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ABSTRACT 

Complex field modulation (CFM) has found a plethora of applications in physics, biomedicine, 

and instrumentation. Among existing methods, superpixel-based CFM has been increasingly 

featured because of its advantages in high modulation accuracy and its compatibility with high-

speed spatial light modulators (SLMs). Nonetheless, the mainstream approach based on binary-

amplitude modulation confronts limitations in optical efficiency and dynamic range. To surmount 

these challenges, we develop binary phase-engraved (BiPE) superpixel-based CFM and implement 

it using the phase light modulator (PLM)—a new micro-electromechanical system-based SLM 

undergoing development by Texas Instruments in recent years. Using BiPE superpixels, we 

demonstrate high-accuracy spatial amplitude and phase modulation at up to 1.44 kHz. To 

showcase its broad utility, we apply BiPE superpixel-based CFM to beam shaping, high-speed 

projection, and augmented-reality display. 

INTRODUCTION 

Full modulation of complex optical fields (i.e., amplitude and phase) has found widespread 

applications including optical communication1,2, three-dimensional display3,4, biomedical 

imaging5,6, and astronomy7,8. Among dazzling progress in the past decade, high accuracy, high 

speed, and versatility have been increasingly featured as important technical specifications to 
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evaluate the overall capability of optical instruments for complex field modulation. In turn, 

improved specifications have contributed to new applications. For example, high-precision laser 

beam shaping produces homogeneous optical lattices for ultracold atoms9 and generates uniform 

optical undulators for free-electron lasers10. For biomedical imaging, adaptive wavefront 

engineering allows biological dynamics to be observed in deep tissue11–13. In augmented reality 

(AR) and virtual reality (VR) displays, high-speed image projection improves users’ experience 

by reducing image latency with eye movement14. For the manufacturing of planar optics, 

photopatterned liquid crystals (LCs) have been used to generate optical vortex beams with high 

topological charge15,16. 

Spatial light modulators (SLMs) play a key role in the overall performance of complex 

field modulation (CFM). These advanced optoelectronic devices consist of a two-dimensional (2D) 

array of electronically addressable pixels whose optical properties (e.g., effective birefringence 

and reflection direction) can be independently controlled to modulate incident light’s amplitude 

and phase. To date, the most popularly used SLMs for CFM have been liquid crystal on silicon 

(LCOS) devices17. LCOS-based SLMs use a liquid crystal layer on a silicon chip with an array of 

reflective electrodes. By exploiting birefringence in electro-optical liquid crystals, the phase can 

be modified by adjusting the bias across a liquid crystal cell. However, the refresh rate of state-of-

the-art LCOS-based SLMs is limited to sub-kHz due to the viscoelasticity of liquid crystal 

materials18. 

To overcome limitations in speed, SLMs based on micro-electromechanical systems 

(MEMSs) can be used with affordability. In this category, deformable mirrors (DMs) are a popular 

choice. These devices combine a reflective membrane with a number of underlying control 

mechanisms such as electrostatic or piezoelectric actuators. Operating as individual points of 

displacement control, actuators may serve to deform a continuous membrane surface or to 

contribute multi-axis control to individual mirror segments19. While the speed of such actuation is 

capable of reaching the 10-kHz range, the complexity of DM architectures limits their degree of 

miniaturization, leading them to suffer from low actuator counts on the order of several thousand 

per chip20,21. The limitation of pixel numbers for MEMS-based SLMs however is lifted by digital 

micromirror devices (DMDs), which have megapixel frame sizes and tens-of-kHz-level pattern 

refresh rates22. Each micromirror, suspended on micron-scale flexure hinges, can be tilted at two 

angles that either reflect or deflect light along the optical path. Complex fields can be encoded in 
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a single binary hologram23–25, which possesses practical advantages in terms of speed, device 

calibration, and efficient data storage. Nonetheless, the binary amplitude modulation cannot 

diffract the majority of energy to the desired diffraction order26, which significantly limits the 

overall efficiency to <10%. 

An attractive candidate to solve the aforementioned problems is the phase light modulator 

(PLM) undergoing development by Texas Instruments27–29. The PLM has incorporated all of the 

core manufacturing technologies used for DMD fabrication into the constraints of its design, 

including pixel structure, base-layer CMOS drive circuitry, materials processing, and chip 

packaging27. Thus, the PLM is largely compatible with existing DMD drivers and control modules 

and shares similar advantages including high stability and long endurance29. Moreover, whereas a 

“tip-tilt” actuation design latches the DMD’s micromirrors to two angles, the PLM’s micromirrors 

actuate via “piston-mode” displacements electrostatically driven by a 2×2 CMOS memory cell 

footprint that enables access to 16 positional states. The MEMS-based architecture endows the 

PLM with many promising advantages over the LCOS devices and deformable mirrors, including 

high mirror counts, kHz-level pattern refresh rates, immunity to pixel crosstalk, polarization 

independency, and high operation stability27. 

Despite these advantages, existing PLMs do not have a uniform distribution of accessible 

phase levels30,31. Although stemming from the limitations of existing fabrication processes rather 

than their MEMS architecture29, this drawback reduces the information carried by the pixels to 

below 4 bits in practice. More importantly, this phase-distribution characteristic could require 

some applications to rely on device-specific calibration and compensation—a situation in contrast 

to the reliable interchangeability of DMDs that do not exhibit intermediate states between “ON” 

and “OFF”. This analysis suggests that the use of binary phase to avoid the need to compensate 

for non-uniformities in current PLM devices could be an effective strategy for their utilization in 

sensitive applications. 

In this work, we develop CFM at the kHz level using binary phase-engraved (BiPE) 

superpixels based on the PLM platform. Compared to existing superpixel-based CFM based on 

binary amplitude SLMs, BiPE superpixel-based CFM increases optical efficiency and enables a 

more than one order of magnitude improvement in the number of possible complex field values. 

We demonstrate BiPE-superpixel-based CFM for beam shaping, high-speed holographic display, 

and see-through AR. 
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METHODS 

System 

The experimental setup of CFM using BiPE superpixels is schematically depicted in Fig. 1a. Light 

from a continuous-wave laser (𝜆=532 nm, M Squared Equinox), reflected by a beamsplitter (BS1), 

illuminates a PLM (Texas Instruments DLP6750Q1EVM) at normal incidence. The PLM consists 

of a 1358 × 800 ( 𝑊 × 𝐻 ) array of piston-actuated reflective square micromirrors of pitch 

𝑑 = 10.8 μm with a pattern refresh rate of 1.44 kHz. The binary phase pattern loaded on the PLM 

is imaged to a CCD camera (Optronis CP70-1HS-M-1900) by a 4-f system formed by lenses L1 

and L2 (both with a focal length of f = 150 mm) together with a circular iris (Thorlabs ID20) 

narrowed to a diameter of ~1 mm. L1 is mounted on a 2D translation stage to provide a lateral shift 

relative to the spatial filter. Besides the 4-f imaging system, a secondary reference beam path is 

present for interferometric measurements. The light transmitted through BS1 is reflected by two 

mirrors M1 and M2. A second beamsplitter (BS2) placed after L2 allowed for the PLM-modulated 

field and the reference beam to form an interference pattern at the camera. Details of the PLM and 

the alignment procedure of this system are provided in Supplementary Notes 1 and 2 and 

Supplementary Fig. S1. 

 

Operating principle 

The operation of BiPE-superpixel-based CFM can be illustrated by the case of a one-dimensional 

superpixel consisting of four pixels shown in Fig. 1b. Due to the lateral offset of the first lens, light 

that passes through the spatial filter carries a tilted phase amounting to a phase pre-factor of 𝑒iΔϕ 

across the width of the superpixel. If the field influences of the PLM pixels are written as complex 

phasors 𝑈𝑘 for 𝑘 = 0, … , 3, then the low-pass filtering induced by the 4-f system blurs the image 

of the superpixel at the imaging plane, leading to the complex field being determined by the sum 

of the individual PLM pixel phasors multiplied by the appropriate phase pre-factors induced by 

the tilted wavefront. 

Using this configuration, the array of PLM pixels is divided into superpixel blocks of size 

𝑛 × 𝑛, each of which is dedicated to the complex control of the optical field at a conjugate point 

at the target plane. The choice of 𝑛 then determines the related parameters of spatial filtering and 

the offset of the first lens, visualized in Fig. 1c. The diameter of the circular spatial filter is chosen 
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such that the spatial frequencies passed at the Fourier plane restrict the spatial resolution to above 

the size of a superpixel. As a result, the field contributions of individual pixels, each with a point 

spread function determined by the spatial filter size, synthesize the desired complex field at the 

target plane via the superposition of their contributions. In particular, choosing the period of the 

maximum spatial frequency equal to a number 𝜌 of superpixels at the PLM plane requires the use 

of a spatial filter of opening radius 𝑟 =
𝜆𝑓

𝜌𝑛𝑑
. By setting a lower bound value of 𝜌 =  2 , an 

appropriate balance between field accuracy and spatial resolution can be afforded for various sizes 

of 𝑛 Ref. 25. 

Compared to superpixel-based CFM using binary amplitude modulation, the binary phase 

set by the individual PLM pixels allows for the phase gradient seen across a superpixel to be 

reduced, while still preserving the ability of individual pixels to uniformly access the full range of 

possible field phases. An exemplary phase gradient profile is depicted in Fig. 1d, in which a range 

of phase pre-factors of only [0, π] radians is needed within a superpixel to provide a full 2𝜋 radians 

of phase modulation. These phase gradients, expressed as Δϕ𝑥
PLM =

π

𝑛2 and Δϕ𝑦
PLM =

π

𝑛
 in units of 

radians per PLM pixel, thus corresponding to a spatial filter position of 
𝜆𝑓

2𝑑
(

−1

𝑛2 ,
−1

𝑛
) at the Fourier 

plane. As this position is closer to that of the zeroth diffraction order behind L1, BiPE-superpixel-

based CFM is more efficient compared to the counterpart based on binary amplitude superpixels 

(see derivation and comparison in Supplementary Note 3, Supplementary Table S1, and 

Supplementary Fig. S2). 

BiPE-superpixel-based CFM also benefits in terms of light efficiency and the granularity 

of the field phasors addressable by the superpixel states. The states of PLM pixels in a superpixel 

can be specified by using a configuration vector 𝒄  of 𝑛2  elements with 𝑐𝑘 ∈ {0,1}  and 𝑘 =

0, ⋯ , 𝑛2 − 1 according to row-major ordering. Taking the configuration values 𝑐𝑘 = 0 and 𝑐𝑘 =

1 as representing PLM-induced phase shifts of 0 and π radians respectively, and assuming uniform 

illumination, the corresponding output field of a PLM superpixel is proportional to 

 𝑈PLM(𝒄) = ∑ exp [𝑖𝜋 (
𝑘

𝑛2 + 𝑐𝑘)]𝑛2−1
𝑘=0   (1) 

A “gamut” plot of 𝑈PLM(𝒄) ranging over the set of all 2𝑛2
 possible configuration vectors in the 

complex plane with 𝑛 = 4  is shown in Fig. 2a, with the particular phasor and superpixel 

configurations corresponding to two selected gamut elements shown in Fig. 2b and Fig. 2c, and 
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Fig. 2d and Fig. 2e, respectively. In this case, equation (1) represents a one-to-one mapping that 

produces a maximally sized gamut consisting of 2𝑛2
= 65,536 distinct output phasors with a 

maximum magnitude of 𝑅PLM =  10.20. Compared to superpixels based on binary amplitude 

modulation, BiPE superpixels do not discard any component of their incident illumination, which 

leads to salient advantages in achievable gamut size and cardinality. Full details of the comparison 

between the gamut sets produced by these two methods are provided in Supplementary Note 4 and 

Supplementary Fig. S3. 

 

Creation of PLM control images 

The PLM is partitioned into groups of superpixels arranged as an array of width 𝑊̃ = ⌊
𝑊

𝑛
⌋ and 

height 𝐻̃ = ⌊
𝐻

𝑛
⌋ . To generate a desired complex field 𝑇̃(𝑢, 𝑣)  of discrete coordinates 𝑢 =

0, … , 𝑊̃ − 1 and 𝑣 = 0, … , 𝐻̃ − 1 with a normalized amplitude profile (i.e., |𝑇̃(𝑢, 𝑣)| ≤ 1), the 

corresponding superpixel images can be created by selecting configuration vectors 𝐶(𝑢, 𝑣) that 

minimize the difference between the target field and corresponding field output found in the 

superpixel gamut, i.e.,  

 
𝐶(𝑢, 𝑣) = arg min

𝒄
|𝑈PLM(𝒄)– 𝑅 exp [−𝑖𝜋 (

1

𝑛
𝑢 + 𝑣)] 𝑇̃(𝑢, 𝑣)|

2

  (2) 

where 𝑅 is a constant parameter (𝑅 ≤ 𝑅PLM) specifying the maximum field amplitude possible for 

a given 𝑛 in the superpixel gamut, the term exp [−𝑖𝜋 (
1

𝑛
𝑢 + 𝑣)] compensates for starting offsets 

in the overall phase gradient seen by the superpixels, and the arg min
𝒄

(∙) operator returns the value 

of 𝒄 that minimizes its argument function. The information specified by equation (2), consisting 

of an 𝑊̃ × 𝐻̃ array of 𝑛2-bit configuration vectors, is then converted into an 𝑊 × 𝐻 binary image 

suitable for direct display on the PLM via the reshaping of the vectors 𝐶(𝑢, 𝑣) into 𝑛 × 𝑛 blocks 

utilizing row-major ordering, followed by the 2D concatenation of all such blocks within the 

superpixel array. Details of these conversion steps are provided in Supplementary Note 5. 
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RESULTS 

System configuration 

Complex field modulation was carried out using superpixels of size 𝑛 × 𝑛 = 4×4, corresponding 

to a target plane resolution of 𝑊̃ × 𝐻̃ = 339×200 superpixels. To increase the space of available 

phase values for superpixels controlling points of maximum target field amplitude, the range of 

accessible PLM gamut points was restricted through the choice of 𝑅 = 0.8𝑅PLM in equation (2), 

thus concentrating the range of PLM modulation to the gamut regions of the highest density in the 

complex plane. The measurement of complex fields was carried out using camera imagery of 

interference patterns captured synchronously with the PLM framerate of 1.44 kHz. Full details of 

the design of PLM control patterns supporting background field compensation and the 

corresponding analysis of camera image data are provided in Supplementary Note 6. 

 

Demonstration of amplitude and phase control 

To demonstrate the independent control of target field amplitude and phase, we tested the display 

of an amplitude-only pattern and a phase-only pattern with bi-directional linear ramps. For the 

display of the amplitude-only field shown in Fig. 3a, the ramp sections have a horizontal extent of 

250 superpixels that cover the range of [0,1]  with the background region set to 0.5. The 

reconstructions of the target field amplitude show successful amplitude modulation across the full 

range of gamut intensities with the background phase held constant. It is noted that the accuracy 

of the deployed phase measurements was disrupted for regions of the target plane with near-zero 

amplitude due to the finite dynamic range of the camera’s CCD sensor. The averaged profiles of 

the linear ramp regions show good agreement with the ground truth (Fig. 3b), corresponding to a 

root-mean-squared error (RMSE) value of 0.115 computed from the magnitude of the complex 

error between the measured and ground-truth fields. 

For the display of the phase-only field shown in Fig. 3c, the mirrored ramp sections also 

have a width of 250 superpixels but cover the range of [−𝜋, 𝜋] with a background region value of 

0 radians. The pattern has a uniform normalized amplitude value of 1.0. The bottom panel in 

Fig. 3c shows the high-quality reconstruction of the phase distribution. As shown in Fig. 3d, the 

averaged profile of the measured phase ramp shows good conformity compared with the ground 

truth, corresponding to an RMSE value of 0.183. 
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Demonstration of complex optical fields 

To demonstrate potential applications of BiPE-superpixel-based CFM in laser beam shaping, we 

generated single-mode target fields of a Bessel beam32 and a Laguerre-Gaussian (LG) beam33. 

Noted for several attractive properties of its wave propagation behavior, the Bessel beam has 

received wide interest in numerous applications ranging from biomedical imaging in 

ophthalmology34 to photoacoustic microscopy14 and electron microscopy35. As a family of exact 

solutions to the Helmholtz equation governing scalar wave propagation, Bessel modes are 

characterized by an integer 𝑛BB  characterizing the beam order and in general feature intensity 

profiles consisting of rings of circular fringes. For this demonstration, we selected the first Bessel 

mode of zero order for which the normalized field intensity at the center of the beam’s depth of 

field can be expressed as 

 𝑇̃BB(𝑟, 𝜑) = 𝐽0(𝑘𝑟𝑟)  (3) 

where (𝑟, 𝜑) specify the polar pixel coordinates of a point relative to the center of the PLM on the 

optical axis, 𝑘𝑟 = 0.15 is a parameter chosen to express the radial length scale, and 𝐽0(𝑥) is the 

zeroth-order Bessel function of the first kind. The amplitude and phase profiles of the ground truth 

Bessel beam are shown as the left images in Fig. 4a and 4b, respectively. The results generated by 

BiPE superpixel-based CFM are shown as the right images. The averaged profile of the measured 

amplitude from a center-crossing rectangular region is plotted in Fig. 4c. These results illustrate a 

high degree of fidelity (with an RMSE value of 0.145) to the prescribed field amplitude as well as 

the phase inversions imposed by the negative-going oscillations of the Bessel function. 

The intensity profiles of LG modes are defined by the product of a Gaussian and an 

associated Laguerre polynomial, which accepts two non-negative integer parameters 𝑙 and 𝑝 that 

control the appearance of concentric intensity rings, as well as a net azimuthal phase change. In 

this experiment, we chose 𝑙 = 1  and 𝑝 = 0  to generate a “donut” beam that is central to 

applications in optical tweezers and microscopy36–39. In this case, the optical field is given by 

 𝑇̃LG(𝑟, 𝜑) = 𝐴 𝑟 exp [𝑖 (𝜑 −
𝑟2

𝑤2)]  , (4) 

where 𝐴  is a positive scalar that normalizes the maximum field amplitude, and 𝑤 = 30  is a 

parameter chosen to define the radial length scale. The amplitude and phase profile of the ground 

truth donut beam are shown as the left images in Fig. 4d and 4e and the corresponding results 

generated by BiPE-superpixel-based CFM are shown as the right images (with an RMSE value 

of  0.101). The averaged amplitude and phase profiles (Fig. 4f and 4g) show that the PLM-induced 
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field successfully mirrors that of the LG beam, including the point of minimum intensity at the 

beam center and the phase change along the azimuthal direction. 

 

Application to advanced display 

To demonstrate BiPE-superpixel-based CFM for advanced display applications, we displayed 24-

frame animated sequences containing both amplitude and phase content at various speeds. First, 

Fig. 5a and Fig. 5b show exemplary results of amplitude-only and phase-only digits at the 

maximum display rate of the PLM device of 1.44 kHz. To support the characterization of complex 

fields at full device speed, amplitude and phase information was extracted from single CCD fringe 

images recorded synchronously with the display of each frame. Full details of the procedure used 

for single-shot amplitude and phase recovery are also provided in Supplementary Note 6. Using a 

multi-frame procedure for greater precision, we also displayed and characterized complex fields 

at 60 Hz, as shown in Fig 5c. Animated movies of these datasets are provided as Supplementary 

Movies 1 and 2. 

Finally, to demonstrate the suitability of BiPE-superpixel-based CFM for AR display, we 

replaced the reference arm with an imaging path that combined PLM-generated light fields with a 

view of a real scene on the camera sensor. The setup, illustrated in Fig 6a, consisted of a real scene 

imaged to the camera sensor via BS2 by a 50 mm camera lens (Nikon AF f/1.8D) and relay lens 

(L3, f = 150 mm, Thorlabs AC508-150-A-ML). Two scenes are depicted in Fig. 6b and Fig. 6c, 

both composed of two toy figurines from the “Star Wars” franchise. The PLM displayed 

animations (implemented as amplitude-only fields) that emulated the ignition of two lightsabers 

and the reflection of a laser pulse by a lightsaber. Selected frames from the animated AR display 

sequence are shown in Fig. 6d and Fig. 6e. Animated movies of the captured datasets of both 

scenes are provided as Supplementary Movies 3 and 4. Details of the measurement of calibration 

information and the creation of the animated sequence are provided in Supplementary Note 7 and 

Supplementary Fig. S4. 

 

DISCUSSION 

We have developed BiPE-superpixel-based CFM and implemented it using the PLM—a new 

MEMS-based SLM undergoing development by Texas Instruments. When combined with current 

PLM prototypes, BiPE superpixels circumvent the PLM’s drawback of nonlinear phase response, 
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while also achieving high-accuracy spatial amplitude and phase modulation at speeds of up to 

1.44 kHz. BiPE-superpixel-based CFM has been used for several applications, such as structured 

beam shaping, advanced image projection, and AR display. 

BiPE-superpixel-based CFM holds three key advantages over superpixel-based CFM 

achieved with binary amplitude modulators. First, to realize constructive interference, all binary-

phase pixels within a superpixel may contribute to the field output whereas binary-amplitude 

counterparts must discard the contributions of half their pixels. Hence, BiPE superpixels exhibit 

an intrinsically higher optical efficiency. Moreover, owing to the stronger combinatorics arising 

from these extra field contributions (see Supplementary Note 4), BiPE superpixels can access over 

10 times more possible output fields than equally sized superpixels based on binary amplitude 

modulation. Furthermore, the binary phase control ability of each individual pixel in a BiPE 

superpixel reduces the magnitude of the phase gradient required at the PLM to 𝜋, rather than the 

range of 2𝜋  required by superpixels based on binary amplitude modulation. This reduced 

magnitude moves the modulated light closer to the center of the diffraction envelope, resulting in 

diffraction efficiency increases for BiPE-superpixel-based CFM of 17.2% (for 𝑛 =4) to 35.0% (for 

𝑛 =3) over its binary-amplitude counterpart (see Supplementary Note 3). 

Although BiPE superpixels do not use all of the PLM’s available phase levels, several 

advantages arise in using the PLM as a binary phase SLM. First, BiPE superpixels are not 

influenced by the non-uniform distribution of phase levels so far intrinsic to actual PLMs (see 

Supplementary Note 1 and Supplementary Fig. S1e) and thus represent a utilization of PLMs that 

maintains chip-level interchangeability similar to that of DMDs. Recently, in response to the 

nonlinearity of PLM phase responses, a technique was demonstrated using a carefully chosen 

subset of available displacement states to emulate an approximately linear device response31. 

Regarded as an extreme case of this “forced linearization” approach, BiPE superpixels may be 

viewed as implementing the strategy minimizing the variability of modulation quality on device-

specific characteristics. Moreover, while the restriction of a 4-bit PLM to 1-bit operation 

constitutes an under-utilization of the available degrees of freedom, it creates the opportunity for 

the design of future MEMS phase modulators. Specifically, the design of an intrinsically binary-

mode PLM can be contemplated that, if using DMD-like fabrication upon a CMOS memory layer 

akin to current PLM development, could double the horizontal and vertical mirror resolution of 

the current multi-actuation PLM device by expanding each 16-state pixel into a 2×2 block of two-

 
ACCEPTED ARTICLE PREVIEW 

 

 



 

state micromirrors. Since BiPE superpixels, akin to other superpixel-based methods, 

fundamentally achieve complex modulation through a sacrifice of the modulator’s spatial 

resolution, such an increase of pixel count on a hypothetical PLM device would represent a 

complimentary development to the BiPE-superpixel technique, potentially leading to a doubling 

in the resolution of controllable points in the target plane. 

The maximum modulation speed demonstrated in this work was limited by the native 

pattern refresh rate (1.44 kHz) of the deployed PLM. This constraint, imposed by the PLM driver 

electronics and firmware currently available from Texas Instruments, reflects the PLM’s future 

intended market targeting color display applications involving the equal duration display of three 

8-bit color RGB channels at an overall framerate of 60 Hz. However, reported actuation times of 

PLM micromirrors, as low as 50 μs, suggest the potential of BiPE-superpixel-based CFM at 

20 kHz analogous to the performance of DMD-based methods27. In this way, improvements to 

driver electronics and firmware available for the control of PLMs stand to directly benefit CFM 

using BiPE superpixels in the future. 

Although so far only demonstrated with offline computation, the pattern processing steps 

of BiPE-superpixel-based CFM could use various optimization strategies such as pre-computation 

and parallelization. Alternatively, more sophisticated algorithms designed to trade-off higher CFM 

quality and/or spatial bandwidth could be adapted for BiPE superpixels40,41. Our future work 

includes the development of such pattern generation algorithms that could be carried out rapidly 

across an array of superpixels using pre-computed lookup tables and/or multi-core computing 

hardware such as graphics processing units. This ability will propel the BiPE-superpixel approach 

for CFM applications demanding adaptive display and/or featuring lightweight computational 

resources. 
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Fig. 1 

Principle of complex field modulation (CFM) using binary phase-engraved (BiPE) 

superpixels. a System schematic. BS1 and BS2, beamsplitters; L1 and L2, lenses; M1–M3, 

mirrors; PLM, phase light modulator. b Side-profile illustration of a one-dimensional (1D) BiPE 

superpixel of size 𝑛 = 4. c Illustration of the spatial filter showing the offset from the zeroth 

diffraction order of the PLM in units of 𝑎 =
λ𝑓

2𝑑𝑛2
. d Illustration of the phase pre-factor created at 

the PLM surface, with boundary phase values and the footprints of superpixels and individual 

micromirrors highlighted.  
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Fig. 2 

Modulation capability using BiPE superpixels. a Gamut of 65,536 complex field values 

achievable by a 4×4 BiPE superpixel. b Complex plane phasor diagram of a representative BiPE 

superpixel whose produced complex field is marked by the red circle in (a). c As in (b), but for a 

different superpixel whose produced complex field is marked by the blue circle in (a). 

d Visualization of the creation of the phasor configuration shown in (b) via the contributions of 

the phase profile and phase contributions of individual PLM micromirrors. e As in (d), but 

corresponding to the phasor configuration shown in (c). 
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Fig. 3 

Independent amplitude and phase field control using BiPE superpixels. a Ground truth (top) 

and experimentally recorded (bottom) amplitude profiles of a double ramp. b Average amplitude 

profiles of the blue and red boxed regions shown in (a). Variance band statistics are included for 

the experimental data. c As in (a) but for a phase-encoded double ramp profile. d Average phase 

profiles with included variance bands of the orange and green boxed regions shown in (c). 
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Fig. 4 

Generation of complex optical fields using BiPE superpixels. a Ground truth (left) and 

experimentally recorded (right) field amplitude profiles for a Bessel beam. b As in (a) but for the 

phase profile of the Bessel beam. c Average amplitude profiles from the red-boxed regions shown 

in (a). Variance band statistics are included for the experimental data. d Ground truth (left) and 

experimentally recorded (right) field amplitude for the Laguerre-Gaussian donut beam. e As in (d) 

but for the phase profile of the Laguerre-Gaussian beam. f Comparison plot of amplitude profiles 

with variance bands from the red boxed regions shown in (d). g Average phase profiles plotted as 

a function of azimuthal angle with variance bands for the blue annular region shown in (e). 
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Fig. 5 

Advanced display using BiPE-superpixel-based CFM. a Recovered amplitudes for a 24-frame 

sequence (top) depicting bright digits on a dark background displayed continuously at 1.44 kHz, 

with selected frames enlarged with timestamps (bottom). b As in (a) but for recovered phases for 

a sequence depicting the same digits as phase-only fields. c Recovered amplitudes (left) and phases 

(right) for selected frames from a complex field animation displayed at 60 Hz.  
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Fig. 6 

Augmented reality (AR) display using BiPE-superpixel-based CFM. a Experiment schematic. 

CL, camera lens. b, c Scene overviews showing figurine poses and AR displayed by the PLM. 

d Sequence of selected animation frames from the AR scene in (b). e Sequence of selected 

animation frames from the AR scene in (c). 
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