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|^9Ï|��k��© (FDTD) �{©ÛÚÑ±Ï(���\�¯K. Ì�Äu Floquet ½n, 3 FDTD S�
ª¥Ú\9Ï|þ, (ÜC��±Ï9áÂ>.^�, )û
±Ï(��\�¯K�>^A5�ý. ?�Úò9Ï
| FDTD �{Ú\�ÚÑ±Ï(���[, (Ü Z C��{, �Ñ
Äu Drude ÚÑ�.�äNS�úª. ê�O
�(JL²¤�ï�{�k�59Ê·A.

'�c: ±Ï(�, 9Ï|, Drude �., Z C�
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1 Ú ó

±Ï(�ÔN>^A5�ïÄ��´>^+
�ïÄ­���K. Cc5, ±Ï(��A^¼�
�p�'5, ~XªÇÀJL¡ (FSS)[1], 1f¬
N [2], m��ª��ì (SRRs)[3] �. FDTD[4] ��
�«k��>^O�ê��{�2�/A^uù

±Ï(��O�¥. â Floquet ½n, Ã��±Ï
(�ÔN�A5U
ÏL3��±Ïü�þ��
±Ï>.5{zO�. �
k�� FDTD �{��
UJÑ, ~X Sin-Cosine[5] �{!9Ï| FDTD �
{ [4,6] �.

ÚÑ±Ï(� [7,8] duÙá��AÏ5�,
Cc5¤�ïÄ�9:. �©¥, ·�æ^9Ï
| FDTD, (Ü Z C��{ [9] O�ÚÑ±Ï(�
�>^A5. Äu|C�, Ú\#�Cþ P , Q

éA>^| E Ú H , �\ FDTD ?1S�O�,
Ó�, éS�úª?1·�?�, ±©�|áÂ
� (SPML)[10] ��áÂ>.. ©Ù1�Ü©�Ñ9
Ï| FDTD �{O� Drude �. [11] �Ä�nØ.
1�Ü©, ·��Ñn��~, �Ù¦�{?1'

�, �y
��{O��k�5Ú¢^5.

2 nØÚê�í�

2.1 999ÏÏÏ||| FDTD ���ÄÄÄ���nnnØØØ

Äu Floquet ½n, ±Ï(��Ñ��±{
z���±Ïü��O�. ,
, duª�²¡
Å�� �=�����3�m�c�¯K, D
Ú FDTD �{Ã{)û±Ï(�¥��\�¯K.
Ïd, â|C�nØ, æ^
9Ï| FDTD �{.

�©æ^äk��±Ï(��n��.?1
©ÛïÄ. �.¥, x Ú y ���±Ï©O� xp

Ú yp, z ��æ^ SPML áÂ>.^�. ²¡Å\
�3���±Ï(�þ, \���� z ¶Ú x ¶�
Y�©O� θ Ú ϕ. ²¡Å�>^|/ªXe:

E(x, y, z, t) = E0(t) ej(kxx+kyy+kzz), (1)

H(x, y, z, t) = H0(t) ej(kxx+kyy+kzz), (2)

Ù¥, kx =
ω

c
sin (θ) cos (ϕ), ky =

ω

c
sin (θ) sin (ϕ),

kz =
ω

c
cos (θ), k0 =

ω

c
, c � g d � m � 1

�. �{zå�, ½Â k̄x = sin (θ) cos (ϕ), k̄y =
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sin (θ) sin (ϕ), k̄z = cos (θ).
�â Floquet ½n, ½Â#�Cþ|

P = E e−j(kxx+kyy)/η0, (3)

Q = H e−j(kxx+kyy), (4)

Ù¥ η0 �ý�¥�Å{|. ²C��, #�Cþ P ,
Q aquR�\�e�|þ, 3?1 FDTD S�
�, ±Ï>.����±{z�

P (x + xp, y + yp, z, t) = P (x, y, z, t) , (5)

Q (x + xp, y + yp, z, t) = Q (x, y, z, t) , (6)

ò (3) Ú (4) ª�C�Ú\� FDTD �lÑC�ª
¥, �§�±©¤ü�Ü©. ± Pz Ú Qz �~:

εr

c

∂Pz

∂t
=

∂Qy

∂x
− ∂Qx

∂y
+ jkxQy − jkyQx, (7)

µr

c

∂Qz

∂t
=

∂Px

∂y
− ∂Py

∂x
+ jkyPx − jkxPy, (8)

d?, æ^|©���{, òþª©¤ü�Ü©, Ú
\©� a Cþ|þ Pa Ú Qa:

εr

c

∂Pza

∂t
=

∂Qy

∂x
− ∂Qx

∂y
, (9)

µr

c

∂Qza

∂t
=

∂Px

∂y
− ∂Py

∂x
, (10)

dþª��, Pza Ú Qza �S�/ªéA>^|R
�\�DÚ FDTD �S�/ª. Ón, Ù¦� Pa

Ú Qa ©þ�äkaq�úª.
?�Ú, ò a ©þ�O��\ (7), (8) ª¥, �

ª�±��o|�L�/ª

Pz =
(

εr

εr − β

)[
Pza +

k̄x

εr
Qya − k̄y

εr
Qxa

]
, (11)

Qz =
(

εr

εr − β

)[
Qza +

k̄y

µr
Pxa − k̄x

µr
Pya

]
, (12)

Ù¥ β =
k̄2

x + k̄2
y

µr
. Ón, o| Px, Py, Qx Ú Qy �

±±�Ó�/ª��.
O�Ñ9Ï|©þ�, �I�â (3) Ú (4) ª?

1_Fp�C�, =����>^| E Ú H ��.

2.2 Drude ���...

0>~ê� Drude �.L�ª�

εr = εr (ω) = 1 −
ω2

p

jωγd + ω2
, (13)

Ù¥, ωp ��lfªÇ, γd �>-EXê.
du0>~ê�ªÇ�', 9Ï| FDTD éJ

��?1O�. ·�(Ü Z C��{, Ú\�|#

�Cþ, Ù�9Ï| P ,Q �'Xaqu> £¥
þ D �>| E �'X. ½ÂCþ Mza �

Mza = εrPza, (14)

òÙ�\ (9) ª, �±��
∂Mza

∂t
=

∂Qy

∂x
− ∂Qx

∂y
, (15)

Mza �±ÏL FDTD S�¦). Ù�9Ï|©
þ Pza �éA'X

Mza =

(
1 −

ω2
p

jωγd + ω2

)
Pza, (16)

éþª?1 Z C�:

Mza(z) =Pza (z) +
ω2

p∆t

γd

×

( (
eγd·∆t − 1

)
z−1

1 − (1 + eγd·∆t) z−1 + eγd·∆tz−2

)
× Pza(z), (17)

Ù¥, -

Sza (z) =
ω2

p∆t

γd

( (
eγd·∆t − 1

)
1 − (1 + eγd·∆t) z−1 + eγd·∆tz−2

)
× Pza(z), (18)

Ïd, Pza �±¦)

Pza = Mza − z−1Sza. (19)

d Z C��¦)5K, Ù¥� z−n ¥�þI “n” �
Lc “n” ����, âd�=����S�. Ón
¦)�Ñ Pya Ú Pxa.

â (11) ª9Ï|o| Pz �±L«�

εrPz − βPz = εrPza + k̄xQya − k̄yQxa. (20)

-

Mz = εrPz =

(
1 −

ω2
p

jωγd + ω2

)
Pz, (21)

ò (14) Ú (21) ª�\ (20) ª, �

Mz − βPz = Mza + k̄xQya − k̄yQxa. (22)

aq Sza �Ú\, ÏLÚ\Cþ Sz , é (21) ª?
1 Z C�, �±��

Mz (z) = Pz (z) + z−1Sz (z) . (23)

ò (22) ª¥� Mz O�� (23) ª, ?
�±��9
Ï|o|�L�ª

Pz =
1

1 − β

(
Mza − z−1Sz + k̄xQya − k̄yQxa

)
.

(24)
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Ón, 9Ï|o| Qz , Px �Ù¦Cþ�±aq
��, 2|^9Ï| FDTD �{¦), l
��>
^| E, H ���[ÚÑ±Ï(��>^A5.

3 ê��~

3.1 ªªªÇÇÇÀÀÀJJJLLL¡¡¡ (FSS) UUU���

Äk, ^9Ï| FDTD �{©Û FSS �>^A
5, ^5�y��{. Xã 1(a) ¤«, U�
�ü�
3þÝ h = 6 mm, 0>~ê� 2.2 �0��þ. x

Ú y ���±Ï�Ý� 15 mm.

ã 1 (a) FSS �:Àã; (b) ²¡Å 30◦ \�����X
ê

dã 1(b) ¤«, 9Ï| FDTD �{Ú HFSS �
�ý(JÄ�ÎÜ, l
�y
d�{k�5. '
u�ö(J3pª?��O, ²u�©Û, ´d
u HFSS ^���°Ý¤Úå�.

3.2 Drude ÚÚÚÑÑÑ���...������yyy

·�ÏL��Ún�(��~f5?�Ú�
y9Ï| FDTD �{éÚÑ±Ï(�O��k�
5. B7áÕ� Drude �.ëê�: ωp = 1.37×1016

rad/s, γd = 8.19 × 1013 rad/s.

ã 2 (a) 7áÕ�; (b) 30◦ \��ß�Xê; (c) ØÓ�Ý
\��ß�Xê

Xã 2(a) ¤«, ��(�¥, Drude �.�Õ�
þÝ h = 25 nm, ±ªÇ 250—750 THz >^Å�
\�. ã 2(b) w«�(J´3\��� 30◦ �Õ
�ß�Xê�ª��A­�. ã 2(c) ´3�½ªÇ
� 500 THz �, \��Ýl 0◦ � 60◦ Cz��ß�
Xê. dO�(J��, ·���{(JU�)Û
)éÐ/ÎÜ.
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ã 3 (a) SRSs (�ã; (b) R�\� SRSs �éAÑ�ëê

ÚÑ�.�1��~f´äk¢SA^�
�lfN�á�(�: n���é¡m��ª¿
Y (SRSs) (� [12], Ù3m'!Daì��¡kX
2��A^. äN(�Xã 3(a) ¤«. x, y ���
±Ï�Ý p = 540 nm. z ��æ^ SPML. æ^ë
ê h = 220 nm, hs = 180 nm, a = 460 nm, w1 = 160
nm, w2 = 160 nm, þ�æ^ Drude �., ëê�þ
~�Ó. e��0�Ä�, 0>~ê εr = 1.48.

Ñ�ëê (��9ß�Xê) �O�(JX
ã 3(b) ¤ «, · � � O � ( J � HFSS � � ý
(JÄ�¬Ü, �,, ·��{��mÚÊ·5
`u HFSS ^��ý. (JL², �©|^9Ï
| FDTD �{(Ü Z C�´�«k��O�ÚÑ

±Ï(���{, ¿äk¢SA^d�.

4 ( Ø

9Ï| FDTD �{´�«�±O�±Ï(�
�\�¯K¿U��°ª�A5�k�ê��{.
�©òÙ?�ÚÚ\�ÚÑ±Ï(��>^Ñ�
ëêJ��¥. ÏL� Z C��{�(Ü, ·��
Ñ
O� Drude �.�S�úª. ê�(J�Ù¦
�{�'�L², ��{O�ÚÑ±Ï(��äk
�15Úk�5. Ïd, ��{�±?�Ú^±O
�Ù¦a.�ÚÑ(�, �ÚÑ(���OJøE
â|±.
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Abstract

The dispersive periodic structures are simulated by the split-field finite difference time domain (FDTD) method. According to the

Floquet theorem, a set of auxiliary elements are introduced into the FDTD iteration to deal with electromagnetic simulation of oblique

incidence on periodic structures, by combining the periodic and absorption boundary condition. We here extend the split-field method

to the study of periodic dispersive structures by combining the Z transformation method. The iterative equations of the Drude dispersive

model are also provided. By Comparing analytical and other numerical results, the efficiency and wide applicability of our method are

demonstrated.
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