
�������������
	��� ��
� ������������ 	�
����	������ ��������������
	��
� � ��	� 
��	���� �!�
�����
�����"	����#$�
��	� � ���
����%
���
����

�&���'�����
��� �(�)���
	��(�
	����

*,+�-/.102-/3546./.87:9 ;<+�=/.�>?>$@A.B=C+�DE.8./7:9

FHGJI8KBLCMONPK
QSROTCUPV8WYX[ZOZ]\^T6XP_a`"bcTP\ed^fOZOZ]\^V/d^d^ghTiR"TPbkjP\aX[glR�R]TPgmdnV2glR$fOWho^\aXPd^TPROgm_pdngljPR�X[WmdBq�r]XPd^V8s�TPRtR]TPR]_BTP`OV8\^V8Rio
sOVuo^V/_vowTP\1dnowXCowgldno^gm_Bd(XPR]s�dngljPR]XPWxVBR6o^\wTPZzyiq{gld�Z]\^V/dnV8RiowV8s}|�~�`OV!Z�VB\^bcTP\w�(X[R]_BV"TPb,o^`]V!o^V8_a`]ROgl�6fOV!gmd
sOVB��TPR]dno^\aXCowV8s"f]d^ghROj�fOWho^\aXPd^TPR]gl_p����dw_BXPR]d�bc\^Ti��dwX[��ZOWlV8d��xgho^`t_uT6X[\adnV��(XCo^V8\^gmX[WYdno^\wf]_uo^fO\wVP|

� �[�J�i�i�k�����O�i�����
���}�(�$�����¡ �¢O��£k¢�¤¦¥Y£¨§v©B��ªu¢O�Y�c«¬ �©B���c��}¢O�cªv��ªu¥}®¯®Y©u�[ªuªu�c¢O�°�c�±�$�z§v�C©B����£J²��[³�´}�C§v�[«µ§u�c¢O�¶�cª�§v¢t�c�t®Y©u¢i·���§u�}�
®A�C©B«µ�C®Y§u¥Y��£�®A¢Oªuªu�¨¸��c£c�¨§u�¨�[ª�¢�¤¹§u�Y�"¢�®A�C©B�z§v¢�©(§v¢±¢�¸¯ªv�C©u·��t´}�C¤��[«µ§��[«B�}¢��[ªCº(���}��ªu¥}®Y®¯©u�[ªuªu�¨¢O�»�cª¼´}�µ½��}�[´»��ª
¾}¿CÀaÁ/¿^¾JÂ�ÃYÄzÅ�ÅhÆÈÇ�É�¿uÄzÅ ³Ê�}�[���)©u�[«µ�[�¨·��[´�ªu�c O�Y��£(Ë�¢�©$�c�$�z ��iÌ"³Ê�Y��«B��«µ¢O�]§u�����Yª!�[«B�}¢��[ªt¸¯¥Y©B�¨�[´����<�Y¢O�cªv��cª½�£¨§v�C©B�[´§v¢$Í��c�[£c´Î�}¢O�}ÏC�C©u¢¡·6��£c¥Y�[ªp¢O�Y£¨Í�z§�§u�}�1®A¢Oªu�¨§u�c¢O�Yª�¢�¤¦§u�Y�1´}�C¤5�[«µ§Ê�[«B�}¢��[ªCº
Ð ��ªv§u�z§u�cªv§u�c«C��£p§v�C©8�$ªCÑ,��®A�C©B«µ�C®Y§u¥Y��£p�c�$®Y©u¢P·��[�$�[�]§t�cª�§u�}�C©u�C¤�¢�©u�Î¢�¸Y§u�����}�[´��¨¤�§u�}�Î���t®¯£��¨§u¥Y´}�±´Y�cªaÒ

§v©B�¨¸�¥}§u�¨¢O�Ó���»§u�Y�"½J£¨§v�C©u�[´�ªu�¨ O�Y��£2Ë��c�$�z ��iÌ¬�cª��t¢�©B�!«µ¢O�¯«µ�[�]§v©B�z§v�[´��z©u¢O¥Y�Y´�ÏC�C©u¢§u�Y�����c�»§u�}�!©B�P³&´Y�z§u�
Ë�«µ¢O��§v©B��ªv§(�[�Y�Y���¯«µ�[�t�[�]§8Ì8º�ÔÕ�t¢�©B�!«µ¢O�¯«µ�[�]§v©B�z§v�[´����t®¯£c�¨§u¥¯´}�H´Y�cªu§v©B�¨¸¯¥}§u�c¢O�Î ��[�}�C©B��£c£cÍÓ�t�[���Yª(ªu�¡��£c£¨�C©
�[��§v©u¢�®�Í�º¹�Ê��¥Yª[ÑO¤5©B¢O�&���t¢�®A�C©B�z§v¢�©,®A�C©B«µ�C®¯§u�¨¢O�!®A¢O�c�]§x¢�¤A·:�¨�C³1Ñ]���]§v�C©u�[ªu§u�c�} �©u�[ªu¥Y£c§uª¹ªu�}¢O¥Y£�´"¸A�2¢�¸Y§u�����}�[´
�¨¤�§u�}�2©B�[³Ö´Y�z§u�(«C���t¸A��½�£¨§v�C©u�[´!§v¢(Í:�¨�[£c´t£¨¢i³��[�]§v©B¢�®�Í!���t®¯£c�c§u¥Y´}�p´Y�cªv§v©B�c¸¯¥}§u�¨¢O�Yª[º{×Ê¢i³e�C·��C©[Ñ�¢O�}��ªu�Y¢O¥Y£c´
�}¢�§v��§u�¯�z§¹§u�}���[��§v©u¢�®�Í!«C���¡¸A���$�c�Y�c�¡�¨ÏC�[´H¸�Í!�t�[���Yª¹¢�¤A�¡Ë�®¯�z§u�Y¢O£¨¢� O�c«C��£5Ì�½J£¨§v�C©¹³Ê�Y��«B�t��£¨³p�[Í:ª¹¢O¥}§v®�¥}§uª
ÏC�C©u¢)¢�©!���}¢�§u�}�C©t«µ¢O�Yªv§u����§!·6��£c¥Y��º�����¥YªCÑx�z®Y®¯©u¢�®Y©B�c�z§v�¡©u�[ªv§v©B�c«µ§u�c¢O�Yª"��¥Yªv§�¸A�°�c�$®J¢Oªu�[´Ø¢O�È§u�}�¡½J£¨§v�C©
«µ¢O�Yªv§v©8¥Y«µ§u�¨¢O�Î®Y©B¢�«µ�[ªuª[º
Ù �c£¨§v�C©8ªH§u�Y�z§!¢O¥}§v®�¥}§��Y¢O�Y«µ¢O�}�C©u�[��§t´}�C§v�[«µ§v¢�©$ªv§u�z§u�cªv§u��«Cª��¯�[·���Ñe����¢O¥}©�©u�[«µ�[��§t³e¢�©BÚÖÛmÜµÝEÑ¹ªu�}¢i³Ê�<§v¢

¸A�°·��C©BÍØ®A¢P³��C©u¤�¥¯£,¤�¢�©! �©B���c���}¢O�cªv�ªu¥}®¯®Y©u�[ªuªu�c¢O�Ø�c�<¥Y£¨§v©B��ªv¢O�¯�c«CªCº)×Ê¢i³e�C·��C©[Ñpªu¥Y«8�È½�£¨§v�C©Bª"©u�[Þ�¥Y�¨©u�°§u�}�
¢�®A�C©B�z§v¢�©2§v¢t«C�z©u�C¤�¥Y£c£¨Í$ªv®A�[«C�¨¤�Í$��§v©B���Yªu�c�[�]§p®Y©u¢�§v¢�§^Í�®A�(��ª2���t¢�´Y�[£�¢�¤�§u�}��´}�C¤5�[«µ§2�[«8�}¢��[ªp³Ê�Y�c«8�°ªu�Y¢O¥Y£c´
¸A�±´Y�C§v�[«µ§v�[´kº<×¬�C©u�¶�)�}�C³ß�z®Y®¯©u¢O��«B���cª�®Y©B�[ªv�[�]§v�[´{Ñ¹¸¯��ªv�[´�¢O��§u�}�Î�z¸A¢P·��¶��´}�[��ªt�z¸A¢O¥}§"®A�C©B«µ�C®¯§u�¨¢O�kÑ
³Ê�Y��«B��[£c�c�¡�c�Y�z§v�[ªp§u�}�1�}�C�[´Ó¤5¢�©Ê§u�}�(¢�®A�C©B�z§v¢�©Ê§v¢¡�¡����¥Y��£�£¨Í°ªv®A�[«C�¨¤�Í°�¡´}�C¤5�[«µ§Ê®Y©u¢�§v¢�§nÍ�®A��º
à¹á ®A�C©B�c�$�[�]§u��£¼©u�[ªu¥¯£¨§uª¢O� ©u�[��£(¥Y£¨§v©8��ªv¢O�Y�c«)âeÒnªu«C����´Y�z§u�:Ñ(��«CÞ�¥Y�¨©u�[´ ¤�©u¢O�ãªu���$®¯£¨�[ª³Ê�¨§u� «µ¢O�z©Bªu�

�$�z§v�C©B����£{ªv§v©B¥Y«µ§u¥Y©u��ÑY�z©u�1®Y©B�[ªv�[�]§v�[´¶§v¢¡´}�[�t¢O�Yªu§v©B�z§v�1§u�}�1®A¢i³e�C©�¢�¤�§u�}�1�Y¢P·��[£��z®¯®Y©u¢O��«B�{º

ä å»�����O��æ�ç��iç:�J�¡èÎç��Pç��O�i�����Öé¯����ê�é�ëÈ��ì5í�èÎç]�Pç����i���J�
���}�!�}¢O�Y«µ¢O�Y�C©u�[�]§�´}�C§v�[«µ§v¢�©H��ªÊ³��[£c£�Ú��}¢i³Ê��¤5©B¢O�î§v�[£c�[«µ¢O�$�$�Y�c«C�z§u�c¢O�kÑk�¨§¬�cª�´}�[ªB�¨ O�}�[´»¤5¢�©(´}�C§v�[«µ§u�¨¢O��¢�¤
�»¸¯���Y´È®¯��ªuª�ªu�¨ O�Y��£pï�Ë�ðuÌ�ñßò!Ë�ðvÌwóµô�ï�Ëöõz÷{øzùµðxúüûkÌ1³Ê�}�[�È§u�}�±®¯�Y��ªv�±���} O£¨�Îûý�cª�¥Y�}Ú:�}¢P³¬�ÖË�©B���Y´Y¢O�°Ì8º
Ù ©u¢O�?�¡þ¼ÿ���®A�C©Bªu®J�[«µ§u�c·���ÑY§u�}�"�Y¢O�Y«µ¢O�}�C©u�[��§¬´}�C§v�[«µ§v¢�©(�cª¬´}�[ªu�¨ O�Y�[´¶§v¢°´Y�C§v�[«µ§¼�¡¤����$��£¨Í°¢�¤x§v©8���Yªu�¨�[��§uª
´}�µ½��Y�[´Ó¸�Í¶§u�}�!ªv�C§�¢�¤¹§v©B���YªB�¨�[�]§uª¼¢�¸Y§u�����}�[´Ó¸�ÍÓ«µ¢O��§u�c��¥}¢O¥Yªu£¨ÍÎ·z�z©uÍ:�c�} °§u�}�����Y O£¨�!û�¢P·��C©(§u�Y���c��§v�C©u·z��£
Û ���Bõz÷�Ì8º��}�c�Y«µ�¬�c§e�cª��c�t®A¢Oªuªu�c¸¯£¨�2§v¢!� á ��«µ§u£cÍ¡ªv®A�[«C�¨¤�Ít³Ê�Y�z§�§v©B���Yªu�¨�[��§uªe§v¢�� á ®A�[«µ§2�z¤5§v�C©p®Y©u¢�®��z O�z§u�¨¢O����Y´
©u�µ²¯�[«µ§u�c¢O�¶�c�Îþ¼ÿ¼�1ÑY§u�}�H´}�[ªB�¨ O�¢�¤�� Ä��!Ç�ÅhÆÎÉ]¿CÂn¿BÁ[Â
	zÀ�� ªv�C�[�¡ªÊ�z§v§v©B��«µ§u�¨·���º
Ù ¢�© Á[ÅhÃ}ÂöÂn¿CÀ��8Ãi¾O¾�Àu¿���8Ç�	�� Ñ]§u�Y�e§v�[ªv§xªv§u�z§u��ªv§u�c«p¥Yªv�[´"¸�ÍH§u�}�2�}¢O�Y«µ¢O�}�C©u�[��§�´}�C§v�[«µ§v¢�©,�Y��ª¦¸A�C�[��®Y©u¢�®A¢Oªv�[´��ªp���°���]§v�C©u�[ªu§u�c�} H¢O¥Y§v®¯¥}§eªB�¨ O�Y��£�ÛmÜ/ÝEº¹���Y�cª,³���ªp�t¢�§u�¨·z�z§v�[´±¸�Ít§u�Y�¬¤���«µ§e§u�¯�z§CÑ�®¯©u¢P·:�c´}�[´°§u�Y�z§�§v©B���Yªu�¨�[��§

���Y´¶�Y¢O�cªv�1�t¢:´}�[£cª2�z©u�(·z��£c�c´{Ñ�§u�Y�1§v�[ªv§Êªv§u�z§u��ªv§u�c«(©u�µ²��[«µ§uª2§u�}�H£c�cÚ��[£c�c�}¢�¢�´°§u�Y�z§Ê�$§v©B���Yªu�¨�[��§��cªp®Y©B�[ªv�[�]§Cº

Ü



������������������ !�#"%$'&($)�*��+,$) -&*�/.�0)�/�!�102&3�5476'�1 8�9�
:7;=<*>@?BA�C%D�E9FHGHI�:J;�K�<MLON8> ;QPR>

SUT ���/�WVX.�0)6 K .��/�W& S 4Y�%.���.�����&*���/� SZT ��[ T 6)�H\�0'�#& T �W&*�/.�0%���!�10J&(+=.��5�9 !�Y&*45"-�W6'��&*�1[H&*�16M]
^ 0_& T � S 4���`a�)�/�1�*�102&*�16 T ������bc.d�� ���e T &� !�f6)�hg-�����102&i& S 4�j
�%.���.�����&*���k&*��.�0)���!�10J&@��476)�1 T .��i"l���10�$%�*�168]^ 0)�*&*�1.�6m4�+#�*�-�1[��!+=�7�90'en.o[H�102&*���p+=���1qJ$)�10)[H� K .�0%6O& T �r"%.�0%6 S ��6'& T �%.���.�����&*���XVs4�+#& T �t.����� ��!&�$)6'�+,$)0)[H&��!4c0vu ;=<�>(?wA C%D/E F bl.����9���% !�W"�.�0)6r�%.��/�x�/�!ec0).� S �!& T  �4 S ���#.�0%6y$'�%�l���x[�$'&x4�gz+=���1qJ$)�10)[��!�1�Z{�|~}��.�0)6�{��/� S .����1���% !4����168]y� T ���a���5�% ���[��!&� ��t6'�H\�0'�16z.y[H�10J&*����+=���1qJ$)�10)[H��{ } .�0)6�.��5�% ��!&�$)6)�5+=$%0)[H&��!4c0u ;=<*> ]#�Z0y�H�'.����% !��4�+�.Y&*��.�0)���!�10J&Z�%��4�&*4�&��7�-�f"-4�& T ��0r& T ��&�������.�0)6y+����1q7$'�10)[H�r6)4c�5.���0v���3+=4c$)0)6v��0� �!ec$'��� P ]
^ 0��%�/.�[H&���[H��bZ��&p���p0'4c0J&*�/�!����.� 3&*4��5.�07$).� � !�m���1 !�1[H&�& T �y��.��/.�����&*������.� 9$'�1�p&*4z4�")&�.��90��/$)[�[H�1���*+,$) 

���1��$% !&���]@�t4��/��4R�����1bl�!&(���(0'4�&(4�"7�7�!4c$%� T 4 S &*45�5�1.���$'���#& T �Wq7$).� ��!&��Y4�+�& T �d���1��$% !&���]@� T ������+=4�����b). S �1 � 6'�H\�0)�16��l���/+�4��/�Y.�0)[H�W���1.���$'�/�W.�0)6r.�0��H�X[����102&3��.��/.�����&*���U4��%&����5�!�1.�&��!4c0��5��& T 476t.����a6'�1�������168]

−1.5 −1 −0.5 0 0.5 1 1.5

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time [us]
0 0.5 1 1.5 2 2.5 3 3.5 4

0

2

4

6

8

10

12

14

16

Frequency [MHz]

� �!ec$'��� P������2���Z�����_�Q d¡¢h£c¤������l¥Q��¦
�c¦,§/�)��¢=¤n¦=¨���¦,¢��Y����¤�©x ¥���ª�«%��¤�¬�§�©c���5��¢=¤'¡H

® ¯�°z±�²,³�´�µ·¶·¸y¹dºl´R»�¼�±-½�¾a¯À¿x¸7»�Á�¼%»�°�Â%º·Ãc¸ÅÄ�¸JÂ)Æ�µÇ»�¸
È 0'��.��)�)�/4c.�[ T &*4n.Å�5.�& T �1�5.�&���[�.� 9 !� S �1 � k6)�H\�0'�16s�-����+�4����5.�0)[H�X�5�1.���$'�������f&*4n��02&*���/�)����&�& T ��.��_j�% ���&�$)6'����.� �$)�1�#4�+É.��)�/47[H�1�����16n���!ec0).� @.��d�/�1.� ��!�1.�&��!4c0)�#4�+�.��*&*4�[ T .���&���[���.��/��.�"% !��Ê SZT ��[ T [�.�0o&�.�`��Y.6)���/[H����&*�x07$)�f"-���k4�+M��.� �$'�1�kÊ%Ë S �!& T �%��4�"%.�"%�� 9�!&��!�1��Ì·Ë%Í*Î ?wP Í/Ï7Í�Ð�Ð�Ð�Í�Ñz]�ÒÉ�/�!�HÓ%�5��4�&�����.�&*�16���0X& T �#��0�j&*��4�6)$)[H&��!4c0Mb�& T �10�.�0���02&*���/�1�*&���0'exqJ$).� 9�!&��d���1.���$)���k���·& T �k�102&*��4��7�aÔ ; Ê > 4�+'& T ��.����% ��!&�$%6'��6)���*&*���!"%$'&��!4c06'�H\�0)�16�.��

Ô ; Ê >�?�Õ
Ö×
Ë�Ø·Ù

Ì Ë7Ú Î ; Ì Ë > ; Ï >

^ 0�& T �#�H�7�-���/�9���102&��1b7& T �x�%��4�"%.�"%�� 9�!&��!�1��Ì·Ë S �����d�1�*&����Y.�&*�16�+��/4c�Û& T �d�)��4�[H�1���*�16����!ec0).� l"7�p�5�1.�0)�4�+�. T ���*&*4�e���.���] ^ &#��� S �1 � ·`70)4 S 0y& T .�&#& T ���102&*��4��7�y�9�Z �.��/e��f+=4��x0)�1.��/ !�r$)0)��+�4��/�Ü6)���*&*���!"%$'&��!4c0%�(.�0)6
���5.� 9 �+=4��56)���*&*���!"%$'&��!4c0%� S �!& T +�� S �-�1.�`���]�� T $)���!&��9��.�0O�902&*�����1��&���0'eÅ[�.�0)6)��6).�&*��.���.v�-����+�4����5.�0)[H����1.���$)��� SUT �10�& T �de�4c.� Ç���(&*4Y�)��4�[H�1���3.����!ec0%.� -&*4Y"-�1[H4c���W��4����a�1.����� !�p��02&*���/�)����&*�168]

Ï



Ý Þxß)à�ß%ázâ2ãRâ7à�ä5å·ã�æ,ázæ=çcß)ã�æ=è�é
êÉë�ì�í1î�ï)ð@ñ�òló�ô'í(õ-í�ö�ò=ñ�ö/ì5î�ï)÷Hí3ì�í1î�ð/ø'ö�í3ù�ú=û-üiý'í1ð/÷Hö/þ!ÿ-í1ý_î�ÿlñ���í � ð�ë7ð*ó*í1ìYî�ó�þ�÷3î�ï)ý�þ!ó*í�ö�î�ó�þ���íUð*í1î�ö/÷�ô5ò=ñ�ö
� ñ7ñ7ý�õ%î�ö�î�ì�í�ó*í�ö���î���ø'í1ð�÷�î�ï�ÿ-íZõ-í�ö�ò=ñ�ö/ì�í1ý	��
Qï�ó�ô)þ�ð�Éñ�ö�� � ñcï'ídð*ë7ð�ó*í1ì5î�ó�þ�÷dî�ï)ý�ó��kñ5þ!ó*í�ö�î�ó�þ���íWð*í1î�ö/÷�ôì�í�ó�ô'ñ�ý)ð��Éí�ö�íWí���õ��!ñ�ö/í1ý��


Qï�ó�ô'írð*ë�ð*ó*í1ì5î�ó�þ�÷�î�õ%õ)ö�ñcî�÷/ô � ó�ô'ír÷HñcïJó�î�ì5þ�ï%î�ó*í1ýmð�þ � ï)î�����î�ð�õ)ö/ñ7÷Hí1ð�ð�í1ýOø)ð�þ�ï � ó*ö/î�ï)ð/þ!í1ï2ó�ð��Uþ!ó�ôõ%î�ö/î�ì5í�ó*í�ö/ð(ð*í��!í1÷Hó*í1ý�ò=ö�ñcì îfø%ï)þ!ò=ñ�ö/ì��!ë�ð�î�ì�õ��!í1ý � ö�þ�ýXþ9ïYó�ô'í#õ%î�ö�î�ì�í�ó*í�ö3ð*õ%î�÷Hí����'ñ�ö(í1î�÷�ô�õ%î�ö/î�ì5í�ó*í�ö
��î���ø'í � ó�ô'í��7ø)î���þ!ó�ëzñ�ò#ó�ô'írõ%ö�ñ7÷Hí1ð/ð*í1ýmð�þ � ï%î����Éî�ðX÷Hñcì�õ%ø'ó*í1ý	���xïOí���î�ì5õ��!írö�í1ð/ø �!ó�þ�ð�õ)ö/í1ð*í1ï2ó*í1ý þ�ï
�iþ � ø'ö�í"!#�Uô)þ�÷�ôÅð�ô'ñ$�ZðZó�ô)í�õ-í�ö�ò=ñ�ö/ì5î�ï%÷Hí�î�ðdî�ò,ø)ï)÷Hó�þ!ñcïyñ�ò�ó�ô)í�ó��kñ�õ�î�ö/î�ì�í�ó*í�ö/ð&%('*)�+mî�ï%ý,%.-0/1�323ô'í
õ%î�ö/î�ì5í�ó*í�ö4��î���ø'í1ð4%�5'*)�+ î�ï)ý�%�5-6/ �Uô)þ9÷/ô�ë�þ!í���ý'í1ý�ó�ô'í&��ñ$�Éí1ð*óUí1ïJó*ö�ñ�õ7ë7�Éí�ö�íWð*í���í1÷Hó*í1ýrò=ñ�ö3õ)ö�ñ�÷Hí1ð�ð�þ�ï � �

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5
3.4

3.5

3.6

3.7

3.8

3.9

f
low

f
up

8:9�;=<?>�@&ACB�DFEHG(I�J�KMLNJPO?Q"QSR�JTIUK0EWVYXSZCIPL[G=\SQ"]^G_LSZHR�\�JT`aK(RbKUL_c(d*e�fFG(R�g"c.h0iHj

k�l @nm�o?p(m�qsr�m(;�@�t�u v�< w l m�qN@�x l m�< vMr�9�p�@vM@�m(>6w l 9yvzr l m(rzr l @n;={�t�|�m�{1}�9yq 9~}3< }��P�_9�r l 9yq�r l @n>�@�vMt={~<?r�9�t=q
w l t=vM@�qW��m�{���m��Hv&w[m�q�|W@�uPt=< q o��"�_t$�@[p�@[>���@�x l m�<�vMr�9�p�@�vM@�m(>6w l 9yv�p�@[>6��r�9y}�@�w�t=q v�< }�9~q?;?� k4l @[>�@[uPt�>�@��
vMrM@[@[��@�vMr�o?@�v�w�@�q1r��P;�>6m�o 9�@�q1rS��t�� r�9y}�9���m(r�9yt=q�m�q o�;�@�q?@[r�9yw�m�{�;�t�>69yr l }�v_��@[>�@�m�{yvMt7rM@�vMrM@�o,t=q�r l @�vM@�m(>6w l
� >�t�|�{�@�}��z�Uq"v�< }Y}�m(>�����r l @�;�>6m�o 9y@�qsr�m(� � >6t=m�w l o 9~o3q?t�r:�t�>�����@�{y{��(9yr:<�v�< m�{y{���;�t�r�vMr�< w���9yq�{�tHw[m�{?}�9yqH�
9y}�mH���_t$�@[p�@[>���;�@�q?@[r�9yw�m�{�;�t�>69�r l }�v�r�<?>6q @�o�t=<?r_rMtY�H9�@�{yo�q?@�m(>�t�� r�9y}Ym�{	vMt={y<?r�9yt=q v��49�r l 9yq�>�@�m�vMt=q�m(|�{�@
� >�tHw�@�v�v�9~q?;�r�9y}"@��

� ���	���C�( P¡¢�H£W¤$¥�¦�§��1¤�¨z�
k�l @3rM@�w l q�9y©1< @3� >6@�vM@�qsrM@�o,m(|�t$p�@ l m�v�|�@[@�q�@�xCrM@�q v69�p�@�{���@[p(m�{y< m(rM@�o�@�xH�W@[>09y}"@�q1r�m�{y{���< v�9yq ;#< {�rM>0m�vMt=q 9yw
o m(r�m3m�w[©1< 9y>�@�o�uP>�t=}ªm3rM@�vMr�|�{�tHw���}�m�o?@4t�u	w[m�vMrv�r�m�9yq {�@�v�vnvMrM@[@�{��_9�r l w�t=m(>6v�@�}�m(rM@[>09ym�{�vMrM>0< w�r�<?>�@����_@[>�@
�@4| >69y@�«���� >�@�vM@�q1r�vM@�{y@�w�rM@�oY>�@�v6< {�r�v�t�|�r�m�9yq?@�oY<�v�9yq?;�r���t�� >�@�v6v�<?>�@���m�p�@�rM>6m�q v6o < w�@[>6v[�1�49�r l >�@[u¬>0m�w�r�9�t=q
m�q?;={�@�v�t�u_s®�¯°m�q o²±=¯.� k�l @Y�6³[±�o ´µuP>�@�©C<?@�q w���>0m�q?;�@�v�t�u_r l @7rM>0m�q v�o < w�@[>0v3�@[>�@¶³(�·(��AC�¹¸bº��_��m�q o
±H�¼»��6³(�·�º��_���z>�@�vM��@�w�r�9�p�@�{y��� k�l @�<�{�rM>6m�vMt=q 9~wN>�@�v��Wt=q�vM@�v69�;=q m�{yv��@[>�@�v�m�}"��{�@�o,m(r&m°>6m(rM@"t�u�=±�º��_���
�49�r l m�>�@�vMt={y<?r�9yt=q°t�u:¸�|�9�r�v[�?� >69yt�>rMt#w�t=}"��<?rM@[>_� >�tHw�@�v�v�9yq?;?�

½



¾ ¿7ÀCÁ$ÂÄÃ¬Å$Á
Æ�Ç?È°ÉsÊ�Ë7ÌMÍ6Î�Ï�Ð�Ñ Ò Ó�È[Í�Ô�Î�Ð�Ò ÐMÈ�Ñ²ÌMÕbÖyÏ�ÐM×�È�Ó�Ì�Ð6ÖyÑ?È°Ñ?Í6ÖyØyØyÈ�Ñ�Ç?Õ=Ø�È�Ð�ÙnÔ4Ö�Ì�ÇÚÌ�Ç?È�ÖyÍ�Ó�È�Ï1ÌMÍ�È�Ð#Ø�ÕCÓ[Î(ÌMÈ�ÑÛÉ=Ü¶Ý�Ý
Þ È�Ø�Õ$ÔßÌ�Ç?È�Ð�Ò?Í�àTÎ�Ó�È�á_â�Ò?È3ÌMÕ7Ì�Ç È3Ó�Õ=Î(Í6ÐMÈ"Ý�Î(ÌMÈ[Í0ÖyÎ�ØÄÐ�ÌMÍ6Ò Ó�Ì�Ò?Í�ÈNÌ�Ç?È3È�Ó0Ç?ÕCÈ�Ð_àPÍ�Õ=ÝãÌ�Ç?È�Ç?Õ=Ø�È�Ð_Ô�È[Í�È3ÌMÕ�Ì�Î�ØyØ�ä
Ý�Î�ÐMå�È�Ñ Þ ä°Ó[Ø~Ò?ÌMÌMÈ[Í�á�æ_Ï�È�çHÎ�Ý"×�Ø�È&Õ�à�Î�Ï�Ò�Ø�ÌMÍ6Î�ÐMÕ=Ï Ö~Ó�Í�È�ÐM×�Õ=Ï ÐMÈ&Ð�Öyè=Ï Î�ØaÙ?È�Ý�Î�Ï Î(Ì�Ö~Ï?èYàPÍ�Õ=ÝéÎYÇ?Õ=Ø�È&Ô4ÖyÌ�Ç�Î
Ñ ÖyÎ�Ý�È[ÌMÈ[Í_Õ�ànêYÝ�Ý�Ù�Ö~Ð4Ð�Ç?Õ�Ô4Ï�Ö~Ï�Ì�Ç?È�Ø�È[à¬Ì_×�Î(Í�Ì_Õ�à�ë�Öyè=Ò?Í�È3ìCá�í?Ó[Î�Ï Ï ÖyÏ?è"Ì�Ç È�Ð�Ò Í�àPÎ�Ó�È3Î Þ Õ�î�È�Ì�Ç?È�êYÝ�Ý
Î�Ï Ñbï[ÜYÝ�ÝðÇ?Õ=Ø�È�Ð�Í�È�Ð�Ò Ø�ÌMÈ�Ñ�Ö~Ï°Ì�Ç?È&ñ�òóÐ�Ó[Î�Ï�Ö~Ý�Î(è�È&Ð�Ç?Õ�Ô4Ï�ÖyÏ°Ì�Ç?È3Ò?× ×�È[Í�×�Î(Í�Ì�Õ�à�ë:Ö�è=Ò?Í�È�É?á

0 10 20 30 40 50 60 70 80 90 100
−100

−80

−60

−40

−20

0

20

40

60

80

100

Sound path [mm]
0 10 20 30 40 50 60 70 80 90 100

−100

−80

−60

−40

−20

0

20

40

60

80

100

Sound path [mm]

ë:Ö�è=Ò?Í�ÈbìCôöõ4÷�øCù�ú0ûMù(üþý�ü�ü ÿ��������	�(û
�������� øCù��������"ÿ�ù������������Pø�� � ü�ü"!$#��Tú[ù(û��������%�Uú��&��û,ÿ
�('��)���
��ûMù�÷���ÿ6ÿ
��� ' *

Æ�Ç?È�ñ�òóÐ�Ó[Î�Ï�ÖyÝ�Î(è�È�Ô�Î�ÐÌ�Ç?È�Ï7× Í�ÕHÓ�È�Ð�ÐMÈ�Ñ°Î�Ó[Ó�Õ�Í6Ñ ÖyÏ è�ÌMÕ�Ì�Ç?È�ÌMÈ�Ó6Ç�Ï Ö�+CÒ?È�Ö~ÏsÌMÍ�ÕHÑ Ò Ó�È�Ñ7Î Þ Õ$î�È�áíHäCÐMÌMÈ�ÝYÎ(Ì�ÖyÓ
Ð�Î�Ý"×�ØyÖyÏ?è�Õ�à4Ì�Ç?È°Í�È�Ø�È[î(Î�ÏsÌ�× Í�Õ�ÌMÕ�Ì�ä1×�È°×�Î(Í6Î�Ý"È[ÌMÈ[Í�Ð�×�Î�Ó�È#Í6È�Ð�Ò Ø�ÌMÈ�ÑÚÖyÏ¢Ì�Ç?È#È�Ï1ÌMÍ�Õ�×Cä¢Ð�Ò Í�àPÎ�Ó�È°Ð�Ç?Õ�Ô4Ï²ÖyÏ
ë:Ö�è=Ò?Í�È-,Cá7Æ�Ç È�Ø�Õ$ÔÈ�ÐMÌNÈ�Ï1ÌMÍ�Õ�×Cä¶ÔÎ�Ð3Õ Þ Ì�Î�ÖyÏ È�Ñ¶à¬Õ�Í�Î�ÌMÍ6Î�Ï Ð6Ö�È�ÏsÌN× Í�Õ�ÌMÕ�ÌóäC×�È#Ó0Ç Î(Í6Î�Ó�ÌMÈ[Í6Ö/.[È�Ñ Þ ä103246587:9Ü�;¹Ê�<>=?.�Î�Ï Ñ@0 2A�B 9 ï�;¹ê�<>=C.�áÚÆ�Ç�ÖyÐ�Õ�× Ì�ÖyÝ�Î�Ø× Í�Õ�ÌMÕ�Ì�ä1×�È�ÙÐMÈ[È�ë:Ö�è=Ò?Í�È,ï(ÙnÔ�Î�Ð"Ì�Ç?È�ÏÚÈ�Ý"×�ØyÕ$ä�È�Ñ àPÕ�Í
Ï?Õ=Ï Ó�Õ=Ç È[Í�È�ÏsÌ�Ñ?È[ÌMÈ�Ó�Ì�ÖyÕ=Ï�á�Æ�Ç?È�Í�È�Ð�Ò Ø�Ì�Ð�Î(Í�È�Ð�Ç?Õ�Ô4Ï,ÖyÏ�Ì�Ç È3Í6Öyè=ÇsÌ�×�Î(Í�Ì�Õ�ànë:Ö�è=Ò?Í�È"ì#Î�Ï Ñ�Ì�Ç?È�ØyÕ$ÔÈ[Í�×�Î(Í�Ì
Õ�à�ë:Ö�è=Ò Í�È3É?áEDnîCÖ~Ñ?È�ÏsÌ�Øyä�Ù�Ì�Ç?È"Ó[ØyÒ ÌMÌMÈ[Í�Ç�Î�Ð Þ È[È�Ï,ÐMÌMÍ�Õ=Ï è=Ø�ä�Ð�Ò?×�× Í�È�Ð�ÐMÈ�Ñ�Î�Ï Ñ�Ì�Ç?È"Ð�ÖyÑ?È�òóÑ Í6ÖyØyØ�È�Ñ�Ç Õ=Ø�È�Ð�Ó[Î�Ï
Þ È�È�Î�Ð�ÖyØ�ä7Ñ?È[ÌMÈ�Ó�ÌMÈ�Ñ�á

Æ�Ç È4Ð�Î�Ý"È_× Í�ÕHÓ�È�Ñ Ò?Í�È�Ô�Î�Ð�Ò Ì�ÖyØyÖ/.[È�Ñ�àPÕ�Ín× Í6ÕCÓ�È�Ð�Ð6ÖyÏ?è&Ì�Ç?È_ñnòóÐ6Ó[Î�Ï#ÖyÝYÎ(è�È_Ð�Ç?Õ�Ô4ÏYÖ~Ï"Ì�Ç?È_Ò × ×�È[Í�×�Î(Í�Ì�Õ�à
ë:Ö�è=Ò?Í�ÈNÊCáGF�Ì4ÔÎ�Ð_Î�ÓH+1Ò ÖyÍ�È�Ñ Þ ä°Ì�Ç?È3Ü Ë ÌMÍ6Î�Ï Ð�Ñ Ò�Ó�È[Í�Ù?Ô4Ö�Ì�Ç°Ì�Ç?È3ÖyÏsÌMÈ�Ï1Ì�Ö�Õ=Ï�ÌMÕ7Ñ?È[ÌMÈ�Ó�Ì4Ì�Ç È Þ Î�Ó�å�Ô�Î�ØyØ�È�Ó6Ç Õ
Ì�Ç?Í�Õ=Ò è=Ç#ì(Ü�ÜNÝYÝ�Õ�à	ÐMÌMÈ[È�ØaáIFUÏ�Ì�Ç Ö~Ð�Ó[Î�ÐMÈ�ÙHÌ�Ç?È4Ø�Õ�Ô�È�Ð�ÌnÈ�Ï1ÌMÍ�Õ�×1ä"Ô�Î�Ð�Õ Þ Ì�Î�ÖyÏ?È�ÑYà¬Õ�ÍÎ&ÌMÍ6Î�Ï Ð6Ö�È�ÏsÌn× Í�Õ�ÌMÕ�ÌóäC×�È
Ó6Ç�Î(Í6Î�Ó�ÌMÈ[Í6Ö/.[È�Ñ Þ äJ0 24K587 9 Ü�;K,-<>=?."Î�Ï Ñ�0 2ALB 9 Ü�;¹ì-<J=C.�á�Æ�Ç?È�Í�È�Ð�Ò Ø�Ì4Õ�à�Ì�Ç?È"Ð�Ò Þ Ð�ÈM+1Ò?È�Ï1Ì4×�Í�ÕCÓ�È�Ð6Ð�ÖyÏ?è
Õ�ànÌ�Ç È�Ö~Ý�Î(è�È"ÖyÐ_Ð6Ç?Õ$Ô4Ï,ÖyÏ�Ì�Ç?È�Ø�Õ�Ô�È[Í�×�Î(Í6Ì�Õ�àë:Ö�è=Ò?Í�È"ÊCáNÆ�Ç?È Þ Î�Ó6å�Ô�Î�ØyØ�È�Ó6Ç?Õ?Ù	Ô_Ç ÖyÓ6Ç�Õ�Í6Ö�è=Ö~Ï Î�ØyØ�ä°Ô�Î�Ð
ÌMÕ�Ì�Î�ØyØ�ä°Ý�Î�ÐMå�È�Ñ Þ ä°Ó[ØyÒ?ÌMÌMÈ[Í$Ù�ÖyÐ�Ï?Õ�Ô Ó[Ø�È�Î(Í6ØyäYîHÖyÐ�Ö Þ ØyÈ�á

É



T
ra

ns
du

ce
r 

po
si

tio
n 

[m
m

]

Sound path [mm]
0 10 20 30 40 50 60 70 80 90 100

0

10

20

30

40

50

60

70

80

90

100

Sound path [mm]

T
ra

ns
du

ce
r 

po
si

tio
n 

[m
m

]

0 10 20 30 40 50 60 70 80 90 100

0

10

20

30

40

50

60

70

80

90

100

NIO/P�QSR�TVUSWYX[Z]\_^�`�a�bHcda�e
`f�f�b�a-g�\�f/b�^"h�iG^�\�j�k�aVl�h�ignm�o-pYp"qsrLb�t�\�e	buh�k)a$hdt�i&b�eV^�`/v�k)h�fSl)ed\xw�b
^�^�`k v�yzX{g�b
| o}pYp~g�\�f/b�`�^Ef/\MwLh�i&bLa$h�i�i�edh�kS^�a�j�w
b�e?l�\�^�`�i�`�\�k1� m-pYp�h�k�a_igSb"�_pYp�g�\�f�bYh�i��xm-pYpuy

�



Sound path [mm]

T
ra

ns
du

ce
r 

po
si

tio
n 

[m
m

]

220 240 260 280 300 320 340

0

10

20

30

40

50

60

70

80

90

100

Sound path [mm]

T
ra

ns
du

ce
r 

po
si

tio
n 

[m
m

]

220 240 260 280 300 320 340

0

10

20

30

40

50

60

70

80

90

100

�I�/�������V�������������]�������L��������  d��¡�¢��¤£ ¥�¥_¦Y¦��d§V¦u���&�� 
¨����6©«ª���§H�� ��u��¬)��d§��&�� V®�¨/¢�¬)���S¯) d�x���
®�®�¨¬ ¢�°

±



² ³µ´�¶·¶·¸�¹»º¼¸¾½[¿:À[´{Á»´{¹�Â>ÃzÂ�Ä�Â�ÅÆ¾ÇI¶·Â�½�ÁxÈ
ÉËÊSÌ»Í�ÎMÏIÐ�Ñ�Ñ�Ò�Ì�Ð�Ó�ÔJÕÌ�Ò×Ö�ØSÑ�Ñ¾Ò�ÎMÖ�Ö�Ù/Ì�Ê$Ì�Õ]Ú�Ð�Û	ÎHÒLÙ�Ð�Ï�ÊSÌ�Ù�Ö�Î�Ù�ÊJØ�Ï/Û	ÒLÐ�Ö	Ì�Ê¾Ù�ÓVÖ�Ù�Ü�Ê�Ð�Ï�ÖHÝ)Þ¾Ð�Ö	ÎMßJÌ�Ê>Ê�Ì�Ê�Ó�Ì�ÔSÎHÒ�ÎMÊ Û
ßSÎHÛ	ÎMÓ�Û	Ì�Ò�Ö	Û�Ð�Û�Ù�Ö	Û�Ù�ÓHÖ«Ð�Ê¾ß-ÖLÙ/Ü�Ê�Ð�Ï�ÎMÊ�Û	ÒLÌ�Ñ à�Ý¾Ô¾Ð�ÖsÞ�ÎHÎMÊ-Ñ�ÒLÎMÖ	ÎMÊ�Û	ÎMßµáãâåä�Ñ�ÎHÒ�Ù�ÚuÎMÊ Û�Ð�Ï)ÎHÍ�Ð�Ï�Ø�Ð�Û�Ù�Ì�Ê_Ì�Õ�Û�ÔSÎæÛ	ÎMÓLÔSç
Ê�Ù�è�ØSÎ�Ý�Ø�Ö�Ù�Ê�Ü"Ø�Ï�Û	ÒLÐ�Ö	Ì�Ê�Ù�Ó�Ù�Ú�Ð�Ü�ÎMÖéÕ�Ò�Ì�ÚêÖLÐ�ÚuÑ¾Ï/ÎMÖ�ë?Ù/Û�Ô�Ó�Ì�Ð�ÒLÖ�ÎVÚ�Ð�Û	ÎHÒLÙ�Ð�Ï3Ö�Û	ÒLØ�Ó�Û�ØSÒ�Î�ÝSÔ�Ð�ÖsÑ¾Ò�ÌxÍ�ÎMÊ$Ù�Û�Ö«Ô�Ù/Ü�Ô
ÑìÎHÒ�ÕÌ�ÒLÚ�Ð�Ê�Ó�Î�á

í à¤ÎMÚ�Ñ¾Ï/Ìxà�Ù�ÊSÜ_Û�Ô�Ù�Ö�Û	ÎMÓLÔ¾Ê�Ù�è�ØSÎ�ÝìÛ�ÔSÎ�ÕÒ�ÎMè�ØSÎMÊ�Ó�à$Ò�Ð�ÊSÜ�ÎYÞ�ÎMÖ�Û�Ö�Ø¾Ù/Û	ÎMß¤ÕÌ�ÒEÐ_Ñ¾Ð�Ò�Û�Ù�ÓHØ�ÏîÐ�Ò�Ú�Ð�Û	ÎHÒ�Ù�Ð�ÏIÓHÐ�Ê
ÞìÎzÐ�ØSÛ	Ì�Ú�Ð�Û�Ù�ÓHÐ�Ï�Ï�à�ÎMÖ	Û�Ù�Ú}Ð�Û	ÎMß@Ð�Ê�ßïØSÛ�Ù�ÏîÙ/ðHÎMß�ÕÌ�Ò}Ù�Ê¾Ö	ÑìÎMÓ�Û�Ù/Ì�Ê3Ýåë?Ù/Û�Ô�Ì�ØSÛ�Û�Ô�Î$ÊSÎHÎMßñÛ	ÌòÎMÚuÑ¾Ï�Ìxà·Ð�Û�Ð�ÙîÏ/Ì�Ò	ç
Ú�Ð�ßSÎæÛ	ÒLÐ�Ê¾Ö�ß�Ø�Ó�ÎHÒMáGósÌ�Ê�Ö	ÎMè�ØSÎMÊ�Û�Ï�à�Ý�ÐYÖ�ÙîÊSÜ�Ï/Î�ë?Ù�ßSÎ�çôÞ¾Ð�Ê¾ß}Û	ÒLÐ�Ê¾Ö�ß�Ø�Ó�ÎHÒ«ÓHÐ�ÊzÞìÎæØ�Ö	ÎMß-Û	ÌuÜ�ÎHÛéÊSÎMÐ�Ò	çôÌ�Ñ�Û�ÙîÚ�Ð�Ï
Ù�Ê�Ö�Ñ�ÎMÓ�Û�Ù�Ì�Ê_ÒLÎMÖ�Ø�Ï/Û�ÖsÕÌ�ÒCÐYë?ÙîßSÎæÒLÐ�ÊSÜ�ÎEÌ�ÕåÚ�Ð�Û	ÎHÒLÙîÐ�Ï�ÖHá

õ ÊöÛ�ÔSÎòÊSÎMÐ�ÒzÕ�ØSÛ�ØSÒ�Î�Û�ÔSÎ1Û	ÎMÓ�Ô�Ê�Ù�è�ØSÎ�ë?Ù�ÏîÏ?ÞìÎ�ÕØ�Ò�Û�ÔSÎHÒzÎHÍ�Ð�Ï�Ø�Ð�Û	ÎMß÷Ø�Ö�ÙîÊSÜïØ�Ï/Û	ÒLÐ�Ö	Ì�Ê¾Ù�ÓJÖLÙ/Ü�Ê�Ð�Ï�Ö-ÕÒ�Ì�Ú
Ê�Ð�Û�ØSÒ�Ð�ÏµßSÎHÕÎMÓ�Û�ÖHÝ�Î�áøÜSá/Ý�ÕÐ�Û�Ù/Ü�Ø�ÎEÓ�ÒLÐ�Ó�ù�ÖHásúéÔSÎ×ÑìÎHÒ�ÕÌ�ÒLÚ�Ð�Ê�Ó�ÎEÚuÎMÐ�ÖLØSÒ�ÎVÐ�Ê�ß$Û�ÔSÎ×Ñ¾Ð�ÒLÐ�ÚuÎHÛ	ÎHÒ�Ì�Ñ�Û�Ù�Ú}Ù/ðMÐ�Û�Ù/Ì�Ê
Ñ�Ò�Ì�Ó�ÎMß�ØSÒLÎ-ëCÙ�Ï�Ï�Ð�Ï�Ö	Ì1ÞìÎ�Ò�Î�û)ÊSÎMßïÙ�Ê¼Ì�ÒLß�ÎHÒuÛ	ÌòÌ�Þ�Û�Ð�Ù�ÊïÐòÓ�Ì�Ú�Ñ¾ØSÛ�Ð�Û�Ù/Ì�Ê�Ð�ÏîÏ/àòÎ�ü_ÓHÙ/ÎMÊ Û}Ù�Ú�Ñ¾Ï/ÎMÚuÎMÊ Û�Ð�Û�Ù/Ì�Ê3Ý
ÎMÐ�Ö	à�Û	Ì}Ø�Ö�Î×Õ�Ì�Ò?Ð�Û	ÒLÐ�Ù�ÊSÎMß�Ì�ÑìÎHÒLÐ�Û	Ì�ÒMá

ý-þ»ÿ ½[Æ��_ÅÂ ¿��¾Â�¶·Â�½�ÁxÈ
úéÔ�ÙîÖ{ë�Ì�Ò�ù�Ô¾Ð�Ö[ÞìÎHÎMÊYÖ�ØSÑ¾Ñ�Ì�ÒLÛ	ÎMßVÞ�àVÛ�ÔSÎ���ë�ÎMß�Ù�ÖLÔ���Ø�ÓHÏ/ÎMÐ�Ò	��Ìxë�ÎHÒ õ Ê�Ö	ÑìÎMÓ�Û	Ì�ÒLÐ�Û	Î�
��� õ�� Ð�Ê�ßYÉ ísí ú��éó�á

�-Â�� Â ¹�Â�½ þ Â�È
������� á��"á��æØ�Ö	Û�Ð�Õ�Ö�Ö	Ì�Ê3á¤ósÏîØSÛ	Û	ÎHÒ�Ö�Ø�Ñ�Ñ�Ò�ÎMÖ�ÖLÙ/Ì�Ê1Ø�Ö�Ù�Ê�Ü$ÊSÌ�Ê�Ó�Ì�ÔSÎHÒ�ÎMÊ Û�ß�ÎHÛ	ÎMÓ�Û	Ì�ÒYÖ�Û�Ð�Û�Ù�Ö	Û�Ù�ÓHÖHá �"!$#&%('*)+)-,/. )�0
132425276983:<;9=&:?> )@'+0 ;9= 0 ;BADCEC�F Ý �HGIG?J á

J


