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Optical phased array (OPA) technology is considered a promising solution for solid-state beam steering to super-
sede the traditional mechanical beam steering. As a key component of the LIDAR system for long-range detection,
OPAs featuring a wide steering angle and high resolution without beam aliasing are highly desired. However, a
wide steering range requires a waveguide pitch less than half of the wavelength, which is easily subjected to cross
talk. Besides, high resolution requires a large aperture, and it is normally achieved by a high count number of
waveguides, which complicates the control system. To solve the mentioned issues, we design two high-
performance 128-channel OPAs fabricated on a multilayered SiN-on-SOI platform. Attributed to the nonuniform
antenna pitch, only 128 waveguides are used to achieve a 4 mm wide aperture. Besides, by virtue of innovative
dual-level silicon nitride (Siz;N,) waveguide grating antennas, the fishbone antenna OPA achieves a 100° x 19.4°
field of view (FOV) with divergence of 0.021° x 0.029°, and the chain antenna OPA realizes a 140° x 19.23° FOV
with divergence of 0.021° x 0.1°. To our best knowledge, 140° is the widest lateral steering range in two-
dimensional OPA, and 0.029° is the smallest longitudinal divergence. Finally, we embed the OPA into a
frequency-modulated continuous-wave system to achieve 100 m distance measurement. The reflected signal from
100 m distance is well detected with 26 dBm input transmitter power, which proves that OPA serves as a prom-

ising candidate for transceiving optical signal in a LIDAR system.
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1. INTRODUCTION

In recent years, optical phased arrays (OPAs) have gained in-
terest as a solid-state beam steering solution. Similar to the prin-
ciple of microwave radar, OPAs [1-5] achieve beam steering by
adjusting the phases among different waveguides. Compared to
traditional mechanical beam steering method, OPAs feature
compact size, low power consumption, and low cost [6].
The most attractive feature is that the OPAs can be integrated
with CMOS circuits, forming an on-chip optoelectronic sys-
tem. It is suitable for various applications that need to control
beam steering, especially in a light detection and ranging
(LIDAR) system. As key component of the LIDAR system,
OPAs are expected to realize wide steering range, high resolu-
tion, and yet low power consumption and fast modulation
speed simultaneously.

To date, the trade-offs between wide angle steering and high
resolution exist in the phase control horizontal axis (0). For
example, Phare er al. [7] achieved 120° wide scanning angle,
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but the divergence angle is 1.6°. The reason is that wide steering
range normally requires a pitch as close to half a wavelength as
possible [8,9], but this will lead to a small aperture and thus a
large divergence. To solve the issue, the high count number of
waveguide channels is proposed to enlarge the aperture, im-
proving the resolution of 6 [10-12]. Poulton er al [10]
achieved 0.01° divergence by expanding to 8192 channels.
However, due to beam aliasing, the steering range was limited
to 100°.

The OPAs with nonuniform antenna pitches [13—15] are a
promising approach to achieve wide steering range and high
resolution simultaneously. Optimized sparse pitches among the
waveguides expand the emission aperture effectively, thereby in-
creasing the resolution of €. In addition, the nonuniform-pitch
OPAs that are aliasing-free in the entire field of view (FOV) can
realize a wide steering range. Moreover, the beam steering profile
also affects the steering range. It is determined by the emitting
profile of a single antenna. So wide angle emission from the
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individual antenna is also needed. Hutchison ez @/ [13] used
nonuniform antenna spacing to suppress lobes and employed
2400 nm wide and 400 nm thick silicon rib waveguide for wave-
guide confinement, thus obtaining about 90° full width at half-
maximum (FWHM) of the beam steering profile.

The resolution in the wavelength controlled vertical axis ()
relies on the longitudinal divergence determined by the effec-
tive optical aperture. The gratings with uniform perturbation
suffer from exponentially decayed grating emission along the
waveguide, giving rise to a smaller effective aperture and enlarg-
ing the divergence. Hence, to enlarge the effective optical aper-
ture grating antenna with long and uniform emitting intensity
is required [16]. Apodized gratings [16—18] have been exten-
sively studied to improve the effective aperture of the antenna.
The apodized etch width modulates the grating perturbation to
achieve uniform radiation along the grating direction to maxi-
mize the effective aperture. Therefore, the divergence depends
on the effective aperture rather than the geometric aperture. A
well-designed apodized grating antenna is desired for fine-
resolution OPAs.

Thermo-optic modulation [19,20] is commonly used for
phase control of OPAs. However, thermo-optic phase shifters
are power hungry and usually consume tens of milliwatts of
power. For a large-scale OPA, the overall power consumption
can be even as high as several tens of watts [12]. It results in
chip heat dissipation problem and thermal cross talk. The 3 dB
bandwidth of thermo-optic phase shifter is at kilohertz (kHz)
level, and the optical response is usually at microsecond level
[21]. On the other hand, the p—n junction phase shifters fea-
ture energy-efficient and high-speed modulation. By virtue of
the carrier dispersion effect, phase shifters based on the reverse
biased p—n junction consume dramatically low power, and sin-
gle p—n junction phase shifters consume several microwatts
power [2] and perform gigahertz modulation speed [22], but
p-n junction-based phase shifters suffer from larger loss than
thermo-optic phase shifters because dopant is incurred in the
waveguide.

To solve the mentioned issues, we propose a novel OPA
structure incorporated with specifically designed dual-level
waveguide grating antennas [17] based on a SiN-on-SOI
(silicon-on-insulator) platform [23]. We report two high-
performance 128-channel OPAs with fishbone antenna and
chain antenna, respectively. Attributed to the nonuniform an-
tenna pitch, only 128 waveguides are used to generate a 4 mm
aperture. Through nonuniform antenna pitch distribution and
wide-angle antennas, the steering ranges in the 6 of chain an-
tenna OPAs and fishbone antenna OPAs are £70° and +50°.
The chain structure and fishbone structure are also designed to
achieve large effective aperture and high emission efficiency.
Divergence of the chain antenna OPA is 0.021° x 0.1°, and that
of the fishbone antenna OPA is 0.021° x 0.029°. To our best
knowledge, we achieve the widest lateral steering range of 140°
and the smallest longitudinal divergence of 0.029° in two-
dimensional OPAs. The phase shifter is a p—n junction working
at reverse voltage, and the maximum static power consumption
is 1.8 pW. Finally, we embed our OPAs chip into a frequency-
modulated continuous-wave (FMCW) LIDAR system for
long-range measurement. Attributing to the small divergence
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and low nonlinearity of the Si3Ny waveguide, we successfully
demonstrate 100 m distance measurement with 26 dBm input
transmitter power.

2. STRUCTURE AND CHARACTERISTICS

Figure 1(a) shows the optical microscope image of the fabri-
cated 128-channel OPA. The chip includes a SizNy spot mode
coupler, cascaded Y splitters, Si-Siz;N4 waveguide dual-layer
transitions, p—n junction phase shifters, and grating transmit-
ters. The laser is coupled into the chip through the spot mode
converter. A quarter of the laser is split and coupled into the
Ge-on-Si photodetector, which facilitates the fiber alignment in
the package. Then the remaining 75% laser power is divided
into 128 waveguides through the cascade Y splitters and
coupled into the silicon waveguide through Si;Ny-Si dual-layer
transitions. The carrier distribution is controlled by the p—n
junction applying the reverse voltage in each waveguide, and
the phases are controlled based on carrier dispersion effect.
Then the waveguide array is adjusted to the desired transmitter
position; at the same time the optical path length of each chan-
nel is designed to be equal, which can ensure that the wave-
guide phase does not need to be recalibrated with change of
the wavelength. Finally, through Si-SisNy dual-layer transi-
tions each channel has a 3 mm long Siz;Ny unidirectional wave-
guide grating antenna array for out-of-plane emission. The
antenna aperture is 4 mm x 3 mm. Two-dimensional beam
steering is realized through phase control and wavelength
control.
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Fig. 1. (a) Optical microscope image of 128-channel OPA.
(b) Scanning electron microscope (SEM) image of a fishbone wave-
guide grating. (c) SEM image of a chain waveguide grating.
(d) Transmission electron microscope (TEM) image of dual-level mis-
aligned waveguide grating with the cladding removed. (¢) Schematic of
a p-n junction phase shifter. (f) Electrically and optically packaged
128-channel OPA chip.
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To achieve high resolution and emission efficiency in y, we
design two dual-level Si;N, waveguide grating antennas that
have fishbone and chain structures. Figures 1(b) and 1(c)
are the scanning electron microscope (SEM) pictures of the
fishbone and chain structure gratings. To achieve a large effec-
tive aperture, the bone width of the fishbone grating and the
hole width of the chain grating are gradually changed to achieve
apodized grating perturbation. In general, the waveguide gra-
ting’s upward and downward emitting powers are equal, which
means the emission efficiency is definitely less than 50%. In
order to maximize unidirectional grating radiation, the offset
between the upper and the lower grating is 200 nm as shown
in Fig. 1(d). The grating structure consists of the same grating
teeth in both the upper and lower layers etched on a single-layer
358 nm thick Si3N, waveguide.

Figure 1(e) shows a schematic diagram of the p—n junction
phase shifter. It contains p-doped region and n-doped region on
ridge Si waveguide. In order to modulate with full 27 phase, the
7 mm long phase shifter with 14 p—n junctions in parallel
is fabricated via the carrier dispersion effect. The carrier
dispersion modulation can provide both low power consump-
tion and high-speed modulation characteristics. The maximum
static power consumption of the phase shifter is measured to
1.8 pW/, so no extra heat dissipation devices for chips and con-
trol electronics are required, and the entire system can be com-
pact. As shown in Fig. 1(f), the chip is electrically and optically
packaged. The chip, being die-attached to the printed circuit
board (PCB) and wire bonded to the PCB pad, is driven by
the control electronics. The single-mode fiber is UV-glued
to the on-chip spot mode converter [Fig. 1(f) can be expanded
to show the packaged and wire-bonded sections].

The emitting profiles of the chain and the fishbone grating
antennas are analyzed. Figure 2(a) shows the 3D finite differ-
ence time domain (FDTD) simulation results for the FWHM
of the emitting profile as functions of the etch hole width w, of
the chain grating. The schematic diagram for the cross section
of a chain grating is depicted in the inset of Fig. 2(a). The inset
illustrates that the light scatters out by the etched region cen-
tered at the chain grating waveguide. As shown in Fig. 2(a), the
FWHM of the emitting profile of the chain grating antenna is
increased from 77° to 116° as the w, decreases from 1000 to
150 nm. The inverse proportional relationship indicates that
the emitting profile can be broadened effectively by shrinking
the w, due to the reduction of the antenna size. Figure 2(b)
shows the simulated FWHM of the emitting profile against
the bone width wy, of the fishbone grating. The inset depicts
the schematic cross section of a fishbone grating, illustrating
that the light is emitted from the two sides of the fishbone
waveguide. Figure 2(b) reveals that the emitting profile of
the fishbone grating antenna increases from 59° to 77° as
the bone width w, decreases from 800 to 0 nm. The broad-
ening extent of emitting profile is relatively small, since the
emission region size of the fishbone grating cannot be effec-
tively reduced.

As shown in Figs. 2(c) and 2(d), we simulate the far-field
steering performance of the chain antenna OPA and fishbone
antenna OPA respectively. The average waveguide spacing is
29.7 pm. Because both gratings are apodized gratings, the
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Fig. 2. Simulation results for emitting profiles of the chain and fish-
bone grating antennas. (a) The plot for FWHM of the emitting profile
against etch hole width w, of a single chain waveguide grating; (b) the
plot for FWHM of the emitting profile against bone width wy,. The
insets of (a) and (b) are the cross sections of the chain and fishbone
waveguide gratings. (c) and (d) Far-field simulation result in € of the
chain antenna OPA and the fishbone antenna OPA. Different colors
represent the beams at different steering angles with 10° step.

shown profiles are average of periodic grating profile. In the
research of OPA LIDAR, sidelobe suppression ratio (SMSR)
is generally about 10 dB (10% of the maximum) [7,13]. In
this paper, the steering range is defined as the width of steering
envelope when the main beam intensity drops from the maxi-
mum to 20%. That is, during the entire steering process, the
main beam intensity is at least twice as high as the sidelobe, so
that the main lobe signal can be easily distinguished.
Comparing the two profiles, it shows that the steering envelope
of chain grating is much broader than that of the fishbone. To
avoid beam aliasing in the 180° FOV, a nonuniform waveguide
pitch strategy is adopted [24]. With nonuniform antenna spac-
ing, chain antenna OPA theoretical steering range is 140° and
fishbone antenna OPA is 100°. Compared to the Si-based an-
tenna, the steering ability of the Si;Ny-based antenna is con-
ventionally limited due to the weaker mode confinement.
However, through our specially designed chain grating, the
Si3Ny-based antenna can exhibit an outstanding emitting pro-
file. To our best knowledge, the 140° steering range of the
chain antenna OPA is the widest steering for OPA with
Si3Ny grating, even surpassing the Si grating [13].

3. EXPERIMENTS

A. OPA Device Performance

According to the far-field condition [25], far-field beam steer-
ing test needs to be performed at a long distance, so the beam
steering test was measured by rotating the chip. The beam
steering performance of chain and fishbone antenna OPAs
in @ is shown in Figs. 3(a) and 3(b). The curves show the
far-field spot within the £85° FOV through extracting and
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Fig. 3. (a) and (b) Beam steering performance in @ of the chain
antenna OPA and the fishbone antenna OPA. For the chain antenna
OPA, sidelobe suppression ratio (SMSR) is 10.26 dB when it steers to
0° for the fishbone antenna OPA, SMSR is 10.63 dB.

stitching the image gray value curves from the infrared camera
images in different angles. The chain antenna OPA achieves
140° FOV, which is the widest beam steering range in two-
dimensional OPA to our best knowledge. Moreover, our devi-
ces emit a high-performance main beam. The SMSR of the
chain antenna OPA is 10.26 dB when it steers to 0°, and
for the fishbone antenna OPA is 10.63 dB, which are close
to the theoretical SMSR of 12.2 dB. SMSR increases slightly
with steering angle; when the chain antenna OPA steers to 70°,
SMSR is 6.9 dB, and when the chain antenna OPA steers to
50°, SMSR is 7.4 dB.

The wavelength control steering result is shown in Fig. 4,
with a 1350-1630 nm tunable laser, the chain antenna OPA
steers to 19.23° and the fishbone antenna OPA steers to 19.4°.
The periods of the fishbone and chain grating antenna are all
the same, so the steering angle in y is nearly identical.

Figures 5(a) and 5(b) are the main lobe cross section
curves of the chain antenna OPA 15 m away. The theoretical
diffraction spot size is 0.021° x 0.027°. The measured far-field
FWHM spot size of the chain antenna OPA is 0.021° x 0.1°.
The vertical spot size is somewhat worse than theory, because
the process deviation makes the effective aperture of the chain
structure much smaller than the geometric aperture, which
enlarges the spot size.

As shown in Figs. 5(c) and 5(d), the measured far-
field FWHM spot size of the fishbone antenna OPA is
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Fig. 4. Beam steering performance in y of the fishbone antenna

OPA and chain antenna OPA.

0.021° x 0.029°. In the 0 direction, attributing to the nonuni-
form antenna pitch, we use only 128 waveguides to expand a
4 mm wide aperture, which is conventionally achieved by thou-
sands of waveguides [11,12]. It can significantly reduce power
consumption and system complexity. The emission uniformity
of the grating is achieved and thus obtains a small divergence
angle in y, with the same channel number divergence in this
design being 10 times smaller [3]. To our knowledge, 0.029° is
the smallest divergence in .

In our previous work, the performances of dual-level chain
and fishbone apodized waveguide gratings were studied [17].
The etched region of the fishbone structure is far away from
the mode center, so it is robust to process variation. The per-
turbation of the fishbone grating antenna produces a long and
uniform radiation and thus obtains a small divergence in .
The etched region of the chain structure is close to the mode
center, and the etched hole is very small, so the chain structure
is sensitive to process-induced variations. The process deviation
makes the effective aperture of the chain structure much smaller
than the geometric aperture, so the divergence in y is larger
than that of the fishbone grating.

The large aperture of OPAs facilitates high-resolution scan-
ning. As shown in Fig. 5(e), we steer 37 spots in about 1° in 6.
The OPA chip is driven by FPGA control electronics, and the
point-to-point steering speed in 6 is 30 ps. Figure 5(f) is
the sum of the normalized far-field spot obtained by the fish-
bone antenna OPA steering with laser wavelength and phase
shifters. The entire pattern forms the letters “JLU” in the
0.4°x 0.2° FOV.

To show the main beam quality across the FOV of the pro-
posed OPAs, the main beam divergence in the @ direction and
power efficiency of chain antenna OPA and fishbone antenna
OPAs in different steering angles are measured as shown in
Figs. 6(a) and 6(b). The main beam power efficiency is defined
as the power difference between the main beam power and the
input power. Previous studies show that the divergence in-
creases as the OPA steers to a wide angle [7,19], but the device
shown here can still exhibit a consistent and good resolution of
0.058° when steered to 70° as shown in Fig. 6(a).

The low main beam power efficiency is mainly from the
large on-chip insertion loss and the dense sidelobes in the whole
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Fig. 5. (a) and (b) Main beam cross section measurement 15 m
away from the chain antenna OPA in the 0 direction and y direction.
(c) and (d) Main beam cross section measurement 15 m away from the
fishbone antenna OPA in the 0 direction and y direction. (e) Thirty-
seven separate measurements of the beam steered to different angles in
about 1° (see Visualization 1 showing the beam steering in 6). (f) Sum
of the normalized far-field spot obtained by the fishbone antenna OPA
steering with laser wavelength and phase shifters. The entire pattern
forms the letters “JLU” in the 0.4° x 0.2° FOV (see Visualization 2
showing the 2D beam steering). The image shown has been stripped
of camera background noise to improve image contrast.

FOV. The loss of each part of the chip includes 1.45 dB in the
input Si3Ny spot mode coupler, 1.27 dB in the integrated
photodetector, 2.52 dB in the seven levels of the Y splitter,
7.45 dB in the p—n junction phase shifters, 0.39 dB in the
Si3Ny-Si-Si3sNy waveguide dual-layer transitions, 1.6 dB in
the waveguide, 2.29 dB in the fishbone grating, and
3.02 dB in the chain grating. For the chain antenna OPA,
the system insertion loss is 17.7 dB. For the fishbone antenna
OPA, the system insertion loss is 16.97 dB. Nonuniform an-
tenna pitch has intrinsic dense sidelobes [15]. Dense sidelobes
in the whole FOV occupy most of the emitting power, which
introduce large loss. However, attributed to the nonuniform
antenna pitch, only 128 waveguides are used to achieve a
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power efficiency of the chain antenna OPA and fishbone antenna
OPA in different steering angles.

4 mm wide aperture, the super sparse waveguide distribution
with 29.7 pm average pitch in this paper results in smaller di-
vergence, and the sidelobe intensity has no significant increase
compared to the nonuniform waveguide pitch OPA with
7.246 pm average pitch [13]. Due to small divergence, more
concentrated main beam power compensates for the effect of
the low power efficiency greatly.

B. FMCW Ranging Performance

Using the proposed OPAs, a frequency-modulated continuous-
wave (FMCW) ranging system [26-28] is performed. The
schematic of FMCW LIDAR photonic circuit with triangular
modulation is illustrated in Fig. 7(a). OPA is added to the sys-
tem as the transmitter (TX) and receiver (RX) for on-chip beam
collimation. A single frequency laser is modulated by single
sideband (SSB) modulator to generate frequency modulated
signal; the frequency sweep rate is 30 THz/s, and the modu-
lation bandwidth is 3 GHz from 8.5 to 11.5 GHz. Then the
signal is amplified by an erbium-doped fiber amplifier (EDFA)
and divided into TX signal and local oscillator (LO) signal. The
TX signal is amplified again, and then it is coupled into the
fishbone antenna OPA for light collimation. The light reflected
from the target is received through a collimator and coherently
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(a) Schematic of FMCW LIDAR photonic circuit with tri-

angular modulation. (b) Measured beat frequency at various distances
with OPA acting as a TX or RX. The inset is the measured beat fre-
quency at various distances at 5 cm intervals. (c) 116 repeated mea-
surements of beat frequency at 100 m.
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Fig. 8. (a) Concept of FMCW LIDAR photonic circuit for long-
reach detection. (b) and (c) Fourier transform waveform data of
the chain antenna OPA and fishbone antenna OPA steering to 0° sep-
arately at about 100 m. The signal-to-noise pedestal ratios of the chain
antenna OPA and fishbone antenna OPA are 9.15 dB and 13.07 dB.
(d) Measured beat frequency at different distances with the fishbone
antenna OPA acting as a TX or RX.

beaten against the LO. A balanced detector containing a tran-
simpedance amplifier (TIA) converts the light signal into volt-
age signal, and the multichannel high-speed analog-to-digital
converter (ADC) reads the voltage signal, which can be ana-
lyzed by digital signal process (DSP). Using coherent detection,
a time delay between an RX signal and an LO signal will create
a beat frequency. Beat frequency is proportional to the target
distance. The target distance is given by D = f¢/2a, where f
is beat frequency, ¢ is light speed, and a is frequency sweep rate.
In fact, the distance D consists of fiber optical length and target
distance.

Using the FMCW system, up to 100 m distance was
measured. Figure 7(b) shows the measured beat frequency at
different distances, a 90% reflectivity scatter plate is placed
at a known distance to detect the distance, and the target dis-
tance ranges from 5 to 100 m. The fishbone antenna OPA is
used as the TX. The inset is the measured beat frequency at
various distances at 5 c¢m intervals. The ranging resolution
is 5.09 cm. As shown in Fig. 7(c), distance at 100 m was
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measured 116 times, and the absolute error of ranging accuracy
is 3.38 cm. The reflected signal from 100 m distance is detected
with 26 dBm input transmitter power. Such a long detection
range benefits from the Si3sNy waveguide having much lower
nonlinearity with high input power [29], demonstrating the
superiority of the SiN-Si OPA. For detecting distance over
50 m, a silver mirror is used to fold the optical path length.

Figure 8(a) shows the concept of the FMCW LIDAR pho-
tonic circuit for long-reach detection. Figures 8(b) and 8(c) il-
lustrate Fourier transform waveform data of the chain antenna
OPA and the fishbone antenna OPA steering to 0° separately at
about 100 m. The signal-to-noise pedestal ratios (SPNRs) [30]
of the chain antenna OPA and the fishbone antenna OPA are
9.15 dB and 13.07 dB. The difference in the SPNR between
the chain antenna OPA and the fishbone antenna OPA is
mainly because the divergence in y of the chain antenna
OPA is larger than that of the fishbone antenna OPA.
Admittedly, the signal compared to the pedestal is getting
low as the OPA is steered to the edge of the FOV, but our
proposed OPA is still capable of 100 m distance measurement
at all the angles within the FOV. When the fishbone antenna
OPA steers to 50° the SPNR is 7.36 dB. When the chain an-
tenna OPA steers to 30°, the SPNR is 6.21 dB, which enables
the peak processing. When the chain antenna OPA steers to
70°, SPNR is 2.18 dB. In this case, the signal peak is visible,
but the ranging accuracy suffers from the noise.

As shown in Fig. 8(d), the beat frequency of the fishbone
antenna OPA acting as an RX or TX is almost the same. They
prove that the OPA is a promising candidate for transceiving
optical signal in coherent detection, attributed to the small di-
vergence, high emission efficiency of the antenna, and low non-
linearity of the SizN; waveguide.

4. DISCUSSION

To demonstrate wide steering range and high resolution of pro-
posed devices, the performances of the devices are compared to
selected results from the literature in Table 1. By comparison,
the chain antenna OPA has wide steering range in € due to the
nonuniform waveguide pitch and the wide-angle antenna.
Shrinking the etched hole width of the chain grating effectively
reduces the transmitter size, so the chain grating can still form a
wide emission profile, even though the waveguide size is
large. The chain structure provides an applicable solution for
low-refractive-index antennas. Although low-refractive-index
waveguides are weak in limiting light, such as polymer- and
SiON-based waveguides, the chain structure can still effectively

Table 1. Performance Comparison of State-of-the-art OPAs

Ref. [7] Ref. [12] Ref. [19] Ref. [13] Ref. [14] This Work (Fishbone)  This Work (Chain)
Number of channels 64 1024 32 128 8192 128 128
Pitch (um) 0.775 2 1 7.246° 1 29.7¢ 29.7¢
Horizontal steering (%) 120 45 96 100 100 140
Divergence (°) 1.6 0.03 23x%x2.8 0.14x0.14  0.01 x0.039 0.021 x 0.029 0.021 x 0.1
Aperture (mm) 0.0496 2.048 0.032xm" 0927 xn’ 8x5 4x3 4%x3

“For nonuniform spacing OPAs, waveguide pitch is average pitch;
“m and » are data unknown.
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reduce the size of the antenna and thus raise the steering ability
of antennas.

As shown in Table 1, the largest scale OPA has 8192 chan-
nels with 1 pm waveguide pitch. The largest aperture enables
the smallest divergence in 6. The nonuniform waveguide pitch
method contributes that proposed OPAs have 29.7 pm average
pitch, which is the maximum pitch to our knowledge. So the
divergence in 6 is small with fewer channels, which reduces the
complexity of the control circuit. The divergence in y of the
fishbone antenna OPA is the smallest in Table 1 due to the
large effective aperture.

Further research should be undertaken to investigate how to
achieve small divergence and wide steering angle simultane-
ously. The chain antenna OPA has the widest steering range
in 0, but the divergence in y is larger than expected due to
the sensitivity to process variations. The etch hole width of
a chain waveguide grating antenna is apodized from
150 nm, which is difficult to process. An improvement for pro-
cess tolerance is to apodize the duty cycle [18] instead of the
hole width. The suitable hole width can be set for better process
tolerance and wider emission profile.

The concentrated main beam obtained by super sparse
waveguide pitch compensates for the chip loss, which is ben-
eficial to long-range detecting. Reducing chip loss and main-
taining small divergence at the same time should be
considered in further study.

5. CONCLUSION

In conclusion, we have demonstrated two 128-channel OPAs
with large steering range and small divergence. Compared with
the fishbone structure, the chain antenna OPA has a unique
advantage in expanding the beam steering range. It achieves
140° steering, which is the widest horizontal steering range
for two-dimensional OPAs to our best knowledge. In the phase
control horizontal axis, the devices achieve a small divergence
by virtue of a 4 mm aperture. In the wavelength control vertical
axis, the SizNy waveguide grating achieves high emitting effi-
ciency and uniform radiation, increasing the effective aperture
and reducing the divergence. The divergence of the fishbone
antenna OPA is 0.021° x 0.029°, and that of the chain antenna
OPA is 0.021° x 0.1°. When the chain antenna OPA is steered
to 70°, the divergence in the phase control axis is still less than
0.058°. The chain structure is sensitive to variations in fabri-
cation, leading to a different divergence from design. In addi-
tion, the chain antenna OPA and fishbone antenna OPA are
embedded into an FMCW system for distance measurement.
The concentrated main beam obtained by super nonuniform
waveguide pitch compensates for the chip loss effectively,
and the proposed OPAs steering to the edge of the FOV
can also detect to 100 m. Moreover, the fishbone antenna
OPA acts as a transmitter and a receiver. 100 m ranging dis-
tance is achieved, the absolute error of ranging accuracy is
3.38 cm, and the ranging resolution is 5.09 cm. Such wide-
angle and high-resolution beam steering boosts the implemen-
tation of automotive LIDAR.
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