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1 Ú ó

�Ãá� (left-handed metamaterials) ´�«0
>~êÚ^�ÇÓ�K�<ó±Ï5(�á�, d
±Ï5ü��7ám�����7á�|¤ [1−4],
duÙäk�~�1Æ!>^ÆA5¤�ïÄ
9:. ²LCAc�uÐ, �Ãá�ïÄ®l�Å
ªãÿÐ�ù	Åã±9��1Åã [5−23]. 3�
Ãá��@ÏïÄ�ã, >^Å�Å¥��²1
u�Ãá�L¡\�, ^|R�um����²
¡, m�����±��� LC ��ì, �)¢y
K^�Ç�^��; >|²1u7á�, �)¢y
K0>~ê�>��; �^��Ú>��3Ó�
ªã�, ò�ÇB�K�. �Xé�Ãá�ïÄ�
�\ [14−19], ïÄ<
uyù	Åã±9��1Å
ã��Ãá�, duá��ÑK�, 7Lò>^Å
�Å¥��R�u�Ãá��¬�L¡\�, '
X “��” (��Ãá��. [23−25], ÏLé “�
�” (�ü��Ün�O, 3>^ÅR�\��¹
e���)�Ã1�. Ïd, ÃØ´>^Å²1\

��´R�\�u�Ãá�, ÏLé(�ü��`
z�Oþ��)�Ã1�. 8c, �Ãá��ïÄ
Ì�8¥u>^Å±ü��Ý��ª\� (²1\
�½R�\�), ù´du¤�O��Ãá��õ�
��É5x�, ÏXÛ�O��Ó5�Ãá�®
²¤��Æ.�q��ïÄ9:. Baena � [26] ï
Ä
�«dm�����¤�äk��Ó5A:
�ªÇÀJL¡(�, d(��,äk��Ó5`
:, �´§��´dm����æë¤�n�(�,
����E,. Casse � [27] æ^²��¡Eâ�
�
�«On��õ����á�, �´duæ^
AÏó²����¤^�~[B.

�©JÑ�«Äu7ázL���.zV¡
�(�ü��., |^T(�ü��.�±���
�Ó5K^�Çá�. �©z [26] ���Ó5á�
�', �©JÑ���Ó5K^�Çá�=^ü�
(�, äk(�{ü!���B�A:. ÏLé(
�ëê�`z�O, 3>^Å²1\�ÚR�\�
�¹e, �3Ó�ªã¢yK^�Ç; �>^Å
±�½�Ý�\��, ^��ªÇ��±ØC. Ï
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d, �©JÑ�V¡�(�äk��Ó5�`:,
�±^u����Ó5K^�Çá�. òV¡�(
��7á�(�|Ü, T|Ü(���ÅDÑÌ¥
yÑ�Ãß�¸, 3�Ãß�¸«�ò�Ç�K�.
,	, �©JÑ�V¡�(��äk�.z�`:,
du3(�ü�¥Ú\
7ázL�Eâ, ��u
O\
(�ü��>�Ý, ��ÌÝü$��ªÇ,
¦Ù3$ªãó��EU�±�.z�A:.

2 �¬���ÿÁ

2.1 ���¬¬¬������

æ^>´��¡Eâ��V¡�(�ü�
�¬, À^þÝ� 1.5 mm �àoÍ¯L0�Ä
� (εr = 2.65), (�ü��AÛº�^±eëê
L«: l �V¡��>�, w ��°, g �m�mY,
v �V¡�S:��Ý, d �ë���ü¡��7

ã 1 ������¬ (a) V¡�(�; (b) V¡��7
á��|Ü(�

ázL��», t �7áÔþÝ, c �¬�~ê, �
����V¡�(��¬Xã 1(a) ¤«. 3V¡
��üý�¡7á�, 7á���°�� w, �Ý

� f , �����7á��V¡�|Ü��¬X
ã 1(b)¤«.

2.2 ÿÿÿ ÁÁÁ

�©æ^¢���ý�(Ü��{ïÄV¡
�(��>^��1�. ¢�æ^ AV3618 ¥þ�
ä©Û¤3�Å¶-V�¥ÿþ�¬��ÅDÑ
1�, ¢�ÿÁC�Xã 2 ¤«. >^Å²1\�
�, Å¥ k ÷ y ¶�� (Å¥²1u�¬), >| E

÷ x ¶��, ^| H ÷ z ¶��. >^ÅR�\�
�, Å¥ k ÷ z ¶�� (Å¥R�u�¬), ^| H

÷ y ¶��, >| E ÷ x ¶��. >^Å�\��,
Å¥����¬k�½�Y�, �Å¥�V¡��
�¡²1�, ½Â� 0◦(²1\�), �Å¥�V¡�
��¡R��, ½Â� 90◦ (R�\�).

�ýóä/ÏuÄuÈ©{� CST �Åó
�¿, CST �Åó�¿´�I CST(Computer Sim-
ulation Technology) úiíÑ�pªn�>^|�
ý^�, 2�A^u£ÄÏ&!Ã�Ï& (7ßX
Ú)!&Ò8¤Ú>^oN�+�.

ã 2 ÿÁC�«¿ã

3 (J9?Ø

3.1 ������ÓÓÓ555KKK^̂̂���ÇÇÇAAA555

© z [3] J Ñ � m � � � � ´ � « U � )
^�A��(�ü�, �±�)^��¢yK
^�Ç. �^|R�um�����, d{.1
> ^ a A ½ Æ � � 3 m � � � � S � ) 
 a
A > 6, l  Ú \ 
 > a; d u S 	 � � � m
� 3 � m Y Ú � � � � m � m Y, l  Ú \ 

> N. Ï  m � � � � Ò � ) 
 � Ù A Û º �
Ú/G�'� LC �� [3], ¿�^��ªÇ ω
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� LC ���>N C!>a L �m�3Xe'
X: ω = 1/

√
LC. ØÓAÛëê�m����d

u�)�>N!>aØÓ, Ù��ªÇÚ��1
��ØÓ, ÏdÏLN!(�ü��AÛëê�
N���1�. ÄudnØ, �©l7ázL�
V¡�(��AÛëê (m�mY g!�° w!S
:� v!>� l) Ñu, ÏLéAÛëê�`z�O
����Ó5(�ü�.

æ^ CST �Åó�¿�ýïÄ
V¡�(�
�AÛ(�ëêéÙ>^��1��K�, ã 3 Ú
ã 4 ©O�>^Å²1\�^�eÚ>^ÅR�
\�^�e��ýïÄ(J. (JL²3>^Å²
1\�ÚR�\�ü«^�e, V¡�(����
ªÇ�X(�>� l �O\þ�$ª��£Ä. ©
Û�ÏXe: éu���(�ü�, �)�>a L

�deªû½:

L ∝ µ0µrSw, (1)

Ù¥ S ����ü�¤��¡È. �>� l O\�
=���ü�¤��¡È S O\, l¦>a��
O\, ����ªÇ�$ª��£Ä. éuS:�
Ý v, �ý(JL²��ªÇ�XÙ��O\��
$ª��£Ä. ²©Û@�, ù´du v O\�, Ù

�)�>N½��O\. ùpæ^²1�>Nì�
.CqO�Ù�)�>N, =

C ∝ ε0εrS1/d1, (2)

Ù¥, S1 �²1�>Nì4��¡È, d1 �²1�
>Nì4��m�ål. � v O\�, S1 ��O\,
l��>NO\, �dÓ�>a�¬�kO\,
ùpÌ�Ly�>N�O\. Ïd� v O\�, d
u>N�Ú>a�þO\¦��ªÇ�$ª�
�£Ä. éu�° w, �ý(JL²��ªÇ�X
Ù��O\�´�$ª��£Ä. ²©Û@�, ù
´du�° w O\�, �)�>a���O\, Ï
d����ªÇ�$ª��£Ä. ��5¿�´,
éum�mY g, �ý(JL²�>^Å²1\�
�, �Xm�mY g �O\, Ù�)�>N~� (�
�u>Nì4��m�ålO\), l����ª
Ç�pª��£Ä; �>^ÅR�\��, �ý
(JL²m�mY g é��1�K�é�, �Ï´
duR�\��>NÌ�dÄ�üýV¡��m
�ål (=Ä��þÝ) û½. |^dA:, �À½
Ù¦ëêØC�, �±ÏLN!m�mY g ò²1
\�ÚR�\�ü«^�eV¡����ªãN
!��Ó�ªã.

ã 3 >^Å²1\�^�e, V¡�(��AÛëêé�ÅDÑ1��K� (a) >� l éDÑ1��K�; (b) S:�Ý v é
DÑ1��K�; (c) �° w éDÑ1��K�; (d) m�mY g éDÑ1��K�
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ã 4 >^ÅR�\�^�e, V¡�(��AÛëêé�ÅDÑ1��K� (a) >� l éDÑ1��K�; (b) S:�Ý v é
DÑ1��K�; (c) �° w éDÑ1��K�; (d) m�mY g éDÑ1��K�

ÏLïÄV¡�(��AÛëêé�ÅDÑ
1�K�, é�
�Z�AÛëê, ¦>^Å3R
�\�Ú²1\�^�eV¡�(�þ��)�
�, ���ªãÜ, �ª`z���(�ü�A
Ûëê� l = 2.2 mm, v = 1.1 mm, w = 0.3 mm,
g = 0.6 mm, 7ázL��» d = 0.5 mm. ã 5(a)
��ý��`z�V¡�(��ÅDÑã. d
ã 5(a) ��, 3>^Å²1\�ÚR�\�ü
« � ¹ e V ¡ � ( � � � � 1 � Ä � � Ó, þ
3 10.25 GHz NC?u)��. �
�y�ý(
J, ¢�ÿþ
V¡�(���ÅDÑ1�, ¢�
(JXã 5(b) ¤«. dã 5(b) ��, �>^Å²1
\�ÚR�\��V¡�(��þ3 10.25 GHz N
Cu)��, ù��ý(J�Î.

�
ïÄV¡�(����¸A5, æ^Ñ�
ëþ{ [28,29] ©OO���
>^ÅR�\�Ú
²1\�ü«^�eV¡�(��^�Ç (ã 6).
dã 6 ��, �>^Å²1\��, ^�Ç�¢Ü
3 10.24 GHz ?� −1.46; �>^ÅR�\��,
^�Ç�¢Ü3 10.24 GHz ?� −2.05. V¡�^
�Ç�¢Ü3ü«>^Å\�^�eþ�K�, ` ã 5 V¡�(���ÅDÑã (a) �ý(J; (b) ¢�(J
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²V¡����¸´d^��Úå�, �´O��
��^�Ç¢Ü�3R�\�Ú²1\�ü«^
�e�k�O, Ì�´du3ü«�¹eV¡��
^��rÝ�kØÓ¤��.

ã 6 Ñ�ëþ{O����V¡�(��^�Ç

V¡�(��)^��ÚK^�Ç��Ï�
�Xe©Û: �>^Å²1\��, V¡�(��
K^�Ç�)Å��©z [3] JÑ�m����
�Ó, �^|R�u�¡�, d{.1>^aA½
Æ��3m����S�)�7^|��.aA
>6, ��)��^Ý M , ¿�Ù���	\^|
����. dúª M = χmH Ú µr = 1 + χm �,
�^�Av
r�, χm �K�, l¢yK^�
Ç [3]. �>^ÅR�\��, K^�Ç��)Å�
� “��” (�aq [23,24], Ä���ü¡�7á¬
�)�²1aA>6, /¤²1u7áL¡�^Ý,
¿�Ù���	\^|����, l�)K^�
Ç. dd��, V¡�(�3>^Å²1\�ÚR
�\�ü«^�eþ�¢yK^�Ç.

ã 7 >^Å3ØÓ\��Ýe�V¡�(��ÅDÑã

ã 7 �Ñ
>^Å3ØÓ�Ý�\�^�e
V¡�(���ÅDÑã. lã 7 �±wÑ, T(
�3ØÓ�Ý\�e, ��¸þ u 10.22 GHz N
C. ù�²1\�ÚR�\�^�e���¸ �
Ä��Ó, ¿�XV¡�(����1�Ø�6u
\��Ý. Ïd, V¡�(�äk��Ó5A:, �
±^u����Ó5K^�Çá�.

3.2 ���ÃÃÃAAA555

3V¡�(�ü��üý©O�¡7á�, �
�¤V¡��7á��|Ü(�, 7á��AÛë
ê��° w = 0.3 mm, �Ý f = 65 mm. l�ýÚ
¢�ü�¡ïÄ
T|Ü(���Å>^DÑ1
�, (JXã 8 ¤«. ã 8(a) ��ý(J, �>^Å
²1\��3 10.2 GHz NCÑy��ß�¸, dß
�¸� ��V¡�(��^�� ���; �>

ã 8 V¡��7á�|Ü(���ÅDÑã (a) �ý
(J; (b) ¢�(J

^ÅR�\��, 3Ñy^��� ��*ÿ�
��ß�¸, ¿�dß�¸� ��²1\���
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ß�¸ ��Ó. ã 8(b) ´�A�¢�(J, 3>
^ÅR�\�Ú²1\�ü«�¹e�Ñ*ÿ�
�Ãß�¸. ��ý(J�', ¢�¥*ÿ�
�
²w��Ãß�¸. ù´du3�ýO�¥�!
�O�Å]=^
�þ�(�ü����Ãß
�¸�f, ¢�¥æ^
õ�(�ü�|¤�

�=�¬�Ãá�, Ï*ÿ�
�²w��Ãß
�¸.

æ^Ñ�ëþ{O�
V¡��7á�|
Ü(��>^ëê, O����(JXã 9 ¤

«. ã 9(a) �O����ò�Ç. lã 9(a) �±
wÑ: >^Å²1\��, 3 10.25 GHz ?ò�Ç
� −1.8; >^ÅR�\��, 3 10.17 GHz ?ò�
Ç�� −3.1. O�(J�L², 3²1\�ÚR
�\�ü«�¹e, ò�Ç�K�ªãÄ���.
ã 9(c) Ú (d) ´O����^�ÇÚ0>~ê, (
JL²3ò�Ç�K�ªã, 0>~êÚ^�Ç½
Ó��K. ù`²V¡�(��7á��|Ü(�
3>^Å²1\�ÚR�\�^�eÑäk�Ã
A5.

ã 9 Ñ�ëþ{O����V¡��7á�|Ü(��>^ëê (a) ò�Ç; (b) {|; (c) ^�Ç; (d) 0>~ê

3.3 ���...zzz(((���üüü���

Äu7ázL��V¡�(�´�«�.z
�^��ü�. du3V¡�(�ü�¥Ú\

7ázL�Eâ, ëÏ
Ä�ü¡����, O\

(�ü��>�Ý, �vk7ázL��(�ü
��', ��ªÇ�ÌÝ/�$ª��£Ä, ¦Ù
3$ªó��EU�±�NÈ�`:. ¢�Ú�
ý©OïÄ
k7ázL�V¡�ÚÃ7ázL
�V¡���Å>^DÑ1� (ã 10). ã 10(a) �

�ý����ÅDÑã, dd��7ázL�V
¡��¥%��ªÇ� 10.24 GHz; Ã7ázL
�V¡�3 21.4 GHz ?u)��. XJ�¦Ã7
ázL�V¡�3 10.24 GHz ?u)��, K7L
O\(�ü��AÛº�, �©ÏL3V¡�(�
¥\\7ázL�B�3ØO\(�ü�AÛº
��^�e¦��ªÇ�ÌÝ/�$ª��£Ä.
ã 10(b) ´�A�¢�(J, dd��¢�(J�
�ý(J�Î. ÏL3V¡�(�¥Ú\7ázL
�Eâ¦(�ü��AÛº�~�
 50%.
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ã 10 Ã7ázL�V¡�(�Úk7ázL�V¡�(���ÅDÑã (a) �ý(J; (b) ¢�(J

4 ( Ø

�O
�«Äu7ázL��V¡�(�ü
�. ÏLé(�ü�AÛëê�`z�O, 3>^
Å²1\�!R�\�!�\�^�eT(�Ñ
3Ó���ªã¢yK^�Ç, `²Ùäk��Ó
5�`:, �^u����Ó5K^�Çá�. ò

V¡�(��7á�(�|Ü, ���¤�Ãá�.
|^Ñ�ëþ{O�
T|Ü(��>^ëê, (
JL²30>~êÚ^�ÇÓ��K�ªã, ò�
Ç��K. �©JÑ�(�ü��.��O��Ó
5�Ãá�Jø
�«�{. d	, Äu7ázL
��V¡�(�ü�äk�.z`:, �^u�O
(�;n��Åì�, 4äA^d�.
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Isotropic negative permeability metamaterials and
left-handed metamaterials based on

miniature structure∗

Liu Ya-Hong† Liu Hui Zhao Xiao-Peng
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Abstract
We propose an isotropic structure based on double split-ring resonator. We investigate experimentally and numerically the electro-

magnetic resonant properties of the proposed structure. The result shows that when the electromagnetic wave transmits in the directions
parallel and perpendicular to the plane of the split ring resonator, respectively, the resonant bands having the negative permeability both
arise at the same frequencies. However, when the electromagnetic wave transmits with oblique angle, the resonant characteristic is
still unchanged. That is to say, resonant characteristic of the proposed structure is independent of incidence angle. This result indi-
cates that the proposed structure is an isotropic medium. Combining the proposed double split-ring resonator structure with the wires,
the left-handed metamaterial with negative refractive index can be obtained. In addition, the proposed structure has the merit of the
miniaturization due to adding the metallic via-hole, which can increase the electric length of the structure. As a result, the resonant
frequency of the structure shifts toward lower frequency greatly without increasing the dimension of the structure, and then the structure
is still compact in the low frequency case. The introduction of the metallic via-hole can reduce the dimension of the structure by 50%.
Therefore, the proposed structure will be a good candidate in the microwave applications such as antennas, filter, among others.

Keywords: negative permeability, left-handed metamaterials, isotropic, miniaturization
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