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©JÑ
�«#.^Ïà�ìÚ��ì. ^Ïà�ìÚ\
üpÖm���ì(� (ü CSRR); ��ìKæ^
�7X7^Ïà�ì�uY. 3 ��F{|��ì (SIR). æ^ ANSYS HFSSv.11 pª(��ý^�éJÑ�^Ï
à�ìÚ��ì?1
�ý, ¿éü CSRR ?1
nØ©Û. �ýÚnØ©ÛL²: ü CSRR �Ú\, Jp
^Ïà
�ì�à^�J, Uõ
^Ïà�ì� RF SQUID =��ÍÜ (ÍÜXê ksc �Ú\ü CSRR c� 2 �), ¿�k�
¡ÈO�� 1.227 mm2.

'�c: �ª��þfZ�ì (RF SQUID), ^Ïà�ì, �F{|��ì (SIR), HFSS

PACS: 42.60.Da, 76.90.+d, 85.25.Dq

1 Ú ó

�ª��þfZ�ì (radio frequency super-
conducting quantum interference device, RF SQUID)
´ � = � ¹ � � � Ù Å Ü ( � � � �. � X
p § � � � � � ó ² Ø ä u Ð, � � ~ ^ �
´ ± YBa2Cu3O7−δ(YBCO) c ¶ 	 ò � � � �
3 LaAlO3 (LAO) �.þ� RF SQUID =�.

RF SQUID = � I � Ï L p a � � � £ ´
Í Ü 3 � å, � � £ ´ d � � � � 3 � � ª
Ç f0 = ω0/2π ��ª>6°Ä, ó��I÷v [1]

k2QL ≈ 1. (1)

Ù¥, k2 � RF SQUID ���£´�ÍÜXê, §
�u;�3 RF SQUID ¥�^|Uþ�;�3�
�£´¥�Uþ�'; QL ���£´k1¬�Ï
ê, I���p��1¬�Ïê Q0 5÷v½ó
�^�, ��¦��£´�ì��m�ÍÜXê k2

��.
�����£´�±ÀJ��ªÇ3 1 GHz

±e�p¬�Ïê��ì, X�¡��ì [2−4], Î

¸��ì [5,6] Ú0���ì [7,8]. �¡��ì�
Î¸��ì�õ± YBCO c ¶	ò��)�30
>~ê�$� LAO ü¬�.þ [2−6]; 0���ì
K�±��3 LAO[7] ½0>~ê4p� SrTiO3

(STO) ��.þ [8].

SQUID ¢�þ´�«^ÏDaì, ����¥
�	\^Ïu)Cz�, ��ì�ÑÑ>Ø¬��
u)Cz, Ïd§Uò^|���Cz=���ÿ
þ�>Ø, ´8c��ÿþ^|(¯Ý�p�¤ì,
2�/A^u)Ô^ÿþ [9], �/ÿþ [10], Ã�&
ú [11] ±9�^>fC�¥ [12].

RF SQUID XÚ�^|(¯Ý5U�XÚ�^
ÏD( S

1/2
Φ Úì��k�¡È Aeff k' [13,1], =

S
1/2
B = S

1/2
Φ /Aeff , (2)

Aeff = Φ0/BΦ, (3)

ª ¥ S
1/2
B ´ ^ Ï D ( Ì � Ý (T/

√
Hz), ^

ÏD(��, k�¡È��, (¯ÝÒ�p. Aeff

´ SQUID ^| - ^Ï=�Xê��ê.

�¡��ì [2−4] ´d��^Ïà�ì9�7
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X§�ü^Ó%���Ó|¤. Ù¥, ^Ïà�ì
´|^�����|^5, ò RF SQUID =¡þ�
���ÍÜ�^Ïà�� RF SQUID ���¥, �
�uO\
k�¡È. Ïd, ^Ïà�ì�à^�
J�Ð, � RF SQUID �ÍÜXê ksc �p, ì��
k�¡ÈÒ��.

Zhang � < [2,3] m u � � ¡ � � ì, � RF
SQUID =�	»� 3.5 mm, S�� 100 × 100 µm2

�, �A�k�¡ÈÌ�´d^Ïà�ì�º�
û½, � 0.535 mm2. �ä��< [14] ò^Ïà�
ìU�[�� (=�Cì�� “��¡È”), k�¡
ÈO�� 0.635 mm2, �´§�1¬�Ïê Q0 é
$, ì��(¯ÝØp; 4#��< [15] 3�ä�
�Ä:þ\\���¡È^Ïà�ì, k�¡ÈO
�� 1.27 mm2, �´ RF SQUID XÚdü�C�n
�, (�C��\E,.

Î¸��ìd��ü"à�Î¸G(���
4Ü	� [5] ½öd^Ïà�ì9�7§�"à
�Î¸G�	��Ó�¤ [6], §���:'�8
¥, ����>6©ÙéØþ!, ��1¬�Ï
ê Q0 �é'�$ (�� 1200)[6].

0���ìK´d^Ïà�ì���¤ [7,8],
d u � � ^ Ï à � ì � � 5 � ) � �, ¤ ±
ó � 3 � � ª Ç � § � RF SQUID � Í Ü �

Ç k2�p [7,8].
(Üþã^Ïà�ìÚ��ì�º�A�±

9 RF SQUID �XÚ�¦, �©JÑ
�«#.
^Ïà�ìÚ��ì, ¿�¦^^� ANSYS HF-
SSv.11 ?1
ï��ý©Û. ^Ïà�ìÚ\

üpÖm���ì(� (ü CSRR); ��ìKæ^
�7X7^Ïà�ì�uY. 3 ��F{|��
ì (SIR). §�þ± YBCO c ¶	ò��)�3�
�� 10 × 10 × 1 mm3 � LAO �.þ, ��ªÇ
� 820 MHz, �1¬�Ïê� 26439, k�/Jp

^Ïà�ì�à^�J, Uõ
 RF SQUID =��
^Ïà�ì�ÍÜ, l¦
k�¡ÈO�
 2.4
�, Jp
ì��(¯Ý.

2 �.9�ý

{ I ANSYS ú i � HFSS (high frequency
structure simulator) ´ Ä u > ^ | k � � �
{ (FEM) �n�>^�ý^�. Ù-y¦)�ª
�±O�Ã!pª(�� S ëê; Ù���¦)
�ª�±^5O��Å(����ªÇ93ù

��ªÇ?�éA|, ��±O���ì��1¬
�Ïê Q

[16]
0 . �©æ^ ANSYS HFSSv.11 éJÑ

�#.^Ïà�ìÚ��ì?1ï��ý©Û.

ã 1 ^Ïà�ìÚ��ì�²¡º�ã (ü � mm) (a) �.�^Ïà�ì 1 Ú 3 � SIR; (b) �.�^Ïà�ì 2 Ú 3
� SIR

�.�Xã 1(a) ¤«, DÚ^Ïà�ì (^Ï
à�ì 1) Ú^u RF SQUID �uY. 3 � SIR �
�ìþ± YBCO c ¶	ò 200 nm ��33 LAO

�.þ, ���=C§Ý�� 105 K, �.>6
� Ý Jc ≈ 2.5 × 106 A/cm2. Ù ¥, LAO � .
� 10 × 10 × 1 mm3. uY. 3 � SIR �	�º
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�ÚS�º�©O� 8 × 8 mm2 Ú 7.6 × 7.6 mm2;
3 �éA�°Ý©O� 0.15 mm, 0.5 mm, 0.85 mm.
òDÚ�^Ïà�ì��3��ì�¥% �, å
l��ìo^S>þ� 0.15 mm, Ù^Ïà���
»� 1 mm, ^Ïà�ìm¿°Ý� 0.2 mm.

�.�Xã 1(b) ¤«, �±ã 1 ¥�Ä�º�
ØC, 3^Ïà�ìL¡Ú\ü CSRR (^Ïà�
ì 2), ����S	»©O� 2.33 mm Ú 2.25 mm,
m�°Ý� 1.8 mm.

�ý�, Äu YBCO ´þÝ=� 200 nm �
����, ��.¥� YBCO ���äkn��
>5�"þÝ�¡. �â²� [4], 77 K, 800 MHz
� LAO �.�0>~ê εr = 24, 0>�Ñ tanδ =
4×10−5. òïÐ��.��u 10×10×10 mm3 �
n��N��nS. �n���ªÇ´ 22260 MHz,
���u^Ïà�ìÚ��ì���ªÇ, �Ø¬
K�^Ïà�ìÚ��ì���ªÇ.

3 (J�?Ø

3.1 ���ýýý(((JJJ???ØØØ

�.�Ú�.����ªÇþ� 820 MHz, �
1¬�Ïê Q0 ©O� 27075 Ú 26439. �.�Ú

�.���ý(J`²: ü CSRR �Ú\vkUC
^Ïà�ìÚ��ì���ªÇ, ¿�é Q0 �K
��é�.

��¡, ^Ïà�ì´|^�����|^
5, ò RF SQUID =¡þ����ÍÜ�^Ïà�
� RF SQUID ���¥, ��uO\
k�¡È.
Ïd, ^Ïà�ì�à^�J�Ð, � RF SQUID
�ÍÜXê ksc �p, ì��k�¡ÈÒ��.

^Ïà��à^A5Ì�Ny3§L¡µ
6�Ñ���, µ6�Ñ��, à^A5�Ð [1]; L
¡µ6�±aAÑ^|, ¤±�±�*�l§L¡
�^|�Ý��5ïÄÙà^A5. ã 2 �Ñ
Ú
\ü CSRR c�^Ïà�ì�^|�Ý©Ùã, ^
|�Ý����� 1.95 × 10−5—1.05 × 10−3 A/m,
�XôÚ�\~�, ã¥�çÚ¢���^ �.

Xã 2(a) ¤«, �.��^|©ÙA�CX

��^Ïà�ì�L¡, �´3^Ïà�ìo��
NCqké��A¬f|«; Xã 2(b) ¤«, �.
��^|Ì�8¥3ü CSRR S»Ú^Ïà��
�m��S, 3ü CSRR 	»Ú^Ïà�ì>�
?/¤
���l�, ¤±�.�ò^|éÐ/8
¥3
ü CSRR Ú^Ïà��¤(½���S, ¿
�©Ù�~é¡.

ã 2 ^Ïà�ìL¡�^|�Ý©Ù (a) �.��©Ùã; (b) �.��©Ùã

¢ S A ^ �, ^ Ï à � ì Ú � � ì I �
� RF SQUID =�ÍÜ, ~� RF SQUID =�º
�� 3.5 mm, ÍÜ�Y² �9Ù�ªXã 3(a),
(b) ¤«: ^Ïà�ì�^Ïà��¥%:� RF
SQUID =��¥%éO, = RF SQUID =���»
3Y² ��ÝKX�ã¥¢�¤«; ¿�3R�
 �þüö�å 5 µm[4].

ã 3(c) �Ñ
^Ïà�ìY² ��þ�^
|�Ý�, Y² ��±^Ïà��¥%�":,
�
�N^Ïà�ì�à^�J, À� RF SQUID
=�� 3.5 mm ��Ù�Ý.

dã 3(c) ´�, DÚ^Ïà�ì (^Ïà�
ì 1) �^|�Ý�3":NCu)
ng�~²
w��C (k[�óÀ), �3 1 mm—1.75 mm ?
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k�é���C, ù7,¬K��� RF SQUID =
��ÍÜ�J: óÀ¦� RF SQUID =¡þ��
��ÍÜ�^ÏéJà�� RF SQUID ���¥;
 1—2 mm ?�ÍCé�U¬E¤^Ïà�ìÍ
Ü� RF SQUID =��^Ïþ�m©ÙØþ.

Ú\ü CSRR (�� (^Ïà�ì 2), Y² 
��þ�^|�Ý'u":Ä�é¡, �vk²w

�âC:, Uþ©Ùþ!���8¥. ¤±, æ^�
.���Y���^Ïà�ìÚ��ìò3é�
§ÝþUõ� RF SQUID �ÍÜ5U: �.�� ksc

� 8.59×10−2, �.�� ksc � 4.28×10−2. ��Ú
\ CSRR �, ÍÜXê ksc ´Ú\c� 2 �, k�¡
ÈdÚ\ CSRR c� 0.51 mm2 O�� 1.227 mm2,
Jp
 SQUID ^ÏDaì�(¯Ý.

ã 3 ^Ïà�ìY² ��þ�^|�ÝCz� (a) RF SQUID =� (m) 9ÍÜ�Y² � (�)/mm; (b) ÍÜ �«¿
ã; (c) Y² ���^|�Ý©Ù�

ã 4 ���^Ïà�ì� 3 � SIR L¡�>6©Ù (a) �.�, (b) �.�
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,��¡, �¦ RF SQUID =����ì�
Í Ü X ê k2 � �. Ú \ CSRR � � ^ Ï à �
ì, Ù>�Ú CSRR ��mk���l�, �f

 RF SQUID = � � 3 � SIR � Í Ü, Í Ü X
ê k2 � 3.9 × 10−3, 'Ú\ CSRR c�ÍÜX
ê (k2 = 6.82 × 10−3) ~���5� 1/1.75. 
yk�^Ïà�ì� RF SQUID =��ÍÜXê
�� 8.4 × 10−3[4].

��, �.��yk�^Ïà�ìÚ�¡��
ì [4] A5Ä���, �´3�1¬�Ïê�¡k
�½�Jp; �.�duk CSRR �Ú\, §Ø
=3�1¬�Ïê�¡k�½�Jp, �^Ïà
�ì�à^A5�¡ké��Jp, ¤±U4�/
UõÍÜXê ksc, O�
ì��k�¡È, Jp

XÚ�(¯Ý.

�?�ÚïÄü CSRR é^|©Ù�K�Å
n, ·�é���^Ïà�ìÚ 3 � SIR �L¡>
6?1
i�, Xã 4 ¤«.

RF SQUID =��^Ïà�ì�ÍÜÌ�´d
^Ïà�ì�©Ù>65û½ [18], dã 4 N´w
Ñ, ü CSRR �Ú\, ²wOr
^Ïà��NC
�>6©Ù, Or
^Ïà�ì�à^�J.

3.2 nnnØØØ©©©ÛÛÛ

ü CSRR ´�=�¡30�Ä¡þ�m��
���ì, Xã 5 ¤«. ü CSRR ����)�
{�A, ¬Ñy���~r���áÂ¸, ¤±�
±UC��ì�L¡>6©Ù. ü CSRR ���
ªÇ� [17]

fnotch = c/
[
(Linner + Louter) ·

√
εeff

]
, (4)

Ù¥, c �1�; Linner, Louter �����S>
�Ú	>��Ý; εeff �0��k�0>~ê, �
� εr/2.

�©¥, �Ä�^Ïà�ìÚ RF SQUID =
� � º � � �, Ä k ( ½ ü CSRR � S » º �
� 2.25 mm. du�ý�ïÐ��.I��u�
�ªÇ´ 22260 MHz �n��N��nS, ¤±

3ØK�^Ïà�ìÚuY. 3 � SIR ��ª
Ç (820 MHz) �cJe, �¦ü CSRR ���ªÇ
AT���u 22260 MHz, �����u 820 MHz,
¤±ÐÚ(½ü CSRR ���ªÇ� 3500 MHz,
=	»º�� 2.30 mm. ÏL�ý�N, �ª(½
� 2.33 mm.

ã 5 ü CSRR

4 ( Ø

� © J Ñ 
 � « # . ^ Ï à � ì Ú � �
ì. ^ Ï à � ì Ú \ 
 ü p Ö m � � � ì (
� (ü CSRR); ��ìKæ^�7X7^Ïà�
ì�uY. 3 ��F{|��ì (SIR). Ì�l
�ýÚnØü��¡?1
�yÚ©Û. ©Ùæ
^ ANSYS HFSSv.11 pª(��ý^�éJÑ�
#.^Ïà�ìÚ��ì?1
�ý, ¿3���
�DÚ�^Ïà�ìÚ��ì?1
õ�¡�'
�: �1¬�Ïê!^Ïà�ì�^|�Ý©Ù!
� RF SQUID =��ÍÜXê, ÍÜ RF SQUID =
� �?�^|�Ý��!k�¡È!L¡>6
©Ù�. Ó�qlnØ©Û\Ã, ïÄ
uY. 3
� SIR ���ÅnÚü CSRR �K�Ån. �ýÚ
nØ©Û�(JL²: Ú\ CSRR �#.^Ïà�
ìÚ��ì, Uõ
^Ïà�ì� RF SQUID =�
�ÍÜ (ÍÜXê ksc Jp
��), l¦k�¡
ÈO�� 1.227 mm2, Jp
ì�(¯Ý.
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Abstract

A novel flux concentrator surrounded by a resonator is proposed in this paper. A complementary single split ring resonator (single

CSRR) is introduced for the flux concentrator, while the resonator surrounding the flux concentrator employs a third-order stepped-

impedance hairpin resonator (SIR). High frequency structure simulation software ANSYS HFSSv.11 is used to simulate the proposed

flux concentrator and resonator. Moreover, the single CSRR is analyzed theoretically. Simulation and theoretical results shows that the

novel flux concentrator surrounded by a resonator introduces a single CSRR, which improves the flux focus effect of the concentrator

significantly, and so enhances the performance of coupling between the RF SQUID and the flux concentrator (the coupling coefficient

ksc is improved 2 times) and increases the effective area to 1.227 mm2.

Keywords: RF SQUID, flux concentrator, SIR, HFSS
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