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Abstract—We present high-performance integrated optical
phased arrays along with first-of-their-kind LiDAR and
free-space data communication demonstrators. First, record-
performance optical phased array components are shown with
low-power phase shifters and high-directionality waveguide grat-
ing antennas. Then, one-dimensional 512-element optical phased
arrays are demonstrated with record low power operation
(<1 mW total), large steering ranges, and high-speed two-
dimensional beam steering (<30 µs phase shifter time constant).
Next, by utilizing optical phased arrays, we show coherent 2D
solid-state LiDAR on diffusive targets with simultaneous velocity
extraction at a range of nearly 200 m. In addition, the first
demonstration of 3D coherent LiDAR with optical phased arrays
is presented with raster-scanning arrays. Finally, lens-free chip-
to-chip free-space optical communication links up to 50 m are
shown, including a demonstration of a steerable transmitter to
multiple optical phased array receivers at a 1 Gbps data rate.
This work shows the most advanced silicon photonics solid-state
beam steering to date with relevant demonstrators in practical
applications.

Index Terms—Silicon photonics, optical phased arrays, solid-
state beam steering, LiDAR, free-space data communication.

I. INTRODUCTION

INTEGRATED optical beam steering with photonic inte-
grated circuits (PIC) has become a crucial technology

with the capability to produce fast-scanning low-divergence
beams. A variety of on-chip beam steering techniques have
been proposed such as planar lenses [1], reflective optical
microelectromechanical systems (MEMS) [2], and integrated
optical phased arrays (OPA) [3]. Integrated OPAs are a par-
ticularly attractive solution due to their ability to create a
large out-of-plane-emitting conformal aperture and completely
solid-state operation. Much like their well-established radio
frequency counterparts used in RADAR and communications,
OPAs achieve beam forming by tuning the phases of arrayed
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antennas in order to alter the phase front of the emitted
beam. OPA aperture sizes of many millimeters are possible
[4], producing diffraction-limited beams with sub-milliradian
divergence angles and large-area receivers. Combined with
standard integrated photonic components, such as modulators
and detectors, PICs with OPAs have the potential to realize
chip-scale systems for a wide variety of applications requiring
beam steering.

Originally introduced in silicon photonics by K.V. Acoleyen
et al. in 2009 [5], [6], [7], OPAs saw tremendous progress in
scale, performance, and system integration as demonstrated
by the work of J. Sun et al. [8], [9], [10], [11] a few years
later. In addition to conventional silicon photonics, OPAs
have been implemented in a variety of integrated photonics
platforms, each with its own benefits, such as InP [12], III/V
hybrid platforms [13], commercial CMOS processes with
monolithic electronics and photonics [14], [15], and custom
processes with integrated erbium-doped lasers [16]. The rise of
mature foundry-enabled PICs [17] has facilitated increasingly
complex OPA demonstrations with direct applications ranging
from light detection and ranging (LiDAR) [18], free-space data
communication [19], [20], [21], [22], [23], cameras [24], [25],
[26], [27], and image projection [28], [29].

LiDAR, due to the vastly improved diffraction limit offered
by optical waves, provides much higher angular resolution
images than RADAR and is thus widely used in autonomous
systems. Due to the emerging need for solid-state LiDARs
to increase durability while reducing size and cost, there
is significant interest in implementing OPA-based LiDAR.
This is an opportunity for integrated photonics to intersect
a massive market which has not previously employed the
technology. Furthermore, OPAs are well suited for free-space
optical (FSO) data communication applications, in order to in-
crease transceiver deployment in size, weight, power, and cost
(SWaP-C) constrained environments. This communication-
centered application is a natural fit for silicon photonic tech-
nology which is currently revolutionizing the datacom and
telecom industries with tightly-integrated high-speed modules.

In this work, we present high-performance integrated optical
phased arrays along with LiDAR and free-space data com-
munication demonstrations fabricated on 300 mm SOI wafers
in a silicon photonics process. First, record-performance OPA
components are shown including tightly-pitched phase shifters
with microwatt-level power consumption and low 2.4 dB av-
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erage loss, and multi-millimeter-scale waveguide grating an-
tennas with >90% directionality over a ∼200 nm band. After-
wards, by combining these components, one-dimensional 512-
element OPAs are demonstrated with inline pitches as low as
1.65 µm. The matched phase shifter and antenna pitch enables
an inline architecture with an inherently scalable design and
high aperture fill factor. These OPAs are capable of low power
operation (<1 mW total), large steering range (56◦×15◦), and
high-speed beam steering (<30 µs phase shifter time constant).
A steerable beam with a FWHM diffraction angle of 0.04◦ is
shown with 12 dB side lobe suppression and <25 dB noise
floor for high power-in-main-beam efficiency. Next, using
OPAs, a coherent LiDAR system is demonstrated on diffusive
targets with simultaneous distance and velocity measurements.
This system is taken outside and 2D LiDAR is achieved at a
185 m range. Additionally, 3D LiDAR is realized with active
raster-scanning OPAs, demonstrating 3D coherent LiDAR with
OPAs for the first time. Finally, we present lens-free OPA-
to-OPA free-space optical links, paving the way for OPA-
based FSO communication. Specifically, we show a static 50 m
point-to-point link at a data rate of 10 Gbps using two passive
OPAs, and the first point-to-multipoint communication link at
1 m with a 1 Gbps data rate using an active OPA transmitter
steering between multiple OPA receivers.

II. OPTICAL PHASED ARRAY ARCHITECTURE

Figure 1(a) is a rendering of a one-dimensional OPA
architecture [30]. The major components include an optical
distribution network to an array of elements, optical phase
shifters, and out-of-plane emitting antennas. The optical dis-
tribution network converts a single-mode input waveguide
to a set of N elements. To design an optical distribution
network without fan-in/fan-out sections, the output distribution
pitch should be matched to the element pitch. The estimated

loss of the splitter network is 0.6 dB. After distribution, each
element has an individually controlled phase shifter. This
is unlike previous work which utilizes architectures such as
cascaded phase shifters [18], [31] or row-column-based phase
shifters [15]. There, groups of elements are tied to a single
electrical line and portions of the emission wavefront cannot
be independently controlled. Individual element phase control
enables increased flexibility of the emitted wavefront at the
cost of increased control complexity. Finally, each element
has a multi-millimeter-scale waveguide grating antenna for
out-of-plane emission [32], [33], [34] (instead of in-plane
or end-fire emission [35]). A long antenna length increases
the directivity of the emitter and enables a narrow element
factor in the orthogonal dimension of the one-dimensional
array factor. Moreover, a grating-based emitter has an inherent
wavelength/angle dependence that enables two-dimensional
beam steering with wavelength tuning. Though a tunable
light source increases system complexity, wavelength steering
enables 1D OPAs to have similar functionalities as 2D OPAs,
while having orders of magnitude less elements for a given
aperture size, decreasing I/O count and power consumption.

With element counts reaching into the thousands, low-
power phase shifters are essential. Here, broadband electro-
optic phase shifters are used over thermal phase shifters for
their low power consumption, minimal cross-talk to adjacent
elements, and high electrical bandwidths. Figure 1(b) shows
the measured loss and power consumption of an individual
OPA phase shifter structure. A phase shift of 2π is achieved
with a low average loss of 2.4 dB when applying modulo
2π across the elements (this loss is similar throughout the
C+L band). The maximum static power consumption of the
phase shifter is only 2 µW, which is orders of magnitude less
than thermo-optic phase shifters, which can require generally
require >10 mW of power, and even when optimized need
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Fig. 1: (a) Architecture of a one-dimensional optical phased array consisting of an optical distribution network, optical phase
shifters, and out-of-plane emitters. (b) Measured optical phase shifter loss and power consumption. (c) Sum of element factors
while tuning wavelength showing minimal interaction with the silicon substrate.
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>1 W of power for a 512-element OPA [36]. Furthermore, the
phase shifters are pitch-matched with the emitting elements for
an inline OPA architecture. Inline architectures are inherently
scalable to thousands of elements and minimize the footprint
of components or pitch-converting-structures that are not part
of an emitting aperture. A low aperture fill factor increases
die cost, and can fundamentally limit aperture size. Finally,
a long unidirectional waveguide grating antenna design with
optical perturbations is employed for maximum efficiency and
minimum distortion from downwards emission. Any down-
wards emission from the antennas reflects off the silicon
substrate which can be observed through fringes in the element
factor [34]. Figure 1(c) plots a sum of element factors while
sweeping wavelength. The depth of the far field pattern fringes,
∼1 dB, indicate the antennas have greater than 90% upwards
directionality, even with wavelength steering from 1450 nm
to 1640 nm. Though this is an approximate measurement, it
matches the simulated >93% upwards directionality over the
same wavelength band.

III. INTEGRATED BEAM STEERING

The high-performance components described in Section II
can be combined into an OPA PIC such as the one shown in
Fig. 2. This OPA has a large 512-element count and an aperture
area of ∼10 mm2. The chip is die-attached to a PCB and
wirebonded to PCB pad sites, which are fanned out to control
electronics consisting of DACs and an FPGA with custom
firmware. Optical packaging includes epoxying a polarization
maintaining fiber to the input on-chip mode-converter. After
packaging, the phase distribution of the elements is calibrated
and a look-up-table (LUT) is generated for beam steering.
Figure 3(a) plots a cross-section of the far field in the phased
array dimension measured from the device after calibration. A
full-width at half-maximum diffraction angle of less than 0.04◦

(700 µrad) is measured, closely matching theory as does the
magnitude of the side lobes. Some of the deviation from theory
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Fig. 2: Electrically and optically packaged 512-element optical
phased array with an inline architecture.
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Fig. 3: (a) Cross-section of the far field in the phase shifter
dimension showing close agreement with theory. (b) Beam
steering with phase shifters in one dimension, limited by
optical setup NA. (c) Sum of far field spots showing 2D beam
steering with phase shifters (θ) and input wavelength (φ).

can be explained because the varying optical attenuation of the
phase shifters causes the theoretical higher-order side-lobes
to vary slightly compared to the uniform power distribution
theoretical curve, but the main beam and first-order side-lobes
remain similar. More importantly, the theoretical main beam
peak is ∼2.4 dB (the average phase shifter loss) lower than the
lossless and ideal optical phased array. A side lobe suppression
of 12 dB is measured with a noise floor of around –25 dB
(measurement limited by dynamic range of IR camera). This
indicates a high-fidelity calibration algorithm and phase shifter
yield (expected to be larger than 95%). The major contribution
to yield is predicted to be packaging related.

Figure 3(b) shows far field intensity cuts when beam steer-
ing with the optical phase shifters in a 20◦ field of view,
limited by the NA of the optical setup used for far field
imaging. The beam profile has a similar emission pattern
while steering, showing the effectiveness of the calibration
algorithm and the uniformity of the optical phase shifters.
The large element count and aperture of the OPA facilitates
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Fig. 4: IR camera image of the sum of spots in a “figure-8”
pattern formed by a packaged optical phased array incident to
a wall 1.2 m away. An inline pitch of 1.65 µm and wavelength
steering produced a steering range of 56◦×15◦.

high-resolution scan patterns. Figure 3(c) is a sum of various
normalized far field spots when performing 2D beam scanning
with the phase shifters (θ) and input wavelength (φ). Note
that no adjustment to the element phase values is needed
while performing wavelength steering due to the OPA archi-
tecture (though beam squint causes slight inwards/outwards
steering while changing wavelength). This enables a one-
dimensional LUT with minimal memory requirements, and
potentially increases two-dimensional raster scanning rates due
to truly independent wavelength and phase steering. Moreover,
the phased array operation of the device enables completely
random-access scan patterns which is useful for increasing
the point density in a certain location within a LiDAR field of
regard.

Figure 4 shows an IR camera image of the sum of spots in
a repeated “figure-8” scan pattern formed by an OPA incident
to a wall 1.2 m away. A wall is used instead of a far field
imaging setup to conveniently show the steering range of the
device in an applicable environment. The figure shows the
laser, DACs, and FPGA driving the packaged OPA. Discretized
points are seen in the pattern due to the FPGA having an
on-board memory limit of ∼200 points in the LUT, which
can be greatly increased by using external SRAM. Point-to-
point steering speeds of ∼30 µs were achieved in the phase
dimension, limited by the interface between the FPGA and

DACs. A steering range of 56◦×15◦ is shown, facilitated by
the inline 1.65 µm pitch of the elements. Beam aliasing and the
formation of grating lobes fundamentally limits the steering
range due to the uniformly-pitched elements placed at >λ/2
and thus an aliased pattern is seen at ±28◦. At broadside,
the grating lobe loss was ∼1 dB. Using an aperiodic pitch
can increase the steering range at the cost of an increased
background noise and lower main beam efficiency [3], [37].

IV. LIDAR WITH INTEGRATED OPTICAL PHASED ARRAYS

Integrated OPAs offer an interesting solution for LiDAR
applications by enabling solid-state beam steering PICs with
flat conformal apertures and near-arbitrary control. By utilizing
mature high-performance silicon photonic platforms, which
contain a wide variety of components such as filters, mod-
ulators, and detectors, OPA-based LiDAR systems have the
potential to realize tightly-integrated, inexpensive, and mass-
producible solid-state LiDARs on 300 mm silicon wafers. A
unique advantage of integrated photonics is the simplicity of
implementing coherent detectors. This enables coherent Li-
DAR detection modalities as opposed to time-of-flight (TOF)
techniques. Coherent LiDAR offers a variety of fundamental
advantages to TOF LiDAR such as insensitivity to ambient
light, shot-noise limited performance, higher dynamic range,
and moderate peak powers. Moreover, it can simultaneously
measure the distance and velocity of a target by detecting an
imparted Doppler frequency, such as in frequency-modulated
continuous-wave (FMCW) LiDAR [38] which utilizes a bi-
directional chirped laser. Note that, OPAs transmit and receive
in a single polarization so rotations caused by reflections can
reduce a LiDAR signal. 2D LiDAR systems can be realized
with 1D-scanning beam steering to range objects over a single
angular dimension. However, to measure a solid-angle, a 3D
LiDAR system must be created with a 2D-scanning beam
steerer. In addition, multiple 3D LiDAR systems can be
concatenated to cover the required field-of-view for a given
application.

First, a prototype LiDAR system was created with two large-
scale passive OPAs (without phase shifters), along with fiber-
based components such as couplers, detectors, and an external
C+L band commercial-off-the-shelf tunable laser. The type of
the laser is a table-top swept-wavelength external-cavity diode
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Fig. 5: (a) Beam of large-scale passive OPA on a wall 25 m away. (b) LiDAR ranging results on diffusive targets, inset shows
ranged scene and scan line. (c) LiDAR detections on a spinning target showing velocity sensing of magnitude and direction.
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Fig. 6: (a) Map of outdoor scene scanned by 2D LiDAR system. (b) Real-time visualization of output LiDAR data showing
detections at a 185 m range (color is representative of range).

laser. Figure 5(a) is an IR camera image of the beam emitted
from the transmitter OPA on a wall 25 m away. Even though
the OPAs are passive, solid-state beam steering and 2D LiDAR
can be performed by tuning the input wavelength. LiDAR
detections up to 25 m were achieved, limited by the room size,
as shown in Fig. 5(b). Ranged targets include common diffuse
objects such as walls, chairs, and couches.

In addition, Doppler frequency extraction was implemented
with a bi-directional laser chirp in order to simultaneously
measure the velocity and range of moving targets. The uti-
lization of both a laser up-sweep (blue line) and down-sweep
(green line) disambiguates the range of a moving target that
imparts a Doppler shift on backscattered light. The signed
magnitude of the beat frequency difference is proportional to
the velocity of the object, and the average to the range. The
detections from the OPA LiDAR system are shown in Fig. 5(c),
where a spinning umbrella is present in the scene. A spinning
object is utilized as different object locations have varying
velocity magnitudes and direction, depending on the distance
to the center of rotation. This is clearly seen in Fig. 5(c) where
half of the umbrella is moving towards the LiDAR system
and half is moving away, both with increased magnitude away
from the center of rotation. The data in the figure is before
compensating the imparted Doppler shift so different “ranges”
are detected for moving objects during the laser up-sweep
and down-sweep. This is the first demonstration of velocity
extraction from an OPA-based coherent ranging system and
presents a major advantage of coherent LiDAR.

In Fig. 5, the range of the 2D LiDAR system was limited by
the available indoor space and the system was taken outside
during the daytime to test at longer ranges. Due to the coherent
detection modality used, this LiDAR is inherently insensitive
to ambient light, such as sunlight, so no performance degra-
dation was expected, though no quantitative measurements of
background light while testing can be provided at the moment.

Figure 6(a) shows an outdoor map of the test area and
Fig. 6(b) is an image of the real-time data visualization used
to display the returns processed by DSP on-board an FPGA. A
frame rate of 10 Hz was used. Notable features are seen in the

visualization such as parked cars, fence posts, and a pedestrian
at 185 m. This demonstration is the first for coherent OPA
LiDAR with the ability to achieve the long ranges (∼200 m)
needed for many applications, such as autonomous vehicles,
on real-world targets in an outdoor urban environment.

Finally, a coherent 3D LiDAR system was created with two
active OPAs (with phase shifters). These OPAs are similar to
those described in Section III. The components and real-time
FPGA DSP in the previous 2D LiDAR system were used for
detection. Each of the OPAs were independently calibrated and
placed next to each other while set to repeatably raster scan
a scene. Figure 7 shows an IR camera image of the scene
and raster-scan pattern, and the 3D real-time visualization of
the detections. Note that the rapid raster-scan causes frame-
based aliasing in the output of the IR camera. A person at

Person

Wall

Raster scan
Back Wall

6m

8m
10m

12m

Fig. 7: Real-time data from a 3D LiDAR system consisting
raster scanning OPAs (color is representative of range). Inset
shows scene being raster scanned.
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∼7 m is clearly seen in the output 3D detections with notable
features such as arms and legs with two separate walls behind
them at ∼8 m and ∼12 m. This is the first realized real-time
3D LiDAR system with OPAs and shows the promise of this
technology for solid-state LiDARs. Future iterations will focus
on reducing the SWaP, for example reaching ∼15 W power
consumption to be vehicle compatible with increased integra-
tion. In addition, the longitudinal resolution is a function of
the chirping bandwidth and can be increased by utilizing a
different laser.

V. OPTICAL FREE-SPACE DATA COMMUNICATION

FSO communication has received significant interest for
long-range direct line-of-sight applications in terrestrial and
atmospheric settings [39]. However, current devices rely on
discrete components which limits deployability in SWaP-C
critical applications. The tight integration of silicon photon-
ics with standard components such as traveling-wave Mach-
Zehnder modulators (TW-MZM) [17], [40], [41], [42] makes
steerable integrated OPAs a natural choice for the transmitter
of an FSO link. There has been some work using OPAs for
FSO communication but previously they have required lenses
[21], [22], [23] for beam collimation. The receiver can be
realized with commonly available top-illuminated avalanche
photodetectors (APD) or a large aperture OPA. OPA receivers
have the benefit of a larger “active area” than many APDs
and the capability to couple the received light to an on-chip
single-mode waveguide for further processing and detection by

(a)
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(d)(c)

50m total distance

MirrorTX

RX

APD RX - 100Mbps OPA RX - 10Gbps

Fig. 8: (a) Experimental block diagram of a point-to-point
50 m link. (b) 50 m optical path from transmitting OPA to
receiver. Received eye diagram (c) at 100 Mbps using an APD
receiver and (d) at 10 Gbps using an OPA receiver.

a small high-bandwidth photodetector. This enables data-rates
that cannot be achieved with a large-area APD at the cost of a
more directional receiver that must be actively steered towards
the transmitter in dynamic-node systems. Furthermore, unlike
an APD, an OPA receiver is insensitive to ambient light due
to its directivity and relatively narrow-band operation.

In order to test the feasibility of OPA-based FSO links,
initial links were demonstrated with a passive OPA transmitter.
A block diagram of the experiment is shown in Fig. 8(a). An
external laser was coupled to an external silicon photonics-
based TW-MZM that was driven by a non-return-to-zero
(NRZ) OOK pseudo-random bit sequence (PRBS) with an
arbitrary waveform generator (AWG). The modulated optical
signal was amplified with an erbium-doped fiber amplifier
(EDFA) and coupled to a passive transmitter OPA. The main
beam of the OPA transmitted across the room and back, using
a mirror, for a total propagation length of 50 m to the receiver
[Fig. 8(b)]. Two receivers were tested, a commercial-off-the-
shelf APD and an identical OPA as the transmitter coupled to
a fiber-based photodetector. Finally, the electrical output was
analyzed with a sampling scope.

Figure 8(c) plots the received eye diagram when the APD
was used as a receiver. A data-rate of 100 Mbps was achieved,
limited by the cut-off frequency of the APD. Though this is
a simple detection technique, utilizing an OPA as a receiver
enables a higher bandwidth due to the capability to use
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OPA 2. (c) Zoom in of the received data sequence.
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compact single-mode photodetectors. A receiving OPA was
manually aligned to accept the incoming transmitted beam.
Figure 8(d) plots the resulting eye diagram with the RX OPA.
A clean eye at 10 Gbps was observed for a record 50 m high-
speed completely lens-free communication link with OPAs.

In the previous experiment, passive OPAs were used to
demonstrate a static point-to-point communication link. Next,
the transmitter was replaced with an active OPA similar
to the one described in Section III to form a point-to-
multipoint configuration. Two passive OPAs were used as
receivers due to equipment constraints. However, they could
easily be replaced with active OPAs to demonstrate a non-
blocking communication network. Since they did not contain
active phase control, both receivers were manually aligned to
the transmit OPA at two different locations 1 m away. The
transmit OPA was set to scan between four points, which in
sequence were aligned to OPA 1, neither OPA, to OPA 2,
and again neither OPA [Fig. 9(a)]. A settling time of ∼6 µs
was achieved with a point-to-point sweep time of ∼30 µs.
Similar to the previous experiment, laser light was modulated
using an external modulator driven by an AWG producing a
1 Gbps NRZ OOK PRBS (bandwidth-limited by the real-time
oscilloscope capturing the data) and amplified with an EDFA.
The received light was amplified with an EDFA and input to
a fiber-coupled photodetector. The result of this experiment
is shown in Fig. 9(b) where packets of data from the TX
OPA to the two RX OPAs are seen. Figure 9(c) zooms
into a single block of data showing a clean 1 Gbps data
transmission to the respective RX OPA. This demonstration
is the first active lens-free OPA-to-OPA free-space optical
link and shows the potential for high data-rate OPA-to-OPA-
based communications in small-form-factor transceivers with
integrated TW-MZMs and photodetectors.

VI. CONCLUSION

In conclusion, we have presented high-performance inte-
grated optical phased arrays with applicable demonstrators in
LiDAR and free-space data communication. Record perfor-
mance and size has been attained through rigorous design
and validated components in order to achieve low-power
operation (<1 mW total), large field-of-views, and high-speed
beam steering (∼30 µs point-to-point). A steerable beam with
a FWHM diffraction angle of 0.04◦ is demonstrated with
12 dB side lobe suppression and <25 dB noise floor for high
power-in-main-beam efficiency. First-of-their-kind demonstra-
tions were shown with real-time 2D and 3D coherent LiDAR
systems with optical phased arrays. The 2D OPA LiDAR sys-
tem measured diffuse targets at long-distance range of 185 m
in an urban environment. The 3D OPA LiDAR system per-
formed 2D raster scanning to range an indoor scene at ∼10m.
Quantities such as max ranging distance, precision/resolution,
and target reflectivity have not been fully characterized in these
prototypes. Continued characterization is necessary to finalize
these numbers. Furthermore, completely lens-free OPA-to-
OPA free-space optical data-links were shown up to 50 m,
including a point-to-multipoint link at 1 Gbps. This work
presents the most advanced demonstrations of chip-scale beam

steering to date, and shows the maturity of silicon photonic
optical phased array technology, which has been enabled by
advanced CMOS foundry processes. This technology has the
capability to bring silicon photonics to new unique markets
requiring optical beam steering with completely solid-state
chip-scale devices fabricated on 300 mm silicon wafers.
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