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We present a demonstration of solid-state light detection
and ranging (Lidar) at 1550 nm by applying integrated
two-dimensional (2D) lens assisted beam-steering (LABS)
technology. LABS has O(logN) power consumption for
N antennas and allows a simple control complexity with
digital signal input. A time-of-flight coaxial Lidar is demon-
strated with this beam-steering technology. The integrated
beam-steering chip and lens both transmit and receive the
light. The Lidar has 16 scanning angles, 19.5 m ranging
distance, and a 3 cm ranging error. This Letter proves the
potential application of 2D LABS in Lidar and paves the way
for a fully integrated Lidar system. © 2020 Optical Society of
America

https://doi.org/10.1364/OL.401486

Recently, light detection and ranging (Lidar) technology has
attracted widespread attention in the fields of sensing [1],
robotics [2], autonomous driving [3], etc. Optical beam-
steering devices are essential components in Lidar systems
to scan a beam to different directions. Many beam-steering
technologies have been demonstrated, such as mechanical gal-
vanometers [4], microelectromechanical systems [5,6], liquid
crystals [7], and optical phased arrays (OPAs). For solid-state
beam steering, the OPA has become a research hotspot. By care-
fully modulating the light phase in each antenna, the emitted
light can interfere constructively in the far field in a specified
direction[8]. Much progress of Lidar based on integrated OPA
devices has been made for the low divergence angle [9], wide
field of view [10–12], and high side-mode suppression [13].
Meanwhile, a new beam-steering technology based on an
on-chip switch/antenna structure and an off-chip [14–17] or
on-chip lens [18–20] has also received wide attention, known as
lens assisted beam steering (LABS). For LABS technology, the
incident light is guided to one emitter/antenna by an integrated
switch or switch array and emitted to the free space. The beam is
then collimated, and its direction is steered after passing through
a fixed lens. Beam steering is achieved by switching the beam
to different emitters. If a binary-tree switch array is employed,
LABS only requires logN switches to operate simultaneously
for N emitters (i.e., power consumption is O(logN)) whereas

the OPA requires all N phase shifters to operate (power con-
sumption is O(N)), which significantly reduces the control
complexity. A few works of LABS have been reported; how-
ever, a Lidar system based on this technology has not been
demonstrated yet.

In this Letter, we present, to the best of our knowledge, the
first demonstration of a solid-state Lidar based on LABS. The
Lidar is designed to operate under a coaxial time-of-flight (ToF)
mode at 1550 nm. The coaxial design allows the transmitting
and receiving light to share the same light path, and the ToF
mode enables a direct detection of the returning signal. The
Lidar has 16 scanning angles, 19.5 m ranging distance, and
a 3 cm ranging error. This Letter proves the high potential of
two-dimensional (2D) LABS in Lidar applications and paves
the way for a fully integrated Lidar system.

The principle of LABS is shown in Fig. 1. The emitter
(antenna) array coincides with the front focal plane of the
lens. Each time only one emitter emits a beam. The beam is
collimated by the lens, and the beam direction is also steered.
The beams emitted from different emitters are parallel to each
other before intersecting the lens. All the beams virtually inter-
sect at a point (denoted as “S”) in the back focal plane of the
lens. If the point “S” is considered as a virtual light source, it
is obvious that the beam steering can be performed by select-
ing different emitters to the emit beam. In other words, the
location of the emitter in the focal plane of the lens deter-
mines the angle to which the beam collimated by the lens is
directed. Therefore, the maximum beam-steering angle θ can be
expressed as follows [15]:

θ = 2tan−1

(
l

2 f

)
, (1)

where l is the length of the emitter array, and f is the focal length
of the lens. The beam divergence angle1θ is given by [15]

1θ = tan−1

(
w

f

)
, (2)

where w is the beam size from the emitter. Additionally, the
beam-steering step θ ′ can be approximately expressed as [14]

θ ′ = tan−1

(
p
f

)
, (3)
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Fig. 1. Principle of LABS.

where p is the distance between two adjacent emitters. The
above three equations indicate that different beam divergence,
beam-steering angles, as well as beam-steering steps, can be
achieved by properly designing the emitter array and lens
parameters. A maximum steering angle of 90◦ can be obtained if
a large size of emitter array is employed for a given focal length.

Compared with the OPA which steers the beam continu-
ously, the LABS approach steers the beam discretely, and the gap
between each emitter causes the blind zone in the far field. Our
previous work has shown that the defocusing method is able to
eliminate this blind zone [13].

If we assume that the emitted light is a plane wave and
reflected from an isotropically scattering target, the received
power is given by [21]

Pr ∝
Ar Pt

R2
, (4)

where Ar is the receiver (RX) area, Pt is the transmitting peak
power, and R is the target distance. A large RX aperture is
required to overcome the R2 dependence of the received power.

The structure of the LABS device is illustrated in Fig. 2(a).
This LABS device consists of an integrated SiO2 1× 16 switch
chip, a 4× 4 fiber array, and a lens. The SiO2 1× 16 switch
chip is fabricated by a standard planar lightwave circuit tech-
nology and has a material stack of 400 µm silicon substrate,
15 µm pure silica (as bottom cladding), 6 µm doped silica (as
the waveguide), and 15 µm pure silica (as upper cladding). The
waveguide has a 0.75% refractive index difference to cladding,
6 µm× 6 µm cross section, and<0.05 dB/cm loss. The 1× 16
switch has a binary-tree structure consisting of four stages of
1× 2 Mach–Zehnder interferometer (MZI) switches. Each
1× 2 MZI switch has a 2000 µm long / 80� titanium thermal
heater on one arm as the phase tuner. The switching is achieved
by applying a voltage to the heater and changing the waveguide
index based on the thermo-optic effect.

A photo of the SiO2 chip is shown in Fig. 2(b). The measured
extinction ratio of a single MZI switch is more than 20 dB,
and the measured phase shift versus different electrical voltage
is shown in Fig. 2(c). The phase shifter is operated from π to
2π region to avoid the residual phase shift at 0 V voltage. The
average Vπ is∼4 V. The rise time of the switches in the chip is
1.18 ms, and the fall time is 0.97 ms, as shown in Fig. 2(d). The
speed can be improved to microsecond level by using a silicon
nitride platform. The chip has packaged single-mode fiber input
and outputs. The total insertion loss of this photonic chip is
measured to be ∼3 dB, including 1 dB fiber coupling loss and
2 dB loss from four cascaded 1× 2 switches and waveguides.

All 16 outputs of the chip are connected to a 4× 4 fiber array
in order to convert the 1D array to a 2D array. This 2D fiber

Fig. 2. (a) Setup of the LABS device. (b) Photo of the SiO2 1× 16
switch chip. Inset: microscopic image of part of the chip. (c) Measured
phase shift versus different electrical voltage. (d) Measured switching
waveform. (e) Output red spots for illustration purposes. (f ) Packaged
fiber array and lens.

array can also be replaced by an integrated chip with three-
dimensional (3D) waveguides [22]. For illustration purposes,
we inject 630 nm of red light into the beam-steering device; the
output red spots after the fiber array can be clearly observed,
as shown in Fig. 2(e). The fiber array has an equal spacing of
0.25 mm. Finally, a lens with a focal length of 40 mm and a
diameter of 20 mm are added. Its focal plane is overlapped with
the surface (i.e., emitter plane) of the fiber array. The corre-
sponding beam steering step is 0.35◦, and the total steering
angle is 1.05◦ × 1.05◦. The divergence angle of the beam after
the lens collimation is 0.014◦. The lens is packaged in a lens tube
to isolate the off-axis scattering light, as shown in Fig. 2(f ).

The whole photonic circuit assisted with a lens is an inte-
grated transmitting and receiving a Lidar system. The light
beams are emitted and received by the same aperture. As men-
tioned, the beam steering is achieved by controlling the switch
and guiding the light to one of the 16 outputs. The 1× 16
switch has a binary-tree structure consist of four stages of cas-
caded 1× 2 MZI switches. The thermal phase shifters in the
1× 2 MZI switches are driven by the self-developed electronic
circuits. Briefly, the digital control signals for the switches are
generated by a field-programmable gate array. These digital
signals are then amplified and biased to meet the voltage require-
ment of the phase shifters. Each time only one 1× 2 MZI
switch in each stage is manipulated. Therefore, only four MZI
switches are manipulated during the operation, i.e., O(logN)
power consumption for N antennas. By switching the laser
pulses to different channels on the 1× 16 switch chip and then
to different emitters on fiber array, different scanning angles are
achieved.
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Fig. 3. (a) Setup of the Lidar system. (b) Typical output waveform
of the photodetector. (c) Setup for the Lidar scanning test. (d) Four
returning pulses at four different target distances and angles. (e) Four
returning pulses scattered from a corner mirror at four different
distances and angles.

The experimental setup of the LABS based Lidar is shown
in Fig. 3(a). The whole Lidar system is based on coaxial a ToF
detection approach. A 1550 nm pulsed laser generates optical
pulses with a peak power of 2 kW, a pulse width of 0.5 ns, and a
repetition rate of 20 kHz. For the silica waveguide with a core
size of 6 µm× 6 µm, this power level does not damage the
waveguide. The pulsed laser is triggered by a reference clock for
synchronization. The laser output is connected to a fiber circula-
tor with an extinction ratio greater than 60 dB and then coupled
into the switch chip through its input fiber. The high extinction
ratio of the circulator is to suppress the crosstalk directly from
the laser to the detector.

The pulsed light is then guided by the on-chip 1× 16 switch
and emit to free space by the 2D fiber array. At any time, the
pulsed light is only routed to one fiber. The beam steering is
achieved by switching the light to different output ports of
the chip and emitting to the different position of the lens. The
returning light after being scattered by a target (an A4 paper) is
collected by the same lens inside the beam-steering device. Then
the returning light is extracted by the fiber circulator, propagates
through an acousto-optic modulator (AOM) and enters an
amplified photodetector. It is noted that a 4% reflection appears
in the interface of uncoated fiber array end facets and air. The
peak power of the reflected pulses is high enough to saturate or
even damage the amplified photodetector. Therefore, a shut-off
electrical pulse from the same reference clock is synchronously

applied to the AOM to suppress the reflected light pulses.
Figure 3(b) shows a typical output waveform of the photodetec-
tor when a target is placed at a distance of 10.5 m. The 100 ns
wide suppression window generated by the AOM with the sup-
pressed reflected pulse (generated by fiber/air interface) can be
clearly seen. The amplitude of the reflected pulse can be further
reduced by coating an antireflection coating on the facet of fiber
array. This suppressed reflected pulse also plays a role of the
reference signal in the time domain. The reflected pulse and the
returning pulse scattered from the target are marked in the fig-
ure. The DC background is the amplified spontaneous emission
(ASE) noise generated by the pulsed laser module. Limited by
the constraint of experimental space, the measured maximum
distance is 19.5 m. A maximum ranging distance of 200 m is
potentially supported with the current system. In addition, if
the avalanche photodetector is applied, the detection distance
can be farther.

Furthermore, the beam-steering and ranging function of
the Lidar are verified. As illustrated in Fig. 3(c), four matching
targets (A4 paper) are placed in a distance range from 4.8 to
7.5 m with an interval of ∼0.9 m. The beam-steering angles
range from−0.53◦ to 0.53◦. The measured returning pulses are
shown in Fig. 3(d). The returning pulses have slightly different
signal-to-noise ratios (SNRs) due to the uneven insertion loss of
different channels caused by a fabrication error. A similar exper-
iment is performed when a corner reflector is used as a target,
as shown in Fig. 3(e). The power entering the photodetector
is attenuated because the reflected power is very high and can
saturate the photodetector.

In addition, we have further characterized the ranging reso-
lution and lateral resolution of this Lidar. In ToF ranging, the
timing error 1t has the following relationship with respect to
the signal-to-noise ratio and signal rise time [23]:

1t =
signal rise time

signal− to− noise ratio
. (5)

Additionally, the corresponding ranging error is

1R =
(
1t
2

)
c . (6)

For this experiment, the pulse width generated by the laser
is 0.5 ns, and the signal rise time is ∼0.25 ns. The worst SNR
measured in the experiment is 1.9. The SNR is obtained by
calculating the power ratio between the signal power (peak
power of the returning pulse) and root-mean-square (rms)
noise power with respect to the DC background. Therefore,
according to Eqs. (5) and (6), the ranging error 1R is about
2 cm. To verify the ranging accuracy, measurements are taken
on a few stationary targets with the known space of 10 cm.
The target distance ranging from 6.25 to 10 m. Figure 4(a)
summarizes the relationship of the time delays between the
reference signal and returning pulses at different target dis-
tances. The inset in Fig. 4(a) shows a zoomed view of 10 cm
distance step. The linear relation can be clearly seen. The
absolute error is no more than 3 cm within 10 m, which is
limited by the low SNR of the scattered signal. The absolute
error measurements show good agreement with the theoretical
error.

The lateral distance resolution is dependent on the spot size
on the lens plane and the beam divergence. By assuming an ideal
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Fig. 4. (a) Time delays of returning pulses with respect to target
distance. Inset: a zoomed view of a 10 cm distance step. (b) Measured
(blue) and calculated (red) beam diameter at different distances. Inset:
light spots on a near-infrared observation card at a distance of 1.8
and 12.6 m. (c) Calculated ideal Gaussian beam propagation (inten-
sity) after the fiber. (d) Calculated ideal Gaussian beam propagation
(intensity) after the lens.

Gaussian beam propagation when the light emits out of the
fiber, the spot size d on the lens plane is given by [24]

d = 2ω0

√
1+

(
f λ

πω2
0

)2

, (7)

whereω0 = 5 µm is the radius of the waist of the Gaussian beam
(single-mode fiber with 10 µm mode size), and f = 40 mm is
the focal length. Thus, the spot size on the lens is d = 7.9 mm
before being collimated by the lens. The theoretically calculated
Gaussian beam propagation after the fiber is shown in Fig. 4(c),
where the fiber end facet are located at z= 0. The far-field
divergence angle of the Gaussian beam is calculated to be 0.2 rad
(11.46◦).

The beam after the collimation of the lens is also calcu-
lated by using thin lens transformation and ABCD law, as
shown in Fig. 4(d), where the lens is located at z= 0. The beam
divergence is 0.25 mrad (0.014◦) based on Eq. (2). The beam
diameter expansion due to the beam divergence after 20 m is
0.25 mrad× 20 m= 5 mm. Experimentally, the light spots are
observed by a laser viewing card (Thorlabs VRC4). The spot
size is measured by measuring the beam size on the viewing card,
as shown in Fig. 4(b). The theoretical beam radius calculated
by Gaussian beam propagation is also plotted. It can be seen
that the beam radius is almost unchanged at∼4 mm within the
range of 13 m. It should be noted that due to the power decay of
the luminescence light on the viewing card, the measured beam
radius is estimated to have a uncertainty of∼0.5 mm.

In conclusion, a solid-state Lidar system based on 2D LABS
is demonstrated at 1550 nm. The beam-steering device consists
of a SiO2 switch chip, a fiber array for 1D to 2D conversion,
and a lens. The Lidar is operating under ToF mode. The Lidar
has a maximum measurement distance of 19.5 m limited by the
experimental space, 4× 4 scanning points and a maximum

scanning angle of 1.05◦. The scanning points and angle can
be scaled to large numbers by increasing the number of out-
put ports and changing the lens parameters. The fiber array
can also be replaced by an integrated 3D waveguide array.
This Letter indicates the feasibility of Lidar application based
on LABS technology and may pave the way for a practical
high-performance solid-state Lidar system.
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