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

�! �"$#�%'&(�*)�"$#
+-,/.10$23,/.�4658794;:<+'=>,/=@?1A�.B5DC/?62E765D=GF

H�IKJLIKM�NPO/QLQLQ

RTS9U@V;W�XTVYS9Z3[]\_^a`cbdVY^�e@V;W
f�V;ghSiW
e
j�VY^�elk9m�n�[�o/U
\pZ;Ulqsr�U
e@W
kt^aktj�o

u�^]\wv9V;W�U�\weGo!Sie�x/e@kt^�o<ydW
k/k9z



{ ���}|�~B����|

xL\_^]`t�wV��}�a�]�h�wV�U@kt^akt�_�}j�\_^aVYU
ZEVY^}ZEV���xLylxLR��'\_U'e
[]V�g]W
kLZEVYU
UTk9m}ZEW
VYSie
\_^a`��}S9U
[aVYUTk9m}�_\w`t[�eT�]U�\_^a`l�]�we@W3S9U@kt^]\_Z
U@kt�]^}����SYv9VYU;����eP\_U�S�g}[aVY^aktj�VY^]kt^�k9mlZEkt^]U
\p�aV;W�Si�}�wV�Z;�]W
W
VY^�e�\_^�e@V;W
VYU@eP�]�aV*e@k�e
[aV*VE�Le@W
VYj�VY�_o�[]\w`t[
e@VYj�gKV;W�Sie
�aW�VYU�W
VYS9Z3[aVY�s��Si��k�v9V(�;�L���9�9������S9^]��e
[]V�j�o/U@e@V;W3\wVYU*U@e
\p�_�lU
[aW�kt�]�]\_^a`�e
[aV��aV;e
S9\_�_U*k9m�e
[aV
j�VYZ3[]S9^]\_U
j��

xLylxLR \_U¡�]W
kt�a`t[�e�Si�Kkt�ae���o�\_^£¢@VYZEe
\_^a`¤S!`tS9U��}�]�]�}�wVP\_^¥e@k�S!�hS9U@z�k9md�_\_¦/�]\_�B��eGo/g}\_Z;S9�p�wo��aV;`tS9U�U@VY�
��Sie@V;WY�te
[]Sie�\_U-vL\w�]W�Sie
\_^]`�Sie�\we
U�m��]^]�]S9j�VY^�e
S9�/W
VYU@kt^]S9^}ZEVdk9mB§�¨9©�zLª¬«9��X��dk¡g}\wV;«;k/VY�wVYZEe@W�\_Z­e@W�S9^]U
�}�]ZEV;W�U
��nd®BXlU3��kt^�k9g]gKktU
\_e@V�U
\_�]VYU¬k9m�e
[]V��}S9U
z�ZEW
VYSie@V�e
[aV�^aVYZEVYU
U
SiW
o�\_^¥e@VY^}U@V�U@e
S9^}�]\_^a`c�dS6v9V9�¯Xl[aV��h�a�]�}�wV
\_U�Sie@e@W�S9ZEe@VY��e@k�e
[aV¡v/\_�]W�Sie
\wkt^]S9�K^akL�aV�Sie�e
[aV�ZEVY^�e@V;W¬k9mTe
[]V��}S9U@z��/��[aV;W
V�\we�W
V;gKVYSie@VY�]�wocVE�/g}S9^}�]U�S9^]�
ZEkt^�e@W�S9ZEe
U��]�aV¯e@kce
[aV�Z3[]S9^a`t\_^]`cU@kt�]^}��g]W
VYU�U
�aW
V¯\_^�e
[aV�U��aW
W
kt�]^}�]\_^a`��_\_¦/�]\_�B�dXl[aV¯W3Sig}\_��ZEkt�_�pSig}U@V�k9m
e
[aV¯�h�a�]�}�wV¡Z;S9�]U@VYU¬\we�e@k�VYj�\we�gh[ak9e@kt^]U��¬[}\_Z�[¤Sig]gKVYSiWle@k*g�VYSiz¤\_^!e
[]V¯�]�we@W�S£°�vL\wkt�wV;e;�

r�Z�[]\_V;v/\_^]`�xay�xaR±W
VY¦/�]\wW
VYU�§��;�9�9�²gKVYSiz²v9kt�we
Ucr¬b³S9ZEW
ktU
U�e
[]V�nd®KX¬U;�(X¬[]\_U�[]\w`t[�v9kt�we
Si`9V�Z;S9^
�KVPSie@e
S9\p^aVY���¬\we
[�e
[aVP�}U@V�k9mdScU
V;W�\wVYU¡RT´lb�e
�]^aVY��Z;\wW�Z;�]\_e�\_^��¬[]\_Z3[�e
[]VPn�®KXµS9ZEe
U�S9U�S9^�VY�wVYZEe@W3\_Z;S9�
Z;Sig}S9Z;\we@k9W6��¶�ktU@edk9mKkt�aW�VE·Kk9W
e
Ud\_^�e
[]\pU�g]W
k£¢@VYZEe��dV;W
V�ZEkt^]ZEVY^¥e@W3Sie@VY�ckt^cZEkt^]U@e@W��}ZEe
\_^a`�S9^]�*e
�]^]\_^]`�e
[]\_U
Z;\wW�Z;�}\we�S9^}�¸�aV;v9VY�wk9g}\_^]`!S¤U��]\we
Si�}�wV�S9j�gh�_\w¹]V;W�e@k��aW�\wv9V�\we;�Pº»[]\_�wV��dV��­V;W
V�S9�pU@k�Si�}�wV�e@k�W
V;gKVYSie@VY�]�_o
Z;Sig]e
�aW�V¬�}�a�}�}�wVYU�\_^*e
[aV�\p^¥e@VY^]U
V�U@kt�]^}��¹]VY�_�'�¥�dV��]\p��^ak9e�Sie@e@VYj�g]ede@k�k9�}U
V;W
v9V�e
[]V¡xLylxLR��_\w`t[�e­\_^*e
[aV
�_\_j*\we@VY�<e
\_j�V¯SYviS9\_�_Si�h�wV�m¼k9W¬e
[]\_U;�

Xl[}\_U�U@e
�]�aoc�dS9U�U
�ag]gKk9W
e@VY�<�/o¤½¡xL¾�¿�W3S9^¥e¬½�ka��n­ªlÀ¯Á9Á�°��Y¨9ÂL�Y¨/�

¨



Ã Ä �¡|�~B�¯Å�����|B�
���

r��we
[akt�a`t[�e
[]VleG�dk�g}[]VY^aktj�VY^]S�SiW
V¬`9VY^aV;W�S9�_�woPW
V;`tSiW��]VY��S9U��]\pU@e
\_^]ZEe;�¥U
kt�]^]����SYv9VYU�\_^�U@gKVYZ;\w¹}Z�U
ZEVY^}SiW@°
\wktU�Z;S9^�\_^}�]�]ZEV��_\w`t[�e-��SYv9VYU;�­Xl[aV�\_^¥e@V;W3S9ZEe
\wkt^�\_U�Z;S9�_�wVY�cÆ;ÇiÈhÇiÉËÊLÌPÍ8È�ÎEÆEÏ3Î;ÈhÏ3Î���xLR$�3�£�Ðe$�dS9U��]\_U
ZEk�v9V;W
VY��\_^
e
[aV¯�YÁ9Âi�LÑ�U­��o�e��­kP¿¡V;W�j�S9^�g}[�oLU
\_Z;\_U@e
U�S9U�S�W
VYU
�]�_e�k9m�W
VYU@VYSiW3Z�[��KVY\_^]`¡�]kt^aV�m¼k9W�º¸k9W��_��º�SiW­�
�dÒÓ�EÔ���u��Ó°
e@W�S9U@kt^}\_Z¬��SYv9VYUl�­V;W
V¡�KVY\_^a`�e@W�S9^]U
j*\we@e@VY�<e
[aW
kt�a`t[c�dSie@V;Wl\p^*k9W��]V;Wde@k�U@e
�}�ao*S9ZEkt�]U@e
\pZ�W3S9�]SiW�U@o/U
e@VYj�U;�
¶�o/U@e@V;W3\wkt�]U��}S9U�[]\_^a`!�_\w`t[�e
U¡�­V;W�V*U@V;VY^�ZEktj�\p^a`¤m¼W�ktj��}�a�]�}�_VYU�ZEW�VYSie@VY���/o�e
[aV�U
kt�]^]����SYv9VYU;�<r¬m8e@V;W
U@ktj�V�U@e
�]�ao9�]ZEkt^]Z;�p�]U
\wkt^]U�S9U¬e@k*�¬[�o<e
[aV¯�_\w`t[�e��dS9U¬�KVY\_^a`�VYj�\we@e@VY���]^]�aV;W�e
[aVYU
V¯VE�/e@W�VYj�V�ZEkt^]�]\_e
\wkt^]U
�dV;W
V¯j�S9�aV9��Õ�v9VY^¥e
�}S9�_�wo9�ae
[akt�a`t['�]\_^¥e@V;W�VYU@el�]\wVY�<kt�ae;���Ðe���S9U
^BÑÖel�]^�e
\_��e
[aV¯�_Sie@V*�YÁ9×i�LÑ�U¬e
[]Sie¬Z;�aW3\wktU
\we�o
��S9UlW
V;zL\_^]�]�_VY�<�}�aV�e@k*fP�}¾aVY�_\_g�V�¿�S9\we
\_S9^¤�¬[]k�j�S9^]Si`9VY��e@k*e@W�Sig�S�U
\p^a`t�wV¡�}�a�]�h�wV�ÒÓ�;Ô���Xl[]\_U�S9�p�wk6�dVY�
e
[aV�Z�[]Sik9e
\_Z�VY^�v/\_W
kt^]j�VY^�e��]^]�]V;W��¬[]\pZ�[<xaR���S9U­�}U
�]S9�_�woPvL\wV;�­VY�ce@kP��V¬e
S9j�VY�<��o�ZEkt^�e@W
kt�_�_Si�h�wV¬j�VYZ3[L°
S9^]\_U�j�U;����e��dS9U�f�WY��x/V;e
[�n­�ae@e@V;W�j�S9^��¬[ak<W
VYS9�_�_o¤g�V;W�m¼VYZEe@VY��e
[]\_U�U
\_^]`t�wV��}�]�]�}�wV�U
kt^akt�_�]j�\p^aVYU
ZEVY^]ZEV
��xLylxLR$�¯U@V;e>°G�]g'�$VY^]ZEkt�aW�Si`t\_^]`�jP�]Z�[(`9W
k��le
[�\_^1e
[aVc¹}VY�_�B��½�k6�ØxLR»\_UP^ak9ePkt^]�wo�S9^(SiW
VYS�k9m¬U@e
�]�]o
�¬\we
[1\_^]ZEW
VYS9U�\_^a`�Sie@e@VY^�e
\wkt^B���}�]e¯e
[aV<g]W
kLZEVYU
U�k9mlU
V;e@e
\_^a`��]g�xLylxLRÙk9WPV;v9VY^(jP�]�we
\_g}�wV��}�a�}�}�wV*xLR»\_U
Sie@e
S9\_^]Si�h�wV���o¤S9^�o<�pSYo!gKV;W�U@kt^!�¬\we
[¤S�m¼V;��[/�]^]�]W
VY�!�akt�_�_SiW�U�S9^}��S�Z;SiW
V;m��]�BV;o9V�m8k9W¬�aV;e
S9\p�D�

���¬\_�p�h�KV;`t\_^!�/o!`9kt\_^a`�e
[]W
kt�a`t[¤e
[aV�e
[aV;k9W
o!k9m�xLylxLR�Ú]e
[]V¯VE·�VYZEe�e
[]Sie�\pU��¬\we
^aVYU�U@VY�!�¬[aVY^�S9�p�Be
[aV
W�\w`t[�e¬m�S9ZEe@k9W�U�SiW
VPg]W
VYU
VY^¥e¡S9U��­VY�_��S9U�e
[aV�Z;�aW
W
VY^�e�e
[]V;k9W�\wVYU�W
V;`tSiW��]\_^]`*�¬[]Sie¡\_U�k/Z;Z;�]W
W�\_^a`c\_^]U
\_�]V¯e
[aV
�}�a�}�}�wV9��x/VYZEkt^]�]�wo9�T���¬\p�_�-�}\_U
Z;�]U
U�e
[aVcU@V;e>°G�ag�k9mde
[aV�VE�Lg�V;W3\_j�VY^�e;Ú¯�]^]�aV;W�U
e
S9^]�]\_^a`<S9^]�¸¹}^}�]\_^a`<e
[aV
S9ZEkt�]U@e
\pZ�W�VYU@kt^]S9^]ZEV�S9^]�¤ZEW
VYSie
\p^a`�S9^<R-´lbÙZ;\wW�Z;�]\we­W
VYU@kt^]S9^�e�Sie�e
[aV�U
S9j�V¡m8W
VY¦��]VY^]ZEo�e@k�g]W
kL�]�]ZEV�e
[aV
^aVYZEVYU
U�SiW
o¯[]\w`t[�v9kt�_e
Si`9V­m8k9WTe
[aVdnd®KX²�]�we@W�S9U@kt^}\_Z��aW�\wv9V;W3U;��¶�o¡g]W
kLZEVY�]�aW
V�S9^}��k9�}U@V;W
viSie
\wkt^]UY�£\_^}Z;�_�]�]\_^]`
e
[aV�g]W�V;g}SiW�Sie
\wkt^�k9mde
[aV��dSie@V;WY�-e@W
oL\_^a`<e@k�e@W�Sig�S!�}�a�}�}�wV9�KS9^]���¬[]Sie¡e@k��wk/k9z�m8k9W��¬\_�_�-�KV��aVYU
ZEW�\w�KVY�
^aVE�Le;��¾$\_^]S9�_�wo9�/���¬\p�_�}ZEkt^]Z;�p�]�aV¬��\we
[<�¬[aV;W
V�e
[aV¡g]W
k£¢@VYZEe�Z;�]W
W
VY^�e
�wo�U@e
S9^]�]U�S9^]�!U@ktj�V¡U��a`9`9VYU@e
\wkt^]Udm8k9W
m��ae
�aW
V¡�dk9W
zh�

Û Ü»Ý 	 Ü»Ý 	���~KÞ

Xl[aV�e@W�S9^}U
j�\_U
U�\wkt^�k9mdU@e@W
kt^a`a�T�}�we@W�S9U@kt^]\pZ�U@kt�]^}����SYv9VYU�e
[aW
kt�a`t[�S<�}S9U@z�k9m­�_\p¦��]\p�B�}��Sie@V;W¯�KVY\_^a`<e
[aV
j�ktU@e��}S9U�\_Z�k9mTe
[aV��]U
Si�h�wV¬�}�}\_�]U;��g]W
kL�]�]ZEVYU�S�U@e
S9^]�]\_^]`PS9ZEkt�]U
e
\_Z¡�dS6v9V�k9m-\_^}ZEW
VYS9U
\_^a`�S9^]�!�aVYZEW
VYS9U�\_^a`
g]W
VYU�U
�aW
V9�¡rß�}�]�]�}�wV�Z;S9^��KVPe@W�Sig]gKVY��Sie¡e
[aV�ZEVY^�e@V;W�k9m�e
[aV��}S9U
z��¬[aV;W
VPe
[aV�S9^¥e
\p^ak/�]V�VE�a\_U@e
U�ÒÖ¨/�'Â�Ô��
�>^!k9W��aV;Wle@k�`9V;e¬e
[aV¯j�S£�a\_j��}jàS9j�g}�_\we
�}�aV�k9m�e
[aV¯U@kt�}^]�!�dS6v9V�e
[aV¯U
g�VYZ;\_¹}Z�m¼W
VY¦/�aVY^]ZEo<k9m�e
[aV��}S9U@z�Ñ�U
g}[�o/U�\_Z;S9�iW
VYU@kt^]S9^}ZEV­U
[akt�}�_����V�Sig}g}�_\wVY�¡e@kle
[]V��}S9U@z��$¿�VY^]V;W�S9�_�wo�VE�/gKV;W�\pj�VY^¥e
S9�p\_U@e
UB�]U@V�VY\we
[aV;WTU@gh[aV;W�\_Z;S9�
k9W�W
VYZEe
S9^a`t�}�_SiW�U
[]SigKVY�(ZEkt^¥e
S9\_^]V;W�U;�1¾]k9W�VE�LS9j�g}�wV9��S��;�9�¸j���U@g}[]V;W�\_Z;S9�­�}S9U@z1\pU�k9m8e@VY^á�]U@VY�'��Xl[aV
m��]^]�]S9j�VY^�e
S9��W
VYU@kt^]S9^]ZEV�m8W
VY¦��]VY^]ZEo�\_^âe
[]\_U<Z;S9U@V9�P�8�¬\_e
[ e
[aV���Sie@V;W<¹h�_�wVY� �]gâe@k(e
[aV�^aVYZ
zâk9m¯e
[aV
�}S9U@z]�3�}\_U�U
ktj�V;�¬[aV;W
V¯SiW�kt�]^]��¨9ã�zLª�«9�

¾$\w`t�aW�V��!U
[]k6�¬UPe
[aV�S9ZEkt�]U
e
\_Z<�dS6v9V�j�kL�aVY�wVY�(S9U�S�U@e
S9^]�]\_^]`���SYv9V�\_^�\we
UPm��]^]�]S9j�VY^¥e
S9��j�kL�aV9�
Xl[aV�W
VYS9U@kt^âe
[]\_Uc\_U*e
[]V��KVYU@ecj�k/�aV�e@k(�}U@V�\_U*e
[]Sie<e
[]\_U*j�k/�aV��¬\_�_�lVE�/gKV;W�\wVY^}ZEV�e
[aV�[]\w`t[aVYU@e<S9^]�
�wk��­VYU@ePgKktU
U
\w�h�wV�S9ZEkt�]U@e
\_Zcg]W
VYU�U
�aW
V*Sie¬¢
�]U@e¯kt^aV<g}�_S9ZEV9�$e
[aV<ZEVY^¥e@V;W�k9m�e
[]V*�}S9U@z��$�¬[aV;W
Vce
[aV*�h�a�]�}�wV
�¬\_�p�}W
VYU�\_�aV9��Xl[aV�Z;\wW�Z;�}�_SiW�k9�L¢>VYZEe
Ulkt^¤VY\we
[aV;WlU
\p�aV�k9m�e
[aV�ZEkt^�e
S9\_^aV;W¬SiW
V�e
[]V�g}\wV;«;k/VY�wVYZEe@W�\_Z�e@W�S9^]U��]�]ZEV;W
��nd®BX���äiåæÍ¼ç9ÎEå3Æ�e
[]Sie�`9VY^aV;W�Sie@V*e
[]V*�]�we@W�S9U
kt^]\_ZPv/\_�]W�Sie
\wkt^]U�e
[]Sie�Z;S9�]U@V�e
[aVcU@kt�]^]����SYv9VYU;�<nd®KX¬U¯SiW
V
U
\_j�g}�wo�g}\wVYZEVYU�k9m}S�U@gKVYZ;\_S9�¥ZEV;W�S9j*\_Z�e
[}Sie-VE�Lg}S9^]�PS9^]�PZEkt^¥e@W�S9ZEe���[aVY^�v9kt�_e
Si`9V�\pU-Sig]gh�_\wVY�¯S9ZEW
ktU�U$e
[aVYj¤�
k9WPç6ÍDÏ3Î�çiÎ;å�Æ;èi��º»[aVY^�S*v9kt�we
Si`9V�ktU
Z;\_�_�pSie
\_^a`�Sie¬e
[]V�ZEk9W
W
VYZEe�m8W
VY¦��]VY^]ZEo¤S9^]��S9j�gh�_\we
�]�aV¯\pU¬Sig]g}�p\wVY�!e@k

Â



PZT

Driver 

PZT

Driver éê ë ë ëë ë ëë ë ëë ë ëë ë ëë ë ëë ë ëë ë ëë ë ë

ì ì ìì ì ìì ì ìì ì ìì ì ìì ì ìì ì ìì ì ìì ì ì

í í íí í íí í íí í íí í íí í íí í íí í íí í í

î î îî î îî î îî î îî î îî î îî î îî î îî î î

ï ï ïï ï ïð ð ðð ð ð

Microphone
PZT

Amplitude of Sound Wave

Amplitude of Sound Wave

Bubble

¾$\w`t�aW
V!�iÚ¡X�o/g}\_Z;S9�$U@g}[]V;W�\_Z;S9�-�}S9U@z���\we
[�n�®KXñ�aW�\wv9V;W3U¬g}�pS9ZEVY�¸U@o/j*j�V;e@W�\_Z;S9�_�_o¤kt^�VY\_e
[aV;W
U
\_�]VcS9^]�1e
[aV!nd®KXòj�\_ZEW
k9gh[akt^aV*kt^1e
[aV<�Kk9e@e@ktj¤�¸r�ePW�VYU@kt^]S9^]ZEV<e
[aV!U@kt�]^]�1�dS6v9V¤�¬\_�_�
S9ZEe¬S9U�S�U@e
S9^]�]\_^]`P��SYv9VP\_^¤\we
U�m��]^]�]S9j�VY^¥e
S9�Bj�kL�aV9�ag]W�k/�]�}Z;\_^a`Pe
[aV¯j�ktU@el\_^�e@VY^]U@V¯U
kt�]^]�
��SYv9V�Sie¬e
[aV�ZEVY^�e@V;W¬k9m$e
[aV��}S9U@z��

e
[aVP�aW�\wv9V;W�U¬S9^�\_^}U@V;W
e@VY���h�a�]�}�wV¡�¬\p�_�K�KV�Sie@e@W�S9ZEe@VY��e@k<e
[aV�ZEVY^�e@V;W¡k9m�e
[aV��}S9U
zh��xL\p^]ZEV¯e
[aVP^aVYZEVYU
U
SiW
o
v9kt�we
Si`9V*\pU¬W�Sie
[]V;W¯[]\w`t[B�BSiW
kt�]^}�(�;�9�9�!v9kt�_e
U;�'S!VY�wVYZEe@W�\_Z;S9�p�wo¤W
VYU@kt^]S9^�e¯RT´lbµZ;\wW�Z;�}\we�\pU��}U@VY��e@k<�Kk/ktU@e
e
[aVPj��]Z3[��wk��­V;W�v9kt�we
Si`9VPk9�]e
S9\_^aVY��m¼W�ktjóS*U�\w`t^]S9�B`9VY^aV;W3Sie@k9W�S9^]��U
j�S9�_�TS9�]�]\wk*S9j�g}�_\w¹]V;W6��r�U�U
[ak��¬^
\_^!¾$\w`t�aW
V��i�}S�e
[}\wW��!U
j�S9�_�_V;W�n�®KXôSie�e
[aV��Kk9e@e@ktjàk9m�e
[aV¡�}S9U@z!S9ZEe
UlS9UlS�j�\pZEW
k9g}[akt^aV¡e@k�W
VYZEk9W3�¤e
[aV
W
VYU@gKkt^]U
V�k9m$e
[aV��dSie@V;W�S9^]�¤�}S9U@z<e@k�e
[aV�vL\w�]W3Sie
\wkt^]U�k9m�e
[aV��aW�\_v9V;W�U;�

�Ðm�ZEkt^]�]\we
\_kt^]U¬SiW
VPW�\w`t[�e;��e
[aV��h�a�]�}�wV���\_�_�'U@e
S6o�U
�}U@gKVY^]�aVY��S9^]��e
[aV�U@kt�]^]���dS6v9VYU��¬\_�p�'Z;S9�]U@VPe
[aV
�}�a�}�}�wV¬e@k�¢
\w`9`t�wV���\_�_�]�wo9��Xl[aV¡�}�a�}�}�wV��¬\_�_�hU@e
SiW
elkt�ae�Sie¬SiW�kt�]^]�¤ã�j�\_ZEW
kt^}Ud\p^¤�]\_S9j�V;e@V;WY��r�U�e
[aV¯�wk��
g]W
VYU�U
�aW
VPg}SiW
e¡k9mde
[aV�U@kt�]^]����SYv9V�e@W3SYv9VY�_U�e
[]W
kt�a`t[�e
[aV��}�a�}�}�wV�\_e���\_�_�-VE�/g}S9^}��e@k�^aVYSiW��wo²�;�!e
\pj�VYU
\we
U�U
\_«;V¸Ò õiÔ���r�ZEkt�]U@e
\_Z;S9��g]W�VYU
U
�aW
V!SiW
kt�]^}�1e
[]V<�h�a�]�}�wV<\_U�Sie�S�j�\_^]\_jP�]j��¬[aVY^(e
[aV!�}�a�}�}�wV9Ñ�UPU
\w«;V
\_U�SieP\we
U�j�S£�a\_j��}j¤��r��}�]\we
\wkt^]S9�p�wo9�Te
[aV<j�kt�wVYZ;�]�_VYU�[]S6v9V<U@V;ghSiW�Sie@VY�(m8SiWPVY^akt�a`t[(Sig}SiW
eP�]�aW�\_^]`¤e
[]\_U
VE�Lg}S9^]U
\wkt^<e@k�Z;S9�]U
V¯S�ghSiW
e
\_S9��v£S9Z;�}�]jà\_^]U
\p�aV¬e
[aV¡�}�]�]�}�wV�ÒÖã£Ô���Xl[aV;W
V;m8k9W
V9�]S9U�e
[aV¡g]W�VYU
U
�aW
V¡\_^]ZEW�VYS9U@VYU
m8W
ktjñ«;V;W
k�e@k¯SiW
kt�]^}�<�i�öÂ¡Sie
jße
[aV��}�a�]�h�wV��¬\_�p��U
�}�]�aVY^]�wo¯ZEkt�p�_Sig}U@V9�$´lV;m8V;W�e@k¯¾$\w`t�aW
Vl¨�e
Siz9VY^�m8W
ktjsf�WY�
n��]e@e@V;W�j�S9^BÑ�U�SiW
e
\pZ;�wV¯\_^�÷hÏ;Í�ÎEÈhø�Í ù­Ï¡ú�Ì*ÎEåæÍDÏ�èiÈ*\p^¤¾aV;�]W��]SiW�o*k9m��YÁ9Á9ã�e@k�U@V;V�e
[aV��}�]�]�}�wV9Ñ�Ud�]\_j�VY^}U
\wkt^]U;�
e
[aV�U@kt�]^}��g]W�VYU
U
�aW
V9�9S9^]�Pe
\_j�VdU
Z;S9�_Vdk9mhe
[aV�ZEkt�_�_Sig}U@V9�$Xl[aVdW�Sig}\p��\_j�g}�wktU
\wkt^�U@e@k9g}U��¬[aVY^Pe
[aV�W
V;gh�]�_U
\wv9V
m8k9W�ZEVYU�k9m�e
[aVcSie@ktj�U�\p^]U
\_�aV�e
[aV*�}�a�]�}�_VPVY¦/�]S9��e
[aV���Sie@V;W�g]W�VYU
U
�aW
V�gh�]U
[]\_^]`!\p^ ÒÖã�Ô��¤r�e�e
[]\_U¯g�kt\p^¥e;�
�8e
[aV¯�h�a�]�}�wV��KVY\_^a`�SiW
kt�]^]�¤�L�öã*j�\_ZEW
kt^}U3�3�a\we��Kkt�]^]ZEVYU��}S9Z�z<e@kcSi��kt�]elS���j�\_ZEW
kt^¤U�\w«;V9�]e
[aVY^¤U
j*S9�_�wV;W
Si`tS9\_^B�-ktU
Z;\_�_�pSie
\_^a`¤Sie¯e
[aV*Sig}g}�_\wVY��S9ZEkt�]U@e
\pZ�m¼W�VY¦��aVY^}ZEo�k9m¬§�¨9ã/���9�9��e
\_j�VYU3û£U@VYZi��Ò õiÔ��cÕ­S9Z�[�e
\pj�V�e
[aV
�}�a�}�}�wVc�]VYZEW
VYS9U@VYU�\_^�U
\_«;V!\_e�VYj�\_e
U��_\w`t[�e�e
[]Sie�Sig}g�VYSiW3U�e@k�gKVYSiz(\_^(e
[aV��]�we@W�S�vL\wkt�wV;e;�1n$SiW
e�k9m�e
[aV
S9j��}\w`t�]\we�oPSi�Kkt�ae�xLylxLR�\_U$e
[}Sie�W
VYU@VYSiW3Z�[aV;W�U­Z;S9^BÑÖe­U
V;V¬S9�_�ae
[aV¬�dS6v9VY�wVY^a`9e
[]U­k9m��p\w`t[¥e�e
[}Sie­SiW
VlVYj*\we@e@VY�
�/o<e
[]V¯�}�a�]�h�wV¡��VYZ;S9�}U@V�U
[ak9W�e@V;Wl�dS6v9VY�wVY^a`9e
[]U�SiW
VP^ak9ele@W�S9^]U�j�\we@e@VY�¤e
[aW�kt�a`t[���Sie@V;WY��Xl[aV��_\_`t[¥e�e
[aV;o
�ak�U@V;V9�][]k6�dV;v9V;WY�h\_^}�]\_Z;Sie@VYU�S�e@VYj�gKV;W�Sie
�aW�V�k9m$Sie¬�wVYS9U
e¯�;�L���9�9�*�ñe@kcãi�L���9�9�c���ar�U�W�VYU@VYSiW�Z�[]V;W�U�m8W
ktj

õ



B
ub

bl
e 

R
ad

iu
s 

(M
ic

ro
ns

)

50

40

30

20

10

0
5 10 15 20 25 30 35

1

3

−1

−3

2

−2ü ý þ ÿ � � ü � � ÿ

� � � � ü � � ý � �

� � � 	 
 � � � �

A
coustic P

ressure A
m

plitude (A
tm

ospheres)

Time (Microseconds)

¾$\w`t�aW
V�¨/ÚdXl[aV¯�h�a�]�}�wV9Ñ�UdW�S9�}\_�]U�\_^]ZEW�VYS9U@VYU¬S9U¬e
[aV�U@kt�]^}�!�dS6v9V�g]W�VYU
U
�aW
V¯�]VYZEW
VYS9U@VYU;�dXl[aV
�}�a�}�}�wV�U�\w«;V�\_U¡j�S£�L\pj��]j ��ãi�¤j�\pZEW
kt^]U3�¬�¬[aVY^�e
[aV�g}W
VYU
U
�aW�VP\_U�«;V;W
ka��
¡^]ZEV�e
[]V�U
kt�]^]�
��SYv9V�\_^}ZEW
VYS9U@VYU�\_^cg]W
VYU
U��aW
V��­�i�öÂ�Sie
j<�­e
[aV��}�a�]�h�wVlW�Sig}\p�]�wo�ZEkt�_�_SighU@VYU;�LVYj�\we@e
\_^]`P�_\_`t[¥e�Sie
VYS9Z�[�U
�]ZEVYU�U
\wv9V¯ZEkt^�e@W�S9ZEe
\wkt^1ÒÖÂiÔ��

RTS6�lW
VY^]ZEV�RT\wv9V;W�j�k9W
V¯½�Sie
\_kt^]S9�'RTSi��S9^]�¤e
[aV�½�SYviS9�Tn�ktU@e@`9W3S9�]�]Sie@V�xaZ�[ak/kt�Bk9m�¶�kt^�e@V;W
V;o�U@e
Sie@V9Ú

r�e­e
[]V�\_^]U
e
S9^¥e­k9m-xLR�VYj*\_U
U
\wkt^'�¥e
[aV��}�a�]�}�_Vl\_U�U@kPU
j�S9�_�����]\_S9j�V;e@V;W�Si�Kkt�ae���j�\_ZEW
kt^��3�
\_e¯\_U�ZEkt�_�_Sig}U�\_^a`¤U@k�W�Sigh\_�]�wo²�8��S9�_��v9VY�wkLZ;\we�o�Si�Kkt�ae�¶�S9Z�[â�6�3��S9^}��e
[aV�g]W
VYU�U
�aW
V������ �
Sie
j<��S9^]�²e
[aV�VE·KVYZEe
\wv9Vce@VYj�g�V;W3Sie
�aW
V������ �;�L���9�9�����¡SiW
V<Z�[]S9^a`t\p^a`�U@k�¦/�]\_Z�z/�_o�e
[]Sie
U
e
S9^]�]SiW��¤e
[]V;k9W�\wVYU�k9WlVE�LgKV;W�\_j�VY^�e
S9�Be@VYZ3[]^]\_¦/�aVYU�[]S6v9V�^ak9el�KV;VY^¤Si�}�_V�e@k*\_�_�_�}j�\_^]Sie@V¡[ak6�
e
[]VYU@V�ZEkt^]�]\_e
\wkt^]U�ZEktj��}\_^aV�e@k�g}W
k/�}�]ZEV¡v9V;W
o!�]W�\wV;m�xLR��}S9U�[aVYU¯ÒÖ©£Ô��

º»[]Sie*\_U�z/^ak��¬^�\_U�e
[]Sie�e
[aV�[}\w`t[�e@VYj�gKV;W�Sie
�aW
VYU*Z;S9�]U@V�e
[aV�\wkt^]\w«YSie
\wkt^�k9m�e
[aV�`tS9U*\_^]U�\_�aV!e
[aV
�}�a�}�}�wV9��ºÙ\we
[!e
[]V�VY�wVYZEe@W
kt^]U�m8W
V;V�e@k�W�ktS9j SiW
kt�]^]�'�/e
[]V;W
V¯\_U�S�ZEk/kt�D�]�aVY^]U@V�gh�_S9U
j�SPk9m$Sie@ktj�\_Z�^/�]Z;�wVY\
�wV;m8e�\_^�e
[aVl�h�a�]�}�wV�Ò õiÔ���º»[aVY^�e
[aV��}�]�]�}�wV�\_U�ZEkt�_�pSig}U
\_^a`�e
[aVlVY�_VYZEe@W
kt^]U�W�VYZEktj��}\p^aVl\_^�e@k¯j�kt�wVYZ;�]�wVYUY�¥�aVE°
VE�aZ;\we
\_^a`a��S9^]��e
[/�]U�W
VY�wVYS9U@V�g}[ak9e@kt^]U;�l¾}�aW
e
[aV;W�VE�/gh�_S9^]Sie
\wkt^�Z;S9^��KV¯m8kt�]^]��e
[aW
kt�a`t[�e
[aV�U
[]k/Z�z¤�dS6v9V
e
[aV;k9W
o9��X¬[]\_U�\_U�g}W�\_j�SiW�\p�wo�g}�ae�kt�ae���o�n��]e@e@V;W�j�S9^�S9^]�c\_U$g]W
VYU
VY^¥e
�woPe
[aV¬S9Z;ZEV;g}e@VY�cvL\wV;�¯�$Xl[aV��h�a�]�}�wV
[]S9U­�KV;VY^*j�VYS9U
�]W
VY�*e@k�\_j�gh�wk/�]V�Sie�S�U
g�V;VY�cm�S9U@e@V;W­e
[}S9^*e
[aV�U@gKV;VY��k9mTU
kt�]^]�B�¥U
ktj�V�V;v9VY^<m�S9U@e@V;Wde
[]S9^
¶�S9Z�[1õ1Ò��6Ô��c´¬V;`tSiW��]�wVYU
UY�Te
[aV��h�a�]�}�wV�ZEkt^�e@W�S9ZEe
U�m�S9U@e¯VY^]kt�a`t[�e@k�Z;S9�}U@V*S�U@gh[aV;W�\_Z;S9��U
[]k/Z�z���SYv9Vce@k
\_j�gh�wk/�]V��¬\_e
[¸\_^]ZEW
VYS9U
\p^a`<S9j�g}�_\we
�]�]V�S9^}�¸U@gKV;VY�B��Xl[aV�e@VYj�gKV;W�Sie
�aW�VYU�`9V;e�U@k�VE�Le@W
VYj�V*��VYZ;S9�}U@V�e
[aV
e@VYj�gKV;W�Sie
�aW�V*�KVY[]\_^]��e
[]V<U
[]k/Z�z¸�dS6v9V!\pU�[]\_`t[aV;W�e
[]S9^1e
[]Sie�\_^¸m8W
kt^�e�k9ml\we;��Xl[��}U;�-kt^}ZEVce
[aV!U
[akLZ
z
��SYv9V�[}\we
U�e
[aV�ZEVY^�e@V;W�\_edVE�Lg}�wkL�aVYU�kt�]eG��SiW��B�]g}S9U�U
\_^a`�e
[aW
kt�]`t[¤e
[aV��}�a�}�}�wV¡S�U@VYZEkt^]�¤e
\pj�V*ÒÖÂ£Ô��

ã



� Ü»Ý 	������������ 	���|

��m¼kt�p�wk6�dVY� e
[]V�U@e
S9^]�}SiW�� U@V;e>°G�]gâS9^]�â�]U@VY� Sâ�;�9�1j*�¬n�o/W
VE��U@g}[]V;W�\_Z;S9���}S9U
zh�±X��dk1n�®KX �aW3\wv9V;W�U
k9�]e
S9\_^]VY��m¼W�ktjôe
[aV�U@kt^akt�p�]j�\_^aVYU�ZEVY^]ZEV�z/\_e'U@kt�_�¡�/o¯b�[]S9^]^aVY�£�>^]�]�]U@e@W3\wVYU �B[]S9��g]W
V;vL\wkt�]U��wol�KV;VY^¡V;gKkY�a\wVY�
e@kPe
[aV�U
\p�aVYU�k9mBe
[aV��}S9U@z�Sie­U
o/j�j�V;e@W�\_ZlgKkt\_^�e
U;�¥S9UdU
[ak��¬^<\_^�¾$\w`t�aW
V��i��Xl[aVYU@V�SiW
V¬W�\p^a`�U
[]SigKVY�B�¥�¬\we
[
\_^]^]V;W­�]\_S9j�V;e@V;W�×�j�j¤�/kt�ae@V;W��]\_S9j�V;e@V;W�¨i�Pj�j¤�LS9^]�<e
[]\_Z�z/^]VYU
U�õa�öãPj�j��$X¬[aV�e��­k��aW3\wv9V;Wdn�®KX�Ñ�UdSiW
V
�¬\wW�VY��\_^�g}SiW�S9�p�wVY�D�KU@kce
[]VPe@k9e
S9���]W�\wv9V;W¡Z;Sig}S9Z;\we
S9^]ZEV�\_U�e��¬\_ZEV�e
[]Sie¡k9m�VY\we
[aV;W�n�®KXñS9�wkt^aV9�¯rßU
j*S9�_�wV;W
S9^]�!jP�]Z�[!e
[]\p^]^aV;W­n�®KXÙe
Siz9VY^!kt�ae�k9m-S�´¬S9�}\wk�xa[]S9Z
z<j�\_ZEW
k9g}[]kt^aV�[]S9�!S9�_U
kP�KV;VY^<g]W
V;vL\wkt�]U��wo�`t�_�aVY�
e@k�e
[aV��Kk9e@e@ktj k9mde
[aV��}S9U
z�m8k9W�e
[aV�g}\_Z�z/�]g'��xLe
S9^]�]SiW���ãi�"!sZEktS£�a\_S9��Z;Si�h�wVYU��dV;W
V��]U@VY��e@k�ZEkt^}^aVYZEe
e
[aV��]W�\wv9V;W�U�S9^]�¤j*\_ZEW
k9g}[akt^]V�e@kce
[aV�k9e
[aV;W�g}SiW
e
U�k9m�e
[aV�Z;\wW3Z;�]\we;�

Xl[]V�U�\w`t^]S9�/W��]^]^}\_^a`le
[aW�kt�a`t[�e
[]\_U$Z;\wW�Z;�}\weT��S9U�g]W
k�v/\p�aVY�P��oPS�ª�V;�¬�wV;e@e�n$S9Z�z£SiW��cãi�¯¶�ª�«�m8�}^]ZEe
\wkt^
`9VY^aV;W�Sie@k9W6�¥j�kL�aVY�a×L�9�Y©ir��9º»[]\_�wV­e
[]\_U�`tSYv9VlS¡U@e
Si�h�wV­kt�]e@g}�ae;�t�]^am8k9W
e
�]^}Sie@VY�wo�e
[aV�j�\_^]\pj��]j±m¼W
VY¦/�aVY^]ZEo
U@e@V;g(U
\w«;V*Sie�¨9ã�z/ª�«*\_U¯W�Sie
[aV;W��pSiW
`9V$#(�;�9��ª¬«%#�ZEktj�g}SiW
VY�²e@k�e
[aV*W
VYZEktj�j�VY^]�]VY��U@e@V;g1U�\w«;V�k9m��;�
ª�«�k9W¡�KV;e@e@V;WY��X-k<`9V;e¡SiW�kt�]^]��e
[]\_Ulg}W
k9�}�wVYjØS'&�¹}^]V�e
�]^aV;W6Ñ}��S9U�j*S9�aV��/o�Sig]gh�wo/\p^a`�ScZEkt^�e
\_^/�akt�]U
�_o
viSiW�\_Si�}�wV�ZEkt^�e@W
kt�dv9kt�we
Si`9V<k9ml�(#/Á�v9kt�_e
U�k9�]e
S9\p^aVY��m8W
ktj S�Á¤v9kt�we��}Sie@e@V;W
o¸e@k�e
[aVc¾�¶ ZEkt^�e@W
kt�d\_^ag}�ae
k9m¡e
[aV�m��]^]ZEe
\wkt^�`9VY^]V;W�Sie@k9WY�±xL\_^]ZEV!e
[aV��}\_U@g}�_S6o²k9m¡e
[aV�m��]^]ZEe
\_kt^�`9VY^aV;W�Sie@k9W!�]\_�]^BÑÖe�Z3[]S9^a`9V�S9U*e
[aV
m8W
VY¦��]VY^]ZEoc��S9U�viSiW�\wVY�¤\_^!e
[}\_U��dS6o9�}e
[aV�VE�aS9ZEe¬m8W
VY¦/�aVY^]ZEo<�dS9UlW
VYS9�¤kt^�S�U
V;g}SiW�Sie@V¯m8W
VY¦/�aVY^]ZEocj�V;e@V;WY�
º»\we
[¤e
[]\_U�U
o/U@e@VYjØ\we���S9U�gKktU
U
\w�}�_V�e@k�viSiW
o!e
[aV�m8W
VY¦/�aVY^]ZEo!\_^¤S9j�kt�]^�e
U¬S9UlU�j�S9�_�BS9U���ª¬«9�

+ 24V

−24V
100 K

0.9 Ohm

Signal Generator

26 kHz

1 MOhm

10 kOhm

C=1.54 nF

L=23 mH

Current Sense

¾$\w`t�aW
V¤Â/Ú!Xl[aV!U
\w`t^]S9�­`9VY^aV;W�Sie@k9W���S9U�ZEkt^]^aVYZEe@VY��e@k�e
[]V<k9gKV;W�Sie
\_kt^]S9��S9j�g}�_\w¹}V;W��¬[]\pZ�[
e
[aVY^¸�dVY^�e¯e@k¤e
[aV*\_^}�]�]ZEe@k9W���ZEkt\_�¼��S9^]�²Z;Sig}S9Z;\we@k9W<�8e
[]V�nd®KXlUæ�3��X¬[aV�m¼kt�]W�W
VYU
\_U@e@k9W3U¯SiW
V
SiW
W�S9^]`9VY��e@k!j�Siz9VPe
[aV�k9g}S9j�g�\_^�e@kcScZEkt^]U@e
S9^�e>°GZ;�aW
W
VY^�e�U@kt�aW�ZEV9���¬[aktU
V¯kt�ae@g}�ae�Z;�aW
W
VY^�e
U
[akt�}�_�<��V�g}W
k9gKk9W
e
\wkt^]S9��e@k�e
[aV�\_^ag}�aedv9kt�we
Si`9VPm¼W�ktj³e
[aV�U
\w`t^}S9�K`9VY^aV;W�Sie@k9WY�

Õ�v9VY^c��\we
[�e
[aV��Kk�ktU@e­g]W
k�v/\_�]VY���/o�e
[aV�R$báW�VYU@kt^]S9^�edZ;\wW3Z;�]\we�e
[aV�kt�ae@g}�]e�v9kt�we
Si`9V¡k9m'e
[aV�m8�}^]ZEe
\wkt^
`9VY^aV;W�Sie@k9W�\_U
^BÑÖe¡[]\w`t[�VY^akt�a`t[B�BU@k¤U@ktj�VPe�o�gKV�k9m­S9�}�]\wk!S9j�g}�_\w¹}V;W�\_U¡^aV;VY�aVY�'���¬U@e
SiW
e@VY���¬\_e
[�S![/�a`9V
kt�_�<viS9Z;�]�]j³e
�a�KV�S9j�g}�_\_¹]V;WdS9^}�¤j�k6v9VY�¤kt^!e@k�S�jP�]Z3[¤U
j�S9�_�wV;W�Z;SiWlW3S9�]\wk��Kk�ktU@e@V;WlS9j�g¤m¼W
ktj³´�S9�]\wk
xL[]S9Z�zh�B�h�ae�¹}W�U@e�kt^aV�S9^]��e
[aVY^¸S9^ak9e
[aV;W�k9m­e
[aVYU@V��]^]\we
U�m�S9\_�wVY�B��Xl[aV��_S9U
e�S9j�gh�_\w¹]V;W��¬�]U@VY�)#��¬[]\pZ�[
�dk9W
z9VY��v9V;W�o¤�­VY�_�*#<��S9U�S<¶�kL�aVY�'õ9õt�¥b ãi�£°���Sie@e¡k9g�V;W3Sie
\wkt^]S9�BgKk6�dV;W¡S9j�g}�_\w¹}V;W�m¼W
ktj+
�g}r�j�g�R-Si�}U
,.-/-0-21.354769874;:065<>=*1@?A398CB ���Ðe���S9U��¬\wW�VY���ag��¬\we
[�U@ktj�VlW
VYU
\_U
e@k9W�U$e@k�S9ZEe­S9U�S¯ZEkt^]U@e
S9^�e�Z;�aW
W�VY^¥e�S9j�g}�_\wV;WY�

D.EGF0HJI(I0K@LCMNI/O5P0Q�RTSVU�K@Q@WYX(HJIZR.H\[GH�SV]/H^S.H5WCE*HAW`_*K@]5SVKbacFZRTRVd7e fJf�QTgJI/H�RVKbhiF7j hbg9klf�U�I0O(Kbm"j FZRVk\j\n*F(KoQTg9I0gJL�P0koU�I0K@QThbK@I0h@KopAUqR
gJa>RN_*grOASVU�s KbSVQtHJI0OugJI0KvkoU�hbSVg9d(F0gJI0KvwCx7nyU�QzQ�RVU{L�L;H|s9H�U{L{H�]0L�KvacgJS2}J~9�Aj

©



S9U�U
[ak��¬^!\_^<¾�\_`t�aW
V�Â/��Xl[aV�k9g}S9j�g!��S9U�g�k��­V;W�VY�!��o�e��­k*¨£õ�v9kt�we�gKk��­V;W�U
�ag}g}�_\wVYU;��U
\_^]ZEV�e
[aVYU@V¡�dV;W
V
W
VYS9�]\p�wocS6v£S9\_�pSi�}�wV9�a�}�ae�\welZEkt�}�_�¤�KV¡W��]^¤Sie��]g¤e@k���õt��v9kt�we
U�\wm-^]VYZEVYU
U
SiW
o9�

r�U�VE�Lg}�_S9\_^aVY��\_^Pe
[aV�m8kt�_�wk��¬\_^a`¡U@VYZEe
\wkt^'�te
[aV�VY�wVYj�VY^�e
U�k9m�e
[aVlR�b1W�VYU@kt^]S9^�e�Z;\wW�Z;�]\_e-�dV;W
V�e
[aVln�®KXlU
��bl��S9^]�*SP[aktj�VYj�S9�]V�ZEkt\_����R��3��X¬[aV�\_^}�]�]ZEe
S9^]ZEVlk9mBe
[]V�ZEkt\_�}�dS9U­v£SiW3\wVY��k�v9V;WlSi��kt�]e�S*�;�7� W�S9^a`9V���o
j�k�v/\_^]`<S<g}\wVYZEV�k9m�m8V;W
W�\_e@VPj�Sie@V;W3\_S9�$\_^�k9W�kt�]e�k9m�e
[aV�ZEVY^¥e@V;W¯k9m�e
[aV�ZEkt\_�D�¯Xl[aVPm8V;W
W�\we@V�j�Sie@V;W�\_S9����S9U
S9ZEe
�]S9�_�_o<S�e@VY�_V;g}[akt^aV¯�_\p^aV�^akt\_U@V¡¹}�we@V;W¬g}�aW�Z3[]S9U@VY�!m8W
ktj ´¬S9�}\wkcxL[]S9Z�zh�

� � �o���3��� | Ý 	���� �s	��������l�¡|��ô�
~B�����>|

Xl[aV;W�V¡SiW�V¯S�m8V;���]\w·�V;W
VY^�e�S9U@gKVYZEe
U�e@k�e@W
oL\_^a`�e@k�k9�]e
S9\_^�xLylxLR��/�­�KV;`tS9^!��o!j�VYS9U
�aW3\_^a`Pe
[aV¡W
VYU@kt^]S9^�e
m8W
VY¦��]VY^]ZEock9m$e
[aV��}S9U@z��}U
\_^}ZEV�e
[]\_Ul\_U¬S9�_U@k�e
[aV�m¼W
VY¦/�aVY^]ZEo!Sie¬��[]\_Z�[!e
[]V�R�b±Z;\wW�Z;�]\we�[]S9U¬e@k*W
VYU
kt^]Sie@V9�
��e
[aVY^!j�VYS9U��aW
VY�<e
[aV�Z;Sig}S9Z;\we
S9^]ZEV�k9m-e
[aV¡nd®KXlUd�/o�W
VYU@kt^}Sie
\_^a`�e
[aVYjò�¬\we
[<SPz/^ak��¬^!\_^]�]�}ZEe@k9WY��Xl[]\_U
S9�_�wk��­VY�²j�V�e@k�Z;S9�_Z;�]�pSie@V�e
[aV*\_^]�}�]ZEe
S9^]ZEV�^aV;VY�aVY��m8k9W¯e
[aV*ZEkt\p��S9^]��e@k�`9k�S9[aVYS9�²S9^]��ZEkt^]U@e@W3�]ZEe¯\we;�
¾$\_^]S9�_�_o9�$S9U��]VYU
ZEW�\w�KVY�²\p^1U@VYZEe
\_kt^�ã/���¯g]W
V;g}SiW�VY�1e
[]Vc��Sie@V;W���o(�aV;`tS9U
U
\p^a`�\_ePS9^]�1g}�_S6o9VY���¬\we
[1e
[aV
ZEktj�g}�_V;e@VY��U@V;e>°G�ag�e@k�e@W�Sig��}�]�]�}�wVYU�S9^]�¤gKV;W�[}Sig}U�U@V;V¯e
[aV¯�hS9U
[]\_^a`��_\_`t[¥e�k9m�xLR��

���.� ���.�����i�������`�z���(�"�.�` ¢¡u£¥¤C�(�¦�� ¢���`¤

�¬zL^aV;�se
[]Sie�e
[]VPm8W
VY¦/�aVY^]ZEo�k9m�e
[aV�m��]^]�]S9j�VY^¥e
S9�$j�kL�aV�U
[akt�]�p���KV�U@ktj�V;�¬[]V;W
V�SiW
kt�]^]�¸¨9ã<zLª¬«�m8k9W
e
[]\_U$U
\_«;VlS9^]��eGo/gKVd�hS9U@zh�$�-m¼kt�]^}��e
[]V�VE�LS9ZEe�viS9�_�aV��/oP[]k�k9zL\_^a`¡�ag�S�U
\w`t^}S9��`9VY^]V;W�Sie@k9W�e@k¯S9^�S9j�gh�_\w¹]V;W
S9^]�Pe
[aVY^�e@k�e
[aV�n�®KX��aW�\wv9V;W�UY�-ydo�k9�hU@V;W
vL\_^a`�e
[aV�j�\_ZEW
k9g}[]kt^aVdU�\w`t^]S9��kt^�e
[aV�ktU
Z;\_�_�wktU�ZEk9g�Vd�-ZEkt�}�_��U@V;V
e
[aVP\_^¥e@VY^}U
\weGo¤k9m�e
[aV��}S9U
zhÑ�U�v/\_�]W�Sie
\wkt^��]\_U@g}�pSYo9VY��S9U�S<U
\_^/�]U@kt\_�]S9�Kkt�]e@g}�ae;�¡xL�­V;V;g}\p^a`�e
[aV�m¼W
VY¦/�aVY^]ZEo
^aVYSiW�¨9ãPzLª�«¯��m8kt�]^]�!e
[]Sielj�o<�}S9U@z<W
VYU@kt^]Sie@VY��SiW�kt�]^]��¨"���_�¯zLª�«9�]S9UlU
[ak��¬^�\_^!¾$\w`t�aW
V�õa���ÐelZ;S9^��KV
U@V;VY^�e
[]Siele
[aV¯gKV;W
m8VYZEe�gKVYSizckt^]V¯�­kt�}�_�!VE�/gKVYZEe�e@k*U@V;V¯m8W
ktjàe
[aV�e
[aV;k9W
V;e
\_Z;S9�-\_�aVYS��KVY[]\_^]�cW
VYU@kt^}S9^]ZEV
�ak/VYU
^BÑÖelS9�w��SYoLU¬ZEktj�V¯kt�ae¬U@kcU
j�k/k9e
[]�woc\p^!W
VYS9�_\we�o9�

Acoustic Resonance Frequency
100ml Flask

26.4 26.6 26.8 27.0 27.2 27.4 27.6 27.8 28.0 28.2
Frequency (kHz)

1

2

3

4

5

6

7

8

9

V
ol

ta
ge

 A
cr

os
s 

M
ic

ro
ph

on
e 

(m
V

)

¾$\w`t�aW
V¡õaÚ�r�^�S9ZEkt�]U@e
\pZ;S9�'W
VYU@kt^}S9^]ZEV�Z;�aW
v9V�m¼k9Wle
[]V��;�9�*j��K�}S9U
zh�

�



����§ ¨©����¤«ª7�(�¬ ¢�����.����£�¤­�0�z�� *���`¤®�t¯° ¢�²±l£�³´³µ�Vª7�Y���T�

R'V;ePj�VcU
e
SiW
e��/o�VE�/g}�pS9\_^]\_^a`!�¬[}Sie�\_U�`9kt\p^a`�kt^²��V;e��­V;VY^1e
[aV<\_^]�]�]ZEe@k9W�S9^]�²Z;Sig}S9Z;\_e@k9W�e
[]Sie�S9�_�wk��¬U
[]\w`t[!v9kt�_e
Si`9VYU¬e@k��KV¯ZEW
VYSie@VY��v9V;W
o!VZ¶*Z;\wVY^�e
�wo9�]�¬\_e
[!kt^]�wocS*�_\we@e
�wV¡gKk6�dV;WY�

´¬VYU@kt^]S9^]ZEV�\_^<S�U@V;W�\wVYUdRT´lbâZ;\wW�Z;�]\_e�kLZ;Z;�aW�Ud�¬[aVY^ce
[aV¡\_j�gKVY�]S9^]ZEV�k9m'e
[aV�Z;\wW�Z;�]\_e­\_UdSie�e
[aV��_k6�dVYU@e
gKktU
U
\w�h�wV�g�kt\p^¥e;�/S9�_�wk6��\_^a`�e
[aV�[]\w`t[aVYU@e�g�ktU�U
\w�}�wVlZ;�]W
W
VY^�e�e@k�W3�]^�e
[aW
kt�]`t[�e
[aV�Z;\wW�Z;�]\we;�$Xl[aV�\_j�gKVY�]S9^]ZEV
· k9mdS!W�VYU
\_U@e@k9W�\pU¡e
[aV�U
S9j�V*S9U�\we
U�W
VYU
\pU@e
S9^]ZEV�¸���Xl[aV�W�VYU
\_U@e
S9^]ZEV�W�VYj�S9\_^]U�ZEkt^]U
e
S9^¥e¯�KVYZ;S9�]U
V�\we¯\_U
^ak9e�S£·�VYZEe@VY����o¤m8W
VY¦/�aVY^]ZEo9��S9U¬\_U�Sig]g}SiW
VY^�el�/o'
�[]j�U¬R-SY�¯Ú¹¸»º½¼�¾0¿}���Ðj�gKVY�]S9^}ZEV¯m¼k9W�S9^�\_^}�]�]ZEe@k9W
À�S9^]�<S�Z;Sig}S9Z;\we@k9WlÁ���[ak��­V;v9V;WY�]\pU�Z;S9�_�wVY�*e
[aV�W
VYS9ZEe
S9^]ZEV\Â S9^]��Í¼Æ��aV;gKVY^]�aVY^�e�kt^cm¼W
VY¦/�aVY^]ZEo9��
�[]j¤Ñ�U
RTS6��m8k9Wl�Kk9e
[¤\_UlS9U¬m¼kt�_�_k6�¬U;Ú

¼­Ã�º�¿"Â�Ã¸S9^]�²ÄuÅÆºÙ�bÇuÅ

º»[aV;W
V°Â�Ã�\pU�e
[aV�W
VYS9ZEe
S9^]ZEV�k9m$e
[aV�Z;Sig}S9Z;\we@k9W�S9^]�µÂ�È�\_U�e
[aV�W
VYS9ZEe
S9^}ZEV�k9m$e
[aV�\_^}�]�]ZEe@k9WYÚ

Â�Ã�º �
É Á S9^]�²ÇuÅ�º É R

Â�ÃBVY¦/�]S9�_UTe
[aV�Z;�aW�W
VY^¥e-�]\wvL\_�aVY����o¡e
[aVdS9^a`t�]�_SiWTm¼W
VY¦/�aVY^]ZEo É S9^}��e
[aV­Z;SighS9Z;\we
S9^]ZEV9�2Â�È�VY¦/�]S9�_UTe
[aV
Z;�aW
W�VY^¥e�e
\_j�VYU�e
[aV¯S9^a`t�]�_SiW�m8W
VY¦/�aVY^]ZEo<S9^]�!e
[aV¯\_^]�}�]ZEe
S9^]ZEV9��Xl[]\pUdZ;S9�}U@VYU�e
[aV¯Z;Sig}S9Z;\_e@k9WYÑ�UlW
VYS9ZEe
S9^}ZEV
e@k��KV�\_^�v9V;W�U@VY�_oc�aV;gKVY^]�aVY^�e�kt^�m8W
VY¦/�aVY^]ZEo9�}S9U��]\_U@gh�_SYo9VY�!�/o¤¾�\_`t�aW
V�ã/�­X¬[aV�\_^]�}�]ZEe
\wv9V¡W
VYS9ZEe
S9^]ZEV9��kt^
e
[aV¯k9e
[]V;W¬[]S9^]�B�]\pU��]\wW
VYZEe
�wocW
VY�_Sie@VY�¤e@kcm¼W�VY¦��aVY^}ZEo9�]S9U¬U
[ak��¬^�\_^¤¾$\w`t�]W
V¯©/�

¾�\_`t�aW
V�ã/Údb�SighS9Z;\we
\wv9V¯´lVYS9ZEe
S9^}ZEV!ÒÖ×£Ô�� ¾$\w`t�]W
V�©/Ú��>^]�]�]ZEe
\wv9V�W�VYS9ZEe
S9^]ZEV<ÒÖ×£Ô��

º»[aV;W
V¤e
[aV¤e��­k1Z;�aW
v9VYU�k�v9V;W��_Sig \_UP�¬[]V;W
V¤kt^aV!�¬\_�_�­¹}^]�(e
[aV¤W�VYU@kt^]S9^�e�m¼W
VY¦/�aVY^]ZEo(k9m¬e
[]V�RT´lb
Z;\wW�Z;�}\we;�aS9U¬U
[ak��¬^�\_^¤¾$\w`t�]W
VÊ���

r�e�W
VYU
kt^]S9^]ZEV�e
[aV�v9kt�we
Si`9VYU­S9ZEW
ktU
U�e
[aV�\_^}�]�]ZEe@k9W�S9^]��Z;Sig}S9Z;\we@k9W­SiW
V��Y×i�"Ëdkt�ae�k9m}g}[}S9U@V9��X¬[aV�e@k9e
S9�
\_j�gKVY�]S9^}ZEV�Z;S9^²�KV�j�kL�aVY�wVY��S9U�e
[aV�v9VYZEe@k9W�U
�}j k9m�e
[aV*^aV;e�W
VYS9ZEe
S9^]ZEV!S9^]��e
[]V�W
VYU
\_U
e
S9^]ZEV9��xL\_^]ZEV
W
VYU
\pU@e
S9^]ZEV�\_U�ZEkt^]U@e
S9^�e;�h\we�\_U¬S�v9VYZEe@k9W¡�¬\_e
[�S�U@V;e�j�Si`t^]\we
�]�]V¯kt^�e
[aVÍÌ]°GS£�a\_Ulk9m$e
[aV�`9W�Sig}[�\p^¤¾�\_`t�aW
V
×/��Xl[aV¬W
VYS9ZEe
S9^]ZEV¡k9mKe
[aV�\_^}�]�]ZEe@k9W�S9^]�cZ;Sig}S9Z;\we@k9WY�Lkt^*e
[aV¬k9e
[aV;W�[]S9^]�'��S9�]�c\_^�e
[aVuÎ¥°GS£�a\_U;��Xl[aV¬e@k9e
S9�
W
VYS9ZEe
S9^]ZEV�S9^]��e
[aV¬W
VYU
\_U@e
S9^}ZEV�e
[aVY^�S9�]��e@k�`t\wv9Vlkt^aV�W
VYU��]�we
S9^�e�v9VYZEe@k9WY��Xl[aVlj*Si`t^]\we
�]�aV�k9m�e
[]\_U�\pU�e
[aV
e@k9e
S9��\_j�gKVY�]S9^}ZEV¯k9m�e
[aV�Z;\wW�Z;�}\weÏ·���
�^aVPZ;S9^�U@V;VPm8W
ktj e
[aV�¹}`t�aW
V�e
[}Sie���[aVY^�e
[]V�W
VYS9ZEe
S9^}ZEV�k9m�e
[aV

×



¾�\_`t�aW
VÊ��Ú�Xl[]V�W�VYU@kt^]S9^]ZEV�ZEkt^}�]\we
\wkt^�ÒÖ×£Ô

\_^]�}�]ZEe@k9W�S9^}��Z;SighS9Z;\we@k9W�Z;S9^]ZEVY�$kt�ae¡�/o��KVY\_^a`ck9m�VY¦/�]S9��j�Si`t^]\_e
�]�aV¤��[]SYvL\_^a`<e
[aV�U
S9j�V�S9j�g}�p\we
�]�aV��3�
�}�ae¬k9g]gKktU
\we@V�viS9�_�aVc�>�Y×i�"Ë¯kt�ae¬k9m$g}[]S9U
V��3�}e
[aV;o�Z;S9^]ZEVY�Tkt�ae;�}`t\_v/\_^]`�e
[aV��wk��­VYU
e¬gKktU
U
\w�h�wV�\_j�gKVY�]S9^]ZEV9�
e
[aV�U
j*S9�_�wVYU@eÍ·���Xl[]\_U¡\_U¡e
[aV��]VYU
\wW
VY�¸U@e
Sie@V*kt^aV��dS9^�e
U�[}\_U3û£[aV;W¯R-´�b Z;\_W�Z;�]\we¡e@k��KV�\_^B�'\_^�k9W3�aV;W�e@k
S9�_�wk��áe
[aVl[]\w`t[]VYU@e�S9j�kt�]^�e�k9m�Z;�]W
W
VY^�e�e@k��]k6��e
[]W
kt�a`t[�e
[aVlZ;\wW3Z;�]\we�S9^]��\_^�e@k�e
[aktU@Vln�®KXlU;����e�jP�]U@e��KV
^ak9e@VY�B�L[ak��­V;v9V;WY�Le
[]Sie­e
[]\_U­U
ZEVY^]SiW�\wk�\_U�S9^<\_�aVYS9�]Z;S9U
V9���Ð^*W
VYS9�_\we�o�e
[aV;W
V�\pU�U@ktj�V�S9�]�]\we
\_kt^]S9�aW
VYU
\pU@e
S9^]ZEV
\_^][]V;W
VY^¥e��¬\_e
[]\_^<VYS9Z�[�ZEktj�gKkt^aVY^¥e¬e
[]Sie�g]W
V;v9VY^�e
Ule
[aV�Z;\wW�Z;�]\wedm8W
ktjà�KVY\_^a`�S9U�VZ¶*Z;\_VY^¥e¬S9U�\we�ZEkt�]�_�¤�KV
Siele
[]\pU�e
[aV;k9W
V;e
\_Z;S9�TW
VYU@kt^]S9^]ZEV9�

R
ea

ct
an

ce

X
L

Xc

Resistance

¾$\w`t�aW
V¬×/Ú$Xl[aVl\p^]�]�]ZEe
\wv9V�W
VYS9ZEe
S9^}ZEV�S9^]��e
[]V¬Z;S£°
g}S9Z;\we
\_v9V�W
VYS9ZEe
S9^]ZEV¤S9�]�²e@k�m8k9W�j kt^aV*W
VYU
�]�we
S9^�e
v9VYZEe@k9W¡\_^!e
[aV°Î�°GS£�L\pU;�

R
ea

ct
an

ce

Z 
Impedence

X

R
Resistance

¾$\w`t�aW
V¸Á/Ú�Xl[aV�W
VYU
�]�_e
S9^¥e<v9VYZEe@k9W�k9m�e
[aV�W
VYS9Zæ°
e
S9^]ZEV�\_UlS9�]�]VY��e@k<e
[aV�W
VYU�\_U@e
S9^]ZEV¯e@k!ZEW
VYSie@VPe
[aV
\_j�gKVY�aVY^}ZEV9�

�T^]V;VY�aVY�Pe@k¡j*Sie
Z�[�e
[aVdW
VYU@kt^]S9^}ZEVdk9m}e
[]\_U�Z;\wW�Z;�]\we-e@k�e
[}Sie�k9m}e
[aV��}S9U@z¯m8k9W-e��­k�W�VYS9U@kt^]U;�$n�W�\pj�SiW�\_�wo9�
kt^aV!^aV;VY�]U�e
[aV<�}�we@W�S9U@kt^]\pZ�U@kt�]^]�²�dS6v9VYU�e@k��KV*U
e@W
kt^a`�VY^akt�a`t[1e@k�e@W�Sig�S��}�a�]�}�_V9�!X¬[aVcS9ZEkt�]U
e
\_Z;S9�
��SYv9VYU¬^]V;VY�ce@k��KV�SiW
kt�]^}���9�;���]VYZ;\w�KVY�_U�e@k�`9V;e�xaR�ÒÖÂ£Ô���Xl[akt�a`t[<e
[]\pU­v9kt�p�]j�V�\_U�¦��}\we@V�[}\w`t[B�LgKV;W�[]Sig}U
�aVYSim8VY^]\_^a`a��S�¨9ã�zLª�«lm¼W�VY¦��aVY^}ZEo�\pU�^ak9e­\p^�e
[aV¬W�S9^]`9Vlk9mB[��]j*S9^*[aVYSiW�\p^a`a��ydo�gKV;W��]U�\_^a`�e
[aW
kt�a`t[*k9e
[aV;W
gKV;k9g}�wV9Ñ�U�VE�Lg�V;W3\_j�VY^�e
U;�B�¬zL^aV;�ßS!v9kt�we
Si`9V�k9mdSiW
kt�]^]�á�;�9�9��v9kt�we
U¡gKVYSiz¥°�e@ki°�gKVYSizÐ¼YÑ Ñ<W��]^]^}\_^a`*S9ZEW
ktU�U

Á



e
[aV¬n�®KXlU$�dkt�]�_���KVl^aV;VY�]VY�B��ydVYU
\p�aVYU�g}[�oLU
\_Z;S9�_�wo�g}�]U
[]\p^a`�S�[]\w`t[�v9kt�we
Si`9V�e
[aW
kt�a`t[�e
[aV¬nd®BXlU;�9�¬[]\pZ�[
�dkt�]�_�]^BÑÖe���V¬v9V;W
o�VZ¶*Z;\wVY^�e�k9W�U
Sim8V�S9U­e
[aV¬gKk6�dV;Wdkt�ae@g}�ae��dkt�]�_�*�KV¬�ag*SiW
kt�}^]�c¨9ãi��º�Sie@e
U;�ae
[aV�k9e
[aV;W
��SYo�e@k�k9�}e
S9\_^*S¯U
e@W
kt^a`�S9ZEkt�]U
e
\_Zl��SYv9V¡\_U��/o�U@V;e@e
\_^a`�e
[aVlVY�wVYZEe@W
kt^}\_Z�W
VYU@kt^}S9^]ZEV¬k9mKe
[aV�Z;\wW�Z;�]\we$e@k�e
[]Sie
k9m�e
[aVcg}[¥oLU
\_Z;S9��W
VYU@kt^]S9^}ZEV*k9m�e
[aVc�}S9U@z���x/VYZEkt^]�]�_o9�-�KVYZ;S9�]U@Vckt^aVcU�\w`t^]S9��`9VY^]V;W�Sie@k9W�\_U��aW3\wv/\p^a`!e
[]\_U
�¬[akt�_V�Z;\wW�Z;�]\we¯S�ZEW��]Z;\_S9�$g}SiW�e¯k9m�e
[]\_U�g]W�k£¢>VYZEe�\pU�e@k�`9V;e¯e
[]VcZ;\wW�Z;�}\we¡e@k�W
VYU@kt^}Sie@V�VY�wVYZEe@W�\_Z;S9�p�wo�Sie�e
[aV
U
S9j�V�m¼W
VY¦/�aVY^]ZEo!S9U�e
[aV��}S9U@z���ºÙ[aVY^�e
[]SielkLZ;Z;�aW�U�V;v9V;W
o/e
[]\_^]`*\_U�\_^!e
�]^]V¯S9^]��xLylxLR1\_U�gKktU
U
\w�}�_V9�

����Ò ���.�����i���Ó³Ô *Õ� ¢�Y�T�¬ ¢���`¤

r�U­j�VY^�e
\wkt^aVY�*g]W
V;vL\wkt�]U
�_o9�t��^aV;VY�aVY��e@k�j�VYS9U
�]W
Vle
[aV�Z;Sig}S9Z;\we
S9^]ZEV�k9mBe
[aV�n�®KXlU�\p^�k9W��aV;W­e@k�VYU@e
\pj�Sie@V
e
[aV�\_^}�]�]ZEe
S9^]ZEV�k9m�e
[]V�ZEkt\_�¡�c�dkt�]�_�»^aV;VY�»e@kâj�Siz9V¸e@k S9Z�[}\wV;v9V�W
VYU@kt^}S9^]ZEV�Sie¤e
[aV¸m��]^]�]S9j�VY^�e
S9�
m8W
VY¦��]VY^]ZEock9m�e
[aV¯�hS9U@zh�}¨"��z/ª�«9�

X-k�j�VYS9U��aW
V�e
[]V­Z;Sig}S9Z;\we
S9^}ZEV­k9mae
[aVd�aW�\wv9V;W3UB�K��V;`tS9^��/o¡ZEW�VYSie
\_^a`�S9^PRT´lb²Z;\wW�Z;�]\_eB�¬\we
[¯S¬g]W
VYZ;\_U@VY�_o
zL^ak6�¬^â�;�9�L����j*ª����L�_�5� U@e
S9^]�}SiW��²\_^}�]�]ZEe@k9WY�*ydo�viSiW
o/\p^a`�e
[aV�m8W
VY¦/�aVY^]ZEo¸\_^¸j�S9^�o�U
j�S9�p��U@e@V;g}U¯�
e@W�S9ZEVY�!kt�ae�e
[aV¡W
VYU
kt^]S9^]ZEV�Z;�aW
v9V�U
[ak��¬^!\_^!¾$\w`t�aW
V��;�L�a�¬[]\_Z3[![]S9U�SPj*S£�L\_jP�]j³Sie�õt�L�öÂ9ã�zLª¬«9��R-Sie@V;W
kt^¤�dW
V;gKVYSie@VY�¤e
[]\_U�j�VYS9U
�aW
VYj�VY^�el�¬\_e
[¤S9^ak9e
[aV;W¬U@e
S9^}�]SiW��¤\_^]�}�]ZEe@k9W�k9m-VE�aS9ZEe
�wo¸�;�L���*j*ª��am8k9Wl�¬[]\pZ�[
e
[aV¯W�VYU@kt^]S9^]ZEV�m8W
VY¦/�aVY^]ZEo<�dS9U¬m¼kt�]^}�!e@k��KV��Y¨/�ö×9Á�zLª¬«9�

Resonance Plot for PZT & 10 mH Inductor
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