
� ������� �
	�� 	��

���� ����� ����������	����������
��� � � � � � ! � �"	��$#%��& � �'����
��
	�()���"*+�

,.-0/2143514376985:;-0<�=�>?=A@B=�@B1C85=D37EF,.-0GH=D353CI7JKJL6
M0NPOLQLRTSVUWQYX[ZT\]\_^ R`SbabcedTfhgbi9NjceSKZTkmlASnN]opZTd_q9NsrsgA^KXeNDtugpd`fhgpkvtwged`fhgpkvRxrsgp\zy

ZTfhgpN{\}|4~`ceSKceSnN���r]\��bQ���SnNPO�dbQ�Nsr
,��0�V�W@B=vJB�L���w�D�A�s�j�[�s�2���L�b�����j�L�����K���e�v���L�A�b� �����¡��� �K�W�W�¢�W£K�����¡�j¤e��� ���e�L�b¤¥� £v¤b� ¦v��¦�� ¤x§
�e�9�j¨D���e�W¦ª©«�K���L£¬�K�¢�A�s�®­4�W�b¤«���K�¡�e�v���2� £A� �2�j¯°���b�j�L£����?¤b�j±L£v�B�w²��K�D¨��j��©«�°³A�j�[� ±K��´µ�L�p¶K§
¤e�W���b�e�°�9�j£D±��L�b�·�D�b��¸$�j¦D�W¦º¹$�K£D¦��e�D���K�»���j�[¸n�L¨��j�h� ���D�b��¸K�W�¢�W£K�¡�j£��L�A�b� �W���Y¤b�j±L£v�B�D�e��£D��� ¤e�
�b���b� �2�j¤¼�K¤e¤e�W¤e¤e�W¦º½
¾¿
À»Á[ÁÃÂ5Ä5Å�ÆÈÇ ¾bÉpÊvË°Ì�¾ Ç}Í9ÆÏÎ Ì»ÐDÑ5Ò ÍbÓÔÇ ¾bÉÕ·ÖØ×eÙ¬ÚVÛ$Ü�ÝWÞ»ßáà ÁVâ[Á�ãzÀ»äWÀ»ÁWå�æDÇ}çKÍbÓ Ì Å�Æ_Ç ¾bè7É[Ò Å Ê Ç�é�ÍbÓ è7É[ênë�ÌVè_¾ Ç Ê�Ê}É Æ Ì Ó èxì à À»í[ÁÃãzîpí�ÂeÁWå Ë�¾bÉ ÆÈÆ`ÍbÓ�Ç ênï¡è ÆÈÇ Òµð�ñ
Ê}É ÆTÍ ëhò7ÉVÒhÉVêKì à Àpí[ÁÃãzîpó°ôpÁWå Ë�¾bÉ ÆÈÆ`ÍbÓ�Ç ênï5ò7É Î Ê Í9Ç ï[õ

öK�j±L£v�B�·¦D�L�v¨�� �÷©h��³$� �[�j±L��¨v�L�p¶A¤ø�°���b�e�W�9� £v±�ù9ö�²H©·´«ú��j¤�� ¤e�W�9�j�L�v¤��j���D��� �b���W£K��� £�¨Y���e��¦��j¤b�e�9� ¨v���e�W¦û�K£D¦
�j�D���Y�W¦�©h�K�¢�K£��K�����s�®­4�W�b¤°¹°ü¼�A� �p������³��ý�L¤ø�á¤x�e�9� £D±K�W£K�w�s�j�2�s�e¤5�L£¥�e�D�µ�����A�j���D�þ¤b� ±K£D���A�K���e�D�A�7�Y�°ü¡�°�mÿ����`½� £��e��� ¤µ�v�L�ý�W�V¹Kü¡�·�D�b��¸$� ¦v�¼�»�v���®� �[�®�µ���L�b����� �K�¡���K�0�e�D�·�L���b�j�W�B� ¤b� ±K£D���D�e�¢öA²H©¼´
�ý��ü¡�W�á�b���b�j�¢ù���ö���©�úe¹$�K£D¦
���L�b�h±L�W£D�W�b���s�®³����4�e�D�h¤b�j±L£D�����e�H£D��� ¤ø�¡�b�B�b�j�¢ù���ö
	 ©�ú��j£D�[�j�D¦��j£D±�¨ý�B�e��ö�²H©·´ �K£D¦��K�¢�A�s�®­4�W¦�¤ø�Y�K£K�e�L£D�W�K�D¤
©h�L���K£÷¤e�W�B�b�e�W�9�j£D±�ù���ö�©�öDúe¹º�B�H�e�D�2�®� £v�¢�K���e�D�A�H� £÷�e�v�¢�v�b�°¤ø�°£v�°�����µ¦�� ¤x�e�9� ¨D�A�e�°¦
©«�K���L£��K�����s�®­4�W���b� �K£
ü«�®�e�¬�°�K�D£K�e�W�9§T�D�b�K�D�K±L���b�j£D±��v�D���º½�
 �H��� ¤ø��±��s¸K�H�»�D�A�s�j�[�s�h���L�b����� �K�����K�µ�e�D����ö���©F�K£D¦��¥ö�	�©ûü·�D�W£��K£
�K���b� �W���4�j¤e��� ���e�L�5ü«�®�e���D�v�¢� ¨L³��D�K¤e¤Ø�j¤µ�j£D¤e�W�9�e�W¦��B�j�L£v±��e�D�h�s�j£D�B½ ö$�D�»� ¤e�B�j���b�j�L£��v�b��¸$� ¦D�W¤µ���A�A�s�e�H�����°�[�b�®¸L�
ü¡��³¬�B�Ø�b�W¦D�D�[� £v±.ö�²H©·´%ÿ����`½�

���D�b��¸$�j¦D�2±L���j¦D�[�®� £D�W¤·���K�«�e�D���L�A�b� �����7���j�L�W�W���°£K���B�0�e�D�¥� ¤e���j�B�e�K�V¹ý�K£D¦.��$�D�K£L�b�®�e���b�s¸K�¢�W¤b�b�j���B�b�j�K£����7�e�v����ö
	 ©+� ���D�b��¸K�W�¢�W£K�H�L¨A�e�B�j£D�W¦�¨L³��D¤e���B�0�e�D��� ¤ø�B�j�B�e�K�V¹ ¨ý�B�e�¬ü«�®�e�÷�K£D¦
ü«�®�e�D�K���¼�v�D���.¨K³��D�K¤e¤°½�µ�K£D¤b�j¦D�W�H��¤b�j£D±B�j�2­4¨ý�°�¥¤e�D�K£ª�B�µ�j�W£D±��e���¡¹ºü«�®�e� �¬¤b�j£D±B�j��¤b�j±L£D���Ø�D�b�L�v�L±K�B�b�j£D± ¦D��ü¼£v¤b�e�b�W�L��½��«�D��­ ¨Y�W�
�D�K¤�� �K¤e¤°¹Y�L£v¦÷�¢�°³����j¤e���D�°¸L��¦��j¤b�e�9� ¨v���e�W¦ª±L���j£º½! C�[�#"%$'&)(Ãù+*-,.�µú�¨Y�2�e�D�2�e�b�K£D¤e�2�®�b�e�°¦�¤b� ±K£D���?�W���W�b±B�j£D±����
�e�D�2¤e�D�K£��L���e�v�����s�Ø£D���b��/4�W�[�b�j�L£D¤·ü¡�W�b�2�D�b�W¤e�W£L�°¹Y�b�[���°�b�b�W¦��e���K¤·�e�D�2¦�� �b�W�[�H¤b�j±L£D���È½��«�D�W£��e�D��ö�²H©·´+���
�e�D���K���e�D�A�«�j¤�ÿ�0%�

"21%3!4�5 ù+*-,6�µú87:9<;= 9<>@?= "%$A&B(5ù+*8C��%DFE»ù'GIHJCKG2EeúL,6�µú$�2MON H@P�QAR > ? M >'SAT@U ù�GIHV,WG2EpúYX¼ù'GIH°úYX¼ù'G2Eøú�Z�GIHLZ�G2E ù[�nú
ü¼�v�°�b�\D = � ¤h�e�D���D�b�L�v�L±K�B�b�j�K£��W�L£v¤b�e�L£K���L£v¦]D�Eµ�j¤·�e�D�H�j£L¸K�W�b¤e��±K�b�K�D�.¦v�V�j��³_^�X4ù'GAúá�j¤«�e�D�2©«�°³A�j�[� ±K�¬¨D�L�p¶K§¤e�W���b�e�°�9�j£D±÷¦D�W£D¤x�s�`³L¹5ü¼���j�»�
�j¤��K¤e¤e�v�¢�W¦��e�ª¨Y� �÷�b�L£D¦v�L��¦v�V�®�e��§T�W�L�b�b�[�j�B�e�W¦
�D�b���W�W¤e¤V`8abXýù'G2Eøú'X�cWù'GIHVúed\7fhg ù'GIHiCjG2E»úe¹5üh�s�e� f 7lk!(Am-nµ¹0¨ý�[� £D±ok!(Am��K£D¦pn �e�D�¬©«��³$�j�[� ±K� ¤e�W�B�b�e�W�9�j£D±ª�W����q �[�j�W£L���K£D¦ �b�°�W�K���e�D�b�
���K�V�e�K�V¹0�b�W¤e�ý�W�V�b�®¸L�[�®³_^µ�K£D¦ ­4£D���®�s³ U ù'GIH�,.G2Epúh7sr�$A&B(°ù'GIH°úutvrF$'&)(°ù'G2E»ú¥�j¤��e�D�¬±L��� £Ww��j�L¤ø¤��»�v�Y�W�9�j�W£D�W�°¦�¨K³ �e�D�
¦��j�b�W�V�·¤b�j±L£D�������b�L� �ý��� £K�xG2Eá�e���Y���j£L�yGIHzd{G2E»½ � £ªù[�núµ¦��j¤b�e�K�9�b� �K£����w�e�D��¦A� �b�W�[�¼¤b�j±K£D�B���j¤«£D�W±�� �W�[�e�W¦º½�ö$�D�p�
���K�b�����j���[� �W�K�9�s³¬¤e�D��ü·¤«�e�v�B���e�D��¦D�L�2�j£D�K£L�H�W�K£L�e�9�j¨D���b�j�K£D¤·�e���e�D��ö�²H©¼´ �W�L���¥���b�L��¦D�L�v¨�� ���b��/4�W�V�b�j�K£D¤
�����Y��� £K�e¤#G2E�,-GIH¥¤e�L£v¦�ü«�j�»���j£D± ­4¨Y�W�H¤e�W±K���°£K�e¤H���Ø� �K�b±L�W¤b�H±K�B�j£º½}|D�b�K� ù[�núe¹º�L£D�2�W�L£÷�[¸n��� �v�B�e�2�e�D��ö�²H©·´
�ý��ü¡�W�zr~1V3!4�5áù'�µú¡¨K³.�°¸L�W�b�L±��j£D±2ü«�®�e���b�W¤e�ý�W�[�«�e���e�D��¨D�L�p¶$¤e�W�B�b�e�W�9�j£D±��D�b���W�°¤ø¤°½W��£D�H­4£v¦D¤«�e�v�B�·�e�D���b���b� �
���7��¸L�W�b�K±L��öA²H©¼´��Y��ü¡�W�m�e��¦�� �b�W�[�¼¤x� ±K£D���u�ý��ü¡�W�¡���x� �j¤�ÿ�0��`¹ ÿ����'`

��n���� M E��7:r~1V3!4�5áù'�µúut�r�$A&B(°ù'�múJ7 f H 9e;= 9<> ?= U H ù'GIH°úU H ù'G2E»ú Z�G2E�Z�GIH ù'�$ú



40 80 120 160
20

30

40

50

60

Lfiber [km]

O
S

X
R

 [d
B

]

G(L)=1

(3)

(5)

æDÇ ï ãCÂVã�Ä ËI�5ò�� ÍbÓ è_ðnèµÊ Ç ê Í Ê Í ênï Æ õe��ÐsÌ Ó É Æ`Ó É[ênè Å É Ó_Í ê Æ Ê Ç ê Í à��hà � å��þÂpå ÌpÐ7è Æ ÉVêÃënÉ Ó ë¢Ë�� æºã� Ì[ðnê ÆTÍbÓ ñ ÅnÓ Ì Å É[ï[É Æ_Ç ênï Å ðnÒ Å É Æ?Â[�Vó[Á ênÒ ã Ë�ÌpÊ Ç ëO� Íu�nã à ä°å ìnëÃÉVè_õ Í ëO� Íu�nã à î[åTã
ü¼�v�°�b� U ù'GAú#7�rF$'&)(°ù'G$úut�r�$A&B(Ãù'�Aúe½ � ���W�L£�¨Y��¤e�v��ü¼£÷�e�v�B��¤ø�D�»�����L�b����� �¬�D��� ¦v¤��[¸L�W£ªü·�D�W£ª�e�D���b�K£D¦D�K�2�s³
����¦��®­4�W¦.¤b�e���e�H���7�Y���j�L�9�j¯W�B�b�j�L£ �B�5�e�D��¤b�j±L£v�B��¨D�K�»¶$¤e�W�B�b�e�W�b�W¦ �s�j±L�K�h� ¤h�L�W�W�L�v£L�e�W¦ ���L�V½� £��e�D���W�L¤e� �B�H¦��j¤b�e�9�j¨D���e�W¦û©h�L���K£ �L�����®�s­ �°���b�j�L£ üh�s�e� �W�K�D£K�e�W�9§T�D�b�K�D�K±L���b� £v±ª�D�D���º¹?�e�D��±L���j£ �j¤��»�A§
�D�b�W¤e¤e�W¦º¹u�j£ �e�D���D£D¦v�°�A� �[�e�W¦ �D�D��� �K�D�D�b�W���j���B�b�j�K£º¹5�L¤ ÿ����È¹Ïÿ��2�@` U ù'G$ú��7 ��� M��2� >[��  �%¡%¢u£L¤ R �I¢[£[¥ M E T§¦ ¹uü¼�D�W�b�kFm�,[k_¨��L�b���e�D�÷���b�e�W£$�D�B�b�j�K£D¤��K£ ¤b�j±L£D���¼�K£D¦ �D�D���º¹m�b�W¤e�Y�W�[�b�®¸L�[�s³L¹m�K£D¦ª© �7«D64!r = t2k_¨�¹¡¨ý�[� £v±¬r = �e�D��j�L�D£v�»�D�W¦÷�D�D���ª�ý��ü¡�W�H�����¡¹º�L£v¦­D64ª�e�v� ©h�K�¢�K£�±L���j£÷�°����q��[� �W£K�°½ � �H�j¤H�°�K¤b�®�s³�¤e�W�W£�ÿ����7�e�v�B��© �j¤H�K��§
�D�b�°�A�j���B�e�[�®³��I�A�v�B�$�e���e�D�µ�K£�§T�v�2� �K±L�K�9�®�e�D�2� �µ±K�B�j£}`�©®7�ùÔ� £ Uy¯�° M ¯�±�± úutAù[��C��»�v�ºù[Czk_¨V�múbúe½2
û�®�e����¤e���®�e�L¨A� ��b�W¦D�D�[�b�j�L£�����©�¹Ã�e�v�¡±L���j£����K�b�����j�H�W�L£2¨ý�«���L¦v�µ���B�j�9�®³��L�W�W�D�b���e�¡�[¸L�W£2� £2�e�D�h�D�b�W¤e�W£D�W�¡���Y�D�D����¦D�W���j�[�b� �K£
ÿ³²%�È½ � £D¤ø�°�9�b�j£D±��e�v��©«�K���L£ ±L��� £ �»�D�v�b�°¤ø¤b� �K£ � £÷ù'�Aú?ü¡��±L�[�V`

��n��´� M E 7¶µ fkW¨¸· H |�µY�Y¹#,LkW¨2��, kFmk_¨�· ù'0$ú
ü¼�v�°�b� ü¡��¦D�[­4£D�W¦ �e�D�H�����s�j��ü«�j£D±����D£D�[�b�j�L£}`

|�ù�º»,.¼<,�½�ú �7 9 5= � M H�¾À¿ÂÁ
ÃiÄÆÅ ºªÇI�ÈC � M ¿�É�Ê C Ã#ÄÂÅ º ù`� ¿ Cj�nú$� M 56Ê2Ë ZYÌ ù���ú
¨ý�V�j£D± ÃiÄ ù�Ìºúm�e�D���»�D�ý�K£D�W£L�b�j���w� £K�e�W±K�b�B�È¹ ü¼�A� �p��� ¤·�W�L¤b�®�®³.�[¸n�B�j�D���e�W¦�¨K³ �s�e¤�¤e�W�9�j�°¤·�»�v�D�L£v¤b� �K£ ÿ��V�`½¸
 ��­ £D¦
�e�D���°¹ý���K�yk_¨%�ªÍ ���K£D¦�©Îd®��ùÔ�`½ �B½ Uy¯�° M ¯�±�± dÏ�O�¢¦4´«úe¹Y�e�D���¥ö���© � £ ù'0$úh�W�L£�¨ý��ü¡�[�®�?�K�D�D�b�°�A�j�¢���e�W¦
�K¤V` ��n���� M E �7 µ fk_¨�· H � H ¹

ù'�
¹Hú'Ð � H!Ñ Ð µ ��Y¹<· ù'�$ú
ü¼�v�°�b�yÒ �7:� �2�� £ C¬�B¹A�L£D¦ Ñ Ð ù�Ì�ú87ªÓ]Ô&ÖÕ =_× &+Ì & � ¤¡�2�ý�B�®³�£D�L�2�j�B�ý�j£hÌu¹Aü«�®�e� × &�7 Ä × & M EWØ�Ù?ù+ÒÚØ Ä Ø¬�núe¹�¨ý�[� £D±Ù?ù9ú?�e�D�ÜÛ��K���������v£D�[�b� �K£º½!�á�L£D¤x� ¦D�W�µ�e�v���W�L¤ø�H�B�7��¤x� £D±��j�H¤e�D�K£.���7¤b�e�K£D¦D�K�b¦.¤x� £D±��j�V§`����¦D�H¤b�®�s�j�W��­ ¨Y�W�·�B�
�j�°£v±B�e�Ý�h¹uüh�s�e�
��¤b�j±L£D���Ø� £��e�D�­�þ¨D�K£D¦º¹ÞkFm�7b��ßB����¦4´Èwn¶$��¹5���D�D��� ����ü¡��¸K�[� �W£D±��e�j�I�YàO� £D��¹uü«�®�e�k_¨\7:��ß)��à
² ¦4´ÚwÃ¶$�¬¹v�K£D¦���©«�°³A�j�[� ±K��¨D�K�»¶$¤e�W���b�e�W�9� £D±2�W����q �[�j�W£L� f 7á�%� M�â � M E ½

 �·�K¤e¤e�D���·�e�D���®� £D�·�j¤
�e�b�K£D¤e�D�K�b�W£L�°¹4�`½ �B½ U ù'�µúã7ä�B½!|º� ±D½Þ��¤ø�D��ü¼¤h�e�D�e��ö���© ¸K�°�b¤ø�D¤��s�j£D¶ � �W£D±��e���¡½6�h�D��¤ø�B�®� ¦¬�®� £v��¤e�v��ü¼¤·�e�D�
�»�v�L�[���»�v�D�b�W¤e¤b�j�L£�ù'0Aúe¹Y�e�D��¦D�K¤e�D�W¦÷�®� £v���s�e¤��K�D�D�b�W���j���B�b�j�K£�ù'�$úe½6

�¢£v�B�e�2�e�D�������K�H¤e�D�K£÷� �W£D±��e�D¤��K¨ý��¸L��%�O��¶$� �e�D���¥ö���©+¦v�°±K�b�K¦D�W¤¡�e���D£D�K�W�W�°�A�e�L¨��j���j�V¸K�[� ¤°½�

�H�B�j¤e��£D���e�H�e�D���»�v�W�[�s�j�W£L�·­D�·�B�w���K�b���A� �.ù'�$úØ�j£
�e�D�H�j�K£D±2� �W£D±��e�.�b�K£D±K�B½



� ���K�b���°�K�����j�V�e� �L£D���®³v¤x� ¤��B�¡�e�v�­��ö�	�© ¤e�D�K���j¦ª�j£D�[� �v¦D���e�D�h��ö�©�ö4½Â C�[�<rFå¸1%4¸14ù'�µúH¨ý���e�D�¢���L�9ü¡�K�b¦
�D�b�K�D�K±L���b� £v±h��ö�© ö �ý��ü¡�W���B���e�D���s�j£D�2�L�A�e�D���°½}�«�D�2�L�A�b� �W���7¤b�j±L£D���w�e�]��öA© ö¬�ý��ü¡�W���b�B�b�j���j¤���nÞº\� �7rF$'&)(°ù'�µúutvrFå¸1%4¸1ýù'�múe¹ �K£D¦ �e�L¶K�j£D±�¨Y���e�÷ö�²H©¼´��L£v¦­��ö�©�ö�£D���j¤e��� £K�e���K�W�°�K�D£K�°¹A�e�D���K���e�D���\��ö�	�© � ¤

��nÂæ��ç7 Ç ��n��´��M E Øp��nÞº\��M E É M E ß ù'�$ú� £��e�D�m�D£D¦D�W���j�[�e�°¦2�D�D���2�L�v�D�b�°�A� �����b� �K£º¹Ã�K£��»�v���s�j�[�s�0�»�D�v�b�°¤ø¤b� �K£����K�C�e�D�á� £�§`¨D�K£D¦���ö�©�öH�ý��ü¡�W�w�j¤7¶$£D��ü·£
�j£��e�D� ���D�9�e�D�W�«¤b�j�����®�s�Ï³$�j£D±��L¤ø¤e�D�����b�j�L£]kFm�7jkW¨\7jkFÿ�à2�È¹5ÿ��V�'`

rFå¸1V4¸14ù'�mú87 Ã =�è µ �© ØÝé M
� ; · é  �ê E M�ë ¡V¢-¤�ì C µ �© Ø{� ·Âí ù�²Kú
ü¼�v�°�b� Ã = �7��Jî�ï¸ð<ïh7ª� î
ñ H ðÜòò Ô ß ù'à$ú
 ��­ £D¦ª�e�D�����¬±K�°£v�°�b���µ�[� �K¤e�W¦�§È���K�b� �»�D�v�b�°¤ø¤b� �K£ ���µ�e�D���j£�§`¨D�L£v¦ª���K�9ü¡�L�b¦´��öA© ö��Y��ü¡�W���W�K£ ¨ý�����L�v£D¦
�[¸L�W£ ü¼�D�W£ókFmiô7{k_¨�` r�å¸1%4¸14ù'�µú87 Ã =_õ µ
©»,LkW¨2��, kFmk_¨
· ù'ö$ú
ü¼�v�°�b� õ ù�÷À, × ,Lñ�ú �7 é%ø÷Yù Å³ú ù�÷À,LñJØ{�núÞC ú ù�÷Yé M
û ,[ñJØ{��ú Ê ù[���$ú
�K£D¦ ú ù�Ì�,[÷Dú �7bü ¿= *�ø M E � MOý ù�÷¬dÎ�$ú��j¤��e�D�¢� £D�W�K����� �[�e��±K�L�����¬���D£D�[�b�j�L£º½5�Â�$�D���b� �K£ ù'ö$ú��b�W¦D�D�W�W¤��e�
ù�²Kú
ü¼�v�°£ókFmJ7{k_¨L½�

�H�B�j¤e��­4£D¦ �e�D�B�h���L��k_¨2�KÍ �H�L£D¦þ©ÿd{���V�$�D���b�j�L£÷ù'öAúá�b�°¦v�D�W�°¤h�e�

r�å¸1%4¸14ù'�µú �7 Ã = é   © M R �2���'� £ T Ù µ kFmkW¨ Ø:� · ß ù[�O�nú
ö$�D�v�Y�K¤e��£D�°ü �L£
�j¤e�B�j���e�L�¥� ¤2���j�L�W�W¦ �B��¦��j¤b�e�L£v�°�]�������b�K���e�v�.�K���e�D���°½~�«�D� ¨D�L�p¶K§T�D�b�K�D�K±L���b� £v±��v�D���
�W�L£¬¨K³��D�L¤ø¤«�e�D�¥� ¤ø�B�j�B�e�K�¡¨K³.���W�K£D¤¼���w�`ü¡�e
'²�� �°�K�D���j�W�b¤¼�K£D¦��2­4¨ý�°�·¨D�9�j¦D±K��ÿ����È½ � £¬�e�D� � ¦D�W���w�W�L¤e�¥�B�
£D�W±��s�j±B�j¨��j�?¤x� ±K£D���L�K£D¦��D�D���H�j�K¤e¤�� £v¦D�D�W�W¦�¨K³�¤e�D�»�H¦v�V¸$�j�W�K¹°�®�e¤C���º�W�[�C� ¤º�e�«¤e�D�v�D�b�W¤e¤w���s��ö�²H©¼´.� £�­ £��s�e�W¤b�j���B�
�e�W�b��¤?�j£�ù[��úº�j£�ü·���j�»�eG2E5� ¤0�K£��e�v�¡�j�V�Ï�Ø���4�e�D�m� ¤e���j�B�e�K�mù'G2E�a{�<Ch���Ãúe¹K�K£D¦eGIHØ�L£��e�D�h�9� ±K�K��ù'GIHzd{�<Ch���Ãúe½�«�A� ¤��K���L�v£L�e¤��e� �b�W�¢�°¸A�j£D± �e�D�2ü¼���®�e���b�W�V�e�K£D±�� �»º������b�K�)�e�v���j£K�e�W±L�b���b� �K£ª¦D�K���B�j£��j£ ù[��ú·�K£D¦ ù'�$úe¹C�K¤
¤e�D�°ü¼£�� £<|C�j± ½���½v�«�v�z��ö���©
�W�L£2¤b�b�®�s�D¨ý�¡�W�B�j�W���j�B�e�W¦��K¤w�j£�ù'�Aúe¹�¨v���?£D�°ü �e�v�¡�j£L�e�W±K�b�B�b�j�K£�¦D�K���B�j£��W�K£D¤b�j¤b�e¤
�K£��s³¬�B�5�e�D��¤ø�D�L¦v�°¦¬�e�9�j�L£v±B�j�W¤V`v�e�D��¦v�L����� £þº#Eh±B�®¸L�W¤h�e�D�¢ö�²H©·´F�W�L£K�e�9�j¨D���b�j�L£����?�e�D��¤e�W�[�b� �K£����b�K�¶�2�e���Cj���n¹uü¼���®� ��ºxH2±��s¸K�°¤¥�e�D���W�K£L�e�9�j¨D���b�j�K£ ���¡�e�D� ¤e�W�V�b�j�K£ª�����s�j��ü«�j£D±¬�e�D���j¤e��� ���e�K�V½~���v���K¨	�b�°�[�b�®¸L���j¤��e�
�ý�L¤b�®�b�j�L£��e�v��� ¤e���j�B�e�K�µ¤e�2�L¤µ�e��¤e�v�D�D�b�W¤e¤¡�e�v�H¦D�L�2�j£D�K£L��ö�²H©¼´ �e�W�b�¢¤W½�
·�W£D�W��ü¡�H¤e�[�j�°�[�Ú����¤e���e�v�B�«���K¤b�
���á�e�v��¤b�j±K£��s­ �°�K£K�H�Y�K�9�b� �K£÷���á�e�v���j£K�e�°±K�b�K£D¦ U H ù'GIHWúut U H ù'G2E»úh�����s�j¤·� £oº���½F�Ø�j�W�L�9�®³L¹ý�e�D���K���b�j�¢���7¸n���j�D���B�����¦D�W�Y�W£D¦D¤2�K£ �e�D� ¤e�D�K�Y�����¡�e�D� ±L���j£_w��j�K¤e¤H�D�b��­D� � U ù'G$úe½8|D�K���»�v�Y�K£D�W£K�b� ���¡±K�B�j£ U ù'G$ú<7 é�
 > ¹5�T³����j�W�B����á¦��j¤e�W�b�[�e��©h�L���K£.�K�����®�s­4�W�b¤�ù`²H©È��úe¹D�e�D���K���b�j���B�w¸n���j�D���j¤\���#7ÿ�Jtv�v¹vü·���j�»�÷���L¶��W¤¼�e�v���`ü¡��¤e�D�K¦D�W¦
�e�9�j�L£D±��j�°¤ �V�$�D���È½�|v�L��¦��j¤b�e�9�j¨D���e�W¦ ©«�K���L£ �K�����®�s­4�W�b¤°¹á�W�L£v¤b� ¦v�°���e�v�÷�Y��� £K�������2� £��j���v� ¤b�j±L£D���¼�ý��ü¡�W�
��� �K£D±��e�D�¥�s�j£D�B¹ ü¼�A� �p�����W�W�D�b¤·�B��¦��j¤b�e�K£D�W����� � 7 �j£ºù�¹�úut�k_¨����b�L�;�e�D���K���e�D���°¹4� £¬�e�D���D£D¦D�W���j�[�e�W¦��v�D���
�K�D�D�b�°�A�j�¢���b�j�L£º½v�h�D�W£º¹��b�K�D±L�A�s³�¤ø�Y�W�K¶L�j£D±D¹°ü¡�¡�W�L£��e���j£D¶����D�e�D�m�s�j£D�¡�K¤7���j�L¤ø¤b³��Y�K�9�b�j�L£����b�L� �«�e�#��C<��� ¹
�����s�j��ü¡�W¦�¨K³���²H©Ú� ���C� �W£D±��e�­��� ½�
·�°£v�°�·�e�D�H�K���b�j���B�C�ý�L¤b�®�b�j�L£����C�e�D���j¤e��� ���e�L�µ¤ø�D�L�A� ¦�£v�B�«¨ý�����K�Ø���b�L�



z� 1

z2

L

L

0
�

L - LI

L - LI
� A I

A
�

1
�

A
�

2
�

æDÇ ï ãBÀWã�� ê Æ`Í ï Ó É Æ_Ç ÌVêhënÌ[Ò«É Ç ê��wõ Í ê·ÉVê Ç ë Í ÉpÊ Ç è_Ì»Ê}É Æ Ì Ó � Ç�Æ õ ç[ÎÃÅ ÉVè_è Ç è Å Ê}ÉV¾ Í ëã���5Ò Í9Æ`ÍbÓ èvÐ Ó Ì[Ò Æ õ Í
Ì[ð ÆTÅ ð Æøã���z7:���ztv��½�	·�D���W�9� �W���º�K���b�j���j¯W�B�b�j�K£�±B�®¸L�W¤µ�j£D¦D�W�W¦�¸n��� �v�°¤h�L£A�s³�¤b�®� ±K�K�b�s³�¤e�����s�j�W�Ø�e�D�K£ ���zt���¹$�K¤µü¡�·ü«�®�s�

¤e�W�H£D�»�A�°½�«�v�¡¯W�°�b�·�j�L¤ø¤w�L¤ø¤e�D�����b�j�L£��B�D�e�v�µ� ¤ø�B�j�B�b�j£D±·¦D�[¸$� �W�µ�j¤7�D£v�b�°���®� ¤b�b�j�B½�� ¤ø¤e�D���Ø�e�D���7�e�D�¡�ý��ü¡�W�w���D�e�D�¡�W�K�D£K�e�W�9§
�D�b�K�D�K±L���b� £v±.�D�v�¢�
�j¤����b�e�W£$�D�B�e�W¦
¨K³ �����L�[�e�K����� �V¨!� ��ü¼�D�W£
�°�b�K¤e¤b�j£D±¬�e�D��¦v�V¸$�j�W�K¹5�K£D¦ �e�D�����e�D�
¦��j�b�W�V�¡¤x� ±K£D���D� ¤Ø���b�e�W£A�v�B�e�W¦�¨K³��H���K�V�e�K�J�"�#��m$�®�B½Y|D�K�Ø�°�K���D�K�9� ¤e�K£2ü«�®�e���e�D�h�s�j£D�hü«�®�e�D�K���µ� ¤ø�B�j�B�e�K�V¹�ü¡�
�j�¢�ý�K¤e�µ�e�D���?�e�v�¼¤b�j±K£D�B�D±K��� £ U ù'�µúJ7:rF$'&)(°ù'�µúut�r�$'&)(Ãù'�$úw¨ý�¡�e�D�h¤e�K�¢�m¨Y���e�2ü«�®�e���L£D¦�ü«�®�e�D�K���Ø�e�D�¡�j¤e��� ���e�K�V½�«�A� ¤m� �����®� �W¤m�e�D�B�m�e�D���D�D���¬���D¤x�«¨Y���j£D�W�b�W�L¤ø�°¦ � £ �e�D���D�b�W¤e�W£D�W�H���C�e�D���j¤e�B�j���b� £D±2¦D�[¸$� �W�B½�
 �·­4£v¦��e�D���
�e�D���b�I�$���j�b�W¦��»�A�e�b���D�D���¬�Y�°ü¡�°�m� ¤I`r =&%r = 7 ¹ �¹ 7 µ ��Ø C#��m�' $ 5U ù'�µú(' $�5 Ø%ù�k�mL�mú(' $�5 · µ �ãC�ù[�ÚC��V¨nú é M�� £ ; % C�é M�� £ ;�ÚC é M
� £ ; · M E ù[���$ú
ü¼�v�°�b�H¤ø�D¨D¤e�W�9�j����)�¦D�W£D���e�W¤Ú�$�D�K£K�b�s�b�j�W¤«�j£��e�D�¥�D�b�W¤e�W£D�W�H�B�C�e�D� � ¤e���j�B�e�K�V¹��K£D¦ûù�Ìºú(' $�5 �7á���5�j�L± E = ù�Ìºúe½W	·�B�e��e�D�0¸L�W�9³Hü¡�W�K¶ ¦v�°�ý�W£D¦D�W£D�W�Ø�L£*��mý���L���j�K�b±L�5�s�j£D¶��j�L¤ø¤°½nöK�j£D�W�0�e�D�0� ¤ø�B�j�B�e�K�����º�W�[�b�s¸K�[�s³�¨D�b�W�K¶$¤C�e�D�Ø¦��j¤b�e�9� ¨v���e�W¦
©h�L���K£.�K�����s�®­4�W�h� £K�e���`ü¡��� £v¦D�W�Y�W£D¦D�W£K��©«�K���L£¬�K�¢�A�s�®­4�W�b¤°¹vü¡���W�K¤b�®�s³�­ £D¦¬�e�D�B�·�e�D�<��ö���©���üh�s�e�¬�e�D�
�j¤e�B�j���e�L�µ�j¤

��ö���© M E� 7 µ fk_¨ · H,+ | µ �-�V¨2¹ � é M�� £ ; % ,[k_¨Lù'�´C¬���°úL, kFmk_¨ · ØK| µ �
¹ � ,[k_¨2���v, kFmk_¨ ·/. ù[��0$ú
�«�v��­4�b¤b�\|µù9úµ�e�W�b� ±B�®¸L�W¤h�e�D� öA²H©¼´ �W�L£K�e�9�j¨D���b�j�L£÷���7�e�D��¤e�W�[�b� �K£¬���b�L� ���e� �´C ����¹vü·���®� ���e�D��¤ø�°�W�K£D¦|áù9úm�e�W�b� ±��®¸L�W¤«�e�v���W�L£K�e�9�j¨D���b�j�L£����7�e�D��¤e�W�[�b� �K£������®� ��üh� £v±��e�D���j¤e��� ���e�L�V½�öL�V�b�b�j£D±0�I¨�7®��ùÔ�j£�­4£��®�e���v�D���
�j�L¤e¤[úØ����¦D�[� ¤·��¦D�[¸$� �W�Hü·�D�W�b�H�e�D���v�D���.�j¤·¤b�e�L�v�Y�W¦�¨K³ �e�D���j¤e��� ���e�L�V¹A�È½��B½v�e�D�W�b�¥� ¤·£D���D�D���¬¨K³v�v�L¤e¤·�K£D¦
ü¡���D�°¸L����²H©È�2½ ´Ø³ �e�D��¤e�K���H�b�°�K¤e�K£��j£D± ¹Lü¡�H­4£v¦��e�D���«�e�v���b�W�°�[�®¸L�W¦ ���L�9ü¡�K�b¦­��ö�©�ö��ý��ü¡�W�¡�j¤V`
r�å¸1%4¸1�1 �z7 Ã = + �vmb� ÿ M��2� ; % �¸  % ù E M � ¡V¢ £ ¤ % ú�� õ µ �V¨�©��»� M�� £ ; % ,LkW¨Lù'�iC����°ú_, k�mk_¨ · Ø õ µ ©2��,[k_¨����v, kFmk_¨ ·/. ß

ù[�V��ú�á�L£D¤x� ¦D�W�µ�e�v�H���B�®�j��ü«�j£D±2£A�v�¢�W�9�j�W�B�w�»�v�L�����j�B½�
 ���D��¸K���2�s�j£D�H���Æ�K7ÿ�%����¶$� ���w¤b�e�K£D¦D�K�b¦�¤b�j£D±�� �[§T����¦D�
¤b�®�s�j�W��­ ¨Y�W�µüh�s�e� ¤b� ±K£D���º�K£D¦��v�D�����K¤¡¨Y�[���K�b�B½���±K�B�j£�ü¡�H�K¤e¤e�D���·�e�D���®� £D���j¤µ�e�b�K£D¤e�D�K�b�W£K�°¹��È½ �K½ U ù'�µú87á�K½�«�v�¼¤b�j±K£D�B�v� �K¤e¤Ø�B�Ø�e�D�h�j¤e�B�j���b� £D±¥¦D�[¸A�j�W�«�j¤yC3��m4' $�5 7:0¥¦4´¼½�|º� ±»0vù_��ú5¤e�D��ü·¤0�e�D�¼�b�I�$���j�b�W¦��D�D�����j£D�W�b�W�L¤e�
ü«�®�e���b�W¤e�Y�W�[�0�e�H�e�D�«�W�K¤e�¡���º£v��� ¤e���j�B�b�j�L£�¹��V�4½ ù[���$úe¹Ã���L�0�D�D�����j�L¤ø¤w�j£D�W�b�°�K¤b�j£D±H���b�K� ¯W�W�b���e������¦4´¼¹��È½��B½����K�
¸n�K�9� �K�D¤7�K���L�v£L�e¤5�B�D�v�D����¨K³��D�K¤e¤°¹V¸L�W�b¤e�D¤u� ¤e���j�B�e�K�C¦��j¤b�e�L£v�°�Ø���b�K� �e�D�µ�K���e�D���°¹����n½O�?� �W�K�9�s³H�e�v�µ�¢�n�A� ���D�
�b�I�$��� �b�W¦��v�D����� £v�°�b�W�K¤e�¡�j¤µ�K¨��e�B�j£D�W¦�ü¼�v�°£��e�v�«�j¤e��� ���e�L�5�j¤µ�V�j�K¤e�W¤b�?�e�¥�e�D�·�L���e�v���°¹��K£D¦��W¤e¤e�W£K�b�j�B�®�s³2�I�A�v�B�j¤



0 5 10 15 20 25 30 35
0

5

10

15

P
um

p 
in

cr
ea

se
 [d

B
]

L I  [km]

6 dB 

3 dB 
5
0 dB 

20 dB 
6

(a)

0 5 10 15 20 25 30 35
10

20

30

40

50

O
S

X
R

 [d
B

]

LI  [km]

0 dB 3 dB 
76 dB 

20 dB 
8 (b)

æDÇ ï ã�ä�ã à É å�9 ðnÒ ÅHÇ ên¾ Ó_Í ÉVè Í;:=< �?> :=<A@ É[ênë à çBå7Ä ËI�5òB�J��è ãLÇ èÈÌpÊ}É Æ Ì Ó Ê}Ì�¾bÉ Æ_Ç ÌVêi��� ã Ë Ç ïVêÃÉ»ÊDÊ}Ì[èÈèØÉ ÆÆ õ ÍwÇ èÈÌpÊ}É ÆÈÇ ênï¡ë Í � Ç ¾ Í � ä ë4C ã
�e�D���D�D����� �K¤e¤°½}|C�j± ½�0vù_¨ýú�¤e�D��ü·¤��e�D���W�L�b�b�W¤e�ý�L£v¦�� £v±o��ö���©H½6�h�D���D�K�9� ¯W�K£L�e���0�s�j£D�2� ¤ �e�D���W�L¤e��ü«�®�e�D�K���
�j¤e�B�j���b� �K£º½ � £¬�e�D� � ¦D�W���w�W�L¤e�H���Æ��¦4´ �D�D���¬�j�L¤e¤W¹��e�v�������A�j���D� ��ö���© � ¤·�b�W�L�p�D�W¦.���x���x7á���¥¶$��¹ý£D���
���K�7���b�K���e�D�h�D�b�W¦�� �[�e�W¦h���zt��#7á�%��¶$�¬¹B�L£D¦2�e�D�W�b�m� ¤Ø�K£��j���D�b��¸L�W���W£K�¡�B�6�O��¦4´á¤?�j£h��ö���©
ü«�®�e���b�W¤e�Y�W�[�
�e���e�D���°�K¤e��üh�s�e�D�K���h� ¤e���j�B�b�j�L£�¹vü«�®�e�D�L�A�¼�K£L³¬�L�v�D�b�W�V�j�K¨�� �H�v�D���.�j£D�W�b�W�L¤ø�K½�
 �s�e�¬���b�W�B�®�j¤b�b� ��0�¦4´û�v�D���
�j�L¤e¤h�e�D���L���b�j���B�5�Y��� £K��¤e���®�Ï�e¤·�e� à�¶$�¬¹Y�L£v¦.�e�v��±K�B�j£��j£���ö���© �j¤\�¸��¦4´á¤°¹ �B�·�e�D�2�»�D�ý�W£D¤e�����Ø�L£��®³ �B½B�
¦4´ �B�5�D�D�����j£D�W�b�W�L¤ø�K¹v�K¤«¤e�W�W£��j£þ|C�j± ½W0�ù_�vúe½�«�v���e�b�W£D¦÷�j¤·�e��ü¡�K�b¦D¤�� �K�b±K�°�\��ö���© �j���D�b��¸K�°���W£K�e¤���� �e�v���K���b�j���D� �ý�B�j£K�°¹ýü¼�A� �p�÷¤e���®�Ï�e¤��e����¤e�v�L�9�e�W�
¦��j¤b�e�K£D�W�?���b�K�F�e�D�µ�K���e�D���7�K¤C�e�D�Ø�D�v�¢���j�L¤e¤��j£D�W�b�W�L¤ø�°¤W½I�«�v���O�m¦4´÷�j�L¤ø¤�� £»|C�j± ½v0�ù_¨Yú � ¤ºü¡�V�®���b�W�D�b�W¤e�W£L�e���b�®¸L�
���á�e�v�¢�W�K����� �[�e�2¨��j���»¶K� £v±����á�e�v�¢�v�D���º¹��È½ �K½º���m� ¦��j¤e�W�b�V�e��©h�L���K£÷�L�����®�s­ �°�V½Þ�Ø�j�W�L�9�®³L¹ý�e�D��¤e�v�L�9�e�W���e�D�
²H©È�2¹u�e�v��¤e�����s�j�W���e�D��ö�²H©·´¼¹0�K¤��W�K£�­4�b���W¦ ¨K³�|C�j± ½Æ0vù_¨Yúe½B
¼�°ü¡�V¸K�W�V¹5�e���j¤¢�W�K���°¤2�����e�D� �»�D�ý�W£D¤e� �B�
�K£��v£D�b�W�B�®� ¤x�b� ��� £v�°�b�W�K¤e���j£��D�D���÷�ý��ü¡�W�V¹��K¤ ¤ø�D��ü¼£¬�j£�|C�j± ½_0vù_��úe¹��K£D¦��B�j¤e�����á� �°�K�����j�V�e�2�ý�°�9���K�b���L£v�°�
¦D�W±K�b�L¦D���b�j�L£ ¦D�D�H�e�2�e�D���K�����®�s­4�W¦¬¤e�ý�L£K�e�K£D�W�L�D¤h©«�K���L£ ¤e�W�B�b�e�W�9�j£D± ¹v�K¤¡ü¡��¤ø�D��ü £D�»���°½�7�·�W�L�b�b�W�[�b�®³��[¸n�B�j�D���e�µ¤b³�¤b�e�W���Y�W�9���K�b�¢�K£D�W�µ�K£D�µ¤e�D�K���j¦��W�L£v¤b� ¦v�°���e�v�¡�b�W�°�[�®¸L�W¦e��ö�	�©�ù'�$úýü·��� �p���j£D�[�j�D¦D�W¤
¨ý�B�e� ��ö�©�ö��K£D¦ ö�²H©·´¼¹ýü·��� �p�ª�K�b��¨ý�B�e��ü¡�[�®�á����¦D�[�j�W¦÷¨L³÷±K�L�v¤e¤b�j�L£¬�j£D¦D�W�Y�W£D¦v�°£K���b�K£D¦D�K� �D�b���W�°¤ø¤e�W¤°¹
�j£D¦D�W�Y�W£D¦v�°£K�H���7�e�D��¤b� ±K£D���`½�|v�L�Hö�²H©·´ �e���j¤·� ¤·¤e�D¹ ¤b�j£D�W�H�e�D��¤ø�°���b�e�W�9� £v±��D�b���W�W¤e¤«¦D�W�W�K�b�b�V�j���e�°¤h�e�D��¨D�L�p¶K§
¤e�W���b�e�°�b�W¦ ­4�[�j¦����K�b� �e�D�¬¤b�j±L£v�B�È¹Ø�K£D¦ �e�D� �e�B�e���¥öA²H©¼´ �j¤��e�D��¤e�D�ý�W�b�Y�K¤b�®�b� �K£ �B�H�W�»�D���W¤2���b�K� � �A�v±L�
£$�D��¨ý�W���B�·�D�b�W�°�W¦��j£D±ª¤x� ±K£D���¡¨��s�e¤W¹0�B��¨��®�¢�b���e�W¤��K¨ý��¸L�o�­Û�¨_wÃ¤°½ � £ |º� ±D½Â��ü¡� ��� ���2�e�D����ö
	 ©;�°�v�9¸L�W¤
�W�L�b�b�W¤e�ý�K£D¦��j£D± �e�
�e�D� �¥ö���© �W�D�9¸K�°¤ � £ç|C�j±D½Ú0�ù_¨Yú2���K���e�D�÷�`ü¡� �W�L¤e�W¤þC��V¨	' $�5 7 0 ¦ ´ ù_�9�j±L�K�Vúe¹h�K£D¦C��I¨D' $ 5 7:����¦ ´'ùÔ�j�V�Ï�Vúe½��h�D����ö�	�© �j¤¡�D�b��¸$�j¦D�W¦����K�¡¤e�[¸L�W�b����¸n�B�j�D�W¤«���C�e�D�H�e�b�K£D¤e�2�®�b�e�°¦¬¤b�j±L£v�B�!rF$'&)(°¹v�K£D¦
ü¡�«�v¤e�W¦¢�K£»��öA© ö�£D��� ¤ø�¡¨D�K£D¦�ü«�j¦��e�hð<ò 7:��ß �¡£D��½
 C�[��E�¤5­4�b¤b�0� ���K¶����7�e�v�x0�¦4´
�D�v�¢���j�K¤e¤7�W�K¤e�B½�
 �«¤ø�°�
�e�D���Ø�e�D�#��ö�	�© �j£D�W�b�°�K¤e�W¤0ü«�®�e���j�L�D£v�»�D�W¦�¤b�j±L£v�B�4�ý��ü¡�W�0� £����b�W±B�j�L£��K�b�L�v£D¦hà�¶$��½Y�h�D�#��ö�	�© �j£D�W�b�°�K¤e�W¤
�D� �e���e�D���®�j���®�b�j£D±÷�W�L¤e�¢� £ ü¼���j�»�p��ö���© ¦D�K�2� £v�B�e�W¤�ùÔ� £�­ £��s�e� ¤b�j±L£D���µ�Y�°ü¡�°�»úe½�

��¤e�W���e�D�������K���j��ü¡�W�
¤b�j±L£v�B�0� �[¸K�V�j¤°¹º�e�D���ý�W�L¶�¤e�A�s�Ï�e¤¥�e��ü¡�L�b¦v¤�¤e�D�K�9�e�W������¸n���j�D�W¤°¹u¨D����¨ý�W�W�L���W¤�¨D�b�K�L¦v�°�V¹º�j£D¦��j�W�B�b�j£D±����j�K�b±L�W�
�e��� �W�b�K£D�W�¼�e�¥�e�D�H���j�L�W�W���W£L�¡�����e�D���j¤e�B�j���e�L�V½��h�D�#��ö�	�© ��ü¡��³����b�L� �e�D�GFø±L����¦IHH�b�°±��j�L£��K�b�K�D£D¦hà�¶A� �j¤
�W¤e¤e�W£K�b� ���®�s³��j£D¦D�W�ý�°£v¦D�W£L�·�B�u�e�D�H�j�L�D£v�»�D�W¦�¤x� ±K£D���º�ý��ü¡�W�V¹vü¼���j�»� � £v¦�� �W���e�W¤¡�e�D���¥ö�²H©·´��j¤«¦v�L�2�j£D�L£K�·��¸L�W���ö�©�ö4½¸	·��ü �e�L¶��H���j���L¶����µ�e�D�H���j�B�e¤m�L£��e�v�¼�j�[�Ï�°¹v�°�K�b�b�W¤e�ý�L£D¦A� £D±¥�e����²H©È�2½O
 �·¤e�W�·�e�D���«¨K³�¤e�D�9�j£D¶K� £D±
�e�D��²H©È� � �W£D±��e�º¹ºü¡���j£D�W�b�°�K¤e�2�e�D�­�¥ö���©¥¹º¨D�����e�D� ��ö�	�©"� ¤¥¦D�L�2�j£D���e�°¦ ¨K³ ��ö�© ö ¹w¤x� £D�W���e�D��¤x� ±K£D���
�W£K�e�°�b¤h�e�D��²H©È�����«�L£¬�»�A�e�b�°���[�®³.¤e�����s�C�ý��ü¡�W�¡�j�V¸K�[�`½� £��W�L£D�[�j�D¤b�j�L£�¹[ü¡�0�D��¸L�Ø±��s¸K�W£H�V�j�K¤e�W¦����L�b�F�»�D�v�b�°¤ø¤b� �K£D¤����K�ý�e�D����ö���©ª�K£D¦���ö�	�©�� £H�W�K�D£K�e�°�9§`�D�b�K�D�L±K���b� £D±



0
J

10 20 30
K10

15

20
L25
L30
K35
K40

45
M

O
SN

R
 [d

B]
L

I
 [Km]

P
dir
N = 6 dBm 

P
dir
N = 3 dBm 

P
dir
N = 0 dBm 

P
dir
N = -3 dBm 

P
dir
N = -6 dBm 

P
dir
N = ∞ dBm 

Pump loss 3 dB

L
I
 [Km]

10

15

20
L25

30
K35
K40
M45
M

O
SN

R
 [d

B]

0
J

10

Pump loss 20 dB

æDÇ ï ã��Ãã$Ä Ë�O5ò Ç ê Â»îpÁ�P Ò Æ`Ó É[ênè Å É ÓÈÍ ê Æ Ê Ç ê P � ÍbÓ èÈðnè Ç èÈÌpÊ}É Æ Ì Ó Ê}Ì�¾bÉ ÆÈÇ Ì[êy� � @ Ð®Ì Ó �»É ÓÔÎWÇ ênï¡Ê}É[ðnên¾`õ Í ëÅ Ì?� ÍbÓQ:�RTSVU7ã�9 ðnÒ Å Ê}ÌVè_è � à ò Ç ï[õ Æ9åDä ë4C7ì àXW Í Ð Æ9åDÀ»Á ë4C ãZY Ì Ó�ÇV[ Ì[ê Æ É»Ê�Ê Ç ê Í � Ä Ë�O7òG� Ç�Æ õnÌ[ð Æ4Ç è_Ì»Ê}É Æ Ì Ó
ÐsÌ Ó�:�RTSVU��]\ºâ ë�CuÒ ã Ë Ç ï[ênÉ»Ê�Ê}Ì[èÈèhÉ Æ¡Æ õ Í·Ç èÈÌpÊ}É Æ_Ç ênï2ë Í � Ç ¾ Í¼Ç è ä ë�C ã Ñ?ËWò?Ë2ênÌ Ç è ÍHç ÉVênë�� Ç ë Æ õ^�_ã��Á4`�Â ênÒ ã

�D�D���÷©h�L���K£.�K�����s�®­4�W¦��L�A�b� �W���w�s�j£D¶$¤°¹ ü·���j�»���B�®�j��ü��e�A�A� �p¶.�[¸n��� �D���b�j�L£¬�B�0�e�D���L���b�j���B�w�ý�K¤b�s�b�j�K£.���?�K£
�j¤e�B�j���b� £D± ¦D�[¸A�j�W�2�e�D�B���b�W¦D�v�°�W¤�ö�²H©·´¼½_�«�D�2¸n��� �D�2���m¤ø�D�»�ª�[�j�L¤ø�°¦¬���K�b� �[�v�D�b�W¤e¤x� �K£D¤·� ¤��e�v�B�H�e�D�[³÷��¸K�B�j¦
�e�D�H�j�K£D±��b�D£�§È�b�j���W¤¼�K¤e¤e���[�j�B�e�W¦�üh�s�e� �e�D��£$�D���W�9� �W���7¤e��� �A�b� �K£����w�e�D���v�L�9�b�j�B�w¦A�Ö���W�b�°£K�b�j�B�w�I�$�D���b� �K£D¤hü«�®�e�
¨ý�L�D£v¦D�L�9³��W�L£v¦��s�b�j�K£D¤0�e�D�B�µ¦D�W¤e�W�9�j¨Y�y�8
 ¤x� ±K£D���D�L£D¦e��ö�©�ö2�D�b�K�D�K±L���b� �K£2�B�j�L£v±��e�D�«�®�j£D�B½Dö$�D�p�����K�b�����j�L¤W¹
��� �K£D±�üh�s�e���e�D���D¤ø�����á�e�v�������°�[�b�®¸L���D�D���÷�K�D�D�b�°�A�j���B�b�j�L£�ÿ³²V�`¹Y�B�®� �°ü �D¤��e� �$���j�»¶K�®³ª�L¨��e���j£.�e�v�]�¥ö�	�©
���K�¡�B�®�C�»�D�K£D£D�[�j¤¡�j£.�»
 ²�� ¤b³�¤b�e�W�¬¹ �K£D¦ �L�b���e�$�D¤·�L£ � £K¸n��� �v�L¨��j���e�����º���K�¡¤b³�¤b�e�W� �K���b�j�2� ¯W���b� �K£º½ � £ �e�D�
�D�b�W¤e�W£K�e�W¦ �W�K¤e��¤b�e�D¦�³
�B�h���%���.¶$���e�b�K£D¤e�v�L�b�W£K���®� £v�K¹uü¡�¢���L�D£v¦ �e�D�����e�v��� ¤ø�B�j�B�b�j£D±�¦D�[¸$� �W��¤ø�D�L�A� ¦ ¨Y�
���j�L�W�W¦2�B�0�H¦�� ¤x�e�L£D�W�µ���b�K� �e�v�¡�L�A�e�D���Ø£D�B�0���K�w���b�K�  C�hw��Y7»�%�«¶$��¹K�K£D¦2�V�j�K¤e�W�w�e���e�D�h�L���e�v���?���K�7¤ø�¢���®� �W�
¤b�j±L£v�B�C�ý��ü¡�W�¡�L£v¦��j�L�b±K�W�¡�D�D��� � �K¤e¤°¹Aüh�s�e�¬�����A�j���D� ��ö�	�©F±L��� £ �L�b�K�D£D¦þ�O�2¦4´·½
aGbDcdbL@-bA35Jeb$�
Â[ãf9 ã C ãgY ÉVêÃè Í ê @ W ã-h è P[Ç Ê}ënè Í ê @ Ñ ã-iBã Ë ÆTÍ ê Æj[k@gl7ã Ñ ã Ë Æ`Ó É[èÈè ÍbÓ&@4iBãmi ðnë P[Ç ênè @ei�ãmi�ãDn?Í ��É Ó ¾bÌ @ ò ãm94Í ë Ó É [?[ É[ê Ço@ ÉVênë nmãmi�ãn7ÇXpuÇ Ìu�»É[ênê Ço@rq ò7É Î Ê Í9Ç ï[õ�Ê Ç Ò Ç�Æ É ÆÈÇ Ì[ênè Ç êHë Ç è ÆTÓÔÇ}ç ð ÆTÍ ë·ò7É[Ò«É[ê ÅnÓÈÍ ñjÉVÒ Å Ê Ç�éBÍbÓ è @ s R�tQtut¬tQvnc»rjceSKQ�wKZ_��v°SKce\�Q=x�Zxr®rjQ @ �VÌpÊ ã�ÂeÁ4@ÅnÅLãKÂ»îpízy�ÂøâÃÂ(@ki ÉVê ã$ÂøíVí[ó�ãÀWã Ñ ã{i�ã Ë Æ`Í ê [k@ Ë ã	pØã=p5Ó ð çnçg@Y�wãgh5ãmY?Í É[ë�Ê Í9Îk@{iBã ò ã Ë Ç Ò Å èÈÌ[ê @-l7ã Ë Æ`Ó É[èÈè ÍbÓ&@ ÉVênë|O ãDl7ãg9 É ÓTP-@uq ò7É[Ò«É[ê�ÉVÒ Å Ê Ç�éBÍbÓ � Ç�Æ õÇ Ò ÅnÓ Ìu� Í ë·è Î è Æ`Í Ò ÅLÍbÓ ÐsÌ Ó Ò«É[ên¾ ÍA@ s5Ç ê t�d_cb�bQ~}��~� ^ �Z� @ Ë°ÉVê i ÌVè Ík@�� Ñ @nÅnÅKãAÂøâAyBÂpô�@VæBÍbçLãKÂeí[í[âÃãä�ãf9 ãI� É[ê @ É[ênë iBãW� Ì[ê Ó É[ë Ç�q�� Ò Å ÉV¾ Æ ÌpÐ7ënÌ[ð ç Ê Í ò5É Î Ê Í9Ç ïVõ ç É[¾ P è_¾bÉ Æ_ÆTÍbÓ ênÌ Ç è Í ÌVê�ë Ç ï Ç�Æ ÉpÊ�ÉVênë�É[ênÉpÊ}ÌVï é�çLÍbÓ è Î è ÆTÍ Ò«è @ sR�tutQt��ÃQ�xDN UAvÃr���geopZ*wBZÈ��vWSKcp\�Q @ �VÌpÊ ãAÂ[�4@BÅÃÅLãBÀpó[ózyÃÀ»íWô�@ ��É ÓxãKÂeí[íVâ�ã��ã � ã O Ç èÈèÈÌ � @��¡ã ò7Ì ÆÈÆ � Ç�Æ_Æ�@QYµãrnµã~�0Ç ënÌ Ó Ð @ É[ênëh� ã � ã ��É @�q ò7É Î Ê Í9Ç ï[õ.¾ Ó ÌVè_è Æ ÉpÊ P2Ç ê¬Ê}ÌVênï�¾bÉ[èÈ¾bÉ[ë Í èhÌ»Ðµë Ç è ÆTÓ�Ç}ç ð ÆTÍ ë
ðnênèÈÉ Æ ð Ó É ÆTÍ ëØò7É[Ò«É[ê¼É[Ò Å Ê Ç�éBÍbÓ è @ s R�tut�tº\�Z_�xr]d_ceSKQ=x�Zxr®rjQ @ �VÌpÊ ã�ä°î�@�i ðnê ÍµÂøíVí[íÃãîWã � ã W ãgn É P èÈè @ É[ênë 9Dã � Í Ê}ÒhÉVê @Qq Ñ5Ò Å Ê Ç�éBÍ ëHè Å Ì[ê Æ É[ê Í Ì[ðnè Ó É[Ò«É[êHèÈ¾bÉ ÆÈÆ`ÍbÓ�Ç ênï¡É[ênë�ïVÉ Ç ê Ç ê éBçLÍbÓ ò7É[Ò«É[êHÉVÒ Å Ê Ç�éBÍbÓ è @ sR�tutQt��ÃQ�xDN UAvÃr���geopZ*wBZÈ��vWSKcp\�Q @ �VÌpÊ ã W l ñ ä4@BÅÃÅLã�óVÁ[âzy°ó�Âeä4@ Ñ7ðÃï ãKÂeí[óWî°ãâ�ã � ã ñÔË ãz� É[Ì @ É[ênë i�ã(� ð @�� Ë Ç ï[ênÉ»Ê�Ê Ç ï[õ Æ É[Ò Å Ê Ç�é ¾bÉ Æ_Ç ÌVê ç[Î è Æ_Ç Òµð�Ê}É Æ`Í ë0ò7ÉVÒhÉVêµè_¾bÉ Æ_ÆTÍbÓÔÇ ênï Ç ê¡É[ê;O7ñj¾TõÃÉVênê Í Ê ��n �ûÌ Å�Æ_Ç ¾bÉ»ÊéBçLÍbÓ ¾bÌ[Ò«Òµðnê Ç ¾bÉ ÆÈÇ Ì[ê¡è Î è ÆTÍ Ò @ s R�tutQt��ÃQexDN UAvÃr���geopZ*wBZÈ��vWSKcp\�Q @ �VÌpÊ ã$ô�@ÃÅnÅLãKÂ»Àpí[Ázy�Â»Àpí[í�@ Ë ÍbÅ�ÆøãKÂeí[ó[íÃãôWã Ñ ã CCÌVênÌ[ê Ço@ � ã-9 É Å É Ó É Ó Ì @ É[ênëHÑ ã�� ÉVênêWðn¾b¾ Ço@�qdl õ Í5Ç Ò Å ð�Ê}è Ç � ÍµÅ ðÃÒ Å ë ÍbÅ Ê Í9ÆÈÇ Ì[ê Ç ê�èÈÉ Æ ð Ó É ÆTÍ ë¡ò5ÉVÒhÉVê�É[Ò Å Ê Ç�éBÍbÓ è sØÆ Ì
É ÅnÅKÍ É Ó4Ç ê R�tQt�t�\�ZÈ�xr{d_cpSKQ=xAZxrsrsQ @$ÀpÁVÁ�Â[ãó�ã ò ã	pØã Ë�Ò Ç�Æ õ @Qq9Ä5Å�ÆÈÇ ¾bÉpÊ Å Ì?� ÍbÓ õnÉ[ênë�Ê Ç ênï�¾bÉ Å ÉV¾ Ç�ÆÏÎ ÌpÐ�Ê}Ì?�CñsÊ}Ì[èÈèØÌ Å�ÆÈÇ ¾bÉpÊ éBçKÍbÓ è5ÉVè0ë Í9ÆTÍbÓ Ò Ç ê Í ë ç[Î è ÆÈÇ Òµð�Ê}É ÆTÍ ëHò5ÉVÒhÉVê
ÉVênë$C Ó�Ç Ê�Ê}Ì[ð Ç êHèÈ¾bÉ ÆÈÆ`ÍbÓ�Ç ênï @ s;� O[OB\�Q~}AOKrjQ @ �[Ì»Ê ã�Â[Â(@nÅnÅKãBÀ.�Vó[íAynÀ.�Vó��4@nÂeíWô[À°ã


