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9Eõj³}Â�®ÑÉ
¥"É
Ç3µB²¶¢ ²¶¥�£ ¥3¨ ¨-®¶²Á¦�µB®Á¦x²¶¥�¨�Êj¢¤£�±q³}¦
®ÑÉ
Ç�ô�Âx¢¤² £ ¥3¨ É
¢.6MÇ�²Á¥�Â�®´¨ «�³j®¶Ç�²¶¢¤³o¦
§'«­¢¤¨�¥�Â©�-¥�¦�Éx³}Â�¨�£¤¥�¨���£ Æ
µ�¨�·"«­¢¤£ ¢¤¥�¦#°¯¨ª¢¤«­¬x£ ¥�¸
¥�®�·"«0¢¤£¤¢ ¥�¦l°¯É
¢ó¨ª¬M¥�²´¨ª¢ ±-¸ç1�¥�§xµB¥�¬x®ÁÇ0¬zÆ�¦x²�£¤¥�¨Cµ�ÆoÂ�É
¦zµÝ®Á¥�¦x²´¨¿¬�³o²ª±q³o¢ ®´¨�ö�¦x¢�Æ�Â�®C¦xÂ<¢¤É
¥�Â�®Á¢ ôz³}Â�®C¬x²ÁÇ3É
ÇBôzÂx¢ 5B�'¨�³oÂ�¨CµB¥�¨ºÉ
¥�¦
§
��£ Æ
µ�¨�Ê}µ´×�³�ö�¦�¥w«�³j®¶Ç�²¶¢¤³o¦'¥�¨ª® ¢¤Éx¥�Â�®Á¢ ô�Ç�¬�³}²�¦xÂ0ÂxÆ�«���¤#¥�¨�ÂxÆ�«­¨�É
¥�«�³j®¶Ç�²¶¢¤³o¦
§'¨ªÆ�Â�®$¥�Â�¨ª¦�¢ ®¶¥å¦x®Á¢¤£ ¢ó¨ªÇ3¨ Éx³}Âz¨E£¤¥��x£¤Æ�µ�·¯¨ª®Á²¶¦�µÝÚ
®¶¦x²¶¥o¸ ¬MÆo¦�² ¢¤É
¥�Â�®Á¢ ô�¥�²�£¤¥�«­¢ £¤¢ ¥�¦�É
¥¯µ´×�³oö�¦x¥�¨ª®Á²¶¦�µÝ®¶¦x²Á¥"É
Ç�ô�Âx¢¤¥o�� ÑÂ­µ�ÆoÂ�¨ÁÇ�ö�¦x¥�Â�µB¥�Ê7¦xÂ�É
¥�¨�Éx¥�¦
§0��£ Æ
µ�¨�·"«­¢¤£ ¢¤¥�¦#°¯¨ª¢¤«­¬x£ ¥�¸
Æ�¦�·"«0¢¤£¤¢ ¥�¦l°¯É
¢ó¨ª¬M¥�²´¨ª¢ ±-¸�1qÆo¦©£ ¥3¨"É
¥�¦x§-5�¨Á¥�²´³0É
ÇBô�Â�¢#³7õj³}Â�®"£ ¥,�x£¤Æ
µ0·¯¨-®¶²Á¦�µB®Á¦x²¶¥o¸¹�
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AEÆo¦z¨Ñ£¤¥�¨Ñ«0¢¤£¤¢ ¥�¦
§�ÂxÆoÂ@Éx¢¤¨Á¬z¥�²¶¨Á¢ ±q¨�Ê�«­³o¢¤¨w¬MÆo¦xõj³}Â�®Ñ¬�²ÁÇ3¨ª¥�Â�®¶¥�²åÉ
¥�¨Ñ¬z¥�²ª®¶¥�¨w¬�³}²åµBÆoÂzÉ
¦�µÝ®¶¢ Æ�ÂlÊ�¨ÁÆoÂ�®�É
Ç�µ�²Á¢ ®¶¨wÉx³}Â�¨wµB¥©�x£ Æ
µo�: �Â
±q³o¢ ®3Êz£¤¥�¨�«­¢ £¤¢¤¥�¦
§�¨ª¢¤«­¬x£¤¥�¨º¨ªÆ�Â�®ºµB¥�¦x§©ö�¦x¢$¬z¥�¦xõo¥�Â�®��B®¶²Á¥�ÉxÇBô�Âx¢ó¨�¬�³}²�¦xÂx¥'¬M¥�²¶«­¢ ®Á®Á¢¤õ�¢ ®ÁÇ0²¶¥�£ó³j®Á¢¤õo¥

(εr)
ÊM¦xÂx¥�¬z¥�²Á«­Ç�³)�x¢¤£ ¢ ®ÁÇ

²¶¥�£ó³j®¶¢ õ�¥
(µr)

Ê�¦�Âx¥�µBÆ�Â�É
¦�µB®Á¢¤õ�¢ ®¶Ç'Ç�£¤¥�µB®Á²¶¢¤ö�¦x¥
(σe)

¥B®¿¦xÂ�¥�µBÆ�Â�É
¦�µB®Á¢¤õ�¢ ®ÁÇ¹«�³oÕoÂxÇ�®Á¢óö�¦�¥
(σh)

��¤l¥0�x£ Æ
µ'³­¬MÆo¦�²¯Æ)�+�-¥3µÝ®¶¢ ±�É
¥
ÉxÇ�µB£ó³}²¶¥�²å£¤¥�¨å«­¢ £¤¢ ¥�¦
§@ÂxÆ�Â+É
¢ó¨Á¬z¥�²¶¨Á¢ ±q¨åÉ
¦�õoÆ�£ ¦x«­¥º¥B®"É
¥º£ ¥3¨åµ�³}²´³oµB®ÁÇ�²¶¢ó¨ª¥�²ÑÇ�£¤¥�µB®Á²¶Æo«�³}Õ�ÂxÇB®¶¢¤ö�¦x¥�«­¥�Â�®w¬�³o²Á£ó³}Â�®3�: �Â�Æo¦x®Á²¶¥oÊ�£ ¥
«­¢¤£ ¢¤¥�¦û¬M¥�¦
®¹¬x²¶Ç�¨Á¥�Â�®ÁÇ0¦xÂx¥­Õ�²¶³oÂ�¦�£ Æ�¨ª¢ ®ÁÇ�¨Á¦x²C£ó³@¬M¥�²¶«­¢ ®Á®Á¢¤õ�¢ ®ÁÇ­¥�®C£ó³�µBÆoÂzÉ
¦�µÝ®¶¢ õ�¢ ®ÁÇ0Ç�£¤¥�µB®Á²¶¢¤ö�¦x¥��8¤E³@Õ�²¶³oÂ�¦x£ Æ�¨ª¢ ®ÁÇ�Æ�69²Á¥0¦xÂx¥
³o¬x¬x²¶Æ
µ´×x¥¿¬x£¤¦�¨�²¶Ç�³o£ ¢ó¨ª«­¥�¬zÆ�¦x²�£¤³Ö«­Æ�ÉxÇ�£¤¢¤¨¶³j®¶¢ Æ�Â@É
¥C¨ªÆ�£¤¨å¬�³o²w¥�§�¥�«­¬x£ ¥��+¤/ ×xÇB®¶Ç�²¶ÆoÕoÇ�ÂxÇ�¢ ®ÁÇ�¥�¨ª®¯Éx³}Â�¨åµB¥Cµ�³�¨w®Á²´³}¢ ®ÁÇ�¥º¬�³o²w¦xÂ
«­Æ
É+��£ ¥C±�²´³oµB®¶³}£O¬�²ÁÆ�¬zÆ�¨ªÇº¬�³}²ª*å¥3¨Á¨Á¥CB D �
�l�lf9g�vx�l{<{�g­|�p�yzf$p���nov
g3pqiMf 1�¢óÉ
¥�Â�®Á¢ ôz³oÂ�®´¨"É
¥,��³�¨ª¥C5
¤E³©É
¥�¨¶µB²¶¢ ¬x®Á¢¤ÆoÂ�É
¥�¨¹«­¢¤£ ¢¤¥�¦x§<µBÆ�«0«­¥�Â�µB¥�¬�³o²C£¤³©É
Ç3µB£ó³}²´³j®Á¢¤ÆoÂ�É
¥�µB¥�£ ¦�¢ ÚÅµB¢��' �£¤£ ¥@µ�ÆoÂ�¨Á¢ó¨-®¶¥I��É
Æ�ÂxÂx¥�²º¦�ÂûÂ�Æo«�³o¦<«­¢¤£ ¢¤¥�¦
ÉxÇBô�Âx¢��� �Â�¨Á¦x¢ ®¶¥oÊM¨ª¥3¨¿µ�³o²¶³�µÝ®¶Ç�²¶¢¤¨ª®Á¢óö�¦x¥�¨åÇ�£¤¥�µB®Á²¶Æo«�³}Õ�ÂxÇB®¶¢¤ö�¦x¥3¨"¨ªÆ�Â�®¿É
ÆoÂxÂ�Ç�¥�¨¯¥�Â�É
¥3¨Á¨ÁÆo¦�¨��xÄÅ£E¥B§
¢¤¨ª®Á¥'Éx¥�¦
§�®-À�¬z¥3¨¿É
¥'«­¢¤£ ¢¤¥�¦
Â�ÆoÂ©É
¢¤¨Á¬M¥�²´¨ª¢ ±-�f¤l¥C¬x²¶¥�«­¢¤¥�²"µBÆ�²Á²¶¥�¨Á¬MÆoÂ�ÉV�0£ó³­É
ÇBô�Â�¢ ®¶¢ Æ�Â�µ�£¤³�¨Á¨Á¢¤ö�¦x¥º¬�³o²"£ ¥3¨�¬�³}²´³}«¡�B®¶²Á¥3¨�J

ε, µ, σe
¥B®

σh
��Ó�ÆoÂ�¢¤Éx¥�Â�®Á¢ ôz³}Â�®

¥3¨-®C¨ª¢¤«­¬x£¤¥�«­¥�Â�®�£¤¥�«­Æo® ��p��qpq{�m �-¤l¥0¨ª¥3µBÆoÂzÉ�µBÆo²¶²¶¥�¨Á¬zÆ�Â�É©³}¦�«­¢¤£ ¢¤¥�¦�Â�ÆoÂ>É
¢ó¨Á¬z¥�²¶¨Á¢ ± «�³}¢ó¨�×xÇB®¶Ç�²¶ÆoÕ)��Âx¥o��¤/ ×xÇB®¶Ç�²¶ÆoÕoÇ�ÂxÇ�¢ ®ÁÇ
Éx¦�«­¢ £¤¢ ¥�¦�¥�¨ª®¿«­Æ
É
Ç�£¤¢ó¨ªÇ�¥'¬�³}²¿£ ¥3¨"±�²´³oµÝ®¶²¶³o£¤¨��zÓ�Æ�Â�¢¤Éx¥�Â�®Á¢ ôz³}Â�®¿¥3¨-®�£ ¥Ö«0Æo®�µB£¤Ç ��p��qp�{�m�E¡N�h7v�n}g�v�� � � Æ�¢¤µ�¢#£ó³�«�³}Âx¢���²¶¥'É
ÆoÂ�®
£¤¥�¨¿É
¥�¦
§@®-À�¬M¥�¨¿É
¥¹«­¢ £¤¢ ¥�¦�¨ªÆ�Â�®¯É
Ç�ô�Âx¢ó¨4J
� pq�qp�{�m Ñ < °"Â�Æo«©°"«­¢ £¤¢ ¥�¦Ú´¸O¨�Ç�µB£ó³}²´³j®¶¢ Æ�Â+É' ¦xÂ©«­¢ £¤¢¤¥�¦l�-B ³o²¯É
ÇB±q³o¦
®¯£ ¥¹«­¢¤£ ¢¤¥�¦�É
Ç3µB£ó³}²¶Çºµ�Æo²¶²Á¥3¨ª¬MÆoÂzÉ@³}¦�õ�¢¤Éx¥V1

εr = µr = 1 ; σe = σh = 0
5B�

ÂxÆ�«�°"«­¢¤£ ¢¤¥�¦ Jx£¤¥¹ÂxÆo«ÙÉ
¦©«0¢¤£¤¢ ¥�¦
B�Æo¦x²0µ´×�³oö�¦x¥�«­¢¤£ ¢¤¥�¦�ÉxÇ�µB£ó³}²¶ÇoÊ#£ ¥3¨'¬x²¶Æo¬x²¶¢¤ÇB®ÁÇ3¨'¨Á¦x¢ õj³oÂ�®¶¥�¨�¬z¥�¦xõo¥�Â�®3�B®Á²¶¥@É
Ç�ô�Âx¢¤¥�¨�¥�Â�É
¥3¨Á¨ÁÆo¦�¨�É
¥@¨¶³�É
Ç�µ�£¤³o²¶³}®Á¢¤ÆoÂlÊ�3¼
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¢¤Âx×x¢���³}Â�®�£¤¥�¨¹õj³o£ ¥�¦x²¶¨'¬�³}²'É
Ç�±q³}¦
®0µBÆo²¶²¶¥�¨Á¬zÆ�Â�Éx³}Â�®¶¥�¨��"A#Æ�¦
®Á¥3¨¹£ ¥3¨¹¬x²¶Æo¬x²¶¢¤ÇB®ÁÇ3¨C¬x²¶Æo¬x²¶¥�¨,��¦�Âû«­¢¤£ ¢¤¥�¦�³o¬x¬�³o²¶³o¢¤¨¶¨ª¥�Â�®
¥�Â�®¶²Á¥¯£ó³'É
Ç3µB£ó³}²´³j®¶¢ Æ�Â­Éx¥¿µB¥�£ ¦x¢ ÚÅµB¢M¥B®Ñ£ó³'É
Ç3µB£ó³}²´³j®Á¢¤ÆoÂ�É
¦@«0¢¤£¤¢ ¥�¦@¨ª¦�¢ õj³}Â�®ÑÆ�¦FÉ
¦FÂxÆ�«�Éx¥¯ô�Â@Éx¥ª�x£¤Æ�µo�Z¤#¥�¨Ñ¬x²ÁÆ�¬x²¶¢ Ç�®ÁÇ�¨
É
¦©«­¢ £¤¢¤¥�¦�¨ªÆ�Â�®�¢óÉ
¥�Â�®¶¢ ôzÇ�¥�¨�¬z³}²¯É
¥3¨¯¨ªÆ�¦�¨ªÚ�¢óÉ
¥�Â�®¶¢ ôz³oÂ�®¶¨�É
ÆoÂ�®"õoÆ�¢¤µ�¢O£¤³0£¤¢¤¨ª®Á¥KJ
{�~$|�h Ñ ½'°"õ7³o£ ¥�¦x²3° εrÚ¶¸OB$¥�²Á«­¢ ®ª®¶¢ õ�¢ ®ÁÇ¹²¶¥�£ó³j®Á¢¤õo¥CÉ
¦©«­¢ £¤¢¤¥�¦

(εr,x = εr,y = εr,z = εr)
Êx¦xÂx¢ ®ÁÇKJ�ÜIHj«��

{�~$|�h7� Ñ ½¹°"õj³}£¤¥�¦x²3° εr,x

ï~à B�¥�²¶«­¢ ®Á®Á¢¤õ�¢ ®ÁÇ¹²¶¥�£ó³j®¶¢ õ�¥¹É
¦©«0¢¤£¤¢ ¥�¦©¨Á¦x¢¤õj³}Â�®�§+¨ª¥�¦x£¤¥�«­¥�Â�®�Ê�¦xÂx¢ ®ÁÇKJ�ÜIH7«©�
{�~$|�h7� Ñ ½¹°"õj³}£¤¥�¦x²3° εr,y

ï~à B�¥�²¶«­¢ ®Á®Á¢¤õ�¢ ®ÁÇ¹²¶¥�£ó³j®¶¢ õ�¥¹É
¦©«0¢¤£¤¢ ¥�¦©¨Á¦x¢¤õj³}Â�®"À@¨ª¥�¦x£¤¥�«­¥�Â�®�Ê�¦xÂx¢ ®ÁÇKJ�ÜIH7«©�
{�~$|�hKJ Ñ ½¹°"õj³}£¤¥�¦�²�° εr,z

ï~à B�¥�²¶«­¢ ®Á®Á¢¤õ�¢ ®ÁÇ¹²¶¥�£ó³j®¶¢ õ�¥¹É
¦©«0¢¤£¤¢ ¥�¦©¨Á¦x¢¤õj³}Â�®"ùC¨Á¥�¦�£ ¥�«0¥�Â�®�Êx¦xÂ�¢ ®¶ÇKJ�ÜIH7«©�
�ûm#h Ñ ½¹°"õj³}£¤¥�¦x²3° µr

ï~à B�¥�²¶«­Ç�³���¢ £¤¢ ®¶ÇC²Á¥�£¤³}®Á¢¤õo¥¹É
¦©«­¢ £¤¢ ¥�¦
(µr,x = µr,y = µr,z = µr)

Ê�¦xÂx¢ ®ÁÇKJ�ÔLH7«©�
�ûm#h7� Ñ ½¹°"õj³}£¤¥�¦x²3° µr,x

ï~à B�¥�²¶«­Ç�³���¢ £¤¢ ®¶ÇC²Á¥�£¤³}®Á¢¤õo¥¹É
¦©«­¢ £¤¢ ¥�¦�¨ª¦x¢¤õj³}Â�®�§�¨Á¥�¦x£¤¥�«­¥�Â�®3Ê
¦xÂx¢ ®ÁÇKJ�ÔLH7«©�
�ûm#h7� Ñ ½¹°"õj³}£¤¥�¦x²3° µr,y

ï~à B�¥�²¶«­Ç�³���¢ £¤¢ ®¶ÇC²Á¥�£¤³}®Á¢¤õo¥¹É
¦©«­¢ £¤¢ ¥�¦�¨ª¦x¢¤õj³}Â�®"À+¨Á¥�¦x£¤¥�«­¥�Â�®3Ê
¦xÂx¢ ®ÁÇKJ�ÔLH7«©�
�ûm#hKJ Ñ ½¹°"õj³}£¤¥�¦�²�° µr,z

ï~à B�¥�²¶«­Ç�³���¢ £¤¢ ®¶ÇC²Á¥�£¤³}®Á¢¤õo¥¹É
¦©«­¢ £¤¢ ¥�¦�¨ª¦x¢¤õj³}Â�®"ù'¨ª¥�¦x£¤¥�«­¥�Â�®�Ê
¦�Âx¢ ®¶ÇKJ�ÔMHj«©�
|3pqyM{ Ñ ½¹°"õj³}£¤¥�¦x²3° σe

A
Ú¶¸ < ÆoÂ�É
¦zµÝ®Á¢¤õ�¢ ®¶ÇCÇ�£¤¥�µÝ®¶²Á¢óö�¦x¥¹É
¦©«­¢ £¤¢ ¥�¦

(σe,x = σe,y = σe,z = σe)
Êx¦xÂx¢ ®ÁÇKJ�ÓNH7«©�

|3pqyM{�� Ñ ½¹°"õj³}£¤¥�¦�²�° σe,xÚ¶¸ < ÆoÂ�É
¦zµÝ®Á¢¤õ�¢ ®¶ÇCÇ�£¤¥�µÝ®¶²Á¢óö�¦x¥¹É
¦©«­¢ £¤¢ ¥�¦�¨ª¦x¢¤õj³}Â�®"§OÊ
¦xÂx¢ ®ÁÇKJzÓNH7«©�
|3pqyM{�� Ñ ½¹°"õj³}£¤¥�¦�²�° σe,y

ï~à < ÆoÂzÉ
¦�µÝ®¶¢ õ�¢ ®ÁÇ¹Ç�£ ¥3µÝ®Á²¶¢óö�¦�¥CÉx¦�«­¢¤£ ¢¤¥�¦�¨Á¦x¢¤õ7³oÂ�®�À�Êx¦xÂx¢ ®ÁÇKJMÓOH7«©�
|3pqyM{PJ Ñ ½'°"õ7³o£ ¥�¦x²3° σe,z

ï~à < ÆoÂzÉ
¦�µÝ®¶¢ õ�¢ ®ÁÇ¹Ç�£ ¥3µÝ®Á²¶¢óö�¦�¥CÉx¦�«­¢¤£ ¢¤¥�¦�¨Á¦x¢¤õ7³oÂ�®�ù�Êx¦xÂx¢ ®ÁÇKJMÓOH7«©�
|3pqyRQ Ñ ½¹°"õj³}£¤¥�¦x²3° σhÚ¶¸ < ÆoÂ�É
¦zµÝ®Á¢¤õ�¢ ®¶ÇC«­³oÕoÂxÇ�®Á¢óö�¦x¥¹É
¦©«0¢¤£¤¢ ¥�¦

(σh,x = σh,y = σh,z = σh)
Ê�¦xÂx¢ ®ÁÇKJ�»KHj«��

|3pqyRQ#� Ñ ½¹°"õj³}£¤¥�¦x²3° σh,xÚ¶¸ < ÆoÂ�É
¦zµÝ®Á¢¤õ�¢ ®¶ÇC«­³oÕoÂxÇ�®Á¢óö�¦x¥¹É
¦©«0¢¤£¤¢ ¥�¦©¨Á¦x¢¤õj³}Â�®�§9Ê�¦xÂx¢ ®ÁÇKJ�»KHj«��
|3pqyRQ9� Ñ ½¹°"õj³o£ ¥�¦x²�° σh,y

ï~à < ÆoÂzÉ
¦�µÝ®¶¢ õ�¢ ®ÁÇ¹«�³}Õ�ÂxÇB®¶¢¤ö�¦x¥¹É
¦©«­¢¤£ ¢¤¥�¦�¨Á¦x¢ õj³oÂ�®"À�Êx¦xÂx¢ ®ÁÇKJ>»�Hj«©�
|3pqyRQ�J Ñ ½¹°"õj³o£ ¥�¦x²�° σh,z

ï~à < ÆoÂzÉ
¦�µÝ®¶¢ õ�¢ ®ÁÇ¹«�³}Õ�ÂxÇB®¶¢¤ö�¦x¥¹É
¦©«­¢¤£ ¢¤¥�¦�¨Á¦x¢ õj³oÂ�®"ù�Êx¦xÂx¢ ®ÁÇKJ>»�Hj«©�
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¥¹õ�Æo£¤¦x«­¥CÉxÇ�µB²¶¢ ®�¬z³}²"¦xÂ©«­Æ
É+��£¤¥º±�²¶³�µÝ®¶³o£��

ÂxÆ�«�°"«­¢¤£ ¢¤¥�¦ Jx£¤¥¹ÂxÆo«ÙÉ
¦©«0¢¤£¤¢ ¥�¦+±�²´³oµB®¶³o£
B�Æo¦x²­µ´×�³�ö�¦�¥@«­¢ £¤¢¤¥�¦ ÉxÇ�µB£ó³}²¶ÇoÊE£ ¥3¨0¬x²ÁÆ�¬x²¶¢ Ç�®ÁÇ�¨Ö¨ª¦�¢ õj³}Â�®¶¥�¨0É
Æo¢¤õo¥�Â�®I�B®¶²Á¥�É
ÇBô�Â�¢ ¥3¨Ö¥�Â É
¥3¨Á¨ÁÆo¦z¨�É
¥©¨Á³<É
Ç�µ�£¤³o²¶³}®Á¢¤ÆoÂl�
< ÆoÂ�®¶²¶³o¢ ²¶¥�«­¥�Â�®l³}¦C®-À�¬M¥ ��p��qpq{�m ÊÝµB¥�²Á®¶³o¢ Â�¥�¨lÉ
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¤E³Ì¬x²¶Ç�¨Á¥�Â�®¶³}®Á¢¤ÆoÂ ®Á×�Ç�Æo²¶¢óö�¦�¥>É
¥�¨@«­Æ�É-��£¤¥�¨F¥3¨-®+±q³}¢ ®Á¥>³7õ�¥�µ©£ó³Ì¬M¥�²¶«0¢ ®ª®¶¢ õ�¢ ®ÁÇ��§ �£¤£¤¥<¨F ³o¬x¬x£¤¢¤ö�¦x¥>³o¦�¨¶¨ª¢�¬zÆ�¦x²@£¤¥�¨@«0¢¤£¤¢ ¥�¦
§
Éx¢¤¨Á¬z¥�²¶¨Á¢ ±q¨"«�³}ÕoÂ�ÇB®Á¢óö�¦x¥�¨å¥�Â�²¶¥�«­¬x£ó³)7�³}Â�®�£¤³­¬M¥�²¶«­¢ ®Á®Á¢¤õ�¢ ®ÁÇ¹¬z³}²"£ó³Ö¬M¥�²¶«­Ç�³)�x¢ £¤¢ ®ÁÇo�
��ilk�t���{�k${¬«�{��O�z{

< ¥­«­Æ�É-��£¤¥0¥3¨-®¹£¤¢ ÇV�+£ó³+¬MÆo£ó³}²¶¢ó¨Á³}®Á¢¤ÆoÂ>¬z³}²CÆo²¶¢ ¥�Â�®¶³j®¶¢ Æ�Â<É
¥3¨C«­Æo£¤Ç�µB¦�£ ¥3¨�¬MÆo£ó³}¢¤²¶¥�¨��8¤T ³�µÝ®¶¢ Æ�ÂûÉ
¦�µ´×�³o«0¬ûÇ�£¤¥�µB®Á²¶¢¤ö�¦x¥
¢¤Â�É
¦x¢ ®¹¦xÂ>«­Æo¦�õo¥�«­¥�Â�®¹É
¥0²ÁÆo®¶³}®Á¢¤ÆoÂ>É
¥3¨º«0Æ�£ Ç3µB¦x£¤¥�¨�� < ¥�¬M¥�Â�É�³}Â�®�ÊOµB¥3¨º²ÁÆo®¶³j®¶¢ Æ�Â�¨¿¨ÁÆoÂ�®C¬z¥�²ª®¶¦x²��zÇ�¥�¨º¬�³}²º£¤¥�¨Cµ´×xÆ
µ�¨
¢¤Â�®¶¥�²ÁÚ�«­Æ�£ Ç3µB¦x£ó³}¢¤²Á¥3¨�µ�¥�ö�¦�¢�²Á¥�Â�É<£ ¥3¨C«0Ç3µ�³oÂx¢¤¨Á«­¥�¨¹É' ³}«­Æ�²ª®¶¢¤¨¶¨ª¥�«­¥�Â�®º¬�²ÁÇ�¬zÆ�Â�É
Ç�²´³}Â�®´¨�� < ¥�¨C«­Ç3µ�³}Â�¢¤¨Á«­¥�¨C¨ªÆ�Â�®¹µ�³jÚ
²´³oµÝ®¶Ç�²¶¢¤¨ÁÇ�¨�¬z³}² ¦xÂ­®¶¥�«­¬�¨ÑÉx¥"²Á¥�£¤³}§
³}®Á¢¤ÆoÂ

τ
Æo¦0®Á¥�«0¬z¨�«­ÆjÀo¥�Â0¥�Â�®Á²¶¥�Éx¥�¦
§�µ´×xÆ
µ�¨ ¢¤Â�®Á¥�²ªÚ «­Æo£¤Ç�µB¦�£¤³o¢ ²¶¥�¨�¨Á¦�µ�µ�¥�¨¶¨ª¢ ±q¨��\â�Â

ÂxÆo®Á¥�²´³'ö�¦x¥¿µ�¥¿«­Ç�µ�³}Âx¢ó¨Á«0¥¿¥�¨ª®Ñ®Á²���¨wÉ
Ç�¬M¥�ÂzÉx³}Â�®åÉx¥¯£¤³'®Á¥�«0¬MÇ�²´³j®¶¦x²¶¥o�:¤#¥¯®¶¥�«­¬�¨åÉ
¥¯²¶¥�£ó³j§x³j®¶¢ Æ�Â
τ
¬z¥�¦
®wõj³}²¶¢¤¥�²wÉ�³}Â�¨
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¦xÂx¥@¬x£¤³oÕo¥@µ�Æo«­¬x²¶¢¤¨Á¥�¥�Â�®¶²Á¥F¬�£ ¦�¨Á¢¤¥�¦x²´¨Ð�-Æ�¦x²¶¨�1�¬MÆo¦x²0É
¥�¨�«0Æ�£ Ç3µB¦x£¤¥�¨�¬x²´³j®Á¢óö�¦x¥�«­¥�Â�®3�x£ Æ
ö�¦xÇ�¥�¨>5C¥B®

10−11 � 10−12¨Á¥�µBÆ�Â�É
¥3¨,1qÉ
Æ�«­³o¢ Â�¥'É
¥�¨"²´³oÉx¢ Æo®ÁÇ�£¤Ç�µ�Æo«­«�¦�Âx¢¤µ�³j®¶¢ Æ�Â�¨�5B�\B�²ÁÇ3µB¢ó¨ªÆ�Â�¨"ö�¦x¥¹£¤¥¹«­³}§
¢ «Ö¦x«ÙÉ' ³��z¨ªÆ�²Á¬
®¶¢ Æ�Â�³o¬x¬�³o²¶³�D¤®"¬MÆo¦x²
É
¥3¨¹±�²¶Ç�ö�¦x¥�ÂzµB¥�¨ÖÉ
¥F£% Æ�²¶Éx²Á¥FÉ
¥+£E ¢¤Â�õ�¥�²´¨ª¥FÉx¦�®Á¥�«­¬�¨0É
¥F²¶¥�£ó³j§x³}®Á¢¤ÆoÂl�!¨�¥@¬z³}²�£ó³�¬x²¶Ç�ÉxÆo«­¢ Âz³}Â�µ�¥FÉ
¥�¨�«0Ç3µ�³oÂx¢¤¨Á«­¥�¨
É' ³}«­Æo²Á®Á¢ó¨¶¨ª¥�«0¥�Â�®�Êj£¤¥"«0Æ
É+��£ ¥¯Éx¥"¬z¥�²Á«­¢ ®ª®Á¢¤õ�¢ ®¶Ç"¥�¨ª®ÑÉ
¦­¬x²¶¥�«­¢ ¥�²�Æo²´É
²¶¥o�7ÄÅ£x¥3¨-®ÑÉ
Ç�ô�Âx¢�É�³}Â�¨ £¤¥�¨ ÉxÆo«�³}¢¤Âx¥�¨ ±�²ÁÇ3ö�¦�¥�Â�®Á¢¤¥�£
¥B®"®¶¥�«­¬MÆo²¶¥�£O¬�³o²,J

ε̂r (ω) = ε∞ + χ̂e (ω) = ε∞ +
εs − ε∞
1 + jωτ

1q�x�¤�~5

εr (t) = ε∞δ (t) + χe (t) = ε∞δ (t) +
εs − ε∞

τ
e−t/τu (t)

1��x�ÃP)5
9Eõo¥�µ

ε̂r
£¤³�¬z¥�²Á«­¢ ®ª®Á¢¤õ�¢ ®¶Ç¿²¶¥�£ó³j®¶¢ õ�¥¯µBÆo«­¬x£¤¥B§
¥�Ê

χ̂e
£¤³'¨Á¦�¨¶µB¥�¬
®Á¢��x¢¤£ ¢ ®ÁÇºµBÆo«­¬x£¤¥B§
¥¿Éx¦F«­¢ £¤¢ ¥�¦lÊ

ε∞
£ó³¹¬M¥�²¶«­¢ ®Á®Á¢¤õ�¢ ®ÁÇº¬MÆo¦x²

£¤¥�¨Ö±�²ÁÇ3ö�¦x¥�Â�µ�¥�¨�®Á²���¨­¨Á¦x¬zÇ�²Á¢¤¥�¦�²Á¥3¨3�<£¤³>±�²¶Ç�ö�¦x¥�ÂzµB¥©É
¥+²¶¥�£ó³j§x³}®Á¢¤ÆoÂlÊ
εs
£¤³<¬M¥�²¶«0¢ ®ª®¶¢ õ�¢ ®ÁÇ©¬MÆo¦x²0£ ¥3¨Ö±�²ÁÇ3ö�¦�¥�Â�µ�¥�¨Ö®Á²���¨

¢¤Â
±�Ç�²¶¢ ¥�¦x²¶¥�¨0��£¤³©±�²¶Ç�ö�¦x¥�Â�µB¥FÉx¥@²¶¥�£ó³j§x³j®¶¢ Æ�ÂlÊ
τ
£¤¥�®Á¥�«0¬z¨ÖÉ
¥@²Á¥�£¤³}§
³}®Á¢¤ÆoÂlÊ

δ (t)
£ó³�É
¢ó¨-®¶²Á¢��x¦
®¶¢ Æ�Â�É
¥�¨�¢ ²´³oµF¥B®

u (t)£ó³>±�Æ�Â�µÝ®¶¢ Æ�Â Éx¥�Ô¯¥�³7õ�¢ó¨ª¢óÉ
¥���¤#¥©«0Æ
É+��£ ¥�Éx¥	¨�¥H��À�¥	��üc¬M¾o£¤¥�¨­¥3¨-®FµBÆ�Â�¨ª®Á²¶¦x¢ ®V�û¬�³o²ª®¶¢ ²�É
¥©£ó³û¨Á¦x¬M¥�²¶¬zÆ�¨ª¢ ®Á¢¤ÆoÂ É
¥
¨Á¦�¨Áµ�¥�¬
®¶¢.��¢ £¤¢ ®¶Ç'É
¦©«­Æ�É-��£¤¥CÉx¥á¨¿¥F��À�¥,�Ö¦�Â�¬M¾o£¤¥'É
¥C£% Ç3ö�¦z³j®Á¢¤ÆoÂ���� �IJ

ε̂r (ω) = ε∞ + χ̂e,N (ω) = ε∞ +

N
∑

i=1

Gi
(εs − ε∞)

1 + jωτi

1q�x� È:5

³7õ�¥�µ N
∑

i=1

Gi = 1
1��x� ÞZ5

¤l¥3¨�¬z¥�²Á«­¢ ®ª®¶¢ õ�¢ ®ÁÇ�¨
ε∞

¥B®
εs
¨ªÆ�Â�®�¢¤Â�É
Ç�¬z¥�Â�Éx³oÂ�®¶¥�¨"É
¥3¨"¬M¾o£¤¥�¨"É
¦©«­Æ
É+��£¤¥C¬�³}²"£ó³­µBÆoÂzÉ
¢ ®¶¢ Æ�Â��x� Þ��

��ilk�t���{�k${�twi�hj{�f9g¡J
¤l¥3¨�¬zÆ�£¤³o²Á¢ó¨¶³j®Á¢¤ÆoÂz¨wÉ
¥C®-À�¬M¥CÇ�£¤¥�µÝ®¶²ÁÆ�Âx¢óö�¦�¥º¥�®¿³j®¶Æo«­¢¤ö�¦x¥C¨ÁÆoÂ�®ª�Ö£% Æo²¶¢ Õ�¢ Âx¥CÉ
¦©«­Æ
É+��£¤¥¹É
¥á¤lÆ�²Á¥�Â�®¶ùo�+¤#³0¬MÆo£ó³}²¶¢¤¨¶³j®¶¢ Æ�Â
Ç�£¤¥�µB®Á²¶ÆoÂx¢óö�¦x¥�¨ª¥�«�³oÂx¢ ±�¥3¨-®¶¥V�©£E Ç�µ´×�¥�£¤£ ¥�³j®¶Æo«­¢óö�¦�¥o�EÓ
³�±�¥�Â-�B®¶²Á¥F¨Á¬M¥�µÝ®¶²¶³o£ ¥�É' ¢¤Â+#�¦x¥�Â�µB¥�¥3¨-®'£ó³	��³}ÂzÉ
¥�Æo¬
®¶¢¤ö�¦x¥��!¤#³
¬MÆo£ó³}²¶¢¤¨¶³j®¶¢ Æ�ÂF³j®ÁÆ�«­¢¤ö�¦x¥C¨ª¥�«�³}Âx¢ ±�¥�¨ª®Á¥,�'£% Ç�µ´×x¥�£ £¤¥�«­Æ�£ Ç3µB¦x£ó³}¢¤²Á¥�¥B®"¨Á³'±�¥�Â-��®Á²¶¥º¨Á¬M¥�µÝ®¶²¶³o£ ¥CÉ' ¢ Â-#�¦x¥�ÂzµB¥CµBÆo¦�õ�²¶¥¿¬�£ ¦
®¶¾}®
£ó³0��³oÂ�É
¥C¢¤Â
±�²¶³o²ÁÆ�¦xÕo¥��Z¨�¥C¬�³}²�£ó³�¬�²ÁÇ3É
Æo«­¢¤Â�³}Â�µ�¥ºÉx¦+¬x×�Ç�ÂxÆ�«I��Âx¥CÆ�¨¶µB¢¤£ £ó³j®¶Æo¢¤²Á¥�É
¥�¨"É
¥�¦
§@¬MÆo£ó³}²¶¢¤¨¶³j®¶¢ Æ�Â�¨�Ê�£¤¥�«­Æ
É+��£ ¥
É
¥¹¬M¥�²¶«­¢ ®Á®Á¢¤õ�¢ ®ÁÇ¹¥3¨-®¿Éx¦�É
¥�¦
§
¢.��«­¥¹Æo²´É
²Á¥���ÄÅ£l¥�¨ª®¿É
ÇBôzÂx¢#Éx³oÂ�¨�£ ¥3¨"É
Æo«�³o¢ Âx¥3¨å±�²ÁÇ3ö�¦x¥�Â�®Á¢¤¥�£O¥�®"®Á¥�«0¬MÆo²¶¥�£O¬z³}²,J

ε̂r (ω) = ε∞ + χ̂e (ω) = ε∞ +
ω2

0 (εs − ε∞)

ω2
0 + 2jωα0 − ω2

1q�x�Ã¼)5

εr (t) = ε∞δ (t) + χe (t) = ε∞δ (t) + γ0 sin (β0t) e−α0tu (t)
1��x� �:5

β0 =
√

ω2
0 − α2

0

¥B®
γ0 =

ω2
0 (εs − ε∞)

β0

9Eõo¥�µ
ε̂r
£¤³�¬z¥�²Á«­¢ ®ª®Á¢¤õ�¢ ®¶Ç¿²¶¥�£ó³j®¶¢ õ�¥¯µBÆo«­¬x£¤¥B§
¥�Ê

χ̂e
£¤³'¨Á¦�¨¶µB¥�¬
®Á¢��x¢¤£ ¢ ®ÁÇºµBÆo«­¬x£¤¥B§
¥¿Éx¦F«­¢ £¤¢ ¥�¦lÊ

ε∞
£ó³¹¬M¥�²¶«­¢ ®Á®Á¢¤õ�¢ ®ÁÇº¬MÆo¦x²

£¤¥�¨E±�²ÁÇ3ö�¦x¥�Â�µ�¥�¨E®Á²���¨$¨Á¦x¬zÇ�²Á¢¤¥�¦�²Á¥3¨Q�¿£¤³¿±�²¶Ç�ö�¦x¥�ÂzµB¥�É
¥w²¶Ç�¨ÁÆoÂz³}Â�µ�¥
f0 = 2πω0

Ê
εs
£¤³�¬M¥�²¶«0¢ ®ª®¶¢ õ�¢ ®ÁÇ�¬MÆo¦x²�£¤¥�¨E±�²ÁÇ3ö�¦x¥�Â�µ�¥�¨

®Á²���¨�¢ Â
±�Ç�²Á¢¤¥�¦�²Á¥3¨¹�C£¤³º±�²¶Ç�ö�¦x¥�Â�µB¥¯É
¥¿²ÁÇ3¨ªÆ�Â�³}Â�µ�¥oÊ
α0
£ ¥�µBÆ�¥$?FµB¢¤¥�Â�®ÑÉ' ³}«­Æ�²ª®¶¢¤¨¶¨ª¥�«­¥�Â�®�Ê

δ (t)
£ó³¹É
¢ó¨-®¶²Á¢��x¦
®¶¢ Æ�Â�É
¥�¨�¢ ²´³oµ

¥B®
u (t)

£¤³'±�ÆoÂ�µB®Á¢¤ÆoÂ@Éx¥�Ô¯¥3³7õ�¢¤¨Á¢¤Éx¥o�\¤l¥¯«­Æ
É+��£¤¥CÉ
¥©¤#Æo²¶¥�Â�®Áù���üb¬M¾o£¤¥�¨Ñ¥�¨ª®�µ�ÆoÂ�¨ª®Á²¶¦x¢ ®§�'¬�³o²ª®¶¢ ²åÉ
¥¿£ó³�¨Á¦x¬M¥�²¶¬zÆ�¨ª¢ ®Á¢¤ÆoÂ
É
¥'¨Á¦�¨¶µB¥�¬x®Á¢��x¢ £¤¢ ®ÁÇ�¨"Éx¦�«­Æ
É+��£ ¥'É
¥,¤#Æo²¶¥�Â�®Áù,�0¦xÂ©¬z¾�£ ¥¹É
¥¹£% Ç�ö�¦�³j®¶¢ Æ�Â���� ¼�J

ε̂r (ω) = ε∞ + χ̂e,N (ω) = ε∞ +
N

∑

i=1

Gi
ω2

i (εs − ε∞)

ω2
i + 2jωαi − ω2

1q�x� Ò 5

εr (t) = ε∞δ (t) +

N
∑

i=1

Giγi sin (βit) e−αitu (t)
1��x� ò:5



F\� Åf�+é�ê-älêÅæá��Ù ç¿êªè\�ÑæÑì¿è�ê�ü èR�2Uåé�ê-älêÅæ0� SCç�êªè\��æÑì¿è
ê�ü>V Èx�

³7õo¥3µ N
∑

i=1

Gi = 1
�
βi =

√

ω2
i − α2

i ; γi =
ω2

i (εs − ε∞)

βi

1q�x� Í:5
¤l¥3¨�¬z¥�²Á«­¢ ®ª®¶¢ õ�¢ ®ÁÇ�¨

ε∞
¥B®

εs
¨ÁÆoÂ�®"¢ ÂzÉ
Ç�¬M¥�Â�É�³}Â�®Á¥3¨¯É
¥�¨�¬M¾o£¤¥�¨"Éx¦�«­Æ
É+��£ ¥¹¬�³o²"£¤³­µ�ÆoÂ�É
¢ ®Á¢¤ÆoÂ©�x� Íx�

��ilk�t���{�yMñ�fEñ�hjvx��pq|3ñ
¤l¥C«­Æ
É+��£¤¥¹ÕoÇ�ÂxÇ�²´³}£¤¢ó¨ªÇº¥�¨ª®¯É
ÇBô�Â�¢#Éx³}Âz¨�£ ¥'É
Æ�«�³}¢¤Âx¥º®Á¥�«­¬MÆo²¶¥�£lµ�Æo«­«­¥'¨ª¦x¢ ®áJ

εr (t) = ε∞δ (t) + [A cos (βt) + B sin (βt)]
−αt

u (t)
1q��� �3à:5

³7õo¥3µ©9�Êf*ºÊ
ε∞
Ê
α
¥B®

β
£¤¥�¨¯µ�Æ�¥$?FµB¢¤¥�Â�®¶¨Ð�­É
Ç�®Á¥�²Á«­¢¤Âx¥�²3�

â�Â�¬z¥�¦
®�¨Á¥º²´³}«­¥�Âx¥�²Ð�0¦xÂ©«­Æ�É-��£¤¥'É
¥á¤lÆ�²Á¥�Â�®¶ù�¥�Â©¬zÆ�¨Á³oÂ�®,J

A = 0
¥�®

B = ω2
0 (εs − ε∞) /β

α = α0
¥B®

β =
√

ω2
0 − α2

0

Æo¦	�0¦xÂ©«­Æ�É-��£¤¥'É
¥á¨¿¥F��Ào¥C¥�Â�¬zÆ�¨Á³oÂ�®4J
A = (εs − ε∞) /τ

¥�®
B = 0

α = 1/τ
¥B®

β = 0

��ilk�t���{�yMñ�fEñ�hjvx��pq|3ñ�u®­	~>¯z��{�|
¤l¥3¨�«­Æ
É+��£ ¥3¨ÖÉ
¥Ä¨¿¥F��Ào¥@¥�®­Éx¥�¤lÆ�²Á¥�Â�®ÁùF¬M¥�¦xõ�¥�Â�®0®Á²´³}¢ ®Á¥�²Ö²Á¥3¨ª¬M¥�µB®Á¢¤õo¥�«0¥�Â�®0¡ ¬M¾o£¤¥�¨0É' Æo²´É
²Á¥>�@¥B®Ü1qü¯Ú ¡£5'¬M¾o£¤¥�¨
É' Æo²´É
²¶¥¿P
�:¤#¥�¨�Éx¥�¦
§­«­Æ�É-��£¤¥�¨�¬M¥�¦�õo¥�Â�®T��¢ ¥�Â
Ú�¥�Â�®Á¥�ÂzÉ
¦V�B®¶²Á¥¯µ�Æo«3�x¢ Â�Ç�¨��\â�ÂF³}¦�²¶³C³}£¤Æo²´¨ ¦xÂ�«­Æ
É+��£ ¥�¨�¥H��À�¥BÚÇ¤lÆo²¶¥�Â�®¶ù
ö�¦x¢l¬M¥�¦
®¿¨F ¥B§
¬x²¶¢ «­¥�²"µ�Æo«­«­¥'¨ª¦x¢ ®áJ

ε̂r (ω) = ε∞ +

M
∑

i=1

Gi
(εs − ε∞)

1 + jωτi
+

N
∑

i=M+1

Gi
ω2

i (εs − ε∞)

ω2
i + 2jωαi − ω2

1��x�¤�o�~5

³7õ�¥�µ N
∑

i=1

Gi = 1
1q��� �7P)5

9 ¬�³o²ª®¶¢ ²¯É
¦�«­Æ
É+��£¤¥¹ÕoÇ�ÂxÇ�²´³}£¤¢¤¨ÁÇoÊ�¦xÂ©«­Æ
É+��£¤¥,��üJ¬z¾�£ ¥3¨"¬z¥�¦
®¿³}¦z¨Á¨Á¢'�B®¶²Á¥¹µBÆ�Â�¨ª®Á²¶¦x¢ ®,J

εr (t) = ε∞δ (t) +

N
∑

i=1

[Ai cos (βit) + Bi sin (βit)]
−αit u (t)

1q��� �3È:5
��ilk�t���{�k${¬«+hjmEk${

<  ¥�¨ª®�¦xÂ�«­Æ
É+��£ ¥0¬�³}²Á®Á¢óµB¦�£ ¢¤¥�²ºö�¦�¢E¬x²¶Ç�¨Á¥�Â�®¶¥�É
¥�¦x§©¬M¾o£¤¥�¨ºÉ' Æo²´É
²¶¥F��É
Æ�Â�®º¦xÂ£�F£¤³F±�²ÁÇ3ö�¦�¥�Â�µ�¥�Â�¦x£¤£ ¥��zÄÅ£$¬z¥�²Á«­¥�®ºÉ
¥
É
Ç3µB²¶¢ ²¶¥C£ ¥3¨�«0¢¤£¤¢ ¥�¦
§+¬x£ó³o¨Á«�³o¨åÂxÆ�Â�«�³oÕoÂxÇ�®Á¢ó¨ªÇ3¨���ÄÅ£l¥3¨-®¯É
Ç�ô�Âx¢#É
¥¹£ó³0«�³}Âx¢���²¶¥¹¨ª¦x¢¤õj³}Â�®Á¥¡J

ε̂r (ω) = ε∞ +
ω2

p

ω (jνc − ω)

1��x�¤��ÞZ5
B ³}²"¦xÂ�¥'É
Ç�µ�Æo«­¬zÆ�¨ª¢ ®Á¢¤ÆoÂ�¥�Â�Ç�£¤Ç�«­¥�Â�®´¨¯¨Á¢ «­¬x£¤¥�¨�Ê
£¤³0²¶¥�£ó³j®¶¢ Æ�Â���� ��Þ0É
¥�õ�¢ ¥�Â�®áJ

ε̂r (ω) = ε∞ +
ω2

p

jνcω
−

ω2
p

ν2
c (1 + jω/νc)

1��x�¤�3¼)5
= ε∞ + χ̂e (ω) +

σ

jωε0

1��x�¤���:5
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¥¹¬x×z³o¨Á¥¡1�³7õo¥3µ

∆f = 2
ÛCÔ¿ùF5ÝÊ�¨ÁÆoÂ�®¯É
¦x¥3¨¯³}¦�Âx¢¤õo¥3³}¦�¬x²ÁÆ
µ´×x¥CÉ
¥¹ù�Ç�²¶Æ­Éx¥º£ó³0±�ÆoÂzµÝ®Á¢¤ÆoÂ#�



Þ�P ����âª��ê�á�ì¯æÀÆ~�Ä�V��ØªÆ�æT��è�æºá�ü���ì¯é�æwè�ç�Ç ����ç¿æ

nporq>s Ò �ÃP Í ½"Ç�¬zÆ�Â�¨ª¥w®Á¥�«­¬�¨-Ú�±�²¶Ç�ö�¦x¥�ÂzµB¥"É
¥�£¤³�Õ�³o¦�¨¶¨ª¢¤¥�ÂxÂ�¥å¨ÁÆo¦�¨$¦xÂ�¥å¬�¢¤¨ª®Á¥�¢¤«0¬�²Á¢¤«­Ç�¥"³}¦0É
¥�¨¶¨ª¦z¨ É' ¦�ÂÖ¬x£ó³}Â­É
¥�«�³o¨¶¨ª¥å¬MÆo¦x²Éx¥�¦
§�õ7³o£ ¥�¦x²´¨åÉx¥
t0
1qµ�³�¨"³:5BÊxÉ
¥�¦
§�³j®ª®¶Ç�Â�¦�³}®Á¢¤ÆoÂ�¨Ð�

fmax = 10
ÛCÔ¯ùK1�µ�³o¨���5Ý� < ³o¨"µ¡Jxµ�Æo«­¬MÆo²Á®Á¥�«­¥�Â�®¯É
¥C£ó³­Õ�³o¦�¨Á¨Á¢¤¥�ÂxÂx¥¬MÆo¦�²¿É
¥�¦x§@õj³}£¤¥�¦x²´¨"É
¥

t0
Êx®Á¥�Âz¨ª¢¤ÆoÂ�¬x²¶Ç�£¤¥�õoÇ�¥�¥�Â�®Á²¶¥º¦�Âx¥¹£ ¢¤ÕoÂ�¥

µ
Ú ²¶¦-��³}Â�¥B®¯¦�Â�¬�£¤³oÂ�É
¥¹«�³�¨Á¨Á¥o�



ÆC� Åf��ü����3�"á$êH���ºè+è"�I�$ì,�$æwèR�TU�ü����3�"á$êH���ÉS¹è!�I�Eì,�$æ=V Þ�È
¨3 ³o¦
®Á²¶¥@¬�³o²ª®3ÊEµ�¥B®ª®¶¥F±�Æ�Â�µÝ®¶¢ Æ�Â�¬z¥�²Á«­¥�®0É
¥@±q³}¢¤²Á¥�É
¦ É
Ç�¬x×�³o¨¶³}Õ�¥FµBÆ�Â�¨-®´³}Â�®Ö£ó³}²¶Õo¥K�z³}Â�É
¥+¥�Â�¢¤Â�¨ÁÇ�²´³}Â�®�¦xÂ�¥@¬x×�³�¨ª¥
µBÆ�Â�¨ª®¶³}Â�®¶¥CÉ�³}Â�¨�£ó³Ö±�ÆoÂ�µB®Á¢¤ÆoÂ©¨ª¢¤Â�¦�¨,J

e (t) = A0 sin (2πf Ô t + φ0) e−
(t−t0)2

T2 TF−−−−−→ e (f) = A0
T
√

π

2
ejφ0 e−(π(f−f0)T )2

< Æo«­«­¥¹³7õo¥3µ¿£ó³0±�ÆoÂ�µB®Á¢¤ÆoÂ�Õ�³o¦�¨Á¨Á¢¤¥�ÂxÂx¥�Ê�®Á²¶Æo¢ó¨�³}¬x¬x²¶Æ
µ´×x¥�¨�¨ÁÆoÂ�®"¬x²¶Æo¬MÆ�¨ÁÇ�¥�¨å¬MÆo¦x²�¨Á³0µ�³o²¶³�µÝ®ÁÇ�²Á¢ó¨¶³j®Á¢¤ÆoÂÏJ
���Ð¤l¥¹É
Æo«�³o¢ Âx¥CÉ' ÇB®¶¦�É
¥¹¥�¨ª®"¦xÂx¥4��³oÂ�É
¥¹É
¥º±�²ÁÇ3ö�¦x¥�Â�µ�¥¹µBÆoÂ�Â�¦�¥o��ÄÅ£l¨ª¦-?0®¿³o£ Æ�²¶¨åÉ
¥C£ó³�ô�§�¥�²"¥B®¯É
¥¹É
Æ�ÂxÂx¥�²�£% ³}®ª®¶ÇBÚ
Â�¦z³j®Á¢¤ÆoÂ�³}¦
§@Éx¥�¦
§F±�²¶Ç�ö�¦x¥�Â�µB¥3¨å¥B§�®Á²���«­¥�¨�É
¥C£ó³0�z³}Â�É
¥K1

Attfmax
5w¬�³o²å²´³}¬�¬zÆ�²ª®"³}¦+«­³}§
¢ «Ö¦x«ßÉ' ³}«­¬x£¤¢ ®¶¦�É
¥

¨ª¢ ®Á¦xÇK�
f = f0

�!&¿Âû¬z³}²´³}«¡�B®¶²Á¥0¢ ÂzÉ
Ç�¬M¥�Â�É�³}Â�®'¥�¨ª®¹¦
®Á¢¤£ ¢ó¨ÁÇ�¬zÆ�¦x²'É
ÇBôzÂx¢ ²�£ ¥­¬x¢¤¥�É�É
¥�£ó³�Õ�³}¦z¨Á¨Á¢ ¥�ÂxÂx¥­Éx³}Âz¨C£ ¥
É
Æo«�³}¢¤Âx¥C®¶¥�«­¬zÆ�²Á¥�£Eµ�Æo«­«­¥�Éx³}Âz¨¯£¤¥�µ�³�¨¯É
¥�£ó³­Õ�³o¦�¨¶¨ª¢¤¥�ÂxÂ�¥o�f¨�¥Öµ�¥�¨¿ÉxÆoÂxÂxÇ�¥�¨�Êx£¤¥�¨¯¬z³}²´³}«¡�B®¶²Á¥3¨

t0
¥B®

T
¨ªÆ�Â�®

É
¢ ²¶¥�µB®Á¥�«0¥�Â�®"ÉxÇ�É
¦x¢ ®¶¨áJ

T =

√

ln (Attfmax)

π∆f

¥B®
t0 = T

√

ln (Att0)

Px�Ð¤#³�É
¦x²¶Ç�¥­É
¥­£¤³�¬�³o²ª®¶¢ ¥0Õ�³o¦�¨Á¨Á¢¤¥�ÂxÂx¥­É
¥­£ó³F±�Æ�Â�µÝ®¶¢ Æ�ÂûÉx³oÂ�¨C£¤¥0É
Æ�«�³}¢¤Âx¥0®Á¥�«­¬MÆo²¶¥�£�¥�¨ª®'µBÆ�ÂxÂ�¦x¥o�"¨©��¨C£¤Æo²´¨�Ê9£¤¥�¨
±�Æo²¶«�¦x£¤¥�¨�É
Ç�ô�Âx¢ó¨Á¨¶³}Â�®

t0
¥B®

T
¨ªÆ�Â�®"µ�¥�£¤£ ¥3¨"É
¥¹£ó³�±�Æ�Â�µÝ®¶¢ Æ�Â+Õ�³}¦�¨¶¨Á¢ ¥�ÂxÂx¥¹Éx³}Âz¨�£¤³0«¡��«­¥'¨Á¢ ®¶¦�³j®¶¢ Æ�Âl�

È��Ð¤l¥å®Á¥�«0¬z¨�É
¥"«­ÆoÂ�®ÁÇ�¥
tm
É
¥"£ó³�Õ�³}¦�¨¶¨Á¢ ¥�ÂxÂx¥"É
Æo¢ ®/�B®¶²Á¥åôx§
Ç��)¨�³oÂ�¨ µB¥¯µ�³o¨�Êj£ ¥3¨�¬�³}²´³}«¡��®Á²¶¥�¨

t0
¥B®

T
¨ªÆ�Â�® ÉxÇBô�Âx¢ó¨

¬�³}²�£¤¥�¨"«¡��«­¥¹²¶¥�£ó³j®¶¢ Æ�Â�¨�ö�¦�¥º£ó³0±�ÆoÂzµÝ®Á¢¤ÆoÂ�Õ�³o¦�¨¶¨ª¢¤¥�ÂxÂ�¥ºÉx³oÂ�¨"£ó³0«I��«­¥'¨ª¢ ®Á¦�³}®Á¢¤ÆoÂl�

nporq>s Ò � È Í ½"Ç�¬zÆ�Â�¨Á¥ ®Á¥�«0¬z¨-Ú�±�²ÁÇ3ö�¦x¥�Â�µ�¥�É
¥ÑÉ
¥�¦
§¹¨ª¢¤ÂxÆ}Ú Õ�³o¦�¨¶¨ª¢¤¥�ÂxÂ�¥�¨�Ê dt = 1, 83 ps
�
f0 = 5

ÛCÔ¿ù-�
Att0 = 100

�
Attfmax =

10
�

«�ñ�hjp «zñ�{�k${���v<yMvxm$|�|3pq{�f$fE{
Ó�¥3¨å±�Æo²¶«0¥3¨�Ê�®¶¥�«­¬MÆo²¶¥�£¤£ ¥¹¥�®å±�²¶Ç�ö�¦x¥�Â�®Á¢¤¥�£¤£ ¥�Ê�¨ªÆ�Â�®"ÉxÇBô�Âx¢¤¥�¨�¬z³}²"£¤¥�¨�²¶¥�£ó³j®Á¢¤ÆoÂz¨4J

e (t) = −2A0

(

t − t0
T

)

e−
(t−t0)2

T2 TF−−−−−→ e (f) = jA02π
3
2 f T 2e−(πfT )2e−j2πft0

¤#³'¬�³}²Á®Á¢óµB¦x£ó³}²¶¢ ®ÁÇ¯É
¥¿µ�¥B®Á®Á¥¯±�Æ�Â�µÝ®¶¢ Æ�Â­®Á¢¤¥�Â�®§�'¨¶³C±�Æ�²ª®¶¥¯²ÁÇx�-¥�µB®Á¢¤ÆoÂFÉ
¥3¨/��³�¨Á¨Á¥�¨�±�²¶Ç�ö�¦x¥�Â�µB¥3¨ ¥B®�É
¦FµBÆ�Â�®Á¢¤Â�¦±1�ô�Õo¦�²Á¥ Ò � Þ\5Ý�
¤#³�µBÆoÂz¨ªÇ3ö�¦�¥�Â�µ�¥¯É
¢ ²¶¥�µB®Á¥¯¥3¨-®w¦xÂx¥¯õj³}£¤¥�¦�²Ñ«­ÆjÀo¥�ÂxÂx¥¯ö�¦�³o¨Á¢¤«0¥�Â�®ÑÂ�¦x£ £¤¥o� < Æo«­«­¥¿³7õo¥3µ�£¤³¹±�ÆoÂ�µB®Á¢¤ÆoÂ�Õ�³o¦�¨¶¨ª¢¤¥�ÂxÂ�¥oÊj®¶²ÁÆ�¢¤¨
³}¬�¬x²ÁÆ
µ´×x¥3¨�¨ªÆ�Â�®"¬x²¶Æo¬MÆ�¨ÁÇ�¥3¨å¬zÆ�¦x²¯¨Á³­µ�³}²´³oµÝ®¶Ç�²¶¢¤¨¶³j®¶¢ Æ�Â±J
���Ð¤l¥�ÉxÆo«�³}¢¤Âx¥CÉ' Ç�®Á¦�Éx¥�¥3¨-®�¦xÂx¥4��³oÂ�É
¥�Éx¥�±�²¶Ç�ö�¦x¥�Â�µB¥ºµBÆ�ÂxÂ�¦x¥o��ÄÅ£O¨ª¦-?0®"³}£¤Æo²´¨ÑÉx¥¿ôx§
¥�²å£ó³�±�²ÁÇ3ö�¦�¥�Â�µ�¥¿«�³j§
¢¤«­³o£ ¥
¦
®Á¢¤£ ¥Ü1

fmax
5�¥B®¹£% ³}®ª®ÁÇ�Â�¦�³j®¶¢ Æ�Â£�

fmax
1
Attfmax

5¯¬�³o²C²¶³o¬x¬zÆ�²ª®¹³}¦<«�³j§
¢ «Ö¦x«�É' ³}«­¬x£¤¢ ®¶¦�É
¥��!¤#³�É
ÇB®¶¥�²¶«­¢ Ú
Â�³j®¶¢ Æ�Â<É
¥3¨C¬�³}²´³}«¡�B®¶²Á¥3¨

t0
¥�®

T
Ê9¥�Â<±�ÆoÂ�µB®Á¢¤ÆoÂ�É
¥�¨C¬�³o²¶³o«¡�B®Á²¶¥�¨

Attfmax
Ê
fmax

¥�®
Att0

¥�¨ª®¹«­Æ�Éx¢ ô�Ç�¥­¬�³}²
²¶³o¬x¬zÆ�²ª®2�@£ó³�±�Æ�Â�µÝ®¶¢ Æ�Â>Õ�³o¦�¨¶¨ª¢¤¥�ÂxÂ�¥o�� �Â>Æ�¦
®Á²¶¥oÊ9³}¦�µ�¦xÂx¥0²Á¥�£¤³}®Á¢¤ÆoÂ>³oÂ�³}£¤À�®Á¢óö�¦x¥�Â" ³FÇ�®ÁÇÖ®Á²¶Æo¦xõ�Ç�¥�� <  ¥�¨ª®º¬MÆo¦�²ªÚ
ö�¦�Æo¢9ÂxÆo¦z¨w¬�²ÁÆ�¬zÆ�¨ªÆ�Â�¨�É
¥�¨å²¶¥�£ó³j®Á¢¤ÆoÂz¨w¥�«­¬x¢ ²¶¢óö�¦�¥�¨�ö�¦x¢l¨ª¥¹µ�ÆoÂ
±�Æ�²Á«­¥�Â�®"³7õo¥3µ¯¦xÂx¥4�MÆoÂxÂ�¥º¬�²ÁÇ3µB¢ó¨ª¢¤ÆoÂÄ��£ó³Ö±�Æo²¶«0¥
É
Ç�¨Á¢ ²¶Ç�¥IJ
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T =

√

ln (5, 5Attfmax)

πfmax

¥�®
t0 = T

√

ln
(

2, 5Att0
√

ln (2, 5Att Ô ))
Px�Ð¤#³>Éx¦x²ÁÇ�¥�Éx¥+£ó³>Õ�³}¦�¨¶¨Á¢ ¥�ÂxÂx¥+É�³}Â�¨0£¤¥�É
Æ�«�³}¢¤Âx¥F®¶¥�«­¬zÆ�²Á¥�£�¥�¨ª®­µ�ÆoÂxÂ�¦x¥���¤#¥�¨Ö±�Æo²¶«�¦�£ ¥3¨Ö³o¬x¬x£¤¢¤ö�¦xÇ�¥�¨Ö¬zÆ�¦x²­£ ¥
µ�³}£óµB¦�£lÉ
¥�¨�¬�³o²¶³o«¡�B®Á²¶¥�¨

t0
¥�®

T
¨ÁÆoÂ�®,J

t0 = tmax/2
¥B®

T = t0/

√

ln
(

2, 5Att0
√

ln (2, 5Att Ô ))
È��Ð¤l¥�®¶¥�«­¬�¨ É
¥å«­ÆoÂ�®ÁÇ�¥

tm
É
Æ�¢ ®��B®¶²Á¥wôx§
Ço��¨º³}Â�¨�µB¥�µ�³�¨�Ê3£¤¥�¨E¬�³}²´³}«¡�B®¶²Á¥3¨

t0
¥B®

T
¨ÁÆoÂ�® É
ÇBô�Â�¢¤¨$¬�³o²E£¤¥�¨E²Á¥�£¤³}®Á¢¤ÆoÂ�¨§J

T =
tm

√

ln (10)−
√

ln (10/9)

¥B®
t0 = T

√

ln
(

2, 5Att0
√

ln (2, 5Att Ô ))
¤l¥C«�³j§
¢¤«�¦x«Ù¬zÆ�¨ª¢ ®Á¢ ± É
¥¹£¤³Ö±�Æ�Â�µÝ®¶¢ Æ�Â�É
Ç�²Á¢¤õoÇ�¥CÕ�³}¦z¨Á¨Á¢ ¥�ÂxÂx¥º¥�¨ª®¿³j®Á®Á¥�¢¤Â�®"¬zÆ�¦x²¯£% ¢¤Â�¨ª®¶³}Â�®

t1 = t0 − T/
√

2
¨ªÆ�¢ ®áJ

Emax = e (t1) = A0

√

2

e�
¤/ ³}«­¬x£¤¢ ®Á¦�É
¥¹«�³}§�¢¤«�³}£¤¥¹É
¦©«0Æ
É
¦�£ ¥¹É
¥¹£ó³Ö±�ÆoÂ�µB®Á¢¤ÆoÂ©¥�Â+±�²ÁÇ3ö�¦x¥�Â�µ�¥¹¥B®"£ó³0±�²ÁÇ3ö�¦�¥�Â�µ�¥C³�¨Á¨ÁÆ
µB¢¤Ç�¥C¨ªÆ�Â�®"ÉxÇBô�Âx¢¤¥�¨¯¬�³}²4J

f0 =
1

πT
√

2

¥B®
Emax,f = e (f0) = T

√

2π

e

nporq>s Ò � Þ Í ½¯Ç�¬MÆoÂ�¨Á¥¹®Á¥�«­¬�¨-Ú�±�²¶Ç�ö�¦x¥�ÂzµB¥�É
¥ÖÉ
¥�¦
§�É
Ç�²Á¢¤õoÇ�¥�¨¯É
¥Ö£¤³­Õ�³}¦�¨¶¨Á¢ ¥�ÂxÂx¥oÊ ∆t = 1, 83ps
�
fmax = 10

ÛCÔ¯ù-�
Att0 =

1000
�

SFfEk${��q{�g�g3{�kE{�h7v��l�q{�p�yNQ
Ó�¥3¨å±�Æo²¶«0¥3¨�Ê�®¶¥�«­¬MÆo²¶¥�£¤£ ¥¹¥�®å±�²¶Ç�ö�¦x¥�Â�®Á¢¤¥�£¤£ ¥�Ê�¨ªÆ�Â�®"ÉxÇBô�Âx¢¤¥�¨�¬z³}²"£¤¥�¨�²¶¥�£ó³j®Á¢¤ÆoÂz¨4J

e (t) = Re











ejα

[

j + 2πf0(t−t0)
N

]N+1











TF−−−−−→ e (f) =?

¤/ ÆoÂzÉ
¥�£¤¥B®Á®Á¥CÉ
¥º½¿³7À�£¤¥�¢¤Õo×@¥�¨ª®å¨ÁÆo¦xõ�¥�Â�®åµ�¢ ®¶Ç�¥CÉx³}Â�¨å£¤¥�¨å³}¬x¬�£ ¢óµ�³}®Á¢¤ÆoÂ�¨w²¶³�Éx³}²´¨��:¤#³�¬x²¶¥�«­¢.��²Á¥ºÉ
¥C¨ª¥3¨åµ�³}²´³oµB®ÁÇ�²¶¢ó¨-®¶¢¤ö�¦x¥3¨
¥�¨ª®�¦xÂx¥�±�Æ�²ª®¶¥"²ÁÇx�-¥�µB®Á¢¤ÆoÂ�É
¥�¨/��³o¨¶¨ª¥3¨$±�²ÁÇ3ö�¦x¥�Â�µ�¥�¨Ð1�ô�Õo¦x²¶¥ Ò �Ã¼)5B��¨¿¥�¦
§­¬�³}²´³}«¡�B®¶²Á¥3¨�É
¢¤µB®Á¥�Â�®�£ó³º±�Æo²¶«­¥¯É
¥"£% ¢¤«­¬x¦x£ó¨ª¢¤ÆoÂ	J
£ó³C±�²ÁÇ3ö�¦x¥�Â�µ�¥

f0
ö�¦x¢9µBÆ�²Á²¶¥�¨Á¬MÆoÂ�É­³}¦�«�³}§�¢¤«�¦�«�É' ³}«­¬x£¤¢ ®Á¦�É
¥�¥B®å£E Æo²´É
²¶¥¯ü ö�¦x¢zõj³Cô�§�¥�²Ñ£ó³¹£ó³}²¶Õo¥�¦�²ÑÉ
¥¯£% ¢¤«­¬x¦x£ó¨ª¢¤ÆoÂ

®Á¥�«­¬zÆ�²Á¥�£ £¤¥o�)¤#¥¯²¶¥B®¶³o²¶É
t0
É
Ç�¬z¥�Â�É�É
¥"£% ³o«­¬x£ ¢ ®Á¦zÉ
¥¿É
¦�¬x¢¤¥�É�Éx¥"£¤³º±�Æ�Â�µÝ®¶¢ Æ�Â­É�³}Â�¨ £¤¥¿É
Æ�«�³}¢¤Âx¥�®Á¥�«0¬MÆo²¶¥�£��}ÄÅ£MÉ
Ç�¬M¥�Â�É

É
¥¹£% ³}®ª®¶Ç�Â�¦�³j®¶¢ Æ�Â
Att0

É
¥¹£ó³�±�Æ�Â�µÝ®¶¢ Æ�ÂÄ�
t = 0

¬�³o²"²¶³o¬x¬zÆ�²ª®¯³o¦+«�³j§
¢¤«�¦x«ÙÉ' ³o«­¬x£ ¢ ®Á¦zÉ
¥KJ
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t0 =
N

2πf0
Att

1
N+1

0

 �Â>±q³}¢ó¨Á³oÂ�®ºõj³}²¶¢ ¥�²¿£¤¥Ö¬�³o²¶³o«¡�B®Á²¶¥'É
¥0¬x×�³�¨ª¥
α
Ê9ÆoÂ�±q³}¢ ®ºõj³}²¶¢¤¥�²¿£¤¥ÖÉxÇ�¬x×�³�¨Á³oÕo¥�É" ¦xÂû³}ÂxÕ�£ ¥0µBÆ�Â�¨-®´³}Â�®�¨Á¦x²º¦xÂx¥0£¤³o²ÁÕ�¥

��³oÂ�É
¥�Éx¥¯±�²¶Ç�ö�¦x¥�ÂzµB¥31�ô�Õo¦�²Á¥ Ò �Ã¼)5Ý� < ¥B®Á®Á¥�±�ÆoÂ�µB®Á¢¤ÆoÂF¬M¥�¦
®ÁÚ%��®Á²¶¥¿¦
®¶¢ £¤¢ó¨ªÇ�¥�¬MÆo¦x²w±q³}¢¤²¶¥¯¬�³}²å¥B§
¥�«0¬�£ ¥ºÉ
¥¿£ó³'¬MÆo£ó³}²¶¢¤¨¶³j®¶¢ Æ�Â
µB¢¤²´µB¦x£ó³}¢¤²Á¥ºÆo¦�¥�£¤£¤¢ ¬
®¶¢¤ö�¦x¥¹£ó³}²¶Õo¥4��³oÂ�É
¥��+B�³o²¯É
ÇB±q³o¦
®

α = 0
�

nporq>s Ò �Ã¼ Í ½"Ç�¬MÆoÂ�¨Á¥w®Á¥�«­¬�¨ªÚ�±�²ÁÇ3ö�¦�¥�Â�µ�¥åÉ
¥�É
¥�¦
§'ÆoÂ�Éx¥�£¤¥B®ª®¶¥"É
¥å½¿³7À�£¤¥�¢¤Õo×ÖÉ
Ç�¬x×z³o¨ÁÇ�¥�¨$É
¥"ÍoàP�K� ∆t = 1, 83
¬�¨��

f0 = 3
ÛCÔ¿ù-�

Att0 = 100
�

Þ p ï´{��O~Ñizf${�f9g�p�{����q{
¤#³Ö±�Æ�Â�µÝ®¶¢ Æ�Â+®¶¥�«­¬MÆo²¶¥�£¤£ ¥¹É
¥¹£ó³I�x¢ Ú ¥B§
¬MÆoÂx¥�Â�®Á¢¤¥�£¤£ ¥C¥�¨ª®¯É
ÇBôzÂx¢ ¥¹¬z³}²"£ó³Ö²¶¥�£ó³j®¶¢ Æ�Â�¨Á¦x¢¤õj³}Â�®Á¥¡J

e (t) = A0

(

e−at − e−bt
)

anorm

³7õo¥3µ0J
a = ln (2) /D

b = ln (9) /tm

anorm = e−at0 − e−bt0

t0 =
ln (b/a)

b − a

tm
¥�¨ª®$£¤¥�®¶¥�«­¬�¨�É
¥å«0Æ�Â�®ÁÇ�¥�Ê

D
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e (t) = A0

(

1 − e−
t

pente

)

TF−−−−−→ e (f) = A0δ (f) ...
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pente = tm/ ln (9)
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e (t) = sin (2πf0t)
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H (t) = sin2
(

πt
tm
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t ≤ tm

= 1
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tm ≤ t ≤ duree − tm

= sin2
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πt
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) ¬MÆo¦x²
duree − tm ≤ t ≤ duree

= 0
¬zÆ�¦x²

duree ≤ t
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e (t − tr) = sin (2πf0t + φ) · H (t)
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e(t) =

(

α

β

)

β

α+β
(

α + β

α

)

e(α(t−t0))

1 + e(α+β)(t−t0)
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£% ³o¬x¬x£¤¢¤µ�³j®Á¢¤ÆoÂ0É
¥å£¤³¿®Á²´³}Â�¨ª±�Æo²¶«­Ç�¥ÑÉx¥�Ü�Æo¦x²¶²¶¢ ¥�²EÉ
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fech = 5fmax
³7õ�¥�µ

fmax =
c

λmin
= c/ (10 max (∆x, ∆y, ∆z))

1qòx�¤�~5
< ¥�µ�¢�¬z¥�¦
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Æ�69¥�²Á®Á¥3¨4J
N�hj{��Om${�fEn�{�E0{�n�Q Ñ ½¹° fechÚ¶¸ £ó³<±�²ÁÇ3ö�¦�¥�Â�µ�¥�É' Ç�µ´×z³}Â�®Á¢¤£ £¤ÆoÂ�Â�³}Õ�¥F¬zÆ�¦x²­£¤³>®Á²´³}Âz¨-±�Æ�²Á«­Ç�¥�É
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¥0¨ª¬M¥�µB®Á²´³}£¤¥ÖÉ
¥
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§@¢¤Â�®¶¥�²¶õj³}£¤£ ¥3¨"É
¥'¨-®¶Æ
µ´ú7³oÕo¥/(
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Ç�Éx¦x¢ ®¿Éx¥¹£¤³0«�³}Âx¢���²¶¥¹¨ª¦�¢ õj³}Â�®¶¥IJ

dtech =
«�³j§ {

∆t, ∆t × Ä-ü�A (

1

fech∆t

)}

{�n�QEvxf9g3pq���qiMf>E¡N ��v
� ³o¦
®ÁÆ
{�n�QEvxf9g3pq���qiMf>E¡N ��v
� ®¶Æo¦�¨
{�n�QEvxf9g3pq���qiMf>E¡N ��v
� Ñ ÄÝ°"Â\�
Ú�¥3µ´×�³}Â�®¶¢ £¤£ Æ�ÂÚ¶¸ ½"Ç�Õ�£¤³oÕo¥�É
¥�£E Ç�µ´×�³oÂ�®Á¢¤£ £¤ÆoÂxÂz³}Õo¥w®Á¥�«­¬zÆ�²Á¥�£
¬zÆ�¦x²�£ó³¿®¶²¶³oÂ�¨ª±�Æo²¶«0Ç�¥åÉx¥¯ÜxÆo¦�²Á¢¤¥�²3��¤l¥"²¶Ç�Õo£ó³}Õ�¥w¨F ³o¬x¬x£¤¢¤ö�¦x¥Ð�º®¶Æo¦�¨

£ ¥3¨�¢ Â�®Á¥�²Áõj³o£ £¤¥�¨�¥�Â@±�²¶Ç�ö�¦x¥�Â�µB¥¹É
Ç�ô�Âx¢ó¨"¥�Â�É
¥3¨Á¨ÁÆo¦�¨�É
¥'µ�¥B®Á®Á¥¹£¤¢ Õ�Âx¥K1 �-¦�¨¶ö�¦" ³o¦©¬x²ÁÆ
µ´×�³o¢ Â�µBÆ�Â�®¶²Á¥�Ú�Æ�²¶Éx²Á¥C5ÐJ
³}¦
®¶Æ J
£% Ç�ö�¦�³j®¶¢ Æ�Â�ò�� �C¥3¨-®¿³o¬x¬x£¤¢¤ö�¦xÇ�¥¡1�µ�³�¨�¬�³}²¯É
Ç�±q³}¦
®;5Ý�
®ÁÆo¦z¨ J
®ÁÆ�¦�¨�£ ¥3¨�Ç�µ´×�³oÂ�®Á¢¤£ £¤ÆoÂ�¨�¥�Â@®¶¥�«­¬�¨¯¨ÁÆoÂ�®"²¶¥B®Á¥�Â�¦�¨,1

dtech = ∆t
5B�

ÂZ�xÚ�¥3µ´×�³}Â�®Á¢¤£¤£ Æ�ÂÏJxÇ3µ´×�³}Â�®Á¢¤£¤£ Æ�ÂxÂ�³}Õ�¥¯®¶¥�«­¬zÆ�²Á¥�£#¨Á¦x¢ õj³oÂ�®"£ó³Ö±�Æo²¶«�¦x£¤¥¡J
dtech =

Â\�
Ú ¥�µ´×z³}Â�®Á¢¤£ £¤ÆoÂ × ∆t
�

{�n}hjp�gPE0�$vx|3{ 0

1Ú¶¸� ÑµB²¶¢ ®Á¦x²¶¥¯É
¥�¨/��³o¨Á¥�¨�Éx¥"®Á¥�«0¬z¨�¥B®åÉ
¥�±�²ÁÇ3ö�¦x¥�Â�µ�¥¿É
Ç�ô�Âx¢z³o¦�¨ª¥�¢ Â�µB¥��x£ Æ
µ"Éx³oÂ�¨ÑÉx¥�¨�ôzµ´×�¢ ¥�²¶¨�¨Á¬MÇ�µB¢ ôzö�¦x¥3¨�¨ª¢z£¤³
õ7³o£ ¥�¦x²�É
¥ ¥3µB²¶¢ ®3°Ð��³o¨Á¥ ¥3¨-®��@���: �Â+£E ³��z¨ª¥�Â�µB¥ºÉ
¥ºµ�¥B®�¢¤Éx¥�Â�®Á¢ ôz³}Â�®3Ê�µ�¥�¨Ñôzµ´×x¢¤¥�²´¨ÑÂ�¥�¨ÁÆoÂ�®å¬z³o¨åµB²¶Ç�Ç�¨©1�Ç3ö�¦�¢ õj³}£¤¥�Â�®
� ¥ ¥�µ�²Á¢ ®�°Ð�z³o¨Á¥ à2¦f5Ý�

Þ �qi#no|0hj{��Om$pq| J�³o¦�µB¦�Â
S�hjk#hj{©ï'ð�t�yM�q{©kwÐ v
~$~$vxh7pqg�p�izf

¤l¥��x£ Æ
µ©·�®¶¥�«­¬�¨�°�±�²Á¥3ö�¦�¥�Â�µ�¥o¸ É
Æo¢ ®á�B®¶²Á¥@ÉxÇBô�Âx¢å³7õj³}Â�®¹®ÁÆ�¦�¨'£¤¥�¨'³o¦
®Á²¶¥�¨á�x£ Æ
µ�¨�É
¥�²¶Ç�¨Á¦x£ ®¶³j®´¨¹¬x²¶Ç�¨Á¥�Â�®ÁÇ3¨'Éx³oÂ�¨'£¤¥�¨
¬�³o²¶³oÕo²´³}¬x×x¥3¨w¨Á¦x¢¤õj³}Â�®¶¨��
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¬ u-j~gfy8q:­:|:i-jZ�:pfj�X8m)j
Õ�� hft)X-k\j8^=`�^C`\j\÷ `/µx`\a\j\÷ bO`O²�^C` � ª+]cyft:icyftfqvk+j�a\` õ ª+]ï;� jfm�wft�X+u8r)o\o:e)X8qf^ ^~j\÷O�Zj\÷d�\j\÷ló-j\÷ bcp\XfjOofrZq�u+jlk+jO�d|Zi-}:�:pfj)X8m�jfq
Õ~Ö r~X+u-j)i\s-t+o\o:j8^£`�^C`\jf´�÷ ` bO`�²�^C`lXfî�t:s-jfm�p\Xdyft-q ∆t µï:Ö r~X8q�u+t)X+u�qf^ ^Cjf´�÷d�\j�´�÷d�\j�´�÷dbcp\Xfj�ofr:q�u-jck+jd��r~X�q�u-t)X+u�q
Õ~Ö r~X+u-j)i\s-t+o\o:j+­-m)eFgfyfoZj)u

u-jCg-y8q:­:|Zi+jZ�:pfj)X�m)j+·

���l{��Ì~��q{�s J�¨ªÆ�¦�¨ªÚ�Ç3µ´×�³}Â�®Á¢¤£¤£ Æ�ÂxÂ�³}Õ�¥

¬ u-j~gfy8q:­:|:i-jZ�:pfj�X8m)j
|:i-jZ�:pfj�X8m)j+­Zj-m�w�ó+`\j\÷cb fech = 40 � ª\]ï;� ^ a\`\`\jZ�c�\j\÷�a\j\÷
j-m�wft)X+u�r)o\oZe)Xf­:|�g8t�Y t)p+u-ecb fech = 5fmax

³7õo¥�µ
fmax = c/ (10 max (∆x, ∆y, ∆z))

Õ�� hft)X-k\j8^=`�^C`\j\÷ `Tµ�`\a\j\÷
j-m�wft)X+u�r)o\oZe)Xf­:|�g8t�Y ^C` b fech = 10/∆t

Õ�� hft)X-k\j\�l`�a\j\÷ `Tµx`Za\j\÷
j-m�wft)X+u�r)o\oZe)Xf­:|�g8t�Y u-e)p8q b fech = 1/∆t

u-jCg-y8q:­:|Zi+jZ�:pfj)X�m)j+·
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ÂxÆ�«0�x²¶¥¯Ç�Õ�³}£MÉ' Ç3µ´×�³}Â�®¶¢ £¤£ Æ�Â�¨ ¥�Â�±�²ÁÇ3ö�¦x¥�Â�µ�¥�µ�³}£óµB¦x£¤Ç�¨�� < ¥�¬z¥�Â�Éx³}Â�®3Ê�³7õ�¥�µ�£ó³'«­ÇB®¶×xÆ
É
¥�Ü�¨2AÐ¨�Ê�£ó³áA"Ü�¨_¥3¨-®å¨ªÆ�¦xõo¥�Â�®
¬x£¤¦�¨C³j®Á®Á²´³7À�³}Â�®¶¥ÖµBÆ�«­«0¥0¥B§
¬x£¤¢óö�¦�ÇÖ¬�³o²ºÜ�¦x²´¨ª¥0¥B®0ÛC³}ÂzÉ
×x¢pB ÌlD �"¤#³+¬x²¶¥�«­¢���²¶¥�²´³}¢ó¨ªÆ�Â�¥�¨ª®º£¤¢¤Ç�¥¡�@¦xÂ�¥0Ç3µBÆ�ÂxÆo«­¢¤¥ÖÉ
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fmin/100
��¨3 Æ)¢�¦xÂ­®¶¥�«­¬�¨ÑÉx¥¿µ�³o£¤µ�¦x£�¥�®Ñ¦xÂx¥"®´³}¢¤£ £¤¥"«­Ç�«­Æo¢¤²¶¥¯ö�¦�¢�¥�¨ª®�Ê�£��C¥�Â�µBÆ�²Á¥�Ê

¢¤Â�¦x®Á¢¤£ ¥�«0¥�Â�®¿µBÆoÂz¨ªÇ3ö�¦�¥�Â�®Á¥��
&¯Â�¥¿É
¥�¦x§�¢���«­¥"²´³}¢ó¨ªÆ�ÂÖ¥3¨-®�£¤¢¤Ç�¥ª�C£ó³º±q³}¢��x£ ¥Ð�z³}Â�É
¥¯É" Ç�®Á¦�É
¥¿¬zÆ�¨Á¨Á¢.��£ ¥"¬�³o² ²¶³o¬x¬MÆo²Á®T��£ó³4��³oÂ�É
¥¯É
¥"±�²¶Ç�ö�¦x¥�Â�µB¥�±�Æ�¦x²¶Âx¢ ¥
¬�³o²¹£¤³�Ü�Ü�AC�! �ÂÌ¥H6M¥�®@Ê#µ�¥B®ª®¶¥@É
¥�²ÁÂx¢���²¶¥­õj³©¬x²ÁÆ
É
¦�¢ ²¶¥­¦xÂÌÂxÆo«3�x²¶¥­É" Ç3µ´×�³}Â�®Á¢¤£¤£ Æ�Â�¨¹¨ª¦�²'¦xÂx¥K��³oÂ�É
¥FÉ
¥

1/∆t
��â�²

Éx³oÂ�¨¯£¤¥Öµ�³o¨¯£¤¥'¬x£¤¦�¨¿±q³7õoÆ�²¶³)�x£ ¥C¬MÆo¦x²�£¤³+Ü�ÜQA Æ:¢�ÆoÂ�¬x²¶¥�ÂzÉ�¦xÂ�Ç�µ´×z³}Â�®Á¢¤£ £¤ÆoÂ�Â�³}Õ�¥'¨ª¬�³}®Á¢ó³}£EÕo²¶Æ�¨¶¨ª¢¤¥�²"¥�Â
λmin/10

¥B®
Æ)¢<£E ÆoÂûµBÆ�Â�¨ª¢óÉ+��²Á¥'¦�Â<¬�³�¨¯®¶¥�«­¬MÆo²¶¥�£�Ç�Õ�³}£��

0, 5∆ ô_õ /c
Ê9£¤³���³}Â�Éx¥0É
¥Ö±�²¶Ç�ö�¦x¥�ÂzµB¥�¨Cµ�³}£óµB¦x£¤Ç�¥Ö¬�³}²º£¤³�Ü�Ü�A ¨ª¥�²¶³�P}à

±�Æo¢ó¨"¨Á¦x¬zÇ�²Á¢¤¥�¦�²Á¥,�0£¤³¡�z³}Â�É
¥Cõj³}£¤¢óÉ
¥
[0, fmax = 1/λmin]

�f&¿Â�¬M¥�¦©¥�§�Æ�²G��¢ ®´³}Â�®åÂ! ¥3¨-®¿µ�¥º¬z³o¨�»
¤#³0«­¢ó¨ª¥¹¥�Â+Æ�¥�¦�õ�²¶¥¹É
¥¹£ó³IA"Ü�¨ É�³}Â�¨ÐA"½"Ä�¨�Ä-¡£â�³}¬x¬�£ ¢óö�¦x¥C£¤³0²¶¥�£ó³j®Á¢¤ÆoÂäJ
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ĝ (f) =

Niter−1
∑

n=0

g (n∆t) e−i2πndtechfdtech

9Eõo¥�µ
Niter

� É
¦x²¶¥�¥�°�®ÁÆ}®´³}£¤¥ /dtech
Ê
dtech

J
£¤¥¹¬�³o¨"É' Ç�µ´×z³}Â�®Á¢¤£ £¤ÆoÂ�Â�³}Õ�¥�¬MÆo¦x²"£ó³¡A"Ü�¨��
�#iMmE|�ï¶ñ�n�QEv�f9g�pq���qiMfEf$vxyM{

¤/ Ç�µ´×z³}Â�®Á¢¤£ £¤ÆoÂ�Â�³}Õ�¥0¨Á¬�³j®¶¢¤³o£�«­¢ Â�¢ «�³}£w¢ «­¬MÆ�¨ÁÇ�¬�³}²¹£ó³�Ü�¨©AÐ¨ 1
∆3D ≤ λmin/10

5�¥�Â�®¶²¶³�DóÂx¥�É
¥@¬�³}²¹£¤¥@µB²¶¢ ®G��²¶¥�É
¥
¨ª®¶³���¢ £¤¢ ®¶ÇÜ1
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