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Three-dimensional (3D) imaging sensors allow machines to perceive, map and
interact with the surrounding world'. The size of light detection and ranging (LiDAR)
devicesis often limited by mechanical scanners. Focal plane array-based 3D sensors
are promising candidates for solid-state LiDARs because they allow electronic
scanning without mechanical moving parts. However, their resolutions have been

limited to 512 pixels or smaller?. In this paper, we report on a16,384-pixel LIDAR with a
wide field of view (FoV, 70° x 70°), afine addressing resolution (0.6° x 0.6°), a narrow
beam divergence (0.050° x 0.049°) and arandom-access beam addressing with
sub-MHz operation speed. The 128 x 128-element focal plane switch array (FPSA) of
grating antennas and microelectromechanical systems (MEMS)-actuated optical
switches are monolithically integrated ona10 x 11-mm?silicon photonic chip, where a
128 x 96 subarray is wire bonded and tested in experiments. 3D imaging with a
distance resolution of 1.7 cm is achieved with frequency-modulated continuous-wave
(FMCW) ranging in monostatic configuration. The FPSA can be mass-producedin
complementary metal-oxide-semiconductor (CMOS) foundries, which will allow
ubiquitous 3D sensors for use in autonomous cars, drones, robots and smartphones.

Autonomous systems powered by artificial intelligence will have atrans-
formativeimpact on our society. 3D sensors that directly measure the
coordinates, shapes and velocities of objects have seen an increasing
number of applicationsinautonomous vehicles, drones and robots>*.
LiDAR systems can workin darkness and offer high resolution and high
accuracy thanks to the short wavelength of light®. Small-form-factor
LiDARs with single-photon avalanche diode arrays®® have started to
befeaturedin smartphones and other consumer electronics; however,
theirrangesare limited, owingto flood illumination. Scanning LiDARs
with collimated laser beams have much longer reach but oftenrequire
bulky scanners that are difficult to integrate.

Recently, there has beenintensiveresearch onintegrated opticalbeam
scanners capable of high-speed operation over a large FoV with high
resolution and low power consumption, which are the key requirements
forsolid-state LIDARs. Two common architectures are the optical phased
array (OPA) and the FPSA. OPAs have been demonstrated on photonic
integrated circuit platforms® ™ and MEMS platforms?® 22, They are capa-
ble of random-access beam scanning but require precise amplitude
and phase control of all the optical antennas in the array, which makes
scaling challenging. So far, most OPAs with large pixel number and large
FoVareonly1Darrays. Scanningin the orthogonal directionis achieved
by wavelength tuning using awidely tunable laser. For example, Chung
etal. demonstrated a1,024-element 1D OPA with 45° FoVin 2018 (ref. )
and Poulton etal. demonstrated an 8,192-element1D OPA with100° FoV
in 2020 (ref.*). 2D OPAs with large pixel number have been reported
onMEMS platforms®?but their FoVis usually small, owing to the large
array pitchtoaccommodate the MEMS actuators. The performances of
some state-of-the-art OPAs are summarized in Extended Data Table 1.

By contrast, the FPSA uses a camera-like optical system that maps
each angle withinthe FoV to a pixel at the back focal plane of animag-
inglens. Instead of integrating a ranging unit at each pixel, the optical
switch networkin the FPSA allows all pixels to share one (or more) LiDAR
ranging unit(s). Each pixel consists of only an optical antennaand a
switch, making it possible to integrate a large array on a single chip.
Small-scale FPSAs with tens of pixels have been demonstrated using
thermally tuned Mach-Zehnder interferometer (MZI) switches® ™.
However, their integration density is limited by the large footprint
of the MZIs and the high power consumption of thermo-optic phase
shifters. MEMS-based silicon photonic switches offer many advantages,
including small footprint, low loss (nearly zero loss in the OFF state),
low power consumption and fast switching time. These advantages
have been demonstrated in large-scale optical switches for optical
communication networks***., Proof-of-concept scanners with asmall
number of pixels (<400) were recently reported®?**. The performances
of the reported FPSAs are summarized in Extended Data Table 2 and
Extended Data Fig. 1.

Inthis paper, we experimentally demonstrate a16,384-pixel FMCW
imaging LiDAR with amonolithically integrated 128 x 128-element sili-
con photonicMEMS FPSA (a128 x 96 subarray iswire bonded and tested
inexperiments). With a5-mm-focal-lengthcompoundlens, the system
canrandomly direct the laser beam to 16,384 distinct directionsin a
70° x 70° FoVwitha 0.05° divergence angle and amicrosecond switch-
ingtime. To the best of our knowledge, thisis the largestintegrated 2D
FPSA everreported. 3D imaging s realized by combining the FPSA with
FMCW ranging. The FPSA presented here is highly scalable. Megapixel
3Dimaging LiDAR s possible by leveraging the Moore’s law-like scaling
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Fig.1|Architecture and working principle of the FPSA. a, Perspective-view
schematic ofthe 2D FPSAwith thelens and output beam. Light is coupled onto
the FPSA chip by means of one of theinput ports and thenrouted to the
selected grating antennaby turning on the corresponding row-selection and
column-selection switches. The lens converts the emitted light toa collimated

that has propelled the explosive growth of CMOS imaging sensors over
the past few decades.

FPSA scanner architecture and design

The schematic of the FPSA is shown in Fig. 1a. The working principle
ofthebeam scanneris showninFig.1busing alD FPSA as an example.
An array of optical antennas is placed on the back focal plane of a
convex lens with a focal length of fand each antenna is connected
to the input light source by means of an optical switch. When one
of the optical switches is turned on, the input light is routed to the
corresponding antenna. The emitted light from the antenna is then
converted to a collimated beam by the lens. The angle between the
output beam and the lens optical axis is 8 = tan™(-x/f), in which x is
the coordinate of the emitting antennarelative to the optical axis. By
turning on antennas at different locations, the output beam can be
steered to the corresponding angles. The FoVis 2tan™(L/2f), inwhich
L is the overall size of the array. The divergence angle of the output
beam can be estimated by //f, in which [is the size of an individual
grating antenna. The angular resolution can be estimated by p/f, in
which pis the array pitch.

The architecture of the 2D FPSA is shown in Fig. 1c using a4 x 4
array as an example. Each optical antenna (grating) is connected to
arow waveguide by means of a MEMS optical switch (hereafter called
a column-selection switch) and each row waveguide is connected to
one of the two input waveguides by means of a MEMS optical switch
(hereafter called a row-selection switch). To reduce the total number
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beam.b, Schematic ofalD FPSAbeam scanner demonstrating the working
principle. c, Top-view schematic of the 2D FPSA design.d, Schematics of the
MEMS optical switches and grating antennas in the ON and OFF states. Inthe
ONstate, the tip of the polysilicon coupler waveguide (green) is pulled down
close tothe bus waveguides (yellow) to couple light to the grating antenna.

of controlsignals from N?to2Ninan N x NFPSA, we used arow-column
addressing scheme: all switchesin the same columnare electrically con-
nected, whereas the row-selection switchis individually addressed. By
turning on onerow-selection switch and one column-selection switch,
light from one of the two input ports is routed to the selected grating
antenna and emitted to the prescribed angle in free space.

We used a MEMS optical switch design similar to those reported in
refs. 3%, in which the tip of a polysilicon coupler is physically moved
by an electrostatic MEMS actuator to control the light path, as shown
in Fig. 1d. The row-selection switch has two actuators coupling light
betweentheinputand row waveguides, whereas the column-selection
switch has only one actuator, as the grating is directly connected to the
polysilicon waveguide.

We designed a 128 x 128-element FPSA with a 55-um pitch in both
directions, thus the overall array size is 7 x 7 mm? The overall chip
including the routing waveguides, input/output couplers and
bonding pads is 10 x 11 mm? in size. The device is fabricated on a
silicon-on-insulator (SOI) wafer with a 220-nm-thick device layer.
Figure 2a-c shows the optical microscope images of the entire chip,
unitcells comprising grating antennas and column-selection switches,
and the row-selection switches, respectively. The scanning electron
micrographs of the array are shown in Fig. 2d, with the close-up views
of the unit cell and the grating antenna in Fig. 2e, f, respectively.
Confocal microscopic images of the device are shown in Extended
Data Fig. 2. The waveguides are defined on the device layer of the
SOl wafer by a partial etch. The grating antennas are patterned on the
polysilicon layer with a focusing-curved shape of around 10 x 5 um?in



Fig.2|Microscopicimages of the fabricated FPSA device.a-c, Microscopic
images showing the FPSA chip (a), the grating antennas with column-selection
switches (b) and the row-selection switch (c). d-f, Scanning electron micrographs

size. The orientation and grating period of each antenna are individu-
ally tailored so that the output beam points towards the centre of the
lens to increase the light-collection efficiency and reduce the aber-
ration effects of the lens. The emission efficiencies of all the gratings
are kept higher than 65%. The details of the grating antenna design
are described in Methods and Extended Data Fig. 3. The device lens
(Thorlabs MVL5M23, f=5 mm, F/2.8) maps each grating antennatoa
distinctive far-field angle, resultingina 70° x 70° FoV, 0.6° resolution
and 0.05° divergence angle.

Device characterization

The fabricated FPSA device is wire bonded to a ceramic pin grid array
(PGA) and controlled by a field-programmable gate array (FPGA) and
adriver circuit board (details are described in Methods). Owing to
the limited PGA pin count, only three-quarters of the row-addressing
signals and all column-addressing signals are bonded, skipping every
fourth row of the FPSA.

To demonstrate optical beam steering, the electrically addressed
128 x 96 grating antennas are turned on one at atime. The captured
images of the output beam projection onto a paper screen are

ofthe FPSA chip (d), the column-selection switches (e) and the grating antennas
(f).Scalebars:a,2mm;band c,40 pm;d,100 pm; e,20 pm; f,4 pm.

overlapped and shownin Fig. 3a. This clearly demonstrates that the
fabricated FPSAis able to steer the output beam across the 70° x 70°
FoV as designed, albeit with a small number of dark spots caused
by minor defects on the device. To demonstrate the random-access
beam-steering capability, we program the FPSA to sequentially turn
on 475 selected grating antennas to display a ‘Cal’ logo, as shown
in Fig. 3b. Figure 3c shows an enlarged far-field pattern with the
output beam raster scanned at 100 kHz and captured by a single
frame of the infrared camera running at 33 frames per second.
We also characterized the beam quality by measuring the far-field
beam profilewithaninfrared cameraat 0.71 mdistance away fromthe
lens. Figure 3d shows that the measured full width at half maximum
beamdivergenceis 0.050° x 0.049°, which matches well with the dif-
fraction limit of the lens aperture. Measured beam profiles of more
pixels are shown in Extended Data Fig. 4 and output-power-variation
measurement results are shown in Extended Data Fig. 5. Details of
the optical characterization setups are described in Methods and
Extended DataFig. 6.

The temporal responses of the row-selection and column-selection
switches are characterized by measuring the optical power at the
switch output ports while applying a square-wave voltage signal, as
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Fig.3|Characterization of the FPSA beam scanner. a, Beam-steering pattern
projected on apaperscreenshowinga70° x 70° FoV. b, Ascanned ‘Cal’ logo
patternwith475distinct outputbeamdirections projected ona paper screen.
¢, Zoomed-inbeam-steering pattern captured at the focal plane of a Fourier
lens.d, Beam profile measured at 0.71 m away from the FPSA beam scanner.

shownin Fig. 3e, f, respectively. The on and off response times of the
row-selection switch are 1.1 us and 0.6 ps, respectively. The response
times of the column-selection switch are slightly longer (2.7 ps and
2.0 psfor on and off switching, respectively), owing to the more com-
pactdesign of the MEMS actuator. The resultsindicate that the device
can be operated at a sub-MHz frequency for beam steering, which is
suitable for scanning LiDARs.

3D imaging

An imaging LiDAR is constructed by combining the FPSA with a
frequency-modulated laser and a coherentreceiver. A schematic of the
systemisshowninFig.4a, with further details described in Methods and
Extended DataFig. 7. The components of the FMCW ranging system are
off-chipinthis demonstration; however, they could also be integrated
on-chip, as demonstrated by Bhargava et al.>*. Linear frequency chirps
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e, f,Dynamicresponses of the row-selection switch (average of 22
measurements of optical power measured at the drop port) (e) and the
column-selection switch (average of 32 measurements of optical power
measured at the through port) (f) in the FPSA. The red curves show the applied
voltage waveform and the blue curves show the measured optical power.

with an excursion of 8.6 GHz and a ramp time of 80 s are generated
by directly modulating a 1,550 nm-wavelength distributed feedback
(DFB) laser with a pre-distorted waveform obtained from aniiterative
learning method™®. The returned light from the target is mixed with a
reference lightat the photodetector. AFourier transform thenextracts
the beat frequency that is proportional to the target distance. We use
amonostatic configuration in which the same grating antenna on the
FPSAisusedtotransmit the FMCW light and receive the returned signal
fromthe target.

To demonstrate 3D imaging, we used a 25-mm-focal-length F/1.4
lens (Navitar SWIR-25) with the FPSA, achieving a 16° x 16° FoV and
a 0.13° addressing resolution. Reflective targets made of materi-
als similar to those used for traffic signs are placed at distances of
roughly 0.8 m,5 mand 10 mfromtheimaginglens. The output beam
is scanned sequentially in the FoV. The LiDAR ranging resolution is
1.7 cm and the output power at the device lens is about 1 mW for the
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Fig.4|3Dimagingresults. a, Schematic ofthe FMCW LiDAR with the FPSA
beamscanner. b, Representative FMCW LiDAR spectrum with atarget at

0.84 m.c,d, Point clouds and cameraimages of the targets composed of three
lettersinthesame plane (c) and in different planes (d) atabout 0.8 m.

0.8-m measurements and 2 mW for the 5-m and 10-m measurements.
Example beat signal spectra of the FMCW LiDAR measurements are
shown in Fig. 4b, e, f and the measured point clouds are shown in
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Figs. 4c, d, g, h. Good 3D image fidelity is achieved with lateral reso-
lution matched to that of the FPSA and distance resolution agreeing
well with the frequency excursion.
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Scalability ofimaging LiDAR

To further increase the resolution, we can increase the chip size
and/or shrink the footprint of the pixel. The footprint of the cur-
rent pixel (55 x 55 pm?) can be reduced by optimizing the design of
the MEMS actuators and the switch couplers. It is feasible to shrink
the pixel to 10 x 10 um? for megapixel LiDAR with a1 x 1-cm?FPSA,
which will improve the angular resolution to 0.11° with an f=5mm
lens or 0.02° with anf= 25 mm lens. For such high-resolution FPSA, it
isimportant to minimize the switchloss, asthere are alarge number of
switches (1,000) along each row. A salient feature of our FPSAis that
the MEMS-actuated switches have nearly zero loss in the OFF state
(the only loss is waveguide propagation loss), unlike the MZI-based
thermo-optic switches. This makes it possible to keep the optical
insertion loss low for high-density FPSAs. The FPSA is fabricated using
standard semiconductor processes and can be mass-produced at
commercial CMOS foundries.

One unique advantage of the FPSA LiDAR is its flexibility. The FoV
and angular resolution can be easily adjusted by selecting imaging
lenses with different focallengths, taking advantage of thelargelibrary
of well-optimized camera lenses designed for a wide range of focal
lengths and image sensor sizes. For example, compact mobile phone
cameralenses are suitable for small FPSA chips aiming at a small foot-
printand large FoV, whereas lenses designed for professional cameras
are suitable for large FPSA chips aiming at low divergence and high
angular resolution. Full 180° or even larger FoV can also be achieved
with fisheye lenses.

Conclusions and discussions

We have presented the performance of alarge-scale (16,384-pixel) imag-
ing LiDAR using a 128 x 128 silicon photonic FPSA, in which a128 x 96
subarray is wirebonded and tested inexperiments. The grating antenna
ineach pixelis digitally controlled by anintegrated MEMS optical switch
withinanarea of 55 x 55 pm?. Random-access beam steering with a FoV
of70° x 70°, an addressing resolution of 0.6° in both directions,abeam
divergence of 0.05° and asub-MHz operation speedis achieved witha
5-mm-focal-lengthimaginglens. 3D imaging with1.7-cm range resolu-
tion has also been demonstrated. The angular resolution of the current
system can be further increased by optimizing the optical design and
fabrication technology. In addition to 3D sensing applications, the
FPSA canalso be used in other applications that require optical beam
steering, such as free-space optical communication® and trapped-ion
quantum computation®,
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Methods

Comparison of FPSAs and OPAs

Extended Data Table 1 compares the performance of state-of-the-art
OPAs reported in the literature. Extended Data Table 2 and Extended
Data Fig.1compare the performance of the FPSAs reported here with
other 1D and 2D FPSAs reported in the literature. Note that, although
some of the 1D FPSAs and OPAs use wavelength tuning to steer the
beam in the orthogonal direction, here we only summarize their
beam-steering performances in the FPSA or OPA direction.

Device fabrication and characterization

The FPSA device fabrication process starts with a standard silicon
photonics process on SOI, followed by the deposition and patterning
of an extra polysilicon layer for MEMS actuators, polysilicon coupler
waveguides and grating antennas, similar to that described in ref.*°.
Extended Data Figure 2 shows confocal microscopic images of the
fabricated FPSA device.

The far-field beam profiles of 13 pixels in addition to the one shown
inFig.3d are measured with aninfrared cameraatadistance of 0.71m
away from the lens (the same condition as for Fig. 3d) and the beam
profilesand cross sections are shownin Extended DataFig. 4. Theresults
show that the beam divergence angles are consistent throughout the
array, with an average divergence of 0.048° x 0.047° and a standard
deviation 0f 0.0026° x 0.0029°.

The free-space output power from 256 pixels (128 pixelsin row 22
and 128 pixels in row 62) of the FPSA beam scanner after the device
lens is measured by an optical power meter and histograms of the
normalized optical power are shownin Extended Data Fig. 5. The data
show that 105 of 128 pixels (82%) in row 22 and 86 of 128 pixels (67%) in
row 62 have an output-power variation within 5 dB. The output-power
variation is partly caused by the variation of optical losses; that is,
light emitted from grating antennas at different locations experience
different waveguide propagation losses, grating emission losses and
lens collection losses, which will be further discussed in the ‘Optical
efficiency’ section. Fabrication imperfections also contribute to
the output-power variation. Reducing optical losses and improving
the fabrication process will help improve the power uniformity.
The pixels with no measured output power (corresponding to dark
spots in Fig. 3a) are attributable to damaged MEMS actuators or
electrical connections caused by fabrication and handling imper-
fections, and we expect that the yield can be largely improved with
professional nanofabrication foundries.

Grating antenna design and simulation

The grating antennas are patterned on the 350-nm-thick polysili-
conlayer witha250-nm partial etch. Each grating antenna has seven
grooves with a constant width of 290 nm. We customize the grat-
ing periods according to the grating locations in the array so that
the output light is directed towards the centre of the lens aperture.
This will increase the lens collection efficiency and reduce aberra-
tions. Finite-difference time-domain (FDTD) simulation results of
the grating emission angle and efficiency as a function of the grat-
ing period are shown in Extended Data Fig. 3. The simulations show
that the grating emission efficiency will notably decrease when the
outputiscloseto 0° (vertical direction). Onthe other hand, the grat-
ing pattern width will approach the minimum feature size of our
lithography (ASML DUV Stepper Model 5500/300) when the output
angle is smaller than —20°. Considering these trade-offs, we set the
output directions of the grating antennas to be from -10° to —20°
from the vertical direction, corresponding to grating periods in the
range 550-580 nm. This is by no means a fundamental limit for grat-
ingantennadesign, and a higher emission efficiency canbe achieved
with an optimized design of grating geometry>s*,

Optical efficiency
The on-chip optical losses of the FPSAreported here mainly come from
three sources: (1) waveguide propagation loss (3.8 dB cm™); note that
grating antennas at different locations are connected to different wave-
guidelengths and, thus, have different waveguide propagation losses;
(2) row-selection-switch loss (2 dB) and column-selection-switch loss
(2.5dB); (3) grating antenna emission loss (about 1.9 dB, depending
on the grating antenna locations, as shown in Extended Data Fig. 3).
For example, agrating antenna with a1-cm waveguide has an on-chip
loss 0f10.2 dB. By optimizing the parameters in the fabrication process
for the same device layout, we can reduce the waveguide propaga-
tion loss to1dB cm™and the switch losses to less than 1dB for both
row-selectionand column-selection switches, therefore the on-chiploss
of agrating antenna with a1-cm waveguide can be reduced to 4.9 dB.
The on-chip optical efficiency can be furtherimproved by optimizing
the design of grating antennas and MEMS switch actuators.
Inadditiontothe on-chip losses, the demonstrated LiDAR setup also
has two off-chip losses: (1) fibre-to-chip coupling loss (5 dB for each
coupling) and (2) loss owing to limited device lens transmittance and
collection efficiency of grating antenna emitted light (total about 3 dB).
Thefibre-to-chip couplingloss can be eliminated if the LiDAR ranging
system components are integrated on-chip®. The device lensloss can
bereduced by applying anti-reflection coating for the operating wave-
length, as wellasimproving the optical design to better match thelens
aperture with the grating antenna emitting pattern.

Packaging and control

The FPSA chip isattached and wire bonded to a 256-pin ceramic PGA.
Owingtothein-plane fibre array for optical I/O coupling, some electri-
cal pads on the PGA are blocked by the fibre array, therefore the total
number of available pads is smaller than the required control signals
(256 + ground). Instead of missing a contiguous block of the array,
every fourth row of the array is skipped for wire bonding, whereas all
columns are wire bonded, so a128 x 96 subarray is tested in experi-
ments. Adriver circuit board with two HV583 (128-channel low-voltage
serial to high-voltage parallel converter) chips generates the electrical
control signals for the FPSA and the output is controlled by an FPGA.
The driver circuit board can update the FPSA electrical control signal
at arate of up to 1.25 MHz for random-access beam steering. Light is
coupled between the external fibre-based optical setup and the FPSA
chip using an off-chip fibre array and on-chip grating couplers.

Optical characterization methods and setup
The beam-steering patterns in the 70° x 70° FoV shown in Fig. 3a, b are
captured by projecting the output beam from the 5-mm-focal-lengthlens
on asheet of paper as a diffuser screen and imaging the screen pattern
using aninfrared camera (Xenics Bobcat 320) with a3.5-mm-focal-length
wide-angle lens. The optical setup is shown in Extended Data Fig. 6a.
The zoomed-in far-field beam-steering pattern shown in Fig. 3cis
measured by collecting the output beam from the device lens using a
30-mm-focal-lengthlens as the Fourier lens and capturing the intensity
distribution on the focal plane of the Fourier lens using the infrared
camerasensor, whichis effectively the far-field intensity distribution of
thebeamscanner. The optical setupis shownin Extended Data Fig. 6b.
The beam profiles shown in Fig. 3d and Extended Data Fig. 4 are cap-
tured by the bareinfrared camera sensor at adistance of 0.71 m away from
the device lens, and the optical setup is shownin Extended Data Fig. 6¢.

FMCW LiDAR 3D imaging setup

The optical and electrical setup for the 3D imaging demonstration is
showninExtended DataFig.7. The DFB laser (Optilab DFB-1550) is linearly
frequency modulated by apre-distorted current waveform obtained by
the iterative learning pre-distortion process®. An erbium-doped fibre
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amplifier boosts the optical power to compensate for the loss along the
optical path. The amplified light passes through a fibre circulator and
thensplitsinto two pathsbya50/50 splitter for the two input waveguides
(for 5-mand 10-m LiDAR measurements, light is coupled into one of the
inputwaveguides). Lightis coupled to the FPSA chip by means of an angled
polished fibre array and on-chip grating couplers, and then directed to
the target from one of the grating antennas through the imaging lens.
Thereturnedlight fromthetargetis received by the same gratingantenna
ontheFPSA and coupled back tothefibrearray. Thefibrearray facetand
the surface of the grating coupler on the FPSA chip together have about
-34 dB of reflection, whichis used as the reference path (local oscillator)
of the FMCW LiDAR. The reference and probe light passes through the
circulator to the photodetector (Thorlabs PDB480C-AC), generating a
beat signal sampled by an analogue-to-digital converter (National Instru-
ments PXle-5114). The data are transferred to alaptop computer and the
beat frequency thatis proportional to the target distanceis extracted by
performingafast Fourier transform. Foreachbeamdirection, thedistance
measurements are repeated ten times and the results are averaged to
increase the measurement precision. The FPSA chipis also controlled by
thelaptop computer by means of the FPGA and the driver circuit board.
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Code availability

The code used to analyse the data and produce the plots are available
in Dryad with the identifier https://doi.org/10.6078/D1IHBOC.

38. Michaels, A. & Yablonovitch, E. Inverse design of near unity efficiency perfectly vertical
grating couplers. Opt. Express 26, 4766-4779 (2018).

39. Khajavi, S. et al. Compact and highly-efficient broadband surface grating antenna on a
silicon platform. Opt. Express 29, 7003-7014 (2021).

Acknowledgements This research project is funded by Bakar Fellows Program at UC Berkeley.
The devices are fabricated in the Marvell Nanofabrication Laboratory at UC Berkeley. We thank
V. Stojanovic and P. Bhargava for helpful discussions, and J. Tremblay and K. Yu for the driver
circuit board design.

Author contributions X.Z. contributed to the layout design of the FPSA, tested the optical
characterizations of the devices and performed the LiDAR measurements. K.K. contributed to
the layout design of the FPSA, fabricated the devices and tested the mechanical performance
of the devices. J.H. contributed to the MEMS optical switch design and optical simulations.
J.L. contributed to the MEMS optical switch design and mechanical simulations. M.C.W.
conceived the FPSA architecture and supervised the project.

Competing interests All authors, with the exception of J.H. and J.L., are shareholders of nEYE
Systems Inc., a start-up company that makes 3D sensors.

Additional information

Correspondence and requests for materials should be addressed to Ming C. Wu.

Peer review information Nature thanks Hongyan Fu and the other, anonymous, reviewers for
their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.6078/D1HB0C
https://doi.org/10.6078/D1HB0C
http://www.nature.com/reprints

80
* ® 1D MZM FPSA
%\60 | Thiswork | H 2D MZM FPSA
2 B 5D MEMS FPSA
S *
'5 40 Ie
> ]
‘6 | |
o
D20
w
0 ® ' | | |

10° 10° 102 10° 10* 10°
Element number
Extended DataFig.1|Comparison ofintegrated FPSAsintheliterature and
thiswork.1D and 2D arrays are indicated by dots and squares, respectively, and
thisworkisindicated by astar.



Article

a . b

Extended DataFig.2| Confocal microscopicimages of the fabricated FPSA device. a, Confocal microscopic image showing the grating antennas with
column-selection switches. b, Confocal microscopicimage showing the row-selection switch.
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Extended DataFig.4|Measured beam profiles of 13 pixels across the FPSA. The beam profiles are measured at 0.71 m away from the FPSA beam scanner.
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Extended Data Table 1| Comparison of OPAs in the literature

Year 1D or 2D Element number Field of view Phase tuning mechanism Antenna Reference
Photonic integrated circuit OPAs
2011 1D 16 20° Thermo-optic Si grating 9
2013 2D 4,096 (64x64) 12°x12° Thermo-optic Si grating 10
2015 2D 16 (4x4) 1.8°x1.8° p-i-n phase modulator Si grating 11
2016 1D 128 80° Thermo-optic Si grating 12
2018 1D 1,024 45° Thermo-optic Si grating 13
2019 2D 128 16°x16° Thermo-optic Si nano-photonic antenna 14
2019 1D 120 66° Thermo-optic SiN assisted grating 15
2019 1D 125 16° Thermo-optic Si grating 16
2019 2D 64 (8x8) 7°x7° Thermo-optic Si grating 17
2020 1D 512 70° Thermo-optic Si grating 18
2020 1D 8,192 100° Electro-optic Si grating 19
MEMS-based OPAs
2014 2D 1,024 (32x32) 4°x4° MEMS-actuated grating mirror Polysilicon high-contrast-grating mirror 20
2019 2D 25,600 (160x160) 6.6°x4.4° MEMS-actuated grating Polysilicon grating 21
2019 2D 518,400 (960x540) 3.4°x3.4° MEMS-actuated micromirror Metal micromirror 22




Extended Data Table 2 | Comparison of integrated FPSAs in the literature and this work

Year 1D or 2D Element number Field of view Optical switch Antenna Reference
2018 1D 4 5 Thermo-optic MZM Slow-light waveguide grating 23
2018 1D 16 38.8° Thermo-optic MZM Si grating 24
2019 1D 19 4.6° Thermo-optic MZM Si grating 25
2020 1D 16 4.4° Thermo-optic MZM Slow-light waveguide grating 26
2019 2D 16 (4x4) 12.4°x26.8° Thermo-optic MZM & micro-ring Si micro-ring 27
2019 2D 16 (4x4) 2.07°%x4.12° Thermo-optic MZM SiN grating 28
2020 2D 16 (4x4) 1.05°x1.05° Thermo-optic MZM Optical fiber 29
2021 2D 16 (8x2) 1.5°x0.9° Thermo-optic MZM Si grating 2 (Tx)
2021 2D 512 (32x16) 1.5°x0.9° Thermo-optic MZM Si grating 2 (Rx)
2020 2D 100 (10x10) 1ox1° MEMS Si grating 32
2020 2D 400 (20x20) 32°%x32° MEMS Si grating 33
2021 2D 16,384 (128x128) 70°x70° MEMS Si grating This work

MZM: Mach-Zehnder modulator; SiN: silicon nitride.
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