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Fig. 1. Metasurface element with rectangular patch: (a) Isometric view; (b) reflection phases of the element with different patch

sizes.

184101-2


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

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 18 (2025)

184101

Kl 2(a) T ()87 1 HREAH 457 T 55 R 5T T AT
Ml PIN A8 8 s, o] LLAS 31 795 o B, 0 40
A7, DI SEBAE— B N AR Rl EEAS; 2) 456
BLL A AT RT 0, SO G R i B (O B AR )
AT DL S BUAH 57 ] FE A AT B A AR RS, DR, A 0
WA PIN FF O A, 25 G A XTFRI 25, A 2
AT 4 PR, M SEERAE A [R]85 B P4 AR AR 52
AT, 25 A ABORIARA AT AL, RITH0 ) 1 Ay
AR AT 5 s 3) AR 4 AR EAR, SRTIE 2(b) fr
INHREIE I i =R AR AR A, AT IS 3
oy 1 FLERRS BT, 4) BT, PIN WA T 45
BCh RLC HLH, R4 A, s
) 2530 R L A g = AE T BROTHREE, AR X — P
FEHLI, SR /i 00 BB, BINEU/ N 48 — WA Y
LU, R AT /N BT HRE, PRI, SR FH R B L
TS A IR, B EIE 2(c) Fim i
251

2.2 BRERTENRIERE

XtFIEN 2(c) YR A RIC, T B
Xt PIN AR 14 30 sl ik 4 i, et 1 Bl
FEEE . BT, A B PR 1) B
UL O L 2 R A RE X SR AR BB ™ AR R 2) B
WS ANBEHE A ELE B AR 260K, Bty

(a)l—vy Y

xr

L BT A A IR 3 TR, [/ 3(a) AR
JCIEIIE, A L N afE e EN R A AR 1.
SRR, AR 2. B IR B L. A AR 1
9 FAB MOEL, FHXT A HLE R 2.65, HFEIEYI N
0.002, JEEE 3 mm. 3 ML 4 I8 WG A 67 A Jo 3k
M 1 TS, s A a6 A PIN A48 FlHL %S, PIN
T4 R Skyworks 2 B ) SMP1340-040LF,
X FURE AR Sy e OCAH Y A TR
i, %0 R = 10 Q HLBHL . L = 450 pH Ay
B, C = 0.086 pF MHLZ HREE; YA R A
B, %0 R =1 QL. L = 450 pH A HLK
R WS RS R AR W R 2 1) i L A
. T BT A B ARSI B A LR, F LRk
BT HICIE T LY R IR A2 5 TR, DA
ANE ST ARERR R SE A . [ 3(b) Hhgh T
EMBECN: a = 12 mm, [ = 8 mm, w, = 3 mm,
wy = 4 mm, wy = 1.3 mm. /M JFiFEM 2 & FR4 #4
AL, AR AL 4.4, BIFEIED] 0.02, JEFE 0.5 mm,
HRH A BB N 3(c) Fiw. 3 4@t fL
ZEEATT, b B RN E R LR S R A
vy, 54 R AR B TE. Rl R &R LS 4
e A AH % . i i e %ot BT S SR RE 11 R i 4 5] 4
fizs, Ho w RFEH MW E L, w/o RETOMWEL,
AL Y, S ' H i LT I s S 1 e

m PIN diode
m Capacitor

K2 HEERWEEARTEANRE  (a) 1 RRETT; (b) BERFEM 1 IR HIT; (o) MFEMAR AT Bl 1 LoD

Fig. 2. Design process of the metasurface element: (a) 1 bit element; (b) frequency-reconfigurable 1 bit element; (c¢) low-loss and

frequency-reconfigurable 1 bit element.
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Fig. 3. Structure of the metasurface element: (a) Isometric view; (b) top view; (c) bottom view.
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Fig. 4. Influence of biasing circuit on reflection performance: (a) Reflection amplitude; (b) reflection phase.
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Fig. 5. Reflection amplitude analysis of the element at 10.5 GHz: (a) Surface current distribution and (b) reflection amplitude
of the element without capacitors; (c) surface current distribution and (d) reflection amplitude of the element with capacitors;
(e) surface current distribution and (f) reflection amplitude of the element with different capacitors locations.
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Fig. 6. Reflection characteristic of the element: (a) States of “11” and “10”; (b) states of “00” and “10”; (c) states of “00” and “01”;

(d) states of “11” and “01”.
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Fig. 7. Different scattering patterns of the metasurface at 9 GHz: (a) Single beam; (b) double beam; (c) triple beam; (d) diffuse

scattering.
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Fig. 9. Scattering pattern of the metasurface with chessboard coding configuration: (a) 6.9 GHz; (b) 9.0 GHz; (c¢) 11.2 GHz;

(d) 12.2 GHz.
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Fig. 10. OAM vortex waves generated by the metasurface at different frequencies: (a) 6.9 GHz, § = 15°% (b) 9.0 GHz, 6§ = 15°%
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Fig. 13. Picture and test of the metasurface with 8 x 8 elements: (a) Top view; (b) back view; (c) test in the anechoic chamber.

25

20

15

10

RCSR/dB

= -o= - Simulation
—4— Measurement
. A .

Frequency/GHz

K14 frESHE R T RCS B4R

5 6 7 8 9 0 11 12 13

25

20

15

10

RCSR/dB

- -8- - Simulation
—a— Measurement

8 9 10 11 12 13
Frequency/GHz

(a) BLELARAL A% HEAT 5 (b) 2247 X BRAR A G A

Fig. 14. Simulated and measured monostatic RCS reduction of the metasurface: (a) Chessboard coding configuration; (b) sym-

metrtic coding configuration.

10 10

(a) - -o- - Simulation (b)
—&— Measurement

0r 0r

—10 —10

RCS/dB
RCS/dB

—20 —20r

—30

—30

- -o- - Simulation (c)
—a&— Measurement

10

- -o- - Simulation
—&— Measurement

&4 —20r &4

LYA —~30 L L LYA

~90 —60 —30 0 30 60 90
/(%)

—90 —60 —30

0 30 60 90 —90 —60 —30 O 30 60 90

/(%) 0/(%)

K15 fFESMEE R yor TEUN 7RI (a) SRS (b) BUEH; (¢) ZH K

Fig. 15. Simulated and measured scattering pattern of the metasurface at yoz plane: (a) Single beam; (b) double beam; (c) triple

beam.

BEXIAL GEAR v n] R A A T T AR AR Y
(IR, ASSCHR T — i S AR NI 52 5 i)
R T T k. IZOTIA RS 1 LU
P BT EERN b, SN AR O 4% ), Al
FHATTREAE 2 ELER I L BAT 1 AR AR AE
I3, G R AR AR L W R, A8 e 1]
HA R AR I AR 58 RAZTT %, Bt T

— A 2 s A4 PIN WA A AR 25 120G
G 2 4~ PIN AR R, X ITie g 7E
4 SR N PR AR 1 R RCET AR, 1 AR
AR BB S 5.4—13.0 GHz(FH X5 58 82.6%). Itk
Hb, JEAE TR R A, SR TR W PIN A%
o B AR IR B, SEER T FROT I SE T (IR
PERE. i HHZSTTHITE 16 x 16 M5 AR, it
AN RS s, 7= T AR i 23R s OAM
TANENE, ¥4 JEARAE VA SEE T 10 dB LA 1Y
RCS 4. T T RS, W T 8 R %

184101-9


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 18 (2025) 184101

BN APEREAB A Al P, INKEERAUESE T30 iA
RME. ASSCR T B S B TT I o AR AR R
BATE T AR w7 B IR R At 1T L, M5k
BT B BT B A B P A R
A ARBRE I E L. S SE T LAFEAR AT ST 2R I
B PIN WA BN 3 A, S AR
WS T T AT RS A T ) D AR TR PR

S7% 30k

[I] Yu N F, Genevet P, Kats M A, Aieta F, Tetienne J P,
Capasso F, Gaburro Z 2011 Science 334 333
[2] Glybovski S B, Tretyakov S A, Belov P A, Kivshar Y S,
Simovski C R 2016 Phys. Rep. -Rev. Sec. Phys. Lett. 634 1
[3] Chen Q, Yang S L, Bai J J, Fu Y Q 2017 IEEE Trans.
Antennas Propag. 65 4897
[4] Xing ZY, Yang F, Yang P, Yang J H 2022 IEEE Antennas
Wirel. Propag. Lett. 21 1659
[5] Li B, Liu X B, Shi H Y, Yang C, Chen Q, Zhang A X 2018
IEEFE Access 6 78839
[6] Huang C X, Zhang J J, Cheng Q, Cui T J 2021 Adv. Funct.
Mater. 31 2103379
[7] Xu J, Yang K X, Tian S, Zhao J P 2024 IEEE Antennas
Wirel. Propag. Lett. 23 4658
[8] Zhao S H, Zhang S, Xue H, Li Y C, Zhang K Y, Liu H X, Li
L 2024 IEEE Antennas Wirel. Propag. Lett. 23 985
[9) LiZH,LiSJ,HeCY, WuY H, Hu L Q, Zhang Z Y, Li T,
Yang H H 2024 Adv. Phys. Res. 6 2400176
[10] Xu P, Tian H W, Jiang W X, Chen Z Z, Cao T, Qiu C W,
Cui T J 2021 Adv. Opt. Mater. 9 2100159
(11] Yang H H, Li T, Liao J W, Gao K, Li Q, Li S J, Cao X Y
2024 IEEE Antennas Wirel. Propag. Lett. 23 4069
[12] Li T, Yang H H, Li Q, Jidi L R, Cao X Y, Gao J 2021 IEEE
Trans. Antennas Propag. 69 5325
[13] Yang H H, Li T, Jidi L, Gao K, Li Q, Qiao J X, Li S J, Cao
XY, Cui T J 2023 IEEE Trans. Antennas Propag. 71 4075
(14] Li T, Yang H H, Li Q, Zhang C, Han J F, Cong L L, Cao X
Y, Gao J 2019 Opt. Mater. Express 9 1161
[15] Yang H H, Li T, Gao K, Guo Z X, Li Q, Li S J, Cao X Y
2024 Microwave Opt. Technol. Lett. 66 33965
[16] JiK F, Zhou Y L, Yang H H, Zhang Z Y, Guo Z X, Li T, Liu
X B, Cao X Y 2024 IEEE Antennas Wirel. Propag. Lett. 23
2046
(17] ZhangZY,Cao XY, Yang HH, Li T, Li S J, Ji K F 2023 J.

(18]

(19]

20]

21]

[22]
23]
[24]
[25]
[26]
[27]
28]

[29]

(30]

(31]

(32]
(33]
[34]
(35]
(36]

(37]

184101-10

Phys. D: Appl. Phys. 56 015103

Cui T J, Qi M Q, Wan X, Zhao J, Cheng Q 2014 Light-Sci.
Appl. 3 €218

Pitilakis A, Seckel M, Tasolamprou A C, Liu F, Deltsidis A,
Manessis D, Ostmann A, Kantartzis N V, Liaskos C,
Soukoulis C M, Tretyakov S A, Kafesaki M, Tsilipakos O
2022 Phys. Rev. Appl. 17 064060

Yin T, Ren J, Chen Y J, Xu K D, Yin Y Z 2024 IEEE Trans.
Antennas Propag. 72 6789

Li WH, QiuT S, Wang J F, Zheng L, Jing Y, Jia Y X,
Wang H, Han Y J, Qu S B 2021 [EEE Trans. Antennas
Propag. 69 296

Wang P, Wang Y, Yan Z M, Zhou H C 2022 Chin. Phys. B
31 124201

Yu H C, Cao X Y, Gao J, Yang H H, Jidi L, Han J F, Li T
2018 Opt. Mater. Express 8 3373

Wang H L, Zhang Y K, Cheng Y T, Zhang T Y, Zheng S,
Cui T J, Ma H F 2025 Laser Photonics Rev. 19 202500057
Liu Y, Zhang W B, Jia Y T, Wu A Q 2021 [EEE Trans.
Antennas Propag. 69 572

Cao W W, Zhang J W, Dai J Y, Wu L J, Yang H Q, Zhang
Z, Li H D, Cheng Q 2025 Chin. Opt. Lett. 23 023603

Zhou S G, Zhao G, Xu H, Luo C W, Sun J Q, Chen G T,
Jiao Y C 2022 IEEE Antennas Wirel. Propag. Lett. 21 566

Li T, Yang H H, Li Q, Tian J H, Gao K, Cong L. L, Li S J,
Cao X Y 2024 IEEE Antennas Wirel. Propag. Lett. 23 1206
LuY J, Cheng Q, Wang S R, Li H D, Dai J Y, Zhang Z, Luo
J 2025 Acta Opt. Sin. 2 0401001 (in Chinese) [/5#ilH, FEik,
FHR, BR, R E, K2, P 2025 Ju 24 (M2 hR) 2
0401001]

Li P, Yu H, SuJ X, Song L W, Guo Q X, Li Z R 2023 IEEE
Trans. Antennas Propag. 71 621

Shi H'Y, Liu R, Zhang Z Y, Chen X M, Wang L 'Y, Yi J J,
Liu H W, Zhang A X 2024 IEEE Antennas Wirel. Propag.
Lett. 23 4613

Lan C W, Gao Y T, Gao Z H, Wang H Y, Bi K, Lei M, Zhao
G N 2025 Chin. Phys. Lett. 42 056303

Zhang Z Y, Zhou Y L, Li S J, Tian J H, Cong L L, Yang H
H, Cao X Y 2024 ACS Appl. Mater. Interfaces 16 65635
Zheng Y J, Chen Q, Ding L, Yuan F, Fu Y Q 2023 J. Syst.
Eng. Electron. 34 1473

LiY X, Zhu R C,Sui S, Cui Y N, JiaY X, Han Y J, Fu X
M, Feng C Q, Qu S B, Wang J F 2025 Nanophotonics 14 959
Guo Q X, Hao F S, Qu M J, SuJ X, Li Z R 2024 IEEE
Antennas Wirel. Propag. Lett. 23 1241

Chen Q, Chen Y, Yuan F, Bai J J, Zheng Y J, Fu Y Q 2023
Chin. J. Radio Sci. 38 989


https://doi.org/10.1126/science.1210713
https://doi.org/10.1126/science.1210713
https://doi.org/10.1126/science.1210713
https://doi.org/10.1126/science.1210713
https://doi.org/10.1126/science.1210713
https://doi.org/10.1126/science.1210713
https://doi.org/10.1126/science.1210713
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1109/TAP.2017.2722875
https://doi.org/10.1109/TAP.2017.2722875
https://doi.org/10.1109/TAP.2017.2722875
https://doi.org/10.1109/TAP.2017.2722875
https://doi.org/10.1109/TAP.2017.2722875
https://doi.org/10.1109/TAP.2017.2722875
https://doi.org/10.1109/TAP.2017.2722875
https://doi.org/10.1109/TAP.2017.2722875
https://doi.org/10.1109/LAWP.2022.3176927
https://doi.org/10.1109/LAWP.2022.3176927
https://doi.org/10.1109/LAWP.2022.3176927
https://doi.org/10.1109/LAWP.2022.3176927
https://doi.org/10.1109/LAWP.2022.3176927
https://doi.org/10.1109/LAWP.2022.3176927
https://doi.org/10.1109/LAWP.2022.3176927
https://doi.org/10.1109/LAWP.2022.3176927
https://doi.org/10.1109/ACCESS.2018.2885356
https://doi.org/10.1109/ACCESS.2018.2885356
https://doi.org/10.1109/ACCESS.2018.2885356
https://doi.org/10.1109/ACCESS.2018.2885356
https://doi.org/10.1109/ACCESS.2018.2885356
https://doi.org/10.1109/ACCESS.2018.2885356
https://doi.org/10.1002/adfm.202103379
https://doi.org/10.1002/adfm.202103379
https://doi.org/10.1002/adfm.202103379
https://doi.org/10.1002/adfm.202103379
https://doi.org/10.1002/adfm.202103379
https://doi.org/10.1002/adfm.202103379
https://doi.org/10.1002/adfm.202103379
https://doi.org/10.1002/adfm.202103379
https://doi.org/10.1109/LAWP.2024.3464571
https://doi.org/10.1109/LAWP.2024.3464571
https://doi.org/10.1109/LAWP.2024.3464571
https://doi.org/10.1109/LAWP.2024.3464571
https://doi.org/10.1109/LAWP.2024.3464571
https://doi.org/10.1109/LAWP.2024.3464571
https://doi.org/10.1109/LAWP.2024.3464571
https://doi.org/10.1109/LAWP.2024.3464571
https://doi.org/10.1109/LAWP.2023.3340873
https://doi.org/10.1109/LAWP.2023.3340873
https://doi.org/10.1109/LAWP.2023.3340873
https://doi.org/10.1109/LAWP.2023.3340873
https://doi.org/10.1109/LAWP.2023.3340873
https://doi.org/10.1109/LAWP.2023.3340873
https://doi.org/10.1109/LAWP.2023.3340873
https://doi.org/10.1002/apxr.202400176
https://doi.org/10.1002/apxr.202400176
https://doi.org/10.1002/apxr.202400176
https://doi.org/10.1002/apxr.202400176
https://doi.org/10.1002/apxr.202400176
https://doi.org/10.1002/apxr.202400176
https://doi.org/10.1002/apxr.202400176
https://doi.org/10.1002/adom.202100159
https://doi.org/10.1002/adom.202100159
https://doi.org/10.1002/adom.202100159
https://doi.org/10.1002/adom.202100159
https://doi.org/10.1002/adom.202100159
https://doi.org/10.1002/adom.202100159
https://doi.org/10.1002/adom.202100159
https://doi.org/10.1109/LAWP.2024.3422970
https://doi.org/10.1109/LAWP.2024.3422970
https://doi.org/10.1109/LAWP.2024.3422970
https://doi.org/10.1109/LAWP.2024.3422970
https://doi.org/10.1109/LAWP.2024.3422970
https://doi.org/10.1109/LAWP.2024.3422970
https://doi.org/10.1109/LAWP.2024.3422970
https://doi.org/10.1109/TAP.2021.3061095
https://doi.org/10.1109/TAP.2021.3061095
https://doi.org/10.1109/TAP.2021.3061095
https://doi.org/10.1109/TAP.2021.3061095
https://doi.org/10.1109/TAP.2021.3061095
https://doi.org/10.1109/TAP.2021.3061095
https://doi.org/10.1109/TAP.2021.3061095
https://doi.org/10.1109/TAP.2021.3061095
https://doi.org/10.1109/TAP.2023.3248441
https://doi.org/10.1109/TAP.2023.3248441
https://doi.org/10.1109/TAP.2023.3248441
https://doi.org/10.1109/TAP.2023.3248441
https://doi.org/10.1109/TAP.2023.3248441
https://doi.org/10.1109/TAP.2023.3248441
https://doi.org/10.1109/TAP.2023.3248441
https://doi.org/10.1364/OME.9.001161
https://doi.org/10.1364/OME.9.001161
https://doi.org/10.1364/OME.9.001161
https://doi.org/10.1364/OME.9.001161
https://doi.org/10.1364/OME.9.001161
https://doi.org/10.1364/OME.9.001161
https://doi.org/10.1364/OME.9.001161
https://doi.org/10.1002/mop.33965
https://doi.org/10.1002/mop.33965
https://doi.org/10.1002/mop.33965
https://doi.org/10.1002/mop.33965
https://doi.org/10.1002/mop.33965
https://doi.org/10.1002/mop.33965
https://doi.org/10.1002/mop.33965
https://doi.org/10.1109/LAWP.2024.3378682
https://doi.org/10.1109/LAWP.2024.3378682
https://doi.org/10.1109/LAWP.2024.3378682
https://doi.org/10.1109/LAWP.2024.3378682
https://doi.org/10.1109/LAWP.2024.3378682
https://doi.org/10.1109/LAWP.2024.3378682
https://doi.org/10.1088/1361-6463/ac9c11
https://doi.org/10.1088/1361-6463/ac9c11
https://doi.org/10.1088/1361-6463/ac9c11
https://doi.org/10.1088/1361-6463/ac9c11
https://doi.org/10.1088/1361-6463/ac9c11
https://doi.org/10.1088/1361-6463/ac9c11
https://doi.org/10.1088/1361-6463/ac9c11
https://doi.org/10.1088/1361-6463/ac9c11
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1103/PhysRevApplied.17.064060
https://doi.org/10.1103/PhysRevApplied.17.064060
https://doi.org/10.1103/PhysRevApplied.17.064060
https://doi.org/10.1103/PhysRevApplied.17.064060
https://doi.org/10.1103/PhysRevApplied.17.064060
https://doi.org/10.1103/PhysRevApplied.17.064060
https://doi.org/10.1103/PhysRevApplied.17.064060
https://doi.org/10.1109/TAP.2024.3418138
https://doi.org/10.1109/TAP.2024.3418138
https://doi.org/10.1109/TAP.2024.3418138
https://doi.org/10.1109/TAP.2024.3418138
https://doi.org/10.1109/TAP.2024.3418138
https://doi.org/10.1109/TAP.2024.3418138
https://doi.org/10.1109/TAP.2024.3418138
https://doi.org/10.1109/TAP.2024.3418138
https://doi.org/10.1109/TAP.2020.3010801
https://doi.org/10.1109/TAP.2020.3010801
https://doi.org/10.1109/TAP.2020.3010801
https://doi.org/10.1109/TAP.2020.3010801
https://doi.org/10.1109/TAP.2020.3010801
https://doi.org/10.1109/TAP.2020.3010801
https://doi.org/10.1109/TAP.2020.3010801
https://doi.org/10.1109/TAP.2020.3010801
https://doi.org/10.1088/1674-1056/ac8ce0
https://doi.org/10.1088/1674-1056/ac8ce0
https://doi.org/10.1088/1674-1056/ac8ce0
https://doi.org/10.1088/1674-1056/ac8ce0
https://doi.org/10.1088/1674-1056/ac8ce0
https://doi.org/10.1088/1674-1056/ac8ce0
https://doi.org/10.1364/OME.8.003373
https://doi.org/10.1364/OME.8.003373
https://doi.org/10.1364/OME.8.003373
https://doi.org/10.1364/OME.8.003373
https://doi.org/10.1364/OME.8.003373
https://doi.org/10.1364/OME.8.003373
https://doi.org/10.1364/OME.8.003373
https://doi.org/10.1002/lpor.202500057
https://doi.org/10.1002/lpor.202500057
https://doi.org/10.1002/lpor.202500057
https://doi.org/10.1002/lpor.202500057
https://doi.org/10.1002/lpor.202500057
https://doi.org/10.1002/lpor.202500057
https://doi.org/10.1002/lpor.202500057
https://doi.org/10.1109/TAP.2020.3004993
https://doi.org/10.1109/TAP.2020.3004993
https://doi.org/10.1109/TAP.2020.3004993
https://doi.org/10.1109/TAP.2020.3004993
https://doi.org/10.1109/TAP.2020.3004993
https://doi.org/10.1109/TAP.2020.3004993
https://doi.org/10.1109/TAP.2020.3004993
https://doi.org/10.1109/TAP.2020.3004993
https://doi.org/10.3788/COL202523.023603
https://doi.org/10.3788/COL202523.023603
https://doi.org/10.3788/COL202523.023603
https://doi.org/10.3788/COL202523.023603
https://doi.org/10.3788/COL202523.023603
https://doi.org/10.3788/COL202523.023603
https://doi.org/10.3788/COL202523.023603
https://doi.org/10.1109/LAWP.2021.3138438
https://doi.org/10.1109/LAWP.2021.3138438
https://doi.org/10.1109/LAWP.2021.3138438
https://doi.org/10.1109/LAWP.2021.3138438
https://doi.org/10.1109/LAWP.2021.3138438
https://doi.org/10.1109/LAWP.2021.3138438
https://doi.org/10.1109/LAWP.2021.3138438
https://doi.org/10.1109/LAWP.2023.3349290
https://doi.org/10.1109/LAWP.2023.3349290
https://doi.org/10.1109/LAWP.2023.3349290
https://doi.org/10.1109/LAWP.2023.3349290
https://doi.org/10.1109/LAWP.2023.3349290
https://doi.org/10.1109/LAWP.2023.3349290
https://doi.org/10.1109/LAWP.2023.3349290
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://www.opticsjournal.net/Articles/OJ7f93b3624f4449b7/Abstract
https://doi.org/10.1109/TAP.2022.3225588
https://doi.org/10.1109/TAP.2022.3225588
https://doi.org/10.1109/TAP.2022.3225588
https://doi.org/10.1109/TAP.2022.3225588
https://doi.org/10.1109/TAP.2022.3225588
https://doi.org/10.1109/TAP.2022.3225588
https://doi.org/10.1109/TAP.2022.3225588
https://doi.org/10.1109/TAP.2022.3225588
https://doi.org/10.1109/LAWP.2024.3460398
https://doi.org/10.1109/LAWP.2024.3460398
https://doi.org/10.1109/LAWP.2024.3460398
https://doi.org/10.1109/LAWP.2024.3460398
https://doi.org/10.1109/LAWP.2024.3460398
https://doi.org/10.1109/LAWP.2024.3460398
https://doi.org/10.1109/LAWP.2024.3460398
https://doi.org/10.1109/LAWP.2024.3460398
https://doi.org/10.1088/0256-307X/42/5/056303
https://doi.org/10.1088/0256-307X/42/5/056303
https://doi.org/10.1088/0256-307X/42/5/056303
https://doi.org/10.1088/0256-307X/42/5/056303
https://doi.org/10.1088/0256-307X/42/5/056303
https://doi.org/10.1088/0256-307X/42/5/056303
https://doi.org/10.1088/0256-307X/42/5/056303
https://doi.org/10.1021/acsami.4c15654
https://doi.org/10.1021/acsami.4c15654
https://doi.org/10.1021/acsami.4c15654
https://doi.org/10.1021/acsami.4c15654
https://doi.org/10.1021/acsami.4c15654
https://doi.org/10.1021/acsami.4c15654
https://doi.org/10.1021/acsami.4c15654
https://doi.org/10.23919/JSEE.2022.000121
https://doi.org/10.23919/JSEE.2022.000121
https://doi.org/10.23919/JSEE.2022.000121
https://doi.org/10.23919/JSEE.2022.000121
https://doi.org/10.23919/JSEE.2022.000121
https://doi.org/10.23919/JSEE.2022.000121
https://doi.org/10.23919/JSEE.2022.000121
https://doi.org/10.23919/JSEE.2022.000121
https://doi.org/10.1515/nanoph-2025-0013
https://doi.org/10.1515/nanoph-2025-0013
https://doi.org/10.1515/nanoph-2025-0013
https://doi.org/10.1515/nanoph-2025-0013
https://doi.org/10.1515/nanoph-2025-0013
https://doi.org/10.1515/nanoph-2025-0013
https://doi.org/10.1515/nanoph-2025-0013
https://doi.org/10.1109/LAWP.2024.3350034
https://doi.org/10.1109/LAWP.2024.3350034
https://doi.org/10.1109/LAWP.2024.3350034
https://doi.org/10.1109/LAWP.2024.3350034
https://doi.org/10.1109/LAWP.2024.3350034
https://doi.org/10.1109/LAWP.2024.3350034
https://doi.org/10.1109/LAWP.2024.3350034
https://doi.org/10.1109/LAWP.2024.3350034
https://doi.org/10.12265/j.cjors.2023141
https://doi.org/10.12265/j.cjors.2023141
https://doi.org/10.12265/j.cjors.2023141
https://doi.org/10.12265/j.cjors.2023141
https://doi.org/10.12265/j.cjors.2023141
https://doi.org/10.12265/j.cjors.2023141
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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 18 (2025) 184101

A frequency-reconfigurable ultra-wideband 1-bit
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Abstract

In this paper, a design method is presented for frequency-phase composite reconfigurable metasurfaces. N
PIN diodes are introduced into the metasurface unit. The on-off states of these PIN diodes regulate the
resonance characteristics of the unit, constructing 2V switchable reflection phase states. After optimizing
structural parameters, these reflection phase curves show that there is a 180° phase difference between different
frequency bands. By regulating frequency and phase regulation, the operational bandwidth of reconfigurable
phase-shifting metasurface is effectively expanded. Based on this method, an ultra-wideband 1-bit phase-shifting
metasurface unit is designed. Its 1-bit phase regulation band covers 5.4-13.0 GHz, with a relative bandwidth of
82.6%. Lumped capacitors are adopted and their positions are optimized to precisely adjust current distribution,
enabling low-loss performance of the unit. The unit with a thickness of only 0.09 A features low profile, low cost,
and low loss. A 16x16 unit array is further constructed. Through coding regulation, the metasurface can
generate scattering-controllable beams and orbital angular momentum vortex waves. Experimental results show
that the metasurface can achieve a radar cross section reduction of over 10 dB in the ultra-wideband range,
demonstrating dynamic beam steering capability and high-efficiency low-scattering performance. This design
offers new insights into applying reconfigurable metasurfaces to broadband communication, radar stealth, and

!
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intelligent electromagnetic environment regulation.
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