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Fig. 1. Simulation diagram of holographic exposure of liquid crystal spatial light modulator.
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Fig. 2. (a) Flowchart of the original 2D GS algorithm.
“FFT” and “Inverse FFT” represent the Fourier transform
and the inverse Fourier transform respectively. (b) Schem-
atic flowchart of the improved GS algorithm. “FrT” and
“IFrT” stand for Fresnel transformation and inverse Fres-

nel transformation respectively.
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Fig. 3. Principles of amplitude and phase modulation of
liquid crystal molecules: (a) Birefringent LC molecule, ~
and 6 are the out-of-plane and in-plane orientation angles,
respectively; (b) states of LC molecules before (Channel 1)
and after (Channel 2) rotation, along with the normalized

intensities and corresponding intensity ratios.

090409-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090409

Y B, FWE OG0 Im RS 5 A6 T o
FAEE o WBRARAT ZEIR & RV 2 T B 63X =
TEVIMOC, X AOGF A R AL T 24 A W,
WA o, 6 R 0 R ERIE IS BB DG, T
SERZ A EH BN

M5 = w (BRI HERESARE o = 90°
B, BRI ICIRN Low = sin®(20) ; 5 T RAGM]
i o T RE R 22.5°, R /Y o 363 1Y 5
K Tow = sin®(20 — 45°) . [&] 3(b) J&/R T o> Tk
BERTIG (GBI 1: sin®(20) ; HIH 2: sin?(20 — 45°)),
FCIRBETT 07 1 0 BRI —fk <. S nl A,
I 1 (20): X4 LC HUnlffi Ay 11°F1 79°I} 58 FE Sy
0.14, LC Bty f 2k 34°F1 56°Ht 58 A 0.86, 1] &
SCARSRIE (11°F1 79°) Ry —HEHDIRZS <07, 5 i )
(34°F0 56°) Jy —HEHPRZS “17. TWIE 2(26 — 45° ):
Y LC B fA o 11°H1 34°mE3R K 0.14, LC B
£k 56°H1 79RO 0.86, ] E XARGRE (11°
1 34°) Jy ZHEHIIRAS “07, = 5R B (56°F0 79°) A
TRERPRZS . I, NGE TE R S ] g R 4
AN ST A T HERDPIRES (€007, €017, “107, “117), N
SRR A S A8 EUR B RGE B R PR T IR AR

AR A T RGE TE AR K PG B R
FRIESCHR AT Lo = sin®(20) , X F4FE SR, 17
TEZAARFRTNIA 0 52 %0, B Iy, = sin®(20) =
sin?(m + 26) = sin®(2n — 26) 1T 7= A= A ] A9 L5,
IAE LC 5 [ 534 v, S't37 5 3 T P B e) £ 22 [8]
FETE—XF U OCFR, 3K AP FR A ) ] O B .
LRI R ) 87 B T A3 R AT ] JIr i 2 ) 98 73
FHm AL K 3(b) R R T HUR A M 0°F] 90°1
Ak, (H 2 SR EA £ 90°%] 180° K AR FLRs, W] LA
iE— 25 5 LA TR 1 Z B E R, Bow =
sin[2(0 + 90°)] = — sin (20) = e™sin (26) . H L AT UL
M A 073 9074246 R 90°F) 180°HT, A —>
AIARALAE A, SR AREIE NS L0 I (B AR AR E R 75
SR TR RT DA 2 Vb 4 BB 1, AT 2R A~
BRXIBNI [0, ] 7040 [T R EATH Y
2 BRI LABHCN ZJ0H [0, w], KM R 05
A EATAH L VE L, AN AT AARAS 3% 252 1) ik 5 81 11
17 L AT LA i 43 55 O 3 08 AR A 53 A1 5 5 32 3 )
HEATUCRD, 159 3 5 2 (U b o Hm) #A 43 A, I
TE R ST ) B, HORNTG R A2t R il i
AR

3 #XR54b
3.1 {[EEH

SR TR A eRE SD1 G HL 14 AR A
I F I 25 )G R %% (LC-SLM, HDSLMS0 R
PLUS, 1920x1080 &%, B MR ZE R 10.8 pmx
10.8 pm) MEh B T2, §il4 1 H s oo 4.
SEER IS LC AE A aE I B 4 BT R I B
A TPERE, BOGE R (TR 900 mW)
2o i i A J5 22 A A, SRS AR UGE T LC #
A A , R D25 R i A B L2, I HE
CCD FHYL#AR IEJS 77 i EE, CCD 4333 2448 %
2048, B IC RN 3.45 pmx3.45 pm, BESGHTA] 15
ER 20 ms. AL T 3N FHRCWYS A
FAIHEE (2 = 12 cm, 2 = 15 cm, 2z = 20 cm)
WA R, B 5 R T A = 457 nm BEAR
] 2 ALY 3 AN REEE AL R “WY'S” 147 EL A
FIEEA. AREIRA T LI R, 2B RS 31/
PRI BE B 23 N 2, = 12.2 em, 2 = 16.3 cm,
7 = 22.5 cm, EAMEE SBOHEEAY . R
o BIRRE AT A\ = 457 nm P KRR, HEH
Al DLEE SE 65 TAE, b E SR i i A, =
532 nm Fl A3 = 638 nm B K HITEIEREM. 1)
5 2 T JE BU XA K S B 2 A
FZ A AT M2y = Mo Zy . IAEAS TR 1K Bf
IR B S A MU, Ay = 532 nm B,
AEEB 9 4 = 10.3 cm, 2 = 13.7 cm, 2 =
18.8 cm; A\; = 638 nm i}, EHAEEE 3R 2 =
8.6 cm, z = 11.5 cm, 2 = 15.8 cm, X —&5R 5
5 T S ER 25 SR A — 2L

Laser

s A g

FEih

4 HTEEEGRNENDCHREE, EafkRnrE
R FIREA 22 [ Y B 25

Fig. 4. Schematic diagram of the detection light path for re-
constructing images. The blue arrow represents the dis-

tance between the reconstructed image and the sample.
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Fig. 5. Experimental results of position reuse. Images captured by CCD cameras at different positions are denoted as “WYS”. Cap-

ture distances under 638 nm incidence are z; = 8.6 cm, z = 11.5 cm, and z; = 15.8 cm, respectively. Capture distances under

532 nm incidence are z; = 10.3 cm, 2, = 13.7 cm, and 23 =

12.2 cm, 2 = 16.3 cm, and z; = 22.5 cm, respectively.
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Fig. 7. Experimental results of near-field dual-channel polarization: (a), (b) The images of the target images; (¢)-(h) The images

)
captured experimentally under the incident wavelengths of (c), (d) A\, = 638 nm, (e), (f) Ay = 532 nm and (g), (h) Ay = 457 nm.

The red and blue arrows indicate the orthogonal polarization, while the gray arrow represents the sample position.
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Fig. 8. Peak signal-to-noise ratio map of reconstructed images at different wavelengths and the original image.
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Fig. 9. Schematic diagram of the principle of multidimensional multiplexing encryption.
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Fig. 10. Experimental results of dual channel liquid crystal display device: (a), (b) Original image; the red and blue arrows repres-

ent the orthogonal polarization direction, while the gray arrows indicate the sample position; (c¢)—(h) the images captured experi-

mentally at incident wavelengths of 638 nm (c), (), 532 nm (d), (g), and 457 nm (e), (h); (i) the wavelength multiplexed image “T”

captured under red light irradiation; (j) the wavelength multiplexed image “E” captured under green light irradiation; (k), (1) the

position multiplexed images “T” and “S” captured under blue light irradiation.
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Abstract

The remarkable progress in photoalignment technology has greatly propelled the development of planar
liquid crystal devices based on the Pancharatnam-Berry (PB) phase. Currently, by leveraging properties such as
birefringence and optical rotatory dispersion of liquid crystal molecules, along with tailored micro-/nano-
structural designs, these planar devices can achieve multidimensional multiplexing functions, including spatial,
polarization, wavelength, and angular multiplexing. Nevertheless, significant opportunities remain to further
enhance their information capacity and the number of multiplexing channels.

This study proposes and experimentally validates a novel multidimensional multiplexing holographic image
encryption method based on liquid crystal photoalignment. Central to our approach is the fabrication of planar
liquid crystal optical elements via a single-step exposure process enabled by a liquid crystal spatial light
modulator (LC-SLM). Compared with conventional multi-step lithography techniques, this method substantially
simplifies the manufacturing process. Within a single device, we exploit three independent physical dimensions
for information encoding and encryption. First, polarization multiplexing is achieved by leveraging the
orientational degeneracy of liquid crystal molecules in accordance with Malus’s law, enabling independent
encoding of two binary images in the near field. Second, spatial position multiplexing is realized through a
modified Gerchberg-Saxton (GS) algorithm based on Fresnel diffraction theory, allowing distinct images to be
reconstructed at predetermined propagation distances. Third, wavelength multiplexing is implemented by
utilizing the dispersive relationship between reconstruction distance and incident wavelength, ensuring that
specific images are retrievable only under illumination with their corresponding wavelength.

By integrating these three mechanisms, we successfully designed and fabricated a six-channel encryption
system on a single planar liquid crystal element. This system comprises two near-field polarization channels and
four far-field holographic channels, which combine both wavelength-multiplexed and position-multiplexed
images. Experimental results demonstrate the successful and independent reconstruction of various target
patterns, including alphanumeric characters and QR codes. Furthermore, to enhance security, we establish a
nested encryption scheme that integrates this multidimensional physical encryption with the classical
cryptographic algorithm-the Vigenére cipher. In this scheme, complete decryption requires simultaneous
possession of multiple physical keys (correct wavelength, polarization state, and observation distance) along

with the algorithmic key, thereby establishing a robust defense against partial information breaches.
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In conclusion, this work not only confirms the feasibility and considerable potential of planar liquid crystal
devices for high-capacity, multidimensional optical encryption but also provides a practical and integrated
framework for its implementation. The proposed method—characterized by simplified fabrication, a high degree
of integration, and enhanced security through physical-algorithmic nesting—paves the way for next-generation
optical security systems. It holds promising application prospects in fields such as high-security information
storage, anti-counterfeiting, and optical data encryption, offering a viable pathway toward safeguarding

information against future computational threats.

Keywords: liquid crystal light-controlled orientation, multi-dimensional reuse, optical encryption, holographic

imaging
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