elements.

We present here two of the examples that were optimized for two-parameter modulation. They
are (1) polarization modulation and (2) complex amplitude modulation, but any other desired
modulation could be approached in a similar way.

3.1. Polarization modulation

To achieve polarization modulation, it is required that the PSA does not have a polarizer in
it, otherwise the output electromagnetic field will always arrive to the detector with the same
polarization state, despite the change in the gray levels of SLM1 and SLM2. After sweeping over
the gray levels and collecting the resulting polarization states for every optical setup, they were
placed on the Poincaré sphere according to their Stokes parameters. Then, to find if there is
a configuration that allowed us to obtain complete polarization modulation, we have searched
for the Poincaré sphere where the mean distance between neighbor states is maximized, for
a fixed number of states given by the whole sweeping in the gray levels of SLM1 and SLM2.
This leads us to the configuration that allows obtaining polarization states distributed over the
largest possible surface of the sphere. In cases where no configuration was found that allows
complete modulation, we have considered the optimal configuration to be the one that let us
to have access to a larger amount of experimentally distinguishable states. To quantify this
separation between states the Euclidean distance in the Poincaré sphere of radius 1 was calculated

as 3 ((�, (�) =
√∑3

8=0
(
(�
8
− (�

8

)2.

In addition, a search for specific polarization states was performed: configurations were
selected to include certain states of interest, like linear or circular polarizations. This was done
by checking which configurations had at least one outgoing state within a small distance to those
target states in the Poincaré sphere.

3.2. Complex amplitude modulation

In this case, the intensity of the input electromagnetic field is modulated only after projecting the
resulting polarized light onto a certain polarization state. Thus, the presence of a polarizer in the
PSA is required, otherwise when changing the gray levels of SLM1 and SLM2, the polarization
state of the light will change but not its intensity. After sweeping over the gray levels and
collecting the resulting states for every optical setup, they were placed on the complex plane
according to their intensity and phase values. Then, we have searched for the complex plane
where the displayed states spanned the maximum surface. This was achieved by comparing the
areas enclosed by the concave hull that contains the set of states, and selecting the largest ones.
To compute the areas, the boundary.m function [35] was implemented, setting the shrinking
factor to 1. This is equivalent to obtaining the boundary of the U-shape with the minimum radius,
so that the surface is not split. If no configuration was found that allows complete modulation, we
have considered the optimal configuration to be the one that let us to generate more experimentally
distinguishable states, that is, the one where the obtained states spanned the maximum surface.
Hence, we have performed a search under specific constraints, for example, configurations that
simultaneously include an intensity-only and a phase-only modulation. This was accomplished
by choosing those configurations that cover a wide range of phase modulation, while achieving a



high value of maximum intensity and a low value of minimum intensity. This was quantified
as the contrast, defined as the ratio between the difference and the sum of the maximum and
minimum intensity: (Imax − Imin) /(Imax + Imin).

In addition, we searched for configurations that allowed arbitrary complex amplitudemodulation
if intensity is limited to a maximum value. Below this threshold, every intensity and phase state
can be achieved. Even if this threshold is a small fraction of the maximum output intensity, it is
not a limitation if the input intensity is high enough. To find such configurations, the concave
hulls that contain the sets of states generated by sweeping over the gray levels were found. If a
hull contains the origin of the complex plane, the closest point to the origin defines the radius
of the largest centered circle that can be located inside of it. Then, limiting the intensity to
such a maximum value, every complex amplitude state can be reached. Finally, the optimal
configuration was considered to be the one with the largest radius.

4. Results

In order to test our optimization method, different configurations were set in the laboratory and
characterized for a comparison with the numerical results. Firstly, the Mueller matrix of every
optical element was experimentally determined to account for deviations from their theoretical
counterparts. In this work, we used two Epson P09SG110 transmissive twisted nematic LCDs
extracted from a Mitsubishi LVP-SA51U commercial video projector. Their dimensions are
18.5×13.9 mm, with a resolution of 804×604 pixels, and a pixel pitch of approximately 20 `m.
Bymeans of a diaphragm, we illuminated a region of ∼ 200×100 pixels in the central region of the
displays. The region was selected in order to obtain an acceptable resolution for displaying images
and avoiding border effects. As LCDs can be spatially non-uniform [14], the characterization in
terms of the gray level has to be performed specifically for the selected region.

In our experimental implementations the LCDs are separated by a few millimeters, with their
holders in contact. This is the simplest double-pass configuration that allows for acceptable
modulations and results in negligible diffraction effects. For other experimental setups, a PSC
may be needed, e. g., a reflective mirror in the case in which two different zones of a reflective
screen are used. Despite such a case requires pixel-to-pixel alignment, this extra experimental
complexity with respect to the use of a single screen, still has some advantages. In fact, although
there are SLMs, based on a different technology, that are capable of complex modulation, twisted
nematic LCDs are widely used for commercial applications since they are inexpensive.

The characterization of Mueller matrices was performed through a Mueller polarimeter, while
global phase delays, V1 and V2 in Eq. (3), were measured by interferometry. The incoming
beam was splitted into two non-overlapping beams, each impinging onto a different half of the
illuminated region of the LCDs. One of these regions is configured to display the gray level
whose phase is being measured, while the other region, used as a reference, displays the zero
gray level. Then the beams were collected with a lens to make them interfere. The resulting
interferogram was magnified by a microscope objective and captured with a TheImagingSource
DMK 31BU03.H camera. Finally, following a similar procedure as the one described in Ref. [36],
the phases were obtained from interferograms like the ones shown in Fig. 2. In this figure we
show how different gray levels produce different fringe displacements, which is used to determine
the phase shift relative to the reference level. It is then compared to the phase predicted by Jones
calculus for that experimental configuration: the difference between the experimental phase and
the predicted one is the global phase V8 . This procedure was repeated for several experimen-
tal configurations, fromwhich the averaged V8 values were obtainedwith a dispersion of around 5>.



Fig. 2. Examples of the experimentally captured interferograms and their corresponding
mean intensity profiles. From them, the displacement of the fringes X is obtained,
which allows to calculate the phase shift between the zero gray level and any other gray
level (255 in this example).

The gray levels of the displays in our setup can be independently set to 256 different values.
However, to have a good characterization of its modulation properties, it was enough to measure
in steps of 5 gray levels, giving a total of 52 measurements, throughout the dynamic range, for
each single screen. In addition, to jointly characterize the double-pass setup, the sweep was
performed over both gray levels simultaneously, being acquired a total of 522=2704 output states
for each optical configuration. Due to the large number of data to be processed, we first ran
coarse simulations, for which the orientations of the optical axes of the optical elements were
considered in steps of 10> or 15>. Then, finer simulations with steps of 5> were performed around
the best results. Once the configurations that optimized the desired modulations were selected,
the obtained simulated states according to the corresponding gray levels were compared to the
experimentally obtained ones. These experimental measurements were performed sweeping over
18 gray levels in steps of 15, in each screen, which results in 182=324 experimental output states.

As we will show in this section, all the experimental results are in very good agreement with the
corresponding simulations. Small differences between them can be explained as a consequence
of small variations on the orientation of any of the optical elements during the characterizations
or during the measurements themselves. Also, there may be fluctuations on the laser intensity or
the electrical voltage applied to the displays by the used commercial video projector.

4.1. Polarization modulation

The chosen system is the one shown in Fig. 3, which is mathematically described by

(OUT = "LCD2 "LCD1 "QWG "PG (IN. (4)



In this setup, a spatially filtered beam from a 810 nm laser source is expanded and collimated
by lens L1 of focal length 32 mm. In order to generate any input polarization state, the PSG
includes a linear polarizer PG (measured extinction ratio ∼ 1/4000) and a multi-order quarter
waveplate QWG, whose optical axes are set to angles \PG and \QWG, respectively. The spatial
modulation devices are the aforementioned displays, LCD1 and LCD2. In this system, neither the
coupler (PSC) between the LCDs nor the analyzer (PSA) shown in Fig. 1, are present. Finally,
the created polarization image (OUT was captured with a Stokes polarimeter, which in our case
comprises a multi-order quarter waveplate QW, a Glan-Thompson polarizer P, and a Newport
1918-R power meter located in the focal plane of a lens L2 (focal length 200 mm) to measure the
mean intensity of the illuminated region on the LCDs. Alternatively, a camera can be placed in
the image plane of the LCDs to record the image formed by L2.

Fig. 3. Schematic of the experimental setup used for polarization modulation. An
810 nm laser beam is filtered, expanded and collimated. The generator system PSG
comprises a polarizer (PG) and a quarter waveplate (QWG). Liquid crystal displays
LCD8 modulate the initial polarization states, which are then measured with a Stokes
polarimeter that comprises a quarter waveplate QW, a polarizer P, and a power meter
PM in the focal plane of a lens L2. Alternatively, a Camera in the image plane of the
displays can be used.

After running the simulations, we have observed that a complete polarization modulation is not
achievable with this setup, but we obtained that the best configuration is the one corresponding to
\PG = 0> and \QWG = 65>. In Fig. 4, we show the color maps corresponding to the normalized
Stokes parameters as a function of the gray levels of LCD1 and LCD2: in the first row the
simulation results, and in the second row the experimentally obtained ones. In Fig. 5(a) both
results are represented in the Poincaré sphere. The degree of polarization is above 0.97 for each
of the considered states, while the mean Euclidean distance (3) to the four closest neighbor
states is 0.020 ± 0.005. As a matter of comparison, these modulations were also attempted for a
single-pass in one screen. For this case, the best results, shown in Fig. 5(b), were obtained for
\PG = 0> and \QWG = 170>.

We have also searched the configurations for particular polarization states of interest. As an
example, for \PG = 150> and \QWG = 65>, we reach states connecting right handed circular
polarization (RHCP) with linear horizontal polarization (LHP) and laying near the meridian line.
The normalized Stokes parameters, both the simulated and the experimentally obtained ones, are
shown in Fig. 6. A black line is added to visualize the combination of gray levels needed to
achieve a modulation between RHCP and LHP that follows the meridian line. The corresponding
Poincaré sphere is shown in Fig. 7(a). Here, the obtained states that meet the requirement S2 = 0,
with a tolerance of 0.01, are marked as black dots: they are a total of 68 distinguishable states
with a degree of polarization above 0.98. As a comparison, in Fig. 7(b) it can be seen the states
achievable with a single screen, for which the best results were obtained for \PG = 165> and



Fig. 4. Normalized Stokes parameters as a function of gray levels, for the setup shown in
Fig. 3 with \PG = 0>, \QWG = 65>, optimized for maximum polarization modulation.

\QWG = 75>. In this case, only 17 states meet the condition S2 = 0 with a tolerance of 0.10, and
being the closest states to RHCP and HLP at an Euclidean distance of 3 ∼ 0.41.

4.2. Complex amplitude modulation

The chosen system is the one shown in Fig. 8, which is mathematically described by

(OUT = "PA "QWA "LCD2 "LCD1 "QWG "PG (IN. (5)

It is worth noting that all the optical elements involved here are exactly the same as those
shown in Fig. 3 and detailed in section 4.1, and configure the same experimental setup. However,
they play a different role in the system given that, in that case, QW and P are not considered in
the optimization but are part of the measurement stage. In the present case, they are part of the
analyzer (PSA) and are therefore considered in the optimization process. Thus, the polarization
states after the LCDs are projected by the PSA, which comprises a quarter waveplate QWA and a
linear polarizer PA, whose optical axes are set to angles \QWA and \PA. Finally, a camera in the
image plane of the lens L2 can be used to capture the created intensity images (OUT. Alternatively,
we have used a power meter as described in section 4.1 to measure the mean intensity of the
illuminated region on the LCDs. As seen in Fig. 2, phases were measured from the interference
between the generated states and a reference state, that one obtained when the gray levels of both
LCD1 and LCD2 are set to zero.

After running the simulation, we observed that a complete complex amplitude modulation is
not achievable for these screens. Then we obtained the best configuration that simultaneously
included an intensity-only and a phase-only modulation. This is the one with the setting
parameters \PG = 75>, \QWG = 105>, \QWA = 15> and \PA = 120>. In Fig. 9, the color maps
show the intensity and phase for this configuration, as a function of the gray levels of the displays.
The results obtained from the simulation (left column) are in very good agreement with those
obtained from the experimental measurement (right column). Magenta lines are added to the



Fig. 5. Polarization results on the Poincaré sphere, for the setup shown in Fig. 3 with
\PG = 0>, \QWG = 65>. (a) In blue the simulated states using experimental Mueller
matrices, optimized for maximum modulation; in red the experimentally obtained ones.
(b) Comparison with results for a single screen.

simulated maps to visualize the combination of gray levels that allow to achieve intensity-only
modulation while the phase remains constant. The obtained intensity range goes from 0.7% to
65.1% of the maximum intensity of the outcoming beam, resulting in a contrast of ∼ 0.98. Also,
the black lines show the combination of gray levels for which a phase-only modulation of c
radians is achieved. In Fig. 10, we have represented each achievable state as a dot in a polar
complex plane. Here, the length of the vector from the origin to a given point represents the
intensity of the light state while the angle of such vector represents the phase. Magenta dots
correspond to the 78 obtained states for intensity-only modulation, with phase 77> ± 2>, while
black dots correspond to the 30 states for phase-only modulation, with intensity 0.28 ± 0.01. For
a single-pass setup only intensity or phase modulation can be achieved and, in consequence,
it is not possible to cover two-dimensional surfaces on the complex plane, i.e., for a given
optical configuration the generated states lie on curves. As a comparison, optimal configurations
for intensity-only modulation and phase-only modulation were searched for one screen in a
single-pass setup. For intensity-only modulation, the criterion was to maximize the contrast
while keeping the phase variations below 10>. One of the configurations that meets this criterion
is that corresponding to \PG = 30>, \QWG = 80>, \QWA = 20> and \PA = 140>, with which 52
states can be generated whose intensities range from 1.5% to 24.5% (contrast ∼ 0.88) and their
phases are −5> ± 5>. For phase-only modulation, we maximize the range in which the phase
can be varied while keeping the intensity variations below 10%. Fulfilling this criterion, the



Fig. 6. Normalized Stokes parameters as a function of gray levels, for the setup shown
in Fig. 3 with \PG = 150>, \QWG = 65>. In black, modulation along the RHCP-HLP
meridian is shown.

configuration with \PG = 85>, \QWG = 65>, \QWA = 30> and \PA = 45> allows to generate 52
states with intensity 0.35 ± 0.02 and spanning 2c/3 radians. The achievable states with these two
experimental configurations can be seen in the inset of Fig. 10.

Finally, as an example of arbitrary modulation below an intensity value, for \PG = −10>,
\QWG = 60>, \QWA = 95> and \PA = 85>, we get a collection of states that allows us to reach
every complex amplitude value if the intensity is limited to 8.0% of the maximum output intensity,
being the contrast ∼ 0.86. It should be pointed out that this threshold is not a limitation if the
intensity of the incoming field is high enough: for example, in our case it means an optical
power of 60`W for a laser of ∼ 50 mW. In Fig. 11, that threshold is shown as a black line. This
corresponds, in Fig. 12, to 1246 states with intensities lower than 0.080 (black dots). Such a
result can not be obtained with a single-pass setup, given that the generated states always lay on a
curve in the complex plane, in contrast with the 2D surfaces obtained by modulating, as in our
case, with two screens.

5. Conclusions

In this work, we have implemented an optimization method for optical setups that include a
double-pass SLM system. The Mueller matrices of the SLMs and passive linear optic elements,
as well as the phase delays they introduce, are taken as inputs of the optimization algorithm. This
searches for the optimal optical configuration that maximizes the modulation capabilities of the
whole system. To fully explore these capabilities, for any desired modulation, the search was
done by considering the total effect of both impingements, that is, the optimization is carried
out on the two SLMs working as a single device with more free parameters, and not as two
independent devices working together. By doing this, not only the modulation performance is
improved in comparison with an only screen in a single-pass setup, but other modulations of the
electromagnetic field properties are achieved. In fact, simultaneously changing the gray level
of both screens (or of the two zones of the same screen onto which the light impinges twice)



Fig. 7. Polarization results on the Poincaré sphere, for the setup shown in Fig. 3
with \PG = 150>, \QWG = 65>. (a) In blue the simulated states using experimental
Mueller matrices, with the states along the meridian RHCP-HLP in black; in red the
experimentally obtained ones. (b) Comparison with results for a single screen.

generates states of light that cover a two-dimensional surface, either on the complex plane or on
the Poincaré sphere, while a single screen can only generate curves. Although it is possible to
obtain two-dimensional surfaces with a single-pass setup by encoding one degree of freedom
into another one or combining several individual pixels into a macro-pixel, this requires more
complex experimental setups and does not allow to use the full resolution of the display.

Our optimization method has been used to conduct numerical simulations for different
modulations of the electromagnetic field properties, and the results were compared with their
experimental counterparts, showing a very good agreement within the numerical and experimental
errors. In particular, we tested the method for a setup involving two twisted nematic LCDs. Two
modulations were studied: polarization and complex amplitude modulation. To our knowledge,
the first one has not been studied so far in the case of double-pass configurations using this
approach. The second one has been treated in [30] following the Jones formalism, which does
not allow to take into account unwanted depolarization effects that usually have to be dealt with
in real experimental situations.

As highlights we can mention that the use of this optimized double-pass setup squares the
amount of generated states, in our case going from 256 for a single-pass setup, up to 65536. When
studying polarization modulation we observed that not only the dynamical range is incremented



Fig. 8. Experimental setup used for a complex amplitude modulation. An 810 nm laser
beam is filtered, expanded and collimated. The generator system PSG comprises a
polarizer PG and a quarter waveplate QWG. Liquid crystal displays LCD8 modulate
the initial polarization state, which is projected with the analyzer system PSA, that
comprises a quarter waveplate QWA and a polarizer PA. Then a power meter PM in
the focal plane of a lens L2 is used to measure intensity. Alternatively, a Camera in the
image plane of the displays can be used.

with respect to a single-pass setup, but also there is an order of magnitude improvement in
both the resolution and the accuracy with which the desired states can be obtained. In the case
of complex amplitude modulation, the optimization allowed us to find the configuration for a
complete modulation in the complex plane below a maximum intensity threshold, and also that
which makes it possible to modulate pure phase and pure intensity without modifying the optical
configuration. None of them can be achieved using a setup in a single-pass configuration.

Finally, we want to emphasize that although the results of each optimization are strongly
dependent on the chosen SLMs, the presented approach provides a simple method to make the
most out of any SLM and it is versatile enough to deal with different experimental setups.
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Fig. 11. Intensity and phase as a function of gray levels, for the setup in Fig. 8 with
\PG = −10>, \QWG = 60>, \QWA = 95>, \PA = 85>. In black, the threshold for
arbitrary complex amplitude modulation is shown.

(2003).



Fig. 12. Complex amplitude results in polar coordinates, for the setup shown in Fig.
8 with \PG = −10>, \QWG = 60>, \QWA = 95>, \PA = 85>. In black, the states for
arbitrary complex amplitude modulation below an intensity threshold of 8%.


