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Abstract—In the fields of optics and photonics, phase-only spatial
light modulators (SLMs) play an increasingly important role in
wave-front engineering. However, the SLMs are subject to wave-
front distortion arising from the imperfection in the birefringence
effect and physical structure of modulators. This paper presents
a simple self-interference phase calibration method applicable to
liquid-crystal SLM. We build an interferometric imaging system
based on the Pancharatnam phase-shifting to measure the phase
distribution of a light beam coming from SL.Ms. Two types of phase
modulation errors of SLMs can be characterized in the measure-
ment process: the erroneous gamma curve and shape aberration.
The former belongs to dynamic phase distortion and is measured
through a four-step Pancharatnam phase-shifting interference,
which allows a one-shot recording of interference pattern via a
polarization camera; the latter represents static phase distortion
and is extracted from the interference between light waves coming
from different regions of the SLM panel by using Zernike poly-
nomial fitting. Our method has the advantages of high-precision
pixel-wise phase correction and robustness against environmental
disturbance and thus can facilitate the applications of SLM in
optical field manipulation.

Index Terms—Spatial light modulator, calibration, phase
modulation, interferometer.

1. INTRODUCTION

S A DYNAMIC and programmable optical element, the

liquid crystal spatial light modulator (LC-SLM) has been
playing a very important role in the application of wavefront
shaping and beam steering. A typical phase-only SLM modu-
lates the wavefront by inducing phase retardance at each liquid
crystal pixel, which is controlled by the voltage across the pixel.
The corresponding voltage in each pixel is addressed with a
computer-loaded grayscale bitmap. It is applied to many fields
such as optical microscopy [1], quantum optics [2], [3], optical
micro-manipulation [4], [5], holographic display [6], [7], optical
coherence tomography [8]. In the applications employing SLMs,
high precision light modulation is always desired. However,
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normally a commercial SLM suffers from phase distortion.
The phase distortion is mainly caused by the phase modulation
nonlinearity and non-uniformity of SLM’s physical structure and
environmental conditions, and can be ascribed to two factors:
(1) the erroneous driving electric signal exerted on the liquid
crystal (LC) [9] and (2) and the backplane curvature and/or
thickness variation of the LC layer in SLMs [10]. The former
leads to dynamic phase response errors, while the latter results
in static wavefront aberrations. To meet the requirement of
high-precision wavefront controlling in practical applications,
a variety of calibration schemes for compensating the phase
distortion have been developed, which are mainly based on three
types of measuring principles: interferometry[11]-[14], diffrac-
tion technique [15]-[18] and polarimetry [19]-[21]. The three
schemes have their pros and cons: interferometric methods are
appreciated as the high-precision measurement but are suscep-
tible to environmental vibration; diffraction methods are robust
against environmental disturbance but cannot afford spatially
varying phase modulation measurement, thereby lacking the
ability of pixel-wise calibration; polarization measurement can
characterize electro-optic birefringence property of the LC, but
the phase estimation operation via birefringence-based optical
modeling is arather complicated process and is usually challeng-
ing to achieve pixel-wise phase measurement. In addition, most
of the prior literature dealt with severally voltage-phase response
calibration or surface compensation, but reports of modulation
correction accounting for both voltage-phase mismatch and
surface inhomogeneity are scarce.

Considering the above-mentioned concerns, we design and es-
tablish an experimental optical system based on self-referencing
interference to implement high-precision phase calibration of
phase-only SLMs. In the self-reference optical path we designed,
the reference light and modulated light come from the same
source point and traverse the same path. This arrangement
enables the phase measurement to be immune to environmental
vibration and can allow the low spatial coherent illumination,
which is preferable for suppressing speckle noises. Our phase-
correction scheme aims at accomplishing two tasks: phase-
voltage gamma curve calibration and surface shape correction.
In the gamma correction process, the modulation phase of SLMs
is measured through a four-step Pancharatnam phase-shifting
interference, which allows a one-shot recording of interference
pattern via a polarization camera. In the surface evaluation
process, the topographical information of SLMs is extracted
from the phase difference between different regions of the SLM
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panel, and aberration fitting in terms of Zernike polynomials
is exploited to retrieve the curvature of SLM. The proposed
technique holds promise in three aspects: (1) pixel-wise voltage-
phase calibration through a microscopy-based interferometric
measuring arrangement; (2) high-precision static surface com-
pensation via Zernike polynomials fitting; (3) robustness against
environmental disturbance due to its self-interference character
and common-path arrangement.

The outline of this paper is as follows. Section II describes the
self-interference principles of the gamma curve correction and
the surface measurement of the SLM, along with the corrected
phase modulation. Section III shows the experimental compari-
son results of beam shaping via the SLM that is w/ and w/o phase
calibration. Section IV gives the conclusion and final remarks.

II. OPTICAL ARRANGEMENT AND MEASUREMENT PRINCIPLE

To begin with, let us outline the working principle of a
reflective phase-only SLM, which is currently the mainstream
product widely used for the dynamic engineering of the wave-
front. The structure of SLM is a sandwich layer filled with
parallel nematic liquid crystals between a glass cover plate
and a silicon backplane [22]. The cover plate is coated with a
layer of transparent conducting film acting as the common elec-
trode, while the silicon backplane has millions of individually
addressable reflective electrode pixels. After an incident light
reflects off the SLM, its wavefront will experience pixel-wise
phase retardance, which is controlled by the voltage applied
across the liquid crystal pixel. The corresponding voltage in each
pixel is addressed with a computer-loaded grayscale bitmap,
i.e., a computer-generated hologram (CGH), which is produced
according to a phase-voltage look-up table (LUT). Ideally, SLM
should linearly and pixelated respond to the loaded grayscale
map and afford a phase modulation within the range of 0-27 for
a given illumination wavelength. For this purpose, the high preci-
sion phase calibration of SLM is required because a commercial
SLM generally has a nonlinear and spatially varying phase
response. Our proposed phase-correction scheme for the phase-
only SLM includes two steps, i.e., (A) phase-voltage gamma
curve calibration and (B) surface shape correction, which is
performed in a constructed experimental system schematically
outlined in Fig. 1 and the underlying working principle will be
elaborated in what follows.

A. Gamma Curve Correction

Fig. 1 shows the schematic of our proposed SLM calibration
system, which consists of an illumination unit and a measure-
ment unit. In the illumination unit, a laser is used as an illumina-
tion source with a wavelength of 532 nm. A rotating ground glass
(GG) destroys the spatial coherence of light to reduce speckle
noise. The lens L2 can be moved along the optic axis to alter the
size of the light spot impinged on the rotating GG, producing an
adjustable spatial coherence. After passing through a polarizer
P, the light becomes linearly polarized along 45° with respect to
the x-direction. The illumination unit is followed by one of two
types of measurement units, i.e., (A) Gamma correction unit,
and (B) Shape measurement unit.
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Fig. 1. Outline of measurement optical path. L: lens(L1 = 250 mm; L2 =
50 mm; L3 = 200 mm; L4 = 70 mm, L5 = 200 mm); PH: pinhole; GG: ground
glass; P: polarizer; BS: non-polarizing beam splitter; QWP: quarter-wave plate;
TL: tube lens; MO: microscope objective( x40, NA = 0.25); SLM: spatial light
modulator. Two kinds of CMOS (complementary metal-oxide-semiconductor)
cameras are used. CMOS1 in (A) gamma correction unit: polarization camera
(Lucid PHXO050S-P, resolution 2448 x 2048, pixel pitch 3.45 pm); CMOS2
in (B) shape measurement unit: CMOS camera (Hamamatsu C11440-36U,
resolution 1920 x 1200, pixel pitch 5.86 pm).

In the gamma correction unit, the combination of a micro-
scope objective (MO) and a tube lens (TL) establishes a mi-
croscopic imaging relation between the SLM under test and the
camera plane; the reflected light off the SLM, which is composed
of the x- and y-polarized components, is collected by the MO
and imaged on a polarization camera. Owing to the modulation
character of the phase-only SLM, the x-polarized component
is phase-modulated while the phase of the y-polarized one re-
mains unchanged after reflecting from the SLM. The two linear
components are converted into mutually orthogonal circular
polarizations via a quarter-wave plate (QWP) with its fast axis
orientating at 45° with respect to the x-direction and interfering
with each other on the camera plane. The use of high-quality
MO allows the high spatially resolved interferometric images to
be formed in the camera. Note that both the x- and y-polarized
components come from the single linearly polarized light beam
impinging on the same place of the SLM, thereby implying that
the superposition of the two waves resembles a self-referencing
interference.

The extraction of the modulation phase from the interference
pattern recorded by the camera is based on the well-known
phase-shifting interferometry. Our phase-evaluation method uti-
lizes the polarization state of light to realize the so-called
Pancharatnam phase-shifting [23]. When a linearly polarized
light illuminates the SLM, the x-polarized component of the
reflected light acquires a phase-only modulation, while the y-
polarized component reflecting off the SLM does not undergo
modulation, and hereby acts as the reference wave. The QWP
converts the x- and y-polarized components into the left- and
right-hand circularly-polarized components, respectively. After
passing through a polarizer with its transmission axis orientating
at an angle 6 with respect to the x-direction, the Pancharatnam-
phase-stepped intensity distributions can be recorded by the
camera, which has the following expression [24]

1(0) = %[Iz+Iy+2\/Inycos(¢+2€)], (1)
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Fig. 2. Principle of four-step spatial Pancharatnam-phase shift via the single-
shot recording of interference between the left-hand polarized (LHP) signal wave
and the tight-hand polarized (RHP) reference wave. Four adjacent micropolariz-
ers with four discrete polarizations at 0, 45, 90, and 135 degrees are combined to
form a superpixel for the four-step phase-shifting algorithm and are re-grouped
through spatial pixel multiplexing to restore the spatial resolution.

where ¢ = ¢, — ¢y, ¢, is the phase that SLM modulates, ¢,
is a constant because SLM does not modulate the phase of
the y-polarized component, and therefore ¢ is equivalent to
¢z I, and I, are the intensities of the x and y polarization
components, respectively. The argument 26 is the so-called geo-
metrical (Pancharatnam) phase. In the above expression, we have
implied but suppressed the dependence of the quantities on the
spatial coordinate (x, y) for brevity. According to the four-step
phase-shifting algorithm [25], we can retrieve the phase ¢ as

1(135°) — I(45°)

¢ = arctan 1(0°) = 1(90°)

)

Normally a multi-step phase-shifting requires a sequentially
multiple recording of the interference pattern and is thus unable
to achieve instantaneous interferometric measurements. By con-
trast, our measurement system allows a one-shot phase-shifting
interference through the combination of a polarization camera
with the spatial Pancharatnam-phase shift. A polarization cam-
era incorporates a micropolarizer array in front of the camera
sensor by means of matching the size of the pixelated linear
polarizer with that of the detector [26]. Four micropolarizers
with four discrete polarization (0, 45, 90, 135 degrees) are
adjacent to each other and are combined to form a superpixel,
whose concept is schematically shown in Fig. 2, enabling a
single-shot recording of the four-step phase-shifted interfero-
gram. Such a superpixel is repeated continuously over the entire
detector array. The resolution of the superpixel is seemingly
reduced to half of that of the native sensor. However, we can
regroup superpixels via spatial pixel multiplexing to recover the
resolution, as illustrated in Fig. 2. For example, the pixel at (i,
n) will be re-combined with its three adjacent pixels at {(m, n-1),
(m-1, n-1), (m-1, n)} to form a new pixel numbered by (m, n). In
this way, the wavefront phase to be measured can be extracted
with an almost full resolution at native sensor pixels through
the above-described polarization phase-shifting interferometric
measurement. The dimension of the measured phase data differs
inappreciably from that of the detector array, for instance, an
MxN sensor array will give rise to a measured phase data of
(M-1) x (N-1). It should be pointed out that a similar gamma
correction based on the polarization phase-shifting has been
reported in our previous work [24], wherein, however, the four
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Fig. 3. Off-axis light path diagram (a) and more detailed illustration (b)-(d).
(a): LP: linear polarization; BS: beam splitter; SLM: spatial light modula-
tor; L5: lens(L5 = 200mm); CMOS2: (Hamamatsu C11440-36U, resolution
1920 x 1200, pixel pitch 5.86 pm). (b)-(d): (b) only open the center region
to determine the reference point shown in (bl). (¢) open subregion (%, ) to
determine the deviation. (d) compensation deviation.

frames of interferograms were recorded sequentially in four
steps.

Ideally, the phase modulation of an 8-bit SLM should produce
a linear 27 phase distribution overall gray levels within [0, 255].
Unfortunately, this is rarely the case for a practical SLM, which
should be calibrated for high-precision phase manipulations.
Here we leverage the above-introduced phase measurement
system to precisely calibrate the phase modulation of SLM.
By taking advantage of high spatially resolved microscopic
imaging, we carry out pixel-wise gamma value calibration by
measuring the phase response to the different gray-level patterns.
The relevant results will be presented in Section III.

B. Shape Aberration Correction

When the electrical driving signal is switched off, an ideal
SLM should act as a flat mirror. In practice, however, the
backplane curvature and/or thickness variation of the LC layer
in commercial SLMs will result in the phase distortion of the
light wavefront to be modulated. In other words, the phase of
reflected light varies from place to place across the panel of the
SLM illuminated by a collimated light. This modulation error
is a static error and must be corrected when applying the SLM
in high-precision modulation of light waves. For compensating
for the modulation error due to the SLM surface curvature or
any aberrations in the optical train before or after the SLM
panel, we need to measure the topographical distribution of
the SLM panel. This characterizing task is implemented by the
shape measurement unit shown in Fig. 1. Since a constant or
piston phase delay in the wavefront does not have any practical
interest, the relative shape topography of the SLM is what we
are concerned with. Hence we choose the center region of the
SLM as the reference and evaluate the phase difference of two
light waves which are reflected from the center region and the
other location on the SLM panel, respectively.

Fig. 3 schematically outlines the principle of the proposed
shape measurement method. The entire panel of the SLM under
test is evenly divided into a set of subregions, say PxQ subre-
gions, each of which is square and is independently loaded with
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a blazed grating pattern. Accordingly, the entire reflected beam
from the SLM can be seen as a series of beamlets distributed
as a rectangular lattice on the SLM plane, and the reflected
beamlet from a subregion can be directed to the first or zeroth
diffraction order depending on the respective blazed grating is
turned on or off. In the shape measurement, we choose only two
subregions of the SLM panel to be loaded by respective blazed
grating patterns; one subregion is at the center place of the SLM
and the other subregion, say the (p, ¢)th subregion, located at a
place to be evaluated. An x-polarized light illuminates the SLM
and produces the first-order diffracting light on the detection
window of the camera. After being focused by a lens (L5 shown
in Fig. 3(a)), only two first-order light waves from two different
subregions will interfere with each other. If the SLM has no
shape distortion, two beamlets diffracted from two different
subregions with the identical blazed grating will have the same
phase and thus yield a constructive interference. Therefore, we
can characterize the shape variation of the SLM by monitoring
the intensity at the center of the first-order spot.

Figs. 3(b)—(d) illustrate the procedure of our proposed surface
evaluation in more detail. First, only the center area is opened,
and the center of the first-order light spot, marked by the cross-
point shown in Fig. 3(b1), has a maximal intensity and is taken
as the calibration point. Then, as shown in Fig. 3(c), the (p,
¢)th subregion to be evaluated is opened so that the first-order
light from this subregion can interfere with that from the central
region, resulting in the interference pattern shown in Fig. 3(c1).
The intensity at the calibration point is related to the phase
difference, (52(1, between the two interfering waves. This phase
difference 62q also represents the shape distortion at the (p, g)th
subregion relative to the center of the SLM panel. As shown in
Fig. 3(d), tuning a phase shift, 5;(1 , of the blazed grating pattern
loaded on the (p, g)th subregion will alter the intensity at the
calibration point. When 4}, = —45_ the calibration point will
reach an intensity maximum, as shown in Fig. 3(d1), and thus
the shape distortion at the (p, g)th subregion is determined. In
this way, the shape curvature of the entire SLM panel can be
characterized.

The above-acquired shape information on the set of PxQ lo-
cations represents an under-sampled phase map compared with
the original dimension of the SLM. To retrieve the pixel-wise
curvature of the entire SLM we propose to employ Zernike-
polynomial fitting for the under-sampled curvature distribution.
For this purpose, we write the measured curvature on the two-

dimensional Cartesian grid of PxQ, W(z,,y,) = §gq, as the
Zernike-polynomial expansions according to [25]
J
W (zp,yq) = Zaij (p,Yq) &)
j=1

where Z;(x,,yq)is the j-th Zernike polynomial and J is the
number of Zernike polynomials chosen for expansions. a; is
the Zernike coefficient, which can be calculated as below

0 — 25:1 25:1 W (p,yq) Zj (2p, Yq) @)
’ 25:1 ZqQ:1 ij (Zp,Yq)
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Once Zernike coefficients are determined, we can reconstruct
the full-resolution distribution of curvature by replacing the
subregion location with the pixel location on the SLM panel in
the Zernike-polynomial expansions of Eq. (3). This interpolation
practice is effective because normally the shape curvature of
commercial SLMs varies continuously from pixel to pixel.

III. EXPERIMENTAL CALIBRATION AND
VERIFICATION RESULTS

The modulation calibration of the SLM under test is carried
out according to the procedure schematically illustrated in Fig. 4,
which includes two steps —(A)the gamma correction and (B) the
shape correction. The manufacturer has provided the original
gamma curve of the gray level vs. an intermediate parameter,
namely lookup table (LUT) value, which is proportional to the
voltage across the LC cell. Such a LUT is calibrated in the
gamma correction. From the measured phase-gray curve we first
correct the relation of LUT vs. gray level (gamma curve) and
then calibrate the phase modulation against the grayscale. In the
subsequent shape correction procedure, the shape distribution
of the SLM is measured and the phase compensation needed for
correcting the shape error is determined. Finally, the dynamic
grayscale-to-phase modulation error and the static shape error of
the SLM will be jointly compensated when applying the SLM to
modulate a light wave to be manipulated. In our optical system,
high-quality lenses are used for assuring that the possible lens
aberration is eliminated.

A. Results of Gamma Curve Correction

Using the above-described method, we have measured the
phase-gray relation of a phase-only SLM (Holoeye Leto, reso-
lution 1920 x 1080, pixel pitch 6.6 pm) under the illumination
of the light wavelength of 532 nm. On the SLM’s pixel to be
tested we sequentially load the prepared gray patterns with their
gray level successively varying from 0 to 255. The ideal phase
modulation of SLM should produce a linear 27 phase distribu-
tion overall gray levels within [0, 255], but this is rarely the case
for current commercial SLMs. Fig. 5(a) shows the measured
phase modulation vs. gray level, corresponding to three zones
(marked by 1, 2, and 3 in the inset of Fig. 5(a)) in the panel of
the SLM under test. Zones 1, 2, and 3 represent three typical
regions at the corner, edge, and center of the SLM, respectively,
each of which has an 8 x 8 array of pixels. The measured
results in Fig. 5(a) demonstrate that the actual phase modulation
obtained from the manufacturer’s gamma curve indeed deviates
from the ideal (theoretical) phase-gray curve. Furthermore, the
difference in the three curves clearly indicates the spatial nonuni-
formity of phase modulation over the entire panel of SLM, i.e.,
different pixels of the SLM have different phase modulation
outputs. This spatial nonuniformity is in contrast to the common
assumption that commercial phase-only SLMs have the same
phase modulation property for all the pixels. Our calibration
method enables a pixel-wise measurement and correction of
the phase-gray curve. As a representative example, Fig. 5(b)
shows the corrected phase-gray curve responsible for zone 3,
which agrees very well with the theoretical curve. Besides, the
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calibration performance is also confirmed by the error curve
before and after the calibration shown in Fig. 5(b).

Once we finish the gamma curve correction, we move on to
the next step — characterizing the shape topography of the SLM,
as will be demonstrated in the next subsection.

B. Results of Shape Curvature Correction

For the shape correction of SLM, we need to select the
appropriate subregion size to load the grazed grating pattern.
The larger the subregion, the lower the spatial resolution of
shape measurement. However, if the subregion is too small,
the number of grating cycles is limited, which will impair the
phase controlling accuracy of first-order diffracting light. As the
surface aberrations in a commercial SLM are smooth functions
with very low spatial frequencies, we find that a subregion size
with 21 x 21 pixels is a proper choice for the SLM under test.
Setting the subregion size to be 21 x 21 pixels rather than
8 x 8 pixels chosen in the gamma correction allows more periods
of grating pattern to be displayed on the SLM while still guaran-
teeing the spatial resolution of shape measurement. Accordingly,
the number of subregions becomes 90 x 49. Following the
measurement principle described in Section II(B), we measure
the shape-associated phase distribution, W (x,,y,) in Eq. (3),

Flowchart of the calibration procedure. (a) Gamma correction flowchart (b) Shape correction flowchart.

that is a sampled data at the two-dimensional grid of 90 x 49.
Based on these measured phase data, we calculate out Zernike
fitting coefficients according to Eq. (4) and further interpolate
the shape curvature across the pixel array of 1920 x 1080.
The reconstructed phase aberration is shown in Fig. 6. The
root-mean-square (RMS) and peak-to-valley (PV) of the surface
aberration are measured to be 0.288A and 0.0492, respectively,
with A being the wavelength of the illumination light. In our
case, the first 36 Zernike polynomials are sufficient for fitting
the aberration of the SLM to be tested. Besides, the first, second,
and third Zernike polynomials represent the piston, x tilt, and y
tilt, respectively, which are not concerned with. Hence we give
the measured Zernike coefficients with index from 4 to 36 in
Fig. 7.

C. Performance of Corrected SLM on Generating Special
Light Beams

To demonstrate the utility of our calibration method, we apply
the phase-only SLM under test (Holoeye Leto) to generate some
special beams and compare the modulation effect of the SLM
before and after calibration. We test the SLM by loading on
it the phase-only CGH that can produce the desired complex
field in the focal space. The first demonstration example is the
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Fig. 5. Gamma curve (phase-grayscale relation) of the SLM under test. (a)
Measured gamma curve in three regions of the SLM panel. (b) Calibrated gamma
curve of the center region and error comparison between before and after phase
modulation calibration.

vortex beam having a spiral phase represented by exp(ilyp), with
@ being the azimuthal coordinate and / denoting topological
charges of the vortex phase. We use the same optical path as the
shape measurement unit in Fig. 1 to observe the focal field of the
SLM-generated vortex beams. The resulting field is recorded by
a camera in the focal plane of the lens (L5) with a focal length
of 200 mm. Considering the cylindrical symmetry of the vortex
beams, we use a circular area on the SLM panel to load the CGH.
As shown in the left panels in Figs. 8(a)—(c), three regions located
at the left to the right on the SLM panel, denoted by S1, S2, and
S3, are imprinted by the CGH pattern responsible for vortex
beams with topological charges of 1 to 5. Each circular-shaped
CGH has a diameter of 900 pixels. The vortex beam generated
from the SLM under default settings of the manufacturer and
after calibration is captured and shown in Fig. 8. As seen in
Fig. 8, before calibration, the bright focal ring of the vortex
beam turns out to be asymmetry, which becomes even acute
for lower topological charges. By contrast, the quality of the
light field is significantly improved after the SLM is calibrated

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022
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Fig. 7. Measured Zernike coefficients a; withi =4, 5, ...,36.

using our method. This result also indicates that different region
of the SLM has different phase modulation behavior, and thus
confirms the necessity of the local modulation calibration from
place to place can greatly when high-precision modulation is
highly desired.

In order further to illustrate the calibration accuracy, we use
the SLM to generate modified Bessel beams (BBs) with an on-
demand tailored intensity along the z-axis [27]. The angular
spectrum of the desired BBs can be expressed in the cylindrical
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Fig. 8. Focal field intensity produced from vortex phase CGHs loaded on
three different regions, (S1, S2, S3), of the SLM. Five vortex beams with their
topological charge [ = 1, 2, 3, 4, and 5 are generated for comparing the phase
modulation performance of the SLM with fault and calibrated gamma curves.

coordinates (k. 0, k) by

A (k = /B2 - k?&k)
119
_ / \/7 zkzoz —ik. ZdZ (5)

rect

where k = 27/} is the wavenumber and k,q is a specified lon-
gitudinal wave vector of the BBs. Eq. (4) rect( ) represents the
rectangle function and I(z) is the desired intensity distribution
along the z-direction. In this demonstration case, we set I (z) = 1
and k.o = 0.99994k. This arrangement can enable the generated
BBs to hold non-diffracting within a range of 30 mm before
and after the focal plane. Of course, we can design a longer
non-diffraction distance. The reader can refer to [27] for more
properties of such BBs. We apply the cosine-modulation encod-
ing method to generate the phase-only CGH that can reconstruct
the desired complex field. Fig. 9 presents two generated BBs
with topological charges of [ = 1 and [ = 3, showing the
propagation behavior of the modified BBs with non-diffraction
and longitudinal intensity customizability. The generated CGH
is loaded on the center region of the SLM. Four kinds of designed
BBs are shown in Fig. 9 for comparison: (1) the theoretical beam,
(2) the beam generated by the SLM under fault setting, (3) the
beam generated by the SLM with gamma calibration, and (4)
the beam generated by the SLM with both gamma calibration
and shape correction. Better visualization of beam quality can
be obtained from the two-dimensional distribution in the focal
plane, as shown in the inset of Fig. 9. Fig. 9 shows that the
SLM with both gamma calibration and shape correction can
provide the highest modulation quality. Besides, this comparison
implies that for the SLM under test the shape correction plays
the most important role in improving the reconstruction quality
of designed fields.
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Fig. 9. Cross-sectional intensity map of generated BBs propagating along
the z-direction. Four BBs are generated by (1) the theory, (2) the SLM under
fault setting, (3) the SLM with gamma calibration, and (4) the SLM with both
gamma calibration and shape correction. Top: topological charge / = 1; bottom:
topological charge [ = 3.

IV. CONCLUSION

Phase-only SLMs are becoming the ever-increasingly pre-
ferred devices for light steering, and thus the SLM’s phase mod-
ulation calibration becomes highly demanded in high-precision
applications. In this work, we propose a self-referencing-
interference based on the pixel-wise phase calibration method.
The phase modulation of individual pixels on SLM can be
assessed and calibrated with high accuracy through specially
designed interferometric microscopy, which can measure the
modulated phase through a one-shot recording of four-step Pan-
charatnam phase-shifting interference. Furthermore, the shape
aberration can be measured and corrected in our experimental
system. Owing to the self-referencing and common-path optical
arrangement, our method shows advantages of good stabil-
ity against environmental disturbance and high reliability for
quantitative phase measurement. Since there commonly exists
modulation nonuniformity across the SLM panel, we believe that
the proposed pixel-wise calibration technique is very helpful for
both SLM users aiming at the high-quality controlling of light
and manufacturers for their product testing and evaluation.
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