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For phase-only spatial light modulators (SLMs), it is necessary to calibrate phase-response curves in
various applications with light wavefront shaping. Here we develop a method to calibrate the global phase-
response curve, based on the generalized optical spatial differentiation. We show that by only setting two
specific profiles in SLM and analyzing the light reflected by a planar interface under cross-polarization
conditions, the phase delay can be evaluated from two shots of intensity images. In comparison with
conventional interferometric or diffractive approaches, we experimentally demonstrate that the present
method enables in situ calibration and takes advantages of simple process and high stability. Besides, the
method can also be used to calibrate the phase-response curve of each single pixel.
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L. INTRODUCTION

Spatial light modulators (SLMs) are fundamental
devices in optical applications for wavefront manipula-
tions. In recent years, phase-only spatial light modulators,
especially based on liquid crystal, have been widely used
in various fields, e.g., optical computing tasks [1-6], quan-
tum optics [7], optical micromanipulation and tweezers
[8,9], and microscopy [10]. Potentially, spatial light mod-
ulators are also suggested in the applications of optical
coherence tomography [11], time evolution of topological
quantum states [12,13], and ultrafast polariton and plas-
mon polariton procedures [14,15]. In these applications, it
is necessary for the first step to calibrate phase-response
curves of SLMs, which ensures precise control of desired
phase delay.

The principle of SLM calibration is to convert mod-
ulated phase delays into detectable intensity variations.
Currently, a number of methods have been developed
based on interferometric or diffractive approaches. The
calibration performance strongly relies on two factors:
mechanical stability and complexity of data processing.
With well-established interferometers generating interfer-
ence fringes, the phase delay by SLM can be easily
retrieved by analyzing the variation of the fringe pat-
terns [16—19], but the interferometers are sensitive to
mechanical or environmental disturbances and thus require
multiple measurements to reduce deviations. In order to
ensure high stability, the methods based on common-path
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interferometry [20,21] and diffraction [22—24] have been
proposed. They are simple and stable but with the price
of time to change the input grayscale values and take a
number of shots. In addition, other calibration methods
are developed based on interferometric [25] and diffrac-
tive patterns [26]. These techniques are stable and need
only one or a few shots, but with the strong demand of
image processing for data fitting to extract phase delays.
In general, it is still desirable to develop SLM calibration
techniques, which have high mechanical stability but with
less need for data processing.

In this paper, we propose a two-shot method to calibrate
the global phase-response curve of SLM, based on the
generalized spatial differentiation. Recently, optical analog
computation of spatial differentiation has attracted particu-
lar attention because of its advantages of high throughput
and real-time computing in a single shot. Various optical
analog computing devices have been designed for spatial
differentiation of scalar fields simply with linear polariza-
tion, e.g., using metamaterials and metasurfaces [27-36],
dielectric interfaces [4,5,37], periodic slabs [38—43], and
plasmonic structures [3,44—46]. In particular, with the spin
Hall effect of light, we have experimentally demonstrated
the generalized spatial differentiation: during reflection at
a single planar interface, the spatial differentiation perpen-
dicular to the incident plane can be realized by analyzing
the polarization state orthogonal to that of the incident light
[4]. Moreover, since the spin Hall effect is an intrinsic
effect of light, such spatial differentiation generally occurs
at any planar interface, regardless of material composi-
tions, incident angles, or light wavelengths.
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In comparison with the current interferometric or
diffractive methods, the proposed method is to load only
two different patterns in SLM and directly measure each
intensity image after optically performing spatial differen-
tiation, without complex image processing. Therefore, the
calibration process is much more efficient and stable. We
validate the method by comparing the calibrated phase-
response curve with the method by using the well-known
two-beam interference technique [16] and experimentally
demonstrate the improvement of diffraction efficiency in
application of holography. In addition, with multiple shots
the proposed method can be straightforwardly extended
to a calibration method for each single pixel. Since the
proposed calibration setup is only with common imaging
systems and polarization analysis, it can be easily adapted
to deployed setups. In particular, our method works in situ
in the cases that the deployed setups have imaging sys-
tems to project the phase-delay image loaded by SLM:s,
e.g., in the applications of all-optical neural network [1]
and encoding complex fields with a phase-only SLM [6].

II. METHODOLOGY

Our calibration method is based on the generalized
spatial differentiation shown in Fig. 1. Suppose that an
incident electric field Ey,(x,y) obliquely illuminates on a
planar interface with an incident angle 6y. We note that
since the spin Hall effect of light is independent of material
compositions [4], the reflective interface can be general,
e.g., a planar mirror or a glass slab. Here the polarizer P1
is used to prepare the incident field with p (s) polarization,
while the polarizer P2 is used to analyze the s (p) polar-
ization, which is orthogonal to the initial one. After such
cross-polarization analysis, the output field is proportional
to the spatial differentiation of the input field [4]:

Eou(x,y) = C[Ein(x,y +6) — Ein(x,y —8)], (1)

where C = i(r, +ry)/4, and r, and r, are Fresnel’s reflec-
tion coefficients of the p- and s-polarized plane waves
with the incident angle 6, respectively. Equation (1) can
be understood by taking into account that the initial lin-
early polarized field can be decomposed into the right- and
left-handed circular polarization states (the blue and the
yellow beams in Fig. 1, respectively). Due to the spin Hall
effect of light [4,47], after reflection at the planar inter-
face, two such circularly polarized beams experience the
opposite shifts of 4§ in the transverse y direction, respec-
tively, shown as Ep,(x,y £+ §), where § = 2 cot6y/ko, and
ko is the wave number in the incident medium. With the
orthogonal polarizer P2, the output field is contributed by
the destructive interference between two circularly polar-
ized beams, which corresponds to the minus sign in the
middle of Eq. (1). Since the spin Hall effect is an intrin-
sic effect of light, the spatial differentiation is general and
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FIG. 1. Schematic of the generalized spatial differentiation
with two polarizers and one planar interface. A paraxial beam
obliquely illuminates on a planar interface with an incident
angle 6p. Two polarizers P1 and P2 are used to enable polar-
ization analysis under cross-polarization conditions indicated
with double-head arrows, e.g., s- and p-polarization states here,
respectively. The initial field prepared by P1 can be decomposed
into right- and left-handed circular polarization states, which
experience the opposite transverse shifts of £§ during the reflec-
tion, respectively. P2 is used to enable destructive interference
between the two states. Here x and y are the beam-profile coor-
dinates for the incident and reflected light, which are parallel and
perpendicular to the incident plane, respectively. The incident
and reflected beams have the vector electric fields Ej, and Eqy
dominating in the transversal direction. We note that since the
spin Hall effect of light is independent of material compositions,
the reflective interface can be general, e.g., a planar mirror or a
glass slab.

independent of material compositions, incident angles, or
light wavelengths [4,47].

To calibrate a phase-only SLM, here we consider an
optical system schematically shown in Fig. 2(a). The goal
is to quantitatively determine the relation between the
phase delays induced by the SLM and the correspond-
ing input grayscale values. We assume that SLM man-
ufacturers have corrected the wavefront and enabled the
phase-delay response independent of pixels. Here a reflec-
tive SLM is illuminated by a collimated monochromatic
laser beam with linear polarization. We suppose that the
collimated laser beam has an amplitude 4, and the SLM
delays the phase of a single incident field segment by ¢,
as A — Ae'*. With a conjugate imaging system consisting
of lenses L1 and L2, the phase-modulated field Ej, (x,y) =
A(x,y)e® ™) is projected to the spatial differentiator, con-
sisting of a planar interface and polarizers P1 and P2. Here
the coordinates x and y in the SLM are defined in accor-
dance with the spatial differentiation system as shown in
Fig. 1. The incident angle is chosen such that the shift §
is much smaller than the SLM pixel size. According to
Eq. (1), the reflected field after the spatial differentiation
is

Eoqu(x,y) = CA(x,y) [e#0 D) — =] (2)
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FIG. 2. Schematic of the phase calibration of phase-only
SLMs. (a) The setup: C, collimator; P, polarizer; L, lens. The
light source is connected to the collimator through a fiber. The
generalized spatial differentiator consists of P1, P2, and planar
glass. (b),(c) Input grayscale images in the first and second shot,
respectively. The lower part y < y, has the fixed value of zero
for both images. The upper part y > y, for (b) has a uniform
nonzero value, while the values for (c) increase linearly from 0
to 255 with the unitary step along the x direction.

With a conjugate imaging system (L3 and L4), the output
intensity distribution is measured by a camera.

Next we show a two-shot method to evaluate the phase
delay with the optical spatial differentiator. In the first step,
we set a grayscale image as Fig. 2(b) in SLM, which con-
sists of two parts: the lower part y < yo has the value
fixed to zero, while the upper part y > yy is uniform with
a nonzero value. In this case, according to Eq. (2), the
measured output intensity distribution /; (x) aty = yy is

Li(x) = BICP* 42 (v), )

where B is a constant related to the phase contrast between
the lower and upper parts and can be determined by the
maximal normalized intensity of Eq. (5).

In the second step, we set a grayscale image as Fig. 2(c),
which consists of two parts: although the lower part y <
o has the same value of zero as shown in Fig. 2(b), the
upper part for y > y, has the grayscale values gradually
increasing from zero to the maximum with the unitary step,
which means that the modulated phases ¢(x) at the upper
part can cover the range from 0 to 2. Thus, according to
Eq. (2), the measured output intensity distribution at y =

Yo is

L(x) = 2|CP4*(x) {1 — cos[p(x)]} . (4)

To determine the phase delay, we normalize the two
measured intensities as

_hLx)  2—2cos[px)]
CL(x) B

1(x) . (5)
Since the phases ¢(x) cover the range from 0 to 2w, the
intensity distribution reaches the maximum value Tax OF
I(x) where ¢(x) = . By determining Inax and the cor-
responding position x.,, We obtain the coefficient B =
4/l and evaluate the other phases by Eq. (5). For
example, when x < xp,x, we have

2I(x)j| . ©

¢ (x) = arccos [1 — =

max

We can also unwrap the phases for the other ranges by tak-
ing into account the phase continuity increasing with the
grayscale value.

Since the grayscale value is associated with the position
x, we finally calibrate the SLM by determining the one-
to-one correspondence between the phase delays and the
input grayscale values. Furthermore, for the linear depen-
dence, the phase-response curve can be massaged by look-
ing up and rescaling the voltage setting table. Moreover,
the experimental setup and the method can also be used to
calibrate the SLM for other wavelengths, because the spa-
tial differentiation generally occurs without the wavelength
limitation.

III. RESULT

To demonstrate the calibration process, we calibrate a
SLM (Holoeye PLUTO-NIR-011) at the wavelength A =
532 nm. As shown in Fig. 2(a), a Gaussian laser beam
is collimated through a rotating ground glass diffuser in
order to eliminate speckles and enhance the image qual-
ity. The incident beam covers the whole SLM and the
incident angle is less than 5° to assure the phase-only mod-
ulation. A conjugate imaging system consisting of lenses
L1 (f =500 mm) and L2 (f = 60 mm) projects the mod-
ulated field to a BK7 glass surface with the incident angle
By = 45°, resulting in a transverse shift § = 169 nm. The
polarizers P1 and P2 are used to prepare and analyze the
s- and p-polarization states, respectively. The other conju-
gate imaging system consisting of L3 (f = 100 mm) and
L4 (f =400 mm) projects the reflected field to a beam
profiler (Ophir SP620).

We perform the two-shot method by measuring the
intensity distributions /;(x) and />(x). First, we set the
input grayscale value pattern in SLM [Fig. 2(b)]. We note
that out of the pattern, the grayscale value is continually
uniform along y direction such that no differentiation sig-
nal is generated according to Eq. (1). For a large calibration
area, there are 768 pixels along the x direction. Moreover,
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FIG. 3. (a),(b) The measured intensity distributions in the two

shots where the pattern in 0 < x < 6.1 corresponds to the input
image of SLM as Figs. 2(b) and 2(c), respectively. (¢),(d) 71 (x)
and 7, (x) calculated by summing the intensities along the y direc-
tion within the region outlined by the green dashed line from (a)
to (b).

in order to improve the signal-to-noise ratio, the grayscale
value at the upper part is set to enable relatively strong
intensity of /; (x), which does not require the quantitative
value of the phase delay in prior. Figure 3(a) shows the
measured output intensity distribution. In agreement with
Eq. (1), the output fields only have strong intensities at the
boundary between the upper and the lower parts, which
correspond to spatial differentiation along the y direction.
We note that since the grayscale value is continually uni-
form along the y direction outside the pattern in Fig. 2(b),
there are no output intensities generated except at y = yy.
Therefore, we can locate the pixels of two endpoints of
the bright line in CCD and map them to the two endpoints
at y = yp of the pattern in SLM. In this way, for each x
value, Fig. 3(c) shows the intensity distribution /; (x), by
summing the intensities along the y direction, within the
region outlined by the green dashed line in Fig. 3(a).

Next, we set the input grayscale image of the SLM as
Fig. 2(c). Here each three adjacent pixels are treated as a
subgroup and set with the same grayscale value, in accor-
dance with the first pattern setting. We keep the grayscale
values out of the pattern continuous with the inside to make
the phase continuous in x direction, which can reduce the
influence of diffraction on the output intensity distribu-
tion at the two endpoints, i.e., x = 0 and x = 6.1 mm at
the boundary. The output intensity distribution is shown in
Fig. 3(b). Correspondingly, /;(x) shown in Fig. 3(d) is also
acquired by summing the intensities along the y direction
within the region.

Now we determine the phase-response curve from the
normalized intensity. According to Eq. (5), the result Iis
calculated by normalizing the measured /;(x) and 1, (x),
which is shown as the blue circle line in Fig. 4(a). On
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FIG. 4. (a) I(x)/Inax (blue circle line) and the input grayscale
values (orange line) as a function of the position x. (b) The phase-
response curve measured with our method (blue circle line) and
two-beam interference method (red rhombus line).

the other hand, the input grayscale values are determined
and associated with the positions x, as the orange line in
Fig. 4(a). Therefore, for each x position, we can calculate
the phase delay by Eq. (6) and the corresponding grayscale
value. For example, for x = 2.6 mm, the phase delay is
¢ = m where I(x) = Inax, and the corresponding grayscale
value is 106. Also at the position where 1(x) reaches the
minimal value at x = 4.2 mm, we can determine a phase
delay ¢ = 27 corresponding to the grayscale value of 176.
By processing all the other positions, we finally determine
the one-to-one correspondence between the phases ¢ and
the input grayscale values, which is shown as the blue
circle line in Fig. 4(b).

To verify the calibration method, we also measure the
phase-response curve by using the two-beam interference

TABLE I. Number of shots and time consumption for two
methods.

Method Number of shots  Time consumption
Spatial differentiation 2 03s
Two-beam interference 256 14s
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FIG. 5.

The measured 2D diffraction images of ZJU eagle logo from the same hologram image with default linear phase-response

curve (a) and the calibrated phase-response curve by the interferometric method (b) and the proposed one (c), respectively. Here the
image values correspond to the measured intensities in all the three cases, with the same unit of the color bar.

approach in the Holoeye user guide. This method deals
with fringes generated by the interference between a ref-
erence beam and a phase-modulated beam that illuminate
on two different parts of the SLM: one part with a fixed
input grayscale value 0 and the other part with changing
values from 0 to 255. The experimental setup is referred to
[16] and here we use a camera (Thorlab DCC 1545M) as
required in the user guide. The calibrated phase-response
curve by the interferometric approach is shown as the red
rhombus line in Fig. 4(b), where the two methods show
good agreement with each other. We note that there are rel-
atively large deviations for the measured results between
these two methods in the region of small phase delays,
because they both have low signal sensitivity in this case.
For the proposed method, one can enhance the sensitivity
for small phase delay by separately measuring /, with a
rather strong input intensity /;.

To show the advantages of the proposed method, Table |
compares the number of shots and time consumption
between the proposed method and the interferometric one.
For the number of shots, the present method only needs
two shots, while the interferometric one takes 256 shots of
fringes corresponding to 256 grayscale values and hence
it takes more time for calibration. Overall, the proposed
method reduces the calibration time to 0.3 s in comparison
to 14 s with the interferometric one. Further, the interfero-
metric approach is sensitive to environmental disturbance,
such that it needs to repeat the measurement process for
more times to avoid drifts in space.

To test the performance, we demonstrate a holog-
raphy, which shows the dramatic improvement of
the diffraction efficiencies. Figure 5 shows the recon-
structed images of ZJU (Zhejiang University) eagle
logo with a 200-mm-focal-length lens from the same
holography calculated by the iterative Gerchberg-Saxton
algorithm [48]. The patterns separate the zeroth-order
diffraction spots by introducing a grating function in
the input hologram. Figure 5(a) represents diffrac-
tion patterns of the hologram with the default linear

phase-response curve, where the output phase delay
between 0 and 27 is assumed to increase linearly with
the input grayscale values between 0 and 255. With the
phase-response curve calibrated by the interferometric
method and the proposed one, Figs. 5(b) and 5(c) show that
the intensities of the diffraction pattern become stronger.
The diffraction efficiency of the zeroth-order spot is
decreased by a factor of 4.8 and 5.5 times for the inter-
ferometric method and the proposed one, respectively.
Since the correct phase-response curve greatly increases
the signal-to-noise ratio, both of them have consistent per-
formances, and especially the proposed method further
improves the diffraction efficiency of 12.7% in comparison
to the interferometric method.

IV. DISCUSSION AND CONCLUSION

We note that the present method can be straightfor-
wardly extended to a calibration method for each single
pixel. Suppose that the calibrated pixel is chosen at (xg, ).
We first set the grayscale image in SLM as Fig. 2(b). Then
we gradually increase the grayscale value at the upper part
y > yo from 0 to 255 and measure the output intensity 7 at
(x0,0) for each time 7. The phase-response curve of the
pixel can be computed according to Eq. (5), just by con-
sidering the variable x substituted by 7. Such calibration is
practical in the cases where precise control of each pixel
is required, e.g., optical Ising machines using spatial light
modulators [49—53].

In summary, we propose a SLM calibration method
based on spatial differentiation, for either global pixels or
each single one. The principle is that spatial differentiation
can convert the variations in the phase delay into intensity
distribution, which can be measured directly. The tech-
nique operates in short time with a simple imaging process.
We use the two-beam interference approach to evaluate the
performance of phase calibration and the result shows the
SLM is well calibrated. Also, we show that the diffraction
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efficiency of the holography is improved with the present
calibration method.
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