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FDTD(Finite-Difference Time-Domain)�2  
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�H��� ���H��FøFçFöH��'(2.25)FÚG�G�(2.26)Fÿ���'FþG�FÖFû(F$��ìFåG�G�H
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�ö
²�_�/Fÿ �V�  � fFúFþF÷H��'(2.29)Fÿ(F$��ìFåG����'FøFúG�H
 

 

incscat EE ���  (2.30) 

�ö
²�_�/�[�c �f� �V �\�K�S�' (2.26)�†�Q#Ý�M�•�b�[�c�^�C>*�' (2.30)�†�Q#Ý�M�•>, �K�S�@�W

�Z>*+¬#ä'56ë�\�ö
²�_�/�b�s�@�Z�<�}�€�S�\�K�Z�v>*�S�˜#ú�_�P�M�•
°�U#ú�\+¬#ä'56ë�b

�' (2.27)>*(2.28)�>�|�g (2.30)�@ FDTD �2�†4:#Ý�M�•�S�u�_�²0[�[�6�•>,�I�}�_(F�"�ì�M�•

�_�c>*�' (2.30)�†�ö
²�_�/�b/²8��_4:#Ý�M�€�d�|�8>,�Q�b���œ>*�ö
²�_�/
Æ
��b7Á&"#ú�†

0£'ì�M�•�²0[�c�^�8>,  

���_ Yee�_�|�~�_
°�I�€�S/²0°�2 [10]�†#Ý�8�Z7³�S�ì�I�€�S�ì6ë�\'56ë�b7Á&"#ú�_�X�8

�Z*ƒ�9�M�•>,/²0°�†(F�"�ì�M�•�S�u>*�è�W�b�|�:�^0°3Ù�†/œ�:>,�W 2.1�_&g�M%$�‰�/�­�Ý

�_�X�8�Z>*'56ë�Ù�†�†���'�b�|�:�_��*O�M�•>,  

),,(),,( zkyjxikji �'�'�'�  (2.31) 

�G�G�[>* �' x, �' y �>�|�g �' z �c x, y �>�|�g z 3H�‰�¥�b�­�Ý�M�2�†&g�K>* i, j �>�|�g k �c�Z�X�[�6

�•>,�r�S>*�­�Ý�V�b7³�S�ì�I�€�S�Ù�†�>�|�g7³�S�ì6ë�[0Û�o�M�•�õ�–6õ�X u �b/²0°�†���'

�b�|�:�_(F�"�ì�M�•>,  

),,(),,,(),,,( kjiunkjiutnzkyjxiu n� � �'�'�'�'  (2.32) 

�G�G�[>* �' t �c�ì6ë7³�S6ë7x�[�6�•>,�r�S>* n �c�Z�X�[�6�•>,  

Yee�b���'�ì�_�>�8�Z�c'56ë�\�ì6ë�¤�(�†�p�°�j�(�[3Æ���M�•>,�G�b���œ>*'56ë�\�ì6ë

�b�Q�•�_�P�K�Z>* 2 ���b(­�Ø�@�–0É�I�€�•>,�6�•�ì�I tnt �'� �_�>�8�Z>* x �‰�¥�b6õ�X u �b

'56ë�_�>�E�•�M���¤�(�†���'�b�|�:�_�j�(/²&g�M�•>,  
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�' (2.33)�_�>�E�•�š�X i �b�Q�ö (�r1/2)�c (�r1/2)�' x �_�ƒ�S�•'56ë�j�(�[�6�•�G�\�†&g�K�Z�8�•>,

1/2 �b�Ù�†�b&ã�·�c�­�Ý�V�_7Á&"#ú�B�(�†�º�«�_4Ä*(�I�O�Z�8�•�G�\�_�|�•>,�M�^�ƒ�U>*

7Á#ú�†�' x �>�A�_4Ä*(�K>*�Q�b�g7„�b (�r1/2)�' x7³�€�S�Ù�†!l�_&"#ú�†4Ä*(�M�•>,&"#ú�b�ì
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6õ�Xu �_�X�8�Z�ì6ë n �b�Q�( (�r1/2)�†�ì���K�Z�8�•>,�G�€�c (1/2)�' t �>�A�_7Á#ú�\&"#ú�†�º

�«�_0£'ì�M�•�S�u�_�_
°�I�€�S>, �G�b�m�2�c.¶8Õ�”�Ý�¦�Ü�¬�Ò (leapfrog algorithm)�\�v�ç�d

�€�•>,  

�W2.2�_&g�M�|�:�_>*�­�Ý ( , , )i j k �_�c 6 �X�b7Á&"#ú�B�(�@4Ä*(�I�€�Z�8�•>,�è�W�_&g�M

�_���[�c/²0°�†(F�"�ì�M�•% $×�>�|�g�É�ß�¢�Û�Ñ�å�¢�l�b4:#Ý�†*ƒ�Ö�K�Z>*/² 2.1 �r�S�c

/² 2.2 �_&g�M�|�:�_0°3Ù�M�•>,  

/² 2.1 �c�W 2.2 �_�P�Â�M�•>,�r�S>*/² 2.2 �c�W 2.2 �_�>�E�•!l ( , , )i j k �\�P&à�^�)*(�_�Ñ�~

�M�•7Á&"#ú�_%T% �K�S���œ�[�6�•>, �G�b�|�:�^ 2 �X�b���œ�(�E�†/œ�:�b�c0Ž�Ò'56ë/²8��b

7Á&"#ú�B�(�\�K�Z�Ù�†!l�b�É�Û�«
��r�S�c�Ð�–�¼�«
��b�B�(�†*ƒ�Ö�M�•�b�?�b4*�8�_�|

�•>,  
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/² 2.1>8Yee�­�Ý�\7Á&"#ú�B�(�b/²0°�2  

�G&��^/²0°�2  (F$��ì�I�€�S/²0°  

),,2/1( kjiEx ��  ),,( kjiEx  

),2/1,( kjiEy ��  ),,( kjiEy  

)2/1,,( ��kjiEz  ),,( kjiEz  

)2/1,2/1,( ���� kjiH x  ),,( kjiH x  

)2/1,,2/1( ���� kjiH y  ),,( kjiHy  

),2/1,2/1( kjiH z ����  ),,( kjiH z  

 

/² 2.2>8�­�Ý�\7Á&"#ú�B�(�b/²0°�2 (2) 

�G&��^/²0°�2  (F$��ì�I�€�S/²0°  

),,2/1( kjiEx ��  ),,( kjiEx  
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)2/1,,2/1( ���� kjiH y  ),,( kjiHy  

),2/1,2/1( kjiH z ����  ),,( kjiH z  

 

�S�˜#ú�_6õ�M�•�Ë�¡�º�Ý�Ð�¡�«�˜�™�Ý�G3?�‰&ì�'�†�«�•�Û�B�(�_�(0Ž�M�•�G�\�_�|�W�Z
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�' (2.42a)>| (2.42d)�_�>�8�Z>* �V��� ���������V�
��� ���������H��� ���H���>�|�g �P��� ���P��>*
°�U7Á&"#ú�@�Ñ�~�K�^�8

�\�M�•�\>*�Q�b)��Ý�c�M�[�_�_���I�€�S�' (2.38a)>| (2.38f)�\�M+´�M�•>,  
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2.3  FDTD�2�b�ö&O 

 �•(��_�>�8�Z�c>* FDTD �2�†#Ý�8�Z�X�Í0Ž�Ò�M�•�\�A�b�@�–�¦8o�\0Ž�Ò�•/¡�_�X�8�Z�Â

�}�?�_�M�•>,�è0¦�¦8o�c�W0°�b3û�~�[�6�•>,  

 

�L�� �­�Ý�M�2  

�L�� �ì6ë�«�¸�µ�É6ë7x  

�L�� �¾�p�C#ú�²�ó  

 

�­�Ý�M�2�b�ô���c FDTD �2�†4:#Ý�M�•7•�_5�0[�[�6�•>,0Ž�Ò�†/œ�:�Ø�<�X�_�>�8�Z�G

&��^)��Ý�@�“�}�€�•�o�]���(�`�I�8�­�Ý�†�Q#Ý�M�•>,�I�}�_>*0£'ì�µ�Ó�Ô�Ü�b(
�V
Æ�[�­

�Ý�b)r�X�†�[�A�•7H�~�¨�C�M�•>, �­�Ý�M�2�c�v�~�…�:�y2A�_�k�Ñ�K�Z*ƒ�Ö�K�^�E�€�d�^�}

�^�8>,1�7Á"á�@�±�A�8�o�]�y2A
Æ�[�b�<6×�c%·�C�^�•�b�[>*�­�Ý�M�2�†�`�I�C�K�^�E�€�d

�^�}�^�8>,  

�­�Ý�M�2�†�ô���K�S�^�}�d>* �ó���²�ó�† 62Š�M�•�|�:�_�ì6ë�«�¸�µ�É6ë7x�b�q�±�Í�†�ô

���M�• [11]>,�ì6ë�«�¸�µ�É6ë7x�†�`�I�C�K�Z�v>*0£'ì(­�Ø�†�¥�V�M�•�G�\�c�[�A�^�8>,�±

�A�8�ì6ë�«�¸�µ�É6ë7x�[�c0Ž�Ò�@�Y�ó���_�^�•>,  

�S�˜#ú�b FDTD �‰&ì�' (2.42)�†�Q#Ý�M�•�\�A�c>*
°�U#ú�†0Ž�Ò$×�_��*O�K�^�E�€�d�^�}

�^�8>,�I�r�J�r�^
°�Š�<�g�†�Q#Ý�M�•�G�\�@�•+��[�6�•�@>*�ž�˜�©�Õ�å�Ã�Ý�«�†�Q#Ý�M�•

�b�@�M+á$×�[�6�•>, �Ø�<�X�k�Ñ�ö�y2A�@�µ�r�€�Z�8�•���œ�c�¥�§�–�å�Ã�Ý�«�@�w� �[�6�•>,  

FDTD �2�c�²�–�¼�Ñ�µ�¡�Þ�å�ª�@�È�C>*0Ž�Ò0Ž�b(­�Ø�c 120dB�è�V�[�6�•>,�S�T�K>*�­

�Ý�M�2>*�Ø�<�X�>�|�g�Ô�¹�Ý�b�S4��_�k�Ñ�K�Z0Ž�Ò(­�Ø�@�ô�r�•>,  


°�U#ú�@�Ñ�~�K�^�8�e8Ÿ>*�[�<�d�”�å�¸�¼�b�:�U#ú�b0Ž�Ò�[�c
²7Á&"#ú�†0£'ì�M�•

FDTD �‰&ì�'�†�Q#Ý�M�• . 


²7Á&"#ú�r�S�c�S�˜#ú�b0Ž�Ò�[�c>* Mur[12]�6�•�8�c Higdon[13]�b 1 ���6�•�8�c 2 ���b

�¾�p�C#ú�²�ó�†4:#Ý�M�•�G�\�[>* FDTD 0Ž�Ò'56ë�b!“�o�U)
'ƒ�†��#'�M�•>, Mur �6�•�8�c

Higdon �b�¾�p�C#ú�²�ó�c�š3Q$×���Æ�_4:#Ý�[�A>*�o�\�‡�]�b FDTD 0Ž�Ò�_�>�8�Z
˜�(�^

�¾�p�C#ú�†�Z�<�•>,  

�­�Ý�M�2�†�ô���K�S�‹>* 0Ž�Ò�Ô�¹�Ý�†�v�~�V�t���(�±�A�80Ž�Ò'56ë�†0¿���M�•>, �I�}�_>*

0Ž�Ò�Ô�¹�Ý�\�¾�p�C#ú6ë�b�­�Ý�X�†�ô���M�•>,�r�S>*0Ž�Ò�Ô�¹�Ý�\7Á&"#ú�b%&�«�8#Ý�†0Ž

�Ò�M�•�b�_���(�^�ì6ë�«�¸�µ�É�X�†�N���M�•>,  

 

2.3.1  �­�Ý�M�2�b�ô��  

�G&��^)��Ý�†�Ó�u�•�S�u�_�c>*�q�`�<6×�|�~�v�­�Ý�M�2�†�`�I�C�K�^�E�€�d�^�}�^�8>,

�­�Ý�M�2�†�]�b�C�}�8�`�I�C�K�^�E�€�d�^�}�^�8�?�_�P�K�Z>* �]�b�C�}�8�G&��^)��Ý�†�²
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0[�\�M�•�b�?�†�è0¦�M�•>,�M+á$×�^�²�ó�c>* 1 �<6×�\�S�~ 10 �­�Ý�[�6�•>,�q9×�Ø�<�X�_

�P�K�Z�­�Ý�b>/3¶�b6×�I�c 1/10 �<6×>*�6�•�8�c�Q�€�è�W�\�M�•>,�M�‰>*�­�Ý�M�2�†�±�A

�C�M�•�\>*�¼�–�Ÿ�«�º�b�†�•�ì��#.�b�V7H�[�6�• �O� 2�' x �_3Æ�Y�C�b�[>*�G&��^)��Ý�c�“

�}�€�^�C�^�•>,  

0Ž�Ò'56ë�b�M4Š�(�@1�7Á�/�[ 6�S�I�€�Z�8�•�^�}�d>* �q�±�b�­�Ý�M�2�†1�7Á�/
Æ4Š�[�b

�<6×�[�ô���M�•>,�±�A�^1�7Á"á�b1�7Á�/�†�µ�t0Ž�Ò�P1ß�_�c>*1�7Á�/
Æ4Š�[�`�I�8�­�Ý�M

�2�†�Q#Ý�M�•>,�G�b���œ>*0Ž�Ò8•�æ�_�ƒ�S�W�Z�’�M�b�­�Ý�M�2�†�Q�:�\>*�­�Ý�X�@�?�^�~

�Q�•�M�•>,�G�b�|�:�^0Ž�Ò�Ô�¹�Ý�_�c�Y�’�M�­�Ý (9×1�7Á"á1�7Á�/
Æ4Š�[�c�`�I�8�­�Ý>*

�¥4Š�[�c�±�A�8�­�Ý )[14]-[15]>*/²8��r�S�c�©�î�º"g�b�–�å�Æ�î�²�å�« [16]-[18]�†*ƒ�Ö�M�•>,  

�­�Ý�M�2�†�ô���M�•7•�_*ƒ�Ö�M�m�A�G�\�c>* 0Ž�Ò�Ô�¹�Ý�b�S4��†�G&��_�Ô�¹�Ý�ì�K�^�E

�€�d�^�}�^�8�G�\�[�6�•>,�M�2�@ 1/10 �<6×�b�­�Ý�†�Q#Ý�K�Z�Ô�¹�Ý�†
˜�(3Æ���[�A�•�b

�[�6�€�d>*�­�Ý�M�2�† 1/10 �<6×�è�W�_�M�•�G�\�_�|�W�Z>*�²�ó�† 62Š�M�•>,(ý�8�á�–�Ö

�?�}�^�•�”�å�¸�¼�[�c>*�á�–�Ö�b�´�I�† 1/10�<6×�?�} 1/20�<6×(�v�K�C�c>*�Q�€�|�~�v�`

�I�C )�_�M�•�\>*�”�å�¸�¼�b�–�å�Æ�î�²�å�«�_�s8j�†�Z�<�•>,�r�S>* e�}�?�^/²8��†�w�M

�•�S�˜�/�?�}�b�*�Þ�Ë�Ý�b�S�˜�†0£'ì�M�•���œ>* 'g�‰�/�­�Ý�†�<#Ý�K�Z e�}�?�^/²8��†�Ô

�¹�Ý�ì�M�•�G�\�_�|�•7u�•3Æ���b�s8j�c5��±�^1��j�b�N�I�_�^�• [19]>,�G�b�|�:�^0Ž�Ò�Ô

�¹�Ý�_�>�8�Z�v,��ò�^)��Ý�†�“�•�S�u�_�c>*��'ƒ�_�`�I�8�­�Ý�@�²0[�[�6�•>,  

�S�T�K>* FDTD �2�c�Ú�b7Á&"#ú0Ž�Ò�m�2�\$��^�~>*�Ó�Ô�Ü2( ;�@�¨�±�_�^�•�G�\�_$��–

�K�^�C�Z�c�^�}�^�8>, FDTD �2�[0[�Ó�I�€�•�Ó�Ô�Ü�X�c)r�­�Ý�X�\ 1 �­�Ý�6�S�~�_*ƒ�Ö�M

�•�²0[�b�6�•7Á#ú�x&"#ú>* 1�7Á"á�x�_7Á"á�^�]�_�6�Z�•�š�X�Ã�Û�Ó�î�±�@�(�u�•0[�Ó�Ó�Ô

�Ü�X�['ì���I�€�•>, �[�<�d>* 7Á3434�g'56ë�†�•���K�S 3 m×3 m×40 m �b8•�æ�_�X�8�Z>* IEEE 

802.11�[#Ý�8�}�€�•�Ø�<�X�[�6�• 5 GHz �•�†�P1ß�\�K�S�©�Ñ�×�Þ�î�©�Ù�å�†/œ�:�G�\�†

�•���K�Z 5 mm�b'g�‰�­�Ý�[�(�m�K�|�:�\�M�•�\>*)r�­�Ý�X�c 288�S�¶�\�^�•>, 1 �­�Ý3¶

�~�b0[�Ó�Ó�Ô�Ü�@ 96 bytes�\�^�•�\�©�Ñ�×�Þ�î�©�Ù�å�_�²0[�_�^�•0[�Ó)r�Ó�Ô�Ü

�c 280 Gbytes�\�^�•>,�G�b�X�c�×#Ý PC�[�c�…�<�^�8�§�–�¬�[�6�•>,  

 

2.3.2  �ì6ë�«�¸�µ�É6ë7x  

�� �­�Ý�M�2�@�ô�r�•�\>*�ì6ë�«�¸�µ�É �' t �b�q�±�Í�c�ó���²�ó�?�}�_���I�€�•>,�ó���²�ó

�†�_���M�•�S�u>* FDTD �A�Ê�†���™�M�•�¹8��<�†*ƒ�<�•>,�"�)�ì6ë�«�¸�µ�É�[>* 1 �X�è�V

�b�­�Ý�†3û4#�K�^�8�|�:�_�M�•>,�G�€�c>*�ì6ë�«�¸�µ�É�H�\�_>/�X�b�­�Ý�†�<�@���™�K�^

�E�€�d�^�}�^�8�?�}�[�6�•>,�ì6ë�«�¸�µ�É�†�ô���M�•�S�u>*�q�v3ÿ�C�¹8��<�@���™�M�•�‰

�¥�†4E�j>,�G�b�‰�¥�c>* FDTD �A�Ê�¹8��_�¶%$�[�6�•>,�M�m�Z�b�­�Ý�M�2�@ �' u �[�6�• d ��


– (�G�G�[>* d � 1>*2 �6�•�8�c 3)�b�A�Ê�_�P�K�Z>*0Ž�Ò'56ë�M�m�Z�b�y2A
Æ�b���™3ÿ�Ø�b

�q�±�Í�† v �\�M�•>,�S�T�K>*+¬#ä'56ë�[�c>* v �c
œ3ÿ�_�P�Â�M�•>,�ó���²�ó�c>*  
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d

u
tv

�'
�d�'  (2.43) 

�\�^�•>, 3 ��
–�b%$�‰�/�A�Ê�_�P�K�Z�c>*���'�[�Z�<�}�€�• [11]>,  

� � � �� � � �� � � �222

111

1

zyx

tv

�'
��

�'
��

�'

�d�'  
(2.44) 

�' (2.43)�r�S�c (2.44)�b'¼�'�[�Z�<�}�€�• �' t �†�Q#Ý�M�•�G�\�[>*�G&��^)��Ý�@�“�}�€�•>,

�¨�C�b���œ>*�V0°�b �' t �|�~�`�I�8�Í�†�Q�W�Z�v>*(­�Ø�†�¥�V�M�•�G�\�c�[�A�^�8>,�M�^

�ƒ�U>*�V0°'¼�•�@�B�~'g�X�\�A>*7³�S�ì�I�€�S�<�c�]�&�_��7•�b�<�b���™�†3Æ���K>*�A�Ê

�(�S1��j�@�q�`�_�^�•>,  

 

 

 

2.3.3�� �¾�p�C#ú�²�ó (PML) 

�� 0Ž�Ò8•�æ�@�ö
²�_�/�[�V�r�€�Z�8�•�|�:�^6â8•�æ�b�e8Ÿ�†�…�:���œ�_�c>* �ö
²�_�/�V�[

7Á#ú�b�K)z�B�(�† 0 �\�M�€�d�|�8�?�}>*�•(��[3Ù�m�•�|�:�^�¾�p�C#ú�²�ó>& Absorbing 

Boundary Condition>*�è�W ABC �\$�&à>'�c�²0[�\�K�^�8>,  

�¨�C�b�”�É�Ü�£�î�©�Ù�å�[�c>* �S�˜�/�x�”�å�¸�¼�b�|�:�^+¬#ä'56ë�_*(�?�€�S0Ž�Ò�P1ß

�†�Ô�¹�Ý�ì�M�•>,�Q�K�Z>*�:�U�²�ó�† 62Š�K�Z>*�S�˜#ú�x�:�U#ú�†�C#ú�b�^�8'56ë�†���Û

�I�O�•>, FDTD 0Ž�Ò'56ë�_�c�C#ú�@�²0[�[�6�~>*�S�˜#ú�x�:�U#ú�@�C#ú�_4)�M�•�\�Q�€�}

�c�o�U�K�Z0Ž�Ò'56ë�_�`�W�Z�C�•�P'Ç�\�K�Z>* �S�˜#ú�x�:�U#ú�@ FDTD 0Ž�Ò'56ë�b�C#ú�_

4)�K�S�\�A�_>* ABC �@�S�˜#ú�x�:�U#ú�†�¾�p�M�•�|�:�_0¿���M�•>,�Q�b)��Ý>*�C#ú�b�^

�8+¬#ä'56ë�b�S�˜�x�:�U�@3Æ��$×�_0Ž�Ò�I�€�•>, ABC �c Yee �b�”�Ý�¦�Ü�¬�Ò�@�Q�<�^�8

�S�u>*"I�9�^�…�8�@�²0[�\�^�•>,�G�€�r�[�_�X�¨�C�b ABC �@�f�L�I�€�Z�A�S�@>*#'�~�b

�\�G�•>* Berenger�b PML>&Perfectly Matched Layer>' [20]-[21]�@�²0[�\�M�•0£'ì�µ�Ó�Ô�Ü�c

�Q�•�M�•�v�b�b>*�q�v�w� �^ ABC �[�6�•>,�Q�G�[>*�¹8��<�†�›4
/œ�‰�¥�_�(�E�Z*ƒ�<�•

�M+á$×�^ PML �[�c�^�C>*�¨�a(­�Ø�c- �U�•�@>*�Ó�Ô�Ü�b�˜2�5��@�a�^�88��(7³>& unsplit>'

�º�b PML �†#Ý�8�•�G�\�@�¨�8>,�è�W�_>*�G�b PML �b�+�Õ�_�X�8�Z1��Â�M�• [22]>,  

�r�N>*�<�@�y2A A �p�†���™�K>*$��^�•�y2A B �_�j�X�?�•���œ�†*ƒ�<�•>,�G�b�\�A�y2A

6ë�b�o�U�€�X�c�›�y2A�b"I�ö�–�å�Æ�î�²�å�« Z �†#Ý�8�Z�è�W�b�|�:�_/²�M�G�\�@�[�A�•>,  

BA

BA

ZZ

ZZ

��

��
� �U  (2.45) 

�G�G�[>*"I�ö�–�å�Æ�î�²�å�« Z �c>*�›�y2A�p�b1�7Á"á �0>*3ñ&""á �� �†#Ý�8�Z  
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�H
�P

� Z  (2.46) 

�\>*/²�I�€�•>,�' (2.45)>*(2.46)�?�}�o�U�€�X �! �@0 �\�^�•�|�:�^�y2A�† PML �\�K�Z*ƒ�<
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�Z*ƒ�9�K�S>,�K�?�K>*7³�S$× FDTD 0Ž�Ò'56ë�_�>�8�Z PML �†��/æ�M�•7•>* PML �¾�p�C#ú

�_�P�K�Z�o�p�¹/œ�_
°�U�M�•�X�Í���™�<�[�c�±0d�•�^�Y0[�o�U�@$Î#Õ�M�•�G�\�_�@�–�K

�^�E�€�d�^�}�^�8>,�[�<�d>*9×3ÿ5r4(34�g�\�8�W�S"I���‰�¥�_6×�8�S4��†�â�X FDTD0Ž�Ò

�Ô�¹�Ý�† PML �[)
'ƒ�M�•�\�A�_>*�G�b�|�:�^"g�#�†*ƒ�Ö�K�^�E�€�d�^�}�^�8>,�I�}�_>*


°�U���™�<�@/²8��<�[�6�•�|�:�^���œ>*�±0d�•�^ PML �_�|�•�o�U�@2s�G�~�:�•>,�Q�b�Ú

�b�[�\�K�Z>*�_�/�S4��b�Y4�)F4Š�(�>�|�g8l!l>*�6�•�8�c�”�å�¸�¼3Æ
�#ú�^�]7Á&"#ú�b"I

$�!l�@ PML �¾�p�C#ú�_3Æ�K�K�Z�8�•���œ�_$Î#Õ�M�•>,  

�� PML �C#ú�G8��?�}�¶%$�_
°�U�M�• zTE  �¹8��<�_�|�•�Y0[�o�U�_�X�8�Z*ƒ�9�M�•>,�o�U

�€�X�c���'�b�\�>�~�i�C�G�\�@�[�A�•>,  

�� �� �� ��
� � � � � � � �0/01

0/01
*

*

0

xx

xx

ss

ss

��

��
� �J  (2.89) 

0ò(ý�_�X�8�Z�c�è�W�?�}�_�C>,  

 

�� Uniaxial PML�_�>�E�•�ì6ë1*�ô�Ð�¡�«�˜�™�Ý�G3?�‰&ì�'�c>*  

EsjH
���&���&

�Z�H� �u�’  (2.90a) 

HsjE
���&���&

�Z�P��� �u�’  (2.90b) 

�\�i�?�€�•�� s �c�¥0…�¸�å�¯�Ý�[�6�~>*���'�[��*O�I�€�•>,  
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�«
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�¬

�ª
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��

��
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z

yx

y

zx

x

zy

z

z

z

y

y

y

x

x

x

S

SS
S

SS
S

SS

S

S

S

S

S

S

S

S

S

S

00

00

00

00

00

00

00

00

00

00

00

00

1

1

1

 

(2.91) 

H
�è�¥�b�Í�[�6�•��4Š �N�†�_
°�K�Z>* s �b�P0…�B�(�c���'�[�Z�<�}�€�•>,  

�Z�H
�V

�N
j

s x
xx ���  (2.92a) 

�Z�H

�V
�N

j
s y

yy ���  (2.92b) 

�Z�H
�V

�N
j

s z
zz ���  (2.92c) 

�' (2.91)�b�¸�å�¯�Ý�[>* FDTD 0Ž�Ò'56ë
Æ�b8�'¼�‰�ö PML �†��*O�M�•�G�\�@�[�A�•>,  

�� �G�b�\�A>* Uniaxial PML �_�>�E�•1�7Á�/�c�’�M�[�6�•�\�ì���K�Z�8�•�b�[>* (2.92a)�[�8

�:�\ , � � � �zy,�H�H� �[�
6ë�H�\�_4�)F�[�6�•>, �G�b�|�:�_>* /²8�7Á,´�&�Ø�c�y2A�C#ú�_�Ñ�~�K>*

�Y4�)F6õ�X�b�¤�(�_�|�~�è�W�b�ž�˜�«�N�_�|�~�N���I�€>* �G�b8�"@#.$×7Á,´�c�Y4”�œ�^��

�'�ì�\�^�•>,  

�� �� � � � ��� �� �� �� 01 � 
�w
�w

��
�w
�w

��
�w
�w

� �˜�’� �˜�’ ��
zxyxxx Es

z
Es

y
Es

x
EsD �H�H�H�H
�&�&

 (2.93) 

�G�€�†4J�E�•�S�u>* xs  �c y �\ z �_"‚'g�[�^�E�€�d�^�}�^�8>, �H�V /x �@�M���b�\�A�b�s>*

 62Š�I�€�•>, � � � � � � � �zyzyx ,/, �H�V �@�M���_�^�•�|�:�_�K)z�‰�¥�†�•�š�_�M�•�G�\�[��#'�I�€

�•>,  x�V �†�š1�7Á"á�[0d�A�ì�M�•�b�@�"(ç�^�‰�2�[�6�~>*�' (4.13a)�†���'�b�\�>�~�i�A�n

�<�•>,  

0�Z�H
�V

�N
j

s x
xx

�c
���  (2.94a) 

�S�T�K>* �Ý�4�c+¬#ä'56ë�p�b1�7Á"á�[�6�•>, �P�v
�[

�c�K)z�‰�¥�b y 3H�>�|�g z 3H�_�P�K�Z�M��

�Í�[�6�•�@>*�¶%$�‰�¥�b x 3H�_�P�K�Z�š�ì�M�•>,�G�G�[>* Uniaxial PML �[�ž�˜�«�N�@ 62Š

�I�€>*�v�~�…�8�Æ�8���'�ì�\�^�•>,�I�}�_>* Uniaxial PML �b�y2A�_"‚'g�^���'�ì�\�^�•

[27-34]>,  

� � � G� b(2.89)� [ � � * O � I � € � Z � 8 � • 7 Á� ¼$ ×� ¸� å� ¯� Ý�O�ë�>�|�g&"�¼$×�¸�å�¯�Ý �O�ë�Û�†�<#Ý�K�Z>*
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(4.10)�[ /²0°�K�Z�8�•>,  

 

�«�º�Þ�µ�³�Ù�†(Ô�c�' (2.82)�?�}'56ë$×�_���G�I�€�Z�8�•�\�ì���K�Z�8�•>, �G�b�\�A>* PML 

�C#ú�G8��_�>�8�Z>* ���O�ë�:�r�; 
 L � s �[�6�•>,7³�S'56ë�_�>�8�Z>*&"�¼$×�¸�å�¯�Ý�>�|�g7Á�¼$×

�¸�å�¯�Ý�@ 2 �(�b 1 �­�Ý�H�\�_�º�«�_4Ä*(�I�€�•>,7³�S'56ë�[�6�•�G�\�?�}>*&"�¼$×�¸�å

�¯�Ý�€�X�c PML�C#ú/²8��?�} 2 �(�b 1 �­�Ý�T�E
Æ
��_�>�8�Z 0 �[�c�^�8>,�M�^�ƒ�U>*  

�� ��
� � � �2/1

2/1
0

xx

xx

s

s

�'��

�'��
� �J  (2.95) 

�S�T�K>* ���Â�ë�c FDTD �­�Ý�M�2�[�6�•>,�' (4.13a)�_&g�I�€�• �O�ë�b��*O�?�}>*�' (2.95)�c���'

�b�|�:�_�i�A�n�<�}�€�•>,  

�� ��
� � � �

�� ��
� � � ��Z�H�V�Z

�Z�H�V�Z

�Z�H�V

�Z�H�V
�J

���'��

���'��
� 

���'��

���'��
� 

0

0

0

0
0

/2/

/2/

1/2/1

1/2/1

xx

xx

xx

xx

j

j

j

j
 (2.96) 

�S�T�K>*(F�"�ì�b�S�u � � � �12/ � �' xx�N  �\�K�Z�8�•>, �Ø�<�X(
�V �� �� 0/2/ �H�V�Z xx �'�!�! �_�>�8�Z>*

00 � �J  �[�6�•>,�*�Ø�<�X �� �� 0/2/ �H�V�Z xx �'���� �[�c>* 10 � �J  �[�6�•>,)��•>* PML �¾�p�C#ú

�\6×�8�ì6ë�_�ƒ�S�W�Z%&�«�8#Ý�K�^�@�}>* �z�W�C�~�\�š�ì�M�•7Á&"#ú�r�S�c���™�<�_�|�~

�±�A�^�o�U�@#Õ�L�• [25],[35]>,  

 �*�Ø�<�X�_�>�E�•�±�A�^�o�U�\9×�Ø�<�X�_�>�E�•�`�I�^�o�U�b�C% �\�^�•�Ø�<�X�c�'

(4.96)�?�}���'�b�\�>�~��*O�I�€�• [36]>,  

� � � �2/108.1
11

10
xxc

c f
t

�'�u
� � 

�V
 (2.97) 

�G�b�ì6ë�è7F>*%&�P$×�_�±�A�^�o�U�@$Î#Õ�M�•�G�\�†>* Berenger �@�X�Í��9‚�_�|�~&�1��K

�Z�8�• [37]>,�s�u
°�U�<�x�z�W�C�~�\&ã�·�M�•/²8��<�^�]>*)��Ý$×�_ PML �\6×�ì6ë�_�ƒ

�S�W�Z%&�«�8#Ý�M�•�|�:�^7Á&"#ú�_�P�K�Z PML �[�c���(�^�¾�p"I�ö�@�“�}�€�^�8>,  

 � � � �2/xx �'�V �†�ö�a�I�O�•�r�S�c0Ž�Ò8•�æ�M�2�†�Ñ�±�M�•�G�\�[>* PML �¾�p�C#ú�?�}�b8�

�d�ƒ�b�o�U�†�*�W�I�O�•�G�\�c�•+��[�6�•>,�K�?�K>*�Q�b�|�:�^�P'Ç�[�c>* � � � ��TR �@�Q�•

�M�•>*�6�•�8�c0Ž�Ò�_�²0[�^0£'ì�µ�Ü�¯�î�«�@�Q�•�M�•�G�\�_�^�•>,7³�S�ì1��j�>�|�g#.

1=$×�^�o�U1��j�†�:�r�C1*�Z�K�^�E�€�d�^�}�^�8>,  

�� �*�Ø�<�X�_�>�8�Z�o�U�€�X�@�±�A�^�Í�\�^�•#.#ä�c>*�¸�å�¯�Ý�€�X xs  �@�®�ß�Ø�<�X�[

�Ï�î�Ý�6�•�8�c"I$�!l�\�^�•�S�u�[�6�•>,�M�^�ƒ�U>* 0�o�Z �b�\�A>* �f���o jsx �[�6�•>,

�K�?�K>*�N!l�?�}0
(ò'56ë�V�‰�_�Ï�î�Ý�†�N�}�M�G�\�_�|�W�Z>*�G�b�e8Ÿ�†0Ž�ô�M�•�G�\

�@�[�A�•>,�G�b% $×�[>*�¸�å�¯�Ý�€�X xs  �†���'�b�\�>�~�Z�<�• [38,39]>,  

0�Z�H
�V

�N
ja

s
x

x
xx ��

���  (2.98) 
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�G�b�'�c0
(ò�Ø�<�X�©�Ç�º (CFS)�¸�å�¯�Ý�€�X�\�ç�d�€�Z�8�• [38,39]>,�G�G�[>* ,1�tx�N  

,0�tx�V  0�txa  �?�X�M�m�Z���X�[�6�•�\�ì���M�•�\>*�' (4.17)�[�Z�<�}�€�• xs �c�I�Ý�Š�†

 62Š�K>*�Q�b0Ž�c�ó���[�6�• [40]>,  

 

� � � '(2.89)�†�<#Ý�K�Z CFS-PML �¸�å�¯�Ý�?�}�o�U�€�X�†�N���M�•>,�G�b���œ>* xs  �c�¨8o

�'�[/²�I�€>* � � � � ,00 � x�V   � � � �10 � x�N , 0�zxa �^�}�d>* �� �� 10 � xs  �[�6�•>,&"�¼$×�¸�å�¯�Ý�€

�X *
xs �c 2/x�'  �_�>�8�Z 0 �[�c�^�8�Í�†�â�X>,�o�U�€�X�c3Æ��$×�_���'�[�Z�<�}�€�•>,  

� � � �
� � � �

� � � �
� � � �

1
2/

2/
1

1
2/

2/
1

0

0

��
���'

�'
��

��
���'

�'
��

� 

�Z�H
�V

�Z�H
�V

�J

ja

ja

xx

xx

xx

xx

CFS  (2.99) 

( F � " � ì � b � S � u > * � � � �12/ � �' xx�N � \ � ì � � � M � • > , 9 × � Ø � < � X � � � �0/2/ �H�Z xxa �'�!�! � > � | � g

� � � �0/2/ �H�V�Z xx �'�!�! � _ � > � 8 � Z > * 0�oCFS�J  � \ � ^ � • � G � \ � @ � ( � ? � • > , � M � ‰ > * � * � Ø � < � X

� � � �0/2/ �H�V�Z xx �'�!�!  �_�>�8�Z>*���'�\�^�•>,  

� � � �
� � � �
� � � �
� � � �

1
2/

2/
1

1
2/

2/
1

| lim

��
�'

�'
��

��
�'

�'
��

� ��

xx

xx

xx

xx

itflowCFS

a

a

�V

�V

�J  (2.100) 

�G�G�[>*  � � � � � � � �1/2///2/ 00 �����'�' �H�H�V xxxx a  �†�ì���M�•�\>*�' (2.100)�c���'�\�^�•>,  

�� ��
� � � �2/4

2/
| lim

xx

xx
itflowCFS a �'

�'
� ��

�V
�J  (2.101) 

�' (2.95)� \ � ' (2.101)� † � š 3 Q � K � Z > *CFS �¸�å�¯�Ý�€�X�c>*�*�Ø�<�X�•�_�>�E�• PML �C

#ú�G8��?�}�b�Y0[�o�U1��j�†�?�^�~�*�ö�[�A�•>,   

CFS PML �b�·�8�†�ö
²�_#.0Ž�M�•�S�u>*�G�b�y2A�p�†���™�M�•7Á&"#ú�b�ö/¶�_�X�8�Z

1Ÿ1=�M�•>,���™�<�c0
(ò���™���X inc
x

inc
x

inc
x j �E�D�J ��� �†�ì���M�•>,�S�T�K>* inc

x�D �c�ö/¶���X

�[�6�•>,�ö
²�Z�œ�M3H�ö�y2A [41] �\� �L�_���m�2�_�|�~>*���™�<�c�<8��\�¶%$�^3H�‰�¥�_

�P�K�Z �� ��xsx
inc
x�J��exp �[/²�I�€�•�æ�X6õ�X�k�Ñ�ö�†�w�K�Z�8�•>,�' (2.98)�b CFS �¸�å�¯�Ý�€

�X�c���'�b�|�:�_�Ž6ä�M�•�G�\�@�[�A�•>,  

�‡�š�’
d
F
k�Ù�ë�Ü�á�Ö
E�F�Ú�ë�Ü�á�Ö
o
l�â�ë 
E
�ê�ë

�Ù�ë 
E�F�ñ�Ý�4

p�T
h


 L � ‡� š� ’�H
F�Ù�ë�Ü�á�Ö�â�ë 
E�F�Ú�ë�Ü�á�Ö�â�ë 
E
�Ù�ë

�Ü�á�Ö�:�ê�ë�;

�Ù�ë 
E�F�ñ�Ý�4

E

�F�Ú�ë�Ü�á�Ö�:�ê�ë�;

�Ù�ë 
E�F�ñ�Ý�4
�I�T��

(2.102) 

 

 �' (2.102)�?�}>*�¨�C�b�G�\�@�(�?�•>,�q�6�_>* x�N �c
°�U�<�b CFS PML �p�_�>�E�•�ö/¶
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���X inc
x�D �†�Q�œ�M�•>,���_>* 0/ �H�Z xa�!�! �b��7H�_�>�8�Z>* CFS PML �c3û�–�b PML �\� '¼

�^�¾�p"I�ö�†�w�M�•>,�K�?�K>*
0/ �H�Z xa���� �b��7H�[�c>* CFS PML �b�_7Á"á x�V  �@
°�U�<

�b�ö/¶�_�$�Z�K�^�8�G�\�@�(�?�•>,�¦��>*
°�U�<�@�ö/¶�K�^�8 �� ��0� inc
x�D �[���™�M�•�\>*

CFS PML �c�*�Ø�<�X�•�[
°�U�<�†�ö/¶�I�O�•�G�\�c�^�8>, CFS PML �b�C#ú�Ø�<�X�c���'

�b�|�:�_0b'��v�•�G�\�@�[�A�•>,  

�B�Ô
 L � =�ë���t�è�Ý�4 (2.103) 

aff ���� �^�}�d>*���™�<�c PML �_�|�•�ö/¶�†�w�E�N>*���™�_2s�I�M�•�ö/¶�b�s�@0{ ��I

�€�•>,3ë�_>* aff �!�! �^�}�d>* PML �c���™�<�†� �Ý$×�_�ö/¶�I�O�•>,  

�� )�1=�\�K�Z>* CFS PML �c�*�Ø�<�X�•�[�o�U1��j�†�?�^�~�ö�a�I�O�•�G�\�@�•+��[�6�•

�@>*�‘�¶�b PML �[�c
²�C�ö/¶�I�O�•�G�\�c�^�8>,�K�?�K>*�G�b1"8Ÿ�c'56ë�€�X xa �†�<#Ý

�K�Z0Ž�ô�M�•�G�\�@�[�A�•>,�' (2.99)�>�|�g (2.101)�?�}�£�•�I�€�•�|�:�_>* xa  �c PML �C

# ú � G 8 � � b 3 Æ 
 � � [ % & � P $ × � _ � ± � A � ^ � Í � \ � K � ^ � E � € � d � ^ � } � ^ � 8 > , � Q � b # . # ä � \ � K � Z > * 

� � � � � � � �1/2///2/ 00 �����'�' �H�H�V xxxx a  �b�\�A>*�o�U�€�X�@�q�`�_�^�•�?�}�[�6�•>, PML 
Æ4Š

�[�c>* xa �†�Ž���_�`�I�^�Í�\�K�Z>* PML 
Æ4Š�†���™�M�•7Á&"#ú�b�*�Ø�<�«�Ì�¡�º�Ý�@3Æ

��$×�_�ö/¶�I�€�•�|�:�_�M�•>, �K�S�@�W�Z>* �� ��xax �c PML �C#ú�G8��_�>�8�Z�q�±�\�K>* PML 


Æ4Š�_4
�t�o�]�®�ß�_3Æ�Y�C>,�G�b% $×�†4)�B�M�•�S�u>* �� ��xax �_�N�á�I�€�•�¨8o�'3Æ��

�c���'�\�^�•>,  

� � � �� � � �
�¯
�®
�­ ��

� 
0

/max,
am

x
x

dxda
a  

otherwise

dx �d�d0
 (2.104) 

�S�T�K>* PML �C#ú�G8��c 0� x �_�6�•�\�M�•>,�r�S>* am  �c�m�A�Œ�X>* d �c PML �b�L�I

�[�6�•>,  

 

2.4.3�� FDTD �É�ß�¢�Û�Ò�_�>�E�• CPML �b� �Ý$×��/æ�‰�2  

�� �M+á$×�^Uniaxial PML�c�É�ß�¢�Û�Ò6ä$Î*…�_�|�W�Z�È�C�<#Ý�I�€>*�¨�X�b�_#Ý FDTD �¯
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PML 8•�æ
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�c y  3H�_�¶%$�^�C#ú/²8��†�w�M�• PML 8•�æ�_�>

�8�Z�®�ß�è�¥�b�Í�†�â�X>,�G�€�}�€�X�c�' (2.111)�>�|�g�' (2.114)�?�}>*7³�S�A�Ê/²8��p�°
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�?�}0£'ì � I �€�•>,7³�S(Ô�b�€�X
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�† =�b FDTD�”�Ý�¦�Ü�¬�Ò�b xE  �b�ì6ë�f�‚�' , xH �b�ì6ë�f�‚�'�†�Q�€�R�€�è�W�_/²�M>,  

�¸
�¸
�¸
�¸
�¸
�¸
�¸
�¸

�¹

�·

�¨
�¨
�¨
�¨
�¨
�¨
�¨
�¨

�©

�§

��
�'

��
��

�'

��

�˜

�¸
�¸
�¸
�¸
�¸

�¹

�·

�¨
�¨
�¨
�¨
�¨

�©

�§

�'
��

�'

��

�¸
�¸
�¸
�¸
�¸

�¹

�·

�¨
�¨
�¨
�¨
�¨

�©

�§

�'
��

�'
��

� 

����

������

������

����

����

����

��
����

����

����

����

����

��
����

n
kjisource

n
kjiy

n
kjiy

n
kjiz

n
kjiz

kji

kji

kji

n
kjix

kji

kji

kji

kji

n
kjix

x
J

z

HH
y

HH

t

t

E
t

t

E

2/1,2/1,

,2/1,1,1,

2/1,,2/1,1,

2/1,2/1,

2/1,2/1,

2/1,2/1,

2/1
2/1,2/1,

2/1,2/1,

2/1,2/1,

2/1,2/1,

2/1,2/1,

2/1
2/1,2/1,

|

||

||

2
1

|

2
1

2
1

|

�H

�V
�H

�H

�V
�H

�V

 (2.126) 

�¸
�¸
�¸
�¸
�¸
�¸
�¸
�¸

�¹

�·

�¨
�¨
�¨
�¨
�¨
�¨
�¨
�¨

�©

�§

��
�'

��
��

�'

��

�˜

�¸
�¸
�¸
�¸
�¸

�¹

�·

�¨
�¨
�¨
�¨
�¨

�©

�§

�'
��

�'

��

�¸
�¸
�¸
�¸
�¸

�¹

�·

�¨
�¨
�¨
�¨
�¨

�©

�§

�'
��

�'
��

� 

��
������

��
������

��
������

��
������

��
������

������

������

������

������

������

������

������

������

��
������

2/1
1,1,2/1

2/1
1,2/1,2/1

2/1
1,2/3,2/1

2/1
2/1,1,2/1

2/1
2/3,1,2/1

1,1,2/1

1,1,2/1
*

1,1,2/1

1,1,2/1

1,1,2/1

1,1,2/1
*

1,1,2/1

1,1,2/1
*

1
1,1,2/1

|

||

||

2
1

|

2
1

2
1

|

n
kjisource

n
kjiz

n
kjiz

n
kjiy

n
kjiy

kji

kji

kji

n
kjix

kji

kji

kji

kji

n
kjix

x
M

y

EE
y

EE

t

t

H
t

t

H

�P
�V

�P

�P
�V

�P
�V

 (2.127) 

�' (2.42)�\
xE  �b�ì6ë�f�‚�' (2.121),�' (2.43)�\

xH �b�ì6ë�f�‚�' (2.123)�†�Q�€�R�€�š3Q�M�•

�G�\�[>*$��s3¸�s'��(�\�Ñ�G�Ã�Û�Ó�î�±�b8o�†7V�E�d>* CPML�f�‚�'�c�† =�b FDTD �”�Ý

�¦�Ü�¬�Ò�\� �M�[�6�•�G�\�@�(�?�•>,�Ñ�G�Ã�Û�Ó�î�± y�N �>�|�g
z�N �c PML8•�æ
Æ�b�A�Ê�†

� "á$×�_���G�K>*�Y'¼6ë7x�A�Ê�\8®���K�Z�8�•�G�\�?�}>*)��Ý$×�_�«�º�Þ�µ�³�Ù�†(Ô�\� 

�L�[�6�•>, $��s3¸�s'��(�b8o�c�ì6ë�_�k�Ñ�K�S7Á&"�<�@1�2s�M�•7Á�v�\�s�^�M�G�\�@�[�A

�•>,�Q�€�_�|�•�:�U�c PML 8•�æ�¥4Š�_�:�U�M�•�b�[�c�^�C>* PML �†3û4#�K�Z���™�M�•7Á

&"�<�†�t�U�˜�M
>�A�†�â�X>,  
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2.5�� �t�M�g  

�•'v�[�c>*�M+á$×�^7Á&"#ú0Ž�Ò�m�2�b>/�X�\�K�Z�ì6ë8•�æ�j�(�2 (FDTD �2 )�_�X�8�Z1�

�Â�K�S>, FDTD �2�c'56ë�\�ì6ë�†7³�S�ì�M�•�G�\�_�|�W�Z>*�ì6ë8•�æ�[7Á&"#ú�b�i�•�r�8

�†�Ó�u�•0Ž�Ò�m�2�[�6�•>, FDTD �2�b���'�ì>* �­�Ý�M�2�>�|�g�ì6ë�«�¸�µ�É6ë7x�b�ô���2>*


°�U#ú>*�¾�p�C#ú�²�ó�_�X�8�Z1��Â�K�S>,�r�S>*�M+á$×�^ Uniaxial PML �x Unsplit PML �_

�P�K�Z>*�|�~�¾�p"I�ö�b9×�8 CPML �_�X�8�Z0Ž1��K�S>,  
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'¨ 3 'v��

�j�4 ‡'ì�•/¡��
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3.1�� �r�<�@�A  

�� '¨ 2 'v�[�c>*�æ/²$×�^7Á&"#ú0Ž�Ò�m�2�b>/�X�[�6�• FDTD �2�_�X�8�Z0Ž1��K�S>, FDTD

�2�c>*7Á3434�g�x+ß'5�µ�\�8�W�S�Œ�~"@
Æ�b�|�:�^0
7§�^�S4��†�w�M�•#”�C�W�_�>�E�•�Ð

�¡�«�˜�™�Ý�‰&ì�'�b0Ž�†�Ó�u�•�m�2�\�K�Z�w� �[�6�•>,�r�S>*�Ç�/�b�|�:�^�†�»�ö�y2A�†

�µ�t�e8Ÿ�†���Æ�_�v�~�…�:�G�\�@�•+��[�6�•>,  

�S'v�[�v1��Â�K�S�@>* FDTD 0Ž�Ò�[�c>*0Ž�Ò8•�æ G"�­�Ý�\�ç�d�€�•�¤�`8•�æ�_�(�m�K>*

7³�S$×�^�ì6ë�_�>�E�•�›�­�Ý�b7Á&"#ú�B�(�†0£'ì�M�•>,0Ž�Ò8•�æ�¥4Š�b�C#ú�c>*8•�æ'ƒ�[

�b�o�U�†75�D�S�u�¾�p�C#ú�²�ó�@4:#Ý�I�€�•>,�­�Ý�§�–�¬�c>*�G&��^)��Ý�†�“�•�S�u�_��

�(�_�`�I�C0¿���M�•�²0[�@�6�•>,�M+á$×�^% �ó�\�K�Z�c>*0Ž�Ò�Ø�<�X�b 1/10�<6×�è�W�\�M

�•>,  

�� �è�V�b�G�\�†2Ã�r�<�•�\>*9×3ÿ5r4(34�g�b�|�:�_�Q#Ý�M�•�Ø�<�X�_�P�K�Z0d�•�@8��–�_

�±�A�8�Ô�¹�Ý�†�w�M�•0Ž�Ò'56ë�b FDTD 0Ž�Ò�†/œ�:���œ>*�(�m�­�Ý)r�X�@�Q�±�K>*0£'ì��

/œ�_�²0[�^�z0°����5��@+~�±�_�^�~>*8��–�_ ¶���^0£'ì�µ2( ;�@�²0[�\�^�•>,�Q�G�[>*

MPI(Message Passing Interface)�Û�–�È�Û�Ü�†#Ý�8�S�j�4�É�ß�¢�Û�Ñ�å�¢�•/¡�†4:#Ý�K>*�±�º

0£'ì�µ�b0
�X�b�À�î�»�†#Ý�8�S FDTD 0Ž�Ò�†/œ�: [43,44]>,�±0d�•�^0Ž�Ò'56ë�†0
�X�b�À�î

�»�_�(�m�K>*�›�À�î�»�[� �ì�_0£'ì�†/œ�:�G�\�_�|�~9×(­�Ø�^0Ž�Ò�†�œ#.$×�^�ì6ë
Æ�[3¿

3ÿ�_/œ�:�G�\�@�•+��\�^�• [45]>,  
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>Ì

3.2�� �±�º0£'ì�µ (�«�î�Ã�î�¥�å�Æ�×�î�± ) 

�� �±�º0£'ì�µ�\�c>*� �a�æ�b0£'ì�µ�_�š�m�Z�c�•�?�_9×�8�«�Ì�µ�¡�†�â�X0£'ì�µ�b�G�\�[

�6�•>,#'�~�<#Ý�I�€�Z�8�•�M+á$×�^�±�º0£'ì�µ�c>* CPU�†�X 10>|�X 100&ì�š3U�K>*�z0°��

��5��v�X 10>|�X 100GB>*�r�S�Á�î�»�¹�•�«�¡��5��_�X�8�Z�v�X TB �\�^�W�Z�8�•>,�G�b�|

�:�^>*8��–�_9×�8�È =�b0£'ì�µ#”�C�_�|�W�Z>* CPU�X�x�z0°����5��_�k�Ñ�K�S��#.�_�>�8

�Z�Q�b�µ+��†�±�8�_$Î�y�[�A�•  

�� �r�S>*�±�º0£'ì�µ�q�±�b"I�©�c>*0
�X�b CPU�†�š3U�K>*�j�4��#.�@�•+��[�6�•�\�8�:!l

�[�6�•>,�G�:�8�W�S�j�40£'ì�µ�c�Ó�Ô�Ü�b�g�Â�_�|�W�Z
¹�w�Ó�Ô�Ü�º�\�(�S�Ó�Ô�Ü�º�b 2

�X�_�(8®�I�€�•>,�è�W>*�Q�€�R�€�_�X�8�Z1��Â�M�•>,  

 

 

��

3.2.1�� 
¹�w�Ó�Ô�Ü�º�j�4��#.  

�� 
¹�w�Ó�Ô�Ü�º�b0£'ì�µ�b�”�î�Ÿ�¸�¡�³�Õ�c>* 0
�X�b CPU�@� �M�b�Ó�Ô�Ü�†
¹�w�M�•�g�†

�K�Z�8�•>,�Q�b(F�"�^�S�B�†�W 3.1 �_&g�M>, 


¹�w�Ó�Ô�Ü�º�j�4��#.�b"I�©�\�K�Z�c>*�j�4�É�ß�¢�Û�Ò�†�8�B�M�•7•�_+¬�·�j�4�ì�¥�å

�Ã�–�Û�b�Q#Ý�@�•+��[�6�•�G�\>*�j�4�É�ß�¢�Û�Ò�b�8�B�@���Æ�[�6�•�G�\�^�]�@�6�F�}�€

�•>,�Q�b�G�\�?�}>*
¹�w�Ó�Ô�Ü�º�b�Ð�©�å�[�c�œ#.$×�^�ì6ë
Æ�[9×�8�Ã�Ç�›�î�Ð�å�«�b�É

�ß�¢�Û�Ò�†�8�B�M�•�G�\�@�•+��[�6�•>,  

 

 

 

 
�W3.1>8
¹�w�Ó�Ô�Ü�º0£'ì�µ�S�B�W  

 

 

 

GoGpGx

CPU CPU CPU CPU
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3.2.2�� �(�S�Ó�Ô�Ü�º�j�4��#.  

�� �(�S�Ó�Ô�Ü�º0£'ì�µ�b�”�î�Ÿ�¸�¡�³�Õ�c>* �Ó�Ô�Ü�@�› CPU�_�ß�î�•�Ý�_�K)F�I�€�Z�8�•>,

�G�b�S�B�c�W 3.2�_&g�M>, 

��
�W3.2>8�(�S�Ó�Ô�Ü�º0£'ì�µ�S�B�W  

 

 

 

CPU�\�Ó�Ô�Ü�b 1 �r�\�r�~�[�6�•�À�î�»�@�Q�€�R�€��#.�†�(�¸�M�•�G�\�_�|�W�Z�j�4�ì

�@��#'�I�€�•>,�S�T�K�G�b7•�_>*$��^�•�À�î�»6ë�[�b�¹�î�±�b�º�n�@�²0[�_�^�•�@>*�G�€

�c MPI(Message Passing Interface)�Û�–�È�Û�Ü�\�8�:�Ó�µ�­�î�ª�º�n#Ý�b�Û�–�È�Û�Ü�†#Ý�8

�Z�j�4�É�ß�¢�Û�Ñ�å�¢�†/œ�:�G�\�_�|�~�•+��\�^�•>,�Q�b�S�u�É�ß�¢�Û�Ò�b�j�4�ì�†/œ�:

7•�_�c�É�ß�¢�Û�Ñ�å�¢�_6õ�M�•"I�9�^%±1‘�@�²0[�_�^�•�@>*�±0d�•�j�4�ì�l�b�«�£�î�Û�Å

�Ü�¸�•�@9×�8�S�u>*
¹�w�Ó�Ô�Ü�º�\�š3Q�K�Z>*�|�~9×�Ã�Ç�›�î�Ð�å�«�^�É�ß�¢�Û�Ò�b�8�B

�@�•+��\�^�W�Z�8�•>,  


¹�w�Ó�Ô�Ü�º�>�|�g�(�S�Ó�Ô�Ü�º�j�4��#.�b(F�"�^�v�€�_�X�8�Z�W 3.3 �_&g�M>,
¹�w�Ó

�Ô�Ü�º�b��#.�[�c>* CPU0 �[3ò����#.�@�^�I�€�S�‹>*�j�4�ì��/œ�•+�4Š�(�_�^�•�\ CPU1

�_�«�Þ�µ�»�@#Õ�B�I�€ 2 �X�b CPU�[�j�4��#.�@�^�I�€�•>, �j�4��#.�@�ö�¢�M�•�\+¬�·$×�_

�«�Þ�µ�»�c�˜ [�K>*�‚�S�_��/œ�•+�4Š�(�@#'�€�•�\
Ì�g�«�Þ�µ�»�@#Õ�B�I�€�•>,  

�M�‰>*�(�S�Ó�Ô�Ü�º�b��#.�c>*
¹�w�Ó�Ô�Ü�º�\�c$��^�~>*3ò����#.4Š�(�>�|�g�j�4��/œ

�•+�4Š�(�†�õ�–�b�X�b�À�î�»�[�j�4�ì�K>* MPI �Û�–�È�Û�Ü�_�|�W�Z�À�î�»6ë�[�b�¹�î�±�b

3æ�w�™�†)Þ�~3É�K�^�@�}�É�ß�­�«�†��/œ�K�Z�8�C�\�8�:�g�\�^�W�Z�8�•>,  
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��
�W3.3>8�j�4��#.�b�v�€  

��

��

3.2.3�� HITACHI SR16000/M1 

�� �±�º0£'ì�µ�b�Ú�_�±��5�0£'ì2( ;�†�â�X�v�b�\�K�Z PC�¡�Û�«�±�@�6�F�}�€�•>, PC�¡�Û

�«�±�c0
�X�b PC/WS�†�¿�µ�º�á�î�¡�[�K)F�M�•�G�\�[#Ý�–�_�S�B�•+��[>* �(�S�Ó�Ô�Ü�º�”

�î�Ÿ�¸�¡�³�Õ�\� �]�b�S�B�[�6�•>, �±�º0£'ì�µ�\�š3Q�M�•�\�|�~�ó�o�_�<#Ý�•+��[�6�•�@>*

'ö#.�x4 #Ý�@�²0[�[�6�~>*�•%Ê'2�[�c�±�º0£'ì�µ�†�Q#Ý�K>*7Á&"#ú0Ž�Ò�†/œ�W�S>,  

 

 
�W3.4>80Ž�Ò�_#Ý�8�S�±�º0£'ì�µ (HITACHI SR16000/M1) 

��/œGeG{GIGG 
¹�wGoGpGx�º �(�SGoGpGx�º

�ì6ë

3ò����#.

�j�4��/œ
�•+�4Š�(

h�j�4�ì

CPU0 CPU1 Node0 Node1

GGGzGQGW#Õ�B

GGGzGQGW�˜ [

GGGzGQGW#Õ�B

GGGzGQGW�˜ [

GUGŠGM3æ�w�™

GUGŠGM3æ�w�™
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�� �•0Ž�Ò�_�Q#Ý�K�S�±�º0£'ì�µ�c>* 32 �b CPU �\ 1 �X�b�Ó�Ô�Ü�?�}�^�•�À�î�»�\�ç�d�€�•

�v�b�[�S�B�I�€�Z�8�•>,�W 3.4 �_�G�b�±�º0£'ì�µ�†&g�M>,�G�b�±�º0£'ì�µ�_�c�À�î�»�@
²

4Š�[ 128 �6�~>*�Q�b�›���@9×3ÿ�^
Æ4Š�¿�µ�º�á�î�¡�_�|�~�K)F�I�€�Z�8�•>, SR16000/M1

�c>*�À�î�»
Æ�[�c 32CPU�@�Ó�Ô�Ü�†
¹�w�M�•
¹�w�Ó�Ô�Ü�º>*�À�î�»6ë�c�(�S�Ó�Ô�Ü�º�_�^

�~>* MPI �j�4�I�€�Z�8�^�83ò���É�ß�¢�Û�Ò�c 1 �À�î�» 32CPU�[��/œ�I�€�•>, 32CPU�†�Q

�W�S�À�î�»
Æ�j�4�ì�c+¬�·�j�4�ì�¥�å�Ã�–�Û�@/œ�8>* MPI �[�i�?�€�S�j�4�É�ß�¢�Û�Ò�c0


�X�À�î�»�†�Q�W�S�À�î�»6ë�j�4��/œ�†�•+��_�M�•>,  

� � � r� SCPU�c IBM &k0� 3.83 GHz POWER7�É�ß�­�µ�§�@�š3U�I�€>* �z0°����5��c 1 �À�î�»

�6�S�~ 100 GB�\�^�W�Z�8�•>,)r�œ ‡'ì�ö+��c 5.4 Tflops>*)r�œ�z0°����5��c 16.6 TB�[�6

�•>, MPI �[�c�À�î�»
Æ�† MPI �[��/œ�M�•�G�\�v�¥�å�Ã�–�Û�_�|�•+¬�·�j�4�†�<#Ý�M�•�G�\

�v�?�b�:�[�6�•>, MPI �É�ß�¢�Û�Ò�_�>�E�•�À�î�»6ë�b3û�™�c SR16000"‚+¬�Ù�]�b 24 GB/s

�b�ö+��†�â�W�S�Á�–�«�Æ�î�»�¿�µ�º�á�î�¡�†�Q#Ý�M�•�r�S�Ÿ�Õ�µ�©�×�v L1>*L2>*L3>*�Ÿ

�Õ�µ�©�×�@�š3U�I�€�Z�>�~>*�G�b�±��5� L3 �Ÿ�Õ�µ�©�×�_�|�~��� �ö+��@�¥�V�M�•>,  

 

 

��

3.3�� �j�4��#.  

3.3.1�� �j�4��#.�b�S�u�b FDTD 0Ž�Ò���'�ì  

�� FDTD 0Ž�Ò�m�2�_�>�8�Z9×(­�Ø�^0Ž�Ò)��Ý�†�“�•�S�u�_�c>*�­�Ý�M�2�†���(�_�`�I�C�M

�•�²0[�@�6�•>,�[�<�d>*'56ë�(0Ž+��† 2 �¸�_�M�•�^�}�d>* 3 ��
–0Ž�Ò�Ô�¹�Ý�_�P�K�Z�­�Ý

�X�c 8 �¸�_�^�•>,(­�Ø�†�¥�V�I�O�•�\�²0[�_�^�•�z0°����5��@�Q�±�M�•�G�\�?�}>* 1 �À�î

�»�[�<#Ý�[�A�•�z0°����5��†2x4#�M�•���œ�c�(�S�Ó�Ô�Ü�º�j�4��#.�†/œ�:>,�(�S�Ó�Ô�Ü�º

�j�4��#.�_�X�8�Z�c�S�b 3.2.2(��_�>�8�Z1��Â�K�S�@>* MPI �Û�–�È�Û�Ü�†#Ý�8�S�À�î�»6ë�[

�b�¹�î�±�b3æ�w�™�b�G�X�@�¨�C�^�• (�À�î�»6ë�[3æ�w�™�I�€�•�¹�î�±�b�X�@�Q�<�• )�\�j�4

��#."I�w�b�œ�î�Â�î�Ê�µ�»�@�¨�C$Î#Õ�M�•�|�:�_�^�~9×3ÿ��#.�b7<��0[�I�\�^�•>,�G�b�G

�\�?�}>*�M4��b��#.�b9×3ÿ�ì�†��#'�M�•�S�u�_�c�À�î�»6ë�[3æ�w�™�I�€�•�¹�î�±5�>*�>�|

�g3æ�w�™�G�X�†�q�`�ì�M�•�²0[�@�6�•>,�I�}�_>*�À�î�»�–�b��#.5��@�o�p� �M�_�^�•�|�:

�_>*4:�)�^2�,´�(�S�†/œ�:�G�\�v0£'ì��#.�b9×3ÿ�ì�_�X�^�@�•>,�V0°�b�G�\�c>*�v�~�…�:

0Ž�Ò'56ë�>�|�g0£'ì�µ�Ü�¯�î�«�_�k�Ñ�M�•�G�\�?�}>*�œ#.$×�^�ì6ë
Æ�>�|�g0£'ì�µ#”�C
Æ

�[9×(­�Ø�^0Ž�Ò�†��#'�M�•�S�u�_�c�G�€�}�b�G�\�†2Ã�r�<�S�V�[�É�ß�¢�Û�Ò6ä$Î�†/œ�:�²

0[�@�6�• [50]>,  
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3.3.2�� 0Ž�Ò8•�æ�b�(�m  

�� �j�4 ‡'ì�m�2�†4:#Ý�K�S FDTD �2�[�c>*�W 3.5 �b�|�:�_�±0d�•�^0Ž�Ò'56ë�†0
�X�b8•�æ

�_�(�m�K>*�Q�€�R�€�b8•�æ�†$��^�•�À�î�»�_�m�~�\�Z��#.�†/œ�ƒ�O�•�G�\�_�|�~>*�±�A�^

�Ó�–�å�Ó�Ô�Ü�†&��–�K9×3ÿ�^ ‡'ì�†��#'�M�•>,'¨ 2 'v�[&g�K�S�|�:�_>* FDTD �2�_�>�E�•

�›�­�Ý�b7Á&"#ú�B�(�c 1 �ì�I�S�b�¹�î�±�>�|�g�Q�b�Ø�V�b7Á&"#ú�B�(�?�}0£'ì�I�€�•>,�Q

�b�S�u0Ž�Ò8•�æ�b�(�m8��_�>�E�•7Á&"#ú�B�(�b0£'ì�†/œ�:�S�u�_�c>* MPI �Û�–�È�Û�Ü�†#Ý

�8�Z>*7„�K�M�•�À�î�»�\�b6ë�[�b�¹�î�±�b
¹�w�†/œ�:�G�\�@�²0[�\�^�•>,  

 

 

��

�W3.5>88•�æ�(�m�_���:�À�î�»�–�b��#.�b�(�S  

 

 

 

 

 

 

 

 

 

 

 

Node #0 Node #1 Node #2 Node #3

x
z

y


¹�w 
¹�w 
¹�w

CPU
GoGpGx

CPU
GoGpGx

CPU
GoGpGx

CPU
GoGpGx
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3.3.3�� �(�m8��[�b�¹�î�±�b3æ�w�™  

�(�S�Ó�Ô�Ü�º�j�4��#.�c>*0Ž�Ò'56ë�b8•�æ�(�m�_�ö&O�†*(�8�Z�8�•>,5�0
4Š�(�†�Ó�K�Z

2 �X�b�À�î�»6ë�[/œ�ƒ�€�•�¹�î�±3æ�w�™�b
½�/$×�^�v�€�_�X�8�Z�W 3.6 �_&g�M>,>x3H�‰�¥

�b Kz-1 �\ Kz $�% �b�­�Ý6ë�†�(�m8��\�M�•���œ>*  Node#0�b Kz-1 �\ Kz �b�­�Ý�@�Q�€�R

�€ Node#1�b 1 �\ 2 �b�­�Ý�_5�0
�M�•>,$��^�•�À�î�»>*�X�r�~ Node#0�\ Node#1�@�Q�€�R

�€�b8•�æ�b��#.�†/œ�:���œ>* 5�0
4Š�(�[�c�W 3.8�b�|�:�_ Node#0�?�}�c Node#1�_�P�K�Z

&"#ú�b�¹�î�±�@>* Node#1�?�}�c Node#0�_�P�K�Z7Á#ú�¹�î�±�@�Q�€�R�€3æ�™�I�€�•>,  

 
�W3.6>8�(�m8��_�>�E�•�¹�î�±�b3æ�w�™  

  

Node #0 Node #1


¹�w

Node #0

Node #1

1 2 G‰G‰G‰ Kz-1 Kz

1 2 G‰G‰G‰ Kz-1 Kz

(Kz-2)  (Kz-1)                    (2Kz-2) (2Kz-1)

7Á#úGUGŠGMG"3æ�™&"#úGUGŠGMG"3æ�™

z

x
z

y
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3.3.4�� �À�î�»6ë�_�>�E�•7Á&"#ú�B�(�b
¹�w�\�¹�î�±�b3æ�w�™  

�� �À�î�»6ë�[
¹�w�M�•�­�Ý�r�S�c7Á#ú�>�|�g&"#ú�¹�î�±�_�X�8�Z�W 3.7 �_&g�M>,� �W�c

Node0�>�|�g Node1�b6ë�[�b7Á#ú�>�|�g&"#ú�¹�î�±�b
¹�w�_�X�8�Z&g�K�Z�8�•>,�r�S�›�À

�î�»�b z 3H�‰�¥�b�­�Ý�X�† Kz �\�K�Z�8�•>,7Á#ú�B�( Ex �>�|�g Ey �†
¹�w�M�•�S�u>*�À�î

�» 1�[�­�Ý K=2�b Ex(*,*,2)�>�|�g Ey(*,*2)�†�À�î�» 0�[ K=Kz �b Ex(*,*,Kz) �>�|�g Ey(*,*,Kz)

�_3æ�™�M�•>,�G�b�\�A>*�À�î�» 1 �[�­�Ý K=1 �b Ex(*,*,1)�>�|�g Ey(*,*,1)�c�q)
$×�^)��Ý�b

�¹�î�±�\�K�Z�c�…�ƒ�^�8>,�M�‰>*&"#ú�¹�î�±�_�X�8�Z�c�À�î�» 0 �[�­�Ý K=Kz-1 �b

Hx(*,*,Kz-1) �>�|�g Hy(*,*,Kz-1) �†�À�î�» 1 �[�­�Ý K=1 �b  Hx(*,*,1)�>�|�g  Hy(*,*,1)�_3æ

�™�M�•>,  

��

��
(a) 7Á#úEx �>�|�g Ey �b
¹�w  

��
(b) &"#úHx �>�|�g Hy �b
¹�w  

�W3.7>8�À�î�»6ë�b7Á&"#ú�¹�î�±�b3æ�w�™  

Node #0 Node #1

Ex

Ey

y

x

z

K = Kz

K = Kz - 1

K = 2

K = 1

0

Node #0 Node #1

Ex

Ey

y

x

z

K = Kz

K = Kz - 1

K = 2

K = 1

0

Node #0 Node #1

Hx

Hy

y

x

z

K = Kz - 1

K = 1

0

Node #0 Node #1

Hx

Hy

y

x

z

K = Kz - 1

K = 1

0
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�¹�î�±�b3?3æ�_�>�8�Z�c>*�M�ì�8��#Ý�š�X�†��*O�O�N�Ó�Ô�Ü�V�[4�)F�K�Z�8�^�8�C#ú4Š

�(�b�¹�î�±�^�]>*8Õ�g8Õ�g�b�¹�î�±�†�‚�K�8�±�–�É�b�¹�î�±�­�µ�º�_�r�\�u�M�Ó�K�Z3æ�w

�™�†/œ�:�G�\�@���¶�•�|�:�_�M�•�S�u>*�t#Õ�¹�î�±�±�–�É (Derived Data Type)�†�‚�S�_��*O

�M�•>,�t#Õ�¹�î�±�±�–�É�b��*O�>�|�g�À�î�»6ë3æ�w�™�†/œ�:�S�u�b�É�ß�¢�Û�Ò�[�†�W 3.8

�_&g�M>,�S�T�K>* x 3H�‰�¥�>�|�g y 3H�‰�¥�b�­�Ý�X�† Kx �>�|�g Ky �\�K�Z�8�•>,�‚�K�8�š

�X�º�† Newvec�\�K>*�¸(­�Ø���X�º�[ Kx*Ky �¶�b�¹�î�±�?�}�S�B�I�€�•�\��*O�K�Z�8�•>,  

z 3H�‰�¥�_8•�æ�(�m�M�•���œ>*FORTRAN �b4Ä�4�š�X�b0[(ò�”�»�Þ�«8p�\�b6õ�€�?�}

MPI_TYPE_VECTOR�[�æ���M�•�«�º�Û�–�»�>�|�g�È�ß�µ�¡6×�†�8�N�€�v 1 �\�M�•>,  

�� � �W�|�~>*3æ�w�™
›�b�Û�å�¡$��•�†�š�X Lower �>�|�g Upper�æ
°�M�•>,3æ�w�™�[�c�¹�µ

�»�ß�µ�¡�b$Î#Õ�†�G4J�M�•�S�u>*�§�È�Ý�î�³�å MPI_SENDRECV�†#Ý�8�•>,�t#Õ�¹�î�±�±

�–�É�b��*O�†/œ�W�S���œ>*�É�ß�¢�Û�Ò�b�q�‹�[�§�È�Ý�î�³�å MPI_TYPE_FREE�†�Q#Ý�K�Z

��*O�K�S�¹�î�±�±�–�É�†�¯�˜�M�•>,  

 

 
�W3.8>8�t#Õ�¹�î�±�±�–�É�†#Ý�8�S�º�	0•�>�|�g7Á&"#ú�B�(�b�À�î�»6ë3æ�w�™  

��

� � � �
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��

3.4�� �t�M�g  

�•'v�[�c9×3ÿ5r4(34�g�x+ß'5�µ�\�8�W�S�±0d�•�^0Ž�Ò�Ô�¹�Ý�†4:#Ý�K�S7Á&"#ú0Ž�Ò�†9×

(­�Ø�?�X9×3ÿ�_/œ�:�S�u�b�m�2�b 1 �X�\�K�Z>*�±�º0£'ì�µ�†#Ý�8�S�(�S�Ó�Ô�Ü�º�j�4��#.

�† FDTD �2�_4:#Ý�M�•�G�\�_%T% �K>*�Q�b�v�€�>�|�g���'�ì�_�X�8�Z1��Â�K�S>,  

�(�S�Ó�Ô�Ü�º�j�4��#.�†4:#Ý�K�S FDTD �2�b�É�ß�¢�Û�Ò�b
²�/�b�v�€�†�W 3.9 �_&g�M>,

�6�‡�ì4Š�(�_�>�8�Z�t#Õ�¹�î�±�±�–�É�b��*O>*�Û�å�¡$��•�>�|�g2s�·�I�€�S�À�î�»�X�b�v

�“>*3æ�w�™
›�b�Û�å�¡�†��*O�M�•>,���_>*�W�_&g�K�S4Š�(�_�>�8�Z�À�î�»6ë�[�b�¹�î�±�b

3æ�w�™�†/œ�:>,7Á#ú�>�|�g&"#ú�b�8�N�€�_�>�8�Z�v>* PML �¾�p�C#ú�²�ó�†4:#Ý�K�S%$�‹�_

�¹�î�±�b3æ�w�™�†/œ�:>,�G�b�|�:�_>*�(�S�Ó�Ô�Ü�º�j�4��#.�_�>�8�Z>*�É�ß�¢�Û�Ò�p�b0Ž

�Ò4Š�(�b�š�f�c�ƒ�N�?�[�6�•>,�K�?�K>*�…�:0Ž�Ò�Ô�¹�Ý�†�À�î�»�–�_�(�m�M�•�G�\>*�À�î

�»�–�b0£'ì2�,´�†�’'¼�_�M�•�^�]�b�d�µ�†/œ�:�²0[�@�w�•>,  
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�W3.9>8FDTD �2�_�ö�Y�C7Á&"#ú�©�Ñ�×�Þ�î�©�Ù�å�É�ß�¢�Û�Ò�j�4�ì�b�Ç�ß�î�³�Õ�î�º  
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4.4 2.45 GHz 5.25 GHz 2

( Ey , Ex)

68 cm 2

Car#1

5 GHz Car#2

  

4.5 5.25 GHz

Car#1 Car#2

4.6

2.45 GHz  

Car#1

Car#2 5.7   

Car#2 y

2.6 m y 1.2 m Car#2 68 cm

Car#2

 

 
4.4 2  
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4.5 5.25 GHz 2  

 

 
4.6 2.45 GHz 2  
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67 
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4.17 XPR ( ) 
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4.20 2  
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'¨ 5 'v  

�¨5��o�U#”�C
Æ�_�>�E�•�Ç�/�b�s8j  

 

 

5.1�� �r�<�@�A  

�•'v�[�c>* �¨�X�b�Œ���@�l�p�M�¨5��o�U#”�C
Æ�b���™"I�ö�_�l�p�M�s8j�_�X�8�Z0Û�o�M

�•>,'¨ �� 'v�[3Ù�m�S�|�:�_>*�Œ���b�/
Æ�_�|�W�Z7Á�<�b�¾�p�6�•�8�c4=-¸�@#Õ�L�•�S�u>*

9×3ÿ5r4(34�g�x+ß'5�µ�\�8�W�S
Æ4Š�b7Á&"#ú�(�x�@�I�}�_0
7§�^�v�b�\�^�•>,��

�r�N>*9×3ÿ5r4(34�g�\+ß'5�µ�[#Ý�8�•�Œ���†�•���K�S�X�Í�Ç�/�Ô�¹�Ý�_�X�8�Z&g�M>,��

�_�Q�€�R�€�[�Œ���X�6�•�8�c�š�Œ�X�@�¨5��o�U#”�C
Æ�b7Á&"#ú�(�x�_�l�p�M�s8j�_�X�8

�Z%&6õ�@�^�8�?�†1*�m�•�S�u�1�Ã�±�î�å�?�b�Œ��4Ä*(�_6õ�M�•�±0d�•�©�Ñ�×�Þ�î�©�Ù�å

�†���‹�M�•>,�Q�K�Z>*7Á&"#ú�(�x�†)+0£$×�_��#.�M�•�G�\�[�Œ���b�s8j�_�X�8�Z��5�$×�_

0Û�o�K>*�Q�€�†�Â�}�?�_�M�•>,��

��

5.2�� 9×3ÿ5r4(34�g�_�>�E�•�Œ���b�s8j  

�W5.1�_�Œ���\�K�Z�b�X�Í�Ç�/�Ô�¹�Ý�†&g�M>,�X�Í�Ç�/�Ô�¹�Ý�_�c�_��3û�™%Ê'2�µ�S�@

6ä$Î�K�S�¥�•�Ç�¹�’�X�Í�Ç�/�Ô�¹�Ý�†�Ù�<�Ã�_�š�f�K�S�v�b�†#Ý�8�Z�8�• [47]>,�Ô�¹�Ý�b

�M�2�c x 3H�‰�¥45 cm>*y 3H�‰�¥136 cm>*z 3H�‰�¥70 cm�[�6�•>,0£'ì�_�>�8�Z>*�Ç�/�b

7Á�¼���X�c 2/3 '½*×'¼�o [48]�†#Ý�8�S>,  

9×3ÿ5r4(34�g�Ô�¹�Ý�b�Ù�•�_�P�K�Z>* �Q�b�Ù�•�_�X�Í�Ç�/�Ô�¹�Ý�†4Ä*(�K�S�m�œ�b$Ò�(

"á�†�Œ34"á�\�M�•>,�Œ34"á 20%�ì�b�Œ34�Ç�X�c 37 �¡>* 40%�ì�c 74 �¡>* 60%�ì�c 111�¡>*

80%�ì�c 149�¡>* 100%�ì�c 186�¡�\�^�•>, 20%~80%�ì�b�X�Í�Ç�/�Ô�¹�Ý4Ä*(�c�Y0d�N�_

4Ä*(�K�S>,  



78 
 

 

�W5.1>8�Œ���\�K�Z�b�X�Í�Ç�/�Ô�¹�Ý  

 

5.2.1�� 2GHz/5GHz �•!“)z LAN 7Á�<�b34�g
Æ���™"I�ö0Û�o  

� � � W5.2 �_�Œ34"á 0%>*�¶%$�ë�<�_�>�E�• 2 ��
–7Á#ú�I�Ø�(�x�†&g�M>,7Á#ú�B�(�c�z�ë�<

�‰�¥�B�( (�¶%$�ë�<�^�} Ey ,�È�¹�ë�<�^�} Ex)�\�M�•>,0Û�o�)*(�c�Ë8��?�}9×�I 68cm>*�Ù

�<�Ã�X�Í�Ç�/�Ô�¹�Ý�b+x�V9×�I�_�^�•>, �G�€�è7F�b 2 ��
–7Á#ú�I�Ø�(�x�v�G�b9×�I�\�M�•>,

� �W�|�~>* Car#1 �[�c�(�x�_�±�A�^4*�8�c�^�8�v�b�b>* 5GHz �•�b Car#2 �_�>�8�Z�c>*

3û2°4Š�[�š3Q$×�±�A�^�Í�b�(�x�_�^�W�Z�8�•�G�\�@�(�?�•>,�W 5.3 �_�Œ34"á 100%>*�¶%$

�ë�<�_�>�E�• 2 ��
–7Á#ú�I�Ø�(�x�†&g�M>, �W5.2 �\�š3Q�M�•�X�Í�Ç�/�Ô�¹�Ý�@4Ä*(�I�€�•

�G�\�[
²34�g
Æ4Š�b7Á#ú�I�Ø�@�ö/¶�K�Z�8�•�G�\�@�(�?�•>,�r�S>*�W 5.2 �[0{ ��I�€�S

Car#2 �b3û2°4Š�b7Á#ú�I�Ø�(�x�b4*�8�@�W 5.3 �[�c�Â�}�?�_�^�W�Z�8�•>, 20%>*40%>*60%>*

80%�b 2 ��
–7Á#ú�I�Ø�(�x�†�W 5.4~�W5.7 �_&g�M>,�G�€�}�b�W�?�}�Œ���Ç�X�@�Q�<�•�G�\

�_�|�W�Z Car#1>*Car#2 �b7Á#ú�I�Ø�@�ö�a�K�Z�8�•�G�\�@�(�?�•>,  

�� 9×3ÿ5r4(34�g�Ô�¹�Ý�b�ë�<"I�ö�†1*�m�•�S�u>*�Œ34"á 0%�l�g 100%�b�W�†�W 5.8>*�W

5.9 �_&g�M>,�Ø�<�X�c 5.25GHz �[�6�•>,�W 5.8 �|�~>* Car#1 �[�c>*3æ�™�”�å�¸�¼3Æ
��[�È

�¹�ë�<�@�¶%$�ë�<�_�š�m�Z
9�?�_�±�A�8�@>* Car#2 �[�c>*3û2°4Š�b�(�x�_�>�8�Z�¶%$�ë�<

�b���œ�@�±�A�C�^�W�Z�8�•�G�\�@�(�?�•>,�M�‰>*�W 5.9 �|�~>* Car#1 �[�c>*3æ�™�”�å�¸�¼

3Æ
��b8•�æ�[�È�¹�ë�<�b���œ�@�Â�}�?�_�±�A�^�(�x�_�^�W�Z�>�~>* Car#2 �[�c�W 5.8 � �]

�_�¶%$�ë�<�@�±�A�^�Í�_�^�W�Z�8�•>,�r�S 2.45GHz �_�>�8�Z�v (�W5.10>*�W5.11)� �]�b

"I�ö�@�“�}�€�S>,  

� � � W5.2 �?�}�W 5.11 �_�>�8�Z>* Car#2 �b3û2°4Š�\�Ù�•4Š�[7Á#ú�I�Ø�_4*�8�@#Õ�L�Z�8�•

�b�c9×3ÿ5r4(34�g�b y 3H�‰�¥�b�M�2�@2.6m �_�P�K�Z�Ù�•�b y 3H�‰�¥�b�M�2�@1.2m �6�~>*
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Car#2 �b�Ë�V 68cm�b�)*(�r�[�_7Á�<�@/œ�A�†�C�_�c�|�~0
7§�^���™)�2°�†3º�•�²0[�@�6

�•�\*ƒ�<�}�€�•>,�r�S>*�ë�<�_�|�W�Z Car#2 �l�b���™�b�Ø�œ�8�@$��^�•0[�I�\�K�Z>*�Œ

���@�Ù�•�«�Ì�î�«�_0¿*(�I�€�•�»�”�b�)*(�\34�g6ë�K)F4Š�b�»�”�b�)*(�@$��^�W�Z�>�~>*

�G�€�@�W5.7 �?�}�W 5.10 �_&g�I�€�•�ë�<"I�ö�†�Z�<�Z�8�•�\*ƒ�<�}�€�•>,  

 

�W5.2>8�Œ34"á0%>*�¶%$�ë�<�_�>�E�• 2 ��
–7Á#ú�I�Ø�(�x (�Œ���^�K ) 

 

 

�W5.3>8�Œ34"á100%>*�¶%$�ë�<�_�>�E�• 2 ��
–7Á#ú�I�Ø�(�x (�œ0£37 �¡ ) 
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�W5.4>8�Œ34"á20%>*�¶%$�ë�<�_�>�E�• 2 ��
–7Á#ú�I�Ø�(�x (�œ0£186 �¡ ) 

 

�W5.5>8�Œ34"á40%>*�¶%$�ë�<�_�>�E�• 2 ��
–7Á#ú�I�Ø�(�x (�œ0£74 �¡ ) 
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�W5.6>8�Œ34"á60%>*�¶%$�ë�<�_�>�E�• 2 ��
–7Á#ú�I�Ø�(�x (�œ0£111 �¡ ) 

 

�W5.7>8�Œ34"á80%>*�¶%$�ë�<�_�>�E�• 2 ��
–7Á#ú�I�Ø�(�x (�œ0£149 �¡ ) 
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�W5.8>8�Œ34"á0%>*5.25GHz �b 2 ��
–7Á#ú�I�Ø�(�x  

 

 

�W5.9>8�Œ34"á100%>*5.25GHz �b 2 ��
–7Á#ú�I�Ø�(�x  
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�W5.10>8�Œ34"á0%>*2.45GHz �b 2 ��
–7Á#ú�I�Ø�(�x  

 
�W5.11>8�Œ34"á100>#>*2.45GH>x�b 2 ��
–7Á#ú�I�Ø�(�x  

 

�� ���_
›�o�]&g�K�S 2 ��
–7Á#ú�I�Ø�b�¹�î�±�?�} 1 ��
–7Á#ú�I�Ø�(�x�b�¹�î�±�†�8�B�M�•>,

�W5.12 �_ 1 ��
–7Á#ú�I�Ø�(�x�b0Û�o�)*(�†&g�M>, A !l�c34�g�p�¸�[3û2°�V�_�6�~>* B !l

�c�‘'ƒ�b�Ù�•�©�î�º�p�¸4Š�(�[�Ù�•*ü�v�S�€>*�Œ���@�6�•���œ�c�Ç�/�†3û�•�G�\�_�^�•>,   

� � � W5.13 �_�¶%$�ë�<�ì�b A !l�b 1 ��
–7Á#ú�I�Ø�(�x�†&g�M>, 5GHz �•>* 2GHz �•�8�N�€

�b���œ�v�Œ34"á 0%�ì�\�Œ34"á 100%�ì�[ 10dB>| 20dB &ì�Ø�b�j�@�6�•�G�\�@�ƒ�?�•>,�W
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5.14 �_�¶%$�ë�<�ì�b B !l�b 1 ��
–7Á#ú�I�Ø�(�x�†&g�M>,�W 5.13 �b A !l�b 1 ��
–7Á#ú�I

�Ø�(�x�\�š3Q�M�•�\ 5GHz �•>* 2GHz �•�8�N�€�b���œ�v A !l�V�b���œ�|�~>* 10dB &ì�Ø�*

�8�Í�_�^�W�Z�8�•�G�\�@�ƒ�?�•>,�W 5.15 �_�È�¹�ë�<�ì�b A !l�b 1 ��
–7Á#ú�I�Ø�(�x�†&g

�M>,�W5.13 �\�š3Q�M�•�\ 5GHz �•�[�c�¶%$�ë�<�\�o�p� �]�^�ö/¶"I�ö�†&g�K�Z�8�•�@>*

2GHz �•�[�c�¶%$�ë�<�|�~�ö/¶�@�±�A�C�^�W�Z�8�•�G�\�@�ƒ�?�•>,"I�_ Car#2 �b�Œ34"á

100%�ì�[�c>*� 34�g�b�Œ34"á 0%�ì�b 1 ��
–7Á#ú�I�Ø�(�x�\�±�A�C�?�E7³�€�Z�8�•�b�@

�ƒ�?�•>,�I�}�_�W 5.16 �_�È�¹�ë�<�ì�b B !l�b 1 ��
–7Á#ú�I�Ø�(�x�†&g�M>,�W 5.15 �\�š3Q

�M�•�\ 5GHz �•>* 2GHz �•�8�N�€�v�Œ���b�s8j�_�|�~
²�/$×�_ 20dB &ì�Ø�*�8�Í�_�^�W�Z

�8�•�G�\�@�ƒ�?�•>,  

 

 

�W5.12>81 ��
–7Á#ú�I�Ø�(�x�b0Û�o�)*(  
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�W5.13>8�¶%$�ë�<�ì�b 1 ��
–7Á#ú�I�Ø�(�x (A !l ) 

 

�W5.14>8�¶%$�ë�<�ì�b 1 ��
–7Á#ú�I�Ø�(�x (B !l ) 
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�W5.15>8�È�¹�ë�<�ì�b 1 ��
–7Á#ú�I�Ø�(�x (A !l ) 

 

�W5.16>8�È�¹�ë�<�ì�b 1 ��
–7Á#ú�I�Ø�(�x (B !l ) 
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�W5.17 �_�¶%$�ë�<�\�^�•�|�:�_4Ä*(�K�S 5.25GHz �b7Á#ú�(�x�Ä�«�º�¢�Û�Ò�†&g�M>, �Œ

34"á�@�Q�•�M�•�_�‘�W�Z7Á#ú�I�Ø�b�q8–�Í�@�ö�a�K�Z�8�•�G�\>* Car#1 �\ Car#2 �b7Á#ú

�I�Ø�b�j�c 20>| 26dB &ì�Ø�[�6�•�G�\�@�(�?�•>,�r�S>*� �W�p�b Car#2 �_�>�E�•�Ä�«�º

�¢�Û�Ò�g"g�†0b�•�\>*�Œ34"á 100%�[ 2 �X�b�Æ�î�¡�†�â�W�Z�8�•�G�\�@�(�?�•>,�G�€�c�W

5.2 �_�v&g�I�€�S�|�:�_>*3û2°4Š�\�Ù�•4Š�[7Á#ú�I�Ø�_�±�A�^4*�8�@�6�~>*�Q�b4*�8�@7Á

#ú�(�x�Ä�«�º�¢�Û�Ò�_�v/²�€�Z�8�•�S�u�[�6�•>,�•�<�Z>*�Œ34"á 0%�\ 100%�b���œ�†�š

3Q�M�•�\>* Car#1 �[ 10dB>*Car#2 �[ 18dB �ö�a�K�Z�8�•�G�\�@�(�?�•>,�W 5.18 �_�¶%$

�ë�<�\�^�•�|�:�_4Ä*(�K�S 2.45 GHz �b7Á#ú�(�x�Ä�«�º�¢�Û�Ò�†&g�M>, � �W�|�~>* 2.45GHz

�[�š�ú�K�S���œ�[�v 5.25 GHz � �]�b"I�ö�†&g�K�Z�8�•�@>* Car#2 �_�>�E�•7Á#ú�I�Ø�@

5.25GHz �_�š�m�Z
9�?�_�*�W�K�Z�8�•>,  

�W5.19 �_�È�¹�ë�<�\�^�•�|�:�_4Ä*(�K�S 5.25 GHz �b7Á#ú�(�x�Ä�«�º�¢�Û�Ò�†&g�M>,

� �W�|�~>*�¶%$�ë�<�\�^�•�|�:�_4Ä*(�K�S���œ�\�š3Q�K�Z7Á#ú�I�Ø�b�q8–�Í�@�*�W�K>*�È

(
�V�_�ƒ�S�W�Z7Á#ú�I�Ø�@�(�x�K�Z�8�•�G�\�@�(�?�•>,�W 5.20 �_�È�¹�ë�<�\�^�•�|�:�_

4Ä*(�K�S 2.45GHz �b7Á#ú�(�x�Ä�«�º�¢�Û�Ò�†&g�M>, �W5.15>*�W 5.16 �\�š3Q�M�•�\�I�}�_

�È�87Á#ú�I�Ø�(�x�†�g�B�K�Z�8�•�G�\�@�(�?�•>,  

�� ���_�W 5.17>|�W 5.20 �b�Ä�«�º�¢�Û�Ò�b�q8–�Í�†�ö�_>*�Œ34"á�\�†�»�Q�•5��b6õ�€�†&g

�M>,�W5.21 �_ 5.25GHz>*�¶%$�ë�<�b�Ä�«�º�¢�Û�Ò�b�q8–�Í�É�ß�µ�º�†&g�M>,�W�p�b%Ú)z

�c 1 ���b3Æ��%$)z�†&g�K�Z�>�~>*�Q�b
4�A�†�X�Í�[&g�K�Z�8�•>,�8�N�€�b0Û�o8•�æ�[�v�Œ

34"á�V�¼�\�†�»�b�Q�•�@)z�g�b"I�ö�[�6�~>* Car#1 �_�š�m�Z Car#2 �b�†�»�Q�•5��@�±�A

�8�G�\�@�(�?�•>, 2.45GHz>*�¶%$�ë�<�b�Ä�«�º�¢�Û�Ò�b�q8–�Í�É�ß�µ�º�†�W 5.22 �_&g�M>,

�W5.21 �\� �]�_�Œ34"á�V�¼�\�†�»�b�Q�•�@)z�g�b"I�ö�†&g�K�Z�>�~>*  Car#2 �_�>�E�•�Œ

34"á�\�~�b�†�»�Q�•5��@�±�A�8�G�\�@&�1��I�€�S>,�W 5.23 �_�›�Ø�<�X�_�>�E�•�È�¹�ë�<

�b�Ä�«�º�¢�Û�Ò�b�q8–�Í�É�ß�µ�º�†�r�\�u�Z&g�M>,�¶%$�ë�<�ì�_�š�m�•�\ Car#1 �[�b�†

�»�Q�•5��@�Q�•�K�Z�8�•�G�\�@�(�?�•>,�r�S>*�W 5.21 �\!·�}�K�œ�ƒ�O�•�\�8�N�€�b0Û�o

8•�æ�[�v Car#2 �b�†�»�Q�•5��@�q�± 0.06dB/m �Q�•�K�Z�8�•�G�\�@�(�?�•>,  
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�W5.17>85.25 GHz>*�¶%$�ë�<�b7Á#ú�I�Ø�Ä�«�º�¢�Û�Ò  

 

�W5.18>82.45 GHz>*�¶%$�ë�<�b7Á#ú�I�Ø�Ä�«�º�¢�Û�Ò  
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�W5.19>85.25 GHz>*�È�¹�ë�<�b7Á#ú�I�Ø�Ä�«�º�¢�Û�Ò  

 

�W5.20>82.45 GHz>*�È�¹�ë�<�b7Á#ú�I�Ø�Ä�«�º�¢�Û�Ò
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�W5.21>85.25 GHz>*�¶%$�ë�<�b�Ä�«�º�¢�Û�Ò�b�q8–�Í�É�ß�µ�º  

 

�W5.22>82.45 GHz>*�¶%$�ë�<�b�Ä�«�º�¢�Û�Ò�b�q8–�Í�É�ß�µ�º  

 

�W5.23>85.25 GHz>*�È�¹�ë�<�b�Ä�«�º�¢�Û�Ò�b�q8–�Í�É�ß�µ�º  
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�W5.24>82.45 GHz>*�È�¹�ë�<�b�Ä�«�º�¢�Û�Ò�b�q8–�Í�É�ß�µ�º  

5.3�� +ß'5�µ�_�>�E�•�Œ���b�s8j  

�W5.25�_+ß'5�µ
Æ�b�Œ���\�K�Z�b�Ç�/�Ô�¹�Ý�†&g�M>,�Ç�/�Ô�¹�Ý�c3�6× 170 cm�b�Ç6ë

�@%T�•�K�Z�8�•"g�Â�[�6�•>,�^�>>*9×3ÿ5r4(34�g�\+ß'5�µ�Ô�¹�Ý�[�­�Ý�§�–�¬�@$��^�•�G

�\�†*ƒ�Ö�K�Z>* +ß'5�µ�_�>�E�•�±0d�•�©�Ñ�×�Þ�î�©�Ù�å�[�c(F�Æ$×�^�Ô�¹�Ý�†�G#Ý�K�Z�8

�•>, �Ç�/�Ô�¹�Ý�@0¿*(�I�€�•+ß'5�µ�Ÿ�Õ�Å�å
Æ�Ù�•4Ä*(�†�W 5.26�_&g�M>,�ï)ª�•�_ 2 �•>*

�š�¢�®�¡�¸�•�È�¡�Û�«�_ 56 �•>*�É�Þ�Ñ�”�Ò�š�¥�À�Ñ�î�_ 40 �•>*�š�¥�À�Ñ�î�¡�Û�«�_ 149

�•�b�œ0£ 247�•�b�Ù�•�@4Ä*(�K�Z�6�•>,  

 

 
�W5.25>8�Ç�/�Ô�¹�Ý  
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�W5.26>8�µ
Æ�Ù�•4Ä*(  

 

 

 

5.3.2�� +ß'5�µ
Æ�b�Œ���@�l�p�M���™"I�ö�l�b�s8j0Û�o  

� � � W5.27>|�W 5.29�_>*FDTD 0Ž�Ò�_�|�~�“�}�€�S+ß'5�µ
Æ�_�>�E�•�z�ë�<�B�( (Ey)�b7Á#ú

�I�Ø�_�X�8�Z>*0Û�o8��b9×�I�@�Q�€�R�€�µ
Æ�Ë4Š�|�~ 1.0 m>*1.25 m>*1.5 m�[�6�•���œ�b

2 ��
–�(�x�>�|�g� �M�¹8�
Æ�b2e%$)z�V�b 1 ��
–�(�x�b0Ž�Ò�Í�_�X�8�Z>* �š�Œ"á�9�_&g�M>,

�š�Œ"á�_�X�8�Z�c�W 5.30�_&g�M4Ä*(�_�‘�W�Z>* 0 %>*25 %>*50>#>*75%>*100%�b 5 �Ã�±�î

�å�\�K�Z�8�•>,�^�>>*�š�Œ"á 0 %�b)��Ý�c 4.3.28o�b�v�b�\� �]�[�6�•>,�r�S>*�Ø�<�X�c

810.05MHz�\�K�Z�>�~>*�Q�b�Ú�b0Ž�Ò�²�ó�_�X�8�Z�v 4.3(��\� �]�[�6�•>,�“3H�c z 3H�V

�_�>�E�•�)*(�[�6�~>*)ª3H�c�z�ë�<�B�(�b7Á#ú�I�Ø�Í�†&g�K�Z�8�•>,�r�S>*+¬#ä'56ë���™

�†�»�b�Í�_�X�8�Z�v�š3Q�b�S�u&g�K�Z�8�•>,�G�€�}�W�|�~>*+ß'5�µ
Æ�b7Á�<���™�b�ö/¶"I

�ö�b
²�/$×�^
4�¥�c>*+¬#ä'56ë���™�†�»�\�š3Q�K�Z>*�µ�/�S4Š�[�c�Ê�þ�_�|�~�Ø3¶�@�V�r

�€�Z�8�•�G�\�[9×�I�Ø�_>* �‹4Š�[�c�o�U�x�G�¡�G�X�b��'ƒ�^�Q�•�_�|�~�I�Ø�@�*�W�K�Z�8

�•�\*ƒ�<�}�€�•>,�r�S>*�µ
Æ�b�Œ���b�š�Œ"á�b�š�ì�_���8>*�ö/¶
4�¥�_�š�ì�@#'�€�•�G�\

�@&�1��[�A�•>,"I�_>*�Ç�/�b4Ä*(�@�¨�C�^�•'à�d�[�6�•�µ�/�p4Š�b�š�¥�À�Ñ�î�¡�Û�«�_�>

�8�Z>*�š�Œ"á�b�š�ì�@�|�~8§--�[�6�~>*�q�±(Ù 10 ~ 15dB�b�š�ì�@#Õ�L�Z�8�•>,�K�?�K>*

0Û�o8��b9×�I�@�V�¼�M�•�_�‘�8>* �G�b�š�Œ"á�_�|�•4*�8�c#Õ�L�_�C�C�^�W�Z�8�•>, �G�€�c>*

�Ë4Š�?�}7³�€�•�G�\�[�Ç�/�b�s8j�†�w�E�_�C�C�^�•�S�u�[�6�•�\*ƒ�<�}�€�•>,  

�I�}�_>* 
›�b�Ç�/�Ô�¹�Ý�†4Ä*(�K�S���œ�b+ß'5�µ
Æ 2 ��
–�(�x�_�X�8�Z��5�$×�^0Û�o�†

/œ�:>,�W 5.31>|�W 5.33 �_>*�“�}�€�S 2 ��
–�(�x�_�>�E�•7Á#ú�I�Ø(ü'��(�x�†&g�M>,0Û�o

8��c� �]�_�Q�€�R�€�µ
Æ�Ë4Š�|�~ 1.0 m>*1.25 m>*1.5 m�_�>�E�• 2 ��
–�¹8��\�K>*�“3H�c
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7Á#ú�I�Ø�Í>*)ª3H�c0Û�o8��_�>�E�•(ü'��(�x�\�^�W�Z�8�•>,(ü'��(�x&�"á�b)��Ý�?�}>*�8

�N�€�b9×�I�_�>�8�Z�v>*�š�Œ"á�@�Q�•�M�•�_�‘�8>*�È(
�V�_�û�W�Z7Á#ú�I�Ø�@�ö/¶�K�Z�8

�C�G�\�@&�1��[�A�•�@>* �Q�b�ö/¶5��c0Û�o8��b9×�I�_�|�W�Z$��^�W�Z�8�•>, (ü'�&�"á 50 % 

�_�>�8�Z�š�Œ"á 0 %�\ 100 %�†�š3Q�M�•�\>*�Ë�V9×�I 1.0 m�[�c(Ù 10dB�b�j>*�Ë�V9×�I

1.25 m�[�c(Ù 7dB �b�j>*�Ë�V9×�I 1.5 m�[�c(Ù 5dB �b�j�\�^�W�Z�8�•>,�è�V�|�~>*�Ç�/�b

�Ñ�~�_�|�~+ß'5�µ
Æ�b�È(
�V�_�>�8�Z���™�†�»�@�±�A�C�^�•�\�8�:�G�\�@�(�?�~>* 3û�™�š

�Ü�”0¿0£'¼�_�>�8�Z�c>*�Q�b�s8j�†���(�_*ƒ�Ö�M�•�²0[�@�w�•�\*ƒ�<�}�€�•>,  

 

 

�W5.27>8�š�Œ"á�9�µ
Æ7Á#ú�I�Ø�(�x (0Û�o8��Ë�V 1.0 m) 
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�W5.28>8�š�Œ"á�9�µ
Æ7Á#ú�I�Ø�(�x (0Û�o8��Ë�V 1.25 m) 
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�W5.29>8�š�Œ"á�9�µ
Æ7Á#ú�I�Ø�(�x (0Û�o8��Ë�V 1.5 m) 
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�W5.30>8�›�š�Œ"á�_�>�E�•�Ç�/�Ô�¹�Ý�b4Ä*(  
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�W5.31>8�š�Œ"á�97Á#ú�I�Ø(ü'��(�x (0Û�o8��Ë�V 1.0 m) 

 

 

 

 

 
�W5.32>8�š�Œ"á�9�µ
Æ7Á#ú�I�Ø�(�x (0Û�o8��Ë�V 1.25 m) 

 

 

0

10

20

30

40

50

60

70

80

90

100

60 70 80 90 100 110 120 130 140 150

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
 [%

] 

E-feild strength [dB�PV/m]

�š�Œ"á��0��%��

�š�Œ"á��25��%��

�š�Œ"á��50��%��

�š�Œ"á��75��%��

�š�Œ"á��100��%��

0

10

20

30

40

50

60

70

80

90

100

60 70 80 90 100 110 120 130 140 150

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
 [%

] 

E-feild strength [dB�PV/m] 

�š�Œ"á��0��%��

�š�Œ"á��25��%��

�š�Œ"á��50��%��

�š�Œ"á��75��%��

�š�Œ"á��100��%��



98 
 

 

 

 

 

 
�W5.33>8�š�Œ"á�9�µ
Æ7Á#ú�I�Ø�(�x (0Û�o8��Ë�V 1.25 m) 

 

��

5.4�� �t�M�g  

�•'v�[�c>* �Ç�/�†�•���K�S�X�Í�Ç�/�Ô�¹�Ý�†#Ý�8�Z9×3ÿ5r4(34�g�6�•�8�c+ß'5�µ
Æ4Š�_

�>�E�•���™"I�ö�_�X�8�Z0Û�o�K�S>,�Ç�/�g"g�†�•���K�S�X�Í�Ô�¹�Ý�†6ä$Î�K>*9×3ÿ5r4(34

�g�>�|�g+ß'5�µ
Æ�b���™"I�ö�_�X�8�Z�Œ���b�s8j�†0Û�o�[�A�•�|�:�_�K�S>,  
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'¨ 6 'v  

)�1=  

 
�� �è�W�_�•1=�e�[�“�}�€�S�B�Ý�>�|�g*ƒ�9�_�X�8�Z�›'v�H�\�_0[(Ù�M�•>,  

� � ' 1̈ 'v�[�c>*�•%Ê'2�b*ü���>�|�g% $×�_�X�8�Z3Ù�m�S>,  

� � ' 2̈ 'v�[�c>* FDTD(Finite-Difference Time-Domain)�2�_�ö�•�_�X�8�Z0Ž1��K>*�Q�€�_�ö

�Y�C7Á&"#ú�©�Ñ�×�Þ�î�©�Ù�å�†��/œ�M�•�ì�_0[�M�•�­�Ý�§�–�¬�>�|�g0£'ì�_�²0[�^�Ó

�Ô�Ü�X�_�X�8�Z1��Â�K�S>,�r�S>*9×3ÿ5r4(34�g�x+ß'5�µ�\�8�W�S>*�6�•"I���b�M�‰�¥�_

6×�8'56ë�b7Á&"#ú�©�Ñ�×�Þ�î�©�Ù�å�[�e8Ÿ�\�^�•�¾�p�C#ú�²�ó4Š�b�o�U5��b�Q�•�_�X

�8�Z1��Â�K>*�Q�b0Ž�ô'Ç�\�K�Z�b CPML �_�X�8�Z&g�K�S>,   

� � ' 3̈ 'v�[�c>* '¨ 2 'v�[3Ù�m�S,Ø�±�^0£'ì�µ2( ;�@0[�Ó�I�€�•�\�8�:�e8Ÿ�_�P�K�Z�j�4

 ‡'ì�•/¡�b7Á&"#ú�©�Ñ�×�Þ�î�©�Ù�å�†�è0¦�K>* 0
�X�b�À�î�»�[ 1 �X�b�±0d�•'56ë�†� "á

$×�_��#.�M�•�‰�2�†�Â�}�?�_�K�S>,�r�S>*�j�4 ‡'ì�•/¡�†#Ý�8�S7Á&"#ú�©�Ñ�×�Þ�î�©�Ù

�å�b�+0[�Ç�ß�î�†&g�K�S>,  

� � ' 4̈ 'v�[�c>* '¨ 2 'v�\'¨ 3 'v�[3Ù�m�S�m�2�†#Ý�8�Z9×3ÿ5r4(34�g�l�g+ß'5�µ
Æ�b���™

1V"I�ö�_�X�8�Z0Û�o�K�S>, �©�Ñ�×�Þ�î�©�Ù�å�_�>�E�•9×3ÿ5r4(34�g�\+ß'5�µ�b�X�Í�Ô�¹

�Ý�_�X�8�Z&g�K�S�b�U>*�Q�€�}�b
Æ4Š�_�>�E�•�Ø�<�X"I�ö�x�ë�<"I�ö�†�Â�}�?�_�K�S>,

�r�S>* ����¹�î�±�\�b�š3Q�_�|�W�Z�©�Ñ�×�Þ�î�©�Ù�å)��Ý�b���\�ö�†&g�K�S>,  

'¨ 5 'v�[�c>*�Œ���†�•���K�S�X�Í�Ô�¹�Ý�†6ä$Î�K>*�Œ34"á�6�•�8�c�š�Œ"á�†�š�f�I�O

�^�@�}4Ä*(�M�•�G�\�[9×3ÿ5r4(34�g�l�g+ß'5�µ
Æ�b���™"I�ö�_�>�E�•�Œ���b�s8j�†�Â

�}�?�_�K�S>,   

�� �•1=�e�c>*�]���^�”�É�Ü�£�î�©�Ù�å�@�_
°�I�€>*�r�M�r�M$Î�Ž�@�£�•�I�€�•9×3ÿ5r4(

34�g
Æ�b!“)z3û�™#”�C>*+ß'5�µ
Æ�_�>�E�•!“)z�©�«�¸�Ò�b�_
°�b�S�u�b!“)z�G)z0¿0£�_

�Â#Ý�[�A�•�\0b3¸�r�€�• >,  
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