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±Ï5é¡^��<óá���éÙââ^�Ç�Ñ�Ý

ëê�'X, |^ù�'XJ�
o«/ª�m����Ùââ^�Ç. �Å�ýÚ^�Çê�J�(JL², 3
m�����m�?\1��>N, ^��ªÇòwÍü$. ù
¤Jò�J�±Ï5<óá��Ùââ^�ÇJ
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1 Ú ó

>^Å30>~ê�^�ÇÓ��K�x�
pDÂ�3NõÉ~>^A5, XKò�, _õ
ÊVª£, _ Cherenkov Ë��. ù«x��¡�
Kò�x�. 3ù«x�¥, >^Å�����
U�����, �>|!^|ÚÅ¥�¤�Ã'
X [1]. �X<óÜ¤Kò�Ç�Åx��¢y [2,3],

±9 Pendry JÑ^Kò�Ç0���¤�{ß
º (perfect lens) Ú�Ñû��Ýà��g� [4] �
�, �)Kò�Çx�3S�AÉ5<óá�ï
Ä®²¤�ÔnÆÚ>^Æ.��Ú<58�c
÷+� [5−13]. AÉ5<ó>^á� (metamaterial,

MTM) Ï~´�3�½ªÇ��S�VKá� (k
�0>~êÚk�^�ÇÓ��Kê) ÚüKá
� (Kk�^�Çá�ÚKk�0>~êá�), ù

á��õê´òVK½öüKü�3�m±Ï
5ü�/¤� [7−9], ÏdU
|^�Å>^�ý
óä©Û±Ï5(�¥���ü��>^A5, l
���OA½ MTM 8�. AÉ5<óá��k

�0>~êÚk�^�ÇÃ{��ÿþ, Ï~´|
^�ý½ÿþ¼���k�þ� MTM ²¡0�
����XêÚDÑXê, âdJ�Ñ MTM �Å
{| z Úò�Ç n, ,��â ε = n/z, µ = nz (
½ MTM �0>~êÚ^�Ç [11−13]. 2010 c, ÷
ïr�<JÑ
�«Äu TE10 Ý/Å��É�
0�k���ëêJ��{, �X��ê8�O
\, É�0�(�¥ªuü�DÑ, ¦�J�Ñ�
��ëê�ªu½ÚÂñ [14]. 2010 c, Smith Ú
\
 Bloch (Ùââ) 0>~êÚ Bloch ^�Ç�V
g, ©ÛÉ�0��>��Ú^���m�ÍÜ
�¹ [15]. 1999 c, Pendry 3nØþy²
m��
�� (splitring resonators, SRRs)[16], 3�½���
S, äkK^�Ç�A5. /²S�ÏL\1Ó�
ü SRRs!N!ü��¥% ���{, �ý�O
Ñ
�«Vª�� SRRs ^��AÉá� [17].

�©ò�í¥±Ï5\1<óK^�Çá�
ëêJ��>^Å¯K=z�ü ��±Ï5ë
��>´¯K, |^6â¿½nÚüà��än
Ø, �â=£Ý
ÚÑ�Ý
=�'X, ¼�
±
Ï5(�� Bloch ^�Ç�Ñ�Ý
����m
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��p'X; ÏL©Ûü�m������>´,

JÑ
O�ü�m������>N��{, ±
��ü$^��ªÇ, �.z^��ü��8�;

ÏL��±Ï5>.^�J�
o«�¹�±Ï
5 SRR � Bloch ^�Ç, J�(JL²: ==3±
Ï5 SRR m�?\1��>N, K Bloch ^�Çª
Ç��ò²w/�$ª��£Ä.

2 <ó±Ï5(�á�^�Ç�J�

éu?Û>^Å¯K, Ñ�±ò>^Å�D
Â!��!ß����DÑ�Ú�ä. �!òA
^�änØïÄ<ó±Ï5(�á�^�Ç�J
�¯K. �	Xã 1(a) ¤«��í¥±Ï5\1<
óá�, §�±��¤Xã 1(b) ¤«�üà�ü 
���ä�m�?é, ü ���A5�^=£Ý

 (ABCD Ý
) 5£ã. �â8�z ABCD Ý

�½Â, 1 n �ü ��ü>8�z�>ØÚ>6
'X�  Vn

In

 =

 A B

C D

 Vn+1

In+1

 , (1)

éu±Ï(�, |^6â¿½nk

Vn+1 = Vn e−iβd, In+1 = In e−iβd, (2)

ª¥, β ´±Ï(��� ~ê, d ´±Ï. ò (2) ª
�\ (1) ª, �� A − e−iβd B

C D − e−iβd

 Vn+1

In+1

 = 0. (3)

(3) ªk�")�^�´ÙXêÝ
�1�ª�",

¿|^ AD − BC = 1 ù�^�, �±��

cos(βd) = (A + D)/2. (4)

�
{z, �©b½ü ��3Å�DÂ��þ´
é¡�, k A = D, K (4) ª�{z�

cos(βd) = A. (5)

¦) (5) ª, ¿�â�éò�Ç½Âk

β =
1
d

cos−1 A = neffko =
√

εBµBko, (6)

ª¥, neff �±Ï(����éò�Ç, ko ´�í
¥�Åê, 3±Ï5�(�¥, >^Å´± Bloch Å

/ª�3�, Ïd±Ï(�á��0>~êÚ^
�Ç^ Bloch 0>~ê εB Ú^�Ç µB 5£ã.

ã 1 ��<ó0��±Ï(�9Ù��>´ (a) ±Ï5
\13�í¥�<ó0�; (b) ��>´�.

�â Bloch(Ùââ) {|�½Â, k

ZB = Zo
Vn+1

In+1
, (7)

Zo ´�í�Å{|, ò (7) ª�{|é Zo ?18
�z, �±��8�z� Bloch {|

zB = Vn+1/In+1. (8)

|^ (3) ªÚé¡^� A = D, ¿�â8�z
� Bloch {|Ú Bloch(Ùââ) 0>~ê!^�Ç
�'X, �±��

zB =
√

B/C =
√

µB/εB. (9)

|^üà��ä�8�z=£Ý
ÚÑ�Ý
=
�'X [18], �±��

A =
(1 + S11)(1 − S22) + S12S21

2S21
,

B =
(1 + S11)(1 + S22) − S12S21

2S21
, (10)

C =
(1 − S11)(1 − S22) − S12S21

2S21
,

D =
(1 − S11)(1 + S22) + S12S21

2S21
.

éué¡ü ��, S ëêkXe'X S12 = S21,

S11 = S22, 2d (6) ª, (9) ªÚ (10) ª, �±��
�é Bloch ^�Ç� S ëê�'X�

µB =
1

kod

√
(1 + S11)2 − S2

21

(1 − S11)2 − S2
21

124103-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 124103

× cos−1

(
(1 − S2

11) + S2
21

2S21

)
. (11)

3 �.z���>N\1ü� SRR

1999 c, Pendry ¦^±Ïü��m����
ì (split ring resonator, SRR) 
�(�¢y
��
^�Ç�K�0�. Pendry ´l�Ä�� Maxwell

�§Ñuí�
 SRR 
���^�Ç�§ [16], é
Ð/)º
��K^�Ç�)��n. éu SRR


�(�, ��±^ LC ��>´?1©Û [19], �
â©z [19], Xã (2) ¤«���^�Ç�±O�
Xe:

µB = 1 − F

1 − 1
ω2LCg

+ i
R

ωL

, (12)

ª¥ Cg ´ SRR m�?���>N, R Ú L ©O
´�´���>{Ú��>a, F = πr2

1/d2 ´�
� SRR ü����¡ÈÓ��±Ïü�¡È�'
Ç, ω ´�ªÇ. d (12) ª�±�Ñ^��ªÇ�

ωm0 =

√
1

LCg
. (13)

d (13) ª���ü$^��ªÇ, Ò7LO�>
N Cg. �DÚ²1�>Nìaq, ã 2 ¥� Cg

�m�ål g k�''X, �m�ü>��é¡
È (�é¡È� SRR ��°Ý�þÝ�¦È=C
q� (r2 − r1)× h) ¤�', Ïd�±ÏL~�m�
ålÚO\�é¡È��{5ü$^��ªÇ. �
d, ·�©ÛÚ�ý
e¡�o«�¹:

1) 3ã 2(b) ¥, òm�ål g ��� 0.2 mm.

2) 3ã 2(b) ¥, òm�ål g ~�� 5µm, ±
O�m���>N, Ù¦ëê��¹ 1 �Ó.

3) ã 3 ´3�¹ 2 �Ä:þ, 3m�?O\

��S���N, ±O�>N��é¡È, m
�ål g �±��¹ 2 �Ó, ù�m����>N
�2g~�.

4) �
?�ÚO�m��é¡È, ·�3ã 2

� 0.2 mm m�?, \1��>N, Xã 4 ¤«. Ù
¥���°ÝÚ���mYål w ��, ¿�§�
�ã 3 ¥m�ål g �Ó.

¢S�<ó0��õê´d0�ü�3�m
±Ï5ü��¤, �â4Û¿½n��, ©Û
±Ï5(��A5´ÏL©Û±Ï5(���

�ü�5¢y�. ã 2(a) ��� SRR �ýü�,

�
�ý±Ï5K^�Ç<óá�, ·�3kã
Y�L¡��� Floquet à�, Ù{o�¡ (=R
�u x ¶�þeü�¡ÚR�u y ¶�c�ü
�¡) ���±Ï5�>.^�. T�ýü��
�� 3 mm × 3 mm × 3 mm, ÏL��à�Ú>
.^�, ·�Ò�±�[±Ï� 3 mm �n��
mÃ¡õ^���á�
�, 
��mW¿�

ã 2 SRR ü�(�9Ù��>´�. (a) SRR �ýü
�Úà��� (SRR �ýü�kãY�L¡���à�,

Bloch Å3ü�Åà��mDÂ= Bloch Å�Å� k R�
Åà�, Bloch Å�^|-y SRR ^��, E Ú H ©O
� Bloch Å�>|rÝÚ^|rÝ); (b) ü��N SRR (
� (ëê d = 3 mm, r1 = 1.1 mm, r2 = 1.3 mm, �Ná��
Ô, �N�þÝ� h = 0.017 mm); (c) ü��N SRR ��>
´�. (Ù¥>N C ´ SRR m�øéA���>N, L Ú R

´�NÜ©éA�>aÚ>{)
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ã 3 U?.� SRR (3DÚ� SRR(�ã 2(b)) m�?ø
\
��S���N. b = 0.65 mm, g = 5 µm, Ù¦�(
�ëêÚã 2 ���Ó)

´�í. �
'���>N\1ü� SRR �.z
��J, ·�|^pª>^�ý^� HFSSv13 ©
Oéùo«�¹?1
�ý, §����XêÚ
DÑXêXã 5 Úã 6 ¤«. ÃØ´l��Xê
ÌÝÚ� ã, �´lDÑXêÌÝÚ� ãÑ�
±�Ñ, ùo«�¹��/G�~�q, �ØL
���½���¤3ªÇ��g4~. ~Xl�
¹ 1 ��¹ 4 ���XêÌÝ��� (�ã 5(a))

ÚDÑXêÌÝ��� (�ã 6(a)) éA�ªÇ©
O� f1 = 20 GHz, f2 = 13.22 GHz, f3 = 6.94 GHz

Ú f4 = 4.74 GHz, ù
ªÇéA��´ùo«�
¹e� SRR ^��ªÇ,  SRR ü����^�
A��í¥Å��±©OL«�

0.2λ1 × 0.2λ1 × 0.2λ1,

0.1322λ2 × 0.1322λ2 × 0.1322λ2,

0.0694λ3 × 0.0694λ3 × 0.0694λ3,

0.0474λ4 × 0.0474λ4 × 0.0474λ4,

ù`²±þo«�¹� SRR m�?��>N3
�gO�!l��^��ªÇ~�, SRR ü�

���éuÅ��3~�. I�AO�Ñ�´, 3
Ôn(�þ, �¹ 4(ã 4) ==´3�¹ 1(ã 2)

� 0.2 mm m � ?, O \ 
 � � > N,  ^ � �
ª Ç Ñ y 
 � © ² w � e ü, l 20 GHz e ü
� 4.74 GHz , ÏdÏL\1��>N, U
éÐ
/�.z<ó SRR K^�Çá�.

ã 4 ��>N\1� SRR(Ø
ã 2 ¥ SRR � 0.2 mm m
�ø?O\��>N	, Ù{(�ëê���ã 2(b) �Ó,

��>N(�ëê� m = 0.195 mm, w = 5 µm)

|^ã 5 Úã 6 ¥� S ëê, ·��â (11) ª
J�
ùo«�¹� SRR ±Ï(�� Bloch ^�
Ç, (JXã 7 ¤«. lã��, �A^��ªÇÒ
´ Bloch ^�Ç¢Ü�������ªÇ, ¿�3
�½�ªÇ��S, Bloch ^�Ç¢Ü�u", Ù
JÜ��; 3ù�ªÇ��	, Bloch ^�Ç¢Ü
��, ÙJÜKCq�". 3 Bloch ^�Ç¢Ü�
u"�ªÇ��S, Bloch ^�Ç�JÜ�u"÷
v
Ãx�ÏJÆ��¦, ùl��ý¡`²·
�J� Bloch ^�Çëê��{´�(�. d	,

ùo«�¹� Bloch ^�Ç¢Ü�u"�ª��
$ª��£Ä.
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ã 5 o«�¹ SRR ü����Xê S11 ��ý(J (a)

S11 �ÌÝ; (b) S11 �� 

lã 7 ¥, ·�uy
��k��y�, �X
ªÇ�ü$, ��K^�Ç�ª�°��5�Ä.

�
)ºù«y�, e¡ò|^ (12) ª�Ñ��
K^�Çª�°��^��ªÇ�m��p'X.

ò (13) ª�\ (12) ª�, -Ù¢Ü�u", �±�
�'uCþ�ªÇ ω ��§ª

(1 − F )ω4 +
[
(F − 2)ω2

m0 + a2
]
ω2 + ω4

m0

=0, (14)

ª¥ a = R/L , )�§ (14) ª, �±��

ω2
h =

(2 − F )ω2
m0 − a2

2(1 − F )

+

√
F 2ω4

m0 + (2a2F − 4a2)ω2
m0 + a4

2(1 − F )
, (15)

ω2
l =

(2 − F )ω2
m0 − a2

2(1 − F )

−
√

F 2ω4
m0 + (2a2F − 4a2)ω2

m0 + a4

2(1 − F )
, (16)

Ù¥ ωh Ú ωl ´�§ (14) ��, � ωh > ωl. ò (15)

ª~� (16) ª, k

ω2
h − ω2

l

=

√
F 2ω4

m0 + (2a2F − 4a2)ω2
m0 + a4

(1 − F )
. (17)

ã 6 o«�¹� SRR ü�DÑXê S21 ��ý(J (a)

S21 �ÌÝ; (b) S21 �� 

du^��ªÇ´ Bloch ^�Ç¢Ü�����
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��ªÇ, ÏdCqk

ωm0 ≈ (ωh + ωl)/2. (18)

r (18) ª�\ (17) ª�n�±¦Ñ Bloch ^�Ç
¢Ü�Kê��ªÇ°Ý

ωh − ωl

=

√
F 2ω2

m0 + (2a2F − 4a2) + a4/ω2
m0

2(1 − F )
. (19)

òþª�¤ª�°Ý�/ª

fh − fl

=

√
F 2ω2

m0 + (2a2F − 4a2) + a4/ω2
m0

4π(1 − F )
, (20)

ª¥� ωm0 = 2πfm0. �
`² fh, fl Ú fm0 �
�p'X, ·�3ã 7(a) ¥��¹ 1 �þé§
�?1
I5. �âã 2 ¥Jø�ëê, ��Ô
�>{3�Ñm�ål g ��¹e, �±¦^
úª R = ρl/S = ρ(2π(r1 + r2)/2)/(r2 − r1)h.

? 1 C q O �, � � R = 3.82 × 10−5Ω , > a
¦^úª L = µ0πr2

1/d O� [15], �±¦�>a
� L = 1.59 × 10−9H , dd�±O��� (20) ª
¥� a ëêê�� a = R/L = 2.20 × 104 . (20) ª
¥�,��ëê F �±|^c¡J��úª¦�,

= F = πr2
1/d2 = 0.42 . (20) ª`², ª�°Ý´

^��ªÇ�¼ê, d±þ�ý(J��, 3ùo
«�¹¥, ^��ªÇ������ 4.74 GHz 6
fm0 6 20 GHz , dd�±©OO�Ñ F 2ω2

m0 ��
�� 0.16 × 1021 6 F 2ω2

m0 6 2.8 × 1021 Ú a4/ω2
m0

���� 0.15 × 10−4 6 a4/ω2
m0 6 2.6 × 10−4, Ï

d (20) ª©fm�¥����� a4/ω2
m0 �éu

1�� F 2ω2
m0 é�, �±�Ñ; ÏLO���±u

y, (20) ª©fm�¥�1�� (2a2F − 4a2) �é
u F 2ω2

m0 �é�, ��±�Ñ. Ïd (20) ª�±{
z�

fh − fl ≈
Fωm0

4π(1 − F )

=
F

2(1 − F )
fm0. (21)

þª`²ª�°Ý�^��ªÇCq¤�''X.

(21) ªU
éÐ/)º3ã 7 ¥�X^��ªÇ�
ü$, ��K^�Ç�ª�°Ý�5�Äù�y�.

ã 7 o«�¹� SRR ±Ï5(��é Bloch ^�ÇJ�
(J (a) �é Bloch ^�Ç�¢Ü; (b) �é Bloch ^�Ç
�JÜ

4 ( Ø

�©ÄkòJ��í¥±Ï5ü��<ó
^��0�^�Ç�>^|¯K=z�>´¯
K, | ^ � Å � ä n Ø Ú 6 â ¿ ½ n ¤ õ / í
�Ñ Bloch ÅR�\��� SRR ü����X
ê!DÑXê��é Bloch ^�Ç�m�'X.

Ùg�
`²��>N3±Ï5K^�Ç<ó
á�¥��.z�J, ÏL3 SRR �m�?\1
��>N, ¤õ/ò^��ªÇl 20 GHz ü$
� 4.74 GHz, �éuÅ�, �� SRR ü�º�~
��§Ý�©²w. ��, ·�J�
 Bloch �é
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^�Ç, y²
o«ØÓëê� SRR �é^�Ç
Ñ�3�Kê�ªã, ¿é$^��ªÇ¥�3
�Äª�y�?1
nØ©Û. �ó�ò�±Ï

5<óá�� Bloch ^�ÇJ�JønØÄ:, Ó
���.z^��AÉá���OJø
�«#
�{.
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Analysis of symmetrical, periodic
negative-permeability metamaterial using interdigital

capacitance loading∗
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Abstract

The relations between the scattering matrix and relative Bloch permeability of periodic symmetric magnetic resonance metamate-

rial are investigated in detail by means of network theory and Floquet’s theorem, and we retrieve the Bloch constitutive parameters for

four split ring resonators using the relations. Full wave simulations in conjunction with numerical retrieval algorithms show that when

we load the interdigital capacitance at the gap of split ring resonator, the magnetic resonance frequency drastically lowers. Our work

provides not only theoretical foundation for the Bloch permeability parameter retrieval from periodic metamaterials, but also a novel

design way of miniaturizing magnetic resonance metamaterial configurations.

Keywords: periodic structure, interdigital capacitance, magnetic resonance, miniaturization
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