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1 Ú ó

7ánN2�^u>^Å��)!��!D
Ñ9C�L§. nN�	Ü�m½���>^ÍÜ
©ª´�ÅïÄÚA^��­À�¯K�� [1−5].
7ánN~�u¤ì���	�, ^u�lZ6

Ú¯a��, å�>^¶-��^. ÑuÏº!Ñ
9�¢SI�, ¶-NþØ�;��3�þm�.
��>^�¦�Ì�å», �¿>^ÍÜL§��
\n)é©ÛnN>^¶-5U�'­�.

m�nN¶-�U�©Û�{Ì�kê�Ú
)Ûüa. ê��{U�[E,(�, O�°Ýp,
�¢�E,, Ñ��, �J±NyÔnã� [6−8]. Ï
d, uÐ@«Ôn¿Â�ß!O��Ý¯�)Û�
{Eé7�. Cc5, <�JÑ
�«{ük��
)Û�{ - ��>´{ [9−11]. 3�½^�e, ��
>´{����¢����Ð�(J. ,
, Éü
��ª9é¡5���, T�{ØU���N�¿
>^ÍÜL§, �ØU?nL��¹. AO´éu
¢S¥~��õ?m��¹, T�{�O�(J�
¢�(J�O��.

�©�Ñ
��©Û²¡Åì�em�Ý/

nN>^ÍÜÚ¶-�U�Cq)Û�.. T�.
Äu Bethe ���ÍÜnØ, ò\�|�nS|�
ÍÜL§^m�þ���>Ú^ó4Ý£ã [12,13].
ÏL���ªÐm{¦)k
ÅÄ�§, �Ñ
n
S>^|©Ù���L�ª. 3dÄ:þ, ¼�

n��-y5Æ, O�©Û
m�/G!º�Ú\
�|���ëêé¶-�U�K�, ¿ÏL�¢�
(J�'��y
T�.��&5.

2 nØ�.

Xã 1 ¤«, nN��Ý!pÝÚ�Ý©O
� b, a Ú d. �IX�:� O, n��I¶©O�
nN�n�>²1. Å¥þ� k �²¡>^ÅÏ
L xoy ²¡þ�m�?\nN.

�â Bethe ��ÍÜnØ, lm�ÍÜ�nS
�>^|�^ um�¥%���>ó4Ý p Ú
^ó4Ý m �-u|5£ã. p Ú m Kd\�|
û½

p = αeε0Ei,zez, (1)

m = −αmxHi,xex − αmyHi,yey, (2)
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ã 1 ²¡Åì�em�nN«¿ã
ã 2 \�²¡Å�DÂ�4z��«¿ã

ª¥, Ei,z �\�>| Ei 3m�¡{��©þ,
Hi,x Ú Hi,y �\�^| Hi 3m�¡���©þ.
4zXê α e Ú αm �m��/G!º�k'. é
u�>÷ y ¶�[¿ [14,15]:

αe = αmx = πw2l/8,

αmy =
πl3

12 [ln (4l/w) − 1]
, (3)

ª¥ l �¿Y�Ý, w �¿Y°Ý. éu�²� dc

��/�,

αe ≈ d3
c/6,

αmx = αmy = d3
c/3, (4)

ã 2 �Ñ
L�\�ÅDÂÚ4z���ü��
Ýþ. θ �LDÂ��� z ¶�Y�, φ �L\�
²¡� x ¶�Y�. ØJ�Ñ, TE 4z�>ó4Ý
� 0, 
^ó4Ý�

m = η−1
0 E0 cos θ (exαmx cos ϕ + eyαmy sinϕ) ,

(5)

ª¥, E0 �\�Å>|�Ì, η0 �gd�mÅ{|.
TM 4z���ó4Ý�

p = −ε0αeE0 sin θez, (6)

m = η−1
0 E0 (exαmx sinϕ − eyαmy cos ϕ) . (7)

3��
-ye, nS>^�ª�ªÇ�-y

ªÇ�Ó, ��m©ÙEÌ�ÉnN>.���.
e-y�ªÇ� ω, Kn¥ TEmnp ��L«�

E =jωµ0Amnpemnp,

H =jωmnpµ0Amnphmnp, (8)

TMmnp ��L«�

E =jωmnpε0BmnpKmnp,

H =jωε0BmnpImnp, (9)

Ù¥, kx = mπ/a, ky = nπ/b, kz = pπ/d, k2
mn =

k2
x + k2

y, k2
mnp = k2

x + k2
y + k2

z , ωmnp = ckmnp �
�ª���ªÇ, c �1�. Amnp Ú Bmnp ©O
� TEmnp Ú TMmnp ���Ì. emnp, hmnp, Kmnp

Ú Imnp �|©Ù���Ä¼ê. äNL�ª�:

emnp =ky cos(kxx) sin(kyy) sin(kzz)ex

− kx sin(kxx) cos(kyy) sin(kzz)ey, (10)

hmnp =j (ωmnpµ0)
−1 ∇× emnp, (11)

Imnp =ky sin(kxx) cos(kyy) cos(kzz)ex

− kx cos(kxx) sin(kyy) cos(kzz)ey, (12)

Kmnp = − j (ωmnpε0)
−1 ∇× Imnp. (13)

ØJ�y, ü��ª�|L�ªU÷vnNSL¡
�>.^�, ð�d��§|¥�ü�ÑÝ�§9
>|^Ý�§, �Ø÷v^|^Ý�§. �k¤k
n��U\|âU÷v^|^Ý�§. Ïd, n¥
o�>|Ú^|AL«¤

E =jωµ0

∑
m,n,p

Amnpemnp

+ jε0

∑
m,n,p

ωmnpBmnpKmnp, (14)

H =jµ0

∑
m,n,p

ωmnpAmnphmnp

+ jωε0

∑
m,n,p

BmnpImnp. (15)

>ó4ÝÚ^ó4Ý��þÑ�±w¤,«
/ª�>6©Ù. Ïd, §�-y>^|�¢�´
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>6
é>^|�-y. ªÇ�k
>|ÅÄ�§
�

∇2E + k2E = jωµJ . (16)

òª (14) �\þª��

jωµ0

∑
m,n,p

(
k2 − k2

mnp

)
Amnpemnp

+ jε0

∑
m,n,p

(
k2 − k2

mnp

)
ωmnpBmnpKmnp

=jωµJ , (17)

éª (17) ü>:È emnp ��Ý¼ê�, 3��n
S«�È©. �Ä�Ä¼ê�m���5, ØJ�
Ñ

Amnp =

∫∫∫
V

J · e∗
mnpdV(

k2 − k2
mnp

) ∫∫∫
V

emnp · e∗
mnpdV

, (18)

�-y
�>ó4Ý�, ª (18) �©f�C/¤∫∫∫
V

J · e∗
mnpdV

=
∫

l

e∗
mnp · Idl = e∗

mnp ·
∫

l

Idl

=e∗
mnp ·

∫
l

jωqdl = jωe∗
mnp · p, (19)

�-y
�^ó4Ý�, ª (18) �©f�C/¤∫∫∫
V

J · e∗
mnpdV

=I

∮
l

e∗
mnp · dl = I

∫∫
S

∇× e∗
mnp · dS

=∇× e∗
mnp · I

∫∫
S

dS = ∇× e∗
mnp · m

=(−jωmnpµ0hmnp)
∗ · m, (20)

nÜ5w, �>ó4ÝÚ^ó4ÝÓ��3�

Amnp =
jωe∗

mnp · p + jωmnpµ0h
∗
mnp · m

(k2 − k2
mnl)

∫∫∫
V

emnp · e∗
mnpdV

, (21)

Ón��Ñ TMmnp ���Ì

Bmnp

=

[
jω2µ0K

∗
mnp · p + jωωmnpµ

2
0I

∗
mnp · m

]
ωmnpε0 (k2 − k2

mnl)
∫∫∫

V
Kmnp · K∗

mnpdV
.

(22)

�d, ®�Ñ
O�²¡Åì�enS|©Ù
��@�§. U.~, nS�:?�>|¶-�U
½Â�:

SE = 20 log (E0/E) , (23)

ª¥, E0 �\�²¡Å�>|rÝ�Ì, E �nS
?�:�>|rÝ�Ì.

3 O�(J�?Ø

3.1 nnn���---yyy555ÆÆÆ

lª (21) Ú (22) �±wÑ, n�-yrÝ�±
eÏ�k': ��ó4Ý�rÝ!m�?n|�r
Ý!m�?n|�ó4Ý�����5!±9-
yªÇ���ªÇ�ÓÚÝ. ��ó4Ý��, -
yrÝÒ��. ��ó4Ý�rÝ�ûum��/
G!��9\�|��. m�?�n|�r, -y
rÝÒ��. m�?n|�rÝ�ûum�� �.
�Ä�7ánNL¡�k{�>|Ú��^|, �

O�\�|�n��^ÍÜ, \�|�^|©þ
A¦þ�m�¡²1; �
O�\�|�n��>
ÍÜ, \�|�>|©þA¦þ�m�¡R�. -
yªÇ��C��ªÇ, n��\�Å�ÍÜ�r.
3n|�r� �m�, ÍÜ��r.

ã 3 A�;.$��ª�éu TE011 ��>|Uþ�ªÇ�Cz (a) � TE011 p�¶��ª; (b) TE011 p�¶��ª
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�ÄXeëê: a = 120 mm, b = 300 mm,
d = 300 mm; m�� l = 100 mm, ° w = 5 mm, ÷ y

¶���¥%: u (a/2, b/2, 0); \�ÅR�\�
¿÷ x ¶4z. 3þã�¹e, ==Å.�ê m

�óê, n �Ûê��ª�±�-y. Ù¥�$�
� TE011 ����ªÇ� 707 MHz. ã 3 �Ñ
A
�;.$�n��>|Uþ (�éu TE011 �) �
ªÇ�Cz�¹. �±wÑ, TE031, TE051 Ú TE211

��ª�Uþ²w$u TE011 �; 
 TE012, TE013

Ú TE014 ��ª�Uþ�r. ù
�ªÚ TE011 �
k�Ó�î�|©Ù, áu TE011 ��p�¶��
ª. Ïd, 3O�þãm��¹e�n|©Ù�, A
Ì��Ä TE011 9Ùp�¶��ª.

3.2 OOO���(((JJJ���yyy

Ä k � Ä � � � � � ¹, n N º � � a =
55 mm, b = 222 mm, d = 146 mm, Ù{ëê�
ã 3 �Ó. ã 4 �Ñ
ØÓ�{enN¥% �
¶-�U�ªÇ�Cz�¹. ¢�êâ5gu©
z [9] ¥�ã 9. �±wÑ, ��>´{�O�(J
�pu¢�(J. �©�.�O�(J��C¢�
(J, ù�U´O9
p��ª��Uõ�J. 2
�Äõ�m��¹, nN9\�Å�ëêþ�ã 3
�Ó. 20 ��»� 12 mm ���, ±�½�
�©
Ù3nN xoy ¡þ, ÙäN ��©z [9,10]. ã 5
¥¢�êâ5g©z [9] ¥�ã 18. �±wÑ, �
�>´{�O�(J²w$u¢�(J, 
�©�
.�O�(J�¢�(JÎÜ�Ð. cöO�(J
$u¢�(J��Ï3uLu{ü�õ�U\�
ª. ��>´�.��Äm�¤3 �én�-y
�K�, �´{ü@�¤km�äk�¥%m��
Ó�>^ÍÜUå. 
¢Sþ, ��-y��ª�

ã 4 ØÓ�{��� 55 mm × 222 mm × 46 mm nN¥%
:?�>|¶-�U'�

ã 5 20 ����¹e, ØÓ�{���nN¥%:?�>|
¶-�U'�

TE01p ��, �¥% �m��ÍÜUå�é�f.

3.3 ������mmmåååééé¶¶¶---���UUU���KKK���

3¢S¶-N��ïL§¥, ²~�òü¬7
á���å5. ����:�må�á, /¤��
¿Y�õ, ü�¿Y��Ý�á. �
¼���m
åé¶-�U�K�, �Ä�ã 3 �Ó�nNÚ\
�Åëê. b��¿L: (a/2, b/2, 0) ¿÷ y ¶ò
�, °E� 5 mm, ��nN�Ý�Ó. ã 6 w«
�
¿©ãê N é¶-�U�K�. �±wÑ, O\©
ãê�²wUõ¶-�U. ©ãêzO\ 1 � (½
��må~���), ¶-�UO\� 10 dB.

ã 6 �¿�©ãêé>|¶-�U�K�

3.4 \\\���|||DDDÂÂÂÚÚÚ444zzz������ééé¶¶¶---���UUU���
KKK���

ã 7 ¤«�ØÓ/Gm�e TE 4zÅ��
ÝénN¥%?¶-�U�K�. n«m��¥
%:þ u (a/2, b/2, 0).“5 mm×100 mm” �L÷ x

��¿Y, 
 “100 mm×5 mm” �L÷ y ��¿Y.
ã 7(a) �Ñ
 ϕ = 90◦ ��Ý θ l"O�� 85◦
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�¶-�U�Cz�¹. 3dL§¥, =k y �^
ó4Ý�3, �ÙrÝØä~�, ùÒ´¶-�U
ØäO���Ï. ã 7(b) �Ñ
 θ = 90◦, �Ý ϕ l
"O�� 90◦ �¶-�U�Cz�¹. 3dL§¥,
Ó�k x Ú y ���^ó4Ý�3, k± x ���

Ì, �± y ���Ì. d�, ØÓ/G�m�¥yÑ
ØÓ�¶-�UCzª³. o�5w, �\�Å^
|©þ�m���>�����¶-�J��, R
��¶-�J�Ð.

ã 7 ØÓm�e>|¶-�U�\�Å���Cz (a) \�� θ; (b) 4z� ϕ

4 ( Ø

Ø©JÑ
�«O�©Ûm�nN>^ÍÜ
Ú¶-�U�)Û�.. T�.Äu Bethe nØÚ
n|���Ðm�{, 3n)\�Å���!m�
/G9 ��Ï�é�ª-y�K��¡äk�
ß�Ônã�. �,´�«Cq�., �du�Ä
�K�Ï�'��¡, ÙO�(J�¢�(JÎÜ
éÐ. ïÄuy, �	\|�^|©þ�¿Y²1

�, 	\|�¿Y�ÍÜ�r; �	\|�ªÇ�
n����ªÇ�C�, n��-yrÝ²wO�;
n��-yrÝ��ûum�?n��^ (>) |
©þ���^ (>) ó4Ý���'X, �����
-y�r; �,�$��ª�-y�r�, �T�
ªéA�p�¶��ª�¬k�r�-yrÝ, A
�¿�Ä; �¿þ�>íë�:�õ, ¶-�J�
Ð; �\�Å�^|�m���>��²1�¶-
��!R��¶-�Ð. ù
5Æéu¶-nN�
�Ok��¿Â.
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Electromagnetic coupling and shielding effectiveness
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Abstract
Based on the Bethe’s theory for small aperture coupling and the eigen-mode expansion method, an approximate analytic model for

the field distribution inside a rectangular cavity with apertures under plane wave illumination is presented. The effects of aperture shape,

dimensions, number, position, and the wave incidence and polarization angles on cavity mode excitation can be taken into consideration

in this model with clear physical explanation. The calculation results from this model are in better agreement with experimental data

than those from the equivalent circuit model. The effects of various factors on the shielding effectiveness of the cavity are analyzed,

and the obtained results are useful for guiding the design of electromagnetic shielding enclosures.

Keywords: aperture coupling, rectangular cavity, electromagnetic shielding, Bethe’s theory

PACS: 41.20.−q, 41.20.Jb, 84.32.−y

* Project supported by the National Natural Science Foundation of China (Grant No. 51037001), and the Fundamental Research Funds for the
Central Universities in China (Grant No.10MG01).

† E-mail: cqjiao@ncepu.edu.cn

134104-6


