
IEEE PHOTONICS JOURNAL, VOL. 16, NO. 2, APRIL 2024 3300107

Design of Ultrathin Metasurface for Multiview 3D
Display Based on Look-Up-Table Method
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Abstract—Multiview display has attention owing to its smooth
motion parallax, visual discomfort alleviation, and wide depth
of focus. Nevertheless, its applications are limited because of the
freedom to design ultrathin display systems. This paper proposes
a novel method to design the system freely by using ultrathin
metasurface in conjunction with a flat panel to reduce the sys-
tem’s complexity. We demonstrate ultrathin metasurface for red
(637 nm), green (532 nm), and blue (457 nm) wavelengths by using
the look-up table method, and the subpixel of the metasurface are
mapped according to the pixel arrangements of the LCD panel.
The proposed 3D multiview display system produces 8 views at
the optimal distance of 1000 mm from the LCD screen. Numerical
simulation is implemented to verify the effectiveness of proposed
method and the results show that it can achieve a multiview 3D
display with high quality. The thickness of metasurface is 2 µm.
The proposed metasurface for multiview display has great potential
to underpin the development meta-optics-based operations in the
field of integrated optics and imaging

Index Terms—Multiview display, ultrathin metasurface, LCD
panel, 3D displays, look-up table.

I. INTRODUCTION

THREE-DIMENSIONAL display technologies incorporate
volumetric 3D display [1], [2], [3], Maxwellian-view dis-

play [4], holographic display [5], light field display which com-
prise integral imaging [6], [7], tabletop display [8] and multi
view display [9], [10], [11], [12]. However, multiview displays
usually employ 2D displays and some associated optical devices
to direct multiview images to multiple distinct viewing regions
to implement both motion parallax and binocular parallax for the
viewers. In conventional displays lenticular lenses and parallax
barriers are used in front of flat display panels to redirect sub-
pixels to different views. Lenticular lens employed in literature
also suffers from aberrations and high cross talk to deteriorate
the quality of the display. Furthermore, higher crosstalk results
from aberrations of refraction-based optical components such as
lenticular lenses [13]. Both lenticular lens and parallax barriers
reduce the resolution by a factor of the number of views. The
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lower angular resolution also produces poor depth of field (DOF)
[14], [15]. Researchers have done many works in the multiview
display. Several techniques have been presented in the literature
to overcome these drawbacks mentioned above. However, the
use of lenticular lens array in conventional multiview displays
makes the system complex and bulky.

Metasurface provide an effective light manipulation method
for 3D displays to address the aforementioned critical issues,
while making the system ultrathin compared to lenticular lens.
Metasurfaces, are ultrathin structures which can manipulate the
phase, amplitude and polarization of light at the subwavelength
scale [16], [17], [18], [19], it can have strong potential for being
easily integrated into on-chip optoelectronic systems in optical
and microwave frequency regimes. Such a planar strategy can
serve as a promising route for real-world applications [20], [21],
[22]. The metasurface can imprint abrupt phase changes on each
pixel to produce arbitrary phase distributions on propagating
light through the delicate design of antennas. The significant
benefits of the metasurface over traditional components of opti-
cal systems are great flexibility and ultrathin size [23], [24], [25].
They can also be designed for deflecting light [26], generating
holograms [27], focusing [28], circular dichroism [29], [30],
vortex beams production [31], modulating light intensity [32],
lensing, imaging and beam splitting [33]. It can also be utilized
to replace bulk optics for 3D imaging, in addition to conven-
tional 2D imaging [34]. The advantage of their large numerical
aperture and compact size make them useful in some innovative
applications of beam shaping, holographic display and optical
computing, which surpass the performance of diffractive op-
tical elements and conventional lenses [35], [36]. Moreover,
metasurfaces also revealed superiority in dispersion control,
and many efforts have been made in broadband achromatic,
multiwavelength control and enhanced chromatic dispersion
[37]. They can eliminate chromatic aberration and provide image
correction in imaging applications. The subwavelength pitch
pixels of metasurface for 3D imaging systems can improve the
diffraction efficiencies and field of view (FOV) by modulating
the phase [38].

However, to the author knowledge, no study focuses to use
metasurface for multiview 3D display. In the present study, we
have proposed a multiview display system by using ultrathin
metasurface. The look-up table (LUT) method is used in our
design to map the metasurface phase for RGB wavelengths
with the discrete phase distribution of lenticular lens array to
obtain the metasurface array distribution for multiview display.
8 viewpoints are generated to satisfy the multiview condition,
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Fig. 1. (a) Schematic diagram of the conventional multiview display by using
lenticular lens. (b) Schematic diagram of the proposed multiview display by
using metasurface.

and the thickness of the proposed ultrathin metasurface is 2μm.
The proposed system reduces the complexity of conventional
multiview display systems and also there is an ease to design
the system freely by delicate design of nanostructures at the
subwavelength scale. The simulation results show that our pro-
posed method can achieve a multiview 3D display with high
quality.

II. PRINCIPLE AND CONFIGURATION OF ULTRATHIN

METASURFACE

1) The Wave Transmission of the Designed System for Multi-
View Display: Metasurfaces can be designed with precise con-
trol over their optical properties, enabling advanced light ma-
nipulation and tailored display characteristics. It can provide a
wide range of functionalities beyond simple light redirection.
This versatility opens up possibilities for more advanced and
innovative display designs. Fig. 1(a) and (b) illustrates the
schematic of the traditional multiview display systems by using
a lenticular lens sheet and the systematic design of the pro-
posed multiview display system by using ultrathin metasurface.

Fig. 2. Schematic diagram of the proposed multiview display by placing
metasurface Infront of the LCD panel.

The configuration of the proposed multiview display system
is shown in Fig. 2. LCD panel is made up of a number of liquid
crystal cells, each of which can individually alter the polarization
and transmission of light. The point light source illuminated the
display is located behind the LCD panel. The light emanating
from each display pixel is directed toward the metasurface. Each
pixel in the LCD screen can have its polarization and direction
controlled by a metasurface. An array of metasurface is placed
in front of LCD panel.

Metasurface array and the subpixel of LCD panel are in one-
to-one correspondence according to wavelengths. This array
is made up of a grid of tiny nanostructures that manipulate
light at the subwavelength scale including amplitude, phase and
polarization of light passing through each subpixel. This aspect
of the metasurface makes it compact.

By designing the nanostructures carefully, the phase of the
incident waves can be manipulated to create desired multiple
viewing angles. Moreover, it has different phase profiles across
its surface to create multiple views. Every view is associated
with a distinct phase profile that transmits the incident light
in a specified direction. When multiple viewpoints are com-
bined, a multiview display is produced, allowing viewers to
see different images from different perspectives. The views
can be arranged arbitrarily within the viewing zone. Individual
pixels are intended to provide an image from its corresponding
viewpoint. As a result, when switching between views, one
can see seamless horizontal motion parallax. Multiple viewing
zones or viewpoints allow multiple viewers to perceive different
images simultaneously and observe the display from different
perspectives; each viewing zone provides a slightly different
perspective, enabling a more immersive viewing experience.
The specific nanostructures and arrangement of the metasurface
elements will depend on the display’s desired functionalities
and performance requirements. Each nanostructure is associ-
ated with a particular panel pixel. Consequently, multiview 3D
display has received a lot of interest in becoming a commercially
viable autostereoscopic 3D display.

2) Design Methodology for Phase Distribution (LUT):
The performance of the polarization-insensitive transparent
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metasurface is evaluated in visible regime for red, green, and
blue wavelengths (λ = 637 nm, 532 nm, and 457 nm) by using
different period size and varying height of the nanopillars. To
interpret the simulation results of the proposed design, the nu-
merical simulations are performed by using the finite-difference
time- domain (FDTD) lumerical simulation tool.

The periodic boundary conditions are used in FDTD calcula-
tion along x and y direction and perfectly matched layers (PML)
are applied in z direction. The unit cell size and the height of
the nanopillar are optimized for the desired wavelengths RGB.
The metasurfaces are designed by subwavelength rectangular
nanopillars of TiO2. Until now, titanium dioxide TiO2 which
has a refractive index of about 2.6 and is transparent, has been
used in the best demonstration of metasurfaces spanning the
complete visible regime, resulting in easier phase modulation
from 0 to 2π.

To demonstrate simulation results, a linearly x polarized plane
EM wave of wavelength 637 nm impinges on the top of the
metasurface. The main constituents of metasurface are TiO2

nanopillar positioned on a glass substrate. The period of the
unit cell is Px = Py = 500 nm and the height of the nanopillar
is 600 nm. The exact values of height were obtained by opti-
mization sweeps in FDTD LUMERIC simulations. Simulations
are performed to optimize the phase modulation characteristics
of the metasurface. A 2D parametric sweep is carried out in the
range of 50 to 250 nm by sweeping the lengthLx and widthLy of
the nanopillar to obtain 0-2π phase coverage which is essential
for wavefront modulation. Where Lx & Ly are the lengths of
the nanopillars in “x” & “y” directions. 8 nanostructures are
selected from the library of parametric sweep with complete
phase modulation from 0 to 2π with maximum transmission
amplitude as shown in Fig. 3. For a better insight into the phase
realization, we calculated the phase of 8 level by using LUT
method. LUT store phase information of metasurface units for
different phase levels for 0 to 2π phase coverage. By using LUT
method we can directly access the corresponding output values
for each input pixel values in metasurface design, that eliminates
the need for complex calculations.

The phase difference is approximately π/4 from one neigh-
boring nanostructure to the other. The phase and amplitude of
metasurface under the x polarization for the wavelength λg =
532 nm and λb = 457 nm is also calculated as shown in Fig. 3.
The height of the nanopillar is 650 nm for λg and 400 nm for
λb with period size 500 nm and 400 nm. 2D parametric sweep
is carried out in the range of 80 to 280 nm and 50 to 250 nm for
λg and λb by sweeping the length and width of the nanopillar
to obtain 0-2π phase coverage. The actual parametric values of
the proposed nanopillars for RGB wavelengths are described
in Table I. The look-up table (LUT) method is used to map the
metasurface phase for RGB wavelengths with the discrete phase
distribution of lenticular lens array to obtain the metasurface
array distribution for multiview display.

For an optical system, point spread function (PSF) assess the
imaging performance and resolution. It is calculated based on
the propagated wavefront in free space. After propagating in
free space, the diffuse spot on the image plane is caused by the
light waves associated to PSF and the phase information of the

Fig. 3. Numerical simulation results of the 8 selected antennas for (a). Red
(b). Green (c) blue wavelengths.

metasurface. The PSF of metasurface for RGB wavelengths is
shown in Fig. 4.

3) Formation of Viewing Zone for Multiview Display: The
metasurface in the proposed multiview display system is placed
in front of the LCD panel to control the emitted light rays and
generate viewpoints in the viewing zone as depicted in Fig. 5.
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TABLE I
DEMONSTRATION OF LUT REALIZING THE PHASE DISTRIBUTION, AMPLITUDE

AND THE OPTIMIZED PARAMETRIC VALUES OF BASIC NANOPILLARS FOR THE

PROPOSED MULTIVIEW DISPLAY SYSTEM

Fig. 4. Simulated PSF of metasurface for RGB wavelengths.

Fig. 5. Demonstration of 8-view display system in a complete display cycle,
and the formation of viewing zone.

Fig. 6. Subpixels (RGB) to view number mapping.

Light rays carry the light field information loaded on the LCD.
The metasurface placed in front of the LCD collects the light
rays with light field information and generates the viewpoints at
the optimal viewing distance 1000 mm from the LCD screen.

The width of the viewpoint is less than a normal adult’s
pupillary distance in the viewing zone, so that different images
are attained by the right and left eyes. Multiview displays are
created by projecting more than 2 viewpoints into each viewer’s
pupil through the view zone. As, the proposed metasurface
covers 8 phase levels for complete wavefront modulation from
0 to 2π, and the viewpoint number equals the number of pixels
covered by each display unit.

The precise effects on the viewing zone must rely on the
metasurface’s design characteristics, capabilities, and overall
system configuration. The metasurface selectively controls the
phase and amplitude of light rays, redirecting them toward
specific viewpoints. The modulated light rays pass through the
LCD panel, further controlled by liquid crystal pixels to form
the final 3D image. The viewer perceives the image from their
viewpoint, as the metasurface redirects the light rays to match
their viewing position.

4) Subpixel Mapping: To comprehend the pixel encoding
stage, we need to understand that each pixel on the LCD
panel corresponds to a specific color. Each pixel on the LCD
screen is divided into three subpixels—red, green, and blue—to
reproduce color images, and each subpixel’s height is three
times its width. The intensity of light passing through each
subpixel can be controlled, and various colors can be displayed.
Fig. 6 illustrates the mapping of the metasurface array with the
one display unit that consists of 8 subpixels. The metasurface
modulates the red, green, and blue subpixels of an LCD panel.
The specific structure of each metasurface unit cell is defined
by the viewpoint mapping corresponding to each subpixel. The
metasurface panels can be designed to transmit specific wave-
lengths of light corresponding to the red, green, and blue colors.

We can start from the top-left corner of the LCD panel and
assign view number 1 to the first red subpixel, view number
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Fig. 7. Display results of an image BIT observed from 8 viewpoints.

2 to the first green subpixel, and view number 3 to the first
blue subpixel, then we continue this mapping process for all the
subpixels until we reach the bottom-right corner of the LCD
panel. By defining this subpixel to view number mapping, we
can control the display of colors on the LCD panel by selectively
activating the corresponding metasurface panels.

Since the minimum operating unit of the LCD panel is the
subpixel, each subpixel contains information of 1 view, as shown
in Fig. 6.

The metasurface structure is initially arranged in correspon-
dence with the red subpixel of the LCD panel for a specific
viewpoint. So initially for the red subpixel we will arrange the
structure 1 for the viewpoint 1 on the metasurface display panel.
It means that the metasurface structure is arranged adequately
to manipulate the red light to produce the desired image for that
viewpoint. Similarly, we can arrange the next structure for the
next red subpixel and we continue this procedure until all the
structures for the red subpixels arranged properly. The metasur-
face subwavelength structures are arranged to ensure that the
red light is adequately modified and transmitted through the
LCD panel for that particular view. So, the metasurface structure
is same for one viewpoint but changed for the other. We can

control the phase or transmission properties of the light passing
through that particular subpixel. This allows for precise control
of the propagation of light emitted by the specific subpixel
on the LCD panel. It is due to the reason that each subpixel
covers different wavelengths but the phase modulation will be
same for 1 viewpoint for a single subpixel. The manipulation
of phase at the subpixel level is due to the careful metasurface
design, mapping, and color calibration processes. The structure
must be altered for the other viewpoints, ensuring that the light
passing through the display is correctly manipulated to create the
desired image. Similarly, we can arrange different metasurface
structures effectively and easily on the whole metasurface panel
for different wavelengths. However, the metasurface structures
needs to be modified for other viewpoints to maintain the in-
tended optical properties. This adjustment can involve chang-
ing the arrangement, orientation, or shape of the metasurface
structures to ensure that the light passing through the display
is manipulated adequately for different views. In green color
display by assigning one unit structure to each green subpixel,
we can control the phase or transmission properties of the
light passing through that particular subpixel and similarly the
process continues for the other blue display panel. Depending
on the display device’s specifications, the synthesized image can
be generated through pixel encoding using multi-view images.
Every sub-pixel of the synthesized image is derived from various
viewpoint images.

III. RESULTS

Virtual cameras are used during the light field pick-up proce-
dure in order to photograph 3D objects in virtual environments.
8 cameras are used, and the number of cameras is equal to the
number of viewpoints in the viewing zone. The interval between
the viewpoints is 2 mm. The size of the LCD screen is 3.072 ×
3.072 mm and the resolution is 256 × 256. Fig. 7 illustrates
the numerical simulation results of the letter BIT. It is noted
from Figs. 7(a) to (h) that the horizontal parallax is observed
between the letters B, I and T. When transitioning from one
view to another, it gives a pronounced three-dimensional effect.
This specifies that the three-dimensional information of the light
field is effectively expressed. The simulation results also show
that the proposed method by using metasurface in multiview
display is feasible and effective and shows the 3D display with
high quality. The letters are easily distinguishable, ensuring a
sharp representation of the characters.

The presented 3D image acquired by the human eyes com-
prises a series of sub-pixels and is perceived through each
sub-unit. The simulation results are achieved by calculating
the displayed images for each view. The performance of the
proposed method is analyzed by evaluating three quantitative
image quality metrics: Root mean square error (RMSE), peak
signal-to-noise ratio (PSNR), and structural similarity (SSIM).

The RMSE metric is commonly used to evaluate the accuracy
of the reconstructed image. The root mean square error between
the original and reconstructed image is defined as,

MSE =
1

N ×N

n∑
i=1

n∑
i=0

|I (i, j)− k (i, j)|2 (1)
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Fig. 8. Comparison curves of performance indicators (a) RMSE, (b) PSNR, (c)
SSIM under different perspectives of metasurface based system and lenticular
lens based system.

RMSE =
MSE

1
N×N

∑n
i=1

∑n
i=0 |I (i, j)− k (i, j)|2 (2)

From the above equation, it is assumed that the original image
and the reconstructed image is represented by I and K, I (i,
j) mean the pixel value in the row and column in the original
distribution. In contrast, K (i, j) represents the value of the cor-
responding pixel in the reconstructed image [39]. The proposed
multiview display system reconstructs an image from multiple
viewpoints to produce a more enticing and realistic viewing
experience. Fig. 8(a) represents the RMSE value of metasurface
based system and lenticular lens-based system. The RMSE value
in the graph shows a measure of the overall difference between

the original and the reconstructed image. A lower value of
RMSE in the graph for the corresponding viewpoint indicates
a closer match between the original and reconstructed image. It
implies higher consistency and quality in the reconstructed im-
age, allows for a more comprehensive evaluation of the display
system’s performance, and helps to identify the discrepancies
and potential issues in the reconstructed images. So, it is clear
from Fig. 8(a) that the proposed metasurface based display
system is good in performance as compared to lenticular lens
based conventional systems.

A full-reference criterion for evaluating image quality is
PSNR. The ratio of the maximal signal power to the noise power
is PSNR. The higher the PSNR value is, the less distorted the
reconstructed images are. The PSNR is defined as follows [39].

PSNR = 10× log10

(
Max (I)
MSE

)
(3)

Fig. 8(b) shows the PSNR of the displayed images from 8
different viewpoints. The points on the graph represent the PSNR
values of the eight different viewpoints in the multiview display.
Each point in the graph corresponds to a specific viewpoint. The
higher the PSNR value in the graph represents, the less distorted
the reconstructed images. This means that the image quality
is preserved better for those viewpoints with less distortion,
resulting in a more realistic and accurate representation. The
significant variations in the graph with different perspectives
suggest that the distortion in the reconstructed image may vary
across different viewpoints. It is clear from the Fig. 8(b) that the
PSNR of our proposed system by using metasurface is higher
as compared to lenticular lens-based system that indicates the
performance of our proposed system is quite better than the
conventional system where lenticular lens is used.

Through the use of the mean value, square deviation, and
covariance of the original image and recovered image, the struc-
ture similarity index (SSIM) is computed [39]. It is based on an
image distortion model that considers three factors: luminance
distortion, loss of correlation, and contrast distortion, and it
determines the similarity between two images.

The SSIM index, which is based on a distortion-free image
or an uncompressed image as the reference, is calculated for 8
viewpoints in order to access these created images seen from 8
viewpoints. The SSIM values for 8 viewpoints are displayed in
Fig. 8(c). This illustrates that the SSIM values of our proposed
multiview display by using metasurface for the first time are
quite adequate as compared to conventional system where lentic-
ular lens are used. The bar graph represents the SSIM values of
the 8 different viewpoints in the multiview display system. Each
bar in the graph corresponds to a specific viewpoint. The height
of the bar indicates the SSIM value, with higher bars repre-
senting higher similarity between the displayed content and the
reference image. Viewpoints with higher bars show a higher sim-
ilarity between the displayed content and the reference image.
This means that the image quality is preserved better from those
viewpoints result in a more realistic and accurate representation.
If there are significant variations in the bar heights, the image
quality may vary across different perspectives. The proposed
multiview display facilitates the quality of 3D images.
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IV. CONCLUSION

This paper presents a multiview 3D display by using an ultra-
thin metasurface that modulates the phase and amplitude of light
waves. This opens new opportunities to solve the formidable
problems in conventional multiview displays, such as system
complexity and freedom to design. The subpixels of metasurface
for RGB wavelengths having one to one correspondence with
the LCD subpixels. The phase of metasurface is mapped with
the phase of lenticular lens by using LUT method. 8 views
are implemented in numerical simulation and the thickness of
metasurface layer is 2 μm, which leads to a high-quality, ultra-
thin multiview 3D display. The development of the proposed
multiview 3D display with ultrathin metasurface would pave
the way toward realizing next-generation compact displays.
It also demonstrates the ultimate goal of future 3D TVs and
mobile electronics. Moreover, it can also be used for medical
and educational applications in the near future.
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