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Optical beam steering enables optical sensing, imaging, and long-range com-
munication over free space. Despite the inherent speed of light, advanced
applications increasingly require simultaneous steering of multiple, indepen-
dently controlled beams, to enhance imaging throughput, boost commu-
nication bandwidth, and control qubit arrays for scalable quantum computing.
However, precise multi-beam steering and control remain a significant chal-
lenge with current solid-state beam steering technologies, driving the need for
integrated and scalable multi-beam steering solutions. Here, we report a
scalable multi-beam steering system comprising an array of integrated
acousto-optic beam steering channels on a thin-film lithium niobate platform.
Each channel generates tens of individually controllable beams at 780 nm with
sub-microsecond switching time by exciting acoustic waves using multi-tone
microwave signals. We demonstrate the system’s unique capabilities through
multiple-input, multiple-output free-space communications, simultaneously
transmitting to multiple receivers at megabits/sec data rates. This technology
is readily scalable to steer hundreds of optical beams from a compact chip,
potentially advancing many areas of optical technologies and enabling novel
applications.

M Check for updates

Solid-state optical beam steering is crucial for a wide array of optical angles and higher steering resolutions necessitate an increasing

technologies (Fig. 1a), including light detection and ranging (LiDAR)"?,
bioimaging®*, optical trapping>’, and performing parallel gate opera-
tions of optically addressed qubits, such as neutral atoms®™", trapped
ions?™, and defect centers in solids™'. It also enables free-space
optical communications (FSOC)" ™. Various solid-state beam steering
technologies have been developed, including optical phased arrays
(OPA)**22, focal plane switch arrays (FPSA)*?, digital micromirror
devices (DMD)*?¢, and spatial light modulators (SLM)*. These tech-
nologies share a common principle: they steer light by creating a
synthetic aperture composed of an array of microscale pixels, which
relies on sophisticated peripheral control circuits to precisely control
optical amplitude or phase at each pixel. Demands on wider steering

number of pixels, presenting significant scaling challenges. Moreover,
while existing solid-state beam steering technologies primarily focus
on steering a single beam, multi-beam steering”®* could address
performance requirements in advanced applications. For instance, the
imaging frame rate of a single-beam-scanning LiDAR system is funda-
mentally limited by the time of flight and insufficient for autonomous
driving systems. This limitation can be addressed by scanning multiple
beams simultaneously?®*’. Multi-beam steering also enables scalable
quantum computing using optically addressed qubits". These appli-
cations demand high beam quality, fast scanning speeds, and inde-
pendent control of individual beams, critical capabilities that can only
be achieved through high-performance, solid-state multi-beam
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Fig. 1| Integrated multi-beam acousto-optic beam steering (mAOBS) array.

a Optical multi-beam steering finds many important applications ranging from
(clockwise from upper left) LIiDAR, quantum computing, AR/VR display, and free-
space optical communication. b Optical microscope image and (c) scanning
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electron microscope (SEM) images of the mAOBS array. The device consists of
three main components of (d) IDT (left white box in b), (e) mode converter (right
white box in b), and f. integrated photonic circuits of beam splitters and waveguide
tapers.

steering technology. Achieving multi-beam steering with SLM or OPA
is possible, but they face challenges that make them impractical for
many applications. For example, SLMs can segment their aperture into
several sub-apertures to diffract and scan multiple beams. However,
the scanning speed is limited to the kHz range, which is insufficient for
high-speed applications”. OPAs can generate multiple beams by
superimposing multiple phase patterns on the array, but they suffer
from low extinction ratios due to high crosstalk between the beams®*’",
In general, multi-beam steering using integrated photonic systems
must overcome several common challenges. The first is power hand-
ling capability: each beam must carry the same optical power as in
single-beam mode, significantly increasing the total power handling
requirement. The second challenge is the increased crosstalk between
different beams, which is caused by reduced beam quality when mul-
tiple beams are generated from the same aperture. Lastly, there is the
challenge of controlling and modulating individual beams so that they
can be utilized independently and multiplexed to enhance sensing and
imaging throughput or overall system communication bandwidth. The
limitations of existing technology call for the innovation of new optical
beam steering techniques.

The emerging integrated acousto-optic devices could provide a
powerful solution to overcome the abovementioned challenges.
Acousto-optic devices utilize acoustic waves that are electro-
mechanically excited in materials to generate a moving phase mask,
which coherently modulates and shapes optical waves that pass
through. Conventional acousto-optic devices using bulk materials,
including acousto-optic deflectors (AODs) and modulators (AOMs),
have already proven to be effective as optical switches and intensity
modulators in various laser tools****. Recently, AODs operated in the
multi-beam mode have played a critical role in performing parallel
gate operations on neutral atom arrays for quantum computing®™.
With the emergence of new material platforms and the advancement
of optomechanical systems, acousto-optics have been incorporated
into integrated photonics, demonstrating versatile applications on
various platforms® %, Guided-wave acousto-optic devices for RF
signal processing, optical filtering, and switching have been

demonstrated on bulk lithium niobate substrates with a compact
footprint®-°, Previously, on a lithium niobate on insulator (LNOI)
platform, we demonstrated an integrated acousto-optic beam
steering (AOBS) device in which GHz frequency acoustic waves are
generated to steer waveguided light into free space with a wide field
of view and diffraction-limited resolution*’. Here we achieved multi-
beam steering where individual beams can be independently con-
trolled and modulated, advancing beyond single-beam AOBS cap-
abilities. In contrast to schemes using pixelated apertures, AOBS has
a continuous aperture and uses only a single acoustic transducer to
control beam steering. Moreover, the coherent acousto-optic scat-
tering process allows one AOBS device to be driven simultaneously
by multiple control signals of different frequencies. Each tone of the
generated acoustic wave scatters light into a different angle to
achieve multi-beam steering. The compact size of AOBS allows
multiple devices to be closely integrated on one chip, proportionally
increasing the number of steerable beams. Furthermore, the
amplitude and phase of each beam can be independently modulated
by the corresponding control signal with an overall bandwidth of
hundreds of MHz.

In this work, we report an integrated multi-beam AOBS (mAOBS)
array and demonstrate free-space optical communication (FSOC) with
multiple-input multiple-output (MIMO) by combining multi-beam
steering and modulation. The mAOBS features an array of mono-
lithically integrated channels, each capable of generating and steering
more than twenty visible-band beams along one axis with high beam
quality and superior dynamic performance. An array of such channels
generates a 2D array of beams. By modulating each beam using Pulse
Amplitude Modulation (PAM) or Quadrature Amplitude Modulation
(QAM) coding, we achieve MIMO communication with an aggregate
bandwidth exceeding 100 megabits per second (Mbps). MIMO-
enabled FSOC affords precise and swift multi-channel communica-
tion between decentralized drone swarms or autonomous vehicles,
ensuring secure and efficient coordination®’. It also enables fast-
deployed, reconfigurable, and broad bandwidth satellite or air-to-
ground communications*’. Our results demonstrate that the mAOBS
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Fig. 2 | Multi-beam steering demonstration and characteristics. a Superimposed
image 4 x 21 beams generated by four AOBS channels and captured on the image
plane of the collimating lens. The field of view is 8°x8°. Each row is generated by
one AOBS channel. Beams in the second row suffer distortion due to a blemish of
contamination on the chip surface. b Normalized intensity profile measured along
H-axis of 4 (top), 8 (middle), and 16 (bottom) beams simultaneously generated
from a single AOBS channel. The channel is driven by control signals comprising 4,
8, and 16 frequency tones, respectively. Cyan curves show the optical intensity at
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the focal plane while the shaded areas show the background when the control
signals are turned off. Circles on the top mark the position and on (solid) or off
(hollow) of each site. The H-axis position is normalized to the average beam width
wo. The annotations show the sidelobe suppression ratios. ¢ 2D intensity profile of
16 beams generated simultaneously by a single AOBS channel. b, ¢ are captured by
scanning a fiber on the focal plane of the collimating lens. The color bar applies to
both (a, ¢).

array is a scalable and flexible multi-beam steering solution that has the
potential to enable many emerging optical technologies (Fig. 1a).

Results
Multi-beam acousto-optic beam steering array
Our mAOBS array consists of three main components (Fig. 1b, c):
interdigital transducer (IDT) arrays for surface acoustic wave (SAW)
generation; a continuous acousto-optic (AO) aperture for beam
steering, and photonic integrated circuits (PICs) for on-chip light
coupling, distributing, and shaping. The AO aperture, as in Fig. 1b, is
the slab area between the IDTs (Fig. 1d) and mode converters (Fig. 1le).
It comprises multiple AOBS channels that are formed by collimated
acoustic and optical beams, rather than by patterning, to maximize the
interaction area and reduce background scattering by etched struc-
tures. In each channel, the SAW is launched by an IDT to scatter light
off the chip and steer along the horizontal axis (H-axis). The array of
AOBS channels is distributed along the vertical axis (V-axis), as deno-
ted in Fig. 1b. We place the mAOBS chip at the focal plane of a
cylindrical convex lens, which collimates the beams from different
channels. For light steered from each AOBS channel, the steering angle
along H-axis is controlled by the frequency of the control signal, while
the angle in V-axis is determined by the position of the AOBS channel.
With each AOBS channel driven by multiple control signals of different
frequencies, a 2D array of beams is generated. In addition, each beam
can be individually modulated by the corresponding control signal at
each channel.

The device is fabricated on an X-cut lithium niobate on insulator
(LNOI) substrate with 300 nm thick LN layer. A visible-band laser with

780 nm wavelength (Newport TLB-6712) is coupled from fiber to the
chip through a waveguide edge coupler. PICs (Fig. 1f) of single-mode
waveguides are patterned and etched in the LN layer to route and
distribute light to different channels on the chip. Before entering the
AO aperture, the waveguide mode is expanded to the 30-um-wide slab
mode to increase the AO interaction area and aperture width. At the
end of the mode expander, the slab mode is converted from the TE,
mode to the TE; mode by a mode converter (Fig. 1e), and then freely
propagates into the AO aperture. Our simulation has shown that the
TE; mode can be more efficiently steered by the SAW, propagating
along Y-axis of the LN layer than the TE; mode due to the enhanced
moving boundary effect (See Supplementary Information S1). The
pitch (d) between the AOBS channels is 250 um, sufficient to prevent
crosstalk. On the other end of the AO aperture, an array of broadband
IDTs is fabricated. The IDT periods are linearly chirped from 1.05 to
1.25 um to generate SAW with frequencies centered at f,=2.45GHz
over a bandwidth of BW=450 MHz. Each IDT is wire-bonded to a
microwave circuit board to be connected to signal sources.

Multi-beam steering

We characterized the mAOBS array’s steering performance by imaging
the 2D beam array using a charge-coupled device (CCD) camera placed
on the image plane of the collimating lens. Four AOBS channels are
operated simultaneously. Figure 2a shows a superimposed image of an
array of 4x21 beams captured by the camera. The beams are generated
by scanning the control signal frequency across the IDT bandwidth
with a step of Af =15 MHz. Each row of beams is generated by each
AOBS channel. The distortion of the beam in the second row is
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Fig. 3 | Dynamic performance of mAOBS array and application for optical
communication. a Average beam intensity of a single beam versus control signal
power (symbols) along with a linear fitting (line). Each data point is averaged over
approximately 1875 measurements, with a total of 30,000 switching cycles. Symbol
color represents the relative standard deviation (RSD), calculated as the standard
deviation divided by the mean for each data point. b Time trace of the
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photodetector voltage receiving the beam when the control signal is switched on.
The 10-90% rising time is measured to be 116 ns. ¢ Eye diagrams of the AOBS
transmitted data of pseudo-random sequence encoded by OOK (upper) at 2 Mbps
and PAM4 (lower) at 4 Mbps. d Constellation diagram of the AOBS transmitted data
using 64-QAM modulation at 6 Mbps.

attributed to a small blemish of contamination on the surface of the
chip. The average beam divergence is 0.19°. By fitting the beam’s
intensity profile, we determine the effective aperture length (/) of the
AOBS channel is 373 um, which is the overlap between guided acoustic
mode and optical mode, limited by acoustic loss. The best beam
steering efficiency of a single beam is 3.3% (-14.8 dB), referred to the
optical power in the waveguide, when 14.8 dBm control signal power is
used (See Supplementary Information S1). The theoretical number of
resolvable spots of a single channel is given by N; = BW - [ /v = 54, using
the SAW velocity of v=3,110 m/s. For multiple channels, each con-
trolled by different control signals, the total number of resolvable
spots N, simply increases proportionally with channel count. The area-
normalized resolvable spot density of our device thus is
0=N,/(d - [)=579 (spots/mm?), where d is the width of the whole AO
aperture. Compared with conventional bulk AODs (ISOMET D55-T80S-
2, =64 spots/mm?), the mAOBS array has a significant advantage.
Another important metric of beam steering systems is the
extinction ratio between beams. Figure 2b shows beam profiles of 4, 8,
and 16 beams generated by a single AOBS channel (cyan lines). Because
the extinction ratio exceeds the dynamic range of the CCD camera
(14 dB), to quantify the on/off contrast and crosstalk between beams,
we collected the steered beams by scanning a single-mode fiber on the
focal plane of the collimating lens and measured the optical power
with a photodetector. For comparison, the background signal, when
the SAW is turned off, is plotted as the shaded region. We used an
arbitrary waveform generator (Tektronix AWG70001A) to synthesize
control signals with up to 16 frequency tones in the range from 2.35 to
2.65 GHz with Af =20 MHz. The corresponding angular positions of
the 16 beams are marked with circles in Fig. 2b. The x-axis of Fig. 2b is
the beam position on the image plane, normalized to the average beam
width wo =43.9 um. When four beams are generated simultaneously
using four frequency tones with a total power of Pr=16 dBm, the
maximum (average) on-off contrast achieved is 29.7 (27.8) dB. As more
beams are generated, the on/off contrast gradually reduces because of
reduced power at each RF tone when P; is fixed. The IDT has a limited
power handling capability, beyond which it can be damaged due to
overheating in ambient conditions. This power limit can be improved
using more robust material with protection by a passivation layer and
by operating in vacuum or inert gas environment. As shown in Fig. 2b,
the maximum (average) on/off contrast is 27.4 (24.8) dB for 8 beams
and 27.8 (20.9) dB for 16 beams. The contrast degradation with more
beams is due to RF power constraints: as the total power is distributed
across more beams, the power per tone decreases while the noise floor

remains constant, resulting in reduced signal strength. While the
beam power is uniform with less than 1% variation, the background
has a larger variation due to scattering by etched device structures
on the chip. From the recent results of high-Q LN ring resonators*™*¢,
we can estimate the optical scattering limit of LN photonic structures
and expect the on/off contrast to be further improved to above 60 dB.
The crosstalk between beams separated by 5wy (-1° in angular
position) is ~—20 dB, reducing to ~—25 dB at 10w, separation. Figure 2c
shows the detailed 2D mapping of 16 concurrently generated beams,
featuring uniform beam shapes and contrasts across the whole field
of view.

Beam steering dynamics and communication

Besides the multi-beam steering capability, the mAOBS array also
shows superior dynamic performance than conventional technologies.
We first characterize the linearity, accuracy, and stability of the beam
power controlled by the control signal. Figure 3a plots the measured
power of a steered beam versus the control signal power varied from O
to 13 dBm. The optical power is measured with a photodiode using
100 us integration time. We repeated the measurement among 16
control signal power levels with overall 3 x10* switching cycles. The
result and linear fitting of it in Fig. 3a show excellent agreement, and
the relative standard deviation (RSD) is very low at 0.42%. Figure 3b
displays the photodiode voltage waveform captured on an oscillo-
scope when the control signal is switched on, showing a very short
switching rising time of 116 ns (10% to 90%).

The demonstrated linearity, repeatability, and speed of AOBS are
important attributes for applications such as optical control of qubits
and FSOC. To demonstrate the latter, we modulated the control signal
and encode pseudo-random pulse sequence data using various coding
schemes. The data was carried by the steered beams and transmitted
over free space in a direction controlled by the frequency of the con-
trol signal. The steered beam was detected by a receiver and char-
acterized by performing eye diagram and constellation diagram
analysis. Figure 3c shows measured eye diagrams when on-off keying
(OOK) and 4-level pulse amplitude modulation (PAM-4) coding are
used, respectively. The data rate is 4 Mbps, which is equivalent to
Bluetooth 5.0 transmission rate. Both diagrams show clear eye open-
ings, with a quality factor of 14, indicating a high signal-to-noise ratio.
We then advanced the coding scheme to 64-level quadrature ampli-
tude modulation (64-QAM). Figure 3d shows the measured constella-
tion diagram transmitted at 6 Mbps. All 64 symbols are clearly
separated with a =26 dB error vector magnitude (EVM).
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Fig. 4 | Multiple-input-multiple-output (MIMO) enabled free-space optical
communication using mAOBS array. a System schematic of MIMO-enabled FSCO
using the AOBS array. In the transmitter (Tx), a laser source is coupled to the
mAOBS array and split to each AOBS channel using PICs. Multiple control signals
are used to drive the mAOBS array to steer multiple beams at angles (6;) controlled
by the control signal frequency (Q;). Data is encoded on the beams by amplitude
and phase modulating of the control signals. In the receiver (Rx), the beams are
received by photodetectors, followed by filters and analog-digital converters. The

transmitted signals are demodulated by digital signal processing to decode the
data. b Spectrum of the control signals driving one AOBS channel with four dif-
ferent central frequencies from 2.27 to 2.39 GHz with 40 MHz spacing. Each control
signal carries the data stream of an image encoded in 16-QAM at a data rate of

2 Mbps. ¢ Sections of photodetector signals when receiving four beams steered to
different positions. d The constellation diagrams (left) and the corresponding
recovered images (right) transmitted by the mAOBS array.

Multiple-input multiple-output communication

The multiple beams steered by an AOBS channel in different directions
can be modulated by corresponding control signals to transmit dif-
ferent data simultaneously, thereby realizing MIMO optical commu-
nication (Fig. 4a). The total communication throughput of each AOBS
channel is upper bound by the bandwidth of the IDT, which is 450 MHz
in the current device. For multi-beam communication, the available
bandwidth is reduced to avoid crosstalk, which requires an inter-beam
frequency separation higher than 8 MHz set by beam divergence. The
total throughput of the mAOBS array increases proportionally with the
number of channels. We demonstrate MIMO optical communication
with the scheme as shown in Fig. 4a. Due to the limited number of
signal generators, we drove a single AOBS channel with only four
control signals to generate four beams, each transmitting a different
image. Figure 4b shows the spectrum of the four control signals with
frequencies ranging from 2.27 to 2.39 GHz and 40 MHz spacing. Each
control signal carries the data stream of an image encoded using 16-
QAM return-to-zero coding at 2Mbps, which helps reduce inter-
symbol interference. The transmitted optical signals are received by
photodetectors and decoded using digital signal processing (DSP).
Figure 4c displays samples of 20 ps duration of the transmitted signals.
The aggregated constellation diagrams after demodulation and cor-
responding images recovered from the data streams are shown in
Fig. 4d. The clearly separated constellation demonstrates the com-
munication fidelity of four beams with a combined data rate of 8 Mbps.

If all four channels of the mAOBS array are used, each generating 16
beams and transmitting data at 2 Mbps, the aggregated data rate of the
current system will reach 128 Mbps.

Discussion

In conclusion, we have demonstrated a multi-beam AOBS array, which
monolithically integrates PICs with acousto-optics on a scalable plat-
form. This system, with its compact footprint, high extinction ratio,
superior dynamic performance, and broadband modulation cap-
abilities, presents a promising multi-beam steering solution for diverse
applications in optical sensing, imaging, and communication. There
are several enabling innovations that are worth noting. The use of
lithium niobate and the large steering aperture enable AOBS to handle
high optical power over a broad spectral range from near-IR to visible,
which is significantly advantageous over OPAs and FPSAs that use
silicon photonics. The system’s high beam quality and broad acoustic
bandwidth result in lower than -20 dB inter-beam crosstalk. Future
improvement in fabrication quality and device structure are expected
to further reduce crosstalk. Additionally, the broadband IDT design
provides ample bandwidth for modulating individual beams, making
the mAOBS array particularly powerful for applications like LiDAR,
quantum gate operations, and MIMO-enabled FSOC. The latter is
especially valuable in scenarios such as communication among drone
swarms and emergency communication reconstruction, when the
ability to communicate distinct information to different receivers is
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crucial. Further development of this technology will enhance its effi-
ciency and versatility, making it an optimal solution for high-speed,
multi-beam imaging, control, and communication in a variety of
demanding applications.

Methods

Device fabrication

The mAOBS array is fabricated on x-cut lithium niobate on insulator
(LNOI) wafers with 300 nm thick LN layer (from NanoLN Inc.). The
optical waveguides are patterned with electron-beam lithography and
then etched by inductively coupled plasma reactive ion etcher (ICP-
RIE). After stripping the resist, piranha and standard cleaning solution
are used to remove resist residue and smooth the surface. The mode
converter is patterned with electron-beam lithography using negative
resist hydrogen silsesquioxane (HSQ). The IDT was patterned with
electron-beam lithography and followed by a lift-off process of 100 nm
thick aluminum film.

Optical measurement setup

A fiber-coupled laser (Newport TLB-6712) operating at 780 nm is used
as the light source in all measurements. An arbitrary waveform gen-
erator (Tektronix AWG70001A) is used to generate the control signals
for the measurement shown in Fig. 2 and 3. For multi-beam steering
and communication measurement in Figs. 4, multi-tone control signals
are generated by a multi-channel FPGA system. The beam profiles in
Fig. 2a are captured by a CCD camera (Lumenera Infinity2) at the focal
plane of the collimating lens. A beam splitter is placed between the
camera and the lens. This enables simultaneous measurement using a
fiber to measure beam intensity with a high dynamic range. A fiber is
scanned in the focal plane by a 2-axis motorized micropositioning
system (MCL Micro-Stage) with closed-loop control to collect the
scattered light. The light collected by the fiber is detected by a pho-
todetector (APD130A2). The electrical signal from the photodetector is
measured by an oscilloscope (MSO/DPO70000DX).

Data availability

The authors declare that the data supporting the findings of this study
are available via Figshare at https://doi.org/10.6084/m9.figshare.
28765613.
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