#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 12 (2024) 124201

125 B AT 71 2% BY #E B2 5 5

ERED  EAY

RIEFERE B YRR R
R

MY X KED  EF WL

1) (MR A TR B #BE, J#ER 610065)
2) (RIS B 15 BB, I 611731)

(2024 4E 3 H 8 HIKHE; 2024 4F 4 A 12 HUEMERR)

o5 AL PR T D T o R ) B A ST R, BT B A s W1 EL G U BE AT T 5% 4 S R R
RO, X [] A 5 S22 Pl 22 4 IR (9 8 4 37 BT B A o S AR I . A SCR TR S & Js i s vk, S s 17
— o i B AT O R R 5 A 4 B T RE . R AR S TR W s M AR DAy i R A DD T 5%, R S B
Q RUPR Yo R T (FSS) £k e i1 52 B 9875 B BEJR . 1% F'SS &5 44 th = JZ2 28 WA LAl JlL, vl ] )2 O 2R Y
PR H i (PMMA), TZ FIJEJZ 0 3 ik S ke (PDMS), H I A IEZZ RS Y Q B0 E . i i
THOE S P A RS B8, ALK FSS S5 F) AT i I M 438 IR 25 D046 B BELR S XU Q 7 i il B2 v 1
SRS 4 A 0 T S MR SR L, R BF S 18.1 GHz AR (3 P, L, S, C, X Ml Ku B ) 8 5 HL il T
P, B EA &Ik 80° bk Ak M BE RS e k. BT T4 F'SS HL BB A5 H 0T 81% M AR 25 42, ml 3RS
RLAF R~z WA i o 0 B TE A TM P kB A 75 30T 19 S S R BOM MR, SR AT T it 454
(1 8 LA R e ) T2 E M LB F BT B 45 M A o A S i DA R S 0 A R AR, Bk

T BT FSS S5AL 14 ST 1k B v RE.

ARG, BRI EER T, WS B, HEEN, TRk

PACS: 42.25.Bs, 42.25.Ja, 78.20.Ci

1 3

WIRIE PR (FSS) A& H 9% 2544 # T S
HPEHES I B 22548, XoF A G B0 ) i g
S IR R 2 A B D AR O ZE MR R 280 R
28 1A BT (EMI) $h] 67 25 2 A 45038
BAT M. 548 MBERAE L, FSS HL#E 5 il
Sh AR H B ORI, v TREE
JIT LA 2 L 2 A A B oK, AN EEE I =
(ICU)., Bl ol | %A% H | F Uit Fn oG B 3k
Bl Rt A 15140, pR T AINS o 1 P D 2 5 T - 4

il

DOI: 10.7498/aps.73.20240339

RE I R )™ H, W S B T A SN
6, PR AR B R 1 IR B, 5 25 RO i
PRI SE L. Bt 0 4 F AR RN ER IR H AR (A W
Ji&, REER ST H R SR 2 AR 1) R K H a3 m. At
B is B (14388 i H 4 e A B A s 0
#rA.

AR, A28 T EMI W 1Y%
2235 W] FSS S5 Mgk 1520], —Ff i FH R ek 1o P
USRI SR A KL (Ag NW) 54
BB (ITO) KSEIFE A B L. Yang 45 19 (i AR
PR LB BT T BA 81.6% EWIE I FSS
g5, 7 0.71—1.25 GHz 1 1.73—2.16 GHz A4l

* ARSI R R4 (S U22A2015), DU)IARHE T EERAVES H (S : 2024YFHZ0282) Fipd )|

FEFEERTHAVES H ES: 2020CDYB-31) %WEIHLE.

t iBIE1E#E . E-mail: ypzhoull@scu.edu.cn
1 BIE1E#E. E-mail: liping_ yan@scu.edu.cn
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

124201-1


http://doi.org/10.7498/aps.73.20240339
mailto:ypzhou11@scu.edu.cn
mailto:ypzhou11@scu.edu.cn
mailto:liping_yan@scu.edu.cn
mailto:liping_yan@scu.edu.cn
http://wulixb.iphy.ac.cn
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 % 3R Acta Phys. Sin. Vol. 73, No. 12 (2024) 124201

T N A RAF RO, SEBE T GSM B EMI
(A 85t #E. Zhang % 1) AT ITO HiIFE FSS Mk
AR 3 A R AT PR R SE B 7.8—18.0 GHz 1435 I
e B o3 — A7 X2 FSS Sl it
FHRA T HE AR B 4 ks B S A, i S R
5 XS BB 24 B . 4N, Dewani 55 20 F1] i 22
o] ED )2 A K 32 T R LY S B8 9 F'SS 245 #4) Bl 78
PeEE b, 7E 1.5—2.5 GHz i B 52 B BE AR (1) 57 ik .
R, YRG5 B FSS B ] LA S0 4 2
A B B OO 5 = A BE R EMI, {H 1 Hit = 5E % 11
il v L (LS P, L, S, C, X KA K Ku JiB%)
EMI [ HL R B i1 T

Bl TCE B H AR R & R, X 2T RE FaL BT
e R N T 5 N 05 0 R 5 VN =R v e
SIS T VRS A FURE R AT ) B T R AL X
T e RGP 9T, HAT R EIE T/ NEE £
JEH RSB TE T HL G R PE 224, Habib 45 21 3 i)
ZJZ B FSS IR MBEIE BT T S, C,
X AFUBE ) Bty L, Xu 45 22 D)3 o = 2900 FSS
SERSZIL T /NI K 7.34—15.0 GHz B S BHAT 0
il PR RE A AT IR 40 Sk T R SR A R
Fifr (25-320 AT FFSe— BB PIN —WASE R IFE, Al
FHHC T30 /AR Lk i P AR S S B FSS X HeL g I 1
AN S TIRE, A0 AR e R A A Ay R S
AL FEL R I8 . TR D R R T AR RS AR L AT
Ihik | BRER S BLPERE AT RIS 910 T AR #5
ol (LAY FSS AR 58 ) . H R i W AT it 2
AR SE . SR, DU 25 % H AR 5 5 FSS
SEREE N, AR SRR HE i AT I FSS S5 445 A1
T B 0, FTA IR0 F TR O Ik 7 A A
) O B FEL B X BB RS FSS S kiR T
K, H'FBUFSS HITa e AN 7 B Dl i AL K.
—MERITEEMEHRES S ESRELE AT
AZ 2 T WG A Y B Ll FSS 45
¥, OIS SR E AR, SEE T AR B R
C A Ku BRI 2ot n] IAHIRES &8 3
A5 BSEIIFCTIRE, Uik FSS 451 Y Ig i T fie,
il Ghosh #1 Lim B2 ¥ EGaln 7 A FSS 251
WE, SCP 4 R (TE #k) AFFH (TE, TM
k) U, X BRI RS 4 Ja S0 T nl i
WEAT IR G, EAERE PDMS $123&, {0 RHA5H
FEFHORE AR K gt D JeeEiE PERE R
FE. 25 BITA, A 5 i | nlEsk sERE Y FSS

SRR 2, (H i R WA T ST RE Y37 B
B GaBHAR FSS 45k 14GE .

R, ASCRI RS & B I shtE, #2078
B AT G S H R R AR i i L . BT
WA 4R (EGaln, #H it 75% ¥, 25% 1) 1)
it Sl S B R R B T BE I TG, R R L
MUZIEAZ Q A FSS S5 31 H S 388 it L A B2
R 5 B H R R i PE BB X b FSS 45 4 M fiE U
W7k e T AR e nT 1 ¢ /AT 1 FSS 454
B UL PIN 48 | AR B 2% W A5 4R B B T
PR, W T FSS BT EE R AN 7 B X 8 i
R, A5 T RIAFRe@E v, i I mT oGy
ST FSS 45th S L 2 D g v i Beakc e it 1A 2
%,

W &

2 F AR NFEWAA T A FSS it

W SCHrAR, REAS R AL Fat | 5 B A n]
) FSS HLRE R AT A R Rk . A
KB AN FRABES SR, &t T —MibEsE
HI AT FF 56 1) 8 S FELAS FSS 4548 . 45 & = )2
B TARE, WK 1(a) B, a2 PMMA &
SR SR BTV B A VE T2 FURZ 23 51k
PDMS JZ, WA A4 E i o iy Q B iE
(K 1(b)). N THAIE FSS g5k b ffase v, m)2
PDMS H 119 154 i 38 45 44 1F 28 43 4 72 PMMA JZ2
PR . A 4 3 PR ARG B . T 2 M iy A1 L
(EGaln ##Z#E 11 75% 8%, 25% ). #  fE s 18
TR AR AR, 2S5 H 1T LU 4 it D) 6 21 BH
HREE. FSS BLITZEHE b T MR B i R 1 S5
Wi 1 Frs), 7l PMMA 1 PDMS 308 #E £ 1F
1 6 43514 0.002 F1 0.065.

F 1 FSS HITESHT S R R S

Table 1. Electromagnetic characteristics of the ma-

terials contained in the FSS unit.
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Fig. 1. Geometry of the proposed FSS structure: (a) Perspective view of the unit cell; (b) schematic of liquid metal flow in a single

layer of PDMS; (c) evolution of the proposed FSS structure.
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Fig. 2. Transmission coefficient of the proposed FSS in

terms of (a) distance s and (b) the liquid metal thickness h.
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Table 2.  Value of parameters in the unit cell.
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Fig. 3. Transmission coefficient for different scenarios.
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Fig. 4. Simulated |S,;| with respect to incident angles for
(a) TE and (b) TM polarizations.
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Fig. 5. (a) Equivalent circuit model (ECM) analysis of the single layer grid structure and the proposed three-layer FSS structure;

(b) summarized ECM of the proposed FSS; (c) comparison of transmission coefficient between ECM and full-wave analysis.
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Fig. 6. Reflection coefficients and absorptivity of the pro-
posed FSS with respect to incident angles for TE (a) and
TM (b) polarizations.
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Fig. 7. Power loss density of the proposed FSS at the specif-
ic frequencies for TE and TM polarizations at oblique incid-
ence of 80°(a) and (b), and 60° (c).
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R T B UE FSS 2548 i B et e B = R E
P, XHZ FSS &5 in T, SRSk 200 mm <
200 mm, 37 20x20 EAICEH. H& L FRNE 8
Fin. B, R FSS 451 Q BVE 4 @A H
(15 8(a)), ¥ PDMS AW (& 8(b)) I 4 Ja@ i
H (K 8(c)) 1, 25 C £ FHCE 24 h B FhJS,
1 PDMS JZ M\ & Jmr HdEeh (81 8(d)), I3
JCE E PMMA J2 1 MO AR B R 2 mm,
YoBEA 0.5 mm [ Q AV ETE. R HIAE
% 21 PDMS 2, I liéht 90 &7 PMMA JIKZ.
H B 7 H A T3S HEAT Q B 1Y) FSS 45
. PS5 R TR PR AS 42 )8 EGaln, ZBREHA L
JZ, RS AR LS B R s E (18] 8(e)).
[ 8(f) JEBL T 1% FSS 45 B35 I 1.

MK RGN E 9 Fin, EZ5E AT FSS 45
P A5 22255 Son | O DA I3 056 FH 1 0 ) T4
2—8 GHz 1 8—26 GHz Y 5 2wl W\ R 2%, 4541
R SR IS R 2 BRI FSS 2546 i WA, H X

F 4 GICEPRISCTARR) FSS S5HTERERS 1L

Table 4.  Performance comparison of our design with what of reported FSSs.

SCk EWRE /% A E AT P RE 10 dB Jtifter 9 / GHz FAERENE/(°)
[21] N N 3.0—12.0 60
[22] N N 7.34—15.0 45

. 0.71—1.25 X
[15] 81.6 N 173216 60
[16] 84.5 N 8.0—12.0 NM
[27] N SR AR 4.08—16.96 NM
(28] N R T HE T 0.54—2.5 60
T AT L <4.5 (JRJZ45H)
(25] EGalnii A [FZ 51 “19.2 (BRLEH) NM
. N 1.9—3.1 (TM #fk) 45
D zagac| ﬁ |

(32] N EGalInfE A 4% il 4218 2175 5942 (TEWAL) .
AT 81 EGalnyE A 45 il 421 2| BH <181 80

T NFTRAAFZIIRE; NMFETR AR R
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(a) (b)

o

Microchannels within (f) BB -
top layer 1 H H
H 1

Microchannels within
bottom layer
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i FSS 45 H 7 2 9 5 i MU

Fig. 8. Overview of the fabrication process: (a) Metal mold; (b) the PDMS mixture; (c) pull the solution into the mold; (d) demold;
(e) inject liquid metal (EGaln) into the microchannel; (f) beautiful scenery seen through the proposed FSS.

(a) (b)

Transmitting Receiving Absorbers
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A PR

The proposed
FSS
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ESS
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0 0
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>~ >~ .

5 —30 = —30 J3S

©n —O— Measurement [95) e —O— Measurement
- —— Simulation - —— Simulation

—40 —40

—50 | —50

2 6 10 14 18 22 26 2 [ 10 14 18 22 26
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Fig. 10. Comparison between simulated and measured |Sy;| of the proposed FSS at normal incidence for (a) TE and (b) TM polariz-
ations.
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Fig. 11. Comparison between simulated and measured |Sy|

of the proposed FSS at different incident angles for (a) TE
and (b) TM polarizations.
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Abstract

In view of the fact that high-frequency electromagnetic waves mainly enter buildings through windows and

glass doors, switchable optically-transparent shielding with broad stopband is increasingly needed. Herein, a

novel design for a switchable and optically transparent frequency selective surface (FSS) with ultrawide-

stopband is presented in this study. The structure consists of a polymethyl methacrylate (PMMA) layer

sandwiched between polydimethylsiloxane (PDMS) layers which contain liquid metal microchannels arranged in

an orthogonal Q-shaped configuration. The mobility of the liquid metal can switch the FSS response from an

all-pass to an ultrawide bandstop behavior. The proposed FSS achieves a rejection bandwidth of 18.1 GHz,

covering P, L, S, C, X and Ku bands, while maintaining a transparency of 81% and high angular stability up to

80°, regardless of polarization. Furthermore, the mechanism behind the ultrawide stopband and high angular

stability is explored through an analysis of reflection and absorption for both TE polarization and TM

polarization. Experimental validation under both normal and oblique incidence demonstrates the ultrawide-

stopband performance of the fabricated FSS.
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