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Abstract Optical phased array (OPA), a nonmechanical beam steering technology, greatly improves the efficiency and
stability of optical systems. It offers various advantages, including lightweight construction, compact size, fast
beamforming, and low power consumption, rendering it extensively applicable across various fields. This paper provides
an overview of the research advancements in liquid crystal-based OPAs employed for beam steering in laser
communication. Furthermore, we outline the current challenges and prospects of liquid crystal OPAs in laser communication.
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Fig. 1 Diagram of LCOPA beam deflection model"”
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Fig. 2 Phase distribution of two modulation models. (a) Distribution of periodic blazed phase grating; (b) distribution of non-periodic
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Fig. 3 Large aperture LCOPA realization methods. (a) Schematic diagram of a LCOPA device with aperture of 80 mm X 80 mm™”;

(b) schematic diagram of PAPA (upper) and PA-in-PA (lower)”"; (c) schematic diagram of coherent beam combining

technology™; (d) schematic diagram of liquid crystal optically duplicated array of phased array™”

B RE, B AR A WU R R O 2R R nY e i
o YR AE 0~15. 5 mrad YU [ P B O 55 0% 22
AR X A 9 25 4 0. 025
4 KRAFEW G A R

T PR FE 1) 3 R 2 Wt D' 7 A 48 B A Y 3 A Sl g
FH R W3 2 — o AT 0 B 09 il AR 25 B, O
27 A B Y 4 1] 90 L AR R R T (R R g0 Y T
SKH R I o PRI ' 2 A 4 R A S 0 T B 1 O O
T8 10 ) AT B 2R AR . AR WO AR
R (4 35 18] £ 2 A 30 sin 0 = A/ ko A, Foi 3 1) 35 1 =2
PR HC F A ] 30 5 A R A B R A B K = T
il e T2 Lo — MR R By xE& . B, iF5E A 52
UK T7 58 R R AR EE 1 D 2 2 OO b s i D6 ) B
G 25 FC ) AR R R /DN A R T 3% 8 O B i 1 QU DG 2
AR B ) o s MR AT I TE S A . T
im P A% 6 M (LCPG) 2 3@ o i 1 I 4k Ot 19 PB
(Pancharatnam-Berry ) #8437 3k 7 4= #8437 2% 5 3K # B b
B LCPG WY T/ IR B 40 [ 4 (a) TR Wi o
T ULJE B PE RS 9 07 SUR B AR B IR b A

2 [ R BRI R L SR KT 99% . LCPG 7
B AT R TR IR Gk, SR AE K A R A YD,
F4(b) s W B e NIl — 26 F 21 0 R
N S 2 i [ A B O 4 Sk A e B i IR O L LCPG ¥ A
THE ' i 1) A 340 ) A B 285 A8 Ry 7 e B0 i 41 , - 28 5k — 4>
U R R D R A U145k A e B R B L LCPG 4k 22 6
i) A b 5% L 56 BGIE £ BE ) A7 B . AE R G i AR
il G2 AR AR B, R RT S0 B 2k f BE A, S8 I LK R
geinlE 4(c) fin .

1B SR T 6 B S S b R SR 9 N ST K AR B A
T A A H o 2008 4F IZ A A BETT T 24 W f i 4R Ot
M5 TR A 0 R B ) KA R AR L O o B
ARCSEELT Ay R N 1. 25° A BE I R R £ 30 K A
IR %, BT X R e B O X i s B R AT Gk
8791 X T R EK R Gu ok U, 24 3K B K A B R R
B Z R, R G BFERE . T Ty
R G FE S K A B O % S48 b5 o 36 [E Meadowlark
7 ) 38 ki O 2 R K S K B G R AT T SR DL
HAS LCPG 5 ] 9/ /Y W 0% R Bk 4L A s R i) Gk
90961, 2010 4F Kim %5 83 T — AN 1 = 2F 1 1 2

0706004-4



liquid crystals = =
(m phase shift) —

alinement layer

Ly

© " gy,
.i'f,_.{,n},éﬁ. dise "
(o
L]
L
L] ®
.T L |
1.5dsg b
LASER [ ] ®
LCOPA  LCPG Logy, b
rone-fill zone-select *'""f-’a
oy Ay ®
.\;,;.eh_é'foc 4
ng Onyy,
:w-l'\

B4 KA LCOPA % . (a) LCPG TAE R Hi /R &

substrate

FE615FETH/2024 £ 4 B/BAEXRBFZHE

Passive (polymer) PGs
— o — — = in"(A/A)
/9 +2sin7!(
ol =t C
— e ——+ ol
ey « |4 i
o - o] = 0=0
— -~ <~ 1d
ol - -
RNE '“&%3
A 0] o B e=-2sin"(wa)
LC half-Waveplates
/o\
(d) ’/ a \\

P15 (b) LCPG 5 7 8 ¥ i g 0056, 552 B AE B K Ay JBE 1) D) e 7R 28 1R

(c) KAREHIR R LR B3 (d) eI AR s e O o 4 1) 30 181 90 e O k™
Fig. 4 Wide-angle LCOPA methods. (a) Schematic diagram of the working principle of LCPG™; (b) schematic diagram of LCPG

cascaded with liquid crystal waveplates to realize large angle switching™; (c) schematic diagram of large angle cascade system™;

(d) conformal phased array method to realize the beam steering range expansion™

7 %8, PR AS I B F N A D B O AR S 3 2 (N -+
D) — 1AM o i T T 50 8808 b TR
WA HE Vi B S S e B ) 8RR, DT R T A R B AR
o, FE 1550 nm K WEOL T L E T RN 1.7,
B K AWEE o0 527, — 35 314> £ B 1 %6 ol D 7 I 7% 3%
AR 80%

H oA, B R R R AE AR T R
TR Ty S 3 3 R DT . SR 2 A T R
PO K, 5230 IX S8l BE HF 0 Ty RE 5 VR O A 1 T
W F /N ff B S R, AT KB e . A R A
B A 0757 F% B U % LCPG 5 I % 75 F A
+0. 75" LCOPA Bt 5280 T 24" M3 14 sh 25 H 4
it 7 G B R 20 prad , W 0 B E) R 20 ms . BR T &R
Gkt , Z PR T LCPG BEOE T 24 £ AR T i I fid T
R GOy B U A A ) S Bl A AR
BRI BEAR . KA BE 5 K 1A% 76 I i 3 50 1 0% B
T .

ST R 2k FEE TP A BAK B H AN AS B R 2 B G
R P PR A 1) 3 PR AR R 2R AR B, 8 T T R B Rk
¥ SR FH T &5 4 S 52 B0 9 4 1] 8 Bl R 2k AH 4 B 11 T
BB o B A% G AR R B R v % S T R 8 HE A 7 X
g5 Ry Sy A4 it T R A HE A 2, AT RUMAR AR | 2
& B H B B B R R . i R R A A o A
A2t — b T2 A 45 B 0k R F 1 3 R 9 R O i, H

I A
AeVEi—nlk

]

T AL T2 RS AR W 25 14 RN O 2 AR 5 PR 2
mE A R . et s kol DR IE &Y &6 W iE &
TERBE T M8 53 R A T DX, 3 i O A% )2 2% 1
SR R A S A% i, RS R R A 2 A R A A
SRV A Ay DX R R T G , L fR] 8 iR A B B VE
B DX IR 356 8 ) R 5 AR A O 2 A 98 I 0 i 2 X k2 [
B S B 7, fdFH 632, 8 nm O EOE L 107 A B
NS A R T A X BE B O A
OPAL S5 ML s 7 5.1,

5 PR I N YR A G S AT R

S 22 A 0 5 6 509 b
BRI P F B 00 L 2 1L 2 0 O
o5 B AR O OB B 0T R . T 9 IR 2 1
e L 13 e O A £ 0 e e oK L W9 A
WA IF T R BB T . — Ik 5
5 0 0 D5 9 FE b 1 B
W R R W AR A R VA K s r—

7h =%?EWLﬂuﬁ%%E%ﬁﬁ¢
FR A sl 5 5 A 0 e O 1 A 9
i TN B0 15 R ] R
L IE 55K b S 0 A 4
- FF 5 WERE ] T W 9 L B 2 B

0706004-5



VO B4 K Bl R L RS ) 4 TR b T B TR) B
EL SR, 358 00 928 & A IR Bl F R 2 405 YA A IR Bl R BB 4
RN S B S R A . E R TR
7 S A B AT e SRSl R B R R R DL R
W R

1 3R Bl F AR SR 3 2 2 R AR N 2RO T SR LR
B ) B Bl H R 38 B T SR A AR A 5 FEUT [ S A
FE, DA 46 6V A A R TR B TE] Y 7R o 2006 4
Xun &SR L SR S B AR, AR RS &0 3. 5m i 23 1] )%

@ ol
= OD(j. 1) = ¢
FRLO) —1. JPC(j.0) = n
£ oD(Lj) =k _| - S, / B
Y PCEN) =) T~ g - Initial phase or
3 ’ P '.t " target phase
i | | e Phase response
I 1
F(“)‘»o 5 2xt5 3xts 4x15
time
(b)
Glass
Indium tin
oxide (ITO)
Polymer stabilized
blue-phase LC
Aluminum pixels Silicon backplane
patterned onto the with 300nm of SiO2
backplane on top
B S MO I I 5. () 3o KB A Wk W I ]

©

F61EFTH/2024 F4 B/BAERBEFEHRHRE
] 1) 2t W 37 B ] 400 ms 4 45 31 71~77 ms Z 7],
WES(a) iR . 201248, o [ R 22 B 1 A5 240 2 0L
PO 28 BT Hu 26 R R sh oA 2 T3 A 38
N A ZR B8 A R R T Bk TR S 1) VA a2 1 ) R
. 2017—2019 4%, o [ Bl 2 B ol f 4 AR AIF 5% FT 25
oAz S5 T K B B R R AT T — S 5T, BT K
it B I ] R E TS (FPGA) SE 3, 7
5V UK Sl R B 0 R A ] A 500 ms 22 A5 4 5]
T30mskEH.

@

100

Polar entity
w-
— tnn ANNA 25
£ ool | || s
2 a0p (| =
= pud Jjuldud =
20} |

5 (b) Pk i 7 3 AR YR 25 P 4 7R P 5 (o) US4 Y6 Al

A5 AR5 (d) Bk ) 51 AR VRl (RML734) B 4 245 K P75 e ) R o 7 £ )22 28 50 R o i 110 5 1 s

Fig.5 Fast response methods. (a) Schematic diagram of reduce response time by spiking voltages™; (b) Schematic diagram of fast

response blue phase liquid crystal device™

% (c) test result of a dual-frequency liquid crystal polarization grating™"; (d) molecular

structure of ferroelectric nematic phase liquid crystal”™; (e) schematic diagram of fast response cascade array liquid

crystal device™™

1 3K 2 4 R R BB TE — R b R e
L2 X LA S BN 2 0 1 PR 7 A M R
RSB 2 B G ) o B A AR . HATAZ Bk
TSR R A7 A ] A R e VR A A R AR R A
O 246 V0 A AE VR R VR SUSB TR D RRR L T
G [0V S AE o 2004 4F, 32 [ I B HL IR KA Wu B
HUVE T — B AE 1550 nm I By 3 51 HEI B A W )
26 b VR A, L S O A SR A W 0 R R AR T
BT o mE R B ) A A T E44 RS R 250 % 5 1 {f R
FEHE T 254% . 2011 4F Ml fi]4& 5 T 1064 nm % Bz (1)
REY MG BB 70 CRMEI T, T FEAE
KE 117 ps, EFHEFE R 45 ps, H TAERE N 1.42 V
FEEE] T 90 VI 2020 4 Ml AT TR T —FP T 4T Ah
25 V) Y6 R T 2 B4 SR 5 W ) 4% T, L st 5 B[R] O IF 2

]

FR G, AT T AR AS R B R A B

WA AH VR A e T 1888 4Bk & B (AR AR K — BB
[i) FEL %o HE (g AR 9 5 /0 TR Sy A A A 1) I R S R AR 78
201145, 6 [H 30 & LK R 2A 1 Wu i Bl gl 5 4 56 15
AH VR Y T AR IR BE UEAT TR 3 T —F RGP EL
FaA AR, IF A HNZ B R B T — BT 22 #0774 A]
WA AH AL YEME . 2014 4%, 81 K 2% 1) Wilkinson B
YRR T — IR B R S A VL A A 5 A A R o A
P, SEBRT O ZE D Y LG B JF AN MR GO ) e R
J7 1], i A4 235 4 R R R S fU I an 141 5(b) i o

B W Y e BT 1975 4F W BE 2 R Meyer 25
KB 3K g — R EL A R E S 48 DL S A R A AR R AR A
VAR (0B LA T B A R R . 2012 4F, B s
B K24 1Y Srivastava 285 JB IR T — Fh 5L T 42 o 5

0706004-6



IR LR

P ER S RT 4 G 12 2% 14 0 R R RS B T 20 ps,
[ Bf H A7 7000: 1 B9 XF b B K 8% @ B9 AT B %R
2015 4F , b 502 it K K22 0 Guo 284 T 4k i T
e 4 R Y B ) XUER S AN, FE TR SO A 1Y a8 A
11 VLI 3 B & T B AT 160 s B4 M [ B i) 7
1000: 1 My XF L BE o H RV S RAT 2, B A Jo vk
S 2 R A

2006 4, 5% [ 36 B BLIK K 2F 0 Wu U4 T
— o 5 L TR XU i P IV = A ) R %) R A7
il H K Bf e B T A A LA TME R AR
] AF , At T 48 1 — 32 T XU 9 30T 2T S0 A0 437 14
2% W ] A 0.5 ms ZE 45 2016 4F, B AR 2
B Duan 2 BT T — FlOSUS TR A O % G, T 5% A i
N B[] 43 530 24 300 ps Al 500 s, Wi S A [a] 28 S & 40
EI5Cc) IR o 2019 4 Al 742 1 — i it B SUS W i
% B, H7E AR 5 HE AR A 1 U146 i 8] 8
ZREE,

R HL ) B A TR e — OB 2 VA A R LR
fICIR 3h S0 22 0 6 G o 3 B DA R I 4k D A
NAEDE s, B T T2 M e . Bk S A
(RM734) ) 5r Fa5 1 5(d) s, BEA N #1 A %
e Ak AT AT EE B 1) A SR A A AR T R (IR BK Bl L R
T SE L A A R T 2022 4F B R B TR
2 SR B I AR R A AL A B T — Al L 4k 1)
GIFI A, HAE7E = P RUEFAE . 2021 4F Saha %5
Bl T — R 0= B B S M T
RT11001, %4> F H-47 NF .NhF . colhF = Fl &k H &% .
2023 4F , HL TR K B BF 5T A B 5% 4 H 1) 510 AR TR

FEolEFE THI/2024 F 4 B/BRENEFFIHE

i Y BB ) T2 DA KB Bl i A Tk HR 1) A AR
AR, CE T 0. 91x W AH A 1 DA B 7 22 D i) g 7 338
BEUY %R T A R A S B S ) e Y I
Z RO SO AR B

iSRS W  BU N 3 i e S e
et W 07 B ) R ARG G IR ) B 2 S BRI S 1 0 D, TR
I e 7 A AL 5 JEE 1 ] BE R IRV 5 25 R i A RS A —
AR, 2020 4%, ML B R 22 0F 58 A A4 1 T —Fb
VR A B ) 2 A R A R I R A R R 4
Wi 1o B () ) k2R FH A 57 28 n 14 7 5P UE 28 1 3 A 1
AR I BB W S5Ce) s o 2 i A4 1 g 37 BsF ] 72
1~3ms Z A", FF 1, 2023 4 B 7B K2p2=ng
U T T 2 B BT AR A R K R
B4 BE N 40 prad , e /DA HESAEE R 2 prad i 8 [E] A
W2 Fh i 2, Fe PR AT 3K 2 300 pso

6 ALEZ P AR EMBEAR

FIFR 23 1] 38 15 1E DA s % i A A5 = ) ) 301G i
15 W 26 J5 1) e o o T S B 22 TR T O E R A
W, K b M it B A — X 2\ 2R 2 0L L
RE 1, PR IH X D't 2 AR 4 I 8 10 1 A J68 22 1R A I P 2
Ko BRI GO AT R 3 S 2t ol = A 9 7 A 22 00
W T 2R 05 B AR IR SRR T AL T
% BRI IR 0 R BRI R 2 A e
A A A R R A 0 e A DR ROl ARl R A R AT
PE LSBT RO A R A W E 6 (a) TR .
HIZ 7 BYR B fe PR 2, 22 5 ANBOR A I A5 FE A1
TR AR , T BOR GATH R

LCOPA 2 LCOPA 3 :
, "% 5 1
HE EEs
ﬁSubaperlure
/ T _ | LCOPA |
A4  LCOPA1 A2 LCOPA 4
wave-plate wave-plate
© CCD
FL
Driver g —
Fl6 AT 2 BaOE mor o () i 43 AR 5 (b) PRI R B 5 (o) AR 2k

Fig. 6 Arbitrary multiple beam forming methods. (a) Polarization beam splitter method™”; (b) sub-aperture method™”

; (¢) cascaded

method of amplitude modulating and phase modulating'”

FALAE Ty i S K B R VR Y SR AR B R 4y R T
AN ST AT Y T LA X, 43 R 4 4% T FL AR B9 A A2
PLSZELZ P . 2012 4F 1 TR K24 10 Pan 250 41 HY

B 35 T — ZE T ' 2 R 4 I 1 UG AR i B A R R T
%Hﬁﬁ& AT o3 A T AS T PR 2R 06 12455 76 3 3 A3 5
PERE RS2 3R T — M AR AL E R B R . 2017 4F

0706004-7



TR K2 B Xiao 2R FFALAR J5 35, T LA A: Y
PR E RS TR EEME, WmE 6(b) fin. 28
PR A B bR 5 G0 UEAT (4 L 3 AR 3545 3 3T
AEA 4= 5T, PR L 22 3V A ' 2 A B R S B
LR . 2000 4, Ge 2 ] 120X 128 1y 4 A 7 28
[E1] S 8 ] 4 5 PR AT S e 2R T RA S T AR 3
WAL = F % . 2007 4, Leonardo 25" 48 T —Fh Bt 19
FHAE 42 2 A BB i TR BE S B LT 58 R I AR
51

2020 4F , B TRk 4 K 2 B A 9 1A AR H T R A 22
7L (CAP) A Z B, WnlE 6(c) iR i 7 ik
W S B D 2 R s B g R R AT R B — A R R X
PR R IEAT PR 6, SR 5 G — A 4 R R SRR 25
A A8 T T AH AL HE AT R ) R A B A il 2 U R B T
B3T3 50 A o 2023 4F 1% 1 BA 3% T S 5 7 i A 2% 5k
T T2 A R G, RE S S B AT B
2 R B AR T T AT R B AR R DR R LA
EYOELVAEZE S G

7 WA D e ORI T

FE 1 R 28 EOGE 5 b OS2 WA R S AR
R4 J B0 SRR RE D 2 T 2R 0 X B0 RE B A A R A
2000 2] B B e M A A R A R A I R b o A
M3 e RE fl Tz BRI RR X, T 41822 Ak i
JEE 45 DR 2R 5 W T A A A5 R 4 B R 1 i R S 0 5K
THE 1 o X I S B I8 SRR R S RIS 22 IR AR K. — T
T, il 7 T 25 % 00 2% A2 (%) BR o il A5 S PR S 400 IR 22,
80 0 R ot A A A ) YR TR B S TR A [ B R A
AN TR) A7 T R ot VB A A A 25 B, X 25 R BOA [ B
G T AR I 2 30 H A 45 1 A AL, B AR Dl R, )2
Eo e L R NS DO B R el oy SR R R VA S 2
HER 5 5 — D T, BT G A A B 1 H A B o 2 ) A R
B R OR G, o 22 1) A7 A H TR R A AN o T AR
B F5 W P A PR RE , H AT B A 58 32 BT LA Sk I RR O
e B — B A TR O 2E A R B I B o 5
T R A A AR VR A O A AR B B S AR -

2001 4%, Ye S5 R T —FP st AL ok St U
WOCE R I AT e 2E T AR BT . 2005 4,
Khodier & #i& H it FRL 7 B 00 A6 5502 ok 159 3 2 oA i
N5 LS B 2R B B S T R T RE A AR Rk R
SR AR M B T e A B . 20194 Liu &R T
— Ff 22 0 e A8 A% Bk T T BT A B G S AR B
46 32 S A A3 T v W S5 EL . D4R 9 128 Tl HE
s 50 B ) AT 52 B 60° A4 I AR 4% 9 B 068 (25 I HL oA
—16.21dB. T Z0FFE BTG I A M AR Ak Ty vk
AR R AR R K R G R S A AT A R L
A E N

77 38 38 4 2 1 P AR SR , 4 il 3R 4 v S B U R
PEBE DL 16 ) 8RB & H] T A& Al &0 . 2003 4F , Haellstig

F61EFTH/2024 £F4 B/BAEEFZHE
SR T TR A G s R S B A i iy B R 3 g
TR A7 B AV X1 FR R 5 R R e T A A ARk AR 1 T ik
INT A O T AR . [RAR, Harris 42 H R
FHYI H 25 5 22 30 2ok 5 A i e 5 A 067 19 ¢ & 3 e X
LR A4 i T AT G k% . 2007 4F Lin 5 BEE T
— P T B R Tk RS A R AR B AL [ IS O AR R
4, Jf H & T B0 B R AF B R AILIT AT B B R B
(SPGD) - X} il mir AR 7 AL E AT T Ak . 2017 4F
TR K2 B Xiao Z R I T — R R RO A
PR I TR ) 8503 PRl 4 R B R E T A R T AR
KW RIEERACE B 82T, 20184F , Paine % iF
T A7 AR R0 0 7 )55 50 T, U1 2 1 2 Bl 42 T 2%
FEA 3 B e B 2 1 1B 0 F AT LA LG O R P Ak B i B
PLOLAL B, 2021 4F Shpakovych 2878 T —Fh
B AR T 38O Y HR B B A AR 7 B O 6. R R AYHE
SRR 2 P A AL e 8 A T 1) 2 i [ % I b 22 X 4%
THES N TR A 25 A A RS GE o 2023 4F, i FRH
FEEBIE 5 AT BAARE R T — ol A o ol O 5 50 A 1
DA AR T, 2 B T ok AR AR A 2 V) 1 4, i R b A2
e TP AR AR W S

8 zhuih

B E A MR AR BOLE G AL PR MO ER
Y (H AT G PR WA AR R L H
A 2 4 T {68 60 80 8 250 DA RSO 4R R
J2 th 22 B ML TR TC T A A, JHG P o I ) 2 Ak
A A, 48 v B Rk 3 AR Pk — PR . R b
A B4 T THC 2 52 W) JH 200 32 R 58 2 i, DA TG 2 Wi A 4
F8 g SO FF T o % — 7 T, 980 A R B BT S AR RS
RECH A PRI RA C 258 B IR 2 A S HOR I 58
SE YT BB — R PR .

MR PE BT B 1 BE R R, WAt O 2 R4 A A 30 R
T8 1] 3 FRL -5 R A 309 9 B2 A RS L (L v A A 30 5
JE A8/ 2 T Z BB B T, R OR B ) )
TE £ T2 BB — MR KRB MERT . 55— J5 1, 8 5 il
/I PR S ) T R OR MG R A L 2 S EOAR A AR BN o
A B AR AR AN AR L T 2T 22 10 AR, X ok
20 W) T BN R i SR A AT Ak PR A 9 R o Bk
(189 X JEE AR R RS PRI, R I 2 R A B ) 38
A 1o Yo PR 84 R T 0 o A A SR A R, 7 DR TIE B
AN AR /N R R BT A [ B W R R AR Rk . ]
o PF R A BB 2 | 2R GE AR B O , 22 RO ) i
{5 R, ey 52 B A2 A 7 oK 4 9 K AN o R
e KMERL . IFHL, iR T BT G A KA R A O 1] R
FABEARAT L A B SR 22 8 T 15 S8 BT T 2 A AR
XL RGBT DA M AT R 1t
B Wl D' 2 AR 2 A 194 0 R4 ) 2R R o 24 AR SO
WA RGN RO, BAR HETE 2452 th 2R3
RETHA AT B HACR AR K L= 8],

0706004-8



F61EFTH/2024 F 4 B/BAERBFZEHRE

BN OGS A [ B RERL A5 R PRI A R G 2
Tr 1 AT 5 G TR

FAT, 8Ot # R S DR IR R B 2 5

R G, B A& B AR R ) A 0] £ HE 0 22
PR A RE J1 o BEAE B AR B AS BT A, WA O A AR
W R i R ) 2 S A T DA 90 TR 17 3 S D B ey
£ 904 TARCHR 1) 2803, 0 G S B2 A BRI AR A ] I

THER e

AE , 7R WO 15 R 1w AT0RE 23 1 ok B

HTTZ B o SR TEHLAR AR AR G R 5 Y B AR
DB A AR BR300 A5 |, 78 At U e 1 4
MR PE T, A A A i 4 B BN FIOL B IA 4E

(1]

(9]

[12]

Z % x M

McManamon P F, Watson E A, Dorschner T A, et al.
Nonmechanical beam steering for active and passive
sensors[J]. Proceedings of SPIE, 1993, 1969: 2-10.
McManamon P F. Agile nonmechanical beam steering[J].
Optics &. Photonics News, 2006, 17(3): 24-29.
McManamon P F, Watson E A. Optical beam steering
using phased array technology[J]. Proceedings of SPIE,
1997, 3131: 90-98.

Serati S, Harriman J. Spatial light modulator considerations
for beam control in optical manipulation applications[J].
Proceedings of SPIE, 2006, 6326: 63262W.
Linnenberger A, Serati S, Stockley J. Advances in
optical phased array technology[J]. Proceedings of SPIE,
2006, 6304: 63040T.

Thomas J A, Famnman Y. Programmable diffractive
optical element using a multichannel lanthanum-modified
lead zirconate titanate phase modulator[J]. Optics Letters,
1995, 20(13): 1510-1512.

Vasey I, Reinhart F K, Houdré R, et al. Spatial optical
beam steering with an AlGaAs integrated phased array
[J]. Applied Optics, 1993, 32(18): 3220-3232.

Sun C M, Yang L. S, Li B H, et al. Parallel emitted
silicon nitride nanophotonic phased arrays for two-
dimensional beam steering[J]. Optics Letters, 2021, 46
(22): 5699-5702.

Sun C M, Li B H, Shi W, et al. Large-scale and
broadband silicon nitride optical phased arrays[J]. IEEE
Journal of Selected Topics in Quantum Electronics,
2022, 28(6): 8200710.

Gilbreath G C, Rabinovich W S, Meehan T J, et al.
Progress

in  development of multiple-quantum-well

retromodulators for free-space data links[J]. Optical
Engineering, 2003, 42(6): 1611-1617.

Piwonski T, Pulka J, Viktorov E A, et al. Refractive
index dynamics of quantum dot based waveguide
electroabsorbers[J]. Applied Physics Letters, 2010, 97
(5): 051107.

Yoo B W, Megens M, Chan T, et al. Optical phased
array using high contrast gratings for two dimensional
beamforming and beamsteering[J].
2013, 21(10): 12238-12248.

Wang Y M, Zhou G Y, Zhang X S, et al. 2D broadband

Optics  Express,

[14]

(16]

[17]

(18]

[19]

[20]

(21]

(23]

[24]

[26]

0706004-9

beamsteering with large-scale MEMS optical phased array
[J]. Optica, 2019, 6(5): 557-562.

McManamon P F, Ataei A. Progress and opportunities
in the development of nonmechanical beam steering for
electro-optical systems[J]. Optical Engineering, 2019, 58
(12): 120901-120901.

FE, O, SRR, A WAL R P ROR BT 5T
HERELT]. WOt 50ei 7oA b, 2021, 58(17): 1700007,
Wang Q, Gao X F, Zhang D W, et al. Research progress
in liquid crystal optical phased array technology[J]. Laser
&. Optoelectronics Progress, 2021, 58(17): 1700007.

Guo H R, Wang X R, LiJ, et al. Research review on
the development of liquid crystal optical phased array
device on the application of free space laser
communication[J]. Proceedings of SPIE, 2019, 10841:
108410C.

Notaros M, Coleto A G, Raval M, et al. Integrated
liquid-crystal-based variable-tap devices for visible-light
amplitude modulation[J]. Optics Letters, 2024, 49(4):
1041-1044.

Escuti M J, Kim J, Oh C, et al. Beam steering devices
including stacked liquid crystal polarization gratings and
related methods of operation: US8982313[P]. 2015-03-
17.

Huang Y W, Wang K Z, He X X, et al. Fast, closed-
loop iterative system-on-chip of deflection efficiency
enhancement for a liquid crystal optical phased array[J].
Applied Optics, 2022, 61(6): 1583-1592.

Liang Z Q, Huang Y W, He X X, et al. Four-access,
80 mm aperture all phase-controlled liquid crystal laser
antennalJ]. Optical Engineering, 2022, 61(10): 105113.
Serati S,
combining using a phased array of phased arrays (PAPA)
[C]/2004 IEEE Aerospace Conference Proceedings,
March 6-13, 2004, Big Sky, MT, USA. New York:
IEEE Press, 2004

McManamon P F, Bos P J, Escuti M J, et al. A review
of phased array steering for narrow-band electrooptical
systems[J]. Proceedings of the IEEE, 2009, 97(6): 1078-
1096.

Song Y, Kong L. J, Chen J, et al. Improvement for the

Masterson H, Linnenberger A. Beam

steering performance of liquid crystal phased array[J].
Optoelectronics Letters, 2009, 5(3): 177-181.

Wu L, Wang X R, Xiong C D, et al. Design and
experimental demonstration on improved high order
grating for wide angle beam steering of liquid crystal
optical phased array[J]. Proceedings of SPIE, 2017,
10096: 100960Q.

AT R R AR VR O A A R I 52 B O B B AT (D).
TR R, 2018,

Zhuo R S. Study on the realization method of large
aperture liquid crystal optical phased array[D]. Chengdu:
University of Electronic Science and Technology of
China, 2018.

Vorontsov M. Adaptive photonics phase-locked elements
(APPLE): system architecture and wavefront control
concept[J]. Proceedings of SPIE, 2005, 5895: 589501.



F61EFTH/2024 F4 B/BAERBEFEHRHRE

(27]

(28]

(29]

[32]

He X X, Wang X R, Wu L, et al. Aperture scalable
liquid crystal optically duplicated array of phased array[J].
Optics Communications, 2019, 451: 174-180.

Kim J, Oh C, M 7],

nonmechanical beam steering using thin liquid crystal

Escuti et al. Wide-angle
polarization gratings[J]. Proceedings of SPIE, 2008,
7093: 709302.

Berry M V. Quantal
adiabatic changes[J]. Proceedings of the Royal Society of
London A Mathematical and Physical Sciences, 1984,
392(1802): 45-57.

Meadowlark  Opics[EB/OL].  [2023-11-12].  https://
www.meadowlark.com/bns-acquisition-information.

Kim J, Miskiewicz M N, Serati S, et al. High efficiency

quasi-ternary design for nonmechanical beam-steering

phase factors accompanying

utilizing polarization gratings[J]. Proceedings of SPIE,
2010, 7816: 78160G.

Kim J, Miskiewicz M N, Serati S, et al. Demonstration
of large-angle nonmechanical laser beam steering based
on LC polymer polarization gratings[J]. Proceedings of
SPIE, 2011, 8052: 80520T.

SRRV RO 2 AR R R 1 LB 4 R DT YRR S
[D]. A#R: BTRH R, 2022.

Liang Z Q. Research on the expansion method of beam
pointing range of liquid crystal optical phased array[D].
Chengdu:  University  of
Technology of China, 2022.
Xun X D, Cho D J, Cohn R W. Spiking voltages for
faster switching of nematic liquid-crystal light modulators
[J]. Applied Optics, 2006, 45(13): 3136-3143.

Hu H B, Hu L F, Peng Z H, et al. Advanced single-
frame overdriving for liquid-crystal spatial light modulators
[J]. Optics Letters, 2012, 37(16): 3324-3326.

E5LY , KTV BK Sl T 1) 50 T IR AR 7 1Y 5
M [J]. A I A, 2017, 36(12): 28-31.

Guo H Y, Du S P. Influence of driving voltage on phase

Electronic  Science and

modulation of nematic liquid crystal[J]. Foreign Electronic
Measurement Technology, 2017, 36(12): 28-31.
SRuLA7, KETEF KM, AE R A3 IR 9 ) A 5K
77 LM FPGA SBL[T). 4050 530 T/, 2019, 48(7):
0722002.

Guo H Y, Du S P, Huang Y M, et al. FPGA
implementation of the overdriving method of liquid
crystal spatial light modulator[J]. Infrared and Laser
Engineering, 2019, 48(7): 0722002.

Fan Y H, Lin Y H, Ren H W, et al. Fast-response and
scattering-free polymer network liquid crystals for
infrared light modulators[J]. Applied Physics Letters,
2004, 84(8): 1233-1235.

Sun J, Xianyu H Q, Chen Y, et al. Submillisecond-
response polymer network liquid crystal phase modulators at
1.06-um wavelength[J]. Applied Physics Letters, 2011,
99(2): 021106.

Sun J, Chen Y, Wu S T. Submillisecond-response and
scattering-free infrared liquid crystal phase modulators[J].
Optics Express, 2012, 20(18): 20124-20129.

Lt Y, Yang Z Y, Chen R, et al. Submillisecond-

[42]

[43]

[44]

[45]

(46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[56]

0706004-10

response polymer network liquid crystal phase modulators
[J]. Polymers, 2020, 12(12): 2862.

Yan J, Wu S T. Polymer-stabilized blue phase liquid
crystals: a tutorial[J]. Optical Materials Express, 2011, 1
(8): 1527-1535.

YanJ, LiY, Wu S T. High-efficiency and fast-response
tunable phase grating using a blue phase liquid crystal[J].
Optics Letters, 2011, 36(8): 1404-1406.

Hyman R M, Lorenz A, Morris S M, et al. Polarization-
independent phase modulation using a blue-phase liquid
crystal over silicon device[J]. Applied Optics, 2014, 53
(29): 6925-6929.

Meyer R B, Liebert L., Strzelecki L., et al. Ferroelectric
liquid crystals[J]. Journal De Physique Lettres, 1975, 36
(3): 69-71.

Srivastava A K, Hu W, Chigrinov V G, et al. Fast
switchable grating based on orthogonal photo alignments
of ferroelectric  liquid —crystals[J].
Letters, 2012, 101(3): 031112.

Guo Q, Zhao X J, Zhao H J, et al. Reverse bistable
effect in ferroelectric liquid crystal devices with ultra-fast

Applied Physics

switching at low driving voltage[J]. Optics Letters,
2015, 40(10): 2413-2416.

Huang Y H, Wen C H, Wu S T. Polarization-
independent and submillisecond response phase modulators
using a 90° twisted dual-frequency liquid crystal[J]. Applied
Physics Letters, 2006, 89(2): 021103.

Ren H W, Lin Y H, Wu S T. Polarization-independent
and fast-response phase modulators using double-layered
liquid crystal gels[J]. Applied Physics Letters, 2006, 88
(6): 061123.

Nie X Y, Wu T X, Lu Y Q, et al. Dual-frequency
addressed infrared liquid crystal phase modulators with
submillisecond response time[J]. Molecular Crystals and
Liquid Crystals, 2006, 454(1): 123-133.

Duan W, Chen P, Wei B Y, et al. Fast-response and
high-efficiency optical switch based on dual-frequency
liquid crystal polarization grating[J]. Optical Materials
Express, 2016, 6(2): 597-602.

Duan W, Chen P, Ge S J, et al. A fast-response and
helicity-dependent lens enabled by micro-patterned dual-
frequency liquid crystals[J]. Crystals, 2019, 9(2): 111.
Sebastian N, Cmok L, Mandle R J, et al. Ferroelectric-
ferroelastic phase transition in a nematic liquid crystal[J].
Physical Review Letters, 2020, 124(3): 037801.

Chen X, Korblova E, Glaser M A, et al. Polar in-plane
surface orientation of a ferroelectric nematic liquid crystal:
Polar monodomains and twisted state electro-optics[J].
Proceedings of the National Academy of Sciences of the
United States of America, 2021, 118(22): €2104092118.
Chen X, Korblova E, Dong D P, et al. First-principles
experimental demonstration of ferroelectricity in a
thermotropic nematic liquid crystal: Polar domains and
striking electro-optics[J]. Proceedings of the National
Academy of Sciences of the United States of America,
2020, 117(25): 14021-14031.

Lavrentovich O D. Ferroelectric nematic liquid crystal, a


https://www.meadowlark.com/bns-acquisition-information
https://www.meadowlark.com/bns-acquisition-information

F61EFTH/2024 F 4 B/BAERBFZEHRE

[57]

[60]

[62]

of the National
Academy of Sciences of the United States of America,
2020, 117(26): 14629-14631.

Zhao X H, Zhou J C, Li J X, et al. Spontaneous

helielectric nematic liquid crystals: electric analog to

century in waiting[J]. Proceedings

helimagnets[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2021, 118
(42): €2111101118.

Saha R, Nepal P, Feng C R, et al. Multiple ferroelectric
nematic phases of a highly polar liquid crystal compound
[J]. Liquid Crystals, 2022, 49(13): 1784-1796.

2R R LTI B AT AR T ) S 2 R0 O AR AR 5 i 5
[D]. BUHR: TR R, 2023,

Li M F. Research on submillisecond beam control
method of liquid crystal phase shifting system[D].
Chengdu:  University  of
Technology of China, 2023.
IR HG . = VR A O e 1) 45 R LCPG 1 25O 42 )
Ji (D] R i FRHE R, 2020,

Liu X P. Cascaded beam control method based on liquid
Chengdu:
University of Electronic Science and Technology of
China, 2020.

Luo HP, Sun C M, Li B H, et al. Multi-beams forming
and steering based on optical phased array[C]/2023
IEEE 8th Optoelectronics Global Conference (OGC),
September 5-8, 2023, Shenzhen, China. New York:
IEEE Press, 2023: 110-113.

TEAR, R, BT, 4F U O A R AR R A T
AUSIE A2 e AR [T] Hot R, 2013, 37(5): 631-
635.

Wang X R, Tan Q G, Huang Z Q, et al. Dual beam
formation and 2-D scan technique of liquid crystal optical
phased array[J]. Laser Technology, 2013, 37(5): 631-
635.

Pan F, Kong L J, Yang X B, et al. Dual beam deflection
of liquid crystal optical phased array[J]. Chinese Optics
Letters, 2012, 10(S2): S020502.

Xiao F, Kong L J. Optical multi-beam forming method

Electronic  Science and

crystal laser steering gear and LCPG[D].

based on a liquid crystal optical phased array[J]. Applied
Optics, 2017, 56(36): 9854-9861.

Ge L, Dueli M, Cohn R W. Enumeration of
illumination and scanning modes from real-time spatial
light modulators[J]. Optics Express, 2000, 7(12): 403-
416.

Leonardo R D, Ianni F, Ruocco G. Computer generation

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[76]

[77]

0706004-11

of optimal holograms for optical trap arrays[J]. Optics
Express, 2007, 15(4): 1913-1922.

A5G W ARG AR B AR 5 Ry Bk ST (D ] AR
HFRH RS, 2021

Wu L. Research on liquid crystal optical phased array
method[D].  Chengdu:
University of Electronic Science and Technology of
China, 2021.

Zhuo R S, He X X, Wu L, et al. Reconfigurable
multiple beams forming method based on liquid crystal on
silicon[J]. Optics Laser Technology, 2023, 161: 109189.
Ye J Y, Yuan X C, Zhou G Y. Genetic algorithm for
optimization design of diffractive optical elements in laser
beam shaping[J]. Proceedings of SPIE, 2001, 4594: 118-
127.

Khodier M M, Christodoulou C G.
geometry synthesis with minimum sidelobe level and null
IEEE
Transactions on Antennas and Propagation, 2005, 53(8):
2674-2679.

Liu C X, Xu W H, Zhou L J, et al. Multi-agent genetic
algorithm for sparse optical phased array optimization
[C]/2019 Asia Communications and Photonics Conference
(ACP), November 2-5, 2019, Chengdu, China. New
York: IEEE Press, 2019.

Haellstig E, Stigwall J, Lindgren M, et al. Laser beam

devices and beam-forming

Linear array

control using particle swarm optimization[J].

steering and tracking using a liquid crystal spatial light
modulator[J]. Proceedings of SPIE, 2003, 5087: 13-23.
Harris S R. Numerical optimization of the performance of
nematic liquid crystal optical phased arrays[J]. Proceedings
of SPIE, 2003, 5162: 157-171.

LiuJ G, LiL, Hu X Q, et al. Wavefront error correction
with stochastic parallel gradient descent algorithm[J].
Proceedings of SPIE, 2007, 6834: 683413.

Xiao F, Kong L J, Chen J. Beam-steering efficiency
optimization method based on a rapid-search algorithm
for liquid crystal optical phased array[J]. Applied Optics,
2017, 56(16): 4585-4590.

Paine S W, Fienup J R. Machine learning for improved
image-based wavefront sensing[J]. Optics Letters, 2018,
43(6): 1235-1238.

Shpakovych M, Maulion G, Kermene V, et al.
Experimental phase control of a 100 laser beam array
with quasi-reinforcement learning of a neural network in
an error reduction loop[J]. Optics Express, 2021, 29(8):
12307-12318.



	1　引言
	2　液晶空间光学相控阵基本原理
	3　大口径液晶光学相控阵的研究进展
	4　大角度液晶光学相控阵技术
	5　快速响应液晶光学相控阵技术
	6　任意多波束生成技术
	7　波束控制偏转效率提升
	8　结束语

