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þ¶ªÇÀJL¡ (FSS) U�ÑV�½õ��¶ FSS ?éÚå�(�E,Ú¥%ªÇßLÇN´ü$�Ø|
K�, ¿�3ÿÐ FSS �°�¡äk`³, ù¦Ù3¡Û�X�U�íA^�¡kd3�d�. �´, �>^Å±
����Ý\��, ¥%ªÇ�U¬�\��Ý�Cz¤£, �3��Ý\��Ø´¢y4z½5. �©�
éd¯K, �O
�«# Y /ü�þ¶ FSS, |^�ª��{éd(�?1©ÛO�, ¿ïÄ TE, TM Å\���Ý
Cz9��Ý\��4zCzéÏ��°!¥%ªÇ9ÙßLÇ�K�. �ý¢�(JL²: # Y /ü�þ¶ FSS

�¥%ªÇ3 TE, TM Å\��þU¢y�Ý½5Ú��Ý\���4z½5. ù� FSS 3¡Û�X�U�
íþ�A^Jø
�«/�.

'�c: þ¶ªÇÀJL¡, �ª��{, �Ý½5, 4z½5

PACS: 84.40.−x

1 Ú ó

duªÇÀJL¡ (FSS) äkªÇÈÅì�A
5, òÙA^��Å!��!¥(��«�1ì½
éE�X�U�í�O¥, UéÐ/��>^ÅD
Ñ, �±ü$X�U�XÚ�X�Ñ��¡, å�
Û��^ [1]. duþ¶ FSS U�Ð/�Ñõ��¶
?éÚå�(�E,Ú¥%ªÇßLÇ�$�Ø
|K�, 3 FSS ¢Só§A^¥äkd3�A^c
µ, ÏdCc5§m©É�ïÄö�'5. �8, 3
¤kúmuL�©z¥, I	�k Björn � [2] |^
�ª��Eâ©Û¿�ý
�/Ú�8>/þ¶
�Ñ�A5; IS�k�S´� [3,4] æ^Ýþ{�
ýïÄ
�«��ü��DÑA5±9éÙW¿
0���)�K�. 3þã©z¤ïÄ�þ¶ FSS
(�¥, �>^Å±����Ý\��, ¥%ªÇ
Ñ�\��Ý�Cz�)
���¤£, �¦
�þvké>^Å±��Ý\���4z½5
?1ïÄ. �©�éùü�¯K, �O
�«Xã 1
¤«�# Y /ü�þ¶ FSS, dü�þ¶ FSS �¥
%ªÇ3 TE, TM Å\��þU¢y�Ý½5Ú

��Ý\���4z½5. ù� FSS 3¡Û�
X�U�íþ�A^Jø
�«kd��/�.

2 �.©Û

ïáXã 2 ¤«�# Y /ü�þ¶ FSS �
���., T�.Ì��)Å�«� B Ú0�«
� A, C, D, · · · , ±90���m��.¡ S2, S3,
S4 Ú0���Å��m��.¡ S0, S1. ØÓ«
��m��.¡3 z ¶��� ��I©O� z0,
z1, z2, z3, z4. ��^�ª��{©OO�>^Å3
Å�S!0��S!0���m�.¡Ú0��
�Å��m�.¡?1DÂ�XêÝ
, ÒU��
# Y /ü�þ¶ FSS �DÑA5.

2.1 >>>^̂̂ÅÅÅ333ÅÅÅ���SSSDDDÂÂÂ���XXXêêêÝÝÝ




>^Å3Å�SDÂ�, Ùüý�Ñ�Xê'
XÝ
�B−(z0)

B+(z1)

 =

 0 Eb(z1 − z0)

Eb(z1 − z0) 0
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×

B+(z0)

B−(z1)

 , (1)

(1) ª ¥, Eb
vn,v′n′(z) = e ikznzδvv′δnn′ , Ù

¥ δvv′δnn′ =
∫

Eb
Tvn(ρ) · Eb∗

Tv′n′(ρ)dxdy. du
Å�«���é�Ý�á, ØU�Ñ3�.?�P
~, Ïd, 3Ñ�Ý
�)¥, 7L�¹��Iá�
����.� � ��� � � � �� � � 		
 
 
 
 ���� � � � � �� � �

ã 1 # Y /ü��þ¶ FSS (�ã (a) x-y ²¡Ã�*Ð�n�/
� (¿¡:À); (b) x-y ²¡Ã�*Ð��/

� (¿¡:À); (c) # Y /ü��þ¶ FSS (� (¿¡�À)� ���� �� �� � � �� � �� � � �� � � � � � � �� � � � � � � �� � � �� 	 � 
 � � � � � 

� 	 � 
 � � � � � 
� � � � � � � � � � � � � � � � � � � �

ã 2 # Y /ü�þ¶ FSS ����.
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2.2 >>>^̂̂ÅÅÅ333000������SSSDDDÂÂÂ���XXXêêêÝÝÝ




>^Å30�� A ¥DÂ�, Ùüý�DÂX
ê^Ý
/ªL«�A−(z2)

A+(z0)

 =

 0 Ea(z0 − z2)

Ea(z0 − z2) 0


×

A+(z2)

A−(z0)

 , (2)

(2) ª ¥, Ea
mn,m′n′(z) = e iγmnzδmm′δnn′ , Ù

¥ δmm′δnn′ =
∫

Ea
Tmn(ρ) · Ea∗

Tm′n′(ρ)dxdy. �
�3õ�0��, Ón��>^Å30�� C, D,
F , · · · S?1DÂ�XêÝ
.

2.3 >>>^̂̂ÅÅÅ333000���������mmm���...¡¡¡DDDÂÂÂ���XXX
êêêÝÝÝ




O�>^Å30�� C Ú0�� D �m�
.¡�Ñ�Ý
�, Äkòü0��S�|Ðm
� Floquet �ª:

Ec
T(r) =

∑
lmn

(c+
lmn e iγc

mnz + c−lmn e−iγc
mnz)

× Rc
Tlmn(ρ) (z < z3), (3)

Hc
T(r) =

∑
lmn

(c+
lmn e iγc

mnz − c−lmn e−iγc
mnz)

× T c
Tlmn(ρ) (z < z3), (4)

Ed
T(r) =

∑
lmn

(d+
lmn e iγd

mnz + d−lmn e−iγd
mnz)

× Rd
Tlmn(ρ) (z > z3), (5)

Hd
T(r) =

∑
lmn

(d+
lmn e iγd

mnz − d−lmn e−iγd
mnz)

× T d
Tlmn(ρ) (z > z3). (6)

,�, 3Ù�.¡ K \þ>.^� z = z3, (��
��.¡ K þ���>|Ú��^|þëY, =
k

Ec
T(ρ, z3) = Ed

T(ρ, z3)(ρ ∈ K), (7)

Hc
T(ρ, z3) = Hd

T(ρ, z3)(ρ ∈ K). (8)

q
C±

lmn(z) = c±lmn e±iγc
mnz,

D±
lmn(z) = d±lmn e±iγd

mnz,

u´, ��∑
lmn

(C+
lmn(z3) + C−

lmn(z3))Rc
Tlmn(ρ)

=
∑
lmn

(D+
lmn(z3) + D−

lmn(z3))Rd
Tlmn(ρ)

(ρ ∈ K), (9)∑
lmn

(C+
lmn(z3) − C−

lmn(z3))T c
Tlmn(ρ)

=
∑
lmn

(D+
lmn(z3) − D−

lmn(z3))T d
Tlmn(ρ)

(ρ ∈ K). (10)

��, r (9) ª� T c∗
Tl′m′n′ , (10) ª� Rd∗

Tl′m′n′ ©O
�SÈ$�, 2È©��>^Å30���m�.
¡�Ñ�Ý
�C−(z3)

D+(z3)

 =

S3
11 S3

12

S3
21 S3

22

C+(z3)

D−(z3)

 , (11)

ª¥

S3
11 = − (Rc + GtRd∗−1G∗)−1

× (Rc − GtRd∗−1G∗),

S3
12 =2(Rc + GtRd∗−1G∗)−1Gt,

S3
21 =2(Rd∗ + G∗Rc−1Gt)−1G∗,

S3
22 =(Rd∗ + G∗Rc−1Gt)−1

× (Rd∗ − G∗Rc−1Gt).

Ù¥

Glmn,l′m′n′ =
Y c∗

lmn

η0
δll′δmm′δnn′ ,(

δll′δmm′δnn′ =
∫

Rc
Tlmn(ρ)·Rc∗

Tlmn(ρ)dxdy, Y �
�BÝ


)
. ��3õ�0��, �aq/¦�>^

Å3Ù¦0���m�.¡�Ñ�Ý
.

2.4 >>>^̂̂ÅÅÅ333000���������ÅÅÅ������mmm���...¡¡¡DDD
ÂÂÂ���XXXêêêÝÝÝ




Äk, O�>^Å30�� A ÚÅ� B �m
�.¡�Ñ�Ý
. ò0�� A S�|^ Floquet
�ªÐm�

Ea
T(r) =

∑
lmn

(a+
lmn e iγa

mnz + a−
lmn e−iγa

mnz)

× Ra
Tlmn(ρ) (z < z0), (12)

Ha
T(r) =

∑
lmn

(a+
lmn e iγa

mnz − a−
lmn e−iγa

mnz)

× T a
Tlmn(ρ) (z < z0). (13)

òÅ�S�|Ðm�Å��ª,

Eb
T(r) =

∑
vn

(b+
vn e ikb

znz + b−vn e−ikb
znz)Eb

Tvn(ρ)
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(z > z0), (14)

Hb
T(r) =

∑
vn

(b+
vn e ikb

znz − b−vn e−ikb
znz)Hb

Tvn(ρ)

(z > z0). (15)

3�.¡ I \þ>.^� z = z0, (����.¡
þ���>|ÚÅ��m Ω þ���^|þëY,
=k

Ea
T(ρ, z0) =

Eb
T(ρ, z0) (ρ ∈ Ω),

0 (ρ ∈ I\Ω),
(16)

Ha
T(ρ, z0) = Hb

T(ρ, z0) (ρ ∈ Ω). (17)

q A±
lmn(z) = a±

lmn e±iγa
mnz , B±

vn(z) = b±vn e±ikb
znz .

u´, ��∑
lmn

(A+
lmn(z0) + A−

lmn(z0))Ra
Tlmn(ρ)

=


∑
vn

(B+
vn(z0) + B−

vn(z0))Eb
Tvn(ρ) (ρ ∈ Ω),

0 (ρ ∈ I\Ω),

(18)∑
lmn

(A+
lmn(z0) − A−

lmn(z0))T a
Tlmn(ρ)

=
∑
vn

(B+
vn(z0) − B−

vn(z0))Hb
Tvn(ρ) (ρ ∈ Ω).

(19)

r (18) ª� T a∗

Tl′m′n′ , (19) ª� Eb∗

Tv′n′ ©O�SÈ
$�, 2È©��¤¦Ñ�Ý
A−(z0)

B+(z0)

 =

S0
11 S0

12

S0
21 S0

22

A+(z0)

B−(z0)

 . (20)

ª¥

S0
11 = − (R + GtQ∗−1G∗)−1

× (R − GtQ∗−1G∗),

S0
12 =2(R + GtQ∗−1G∗)−1Gt,

S0
21 =2(Q∗ + G∗R−1Gt)−1G∗,

S0
22 =(Q∗ + G∗R−1Gt)−1

× (Q∗ − G∗R−1Gt),

Ù¥

Gvn,l′m′n′ =
Y a∗

l′m′n′

η0

∫
Ω

(Eb
Tvn · Ra∗

Tl′m′n′)dS,

Qvn,v′n′ =
Y b∗

vn

η0
δvv′δnn′

(Y � � B Ý 
, δvv′δnn′ =
∫

Eb
Tvn(ρ) ×

Eb∗
Tv′n′(ρ)dxdy). ,�, |^aq��{�±O�

Ñ>^Å3Å� B Ú0�� C �m�.¡�Ñ�
Ý
�B−(z1)

C+(z1)

 =

S1
11 S1

12

S1
21 S1

22

B+(z1)

C−(z1)

 , (21)

ª¥, S1
11 = S0

22, S1
12 = S0

21, S1
21 = S0

12, S1
22 = S0

11.
¦�>^Å3ù
«�S9Ù�.¡?1D

Â�XêÝ
�, �â?é'XÒU��>^Å3
���.¥?1DÂ�XêÝ
, ¦)dÝ
=�
� A±, B±, C±, D± ��¦XêÝ
��, ?�
�# Y /ü�þ¶ FSS �DÑA5.

3þ¡�?Ø¥, A±, B±, C±, D± ´�¦
XêÝ
; RTlmn, TTlmn ©O´�í�É�0�
�.¡���XêÚß�Xê, þ� Floquet �¥
þ/ª, R∗

Tl′m′n′ , T ∗
Tl′m′n′ Ú R, T ©O´§��

�ÝEê/ªÚ{�/ª, þI a, b, c, d L«©
OL«ØÓ�«�, eI l = 1 �, � TE-Floquet
�, l = 2 �, � TM-Floquet �, eI m = n = 0
�, � Floquet Ì�, m, n ?��Ø� 0 �, � Flo-
quet pg�; ETvn, HTvn ©O�LÅ��ª�>
|Ú^|, E∗

Tvn, H∗
Tvn Ú E, H ©O´§���

ÝEê/ªÚ{�/ª, þI a, b, c, d L«©O
L«ØÓ�«�, eI v = 0 �, � TEM 4zÅ,
v = 1 �, � TE 4zÅ, v = 2 �, � TM 4zÅ,
n = 1, 2, 3, · · · ,∞; k ´\�²¡>^ÅDÂ~ê;
ρ = xx + yy; r = xx + yy + zz; γ � Floquet �D
Â~ê; η0 �ý�¥�Å{|.

3 ê��ý

� 
 ï Ä # Y / ü � þ ¶ FSS � D Ñ A
5, � O 
 X ã 1 ¤ « � ü � ( �. Ù ¥ ü �
m å D = 10.29 mm, : � L = 3.46 mm, :
° w = 1.80 mm, ¿° d = 0.74 mm; \17áÔ�
þÝ n �Ã��, \10� 2 �þÝ m = 0.50 mm,
�
÷vþ¶^�, þ¶¾��þÝ s = 1.5 mm.

3.1 ### Y ///üüü���þþþ¶¶¶ FSS 333 TE 444zzzÅÅÅ\\\
������������ÝÝÝ½½½555

±e©OïÄ TE 4zÅ3ØÓ\��e��
/Ú�n�/ü��# Y /ü�þ¶ FSS �DÑ
A5. TE 4zÅ\�� θ �g� 0◦, 30◦, 60◦. ÏL
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�ý©O��Xã 3 Úã 4 ¤«�(J, é'êâ
XL 1 ¤«.

L 1 ØÓü��ª�# Y /ü�þ¶ FSS 3 TE Å\�
�ÝØÓ�¹e�DÑA5

ü��ª θ/(◦) f0/GHz W/GHz T/dB

�n�/
0 14.14 0.98 −0.24

30 14.00 0.84 −0.23

60 14.00 0.42 −0.54

��/
0 14.28 0.98 −0.20

30 14.28 0.80 −0.27

60 14.14 0.42 −0.71

-30

-20

-10

0

10 12 14 16

T
/
d
B

TE,θ=0Ο

TE,θ=30Ο

TE,θ=60Ο

f/GHz

ã 3 TE 4zÅ3ØÓ\��e�n�/ü��# Y /ü�
þ¶ FSS �DÑA5

-30

-20

-10

0

10 12 14 16

T
/
d
B

TE,θ=0Ο

TE,θ=30Ο

TE,θ=60Ο

f/GHz

ã 4 TE 4zÅ3ØÓ\��e��/ü��# Y /
ü�þ¶ FSS �DÑA5

�n�/ü�, � θ d 0◦ O\� 30◦ �, ¥%
ªÇ f0 �$ª¤£ 0.14 GHz, −3 dB ?�° W ~
� 0.14 GHz, ßLÇ T O\ 0.01 dB; � θ d 0◦

O \ � 60◦ �, f0 � $ ª ¤ £ 0.14 GHz, W ~
� 0.56 GHz, T ~� 0.30 dB. ��/ü�, θ d 0◦

O\� 30◦ �, f0 Øu)¤£, W ~� 0.18 GHz, T

~� 0.07 dB; � θ d 0◦ O\� 60◦ �, f0 �$ª
¤£ 0.14 GHz, W ~� 0.56 GHz, T ~� 0.51 dB.
dd��, TE 4zÅ±ØÓ�Ý\��, ��/ü
�!�n�/ü��# Y /ü�þ¶ FSS äk�

Ó�Czª³: ¥%ªÇ�X\��Ý�O\Ñ
�$ª¤£, �Ý½5�Ð; �°Ú¥%ªÇß
LÇ�X\��ÝO\ü$, üö�¥%ªÇÑ
k�Ð�ßLÇ. �)ù�y�´Ï� Y /ü�U

¼����\� , �üÙ���;�, �±ò
´»���); 3�»S����b¡ü�, �N
m�ålC�, >NO\, 3�$ªÇ?ÒU�)
ér���, �Ñy�þ����Ñ, é¡\1�
��Ø��4z��Ñ¯K; �±ÏL·�N��
»�b¡·Üü�� �¦�mÍÜ����, l
é>^Å\���CzØ¯a, ªÇ £þ�.

3.2 ### Y ///üüü���þþþ¶¶¶ FSS 333 TM 444zzzÅÅÅ\\\
������������ÝÝÝ½½½555

±e©OïÄ TM 4zÅ\��Czé# Y
/ü�þ¶ FSS ±�n�/ü�Ú��/ü��
�DÑA5. TM 4zÅ\�� θ �g� 0◦, 30◦,
60◦. ÏL�ý��ã 5 Úã 6 ¤«�(J, é'ê
âXL 2 ¤«.

L 2 ØÓü��ª�# Y /ü�þ¶ FSS 3 TM Å\
��ÝØÓ�¹e�DÑA5

ü��ª θ/(◦) f0/GHz W/GHz T/dB

�n�/
0 14.28 0.97 −0.23

30 14.15 1.05 −0.17

60 14.42 1.58 −0.10

��/
0 14.15 0.99 −0.24

30 14.00 1.05 −0.15

60 14.00 1.39 −0.12

-30

-20

-10

0

10 12 14 16

T
/
d
B

TM,θ=0Ο

TM,θ=30Ο

TM,θ=60Ο

f/GHz

ã 5 TM 4zÅ3ØÓ\��e�n�/ü��# Y
/ü�þ¶ FSS �DÑA5

�n�/ü�, � θ d 0◦ O\� 30◦ �, f0

� $ ª ¤ £ 0.13 GHz, W O \ 0.08 GHz, T O
\ 0.06 dB; � θ d 0◦ O\� 60◦ �, f0 �pª
¤£ 0.14 GHz, W O\ 0.61 GHz, T O\ 0.13 dB.
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-30

-20

-10

0

10 12 14 16

T
/
d
B

TM,θ=0Ο

TM,θ=30Ο

TM,θ=60Ο

f/GHz

ã 6 TM 4zÅ3ØÓ\��e��/ü��# Y /
ü�þ¶ FSS �DÑA5

��/ü�, θ d 0◦ O\� 30◦ �, f0 �$ª
¤£ 0.15 GHz, W O\ 0.06 GHz, T O\ 0.09 dB;
� θ d 0◦ O\� 60◦ �, f0 �$ª¤£ 0.15 GHz,
W O\ 0.40 GHz, T O\ 0.12 dB. dd��, TM
4zÅ±ØÓ�Ý\��, ��/ü�!�n�/
ü��# Y /ü�þ¶ FSS ��°9¥%ªÇß
LÇäk�Ó�Czª³: �°�\��Ý�O\
O\; ¥%ªÇßLÇ�\��Ý�O\O\.
üöÑk�Ð��Ý½5Ú¥%ªÇßLÇ, �
��/ü���n�/ü��'äk�Ð��Ý

½5. �)ù�y��ÔnÅn� 3.1 ¥�?Ø
�Ó.

4 ( Ø

\��Ý�½5Ú��Ý\���4z
½5��´ FSS 3¡X�U�íþ¢Só§A
^�´¶. �©�O
�«# Y /ü�þ¶ FSS,
^�ª��{©Û
§�DÑA5, ¿?1
ê�
�ý. �ý(JL²: # Y /ü�þ¶ FSS �ü
«ü��ªÑäkéÐ�DÑA5, 3ØÓ4z�
ªe, \��Ý� 0◦—60◦ �, ¥%ªÇ¤£þ=
� 0.14—0.27 GHz; �4zØÓ�, ± 60◦ ��Ý\
�, ��/Ú�n�/ü��¥%ªÇ¤£þ©O
� 0.14 GHz Ú 0.42 GHz. # Y /ü�þ¶ FSS ä
k�Ð�Ý½5Ú��Ý\���4z½5,
cÙæ^��/ü��, �Ý½5Ú4z½5
�Z. ù� FSS 3¡X�U�íó§þ�A^J
ø
�«kd��/�.

a��·`�?Ø.
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A novel Y element thick-screen frequency selective
surfaces with stable performance

Tang Guang-Ming† Miao Jun-Gang Dong Jin-Ming Hu Xiao-Qing

( School of Electronic and Information Engineering, Beihang University, Beijing 100191, China )

( Received 13 August 2011; revised manuscript received 1 November 2011 )

Abstract

Thick frequency selective surface has potential applications in the stealth curved streamlined radomes because it has advantages in

broadening bandwidth and overcoming multi-layer FSS shortcoming of complex structure and low transmittance of central frequency

due to the cascade. However, there are a drift of central frequency in a wide range of incident angle and an unsteadiness of polarization

at big incident angle. To solve the problem, in this paper we provide a novel Y element thick FSS. The structure is analyzed using mode

matching method. The bandwidth, the central frequency and its transmittance of the structure are investigated when some parameters

including the incidence angle of TE and TM waves and the polarization at big incident angle are changed. The novel Y element thick

FSS has better transmission properties with polarization independence and incident angle independence. The novel structure provides

a valuable reference for the application in stealth curved streamlined radomes.

Keywords: thick-screen frequency selective surface, mode matching method, incident angles independence, po-
larization independence
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