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Integrated metasurface-freeform system enabled multi-focal planes

augmented reality display

Shifei Zhang“?, Lina Gao'?", Yidan Zhao'?, Yongdong Wang?, Bo Wang?, Junjie Li3, Jiaxi Duan*?*, Dewen Cheng®?,
Cheng-Wei Qiu®, Yongtian Wang'?*, Tong Yang'?* and Lingling Huang®2*

Abstract: The advent of artificial intelligence (Al) has propelled augmented reality (AR) display technology to a pivotal
juncture, positioning it as a contender for the next generation of mobile intelligent terminals. However, the pursuit
of advanced AR displays, particularly those capable of delivering immersive 3D experiences, is significantly hindered
by the performance limitations of current hardware and the complexity of system integration. In this study, we
present an innovative multi-focal plane AR display system that integrates a non-orthogonal polarization-multiplexing
metasurface, freeform optical elements, and an OLED display screen. All optical elements are integrated into a single
solid-state architecture, based on a joint optimization design approach of ray tracing and diffraction theory. The
multi-focal plane AR visual effect is realized by the compact and multiplexing metasurface, which performs distinct
phase functions across diverse polarization channels. Meanwhile, freeform surfaces offer ample design flexibility for
the collaborative optimization of multi-focal plane imaging and the see-through systems. Followed by a mechanical
design and prototype assembly, we demonstrate the system's capabilities in real-time and multi-focal plane display.
The digital images at all virtual image distances seamlessly integrate with the real environment, fully exhibiting the
system's high parallelism and real-time interactivity. With the innovative design concept and joint design method, we
believe that our work will spur more innovative and compact intelligent solutions for AR displays and inject new vital-
ity into hybrid optical systems.
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Introduction nantly focused on single-focus plane displays, which lead to

Driven by the launch of artificial intelligence (AI),
augmented reality (AR) display technology reaches a pivotal
moment, and is widely expected to become the next genera-
tion of mobile intelligent terminals'~>. Numerous research
efforts are dedicated to addressing the pressing issues of
hardware limitations, mass production challenges, and
enhancing the visual experience. However, the current
approaches to real-time AR display technology are predomi-

accommodation-vergence conflicts and are not conducive to
long-duration use®®. And existing solutions struggle to
simultaneously meet the optical requirements for multi-
depth projection, and the demands for compact form factor
and affordable expense?’. For instance, geometric optical
schemes'®"'2, which rely on the integration of multiple
single-focus plane optical modules, encounter limitations
including increased bulkiness and weight, and present
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certain challenges in terms of design and integration
complexity. Additionally, schemes based on spatial light
modulators (SLMs) and computer-generated holography
(CGH) offer unique approaches for per-pixel depth
control"**. 'While, these technologies introduce high
expenses and need large volume due to the requirements for
laser sources and high resolution SLMs, and concerns
regarding low efficiency and eye safety. The integral imag-
ing schemes'®, which leverage microlens arrays to generate
vivid 3D digital objects, face a trade-off between resolution
and the number of viewpoints, as well as between field-of-
view (FOV) and display quality, putting high requirements
for micro-lens design and high-resolution micro-displays.
To achieve the seamless integration of 3D or multi-focal
plane digital scenes with real-world environments, novel
advancements in optical material research, optical design
methodologies, and process routes are imperative.

Recently, metasurfaces infuse optical display schemes
with new vitality by offering sophisticated wavefront manip-
ulations at the subwavelength scale!®!”. Innovations such as
achromatic metalens®?2, meta-grating”®2°, metasurface
holographic elements” ', as well as metasurface-based aber-
ration compensator®"*? microdisplays* and 3D sensors® >,
are presented, driving the development of miniaturized and
intelligent solutions to near-eye displays. However, the
reported 3D or multi-focal plane display schemes typically
utilize metasurfaces for encoding limited static 3D holo-
grams” %, or employ them as meta-gratings for transmit-
ting light modulated by preceding SLMs and lasers'>!“. The
SLMs, which functions as phase modulators, are not the
mainstay in practical product applications; instead, devices
that modulate light amplitude, such as micro display screens
and liquid crystal on silicon (LCoS) devices are more widely
utilized. Nevertheless, the implementation of a metasurface
integrated with amplitude modulators for 3D AR display has
rarely been explored. Furthermore, the wavefront multiplex-
ing capability of metasurfaces remains largely untapped in
creating multiple focal planes for real-time near-eye display.
Despite the advancements in metasurface-based optical
elements and modules, significant gaps remain in the
systematic integration of multifunctional metasurface. These
includes the joint design optimization methods of subwave-
length diffractive and geometric optical elements, high
precision and large-scale micro-nano manufacturing
process, and prototype assembly techniques. And complete
hybrid optical configuration, which simultaneously
harnesses the strengths of metasurfaces in functionality
multiplexing and geometric optical elements in optical path
recirculation and relay functions, has not been presented
and demonstrated.

To address these gaps, we conduct research on the design
and demonstration of comprehensive hybrid optical system

for real-time multi-focal plane AR display, which integrates
an organic light-emitting diode (OLED) display screen,
polarization-multiplexing metasurface, and freeform optical
elements, as illustrated in Fig. 1(a). The system features a
catadioptric birdbath structure, which is detailed in Fig. 1(b)
and 1(c). The sufficient design freedom of metasurfaces and
nonsymmetric freeform surfaces and the deep cooperation
of these two kinds of elements ensures the system's increased
imaging performance, compact size, lightweight nature and
advanced AR display functions. Notably, the metasurface in
our system serves as a polarization-multiplexing phase
modulator, operating across various incident and fixed
output polarization channels without altering the other opti-
cal elements. Such design maximizes the compactness,
parallelism, and solid-state nature of the hybrid optical
system. The display information with diverse polarization
states is generated by different regions of the OLED display
screen, which are affixed with various polarization films.
After being processed by the metasurface, the information is
manipulated to display at various depths, providing a 3D
visual experience for customers (Fig. 1(d)). To significantly
streamline the design process and conserve computational
resources, we initially model the metasurface of diverse
polarization channels as distinct phase functions within the
ray tracing optimization framework. The optimization of
multi-focal plane and see-through path configuration is
conducted synergistically. The modulation transfer function
(MTF) values of digital scenes and the see-through path
exceed 0.25 at 20 Ips/mm and 0.3 at 30 Ips/mm, respectively,
and the corresponding distortions are all well controlled.
Subsequently, the non-orthogonal polarization-multiplex-
ing phase functions are encoded by metasurface. The
process differs from reported multiplexing of robust holog-
raphy*#!, and presents greater advances in reducing
crosstalk and ensuring precision for specified wavefronts.
Therefore, an established structural library with maximized
design freedom and a machine learning framework are
employed to maintain the accuracy of the phase functions as
closely as possible. Followed by a mechanical design and
prototype assembly, we demonstrate the system's capabili-
ties in multi-focal plane display. All specified focal planes
exhibit clear AR display effects, highlighting the real-time
interactivity and feasibility of our approach. By fusing multi-
focal plane digital information with the unrestricted physi-
cal environment, we believe our work would bring new
possibilities in applications such as city navigation, enter-
tainment, education, and industrial production.

2 Principles and methods
2.1 Multi-focal plane AR system design

A catadioptric birdbath (BB) system structure is used for the
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Fig. 1 | Schematic of the hybrid optical meta-freeform system for real-time 3D AR display. (a) The novel AR system integrates a display screen, a multiplex-
ing metasurface, and a freeform lens simultaneously. (b) Catadioptric birdbath structure of the designed system. (c) Principle of polarization-multiplexing
metasurface for multi-focal plane generation. The display screen is segmented into distinct regions, each equipped with a specific polarization film. (d)

Applications of the 3D AR display in urban navigation.

design, as shown in Fig. 2. The light from the display screen
travels through the polarization thin film, filter, lenses,
metasurface and polarization analyzer, and is then reflected
by the beam splitter (BS) and optical combiner (OC). After-
wards, the virtual information travels through the BS into
the eye pupil, while the light from the outside scene travels
through the OC and BS into the eye pupil directly. The light
from different areas of the display screen forms different
virtual image distances (VIDs) after travelling through the
system, thus realizing multi-focal plane AR display. The
VIDs of the system are 0.7 m, 1.5 m and 3 m. Because three
different VIDs exist in the system, a multi-configuration
system should be established during optical design with each
configuration corresponds to a specific VID. The VID and
the wavefront modulation effect of the metasurface vary
with different configurations, while the shape and locations
of other optical elements are the same. Considering the chal-
lenges of large-area, high-precision fabrication of the meta-
surface, reducing its size facilitates manufacturing. To
reduce the size of metasurface, the light beams of different
fields and configurations should overlay on the metasurface
as much as possible, which means the metasurface should be
located at the conjugate position of aperture stop inside the
system. To realize this structure, an intermediate image will
appear, which is different from traditional BB structure. For
the optical design of visual or AR/VR system, a reverse optical

path is generally used, where the object in the reverse system
is the virtual image plane in the actual system, and the image
plane in the reverse system is the display screen. The aper-
ture stop (eye pupil in the actual system) is located at the
beginning of the whole system. A 0.71-inch (1 inch = 2.54
cm) OLED display with resolution of 1920 x 1080 pixels is
selected. The material of lenses is K22R. The material of the
metasurface substrate is SiO; and the thickness is 0.5 mm.
Different polarization channels for different VIDs are
multiplexed in a single system, with each configuration
using a specific non-central region of the screen, Therefore,
the optical path of each configuration is off-axis nonsym-
metric, and thus induce severe non-symmetric and uncon-
ventional field-dependence aberrations, which are difficult
to be corrected using traditional rotationally-symmetric
spheres and aspheres. Off-axis asphere has nonrotationally
symmetric surface shape and can be considered a kind of
freeform surface. However, as the off-axis asphere is part of
its parent rotationally symmetric aspherical surface, the
degrees of design freedom of an off-axis asphere is only one
more (the off-axis distance) compared with its parent
asphere®. In other words, the coefficients of the nonsym-
metric terms in an off-axis asphere are interrelated. To
breakthrough these limitations, in this work, true freeform
optical element (the coefficients of the nonsymmetric terms
are independent compared with off-axis aspheres) is
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Fig. 2 | Multi-focal plane AR display system design. (a) Optical design framework for the system. (b) The layout of the system. (c) MTF plots and distortion
grids for the virtual image light paths. (d) MTF plot and distortion grid for the see-through light path.

induced into the system. In comparison with traditional
spherical or aspherical surfaces, freeform optical surface has
no rotationally symmetry*~*°, and has much more parame-
ters in surface description. The increase of design freedom
and structure flexibility can dramatically improve the imag-
ing performance of the system, while reduce the system size,
weight, and number of elements. In addition, the aberra-
tions induced by freeform surfaces can well compensate the
aberrations induced by non-symmetric system structure in
theory*. As a result, combining polarization-multiplexing
metasurface and freeform optics can lead to the successful
design of multi-focal plane AR display.

For the design of imaging optics, multi-parameter opti-
mization is generally used to get a good imaging perfor-
mance. Freeform surface is a kind of "pure geometric optical
element”, which can be modeled and handled by traditional
optical design theory. However, for metasurface, it is a

multifunctional diffractive optical element with subwave-
length sampling spacing. For the design of imaging system
with electromagnetics theory, the optimization and analysis
process will be very complicated and very time- and
resource-consuming. To solve this problem, here we
consider that the wavefront modulation effect of metasur-
face can be characterized by its phase function ¢(x, y). The
ray propagation at metasurface can be modeled by general-
ized refraction or reflection law, where the gradient of ¢(x,
y) can be easily calculated. In this way, the design and opti-
mization of imaging systems containing both geometric
optical elements (such as freeform optics) and metasurface
can be unified into the ray tracing approach.

A successive optimization strategy is employed to design
the system. First, only the central 0° field is used for each
configuration. At this stage, the surface type of the lenses
and OC are all spheres. The chief ray of each central field is
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optimized to be intersect with the image plane at the center
of each display area. As the light of three configurations
should be deflected to specific areas on the image plane, the
phase function ¢(x, y) of three configurations should be all
nonsymmetric, or can be seen as freeform. For the mathe-
matical expressions of the nonsymmetric phase functions
and the nonsymmetric freeform surface, there are many
choices such as XY polynomials, Zernike polynomials,
Forbes Q-polynomials, and NURBS. In this paper, we
choose XY polynomials as the mathematical expressions.
Compared to other expressions, XY polynomials have a
simpler description, and is expressed in commonly used
Cartesian coordinates. This kind of expressions is generally
directly included in common fabrication machines, and
therefore is more compatible with fabricating. In addition,
for Zernike polynomials and Forbes Q-polynomials, their
special orthogonal properties exist in a unit circular domain,
which is not consistent with the proposed design as square
apertures are used for the freeform element incorporating an
overall rectangular light footprint of the entire rectangular
field-of-view. The NURBS surface or phase function repre-
sentations require substantial iterative process for the ray
tracing process and will significantly affect the design effi-
ciency. Therefore, in this design, we use XY polynomials as
the mathematical expressions for the metasurface and the
freeform surface. In addition, one of the design principles
for freeform optical design is that the designers should use
as few and low orders freeform terms as possible to complete
the system design. Using unnecessary higher orders terms
will decrease the design efficiency, increase the fabrication
difficulty, and may make the optimization unstable. Based
on the aberration theory, polynomials up to the 8th order
corresponds to the dominant 8th order wave aberrations to a
great extent”. Using higher order terms has negligible
impact on aberration correction in this system. Therefore, in
this design, the XY polynomials up to 8th order (m+n<8) are
used for both the freeform surface and the metasurface.
Here, the freeform phase function of the gth configuration
¢g(x, y) is described as

8 8
¢, (x,y) = i—n ZZAm,wxmy" 1<m+n<8), (1)
¢ m=0 n=0

where A, is the working wavelength, and Ay, 4 is the coeffi-
cients of x™y" phase terms of the gth configuration. (x, y) are
the local coordinates of the substrate surface. Then, the FOV
of each configuration is gradually increased. The feature rays
from different pupil coordinates, different fields and differ-
ent configurations should be sampled during optimization.
As the ideal image point of each field can be calculated based
on the object-image mapping relationship, distortion and
the magnification of the system are controlled by constrain-
ing the real ray trace data of the marginal fields in each

configuration. To correct the aberrations, more degrees of
freedom (DOF) for design are introduced gradually. The
surface types of the lenses are gradually upgraded to
aspheres, and two surfaces are further upgraded to freeform
surface. The freeform surface type is XY polynomials
surface, whose surface expression can be written as:

@)
) TR )

8 8
+ chmmx’"y” 1<m+n<8), (2

m=0 n=0

where c is the curvature, k is the conic constant, C, ,, is the
coefficients of high-order terms, (x, y) is the local coordi-
nates of the substrate surface, and z is the surface sag. The
size of the metasurface is controlled by constraining the ray
intersection with the metasurface of the marginal pupil rays.
During optimization, the image performance of the see-
through path should also be maintained and the distortion
should be controlled. This is realized by adding a fourth
configuration during the design and optimizing the surface
shape of the outside surface of the OC simultaneously. The
above is the system design process, as shown in Fig. 2(a).

After all optimization steps are completed, the final
system is obtained, the structure is shown in Fig. 2(b). The
size of the metasurface is 2 mm x 2 mm. For the virtual
image light paths, the full FOV of the system is 10°x10° and
the entrance pupil diameter is 4 mm. The working wave-
length is 632.8 nm and the bandwidth is 10 nm. Figure 2(c)
shows the modulation transfer function (MTF) curves and
distortion grids. The MTF curves of 9 typical fields, includ-
ing the center and marginal fields, are provided. In the opti-
mization process, the weights of different field points are
adjusted to make the image quality across the full FOV as
balanced as possible. All the MTF values for the three
configurations are higher than 0.25 at 20 lps/mm. The
distortion of the system is well controlled. Good imaging
performance is achieved.

For the see-through light path working at the visible spec-
tral range, 30°x30° FOV is considered during the design.
MTF plot and distortion grid is shown in Fig. 2(d). The
MTF values for all fields are higher than 0.3 at 30 lps/mm.
The distortion of see-through light path is well controlled.
Microstructures on metasurfaces are designed based on
phase functions.

2.2 Metasurface design

The optimized phase functions corresponding to the three
multi-focal planes are encoded within the distinct polarization
channels of the anisotropic metasurface, denoted as ¢1, ¢2, ¢3.
To achieve a robust, rapid, and compact AR display system,
we eschew the use of mechanical or electrical polarization
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switching mechanisms, which are not applicable in realistic
cases. Instead, the polarization-multiplexing metasurface
employs a fixed analyzer at the exit end, thereby eliminating
the need for dynamic polarization switching for the output.
Concurrently, polarization thin films with distinct linear
polarization states are affixed to specific regions of the
display screens to generate diverse polarized incidences
directed towards the metasurface. Here, the anisotropic
metasurface provides an optical response characterized by a
Jones matrix J. The incident polarization states are defined

~1 -1\1"
as |P;) = [COS <q3ﬂ)75in (q3 ﬂ)} for q=1,2,3,

and right circular polarization (RCP) is employed as the
analyzer. This design ensures a near-equal distribution of
energy across the multiplexing channels. Consequently, the
encoded modulation fields for these polarization channels
are represented as (R|J|P,) (Fig.3(a)). And this design
exhibits a purely solid-state and compact architecture,
ensures a high-frame-rate, multi-focal plane AR display
without reliance on time-multiplexing.

However, precision wavefront encoding based on non-
orthogonal polarization channels is challenging to achieve,

as crosstalk inevitably exists for non-orthogonal polariza-
tion channels, in accordance with Malus' law. To address
this issue, we optimize the encoding process of phase func-
tions through the metasurface design and encoding algo-
rithm simultaneously. Firstly, as depicted in Fig. 3(b), we
adopt a diatomic strategy for the metasurface design. The
synthesized sampling units consist of two distinct types of
meta-atoms arranged in a staggered distribution. These
meta-atoms, characterized by varying lengths, widths, and
rotation angles (denoted as I, wy, 61, L, w, and 0,), provide
the optical response of distinct unitary matrices J; and J,.
The Jones matrices for each type of meta-atom are mathe-
matically formulated as J, = exp (i) |6,) (6| + exp (ig,,)
[0,1) (6 1] for s=1,2. |6,) and |6, | ) represent the polariza-
tion eigenstates of Js, with |6,)=[cosb, sinfs]"; exp(ips1) and
exp(igs2) denote the eigen-phase terms associated with each
polarization state. In this case, the Jones matrix of the
synthesized unit can be represented as the average of J; and
J2: T = (J1+J2)/2. With this approach, the full design freedom
of J based on single-layer design can be achieved, given that
the eigen-phase terms of J; and J, cover a complete phase
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Fig. 3 | Metasurface design and optimization for multifunctional phase modulation. (a) Schematic of a polarization-multiplexing metasurface designed for
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tion flowchart for the phase encoding based on the polarization-multiplexing metasurface. (d) Reconstructed results of polarization channels, including

amplitude and phase distributions, and the correlation coefficient matrix for multiplexed channels.
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cycle from 0 to 2n (further proof is provided in the supple-
mentary information).

Here, we select the amorphous silicon nanofins as the
meta-atoms, with their period and height configured as 300
nm and 400 nm, respectively. Moreover, the period of
synthesized units remains smaller than the wavelength, facil-
itating precise wavefront at a working wavelength of 632.8
nm. Using the rigorous coupled-wave analysis (RCWA)
method, we sweep through the optical responses of nanofins
with diverse lengths and widths, ranging from 80 nm to 170
nm. Simulations reveal that the nanofins exhibit uniform
amplitude and phase modulation covering 0 to 2m along
both long and short axis directions. The optical responses
along the long axis are presented in Fig. 3(b), while those
along the short axis are transposed, given the interchange-
ability of length and width in nanofins. To conclude, the
Jones matrix of this single-layer structure is endowed with
maximum design freedom.

Additionally, the metasurface design is optimized within a
machine learning framework that employs the Adam opti-
mizer (Fig. 3(c)). The optimization initiates with the random
generation of metasurfaces, driven by input parameters ¢y,
912, 01, 921, and 0. For each polarization channels, the
modulated light field (R|J|P,) is compared with the respec-
tive target phase functions exp(ipy). The loss functions

involve the mean square errors (MSE) of both amplitude
and phase distributions. Through iterative optimization, the
parameters are refined to achieve low MSE values as low as
0.038 for amplitude and 0.504 rad for phase across all chan-
nels. The correlation coefficients, which quantify the resem-
blance between the reconstructed and target light fields,
exceed 0.8 for each polarization channel. Furthermore, the
magnified view in Fig. 3(d) reveals the wrapped phase corre-
sponding to each polarization state, demonstrating the
metasurface's ability to independently encode each channel
with high fidelity. Based on the results, the layout of the
metasurfaces is meticulously constructed through a pixel-
by-pixel selection process, utilizing meta-atoms from the
established structural library.

3 Prototype and experimental results

The metasurface, with a footprint of 4 mm? is fabricated
employing a standard silicon-based semiconductor process.
The sequence mainly includes initial film deposition via
plasma enhanced chemical vapor deposition (PECVD),
high-resolution pattern transfer using electron beam lithog-
raphy (EBL), the lift-off process to transfer the pattern from
the resist to a chromium mask, and finally, inductively
coupled plasma reactive ion etching (ICP-RIE) to achieve

secesvecgoc

L)
L]
LR
L
.o
U
L)
LI
LI
LI
e e

XX EEEEEELEE)

LB B I B BN BN W
LR L I BB B
LA R B RN L B
Ceomcteennald

Fig. 4 | Prototype and experimental outcomes of the multi-focal plane AR display system. (a) Microscopic image and (b) scanning electron microscopy
(SEM) image of the fabricated metasurface. (c) The AR display system prototype. (d, e) The experimental results of image capture for a single display area.
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the metasurface's intricate structures. Figure 4(a, b) shows
microscopic image and scanning electron microscope (SEM)
images of the fabricated metasurfaces. The lenses are fabri-
cated using single-point diamond turning (SPDT). Both the
freeform and aspherical lenses are coated with an anti-
reflection coating, and the OC is coated with a semi-trans-
parent and semi-reflective coating. Additionally, a mechani-
cal system is also designed for the assembly and alignment of
geometric optical elements and metasurfaces (Fig. 4(c)).
Considering the inevitable manufacturing and assembly
errors, we also allocate an adjustment margin for the display
screen and metasurface to further enhance the system's
performance. The tolerance analysis results of the system
and the system alignment process are provided in the
supplementary information. For validation, a camera is
placed at the exit pupil of the optical system to replace the
human eye. The optical axis of the camera is aligned with the
viewing axis of the system.

Firstly, we validate the AR display effect for each polariza-
tion channel at respective VID, both the real and digital
scene can be seamlessly transitioned in real time. The exper-
imental results of imaging are shown in Fig. 4(d). In the
experimental setup, three real objects are placed at different
distances from the camera within a real-world scene: a

yellow puppy at 3 m, a blue bear at 1.5 m, and a green dice at
0.7 m. The display areas corresponding to the VIDs of 3 m,
1.5 m, and 0.7 m present the calculator, house, and satellite
patterns, respectively. These patterns are displayed individu-
ally, with each appearing sharp (highlighted in colors that
correspond to their respective polarization channels) at its
designated VID and becoming progressively blurred when
the focus shifts to other depths. For each virtual image, valid
focusing and blurring effects are clearly observed. Figure
4(e) further validates the functionality of the system by
showcasing another scenario with actual objects and digital
objects.

Subsequently, we assess the multi-focal plane display
capabilities of our AR system at three distinct distances
simultaneously, which fully exhibit the system's high paral-
lelism and real-time interactivity. To enhance observability,
the final display icons are strategically offset planarly, as
depicted in Fig. 5. Each VID's corresponding projected
images are outlined by a white frame, presenting sharp and
detailed information. As the focus shifts, the images gradu-
ally blur, and demonstrate the precision in depth perception,
which is crucial for enhancing the user's spatial awareness
and interaction with the environment. The seamless integra-
tion of diverse digital to overlay on the physical environment

15m

0.7m

Fig. 5 | Multi-focal plane display of our prototype at three distinct distances simultaneously. The image that is outlined by a white frame correspond to
different VID. Both the real and digital scene can be seamlessly transitioned in real time.
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underscores the system's adaptability. The digital icons,
representing various applications, at different spatial loca-
tions signifies the potential for spatial interaction that tran-
scends traditional depth limitations. The interaction of fruit
icons with real-world objects like bears and pandas suggests
potential applications in AR gaming and education. To
further validate the system's capabilities, we generate a
dynamic three-dimensional AR display video, which is
provided in the supplementary information.

4 Conclusions

The experiments successfully validate the feasibility of our
hybrid meta-freeform optics architecture and joint design
approach. And the approach strategically harnesses the
distinct advantages of each optical element. Particularly, the
polarization-multiplexing strategy efficiently integrates
multiple functions onto a lightweight and compact metasur-
face, just millimeters in size, without altering other optical
elements. This ingenious strategy greatly reduces the
system's volume while maintaining special functionality, and
eliminates the need for complex multi-system integrations.
The introduction of freeform surfaces offers ample design
flexibility for the collaborative optimization of multi-focal
imaging and the see-through systems. To our knowledge, no
prior prototype yet to be reported previously that integrated
a display screen, metasurface, and freeform optical elements
within a single comprehensive optomechanical design for
multi-focal plane AR display.

Furthermore, to meet the demands of a purely solid-state
optical tunable system, non-orthogonal polarization multi-
plexing channels are employed. Recently, strategies involv-
ing noise engineering*' and algorithm optimization® have
been proposed to achieve high-fidelity holographic encod-
ing across various polarization channels. However, hologra-
phy is inherently robust to noise, allowing holographic
images to remain visually discernible even when there is a
significant drop in the signal-to-noise ratio (SNR). To our
knowledge, the demonstration of accurate encoding for
phase functions has not been experimentally achieved.

Due to the significant size disparity between the display
screen and the metasurface, additional optical elements and
an intermediate image plane are incorporated, leading to the
current prototype's dimensions of 9.3 cmx4.5 cmx4.9 cm.
However, with the advent of smaller display screens, such as
0.13-inch Micro LED micro-display*, and a corresponding
slight increase in metasurface dimensions, a more compact
optical system can be achieved.

Furthermore, more focus planes can be customized on
this basis, facilitating a more continuous 3D AR display
effect. It should be noted that, there is an inherent tradeoff
between the number of display planes and critical optical

performance factors such as the efficiency of each polariza-
tion channel, the accuracy of encoded wavefronts, and imag-
ing resolution. Despite this, considering the advancements
of high-resolution display products and metasurface design,
the improvements in axial resolution are not only feasible
but also unstoppable.

Full-color, which is also a crucial metric for near-eye
display, is also promising by further optimization of meta-
surface design and effective integration with full-color
display screen. By employing physical mechanisms such as
bound states in the continuum (BIC)** and dispersion
engineering®, along with cutting-edge design methods
including inverse design and Al-driven frameworks, the
wavefront multiplexing of metasurfaces across diverse RGB
and polarization channels is becoming increasingly feasible.
Simultaneously, it is crucial to consider the characteristics of
the display screen within the overall system design, includ-
ing pixel arrangements and the division of distinct regions,
efficiency and the bandwidth of RGB units.

In this paper, the design and optimization of the hybrid
imaging system is unified into the ray tracing approach in
order to significantly accelerating the design process and
reduce the computational cost. Designing such system using
electromagnetics theory considering the true interaction
between the light and the metasurface as well as geometrical
lenses is possible using existing theories, but may be very
complicated and very time- and resource-consuming. In
future works, besides using new and much faster design and
simulation methods, differential design framework can also
be explored. The wavefront modulation effect of the meta-
surface is no longer characterized using a phase function
¢(x, y), but is directly characterized by the light matter inter-
actions indued by specific meta-atoms. The interactions of
the light (different directions, polarization, wavelength) with
the meta-atoms (with different size, height, materials, etc.)
are directly integrated into the design process as a specific
mathematical function. In this way, the system process
combining ray tracing may consider the light-matter inter-
actions and electromagnetics theory, andcan enable more
powerful inverse design of such hybrid systems.

To conclude, our work provides a compact, high-frame-
rate, real-time, and pure-solid-state solution for multi-focal
plane AR display applications. The innovative system design
concept offers a distinctive alternative for state-of-the-art
display and imaging technologies. The combined approach
of ray tracing and diffraction theory conserves both time
and computational resources, provides an invaluable refer-
ence for the practical application of metasurfaces and the
design of future hybrid optical systems.
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