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1 Ú ó

Ó�äkK^�ÇÚK0>~ê�á� (¡
�� Ã á � [1]), d u Ù ä k K ò � y � [2]!
_ Doppler �A [3]!�{ßº�A [4] �ÛÉ5
�, 3>^Û� [5]!��U� [6] ��¡äk4�
�A^cµ. g 2000 c Smith � [7] Ägæ^m�
��� (SRR) Ú²17áj
� (Rod) |Ü��Ñ
äkKò�A5��Ãá��, �Ãá��A5©
Û9Ù�.�uyÚ�O¤�­��ïÄ9:, J
Ñ
�X�ØÓ/G��Ãá�(� [8−12]. ~X,

ÄuDÚ� SRR ½ Rod �¤��Ãá� [8−10]!
ü¡ “H” .�Ãá��. [11] ±9Äu>��ìé
�¤��Ãá� [12]. ù
(��,��{ü, �Ù
�Ã�°�Ä. �Xp#Eâ�uÐ, éá���
Ã5���¦�5�p, I�ïÄÚuy#��Ã
á�. Ïd, �Ãá��(���OnØÚ�{¤
��O#��Ãá��'�.

DÑ�nØ~���Ãá��k�©Û�
{ [13], T�{ò>´nØ�>^|nØ�(Ü, m
M
��#�ïÄ+�. �Ãá��±����
�EÜ�/mÃDÑ��., Ù¥ LC �¿é��

ªÇÚGé��ªÇ©Oû½
�Ãá��K0
>~ê«�ÚK^�Ç«�. ÄuDÑ�nØ, �
©± “ã” i/(���^��ì¿� Rod |Ü
�E
�«�Ãá���(�; ±�(�º�ë
ê��OCþ, ïá
3�½ªÇ�NCÑy�
Ã5��ªÇ�°��!�Ñ����Ãá��
(��O¯KJ{Ú¦)�{. ���~, �Ñ

�¹ 10 GHz ªÇ�Ãá����°9���Ñ
��O.

2 �Ãá��(���E�5U©Û

2.1 ���ÃÃÃááá������...������EEE

¦+DÑ�nØ�¹X�ÃDÑ��., �é
JÏé�X�ÃDÑ��.�'[��Ãá��
(�/ª. Ïd, ±EÜ�/mÃDÑ��.�Ä:,

±DÑ��.�ëYN�.�'['X, �E�Ã
á���(��.. >^Å3EÜ�/mÃDÑ�
¥DÂ�, �-u>��Ú^���ªÇ�3Ü©
­Ü�, ��(�ÒLyÑ�Ã5�, ��0>~
êÚ��^�ÇÓ��K�. ã 1�ü n�EÜ
�/mÃDÑ��., Ù��0>~êÚ^�ÇX
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e [14]:

ε = CR − 1
ω2LL

, µ = LR − 1
ω2CL

. (1)

ã 1 ü n�EÜ�/mÃDÑ��.

ã 1 ¿ é | ´ ¥ � > N CR Ú > a LL û

½ 
 x � � 0 > ~ ê, Ù ¿ é � � ª Ç ωsh =
1/
√

LLCR. d (1) ª �, � ª Ç ω < ωsh �,

0 > ~ ê ε �K �. G é | ´ ¥ � > N CL Ú
> a LR û ½ 
 x � � ^ � Ç, Ù G é � � ª
Ç ωse = 1/

√
LRCL. �ªÇ ω < ωse �, ^�Ç µ

�K�.

ÄuþãnØ, ���EÑ�«(�U
��
�ã 1 ¤«�DÑ��., ÒU3,ªãSLy�
�ÃA5. æ^ Rod 5��ã 1 ¿é|´¥�>
aÚ>N; æ^�`L� [15] JÑ� “ã” i/^
��(�5��ã 1 Gé|´¥�>aÚ>N. A
^>´�¡�Eâ©Oò “ã” /Ô�Ú[Ô�<
C3Ä��ü¡, ²L±Ï5ü�/¤Xã 2 ¤«
�(�.

ã 2 �Ãá�(� (a) ±Ï(�; (b) ü�(�; (c) ü�ÌÀã

2.2 ���ÃÃÃááá������...������ýýý©©©ÛÛÛ

�
�y¤�E�(�äk�ÃA5, æ^p
ª�ý^� HFSS é¤�E�(�?1>^A5
©Û. �Ä�(��±Ï5, ©Û�.����ü
� (ã 2(b) ¤«). 3ÅDÂ�� (y ¶��) �üà
��\Ñ\ÚÑÑ^�, 3R�u z ¶�ü¡�\
�{>>., R�u x ¶�ü¡�\�{^>..

ÏLpª�ý^� HFSS J� S ëê, ¿æ^ S

ëê�ü{ [16] ��(��0>~ê!^�Ç9
ò�Ç.

��~ f, �©ò ( � � ± Ï ü � ��>
� a = 3 mm �á�N, ÙÄ��0>~ê ε = 4.4
� FR4 �, þÝ� 0.3 mm, <M3Ä�þÔ��þ
Ý d � 0.02 mm. ã 3 �Ñ
A½º� (ã 2(c)

¥ w « � � º � ë ê: p Ý h = 2.6 mm, �
° w = 0.2 mm!��°Ý t = 1.6 mm, ��°
Ý b = 2.6 mm 9º� s = 0.4 mm) ^�e�(�
���0>~ê!^�ÇÚò�Ç. �ªÇ f <

fEP = 12.18 GHz(>�lfNªÇ) �, ��0>~
ê�K�; �ªÇ�u��ªÇ (fM = 10.15 GHz)


�u^�lfNªÇ (fMP = 12.0 GHz) �, ��
^�Ç�K�. Xã 3 ¤«, K0>~êªã�¹
K^�Çªã, `²3K^�Çªãá�äkVK
5�, TªãS�ò�Ç��K�. ù`²�©�
E�(�3Ü·�º��¹eäk�ÃA5.

2.3 ���ÃÃÃ555���������)))ÅÅÅnnn

�©JÑ�á�(��Cq���ã 4 ¤«
�DÑ��.. Ù¥ LR � “ã” /����o>
a, CL1, CL2 ©O� “ã” /�üý/¤�>N,

� CL1 = CL2 = CL, Cs1, Cs2 ���üý���
.> (ål s) /¤�>N, � Cs1 = Cs2 = Cs, R

� “ã” /����>{. CR, LL ©O� Rod ��
�>NÚ>a, Cg �Ä�c� Rod � “ã” /�¤
/¤�>N, G� Rod ����B. ã 4 ¥ LR, R,

CL1, CL2, Cs1 9 Cs2 ���ªÇ fM û½
K^�
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Ç«��e� [17], =� fM < f < fMP �, µ < 0.

fM deª�Ñ:

fM =
1

2π
√

LR(CL + Cs)/2
. (2)

ã 3 Ð©��(��0>~ê!^�Ç9ò�Ç­�
(a) 0>~ê­�; (b) ^�Ç­�; (c) ò�Ç­�

3�± Rod �º�ØC�^�e, (���Ã
5�ò�6u “ã” /��º�. d�, �>NÚ>
aëê�CqL«� [18]

CL =
2ε(h − s − w)d

b − t − 2w
,

Cs =
εwd

s
,

LR = µ0S1/a, (3)

Ù¥, S1���¡È, ò (3) ª�\ (2) ª�:

fM =
1
2π

·

×

√
2as(b − t − 2w)

εµ0S1d[2s(h − s − w) + w(b − t − 2w)]
. (4)

ã 4 #.�Ã(���DÑ��.

3 (�º�ëê�K�

±þ©Û�, UC(��º��UCDÑ��
.¥���5Uëê (>NÚ>a), l
Úå��
ªÇ�Cz, �A/K�(���Ã5�. ã 5 ±
9L 1— L 4 �Ñ
äkØÓº��(��5U.

3.1 ���°°°���KKK���

L 1 �Ñ
�Ù¦º�ØC�, �° w �Cz
é(��ÃªãÚ�Ã�°�K�. dL 1 �, �
X�° w �O\, (���ÃªãÚ�Ã�°A�
ØC, �°é(���ÃªãK�Ø�. Ïd, 3e
©�©Û¥, �°��ð½� (0.2 mm).

3.2 ������°°°ÝÝÝ b ���KKK���

L 2 �Ñ
�Ù¦º�ØC�, ��°Ý b �
Czé(��ÃªãÚ�Ã�°�K�.

dL 2 ��, �X��°ÝC�, �Ãªã
k�pª��£Ä, ���°ÝO���½ê�
�, �Ãªãm©�$ª��£Ä. Ù�ÏXe:

� F (b) =
1

f2
M

, éÙ¦��

F ′(b) = c0

[
c3 −

c1c2

(b − c1)2
]
, (5)

Ù ¥ ~ ê c0 =
4π2εµ0dh

a
, c1 = t + 2w, c2 =

h − s − w, d (5) ª �, 3 b f m © O � �
ã, F ′(b) < 0, K fM�4 O ¼ ê, � X b O �, fM
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O�; � b O���½ê��, F ′(b) > 0, K fM � 4~¼ê, �X b O�, fM ~�.

L 1 �° w é(��Ãªã�K�

w/mm 0.15 0.20 0.25 0.30 0.35

�Ãªã/GHz 10.3—12.0 10.2—12.0 10.2—12.0 10.2—11.9 10.2—11.9

�Ã�°/GHz 1.7 1.8 1.8 1.8 1.7

L 2 ��°Ý b é(��Ãªã�K�

b/mm 2.2 2.3 2.4 2.5 2.6 2.7

�Ãªã/GHz 10.0—11.3 10.2—11.7 10.4—12.0 10.3—12.0 10.2—12.0 9.9—11.7

�Ã�°/GHz 1.3 1.5 1.6 1.7 1.8 1.8

3.3 ������ººº������KKK���

ã 5 �ØÓº�(����0>~ê9^�
Ç¢Ü­�. �Ù¦º�ØC, s O��, (��K
^�Ç«��pª£Ä, Xã 5(b) ¤«; �Ù¦º
�ØC, t O��, (��K^�Ç«��$ª£Ä,

Xã 5(d) ¤«. d (4) ª�, s O�½ t O�ò��
��ªÇ fM O�½~�, l
¦K^�Ç«��
pª½$ª£Ä. ã 5(a) Úã 5(c) L²,ÃØ s Ú t

�º�XÛUC, (��K0>~ê«�A�ØC,

Ï� Rod �º��C, =¿é��ªÇ fsh ØC. �
ý(J����.�(J�ÎÜ.

ã 5 Ø Ó º � ( � � � � 0 > ~ ê 9 ^ � Ç (a) � t = 1.8 mm, s = 0.2, 0.4, 0.6 mm � ( � � � � 0 > ~ ê;
(b) � t = 1.8 mm, s = 0.2, 0.4, 0.6 mm �(����^�Ç; (c) � s = 0.4 mm, t = 1.6, 1.8, 2.0 mm �(����0
>~ê; (d) � s = 0.4 mm, t = 1.6, 1.8, 2.0 mm �(����^�Ç
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L 3 ÚL 4 �Ñ
�Ù¦º�ØC, ��°
Ý t 9º� s �UCé(��ÃªãÚ�Ã�°�
K�. dL 3 ��, �X t �O�, �Ãªã�$ª

��£Ä, �Ã�°�X t �O�kÅìC°,�
qÅìCÄ. dL 4 ��, �X s �O�, �Ãªã
�pª��£Ä, �Ã�°�X s �O�A�ØC.

L 3 ��°Ý t é(��Ãªã�K�

t/mm 1.0 1.2 1.4 1.6 1.8 2.0

�Ãªã/GHz 11.0—12.4 10.8—12.3 10.6—12.2 10.2—12.0 9.9—11.6 8.1—9.7

�Ã�°/GHz 1.4 1.5 1.6 1.8 1.7 1.6

L 4 º� s é(��Ãªã�K�

s/mm 0.2 0.4 0.6 0.8 1.0 1.2

�Ãªã/GHz 10.1—11.8 10.2—12.0 10.4—12.1 10.5—12.3 10.6—12.4 10.7—12.5

�Ã�°/GHz 1.7 1.8 1.7 1.8 1.8 1.8

4 A½ªã�Ãá����°!��
�Ñ�O`z

¢SI¦  �¦á�LyÑ�Ã5��ª
Ç�� (�°) ¦�U�°; Ød�	, k�I�3
A½�ªÇ��LyÑ�Ã5�, ¿�3TªÇ�
�S�Ñ¦�U�. 8c��'ó��Ñ´�é�
½(�/ª��Ãá�, ?1�Ãá�5��©Û,

Ïéäk¤I�5���Ãá�(�/ª�¡�
ïÄó��é��. ±e?ØA½I¦e��Ãá
��(��O`z¯K�J{Ú¦)�{.

4.1 `̀̀zzz¯̄̄KKK���êêêÆÆÆ���...

�©�8�´3�½�(��.^�e, Ï¦
Ü·�(�º�, ±¦(�äk¤�¦�5U. Ï
d, �OCþ�£ã(��A�ëê. éuã 2 ¤
«�(�/ª, ÙAÛLãëê�): �° w, ��
°Ý b, ��°Ý t, ±9ål s. d��OCþ�L
«�

X = (w, b, t, s)T. (6)

�ÃA5Ñy�ªÇ���d�ý©Û¼�
���0>~êÚ^�Ç�ªÇ�Cz'X(½.

éu�©¤�Ä�(�, du�¹ Rod (����
K0>~ê�ªÇ��ºXK^�Ç�ªã. Ïd,

K^�Ç�ªã°Ý�^5£ã�Ãªã°Ý (�
Ã�°). �Ã�°�L«�

fFL(X) = fMP − fM, (7)

Ù¥^�lfªÇ fMP Ú��ªÇ fM d��^

�Ç�ªÇCz­��"Y²���:(½ (X
ã 3(b) ¤«). éu���°�O¯K, Ù�O8I
��½��°��.

¢S¯Ké5U��¦Ø�°�	, é�Ã
ª�Ñy� ��k�¦. ~X, �¦3,A½ª
Ç f0 NCäk����°�O. d���O�¦
´�y�Ãªã�¹�½ªÇ�^�e, �°��.

T��å�ÏL±e^�¢y:

fM − f0 6 0. (8)

XJk?�Ú��¦, ~X, �¦l,�ªÇ
m©Ñy�Ã5�, �å^��L«¤

fM − f0 = 0. (9)

,	, 3¢S¯K�A^¥, 7L�Ä�Ãá
���Ñ. éu�©JÑ�(�, �ÑÌ�dã 4

¤«�Gé|´û½, éu RLC Gé��>´, Ù
¬�Ïê�

Q =
1
R

√
L

C
, (10)

¬�Ïê Q ���Ñ��. d (10) ª�,�
~�
�Ñ, K�O�>a½~�>N, (�¥���>
{ R Ì�d>�ÇÚªÇû½. éd, �O�Ãá
��, (��á�ÀJ9(�º���O�'­�.

3(���Ã«�, �deª�O¬�Ïê5ïþ
�ÑA5 [19]:

Q′ =
∣∣∣ re(n)
im(n)

∣∣∣. (11)

3,A½ªÇ f0 NCäk����°�Ó�,

��¦3TA½ªÇNCäk����Ñ. é�Ñ
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��¦�ÏL¦¬�Ïê Q′(f0) �u½�u,�
�¦�ê� Q′

0 ¢y. d�, T��å�L«�

Q′(f0) − Q′
0 > 0. (12)

nþ, éuA½ªã��Ãá����°�O
¯K, �ÏL±eü«J{¢y.

J{ 1 3��ªÇ�u�u�½ªÇ±9¬
�Ïê�u�u�½��^�e, ÏL�O(��
º�ëê, ±¦Ñy�Ã5��ªã°Ý��. d
�, `z¯K�L«�

Find : X = (w, b, t, s),

Max : fFL(X) = fMP(X) − fM(X),

s.t : fM − f0 6 0,

Q′(f0) − Q′
0 > 0. (13)

J{ 2 3^��ªÇ�u�½ªÇ±9¬�
Ïê�u�u�½��^�e, ÏL�O(��º
�ëê, ±¦Ñy�Ã5��ªã°Ý��. d�,

`z¯K�þª¥1��å^���Ò.
ÏLæ^`zEâ¦) (13) ª£ã�`z¯

K, �¼�A½ªã�Ãá�����°!���
Ñ�O.

4.2 ���OOO¢¢¢~~~

��A½ªã�Ãá��O�~f, ·�±
ã 2 �Ñ�(�/ª��µ, ÏLN�(��º
�, ±¦(�3 10 GHz NC¬�Ïê Q′

0 Ø�
u 9 �^�eLyÑ�Ã5�, ¿�¦�Ã�°
��. �âc©©Û�, ��°Ý���°Ýé
�Ã5��K���. Ïd, ��~¥=�Oº
�ëê t Ú b. 3�° w Úål s ©O� 0.2 mm

Ú 0.4 mm ��¹e, ¦)`z¯K (13), ¼�¦�
Ãªã�°!�Ñ���º�ëê b Ú t. ¦)L
§¥, Ð©�O��:X0 = 0.2 mm, 2.6 mm, 1.6 mm,

0.4 mm, Q′
0 = 9, d�éA��°��� 10.15—

12.00 GHz, �°°Ý� 1.85 GHz, Q′(10) = 1.02, �
Ð©�O��ÃªãØ�¹¤�¦�ªÇ 10 GHz,

� Q′(10) < 9, ´ � � Ø � 1 ). ` z ¼ � �
� ` � O� X = 0.20 mm, 2.80 mm, 1.80 mm,

0.40 mm, d�éA��°� fFL(X) = 2.07 GHz,

Q′(10) = 9.40.

`z�(����0>~ê!^�Ç!ò�
ÇXã 6 ¤«; ¬�Ïê Q′ ­�Xã 7 ¤«. T
(�l 8.99 GHz m©Ly��ÃA5, �Ãªã
� 8.99—11.06 GHz, TªãS0>~ê!^�Ç!
ò�Çþ�K�, � Q′(10) = 9.40. `²ÏL`z,

�±l���1)�����1).

ã 6 `z�(��0>~ê!^�Ç9ò�Ç¢Ü­�

ã 7 ¬�Ïê Q′ ­�

5 ( Ø

�©ÄuDÑ�nØ�E
± “ã” i/��
ì� Rod |Ü��Ãá�, ¿ïá
3A½ªãä
k���°Ú���Ñ��Ãá��.�O�`
z¯K��.. ê��[�ýÚ��DÑ��.�
½5©ÛL², ¤�E�(�3A½�º�ëê^
�eäk�Ã5�; æ^¤ïá�`z�., �±
¼��½ªÇ��Ãá����°!���Ñ�
O. ¤ïá�`z�O�{éA½ªã�¦��Ã
á��Oäk­����¿Â.
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Abstract

In this paper, a design optimization method for left-handed materials with specific frequency bands is proposed. A microstructure

of the left-handed material is constructed based on the transmission line theory, and the properties of this material are simulated

numerically with the S-parameter retrieval method and analyzed with equivalent transmission line model. The effects of the size

parameters of the microstructure on the left-handed characters are analyzed. The analysis results verify that this structure does exhibit

left-handed characteristics with appropriately sized microstructure. Then the mathematical model of the microstructure with maximized

frequency band-width and lower loss at given frequencies is proposed, and examples are given. The design result confirms that the

optimized model is applicable and accurate.
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