) I8 ¥ 48  Acta Phys. Sin.

Vol. 63, No. 13 (2014) 137803

R s/ N ER BT IR TR E SKIN AN G
B ST B ISR AR

/N2

Rl mEHT

(R KRR TR S TSR, Al 210093)

(2014 4£2 A 5 HYKE]; 2014 4E 3 A 18 HUL BB H )

AN AL LI R L FR R T (FSS), e/ LICAIRIE FEAR T (mFSS) () TAF AR BRI AR S5 # s
o <R 5 A (1 P9 B LA R LUK, T AN A BT I A R SRR AR . ARSI S8 mESS My i il BB P R, AR
BT < S A < R 2 1) P T P PR BRI L, R DA< e A R < R e Dy R A B T A 3 R R AR
B BT T mEFSS B Iu AR 24 S5 0 2 ORI N S R o g P RE A B R R, vk o T AR AR
10 GHz &SRR} BTSSR, X MBS RHR A ARSI 98, X BN 56 i AT R AL 7 1) AUk %
Port, FEREANGHI ) —1 dB 47 S0A E 40%, RMEERAG A (60°) TRAHREF LS mTERE, —1 dB %
1 20%. LR 2 HE BRI B B S RN B TS A R — 2 mFSS B EIRRFE R ORY fR T S

FPRHISLR S £, I8 T 4 AR 2 35 .

KEIE: N T RUBARL, KBNS, Sesits, wikE

PACS: 78.67.Pt, 73.90.+f, 75.70.Cn

15 =

B AR 3%k $E 3R T (frequency  selective surface,
FSS) & fi& H1 — & T MK 1) < J& i v 5l AL Bt B TR 4%
R R S T R A A B )~ TR B T O
B8 P U K R 35 ) B T R AR AGE K BE AR [RIIN, B2 k
ARG, ESLIRIAR T, FSS 20 NG s
WIS BE S, RN X LB R ) A
R PRRFVE. XM I RV (e BT BH) 4
V2 I AE B R R A B () R s e v, A 40
20 R AN AN I A AT 5 fg T L

ARG PR — N EEARFE . FEARHITR
292 TARREK I —F. fESCPRN HH FSS I8 H 2 f
BROR/IN, T 4331 REF SR N FSS 7 2 2 1%
Z AN BT (Gl R E H KT 400), BEANFSS
FE & 3K 828 100 x 10N, FEER G

DOI: 10.7498/aps.63.137803

P 7 MR FSS ZEA KL T3 EURAS . IX 42 ZER PR
T PSSR E B A N A, BA AR R
Bk A Pl L, AR gt — R B KNG A,
T8 AN RS Re AR 0 20 8 % 2 T Ry — AN
ZLHIWF SR L

LK, N EE 2] T E AN EE R
Z R EHT 08 X R R R B
DR S RPN - G 7 S N
BERRE— A B A Rt A2 S5 4 B s RS 5 AR
PR LT DARAS AR A, H5 02 B TARBR
R AR AL AU T2 5 1 55 X S AR SR I R
AT AN B e A 0120 RS ¥ FSS 2 H X
it N R REAA R RS, 45 ) B 02 A SR AR Y
10 <2 Jm SRR AN < R 2 A B, <2 2 T S5 O LB
R R R, T e R SRR D LR, AT B A LA
NBA BRI IR LO HLEE.

w H R HRBIEE S (S 61271080), 4 &34 (HEHES:20110091110030) FIVLH 44 H AR R E RS (i S BK2012722) %8l

TR,
T IEFSEE. E-mail: rxwu@nju.edu.cn
© 2014 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

137803-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.63.137803
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 63, No. 13 (2014) 137803

BT IR/ NG LO VEIR B TCH FRR1E B
BHE TR 10 S5 R SR AR, AT AE AT ) i
BEMEREAT R AR AL BRI SR Ie A5 R R 1%
PR AU 58, XS B ATRAL T 1)
AU RST/INE AR, RIVELE R BEN S R AR
SRR A a1k BE, 500 3E F T B IR ERA R £
BHE

2 mNETAMELERETRE

WO FSS ) ARSI Bk T L A BT 1) 25
FFLIRAA, A SCARPAR B o] A — A LC 1 IR
HLE R FOR, X THr@ A FSS, HLg A JF I LC 1
PR A R AE R R & Jm S5 M A P B e
7 C ML LR B A G FSS (LR 45 4 T SE B
(1) C A1 L, A8 gt m] LAFR Xt iR 245 49 [ Mg - i

PA1 ) S5 RO P B P R P B PR AR T AR B 7T

3 FA&m/NBTMERERERITE
WA e B Fo I v

B2 (a) 25 1 T 1 4 J 45 R4 11 P B Pl 25 0 L JEK
Bt mFSS 3% i A4k} 1 2 e 46 4y 191 e —
AN 4 1) B 4 R 1) FL 28 J2 R — A 4 i 4 28 X A 4
P FALJER 2 AL T I 0 2 S ), FLAE 2 LUK
JZZ (AN AR BRI, 5 B8 B0 4 B A4 v ) f 22
3R, TEHEAR G K B0 4 ] B RN 4 S 2k 2% HE 771
B2 (b) Fros WX, 1 Ff 25 ¥4 76 7K 7 A3 B 7 1)
B SEARTFRI, BT LA F 2K P AR A o R0 3 B R A
A AR E S5 R, T DRAIE XS NS5 38 Al A6 AN B
JEHE.

FMFSS —#f, mFSS tHa] LA — A LC FHEL
R, 0 2 (c) fion. LAIC 2l mKEN
L, FHIERST N Z) = Zo/\/er HIAE B 2 3% B2 1T k.
Z) BT A AR 0 R EE AR R A L S e,

PR A BT ) 25 0 RS 2 KORUkIN, il — o 2
(8N FRL TR PR R T (mFSS). [, BT A
BT RTINS AR 6 FSS 35 i 1 B A B2 IR KS
2R KA.

% Tl 45 45 A6 T DL SR AL 12 B 7 (4R L S 4L
LAnC, E12smEan sz, B1(a) A
P AN FH AT 4 S 22 1) 6 1) i s A ol 1) L 28 (S
s < A). SR YR AR AR T T R A R R L IPE B
I YA Vaste SN = N i T 8 R s N A
BCPAR AR, AR KNS & B A Ak L, H
A48 IR s 0% B 1 (b) NTERE w 4R
o, NG B P AT T 40 SR K e AR T B
MG, %4 JB 4 5% nT S5 RO B B DL
H, 2% A FLJER & ) 7 2 ) P 4% — 2 R U B2
WIE 1 (c) R, SR T mEFSS f5EA G,

H (1) ()

(a) WELLA; (b) WEIHUR; (c) mFSS 2470

Zo #& 2T IBEGT. 3B P RL A A A 5514 B
RTE 2 (c) Fron Tk LC HL B B IR

(1)

s
i
h

K2

ST ) 285 H 7 T VLR A8 2 L B T
BPHA B =4 EREE MR (b) mFSS Bk kel
A HTTH G LA R R MDA B R R (o) whEE T
mFSS F YA RLR T 14 4R R % ]

(a) mFSS

137803-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 63, No. 13 (2014) 137803

N T EE BB TARLE ZR R, & e 2l
B € HA A RT RS 28, il K D, & )sst
B8 18] 2 A0 <o 41 25 1) 98 15 0 55 (JLIRT 2 (b)), 3X 48
FUTZHpkoe 8 K L AT C IR/,

[R]REE s ANA BRI R LB B e TRE T 45
A SRR RN, R U S A 5 04 Dy

2D 1
C= E0€eff— log — s |- (2)
T sin ——
2D

T L e R IR T AR BT K D A s
A0 IR T L w RE, JEAME S A

D 1
L= Hos— log | —w | - 3)
n sin —
2D

1 (1)—(3) AT AR, A T i RS — g i
PR TARIR 3 2y < A TRIRE s, <) 4
oK B 58 S5 w AT A A L M e X = AR
RIE.

BB B ERT LC 156 HL 6 114 Jt [
B G, B 5S FEIS2 00 B 1B 2 (c) 45250
HEAS BB WRBHI it 7 K

QRQr=R 9 (4)

L
XL T 55 BW A

_h _hH L
BW_QL_R\/;. (5)

Pk, L/C M ERE T IB BB 98, T 1)
BB EA A BRI L 8 LB .
HLE 2 (b) Fros s BT 2, 78 PR AE TAR SR — &
1 JE it L AT DA o 9k /) <6 Je 40 2% T T o AN <62 i 1)
Bl s RAT R LUAB A L/ C AT SEBL e 5t T
AR AN R RSE ARG, R SEPR BTN IR & 5 FE P
A AR EAR SR

X F AN E I ARSI, (2), (3) SUp R
HIEEA ISR D 25 /T3 L FSS HE A FL T
RoF. B, ZERINS R T REARITTIEET A
57 1) BRI AR ) SO 2 W, TR
S mESS B ARSI KM KRR, 55— 07
T, ARE NI IS 2 S B0 (R 805 RN A AT PN B L AT
HUB S R — 5 AL, (HAZABATT B BLAE 2B A AN
Ap D61 {43 mFSS 50 B8 B2 60 NS A AR AL A
.

TATH LR B mFSS &1t 7 TAELE 10 GHz ¥
B T (1)—3) R H 7 mFSS FEA H
TCHIR/N, DA HIELLE AR B CST Hrok) 2546 H
TCREGHEAT AL, B REE T, FATHE 2 (b)
Hh () LR S KRS AN FE I S T K FE D /2, A
BN AoV e X RR. 3G T ER
mFSS 37 I R} 8 4% iR 1 Ao H B N S AR FE ) AR
b, A BT RS 95 mm x 5 mm(FEAH
TR TR KER: 1/6) x 1/6)), BEZE L
& JE A AR s = 1.0 mm, HLRJZE 4@ 4N 26 1 58
w = 0.1 mm. P§JZ 8] A B R 3.55 )5
J£ 78 0.5 mm A5 AR B T

—u— i =0°

i = 15°
—4 —a— I = 30°
—v— fifE =45°
_5( fiE = 60°

B 7%/ dB

1 1 1 1 1
8.0 9.0 10.0 11.0 12.0
Si% /GHz

513 mFSS 4 A 0k 15 3% 1 O 56 2% BN 5 A AR

M3 W] LUE B B R TAEAE 10 GHz IF
HAERGE BP9 B 0° IE NS -1 dB
AN B8 3K 31 40%(7.87—12.02 GHz), EI{ELE KA
FE6 = 60° NS IIIEHL T, FARX A 5E 40 26% 7o
#i(9.42-11.98 GHz), I H A0SR BE NG #1 1)L
ARHL/INAT DASEIL R NS AR T (32 %

4 ZRERFITH

FATFF PCB il 1E T2 78 B A 5 AR L 1)
YET mFSS i ik A kL, 52 brff it an B 4 . A
il 7E o il Ry il A 284N O, A R
JCHIRSF N5 mm x 5 mm, BARES R SR
150 mm x 150 mm. HEEHFE&EAEEs = 1.5
mm, HEZEPEEM %N TEE w = 0.05 mm. M
JRZ B FE AR B e, = 3.55, JEJE N 0.25 mm
I TR, 4208 AR 26 R FE 2975 0.03 mm.

AR B H 7 (AR T v 5 56 BF %A

137803-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 63, No. 13 (2014) 137803

AR, MR R G0 A R RS B R Rt
AR AR B A, R LR AR A 2 A R S B
REEERR. P R AR IR B R B 50 il AR R A R 4%
FEWOR . FEOR 2R [] 5E E R 2R b, RS R 2]
LTS, MR EZL T 0.02 mm. KRR R
FAgte (F/D) iy 1, RE 428300 mm, & #E
% 75 FE ST T AD T BLFE B LR 2900 40 mm [T T 38
R 28 iy 68 3 [ il L 20 4 3 2 R AR E8363A R
W28 o3 AT AN . S B I 8 B e S R R SR AT R
1E, SRR it [ 8 LR RE e b, s i R
S RERIIAL B, A5FE T I PR R TH 5 R 2R i) 451
T A, 3@ A=A S A& SRR T 2R (S21).

Ka BRI (a) BEZ; (b) B

0+
T LLL vt Lt 4 L LT Y TYYUUUN
................
—1 - as .
R e
o - ot
~ 2
B
W&
& -3
i” a ‘o‘
A *
—4 Eoeet fE=0
B =30
-5k fEE =60
—6 1 1 1 1 1
8.0 9.0 10.0 11.0 12.0

%%/GHZ

K5 SEBAPBF o R S R AN A AR R

AT & 7R S OR 2R A A
[ IS (325 14 R A i R . ) 5 o S I O
R FETEENGI, FEPA B -1 dB i 915 2
40%(8.3—12.1 GHz), 1 60° KN4 T, H
—1 dB HpE AR 8 20%(10.1—11.9 GHz).
FE/NT 45° NG A, 338 1 e 3 A AN NS A
FIAARTT AR AL, NI AR T 45° J5, B I
S BEN S AR ) s SRS Bl P 3 R 5 ) A
B BB 7@ AR A PrEN A, SEIRIAT R 1R
ke v BN R RE AL G R 5 B AT AU B
Pi A5 RIEAR 5, FAB PN REIEA A BN 5% A

JEE PR 8 R 5 A W O S k.l P R Y 2 )
SRR i ] 26 LKA SR RE S B 4534 2 ) i 22
eSS

i R R R 2 2 5 R R I AL Ty
[P AT 55 2 B A LI RIS OO, U TR A R IE
BARFELS B ARAL T I SC &R, B 6 A1 0° NI
T, FBEE X ANY BAGI, S0 S S S
2. X PR RR AL 5 [ 1) it 2B AR ) R DL
TG BT R IE A RO BN AL T TR AN UK.

OF L gggeeeetetiag,
o T,
L K i
—1 > “
g !
g o,
g
W&
& -3p
N
a4k FIEE = 0°, X Jiln)
FIEE = 0°, Y Jiln)
FARE = 45°, X Jilnl
-5 FARE = 45°, Y Jilu)
_6 1 1 1 1 1
8.0 9.0 10.0 11.0 12.0
ﬁ%/GHZ

6 NS FIRRALTT 1IN FZE AR B T 5 2

5 %

AL FH B T B /N R B G FSS SR T — Fib
KNG A GE AT E DA B}, 53T Bt g iR
[H R FSS I AR AN [R], 1232 AR ) B AR T R
HITRFMA T SRR A B AR R, R
7 10 GHz F 3% PR B0 A SR B0 AL B i
S HA, BB EHEEBE NG —1 dB
7 W B 40%, 7RI A /N T 450 I, aFE M RE
ARANKE N S A1 B (AR AT AR AL RISELE K A 5 N
T (60°) KAREIRLF Lt Re, —1 dB A vE ek
20%, FRILANSLIG 4 RARRT & BT IR NS
BT JE S HE AT KA B FSS B B T 6T AR 45 4 4K
i, AT CAGEE B AR B ARSI 58, XN A
JEEFIRR AR T TR AN BBUBRI /N RS S50 s, R &
TILBRRLRE FENASA.

S

[1] O’Nians F, Matson J 1966 US Patent 3231892
[2] Ott R, Kouyoumjian R, Peters Jr. L, 1967 Radio Sci. 2
1347

137803-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 4 Acta Phys. Sin. Vol. 63, No. 13 (2014) 137803

[3] Chen C 1970 IEEE Trans. Antennas Propag. AP-18 Chinese)[fe &, £%, FE, A, 286N, b, Tkt
660 2012 YHAAR 61 134102]

[4] Munk B, Kouyoumjian R, Peters Jr L 1971 IEEE Trans. [11] Cheng Y Z, Nie Y, Gong R Z, Zheng D H, Fan Y N,
Antennas Propag. AP-19 612 Xiong X, Wang X 2012 Acta Phys. Sin. 61 134101 (in

[6] Li X Q, Gao J S, Zhao J L, Sun L C 2008 ActaPhys. Chinese)[FFl &, B2, 256, JME, TEBK, AR, T
Sin. 57 3803 (in Chinese)[ﬂ?’J\*}(, =N, ﬁﬁ%ﬂ, i i 2012 Y24 61 134101
# 2008 YJHAAR 5T 3803] [12] Chen Q, Jiang J J, Bie S W, Wang P, Liu P, Xu X X

[6] Mosallaei H, Sarabandi K 2004 IEEE Trans. Antennas
Propag. 52 2403

[7] Clavijo S, Diaz R E, McKinzie W E 2003 IEEE Trans.
Antennas Propag. 51 2678

[8] Kern D J, Werner D H, Lisovich M 2005 IEEE Trans.
Antennas Propag. 53 1382

2011 Acta Phys. Sin. 60 074202 (in Chinese)[l#E, 1T
A, RS, XIS, 1R 2011 PIEEAER 60 074202]
[13] Kamal Sarabandi, Nader Behdad 2007 IEEE Trans. An-
tennas Propag. 55 1239
(14] Marcuvitz N 1964 Waveguide Handbook (Lexington,

[9] Cheng Y Z, Nie Y, Gong R Z, Wang X 2013 Acta Phys. MA: Boston Technical Publishers) p1
Sin. 62 044103 (in Chinese)[fEF &, T, %M, L6 [15] Lee S, Zarrillo G, Law C L 1982 IEEE Trans. Antennas
2013 Y4 62 044103] Propag. 30 904
[10] Cheng Y Z, Wang Y, Nie Y, Zheng D H, Gong R Z, [16] Munk B A 2000 Frequency Selective Surface, Theory
Xiong X, Wang X 2012 Acta Phys. Sin. 61 134102 (in and Design (New York: Wiley) pp109-112

Wideband and large incident angle wave transparent
material based on frequency selective surface with
miniaturized elements”
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Abstract

Different from the traditional frequency selective surface, the working frequency of a frequency selective surface
with miniaturized elements (mFSS) is based on the intrinsic capacitance and inductance of its unit cell, but not the
structure resonance. Focusing on the application of mFSS in wave transparent material (WTM), we have designed a
band-pass WTM with unit cell of metal patch and wire, analyzed their intrinsic capacitance and inductance, and explored
the parameters of the mFSS unit and its equivalent circuit on the performances of WTM. A bandpass WTM sample
working at 10 GHz is designed and fabricated. Measurements demonstrate that the sample is wideband, insensitive to
the incident angle, and polarization independent; the —1 dB bandwidth is over 40% at normal incidence and up to 20%
even at large incident angles 60°. Experimental results are in good agreements with the calculations. The advantages of

mFSS based WTM can expand its applications in microwave engineering, especially the radomes.

Keywords: metamaterials, large incident angle, wideband, radar radome
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