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���-�. ©�:�C�©�a�n¡m�-�C m·C¡d}B�s m}B¢.£��a�ª«��a�©§N�d�C}:�B���- d�a£�¡s�a�¯�q¤¬�C�d�s�a�E m}B�a�Y«8£ä m¡d�)�n�-}:��«��~¡d�a���8�a¡d���8�Ä�a�È�;£��~«��
�¥¤¬§Nº0 m�a�E d}:§N�V«¾¤§N�s�a}:�B���- d�a£�¡s��«������:£��T�C�~���B£��T�s m�nº��:�C�T�a§N���s}:�2 m���a������¡d·C«�£��C d}:§N��«��C�6��£8�C m£��- m}B§N���
§Nº8�d�a¡2�N·C�a�Y¢.£��H�C���s§N}B T«��n���T�:�p«�§n¨²�n}B���Y d�a¨ª�j§N¡s�a�¾§n£~«��-���T�:�p«�§N¨©�n}B���¼�d�6�a�@ m¡d�n�Æ�

���u�s�¸ m¡d§n£8�N�Í¢.£��V���Ä�B}:¨ª}B d�ª«8�V�s ��-º�}:�B}B m·ª«��C�ª§n�d�a}B�:�:�- m�C£�¡d�+«��n�����B�¸«�§N¨©�n}:�8�© m�C¨©�6§N¡s�a���C�s 

Q



ô�����	��F��������1���
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«��+�¥¤¬§n¡d}:�n}:���R«��H�a�Hº�¡d£8}B T«��H°±¡d·C¢;£8�a���C�+�C�{�`���åÃ�¨ªa¨ª�p�d}ÆÃ�º8}:�a�Í·@�0}B«��a¨ª¨ª�a�E )Ã��:�!¡d·a«8£��C d}:§N��«��a�
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«¾¤¬}B�E m·a¡sC aÃ�}:�¾��Ï8}B�s d���C�a¡2 ��n}B���a¨ª�a�E $«��H��§N¨!º8¡d�a£8�d�a�R�n£8 d¡d�C�T�n§N}:�C�$À>��Ï0���:§N¡s�a¡C�
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�-�- d}:§N�Ý�@Ï0�6·a¡d}B¨©�C�E ��n�B�~«¾¤£����~�)�n¡d�n�C d·a¡s}:�s d}:¢.£��Í°±¡d·C¢;£8�a���C�@Ø��-¨©���B}B d£�«������½�6§N£8�-�n�E ¸�C¤¬��Ï0���:}B¢;£8�a¡
¢.£��ª���n¡��:�C���8¡d§N��¡s}:·@ m·a����§N�í�:}B��·)�-}:¡d�C�p«�£Ó�8¡d}:�8�a}:�6�>�@Ï0�6·a¡d}B¨©�C�E ��n�q«��ª¨ª§0«�£8���- d}:§N�Û����§n}:�d}¥�����a�
��Ï8�6·a¡s}:�C���a�C�$¡s·)�n�B}:�s·a�a���C�V°±§N���C d}:§N�V«8�a�T��§N¨!º8¡d�a£;ÏV���n¡d�n¨ª¹C m¡s�a��«�£Í�2¶0�2 m¹C¨©�H�d�C¡d§N�E T��¡s·a�s�a�E m·C�a�aÃ
�@ T�Æ¤§N�V m¡m�-}B m�C¡m�!«��-���T£��~«8�a¡d�8}:�a¡T���-¡m�n�N¡d�n�����p�B�a�u d�a�E ��- d}B�n�a�$«��H¨©§;«�·a�B}:�d�- m}B§N�²�@ì��C�C m£8·a�a�C�

ÞR�8�¼�s¶;�E m��¹C�d�H«��¼�C�a�� d¡m�)�-�n£0Ï²�d�C¡m�!�n�B§N¡d����¡d§n�j§N�s·a�R�C ��B�a���6�a¡s�d�6�a�@ m}B�n�a��«¾¤·C d£�«��p�C�.�;}B�m�n�N·C�a�
«��-���T£����H�a§N�8�a�:£8�d}:§n���n·a��·C¡m�n�B�n�
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�C���n�s�d�¼«��p�2¶;�s m¹C¨©�C�T���n¡s d}:�C£��:}B¹a¡d�C¨©�C�E �}B�. d·a¡s�a�d�d�n�E m�$À!·C d£�«�}B�a¡��n�8�j�C�:·a���s¶;�s d¹a¨ª�a�T§N�d�C}:�B���n�E m�C�8×q�
¡s�a��¡s�a���n�E $����«�·@¿���}f m}:§n�V«�£½µ"�C d}B $�T§Nºj�C¡s aÃ�§N�d�C}:�:�B�a¡��a§N���s}:�2 m��ÀuÐ
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ÒY£8�d�d}H�s£�¡d��¡s�a���-�. ~¢.£��í�a�a�:�Ü��£�}:�s�d�É���n¡d�-ê: d¡d�-Ãu���á���� m£�¡s�³�-�a�a�C�8 m�É°Ö�n�C}:�:�C¨©�C�E V�Æ¤�@Ï0}:�2 m�C���a�
«����a�C�©�2¶;�s m¹C¨©�C�a�u�Y¤¬�C�s ¸�C�a¡2 ��n}B���a¨ª�a�E ª�j§n£�¡>�a�C s m�~¡m�n}B�d§N�Ý¢.£��~�C�a�:�³�í}:�E m¡s}:�N£�·Vº6§N�Ý��§N¨!º8¡d�
«��V�s�a}B�a�E m}f¿�¢.£��a�ª�a�Ý�:�C���j§N£8�d�m�-�. ©ÀÛ·C d£�«�}B�a¡��a�C�>����·a�8§N¨©¹C���a�ª¢.£�}����V�C�a�d�s�a�E ¸«�¤¦�n�8�j§N¡2 m�C¡��C 
«¾¤�@Ï0��}Bºj�C¡T«��H��§N£8�n�a�:�B�a����¡s§N��¡s}:·C d·a�C�

�R§n£��H��§N£��H��¡s§N�j§n�d§N���CÃ¾«��n�8���C�>��¡d�C¨©}B�a¡¼�����-��}B d¡d�nÃ�«8�ª¡s�C�n�a��}B¡p�d£�¡H�:�!°±§n���C d}:§N���8�a¨ª�a�E H«��
�¥¤¬§N�s�a}B�:���� m�a£8¡aÃ�¡d�C��¡d·C�d�a�E m�n�E qÀ����n¡2 '�a�E m}B¹a¡d�q«8�a�"�s¶;�s d¹a¨ª�a�"§N�d�C}:�:�:�n�E m�CÃa�a��}:�8�d}:�2 ��n�E ��s£�¡'�:�C����¡d§N�8¡d}:·�Ø
 d·a�z�C§N¨ª¨!£����C�aÃ�§nº��d�C¡s�-�nº��B�a�z«��n���!�¾¤}:¨ª�6§N¡s d�ª¢.£��C��«�§n¨²�n}B���½çÖ���E¶;�d}B¢;£8�nÃ4º�}B§N�:§n�N}:�-Ã¾·a�C§N��§N¨ª}:�-Ã
�s�a}:�C���a�C�R�.£�¨©�n}B���a�CÃ��C d�n�¦é@�

����� ����� �V�@�'���z� ������� � �¸�¾�"!T� �#�z�'����$�$�%��>�
Ë¼�n�8�²�:�Í�C§N�E m�@Ï; d�½¡d�C�s d¡d�a}B�E ²«������É���E¶;�d}B¢;£8�½�C ©«����Æ¤·a�B�a�C d¡d§N�8}:¢.£��nÃq£8�È�s¶;�2 m¹a¨ª�½§n�d�a}B�:�:�n�E 

�s�a¡m��¡s�a��¡s·a�d�C�E m·z���n¡����!��¡s·a�s�a���C�+«¾¤£����p�-�n¡s}��nº��B�¼���E¶;�d}B¢;£8�¸ç±�j§N�s}B d}:§N�¾Ã;}:�E d�a���s}B m·-Ã8 m�C���d}B§N�¾Ã��@ m�n�¦é
�6§N�d�s·a«��-�. $«��C�R�8¡d§N��¡s}:·@ m·a�T§N�s�a}B�:���-�. d�a�HçÖÙ�}:�8�>QN�4QSé@�

�Y¤�a�s 4���n¡��C�C s m�u}B�8°±§N¡d¨©�- d}:§N�H�N·C��·a¡s·a�u���-¡��:�G�s¶;�2 m¹a¨ª��¢.£��u�¥¤¬§N�+¡d�C�j¹C¡d��£8���s¶;�s d¹a¨ª�u§N�d�C}:�B���n�E )�
�����a�s !�)�n���-º��:�¸«8�¸��¡d§;«�£�}B¡d�©£��ë�d}:�n���n�G�j§N�s�d·C«��n�E >£��Ü¨ª§N£8�N�C¨©�C�E >�n�B d�a¡s���- m}f°����B£��!§N£á¨ª§N}B���
¡s·a�N£��B}:�C¡aÃ.�j�C��«��n�E �£8���Y«�£8¡d·a�p�s£/ìª�m�n¨ª¨ª�a�E u}B¨©�6§N¡s m�n�E m�$�j§n£�¡��B�R�C§N���d}B«�·a¡s�a¡u�C§N¨ª¨©�$§N�d�C}:�B���n�E )�
»¼�Ý�:£�}T�n�s�d§;�a}B�½�n�B§N¡d��£8�È}:�E d�a¡s�-�n�B�:�V«��Í m�C¨©�8�'&)( * + ð-, + ó/. ÃG�n£äº6§N£8 ª«�£8¢;£8�a�Y�B�a�>��¡s§N��¡d}B·C d·a�
���E¶;�d}B¢.£��a�10LÚ2+ ó Ý$À²�¥¤¬}B���s m�n�E 3+ ó �d§N�E ¼}B«��a�E d}:¢.£��a�¼À©�a�C�:�B�a�30LÚ2+ ð ÝT«8�!�Æ¤}:���2 ��n�E 4+ ð �����C d d�!«�£�¡s·a��&
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x(t+T)=x(t)

1 2

t

Système 
Oscillant

information : signal oscillant

:<;2=?><Qn�ÕQ ÑA@ �`���0��$)�3�(��>(�	������C�=�¤��B��'�����;��$&!���	����J�
�
������4��������� !�(�	:1�F���?&���� �<- ��$&!'�8����/���?C
�a�s ¼�n���6�a�B·a��ü!�j·C¡d}:§;«��H«�£~�s¶;�s d¹a¨ª��ý³ç¥�n£��:}B�a£Í«����j·C¡d}B§0«��H«�£~�d}B�N���n�¾·C¨©}B�T���n¡T�:�H�s¶;�2 m¹a¨ª�léT�C 
�N·a¡s}B¿��

0LÚ2+"D�&&ÝE(F0LÚ2+�Ý ,HG +JIK*�î , & .�L çRQN�4QSé

M ���n¡s d}:¡R«����a�@ d m�>«�·@¿���}f m}:§n�¾Ãj§n�í�C§N���2 ��- d��¢;£8���Æ¤�@Ï0}:�2 m�a�8�a��«¾¤£��í¨²��Ï0}B¨!£�¨ «¾¤§N�d�C}:�:�:�- m}B§N��«��@Ø
�0}B�a�E $��·a�C�a�s�m�n}B¡d���j§N£8¡�¢;£8���B�p�s¶;�s d¹a¨ª�H��£�}:�s�d�H¢.£�}B s m�C¡$�@ T¡d�C��¡d�C��«�¡d��£��Í·C m�- $«�§N���8·n�6���H¨²�SÏ8}�Ø
¨!£�¨ «�¤¬§N�s�a}B�:���� m}:§n�z�a�2 ��n���6�a�:·u�n¨©�8�:}B d£�«���¨²��Ï0}B¨²�n�B�nÃS�C G�C§N���s d}B d£���£����T�n£0 m¡d�����n¡s d}:�a£8���n¡s}B m·�«��a�
�s¶;�s d¹a¨ª�a�>§N�d�C}:�B���n�E m�C�"�¯¤¬�n¨ª���:}f m£�«8�©�@ ������j·C¡d}:§;«��©�d§N�E ��B�a�!«��C£0ÏÓ��¡d}B���a}B���n�:�C�z��¡s§N��¡s}:·C d·a�+«¾¤¬£8�
�d}:�n���n�6}:�d�s£V«¾¤£��¸�s¶;�2 m¹a¨ª�p§N�s�a}:�B���n�E G�C u�n¤�a�s u�d�a�B§N�¸�B�a£�¡�¡d·a�n£����n¡s}B d·R¢.£��¼�¥¤¬§n�²�a�:�n�d�s�¼�:�C���2¶0�2 m¹C¨©�C�
�a�E m¡s�+�C£0Ïj�

�N�PO Q �z�Í�¾���R�Í���'���+� �Í�T� �S�²�¾�"!T� �T� �+�'����$T$T%+���"�VUW$@�T� �z�'����$T$T%1X
�'�4�¸�4�

ËY�½���n¡s ©�:�C£�¡d�²�n�����B}:�a�- m}B§N���>�a¡s§N}:�s�m�n�E m�C�¸«��n�8�¸�:�C�²«�}f�N�a¡s�¸«�§N¨©�n}B���a�ª«��½�:�³���E¶;�d}B¢.£��nÃu�B�a�
§N�d�C}:�:�:�- m�C£�¡d�$·a�B�a�@ m¡d§n��}:¢.£��C�Y�a§n���s d}B m£8�a�E p���ªº��n�s�!«��+ d§N£8 Y«�}:�s�j§N�s}B d}B°� d�a�����8§N�:§N�n}:¢.£��z�8·a�a�C�d�s}B ��-�. 
£�����º��n�s�!«��z d�a¨ª���a���q¤¬·C�:�a�@ m¡s§N��}:¢.£��+�.£�¨©·C¡d}B¢;£8�!«�·a�6�a�8«Û�d§N£8�n�a�E �«¾¤£����!��§n¡d�:§n�N�z}B�. d�a¡s���z¨©��Ø
 m·a¡s}��n�B}:�s·a�����n¡H£��í§N�s�a}:�B���- d�a£�¡p·C�:�C�C m¡s§N��}B¢;£8�n�'�'�Í¿��nº�}:�B}B d·z«��C�z¨ª§S¶n�a����«��>�a§n¨©¨!£8��}:�a�- m}B§N�Û���n¡
¨©§;«�£��:�- m}B§N�Û�C +«�·a¨ª§;«�£����� m}:§n�Û«�·a�6�a��«Ó«��©�:�Í¿��nº�}:�B}B d·!«��a�+§N�d�C}:�B���- d�a£�¡s�p�N·a��·C¡m�n�E +�:�C�+�s}:�N���-£0Ï
£8 m}B�:�a�C�.�'�+¢.£��n�B}B m·T�@ ��:�H�;}B d�a�s�d�Y«8�$ d¡m�n���s¨©}B�d�s}:§N�>«��C��}:�0°±§N¡d¨©�- m}B§N���4�s§N�E u«�·C�j�C��«��n�E d�a�u«��C����¡s§-Ø
�N¡d¹C�$¡s·)�n�B}:�s·a��«��n�8�R�:�!�a§N�����n}:�s�m�n���C�H«��a�$¨©·C�)�n�8}:�d¨ª�a���8¡d§n°±§N�8«��T�)�n¡d�n�C d·a¡d}B�m�n�E T�B�a�T§N�d�C}:�B���- d�a£�¡s�a�

���V���-¡m�n�N¡d�n�����²�a�s ª«��C�s d}:��·ÍÀÄ¡d�n���6�a�:�C¡!�:�C����¡d}B���a}B�j�C�!«��Vº��-�d�V«�£Ü°±§N���@ m}B§N�����C¨©�C�. !«¾¤¬£8�
§N�d�C}:�:�:�- m�C£�¡¸¢.£��C�:�a§n��¢.£��n�R»¼�ñ§Nº��d�C¡s�n�a¡m�Ý·a�E�-�:�a¨ª�a�E Í�6§N£�¡s¢;£8§N}¼�:�C�Í§N�d�C}:�:�:�- m�C£�¡d�©·a�B�a�C d¡d§N�8}:¢.£��a�
�d�V«�·C�E�n�N�C�. >«8�V�Æ¤�a���s�a¨!º��B�¸«��C��§N�d�C}:�:�:�- m�C£�¡d����¡s·a�d�C�E m�>«��n�����:�½���- d£�¡d�V���n¡!�:�C£�¡d�z�@Ï0�a�C�:�:�C�E m�a�
��¡d§N�8¡d}:·@ m·C�$«8��¡s·a�N£8���n¡s}B m·-�
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ß £��²�C�²�s§N}:�C�. +«��C�z§N�s�a}:�B���- d�a£�¡s�Hº�}:§N�B§N�N}B¢;£8�a�aÃ�·C�a§N�B§N�N}B¢;£8�a�aÃ'¨ª·a�a�n��}:¢.£��C�+§n£á·a�B�a�C d¡d§N�8}:¢.£��a�CÃ
�B�a£�¡R�@Ï0}:�2 m�a�8�a�>�a�2 H�a§N��«8}B m}B§N����·C�z���-¡¼���²�8¡d·a�s�a���C�>«���«��a£;ÏÛ·a�B·a¨ª�a�E m�Y}:��«�}B�d�6�a���d�nº��B�a�¾Ðj£��É·a�:·�Ø
¨ª�a�E '¡d·C�d§N�8���n�E �¢.£��G�Æ¤§N�H�n�8�j�C�:�:�C¡m�u¡s·a�d§n���- m�C£�¡"�C "£����s¶;�s d¹a¨ª��«¾¤�a�E d¡d�C d}:�C�z�)�N�C�u�n�8�j§N¡2 '«¾¤·a���C¡2Ø
�N}B�u¢.£��$�Æ¤§N�>�n���6�a�B�:�a¡d�p�n¨ª���:}f¿��)�- d�a£�¡uç¥Ù�}B���/Qn�Ø�Né��E�q¤¦�-���j§n¡s ¯«¾¤·a���C¡d�N}B�T�a§N�8°±¹C¡d�$Àp�Æ¤¬�n¨ª���:}f¿��)�- d�a£�¡

Apport d’information

Signal oscillant

ou d’énergie

Réaction ou réponse

Signal oscillant

Elément
Passif
Réactif

Elément Actif

Système oscillant

:<;2=?>yQN�Ø� Ñ 8<���>����1�����>��$)�����^�(��>(�	:`_F�����<- �=�É���`���0��$)�´�
�
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£��8�Û��¡d§N�8¡d}:·@ m·Ä«�¤¬·C�:·a¨ª�a�E ��n�@ m}f°�Ã��C§N�E m¡m�-}:¡d�C¨©�C�E Í�n£Ê�)�-¡m�n�@ m¹a¡s�É���n�d�s}B°�«�£ñ¡d·C�d§N���- m�C£�¡aÃu�8�:£8 .Ën 
«��C¨²�-��«��a£8¡$�@ T«�}:�s�d}B���- m�C£�¡�«¾¤·a���C¡d�N}B�n�

Ë¼�n�8���B�$�a�n�G«��a�G§N�d�C}:�B���- d�a£�¡s�q·a�:�C�C d¡d§N��}B¢.£��a�CÃ;�¥¤¦�-���j§n¡s ¯«¾¤·a���C¡d�N}B�R�6�a£0 ��s�$°Ö�n}B¡d�TÀH���n¡2 m}:¡¯«¾¤£��
�n¨ª���B}B¿��a�- m�C£�¡p§N�6·a¡m�� m}:§n�����a�¥Ã�§N£á¨ªa¨ª�©�8�:£����d}B¨©���B�a¨ª�a�E zÀ~���n¡2 m}B¡�«�¤¬£��á d¡m�n�8�d}:�2 m§N¡��a§n¡d¡d�C�C d�@Ø
¨ª�a�E G�j§n���n¡s}:�d·-�E�q¤¬·C�:·C¨©�C�. �¡d·C�d§N�8���n�E ��C�s �°±§N¡d¨ª·�«¾¤£��²¡s·a�d§n���- m�C£�¡�«8}:·a�B�a�@ m¡d}B¢.£��T�a§N���2 m}f m£�·-Ã;«��n���
�B�~�a�n�²«��C�¸§N�s�a}:�B���- d�a£�¡s�ªÀÓ¢.£��n¡s .�½���-¡²�@Ï0�C¨©���B�nÃG«¾¤£����Ä�:�n¨©�Í«��~¢.£��n¡s .�½«�§n�. ¸§N�È£8 d}:�B}:�d�Í�B�a�
��¡s§N��¡s}:·C d·a����}B·F�C§0·C�:�a�@ m¡s}:¢.£��a��Ð������d�C���d}Bº�}:�B}B m·R¨©·C�)�n�8}:¢.£���À�£����H�@Ï0�a}f ��- d}:§N�Í·C�:�a�@ m¡s}:¢.£��n�

Ë¼�n�8�z�:�ª�)�-�z«��C�z§N�s�a}:�B���- d�a£�¡s�H¨©·C�)�n��}B¢.£��a�+�C +º�}:§N�B§N�N}B¢;£8�a�aÃ�£8���¸�n���n�:§N�n}:���6�a£8 zC m¡s�²�@ì��C�@Ø
 d£�·a�¼�6§N£�¡��:�Y�2¶;�s m¹C¨©�p«�¤¬�C�. d¡d�@ m}:�C�íç¥�n�8�j§N¡2 �«¾¤·a���C¡d�N}B�lé��@ ��:�R¡d·C�d§N���� m�a£8¡HçÖ·C�:·a¨ª�a�E �¡s·)�n�n}:�d�d�n�E �À
£��8�$��Ï0�a}B m�- m}B§N�¾ÃN£8���R}B�8°±§N¡s¨²�- d}:§N��é@��×q�²�Cìj�C aÃE�j§n£�¡¯�:���6�a��«�£8�:�T�j�C�m�n�E aÃ;�¥¤¬§n�d�a}B�:�:�- m}B§N�z�C�. d¡d�@ m�a�.£��
�¾¤�@Ï0}B�s m�>¢.£��>�a¤}:�å¶Û�Í�n���6§N¡s H«�¤¬·C���a¡s�N}:�����-¡p£����>�@Ï0�a}f ��- d}:§N�Û¢.£�}q�6�a£0 HC m¡s�>«��>���- m£8¡d��«�}f�N�a¡s�d�
ç±�@Ï0�a}f ��- d}:§N�Í}:¨ª��£��B�d}B§N�����C�:�:�RÀ>�����n¢.£������n�d�d�n�N�����n¡T£������a�C¡s m�n}:���H�6§N�d}f m}B§N�¾Ã8�@ m�-� é�Ã6¨©�n}B�u«��C�-�n�E 
@ m¡d�Y�Cìj�a�C d£�·a��®s£�«8}:�a}B�a£��s�a¨ª�a�E T�6§N£�¡u¢.£��p�B�¼�s¶;�s d¹a¨ª�p¡d·C�j§N�8«��HÀ!�a�@ d m�H��Ï8�C}B m�- m}B§N�¾�0ÞR���p��Ï8�C}B m��Ø
 d}:§N�Ä�8§N�í�n«��n�8 d·a�������s�a¡d�Í���n�¼¡d�CÂa£��>���-¡¼�:�!�2¶;�s m¹C¨©�-�'�'�¸¢;£��n�:}f m·z«8�����¸¡d·C�j§n���d��«�£É�2¶0�2 m¹C¨©�
¡s·a�d§n�����n�E ��C�s ��B}:·a�RÀz�¥¤¬��Ï8�C}B m�- m}B§N�©���n¡��¥¤¦�n�8�j§N¡2 �«�¤¬·C���a¡s�N}:�-���Y¤�a�s u�a�¸°Ö�n}f �£��8�¼«��a���a§N���s·a¢.£��C���a�C�
«��C�R�8¡d§N��¡s}:·@ m·a�T«�£~¡d·C�d§N���� m�a£8¡¾ÎÅ����¡d·C�j§N�8�d��«��+�C�a�B£�}fØã�a}¾�C�s R«�·a�6�a��«��n�E m�z«8£~ �¶;�j��«¾¤�@Ï0�a}f ��- d}:§N���
»¼�Í���n¡s�:�H�n�B§N¡d��«��Hº��-��«��H���n�s�m�n�E m��«¾¤�@Ï0�a}f ��- d}:§N���
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���@ d m�$�n���n�:§N�n}:�u�6�a£8 ¯·C�E�n�B�a¨ª�a�E ¯C d¡d�T�Cìj�a�@ m£�·C�Y«��n�8�G�B���)�n�¯«��C�¯§N�d�C}:�:�:�- m�C£�¡d��º�}:§N�B§N�N}B¢;£8�a�4§Ví
���>¡d·)�-�C m}B§N�½«8£Ä§N£½«8�a�Y�2¶;�s m¹C¨©�C�¼§N�s�a}:�B���n�E d�RÀª«��a�R�@Ï0�a}f ��- d}:§N�8�$��Ï; m·a¡s}:�C£�¡d�C�¼�a�2 Y m§- ��n�B�a¨ª�a�E $«�·@Ø
�j�C��«��n�E m�$«��C���C§N��«�}f m}:§n���4�N·C��·a¡d�n�:�C�G«�¤¬��Ï8�C}B m�- m}B§N�¾�EÞ$�©�-���j§n¡s ¯«¾¤}:�8°±§n¡d¨©�- m}B§N�!§N£>«¾¤·C�n·a���C¨©�C�. d�
çÖ�Æ¤¬�n���-�:§N�N£8�R«��R�Æ¤·a���C¡d�N}B�léq�d�C¡m�!}:�E d�a¡d�8¡d·C d·¼«��$°Ö�nÂa§N�²«�}Bìj·a¡s�a�E m�¼�s£�}B�-�n�E ����+¡s·)�n�@ m}B§N�²«�£V�2¶;�s m¹C¨©�
çÖ�Æ¤¬�n���-�:§N�N£8��«8£Ä¡d·C�d§N���� m�a£8¡�é@�j�q¤¬·C¢.£�}:�B}:º�¡s���C�E m¡d�z�Æ¤�@Ï0�a}f ��- d}:§N���C R���ª¡d·)�-�C m}B§N�½�6§N£�¡s¡m�ª��¡d§l�N§;¢.£��a¡
£�����§N�d�C}:�:�:�- m}B§N�²«8£~�2¶0�2 m¹C¨©�-�

ÒR}:���s}ÆÃ�¢.£��a��¢.£��¸�d§n}B +�Æ¤§N�d�C}:�:�:�- m�C£�¡¼§N£Ó�:�ª�s¶;�s d¹a¨ª�¸§N�d�C}:�B���n�E )Ã��d�½�a§n��«�}B d}:§N�í«¾¤�@Ï0}:�2 m�C���a�Éç±���
��¡d·C�d�a�8�a�ª«����Æ¤§N�d�C}:�B���- d}:§N�Í«¾¤£����>«��!�s�a�p�-�n¡d}:�nº��B�a�Y«�¤¬·@ ��- �éY��·a�C�a�d�s}B d�ª�:�²��¡s·a�d�C���a�ª«¾¤£��É��¡d§;�a�C�2Ø
�d£��p«¾¤�a�E d¡d�C d}:�C�ÈçÖ�n���6§N¡s Y«¾¤}:�8°±§N¡s¨²�� m}:§n�¾Ã�«¾¤·a���C¡d�N}B�nÃ��@ m�-� éY�@ p«¾¤£��Û·a�B·a¨ª�a�E p¡d·a�n�N}B�d�m�-�. pÀ²�a�@ d m�
�@Ï0�a}f ��- d}:§N�³çÖ¡s·a�s§N���- d�a£�¡mé����n¡������a¡s·)�- d}:§N�Í«¾¤£������n£0 m¡d�H}B�8°±§N¡d¨©�- d}:§N�ÄçÖ¡d·C�j§n���d�)é@�

�q¤·a�:·C¨©�C�E T�n�C d}B°"�C T�¥¤¬·C�:·C¨©�C�. u���n�d�s}B°å�d§N�E T«�§n���p}:��«8}:�d�6�a�8�m�nº��B�a�TÀ��Æ¤�@Ï0}B�s m�C���a�p«8�p�¾¤¬}B¨©�6§N¡2 m�
¢;£8�a�'§N�d�C}:�B���- d�a£�¡u¢.£¾¤}:���d§N}f Tº�}:§N�B§N�N}B¢;£8�nÃ;·a�:�C�C d¡d}:¢.£��H§N£Í¨ª·a�a�n��}:¢.£��-�

Áa[�]�[b]  Õ���~�=¯1���F� �{�£���Á�c�c�c�Ï���c�O� �i�dcK�ä�fe����O�����,�
�'�T�a§N��«8}B m}B§N�H«��¯º��n�s��}B¨©�6§N�m�-�. '�:�$�8¡d·a�s�a���C��«¾¤£��+·a�:·C¨©�C�E ��-�C m}f°8�@ �«�¤¬£��+·a�B·a¨ª�a�E "¡d·a�s§N�����-�. 

�a§N���2 m}f m£���£���¨ª§;«�¹a�B��·C�:�a�@ m¡s§N��}:¢.£���º�}:�C���a§N���.£>«��u�¥¤¬§n�d�a}B�:�:�- m�C£�¡"�n���6�a�:·�¨©§;«�¹a�B��«8�TÁu�n¡dÚ.���-£��d�C�g |~}B�:�d�n�E ÿXV��h¥�
��§N�8�d}:«8·a¡d§n�����¥¤¬§N�s�a}B�:���� m�a£8¡4°±§N¡d¨ª·R«8�a�u«��C£0Ï²·a�:·C¨©�C�E m��i ç±¡d·C�d§N���� m�a£8¡�é��@ �C çÖ�n¨ª���:}f¿��)�- d�a£�¡mé

ç¥Ù�}B����QN�B�Né@�-´0};�Æ¤§N�z�s£����6§N�d�?i �@ RCä�)�n¡d�n�C d·a¡d}B�d·C�����n¡å£�����¡d·a�6§N���s�u}:¨ª��£��B�d}B§N�����C�:�:���a���n¨ª���B}B m£8«��
�C $�a�������n�s�nÃÅ}:�6�;}:�a�E  j

ó (lkmCnk�o�prq�s j
ð çRQN�B�Néj

ñ (tk�iuk�o prqTv j
ó çRQN���Eé

�d§N}f  j
ñ (tkmCnkZk�iwk�o pZxyq�v ò q s{z j

ð çRQN���.é
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����°Ö�-}B å«¾¤¬}B¨©�6§N�s�a¡"�Æ¤·a�E�n�B}B d·q«��
j
ñ �C 

j
ð �C§N��«�£�}f q�n£;Ïz«8�a£0Ï!�a§N��«8}B m}B§N���"«¾¤¬�n¨©�8�:}B d£�«��¯�C 4«��������n�d�

«�£��a¡s}B d¹a¡d�p«8�+Á��n¡dÚ.���n£8�d�a�pÐ
kmCnkZk�iuk|( � , ç;QN�B�Né

}�~ D }�� (¼î�D������ , ��I�� L ç;QN���Eé
×q�:�B�a�ª}:¨ª�j§n�d�a�E ²£�� �E�n}B�ä d§n ��n�$£���}f ��n}B¡d���C ²£����Ä�C§N��«�}f m}:§n�È«��Ä�8���n�d�½�;£8�:�:�~«��n���©���íºj§N£8�a�:�-�
��§N¡s�d¢.£��>�:�!�C¡d}f m¹a¡s��çRQN���EéãØ@çRQn�Ø�NéT�a�2 ��n·a¡s}B¿�·-Ã�}:���6�a£0 p¶É�)�N§N}B¡¼§N�d�C}:�B���- d}:§N�~«�£É�d}:�n���n�

j
ð ��Ë¼�-���p�a�

�a�n�aÃ����-¡T�nº�£��T«��H���-���E�n�N�-Ã�§N�Í«�}f T¢;£8���B�%ü>�2¶;�s m¹C¨©�H§N�s�a}B�:�:�þýj�
´0}�k{C�k�k�i�ky� �NÃj�:�C�Y§N�s�a}:�B���- d}:§N�8���a¤¬�n¨©§n¡s m}B�d�s�a�E p�C ¼§N�Ä���!�6�a£0 p���:£8�Y���n¡s�:�C¡Y«¾¤§N�d�C}:�B���- d�a£�¡¾Î

«��í¨ªa¨ª�í¢.£��í«��n�8�~�B�í�a�n�Vk3C k�k�i ky� �NÃT�:�a�Í§N�s�a}B�:���� m}:§n���¸�d§n�. ½�n¨ª���:}f¿�·a�C�Í�C ��a¡s§N}:�s�d�a�E 
}B��«�·C¿���}:¨ª�a�E )�Å×q�~¡d·)�-�:}B d·nÃ�§n�½�d�+�����-�a�H«��n���R�:�H�)�-�'k�C�kZk�i�k��£�+�j§n£�¡T¢;£8�z�:�H�2¶0�2 m¹C¨©�+��£�}:�s�d�
«�·C¨²�-¡d¡d�C¡aÃN�@ G§N�>�a¤¬�n¡d¡d�n���N�T�@Ï0�6·a¡s}:¨ª�a�E ��n�B�a¨ª�a�E ¯�6§N£�¡q¢.£¾¤}:��¶��-}B ¯�m�� m£�¡d�- m}B§N��«��T�Æ¤¬�n¨ª���:}f¿��)�- d}:§N�
�-¿��²«��R�s m§n���j�C¡��:���C¡d§N}B�d�m�-���a�-�8Þ$���Y�d�- m£�¡d�- m}B§N�ª«��Y�¥¤¦�n¨ª���B}B¿��a�- m}B§N�!��·C�a�a�s�d}f m�¼£��²�)�n¡d�n�C d¹a¡d�R��§N�
�B}:��·a�n}:¡s�²«��V�¥¤¬·C�:·a¨ª�a�E >�-�C m}f°�Cz�G»¼�ë�j�C£8 )Ã4�C�a�6�a��«��n�E )Ã¯�a§N�8�a�C�n§N}:¡�¢.£����n¤�a�2 ª�:�¸�a�n¡m�n�@ m¹C¡d�Í��§N�
�B}:��·a�n}:¡s�+«����¥¤¬·C�:·C¨©�C�. 1i ¢;£8}4�:}B¨©}f m�H�:�C�¼§N�d�C}:�B���- d}:§N���CÃÅ¨²�n}B�Y}B�å¡s�a�s d����·a�n�:}:�n�)�nº��B�z���-¡¼¡m�n�8�j§N¡2 pÀ
�:�!��§N�0Øã�:}:�8·)�n¡s}B m·R«��HÒ\«��n���T���!�8�:£����-¡s T«��C�$�a�n�T�@Ï0�6·a¡d}B¨©�C�E ��n£0Ïj�

���a�T��§N�;Ø��:}B��·)�-¡d}B d·a�u«8���¥¤¬·C�:·C¨©�C�. $�-�C m}f°å�S®s£��s d�a�E R�:�p��¡s§0«�£8}B �kmCwkZk�iuk;ÀAQ��C $�s m�nº�}B�:}:�s�a�E ��B�a�
§N�s�a}B�:���� m}:§n���a�Åµå�n¡¼��¡s}:���C}:�6�z¨ªa¨ª�z�:�C�Y§N�s�a}B�:���� m}:§n���T¡d·a�s£��B d�a�E H«¾¤£��Û��¡s§0�C�a�d�s£��H��§N�Û�B}:��·a�n}:¡s�n�ÅËY�
�C�R°Ö�n}f )ÃE�Æ¤·C d£�«��R«��a�u§n�d�a}B�:�:�- m�C£�¡d�¯«��@�0¡d�n}B � m�C��}:¡G�a§N¨ª�8 d�R«��Y�a�C s m�R��¡d§N�8¡d}:·@ m·R��§N�²�B}:��·a�n}:¡s�nÃE�C�Y¢.£�}
�¾¤�a�2 u¨©�n�:�8�a£�¡s�a£��s�a¨ª�a�E u���-�G d§N£�®s§N£�¡s���B�R�a�n��·@ ��n�E �«�§N����·C�¼���H�N¡d�n��«��$«�}Õìª�C£��B d·R«��$ m¡d�n}B d�a¨ª�a�E 
�@ T«¾¤¦�-���n�B¶;�s��«8�a�$�s¶;�s d¹a¨ª�a�$���E¶0�s}:¢.£��C�Y��§N�Í�B}:��·a�n}:¡s�a�a�

ß¿u�z s ^�¹ºbyu1�¯×q�Ü�n«8¨©�@ d ��-�. ��:��¡s·)�n�B}B m·�«8�²�Æ¤¬�n�s�j�C�C +��§N�Ó�B}:��·a�n}:¡s�nÃj}:�q�a§n�.�;}B�a�E !«��©¡d�@�N�a�8}:¡
�s£�¡����½°±§N�8�C m}B§N�á«��V d¡m�n���2°±�a¡2 >«��V�Æ¤¬�n¨ª���:}f¿��)�- d�a£�¡�C «�§N�8��·a�Í���n¡z���Ä¡d�C���- d}:§N�ÊçRQN�B�Né+¢.£¾¤}:��°Ö�-£8 
�n�B§N¡d��¡d�a¨ª���:�n�a�C¡����n¡�£����p°±§N�8�C m}B§N�Í���:£8���N·a��·C¡m�n�B�j

ó («�êÚ�C , }�� Ý
j
ð�, ç;QN�BXNé

§VíÉ�JÚ`C , }�� ÝG m¡d�n«�£�}f u�:�z��§N�0Øã�:}B��·)�n¡s}B d·$���n¡u¡m�-���j§n¡s �À!�¥¤¦�-¨©���B}B d£�«��T�C $�n£�ü>«�·C�����n�d�n�N��ýj�8Ë¼�n���
�C���)�-�aÃn�:�R�C§N��«�}f m}:§n�z«¾¤§N�d�C}:�B���- d}:§N�H�C �«¾¤�@Ï0}:�2 m�a�8�a��«������R�6·a¡s}:§;«�}:�C}B d·G«8�

j
ð ��§N£��4�6�a¡s¨©�@ �«8�u«�·C�n�@Ø

�B§N���6�a¡��a�C�:£�}�Ø��C}��a���d·C¡d}B�a�$«���ÙÅ§n£�¡d}B�a¡a�8ËY���a�p°Ö�n}B aÃ8�:�>�8§N�0Ø��B}:��·a�n¡d}f m·Y�n�N}:�s�m�n�E T�s£�¡R�B�a��«�}fì�·C¡d�C�. d�a�
�C§N¨©�6§N�d�n�E m�a�²«��ÛÙ�§N£�¡s}:�a¡ª¡d�C��«Ê«�§N�8�Ä}:¨ª�j§n�d�d}Bº��:�Í�¥¤¬·@ ��nº��B}:�s�d�a¨ª�a�E ²«¾¤¬£8�Ê�a¡d}f m¹C¡d�½«�¤¬§N�s�a}B�:���� m}:§n�
���B£��+¿��¾�q»¼�á�C§N���s m�- m�V}B�E m£�}f m}B�n�a¨ª�a�E +¢;£�¤¬}B����§n£��!°Ö�n£8 z£����¸�C§N��«�}f m}:§n�Ó¨!£��f m}B�a¡d}f m¹C¡d�4Ð�}B¨©�6§N�d�C¡
«��C�Y�C§N��«�}f m}:§n���R�C�E m¡d�z�:�a�$�����-�d�a�Y�C ¼�B�a�Y�n¨©�8�:}B d£�«��C�$«8�a�Y«8}Bìj·a¡d�C�E m�a�Y�a§N¨ª�j§n�m�n�E m�C�Y«��zÙ�§N£�¡d}B�a¡CÃ
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=:>8?�@-?�BDCFE"E"G+IJ>8KSL�? N¡@7¢�£M>8?¤G�B�@7KS?�I�C"P�KS>8?�£M>¥?�KML�¦%G�B�>

ä Ó�Û�Ü³Û§Ý�ØZÞ�ÞÊßêÖPÓ�ðÚ×§Ûªõ¹Ü�ÕÚÑÚÓ'ß�Ý�Ü�ðÚÛ§ÖPØZï{ðÚÓ'ÑÚÓîÛ§ðÚ×§ô`ßêÝ�Ó'Ü³ÕÈÖ7íÚ×§ØZÛ ã Ý�Ó�Û�ÑÚÓT×PÕÚØ�þ�×PÓTÛ7ßêÕÚÕÚë�ÓTÛ ã ðÚÕÚÓ'ØZì§�í�Ü³×HÖ�ß�ÕåÝ�Ó�×PÓTìtß�×§ï{ð¼ß�öÚÞ�Ó·ÑÚð�ô`ß�Ø�ÖÑÚÓ�ÞZÓ�ðå×1ô�Ü³ÕÚÝTÖPØZÜ³ÕåÕÚÓ�ì'Ó�ÕÈÖªõ�â¼ß�ðfÖ/Ó�ô�×PëTï�ðåÓ�ÕÚÝTÓîÕÚëTÝ�ÓTÛPÛ/ßêØZ×PÓ�í�Ü³ðÚ×ÞZÓ�Û�ß�íåíÚÞZØ�Ý ßêÖPØZÜ³ÕÚÛaÖ/ÓTÞZÞZÓTÛ?ï{ðÚÓªÞZÓ�Û?ÖP×/ß�ÕÚÛ§ìîØ�ÛPÛ§ØZÜ³ÕÚÛJÑÚÓ�Û4Ö/ëTÞZë�ÝTÜ³ì'ì·ðÚÕÚØ�Ý ßêÖPØZÜ³ÕÚÛà©¨3ß�ðÚÑÚÓTÕ S�ª è ²` ÕtÑåë�Ý�×§Ø�ÖJÞZÓ4ô�Ü³ÕÚÝTÖPØZÜ³ÕåÕÚÓ�ì'Ó�ÕÈÖ<ÑÚÓÝTÓ3Ö�ý�í�Ó3Ñ ÒÔÜ³ÛPÝTØZÞZÞZßêÖ/ÓTðÚ×\í¼ß�×HÖ/ØZÝTðÚÞZØ�Ó�×\Ñ¼ß�ÕåÛJÝ�Ó3Ý�â¼ß�íÚØBÖ/×§Ó3í¼ßê×PÝ�Óï�ðñÒµØ�ÞSÓ�Û§Ö3õ�ÞÊß�ö¼ßêÛPÓªÑÚð¹ìîÜ³ÕÈÖ/ß�ò³Óªõ�ØZÕ��§ÓTÝTÖPØZÜ³Õ�ë�Ö/ðÚÑÚØ�ëªÑ¼ß�ÕÚÛ4ÞZÓ�Ý�âÚß�íÚØ�ÖP×PÓ�ç ²ä Ó�Û�Ü�ÛPÝ�Ø�ÞZÞZßêÖ/ÓTðÚ×PÛ7ß�Ý�Ü³ðåÛ§Ö/Ø�ï{ðÚÓ�Û�õ Ü³ÕåÑÚÓ�Û�ÑÚÓ�Û§ðÚ×§ô`ß�ÝTÓ 	 éfúM« í�Ü³ðå× é ðÚ×Hô`ß�Ý�Ó ú ÝTÜ³ðÚÛ§ÖPØZÝ « ß ü³ÓJô�Ü³ÕÈÖ7í¼ßê×§Ö/Ø�Ó�ÑÚÓ'ÞÊß�ô`ß�ìîØ�ÞZÞ�ÓNÑÚÓTÛ7Ü³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå×PÛ�×PëTò³ë�Õåë�×/ß�Ö/Ø�ô�Û�õ¢ØZì'íÚðÚÞ�ÛPØZÜ�Õ�à�¬�ØZÞ�ÑÚÓ�Õ¹ç [{ã áJðåÖ/Þ�Ó�×�ç [ è ²� Ü³ðÚ×ªÝTÓTÖPÖPÓ�ô`ß�ìîØ�ÞZÞ�Ó ã ÞÊßlí�ë�×§ØZÜ�ÑÚÓ·Ñ ÒÔÜ³ÛPÝTØZÞ�ÞÊßêÖPØZÜ³ÕAÑÚë�í�Ó�ÕÚÑ ÑÚð ×PÓ�Ö�ß�×§Ñ Ø�ìîí�Ü³Û§ë·í¼ß�×�ÞZßlÞZØZò�ÕÚÓ7Ø�ÕÚÛPëT×Pë�ÓÑ¼ß�ÕÚÛ'ÞÊßóö�Ü³ðÚÝ�Þ�Ó ²aä ß Þ�ØZò³ÕåÓ�õ ×§ÓTÖ/ß�×PÑ 	 éfúM«  ã Ý ßê×/ß�Ý�Ö/ë�×§ØZÛ§ë�Ó¹í¼ß�×�ÛPÓTÛîí�Ó�×HÖ/Ó�ÛîÑ ÒÔØZÕÚÛ§Ó�×§ÖPØZÜ³Õ®�¯�°�±ÓTÖ1Û§Ü³Õ ÑÚëTíÚâ¼ß�ÛPß�ò³Ó�²<¯�°T± ã Ó�ÛHÖ1ì'Ü³ÕÈÖ/ëTÓ7Ó�Õ ×Pë ßêÝTÖ/Ø�Ü³Õ Û§ðÚ×ðåÕóß�ì'íÚÞZØBÿ¼Ý ßêÖPÓ�ðÚ×4Ñ ÒÔÓ�ÕÈÖP×PÓTÖPØZÓTÕ ÑÚÓ7ò³ß�ØZÕ³ °AÓTÖ?ÑÚÓÑÚë�íÚâÚß�Û/ß�ò�Ó´²µ° 	F^ ØZò ²OQ³²µÄ  ²+� Ü�ðÚ×�ï{ðÚÓ�ÞZÓTÛJÜ³Û§Ý�Ø�ÞZÞÊß�Ö/ØZÜ�ÕÚÛ\ÛPÜ³Ø�Ó�ÕÈÖ4ß�ðåÖPÜ���ÓTÕÈÖ/×PÓ�Ö/ÓTÕ�ðåÓ�Û ã ØZÞ�Ó�Û§ÖÕÚë�ÝTÓ�ÛPÛPß�ØZ×§ÓNÑñÒµðÚÕåÓNí¼ßê×§Ö4ÑÚÓªÝ�Ü�ìîí�Ó�ÕÚÛ§Ó�×4ÞZÓTÛ4í�ÓT×§Ö/ÓTÛ4ÛPÜ³ØBÖ¶ ³ ° ¶·¶ �¯�°�± ¶�¸ � r 	 Q³²4QJª 
Q æ



ÆÈÇÊÉ{Ç ¸"º�Á7¾�Ë Ì1Í�Î�º�½¼Ã2Á·ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ/Á

Ligne à ondes de surface (SAW)

Sortie

Amplificateur
d’entretien RF Amplificateur

de sortie 

A

®a¯2°?±yQ³²µÄN¶ ¸s�|ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ¹�tÏ�½ñÏÅÐ � Î/Ï��'Â�Ã`Ë"º�¿�ºs»¹Ï�½�¾�º�ÁN¾�º1Á�¿�Î�¼TÂ�Ð�ºA½%�+¾À¿OÁ
Ó�Ö<ÑñÒyß�ðfÖ/×PÓ�í¼ß�×HÖaï�ðåÓ3Þ�Ó?ÑÚë�íÚâÚß�Û/ß�ò�Ó3Ö/ÜêÖ�ß�ÞÚÑåðtì'Ü³ÕÈÖ�ß�ò³Ó?ÓTÕtö�Ü³ðÚÝTÞZÓ4Ü³ðåü�Ó�×§ÖPÓ3Û§Ü³Ø�ÖaÕ{ðÚÞ 	 ì'Ü�ÑÚðÚÞZÜ´��ÂSÛ§Ü³Ø�Ö ²<¯�°T±�hÃ²µ° d ��Ä8Â r ÄÆÅ¥Ç } 	 Q³²ÕQ�´ 
ä Ó íå×Pë�Þ�þTü�Ó�ì'Ó�ÕÈÖlÑÚð�ÛPØZò�Õ¼ß�Þ�Ñ¼ß�ÕÚÛîÞÊß�ö�Ü³ðåÝ�ÞZÓAÛPÓ¹ô`ß�Ø�Öîí¼ß�×'Þ�ÒÔØZÕÈÖ/ÓT×Pì'ë�ÑÚØZß�ØZ×§Ó�Ñ ÒÔðÚÕÙß�ì'íÚÞZØBÿ¼Ý ß�Ö/Ó�ðå×Ñ ÒÔØZÛ§Ü³ÞÊß�Ö/ØZÜ�Õ 	 ß�ìîíåÞZØ�ÿÚÝ ßêÖPÓ�ðÚ×�ÑÚÓ·Û§Ü³×§ÖPØZÓJ4í�Ü�ÛPÛPëTÑ¼ß�ÕÈÖ�ðÚÕóòÈß�Ø�Õ ÑÚÓ·ÖP×/ß�ÕåÛ§ô�Ó�×HÖ�ØZÕÈü�Ó�×PÛ§Ó·Ö/×§þ�Û1ô`ß�Ø�öÚÞZÓ�ÑÚÓô`ß�ÈTÜ³Õ·õ3ØZÛPÜ�ÞZÓ�×"ÞZß3ö�Ü³ðÚÝ�Þ�Ó<ÑåÓ�Ûûüêß�×§ØÊßêÖPØZÜ³ÕÚÛSÑåÓ�Ý�â¼ß�×§ò³ÓJÓTÕ·ÛPÜ³×HÖ/Ø�Ó ²�É Õ7×Pë�ò�ØZì'Óaë�Ö�ß�öåÞZØ ã Þ Òyß�ì'íÚÞ�Ø�Ö/ðåÑÚÓRï{ðÚØ×§ë�ÛPðåÞ�Ö/Ó�Ñ¼ß�ÕåÛ3ÞZß'ö�Ü³ðÚÝTÞZÓª×PÓTÛ§Ö/ÓNÑÚØÊ�'ÝTØZÞZÓ�õ�Ó�ÛHÖ/ØZì'Ó�×4Ó�Ö1ÞÊß�ÝTÜ³ÕÚÑÚØBÖ/ØZÜ�ÕAÑÚÓ�×PëTÛPÜ³ÕåÕ¼ß�ÕÚÝTÓ7Õ ÒÔÓ�ÛHÖü³ëT×PØBÿ¼ë�Óï{ðÚÓªí�Ü³ðÚ×?ðÚÕÚÓ�ðÚÕÚØ�ï{ðÚÓ�ô�×Pë�ï{ðÚÓTÕÚÝ�Óªü³Ü�ØZÛPØ�ÕÚÓ�ÑÚÓªÞÊß·ô�×§ë�ï{ðÚÓ�ÕåÝ�Ó�ÑÚÓªÛ§ý�ÕÚÝ�âÚ×§Ü³ÕÚØZÛ§ìîÓ�ÑÚÓªÞÊß·Þ�ØZò³ÕåÓ ²áJÜ³ÕÈÖ/×Pß�ØZ×§Ó�ì'Ó�ÕÈÖªõlÞ ÒµÜ³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå×3ì'Ü³ÕÚÜ�Ý�âÚ×PÜ�ìtßêÖPØZï{ðÚÓ ã ðÚÕ�Ü³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå× � ä^éT` 	 � Ü�ÑÚÓ ä Ü�ÝË]�Ó�ÑéfúM« ` ÛPÝTØZÞ�ÞÊßêÖPÜ³×ËñÛTÒµÜ³öfÖ/ØZÓTÕÈÖûí¼ßê× Þ ÒµÓ � ÝTØ�Ö/ßêÖ/Ø�Ü³ÕªÑ ÒµðåÕÚÓJö¼ßêÕÚÑÚÓJÑåÓ<ô�×PëTï{ðÚÓ�ÕÚÝTÓ?ß�ðåÖPÜ³ðÚ×^ÑÚÓaÞÊß?ô�×Pë�ï{ðÚÓTÕÚÝ�ÓÑÚÓ4ÛHýfÕåÝ�âÚ×PÜ³ÕåØZÛPì'Ó�ÑÚðîÑåØZÛPí�Ü³Û§Ø�Ö/ØBô éfúM« 	F^ ØZò ²�Q�² ç� ²Èä ÒµëTÞZëTìîÓTÕ{Ö\Ý�ß�×/ßêÝTÖ/ëT×PØ�Û§Ö/Ø�ï{ðÚÓ4ÑÚÓ4Ý�Ó4Û§ý�Û§ÖPþ�ì'Ó3ÓTÛ§ÖÞ�Óì'ÜfÑÚðåÞÊßêÖPÓ�ðÚ×\ï{ðÚØSß7í�Ü³ðÚ×<×W�³Þ�ÓÑÚÓò³ë�ÕÚëT×PÓT×�ðÚÕ�ÛPØ�ò³Õ¼ß�Þ�Ó�Õ�ì'Ü�ÑÚÓíÚðåÞZÛPëí�ÓT×Pì'ÓTÖPÖ/ß�ÕÈÖ�Þ ÒµÓ � ÝTØ�Ö/ßêÖ/Ø�Ü³ÕÑ ÒÔðÚÕÚÓªÞZß�×Pò³Ó�öÚß�ÕÚÑÚÓªÑÚÓ�ô�×PëTï{ðÚÓ�ÕÚÝTÓ ²ä Ó?ô�Ü³ÕÚÝTÖPØZÜ³ÕåÕÚÓ�ì'Ó�ÕÈÖ\ÑÚÓ4Ý�Ó�ÖPÖPÓ4ô`ßêìîØ�ÞZÞZÓaÑ ÒÔÜ³ÛPÝTØZÞ�ÞÊßêÖPÓ�ðÚ×EõªÜ³ÕÚÑåÓ�ÑåÓ�Û§ðÚ×§ô`ßêÝ�Ó4Ó�ÛHÖ<Ñåë�í�Ó�ÕÚÑ¼ßêÕ{Ö<Ñ ÒÔðÚÕÚÓÝTÜ³ÕÚÑÚØBÖ/ØZÜ�Õ�ÑÚÓªíÚâ¼ß�Û§Ó�Õ{ðÚÞ�ÞZÓ�Ñ¼ßêÕÚÛ4ÞÊß·ö�Ü³ðÚÝ�Þ�Ó1ô�Ü³ÕÚÝ�Ö/ØZÜ�Õ¹ÑåðA×§ÓTÖ�ßê×PÑ¢ØZì'í�Ü�ÛPë�í¼ß�×?ÞZß�ÞZØZò�ÕÚÓ éfúM«9²
� �"!#�"! & Ì '
) '+*-,/.�./Í10 Ì 243�'6ÎÏ3 Ì .�Í1ÐÑÍ10+,/) 9Ò ðÚÓ�Þfï{ðÚÓ?ÛPÜ³ØBÖûÞ�Ó<Ö�ý�í�Ó?Ñ ÒµÜ�ÛPÝ�Ø�ÞZÞZßêÖ/ÓTðÚ× ã Ü³Õ·í�Ó�ðfÖRÖ/Ü³ð��§Ü³ðÚ×PÛ ý7ÑÚë�ÿ¼ÕÚØ�×ûðÚÕÚÓ ü í¼ßê×§Ö/Ø�Ó<×§ë�Û§Ü³ÕÚÕ¼ß�ÕÈÖPÓ ýÓ�Ö¢ðÚÕÚÓ ü í¼ß�×§ÖPØZÓóÓTÕ{ÖP×PÓ�Ö/ØZÓTÕ ýñ²<Ó Þ1Ó � Ø�Û§Ö/Ó�ÝTÓ�í�Ó�ÕÚÑ¼ßêÕ{ÖAðÚÕÚÓóÝTÞÊß�Û§ÛPÓ�Ñ ÒÔÜ³ÛPÝTØZÞ�ÞÊßêÖPÓ�ðÚ×§Ûlí�Ü�ðÚ×�ÞÊß�ï{ðÚÓTÞZÞ�ÓÝTÓTÖPÖPÓ¹ß�ÛPÛ§ÜfÝTØÊßêÖPØZÜ³Õ¤ÕÚÓ¹ÛPÓTì·öÚÞ�Ó�í¼ß�Û ã3Â¢»�Î-Ë�Ï�Î-Ë2ã í�Ü³ðåü�Ü³ØZ×�ù�Ö/×PÓ¹×Pë�ß�ÞZØ�ÛPëTÓ1ÔRÝ�Ó¹ÛPÜ�Õ{Ö'Þ�Ó�Û�Ü³ÛPÝTØZÞ�ÞÊßêÖPÓ�ðÚ×§Ûí¼ßê×/ß�ì'ëTÖP×PØZï{ðÚÓTÛ?Ü³ð¢Ü³ÛPÝTØZÞ�ÞÊßêÖPÓ�ðÚ×§Û?õ'×§Ó�ÞZß � ßêÖ/Ø�Ü³Õ ²áJÓ�Û¢Ü³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå×PÛtô�Ü³ÕåÝTÖ/Ø�Ü³ÕÚÕÚÓTÕÈÖ¢ÛPÓ�Þ�Ü³Õ©ðÚÕ©ìîëTÝ ß�ÕåØZÛPì'Ó ï{ðÚÓ�Þ�ÒÔÜ³ÕÙí�Ó�ðåÖ¹×§Ó�íÚ×§ë�ÛPÓTÕÈÖ/Ó�×¹í¼ß�×�Þ�ÓÑÚØ�ÛPí�Ü³ÛPØBÖ/ØBô�Ó � í�ë�×§ØZì'Ó�ÕÈÖ�ß�ÞaÑÚð÷üêß�Û§Ó�õ ÛPØ�íÚâÚÜ³Õ 	"^ ØZò ²CQ�² æD ²1` Õ¤ÑÚØ�ÛPí�Ü³ÛPÓîÑ ÒÔðÚÕ�×Pë�ÝTØZíÚØ�Ó�ÕÈÖ�ßêÞZØZì'Ó�ÕÈÖPëí¼ßê×�ðÚÕÚÓ'ÛPÜ³ðÚ×§Ý�Ó�Ý�Ü�Õ{ÖPØZÕ{ðÚÓ'ÑÚÓ�ÑÚë�öåØ�Ö´Õ � ²MÖ ß�ÕÚÛªÝTÓî×§ë�Ý�Ø�íÚØZÓTÕÈÖ ã Ü³Õ íÚÞZß�Ý�Ó�ðÚÕ ÛPØ�íÚâÚÜ³Õ ÑÚÓ�ÑÚëTöÚØ�Ö´Õ	 ÞZÜ³×§ÛPï{ð ÒÔØZÞ�Ó�ÛHÖ4ß�ì'Ü³×PÝTëJ ²+É Õ�Ü³öÚÛ§Ó�×§üêß�ÕÈÖ?ÞZß�üêß�×§ØÊß�öÚÞ�ÓØ× �HÙ � ×§Ó�íÚ×§ë�Û§Ó�ÕÈÖ�ß�ÕÈÖ4Þ�Ó3ü³Ü�ÞZðÚì'ÓÑ ÒÔÓ ßêð�Ñ¼ß�ÕÚÛ�Þ�Ó

Q
S



��� Â�»�Ë2Ã Î/º ÆÈÇ�� Ï�½ñÐ�Ã Ë�Ï�½¼½ñºp�tº�½¼ÃE¾S� ¿f½�ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ

ÚÛ
ÜÝ Détecteur

Sortie

Amplificateur RF

Amplificateur BF

Ligne à ondes de surface (SAW)

Modulateur

®<¯2°?±yQ³² ç ¶~Þ"½�ºàßfºp�»�ÀZºN¾S�|ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿�Î�á¹¸��Sâ9Â�Ð�Ã`Ë ¼ Ç
×Pë�ÝTØZíÚØ�Ó�ÕÈÖ ã Ü�Õ¹ÝTÜ³ÕÚÛHÖ�ßêÖPÓ�ï{ðÚÓ�Ý�ÓTÞZÞ�Óp��ÝTØñüêß�×PØ�Ó1Ó�ÕÈÖP×PÓO× � ÓTÖ4× � h6×7ãwß ü³ÓTÝNðåÕÚÓNí�ë�×§ØZÜ�ÑÚÓ1�

äåd ×gãçæ �Õéè
Õ � h �Õ ��ê } 	 Q³²4Q�[ Ó ÞÛ�Òµß�ò³ØBÖtÑñÒµðÚÕ�Ü³ÛPÝTØZÞZÞZßêÖ/ÓTðÚ×'õ�×PÓTÞÊß � ßêÖPØZÜ³Õ ã Û§ý�Û§ÖPþ�ì'Ó öÚØ��bØZÕÚÛHÖ�ß�öåÞZÓ¹õ�ÑÚÓTð � ×§ë�ò³Ø�ìîÓTÛîÑåÓAô�Ü³ÕÚÝ�Ö/Ø�Ü³Õ+�ÕÚÓ�ì'Ó�ÕÈÖ ²SÖ ßêÕÚÛªÝ�Ó'Û§ý�Û§ÖPþ�ì'Ó ã ØZÞRÕñÒÔý�ß¢í¼ß�ÛªÑÚÓ�×§ë�ÛPÜ�Õ¼ßêÖ/ÓTðÚ×�ØZì'í�Ü³ÛPß�ÕÈÖ�Û/ß�ô�×PëTï{ðÚÓ�ÕÚÝTÓ1Ô^Ý�Ó�Þ�ÞZÓ���Ý�ØûÓ�Û§ÖÝ�Ü³ÕÚÑåØ�Ö/Ø�Ü³ÕÚÕÚëTÓ�í¼ß�×ûÞZÓ�ÛEíÚß�×/ß�ì'þTÖP×PÓTÛRÑÚð�Û§ý�Û§ÖPþ�ì'Ó � ×gã r Õ r Õ � � Ñ ÒÔÜ�u�Û/ß1Ö/ÓT×Pì'ØZÕÚÜ�ÞZÜ³ò³Ø�Ó\Ñ ÒµÜ�ÛPÝ�Ø�ÞZÞZßêÖ/ÓTðÚ×í¼ß�×/ßêìîë�Ö/×PØ�ï{ðÚÓ ²Ó Þ�Û§Ó�Ö/×PÜ�ðåü³Ó¢ï{ðÚÓ¢ÞÊß íÚÞ�ðÚí¼ß�×HÖ�ÑÚÓ�Û�Ü³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå×PÛ·Õ¼ß�Ö/ðÚ×§Ó�ÞZÛ�í�Ü³Û§ÛPþ�ÑåÓ�ÕÈÖtðåÕÚÓ¢Ñåý�Õ¼ß�ì'ØZï{ðÚÓ�í�Ü³ð+�ü�ßêÕ{Öªù�Ö/×§Ó�ÑÚë�ÝT×PØ�ÖPÓ�í¼ß�×1ðåÕ Ü�ðóíÚÞZðÚÛ§ØZÓTðÚ×PÛ�Ü³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå×PÛíÚß�×/ß�ì'ëTÖP×PØ�ï�ðåÓ�Û ²ñä Ó·Ý�ëªðÚ×�â{ðÚìîß�ØZÕ ã Ü³Û§Ý�ØZÞì�ÞÊßêÖPÓ�ðÚ×?ÑÚÜ�Õ{Ö4Þ ÒµØ�×P×§ë�ò³ðÚÞZß�×PØBÖ/ë�Ó�ÛHÖ?Ö/×PþTÛ4ÛPðÚ×Hü³Ó�Ø�ÞZÞ�ë�Ó ã Ý�Ü³ÕÚÛHÖ/ØBÖ/ðÚÓ�ðÚÕ¢Ü³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå×Jí¼ß�×Pß�ì'ëTÖ/×§ØZï{ðÚÓ�Õ¼ß�Ö/ðÚ×§Ó�Þàîíaß�Õ¹ÑÚÓT× � Ü³Þ ª�t è ²�ä ÓNÑÚëTöÚØ�Ö3Û/ßêÕÚò³ðÚØ�ÕAÛTÒµØ�ÑÚÓ�ÕÈÖ/ØBÿ¼Ó·õ�Þ�Òµß�íÚí�Ü³×HÖ3ÑñÒµëTÕÚÓ�×§ò³ØZÓ1Ô�ÞZÓTÛ3ÑåØÊß�ÛHÖ/Ü³Þ�Ó�Û�õîÞ Òyß�ì'Ü³×/�È ß�ò³Ó�Ó�ÖªÞZÓTÛ�Û§ý�Û§ÖPÜ³ÞZÓTÛªß�ðóüfØ�Ñ¼ß�ò³Ó7ÑÚÓ�Û1ü�Ó�ÕÈÖ/×§ØZÝ�ðåÞZÓ�Û ²"ä Òµë�ü³Ü³Þ�ðåÖ/Ø�Ü³ÕóÑÚÓ�ÞÊßîí�Ü³íåðÚÞÊßêÖPØZÜ³Õ ÑÚÓ�Û�íÚ×§Ü³ØZÓTÛ�ÓTÖÑÚÓ�Û�íÚ×PëTÑ¼ßêÖPÓ�ðÚ×§Û ã ëTÖPðÚÑÚØZëTÓªí¼ß�×<í\Ü³ÞBÖ/Ó�×§×/ß ã Û�Òµß�íÚí¼ß�×§Ó�ÕÈÖ/ÓNß�ðÚÛ§ÛPØ"õ�ðÚÕ¹Û§ý�Û§ÖPþ�ì'ÓNÑÚÓªÑÚÓTð � Ü³Û§Ý�ØZÞ�ÞÊßêÖPÓ�ðÚ×§Ûõ'×§Ó�ÞÊß � ß�Ö/ØZÜ�Õ�Ý�Ü³ðÚíåÞZë�Ûªàïí\Ü³ÞBÖ/Ó�×§×/ß ª/Q è ²Ö ÓAìtßêÕÚØZþT×PÓ¹ò³ë�ÕÚëT×/ß�Þ�Ó ã Þ�ÒÔëTü�Ü³ÞZðåÖPØZÜ³ÕKÑÚÓTÛl×§ý{Ö/âåìîÓTÛtöÚØ�Ü³ÞZÜ³ò�ØZï{ðÚÓ�Û�í�Ó�ðåÖtùTÖP×PÓ Ñåë�Ý�×§Ø�ÖPÓ í¼ß�×îÑÚÓ�ÛÜ³ÛPÝTØZÞZÞZßêÖ/ÓTðÚ×PÛõ�×PÓ�ÞZß � ßêÖ/Ø�Ü³Õ ÑÚÜ�Õ{ÖªÞZßîô�×PëTï{ðÚÓ�ÕÚÝTÓîÑåë�í�Ó�ÕÚÑóÖ/×§þ�Û�ô�Ü³×HÖ/Ó�ì'Ó�ÕÈÖ�ÑåÓ�Þ�ÒÔÓ�ÕÈü�ØZ×PÜ�ÕÚÕÚÓ�ì'Ó�ÕÈÖ ã ÓTÖí�Ü³ðå×7ÞZÓTÛPï{ðÚÓTÞZÛ7Þ Òµë�Ö/ðÚÑåÓtÑÚÓîÞÊß¢Û§ý�ÕÚÝ�âÚ×§Ü³ÕÚØZÛPßêÖ/Ø�Ü³Õ 	 Ü³ð�ÑÚÓTÛ·Û§ý�ÕÚÝ�âå×PÜ³ÕÚØ�ÛPÓTðÚ×PÛa7íÚ×PÜ�ÑÚðÚØBÖNðåÕ÷ÛPð��§Ó�Ö·ÑÚÓ×PÓ�Ý�âåÓ�×PÝ�âåÓNÖ/×§þ�Û�ØZì'í�Ü�×§Ö�ßêÕ{Ö1à � ØZÞZÞ�ÓTÖ S=Q è ²
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ä ß¹ÛHÖ�ß�öåØZÞZØBÖ/ë·×§Ó�ÞZßêÖ/ØBü³Ó�ÑÚÓ�ô�×PëTï�ðåÓ�ÕÚÝTÓtÓ�ÛHÖ7ÞZß�íÚ×PÜ³íå×PØZë�Ö/ë�ô�Ü³ÕÚÑÚß�ìîÓTÕÈÖ�ß�Þ�Ó�ÑÚÓ�ÛNÜ³ÛPÝTØZÞZÞZßêÖ/ÓTðÚ×PÛ ²�É ÞZÞ�ÓÞ�Ó�ðÚ×\í�Ó�×Pì'ÓTÖaÑ Òµß ü³Ü³Ø�×<ðåÕt×W��ÞZÓ?ÑÚÓ3×PëTô�ëT×PÓTÕÚÝ�Ó3ÑÚÓ�ÖPÓ�ì'íÚÛaÑ¼ß�ÕÚÛaÞZÓTÛaÑåØZÛPí�Ü³Û§Ø�Ö/ØBô�ÛEë�Þ�Ó�ÝTÖP×PÜ³ÕåØZï{ðÚÓ�ÛaðÚÛ§ðÚÓ�Þ�Û ²Ö ÓTíÚðÚØ�Û Þ Òyß�íåí¼ß�×PØBÖ/Ø�Ü³Õ�ÑÚÓJÞZß�íåØZë�VTÜfëTÞZÓTÝTÖ/×§ØZÝTØ�Ö/ëEÓTÕ©¨Åæ�æ t Ó�ÖRÑÚÓaÞ�ÒÔðåÖPØZÞZØ�Û/ßêÖPØZÜ³ÕÑÚð7ï{ð¼ß�×HÖaV<Ó�Õ7×§ë�Û§Ü³Õ¼ßêÖPÓ�ðÚ×	 ¨ SD��t  ã Þ�Ó�Û�Ü�ÛPÝ�Ø�ÞZÞZßêÖ/ÓTðÚ×PÛ<ë�ÞZÓTÝTÖP×PÜ³ÕÚØ�ï{ðÚÓ�Û4õ·ï{ð¼ß�×HÖaV�Û§Ü³ÕÈÖ4Û/ß�ÕÚÛ4ÝTÓ�ÛPÛ§ÓªÑÚÓ�íÚÞZðåÛ�Ó�Õ¢íÚÞ�ðÚÛ?í�ÓT×§ô�Ü³×§ìtßêÕ{ÖPÛ	"^ ØZò ² ¨ ² ¨� ã ìîß�ÞZò�×Pë�ÞÊß7ÝTÜ³ÕÚÝ�ðå×P×PÓTÕÚÝ�Ó�ÑåÓ�Û?Ü³Û§Ý�ØZÞ�ÞÊßêÖPÓ�ðÚ×§Û<ÝTÜ³ÕTÈTðÚÛ4õ·í¼ß�×HÖ/ØZ×aÑÚÓTÛ?×Pë�Û§Ü³Õ¼ß�ÕåÝ�Ó�Û?ÑñÒyßêÖPÜ³ì'Ó�ÛÖPÓ�ÞZÛ?ï{ðÚÓ�ÞZÓ×PðÚöÚØ�ÑÚØZðåì�Ü³ð¹ÞZÓ1ÝTë�Û§ØZðÚì ²

$<���:�%$ ���à� ÎÏ./Í�ª�Í:' Ì�¥4Ì ' 2�9�, 0+5(' ¥�Ì ./Í¬«®"¯<'+,/;<2 Ì
� Þ�ÒÔâÚÓ�ðÚ×§Ó¹ß�ÝTÖPðÚÓ�Þ�ÞZÓ ã Þ Òµë�Ö�ßêÖ'ÑÚÓ¹Þ�Òµß�×HÖ�Ó�Õ�ìîßêÖPØZþ�×§Ó�ÑÚÓ¹Û§Ö�ßêöÚØZÞ�Ø�Ö/ëtÑÚÓ¹ô�×§ë�ï{ðÚÓTÕÚÝ�Ó ÓTÛ§ÖîÜ³öåÖPÓ�Õ{ð õí¼ßê×§Ö/Ø�×ÑÚÓTÛ�âÚÜ³×§ÞZÜ³ò³ÓTÛ1ßêÖPÜ³ì'ØZï{ðÚÓ�Ûõ´�§ÓTÖ�ÑåÓ�Ý�ë�Û§ØZðÚì ²�É Þ�ÞZÓ�Û3ÛPÜ³ÕÈÖ�õlÞZßîö¼ß�Û§Ó�ÑÚÓ�ÞÊßîÑÚëTÿ¼ÕåØ�Ö/Ø�Ü³Õ ÑÚÓ7ÞÊßÛ§Ó�Ý�Ü�ÕÚÑÚÓ�ÑÚÓ�íÚðåØZÛV¨ S³Ä çµ�
ä ß4ÛPÓTÝ�Ü³ÕÚÑåÓJÓ�ÛHÖûÞZß�ÑåðÚ×PëTÓ<ÑÚÓ S ¨ SD��Ä�ª ¨<ç³ç t í�ëT×PØZÜ�ÑÚÓTÛ ÑÚÓaÞÊß?×Pß�ÑÚØÊß�Ö/ØZÜ�Õ�Ý�Ü³×§×PÓ�Û§í�Ü�ÕÚÑ¼ß�ÕÈÖõ�ÞZß�ÖP×/ß�ÕåÛPØ�ÖPØZÜ³Õ¢ÓTÕ{ÖP×PÓ�ÑÚÓ�ð � ÕåØ�ü³Ó�ß�ð � âÈý�í�ÓT×§ÿ¼ÕåÛÑÚÓªÞ�ÒÔëTÖ/ßêÖ4ô�Ü³ÕÚÑ¼ßêìîÓTÕ{Ö/ß�Þ ÑÚÓ�Þ�ÒµßêÖPÜ³ìîÓÑåÓ�ÝTë�Û§ØZðÚì�¨ ª�ªå² ��ª



��� Â�»�Ë2Ã Î/ºD° Ç²± Î/Ï�»�Î-Ë�Í�Ã�Í�Á·º�Ã?ÐPÂ�Î§Â�Ð�Ã�Í�Î-ËZÁ�Â�Ã`Ë�Ï�½�¾�º�Á�ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ/Á

Commercial

Stabilité

Laboratoire

1940 1960 1980 2000

10

10

10

10

10

-14

-12

-10

-8

-6

court terme

®<¯2°?±7�f² ¨ ¶�³iõ�Ï�Àr¿fÃ`Ë�Ï�½�¾�º�ÀBÂ�Á�Ã�Âi��Ë2ÀrË2Ã�Í7¾�º�Á·ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿�Î/ÁÀº�¿åÂ�Î�ÃZ´jµ ��� Î/Ï�½ñÏÅÁ¶ Æ9·
� ÝTÓTÖPÖPÓNëTí�Ü�ï{ðÚÓ ã Þ�ÒÔØZÕåÓ � ß�ÝTÖPØ�ÖPðÚÑÚÓ�ÑÚÓ�ÞÊß�×Pë�ß�ÞZØ�Û/ßêÖPØZÜ³Õ�ÑåÓNÞZß�Û§Ó�ÝTÜ³ÕÚÑÚÓNëTÖ�ßêØ�Ö ã ÓTÕAüêß�Þ�Ó�ðÚ×4×PÓTÞÊßêÖPØ�ü�Ó ã ÑÚÓÞ�ÒÔÜ³×PÑÚ×§ÓtÑÚÓ � �]¸ � y ã ß�ÞZÜ³×§ÛNï{ð Òµß�Ý�Ö/ðÚÓTÞZÞZÓTìîÓTÕÈÖ·Ó�Õ�¨ SVS æ ã ÞÊß¢ü�ßêÞZÓ�ðå×7ÑÚÓ�¹ } � �7¸ �\º Ü³öåÖPÓ�Õ{ðÚÓ¢ß�ð Y �Ø� �äS�Y» ^o¼ ã ÞZðÚØ"Ý�Ü�Õåô�þ�×§Ó·ÞÊß'íÚ×PÜ³íå×PØZë�Ö/ëNÛPðÚØBü�ßêÕ{ÖPÓ1��Ý�ÒÔÓ�Û§Ö1ÞÊßîï{ð¼ßêÕ{ÖPØ�ÖPë7íÚâÈý�ÛPØ�ï�ðåÓ�×Pë ßêÞZØZÛ§ë�ÓNß ü³Ó�Ý�Þ�ÓNíåÞZðÚÛÑ ÒµÓ � ß�ÝTÖPØ�Ö/ðåÑÚÓ ²(É Þ�ÞZÓ�Ó�Û§Ö�õîÞÊßtö¼ßêÛPÓ·ÑÚÓ7ÞÊßtÑÚë�ÿ¼ÕÚØBÖ/ØZÜ�Õ Ñ Òµß�ðåÖP×PÓ�Û�ðåÕÚØ�ÖPë�Û1Ó�Ö1Ý�Ü�ÕÚÛ§Ö/ß�ÕÈÖ/Ó�ÛªÑÚðóÛHý�Û§Ö/þTìîÓØZÕÈÖ/ÓT×PÕ¼ßêÖPØZÜ³ÕÚß�ÞRà ú ðÚÑåÜ³ØZÕ S æ ã Y �Ø�ÒS³Ä è ²» Ü³ðåÖPÓ?ß�ðåÖP×PÓ�ì'Ó�Û§ðÚ×PÓ�Ñåð·Ö/Ó�ì'íÚÛRÛ§Ó�ô�Ó�×Pß�ß�ÞZÜ³×§Û íÚß�×RÝ�Ü�ìîí¼ßê×/ß�Ø�ÛPÜ³ÕNí¼ß�×R×Pß�íÚí�Ü³×§ÖRõÝ�Ó�ÖPÖ/Ó?âåÜ³×PÞ�Ü³ò³ÓëTÖ�ßêÞZÜ³Õ 	 ß�íÚí�Ó�ÞZëTÓ·ëTÖ/ß�ÞZÜ�ÕóíÚ×PØ�ìtß�Ø�×PÓ� ²gÓ ÞûÓTÛ§Ö�öÚØZÓTÕóëTü�ØZÑåÓ�ÕÈÖªï{ðÚÓ�ÞÊßlÕÚëTÝ�ÓTÛPÛPØBÖ/ë�ÑÚÓ�ÑÚØ�ÛPí�Ü³ÛPÓT×1ÑÚÓ�íÚÞ�ð+�ÛPØZÓTðÚ×PÛ\âÚÜ�×PÞZÜ�ò³Ó�ÛEÝTÜ³ðåü�×/ß�ÕÈÖaÖ/Ü³ðfÖ/Ó?ÞÊß�Û§ðÚ×§ô`ß�ÝTÓ?Ö/Ó�×§×PÓTÛ§Ö/×§Ó3×§Ó�Þ�þTü³Ó4Ñ ÒÔðÚÕÚÓ�í¼ß�×Hô`ß�Ø�ÖPÓ�Û§ý�ÕÚÝ�âå×PÜ³ÕÚØ�Û/ßêÖPØZÜ³Õ�ÑÚÓÝ�Ó�Û�ÑÚØBü³Ó�×§ÛPÓTÛ�âåÜ³×PÞ�Ü³ò³Ó�Û?ÑåÓ�×PëTô�ëT×PÓTÕÚÝ�Ó ²�ú ü³ÓTÝªÝ�ÓTÖ§Ö/Óªí¼ß�×Hô`ß�Ø�ÖPÓ1Û§ý�ÕÚÝ�âå×PÜ³ÕÚØ�Û/ßêÖPØZÜ³Õ ã Ü³Õ¢í�Ü�ðÚ×P×Pß'ßêÝ�Ý�ëTÑÚÓ�×õlðÚÕÚÓ·ì'Ó�Û§ðÚ×PÓ�ß�ðåÛPÛPØûÓ � ß�ÝTÖPÓ�ï{ðÚÓ·í�Ü³ÛPÛ§ØZöÚÞ�Ó7×Pë�ß�ÞZØ�ÛPëTÓ�õtí¼ß�×HÖ/Ø�×Ñ ÒÔðÚÕÚÓ�ì'ëTÖPâÚÜfÑåÓ7ÑÚÓ·ÝTÜ³ì'í¼ß�×/ßêØZÛPÜ�Õ ²� Ü�ÖPÜ³ÕÚÛ�Þ�ÒÔØZì'í�Ü³×HÖ�ß�ÕåÝ�Ó·ÑÚÓ'ÑÚÓTð � íÚ×PØ�ÕÚÝ�Ø�í�ÓTÛªô�Ü�ÕÚÑ¼ß�ì'Ó�ÕÈÖ�ßêð � í�Ü³ðÚ×�Þ�Òµß�Ý�ÝTÓ�ÛPÛ§ØZÜ³Õ õ¢ÞÊß¢íÚ×PëTÝ�ØZÛ§ØZÜ³Õ�ÑÚÓÞÊß ì'Ó�ÛPðå×PÓ1�EÞZß Û§ý�ÕÚÝ�âÚ×§Ü³ÕÚØZÛPßêÖ/Ø�Ü³Õ�ÑÚÓ�Û�×§ëTô�ë�×§Ó�ÕÚÝTÓ�Û�ÓTÖ'ÞZß Ý�Ü³ì'í¼ß�×Pß�ØZÛ§Ü³Õ¤ÑÚÓTÛ'Û§ØZò³ÕÚß�ð � ²Y½ Õ�ÑÚë�ô`ß�ðåÖÑÚÓ�Û§ý�ÕÚÝ�âÚ×§Ü³ÕÚØ�Û/ßêÖPØZÜ³Õ�Ü³ð¤ðÚÕåÓ¹Ø�ìîí�Ó�×Hô�Ó�Ý�Ö/ØZÜ�Õ�Ñ¼ß�ÕåÛ�ÞZÓlíÚ×§ØZÕÚÝTØZí�ÓtÑÚÓ�ÝTÜ³ì'í¼ß�×/ßêØZÛPÜ�Õ÷Ó�ÕÈÖ/×Pß��ÊÕåÓ�×/ßóðÚÕöÚØÊß�Ø�ÛNÑÚß�ÕÚÛ7ÞZßAì'Ó�Û§ðÚ×PÓ ²�� Ü�Ö/×§ÓîÖ/×Pß ü�ßêØZÞ\Û�ÒÔØZÕÚÛ§Ý�×§Ø�ÖNÑ¼ß�ÕÚÛNÝ�ÓTÖ§Ö/ÓlÜ�íåÖ/Ø�ï�ðåÓtÓTÖ7íÚ×Pë�Ö/ÓTÕÚÑ¤ß�íÚí�Ü³×HÖ/Ó�×NÑÚÓ�ÛØZÕåô�Ü³×§ìtß�Ö/ØZÜ�ÕÚÛJí¼ßê×�×Pß�íÚí�Ü³×§Ö?õ'ÝTÓ�Û4ÑÚÓ�ð � ÕÚë�ÝTÓ�ÛPÛ§Ø�ÖPë�ÛÓ � í�ëT×PØZì'Ó�ÕÈÖ/ß�ÞZÓTÛ ²
$w��� �F! ¾ 0�ÍYª�,�./, 0+5 *R) 24380
0 Ì 3H¿ Ì{À . Ì '
) '+*-,/.�./Í10 Ì 243�'6Îé;<24Í{3+0KÁ

ä Ü³×§ÛPï{ðÚÓ?Þ�ÒÔÜ³ÕNÑÚë�Û§ØZ×PÓ ã í�Ü³ðÚ×ûÑåÓ�Û\ß�íÚíåÞZØZÝ�ßêÖ/Ø�Ü³ÕÚÛ"ÛPíÚßêÖ/ØZß�ÞZÓTÛûÜ³ð�Ñ¼ßêÕÚÛRÞZÓJÑÚÜ³ìîß�ØZÕÚÓaÑÚÓTÛRÖ/ë�Þ�ë�ÝTÜ³ìîì7ð+�ÕÚØZÝ�ßêÖ/Ø�Ü³ÕÚÛ ã ÑÚÓTÛE×PëTô�ëT×PÓTÕÚÝ�ÓTÛaÛHÖ�ß�öåÞZÓ�ÛûÛPðÚ×RÞ�Ó�Ý�Ü�ðÚ×§ÖRÖPÓ�×§ìîÓ 	 ¨?ÛÃÂ ¨ t�t�t ÛË ã ÞZÓTÛûÜ³Û§Ý�ØZÞ�ÞÊßêÖPÓ�ðÚ×§ÛRõï{ð¼ßê×§ÖaV×PÓ�ÛHÖ/ÓTÕ{Ö<ÞZÓTÛEìîÓTØZÞ�ÞZÓ�ðå×PÛ^Ý ß�ÕÚÑåØZÑ¼ßêÖPÛ ²DÖ Ó�ÛaìîØ�ÞZÞZØ�Ü³ÕÚÛ"Ñ ÒÔÜ³ÛPÝTØZÞ�ÞÊßêÖPÓ�ðÚ×§ÛûÛPÜ�Õ{Ö\ü�Ó�ÕÚÑÚðåÛ<Ý�â¼ßêï�ðåÓß�ÕåÕÚë�Ó ã ìtßêØZÛÛPÓ�ðåÞZÓ�ì'Ó�ÕÈÖ7ï�ðåÓ�ÞZï{ðÚÓTÛ7í�Ü³ðÚ×ªÝ�ÓTÕÈÖ/Û7ÑñÒµÓTÕ{ÖP×PÓîÓ�ð � ÛPÜ�Õ{ÖNÝ ßêí¼ß�öÚÞ�Ó�Û�ÑÚÓ'ÖPÓ�ÕÚØ�×�Ö/ùTÖPÓlõ¢ÞÊß�Û§Ö/ß�öÚØ�ÞZØ�ÖPë�ÑÚÓ�Û
Ä@*,ÅÆ52EX8ÇA/5j+GAc.�OQ-$02A/I7CN8ÃÈoJL.�EX-$IQ-$m(OP8'aÆÉKA/MÊ-(E�Ac.X-$OQE�8GF�EXOPRËA/OPEX8YC@5oÌK8WRUl21g8L.GCN891'Í2EXJÇ3$528W02[W8919*�ê´



° Ç2ÆÈÇ²± Î/Ï�»�Î�Ë�Í�Ã�Í�Á7¾�º�Á·ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ/Á
Ü³ÛPÝTØZÞ�ÞÊßêÖPÓ�ðÚ× �HÎ �ÐÏ � Ñ } � �]¸7Ò èÓ¹ } � �7¸ �\ÔíÚðå×PÓTÖPëNÛ§í�ÓTÝTÖP×/ß�Þ�Ó �,¨ ��t Ñ�YJÝÖÕ�¨4V�×Ø¨´¨#V�c¨ [�[ Ñ�YJÝÖÕ�¨4V×�¨ t�t ]+¨#V×§ë�ÛPÜ�Õ¼ßêÖ/ÓTðÚ× üfØ�Ó�Ø�ÞZÞZØ�ÛPÛ§Ó�ì'Ó�ÕÈÖ � [f² � �]¸ � � � [f² � �]¸ � y ÕË�§Ü³ðå×Û§Ó�ÕÚÛ§ØZöÚØ�ÞZØBÖ/ëÓTÕ¹ÖPÓ�ì'í�ëT×/ßêÖPðÚ×PÓ Ù [�² � �7¸ � y Õ�á 	 � ��tiÚ�Ä�t áwÛ§Ó�ÕÚÛ§ØZöÚØ�ÞZØBÖ/ë1ÓTÕAíÚ×§Ó�Û§ÛPØZÜ�Õ [f² � � ¸ � � Õêö¼ß�×ÛPÓTÕÚÛPØ�öÚØZÞ�Ø�Ö/ë1ß�ð � Ý�â¼ßêìîíÚÛ4ìîß�ò³ÕÚë�Ö/Ø�ï�ðåÓ�Û ªå² � � ¸ � � Õ�òÈß�ðÚÛ§Û

ÛSÜ	Ý ±R�f² ¨ ¶ � Â�Î§Â�Ð�Ã�Í�Î-ËZÁ�Ã Ë"º�¿¼º�ÁªÃ�º�Ð � ½¼Ë"º�¿�º�ÁN¾S� ¿�½�ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ´»Æº�¿åÂ�Î-Ãq´§» Æ]Þ á{ßË´VµXà�Ï�Î-Ã�Ï�½á¶ ÉW·
×§ëTô�ë�×§Ó�ÕÚÝTÓ�Û3ßêÖ/Ü�ìîØ�ï�ðåÓ�Û ²åú ÝTÖ/ðåÓ�ÞZÞ�Ó�ì'Ó�ÕÈÖ4ÞÊß·ÛHÖ�ß�öåØZÞZØBÖ/ë1×§Ó�ÞZßêÖ/ØBü³Ó1ÑÚÓTÛ3Ü�ÛPÝ�Ø�ÞZÞZßêÖ/ÓTðÚ×PÛ?õ�ï{ð¼ß�×HÖaVªÓ�ÛHÖ�Ý�Ü³ì§�íÚ×§ØZÛ§Ó'ÓTÕÈÖ/×PÓ � �]¸ º ÓTÖ¤� �]¸ �\Ô ß�Þ�Ü³×PÛ�ï{ðÚÓîï�ðåÓ�ÞZï{ðÚÓTÛNðåÕÚØ�ÖPë�Û�ðÚÞ�ÖP×/ß��bÛ§Ö�ßêöÚÞZÓTÛ1ô�×W�³Þ�Ó�ÕÈÖªÞZÓ � �]¸ � y �À� �]¸ � Òà � Ü³×HÖ/Ü³Õ S�ª è�ÛPðÚØBü�ßêÕ{ÖîÞZÓTÛîÝ�ß�×/ßêÝTÖ/ëT×PØ�Û§Ö/Ø�ï{ðÚÓ�Û'ÕÚÜ³ì'ØZÕ¼ßêÞZÓ�Û ² � ß�Ø�Û ã ÞZÓTðÚ×�Ö�ß�Þ�Ü³ÕKÑ Ò ú Ý�âåØZÞZÞ�Ó¢ÛPÓ¢Ö/×PÜ�ðåü³ÓÑ¼ßêÕÚÛNÞZß�Û§Ö�ßêöÚØZÞ�Ø�Ö/ë7ÞZÜ³ÕÚò�ÖPÓ�×Pì'Ó 	 ß�ð+�bÑÚÓ�ÞZõ�ÑÚð �§Ü³ðå×Ë ã Ü�ð ü�ØZÓTØZÞ�ÞZØZÛ§ÛPÓTìîÓTÕ{Ö ã ÑÚðåÓtõ¢ÞZÓTðÚ×ªÑÚë�í�Ó�ÕÚÑÚß�ÕÚÝ�Óß�ð � í�ÓT×§ÖPðÚ×Pö¼ß�Ö/ØZÜ�ÕÚÛ?Ó � Ö/ëT×PØ�Ó�ðÚ×§Ó�Û ²Ö Óóô`ß�ÈTÜ³Õ©ò³ë�ÕÚëT×/ß�Þ�Ó ã Þ�Ó�ÛlíÚß�×/ß�ì'þTÖP×PÓTÛ�Ó�ÛPÛ§Ó�ÕÈÖ/Ø�Ó�Þ�Û¹ÑåëTÿ¼ÕÚØ�ÛPÛPß�ÕÈÖAðåÕ Ü³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå×tÛPÜ�Õ{Ö��?ÞÊß�ô�×Pë��ï{ðÚÓTÕÚÝ�Ó ã ÞZÓNÕÚØ�ü�Ó ß�ðóÓ�Ö�ØZì'í�ëTÑ¼ß�ÕÚÝTÓ7ÑÚÓ7ÛPÜ³×HÖ/ØZÓ ã Þ�ÓNü�ØZÓTØZÞZÞ�ØZÛ§ÛPÓ�ì'Ó�ÕÈÖ ã ÞZÓ7öå×PðÚØBÖ1ÑÚÓ·íåâ¼ß�ÛPÓ ã ÞÊß'Û§Ö/ß�öÚØZÞ�Ø�ÖPëÓTÕ'ÖPÓ�ì'í�ëT×/ßêÖPðÚ×PÓ ã ÞZÓ?Ö�ß�ð � Ñ ÒµâÚß�×Pì'Ü³ÕÚØ�ï�ðåÓ�Û\ÓTÖaÑÚÓ�ÛPÜ³ðåÛ<â¼ßê×Pì'Ü³ÕÚØZï{ðÚÓTÛ ã ÞZßªÛHÖ�ß�öåØZÞZØBÖ/ë�ÓTÕ'ô�Ü�ÕÚÝTÖPØZÜ³Õ'ÑÚÓÞZß�Ý�â¼ßê×Pò³Ó ²�ä Ó<Ö/ß�öÚÞ�Ó ß�ð 	 » ß�ö �f² ¨�S×PÓ�íå×PÜ�ÑÚðÚØ�Ö ã õ�Ö/ØBÖ/×§Ó<Ñ ÒÔÓ � ÓTìîíÚÞ�Ó ã ÞZÓTÛ Ý�ß�×/ß�Ý�Ö/ëT×PØZÛHÖ/Ø�ï�ðåÓ�Û ÖPÓ�Ý�âÚÕåØZï{ðÚÓ�ÛÑ ÒÔðÚÕ¹Ü³ÛPÝTØZÞ�ÞÊßêÖPÓ�ðÚ×Jõ'ï{ð¼ß�×HÖaV�õ�¨ tA� ¨4V'à � Ü³×HÖ/Ü³Õ S�ª è ²
â IJGHã�CFE"C�IJò E"@7¢'äóIJ>�L2åQ>1�1E">8?çæM@7L�EH@Bä7>8?§G�IJ@�å C"P�KM>8?

ä Ó�ÛªÜ³Û§Ý�ØZÞ�ÞÊßêÖPÓ�ðÚ×§Û�õ�ï{ð¼ß�×§ÖWV�×PÓ�ÛHÖ/ÓTÕ{Ö�ÞZß¢×§ëTô�ëT×PÓ�ÕåÝ�Ó�Ý�Ü³ðå×§ÖªÖ/ÓT×Pì'Ó�ÑÚÓ�Û§Ö�ßêöÚØZÞ�Ø�Ö/ë ²R� ß�×�ß�ØZÞ�ÞZÓTðÚ×PÛ ã Ø�ÞÓ � Ø�Û§ÖPÓ�Þ�Ó�Û4âÚÜ³×§ÞZÜ³ò�Ó�Û�ßêÖ/Ü�ìîØ�ï�ðåÓ�Û?ï{ðÚØ"í�Ü�ÛPÛPþTÑÚÓ�ÕÈÖÑÚÓ�Û�í�ÓT×§ô�Ü³×§ìtßêÕÚÝ�ÓTÛ�Þ�Ü³ÕÚò�Ö/ÓT×Pì'Óªõ'ÞZß�â¼ß�ðåÖPÓ�ðÚ×�ÑÚÓÝTÓ�ÞZÞ�Ó�Û?ÑÚÓTÛ4Ü³ÛPÝTØZÞZÞZßêÖ/ÓTðÚ×PÛ�õ'ï{ð¼ß�×HÖaVªÑ¼ß�ÕåÛ�Þ�Ó�Ý�Ü³ðå×§Ö?Ö/ÓT×Pì'Ó ²
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� �HÙ � d � � h ���Â (8² �HÙ �( Ù d � � h � � �HÙ �:d � ��� �ih �R�HÙ �à� } 	 �f²©ª É ÕAß�ÑÚì'ÓTÖPÖ/ß�ÕÈÖ�ï�ðåÓ �R�HÙ � Û§Ü³Ø�Ö4ÑÚëTÝ�×§Ø�Ö�í¼ß�×4ðÚÕ¹íÚ×PÜ�Ý�ÓTÛPÛ§ðÚÛÛHÖ�ßêÖPØZÜ³ÕÚÕÚß�ØZ×§Ó) ã ÞÊß�ÑÚÓTÕÚÛPØBÖ/ë�ÛPí�Ó�Ý�Ö/×/ßêÞZÓªÑÚÓíÚðåØZÛPÛPß�ÕÚÝTÓ�öåØZÞÊß�Ö/ë�×Pß�ÞZÓjñ "+* $Î � � � Ó�ÛHÖ�ÑÚÜ³ÕÚÕÚëTÓ�õ'í¼ßê×§Ö/Ø�×�ÑÚð¢Ö/âÚëTÜ³×PþTìîÓªÑÚÓ « Ø�Ó�ÕÚÓT×��-,�Ø�Õ{ÖPÝ�âÚØZÕåÓ1í¼ß�×
ñ ".* $Î � � �{d0/ ë1¸ 1  �ÐÏ �32 ¸ y �.465
76( Ï r 	 �f²Ô´ 

<N*98':�;=<�>@?BADC2A(lNOh.�EX8Y<2>@l2A/E�A/m$E�A(lECN84<2* ÄN*Q) � ç



��� Â�»�Ë2Ã Î/ºD° Ç²± Î/Ï�»�Î-Ë�Í�Ã�Í�Á·º�Ã?ÐPÂ�Î§Â�Ð�Ã�Í�Î-ËZÁ�Â�Ã`Ë�Ï�½�¾�º�Á�ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ/Á
Ü�u  ��Ï ��ã ô�Ü�ÕÚÝTÖPØZÜ³Õ¢Ñ Òµß�ðåÖPÜ���ÝTÜ³×P×§ë�ÞÊß�Ö/ØZÜ�ÕlÑÚð¹íÚ×PÜ�Ý�ÓTÛPÛPðåÛ �R�HÙ �-ã Ó�ÛHÖ3ÑåÜ³ÕÚÕÚëTÓNí¼ßê×�� ��Ï �:dF/ ë1¸ 1 ����Ù � �R�HÙ è Ï � ( Ù } 	 �f²�[ 
É Õ«íÚ×PßêÖ/Ø�ï�ðåÓ ã ÞZÓTÛ¢ÛPØZò�Õ¼ß�ð � ë�Ö�ß�ÕÈÖAÑÚÓ�Û¢ô�Ü³ÕÚÝ�Ö/Ø�Ü³ÕÚÛ¢×PëTÓ�ÞZÞ�Ó�Û¢ÑÚðFÖ/Ó�ì'íÚÛ ã  �ÐÏ � ÓTÖ�ñ "+* $Î � � � ÛPÜ�Õ{Ö
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®a¯2°?±-�f²©ª7¶ �³»¼º�Ð�Ã`Î/ºªÃHG-»�Ë"º�¿¼º�º�½óÀZÏ�Ë\¾�º?»�¿�ËZÁ�Á�Â�½ñÐ�ºN¾S� ¿f½ ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿�Î Ç
ë�òÈß�Þ�Ó�ì'Ó�ÕÈÖ�×PëTÓ�ÞZÞ�Ó�Û�ÓTÖ3í¼ß�Ø�×PÓ�Û ²gÖ Ó7íåÞZðÚÛ ã Þ�ÓªÛPí�Ó�ÝTÖP×PÓN×Pë�ÓTÞ"Õ Òµë�Ö�ß�ÕÈÖí¼ß�Û�ÑÚëTÿ¼ÕåØ^í�Ü³ðÚ×�ÞZÓTÛ�ô�×§ë�ï{ðÚÓTÕÚÝ�ÓTÛÕÚë�òÈß�Ö/Ø�ü�Ó�Û ã Ü�ÕAßê×P×PØBü³Óªß�Þ�Ü³×PÛ4õ�ÞZß�ÑåëTÿ¼ÕÚØBÖ/Ø�Ü³Õ�ÑÚÓªÞÊß·ÑÚÓTÕÚÛPØBÖ/ë�ÛPí�Ó�Ý�Ö/×/ßêÞZÓ�ðÚÕÚØ�ÞÊßêÖPë�×Pß�ÞZÓ ã Û§Ü³Ø�Ö(�

ñ Î � � �{dF� / 1�  �ÐÏ � ú�û�ü7��Â � Ï ( Ï } 	 �f²µÄ 
é ØSÕÚÜ³ðÚÛ4ÕÚÜêÖ/Ü³ÕÚÛ �R� � � ÞÊß·Ö/×Pß�ÕÚÛ§ô�Ü�×Pì'ë�Ó�ÑÚÓ ^ Ü³ðÚ×§ØZÓ�×JÑÚÓ ����Ù ��ã Þ�Ó1Ö/âÚëTÜ³×PþTìîÓªÑÚÓ � ßê×PÛPÓ�üêß�ÞSÑÚÜ³ÕÚÕåÓ1�/ 1� ¶ ��� � � ¶ yI( � d0/ 1� ¶ ����Ù � ¶ yI( Ù } 	 �f² ç�` Õ¹ÑÚë�ÿ¼ÕÚØ�Ö4ëTòÈß�Þ�Ó�ì'Ó�ÕÈÖ4ÞÊß�íÚðÚØ�ÛPÛPß�ÕÚÝ�Óªì'ÜÅý³Ó�ÕåÕÚÓNì'Ó�Û§ðÚ×PëTÓªÛPðÚ×4ðÚÕÚÓªÑÚðå×Pë�Ó ä íÚß�×

J d �ä / 1
¸ 1 ¶ �R� � � ¶ y ( � d / 1

¸ 1 ñ " þ $Î � � � ( � r 	 �f² æD
Ü�uAÞ ÒµÜ�Õ¹ÑåëTÖ/ÓT×Pì'ØZÕÚÓ�Ó � í�ëT×PØZì'Ó�ÕÈÖ/ß�ÞZÓTìîÓTÕ{Ö�ÞÊß�ÑÚÓ�ÕåÛPØ�ÖPëªÛPí�Ó�ÝTÖP×/ß�Þ�Óªí¼ß�×��

ñ Î � � �{d K �MLþON 1 ñ " þ $Î � � �ä r 	 �f²�S 
Ü�u ñ " þ $Î � � � ÓTÛ§ÖEÞZßÑÚÓTÕÚÛPØBÖ/ë�Û§í�ÓTÝTÖ/×Pß�ÞZÓJëTüêß�ÞZðåë�Ó�Û§ðÚ×EðÚÕÚÓ?í�ë�×§ØZÜ�ÑÚÓ ä�² áJÓTÖPÖPÓ?ÑÚëTÿÚÕÚØ�ÖPØZÜ³Õ·ÑåÓ?ÞÊß3ÑåÓ�ÕÚÛ§Ø�Ö/ëÛPí�Ó�ÝTÖP×/ß�Þ�Ó�ÑÚÜ³ÕÚÕåÓ�ÑåÓ�íÚðÚØ�Ûo¨ S çK¨�ÞZß·ìîÓTÛPðÚ×§Ó�Ü��'Ý�Ø�Ó�ÞZÞ�ÓÑÚÓTÛw÷¼ðÚÝTÖPð¼ßêÖPØZÜ³ÕÚÛ?ÑåÓªô�×§ë�ï{ðÚÓTÕÚÝ�ÓªÑÚëTÝ�ØZÑåë�Óªí¼ß�×� æ



° Ç ° Ç � Â�Î§Â�Ð�Ã�Í�Î-ËZÁ�Â�Ã`Ë�Ï�½�¾�º�Á·ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ/Á
Þ�Ó » ÓTÝ�âÚÕÚØZÝ�ß�ÞaáJÜ³ì'ìîØBÖPÖPÓ�Ó·Ü³Õ ^ ×PÓTï�ðåÓ�ÕÚÝ�ý ß�ÕÚÑ » ØZì'Ó·ÑÚÓ�Þ�Ò Ó/É É:É à©Y�ßê×PÕÚÓTÛ1çK¨�è ² áJÓ�ÖPÖPÓ'ì'Ó�Û§ðÚ×PÓ'ßë�Ö/ë�Ý�âÚÜ³Ø�ÛPØ�Ó1í�Ü�ðÚ×?ÞÊß7×Pß�ØZÛ§Ü³Õ�ÛPðåØ�üêß�ÕÈÖ/Ó1�åÝ�ÒÔÓ�Û§Ö�ðÚÕåÓ�ì'Ó�Û§ðÚ×PÓ�ÑåÓ�Û<÷¼ðÚÝ�Ö/ð¼ß�Ö/ØZÜ�ÕÚÛ?×PÓTÞÊßêÖPØ�ü³ÓTÛ �R�HÙ � Ó�Ö4Ó�ÞZÞ�Óí�Ó�×§ìîÓ�Ö4ÑÚÓªÝ�Ü³ì'í¼ß�×§Ó�×?ÑÚÓTÛ�Ü�ÛPÝ�Ø�ÞZÞZßêÖ/ÓTðÚ×PÛ�ÑåÓªô�×§ë�ï{ðÚÓTÕÚÝ�ÓNÕÚÜ³ì'ØZÕ¼ß�Þ�ÓÑÚØ��ñëT×PÓTÕ{ÖPÓ ²ú ü³Ó�ÝNÝ�ÓªÖ�ý�í�Ó�Ñ Òµß�Õ¼ß�ÞBýfÛ§ÓNÛ§í�ÓTÝTÖP×/ß�Þ�Ó ã ÞÊß�Ý�ß�×/ß�Ý�Ö/ëT×PØZÛPßêÖ/Ø�Ü³Õ¢ÑÚÓ�Û�Ü³Û§Ý�ØZÞ�ÞÊßêÖPÓ�ðÚ×§Û�ô`ß�Ø�Ö�ßêíÚí¼ß�×Pß��ZÖP×PÓ�ðÚÕÝTÜ³ìîí�Ü³×HÖ/Ó�ì'Ó�ÕÈÖ?ÓTÕAÞ�Ü³Ø ÑÚÓªíÚðåØZÛPÛPß�ÕÚÝTÓ 	"^ ØZò ²g�f²©ª  ²Úú ØZÕÚÛ§Ø ã ñ Î � � � í�ÓTðåÖ�ùTÖP×PÓªÑÚÜ³ÕÚÕåë�íÚß�×��ñ Î � � �{d0P�QSR Q � Q r 	 �f² ¨ t 
ß ü³ÓTÝUT ÅWV�èØ� r èÀ� r � r � r �YX ²�` ÕAÝTÞÊß�Û§ÛPÓ�ß�Þ�Ü³×PÛ�Þ�Ó�Û?öÚ×§ðÚØ�ÖPÛ4ÛPÓ�Þ�Ü³Õ¢ÞZÓTÛ4ÖPÓ�×§ìîØ�ÕÚÜ³ÞZÜ�ò³ØZÓTÛ<Û§ðÚØ�üêß�ÕÈÖ/ÓTÛ��¶ �J� � y �¼öÚ×§ðÚØ�Ö4ÑåÓ�ìîß�×§Ý�âÚÓ�ß�ÞZë�ßêÖ/Ü³Ø�×PÓ3ÑÚÓ�ô�×Pë�ï{ðÚÓTÕÚÝ�Ó

¶ �J� � �¼öÚ×§ðÚØ�Ö?ÑåÓNÛ§Ý�ØZÕÈÖPØZÞZÞZßêÖ/Ø�Ü³Õ 	 Ü³ð ÷¼ØZÝË]êÓ�×BZ�JÑÚÓ�ô�×§ë�ï{ðÚÓ�ÕåÝ�Ó
¶ � � �¼öÚ×PðÚØBÖ?ÑÚÓªöÚÞZß�ÕÚÝ�ÑÚÓªô�×PëTï�ðåÓ�ÕÚÝTÓ
¶ � � �¼öÚ×PðÚØBÖ<÷¼Ø�ÝË]�Ó�×�ÑÚÓªíÚâ¼ßêÛPÓ
¶ � y �¼öÚ×PðÚØBÖ?öÚÞZß�ÕÚÝ�ÑÚÓªíÚâ¼ßêÛPÓ` Õ�ÕÚÓî×PÓ�Ö/×PÜ�ðåü³ÓlíÚß�ÛNÖPÜ³ð��§Ü³ðÚ×§Û\[·Ö/Ü�ðÚÛNÞ�Ó�ÛNöÚ×PðÚØBÖ/Û^]�Ñ¼ß�ÕÚÛNÞZÓ�ÛNÜ³ÛPÝTØZÞ�ÞÊßêÖPÓ�ðÚ×§Û ã ìîß�ØZÛªØZÞEÛ§Ó�ì·öåÞZÓï{ðÚÓªÞZÓ�öå×PðÚØBÖ4Ó�Õó��� � ÛPÜ³ØBÖ?Ö/Ü³ð��§Ü³ðÚ×PÛ?íå×Pë�Û§Ó�ÕÈÖ3Ñ¼ß�ÕÚÛ4ÞZÓTÛ4Ü³ÛPÝTØZÞZÞZßêÖ/ÓTðÚ×PÛ�õ�ï{ð¼ßê×§ÖaV ²

â ñ{>8B�IJL�> £S>8?_�1KSB�I�KMG�I�CH@-¢S?Ã£M> ñ4æSG�?�> ä ß÷íåâ¼ß�ÛPÓ�ë�Ö�ß�ÕÈÖ¢×PÓTÞZØ�ë�Ó õ¤ÞZß ô�×PëTï�ðåÓ�ÕÚÝTÓ í¼ßê×lðÚÕÚÓØ�Õ{ÖPë�ò³×PßêÖ/Ø�Ü³ÕlÖ/ÓTìîí�Ü³×§Ó�ÞZÞ�Ó ã Ü�ÕAí�Ó�ðåÖ3ë�ò³ß�ÞZÓTìîÓTÕ{Ö4ÑåëTÿ¼ÕÚØ�×3ÞZß�ÑÚÓ�ÕÚÛ§Ø�ÖPëNÛ§í�ÓTÝTÖ/×Pß�ÞZÓªÑÚÓTÛ#÷ÚðÚÝTÖPð¼ßêÖ/Ø�Ü³ÕÚÛ�ÑÚÓíÚâÚß�ÛPÓñ!` � � � í¼ß�×�� ñ!` � � �{d ¶ ² � � � ¶ y r 	 �f² ¨Ê¨�
ñ!` � � �{dbaaaa / ² ��Ù �c2 y �.4d5 ý ( Ù aaaa

y 	 �f² ¨ � 
ñ!` � � �{d aaaaa

��Â�� ���Â�ý � / ����Ù �c2 y �.4d5 ý ( Ù aaaaa
y 	 �f² ¨ ª 

ñ!` � � � d � y�� y ñ Î � � � } 	 �f² ¨ ´ ` Õ¤Ý�Ü³ÕåÛ§Ö�ß�Ö/Ó�ï{ðÚÓ�ÞZÓTÛO÷¼ðÚÝ�Ö/ð¼ß�Ö/ØZÜ�ÕÚÛ·ÑÚÓ �R�HÙ � ÓTÖ�ÑÚÓÆ² �HÙ � ÛPÜ�Õ{Ö·×PÓ�Þ�ØZëTÓ�Û·Ñ¼ßêÕÚÛ�ÞZÓîÑÚÜ³ìîß�ØZÕÚÓîÑÚÓ^ Ü³ðÚ×§ØZÓT×aíÚß�×JðÚÕtÝ�Ü�Ó��'Ý�Ø�Ó�ÕÈÖ�ì·ðåÞ�Ö/Ø�íÚÞZØ�Ý ßêÖPØ�ô � y ²�Ö Ó3ô`ß�È�Ü³Õtò³ë�ÕÚëT×/ß�Þ�Ó ã Ý�â¼ß�ï{ðÚÓ�Ü�í�ëT×/ßêÖPØZÜ³Õ'ÑÚÓÑåë�×PØBüêß��ÖPØZÜ³Õ 	 ×PÓ�Û§í ² Ñ ÒÔØZÕÈÖ/ëTò³×/ßêÖPØZÜ³Õ�3ÕÚØZþTìîÓ�ÑñÒµðÚÕ ÛPØ�ò³Õ¼ß�ÞRÓTÕÚò³ÓTÕÚÑÚ×PÓ'ðÚÕÚÓ�ì·ðåÞ�Ö/Ø�íÚÞZØ�Ý ßêÖPØZÜ³Õ 	 ×§Ó�Û§í ² ÑÚØ�ü�ØZÛ§ØZÜ³Õ�ÑÚÓªÛ§Ü³ÕAÛ§í�ÓTÝTÖP×PÓªí¼ß�× � y=e Û§Ü³Ø�Ö�� ñ ��f@g�ih.f � � � d � y=eìñ Î � � � } 	 �f² ¨ [ j *cÉB6 -(E�OPm(OP0N8'C@8GIZ6 A/lNlÊ8WIPIPA/.XOP-(0lkW1X[WOQ0�.XOPIPIPA/.XOP-(0�C@8�m EXJÇ3$528W02[W8nkglNE�-poÖOQ890�.�C@5ò1Xl^8Ç[�.XE�8G890rq
s@tòCN841�[LOP0$.�OQIPIbAc.XOP-(0�CN891JL.�-(OPIQ8Ç1W* ��S



��� Â�»�Ë2Ã Î/ºD° Ç²± Î/Ï�»�Î-Ë�Í�Ã�Í�Á·º�Ã?ÐPÂ�Î§Â�Ð�Ã�Í�Î-ËZÁ�Â�Ã`Ë�Ï�½�¾�º�Á�ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ/Á
Ó ÞåÛPÓaÖ/×§Ü³ðåü³ÓJï�ðåÓ�ÞZÓTÛûö¼ß�ÕåÝ�ÛRÑÚÓJìîÓTÛPðÚ×§ÓJÑÚÓ�öå×PðÚØBÖûÛ§Ó�ÛPÜ³ÕÈÖûë�òÈß�Þ�Ó�ì'Ó�ÕÈÖRÑåëTü³ÓTÞZÜ³íåí�ëTÛRí�Ü�ðÚ×ûÞ Òµë�Ö/ðÚÑÚÓ<ÑÚÓ�Û÷¼ðÚÝTÖPð¼ßêÖPØZÜ³ÕÚÛ\ò³ëTÕÚë�×§ë�ÓTÛJÑ¼ß�ÕåÛaÕñÒµØ�ìîí�Ü³×§ÖPÓ�ï{ðÚÓ�Þ�ÝTÜ³ìîí�Ü³ÛPß�ÕÈÖ\ë�ÞZÓTÝTÖP×PÜ³ÕÚØ�ï{ðÚÓ 	 ì'ë�ÞÊßêÕÚò³Ó�ðå×EÑÚÓ4ÛPØZò�Õ¼ß�ð � ãß�ìîíåÞZØ�ÿÚÝ ßêÖPÓ�ðÚ× ã Ó�Ö/Ý ²  ²1Ö Ó�Ý�Ótô`ßêØ�Ö ã Ü³Õ¤íÚ×§Ó�ÕÚÑ�ëTòÈß�ÞZÓTìîÓTÕÈÖ�Þ�ÒÔâ¼ß�öÚØBÖ/ðÚÑåÓtÑÚÓ�Þ�ÓtÝ ßê×/ß�Ý�Ö/ë�×§ØZÛ§Ó�×�í¼ß�×7ÞZÓöÚ×PðÚØBÖ4ÑÚÓªíÚâ¼ß�Û§Ó ñ!` � � ��²�` Õ¹Ü³öåÖPØZÓTÕ{Ö�ßêÞZÜ³×§Û�ÞZÓ�Û§í�ÓTÝTÖ/×§ÓNÑåÓ�ÞZß7ÿ¼ò³ðÚ×§Ó ^ ØZò ²T�f²Ô´Ú²
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®a¯2°?±-�f²Ô´7¶ �³»¼º�Ð�Ã`Î/ºN¾�º?» � Â�ÁÅº7ÍWº�¿�Ë�õ�Â�ÀZº�½¼ÃJÂ�¿¢Á�»¼º�Ð�Ã`Î/ºN¾�º ¼-Î/ÍWº�¿�º�½ñÐ�ºN¾�º�ÀBÂ4�vu�¿fÎ/º � Ë%u Ç ° ÇÊÉ
â ñ{>8B�IJL�>§¢M@gL^å G�EFC"?�òlw � � � ` ÕNÑÚëTÿÚÕÚØ�ÖûÞZÓ\ÛPí�Ó�Ý�Ö/×PÓ \ ^ ðÚÕÚØ�ÞÊßêÖPë�×/ßêÞ ã ÕÚÜ�×Pìîß�ÞZØ�ÛPëEí¼ß�×^ÞÊß4íÚðÚØ�ÛPÛPß�ÕÚÝ�ÓÑÚÓªÞÊß�í�Ü�×§Ö/ÓTðÚÛPÓªÓ�Ö3ÝTÓ�ÕÈÖ/×§ëNÓTÕAÞ ÒµÜ�×PØZò�ØZÕÚÓ3í¼ß�×ªàZYJÞÊß�Ø�×4ç ´ è

w � � �{d ñ  � � hx� � ��y × y� d �� ñ!` � � � r 	 �f² ¨ Ä 
Ü�u ñ  � � � ÓTÛ§Ö�ÞZÓ�Û§í�ÓTÝTÖ/×§ÓîÑåð Û§ØZò³Õ¼ßêÞRÑÚÓ'ÛPÜ³×HÖ/ØZÓ�ÑåÜ³ÕÚÕÚë�í¼ß�× 	 �f²_�  ã × � Û§Ü³Õ ß�ìîíåÞZØ�ÖPðÚÑÚÓ·ìîß � ØZìîß�Þ�ÓÓTÖ ñ!` � � � ÞZß7ÑÚÓTÕÚÛPØBÖ/ëªÛPí�Ó�Ý�Ö/×/ßêÞZÓ�ÑÚÓTÛÑ÷ÚðÚÝTÖPð¼ßêÖ/Ø�Ü³ÕÚÛ?ÑÚÓªíÚâÚß�ÛPÓ ²�ä ÒÔðÚÕÚØBÖ/ë�ÑÚÓ�ì'Ó�Û§ðÚ×PÓªÓTÛ§Ö�ÞZÓ1ÑTYJÝ@Õ�¨#V ãÓTÖ¹ÞÊß÷Ý�ß�×/ß�Ý�Ö/ëT×PØZÛPßêÖ/Ø�Ü³ÕÙÑÚÓTÛ¹Ü�ÛPÝ�Ø�ÞZÞZßêÖ/ÓTðÚ×PÛlÛ§Óóô`ß�Ø�Ö¢õ¤ðÚÕåÓ ÝTÓ�×HÖ�ß�Ø�ÕÚÓóÑÚØZÛHÖ�ß�ÕåÝ�Ó � ÑÚÓ�ÞÊß÷í�Ü³×§ÖPÓ�ðÚÛ§Ó ãß�íÚí�Ó�ÞZëTÓ�ô�×§ë�ï{ðÚÓTÕÚÝ�Ó·ÑåÓ ^ Ü³ðÚ×§ØZÓ�× ²7` Õ í¼ß�×§ÞZÓ�ß�Þ�Ü³×PÛ4ÑÚÓNíÚðÚ×PÓ�Ö/ëNÛPí�Ó�ÝTÖP×/ß�Þ�ÓNÑåÓ¤è´��� � (Yy�z��|{~}B�§�d{~} ãÝ�Ó7ï{ðÚØ ÛPØ�ò³ÕÚØ�ÿÚÓ�ï{ðÚÓNÞZÓ�×/ß�íåí�Ü³×HÖÑåÓ7ÞÊß�íÚðÚØ�ÛPÛPß�ÕÚÝ�ÓNí�Ü�×§Ö/ÓTðÚÛPÓNÓTÖÑÚÓ7ÞZß'ì'ÜfÑåðÚÞÊßêÖPØZÜ³Õ¢õ{¨§¨4V�Ó�ÛHÖ1ÑÚÓèÀ��� � (Yy�z���{~} 	"^ ØZò ²��f²�[  ²ä ÒÔëTÖ�ßêöÚÞZØ�ÛPÛPÓTìîÓTÕÈÖJÑÚÓ 	 �f² ¨ Ä EÛPðÚíåí�Ü³Û§Ó1ï{ðÚÓÞZß�üêß�Þ�Ó�ðÚ×aï{ð¼ß�ÑÚ×PßêÖ/Ø�ï�ðåÓì'Ümý�Ó�ÕÚÕåÓ � ² �HÙ � y � ÑÚÓ3ÞÊßíÚâ¼ß�Û§Ó3ÓTÛ§Öaö�Ó�ß�ðÚÝTÜ³ðÚí'íÚÞZðÚÛ\í�ÓTÖPØ�Ö/Ó?ï{ðÚÓ4Þ ÒµðÚÕåØ�Ö/ë ã ÓTÖaï{ðÚÓ4ÞZÓ?öå×PðÚØBÖ\Ñ ÒyßêìîíÚÞ�Ø�ÖPðÚÑÚÓ�ÓTÛ§ÖaÕÚë�ò�ÞZØZò�Ó ß�öÚÞ�Ó ²�` ÕÝ�Ü³ÕÚÛHÖ�ßêÖPÓÖ/Ü�ðåÖ/Ó�ô�Ü³ØZÛ<Ñ ÒyßêíÚ×PþTÛ�ÞÊßªÿ¼ò³ðÚ×§Ó ^ ØZò ²���²µ´ ï{ðÚÓÞÊßNÑåÓ�ÕÚÛ§Ø�Ö/ëÛPí�Ó�ÝTÖP×/ß�Þ�Ó1ÑÚØBü³Ó�×§ò³Óí�Ü³ðÚ× � då� Ý�Óï�ðåØ ØZì'íÚÞZØ�ï{ðÚÓ ã Ñ Òµß�íÚ×§þ�Û?Þ ÒµëTï�ðåØ�üêß�ÞZÓTÕÚÝ�Ó3Ó�ÕÈÖ/×§Ó1ë�ÕåÓ�×Pò�ØZÓ1Û§í�ÓTÝTÖ/×Pß�ÞZÓ3ÓTÖ�üêß�Þ�Ó�ðÚ×<ï{ð¼ß�ÑÚ×PßêÖ/Ø�ï�ðåÓ1ìîÜÅý�Ó�ÕÚÕÚÓ	 É ï ² 	 �f² ç�W ã ï{ðÚÓ�Ý�ÓTÞZÞ�Óp��ÝTØûÑÚØBü³ÓT×Pò³Ó�ëTòÈß�ÞZÓTìîÓTÕÈÖ�ÓTÖªÝTÜ³ÕÈÖ/×PÓTÑÚØ�ÖªÞ ÒµâÈý�í�Ü�Ö/âÚþTÛPÓ�ÑÚÓ�ÛHÖ�ßêÖPØZÜ³ÕÚÕÚß�×PØBÖ/ë ² áJÓ�Û×PÓ�ìîß�×§ï�ðåÓ�ÛaÓ�ÕÈÖ/×§ÓTÖ/Ø�Ó�ÕÚÕåÓ�ÕÈÖ�Þ�Ó?ÑÚÜ³ðåÖPÓ3ï{ð¼ß�ÕÈÖJõ�Þ�ÒÔâ{ý�í�Ü�Ö/âåþ�ÛPÓ3ÑÚÓ4Û§Ö/ßêÖ/Ø�Ü³ÕÚÕ¼ß�×§Ø�ÖPë?ÑÚÓ�Û\üêß�×PØZß�öÚÞZÓTÛ ²�� Ü³ðÚÛª�t



° Ç ° Ç � Â�Î§Â�Ð�Ã�Í�Î-ËZÁ�Â�Ã`Ë�Ï�½�¾�º�Á·ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ/Á

ν0 +1 Hz

P

(Hz)

−10

−130

ν0

(f) @ 1 Hz = -130+10=-120 dB

(dB)

®<¯2°?±7�f²�[�¶ �³»¼º�Ð�Ã`Î/ºªÎ§ÂÈ¾�Ë�Ï��_¼-Î�ÍWº�¿¼º�½ñÐ�º�¾S� ¿�½�ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ�¾�º ¼-Î/ÍWº�¿¼º�½ñÐ�º � �
ß�Þ�ÞZÜ³ÕåÛ�ü�Ü³ØZ× ã Ñ¼ß�ÕåÛ·ÞZÓlíå×PÜ�Ý�â¼ß�ØZÕ�Ý�â¼ß�íÚØBÖ/×PÓ ã ï{ðÚÓ�ÞZÓîÑÚÜ³ðåÖPÓ�ÛPðÚ×7ÞÊßAüêß�Þ�ØZÑÚØBÖ/ë'ÑÚð¤ìîÜ�ÑÚþTÞZÓtÓTÕ�ÞZÜ³ØaÑÚÓíÚðåØZÛPÛPß�ÕÚÝTÓ1íÚ×PÜÅü�ØZÓTÕÈÖ?ÑÚÓ�Û<ô`ß�ØZöÚÞ�Ó�Û§ÛPÓ�ÛJÑÚÓÞ Òyß�ÕÚß�Þ�ý�ÛPÓ3ÑÚÓ ^ Ü³ðÚ×§ØZÓT×<í�Ü³ðÚ×<ÞZÓ�Û<ÛPØ�ò³Õ¼ß�ð � íÚÞ�ðÚÛJÝTÜ³ìîíåÞZØZï{ðÚëTÛï{ðÚÓªÝ�ÓTð � ÛPðåíÚí�Ü�ÛPë�Û�ØZÝTØ ²
� òDINæM@(£S>8?�>Dô(ñ{ò�L�C\åQ>8¢-IJGTE">8?§£M>®åQ>8?�KML�> £SGT¢�?¤E">�£S@�åQGTCF¢M> ?�ñ{>8B�IJL�G�EÓ Þ�Ó � Ø�Û§Ö/Ó ÑÚÓTð � ìîë�Ö/âÚÜ�ÑÚÓTÛ¢ô�Ü�ÕÚÑ¼ß�ì'Ó�ÕÈÖ�ßêÞZÓ�Û¢í�Ü³ðÚ×�ì'Ó�Û§ðÚ×PÓT×AÞZß�ÛHÖ�ß�öåØZÞZØBÖ/ë ÑåÓ�ô�×§ë�ï{ðÚÓTÕÚÝ�Ó ÑÚÓ�ÛÜ³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå×PÛ��³ÞZß�ÑÚë�ì'ÜfÑåðÚÞÊßêÖPØZÜ³Õ7ÑÚÓ3íåâ¼ß�ÛPÓ�ÓTÖaÝTÓ�ÞZÞ�Ó4ÑÚÓ?ô�×Pë�ï{ðÚÓTÕÚÝ�Ó ²TÖ ßêÕÚÛ<Þ�Ó?íÚ×PÓTìîØ�Ó�×EÝ�ß�Û ã ÞZÓ4Û§ØZò³Õ¼ßêÞðåÖPØZÞ�ÓlÓ�ÛHÖtíÚ×§Ü³í�Ü³×§ÖPØZÜ³ÕÚÕåÓ�Þ?õ�ÞÊßóíÚâ¼ßêÛPÓ ² �HÙ ��ã Ó�ÖîÑÚß�ÕÚÛ'Þ�Òµß�ðåÖ/×§Ó¢õ ÞZß ô�×Pë�ï{ðÚÓTÕÚÝ�ÓAÕÚÜ³×§ìtß�Þ�ØZÛ§ë�Ó �R�HÙ �-²Ö Òµß�ðåÖP×PÓTÛ'ÖPÓ�Ý�âÚÕÚØ�ï{ðÚÓ�Û 	 ï{ðÚÓ¹ÕÚÜ³ðÚÛ'ÕÚÓ¹ÑÚëTü�Ó�ÞZÜ�íÚí�ÓT×PÜ³ÕåÛtí¼ß�Û�Ø�Ý�Ø�7Ó � ØZÛ§ÖPÓ�ÕÈÖ à \ ðåÖ/ìîß�ÕAç�æêè ã ìîß�ØZÛ�Ø�ÞÛ§Ó�ì·öÚÞ�ÓAï{ðÚÓAÞÊß�ÑÚë�ì'Ü�ÑÚðÚÞÊß�Ö/ØZÜ�Õ¤í¼ß�×îß�ÛPÛ§Ó�×§ü�Ø�ÛPÛPÓTìîÓTÕÈÖ�ÑÚÓ�ì'Ó�ðå×PÓ ßêð��§Ü³ðÚ×§Ñ Òµâ{ðÚØ�Þ�ÒÔëTÖ/ßêÖ'ÑÚÓ Þ Òyßê×§Ö'Ó�ÕìîßêÖ/Ø�þ�×§Ó1ÑÚÓªìîÓTÛPðÚ×§ÓªÑÚÓªöÚ×PðÚØBÖY� ²
�Æ>8?�B�L�C"ñMI�CH@7¢Q£SK�ãSG�¢SB�£M> åQ>8?�KSL�> ä ÒÔØZÑÚëTÓ�ô�Ü�ÕÚÑ¼ß�ì'Ó�ÕÈÖ�ßêÞZÓ4×PÓTÛ§Ö/Ó3ÑÚÓÝTÜ³ì'í¼ß�×PÓT×\ÞÊß�ô�×Pë�ï{ðÚÓTÕÚÝ�Ó� � õlìîÓTÛPðÚ×§Ó�×�õlðÚÕåÓ7ô�×PëTï�ðåÓ�ÕÚÝTÓ'ÛHÖ�ß�öåÞZÓ � � ²�� Ü³ðÚ×1ÝTÓ�ÞÊß ã Þ�ÒÔÜ³Û§Ý�ØZÞ�ÞÊßêÖPÓ�ðÚ×�õtì'Ó�Û§ðÚ×PÓT×�Ó�ÛHÖªß�ÛPÛ§Ó�×HüfØEÛ§ðÚ×Þ ÒµÜ³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå× ÑÚÓ4×§ëTô�ë�×§Ó�ÕÚÝTÓ4í¼ß�×EÞ�ÒÔØZÕÈÖPÓ�×Pì'ë�ÑåØÊß�Ø�×PÓaÑ ÒµðåÕÚÓ3ö�Ü³ðÚÝTÞZÓ?õ1ü�Ó�×P×§Ü³ðÚØ�ÞZÞÊßêò³Ó�ÑÚÓ?íÚâÚß�ÛPÓ4ÑÚØBÖ/Ó �\ä"ä	 � âÚß�ÛPÓ ä ÜfÝË]êÓ�Ñ ä Ü�Ü³íg 	F^ Ø�ò ²g�f²µÄ  ²�ä Ü³×§ÛPï{ðÚÓ�ÛPÜ³Õ¹ô�Ü³ÕÚÝ�Ö/ØZÜ�ÕÚÕÚÓ�ì'Ó�ÕÈÖ�Ó�ÛHÖ1Þ�ØZÕÚë�ß�ØZ×§Ó ã Ü�Õ ì'Ü³ÕÈÖ/×PÓªï{ðÚÓÞ�Ó�ÛPØZò�Õ¼ß�ÞñÑåÓNÝTÜ³×P×§Ó�ÝTÖPØZÜ³Õ¢ÓTÛ§Ö�íÚ×PÜ�í�Ü³×HÖ/Ø�Ü³ÕÚÕÚÓTÞ õ�ÞÊß·ÑÚØ��ñëT×PÓ�ÕåÝ�ÓªÑÚÓªíÚâ¼ß�Û§ÓNÑåÓ�Û4ÑÚÓ�ð � Ü³ÛPÝTØZÞZÞZßêÖ/ÓTðÚ×PÛ ²é Ø�Þ�ÒÔÜ³ÕÙß�íåí�ÓTÞZÞZÓ ² � ÞÊß íÚâ¼ß�Û§Ó ÑÚÓ Þ ÒµÜ�ÛPÝ�Ø�ÞZÞZßêÖ/ÓTðÚ×�õ�ì'Ó�ÛPðå×PÓ�× ã Ó�Ö ² y Ý�ÓTÞZÞ�Ó ÑÚÓAÞ�Òµß�ðåÖ/×§Ó Û§ØZò³Õ¼ßêÞÑ ÒÔÓ�ÕÈÖP×Pë�Ó�ÑÚð¹ìîëTÞÊß�Õåò³Ó�ðÚ× ã ÞZß�ÝTÜ³×P×§Ó�Ý�Ö/ØZÜ�Õ�� Ò ��Ù � ÑÚÓªÞ�Òµß�ÛPÛ§Ó�×HüfØ�ÛPÛ§Ó�ì'Ó�ÕÈÖÛTÒµëTÝ�×§Ø�Ö(�� Ò �HÙ � dF� ³ � ² � è®² y � r 	 �f² ¨Åç��@*@AÆOQ.X-(0^1g5N0N8YRUJL.iCN-@C@8YOQ0�.�8WE�m JWE�-(RUJL.�EXOb3�5N84E�J9[W8WRURU8W0�.'C@J3o$8WIP-(lNlÊJW8¢l2A(E��'*���52MNOQ-$IPA n ��5NMNOP-(IbAU;@�,pq* ª ¨



��� Â�»�Ë2Ã Î/ºD° Ç²± Î/Ï�»�Î-Ë�Í�Ã�Í�Á·º�Ã?ÐPÂ�Î§Â�Ð�Ã�Í�Î-ËZÁ�Â�Ã`Ë�Ï�½�¾�º�Á�ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ/Á

LF

Mixer

G

Locking

oscillator (f  )

u  (t)4

0

1

reference 

Oscillator to be
measured (f  )

f

®<¯2°?±R�f²µÄN¶��3Â�½ñÐN¾�ºs�tº�Á�¿�Î/º7¾�º��Î-¿fË2Ã�¾�º�» � Â�ÁÅº
Ü�u � ÓTÛ§Ö�ÞÊß�ÛPÓTÕÚÛPØ�öÚØZÞ�Ø�ÖPë1ÑÚð¢ìîëTÞÊß�Õåò³Ó�ðÚ×?Ó � íÚ×PØ�ìîëTÓ�Ó�Õ í ² ×/ß�ÑÆ¸ � ÓTÖ ³ Þ�Ó�òÈß�Ø�Õ¹ÑåÓ�Þ ÒyßêìîíÚÞ�Ø�ÿ¼Ý�ßêÖ/ÓTðÚ× ²ä ÓªÛPØ�ò³Õ¼ß�Þ ÑåÓ�Û§Ü³×§ÖPØZÓ�ÑÚÓªÞ ÒµÜ³Û§Ý�Ø�ÞZÞÊß�Ö/Ó�ðå×JÑÚÓª×Pë�ô�ë�×§Ó�ÕÚÝTÓ7ß�Û§ÛPÓT×§ü�Ø"í¼ß�×�� Ò �HÙ � ÑÚëTÞZØ�ü�×§Ó�ðÚÕÚÓ�ô�×PëTï�ðåÓ�ÕÚÝTÓß�ÕÚò³ðÚÞZß�ØZ×§Ó1ÑÚÜ³ÕåÕÚë�Ó�í¼ß�×�� (8² y( Ù d (8²I�'� 5( Ù hÃÄ�� Ò �HÙ � r 	 �f² ¨ÅæD
Ü�u�ÄtÓ�Û§Ö4ðåÕ¹ò³ß�ØZÕlÓ � íÚ×PØ�ìîë�ÓTÕ�×/ß�Ñ ² Û ¸ � Õ�í ²�� Ü�Ö/Ü³ÕåÛ � v � �4d·� 
 `O�
 ý � ÓTÖ � v��'� 5 �4d�� 
 `������
 ý �ÞZÓ�ÛÀ÷¼ðÚÝTÖPð¼ßêÖPØZÜ³ÕÚÛ7ÑÚÓlô�×PëTï�ðåÓ�ÕÚÝTÓ¢ß�ÕÚò³ðÚÞZß�ØZ×§ÓtßêÛPÛPÜ�Ý�Ø�ë�ÓTÛ�ß�ð � íÚâ¼ß�Û§Ó�Û¤² � ÓTÖA²I�=� 5 ²1É Õ¤ðåÖPØZÞZØ�Û/ß�ÕÈÖNÞÊßü�ßê×PØÊßêöÚÞZÓ1ÑåÓ ä ß�íåÞÊß�ÝTÓ e d (+��( Ù ã Ü³ÕA×§Ó�í�Ü³×§ÖPÓ 	 �f² ¨ÅæDJÑÚß�ÕÚÛ 	 �f² ¨mç�Jí�Ü³ðÚ×?Ü�öåÖ/ÓTÕÚØZ×��� Ò � e �:d � ³� ³ Ä´h e � � v � � è � v��'� 5 ���{d ä � e � � � v � � è � v��'� 5 �4� } 	 �f² ¨ S ` Õ¹ÑÚë�ÿ¼ÕÚØ�Ö4ÞZß�ö¼ß�ÕÚÑÚÓªí¼ßêÛPÛ/ßêÕ{ÖPÓNÑñÒyß�Û§ÛPÓT×§ü�ØZÛ§ÛPÓ�ì'Ó�ÕÈÖ3í¼ß�×

� d�� ³ Ä r 	 �f²���t 	 Ó � íÚ×§ØZì'ë�ÓªÓ�Õ�¨4V��ÓTÖ�ÞÊß7ô�Ü³ÕåÝTÖ/Ø�Ü³Õ�ÑÚÓªÖ/×Pß�ÕÚÛ§ô�ÓT×§Ö4ÑÚÓªÞ Òyß�Û§ÛPÓT×§ü�ØZÛ§ÛPÓ�ì'Ó�ÕÈÖ3í¼ß�× ä � e ��²� L�G�¢�?�¦ @gL^å G�I�CH@-¢Ã£S>8?��1KSB�I�KMG�I�CH@-¢S?
ä ß ì'Ó�ÛPðå×PÓlÑÚÓTÛ§÷¼ðÚÝTÖPð¼ßêÖPØZÜ³ÕÚÛ7ÑÚÓ�Þ�ÒÔÜ³ÛPÝTØZÞ�ÞÊßêÖPÓ�ðÚ×�õ Ö/ÓTÛ§ÖPÓ�×�ÛPÓlô`ßêØ�Ö�õ íÚß�×§ÖPØZ×7ÑåÓ�ÞÊß ì'Ó�Û§ðÚ×PÓ�ÑÚðÛPí�Ó�ÝTÖP×PÓªÑÚÓr� Ò ��Ù ��²¼ä ß·ô�Ü³ÕÚÝ�Ö/ØZÜ�ÕlÑÚÓ�Ö/×Pß�ÕÚÛ§ô�ÓT×§Ö ä � e � ÑÚÓ�ÞÊßNö�Ü³ðåÝ�ÞZÓ�ì'Ü³ÕÈÖ/×§Ó1ÞÊß7ÖP×/ß�ÕåÛ§ô�Ü³×§ìtßêÖPØZÜ³ÕîÑÚÓ�Û÷¼ðÚÝTÖPð¼ßêÖPØZÜ³ÕÚÛ<Ñ ÒÔÓ�ÕÈÖ/×§ë�Ó1ÔÚÓTÞZÞ�Ó�ÛTÒµØ�ÑÚÓ�ÕÈÖPØ�ÿ¼ÓõNðÚÕtÿÚÞ�Ö/×Pß�ò³Ó�í¼ß�Û§ÛPÓp�bö¼ß�Û 	"^ ØZò ²8�f² ç� ²fé Ø�Þ�ÒÔÜ³ÕtÛ§ðÚíÚí�Ü³ÛPÓ1ï{ðÚÓÞZÓ�Û<÷ÚðÚÝTÖPð¼ßêÖ/Ø�Ü³ÕÚÛ�ÑåÓ�ÞÊß·×Pë�ô�ë�×§Ó�ÕÚÝTÓ�Û§Ü³ÕÈÖ4ÕÚë�ò�ÞZØZò�Ó ß�öÚÞ�Ó�Û<í¼ß�×�×Pß�íÚí�Ü³×§Ö4õ�ÝTÓ�ÞZÞ�Ó�Û�ÑåÓ�Þ�ÒÔÜ³ÛPÝTØZÞZÞZßêÖ/ÓTðÚ× ã Ü³Õ¢ßß�ÞZÜ³×§Û��

� Ò � e � d � ³e � v � � d�� ³ ² � ÛPØ ¶ e ¶ ����� r 	 �f²�� ¨�
� Ò � e �{d � ³� � v � �4d ÛPØ ¶ e ¶ �ª�x� r } 	 �f²���� ªD�



° Ç ° Ç � Â�Î§Â�Ð�Ã�Í�Î-ËZÁ�Â�Ã`Ë�Ï�½�¾�º�Á·ÏÅÁÅÐ�Ë2À2ÀBÂ�Ã�º�¿fÎ/Á
é Ø^Ü³ÕóßêíÚí�ÓTÞZÞ�Ó ñD�@� " ý%$ Þ�ÓNÛ§í�ÓTÝTÖ/×§Ó·ÑÚÓ�� Ò ��Ù ��ã ØZÞ"ÛPÓT×/ßlíÚ×§Ü³í�Ü³×§ÖPØZÜ³ÕÚÕåÓ�Þ^ß�ð Û§í�ÓTÝTÖ/×§Ó·ÑÚÓ·íåâ¼ß�ÛPÓ7ÑÚÓ7Þ ÒµÜ³Û/�ÝTØZÞZÞZßêÖ/ÓTðÚ×Vñ!` � � � âåÜ³×PÛ�ÑÚÓtÞZß¹öÚß�ÕÚÑÚÓ'í¼ß�Û§Û/ß�ÕÈÖ/ÓtÑ ÒyßêÛPÛPÓT×§ü�ØZÛ§ÛPÓTìîÓTÕ{Ö ¶ e ¶ �ª��� Ó�Ö·ßêð�ÛPí�Ó�Ý�Ö/×§ÓlÑÚÓô�×§ë�ï{ðÚÓ�ÕåÝ�Óáñ Î � � � õ÷Þ�ÒÔØZÕÈÖ/ëT×PØZÓTðÚ×'ÑÚÓ ÞÊß ö¼ß�ÕÚÑÚÓóíÚß�ÛPÛPß�ÕÈÖ/Ó ¶ e ¶ �ª���÷²?é ß�Ý�âÚß�ÕÈÖ¢ï�ðåÓ ñ!` � � � ÓTÖñ Î � � � ÛPÜ�Õ{Ö4×§Ó�Þ�ØZë�Ûaí¼ß�×JÞ�ÒÔë�ï{ð¼ßêÖPØZÜ³Õ 	 �f² ¨ ´  ã Ü³Õ�Ü�öåÖ/Ø�Ó�ÕÈÖ�Þ�ÓÛPí�Ó�Ý�Ö/×§Ó�ÑÚÓ�ÞÊßªÿ¼ò³ðÚ×§Ó ^ ØZò ²���² ç 	 í�Ü³ðå×JðÚÕöÚ×§ðÚØ�Ö3öÚÞZß�ÕÚÝ7ÑåÓNô�×PëTï{ðÚÓ�ÕÚÝTÓ�Ó�ÕóÓTÕ{ÖP×PëTÓJ ²�� ×PßêÖ/Ø�ï{ðÚÓ�ì'Ó�ÕÈÖ ã Ü³Õ í�Ó�ðfÖ1×Pë�ß�ÞZØ�ÛPÓT×3ðÚÕåÓ·Ý�Ü³×§×PÓTÝTÖ/Ø�Ü³Õ ÑÚÓNÝ�ÓÛ§í�ÓTÝTÖ/×§Ó7í�Ü³ðÚ×4Ü³öåÖPÓ�ÕÚØ�×4ÞZÓªÛPí�Ó�Ý�Ö/×PÓ ñ!` � � � 	 Û§í�ÓTÝTÖP×PÓ7ÑåÓNíÚâÚß�ÛPÓ�4Ü³ð w � � � 	 ÛPí�Ó�Ý�Ö/×PÓNÕÚÜ³×§ìtß�Þ�ØZÛ§ëJ ã Ý�Óï{ðÚÓª×Pë�ß�ÞZØ�ÛPÓTÕ{Ö�ÞÊß·íÚÞ�ðÚí¼ß�×HÖ?ÑÚÓ�Û4ö¼ßêÕÚÝ�Û?ÑÚÓªì'Ó�Û§ðÚ×PÓ�ÑÚÓªöÚ×§ðÚØ�ÖPÛ�Ý�Ü�ìîì'Ó�×§Ý�ØÊßêð �¡	 ÛPëT×PØZÓTÛÑ¨ �~É:[�[�t í¼ß�×Ó � ÓTìîíåÞZÓJ�à©¨�Ó# 4Þ�ÓTÖPÖ � ß�ÝË]�ß�×PÑ S ç�è ²Úä Ó�ÛJìîÓTÛPðÚ×§Ó�Û?ÛPí�Ó�Ý�Ö/×Pß�ÞZÓTÛ�ÑÚÓ1öÚ×§ðÚØ�ÖJÑÚÓ1íÚâÚß�ÛPÓ1Û§Ü³ÕÈÖ�Ö/ÜêÖ�ß�Þ�Ó�ì'Ó�ÕÈÖÑÚëTí�ÓTÕÚÑ¼ß�ÕÈÖPÓ�Û?ÑÚÓ3ÞÊßªÑåý�Õ¼ß�ì'ØZï{ðÚÓÑåÓ1ÞÊßªö�Ü�ðÚÝ�Þ�ÓÑ Òµß�ÛPÛ§Ó�×HüfØ�ÛPÛ§Ó�ì'Ó�ÕÈÖ ã Ý�ß�×/ßêÝTÖ/ëT×PØ�ÛPë�Ó3í¼ß�×<ÞÊß�ô�×Pë�ï{ðÚÓTÕÚÝ�ÓÑÚÓªÝTÜ³ðÚíÚðÚ×§Ó �÷²�ä ß�ÝTÜ³ÕÚÕ¼ß�Ø�ÛPÛPß�ÕÚÝ�ÓªíÚ×§ë�ÝTØZÛPÓ�ÑÚÓªÝ�Ó�ÖPÖPÓ�ï{ð¼ßêÕ{ÖPØ�ÖPë�ÓTÛ§Ö3ß�Þ�Ü³×PÛ?Ø�ÕÚÑÚØZÛ§í�ÓTÕÚÛ/ßêöÚÞZÓ ²
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0.1 1 10 100 1000 (Hz)

f
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®<¯2°?±R��² ç ¶��³»¼º�Ð�Ã Î/ºN¾�¿�Á�Ë%u�½�Â�À"¾S�|º�Î-Î/º�¿fÎ � Ò ��Ù �?»¼Ï�¿�Î¡� d � � ß�´
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Ö#áBà
Ð�Ï
Ò�Ì|É!ðÝDÑ#ÉÎØÐ|É�ÏÄÜÙÐ�Ú�ÛOÑnÜ�ÜMÑóÒMÜ¯ØÎÖ@Ï
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Ð|É�Ï
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Ê ®U½ ÉÎÑ¿õDÌ|ÉÎÉÎÑÊnÐ|à
Ð|Ê@Ï
Ö#à�Ò�Í�Ð�Ï
ÒMÌBÉxÝ§ÌBÛÎà Ï ü #%$�#,"~Í\ÍcÑnà�Ð|ÒMÏåÐ�Ü�ÌBàcÍ�Ò�ÔÕÝ§ÌBÍ�ÍcÒ�õÎÜMÑ�Ý§ÌBÛÎà�Ü�ÑnÍ�ÌBÍ�Ê#Ò�Ü�Ü�Ð�Ï
Ñ#ÛÎà�ÍÕÍcÏ
Ð|õÎÜMÑnÍ*-ÔÕÌBÒ�ÉOÍôØÎÑ ¨ ) ¸ í Í
Ð�ÉÎÍ¡Ü�îñÛ¯Ï
Ò�ÜMÒ�Í�Ð�Ï
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ÑnÔÕÝ§ÌBà�Ñ#Ü�Ü�ÑÁØ!îñÛOÉ ÌBÍcÊnÒMÜ�ÜÙÐ�Ï
ÑnÛOàØÎÌ|ÉÎÉÎÖ<- ¨ ) ¸ é>= ÝÐ|àÁÑ �¯ÑnÔÕÝÎÜ�Ñ�ð�ÜÙÐ×Ü�Ò�ÔÕÒMÏ
Ð�Ï
ÒMÌBÉÞÑnÉ¿ÊpëOÒMòDà�ÑnÍÁÍ�Ò�á|ÉÎÒ?!ÊnÐ�Ï
Ò%ú�Í¡ØOÛ¿ÊnÌBÔÕÝOÏ
Ñ#ÛÎà�ÉÎÑUÝDÑ#à�ÔÕÑ#ÏÝÐ�Í�ÛÎÉÎÑ ÍcÏpÐ�Ï
Ò�Í3Ï
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ÒMÑ@!,�¯ÑØÎÑÕÜÙÐ\ú�àcÖnÚYÛÎÑnÉOÊnÑ\Ñ@ÏC-�ÉÎÑÕÊnÌBÔÕÝOÏ
Ñ#àrÚ�ÛOÑ�ÜÙÐÞÝÐ�àcÏ
ÒMÑ<DÛÎÊ#Ï�ÛÐ|É�Ï
Ñ ® È�ÉËà�ÖnÐ|Ü�ÒMÍ�ÑÓÑE�¯Ý§Önà�ÒMÔ×Ñ#É�ÏpÐ|ÜMÑnÔÕÑnÉ�ÏÊ#Ñ#Ï�Ï�Ñ�ÌBÝ§Önà�Ð�Ï
ÒMÌBÉ Ñ#ÉßÐ�Ï�Ï
Ð|ÚYÛÐ|É�ÏâÜ�Ñ#ÍÁØÎÑ#Û%�¿Ñ#É�Ï
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Ð�ÉYÏ³ÛÎÉÊ#ÌBÔ×ÝOà�ÌBÔÕÒ�Í�Ñ#É�Ï
à�Ñ×ÜÙÐÞÝÎàcÖnÍ�Ñ#ÉÎÊnÑ�ØÎÑ×ØOÑnÛ%�ËÌBÛËÏ
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ÑnÔÕÑnÉ�Ï þ>H Ò�á ®Î¯®�S��@®

batt 0

(  ) : partie fluctuante

f     = f  -f = 20.(526) KHz1

Oscillateur de

Oscillateur àmesurer 
f=5.0001(00) MHz Mélangeur

référence
f=5.020626(8) MHz
0

1

¨I©�ª¬«D¯®JI³²@KËÅ@¸MLµn¼�ºU¼�ºON��|¸H¸'º@»�º@¶¸ Àµ�¾�ÂP���×»�º��@¾¯Â
ºU¼�ºP���¡Ã9Â
Å�Æn¾º@¶�·pº³¼�º���µ��6·@¹������|¸'º@¾¯Â��
Q¯Ò�ÌBÉ�Ð|ÝOÝDÑ#Ü�Ü�ÑSRUTWVYX[Z\ZTWVYX[Z\Z Ü�Ñ#Í(DÛÎÊ@Ï
ÛÐ�Ï�Ò�ÌBÉOÍ^àcÑnÜ�Ð�Ï
Ò%ãBÑnÍ¬ØOÑC]_^�`baca3ðÌBÉ�Ð

d ]e^�`faca
]_^�`baca ü d%g ] =ih ] é�j

] =ih ] é ü d ] é
] é ] é

]_^�`baca $ þ ¯®.e�k�Ñ@Ï�Ü�ÑnÍlDÛOÊ#Ï
ÛÎÐ�Ï
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ÒMõÎÜ�Ñ#ÍÓØÎÑÞÝDÑ#àcÏ�ÛÎà�õ§ÑnàÓÜ�Ñ�Í�Ò�á|ÉÐ|ÜôÝÎàcÒ�ÉÎÊ#Ò�ÝÐ�ÜIÑ#ÉÔ×Ì�ØÎÒ?!Ð|É�Ï�Í
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� � # ó �q�q�D�
� � Ü è & �9Ø+r���� � � � s õ r Ú Ø+r8�UØ
�upTw�s¬��r£Ø+�
�Uæ Ú �Dr�Ø+pT�+pTrlØ
� � � � w Ú pTw�sx�q���9�
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�D���WpT�ÈØ â �>� Ú pTw)¨TpT�ur�Ø
�upTw��t���+pT���+�q��Ø
�2�;�T�D� �9� � wtØ¦p ß s � �È¨T� � �8�D�<ç��Uw�� � �Dþ)�>�
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s9�«�u� � sxØ������ â ���+�9s � wtØ ,07 �/s;�«�D�T�¯Ø1�D�qw�s+�~� � �Z���9ØI��Ø[�6�«�9×Or��q�q� ß � � sÈØI� ß � � � � s õ r Ú Ø+r8�UØ
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�D�qw � s
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r�� � s+r���� ß �/��pTw�w � r�w � � � w)Ø � � � Þ�é , è� G�Y¨ �;Ú r�w Ú p � ò Ú � � w)Ø§� �
Ú pT�+�x�;�>��Ø
�qpDwR�q�uw��¥�D�u� � � ��!#" ç%$'&)(�* , ò~�G¨D�U�+�>�Uw Ú;� �	� Õ �u�>�Dw+� Ú � Ú �D� Ú r��q� � �Y¨ �;Ú � � s � � � � s§��pTw�w�� � s
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��Ø
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�qpDw�� � Ø ,
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�üTÁS Xl^���bKbK��b��]�â��� Y�\_��bKbK`]b
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 3 ?�,A. � , 3���: G�?6. 1436�21 ? 5�{ G 5��8J G ��<81 T 3 , @ ? ° � <S14{ G 5 .89 52@Y5=<S��143U:65�« 9�?�,A. @45$�85=H ? <=®R14@U<85=H ª @451 .8.S9�, @`14<��05]:65&XLJ G @4JL1 . ãu�0J G � ?6. 1�«Ë�=JL363 ,�� � . 5&<8JL3 9 XAJL@ G �014JA3Û�85=H ? J . 5=@`@45 ó
 3 . 52X , 36�a°657®Y5=3�< G6? Ç? JL< , 3��;{ G 5C�25 . � , 143U<x:65��=5=<;HKJLHC523��0<]<SJL3��|1`3RX ,A. 1 , 3��8< ?�,A. � .0, 36<S@ , �814JL3��85=H ? J . 5=@`@457®jJL3 ? 5 G �J ª �052361 .�G 365��2@ , <S<85&:65 ?6. Jm�25=<8< G <�<S�0JB�a° , <��01`{ G 5=< ,A?6? 5=@ 9 < ?6. JB�=52<8< G <h<�� , �814JL363 , 1 . 5=< ó
� ´ ¸ÏÎ��qÐ�� µ Î®º�ì � ÷ � �Àöaôaô=ô�ôxô í - í ø � õQõ -�ø/÷ ö
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Ã ñKé0ü�é�� Ï ð é�ï�ÍÅÌ�ö Îµ"
Â é ÷�ø ó P Þ ú

ö í û�ÍÈñKé0ü Î�" û�ÍÈñ � �fé0ü � � Î & ÷�ø ó PªÉ�ú

 3 ? JL< , 3�� � " Æ�ü ® ÷�ø ó PªÉ'ú�:652XB14523��

ûüÍÅñCé8ü Î " ûüÍÅñ�Æ�ü�é $ Î é ÷�ø ó PLPLú
� .0, : G 14< , 3���@45$¬ , 1���{ G 5w@ , ¬JL36���014JA3K:U5��2J .8.S9 @ , �01`JL3u365�: 9=? 5=3U: ?�, <�: G �052H ? <=®�H , 14<E:U5�@ , : G6.89 5 óÚ-, X ,A. 1 , 36�25x: 9 É 3U145 ?�,A.

+ L Í/Ì Lò Î¬" ï�Í/Ì Lò Î Æ Â L é ÷�ø ó P ø ú
5=<S� , @`J . <��=JA36<S� , 3��05;52��X ,7G ��®�523 G �814@41`< , 3�� ÷�ø ó É'â�ú�� û�Í Ù é Ù Î Æ Â L " ûüÍ $ é $ Î Æ Â L ó Ú-, �=JA36<S� , 36�=5:65�@ , X ,A. 1 , 36�=5&52<S� G 365&�=JA36< 9 { G 5=36�25>:65&@ ,u?6. J ?6. 1 9 � 9 :65�<�� , �814JL3U3 ,A. 1�� 9�ó
 3 ? JL< , 3�� ñ�Æ�ü "��52�hÙ2" ñ ®Y@452< . 5=@ , �01`JL36< ÷�ø ó PLPLú$5�� ÷�ø ó É�â�ú$:6JL3636523�� G 365�: 9 É 361`�814JL3 ? @ G < TL9 3 9=.8, @45;52�w< , 36<h:6J G �05G 3 ? 5 G/? @ G < ? ° � <S14{ G 5;:65&@ , ¬JL3U�2�01`JL3Û:65&�=J .S.89 @ , �814JL3 ?�,7. �
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Út, ¬JA36�2�814JL3K:65h�2J .8.S9 @ , �01`JL3 9 � ,7ª @41�� G 3�@41`5=3K5=3�� . 5h@�M 9 � , ��: G�?U. JB�=5=<S< G <$ã�@_MO143U<S� , 3R��Ù�5��$<8JA3 9 � , �, 3�� 9=. 1`5 G6. ãu@�M!1`36<S� , 3���Ù Æ � ó � MO5=<S� G 3U5�HK5=< G6. 5&:NM G 3/:65 TL.S9 :65 Z H 9 HKJL1 . 5x[Q: G < � <S� ± HK5 óÚ 5=< ?6. J ?6. 1 9 � 9 < TL9 3 9=.8, @452<Í:65=<t< � <�� ± HC52<�<�� , �814JL363 , 1 . 5=<�<SJL3��-36JLH ª6. 5 G <S5=<t52�t@`5E@452�2�85 G6.Í? J G6.S.0,<S5 .89 ¬ 9=. 5 . ãK@_MOJ G X .0,7T 5�:U5 éÕó�� @ , 36: . 143 k�� @ , 36: . 143 y ø n : , 36<w@452{ G 5=@-14@ 9 � ,Aª @41���:65=< .89 < G @`� , �0<�{ G 1<SJ . �85=3���: G � , : . 5;:U5;�252�S�05 9 � G :65 ó
��� ³�����µ Ð ³t· �"!#!R¶�$Yµ�% �'&)( !

Ú M!1`: 9 5Û:NM , XLJL1 .uG 3FH , «m1`H G H :NM!1`3U¬J . H , �814JL3I< G6.�G 3 ? ° 9 36JLH ± 365 êÕÍ Ù Î>36J G <��=JL3�� .8, 143��KãG 3�H , «m14H G H :NMOJ ª <S5 . X , �814JL3U<;J G :U5 .S9�, @`14< , �01`JL36< ó�é J GU. { G M G 365KHKJ � 5=363U5K�85=H ? J . 5=@`@45>:6JA36365G 3 .89 < G @�� , �w< , �814<�¬ , 14< , 3���®Y14@Í¬ ,AG � , �S�05=3U: . 5�< G+* < , HCHK5=3��]@`JL3 T �85=H ? < ? J G6. { G 5|@45 ? ° 9 36JLH ± 365?6G 14<8<S5 ?U. 5=3U: . 5;�0J G �85=<w@45=<�X , @45 G6. < ? JL<8<S1 ª @`5=<=®Y�7M!52<S�SÇÀã�ÇÀ:U1 . 5x�8J G �052<h�25=@4@`5=<�{ G 5 ? 5 G XL5=3�� ?U. 5=3U: . 5
êÕÍ Ù-,=ÎhJ G êÕÍ Ù/.ÈÎ , XL5=��Ù/.�Ï ð óÍé�,A. HK1E�0J G <&@45=< ?U. JB�=5=<S< G <�<S�8Jm�a° , <S�01`{ G 5=<2®-JA3 ? 5 G �;:6JA36��5=36�2J . 5G 3U5;¬JL1`<��=@ , <8<S5 . @45=< ?6. Jm�25=<S< G < ? JL<S< 9 : , 3��]�25=<�� ,A.8, �2� 9=. 1`<S�814{ G 5=<2®Y<81tJL3/@45=<�< G6?6? JL<85�: 9 � . 1`�8< ?�,A.G 3U5/�25 . � , 1`365 9 { G�, �01`JL3~:61`ç 9=. 5=3��01`5=@`@45 óEÚ 5Û� , @4� G @�:65=<KHKJLHC523��0< , <8<SJm�21 9 <Cã G 3F�05=@ ?U. JB�=5=<S< G <
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? 5 G ��<85�¬ , 1 . 5 ?�,A. HKJ � 5=363 ,AT 5��05=H ? J . 52@�J GI?�,7. HKJ � 52363 ,AT 5C:NM G 3I5236<852H ª @45K:65 ?6. JB�=52<8< G <>ãG 3C1436<�� , 3���:6JL363 9�óUV 3C�85=@ ?6. JB�=52<8< G < ? JA<8< ± :65]�25h{ G 5]@�M!JL3 ,A?6? 5=@`@45 G 365 ?6. J ?6. 1 9 � 9 :NMO5 .ST Jm:U14�=1�� 9�óÚ MO° � ? JA�0° ± <85&5 .8T JB:614{ G 5x:�M G 3 ?6. Jm�25=<S< G < êWV ÙBX��2JL36<81`<S�85�ã>1`:65=3��81 É 5 . @ , HKJ � 5=3U365x�05=H ? J . 52@4@45w:65@ , HCJ � 5236365;:NMO5=36<S5=H ª @`5 ÷ � 1 TOó ø ó PLú¨®6<8JL1����
ï�» VÅêWV ÙBX ½ZY £ð �\[, êWV ÙBX��LÙ�] ÷�ø ó P_^Lú
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`Wa+O þ øJb�÷ ö o õdc ú bea �=� öaô � ö b�÷BO�øJb ögfüö=õ b � ôQô øih õ O_R � ö R7S � ô'� øJRJRiO_b ö=ô ÷
Ú MO° � ? JA�8° ± <S5�5 .8T JB:61`{ G 5]< G6?U? JL<S5&{ G M!1`@ � ,u9 { G 1�X , @45236�=5x523R� . 5xHKJ � 5=3U365=<��052H ? J . 52@4@`5=<�5���:NMO5=3mÇ<85=H ª @45�5=3|<2M ,7?6?6G � , 3���< G6. @45�¬ , 1���{ G 5�@45�< � <S� ± HK5 ? ° � <81`{ G 5kj V ÙBXt: 9 � . 1 .0, @�M!52< ?�, �=5�:65=< ? ° , <S5=< ,AGHCJL1`36< G 365&¬JL14<�@`J . <S{ G M!JA3�@_MOJ ª <S5 . XL5;< G+* < , HCHK5=3��w@4JL3 T �05=H ? < ó � 52�8�85�° � ? JA�0° ± <85>3U5��2JL36�=5 . 365É 3 , @`5=HK5=3���{ G 5�� .S± < ? 5 G :65�< � <�� ± HK5=<l���=5 G «�:6JL3���@45�36JLH ª6. 5$:65 ? JL143��8<E:65�@_MO5=< ?�, �25�:65=< ? ° , <85=<5=<S� É 361 ó z]3 ? 5 G ��:6JL3U�w: 9/� ã 9 @41`HC1`365 . �8J G <�@452<�< � <S� ± HK5=<$ã&36JLH ª6. 5�143 É 3616:65�:65 TA.89 <�:65�@41 ª 5 . � 9 ®�=JLHKHC5u@`5=<x< � <�� ± HC52<�ã . 52� ,7. : óÍ¯ @E523 52<S�&:65�H��=HK5 ? J G6. @452<x< � <S� ± HK5=<;36JL3W@41`3 9�, 1 . 52<]J9mW@_MOJL3HCJL3�� . 5W{ G M!1`@ ? 5 G �/5�«m1`<S�05 . :65=< ?�,A. �01`5=<Q143�X ,A. 1 , 3��052<Q: , 36<Û@�M!52< ?�, �25W:65=< ? ° , <85=< ÷ @`5=<QJ .Sª 1`�85=<<S� ,7ª @452<aú$52��:652< ?6,A. �8145=<��a° , JA�01`{ G 5=<=®��25&{ G 1-�2JL3�� . 5=:61���@_MO° � ? JA�0° ± <85;5 .ST JB:614{ G 5 óÚ 5 ?6. J ª @ ± HK5�:65�@_MO5 .8T Jm:61`�=1�� 9 5=<�� G 3 ?6. J ª @ ± HC5�� .S± <�J G XL5 . �=®m:NM ,AG � , 3�� ? @ G <�: 9 @`14� , ��{ G M!1`@Y5=<S�:61 * �=1`@45|ã�X 9=. 1 É 5 . 5�« ? 9=. 1`HC523�� , @`5=HK5=3�� ójÚ 5u@45=���05 G6.]? J G6.8.8, <85 .S9 ¬ 9=. 5 .&,AG «�J G X .8,AT 52<x< ? 9 �=1 , @41äÇ< 9 < , É 3/:65;<85;�=JL3�X , 143U� . 5;:65;< , �=JLH ? @`5�«m1`� 9�k g , ° , 3Ìg , @4HK5=:U14�=J y Pm®Ygh5 � J G @`JL3/â  ® è�, «Ûâ+nL®Ú 1`�a°��05=3 ª 5 .STËy n n 52� ,AG �0° 9 J .8± HC5&5 .8T JB:614{ G 5 9 36JL36� 9�?6,A.�o 1 .Bp °6JAç kqo 1 .Bp °6JAç�PLù n ó
� ! Ð ³-´RµY¶�·m¸r!#%4!ts � ! Î !B¶vuxw ��ÎjÐzy ³ ��Î !

� JL3U<814: 9=. JA36<�@45�<S1 T 3 , @U<S�8Jm�a° , <S�814{ G 5Lj V ÙBXÏ5 .8T JB:614{ G 5 ó�Ú M!5 .8T JB:61`�=1`� 9 �=JA36<81`<S�05�ãx< G6?6? JL<85 . { G 5@45|< � <S� ± HC5u: 9 � . 1`XA5 ,AG HKJL1436< G 365�¬JL14<w@_MO5=< ?6, �=5>:U5=< ? ° , <852< ,AG �=J G6. <]: G �05=H ? < óNV 3U5>36JA�814JL3:65 ?j92. 14JB:61`�=1`� 9 <S5=H ª @`5 , @4J . <$5¨«U1`<S�85 . <81Í@�M!JL3Q< G6?6? JL<85;{ G 5&@_MOJL3QJ ª <S5 . XL5;@45x<81 T 3 , @�1436: 9 É 361`HC523R� ó
 3K< GU?6? JA< , 3���{ G 5�j V ÙBXE5=<S��<�� , �814JL363 , 1 . 5�: G <852�=JL36:CJ . : . 5 ÷ ? J G6. { G MO14@U<8JL1���ã 9 365 .ST 145 É 36145�ú�®LJL3? 5 G �]HK52�S� . 5;5=3 . 5=@ , �01`JL3Û@ , ¬JL36���014JA3�:65��=J .S.89 @ , �01`JL3 ÷�ø ó P�{Rú¨®Y@_MO° � ? JA�0° ± <85�5 .ST Jm:U14{ G 5 ÷�ø ó P9^Lú�52�@ , : 9 �=JLH ? JA<81`�814JL3C< ? 5=��� .0, @45 ÷ �=JLH ? �05w�05=3 G :65x�252�8�85 Z ? 9=. 14JB:614�21`� 9 [�ú ó z]3 ? 5 G � , @`J . < 9 36JL3U�=5 .@45]�0° 9 J .S± HK5;:U5Z|i1`5=365 . Ç/}&1`3��0�a°61`365 ó
²|³t´BµY¶�·B¸~!�� ¹ a úa� ÷xT füö � ö�� ø ö=õÑö ÷�����ø õ b � a�ø õÑö� � øJb

û�V ��X Y ï�V j V ÙBXg]�j V Ù��r��X7X Y �����[+� � ��[, £ð j V ��X/j V Ù����UXS�LÙ�� ÷�ø ó P  ú
RiO ï � õ�� bÈø � õ � ö;� � ÷@÷ ú RiO_bÈø � õ � ô�ô øih õ O_R�j V ÙBX=õ Ò O � ö=õUô øJb ú ôWþQöa� bÈ÷7O_R ö � ö_þpô ø ôaô O õ��Àö ÅMý V�� X öaô b ú hCO_R ö� RiO�b�÷BO õUôï � ÷ f ú ö � ö ¢ � ô ÷@ø ö ÷ � ö RiO ï � õ�� bÈø � õ � ö>� � ÷@÷ ú RiO_bÈø � õ û�V ��X � ôQô øih õ O_R+j V ÙBX��Óø�õ ö õ

ð���� û�V �UX-� Y ð���� j V ÙBX��kj V ÙBX-� Y j V � XL¡¢j V�� X Y d£j V�� Xxd ¤ Y ÅMý V � Xg] ÷�ø ó PLùLú
¥ !B¸~¦6¶ &)( ! � ¸r��µ ¶ Ð ¦ ÎjÐ ! \�� 5��8° 9 J .8± HK5�3NMO5=<S�&X , @ ,Aª @45|{ G 5 ? J G6. @`5=< ?6. Jm�25=<S< G <�5 .8T Jm:61`{ G 5=<<S� , �014JA363 , 1 . 5=<K:NMOJ . : . 5WPm®��AMO5=<��SÇÀã�ÇÀ:61 . 5 G 365 ? 52�81`�05 ?�,A. �01`5�:65Ì@_MO5=36<S5=H ª @`5�:652< ?6. Jm�25=<8< G < ? JL<�Ç<81 ª @45=<"§ ¯ @ , �8J G �852¬JL1`<�@45�H 9=. 1��05�:65 ? J G XAJL1 .�. 52@41`5 . 5¨« ? 9=. 14HK5=3�� , @45=HK5=3���@`5=<�HC52< G6. 5=<�<S� , �01`<S�01`{ G 5=<�05=H ? J . 52@4@452<$52��@`5=<�HC52< G6. 5=<�< ? 5=��� .8, @452<�:U5=<�<81 T 3 ,AG «�§
 {
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z]3×365 ? J G6.8.8, 1`� ,A.8. �2�85 . 1`�=1Ï@ , @41`<S�85|:652< ?U. JB�=5=<S< G < , @ 9�, �8JL1 . 5=<w< , 36< . 52XA5=361 . < G6. @`5|� , <x:65=<?6. Jm�25=<S< G <�36JL3/<S� , �01`JL363 , 1 . 52<�{ G 1Í<S5=H ª @`5=3�� , XLJL1 . @45 G6. 14H ? J . � , 36�=5h: , 36<�@_M 9 � G :65x: GÛª6.SG 1`�$:65=<JL<S�=1`@4@ , �05 GU. <¸§ ¯ @ <852H ª @45w3 , � G6. 52@_®B5=3Q52çj52�=®U:65 . 5=3UJL36�=5 . ã|@ , � ,A.8, �2� 9=. 14< , �014JA3�:652< ?6. JB�=52<8< G <�36JL3<�� , �814JL363 , 1 . 5=< ?�,A. :652<$H 9 �0°UJm:652<$< ? 5=��� .8, @452< ?6G6. 5=<¸§ Ú-, <S� , �014JA363 ,A. 1`� 9�9 � , 3���HK14<85w5=3Q� ,AG <857®6JL3<S5;:UJL1`��:U5 .S9 1`3R� . JB: G 1 . 5x@45]�85=H ? <��=JLHKHK5 ?�,A.8, H ± � . 5x3 9 �25=<8< , 1 . 5|ãu@ , :65=<S� . 1 ? �01`JL3)§l�,A?6? 5=@4JA36<>{ G 5Ë�0J G � ?6. Jm�25=<8< G <�<S� , �01`JL363 , 1 . 5¹j V ÙBX|:NMOJ . : . 5/P , :UHC5�� G 365Q: 9 �=JAH ? JL<81��01`JL3° ,7. HKJL3614{ G 5 ÷ :61��05x:65 ��.0, HC5 . ú�:65;@ , ¬J . HC5 k�� @ , 36: . 143 y ø n �
j V ÙBX Y �»º º½¼

¤ .¿¾vÀ ò'Á9Â V � Xg] ÷�ø § P7â�ú
� 5��8�05/: 9 �=JLH ? JA<81`�814JL3�<2M ,7?6?�,A. 5=3��05�ã G 3U5 ?6. J � 5=���01`JL3�: G <81 T 3 , @Hj V ÙBXu< G6.KG 365 ª�, <S5Ì:NMO5�« ? J7Ç36523��01452@4@`5=< ÷ ,A?6? 5=@ 9 5=<&5�« ? JL36523R�81452@4@452< 9 �85 . 3U5=@4@`5=<0ú k!Út, �2J G HK5&â ø n ®N52� ? JL<8< ± :65 G 365 ?6. J ?6. 1 9 � 9 :65:6J G6ª @45xJ . �0°UJ T JL3 , @41`� 9 : , 36<�@45x<85236<�J9m
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ÃÅÄJÄÇÆ @45=<w1436� .89 HC523R�8<]< ? 5=��� .8,AG « ÷ J G×ª�, 36:65=<h< ? 5=�2� .0, @`5=<]1`3 É 361�� 9 <814H , @`5=<aú Á9Â V � X�<SJL3��xJ . �8°6J T J�Ç3 ,AG « ? J G6. @`5 ?6. JB: G 1���<8� , @ , 1 . 5x: 9 É 361 ?�,7. @�M!52< ? 9=.8, 36�=5&H , �0° 9 H , �01`{ G 5�Íl�
ÎÐÏ Á9Â V � Xg] Á9Â V ËCXBÑ YÒÉ+V � ��Ë�XBÓ)Ô V�� X Á Ë Á � ] ÷�ø § ø Þ ú
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rtsun0l�q � l�k*|dqmhAz~q��Lq � l � �usunpz�uq Nm� hAj � �Ls�z~n � h �uq�ã V�� X q�zK� V � Xg§ µ �0± > s�z N q � q*hu� > hAzirts��bq*�5�Lq*|| > z~n5| þ± > |�|dqmhtzi� >�� l �,� l�n5k�z~k��R�³��z~ldq�´�|ds �u�&� l�z IM� ldh�k_§���q�h��bq*|�z �^> |.�Lq N*> | �M� sulz � su|.�5q*|Þ| � q N z~ldqm|¦q*h� � nR�uq � s�n5|d| > h N q_§L h�ldq�j > h NU¸ qJv��5qm|�± � h N zdn � hu| � k*ldn � ��n5rtsuq*|�rtsun � hAz��uqm|��Û ; ± � h N z~n � hu|��uqNM.nLl >?N¼@ � � hAz��Lq*||�s �u�M� l�zd| | � hAz¶��q � qm|dsul�q*| htsu�L�5qm|�ldqmhAz~ldqmhAz O ö¼Q� b Ä Q� Ä � > hu| N q*| N*� hu�unLzdn � h�|¸§OM > hu| N q N¼> |*v�h � su|| �,��� q*| z � s ��� s�ld|¶|�P�ld|���� > j � n5l¶�²�³q®��nL|�zdq*h N q���s � l � ��sunLz¸§L ��q ��� �5q(�|dn)j V:9 X YÊ'*),+ E¬G �RQd9�� h > j ¤ V:9 X Y5S¤2T C � S¤ '*),+VU G �RQ~9�W v^q�z

j V�� X Y CE Ï É V�� � �RQ X�� É+V � � �RQ X Ñ ;²< §�{�^ >A@
j V�� XW�Hj V�� X Y CE -�É V�� X�� CE Ï É+V � � E �RQ X�� É+V � � E �RQ X Ñ 1 ;²< §�{�^ IK@

� �,��� qÞ�5q ��� hAz~l�qi�5q � q�z~npz | NU¸ k ��> ��q¦� > o^�?suldq¦Û�n5�§ < §q{uv�� > �Û��uqi|�n5�,h > s��ºnL|d|�su|¶�uq � l �Jþ�us�nLz~| ; |dnL�,h > s���h � h �5n5h�k > nLldq*| @ q���nL|�z~q�|�nF�Lq*|¦|�n5�,h > s���n5h�nLz~n > s��6| � hAz � k*ldn � ��n5rtsuq*|"§���q N n >?� �mhuq�uqms�� ldq ��> l�r�s�q*|�n ���M� l�z > hAz~qm|¸§�X�ldq � n5�mldq � qmhtz*v�� > �Û���qmj�n5qmhtz��unZY N nL�5q � qmhtz�s�zdn5�5nL| >?I �5q �M� sul��� > s�zdldqm|¶|dn5�?h > s��ºh � h �5nLhuk > nLldqm| ; h � h n5|d|�su|���bsuhuq¦z~l > hu|�± � l ��> z~n � h
�Ln5huk > n5l�q @ §[�.�bq*|�z�suh�q Nm� hu|�k þrtsuqmh N q}�unLldq N z~q
�uq
� > �ukmouhunLzdn � hT�uqº� > �Ûk§\MÞq*s���n5� � q � qmhAz¼v � h N*� h�|�z > z~q ��> �5�?ldk�z � s�z�rts��³nL�q®��nL|�zdq.suhuq N � > |d|�qÞ�uqÞ|dnL�,h > s�� ; �5qm| � k*l�n � �un5rtsuqm| @��&� s�l»�Lq*|drtsuqm�5|»� > h � h þ �5n5h�k > l�nLz~k � qms�z þ �mz~l�qÞzdl > n þzdk*q ´ �^> l·z~n5l��uq � > �Û ; ± � h N z~n � huhuqm�5�Lq
�5nLhuk > n5ldq @ §]�.�³qm|�z�z~l��*|�q*h N*� sul > �,q > hAz �M� sul��²�³k�z~su��q}�uq*||�n5�,h > s�� h � h½�5nLhuk > n5ldqm| rtsuq*� N*� h�r�s�q*|��&n5� � q*s�z�q®��nL|�zdq*l�suhuq�± � h N zdn � h�huq*�L�5q � q*l � q�zdz > htz��uq�l >?� q þhuqml��5q � l �?I �5� � q�´ suhuq�kmz~s��uq��Ln5huk > n5l�q_§��.�bq*|·z��²�³qm| � l�nLz � � � q��uq*| N¼> � N su�L| > �5�,k I ldnLrtsuq*|���� �,� k þ� �
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FHGJILKu< §q{@M ø O_^ ¥ W S ®;ò¹«�~Q W ® Ä b W ªa`ö¼Q�òRS b Ä Q�ò P ª�V Ä5P b ªE«^Q�®; R ª P ö¼Q�òRS b Ä Q�ò P « ñ  Ä Q W_Ä�� ®Uª P b  O Ä b/ñ ª PO ® P ªgò P�W ª P�W_Ä5P b  Ä ÷ ® b Ä Q�ò Pl > zdq*sul�|.�uncbRkmldq*hAzdn5q*�L|Þs�z~n5�Ln5|�k*|q*h�� ¹ h >?� nLrtsuq�h � h��5nLhuk > n5ldqVdg§e�.�³qm|�z > su|d|�n�� > h�|.�5q � � � q�qm| � l�nLzr�s�qNf > ld��huq*l�¿/f > ld�uhuqml � ú¬Á l�k*su|�|dnLz�´ ��� hAz~ldqml¦rtsuq�� > ldkm| � �Ls�z~n � h��uq��¾�bk*rts > zdn � h�h � h �Ln5huk > n5l�q�uqN} � l·z~qmj�l�q*�
��q:g�l�n5qm| ; }¦�[g @ k�z > npz �&� |d|dn I �5q �u> l¶suhuq�|ds N*N qm|d|�n � h���q N*> � N su�5|��5n5h�k > nLldq*|"§
ó�ôih j � ölkkù � û�� � ö{0q I s�z��uq N q NU¸^>?� npz~ldq
kmz > nLz�� � s I �Lq_§\M > hu|�suh � l�q � n5qml�z~q ��� |*v�nL�»k�z > npz��uq}l >?�u� q*�Lq*l��Lq*|N*� h N q � zd|Þ± � h�� >?� q*hAz > s��½�uq�� > z ¸ k � ldnLq��us z~l > nLzdq � q*hAz��us6|�n5�,h > � > o^h½�uq I n5qmh N*�?��� l�q*hu��ldq��5qN*� hAz~q®��z~q¦� > h�| �5qmr�s�q*�M�5q*|»ldkm|dsu�pz > zd|��uqm| kmzdsu�uq*|�|�z > z~n5|·z~nLr�s�q*|�� � nLj?q*hAz¶�mzdldq � � >?N k*|"§u{0q.�uqms���n5� � q�,I�� q N z~np±�kmz > nLzi��q � q�zdzdldq�qmh�ldqm�5n5q�±��5q�± > npz.rts��bsuh � q�z~npz.k N¼> l·z �^> lÞl >?�u�M� l·z > s�� ¸A¹��&� z ¸ �*|�q*|¦�uq|�z > z~n � huh > l�nLz~kJv0���bq*ld� � �un N npz~k?v0��q � k*ldn � ��n N npz~kJvR�uq��5n5h�k > l�nLz~kJv�qmz N §Ò� � npz Nm� hu�us�n5ldq�´\s�huq
l�kmj�n5|�n � h�uq��¾� � s�z~nL� ��> z ¸ k ��> z~nLr�s�qi�uq*| � kmz ¸�� �uqm|¶�uq��uk Nm�,���M� |�nLz~n � hu| | � q N zdl > �Lq*|�uq�Û � suldnLq*l"§L h ldq �
> ldrts > hAz�rtsuq
� > zdl > h�|�± � l �
> zdn � h �uq}Û � s�ldn5qml�hR�³qm|�z�o^h > �5q � q*hAz�rts��³s�huq � l �¬� q N zdn � h�usÚ|�n5�,h > �¶� > hu|�suh N q*l·z > nLhÖqm| �^>?N q\q�z
rts��bq*�L�5q N*� hu|�zdnLz~s�q6´ � su|�zdq½zdnLzdldq}suhuq I&� huhuq � k�z ¸u� �uq��� > h > � ¹ |�q?v � hº|dqi� � nLz�´ � l�k*|dqmhAz���³s�z~n5�Ln5|�q*l��5qm| � kmz ¸�� �uqm|��uq � l �H� q N zdn � hº��sº|dnL�,h > �Mldk�z >?I �Ln5|�| > hAz�5q �^> l >?� ��z~l�q�± � hu� >?� q*hAz > �¦r�s�n���k N l�nLz½h � zdldq kmj � �5s�zdn � hRv N qm�5sun �M� sul �5qmr�s�q*� � h huq Nm� huh >Rm zn ×xØo% Ú/%7Û/Ü'%ïÝzÞ ß_àgÝzÞ�Þ�á�Û-à"í�â'Ý�ÚqÜ'%ïÞ±Ú�ç %qp,%�*¬ßzÚ)%r+,%s"�%�t¸äu%0tl+zá�í�â±Ú)%0#¸Ý&%BÚ îÇÚ�Ý£Ü�î�ÚÇîÇâ-% Ýzí&% Ü ÞÅá�í�â'äåàgÞ'*Lá�Ü�î�à"í�ß�à"ÝzÞâ î)*kß�Ú�î/vR%ïÞ�Ý�í±â-t£âeÜ'w�*�%©ízàgí�Ú�îÇízãBágî�Þ'%]%ïí±Ýzí±â-t£âeÜ'w�*�%x+Cç ã0#¸Ý�á�Ü�î�à"í�â8+£î/y_ãBÞ-%Bí"Ü�î/%BÚ�Ú)%BâlÚÇî�í�ãBá�îÇÞ'%Bâ)Û-à"ÝzßzÚÇã�%Bâ]z "�%0t"äu%0t Ö n,{ß;×&|R}�~�×ú �



 t¡)�M¡ ` Q�òRS R ® PgÄ Q�òo^h > �5q � qmhtzFl�n5q*hRvt´ �^> l�z � qms�z þ �mz~l�q| � h�n5ldl�kmj?q*ld|�n I nL�5npz~k¶qmzF| � h
nLhuq�� � l >?I �5q�uk�o^�5q � qmhAz0�t�5q¶z~q ��� |"§{ > rtsuqm|�zdn � h\q*|�z ��> n5hAz~qmh > hAz��uq � l �,�M� |�q*l�suhuq�| � �Ls�z~n � h)§^{��bkmj,qmhAz > nL�Ò��q*| �M� |�|dn I n5�5npz~km| q*|·zi´� >º¸^> s�zdq*sul¦�uq�� >ºN*�,��� �5q®��nLz~k��us � l �,I �5� � q_§8X � sul �M� s�j � n5l¦k�z >?I �5n5lÞsuhuq�j � n5q����bn5hAj,qm|�zdn5� > zdn � hRvh � su| > j � h�| N*� hu|�n5�ukmldki�Lq � l �,I �L� � q.�uqm| � | N n5�5� > z~qmsuld|Fq*h}��kmz > n5�5� > hAzF� > hu| N qmz�z~q � l�q � n5�*l�q �^> l�z~nLq�²� �,It� qmz�rtsuq��¾� � h �
> hun � s��5q�q�z��Lq*| � s�zdn5�L|irtsuq��²� � h�|dq�� � huhuq�§�{��³�mldq��uq�� >ºN*�?��� l�k ¸ qmhu|dn � h �uq*|�u¸ k*h �,� �*h�q*|(qmh � q*s�� > h�|(�5qm| � | N n5�L� > zdq*sul�| > j?q N �uqm| � k�z ¸u� �uqm|(�5nLk*q*|�´.�¾� >?�u� l � ��n ��> z~n � h��5n5h�k > nLldq?vrtsun � hAz N qml�zdq*|�± > nLz¦�Lq*sul�| � ldqms�j,qm|*vÒ� � nLz�� > n5|�|dqml � � >JN q�´}�¾�b�*ldq��uq�� >º� ldk N n5|�n � h �uqm|�k�z~su��q*| �^> lsuh�q � ldn5|�q¦q*h N*�,��� zdq�z � z > �5qi�uq¦z � su|�5qm| �u¸ k*h �,� �mhuq*|mv > su|d|�n N*�,��� �5nLrtsuk*| | � n5qmhAz þ nL�5|"§{ > �uq*s���nL� � q �^> l·z~n5q��uq}h � zdldq
zdl > j > n5� � l �?�&� |�qºsuhuqºj � n5q}�R�³nLhtj?q*|·z~n5� > z~n � h��uq}�²�³k�z~su�uq
�uq*|� | N nL�5� > z~q*s�ld| q�z�uq*| �u¸ kmh �,� �*huqm|Þ�uq�| ¹ h NU¸ l � h�n5| > z~n � h)§

ú n
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{0q ��� �u�m�5q»�uq I^> |�q¶�uq*| � | N nL�5� > z~qmsuld|Ò�uk N ldnpz > s NU¸^>?� nLz~l�qÈÇ �M� |d|��*�uqsuh�q N*� h�|dk*rtsuqmh N q± � hu� >Hþ� q*hAz > �5q rts > hAz > s�± � h N z~n � huhuq � qmhAz��uq�¾� � | N n5�L� > zdq*sul�� N �³qm|�zFsuh��un5| �&� |dnLzdnL±Kh � h��Ln5huk > n5l�qÊÉH{ > |dq*s��5q�M� |d|�n I nL�5npz~k �&� sulirts��bn5� � sun5|�|dq�q®��nL|�zdq*l¦q*|·z¦rts��bn5� �M� |�|d�*��q�s�huq�ldk �&� hu|dq�rtsun(��k � q*hu���uq��²� >J��� �Ln þzdsu�uq���� � | N nL�5� > z~n � h8É[Ë�n��5q*| � | N nL�5� > z~n � hu| |*� >?��� �5npo^q*hAz*vun5��± > s�zÞ�Lq*| > zdzdk*htsuqml��K|dn�q*�L�5q*||m� > z�z~kmh�s�q*hAz¼vnL�&± > s�z > � � ld|��5q*| >J��� �LnLo^qml �M� sul¶rtsuq��,� �,Iu> �5q � qmhtz��5q¦� > n5h}ldqm|�zdq�km� > �0´lÇ	É� �,��� z~qFz~qmh�s��uq N q�zdz~q¶k�j�n5�uqmh N qJv?n5��q*|·z > |�|dqÌ¶|�sul � ldq*h > hAz��uq N*� hu|�z > z~qml(rtsuq �¾� � | N n5�L� > zdq*sul0qm|�zqmh N*� l�qikmzdsu�unLk �^> l»�uq*|»z~q NU¸ hun5rtsuqm|¶| � q N zdl > �Lq*|»�5n5h�k > nLldq*|±ÉOÍ�n5qmh
|�P�l*v��²� > ld�,s � q*hAz»|dqm� � hº�Lq*rtsuqm�&�Lq*|� | N nL�5� > z~q*s�ld|�su�pz~l >¬þ |�z >?I �Lq*|��ukm�5nLj�l�q*hAz�s�huqÞ±Xl�k*rtsuq*h N q � � l�q*|drtsuq�� �u> l�± > npz~q|dsÎY�z ;�N q*l·z > nLhuq � q*hAz´¦suhuq N q*l�z > n5h�q�k NU¸ q*�L�5q @ ´¦�Lq*| N*� h�|dn5��k*ldqml � kmldn � �unLr�s�q*|�qmz»´¦s�zdn5�5nL|dqml(�uq N q± > nLz(�¾� > ld|�q*h > ���5n5h�k > nLldqÊÉ��q�zdz~q � k*l�n � �uq >?�u�u> ldqmhtzdq¦h��bq*|�z þ qm�5�5q �u> |¶�5qil�k*�,n � q � qml ��> huq*hAz���bsuh | ¹ |·z~� � q¦z � z > �5q � qmhAz¶h � h�Ln5huk > n5l�q � s�qmh N*� l�q��5q�l�k*�,n � q�z~l > hu|dnpz � nLldq��R�³suh�| ¹ |·z~� � q�� � zdk��uq�z~l��*|¦�,l > hu�uqm| N*� h�|�z > htzdq*|��uqzdq ��� |É�X � s�l��5q�j,qml��¾�bn5h N q*l·z~npz~su�uqJv$suhuq k�z~su��q h � h��5n5h�k > nLldq��uq��²� � | N nL�5� > z~qmsul0qmz��uq�|�q*| Nm�,���M� | > hAz~|� q*s�z � qml � qmz�z~ldq»�uq�h � su|�l�q*hu|�q*nL�,huq*l�qmz(�R� >?���&� l·z~qml��uqm|�ldk �&� hu|dqm|�|dsul��¾� � ldnL�,n5huq���s I lds�nLz�q*h C � ãÒv� l�n5�,nLhuq.��nZY N nL�5q¦´ � q�zdzdldq¦q*h½kmj�nL�uq*h N q > j?q N �uq*| � kmz ¸�� �uqm|�5n5h�k > nLldq*|±É
Ï Ã�ÐFÃ�Ð ÑrÒ³Ó$ÔÕÓ>ÖR×qØqÓaÙ�Ò�ÅIØiÚÎÙÜÛ.Ë ÅIÙ�ÝOÔÞÓaÒ\Ú�É0ËÞÅàß³á ËaÒ�ÅOÚ[â{0q�l�k*| � h > z~qmsul Nm� hu|·z~nLzdsuq��Lq N±ã s�l.�uq��¾� � | N n5�5� > z~qmsulÉIäÞhuq � ldq � nL�*ldq >?�u� l � ��n ��> z~n � h ��� hAzdldqrtsuq N qm�5sun þ N n � qms�z
|�q ��� �uk*�Ln5|dqml �^> l�suh N nLl N s�nLz�û�{å� |dk*l�n5q q*h �^> l > �5�L�*�5q > j?q N suhuq N¼>?�u>?N npz~k�us�q > s��ékm�5q N z~l � �uqm|}�uq N*� hAz >?N z ; Û�n5�IÉÕæIÉcÇ @ É¶{0qm|½km�5k � qmhtzd| ��� z~n � huhuq*�L|
�us rts > l·z�Ì�| � hAz �Lq*|Nm�,���M� | > hAz~|�kmrtsunLj > �Lq*hAz~|]çaè*v�éxè*v�ê�è�qmz�� >N¼>?�u>?N npz~k�ê�ëmv N*>?�^>?N nLzdk �^> l > �L�5�*�Lq��usuq > s��un5km�5q N z~l�n5rtsuq�É{�� � ld�ul�qÞ��qÞ�,l > hu�uqmsul���q*|»j > �Lq*sul�|ºç$è*vOéxè*vÎê�èmvÎê�ë»| � hAz �M� sulFsuh�ldk*| � h > zdq*sul�´�rts > l·z�Ì.´rì2í�î$Ìú ì
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| � npz > j?q N�N qm|�j > �Lq*sul�|��
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ldq � ldk*|�q*hAz > htz.ldqm| � q N zdnLj?q � q*hAz.� > ±Xldkmr�s�q*h N q��uq�ldkm| � h > h N q�qmz�Lqi± >?N zdq*sul�uq�rts > �LnLzdkÊÉ
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{0q�ldk*| � h > zdq*sul � qms�z > j � n5lFsuh Nm�,���&� l·z~q � qmhtzFh � h
�5nLhuk > n5ldq´�± � l�zdq � sun5|�| > h N q.���bq�� N nLz > z~n � h�v�IP�q*hAzdldq > s�z~ldq > s�� Nm� q¿Y N n5qmhtzd|(k*� > |�zdn5rtsuqm|��us < q�q�z]æ,q � ld��ldq?v � nLkÌ � k*�Lq N z~ldnLrtsuq*|Ò�us < q � l��uldqJv � s�&� � > ldnL| > zdn � h�km�5q N z~l�n5rtsuqi�us < q.q�z>æ,q � ld�ul�q�¿/f > �?huq �^> n5h ú,=¬Á ÉIM > hu| N q N¼> |mv�� > ±Xldkmrtsuq*h N q � l �?� ldq�usÊl�k*| � h > zdq*sul½�uk � q*h��Ê�uq��²�³q®� N nLz > z~n � híqmz � l�k*|dqmhAz~q suhÊ��km± > s�z½���bn5| ��NU¸ l � hunL| � q ; Û�n5�IÉÅæIÉ =?@ É{ � ld|drtsuq��Lq.ldkm�,n � q.�R� � | N nL�5� > z~n � h�qm|�z¶k�z >?I �Ln ;�>?��� �5nLzdsu�uq N*� h�|�z > htzdq @ vu� >�� sun5|�| > h N q¦���bq�� N npz > zdn � h�us�r�s > l�z�Ì�q*|�z�rts > |dn N*� hu|�z > hAz~q�qmz¦�Lq��uk�± > s�z����bn5| ��NU¸ l � hunL| � q�q*|·z ��� nLhu|.|�n5�,h�nLo N*> z~np±qÉeM > hu| N qN¼> |mv^� > h � h þ �Ln5huk > ldnpz~k��us r�s > l�z�Ì¦q*|�z > � � l�| huk*�?�5n5�?k*qÊÉ L h½l�qmj > h NU¸ q?v � q*hu� > htz¶z � s�zdq¦� > �us�ldk*q��usldk*�?n � qzdl > h�|dnLz � n5l�q¶�uq��¾� � | N n5�5� > z~qmsul ; r�s�n&qm|�z»��� > s�z > hAz � �5s�|»� � hu��rtsuq.| > rts > �LnLz~kqm|�z � qmn5�5�Lq*sul�q @ v� > h � h þ �Ln5huk > ldnpz~k��us�l�k*| � h > z~qmsul(qm|�z�|�n5�,hunpo N¼> z~nLj?qÊÉ65 � s�z~q � qml�z~s�l I^> zdn � h��uq N q ldkm�,n � qFzdl > h�|dnLz � n5l�q±Xldq*nLhuq*l > �²�³k�z >?I �Ln5|�|dq � q*hAz��usÖldk*�?n � q � q*l �
> huq*hAz É L hÚq®��zdl >?�M� � > hAz¼v � h � q*s�z > j > h N qml�rtsuq6�5qldk*�?n � q � q*l ��> huqmhAz¶�uq*| � | N nL�5� > z~qmsuld|»su�Lzdl >Hþ |�z >JI �5qm|�|dqml > �uq � �5su| qmh � �5s�| � � h���´ �,I zdq*hunLl qmz¶rtsuqN qmz�z~q��uncY N su�pz~k�|�q*l >}� l �,�M� l�zdn � huh�q*�5�Lq�´87sÉR{�� ¸A¹��&� z ¸ �m|dq��uq�|�z > z~n � huh > ldnLzdk��uq�j�n5q*h��ul > �uq � �5su|q*h � �5su|¶±Xl > �,n5�LqÊÉú �
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9�QPÏ Ã�ÐFÃ¾Ä R�ÙTSÞØ·Ç É£Ç Ë$× ÚÎØ·Ç¢Ô>Û.É�Ý�ÛÞÉù×�U ÔÞÝWV�Øq×q×�Ò\Ú�É0ËÞÅ{0q�l�k*| � h > z~qmsul � q*s�z � ldkm|dq*hAzdq*l � �Lsu|dnLq*sul�| ��� �uqm|���q�j�n I l > z~n � hu|Òr�s�n � q*s�j?q*hAz��mzdldq���q*| ��� ��q*|�uq)X^q®��n � h�v,j�n I l > zdn � h�� � hu�,npz~su��n5h > �Lq?v N nL| > nL�5�5q � qmhAz(���bk �^> n5|d|�q*sulmvtqmz N É L h
�,kmhuk*l > �¾v,�Lq ��� �uq���bq�� þN nLz > z~n � h NU¸u� nL|dn»q*|�z N q*�Lsun �Y �5q*| � l �?� ldnLkmz~km|�| � htz �?� z~n �
> �Lq*|±É�í > � ¸ q*sul�q*su|�q � q*hAz¼v(� >6� l�k*|dqmh N q�uqm| ��� �uqm| �^> l > |�nLz~qm| � l ��NU¸ q*|��us ��� �uq � ldn5h N n �u> ��q*hAz~l >�m huq��uq*| � qml�z~s�l I^> zdn � h�|�rtsun � qms�j,qmhtzNm� hu�usunLldq¦´�s�h ± � h N zdn � huh�q � q*hAz � su�pz~n ��� �uq*|F�uqi�²� � | N nL�5� > z~qmsul.¿/� ¸ l � h � | � Ç Á ÉIX � sul¶suh | ¹ |·z~� � qI n þ ��� ��q?v � h ��� htzdldq > � � ld|�r�s�q
�5q�ldkm| � h > z~qmsul�|�q N*�?���M� l�zdq Nm�,��� q�suh�| ¹ |�z~� � q � k N¼> h�n5rtsuq| � s � n5|»´�suhº� � s I �5q � sunpz~|F�uq �M� z~qmhtzdn5qm�&|�k �^> l�k �^> lFsuhuq �&� |�nLzdn � h����bk*rtsun5�Ln I l�qÞnLhu|�z >?I �LqÞ�uk�o^hunL| þ| > hAzÞs�huq�|dk �u> l > zdldn N q ; Û�nL�IÉ[æ[É <A@ ÉäÞh�q �^> l�z~n N su�Lq��uq �
> |d|dq[Z | � s � n5|�q�´ N q�z ¹�� q��uq �&� z~q*hAzdn5q*�]\_^a`cb¦h � h rts > �ul > z~nLr�s�q�qm|�z�uk N l�nLz~q �u> lsuhuq�k*rts > zdn � h �uncbRkmldqmhtzdn5qm�5�5q.h � h �5nLhuk > nLldq(�
Zed
f `d 9 f �hg_i \F^a`cbi ` �jgk^a`lgm` S bn^'`ogm` f b f gp^'`ogm` f bq^a`lgm` S b f � ; æIÉ <A@�M� s�j > hAz N*� h��usun5l�q�| � s�| N q*l�z > n5h�q*| N*� h��unLzdn � hu|¦��q � q*l·z~sul I^> z~n � hu|¦q�z���q Nm� hu�unpz~n � hu|¦n5hunpz~n > �5qm|.´suh N*�?���M� l�zdq � q*hAz NU¸^>J� z~nLr�s�qÊÉ ú,ú
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$�%'&)( æIÉ < * : Q W �¿þÿ÷ WÊû ö ý P Q ú ñÊôq÷ û ö�÷ó < � Q W ÷ Psr \o^a`cbt� Sf ^a`ogM` S b f ^a`_gM` f b f ¡L h q±b&qmz*vu� � l�|drtsuqi�²�³kmhuq*l��,n5qÞz � z > �5qvu ° ë ° q*|·zn5h�±XkmldnLq*sul�qi´DuxwUvu�5q ��� �uq NU¸u� n5|dnR|dq*l > suhuq � | N n5� þ� > zdn � h�q*hAz~l�qi�¾�bsuhuqi��q*| �uqms�� �M� |�nLz~n � hu|F���bk*rtsun5�Ln I l�q ; ` S � so` f @ É[M > hu|��5q N*> | �yY u ° ë ° ��uzwUv�suhuqz~l > hu|dnpz~n � h �R�³suh ��� �uq�´½�²� > s�z~l�q �M� sul�l > npz > j � n5l��Ln5q*s��uq �
> hun5�mldq NU¸^>?� z~n5rtsuq�| � su|��²�³nLh�X^suqmh N q���³s�huq � qml�zdsul I^> z~n � h6q���zdk*ldnLq*sul�qÊÉ���q �u¸ k*h �,� �mhuq�qm|�z Nm�,���u> l >?I �5q�´��¾�bn5hu|·z >?I nL�5npz~k ��� �us�� > zdn � h þhuq*�L�5q �?I |dqml�j,kmq�� > hu|i�Lq*|i�Ln5�,h�q*|.��q�z~l > hu| � n5|�|dn � h6h � h��5n5h�k > nLldq*|�¿bû�q ��� nL|d|�q*huq�z � æ Á(� s�� > hu|i�Lq*|| ¹ |�zd� � q*| �unL| N ldqmzd|»h � h
�Ln5huk > n5l�q*|¿ M � |aË > hAz � | � ì Á ÉOä�huq.kmhuq*l��,n5qn5h�nLz~n > �5q�� ��N¼> �Ln5|dkmq |ds�l�suh ��� �uq� qms�z¼v �^> l�q±b&qmz~|�h � h��Ln5huk > n5l�q*|�qmz�´ �^> l·z~nLl����bsuh N q*l·z > nLh |dqmsun5�²v�|dqº�ukm� ��N¼> �Ln5|�q*l�qmz > bRq N zdq*l��Lq*|> s�z~l�q*| ��� �uqm|¶�us\| ¹ |�z~� � q�É
{�� su| > j � h�|Fk�z~su��n5k¦¿/í > l�r�s�n5k � ì > voí > l�r�s�n5k � ì I�Á � > �ukm� ��N¼> �Ln5| > z~n � h���q¶�¾�bk*huqmld�,nLq �uq*| ��� �uq*|�^> l��uqm| � kmz ¸�� �uqm|�hts � k*l�n5rtsuq*|mv(qmz ��� htzdldk�r�sR�³qm�5�5q�kmz > nLz���� > s�z > htz � �5su|�l >?� n5�uq�r�s�qº� > h � h þ�5n5h�k > l�nLz~k»kmz > nLz�n ���M� l·z > hAz~q�É,{�� >?I |dqmh N q�uq�ukm� ��N¼> �Ln5| > z~n � h �?I |dqml�j,kmq �M� sul���q*|�± > n I �5q*|�j > �5q*s�ld|(�uqh � h þ �5n5h�k > l�nLz~k�h � su| >
Nm� hu�usunpz¦´�|ds �u�M� |�q*l¦�¾� ¸A¹��&� z ¸ �*|�q����bsuh�|dqmsun5�²vK| > hu| �&� s�l > s�z > hAzik N¼> l·z~q*l�¾�bkmj,qmhAz~s > �LnLzdk��uq»�²�³q®��n5|�zdq*h N q��us ��¸ k*h �?� �mhuq �&� s�lÒ��q*|0z~q ��� |0zdld�*|�� � hu�,|mv �
> n5|0rtsuq�h � su|�h�� > j � h�|�^> | �,I |�q*l�j?k�± > s�z~q¦�uq � kmz ¸�� �uqm|h�s � kmldn5rtsuqm|q±Y N¼>?N q*|±Éµ �Mq*|·z �&� |�|dn I �5q����bq*hAj�n5| > �,q*l �²�³q®��n5|�zdq*h N q¦�uqÞzdq*�L| �u¸ kmh �,� �*huqm| � > hu|��5q N*> | �uqm| � | N n5�L� > zdq*sul�|�´� �5su|�n5qmsuld| ��� �uq*|Þ�uq�± � h N z~n � huhuq � qmhtzÉ L � � k*ldn � qmhAz > �Lq � q*hAz¼v � h Nm� hu|�z > z~q���� > n5�5�Lq*sul�|�±Xl�k*rtsuq ��þ� qmhtz��5q��uk ��> l�l > �,q��uqm| � | N nL�5� > z~q*s�ld|�|dsul��uq*| ��� �uqm| �^> l > |�nLz~qm|É�{��³q®� N suld|�n � h �uq
�²� � | N nL�5� > z~q*s�l|dsulFsuh ��� �uq �^> l > |dnpz~q¶qm|�z N q*l·z > nLhuq � q*hAz�l�k > �Ln5|dkmq � qmhu� > hAzF�uq*|F�usul�k*qm|Fzdld�*| N*� sul�zdq*|*v N qÞrtsunu± > nLzr�s�q��²� � h Nm� hu|dnL�u�*l�q N qmz�q¿bRq�z Nm�,��� qis�h I l�sunLzÉ µ hu|�n5|�z � hu|q*h N*� l�q�|�sul�5qi± > npz¶rtsuq N qmz�q¿bRq�zÞ|�q*l >��� > s�z > hAz � �5su||�n5�,hunpo N¼> z~nL±�rtsuq��Lq¦z~l > hu|dnpz � nLldq¦|dqml > � � hu��v N �bq*|�z þ ´ þ �un5l�q�r�s�q��¾� � | N n5�L� > zdq*sul�|dq*l > �uqú À
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mode antisymétrique
(mode du centre de masse)

mode symétrique
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carré

d= ln3
ln2

=0.63

d=
ln2
ln2 =1

d=
ln2
ln4 =2

ensemble de Cantor

d=
ln2
ln8 =3cube

droite
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] a TWVäc�^e\ © T f7g TW\ M V�]_^e\ùÛ M \�\_^|\ ��O�h �'¨Z^eV © ^e\#cZ^�` M¤f TLcZ¨Z` M ] a TWV��}�¦^ g T O ] O_M�a ]ÍcZ^ gZª�M \_^ Y c0[ f TWV�] O ^
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cZ^�` MÇg ` M#� ^ v�ÕWÖ ñì` M���O_h �'¨Z^|V © ^�c�^ f TLcZ¨Z` M ] a TWVæc ¥ ^eV �LanO T�VÈ4��Î4)1Ø^e\H] g `n¨�\ �WO_M VZcZ^ Y M [Â^A] g `i¨Z\g ¨ O ^ Y © [!\ g ^ © ] O_M `n^ f ^|V�]N� � VZ^ f T)c�¨Z` M ] a TWV7^e\H] f�M�a V�]�^|V M V�]8Û a ^eV �La \ a Û�`n^ Y c0[!^A] Y ^N[ M ¨�]_TW¨ O cZ^e\ª�M�O_f TWV a �'¨Z^|\}cZ^Ç` MÃg T O ]�^|¨Z\_^��§�¦^ó\�ÔL\�] §ef ^�\�^ f ÛZ`i^ gZO_h \_^eV�]_^ O�g `n¨Z\7cZ^ O_hA� ¨Z` M�O�a ] hØ© T f7f ^ó`i^f TWV�] O ^?`n^ g ` M VÚcZ^ gZª�M \�^ Y Û0[A�ù T�¨Z\ gZO_h \_^eV�]_TWVZ\¤^|V � V © ^ÊcZ^ O V a ^ OdO_h \_¨Z`2] M ] Y ËÍa~� � é �Î<�¿�[ÞT~Û�]_^eV'¨ g TW¨ O� S#Ð ªNP R ° �¯�ÒÞÐ ³ ª µ P ³  ��° Ð ªQP R � �¯ Í±ÎÔÏ Ð ³ ª  Y é ��¾ è [
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� ��% � re{:d (V1)�:�������0���`18�$���
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���h	�����������	��
Ó ���-�GÝZ���$×"������/$�&��� ����×"��� ç � â åÞ �$�2Ó��:�
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W8�NW LTPdbgefLVO�M H L ® W bg[\K�b�P+LN`AO�Q � e\YZMZL H I Q�Y�efb S M�UkQ^O�LVQ�`NL H Lk` I O�R.O�MZL6LNKpY H L -+û üCýwv��>Ñ LVY�YcLS I [\Kk�Cefb v I Q�Li`NLVQ^YZMcbge\L_Q M LGw.[\K�YZL_R�e\O�K8LVY8e M T���KpYcUVMZUNK�[fK�LNK�Y H LiR�efO.K�LVQ�R�e\O�K S bg[\â�e\L � � LNO�e\LNK H LNK
[\MZMZU�V+O�efbgMZ[�YcUNK H bgQ�K�efb�` I O.MmâuL]KZL W â�efLVQ^Y�M�LNQ H M�L6` I+W R.YcL H L]ejb S MZU�Q^O�LNQ�`VL H L]` I O�R.O�MZL H O � e\YZMZL �L b � VgO�MZL z â|{kR.MZUNK�LNQ�YcL}e\L W8�NW LoLNQ.MZLkVg[fK�YZMZL W LVQ^Y�R I O�M ® B �g
n' üCýþv z ~�` I+W R�bgMZLVM�b�P+LV`�ejb� VgO�MZL�y0[RV � � � c�? {h��LVY�[fe S bgO�Y;O.Q8V�bd[fQ H L ® B ) 
 * ) üCýþv z `4{xR I O�M S bg[\MZL�bgR�R�bgMcbKÐ\YcM�L�ejb]MZUVK I QlbdQ�`NL
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Q�[fKZbdYc[ I Q � LJM UNQ�LVMmV+[\L]Q M LVK�YhRlbgK�bgK�KZL v [ W R I M�YcbgQ�YcL�R I O�M�LVQ^YZMZLtYcLNQ.[fM�efLVK I KZ`V[fefefbdYc[ I Q�K�~ r ��� ® �
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L LNK H [\®�UNM�LNQ�YcLVK�R�M I R�M�[fUVYZUNK H O�MZU�V+[ W L�YcMZbgQ�KZ[�Y I [\MZL�~Ae M [\Q�YcUNM�[fLVO�M H LPefb v I Q�L H LPK��"Q�`aT.M I Q�[\Kcb �
Yc[ I Q I Q�Y�UVYZU�LNQ.MZLkVg[fK�YZMZUVLNK�b�P+LV` ® B �+
¯��� üCýwv LVY ���mBª* 
 *�üCýwv�� N I O�M,Lt®vLV`VYcO.LNM�`NLtYZYZL W LVKZO�M�L��I Q I O�P"M�L�ejbàâ I O.`NefLK�FefLoM�UkV+[ W L H LsâlbdYZYZL W LNQ�Y�bdR�RlbgMZbKÐfYk� R�O�[fK I Q°M�L S LNM W L�LNQ°Kp�"Q�`aT�M I Q�[fKZbgQ�Y
e MJI KZ`V[fefe I KZ` I RuLPKZO.M�`NLVY�YcL]RlbdM�Yc[\L H L]` I O�MmâuL � Nme\O�KZ[\LNO�M�K,LNK�Kcbg[\K�K I Q�Y�K I O:P+LNQ�Y�Q�UV`NLNK�Kcbg[\MZLVK ��� QFP+U �
MZ[ � L�Ltw�RuUNMZ[ W LVQ�Yabge\L W LNQ�Y�e M U�P I efO�Yc[ I Q H L]efb H O�M�UNL H O�YZMcbgQ�K�[\Y I [fM�LPLNQ�YZMZL]efLP`4bgK I ��efb�MZUVK I Q�bgQ�`NL
bgR�RlbgMZbKÐfY�LtY�e\Lh`NbgK I �oLNe\efL�LNKpY�bdY�YcUVQ"O.UNL z y0[\V � � � c » { � ú bdQ�K�e\L�`NbgK z b�{�^e\L�M�UkV+[ W L�YZMcbgQ�K�[\Y I [fM�L�LNK�Y
e I QÞV W bg[\K�YcLVQ H P+LNM�KhO.QiK�[\V+Q�bgev` I Q�Yc[fQ^O � � O�`VO�Q�L I KZ`V[fefefbdYc[ I Q8Q M LVK�Y H UtYcLN`tYcUVLARlbdM�efL�` I+W R�YcLNO.M �ú bgQ�K�efL}`4bgK z â|{h�mefLiMZU�V+[ W L�YcMZbgQ�KZ[�Y I [\MZL�LVK�Y�LVQ�` I MZLiR�efO�K8e I QÞV±LtYoO.Q�L I KZ`N[\efefbdYc[ I Q H O²K�[\V+Q�bgeH M LVMZM�LNO�M�LNKpY H UVYcLV`VYZUNLkRlbgM�efL]` I+W R�YcLNO.M �
�����´³ µ,!�¨·¶h¸p«C��!#x¬P�¹¬,¶�¨©�['.!pº�¶P¦ �

L L�R�M I VgMcb W8W L �7�|���'�K�v»�¼	 £¢ z ` S � Q�Q�LGw.LP½�{mR�LVM W LVY�ejb W8I H UVef[\KcbdYZ[ I Q H Lhe M U�Q"O�bdYc[ I Q z!� ��» � {
RlbgM�efL]Kp��KpY XVW L § ¨© B ¾ º z!� � » � b�{¨

¾ B  ��� · ¾ ´ ® ¯m°\± ©  �~]�¹t
 z!� � » � â|{
L LVK�RlbgMZb W8X YcM�LNK H LoKZ[ W O�efbdYc[ I Q¿K I Q�Y H I Q�Q�UNK�R�bgM z!� � c+? {kbdOÞQ^O�LNe I QÀb�MZb / I O.YZU ��� LVQ � Q H L
ef[fKpYcL � L b � V+O�M�L�y0[RV � � � c � R�MZUVKZLNQ�YZL�efL�KZ[RV+Qlbge H M LVMZMZLVO�M�LVQ S I Q�`tYc[ I Q H LNK�R�bgMcb W8X YZMZLVK H I Q�Q�UNK;RlbgM
efL�YabKâ�efLNbgO}Á0b�â � � � ? �� e M [\Q^YZUNM�[fLNO.M H L}ejbSR�efb�V+L H L}Kp��Q.`aT�M I Q.[fKcb�Yc[ I QA�mefLVK H LNO�w¹` I+W R I MpYcL W LVQ^YZK&bgKZK�LNM�P�[ z b�{�LVYI KZ`V[fefefbgQ�Y z â|{�K I Q^Y I â�K�LNM�P+UNK � L LNK�` I O.MmâuLNK z `�{h� z H {�LVY z L4{&K I Q�Y�LV®�LN`tYcO�UVLNK�LVQ H [ W [\Q^OlbgQ�Y&ejb
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Pdbge\LNO�M H L��~] �?� Q�PgUNMZ[ � L H U / ~Sb�P+LV` z `4{kLtY z H {ke\L�M�Ç+efL H O � e\YcM�Lob�YZYcUVQ^OlbgQ�Y�efLVKAR.efO�KkTlbgO.YZLNKS M�UkQ^O�LNQ.`NLNK � L I MZK�Q^O�LÈ�~] � ® ��e M b W R�ef[�YcO H L}bgOÞV W LNQ�YcL_LVYoe I M�KmQ^O�LS�~] q ® � I Q PgUNMZ[ � L
e M bge\efO�M�L I â�K�LNM�PgUNL�LGw.RuUNM�[ W LNQ�YabdefL W LNQ�Y � � Q�Q I YcL;e M [fQ _ O�LNQ�`VL H O � e\YZMZL�UkV�bdefL W LNQ�Y H bgQ�K�efL�MZU�V+[ W L
YZMcbgQ�K�[\Y I [fM�L]bgKZK�LNM�P�[ z S { �ú~M bgO.YZMZLNK_KZ[ W O�ejb�Yc[ I Q�K�Q^O W UNMZ[RQ^O�LNK_K I Q�Y_LNQ7P"[fKcbKV+L4b�â.efLNKiQ I Ycb W8W LVQ^YiLVQ2` I Q�KZ[ H UNMZbgQ�Y�e\LNK

(b)(a)
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TlbgM W8I Q�[RQ^O�LNK��0efL � e\YZMZL8LVY�e\Lsâ�M�O�[\Yk� W bg[\KAQ I O�K�RuLNQ�K I Q�K�Q^O�L�e\Lo` IgW R I M�YZL W LNQ�Y�Vge I âlbde;b_UVYcU
`NLNM�Q�U � LJM bgO�V W LVQ�YabdYZ[ I Q H L�efb6Pdbge\LNO�M H L ® � I O_ejb H [ W [fQ^O.YZ[ I Q H LA`NLVefefL H L ��� LVK�Y�U�Q^O�[RPdbge\LNQ�YcL
LVY S bg[�Y]bgR.RlbgMcb ÐfYcM�LAO.Q�L�MZUVK I QlbdQ�`NL H L S MZUkQ^O�LVQ�`NL&R�M I `aT.L H L r ® ����� L L�K�LNO�[\e H L H UVYcLV`VYZ[ I Q H O
` I+W R.YcLVO�M�UtYabgQ�YAef[ W [�YcU�~ �iW % ejb}MZUVK I Q�bgQ�`NLoQ M bdR�RlbgMZbKÐfY�Q^O�L H bgQ�K H LNKA`4bgKARlbgM�YZ[f`VO�ef[\LNMZK � � [
e MJI QØUtYabg[�YA`NbgRlb�â.efL H L W LNK�O�MZLVM�efb S M�UkQ^O�LNQ.`NL H L S b�U I QØR�e\O�KAR.MZUN`V[fK�L�b�P+LV`oO�Q°` I+W R.YcLVO�MAR.efO�K
KZLNQ.KZ[\â.efL��le\L]Rlbge\[fLNM,bgR�RlbgMZbKÐfYZMcbg[�Y,R�e\O�K�K I O�P+LVQ^Y �

ÙVÚ�Û7HFÜ´ÝtÞ�Û²Çàß�á�ÝÈÚ�ß�â�Ú�ß.ãuÛ²ÇFÛ¹Ý�ÅFá,ÆdäFå�æuá�Ü�ÝNß.Þ�Ü�æuá�ç�å�è^ãuÜ�æuá·æuéêÚ�Éëæuá�ì±Û�ÝNíàå�ÛîÚ�ÛbÌ�å�íàÜ�Þ
ÇàÛ"Ý�æuÝ�Æ�Ü�Ú´Ú�ß.Þ�Û"íFå�Ýgç�ÇFÛ�Ý Æ+æ�ì±âmæ�ÝVßlá�Þ�Û"Ý�Ü�Ý4Ý4íFÛ"ÝÈÇàí Æ+æuìØâmæ|å�Þ�Û"ìØÛ"á�Þ¶ÇàÛ�Ú�ßsïAð;ð�ñ�òAÛ�Ý
Æ+æ�ì±âmæ�ÝVßlá�Þ�Û"Ý¹ÝNÛ(å�ß^óNæuíFÞ4Û�áuÞôß�í Ì�å�íàÜ�Þ¹õ£íFÛ·Ú�Éëæ�á�Ê�Û"í ÞôìØÛ"Ý4íàå�Û^å�Û�Þ¶Æ+æuá�ÝtÞ�Ü�Þ�íàÛ	í�áFÛ
âmÛ"å�Þ�íFå)Ì�ß�Þ�Ü�æuáÈÇàíFÛSßlíöÝ�ÅFÝtÞ�÷"ìØÛ�ÇFÛÈìØÛ"Ý4íFå�Ûuñ
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��� [ H L W�W LNQ�Y�� H bgQ.KPefLA`4bgK ú UNQ.UNMcbde ���;q©* �g� üCý������ ® qs*sý�� �uLVY�e�� I Q�RuLNO.YPKZO�R.R I K�LNM� O�L�ejb�` IgW R I KcbdQ^YZLxLNK�YàQ�U ú ef[ ú L4bKâ�efLK� W bd[fK£LVefefLmLGw�[fK�YZL�� H �¯bgO.YcbgQ�Y � O�L�e�� I QAb W�I Q�YZMZU � O��¯[\e�Ltw�[fKpYabg[�YH LVK0M�U ú [ I Q�K I ��efLVK�T�bgM W8I Q�[ � O.LNKàR I O � bd[fLNQ�Y�U ú bdefL W LNQ�Y�R�LVM�YZO�MmâuLNM�ejb H �"Qlb W [ � O�L�LNQ�`VMZU4bdQ^Y0O�Q�LW8I H O�ejbdYZ[ I Q_b � LV`�Kcb � I Q�L H L�K��"Q�`aT.M I Q�[\KcbdYZ[ I QÈK�LN` I Q H bg[\MZL�� Ñ LVY�YcL�M�U ú [ I Q I �Èe��¯[\Q��lO�LVQ�`NL H �JO�Q

TlbdM W8I Q�[ � O�L6b&ef[\LNOiLNKpYP` I Q H [�Yc[ I Q�Q�UNL]R�bgMhefb � bdefLNO.M H LAefb ÿ M�U � O�LVQ�`NL H LA` I O�R�O.MZL H O � e�YcM�Lk`NbgM
`��¯LVK�Y�LNe\efL � O�[ e\[ W [\YcLhe��¯b W R�ef[�YcO H L H O ÿ�I Q H b W LVQ^Ycbge �4û�!  û#" �%$ �^R�M I `aT.L H L'& Ú&)(�*,+ B Î Ï � � [fQ�K�[���e\L� e�YcM�L�[fQ�YZLNM � [\LNQ�YmU ú bgefL W LVQ^Y H bgQ�K0ejbPR�M�[fK�L,LNQ�` I+W R�YcL H LNKmTlbgM W�I Q�[ � O�LVKCR�O�[\K � O��J[fe"LNQ H UVYZLNM W [\Q�L
e\LNK�b W R�ef[�YcO H LVK-�/.¡eub H I Q�`�O�Q�L H �"Qlb W [ � O�L�[ W R I M�YcbgQ�YcL H bgQ.K;e\LNKxR�ejb ú LNK H L�K��"Q�`aT�M I Q�[\KcbdYZ[ I Q�LVY
T I MZK H L6`NLVefefLVK � `N[��0.¡e ÿ bgO.Y H I Q�`kYZMcbKÐ\YcLVM,`NLVefO�[ � `N[ H L W bgQ.[ X M�L ú e I âlbgefL H bgQ�K�efb2143536� � O�M�ejb�â�bgKZLH L�e��JUVYcO H L�YcT.U I M�[ � O�L,R�M�UN`VU H LVQ^YZL���Q I O�Kmb � I Q.Km`aT I [fK�[.O�Q.L W UtYcT I H L I MZ[ ú [fQlbge\LxR I O.M0`4bdMcbg`tYcUNM�[fK�LNM
efb718353 H bgQ�K�K I QiLNQ � [fM I Q�Q�L W LVQ�YhKp�"K�Y XVW [ � O�L § e��¯bgMZ[�YcT W UVYZ[ � O�L H LNK ÿ MZU � O.LNQ�`VLNK-�
ã8ä:9 ø ï<;�ð5ï<=?>gî5>Øó òyï�=hî#@BA >gî5=DC èeéØó ë5éÙíkò øÛù�ù
��FE,p� G�¦ �0HÆ'�!JIh��!#x¬ §x� ¬P�['.«x¸p¦

36�¯[\Q��lO�LVQ�`NL H O � e\YcMZb ú L8b_UtYcU8UVYZO H [fUVL H L ÿ b�K I Q ú e I âlbge\LML úhI K � bgQ�Y I K Ê+� `ON#1mejbgQlb�Y Ê+��P LNQ
` I Q�KZ[ H UNMZbgQ�Yoe\L ÿ�I Q�`VYZ[ I Q.Q�L W LNQ�Y H L_efbQ14353(R I O�M H LNK ÿ MZU � O�LVQ�`NLVK H O %þÑSRT� bgM�[jbgQ�Y H L û ~�VU T � ��3 LNKXW ú O�M�LNK�y�[ ú � Ë �ZY Ê z b�{[N z â|{6LVY z `�{6MZLVR�MZUVKZLNQ�YZLNQ�Y&ejb ÿ MZU � O.LNQ�`VL H O°K�[ ú Qlbde H �¯LVMZM�LNO�M
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uP[\Q�KZ[Fe I MZK � O.Lke�� I Q_K�LkYZM I O � L�bgO�Y I O�M H �JO�Q_McbdYZ[ I Q�Q.LNe�N.` I+W8W L � Á R�bgM�Ltw�L W R�efL�N|efL H U � LNe I R0t
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36�JLtw�R�UVMZ[\LNQ�`VL,UVYcbgQ�YCMZUNbgef[\KZUVL�b � LV`�O�Q W UNefbgQ ú LVO�MFU � O�[fe\[ Ö M�U�N�efL�R I [ H K H LVKCTlbgM W�I Q.[ � O�LNK�Rlbg[\MZK
LNK�Yà[\Q ÿ UNM�[fLNO.M ~,`NLVefO�[ H LNKF[ W Rlbg[\MZK-�D��LtYZYcLxR�M I R�M�[fUVYZUmUVYcbgQ�YFO�Q�[ � O�L W LVQ�Y H O�L�~,ejb,` I Q�W ú O.McbdYZ[ I Q H OW UVejbgQ ú LNO�MDN I Q�bhUtYcU I/Ö ef[ ú U H �¯[\Q�YcM I H O�[\MZL;bgM�YZ[�Wl`V[fLVefefL W LVQ�YFO�Q�`NM�[\Y X MZL;KZO�M�ejb�RlbgM�[\YcU H LVKCMcbgR.R I MpYcK
R I O.MmR I O � I [\MCMZLVQ H MZL�` I+W R.YcL H L�efb�MZUNbgef[�YcU�R.T^�"K�[ � O�L�� 3 L�R�M I ú MZb W�W L ë�ì/í�î ï�ð�ñFò�` IgW R�M�LNQ H O�Q
RlbgMcb W�X YcMZLhKZO�R.R�efU W LVQ^Ycbg[fM�LPK�O�M,efL �/¡<¢¤£ R�O�[\K � O�L�`��¯LVK�Y�efO.[ � O�[�ef[ W [�YcL�efL W b�w.[ W O�Q H �¯LGw�`NO�M�KZ[ I QH LNK H M I [�YcLVK-�^3Fb�W ú O�M�LPy0[ ú � Ë � � - H I Q.Q�Lhe\L�MZUVKZO�e�YabdY H L�ejb]KZ[ W O�efbdYc[ I Q�b � LV`hO�Q �/¡<¢¤£ b H bgR.YcU�~6ejb
RlbgMZ[�YcU H LVKhMZbgR�R I M�YZK�K I [�Y �/¡<¢¤£]B ükK�[��iLVYÞ��[ W Rlbg[\MZK-N"LVY �/¡�¢Ò£�B Ë�KZ[\Q I Q�����LtYZYZL W8I H [�Wl`NbdYc[ I Q
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R�LVM W LVY H �¯[\Q^YZM I H O�[\MZLxefL�R I [ H K H LNK�TlbgM W�I Q.[ � O�LNKà[ W Rlbg[\MZK�õ�LVefe\L�KD�¯[\Q�YcLNM�R�M X YcL;Ltw.bg`VYZL W LNQ�Ym` I+W�W L
R I O.M�efLÈ`4bdK ú UNQ�UVMcbge���36�JUNQ�LVM ú [\L H L¿e��JTlbgM W8I Q�[ � O�L�[ W Rlbd[fM8UVYabdQ^YiR�e\O�K ú MZbgQ H L�N,ejb°e\[ W [\YcL H L
MZUNK I efO�Yc[ I QkK�LNMZbhR�e\O�KFe I Q ú O�Lx~hb�YZYcLV[fQ H MZLxLVY H Lx`NL ÿ bg[�YFefL H U � LNe I R�RuL W LNQ�Y�` I Q � LVM ú LVMcbPe\LNQ�YcL W LVQ�Y�NH � I�¥ ejb�R�M�UNK�LNQ�`VL H L�R�LtYc[�Y � ¦F��3FLPMcbg[\K I Q�Q.L W LNQ�Y,[\Q � LNM�KZL]LNKpY�bgR�R�e\[f`Nb Ö efL�R I O�M,e\LNK;TlbgM W8I Q�[ � O�LNK
Rlbg[fM�K-�

u � LV`;`VLVYZYZL W8I H [�Wl`NbdYc[ I Q�NVe��J[fQ�YcLVMZR�M�UVYab�Yc[ I Q H OAK�R�LV`VYZMZL H �¯[\Q�YcLNM W�I H O�efbdYc[ I Q]b�R�O � YcM�L;M�U4bge\[fK�UNL
b � LN`ÉefLVK�`NMZ[�Y X MZLNK H LÉM�UNK I efO.YZ[ I Q z´Ë � � ? {oLtY}ejb°` IgW RlbdMcbg[\K I Q²LVQ�YcMZL¿LGw.RuUNM�[fLVQ�`NLÉLVY}R�M I R�M�[fUVYZUNK
bgMZ[�YcT W UVYZ[ � O�LNK;LNKpY,R�M�UNKZLVQ�YcUNL6K�O�M,efLVK�W ú O�MZLVK,y0[ ú � Ë � � ª N.y�[ ú � Ë � �g? N"LVY,y0[ ú � Ë � � Y��
3Fb � bge\LNO�M H LNK
RlbgMcb W�X YcMZLVK�Q�UN`VLNKZKZbg[fM�LNKhbgO�w}`VMZ[�Y X M�LNK H L6MZUVK I e\O.Yc[ I Q�LNKpY�R�ejbg`VUNL6LNQiefU ú LNQ H L��
-�Ê Ë
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3 LNK6` I O�M Ö LNK H L&ejb�W ú O.MZL8y0[ ú � Ë � �+� H I Q�Q�LVQ�YAe��¯U � I e\O.Yc[ I Q H LVKAR�M I R�M�[fUVYZUNK6LNQ ÿ�I Q�`tYc[ I Q H LNK

RlbdMcb W8X YZMZLNK �^¡�¢¤£ N6° ¡�¢Ò£ LVY¿� ¡<¢¤£ �6§mQ�YcM�L z b�{�LtY z%Ö {[NCKZLVO�efL�efb�MZUVK I e\O.Yc[ I Q¬° ¡�¢Ò£ LVK�Y H [\®�UNM�LNQ�YcL��
å I O�Kkb � I Q�KAR�efO.K H L�KpYcMZO.`VYcO.MZL8e I M�K � O�L2° H [ W [\Q^O�L�N£`VL � O�[x` I MZM�LNKZR I Q H R�T��"KZ[ � O�L W LVQ�Y�~�O�Q�L
bgO ú W LVQ�YabdYZ[ I Q H L�efb�KZLNQ.KZ[ Ö [fef[�YcU H O8` I+W R.YcLVO�M-����Q�L�bgO ú W LNQ�Yab�Yc[ I Q H O�K�LNO�[\e H L H UN`VefLVQ�`aT�L W LNQ�YH O}` I+W R�YcLNO.M�Q�L]R�LVM W LVY�RlbdK H L H UVYZLN`VYZLNM�Y I O.YcLVK�efLNK ÿ M�U � O�LVQ�`NLVKPLVY�R.MZUNK�LNQ�YcLkO�Q}KZRuLN`tYcM�L H �¯[\Q0t
YZLNM W8I H O�ejb�Yc[ I QiR.efO�KhRlbgO � MZL�` I+W8W Lk`NLVefO�[ H L z\Ö {?����L�RlbdMcb W8X YZMZL�LVK�Y H I Q�`�O�Q�RlbgMcb W�X YcMZLAef[\U
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~8efb W LVKZO�M�L H Lkefb ÿ MZU � O�LVQ�`NL��
§mQ�YcM�L z `�{,LVY z H {[NlKZLVO�e �/¡�¢Ò£ Rlbg[\M � bdMZ[fL�� � I Q_bgO ú W LNQ�YcbdYc[ I Q}R�M I � I � O�LkO�Q�L H [ W [fQ^O.YZ[ I Q H OÖ bgKZK�[fQôü�����RlbgMkLtw�L W R�efL�����LVYALV®�LVYAR�LVM W LVY H L ÿ bd[fMZL&bdR�RlbgMZb ¸ YZMZL H �¯bgO.YcM�LNKAMcbgR�R I MpYcK z ` I+W�W L

`NLNO"wSR�M I `aT.LNK H L��/� ø {?�v1mefO�K �/¡<¢¤£ LVK�Y ú McbgQ H NlR�efO�K�efLVKhT�bgM W8I Q�[ � O.LNK�[fQ�YcLVMcb ú [\KZK�LNQ�YPLVQ�YcMZLALNO�w²�
�{�¯LVK�Y H I Q�`&O�QÉRlbgMcb W�X YcMZL � O�[ W LNK�O�MZL&efL H L ú M�U H O W UNejbdQ ú L�LVQ^YZMZL8efLVKkT�bgM W8I Q�[ � O.LNK]LVYke\LNO�M
[fQ�YcLVMcbg`tYc[ I Q W O.YcO�LVefe\L�� � I QØbdO ú W LNQ�YabdYZ[ I QÈR.M I � I � O�L�O.Q�L&MZU ú O�ejbgM�[\YZU�RlbgM]efb}Kp�"Q�`aT�M I Q�[fKZbdYc[ I Q��
.¡emK-�¯b ú [\Y H L8efb W��VW L�R.M I R�M�[fUtYcU � O�L&R I O.Mkefb�MZUVK I QlbdQ�`NL H LNK]Y I MZLVK���u U �53 LNKkMZUNK I QlbgQ.`NLNKkKZL
� Ê+�
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K�[\YcO.LNQ�YxR I O�M H LVK�MZbgR�R I M�YZKmMcbdYZ[ I Q.Q�LNe\K H LVK ÿ M�U � O�LVQ�`NLVK-N^McbgR.R I MpYcKmR I KZK�U H bdQ^Y H L ú MZbgQ H K � º H bgQ�K
e\LNO�M H U � LNe I R�RuL W LNQ�YhLNQ ÿ MZbg`VYZ[ I Q}` I Q�Yc[fQ^O�L��v1 I O�M H LkR�LtYc[�YcLNK � bgefLVO�MZK H L �/¡<¢¤£ N|ejb ÿ MZU � O�LNQ�`VL�z
LVK�Y�[\Q H UNRuLNQ H bgQ�YcL H LPejb � bgMZ[fbdYc[ I Q H L�� z�W8�NW L Ö bgKZK�[fQ|{[��3Fb H ��Q�b W [ � O�L�LNKpY,R�M�UNK�LNM � UNL6` IgW�W LH bdQ�K�efLA`4bgK H LNKPY I MZLVK���u U I/¥ ejb H ��Q�b W [ � O�L�ejb8R�efO.KPMZU ú O�e\[ X M�L�K�L�KZ[�YcO�L�R I O�M H LNKPMcbgR�R I MpYcK
MZbdYc[ I Q�Q�LVefK H L]Y¡�"RuL U bgM�� I ®¿Q�L6R I KZKZU H bgQ�Y � O.L H LVK�R�LtYc[\YZK � º H bgQ�K�efLVO�M H U � LNe I R�RuL W LNQ�Y��

36�¯[\Q��lO�LVQ�`NL H O°RlbgK H �JUN`aTlbgQ�YZ[fefe I Q�Qlb ú Lob_UVYcU�U ú bdefL W LNQ�Y�UVYcO H [fUVLo`4bdM�[fexKD�¯[ H LNQ�Yc[«WlLoR.T^�"K�[«t� O�L W LVQ^Y�bgO�RlbgK H L�e��¯LVQ�MZL ú [fKpYcMZL W LVQ�Y�LGw.RuUNM�[ W LNQ�Yabde���§mQ�LV®�LVY�N H bgQ�K;efLVK H LVO�w�`NbgK-N"efLVK�` I O�M Ö LNK
� Ê+Ê
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AC=@L�K>;UAC;UQ G LTK>9<B�7CST; IXW 9@=CQRS I B�7C7@;>QRQX;�A@;�Q G Q I À�7C;�Ã

� 7PLTK G Q I ST;%A G 7CS�=C7F9CL�; WPI ;>LÌ?c; W 9@S!=C7@;�A@KJ?c;JDJ? I B�7sÇ�9C= I S¡=C7C; G�W 9CQ I�ð D G ? I B�7�AC;�Q ¾ ;>7�Ä�;JQRB�9C9<;
;2?5A G 7CS�=C7�A@;>=	V I � W ; ?�; W 9CS>Ç§B�7�K>Q G 
�B�L�;�Ç�M�9 G LT? I L�AC;¡D>;JQRQR; � D I Q G AC=CLTK>;���A@; WFI ST;¡;>7�D>B�7CA@=CDJ? I B�7
AC;�Q G S�B�=CLTD>;^A ¾ËI 7~ÈT;JDJ? I B�7 ;>7(;>7�?cLTK>;^AC= W BaAC=CQ G ?c;J=CL>Ã * �>SYQRB�LTS>Ç�;J7�STB�LT? I ;�AC= W BaAC=CQ G ?c;J=CL>ÇQ G ¿_LTK Â =C;>7@D>; ö �vó � �� ��! IRW 9�B�S�;OM'Q G Q I À�7C;\=C7èST9�;JDJ?cLT;�AC;�L G�I ;JS G =@?cB�=@LPAC;�Q G ¿_L�K Â =C;J7CD>;
A ¾ ;2V	D I ? G ? I B�7sÇh¿_B�7CD2? I B�7�AC;eS G L�K>9<B�7CST;P9@L�K>DJK>AC;J7�?c;E;2?�D>;>D I A G 7CS�Q G 
 G 7CAC;FAC;Z¿_L�K Â =C;J7CD>; ð V	K>;
9 G L%Q G AC=CLTK>;"�ZA ¾�I 7~ÈT;>D2? I B�7^]qf I ÀCÃ#�aÃ � dzÃ

$ ) +
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BF

fBF

commande de modulation

A=-15V

f
G

modulateur
(u,f   )

HF

ligne SAW

detecteur

d’enveloppe

compteur

T

t

f0

θ

V

G
HFBF

798;:=< �	Ã?>A@ . nB1 mvtC12n#oqn D/ w r u oqpct~1vnFE 3vr�ªar w , r.-Jm#/2pzn�r21 u r�ªarUp0/21|t~1<l�1 u r�mvt~pzo r4351|r46�r21vy�r w t{m�mvr (
GIHKJLH.J MONQPSRLTAUWVYXKZ[PA\A]^U_X^RLTAT	V`]^]KVba	Vc]^de]^XKfLT	V

ú ð 7'A@;PDJB W 9@L�;>7@ACL�;FQR; W K>D G 7 I S W ;ZAC;FÀ�KJ7CK>L G ? I B�7�AC;PQ G 
 G S�ST;P¿_LTK Â =C;>7@D>;�Ç�Q ¾ KJ?�=CAC;eAC;FQ G
L�K>9<B�7CST; IRW 9C=CQRS I B�7@7C;>QXQR;�AC;ZQ G Q I À�7C; G K2?cKZLTK G Q I S�KJ;�Ã � 7 I 7~ÈT;>D2?c;�A@;>S IRW 9C=CQXS I B�7CS�AC;�¿_L�K Â =@;>7CDJ;
gih ;J?�A ¾�G�W 9@Q I ?�=CAC; 0kjml ýPAC;UQRB�7CÀ�=C;>=CLn�ZM I 7�?�;>LTÄ G QXQR;JS�?c; W 9CS%9<K>L I BaA IRÂ =C;o� ]qf I ÀCÃ#�aÃp>§dzÃ
qAr)sutuvwvWxzy|{}xu~�r)��{�x�tuv g ò5ó

½²G Q I À�7C;�=@? I Q I S�KJ;-9CL�KJS�;J7�?�;O=@7C;Y¿_LTK Â =C;J7CD>;YAC;YST`a7CD{bCLTB�7 I S W ;'] W ;JS�=CLTK>;OM�Q ¾jG 7 G QX`aST;>=CLZAC;
L�K>ST; G =vdNAC; � >�Ã����w� [�� Ã���B�=CS G Ä�B�7CSZL�;J9�B�L�?cK�Q G L�KJ9�B�7CS�;-AC;-Q G Q I À�7C;PS�=CL�Q GOð À�=@L�;\f I ÀCÃ&�	Ã $
9�B�=@LPA I ÆhKJL�;J7�?�;>SeÄ G QR;J=CL�SFAC;YQ G ¿_L�K Â =@;>7CDJ; g ò�ó�A ¾ ;2V	D I ? G ? I B�7sÃ���B�=CS G Ä�B�7CSPKJÀ G QX; W ;>7�?F9�B�L�?cK
Q ¾�G QRQX=CL�;8A@;�Q G ACKJ?�;>D2? I B�7O;2Æh;JDJ?c=@K>;�9 G L%QR;�A@KJ?c;JDJ?�;>=CLJÃ

½²G LTK>9<B�7CST;�AC;�Q G Q I À�7C;%ACKJ9�;J7CA-AC;�Q G ¿_L�K Â =C;J7CD>;�AC;�S�`	7@D{bCL�B�7 I S W ;�Ã ½ B�L�S Â =C;�Q ¾ B�7FS�;�?cLTB�=@Ä�;
QRB I 7PAC; � >�Ã����S� [	� ] giho� ��+ Ç � � [�� Ça;J? giho� > � $ � [	� d!S�;J=CQR;�Q G L�K>9<B�7CST;8K>QX;>D2?cL�B WEG À�7CKJ? IRÂ =C;
;>ST?�9CLTK>ST;>7�?c;iÃ ú =@?�B�=CL AC;%Q G ¿_L�K Â =C;J7CD>; � >�Ç������ [	� Ç�QR;�LT;>D>B�=@ÄaL�; W ;>7�?�AC;JS�LTK>9<B�7CST;>S G D>B�=CST? IRÂ =C;>S
;J?ZKJQR;>D2?cLTB WEG À�7CKJ? IRÂ =C;JSN;>7@À�;>7CA@L�;�=C7 S I À�7 G Q¡AC;�ACK2?c;>D2? I B�7 W B I 7CS I LTL�KJÀ�=CQ I ;>LJÃ��¡7 ð 7sÇÌMOQ G ¿_LTK �
Â =@;>7CDJ;PAC;eS�`	7@D{bCL�B�7 I S W ;�Ç�QX;�L�;2? G LTA�;J?�Q ¾�G�W 9CQ I ?c=CAC;�S�B�7�? WPG V IRWPG =	V�Ã�� G 7CSUD>;ZD G S>Ç�QX;>S�AC;J=	V
$�� g
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s
µ s

µ sµ s

µ s

µ

d’excitation

0.92
8.14

95.949 MHz

1.2

2.13

0.64

électromagnétique

détection

acoustique
réponse

f
HF

réponse

pure
électromagnétique

réponse

réponse de la ligne

excitation

96.243 MHz
95.643 MHz

132 MHz
85.3 MHzfréquence

798;:=< �	Ã $ @ ¢n/ mvt~1m1|r�ªar w l w n 4 1hr�r21SD�t~1 u oHn�t~1�ªar g ò�ó x � ���m�{�����u1Nr2o � ���m�2�������&1 (
LTK>9<B�7CS�;JS G D>B�=CST? IRÂ =C;>S ;2? K>QX;>D2?cL�B WEG À�7CKJ? IRÂ =C;>S5S�B�7�?¡STK>9 G LTK>;JS>Ç WPG�I S5Q G A@KJ?c;JDJ? I B�7�A@;%Q ¾ ;>7�Ä�;JQRB�9C9<;
7C;ULT;>7CAYD>B W 9@?�; Â =@;�QXK>À��JL�; W ;>7�?�AC;UQ G 9CL�KJS�;>7@D>;NA@;�Q G L�KJ9�B�7@S�;�K>QR;JDJ?�L�B WPG À�7CK2? IXÂ =@;�Ã
qArCs&t�v�vWxzy�{�xu~�r)��{}xztuv��������5����{`t�vwt�vw�)�5���5rC��r)��{�x �[� tus��i�5v�~�{�xu� rC�#x�rCvw¡£¢

signal non déformé

µsT=1.938 T=2.86 T=4 T (     )

7�8;:=< �	Ã � @ ¢n/ mvt~1m1|r�ªar w l w n 4 1hrNr21¤D�t~1 u oqn�t~1�ªar¦¥�x � ���m�2���i���&1(
� 7�S�;�9CQ G DJ;8M 0kjml ý �c§_¨C© WAª ;2?=�¬« � Ç � $�� � SU]qf I ÀCÃW�	Ã � dzÃ � 7�¿ G�I ?�Ä G L I ;JL��(AC;¤>�Ç ������ S

 � �EM¯® � S�;2?�B�7�D>B�7@ST? G ?c;NQX;�D{b@;JÄ G =CD{bC; W ;J7�?UAC;>S8LTK>9<B�7CST;>S8ST=CD>DJ;>S�S I Ä�;>SUACB�7C7 G 7�?8Q I ;>=OME=C7S I À�7 G QsAC;UACKJ?�;>D2? I B�7 Â = G S I?� S I 7a=@S�B�°�A G Qs9<B�=CL%�c« $ Ç ��g¬� S>Ã
qArCs&t�v�vWxzy�{�xu~�r)��{}xztuv � v�r²± jml ý ¢

½ ¾ K4³0´¶µm·¬· ¸}¿�¹�¸¶º4³ I ¹�¸�µ¶·¬�¦·>SK³UK Â ´ I Ä�»iQB· ¸�³¼·ZM¦º ·JQRQB·Sµ¶·�¿�¹�¸¶º4³ I ¹�¸wµ¶·¤�½· ³�º ·JQRQp·S· ¸}¿�¹�¸mº ³ I ¹�¸
µ¶· ± jml ý¯» W ¹�¸5³�L�Ko´m¸¶·�Q I ¸CK¾»�L I ³�KAµ¶·�QB»NL�K ¿}¹�¸@S¼·�· ¸-¿�¹�¸¶º4³ I ¹�¸�µ¶·�Q ¾ » W ¿CQ I ³0´¶µm·	µ ¾ ·2V_º I ³2»i³ I ¹�¸sÃ ½ »
S.· ¸CS I 
 I Q I ³�K�µm·�QÀ»YQ I À�¸¶·�·JS.³�µ¶¹�¸¶º�S¼´@L.³0¹�´m³¬¿CLTK ¿�¹�¸¶µCKJL0»�¸�³0·�¿¶»�LNL¼»�¿¶¿�¹�L.³¤»�´	V'Ä�»iL I »i³ I ¹�¸CS"µm·�S0»
¿_LTK Â ´¶· ¸mº ·µ ¾ ·zV_º I ³0»�³ I ¹�¸�· ³�¿#»�L%L¼»�¿¶¿�¹�L.³�MZQB»¤µ¶´CL�K ·"µm´OL¼»�¿¶¿�¹�L.³nº2`_ºJQ IXÂ ´m·�Ã

$�� �
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GIHKJLH�Â ÃwÄmRLP	Ä¶X^N�Å_N`UÆaA\ÇZÈR=aA\A]^dÉÅ_V`\	Ä

½ »�¿�¹�¸¶º ³¼ÊB¹�¸¯µ¶´²Ë¯¹Wµ¶´¶ÌÀ»i³0· ´mÍ9µ¶»�¸¶Î9º · ³.³0·	·4Ï_¿}Ð Í¼Êp· ¸¶º ·o· ÎK³Iµ¶·�À�Ð ¸mÐ Í¼· ÍÑ´¶¸m·A¿�¹�Í.³¼· ´¶Î.·A¿�· ¸¶µ#»�¸5³
´¶¸¶·²µm´¶Í¼Ð ·¦��µ¶Ð ³¼· Í¼Ë¯ÊB¸mÐ ·�ÒÓ¿#»�ÍK³0ÊpÍµm·�ÌB»Ô
#»�Î¼Î¼·F¿�Í¼Ð Â ´m· ¸¶º ·¦Î¼· ÌB¹�¸ÕÌB·�Î¼º{b¶Ð Ë²»Óµ¶·�ÌB» ð À�´¶Í¼·PfÖÊXÀCÃ
�	Ã×®@Ã

V

Von

Voff

fBF

S

sortie du modulateur

signal basse fréquence

commande de modulation

7�8;:=< �	ÃØ®¤@ÓÙuÚ Á u4ÛÝÜ Ú Á#Á�Þ4ß²Þ4Á Û 1 u % /4ß¯à ÛFÜ E 3#Þ"á�3Óß Ú á�3Wâ?à Û Þ43_ã (
½ »�Ë�¹Wµ¶´¶ÌB»�³0Êp¹�¸�µmÐ ¿�· ¸¶µÕµ¶·�µ¶· ´_Ï�³¼· ¸¶Î.ÊB¹�¸mÎµ ¾ ¹�´	Ä�· ÍK³0´¶Í.· ±käkåeæ  � � Ç�ç ª�è ·4³"µm·e¿�· Í¼Ë¯· ³¼´¶Í¼·±�ä óvó æ  >�Ç�é ª�è µ¶Ð ð ¸¶ÊpÎ¼Î0»�¸5³nÌB»SË¯ÊBÎ¼·A· ¸�º ¹�¸mµ¶´¶º ³¼ÊB¹�¸hÃ ½ ¾ »�Ë�¿¶ÌpÊp³¼´¶µ¶·�µ¶·�ÌÀ»S¿�¹�ÍK³0· ´mÎ¼· ± ý¯µ#»�¸¶Î=ÌÀ»

¿¶ÌÀ»�À�·�µm·	º ¹�¸¶µ¶´¶º4³0Êp¹�¸�µmÐ ¿�· ¸¶µ�µ¶·	Ì ¾ »�Ë�¿¶ÌpÊp³¼´¶µ¶·Iµ¶´¯Î¼ÊXÀ�¸#»�Ì#µ ¾ · ¸5³¼Í¼Ð ·A�¦·4³�¿mÍ¼Ð Î.· ¸�³0·A´¶¸¶·�º ¹�´¶Í.
}·nµ¶·
Î0»�³¼´¶Í0»�³¼ÊB¹�¸�µ¶¹�¸¶¸¶Ð ·9¿#»�Í`ÌB» ð À�´¶Í.·�ê&ÊRÀCÃ¾�	Ã�éaÃ ½ »�º »�Í0»�º4³0Ð Í¼ÊBÎK³0Ê Â ´m·�¿¶Í¼Ð Î¼· ¸�³¼·Ñ´¶¸¶·Lº · Í.³0»�ÊB¸m·9Î¼»�³0´mÍ0»�³¼ÊB¹�¸

0

500

1000

1500

2000

2500

0.1 0.2 0.3

sortie (mV)

0.4 0.5 0.6 0.7 0.8 0.9

tension d’entrée(V)

7�8;:=< �	Ã�én@"ë ßAì�â Ü;Û 3máWÞ ±kí áWÞÑ1 Ú ã ÛÝÜ Þná�3�ß Ú á�3_â?à Û Þ43_ãAÞ4Á�D Ú Á u4ÛÝÜ Ú Á¦áWÞ=â¼, à�ßAì�â Ü;Û 3¶áWÞnáWÞ=â?àIì Ú ã Û Þ43�1CÞ (
Ò"¿#»�ÍK³0ÊpÍ9µ ¾ ´¶¸m·o»�Ë¯¿¶ÌBÊ?³0´¶µm·=�kî|ï í bð �0� ª�Â ´¶·AÌ ¾ ¹�¸¯Î ¾ · ÎK³=·JÆ}¹�Í.º Ð�µ¶·A¸¶·	¿#»�Î9µ¶Ð ¿¶»�Î¼Î.· Í>Ã ½ »�Ä�»�ÌB· ´¶Í
¿¶Í¼Ð º ÊBÎ.·	µm· Î�³¼· ¸¶Î.ÊB¹�¸mÎ9µm·	µ¶Ð º Ìp· ¸¶º2ñ¶· Ë�· ¸�³ ±kä�å ·4³ ±�ä óvó�¸ ¾ »¿#»�Î�Ð4³0Ð�µ¶Ð ³¼· Í¼Ë¯ÊB¸mÐ ·�»�Ä�· º�¿¶Í.Ð º ÊpÎ¼Êp¹�¸sÃ
� ¸òÌ ¾ »¦Î¼ÊpË�¿mÌB· Ë¯· ¸�³�Ð2Ä�»�ÌB´¶Ð ·¯»|Ä�· º¯´¶¸ò¹�Î¼º ÊBÌBÌp¹�Î¼º ¹�¿�·�ÃQ��¹�´¶Î»�ÌpÌB¹�¸¶Î�Ä�¹�ÊpÍ Â ´m·¯Ìp·�¿�¹�¸¶º4³0ÊB¹�¸¶¸¶· Ë¯· ¸�³
À�Ð ¸¶Ð Í0»�ÌÖµ¶·¬º ·4³¼³0·�·óÏm¿�Ð Í.ÊB· ¸¶º ·�µ¶Ð ¿}· ¸¶µò»�Î¼Î.· � Î¼ÊXÀ�¸¶Ê ð º¾»�³¼ÊXÄ�· Ë�· ¸�³�µ¶·¬º · Î�µ¶· ´_Ï�Ä�»�Í¼ÊB»�
¶ÌB· Î ±kä�å · ³±�ä óvó�Ã
$�� ç



')(;��(+ô Ü 1£ì Ú 1 Ü;ÛFÜ DS/4âBÞ u4Û ã Ú Á Ü E 3kÞ
GÑHKJ9HFõ ö�T	U5ÅWÄm\oZÈV`T�Å_dÉÅ_XKRLTÇV�Å÷ÅmV`ømùATAX^úI\	Vba¤û�dLø�úI\	XKUWX�Å_XKRLTÇaAV`UÆaARLTAT	N`V`U

Á ¹�´¶Ínº · ³.³0·�·4Ï_¿�Ð Í.ÊB· ¸mº ·�ÇkÌ ¾ Êp¸¶Î.³¼Í¼´¶Ë¯· ¸�³2»i³0ÊB¹�¸�´m³0ÊpÌBÊBÎ.Ð ·�¿�´_³nÌÀ»¤Î¼´mÊXÄ�»�¸�³0·Éü
@�ý�Ð ¸mÐ Í0»i³0· ´mÍ�µ ¾ ÊpË�¿¶´mÌBÎ¼Êp¹�¸¦µ¶·�µ¶Ð Ë²»�Í¼Í0»iÀ�·
@�þ5ÿ_¸�³¼ñ¶Ð ³¼ÊBÎ¼· ´¶Í�µ¶·�¿�Í¼Ð Â ´¶· ¸¶º ·���»�º¾»�ÌQ�o»�¸#»
@ í ¹�Ë�¿m³¼· ´¶Í=µm·���Í.Ð��5´¶· ¸¶º ·��	�9é�
�
�® �
@ í Ð Î¼Êp´¶Ë µ¶·�Í¼Ð��Ð Í.· ¸¶º ·"·4³	ÎKÿW¸5³¼ñ¶Ð ³¼ÊBÎ.· ´¶Í	êÖÌB´���·�¿}¹�´¶ÍI³0· º2ñ¶¸¶Ê��5´¶·µ¶·�
#»�³.³0· Ë�· ¸5³
@ � Î.º ÊBÌpÌB¹�Î.º ¹�¿�· ÎÑ· ³	»�¸#»�Ì?ÿWÎ¼· ´mÍ�µm·Î.¿}· º ³¼Í¼·
@��Ô¹_µ¶´mÌÀ»�³¼ÊB¹�¸¦µ���»�Ë¯¿¶ÌpÊp³0´mµ¶·�»���· º���Ð ¸¶Ð Í¼»�³0· ´¶Ínµ¶·�Î¼Ê���¸#»�´_Ï�
#»�Î¼Î.·���Í¼Ð��5´¶· ¸¶º ·

� Ì��ØÐ ¿�¹��W´m·��#Ì��×»�º��W´mÊBÎ¼Ê?³0Êp¹�¸�µ¶· Î�µ¶¹�¸m¸¶Ð · ÎA¸��ØÐ ³0»�Êp³�·��}· º4³0´¶Ð ·��5´��×»���· º"´¶¸�� í 
�ç��¬· ¸�Ë¯¹Wµ¶·� � þ! " ·o³0Í¼»�Êp³¼· Ë¯· ¸�³nµ¶· Î�µm¹�¸¶¸¶Ð · Î	»¯Ð4³0Ð�Í¼Ð »�ÌBÊpÎ¼ÐoÎ.´¶Ín´¶¸¶·Î.³2»i³0ÊB¹�¸�µ¶·�³0Í0»���»�ÊpÌ#�	�$ " »�Ë¯· Î.´¶Í¼·Lµ¶·LÌB»%��Í.Ð��5´¶· ¸¶º ·Ñ»�Ð4³0Ð&�F»�Êp³¼·L»���· º9´¶¸¶·9Ë¯Ð ³0ñm¹_µ¶·Lµ¶·Lµ¶¹�´¶
¶ÌB·L
#»i³¼³0· Ë�· ¸�³0Î æ êÖÊ��' )�( )� è  
í ·4³¼³0·ÑË�Ð4³0ñ¶¹Wµ¶·I¿�· Í.Ë�·4³Éµ¶·Ñ³¼Í0»�¸mÎ¼¿�¹�Î¼· ÍÉÌÀ»�Ë�· Î¼´¶Í.·Iµ¶·*��Í.Ð��5´¶· ¸mº ·nÒ $ ç � ��� � ÒA´m¸¶·IË¯· Î¼´mÍ¼·=Ò��( ��

ref2

Oscillateur de référence

à tester
Oscillateur

  Fluke
Synthétiseur

(280 KHz)

5 MHz

4712300 Hz4720000 Hz

Fréquencemètre

PC

(asservi sur  Césium )

F

f

F

BF

ref1

7�8;:=< �( )�S@,+ à�Á u áWÞß²Þ2143_ã0Þ"áWÞâ?à.-2ài121CÞÉDóã2/¼E 3#Þ4Á u Þ g ��ó
��� � �(��Ð ¸¶Ð Í0»�¸�³n»�Êp¸¶Î¼Êk´¶¸m·AË¯· Î¼´mÍ¼·/
��0��¹�ÊpÎ�¿¶Ìp´¶ÎÑ¿mÍ¼Ð º ÊBÎ.· æ º�1 _º2ñ¶»�¿¶Êp³¼Í¼· $ è  � ¸²Í.Ð¾»�ÌpÊBÎ¼·�´¶¸¦¿mÍ¼· Ë¯ÊB· Í

#»i³¼³0· Ë�· ¸�³o· ¸�³¼Í¼·¤Ìp· $ ç � ��� � ·4³oÌp·¬é²�2� � µ��Ø´¶¸¶·SÍ¼Ð���Ð Í¼· ¸¶º ·¬»�Î¼Î¼· Í3�WÊB·SÎ¼´¶Ío´m¸wº Ð Î¼ÊB´mËÇµ¶¹�¸¶¸#»�¸�³
´¶¸m·4��Í.Ð��5´¶· ¸mº ·oµ¶·	®' �� $ �2� �  (5	¸�Î¼· º ¹�¸¶µ�
¶»�³¼³¼· Ë¯· ¸�³Ñ· Î.³�·��}· º4³0´¶Ð�»���· ºA´m¸¶·AÍ.Ð���Ð Í.· ¸¶º ·�Ò�®'���W> $ 

�6� � ¿�¹�´¶Í¯¹�
m³¼· ¸¶ÊpÍ�´¶¸m·�
#»�Î.Î¼·6��Í.Ð��5´¶· ¸¶º ·�Ò �( ��7��� � �5´¶Ê�Î¼· Í0» º ¹�Ë¯¿m³0Ð ·�»���· ºwÌB·Ôº ¹�Ë�¿m³¼· ´¶Í��
¿�¹�´¶Í�µ¶· Î���»�ÌB· ´¶Í¼Îµ¶·98:��»�Í.ÊÀ»�¸�³µ¶· � � � > æ ÌpÊBË¯Êp³¼·Sµ¶·�ÌÀ»�Í0»�¿¶Êpµ¶Êp³¼Ð¬µ¶·¯ÌÀ»�³0Í0»�¸¶Î¼Ë¯ÊBÎ.Î¼ÊB¹�¸<;^�L�L�b· ³
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>&% à4ì Ü;Û ã0Þ�')(+*�, Þ.- ì#/4ã Ü Þ4Á u ÞáWÞã0/21 Ú Á�à�Á u ÞÑì Ú ã Û Þ4351CÞ46¼Þ4Á@?�Þ4â Ú ì�ì#Þ
º · ÌpÌB·nµ¶·%��¹�¸¶º4³0Êp¹�¸¶¸¶· Ë�· ¸5³9µ¶´A� í è Ò��5´¶· Ì��5´¶· Î�Î¼· º ¹�¸¶µ¶· Î� � ¸�»�Ð���»�Ìp· Ë¯· ¸�³LÐ ³¼´¶µ¶ÊpÐ�ÌB�×Êp¸�C#´¶· ¸¶º ·nµ¶·
Ì��Ø¹�¿m³0Êp¹�¸SµmÐ º Ìp· ¸¶º2ñm· Ë¯· ¸�³9»�´m³¼¹�Ë²»i³0Ê��5´¶· æ »�´m³0¹ � ³0Í.Ê�����· Í è �5´¶Êm¿�· Í.Ë�·4³�»�´Sº ¹�Ë¯¿m³0· ´¶ÍÉµ¶·�µ¶Ð ³¼· Í.Ë�Êp¸¶· Í
Î0»�¿}¹�Î.Êp³¼ÊB¹�¸¦¹�¿m³0ÊpË²»�Ìp·	µm·�µ¶Ð º ÌB· ¸mº2ñ¶· Ë¯· ¸�³� D;£ÌQÎ.·�³0Í¼¹�´���·��5´¶·�¿�¹�´¶Í=º ·/�F»�ÊBÍ¼·E�mÌp·oº ¹�Ë¯¿m³¼· ´¶Í=· ¸F��¹�ÊB·
´¶¸�Î¼Ê���¸#»�Ì$�W´mÊÉ¿}· Í.³¼´¶Í¼
�·¬ÌB·"Î¼Ê���¸#»�ÌÖË¯· Î.´¶Í¼Ð æ º ·4³¼³¼·¬¿}· Í.³0´mÍ¼
#»�³¼ÊB¹�¸�· Î.³�µ���»�ÊpÌBÌp· ´¶Í.Î	Î.¹�´���· ¸�³0�WÊpÎ¼ÊB
mÌB·
Ò²Ì��Ø¹�Î¼º ÊBÌpÌB¹�Î.º ¹�¿�· è  k�A·S¿¶Ìp´¶Î���º ·4³¼³¼·���¹�¸¶º4³0ÊB¹�¸�· ¸���· ¸¶µmÍ¼·¤´¶¸Ó³0· Ë¯¿¶Î48�Î.ÿWÎ.³¼Ð Ë�»�³0Ê��5´¶·Sµ��Ø· ¸G�WÊBÍ.¹�¸÷>¾Î
· ¸�³0Í.·²ÌB· Î"Ë¯· Î.´¶Í¼· ÎSÍ.Ð¾»�ÌpÊBÎ¼Ð · Î"Ò,8IH ¨ Î� í �Ø· Î.³SÌÀ»�Í0»�ÊpÎ¼¹�¸ò¿�¹�´¶ÍÌÀ»��5´¶· ÌBÌB·¬Ìp· Îµ¶· Í.¸¶Ê�J Í¼· ÎSË¯· Î¼´mÍ¼· Î
¹�¸�³=Ð ³¼ÐAÎ.ÿWÎK³0Ð Ë�»�³¼Ê��5´¶· Ë¯· ¸�³=Í.Ð¾»�ÌpÊBÎ.Ð · Î�· ¸¦ÌB��»�
¶Î¼· ¸¶º ·oµm·oº ·4³¼³0·K��¹�¸¶º ³¼ÊB¹�¸²»�´m³¼¹ � ³¼Í¼Ê�����· Í���ÌÀ»"¿�¹�Î.Êp³0Êp¹�¸
µ¶´ÓµmÐ º Ìp· ¸¶º2ñm· Ë¯· ¸�³Aµm´Ô³¼Í¼Ê�����· Í=Ð4³2»�¸�³�¹�¿m³¼ÊBË¯ÊBÎ¼Ð ·o¿#»�Í=´m¸Ó·óÏ¶»�Ë�· ¸,�WÊBÎ.´¶· Ì`µm´ÓÎ.Ê���¸#»�Ì� 
ôMLON P:Q RTSVU#W�X,Q0X ø*Y[Z W�R$\ YV] U Y*^�Y X9_ Y%` W ZaZbYcY \dU Y U Z RTW Z RTeSf\gSVU

��¹�´¶Î»���¹�¸¶Î"·��}· º4³0´¶Ð¯µ¶· Î· ¸mÍ¼·���ÊBÎ.³¼Í¼· Ë�· ¸5³¼Î"µm·�ÌB»h��Í.Ð��5´¶· ¸¶º · g �vóO· ¸<��¹�¸mº ³0Êp¹�¸�µ¶·¯Ì��×»�Ë�¿mÌBÊ �
³0´¶µ¶·�wµ��ØÊB¸ji.· º ³¼ÊB¹�¸�µ¶Ð ÌBÊk�_Í.Ð ·�¿#»�Í�Ìp·�Î.ÿW¸�³0ñ¶Ð4³0ÊBÎ.· ´¶Í æ Í¼»�Ë�¿�·�µ¶·���»�Í¼ÊB»�³0Êp¹�¸�µ��Ø· ¸G�WÊBÍ.¹�¸Õ> ��� Ë ª�l ñ è  " » ð ��´¶Í¼·�ê&Ê��' &�( ���µ¶¹�¸¶¸m·¦Ì��ØÐ���¹�ÌB´m³¼ÊB¹�¸ º ¹�Í.Í¼· Î.¿}¹�¸¶µ#»�¸�³0·�µm´÷Í0»�¿¶¿�¹�ÍK³¬µ¶·A��Í.Ð��5´¶· ¸mº ·,mon prq !p ��!  �	¹�´¶Î�»���¹�¸¶Î�¹�
¶Î.· Í3��ÐÆ¿}¹�´mÍwÌÀ»z¿mÍ¼· Ë¯Ê�J Í¼·:��¹�ÊBÎ/î " »�Í¼µm· ³ �|ª Êp· ´¶µ¶Í.ÊB¸ = ��»�� " »�Í.µ¶· ³ ��ª Êp· ´¶µmÍ¼ÊB¸ = ��
���LÌB»�¸#»�³ = ��º ï ��´¶¸ ¿¶ñ¶Ð ¸¶¹�ËMJ ¸¶·�µ¶·²ÎKÿW¸¶º2ñ¶Í¼¹�¸¶ÊBÎ¼»�³0Êp¹�¸ · ¸�³¼Í¼·²ÌB»Ô¿�¹�ÍK³0· ´mÎ¼·¦·4³SÌB�×· ¸F��· Ìp¹�¿¶¿�·²µ��Ø´¶¸ Î.Ê ���¸#»�Ì`Ë¯¹_µm´¶ÌBÐE�m¿¶Í.Ð Î¼· ¸�³2»�¸�³	´¶¸¶·�µmÿW¸#»�Ë¯Ê��5´¶·�º ¹�´��WÍ0»�¸�³	ç¬Í0»�¿¶¿�¹�ÍK³0Înµ¶·���Í¼Ð��W´m· ¸¶º ·"µ¶Êk��Ð Í¼· ¸5³¼Î� " · Î

u (mV)

319

320

321

322

323

324

325

326

327

328

Ω

900350
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¿#»�ÌBÊp· Í.Î�¹�
mÎ¼· Íu��Ð Î�¿}¹�´mÍ�Ìp· Î²Í¼»�¿¶¿�¹�Í.³¼Î�µm·2��Í¼Ð��5´¶· ¸¶º ·vmd��»�Í¼ÊB»�¸�³�µm·�
 $�� Òw
 $ ��º ¹�Í¼Í¼· Î¼¿�¹�¸¶µ¶· ¸�³
$ > �



')(�xW(+*Qà²ã0/21 Ú Á�à�Á u ÞÑì Ú ã Û Þ43�1CÞ46¼Þ4Á@?�Þ4â Ú ì�ì#ÞSÞ Û 1CÞ21=ì�ã Ú ì�ã Ü / Û /21
»�´y��· Í¼Í¼¹�´¶ÊBÌpÌÀ»���·�µ¶·ÓÌÀ»�
}¹�´¶º Ìp·ÓÎ.´¶Í¦´¶¸¶·,��Í¼Ð��W´m· ¸¶º · g �vócº ¹�Í¼Í.· Î¼¿�¹�¸¶µ¶»�¸�³�ÒÕ´¶¸zµ¶Ê��WÊBÎ.· ´¶Í¯µ¶·ÓÌÀ»��Í.Ð��5´¶· ¸mº ·¦µ��ØÊB¸ji.· º ³¼ÊB¹�¸� " · ´¶ÍSÌB»�ÍO��· ´¶Í�Í¼· Î¼¿�· º ³¼Ê���·²³0Ð Ë�¹�Ê���¸¶·�µ¶·�ÌÀ»ÓÍ.¹�
¶´¶ÎK³0· Î¼Î¼·²µ¶´:��· Í¼Í.¹�´¶ÊBÌpÌÀ»���·�WÊBÎ � Ò � �WÊBÎIµ¶· Î4��»�Í.ÊÀ»�³¼ÊB¹�¸mÎÑµ¶·�Ì��×»�Ë¯¿¶ÌBÊ?³0´¶µm·Aµ��ØÊB¸zi.· º ³¼ÊB¹�¸|{r}� 

�	¹�´¶Î�Î¼¹�Ë¯Ë�· Îoµ¶¹�¸mº¯· ¸Õ¿mÍ¼Ð Î.· ¸¶º ·�µ��×´¶¸ò¿¶ñ¶Ð ¸¶¹�ËMJ ¸¶·�µ��Ø´¶¸¶·¬³¼ÍOJ Î���Í0»�¸¶µm·¯ÎK³2»�
mÊBÌBÊ?³0Ð"Î.³0Í.´¶º ³¼´ �
Í.· ÌBÌp·²¹�~÷ÌB»�¸¶¹�¸ � ÌBÊp¸¶Ð¾»�Í¼Êp³¼Ð�· Î.³�¿mÌB´¶Î¤ÊpË�¿�¹�ÍK³2»�¸�³0·��5´¶·�µ#»�¸¶ÎSÌB·¦º »�Î¬µ¶·¦ÌB»�� "$" ¸¶¹�¸÷ÌpÊB¸¶Ð »�ÊBÍ.·� g;£Ì
Î���»���Êp³
¶ÊB· ¸ µ��Ø´¶¸¶·�Í¼Ð Î¼¹�¸#»�¸¶º ·¦µm·²Ì��Ø· ¸G��· ÌB¹�¿¶¿}·¯Î¼´mÍSÌÀ»�¿�¹�Í.³¼· ´¶Î.·²º¾»�ÍS¸¶¹�´mÎ¤»���¹�¸mÎ���Ð Í¼Ê ð ÐA�5´¶·�ÌÀ»��Í.Ð��5´¶· ¸mº ·wµ¶·ÓÌ��ØÊB¸zi.· º ³¼ÊB¹�¸ Ð ³0»�Êp³�º ¹�¸mÎ.³2»�¸5³¼·���º · ³.³0·Óº ¹�¸¶µmÊp³0Êp¹�¸ Ð ³2»�¸5³A��»�Í¼»�¸�³0ÊB·Ô¿#»�Í¯Ì��Ø´m³¼ÊBÌBÊpÎ0»�³¼ÊB¹�¸
µ��Ø´¶¸Ó»�Ë¯¿¶ÌBÊ ð º¾»�³¼· ´¶Í�µ��ØÊBÎ¼¹�ÌÀ»�³¼ÊB¹�¸¦· ¸Ó· ¸�³0Í¼Ð ·"µm´ÓË¯¹_µm´¶ÌÀ»�³¼· ´¶Í� 
GÑH|Â=HKJ � N�Å_d9X^]^U aAV`U PodL]^X^VQÄ¶U9�oR&�oUWVQÄ��&dÉÅ_XKRLT	U aSûF\	T V`U_ø}d9]^X^VQÄ�a	\Ça	X^d|�A]^V

�	¹�´¶Î»���¹�¸¶Î"¿}¹�ÍK³0Ð¬Î.´¶Í"ÌB» ð ��´¶Í.·�ê&Ê��' Q�( �ç�ÌB·¬µmÐ ³2»�ÊBÌÉµ¶·¯ÌÀ»�º »�Í0»�º4³0Ð Í¼ÊBÎK³0Ê��W´m·¬· ³"ÌÀ»A��»�ÌB· ´¶Í�µ¶·
ÌB�×·óÏm¿�¹�Î¼»�¸�³Iµ¶·��4��ÌBµm· Íf� æ º�1 _º2ñ#»�¿¶Êp³¼Í¼·�é è  (�	»�¿m¿}· ÌB¹�¸¶Î��5´¶·oÌB· Îf��Í¼»�¸¶µ¶· Î���»�ÌB· ´¶Í¼ÎÑµ¶·/�òÊB¸¶µ¶Ê��5´¶· ¸�³
´¶¸m·ÎK³2»�
mÊBÌBÊ?³0ÐA»�ÌB¹�Í.Î%�5´¶·�ÌB· În¿¶Ìp´¶Î=¿�· ³0Ê?³0· Î�Êp¸¶µ¶Ê��W´m· ¸�³n´¶¸¶·�ÊB¸mÎ.³2»�
¶ÊBÌpÊp³0Ð	ÌB¹Wº¾»�Ìp·� 

α(N)
k
(N)
k

u(V)

αN=16

0.5

0

0.5

0

(a)

(b)

1/2
2/3

1/3

320

321

1/1

0/1

3/4

3/5

4/7
2/5 1/4

1/5

Ω

0.900.84
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GIH|ÂIH�Â ¸ N�Å_ùAR=a	VYa	Vcø�dL]^ø�\	]¯a	Vc]4ûFV�¹IPSRLUWd9T9ÅÆaAV»º½¼L]Ka	VQÄ¿¾À9Á � vW��Âm�mr)��{}x�vGÃ`���5�i�£Ä vWx}rC�#��v�t�vw�1Å��¶� Á �)v�tuvbÆ`�¶�)vGÇ" »¤µ¶Ð4³0· Í.Ë�Êp¸#»�³¼ÊB¹�¸¦µm·��÷»�Î¼Î.¹_º ÊBÐ�Ò¤º ·4³¼³¼··óÏ_¿}Ð Í¼ÊB· ¸¶º ·»¤Ð4³0Ð�¿}¹�Î¼Î¼Ê�È¶ÌB·A¿#»�ÍIÌB�×´m³¼ÊBÌpÊBÎ0»i³0ÊB¹�¸�µ��Ø´¶¸¶·
Ë�¹Cÿ�· ¸¶¸¶·,��ÌBÊpÎ¼Î¼»�¸�³0·�µ¶Ð��· Ìp¹�¿¶¿�Ð ·Ô· ³¯´m³¼ÊBÌBÊpÎ¼Ð ·¦¿#»�ÍMÉ< |��ÌB»�¸#»�³��É¿}¹�´¶Í¬µ¶Ð ³¼· º4³0· Í¯µ¶· Î¯º ¹�Í¼Í.Ð ÌB»�³0Êp¹�¸¶Î
µ#»�¸¶Î�Ìp·�È¶Í¼´mÊp³vÊË��ÌÀ»�¸#»i³ = ��È�ÌB %ÍÑ·4³¼³¼·òË¯¹Cÿ�· ¸¶¸¶·b��ÌpÊBÎ¼Î¼»�¸�³0·w¿�· Í.Ë�·4³�µ¶·wÍ.Ð¾»�ÌpÊBÎ.· Í¦´¶¸ Ë¯¹Cÿ�· ¸¶¸#»���·
µ¶·9Î µ¶¹�¸¶¸¶Ð · Î�· ³�»�ÊB¸¶Î.ÊÖµ¶·��F»�ÊBÍ¼·¤»�¿¶¿#»�Í¼»EÏB³¼Í¼·"µ¶· Î�¿#»�ÌpÊB· Í¼ÎAÊp¸G�_ÊpÎ¼Ê�È¶ÌB· ÎoÎ¼Êp¸¶¹�¸� " »A��»�Ìp· ´¶Í/Î · Î.³Ò
Í0»�¿¶¿mÍ¼¹Wº2ñ¶· Íuµ¶´S¸m¹�Ë�È¶Í.·9µ��×Ê?³0Ð Í¼»�³0Êp¹�¸¶ÎQµm·�ÌB»nº »�Í.³¼·Lµ��)Ð	Í¼¸¶¹�ÌBµ��C¹�~"ÒnË�· Î¼´¶Í.·Ñ�5´¶·�º · ÌBÌB·±Ò£º Ê�»�´'��Ë¯· ¸�³¼·��
ÌB· Î¬¿¶»�ÌBÊp· Í¼ÎS»�¿¶¿#»�Í0»�ÊpÎ¼Î¼· ¸�³� «;£ÌIÎ���»E��Êp³Sµ¶·�º ·.�F»�Ê?³¬µ��Ø´¶¸¶·h��Ð ¸¶Ð Í¼»�ÌBÊpÎ0»�³¼ÊB¹�¸Õµ¶·�ÌÀ»,��»�Í¼ÊÀ»�¸¶º ·¦µ��)Ð	ÌBÌÀ»�¸��
µ¶Ð���· ÌB¹�¿¶¿}Ð ·"µ¶»�¸¶ÎnÌ��Ø· Î.¿¶Í¼Ê?³nµ¶·�Ì��×»�¸#»�Ì?ÿ_Î.·�µ¶·�ÌÀ»¤º ¹�¸G��· Í3��· ¸mº ·Sµm· Î�Î¼Ð Í.ÊB· Î	»�´ÔÎ.· ¸¶Î�µ¶·0�nÊB· Ë�»�¸¶¸� Ó ¿#»�ÍK³0ÊpÍ9µm· ÎÑµm¹�¸¶¸¶Ð · ÎÑ¹�Í¼Ê���ÊB¸#»�Ìp· Î*Ôzm*Õ�n gEÖ¨×#Ø�g ÕÙ ×�Ú(Û n ¨���ÜkÜ�Ü?� Î�ÝßÞ�Ýrà�ÊpÎ¼Î¼´m· Î9µ¶´²º ¹�Ë�¿_³2»���·nµ¶·
ÌÀ»���Í¼Ð��W´m· ¸¶º · g Ù × �#¸m¹�´¶Î�º ¹�¸¶ÎK³0Í.´¶ÊBÎ.¹�¸¶Î�áBÎ�ÝßÞ�Ý�âãÎ6ä%�5´#»�¸5³¼Êp³¼Ð Î�ÔzåMmKæ åTçè Ú¨é n ¨���ÜkÜ�Ü?� á£Î0ÝßÞ�Ý!âãÎ�ä�à
µ¶Ð�ê#¸mÊBÎn¿#»�Í æ ê&Ê��' �  = è ü

å9mKæ å¨çè n ¨Î ëì Õßí'î åïÕðí åTñ!ò m è ñ ÕDâ Õßí
åï Õßí ò m è ñ Õôóõ Ü æ �  kö è

÷ ¸O¿�· ´m³M�F»�º ÊBÌB· Ë�· ¸�³�º ¹�¸¶ÎK³2»�³¼· ÍM�5´¶·��9ÌB·�º¾»�ÎAÎ nùø���¹�¸OÍ¼· ³¼Í¼¹�´(��·�Ìp·¦³0· Í¼Ë¯·6å9m æ òBçè ¿mÍ¼ÊBÎ�· ¸
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½2¾À¿Á {41 ñ î Â »*¼ W ò >$:&<z:&<,&Y>�* ½VW = ú-& W±A >�* :&<÷[Dö @0[¼É&>�= AXW ò/. <02143656760#8:9�143<;28�=�>@?BADC�9�1E5F; ð >HG�G�;ÆRIC�A$MJ76;D3F0D;KG�143L8M56A#�	369�;DG�G�7F9 L >H3L8�=�;NG�0ÈÌ6A2OP>{ë ð:ï 1�5�IQ>HOR?6=�9�8:765F;a ýS56;K=)>S0D1HOTOT>H3656;UG$IVAD0DC�9�8N>H=�14C�G�;23�RI143F028:9�143<56;K=�IVA28:>W8 � w � G�149�8�n
a ý ] Ç�a� ý ¢ ×

XY ����� Ú PKÇ w P ý ¢ × Ü �[Z �H\gPKÇ w P ý ¢ × � ����� Ú PgÇ � �;P ý ¢ × Ü �[Z �W\gPKÇ � P ý ¢ ×
]^ � ë2{41 ñ h ï

5_>U567FC�AD;¸ü$ý`G�;�0a>W=�0D7F=�;b;23,8:;23	>H3L8c0D14OR?F8�;d56;DG L >H=�;D76C�Ge;?ßE?BADC�9�OR;D3L8'>H=�;DGe5F;MfBg-h � ´ ;28if-g	j	jlk´ k�ë[f-gBh ] w ´3Û'm � k	fBg	j	j ]n��Û'o �Qï 1mzIQ>H?6CQ°DGp=)>@��J47FC�;Më ð:ï k	=�IV9�3L8:;2C L >H=�=�;p56;K0D14365F76028�9�143%;DG"8N5F143636AK?	>HC
ü$ý ]o� g w � × ]Å� ý ¢ g � �Ç�Ô � ý ¢ ×FqHr �6�����ts fBg	j	ja ývu w XY � ý ¢ gÇ w � ý ¢ gÇ�Ô qHr �$����� p f-g-ha ý ¢ × t

]^
Û ë2{41 ñ | ïG�149�8 ü$ý ] � ý ¢ gÇ � �Ç�Ôxwy � ý ¢ ×FqHr �$�����ts f-g-j	ja ýzu w � ý ¢ g qHr �6����� p fBg-ha ý ¢ × t|{} � ~ {41 ñ {4�5_> L >H=�;276C�36A$J4>W8:9 L ;S56;PfBg-h�;��E?6=�9TM/7F;S=�;SG�9TJ436;�36A6JL>W8:9 Ri56; � × 1�5�;R0D>H=�0276=�56;�=)>�?BADC�9�1/56; �B� G�;0D>H=�0276=�;`5F;�=�>SOT�2OT;`OT>H369T°DC�;�;28p5614363F;

����]���� w � × ]Å�B� ¢ g � �B� ¢ ×Ç w �Ç�Ô �B� ¢ ×FqHr �$����� s f-g-hap� u w p ��� ¢ gÇ w �B� ¢ gÇ�Ô qHr �$����� s f-g-hap� uÍt��~ {41 ñ 7 �G�149�8
�B��] ��� ¢ g � �B� ¢ ×Ç w �Ç�Ôxwy ��� ¢ ×6qWr �$������s fBg-haN� u w ��� ¢ g qWr �$����� p f-g-hap� ¢ × t�{} � ~ {41 ñ ¨L�5�;DGMA6M/76>W8:9�1436G ~ {41 ñ h4� k ~ {41 ñ {4�b;28 ~ {&1 ñ ¨4�b56143636;23L8U>W=�14C�G�=�;�G��/G"8?°DOR;�569�G�0DC�;#8M0D147F?6=�A�n ñ�ñ h
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ap� ] Ç�a�B� ¢ × XY �������XP�� w P�� ¢ ×�� ��Z �W\gP�� w P�� ¢ × � �������XP�� � �;P�� ¢ ×�� ��Z �H\gP�� � P�� ¢ × ]^ ~ {41 ¹H� >L�
ü � ] �B� ¢ gÇ � �Ç�Ôv� ��� ¢ ×FqHr �6������� f-g-j	jap� � w �B� ¢ g qHr �6�����_� f-g-hap� ¢ × ��� ~ {41 ¹H�0ð �
�B� ] �B� ¢ g � �B� ¢ ×Ç w �Ç�Ôxwy ��� ¢ ×FqHr �6������� f-g-hap� � w �B� ¢ g qHr �$����� p f-gBhaN� ¢ × t|{} ~ {41 ¹H� 0��> L ;D0�=�;2Gp021436569�8:9�1436Gd9�369�8�9)>H=�;DG ��aU� � �+� � ] ü ��]o�+�#��Ç � k ��a × ]�aU� � � × ]���� � ü ×�� � 1 1T1� 1476Gc> L 143FGiOR143L8:C�Ad3J76ORADC�9TMJ76;DOR;D3L8�MJ76;�0D;MG"�EG"8?°2OT;M?B147 L >H9�8�?�1HG�G�A256;DCc763F;�=�9�OR9�8�;�7F369NMJ76;aU  >W9�36G�9!MJ7,IV763¡?6¢6AD3F14Ol°236;l56;l0D>HG�0D>H56;£56;t?BADC�9�1/56; ~ >W3	>H=�10J476;t¤¥=2I¦>W?6?6=�9�0a>W8�9�143§=�10J49�G"8:9NMJ76;a�G�769 L >W3J8|=�;2G L >W=�;D7FC�GK56; aU� k�f-g	j	j§;#8@fBg-h¸1Õ5�><��J47FC�;�S�9NJ�1Õ{41 ñ �T5F143636;�=�;�361HO ð C�;�56;R=�9�OT9�8:;2G�+  56;�=�IQ>HOR?6=�9�8:765F; aU  ;D3*RI1H36028�9�143l567¨C:>H?F?�14C"8K56;BRIC�A6M/7F;D3602; � Ù�Û� � 1 � 1476G|> L 1436G�;2©�;D0#8:76AR7636;G�9�O@76=)>W8�9�143|;D3BRª>H9�G:>H3L8 L >HC�9�;2C _W« j<56;��4¬ihW�®�76GQMJ7,I¦¤÷¨�¨`?B1476C�7636;�RIC�A6MJ76;D3602; _�� 56;�� �4� ~ ;D3�76369�8:A>HC ð 9�8:C�>H9�C�;��#¬ª5�;DGK?	>HC�>HOl°#8:C�;DG�f-g-j	j ]¯� � o ;28|f-g-h ] w ´ � m A28'>W9�;D3L8K02;D7E�£5F;R=2IQ;��E?�A2C�9�;2360D;�k�;28=�IQ>HOT?F=�9�8�7656;NA28'>W9�8M56; ��° ��h/¬m`>W36GM=�;`0D>HG¸J4AD36A2C:>H=�=2I¦>W=NJ414C�9�8�¢6OT;M36;K?B14G�GQ°D56;÷MJ7,IV7636;�=�9�OT9�8:;H¬&5_> L >H=�;276C�!'�K;2G�8p7636; L >H=�;276C>HC ð 9�8:C�>H9�C�;BM/7F9�;DG�8�J4A236ADC�AD;PG�9�=)><G�9�O,76=�>W8:9�143l3,IQ>%?	>WG|>�8�8:;29�3L8�763±C�A$JH9�OR;SG�8'>�8:9�1H363	>H9�C�;CRª>H9�G:>H3L8>H?6?	>HC�>W²�8�C�;R>H7¨OT149�36G�7636;R=�9�OT9�8:;W¬�³�3´C�; L >H360'¢6;�k�763F;T5F�/3	>WOT9TM/7F;T?6=�76GKC�9�0'¢6;T;��E9�G�8�;T?FCD°DG|56;DGC:>H?6?B14C"8:G�56;�RIC�A6MJ76;D3602; � Ù0Û� � ° ��µ ñb¶ ��µ ¹ ¶ ��µW6¬�¬�¬ ~ >L��?B147 L >H3L8bRª>H9�C�;�>H?F?	>HC:>�²�8:C�;_®�76GQMJ7,I¦¤���h`=�9�OT9�8:;2G569�©�ADC�;D3L8:;2GD¬_·_>���J476C�;(S�9NJ6¬ª{E¬ ñ � ~ ð �NC�;2?6C�A2G�;23J8�;T7F3´>0JHC:>H365F9�G�G�;DOR;D3L8�56; ~ >L�U>H7F8�1476C`5F;%��µ ñ ;28��µ ¹ ¬-¸`3%0D143FG�8'>�8:;KA$JL>W=�;DOR;D3L8M763F;�02;DC"8'>H9�36;K?6C�14?FC�9�A#8:A�5,IV9�3 L >HC�9)>H3602;�5,IVAD0'¢6;2=�=�;W¬¹ 76;2=NMJ76;�G�149�8�=)>�0D1HOT?6=�;#�E9�8�AS56;R=)><0a>HC"8:;�569�G�0DCQ°28�;TOR1E5FAD=�9�G:>H3L8�=�;CRI14360#8:9�1H3636;DOR;D3L8$k�143¨C�;#!8:C�1H7 L ;@8�147�®�147FC�GU02;28�8:;,?6C�14?6C�9�A28�A@5,IV9�3Eº	76;D3F0D;,56;2G`¢	>HC�OT1H369NMJ76;2GU0D1H3656769�G:>H3L8�¤T7636;,9�3 L >HC�9)>H3F0D;5,IQA20'¢6;D=�=�;�;#8p¤,7636;�G�8�C�760#8:76C�;K0D14OR?6=�;��E;H¬�m�I¦>H7E8:C�;2GMA28:7F56;DGM143L8�A#8:AÆRª>H9�8:;DGb;D3»G�76?F?�14G�>H3L8p=)>@?6C�A#!G�;D3F0D;<5,IV763¥¢	>WC�OR14369NMJ76;RG�7F?�A2C�9�;276C$k�0D;2=�=�;T5,IV763´�6=�8:C�>0J4;�56;�RIC�A$MJ76;2360D;�ke;28�0H¬ k�OT>H9�G|;2=�=�;2G|3ªIQ143L8?	>HGM>H?6?B14C"8:A`56;�C�ADG�76=�8:>W8:GdG�76?6?6=�ADOR;D3L8'>W9�C�;2G�G:>W8�9�G�Rª>H9�G�>H3L8:G$kEOP>W9�GbG�;D76=�;DOR;D3L8�?6=�76G�56;`?FC�1 ð =T°DOR;DG>H=NJ41HC�9�8�¢6OR9NMJ76;DG2¬·bIV14C�9TJ49�3	>W=�9�8�A�56;S0D;#8�8�;S;#�E?�A2C�9�;D3602;SG�;,8:C�147 L >H9�8`5	>H3FG`=�;zRª>W9�8ÆMJ76;S=2IQ1H3l>�1 ð G�;DC L A�56;DG�¼21436;DG56;SG��/360'¢6C�14369�G:>W8�9�143tG�76C�56;2G`C:>H?F?�14C"8:G`;23L8:9�;2C�G`;#8�C:>�8:9�1H3636;D=�Gc®�76GQMJ7,I¦¤�7F3l14C�56C�;,AD=�; L AS56;DG�¢	>WC"!OT143F9NMJ76;DG¸MJ769�361HC�OT>H=�;2OT;23J8d36;KG�143L8p?	>HG�8:C�>H36G�OT9�G�?	>HC�=)>,=�9NJ43F;H¬Ü ;#8�8:;�?6C�14?6C�9�A28�A,;DG"8|¤�C:>H?6?FC�1/0'¢6;DC�56;�02;D=�=�;,AD3F14360DA2;�5	>H36G�=�;S0'¢	>H?69�8:C�; ñ 02143602;DC�36>H3L8|=2IQ1HG"!0D9�=�=)>W8�;D76CS5F;»½i>W3¾56;2ClÌ�14=�k�5F;DGP¢6>HC�OR14369TM/7F;DG(MJ769MG�143L8TG�;D3FG�ADGT�28�C�;»�	=�8�C�ADG�?	>WCR=�;DGRAD=�ADOR;D3L8:GAD=�;2028�C�14369TMJ76;DG ~ 8:C�>H9�8�ADG�56; Rª>H¿2143¥=�9�36Aa>W9�C�;a��>HC�C�9 L ;23L8,OT>H=NJ4C�AS8:147F8,¤�9�3L8�;DC L ;D369�C@5	>W36G,=)>%5F�/3	>�!OT9TM/7F;N0214OT?F=�;#�E;p56;U02;28�8:;U;��E?�A2C�9�;2360D;U¤|?6C�1E02;DG�G�76Gd5F; ð 14760D=�>0J4;M56;¸RIC�A6M/7F;D3602;H¬	³�=�=�;M56ADOR143L8:C�;0kñ�ñ |
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Ú =)>�=�76OR9N°2C�;�56;|3614GUC�ADG�76=�8:>W8:Gp;#�E?BADC�9�OT;23L8'>H7E�%;#8`56;K8:1H76GU02;D7E�®MJ769ÕRI76C�;23J8U5	>H36Gp=�;�?	>HG�G�AC�Aa>H=�9�G�A2GS5	>H36G�02;%02143L8:;��E8�;0kc9�=b;#�E9�G"8:;»763²Rª>H9�8S9�36567 ð 9�8'> ð =�;�MJ769M>£0D1H36G�8�9�8:7FA<=�IQ>HC�0'¢69�8:;2028:7FC�;»56;361W8:C�;�C�;D0'¢6;2C�0'¢6;©nB=2IQ;��E9�G�8�;D3602;�56;K=�IV14G�029�=�=)>W8�9�143�567»G�9TJ43	>H=�9�G�G�7»56;�=�IV14G�0D9�=�=)>W8�;D76Ci;DG"8p0D14365F9�8:9�143636A2;?	>WCb56;2GdOTA20a>H3F9�G�OR;DGi36143<=�9�36AD>H9�C�;DGc?6C�ADG�;23L8:G�5	>H3FGd=)>�3	>W8:7FC�;U5F;DGbº	7F028:76>W8:9�1436Gb5F;!RIC�A6M/7F;D3602;�;289�3J8�;DC L ;D36>H3L8U¤S8:1H7F8:;2Gp=�;DG�A20'¢6;D=�=�;DGK¬Û 3F;@A28�7656;@8�¢6AD1HC�9NMJ76;|56;,02;28`1HG�0D9�=�=�>W8:;276CM;28`5F;@G�;2G�36143E!�=�9�36Aa>HC�9�8�ADGM>POR143L8:C�A�MJ7,IV9�=�;#�E9�G"8'>H9�8763F;�A6M/76>W8:9�143¾361H3¾=�9�36Aa>W9�C�; ~ =�IVA$MJ7	>W8�9�143Ö5,I � 56=�;DC'�S?B147 L >H3L8P5FAD0DC�9�C�;�=2IQA L 14=�7F8:9�143Ö5,IQ7F36;�?6¢6>HG�;567<G"�/G�8?°2OT;K14G�0D9�=�=)>W3J8D¬ Ü ;28�8�;K?6¢	>HG�;�?�;27F8Hk6G�769 L >H3L8�02;DC"8'>H9�36Gd?	>HC�>HO�°28:C�;DG6kFC�;2G�8�;DCp>H?6?	>WC�;DOROR;D3L8021436G�8:>H3L8:;i;28�>H9�3FG�9L56A#�	369�C_763F;�?6=�>0J4;c56;iG��/360'¢6C�14369�G:>W8�9�143,k�147|>H=�14C�G�?B14G�G�AD56;2C�763|0D14OR?B14C�8�;DOR;D3L8?6=�76G�0D1HOT?6=�;#�E;H¬� ?FCD°DG@> L 149�C�A#8'> ð =�9�=�IVA$MJ769 L >H=�;2360D;�;D3L8�C�;R=�;�OT1/5�°2=�;�56AD02C�9 L >W3J8�=2IQ14G�0D9�=�=)>�8:;D7FC`;28|0D;2=�769c56A20DC�9Ü!L >H3L8K=)> ð 147602=�;S¤ L ;DC�C�14769�=�=)>�J4;@56;�?6¢6>HG�;�k�?69N°20D;SOT>W²�8�C�;DG�G�;S56;2G ð >H3602G�5F;SOT;2G�76C�;R5F; ð C�769�8K56;?6¢6>HG�;�ke361476G�> L 1436GSC�AD>H=�9�G�A�7F36;<A28�7656;<;#�E?BADC�9�OR;D3L8'>H=�;�;28@8:¢6A214C�9TM/7F;<56;DGS?6C�14?6C�9�A28�ADG,5F;<0D;28�8:;A6M/76>W8:9�143Ý5,I � 56=�;2CD¬bmzIV763Ö?B149�3L8S56; L 76;<8�¢6AD14C�9NMJ76;�ke7636; ð 143636;<0214363	>W9�G�G�>H3602;<56;DG�?6C�14?6C�9�A28�ADG56;2G@>W?6?6=�9�0a>W8�9�143FG`56;�8Þ�E?B;lß,G�;D028�9�143¨56;lÌ�149�360a>HC�A�à£A#8'>H9�8�36AD02;DG�G�>H9�C�;H¬ � 147FG@> L 1H36G�8�C:>H3FG�?B14G�A=�;DGR?6C�14?FC�9�A#8:A2G ~ C�;D=�>W8:9 L ;DGT¤´=�>±G"8'> ð 9�=�9�8:A0kc¤±=)> ð 9TRI76C�0a>W8�9�143ªkc¤¨=�IQ>HC�9�8:¢FOTA#8:9NMJ76;�k�;28�0H¬¦�R56;�0D;28�8:;>H?F?6=�9�0a>W8�9�143<>W?6?�;2=�A2;�0a>HC"8:;K5,I � C�3F14=�5%>H7»0a>WGp5F;�=�> ð 147F0D=�;�5F;�?F¢	>HG�; ~ 147.Ìc·_·��#¬
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a�� �`��fpj�©srqb<v}r<jpok~�o�jq{�i�ª5©��hrq�Ö~hfxg���i�j5~hfpe�bqj�ypg'lnepµ�j�b�fpe5µ�jpoh��rx�x{BÈ1«�� �`�
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Þ i�jp©sr�{�j�~}r<ª��1«�ª`�`È��<�`�`È`�`Ï��<Ï`á`�`�`�pâ�Ï`�`á`ª`�`ª��`Ï¬1� wse�r�{m�<�ã �`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`��`�Ç����dp¥`¡p��¡`�s£x�q¤�¦²�`��`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�i��xg`±hfpj��1�ä���.�å�p�'æi��xg`±hfpj�i�j�fqt�eq~'�çi�j�fqt�epy´��~¶��y1æi��xg`±hfpjke�fm�äè�e�fm�7ip{`g'�äé1�äè1æi��xg`±hfpjkjq~����çjq~��p�m�ç��æ¹1� ©�f`�peptB��ruè�j.æ©�f`�pept�~xwsep�1�å~xw�r�{'�äy<wsep�1�åy<w�r�{'æ
r�{�tke.�8±'��r��7ê.�8�'�8�xwsep�´��{'ær�{�t²r$wsep�1�7êuwsep�1ær�{�tkj�bxo�e.�7j�bxop±'ær�{�t�bqepo`t1�Cb<vh�hru�1�7i�jp©1�ç�qeqg�µ1�å�`o�e.æ
b<v�epo�{h��w�©srqb<v(ë�ª��uì1æ¼ � ¿}£u¥`���q©�fxg��1æ
r�{�t��`o�eq~`v}rqb`�xi`osruµ�jpoí�8�`o�eq~`v}rqb`�®w}�qi�j.æ
�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`���`�`��`�Ç¿}£u¤�����¦5����dp¥`¡p��¡`�s£x�q¤�¦²�`��`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`���`�`�
~�osr�{�t`©��xÉ<îx{ ���`�p�����`�k�p�h�q p��¡p¢`¢���îx{�Ép��æÂ1� �`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`���`�`���`�`�`���`�`��`��dq¯h�h£uÝ����k¥`¡kdp¡p���`�� p��¡`�p¯}£x°x���²�`��`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`���`�`���`�`�`���`�`�i�� ã ~�osr�{�t`©��xÉ<îx{h��dq¯h�h£<¦�£<¦`¦p��ï�¾h�q�p����dp¡p���`�� p��¡`�p¯}£x°x���T³nîx{�Ép��æ~�osr�{�t`©��xÉ �,«`«`«`«`«`«� `o�eq{�i�jN³äÏ`�`�pâ�È`ª�~}ru��j�f��Ñ�<£�¢����p¦`¦�£u�`¥`�s�xîx{�Ép��æ~�osr�{�t`©��xÉ ª1«`«`«`«`«`«Í¢h�qé�jq{`{�jT³äÈ`�`Ï`ª`�`��~}ru��j�f��pîx{�Ép��æ~�osr�{�t`©��xÉ È1«`«`«`«`«`«���jptsrut�jN³äª`ªpâ��`�`��~}ru��j�f��pîx{�Ép��æ~�osr�{�t`©��xÉ ¾h�qt`o�j�b<vh�hru�ð³�Ép��æ�`bqeq{�©��xÉ�ñ`i}É}� º bqepo`ts��æÃ1� ò v}rxfpjó��bqepo`t'Ì�¨�ª º`º bqepo`t'Ì�¨�È���æru©ó��bqepo`t`¨`¨s�`� ã �`o�eq~`v}rqb`�xi`osruµ�jpo`¨s£u�p¢��`���uâ1æ�`o�eq~`v}rqb`�®w}�qi�jp¨s£u�p¢��`���uâp¯}£�æòru©ó��bqepo`t`¨`¨�ª��5�`o�eq~`v}rqb`�xi`osruµ�jpo`¨`Ýs�`�x�p¦q¾� `¡`¥h�mæru©ó��bqepo`t`¨`¨�È�� ã �`o�eq~`v}rqb`�xi`osruµ�jpo`¨`�` `¡1æ�`o�eq~`v}rqb`�®w}�qi�jp¨`�` `¡p¯}£�æò

Ä � �`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`��`��dq¯h�h£uÝ��`�� p��¡`�p¯����`��`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�i�� ã ~�osr�{�t`©��xÉ<îx{h��¿�¡s£u�`��¦�¾h�q�p����dq¯h�h£uÝ¶³nîx{�Ép��æ~�osr�{�t`©��xÉ �,«`«`«`«`«`«�d`epo`t�j�i1l�¡`op{h�`fqi�îx{�Ép��æ~�osr�{�t`©��xÉ ª1«`«`«`«`«`«Í¾�eq{Bi�jpo����`f`îx{�Ép��æ~�osr�{�t`©��xÉ ¾h�qt`o�j�b<vh�hru�ð³�Ép��æ�`bqeq{�©��xÉ�ñ`i}É}� º b<vh�hru�s��æò v}rxfpjó��b<vh�hru�'Ì�¨s� º`º b<vh�hru�'Ì�¨�ª���æÅ1� �`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`���`�`���`�`�`���`�`�`����`��£u¤s£u�s£u¡`¥s£<¦p¡`�s£x�q¤�����¦�d��q¤�¦p�`¡`¤`�`��¦B�`��`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`���`�`���`�`�`���`�`�`���~�osr�{�t`©��xÉ<îx{h��dq¯h�h£uÝ�����¦�d��q¤�¦p�`¡`¤`�`��¦ô³nîx{�Ép��æ~�osr�{�t`©��xÉ���eq~�jpèó��~h�xg�o�fpj��Çµ�e�fpjqg�oh�5~�epoki�jp©�eqg�tð³®Ép��æ�`bqeq{�©��xÉ�ñ`i}É}� º i�jp©s��æ
¢ Û ¢



�`��bp�x{��xt�eq{�t�j�i1l�¡`op{h�`fqiB�`�jq~��p�5¨��1«pæÆ1� ru©?��b<vh�hru�`¨`¨s�`�Ç~�osr�{�t`©��xÉud��x{��xt�eq{�t�jBi1l�¡`op{h�`fqiô³@ñ`��îx{�É}�njq~��p�h��æ
�`��bp�x{��xt�eq{�t�j�i�j5¾�eq{ki�jpo����`fk�`��Ö¨²�,«pæru©?��b<vh�hru�`¨`¨�ª��Ç~�osr�{�t`©��xÉud��x{��xt�eq{�t�jBi�j5¾�eq{ki�jpo����`f¶³@ñ`��îx{�É}�$����æ
�`�Ö~�o�j�b�rq��rx�x{(³å{h��wh±�o�j�i1l®rut�jpo�eptsrx�x{���~h�xg�o�b<v�epypg�jkµ�e�fpjqg�o��`�ru©?�$i�jp©`¨`¨s�`�Ç�xwsep�`¨s�<�`�`�.æj�f��qj ã ~�osr�{�t`©��xÉ<îx{�¤���wh±�o�jBi1l®rut�jpo�eptsrx�x{��¶³CÉp��æ�`bqeq{�©��xÉ�ñ`i}É}� º �xwsep�s��æa��1� ò
�`�Ö~hfpep��jki�j5±�e�fpepé�ep��j��`�ru©?�$i�jp©`¨`¨s�`� ã ru©ó��b<vh�hru�`¨`¨s�`� ã ~xw�r�{�¨��1«pæ�~xwsep��¨B�,«pæy<w�r�{�¨��1«pæ�y<wsep��¨��1«pæåòj�f��qj ã ~xw�r�{�¨Bc<�1«�ª.æ�~xwsep��¨²�,«�ª.æy<w�r�{�¨��1«��.æ�y<wsep��¨B�,«��.ænòòj�f��qj ã ~�osr�{�t`©��xÉ<îx{`��jq{�t`o�jpèÑfpj��Ö±h�qop{�j��·³nîx{�Ép��æ~�osr�{�t`©��xÉÖjq{k�1�ä~xw�r�{ð³®Ép��æ$�`bqeq{�©��xÉ�ñ`©}É}� º ~xw�r�{}��æa1a�� ~�osr�{�t`©��xÉÖjq{k�1�ä~xwsep�¶³®Ép��æ$�`bqeq{�©��xÉ�ñ`©}É}� º ~xwsep�s��æ~�osr�{�t`©��xÉÖjq{ké1�åy<w�r�{ð³®Ép��æ$�`bqeq{�©��xÉ�ñ`©}É}� º y<w�r�{}��æ~�osr�{�t`©��xÉÖjq{ké1�åy<wsep�¶³®Ép��æ$�`bqeq{�©��xÉ�ñ`©}É}� º y<wsep�s��æò
�`�Ö~�epo`t�i�jkfmlnj�bxo�eq{kg�tsrxfhrq�qj`j��`�ru©?�$i�jp©`¨`¨s�`�k��ruè�jp¨�ª1«pæj�f��qj ã ~�osr�{�t`©��xÉ<îx{���epo`t�i1lnj�bxo�eq{²eÇg�tsrxfhrq�qjpo?�,«n�·³CÉp��æ�`bqeq{�©��xÉ�ñ`©}É}� º ��ruè�j���æòa�¬1� ru©?����ruè�jp¨`¨����k��ruè�jp¨s�,«n�qâ'«pæj�f��qj ã ��ruè�jp¨s�,«n����ruè�j.æCò
�`�Ö~h�xg�oBfpe5~�o�juw�r<jpo�j��qjposr<jki�j�µ�e�fpjqg�oh���`�e�fÇ¨²�,«pæé�¨k�1«pæ
�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`���`�`���`�`�`���`�`���`��`��£u¤s£u�s£u¡`¥s£<¦p¡`�s£x�q¤B�`��¢h�x���� p��¡`�p¯}£x°x���B�`��`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`�`���`�`���`�`�`���`�`���`�a�¹1� r�{}rut`�`o�eq~`v´� º �`o�eq~`v}rqb`�xi`osruµ�jpo1� º �`o�eq~`v}rqb`�®w}�qi�j.�ÇÉ`Ép��æbpfpj`epo`i�jpµsrqbqj·�<��æ�qjpt�e�bxtsruµ�jq~�ep��j·������æ�qjptp±`��bp�`f`�qo´������æ
�`��bqepo�e�bxt�jposrq�xtsruypg�j��B�`�e5¨���jpt<wsep�`�·�<��æ±�¨���jpt<wsep�`é·�<��æ~�osr�{�t`©��xÉ<îx{hîx{h�����`�`��dp�s£x�q¤���dq��¡`¤ô³@ñ`i��5ñ`i�¨�ñ`i�~}ru��j�f��pîx{�É}�nep½s����±�½s���x��ep½s�`�x�,�§±�½s���`��æ

a ¼ � �`��bp�x{��xt�eq{�t�j���i�j�bqjq{�t`o�ep��jB�`�j�bxo�e�¨�e��Ñ�<��c5��ruè�j��5�5ª.æj�bxop±k¨�c�±��Ñ�<��cÇ��ruè�j��5�5ª.æ
�`�Çµ�e�fpjqg�oh�Öwsep�sr$wse�fpj����`�r$wsep�`¨�e�����ruè�jp½s��æêuwsep�`¨p±h����ruè�jp½s��æ
�`�Ö~�e���jq{��kjptkjq{kék�`�i�j�fqt�eq~�¨?�§~xwsep��c�~xw�r�{}�5����e��k��ruè�j���æa�Â1� i�j�fqt�epy�¨?�$y<wsep��c�y<w�r�{}�5���§±B�k��ruè�j���æ
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