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A 4096-element 3D-integrated Si-SiN optical phased array for high-

power coherent LiDAR

Han Wang?, Weimin Xie'?, Xin Yan?, Jiaqi Li*?, Youxi Lu?, Ping Jiang®, Feng Li**, Kai Jin%?*, Xu Yang?, Jiali Jiang?,
Keran Deng®, Weishuai Chen?, Jing Luo?, Li Jin?, Junbo Feng* and Kai Weil?*

Abstract: Integrated optical phased arrays (OPAs) are pivotal for next-generation solid-state light detection and rang-
ing (LIDAR), offering high-speed, inertia-free beam steering in a compact form factor. However, achieving high angu-
lar resolution alongside multi-watt emission power remains a formidable challenge. In this work, we present a 3D-
integrated silicon-silicon nitride (Si-SiN) hybrid OPA comprising 4096 (4 x 1024) elements, packaged with a CMQOS
driver chip via flip-chip bonding. The proposed heterogeneous Si-SiN architecture leverages PN carrier-depletion
phase shifting with sub-nanosecond response capability, currently demonstrating a 2 us CMOS-driven beam switch-
ing time and ultra-low-power (1.5 uW/mn), while delivering an angular resolution of 0.038° x 0.017° (FWHM) and a
total main-lobe CW emission power of 1.5 W at a 20 W high-power injection. This approach effectively circumvents
silicon's nonlinear limitations while maintaining high-density integration. System-level validations include indoor
coherent detection and a four-channel phase-locked synthetic aperture scheme that successfully compresses the
beam divergence to 300 prad. This architecture provides a scalable roadmap for the development of high-perfor-

mance, long-range solid-state LiDAR systems.
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1 Introduction

Driven by the rapid advancement of autonomous driving,
robotic navigation, and three-dimensional (3D) mapping
technologies, light detection and ranging (LiDAR) has
emerged as a cornerstone of modern perception systems,
owing to its high-precision active sensing capabilities'>.
Compared to radio detection and ranging (RADAR), LiDAR
offers distinct advantages in terms of higher angular resolu-
tion and superior ranging accuracy'®, effectively bridging
the gap between visible light and microwave detection
modalities.

Based on ranging principles, LIDAR systems can be cate-
gorized into time-of-flight (ToF), frequency-modulated
continuous wave (FMCW), and random-modulated contin-

uous wave (RMCW) architectures based on physical entropy
or pseudo-random binary sequences (PRBS)’~°. Regarding
beam steering mechanisms, LiDAR systems are generally
categorized into three architectures: mechanical scanning,
semi-solid-state scanning and solid-state scanning. In
comparison to mechanical and semi-solid-state configura-
tions, solid-state LIDAR which utilizes flash', metasurface'!,
optical phased arrays (OPA)*, and focal plane arrays (FPA)'?,
exhibits clear advantages in terms of vibration resistance,
operational lifespan, and compactness'>.

The concept of the OPA originates from microwave
phased array (MPA), enabling inertia-free and solid-state
beam steering by controlling the phase of individual emitter
elements. Since optical wavelengths are several orders of
magnitude shorter than those in the microwave spectrum,
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OPAs facilitate significantly smaller emitter dimensions and
spacings, allowing for more compact, high-density array
integration. Driven by advancements in silicon photonics,
on-chip integrated OPAs based on material platforms such
as silicon-on-insulator (SOI), silicon nitride (SiN), and thin-
film lithium niobate (LNOI) have been realized, enabling the
integration of an entire OPA onto a footprint smaller than
2 cm x 2 cm while substantially reducing power consump-
tion and cost. Furthermore, OPAs can also be implemented
using alternative material platforms, including liquid crys-
tals'?, phase-change materials, and organic compounds'®'°.

Currently, one-dimensional (1D) OPAs can achieve 2D
scanning by leveraging the dispersive effects of gratings in
conjunction with wavelength tuning; however, this approach
is often constrained by the limited tuning range and high-
speed requirements of broadband tunable lasers'®. While
two-dimensional (2D) OPA arrays offer agile and flexible
beam steering, they are hindered by high device integration
density and the complexity of control and drive electronics®.

Beyond LiDAR, OPAs have demonstrated significant
potential in various fields, including optical communica-
tions'®%, spatial beamforming® %, optical tweezing?,
biological sensing®**, 3D printing®!, and imaging*>*. Never-
theless, these demonstrations remain largely confined to
laboratory settings. The transition to practical application
scenarios depends heavily on the comprehensive perfor-
mance of OPAs regarding scanning speed, resolution,
output power, and field of view (FOV). Significant progress
has been made in these areas in recent years. High-speed
solid-state scanning has been achieved through phase
control mechanisms such as thermo-optic***, plasma
dispersion®*-*%, and electro-optic (EO) effects**!. Individual
OPAs have already achieved angular resolutions better than
1 mrad, while the coherent combining and phase locking of
multiple OPA apertures can further compress the diver-
gence angle®?. Furthermore, optimized grating antenna
designs have expanded the FOV*4# and suppressed side
lobes*, effectively mitigating far-field aliasing issues. Addi-
tionally, SiN waveguides ensure minimal propagation loss
and high power tolerance, with reported continuous-wave
(CW) power handling up to 5 W* and pulse peak powers of
24 W (10 ns, 100 kHz)*. However, due to the inherent
trade-offs between various design metrics—specifically the
conflict between high-speed steering, high-power distribu-
tion, and large-scale integration—realizing an OPA that
simultaneously achieves these goals remains significantly
challenging. Overcoming these hurdles is a critical mile-
stone for the transition of OPAs from laboratory demonstra-
tions to mature commercial systems.

In this work, we demonstrate a 3D-integrated silicon-sili-
con nitride (Si-SiN) hybrid OPA LiDAR operating in the C-
band with 4096 (4 x 1024) elements. The silicon photonics
chip (Si-PIC), integrated with CMOS driver ICs via flip-chip
bonding, is maintained within 2 cm x 2 cm. The device
features a large emission aperture of 8 mm x 5 mm, achiev-

ing a beam divergence (FWHM) of 0.038° (600 prad) in the
phase direction (8) and 0.017° (300 prad) in the wavelength
direction (¢). The phase control units utilize the carrier
dispersion effect in silicon, with a power consumption of
approximately 1 mW per element and a measured beam
steering response time in the 2 us regime. To evaluate the
performance of the proposed OPA LiDAR, we first present
its architectural design and fabrication process, followed by
comprehensive device-level characterization. We subse-
quently demonstrate the high-power handling capability of
the device, achieving stable radiation with a total main-lobe
power of 1.5 W under 20 W injection. Furthermore, we
demonstrate the coherent detection capability by imaging
targets at a distance of 10 m in an indoor environment.
Finally, the potential for performance enhancement through
a closed-loop phase-locked synthetic aperture scheme—
utilizing multi-aperture spatial tiling and coherent combin-
ing—is showcased, successfully compressing the beam diver-
gence to 300 prad. These demonstrations underscore the
significant potential of OPAs for long-range, high-perfor-
mance solid-state LIDAR applications.

2 Design and fabrication of the optical
phased array LiDAR

The primary architecture of the 4096-element OPA chip
integrates edge couplers, an optimized optical power distri-
bution network (PDN), PN carrier-depletion phase shifters,
and large-aperture grating antennas (Fig.1). The edge
couplers utilize mode-field converters to facilitate efficient
transition from external optical fibers to on-chip sub-
micron waveguides. To ensure uniform phase and ampli-
tude distribution across the massive array, the PDN parti-
tions the input light equally into each phase control unit
using a multi-stage tree-like splitter configuration. By apply-
ing independent phase shifts across the array, agile beam
steering in the far-field phase direction (8) is achieved. The
light is then radiated into free space via the grating antennas,
where the dispersive properties of the grating enable dual-
axis scanning in the wavelength direction (¢). This scan-
ning mechanism is mathematically described by the stan-
dard phased array and grating equations:

sinf = if;, (1)
sing = ng(A) — m%, (2)

where AQ® is the phase increment between adjacent
elements, d is the element pitch, ng(A) is the wavelength-
dependent effective refractive index, A is the grating period,
and m is the diffraction order.

To achieve milliradian-level angular resolution and a wide
FOV, the system requires a large emission aperture coupled
with a sub-wavelength element pitch. This necessitates high-
density integration. We addressed these requirements using
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Fig. 1 | Schematic of the large-scale Si-SiN heterogeneously integrated OPA. A C-band laser beam from the source and amplifier is coupled into the chip via
edge couplers and uniformly distributed to each phase-shifting unit through a multi-stage power distribution network. A flip-chip bonded CMOS IC
achieves phase control by applying electrical signals to the PN carrier-depletion phase shifters, which is then radiated into free space through the grating
antennas. Adjacent apertures can function as a receiver (Ry) array, where the optical path is reciprocal to the emission; the collected light is eventually

coupled back into the fibers for characterization by detectors.

a Si-SiN heterogeneous integration platform, comple-
mented by backside multi-layer metallization and wafer
bonding (Fig. 2(a)). While the SOI platform offers high
index contrast for compact routing, it suffers from nonlin-
ear losses such as two-photon absorption (TPA) and subse-
quent free-carrier absorption (FCA) under high-power
injection. In contrast, the SiN layer, characterized by its wide
bandgap and low thermo-optic coefficient, provides a high
power-handling threshold and ultra-low propagation loss.
Adiabatic tapers are utilized to facilitate low-loss mode tran-
sition between the Si and SiN layers, allowing for a strategic
design where phase modulation occurs in the active Si layer,
while high-power distribution and radiation are handled by
the robust SiN/Si hybrid structures.

Since even Silicon Nitride (SiN) waveguides exhibit a
limited power-handling threshold at the facet coupling
regions under excessive power densities—where waveguide
losses can progressively increase or even lead to catas-
trophic thermal damage®, and the resulting heat generation
severely degrades chip performance—the input light is
coupled via four independent fibers to maximize on-chip
output power and enable compact transmit/receive (Tx/R;)
integration. Each channel corresponds to 1024 elements and
can be flexibly assigned to any T,/R, configuration.

To avoid evanescent crosstalk between waveguides and
enhance the output beam performance, the array element
pitch is designed at 2 pm, resulting in a FOV of 45° in the
phase direction. Wavelength-based beam steering leverages
the dispersive effect of the grating antennas, providing a
steering efficiency of 0.138°/nm through wavelength tuning.

The radiation efficiency and beam profile are further opti-
mized through structural designs. Backside wafer bonding
was employed to incorporate metal mirrors beneath the
grating array, effectively suppressing downward leakage and
enhancing upward radiation efficiency. Furthermore, we
developed a Si-SiN hybrid multi-layer grating antenna.
By introducing periodic SiN perturbations beneath the sili-
con waveguide, the effective emission aperture is signifi-
cantly enlarged, and the antenna insertion loss is minimized
to approximately 2 dB. Additionally, the increased silica
cladding thickness (~5 pum) provided by wafer bonding
reduces the substrate leakage of the edge couplers, lowering
their insertion loss to ~1 dB. The total chip insertion loss is
approximately 10 dB.

The scaling of array elements to 4096 leads to a substan-
tial increase in the density of electrical interconnects. To
solve this, we implemented a backside redistribution layer
(RDL) process. The dual-layer copper (Cu) RDL is specifi-
cally designed to manage the electrical routing complexity
and pad-matching requirements of the 4096-element array.
The high-density fan-out from 9363 bumps requires a
complex interconnect network to align the PIC signal pitch
with the specific pad configuration of the CMOS driver
ASIC. The use of dual-layer RDLs provides the necessary
routing capacity to handle thousands of channels while
effectively preventing electrical traces from being positioned
near the grating antennas, thereby avoiding spatial obstruc-
tion and parasitic interference with the emitted optical
beam. Furthermore, this process framework significantly
enhances electrical routing flexibility and scalability, provid-
ing a highly adaptable foundation for future on-chip designs
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Fig. 2 | (a) Schematic of the fabrication procedure for the large-scale Si-SiN heterogeneously integrated OPA. (b) Photograph of the fabricated 8-inch sili-
con-photonic wafer. (c) Photograph of the fully assembled 4096-element OPA module, with a 1-Yuan coin for scale. (d) Photograph of the CMOS driver chip
flip-chip bonded onto the silicon photonic integrated chip (Si-PIC), showcasing the high-density electrical integration. PECVD: plasma-enhanced chemical

vapor deposition; CMP: chemical mechanical polishing.

of escalating complexity. It facilitates not only advanced
heterogeneous integration with other functional photonic
devices but also seamlessly supports more intricate optoelec-
tronic integration and advanced packaging schemes
required for next-generation 3D-integrated platforms.

The 8-inch silicon photonics wafer, fabricated on
CUMEC's CSiP130C + BSI process platform, is shown in
Fig. 2(b). Subsequently, the CMOS driver chips are co-pack-
aged with the Si-PICs via high-density flip-chip bonding
(Fig. 2(c)), providing a 10-bit control bit depth for each
element. Specifically, Fig.2(d) provides a cross-sectional
view of the interconnect bumps, where a total of 9363
bumps are distributed within a 17 mm X 8.9 mm chip area.
Each individual phase shifter exhibits an exceptionally low
power consumption of approximately 1.5 pW/m, with a
quiescent leakage current restricted to the nanoampere (nA)
level. When integrated with the CMOS driver circuit, the
total power consumption is approximately 1 mW per
element. Consequently, the total electrical power dissipation
for the entire 4096-element OPA system, including the flip-
chip-bonded ASIC, is approximately 4.1 W during full-scale
operation.

To meet the requirements of high-power operation, the
temperature of the OPA must be maintained within a
specific range, and the thermal gradient across the chip
surface must be as uniform as possible. Otherwise, the
thermo-optic effect of the waveguide material will introduce
non-uniform parasitic phase shifts to each emission element,
necessitating complex recalibration. Furthermore, high
temperatures may cause material deformation, compromis-

ing the alignment and packaging precision of the fiber array
at the waveguide facets, which results in fluctuations in on-
chip optical power. To address these challenges, several hier-
archical measures have been integrated into our design.
High-density pads facilitate efficient heat exchange, transfer-
ring thermal loads from chip to chip, which are subse-
quently conducted to an aluminum nitride (AIN) ceramic
submount. A high-performance thermoelectric cooler (TEC)
system is then employed to actively dissipate heat from the
submount to the external environment. Additionally, high-
efficiency SiN-based edge coupler design and optimized
fiber array (FA) packaging are utilized to minimize coupling
loss, thereby fundamentally reducing the localized heat
accumulation caused by high-power laser injection.

3 Results and discussions
3.1 Device characterization

Precise control of the emission phase is fundamental to
achieving high-performance beamforming. Due to intrinsic
phase errors arising from fabrication non-uniformities”, a
far-field image-based phase calibration algorithm was
employed to establish a look-up table (LUT) for control
voltages. For characterization, the OPA was mounted on a
high-precision 2D rotation stage (BOCIC MGCI102 &
MRS122) with its emission aperture aligned at the center
of rotation. A C-band CW laser (Santec WSL-110, 1527.7 -
1565.4 nm, 10 mW) was coupled into the device, and the
far-field beam was focused via a lens (LBTEK MAD420-C)
onto a short-wave infrared (SWIR) camera (Camyu

260009 (Page 4 of 11)


https://doi.org/10.29026/oet.2026.260009

Wang H et al. Opto-Electron Technol 2, 260009 (2026)

https://doi.org/10.29026/0et.2026.260009

0035SW-U3) located at the focal plane.

Post-calibration results, as shown in Fig. 3(a), demon-
strate a sharp beam divergence (FWHM) of 0.038° x 0.017°.
The main-lobe power of the OPA was measured using a
power meter (Thorlabs S145C) at a distance of 30 cm.
The measured insertion loss (IL) remained within 8.7 dB-
13.6 dB across the FOV, reaching 9.9 dB at the center and
11.4 dB at the edge, showing good agreement with theoreti-
cal expectations. The observed 5 dB fluctuation in insertion
loss across the steering range is primarily attributed to the
envelope modulation of the grating antennas. Figure 3(b)
displays the overlaid 2D scanning images for the full and
central FOVs. Limited by the laser tuning range of less
than 40 nm, the wavelength-direction FOV was determined
to be 5.2°.

Dynamic performance was evaluated by measuring the

beam-switching response time between different steering
angles. Two photodetectors (Thorlabs PDA10CS2) were
positioned 40 cm from the chip. As shown in Fig. 3(c), the
intensity transition from 6 = —2° to 4° achieved a minimum
response time (90% saturation) of less than 2 ps, with most
angle pairs exhibiting switching speeds within 4 ps. This
result defines the upper bound of the refresh rate for the
current OPA LiDAR scanning system. The performance is
currently limited primarily by the CMOS driver IC design;
however, through further optimization of the process node
and circuit architecture, the two-spot switching speed could
theoretically be enhanced until the intrinsic response limit of
the carrier dispersion phase shifters is reached. The func-
tional integrity of the 4096 control units was verified
through R* (coefficient of determination) fitting of the sinu-
soidal interference response (Fig.3(d)). Approximately >
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Fig. 3 | (a) Far-field beam profiles along the 6 direction at center and edge field-of-view (FOV) steering angles, with measured insertion loss (IL) indicated;
the dashed line represents the theoretical profile at 0° steering. (b) Two-dimensional beam steering demonstrated by superimposing far-field spots at vari-
ous angles, with laser tuning from 1527.7 nm to 1565.4 nm. (c) Temporal response of two-point beam switching, measured by alternating the steering
between high-speed photodetectors (PDs) for 6 from -2° to 4°. (d) Effectiveness evaluation of element control via R? fitting of measured response curves,
showing >95% functional integrity with R2 > 0.9. (e) Beam centroid deviation during repetitive scanning (30 cycles per angle), where the red solid line indi-

cates the root-mean-square (RMS) deviation across -16° to 15°.
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95% of the units achieved an R* > 0.9, confirming high
fabrication yield and ensuring superior side-lobe suppres-
sion. Furthermore, the pointing stability was characterized
by tracking the beam centroid over 30 switching cycles. As
shown in Fig. 3(e), the RMS pointing error within a +15°
steering range remained below 10 prad, demonstrating the
high precision and reliability of the CMOS-driven phase
control system.

3.2 High-power emission demonstration

The power-handling capacity of an on-chip OPA is a critical
metric that dictates the maximum detectable range in
LiDAR and the achievable signal-to-noise ratio (SNR) in
optical communications. To evaluate the tolerance of the
device under extreme injection levels, a 1550 nm CW laser
was amplified by an EDFA (Connet MFAP-1550) and
injected into two channels with a combined input power of
20 W (10 W per channel). To isolate individual channel
performance and prevent far-field overlapping, the beam of
one channel was steered to 6 = 15° while characterizing the
other at the broadside.

As illustrated in Fig. 4(a), the main-lobe power at the
center FOV of both channels increased linearly with injec-
tion levels, yielding a stable radiated power exceeding
700 mW per channel at 10 W/10 W input. Thermal charac-
terization using an infrared camera (Fotric 246M-L30)
showed that the fiber-chip interface reached 70 °C under
full-power operation (Fig. 4(b)). Such thermal loads typi-
cally induce significant thermo-optic index perturbations,
leading to parasitic phase noise and thermal-induced angu-
lar drift. However, by leveraging our enhanced thermal
packaging—featuring AIN ceramic heat sinks and active
TEC regulation—the insertion loss was successfully main-
tained within 10 dB - 12 dB with no observable degradation
in beam shape, validating the robustness of the Si-SiN
hybrid architecture for high-power emission.

Based on the empirical characterization, the theoretical
power capacity of the OPA chip can potentially scale to
40 W (via 4x10 W injection), yielding a projected four-
channel total output power exceeding 2.8 W. Currently, the
primary bottleneck resides in the excessive thermal power
density concentrated at the facet coupling regions. Conse-
quently, in this demonstration, we focused on a dual-chan-
nel injection totaling 20 W. In the future, by optimizing the
facet architecture and enhancing the system-level thermal
packaging, the total on-chip injection power and the result-
ing radiation efficiency are expected to be further pushed
toward their physical limits.

3.3 Coherent detection demonstration

To verify the system-level performance under practical
conditions, we performed high-resolution coherent detec-
tion experiments using the 4096-element OPA LiDAR. The
experimental setup (Fig. 5(a)) utilized a linearly frequency-
modulated (LFM) source (INXUNTECH IXTL-03) generat-
ing a triangular frequency profile, featuring a static
Lorentzian linewidth of 3 kHz, a side-mode suppression
ratio (SMSR) of 55 dB, a sweep rate of 10 kHz, a tuning
bandwidth of 1.08 GHz, and a frequency non-linearity
below 10-¢. The source was divided into a local oscillator
(LO) path (10%) and a transmission path (90%). The latter
was amplified to 200 mW via an EDFA. A 91 m delay fiber
was incorporated to introduce a frequency offset, shifting
the heterodyne signal away from the low-frequency 1/f noise
region and improving the ranging accuracy.

The backscattered signal was received through the inde-
pendent Ry; channel and mixed with the LO. The resulting
heterodyne signal was captured by a balanced photodetector
(BPD, Thorlabs PDB570C) and processed by a high-speed
DAQ. Benefiting from the large-aperture grating antenna
design, which maximizes the effective collection area, the
system achieved high sensitivity.
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Fig. 4 | (a) Main-lobe power and insertion loss at the center FOV under 20 W injection power. Solid lines represent the main-lobe power and loss for CH1,
respectively, while dashed lines represent those for CH2. All values reflect the power after reaching thermal stability. (b) Thermal camera image of the

device operating under 20 W injection power.
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Fig. 5| (a) Schematic of the coherent detection system. (b) Reconstructed point cloud of the detected targets. (c) Distribution and corresponding
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and Gaussian fitting envelopes, respectively. (e) Measured RF power spectrum of the beat signal, with the received optical power at the R, aperture

being -56.8 dBm.

As depicted in Fig. 5(b), 3D imaging was successfully
performed on a hollowed-out alphanumeric stencil target
positioned at a distance of 8.7 m and a larger foam back-
ground board placed further back at 10.1 m. A longitudinal
separation of 1.4 m between these two targets was clearly
resolved in the reconstructed point cloud, highlighting the
superior spatial resolution of the coherent LiDAR system.
The detection sampling distributions for the target's fore-
ground and background are illustrated in Fig. 5(c) and
Fig. 5(d), respectively. Additionally, Fig.5(e) displays the
power spectrum of the BPD beat signal at a specific detec-
tion point on the foreground target. Furthermore, to more
comprehensively evaluate the system's detection capabilities,
its performance was characterized using a 90% reflectivity
Lambertian calibration plate (CH-MX, Changhui Electron-
ics Technology Co., Ltd.) at an indoor distance of 8 m under
200 mW CW injection. The measured beat-note signal-to-
noise ratio (SNR) is approximately 20 dB, which is equiva-
lent to a detection SNR of 10.5 dB for a 10% reflectivity
Lambertian target. It should be noted that the current rang-
ing capability is partially constrained by the sub-optimal
collection efficiency of the Rx aperture utilized in this
benchtop setup. Although this initial demonstration is
restricted to an indoor range of 10 m at a modest 200 mW
CW injection, synergizing these baseline results with the
multi-watt power handling and large-scale coherent
combining capabilities demonstrated by our OPA architec-
ture paves the way for next-generation, ultra-long-range
coherent LiDAR systems.

3.4 Synthetic aperture demonstration

Scaling integration to even larger apertures is often hindered
by fabrication constraints and individual channel power
thresholds. Multi-aperture coherent combining provides a
scalable solution to overcome these physical limits. In this
section, we demonstrate a four-channel synthetic aperture
emission scheme, with 1024 elements per channel.

The experimental architecture is schematically depicted in
Fig. 6(a). A coherent CW laser was split into four paths and
injected into the respective OPA channels. Phase coherence
between apertures was maintained using on-chip 2 x 4
mixers, which provided interference feedback to a DAQ
card (NI PXIe-6738). By leveraging a 2 x 4 coherent mixer
architecture, the four-step orthogonal phase detection algo-
rithm® enables the instantaneous extraction of relative
phase fluctuations, effectively bypassing the need for time-
division computation. High-speed closed-loop phase lock-
ing was subsequently implemented via external LiNbO,
modulators, achieving a control bandwidth of 6 kHz. As
shown in Fig. 6(b), the phase-locked synthetic aperture
successfully compressed the FWHM beam divergence to
0.017° (300 prad), and Fig. 6(c) illustrates the rapid locking
of inter-channel phase differences under closed-loop
control.

The demonstrated multi-channel optical phased array
(OPA) coherent combining scheme, based on silicon-on-
chip mixers and PID closed-loop control, demonstrates
significant technical superiority. By implementing active
phase pre-compensation before the beams enter the array,
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Fig. 6 | (a) Schematic of the coherent detection system. (b) Results of the closed-loop co-phasing. (c) Temporal evolutions of the reconstructed phase
signals from the on-chip mixers before and after closed-loop control, with the phase RMSE of the three mixers after closed-loop control labeled.

the system not only successfully suppresses random phase
errors during cross-angle scanning and achieves stable
piston phase locking but also exhibits excellent compatibil-
ity with both monolithic integration and heterogeneous
multi-chip architectures. Experimental data indicate that the
far-field main-lobe width is compressed by over 50% follow-
ing the coherent combining of the four-channel OPA. This
remarkable beam convergence effectively circumvents phys-
ical limitations—such as single-waveguide power handling
thresholds, nonlinear effects, and lithographic area
constraints on aperture size. Furthermore, by significantly
enhancing both power density and spatial resolution, it
provides critical support for overcoming atmospheric atten-
uation, achieving high-gain LiDAR detection, and ensuring
high-bandwidth, long-range optical communication links.

3.5 Discussion

To evaluate the superior performance of the heteroge-
neously integrated 4096-element OPA LiDAR designed in
this work, we performed systematic characterizations,
including device-level metrics, high-power laser emission,
indoor coherent detection, and multi-channel coherent
aperture synthesis. A comparison of the performance
metrics of the demonstrated device with other state-of-the-
art OPA LiDAR studies is summarized in Table 1. These
results collectively highlight the significant potential of our
architecture for long-range sensing and optical communica-
tion applications.

However, despite the immense advantages of OPAs for
inertia-free steering and high-density integration, achieving
kilometer-range detection with high angular resolution
remains hindered by two fundamental physical constraints.
First, the limited output power, which primarily stems from
the laser-induced damage threshold (LIDT) of silicon or sili-
con nitride waveguides, nonlinear optical effects, and
substantial on-chip propagation and coupling losses.
Second, the restricted on-chip emission aperture, whose
physical scale is strictly limited by the effective lithographic
area and the scaling complexity of phase calibration for
massive arrays. According to the LIDAR range equation:

R— A . LRCS - A P‘nis(Nw’;)(MWy) " )
2n Piens A

In Eq. (3), R represents the maximum detection range,
while #, and LRCS denote the one-way atmospheric trans-
mission efficiency and the laser radar cross-section of the
target, respectively. The term A,/P,,, characterizes the
receiver performance, where A, is the effective receiver aper-
ture and P, is the sensitivity of the coherent detector.
Crucially, the transmit-side performance is governed by the
product of the total transmit power P, and the effective
emission aperture area defined by (Nw,)(Mw,). As indi-
cated by the fourth-root relationship, maximizing the
power-aperture product (PAP) is the key to extending the
operational horizon of solid-state LiDAR. Table 2 summa-
rizes the detection ranges and the PAP for diverse practical

application scenarios.
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Table 1 | Summary of state-of-the-art PIC-based OPA LiDARS, listed chronologically.

Scale [ref.] Aperture X (um) X Y (um) FWHM AB(°)xAd(°) Radiated power (mW) @IL (dB) Py per unit (mW/m)
324 144 X 200 1X 0.6 NA 160
1024°° 2046 X 3.55 0.03 X NA NA @20 34.7
512 2000 X 5000 0.04 x 0.04 <1 0.02
Szt 665 X 2000 0.15 X 0.08 NA 1.7
644 NA 0.02 X NA 720 (pulsed) @13.8 NA
8192% 8000 X 5000 0.01 X 0.04 400 @11 0.302
322 NA 0.09 X 0.15 10 NA
64 300 X NA 0.6 X 0.7 0.14 @38.6 1.5-18
256'° 1500 X 10300 0.051 x 0.016 18 @19.7 19.5
9216 15667 X 6000 0.05 X 0.05 NA 0.125
256 1024 X 2200 0.16 X 0.04 12.59 @14 6
4096 (this work) 8000 x 5000 0.017 (0.038/ch) x 0.017 1500 @10-11 1

Table 2 | Theoretical detection ranges and required PAP for representative OPA application scenarios (assuming 1 = 1550 nm, »; = 0.5, LRCS = 0.1

m?, and Pg.,s = 1 pW), where 4, is equal to the emission aperture.

Theoretical range (km) PAP required (W-cm?)

Typical application scenarios

0.1 0.0015
1 0.72
10 332

Autonomous driving and industrial robotics
V2X smart infrastructure and low-altitude security

Airspace surveillance and space domain awareness

Our heterogeneously integrated Si-SiN platform directly
addresses these two bottlenecks: the high-power tolerance of
SiN/Si structures enables a record-breaking 1.5 W CW emis-
sion, while the 4096-element integration significantly
expands the equivalent emission area. In this section, the
demonstrated architecture achieves a 2-ch PAP of 0.3 W-cm?
(corresponding to a 20 mm? aperture and 1.5 W output
power), which can theoretically reach 0.6 W-cm? after coher-
ent combining. Furthermore, by optimizing facet coupling
and system-level thermal management, it is theoretically
feasible to achieve a peak PAP of 2.4 W-cm? through four-
channel coherent synthesis, corresponding to a theoretical
detection range of 1.57 km. Such performance would satisfy
the requirements of most terrestrial or indoor applications,
such as autonomous driving and industrial robotics. The
substantial power margin would facilitate the implementa-
tion of multi-terminal, high-bandwidth laser communica-
tions via OPA-based beam splitting, and enable multi-beam
parallel scanning in LiDAR systems to significantly enhance
data throughput and frame rates without compromising the
sensing range.

By further suppressing the aforementioned on-chip prop-
agation and coupling losses—leveraging optimized edge
coupling, higher-performance Si-SiN hybrid platforms, or
direct monolithic source integration—while simultaneously
incorporating advanced architectures such as facet emission
combined with 2D steering elements (e.g., metasurfaces or
liquid crystals), the total insertion loss can potentially reach
an ideal threshold below 5 dB. Furthermore, with the

employment of materials featuring superior power handling
capabilities (e.g., SiC**) and the integration of multi-channel
on-chip phase-locking components for multi-aperture
coherent emission, the PAP of OPA LiDAR could be pushed
to significantly higher regimes. This would ultimately pave
the way for highly compact, fully integrated OPAs capable of

ultra-long-range sensing and communication.

4 Conclusions

In conclusion, we have successfully demonstrated a high-
power, large-scale, and 3D-integrated OPA LiDAR system
on the Si-SiN hybrid platform. By scaling the array to 4096
elements and implementing a backside 3D routing process,
we achieved a single-channel angular resolution of 0.038° x
0.017° and a synthetic aperture resolution of 0.017° x 0.017°
after four-channel coherent combining, all within a compact
footprint. The CMOS driver ICs are co-packaged with the
Si-PIC via high-density flip-chip bonding, demonstrating
an exceptional fabrication yield, with the power consump-
tion of individual elements controlled at the 1 mW level
(1.5 uW/m per phase shifter). Leveraging PN carrier-deple-
tion phase shifters with sub-nanosecond response speeds
and flip-chip bonded CMOS ICs, we achieve beam switch-
ing on the order of 2 ps. This rapid agility is pivotal for
ensuring the dynamic and high-performance operation of
the integrated OPA system. Our platform effectively
addresses the power limitations of silicon photonics, realiz-
ing a remarkable 1.5 W main-lobe emission under 20 W CW
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injection while maintaining robust beam steering perfor-
mance under extreme thermal loads. Furthermore, the
successful integration of coherent detection and a closed-
loop phase-locked four-channel synthetic aperture high-
lights a viable roadmap toward long-range detection and
unprecedented aperture scales. These advancements repre-
sent a significant milestone in the evolution of solid-state
LiDAR, paving the way for the deployment of high-perfor-
mance perception systems in autonomous navigation and
optical communication, ultimately bridging the gap between
laboratory-scale research and mature, large-scale commer-
cial applications.
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