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ABSTRACT: The novel depth-sensing system presented here
revolutionizes structured light (SL) technology by employing
metasurfaces and photonic crystal surface-emitting lasers
(PCSELs) for e cient facial recognition in monocular depth-
sensing. Unlike conventional dot projectors relying on di ractive
optical elements (DOEs) and collimators, our system projects
approximately 45,700 infrared dots from a compact 297-pm-
dimention metasurface, drastically more spots (1.43 times) and
smaller (233 times) than the DOE-based dot projector in an
iPhone. With a measured field-of-view (FOV) of 158° and a 0.611°
dot sampling angle, the system is lens-free and lightweight and
boasts lower power consumption than vertical-cavity surface-
emitting laser (VCSEL) arrays, resulting in a 5—10 times reduction

in power. Utilizing a GaAs-based metasurface and a simplified optical architecture, this innovation not only addresses the drawbacks
of traditional SL depth-sensing but also opens avenues for compact integration into wearable devices, o ering remarkable advantages

in size, power e ciency, and potential for widespread adoption.
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hree-dimensional (3D) surface imaging is recognized for

its potential in computer vision, spatial computing,
autonomous driving, and wearable devices. With high-speed
computing advances, 3D imaging systems based on coherent
light sources have emerged that extract depth information via
various methods. Stereo vision, time-of-flight (ToF), and
structured light (SL) categorize 3D imaging systems by depth
estimation.'® SL-based systems o er high resolution, large
field-of-view (FOV), high frame rates, and low computational
needs, suitable for smartphone integration for single-shot facial
recognition.*®

In an iPhone’s dot projector, a pseudorandom beam pattern
is emitted via a vertical-cavity surface-emitting laser (VCSEL)
array, collimator, light-guide, and di ractive optical elements
(DOEs).° Randomly arranged 366 spots were projected from a
VCSEL-array chip. A multiorder di raction pattern was then
generated by passing through the DOE, resulting in over
32,000 dots in a FOV of 74°. The DOE’s bulky size, narrow
FOV, dot number, integration compatibility, and power
consumption of the system pose challenges.

Metasurfaces, ultrathin optical elements modulating
light,”° replace bulky components, reducing optical system
size and enabling novel features in depth sensors,* endo-
scopes, tomography,™ and virtual/augmented realities."*
Metasurface designs for depth-sensing include light-field,™
ToF,'® and SL.*"~?" Yet, bulky lasers hinder chip integration
and wearables. Integrating metasurfaces with a single VCSEL is
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achieved, but SL application e cacy is limited due to VCSEL
features like larger divergence angles and output power.?>*
Additionally, PCSELs provide an ultralow divergence angle in
the meantime keeping a higher output power source,?*~2°
providing the capability for integration with metasurfaces in a
smaller form factor.?"%®

In this paper, we present the demonstration of a metasur-
face-enhanced dot projector consisting of specifically a
metasurface compatible with a PCSEL. As depicted in Figure
1(a), our meta-projector generates an SL-pattern composed of
random dots captured by a camera. We perform disparity
analysis to obtain 3D information and successfully achieve
facial recognition in monocular depth-sensing. To overcome
the limitations of commercial dot projectors, such as bulky size
and complex optics, we have made significant design
improvements. Instead of using a VCSEL array, bulky light
guide, and collimation lenses, we employ a single PCSEL to
generate a highly collimated light beam. Moreover, we replace
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Figure 1. lllustration shows our proposed depth-sensing system and a comparison to the Face ID system in the Apple iPhone. (a) Schematic of
single-shot SL system consisting of a camera and metasurface-enhanced dot projector. The system projects multi-infrared-dots from the PCSEL
through metasurface hologram on the object for depth perception. (b) The dot projector module in iPhone composed with a chip of VCSEL-array,
collimation lens, light guide, and DOE. (c) Our approach for the SL generation. (d) Size comparison of commercial dot projector and our

metasurface samples.

the di ractive optical element (DOE) with a metasurface
hologram, as illustrated in Figure 1(b),(c).

This design alteration results in lower power consumption
and a more compact system. Figure 1(d) illustrates a
significant di erence in size between metasurface samples
and a commercial dot projector found in an iPhone. The area
of all optical components in the latter is 233 times larger than
that of our metasurface sample. Additionally, the utilization of
GaAs-based metasurfaces enhances the potential for integra-
tion with high-power laser sources like PCSEL.**~*° This
research demonstrates the capability of metasurfaces to
enhance the e ciency and miniaturization of depth-sensing
systems, particularly for wearable applications.

SL is generated by metasurface hologram and PCSEL, which
is proposed from our previous work.?"*® We design a
polarization-insensitive metasurface with square nanopillars
because the degree of linear polarization of our PCSEL is 0.534
(see Supporting Information Figure S1 for details). To
generate clear dot images at a feasible distance between a
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cell phone and a person’s face, the holographic dot images
should be reconstructed at the far-field plane under the
limitation of Fraunhofer di raction. Additionally, it is
necessary to have a larger number of dots in a holographic
image to achieve higher angular resolution within a smaller
area. Figure 2(a),(b) illustrate the trade-o between the
imaging distance, metasurface dimension, and pixel and dot
sampling angles. According to the Fraunhofer condition, the
minimum distance (L) required to obtain clear dot images
from the sample should be on the scale of a?/A, where a
represents the dimension of the metasurface, and A is the
operation wavelength. The orange area shown in Figure 2(a)
indicates the relationship between the required Fraunhofer
condition and the dimensions of the metasurface. Furthermore,
the accuracy of an object’s surface, such as a person’s face,
using an SL-based depth-sensing system is influenced by the
density of the dots illuminated on it. A higher dot density in a
holographic image (or smaller sampling angle) leads to higher
angular/spatial resolution in reconstructing 3D models.
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Figure 2. Structured light design principle and structured light of metasurface samples. () Fraunhofer di raction distance corresponding to
di erence metasurface size. Orange ball: the minimum image distance of our metasurfaces is 9.4 cm. (b) The sample dimension versus sampling
angle at a fixed pixel size. m represents the number of pixels between 2 neighbor feature dots. (c) Tiled (75°) SEM image of a metasurface sample.
(d—f) Reconstructed SL-patterns corresponding to array arrangement (d and €) and random arrangement (f).

Figure 3. Setup and result of depth-sensing for facial recognition. (a) Setup of single-shot SL system. (b) Front view of the projector and webcam
in (2). (c) Object image. (d) 3D reconstruction of David. (e) Facial recognition test generated by our system. (f—h) Depth-sensing and facial

recognition results with the SL-pattern from an iPhone.

The average resolution of the dot image can be represented
by the number of sampling pixels divided by the FOVy,
(usually has unit in pixels per degree), where the FOVy, is 2 x
sin"}(A\/2A\) denoting the horizontal angle range of a
holographic image at the zeroth order di raction, where A
represents the dimension of a pixel. The pixel sampling angle
(d) represents the angle range that a pixel of a holographic
image represents. Therefore, a higher resolution of the dot
image indicates more precise feature points can be detected,
and a smaller sampling angle is achieved. The FOVy, of our
holograms are designed at 56.7°. As the metasurface dimension
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increases, the pixel number increases, resulting in a smaller
pixel sampling angle (red line in Figure 2(b)). Besides, the dot
sampling angle (A), defined as the angle between 2 neighbor
feature dots, determines the accuracy of the object’s surface,
which has relation with pixel sampling angle as A = md and m
is integer. Ideally, smaller dot sampling angle results in higher
angular/spatial resolution. However, a wider divergence angle
of laser would enhance the feature size of dots, which leads to
lower recognizable in each dot. The relation in sample
dimension, dot sampling angle (A), and pixel sampling angle
(0, where m = 1) are visualized as Figure 2(b) (see Supporting
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