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>^Å�4zA53Ï&!�ÊÚX���¡®Åì��A^. �
k���>^Å�4zG�, �©�O


�«Äum��(��<óÉ�0�. T<óÉ�0�dm��(�, >0�Ä.Ú7á��|¤, �±ò\��

�54zÅ��/=���4zÅ, ý�4zÅ±9Ú\�Å4z��R���4zÅ. �©ÏL¢�Ú�ý�y


�©��O, ¢�(JÚ�ý(JÎÜ�Ð.
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1 Ú ó

4zG�´>^Å����~­��A�, A
^>^Å�4z5U�é&ÿ8I?1£O!?
èÚÄ�; >^Å�4z=�q�3Ï&!�Ê
Ú>fÔ�p�E+�¥¼�2��A^ [1]. Ï
L<ó�{5��>^Å�4zG���´<�
��¢y�8I. DÚ�N�>^Å��{�)1
»N�, �Ú¬NN�, ±9ÏLVò��A�N
� [2,3]. <óÉ�0�½�á� (metamaterial)[4−6]

C
c5Úå
Æâ.�2�'5, §kXNõU
,á�Øä��AÏ5�, ÃXK+�Ý!Kò�
Ç [7,8]!�{¤�!_õÊV�A, �{áÂ [9] �.

<óÉ�0�¤ÐyÑ�#Û�>^A5Ì�

g§�æÅ�(�, 
Ø´á����á5, <�
�±ÏLUCÙ�(��/G!º�Úü��ª
�5N�§é>^Å��ArÝÚªÌ��. Äu
d, <��±ÏLA½(��<óÉ�0���O
5�¤é>^Å4zG��N� [10,11].

Cc5, ��É50��k'ïÄ�¤���
9:, >^Å3��É50�¥�DÑA5�ïÄ
®²k
Ø�k��(J, X��ÅDÑ!�1�
� [12,13], �^u>^Å4zG�UC�É�0�
��OïÄ%Øõ�. Hao � [10] ÄkJÑ
Uk
�UC\�>^Å4zG��d “ó” i/7á�
(�, >0�Ä�Ú7á���¤ “n²£” (�
��É50�. ± 45◦ �\���54z>^Å\
��TÉ�0��, U
òÙUC��4zÅ, ý
�4zÅÚ��5��R���4zÅ. Ye � [14]

JÑ�V�Ã5(��±¢y>^Å� 90◦ �4
z =; Li � [15] JÑ��/m��(�U¦ý�
4z>^Åß��C¤��Ì¶��R��ý�
4z>^Å.

�©JÑ�dm��(�, >0�Ä.Ú7á
��|¤�� “n²£” EÜ(�É�0�, ÏL
�½�üÙ�ª, �±¢y>^Å4zG�UC�
õU. ,	, du<óÉ�0��(�ëê´uN
�, Ïdé>^Å4zG������~(¹{ü.
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T(��`û�>^Å4zG��N�59(�
ëê�´N!5, ò¦Ù38IÛ�½>^Z6�
+�äkd3�A^d�.

2 (��O

� © � O Ñ � < ó É � 0 � ´ � « m �
� � ( � ü � Ú > 0 � ± 9 7 á � � � ¤ �

� � n � � E Ü ( �, Ù ä N ë ê X e: 	 �
� » R = 2.8 mm, S � � » r = 1.2 mm, m
� g = 0.8 mm, 7á��>� a = 13.6 mm. m
��(�Ú7á��UìXã 1(a) ¤«��ª©
Oü�3>� A = 13.6 mm, þÝ D = 0.6 mm

�>0�Ä��¡Ú�¡. m��Ú7á��
þ´þÝ d = 0.02 mm �7á¾á�, Ù>�
Ç σ = 3.72 × 107S/m.

ã 1 (a) <óÉ�0�ü�«¿ã; (b) ¢�C�«¿ã

ã 2 (a) S ëêÌ��¢�(J; (b) S ëêÌ���ý(J; (c) � ��¢�(J; (d) � ���ý(J
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3 ¢�ÿÁ��ý

�âã 1(a) �º���ÿÁ�¬, ,�Uì
ã 1(b) �{��ª?1¢�. æ^-1�¡ó²�
�ÿÁ�¬, =3 200 mm×200 mm×1 mm CX¾
��0�Ä� (PET, Ù0>~ê� 3, ���Ñ�
� 0.0367) þ�¡ã 1(a) ¤«�(��.. Ï��
¦\�>^Å�4z�� P1 � X ¶¤ 45◦ �, X
ã 1(a) ¤«, ¤±3���¬��ÿ, -1�¡�
ãY� X ¶¤ 45◦ �. ÿÁ3�ÅV¿S?1, ¢
��¬1�²1u/¡�ålU� 2.5 m, u�U
�Ú�ÂU�¥R���:3�¬�¥%?, ü�
U��m�Y� 5◦ �m, Xã 1(b) ¤«. |^�ä
©Û¤ (Agilent N5244A PNA-X) ��&Ò�u�
��Â. |^IO¾���ë�¡?1��Xê�
O, ,�2ÿÁ�¬3ØÓ4z�� (P1 Ú P2) �
��Xê, �Ñ�¢�(JXã 2(a), (c) ¤«.

3ã 2 ¥, (a) ´ S ëêÌ�ÿÁ(J, Ù¥ S11

(P1—P1) (¢�) L«u� P1 4z��54zÅ, �
Â P1 4z��54zÅ©þ; S11 (P1—P2) (J�)

L«u� P1 4z��54zÅ, �Â P2 4z�
�54zÅ©þ. lã 2 ¥�±é�ß/w�
3 8.8 GHz Ú 12.75 GHz NC, 3 P1 4z���>
^Å��Xê��, 
 P2 4z���>^Å��
Xê��, `²3ùü�ªÇ:?, 4z��� P1

����5\�ÅÏL�O�(��.���4
z��C¤
 P2 ��; Ó�3 8.1 GHz, 9.6 GHz,

Ú 11.7 GHz NC, P1 Ú P2 ����Xê�Ì�A
���, ù`²3ùn�ª:NC, 4z��� P1

��5\�Å²���C¤
�4zÅ; 
3Ù{
ªÇ:²��K�)ý�4zÅ.

?
©Ûã 2(c) S ëê�� �, �â>^
Å�4znØ, �±Y²��ÚR����4z
��4zÄ�, �ü����� �� 0 ½ π �,

L²Ü¤�´�4zÅ; Ì���, � �� π/2

�, Ü¤�´�4zÅ; Ù{�¹K´ý�4z
Å. Xã 2(c) ¤«� P2 Ú P1 ����Å�� 
�, �±é�Ù/w�, 3 8.8 GHz Ú 12.75 GHz

�� �©O� 179◦ Ú –1.5◦, ?�Ú`²ùü�
ªÇ:�)�´�4zÅ; 
3 8.1 GHz, 9.6 GHz

Ú 11.7 GHz, ü����� �©O� 100◦, –101◦

Ú –88.6◦, ù`²ùn�ªÇ:�)�´Cq�4
zÅ. 
3Ù{ªÇ��, � �Ø� 0 ½ π/2, Ì
��Ø��, `²�)�´ý�4zÅ.

ÏL±þ¢�ÿÁL², 4z��� P1 ��
4z\�ÅÏL�O�É�0�(�ÿÁ�¬�
��3ØÓ�ªÇ��©O�)
4z��� P2

��4zÅ, Cq�4zÅÚý�4zÅ. �
é
'ÿÁ(J, æ^Äu��k��©{ (FDTD) �
>^O�^� CST éã 1(a) ¤«ü�(��.
?1ê��[ (ü�º�9Ä�0>~ê�ÿÁ
�¬��). �ý¥3 z ��þæ^m�5>.^
�, 3 x-y ��æ^±Ï5>.^�, �ý�Ñ�
(JXã 2(b), (d) ¤«. é'ã 2 ¥�¢�Ú�
ý(J, uy¢�ÿÁ­�Ú�ý­�ÎÜ�'
�Ð, 4z��� P1 ��4z\�ÅÏL(��
.�©O3 7.9 GHz Ú 11.1 GHz �)
 90◦ ��
4z = (ü����� �©O� 0◦ Ú 180◦);

3 7.5 GHz, 8.3 GHz Ú 10.7 GHz �)
�4z
Å (ü����� �©O� –90◦, 90◦ Ú 93◦), Ù
{ªÇ��K´ý�4zÅ. Ïd, lê�nØþ
?�Úy²
�O�(��.Uå�N�>^Å
4zA5��^.

,	, '�ã 2 ¥¢�Ú�ý(Jã (a) Ú (b),

(c) Ú (d), �,êâ­�'�ÎÜ, �´�ýÚÿÁ
­��ªÇ:ÚÌ��O'��, ùÌ�´d�¬
��ÚÿÁü��¡��ÏÚå�. Äk, �¬�
��¡, du�¬Û�þÝ�Øþ!5!�¬�ï
�Øþ!5!�m(��Øþ!5�, þ¬E¤ÿ
Á�¬Ú�ý�.�Ø��, l
ÚåØ�; Ùg,

ÿÁ�¡, duÿÁ��mk�, Ñ�9>�7�
�K�, �k{��ÝØ
°(�, Ñ¬¦�ÿÁ
^�Ú�ý�n�^��3�å, l
��Ø�.

4 �ý©Û

�
�?�Ú[�/©Û�O�(��.ä
kN���Å4zG��A5, 3Ù¦�ëêØ
C��¹e, æ^Ã�Ñ0�Ä� (0>~ê ε =

4.9) éã 1(a) ¤«�(��.3 7—15 GHz �ª
ã?1�[�ý. S ëê(JXã 3(a) ¤«, Ï
��O�<óÉ�0�´k7á���, ¤±ß
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�ëê S21 �", 
^5�[�ý�0�æ^�
´Ã�� FR4 Ä�, ¤±�Ñ�Ä��±�ÑØ
O, Ïd, A� 100%�UþÑ��£5, ��I�
'5��ëê S11 =�. ��5¿�´, u��>
^Å´ P1 4z����4zÅ, 
��£5�>
^ÅKÓ�ä� P1 4z���©þÚ P2 4z�
��©þ. dã 3(a) ¥�±wÑ, 3 12.09 GHz ?,

S11 (P1—P2) �Ì���, A��� 1.0, 
�dÓ
� S11 (P1—P1) �Ì���, A�� 0, �±@�
3 12.09 GHz ù�ª:?, ��ÅA���C¤

�\�Å4z��R���4zÅ. �
?�Ú�
ã��4z =A5, ½Â4z=�Ç PCR[12] (po-

larization conversion ratio) = S2
11 (P1—P2)/[S2

11(P1—

P1)+ S2
11(P1—P2)], Ï�ß�ÚáÂþ�", ¤±

UþÄ�´����, ¤±k S2
11(P1—P1) + S2

11

(P1—P2) = 1, ¤± PCR = S2
11 (P1—P2). PCR �O

�(JXã 3(d) ¤«, §´3 θ = 0◦ (>^ÅR�
\�), ϕ = 45◦(>^Å4z��� X ¶¤ 45◦ �)

��¹e�Ñ�. 3 12.09 GHz ��ÿ, PCR ��
¸� 0.96, =`²3ù�ª:, \��4zÅ²L
<óÉ�0�����, A���=z�
��4
z��R���4zÅ.

� 
 � Ð � ` ² � � Å ´ � 4 z Å, ? �
Ú © Û � � Å 3 P1 Ú P2 � � þ © þ � �  
�. �   � X ã 3(c) ¤ «. d ã � ± w Ñ, 3
ªÇ� 12.09 GHz ��ÿ, P1 4z©þ� P2 4
z©þ�� � ∆ϕ = 0◦, d>^ÅnØ��
3 12.09 GHz ?���Å´���54zÅ, ��
4z��A�� P2 ����� (c¡®O� PCR

= 0.96, e PCR = 1, K��Å�4z��Ò´ P2

��), ¤±ù¿©y²
4z��� P1 ��54
zÅ²L�O�<óÉ�0�������´4
z��A�� P2 ��54zÅ (Ñk 2◦ �m�
 �). �±�[O��eù� ��Ý�äN�,

Ï� arctan(0.96/0.04) = 87.6◦, ¤±äN� ��
� 2.4◦.

lã 3(a) ¥, �uy3 11.65 GHz Ú 12.67 GHz

?, S11 (P1—P1) Ú S11 (P1—P2) ­���, Ïd
�±@�3ùü�ª:, ��ÅC¤
�4z. Ï
� S ëê�²�´Uþ�L�, �`²�B, ?�
Úò��ëê S11 �­�ã?1²�?n, (JX
ã 3(b) ¤«. lã 3(b) wÑ, ­�Ó�3 11.65 GHz

Ú 12.67 GHz ?kü��:, *	�:?�p�
I��±uy S2

11 (P1—P1) = S2
11 (P1—P2) = 0.5, ù

ã 3 (a) S ëêÌ�; (b) S ëêÌ�²�; (c) S ëê� �; (d) 4z=�Ç PCR
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ã 4 \�Å9��L5ª:��Å4z�ªã (a) \�Å; (b) ��Å (12.09 GHz); (c) ��Å (12.35 GHz); (d) ��
Å (14.5 GHz); (e) ��Å (12.67 GHz)

`²��Å3 P1 ��Ú P2 ��k�Ó�Uþ, �
=`²��Å3 P1 Ú P2 ���>| E k�Ó�
Ì�. ,�2wã 3(c) ¥�� 'X, 3 11.65 GHz

Ú 12.67 GHz ?, ��Å P1 ©þ� P2 ©þ�� 
�©O� –90◦ Ú 90◦, d>^|nØ��, >|�

ü���©þÌ���, �� �� 90◦ (–90◦) �
>^Å´�4z>^Å, 
 –90◦ Ú 90◦ �«O3
uü«�4zÅ�^�ØÓ, ��´�^�4zÅ,

��´m^�4zÅ.

3 11.65 GHz (�4z=�ª:) � 12.67 GHz
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(� 4 z = � ª :) � m (Ø � � 4 z = � ª
: 12.09 GHz), � � Å Ñ ´ ý � 4 z, Ï � S2

11

(P1—P1) < S2
11 (P1—P2), ¤±ý���¶��´

�C P2 ���, 
3ªÇ$u 11.65 GHz ÚªÇ
pu 12.67 GHz ���Å, du S2

11 (P1—P1) > S2
11

(P1—P2) �, �ý���¶��´�C P1 ���.

�
��*��A¤�O�É�0�(��
.é\��4zÅ�N�A5, �[O�
\�Å
ÚÚ�«��Å�4z�ªã. é±eA�k�L
5�ª:?1�[�ý: 12.09 GHz (�C�), 12.35

(�Cý�), 14.5 (�Cý�), 12.67 GHz (�C�).

4z�ªãXã 4 ¤«.

©Ûã 4, \�Å´´4z��� 45◦ ��4
zÅ, ��Å3 12.09 GHz ?=C�
4z��
� 135◦ ��4zÅ; 3 12.35 GHz Ú 14.5 GHz ?,

��ÅÑC¤
ý�4zÅ, ØÓ�´cö�¶�
�´ 135◦, 
�ö´ 45◦; 3 12.67 GHz ?, ��Å
C¤
�4zÅ. duê�O�Ñ�4z�ªã(

JÚ�c�ÏL S ëêO�©ÛÑ�(J���
�, l
?�Úy¢
�©�O�<óÉ�0�(
¢kUC��>^Å4zG���^.

5 ( Ø

�©�O
�«U
��\�>^Å4zG
��Äum����(��<óÉ�0�. ¢�
ÿÁ(JL², 3ØÓ�ªÇ��, TÉ�0��
±ò\���4zÅC¤��4z��R���
4zÅ, �4zÅ, ±9ý�4zÅ, ù�ê��[
�(J'�ÎÜ. ?�Ú�ê�©Û(JL², Ä
�Ã��¹e�TÉ�0�3ØÓ�ªã©O�
± 100%/ò\��4zÅ=C���R���4
zÅÚ�4zÅ. Ïd, �©�O�É�0�äk
(�{ü, þÝ�, ó²��å5'�N´�A:,

ò3X�X�Û��¡äkd3�A^cµ.
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Study on measurement and simulation of
manipulating electromagnetic wave
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Abstract

The polarization properties of electromagnetic wave have been gradually applied to the fields of communications, navigation

and radar. In order to effectively control the polarization state of electromagnetic waves, a kind of metamaterial based on split-ring

resonators(SRRs) is designed in this paper. The metamaterial is composed of SRRs, dielectric substrate and metal backplane, and it can

completely convert incident linear-polarized waves into circular-polarized waves, elliptic-polarized waves and linear-polarized waves

whose polarization is perpendicular to the incident wave. Our design is demonstrated by microwave experiments and simulations,and

the experimental result and the simulation result are in good agreement with each other.

Keywords: metamaterial, polarization, split-ring resonator
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