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±ëÏ�\\ä{(��Ä�ü��., ��Ñò�Ç�"��á�, ¿ïÄÙ>^A5. Äk�	
ëÏ�
\\ü?ä{��¹, N!(�ü��AÛëê�¦Ù3ªÇ f = 9.5 GHz ?¢yk�0>~êÚk�^�ÇÓ�
lK�ªu":, l
��ò�Ç n = 0. Ó��ïÄ
ü?ä{�Ý9Y�é"ò�Ç�á�>^ëþ�K�. �
��	
ä{(���?Ún?��¹, uyÏLN!�ü��(�ëê, þU��3Ó�ªÇ:?0>~êÚ^
�ÇÓ��"�"ò�Ç�á�.
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1 Ú ó

g 2001 c Smith � [1] Äg��Ñ�ÅÅã^
�ÇÚ0>~êÓ��K��Ãá� (left-handed
metamaterials) ±5, >^�á��5�Úå<��
2�'5 [2−5]. ���«#.�<ó(�á�, �
±äkÃXKò� [6] Ú�{ßº [7] ��X�AÏ
5U. �âk�x�nØ [8], �á��>^A5�
±ÏLk�^�Ç µ 9k�0>~ê ε 5L�. Ï
LÜn��OÚN!�á��Ä�(�, �±k�
/N��á��^�ÇÚ0>~ê, l
¦á�ä
�ý��>^A5.

�X�Ãá��Ñy, á��ò�Ç7L��
�ù�DÚVg�UC. ¯¢y²á��ò�Ç n

��?Û� (n > 0, n < 0 ½ n = 0). á��k
�0>~ê ε Ú^�Ç µ ���©�o«�¹,
= ε > 0 Ú µ > 0, ε < 0 Ú µ > 0, ε < 0 Ú µ < 0,
ε > 0 Ú µ < 0. ±ü�ëþ�"��©.�òá�
y©�o�«�, ÏLé(�ëê�N!, U
3
ØÓ«�S¢yò�Ç�". 8c, NõïÄ�|
ÏL¢�y²
"ò�Ç9C"ò�Ç�á��
�3, ¿òÙA^u�ÅÅã [9−11] 9ù	Åã [12]

���5Ë�Or!�ï�â[-1ì [13]!r^
|��) [14] ��¡. ,
, ùa"ò�Ç�á�õ

ê´ÏLü��0>~ê ε ½´^�Ç µ �Cu
"¢y�. XJ ε Ú µ ÉÒ, @oò�Ç n ��J
ê, >^Å´P~�. XJ¦ ε Ú µ Ó�lK�ª
Cu", ù�¬��ü$>^Å��Ñ.

�ïÄ|�O
ä{.(�ü��. [15,16],
��ÑÓ�¢yK0>~êÚK^�Ç��Å�
Ãá� [17−19] Úù	�Ãá� [20]. Äudaä{
�., �©±ëÏ�\\ä{�Ä�(�ü�, Ä
k�OÑëÏ�\\ü?ä{�(�ü�, ÏLN
!(�ü��AÛëê, é�T(�k�^�ÇÚ
k�0>~ê¢Üþ�K��«�. ê��[(J
L², 3,�(½ªÇ:T(��^�Ç¢Ü!0
>~ê¢ÜÚò�Ç¢ÜÓ�lK�ªCu". Ó
�, �ïÄ
ä{�Ý l1 9Y� θ1 é"ò�Ç�
á�>^ëê�K�. 3dÄ:þ, O\ü?ä{
�?ê, ��ëÏ�\\�?ä{!ëÏ�\\n
?ä{��á�(�, þU¢y0>~ê ε Ú^�
Ç µ Ó��"�"ò�Ç�á�.

2 ê��ý�¢�

�©l�ý�[Ú�Å¢�ü��¡5£ã
"ò�Ç�á��>^A5. �ýL§¥æ^
Ä
uk�È©{��Iû^>^�ý^� CST �Å
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ó�¿, ±²¡>^Å��-y
, >^Å\��
�R�u�á�²¡, ¿���±Ï5>.^�.
�ý����ëþ S11 Úß�ëþ S21, ¿ÏLÑ
�ëþJ�{ [21] �ü���á��>^ëþ (0
>~ê ε!^�Ç µ 9ò�Ç n) �ªÇ�Cz­
�, ?
�	ÙLyÑ�>^A5, ÏL�E`z
(½(�ëê.

�¬��æ^>´��¡Eâ, 3þÝ d =
1.5 mm, ε0 = 2.65 �àoÍ¯L�þ�¡7áÔ�
(�ü�
�, ����z, 7áÔL¡þ�Ûâ
?n, ?n��7á�þÝ� 0.03 mm, �¬�AÛ
º�� 70 mm×70 mm. �©�O�ëÏ�\\ü
?ä{¢��¬Xã 1(a) ¤«. duæ�±Ï5>
.^�, ��éü�(�ü�?1
�[. ã 1(a)
¥Ý/�µSü�(����ãXã 1(b) ¤«, Ù
¥ l1 �ü?ä{�Ý, θ1 �ü?ä{Y�, l2 �ë
Ï�\�Ý, m �7á�°Ý, (�ü���Ú°
©O� l Ú w, � l = w = 10 mm.

ã 1 �©�O��á��¬«¿ã (a) ëÏ�\\ü?ä
{�¬; (b) Ä�(�ü���ã

3 (J9?Ø

| ^ X þ ¤ ã � CST p ª > ^ | � ý ^
�, éü?ä{�á�(�ü��º�ëê?1

ã 2 ü?ä{G�á�ß�ëþ S21 ��[(JÚ¢�(J

ã 3 ü?ä{�á�>^ëþ µ, ε Ú n �¢Ü�ªÇ f �
Cz­� (a) µ, ε Ú n �¢ÜCz­�; (b) ÛÜªã��ã

�E`z�, ¦��á��k�0>~êÚ^
�ÇÓ�lK�ªCu". (��AÛëê�
©O�ü?ä{�Ý l1 = 5.0 mm, ü?ä{Y
� θ1 = 45.8◦, ëÏ�\�Ý l2 = 10 mm, 7á�°
Ý m = 0.5 mm, d��[��(��ß�ëþ S21

�ªÇ f �CzXã 2 ¤«, ã¥�¢�(J´Ï
L AV3618 .�Å�Nz¥þ�ä©Û¤ÿþ�
�. lã 2 �±wÑ, 3ªÇ f = 9.5 GHz NC, ¢
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�­�Ú�ý­�¥þ�3��²w�ß�¸, �
©z [22,23] aq, ù�ß�¸é�U´Ï��á
�(���Úå�. �ý(J�¢�(J3ê�þ
��ÉÌ�´du�á����"�Ú¢�XÚ
�����¤E¤.

�
�Ð/)º�á��>^A5, ÏLÑ�
ëþJ�{ [21] �ü��á��>^ëþ. ã 3 ¤
«�T(�ü�>^ëþ µ, ε Ú n �¢Ü�ªÇ f

Cz��ý(J. lã 3 ¥±wÑ, 3ªÇ f =
9.5 GHz NC, k�^�Ç µ!k�0>~ê ε ±
9ò�Ç n þdK��"ªC. éã 3(a) ��Sª
ã�����ÛÜªã��ãXã 3(b) ¤«, dd
�±wÑ, �ªÇ f = 9.5 GHz �, nö�¢Ü�þ
lK���".

�
n)¤�O��á�(��>^��A
5, éT(��L¡>6©Ù?1
i�. >^Å

ã 4 ü?ä{G�á�3��� (f = 9.5 GHz) �L¡>6©Ù (a) \�¡; (b) Ñ�¡; (c) p¿¡

ã 5 ü?ä{�Ý l1 �ØÓ��, "ò�Ç�á�>^ëþ µ, ε Ú n �ªÇ f �Cz (a) ä{�ÝØÓ�ò�Çé';
(b) l1 = 5.8 mm; (c) l1 = 4.6 mm; (d) l1 = 4.2 mm
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\�²¡9Ñ�²¡Xã 4(a) Ú (b) ¤«, ã¥
ôÚ����%�ÞL«(��L¡>6�Ý�
�, ôÚ�f��%�ÞL«(��L¡>6�
Ý��, çÚ¢%�Þ�LL¡>66Ä��. 3
>^Å÷R�uä{²¡�� (z ��) \�, >
| E ÷ y ����¹e, (�¥Ñy��ü��
��/>6, 0���¡9�¡>6�²1, �ä
{¤3?�>6©Ù�r, �²1�L¡>6�
±Úå�	^|�����^|, /¤^��, ¦
�(�3 f = 9.5 GHz NCk�^�Ç µ �K�.
ü?ä{�á��ëÏ�\ü$
�á�(��
�lfªÇ, �	ªÇ�u�lfªÇ�, k�0
>~ê ε �K� [24−27], Xã 3 ¤«. (�ü�
�0>~ê¢Ü3 f < 9.5 GHz ��K�, ε < 0
� ε > 0 �=CÓ�u)3 f = 9.5 GHz ?. d
d��, 3 f = 9.5 GHz ?¢y
 µ Ú ε þlK�
ªCu".

N!(�ü��AÛëê, (�ü��>^ë
ê�AÛëê�UC
Cz. �ü?ä{Y� θ1 =

45.8◦ �, UCä{�Ý l1 ¬é(�ò�Ç n �
)K�, (JXã 5 ¤«. lã 5 �±wÑ: �
k� l1 �·�� (l1 = 5.0 mm) �, �á�(�
^��~f¦�^�Ç µ l µ < 0 � µ > 0 =
C; �	|ªÇ�(��lfªÇ�±'[�,
0 > ~ ê ε l ε < 0 � ε > 0 = C; ù ü
« � ¹ Ó � u ) �, á � � ò � Ç � u ", �
> ^ � Ñ é �. 
 3 Ù ¦ A Û ë ê e, ^ �
Ç µ l µ < 0 � µ > 0 = C � ª Ç � u 0
> ~ ê ε l ε < 0 � ε > 0 = C � ª Ç, Ï
d Ã { ¢ y 0 > ~ ê ε Ú ^ � Ç µ Ó � � ".
lã 5 ��±wÑ, 3ä{Y� θ1 ØC��¹
e, �X�Ý l1 �O�, ò�Ç n �$ª��£Ä.

,��¡, �±ü?ä{�Ý l1 = 5.0 mm
ØC, UCü?ä{Y� θ1 ���, �±��X
ã 6(a) ¤«�ò�Ç n �ä{Y� θ1 �Cz'
X. lã 6(a) �±wÑ, �XY� θ1 �ØäO�,
ò�Ç n �pª��£Ä. �½ä{�Ý l1 ØC,
UCä{Y� θ1 éü�(�>^ëþ��K�X

ã 6 ü?ä{Y� θ1 �ØÓ��, "ò�Ç�á�>^ëþ µ, ε Ú n �ªÇ f �Cz (a) ä{Y� θ1 ØÓ�ò�Çé';
(b) θ1 = 37.5◦; (c) θ1 = 42.5◦; (d) θ1 = 57.5◦
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ã 6(b)—(d) ¤«. duk�0>~ê ε Úk�^�
Ç µ ¿�Ó�ªCu", ¤±ã 6(b)—(d) n�ã
¥ò�Ç�"�Ü©þ´d0>~ê ε < 0 Úå
�, =´d(�¥ëÏ�\¦��lfNªÇü$
Úå�. �ã 5 �)ºaq, �k� l1 = 5.0 mm,
θ1 = 45.8◦ �, k�^�Ç µ Úk�0>~ê ε Ó
�lK��"ªC.

Äu�Ó��Og�, O\ü?ä{�?ê,
�©Ó��O
ëÏ�\\�?ä{!ëÏ�\
\n?ä{��á�(�, (�ü�Xã 7 ¤«, ã
¥ li(i = 1, 2, 3) �L�?ä{�Ý, θj(j = 1, 2, 3)
�L�?ä{m�Y�. N!õ?\��Ý li 9\
m�Y� θj , þ�±3 f = 9.5 GHz ?¢yk�0
>~ê ε Úk�^�Ç µ Ó�lK�ªu":, d
���ò�Ç�"��á�. ÏL CST �Åó�
¿^��ý9�E`z, �±��� l1 = 2.0 mm,
l2 = 2.9 mm, θ1 = 65◦, θ2 = 60◦ �, �?ä{�
á�(�� ε Ú µ Ó�lK�ªu":; N!n
?ä{�á�(��AÛëê, ¦ l1 = 1.4 mm,
l2 = 2.5 mm, l3 = 0.6 mm, θ1 = 60.5◦, θ2 = 60◦,
θ3 = 60◦ ¢yn?ä{�á� ε Ú µ Ó��".
ü«(��>^ëþ µ, ε Ú n �¢Ü�ªÇ f �

ã 7 ëÏ��\\õ?ä{ü�(�«¿ã (a) ëÏ�\
\�?ä{"ò�Ç�á�; (b) ëÏ�\\n?ä{"ò�Ç
�á�

CzXã 8 ¤«. �ü?ä{�á�aq, �?
Ún?ä{"ò�Ç�á��ò�Ç":�´Ï
Lk�^�ÇÚk�0>~êÓ�lK�ªu"
¢y�.

ã 8 õ?ä{�á�>^ëþ µ, ε Ú n �¢Ü�ªÇ f �
Cz (a) ëÏ�\\�?ä{"ò�Ç�á�; (b) ëÏ�\
\n?ä{"ò�Ç�á�

4 ( Ø

�©ÏLO�Å�ýÚ¢�, æ^ëÏ�\\
ü?ä{(��Ä�ü��., �O
�«#.�
"ò�Ç�á�, ¿ïÄ
Ù>^A5. T(�ü
��)ëÏ�\Úä{üÜ©, >^�ýL²ëÏ
�\¦�0>~êÑyK�, ä{(�¦�(�u
)^��
Ñy^�Ç�K�, N!(�ü?ä{
�Ý l1 9Y� θ1 �AÛº�, ò�ÇÑ¬��C
z. 3(��AÛëê��·���, �á�ò�
Ç n = 0, ù´du0>~êÚ^�ÇÓ��"E
¤�. 3dÄ:þ, O\ä{�?ê�OÑëÏ�
\\�?ä{9ëÏ�\\n?ä{(�ü�, Ï
L(�ëê�N!, 3Ó�ªÇ:þU�� ε Ú µ

�"�"ò�Ç�á�.
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Zero-index metamaterial based on
double-negative structure∗
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Abstract
We present a new kind of zero-index metamaterial composed of periodic array of dendritic cells with continuous long pole, and

investigate its electromagnetic characteristics. First, we study the one-level dendritic cell with continuous long pole. The retrieved
effective permittivity and permeability of the unit cell simultaneously tend to be zero from their negative values at a frequency of
9.5 GHz, which leads to a near-zero refractive index. Then by changing the geometric parameters of the unit, we find the influences of
the branch length and the separation angle on the electromagnetic parameters. Finally, increasing the level number of the branch gives
rise to two-level and three-level dendritic cells respectively with continuous long pole. Adjusting the geometric parameters of each unit
cell to appropriate values, the zero-index matematerials with zero permittivity and permeability can be obtained at the same frequency.
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