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Abstract: Optical phased array technology is based on the principle of coherent synthesis, enabling high-
precision pointing and rapid deflection of free-space beams. It does not require mechanical components and
has broad application potential in fields such as free-space communication, laser ranging sensors, and
LiDAR, particularly showing clear advantages in unmanned driving and military applications. This article
reviews the current research status of optical phased array technology, exploring four main technical
routes: liquid crystal phased arrays, fiber optic phased arrays, optical phased arrays based on electro-optic
materials, and optical phased arrays using high-refractive-index contrast integrated optical waveguides.
The article comprehensively compares the advantages and disadvantages of various optical phased array
technologies, analyzes their strengths and challenges in different application scenarios, and offers a for-
ward-looking perspective on future development directions. Overall, optical phased array technology is

progressing towards faster response times, lower power consumption, larger scanning angles, smaller vol-
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umes, and higher integration, promising broader applications in fields such as LiIDAR, imaging, and free-

space communication.
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Fig. 1
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(a)Conceptual diagram of the vernier optical phased array (OPA). (b)Phase delay distribution of the vernier OPA.
(¢)Angular deflection in the scanning range of 0-100 mrad. (d) Diagram of the liquid crystal phased array wave con-
trol device based on an aperiodic blazed grating. (e) Diffraction patterns at 50 different diffraction angles in the scan-
ning range of 0°-1°. (f) Normalized power distribution at different deflection angles in the horizontal direction. (g)
Schematic diagram of the working process for the two-dimensional large-angle beam steering system, MVBG: Mul-
tiplexed Volume Bragg Grating. (h) Schematic diagram of angular deflection. (i) Circular scanning transforms into
omnidirectional scanning along the radial direction, 6,: Steering angle of the main lobe, ¢: Angle between the projec-

tion of the main lobe and the x-axis, ¢': Angle between the projection of the outgoing beam and the x'-axis. (j) Omni-

directional aliasing-free scanning in the radial direction corresponds to 0, 60°, 120°, 180°, 240°, 300°
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Fig.2 (a) Schematic of the CAP method for multiple beam formation, CAP: cascaded amplitude and phase. (b) Experi-

mental multi-beam patterns, corresponding to single-beam forming, two-beam forming, three-beam forming and
four-beam forming. (¢) 2D schematic of the stackable optical phased array (SOPA) device. (d) SOPA steering effi-
ciency curve, the steering efficiency decreases to about 70% when the deflection angle is =260 prad. (e) Experi-
mental setup schematic using a double-grating configuration with a conventional LC-OPA, DFB Laser: Distributed
Feedback Laser, SMF: Single Mode Fiber. (f) Operating principle of angular compression using a double-grating

configuration
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Fig.3 (a) Schematic diagram of liquid crystal optical phased array structure and its phase control. (b) Voltage-phase char-

acteristic curve. (¢) Image acquisition of beam deflection camera. (d) Actual far-field diffraction at different times

during the deflection process. (e) System conceptual diagram of liquid crystal optical phased array cascading multi-

ple liquid crystal polarization gratings, QWP : Quarter-Wave Plate, HWP: Half-Wave Plate, LCPG: Liquid Crys-

tal Polarization Grating. () Out-of-plane oblique incidence effect on fitted A and B values associated with steering

efficiency
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Fig.4 (a) Traditional angular magnification. (b) The improved angular magnification. (¢) The relationship between two

dimensional and three dimensional retinalike sampling. (d) Magnification times of each direction. (e) The error rate
of each spot. () Integrated optical phased array two-dimensional scanning. (g) Experimental result. The tracking

interference (orange) introduced by the gimbal is compared with the OPA tracking error (blue) measured by the in-

frared camera
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Fig.5 (a) Schematic diagram of the all-optical networking principle based on fiber laser phased array technology. (b) Far-

field interference intensity distribution at different deflection angles at deflection angles of 0°, 1.5,

2.6%and 3.8,

0.,: Deflection angle. (¢) Schematic diagram of scanning control for an N-channel fiber interferometric optical

phased array. (d) Schematic diagram of the change of the far-field test spot of the fiber phased array with the number

of phase-locked frames 299, 301, 304, 307, 309, 310 P under the maximum scanning angle
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Fig.6 (a) Structure diagram and SEM image of the 55-channel fiber array. (b) Collimation of the beam by the Fresnel mi-

crolens array. (c¢) Photograph of the setup hardware. (d) Received eye diagram at 8 Gbps using an APD receiver.
(e) Far-field pattern of the OPA, the white dashed box indicates the total FOV. (f) Schematic diagram of coherent

FSO communication system with FLPA transmitter
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Fig.7 (a) Laser beam shaping system based on a fiber laser array; (b) Schematic diagram of output optical intensity distri-
bution and phase distribution for fiber array in simulation and measurement; (¢)Diagram illustrating the generation of
vortex beams with different shapes. The upper and lower images correspond to the phase distribution and intensity
distribution, respectively, while the left and right images represent the 2D and 3D cases; (d) Experimental results
for the 7-beam laser phase-locked loop. Left figure: Power curve in open/closed-loop mode. Right figure: Closed-

loop spot distribution
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(a) Conceptual image of beam deflection of the outcoupled optical power by applying a bias voltage across the two

nanowire plasmonic waveguides. Cross-section of the two parallel waveguides (inset). (b) False-colored scanning
electron microscope image of the investigated plasmonic electro-optic beam deflector. The scale bar represents 2
pm. (¢) Measured response of electro-optic steering as a function of the applied RF signal frequency. (d) The over-
all layout of the cascaded domain engineering optical phased array. (e) The schematic of cascaded periodically poled
electro-optical LiNbO3 phased arrays for two dimension beam steering. (f) Cascaded domain engineering optical
phased array two-dimensional beam steering along planar diagonal direction, the five images above show the simulat-
ed beam deflection along the y-axis when only Ez is applied, while the five images below show the phase distribu-
tion at the output plane of the two-dimensional electro-optic phased array corresponding to the deflection angles. (g)
Configuration of the hybrid integrated electro-optical phased array (EOPA). (h) Measured amplitude of the EO sig-
nal in the phase modulator in the phase modulator as a function of the applied saw voltage. (i) Measured EO re-
sponse in terms of the frequencyfor an interferometric modulator. (j) Far-field distribution along the vertical direc-
tion and the horizontal direction, The left figure shows the response along the vertical direction with a wavelength in-
terval of 10 nm from 1 530 nm to 1 600 nm, and the right figure shows the far-field distribution of phase tuning

along the horizontal direction at 1 530 nm
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Fig. 9 (a) effect of temperature on the hysteresis characteristic of PLZT ceramics under 30 °C, 50 °C and 80 °C. (b) lantha-

num-doped lead zirconate titanate electro-optic ceramic phase modulation array structure. (¢) The experimental set-

up of optical beam deflection based on PLZT electro-optic ceramic. (d) The numerical simulation far-field interfer-

ence pattern of phase-modulation array varies with the applied voltage. (e) Schematic of LNOI-based on-chip single-

electrode OPA structure. (f) Schematic of the dimensions of the four-layer cascaded domain engineering OPA
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(a) Waveguide integrated optical phased array structure. (b) Maximum horizontal scanning angle and maximum

scanning angle in vertical direction. (¢) Schematic diagram of silicon-based optical phased array. (d) Two-dimen-

sional beam deflection of silicon-based optical phased array. (e) Schematic of the silicon OPA architecture consist-

ing of a series of modularized, EO modulation based micro-ring pixels. () Periodic bias voltage applied on each ad-

jacent rows and columns and the far-field pattern of beam steering
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Fig. 11 (a) Schematic of the silicon integrated magnetic-optical phased array. (b) A sketch of the phase element array in
the device. (¢) Cross sectional structure of Si waveguide and MO/Si waveguides. (d) Simulation transmission
power of an optical circulator and an magneto-optical phased array, the two images on the left show the simulated
transmission power of a circulator, and the two images on the right show the simulated transmission power of the
magneto-optical phased array. (e) Microscopic images of magneto-optical phased array devices. (f) The transmis-
sion spectra when the light is input from port I,. (g) The transmission spectra when the light is input reversely from
port O,. (h) Schematic diagram of row-gated optical phased array structure (RG-OPA) structure. (i) Average
height values obtained by the SL system



% 24 ]

FURTE 55 O AR B BOR BE 5 IR 2 e 2 3807

i HOEEE S iR TR Al Ok
i XoF P B B 5T AT AR AL R o 22 DU, XS T A
FIGTEMANS. 5 mW M TR H A

I 4F , Poulton %6 78 SOL - & A il £ T B
TR T RS- A R 0 8 T AL S ) ke I s 2 A A P L
A NEEEH, B RSN 9 mm™™, ZE4R
60 m I [l P9 A9 B8 3l SE AR I, 320 A 4 T K A
5mW BRI FE . K 12(a) , K 12(b) xR T H

(@)

(=]

== Measured
== Theo-Uniform
== Theo-varying powe

Intensity/dB

-0.4 -0.2 0 0.2 04
Degrees 0

© 0
Mutli-pass /

phase shifters
Splitter

Gratings
(1D array)

(e)

IS
o0
,
!
i
i
—
N
S
S
=}
3

40

7%

wn

Intensity/a.u
S e
~ [

Out coul;\)’lmgwe
z

—

00 }l/%%(l) 1 600;

=
]

>
=0 o
7

Fiber couple

40 32 90 5 B K B B3 R I g o A AR . BEE
195 3T 8 R L A O 9 A A R B R A o —
R ZR AR DA RE AT B T — 2P Y
s o BRI YT T RN T A BRI R B A A I v
23l IE G T 6 K B A AR Y DIFE AR BT 1/9,
ER B RIS PR Ay LR A o
L7 mW /e, T A 2 5 R sy 98 . i%F A
BN T AL 512 A7 U Al 5L B E DL T AR R

Intensity

Degrees 0

(d) 0.9‘ &
/ \‘ Grating couplers

’ | Titanium electrode
9 k * /‘

sin @ /);/ —
];%Bz; X /',//'

*

FMCW
laser

Edge I gt |
oupler lTX ! B
! f 2
L | ! =
_____________ 1 1
1
1
1
| %)
=
: j | 8§ =
Optical coherent! =8| .5
{___frontend I to-mmmmmmmmmmee el BF
Z)5 &
=]
source |TIA+ADCH CML | Clock/Scan/Rﬂ %‘ gé

B2 (a) Josrbs i i e 00 A 5 B — e R AH A 09 D' SR 10l 78 58 A R i 7 L TR e 7 5 (b) B — 4R RS AH 45 1Y
JEHEE [ 78 B 5 (¢) 1X 512 Kk T 27 AH % [ 25 4 7 T8 181 S LB 2 A0 AR R T R 5 () D't B % 4L A7F 9 T8
(€)1 500,1 550 F1 1 600 nm % 1 A FA B2 I — P B8 375 4 58 5 (F) SR O & A ok R 48R 28 1A

Fig. 12

(a) The far-field mode distribution of the optical phased array. (b) The beam steering diagram with a one-dimen-

sional phase shifter. (¢) A schematic diagram of the optical phased array structure of a 1 X512 antenna unit and a

schematic diagram of its packaged devices. (d) Schematic of the beam steering component. (e) Normalized far-

field pattern along the angle for wavelengths of 1 500, 1 550 and 1 600 nm. (f) Schematic diagram of integrated li-

dar transceiver system
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