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`b\^T g�da�^Z]glc]c�f^Z]g�Z]glk�X��[gKZ]p1XUW�c�f^��gKZnc�X[\^V_k�RUV Znk�ZnR�W�d�k�X[f^T_r
� g4V ���^Z]X��[glrhf�c�V \^o�R�\^glRUZ��@V_c�gK\.d]Z]X[�^V_kPV \^T g�dP�)V d]maX[\^T phR
�SglRU��\^X[Z]��RUT�c�m^X�kn��R�W�d�XUW=d]m^g7d]m^Z]X.R�dls�m^X��SgK�[gKZls^c�f�knm
RU\1V \^T g�d�V_c�m^V o[m^T p:c�f�c]k�gK��d]V � T ghd]XCf^\�cednRUZ�dl�)����RUT Tj��gKZ��
d]f^Z � R�d]V X[\�c�kKRU\:��X��[g�d]m^g�c�m^X�kn��RUm^glR[r�XUW=d]m^ghd]m^Z]X.R�dls
�)m^gKZ]g�V d�V_cCf^\�cednR � T g[��i4m^g#r�p�\�RU��V_kKcCXUW�d]m^V_cC�^Z]X � �
T gK��RUZ]g#RU\�RUT p��Kglr�f�c�V \^o�R T X��4�@X[Znr�gKZC��X�r�gKT�V \��[X[T �.�
V \^o R�c�V \^o[T g�\^X[\��@T V \^glRUZ�r�V �	gKZ]gK\.d]V_RUT�gl�.f�R�d]V X[\���i4m^V_c
��X�r�gKT�RUT T X���c=��RUZnRU��g�d]Z]V_k4g����^T X[ZnR�d]V X[\aXUW � XUd]m�d]m^g���XU�
d]gK\.d]V_RUT�RU\�r T V ��V dnR�d]V X[\�c�XUW�f�c�V \^o,k�X[\.d]Z]X[TSd]XER[k�d]V �[gKT p
cednR � V T V �Kgad]m^gCc�m^X�kn�	��i4m^gCc�m^X�kn�1��XUd]V X[\EkKRU\ � gCk�X[\��
d]Z]X[T T glr�f�c�V \^ohc�f�k�d]V X[\�gKV d]m^gKZPf^��ced]Z]glRU��X[ZPr�X��)\�ced]Z]glRU�
XUW)d]m^g�c�m^X�kn�	s=�)V d]m�d]m^g�T_R�d�d]gKZa�^Z]X���V_r�V \^o1o[Z]glR�d]gKZaRUf��
d]m^X[Z]V dep[�j �V d]maZ]glR[c�X[\�R � T g¡k�X[\�ced]ZnRUV \.dncjX[\aR[k�d]f�R�d]X[Z=RUf��
d]m^X[Z]V dep�RU\�r � RU\�r��)V_r�d]m�s�c�V ���^T g�k�X[\.d]Z]X[T^T_R3��cGcednR � V T V �Kg
d]m^g7c�m^X�kn�C��XUd]V X[\��
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`b\^T g�dnc�WYX[Z=c�f^��gKZnc�X[\^V_kSRUV Znk�ZnR�W�d=r�glk�gKT gKZnR�d]g¡d]m^g4V \�k�X[��V \^o
ª�X��«d]X)d]m^gSr�glc�V Z]glrhc�f � c�X[\^V_kGk�X[\�r�V d]V X[\�s3Z]glk�X��[gKZ]V \^oSd]m^g
gK\^gKZ]o[p�R[cS�^Z]glc]c�f^Z]g[�=¬�\^T glc]c¡d]m^g�d]m^Z]X.R�d)­�R[knmC\�f^� � gKZ
V_c�g��^R[k�d]T p�X[\^g[s�d]m^gKZ]g��)V T T � g�R�d]gKZ]��V \�RUT=c�m^X�kn�:R�W�d�XUW
d]m^g�r�V �	f�c�gKZ7d]m^Z]X.R�dhd]m�R�daV \.d]Z]X�r�f�k�glchT X.c]c�glcK�: �m^V T g�R
�SglRU��c�m^X�kn�7�SX[f^T_ra\^XUdGV \.d]Z]X�r�f�k�g�c�V o[\^V ®�kKRU\.dPT X.c]cKs[V dGV_c
��X[Z]gCc�f�c]k�gK��d]V � T g�d]X�r�V_ced]f^Z � RU\�k�glcK�C`@W4d]m^gC��gKZ�d]f^Z � glr
c�m^X�kn�C��X��[glc)RUm^glR[r�XUW�d]m^g�d]m^Z]X.R�dls^V d � glk�X[��glc)f^\�cednR��
� T g[s¡��X��[glchWYX[Z]�4RUZnrEZnRU�^V_r�T p[sGf^T d]V ��R�d]gKT pEZ]glc�f^T d]V \^o«V \
R�ced]Z]X[\^o1g���d]gKZ]\�RUT � X��¯c�m^X�kn�	s��)V d]m�R�c�V o[\^V ®�kKRU\.d7V \��
k�Z]glR[c�g:V \�r�ZnRUoERU\�r�d]m^g���XUd]gK\.d]V_RUT�WYX[Z�gK\^o[V \^g�c�f^Z]o[g[°
d]m^V_cCV_cC��\^X��)\$R[c1±�²^³�´bµ�¶�´�� ·N¸�¹-t�k�d]V �[g�cednR � V T V dep$k�X[\��
d]Z]X[T=k�X[f^T_r1gK\�R � T g�RC�^ZnR[k�d]V_kKRUTNs�\^glRUZ��@V_c�gK\.d]Z]X[�^V_k7c�f^��gKZ��
c�X[\^V_k�RUV Znk�ZnR�W�d�V \^T g�dls��)V d]m�m^V o[m^gKZ��^Z]glc]c�f^Z]g�Z]glk�X��[gKZ]p[s
� f�dC�)V d]m^X[f�dCZ]V_c��EXUW�f^\�cednRUZ�dl��i4m^V_c���RU��gKZCr�glc]k�Z]V � glc
T X���X[Znr�gKZ���X�r�gKT V \^o:XUWGd]m^gCc�m^X�kn��r�p�\�RU��V_kKcKs�RU\�r#V \��
�[glced]V o.R�d]glc�R[k�d]V �[g,k�X[\.d]Z]X[T � R[c�glrºX[\ºd]m^V_c:��X�r�gKTN�»t
c]knm^gK��R�d]V_kCXUW�R�m�p���XUd]m^g�d]V_kKRUTS\^glRUZ��@V_c�gK\.d]Z]X[�^V_k�V \^T g�d�V_c
c�m^X��)\$V \º¼�V o[f^Z]gEv[s4V T T f�ced]ZnR�d]V \^o,d]m^g#RUZ]glR«��RUZ]V_R�d]V X[\�s
\^X[��V \�RUT�c�m^X�kn�CT X�kKR�d]V X[\�s^RU\�r�r�V_ced]f^Z � RU\�k�glcK�
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t�Z]glR[c�X[\�R � T p�R[kKk�f^ZnR�d]g�r�glc]k�Z]V ��d]V X[\CXUW�d]m^g�V \^T g�d)r�p.�
\�RU��V_kKc1kKRU\ � gEX � dnRUV \^glrºd]m^Z]X[f^o[m�R$k�X[���^f�dnR�d]V X[\�RUT
��X�r�gKTN�htãX[\^g��br�V ��gK\�c�V X[\�RUT=äGf^T gKZ�k�X�r�g�m�R[c � gKgK\«r�g��
�[gKT X[��glr � pº­1`eiåd]m�R�d1R[r�gl�.f�R�d]gKT p�kKRU��d]f^Z]glcCd]m^g«Z]g��
c���X[\�c�g7XUW=d]m^gac�m^X�kn�Cd]X�r�V_ced]f^Z � RU\�k�glc�RU\�r1k�X[\.d]Z]X[TjR[k��
d]V X[\�cK�æi4m^V_c1��X�r�gKT7Z]gl�.f^V Z]glc:X[\�d]m^gEX[Znr�gKZ1XUW:vlç[ç[ç
cednR�d]g���RUZ]V_R � T glcSd]X�r�glc]k�Z]V � g�d]m^g�ª�X��º®�gKT_r~�G �m^V T g�d]m^V_c
��X�r�gKT�kKRU\ � g�g���glk�f�d]glr$Z]glR[c�X[\�R � T p�ZnRU�^V_r�T p[s)R,�[gKZ]p
T X���X[Znr�gKZ)��X�r�gKT�d]m�R�d�ced]V T T�kKRU��d]f^Z]glc4d]m^g��[gKpCWYglR�d]f^Z]glc
XUW¡d]m^g�Z]glc���X[\�c�gaV_c�V \���RUT f�R � T g�V \«d]m^g�r�gK�[gKT X[�^��gK\.dhXUW
k�X[\.d]Z]X[T�ced]ZnR�d]gKo[V glcK�èi4m^g«�^f^Z]��X.c�g�XUW7d]m^g«��X�r�gKT�r�g��
�[gKT X[��glr1V \�d]m^ga\^g���d�c�glk�d]V X[\#V_c�d]X�f^\�r�gKZncednRU\�r#cednR � V T �
V dep7Z]gKo[V X[\�cKs���XUd]V ��R�d]g)R[k�d]f�R�d]X[ZPRU\�rac�gK\�c�X[Z��^T_R[k�gK��gK\.dls
RU\�r�R[c]c�glc]cPk�X[\.d]Z]X[T^RUf�d]m^X[Z]V depaRU\�r � RU\�r��)V_r�d]m�Z]gl�.f^V Z]g��
��gK\.dncKsGRUT TSR[c�R1WYf^\�k�d]V X[\�XUW�r�glc�V o[\E��RUZnRU��g�d]gKZnc7c�f�knm
R[c�d]m^ga\^X[��V \�RUT=c�m^X�kn��T X�kKR�d]V X[\ éYX[Z�ced]Z]gK\^oUd]m�ê��� �m^V T g
d]m^ghWYf^T TjX[\^g��br�V ��gK\�c�V X[\�RUTjc�V ��f^T_R�d]V X[\1kKRU��d]f^Z]glc)r�g�dnRUV T_c
XUW~d]m^g�r�p�\�RU��V_kKcPd]m�R�d)R7Z]glr�f�k�glr�X[Znr�gKZ¡��X�r�gKT	kKRU\^\^XUdls
d]m^g�g���d]ZnR7k�X[���^T g���V dep�kKRU\C��R[c���c�X[��g�XUW~d]m^g�f^\�r�gKZ]T p.�
V \^o:�^m�p�c�V_kKcKs~��RUZ�d]V_k�f^T_RUZ]T p1Z]gKo.RUZnr�V \^oC��RUZnRU��g�d]Z]V_k���RUZ]V �
R�d]V X[\�cK�$��V ���^T V WYp�V \^oER[c]c�f^����d]V X[\�c�RUZ]g�Z]gl�.f^V Z]glr~s¡RU\�r
d]m^g��[gKp7V_cPgK\�c�f^Z]V \^o�d]m�R�dPd]m^g)WYf^\�r^RU��gK\.dnRUT^�^m�p�c�V_kKcGRUZ]g
\^XUd�r�V_c]kKRUZnr�glrCV \�d]m^gh�^Z]X�k�glc]cK�
i4m^g�r�gKZ]V ��R�d]V X[\$XUW�d]m^g���X�r�gKT�r�glc]k�Z]V � glr�m^gKZ]gKV \$V_c

� R[c�glr�X[\�R«T V \^glRUZ]V �lR�d]V X[\$RU�^�^Z]X.R[knm�sSc�V ��V T_RUZ�d]X,d]m�R�d
r�glc]k�Z]V � glr � p�ë�f^Z]Z]gKT T ìCd]X«V \��[glced]V o.R�d]g�c�m^X�kn�,��XUd]V X[\�s
RU\�r � p�Q¡f^T V_kn��í�´Pµ�î ï ð�ñYòSd]XhRU\�RUT p��Kg¡d]m^g�R[k�X[f�ced]V_k¡Z]g�ª�glk��
d]V X[\1RU\�r�d]ZnRU\�c���V_c]c�V X[\��^Z]X[��gKZ�d]V glc4XUWPRa\^X[Z]��RUT�c�m^X�kn�	�
`b\�glR[knm�XUW7d]m^glc�g«��RU��gKZncKs�d]m^g«Z]glc���X[\�c�g�d]X��^Z]glc]c�f^Z]g
r�V_ced]f^Z � RU\�k�glcaRUZ]Z]V ��V \^o�R�dad]m^g:c�m^X�kn�«V_c�k�X[���^f�d]glr � p
��gKZ�d]f^Z � V \^oad]m^ghc�m^X�kn��gl�.f�R�d]V X[\�c4RU\�rCdnRU��V \^oad]gKZ]��c¡d]X
®�Znced�X[Znr�gKZl��i4m^V_c�T V \^glRUZ]V �lR�d]V X[\�RU�^�^Z]X.R[knm:V_c�g���d]gK\�r�glr
m^gKZ]gKV \ � pEg����^T V_k�V d]T p�Z]gK�^Z]glc�gK\.d]V \^o#d]m^g:��gKZ�d]f^Z � R�d]V X[\�c
R[c4R[k�X[f�ced]V_k��4R3�[glcK�=i4m^g���X�r�gKT	V_cSd]m^gK\�f�c�glr�d]X�gK��RUT f��
R�d]g�d]m^g���XUd]gK\.d]V_RUT�WYX[Z)k�X[\.d]Z]X[T�d]X�R[k�d]V �[gKT pCcednR � V T V �Kg�d]m^g
c�m^X�kn�CT X�kKR�d]V X[\��
i4m^g#�^Z]V ��RUZ]p$R[c]c�f^����d]V X[\�cCZ]gl�.f^V Z]glr�RUZ]g1d]m�R�d�d]m^g

ª�X��åV_cCV_c�gK\.d]Z]X[�^V_k�V \$d]m^g�V ����glr�V_R�d]g���V_k�V \^V dep�XUW�d]m^g
c�m^X�kn�	s�X[\^g��br�V ��gK\�c�V X[\�RUTNs	RU\�r:d]m�R�d�d]m^ga��gKZ�d]f^Z � R�d]V X[\�c
V \#d]m^gaª�X���f^��ced]Z]glRU�óRU\�r«r�X��)\�ced]Z]glRU�»XUW¡d]m^g�c�m^X�kn�
RUZ]g�R[k�X[f�ced]V_kU��`b\�R[r^r�V d]V X[\�s�d]m^gC��X�r�gKT¡X[\^T p«kKRU��d]f^Z]glc
d]m^g � gKm�R3��V X[f^Z�XUW�d]m^g:g���V_ced]V \^oEc�m^X�kn�	s4RU\�r�r�X�glc�\^XUd
R[kKk�X[f^\.d«WYX[Z«d]m^g$��X.c]c�V � V T V dep�XUW�XUd]m^gKZEc�m^X�kn��c � gKV \^o
k�Z]glR�d]glrEgKT_c�gK�)m^gKZ]gCV \�d]m^g�V \^T g�dl�Eô4R[c�glrEX[\Ed]m^glc�g:R[ce�

v
t���gKZ]V_kKRU\�`b\�ced]V d]f�d]g7XUWPt�gKZ]X[\�RUf�d]V_kKc4RU\�r:t�ced]Z]X[\�RUf�d]V_kKc
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¼�V o[f^Z]g�v � ë�p���XUd]m^g�d]V_kKRUT�\^glRUZ��@V_c�gK\.d]Z]X[�^V_k�V \^T g�dl�¡i4m^ghc�p�ced]gK� V_c4��gKZ�d]f^Z � glr � XUd]m � pCf^��ced]Z]glRU�æéÜR�d]��X.c��^m^gKZ]V_klêSRU\�r
r�X��)\�ced]Z]glRU�óéÜk�X[���^Z]glc]c�X[Z�ê¡r�V_ced]f^Z � RU\�k�glcK�

c�f^����d]V X[\�cKsP�Sg�kKRU\ k�X[���^f�d]g�d]m^g:c�m^X�kn�«��XUd]V X[\ RU\�r
d]m^gaced]Z]gK\^oUd]m�XUWPd]m^gar�X��)\�ced]Z]glRU�å�^Z]X[��RUo.R�d]V \^oCR[k�X[f�ce�
d]V_k��4R3�[g�d]m�R�d�Z]glc�f^T d)WYZ]X[� � XUd]m1f^��ced]Z]glRU� RU\�r:r�X��)\��
ced]Z]glRU��R[k�X[f�ced]V_k�r�V_ced]f^Z � RU\�k�glcK� i4m^g:c�m^X�kn�EZ]glc���X[\�c�g
V_c�kKRU��d]f^Z]glr � p�R�c�V \^o[T g#\^X[\��@T V \^glRUZ�X[Znr�V \�RUZ]p�r�V �	gKZ��
gK\.d]V_RUT�gl�.f�R�d]V X[\�é�����äSê�s4RU\�r$d]m^V_c�c�V ���^T g#T X��»X[Znr�gKZ
��X�r�gKT��.f�RUT V dnR�d]V �[gKT p���R�dnknm^glc�d]m^g � gKm�R3��V X[f^Z:XUWad]m^g
v��br�V ��gK\�c�V X[\�RUT�äGf^T gKZ1k�X�r�g«��gK\.d]V X[\^glr�glRUZ]T V gKZl� ¼�V oU�
f^Z]g��hV T T f�ced]ZnR�d]glc¡d]m^g�\^X[\^T V \^glRUZ4Z]glc���X[\�c�g[°�V Wjd]m^ghc�m^X�kn�
V_c¡c�f ��� glk�dGd]XaRhc�V \�f�c�X[V_r^RUT^g��^k�V dnR�d]V X[\�éY\^XUdSV \.d]gK\�r�glrad]X
� gCZ]glRUT V_ced]V_kUs � f�d�V T T f�ced]ZnR�d]V �[g3ê�s�d]m^gK\,d]m^g�Z]glc���X[\�c�g�V \��
k�T f�r�glc�\^XUdhX[\^T p#R:c�V \�f�c�X[V_r^RUTPk�X[����X[\^gK\.dls � f�d7RUT_c�X:R
c�T X�� � V_R[c���XUd]V X[\:d]X��4RUZnr^cSd]m^ghd]m^Z]X.R�d�d]m�R�d�kKRU\1gK�[gK\��
d]f�RUT T p�Z]glc�f^T d)V \:V \�cednR � V T V dep[�
i4m^V_cS��RU��gKZ)r�glc]k�Z]V � glc¡d]m^g�R[c]c�f^����d]V X[\�c4RU\�r�r�gKZ]V ��R��

d]V X[\#XUWPd]m^g�r�p�\�RU��V_kKc�XUWPd]m^g�c�m^X�kn�:��XUd]V X[\���i4m^g7WYX[T �
T X��)V \^o��.f^glced]V X[\�c)RUZ]g�d]m^gK\:R[r^r�Z]glc]c�glrC��RUZnRU��g�d]Z]V_kKRUT T p �
	 i4m^ghX[��gK\��@T X�X[�:r�X[��RUV \�XUWPR�d�d]ZnR[k�d]V X[\�s^R[c)RaWYf^\�k��
d]V X[\EXUW�r�V_ced]f^Z � RU\�k�g � RU\�r��)V_r�d]m RU\�rERU���^T V d]f�r�g[s
RU\�r7d]m^g��.f�RUT V dnR�d]V �[g4Z]glc���X[\�c�gSXUW�d]m^g)c�m^X�kn�hd]Xhr�V_ce�
d]f^Z � RU\�k�glcK�

	 t�k�d]f�R�d]X[Z�RU\�r:c�gK\�c�X[Z)c�gKT glk�d]V X[\��
	 t�k�d]f�R�d]X[Z � RU\�r��)V_r�d]m RU\�r RUf�d]m^X[Z]V dep Z]gl�.f^V Z]g��
��gK\.dncK�

	 i4m^g�k�X[\.d]Z]X[T^RUT o[X[Z]V d]m^�:°Ude�SX7RUT o[X[Z]V d]m^��c=RUZ]g�k�X[�a�
��RUZ]glr�d]m�R�d)Z]gl�.f^V Z]g�r�V �	gKZ]gK\.d)c�gK\�c�X[Z4V \�WYX[Z]��R�d]V X[\��

t�c�V ���^T g�k�X[\.d]Z]X[T T gKZPd]m�R�d4f�c�glcSR�c�V \^o[T g�c�m^X�kn��T X�kKR�d]V X[\
c�gK\�c�X[Z�WYglr � R[kn�1d]X1r�X��)\�ced]Z]glRU� � T gKglr#V_c7c�f�
Ck�V gK\.d�d]X
cednR � V T V �Kg�d]m^g7c�m^X�kn�	�

�
��� }~© ����|~©Y¦ ¥
� ï��������	¶��lµ����#µ�²�����³n³�±� !�	´#"$��²^³
i4m^g�V \^T g�d�V_c�k�X[\�k�gK��d]f�RUT T pCr�V ��V_r�glr�V \.d]Xad]m^Z]gKghZ]gKo[V X[\�c �
d]m^g«c�f^��gKZnc�X[\^V_k1Z]gKo[V ��g1f^��ced]Z]glRU�-XUWhd]m^g«c�m^X�kn�	°�d]m^g
c�f � c�X[\^V_k�Z]gKo[V ��g�r�X��)\�ced]Z]glRU�:°4RU\�rEd]m^g1c�m^X�kn�EV dnc�gKT We�

Isentropic
M1 > 1

Isentropic
M2 < 1

Disturbance

Disturbance

Reflected, 
transmitted 
wave

sh
oc

k

x(t)

¼�V o[f^Z]g�w � ��knm^gK��R�d]V_k7XUW¡Z]glr�f�k�glr1X[Znr�gKZ���X�r�gKT V \^o:RU���
�^Z]X.R[knm��P «g�c�X[T �[g�WYX[Z)d]m^g7c�m^X�kn����XUd]V X[\&%^é('�ê)RU\�r�d]m^g
Z]g�ª�glk�d]glr*)ld]ZnRU\�c���V d�d]glr,r�X��)\�ced]Z]glRU�ó�4R3�[g�r�f^g�d]X�f^���
ced]Z]glRU� RU\�r�r�X��)\�ced]Z]glRU��r�V_ced]f^Z � RU\�k�glcK�

i4m^V_chV_chV T T f�ced]ZnR�d]glr,c]knm^gK��R�d]V_kKRUT T p�V \E¼�V o[f^Z]gCw��C`@W4�Sg
R[c]c�f^��g�d]m�R�dhd]m^gC��X[Z�d]V X[\,XUW4d]m^g�V \^T g�d�f^��ced]Z]glRU� RU\�r
r�X��)\�ced]Z]glRU��XUW	d]m^g�c�m^X�kn�aRUZ]g)V_c�gK\.d]Z]X[�^V_kUsUd]m^gK\��Sg�kKRU\
r�gKZ]V �[gagl�.f�R�d]V X[\�c�WYX[Z�d]m^g���RUZ]V_R�d]V X[\#V \#ª�X���®�gKT_r#d]m�R�d
d]m^g�c�m^X�kn�agK\�k�X[f^\.d]gKZncGR[cGV dS��X��[glcGf^�CX[Z¡r�X��)\�ced]Z]glRU�:�
 «g�k�X[\�c�V_r�gKZ7X[\^T p,R[k�X[f�ced]V_kCr�V_ced]f^Z � RU\�k�glc�RUZ]Z]V ��V \^o1R�d
d]m^g)c�m^X�kn�	sURU\�r�V \�k�T f�r�g4X[\^T p�d]V ��g)r�gKT_R3p�cjWYX[Z�d]m^g4�^Z]X[���
RUo.R�d]V X[\ãr�p�\�RU��V_kKcK�6`b\ � XUd]mãd]m^g�c�f � c�X[\^V_k éÜr�X��)\��
ced]Z]glRU�Cê)RU\�r1c�f^��gKZnc�X[\^V_k�éYf^��ced]Z]glRU�Cê)Z]gKo[V ��g[s^d]m^g�r�V_ce�
d]f^Z � RU\�k�glc=kKRU\7d]m^gKZ]g�WYX[Z]g � g4�)Z]V d�d]gK\�R[cjd]m^g)c�f^��XUW�de�SX
�4R3�[glc7�^Z]X[��RUo.R�d]V \^o#R�d:éev,+.-*ê�RU\�r�éev�/0-*êhd]V ��glc
d]m^g�c���gKglraXUW~c�X[f^\�r~�=`b\ad]m^g�c�f � c�X[\^V_kSZ]gKo[V ��g[sUd]m^V_cGk�X[Z��
Z]glc���X[\�r^c4d]X�f^��ced]Z]glRU�åRU\�r:r�X��)\�ced]Z]glRU���^Z]X[��RUo.R�d]V \^o
�4R3�[glcK°PV \Ed]m^g:c�f^��gKZnc�X[\^V_k�Z]gKo[V ��g � XUd]mEd]ZnR3�[gKTSr�X��)\��
ced]Z]glRU�»RU\�r:�)V T T � g�Z]g�WYgKZ]Z]glr�d]X�R[c21eWÜR[ced�3CRU\�r41]c�T X��!3
�4R3�[glc	Z]glc���glk�d]V �[gKT p[�ji4m^g¡c�m^X�kn����XUd]V X[\7RU\�r�d]m^g¡RU���^T V �
d]f�r�g7XUW�d]m^g�r�X��)\�ced]Z]glRU���^Z]X[��RUo.R�d]V \^o��4R3�[g�RUZ]g7k�X[�a�
�^f�d]glraV \aZ]glc���X[\�c�g¡d]X�d]m^g4f^��ced]Z]glRU���^Z]X[��RUo.R�d]V \^o��4R3�[g

w
t���gKZ]V_kKRU\�`b\�ced]V d]f�d]g7XUWPt�gKZ]X[\�RUf�d]V_kKc4RU\�r:t�ced]Z]X[\�RUf�d]V_kKc



RU\�r � XUd]m�R[k�X[f�ced]V_k¡�4R3�[glc�V \�d]m^g4f^��ced]Z]glRU�:sUc�f^��gKZnc�X[\^V_k
Z]gKo[V X[\��)i4m^gaR[c]c�f^����d]V X[\�c�RU\�r1r�gKZ]V ��R�d]V X[\�RUZ]g�c�V ��V T_RUZ
d]X�d]m^X.c�g)V \�Q¡f^T V_kn�	s ð)g��^k�gK��dGd]m�R�dPd]m^g�r�V_ced]f^Z � RU\�k�glcPRUZ]g
g����^T V_k�V d]T p�Z]gK�^Z]glc�gK\.d]glr�R[c)R[k�X[f�ced]V_k��4R3�[glcSZnR�d]m^gKZ4d]m�RU\
R[c��^Z]glc]c�f^Z]gS��gKZ�d]f � R�d]V X[\�cK�=i4m^V_c=��gKZ]��V dnc=��X[Z]gSo[gK\^gKZnRUT
d]Z]glR�d]��gK\.dGXUW	d]m^g�r�p�\�RU��V_kKcKs.RU\�r�XUW�d]m^g�Z]g�ª�glk�d]V X[\�RU\�r
d]ZnRU\�c���V_c]c�V X[\�k�X�g 
Ck�V gK\.dncK�
i4m^g7R[c]c�f^����d]V X[\�cKs�d]m^gKZ]g�WYX[Z]g[s�RUZ]ghR[cSWYX[T T X���c �
	 ��\^T phX[\^g��br�V ��gK\�c�V X[\�RUT[ª�X��EV_c=k�X[\�c�V_r�gKZ]glr~°UV \���RUZ��
d]V_k�f^T_RUZls�d]m^gKZ]ghV_c)\^XCk�X[����f^\^V_kKR�d]V X[\�d]m^Z]X[f^o[m�d]m^g
� X[f^\�r^RUZ]p�T_R3p[gKZls.\^X�c�m^X�kn�.� � X[f^\�r^RUZ]p�T_R3p[gKZSV \.d]gKZ��
R[k�d]V X[\�shRU\�r�R[k�d]f�R�d]V X[\�V_c1R[c]c�f^��glrºd]X�V ����glr�V �
R�d]gKT p�R��	glk�d)d]m^g � f^T �Cª�X��h�

	 � X�R[r^r�V d]V X[\�RUT�c�m^X�kn��c�RUZ]g1k�Z]glR�d]glr V \ d]m^g�V \^T g�dl�� XUd]g�d]m�R�d)d]m^gKZ]g7RUZ]g�de�SX���X.c]c�V � T ghf^\�cednRUZ�d���glknm��
RU\^V_c���cK°UV W^d]m^g¡d]gKZ]��V \�RUT�c�m^X�kn����X��[glc�f^��ced]Z]glRU� XUW
d]m^g�d]m^Z]X.R�dls�X[ZSV W�d]m^g�d]m^Z]X.R�d4­�R[knmC\�f^� � gKZ)r�Z]X[��c
� gKT X���f^\^V dep7RU\�r7R�\^gK� c�m^X�kn��WYX[Z]��cjV ����glr�V_R�d]gKT p
f^��ced]Z]glRU�:��tSd]��X.c��^m^gKZ]V_kCr�V_ced]f^Z � RU\�k�glchdep��^V_kKRUT T p
Z]glc�f^T dCV \�d]m^g1T_R�d�d]gKZl°)d]m^V_cCR[c]c�f^����d]V X[\ d]m^gKZ]g�WYX[Z]g
Z]glced]Z]V_k�dncPd]m^V_cS��X�r�gKT�d]XakKRU��d]f^Z]V \^o�f^\�cednRUZ�d4r�f^g�d]X
r�X��)\�ced]Z]glRU��r�V_ced]f^Z � RU\�k�glcK�

	 i4m^g)c�m^X�kn�7c]R�d]V_ce®�glcjd]m^g)f�c�f�RUT^�.f�R[c�V �bced]glR[r�phc�m^X�kn�
gl�.f�R�d]V X[\�c4R�d)glR[knm�V \�cednRU\.d)XUWjd]V ��gCéÜc�gKg�Q¡f^T V_kn��ðlê��

	 i4m^gCc�f^��gKZnc�X[\^V_k�RU\�r,c�f � c�X[\^V_kaZ]gKo[V ��glchRUZ]g�V_c�gK\��
d]Z]X[�^V_k�k�T X.c�g�d]Xad]m^g7c�m^X�kn�CT X�kKR�d]V X[\��

	 ��V_ced]f^Z � RU\�k�glc,RUZ]g�R[k�X[f�ced]V_kU°�gK\.d]Z]X[��p ��gKZ�d]f^Z � R��
d]V X[\�cCZ]glc�f^T d]V \^oEWYZ]X[� R�d]��X.c��^m^gKZ]V_k�r�V_ced]f^Z � RU\�k�glc
RUZ]g�\^XUd�k�X[\�c�V_r�gKZ]glr~�

	 i4m^g��^Z]X[��RUo.R�d]V X[\�XUW=r�V_ced]f^Z � RU\�k�glc¡�)V d]m^V \�d]m^g�c�f��
��gKZnc�X[\^V_k�RU\�r c�f � c�X[\^V_k�Z]gKo[V ��glc�V_ca\^XUd�V \�k�T f�r�glr
XUd]m^gKZ�d]m�RU\�d]X$R[kKk�X[f^\.d�WYX[Z�d]V ��gEr�gKT_R3p�c�V \�d]m^g
k�X[\.d]Z]X[T.c�X[T f�d]V X[\���t ��X[Z]g¡R[kKk�f^ZnR�d]g¡r�glc]k�Z]V ��d]V X[\7XUW
d]m^gCR[k�X[f�ced]V_ka�^Z]X[��RUo.R�d]V X[\«RU\�r#d]m^g�Z]g�ª�glk�d]V X[\«XU�
XUW^d]m^g)r�X��)\�ced]Z]glRU� � X[f^\�r^RUZ]phk�X[\�r�V d]V X[\�k�X[f^T_r � g
V \�k�X[Z]��X[ZnR�d]glr#V \.d]X1d]m^g�k�f^Z]Z]gK\.d7��X�r�gKT V \^o1WYZnRU��g��
�SX[Z]��V \1R�ced]ZnRUV o[m.d�WYX[Z]�4RUZnr���RU\^\^gKZl�

i4m^g�Z]glc�f^T d]V \^ohgl�.f�R�d]V X[\�cGkKRU\ � g)WYf^Z�d]m^gKZ¡c�V ���^T V ®�glr�WYX[Z
RC�SglRU�:c�m^X�kn� � p�dnRU��V \^oCd]gKZ]��c�X[\^T p�d]XC®�Znced�X[Znr�gKZ�V \
- · /�v[�i4m^gEr�gKZ]V ��R�d]V X[\�WYX[T T X���c�WYZ]X[� d]m^Z]gKg,c�g�dnc:XUW�gl�.f�R��
d]V X[\�c � éYV�êad]m^g1f�c�f�RUT�c�m^X�kn��gl�.f�R�d]V X[\�cKs¡V \�d]m^g1WYZnRU��g
XUW�Z]g�WYgKZ]gK\�k�g�XUW)d]m^g���X���V \^o#c�m^X�kn��éÜRU\�r,d]m�f�car�gK��gK\��
r�gK\.d)X[\Cd]m^g��[gKT X�k�V dep�XUW�d]m^ghc�m^X�kn�^ê�s~éYV V�êSV_c�gK\.d]Z]X[�^V_k�Z]g��
T_R�d]V X[\�c�m^V ��cKs^�)m^V_knm:o[V �[g�d]m^g7��RUZ]V_R�d]V X[\�V \:d]m^gh\^X[��V \�RUT
f^��ced]Z]glRU�»RU\�r1r�X��)\�ced]Z]glRU� ª�X�� ��RUZ]V_R � T glc�R[c�R�WYf^\�k��
d]V X[\EXUWSd]m^g�RUZ]glR���RUZ]V_R�d]V X[\�sj�)m^V_knmEV_chV \,d]f^Z]\�R�WYf^\�k��
d]V X[\CXUW	d]m^g�c�m^X�kn��T X�kKR�d]V X[\�s�RU\�r1éYV V V�ê=d]m^g�Z]gKT_R�d]V X[\�c�m^V ��c
� g�de�SgKgK\ ��gKZ�d]f^Z � R�d]V X[\�c�V \�d]m^g�f^��ced]Z]glRU��RU\�r r�X��)\��
ced]Z]glRU� ª�X��ã��RUZ]V_R � T glc�RU\�r�d]m^g�f^��ced]Z]glRU�æRU\�r,r�X��)\��
ced]Z]glRU���^Z]X[��RUo.R�d]V \^oaR[k�X[f�ced]V_k��4R3�[glcK�

� ï ����� ±�µ�´#"$��²^³
i4m^g�f^��ced]Z]glRU����RUZ]V_R � T glc�é�� ê · RU\�r r�X��)\�ced]Z]glRU� ��RUZ]V �R � T glcaé�� ê���RUZ]g�Z]gKT_R�d]glr � p:d]m^gaf�c�f�RUTPc�m^X�kn�:gl�.f�R�d]V X[\�cKs
V \�d]m^g�WYZnRU��g�XUW=Z]g�WYgKZ]gK\�k�g�XUW�d]m^gh��X���V \^o�c�m^X�kn� �� �� · 	 v + w�

 +�v
� - �· /�v�� éev3ê� �� · 	 v / w
 +�v�� - �· /�v- �·�� éNw[ê

- �� 	 w!+ºé�
 /�v3ê - �·w�
 - �· /$é�
 /�v3ê é��.ê
��gK\^XUd]g�d]m^g���gKZ�d]f^Z � R�d]V X[\�V \�d]m^g�\^X[��V \�RUT�c�m^X�kn�CT XU�

kKR�d]V X[\:R[c %��P`b\:glced]V ��R�d]V \^o�d]m^ghZ]glc���X[\�c�g�XUWjd]m^g7c�m^X�kn�
d]X�Rh��gKZ�d]f^Z � R�d]V X[\�s[�Sg�\^gKglrad]X�k�X[\�c�V_r�gKZ � XUd]m�d]m^g���gKZ��
d]f^Z � R�d]V X[\,V dnc�gKT Wes=RU\�r#d]m^gCknm�RU\^o[g�V \,T X�kKRUT¡k�X[\�r�V d]V X[\�c
kKRUf�c�glr � paWÜR[k�d¡d]m�R�d¡d]m^g�c�m^X�kn�am�R[c¡��X��[glr~�=i4m^g�\^X[�a�
V \�RUTPª�X��èk�X[\�r�V d]V X[\�c�d]m�R�dhd]m^gCc�m^X�kn����X��[glc�V \.d]X�s�r�g��
\^XUd]glr � p��é�� ê�s=RUZ]gCR[c]c�f^��glr#d]X � gCo[V �[gK\ � p�d]m^gCV_c�gK\��
d]Z]X[�^V_k�Z]gKT_R�d]V X[\�cKs�WYZ]X[���)m^V_knm�X[\^g7kKRU\:r�gKZ]V �[g �

v
- � /�v�� v� r �r�� � 	 v��� �� � é���ê
	 / v
 - � � v�
� �� � � éNx[ê

	 w
é�
 /�v3ê - � + w � v- � -� � � é�!.ê

i4m^glc�g�m^X[T_r�V \�d]m^ghV \^T g�d)WYZnRU��g�XUW�Z]g�WYgKZ]gK\�k�g[�
¼�V \�RUT T p[sGk�X[\�c�V_r�gKZ�d]m^g�g��	glk�d�XUW�r�V_ced]f^Z � RU\�k�glcK�«¬����

ced]Z]glRU� ��gKZ�d]f^Z � R�d]V X[\�c�V \ � · r�gK\^XUd]g �#" s�g�dnkU� s:RU\�rr�X��)\�ced]Z]glRU� r�gK\^XUd]g�R[c �%$ ��t�c�r�V_c]k�f�c]c�glr¯V \�d]m^g
R[c]c�f^����d]V X[\�cKsad]m^gºr�V_ced]f^Z � RU\�k�glc,RUZ]g�Z]gK�^Z]glc�gK\.d]glrãR[c
�^Z]X[��RUo.R�d]V \^o�R[k�X[f�ced]V_k��4R3�[glcK� ��gK\^XUd]gCd]m^g�Z]V o[m.de�4RUZnr
RU\�r�T g�W�de�4RUZnr«éY�)V d]m1Z]glc���glk�d)d]X�d]m^g�ª�X���êS�^Z]X[��RUo.R�d]V \^o
�4R3�[glc�R[cCm�R3��V \^oE�^Z]glc]c�f^Z]g�&(' RU\�r)&�*¡s)X[ZCZ]gKT_R�d]V �[g
�^Z]glc]c�f^Z]g���gKZ�d]f^Z � R�d]V X[\�c4o[V �[gK\ � p,+.-"0/ $ 	 &1-"0/ $32 �� · / ��WYX[Z
d]m^g�WYX[f^Z�R[k�X[f�ced]V_k��4R3�[glc4+3'" s5+6*" s5+ '$ RU\�r7+ *$ �¡i4m^ghZ]g����RUV \^V \^o�ª�X�����gKZ�d]f^Z � R�d]V X[\�c�RUZ]gaZ]gKT_R�d]glr1d]X�d]m^g��4R3�[g
��RUZ]V_R � T glc � p ��#"�� · 	 + '" +8+ *" é��Uê
 - · �%"�� · 	 � + '" / + *" � é�9.ê


 - " 	 é�+ '" / + *" ê / 
 /�vw - · � + '" +8+ *" � éÜu.ê
WYX[Z�d]m^g�f^��ced]Z]glRU� ��RUZ]V_R � T glc�RU\�r#�)V d]m,c�f � c]k�Z]V ��dnc�é�� ê $
WYX[Z4d]m^g7r�X��)\�ced]Z]glRU�¯��gKZ�d]f^Z � R�d]V X[\�cK�
� ï;:�<aí�¶ "�=�µ�´#"$��²
¼^X[T T X��)V \^o¯Q¡f^T V_kn�	s ðãd]m^g �^Z]glc]c�f^Z]g�V ����glr�V_R�d]gKT p¯f^���
ced]Z]glRU��XUW�d]m^g�c�m^X�kn��WYX[Z�c���RUT Tjc�m^X�kn�C��XUd]V X[\&%�R � X[f�d

�
t���gKZ]V_kKRU\�`b\�ced]V d]f�d]g7XUWPt�gKZ]X[\�RUf�d]V_kKc4RU\�r:t�ced]Z]X[\�RUf�d]V_kKc



Ra\^X[��V \�RUT~T X�kKR�d]V X[\ � � V_c� · é�� � + %[ê 	 �� · é�� � ê + ��� · é(%[ê
�)m^gKZ]g � � · é(%[ê 	 � �� ·� � % + �#" éevlç.ê
i4m^g���gKZ�d]f^Z � R�d]V X[\�V \1d]m^ga­�R[knm�\�f^� � gKZ�f^��ced]Z]glRU�åXUW
d]m^g�c�m^X�kn�«V \,d]m^gCWYZnRU��g�XUW)Z]g�WYgKZ]gK\�k�g�XUW4d]m^g�c�m^X�kn�#V_c
o[V �[gK\ � p

- �· 	 � �- ·� � %!+ - " /
v� · �% éev[v3ê

��V ��V T_RUZjgl�.f�R�d]V X[\�cjkKRU\ � g¡�)Z]V d�d]gK\hWYX[Zj��gKZ�d]f^Z � R�d]V X[\�c�V \
RUT TGXUW4d]m^g�ª�X��è��RUZ]V_R � T glc�f^��ced]Z]glRU� RU\�r,r�X��)\�ced]Z]glRU�
XUW�d]m^g7c�m^X�kn�	�
��f � ced]V d]f�d]V \^oEd]m^glc�g1gl�.f�R�d]V X[\�c�RU\�r d]m^g��4R3�[g�Z]gKT_R��

d]V X[\�c�m^V ��cSV \.d]X�ä¡��� \�c�éev3ê¡RU\�r«éNw[ê¡o[V �[glcGde�SXagl�.f�R�d]V X[\�c
�)m^V_knm:kKRU\ � g7c�X[T �[glr�WYX[Z4d]m^g7c�m^X�kn�C��XUd]V X[\ %aRU\�r�d]m^g
r�X��)\�ced]Z]glRU�¯�^Z]X[��RUo.R�d]V \^oa�4R3�[g + '$ �
� ï ��� � � �
	�� < �
i4m^g7c�m^X�kn����XUd]V X[\1c]R�d]V_ce®�glcSd]m^g ����ä �

v�� · �% 	�
 é(%[ê %�+�� *$ + *$ +�� '" + '" +�� *" + *" éev3w[ê

�)m^gKZ]g 
 é(%[ê 	 /�����é#- · ê � � v� r �r�� � éev �.ê
RU\�r�� -"0/ $ RUZ]g�X[\^T p,R�WYf^\�k�d]V X[\EXUW - · �:i4m^g���RUZ]V_R � T glc+ -"0/ $ kKRU��d]f^Z]g¡d]m^g4g��	glk�dnc=XUW�f^��ced]Z]glRU�ãRU\�r�r�X��)\�ced]Z]glRU���gKZ�d]f^Z � R�d]V X[\�cKs[V \�k�T f�r�V \^o � XUd]mCr�V_ced]f^Z � RU\�k�glcGRU\�r�k�X[\��
d]Z]X[TN��ä¡�.f�R�d]V X[\�éev3w[ê)V_c�XUWPd]m^g�c]RU��g7WYX[Z]� R[c�d]m�R�d�r�g��
Z]V �[glr1�^Z]gK��V X[f�c�T p~s ì ñYð � f�d�d]m^g�r�gK��gK\�r�gK\�k�gaX[\ - · r�V W��WYgKZnc�c�T V o[m.d]T p1�)m^gK\�d]m^g�r�p�\�RU��V_kKc�RUZ]gar�gKZ]V �[glr�R[c]c�f^�a�
V \^o7RU\�RU�^�^T V glr�R[k�X[f�ced]V_k4��gKZ�d]f^Z � R�d]V X[\�s[ZnR�d]m^gKZ=d]m�RU\�RU\
RU�^�^T V glr:r�X��)\�ced]Z]glRU�¯�^Z]glc]c�f^Z]g���gKZ�d]f^Z � R�d]V X[\��
i4m^gSWYf^\�k�d]V X[\�RUT�WYX[Z]�*WYX[Z����aV_cPRUT �4R3p�cj��X.c�V d]V �[g[s�d]m�f�c

X[\^g7V ����glr�V_R�d]gKT p:X � dnRUV \�c4d]m�R�d�d]m^gac�m^X�kn��V_c�cednR � T g7V \
d]m^g4r�V �[gKZ]o[V \^o�c�glk�d]V X[\�sURU\�rhf^\�cednR � T gSV \7d]m^g4k�X[\��[gKZ]o[V \^o
c�glk�d]V X[\��Ci4m^g�Z]glc���X[\�c�g�V_c7RUT_c�X�\^X[\��@T V \^glRUZlsjR[c7r � 2 r��knm�RU\^o[glc��)V d]m�d]m^gEc�m^X�kn�$T X�kKR�d]V X[\èéYV \���RUZ�d]V_k�f^T_RUZls�V d
V_c��KgKZ]X#R�d7d]m^g�d]m^Z]X.R�d�ê��#i4m^V_car�gK��gK\�r�gK\�k�g�XUW 
 X[\ %
V \.d]Z]X�r�f�k�glcPd]m^g�\^X[\^T V \^glRUZ � gKm�R3��V X[f^Z¡c�gKgK\�V \�¼�V o[f^Z]g����
¼^X[Z)\^XUdnR�d]V X[\�RUT�k�X[\��[gK\^V gK\�k�g�r�g�®�\^g� 	 w�- · + - �· +�v

- · - �
i4m^gK\�d]m^g�WYf^\�k�d]V X[\�����m�R[cSd]m^g�WYX[Z]�����é#- · ê 		 é�
 /�v3ê +ºé�
 � +�v3ê - �· + 
 - *�·� � é�
 /$v3ê - �· + w0�é�
2+�v3ê��� 
 � é#- · +�vlê éev ��ê

1 1.2 1.4 1.6 1.8 2
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

M1

G
ai

n 
M

ag
ni

tu
de

bu
+

bu
-

bd
-

¼�V o[f^Z]g � ��� RUZ]V_R�d]V X[\hXUW�o.RUV \�c��)V d]ma­�R[knmh\�f^� � gKZl��i4m^g
1eWÜR[ced�3#f^��ced]Z]glRU���4R3�[g�m�R[caX[�^��X.c�V d]g1c�V o[\�d]X«d]m^g:Z]g��
��RUV \^V \^o1��gKZ�d]f^Z � R�d]V X[\�cK�&��X��)\�ced]Z]glRU�æ��gKZ�d]f^Z � R�d]V X[\�c
m�R3�[g�m^V o[m^gKZ)o.RUV \�d]m�RU\:f^��ced]Z]glRU�¯WYX[Z - ·�� v[�
i4m^g�WYf^\�k�d]V X[\�RUT	WYX[Z]��cSWYX[Z4d]m^gho.RUV \�c)RUZ]g �� *$ 	 / 
�+�v
�� � �� · éev3x[ê

RU\�r

� -" 	 v
�� � 
 +�v
w
� �� · éev � - � 2 - · ê! w � v � 
 /�vw - · � � - · + v

- �· - � �#" éev !.ê
��V \�k�g¡�SgSRUZ]gGV \.d]gKZ]glced]glrhV \hd]m^g � gKm�R3��V X[f^Z�WYX[Z=R)�SglRU�

c�m^X�kn�	s3d]m^glc�g¡WYf^\�k�d]V X[\�cPkKRU\ � g4RU�^�^Z]X3��V ��R�d]glr � ph�[gKgK���
V \^oad]gKZ]��c)X[\^T p�d]Xa®�Znced�X[Znr�gKZ4V \ - · /�v �


 é(%%$�- · ê 	 / 
 w � v + - · /�vw � � v� r �r�� � éev �Uê

� *$ é#- · ê 	 / � 
 +�v�.
 +ºé#- · /�v3ê
�3
2/�v�.
 � éev 9.ê� '" é#- · ê 	 �,/ 


w�
 éevlu.ê

� *" é#- · ê 	 / 
�+�v�.
 éNw�/ - · ê éNwUç.ê

��\^gSkKRU\7V ����glr�V_R�d]gKT ph\^XUd]gGd]m�R�d�WYX[Z=k�X[\.d]Z]X[T[f�c�V \^o�c�f�k��
d]V X[\�s + -"0/ $ RUZ]g�RUT T¡\^gKo.R�d]V �[g[s=RU\�r«d]m�f�c7d]m^g 1eWÜR[ced�3:f^���
ced]Z]glRU� R[k�X[f�ced]V_kP�4R3�[g +3'" V_c�r�glcednR � V T V �KV \^o��j`b\hd]m^g¡T V ��V dXUW�R��SglRU��c�m^X�kn�	s � XUd]mºf^��ced]Z]glRU�'RU\�rºr�X��)\�ced]Z]glRU�
WYX[Znk�V \^o7+6*$RUZ]gagl�.f�RUT T p:g��	glk�d]V �[g[s�m^X��SgK�[gKZ�d]m^g�r�X��)\��
ced]Z]glRU�æo.RUV \,V \�k�Z]glR[c�glc��)V d]m - · �)m^V T g�d]m^g�f^��ced]Z]glRU�o.RUV \$r�glk�Z]glR[c�glcK��i4m�f�c�gK�[gK\ WYX[Z�R«��X�r�gKZnR�d]gKT p��SglRU�
c�m^X�kn���)m^gKZ]g - · 	 v'& w[x�sld]m^g4r�X��)\�ced]Z]glRU� o.RUV \�V_cPxUç)(m^V o[m^gKZ4d]m�RU\�d]m^ghf^��ced]Z]glRU�æéÜc�gKgh¼�V o[f^Z]g(�.ê��

�
t���gKZ]V_kKRU\�`b\�ced]V d]f�d]g7XUWPt�gKZ]X[\�RUf�d]V_kKc4RU\�r:t�ced]Z]X[\�RUf�d]V_kKc



1 1.2 1.4 1.6 1.8 2
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

M
1

R
ef

le
ct

io
n 

/ T
ra

ns
m

is
si

on
 C

oe
ffi

ci
en

t
s u

+

s u
-

s d
-

¼�V o[f^Z]g � � � g�ª�glk�d]V X[\�RU\�r�d]ZnRU\�c���V_c]c�V X[\�k�X�g 
Ck�V gK\.dnc�WYX[Z
R[k�X[f�ced]V_k��4R3�[glcSR[c)RaWYf^\�k�d]V X[\:XUW=­�R[knm�\�f^� � gKZl�

ijX*X � dnRUV \¯�.f�RU\.d]V dnR�d]V �[g$Z]glc�f^T dnc,WYZ]X[� d]m^gº��X�r�gKT
R � X��[g[s[�Sg)\^gKglrad]X�R[c]c�f^��g�RU\CRUZ]glR���RUZ]V_R�d]V X[\��GQ¡m^X�X.c�g

v� r �r�� 	 v� � é�� � + %[ê éNw�v3ê

i4m�f�c � � r�g�®�\^glcjd]m^gS\^X[��V \�RUT�c�m^X�kn��T X�kKR�d]V X[\�s3�)V d]m�d]m^gd]m^Z]X.R�dGR�d % 	 /�� � s[RU\�r��SV_c�d]m^g�knm�RUZnR[k�d]gKZ]V_ced]V_kGT gK\^oUd]m��
ä¡��� \,éev3w[êGWYX[Z�c���RUT T - · /�vhkKRU\�d]m^gK\ � gh�)Z]V d�d]gK\:R[c

v� · �% 	 / 
 w v� � é�� � + %[ê % + 
 +�v�.
 + éNw[w[ê

�)m^gKZ]g + 	 +6*" / + *$ ��ä¡�.f�R�d]V X[\ãéNw[w[ê�kKRU\ � g,\^X[\��r�V ��gK\�c�V X[\�RUT V �Kglr«f�c�V \^o���� 	 �[éNw 2 
�ê]· � � R[c�d]m^g�c���R�d]V_RUTc]kKRUT V \^o#��RUZnRU��g�d]gKZ�RU\�r���� 2 �� · R[c�d]m^g�d]gK����X[ZnRUT)c]kKRUT �V \^o�°�c�X %�� 	 % 2 ���:RU\�r '	� 	 ' �� · 2 ���:RU\�r)+
� 	 � +��
��Z]X[�^�^V \^ohd]m^g�\^XUdnR�d]V X[\�é�� ê	�4WYX[ZSk�X[\��[gK\^V gK\�k�g)o[V �[glcPd]m^g
\^X[\��br�V ��gK\�c�V X[\�RUT V �Kglr�c�m^X�kn�Cgl�.f�R�d]V X[\:R[c�% 	 /7é�� � + %[ê % +8+ éNw.�.ê
� ï���
�í��)í���´#"$��²«µ�²�����¶]µ�²^³  "_³n³ "$��²
i4m^góRU���^T V d]f�r�g XUW�d]m^gær�X��)\�ced]Z]glRU� �^Z]X[��RUo.R�d]V \^o
R[k�X[f�ced]V_k �4R3�[g + '$ Z]glc�f^T d]V \^o�WYZ]X[� ��gKZ�d]f^Z � R�d]V X[\�c«V_cZ]gK�^Z]glc�gK\.d]glrEf�c�V \^o«Z]g�ª�glk�d]V X[\ RU\�rEd]ZnRU\�c���V_c]c�V X[\ k�X�g�W��
®�k�V gK\.dnc�� *$ RU\�r�� -" s��)m^gKZ]g+ '$ 	 � *$ + *$ +�� '" + '" +�� *" + *"
i4m^glc�gak�X�g 
Ck�V gK\.dnc�RUZ]g��^T XUd�d]glr�V \«¼�V o[f^Z]g ���hi4m^gaZ]g��
ª�glk�d]V X[\�k�X�g 
Ck�V gK\.dGV_c=XUW�d]m^gSWYX[Z]��� *$ 	 éev /��3ê 2 éev*+��3ê
�)m^gKZ]g�� 	 é#- �· +�v3ê 2 éNw�- �· - �Kê��=¼^X[Z - ·�� v[sld]m^gK\hd]m^g1eWÜR[ced�3�f^��ced]Z]glRU� �4R3�[g�m�R[c�Rad]ZnRU\�c���V_c]c�V X[\:k�X�g 
Ck�V gK\.d
XUW�f^\^V dep[s4�)m^V T g�d]m^g1Z]gK��RUV \^V \^o,�4R3�[glcaZ]glc�f^T d�X[\^T p�V \
c�m^X�kn�1��XUd]V X[\,RU\�r«r�X:\^XUdh�^Z]X�r�f�k�g�RU\�p�r�X��)\�ced]Z]glRU�
�^Z]X[��RUo.R�d]V \^oh�4R3�[g[�=i4m^glc�g�Z]glc�f^T dnc¡RUZ]g�k�X[\�c�V_ced]gK\.dS�)V d]m
�^Z]gK��V X[f�c)��RU��gKZnc]ð�ñYòh�)m^gKZ]gKV \:d]m^g7Z]g�ª�glk�d]V X[\�k�X�g 
Ck�V gK\.d

�4R[c4c�m^X��)\�d]X � ghc���RUT TNs��)m^V T g�d]m^g�d]ZnRU\�c���V_c]c�V X[\�k�X�g�W��
®�k�V gK\.dhé�WYX[Z)R7�^Z]glc]c�f^Z]g�r�V_ced]f^Z � RU\�k�g3êG�4R[c¡o[Z]glR�d]gKZGd]m�RU\
f^\^V dep�WYX[Z - · � v[� � XUd]g�d]m�R�d��¡RU\^o�ò�o[V �[glcSd]m^ghd]ZnRU\�ce�
��V_c]c�V X[\:k�X�g 
Ck�V gK\.d)V \�d]gKZ]��c4XUW=�^Z]glc]c�f^Z]g�ZnR�d]V X��= �m^V T g
d]m^g¡d]ZnRU\�c���V_c]c�V X[\7k�X�g 
Ck�V gK\.d�XUW�d]m^g¡WÜR[ced��4R3�[g¡c�m^X��)\7V \
¼�V o[f^Z]g ��V \�r�V_kKR�d]glc�RCZ]X[f^o[m^T p1k�X[\�cednRU\.d�Z]gKT_R�d]V �[g��4R3�[g
RU���^T V d]f�r�g��)V d]m�­�R[knmE\�f^� � gKZlsjd]m^g�R � c�X[T f�d]gCRU���^T V �
d]f�r�gSXUW�d]m^g4r�X��)\�ced]Z]glRU���^Z]glc]c�f^Z]gG�4R3�[gGV \�k�Z]glR[c�glc��)V d]m� � 2 � · RU\�r:kKRU\�d]m�f�c � glk�X[��gh�.f^V d]ghT_RUZ]o[g[�
� ï �"!�²�î í�´ �$#3³�´bí  �&% í���´Ü³
i4m^g�k�f^Z]Z]gK\.d���X�r�gKT�V_c�V \.d]gK\�r�glr d]X�kKRU��d]f^Z]g:d]m^g�r�p.�
\�RU��V_kKc¡XUW�d]m^g�c�m^X�kn��V dnc�gKT We°�d]m^V_c4k�X[f^T_r � g�g���d]gK\�r�glr�d]X
kKRU��d]f^Z]g�d]m^g7r�p�\�RU��V_kKc4XUW�d]m^ghX��[gKZnRUT T�V \^T g�d�c�p�ced]gK�:s�R[c
c�m^X��)\�V \�¼�V o[f^Z]g�x��=`b\�R[r^r�V d]V X[\�d]Xhd]m^g�c�m^X�kn�	sUd]m^g�WYf^T T
V \^T g�d=c�p�ced]gK��V \�k�T f�r�glc�d]m^g¡k�Z]glR�d]V X[\hRU\�r��^Z]X[��RUo.R�d]V X[\�XUW
d]m^g�R[k�X[f�ced]V_k7�4R3�[glc�kKRUf�c�glr � p1�^m�p�c�V_kKRUTPr�V_ced]f^Z � RU\�k�glc
X[Zjk�X[\.d]Z]X[TUV \^�^f�dncKsURU\�r�d]m^gSk�X[���^Z]glc]c�X[Z~X[Zjr�X��)\�ced]Z]glRU�
� X[f^\�r^RUZ]p�k�X[\�r�V d]V X[\��P �m^V T g�\^XUd4V \�k�T f�r�glr�V \Cd]m^ghk�X[\��
d]Z]X[T�c�V ��f^T_R�d]V X[\�cKs�d]m^g�g��	glk�d¡XUW	d]m^glc�g)X[\ad]m^g�c�m^X�kn����XU�
d]V X[\:V_c � Z]V g�ª�pC\^XUd]glr�m^gKZ]g[�
i4m^g�Z]gKT_R�d]V �[g�ced]Z]gK\^oUd]m�XUW +3'�RU\�r,+6*,kKRU\CZ]glR[r�V T p � g

gK��RUT f�R�d]glr�WYX[Z�R�o[V �[gK\�r�V_ced]f^Z � RU\�k�g�c�X[f^Znk�g[°^d]m^g��4R3�[glc
o[gK\^gKZnR�d]glr � p�c�f�k�d]V X[\�c]R�d]V_ceWYp�' v / -(' +6* 	 éev*+ -*ê�+3'S�
i4m^g�r�f�k�d�R[k�X[f�ced]V_ka�^Z]X[��RUo.R�d]V X[\�V \��[X[T �[glc�d]V ��gCr�gKT_R3p[s
RU���^T V d]f�r�gh��RUZ]V_R�d]V X[\�s�RU\�r��4R3�[g�WYX[Z]� ��RUZ]V_R�d]V X[\�r�f^g�d]X
\^X[\^T V \^glRUZ]V d]V glcK�
i4m^gar�X��)\�ced]Z]glRU� � X[f^\�r^RUZ]p1k�X[\�r�V d]V X[\ é�d]m^g�gK\^o[V \^g

k�X[���^Z]glc]c�X[Z�X[ZCWÜRU\�êCk�X[f^T_r � g#��X�r�gKT glrºc�V ���^T p$R[c�R
Z]g�ª�glk�d]V X[\�k�X�g 
Ck�V gK\.dls)X[ZC�)V d]m�V \�k�Z]glR[c�glr$k�X[���^T g���V dep
V \�k�T f�r�V \^o�d]m^g,k�X[���^Z]glc]c�X[Z:r�p�\�RU��V_kKcK� i4m^V_c � X[f^\�r��
RUZ]p�k�X[\�r�V d]V X[\�RU\�rCV dnc¡V ����R[k�d4X[\Cd]m^g�c�m^X�kn��r�p�\�RU��V_kKc
m�R[c � gKgK\�r�V_c]k�f�c]c�glragKT_c�gK�)m^gKZ]g[� � ñY¹�ñ )�ñ * � XUd]g)d]m�R�d¡V W~d]m^g
Z]g�ª�glk�d]V X[\ WYZ]X[��d]m^g�k�X[���^Z]glc]c�X[Z1éYX[Z���X[Z]g:o[gK\^gKZnRUT T p[s
d]m^gCr�X��)\�ced]Z]glRU� � X[f^\�r^RUZ]p�k�X[\�r�V d]V X[\�ê�V_chc�V o[\^V ®�kKRU\.dls
d]m^gK\�d]m^g�r�V Z]glk�d¡V ����R[k�dSXUW�R7o[V �[gK\�r�V_ced]f^Z � RU\�k�g�c�X[f^Znk�g
X[\ d]m^g�c�m^X�kn�E��R3p�\^XUdCkKRU��d]f^Z]g�d]m^g�k�X[���^T g�d]g:V \�ª�f��
gK\�k�g[��i4m^g�r�V_ced]f^Z � RU\�k�g�+ '" r�X�glc�\^XUdhc�V o[\^V ®�kKRU\.d]T p:R�W��WYglk�dSd]m^g�T X�kKR�d]V X[\�XUW�Rh�SglRU��c�m^X�kn�	s � f�d4V dSV_c¡d]ZnRU\�c���V d��
d]glr�d]m^Z]X[f^o[mCd]m^ghc�m^X�kn�C��V Z�d]f�RUT T p�f^\�knm�RU\^o[glr~s^RU\�rCd]m^g
Z]g�d]f^Z]\^V \^o«�4R3�[gCZ]g�ª�glk�d]glr�WYZ]X[� d]m^g1k�X[���^Z]glc]c�X[Z���R3p
m�R3�[g�c�V o[\^V ®�kKRU\.d¡V \�ª�f^gK\�k�g�X[\�d]m^g�c�m^X�kn�a��XUd]V X[\��=i4m^V_c
kKRU\ � g1c�gKgK\ V \$c�V ��f^T_R�d]V X[\�ca�)V d]m d]m^g1äGf^T gKZ�k�X�r�g:V \
¼�V o[f^Z]g�u^s��)m^gKZ]g�d]m^g�k�X[\�cednRU\.d7�^Z]glc]c�f^Z]gCr�X��)\�ced]Z]glRU�
� X[f^\�r^RUZ]p�k�X[\�r�V d]V X[\Co[V �[glc¡R /hv�Z]g�ª�glk�d]V X[\�k�X�g 
Ck�V gK\.dl�
t�T_c�Xa\^XUd]g�d]m�R�dSd]m^g�d]V ��ghr�gKT_R3paWYX[Z4RU\�pCr�V_ced]f^Z � RU\�k�g

V_c:REWYf^\�k�d]V X[\�XUW7d]m^g,k�f^Z]Z]gK\.d:c�m^X�kn�$T X�kKR�d]V X[\��¯i4m^V_c
kKRU\ � gCV \�k�T f�r�glr � p#Z]gK�^T_R[k�V \^o:d]m^g�r�V_ced]f^Z � RU\�k�g�d]gKZ]�+ *$ é('�êSV \�d]m^g7c�m^X�kn�Cgl�.f�R�d]V X[\�c4�)V d]m + *$ é(' /,+�é(%[ê�ê�s�RU\�r
c�V ��V T_RUZ]T p�WYX[Z +6*" RU\�r +3'" �6i4m^g$r�gKT_R3p-+�é(%[ê«V_c«X � �
dnRUV \^glr � p:V \.d]gKo[ZnR�d]V \^o�d]m^gaV \��[gKZnc�g7XUWGd]m^ga�4R3�[g�c���gKglr
. 	 �� · / �[éev ! �- · / �lê � g�de�SgKgK\�d]m^g7r�V_ced]f^Z � RU\�k�ghRU\�r�d]m^gk�f^Z]Z]gK\.d¡c�m^X�kn�aT X�kKR�d]V X[\�sUd]m^V_cSkKRU\ � g�RU�^�^Z]X3��V ��R�d]glr � p
R:T V \^glRUZ�r�gK��gK\�r�gK\�k�g�X[\ %���¬�\^T glc]c�d]m^g�d]m^Z]X.R�d�­�R[knm

x
t���gKZ]V_kKRU\�`b\�ced]V d]f�d]g7XUWPt�gKZ]X[\�RUf�d]V_kKc4RU\�r:t�ced]Z]X[\�RUf�d]V_kKc



Shock
Dynamics

Duct
Propagation

Compressor
Bdy Cond’n

Duct
Propagation

x(t)

Atmospheric
Disturbances

Compressor
Disturbances

Sensing Suction

d-

d+ d+ d+

d- d-

Suction Sensing
¼�V o[f^Z]g)x � `b\^T g�dGc�p�ced]gK� � T X�kn�7r�V_RUo[ZnRU� V \�k�T f�r�V \^ohk�X[f^�^T V \^o � g�de�SgKgK\�c�m^X�kn�7r�p�\�RU��V_kKcKsUr�f�k�dGR[k�X[f�ced]V_k¡�^Z]X[��RUo.R�d]V X[\�s
RU\�r�r�X��)\�ced]Z]glRU�æéÜk�X[���^Z]glc]c�X[Z�ê � X[f^\�r^RUZ]pCk�X[\�r�V d]V X[\��

\�f^� � gKZ�V_c�k�T X.c�g�d]X�f^\^V dep[s~d]m^g�c�m^X�kn�:�[gKT X�k�V dep1�)V T T � g
��f�knm�c�T X��SgKZ�d]m�RU\�d]m^g)R[k�X[f�ced]V_kSc���gKglr7WYX[ZPZ]glRUT V_ced]V_k¡r�V_ce�
d]f^Z � RU\�k�glcK��¼^X[Z - ·�� v[s�d]m^gK\7d]m^g4��RUZ]V_R�d]V X[\7V \7d]m^g4r�V_ce�d]f^Z � RU\�k�g��4R3�[g�WYX[Z]���)V d]m&%a��R3p�RUT_c�X � ghV ����X[Z�dnRU\.dl�

����� �^¥���� ¦�¦ � �
	�¥ ����©Y�	{
ô4R[c�glr:X[\1d]m^g�T X�� X[Znr�gKZ���X�r�gKTNs~c�gK�[gKZnRUT�X � c�gKZ]��R�d]V X[\�c
R � X[f�dSd]m^g�f^\�k�X[\.d]Z]X[T T glr�r�p�\�RU��V_kKc4kKRU\ � g���R[r�g[�Pi4m^g
��X.ced�V ����X[Z�dnRU\.d��.f^glced]V X[\�c)d]X�RU\�c��SgKZ�V \1X[Znr�gKZ)d]X�r�g��
c�V o[\1RU\1R[k�d]V �[g7k�X[\.d]Z]X[T�c�p�ced]gK�åRUZ]g�d]m^g7X[��gK\1T X�X[��WYZ]g��
�.f^gK\�k�p,Z]glc���X[\�c�g[sPRU\�r,d]m^g�Z]gKT_R�d]V �[g�RUf�d]m^X[Z]V dep«XUW�r�V W��
WYgKZ]gK\.d�r�V_ced]f^Z � RU\�k�ghX[Z)k�X[\.d]Z]X[T~��glknm�RU\^V_c���cK�
i4m^g«c�m^X�kn� Z]glc���X[\�r^cC��X[Z]g:d]X T X�� WYZ]gl�.f^gK\�k�p$r�V_ce�

d]f^Z � RU\�k�glc)d]m�RU\�m^V o[m1WYZ]gl�.f^gK\�k�p[s	�)V d]m��KgKZ]XU�NWYZ]gl�.f^gK\�k�p
r�V_ced]f^Z � RU\�k�glc � gKV \^o�d]m^g4��X.cedGr�glcednR � V T V �KV \^o��=¼^X[ZPR�r�V_ce�
d]f^Z � RU\�k�gC�^f^T_c�gCd]m�R�daV_c�c�m^X[Z�dak�X[����RUZ]glr#d]X�d]m^gCd]V ��g
k�X[\�cednRU\.d#v 2 
 s�X[\^T p d]m^g#d]XUdnRUT�V ���^f^T_c�g#XUWhd]m^g#�^f^T_c�g��R�d�d]gKZncKs)RU\�r$\^XUdCd]m^g#r�g�dnRUV T glr�c�m�RU��g[�*i4m^g1T_RUZ]o[glced
r�V_ced]f^Z � RU\�k�gCd]m�R�d�kKRU\ � gCd]X[T gKZnR�d]glrEkKRU\ � g�X � dnRUV \^glr
� p�c�g�d�d]V \^o �% 	 ç�V \Cä¡��� \:éev3w[ê�RU\�r�c�g�d�d]V \^o � +�gl�.f�RUT�d]X
d]m^g���R���V ��f^� ��RUT f^g�XUW 
 é(%[ê %��G¼^X[Z¡d]m^g�RUZ]glRh��RUZ]V_R�d]V X[\
f�c�glr�V \$ä¡��� \�éNw[w[êhd]m^gK\ d]m^g���R���V ��f^��r�X��)\�ced]Z]glRU�
éÜk�X[���^Z]glc]c�X[Z�ê¡r�V_ced]f^Z � RU\�k�g�d]m�R�d�kKRU\ � g�d]X[T gKZnR�d]glr�V_c

+�
 	 
 �
w^é�
 +�v3ê � � ���� � éNw3��ê

i4m^V_cSV_cSk�X[\�c�V_ced]gK\.dS�)V d]m�d]m^g�T_RUZ]o[glcedScednR � T g�ced]glR[r�p�r�V_ce�
d]f^Z � RU\�k�gCX � dnRUV \^glr,WYZ]X[�æd]m^g:­1`ei¯äGf^T gKZak�X�r�g[�#i4m^g
T_RUZ]o[glcedScednR � T g�r�V_ced]f^Z � RU\�k�g�d]m�R�d4kKRU\ � g�d]X[T gKZnR�d]glr�R[c¡R
WYf^\�k�d]V X[\:XUW�WYZ]gl�.f^gK\�k�pCV_c)c�m^X��)\�V \1¼�V o[f^Z]g(!^�
¼^X[Z�R«o[V �[gK\$V \^T g�d�o[gKX[��g�d]Z]p � é��	ê�s)V \�k�Z]glR[c�V \^o«d]m^g

d]m^Z]X.R�d�­�R[knm:\�f^� � gKZ�r�X�glc�\^XUd�c�V o[\^V ®�kKRU\.d]T pCV ���^Z]X��[g
c�m^X�kn�acednR � V T V dep[��`b\�k�Z]glR[c�glr�­�R[knm�\�f^� � gKZ¡r�X�glcGZ]glr�f�k�g
d]m^ghd]V ��g�r�gKT_R3p�WYX[Z�RU\�p�R[k�d]f�R�d]X[Z�RU\�r�d]m^gKZ]g�WYX[Z]ghk�X[f^T_r
V ���^Z]X��[gak�T X.c�glr��@T X�X[�#cednR � V T V dep[�a¼^X[ZhR�c�m^X�kn�1\^glRUZ�d]m^g
d]m^Z]X.R�dls�v 2 � � r � 2 r��ar�glk�Z]glR[c�glcjR[c~d]m^gSc�m^X�kn����X��[glc~WYX[Z���4RUZnr�RU\�r�V \�k�Z]glR[c�glcGR[cPd]m^g�c�m^X�kn����X��[glc¡R�W�dl�PäP�^k�V d]V \^o
d]m^g�c�m^X�kn���)V d]m#R�c�V \�f�c�X[V_r^RUTjr�V_ced]f^Z � RU\�k�gho[gK\^gKZnR�d]glc)R
c�T X��º��X��[gK��gK\.d4XUW�d]m^ghc�m^X�kn��d]X��4RUZnr^cGd]m^g�d]m^Z]X.R�dls�c�f��
��gKZ]V ����X.c�glr�X[\�d]m^g�c�V \�f�c�X[V_r^RUT~��XUd]V X[\�s^�)V d]m:d]m^g7��X.ce�
c�V � V T V dep7XUW�gK�[gK\.d]f�RUT�f^\�cednRUZ�dl�=i4m�f�c=X[\^g4kKRU\^\^XUdP�^Z]glr�V_k�d
d]m^gh��R���V ��f^� c�m^X�kn����XUd]V X[\ � pCf�c�V \^oad]m^g���RUT f^g�XUW 

R�d % 	 ç^�$t�\$g��^RU���^T g�V T T f�ced]ZnR�d]V \^o«d]m^V_c�\^X[\��@T V \^glRUZ

10-2 10-1

10-3

10-2

Non-dimensional frequency

N
on

-d
im

en
si

on
al

 a
m

pl
itu

de

Stable region

Unstable region

Low frequency asymptote

¼�V o[f^Z]g,! � Q¡X[���^f�d]glr�cednR � V T V dep � X[f^\�r^RUZ]p,R[c�R:WYf^\�k��
d]V X[\EXUW�\^X[\��br�V ��gK\�c�V X[\�RUTPWYX[Znk�V \^o#RU���^T V d]f�r�g�RU\�r,WYZ]g��
�.f^gK\�k�p[��i4m^g�\^X[\��br�V ��gK\�c�V X[\�RUTS\^X[��V \�RUT)c�m^X�kn�,T X�kKR��
d]V X[\:V_c)ç^� ç.x��

0 100 200 300 400 500 6003

3.5

4

4.5

5

S
ho

ck
 lo

ca
tio

n

0 20 40 60 80 100 120 140 160 180 200-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

Time (arbitrary scale)

S
ho

ck
 lo

ca
tio

n,
re

la
tiv

e 
to

 th
ro

at

1-D Euler Simulation
Sinusoidal disturbance yields
bias on shock motion, possible unstart

Low Order Model
Captures nonlinear response
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