
Defence R&D Canada – Atlantic

DEFENCE DÉFENSE
&

Broadband pulse synthesis with the high

frequency Multi-Mode Pipe Projector

J. Fawcett

J. Sildam

T. Miller

R. Fleming

M. Trevorrow

Technical Memorandum

DRDC Atlantic TM 2005-022

April 2005

Copy No.________

Defence Research and
Development Canada

Recherche et développement
pour la défense Canada



This page intentionally left blank.



���������
	����� ��������� �����������������! "�#��� ����� ����$
�
% ���'&
����()� * ���+�,�+-�* �
��� ./�0��� .1���324�'(5�6���

798;:=<?>A@CBEDFD
798HGJILK M9<ON
P�8�QRILK K BTS
UV8;:HK BTN�ILWYX
QZ8[PVS\BE]Y^OS_S\^`>

acb6deb�f�ghbji�b�klb�m,nOg�o�p acb�q6b�r_s)tvuwb�f,xzy�m{f�m�|{m~}�xVr_m{f,x��Fg
�������l���L�[�l�������'�����l���A�l�
���,�R����� �L�l� � �L����� ��¡�¡�¢H£¤¡����
�)¥ ���\����¡�¡�¢





���������
	���

����������������� �!�"��#$��%�����&�����' ���)(*� ������+,���-���.&0/1��������%��!2*�3/4��������57685:9<;=��>?/1�-����&
�@/1��ACBD/1&���>��E��F.#��E�������������G!��BH����IJ2�����&KF�'����-/1%�'L/1��%NM.2�>E���PO"M.�Q%��SRT��� �,RT���VU���&K���!�
W MCM3RXRZY)[
�����L/1�"����&�2�>?/1��\]#$�S�)(�/1+,�����������_^L%���>��E��F.#��E���3#�����&@���!���`&0/1�a�����Q%�2�&��
��� ��&��E^L��%�'����-/1%�'L/1��%���2�>������
#��E����/1��%:#��E�����!2*�b&��!+,� ������/4�����!�7BH�!�c�����T����/1����%�2�&�����d �
��� ��&K����/1>X&@�L/1��/1&K���������"����&���[,�e�����7�����f#������L/4���)(Q������%���%g��2�>��������!�:��2�>��������IJ2�����&����
&0/1�h' �i/1&�&�2���/4����>EF������Q%�2�&���%N/1��%����L/4�_+i/4��&@����%�^L>E����������Gkj!���"Fh�Klc��&K���Ej!��>EF�&��!+SO
�������������=�����8����+,�������������=���,�����m&0/1���n�1Bb�)(Q������%���%���2�>�������[T���k/1%�%��E�����!�
\-�����8j!���"����&0/1>
' �0/1+,�L/4���������g�1Bo�����,����/1����%�2�&������S���_%�����&�2�������%p/1��%h�����q������2�>E���`�1Bo���!+,�i�)(*� �����PO
+,���-���o#��E���3r`����/1����%�2�&������m/1���:/1>���������������-����%
[

sutv �_wpx tv

yb�k���Qz�������-�,��/1��� �!�"�S&��!+,��������%{>?/C%�����&������*�����!�N%
d �)(*�$z����������&����,�Klc��&K��2$z�����,%L/1���>��
�Qz�������"j!�!���k/1&��!2��"����IJ2��C%��a68575:9|;=��>?/1�-����IJ2��3���}2*����>�����/1�-�i>��3�����VU���&K����2���~/h��2�' �
+`2�>E����+,�Q%�� W MCM3RXR{� �!2��=M.2�>E���PO"M.�Q%��8RT��� �mRT���VU���&K���!�@YX�L/12*���8BH�Qz��IJ2�����&��i~/�>?/1��G!�
'L/1��%��1[��T���L/1�"����&�2�>�������\o>?/�^L%$z��>��E�*z�a/0j!��&a>?/1IJ2���>�>��3�!�}� ��2*�����������Q%�2������C%����k��+SO
��2�>������!���~/i>?/1��G!��'L/1��%��`���$z��&��E^=z�����:���C&��!+,� ������/1�-�0\
�K�7��/1���n&��!+,� ����������\
� �!2��m>����
&0/1��/1&K�*z�������"����IJ2����o��� ��&K����/1>����o%�2k����/1����%�2�&K����2������"�8�)(�/1+,���$z���1[Xyb���o��+,��2�>������!���Z���!�-�
G�z���$z���Qz������\T�K�_>��S^L>E����/1G!�,/1%L/1�*�*z�i� ����+,�K�_%��,&��!+,������+,���7%��,BD/ �&��!������~���_�K�,&0/1&��i>?/
�Qz�������S&@�����!���!>��!G!��IJ2��`%����7��+,��2�>������!���m%��S%�2��Qz��������!>��!��G�z���1[_yb�S��/1��� �!�"�7&��!+,� �!�"���
z��G-/1>���+,���-�Z2����8%�����&�2��������!�i%�2i%��?/1G!��/1+,+,�=%���BD/1����&��0/12j!���"����&0/1>]%����X����/1����%�2�&K����2����
�K�8>����o�Qz����2�>E�@/4����%��:&����"�@/1���������)(*�$z����������&����m�Klc��&K��2$z�����n/0j!��&�%���2Q(k����/1����%�2�&K����2�����[

�b��� ���Q��� �����e� �����N�K�K�K���f�K�K� �



���������
	��������������������
	������������������	����! 

" " #%$�#'&)(+*-, .�/0*21 3547698�:�:�;�<=:�8�8



���������
	����� ���������
���

�������� "!�#%$'&�(
)+*-,/.�,/.10�*-2�3546.708462:9<;=470>,/?A@".62:46,/2:.�;CBD462:9<;=470�.�E-2F@CG/,/?-H�IJ,K0�*A@C.69<2:LM0�.8;CBN0�*-2O)+PRQ
9-46;TS62:LM0%U6VXWY9-G/;=,K0�,/?-H�Z[GK0�4�@T\^]_,/E-2:`5@C?-E�@C?-E�aD;bE-2:E�cb;=?5@C4edgf-G/.62:.6h-igPj?�0�*-,/.D462:9<;=470
ID2%,/?lk=2:.70�,/Hl@m0�2�0�*-2%Ln*5@C4�@CLM0�2:46,/.70�,/L:.�@C?-Eo9<;C0�2:?l0�,p@CGq;CBD0�*-2%.6rs@CG/G/2:.70�;CBD0�*-2�t�f-GK0�,u\
t�;bE-2Jdg,/9<2+dg46;TS62:LM0�;=4wvxt�t�dNdzyX0�4�@C?-.6E-f-L:2:46.gIJ*-,/Ln*O*5@C.N@�f-.62MB{f-GYB{462:|}f-2:?-LM~O4�@C?-H=2
B{46;=r�@C`<;=fY0��C�T\n�T�C���b�[�CiO)+*-,/.1k=2:47~
IJ,/E-2O`5@C?-EYIJ,/EY0�*o@CG/G/;�IJ.10�*-2�0�4�@C?-.6E-f-L:2:4�0�;
@CL:L:f-4�@m0�2:GK~�L:462F@m0�2"2:,K0�*-2:4�k=2:47~�.6*-;=470OE-f-4�@m0�,/;=?�9-f-G/.62:.�;=4�L:;=r%9-G/,/LF@m0�2:E�2�Wb0�2:?-E-2:E
9-f-G/.62:.s.6f-Ln*_@C."aD*-,/469-.s;=4%.62:|}f-2:?-L:2:.';CB�.6rs@CG/G/2:4O9-f-G/.62:.:i�P^0�,/.%*-;=9<2:E�0�*5@m0s0�*-2
IJ,/E-2:`5@C?-EALF@C95@C`-,/G/,K0�,/2:.[;CBN0�*-2%t�t�dNd�0�2:Ln*-?-;=G/;=HC~�IJ,/G/G�`<2�f-.62MB{f-Gg,/?A@skC@C46,/2M0j~�;CB
@C9-9-G/,/LF@m0�,/;=?-.�.6f-Ln*O@C.Xf-?-E-2:47Ie@m0�2:4gL:;=r%r�f-?-,/LF@m0�,/;=?-.:�mE-2:L:;�~�.6,/H=?5@CG/.:�mG/;�I�@Cr%9-G/,K0�f-E-2
2�Wb0�2:?-E-2:E�.6;=?5@C489-f-G/.62:.:�g@C?-Eo0n@C46H=2M08.6LF@m060�2:46,/?-H-i")+*-2:.62"@C9-9-G/,/LF@m0�,/;=?-.1*5@Fk=2�?5@FkC@CG
462:G/2MkC@C?-L:2'B{;=4�,/r%9-46;�k=2:E�r%,/?-2"L:Gp@C.6.6,K35LF@m0�,/;=?��z.70�2F@CGK0�*l~�f-?-E-2:47Ie@m0�2:4sL:;=r%r�f-?-,/LF@T\
0�,/;=?��Y0�;=469<2:E-;wS�@Cr%r%,/?-H-�Y@C?-E�E-,Kk=2:4+E-2M0�2:LM0�,/;=?�.7~b.70�2:r%.:i
���  '& �:�e� ���"&
����# � !�� � $'��� �
P^0�,/.1.6*-;�IJ?A0�*5@m010�*-2�*-,/H=*�B{462:|}f-2:?-LM~ot�t�dNd�0�4�@C?-.6E-f-L:2:4�*5@C.>@sIJ,/E-2�B{462:|}f-2:?-LM~
`5@C?-EYIJ,/EY0�*�iX)+*-2+.69<2:LM0�4�@CG-Ln*5@C4�@CLM0�2:46,/.70�,/L:.g;CB50�*-2e0�4�@C?-.6E-f-L:2:4gLF@C?�`<2eL:;=r%9<2:?-.�@m0�2:E
B{;=4N,/?O0�*-2wL:;=?-.70�46f-LM0�,/;=?s;CB�0�*-2JIe@Fk=2MB{;=46r�,/?-9-fY0N0�;>0�*-2[0�4�@C?-.6E-f-L:2:4:ig)+*-2w462:.6f-GK0�,/?-H
;=fY0�9-fY01Ie@Fk=2MB{;=46r�@CL:L:f-4�@m0�2:GK~�462:9-G/,/LF@m0�2:.[0�*-2�E-2:.6,/462:E�Ie@Fk=2MB{;=46r�i�t�@m0�Ln*-2:E
35GK0�2:4R\
,/?-HO0�2:Ln*-?-,/|}f-2:.1LF@C?�`<282M��2:LM0�,Kk=2:GK~�@C9-9-G/,/2:E'0�;%0�*-280�,/r%2�.62:46,/2:.w462:L:;=46E-2:E�B{46;=r�0�*-2
0�4�@C?-.6E-f-L:2:4g0�;>,/?-L:462F@C.62e0�*-2+.6,/H=?5@CGb0�;>?-;=,/.62+4�@m0�,/;�@C?-E�0�;10�2:r%9<;=4�@CG/GK~8L:;=r%9-462:.6.g0�*-2
462:L:2:,Kk=2:E�Ie@Fk=2MB{;=46r�iN)+*-2>`<2F@Cr%95@m060�2:46?�v{*-;=46,/�:;=?l0n@CG�@C?-E"k=2:470�,/LF@CG�yDLn*5@C4�@CLM0�2:46,/.70�,/L:.
;CB�0�*-2[0�4�@C?-.6E-f-L:2:4ekC@C47~%.6,/H=?-,K35LF@C?l0�GK~�IJ,K0�*s0�*-21;=46,/2:?l0n@m0�,/;=?%;CB�0�*-2[0�4�@C?-.6E-f-L:2:4J@C?-E
B{;=4�E-,K��2:462:?l0g@C9-9-G/,/LF@m0�,/;=?-.:�T,K0Xrs@F~>`<2e@CEYkC@C?l0n@CH=2:;=f-.�0�;wkC@C47~�0�*-2D;=46,/2:?l0n@m0�,/;=?8;CB50�*-2
0�4�@C?-.6E-f-L:2:4:iD)+*-28Ln*5@C4�@CLM0�2:46,/.70�,/L:.[;CBX0�*-2�0�4�@C?-.6E-f-L:2:4:��@C.JE-2:.6L:46,/`<2:E�,/?"0�*-,/.J462:9<;=470F�
,/?-E-,/LF@m0�2s0�*5@m0�,K0�rs@F~�`<2"f-.62MB{f-GeB{;=4�@�kC@C46,/2M0j~�;CB[,/r%9<;=470n@C?l0�?5@FkC@CG+@C9-9-G/,/LF@m0�,/;=?-.
.6f-Ln*�@C.%f-?-E-2:47Ie@m0�2:4sL:;=r%r�f-?-,/LF@m0�,/;=?-.:�N0�;=469<2:E-;oE-2:L:;�~�.6,/H=?5@CG/.:�DE-,Kk=2:4%E-2M0�2:LM0�,/;=?
.7~b.70�2:r%.:�<@C?-E�r%,/?-21L:Gp@C.6.6,K35LF@m0�,/;=?�i
� $'��$"!���� #O!"�
)+*-2:462O,/.1r�f-Ln*
ID;=46��462:rs@C,/?-,/?-H%IJ,K0�*�0�*-2�f-.62O;CBN0�*-2%t�t�dNd�0�4�@C?-.6E-f-L:2:46.:i�)+*-2
Ln*5@C4�@CLM0�2:46,/.70�,/L:.�;CBb0�*-2N;C0�*-2:4��e.6,/�:2:E>0�4�@C?-.6E-f-L:2:46.�IJ,/G/GC`<2g,/?lk=2:.70�,/Hl@m0�2:E�iX¡w.�ID2:G/Gx��0�*-2
f-.62w;CB�0�*-2:.62w0�4�@C?-.6E-f-L:2:46.D,/?%L:;=?TS6f-?-LM0�,/;=?%IJ,K0�*s2F@CLn*�;C0�*-2:4N0�;8,/?-L:462F@C.621@C?-E%¢£@m060�2:?
0�*-2o;�k=2:4�@CG/G�.69<2:LM0�4�@CG>462:.69<;=?-.62AIJ,/G/G�@CG/.6;¤`<2A,/?lk=2:.70�,/Hl@m0�2:E�i�)+*-2�@C9-9-G/,/LF@m0�,/;=?¥;CB
0�*-2:.62[0�4�@C?-.6E-f-L:2:46.+@C?-Es9<;=.6.6,/`-GK~%@C464�@F~b.z;CB�0�*-2:.62[0�4�@C?-.6E-f-L:2:46.DIJ,/G/G5`<2[,/?lk=2:.70�,/Hl@m0�2:E
,/?'r%;=462�462F@CG/,/.70�,/LC�bG/;=?-H=2:4+4�@C?-H=2>.62F@�0�46,p@CG/.:i
Q£@FIDL:2M060F�w¦YiK�wcb,/G/E5@Cr��+¦YiK�[t�,/G/G/2:4:�D)�iK�[QXG/2:r%,/?-H-�e§>iK�J@C?-E¥)�462Mk=;=4646;�I>�1toiK�w�C�=�l¨bi
©D46;l@CE-`5@C?-E�9-f-G/.628.7~b?l0�*-2:.6,/.wIJ,K0�*�0�*-28*-,/H=*'B{462:|}f-2:?-LM~
t�f-GK0�,u\7t�;bE-28dg,/9<28dg46;TS62:L�\
0�;=4:iNª�§[ª>a�¡e0�Gp@C?l0�,/L1)[t«�C�=�C¬m\7�==�b�Yª12MB{2:?-L:2�§[®>ª¯ae@C?5@CE5@�\z¡e0�Gp@C?l0�,/LCi

°�±-°<²8³b´jµ ¶:·6´^¸ ¹qº�»�¼M½M½M¾�¿�½M¼M¼ À À À



���������	��
�

�����������������������
���! #"%$��&'��(*)+"-,. # 0/1"2)3��&2)345�! #"'��6�75��"98: ;#(#�<&%$��"'75�!8#�<"-,. # 0/1"2)-&>=?;#7A@1/1(*)3)-"-,.7B)-��"98#�
8#7B@1��"'&�,.&' 0��CD)-&�8#;E #"'/GF'�D)IHAJLKM 0/1"2)N,.(*)O&';#"O4P: ;Q)-754575&-,R)-75/1(S8: 756� #;#45&'75/1(#&T&'/1(U,."WV,
X ,.(#8#�3;#4B)-"-,GYL4Z,."'[1�\�D)]8#��&]756� #;#45&'75/1(#&^&'/1(U,."_C�/%8^$����&+`baAcQ #45/17B)-75(#[!d\4B)-"-,GYfeE758#� X ,.(#8
,.(#8�g^/%8#��8�h%/1(U,."jik;#45&'��&Nlnmpo9��&q)-"-,r@.,.;%c�8#�s"'��CNt#��"'CNt#�>&';#"j45��&qCr,."-,.CD)Q$��"'75&2)-75=?;#��&j�D)
45�q 0/.)-��(*)-75��4%8#;� #45;#&u 0�D)-7B)A8#��&A)-"-,.(#&'8#;#CD)-��;#"'&pvwv�ipiux.8#/1(*)y4Z,\ #4Z,.[1�p8#�qz{"%$��=?;#��(#C���&
;Q)-7545��&�&�:|$�D)-��(#8}8: ��(*@%75"'/1(�~.�}V,��G~.�w�%�\�.x^&'/1(*)�8^$��C�"'7B)-&!8U,.(#&<45�O #"%$��&'��(*)�"-,. # 0/1"2)rm
g^�D)')-�_4Z,."'[1��;#"u8#� X ,.(#8#��$�D)-��(#8#;#�j 0��"'6��D)p,.;+)-"-,.(#&'8#;#CD)-��;#"k8#�jC�"%$����"k,r@1��C] #"%$��C�75&'75/1(
&'/17B)�8#��&u756� #;#45&'75/1(#&8#�p)-"�V��&uC�/1;#"2)-�p8#;#"%$���.x.&'/17B)u8#��&u756� #;#45&'75/1(#&C�/16� #45�ncQ��&�8#�q8#;#"%$���
 #"'/145/1(#[A$���.x.C�/16�6��q8#��&y/1(#8#��&y��(*)-"'�D)-��(?;#��&p6�/%8#;#4D$����&u��(�z{"%$��=?;#��(#C���`{CNt#75"' #&Nl�/1;�8#��&
&%$��=?;#��(#C���&A8: 756� #;#45&'75/1(#& #45;#&�C�/1;#"2)-��&�mk�9(3��&' V��"'�p=?;#�p45��&�Cr,. U,.C�7B)Q$��&�4Z,."'[1� X ,.(#8#�k8#�
4Z,�)-��CNt#(#/145/1[175�3vwv�ipi�&'��"'/1(*)\;Q)-7545��&_ 0/1;#"]8#�3(#/16 X "'��;#&'��&s,. # #4575Cr,R)-75/1(#&�xQ8#/1(*)\45��&
)Q$��4D$��C�/16�6�;#(#75Cr,R)-75/1(#&s&'/1;#&|YL6T,."'75(#��&�x�45��&>&'75[1(U,.;%c�8#�<45��;#"'"'�.x�45��&>756� #;#45&'75/1(#&9&'/1(U,."
8#�98#;#"%$���> #"'/145/1(#[A$���<V,�zb,.7 X 45�s,.6� #457B)-;#8#�.x?�D)_4Z,�8#75&' 0��"'&'75/1(� U,."j4Z,�C�7 X 45�.mpg^��&],. # #457�Y
Cr,R)-75/1(#&k #"%$��&'��(*)-��(*)_;#(�75(*)Q$��"���D)q 0/1;#"p4Z,>6T,."'75(#�j��(TC��]=?;#7yV,9)-"-,.7B)9V,34Z,9C�4Z,.&'&'7B�UCr,R)-75/1(
,.6�$��4575/1"%$���s8#��&_6�75(#��&�x#,.;%c�)Q$��4D$��C�/16�6�;#(#75Cr,R)-75/1(#&q&'/1;#&|YL6T,."'75(#��&j75(#8^$�D)-��CD)N, X 45��&�x�,.;%c
&2�%&2)rV��6���&�8#� X "'/1;#75454Z,.[1�T@%75&-,.(*)T45��&<)-/1"' #754545��&�xq�D)�,.;%cS&2�%&2)rV��6���&�8#�I8^$�D)-��CD)-75/1(}8#�
 #45/1(#[1��;#"'&�m
�!�<�3����9�
JL49��&2)I8^$��6�/1(*)-"%$��=?;#��45�w)-"-,.(#&'8#;#CD)-��;#"�vwv�ipi�tU,.;Q)-��z{"%$��=?;#��(#C��	,�;#(#��[1"-,.(#8#�
4Z,."'[1��;#"\8#� X ,.(#8#�.m>�9(� 0��;Q)>C�/16� 0��(#&'��"s 0/1;#"\45��&sCr,."-,.CD)Q$��"'75&2)-75=?;#��&s&' 0��CD)-"-,.45��&98#;
)-"-,.(#&'8#;#CD)-��;#"I U,."O4Z,�[A$��(^$��"-,R)-75/1(E8#��z{/1"'6���&O8: /1(#8#��8: ��(*)-"%$���	,.;�)-"-,.(#&'8#;#CD)-��;#"�m
��,�z{/1"'6���8: /1(#8#�W8#�W&'/1"2)-75��"%$��&';#4B)N,.(*)-��C�/1"'"'��&' 0/1(#8�,r@1��C	 #"%$��C�75&'75/1(�V,�4Z,�z{/1"'6��
8: /1(#8#��8^$��&'75"%$���.m�o9��&s)-��CNt#(#75=?;#��&>8#�+�U4B)-"-,.[1��,.8U,. Q)Q$�� 0��;Q@1��(*)���D)-"'�!,. # #4575=?;^$����&s�DzZY
�UCr,.C���6���(*)�V,I4Z,I&%$��"'75��CNt#"'/1(#/145/1[175=?;#����(#"'��[175&2)-"%$���WV,I U,."2)-75"�8#;	)-"-,.(#&'8#;#CD)-��;#"!,R�U(
8: ,.;#[16���(*)-��"�45�T"-,. # 0/1"2)�&'75[1(U,.4q&';#" X "';#7B)��D)�8#��C�/16� #"'756���"3)-��6� 0/1"-,.75"'��6���(*)+4Z,
z{/1"'6���8: /1(#8#��"'�%�C�;#�.mS����&<Cr,."-,.CD)Q$��"'75&2)-75=?;#��&<8#��&<8#7Z,.[1"-,.6�6���&+8#�Ozb,.75&'C��r,.;�`{t#/1"'7�Y
��/1(*)N,.4^�D)+@1��"2)-75Cr,.4�l38#;	)-"-,.(#&'8#;#CD)-��;#"�@.,."'75��(*)�8#�Tzb,0�C�/1(�&'75[1(#7B�UCr,R)-7B@1����(�z{/1(#CD)-75/1(
8#�s&'/1(�/1"'75��(*)N,R)-75/1(myiu/1;#"^8#7B�\$��"'��(*)-��&j,. # #4575Cr,R)-75/1(#&�x?754U 0��;Q)j8#/1(#C+��D)-"'�9,r@.,.(*)N,.[1��;%c
8#�T6�/%8#7B�U��"�4P: /1"'75��(*)N,R)-75/1(�8#;�)-"-,.(#&'8#;#CD)-��;#"�m�����&�Cr,."-,.CD)Q$��"'75&2)-75=?;#��&+8#;	)-"-,.(#&'8#;#CnY
)-��;#"�xy8^$��C�"'7B)-��&+8U,.(#&+45�� #"%$��&'��(*)!"-,. # 0/1"2)rxu75(#8#75=?;#��(*)�=?;#�TC���4Z,I 0/1;#"'"-,.7B)T��D)-"'��;Q)-7545�
8U,.(#&�45��Cr,.&�8#��(#/16 X "'��;#&'��&!,. # #4575Cr,R)-75/1(#&3756� 0/1"2)N,.(*)-��&� 0/1;#"+4Z,I6T,."'75(#�.xAC�/16�6��
45��&^)Q$��4D$��C�/16�6�;#(#75Cr,R)-75/1(#&p&'/1;#&|YL6T,."'75(#��&�xQ45��&^&'75[1(U,.;%c�8#�945��;#"'"'�s@%75&-,.(*)j45��&^)-/1"' #754545��&�x
45��&_&2�%&2)rV��6���&s8#�38^$�D)-��CD)-75/1(I8#�3 #45/1(#[1��;#"'&_�D)\4Z,�C�4Z,.&'&'7B�UCr,R)-75/1(�8#��&]6�75(#��&�m
�������I�9�����I�����_���+�O�����
JL4A"'��&2)-�!��(#C�/1"'� X �r,.;#C�/1;# �8#�+)-"-,r@.,.754jV,Tzb,.75"'����(�C���=?;#7y,T)-"-,.7B)<V,T4P: ;Q)-754575&-,R)-75/1(�8#��&

�   ¡�¢#¡0£�¤%¥L¦ §�¨'¥f© ªy«u¬�D®D®D¯-°�®DD



���������	��
������
��	����������������������� ���!"��#$�	�����%�	��'&���	�'&�����	
��)($��*�+��������� ,��	#$�-��#$./
���
����0���
213��
 ���	������������	��
������
��	��4/��#$���	#/./
�5�	
��0(76 
 ��#$($#$���8��#$���������:9�#$�5,�;��5��������������=<
��
������
��	�>�8?@�A�B6 ��
�C�����D�������E�B6 ����(F�8��#$�G(F�H�2,��I�����	3�	�I���������($3C�($��9@��($��>J�3��($
���4
(76 
 ��#$($#$���8��#$���E��K����L���������	��
������
��	����+4D�I���	�	#$9�($�����D�+4���K�2,��	+��
21M��5���������	��
������
��	�
!N�����(76 ��9/O	��>�B6 ��	����#$�>��P����E�	
��>����>��($
��EC�����������>��#$�-�'���������40�@�����>
��Q��DR2#$�	���2<
�������D�%��($
��)�2,+��($#$�-����

SUT�SIV>W2XZY [�\	X^] _L`�acb�d�d�e�fgd�b�b h



��������� 	�
��	������������

����������� �!�#"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" &
')(* �,+�- (* "$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" &
.0/ * �1+2��&43 * �,+�-#-�� ��56"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" &7&7&
8:9 -#-�� &7� * "$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" &43
; � ��< * 9 = � 9?> � * > ���@"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" 3:&
A &7��� 9 =CBED +�� * �F"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" 3:&7&
���HG >�9JI < *1K D * - * > ���L"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" /
M NPO ;Q'SRUTUVXWY; N R O "$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" M
Z [ V�A 8 .�.]\ [ .^' N�_ . O ; 8 "$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" Z

Z " M [ +�<7� * �`5:a * �b"$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" Z
Z " Z c � *1d + * > �!56� * �,a 9?> � * - * � �,+�� * - * > ����"%"$"$"$"$"$"$"$"$"$"$"%"$" Z
Z " e V > � 9 -#a * > ���f� *1K � > K � 9 -#a * > ���f� *1K ��&7- * � * �,& * �Q"$"$"$"$"$"%"$" g
Z " h 8:9 - * _ �f���Hi *1K c &7<4� * �,& >�D ' * �,+�<4����"$"%"$"$"$"$"$"$"$"$"$"$"%"$" Mkj

e l .^'0; N W � A�mn. � _o[ � ;S;Q.^' O "$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" Z?j
h T N 8 WnV 8�8 N R O R c '�. 8 V�A:; 8 "$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" Z p
' * = * � * > � * �#"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" e?q
T &7�����,&7��+2��& 9?> A &7���r"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$"$"$"$"$"$"$"$"$"$"%"$" e M

s?t uwv�uyx$z:{`| }1~,{�� �]�C���!�!�!���J�!�!�



���������
	�����������

� ��������� �"!$#&%('()$#���*(+,� +-� ./'(��� +103254�� +6�87:9<;>=@?A'()$#�BC�D�1EGF-H��I%(+-�KJ3'(�
#�L�+NMOM�PAPQ#�������� 2�H�F-+-�K�R#<�(S T(UV�W0X��.�.�� 'DYZSG[VJ3+-+\#]E^2�+-._#�L`S<S<SaS<S U

b �&L�+<� ./+-F\#�����)c� +-� ./'(��� +<'�J�#�L�+dMOM�PAPe0XfhgiEj#�������� 2�H�F-+-�N03k]lm�@Y_!n��E^���
�VJ3H���F\#�!n'(�o'�J�#�L�+aF-+-�p#�� +aJ3� +-qrH�+-��F\st'�J�#�L�+<T(u@lwv>fKk,F-'(���I#����p#
x ����2_y�!n2_#�Lt� !n*(�5��)zS<SaS<S<S<S<S<S<S<S<S<S<SaS<S<S<S<S<S<S<S<S<S<SaS<S {

U �&L�+<� ./+-F\#�����)c� +-� ./'(��� +<'�J�#�L�+dMOM�PAPe0XfhgiEj#�������� 2�H�F-+-��J3'(�^#�L�+
F-+-�p#�� +aJ3� +-qrH�+-��F\st'�Ji|�uVv>fKkd����2 x ����2_y�!n2_#�Lt'�J}T(uVv>fKk�S~S<S<S<SaS<S |

{ �^yj'�MOM�PAPQ#�������� 2�H�F-+-� ��%(+-�I#�!nFD��)n)$s���)n!n*(��+-2"S<S<S<S<S<S<S<S<S<S<SaS<S |
| �&L�+<� ./+-F\#�����)c� +-� ./'(��� +-�h'�Jib6MOM�PAPe0XfhgiEG#�������� 2�H�F-+-� �����K�

J3H���F\#�!n'(�t'�J�#�L�+aF-+-�p#�� +aJ3� +-qrH�+-��F\so'�J�#�L�+<T(u@lwv>fKkaF-'(���I#����p#
x ����2_y�!n2_#�Lt� !n*(�5��)ZJ3'(�<� #�'(.t� '�y&�c#�������� 2�H�F-+-� ��y�!n� +-2t!n�o� +-� !n+-�-�
'(H_#Ilw'�J�lw.�L5��� +��5!n�>lw.�L5��� +"� x '�# #�'(��� '�y&��!n�o.5������)n)n+-)��>'(H_#Ilw'�J�lw.�L5��� +��
!n�>lw.�L5��� +�S<S<S<S<S<S<SaS<S<S<S<S<S<S<S<S<S<SaS<S<S<S<S<S<S<S<S<S<SaS<S [

[ �&L�+<� ./+-F\#�����)c� +-� ./'(��� +-�K'�J}�6� !n��*()n+aMOM�PAPe0XfhgiEG#�������� 2�H�F-+-�N0 x )nH�+�E
����2Ob�l�#�������� 2�H�F-+-���Is>�I#�+-��03.5������)n)n+-)��>'(H_#Ilw'�J�lw.�L5��� +�E,03� +-2�EjJ3'(�^#�L�+
F-+-�p#�� +aJ3� +-qrH�+-��F\st'�J�{puVv>fKkd����2 x ����2_y�!n2_#�Lt'�J}T(uVv>fKk�S~S<S<S<SaS<S [

� �&L�+<� ./+-F\#�����)c� +-� ./'(��� +-�K'�J}�6� !n��*()n+aMOM�PAPe0XfhgiEG#�������� 2�H�F-+-�N0 x )nH�+�E
����2Ob�l�#�������� 2�H�F-+-���Is>�I#�+-��03.5������)n)n+-)��>'(H_#Ilw'�J�lw.�L5��� +�E,03� +-2�EjJ3'(�^#�L�+
F-+-�p#�� +aJ3� +-qrH�+-��F\st'�J}T(uVv>fKkd����2 x ����2_y�!n2_#�Lt'�J}T(uVv>fKk�S~S<S<S<SaS<S �

T �&L�+<� +-� H�)$#�!n��*6./'�yj+-��� ./+-F\#�� H���03254&EjJ3'(�Kb�u@lwv>fKk x ����2_y�!n2_#�Lt.�H�)n� +-�
F-+-�p#�� +-2���#�'(.�#�' x '�# #�'(�t�5�R#KU(u_��|�u_� � u_������2��(uVv>fKk<� +-� ./+-F\#�!$%(+-)$so����2
#�L�+<F-'(� � +-� ./'(��2�!n��*V#�!n�"+�� +-� !n+-�^lG� +-2t!n�&#�L�+a'(� !n*(!n�5��)/!n��.�H_#�� !n*(�5��)�S
4j'�#�Lo#�L�+,#�!n�"+�� +-� !n+-�K����2t� ./+-F\#����6L5�D%(+ x +-+-����'(� ����)n!nk-+-2�#�'6L5�D%(+d�
./+D��vo���".�)n!$#�H�2�+h'�J�H���!$#ws�S<S<S<S<S<S<S<S<S<SaS<S<S<S<S<S<S<S<S<S<SaS<S T

� �&L�+<� +-F-'(� 2�+-2t#�!n�"+�� +-� !n+-�&J3'(�����tH���F-'(�"./+-�����R#�+-2O�>!n��F,.�H�)n� +,y�!$#�Lt�
F-+-�p#�� +aJ3� +-qrH�+-��F\st'�J � |Nv>fKkd����2t� x ����2_y�!n2_#�Lo'�JiT(uVv>fKk�S�S<S<SaS<S �

��u �&L�+<+]Y_./+-� !n�"+-�p#���)c� ./+-F\#�� H���J3'(�����oH���F-'(�"./+-�����R#�+-2��>!n��F,.�H�)n� +
y�!$#�L��VF-+-�p#�� +aJ3� +-qrH�+-��F\st'�J � |Nv>fKk<����2�� x ����2_y�!n2_#�Lt'�J}T(uVv>fKk�S�S ��u

�(� �&L�+<� ./+-F\#�����)����".�)n!$#�H�2�+�'�J�#�L�+aF-'(�"./+-�����R#�!n��*6� ./+-F\#�� H����60�J�ECSaS<S �(�
�@b �&L�+<.�L5��� +<'�J�#�L�+aF-'(�"./+-�����R#�!n��*V� ./+-F\#�� H����60�J�E`S<S<S<S<S<S<S<SaS<S �(�

�c���/�<�>�w  ¡-¢ ��£ ¤}¥�¦¨§\©\©\ª�«�©\§\§ ¬( 



��� �����	��
��������������������������������� ����
������!������"#�����$�����&%'�)(��+*,��
��
- ������
�������
����.��
��/��"����0�.1�23��4/5!6	7/�����	89"����+�������;:	:	:	:	:	:	:	:	:<:	: �3=

�)> �����<������� ����
������?
�����"�@A����� - *,
����B�����<������"#��%'�)(��+*,��
��C�D*E8F� - :G���0�
H @�"��<���'������� ����
�������I9
����J���?��������
������������ ����
�������:K�����	��������
������������
����
������!����������%?�L������%?�����&�����<�NM/��
������������	���D����@���� - 
������D:O:	:	:<:	: ���

�3P �����	���)�D��"�
����J��"#����"#�!�������+��
�"��Q����
�
���������������� - ���.�����
��
�������������������������L1�23�SR<5!6 H �D���#%?���#���T7/�����&������� ����
�������:U:	:	:	:<:	: ���

��V �����<������� ����
������?
�����"�@A����� - *,
����B�����<����������������������%'�)(��+*,��
��Q*,��
?�
V�23��4/5!6 H �D���#%?���#���L7/�����&��"�@���� � H @�"��&���'�������&����
�������I9
����J������������
����
�������&����
�������:K�����<��������
������������&����
������?����������%?�L������%?�����&�����
�NM/��
������������0���D����@���� - 
������D:B:	:	:	:	:	:	:	:<:	:	:	:	:	:	:	:	:	:	:<:	: �)>

�3W �����	�������+��
�"��Q����
�
���������������� - ���.�����<��"#����"#�!V�23�SR<5!6 H �D���#%?���#���
7/�����&������� ����
�������:X:	:	:<:	:	:	:	:	:	:	:	:	:	:<:	:	:	:	:	:	:	:	:	:	:<:	: �)>

��1 �����	
�����"�@A����� -ZY ����
��[������� ����
������0\ H @�"���]^%?�A������������
����J����
������
��"�����
��������������J����
����[�^1�2$4/5!6 H �D���#%?���#��� :	:	:	:	:	:	:	:	:	:	:<:	: �3P

��_ `a6��/���b�D*c�����	1�23��4/5!6 H �D���#%?���#��� Y ����
��[�������&����
������0\ H @�"���]d%?�A���
��������
����T����
������?��"�����
�������������������
����e:	:	:	:<:	:	:	:	:	:	:	:	:	:	:<:	: ��V

=D2 �����	
�����"�@A����� -ZY ����
��[������� ����
������0\ H @�"���]^%?�A������������
����J����
������
��"�����
��������������J����
����[�^V�2$4/5!6 H �D���#%?���#��� :	:	:	:	:	:	:	:	:	:	:<:	: ��V

=/� `a6��/���b�D*c�����	V�23��4/5!6 H �D���#%?���#��� Y ����
��[�������&����
������0\ H @�"���]d%?�A���
��������
����T����
������?��"�����
�������������������
����e:	:	:	:<:	:	:	:	:	:	:	:	:	:	:<:	: �3W

=�= Y ������"#��������������f3*,
���gh"������+M���@��D���D*F�i#����
��������N�j�D@k1�23��4/5!6 Y ����
��l:	: �3W

=D� Y ������"#��������������f3*,
���gh"������+M���@��D���D*F�i#����
��������N�j�D@kV�23��4/5!6 Y ����
��l:	: ��1

=�> `mPn��"�@����	o'�D
�4D��
!����gh"��������0"������ - �������A(/����"9�D@qp<�D"������r�D����"�@�������%?�A���
�.�����9�D
������������D*s=D2$���D����@����	\t1�2$uv�������j] H �+��%^�����L��"�@������!�D���w��2
���D����@����0\,>N2$uv�������j] H �+��%^�����L��"�@������j]0:	:	:	:<:	:	:	:	:	:	:	:	:	:	:<:	: ��_

=�P `x���<��"�@����	o'�D
�4D��
?����gh"��������n"������ - �$�����������<�)�D
�
�����
?���!VN=/:yPn4/5!6z:	: =D2

=DV �����	�������+��
�"��Q�D*c�����	o'�D
�4D��
?���/���&�������&����
������?�D*E8F� - :9=�PL:	:	:	:<:	: =D2

=�W �����&�Z�����j�����Z{9@A����
d�������?����
������'"������ - �����&o'�D
�4D��
'���/���|�D*k�������A(/����"9�D@
p<�D"������r�D�J��"�@������?�����9�D
�������� H MJ1�2$uv�������|�D����>N2.uv�������?
����������+���A(���@AM�] =/�

}�~ ~ ~ �q�����	�/��� ������� �E�c���+�+�+�����+�+�



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

/0�*1324(*576	��"#����-��,8�+����9�:1,1	1	1	1	1	1	1	1	1	1	1,1	1	1	1	1	1	1	1	1	1	1,1	1 �#�

��; �����	����
����<
���+�����-=+��?>@�������������A��B��������,����
��C�
��)����B���"ED#���F��-G��
�-�( 1 �#�

H#I �����,��������������������C)������"EJ#�����K
�B�B���-�.&��-���������-0�7
�-��L�4+�������B�
���GB�+���������1M1 ��H

HN% �����	��
������������������������J#��������"#-L"� O�����P�������������������)"� RQS��.�1�H#I�1	1	1,1	1 �T

H0� �����P��
���������A�������������AJ#��������"#-�"� U�����V�������V������������"� SQS��.�1*H#INWN6�"*"#�����
��-�-��:
��������,����.#��"#-�"� O�����,��B��������	������"X1	1	1,1	1	1	1	1	1	1	1	1	1	1,1	1 �T

H#H �����,J#���9�����:
��U8Y�:
���B�
��������-�"� O�����P����
�-�����+������) !"#�)
�-
+�-���"#��BY��-���
�����Z�#I[>@(*576]\*��-���C�
:J#�^ !"#��� 1,1	1	1	1	1	1	1	1	1	1	1,1	1 ��/

H�T �����,J#���9�����:
��U8Y�:
���B�
��������-�"� O�����P����
�-�����+������) !"#�)
?��"#��BY��-���
�����
�#I[>@(*576]\*��-���C�
:J#�^ !"#���_ !"#�������,8���"0
����������P���������^����"#- 1	1	1	1	1	1,1	1 ��/

H02 �������P�����������)+�����-�.���"#��BY��-���
�����Z\*��-��PB�+�������`a��I[>9b�I4(*576Ec� !"#�
����
�-�����+������7��-����:
�BL d
�����-�.?�0D*����"#B���"#-��e1	1,1	1	1	1	1	1	1	1	1	1	1,1	1 �#b

H#/ �����	BY"ECf���7��BY���^����+��_"� O�����,������+�����
�-0�)����.#-�
��g1	1	1	1	1	1	1	1	1	1,1	1 �#b

hUi�hYj	k*l@m n�o�lqp rRsOtvu^w^w^x�yEw^u^u z {



����������	�
�����������������

���������! #"� #$#%&�('�)'*,+&-!%�./�0+&-�./12�0+&3547698:+&35%<;=�>�=45��?@�&6A+&-!"�B�*!35$#4DC9�!35E7�7 # 9FG��3
'*!�7$#3H*!�7 #1I$#-KJ&+&35$#���!4=+&4512�7EL'4=�&FM���!3=�ONP12�735$#?@�7-Q'47RTSU #45�!6!"!$#45E7�!4545$#��-!4H�=$V'*)W�35$X+&-
8:+&3+&-!",+�35�7YQ+&35"!$#-!Y�+&4512�7EL'4��&FZ'*!�[45$#Y�-,+& \1!35�/E7�74545$#-!Y����735�[J��73^]I�!45�LFG�! _R

` acb!a2dfe/gih j7k5gml nAoZp�qLrLrLst>rLqLq



� �������	��
�����������

��������������� �"!$#%�%&%'(�%)�*,+�-.)�/0+��21034&5!$6�/7108%3,9%/:6<;:34=>1@?:A7BC9%D(6�'E10'(�%)�FGDE10/0+<HJIK'(&%3LH M,+��%&
+��%&ONP6�&%34&OQ�6��R+�/7S.#%D(-:34-:T%UV��8%'(-W9%/:6<;:34=>1V9%/:6�9X6�-:34&5#%-:'(�%)Y108%3Z10/0+��%-:&%#%=434/W1034=[8%�%6�D\H
6�)�]�^X_`#%DE10'\Ha_`6�&%3bS.'(9X3bS./:6<;:34=>106�/5cd_e_"SfSZgL^h&%3>i�34D(6�9X34&e+j1YkmlGkbNon,10Dp+��210'(=�qsr�^t�<u
+�-�108%351�]�9X3O6�!f10/0+��%-:&%#%=434/m!$6�/�108%3v-a10#%&C]w6�!fi�+�/:'(6�#%-Y*x'(&%34yR+��%&z+�9%9%D('(={+j10'(6��%-4Ub���
9R+�/a10'(=4#%Dp+�/4^|�@&%'E}�34/:34�21�_e_"SfS~-:'(�434-Z*x'(D(DhyX3G=46��%-:'(&%34/:34&�&%#%/:'(�%)b108%'(-Z��� �z9%/:6<;:34=>1{U
�R6�/x108%3@-a10#%&%'(34-�'(�`108%'(-G/:349X6�/a1{^h*P3@!$6�=4#%-Y6��"108%3@-:��+�D(D(34-a1x10/0+��%-:&%#%=434/Y*x8%'(=[8w8R+�-
-:'()��%'E�R={+��21Y6�#C109%#C1m'(�`108%3@!$/:34�|#%34�%=>]e/0+��%)�3v���<H[r<���O���G��Um��8%35&%'(��34�%-:'(6��%-G6�!.108%3
10/0+��%-:&%#%=434/V+�/:3,+�9%9%/:6{BC'(��+j1034DE]�^���U �G=4��8%'()�8@+��%&5+G&%'p+���3>1034/�6�!h�CUt�x=4�`UW��8%3P-:��+�D(D
-:'(�43�6�!,108%'(-�10/0+��%-:&%#%=434/5��3{+��%-�108R+j1@'E1@-:8%6�#%D(&�yX3�-a10/0+�'()�821:!$6�/a*,+�/:&�106e=46��%-a10/:#%=>1
-a]�-a1034��-x*x'E108`+�/:/0+{]�-x6�!7108%34-:3m10/0+��%-:&%#%=434/:-4U
��8%3�=46��%=4349C1f6�!h108%3G_e_"SfS�'(-VyR+�-:34&O#%9X6��v-a]��2108%34-:'(�4'(�%)�+Y*x'(&%34yR+��%&v6�#C109%#C1.!$6�/V+
10/0+��%-:&%#%=434/,y2]�=46��%-a10/:#%=>10'(�%)v+b10/0+��%-:&%#%=434/P*x'E108�+�-:3>1,6�!���+��2]�/:34-:6��R+��%=434-,-:9%/:3{+�&
+�=4/:6�-:-Z108%3G!$/:34�|#%34�%=>]�-:9X34=>10/:#%�`U.��8%'(-Z/:34-:#%DE10-P'(��+�-:'()��%'E�R={+��21Z9X6�*P34/P6�#C109%#C1,6�i�34/
108%3�34�210'(/:3�yR+��%&~6�!x!$/:34�|#%34�%=4'(34-O-:9R+��%�%34&�y2]z108%3�/:34-:6��R+��%=434-O6�!x108%3�-a]�-a1034�`Uz�J1
+�D(-:6���3{+��%-4^X8%6�*P3>i�34/4^�108R+j1G108%3@/:34-:#%DE10'(�%)�9X6�*P34/Y-:9X34=>10/:#%��!$6�/x108%3�10/0+��%-:&%#%=434/Y'(-
�%6�1O�h+j1�+�-O108%34/:3"+�/:3�9X3{+��|-�+��%&��|#%D(D(-v/:34-:#%DE10'(�%)�!$/:6���108%3`=46��5y%'(�%34&�/:34-:9X6��%-:3
6�!Z108%3O/:34-:6��R+��%=434-@6�!Z108%3O-a]�-a1034�`U���8|#%-4^7'E1m'(-m�%6�1�=4D(3{+�/�*x'E108w*x8R+j1b�R&%34D('E1�]w6��%3
={+��z/:349%/:6�&%#%=43�-:9X34=4'E�R=�9%#%D(-:3O1�]�9X34-4U`�R6�/b-:6���3�-:6��R+�/@+�9%9%D('(={+j10'(6��%-4^�'E1���+{]��%6�1
yX3�i�34/a]�'(��9X6�/a1[+��21b106wyX3�+�y%D(3�106e/:349%/:6�&%#%=43�3LB%+�=>10DE]z-:9X34=4'E�R34&�9%#%D(-:34-@Hm'E1@��+{]
yX3v-:#C��=4'(34�21b106�-:'(��9%DE]`#%-:3v108%3v9%#%D(-:3v6�#C109%#C1by2]e108%3510/0+��%-:&%#%=434/4Uv�G6�*P3>i�34/4^�!$6�/
+�9%9%D('(={+j10'(6��%-Y-:#%=[8�+�-m9%/:6�&%#%=4'(�%)�/:3{+�D('(-a10'(=@&%34=46�]�-:'()��R+�D(-4^�'E1m'(-m=4D(3{+�/:DE]"'(��9X6�/a1[+��21
106OyX3�+�y%D(3�106�+�=4=4#%/0+j1034DE]�/:349%/:6�&%#%=43b-:9X34=4'E�R34&"-:'()��R+�D(-4U
���w108%3@�R/:-a1b9R+�/a1m6�!,Q�34=>10'(6�����Ut��*P3v-:8%6�*�108%3510/0+��%-:&%#%=434/b/:34-:9X6��%-:35!$6�/�=46��%-a1[+��21
yR+��%&C*x'(&C108~-:'()��R+�D(-�cdQ�'(�%=�!$#%�%=>10'(6��%-5'(��108%3�10'(��3�&%6���+�'(�hg�+�-O+"!$#%�%=>10'(6���6�!G108%3
=434�210/:3�!$/:34�|#%34�%=>]�+��%&�yR+��%&C*x'(&C108�!$6�/O+w-:'(�%)�D(3�10/0+��%-:&%#%=434/4U�Iz3`+�D(-:6w-:8%6�*�108%3
/:34-:9X6��%-:34-v!$6�/v�`10/0+��%-:&%#%=434/:-v��6�#%�21034&�i�34/a10'(={+�D(DE]z+��%&�*x'(/:34&�'(��-:34/:'(34-4^.*x'E108�/:3LH
i�34/:-:34&o+��%&�108%3`-0+���3�9X6�Dp+�/:'E10'(34-v+��%&~*x'(/:34&�'(��9R+�/0+�D(D(34DZ*x'E108�/:3>i�34/:-:34&K+��%&�108%3
-0+���3m9X6�Dp+�/:'E1�]�U
IK'E108v+��|�%6�*xD(34&%)�3,6�!h108%3,9X6�*P34/.-:9X34=>10/:#%��6�#C109%#C1.6�!R108%3P10/0+��%-:&%#%=434/.6�i�34/f+�)�'Ei�34�
yR+��%&C*x'(&C108�^�*P3�={+���+j1:1034��9C1P1065&%34-:'()���+@=46���9X34�%-0+j1034&�'(�%9%#C1,9%#%D(-:3G*x8%'(=[8�]�'(34D(&%-
108%3"&%34-:'(/:34&o6�#C109%#C1�9%#%D(-:3�U���8%3e/:34-:#%DE10-�6�!�108%'(-�9%/:6�=434-:-�*x'(D(D�yX3"9%/:34-:34�21034&o!$6�/
yX6�108��R+�/:/:6�*�+��%&�3LB�1034�%&%34&~9%#%D(-:34-4U"nY-@*P34D(Dd^W108%3�/:34-:#%DE156�!x��+j10=[8�HJ�RDE1034/:'(�%)�108%3
/:34=46�/:&%34&�10'(��3�-:34/:'(34-5*x'(D(DZyX3�9%/:34-:34�21034&�U��7'(�R+�D(DE]�^W108%3�i�34/a10'(={+�DPyX3{+���9R+j1:1034/:��6�!
108%3�10/0+��%-:&%#%=434/v*x'(D(DPyX3�'(�2i�34-a10'()2+j1034&�+��%&~108%3�-:'()��%'E�R={+��%=43�6�!G108%3�yX3{+���9R+j1:1034/:�
&%'(-:=4#%-:-:34&�U

 �¡% X¢�£�¤�¥ ¦4§:¤J¨ ©VªW«�¬>>>®0¯�>¬>¬ °



� �������	� ��
��������� �������

����� ��� �"!$#&%('*) #+!
,.-*/1032546487�9:/125;<->=?7A@37�489�B825CD7E/1037EFHGI25->J3K3L5487M/.NOJD7�46=?7AK3487A25->/1037M/PGI-3QR7TSUJD7�B825FV7�-W/14�X
YZ25B84[/]\6=?7H9�;<-34825@37�B^G_9�;<-34[/PGI-W/`C(GI-3@U=a25@U/10bJ3K3L5487V=a2c/10�9�7�-W/1B87HdeB87�fgK37�-39:Nihkj>GI-3@
C(GI-3@U=a25@U/10mlRn<XE,.-o/1037>/125FV7R@3;<FHGI25-�/1037*J3K3L5487>254ap<2cq<7�-oCWN

rts�uwv8xEy{z]|"} u"~k� lRn v8�<~<x� lRn v 9�;<4 u"~k� hkj v8x u��kx

Y(;<B^q<7�B[N�48FHGIL5L?C(GI-3@U=a25@U/1034`/1037o4825p<-(GIL?254 0(GIB8FV;<-3259H25-�-(G�/1K3B87�=a2c/10ideB87�fgK37�-39:N
hkjP\tde;<B>L�GIB8p<7�BRC(GI-3@U=a25@U/1034>/1037�J3K3L5487�4*CD7�9�;<FV7�4*4803;<B[/17�B*GI-3@�9�;<-W/PGI25-�;<-3LcN�G�de7:=
9:NO9�L57�4`;Id�/1037�0(GIB8FV;<-3259�4825p<-(GIL"Xo�	4825FV25L�GIBR4825p<-(GILE254^;<CU/PGI25-37�@bCWNb9�;<-34825@37�B825-3p�G
� GIK348482�GI-H@3254[/1B825C3KU/125;<-�25-V/1037adeB87�fgK37�-39:N�@3;<FHGI25- u GI-3@H2c/14A25FHGIp<7�de;<BE/1037+-37�pWG�/12cq<7
deB87�fgK37�-39�257�4 x \

rD�Iuwv8xEy 9�;<4 u"~k� hkj v8x 7TSUJ u��R~k�$�P�t�n v��Tx u"~<x
=a037�B87 � n^254�/1037*4[/PGI-3@(GIB8@m@37:qO2�G�/125;<-�;IdZ/1037*J3K3L5487�25-�/1037>deB87�fgK37�-39:Nm@3;<FHGI25-tXEY(;<B
7TSO/17�-3@37�@HJ3K3L5487�4M=?7aK3487�/1037�����,����b48K3C3B8;<KU/125-37a;Id�/1037a4825p<-(GILUJ3B8;O9�7�484825-3p>/1;O;<L5CD;]S
25-_�_�M�a�$�R�+XD��7�B87R/1037*25-34[/PGI-W/PGI-37�;<K34�deB87�fgK37�-39:No;Id�/1037>J3K3L5487>=a25L5LDqIGIB[N�L525-37]GIB8LcN
deB8;<F�G�48JD7�9�2c�(7�@ hk¡HG�/ vVy£¢ /1;bh<¤ G�/�G�48JD7�9�2c�(7�@¥7�-3@i/125FV7 u =?7o=a25L5LAK3487_;<-37
FV25L5L525487�9�;<-3@ x X

���1� ¦`§<#R¨H�*#�©�ª�'«§<#+!¬) H©*!$#¯®�#+°>!¬� §<#�®�#�©>%t!
��037^7TSUJD7�B825FV7�-W/14a=?7^@37�489�B825CD7�25-o/103254aB87�JD;<B[/a/1;O;<Q�J3L�GI9�7*25-o/1037^±>��±*�²��/1L�GI-W/1259
GI9�;<K34[/1259�9]GIL525C3B1G�/125;<-*/PGI-3Q�XZ��037�0325p<0O³´deB87�fgK37�-39:N ���m�E��=�GI4¬@37�J3L5;µN<7�@VG�/EG+@37�JU/10
;Id � X ¶<·^F{GI-3@oG ��¸*¹º¶ �µ¢<¢ 9]GIL525C3B1G�/17�@�0WNO@3B8;<J303;<-37>=�GI4�@37�J3L5;µN<7�@ ~ F	G]=�G]N<XA,.-
YZ25p3X � =?7�4803;µ=»/1037���B1GI-348FV2c/R¼E;<Lc/PGIp<7 �a7�48JD;<-3487V9�K3B[q<7�4�;<CU/PGI25-37�@�de;<BR/1037V½�@32cd�³
de7�B87�-W/+0325p<0�deB87�fgK37�-39:Nm���m�E� /1B1GI-348@3K39�7�B84�K34825-3p�/1037*4[/PGI-3@(GIB8@m±>��±*����/1L�GI-W/1259
9]GIL525C3B1G�/125;<-^GI9�fgK325482c/125;<-`GI-3@ 48;Idw/.=�GIB87�48K32c/17IX¬�+4¬9]GI- CD7�487�7�-�/1037a½+9�K3B[q<7�4AGIB87Aq<7�B[N
4825FV25L�GIB�7TSU9�7�JU/Ade;<BEG>@37�7�JD7�BE-gK3L5L(25- ;<-37a9�K3B[q<7�25- /1037�B87�p<25;<-�;Idt¶ ¢ QO��¾IX¬��037�B87+GIB87
4825p<-32c�(9]GI-W/�q<7�B[/1259]GIL$CD7]GIFVJ(G�/8/17�B8-_7:¿�7�9:/14+G�/a/1037*0325p<0�deB87�fgK37�-39�257�4RGI-3@o/1037*@32c¿�7�B�³
7�-39�7a037�B87aFHG]N^CD7a@3K37�/1;�GR48L525p<0W/M9P0(GI-3p<7a25-`/1037�p<7�;<FV7:/1B[N`;<B¬B87�L�G�/12cq<7�;<B8257�-W/PG�/125;<-
;IdM/1037^/1B1GI-348@3K39�7�B�X*��;µ=?7:q<7�B�\t/1037�B87 254�9�7�B[/PGI25-3LcNmGH-gK3L5L�25-m/1037`B87�48JD;<-3487�4>;IdAGIL5LZ½
/1B1GI-348@3K39�7�B84+G�/+GIJ3J3B8;]SU25FHG�/17�LcN�· ¢ GI-3@m¶ ¢ QO��¾IX
�À@(G�/PG�GI9�fgK325482c/125;<-ÁGI-3@�=�G]q<7:de;<B8F�p<7�-37�B1G�/125;<-ÁJ3B8;<p<B1GIFÂ=�GI4�=aB82c/8/17�-¥25-Á�$�R�E³
¼R,�Ã¬Ä�=a03259P0VGIL5L5;µ=?7�@^de;<BZ/1037�487�fgK37�-W/12�GIL3p<7�-37�B1G�/125;<-`;IdtÅO25-39�GI-3@ � GIK348482�GI-`J3K3L5487�4
GI4^G�deK3-39:/125;<-�;Id�9�7�-W/1B87VdeB87�fgK37�-39:NbGI-3@bC(GI-3@U=a25@U/10 u =a2c/10bG_48JD7�9�2c�(7�@ � n�25-�/1037
9]GI487 ;IdE/1037 � GIK348482�GI-�J3K3L5487�4 x GI-3@�de;<B+/1037 B87�9�;<B8@325-3p�;IdE/1037 B87�48K3Lc/125-3p�4825p<-(GIL54RG�/

Æ Ç$È3ÇDÉ�ÊOË.Ì Í�Î8Ë´Ï Ð¬Ñ�ÒiÓ:Ô:Ô:Õ1ÖµÔ:Ó:Ó



0 20 40 60 80 100
100

105

110

115

120

125

130

135

140

145

150

Frequency(kHz)

P
ow

er
(d

B
)

��� �������
	���������������������! ��"�$#&%'�(%��*)+�!����%-,�.0/1�(%�243
5�6�7980�! ��;:=<��>�?A@��B��%��DCE�F�;��G�%
HIHKJLJ=����������.0@�?M%M�N�O�N<!PRQ�ST�U,(�V)�)O�(��WXPY-CE%M%F�R>Z.�%[)+��G

\[]_^-]�`0a_bdc!e_]_c!f_^�g-h&c!bi\[]_^-a&j�\�jIc�kN\[]_lEm'bd^Me+c!bB\Vn�\[]_^Z\[lEoT^Zmd^MbdlE^Mm'p�j�mDm[j�oTe_qE^Marj�\
s!t�u!u!u!u m[j�oTe_qE^Mm�v�md^MwMc!f_a�gNximyp;^MqEq(nO\[^�z0\;{&qE^Mm;c�k|j�bd}_l~\[b[j�bB`�p�jV�!^$k"c!bdoTm�wVj�fK}+^i�_md^Ma
}�`K\[]_^���x��y���*����e_bdc!�!b[j�o�g
��f�c!bda_^Mb-\[c�\[^MmB\T\[b[j�f_mda_�_wM^MbTqElEf_^Vj�bdl~\�`!nyjrmd^MbdlE^Mm-c�ki\[^MmB\[m-p�l~\[]=p�lEa_^M}&j�f_a�e_�_qEmd^Mm
p;^Mbd^-wMc!f_a_�_w$\[^Ma�g���f
h�lE�_g s p;^�md]_cAp4j�\�p;c���a_lEoT^Mf_mdlEc!f&j�qLlEo�j��!^�c�k9\[]_^�bd^Mmd�_q~\[lEf_�
e+cAp;^Mb�mde+^Mw$\[b[jXn&wMc!oTe_�X\[^Ma�}�`�j���x9����x���e_bdc!�!b[j�o�n&j�m\[]_^DwM^Mf�\[bd^Dk"bd^M�O�_^Mf_w$`��F�
c�k�j��0lEf_w�e_�_qEmd^�lEm���j�bdlE^Ma-k"bdc!o 2 u \[c 2 u!uD�0 �¡ lEf-mB\[^Me_m;c�k s�u!uD �¡ k"c!bNjD}&j�f_aXp�lEaX\[]
c�k�¢ u=�0 �¡ gU�]_^�zO��wMc0c!bda_lEf&j�\[^�lEmI\[]_^
wM^Mf�\[bd^
k"bd^M�O�_^Mf_w$`£c�k�\[]_^¤�0lEf_wre_�_qEmd^
lEf
�0 �¡ j�f_a�\[]_^ ¡ ��wMc0c!bda_lEf&j�\[^�lEm�\[]_^�k"bd^M�O�_^Mf_w$`�jFzXlEm�k"c!b�\[]_^ZwMc!oTe_�X\[^Marh�h��;��e+cAp;^Mb
mde+^Mw$\[b[jXgxim�wVj�f¥}+^�md^M^Mf�n�\[]_^�lEf_e_�X\��0lEf_w'k"�_f_w$\[lEc!f_m�a_c�f_c�\�^�zXwMl~\[^�^Mf_^Mbd��`�lEf¦\[]_^
}&j�f_a�c!�X\[mdlEa_^I\[]_^�¢ ur�0 �¡ }&j�f_a=p�lEaX\[]�g=xif_c�\[]_^Mb-^Mf_wMc!�_b[j��!lEf_�rk"^Vj�\[�_bd^¦lEmZ\[]&j�\
j�\�j¥�!l~�!^Mf§k"bd^M�O�_^Mf_w$`¤��j�qE�_^-k"c!b�\[]_^Kmde+^Mw$\[b[j�q;bd^Mmde+c!f_md^�n�\[]_^���j�qE�_^�lEm�^Mmdmd^Mf�\[l¨j�qEq~`
lEf_a_^Me+^Mf_a_^Mf�\�c�k|\[]_^'wM^Mf�\[bd^'k"bd^M�O�_^Mf_w$`¥�F��©�j�m�qEc!f_�-j�ml~\�qElE^Mm;p�l~\[]_lEfK\[]_^�ª¬« uZ�0 �¡
c�kL\[]_^DwM^Mf�\[bd^'k"bd^M�O�_^Mf_w$`_�g;x®mdc!oT^$p�]&j�\��_fO�_md�&j�q�k"^Vj�\[�_bd^'lEm�\[]_^�j�e_e&j�bd^Mf�\�k"c!qEa_lEf_�
c�kL^Mf_^Mbd��`Ij�\�\[]_^��_e_e+^MbqE^$k¯\j�f_aIqEcAp;^MbbdlE�!]�\�wMc!bdf_^Mbdmc�k|\[]_^�e_qEc�\Vg9h&c!b;\[]_^�wVj�md^'c�k
\[]_^�qEcAp°k"bd^M�O�_^Mf_wMlE^Mm�\[]_lEm;lEm;a_�_^�\[c�\[]_^ik�j�w$\;\[]&j�\�mdc!oT^ic�k�\[]_^�k"bd^M�O�_^Mf_w$`Ibd^Mmde+c!f_md^
wM^Mf�\[bd^Ma�j�}+c!�X\|\[]_^yf_^M��j�\[l~�!^9��j�qE�_^Nc�kX\[]_^ywM^Mf�\[bd^yk"bd^M�O�_^Mf_w$`�j�e_e+^Vj�bdmLlEfD\[]_^ye+c!mdl~\[l~�!^
mde+^Mw$\[bd�_o�g��]_^^$±²^Mw$\9lEfZ\[]_^�qEcAp;^Mb�bdlE�!]�\�lEm�a_�_^;\[c'mde+^Mw$\[b[j�q&j�qEl¨j�mdlEf_�_g���f-h�lE�_g�³i\[]_^
mde+^Mw$\[bd�_o´k"c!b'jKwM^Mf�\[bd^Zk"bd^M�O�_^Mf_w$`rc�k t�u��0 �¡ j�f_a�\[c�\�j�q�}&j�f_aXp�lEaX\[]�c�k;¢ uK�0 �¡ lEm
md]_cAp�f�gNxim�wVj�fK}+^imd^M^MfK\[]_lEm;mde+^Mw$\[bd�_oµlEmy�!^MbB`�mdlEoTlEq¨j�b�\[c�\[]_^iwVj�qElE}_b[j�\[lEc!f-mde+^Mw$\[b[j
c�k;h�lE�_g 2 g��]O�_mMn|l~\'md^M^MoTm'\[]&j�\�\[]_^�\[b[j�f_mda_�_wM^MbDlEm�^�zX]_lE}_l~\[lEf_�Ke_bd^Ma_lEw$\�j�}_qE^�qElEf_^Vj�b
}+^M]&jV�0lEc!�_bMg

¶�·_¶+¸�¹0º�» ¼M½dº�¾ ¿�ÀLÁ1Â$Ã$Ã$Ä[ÅAÃ$Â$Â Æ



Centre Frequency (kHz)

S
pe

ct
ra

l F
re

qu
en

cy
 (k

H
z)

10 20 30 40 50 60 70 80 90

0

20

40

60

80

100

120
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

��� �������
	������������������������� �!����"$#%�!�&"(')�����+*,*.-/-103254%67������#%�!8:9������;0=<?>��A@(B � 6C�D�E�
'=9�#�����B "$#F"(')�����C����#G��� �H'I� ��J:9���#���K,"(')�����&L(MD>3N�2)<+��"$#%���O��#G�QP$��#�8SR/B 8G���T�!B UV#$���

WYXSZF[]\^[]_SZ,`baFc�dIde`bfIg�Z.\�h;[]_SZ._SfIi$_:j�hOkbZ�l(XSZ�mSnAoqp
p^rer/stfu[HfI`+`v[]k]c�fIi$_�[bhO\$kvwxc�kbyz[]\
hO\$kba{c�kbk]c?o:`|\�he[]_SZ�`bZH[]k]c�mS`bySXSn�Z�kb`�}+~3m��)fIiS}���c���Z�dIZ�a�Z�m�[|�$Z�kv[]fIn?c�dtc�kbk]c?o�w;fu[]_�c
kbfIi$fIy7n�\$mSmSZ�nA[]fI\$mF\�h�c��S�Skb\?�GfIaFc%[]Z�duoT�&n�a�`b�Vc�n�fImSi&fI`e`b_S\Dw;m�}e�_SZ�`bZC�Y[]k]c�mS`bySXSn�Z�kb`
n?c�m
��ZCw;fIkbZ�y^fIm^`bZ�kbfIZ�`�\$kEfIm��Vc�k]c�dIdIZ�d�c�mSy�[]_SZAo�n?c�m^[]k]c�mS`ba�fu[EfIm�\$kE\$XG[�\�hQ�S_Vc�`bZ
w;fu[]_�Z?c�n!_^\�[]_SZ�k�}x~3m^�)fIiS}��Hw5Z+`b_S\Dw�[]_SZC[3w5\%j3ySfIa�Z�mS`bfI\$mVc�d�`b��Z�nA[]k]c�d/kbZ�`b��\$mS`bZChO\$k
[]_SZ��H��\$`b`bfI�SdIZYc�kbk]c�mSi$Z�a�Z�m�[]`�}t~3m.[]_SfI`5�SdI\�[?s�[]_SZ�[]\$�Fkb\Dw�c�kbZE[]_SZE[3w5\H[]k]c�mS`bySXSn�Z�kb`
w;fIkbZ�y
fIm
`bZ�kbfIZ�`�s�\$XG[vj3\�h�j3�S_Vc�`bZHc�mSy
fIm:j3�S_Vc�`bZ�}Y�_SZH`bZ�n�\$mSy�kb\Dw�`b_S\Dw;`Y[]_SZHkbZ�`bXSdu[]`
hO\$ke[]_SZ;[]k]c�mS`bySXSn�Z�kb`5w;fIkbZ�yFfImF�Vc�k]c�dIdIZ�d }/~�[5fI`�fIa���\$kv[!c�m�[Q[]\+mS\�[]Z;[]_Vc%[�[]_SZ�`bZYkbZ�`bXSdu[]`
_Vc?�$Z.c�dIdt��Z�Z�m�mS\$kbaFc�dIfIg�Z�y���o�[]_SZ�fIkCaFc��GfIaHXSa�c�a��SdIfu[]XSySZTc�mSy�[]_(XS`&[]_SZ�`bZF�SdI\�[]`
yS\,mS\�[|fImSySfIn?c%[]Z&[]_SZ7c��S`b\$dIXG[]ZHdIZA�$Z�dI`Y\�he[]_SZH`vo:`v[]Z�a�\$XG[]�SXG[?}C~3m��)fIi$`�} �.c�mSy���w5Z
n�\$a��Vc�kbZ;[]_SZ�`b��Z�nA[]k]c+hOkb\$a�[]_SZ�`bfImSi$dIZ[]k]c�mS`bySXSn�Z�kC�O�SdIXSZD��c�mSy�[]_SZE[3w5\%j�[]k]c�mS`bySXSn�Z�k
`vo:`v[]Z�a��O�Vc�k]c�dIdIZ�d s(\$XG[vj3\�h�j3�S_Vc�`bZD�|�OkbZ�y��5hO\$kn�Z�m�[]kbZChOkbZ�l(XSZ�mSn�fIZ�`E\�h)����c�mSy� $�T¡:¢Eg�}

£ `;n?c�m���Z|`bZ�Z�m�sV[]_SZCXS`bZ&\�hQ�+[]k]c�mS`bySXSn�Z�kb`�s��Vc�kv[]fIn�XSd�c�kbduo7w;_SZ�m^XS`bZ�y�\$XG[vj3\�h�j3�S_Vc�`bZ
_Vc�`QcYmS\�[]fIn�Z?c��SdIZ5ZA¤�Z�nA[?}Q~3m7�)fIi$`�} �Yc�mSy��E[]_SZxkbZ�`bXSdu[]fImSi�hOkbZ�l(XSZ�mSnAo7kbZ�`b��\$mS`bZxhO\$k)[]_SZ
[3w5\%j�[]k]c�mS`bySXSn�Z�ke`vo:`v[]Z�a¥fI`)¦�c%[b[]Z�kec%[t[]_SZ_SfIi$_HhOkbZ�l(XSZ�mSn�fIZ�`e\�h)§D�$��¡:¢EgEc�mSy7��ZAo$\$mSy
c�mSyzc�dI`b\�fIm��)fIiS}¨�Ffu[|n?c�m���Z7`bZ�Z�mz[]_Vc%[|[]_SZ7m(XSdIdec%[&©$�,¡:¢Eg�_Vc�`C��Z�Z�mz`b\$a�ZAw;_Vc%[
`b_Sfuh=[]Z�yª[]\�c�dI\Dw5Z�kHhOkbZ�l(XSZ�mSnAo$}1�_(XS`�fu[TaFc?o:��Z���\$`b`bfI�SdIZF[]\�`b_Vc���Z,[]_SZ�`b��Z�nA[]k]c�d
kbZ�`b��\$mS`bZ���o�XS`bfImSi�a�\$kbZH[]_Vc�m�\$mSZ7\�h5[]_SZ�`bZ7[]k]c�mS`bySXSn�Z�kb`&[]\$i$ZA[]_SZ�k�}7~�[&a�fIi$_�[C��Z
XS`bZAhOXSdSfImH[]_SZxhOXG[]XSkbZ5[]\|fIm��$Z�`v[]fIi�c%[]Za�\$kbZ�[]_S\$kb\$XSi$_Sduo&[]_SZZA¤�Z�nA[]`Q\�h�n�\$aH�SfImSfImSi�[]_SZ
fImSySfu�:fIySXVc�d�[]k]c�mS`bySXSn�Z�kb`�c�mSy�[]_SZCZA¤�Z�nA[E\�h/[]_SZC`b�Vc�n�fImSi�ySfI`v[!c�mSn�ZC��ZA[3w5Z�Z�m�[]_SZ�a�}

« ¬�S¬�®&¯:°3± ²�³b°�´ µt¶/·ª¸A¹A¹Aº]»D¹A¸A¸



0 20 40 60 80 100 120
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Frequency (kHz)

R
el

at
iv

e 
P

ow
er

 (d
B

)

��� �������
	������������������������� �!����"$#%�!�&"(')�����+*,*.-/-103254%67������#%�!8:9������;'<"��;�����=����#>��� �
'<� ��?:9���#���@,"('�A>BDC�2)ED��#�8GF$��#�8IH/J 8>���K"('ML(BDC�2)E�N

��� �������POM�Q�/H�".*,*.-/-R������#%�!8:9������S�+TU������J �V��� � @K��� J WX#���8

YMZIY�[&\:]3^ _�`a]�b ced/fhgViViVjlkmiVgVg n



20 40 60 80

0

50

100

−50

−40

−30

−20

−10

0

20 40 60 80

0

50

100

−50

−40

−30

−20

−10

0

20 40 60 80

0

50

100

−50

−40

−30

−20

−10

0

20 40 60 80

0

50

100

−50

−40

−30

−20

−10

0

��� �������
	������������������������� �!����"$#%�!�!�&"('�)+*,*.-/-103254%67������#%�!8:9������;���<�=�>';9�#�����? "$#@"('
�����A����#B��� �C'D� ��E:9���#���F,"('G�����AH(I<J3K�2MLN��"$#%���O��#B�QP$��#�8SR/? 8B���C�!? TU#$����'D"��WV3��"<�X� "�R:Y
������#%�!8:9������;�NR/? � ��8.? #C�!��� ? �!�[Z/"(9(�;J3"('\JO�S�$�<�!�]Z^? #�JO�S�$�<�!�=V�PB":�3��"$_`� "�R:Y=? #N�B�<����� � ��� Z
"(9(�;J3"('\JO�S�$�<�!�]Z^? #�JO�S�$�<�!�

0 20 40 60 80 100 120
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Frequency (kHz)

P
ow

er
 (d

B
)

��� �������
a������������������������� �!����"$#%�!�!�&"('��N�!? #bTU� �N*,*.-/-c03254%6>������#%�!8:9������d0�P��e9���6A��#�8
)$Jf������#%�!8:9������M� F$������_g0;�B�<����� � ��� ZW"(9(�;J3"('\JO�S�$�<�!��6h0�� ��8�6h'D"��i�����A����#B��� �C'D� ��E:9���#���F,"('^j(I
K�2MLC��#�8>P$��#�8SR/? 8B���@"('^H(ICK�2ML�k

l m^nSm�oqp:r3s t�ufr�v wGx/y{z]|]|]}[~<|]z]z



0 20 40 60 80 100 120
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Frequency (kHz)

P
ow

er
(d

B
)

��� �������
	������������������������� �!����"$#%�!�!�&"('��)�!* #,+-� �)./.1020436587%9:������#%�!;=<������>3�?��@<���9A��#�;
B$C ������#%�!;=<������D� E$������FG3H�I�J����� � ��� KL"(<(� C "(' C �M�$�J�!��9N3�� ��;�9N'O"��P�����A����#I��� �Q'O� ��R=<���#���E/"('TS(U
V�5DWQ��#�;:?$��#�;MX2* ;I���Y"('TS(UQV�5DW�Z
[1\^] _a`cbPdYegfNhc`AiTj&k�h&lmjQ`clnbPdYegfNhc`AiTj&k�h&lok2pqerh

iThcs=p�h�i

t6uwv^xMyOz&zq{�|}v^yO~$uw�8{N�-�qz�vAzqxM~J��yOu��DyO�M� �Yzq~$�:{Q~���v^xM{Nzq��{�|}v^�^����uM�wv^yO�:{)zq{��qyO{�z&��~$�
�����=���1� ��uM�I�>yO�Iv^x4�=yOuM|Y�M�M�Ozq{�z)�>y�v^x�|�{�u�v^�q{Y���q{��(�M{�uM|�yO{�zN~��>� �I ¢¡��I ¤£��I  ��uM�¦¥ �
�=��� �¢§�z8�8{��O���8{¨zq�M��{��qyO�:��~$zq{�v^xM{&�M{�zqyO�q{��©�=yOuM|��M�M�Ozq{&~$u1v^xM{&{«ªI��{��qyO�:{�u�v!����v^yO�:{
zq{��qyO{�z��¢¬xM{A�O~=|,�%v^yO~$uY~��2v^xM{&v^xM{�~$�q{}v^yO|,�����M�M�Ozq{¨yOzP�M{}v^{��q�:yOuM{�� �� �-uM�MyOuM�Qv^xM{&v^yO�:{
zqxMy��Hv��>xMyO|!xw�Y��ªIyO�:y � {�zv^xM{)|��q~$zqz�®6|�~$�q�q{��¯�%v^yO~$u©~��°v^xM{)v^xM{�~$�q{}v^yO|,���L�M�M�Ozq{�z��>y�v^x©v^xM{
�q{�|�~$�q�M{��±zqyO�$u-��� �:¬xM{��q{YyOzAuM~©�Mx  zqyO|,���¢yOu�v^{��q�M�q{}v!�%v^yO~$u���zAv^~�v^xMyOzA�O~=|,�%v^yO~$u�²2y�vAyOz
zqyO�:�M�  v^xM{�O~=|,�%v^yO~$uc�>xMyO|!x³�Y�%v^xM{��Y�%v^yO|,���O�  �M�q~=�M�M|�{�z°v^xM{�¯���q�${�z�v¤|�~$�q�q{��¯�%v^yO~$u��L§�z
yOz2zq{�{�u³yOuQ�DyO�M�%�>v^xM{P�q{�zq�M��v^yOuM���Y�%v^|!xM{�z � {}v6�8{�{�uNv^xM{8v^xM{�~$�q{}v^yO|,���=��uM�)v^xM{P�q{�|�~$�q�M{��
v^yO�:{¢zq{��qyO{�z¤���q{8uM~�v   yOu)�${�uM{��^���   �$~=~=�c��~$�Lv^xM{�zq{P�MuM|�~$�:��{�uMz^�%v^{��NyOuM�M�IvD�P�,´${}��~$�q�:z��
t�v¨yOz�|��O{,�������q~$�Gv^xM{Q�q{�zq�M��v^z&~����DyO�M���:v^x-�%v&v^xM{)~$�Iv^�M�Iv¨zq��{�|}v^�^�1�q{�zq�M��v^yOuM�Y���q~$�µ�
|�~$uMz�v!��u�v8yOuM�M�Iv¢zq��{�|}v^�^�Y¶���|��q~$zqz¢v^xM{>zq��{�|�y��-{�� � ��uM�I�>yO�Iv^x�·¤���q{P�����¤���q~$�¹¸��%v,�°¬xMyOz
yOzuM~�vzq�M�q�M�qyOzqyOuM�³|�~$uMzqyO�M{��qyOuM�Qv^xM{Azq��{�|}v^�^���T�q{�zq��~$uMzq{A~��2v^xM{&v^�^��uMzq�M�M|�{�����z>zqxM~J�>u
yOu¦�DyO�M��º$��t6u¦v^xM{1v^~$�¦zq��{�|}v^�^���P�M�O~�vQ~����DyO�M�2�©v^xM{��q{/yOzQuM~����M�-���q{�u�v³{�uM{��q�  �%v
� �/�=��� {}´${�u�v^xM~$�M�$x�v^xM{Y�=yOuM|³�M�M�Ozq{:yOz¨|�{�u�v^�q{��¦�%vc� ���=��� �:¬xMyOzcyOz¨�M�M{³v^~�v^xM{
����|}v   ��z�zq{�{�u/yOuY�DyO�M� £=  v^x-�%v�v^xM{��q{�yOz8�AzqyO�$uMy��-|,��u�v�u(�M�O���%v8���M�M�q~,ªIyO�Y�%v^{��  � �A�=��� �
�-�q~$�»v^xM{>�q{��¯�%v^y�´${¸��%v^uM{�zqz8~���v^xM{�zq��{�|}v^�q�M�   �8{>�8~$�M�O�:{«ªI��{�|}v8v^~A~ � v!��yOu³v^xM{ � {�z�v
�MuM|�~$�:��{�uMz^�%v^{��Y�M�M�Ozq{�z¤��~$�¤|�{�u�v^�q{>���q{��(�M{�uM|�yO{�z8yOuNv^xM{>�^��uM�${~��T���M�M�q~,ªIyO�Y�%v^{�� )¼�� ®
½$���=��� ��uM��yOuM�M{�{��¾v^xM{³�q{�zq��~$uMzq{1�%v ¡����=����  v^xM{:zq{�|�~$uM�±�M�O~�vA~���DyO�M�T�   yOz¨v^xM{
|��O~$zq{�z�v>v^~Nv^xM{A�M{�zqyO�q{���~$�Iv^�M�Iv,�

¿TÀM¿�ÁcÂ=Ã6Ä Å�ÆqÃ�Ç È°É2Ê¦Ë}Ì}Ì}Í^ÎJÌ}Ë}Ë Ï



0 20 40
−10

−5

0

1 1.1 1.2 1.3 1.4
−1

0

1

20 40 60 80
−10

−5

0

1 1.1 1.2 1.3 1.4
−1

0

1

40 60 80 100
−10

−5

0

1 1.1 1.2 1.3 1.4
−1

0

1

60 80 100 120
−10

−5

0

Frequency(kHz)
1 1.1 1.2 1.3 1.4

−1

0

1

Time(ms)

��� �������
	��������������������� �! #"%$�&��'�(�)"%�'*+���,��-/.�021�3546$+�87:9<;,=�>8?5@BA���0C&D� 0:���5"���� �����
*'�'�:�����'0BEF��$<"G��$H@:$2�,��$B-�EIAJ�8K29+E�L:9+E,M!9+E�A���0ON�95=�>8?P�����)"%�'*+���RQS�'� T#A���0U�����
*'$+�������)"%$B��0�� �! V��� -W�X���'��� ���Y;Z���'0O� ��������$+���  [� �BA��[� �+"��J�D���  [�BA��]\18$2���U�����5��� -W�X���'��� ���
A���05�)"%�'*+����A^�BA2QS�_@:�'�'�O��$+��-�A�� � ?+�'0`��$^�BA2QS�XA�"%��A�=5A�-a"C� ������0���$J4D������� T

bZc
d'eBfCgih6jCk'lih6fCm#npoCk5d'eBq^rCs6kStJu�v�w�s6xCk'jzy{h�| k�|R}�~%e�npoVw�q^rCs6hRnpxCjCk5w�fCjGrCo[w�gik<�agir%k'd�nplpw�s
lik'gir%eBfCgik`e���npoCk#nplpw�fCgijCxCd'k'lPnpe�w
mBhRvBk'fzh6fCrCx:n5��w!vBk��{eBliq�}���k`d!w�fzd'eBq^rCx:npk#npoCk
nplpw�fCg��{k'lF�{xCfCd�nph6eBfHnpeWw�rCrCsRc5npeWw_��w!vBk��{eBliq�h6fHeBlijCk'lFnpe�rClie2jCxCd'k�npo[w�n���w!vBk��{eBliq�w�n
npoCk�eBx:nprCx:nYe��DnpoCk_nplpw�fCgijCxCd'k'l'|��Ik�ninph6fCm^��y�����~%k_npoCk�lik'd'eBlijCk'j�eBx:nprCx:n�gir%k'd�nplixCq�}
�5y����OnpoCkVnplpw�fCg��{k'lU�{xCfCd�nph6eBf�e���npoCkVnplpw�fCgijCxCd'k'l'}Ww�fCj��Uy����OnpoCk�eBlih6mBh6f[w�sah6fCrCx:n
gir%k'd�nplixCq�}CnpoCk'f�eBfCk�d!w�f`��lihRnpk

��y����F���5y������Uy���� y����

�Ik�nYxCg�jCk��[fCk

� y��������+�+�5y����F� �Uy����
��y����%� y{�J�

�[lieBq �F¡�|¢y����S}hRn^h6g^k!w�g�c£npe¤gioCe<�¥npo[w�nOhR�anpoCk���w!vBk��{eBliq¦d'eBlilik'gir%eBfCjCh6fCm�npe¤npoCk
gir%k'd�nplixCq � y������Uy����_h6g�h6fCrCx:n�npoCk'f¤npoCkH��w!vBk��{eBliq§eBx:nprCx:nW�{lieBq¨npoCk^nplpw�fCgijCxCd'k'l
��h6s6sad'eBlilik'gir%eBfCj©npe£�Uy����S|«ª,f©rClpw�d�nph6d'k�}Xw�g���y����O~%k'd'eBq^k'gUlik's¢w�nphRvBk'sRc¬giqOw�s6sah6f
w�q^rCs6hRnpxCjCk#y�{eBlakStCw�q^rCs6k�}���hRnpoGlik'gir%k'd�nXnpe#npoCk5~[w�d�®JmBlieBxCfCjGfCeBh6gik5gir%k'd�nplixCq#��npoCk
jChRv2h6gih6eBfGh6f��F¡�|¢y{�J�_qOw!cG~%k'd'eBq^kPxCfCg�n�w�~Cs6k�|^¯oJxCg���k^xCgikHnpoCkH�{eBs6s6e<��h6fCmO�{eBliq5xCs¢w
�{eBl � y����Pw��npk'l^��y�����o[w�gH~%k'k'f£fCeBliqOw�s6h6°'k'j±npeVo[w!vBk�wGqOw+t:h6q5xCq²w�q^rCs6hRnpxCjCkOe��

³ ´IµC´%¶W·2¸,¹ º'»i¸�¼ ½(¾D¿ÁÀ�Â�Â�ÃpÄ<Â�À�À



0 0.5 1 1.5 2
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time(ms)

��� �������
	��������������������������� ���! "����� �" �#$���&%('*)('����+�!,-��'. /%0�����21�� '��3,�)(4  "�657�8���2%
����'9�����:#$����;<)(��'��>=?�0#A@"BDC(EGF:%('��H%HI+%('��J57� �9���2�0#LK0M:C(EGF(N

OJPJQSRUT+V
WDX�Y�Z&[ \ X�Y�Z]^X�Y�Z`_�a ]^X�Y�Zba8X"a ]^X�Y�Zba/ced<Z X�f+Z

g^hJi�j`i d Q$k6l
k`mnl(opl jqg^h Q$m hrgsi k i RHR/tvu9w u f Q$PxR hJi?izy l({2|Jo i k6} i o$t g w�~ hJi m�t+{6�
| i PJk/l.R/Q$PJ�:k`| i m�R j OJ{ WDX�Y�Z mnl(P*} i OJk i��?� t j l(P�T �Ji k`Q j`i�� k`| i m�R j OJ{��\ X�Y�Z g^h Q$m h Q$km�t+P�R"l(Q$P i���g QSR h Q$P�R hJi k/l({ i���j`i�� O i PJm�T�}�l(P �9g Q � R h l(k \ X�Y�Z w��R�k h t+OJo � } i PJt(R i��R h l.R^Q$P?R h Q$k j`i |-t j R gsi OJk i l6k`| i m�R j l(oLm�t+{2| i PJk/l.R/Q$t+P�l(|J| j t�l(m h w���R3Q$k|-t+k`k`Q$}Jo i R/t
m�t+PJk�R j OJm�R!l:��PJQSR i R/Q${ i k i�j Q i k ��j t+{ WDX�Y�Z l(P � | i�j�� t j {�R hJi m�t+{2| i PJk/l.R/Q$t+P?Q$P?R hJi
R/Q${ i� t+{Dl(Q$P2}�T2l�m�t+P��+t+o$O9R/Q$t+P�w&��t j k`t+{ i l(|J|Jo$Q$mnl.R/Q$t+PJk�R h Q$k�m�t+OJo � } i | j`i���i�j l(}Jo i w
� k�l(P izy l({2|Jo i t � R hJi k`| i m�R j l(o�m�t+{2| i PJk/l.R/Q$t+P�t � l(P�Q$PJ|JO9R g ln� i�� t j {�V!o i R?OJk
m�t+PJk`Q �Ji�j R hJi�� u��U�<�3��}�l(P �9g Q � R h�j`i k`|-t+PJk i R/tHR hJi |JOJo$k i�g QSR h l6m i P�R j`i���j`i�� O i PJm�T
t �7� f �<�3�(w�~ hJi!j`i m�t j`�Ji��*j`i k`OJoSR/Q$PJ��|JOJo$k i Q$k�k h t g P?Q$PD�GQ$�Jw0�ql(P � QSR/kAk`| i m�R j OJ{�Q$P
�GQ$�JwL�bu9w���R�Q$k!m�o i l j!��j t+{ �GQ$�Jw �2R h l.R!R hJi t+O9R/|JO9R g ln� i�� t j {¡Q$k � l j!��j t+{¢R hJi � i�j T
k h l j |q|JOJo$k i&g^h Q$m h k h t+OJo ��j`i k`OJoSR ��j t+{£R h Q$kL}�l(P �9g Q � R h l(P � QSRLQ$kLm�o i l j¤��j t+{¥�GQ$�Jw(�bu
R h l.R¦R hJi k`| i m�R j l(o j`i k`|-t+PJk i Q$k � l js��j t+{¨§�l.Rnw&© i�j�� t j {2Q$PJ�qR hJi t+| i�j l.R/Q$t+P*t �7ª&� w X�f+Z
gsi t+}9R"l(Q$P*R hJi�j`i k`OJoSR/k^k h t g P�Q$P��GQ$�Jw��+� � t j R hJi l({2|Jo$QSR/O �Ji t � R hJi m�t+{2| i PJk/l.R/Q$t+P
� OJPJm�R/Q$t+P WDX�Y�Z l(P � Q$P«�GQ$�Jw���¬ � t j R hJi | h l(k i wv��t j R hJi | h l(k i t � R hJi k`| i m�R j OJ{
t � WDX�Y�Z V gsi � j k�R�OJP g^j l(|J| i�� R hJi | h l(k i t � R hJi k`| i m�R j OJ{ X OJk`Q$PJ�DR hJiH � ~^® ��¯
� OJPJm�R/Q$t+PD°!±^²´³ � © Z l(P � R hJi P � QSµ i�j`i PJm i�� R hJi | h l(k i3g QSR h2j`i k`| i m�RsR/t ��j`i�� O i PJm�T
R/t�{Dl(� i R hJi o$Q$P i l j | h l(k i m h l(PJ� i X g^h Q$m h mnl(P j`i k`OJoSRsk`Q${2|JoST ��j t+{¶| j t+|�l(��l.R/Q$t+PHt j
l:R/Q${ i��Ji oplnT Z lHm�t+PJk�R"l(P�Rnw � k^mnl(P�} i k i�i P�V�R hJi k`Q$�+PJQS��mnl(P�R^| h l(k i m h l(PJ� i k3t<m�m�O j
l.R3l(|J| j t y Q${Dl.R i oST*·+uHl(P ��� u��U�<�3�(w

¸¤¹J¸-º�»<¼U½ ¾�¿`¼�À Á�Â7Ã«Ä�Å�Å�Æ/ÇbÅ�Ä�Ä È



−100 −50 0 50 100
−20

−18

−16

−14

−12

−10

−8

−6

−4

−2

0

Frequency (kHz)

P
ow

er
 (d

B
)

��� �������
	��������������������� ���� "!$#&%"'(����)*!+�-,&�/.10*�2#& 3,& �)�04�5���� �'6#7!+��8:9��  �);��,&% '<�>=?�@!+�:#
)��� "!+���A.1����B�,&�� �)(CD07.FE<GIH&JLKA#& �8>#>M4#& �8N=?� 8"!+�:07.PO7QAH&JLK&R

S�TVU1W;XNY&TVZ�[1\^]&_a`abc]�TVT6bN\d_e\�WefN[gT6U1XNhIi�Yj`k\�_V[1Y4WeWaT6YIT6bN\dY4f"T6iNf"TVWeU1h4Xc]&[l`aU1[1[Pm�\A]&WV]
_e\�WefN[gTkY&n�T6bN\5Wei�\�ZoT6_6]&[�p�]�TeT6\�XNU1XNhNq2S-XIT6bN\5XNY4_erI]&[1U1s^]�T6U1Y4XtY&nPuwv�qyx�z4{wT6bN\5i�\^]&|t}&]&[1fN\
Y&na~ax���{5U1W�XNY4_erI]&[1U1s�\���T6Y�bc]^}4\IfNXNUgT�]&r:iN[1UgT6fN�N\AWeY�T6bc]�T�T6bN\:�NUg}�U1WeU1Y4X�\o��\�ZoT6Ug}4\�[g�
\�r:iNbc]&WeU1s�\�W�T6bN\>Wei�\�ZoT6_6]&[wZ�Y4r:i�Y4XN\�X�T6W�n$Y4_Vn$_e\�v7fN\�XNZ�U1\�W�Y&T6bN\�_VT6bc]&X�T6bN\>i�\^]&|�n$_e\��
v7fN\�XNZo�4q3�;Yj`k\o}4\�_��LT6bN\tT6U1r:\tWe\�_eU1\�W�`abNU1Z<b�U1W�WefNiNiN[1U1\���T6Y�T6bN\I��������`�]^}4\on$Y4_er
h4\�XN\�_6]�T6Y4_tU1Wd�c_eW�T>XNY4_erI]&[1U1s�\��
T6Y�bc]^}4\�]�i�\^]&|�]&r:iN[1UgT6fN�N\IY&n;fNXNUgT-��WeY�T6bc]�TtT6bN\
]&mNWeY4[1f"T6\;[1\o}4\�[1WkY&n�T6bN\5Wei�\�ZoT6_efNr��NYdXNY&T�]���\�ZoTkT6bN\5Z�Y4r:i�\�XNW6]�T6\��IT6U1r:\aWe\�_eU1\�WFT6bc]�T
U1WVZ�Y4r:iNf"T6\���q��;Yj`k\o}4\�_��Pm����N\�Z�_e\^]&WeU1XNh3T6bN\t_e\�[y]�T6Ug}4\dZ�Y4X�T6_eU1mNf"T6U1Y4X�Y&nwn$_e\�v7fN\�XNZ�U1\�W
x$\&q hNqg�P���D|��;sj{�]&XN�
U1XNZ�_e\^]&WeU1XNh3T6bN\>Wei�\�ZoT6_6]&[F]&r:iN[1UgT6fN�N\dY&nt��U1XN\o�:Z�U1\�X�T6�Dn$_e\�v7fN\�X��
Z�U1\�WIx$\&q hNqg�L�4��|��;sj{�Y4XN\t`kY4fN[1�
\��"i�\�ZoT�T6bN\>T6_6]&XNWe�NfNZ�\�_�T6Y�iN_eY��NfNZ�\:[1\�WeW�]&Z�Y4fNW�T6U1Z
\�XN\�_eh&��n$Y4_;]>�"�"\���]&r:Y4fNX�T5Y&nw]&iNiN[1U1\���}4Y4[gT<]&h4\&q��cY4_a\��N]&r:iN[1\&�cT6bN\d�NUg��\�_e\�XNZ�\�m�\��
T-`k\�\�X�T6bN\3_e\�Wei�Y4XNWe\�]�TA�7 �|��;sIT6Y�T6bc]�Tt]�T>]&iNiN_eY^�"U1rI]�T6\�[g��¡&��|��;sDU1WA]&m�Y4f"T3¢*z
�c£5qc¤�bN\�[1U1XN\^]&_�]&r:iN[1UgT6fN�N\V_e\��NfNZoT6U1Y4XDn$Y4_�T6bN\��7 A|��;s�_e\�Wei�Y4XNWe\�Z�Y4_e_e\�Wei�Y4XN�NU1XNhtT6Y
]d¡�q¥z��c£��N_eY4i�x$U�q \&qg��T6bN\aY4f"T6iNf"T�]�T��7 �|��;s;U1W��N\�Z�_e\^]&We\��3m��I¡�q¥z��c£¦]&XN�>T6bN\;Y4fNiNf"T
]�T�¡&�:|��;sAU1XNZ�_e\^]&We\���m���T6bN\AW6]&r:\d]&r:Y4fNX�T�{aU1W5�"q �7 �¢4q;¤�bN\AYj}4\�_6]&[1[?Y4f"T6iNf"TV[1\o}4\�[1W
Z^]&X�m�\�U1XNZ�_e\^]&We\���m���U1XNZ�_e\^]&WeU1XNhtT6bN\�}4Y4[gT<]&h4\�]&iNiN[1U1\��DT6YtT6bN\�W���W�T6\�r§]&XN��T6b7fNW���U1X
iN_6]&ZoT6U1Z�\&�"T6bN\�[1\o}4\�[1W�`abNU1Z<b�Z^]&X�m�\�Y4m"T<]&U1XN\��D`aUgT6bDT6bN\�Wei�\�ZoT6_6]&[1[g����p�]�TeT6\�XN\���WeU1h4Xc]&[
`aU1[1[��N\�i�\�XN�¨fNi�Y4X©T6bN\�rI]*�"U1rAfNrª}4Y4[gT<]&h4\�[1\o}4\�[1Wt`abNU1Z<b¦Z^]&X¦m�\�]&iNiN[1U1\��©T6Y�T6bN\
T6_6]&XNWe�NfNZ�\�_�q

S-X3�LU1hNqc¢j«�`k\5WebNYj`¬T6bN\;Z�Y4r:i�\�XNW6]�T6\��3WeU1h4Xc]&[cfNWe\��3m��>T6bN\���������n$Y4_�T6bN\5�4�*�-|��;s
 U1XNZtiNfN[1We\�x+«�zI|��;s�®¯�¦®°¢4¢*zI|��;sj{�qAS�T�U1W�Z�[1\^]&_e[g��WeU1h4XNUg�cZ^]&X�T6[g���NUg��\�_e\�X�T�T6bc]&X
T6bN\5�N\�WeU1_e\��  U1XNZ;iNfN[1We\&qw¤�bN\5_e\�WefN[gT6U1XNh�_e\�Z�Y4_e�N\��DWeU1h4Xc]&[Lx+]&XN�:T6bN\5Yj}4\�_e[y]&U1�:�N\�WeU1_e\��

±j² ³l´N³�µ�¶�·-¸ ¹�ºe·�» ¼2½?¾©¿oÀoÀoÁ6ÂjÀo¿o¿



0 20 40 60 80 100 120
0

2

4

6

8

10

12

14

Frequency (kHz)

A
m

pl
itu

de

��� �������
	�	��������������������� ��� !��"� #$��% &��('*)+�����(��',!�����-.�/�*��# -102�����������3% !5476�)98

0 20 40 60 80 100 120
−70

−60

−50

−40

−30

−20

−10

Freq (kHz)

P
ha

se
 C

ha
ng

e 
(d

eg
)

��� �������
	;:��<����<�"�,�=�>�('*)+�����(��',!�����-.�/�*��# -102�����������3% !5476�)98

?A@"?�BDC;E3F G�HIE�J KMLONQPSRSRST/U=RSPSP V,V



0 0.5 1 1.5 2
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time(ms)

��� �������
	��������������������� �!�"��#%$'&�()��*+(), �-�!$.����, �.$/, #0��1�(2()�3()���54�&�6��879�0���;:<��#����)&�()�0��()�
������*�1=���>&5?�@8��A=BDC-E�, #��-FG1=#��0(), � #

H�I9JLKNMLOLP9QSR8TDI9QUQSVLW8XYJZI9J\[DI9]L^�_a`cb=JLd\Ife'QUQSM"R�Kge'hSOLijI9J\[DI9]L^�_0k�^U[<hSW il[DI9]L^�_a`>IfemKab=J
n R!QSR�R�Joe'V<b%e2e'VLR/K�W iZM"R�JLQ'b%e'I9W JZXNb=QNPpb=hS] R�Pfq\QSOLK�K�R�QSQsrtOLPuI9JvMLhSW�dLOLK�I9JL]we'VLR!dLR�QSI9hSR�d
W OGe'MLOGeNXNbax RgrtW hSi+^y[DI9]L^�_0kwQSVLW8XYQNe'V<b%eNe'VLR>hSR�QSOLPfe'I9JL]zQSM"R�Kge'hSOLi{I9Q2|�OLIfe'R!}�b%eNXYIfe'V
e'VLRoR�~GK�R�MGe'I9W J�W=rYrthSR�|�OLR�JLK�I9R�Q\] hSRab%e'R�hwe'V<b=J�b=MLMLhSWa~GI9ivb%e'R�Pfq�_8� �������3XYVLR�hSRoe'VLR
hSR�Ppb%e'Ifx R3P9Rgx R�P9QZb=hSRoQSW iZRgXYV<b%e\P9W8Xc^���VLR�P9W8X2R�h5P9Rgx R�P9Q\b=hSRoMLhSW n b n Pfq�dLOLRoe'W�e'VLR
OLQSR-W=r�e'VLRcQSKab=Ppb=hN}<W�W hY�vI9Joe'VLR-dLRg�<JLIfe'I9W JoW=rm�v����T2I9J+�m|�^p�t`�T�^y��J�[DI9]L^�_8�Zb=JLd�_0�
X2R!QSVLW8X�e'VLR�K�W hShSR�QSM"W JLdLI9JL]-hSR�QSOLPfe'Q�rtW hyb-� �0������� n b=JLdGXYI9dGe'VvMLOLP9QSRYK�R�J�e'hSR�dob%e2��k
�����=^m[<hSW i;e'VLR�QSR2�<] OLhSR�Q�� Ife�Kab=J n R2QSR�R�Jze'V<b%e�e'VLRNb=] hSR�R�iZR�J�eUW=rLe'VLR2W OGe'MLOGeUMLOLP9QSR�Q
XYIfe'Voe'VLRcdLR�QSI9hSR�d+MLOLP9QSR�Q�I9QNx R�hsq�] W�W�d��GM<b=hse'I9K�OLPpb=hSPfqZrtW hNe'VLR-� �0������� n b=JLdGXYI9dGe'V�^

��JLQse'Rab=d�W=rYe'VLR�QSR3x R�hsq�QSVLW hse\MLOLP9QSR�Q���X2RoKab=J�b=MLMLPfq
e'VLRoQ'b=iZRoK�W iZM"R�JLQ'b%e'I9W J�e'W
MLhSW�dLOLK�R�K�W QSI9JLR���e.b=M"R�hSR�d3�2VLI9hSMZMLOLP9QSR�QyW=rD_�iZI9P9P9I9QSR�K�W JLdzdLOLh'b%e'I9W J�^U[DI9] OLhSR�Q�_8�-b=JLd
_8�!QSVLW8X�e'VLR�hSR�QSOLPfe'I9JL]c�2VLI9hSM5MLOLP9QSR�QDXYIfe'Vze'VLRNdLR�QSI9hSR�dv�2VLI9hSMzMLOLP9QSR�QmQSOLM"R�hSI9iZM"W QSR�d
I9J
hSR�d�rtW hwb+� �0�������ZXYI9dLR3�2VLI9hSM�b=JLd�I9J�[DI9] OLhSR�Qz�=��b=JLd���_\e'VLRvK�W hShSR�QSM"W JLdLI9JL]
hSR�QSOLPfe'Q�rtW hoe'VLR�� �0��������XYI9dLR��2VLI9hSM�^¡ �R�hSV<b=MLQ��ciZW hSR�I9JGrtW hSivb%e'Ifx R�e'V<b=J¢e'VLR�QSR
e'I9iZRvQSR�hSI9R�QzMLP9W=e'Q5b=hSRve'VLR3QSM"R�Kge'hSW ] h'b=iZQzW n e.b=I9JLR�d n q�OLQSI9JL]�QSVLW hses��e'I9iZRv[<W OLhSI9R�h
��h'b=JLQsrtW hSiZQ-W8x R�h-e'VLRvhSR�K�R�Ifx R�d�QSI9] J<b=P�^v��VLRvhSR�QSOLPfe'I9JL]+e'I9iZR8£0rthSR�|�OLR�JLKgq�MLP9W=e'Qwb=hSR
QSVLW8XYJ�I9J�[DI9] Q�^�� �+b=JLd��=¤G^o¥!QwKab=J n RZQSR�R�J�e'VLRZQSM"R�Kge'W ] h'b=iZQwW=r2e'VLRvhSR�K�W hSdLR�d
QSI9] J<b=P9Q�R�~GVLI n Ife�e'VLR�K�W hShSR�KgeyrthSR�|�OLR�JLKgqL£0e'I9iZRYx=b=hSIpb%e'I9W J�^���VLR!QSR�K�W JLdob=hShSIfx=b=PGXYVLI9K.V
I9Q�Rgx�I9dLR�J�e2I9J\e'VLR�MLP9W=e'Q�I9QmrthSW ile'VLR�QSOLhsr)b=K�R�hSRg}<R�Kge'I9W J�^m��VLRYx R�hse'I9Kab=P"b=JL] P9RNrtW hme'VLI9Q
izOLPfe'I9M<b%e'V�I9Qw|�OLIfe'R3Ppb=hS] R=�UdLOLRve'W�e'VLR3QSVLW hses��h'b=JL] R3] R�W iZRge'hsq
OLQSR�d�I9J�e'VLR3e.b=JL���
b=JLd�QSI9JLK�R�e'VLR�rthSR�|�OLR�JLKgq�hSR�QSM"W JLQSR�W=r!e'VLR�e'h'b=JLQSdLOLK�R�hvb%e\e'VLI9Q5x R�hse'I9Kab=P�b=JL] P9RoI9Q
|�OLIfe'R-dLIf¦�R�hSR�J�e!e'V<b=J+e'V<b%e/b%e!VLW hSI9��W J�e.b=P��Le'VLR-QSOLhsr)b=K�RwhSRg}<R�Kge'I9W J�I9QYJLW=e!QSI9iZMLPfq�b=J

§8¨ ©uªL©"«-¬��® ¯�°S�± ²U³�´�µg¶g¶g·'¸8¶gµgµ



−50 0 50

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time (microseconds)

��� �������
	������������� ����������� ��� �����"!$#%��� &('*)+��,-�.�����/� &10�!��32�4657�8)+,1���9,�)�:;� '=<�>1?A@CB�#D!$�/� �
��� ��� ������� ���FEG����HI� � H������ ����HJ��� ��� ������� ���"<A�����KH������ ����HJ��� ��� ������� ���L� ������,�2G&M4��3��2G� N��
�����K��O6H���,80;��,-&�� �F4$� 0;# � &('J��4����8<

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

Frequency (kHz)

A
m

pl
itu

de

��� �������P	6Q�������K���"48�"!$����HI,�!��+0�!��G�R0=��N1���S!$�TN�,1�������R0=,-&�H�� &('U��,V�����
0����7@SN�,-� 0=��&W�F4�����HYX�Z8@R[]\_^`B-4$&�H;2G� Ha���cb�� &�NA��� ���L������� ���"<

d�e;d=f�g6hSi j�klh�m npoGqsr"t"t"uFv8t"r"r w8x



−50 0 50

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time (microseconds)

��� �������
	������������� ����������� ��� �����"!$#%��� &('*)+��,-�.�����0/�,-��12��&3�546����798�4�:;�<)+,=���>)+,=�?4
@-A<BDC$EGF�H 4$&�7I8J� 7K���ML�� &�/N1�!$# ��� BOH #P!$�0� �0��� ����������� ���5QJ����7R� ��7������ ����79��� ����������� ���"S������
7������ ����79��� ����������� ��� � ������,�8J&T46�U��8J� /��V�����0��W�7���,<1I��,-&��N�54$��1I# � &('X��46���<S

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

Frequency (kHz)

A
m

pl
itu

de

��� �������
	�Y���������Z12��/=���D!$�[/�,=�������Z12,-&�7�� &('\��,]������,6!6�+1�!6� @-A<BZ^OEGF�H 4$&�7I8J� 7K���ML�� &�/
��� ����������� ���"S

_(` acbIa2d�e�fDg h�ijf�k lnmJoqp"r"r"s5t<r"p"p



−1 −0.5 0 0.5 1

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time(ms)

��� �������
	��������������������� � !#"%$&��� �(')� � *+�,���-��� ���/.�0��1���32546��� �87������ ���-79���-��� ���
���#'&�-��� *,'&:;���-7<� !5���-79=?>A@CB�DFEG0IH�!�7J46� 7K� �

LNM�OIP-QSRTP-UVQWP-XJYNLNZ#[C\�]6RT^JP�UJLNQWP-Z�R`_WLNaIMb[�Y�c
d ReLN_e[�YN_W\<X&\I_W_WLNfJYNP+RT\<Z-\IMJ_SRTQWgJZ�R/[8XJgJYN_WPC_WP-hAgJP-MJZ-P5f�i)[�j5XJYNLkRTgJUJP+\IQlXJ^b[�_WPGj5\�U�m
gJY([nRTLNMJao[Vfb[�_WLNZ8XJgJYN_WP�cqpb\IQ+PsrJ[�j5XJYNP�tuLNMvpFLNaJcFwnxVyzP{_W^J\|y}w)~|m�XJgJYN_WP8_WP-hAgJP-MJZ-P-_
� [�_�QWP-Z-\IQWUJP-UV[n]�RTP-Q�Z-\Ij5X&P-MJ_T[nRTLN\IM���Z-\IMJ_SRTQWgJZ�RTP-U�]�QW\Ij�[9��[�gJ_W_WL([�M{XJgJYN_WP �����e� w��
����� tFZ-P-M�RTQWP9]�QWP-hAgJP-MJZ�i ��� ~ ����� �ly`LkRT^
X&\I_WLkRTLkOIP5[�MJU
MJP-a�[nRTLkOIP9X&\IY([�QWLkRTLNP-_-cG��^JP
UJLk��P-QWP-MJZ-P8f&P�R�yzP-P-M�RT^JP{w�LNMJXJgKR/XJgJYN_WP8_WP-hAgJP-MJZ-P-_GgJ_WP-U�]�\IQ+pFLNaJc6wnxVLN_�RT^JP8LNM�RTP-Q3m
XJgJYN_WP5_WXb[�Z-LNMJaJ�/�I����_WP-Z-_/LNMqRT^JP9�bQW_SR/Z#[�_WP<[�MJU%x�����_WP-Z-_+LNMqRT^JP5_WP-Z-\IMJU�Z#[�_WP�c�pb\IQ
RT^JLN_5Z#[�_WPVyzPo_WLNj5XJYki�Z-QWP#[nRTP-U�RT^JPVZ-\Ij5X&P-MJ_T[nRTP-U�RTLNj5P�_WP-QWLNP-_<f�i�_WgJX&P-QWLNj5X&\I_WLNMJa
RT^JP{Z-\Ij5X&P-MJ_T[nRTP-Uvy�[#OIP�]�\IQWj5_G]�\IQ/RT^JP{LNMJUJLkO�LNUJgb[�Y?XJgJYN_WP-_-c%��^JLN_G_WP-hAgJP-MJZ-PV\�]l�G�
]�\IYNYN\|y`_�[9��[�Q � P-Q�Z-\�UJP5�  n¡ � �Itk�Itk�It m��Itk�;�sc d M¢pFLNaJcJwI~+yzP�_W^J\|y£[�Mq�I��m�fJLkR���[�Q � P-Q�¤�Psm
hAgJP-MJZ-P � �Itk�Itk�It m��It m��It m��Itk�It m��It m��Itk�It m��;��Z-\IMJ_SRTQWgJZ�RTP-Uo]�QW\Ij¥[5_WP-hAgJP-MJZ-P9\�]¦xnm�Z�i�Z-YNP � w�c§~
����� XJgJYN_WP-_-c¦��^JP�_WX&P-Z�RTQWgJj¨\�]�RT^JP�QWP-Z-\IQWUJP-U<��[�Q � P-Q?_WP-hAgJP-MJZ-Pl\�]©pFLNaJcAwI~eLN_�_W^J\|y`M
LNM
pFLNaJc©w � c d M%ª`P�]3c« �[�M%[�XJXJYNLNZ#[nRTLN\IMo\�]?RT^JP-_WP5XJgJYN_WP-_eRT\�UJ\IXJXJYNP-Q�_W\IMb[�QW_�LN_eXJQWPsm
_WP-M�RTP-U�c

¬<3® ¯{°8±³²µ´·¶l¸©¹,º�²l»½¼5¾W¿ ¸�²+À�¾WÁeÂÄÃ
²,ÅuÆG¿ ¸�Å

Ç ^JP-M%gJ_WLNMJaVPsr�RTP-MJUJP-U�XJgJYN_WP-_/_WgJZ�^v[�_eRT^JP5\IMJP5j5LNYNYNLN_WP-Z-\IMJU
Èz^JLNQWXJ_�\IQ�RT^JP5jCgJY�m
RTLNXJgJYN_WP���[�Q � P-Q8Èz\�UJP�_WP-hAgJP-MJZ-P-_-t�LkR9LN_9[�M�RTLNZ-LNXb[nRTP-U�RT^b[nR5f�ivj8[nRTZ�^�m��bYkRTP-QWLNMJaoRT^JP
RTLNj5Pe_WP-QWLNP-_`RT^JP+\IQWLNaILNMb[�Y�Psr�RTP-MJUJP-U)XJgJYN_WP-_�Z#[�M¢f&P+QWP-UJgJZ-P-UVRT\5Mb[�QWQW\|yÉX&P#[ � _`y`LkRT^
QWP-_WX&P-Z�RzRT\+RTLNj5P�LNM5RT^JP�j8[nRTZ�^JP-U5�bYkRTP-Q?UJ\Ij8[�LNM�cFpb\IQ�PsrJ[�j5XJYNP�t�LNM8pFLNaJcAwIÊeyzP,_W^J\|y
RT^JP�j8[nRTZ�^JP-UC�bYkRTP-QFQWP-_WgJYkRT_ � [�j5XJYNLkRTgJUJP�\�]bRT^JP�Z-\Ij5XJYNPsr/P-M�OIP-YN\IX&P�]�\IQWj5P-U/gJ_WLNMJalRT^JP

Ë©ÌJË&Í+Î�Ï�Ð Ñ-ÒWÏ�Ó ÔuÕ6Öv×�Ø�Ø�ÙTÚ|Ø�×�× Û#Ü



0.1 0.15 0.2 0.25 0.3

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time(ms)

��� �������
	����������������������� ��!#"%$'&��)(�*'+�,.-0/ ,1���32���/ 4657��/ � �98:�;4</ �:8)=�(�>@?'�BAC-0/D���
,��:8:/ 4<�;,E8:�;4</ �:8F8G?H5��;4</ �95���8:�;,I/ +C4<�;,

−1 −0.5 0 0.5 1

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time(ms)

��� �������KJML�ONP���Q4<�:8G?'>D��/ +HRS2���/ 4657��/ � �98:�;4</ �:8)=�(�>@?'�BAC-0/D���T,��:8:/ 4<�;,E8:�;4</ �:8
8G?H5��;4</ �95���8:�;,I/ +C4<�;,E"VU�!W$'&��X(�*'+�,.-0/ ,1���

Y#Z []\.[�^ _�`%a b;cd`�e fhg0ikjGlGlGmon#lGjGj



0.1 0.15 0.2 0.25 0.3

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time(ms)

��� �������
	�����������������������! �"$#&%('��*)�+(,�-/.10 -2���43���0 5768��0 �9�;:<�=5>0 �<:*?�)�@BA(�DCE.10F���
-��<:<0 5>�=-G:<�=5>0 �<:H:IAJ6��=5>0 �;6���:<�=-K0 ,E5>�=-

Time(ms)

Fr
eq

ue
nc

y(
kH

z)

0 0.5 1 1.5 2 2.5 3 3.5

0

20

40

60

80

100

120
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

��� �������
	L	�M3����;6�A����=-N��0 �9�DO��P5>�=Q�A(�=,�RDSE6/@ ���T���U�WVX6��=5>0 �9�=,2�Y+(@�Z�"$#&%('��K3���0 576

[U\/[�]9^�_&` a=bc_�d eTf1gihIjIjIkml$jIhIh n$o



Time(ms)

Fr
eq

ue
nc

y(
kH

z)

0 0.5 1 1.5 2 2.5 3 3.5

0

20

40

60

80

100

120
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

��� �������
	����������������������� ���! #"%$&��'(�)��*,+!-.�0/ �(�1��"2�435����$&� ����*6�87)/#9�:<;>=)?A@B��C,� $D�

EGF5HJILK0M�NPO�QRHJM�STHJU%E.MWVXM�SXU%M�VYF)Z0N[URHJV]\TU%Q%^�M�S4H�HJSJF)Z0V4_8`�SXEBacbdK0M�Z[beMfI�SX`�VXV!g>I�`�SXSXM�QDF5HJM
HJK0MhSXM�I�`�SXN0M�NiHJU%E.MfVXM�SXU%M�VjbdURHJK[HJK0MfHJK0M�`�SXMkHJU%IlF)QmU%Z0n0o6HYn0o0Q%VXM�VY_8`�S]HJK0MBpBn0o0Q%VXM.VXMqg
r�o0M�Z0I�MG`)_csYF)o0VXVXUDF)Z[n0o0Q%VXM�V�tuO�SXV4HYbdK0M�Z[HJK0MhU%Z0N0URv(U%N0o�F)QAn0o0Q%VXM�VWF)SXMfVXM�n�F)SJF5HJM�Nw^,x
y�zh{ VXM�I�`�Z0N0V]F)Z0N|^,x�} zh{ VXM�I�`�Z0N0V�~c��v�M�S4x���`(`(N�HJU%E.MjI�`�E.n0SXM�VXVXU%`�Z|K�F)VdSXM�VXo0QRHJM�N
_8`�Sd^�`)HJK|IlF)VXM�V�~d�>ZP�AU%�0~�� y beMWVXK0`<b�HJK0M�SXM�VXo0QRHJV�`)_1EGF5HJILK�O�QRHJM�SXU%Z0�fHJK0MWSXM�I�`�SXN0M�N
HJU%E.MjVXM�SXU%M�V�n0SX`(N0o0I�M�N�bdURHJK�HJK0M.����^0URH���F)SX�)M�S]�e`(N0M��,�(~�pf�(\T��I�`�VXU%Z0M�n0o0Q%VXMYbdURHJK
HJK0M�N0M�VXU%SXM�N�n0o0Q%VXM�VXM�r�o0M�Z0I�M)~��]Z0I�M�F)�,F)U%Z�t�F
v�M�S4x���`(`(N�HJU%E.MBI�`�E.n0SXM�VXVXU%`�Z�K�F)V
^�M�M�Z�F)ILK0U%Mkv�M�N�~P�>Z�HJK0M�VXMBEGF5HJILK0M�N�O�QRHJM�SXM�NwHJU%E.M.VXM�SXU%M�VWHJK0MBVXM�I�`�Z0N�n�MlF)�iI�`�SXSXMqg
VXn�`�Z0N0VhHJ`iHJK0M�VXo0S4_�F)I�Mqg>SXMk��M�IkHJM�N�F)SXSXURv)F)Q&~���V.N0U%VXI�o0VXVXM�N�n0SXMkv(U%`�o0VXQRx�teN0o0M�HJ`iHJK0M
v�M�S4HJU%IlF)QAF)��U%E�o6HJK�F)QuN0M�n�M�Z0N0M�Z0I�Mf`)_mHJK0M�HJSJF)Z0VXN0o0I�M�S�_8SXM�r�o0M�Z0Ikx
SXM�VXn�`�Z0VXM)t�HJK0MWVXo0S!g
_�F)I�MBSXMk��M�IkHJU%`�Z�N0`(M�VfZ0`)H�I�SX`�VXV!g>I�`�SXSXM�QDF5HJM�F)VWbeM�Q%Q�F)VWHJK0M�N0U%SXM�IkHfF)SXSXURv)F)Q�bdURHJK�HJK0M
U%Z0I�U%N0M�Z,H�n0o0Q%VXM)~|�cK0MG_8SXM�r�o0M�Z0Ikx�I�`�E.n�M�Z0VJF5HJU%`�ZibdK0U%ILK�be`�SX��VWbeM�Q%Q�_8`�S�HJK0MGVXEGF)Q%Q
v�M�S4HJU%IlF)QuF)Z0��Q%M�VdF)Z0��Q%M�VcU%VcZ0`)HTI�`�SXSXM�IkHd_8`�ScM�Z0M�SX�)x�F5HdK0U%��K0M�S�v�M�S4HJU%IlF)QuF)Z0��Q%M�V�~
��V]F)Z0`)HJK0M�STMq�0F)E.n0Q%MY`)_1HJK0U%VdbeMWI�`�Z0VXU%N0M�SdHJK0M�HJU%E.MYVXM�SXU%M�Vd_8`�SdHJK0M y�z �(\T�f�eK0U%SXn�~
�>Z|HJK0U%V�IlF)VXM)t�HJK0MWSXM�I�M�URv�M�SjF)Z0N|HJSJF)Z0VXN0o0I�M�S�beM�SXMfE.`<v�M�N|HJ`�F)n0n0SX`l�6U%EGF5HJM�QRx��._8M�MkH
^�M�Q%`<b�HJK0Mhb�F5HJM�S�VXo0S4_�F)I�M)~G�>ZiHJK0U%VYIlF)VXMhHJK0M.n0o0Q%VXM�VY_8SX`�E�HJK0M.N0U%SXM�IkHWF)Z0NiVXo0S4_�F)I�M
SXMk��M�IkHJM�N�n�F5HJK0Vc`<v�M�SXQDF)n�~m��V�beM�Q%Q&t(HJK0M�SXMYF)SXMj`)HJK0M�S�SXMk��M�IkHJU%`�Z0V�_8SX`�E�HJK0M]^�F)IL��F)Z0N
VXU%N0M�Ve`)_�HJK0M�HLF)Z0��~1��Q%VX`0t6FWVXEGF)Q%Q�F)Q%o0E.U%Z�o0E VXn0K0M�SXMh¡�F)U%S!g�O�Q%Q%M�N�ac¡8VXK0`<bdZ�U%ZB�AU%�0~��)¢,a
b�F)VTn0QDF)I�M�N�^�M�K0U%Z0N�HJK0MYSXM�I�M�URv�M�S�~��cK0M�M�ILK0`G_8SX`�E£HJK0U%VdVXn0K0M�SXM�U%VcbeMlF)��~��>Z
�AU%�0~ � z
HJK0M
`�SXU%��U%Z�F)Q�HJU%E.M�VXM�SXU%M�VBU%VGVXK0`<bdZ�~��cK0MPU%Z0I�U%N0M�Z,H�F)Z0N�VXo0S4_�F)I�MPSXMk��M�IkHJM�N�n0o0Q%VXM
`<v�M�SXQDF)n�bdURHJK�MlF)ILK�~��cK0M�M�ILK0`h_8SX`�E£HJK0MYVXn0K0M�SXM�IlF)Z�Z0`)Hd^�MYU%N0M�Z,HJURO�M�N�~
�cK0M�SXM�VXo0QRHJVd`)_AEGF5HJILK(g�O�QRHJM�SXU%Z0��HJK0MjHJU%E.MjVXM�SXU%M�VcbdURHJK�HJK0MYHJK0M�`�SXMkHJU%IlF)Qu�eK0U%SXn�n0o0Q%VXM
U%VYVXK0`<bdZ�U%Zi�AU%�0~2�6�
¡8K0M�SXMhbeMGVXU%E.n0QRx
VXK0`<b HJK0M.EGF5HJILK0M�NiO�QRHJM�SYSXM�VXo0QRHJVWF)Z0NiZ0`)H

¤<¥ ¦2§0¦�¨�©(ª>« ¬�Xª�® ¯1°²±�³k´k´kµJ¶<´k³k³



1.8 1.9 2 2.1 2.2 2.3 2.4 2.5

−100

−50

0

50

100

Time (ms)

1.9 1.95 2 2.05 2.1 2.15 2.2

−150

−100

−50

0

50

100

Time (ms)

��� �������
	������������� ���������! "�#�$���#%&���#')(#�*����+ '",-+ ').)+0/1+ .&�2����3��)���4��+ ��'������ �����65�+87:9;�
���<�=���:�>7:+ ?@'A?>BDC=EF�<��GH��� ���6I�J>ELK����#(��!M6N=�O7!5��#�#'P����� �����H��').RQ@EF�<��GH��� ���SI�T>ELK����#(��!M
N=�O7!5��#�#'*����� �����!M

U�V�U�WSX&Y[Z \#]^Y�_ `ba�cedgfgfgh<i�fgdgd j�k



1.8 2 2.2 2.4 2.6

−800

−600

−400

−200

0

200

400

600

800

Time(ms)

��� �������
	��������������� ������� �"!#�$�%���$&'���$(*)$�+� ��, (#-.�+)$/0��, (*�1)2� �"�", �$�3�5476 8:9 ;<!�=%>

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

Frequency (kHz)

A
m

pl
itu

de

��� �������?	�@�BADC*�E�F���$)04G�H��IJ/5K%4GC*�L��� �"!#�$�7)$/'M*��4G, I1�N���$�", ���O/5KQPR, -�9�8�;

S�T UWVRU�X1Y'ZH[ \$]^Z�_ `ba�ced2f2f2gih f2d2d



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0

200

400

600

800

1000

1200

1400

Time (ms)

C
ro

ss
 c

or
re

la
tio

n

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0

200

400

600

800

1000

1200

1400

Time (ms)

C
ro

ss
 c

or
re

la
tio

n

��� �������
	��������������������������� ����!"��# �$�&%'��!(# �'%$)*%'# +-,.�����0/1�*!(2-��!3��45����4�67# +���#98:# �5);�<�
= ��)*%>%'# �<+@?�)<� %'�'%�%'�A?B�*!��������DC'E�F�GIH7%'���'%J�<+��LK�GIH7%'���'%M!(�'%N?O���P��#98:��� E*Q

R7STROU$V5WYX Z�[\W�] ^`_1acbededefAg*debeb hBi



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0

1

2

3

4

5

6
x 104

Time (ms)

C
ro

ss
 c

or
re

la
tio

n

��� �������
	��������������������������� ����!"��# �$�&%'��!(# �'%$)*!(+,�-�����/.,.102�3!(45��!6��+7���$83%'# 95:;�=<3>@? A
4CBEDF��+G%'# 9���H78C!I%���?

��� �������
	�J�������&%'���C� �K�C�L8C�$# 978C�NM�%'����� � ���F%POK����!(�F���,���"Q��3%&���ROK� +RS,���T# 9��U�C9�4

V,V WYXKW[Z$\7]_^ `�ab]�c dfe2gihkjkjklRm3jkhkh



0 5 10 15

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time(ms)

��� �������
	������������� ����������� ��� �!�"���$#&%'����( )+*�*,� -+./� -�0�� 1���-&�2)3-�14� 53("��� *&)6��� *�53( �����87

9;:,</=3>4?,@BAC9;D,E,<$F3G�9;:,<IH�FJ>4?,@B<'KL<�M�NJ<�@BFJ?O<QPR=3M,ES=UT�FVFJ>WF3G�9;:,<IXY<�ZJABFJMLM,<+=3XR9;:,<
[ ?,:,<�XY<\<�H�:,F]A [^[ :,FQ_�M�`bac@C9;:,FJD,ZJ:�de9;:,<
<�H�:,F]A [ XY<�@f=g9;ACNJ<�@Ch]_i<+=3jkAC94A [ H�<�Xl9�=3ABM,@Ch
E,<89;<�H89�=3m,@B<nABM]9;:,<I>$=g9;H�:,<�ELo�@C9;<�XY<�E]9;AB>4< [ <�XYAB< [ `]pq:,A [ <�H�:,F [ <�r6D,<�M,H�<
H�FJM�9�=3ABM [
9;:,< [ ?O<�H�D,@f=3XsXY<8t�<�H89;ABFJMu=3M,EvF39;:,<�XwXY<8t�<�H89;ABFJM [ dx?OF [Y[ ABm,@Ch
GyXYFJ>z9;:,<Rt�=3M,ZJ<^= [ _i<�@B@
= [ H�ABXYH�D,>^Gy<�XY<�M�9;Af=3@�=3XYXYACN3=3@ [ `
pq:,<n>$=g9;H�:,<�E]o�@C9;<�XYABM,Z\XY< [ D,@C9 [ =3XY<{H�FJM [ A [ 9;<�M�9R_�AC9;:u9;:,F [ <n?,XY<�E,ABH89;<�Ekm�h|9;:,<�FJXlhJ`
} FJX~<'K,=3>4?,@B<3d�9;:,<R_�ABE&9;:UF3Ge9;:,<R>$=3ABM\@BFJmO<�GyFJXc9;:,<n�J�8��9;<�XY>���=3XYj3<�XsH�FVE,</�yD [ ABM,Z
9;:,<R���V`��^jV��TRm,D,X [ 9'P�A [ =3?,?,XYF+K&AB>$=g9;<�@Chv�Q���4� [ <�H�FJM,E [ _�:,ABH�:\H�FJXYXY< [ ?OFJM,E [ 9;Fn=3M
<8��<�H89;ACNJ<Um�=3M,E&_�ABE&9;:�F3G�=3?,?,XYF+K&AB>$=g9;<�@Chb���|jV��T3d�_�:,ABH�:�A [ H�FJM [ A [ 9;<�M�9n_�AC9;:�9;:,<
[ ?O<�H89;XYD,>WF3G } ABZ,`��3�&`/��:,<�MLD [ ABM,Z
9;:,<n�J����jV��TI�i:,ABXY?�d�9;:,<$_�ABE&9;:]F3Gq9;:,<{>$=3ABM
>$=g9;H�:,<�EV��o�@C9;<�X�@BFJmO<$A [�� �
� [ <�H�FJM,E [ H�FJXYXY< [ ?OFJM,E,ABM,Z\9;FU=3M]<8��<�H89;ACNJ<nm�=3M,E&_�ABE&9;:
F3Gq�3�{jV��T3d�_�:,ABH�:|A [ =3@ [ FnH�FJM [ A [ 9;<�M�9w_�AC9;:\9;:,< [ ?O<�H89;XYD,>�F3Ge9;:,<R9;:,<R?,D,@ [ </�y<8NJ<�M
9;:,FJD,ZJ:{_i<~D [ <�E/�J��jV��TsABM49;:,<~E,<8o�M,AC9;ABFJM{F3G�9;:,<w�i:,ABXY?�dV9;:,<~<8��<�H89;ACNJ<sm�=3M,E&_�ABE&9;:
A [ @B< [Y[ E,D,<^9;F/9;:,<4?,XYFJ?O<�Xl9;AB< [ F3Gi9;:,<{�i:,ABXY?]=3M,Ev9;:,<4H�F [ ABM,<^_i<�ABZJ:�9;ABM,Z
=3?,?,@BAB<�E�P'`
ac@ [ F,d�= [ AB@B@BD [ 9;X;=g9;<�E
_�AC9;:U9;:,<R<�H�:,Fn9;AB>4< [ <�XYAB< [ GyXYFJ>z9;:,< [ ?,:,<�XY<3d�9;:,<RD [ <^F3Ge9;:,<
>$=g9;H�:,<�E4o�@C9;<�XYABM,Z�:�= [ AB>4?,XYFQNJ<�E^9;:,< [ ABZJM�=3@"��9;Fg��M,FJA [ <�X;=g9;ABFsGyXYFJ>�9;:,<�FJXYABZJABM�=3@V9;AB>4<
[ <�XYAB< [ `

���,�O���V��  ¡�¢Y��£ ¤¦¥!§L¨8©8©8ª;«Q©8¨8¨ ¬J



0 5 10 15

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time(ms)

��� �������
	�������������������������������� !���#"$�� &%(' )+*,)�-.�����/��' �0�1%(�� !' �(%2)�-435' 68789;:

2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4

−0.01

−0.005

0

0.005

0.01

Time(ms)

��� �������
	=<������������������������������ !���#"$�� &%(' )+*>)�-?�����/��' �0�1%(�� !' �(%2)�-435' 68789;:A@�BA);)+�0���,' *
*��C�D E������ !�F6=' )+*,)�-.�����1%HG5���� !�0������)

IKJ LNM5L8O0P;QSR T�UVQ�W X?Y[Z]\C^C^C_a`D^C\C\



� �������	��
��� ������� �������������

������� �"!$#%�&#(' )*�,+*�,�-���,!.+*/(01#2),34�657�,�809/7):��� �<;=�,>?�,@A�,�-�CBDB8EFE�#2)*)�#HG�+,34��� �"+*/7�$#2)
I #2+J! �,' >?/KG7�,! IML ���8��� �=#ON L +C/20F+PG�@A@A�6��)PG�57�,)P� L?Q #2>?>RG7SCT$/7)U�VN #2@A' >?�23W09/7)J#X+ L � Y7>?�
BDB8EFE���� �8@ L ! ! >?�Z+*>?/2� I /7[ >?!]\W��/7) L �,�-���,! L �]#^� /7) L?_ /7�-�&#2>M' >`#2� �2Sba:� �D� /7)dc
L?_ /7�-�&#2>e\W�H#2@A'$#%�*���,)*�f+*� /7[ >?!f\W�Z#2' ' )*/HN L @X#%���,>RGg/7@A� L ! L )*� Q � L /7�$#2>hS�a:� �i57�,)P� L?Q #2>
\W�H#2@A'$#%�*���,)*�j34� / I �657�,),3 IML >?>j\W�k@<[ Q �8@A/7)*� Q /7@A' > L?Q #%���,!jSlam/i@A�H#2+*[ )*�n��� L +:57�,)dc
� L?Q #2>o\W�H#2@A'$#%�*���,)*�j3p��� �iBDB8EFE I #2+"� �,>?!^� /7) L?_ /7�-�&#2>?>RGD#2� !g��� �,�q)*/2�&#%���,! L �^#2�
[ � L 09/7)*@�01#2+*� L /7�jSoa:� �kToTras+*'W� Q ��)*[ @t/20m��� �J)*� Q /7)*! �,!8+ L Y7�$#2>u09/7):#Av7wOc�x�y _CIML ! �
L � Q,L ! �,�-�k' [ >?+*�Dz9� /7� Q /7@A'W�,� +�#%���,!4{ L +"+*� / I � L �qT L Y S |7|�#2+k#Z09[ � Q � L /7�q/20l��� �X)*/%c
�&#%� L /7�]#2� Y7>?�2S}�~� L + Q >?�H#2)(09)*/7@���� L +(' >?/2�(��� �,)*� L +A+ L Y7� LR�$Q #2�-�A�,� �,)*Y2G�09)*/7@���� �
Q,L ) Q [ >`#2)n�,� ! Q #2' +Zz1#2' ' )*/HN L @X#%���,>RGg�7w7�k#2� !f;%�-w7� L �g��� �X' >?/2�V{C/20l��� �A��)�#2� +*! [ Q �,)
#2� !=��� L +�)*�,Y L /7� L +o)*�,>`#%� L 57�,>RGk\ )*/-#2!jSra:� �M+*'W� Q ��)�# I � L?Q � I �M�$#H57�M\W�,�,�A�VN #2@ L � L � Y
L �D��� L +U'$#2'W�,) Q /7)*)*�,+*'W/7� !.��/i��� �=\ )*/-#2! + L ! �<! L )*� Q � L /7��z1#2' ' )*/HN L @X#%���,>RG^�O�2w7�J#2� !
|7|7w7�&{VSg�~� Q #2��\W�i+*�,�,�f���$#%�<��� �Z\W�H#2@ IML !�����/20M��� L +<\ )*/-#2! + L ! �i�,� �,)*Y2G L +<��[ L ���
�$#2)*)*/ I 3o'$#2)P� L?Q [ >`#2)*>RGg#%�k��� �X� L Y7� �,)"09)*�,��[ �,� Q,L �,+,SDa:� L + I /7[ >?!�@A�H#2�q���$#%� L � L ��+
57�,)P� L?Q #2>o/7) L �,�-�&#%� L /7�D��� �,)*� I /7[ >?!g\W�(#2�g/7@A� L c�! L )*� Q � L /7�8� /7) L?_ /7�-�&#2>o\W�H#2@�#2� !^#
�$#2)*)*/ I 57�,)P� L?Q #2>r\W�H#2@ IML !����jS"�C�D��� �=/2��� �,)C�$#2� !j3 L 0���� �k��)�#2� +*! [ Q �,) L +C/7) L �,�-���,!
� /7) L?_ /7�-�&#2>?>RG73-��� �,)*� L +:#2�Z/7@A� L ! L )*� Q � L /7�$#2> 57�,)P� L?Q #2>u\W�H#2@A'$#%�*���,)*��#2� !�#k57�,)PGZ�$#2)dc
)*/ I � /7) L?_ /7�-�&#2>W\W�H#2@�'$#%�*���,)*�jS��~� L +:#2>?+*/ Q >?�H#2)l���$#%����� �C�,� ! � )*�n! L )*� Q � L /7� + I � L?Q �
I /7[ >?!D�$#H57�=#A01# L )*>RGZ\ )*/-#2! Q /7� L?Q #2>m\W�H#2@ Q /7[ >?!D#2>?+*/X\W�k[ +*�609[ >hSUa:� �k��[ >?>r#%�J#2'�c
' )*/HN L @X#%���,>RGD|7wZx�y _ 09/7)U��� �(\ )*/-#2! + L ! �=! L )*� Q � L /7�g#2' 'W�H#2)*+J��/�\W�=+*/7@A� I �$#%�">?�,+*+
09/7)���� �n�,� ! � )*�"! L )*� Q � L /7�jS
����T L Y Sr|2� I �Z[ +*�i��� � Q /7@A'W�,� +�#%���,!�v7wOc�x�y _���L � QXI #H57�609/7)*@�#2� ! Q /7� + L ! �,)<��� �
57�,)P� L?Q #2>o\W�H#2@A'$#%�*���,)*�.@A�H#2+*[ )*�,@A�,�-� L �D��� L + Q #2+*�2S<a:� � Q /7@A'W�,� +�#%� L /7�.�$#2+J\W�,�,�
+*[ Q,Q �,+*+P09[ >F09/7)U��� �=\ )*/-#2! + L ! �=! L )*� Q � L /7�.\ [��n�$#2+n� /2� Q /7@A'W�,� +�#%���,!g��� �=/2��� �,)J! L c
)*� Q � L /7� + Q /7)*)*� Q ��>RG7So���=01# Q �H3-��� �M)*�,>`#%� L 57�M#2@A' > L ��[ ! �l/20u��� �M+ L Y7�$#2>�09)*/7@���� �M�,� ! � )*�
! L )*� Q � L /7�Z#2' 'W�H#2)*+l��/=\W�J+*/7@A� I �$#%�:� L Y7� �,)�� / I z1#2+ Q /7@A'$#2)*�,!i��/k��� � Q #2+*�J/20���� �
[ � Q /7@A'W�,� +�#%���,!(+*'W� Q ��)�#-{VS�T L �$#2>?>RG73 L �=T L Y7+,S |-�U#2� !(|7� I �:+*� / I ��� ��)*� Q /7)*! �,!=� L @A�
+*�,) L �,+C#2� ! Q /7)*)*�,+*'W/7� ! L � YX+*'W� Q ��)*[ @�09/7)�# Q /7@A'W�,� +�#%���,! ��L � Q ' [ >?+*�izh;2wOcP�2w(x�y _ {
IML ���f��� �Z��)�#2� +*! [ Q �,),� +(�4#%� Q,L ) Q [ >`#2)<�,� ! Q #2'�01# Q,L � YD��� ���-G�! )*/7' � /7� �2S�y��,)*����� �
+*'W� Q ��)*[ @��Mzh�j{C[ +*�,! L �����4S`zh�7{ I #2+"���$#%�"09/7)J��� �X�,� ! � )*�X! L )*� Q � L /7�jSZ�U+ Q #2��\W�
+*�,�,�j3$��� � Q /7@A'W�,� +�#%� L /7�Z09/7)���� �n�,� ! � )*�n/7) L �,�-�&#%� L /7�Z�$#2+M\W�,�,��57�,)PG�+*[ Q,Q �,+*+P09[ >hS

�p� �W "¡�¢�£ ¤,¥*¢~¦ §o¨m©fª6«6«6¬�K«6ª6ª ®2¯



Angle of Rotation (Deg.)

Fr
eq

ue
nc

y 
(k

H
z)

0 50 100 150 200 250 300 350

0

20

40

60

80

100

120
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

��� �������
	�	����������������� ��� ��!"��� #%$"�&�'�����)(+*&,-�����.����� (0/2143 �����5,6*7�8� (93 (���*:#%$;��(0/<�&����1
=&>@?'A B-CED � (���F��4���@,6*7�)#

Angle of Rotation (Deg.)

Fr
eq

ue
nc

y(
 k

H
z)

0 50 100 150 200 250 300 350

0

20

40

60

80

100

120
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

��� �������
	HGI���������������� ��� ��!"��� #%$"�&�'�����)(+*&,-�����.����� (0/2143 �����5,6*7�8�J��*:#%$;��(0/<�&����1
=&>@?'A B-CED � (���F��4���@,6*7�)#K,6*7�L�����M!0�)* � 10/2� 1��E1�� �)���7��� *:(

N:O PIQHP;RES4T'U V�WXT�Y Z8[]\_^�`�`�a<b@`�^�^



1.2 1.3 1.4 1.5 1.6 1.7

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time (ms)

��� �������
	������� ����������� ��������� � �"!�#$�&%'���(�*),+-��.0/�� �1!2%��43 ���65-798�:<; 8>=4?A@*B6CD#E�F+-�-)4�(��.G�4!����
���1.1!<) %HCI)4!�� � �
J�KG.1��#�%LJ1#$�1�

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

A
m

pl
itu

de

Frequency (kHz)

��� �������M	�N����J1��%'#1O����P�Q%'��!E+-�R�4�S#,CA+-J1�>�����<�43T+U)4�9+V��� ���$)43

WYXLW'Z�[G\R] ^�_`\�a bPcVdfe<g<g<h*i�g<e<e j$k



� �������	�
�������� �� �����������	�

����� �"!$#&%('*),+-%.�/!0�1�324#15,'*'*�6#(�"+879�6� �"':�"!$;-�=<>%('*?A@"'*�"BDCFEGEIH:HG�324#/2KJ-'*%.C�79!$L"'*5324�"L
%('*#(),+-�"#('4M:NO�"'P#(),'*BD� % 24QR%('*#(),+-�"#('P+4<&� �"'S� % 24�"#(L"@"B*'*%TBU24�V5,'S#(!$WX)"Q0CYB*+-WX),'*�"# 2Z� '*L
<>+-%X!$�[+-%(L"'*%X� +\)"%(+�L"@"B*'I#(),'*B*!0]3'*L^79!$L"'*5324�"L_)"@"Q$#('*#*`O'*!0� �"'*%XJ-'*%.C[!$WX)"@"Q$#(!0J-'a+-%
'cb�� '*�"L"'*Ld!$�X� !$WX'O!$�X� �"'SBU24#('P+4<fePWX!$Q$Q$!$#('*B*+-�"LXgK�"!$%()h)"@"Q$#('*#*MfiPL"L"!0� !$+-�324Q$Q0C-`-)"@"Q$#('
#('*?A@"'*�"B*'*#9BU24�V5,'PB*%('U2Z� '*Ld5�CV24WX)"Q$!0� @"L"'9WX+�L"@"Qj2Z� !$�";6!$�"L"!0J�!$L"@324Q3)"@"Q$#('S��C�),'*#*M:iP#
24�k'cb"24WX)"Q$'Y+4<K� �"'*#('X)"@"Q$#('l#('*?A@"'*�"B*'*#*`m7K'X@"#('*LonT24%(p4'*%FB*+�L"'l#('*?A@"'*�"B*'*#q<>+-%�� �"'
24WX)"Q$!0� @"L"'*#*MS�r�P7T24#=#(�"+879�G� �32Z�=5�CIWh2Z� Bs�I]3Q0� '*%(!$�";l� �"'t#(!$;-�324Q$#S%('*B*+-%(L"'*Lu2Z�P� �"'
��C�L"%(+-)"�"+-�"'G79!0� �_� �"'G!$L"'U24QYv>5,'D<>+-%('IB*+-WX),'*�"# 2Z� !$+-�xwY7T2UJ-'D<>+-%(Wy`S'*!0� �"'*%d2o)"@"Q$#('
#('*?A@"'*�"B*'u+-%V2zgK�"!$%()&`TJ-'*%.C_)"%('*B*!$#('{24%(%(!0J424Q9� !$WX'*#Gv>!|M '4M0`TJ-'*%.C^� !$WX'IB*+-WX)"%('*#(#('*L
+-@}� )"@}� #sw679!0� �\#(Wh24Q$Q:#(!$L"'*Q$+-5,'XQ$'DJ-'*Q$#F7K'*%('V+-5}�s24!$�"'*L&MINO�A@"#q� �"'V�"!$;-�k<>%('*?A@"'*�"BDC
EGEIH:H~#(�"+879#y;-+�+�L�),+4� '*��� !j24QP<>+-%d� �"'k)"%(+�L"@"BD� !$+-��+4<q#(),'*B*!0]3'*L�)"@"Q$#('*#y!$��� �"'
<>%('*?A@"'*�"BDCy5324�"LI���8�se-e��Fp��S�Vv�<>+-%T� �"'6#.�s24�"L324%(LaJ-'*%.� !$BU24Q1+-%(!$'*���s2Z� !$+-�xwcM
NO�"'KJ-'*%.� !$BU24Q�5,'U24WX)32Z�(� '*%(�q+4<"� �"'�� % 24�"#(L"@"B*'*%m7T24#f24Q$#(+S!$��J-'*#.� !$;�2Z� '*L&Mm�r�m7T24#m<>+-@"�"L
� �32Z�:<>%('*?A@"'*�"BDC"�424�*!$Wt@}� �324QxL"'*),'*�"L"'*�"B*'=+4<R� �"'9� % 24�"#(L"@"B*'*%�!$#:% 2Z� �"'*%:B*+-WX)"Q$!$BU2Z� '*L&M
����� �"!$#a%('*),+-%.�y7K'\�32UJ-'\'*WX)"�324#(!$�*'*L�� �"'k+-����2�b}!$#a%('*#(),+-�"#('\+4<q� �"'k� % 24�"#(L"@"B*'*%
79!0� �h� �"'='*�"L"BU24)"#O+-%(!$'*��� '*LhJ-'*%.� !$BU24Q$Q0C-M�NO�"'PJ-'*%.� !$BU24QR5,'U24WX)32Z�(� '*%(�VWX'U24#(@"%('*WX'*��� #
!$�"L"!$BU2Z� 'd� �32Z�h!$�z� �"!$#l+-%(!$'*���s2Z� !$+-�z� �"'a� % 24�"#(L"@"B*'*%h�324#h?A@"!0� 'I2u�324%(%(+87~J-'*%.� !$BU24Q
5,'U24WX)32Z�(� '*%(�_24�"L�24��24Q$WX+-#.�X+-WX�"!���L"!$%('*BD� !$+-�324QT�"+-%(!$�*+-���s24Q95,'U24WX)32Z�(� '*%(��v�<>%(+-W
� �"'X24�*!$Wt@}� �324Q�#.C�WXWX'D� %.C{+4<�� �"'Y� % 24�"#(L"@"B*'*%swcMh�3+-%624)")"Q$!$BU2Z� !$+-�"#P79�"'*%('h2d5"%(+�24L
J-'*%.� !$BU24Q"5,'U24WX)32Z�(� '*%(�X24�"Lh2��324%(%(+87^�"+-%(!$�*+-���s24Q"5,'U24WX)32Z�(� '*%(�X24%('O%('*?A@"!$%('*L&`�� �"'*#('
Bs�324% 24BD� '*%(!$#.� !$B*#=BU24�G5,'t+-5}�s24!$�"'*LI5�CG+-%(!$'*��� !$�";l� �"'q� % 24�"#(L"@"B*'*%=79!0� �I� �"'q'*�"L"BU24)"#
�"+-%(!$�*+-���s24Q/24�"La� �"'FB*'*��� %('F#(Q$+4�9<�24B*!$�";Y� �"'F��C�L"%(+-)"�"+-�"'4MT�r�P!$#924Q$#(+X#('*'*�y<>%(+-W�� �"'
J-'*%.� !$BU24QR5,'U24WX)32Z�(� '*%(�VWX'U24#(@"%('*WX'*��� #K� �32Z�K� �"'=B*+-WX),'*�"# 2Z� !$�";t#(),'*BD� %(@"W�@"#('*LV<>+-%
� �"'�+-����2�b}!$#/'*�"'*%(;4CF!$#/�"+4�mB*+-%(%('*BD��<>+-%�24�";-Q$'*#�#(@}�XB*!$'*��� Q0CF2U7T2UC6<>%(+-W�� �"!$#/L"!$%('*BD� !$+-�&`
)324%.� !$B*@"Qj24%(Q0Cy2Z�=� �"'t�"!$;-�"'*%P<>%('*?A@"'*�"B*!$'*#*MFNO�"'*%('l24%('l24L}J424���s24;-'*#P� +d+-%(!$'*��� !$�";h� �"'
� % 24�"#(L"@"B*'*%=#(+X� �32Z�=+-�"'F+4<�� �"'q'*�"L"BU24)"#=!$#9<�24B*!$�";X� �"'q%('*B*'*!0J-'*%*MSNO�"!$#P+-%(!$'*���s2Z� !$+-�
#('*'*WX#/� +9)"%(+8J�!$L"'�WX+-%('f),+87K'*%m24�"LF!0� #15,'U24WX)32Z�(� '*%(�F!$#1B*+-�"!$BU24Q-!$�F�32Z� @"%('4M�NO�"'��A@"Q$Q
2Z�O�-�qp��S�=!$#K%('*Qj2Z� !0J-'*Q0ClQ$'*#(#�� �324�V<>+-%:� �"'=5"%(+�24L"#(!$L"'P+-%(!$'*���s2Z� !$+-�V24�"Ld2Y�4���.�4�Fp��S�
� !$�"B�)"@"Q$#('�7T24#mJ-'*%.Ct24B*B*@"% 2Z� '*Q0C6)"%(+�L"@"B*'*Lt<>+-%/� �"!$#�+-%(!$'*���s2Z� !$+-�&M/NO�"'K5,'U24WX)32Z�(� '*%(�
!$#K5"%(+�24L"'*%�<>+-%�� �"!$#K+-%(!$'*���s2Z� !$+-�V24�"Lh� �A@"#T� �"'=B*+-WX)"@}� '*LVB*+-WX),'*�"# 2Z� !$�";t#(),'*BD� %(@"W
#(�"+-@"Q$La5,'�J424Q$!$Ld+8J-'*%P2YQj24%(;-'*%T% 24�";-'6+4<�24�";-Q$'*#*M
�r�q#(�"+-@"Q$Lk5,'X),+-#(#(!$5"Q$'4`�L"@"'l� +a� �"'*!$%6#(Wh24Q$Qf#(!$�*'4`/� +yB*+-�"#.� %(@"BD�Y24�o24%(% 2UCu+4<K� �"'*#('
�"!$;-�h<>%('*?A@"'*�"BDCIEGEIH:H[#(+-@"%(B*'*#*M�NO�"'�+8J-'*% 24Q$Q,<>%('*?A@"'*�"BDCa24�"Ld5,'U24WX)32Z�(� '*%(�dBs�324%��
24BD� '*%(!$#.� !$B*#O+4<�� �"'6%('*#(@"Q0� !$�";l#.C�#.� '*W�79!$Q$Q&L"'*),'*�"Ly@"),+-�a� �"'6B*+-@")"Q$!$�";Y5,'D��7K'*'*�I� �"'
� % 24�"#(L"@"B*'*%(#*`"� �"'=79!$%(!$�";av>'4M ;"M0`}!$�d)"�324#('�+-%T+-@}�.��+4<j��)"�324#('8w:+4</� �"'=� % 24�"#(L"@"B*'*%(#S24�"L
� �"'6!$��� '*%���'*Q$'*WX'*���9#()324B*!$�";"M

�-� �1�"�,�F�����  *¡(�r¢ £�¤�¥§¦D¨D¨D© ª8¨D¦D¦



���������
	���������
������������������������������� ����!�"#���
�����
����� 	�����$%"&��'��
�&	"&(�(&����)������&	*�����,+-+/.0.
���1(�����!����32���"&��!��4���5"6�87��������$9��������:
�;�����<���������1���="#�>"?�����&���&��@*���BA>������C="&���D�����="&�
� @*� ����$E'���������� ������!F�&	G����������C�(�@H"&�I"&����"5@H�&	G��������'����/"&���I"&�I"&����"5@H�&	G����'����������
��(���$9�������>'5"&�JC���'������ ������'K������:

LNM�L�OQP*R�S T�U�R;V WYX[Z]\K^K^K_�`a^K\K\ b�c



��������������	
���

���������������������� �"!#���#����$&%�')(*��+,� ��-/. %�0�!�132547698;:"1=<?>A@CBD8 E#@�BDFG<IH?@KJL6M<NFO!�PCQR�,$NSG��%TS
U�!�V&W&X�! Y�Z�[)\"]&Y�Y�ZT^

]5�_(*��+,� ��-/. %�0�!,`�ab. 0�c/de����fA����%��Lgh-i���jSG.lkM-/m5'��on�. np�Cn���mrq����LSGm���s�!�tu(bt*�vkMwxSG�y$&%TSG. �
zb{ ]&Y�Y�Zrk|]5}W�!�~bm}����-i�p���C]&Y�Y�Z

Z�� { � z ���L��m�����m}��$&%�'�ti�#+�$&��-/����!�` z c��*�����*m&d��x$&���&���b�Dm5'����o. %�tCm�n�n�� ���x��m�%#$&�
-/�?$&��������-/��%TSG��s�!p�&m�����%#$&��m&d,wxSG-/m���n�c�����. ��$&%�'��C���?$&%�. � z ���Kc�%�m�� m�0&g�!��vm��"� [�!
~bm���V5!��C�LSGm��p���*}[�[T]5�

��� �����p���5�M� ������� �������L�L�L�G }�L�L�



���������	��
��������� �������

�������������! #"%$'&(����$*),+-�.$*/��
0�132547698;:=<?>�47@BA
C947@?D�1E@?6%F	:=GH<�D�6?:I0JD(K*D�@?L�DNM�GH:=O?<BA
P M�GH:�2=DNQ�R3STA
0�1EGURWVX:=OYRWZBA?[;:�2E1IQ5L�:ERW4\1YA?]_^�`badc-e
Cf1EGH>gF	GHD(2=:=GHGH:�hiA
C947@?D�1E@?6%F	:=GH<�D�6?:I0JD(K*D�@?L�DNM�GH:=O?<BA
P M�GH:�2=DNQ�R3STA
0�1EGURWVX:=OYRWZBA?[;:�2E1IQ5L�:ERW4\1YA?]_^�`badc-e
j @?@!1IklGW13h_K*:=GH6BA
C947@?D�1E@?6%F	:=GH<�D�6?:I0JD(K*D�@?L�DNM�GH:=O?<BA
P M�GH:�2=DNQ�R3STA
0�1EGURWVX:=OYRWZBA?[;:�2E1IQ5L�:ERW4\1YA?]_^�`badc-e
F	D�GHGUmfC947n7n7D�G�A
C947@?D�1E@?6%F	:=GH<�D�6?:I0JD(K*D�@?L�DNM�GH:=O?<BA
P M�GH:�2=DNQ�R3STA
0�1EGURWVX:=OYRWZBA?[;:�2E1IQ5L�:ERW4\1YA?]_^�`badc-e
oEO?GH4	Q547n76!1EV9A
C947@?D�1E@?6%F	:=GH<�D�6?:I0JD(K*D�@?L�DNM�GH:=O?<BA
P M�GH:�2=DNQ�R3STA
0�1EGURWVX:=OYRWZBA [;:�2E1pQ5L�:ERW4\1YA!]_^�`qadc-e
oE:=Z?@frs13hlL�D(RHR3A
C947@?D�1E@?6%F	:=GH<�D�6?:I0JD(K*D�@?L�DNM�GH:=O?<BA
P M�GH:�2=DNQ�R3STA
0�1EGURWVX:=OYRWZBA [;:�2E1pQ5L�:ERW4\1YA!]_^�`qadc-e
j GURJkl:=n7n747D�G�A
C947@?D�1E@?6%F	:=GH<�D�6?:I0JD(K*D�@?L�DNM�GH:=O?<BA
P M�GH:�2=DNQ�R3STA
0�1EGURWVX:=OYRWZBA [;:�2E1pQ5L�:ERW4\1YA!]_^�`qadc-e
klZ?GH47t;uvO?GHL�D�n7nwA
Q5D�@?tH:=GHtx1E@?6 j L(RWO!1�RW:=GHtxM�GH:=O?<BA
P M�GH:�2=DNQ�R3STA
0�1EGURWVX:=OYRWZBA [;:�2E1pQ5L�:ERW4\1YA!]_^�`qadc-e

y-z?y�{�|5}�~ ���H}�� ���	���(�(�(�W���(�(� �Y�



���������	��
�������
� �������������
���������������
 �!�#"�$%
�&'"��(���*)����
+ �(����,*
-�!$�.��
�(����$%&'�*)/$%0�� 1���,��2�#3���$%�4�/�6587�9;:�<>=

5?���4��@BAB���%��@�6�/�
�#�*@6�����#��C*@6���>DE���#3�
�"�"���@�C��(���*)����
+ �(����,*
-�!$�.��
�(����$%&'�*)/$%0�� 1���,��2�#3���$%�4�/�6587�9;:�<>=

F �����%�����HGJI*K

LNM�O�P!QSRUT6V?WYX[Z\O�QSX^]`_>OaX^bcR

1N�(��d�e�� � �(f(g�A

h*i j>k�jcl m#npo q�r�nts uwvyx{z\|\|\}%~�|\z\z



 DRDC Atlantic mod. May 02 

 

DOCUMENT CONTROL DATA 
(Security classification of title, body of abstract and indexing annotation must be entered when the overall document is classified) 

 

 1. ORIGINATOR (the name and address of the organization preparing the document. 
Organizations for whom the document was prepared, e.g. Centre sponsoring a contractor's 
report, or tasking agency, are entered in section 8.) 
 

Defence R&D Canada – Atlantic, PO Box 1012, 
Dartmouth, NS  B2Y 3Z7 

 2.  SECURITY CLASSIFICATION    
 (overall security classification of the document       

including special warning terms if applicable). 
 

UNCLASSIFIED 

 
 
 
 
 
 
 

 3. TITLE  (the complete document title as indicated on the title page. Its classification should be indicated by the appropriate  
  abbreviation (S,C,R or U) in parentheses after the title). 

 

Broadband pulse synthesis with the high frequency Multi-Mode Pipe Projector 

 
 
 
 
 

 4. AUTHORS   (Last name, first name, middle initial.  If military, show rank, e.g. Doe, Maj. John E.) 
 

John Fawcett, Juri Sildam, Terry Miller, Richard Fleming, and Mark Trevorrow 

 
 
 
 

 5. DATE OF PUBLICATION   (month and year of publication of 
 document) 

 

April 2005 

 6a. NO. OF PAGES   (total 
 containing information Include 
 Annexes, Appendices, etc). 

   32 (approx.) 

 6b. NO. OF REFS   (total cited  
 in document) 

 

   3 

 
 
 
 

 
 7. DESCRIPTIVE NOTES (the category of the document, e.g. technical report, technical note or memorandum.  If appropriate, enter the type of  

report, e.g. interim, progress, summary, annual or final.  Give the inclusive dates when a specific reporting period is covered). 

Technical Memorandum 

 
 

 
 

 8. SPONSORING ACTIVITY (the name of the department project office or laboratory sponsoring the research and development. Include address). 

Defence R&D Canada – Atlantic 
PO Box 1012 
Dartmouth, NS, Canada  B2Y 3Z7 

 
 
 
 

 
 9a. PROJECT OR GRANT NO. (if appropriate, the applicable research and 

development project or grant number under which the document was 
written.  Please specify whether project or grant). 
 

11CY04 

 9b. CONTRACT NO. (if appropriate, the applicable number under which 
the document was written). 

 
 

 

 
 
 
 
 

 
 10a  ORIGINATOR'S DOCUMENT  NUMBER (the official document 

number by which the document is identified by the originating activity.  
This number must be unique to this document.) 
 

 DRDC Atlantic TM 2005-022 

 10b  OTHER DOCUMENT NOs. (Any other numbers which may be 
assigned this document either by the originator or by the sponsor.) 

 
 

 

 
 
 
 

 
 11. DOCUMENT AVAILABILITY (any limitations on further dissemination of the document, other than those imposed 

by security classification) 
(  X ) Unlimited distribution 
(   ) Defence departments and defence contractors; further distribution only as approved 
(   ) Defence departments and Canadian defence contractors; further distribution only as approved 
(   ) Government departments and agencies; further distribution only as approved 
(   ) Defence departments; further distribution only as approved 
(   ) Other (please specify) 

   

 
 
 
 
 
 
 
 
 
 
 
 

 
12. DOCUMENT ANNOUNCEMENT (any limitation to the bibliographic announcement of this document. This will normally correspond to the Document 

Availability (11). However, where further distribution (beyond the audience specified in (11) is possible, a wider announcement audience may be 
selected). 

   

 
 
 

 

 
 
 
 



 DRDC Atlantic mod. May 02 

 
13. ABSTRACT  (a brief and factual summary of the document.  It may also appear elsewhere in the body of the document itself.  It is 

highly desirable that the abstract of classified documents be unclassified.  Each paragraph of the abstract shall begin with an indication of 
the security classification of the information in the paragraph (unless the document itself is unclassified) represented as (S), (C), (R), or 
(U).  It is not necessary to include here abstracts in both official languages unless the text is bilingual). 

 
  

In this report we describe experiments carried out at the DRDC Atlantic tank facility with the 
high frequency broadband Multi-Mode Pipe Projector (MMPP). In particular, we examine 
the  fidelity  with  which  one  can  produce  specified  broadband  pulses  with  and  without 
compensation for the transducer's spectral characteristics. It is shown that extended pulses or 
pulse sequences can be accurately produced and that matched filtering very effectively 
compresses the time series in the case of extended pulses. In addition, the vertical 
beampattern of the transducers is discussed and the results of some experiments with 2 
transducers are also presented. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
14. KEYWORDS, DESCRIPTORS or IDENTIFIERS (technically meaningful terms or short phrases that characterize a 

document and could be helpful in cataloguing the document.  They should be selected so that no security classification is required.  
Identifiers, such as equipment model designation, trade name, military project code name, geographic location may also be included.  
If possible keywords should be selected from a published thesaurus. e.g. Thesaurus of Engineering and Scientific Terms (TEST) and 
that thesaurus-identified.  If it not possible to select indexing terms which are Unclassified, the classification of each should be 
indicated as with the title). 
 
 broadband, matched filtering, transducer 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 



This page intentionally left blank.






