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Abstract: With the advent of the 5G communication era, much attention has been paid to manipulate
electromagnetic waves at subwavelength scale. In this paper, we propose comb-shaped meta-structures based on
space-filling curves, and use theoretical analysis and numerical simulation method to study the near-field
electromagnetic properties of these meta-surfaces. Finally, the effective excitation of all order eigenmodes of spoof
localized surface plasmon resonance can be realized in these meta-structures. Through adjusting the structure
period to change the effective length of the air waveguide, high compression ratio between resonant wavelength
and device size, and high Q-factor can be simultaneously achieved. Moreover, spoof localized surface plasmons
excited by space-filling structures are alternately supported by magnetic dipole and electric dipole modes. As a
consequence, changing the distribution form of the space-filling curve with the remaining parameters unchanged,
the resonant characteristics of the surface plasmon supported by the structure are not affected by the shape
tortuosity, but are only related to the total length of the equivalent waveguide. Thus, the space-filling curvilinear
structure can be freely designed. We believe that, our results have great potential in designing the high Q-factor

miniaturized electromagnetic resonator devices based on spacing-filling curvilinear meta-structure.

Keywords: meta-surface; localized surface plasmon; field resonance enhancement; plasmonic waveguides
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Fig. 1 The schematic diagram of the structure of the comb-shaped space-filling curve.

(a) The schematic diagram of the comb-shaped space-filled meta-structure and the simulation domain. The period w and duty cycle of the
comb-shaped space-filling metallic curve structure are 10 mm and 0.5, respectively. The metal wire width a is 2.5 mm, half cycle
width d is 5 mm, the total length of the structure is L, the width of the structure is W= 7.5 cm, the metal structure fills the air waveguide
forming the gray part, and its effective length is S; (b) The schematic of double-open comb-shaped space-filling metallic
curve structure; (c) The schematic of single-open comb-shaped space-filling metallic curve structure

220037-3



TRt . G T2, 2022, 49(9): 220037

https://doi.org/10.12086/0ee.2022.220037

2T 1) — vtk PEC #1k, JE R R0 B 5T,
BHROKEAR N 28, MIHGEIRER N
n2M + 1)L

L=
ko 28

J(M=0,1,2,......) . 4)
22 REEEH TSRS IR MEEHMRT

R4 MR

TR FHL S-S o S [ JE 5 N A U 11 A B
bR 23 1B 1 70 4 M i R 25 o B A 7k 05 L
B, [ 2(a~b) 3 9l by 1 A 45 4 2% T SRR WL 3 (HL)
OYATESL, P 2(c) SRR IR JE B A AL A (4544 R
SFHEGE A Q T 52 R S A MK E S Z A6
Z, MERE A magehZnl s, whsiia e
BT S5 R R4 e 5K (3) . =X @) BULHE T
SN S SR —30, [RIRs BT TR S5 48 T I
SR il £ 2 S S A B ARy 28, iF— A4
B TR R4 . AT nT LB, BRhss
PR Q [H Bt 2 JR 3 B0y 1 it iR g K, o
FF ORI ZER G Q IRF Rl ik 1.7x10°, 48 & I i
KFRIFOLEH, B RIS s 7E 45 R &
iR 20 B ZER R R PR A 104.8 19 Q Y, 52
ARG, 25 ) SE 7 pY 2 205 ) e R I 30 K T A1 445 0 114
Q WFHAMRKAET. DA 4553 0Hm i vlo s R
Berty oy SO S5 A R A K B S AT LAY
AR A R ST RS, JFA R Q T

AL

300

0 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100110

e TR A, AT AT T R R R )R e
N PEC, M T HIEMHIAE. fESLPREHT, SR
DRI 5 FEH -T2 Q X755 FRTIUIE IV A TE A OG 1 B
o, i1 Q WS4 R MEUFAERI 2 &

2.3 REEBHTIERMS EEHEERSHHE

&L=

FERALFRAR 23 18] 5 78 42 I 1 42 4544 S 80 5 BAR
PR, TEEEEIEL N = 15 BRUT AL 25 (A 75 4
& R S5 Fa o e B 4 B e SRR A T HAR Z AT,
USE T MK L =15 cm, 2SS HARKE
S=24m. HT TE Wl (% E $81 X Jinl) AG6
I RES & A A, 1 TM Rk (B3 E $51 Y 7
) ASFExfarg . MR Re R, Bk, &
TR TM 4 A S 187 X 45 K 201 7715 523508000
P 3(a) MESFITEL S35 T Mo~M, ARAERE A B
TR, AT UL A5 B AR FIEAR T R A0 3R kg 46 (] 1 437 EL TG
FERTSCHER TR AT (3), YhARARHICH AU BE A AR
TIEASE 45 35 e i/ N, 151 3(b) A5 Mo~M, By
AL R 3 T B X R 2 TAR R, NG 9 AR
P AT LA R R 2 225 ] S 7 i 2 45 4 ) LR 3% v A
JE BT (1) B AR (S5 R R L 41 W SRR i w3
ARALAR B2 A HR SRR PR A3 A17), S N T ) Ja 3 T 25 38
JCALPRR [ 28 FP IR PRt T SCUEMKHE ; M X A
1) MD, ED. MQ. EQ 735 BE M+ f il

500 2.0x10°
—s— Double open A/L (simulation)
—— Single open A/L (simulation)
400} --=- Double open A/L (theory) / 41.6x10°
--+~- Single open A/L (theory)
—e— Double open Q /
—— Single open Q / 11.2x108
// e}
200 /,/////// 180<10°
. 14.0x10¢
100 //
/ 0

N

B2 B AIEG LT O Fa I 1A LA ) AT A
(@) I 1 AR Z A3 A wh KM 6 BB A B (D) I v AR B A4 B W R4 M6 BRI A B
(C) MA ATF 1 AoAi A B 11 45 M) 4 254 R /R 45 e 69 3236 547 FLAA VA B Q B £ B 304k N 49 AL

Fig. 2 2D simulation of single-opening and double-opening comb structures with different number of periods.

(a) The magnetic field distribution of fundamental mode in the double-opening comb-shaped space-filled meta-structure. (b) The magnetic
field distribution of fundamental mode in the single-opening comb-shaped space-filled meta-structure; (c) The theoretical and
simulated structure compression ratios, and the Q factors of the double-opening and single-opening comb-shaped
space-filled meta-structures as functions of period number N, respectively
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Fig. 3 Higher-order eigenmode calculations for double-open comb structures.

(a) The scattering cross-section of the eigenmodes (M,~M,) of the double-opening space-filling metal curve structure;
(b) The magnetic field distributions of the M,~M, order eigenmodes of the double-opening-space-filling metal
curve structure in the Z direction and the pole mode of each order corresponding to the eigenmode
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Fig. 4 2D simulation of various types of space-filling curvilinear structures.

(a) The schematic diagram of Hilbert-type space-filling meta-structure and the magnetic field
distributions at different eigenmode orders (M,~M,);
(b) The schematic diagram of rectangular spiral structure and the magnetic field distributions at different eigenmode orders (M,~M,);
(c) The schematic diagram of combined structure and the magnetic field distributions at different eigenmode orders(M,~M,);
(d) The scattering cross-section of the corresponding eigenmodes (M,~M,) of the preceding meta-structures
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three-dimensional simulated eigenmodes of the double-opening
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Highly confined localized spoof plasmon
resonance characteristics on space-filling
curvilinear meta-structures
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(a) The schematic diagram of the structure of the comb-shaped space-filling curve; (b) The theoretical and simulated structure
compression ratios, and the Q factors of the double-opening and single-opening comb-shaped space-filled
meta-structures as functions of period number N, respectively.

Overview: With the advent of the 5G communication era, much attention has been paid to free manipulate
electromagnetic waves at a subwavelength scale. Meta-surface with subwavelength structural dimensions have shown
broad prospects in the field of microelectronic components due to their powerful electromagnetic control capabilities. In
this paper, a subwavelength comb-shaped space-filling meta-surface is designed by using metal curves according to the
resonator principle. A series of studies on spoof localized surface plasmon resonance characteristics are carried out on
this basis. Theoretical analysis and calculation are carried out according to the structural characteristics. Compared with
the traditional meta-surface supporting spoof localized surface plasmons, this curved arrangement of continuous metals
will form an air waveguide similar to a resonant cavity, allowing for larger waveguide lengths at smaller dimensions,
resulting in greatly reduced working frequency band. Under the excitation of the incident electromagnetic wave, spoof
localized surface plasmon like Fabry-Perot resonance will be generated. The resonance frequency of the meta-surface
can be calculated from the resonance conditions. Using the finite element method to simulate the 2D comb structure
with different periods, it is found that the Q-factor of 1.7x10” can be obtained when the structure compression ratio
(A/L) is 444 by adjusting the structure period. In the study of the higher-order eigenmodes of the comb-shaped space-
filled meta-structure, it was found that the spoof localized surface plasmons excited by space-filling structures are
alternately supported by magnetic and electric multipoles modes, and the scattering cross-section of the eigenmodes of
each order are presented at equally spaced frequencies. By changing the distribution type of the space-filling structure,
the supported surface plasmon resonance properties are not affected by the arbitrary bending of the structure, and the
magnetic field intensity distribution of the eigenmodes only changes with the direction of the air waveguide. Finally, the
3D simulation of the comb-shaped space-filling structure is carried out, from the X-Z section electric field diagram, it
can be observed that the spoof localized surface plasmons generated by the structure can bind the energy on the surface
of the structure and generate localized field enhancement. The space-filling design in this paper makes full use of the
structure space. This highly localized structure can generate a higher Q-factor under the deep subwavelength structure,
and the electromagnetic properties are not affected by the arbitrary bending of the metal structure, and have better
stability. It provides a new idea for the preparation of nanometer-sized high-efficiency electromagnetic resonators.

Qiao X C, Shi T, Song S C, et al. Highly confined localized spoof plasmon resonance characteristics on space-filling
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