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Abstract: As the transmission properties of Frequency Selective Surfaces(FSS) will get worse because
of the air gaps between FSS and original radome in the experimental stages, a novel snow loop element
FSS was designed to reduce the effect of air gaps. The theoretical simulation was performed by using
the mode matching method. For contrast, the best FSS structure designs of the novel snow loop ele-
ment and Y loop element for the assumed qualification were chosen out respectively. The equivalent
FSS sample plates were fabricated by using photolithographiy, and the transmission properties were
tested in a microwave dark room to check the simulation results. Both the calculating and the testing
results show that the novel element FSS meets the transmission request in a quite wide air gap range

(190—6 500 pm), which is much better than the best Y loop design(320—1 900 pm). Advantages of
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this new type snow loop element FSS were briefly analyzed. It demonstrates that the snow loop FSS

has very low sensitivity to the air gaps, which provides a new method for the FSS study in the experi-

mental stages.

Key words: Frequency Selective Surface(FSS) ;radome; air gap; snow loop element

1 3]

nu\A

B R % P 32 | (Frequency Selective Sur-
faces, FSS)J&— g B N T ML BE A KL, B K
e JC YRR IR B T 2H R A PR B 2 R A S P R 9 4
PG B, A S T — S0 A A il T X B s 3
A BEPEVE 09 25 ) DR 4 . FSS R E M N
FHZ — 32 R F oy 38 50 FSS il % RAT#H R B &
IR F U P O 7R kS B s A
F'SS A8 17 o K B 7l o 450 B B3 AE FSS BB
L ARE R FSS A S R B B E A i B /R ik
BH X TR Ak R AT A O 7 R R R S
WA = o T RLT AR I 7R Gk L 4 AR Bl S g Il 2
M 52 LB B e T4 Ry b iy et

ToVE e [ A b 2 [ A1, B B kLAY A o
WV WK~ B gLt H
rh, S 6 I RO (8 AT DS TR B T A HE A T VR B
EBT T 2 2 800 2 SR8 , o = P e iiF o
WREASFE AT — B By B 2P R bR, AR, 7R
SR AR B0 9 0 OPR A A A I B B SRS
FSS 5EINEE G W il K AR R, — B &
G EARMERE B TR . Pt 7R I B B
SR H i Rt 422 9 07 2 BTN B ey o FSS i 2%
[fi] 5 A R 2 B AR T, M 3K 58 BE 5 TR FSS 32 5 #
B 22 ABREL R, BAEXMTTT FSS 5
B 30 R (1) A T S A 2 B A OB T A AR
2| FSS IR IR B A fo Ab Y E S
R R R E MR FSS B &%
BRAE Ry — 20 B AH 2 B B B AR 5] ORT]
I R AN Al PRI N T BT MERE . BT RY R
Z R FSS B 25 UL e B HURE  — B2 BRIl
WA A OB T BT L A R P RE L 2 T
i ekt AR — B B R, BE XS IX - [R) R
ARSCHET Y BF FSS onghi g4 i 1 —Fho A
FEFRIRHLTT FSS, 3% Fl 570 B A BAR Y 25 B
JRRE S PR B 25 BT Y T PN R 455 5 A 1) £ i
PERE.

2 B HELE N

2.1 BEHARER

ARSCBE R FSS HARFEFR U . 55 FSS LA
g X S5 ENERESE AS AR
0~50"; 3@l f, AbWYE L % 5 F A BUAAH L, R
B 590 (4 XHED L B (X i B i i RO
BT —5dBG31Y%) . B 14l T EAN R AEA
6] A SR AR BE TR Y fo B BHL 375 3 A< il £k 238 )

90

—e— frHibRihLk
= == = FSSHFRlLE

80 |

70 ¢

60 F

S50

Transmission/%

40}

30

0 10 20 30 40 50
Incident angle/( )
N TR fo mA&MEEL
(a) Transmission coefficient of dielectric board at f;
under different incident angles

100
90}
80}
70
60|
501
40
30
201
10

Transmission/%

Stop band frequency/GHz

(b) BT 2% £ B2 35 3o 32 th £&
(b) Frequency response of stop band under different
angles
B 1 MBOE BORE bRt a1 B
Fig. 1 Transmission properties of assumed qualifica-

tion



5 8 1]

TR A HA R s AU U Y T 4B B TT R 0k 3 T 1951

FeARFE R AV B L . (D) fo &S
HRMEAERE 1 () R RELZ s (2) BT £ M JE
wa R n & m SRR 1) PR Z T,
P NE (= v R ﬂlﬁ?rﬁﬁﬁz“%/{%LFﬁ{E
Bl FH T4 0 A BT AR A BELHY 375 2ok A8 38 e fe e A
ik 90% (—0. 45 dB) LA I, HiZ 4 Bt BE 2 v o0 A
R fo ARV XA BETIG N T OMERE . BRAR T A 1
K FSS 57T J8 191 58 He Ik BEL 7 378 3k 3% 5 (H X 2 E’Fﬁt
@mxﬁ,—ﬁ*ﬁlﬁ?ﬁﬁqﬂ»wﬁﬁﬁﬁ fo A&

RSN T LT,
2.2 FSSEMFNiZit&EH

AVBETE R A R FSS Bl 4% F A B -
AL L, Nl 2 o . A Bt i — P R4 B
WM OR A B, A H B e=3. 0, HAEIE D]
tan 6=0. 005, 2 4 28 mm, FSS ¥ 5 4
M ] B 23 SRR S T — 2 B ECh 1.0 194

T 25 S B R R A U ) S B O LA
FSS & TR E M N R /PRI, KL E
M AME S KB OGRS R e, =R
JEEE LT ROK R ILZK ., K 2 4 TP
JCHTE S5 48, 22 Y 3R BT 2 0 B T FSS K
208 B (10 AL B T T AR SO HE R R S AR A
IREITATE R Y BRI —Fh i A8 0, B A
BVPHWA RS —30 Y Hpooh.oES HP

E<1+”DF af qii‘:

70

o, 750 =1 M T iy tan(ri 1) ’
o i N i tanCrig’ t)
()l) r
DF' = Y;UJF eXp(*Z]VJo 0
0

¢ o — 2 58 £ IE 22 1 Floquet £, 7E p=q=0
F =1, BEEE X R A Floquet A5 4% 3 i . i=2
XERE poq ARV B HE Floquet 5 r=1,2
SrRIXE N TE A TM M A A7 S A5 3% 4R i
0" s o 43 B AR AN BN H H A TR) A AREBEAT s
roo 23RN AT BTN A b 23 ] = 5 1) B 15 B R

2y AT i Br Floquet 5 B 45 UL BT . Ko

qumxm

— G TER 60 M . R, S AEFRR T
BT Y FRITRIL R AR ST S A
WRIET Y AR I

B 27T
v SR

— 5 23 Bie=1.0,tan =0
B de ASRRE T A A

Fr i Hize=3.0,tan §=0.005
dp:28 mm

Bl 2 WFh FSS 3T # BT EIE fn
Fig. 2

i
Structures and shapes of Y loop and snow

loop FSS elements

2.3 HEAERER

AR SR AR 2 DT e 3R 2R AT FSS 45 80F A
RS R R T, FSS & 4k A W bE g5 H .
Wil 2 ] S R R 45 R 1Y 9B 7K 35 (Floquet) 22 B,
BB s 18] g A4 B X 3% BL Floquet 5 2 &
TF 8 JE 301 2 1 Y e 3 A — 21 R BT E Y IE A4S 58
# LR T L SR I 9 5 A JR 0 2 1w R R 3
WG S B 1) 43 o ) % B A5 AR B T — A A i
T8 i ] 2 T A A R 3 1 By O R

-st+22<z,.1m+2%>¢;qJEb><@§$ - Zds
r 1 1 2 ra Pq

(D
H
) r(l)nm+]7}1x1 tan(r;"ll)tl)
Zin "o i tan(A 1) @
A 2R i B — s FL AR B R 3 S R
i, ] DL e R OE Y 0 ek BOK E, R ITL AR R H

Galerkin 75 145 173 75 e 6 Ak O £k 7 L SR i
2Nk T A RV AT A 2 1 b 2 1) 0 AL B AR R

N T ARIE Floquet A58 — F SR A1 A4 e 84 1 . 42
SR PRBCEE L T R SRR A A, R Y BRI
TN AE 5 T0 3 THI 4 71 1w FiL 37 5% T T ) i R 5
PEAT T



1952 P

5% TR %21 %
I, . 2=xl. _,. - . +1
B EESIH(%)G ""‘(ZXG(Z)),]=1,3,5,"°,7’1=’7T
bi — ’
T, 2wl T A . j
Egcos(%)e ’FW(ZXG(L)),]=2,4,6,"',n=é
Sil’l(%ﬂl)e ﬂy“zc;(l)7].::[53757”'57’I:].<2#;1
e, = ) ) , (3)
COS(?TEZ)eiﬂ‘“:G(l)5_].:254567"'571:%
UG 100
- 9 |
(k)2 — (5352 il
J J S 7LI+LZ 7W1+W2 s 70
F,,* s d— 9()* . %
oxl, 2 Z g %
JL] (=) —ky”* g S0r
S ER)
XY BHEIE, S=6a+3b; X FHEEHRIT, S § 30 F
=12+ 6b, % S 7E R FTRER U L 3 A7 FSS L
43 B 93 7o 240 35 R 00 R R R 2 4b L ob il
KEZﬁﬁﬁﬁﬁﬁEgﬁmmﬁ G(D E(JZ:IE] ° Frequency/GHz
2.4 HEERSSW
XFARSCHR R Y PR OC RS AL R R OT L 8 ()Y ¥ FSS
PR BA ST AN IR L AP IR SR L B T BB A R L HE (a) Y-loop FSS
1107 R EES B VU 8 30 5005 2 B e H ARS8 AR
25 B IE W A B bR 2E A R A A Al R ik 100

AN BT AT S B A RO ARG A e L G
£ 1IN,

1 FAHETHEHSHERETSKREREE
Tab.1 Parameters of two FSS designs and

applicable ranges of air gap

Y T Ep 2SI TR
S Ly /mm 3.317 6 2.428
ANERFE Wi /mm 1.595 3 1. 105
455 /mm  W,=W,=0.6494 W,=W,=0.35538
HeAi 77 = 60° B3 HE A 90° B3 HE A
S /mm D,=8,D,=6. 928 D.,=D,=7.2
2SS BEFHERE/pm 320~1 900 190~6 500

IR IR T S ECRE .Y TR
PRRSE FE g K FHAEHRIT, Y AR ITE S
60° = ML M FN HEAG , AL BT E & 90°1E 7 JE
HNHEAT 3 25 SBRIE S R E , AL Tk A
R/NEY 190 pm 25 S BR BN 5K AY 6 500 pm 25 S BR
RS T AR R BUE W AR P bR 2R L T Y 1
25 B 320~1 900 pm,

Transmission/%

=3 000 pmZs SfH

Frequency/GHz

()& 7E FSS
(b)Snow loop FSS
P 3 AN 2 AR i A AR i o ) 45 2R
Fig. 3 Frequency response in simulation under differ-

ent air gaps

Bl 3 Sk R 31 AE R TR 28 AR /Y D5 Lt
M TR Z Ik —— 512, X B EL 20° A
S, TE #fb, 25 B 43 50 2 500, 1 000,2 000,
3000 peeJUFCIR 2 1 05 L it £k S 4611 LA 3 Bt
Fse vl el AT R T Y B A 3 2o R 2 A
—5 dB LA, il 2 B 48 A (0S5 A8 BT Y B A



5 8 1]

TR A HA R s AU U Y T 4B B TT R 0k 3 T 1953

FORW RAET Y BTt 28 W THad, W A ik 113
500 pm. 20° A S A AR 5 BT AE £ Ab L 3X
IR T R 5N TRTE fo RURYE
RAEH L . WA 2 BB WG K, Y bk
F1%) F5c 1 1) e A RS 20 o ) S 5 o 0 4 3 o R I
22BN 500 pm BEE 3 000 pm, f, fES R H
89. 5% P B 2 73. 8%, CL I i Ik F 48 4 5 1M XS
FHACBIT M2 fe e 5058 = S Bl e S 1)
TRA R By, 76 AR B 3 o 3 A 55 47 7 2 000 pm,
225 B 500 pm B E 3 000 pm, f, A& R b
89.6 %45 K 89. 2%, JLT- B A BEAL . X — AR
SRR TR 28 FSS BT 5 . 5 i R 2
BRI A S A SO Y Rl X
F T A 8 8 R o B A 2 o o AR RS [ )
B R X AN BB 2R A AE — R 2 e e A
SR 1 R B BRI A 3 A R L BRI G
P LB i R AR AR L B R B R A5 ABRE T LN .
T AE BT R T ALV v, Bl 2 AR R, PO s
AR I G X A Y T2 B 5 A B AR A Xt
BTSSP A BLARS T — 8 43, 3k 2 T B B T
2 A BE R R R Z —.

M 3 IR RS & BT AL BT 55 Ah A
R AR BT v B A5 B 2 BRI RS 1 R B
Fe fr a7 3k R 23 ARG R R R IR L
THRITH Y BoT/ME 2 ) — SR B Y= R
B 2 — AR B A T AT 2R 2 S T
BIY 368 7 B 3 R A 9 i 1 2 T ) M o 32 T T O L 18
1A — A0 XA S TN E Ty, kel
DL RCBH 1 bR 37 io 2 B i it 2 I A% R R
LT A OE TR Y A L, b
TR L A5 k7 5 R T Y A RS TS R T
Y A EERA,

Bl 4 25 1 TR BT AE 0~50° A f SN [
FRBRET H5ABRAE fo mE R .
B AL AN A EE TS fo a8 R AE 28 SR
WUAR B A A 1 37 2ok BB K, DS A — S A Y
75 30 AR NI/ 5 T 25 S 3 S R R e F i A
MET fo B FER ML B IR, AT
FSS & i, 48 A DL o i S ORI S
BLEC AN fo aiE R (FAR X e AT A A
JEE T 4% 206 23 S AN B0 1) B L PR 0 O 7R 3
filt bR AT 3 O Ak A 2 A ok as AR M A G B
FE.

W0t
80
B
_E 70 +
E 60}
g —'_;_— R
= 300 um %2
&= 50t —A— 500 um 73S
1000 pumZs (i
40 | —— 1900 um =S
| D 2500 pm /A ) N L
0 10 20 30 40 50
Incident angle/(°)
()Y ¥ FSS
(a) Y-loop FSS
90
80 |
S0t
=]
2
2 60}
£ —a— /1
§ 50 + —@— 300 umZs <
& —A— 500 umZs
40 b 1 000 umZs s
—— 1900 um7%s i
30 | P 2500 pmZ

0 10 20 30 40 50
Incident angle/(°)

(b)EFE FSS
(b)Snow loop FSS
Kl 4 FSS HNBRTEANF 2 RS MAE fo MBEd
HRT H
Fig. 4 Comparison of f; transmission coefficient be-

tween FSS and dielectric board
3 I EiE

3.1 EHERAHEE

FSS 88840t J2 45 i B B B ik B 25 4 %
FSS 55 B 1k 51 A - M 2 68 B S i, T8
X FSS S RCT- M 4% M e 04 I3k 56 UF 3% 1.
FSS 5 i1 1 #5 SR FH OG22 T 202 5 o)y vk il &
() FSS R ELAT 35 e BRG JBE 4 4% 0 R ] 42 1l 7
+£10 pm WL K 5 AH &R Y A AL FSS
B, KSR EE (K 5 mm (19 1E 5 B U I
B AR A P M b 30 2 B bt s Nk b ) B
WO R R B 28 AP, e PR 52 A 5 25 1
BN T LAATIA R 5 07 RS — 3, {H2 500 pm
DL R 23 SRR M A B 4 il DRI 0 3 56 ik A K



5 21 &

5 Y IHMETL FSS i EAEL:
Fig. 5 Samples of Y loop and snow loop FSS

3.2 FSS e aenik

FSS f& % P RE I 1R AT A e 28 18] 3% A il 28
(] 9 3t 3R 46 A2 B4R N5244 A B 5 5 W 4% 43 #r
AR IR T me B A 38 58 X 4R A O i S
PR e X O T W B R R AP Lol
T G PG A B R R AN 1A 6 B

N5244A
FRMEL DL

KHRE

BURE

FL6 A s )k el 25
Fig. 6 Diagram of free space method

Bl 7 SRy Fh 56 FSS 4 850 B #E 20° A5

500 pm 2 2 000 pem %5 B APIRZS T B9 05 5 5 1
k. M LUE o S 07 ]t &y &
REF,500 pm 238 BE A W45 BE WS 22 T 2 000 pm
25 AU 3K R T s AU B N O 7 B R e
100

90 f —— Wik
oL Di

70
60
50
40 1
30F

Transmission/%

Frequency/GHz

()Y ¥ 500 pm 25 BR
(a)Y loop with 500 pm air gap

100

Transmission/%

Frequency/GHz

(DY ¥ 2 000 pm 25 5B
(L)Y loop with 2 000 pm air gap

100

Transmission/%

Frequency/GHz

(e)FETE 500 pm 25 K P
(¢)Snow loop with 500 pm air gap

100

Transmission/%

Frequency/GHz

(DFEE TR
(d)Snow loop with 2 000 pm air gap
Bl 7 Y 3F FSS A AL FSS # R i 28 5 05 2 ith
E0Nia
Fig. 7 Comparison of tested and simulated frequency

response betweer Y loop and snow loop FSS

U 2 B S BU AL . B A0k Ul I 2 2R 2
AL T PR IC BT B R R AT Ul B EE
FIEW



558 TR A HA R s AR RO Y T AE B TT R 0k 3 T 1955
T AT AR BB R fo a5 R A it SR AR
4 % ® 1 A

AICEAT T — Rl BT AR ITHY FSS,
i A $ R BT BT A B S AR T Y
PR TTBCT A 2 AR Y O, R R A
(=) A FP B B i i e o e 6 o 2 R el A )
R BLHRAERITIE Y HIT/MEZ 5 (TR
B R 55 L L0 B R B 2 B 1 R
TRR N B B 3 RTH T AR O B A R
FEAIY RIS s (=) M= RBR R —E R
TAE vt M2 fo BT X2 iy B T i ax A

[1] #%4AFE.5pE, 2L, &, MG Butterworth

BRI BT 5 % T8, 2011,
19(7) :1486-1494.
XU N X, FENG X G, LIANG F CH, et al.. De-
sign of symmetric dual Butterworth-type of frequen-
cy selective surface [J]. Opt. Precision Eng. ,
2011, 19(7):1486-1494. (in Chinese)

(2] zZ#m#m.&zn.mwd. F. Y LSBHREER
B[] % #5182, 2011,19(5):959-
966.

WANG SH SH., GAO J S, FENG X G, et al.. De-
sign methods of Y aperature fractal FSS[J]. Opt. Pre-
cision Eng. ,2011, 19(5): 959-966. (in Chinese)

(3] HAr.@zhae, 25, F. BN Y HRATTHARLPE
REWMBITLT] A5 A% T4, 2011, 19(9):
2043-2049.

CHEN X, GAO ]S, WANG Y S, etal.. Design of
overlapping Y loop element FSS [J]. Opt. Preci-
sion Eng. ,» 2011,19(9): 2043-2049. (in Chinese)

[4] CHAHARMIR M R, SHAKER J. LEGAY H. Dual-
band Ka/X reflectarray with broadband loop elements
[J]1. IET Microw. Antennas Propag. » 2010, 4(2).
225-231.

[5] ILBEOM C, JIN G K, DAI G L, et al.. Aramid/ep-
oxy composites sandwich structures for low-observable
radomes [ J]. Composites Science and Technology »
2011,71:1632 -1638.

[6] POCK, DAIGL, IISS, etal.. Low-observable
radomes composed of composite sandwich construc-
tions and frequency selective surfaces[]J]. Compos-

ites Science and Technology, 2008, 68 (9):2163 -

R K P OT FSS 7R 2 B 5 T s B o
BORFEPR A ATEE S , B BAR A 25 KB BURE =
KB 190~6 500 pm, X —Z5 1L F Y 3K FSS
) B R 28 BV B (320~1 900 pm) , g T AR B HIE
By BLi) FSS Wit it 7 — MRAF IS, S 4h,
hFIZE e R B e 60° gh ik 5 R E Y % & &
LB B Y BT BR80T R e
PE 5 B[R] — 3 R A L B B BT R RSN T Y
I HATT A R T 00/ 55T B T 1) i 1 2
FE P AR &, T 3E S W AR i R 2 EE |

2170.

[7] MITTRA R. Techniques for analysis frequency se-
lective surfaces-a review[]J]. Pro. IEEE, 1988, 76
(12):1593-1615.

(8] #&Z.2¥=.X¥.%F. LRl FSSEHh=

SRR FZ e (1], & ok A 5 3k, 2008, 23 (6)
1123-1128.
MENG ZH J, LUM Y., WU ZH., etal.. Influence
of air gaps in single-layer bandpass FSS structures
[J]. Chinese Journal of Radio Science, 2008, 23
(6):1123-1128. (in Chinese)

(9] Ak, 3hiE &, YR Y 3598 8045 A9 iK

BT[] ] RS M E 142, 2005,13(2):219-
224.
LU J, ZHANG J, SUN L CH. Experimental com-
parison of the characteristics of Y element and Y
loop element[J]. Opt. Precision Eng. . 2005, 13
(2):219-224. (in Chinese)

[10] % Lo, FTIHFE R&F ZBO[ML I
Ht L0 A, 2005,

KRAUS ] D. Antenna[ M ]. ZHANG W X trans. ,
Beijing: Publishing House of Electronic Industry,
2005. (in Chinese)

[11] CHEN C C. Diffraction of electromagnetic waves
by a conducting screen perforated periodically with
circular holes[J]. IEEE Trans. Microwave Theo-
ry & Tech. , 1971,19(5) :475-481.

[12] sivig, meged RS W, ¥, REGEROLZK LT L
[J0. &% #% T4, 2011,19(8):1810-1815.
LIU X H, FENG X G, ZHAO ]J L, et al..
Process of spherical photoresist spin coating[ ] ].
Opt. Precision Eng. , 2011,19(8): 1810-1815. (in

Chinese)



1956

5 21 &

EE R

FEBRAITI—) Lo HFMAH AN,
5L BIWFSE B, 2005 4F T MOk 2 31
PR 2% 037, 2008 4 T o [ Bl 2% B K
B NG B LS W AT 52 P 445 1
T2, BN TSR E R A
SICN B % # ¥} % J7 1w i #F 58, E-

mail : wangyansong99(@163. com

EEM 1968 ), B, HEARAMWMALTHE
o WFgE 5L AR O, 1989 AR T U
VLR 2 AT 2 1 %00, 2005 4F F b [
B2 e K B O 2R ML S ) BT 5
FRARAS 12 07 L BUA o [ R 2 e K
FeZEAE B ML 5 ) BT 55 BT b R
W5t 2 F 5t S 0 ol B R A SE G =
FAE, FENF M A SR W
M B Rk B R T AF R AF 5

Email: gaojs@ciomp. ac. cn

BR #1984 ). B MK RN B
& BB 5T 5L, 2007 4, 2009 4FF i
N RN B o e i e T e
fr, EENF BB, AT S R B 4L
AREYHF5E . E-mail: chenxin_ 19344834
@163. com

BB (1962 —) L, HAMKE N, mH)
SEE W, O 2 & 2 B
5%, E-mail: fxg@163. com

(FRIERE REWWT FREEH)





