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Design of a liquid-crystal-tunable terahertz coding metasurface for
beam steering and near-field imaging
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Abstract: Reconfigurable multifunctional integration is an important research direction of terahertz
devices. However, the functions of existing devices are often solidified, and it is difficult to achieve
flexible regulation of different functions in the same structure. We design a liquid-crystal-tunable THz 1 bit
coding metasurface capable of reconfigurable applications for beam steering and near-field pattern imaging.
The metasurface adopts a metal-liquid crystal-metal reflection unit structure, the reflection phase and

amplitude are controlled by the characteristics of the liquid crystal dielectric constant changing with the bias
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voltage. At the array coding level, the cross-electrode row-column coding method is adopted. The coding
state of the array unit is determined by the modular two-plus operation of the upper and lower electrode
coding matrices, and the dynamic reconstruction of the array coding distribution is realized. The
simulation results show that a beam deflection of up to 46. 5 ° can be achieved by changing the period of the
coding sequence at 0. 680 THz. When only one layer of the metal electrode is set to the coding sequence
and the other layer is set to the fixed coding state, the switching from the x-direction dual beam to the y-
direction dual beam can be realized. When the coding sequence is set at the upper and lower metal
electrode layers at the same time, the reconfigurable control from two beams to four beams can be

”

realized. In addition, the near-field reconstruction of “T,” “H,” and “Z” letter patterns at z=855 pm is
realized by using the difference of reflection amplitude of the unit structure under different bias conditions at
0.524 THz. The designed liquid crystal tunable terahertz coding metasurface can realize the integration of
beam control and pattern imaging in the same structure, which provides an implementation scheme for

terahertz wireless communication, near-field imaging and multi-functional reconfigurable device design.
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Fig. 1 Schematic of the liquid-crystal-tunable terahertz coding metasurface and unit-cell structure. (a) Overall view of the

coding metasurface; (b) Three-dimensional structure of the unit cell; (¢) Schematic of the cross-shaped metallic

resonator; (d) Side view of the unit cell in the unbiased state; (e) Side view of the unit cell in the biased state.
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Tab.1 Truth table of the electrode-crossing unit

S,(m) S,(n)  S,(m)BS,(n) Bias state
0 0 0 Unbiased state
1 0 1 Biased state
0 1 1 Biased state
1 1 0 Unbiased state
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Fig.2 Electric field distribution in the crossed-electrode

structure. (a) Three-dimensional structural and
electric-field distribution; (b) Local electric-field
distribution at the 5pm gap; (¢) Relatively strong
electric-field distribution in the cross-shaped elec-
trode region; (d) Relatively weak electric-field

distribution in the cross-shaped electrode region.
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Fig. 3 Reflection performance under different bias states.

(a) Reflection amplitude; (b) Reflection phase.
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Tab.2 Contrast results of different near-field reconstructed

patterns
Pattern @ {arget E background Cu
T 1.561 0.576 0.461
H 1. 454 0.539 0.459
Z 1. 540 0.542 0.479
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Tab.3 Design and performance comparison of coding metasurfaces

Metasurface Liquid crystal Tunable Beam forms Near— field imaging
[41] No Yes — Yes
[27] Yes Yes Two —
[33] Yes Yes Two/Four —

Our work Yes Yes Two/Four Yes

Hob AR TR TARRNTEN 4 o2 %

R A 25 76 2 T S A 5, 2 I T KA 2% R 2D
fiE o SCHR[27 B 1 i 48 B 3 X 1 bit 7l 2
T Kb 2 2% T 3 o A i B 51 S B T
KOG, BT 3 B BT Kb 2% I SR 3 25
P AR A B . SCRRI33 it — B4R T T
s T 2 i A 2 TAT ) 5 R IR A BE T L (HOR W K
P 5 AR T BE o AR SCRI T A A R o 850 i s
AR B R A S B A 2% 1 Y Bl AR R A Ol 1
o B 0 0 G A o A, SEBL T U AU e RO
W7 1) P4 R TR 2R DU O R R L R R
VT AL PR TR AT IR Kb 2% 8 2R T B D fiE
JO7 FHFE

AR SCW T T —Fp 5L F 58 LAY AT 51 S
1% 7 2 TR T R R %% g 5 R R T . Y R
22 °F- THD U 2 LA S B R SR T GE G Ui bR
4 e AR 1) g A OIR S T EE A B ) 4 B 3 A, AE
AN TR AR B A5 Ak S5 30 38 37 i o R 4 RO 3 TR R
B 1% . 7E 0.680 THz &b, i 45 # SE 80 T 5 K
46. 51 i o D B e A T) Bl RO 285 00 F2 sl 4 7
0. 524 THzAb , R FHAS 18] g R 25T B9 S 5 1 1B
&5 E 2z=855 pm AL S 1T “HY 727 F bk
FIG 28  pUAg o iz — D87 T W ]
AR 3R A ) Re B N RE ), TE KRR %% EL1E 5 LA
R ELA N AR



10 RS RN
& £ X #:
[1] JIANG W, ZHOU Q H, HE J G, et al. Terahertz communications and sensing for 6G and beyond: A
comprehensive review[J]. IEEE Communications Surveys & Tutorials, 2024, 26(4) : 2326-2381.
[2] FUY, LIY B, FU X J, et al. A dual-broadband liquid-crystal programmable metasurface and its application in
terahertz wireless communications[J]. Engineering, 2026,59:352-363.
[3] RICHARD J T, EVERITT H O. Millimeter wave and terahertz synthetic aperture radar for locating metallic
scatterers embedded in scattering media[ J]. IEEE Transactions on Terahertz Science and Technology, 2017, 7(6) :
732-740.
4] g, Xpa, B4, . PR IHHBORB K5 X R I ik SR aE M oE 1], &5 S 4R, 2024,13(4) : 904-916.
LIU K, WU H X, YIJ, er al. Research on direct detection method and performance of single-photon counting
terahertz radar[ J]. Jowrnal of Radars, 2024, 13(4): 904 - 916. (in Chinese)
[5] QI X, BERTLING K, TORNIAINEN J, et al. Terahertz in vivo imaging of human skin: Toward detection of
abnormal skin pathologies[J]. APL Bioengineering, 2024, 8(1):016117.
[6] KATYBA G M, CHERNOMYRDIN N V, DOLGANOVA I N, et al. Terahertz endoscopy of hard-to-access
objects in the context of neoplasms diagnosis - A review([J]. Light: Advanced Manufacturing, 2025, 6: 58.
[7] LIJX, LIXR, YARDIMCIN T, et al. Rapid sensing of hidden objects and defects using a single-pixel diffractive
terahertz sensor|[ J]. Nature Communications, 2023, 14: 6791.
[8] KUBOTA M, KINOSHITA Y, HIROKAWA S, et al. In-line multi-wavelength non-destructive pharma quality
monitoring with ultrabroadband carbon nanotubes photo-thermoelectric imaging scanners [J]. Light: Science &
Applications, 2025, 14: 306.
[9] LIUY P, HAO Y M, QU S N. Carbon nanotube photo-thermoelectric imagers enhance the non-destructive quality
monitoring[ J]. Light: Advanced Manufacturing, 2025, 6: 82.
[10] HOLLOWAY C L, KUESTER E F, GORDON J A, et al. An overview of the theory and applications of
metasurfaces: The two-dimensional equivalents of metamaterials[J]. IEEE Antennas and Propagation Magazine,
2012, 54(2): 10-35.

[11] LIUC X, YANG F, FU X J, et al. Programmable manipulations of terahertz beams by transmissive digital coding
metasurfaces based on liquid crystals[J]. Advanced Optical Materials, 2021, 9(22): 2100932.

[12] CHEN B W, WANG X R, LI W L, et al. Electrically addressable integrated intelligent terahertz metasurface[J].
Science Advances, 2022, 8(41): eadd1296.

[13] SHENDF, LANF, WANG LY, et al. Sub-terahertz transmissive reconfigurable intelligent surface for integrated
beam steering and self-OOK-modulation[J]. Light: Science & Applications, 2025, 14: 13.

[14] HEJJ, CHENRK, LI Y F, et al. Graphene metalens with dynamic focusing and plane focusing in the terahertz
rangel J]. Applied Optics,2021,60(20) :5752-5758.

[15] AIETA F, GENEVET P, KATS M A, et al. Aberration-free ultrathin flat lenses and axicons at telecom
wavelengths based on plasmonic metasurfaces[J]. Nano Letters, 2012, 12(9) : 4932-4936.

[16] HE C, SONG Z. Terahertz graphene metasurfaces for cross-polarized deflection, focusing, and orbital angular
momentum/[J]. Optics Express, 2022, 30(14): 25498-25508.

[17] REN B, FENG Y X, TANG S, e al. Dynamic control of THz polarization modulation and multi-channel beam
generation using a programmable metasurface[J]. Optics Express, 2021, 29(11) : 17258-17268.

(18] Fh#e e, R4, 5K F, 5 AT R AL UMY S 55 B 2 8 7T 3 A4 OB 2% I iR % #50 8 R TwT [T]. b 5 5 3R, 2026, 46
(2):363-376.
SUN H Y, CHEN Z, XU Y P, et a/. Vanadium dioxide-based reflective functionally reconfigurable terahertz
polarization conversion metasurface [J]. Acta Optica Sinica, 2026, 46(2): 363-376. (in Chinese)

[19] LIU H, GAO Z, CHEN C, ez al. Tunable full-space metasurfaces for multiple terahertz wavefront manipulation

and holographic imaging[J]. Optics Communications, 2025, 574: 131063.
[20] MAJY, RENJL, ZHANG J H, et a/l. Quantum imaging using spatially entangled photon pairs from a nonlinear



Mo DL, A5 WA AT IR RO 2% 2 A% R 3R T B ' R D % 5 30T 3 R B 11

[21]

[22]

[23]

[24]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[38]

[39]

metasurface[ J]. eLight, 2025, 5: 2.

ZHUANG Z P, ZHOU X, ZENG H L, et al/. Overcoming intrinsic dispersion locking for achieving spatio-spectral
selectivity with misaligned bilayer metagratings[J]. eLight, 2025, 5: 13.

YU N F, GENEVET P, KATS M A, ez al. Light propagation with phase discontinuities: generalized laws of
reflection and refraction[ J]. Science, 2011, 334(6054): 333-337.

CUITIJ, QIM Q, WAN X, et al. Coding metamaterials, digital metamaterials and programmable metamaterials
[J). Light: Science & Applications, 2014, 3(10): e218-e218.

P E A, A, WA AR ORI R[], &5 R, 2025, 40(3) : 407-423.

SHEN Y C, XU Y Q, HU W. Overview of active terahertz metasurface devices based on liquid crystal[J]. Chinese
Journal of Liquid Crystals and Displays, 2025, 40(3): 407-423. (in Chinese)

¥ EA, TaZ, E07E F BT WM I OKM 2% BT R 4 AR R SE Rt R [T]. R a5 R R, 2020, 35(7)
762-775.

SHEN Y C, WANG J L., WANG Q L, et al. Progress of liquid crystal based terahertz wavefront modulators[J].
Chinese Journal of Liquid Crystals and Displays, 2020, 35(7): 762-775. (in Chinese)

WANG Q, ZHANG X G, TIAN H W, et a/. Millimeter-wave digital coding metasurfaces based on nematic liquid
crystals[J]. Advanced Theory and Simulations, 2019, 2(12): 1900141.

FU X J, SHI L, YANG J, et al. Flexible terahertz beam manipulations based on liquid-crystal-integrated
programmable metasurfaces[J]. ACS Applied Materials & Interfaces, 2022, 14(19) : 22287-22294.

SHEN Z, LI W L, JIN B B, et al. A liquid crystal-based multi-bit terahertz reconfigurable intelligent surface[J].
APL Photonics, 2024, 9(1): 016109.

HABIBPOURMOGHADAM A, CHICHKOV B N, CALA LESINA A. Optical seclf-tuning of ferroelectric
metasurfaces infiltrated with nematic liquid crystals via photovoltaic effect[J]. Advanced Optical Materials, 2025,
13(20): 2500532.

T . BT AT G R R T A 42 TR ROBR X A R SRE[ D], s W ARk K, 2025.

WANG T Y. Study of full-space terahertz wave modulation based on programmable liquid crystal metasurface [D].
Nanjing: Nanjing Forestry University, 2025. (in Chinese)

WANG T Y, TENG Y, LI C, et al. A liquid-crystal-based programmable metasurface for full-space terahertz
beam steering[J]. Jowrnal of Applied Physics, 2025, 138(3): 033105.

LIU C X, YANG F, JIJ T, eral. Liquid crystal-based terahertz programmable metasurface with Fano resonance
for two-dimensional beam steering[J]. Optics Communications, 2025, 578: 131483.

LIWL, CHENB W, HU X Y, ez a/. Modulo-addition operation enables terahertz programmable metasurface for
high-resolution two-dimensional beam steering[ J]. Science Advances, 2023, 9(42) : eadi7565.

bt , FAEA, KGR, F BT AR 2 T R RO %L g A R [T]. Mok B ok b F k&, 2026, 63
(5): 583-594.

YANG Y, LEI SJ, WU B, et a/. Vanadium oxide-based multi-frequency tunable terahertz-coded metasurfaces
[J]. Laser & Optoelectronics Progress, 2026, 63(5): 583 = 594. (in Chinese)

LIU S, CUI T J, ZHANG L, et al. Convolution operations on coding metasurface to reach flexible and continuous
controls of terahertz beams[ J|. Advanced Science, 2016, 3(10): 1600156.

LANDY N I, SAJUYIGBE S, MOCK J J, et al. A perfect metamaterial absorber[J]. Physical Review Letters,
2008, 100(20) : 207402.

FRE, MR, FAE, F 2 TR K R 2 PR S i R[], R &k T2, 2024,
54(11): 2640-2648.

LIYF, YANG Y F, LI M X, et al. Terahertz multi-beam modulation reflection-coding metasurface inspired by
Chinese ancient copper coins [ J]. Radio Engineering, 2024, 54(11): 2640-2648. (in Chinese).

TILLOTSON E, MCHUGH J, HOWARTH J, ez al. Scanning electron microscopy imaging of twist domains in
transition metal dichalcogenide heterostructures[J]. ACS Nano, 2024, 18(50): 34023 - 34033.

YUAN H, ZHONG Z Q, ZHANG Y H, er al. Multi-channel image encryption based on an all-dielectric



12 A BTN

metasurface incorporating near-field nanoprinting and far-field holography [J]. Advanced Optical Materials, 2023,
11(17): 2300352.

[40] HE Y X, ZHAO H, NAN T, e al. Terahertz encryption with a polarization-sensitive metasurface [J].
Nanophotonics, 2026, 15(9): e70123.

[41] HOSSEININEJAD S E, ROUHI K, NESHAT M, et al. Reprogrammable graphene-based metasurface mirror
with adaptive focal point for THz imaging[J]. Scientific Reports, 2019, 9(1): 2868.

EERIT:

BigE, B W, AR, 20054 T
BB RZEHFGE L0, EENE
WO T ER A UF5E . E-mail:
htdai@tju. edu. cn

BB, L, YR, 2021 4R T
PNEPNE S AL R DA
HL 0 I VR X R SR T BT BT Y
E-mail: yangyuel94@tju. edu. cn

B, 5w, 4%, 20024F T L
SIS LR R 2 ARG W+ 254, &2
TR T ) ik A 20506 HL AR
ARG AR L S R SOt 78k S
£, E-mail: wubin@tcu. edu. cn




