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The frequency-modulated continuous-wave (FMCW) technology combined
with optical phased array (OPA) is promising for the all-solid-state light

detection and ranging (LiDAR). We propose and experimentally demonstrate a
silicon integrated OPA combined with an optical frequency microcomb for
parallel LiDAR system. For realizing the parallel wavelengths emission con-

sistent with Rayleigh criterion, the wide waveguide beyond single mode region
combined with the bound state in the continuum (BIC) effect is harnessed to
obtain an ultra-long optical grating antenna array. The single soliton comb,
generating about multiple distinct wavelength channels and combined with
the high performance integrated OPA, is also demonstrated for coherent
three-dimensional (3D) imaging by utilizing FMCW method. The modulation
bandwidth of parallel modulation of the microcomb is beyond the modulation
region of single soliton microcomb. The result paves the way for developing

all-solid-state and ultrahigh-frame-rate coherent LiDAR systems.

Recently, the light detection and ranging (LiDAR) system is emerging
for the development of the artificial intelligence (Al), such as autono-
mous driving, unmanned aerial vehicle and so on. The advanced Al
application has the demand of massive data stream and fast processing
capability'?.

The parallel laser ranging has been reported with the mas-
sively individual laser diode array on flash or mechanical LiDAR>*.
The tens or hundreds of lasers greatly increase the cost and
assembly difficulty. Microcombs, pumped by only one laser, have
been utilized to obtain tens of distinct channel for parallel
sensing®”’. In one direction, these distinct channels can be map-
ped to the pixels through a diffraction optics, such as volume
gratings. But beam scanning in the orthogonal direction, all of
them, is performed through a mirror galvanometer as the tradi-
tional mechanical LiDAR. Thus, the robustness and integration
level need to be improved further.

The all-solid-state and miniatured LiDAR is the trend for the par-
allel operation. Inertialess beam steering based on silicon integrated
optical phased array (OPA) is an essential component for the solid-
state LiDAR. High performance integrated OPA should have a wide
field of view and a small beam divergence. In the reported one-
dimensional (1D) OPA, phase tuning combining with wavelength tun-
ing is utilized for two-dimensional (2D) beam steering. For the hor-
izontal direction, beam steering of a large field of view (FOV) can be
realized by the antenna arrangement of sparse®® or half-wavelength
period™?, in which the phase error is corresponding to the beam
quality. The OPA with four beams, carrying different phase informa-
tion, has been reported for the parallel scanning based on Butler
matrix”, which is difficult to demodulate receiving signal and scale up
the array. For the vertical direction, the beam steering could be rea-
lized by wavelength tuning based on tunable lasers”. However,
multiple individual tunable lasers would be required for parallel
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wavelength scanning. The beam divergence and multi beams quality
are challenging and essential performances for realizing the parallel
beams emission, carrying distinct wavelength information. The ultra-
long optical grating antenna with a low coupling constant and a low
phase error is usually required for a small divergence. The millimeter-
scale antenna can be realized by small etching corrugations of silicon
waveguide'® or assisted with the multi-layer material such as silicon
nitride'”'s, However, it demands a high lithography precision, etching
precision, or heterogeneous material growth, which has a high fabri-
cation complexity and high cost.

In the detection terminal, the coherent method is usually
superior to the other implementations in the circumstance of low-
visibility or high-background-light. Since the theoretical sensitivity of
coherent detection can be up to the quantum noise limit'. At the
same time, the on chip OPA combining with the frequency-
modulated continuous-wave (FMCW) method is recognized as the
best alternatives for realizing a miniature coherent LiDAR in the
future.

In this work, we proposed and experimentally demonstrated an
integrated OPA combined with microcomb. The OPA is based on a 1D
sparse arrangement of optical antenna array, having a large FOV
without grating lobes in the horizontal direction. There is also a small
beam divergence in the vertical direction, which is harnessing the
bound state in the continuum (BIC) effect on silicon waveguide
grating antenna. To achieve a high beam quality, the wide waveguide
beyond single mode region is adopted for the OPA. The measured
beam divergence is about 0.037° with the long optical grating
antenna, which is consistent with the comb tooth spacing (101.3 GHz)
and optical beam of Rayleigh criterion. The multiple comb tooth,
carrying distinct wavelength information, are output and steered by
the integrated OPA. The all-solid-state parallel LiDAR has been
demonstrated with the FMCW method for three-dimensional (3D)
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ranging. External modulation is utilized to obtain the parallel fre-
quency modulated multi-wavelength laser source with only one
pump laser. The distance deviation is measured to be about 2.5 cm at
meter scale range.

Figure 1 shows the schematic of the proposed microcomb
combined with integrated OPA for parallel LIDAR, which consists of a
continuous wave (CW) pump laser, microcomb, electro-optical
modulator (EOM), OPA chip, and coherent detection array. The
microcomb chip, generating multiple comb tooth, is based on the
silicon nitride platform and pumped by the single CW laser. The
multiple comb frequencies are parallelly modulated by the EOM for
generating FMCW signal. The OPA chip is based on commonly used
the silicon-on-insulator (SOI) platform with a 220 nm-thick silicon
core layer. The OPA consists of a power splitter tree, a voltage-
controlled phase shifter array, and an optical antenna array. The
input light is uniformly split into different channels of phase shifters.
The thermo-optics phase shifters are tuned by a multi-channel vol-
tage controller. The waveguides are then fanned out to the sparse
antenna array. The long optical antenna, harnessing BIC effect, has
small beam divergence in the vertical direction. Principally, we utilize
phase tuning combining with wavelength tuning for two-dimensional
(2D) beam steering. For the horizontal direction (phased array
direction), beam steering is realized by phase tuning with indepen-
dently voltage-controlled phase shifter elements. For the vertical
direction (comb direction), the parallel beam scanning can be rea-
lized by multiple wavelengths of the optical comb. The multiple
comb tooth, carrying distinct wavelength information, are output
and steered by the integrated OPA, which is without mechanical
modules for two-dimensional beam scanning. The frequency mixing
of echo signal (ES) and local oscillator (LO) is developed and the beat
signals are output to the processor, namely FMCW coherent
detection.
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Fig. 1| Parallel FMCW LiDAR system. Conceptual illustration of FMCW system

based on integrated microcomb combined with OPA. The comb is pumped by the
CW laser. The multiple comb frequencies are externally modulated by the EOM and
beam steering is operated by the integrated OPA. The multiple echoes are received
by coherent detection based on wavelength multiplexing to obtain the information

of distance and velocity of targets. OPA optical phased array, CW continuous wave,
EOM electro-optical modulator, AFG arbitrary function generator, LO local oscil-
lator, TIA transimpedance amplifier, MCU microcontroller unit, DSP digital signal
processor.
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Fig. 2 | Optical microscopy images. a The packaged chip, and (b) the fabricated
OPA chip. FA fiber array, BIC bound state in the continuum.

Results

Single soliton microcomb generation

A single soliton microcomb contributes to the parallel and coherent
CW sources of the proposed integrated solid-state FMCW LiDAR.
Supplementary Fig. S1(a) shows the microscope image of the char-
acterization of microring resonators. The microring utilized in the
experiments has a radius of 229 pm, corresponding to the FSR of
101.3 GHz. The temperature of the soliton microcomb chip is con-
trolled by a thermo-electric cooler (TEC). Generation of the single
soliton microcomb in the experiment is probabilistic. Deterministic
generation of single soliton microcomb can be assisted by several
methods reported, such as optical cooling of a blue-detuned auxiliary
light provided by either an independent continuous wave laser?>? or a
modulated pump sideband®’, a self-injection locking®, a trigger
pulse*, and so on. Supplementary Fig. SIb shows the experimental
setup of the soliton microcomb generation and measurement. The
pump to comb conversion efficiency is about 1.53%. Supplementary
Fig. S1c shows the spectral profiles of the modulation instability (MI),
chaos, two-soliton, and single-soliton microcombs, respectively, dur-
ing the pump scanning process. To implement the parallel CW sources
for the OPA chip, twenty comb teeth are selected with power differ-
ences of <3 dB. The extinction ratio of the comb teeth is about 15 dB,
which can be increased to >40dB by filtering the noise of the
pump light.

Beam steering operated by OPA

The OPA consists of a power splitter tree, a voltage-controlled phase
shifter array, and an optical antenna array. For the horizontal direction
(phased array direction), beam steering is realized by phase tuning
with independently voltage-controlled phase shifter elements. For the
vertical direction (comb direction), the parallel beam scanning can be
realized by multiple wavelengths of the optical comb. Principally,
according to the Rayleigh criterion, the small beam divergence in the
vertical direction is required to separate the adjacent wavelength
channels of the microcomb. First, the beam divergence is defined by
the effective length of antenna. Larger effective length of antenna,
smaller beam divergence. Second, the effective length of antenna is
related to the diffraction strength a. Weaker diffraction strength, lar-
ger effective length of antenna (Supplementary Note 1). Thus, the
millimeter-long grating antenna is one of the key components for
separating the adjacent wavelength channels of the microcomb in the
free space. Diffraction strength of a grating antenna is correlated with
the effective refractive index perturbation of the waveguide
structure”. Conventionally, the small etching corrugation or low
refractive index material such as silicon nitride is used to achieve weak
diffraction strength. However, such methods are challenging in terms
of process complexity as well as fabrication precision. The hybrid
platform requires additional material deposition and several etching
steps, leading to the relatively complex fabrication process compared
with the single step etching of single layer of silicon. Furthermore, the
conventional small etching corrugation will cause relatively large

lateral radiation, in which the theoretical antenna length will be limited
by the unnecessary radiation loss.

Here, we utilize the side-etched grating antenna with periodic
rectangular nanogrooves on both sides of the waveguide, as shown in
Supplementary Fig. S2a. The propagation mode (TEy) of the grating
antenna can be coupled to the radiation modes through the nano-
grooves, where the lateral radiation modes have an equivalent path
difference with the width of the waveguide. And the diffraction
strength of the grating antenna can be dramatically reduced by
manipulating the width of the waveguide to build a destructive inter-
ference between the lateral radiation modes, known as the quasi-
bound state in the continuum (gBIC)*. The device is designed based
on the SOI platform with a 220 nm core silicon thickness, and the edge
length dy of the rectangular nanogrooves is selected to be 180 nm in
order to meet the feature size of the fabrication process. The grating
pitch Ag is chosen to be 600 nm with the corresponding steering
angle 6 of about 10.4° at the 1550 nm wavelength. The diffraction
strength a of the grating antenna is calculated for different waveguide
width W, as shown in Supplementary Fig. S2b. It can be found that a
periodically reaches the minimum value, corresponding to the differ-
ent order of gBIC. Here, the waveguide width W, is selected as
1.02 um for the second-order gBIC (gBIC,), which is beyond the single
mode region, for lower perturbation of the corrugation. The diffrac-
tion strength of the grating antenna is <0.015 dB/um, and the antenna
with a length of 1.3mm can theoretically achieve a far-field beam
divergence of 0.05°.

The power consumption of phase shifter is measured to be
18.5mW/mt for TE polarization by measuring the fabricated Mach-
Zehnder interferometer (MZI) structures. The excess loss of 3-dB
power splitter based on multi-mode interferometer (MMI) is 0.12 dB.
The optical antenna element, one of the key devices, is also char-
acterized. To directly demonstrate the qBIC, effect of the antenna, we
measure the diffraction strength for the fabricated grating antennas. A
series of antennas with varied [y (from 200-2000 pm) are fabricated
to evaluate diffraction strength a. The straight waveguides without
nanogrooves are also fabricated on the same chip for power normal-
ization. As shown in Supplementary Fig. S3, the diffraction strength «,
induced from the normalized transmission various with antenna
length, is about 0.00685 dB/um. The diffraction strength is relatively
smaller than the calculated ones, due to the fabrication error induced.
The depth dg is shrunk to be about 140 nm in the fabrication process.

To verify the proposed strategy, we fabricate a 128-channel OPA
chip, integrating the couplers, the phase shifters, optical grating
antennas, and so on. Deep trenches between adjacent phase shifters
are used to reduce the thermal crosstalk during modulation, and the
waveguide lengths for each channel of the OPA are equalized to
eliminate wavelength dependence in beamforming. Figure 2a, b show
the optical microscope images of the OPA chip as well as the opto-
electronic packaging, respectively.

To break the limitation of the grating lobes in horizontal direction
@, the sparse method is utilized in the 1D antenna array. With the
sparse antenna array arrangement, there is only one main beam in the
FOV. After the phase calibration with a genetic algorithm, the beam is
well calibrated at 0°. As shown in Supplementary Fig. S4, the full width
at half-maximum (FWHM) is of 0.1° in the horizontal direction ¢ and
0.037° in the vertical direction 6, respectively, with a high sidelobe
suppression. The smaller the diffraction strength a, the longer optical
grating antenna, which will extend the effective aperture. Thus, the
measured beam divergence is smaller than the calculated one. The
beam divergence can be further reduced by increasing the number of
antenna element and reducing the grating corrugation. Here, for par-
allel beam scanning with different wavelengths, the beam divergence
of 0.037° in vertical direction 6 can satisfy the Rayleigh criterion with a
comb tooth spacing of 101.3 GHz.
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Fig. 3 | The measured beam performance in horizontal direction. a The spliced
image of far-field beam after calibration at different steered angles at one typical

wavelength. b The measured far-field intensity distribution in horizontal direction
at three typical wavelengths of 1529 nm, 1548 nm, and 1567 nm.

We characterize the beam steering in vertical direction with the
wavelength ranging from 1529-1567 nm, which is around the pump
wavelength of microcomb (Supplementary Note 2). Supplementary
Fig. S5a shows the measured far-field image at different wavelengths.
And the normalized far-field beam intensity distribution curves along
the vertical direction are shown in Supplementary Fig. S5b. The beam
steering range is about 5° within the 38 nm wavelength band. The
wavelength tuning efficiency is measured to be |k |=0.138°/nm by
using the linear fitting method, as shown in Supplementary Fig. S5c.
The beam steering range is usually limited by the wavelength tuning
range of the light source and the bandwidth of passive devices, such
as power splitters and grating antennas (Supplementary Note 3). To
solve this problem, two approaches have been reported, of which
one is the multi-line OPA**® and another is the multidimensional
multiplexing OPA®?°*°, The total steering angle and the wavelength
tuning efficiency can be up to twice of conventional ones with the
same tuning wavelength band.

In horizontal direction, Fig. 3a shows the image of the normalized
far-field main beam at +40°, £30°, +20°, +10°, and 0°, respectively,
under the laser wavelength of 1548 nm. The measured image resolu-
tion and FOV of the OPA chip is limited by the optical imaging system,
such as the numerical aperture (NA) of lens and the size and number of
charge-coupled device (CCD) pixel, which has a trade-off. The nor-
malized far-field distributions in the horizontal direction at three
typical wavelengths (1529, 1548, and 1567 nm), are shown in Fig. 3b.
With the same voltage series of phase control, the far field beams at
different wavelengths are all with high beam quality and high sidelobe
suppression ratio of >8 dB, which is contributed to the large number
and the sparse distribution of antennas. To illustrate the high perfor-
mance 2D beam scanning without mechanical rotation, the OPA

scanner is utilized to develop the character patterns of “Z”, “}”, and “U”,
which is tuned with wavelength step of 0.8 nm in vertical direction and
the angle step of 0.2° in horizontal direction, as shown in Supple-
mentary Fig. S6.

When the high performance OPA chip combined with the micro-
comb, the massively parallel beam steering in 2D area can be realized.
As a prototype verification, the tens of beams, simultaneously trans-
mitted in vertical direction, can be utilized for parallel scanning. The
output soliton microcomb is filtered by a fiber Bragg grating (FBG)
notch filter to decrease the pump residue, as shown in Fig. 4a. Fig-
ure 4b shows the parallel beam scanning in the vertical direction at
nine discrete horizontal angles, representatively. Actually, the parallel
beams can be continuously steered with continuous phase tuning by
the OPA. The angle of parallel beams is slightly oblique in the photos of
camera, due to the mapping of spherical coordinates to cartesian
coordinates.

Characterization of parallel FMCW lidar

As a prototype, we also characterize the ranging performance of the
microcomb combined with OPA for the FMCW detection. The
external modulation method is used to generate the frequency
modulation signal. Supplementary Fig. S7a shows the schematic
setup of the parallel FMCW LiDAR. The amplified continuous wave
laser is utilized as the pump laser of the microcomb. The narrow
band filter is used to decrease the pump wavelength at the output of
microcomb. Supplementary Fig. S7b shows the typical spectra of
the microcomb before and after modulation by the SSB. It can be
found that all the comb teeth simultaneously generate a sideband
signal with a frequency shift same as the RF signal. The frequency
modulation nonlinearities of the comb lines are <1.77 x107 (Sup-
plementary Note 6). The power of the comb lines varies randomly of
about 2 dB because of the amplified spontaneous emission (ASE)
noise. The comb line at long wavelength is about 10 dB higher than
the short wavelength, since the soliton comb spectrum (excluding
the pump) is red-shifted due to the dispersive-wave-recoil and
Raman induced soliton self-frequency shift*. Compared to mod-
ulating the pump laser for achieving linear frequency modulation
continuous wave, the parallel modulation of the output microcomb
is helpful to maintain the stability of the single soliton state, not
perturbing the repetition rate and power, and the linear modulation
bandwidth is beyond the modulation region of single soliton
microcomb. Though the number of simultaneously modulated
comb lines will be limited by the optical bandwidth of the external
modulator (usually ~40nm), -50 comb lines can dramatically
increase the frame rate of point cloud.

Limited by the receiving aperture of the collimator, a tunable
band-pass filter (TBPF) is used to sequentially select individual comb
tooth for distance detection of the target. With the lower optical chip
loss and higher sensitivity photodetector, the source power can be
dramatically decreased. Thus, it is practical for much more comb lines
working at the same time with silicon nitride waveguides and higher
performance of OPA chips and detectors. It should be noted that the
microcomb is spectral channel separated and the analysis of the beat
signal is also operated in the frequency domain. Since the temporal
sequential detection does not affect the frequency information, this
experimental method can be considered as an equivalent demon-
stration of parallel ranging. The strict coaxial transceiver based on
single OPA structure can also be introduced to the all-solid-state
transceiving LiDAR system™.,

Figure 5a, b show the images of the far-field beam of the 1550.27
and 1551.1 nm wavelength channel, respectively, and the correspond-
ing beat signal spectra are shown in Fig. 5c. It can be found that the
beat signals of the two adjacent channels have different peak fre-
quencies, indicating that the far field beam of the adjacent channels are
distinguishable.
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Fig. 6 | 3D LiDAR imaging. a Picture of the target objects. b The measured 3D point cloud image. ¢ The object distances obtained from 100 continuous measurements,

showing good consistency.

3D LiDAR imaging is then demonstrated by combining beam
steering in the phase direction. As shown in Fig. 6a, the reflective tar-
gets are two vertically placed reflective cardboards, of which the for-
ward one has a rectangular hole in the center. The two cardboards
spaced by 15 cm are placed at a distance of about 1.1 m away from the
OPA chip. Considering the flatness of the comb lines, a set of data are
measured at a step of two microcomb teeth, and a total of seven
wavelength channels are selected as a proof of concept, as shown in
Supplementary Fig. S7b. The commercial waveshaper or the on-chip
multichannel amplitude equalizer® could be used further to flatten out
the comb spectrum. In the phase direction, the angle step is 0.32° and
six angle positions are selected. Figure 6b shows the measured 3D
point cloud image of the targets (Supplementary Note 7).

Finally, the distance measurement stability is characterized. As an
example, two wavelength channels of 1552.78 nm and 1547.78 nm are
selected to measure the distance of the target object for 100 con-
secutive times, and the measured results are shown in Fig. 6¢. It can be
found that the ranging results have a good consistency. There are a few
measurements showing a distance deviation of 2.5 cm, which is mainly
due to the low signal-to-noise ratio (SNR) of the beat signal and can be
further improved by increasing the received signal power and higher
performance of commercial detectors.

Discussion

In summary, we propose and demonstrate an integrated OPA com-
bined with single soliton microcomb. The 1D OPA with a millimeter-
long grating antenna is utilized for the 2D steering. The antenna is
based on the BIC effect and with only one-step fully etching to ease the
fabrication. The low phase error enables the multiple optical beams,
carrying different wavelength information, to transmit simultaneously.
The experimental results indicate that the beam divergence in the

vertical direction is ~0.037°, and the FOV is 80° without grating lobes in
the horizontal direction. In the vertical direction, the OPA, combined
with single soliton microcomb, can be utilized for tens of parallel beam
scanning. The different soliton comb states, e.g. soliton crystals, multi-
solitons, and single soliton, can all be used for the coherent LiDAR
application in future. Thus, the variable beam lines can be obtained for
different strategies of beam scanning for region of interest. The par-
allel LiDAR system is demonstrated with FMCW ranging, which can
dramatically increase the frame-rate. The drawback of the architecture
is that it requires a balanced photodetector array and a wavelength-
division demultiplexer array. However, the integration of demulti-
plexers is straightforward via arrayed waveguide gratings and chip-
scale integration of large banks of balanced photodetectors has been
recently demonstrated, having the potential to be utilized in the par-
allel LiDAR system.

The destination of the solid-state LiDAR is to develop a fully
integrated system. The system can integrate the soliton microcomb
generator driven by an on-chip laser, filters, the transceiving OPA,
modulators, photodetectors, and so on*. Hybrid or heterogeneous
integrated microcombs with on-chip lasers have been studied and
experimentally demonstrated as compelling solutions®**>*°, The key
challenge is the power budget of the LiDAR system. The on-waveguide
powers of both approaches of fully integrated comb source are limited
to tens of milliwatts. An alternative is to increase the conversion effi-
ciency of soliton microcomb generation by resonance-shifted couple-
microresonators”. The erbium-doped waveguide amplifier (EDWA),
fabricated by erbium ion implantation into an ultra-low loss silicon
nitride photonic integrated circuit, is also a promising way to over-
come the power budget problem of the integrated chip®®. Such
excellent on-chip high power performance is promising for realizing
the fully integrated LiDAR system. We believe that the proposed
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scheme is promising of full integration for all-solid-state and miniature
LiDAR system, such as autonomous driving and unmanned aerial
vehicle, which are demanding the high-speed 3D sensing.

Methods

Fabrication of microcomb and OPA chip

The soliton microcomb is generated in the high Q-factor silicon nitride
(SisN4) microring resonators which are fabricated by the standard
AN80O multi-project wafer run (Ligentec, Switzerland).

The proposed OPA chip is fabricated on the 220 nm SOI platform
with the lithography followed by the inductively coupled plasma
reactive ion etching (ICP-RIE) process. The heater material is titanium
nitride. The chip is also packaged with a fiber array and wire-boned
with a printed circuit board (PCB) for external voltage control. The
insertion loss of the edge coupler is 2.1 dB/facet.

Experimental details

A CW tunable laser (Toptica Photonics CTL 1550) serves as the pump
source to continuously drive the microring. The power of the pump
light is boosted to 500 mW by an erbium-doped fiber amplifier (EDFA).
To generate the single soliton microcomb, the pump laser is scanned
from the blue-detuned side to the effective red-detuned side of the
cavity resonance. The TEC is simultaneously adjusted to control the
temperature of the soliton microcomb chip. The spectra of the
microcombs are measured by an optical spectrum analyzer (Yokogawa
AQ6370D). The sech? fitting curves confirm the two-soliton and single
soliton signature of the microcombs.

The amplified spontaneous emission (ASE, B&A) source, optical
spectrum analyzer (OSA, Yokogawa AQ6370D), and sourcemeter are
used to characterize the performance of the fabricated key devices,
such as phase shifters and long grating antennas.

The arbitrary waveform generator (AWG) and the single-sideband
modulator (SSB) are utilized to generate the linear triangular wave
signal. The AWG (Keysight 8195 A) generates a triangularly modulated
sinusoidal radio frequency (RF) signal to drive the SSB (Fujitsu
FTM7962EP) with a carrier frequency of 13 GHz. The linear frequency
modulation bandwidth is 3 GHz, and the waveform period is set to
be 10 ps.

The filtered soliton microcomb is re-boosted to 40 mW by the
EDFA, delivered as an example, and split into two branches by a 10:90
optical power splitter. One branch serves as the LO source for coherent
detection. Another branch is launched into the OPA chip for scanning.
The echo signal is received by a collimator (Thorlabs, F810APC-1550)
and hybridized with the LO to form a beat signal, which is detected and
recorded by a balanced photodetector (KY-BPRM-XX-I-FA) and oscil-
loscope (Keysight, DSO7032B).

Data availability

The data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided with
this paper.
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