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µ ¶�·�¸x¹�ºh»½¼h¾G¸¿�ºÀ·
Á�ÂuÃ�ÄÆÅÃ�Ç�È�ÄWÉZÇ�È�Ê^Ê�Ë�Ç.Ì7Ç#Í�Í�ÎxÈ�Ä&ÌdÈ\Ï�È Å�Í�ÊWÐ�É\Ê.Å�ÃxÑ�Ð�Ï�Â�Ð�ÒÔÓtÕKÖ ×hÄ�ÌlÇ�Ø´Ç�Ë#ÙnÚ�Ã�Ç�Ç�ÛiÇ&Â�Ú�Ã�ÊnÐ7ÄWÈ�Í�Ñ*Ü�Ç�Ç#È
Ë�Ç&Â�Ç�ÈxÚ�Í¯Ñ�Ï¯È�Ú�Ë�ÄxÝ�ÞßÂ�Ç&Ý0Ï�ÈxÚ�ÄàÊnÂ#Â�Ç�Í�Ç#ËuÊ�Ú�ÄnË.ÅÃ�ÑÐ�ÏOÂ�Ð®Ê&È�Ýâá�ËãÐ�Ú.ÉZÇ�ÊnÐ�ÞË�Ç�ÉZÇ#È�ÚãÐCÄ�älÍ¯ÄnÈ�åWÏ�Ú�ÞßÝ�Ï�È�Ê&Í Ç&ÂuÃ�Ä
Ð�Ï�åWÈ�Ê�ÍOÐdÐ�Þ�åWånÇ&Ð�Ú.Ú�Ã�Ç^Å�Ä´Ð�Ð�Ï¯Ü�Ï�Í¯Ï�Ú�Ñ�Ä&ä ÞßÐ�Ï�Èå�Ú�Ã�Ï�Ð7Ú�Ç&Â	ÃÈ�Ï�æ´Þ�Ç®ä�ÄWËdÜ�Ç�Ê�É,Ý�Ï�Ê&ånÈ�ÄçÐ�Ú�Ï�Â�Ð^Ò�è�éê�Õ�Ö
ë7Ã�Ç\Ç&Â	ÃÄìÐ�Ï�åWÈ�Ê�ÍdÏOÐ*Ê�ÈíÏ�ÈxÚ�Ç�Ë�ä�Ç�Ë�Ç�ÈßÂ�Ç�ÅßÊ�Ú�Ú�Ç�Ë�ÈAÄ&ä^Ú�Ì7ÄìÂ�ÄWÈ�Ð�Ç&ÂtÞ�Ú�Ï¯Ø´ÇZÎ�ÏOÂ	ÎÐ½Ä&ä^ÝxÏÔÛiÇ�Ë�Ç#È�Ú*Ã�Ê&Ë�î

ÉàÄnÈ�ÏOÂ�Ð�ÖðïqÚñÂ�Ê�ÈòÊ&Å�Å�Ç&Ê�Ë�Ê�Ú�Ê$Ú�Ï�ÉZÇ\Í¯ÄnÈ�åíÊ�ä�Ú�Ç�ËZÚ�Ã�Ç0Ï¯È�Ï�Ú�Ï�Ê�Í�Ð�Ï¯ånÈ�Ê&Í.Ã�ÊWÐâÝxÏ�Ð�Ê&Å�Å�Ç&Ê�Ë�Ç&ÝòÝ�Þ�Ç5Ú�Ä
áßÍ�Ê�ÉàÇ�È�ÚãÊ�Ú�Ï�ÄnÈìÏ�ÈAÅ�ÃßÊnÐ�ÇóÐ�Å�ÊWÂ�Ç´ÖAë7Ã�Ç\Ç&ÂuÃ�ÄìÐ�Ï�ånÈßÊ�ÍhÐ�ÃÄ�ÌhÐ*ÄnÈôÊõÃßÊ�Ë�ÉàÄnÈ�ÏOÂ�ÌdÃ�Ï�ÂuÃöÏOÐÆÇ&æaÞßÊ�ÍdÚ�Ä
Ú�Ã�Ç*ÝxÏÔÛiÇ�Ë�Ç#È�Â�ÇÆÄ&älÚ�Ã�Ç*Ã�Ê&Ë�ÉZÄWÈ�Ï�Â#Ð®ÊWÐ�Ð�ÄxÂtÏ�Ê�Ú�Ç&Ý0ÌdÏ�Ú�Ã5Ú�Ã�Ç*Ú�ÌlÄZÂ�ÄWÈ�Ð�Ç�Â�Þ�Ú�Ï¯Ø´ÇÆÎxÏ�ÂuÎ�ÐtÖh÷ßÄWË.Ç�øÊ�ÉZÅÍ�Ç´Ù
Ê&Å�Å�Í¯Ñ�Ï¯È�åQÊÆÝ�Ï¯Å�ÄWÍ�ÇhÎ�ÏOÂ	Î^ä�ÄnÍ¯Í�Ä&Ì7Ç&Ý*ÜxÑ Ê½æ´Þ�ÊWÝ�Ë�Þ�Å�ÄWÍ�Ç.ÎxÏ�ÂuÎÆË�Ç&Ð�Þ�Í¯ÚuÐ�Ï�ÈàÊÆÝ�Ï¯Å�ÄWÍ�ÇhÇ&ÂuÃ�ÄQÐ�Ï�åWÈ�Ê�ÍùÒ�ú&ÕKÖ ïKÈ
Ú�Ã�Ç.ä�ÄnÍ¯Í�Ä&ÌdÏ�È�å*ÌlÇ.Ï�ÈxØ´Ç&Ð�Ú�Ï�åçÊ�Ú�Ç.ÄnÈ�Í¯ÑZÚ�ÃÏ�ÐdÂ�ÊWÐ�Ç´Ö
û Å�Ê&Ë�Ú�Ï�Â�Þ�ÍOÊ�Ë�Í�Ñ5Ï�ÈxÚ�Ç#Ë�Ç&Ð�Ú�Ï�Èå\ÊnÐ�Å�Ç�Â�ÚÆÄ&ähÇ&Â	ÃÄâÉàÇ&ÊnÐ�Þ�Ë�Ç�ÉàÇ�È�ÚãÐÀÏOÐ.Ú�Ã�Ç Å�Ä´Ð�Ð�Ï�Ü�Ï¯Í�Ï¯Ú�Ñ5Ä&ä�Ý�ÏÔÛiÞ�Ð�Ï�ÄWÈ

ÂtÄ´Ç�ü\ÂtÏ�Ç�ÈxÚ®ÉàÇ&ÊnÐ�Þ�Ë�Ç�ÉàÇ�È�ÚãÐÀÏ¯ÈöÐ�Ã�ÄnË�ÚÆÚ�Ï�ÉZÇQÏ�ÈxÚ�Ç�Ë�ØnÊ&Í�Ð.Ð�Ï�È�ÂtÇZÊ&È�Ñ0ä�ÄWË�É<Ä�ä�ÝxÏÔÛiÞ�Ð�Ï¯ÄnÈöË�Ç&Ý�Þ�ÂtÇ&Ð.Ú�Ã�Ç
Ç�Â	Ã�ÄñÐ�Ï�åWÈ�Ê�Í�ÖÆýþÃ�Ï¯Í�Ç Ð�ÞßÂ	Ã5ÉZÇ�ÊnÐ�ÞË�Ç�ÉZÇ#È�ÚãÐdÊ�Ë�Ç ÝxÇ&Ð�Ï¯ËuÊ�ÜÍ�ÇÆä�ÄnË^Ú�Ã�Ç*Í�ÄWÈ�ånÏ¯Ú�Þ�Ý�Ï¯È�Ê�ÍlÊ&È�ÝõÚ�ËuÊ&È�Ð�Ø´Ç�ËãÐ�Ç
ÅßÊ�Ë�Ú�Ï�Â�Í¯Ç.ÉZÄWÚ�Ï�ÄWÈ�Ù�ÄWÈ�Í�ÑàÍ�ÄnÈånÏ�Ú�Þ�Ý�Ï¯È�Ê�Í�Ç&ÂuÃ�ÄEÐ�Ï�åWÈ�Ê�ÍOÐÀÃßÊ�Ø´Ç^Ü�Ç�Ç�È\ÉZÇ�ÊnÐ�ÞË�Ç&ÝZÐ�Ä4ä�Ê&ËQÒ�ÿxÙ��´Ù�ê�Õ�Ö
� ÈÇ*Ë�Ç&ÊWÐ�ÄnÈ5ä�ÄnË^Ú�Ã�Ç*Í�ÊWÂ	Î\Ä�älÚ�ËuÊ�ÈßÐ�Ø´Ç�ËãÐ�Ç*Ç&ÂuÃ�ÄZÉZÇ�ÊnÐ�ÞË�Ç�ÉZÇ#È�ÚãÐCÏ�Ð.Ú�Ã�Ç Ý�ÏÔüñÂ�Þ�Í¯Ú�ÑZÄ�äSÊ�ÅÅ�Í�ÑxÏ�È�å

ÊàÐ�Ã�ÄWË�ÚQæaÞßÊnÝ�Ë�Þ�Å�ÄnÍ�Ç ÎxÏ�ÂuÎZÚ�Ä\Ú�ÃÇ*Ü�Ç�Ê�É5Ö��0ÄçÐ�Ú^æ´Þ�ÊnÝxË�Þ�Å�ÄnÍ¯Ç&Ð.Ã�Ê�Ø´Ç*Ï�È�ÝxÞ�Â�ÚuÊ&È�Â�Ç&ÐdÍ�Ê&Ë�åWÇ�Ç�ÈÄnÞ�åWÃ
Ú�ÄZÍ�Ï¯ÉZÏ�ÚlÚ�Ã�ÇEÂ	ÃßÊ�È�åWÇ*Ä�älÚ�Ã�ÇEæaÞßÊnÝ�Ë�Þ�Å�ÄnÍ�ÇÆáßÇ�Í�Ý\Ú�ÄZÚ�Ï�ÉZÇQÐ�Â#Ê�Í�Ç�ÐÀÄ&ädÐ�Ç�Ø´Ç�ËãÊ�Í�Ã�Þ�ÈßÝ�Ë�Ç&Ý\Ú�Þ�Ë�È�Ð�Ö^ë7ÃÇ
Ú�Ã�Ç�ÄWË�Ñ�Ý�Ç�Ø´Ç�Í¯ÄnÅ�Ç&ÝZÏ�È5Ë�Ç�ä�Ç�Ë�Ç�È�Â�Ç&Ð^Ò�è�Õ�Ê�È�ÝAÒ�ú�Õ�Ë�Ç&æ´Þ�Ï¯Ë�Ç&ÐtÙ�Ã�Ä&Ì7Ç�Ø´Ç�Ë#Ù�Ê�ÎxÏ�ÂuÎZÄ�ä�Í¯Ç&Ð�ÐhÚ�Ã�Ê&È5ÄnÈ�ÇQÚ�Þ�Ë�È
Ï¯È�Ý�Þ�ËuÊ&Ú�Ï¯ÄnÈ�Ö
ïqÈ\Ú�Ã�Ï�Ð7È�ÄWÚ�Ç^Ì7ÇQÐ�Ú�Þ�Ý�Ñ\Ú�Ì7Ä ÝxÏÔÛiÇ�Ë�Ç#È�ÚlÄnÅ�Ç�ËuÊ&Ú�Ï¯ÄnÈ�Ê&Í}ÉZÄxÝxÇ&Ð7Ä�ä�Ú�Ã�ÇQæ´Þ�ÊnÝxË�Þ�Å�ÄnÍ¯Ç��
� û Å�Þ�ÍOÐ�Ç&Ý\æ´Þ�ÊnÝxË�Þ�Å�ÄnÍ¯ÇÆÇ�øÂ�Ï¯ÚuÊ�Ú�Ï�ÄWÈZÄ�älÊ&ÚdÍ�Ç&ÊWÐ�Ú^Ó^Ú�Þ�Ë�È\Ü�Þ�ÚhÈ�Ä�Í¯ÄnÈ�åWÇ�ËdÚ�ÃßÊ�ÈöÓ	�4Ú�Þ�Ë�ÈßÐ�Ö
� û È û�
 î�æ´Þ�ÊWÝ�Ë�Þ�Å�ÄWÍ�ÇÆÇ#ø�Â�Ï¯ÚuÊ&Ú�Ï�ÄWÈZÄ&Ø´Ç�ËdÊ Â�ÄWÞ�Å�Í�Ç^Ä&ä ÃxÞ�È�Ý�Ë�Ç&ÝZÚ�Þ�Ë�È�Ð�Ö
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_Y`9a�`Mbdc4e�c4a f�g%bih'j!k lSm�n�e op`9k�q�c
rZc4s�j!k�q�e�n�j!mut�a^c9vwqxc4m'y?g zM{�|~} ����� �9�%���4�#�
_Y`9a�e�n�y?k�cGbFj!bFc	m%e^q�b � ��c4o��9y �!�
��`M��n�biq�b�e�a�`9m'�Us�c	a��Uc�a^b���h'c9`9b���n��4c ���4� � bFb �%�����
��`M��n�biq�b�e�a�`9m'�Us�c	a��Uc� �¡)t�qxm'y?e�n�j!m�n�m¢`9a�y4�   �4� � b ���%�O�
£�a�`Mm��Us�c4a¤�Uc�e�q�mxc ¥��4� � � �!�%���4���9�!�����	�
¦Sc4e^q�m�n�m�§©¨Zn�e^ª«`#y?e�n�j!m ¬¥��4� �¯®9¬�°��4� � b«±�² �4�!³#³

´�j#a�`Mk�k��Un�buq�k�`Me^n�j!m��µ¨=c�q'�Uc9¶·e�ªxc¸rS��¹�º»n�m½¼�c9y?e�n�j!m¿¾'`Ma¤`MbFc4e^c4a���t�j!a�¾�a^j!e^j!mÀj!¾'c4a�`9e�n�j!mÂÁK�Uc4c
£Q`MhÃ�S�#ÄZyIt^�¿rÅc?t^��ÆÇ�MÈ�É��¿ÊÅe©n�m9¼�c9y?e^n�j!mËe^ª�c�v�q'`!¶�a�q�¾'j!k�c«��n~y��Ì¨Zn�k�k���ª�j9¨Íe�ª�cÎ�Ue^a�j!mx§!c9��euc?ÏÐc9y¯e4�
_Ya^j!e�j#mÌj#¾'c4a�`9e�n�j#mÌn��S¾�a^c?t�c4a�`9h�k�cÑy?j!bd¾'`Ma^c9¶Òe^jÒ§#j!k�¶«j!¾'c4a�`9e�n�j!mÓ�Un�m�y?c©e�ª�c©c¯ÏÔc½y?eSj9tZn�m%e^a�`Mh'c9`9b
�^y4`Me^e�c4a^n�m�§xÄ%¨Zª�n�yIª�b�`4gia�c9¶�q'y?c�e^ª�c�c9yIªxji�Un�§#m'`Mk�e^juqxm'¶%c4e^c9y?e�`9h�k�cGk�c4s�c4k��?Ä�n~�pk�c9���Z��c4s�c4a^c��
¹ÕmÖe^ª�c×t�j!k�k�j9¨Zn�m�§À��c9y?e�n�j!m'�«¨=c×Ø'a���eÌ¾�a^c9�Uc	m%e¢m%q�bdc4a�n�y4`MkÙ�Un�buqxk~`Me^n�j#m'�Út�j#a�hÛj#e�ª»y4`#�Uc9�«j9t

v�q'`#¶%a�q�¾'j#k�c�j#¾Ûc	a�`Me^n�j#m���Ü¸c�e^ª�c4m�¶%n���y?q�����e^ª�c�e^c9yIªxm�n~y4`9k�j!¾xe�n�j#m'�pjMtÝn�bd¾�k�c4bic¯m%e^n�m�§�e�ª�c½�Uc�y4`#�Uc9�
n�m¢rS��¹�º��

Þ ßáà¤â�ã�ä�åYæ�à�çÅè éêçSë�ìQä
Ü¸ci�Un�buqxk~`Me^c�e�ª�c©bFj#e�n�j!m�jMtá¾'`Ma^e�n�y?k�c9�Zn�mÓ`F¶%n��Ue^a�n�hxq�e�n�j!mÓ`!��e�ª�c	g«e�a¤`4s�c4kY`9a�j#q�m'¶�e�ª�cia�n�m�§ut�j!a
`im%q�bih'c4apj9t=e�q�a^m'�?��ÜÌc©j#h'�Uc4a^s�c�e^ª�c©¶%n�¾'j!k�cÙbFj!bdc4m%e=jMt=e�ªxc©¶%n��Ue�a^n�h�qxe�n�j#m�`9m'¶«n�e¤�Åa^b��Ås#`9k�q�c
j9s�c4a=e�n�bFc��
£pª�c���n�biq�k~`9e�n�j!m'�Y`9a�cG¶%j!mxcSn�mF`�t�j!q�a=¶%n�bFc4m'��n�j!m�`Mk�¾�ª�`!�Ucí�U¾'`#y?cSn�m'y?k�q'¶%n�mx§�m�j!mxk�n�mxc9`Ma=¶%c4e^q�m%¡

n�m�§�¨Zn�e^ª×`9bF¾�k�n�e�q'¶�c�ÄÔk�n�m�c9`9a�y¯j!q�¾�k�n�m�§¢`9m'¶Ìm�j#n~�Uc��F£pª�c���n�biq�k~`9e�n�j!m«q��Uc9��t�j!q�aÙk�n�mxc9`Ma�e^a�`9m'�Õt�c4a
bÚ`M¾'�iÁ,�Uc	c«´Qn�§��Z�9É��¿£pª�cFØ'a���eubÚ`M¾Ë`#¶4¼�q'�Ue¤�µe^ª�c¢¶%c9��n�a�c½¶Ót�a¤`!y?e^n�j#m'`MkZe^q�m�c¢`Mm'¶Ën�m'y¯k�q'¶%c½��e�ª�c
c¯ÏÔc½y?epj9tYe^q�m�c�bFj�¶�q�k~`9e�n�j#m��î£pª�c�j!e^ª�c4aît�j!q�aZe^a�`Mm��Õt�c4aZb�`9¾'��ª�`½s�cGe�ª�cÙ¶%c9��n�a^c9¶u¾�ª'`#�UcÙ`!¶�s!`9m'y?c9�
h'c4e�¨=c4c4mdy?j!m'��c9y?q�e^n�s�cZj�y?e^q�¾'j!k�c�`Mm'¶�����c4¨·v�q'`!¶�a�q�¾'j!k�c��%n�yI�x�?��Ü¸c�`!�^�Uq�bFc�e�ª�`Mepe^ª�c�b�`9�%n�buqxb
 �¡�t�q�m'y?e^n�j!mdn~�pa�c½`!y�ª�c9¶�`MeZe^ª�c�k�j�y4`9e�n�j#m«j9tîe�ª�cÙ¶%n�¾'j!k�cí`Mm'¶¢vwq'`#¶%a�qx¾Ûj#k�cÙ�%n�yI�Ð�
ïSj!m�k�n�m�c½`Ma�n�e�gÒj9tZe^ª�cu¾�`Ma�e^n~y?k�c©bFj!e^n�j#m�n~�Sn�m%e^a�j�¶%q'y¯c9¶ðh�g«e^ª�a�c	cuj�y?e^q�¾'j!k�cu��n~y�����¾�k~`#y?c9¶�ñC�9�

`9m'¶�ñC�4�i`9¾'`Ma^eZn�m�j!a¤¶%c4aZe�jiy	`Mm'y?c	kÔe�ªxcSØ'a���eZj!a¤¶%c4aZa�c½�Uj!m�`Mm'y?cÙ¶%a^n�s�n�m�§Ùe�c4a^b��?�îò'n�m�c½`Ma�y?j#q�¾�k�n�m�§
n��un�m�e�a^j�¶%q'y?c½¶óh%g·e�¨pjô�U��c4¨õvwq'`#¶%a�qx¾Ûj#k�c¸�%n�yI�x�i�U¾'`#y?c9¶ÀñC�9�Ë`M¾'`9a�e¢n�m·j!a¤¶%c4a�e�j¿y4`9m'y?c4kGe�ª�c
c	��y?n�e�`9e�n�j#m�jMtîe^ª�c©��q�böa�c9��j!m'`9m'y?c��Z£pªxc�c?ÏÐc9y?e^n�s�cÙy?j#q�¾�k�n�m�§©n~�ZbFc9`#�Uq�a^c9¶F¨Zn�e^ª�`MmÎ´Y´Y£÷j9t=e�ª�c
e^a�`9m'�Us�c4a¤�Uc�¾'`9a�e�n�y?k�cGbFj!e^n�j!mÃ�î£pª�c©v�q'`!¶�a�q�¾'j!k�c���n~y����=`Ma^c©`M¾x¾�k�n�c9¶Fn�m�e�ª�n�m�k�c4m'�Z`9¾�¾�a^jM��n�bÚ`Me�n�j!m
j9s�c4aí`Ús#`9a�n~`9h�k�cim�q�buh'c4a�jMtáe�q�a^m'��`MeÙe�ª�c©c4m�¶ðj9t�e�ª�ci`9hÛj9s�cd�Uc9v�q�c4m�y?c©jMtáe�a�`9m'�Õt�c	aøbÚ`M¾'��`Mm�¶
j�y¯e�q�¾'j!k�cF`9m'¶��U��c	¨ùv�q'`#¶%a�q�¾'j#k�ci�%n�yI�x�?��´�j!aÙ`u��n~y���k�c4mx§!e�ª�k�`Ma^§!c4a�e^ª'`Mm¸j!mxcue^q�a�m�¨=ci`!����q�bFc
e^ª'`Meie�ªxc«��n�§#m'`MkZc4m�s�c4k�j!¾'cut�j!k�k�j9¨��i`ðe^a�n~`9m�§!k�c¢�Uª'`9¾Ûc¢¨Zª�c4a^cÒe^ª�c�b�`M§#m�c4e©n���a�`Mbd¾Ûc½¶ôqx¾·`Mm�¶
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= fractional tune
phase advance

phase advance = 5pi/4
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phase advance = pi/4
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a.i,bdk ^�nj��\�]q^ek�^th�k�^tpx^eÐ�^ek�h�iqn[g,aXbdi{^�¼�g���¼�^ek�pjg,cXpxf�h�i,i,^ªn¬g,c�ÌtÍ�Ë�Î´|�]qg���]Tl}he���X^tvXp�^�n¬g{cT^���]qb�fx��aX^
^#`�aX^ek g,lz^ec[f�pZ�t\�]q^z��]Xh�i,i,^#cqsd^�i,g,^ªp�ÑX]qb�|�^eÐ�^ek#Ñ®g{c´f�]q^�»�vXhon�k�vqaXboi,^�¼�g���¼�^ek#��«�^T|�g,i{iSg{c�Ð�^�pxf�g{s�hUf ^
|�].^ef�]q^#kÒh�»�vXhon�k�vqaXboi,^�hUi,k ^�hdn[�_g{cXp�f�hUi{i,^�n�g,c�ÌtÍ�Ë�Î ³ �#ÓU¶WÑ²n�k�g{Ð�^ec¬�[��hUc�hUa.aqk�boaqk�g�hUf�^taXb�|�^ekºpxvqa�Ï
a.i,��ÑX�eh�c´��k ^�hUf ^�hz»�v~hdn�k vqaXbdi,^�¼�g���¼�cq^e^�n�^ªn�f bz�Zk�^�h�f�^Th�c�^���]qb�p�g{sdcXh�iW�tÔ�p�g,c}f�]q^Õp�g{l�vqi�hUf g,bdc~p
|Y^�|�g,i{i���bdc~p�g�n[^ek�fx|�bTlzb[n�^ªpÖ�<bdktf�].^¬»�vXhon�k�vqaXboi,^¬¼[g���¼�^ek#×

Ø ÔÙaqvqi�p�^�n}»�vXhdn[k�vqaXbdi{^¬^e`.��g{f�hUf g,boczbU�Yh�f�i,^�hop�f���f�vqk c}�qvqftcqb�i{bdcqso^ek�f�]~hUc��#¡Úf vqk�c~p��
Ø Ô�cyÔ�ÎÒÏx»�vXhon�k�vqaXboi,^¬^#`q��g{f�h�f�g,boczb�Ð�^ek�h���bovqaqi,^�b��Ò][vqcXn�k ^�nzf�vqk cXp��

ÛwÜ<Ý Þ�ß<àºáXâ(ã}ä�ß<å�æXã�ç�è
ËWc�ÌtÍ�Ë�Î�f�]q^ek ^thUk ^�f�]qk ^e^�fx��aX^�pÒbU�¸n�g,aXboi,^�¼[g���¼�^ek�péheÐohUg{i�hU�.i,^�×�f�]q^�g{c�ê�^���f g,bdc�¼�g���¼�^#k�p ³ ��ë.Ñx�e�U¶¨Ñ�f�]q^
f vqcq^�¼[g���¼�^ek�p ³ �#ìU¶�h�cXn�f ]q^�hU�Xbdk f�¼[g���¼�^ek�p ³ �Uíe¶¨��\�].^eg,kYaqk�boa®^#k�f�g{^�pthUk�^�pxvqlzl}h�k�g,î#^�n¬g,cy\�hU�é�Xï[�

\�]q^¬g{c�ê�^���f g,bdc�¼�g���¼�^ek�p��eh�c�aqk b�Ð�g�n�^�h�¼[g���¼�b��Yp�^#Ð�^ek�h�iéð�ñWp�^#^T\�hU�é�Xï�ò���\�]q^#��h�k�^�Ñq].bU|Y^eÐ�^ek#Ñ
i{g,lzg{f�^�ntf�b�f�]q^�Ð�^#k�f�g��ehUi�a.i�hUc.^�h�cXn�n[g3����vqi,f�f�b�bdaX^ek�h�f�^�hUfºi,b�|�^e`.��g,f�hUf g,bdc�i,^eÐ�^#i�p���\�]q^theÐohUg{i�h��qi,^
k�hUcqso^�n�b�^�p�óXf�f ]q^�¼�g���¼�pxf�k ^ecqsdf ]´hop�p�v.lz^�nzg,c}f�].^¬pxg,l�vqi�h�f�g{bdcXp�ñWµ[�3íªðSò��

\�]q^�f�vqc.^�¼�g���¼�^ek�péhUk ^�f�b�b�|�^�h�¼¬f b�aqk�b�Ð[g�n�^th�p�g,c.sdi,^�f vqk�c�n[g,aXbdi{^�¼�g���¼�b���pxv��}�Zg,^ec[f�p�f k�^ecqsof�]é�
ËWftg�p��ZbdcX��^#g,ÐohU�qi{^¬f b�boaX^ek�h�f�^�f�]q^�f�vqcq^T¼[g���¼�^ek�prg{c´hzl�v.i,f�g/ÏWf vqk�c}lzb[n[^Tp�v~��]´f ]XhUf�p�v.�Xp�^�»�vq^ec[f
¼[g���¼.pS|�g,i{iqcqbdfô�ehUc~��^eiqbovqfe�Yõ�vqfºf�]q^tf�g{lz^�c.^e^�n�^�nTf�bÕ��k�^ªhUf�^tf�].^�^�»�vqg{Ðdh�i,^ec[fÒb���h_ë²ð�¼�g���¼�|Ybdvqi�n
�X^�g{c¬f�].^�bdk�n[^ekÒbU���#¡d¡�f�vqk cXp�Ño|�]qg���]¬g�pÒhUi{k�^�hon��T��bolzaXh�k�hU�.i,^ºf�b�f�].^öóXi�hUlz^ec[f�h�f�g{bdc�f�g{lz^��j«�]qg{i,^
g{fºg�pÒi,g{¼�^ei,��f�]~hUf�f ]q^�k ^�p�vqi{f�g{cqs�n�g�pxf�k�g{�qvqf g,bdc�p�f g,i{ijh�i,i{bU|tpS�<bok�f�].^�n�^ef ^���f�g{bdc�bU��h�f�k�h�cXp�Ð�^#k�p�^t^���]qb
pxg,socXhUi¨ÑÒf�]q^yhUc~hUi,�.p�g�p¬bU��f�]q^�p�g,socXhUi�|�g{i,iY�®^}l�vX��]´lzbdk ^}��bdl�aqi,g��ehUf ^�n�f�]Xh�c�g,c�f�]q^��ehdpx^�b���h
pxg,cqsoi,^�f�v.k�c�n�g{a®boi,^�¼[g���¼j��\�].^¬f�v.cq^¬¼[g���¼�^ek�pº|�bovqi�njÑX]qb�|�^#Ð�^ekeÑ[bUuw^ek�f ]q^¬aXb�p p�g{�qg,i{g,fx�zf�b�^e`[aqi,bok�^
f ]q^�]qbdk g,îeboc�f�hUiéaqi�hUcq^²�

Ô�cqbdf ]q^ektaXb�p�pxg,�qg{i,g{f���f�b�¼�g���¼zg{c�f ]q^¬]qbok�g{îebdc[f�h�iSaqi�hUcq^�g�p�f bzvXp�^�f�]q^ÕhU�Xbdk f�¼[g���¼�^ek�pZ��õ�vqftf�b
�Zk�^�h�f�^�h�ë�ð�¼�g���¼zbocqi,�}bocq^TbU�ºf ]q^¬óXÐ�^�¼[g���¼�^ek�l}h�sdcq^#f�p�l�vXpxf��X^_óXk ^�n´hUftf�]q^�i,b�|�^ªp�fta®b²p�pxg,�qi{^
^#`q��g{f�h�f�g,bocé�´÷�aX^ek�hUf g,cqsyf�]q^}h��Xbdk�fT¼[g���¼�^ek�pøg{c¯f ]qg�p�lzb[n�^z|�g{i,iºl}h�¼�^Tg,fTn[g3����vqi,f�f b�l}h�g,c[f�hUg{c
f ]q^eg{kö�<vqcX�Zf�g,boc´hop�h��®bok�f�¼[g���¼�^ek�p���\�]qg�p�l}he���®^Õhd�e�Z^eaqf�h��qi,^øn�vqk�g{cqs�h���boc�f k�boi,i,^ªn�pxg,cqsoi,^��qvqc~��]
^#`�aX^ek g,lz^ec[f�h�fTg,c�ê�^��Zf�g,boc¯^#cq^ek�so����\�].^�¼[g���¼´i,^#cqsdf ]�bU��f�]q^yh��®bok�f�¼�g���¼�^#k�p�^e`.��^e^�nqp�bocq^}f�vqk c
|�].g���]ù|�g{i,ith�s�hUg{c�k�^�pxvqi,fTg{c�h��Zbdlzaqi{g��eh�f�^�n�aXhUk f�g��Zi,^}n�g�p�f k�g,�.vqf�g{bdcúg{cúaq]~hdp�^ûp�aXho��^�hª�<f ^ek�f�]q^
n[g,aXbdi{^_¼[g���¼w�

«¯^´f ]qg,cq¼�f ]XhUf}f�].^´g,c�ê�^��Zf�g,bocú¼[g���¼�^ek�pTh�k�^´f ]q^´�X^�p�fy��]qbdg���^z�<bdk}f�]q^�n[g,aXbdi{^´¼�g���¼w�Ù\�]q^#g,k
i{g,lzg{f�h�f�g,boc�f b´f�]q^�Ð�^ek�f g��eh�iÒaqi�hUcq^zg�p_cqbyaqk�g{cX��g{aXhUiºbd�~p�f�ho��i,^��<bdkTh�c�^e`�aX^ek g,lz^#c�ftf�]Xh�fTh�g,l}p�hUf
px]qb�|�g,cqs�f�].^_aXb²p�p�g{�qg,i{g,fx��bU��bd�Xpx^ek�Ð[g,cqs�f�k�hUcXpxÐ�^ek�px^�^���].b�p��

ü�ý



þXÿ��������	��
�����������������������������! �ÿ�"��#%$��&��"�����#'��#	����(*),+
-/.103254,6 798:6:4,;=<�8%>?6A@	;=<B4 -'.C0�2EDF4,;=<�8%> -'.C0�2HG=D1@	;=4
IJ;LK:4�0*8:.NM�; OQPSRLT�UBP�VHWX6�@�Y Z=P\[*T^]�RQPSV�_=` aBOb;dc e54�6:8%.C0�@�D
fhg=;i4kj!>iM�6*l OLTdU�Unmo6�@BY OLT^OQPS]�_=p qBOb;dc >=MB6:.Fr,M�;s8�@	D
fhg=;i4kj!e54,6*l OLTdU�Unmo6�@BY OLTsOsPFU,_ ` qBOb;dc e54�6:8%.C0�@�D
tvu M�6:8 OQPS]�VLT^]�VHWX6�@�Y Z=P�]�TsRBq�O�_ p w U,]bmxc >=MB6:.Fr,M�;s8�@	D

yozC{ |~}��i����}������������!�����Q�
f�>i4��^gd@�YQ6%g=G�M�DF4X2Q.103254�6�.Cc�8%>=4~6:4�@�D�0�>�@	DNDF4�;=<B4H.N;�G=6%MsYQg�0*.N;=<�8%6�@	;dc&e54�6Ac&4k4�0�>=M9c*P�IJ;�8:>=4�c�.FWH�
giDC@	8%.FMB;�c���4k.F;se54�c&8%.F<9@	8:4LY�G=giDCc&4LY��^gd@�YQ6%g=G�M�DF4�2s.C0�2=c'6A@	;=<B.F;=<���6%M�W Uk8:M�U,O�8:g=6%;�cE@	;dY�2s.C0�2ic
Gi6:M�eQ.1YQ4�Y us� @	; t/� �5g�@BYQ6:g=G�MBDF4nM�e54�6�M���@~0*M�g=GiDF4nM���>sg=;�YQ6%4�Yk8:g=6%;�c*P���4���.NDFD;=M���4Lc&8:.NW�@	8%4
8%>=4 8:4�0�>=;=.10�@	D=��4�@Bc&. u .FDN.F8 � M	� u MB8:>¡@�G=G=6%M5@�0�>=4�c�P
IJ; u M�8:>�0,@�c&4Lc¢��4E@�c%c&g=WX4n8:>d@	8�@kc&G�4�0*.1@	D�@�.F6 0*MB6:4£�5g�@�YQ6%g=G�M�DN4�¤¥U�¦�§¨0�g=6:6%4�;Q8%D � .N;�c&8A@	DNDF4�Y�@	8

I�©¨Z'.N;kª¬«'I � @	;dYH0*MBWkWkMB;n8:M u M�8%>H6%.F;=<9c¨��.FDFD u 4vgdc&4�YE8:M G=6%M	es.CYs4�8:>i4'�5g�@�Ys6:g=G�M�DN4v2s.C0�2oPf�>=.Cc
W@	<�;i4�8�>�@�c u 4�4�;YQ4�c&.N<�;=4LYb��M�6®@nW�@	¯s.FWEg=W°0*gi6:6:4,;Q8�M	�±V�O t 0*MB6:6:4Lc&G�M�;�Ys.F;=<E8%M~@�;=MB6:W�@�DF.Fr,4�Y
c�8:6%4�;=<�8%>²M��~³µ´ U�¶S¦k·U�O5¸5¹*W�¸=º�Pµ�».N8:>¼8:>=4¡e54,6:8:.10�@	D¬½�!��g=;d0*8:.NM�;¼@	8�8%>=4¡W�@	<B;=4�8kDNMs0�@	8%.FMB;
j�½ ` ´¾U�O�¿�l�8:>=.1c±.1c�4��5g=.Ne�@�DF4�;s8�8:ME³k´¼Os¶ÀZ�·*U,O^¸5¹�W�¸=º±@	8�8:>=4¬W�@�¯Q.NWHg=W¾½h����g=;�0*8%.FMB;H.N;H8%>=4'@�6�0�c
jÁc&4�4~f�@ u P�U	lAPkÂ=M�6£8:>=4Xc&>iM�6:8£M�G�4�6A@	8:.N;=<¡0 � 0*DN4�c�M	�¬;=MB8nWkMB6:4E8:>d@	;�@��4��°>Qg=;dYQ6:4�Y¡8:gi6:;�c 8:>=4
W@	<�;i4�8�W�@ �~u 4n@ u DF4 8%MH8A@	254'WkMB6:4'8%>�@	;ÃV�O t P
Â�.F<iPÄU�aEc�>=M��¬c¢6%4�c&.1c&8A@	;�0*4/@	;�Y�.F;�YQgd0*8�@�;�0*4'Wk4L@�c&gi6:4�Wk4,;Q8%ch��MB6v8%>=4 �5g�@�YQ6%g=G�M�DN4n@Bc®��gi;�0*8:.NM�;

M�����6%4��5g=4�;�0 � P¨I�;�M�;=4Å0�@�c�4�.N8�.Cc�@Bc:c&giWk4�Yk8:>�@�8v6%4�c&.1c&8A@	;�0*4£@�;�Y?.N;�YQg�0*8A@	;�0�4 @	6%4n.F;�c�4�6:.N4�c���>=.NDF4
.N;n8%>=4�M�8%>=4�6�0�@�c�4�.F8�.Cc¨@Bc:c&giWk4�Y�8%>�@	8�8:>=4 � @	6%4�.F;EGd@	6�@�DFDN4�D�P�I�;n8%>=4�G�@	6A@	DNDF4�Di0�@�c�4�8:>=4�.F;�Ysg�0*8�@�;�0*4
.1c¢6%4�DC@�8:.Ne54�D � 0�M�;�c�8�@	;s8 @�8EU�]BVmx«µg=G¡8:M�@b��6%4��5g=4�;�0 � M	� U£2=«vrÅ@	;�Y¡Ys6:M�Gdc/8%M�@ u MBg=8~U�O�Vkmx«
@�8¬@Å��6%4��5g=4�;�0*.N4�c u 4 � M�;�Y�U'2=«¬r5P

0.01

0.10

1.00

10.00

100.00

1,000.00

10,000.00

10 100 1,000 10,000 100,000
Freqency [Hz]

R
es

is
ta

nc
e 

[ Ω
]

serial
parallel

0

50

100

150

200

250

300

350

400

450

500

10 100 1,000 10,000 100,000
Freqency [Hz]

In
du

ct
an

ce
 [ µ

H
]

serial
parallel

Æs��(*Ç���� È:É���Ê^��ËN":�®
h�� ��� !"¨ÿ�#	���¬Ìv� ÿ� !Ç�����Ìv��#�"� ��3Ë�"�Í��vÎ�Çoÿ����!Ç���������+ 
��(*Í,":�¨�C#���Ç��&"¨ÿ�#	���'Ì¬� ÿ3 �Ç��!��Ì¬��#�"¨��Ë�"!Í��
Î,Çdÿ����!Ç��B�*����+�
�& �Ç���"� �Ï��"�Í  !Ç��� ��&������"�ÐÑ %Ò�ÿ� ! �Ç�Ìv��"!Íoÿ�"����� !�� �"¨ÿ3#����tÿ3#�� ��#���Ç��&"¨ÿ�#	���ôÿ3������#' ��&������ %ÓQ���& �Ç���"� ¨Ï��"�Í
 �Ç��� !��������"�ÐÑ�sÒ�ÿ� ! �Ç�Ìv��"�Ídÿ�"���& ��� �"Wÿ�#�����ÿ�#	����#��	Ç���"¨ÿ3#����ºÿ��!����#¬�oÿ3�¨ÿ3�S�����C+

È:É



ÔoÕNÖ ×ÙØ Ú�Û!Ü�ÝsÞ²ß~Ú�à=Þ�á	Ú�â�ã�Û!Ý�Øvã5ä£ÝQá�åxÚ�â�â�ÛCæ
çéè:ê,ëCì	í%îFï5ê�ëNð�ñ&îFòXó=ëFêÅôQê�ñ&îNõ�öø÷�ùBè í:ú=êkóiû=ëCñ�ê�ô�ùBó�ê�è�ì�í:îFùBö�ù	÷¬í%ú=êXü^û�ìBôQè:ûióýùBëFêkî1ñ�í%ú=êHùBö=ê�ñ�ú=ù�þ�ö
îNö�í:úiêkëFê*÷�í£ú�ì	ödôÿñ�îCôQêXù	÷���îFõ��������
	�ð��*ëNù5ñ�îFö=õ�í:ú=ê�ñ&þ�îNí��ú����kì�ó�ù�þ�ê�è~ñ�û=ó=ó=ëNð���ú�ì�è:õ�êLñní:ú=ê
�,ì	ó�ì��*îFí%ù�è������»ú=ê�ö���ú�ì	è%õ�ê�ô�í%ú=ê~ñ&þ�î��3ú����EùBóýê,ö�ñ ì	õ5ì�îFö���	�ð���ëFù5ñ�îFö=õXí:ú=êÅñ&þ�îFí��3ú����kì�í í:ú=ê
í%îFòkê! #"'í%ú=ê$��ì	ódì%�*îNí:ù�è��µþ�îNëFë�ñ&í�ì�è:í í:ùôQîCñ&�3ú�ì�è:õBêEù	ï5ê,èví%ú=ê~ü^ûdì�ôQè%û=ó�ù�ëFêEþ�îNí:ú¡í%ú=êEîFö�ôsû'�*í�ì�ö'�*ê
(
) �*�%+�,�-��.��ê¬ö=ê�õ�ëNê��*í¨÷�ù�è�í:ú=ê¬òkùBòkê�ösí�ò�ì�õ�ö=ê,í�ì	ö�ô/��ì10=ëNêvè%ê�ñ&î1ñ&íAì	ö'�*ê�ì�ñ�þ�ê�ëFëdì�ñ�ñ�þ�îFí��3ú=îNö=õ
í%îFòkê2�

S1 S2

Charging
Power
Supply

C

HµL=125 

D1

D2

R

t0 t1 t2

I

3547698�:<;>=@?�ACB.;EDGF@ACHJI7;#K#FL:<47K�KM4N:LK#8�47FODGPQ:SRUT�81INVL;#W�X*8%RW�:L8�T�P9I7;QY�Z[476Q\]F&A�^_8�:L:<;#`]FS47`!F<\�;�K#P94NI'abR�DGF<;M:�FL\�;�V<c�47F<KE\
d�e 47V�K#I7P9V<;#W5Y
f ú=ê!�*û=è%è:ê�ösí¨îNökí:ú=êg�*ùBîFë ( è:ê�ì��3ú=êLñ�ì ò�ì1hsîFò~û=ò ì�÷�í:ê�è�í:ú=ê¬í:îNòkêU i¨þ�ú=ê,ökí:ú=ê�ñ&þ�îNí��úkj.����ì�ö

0�ê£ù�ó�ê�ö=ê�ô�ì	õ9ì	îNö�� f ú=êEê�ö=ê,è:õ�ð�ñ�í:ù�è%ê�ô�îFö�í:ú=ê$��ù�îFë�îCñ�í:úiê�ö�ôQîCñ&�3údì	è:õBê�ô?îNö¡í:ú=ê£è:ê�ñ�îCñ�í:ù�è�l!�!	�ð
��ú=ù5ù9ñ&îFöiõml°ì	ó=óiè:ù�óiè:îCì�í:ê�ëNð�í:ú=ê��*û=è:è%ê�ösívîNö�í:úiên�*ùBîFëC��ì�ö�0ýê�o�ê�è%ù�ìL÷�í%ê�èví%ú=êní%îFòkêg @p¬þ�îFí:ú�ëFîNí:í:ëNê
÷�ûiè:í:úiê�èvù9ñ@�*îNëFë1ì	í:îNù�ö��rqvû=è:îNö=õkí%ú=êní%îFòkê� &pts� #"'í:ú=ê,è:ênî1ñvì�u�ê�ë1ô?îNö�í:úiêEü5û�ì�ôQè%û=ó�ù�ëNêEí:ú�ì�ívþ�ù�û=ë1ô
��è:ê�ì�í:ê ìEü5û�ì�ôsè:û=ó�ù�ëNê!vQî��wvx��y¬û=è¬ñ�îFò~û=ëCì�í:îFùBö�ñ�ñ&ú=ù�þ�ê�ôkí:ú�ì�í�í:ú=ê ü5û�ìBôQè:û=ó�ùBëFê�vsîz�v~ñ&úiù�û=ë1ô{0�ê£ì	í
ëNê�ì�ñ�í ù�ö=ê~í:û=è%ö|0iû=í ö=ù�í£ëFù�öiõ�ê�è í:údì	ö}�*~í%û=è:ödñ9� f úiêHí%îFòkê� @pUs� #"n��ì�öøí%ú=ê�è:ê�÷�ù�è:ê$0�ê��kí%ù��%�
í%û=è:ödñ�ëFù�öiõb��ôQû=è%îFö=õEùBö=êní%û=è:ö�ì�í�í:ú=ê!0�ê�õ�îNö=ö=îNö=õEù�è�ê�ödôù�÷¨í%ú=ê îFösí:ê�è%ïBì	ë_ &pSs� M"�í%ú=ê�è%ê��,ì	öb0�ênì
udê�ëCôHîNö�í:ú=ê£üHû�ìBôQè:ûióýùBëFê£í:ú�ì�ívþ�îNëFëÄöiù�í�ì��oê��*í�í%ú=ê!0ýêLì	òm���
�dùBè�í%ú=ê!�*îNè�*û=ë1ì	è�÷�è:ê�ü5û=ê�ö'��ð��C"�ù	÷�í:ú=ê'ê,ëFê��*í%è:î��U�*îFè��*û=îFí*�5í:ú=ê!�,ì	ó�ì��*îFíAì	ö'�*ê�� ì	ödôí%ú=ê'ï5ùBëFí�ì�õ�ê

� ù�ï5ê�è�í:ú=ê��*ùBîFë ( í:ú=ê è:ê,ëCì	í%îFùBö�ñ

�C" ) �%�
�5�L &pts� M"Q��� � ) �

� p" ( ì	ö�ô ��) �C" (���� �M�%�

úiù�ëCôx�t��îFõ����*�Eñ&ú=ù�þ¬ñ�í%ú=ê!��ì�ó�ì%�*îNí�ì�ö'�*ê�� ì	ö�ôkí:úiêvï5ùBëFí�ì�õ�ê � ìBñ�ì/÷�û=ö��*í:îNù�ökù�÷¨í%ú=ê ü5û�ì�ôQè%û=ó�ù�ëNê
vsîz�vEëFê,ö=õ�í%ú�ì�ñ%ñ&û=òkîNö=õní%ú�ì	í�í%ú=ê ó�ê�ì1v/�*û=è%è:ê�ösí ����M� îFökí%ú=ê��*ù�îNëÄîCñ�+%~Eç��iç��]�*ùBè�ôQîNö=õní%ù$��ü��x�M�%�
í%ú=êkï5ùBëFí�ì�õ�ê~ù�ï5ê�èní%ú=ê�ü5û�ì�ôQè%û=ó�ù�ëNêkþ�îFëNë�îNö'�*è%ê�ì�ñ�êkó=è:ùBó�ù�è:í%îFùBö�ì	ëNëFð�þ�îFí:ú�í:ú=êb��û=è:è%ê�öQí*��þ�ú=î��3ú�îCñ
óiè:ù�ó�ùBè:í:îNù�ö�ì�ë�í%ùHí%ú=ê£ü^ûdì�ôQè%û=ó�ù�ëFê!vsîz�vkñ�í:è%ê�ö=õ�í%ú��

ÔoÕG� ×��»×�� ß~Ú�à=Þ�á�Ú�â�ãýÛ�Ý�Ø¬ã5änÝsá�åxÚ�â�â�Û æ
� ö�í:ú=î1ñ'ì	ó=óiè:ù5ì��3ú�þ�êEí%è:ð�í:ùkû�ñ�êEí:ú=êEó�ù�þ�ê,è ñ&û=óió=ëFð�þ�ú=îz��ú¡ú�ì�ñ�0�ê�ê�ö¡ùBè:îNõ�îFödì	ëFëNðb0=û=îFëNí¢÷�ùBè í:ú=ê
ü5û�ìBôQè:û=ó�ùBëFê����*�����*�1�E� f ú=îCñHó�ù�þ�ê,è�ñ�û=ó=ó=ëNð î1ñkôQê�ñ�îFõ�öiê�ô í:ù ôQê�ëNîFï5ê�è$+�~ ç ì	í�+%~�  û=ó»í%ù ì
÷�è%ê�ü5û=ê�ö'�*ðEù�÷��nvJ-¡o2�S��îNõJ�_�*�Hñ�ú=ù�þ¬ñví:úiê�ê,ëFê��*í%è:î��¡�*îNè�*ûiîFí�ù	÷�í%ú=îCñ�ñ�ù�ëNû=í:îNù�ö��

=@?



0

2

4

6

8

10

12

14

16

0 2 4 6 8 10 12
Excitation time [turns]

C
ap

ac
ita

nc
e 

[ µ
F]

0

100

200

300

400

500

600

700

800

V
ol

ta
ge

 [V
]

Capacitance
Voltage

¢5£7¤9¥�¦<§�¨&©�ª�«�¬�¬w®#£7¯°¬±1®#§t¬±�²U³9´Qµ7¯°¬w¤Q§C¬¶�¬¸·G¥�±�®#¯L£7´Q±U´·5¯L¹�§Sº]¥�¬²�¦L¥�%´Qµ7§C§#»]®#£7¯E¬¯<£7´9±U¯<£7¼>§_·G´9¦x¬��§&¬w½U®#¥�¦L¦<§#±]¯�´·
¾Q¿�À�£N±¡¯<¹�§�º*¥%¬²�¦L¥��´9µ7§QÁ

50A/50V 2kHz

HµL=125 refV Power
Supply

¢�£7¤Q¥1¦<§U¨&Â1ª'ÃJµ7§#®#¯<¦L£7®t®#£7¦<®#¥1£N¯_·Ä´Q¦C¬±¡ÀC«bº]¥�¬w²�¦<¥1�´9µN§9Á

Å�ÆJÇ¡ÈGÇ9É<ÊSÆ'Ë�Ì'Í$ÎMÏzÍ5Ç¡Ð�ÉCÑOÏGÒJÓ�Ô�Õ�ÎMÆ�Ð1Ö>ÎtÊ@ÆJÇU×&Ç9É<Ç]×&Ç]Ì'Ø9ÇUÙ�Ð�ÈÄÊË�Ò%ÇUÐ�É�Ê@Æ�Ç¡Ú'Ð�Ö�Ç]×�Î#ÛJÚJÚJÈGÜ�ÓSÝÞÎMÏGß�ÚJÈÄÇ
Î#Ê@Ç]Ú$É<ÛJÌ'Ø9Ê&ÏÄÐ%Ì/Ê@ÐnÊ@Æ�Ç�ßbË1à5ÏÄß$ÛJßáÙ�Ë1ÈGÛJÇ�Ç]Ì'Î#ÛJ×@Ç�Î�Ê@Æ'Ë�ÊUÊ@ÆJÇ�ß{Ë1à5ÏÄß$ÛJßâØ9ÛJ×@×&Ç]Ì5Ê�ÏzÎt×@Ç�Ë�ØwÆ�Ç�Í�ÏÄÌ/Ê@ÆJÇ
Î#ÆJÐ%×&Ê@Ç�Î#Ê�Ú'Ð�Î&ÎMÏÄã�ÈÄÇ$Ê@ÏÄß/Ç�Ó�Å�ÆJÇn×&ÏÄÒ�Æ�Ê�Æ�Ë1Ì'Í�Î#ÏzÍ�Ç$Î#ÆJÐ�Ö>Î�Ê&ÆJÇnÇ]Ì5Ù�Ç]ÈÄÐ�Ú'ÇäÉ<ÛJÌ'ØQÊ@ÏÄÐ�ÌmÉ<Ð%×�Ê&ÆJÇ$Ø9ÛJ×&×@Ç]Ì5Ê
Ë�ß�ÚJÈGÏÄÊ@Û�Í�Ç¡ÏGÌbÊ@ÆJÇ!×@Ç�ÎMÐ%Ì�Ë1Ì5Ê�Ø9ÏG×Ø9Û�ÏÄÊ]Ó�Ý�ÎUÏÄÌbÊ@ÆJÇ�Î#ÏÄß$ÛJÈzË�Ê@ÏÄÐ�Ì'Î9å�Ê&ÆJÇ!×@Ç�Î#Ð%Ì'Ë�Ì'Ø9ÇäÉ<×&Ç�æ�ÛJÇ]Ì'Ø9Ü/ÎMÆ�Ð%ÛJÈ�Í
ã'ÇbÇ]ÏGÊ@ÆJÇ]×�Ê@ÆJÇbç�èEÊ&×@Ð�ÌéÉ<×@Ç�æ.ÛJÇ*Ì'Ø9Ü�Ð%×nÊ#ÖUÏzØ9Ç/Ê@ÆJÇbç�èEÊ&×@Ð%Ì�É<×@Ç�æ�ÛJÇ]Ì�Ø9Ü�Ó�ê¡Ð�Ö�Ç]Ù�Ç*×]åSÊ@Æ�Ç{É<×&Ç�æ�ÛJÇ]Ì'Ø9Ü
×�Ë1ÌJÒ�ÇmÐ�É!Ê@Æ'Ë�Ê�Ú'Ð�Ö�Ç*×$ÎMÛJÚJÚ�ÈÄÜ�Í�Ð�Ç�ÎnÌJÐ%Ê$ßbË�ÊØÆ�Ð%ÛJ×$×@Ç�æ.ÛJÏG×@Ç]ß/Ç]Ì�Ê!Ð�É!Ç]ÏÄÊ&ÆJÇ]×�Ê@ÆJÇ�ã�Ç*ÊË1Ê&×@Ð�Ì�Ð%×
Ê#ÖUÏ�Ø9Ç�Ê&ÆJÇ¡ã'Ç]Ê�Ë1Ê&×@Ð%Ì$É<×@Ç�æ�ÛJÇ]Ì'ØQÜ�ÓCÝ}Ø9Ð%ß�Ú�ÈÄÇ]Ê&Ç]ÈÄÜ�Ì�Ç]Ö�Ú'Ð�Ö�Ç]×�Î#ÛJÚJÚJÈGÜ�Ö�Ð�ÛJÈzÍnÌJÇ]Ç�ÍëÊ&Ðäã'ÇgÍ�Ç�Î#ÏÄÒ%Ì�Ç�Í_å
Ë�Ê�Ë%Î#ì�Ê@Æ'Ë�Ê�Ë�ÚJÚ'Ç�Ë1×�ÎíÊ&Ð�ã'Ç!ß$Û'ØwÆ$ß�Ð�×@ÇgØwÆ'Ë�ÈÄÈGÇ]ÌJÒ%ÏGÌJÒ�Ê&Æ'Ë1Ì�Ê@ÆJÇ!ÚJÛ�ÈzÎMÇ�Í{Ú'Ð�Ö�Ç*×>ÎMÛJÚJÚ�ÈÄÜbÎ#Ð%ÈÄÛ�Ê@ÏÄÐ�Ì�Ó

t0 t1 t2

Vref

t0 t1 t2

Ienv

¢5£7¤9¥�¦<§UîQ¿1ªtï�§E·G¯@ª�ð[§E·G§#¦L§#±�®#§¡³Q´Qµ7¯E¬¤Q§�·G´9¦�¯L¹�§UÀC«|�´ñ_§#¦t¶L¥���µ7ò]ÁUð�£7¤Q¹]¯&ªt«_¥1¦<¦<§M±*¯�§#±]³Q§#µ7´Q%§�·G¥�±1®#¯<£7´Q±n´w·ó¯L¹�§
º*¥%¬²�¦L¥��´9µ7§QÁ

¨@©



ô õ
öC÷�ø ù�ú�ûJö�üJý�÷SþJÿ���� ÿ������
	��

���������������������������� ��!"�$#%���&��!��'�(�)�&�'�*��+,���(�-��!�. /0�����$1324�5�'�6��� ��!"17��!��6�����&�98;:9<>=?�,@A�$�B�C!�����DE��DGF
H����JILK�M�NO�$�P+Q:9<-=?�R�$�B�C.6�S+��$�B��D"�$�92��(��� �B� ��!T��U9���)���Q�����*VXWY#YZ�!�+[�B� ��!7������+,�����9�J. �S+���.\1"�$]S�^W
10Z�1
8Y_(`$1a@&FbH����c�\�c�\�����-V\WY#YZ�!�+[�B� ��!d���eU9���f+,�QUR�-1g��DE�>���T�'���B�������6��!��e�6!Q�����R�'�61hZ�.c�$�B� ��!��[F\H����
���&+�:9<>=?�>�����(�Q�J��������.6Z����6��!7��#>iSF j�171k�l#b�������B�Q�$�B��17�����L������!mj�i�n�+&������o��p�-2����9��Z�!T+,�rqts�i�u;F
����v2��B���B��!��v�B���c�9�c�9������Z��wj�xy�$#R�����dDE�p�'� o�!z�6!E�B��!��'�6��/?qt{$u;F|H����wDE�)����+[�B� ��!}��#>��+&���~�'� o�!��$.f����#
�����(���P�$.�1~� . .6� 1w���B���&�%�'����Z�.cD"�������B�[#Y���B��2��(���J!��02�������. �)1?F

�vZ����6!�o0������IvK�M�N�+[��1~17�c�B�'� ��!�� !�ow�w��Z��B!EW;�S/(W;�BZ���!?�6��!��6���$�B� ��!"2��B�$��.6�J17��!�� �B���Q8�M'<>=�@R�����
�����)!z���p�'���pDz�'ZT+�+[���B��#YZ�.6. /�q�sSj[u;FL����� .6�J�B���w:9<>=?��+���!z��!�. /�DE�����p+[�v�B���w+���!E�B���9�$#|+&���$�Bo��(�G�����
M�<>=�U���Z�.cD"o��6�(�������Q2��B������+[�B� ��!}��#��B���Q2������'�w��2���+��JDS�c�'�B���6��Z����6��!"��!S���0�����C](W>���v/(W���]E�f�[F

� �����L�\���>û�ÿ'�9�

��B��1y�����Q��� 10Z�.c�����6��!��>�$!TDg�B���Q�����$.6Z��$�B� ��!~�$#%�������B��+&��!��c+)�$.�2��(����� ���6. �6��� �p�-U���+[��!�+�. Z�DE�*�������9� �
������Z�.cD?�4�w2��5���'�6��. �0���"�����'���B�(�w���P�$!����(���&���w��+,���(�v�6!rIvK�M�NLF��r�w��]S2���+[�L�����017�(���v2�����1~�c�'�6!�o
�)]E2����B� 17��!S�&��.��'�)��Z�2"���0���(�

� ILK�M�N����v�6!�����+[�B� ��!7��!����Bo�/7U9�6���a�w�'�6!�o�.6�Q��Z�!�+&�"�$#>2��B���B��!��
�a� �(���B���c+)�$.\DS� 2���.6�C�S�c+&�w�$#-�$����Z��L_(�?2��B�$�S�cDS��D7�E/7�B���Q� !����p+[���6��!7�S�c+&�(���
�a� ��!��[W;�BZ���!���ZT��DE�BZ�2���. �d�E�f+,�w2������E�fDE��D7�S/"�w�'2���+[�f�$.b��� �L+[�����d��ZT��DE�BZ�2���. �

U9�6���a��1g�$]S� 10Z�1k+[Z������)!E�R�$#R��i �
�a� �'�)2��$�P�$���6��!a�4�)�'UR����!aDE�624��. �d�$!TD}�(Z���DE��Z�2���. �J�S�c+&�0�$#A�$����Z�����iE� i�i�ih��Z��B!���8;iSF^¡��,@
�a¢ +&���7��� o�!��$.bDE�)����+[�B� ��!7U9� �B�?�'�P�$!�D��$�&Da�$�P+C:9<>=?���6!}�BZ���!SW;�S/�W���Z���!z1~�SDE�
�a� D�DE� �B� ��!T�$.\���T�'���B�������6��!z�S/7�B���Q��Z��B!EW;�S/(W;�BZ���!"� ��!�� �p�$���6��!"2��B�$��.6�C1~��!��6�����

H����J1"��� !"�[£G���B�v!��)��DE��D"���7�B���$.6� ���Q�0���&��!��'�(�)�&�'�d��+&���w��]S24�)��� 1~��!E�R1hZT�'�9+���!�+[�)!E�B�&�$�B�J��!?�����
+���!�������ZT+[���6��!"�$#R�J2�Z�.c����D"��Z���DE��Z�24��. �d24��UR���L�'Z�2�2�. /(F

�}öb¤Qö[ü'ö��L��öCû

q^j�u9H�F¥=mF�¦d§ ¨v��� .G��!�D"ICFt�
F�©v��Z�.cDG��<A�S/��[F�e.6Z��cD��Lª�ª4�\j08�j){���`�@&F
q�s�uv©dF�«(��Z�2��$�(���G��¬ ¢ +,���h�[£G��+���� !"����DE����!?+[��. .6�cDE���P��S�4«�«�N9®�W���¡p{?8�j�{�{�s(@&F
q�¯�uv©dF�«(��Z�2��$�(���"��!�D°«�F�±Q��ZE£G1"�$!�!²��¬ ¢ +,���h�[£G��+���� !a��+�+[��.6���&�������P��S��«�«�N9®�W���`�¡a8Bj�{�{�s�@PF
q³_�u9¨JFb=?�$�T�$. �w�)�J��.;F6��¬P�v�c��2�.c��+[��D?��Z�!�+&���'/S!�+,�������B����!m�(�B+[� .6.c�$�B� ��!?��+,���(����� !���+�+[�). ���P�$�����&�BE�

«�«�N9®�W�¨�W�`Ej�¡z8Bj�{�{�¯�@PF
q���uv®bF¥±wFE«524�)!E�B����Z��B�c����´�FµW��F(¦*�'�B� o�Z�/w�$!TDh<bF^®bF(N>��. �p�'���S+&�G��¬&�v�6����+��e17�p���'Z�����17�)!E�G�$#²DE�^£GZ���� ��!

�&���������6!7���6o��7��!�����o�/7��/E!�+&���B�����B��!���ZT�'� !�ow. ��!�o�� �BZ�DE�6!��$.G�4�p�$1y��+,���(����S��<>I�®a¶>��.�F4¡��S��¨v�
_���2�2\F���s�iz8�j){�{��(@&F

q���uv¦dF�:���·Z�!��6!�o���¬�¦L!}�B����2��(�B�'�6��� .6� ��/w�$#b17�p���'Z���� !�oJ. ��!�o��6��Z�DS� !���.���+&���(�>� !7�B���J«S<�«SS��N ¢ Iv¨
«�®\¸p{��pW�`�¯?8 � <�@L8�j�{�{��(@&F

¹�º



»½¼)¾v¿dÀ�Á�Â�ÃÄ�Å�Æ6Å�ÇwÈ�É|Ê$Ë À6Ì\Í&Á È�Ê�ÎÏÈ�Ð&Ñ�Ò5Ó-Æ Å~É�Ñ�ÈJÔRÕ>ÖL×ÙØSÚ�ØSÛ ÌEÜ�Â ÒSÐ[È�È�ÝEÆ6Å�Ç(Ó�Ò�ÞbÉ�Ñ�È�ß�à�à ¼ Ú%Ê Â ÉBÆcÐ[Ë6È
á Ð�Ð�È�Ë È Â Ê$ÉBÒ Â Ô>Ò�ÅEÞYÈ Â È�Å�Ð[È ÌSâ Ê$Å�Ð[Ò�Ä�ã(È Â)Ì�ä ß)à�à ¼�å&À

»�æ�¾9ç�À�è È�é9ÆcÓBÐ,ÑgÊ$Å�Ýaê À�Á�Â È)Å�Å�Ê$Å ÌeÍ&Á Ä�Å�Ð,Ñ�È�Ý7ë4ÈpÊ$ÎìÈ�Ð&Ñ�Ò5Ó�Æ Å"É�Ñ�È á�í ØSÛ Ì�Ü�Â ÒSÐ[È)È�ÝEÆ Å�Ç(Ó�Ò$ÞAÉ�Ñ�È
ß�à�à æ Õ�Ä Â Ò Ü È�Ê�ÅrÚ�Ê Â É�ÆcÐ�Ë È á Ð�Ð[È�Ë6È Â Ê�É�Ò Â Ô>Ò�ÅSÞYÈ Â È�ÅTÐ[È Ì Ø5É�ÒSÐ&îEÑ�Ò�Ë Î ä ß�à�à æ�åPÀ

» à ¾JÍ ÖLï�ð�Ô�ñvÈ�Ó'Æ6Ç�Å�ê?Ê$ÅSÄ�Ê$Ë Í�Ì�Â È)ãEÆfÓ'Æ Ò�Å7Ò$Þ á Ü�Â Æ6Ë�ß)à�à æSÀ
» ß�ò ¾ ñ À\ó Æ ÈQÈ�ÉLÊ�Ë À Ì�Í Õeô�ÈpÐ[É&Ó9Ò$Þ Â Þ>ã(Ò�Ë ÉPÊ$Ç�ÈQÎ7ÒSÝSÄ�ËcÊ�É�Æ Ò�Å"Ò�Å Ü Ê Â ÉBÆcÐ[Ë6È�Î7Ò�É�Æ Ò�Å�Û Ì ×LÄ�Ð[Ë À ð;Å�Ó'É Â�À Ê$ÅTÝ

êzÈ�ÉBÑ À Æ6ÅzÚ�ÑSõ�Ó À á
ö�÷$ø~ù ò�úpû ù�ù�ö ä ß�à�à�ú åPÀ
» ß�ß ¾ ê ÀbÁ Ê$Æ�È)ÉJÊ�Ë À6Ì�Í á ÝEÆfÊ$ë�Ê�É�ÆcÐwÈ�ü�Ð[Æ ÉPÊ$ÉBÆ Ò�ÅrÒ$Þ|Ë Ò�Å�Ç�Æ6É�Ä�ÝEÆ6Å�Ê$Ë>ë�Ä�Å�Ð,Ñ�Ó'ÑTÊ Ü È7Ò(ÓBÐ[Æ Ë6ËcÊ�É�Æ Ò�Å�Ó�Û ÌeÜ�Â Ò$û

Ð[È�ÈpÝEÆ Å�Ç5Ó�Ò$Þ%É�Ñ�È0ß)à�à�à~Ú�Ê Â É�ÆcÐ�Ë È á Ð)Ð[È�Ë È Â Ê$ÉBÒ Â Ô>Ò�ÅEÞYÈ Â È�Å�Ð[È Ì ×vÈ�éþý>Ò Â î ä ß)à�à�à å&À
» ß ù ¾v¿dÀ�Á�Â�ÃÄ�Å�Æ Å�Ç Ì�Í á Å�Ê$Å�Ê�Ë õ�Ó'ÆfÓXÒ�Þ�ÉBÑ�È>Ë Ò�Å�Ç$û�É�È Â ÎÿÓ'É&Ê�ë�Æ Ë6Æ É�õ�Ò�Þ�É�Ñ�È Ü Ê Â É�ÆfÐ[Ë ÈRÝEõSÅ�Ê$Î~ÆcÐ�Ó�Æ6ÅCÑTÊ�Ý Â Ò�Å

Ó'ÉBÒ Â Ê$Ç�È Â Æ Å�Ç5Ó�Û Ì ÚAÑTñÙÉ�Ñ�È�Ó'ÆfÓ Ì ñ*Õ|Ø5ýkà ø û�ò æ ú ä ß�à�à ø åPÀ
» ß ö ¾��
À�� ÆfÓ�Ð&Ñ�È Â È�ÉLÊ�Ë À Ì�Í Õ�Î7Æ ÉBÉ&Ê$ÅTÐ[È�Ç Â Ò�é9É�ÑzÆ6ÅaÖvï�ð�Ô�ÝEÄ Â Æ Å�Ç0Æ Å���ÈpÐ[É�Æ6Ò�Å�Û ÌEÜ�Â ÒSÐ[È�È�ÝEÆ6Å�Ç(Ó9Ò$ÞAÉ�Ñ�Èó ïCÔRà ÷ � Ò Â î�Ó�Ñ�Ò Ü Ò�ÅOïvÆ Ç�Ñ Á�Â Æ Ç�ÑEÉBÅ�È�ÓBÓ Á È�Ê�Î"Ó�ÞYÒ Â7ó Ê Â Ç�È?ï�Ê�Ý Â Ò�Å�Ô>Ò�Ë Ë6ÆcÝEÈ Â Ó Ì Ú%Ê Â ÉBÆcÐ[Ë6È

á Ð�Ð�È�Ë È Â Ê$ÉBÒ Â Ó â Ò�Ë À ú æSÌ ×vÄ�Îhë�È Â Óvß,û ø Ê$Å�Ý Á × ó ÖLï�ð�Ô�� á Ú��5ß�ß ù ä ß�à�à ÷ å
» ß ø ¾��
À�� ÆfÓ�Ð&Ñ�È Â È�ÉgÊ$Ë À6ÌJÍ&Á ÈpÊ$Î ð;Å���ÈpÐ[É�Æ6Ò�Å Æ ÅSÉ�Ò ÖLï�ð�ÔRÛ Ì>Ü�Â ÒSÐ[È�È�ÝEÆ6Å�Ç(Ó0Ò$ÞdÉ�Ñ�È�ß�à�à ¼ Ú%Ê Â ÉBÆcÐ[Ë6È

á Ð�Ð�È�Ë È Â Ê$ÉBÒ Â Ô>Ò�ÅEÞYÈ Â È�Å�Ð[È ÌSâ Ê$Å�Ð[Ò�Ä�ã(È ÂQä ß�à�à ¼�åPÀ
» ß�ú ¾ ï À ï�Ê�Ñ�Å ÌGç�À Õ À�	 Ä�Ò�
�
)Ò�Ë Ò Ì-Í	 Ñ�È0ÖLï�ð�Ô Æ6Å���È�Ð[ÉBÆ Ò�Å"îSÆcÐ&î(È Â Û Ì(Ü�Â ÒSÐ[È)È�ÝEÆ Å�Ç(ÓvÒ�Þ>É�Ñ�È0ß)à�à ¼ Ú�Ê Â û
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ä ß)à�à æ�å&À
» ß ¼)¾ ï À ï�Ê�Ñ�ÅmÈ�É�Ê$Ë À6Ì9Í�	 Ñ�È"ÖLï�ð�Ô Á ÈpÊ$Î á ë�Ò Â É è ÆcÐ&î(È Â Ø5õ�Ó�É�È�Î"Û Ì\Ü�Â ÒSÐ[È)È�ÝEÆ Å�Ç(ÓCÒ�ÞLÉ�Ñ�È�ß�à�à�à

Ú�Ê Â É�ÆfÐ[Ë È á Ð�Ð[È�Ë6È Â Ê�É�Ò Â Ô>Ò�ÅSÞYÈ Â È�ÅTÐ[È Ì ×LÈ�é ý>Ò Â î Ì�ä ß)à�à�à å&À
» ß æ�¾��
À�� ÆfÓ�Ð&Ñ�È Â�Ì á À�ç Ê$Æ6ÅwÊ�Å�ÝJñ À�	\Â ë�Ò���È)ãEÆfÐ Ì�Í�	 Ñ�È á Ô��(Ä�Ê�Ý Â Ä Ü Ò�Ë6È�Æ ÅdÖLï�ð�ÔRÛ Ì Övï�ð�Ô�� á Ú��(ß ÷�ø

ä ß)à�à�à å&À
» ß�à ¾9ç�À�Á Æ Ç�Ç(Ó9Ê�Å�Ý ç�À ñvÆ6Å�î(È�Ë ÌXÍPÁ Ä�Ð&î(È Â �(Ä�Ê�Ý Ü Ò$éRÈ Â Ó'Ä Ü�Ü Ë õ�Û Ì�Ü�Â Æ ã�Ê�É�ÈQÅ�Ò�ÉBÈ Ì ß ÷ ê?Ê�õ?ß�à�àEß À
» ù ò ¾ Ú À ÔRÊ�Î7È Â Ò�ÅaÊ$Å�Ý 	�À Ø(Ñ�È�Ê Ì�Ü�Â Æ6ã�Ê$É�ÈdÐ[Ò�Î7Î0Ä�Å�Æ6Ð�Ê$ÉBÆ Ò�Å ä ß�à�à�à åPÀ
» ù ß ¾ Ú À ÔRÊ$Î7È Â Ò�Å0È�É|Ê$Ë À6Ì\Í�	 Ñ�ÈdÖLï�ð�Ô ð;Ò�Å�Æ�
�Ê$ÉBÆ Ò�Å Á È�Ê$ÎyÚ Â Ò���Ë6ÈQêzÒ�Å�Æ6É�Ò Â Û ÌSÜ�Â ÒSÐ�È�È�ÝEÆ6Å�Ç(Ó>Ò$Þ%É�Ñ�È
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