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Binary-phase complex spatial light modulators (BP-C-SLMs) are proposed and simulated. This 
study shows that bottom-top mirror-symmetrical uniaxial systems between two orthogonal polarizers 
allow one to construct BP-C-SLMs. BP-C-SLMs double the information-handling capacity per 
pixel, compared to the conventional amplitude-only spatial light modulators (A-SLMs), as well as 
being simply implemented with a single spatial light modulator (SLM), rather than a combination 
of an A-SLM and a binary-phase SLMs. Under limited conditions, BP-C-SLMs can control only the 
amplitude in single-phase space, and act as A-SLMs.
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I. INTRODUCTION

Advanced optical and signal systems require pixelated 
full-range control of amplitude and phase information of 
light, with space-independency [1–14]. Devices that manip-
ulate the amplitude or phase information of light in space 
are referred to as spatial light modulators (SLMs). Typical 
SLMs control amplitude-only or phase-only information for 
a specific light polarization, and thus are called amplitude-
only spatial light modulators (A-SLMs) and phase-only 
spatial light modulators (P-SLMs) respectively. 

In general, complex light amplitude can be controlled 
by interconnection or combination of multiple A-SLMs 
or P-SLMs. The interconnection methods include macro-
pixel methods [15–17] and doubly-passed-light systems 
[18–21]. Macro-pixel (super-pixel) methods employ struc-
tured optical sheets (e.g. structured half-wave plates, beam 
splitters, or multiple lenses) to combine 2–4 pixels, which 
can control phase information [1, 6, 16]. The combined 
systems can realize full-range complex SLMs (C-SLMs), 
but require high-resolution optical-sheet manufacturing and 

alignment technology. This results in reduced spatial reso-
lution [15–17]. 

The doubly-passed-light systems consist of multiple 
SLMs or polarizing beam splitters [3, 8, 11, 14]. The mul-
tiple SLMs consist of two serially aligned SLMs: one A-
SLM, and one P-SLM. Although the structures can encode 
full-range complex amplitude without losing the spatial 
resolutions of the employed SLMs, the structures become 
bulky and require precise alignment [18–21].

In this paper, we propose binary-phase complex spa-
tial light modulators (BP-C-SLMs) with structures that 
are implementable with almost any uniaxial liquid-crystal 
modes, such as twisted nematic (TN) or in-plane switching 
(IPS) modes. The light amplitude can be fully controlled in 
single-phase space within a certain operating-bias range, 
and thus this device just acts as an A-SLM. With extension 
of the operating-bias range, the BP-C-SLM modulates not 
only the full range of amplitude but also the binary state of 
phase.

Previously, phase-only SLMs independent of incident 
polarized light using azimuthally π / 2-rotated bottom-top 
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geometrical symmetry have been developed [22], whereas 
this study is the extension of the previous work toward 
implementing full range C-SLMs. The uniaxial systems 
having bottom-top mirror symmetry between two polarizers 
are able to adjust amplitude-only information through the 
horizontally biased electric field, while the optical phases 
are limited to binary values (ϕA and ϕA + π). Under restrict-
ed conditions, this BP-C-SLM can only control amplitude 
information in the single-phase plane (as an A-SLM). Even 
though the ultimate goal is implementation of C-SLMs 
without using multiple SLMs, this study is just focused on 
the implementation of BP-C-SLMs. As a result, the control-
lable light-information space per pixel becomes doubled, 
compared to that for an A-SLM, as shown in Fig. 1.

An A-SLM can only control the amplitude of light, as 
shown in Fig. 1(a), while a BP-SLM can only control its bi-
nary phase, as shown in Fig. 1(b). To implement a C-SLM 
or BP-C-SLM, an A-SLM and a BP-SLM are serially com-
bined, as shown in Fig. 1(c). This study shows that a BP-
C-SLM can be implemented by using just a single SLM, as 
shown in Fig. 1(d).

Figure 1(e) shows how the information doubling is 
achieved by the BP-C-SLM. As shown from sections (i) 
to (iv) of Fig. 1(e), the combinations of binary-phase in-
formation for the repeated amplitude pattern generate four 

distinguishable signals, yielding four times the amount of 
information handled by a simple A-SLM. 

BP-C-SLMs can be applied to various areas, such as 
quantum optics, wave optics, quantum information technol-
ogy, and digital holograms. For example, unlike a typical 
display that requires only the adjustment of light intensity, 
a hologram requires the adjustment of the full complex 
amplitude of light. As a result, typical A-SLMs or P-SLMs 
may not be enough to implement a realistic hologram, due 
to the limited information-handling capacity. Therefore, it 
is mandatory to improve the information-handling capacity 
per pixel of SLMs. The lack of information-handling capac-
ity of an SLM causes noise and anti-aliasing effects. One 
can expect that the BP-C-SLMs shown in this study will 
show significant improvement in creating holograms, due 
to the doubling of the information-handling capacity per 
pixel [23–27].

This study suggests that the BP-C-SLM structure can be 
extended to realize a full-range C-SLM using just a single 
pixel, by controlling the polar angular distribution of the 
liquid-crystal (LC) directors with a vertical electric field. 
Thus a generalized structure for the BP-C-SLM will play 
an important role in implementing a full-range C-SLM, in 
terms of structural simplification, applicability, and scal-
ability.

FIG. 1. Schematics of a BP-C-SLM. (a) A-SLM, (b) binary-phase spatial light modulators (BP-SLM), (c) physical combination 
of one A-SLM with one BP-SLM to achieve a BP-C-SLM, (d) an intrinsically fused BP-C-SLM, and (e) the information-doubling 
process, using the two physically combined SLMs or the intrinsically fused BP-C-SLM.
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Here, for convenience “LC material” represents an 
anisotropic-birefringence material, and “LC layer” stands 
for a uniaxial electro-optical anisotropic layer with a spe-
cific director direction or wave plates. A specific linear-
polarized light field can be written as E = E0e

iδ in phasor 
form, with the amplitude defined as the positive E0 and the 
phase as the angle of the complex value E (here, δ  of E). 
Thus the complex amplitude of the light field is expressed 
as amplitude and phase.

II. SINGLE HOMOGENEOUS  
UNIAXIAL LC LAYER

In this study, light of wavelength λ  propagates along 
the z direction (from bottom to top) through an optical 
plate located in the xy plane. The optical plate consists of 
homogeneous LC layers in the xy plane, stacked along the z 
direction. Thus the specific slow axis or director n of each 
layer varies only with z as n(θ(z), ϕ(z)) where θ  and ϕ are the 
polar and azimuthal angles about the z direction receptively. 
The uniaxial LC layers have extraordinary and ordinary 
refractive indices ne and no respectively, and here we assume 
ne > no. The effective refractive indices of each layer with 
the director of n(θ(z), ϕ(z)) are no,effective = no, ne,effective = ne(θ) 
= {(cosθ /no)

2 + (sinθ /ne)
2}−0.5. ne(θ) is just a function of the 

polar angle θ , and independent of the azimuthal angle ϕ. For 
any uniaxial system, ne(θ) = ne(π − θ) [28].

Conventionally, the Jones matrix of a homogeneous uni-
axial LC layer with thickness d in laboratory coordinates 
can be expressed by M(θ ,ϕ,d), where the Jones matrix of 
the uniaxial LC layer in principal coordinates is W(θ ,d). 
They are related as below:
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where the phase retardation Γ and common phase φ  can 
be written as a Γ = (ne(θ) − no)k0d and φ  = (ne(θ) + no)k0d / 
2 respectively. Here k0 = 2π / λ , the wave number in free 
space. R(ϕ) is the rotation matrix of n(θ ,ϕ) from laboratory 
to principal coordinates. 

The off-diagonal components of Eq. (1) consist of only 
purely imaginary components, while the sign and amplitude 
can be varied with the phase retardation Γ and azimuthal 
angle ϕ. By employing two orthogonal polarizers, one can 
selectively take one of the off-diagonal, purely imaginary 
components.

In particular, when the polar angle of the wave plate is 
fixed but the azimuthal angel is varied, the common phase 
φ is fixed, because it is just a function of polar angle θ , but 
the amplitude of the off-diagonal components varies with 
azimuthal angle ϕ. As a result, the common phase is fixed 

but the amplitude and sign of the off-diagonal component 
depend on the azimuthal angle ϕ and phase retardation Γ. 
This allows one to control the amplitude of the light, while 
its phase can be one of the binary values.

Based on this, one can achieve amplitude modulation 
with binary phase by mechanically rotating the azimuthal 
angle of the wave plate for a single pixel, but this may not 
be applicable to arrays with large numbers of pixels, such 
as SLMs. However, this can be handily achieved by em-
ploying electrically controllable liquid-crystal arrays with 
a specific requirement of LC layer alignment and modula-
tion, as shown below. 

III. ELECTRICALLY CONTROLLABLE BINARY-
PHASE COMPLEX SPATIAL  

LIGHT MODULATOR (BP-C-SLM)  
WITH MIRROR SYMMETRY

The proposed BP-C-SLM consists of a mirror-symmetri
cally stacked homogeneous LC layer structure sandwiched 
between two parallel polarizers with orthogonal transmis
sion axes; the transmission axis of one polarizer P(ϕarb) is 
oriented with azimuthal angle ϕarb, while that of the other 
P(ϕarb ± π / 2) is oriented with ϕarb ± π / 2. For a fixed polar 
angle of directors, the azimuthal angles of directors and 
phase retardation of each layer are (bottom-top) mirror-
symmetrically distributed with respect to the xy plane at the 
midpoint of the LC layer structure, as shown in Fig. 2.

One example of a BP-C-SLM is a normally black in-
plane switching (NB-IPS)-mode structure with four elec-
trodes, as shown in Fig. 2. The in-plane (horizontal) electric 
field addressed by the four electrodes (light blue cuboids) 
controls the director distribution, while it allows for the 
director distribution to maintain the symmetric condi-
tions (mirror-symmetrically distributed azimuth angle and 
phase retardation with a fixed polar angle or a fixed polar-
angular distribution) during their operations. The right two 
electrodes are grounded, and the left ones are biased at the 
same voltage to control horizontally oriented electric fields, 
as shown in Fig. 2(b). One linear polarizer (purple surface) 
is aligned to 0° in azimuthal angle at the top surface, and 
the other linear polarizer (yellow surface) to 90° at the bot-
tom surface respectively. Depending on the electric field 
strength applied, LC molecules rotate maximally along the 
field direction, as shown in Figs. 2(d) and 2(e). 

Here one can consider the LC cell structure as two parts 
(bottom and top parts with respect to the xy plane at the 
middle z point), with each part consisting of n layers. The 
Jones matrix of each layer for the first-half part (bottom) is 
expressed by ak and each layer of the second-half part (top) 
is expressed by bk. The first-half and second-half cell struc-
tures can be expressed as matrices A and B respectively. As 
a result, each A and B consists of n LC layers (ak and bk).

The Jones matrix Ma–slm of the BP-C-SLM consists of the 
bottom-top symmetrical homogeneous LC layered structure 
(A and B) and two polarizers, P(ϕarb) and P(ϕarb + π / 2), 
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with orthogonal transmission axis. The Jones matrix Ma–slm 
of the BP-C-SLM can be written as below: 
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Let the primed a' and A' be respectively the Jones matri-
ces of a and A with zero common phase. Since the common 
phase components are commutative [Eq. (1)], the Jones 
matrix for the first-half LC structure can be written as
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The LC layer structure matrix A' can be written in the form 

of a unitary matrix. Here * *'
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For the cases satisfying two symmetric conditions (the 
azimuthal angles of directors and phase retardation of each 
layer have to be mirror symmetrically distributed at a fixed 
polar angle), a symmetric matrix SymM consists of 2n LC 
layers and the symmetric matrix of 2n LC layers with zero 
common phase SymM' can be expressed as
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FIG. 2. Schematics of the proposed BP-C-SLMs and their director distributions. (a) and (b) show schematic structures of the 
proposed BP-C-SLMs based on normally black in-plane switching (NB-IPS) -mode structures, in field off state and on state 
respectively. The structure consists of four electrodes (blue cuboids), one 0° linear polarizer (yellow surface), and another 90° linear 
polarizer (purple surface). At the top and bottom surfaces, there are 90° (azimuthal direction) alignment layers of liquid crystal with 
respect to the x axis. (c), (d), and (e) show the director distribution along the z direction in the field off and on states respectively. 
Depending on the strength of applied electric field and z, LC molecules rotate toward the applied electric field’s direction, as shown 
in (d) and (e).
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The off-diagonal components of SymM' [Eq. (5)] are 
purely imaginary, as expected. SymM'(m, n) is the mth row 
and nth column component of the SymM' matrix. Thus these 
off-diagonal components of SymM' can be expressed as 

'(1, 2) '(2,1)
( / 2) ' (0) sin(2 )sin( )


  i x a b
SymM SymM
P SymM P

 

  
. (6)

The off-diagonal components of SymM' [Eq. (6)] can 
be selectively taken by the pair of two crossed linear po-
larizers, as shown in Eq. (6). The off-diagonal terms of 
SymM' show binary phase information (±π / 2), while the 
amplitude is modulated and relies on the orientation of the 
two polarizers with respect to the LC alignment layer and 
the azimuthal-angle distribution of the SymM' structure. 
Basically, Eq. (6) is of the same form as Eq. (1) because the 
symmetrical LC layered structure can be reduced to a single 
wave plate.

From Eq. (6), the output beams can have two different 
phases of 0 or ±π with respect to each other, because the 
common phase is fixed for a given polar angle of the direc-
tor.

If we consider the nonzero common phase of each LC 
layer to SymM', the total retardation phase is the negative 
sum of each common average phase of the LC layers plus 
±π / 2, as below:

total , ,
1
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k k
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The total phase of SymM only depends on the polar-
angle distribution of LC directors, which determines each 
common phase of the LC layer. As a result, for a fixed 
polar-angle distribution, the symmetrical LC structure sand-
wiched between two orthogonal polarizers allows one to 
control the amplitude of light at binary phase values.

IV. SIMULATION WITH LINEARLY  
TWISTED LC LAYERS

4.1. �BP-C-SLM structures with linearly twisted LC layers 
The modulation properties of the proposed BP-C-SLM 

structures are investigated by assuming that the rotation 

of the LC directors is a function of the applied in-plane 
electric field EXY. The direction of EXY is defined by the 
azimuthal angle XYEφ  with respect to the entrance polarizer, 
while its polar angle is fixed at θ  = 90°, as shown in Fig. 3. 
The transmissive axes of the entrance and exit polarizers 
are the x and y axes respectively, as shown in Fig. 3. Under 
the in-plane electric field EXY, the azimuthal angles of the 
LC directors are assumed to vary linearly with z due to the 
fixed alignment layer, and depend on the strength of the ap-
plied electric field before saturation occurred. Saturation of 
the LC director’s rotation is achieved when the azimuthal 
angle of the LC directors is the same as the azimuthal angle 

XYEφ  of the applied in-pane electric field. It is assumed that 
the LC alignment layers have the same direction at the top 
and bottom surfaces of the LC cell, to satisfy the symmetry 
requirement. The LC molecules closest to the alignment 
layers are always aligned parallel to these directions ϕAL. At 
zero electric field, all LC directors are directed along ϕAL. 
Under an applied electric field, the LC layers in each z posi-
tion rotate toward the direction of the in-plane electric field 

XYEφ , but the angle of the rotation depends on z due to the 
alignment layer. Each LC molecule cannot be rotated more 
than XYEφ . The maximally twistable angle or saturation angle 

sat ALφ φ φ= −
XYE  can vary depending on the structure, but in 

this simulation the saturation angle is chosen to be 90°. 
For linearly x-polarized input light with Jones vector (1,0)T, 

the complex amplitudes of the output y-polarization compo-
nents (0,a + bi)T are simulated using the Jones-matrix method 
and MATLAB R2020b (MathWorks, MA, USA). 

Based on this, the azimuthal-angular distribution of the 
LC directors is assumed to be dependent only on EXY and 
z. The BP-C-SLM consists of infinitely thin homogeneous 
LC layers. The azimuthal angle ϕ(z, EXY) of each LC layer 
director is linearly varied with δϕ(EXY) (in degrees/nm) and 
saturated at XYEφ , as below:
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FIG. 3. Directions and angles of LC directors n(θ(z),ϕ(z)), electric field EXY and polarizers P.
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A few examples of the azimuthal-angle distributions 
along the z direction (or LC stacking order) are shown in 
Fig. 4, when δϕ(EXY) = 0.1, 0.3, 0.5, and 0.7 degrees/nm, 
ϕAL = 0°, and the total LC cell thickness is 2128 nm. The 
polar angles θ  are fixed at 90°. 

The LC cell (K = LT(WP)L) consists of three regions: 
the linearly positively (negatively) twisted azimuthal-angle 
region L, the wave-plate region WP with a constant azi-
muthal angle of XYEφ , and the linearly negatively (positively) 
twisted azimuth region LT. The total cell thickness D can 
be expressed as the sum of the layer thickness, with two 
linearly rotated directors in opposite directions (bottom DL 
and top DL) and the saturated layer thickness Dsat as marked 
for δϕ(EXY) = 0.1 degrees/nm, as shown in Fig. 4. The lin-
early twisted LC layer can be expressed with Chebyshev’s 
identity [28]. Let Γ(= k0ΔnD) be the phase retardation in 
the untwisted state. Let Φ and ΓL be the maximum twisted 
angle and phase retardation of region L respectively. ΓWP 
is the phase retardation of the WP region Dsat. The BP-C-
SLM with linear azimuthal-angle variation of the directors 
can be expressed using Chebyshev’s identity linear

a-slmM , as 
shown in Eq. (9).
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When δϕ(EXY) is low or the applied bias voltage is low, 
the constant wave-plate region may not exist, because there 
is no saturation. If the saturation exists at a high bias volt-
age, the saturated ϕ of the directors is equal to ϕsat.

4.2. Simulation of BP-C-SLM
For the simulations, we assume that the ordinary and 

extraordinary refractive indices are 1.2 and 1.7 respectively. 
Here all LC directors are in the xy plane (θ  = 90°). The 
wavelength of the incident light is 532 nm. 

The amplitudes and phases of the transmitted light are 
simulated for two representative configurations of the BP-
C-SLM, for thickness of D = 1224, 2232, and 4360 nm for 
the azimuthal angle of the alignment layer ϕAL = 0°, and D = 
600, 1680, and 2732 nm for ϕAL = 45°. 

The transmission amplitude and phase of the transmis-
sion coefficient are mapped as functions of δϕ(EXY) (in de-
grees/nm), or equivalently as functions of applied in-plane 
electric field, for the BP-C-SLM with thickness of D = 
1224, 2232, and 4360 nm, and azimuthal angle of the align-
ment layer ϕAL = 0°, as shown in Fig. 5.

In this configuration and at δϕ(EXY) = 0 (in degrees/nm), 
all LC directors are aligned to ϕAL = 0°, which is parallel to 
the entrance polarizer but orthogonal to the exit polarizer. 
Thus, this configuration of Fig. 5 secures normally black 
operation, which is independent of the thickness of the BP-
C-SLM. 

As δϕ(EXY) increases, or equivalently the applied bias 
voltage increases, the amplitude of the transmission coef-
ficient increases, reaches a maximum, and then decreases 
to zero amplitude (red curves), while the relative phase of 
the transmission coefficient is constant at 0 (blue lines) and 
saturation of the LC director rotation is not observed (green 
curves), as shown in Fig. 5. Again, the amplitude of the 
transmission coefficient increases as δϕ(EXY) increases, but 
the phase of the transmission coefficient (blue lines) jumps 
to a constant π = 180° while the portion of the saturation 
region increases (green curves), also as shown in Fig. 5. 

These modulation behaviors are repeated more for thick-
er cells, as seen in Fig. 5. Thus there are alternating regions 
of constant phase 0 or 180°, while the amplitude of the 
transmission coefficient increases or decreases as δϕ(EXY) is 
varied, or the applied electric field is controlled. This shows 

FIG. 4. Azimuthal-angle distributions of LC directors along z (thickness direction) are plotted for δϕ(EXY) = 0.1, 0.3, 0.5, and 0.7 
degrees/nm and ϕAL = 0°. The cell thickness is 2128 nm.

(nm)
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that the amplitude of the transmission coefficient is modu-
lated while the phase is maintained at a constant value for 
the regions between points at zeroes of the magnitude. The 
phase difference of the neighboring regions is exactly 180°, 
as expected from the purely imaginary off-diagonal com-
ponents of Eq. (9). This suggests that amplitude-only light 
modulation can be achieved in the constant-phase regions. 
At the same time, light modulation with a phase difference 
of 180° can be achieved by dynamically controlling the 
applied in-plane electric field. This suggests that when the 
dynamic modulation of δϕ(EXY) is wide enough, the binary-
phase complex light modulation can be achieved across the 
zeroes in amplitude, as shown in Fig. 5.

The ratios of the saturation region’s thickness to the total 
cell thickness (green curves) are shown in Fig. 5, which 
clearly indicates that the saturation region becomes wider 
as the applied bias voltage increases, while there is no 

saturation region at low bias voltages. With increasing cell 
thickness, the saturation region becomes wider.

Figure 6 shows the magnitudes (red curves) and phases 
(blue lines) of the simulated transmission coefficient for the 
BP-C-SLM with thickness D = 600, 1680, and 2732 nm, 
and azimuthal angle of the alignment layer ϕAL = 45°.

The configuration of the BP-C-SLM with ϕAL = 45°does 
not secure the normally black operation anymore in the 
off state. However, the perfect black state can be obtained 
within 0.5 degrees/nm of δϕ(EXY) with high transmission 
amplitude, compared to that at ϕAL = 0°, by controlling the 
cell thickness, as shown in Fig. 6. 

These simulation results for two representative configu-
rations suggest that BP-C-SLMs can be achieved with both 
configurations. However, the transmittance of the BP-C-
SLM is better with the cell configuration featuring ϕAL = 
45°, compared to ϕAL = 0°, as shown in Figs. 5 and 6. This 

FIG. 6. Amplitudes (red curves) and phases (blue lines) of the transmission coefficients of the BP-C-SLM are simulated as a 
function of δϕ(EXY) (in degrees/nm), or equivalently as a function of applied bias voltage. The thickness of the BP-C-SLM is D = 
(a) 600, (b) 1680, and (c) 2732 nm, with the angle of the alignment layer ϕAL = 45°. The phase varies by π when the transmission 
coefficient crosses zero. All phase values in each plot have been shifted for convenience. The ratios of the saturation region’s 
thickness to the total cell thickness are shown as green curves.

FIG. 5. Transmission amplitudes (red curves) and phases (blue lines) of the transmission coefficients of the BP-C-SLM are 
simulated as functions of δϕ(EXY) (in degrees/nm), or equivalently as functions of applied bias voltage. The cell thickness of the 
BP-C-SLM is D = (a) 1224, (b) 2232, and (c) 4360 nm, with the angle of the alignment layer ϕAL = 0°. The phase varies by π when 
the transmission amplitude crosses zero. All phase values in each plot have been shifted for convenience. The ratios Dsat / D of the 
saturation region’s thickness to the total cell thickness are shown as green curves.
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suggests that the cell configuration with ϕAL = 45° can be 
more favorable for the implementation of BP-C-SLMs.

This indicates that the employed configuration can be 
applied in limited complex spatial light modulators or bina-
ry-phase complex spatial light modulators. Thus, these BP-
C-SLMs allow one to double the controllability of optical 
information by an SLM. 

V. CONCLUSION

This study describes binary-phase complex spatial light 
modulators with the specific requirement of mirror sym-
metry. The proposed structures feature mirror-symmetric 
distribution of the LC directors with two orthogonal polar-
izers, and thus control the amplitude information of light 
as well as the binary phase values. The general approaches 
developed in this study can be applied to any LC mode 
or distribution, only with a specific pair that follows the 
abovementioned required symmetry condition.

Typically, C-SLM structures have been implemented 
by interconnecting an amplitude SLM (or amplitude-phase 
coupled SLM) and a phase SLM. The proposed BP-C-SLM 
structure modulates not only the amplitude of the light but 
also the binary phase, with a single structure. As a result, 
the information capacity per pixel of SLMs is doubled.

If a full-range complex SLM is required, the previously 
developed universal phase-only spatial light modulator 
(UP-SLM): polarization independently phase controllable 
SLM [22] is employed with the BP-C-SLM configurations.

Furthermore, this study also suggests that full-range 
complex spatial light modulators can be achieved when the 
polar angle of the LC directors is simultaneously manipu-
lated with the azimuthal angle, while the required symme-
try conditions are maintained. 

The approaches developed in this study will play an im-
portant role in promoting the various optical and quantum 
science applications, such as quantum optics, wave optics, 
quantum information technology, communication, displays, 
and holograms.
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