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Abstract: Light detection and ranging (LiDAR), combining traditional radar technology with modern
laser technology, has much potential for applications in navigation, mapping, and so on. Benefiting
from the superior performance, an all-solid-state beam steering realized by integrated optical phased
array (OPA) is one of the key components in the LiDAR system. In this review, we first introduce the
basic principle of OPA for beam steering. Then, we briefly review the detailed advances of different
solutions such as micro-electromechanical system OPA, liquid crystal OPA, and metasurface OPA,
where our main focus was on the recent progress of OPA in photonic integrated chips. Finally, we
summarize the different solutions and discuss the challenges and perspectives of all-solid-state beam
steering for LiDAR.

Keywords: beam steering; optical phased array; micro-electromechanical system; liquid crystals;
photonic integrated chip; silicon photonics; diffraction

1. Introduction

The principle of light detection and ranging (LiDAR) is to emit an optical electromag-
netic signal and detect the echo-signal of the targets. Compared to traditional microwave
radar, LiDAR, working at optical wavelengths, could provide a higher angular resolution
with the advantage of a vastly improved diffraction limit [1]. As the source of LiDAR, lasers
have high coherence and high directivity. Thus, LiDAR has the potential to achieve long-
haul detection, which has extensive application prospects in fields such as autonomous
drive, terrain/ocean mapping, free space optical communication, etc. [2–7].

Generally, LiDAR can be divided into two categories: mechanical LiDAR and solid-
state LiDAR. Most commercially available LiDAR systems are mechanical LiDAR [8], which
obtains beams by steering through mechanical control components such as mirrors. The
mechanical LiDAR can realize a large field-of-view (FOV) by controlling rotary assembly [9].
However, such mechanisms limit the scanning speed and decrease reliability [10]. Suffering
from the complex and precise assembly and calibration processes, it is hard to satisfy the
requirements of non-inertia and miniaturization in many applications [11]. Therefore,
all solid-state beam steering systems have attracted the attention of many researchers.
The beam steering via optical phased array (OPA) technology, which originated from
the mature microwave phased array theory, has been a research hotspot of late. Various
beam steering techniques based on OPA have been exploited, mainly including the micro-
electromechanical system (MEMS) OPA, liquid crystal (LC) OPA, metasurface (meta) OPA,
and photonic integrated chip (PIC) OPA.

In this paper, the state-of-the-art of all-solid-state OPA in recent years is reviewed,
mainly focusing on the performances of the beam steering range, spatial resolution, and
scanning rate. In Section 2, we introduce the principle of beam steering realized by OPA.
In Section 3, we mainly review the progress in the fields of MEMS OPA, LC OPA, meta
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OPA, and PIC OPA based on different semiconductor platforms. In Section 4, we compare
the pros and cons of different types of OPA and discuss the development prospects of
solid-state beam steering.

2. Principle

The far electric field distribution of OPA can be calculated from the near electric field
distribution, according to Fresnel diffraction theory [12,13]:

e(x1, y1) =
je−jkz0

˘z0
e−

jk
2z0

(x1
2+y1

2)
x

e(x0, y0)e
− jk
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where e(x0, y0) is the near electric scalar field in x0y0-plane; e(x1, y1) is the far electric
scalar field in x1y1-plane; z0 is the distance between x0y0-plane and x1y1-plane; and k is the
free-space wave vector.

According to microwave theory, the far field radiation pattern of an antenna located at
(x0, y0) in the x0y0-plane is given by:

e(x1, y1) = F(θx, θy)
e−jkR

R
(2)

where θx and θy is the lateral beam steering angle and the longitudinal beam steering angle,
respectively, which can be calculated using the standard spherical angles θ and ϕ (θ is the
angle with the z-axis and ϕ is the angle between the projection on the xy-plane and the
x-axis) [13] according to thee formulas of sinθx = sinθ cosϕ and sinθy = sinθ sinϕ. F(θx, θy)
are the radiation patterns and R2 = (x1 − x0)2 + (y1 − y0)2 + z0

2.
For a M × N OPA with a lateral and longitudinal pitch of Λx and Λy (as shown in

Figure 1), respectively, the far field is:

e(x1, y1) =
M−1

∑
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∑
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Amn · Fmn(θx, θy)
e−jkRmn

Rmn
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where Fmn(θx, θy) is the radiation patterns of antenna located at different position;
Rmn

2 = (x1 − mΛx)2 + (y1 −nΛy)2 + z0
2; Amn is field amplitude; and βmx, βny are the

phase differences.
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Figure 1. Schematic of the OPA. 
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the far-field radiation pattern of OPAs is a far-field radiation pattern of individual antenna 
multiplied by the array factor. Achieving beam steering by OPA, there should be a phase 

Figure 1. Schematic of the OPA.

For the far-field region, Fmn(θx,θy) can be approximated well to F00(θx,θy) and Rmn can
be R00. For the uniform OPA, the field amplitude Amn can be considered as 1. Therefore,
the far-field radiation pattern of OPAs is a far-field radiation pattern of individual antenna
multiplied by the array factor. Achieving beam steering by OPA, there should be a phase
difference between adjacent antennas. Here, βmx = m∆ϕx/k, βny = n∆ϕy/k. The normalized
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array factor T(θx,θy) can be obtained by extracting the common factors and normalizing
Equation (3):

T(θx, θy) =
sin[M(kΛx sin θx − ∆ϕx)/2]
M sin[(kΛx sin θx − ∆ϕx)/2]

·
sin

[
N
(
kΛy sin θy − ∆ϕy

)
/2

]
N sin

[(
kΛy sin θy − ∆ϕy

)
/2

] (4)

The normalized array factor has the same expression form in two directions, so
one only needs to study the law of one dimension and the other dimension is the same.
Generally [14–16], an OPA chip consists of optical beam splitters, a phase modulator array,
and an optical antenna array, as shown in Figure 2. The power of the laser source is
distributed to the unit of the phase modulator array and the optical antenna array by the
beam splitters. The optical wavefront is controlled by the phase modulator array, thus the
far-field beam is steered. Quantitatively, according to Equation (4), the normalized array
factor will be maximum when the following equation is satisfied:

kΛ sin θ − ∆ϕ

2
= qπ (5)

where q = (0, ±1, ±2, . . . ). When the absolute value of q increases, the phase difference
between adjacent antennas becomes larger, which will make the phase modulator consume
more power. Consider that the central principal maximum, the relationship between the
phase difference of the adjacent phase unit ∆Φ, and the beam steering angle θ are shown in
the following equation [17]:

θ= arcsin
(

∆Φ · λ

2π · d

)
(6)

where λ is the wavelength and d is the interval of antennas, as shown in Figure 2.
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As shown in Figure 3a, when ∆Φ = π, the central principal maximum is located at
arcsin(λ/2d) and the -1th order lobe is at -arcsin(λ/2d). The FOV is given by:

∆θFOV= 2 · arcsin
(

λ

2d

)
(7)
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Figure 3. The schematic diagram of the far-field beam with (a) densely spaced antennas and (b) widely
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apertures with the same antenna interval.

When Nd >> λ, the full width at half maximum (FWHM) is given by:

∆θFWHM ≈ 0.886λ

Nd · cos θ
(8)

Here, we will show the influence of different intervals and aperture sizes on the FOV
and FWHM, which can be calculated according to Equations (7) and (8). By comparing
Figure 3a,b, one can see that the densely spaced antenna array could obtain a larger FOV
than the widely spaced one. The FOV could reach 180◦ when the antenna interval d was
smaller than λ/2, independent of the phase difference ∆Φ. Figure 3c,d shows the antenna
arrays with the same interval, but with different aperture sizes, where one can see that a
larger aperture size could achieve a narrower beam width.

3. OPAs for Beam Steering
3.1. MEMS-OPA

Mechanical LiDAR is one of the most common types of LiDAR, and has the character-
istics of remote detection and large FOV [18,19]. However, such types of LiDAR are bulky,
power-hungry, and vulnerable to mechanical shock [20]. Although many miniaturization
efforts have been reported, it is still difficult to meet the requirements of robotic mobile
platforms [11].

The appearance of the MEMS has had a great impact on micromanufacturing and
microsystems, and provides an alternative scheme for LiDAR to reduce costs, reduce the
energy consumption, and increase the scanning speed [8]. MEMS mirrors can modulate,
light, and control phase, which have already found enormous commercial success in pro-
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jectors, displays, and fiber optic communications [21–23]. Two-dimensional (2D) resonant
MEMS mirrors, actuated by the electrothermal [24], electrostatic [25], electromagnetic [26],
or piezoelectric effect [27], have been used to achieve beam steering [28], as shown in
Figure 4a. There is a trade-off between the optical aperture and scanning speed for resonant
MEMS mirrors. A large optical aperture is needed to obtain high-resolution scanning,
which will lead to a large mass and limit the rotation speed.
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A MEMS-OPA could solve this challenge by dividing a large aperture into small
micromirrors with significantly reduced inertia [29]. A MEMS-OPA can realize beam
steering by combining phased array technology with a MEMS system, as shown in Figure 4b.
The phase difference ∆Φ can be provided by tilting the individual micromirror array.

In 2014, Megens et al. proposed a MEMS antenna of high-contrast grating (HCG).
The antenna realized >99% reflectivity using a subwavelength grating patterned on the
polysilicon [30]. The beam steering angle of the 32 × 32 MEMS-OPA was ±2◦ and the beam
divergence was 0.14◦. The response time was as low as 3.8 µs. The larger scale MEMS-OPA,
having 160 × 160 independent phase shifters within an aperture of 3.1 mm × 3.2 mm, was
fabricated by Wang et al. The beam steering angle can be extended to 6.4◦ × 4.4◦, and
the beam divergence can be compressed to 0.042◦ × 0.031◦ [31]. The MEMS-OPA has a
greatly reduced mass compared to the traditional MEMS rotating mirror and can achieve
a modulation bandwidth over 500 kHz at low driving voltage. The FOV of the MEMS-
OPA can be extended with large-scale integration, but the fabrication difficulty is also
increased. The FOV can also be extended by a lens-assisted system, where the total FOV
is 9.14◦ × 9.14◦. Meanwhile, the beam divergence can also be reduced by about 4.4 times
compared to the one without a lens [32]. However, the large interval d of the MEMS array
fundamentally limits the beam steering range/FOV.

3.2. LC-OPA

With the development of the liquid crystal materials and control technology, LC-OPA
emerged rapidly after the first liquid crystal material-based OPA was demonstrated by
McManamon et al. [33]. The feasibility of the liquid crystal application in the all-solid-state
LiDAR was preliminarily verified.

The basic principle of LC-OPA is shown in Figure 5. LC-OPA has the advantage of high
birefringence [34]. As shown in Figure 5a, the phase relation between array units remains
constant without applying voltage. With the applied voltage, as shown in Figure 5b, one
can introduce local changes in the refractive index by changing the orientation of the liquid
crystal [35]. Therefore, the phase difference between the array units can be adjusted and
beam steering be achieved accordingly.
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The LC-OPA has many advantages such as low drive voltage, compact size, high
precision, and non-inertia. However, the angular resolution is difficult to achieve due to the
limitation of the pixel pitch, and the fringe-field effect arising in the neighboring pixels [34].
Furthermore, the scanning speed is limited due to the time needed for the molecular
reorientation [36]. Hence, researchers have mainly focused on how to increase the response
speed and reduce the beam divergence and steering precision. In 2009, Engström et al.
introduced a ferroelectric liquid crystal material-based spatial light modulator to increase
the response speed. The rise/fall times were less than 200 µs, and the beam steering range
was ±9◦ [37]. In 2013, Wang et al. proposed a liquid crystal vernier OPA integrating a
LC wedge and a LC grating electronically and realized a fine steering precision without
affecting the steering range [38]. The experimental results showed that the precision was
better than 2 µrad. In 2019, to realize high angular resolution and low beam divergence
in the LC-OPA, Qin et al. [34] introduced two nonparallel blazed gratings with a special
included angle, achieving multiple diffractions for the incident light, to compress the
steered angle of the incident light. The angular resolution of beam steering (~10 µrad) was
improved six times compared to that without the use of the double-grating configuration
experimentally. However, problems remain in achieving a wide angle, high efficiency, and
continuous beam steering by LC devices [35]. For example, the beam steering angle is also
limited by the large interval of the LC array. The LC-OPA has great potential to be applied
to modern holography, head-worn displays, and so on [35,36,39], but the scanning angle
and speed should be further improved to meet the requirements in driverless cars and
other artificial intelligence fields.

3.3. Meta-OPA

Metasurfaces, featuring ultrathin and flat form factor as well as high design flexi-
bility [40,41], can manipulate the amplitude, phase, and polarization state of light with
extreme freedom [42]. There are two ways to achieve beam steering with metasurfaces.
The first one is by applying an external electric field to control the material properties of
the metasurfaces and manipulate the wavefront [42–46] (named as normal meta-OPA), as
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shown in Figure 6a. In 2021, Ai et al. [42] designed a metasurface structure consisting of
graphene ribbons, a dielectric spacer, and metal substrate. The researchers obtained single-,
double-, and triple-beam steering by designing the graphene ribbons and controlling the
applied voltage on them. With only one phase gradient, a deflection angle of 41.98◦ was
obtained with TM polarized incident light at a frequency of 12.32 THz.

Micromachines 2022, 13, x FOR PEER REVIEW 7 of 15 
 

 

metasurfaces and manipulate the wavefront [42–46] (named as normal meta-OPA), as 
shown in Figure 6a. In 2021, Ai et al. [42] designed a metasurface structure consisting of 
graphene ribbons, a dielectric spacer, and metal substrate. The researchers obtained sin-
gle-, double-, and triple-beam steering by designing the graphene ribbons and controlling 
the applied voltage on them. With only one phase gradient, a deflection angle of 41.98° 
was obtained with TM polarized incident light at a frequency of 12.32 THz.  

Another method is to enlarge the FOV of PIC-OPA assisted by metasurfaces (named 
meta-assisted PIC-OPA). As shown in Figure 6b, the metasurface performs like an ultra-
thin lens, which can enlarge the beam steering angle θ by M times [47–49]. Lee et al. pro-
posed and demonstrated a bidirectional grating antenna PIC-OPA integrated with a min-
iaturized all-dielectric metasurface doublet formed on a glass substrate atop the antenna 
array. The steering efficiency was confirmed to be boosted by a factor of ~3.1. The steering 
angle was up to 30° with the wavelength from 1530 to 1595 nm [49]. However, for normal 
meta-OPA, the phase modulation is often generally accompanied by intensity modulation 
[42,44], which affects the side mode suppression ratio. In terms of the meta-assisted PIC-
OPA, the beam divergence increased simultaneously with the improvement in the FOV. 

  
Figure 6. The schematic diagram of the meta-OPA: (a) normal meta-OPA; (b) meta-assisted PIC-
OPA. 

3.4. PIC-OPA 
PIC has the great potential to integrate the key components of OPA such as the laser, 

beam splitters, phase modulator arrays, antennas, and photodetectors on a single chip 
[50–52]. The phase modulators can utilize the thermo-optic [53,54] or electro-optic effect 
[55] to tilt the far-field wavefront, which can obtain the steered beam.  

In 1972, Dr. Meyer realized a one-dimensional OPA using lithium tantalate (LiTaO3) 
crystal for the first time, which verified the concept of OPA and provided a new technical 
approach to obtain beam steering [56]. The PIC-OPA has been demonstrated in different 
material platforms such as III–V, silicon nitride (SiN), and silicon.  

The III–V material is one of the significant platforms. A one-dimensional PIC-OPA in 
the InP platform has been proposed and demonstrated [57,58]. In 2021, Komatsu et al. 
proposed a 100 channel OPA and p-i-n phase modulators were fabricated to control the 
optical phase [57]. The operating wavelength of the InGaAs/InP OPA can also be extended 
to the mid-infrared wavelength band, of which the atmospheric window band (3–5 um) 
can meet the applications in long-range LiDAR [17]. Most importantly, the III–V platform 
has the capability of realizing monolithic integration [59]. Passive and active devices such 
as a high-power laser source, amplifier, and high speed modulator can be integrated mon-
olithically. 

With careful design and fabrication, the SiN waveguide loss can be ultra-low [60]. 
SiN also suffers from less nonlinear losses with respect to Si [61], which allows waveguide 

Figure 6. The schematic diagram of the meta-OPA: (a) normal meta-OPA; (b) meta-assisted PIC-OPA.

Another method is to enlarge the FOV of PIC-OPA assisted by metasurfaces (named
meta-assisted PIC-OPA). As shown in Figure 6b, the metasurface performs like an ultra-thin
lens, which can enlarge the beam steering angle θ by M times [47–49]. Lee et al. proposed
and demonstrated a bidirectional grating antenna PIC-OPA integrated with a miniaturized
all-dielectric metasurface doublet formed on a glass substrate atop the antenna array. The
steering efficiency was confirmed to be boosted by a factor of ~3.1. The steering angle was
up to 30◦ with the wavelength from 1530 to 1595 nm [49]. However, for normal meta-OPA,
the phase modulation is often generally accompanied by intensity modulation [42,44],
which affects the side mode suppression ratio. In terms of the meta-assisted PIC-OPA, the
beam divergence increased simultaneously with the improvement in the FOV.

3.4. PIC-OPA

PIC has the great potential to integrate the key components of OPA such as the
laser, beam splitters, phase modulator arrays, antennas, and photodetectors on a single
chip [50–52]. The phase modulators can utilize the thermo-optic [53,54] or electro-optic
effect [55] to tilt the far-field wavefront, which can obtain the steered beam.

In 1972, Dr. Meyer realized a one-dimensional OPA using lithium tantalate (LiTaO3)
crystal for the first time, which verified the concept of OPA and provided a new technical
approach to obtain beam steering [56]. The PIC-OPA has been demonstrated in different
material platforms such as III–V, silicon nitride (SiN), and silicon.

The III–V material is one of the significant platforms. A one-dimensional PIC-OPA
in the InP platform has been proposed and demonstrated [57,58]. In 2021, Komatsu et al.
proposed a 100 channel OPA and p-i-n phase modulators were fabricated to control the
optical phase [57]. The operating wavelength of the InGaAs/InP OPA can also be extended
to the mid-infrared wavelength band, of which the atmospheric window band (3–5 um)
can meet the applications in long-range LiDAR [17]. Most importantly, the III–V platform
has the capability of realizing monolithic integration [59]. Passive and active devices
such as a high-power laser source, amplifier, and high speed modulator can be integrated
monolithically.

With careful design and fabrication, the SiN waveguide loss can be ultra-low [60].
SiN also suffers from less nonlinear losses with respect to Si [61], which allows waveguide
to operate at high laser power. Since the optical transparency window can be down to a
wavelength of 500 nm, silicon nitride has become an attractive platform for the PIC-OPA in
the visible band [62,63]. Poulton et al. proposed a large-aperture visible PIC-OPA at 635 nm
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with a spot size of 0.064◦ × 0.074◦, of which the far-field beam is static [64]. A 2D PIC-OPA
in the near-infrared band was proposed by Tyler et al., where the π phase-shift power
consumption was measured to be 87.6 mW [63]. The power consumption was relatively
large due to the low thermo-optical coefficient, the magnitude of which was 10−5/K.

With the rapid development of CMOS technology in the past decades, silicon-based
optoelectronic integration has the advantages of monolithically large-scale integration,
low power consumption, and low cost. It is considered as one of the most promising
technologies [65,66]. The various structures and functions of silicon photonic devices have
been proposed theoretically and experimentally [67,68]. Therefore, an OPA-based on silicon
photonic integration technology provides a new solution for LiDAR. Many schemes have
been proposed in the aspects of enlarging the beam steering range, improving the spatial
resolution, and reducing the power consumption.

In order to obtain 2D beam steering with a silicon-based PIC-OPA, one way is to use a
2D antenna array arrangement. Researchers from MIT studied OPA with 2D nanoantenna
structures on silicon, as shown in Figure 7. Nano-antennas of 4096 were integrated in one
chip and successfully applied to image the MIT logo in 2013 [69]. To compress the side lobe,
they utilized the intensity apodization in the antenna, and a 24◦ beam steering range with
a beam divergence of 1.6◦ was achieved [70]. The beam steering angle was also limited
by the large interval of the antenna array. The sparse arrangement OPA can compress the
grating lobes and achieve the grating-lobe-free field-of-view (FOV)-to-beam width ratio of
16◦/0.8◦ [71]. For the large scale antenna of the OPA in planar, the scalability suffers from
waveguide routing and power consumption. Ashtiani et al. proposed a method that used
cross waveguides to route the input light to each grating antenna, and reduced the number
of phase shifters from N2 to 2N [72].
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Reproduced with permission from [69].

Due to the limitation of the beam steering range and complexity of the two-dimensional
antenna array OPA, researchers have proposed another 2D OPA scheme by combining
the wavelength tuning and phase tuning. The beam steering angle ϕ, which varies with
wavelength, is determined by the following equation:

sin ϕ =
Λne f f − λ

nbΛ
(9)

where Λ is the grating period; neff is the effective index of the guiding mode; nb is the
background index; λ is the wavelength.

In the steering dimension of phase modulation, the sparse aperiodic antenna is used
to suppress the grating lobes, but at the cost of the main lobe power [71]. Theoretically,
the narrower the antenna spacing, the larger the field of view without grating lobes can be
obtained. When the antennas are spaced at half of the operating wavelength, there is only
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one main lobe at ±90◦ FOV. However, when the spacing decreases, the crosstalk between
the waveguides/antennas increases dramatically. The key to achieving large beam steering
range in the phase tuning dimension is to reduce the crosstalk. One possible solution
is to introduce the effective refractive index mismatch between the adjacent waveguides
of the waveguide array. In 2015, Song et al. proposed a waveguide superlattice and
conducted a detailed theoretical analysis in a silicon platform [73], as shown in Figure 8a.
The waveguides with different widths were interleaved so that there would be an effective
refractive index mismatch between the neighboring waveguides. The waveguides with
the same widths were separated far from each other and the coupling strength was low.
Hence, such waveguide superlattices could enable high-density waveguide integration at a
half-wavelength pitch with low crosstalk. By using the waveguide superlattice, the antenna
array with a half-wavelength pitch was demonstrated in PIC-OPA [74,75]. The beam
steering range of ±80◦ was measured experimentally [74]. In addition, a curved waveguide
can also be used to introduce an effective refractive index mismatch and achieve a dense
waveguide array [76,77], as shown in Figure 8b. A large beam steering range achieved
by introducing an effective refractive index mismatch has been verified in 1D-OPA with
only phase tuning, but it is difficult to integrate the wavelength tuning. Due to the phase
mismatch, it is necessary to solve the problems of the difference in beam steering angle
and the difference in wavelength tuning efficiency caused by the effective refractive index
mismatch of different waveguides.

Micromachines 2022, 13, x FOR PEER REVIEW 9 of 15 
 

 

In the steering dimension of phase modulation, the sparse aperiodic antenna is used 
to suppress the grating lobes, but at the cost of the main lobe power [71]. Theoretically, 
the narrower the antenna spacing, the larger the field of view without grating lobes can 
be obtained. When the antennas are spaced at half of the operating wavelength, there is 
only one main lobe at ±90° FOV. However, when the spacing decreases, the crosstalk be-
tween the waveguides/antennas increases dramatically. The key to achieving large beam 
steering range in the phase tuning dimension is to reduce the crosstalk. One possible so-
lution is to introduce the effective refractive index mismatch between the adjacent wave-
guides of the waveguide array. In 2015, Song et al. proposed a waveguide superlattice and 
conducted a detailed theoretical analysis in a silicon platform [73], as shown in Figure 8a. 
The waveguides with different widths were interleaved so that there would be an effective 
refractive index mismatch between the neighboring waveguides. The waveguides with 
the same widths were separated far from each other and the coupling strength was low. 
Hence, such waveguide superlattices could enable high-density waveguide integration at 
a half-wavelength pitch with low crosstalk. By using the waveguide superlattice, the an-
tenna array with a half-wavelength pitch was demonstrated in PIC-OPA [74,75]. The beam 
steering range of ±80° was measured experimentally [74]. In addition, a curved waveguide 
can also be used to introduce an effective refractive index mismatch and achieve a dense 
waveguide array [76,77], as shown in Figure 8b. A large beam steering range achieved by 
introducing an effective refractive index mismatch has been verified in 1D-OPA with only 
phase tuning, but it is difficult to integrate the wavelength tuning. Due to the phase mis-
match, it is necessary to solve the problems of the difference in beam steering angle and 
the difference in wavelength tuning efficiency caused by the effective refractive index mis-
match of different waveguides. 

 
Figure 8. (a) The schematic of a waveguide superlattice array from [73]; (b) a microscopy image of 
the curved waveguide array [76]. Reproduced with permission from [73]. 

In the other steering dimension, beam steering can be achieved by tuning the operat-
ing wavelength according to Equation (9). However, the beam steering range is usually ∼14°, which is limited by the wavelength tuning range of the light source (~100 nm) and 
the bandwidth of the power splitters [78–80]. To solve this problem, researchers have pro-
posed multi-line OPA. In 2020, Zhang et al. integrated four/eight OPAs with different out-
put grating emitter arrays in a single chip to increase the wavelength tuning efficiency 
[81]. The eight-line OPA was 19.04° with wavelengths ranging from 1520 nm to 1540 nm.  

The combination of wavelength division multiplexing and polarization/mode multi-
plexing technology can effectively improve the optical communication capacity [82,83]. 
Thus, multi-dimensional multiplexing technology is also promising to increase the steer-
ing angle. Generally, due to the significant birefringence, the silicon-on-insulator (SOI) 
based waveguide is usually polarization dependent. According to Equation (2), a beam 
with different polarization states, introducing different effective refractive index, will be 
steered to different angles. The polarization multiplexing OPA is proposed in detail, and 
the key components are optimized carefully [84]. The total steering angle was up to 28.2° 
with the wavelength scanning range from 1500 nm to 1600 nm. Compared to the tradi-
tional single-polarization OPA, the wavelength tuning efficiency was improved twice to 

Figure 8. (a) The schematic of a waveguide superlattice array from [73]; (b) a microscopy image of
the curved waveguide array [76]. Reproduced with permission from [73].

In the other steering dimension, beam steering can be achieved by tuning the operating
wavelength according to Equation (9). However, the beam steering range is usually ∼14◦,
which is limited by the wavelength tuning range of the light source (~100 nm) and the
bandwidth of the power splitters [78–80]. To solve this problem, researchers have proposed
multi-line OPA. In 2020, Zhang et al. integrated four/eight OPAs with different output
grating emitter arrays in a single chip to increase the wavelength tuning efficiency [81]. The
eight-line OPA was 19.04◦ with wavelengths ranging from 1520 nm to 1540 nm.

The combination of wavelength division multiplexing and polarization/mode mul-
tiplexing technology can effectively improve the optical communication capacity [82,83].
Thus, multi-dimensional multiplexing technology is also promising to increase the steering
angle. Generally, due to the significant birefringence, the silicon-on-insulator (SOI) based
waveguide is usually polarization dependent. According to Equation (2), a beam with
different polarization states, introducing different effective refractive index, will be steered
to different angles. The polarization multiplexing OPA is proposed in detail, and the key
components are optimized carefully [84]. The total steering angle was up to 28.2◦ with
the wavelength scanning range from 1500 nm to 1600 nm. Compared to the traditional
single-polarization OPA, the wavelength tuning efficiency was improved twice to 0.28◦/nm.
Our group also proposed a dual polarization and bi-directional OPA, as shown in Figure 9,
to further increase the FOV in the wavelength dimension. The wavelength tuning efficiency
was further doubled to 0.55 ◦/nm, with only one waveguide grating antenna array [85].
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Aside from the beam steering angle, beam divergence is also another important
performance of the OPA. Higher spatial resolution could be achieved by compressing the
beam divergence, which requires a larger aperture.

The aperture in the phase tuning dimension can be improved by increasing the number
of antennas or the pitch of antennas. Poulton et al. demonstrated an OPA with a phase
element of 8192 and antenna apertures of 8 mm × 5 mm. Combined with wavelength
tuning, 2D beam steering with a beam divergence of 0.01◦ × 0.039◦ was obtained [86].
Hutchison et al. designed and fabricated a 128-channel OPA with an appropriate sparse
non-uniform antenna spacing to suppress the grating lobes and demonstrated a small beam
divergence of 0.142◦ in the phase tuning dimension [87].

The beam divergence of the wavelength tuning dimension mainly depends on the ef-
fective aperture. The light intensity in the antenna decays exponentially when it propagates
along the waveguide grating. Weaker grating strength guarantees a larger effective aperture
and higher resolution [88,89]. To improve the effective aperture in the wavelength tuning
dimension, grating perturbation should be weakened. One possible solution is to reduce
the corrugation of the grating structures. As shown in Figure 10a, Miller et al. fabricated
the sidewall gratings with an ultra-small feature size of 10 nm, which achieved a 1 mm
propagation length. The beam divergence is as narrow as 0.15◦ in the state-of-the-art [90].
Utilizing SiN grating perturbation instead of an air one, as shown in Figure 10b, can also
shrink the refractive index difference. The uniform emission intensity across the long emis-
sion length (>1 mm) can be obtained by varying the grating width and duty cycle [91]. In
2020, our group proposed the extremely weak diffraction intensity by harnessing the bound
state in the continuum (BIC) in the all-silicon dielectric platform, as shown in Figure 10c.
Based on the experimental results, it could be indicated that an ultralong propagation
length >1 cm and a narrow far-field divergence ~0.027◦ can be achieved [92].
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4. Discussion

Compared with the conventional beam steering by mechanical assembly, MEMS have
a great impact on micromanufacturing and microsystems, and provides an alternative
scheme for LiDAR to reduce the energy consumption/cost and increase the scanning
speed. However, there is a trade-off between the optical aperture and scanning speed for
the resonant MEMS mirror. The MEMS-OPA, which realizes beam steering by combining
phased array technology with the MEMS mirror, can solve the trade-off problem and reduce
the inertia. Changing the orientation of the liquid crystal or manipulating the wavefront by
the metasurface is another way to realize beam steering. However, the large interval of the
MEMS/LC array fundamentally limits the beam steering range/FOV and modulation rate.
Furthermore, the MEMS-OPA, LC-OPA, and meta-OPA, which find it difficult to integrate
the laser source, are commonly used in spatial light modulators. Therefore, it is urgent
to develop all-solid-state and fully integrated chips for beam steering. The PIC-OPA has
emerged with the development and trend.

The OPA performance with the representative technical solutions is shown in Table 1.
Theoretically, the beam steering range and beam divergence/FWHM of OPA affect the
FOV and spatial resolution of the LiDAR system, respectively. The improvement in the
beam steering range enables the LiDAR to have a larger FOV, and the reduction in the
beam divergence/FWHM enables the target details to be better distinguished. In terms
of the beam steering range, the PIC-OPA has gradually expanded its advantages over
MEMS-OPA, LC-OPA, and meta-OPA with a special arrangement of antenna arrays such
as waveguide superlattice, grating-lobe compression technology, or multi-dimensional
multiplexing technology. Resolution can also be improved with the increasing aperture size
of antennas, which will put forward new demands on large/very large-scale integration.
Generally, there are three key problems. First, the footprint of large-scale on-chip LiDAR is
mainly limited by the overall size of the electrode arrangement and the voltage control unit.
The greater the number of phased array units, the more difficult the electrode arrangement
and the voltage control. Multilayer electrode distribution is promising in solving this
problem. Second, the power consumption is also a key problem that needs to be solved
within large-scale integration, which boosts the research into high-efficiency phase shifters.
Third, due to the on-chip waveguide loss and the nonlinear effect of material, the PIC-OPA
is difficult to apply in long-haul scanning and detection. Fortunately, novel platforms such
as SiN/Si or LiNbO3/Si multi-layer materials are potential alternatives.

In summary, MEMS-OPA, LC-OPA, meta-OPA, and PIC-OPA have significant advan-
tages such as their compact size, high precision, non-inertia, and so on. CMOS-compatible
PIC-OPA is one of the most promising solutions for all-solid-state and miniaturized LiDAR.
The significant components of the OPA such as the laser, beam splitters, phase modulator
arrays, antennas, and photodetectors can be integrated on a single chip. Since there are
many problems in the commercial application of PIC-OPA, the realization of all-solid-state
and miniaturized LiDAR with high performance parameters such as a large beam steering
angle and high spatial resolution deserve further research. The progress of silicon mono-
lithic integration and advanced laser/detector technology will promote the development
of OPA LiDAR. It can be predicted that mature LiDAR will have commercial application in
the field of artificial intelligence and communication.
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Table 1. The performance comparison of the recently demonstrated OPA.

Type Ref (Year) The Number of
Antenna

Scanning
Range (◦) Resolution (◦)

MEMS-OPA
[93] (2014) 32 × 32 ±2 0.14
[31] (2019) 160 × 160 6.6 × 4.4 0.042 × 0.031

LC-OPA
[94] (2017) / 40 /
[95] (2016) / / 2

Meta-OPA
[42] (2021) / 41.98 /
[44] (2021) / 7.68 2
[49] (2021) 32 30 1.8 × 0.7

PIC-OPA

2D antenna-OPA 1 [70] (2014) 8 × 8 24 × 24 1.6 × 1.6
[71] (2019) 128 16 × 16 0.8 × 0.8

1d antenna-OPA 2

[57] (2021) 1 × 100 8.88 × / 0.11 × /
[87] (2016) 1 × 128 80 ×17 0.14 × 0.14
[74] (2018) 1 × 64 160 × / 2.9 × /
[1] (2019) 1 × 512 56 × 15 0.04 × /

[96] (2021) 1 × 128 140 × 19.23 0.021 × 0.1
[85] (2022) 1 × 16 77.8 × 54.5 3.6 × 2

1 2D antenna-OPA—only with phase tuning; 2 1D antenna-OPA—with phase tuning plus X tuning (X represents
wavelength or polarization).

Author Contributions: S.Z.: Original draft preparation and writing; J.C. and Y.S.: Writing-review,
modification and editing, project administration, funding acquisition. All authors have read and
agreed to the published version of the manuscript.

Funding: The National Natural Science Foundation of China 62105286 and 61922070.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Poulton, C.V.; Byrd, M.J.; Russo, P.; Timurdogan, E.; Khandaker, M.; Vermeulen, D.; Watts, M.R. Long-Range LiDAR and

Free-Space Data Communication With High-Performance Optical Phased Arrays. IEEE J. Sel. Top. Quantum Electron. 2019, 25,
7700108. [CrossRef]

2. Niclass, C.; Ito, K.; Soga, M.; Matsubara, H.; Aoyagi, I.; Kato, S.; Kagami, M. Design and characterization of a 256 × 64-pixel
single-photon imager in CMOS for a MEMS-based laser scanning time-of-flight sensor. Opt. Express 2012, 20, 11863–11881.
[CrossRef]

3. McCarthy, A.; Ren, X.; Della Frera, A.; Gemmell, N.R.; Krichel, N.J.; Scarcella, C.; Ruggeri, A.; Tosi, A.; Buller, G.S. Kilometer-range
depth imaging at 1550 nm wavelength using an InGaAs/InP single-photon avalanche diode detector. Opt. Express 2013, 21,
22098–22113. [CrossRef] [PubMed]

4. Fernandez-Diaz, J.; Carter, W.; Shrestha, R.; Glennie, C. Now You See It . . . Now You Don’t: Understanding Airborne Mapping
LiDAR Collection and Data Product Generation for Archaeological Research in Mesoamerica. Remote Sens. 2014, 6, 9951–10001.
[CrossRef]

5. Häne, C.; Heng, L.; Lee, G.H.; Fraundorfer, F.; Furgale, P.; Sattler, T.; Pollefeys, M. 3D visual perception for self-driving cars using
a multi-camera system: Calibration, mapping, localization, and obstacle detection. Image Vis. Comput. 2017, 68, 14–27. [CrossRef]

6. Zhuang, D.; Zhagn, L.; Han, X.; Li, Y.; Li, Y.; Liu, X.; Gao, F.; Song, J. Omnidirectional beam steering using aperiodic optical
phased array with high error margin. Opt. Express 2018, 26, 19154–19170. [CrossRef] [PubMed]

7. Guan, B.; Scott, R.P.; Qin, C.; Fontaine, N.K.; Su, T.; Ferrari, C.; Cappuzzo, M.; Klemens, F.; Keller, B.; Earnshaw, M.; et al.
Free-space coherent optical communication with orbital angular, momentum multiplexing/demultiplexing using a hybrid 3D
photonic integrated circuit. Opt. Express 2014, 22, 145–156. [CrossRef]

8. Wang, D.; Watkins, C.; Xie, H. MEMS Mirrors for LiDAR: A review. Micromachines 2020, 11, 456. [CrossRef]
9. Liu, J.; Sun, Q.; Fan, Z.; Jia, Y. TOF Lidar Development in Autonomous Vehicle. In Proceedings of the 2018 IEEE 3rd Optoelectronics

Global Conference (OGC), Piscataway, NJ, USA, 4–7 September 2018; Volume 5.
10. Kim, T.; Ngai, T.; Timalsina, Y.; Watts, M.R.; Stojanovic, V.; Bhargava, P.; Poulton, C.V.; Notaros, J.; Yaacobi, A.;

Timurdogan, E.; et al. A Single-Chip Optical Phased Array in a Wafer-Scale Silicon Photonics/CMOS 3D-Integration Platform.
IEEE J. Sel. Top. Quantum Electron. 2019, 54, 3061–3074. [CrossRef]

11. Vaughan, O. RoboBee breaks free. Nat. Electron. 2019, 2, 265. [CrossRef]
12. Goodman, J.W. Introduction to Fourier Optics, 2nd ed.; McGraw-Hill, Inc.: New York, NY, USA, 1996; pp. 74–75.

http://doi.org/10.1109/JSTQE.2019.2908555
http://doi.org/10.1364/OE.20.011863
http://doi.org/10.1364/OE.21.022098
http://www.ncbi.nlm.nih.gov/pubmed/24104102
http://doi.org/10.3390/rs6109951
http://doi.org/10.1016/j.imavis.2017.07.003
http://doi.org/10.1364/OE.26.019154
http://www.ncbi.nlm.nih.gov/pubmed/30114176
http://doi.org/10.1364/OE.22.000145
http://doi.org/10.3390/mi11050456
http://doi.org/10.1109/JSSC.2019.2934601
http://doi.org/10.1038/s41928-019-0280-8


Micromachines 2022, 13, 894 13 of 15

13. Acoleyen, K.V. Nanophotonic Beam Steering Elements Using Silicon Technology for Wireless Optical Applications. Ph.D. Thesis,
Ghent University, Ghent, Belgium, 2012.

14. Van Acoleyen, K.; Bogaerts, W.; Jágerská, J.; Le Thomas, N.; Houdré, R.; Baets, R. Off-chip beam steering with a one-dimensional
optical phased array on silicon-on-insulator. Opt. Lett. 2009, 34, 1477–1479. [CrossRef] [PubMed]

15. Van Acoleyen, K.; Rogier, H.; Baets, R. Two-dimensional optical phased array antenna on silicon-on-insulator. Opt. Express 2010,
18, 13655–13660. [CrossRef] [PubMed]

16. Chung, S.; Abediasl, H.; Hashemi, H. A Monolithically Integrated Large-Scale Optical Phased Array in Silicon-on-Insulator
CMOS. IEEE J. Solid-State Circuit 2018, 53, 275–296. [CrossRef]

17. Midkiff, J.; Yoo, K.M.; Shin, J.-D.; Dalir, H.; Teimourpour, M.; Chen, R.T. Optical phased array beam steering in the mid-infrared
on an InP-based platform. Optica 2020, 7, 1544–1547. [CrossRef]

18. Roriz, R.; Cabral, J.; Gomes, T. Automotive LiDAR Technology: A Survey. IEEE Trans. Intell. Transp. Syst. 2021, 1–16. [CrossRef]
19. Lambert, J.; Carballo, A.; Cano, A.M.; Narksri, P.; Wong, D.; Takeuchi, E.; Takeda, K. Performance Analysis of 10 Models of 3D

LiDARs for Automated Driving. IEEE Access 2020, 8, 131699–131722. [CrossRef]
20. Bogatscher, S.; Streck, A.; Fox, M.; Meinzer, S.; Heussner, N.; Stork, W. Large aperture at low cost three-dimensional time-of-flight

range sensor using scanning micromirrors and synchronous detector switching. Appl. Opt. 2014, 53, 1570–1582. [CrossRef]
21. Walker, J.A. Future of MEMS in telecommunications networks. J. Micromech. Microeng. 2000, 10, R1. [CrossRef]
22. Lee, C.; Kim, J.Y.; Kim, C. Recent Progress on Photoacoustic Imaging Enhanced with Microelectromechanical Systems (MEMS)

Technologies. Micromachines 2018, 9, 584. [CrossRef]
23. Errando-Herranz, C.; Takabayashi, A.Y.; Edinger, P.; Sattari, H.; Gylfason, K.B.; Quack, N. MEMS for Photonic Integrated Circuits.

IEEE J. Sel. Top. Quantum Electron. 2020, 26, 8200916. [CrossRef]
24. Yingshun, X.; Singh, J.; Selvaratnam, T.; Nanguang, C. Two-Axis Gimbal-Less Electrothermal Micromirror for Large-Angle

Circumferential Scanning. IEEE J. Sel. Top. Quantum Electron. 2009, 15, 1432–1438. [CrossRef]
25. Hofmann, U.; Janes, J.; Quenzer, H.-J. High-Q MEMS Resonators for Laser Beam Scanning Displays. Micromachines 2012, 3,

509–528. [CrossRef]
26. Urey, H. MEMS scanners for display and imaging applications. In Proceedings of the Optomechatronic Micro/Nano Components,

Devices, and Systems, Philadelphia, PA, USA, 25 October 2004.
27. Zhu, Y.; Liu, W.; Jia, K.; Liao, W.; Xie, H. A piezoelectric unimorph actuator based tip-tilt-piston micromirror with high fill factor

and small tilt and lateral shift. Sens. Actuator A Phys. 2011, 167, 495–501. [CrossRef]
28. Holmstrom, S.T.S.; Baran, U.; Urey, H. MEMS Laser Scanners: A Review. J. Microelectromech. Syst. 2014, 23, 259–275. [CrossRef]
29. Jung, I.W.; Krishnamoorthy, U.; Solgaard, O. High Fill-Factor Two-Axis Gimbaled Tip-Tilt-Piston Micromirror Array Actuated by

Self-Aligned Vertical Electrostatic Combdrives. J. Microelectromech. Syst. 2006, 15, 563–571. [CrossRef]
30. Megens, M.; Yoo, B.W.; Chan, T.; Yang, W.; Horsley, D.A. High-contrast grating mems optical phase-shifters for two-dimensional

free-space beam steering. Proc. SPIE Int. Soc. Opt. Eng. 2014, 8995, 2978–2982.
31. Wang, Y.; Zhou, G.; Zhang, X.; Kwon, K.; Blanche, P.-A.; Triesault, N.; Yu, K.-S.; Wu, M.C. 2D broadband beamsteering with

large-scale MEMS optical phased array. Optica 2019, 6, 557–562. [CrossRef]
32. Yang, W.; Sun, T.; Rao, Y.; Megens, M.; Chan, T.; Yoo, B.W.; Horsley, D.A.; Wu, M.C.; Chang-Hasnain, C.J. High speed optical

phased array using high contrast grating all-pass filters. Opt. Express 2014, 22, 20038–20044. [CrossRef]
33. Mcmanamon, P.F.; Dorschner, T.A. Optical phased array technology. Proc. IEEE 1996, 84, 268–298. [CrossRef]
34. Qin, S.; Liu, C.; Wang, J.; Chen, K.; Xu, J.; Fu, S.; Liu, D.; Ran, Y. Liquid crystal-optical phased arrays (LC-OPA)-based optical

beam steering with microradian resolution enabled by double gratings. Appl. Opt. 2019, 58, 4091–4098. [CrossRef]
35. Morris, R.; Jones, J.C.; Nagaraj, M. Liquid Crystal Devices for Beam Steering Applications. Micromachines 2021, 12, 247. [CrossRef]

[PubMed]
36. Hosseini, A.; Kwong, D.; Yang, Z.; Yun-Sheng, C.; Crnogorac, F.; Pease, R.F.W.; Chen, R.T. Unequally Spaced Waveguide Arrays

for Silicon Nanomembrane-Based Efficient Large Angle Optical Beam Steering. IEEE J. Sel. Top. Quantum Electron. 2009, 15,
1439–1446. [CrossRef]

37. Engström, D.; O’Callaghan, M.J.; Walker, C.; Handschy, M.A. Fast beam steering with a ferroelectric-liquid-crystal optical phased
array. Appl. Opt. 2009, 48, 5. [CrossRef] [PubMed]

38. Wang, X.; Tan, Q.; Huang, Z.; Tang, Z. Liquid crystal optical phased array device with a fine steering precision of a few
micro-radians. Opt. Commun. 2014, 313, 360–364. [CrossRef]

39. Chang, C.; Bang, K.; Wetzstein, G.; Lee, B.; Gao, L. Toward the next-generation VR/AR optics: A review of holographic near-eye
displays from a human-centric perspective. Optica 2020, 7, 1563–1578. [CrossRef]

40. Khorasaninejad, M.; Chen, W.T.; Devlin, R.C.; Oh, J.; Zhu, A.Y.; Capasso, F. Metalenses at visible wavelengths: Diffraction-limited
focusing and subwavelength resolution imaging. Science 2016, 352, 1190–1194. [CrossRef]

41. Jin, L.; Huang, Y.W.; Jin, Z.; Devlin, R.C.; Dong, Z.; Mei, S.; Jiang, M.; Chen, W.T.; Wei, Z.; Liu, H.; et al. Dielectric multi-momentum
meta-transformer in the visible. Nat. Commun. 2019, 10, 4789. [CrossRef]

42. Ai, H.; Kang, Q.; Wang, W.; Guo, K.; Guo, Z. Multi-Beam Steering for 6G Communications Based on Graphene Metasurfaces.
Sensors 2021, 21, 4784. [CrossRef]

43. Wang, W.; Zhao, R.; Chang, S.; Li, J.; Shi, Y.; Liu, X.; Sun, J.; Kang, Q.; Guo, K.; Guo, Z. High-Efficiency Spin-Related Vortex
Metalenses. Nanomaterials 2021, 11, 1485. [CrossRef]

http://doi.org/10.1364/OL.34.001477
http://www.ncbi.nlm.nih.gov/pubmed/19412311
http://doi.org/10.1364/OE.18.013655
http://www.ncbi.nlm.nih.gov/pubmed/20588499
http://doi.org/10.1109/JSSC.2017.2757009
http://doi.org/10.1364/OPTICA.400441
http://doi.org/10.1109/TITS.2021.3086804
http://doi.org/10.1109/ACCESS.2020.3009680
http://doi.org/10.1364/AO.53.001570
http://doi.org/10.1088/0960-1317/10/3/201
http://doi.org/10.3390/mi9110584
http://doi.org/10.1109/JSTQE.2019.2943384
http://doi.org/10.1109/JSTQE.2009.2016436
http://doi.org/10.3390/mi3020509
http://doi.org/10.1016/j.sna.2011.03.018
http://doi.org/10.1109/JMEMS.2013.2295470
http://doi.org/10.1109/JMEMS.2006.876666
http://doi.org/10.1364/OPTICA.6.000557
http://doi.org/10.1364/OE.22.020038
http://doi.org/10.1109/5.482231
http://doi.org/10.1364/AO.58.004091
http://doi.org/10.3390/mi12030247
http://www.ncbi.nlm.nih.gov/pubmed/33671001
http://doi.org/10.1109/JSTQE.2009.2021956
http://doi.org/10.1364/AO.48.001721
http://www.ncbi.nlm.nih.gov/pubmed/19305470
http://doi.org/10.1016/j.optcom.2013.10.060
http://doi.org/10.1364/OPTICA.406004
http://doi.org/10.1126/science.aaf6644
http://doi.org/10.1038/s41467-019-12637-0
http://doi.org/10.3390/s21144784
http://doi.org/10.3390/nano11061485


Micromachines 2022, 13, 894 14 of 15

44. Park, J.; Jeong, B.G.; Kim, S.I.; Lee, D.; Kim, J.; Shin, C.; Lee, C.B.; Otsuka, T.; Kyoung, J.; Kim, S.; et al. All-solid-state spatial light
modulator with independent phase and amplitude control for three-dimensional LiDAR applications. Nat. Nanotechnol. 2021, 16,
69–76. [CrossRef]

45. Guo, K.; Li, X.; Ai, H.; Ding, X.; Wang, L.; Wang, W.; Guo, Z. Tunable oriented mid-infrared wave based on metasurface with
phase change material of GST. Results Phys. 2022, 34, 105269. [CrossRef]

46. Ding, X.; Kang, Q.; Guo, K.; Guo, Z. Tunable GST metasurfaces for chromatic aberration compensation in the mid-infrared. Opt.
Mater. 2020, 109, 110284. [CrossRef]

47. Arbabi, A.; Arbabi, E.; Kamali, S.M.; Horie, Y.; Han, S.; Faraon, A. Miniature optical planar camera based on a wide-angle
metasurface doublet corrected for monochromatic aberrations. Nat. Commun. 2016, 7, 13682. [CrossRef] [PubMed]

48. Zhou, C.; Lee, W.B.; Park, C.S.; Gao, S.; Choi, D.Y.; Lee, S.S. Multifunctional Beam Manipulation at Telecommunication
Wavelengths Enabled by an All-Dielectric Metasurface Doublet. Adv. Opt. Mater. 2020, 8, 2000645. [CrossRef]

49. Lee, W.-B.; Im, C.-S.; Zhou, C.; Bhandari, B.; Choi, D.-Y.; Lee, S.-S. Metasurface doublet-integrated bidirectional grating antenna
enabling enhanced wavelength-tuned beam steering. Photonics Res. 2021, 10, 248–255. [CrossRef]

50. Notaros, J.; Watts, M.R.; Li, N.; Poulton, C.V.; Su, Z.; Byrd, M.J.; Magden, E.S.; Timurdogan, E.; Baiocco, C.; Fahrenkopf, N.M.
CMOS-Compatible Optical Phased Array Powered by a Monolithically-Integrated Erbium Laser. J. Lightwave Technol. 2019, 37,
5982–5987. [CrossRef]

51. Doylend, J.K.; Heck, M.J.R.; Bovington, J.T.; Peters, J.D.; Davenport, M.L.; Coldren, L.A.; Bowers, J.E. Hybrid III/V silicon
photonic source with integrated 1D free-space beam steering. Opt. Lett. 2012, 37, 4257–4259. [CrossRef]

52. Hulme, J.C.; Doylend, J.K.; Heck, M.J.; Peters, J.D.; Davenport, M.L.; Bovington, J.T.; Coldren, L.A.; Bowers, J.E. Fully integrated
hybrid silicon two dimensional beam scanner. Opt. Express 2015, 23, 5861–5874. [CrossRef]

53. Liu, S.; Feng, J.; Tian, Y.; Zhao, H.; Jin, L.; Ouyang, B.; Zhu, J.; Guo, J. Thermo-optic phase shifters based on silicon-on-insulator
platform: State-of-the-art and a review. Front. Optoelectron. 2022, 15, 9. [CrossRef]

54. Im, C.-S.; Kim, S.-M.; Lee, K.-P.; Ju, S.-H.; Hong, J.-H.; Yoon, S.-W.; Kim, T.; Lee, E.-S.; Bhandari, B.; Zhou, C.; et al. Hybrid
Integrated Silicon Nitride–Polymer Optical Phased Array For Efficient Light Detection and Ranging. J. Lightwave Technol. 2021,
39, 4402–4409. [CrossRef]

55. Kim, S.H.; You, J.B.; Ha, Y.G.; Kang, G.; Lee, D.S.; Yoon, H.; Yoo, D.E.; Lee, D.W.; Yu, K.; Youn, C.H.; et al. Thermo-optic control of
the longitudinal radiation angle in a silicon-based optical phased array. Opt. Lett. 2019, 44, 411–414. [CrossRef] [PubMed]

56. Meyer, R.A. Optical beam steering using a multichannel lithium tantalate crystal. Appl. Opt. 1972, 11, 613–616. [CrossRef]
[PubMed]

57. Komatsu, K.; Kohno, Y.; Nakano, Y.; Tanemura, T. Large-Scale Monolithic InP-Based Optical Phased Array. IEEE Photonics Technol.
Lett. 2021, 33, 1123–1126. [CrossRef]

58. Guo, W.; Binetti, P.R.A.; Althouse, C.; Masanovic, M.L.; Ambrosius, H.P.M.M.; Johansson, L.A.; Coldren, L.A. Two-Dimensional
Optical Beam Steering with InP-Based Photonic Integrated Circuits. IEEE J. Sel. Top. Quantum Electron. 2013, 19, 6100212.
[CrossRef]

59. Xie, W.; Komljenovic, T.; Huang, J.; Tran, M.; Davenport, M.; Torres, A.; Pintus, P.; Bowers, J. Heterogeneous silicon photonics
sensing for autonomous cars. Opt. Express 2019, 27, 3642–3663. [CrossRef]

60. Liu, J.; Lucas, E.; Raja, A.S.; He, J.; Riemensberger, J.; Wang, R.N.; Karpov, M.; Guo, H.; Bouchand, R.; Kippenberg, T.J. Photonic
microwave generation in the X- and K-band using integrated soliton microcombs. Nat. Photonics 2020, 14, 486–491. [CrossRef]

61. Zhang, L.; Li, Y.; Hou, Y.; Wang, Y.; Tao, M.; Chen, B.; Na, Q.; Li, Y.; Zhi, Z.; Liu, X.; et al. Investigation and demonstration of a
high-power handling and large-range steering optical phased array chip. Opt. Express 2021, 29, 29755–29765. [CrossRef]

62. Wang, H.; Chen, Z.; Sun, C.; Deng, S.; Tang, X.; Zhang, L.; Jiang, R.; Shi, W.; Chen, Z.; Li, Z.; et al. Broadband silicon nitride
nanophotonic phased arrays for wide-angle beam steering. Opt. Lett. 2021, 46, 286–289. [CrossRef]

63. Tyler, N.A.; Fowler, D.; Malhouitre, S.; Garcia, S.; Grosse, P.; Rabaud, W.; Szelag, B. SiN integrated optical phased arrays for
two-dimensional beam steering at a single near-infrared wavelength. Opt. Express 2019, 27, 5851–5858. [CrossRef]

64. Poulton, C.V.; Byrd, M.J.; Raval, M.; Su, Z.; Li, N.; Timurdogan, E.; Coolbaugh, D.; Vermeulen, D.; Watts, M.R. Large-scale silicon
nitride nanophotonic phased arrays at infrared and visible wavelengths. Opt. Lett. 2017, 42, 21–24. [CrossRef]

65. Lipson, M. Guiding, modulating, and emitting light on Silicon-challenges and opportunities. J. Lightwave Technol. 2005, 23,
4222–4238. [CrossRef]

66. Soref, R. The Past, Present, and Future of Silicon Photonics. IEEE J. Sel. Top. Quantum Electron. 2006, 12, 1678–1687. [CrossRef]
67. Luo, L.W.; Ophir, N.; Chen, C.P.; Gabrielli, L.H.; Poitras, C.B.; Bergmen, K.; Lipson, M. WDM-compatible mode-division

multiplexing on a silicon chip. Nat. Commun. 2014, 5, 3069. [CrossRef] [PubMed]
68. Dai, D.; Bowers, J.E. Silicon-based on-chip multiplexing technologies and devices for Peta-bit optical interconnects. Nanophotonics

2014, 3, 283–311. [CrossRef]
69. Sun, J.; Timurdogan, E.; Yaacobi, A.; Hosseini, E.S.; Watts, M.R. Large-scale nanophotonic phased array. Nature 2013, 493, 195–199.

[CrossRef]
70. Sun, J.; Hosseini, E.; Yaacobi, A.; Cole, D.B.; Leake, G.; Coolbaugh, D.; Watts, M.R. Two-dimensional apodized silicon photonic

phased arrays. Opt. Lett. 2014, 39, 367–370. [CrossRef]
71. Fatemi, R.; Khachaturian, A.; Hajimiri, A. A Nonuniform Sparse 2-D Large-FOV Optical Phased Array with a Low-Power PWM

Drive. IEEE J. Solid-State Circuit 2019, 54, 1200–1215. [CrossRef]

http://doi.org/10.1038/s41565-020-00787-y
http://doi.org/10.1016/j.rinp.2022.105269
http://doi.org/10.1016/j.optmat.2020.110284
http://doi.org/10.1038/ncomms13682
http://www.ncbi.nlm.nih.gov/pubmed/27892454
http://doi.org/10.1002/adom.202000645
http://doi.org/10.1364/PRJ.433024
http://doi.org/10.1109/JLT.2019.2944607
http://doi.org/10.1364/OL.37.004257
http://doi.org/10.1364/OE.23.005861
http://doi.org/10.1007/s12200-022-00012-9
http://doi.org/10.1109/JLT.2021.3070386
http://doi.org/10.1364/OL.44.000411
http://www.ncbi.nlm.nih.gov/pubmed/30644913
http://doi.org/10.1364/AO.11.000613
http://www.ncbi.nlm.nih.gov/pubmed/20111555
http://doi.org/10.1109/LPT.2021.3107277
http://doi.org/10.1109/JSTQE.2013.2238218
http://doi.org/10.1364/OE.27.003642
http://doi.org/10.1038/s41566-020-0617-x
http://doi.org/10.1364/OE.434067
http://doi.org/10.1364/OL.411820
http://doi.org/10.1364/OE.27.005851
http://doi.org/10.1364/OL.42.000021
http://doi.org/10.1109/JLT.2005.858225
http://doi.org/10.1109/JSTQE.2006.883151
http://doi.org/10.1038/ncomms4069
http://www.ncbi.nlm.nih.gov/pubmed/24423882
http://doi.org/10.1515/nanoph-2013-0021
http://doi.org/10.1038/nature11727
http://doi.org/10.1364/OL.39.000367
http://doi.org/10.1109/JSSC.2019.2896767


Micromachines 2022, 13, 894 15 of 15

72. Ashtiani, F.; Aflatouni, F. N × N optical phased array with 2N phase shifters. Opt. Express 2019, 27, 27183–27190. [CrossRef]
73. Song, W.; Gatdula, R.; Abbaslou, S.; Lu, M.; Stein, A.; Lai, W.Y.; Provine, J.; Pease, R.F.; Christodoulides, D.N.; Jiang, W.

High-density waveguide superlattices with low crosstalk. Nat. Commun. 2015, 6, 7027. [CrossRef]
74. Phare, C.T.; Min, C.S.; Miller, S.A.; Stern, B.; Lipson, M. Silicon optical phased array with high-efficiency beam formation over

180 degree field of view. In Proceedings of the Conference on Lasers Electro-Optics (CLEO), San Jose, CA, USA, 13–18 May 2018.
Paper SM3I.2.

75. Chen, J.; Sun, Y.; Wei, S.; Han, X.; Shi, Y. Optical phased array based on silicon waveguides with non-uniform widths. In
Proceedings of the 23rd Opto-Electronics and Communications Conference, Seogwipo, Korea, 2–6 July 2018.

76. Xu, H.; Shi, Y. Ultra-broadband 16-channel mode division (de)multiplexer utilizing densely packed bent waveguide arrays. Opt.
Lett. 2016, 41, 4815–4818. [CrossRef]

77. Yi, X.; Zhang, Y.; Zeng, H.; Gao, S.; Guo, S.; Qiu, C. Demonstration of an Ultra-compact 8-channel sinusoidal silicon waveguide
array for optical phased array. Opt. Lett. 2022, 47, 226–229. [CrossRef] [PubMed]

78. Chen, X.; Liu, W.; Zhang, Y.; Shi, Y. Polarization-insensitive broadband 2 × 2 3 dB power splitter based on silicon-bent directional
couplers. Opt. Lett. 2017, 42, 3738–3740. [CrossRef] [PubMed]

79. Zhao, S.; Liu, W.; Chen, J.; Ding, Z.; Shi, Y. Broadband Arbitrary Ratio Power Splitters Based on Directional Couplers with
Subwavelength Structure. IEEE Photonics Technol. Lett. 2021, 33, 479–482. [CrossRef]

80. Wang, P.; Luo, G.; Xu, Y.; Li, Y.; Su, Y.; Ma, J.; Wang, R.; Yang, Z.; Zhou, X.; Zhang, Y.; et al. Design and fabrication of a SiN-Si
dua-layer optical phased array chip. Photonics Res. 2020, 8, 912–919. [CrossRef]

81. Zhang, L.; Li, Y.; Tao, M.; Wang, Y.; Hou, Y.; Chen, B.; Li, Y.; Qin, L.; Gao, F.; Luo, X.; et al. Large-Scale Integrated Multi-Lines
Optical Phased Array Chip. IEEE Photonics J. 2020, 12, 6601208. [CrossRef]

82. Dai, D.; Li, C.; Wang, S.; Wu, H.; Shi, Y.; Wu, Z.; Gao, S.; Dai, T.; Yu, H.; Tsang, H.-K. 10-Channel Mode (de)multiplexer with Dual
Polarizations. Laser Photonics Rev. 2018, 12, 1700109. [CrossRef]

83. Chen, J.; Shi, Y. Flat-Top CWDM (De)Multiplexers Based on Contra-Directional Couplers with Subwavelength Gratings. IEEE
Photonics Technol. Lett. 2019, 31, 2003–2006. [CrossRef]

84. Yan, X.; Chen, J.; Dai, D.; Shi, Y. Polarization Multiplexing Silicon-Photonic Optical Phased Array for 2D Wide-Angle Optical
Beam Steering. IEEE Photonics J. 2021, 13, 6600506. [CrossRef]

85. Zhao, S.; Chen, J.; Shi, Y. Dual Polarization and Bi-Directional Silicon-Photonic Optical Phased Array with Large Scanning Range.
IEEE Photonics J. 2022, 14, 6620905. [CrossRef]

86. Poulton, C.V.; Byrd, M.J.; Moss, B.; Timurdogan, E.; Millman, R.; Watts, M.R. 8192-Element Optical Phased Array with 100◦

Steering Range and Flip-Chip CMOS. In Proceedings of the Conference on Lasers and Electro-Optics (CLEO), San Jose, CA, USA,
10 September 2020.

87. Hutchison, D.N.; Sun, J.; Doylend, J.K.; Kumar, R.; Heck, J.; Kim, W.; Phare, C.T.; Feshali, A.; Rong, H. High-resolution aliasing-free
optical beam steering. Optica 2016, 3, 887–890. [CrossRef]

88. Chen, J.; Wang, J.; Li, J.; Yao, Y.; Sun, Y.; Tian, J.; Zou, Y.; Zhao, X.; Xu, X. Subwavelength structure enabled ultra-long waveguide
grating antenna. Opt. Express 2021, 29, 15133–15144. [CrossRef] [PubMed]

89. Xie, W.; Huang, J.; Komljenovic, T.; Coldren, L.; Bowers, J. Diffraction limited centimeter scale radiator metasurface grating
antenna for phased array LiDAR. arXiv 2018, arXiv:1810.00109.

90. Miller, S.A.; Phare, C.T.; Chang, Y.C.; Ji, X.; Gordillo, O.A.J.; Mohanty, A.; Roberts, S.P.; Shin, M.C.; Stern, B.; Zadka, M.;
et al. 512-element actively steered silicon phased array for low-power LIDAR. In Proceedings of the Conference on Lasers and
Electro-Optics (CLEO), San Jose, CA, USA, 13–18 May 2018.

91. Shang, K.; Qin, C.; Zhang, Y.; Liu, G.; Xiao, X.; Feng, S.; Yoo, S.J.B. Uniform emission, constant wavevector silicon grating surface
emitter for beam steering with ultra-sharp instantaneous field-of-view. Opt. Express 2017, 25, 19655–19661. [CrossRef] [PubMed]

92. Xu, H.; Shi, Y. Diffraction engineering for silicon waveguide grating antenna by harnessing bound state in the continuum.
Nanophotonics 2020, 9, 1439–1446. [CrossRef]

93. Yoo, B.W.; Megens, M.; Sun, T.; Yang, W.; Chang-Hasnain, C.J.; Horsley, D.A.; Wu, M.C. A 32 × 32 optical phased array using
polysilicon sub-wavelength high-contrast-grating mirrors. Opt. Express 2014, 22, 19029–19039. [CrossRef]

94. Lee, Y.-H.; Tan, G.; Zhan, T.; Weng, Y.; Liu, G.; Gou, F.; Peng, F.; Tabiryan, N.V.; Gauza, S.; Wu, S.-T. Recent progress in
Pancharatnam–Berry phase optical elements and the applications for virtual/augmented realities. Opt. Data Process. Storage 2017,
3, 79–88. [CrossRef]

95. Lin, S.-H.; Huang, B.-Y.; Li, C.-Y.; Yu, K.-Y.; Chen, J.-L.; Kuo, C.-T. Electrically and optically tunable Fresnel lens in a liquid crystal
cell with a rewritable photoconductive layer. Opt. Mater. Express 2016, 6, 2229–2235. [CrossRef]

96. Li, Y.; Chen, B.; Na, Q.; Xie, Q.; Tao, M.; Zhang, L.; Zhi, Z.; Li, Y.; Liu, X.; Luo, X.; et al. Wide-steering-angle high-resolution optical
phased array. Photonics Res. 2021, 9, 2511–2518. [CrossRef]

http://doi.org/10.1364/OE.27.027183
http://doi.org/10.1038/ncomms8027
http://doi.org/10.1364/OL.41.004815
http://doi.org/10.1364/OL.442028
http://www.ncbi.nlm.nih.gov/pubmed/35030573
http://doi.org/10.1364/OL.42.003738
http://www.ncbi.nlm.nih.gov/pubmed/28957114
http://doi.org/10.1109/LPT.2021.3070464
http://doi.org/10.1364/PRJ.387376
http://doi.org/10.1109/JPHOT.2020.3001005
http://doi.org/10.1002/lpor.201700109
http://doi.org/10.1109/LPT.2019.2953379
http://doi.org/10.1109/JPHOT.2021.3058667
http://doi.org/10.1109/JPHOT.2022.3153507
http://doi.org/10.1364/OPTICA.3.000887
http://doi.org/10.1364/OE.421529
http://www.ncbi.nlm.nih.gov/pubmed/33985219
http://doi.org/10.1364/OE.25.019655
http://www.ncbi.nlm.nih.gov/pubmed/29041653
http://doi.org/10.1515/nanoph-2020-0018
http://doi.org/10.1364/OE.22.019029
http://doi.org/10.1515/odps-2017-0010
http://doi.org/10.1364/OME.6.002229
http://doi.org/10.1364/PRJ.437846

	Introduction 
	Principle 
	OPAs for Beam Steering 
	MEMS-OPA 
	LC-OPA 
	Meta-OPA 
	PIC-OPA 

	Discussion 
	References

