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�©ò^��� - 7á��¡(��^����(Ü, JÑ
�«Äu�n�m�é�(��#.°ª�$Ñ
�Ãá�(�. T(�U�)ü�^��, ¢yü�VKªã. ïÄL², N!ü�º��¦ü�VKªã£ÄÜ
/¤��°ª�. nØ©Û!�ýÚÿÁ(JþL², �©JÑ�#/(�3 9.3—13.2 GHz ªãÓ�äkK�^
�ÇÚK�0>~ê, �é�° 34.7%, �Ñ5UXê 347.9, ¢y
°�$Ñ�Ãá�. ÙïÄ(Jéõªã!°�
$Ñ�Ãá���Oäk����¿Â.
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1 Ú ó

�Ãá�´0>~ê ε Ú^�Ç µ 3�½�
>^ÅªãSÓ��K��«#.<ó>^á�,
äkØÓu~5á��ÛÉ>^A5, 31Æ¤
�!�Åì�!U�XÚ!>^Û��+�äk
2,�A^cµ. �Ãá�gÙ¯±5, ��´
ISÆâ.�ïÄ9:��. 2000 c Smith ïÄ�
|^m����Ú7á�¢y
^�ÇÚ0>~
êÓ��K��Ãá� [1], Úå
IS	Æö�2
�'5¿È4ÐmïÄ, �´�°Ä!�Ñp��

�Ãá��A^. ©z [2,3] ©OJÑ���/
Ú��/�Ãá�, Ù`:´U¦>^ÅR�uÄ
�²¡\�, ":´N´��¶-�A (screening
effects) Ú���áÂ�Ñ (absorption loss). Chen
�JÑ� S / [4] Ú Simovski JÑ� Ω / [5] �Ã
á�(�#L, ����é�°=� 19.3%, ��Ñ
p. Zhu � [6] JÑ
�«Äun���ü��°
��Ãá�, Nasrin � [7] JÑ
�«Äu�i7á
�é�4zÕáü¡°��Ãá�, �´§���
é�°Ek�Jp. �Sz� [8] JÑ�ü¡7á

(��°��Ãá�, �é�°ké�Jp, 8c
©z���Ãá��õÑ�k��DÑÏ�, 'u
õªã�Ãá��ïÄK'��. Chen � [9] JÑ
�Äu S /��ì�Vªã�Ãá�(�{ü, �
���é�°=� 13.6%, ��Ñp. Zhu � [10] J
Ñ
�«Äuõä{G(��õªã��Ãá
�, Wang � [11] ÏLòØÓº���Ãá�(�ü
�|Ü3�å¢y
õªã��Ãá�, �(�E
,!Ø´\ó, ��Ñ�. Li � [12] JÑ
�«>
^Å�R�uÄ�\��Vªã²¡�Ãá�, �
´T(��VKªãØ´N!, ��Ñ�.

�©JÑ
�«�Ãá�#(�, T(�ò�
n�m�é� - 7á��¡(���n�m�é�
�(Ü, U�)ü�VKªã, ÏLN!ü�º�
�UCVKªãó���, ¢y°�$Ñ�Ãá�
��O.

2 �Ãá��(��O��ý©Û

éu^��ì, du>^aA, �>^Å²1
\��, ^|¬3^��ìþ�)aA>6¿/
¤>6£´, �)���>NÚ��>a/¤ LC
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��>´, 3��«�¢yK���^�Ç. �©
JÑ��n�m�é�^��ü�Xã 1(a) ¤«.
�â Pendry �nØ [13], d7á��
��¢yK
��0>~ê. �>^Å3DÚ�^��ì\
7á�(�¥DÂ�,  u0��üý�^��
ìÚ7á��¬�)ÍÜ, O�
>^ÅDÂ�
��Ñ. �
ü$�Ñ, ò7á���^��ì�
�30���Óý, /¤�n�m�é� - 7á�
��¡(�, Xã 1(b) ¤«. ïáüö���>´
�., Xã 2 ¤«, �n�m�é�(��^��
ªÇ� fm1 = 1/2π

√
Lm1Cm1, Ù¥ Lm1 = 8L1,

Cm1 = C/2, L1 ��n�m�é��)�>a, C

�é�m�)���>N. ¤±

fm1 =
1

2π
√

(8L1)(C/2)
=

1
4π

√
L1C

, (1)

�n�m�é� - 7á��¡(��)^��ªÇ

� fm2 = 1/2π
√

Lm2Cm2, Ù¥ Lm2 = 2(L1 + L2),
Cm2 = 2C, L2�á7á���)�>a. ¤±

fm2 =
1

2π
√

4(L1 + L2)C

=
1

4π
√

(L1 + L2)C
. (2)

w, fm1 > fm2. �©òùü«(�©O�
¡30�Ä����ü¡, Xã 1(c) ¤«. T(
�U�)ü�^��, l��ü�VKªã.
Ä�æ^0>~ê ε = 2.65 �àoÍ¯L, º�
� 4 mm×4 mm×1 mm. 30�Ä���¡�¡�
n�m�é� - 7á��¡(�, Xã 1(b) ¤«, Ù
¥ a1 = 3 mm, b1 = 4 mm, w = 0.2 mm, l = 1.0 mm,
d = 0.2 mm. 30�Ä���¡�¡�n�m
�é�(�, Xã 1(a) ¤«, Ù¥ a2 = 2.6 mm,
w = 0.2 mm, l = 1.0 mm, d = 0.2 mm.

ã 1 �Ãá�ü��/9(�«¿ã (a) �n�m�é�(�; (b) �n�m�é� - 7á��¡(�; (c) �Ãá�ü��.

ã 2 ��>´ã (a) ^��ìü�; (b); �¡(�

æ^û�>^�ý^� Ansoft HFSS éT(
�?1�ý. TEM Ål�/��à\�, >|!
^|��Xã 1(c) ¥¤«. �>|��R��ü
�>.���n�>>. (PEC), �^|��R�
�ü�>.���n�^>. (PMC). ÏLëêJ
��{ [14,15] J����x�ëêXã 3. ã 3(a)

L²#(�3 9.6—11.3 GHz Ú 15.4—16.3 GHz ä
kK���^�Ç, 3 9.6—16.4 GHz äkK��
�0>~ê. ã 3(b) L²#(�3 9.6—16.3 ä
kK���ò�Ç. Ïd#(�3 9.6—11.3 GHz
Ú 15.4—16.3 GHz�VKªã.

T(�31����:?L¡>69>|r
Ý©ÙXã 4 ¤«. dã 4(a) �±wÑ, �n�m
�é� - 7á��¡(�¥7á�þ�>6��Ó
��þ, LyÑ>�A. �n�m�é�Ú�n
�m�é� - 7á��¡(�þ�r�´>6/¤
��g>a. dã 4(b) �±wÑ, é��m�r>
|/¤��g>N, Ïdüö(Ü/¤g��>´,
Ly�K�^�A, ��n�m�é� - 7á�
�¡(��éu�n�m�é�/¤
�r�>
6£´, é^�AK���.
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ã 3 ��x�ëê (a) 0>~êÚ^�Ç; (b) ò�Ç

T(�31����:?L¡>69>|r
Ý©ÙXã 5 ¤«. dã 5(a) �±wÑ�n�m�
é� - 7á��¡(�þ�>6geþ��u�
7á�þ�>6, Ly�>�A. (Üã 5(b) ��,
�n�m�é�þ�r�´>6/¤�g>a�
é�m�r>|/¤�g>N�(Ü�¤g��
>´, Ly�K�^�A, ÏdÙ^�A´d�n
�m�é�(�û½�. ±þ�©ÛÚnØ©Û�
�
éÐ���.

3 °ª�$�Ñ�Ãá��¢y

dþã©Û��, T�Ãá�(��1��
VKªãd�n�m�é�Ú�n�m�é� -
7á��¡(��Óû½, Ù¥�n�m�é� -
7á��¡(�K���. 1��VKªãÌ
�d�n�m�é�(�û½. Ïd�±ÏLN
!�n�m�é� - 7á��¡(�Ú�n�m
�é�(��ü�º�5¢y��VKªã�
£Ä.

ã 4 1����ª:?�L¡>6±9>|rÝ©Ùã (a) >6©Ù; (b) >|©Ù
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��n�m�é�(�ü�º� a2 = 3.6 mm
�±ØC, �n�m�é� - 7á��¡(�ü�
º� a1 l 1.6 mm Cz� 3.6 mm �, (�� S21

ëê�Xã 6 ¤«. lã¥�±wÑ, �Xü
�º� a1 �~�, 1����ª: pª��
£Ä, 1����ª:CzØ´é�. ù´d
u�n�m�é� - 7á��¡(�é1���
�ª:?�)�^�AK���. du�n�m

�é�(�º��±ØC, Ïd1����ª:
CzØ�. ÏLëêJ��{, ��ÙVKªã
XL 1 ¤«. �X a1 �~�, du1����ª
: pª��£Ä, 1����ª:Czé�.
� a1 = 2.4 mm �, ü�VKªãÜ¥y°�V
Kªã. �X a1 �UY~�, du1��VKª
ãUY pª��£Ä, ÏdVKªã��°Åì
 �.

ã 5 1����ª:?�L¡>6±9>|rÝ©Ùã (a) >6©Ù (b) >|©Ù

ã 6 �n�m�é� - 7á��¡(�ëê� S21 �'X

L 1 (�ëê�VKªã�'X

a1/mm a2/mm VKªã /mm

1.6 3.6 9.8—13.2

2.0 3.6 9.4—13.2

2.4 3.6 9.3—13.2

2.8 3.6 9.2—11.8 12.8—13.4

3.2 3.6 9.1—10.6 11.8—12.6

lL 1 �±wÑ, � a1 = 2.4 mm, a2 = 3.6 mm
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�, T(��VKªã� 9.3—13.2 GHz, �é�°
�� 34.7%, ^ëêJ��{J���x�ëêX
ã 7 ¤«.

4 �Ãá�$�Ñ�ÔnÅn

¯¤±�, Ï~��:?��Ñép. �´l
ã 7(b) �±wÑ, ¦ Re(n) = −1 �ª:�l
�
�ª:, Ïd¦��ÃªãS��Ñé� [16].
� 
 ' � � Ñ 5 U, ò # ( � � ; /

� SRR+wire VKx�(�?1é'. ã 8 �Ñ

#(�Ú SRR+wire (�3�g��ª:?�>
6©ÙÚ>|©Ù. dã 8(a) �±wÑ, �n�m
�é� - 7á�(�þ�>6gþe, Ù�^�
�u7á�, LyÑ>�A. (Üã 8(b) ��, �n
�m�é�þ�r�´>6/¤�g>a�é�
m�r>|/¤�g>N�(Ü�¤g��>´,
Ly�K�^�A,  SRR+wire (��^�AÌ
�´d SRR �û½.

é u � ) ^ � A � � n � m � é � ( �
Ú SRR (�, Ù��>´ãÑ�dã 9 ¤«. ã 7 ��x�ëê (a) 0>~êÚ^�Ç; (b) ò�Ç

ã 8 #(�Ú SRR+wire 3�g��ª:?�>6©ÙÚ>|©Ùã (a) >6©Ù (b) >|©Ù
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ã 9 ��>´ã

®� RLC >´��Ñ�z�>´��Ú¬�

Ïê Q k', Q =
1

2R

√
L

C
, Q ���Ñ��. Ïd

�±ÏLO\>a½~�>{Ú>N5O� Q �
~��Ñ. qÏ� µ = 1−Aω2/(ω2 − ω2

m + iωΓm),
Ù¥ A�ü�(��0����¡È', ωm �^
��ªÇ, Γm ∝ R/L ��ÑXê��>a¤�
' [17], Ïd�±ÏLO\(��>a5~��Ñ.
3�n�m�é�Ú SRR (�¥, ��>a´d�
g(�¤��¡Èû½�, w,�n�m�é�(
�¤�)���>a��. �n�m�é�(�
���>NÌ�dm�?�>Nû½,  SRR (�
���>N´dS	��m�>Nû½, w, SRR
(����>N��u�n�m�é�(���
�>N. éu�)>�A��n�m�é� - 7á
�(�, Ï��G7á(�'��Ý7á�(�U
�)���>a [18], ¤±�n�m�é� - 7á�
(��)���>a��u7á��)���>
a. lþã�©Û��, #(��éu SRR+wire (
�k�$��Ñ.
�
?�Ú`²T(���ÑA5, ½Â�Ñ

5UXê, §�uJ����ò�Ç�¢Ü�J
Ü�'�K�, = FOM = −Re(n)/Im(n). ^§5
Ýþ<óx���Ñ, FOM ���, �Ñ��. X
ã 10 ¤«, �©JÑ#(�� FOM �����


 347.9, DÚ SRR-wire � FOM ���K� 38,
L²�©JÑ��Ãá�äk����Ñ.

5 UþDÑ¢�

�
�yT�O��(5,·�æ^²¡Å�
ÿÁXÚ [19] ÿÁ
Tá��UþDÑA5, ¢�
C�Xã 11 ¤«.  u²�Å�p��é&��
�u�à�Ú�Âà�,áÅ�&�u&�Ú�ÿ
�¬�üý, Ù8�´�
�½�ÿ�¬¿k�/
áÂ>^Å, ¿���>�ØëY�)���Å.
�ÿ�¬�uü�&��m�«�. du>|÷ x
��4z, ^|÷ y ��4z, ¤±��²�Å�
XÚ���´��ý��Ä����. ò 2 × 12
ü��
��u²�Å�¥, ÏL¥þ�ä©Û
¤ (AgilentN5230A) ÿÙDÑA5, dã 12 ��,
T�Ãá�UþDÑ��¢ÿ(JÚ�ý(J
Ä���. �´3$ª«�Ñy
²w��þ, ù
´duTÅ�ÿÁXÚ´Ïpª{$ªE¤�. ,
	TÿÁXÚ´���m�ª�ÿÁXÚ, é	.
�>^�¸¯aÝ'�p, 2\þ(��\ó°Ý,
��¢ÿ(J� n�� � ý�¸ �'�´k�½

ã 10 �Ñ5UXê9��ª:?�>|©Ùã

ã 11 ²�Å�¢�¢Ôã
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ã 12 �ýÚ¢ÿUþDÑ�ã (a) �ý� (b) ¢ÿ�

��É. �´·�'5�´Ï����>^ÅDÂ
��Cz5Æ. dd�±wÑ, T�Ãá�Uþ
DÑ��¢ÿ(JÚ�ý(JÄ���, �y

�O��(5.

6 ( Ø

�©ò^��� - 7á��¡(��^���

�(Ü, JÑ
�«Äu�n�m�é��#/�
Ãá�(�, nØ©Û!�ýÚÿþ(JþL²T
(�Ø=�Ñ$, �U�)ü�VKªã. ÏL
N!ü�º�, �±¦ü�VKªã£Ä/¤��
°�VKªã, �é�°� 34.7%, ¢y°ª�!$
�Ñ�Ãá�, ùéíÄ�Ãá��¢SA^äk
��¿Â.
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Broadband and low-loss left-handed metamaterial
composed of oblique triangular open-loop

pairs resonator∗
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Abstract

A method of realizing multiband and broadband left-handed metamaterials with low-loss is presented. By integrating oblique

triangular open-loop pair resonator plus wire (OTOR-wire) with oblique triangular open-loop pair resonator (OTOR), the combined

structure exhibits double LH passbands, which can form broad LH passband by adjusting the unit cell geometrical dimension. Sim-

ulation and experimental results and analysis demonstrate that this structure exhibits negative effective permittivity and permeability

simultaneously in a frequency range from 9.3 GHz to 13.2 GHz, its relative negative refraction passband reaches 347%, and the figure

of merit reaches 347.9. The idea can help us to design multiband and broadband left-handed metamaterials with low-loss

Keywords: left-handed metamaterials, multiband, broadband, transmission experiments
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