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Abstract: A method to simultaneously control aberrations and the aperture of an optical
system using a single phase-only spatial light modulator was investigated. The experiment
was performed using a liquid-crystal-on-silicon spatial light modulator (LCoS-SLM) within an
adaptive optics system used for visual testing, although the method has broader applications in
adaptive optics field. The performance of the technique was characterized through the estimation
of the system’s modulation transfer functions (MTFs) by using a random chart method. MTFs
obtained from the phase modulation-based approach were compared with those from using a real
aperture (diaphragm). The areas under the MTFs for the two conditions were similar up to 98%,
confirming that the low-pass filter effect associated to the size of the entrance pupil was similar for
the phase-modulated pupil and the physical pupil. As an example of application, both aberrations
and pupil were controlled by a single phase-only modulator to study the through-focus visual
performance in real subjects. Limitations and possible enhancements of the presented method
were also discussed. The presented technique reduces complexity and cost of adaptive optics
systems. It opens the door to new experiments by allowing dynamic modulation of aberrations
and apertures of any shape.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The ability to control both phase and amplitude of light is paramount to several fields in optics.
Some of the applications include digital holography, wavefront shaping and adaptive optics (AO).
In the case of AQ it is particularly critical, as distribution of aberrations typically depends on the
pupil of the system [1].

AO has found a natural field of application in visual science. For the last two decades, AO
techniques have been widely employed both for imaging the eye and the retina [2-9], and for
visual testing, using AO visual simulators (AOVS) [10-16]. Visual testing with AO permits
understanding and characterizing the impact of optical quality of the eye on vision. For instance, it
has been used to evaluate visual effects of correcting ocular aberrations [3,4,16-22], degradation
of visual performance produced by individual aberrations [23-25], and the visual system’s ability
to adapt to monochromatic aberrations [26-28].

Liquid crystal spatial light modulators (LC SLM) have been used for aberration control in
ophthalmic applications since late 1990s [3,4]. LC SLMs present several advantages compared
to other correcting devices, such as deformable mirrors. They allow for precise phase modulation
due to their high spatial resolution, with a lower cost when compared to deformable mirrors [4—6].
High resolution of LC SLMs, typically above 1M of independent pixels, enables accurate
wavefront modulation, and discontinuous and diffractive profiles can be programmed. Phase
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wrapping is usually required since phase variation of a liquid crystal is limited to a few wavelengths
of amplitude. This might produce some diffraction effects, affecting the image quality [4]. LC-
SLMs do not usually require closed loop operation due to their high stability, unlike many
deformable mirrors [4-6], therefore simplifying control of the experiments. LC-SLMs have also
been successfully used with polychromatic light [29]. They have been employed either as phase
modulators for aberration control [14,17,24,30,31], or for amplitude modulation [32,33]. In
a study by Bowman et al. [34] an LC-SLM was also used for simultaneous measurement and
control of aberrations. By manipulating the polarization of the incoming light, either phase or
amplitude of the wavefront can be modulated. When they are employed for amplitude control,
with an appropriate polarization setting of the incoming light, LC-SLMs can generate circular
apertures of variable diameters, as well as free form pupil shapes [35].

It would be ideal to use a single LC-SLM to control both aperture and phase simultaneously,
avoiding the need of changing the polarization state associated with each modality. An area where
pupil size plays a major role is, again, visual optics. Contrast sensitivity and visual acuity [36],
depth-of-focus [37-40] and accommodation [41,42] are dependent on the pupil size. Vision
through small apertures is even being used as an effective method to counteract presbyopia [43],
as an example of practical application of pupil manipulation.

Some studies have demonstrated the feasibility of using a single device and polarization state
to manipulate amplitude and phase. An early antecedent of the encoding of amplitude by using
phase-only filters is found in Davis et al. [44]. Since then, different approaches have been explored
to use an LC-SLM for independent and simultaneous phase and amplitude control. For instance,
by using superpixel configurations with either two [45] or four [46] pixels, phase and amplitude
control were decoupled from each other. Other studies [47,48], employed an additional carrier
spatial frequency to reduce diffraction efficiency of an SLM in the first diffraction order. These
methods succeed in amplitude modulation in terms of reducing the intensity of the modulated
light, and most of them have been devised in the context of computer-generated holography for
the generation of customized laser beams. A useful review of the state-of-the-art can be found in
Clark et al. [49].

In this work, we adapted a new encoding method [50], which allows for an independent
control of phase and amplitude in the pupil plane using a single phase modulator and a single
polarization state. It combines two functions: an axicon-shaped pupil mask that diverges the
wavefront away from the axis, and the phase retardation induced by the liquid-crystal-on-silicon
spatial light modulator (LCoS-SLM) inside of the pupil mask that results in phase modulation of
the wavefront. This method presents the advantage of producing on-axis reconstruction of the
complex function and therefore presents no loss of spatial bandwidth.

The manuscript is organized as follows. In the first section a description of the method to
control the amplitude with phase masks will be provided. The method to test this approach will
be based on estimation and comparison of the experimental modulation transfer functions (MTF),
obtained both for phase masks and for physical diaphragms. Detailed description of how those
functions were retrieved using an adaptive optics visual simulator (AOVS) will be given. The
results will be presented in a separated section, together with an example of an application of the
technique in the context of visual testing. A discussion on the limits of both the technique and
the evaluation method will precede the conclusions of the work.

2. Methods
2.1.  Pupil control using phase modulation

A brief summary of the encoding technique [50] is presented here. Let F(£) = M(€)exp(i¢(£)) be
the complex valued pupil function to be encoded, where M (£) and ¢(¢) represent the amplitude
(pupil aperture) and phase (aberrations). In order to implement this complex function onto a
phase-only LC SLM, a new multiplexed phase-only function exp(i¢(y)) is designed as described
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in a different study [50]

exp(iy/(£)) = R(E)exp(id(€)) + R(E)explia(€)), ey

where R(£) is a binary-amplitude (0-1) pattern, R(£) is its complementary pattern, and exp(ia(¢))
is the phase function of a diverging element, a high frequency negative diffractive axicon,
a(¢) = —2nr/p, r denoting the radial coordinate, and p — the axicon period.

The role of R(£) is to select, at each pixel, between the aberration phase function ¢(£) and the
diverging axicon phase function @(¢). The diffractive axicon acts as a circular blazed diffraction
grating that diverges the light away from the optical axis. This way it encodes the amplitude
information M (&) onto the new multiplexed phase-only function ¥ (¢).

If the required amplitude M (&) is a binary function, the assignment R(¢) = M(€) is direct.
However, the technique can incorporate amplitude levels through a random selection of the phase
function that is applied at each pixel coordinate £. In this case, R(¢) is linked to the required
amplitude M (&) as

R(E) {1 i M(&) > md(é), )
0 if M(&) < rnd(¢),

where rnd(¢) is a distribution of random numbers in the interval [0,1], one for each pixel.

This phase-only encoding technique of the complex function M(&)exp(i¢(£)) can be easily
understood as follows. If the required amplitude M(£) is close to 1, it is better represented by
the phase-only function exp(i¢(¢)) and R(¢) = 1 is the good choice. On the contrary, for pixels
where M(£) is close to 0, light should be removed. The diverging axicon performs this operation
directing light out of the optical axis. Therefore, R(¢) = 0O is the right choice for these pixels.
For intermediate values of M(¢), Eq. (2) provides an adequate random choice between the two
phase-only functions. The random number approach is required when continuous amplitude
levels are needed. However, in current application the mask is deterministic, as phase modulation
is happening inside the hollow axicon mask without any transition or overlap, so no random
number determination is necessary.

Axicon elements (both SLM-modulated and manufactured) have been widely used before for
light manipulation. A more detailed description of their optical properties as well as applications
can be found in other studies [51-55].

A detailed analysis of the accuracy of this encoding technique was provided in [50] for the
implementation of digital holograms. In that work it was applied to the generation of higher
order Laguerre-Gauss and Hermite-Gauss laser modes. Here, we study its performance in a
completely different system, an adaptive optics visual simulator.

2.2. Experimental setup

For validation of the method, measurements were carried on using the setup shown in Fig. 1.
The system was an adaptive optics visual simulator (AOVS), which general operation has been
described in a different study [56]. The experimental setup allowed to perform both subjective
and objective measurements, as described further.

Digital light processing projector (DLP) (DLPDLCR4710EVM-G2, Texas Instruments, Texas,
USA), shown as DLP projector in Fig. 1, served as the stimuli generator in the experiment.
The device is based on a digital micromirror device (DMD), which consists of an array of
square micromirrors with a pitch of 5.4 um. The images can be displayed at 1920 x 1080
resolution, refresh rate of 30 Hz, and a tunable luminous flux of up to 600 Im. The DMD is
internally illuminated by three (R, G, B) light emitting diodes (LED). In order to reduce chromatic
effects, a bandpass filter centered at 540 nm with a bandwidth of 10 nm, was used during the
experiments [56]. It is possible to use a wider spectrum light with the described technique;
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Fig. 1. Schematic of the system used in the experiment. L1 to L6 were achromatic doublets
with focal length of 100 mm. For objective measurements, a camera was placed in the
intermediate image plane between lenses L1 and L2. The tunable lens was removed.
For visual operation, the camera was removed, while the tunable lens was inserted back in
the plane between lenses L2 and L3. All the planes optically conjugated to the
entrance pupil are shown with green color. Further explanations are provided in the
text.

however, the diffraction efficiency would be decreased for wavelengths different from the design
one. That happens due to an SLM being able to provide 27 phase modulation just for a single
design wavelength, while for other wavelengths phase modulation would be either more or less
than 27, with other harmonic parasitic terms appearing. A study by Albero et al. [57] describes a
way to adjust an SLM to provide a phase response closer to ideal 2 modulation for a given range
of wavelengths. However, all those methods would result in additional complications compared
to the monochromatic case.

An achromatic doublet with a focal length of 200 mm (collimator lens in Fig. 1) was placed in
front of the DLP to produce an image at an infinite distance. Such a configuration results in an
angular pixel size of 6 arc seconds at the system’s entrance pupil.

A motorized pupil (§MID8.2-0.8-N, Standa Ltd, Vilnius, Lithuania) was placed in the focal
plane of the collimator, which also corresponds to the Fourier plane of that lens. This plane
contains the entrance pupil of the system, when light is propagating from the DLP to the eye.
The physical pupil served to compare the performance of the pupil limited by the phase mask to
the pupil limited by a physical aperture.

A telescope composed of two achromatic doublets with focal lengths of 100 mm (L5 and L6)
was used to optically conjugate the entrance pupil plane to the liquid crystal-on-silicon spatial
light modulator (LCoS-SLM), (PLUTO-VIS-014, Holoeye Photonics AG, Berlin, Germany).
The LCoS-SLM employed in the experiment exhibits a full HD resolution (1920 x 1080) with
a pixel pitch of 8 um on a diagonal of 17.8 mm, and a fill factor of 93%. A rectangular field
stop was placed in the intermediate image plane between lenses L3 and L4, limiting the field of
view to 3.1 by 1.7 degrees. Linear polarizer was placed in front on lens L4 in order to filter the
horizontally polarized light, parallel to the liquid crystal director axis. Location of the polarizer
in the system doesn’t affect the performance. However, in case the polarization axis doesn’t
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coincide with the liquid crystal director axis, the amount of non-modulated light rises, increasing
energy in the zeroth order.

A telescope formed by the lenses L3 and L4 (both with f* = 100 mm) was used to conjugate the
plane of the LCoS-SLM to an electrically tunable lens (TL) (Optotune EL-16-40-TC-VIS-20D,
Optotune Switzerland AG, Dietikon, Switzerland). This element enabled manipulation of defocus
independent of LCoS-SLM. The range of operation of the TL ran from -12 D to 10 D. During the
retrieval of images for the objective evaluation of the technique the TL was off. The variable
lens was solely used for the subjective measurements on real eyes to minimize the impact of
the non-modulated light, as will be explained later in the next section. The last telescope,
compounded by lenses L1 and L2 (both f = 100 mm), relayed the plane of the TL to the plane of
the subject’s eye pupil.

It was important to consider the period of the axicon mask used for aperture modulation. As
seen in Eq. (1) (and is discussed in detail in work of Martinez-Fuentes et al. [50]), the angular
size of the image produced by the axicon depends on its period. Therefore, as the method was
employed in a visual simulator system, it was beneficial to have the axicon-formed image as far
from the optical axis as possible in order to mimic amplitude modulation. Because of this, a
period of axicon of 3 pixels was used to have a large angle of deflection. A shorter period of
only two pixels would result in a binary grating type axicon, thus leading to an equally intense
converging axicon component, that would direct non-desired light into the optical axis.

Objective measurements involved recording of the images with an auxiliary CMOS camera
(DMK 72AUCO02, The Imaging Source Europe GmbH, Bremen, Germany) placed in the
intermediate image plane between the lenses L1 and L2. The camera exhibited a resolution of
2592 x 1944 pixels, with a pixel pitch of 2.2 ym. The image size of a single DLP’s micromirror
on the camera was found to be 2.7 pym. Calibration of the system, including linearization of
the TL and the LCoS-SLM was accomplished following a procedure described elsewhere [56].
The operation of the system was accomplished by dedicated software written in C++, while the
processing of the experimental data was done using Matlab (Mathworks, Natick, MA, USA).

2.3. Experimental validation

The modulation transfer function (MTF) of the optical system was estimated to characterize the
performance of the phase masks emulating pupils of different diameters. The MTF characterizes
the attenuation in contrast of the spatial frequencies due to how these frequencies are transferred
through an optical system. The MTF is an appropriate metric to investigate the effect of variable
apertures, since both the cut-off frequency and the shape of the MTF change considerably as
a function of the aperture diameter. Other possible metrics would be, for example, measuring
optical aberration of the wavefront passing through the modulated aperture (as it would be
dependent on the pupil diameter), or the total amount of light passing onto the image plane.
However, former doesn’t provide the information about contrast reduction and requires extra
complexity for the optical system, as some form of wavefront sensing would be necessary; latter
doesn’t provide any information on spatial filtering effects of an aperture. The presence of
aberrations is also a factor affecting the MTF. The AOVS was a near diffraction-limited system,
except for the TL, which exhibited a moderate coma aberration for large pupils due to gravitational
pull when positioned vertically regarding the ground plane. In order to avoid this, the TL was
removed during the MTF retrieval.

The motorized pupil was kept in the plane conjugated to the LCoS-SLM. This diaphragm
allowed to have ground-truth estimations of the MTF limited by a physical aperture, to be
confronted with those obtained by phase manipulation.

For the retrieval of the MTF a technique based on the random chart method was used. This
approach was first described in 1950s by Kubota et al. [58]. The method permits to calculate an
MTF curve from a single measurement by using an extended white-noise single object. Previously
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used with printed targets [S9—61] or with a monitor [62], it was recently demonstrated to work
with DMD-based object generator within the field of astronomical optics [63]. Provided that the
AOVS incorporated a DMD-based projector, this method was chosen for the MTF estimation.
Briefly, the method requires a generation of a white noise object, with constant probability
distribution. This is required for the object to exhibit a constant power spectral density (PSD).
An image of the object is acquired through the optical system. Eventual inhomogeneities in the
intensity distribution of the image arising from both the light source and the system must be
accounted for as well. The averaged MTF of the system (MT Fyy,) is then calculated by:

PSD; - PSD,,
MTEM<§)=\/ (If;Do(g) © 3)

where PSD;(¢) is the PSD of the image of the white noise object, PSD,,(¢) is the PSD from
the image of a white background (accounting for possible unequal intensity propagation), and
PSD, (&) stands for power spectrum of the original object.

As the pixel of the camera was 2.2 um, and the image of a single micromirror at the camera
plane covered 2.7 um, the object for MTF calculation was produced with 2x binning to satisfy
the Nyquist criterion. In such case a single point of the binary pattern subtended 5.4 pum at the
focal plane. The gap between the micromirrors was neglected assuming a 100% fill factor.

A set of baseline measurements was done with the motorized pupil at diameters of 2, 3,4, 5
and 6 mm. The same diameters were later programmed on the LCoS-SLM by the appropriate
phase masks. The motorized pupil was set at 7 mm, its maximum aperture, during the recording
of the images produced with the phase masks limiting the pupil size. The object was limited
to a square of 400 by 400 pixels. The impact of the size and the resolution of the object in the
tested technique will be discussed with more detail in a separate section. An additional set of
measurements was taken, combining the phase generation of pupils with additional defocus, all
simultaneously programmed on the modulator solely by phase masks.

The object and its corresponding image through a phase mask corresponding to 3 mm pupil
diameter are shown in Fig. 2.

Fig. 2. Tested object and its image after passing through the phase mask corresponding to a
pupil with a diameter of 3 mm. Left panel — object on the DLP, right panel — image on the
camera.

In the second stage of the experiment, subjective measurements with real subjects were taken
as an example of application of the technique in the AOVS to study vision. Simultaneous control
of defocus and pupil size through phase-only manipulation was tested on two subjects. The
subjects were nearly emmetropic healthy adults (43 and 45 years old), without any optical aid for
far vision. Both were experienced subjects in visual testing and familiar with the experiment.
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Cycloplegics were instilled in the eye in order to paralyze the remaining accommodation and
dilate the pupil.

A gray level representation of the phase displayed on the modulator is presented in Fig. 3. The
auxiliary camera to record the images from the DLP was removed from the system. The TL was
put back in the plane between lenses L2 and L3 (as shown in Fig. 1).

Fig. 3. Phase mask used for simultaneous phase modulation and pupil control. Red dashed
circle shows the separation of the two zones. Inside the circle — phase modulation, in this
case induced defocus. Outside the circle — phase mask used for controlling the size of the
pupil, changing the amplitude of the image.

Since the LCoS-SLM does not have a diffraction efficiency of 100%, there is always a fraction
of light which passes through the system non-modulated. Under certain circumstances, especially
when large values of aberrations are programmed, the non-modulated light might form an
image brighter than the aberrated image. To prevent this, a constant 2 D defocus offset was
introduced with the LCoS-SLM. The off-set was subsequently accounted for by the TL, which
also incorporated the subject’s refraction. TL was also used to manipulate the through focus
conditions. This resulted in the non-modulated portion of light always being defocused, while
modulated light stayed in focus.

The experimental procedure was as follows: the subjects were aligned in the system and
corrected for their refraction with the AOVS. The refraction was estimated from their wavefronts,
which were retrieved by the Hartmann-Shack sensor available in the AOVS. High contrast visual
acuity (VA) was acquired through focus for two pupil sizes: 2 and 6 mm of diameter. Through
focus conditions sampling a 4 D range around the best correction were programmed on the
modulator. For the larger pupil size, simultaneous full aberration correction (up to the 6/ order)
was set in the modulator. VA was measured every 0.5 D for each condition. For determining VA,
the Freiburg test [64] was used with a white E letter of varying size on a black background, with
90 trials for each VA estimation. The raw data from the VA test was fitted to a sigmoid function,
with the threshold set at 75% of correct answers.

3. Results

3.1. Objective measurements

The images of the white noise object transmitted through the system were recorded and analyzed
following the procedure described in previous section for 5 pupil sizes. The images were taken
with both the physical pupil and with the pupil generated by the phase mask on the LCoS-SLM.
Figure 4 graphically shows the results. In all cases, curves corresponding to the diffraction
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limited case for the same circular pupil diameter are shown for reference. The obtained MTFs
were radially averaged and calculated from the entire field of the binary object.

Modulation transfer function

Modulation transfer function
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---- Diffraction limit
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Fig. 4. Modulation transfer functions (MTFs) produced by the physical pupil and by the
LCoS-SLM modulated pupil for different pupil sizes. Diffraction limited MTF for each pupil
size is shown for reference.

------ Diffraction limit
— 0D

— 01D
— 02D
— 03D

0.5+

0.0

0 ' 2|0 ' 40
Spatial frequency (cycles per degree)

Fig. 5. MTF curves for simultaneous control of pupil size and phase. Left panel represents the
case when pupil is controlled by a motorized iris with defocus modulated on the LCoS-SLM,
while right panel shows the case with the LCoS-SLM controlling both defocus and pupil
diameter.

The MTF curves obtained for pupils produced by both the real aperture and the LCoS-SLM

present a significant resemblance along the range at every pupil size. This is a qualitative indicator
that the phase-generated pupil performs like a physical aperture. It can be noted that the MTF
curves for physical pupils of 2 and 3 mm are very similar to the diffraction limited MTF. As the
diameter of the considered pupil increases, the experimental curves separate from the diffraction
limited case. This fact is very likely related with the progressive increase of aberrations as the
pupil expands. In order to provide the reader with numerical values to characterize the similarity
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of the MTF curves, the area under the curve was obtained for each case. For pupil diameters of 3
to 6 mm, the difference between areas under the MTF for LCoS-SLM and physical pupil are
below 2%. For the case of 2 mm pupil, the difference between MTF areas reaches 8%.

Having validated that the pupil diameter can be modulated using the LCoS-SLM, pupil
modulation was combined with defocus modulation. MTF curves with induced defocus are
shown in Fig. 5. Defocus was solely controlled by the LCoS-SLM in both cases, while pupil size
was constricted by the motorized pupil in one case, and by the LCoS-SLM in the other. For this
case a pupil diameter of 5 mm was selected.

Comparing the areas under the MTF curves for identical defocus, the difference between the
LCoS-SLM and the physical pupil was below 2% at every condition. Larger defocus might
compromise the retrieval of MTF using the proposed method, as will be discussed in a separate
section.

3.2. Visual simulation experiments

] -®- 2mm
1.4 4 @ 6mm

e
o
1
»
B
|
ne
u

0.0 T T T T T T T
15 10 -05 00 0.5 1.0 15
Defocus (D)

Fig. 6. VA through focus for two pupil sizes. Top row — subject S1, bottom — subject S2. The
right panels show the phase mask corresponding to the pupil of 6 mm with the correction of
the aberrations (inside the blue dashed circle). Red dashed circles indicate the 2 mm pupil.

In this section an example of practical application of the method in the context of vision is
provided. Simultaneous manipulation of phase and pupil size by the modulator is employed to
acquire the through focus visual response in two subjects. The high contrast VA was estimated
following the procedure described before for pupil diameters of 2 and 6 mm. Full aberration
correction was applied for the 6 mm pupil size. The results are presented in Fig. 6.

As seen in Fig. 6, the VA curves for the case of the 2 mm pupil are lower for the in-focus
position and flatter overall, when compared to the 6 mm pupil. For subject JF the difference
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between peak VA values was 0.394 decimal, while for subject EV the difference was 0.278
decimal. The depth-of-field increase for smaller pupil diameter is consistent with previous
studies [38,40, 65], indicating that the method performed correctly for this visual application.

4. Discussion

Presented approach to simultaneously drive the pupil and the aberrations by using a single
liquid-crystal phase-only modulator offers several advantages. Those are particularly important
in contexts where both the pupil and the aberrations must be controlled independently. Pupil
of the eye is known to change, among other causes, as a function of luminance, vergence and
accommodation [66, 67], showing the importance of the presented study to visual optics field.
Technique which was proposed and tested in this work avoids the use of variable diaphragms
or motorized components in the system, therefore reducing its complexity and cost. As the
SLM is only used to display a phase mask, part of which mimics amplitude modulation, setup is
simplified significantly compared to the cases when an extra SLM is used for true amplitude
modulation, where a separate polarization state is required [21,33]. In addition, the method
also enables generation of other pupil shapes, such as elliptical ones or of even more exotic
geometries, which might be of interest for designing novel ophthalmogical solutions, as shown in
a different study [35].

Other techniques can be used to replicate the effect of mimicking amplitude modulation using
a phase-only element. For example, a diffractive grating can be used for diverging the light
out of the optical axis, as demonstrated in a study by Arrizén [68]. However, compared to that
technique, an axicon is better suited to a rotational symmetry, which is necessary for visual
applications. A diverging lens can also be used for the same effect. Axicon, grating or diverging
lens elements can also be fabricated as Pancharatnam-Berry phase elements, but they cannot be
programmed on an SLM.

Retrieved MTFs characterized the method of simultaneous phase and aperture control and
provided a complete picture of its performance. Direct comparison between the MTFs obtained
through a physical pupil and a phase generated pupil was accomplished. We employed a revisited
method involving Fourier analysis, by generating a white noise object to be imaged through
the system, which can be successfully applied with current DLP technologies. One important
advantage of DLP based devices is the excellent contrast attainable between adjacent pixels in
the object, as the black pixels are produced by diverging the light out of the main path. The
resolution of the DLP is also advantageous for the MTF estimation. In fact, a 2x binning
resolution reduction on the DLP was applied to prevent aliasing effect on the camera sensor.
Still, the method to estimate the MTF is affected by some constrains. It should be noted that
the obtained MTF is calculated from an extended object, so it is weighted across certain field.
This does not occur when MTF is obtained from a point spread function of the system. This fact
causes MTF to vary depending on the size of the object. In this work a relatively small field
was used. Even though it was around 0.5 degrees, some amount of field curvature was present,
affecting the measurements. That was the most prominent aberration, since on-axis aberrations
were measured during the calibration of the system, and it maintained a nearly diffraction-limited
optical quality. Field curvature in the system was mainly due to the use of a single achromatic
lens as collimator. More complex objectives compounded by several elements are typically
employed to avoid this aberration. This effect explains the drop of the experimental MTF below
the diffraction limit for diameters of 4 mm and larger. Nevertheless, comparison between the
real pupil and the one generated with phase manipulation still stands, as both cases are affected
by the same field curvature. Another limitation of the random chart MTF retrieval method is
the range of aberrations that can be introduced in the system. Highly aberrated systems, not
necessarily with high order aberrations, but with a simple defocus, produce a known effect of
low pass filtering over the spatial frequencies. The white noise object method to estimate the
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MTF would accordingly require larger images. But in such case field aberrations would likely
become predominant. Therefore, there must be a balance when applying the method, which
would depend on characteristics of the system which needs to be evaluated.

A limitation of the method to generate pupils by manipulating phase is connected to the field
size in the object space. The phase mask generated a ring as a collateral effect associated to
the period of the axicon-shaped mask. That can be observed in the right panel of Fig. 2 and in
Fig. 7. The ring size, as shown in Fig. 7, is directly connected to the size of the object, or the
total field. For a certain object field size, the ring overlaps with the image. This overlapping
does not affect the intended pupil effect in terms of the spatial cut-off frequency, as the ring does
not cause additional high spatial frequencies to be transferred to the image. However, this fact
might impact the performance, since it introduces some extra scatter, consequently reducing the
contrast of the images, as graphically shown in Fig. 7.

21.0
[72]

S
Z0.0

Fig. 7. Effect of different object sizes on the image. Top row, from left to right, images of the
object subtending: 200, 400, 600, 800 and 1000 pixels. Bottom row: normalized averaged
intensity of yellow shaded parts. Red dashed lines show borders of the object. Blue dashed
line shows the background intensity.

This overlapping effect also depends on the configuration of the system through the magni-
fication between conjugate planes. In the experiment, magnification was set to |1|. Reducing
the magnification factor on the plane of the phase modulator would permit using a larger object.
The diameter of the ring can be increased, reducing its impact on the image quality, by reducing
the physical period of the axicon phase mask. That can be accomplished by using a spatial
light modulator with smaller pixel pitch. Axicon phase mask with a period subtending the same
amount of pixels would be used, but a reduced physical period size would result in a higher
deflection angle, producing a ring of larger diameter. In this regard, there are off-the-shelf
modulators with 4K resolution with similar chip size.

Another aspect to be accounted for when using the proposed technique is the ratio between
the diameter of the incoming beam and the programmed pupil diameter. This is important
due to the amount of light that is not modulated. The following expression accounts for the
ratio between non-modulated and modulated fractions of the incoming light k,,pnmoq (assuming
circular pupils):

R? - R?
knonmoa = (1 =v)- —ZP, )
R,

where v is diffractive efficiency of the modulator, R; is the radius of the incoming light, R, is the

radius of the modulated pupil.
As an example, assuming a typical commercial value of an LCoS-SLM’s diffractive efficiency
of 95%, the ratio k,onmoa reaches a value of 0.15 when the modulated pupil is 2 times smaller
than the incoming beam, of 0.75 when 4 times smaller and of 3.15 when 8 times smaller. Due to
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this, if small diameters of the pupil are produced by the modulator, it is recommended that the
incoming beam is limited by a physical aperture before the LCoS-SLM. However, this issue can
be overcome by introducing an offset in phase on the LCoS-SLM, for instance defocus, as it has
been explained in previous section about the visual testing experiment. Introducing a tunable
lens for offset compensation is not strictly necessary, as the defocus offset programmed on the
LCoS-SLM can be compensated in the system by altering one of the telescopes, or, alternatively,
by moving the object away from the focal plane of the collimating lens. Such configurations
guarantee that the non-modulated fraction of light will always be defocused on the image plane
(e.g. an observer’s retina or a camera detector).

Inducing aberrations together with the pupil control was experimentally demonstrated by
generating defocus up to 0.3 D of amplitude for the objective measurements (limited by the MTF
retrieval technique), and up to 4 D for the visual application. It must be pointed out that the ring
around the image produced by the axicon mask does not depend on the programmed aberrations.
This is graphically shown in Fig. 8, where defocus up to 8 D through a pupil of 5 mm was
generated by the LCoS-SLM.

0D 2D 4D 6D 8D

Fig. 8. Image of E letter for different values of defocus. Pupil of 5 mm in diameter is
modulated on the LCoS-SLM. Images are overexposed in order to highlight the ring produced
by the aperture mask, which keeps its size constant, independent of the induced defocus.

The E letter shown in Fig. 8 subtends approximately 10 arc minutes, corresponding to VA of
0.5 decimal. The intensity of the ring in the focal plane remains constant, as it depends on the
size of the aperture mask relative to the size of the oncoming beam.

5. Conclusion

A new method to dynamically manipulate the aperture of an optical system simultaneously with
the aberration control has been investigated in the context of visual adaptive optics simulation.
Technique employs phase modulation of the incoming light to create an effect of a physical pupil.
Consequently both aperture and phase can be driven with a single liquid-crystal phase-only
modulator. Technique has been experimentally tested through the comparison of MTFs obtained
with the phase-only approach and physical diaphragm apertures. Measurements were done using
an AOVS. Limitations and enhancements of the technique have been discussed in detail. As an
example of an application, through focus VA was obtained in 2 subjects using different pupil
sizes and performing full aberration correction.

Simultaneous control of aperture and phase by using a single phase modulator is very relevant
for adaptive optics visual simulation. Visual testing can largely benefit from this technique, as
both aberrations and pupil size affect the optical quality of retinal images. The application of
this technique opens the door to new experiments under realistic conditions to better understand
vision, and to the design of novel optical aids combining pupil and phase engineering. Presented
technique also has applications in adaptive optics field in general.
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