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Y[ZE\^]A_a`cbedfbg`ih�jkd�l�mkd�n*d�o:\"p*\�nHqHZE`cr9Zs`ibut�v�bg`ch#jE`cwEr�d�j pe`co:mXt#nxp9d�jEr�\y`ijzo:d�j {|ng\�d�l
d�mEmElc`ir�d�p*`ct#jEb�}�bg~�r9Z�d�b�ngd��kd�n�}�bgt#jEd�n�}�pg\�lc\�r�t�o:o^~�jE`ir�d�p*`ct#jEb^d�jE����`it#of\��E`cr�`cjE\z�?���,�
_kt#nHd�j|d�jkd�l�{5p*`ir^�����,}koft#jEt$r�t#ofm�t�jE\�j p[b�`ih#jkd�l�}

z(t) = a(t)ejφ(t) � ���
p*ZE\y`cjEb�p*d�j p9d�jE\�t#~Eb[v	ng\��5~E\�jEr"{|`ib[�E\"wkjE\���d�b

fi(t) =
1

2π

dφ(t)

dt
� �#�

qHZE\�n�\
a(t)

d�jE�
φ(t)

d�n�\�p.q�t�ng\�d�l�v	~�jEr�pg`it#jEbHp*ZEd�ped�ng\In�\�v	\�ngng\���p*t�d�b�pgZE\I`cjEb�p*d�j!�
p9d�j�\�t#~Eb=d�ofmElc`cp*~��E\7d�jE��`cjEb�p*d�j p9d�jE\�t#~EbHmEZkd�bg\�ng\�b�m�\�r�pg`c�#\�lc{��
� ng\"�$`i\�q�t�v(pg\�r9ZEj�`i�5~E\�b[v	t#n�\�bxp*`io:d�pg`ijEh�p*ZE\e]A_�}!b�~Er9Z|d�b�mEZkd�bg\7�E`���\�ng\�j�r�\e\�b�p*`co�d��
p*t#n�b�}���\�n�tsr�n�t#bgb�`ijEh��5�kd�bg\�� ]A_¡\�bxp*`io:d�pg`it#j¢}£d��kd�m�pg`c�#\�mkd�n*d�o:\"p*\�n�`i��d�p*`ct#j¤of\�pgZEt$�Eb
d�jE�¥YH_s�kd�b�\��:pg\�r9ZEj�`i�5~E\�b�}5r�d�j¥�X\�v	t#~EjE�f`ij��§¦��,� � oft#jEhepgZEt#bg\�} YH_s�kd�bg\��:]A_s\�b�p*`?�
o�d�p*`it�j^p*\�r9Z�jE`i�5~E\�b�Zkd��#\=ng\�r�\�`��#\���r�t#j�bg`i��\�n*d��Eli\=d�p�p*\�j pg`it#jfng\�r�\�j pglc{#}$d�b¨`ilcli~Ebxp*ngd�p*\��
� {�p*ZE\ymkd�m�\�ngb��§©��k��ª��,�
� b[�E`cbgr�~Ebgb�\���`cjs�?����}Ed�j�`i�E\�d�l�YH_«n�\�mEn�\�bg\�j p9d�pg`it#j�t�v�d^o:t�jEt!r�t#ofm�t#j�\�j p�b�`ih#jkd�l�t�v
p*ZE\�v	t#ngo � ���¬q�t#~Eli��\"!ZE`i��`cp[d�m�\�d�®�d���t#~!pCp*Z�\e]A_C}5qH`cp*Z�d�j�d�ofmEli`�p*~E�E\Hn�\�l�d�p*\��:p*t
p*ZE\�bg`ih�jkd�l¬\�j �#\�lit#mX\���]¯p^Zkd�b^��\�\�j«b�ZEt�qHj p*Zkd�pIbgt#of\��5~kd��En*d�pg`ir¥p*`co:\9�5v	ng\��$~�\�jEr"{
�E`ibxp*n�`i�E~�pg`it#j�b ��° YH_�±ub*�"}�b�~Er9Z¡d�b�p*ZE\s²³`ih�jE\�n.�5´e`clili\|�E`cb�p*n�`i�E~!p*`it�j � ²µ´e±7�¶d�jE�
o:t$�E`�wk\��a·¨�.�E`cb�pgng`i��~�p*`ct#j ��¸ ·�±e�������#}�������}¨mEn�t��$`c�E\zd¹mX\�d�®ºr�\�j p*\�ng\��»d�p:pgZE\z]A_
v	t#n¬li`cjE\�d�n�v	n�\��5~E\�jEr�{foft!�E~�l�d�pg\�� �,¼ _ ¸ ��b�`ih#jkd�lib���Y[ZE\�n�\�v	t#n�\�}!d�j:`cj p*~E`�p*`c��\[o:\"p*ZEt$�
v	t#n¥\�bxp*`io:d�pg`ijEhsp*Z�\½]A_¾`ib¥p*t¿p9d�®�\½pgZE\½mX\�d�® t�vupgZE\�b�\ ° YH_�±ub�}Cd�bf�E\�bgr�n�`i�X\���`ij
�À¦�����Á�t�qC\"�#\�n�}£r�d�n�\�o^~Ebxp7��\^p*d�®�\�jsqH`cp*Zsj�t#jEli`cjE\�d�n�v	ng\��5~E\�jEr"{¿o:t$�E~Elid�p*\���b�`ih#jkd�l
r�t#ofmXt#jE\�j pgb�d�bHpgZE\ym�\�d�®�\�b�p*`co�d�p*\e`cb[�E`�d�b�\�� � b�\�\:��Â!}AÃ!}9������v	t�n�v	~En�pgZE\�nH�E\"p9d�`clib9�Ä�
Å t#jEb�`i�E\�n¨j�t�qµd�o^~�lcp*`cr�t#ofmXt#jE\�j p�bg`ih�jkd�l�}

z(t)
}5r�t#ofm�t�bg\��ft�v�d�b�~EoÆt�v�o:t�jEt!r�t#o��

m�t�jE\�j p[b�`ih#jkd�lib¬r�t#n�ng~Em!p*\���qH`�p*Z�r�t#ofmEli\Ä5� ��d�li~E\���d����E`cpg`c�#\=qHZE`cpg\eÇyd�~Eb�bg`id�j�jEt#`cbg\�}
r(t),

qH`cpgZ�`ij��E\�mX\�jE��\�j p*l�{¶d�jE��`i�E\�j5pg`ir�d�lil�{��E`ibxp*n�`i�E~�pg\�� � `��§`��§�È��ng\�d�l¢d�jE��`io:d�h#`ijEd�n�{
mkd�nxp*b�}kb�~Er9Z½pgZkd�p

z(t) =
M
∑

i=1

ai(t)e
jφi(t) + r(t) � ¦ �

qHZE\�n�\
ai(t)

d�j��
φi(t)

d�ng\yp*ZE\Id�ofmEli`�p*~E�E\y\�j5��\�lct#m�\Id�jE�z`cjEb�p*d�j p9d�j�\�t#~Eb�mEZkd�b�\It�v
p*ZE\

ith
bg`ch#jkd�l�r�t�o:mXt#jE\�j5pung\�bgmX\�r�pg`c��\�lc{�d�jE�

M
`ib=p*ZE\�j$~�o^��\�nut�v¬b�`ih#jEd�l£r�t#ofm�t��

jE\�j pgb��¢].jzpgZE`ib�mkd�mX\�n�}Èq�\�r�l�d�bgbg`�vÉ{½d�o^~El�p*`ir�t#ofm�t#j�\�j p=bg`ih�jkd�l�d�be�X\�`ij�h�\�`�p*ZE\�neYH_
bg\�mkd�n*d��Eli\Ht#n¬YH_¿jEt#jEb�\�mkd�ngd��Elc\�� � YH_¤jEt�jEbg\�mkd�n*d��Eli\Hbg`ch#jkd�l�`ib¬�E\�wEjE\���d�bCd7b�`ih#jkd�l
qHZEt#b�\:YH_³r�t#ofmXt#jE\�j pgb�d�ng\�\�`�p*ZE\�n7p*t$t|r�lit#b�\�p*t�bg\�mkd�n*d�p*\¥`ijsp*Z�\fYH_³�Et#o:d�`cjst#n
qH`cpgZfr�t#ofm�t#j�\�j p*b�p*ZEd�p¨d�r�pg~kd�lclc{�`ij p*\�ngbg\�r�p�� � YH_¿bg\�mkd�ngd��Eli\Ho^~�lcp*`cr�t#ofmXt#jE\�j p�bg`ih��
jkd�l!`ib�}�ZEt�qC\"�#\�n�}$debg`ch#jkd�l$qHZEt#bg\HYH_zr�t#o:mXt#jE\�j p*b¬d�n�\�r�lc\�d�n�lc{�bg\�mEd�n*d�pg\��¥`ij^pgZE\[YH_

�



�Et#o:d�`ijId�jE��ZE\�jEr�\[mXt#b�bg\�b�b¨du~EjE`c�$~�\[YH_��E\�r�t#ofm�t#b�`cpg`it#j¢��²¤\[ng\�b�p*n�`ir"p�t#~En�mEng\�bg\�j p
b�pg~E��{^pgtypgZE\Hr�d�b�\Ht�v�YH_sb�\�mkd�ngd��Elc\[o^~Elcpg`ir�t#o:mXt#jE\�j p � n�\�v	\�ngng\��fpgt7v	ngt#oÊp*ZE`cb�m�t#`cj p
t#j¤d�bCË�~Eb�p�o^~El�p*`cr�t#ofm�t�jE\�j pÄ�=bg`ih�jkd�libeqHZ�t#bg\fYH_�r�t#ofm�t#j�\�j p*b�d�n�\fr9ZEd�n*d�r"p*\�ng`i��\��
� {½r�t#j p*`cj$~�t#~Eb=]A_Èb���Y[Z�`ib=r9Zkd�n*d�r�p*\�ng`cb�p*`cry`ib=bgZkd�n�\��½�5{|oft#b�p�mEZ {$bg`ct#lit#h�`ir�d�l¢bg`ch#jkd�lcb
bg~Er9Z�d�bHjE\�qH�Xt#n�j�Ì¬Ì¨ÇÍ����¦��£d�jE�|ZE\�d�n�pHngd�p*\7��d�ng`id��E`cli`cp.{|�?��©��,�
Y[ZE\�`c�E\�dut�vXdubg`cjEh#li\¨]A_½v	t#n�duo^~�lcp*`cr�t#ofmXt#jE\�j p�bg`ch#jkd�l,}�d�b��E\"wkjE\���� { � ¦ �Ä}��X\�r�t#of\�b
d�o:\�d�jE`ij�h#li\�bgbe�?���,�E].jEbxp*\�d��¢}k\�bxp*`io:d�pg`it#j�t�v�pgZE\y]A_«t�v�\�d�r9Z|`ijE��`c�$`i�E~Ed�l�r�t#ofm�t#j�\�j p
`ib�pgZE\y�E\�b�`ing\��½`cj�v	t#n�o�d�pg`it#jfp*tf��\7\Ä$p*n*d�r�p*\��½v	n�t#oÎo^~�lcp*`cr�t#ofmXt#jE\�j p[b�`ih#jEd�lib��
Å t#ofm�t#j�\�j pC]A_¿\�bxp*`co�d�pg`it#j�v	t#n¬o^~�lcp*`cr�t#ofmXt#jE\�j p¬b�`ih#jkd�lib�~Eb�`ijEh�p*ZE\=lit$r�d�l�m�\�d�®5bCt�v
° YH_�±ub^Zkd�bImEn�\��$`it#~�bglc{Ï�X\�\�j mEngt#mXt#b�\��¢��].jµ��������}�d�j d��kd�m�pg`c�#\ ° YH_�±Îq�d�b^mEng\Ä�
bg\�j5pg\��|d�jE�¶lct!r�d�lÈm�\�d�®5b�qC\�ng\e~�bg\��¶pgt^\�bxp*`io:d�pg\�p*Z�\e]A_¹t�v£r�t#o:mXt#jE\�j p*b���Á�t�q�\��#\�n�}
p*ZE`cb¬o:\"p*ZEt$�¥ng\��5~E`cng\�beÐ=ÑXÒÄÓ�Ô�ÒÄÓ�`cj�v	t#ngo:d�pg`it#jId���t�~�p¬p*ZE\Hn*d�p*`ity�X\�p.q�\�\�j�bg`ch#jkd�lEr�t#o��
m�t�jE\�j pCd�o:m�li`cpg~E�E\�b�}5d�b�bg~Eof`ijEhyp*Z�\�r�t#o:mXt#jE\�j pCd�o:mElc`cpg~E�E\�b¨d�n�\Hr�t#jEbxp9d�j p�}!b�t�p*ZEd�p
lit$r�d�l¨o:d�!`io:d½r�d�~Ebg\���� {«r�ngt#b�b�pg\�ngofbfd�jE� jEt�`ibg\�r�d�jÕ�X\¶`ih#jEt�ng\��¹�5{«bg\�p�p*`cjEh¿d�j
d�mEmEn�t#mEn�`�d�pg\�p*Z�ng\�b�ZEt#lc��li\"�#\�l����������!_kt#n�pgZE`ib�ng\�d�bgt#j�}!p*Z�\eo:\"p*ZEt$��qCd�b�jEt�p[d�b�bg\�b�bg\��
qH`cpgZ|lct�q»b�`ih#jEd�l�p*t�j�t#`ib�\7n*d�pg`it ��Ö!×uØ �Cbg`ih�jkd�libCt#n�ng\�d�l(bg`ch#jkd�lcb�qH`�p*Z¶p*`co:\9�5��d�n�{$`ij�h
d�ofmEli`�p*~E�E\�b��

Y[ZE\�p.q�t¿�E`iof\�jEb�`it#jEd�l¬ng\�m�ng\�b�\�j p9d�p*`it�j t�v=d�bg`ch#jkd�l¨`ij¤p*ZE\7Ë�t#`ij p^YH_¡��t#o�d�`ijÏZkd�b
li\���p*tfp*ZE\�~Ebg\^t�v¬mkd�pgpg\�n�jzng\�r�t#h#j�`cp*`ct#j�p*\�r9Z�jE`i�5~E\�bep*t�\Ä$p*n*d�r�pepgZE\I`cjE�E`c�$`c�E~kd�l£]A_kb
t�vHo^~El�p*`cr�t#ofm�t�jE\�j p�bg`ih�jkd�lib��£].j³��Ù��,}�pgZE\¶d�~!p*ZEt#n�bI�E\"�#\�lit#mX\��ºd�of\�pgZEt!�¤v	t#nI\�b�p*`?�
o�d�p*`ij�h�pgZE\�mEd�n*d�of\�pg\�n�bId�b�bgt$r�`id�p*\��¤qH`cpgZ ¼ _ ¸ bg`ih�jkd�liby~Eb�`ijEh�d|²³`ch#jE\�n.�!Á�t�~Eh#Z
p*ngd�jEb�v	t�ngo|�(Y[ZE`ib�p*\�r9Z�jE`i�5~E\fq�d�b�\"$p*\�jE�E\�� `ij��§Ú��¬p*t½��\:d�mEm�li`ir�d��Elc\^p*t�j�t#jEli`cjE\�d�n
v	ng\��$~�\�jEr"{:oft$�E~El�d�p*\���b�`ih#jEd�lib��#].j��§Û��,}#p*ZE\=d�~!p*ZEt#n�b¬mEngt#mXt#b�\���d7r�t#o^�E`cjE\��:Á�t#~�h#Z$�
Ø d��Et#j¶p*ngd�jEb�v	t�ngoÎt�v�d�mXt#bg`�p*`c��\ep*`co:\9�5v	ng\��$~�\�jEr"{¶�E`ibxp*n�`i�E~�pg`it#j:p*t¥\�bxp*`io:d�pg\eo^~El�p*`��
r�t#ofmXt#jE\�j p�]A_kb��#Y[ZE\Hd�~�pgZEt#n�b�`ij��?��ª����E\���\�lit�m�\��:dupg\�r9ZEj�`i�5~E\�v	t#n�oI~Elcpg`ir�t�o:mXt#jE\�j5p
]A_Ü\�bxp*`co�d�pg`it#jÏ�kd�b�\�� t#j¤p*ZE\:n*d�jE��t#o:`c��\��«Á�t�~Eh#Z¹pgn*d�jEbxv	t#ngo �WØ Á=Y=��t�v�pgZE\�YH_
ng\�mEng\�bg\�j p*d�p*`ct#j¢}E~Eb�`ijEh�\��Eh#\7`cj�v	t#ngo:d�pg`it#jft#��p*d�`ijE\���v	ngt#oÝo:d�p*r9ZE\��¶wklcpg\�ng`cjEh��¯�kd�bg\��
\��Eh�\���\�p*\�r�pg`it#j�p*t¥\�lc`iof`ijkd�p*\ub�mE~En�`it#~Eb���t�p*\�b�`cj¶p*ZE\ Ø Á�Y7�

Y[ZE\sÁ=t#~Eh#Zapgn*d�j�b�v	t#n�o½}¬~Eb�\��µ`ij�\�d�r9Zµt�vep*ZE\½o:\"p*ZEt$�Eb:mEng\�bg\�j pg\��³`ijÜ��Ù��È��ª��,}¨`cb
d�qC\�lil�®5jEt�qHj¹of\�pgZEt!�sv	t#newEjE�E`ij�h|r�~En���\�b�`ijs`io:d�h#\�b¥����Â����¢Á�t�qC\"�#\�n�}£p*ZE\fÁ�t�~Eh#Z
p*ngd�jEb�v	t�ngoÍn�\��5~E`in�\�b�Ð�ÑXÒÄÓ�Ô�ÒÄÓ�`cj�v	t#ngo:d�pg`it#j�d���t�~�p[p*ZE\yr�l�d�b�b=t�v�]A_ l�d�q �9Þ�ß0à ß�á ÓÉâ Þ Ð�Ò*ã
ä�å Ð æ�Ò�Ð�çWÓ�è9ã�è å�é Ó�è9ã�ê$ë9Ñ Þ Ò é Ô á Ó�è9ã�ì"ÓÉâ å ì�Ô�ÓWæ Ð áXÞ ç.è ß ��r�t#j p9d�`cjE\���`cj�p*Z�\�bg`ch#jkd�l$bgtepgZkd�p�pgZE\
YH_Üng\�mEng\�bg\�j5p*d�p*`ct#j r�d�j ��\fp*n*d�jEb�v	t#n�o:\��¹p*t½p*ZE\¶d�mEmEngt�mEng`id�p*\:Á�t#~�h#Z«mkd�ngd�of\�p*\�n
bgmkd�r�\���Y[ZE`ib�of\�d�jEb�p*Zkd�pCp*Z�\7r�t#ofm�t�jE\�j p[]A_«lid�qHbCt�v�d^bg`ch#jkd�lXqHZE`ir9Z¶r�t#j p9d�`cjEb�}$v	t#n
\"�d�ofmEli\�} der�t�o:mXt#jE\�j5p�qH`�p*Zfd7li`cjE\�d�n�]A_sl�d�q�d�jE�fdyr�t#ofm�t#j�\�j p�qH`cpgZ¥dyb�`ij5~Eb�t#`i�kd�l
]A_¶l�d�qy}�r�d�jEjEt�p��Xt�p*Zy�X\�d�r�r�~�n*d�pg\�lc{u\�bxp*`io:d�pg\��ybg`co^~Elcp*d�jE\�t#~Ebgl�{#��Y[ZE\�]A_¶\�b�p*`co�d�p*`it�j
o:\"p*ZEt$�Eb�`cjEr�t�ngmXt#n*d�pg`ijEhHp*Z�\HÁ�t#~Eh�Z^p*n*d�jEb�v	t#n�oÊd�lib�temEngt��$`i��\[m�t$t#n�ng\�b�~Elcpgb�`cvkpgZE\�]A_
t�v�d¥b�`ih#jEd�l¢r�t�o:mXt#jE\�j5p=`cb[jEt�pH\�d�bg`il�{�n�\�mEn�\�bg\�j p*\����5{¶dfmkd�n*d�of\�pgng`ir�v	~EjEr�pg`it#jÏ�§Û��,�
Y[ZE`ib�mkd�mX\�n¨mEngt�m�t#b�\�bCd�jE\"q�pg\�r9ZEj�`i�5~E\�v	t�n�o^~�lcp*`cr�t#ofmXt#jE\�j p¬]A_Ï\�b�pg`io:d�p*`ct#j¥qH`cp*Z$�
t#~�p�n�\��5~E`cng`ij�h7d�p*Z�ng\�b�ZEt#lc�^p*t7�X\�bg\"p�v	t#n�lct!r�d�l!mX\�d�®$b�`ij^p*Z�\�YH_z�Et#o:d�`ij�t#nHÐ�ÑXÒ"Ó�Ô�ÒÄÓ

¦



®5jEt�qHli\���h#\7t�v(p*Z�\er�lid�bgb�t�v£]A_¹l�d�qy��Y[Z�\up*\�r9ZEjE`i�5~E\7`cj �#t#l��#\�bHd�YH_¹p*n*d�jEb�v	t#n�o�d�p*`it�j
t�v(p*Z�\ubg`ch#jkd�lX~Eb�`ijEhIdIZE`ih�Z�ng\�bgt#lc~�p*`ct#j¢}5ng\��E~Er�\���`ij p*\�n�v	\�ng\�j�r�\ ° YH_�±I� Å t#ofm�t#j�\�j p
]A_kb�d�n�\�p*Z�\�j^\Ä!pgn*d�r"p*\��f� {�d�p.q�teb�pg\�m�mEn�t!r�\�b�b�í���\�p*\�r�pg`it#j^t�vÈlit$r�d�l mX\�d�®5b�`cj�pgZE\�YH_
ng\�mEng\�bg\�j p*d�p*`ct#j|pgt�mEngt$�E~Er�\yd��E`ijkd�n�{:`io:d�h#\�}$v	t#lilct�qC\���� {¶r�t#ofmXt#jE\�j pHlc`ijE®5`ij�hE�!Y�t
d�lilct�qav	t#n¨lit�q Ö�×�Ø \�j �!`cngt#j�o:\�j5pgb�}�d�p*`co:\9�5v	ng\��5~E\�jEr"{fm�\�d�®�wklcpg\�ng`cjEh � YH_�î¬_��=����Ã��mEng\�mEngt$r�\�bgb�`ijEhfb�pg\�m�`cbHd�mEmElc`i\���v	t#n[bg`ch#jkd�l¢\�jEZkd�j�r�\�of\�j p��

Y[ZE\�mkd�mX\�n�`cb�t#ngh d�jE`i��\��ºd�b^v	t#lclit�qHb�� Ö \�r"p*`it�ja�z`cj5pgngt$�E~Er�\�b ° YH_�±ubfd�jE�ºYH_�î¬_
mEng\�mEngt$r�\�bgb�`ijEhfd�jE�¶h�`c�#\�b[d^�E\"p9d�`cli\����E\�b�r�ng`cm�p*`ct#j�t�v£pgZE\elit$r�d�l�mX\�d�®:�E\�pg\�r"p*`it�j�d�jE�
r�t#ofmXt#jE\�j pCli`ij�®$`cjEh�d�lih#t�ng`cpgZEofb¬pgZkd�pCo�d�®�\u~Em�pgZE\um�ngt#mXt#bg\��¶]A_¹\�bxp*`co�d�pg`it#j¥p*\�r9Z!�
jE`i�5~E\���].j³bg\�r�p*`ct#j�¦�}�pgZE\s]A_ï\�bxp*`co�d�pg`it#j�d�lih#t�ng`cpgZEoð`ib��E\�oft#jEbxp*n*d�p*\��³t#j³jEt�`ib�{
b�{$j p*ZE\"p*`cr�o:t#j�t!r�t#o:mXt#jE\�j ped�j��so^~Elcpg`ir�t#o:mXt#jE\�j p�b�`ih#jEd�libHqH`cpgZzr�t#ofmXt#jE\�j pgbe\"5�
ZE`i��`cp*`cjEhzlc`ijE\�d�n�d�jE�ºjEt#j�li`ij�\�d�n^]A_¾l�d�qHb���Y[ZE\�m�\�n�v	t#n�o�d�j�r�\¶t�v�p*ZE\�mEn�t#m�t�bg\��º]A_
\�bxp*`io:d�pg`it#j�qHZ�\�j¤d�mEmElc`i\��zpgt¶ng\�d�l�jE\"qH��t#n�j¹Ì¬Ì¨Çñ�kd�p9d¶`ib7d�libgt¶h�`c�#\�j¢�¢].jÏbg\�r�p*`ct#j
©E}kd¥o:\"p*ZEt$��t�v�r�l�d�bgbg`�vÉ{$`ijEh^pgZE\y\"$p*ngd�r�pg\���r�t#ofm�t#j�\�j p*bH]A_ l�d�qHb[~Eb�`ijEhfli`cjE\�d�n�d�jE�
jEt#jElc`ijE\�d�nelc\�d�bxp�b��5~kd�ng\�b��Ed�p9d�� wEpgpg`ijEh¶`cb7t#~�p*lc`ijE\��¢� � �E`cbgr�~�bgbg`ct#jÏd�jE�Ï`ij p*\�ngmEn�\�p*d��
p*`ct#j¶t�v�p*ZE\7n�\�bg~�lcp*bHt#�!p9d�`cjE\��¶~Eb�`ijEh�pgZE\7mEngt�m�t#b�\��|]A_ \�b�pg`io:d�p*`ct#j¶d�j��|r�t#ofm�t#j�\�j p
r�lid�bgb�`cwkr�d�p*`ct#j�p*\�r9ZEjE`i�5~E\�bud�ng\ymEng\�bg\�j5pg\��z`cj¶bg\�r�p*`ct#j�Â!�

ò N�óõô7ö"P�V,÷¤ø�P�V	R�OÕù¶ú	ûÈRXQ�VÉP�ü�÷

ý ßÉþ ÿ å Ð æ�ÒgÐ�çWÓ�è��£Ó�� Þ���� Ò Þ ä�å Þ â�è"ë	�yÓiì"çWÒÄÓ é�å çWÓ�Ô�â�ì

° YH_�±ub�d�ng\¬r�t#ofoft#jElc{u~Ebg\��Iv	t#n�Ë�t#`cj5p�YH_|ng\�m�ng\�b�\�j p9d�p*`it�j¢��Y[ZE\Coft#b�p��kd�bg`ir ° YH_�±`ibyp*ZE\¥²³`ih�jE\�n.�5´e`clili\���`ib�pgng`c�E~�p*`ct#j � ²µ´e±7�"� � lcl�t�p*ZE\�n ° YH_�±�bIr�d�j«��\ft#��p*d�`ij�\��
� {|dfYH_�d���\�ngd�h#`ij�h:t#nHb�o:t$t�p*Z�`ijEh�t�v�p*ZE\y²µ´7±ñ����Ù����ÈY[ZE\�h#\�jE\�ngd�l(v	t#ngo^~�l�dIv	t#n=d
° YH_�±Êt�v�d�ng\�d�l(bg`ch#jkd�l,}

s(t)
}k`ib[\Ä!mEng\�bgbg\��sd�b��?��Ù��

ρz(t, f) =
∫

∞
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∞
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n*d�j�h#\I`cjEbg`c�E\�pgZE\I�kd�jE�st�v�jEt�ngo:d�li`c��\���v	ng\��5~E\�jEr�`i\�b � Ó ßWÞ�ß �§ª�}Àª�� Â��É�H��\"v	t#ng\�\�jEr�t!�E`cjEh
p*tfmEng\"�#\�j5ped�li`id�bg`cjEh¶�?��Ã��,�kY[ZE\yn*d�j�h#\f�Àª����#}Àª��§©��(q�d�b�r9ZEt�bg\�j�d�ng��`cp*ngd�ng`clc{¥v	t#n[p*Z�\�d�m!�
mEli`cr�d�pg`it#j:t�v�YH_�î¬_«`ij�pgZE`ib�mEd�m�\�n��E].j¶pgZE\7�E`ib�r�n�\�p*\7`co:m�li\�of\�j p*d�p*`ct#j:t�v�pgZE\7YH_�î¬_
mEngt$r�\��E~En�\�}5p*ZE\=mEbg\�~E�Et�� ²µ´7±Æ�?�#���,}$ngd�p*Z�\�n¬p*Zkd�jfp*ZE\H²µ´7±�}!`cb¨~�bg\��¶b�t�pgZkd�p�d�lid�h
qH`ijE��t�qõli\�jEh�pgZsr�d�j¿�X\�bg\�lc\�r"p*\��spgt¶ng\���~Er�\�p*Z�\��E`�d�bu`ijzp*Z�\�\�b�pg`io:d�p*\It�v¬p*ZE\^vWd�bxp
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r9Zkd�jEh�`ijEh7]A_st�vÈp*Z�\[\�jEr�t!�E\��:b�`ih#jEd�l���Y�tyn�\��E~Er�\[p*ZE\[�E`id�b�`ij^pgZE\[]A_z\�bxp*`co�d�pg\�`ij^pgZE\
YH_�î¬_ÜmEn�t!r�\��E~En�\�}�p*ZE\�lid�h½qH`cjE�Et�q li\�jEh�pgZ«r�d�j¹��\�of`ij�`iof`i��\��¿t#n�pgZE\�bgd�o:m�li`ij�h
v	ng\��$~�\�jEr"{¿`ijEr�ng\�d�bg\����?��Ã��,�£Á�t�qC\"�#\�n�}£ng\��E~Er�`cjEh�p*ZE\�lid�h�qH`ijE��t�q li\�jEh�p*Z¿`cjEr�n�\�d�b�\�b
p*ZE\���d�n�`�d�jEr�\¥t�v�pgZE\¥]A_�\�b�pg`io:d�p*\��§Ã��,�(].ja�?��Ã��,}£d|n�\�lid�p*`ct#jEbgZ�`imz�X\�p.q�\�\�j¹p*ZE\fo:d�5�
`io^~�oðd�lilct�q�d���li\�qH`ij��Et�q li\�jEh�p*Zºv	t#n¥YH_�î¬_ d�j���p*Z�\�d�oft#~Ej pft�v7t���\�ngbgd�ofmEli`cjEh
v	t#n�d��E\�b�`in�\��so:d�!`io^~EoÎ�E`�d�b=q�d�be�E\�n�`c��\��¢��Y[ZE\I��d�li`c�½lid�h¥qH`ijE�Et�qÊli\�jEh�pgZEb=v	t�ned
o�d��`co^~EoÝ�E\��$`id�p*`ct#j¶t�v¬��ª��ñd�r�ngt#b�b[p*ZE\y®�\�ngjE\�l(qH`ijE�Et�q»q�d�b=bgZ�t�qHj�p*tf�X\¥����Ã��

τw ≤
1.28fs
πfp

� Ú �

qHZE\�n�\
fs

`ib�p*ZE\�bgd�ofmEli`cjEh�v	n�\��5~E\�j�r�{�d�jE�
fp

`cb�p*Z�\�o�d��`co^~Eo ]A_C��_kngt#o � Ú#�"}�`cp�r�d�j��\Hb�\�\�jfp*Zkd�p¨pgZE\Hl�d�heqH`cjE�Et�q�lc\�jEh�p*Zfr�d�jf��\H`cjEr�n�\�d�b�\��:d�jE�¢} r�t#ngn�\�bgmXt#jE��`ijEh#l�{#}�pgZE\
��d�ng`id�jEr�\�r�d�j���\�ng\���~Er�\��¢}�v	t#nud�h#`c��\�jz��`�d�b��5{½`ij�r�ng\�d�bg`cjEh:pgZE\^bgd�o:m�li`ij�h:ngd�p*\

fs
�

Y�tuo:`cjE`iof`i��\�p*ZE\C��d�n�`�d�j�r�\�}�v	t#n�d�lil5YH_�î¬_�`cjIp*Z�`ib�mEd�m�\�n�}�qC\CZkd��#\[t��#\�ngb*d�o:mElc\��IpgZE\
bg`ch#jkd�l�� {Ï¦#ª�p*`co:\�by��\"v	t#ng\¥�Et�qHj¹bgd�ofmEli`cjEhE��Y[Z�\:o:d�!`io^~�o l�d�h�qH`cjE�Et�qïlc\�jEh�p*Z
v	t#n^d½bg`ih�jkd�l¨¦#ª½pg`iof\�b�t���\�n�bgd�o:m�li\���}�~�bg`ij�h � Ú �Ä}�`cbIh#`��#\�j«� {

τw ≤ 24
bgd�ofmEli\�b��

Y[ZEngt�~Eh#ZEt#~!p�p*Z�`ib�mEd�m�\�n�}¬qC\�~Ebg\sd¤l�d�h¿qH`ijE��t�q lc\�jEh�pgZat�v��$��b*d�o:mElc\�bfv	t#nfpgZE\
YH_�î¬_C�
Y�t:`iofmEngt���\ypgZE\�bg`ih�jkd�l(\�bxp*`co�d�pg\y`ij|\"$p*n�\�of\�lc{�lct�q Ö�×�Ø }Xd�j½`cp*\�n*d�pg`c��\�YH_�î¨_ºd�l?�
h#t#n�`cp*Z�o o�d�{¿�X\�d�mEmEli`c\��¢�(Y[Z�`ib�o:\"p*ZEt$�¤b�`iofmElc{zng\�mX\�d�p*byp*ZE\:YH_�î¬_»mEn�t!r�\�bgb�t#j
p*ZE\¥\�b�p*`co�d�p*\��sb�`ih#jEd�l�~Ej p*`cl�d¶b*d�pg`ibxvWd�r�pgt#n�{½bg`ch#jkd�l�\�b�pg`io:d�p*\^`cbyd�r9ZE`c\��#\��¢� Å t#j �#\�nx�
h#\�j�r�\ft�v�pgZE\¥`cpg\�n*d�p*`c��\�YH_�î¬_»d�lih#t#n�`cpgZEo ZEd�byt#jElc{���\�\�j¤b�p*~��E`i\��ÏpgZEngt#~�h#Z¤b�`io^~$�
l�d�pg`it#j�by����Ã!}"��Û����k]¯p=qCd�b�v	t#~�jE�½pgZkd�p�bg~E`�p9d��Elc\y\�b�pg`io:d�p*\�b�t�v�p*Z�\�b�`ih#jkd�l�t$r�r�~Engn�\��½`ij
d�mEmEn�t��`co�d�p*\�l�{:pgZEng\�\yt#n[v	t#~En[`cpg\�ngd�p*`ct#jEb��

ý ß�� � Ô�ègÐ á�ÿ � � ��
 Þ Ð���¨ì"çWÓ��fÐ�çWÓ�Ô�âÏÐ�âXæ���Ô�uÑkÔ�â Þ âkç � ÓÉâ���ÓÉâ à

Y[ZE\¬YH_�ng\�mEng\�bg\�j p*d�p*`ct#j¢}
ρẑ(t, f)

}�t�v5p*ZE\¨d�jEd�lc{5p*`cr�d�b�bgt$r�`id�p*\�}
ẑ(t)

}�t�v$pg`iof\Ä�5v	n�\��5~E\�jEr�{
m�\�d�®^wkl�p*\�n�\��:bg`ih�jkd�l�}

ŝ(t)
}5`cb¨t���p9d�`cjE\��f~Eb�`ijEh�p*ZE\ ¸ ·�±I�$Y[ZE\ ¸ ·�±Ü`cb¬pgZE\�j:p*n*d�jEbx�

v	t#ngof\���`cj5pgtfd¥��`ijkd�nx{¶`io:d�h#\�}
B(t, f)

}E� {|d�b�bg`ih�jE`ijEh^pgZE\ylit$r�d�pg`it#j�b�t�v�lit$r�d�l¢mX\�d�®$b
p*ZE\���d�li~E\�t#jE\�}�d�jE�¥d�bgbg`ch#jE`cjEhu��\�ngtev	t�n�d�lcl$t�p*ZE\�n�lit$r�d�pg`it#j�b���_kt#n�pgZE\�r�t#j p*`ij5~Et�~Eb�YH_
ng\�mEng\�bg\�j p*d�p*`ct#j¢}

ρẑ(t, f)
}EpgZE\7�E`cjkd�n�{�`io:d�h#\u`cb[h#`c��\�j|� {¶p*ZE\7v	t#lclit�qH`ijEh�r�t#j��E`cpg`it#jEb

B(t, f) =











1 : if
{

∂ρẑ(t,f)
∂f

= 0
}

⊕

{

∂2ρẑ(t,f)
∂f2 < 0

}

0 : else
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qHZE\�n�\ ⊕ `cb�p*ZE\y�Xt!t�li\�d�j � × ±¾t#mX\�ngd�p*t#n��
Y[ZE\zmEn�t!r�\�b�b�t�vy�E\"wkjE`ij�h«\��Eh�\�b�`cj�`io:d�h#\�b:h#\�jE\�ngd�lil�{Õ`ijEr�li~E��\�b:p.q�t«bxp*\�m�b�í�\��Eh#\
\�jEZEd�jEr�\�o:\�j p � Ó ßWÞ�ß �E`cjkd�n�{Õpgn*d�jEbxv	t#ngo:d�pg`it#jÈ�^v	t#lclit�qC\��a� {µd¤r�t#ofm�t�jE\�j p¶lc`ijE®5`ij�h
mEngt$r�\��E~En�\:�À��ª��,��Y[Z�\�m�ngt$r�\�b�bHt�v�t#��p9d�`ijE`cjEhIp*Z�\7�E`ijkd�n�{:`io:d�h#\�}

B(t, f)
}�\�b�p*`co�d�p*\��
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v	ngt#o¾p*Z�\=lct!r�d�l$m�\�d�®5b¨t�v
ρẑ(t, f)

r�d�j¥�X\�p*ZEt#~�h#Z p¬t�v�d�b¬d�j�\���h#\H�E\�pg\�r�pg`it#j�m�ngt$r�\�b�b��

� li`cjE®�\��µt#n�r�t#jEjE\�r�p*\��³r�t#ofm�t�jE\�j p¶`cj³d¹�E`ijEd�n�{�`io:d�h#\|`ib�bgd�`i��pgt«�X\¿d¹bg\�mkd��
n*d�pg\ed�j���`ijE��\�mX\�jE�E\�j pHt#�$Ë�\�r"py�À�!���,���=bg`cjEh�d�j¶Ú��.r�t�jEjE\�r"p*\��¶jE\�`ch#Z5��t#~�ng`ij�hIbg\"p�}�d�j {
mE`�!\�l

(x, y)
`cj«d�r�t#jEjE\�r�p*\��Õr�t#ofm�t�jE\�j p^ZEd�b^d�pIli\�d�b�p�t#jE\:t�p*ZE\�n^mE`?�\�l¨qH`�p*ZÏp*ZE\

r�t$t#ng��`ijkd�pg\7`ij�pgZE\ybg\�pI�À�!���

{(x− 1, y − 1), (x− 1, y), (x− 1, y + 1), (x, y − 1),

(x, y + 1), (x+ 1, y − 1), (x+ 1, y), (x+ 1, y + 1)}
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Y[ZE\�b�p9d�jE�kd�n��½Ú��.r�t�jEjE\�r"p*\���jE\�`ih#Z5�Xt#~Eng`cjEh�bg\"p=`ib[`ilcli~Ebxp*ngd�p*\��¶`ij|_�`ih���� � d �

� p*ZEn�\�bgZ�t#li�³v	t#n¶p*ZE\¿j5~Eo^�X\�n�t�vIr�t#j�jE\�r"p*\��ÜmE`�!\�lcb�}
PL

}�qHZ�`ir9ZÜ��\�wkjE\�bzd«p*n�~E\
r�t#j�jE\�r"p*\���}¨t�n�li`ij�®�\���}�r�t#ofm�t�jE\�j p¥`ib�h�\�jE\�n*d�lclc{«b�\�p¥p*t¿n�\�oft���\|vWd�libg\�lc{¤�E\�pg\�r"p*\��
r�t#ofmXt#jE\�j pgb���Y[ZE\�pgZEng\�bgZEt�li�«��d�li~�\�`ib^d�mEmElc`ir�d�p*`it�j¤�E\�m�\�jE�E\�j5p��¨_Èt�nI\"�d�ofmElc\�}�`ij
r�t#ofmXt#jE\�j py]A_µ\�bxp*`co�d�pg`it#j�}ÈpgZE\¥j5~Eo^�X\�n7t�v�mE`�!\�libe`cj¿d�lc`ijE®�\��¿r�t�o:mXt#jE\�j5pe`ib7�E`?�
ng\�r�p*l�{ºng\�lid�p*\���pgt¤p*Z�\½p*`co:\|bg~�mEm�t�n�p�t�vep*ZE\½bg`ch#jkd�lHr�t�o:mXt#jE\�j5p��¬Y[ZE\�n�\�v	t#n�\�}�pgZE\
p*ZEn�\�b�ZEt#li�«��d�lc~E\�`cbIr9ZEt#b�\�j�d�bIpgZE\�of`ijE`co^~Eo p*`co:\:�E~Engd�p*`ct#j¹v	t#n�qHZE`ir9Zºd�b�`ih#jkd�l
r�t#ofmXt#jE\�j p=r�d�j|\Ä!`ib�p��
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_kt#n�`co:m�li\�of\�j p*d�p*`ct#j¢}�pgZE\ ¸ ·�±ao^~�b�p��X\¨�E`ib�r�ng\"p*`c��\���p*tum�ngt��$`i�E\�d��E`cbgr�ng\�pg\ ° YH_�±t�v�p*ZE\7v	t#n�o �À�#���

ρz[n, k] = 2 DFT
m→k

{G[n,m] ?
n
Rz[n,m]} � �#���

qHZE\�n�\
DFT{·}

`cb:pgZE\��E`cbgr�ng\�pg\z_kt#~En�`i\�n¥pgn*d�j�b�v	t#n�o½}
?
n

ng\"v	\�ngbfp*t¤r�t#j �#t�li~�pg`it#j�`ij
n
d�jE�

Rz[n,m]
`cbep*ZE\¥�E`cbgr�ng\�pg\¥`ijEbxp9d�j p9d�jE\�t#~�byd�~�p*t$r�t�ngng\�l�d�pg`it#j½v	~EjEr�pg`it#j � ] � _��Ä}h#`c��\�j½d�b

Rz[n,m] = (z[n +m]z∗[n−m]) � ���#�
Y[ZE\��E`ib�r�ng\"p*\7p*`co:\9�$l�d�hI®�\�ngjE\�l(v	t#n�p*ZE\y�E`cbgr�ng\�pg\ ¸ ·�±õ`cb[h#`c��\�j½d�b

G[n,m] = Gβ[n] =
cosh−2β n

∑

n cosh−2β n
� ��¦ �

_kt#n^bgoft$t�p*ZE`cjEhzd�jE� lit$r�d�lc`i��d�p*`ct#jº��������}�d�b^qC\�lilCd�b�`iofmEngt��$`ij�h½p*Z�\¶�E`�d�b.�5��d�ng`id�jEr�\
p*ngd��E\�t����ÀÂ!}xÃ��,}¢d:qH`cjE�Et�q v	~EjEr"p*`it�j¢}

wh[m]
}�t�v¬lc\�jEh�pgZ

h
b*d�ofmElc\�bur�d�jz�X\�d�mEm�li`i\��

p*t�p*Z�\�] � _C}kbg~�r9Z½p*ZEd�p[p*ZE\y�E`cbgr�ng\�pg\ ¸ ·�±õ`cb[\"!mEn�\�bgb�\��sd�b��À�#���

ρz,[n, k;wh] = 2 DFT
m→k

{

Gβ[n] ?
n

(wh[m]Rz[n,m])
} � ��©5�

Y[ZE\�j$~�o^��\�n�t�v�v	ng\��5~E\�jEr"{|b*d�ofmEli\�b�}kqHZE`cr9Z|q�\In�\�v	\�nHp*t:d�b[p*Z�\�v	n�\��5~E\�j�r�{|ng\�bgt#lc~!�
p*`ct#j¢}�`cj7p*ZE\��E`cbgr�ng\�pg\ ° YH_�±Õj�t�q¹��\�r�t#of\�b�dCv	~Ej�r�p*`ct#jyt�v$qH`ijE�Et�q¤li\�jEh�p*Z�}

h
� ¼ d�ngh#\�nqH`ijE��t�q lc\�jEh�p*ZEbId�lilct�q v	t#n�oft#n�\��kd�p*d½mXt#`ij pgbI`ijÏp*ZE\�±e_�Y7}£p*ZE\�ng\�v	t�ng\�oft#ng\¥v	ng\Ä�

�5~E\�jEr"{�b*d�ofmElc\�b�t#nCZE`ih#Z�\�nCv	n�\��5~E\�j�r�{�ng\�bgt#lc~�p*`ct#j¢� Ö ZEt#nxp*\�n�qH`ijE�Et�q»li\�jEh�p*Z�b�o:\�d�j
p*ZE\�ng\�d�ng\7v	\"qC\�n��kd�p9d�m�t�`ij p*b[v	t#n�pgZE\I±u_�YÜn�\�bg~�lcp*`cjEh¥`ij¶v	\�q�\�nHv	ng\��5~E\�jEr"{|b*d�ofmEli\�b
t#n[lit�q�\�n[v	ng\��5~E\�jEr"{�ng\�bgt#lc~�p*`ct#j¢�
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Y[ZE\Hli`cjE®5`ijEh�t�v�der�t#ofm�t�jE\�j p¬`ij^dy��`ibgr�ng\"p*\ ° YH_�±µ`ib�j�t�q�bgZ�t�qHj¥p*t7�X\[�E\�m�\�jE�E\�j p
t#j¤pgZE\fo�d�!`co^~Eo t�v�p*ZE\¥wkn�b�p^��\�ng`���d�p*`��#\¥t�v�pgZE\:]A_�� Å t�jEbg`c�E\�n�d|b�`ih#jEd�l�qH`cp*Z

Nb*d�ofmElc\�b¢qHZE`cr9Z�`cb¢p*n*d�jEb�v	t#n�o:\��7p*t�dH��`ibgr�ng\"p*\¬YH_|n�\�mEn�\�b�\�j p9d�pg`it#j�~Eb�`ijEh[p*Z�\¨��`ibgr�ng\"p*\
¸ ·�±I��Y[ZE\7ng\�bg~El�p*`ij�h^�E`ib�r�n�\�p*\ ° YH_�±�}

ρz[n, k;wh]
}!`ib[d�j
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Np*`co:\�bgd�ofmEli\�b¥d�jE�
K

v	n�\��5~E\�jEr�{ºb*d�o:mElc\�b�}�qHZE\�n�\
K

`cb��E\�pg\�ngof`ij�\��Õ� {«p*ZE\�lid�h
qH`ijE��t�qÜli\�jEh�p*Z

h
`cj � ��© � � `��§\�� K = h

}Eb�\�\:�������¢v	t#n[�E\"p9d�`clib*�"�

Y[ZE\�`ij p*\�n���d�l�}!t#nHm�\�ng`ct!�¢}!��\"p.qC\�\�jzj�\�`ih�Z$�Xt#~En�`ijEh¥bgd�o:m�li\�bHd�lit#jEh^pgZE\yp*`iof\7d�!`cb[`ij
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ρz[n, k;wh]
`ib[bg`co:m�lc{fp*ZE\yb*d�o:mElc`ijEh�mX\�n�`it$�¶h#`c��\�j|� {

∆t = Ts =
1

fs
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qHZE\�n�\
fs

`cbIp*ZE\¶bgd�ofmEli`cjEh½v	n�\��5~E\�j�r�{#�¬Y[ZE\�`cj5pg\�nx��d�lC�X\�p.q�\�\�j�jE\�`ch#Z5��t�~Eng`cjEh�v	ng\Ä�
�5~E\�jEr"{|b*d�ofmEli\�b[`ib

∆f =
fs/2

K
� ��Ã �

��b�`ijEh�d�j«Ú��¯r�t#j�jE\�r"p*\��¹jE\�`ch#Z5��t#~�ng`ij�h½b�\�p�}£p*Z�\�o:d�!`io^~Eo n*d�pg\�t�vCr9Zkd�jEh�\�t�v�pgZE\
]A_µ`ij¿\�`�p*ZE\�nep*ZE\�mXt#bg`�p*`��#\�t#n7jE\�h d�pg`c�#\���`ing\�r�pg`it#j¢}�bg~Er9ZÏp*Zkd�p7p*ZE\�r�t#o:mXt#jE\�j pyr�d�j
��\ylc`ijE®�\��¢}E`cb[t#jE\7v	ng\��5~E\�jEr"{�b*d�ofmElc\�}

∆f
}kmX\�n�pg`iof\7b*d�ofmElc\�}

∆t
�kY[Zkd�p�`cb�}

max

{∣

∣

∣

∣

∣

dfi(t)

dt

∣

∣

∣

∣

∣

}

=

∣

∣

∣

∣

∣

±∆f

∆t

∣

∣

∣

∣

∣

� ��Ù#�

Ö ~E�Ebxp*`�p*~�pg`ijEh � ��Â#��d�jE� � ��Ã �C`ij p*t � ��Ù#�"}!qC\yh#\"p

max

{∣

∣

∣

∣

∣

dfi(t)

dt

∣

∣

∣

∣

∣

}

=
f 2
s

2K
� ��Ú �

Y[ZE\y\��5~kd�pg`it#j � ��Ú ��b�~Eh#h#\�b�pgb=pgZkd�p max
{∣

∣

∣

dfi(t)
dt

∣

∣

∣

} }�bg~Er9Z|p*Zkd�p[d¥r�t#ofm�t#j�\�j p[r�d�j|�X\
li`cjE®�\��¤~Eb�`ijEh½d�j¤Ú��.r�t#jEjE\�r�pg\��¹j�\�`ih�Z$�Xt#~En�`ijEh�b�\�p�}£`cb7�E\�mX\�jE��\�j p^t#j¿p*Z�\:bgd�o:m�li`ij�h
v	ng\��$~�\�jEr"{#}

fs
}Èd�jE��p*ZE\yj5~Eo^�X\�nHt�v�v	ng\��5~E\�jEr"{�b*d�ofmElc\�b[`ij¶pgZE\y�E`ib�r�ng\"p*\ ° YH_�±I�

Y�t¶`cjEr�n�\�d�b�\
max

{∣

∣

∣

dfi(t)
dt

∣

∣

∣

} }�pgZE\^bgd�o:m�li`ij�h:v	ng\��5~E\�jEr"{
fs

r�d�js�X\^`cjEr�n�\�d�b�\��¿t#n�pgZE\
j5~Eo^�X\�n¥t�vuv	n�\��5~E\�jEr�{ºb*d�o:mElc\�b

K
r�d�jº��\|�E\�r�ng\�d�bg\��¢�¬].jEr�n�\�d�b�`ijEhÏp*ZE\�bgd�o:m�li`ij�h

v	ng\��$~�\�jEr"{#}
fs
}�ng\�bg~El�p*b�`ij�pgZE\�d��E�E`cpg`it#j�t�vk`cngn�\�li\"��d�j p�`cj�v	t#ngo:d�pg`it#j¢}�d�r�r�t#ng��`ijEh=p*t�pgZE\

× {$�5~E`ibxp^bgd�o:m�li`ij�h�pgZE\�t�ng\�o �À��¦��,}�d�jE�«d�j¹`ij�r�ng\�d�bg\:`ijÏr�t#ofmE~�p*d�p*`ct#j¿r�t#ofmElc\"!`cp.{��
Y[ZE\�b�\Id�ng\y��t�p*Z�~EjE�E\�bg`cn*d��Elc\��

� b�bg~Eof`ijEh¿p*ZEd�p¥p*ZE\|�E`�d�b¥v	t�n¥pgZE\|]A_Ê\�b�p*`co�d�p*\�t#��p*d�`ijE\�� v	ngt#o pgZE\�m�\�d�® t�vupgZE\
�E`ib�r�n�\�p*\ ¸ ·�± `ib�jE\�h#lc`ih#`c�Eli\�}£dz�E\�r�ng\�d�bg\¶`cj¹p*ZE\¶j5~EoI��\�n^t�v[v	ng\��5~E\�jEr"{ b*d�o:mElc\�b�}
K
}5t#n¨v	n�\��5~E\�jEr�{:ng\�bgt#lc~�p*`ct#j¢}#qH`ilclEng\�bg~El�pC`cj�d�j�`ij�r�ng\�d�bg\�`ij

∆f
}$d�b¨bg\�\�j�v	ngt#o � ��Ã �Ä�Y[ZE\¥o:\�d�j¿bg�5~kd�n�\¥\�ngn�t#n ��¸�Ö Ì¨�7t�v�pgZE\¥]A_³\�b�pg`io:d�p*\^r�d�~Eb�\��¹� {sn�\�b�t#li~�pg`it#js\�ngn�t#n

v	t#n[~EjE`�v	t#ngoñb*d�ofmElc`ijEh^t�v�pgZE\7v	ng\��5~E\�jEr�{½d�!`cb[`iby�À��¦��

MSE =
∆f 2

12
� ��Û �

qHZE`ir9Z¿`cbep*ZE\�bgd�o:\I\�ngn�t#nev	~EjEr"p*`ct#j¿d�bgb�t!r�`�d�pg\��sqH`cpgZs�5~kd�j p*`c��d�pg`it#js\�ngngt�ngb���Y[ZE\�n�\"�
v	t#ng\�}���\�r�n�\�d�b�`ijEh

K
qH`ilil(b�`ih#j�`cwkr�d�j p*lc{�`cjEr�n�\�d�b�\�pgZE\Iof\�d�j�bg�5~kd�n�\^\�n�ngt#n=t�v�p*Z�\I]A_

\�bxp*`io:d�pg\�r�d�~Eb�\���� {¶pgZE\�bgd�ofmEli`cjEh�t�v�pgZE\yv	ng\��5~E\�jEr�{½d�!`cb�}kqHZE`ir9Z|`ibHZE`ch#ZEl�{�~EjE��\"�
bg`cn*d��Elc\��

Û



ý ß��Xß�� � ÓÉâ���ÓÉâ à å ì"ÓÉâ à Ð þ+* (gè9Ô�âkâ Þ è"ç Þ æ¥â Þ Ó à ê é Ô å ÒÄÓÉâ à ì Þ ç

Å t#jEb�`i�E\�n=j�t�q¡d�jE\�qÆ��ª��.r�t#jEjE\�r�p*\��½j�\�`ih�Z$�Xt#~En�`ijEh�b�\�p

{(x− 1, y − 1), (x− 1, y), (x− 1, y + 1),

(x + 1, y − 1), (x+ 1, y), (x+ 1, y + 1)

(x− 1, y − 2), (x− 1, y + 2), (x+ 1, y − 2), (x+ 1, y + 2)}

� ��ª �

qHZE\�n�\
x
d�jE�

y
n�\�mEn�\�b�\�j pHp*ZE\=p*`iof\�d�jE��v	n�\��5~E\�j�r�{¶d��`cbCn�\�bgmX\�r"p*`��#\�l�{#�!Y[ZE`ib�j�\�`ih�Z!�

��t�~Eng`cjEhybg\�p�`ib¬`clili~�b�p*ngd�p*\���`ijf_�`chE�E� � �È�"� Y[ZE`cb�j�\�`ih�Z$�Xt#~En�`ijEh7b�\�p��Et$\�b¨jEt�p¨r�t#j pg`ij5~E\d�bg\�d�ngr9Z `cj¤pgZE\�v	ng\��5~E\�jEr"{«�E`cng\�r�p*`ct#j¹t�jElc{�}�d�b�}�� {¤�E\�wEjE`cpg`it#j¢}(pgZE\�n�\�`ib�t#jEl�{¿t#jE\
`ijEbxp9d�j p*d�jE\�t�~Eb�v	ng\��$~�\�jEr"{�d�pHd�j {�h#`c��\�j�p*`co:\�`ijEbxp9d�j p�v	t�n[d^bg`ch#jkd�lXr�t#ofmXt#jE\�j p��?���,�
Á�t�q�\��#\�n�}CpgZE\|o�d�!`co^~Eo r9Zkd�jEh#\�`cja]A_Ê`ijº\�`cpgZE\�n¥p*Z�\�mXt#bg`�p*`c��\½t�n:jE\�h d�pg`c�#\|�E`?�
ng\�r�p*`ct#j¢}�qHZ�`ir9Zºd�lilct�qHbIv	t#n^r�t#o:mXt#jE\�j p¥li`ij�®$`cjEhz~Eb�`ijEhzpgZE\��E\�wEjE\�����ª��¯r�t#jEj�\�r�pg\��
jE\�`ch#Z5��t�~Eng`cjEh�bg\"p�}ÈjEt�q¡�X\�r�t#o:\�b

max

{∣

∣

∣

∣

∣

dfi(t)

dt

∣

∣

∣

∣

∣

}

=

∣

∣

∣

∣

∣

±2∆f

∆t

∣

∣

∣

∣

∣

=
f 2
s

K
� �$���

Y[ZE`ibfng\�bg~El�p*b¥`ij�d¿�Et#~E�Elc`ijEh¿t�v�p*ZE\½d�lclit�q�d��Eli\
max

{∣

∣

∣

dfi(t)
dt

∣

∣

∣

} }¨b�~Er9ZapgZkd�p:dÏr�t#o��
m�t�jE\�j p½r�d�j»b�p*`clile�X\¿li`cjE®�\��¢}�p*Zkd�jÜ`ib�d�pgp9d�`ijkd���li\zqH`cpgZ�pgZE\ÏÚ��.r�t#jEjE\�r�pg\��¡jE\�`ih#Z$�
��t�~Eng`cjEhsbg\"p���].j vWd�r"p�}�� {«`cjEr�n�\�d�b�`ijEhzpgZE\¶jE\�`ih#Z5�Xt#~Eng`cjEhsbg\"p¥`ij«pgZE`ibIvWd�bgZE`ct#j¢}�pgZE\
max

{∣

∣

∣

dfi(t)
dt

∣

∣

∣

} }£bg~Er9Z«pgZkd�pId½r�t#o:mXt#jE\�j p�r�d�j«bxp*`ilcl��X\�li`cjE®�\��¢}(r�d�j«��\fr�t�j5pg`ij5~kd�lclc{
`ijEr�ng\�d�bg\��¢�XÁ�t�qC\"�#\�n�}Èp*ZE\y`ib�bg~E\�t�v�vWd�lib�\7r�t#ofmXt#jE\�j p=li`cjE®5`ijEh��X\�r�d�~Eb�\�t�v�d�j|\"!r�\�bx�
bg`��#\�l�{�l�d�n�h#\¬jE\�`ch#Z5��t#~�ng`ij�h�b�\�p�}�d�ng`cbg\�b���Y[ZE\�n�\�l�d�p*`it�jEbgZE`cmy��\"p.qC\�\�j�vWd�lib�\�r�t#ofm�t#j�\�j p
li`cjE®5`ijEhE}

max
{
∣

∣

∣

dfi(t)
dt

∣

∣

∣

} }�d�j���bg`c��\et�v¢jE\�`ch#Z5��t#~�ng`ij�hIbg\"p[`ib¨�X\�{#t�jE��p*ZE\ubgr�t�m�\�t�v(p*ZE`cb
mkd�mX\�n[�E~!p[qH`ililX�X\yd��E�En�\�bgb�\��|`ij�pgZE\ev	~�p*~�ng\���].jEb�pg\�d��¢}Eq�\7ng\�b�pgng`ir"p[p*ZE\7r�t#ofm�t#j�\�j p
li`cjE®5`ijEh¶d�lih#t#n�`cpgZEoÍp*t¶p*Z�\�~Ebg\¥t�v¬p*Z�\��E\�wkj�\��º��ª��.r�t#jEjE\�r�pg\��ÏjE\�`ch#Z5��t#~�ng`ij�h�bg\"py`ij
t#~En�mEn�t#mXt#bg\��º]A_ \�b�p*`co�d�p*`it�j«d�lch#t#ng`�p*ZEo|� Ö `ioI~El�d�pg`it#j�b�Zkd���\|��\�oft#jEb�pgn*d�pg\�� p*ZEd�p
vWd�lib�\�r�t#ofm�t#j�\�j pelc`ijE®5`ij�hf~�bg`ij�h:p*Z�\���ª��¯r�t#j�jE\�r"p*\���jE\�`ch#Z5��t#~�ng`ij�h�bg\"pet$r�r�~Engb�t#jElc{
d�pC��\�nx{�lct�q Ö!×uØ ��Á=t�q�\���\�n�}Elit�q Ö�×�Ø `cbCt��#\�ngr�t#o:\u�5{fp*Z�\uYH_�î¬_¹mEn�\�mEn�t!r�\�b�bg`ij�hE�

� j¤\"�d�ofmEli\¥t�v�d|b�`ijEh#lc\¥r�t#jEj�\�r�pg\��«r�t#ofm�t#j�\�j p�~Ebg`cjEh|pgZE\|��ª��.r�t#jEjE\�r�pg\��«jE\�`ih#Z$�
��t�~Eng`cjEh¶bg\"py`ibeb�ZEt�qHj¤`cj¿_�`ihE�¢�!��]¯pyr�d�j¿��\�b�\�\�jÏv	n�t#o _�`ihE�¢�:p*Zkd�p�d�lcp*Z�t#~Eh#Z�pgZE\
]A_ÊZEd�b¥r9Zkd�jEh#\���ngd�mE`c�Elc{¤v	ngt#o p*`iof\

x = 4
p*t

x = 5
}�p*Z�\|r�t#ofm�t#j�\�j pfli`ij�®$`cjEh

d�lih�t#ng`�p*ZEo `ibHd��Eli\epgtflc`ijE®fp*ZE\yr�t#o:mXt#jE\�j p��

��ª
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Â�¬~ºrÇ¢ö Ç_à Ñ|¬~³N°9²g¿&¬~µ(°9º�±Cg«r¶�Ì3¬~³|º#°�Æ~¬~³|Ø�±�·»¾�¶hµ¯d¶h³r±}³�´¡¼rg¬~³|ºÔ´g«r±�ð���Ï ¾�¶h³|³r±�¾}´n±�·�³r±}¬~ºP« Ï
Ñ�¶h¼|²g¬~³|º(n±}´�Ç
, -/.5Q10¯RÈQ�÷¹økO�U).zù¶ö�ö�.!ö�ö�÷2.$O�PføkO�S43|VWö�U T�ö�ö�V	RXO

�5ßÉþ 5 Ô�â�Ô�è9Ô�uÑkÔ�â Þ âkç76ÈÓ à âXÐ á98 ÓÉç	ê 2nd : Ò�æ Þ Ò;
HÔ á ë�â�Ô��ÓWÐ á 
¬ê�Ð�ì Þ ÓÉâ=<?>A@

Y[ZE\Hr�t#oI�E`ijE\��^²³`ih#j�\�nx�.Á�t#~�h#Z^p*ngd�jEb�v	t�ngo¾v	t#n�]A_s\�bxp*`io:d�pg`it#j�t�v
2nd t#n��E\�n�mXt#lc{$jEt��

o:`id�l mEZkd�bg\�}�t#n ¼ _ ¸ }�bg`ch#jkd�lcb�qCd�b�t�ng`ih�`ijkd�lclc{�mEng\�bg\�j5pg\��¥`ij���Ù��,��Y[ZE\�mEZkd�bg\Cv	~Ej�r�p*`ct#j
v	t#nHd ¼ _ ¸ b�`ih#jEd�l¢`ib[h�`c�#\�j|d�b

φLFM(t) = 2π(f0 + fr

2
t)t � �#�#�

qHZE\�n�\
f0

`cb¬pgZE\=b�p9d�n�p¨v	ng\��5~E\�jEr�{ft�v�p*ZE\ ¼ _ ¸ d�jE�
fr

`ib�p*ZE\=li`cjE\�d�n�v	ng\��$~�\�jEr"{�ngd�p*\��
Y[ZE\^mX\�nxv	t#ngo:d�jEr�\Id�b�bg\�bgbgof\�j pyt�v�p*ZE\^m�ngt#mXt#bg\��z]A_a\�b�p*`co�d�p*`it�j½d�lih#t#n�`cpgZEoÍ�X\�h#`cjEb
qH`cpgZ^d�j�t#`ibx{#}�o:t�jEt!r�t#ofm�t#j�\�j p ¼ _ ¸ bg`ch#jkd�l$d�b�`cp�d�lclit�qHb(v	t#n�����d=r�t#ofmkd�n�`ibgt�j�qH`�p*Z
p*ZE\ Å ngd�o:\�nx� Ø d�tH�Xt#~EjE� � Å Ø ·[�Ä}�r�d�lcr�~Elid�p*\��yv	n�t#oï�À��©��$d�jE�^���£d[�E`cng\�r�p�r�t#ofmkd�n�`ib�t#j
qH`cpgZ¤p*Z�\:²³`ih�jE\�nA�AÁ�t�~Eh#Z¿p*n*d�jEb�v	t#n�o ]A_»\�b�p*`co�d�p*t#nf�ÀÙ����£]A_�\�b�pg`io:d�p*`ct#j¿~Ebg`cjEh½pgZE\
m�\�d�®ft�v(p*ZE\ ° YH_�±Æ�����,}�`cj�t#~En�r�d�b�\ep*ZE\ ¸ ·�±I}$q�d�b[`cjEr�lc~E�E\���`ij�pgZE\er�t#o:mEd�ng`cbgt#j¢�
Y[ZE\ ¼ _ ¸ bg`ih�jkd�l£t�v�lc\�jEh�pgZ

N = 256
bgd�ofmEli\�b�~Eb�\��s`cj½p*Z�`ib=m�\�n�v	t#n�o�d�j�r�\�d�bgb�\�bgbA�

o:\�j p¥Zkd�bfdsb*d�ofmEli`cjEhsn*d�p*\¶t�v
fs = 1

Á=��}¬dsb�p*d�n�p¥v	n�\��5~E\�j�r�{Õt�v
f0 = 0.2

Á���}¬d
v	ng\��$~�\�jEr"{¹ngd�p*\¥t�v

fr = 3.9 × 10−4 Á��CB�bId�j��¹~EjE`�p�d�o:m�li`cpg~E�E\���²³ZE`cpg\:Ç�d�~�bgbg`id�j
jEt#`cbg\ � ²�Ç × �Cq�d�bHpgZE\�j�d��E�E\��|pgt�p*ZE\ ¼ _ ¸ bg`ih�jkd�l�pgt:t���p9d�`cj¶jEt#`cb�{¶b�`ih#jkd�libCqH`�p*Z
bg`ch#jkd�l�pgt¥jEt#`ib�\7n*d�pg`it#b �,Ö�×uØ b9��`cj�pgZE\yn*d�j�h#\7t�v���Â��k·µ�Et�qHj½pgt^�x�#Â��E·u�

¸ t#j p*\ Å d�n�litybg`co^~El�d�p*`it�jIq�d�b�\�o:mElct�{#\��f~Eb�`ijEh���ªyng\�d�li`c��d�pg`it#jEb�t�v�pgZE\HjEt#`cb�{�b�`ih#jkd�l
v	t#nf\�d�r9Z Ö!×uØ ��Y[ZE\½ng\�bg~El�p*b�t�vep*ZE\�p*Z�ng\�\�]A_õ\�bxp*`co�d�pgt#ngb�D�jkd�of\�l�{#}�p*ZE\|mX\�d�®Õt�v
p*ZE\ ¸ ·�± � î�\�d�®!�"}Xp*ZE\ImEngt#mXt#b�\��¿r�t#ofmXt#jE\�j puli`ij�®$`cjEh�of\�pgZEt$� �,¼ `ij�®�\��k�ud�jE��pgZE\
r�t#oI�E`ijE\��¶²³`ih#jE\�nx�.Á�t#~Eh�Z�pgn*d�j�b�v	t#n�oÍ�kd�b�\��|o:\"p*ZEt$� � ²�Á�Y=�Ä}EqH`cpgZ½d�jE�|qH`�p*ZEt�~�p
YH_�î¬_ºm�ng\�m�ngt$r�\�b�bg`cjEhE}Èd�n�\7mEng\�bg\�j pg\��z`cj½_�`ihE��¦ � d ��d�jE� � �È�Cng\�bgmX\�r"p*`c��\�l�{#�
].j«p*ZE`cb^mkd�mX\�n�}�~Ej�li\�b�b�t�p*Z�\�n�qH`cbg\�bxp9d�pg\��¢}�qC\¶Zkd���\¶bg\�p�pgZE\�of`ijE`co^~Eo lc\�jEh�pgZ¢}�`ij

�#�
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À]Ñ_Ä3ª3Â9E	ÂÖ¯|²n±}¯|²n¶�¾�±�ng¬~³|º
Â�¬~ºrÇÙò Ç�ë!Ý�á5²n±�g¼|Æ~´n¢¸m²n¶hµÜëÍ¶h³�´n±/ìQ°9²gÆ®¶>g¬~µq¼|ÆÛ°9´g¬®¶h³r�¸�¶h²S´g«|²n±�±	ÁÃÂË±�g´g¬~µ(°9´n¶h²n�FGE�±�°9Ø"¶9¸ ´g«r±
ëIH7J�É�¾�¶hµ¯d¶h³r±}³�´qÆ~¬~³|Ø�¬~³|ºÍ°9³r·LK ¬~ºP³r±}²yÏ ê>¶h¼|ºP«l´g²u°9³ry¸�¶h²gµ Ì3¬~´g« À�°�Ä�³r¶#¯|²n±}¯|²n¶�¾�±�nn¬~³|º
°9³r·¹À]Ñ_Ä/ª3Â9E	ÂÖ¯|²n±}¯|²n¶�¾�±�ng¬~³|ºrÇ

r�t#j�jE\�r"p*\��ÏmE`?�\�lib�}�v	t#n7d�r�t#ofm�t#j�\�j p7p*t¶�X\�r�t#j�bg`i��\�ng\��Ïd�p*ng~�\�bg`ih�jkd�l�r�t#ofm�t#j�\�j p
p*tÕ�X\

PL = b3N/4c
b*d�ofmElc\�b���]¯p�r�d�j³�X\sbg\�\�jÜ`cj³_�`ih��C¦ � d �fpgZkd�p¶p*Z�\ ¼ `cjE®�\��d�lih�t#ng`�p*ZEo t#jEl�{zmEn�t��$`c�E\�b�]A_µ\�b�pg`io:d�p*\�b7v	t#n Ö�×uØ ≥

���k· �£_Èt�n Ö�×uØ <
���k· p*ZE\

¼ `ijE®�\�� d�lch#t#n�`cp*Z�o vWd�`clib7p*t½li`ij�®sd|pgng~E\:r�t#ofm�t�jE\�j p�v	ngt#o pgZE\ ° YH_�±I}£p*Z�\�ng\"v	t#ng\�}
jEtf]A_º\�b�p*`co�d�p*\yr�d�j|�X\Id�r9Z�`i\���\�� � bg\�\I_�`ihE�k¦ � d ���"�ÈÁ�t�q�\���\�n�}Èv	t#n Ö�×�Ø ≥

���k·µp*ZE\
¼ `ijE®�\��«d�lih#t#n�`cpgZEo d�mEmEn�t�!`co�d�pg\�l�{�v	t#lclit�qHbep*ZE\ Å Ø ·u�(Y[ZE\ ¸zÖ Ì¡t���bg\"p�v	n�t#o pgZE\
Å Ø ·ºv	t#n¨pgZE\ ¼ `cjE®�\��¶d�lih�t#ng`�p*ZEoõ`ib�d�ng\�bg~El�p�t�v�p*ZE\�ng\�b�t#li~!p*`it�j:\�ngngt�n�r�d�~Ebg\��¶� {fpgZE\
�E`ib�r�n�\�p*`c��d�pg`it#j¶t�v�pgZE\ ° YH_�±I}Èd�bH�E`ib�r�~Eb�bg\���`ij�b�\�r�pg`it#j½�!�§©E�

]¯p7r�d�j¿d�lib�t��X\^bg\�\�jsv	ngt#o _�`chE�X¦ � d �[p*Zkd�pup*Z�\ ¼ `ijE®�\��Ïd�lih�t#ng`�p*ZEoÍm�ngt��$`i�E\�be��\"pgpg\�n
]A_¹\�bxp*`co�d�pg`it#jfng\�bg~El�p*bCpgZkd�j�pgZE\eî�\�d�®�d�lih#t�ng`cpgZEo v	t#n Ö�×uØ ≥

���k·u�!Y[ZE\e`iofmEn�t���\��
m�\�n�v	t#n�o�d�jEr�\¥t�v�p*ZE\ ¼ `ijE®�\��¹]A_�\�bxp*`io:d�pgt#n7t��#\�n�p*ZE\:î�\�d�®¿d�lch#t#ng`�p*ZEo r�d�j¤��\:d�px�
p*n�`i�E~�pg\��Ipgtup*Z�\�\"$p*ngde`iofm�t�bg\��Ir�t#jEbxp*ngd�`ij p�pgZkd�p�r�t#ofm�t�jE\�j p�]A_�\�b�pg`io:d�p*\�b�v	t#n�\�d�r9Z
p*`co:\^`cjEb�p*d�j p�o^~Eb�p��X\¥li`ij�®�\��spgt½d�mEn�\��$`it#~�b�d�jE�¹d�v	~�pg~Eng\¥lct!r�d�l�mX\�d�®z~�bg`ij�h�pgZE\
�E\�wEjE\��zj�\�`ih�Z$�Xt#~En�ZEt$t!��bg\"pu`cj � ��ª �Ä� � bHp*ZE\ Ö�×�Ø �Engt#m�b�}kp*ZE\ ¸ ·�±Êo�d�{¶\Ä!ZE`i�E`�p
h#lit��kd�l¢mX\�d�®5b=qHZE`ir9Z�d�ng\�d�q�d�{�v	ngt#oÍpgZE\yp*ng~�\�]A_»�ÀÃ��,�kY[ZE\�r�t#ofm�t�jE\�j p�li`ij�®$`cjEh¥d�l?�
h#t#n�`cp*Z�o½}!`ijEbxp*\�d��¢}Ebg\�d�ngr9Z�\�b�v	t�n[bg`ih�jE`cwkr�d�j pHlit$r�d�l�m�\�d�®5b=pgZkd�p=d�n�\yli`ij�®�\���}kd�jE��p*ZE`cb
h#\�j�\�n*d�lilc{�t!r�r�~En�bH`ij�mEngt�!`iof`cp.{fp*t�pgZE\7p*ng~�\�]A_��

±u`c��\�n�h#\�jEr�\�v	n�t#o¡p*ZE\ Å Ø ·Ïv	t#n(p*Z�\Cî�\�d�®�d�jE��²�Á�Y d�lih#t#n�`cpgZEo:b�t!r�r�~En�b�v	t#n Ö�×�Ø <¦��k·�d�jE� Ö�×uØ <
���k·�n�\�b�m�\�r�p*`��#\�lc{#�!Y[ZE\e�E`��#\�ngh#\�jEr�\7mXt#`ij pgbC`ij��E`ir�d�p*\Hp*ZE\ Ö�×uØ d�p

qHZE`ir9Z�pgZE\ed�lih#t#n�`cpgZEo:b��X\�h�`ij:pgt^�En�\�d�®5�Et�qHj¢�EY[Z�\�ng\"v	t#ng\�}�`�pCr�d�j��X\ubg\�\�j�v	n�t#oÝ_�`ihE�
¦ � d#�=p*Zkd�p7��t�p*Z ¼ `ijE®�\��¿d�j��¿²�Á=Y d�lih#t#n�`cpgZEo:bH�En�\�d�®½�Et�qHjÏd�p7lit�q�\�n Ö!×uØ pgZkd�j
p*ZE\�î�\�d�®«d�lch#t#ng`�p*ZEo|�(_kt#n Ö�×uØNM ���k· p*tsÛ��k·u}�pgZE\�²�Á=YÎd�lch#t#n�`cp*Z�o mEngt��$`i��\�b
bglc`ih#Z p*l�{��X\�pgpg\�n�\�b�pg`io:d�p*\�b¨pgZkd�j�pgZE\ ¼ `cjE®�\��¶d�lih�t#ng`�p*ZEo|��Y[ZE`cb�qCd�bC\Ä!m�\�r�p*\��|d�b¨pgZE\
��d�ng`id�jEr�\yd�bgbgt$r�`id�p*\��|qH`�p*Z�p*ZE\yn�\�bgt�li~�pg`it#j�t�v�p*ZE\��E`cbgr�n�\�pg\ ° YH_�±Êr�d�j|�X\�n�\��E~�r�\��
� {Õ\�b�pg`io:d�p*`cjEhzp*Z�\½~Ej��E\�n�lc{$`ijEhÏmkd�ngd�of\�p*n�`ir�]A_ v	~EjEr"p*`ct#j�b�~Er9Zµd�b¥`cjºpgZE\¶²�Á�YC�

���



�kd�b�\��ºo:\"p*ZEt$� 1 ��Á�t�q�\��#\�n�}¬v	t#n Ö�×�Ø >
Û��E·u}�p*ZE\¶²�Á=YÎ\"!ZE`c�E`cpgb¥d?OÈd�p ¸zÖ Ì[�Y[ZE`ib�\�n�ngt#n�`ibI��\�p*\�ngof`ijE\��«� {¤pgZE\�n�\�b�t#li~�pg`it#j¤t�v[p*Z�\��E`cbgr�n�\�pg\¶Á�t#~�h#Z«mkd�ngd�of\�p*\�n

bgmkd�r�\����#Â���}CqHZ�`ir9ZÜr�d�j���\¿`iofmEn�t���\��³�E~�p½d�p�pgZE\¿\"!m�\�jEbg`��#\Ït�v�d�j�`cjEr�n�\�d�b�\¿`ij
r�t#ofmE~�p*d�p*`ct#jkd�l�lit d��¢�
Y[ZE\�ng\�bg~El�p*b7d�r9ZE`i\"�#\��¿� {�pgZE\¥d�lch#t#ng`�p*ZEofb[qHZE\�j¿YH_�î¬_�`cbed�mEm�li`i\��¢}�d�ng\^b�ZEt�qHj¿`ij
_�`ih��(¦ � �k�"�£]¯pIr�d�j¹�X\fbg\�\�j¹p*ZEd�p�pgZE\fng\�b�~ElcpgbId�ng\fbg`iof`ilid�nupgt|pgZE\�n�\�bg~�lcp*byqHZE\�j«jEt
mEng\�mEngt$r�\�bgb�`ijEhf`ib[d�mEmEli`c\��¢}!\"!r�\�m�p=v	t#n[d�bgZE`�vÉp[p*t�qCd�ng�EbHlct�q�\�n Ö!×uØ b��E].j�p*ZE`cbCwkh#~�ng\
qC\7ZEd���\ymElit�p�p*\���p*ZE\7]A_«\�b�p*`co�d�p*`it�j�\�n�ngt#nHd�h d�`ij�b�pCpgZE\7ng\�r�\�`c�#\���bg`ih�jkd�l Ö!×uØ �EY[ZE\
YH_�î¬_µ`iofmEngt��#\�b7p*ZE\ Ö�×�Ø t�v¨p*ZE\�n�\�r�\�`c��\��¹b�`ih#jEd�l�� {swkl�p*\�n�`ijEh�t#~�p�jEt#`cbg\�mXt�q�\�n��
Y[ZE\�n�\�v	t#n�\�}�dH��\"pgp*\�n�]A_�\�bxp*`co�d�pg\�v	t#n(p*ZE\¨ng\�r�\�`c�#\¨bg`ch#jkd�l Ö!×uØ `ib�d�r9Z�`i\���d���li\��X\�r�d�~Ebg\
p*ZE\7YH_�î¨_ mEn�\�mEn�t!r�\�b�bg`ij�hfZEd�b[`iofmEngt���\��¶p*ZE\yd�r�p*~Ed�l Ö�×�Ø �EY[Z�`ib[`ib�p*ZE\7n�\�d�b�t#j¶v	t#n
p*ZE\yb�ZE`cvÉp[pgt�qCd�n��Eb�lct�qC\�n Ö�×uØ v	t#n�pgZE\ymElit�p*b[`ij�_�`ihE�k¦ � �È�Ä�

�5ß ý 5 Ô�â�Ô�è9Ô�uÑkÔ�â Þ âkç76ÈÓ à âXÐ á98 ÓÉç	êL@�Ô�âP(Q
�Ð�Ò�ÐR� Þ ç,ÒÄÓ�è�S � ÓÉâ=<?>A@

].j��§Û��,}�`�p£q�d�b�b�p*d�p*\���p*ZEd�p�pgZE\�Á�t#~Eh�Z$� Ø d��Et#jyp*ngd�jEb�v	t�ngo �kd�b�\��^]A_|\�bxp*`io:d�pgt#n(r�t#~�li�
��\�~Ebg\���p*t^\�b�pg`io:d�p*\�d�j {�]A_¿p*Zkd�p�b*d�p*`ibxwk\���d�mkd�ngd�o:\"p*n�`ir=r�t#jEbxp*ngd�`ij p��$Y[ZE`cbC`ib¬p*n�~E\
v	t#n�d�j {¿]A_�\�b�pg`io:d�p*`ct#jzp*\�r9ZEjE`i�5~E\fqHZE`ir9ZÏng\�li`c\�byt#j¿p*ZE\:Á�t#~�h#ZÏpgn*d�j�b�v	t#n�o t�vCpgZE\
YH_ºn�\�mEn�\�b�\�j p9d�pg`it#j|bg~�r9Zzd�b[p*Z�t#bg\y`ijÏ�ÀÙ��È��ª����
� b�`ih#jkd�l�qH`cp*Z¹d�j«]A_³p*Zkd�p�`ib�jEt�p�\�d�bg`il�{¿mkd�ngd�o:\"p*\�ng`i��\��Ï`ib�~Ebg\��«v	t#nyp*ZE\fb*d�®�\�t�v
p*ZE`cb¥m�\�n�v	t#n�o�d�j�r�\�d�b�bg\�b�bgof\�j p��¨Y[ZE\|bg`ch#jkd�l�`cb�t�velc\�jEh�p*Z

N = 1024
}�d�jE��ZEd�bfd

b*d�ofmElc`ijEhengd�p*\[t�v
fs = 1

Á=��� Y[ZE\Hb�`ih#jkd�l!qCd�b�r�t#jEbxp*ng~�r�p*\��fqH`�p*Zfd�j¥]A_zqHZE`ir9Zfr�t�~Eli�
��\Ibg\�mEd�n*d�pg\��¿`ij pgt�p*ZEn�\�\�b�\�r�pg`it#j�b�í¢Z {$m�\�ng�Xt#li`cr�v	n�\��5~E\�j�r�{soft!��~El�d�pg`it#j � Á�_ ¸ �Ä}¢d
r�t#j�b�p9d�j5pIp*t#jE\:d�jE�¤p*ZE\�j ¼ _ ¸ � b�\�\¶_�`ihE�(©5�Ä�£Y[ZE\�ng\�d�l¨�E`ib�r�ng\"p*\�}�d�ofmElc`cp*~��E\fd�jE�
v	ng\��$~�\�jEr"{½oft$�E~El�d�p*\���}�bg`ch#jkd�l�~Ebg\��½`cj�pgZE`ibHd�bgbg\�bgb�o:\�j5pu`ib[h#`��#\�j|� {

s[n] = a[n] cos(φ[n]) � ��¦#�
qHZE\�n�\�pgZE\ymEZkd�b�\7v	~EjEr�pg`it#j�`cb[h#`c��\�j|�5{

φ[n] =



























2π0.05
−0.0017

ln(1 − 0.0017n) : 1 ≤ n ≤ 400

φ[400] + 2π0.16(n− 400) : 401 ≤ n ≤ 624

φ[624] + 2π
(

0.16 + 0.00035
2

(n− 624)
)

(n− 624) : 625 ≤ n ≤ 1024
� ��©5�d�jE��p*ZE\7pg`iof\Ä�5��d�nx{!`cjEh^b�`ih#jkd�l¢\�j �#\�lit#mX\y� {

a[n] = 1 + 0.075 cos(2π0.00195n) � �#Â��

1 ªQ«|¬®C¬®°9³N°9Æ®¶hº�¶h¼rC´n¶Í´g«r±�¼rn±�¶9¸>Æ~¬~³r±�°9²�²n±}ºP²n±�ug¬®¶h³�¶9¸>¶hÑrn±}²gÈ�±�·Ö·r°9´u°&¸m¶h²C¬~µ¯|²n¶�È�±�·
±�g´g¬~µ(°9´g¬®¶h³Í¶9¸�°CØ�³r¶�Ì3³SÉr¼|³r·|±}²gÆ~¿�¬~³|ºrÉNÆ~¬~³r±�°9²3¸]¼|³r¾}´g¬®¶h³SÇ

��¦
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Â�¬~ºrÇUT ÇÙëÍ¶�· ¬ãÊN±�·;H<Ï · ¬®g´g²g¬~Ñ|¼|´g¬®¶h³¶9¸_°3³r¶h¬®g¿"g¿�³�´g«r±}´g¬®¾<µ�¶h³r¶�¾�¶hµ¯d¶h³r±}³�´	g¬~ºP³N°9Æ�Ì3¬~´g«�Ý�Þ>ß
V ÏIôh·�H�Ç
Y[ZE\ ¸ ·�±¾t�v�pgZE\yjEt#`cbg\ev	ng\�\�}kjEt�j$�$mkd�ngd�of\�p*n�`ire]A_Õbg`ch#jkd�l�`ib[bgZ�t�qHj|`ij|_�`chE��©��

¸ t#j p*\ Å d�nglctÕbg`ioI~El�d�pg`it#j�b � ��ªÕng\�d�li`c��d�pg`it#jEb:qH`cp*ZÜd��E�E`�p*`��#\s²µÇ × ��v	t#n¶��d�nx{!`cjEh
li\"�#\�lcb�t�v Ö�×�Ø n�\���\�d�lc\���p*Zkd�p�p*Z�\�mEngt�m�t#b�\���]A_�\�b�pg`io:d�p*`ct#j^d�lch#t#n�`cp*Z�oÜvWd�`ilc\���p*telc`ijE®
d�r�t#ofmXt#jE\�j pyd�p Ö�×�ØWM ���k·ÜqH`cpgZzjEt¶mEn�\�mEn�t!r�\�b�bg`ij�h½d�jE� Ö�×uØXM �9��ª��E·ÜqHZE\�j
~Ebg`cjEh^YH_�î¬_«mEn�\�mEn�t!r�\�b�bg`ij�hE��Y[ZE\ ¸ ·�±¡t�v£t#jE\ung\�d�li`i��d�p*`ct#jft�v(p*ZE\ujEt#`ibx{fbg`ih�jkd�l�d�p
�AÛ��E·�`ib¨bgZ�t�qHj¶`cj�_�`chE�$Â!�5]¯p�r�d�j��X\�b�\�\�j�p*Zkd�p�p*ZE\��E`ibxp*`cjEr�p¨ng`c�Eh#\Hv	t#lilct�qH`ijEh7p*Z�\u]A_
l�d�q»`ij|_�`ih���©¥`ib[jEt�q b�\���\�ng\�lc{�o:d�bg®�\��|� {¶p*ZE\�d��E��`cp*`��#\u²�Ç × `cj|_�`ihE�EÂ!�
_�`ih���Ã�bgZEt�qHb�p*ZE\ ¸ ·�±�t�vkpgZE\�jEt#`cb�{�o:t�jEt!r�t#ofm�t#j�\�j p�b�`ih#jEd�l�d�vÉp*\�n�v	t#~En�`cp*\�n*d�pg`it#j�b
t�v¢pgZE\eYH_�î¬_¤m�ngt$r�\���~Eng\���Y[ZE\uqH`cjE�Et�q³bg`c��\=v	t#n¨pgZE\emEb�\�~E��t��5²µ´7±ÜqCd�b�r9Z�t#bg\�j�p*t
��\��!�Cbgd�ofmEli\�b�d�r�r�t#n��E`ij�h�p*t^����Ã�����Y[ZE\�]A_|\�bxp*`io:d�pg\�}�\"$p*ngd�r�pg\���~Eb�`ijEh=p*ZE\�mEngt�m�t#b�\��
d�lih�t#ng`�p*ZEo|} v	t#n�p*ZE\yjEt�`ibg\yn�\��E~Er�\��½bg`ih�jkd�l¢`cj�_�`ihE�EÃ¥`cb[bgZEt�qHj½`ij�_�`chE�ÈÙ!�
� r�t#ofmkd�n�`ibgt�j�qH`�p*Z�]A_Õ\�b�pg`io:d�p*t�ngb[�kd�b�\��½t#j|pgZE\�Á�t#~�h#Z|pgn*d�j�b�v	t#n�oÎq�d�b�jEt�p�~�j!�
�E\�nxp9d�®�\�j«v	t#nyp*Z�`ib�bg`ih�jkd�l¨d�b�pgZE\�n�\�`cb�jEt|q�d�{Ïp*t½\�d�b�`ilc{¿mEd�n*d�of\�pg\�n�`i��\�pgZE\�b�`ih#jkd�l
]A_»qH`cpgZ«bg~�Y:r�`i\�j5p�d�r�r�~En*d�r"{#��_Èt�nI\"�d�ofmElc\�}£`cv�pgZE\�pgng~E\:]A_»v	~EjEr"p*`it�j«`ibId�mEmEn�t�!`?�
o�d�p*\��:qH`cp*Z�d

9th t#ng��\�nCmXt#l�{!j�t#o:`id�l�}�qHZE`ir9Z�\��5~kd�p*\�b�p*t�d:��ªI�E`co:\�jEbg`ct#jkd�lXÁ�t�~Eh#Z
mkd�ngd�o:\"p*\�n�bgmkd�r�\�}�p*Z�\|of`ij�`io^~Eo ¸zÖ ÌÆd�r9ZE`i\"��d��Eli\�}�`ij pgZE\�jEt#`ib�\Ä�5v	n�\�\�r�d�bg\½d�jE�
`ij�wEjE`cpg\�Á=t#~Eh#ZfbgmEd�r�\�ng\�b�t#li~!p*`it�j¢}#`ib

6.92×10−6 � Å t#ofmkd�ng\[pgZE`ib�p*t�Y�d��Eli\y�HqHZE`ir9Z
bgZEt�qHb7p*Z�\ ¸zÖ Ì»v	t#n�p*ZE\ ¼ `ij�®�\��¤d�jE�¿î�\�d�®zd�lih#t�ng`cpgZEofbud�p Ö!×uØWM ���k·ÜqH`�p*Z¿jEt
mEng\�mEngt$r�\�bgb�`ijEh�d�jE� Ö�×�Ø4M �.Û��k·«~Eb�`ijEhyYH_�î¬_smEng\�mEngt$r�\�bgb�`ijEhE� Y�d��Elc\e�=d�lib�t7bgZEt�qHb

��©
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Â�¬~ºrÇNñ�ÇrªS²g¼r±Å°9³r·#á	g´g¬~µ(°9´n±�·5ÁIÂä¶9¸�´g«r±"µ�¶h³r¶�¾�¶hµ¯�¶h³r±}³�´�g¬~ºP³N°9ÆaÇ
ª�°9Ñ|Æ®±(ð
E�±}²y¸m¶h²gµ(°9³r¾�±Ë¾�¶hµ¯N°9²g¬®u¶h³ ¶9¸ZE+±�°9ØÖ°9³r·��S¬~³|Ø�±�·Ö°9Æ~º�¶h²g¬~´g«|µ��Ì3¬~´g«Ö°9³r·äÌ3¬~´g«r¶h¼|´ª3Â9E	Â
¯|²n±}¯|²n¶�¾�±�ng¬~³|ºrÇ

Ö�×uØ ¸zÖ Ì ·C`id�b ´¨d�ng`id�jEr�\
î�\�d�® ���E·

1.93 × 10−6 −8.6 × 10−5 1.91 × 10−6

¼ `ij�®�\�� ���E·
7.9 × 10−7 −9.98 × 10−5 7.8 × 10−7

î�\�d�® � YH_�î¬_�� �.Û��k·
1.07 × 10−6 −9.3 × 10−5 1.05 × 10−6

¼ `cjE®�\�� � YH_�î¬_�� �.Û��k·
5.6 × 10−7 −8.8 × 10−5 5.5 × 10−7

p*Zkd�p�p*Z�\ ¼ `ijE®�\��¥d�lch#t#ng`�p*ZEoÜmEngt��$`i�E\�b�de�X\�pgpg\�n�\�b�pg`io:d�p*\¨p*Zkd�jIp*ZE\�î�\�d�®^d�lch#t#ng`�p*ZEo|�
Y[ZE`ibI`iofmEngt��#\��«mX\�n�v	t�ngo:d�jEr�\:`ib�d�h d�`ij¹d�pgpgng`c�E~�p*\��¹p*t½p*ZE\�\Ä$p*n*dzr�t#jEbxp*n*d�`ij p^p*ZEd�p
r�t#ofmXt#jE\�j p=]A_ \�bxp*`io:d�pg\�b�v	t#n[\�d�r9Z|pg`iof\7`ijEbxp9d�j pHo^~�b�p=Zkd��#\yli`cjE®�\��½lct!r�d�l�mX\�d�®$b��

�5ß�� 5 å á çWÓ�è9Ô�uÑkÔ�â Þ âkç[6ÈÓ à âXÐ á ÓÉâ=<?>A@

Y[ZE\¶o^~El�p*`cr�t#ofm�t�jE\�j p�bg`ch#jkd�l¨~Ebg\�� `ij¹pgZE`ib�m�\�n�v	t#n�o�d�jEr�\�d�bgb�\�bgb�o:\�j p:r�t#jEb�`ib�pgb^t�v
p*ZEn�\�\¶r�t#o:mXt#jE\�j p*b���Y[Z�\¶bg`ih�jkd�lCr�t#ofm�t#j�\�j p*b�`cjEr�lc~E�E\¶d ¼ _ ¸ r�t�o:mXt#jE\�j5p�}�dsbg`?�
j5~Ebgt#`c�kd�l(v	ng\��5~E\�jEr"{|o:t$�E~Elid�p*\��|r�t#ofm�t#j�\�j p ��Ö _ ¸ �=d�j��zd¥Z5{$mX\�n���t#lc`ir7v	ng\��5~E\�jEr"{

��Â



Time signal

PS
D

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

100

200

300

400

500

600

700

800

900

1000

Frequency (Hz)

Ti
m

e 
(s

)

Â�¬~ºrÇrõ ÇrëÍ¶�· ¬ãÊN±�·%H7Ï · ¬®n´g²g¬~Ñ|¼|´g¬®¶h³5¶9¸	°g¿�³�´g«r±}´g¬®¾¡µÅ¼|Æ~´g¬®¾�¶hµ¯d¶h³r±}³�´�g¬~ºP³N°9ÆaÇ
o:t$�E~Elid�p*\��¤r�t#ofm�t#j�\�j p � Áu_ ¸ �"��Y[ZE\�mEZkd�bg\:v	~�jEr�pg`it#jÏv	t#n ¼ _ ¸ b�qCd�b^mEn�\�bg\�j p*\��
`ij�bg~��Ebg\�r�p*`ct#j½¦��c���kY[ZE\ymEZkd�b�\yv	~�jEr�pg`it#j¶v	t#nHd Ö _ ¸ `ib[h�`c�#\�j½� {

φSFM(t) = 2πfct + m
fm

sin(2πfmt+ θ) � ��Ã �
qHZE\�n�\

fc
`ib¨p*ZE\7r�\�j p*\�nHv	n�\��5~E\�jEr�{�}

m
`cbCp*Z�\7o�d�!`co^~EoÆ��d�ng`id�p*`ct#j¢}

fm
`ib�pgZE\7bg`cj5~!�

bgt#`c�kd�l�o:t$�E~Elid�p*`ct#jfv	n�\��5~E\�jEr�{�d�jE�
θ
`ibCpgZE\7mEZkd�bg\7t���bg\"pHt�v(p*ZE\7b�`ij5~Eb�t#`i�kd�l�oft!�E~$�

l�d�pg`it#j��!Y[ZE\�mEZkd�bg\7v	~EjEr"p*`it�j�v	t�nHd:Á�_ ¸ `ib[h#`��#\�j|� {

φHFM(t) = 2πf0
fr

ln |1 + frt|
� ��Ù#�

qHZE\�n�\
f0

`ib¬p*Z�\�bxp9d�nxp¨v	n�\��5~E\�jEr�{:t�v¢pgZE\uÁ�_ ¸ d�jE�
fr

`cb�p*ZE\�Z5{$mX\�n���t#lc`ir[v	ng\��5~E\�jEr"{
n*d�pg\��
Y[ZE\¥b�{$j p*ZE\"p*`cr:b�`ih#jkd�l�`ib7t�vClc\�jEh�pgZ

N = 1024
b*d�ofmEli\�byd�jE�¿Zkd�b�d¶b*d�o:mElc`ijEh:v	ng\"�

�5~E\�jEr"{�t�v
fs = 1

Á�����Y[ZE\[pg`iof\Cbg~�mEm�t�n�p�v	t#n�d�lil!r�t#ofm�t�jE\�j p*b�qCd�b�pgZE\[\�j p*`cng\�b�`ih#jEd�l
li\�jEh�p*Z���Y[ZE\CmEZkd�b�\Cv	~EjEr"p*`it�jEb�d�j��^bg`ch#jkd�l5\�j ��\�lit�m�\�b�v	t#n�\�d�r9Z�r�t�o:mXt#jE\�j5p�d�ng\Ch#`c��\�j
� {�í

� ��� ¼ _ ¸ í
φ[n] = 2π(0.05 + 9.8×10−5

2
n)n

a[n] = 1 + 0.075 cos(2π0.00195n)
� �#� Ö _ ¸ í

φ[n] = 2π0.25n+ 12.5 sin(2π0.002n)

a[n] = 1 + 0.075 cos(2π0.00195n+ 1)
� ¦ �¶Áu_ ¸ í

φ[n] = 2π0.3
−3.3×10−4 ln(1 − 3.3 × 10−4n)

a[n] = 1 + 0.075 cos(2π0.00195n+ 2.5)

_�`ih��5Ú�bgZ�t�qHb�p*ZE\ ¸ ·�±Üt�v�p*ZE\�o^~Elcpg`ir�t#o:mXt#jE\�j p¬bg`ih�jkd�lÈ~Ebg\���`ijfp*ZE`cb�mX\�nxv	t#ngo:d�jEr�\
d�bgb�\�b�bgof\�j p��X]¯p=r�d�j½��\ybg\�\�j|v	ngt#o _�`ihE�kÚ�p*ZEd�p[p*ZE\ ¸ ·�±Êr�lc\�d�n�lc{�b�ZEt�qHb=pgZE\yp*ZEn�\�\
bg`ch#jkd�l¢r�t#ofm�t#j�\�j p*b[qH`cpgZ�o:`cjE`io:d�lÈr�n�t#bgbxp*\�n�o:b��

¸ t#j p*\ Å d�nglctÕbg`ioI~El�d�pg`it#j�b � ��ªÕng\�d�li`c��d�pg`it#jEb:qH`cp*ZÜd��E�E`�p*`��#\s²µÇ × ��v	t#n¶��d�nx{!`cjEh
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Â�¬~ºrÇPô Ç�ëÍ¶�· ¬ãÊN±�·�H<Ï · ¬®g´g²g¬~Ñ|¼|´g¬®¶h³�¶9¸d°;³r¶h¬®g¿qn¿�³�´g«r±}´g¬®¾<µÅ¼|Æ~´g¬®¾�¶hµ¯d¶h³r±}³�´<g¬~ºP³N°9Æ�Ì3¬~´g«(Ý�Þ>ß
V ÏuðPð�·�H�Ç
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Â�¬~ºrÇrð�� Ç�ëÍ¶�· ¬ãÊN±�·\H<Ï · ¬®g´g²g¬~Ñ|¼|´g¬®¶h³�¶9¸¢³r¶h¬®g¿�µq¼|Æ~´g¬®¾�¶hµ¯�¶h³r±}³�´3g¬~ºP³N°9Æ�°�¸]´n±}²	¸m¶h¼|²	¬~´n±}²u°9´g¬®¶h³r
¶9¸�ª3Â9E	ÂQÇ
li\"�#\�lcb¬t�v Ö�×�Ø `ijE�E`cr�d�pg\���p*ZEd�p¬p*ZE\ ¼ `ijE®�\���d�lih#t#n�`cpgZEoõ�X\�h#d�jfvWd�`ili`cjEhupgt�\Ä!pgn*d�r"p�pgZE\
]A_kbHv	t�nHpgZE\7p*ZEn�\�\�r�t#ofmXt#jE\�j pgbud�p Ö�×�Ø]M ª��k·µqH`cpgZ½j�t:mEn�\�mEn�t!r�\�b�bg`ij�h�d�j�� Ö�×�Ø
M �9�����k·µqH`cp*Z|YH_�î¬_�m�ng\�m�ngt$r�\�b�bg`cjEhE�ÈY[ZE\ ¸ ·�±õt�v�t#jE\�ng\�d�li`c��d�pg`it#j¶t�v�p*Z�\�jEt�`ib�{
bg`ch#jkd�l,}�qH`cpgZ Ö!×uØ^M �*�#���k·�}¢`ibybgZ�t�qHj¤`ijÏ_�`chE�¢Û��(]¯p�r�d�j¤�X\¥bg\�\�j¤pgZkd�pyp*Z�\fr�li\�d�n
r�t#ofmXt#jE\�j p=ng`c�Eh#\�b[`ij|_�`ih��EÚ¥d�ng\yjEt�qÜbg\���\�n�\�lc{�o:d�b�®�\��|`ij|_�`chE�EÛ!�
Y[ZE\Im�bg\�~��Et��¯²µ´e± �kd�b�\��z`�p*\�n*d�pg`c�#\yYH_�î¬_�d�lih#t�ng`cpgZEo|}�ng\�m�\�d�p*\���v	t#~EnHp*`co:\�b�}EqCd�b
d�mEmElc`i\��:p*t�p*ZE\�jEt#`cb�{fbg`ch#jkd�lkv	t#n�bg`ih�jkd�lÈ\�jEZEd�jEr�\�o:\�j p�� � l�d�hyqH`ij��Et�q»lc\�jEh�p*Z�t�v��!�
�kd�p*d�m�t�`ij p*bHq�d�ber9ZEt#b�\�j¢�¢Y[Z�\ ¸ ·�±ït�v�p*ZE\�\�b�pg`io:d�p*\���b�`ih#jkd�l�v	n�t#oÍp*ZE\I`cp*\�n*d�pg`c��\
YH_�î¬_ mEngt$r�\��E~Eng\�`cb^bgZEt�qHjº`ijÕ_�`chE�C��ª���]¯p¥r�d�jÕ��\¶b�\�\�jÕv	ngt�o _�`chE����ªspgZkd�p^pgZE\
bg`ch#jkd�l¢r�t#ofm�t#j�\�j p*b=d�n�\7jEt�q �E`ibxp*`cjEh#~E`cbgZkd���li\�v	n�t#oñpgZE\yng\��E~Er�\���jEt�`ibg\ylc\��#\�l��
_�`ih��¢�#��bgZEt�qHb�pgZE\��E`ijkd�n�{�`io:d�h#\�}

B(t, f)
}kt#��p*d�`ijE\��|v	n�t#oÎpgZE\���\�p*\�r�pg`it#j½t�v�lct!r�d�l

m�\�d�®5b�t�vHp*ZE\ ¸ ·�± `ij _�`chE�¨��ª���]¯p^r�d�j �X\¶bg\�\�j v	ngt#o _�`chE������p*Zkd�p^o�d�j {¤lit$r�d�l
m�\�d�®5b�\"!`ibxp¥`ij«pgZE\¶YH_¡ng\�mEng\�bg\�j p*d�p*`ct#j¢�¬Á�t�q�\���\�n�}¬t#j�lc{Ïp*ZE\�b�`ih#jEd�lCr�t#o:mXt#jE\�j p*b
d�ng\ylc`ijE®�\��¶v	ngt#oÎd�mEmEn�t��`co�d�p*\�l�{:pgZE\y��\�h#`ij�jE`ijEh�t�v�pgZE\ybg`ih�jkd�l�pgt¥pgZE\y\�jE���È_�`ihE�����
bgZEt�qHb�p*Z�\[\�b�pg`io:d�p*\��^]A_kb�t�vÈp*Z�\[li`ij�®�\���r�t#ofm�t#j�\�j p*b�d�jE��p*ZE\Cpgng~E\[]A_zt�vXpgZE\�b�`ih#jkd�l
r�t#ofmXt#jE\�j pgb��
� r�t#o:mEd�ng`cbgt#j¹qH`�p*Z«]A_»\�b�pg`io:d�p*t�ngb��kd�bg\�� t#j¹pgZE\¶Á�t�~Eh#Z«p*ngd�jEbxv	t#ngo t�v[pgZE\�YH_
ng\�mEng\�bg\�j p*d�p*`ct#j^r�t�~Eli��jEt�p��X\Co:d��E\¬v	t#n£p*ZE`cb�\Ä�d�o:m�li\�d�b�\�d�r9Z^t�vEpgZE\Cb�`ih#jEd�l5r�t#ofm�t��
jE\�j pgb[\"!ZE`i��`cp���`c��\�ng\�j p�mkd�ngd�of\�p*n�`irHv	~EjEr"p*`it�jEb��!Y[Zkd�p�`cb�}$`cv(pgZE\eYH_¹n�\�mEn�\�bg\�j p9d�pg`it#j
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Â+¬~ºrÇ�ð�ö Ç|ªS²g¼r±Å°9³r·Ëá7g´g¬~µ(°9´n±�·&ÁÃÂre¶9¸�´g«r±¡µq¼|Æ~´g¬®¾�¶hµ¯�¶h³r±}³�´�g¬~ºP³N°9ÆaÇ
ª�°9Ñ|Æ®±Åö
E�±}²y¸m¶h²gµ(°9³r¾�±/¶9¸ �¢¬~³|Ø�±�·Å°9Æ~º�¶h²g¬~´g«|µÜ¸m¶h²S³r¶h¬®n¿>µÅ¼|Æ~´g¬®¾�¶hµ¯d¶h³r±}³�´�n¬~ºP³N°9Æ®�É�Ì3¬~´g«Å°9³r·¡Ì3¬~´g«r¶h¼|´
ª3Â9E	ÂÖ¯|²n±}¯|²n¶�¾�±�ng¬~³|ºrÇ

Ö�×�Ø ¸�Ö Ì ·C`�d�b ´¨d�ng`id�jEr�\
¼ _ ¸ ���k·

2.56 × 10−6 1.53 × 10−5 2.54 × 10−6

Ö _ ¸ ���k·
2.93 × 10−6 4.15 × 10−5 2.91 × 10−6

Áu_ ¸ ���k·
5.78 × 10−6 −3.9 × 10−5 5.6 × 10−6

¼ _ ¸ � YH_�î¬_�� �9�#���E·
1.7 × 10−6 −4.3 × 10−5 1.7 × 10−6

Ö _ ¸ � YH_�î¬_�� �9�#���E·
2.0 × 10−6 4.4 × 10−5 1.99 × 10−6

Á�_ ¸ � YH_�î¬_�� �9�#���E·
2.6 × 10−6 −1.1 × 10−4 2.58 × 10−6

q�d�b¥pgn*d�j�b�v	t#n�o:\��Õpgtsp*ZE\|Á�t�~Eh#ZÕli`cjE\¶bgmkd�r�\�}�\"�#\�ja`ij pgZE\¶jEt#`cbg\Ä� v	ng\�\�r�d�bg\�}�t#jElc{
d�j½d�r�r�~En*d�pg\�\�b�pg`io:d�p*\ev	t#n[pgZE\ ¼ _ ¸ r�t�~Eli�|��\yt#�!p9d�`cjE\��¢� � r�t#o:mEd�ng`cbgt#j¶qH`cpgZ|pgZE\
î�\�d�®�d�lch#t#ng`�p*ZEo r�t#~Elc��jEt�p��X\[o�d��E\[d�b�pgZE\[bg`ch#jkd�l!\"!ZE`c�E`cpgb�o^~El�p*`im�li\¨r�t#ofm�t�jE\�j p*b��
Á�t�q�\��#\�n�}¢~�bg`ij�h�p*ZE\IYH_�î¬_amEng\�mEngt$r�\�bgb�`ijEhE}Xp*ZE\�mEngt�m�t#b�\��s]A_a\�b�pg`io:d�p*`ct#j�bgr9ZE\�o:\
r�d�j:mEngt��$`i��\ud�r�r�~Engd�p*\=\�bxp*`co�d�pg\�b¨�Et�qHj:pgt Ö�×�Ø`M �9�#���E·u�5_kt#n Ö�×uØ >

�*�#���k·�}#p*ZE\
d�lih�t#ng`�p*ZEoÝ��\�h#`ij�b=vWd�`cli`cjEhIp*tfli`cjE®�pgZE\�]A_kbHt�v�bg`ih�jkd�l(r�t�o:mXt#jE\�j5pgb��ÈY[ZE\�]A_º\�b�p*`co�d��
p*`ct#j�ng\�b�~Elcpgb�qH`cpgZ�d�j���qH`�p*ZEt�~�pHYH_�î¬_�d�ng\7bgZ�t�qHj½`ij�Y�d��Eli\��$�
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Â�¬~ºrÇSð�ò Ç|ªQ¬~µ�±[Î�¸]²n±�½�¼r±}³r¾}¿Ë²n±}¯|²n±�n±}³�´u°9´g¬®¶h³5¶9¸�³r¶h¬®g¿�³r±}Ì3Ñ�¶h²g³&á	á/âÒn±}¬ba�¼|²n±"±}¯�¶�¾n«SÇ
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Y[ZE\eo^~�lcp*`cr�t#ofmXt#jE\�j p¨r9Zkd�ngd�r�pg\�n�`ib�pg`iret�v(jE\�qH�Xt#n�j�Ì¨Ì¨Ç q�d�bCng\�mXt#nxp*\��¶`cjs�À��Ã���d�jE�
b�pg~E�E`i\��³`ij³�E\�p*d�`il�`ij¾�?��¦��,��Y[ZE\¿j5~Eo^�X\�n¶t�v�r�t�o:mXt#jE\�j5pgb�d�jE�³p*ZE\s]A_Æt�v�b�`ih#jkd�l
r�t#ofmXt#jE\�j pgbed�n�\�`co:mXt#n�p*d�j p[v	\�d�pg~Eng\�bur9Zkd�n*d�r"p*\�n�`i��`ijEh¥p*ZE\�jE\�qH�Xt#n�jsÌ¬Ì�Çïb�\�`i��~Eng\��
Ì�!pgn*d�r"p*`ct#jst�v¬p*ZE`cbe`ij!v	t#ngo:d�p*`ct#j|~Ebg`cjEh ° YH_�±ub7Zkd�b�}¢mEn�\��$`it#~�bglc{�}��X\�\�j¹d��E`gYfr�~El�p
d�jE�µp*`co:\½r�t#j�bg~Eof`ijEh¤p9d�b�®�`ij �#t�lc�$`ijEh¹bg~EmX\�nx�!`cbg\��»lct!r�d�l�mX\�d�®a\�bxp*`co�d�pg`it#j�~Ebg`cjEh
bg~E�5Ë�\�r�pg`c��\�p*Z�ng\�b�ZEt#lc�E`ijEhfd�j��½b�~E�$Ë�\�r"p*`��#\I��\�p*\�ngof`ijkd�p*`it�j¶t�v�pgZE\yj$~�o^��\�n�t�v�b�`ih#jkd�l
r�t#ofmXt#jE\�j pgb���Á=t�qC\"�#\�n�}¬~Ebg`cjEh�p*Z�\¶mEngt#mXt#b�\�� ]A_¡\�bxp*`co�d�pg`it#j¤bgr9ZE\�o:\�}�p*Z�`ibI`cj�v	t#nA�
o�d�p*`it�j¶r�d�j��X\�\Ä$p*n*d�r�p*\��zd�~!p*t#o:d�p*`cr�d�lclc{¥`cj½d�j|t��$Ë�\�r"p*`c��\�o:d�jEj�\�n��

Y[ZE\Ij�\�qH�Xt#ngjsÌ¬Ì¨ÇÆ�kd�p9df~Ebg\��z`ij|p*ZE`cbHbg\�r"p*`ct#j�qCd�bun�\�r�t�ng�E\��sd�p=p*ZE\ Ø t�{ d�l�·Cn�`ibA��kd�jE\fd�j��¿²¤t#of\�j9h§b�Á�t#b�mE`cp*d�l�`cj¤·�ng`ib��kd�jE\�} � ~�b�p*ngd�li`id���Y[Z�\fngd�qÆÌ¬Ì¨ÇÎ�kd�p9d�qCd�b
b*d�ofmElc\��¿d�p���Â�Ã#Á����¢Á=t�q�\���\�n�}£pgZE\�o:d�Ë�t#ng`�p.{|t�v¨bgmX\�r�pgn*d�l�\�jE\�n�h�{z`cjzp*ZE\�j�\�qH�Xt#ngj
Ì¬Ì�Ç � Ó ßWÞ�ß ≥ 95%

t�v�bgmX\�r"p*ngd�lÈ\�jE\�ngh�{���`ib¬r�t#j�r�\�j pgn*d�pg\���`cjfpgZE\[wkngbxp�p.q�t�v	n�\��5~E\�jEr�{
�kd�jE��b � δ d�j��

θ
�Ä} qHZE`ir9Z�r�t#jEb�`ib�p�t�v¢v	n�\��5~E\�jEr�`c\�b��X\�p.q�\�\�j�ª��À©��AÚ#Á=�I�À�#Ù��,�5Y[ZE\�n�\�v	t#n�\�}

p*ZE\�ngd�q Ì¨Ì¨Ç qCd�bflit�qÎmEd�bgb¥wklcpg\�n�\��¢}�qH`�p*ZºdÏr�~�p*t��µv	ng\��5~E\�jEr�{�d�pfÚ�Á���}¬�X\�v	t#n�\
��\�`ijEh¥�Et�qHj|b*d�ofmElc\��¶p*t:��ª#Á=���

_�`ih��¢��¦¥bgZEt�qHb�pgZE\ ¸ ·�±õt�v�d�j|\�mXt!r9Z½t�v�j�t#`ibx{¶jE\�qH�Xt#n�jzÌ¬Ì¨ÇÆb�\�`c��~En�\��ÈY[ZE`ib=YH_
ng\�mEng\�bg\�j p*d�p*`ct#j¿�Et!\�byjEt�p7n�\��#\�d�l¬d�j {sr�li\�d�nebg`ch#jkd�l�r�t#ofm�t�jE\�j p*b7qHZE`cr9Z¿Zkd��#\¥��\�\�j
mEng\"�$`it#~Eb�lc{¤�Et$r�~Eof\�j p*\�� `ijµ�?��¦�}9��Ã��,��_�`chE�¬��©zbgZ�t�qHb^pgZE\ ¸ ·C± t�v[p*ZE\�\�jEZkd�j�r�\��
bg`ch#jkd�l�d�vÉp*\�n�pgZE\IYH_�î¬_�mEn�t!r�\��E~�ng\�� Ö ~E�$Ë�\�r�pg`c�#\¥d�jkd�lc{$b�`ib�}kpgZEngt#~�h#Zz�$`ibg~Ed�l�`cjEbgmX\�rÄ�
p*`ct#j�t�v(pgZE\eYH_«ng\�mEng\�bg\�j5p*d�p*`ct#j¢}Eb�~Eh#h#\�b�pgb�p*Zkd�p�p*ZE\�ng\yd�n�\up.q�t�bg`ih�jkd�lXr�t#ofm�t�jE\�j p*b��
_�`ih��C��ÂzbgZ�t�qHbfp*ZE\�n�\�bg~�lcp*b¥t�v=p*Z�\|m�ngt#mXt#bg\���]A_ \�b�p*`co�d�p*`it�j o:\"p*ZEt$�¢��]¯pfr�d�jº�X\
bg\�\�j¤v	n�t#o _�`ihE����Â�p*Zkd�p7p.qCt|r�t#ofmXt#jE\�j pgb7Zkd��#\f��\�\�jÏ\"$p*ngd�r�pg\��¿v	ngt#o p*ZE\�b�`ih#jkd�l
d�jE��pgZE\�`cnC`ij��E`c�$`i��~kd�lÈ]A_kb�Zkd��#\7�X\�\�j¶\�b�pg`io:d�p*\��¢��Y[Z�`ibC`cj�v	t#n�o�d�pg`it#j¥qCd�b�\"$pgn*d�r"p*\��
d�~�pgt#o�d�p*`ir�d�lil�{fd�jE�|�E`i��jEt�pHng\��5~E`cng\�d�j {¶b�~Em�\�n��$`ib�`it#j��

��Û
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Â+¬~ºrÇ�ð�T ÇrÁIÂä±�g´g¬~µ(°9´n±�>¶9¸�´g«r±¡´IÌ<¶�¾�¶hµ¯d¶h³r±}³�´;³r±}Ì3Ñ�¶h²g³&á	á<â n±}¬ba�¼|²n±"g¬~ºP³N°9ÆaÇ

i jIú	økö�ö�V�k�U#ø!P�VWRXOºøkO�Sl-uøEQ�øk÷2. PC.5Q�ô7ö"P�V,÷¤ø�P�V	R�O Rm0on(V	ûXO�økúpjIRX÷2q�RXOr.$O�P�ö

Å l�d�b�bg`�wkr�d�pg`it#j�`cbHd¥��\�n�{|`co:mXt#n�p*d�j pHd�mEm�li`ir�d�p*`ct#j¶`ij�b�`ih#jkd�l£d�jE�|`io:d�h#\emEn�t!r�\�b�bg`ij�hE�
_kt#n�jEt#jEbxp9d�pg`it#jEd�n�{�b�`ih#jEd�lib�}#]A_kb¨t�v�b�`ih#jkd�lkr�t#ofm�t�jE\�j p*b¨d�n�\Ht�vÉp*\�jf��\�n�{f`cj�v	t#ngo:d�pg`c�#\
d�jE�¥r�d�jf�X\H~Ebg\���d�b�v	\�d�pg~Eng\�b¨`cj�bg`ch#jkd�l!r�l�d�bgbg`�wkr�d�p*`it�j�����¦!}W��Ã��,��Y�t�b�ZEt�qµdemXt�p*\�j p*`�d�l
d�mEmElc`ir�d�p*`ct#j�t�v�p*ZE\ImEngt#mXt#b�\��z]A_a\�b�pg`io:d�p*`ct#j|pg\�r9ZEj�`i�5~E\Iv	t#n�o^~El�p*`ir�t#ofm�t#j�\�j p=bg`ih��
jkd�lcb�}5qC\7mEn�t#mXt#bg\7d^b�`ih#jEd�l�r�l�d�b�bg`�wkr�d�pg`it#j:o:\"p*ZEt$���kd�bg\���t#j�pgZE\e]A_¹\�b�pg`io:d�p*\�b�t�v�d
o^~El�p*`ir�t#ofm�t#j�\�j p�b�`ih#jEd�l���Y[ZE\Hr�lid�bgb�`cwkr�d�p*`ct#j^mEn�t!r�\�bgb¬`cb�r�t#ofmXt#bg\���t�vÈp*ZE\�v	t#lclit�qH`ij�h
b�p*d�h#\�b�í�]A_º\�bxp*`io:d�pg`it#j¢}�]A_�oft!�E\�lilc`ijEhE}!d�jE��r�l�d�bgbg`�wkr�d�p*`it�j|t�v�p*ZE\�]A_��Ed�bg\��zt#j½pgZE\
\�bxp*`io:d�pg\�� oft!�E\�lCmkd�n*d�of\�pg\�ngb���Y[ZE\�mEn�t#m�t�bg\��Õr�l�d�b�bg`cwEr�d�pg`it#j«of\�pgZEt$�º`cb�d�mEm�li`i\��
p*t|��t�p*Z¿b�{$j p*ZE\"p*`cr�d�j��¤n�\�d�l�b�`ih#jkd�lib���]¯p�b�ZEt#~Elc�¤�X\¥jEt�pg\��ÏZE\�n�\fpgZkd�p�o�d�j5{zt�p*ZE\�n
d�mEmElc`ir�d�p*`ct#jEb=t�v�pgZE\�mEn�t#m�t�bg\��¿]A_�\�b�p*`co�d�p*`it�j½p*\�r9ZEjE`c�$~�\:d�ng\�mXt#bgb�`i�Elc\��¢Ì��d�ofmEli\�b
t�v(d�mEmEli`cr�d�pg`it#j�b�`ijEr�li~E�E\�í �E\�pg\�r"p*`it�j¢}#wklcpg\�n�`ijEh�d�jE�:bg`ch#jkd�lkbx{!j pgZE\�b�`ib�� Ö `ij�r�\[p*ZE\Hwkn�b�pb�p*d�h#\¨t�vEp*Z�\�r�l�d�b�bg`cwEr�d�pg`it#jymEn�t!r�\�bgb�Zkd�b���\�\�jI��\�p9d�`ili\���`cj�b�\�r"p*`it�j��!}�q�\CjEt�qÕ�E`cbgr�~�bgb
p*ZE\7p.q�t:n�\�o:d�`ij�`ijEh^bxp9d�h�\�b��

��ª



�XßÉþ S � ��Ô�æ Þ"áÉá ÓÉâ à

� bg`ih�jkd�l¢r�t#o:mXt#jE\�j pHr�l�d�bgb�}k��\�wkjE\���� {¶`�p*b[]A_C}k`cbHd�j {¶bg\"p�t�v�v	~Ej�r�p*`ct#jEb��§Ú��

C =
{

a(t)e
j2π

∫ t

−∞

fi,C(τ ;ψ)dτ
}

ψ∈Ψ

� ��Ú �

qHZE\�n�\
fi,C

`ib£d�j�]A_�v	~EjEr"p*`it�jkd�l#oft!��\�l#�E\"wkjE`cjEh=pgZE\¬r�lid�bgb���Y[ZE\¬]A_¶v	~�jEr�pg`it#jkd�l#o:t$�E\�l
`ib¬mkd�ngd�of\�p*\�ng`c��\��f� {:d�j

L
�¯�E`iof\�jEb�`it#jEd�l��#\�r�pgt#n�}

ψ
}#qHZE\�n�\

Ψ
`ib�pgZE\�b�\�p�t�v(d�lilE��d�li`c�

�#\�r�p*t�ngbCv	t#n¬p*Z�\u]A_¤r�l�d�b�bCoft!��\�l
fi,C

�!Y[Z�\u�E`co:\�jEbg`ct#j¢}
L
}!t�v¢p*ZE\�mkd�ngd�o:\"p*\�n¨��\�r�pgt#n

`ib¥r�lid�bgb¥�E\�m�\�jE�E\�j5p���Y[Z�ng\�\|\"�d�ofmElc\�b¥t�v�r�t#ofm�t�jE\�j pfr�lid�bgb�\�b�} �W¼ _ ¸ } Ö _ ¸ d�jE�
Áu_ ¸ �"} qC\�ng\e��\�wkjE\��¶\�d�n�li`c\�n�`ij:bg\�r�p*`ct#j�¦!�$Y[Z�\e]A_Ïv	~Ej�r�p*`ct#jkd�lkoft$�E\�lcb�}

fi,C(t)
d�jE�

p*ZE\�mkd�ngd�of\�p*\�n[�#\�r"p*t#n�b�}
ψ
}kv	t#n[pgZE\ ¼ _ ¸ } Ö _ ¸ d�jE�zÁ�_ ¸ r�l�d�b�bg\�b�d�n�\�\Ä�m�ng\�b�bg\��

d�b�í

� ��� ¼ _ ¸ í
fi,LFM(t) = f0 + frt

}
ψ = [f0, fr]

�
� �#� Ö _ ¸ í

fi,SFM(t) = fc +m cos(2πfmt+ θ)
}
ψ = [fc, m, fm, θ]

�
� ¦ �¶Áu_ ¸ í

fi,HFM(t) = f0
1+frt

}
ψ = [f0, fr]

�

¸ d�j {¶t�pgZE\�nHr�l�d�b�bg\�bHt�v�]A_ l�d�q�v	t#n[bg`ch#jkd�l�r�t#ofm�t�jE\�j p*bHo:d�{��X\���\�wkjE\���`cjEr�lc~E�E`ij�h
ä�å Ð æ�Ò�Ð�çWÓ�è9ã�è å�é Ó�è9ã�ê$Ó à ê Þ ÒIÔ�Ògæ Þ ÒCÑkÔ á ë�â�Ô��ÓWÐ á d�jE��ÑXÓ Þ è ÞG8 Óiì Þyá ÓÉâ Þ Ð�Ò ß

�Xß ý 
�Ð�Ò�ÐR� Þ ç Þ Ò/�¬ì"ç,Ó��fÐ�çWÓ�Ô�â¿Ð�âXæ�� á Ð�ì9ì"Ó #�ègÐ�çWÓ�Ô�â

Y[ZE\Cwkn�b�p�bxp*\�mf`cj^d�~!p*t#o:d�p*`cr�b�`ih#jEd�l!r�l�d�b�bg`�wkr�d�pg`it#j�ng\��5~E`in�\�b�p*Z�\�v	t#n�o�d�pg`it#j�t�vÈb�`ih#jkd�l
r�lid�bgb�\�b��kd�bg\��¶t�j�p*ZE\�t#�Eb�\�n���\���r9Zkd�ngd�r�pg\�n�`ib�pg`ir�b��!_Èt�n�\ÄEd�o:mElc\�}$`cv¢dIng\�d�l�b�`ih#jEd�lÈr�d�j
\"!ZE`c�E`cp

J
r�l�d�b�bg\�b=t�v�]A_ l�d�qy}Ep*ZE\yb�\�p=t�v�]A_ v	~�jEr�pg`it#jkd�l¢r�lid�bgb�\�bHr�d�j|�X\���\�wkjE\��zd�b

D = {Cv}v=1,2,...,J
� ��Û �

Y[ZE\�jE\Ä!peb�p*\�ms`ib=p*t�wkjE�zpgZE\^t#m!p*`io:d�l(mkd�n*d�of\�pg\�n���\�r"p*t#n�}
ψ̄
} � d�j���p*ZE\�ng\"v	t#ng\^t�m!�

p*`co�d�l�]A_ºv	~EjEr"p*`ct#j¢}
f̄i,Cv

(t)
��v	t#n=\�d�r9Z

Cv ∈ D
}kp*Zkd�p�wEpgb=pgZE\I\�b�pg`io:d�p*\��½]A_C}

f̂i(t)
}

`ij|d�li\�d�b�pHb��$~Ed�ng\�b�b�\�jEb�\��
Y[ZE\�wEpgpg`ijEh�t�v��kd�p*d�p*t�li`cjE\�d�nuli`ij�\�b�}¢d�jE�Ïo:t#n�\^h#\�jE\�ngd�lil�{zmXt#lc{$jEt#of`�d�l�v	~Ej�r�p*`ct#jEb�}
~Ebg`cjEhzlc\�d�bxp^bg�5~kd�ng\�b^w�pgp*`cjEh�`cb^d�qC\�lilC\�b�p*d��Eli`cbgZE\��¹p*\�r9ZEjE`c�$~�\¿����Ú�����Á�t�q�\��#\�n�}�pgZE\
wEpgpg`ijEh�t�v¬�kd�p*d:p*t�j�t#jEli`cjE\�d�n�oft!��\�lib � j�t#jEli`cjE\�d�n�mkd�n*d�of\�pg\�nu\�b�pg`io:d�p*`ct#jÈ��`ib�o:t#n�\
r�t#ofmElc`ir�d�p*\���� Y�t�wkjE�

ψ̄
} � d�jE� f̄i,Cv

(t)
��v	t#n¨\�d�r9Z

Cv ∈ D
} qC\uZkd��#\u~�bg\���d ¼ d�ngh�\Ä�

Ö r�d�li\¶t#m�pg`iof`i��d�p*`ct#j d�lch#t#ng`�p*ZEo pgZkd�pf`ib¥dsbg~��Ebgmkd�r�\½pgng~Ebxpfng\�h�`it#jÕof\�p*Z�t!�Õ�kd�b�\��
t#j�pgZE\I`cj5pg\�n�`it#n.�$ng\GOk\�r"p*`c��\ × \�q[pgt#jzof\�p*Z�t!� �À��Û��,�ÈY[ZE`ib�o:\"p*ZEt$�½qCd�ber9Z�t#bg\�j¿d�bu`�p
d�lilct�qHb�v	t#n�bg\"pgpg`ijEh�~EmEmX\�n�d�jE�^lit�q�\�n���t#~�jE�Eb�t�jIp*ZE\

L
mkd�n*d�o:\"p*\�n£�#\�r�pgt#n���d�ng`id��Elc\�b�}

~EjElc`i®�\ ¸ \���`i~Eo^� Ö r�d�li\Id�lih#t�ng`cpgZEofb[bg~Er9ZÏd�bupgZE\¥Çyd�~Eb�bA� × \�q[p*t�j¤d�jE� ¼ \���\�j5��\�ngh��
¸ d�n��$~Ed�ng��p=of\�pgZEt!��by�À¦#ª����

�!�



ª�°9Ñ|Æ®±Åò
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Component
f
f
f
m
f

f
f

r

o

c

s

r

o

θ

ψ True Value
0.05

0.25

0.025

mean
0.0499

0.2499
0.0243
0.0020.002

0.0
0.3 0.3002

std

0.0094

Estimate Values

LFM

SFM

HFM

−0.0129

9.766e−5 9.775e−5

−3.258e−4 −3.250e−4

2.58e−4
4.731e−7
8.725e−5
1.762e−4
2.780e−4

1.038e−4
5.697e−7

Ö `ih�jkd�lÈr�t#ofmXt#jE\�j pgb�d�n�\�r�l�d�b�bg`cwE\���~Eb�`ijEh�p*ZE\ ¸zÖ Ì �X\�p.q�\�\�j¶pgZE\ut#m!p*`io:d�lE]A_¤mkd�n*d��
o:\"p*n�`irIoft$�E\�l�`ijz\�d�r9Z¿r�l�d�bgb�}

f̄i,Cv
[n]

}(d�jE�zpgZE\�\�bxp*`io:d�pg\��z]A_�t�v¬pgZE\�r�t#ofmXt#jE\�j p�}
f̂i[n]

�kY[ZE\�bg`ch#jkd�l�r�t#ofm�t�jE\�j pHr�lid�bgbH`cb[�E\�pg\�ngof`ij�\��|d�b

arg min
Cv∈D

{

∑

n

(

f̄i,Cv
[n] − f̂i[n]

)2
}

� ¦�ª �

�Xß ý ßÉþ 6Èë�âkç	ê Þ çWÓ�ès6ÈÓ à âXÐ á ì

Y�t:�E\�oft#jEbxp*ngd�p*\yp*ZE\�mEngt�m�t#b�\��½r�l�d�bgbg`�wkr�d�p*`it�j½mEn�t!r�\��E~�ng\�}Èp*\�b�pg`ijEh¥q�d�bur�t�jE�E~Er"p*\��
t#j�p.q�\�j p.{�bx{$j5pgZE\�pg`ir�}EjEt#`cb�{#}$o^~El�p*`cr�t#ofm�t�jE\�j p¬bg`ch#jkd�lcb��5Y[ZE\e��\�p*\�ngof`ijE`cb�pg`irHmkd�nxp�t�v
p*ZE\�o^~El�p*`ir�t#ofm�t#j�\�j p£bg`ch#jkd�lcb�~Eb�\��^`cj�pgZE`ib�bg\�r�p*`ct#j^r�t#jEbg`cb�p�t�vEp*Z�\Cb*d�o:\ ¼ _ ¸ } Ö _ ¸d�jE�IÁu_ ¸ r�t#ofm�t�jE\�j p*b�~Ebg\��^`ij�bg\�r�p*`ct#j^¦ � b�\�\�_�`ihE��Ú �Ä��Y�q�\�j p.{Ing\�d�li`i��d�p*`ct#jEb(t�vEng\�d�l
b�p*d�p*`ct#jkd�nx{|qHZ�`cp*\�Ç�d�~�bgbg`id�jzjEt�`ibg\�qH`cp*Zzd Ö�×uØ t�v��AÛ��E·u}�q�\�n�\�\�d�r9Z¿`ij��E`c�$`i��~kd�lil�{
d��E�E\��|pgt�p*ZE\y�E\"p*\�n�o:`cjE`ibxp*`cremkd�nxp[p*t¥v	t#ngoÝp*ZE\7p.q�\�j p.{|bg`ih�jkd�lib��

].j�p*Z�`ib¨�E\�oft#jEbxp*n*d�p*`it�j¢}5`cp¨q�d�bCd�bgb�~Eof\��¿ÐuÑXÒÄÓ�Ô�Ò"ÓÈd�jkd�lc{$b�`ib¨ng\���\�d�lc\��
J = 3

r�lid�bgb�\�b
t�vX]A_zl�d�qÕqC\�ng\H\"!ZE`c�E`cpg\���� {^pgZE\[b�{$j p*ZE\"p*`cr[bg`ih�jkd�lQD ¼ _ ¸ } Ö _ ¸ d�jE�fÁu_ ¸ r�t#ofm�t��
jE\�j pgb��X].j|pgZE`ibH\"�d�ofmElc\�}Èd�r�r�~Engd�r�{�t�v�]A_ºr�t#ofm�t#j�\�j p=r�l�d�bgbg`�wkr�d�p*`it�j�d�jE�zd�r�r�~�n*d�r"{
t�v�mkd�n*d�o:\"p*\�n[\�b�pg`io:d�p*`ct#j�q�\�ng\yp*\�b�pg\��¢�

Y[ZE\=r�l�d�bgbg`�wkr�d�p*`it�j�mEngt$r�\��E~Eng\HmEn�t��!`c�E\��:d�j¥\"!r�\�lilc\�j p¨]A_Ïr�t#ofm�t#j�\�j p¬r�lid�bgb�`cwkr�d�p*`ct#j
n*d�pg\¥t�vu��ª#ª�� `cjsp*ZE`cb7�E\�oft#jEbxp*n*d�p*`it�j¢�¢Y[Zkd�p�`cb�}¢\"�#\�nx{¿r�t#ofmXt#jE\�j pyqCd�b�r�t#ngn�\�r"p*lc{
r�lid�bgb�`cwk\��I`ij pgt�\�`cp*Z�\�n ¼ _ ¸ } Ö _ ¸ t#n�Á�_ ¸ ��Y[ZE\�mkd�n*d�o:\"p*\�n£\�b�p*`co�d�p*`it�j7ng\�b�~Elcpgb�d�n�\
bg~Eofo:d�ng`c��\��¿`cj¤Y�d��Elc\:¦!}(bgZEt�qH`ij�h½p*Z�\fpgng~E\¥��d�li~E\�v	t#n7\�d�r9Z«mkd�n*d�of\�pg\�n�}£d�jE�ÏpgZE\
o:\�d�j d�j�� b�p9d�jE�kd�n��º��\��$`�d�pg`it#j � bxp*�È�It�v[pgZE\�\�b�p*`co�d�p*\��¤��d�li~E\�b^t��#\�n^pgZE\�p.q�\�j p.{
jEt#`cb�{µb�`ih#jkd�lib��[]¯p|r�d�jÜ�X\¤b�\�\�j»v	ngt�o Y�d���li\Ï¦ÕpgZkd�p½d�r�r�~Engd�p*\Ï\�bxp*`io:d�pg\�b�t�vIpgZE\
mkd�ngd�o:\"p*\�n���d�li~�\�b�v	t�n�p*Z�\I�E\"p*\�n�o:`cjE`ibxp*`cr�r�t#o:mXt#jE\�j p*b�q�\�n�\¥d�r9ZE\�`c�#\��zv	t#nu\�d�r9Zst�v
p*ZE\yjEt�`ib�{�o^~El�p*`ir�t#ofm�t#j�\�j p[bg`ch#jkd�lcb��
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Â�¬~ºrÇSð�ï ÇrÁIÆ~Æ~¼rg´g²u°9´g¬®¶h³&¶9¸�´g«|²n±�±¡¯|¬®±�¾�±pE��SÂ�ë ¸m¼|³r¾}´g¬®¶h³#¯N°9²u°9µ�±}´n±}²n�Ç
�Xß ý ß ý @ ÞG8 é Ô�Ò"ât�Z�;>u6ÈÓ à âXÐ á
Å l�d�b�bg`�wkr�d�pg`it#jft�v(pgZE\ujE\"qH��t�ngj�Ì¬Ì¨Ç¾b�\�`i��~Eng\�r�t#ofmXt#jE\�j pgbCq�d�b�wkn�b�pHd�p�p*\�o:m�pg\��:`ij
�À¦!���$d�jE��v	~En�pgZE\�n��E\�p*d�`ilc\��y`ij:�À��Ã��,��].j�����Ã�}i¦!����}�p*ZE\¨jE\�qH�Xt#n�j�Ì¬Ì�Ç�q�\�n�\Cb�~E�$Ë�\�r"p*`��#\�l�{
r�lid�bgb�`cwk\��|`cj p*t���d�ng`ct#~Eb�v	t#n�o:b[t�v ¼ _ ¸ mkd�p�p*\�n�jEbHqHZE`ir9Z|`ijEr�li~E��\��¢í

• ¼ _ ¸ mkd�pgp*\�ngjEb[qH`�p*Z��5~kd�bg`0�$r�t�jEb�p*d�j p�v	n�\��5~E\�j�r�{#�
• Ö ZEt#n�p ¼ _ ¸ mkd�p�p*\�ngjEb[qH`cpgZ��$~Ed�bg`0�$r�t#j�b�p9d�j5pHv	n�\��5~E\�j�r�{#�
• ¼ _ ¸ mkd�pgp*\�ngjEb[qH`�p*Z|df��\�r�n�\�d�b�`ijEhfmkd�p�p*\�ngj¢�
•

î�`c\�r�\"qH`ib�\ ¼ _ ¸ mkd�pgp*\�ngjEb��
]¯p�qCd�b�bgZEt�qHj¥r�lc\�d�n�lc{y`cj¶����¦���}�ZEt�qC\"�#\�n�}#p*ZEd�p�jE\"qH��t#n�j¥Ì¬Ì�Ç³bg\�`i��~�ng\[Zkd�b�duj5~Eo^�X\�n
t�v ¼ _ ¸ mkd�p�p*\�ngjEbHqH`cpgZ|`cjEr�n�\�d�b�`ijEh¥v	ng\��5~E\�jEr"{#}ÈqHZE`ir9Z�qCd�b�lc\�vÉp=t#~�p=t�v�p*Z�\�r�l�d�b�bg`cw!�
r�d�pg`it#j�b�\�p=`ijÏ�À��Ã�}A¦����,�
Y[ZE\um�ngt#mXt#bg\���r�t�o:mXt#jE\�j5p�r�lid�bgb�`cwkr�d�p*`ct#j¥mEngt$r�\��E~En�\uq�d�b�d�mEm�li`i\��fpgt�pgZE\uj�\�qH�Xt#ngj
Ì¬Ì�Çµbg\�`i��~Eng\�b�`ih#jEd�l�� � r�r�t#ng��`ijEhupgtup*Z�\�bg~E�5Ë�\�r�pg`c��\[r�l�d�bgbg`�wkr�d�p*`it�jIt�vÈjE\"qH��t�ngj�Ì¬Ì¨Ç
bg\�`i��~�ng\fr�t#ofm�t�jE\�j p*b�`ij��?��¦�}9��Ã�}*¦���}*¦ ���,}¢p*Z�\:t#j�lc{zr�l�d�b�bg\�bIt�vC]A_�lid�q \"!ZE`c�E`cpg\��Ï`ij
jE\�qH�Xt#n�j Ì¬Ì�ÇÍb�\�`i��~Eng\:d�n�\ ¼ _ ¸ d�jE�¹m�`i\�r�\�qH`cbg\ ¼ _ ¸ � î ¼ _ ¸ � 2 � Ó ßWÞ�ß J = 2

�Ä�
Y[ZE\^]A_aoft$�E\�l,}

fi(t)
v	t#nHp*Z�\Ip*ZEn�\�\^m�`i\�r�\^î ¼ _ ¸ r�lid�bgb�t�v�v	~Ej�r�p*`ct#jEb�`ibu\Ä!mEng\�bgbg\��

d�b��À¦#���

fi(t) =
α1 − α

2
|t−Bp1|+

α− α2

2
|t−Bp2|+

α1 + α2

2
t−

α1

2
Bp1 −

α2

2
Bp2 +B0� ¦!���qHZE\�n�\

ψ = [α, α1, α2, Bp1, Bp2, B0]
��Y[ZE\¬mkd�n*d�o:\"p*\�n�b£t�v!pgZE\�v	~EjEr"p*`ct#j�d�ng\��E\�o:t�j!�

b�pgn*d�pg\��¿`ij¿_�`chE����Ã��¢Á=t�qC\"�#\�n�}(`ijst#~�ner�lid�bgb�`cwkr�d�p*`ct#jzt�v¬p*Z�\�jE\�qH�Xt#ngjÏÌ¬Ì¨ÇÝb�`ih#jkd�l
r�t#ofmXt#jE\�j pgb�}È��t�p*Z�p*ZE\ Ö _ ¸ d�jE�½Áu_ ¸ r�lid�bgb�\�b=t�v�v	~Ej�r�p*`ct#jEb[q�\�ng\�`ij�r�li~��E\�� � Ó ßWÞ�ß
J = 4

�Ä�
Y[ZE\yjE\�qH�Xt#n�j�Ì¬Ì¨Çõbg\�`i��~Eng\7r�t#o:mXt#jE\�j p[qH`cp*Z¶pgZE\7lit�q�\�b�pHv	n�\��5~E\�j�r�{¶r�t#j p*\�j p � b�\�\_�`ih��E��Â#�Ä}#ng\"v	\�ngn�\��fp*tyv	ngt#oõZE\�n�\�t#j:d�b¬r�t�o:mXt#jE\�j5p¨t#j�\�} q�d�b�r�l�d�b�bg`cwE\��fd�b�d�î ¼ _ ¸
2 à�g¼)v(¾}¬®±}³�´>³�¼|µÅÑd±}²�¶9¸¢�SÂ�ë6¯|¬®±�¾�±�Q¸�¶h²;°9¯|¯|²n¶�Ú ¬~µ(°9´n±}Æ~¿&°�öC�Cn±�¾�¶h³r·Ë¯�±}²g¬®¶�·Ë¶9¸�á	á<â
n±}¬ba�¼|²n±<Ì/°h+¸�¶h¼|³r·q´n¶>Ñ�±	´g«|²n±�±xw òPö�y Ç�ªQ«r±}²n±Y¸�¶h²n±PÉ9´g«r±7´g«|²n±�±<¯|¬®±�¾�±7E£�SÂ�ëé¾}ÆÛ°hn�¶9¸|¸]¼|³r¾}´g¬®¶h³r
ÌQ°he¼rn±�·�¸�¶h²e¾}ÆÛ°hng¬ãÊN¾�°9´g¬®¶h³SÇ
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r�t#ofmXt#jE\�j p��CY[ZE`cb¶t#�$Ë�\�r"p*`��#\sng\�bg~El�p¶bg~�mEm�t�n�p*b�pgZE\zmEn�\��$`it�~Eb¶bg~E�5Ë�\�r�pg`c��\¿wEjE�E`ij�h#b
t�v��?��¦�}Ä��Ã!}Ä¦��#}9¦ ������Á�t�q�\��#\�n�}�pgZE\�bg\�r�t#j��ºr�t#ofm�t#j�\�j pIqCd�b�r�lid�bgb�`cwk\�� d�b�d�j Ö _ ¸r�t#ofmXt#jE\�j p|d�r�r�t#n��E`ij�hÕpgt p*ZE\smEn�t#mXt#bg\��»r�l�d�b�bg`cwEr�d�pg`it#jµb�r9ZE\�of\��HY[ZE`cb¶`ib�d jE\�q
wkjE�E`cjEhE�È]¯pud�lib�t�bgZ�t�qHb�p*ZE\�m�t�pg\�j p*`id�l(t�v�pgZE`ibHp*\�r9ZEjE`c�$~�\Iv	t#nHv	~En�pgZE\�n=r�lid�bgb�`cwkr�d�p*`ct#j
t�vXjE\�qH�Xt#n�j:Ì¬Ì¨Ç»b�\�`i��~Eng\[r�t#ofm�t#j�\�j p*b�}�qHZE`ir9Z¥qH`ilcl!�X\[~�pg`ili`c��\��I`ij^v	~!p*~En�\[ng\�b�\�d�n�r9Z¢�

z 3�VWö�U T�ö�ö�VWRXOaøEO�S{j�RXO�U úWT�ö�VWRXO

Y[ZE\eo:d�ngn�`�d�h�\�t�v£`co�d�h#\HmEngt$r�\�bgbg`cjEh^p*\�r9ZEjE`c�$~�\�bHd�jE��YH_«ng\�m�ng\�b�\�j p9d�p*`it�jEb[d�mEmX\�d�ngb
ZE`ih�ZElc{�bg~E`�p9d���li\�v	t#n(]A_�\�bxp*`io:d�pg`it#j¢��î�ng\"�!`ct#~Eb�d�p�p*\�ofm�pgb�t�vEd�m�mElc{$`ij�h[`io:d�h#\�mEn�t!r�\�b�bx�
`ijEh7pg\�r9ZEjE`c�5~E\�b¬p*tyYH_sng\�mEng\�bg\�j p*d�p*`ct#jEb�}X�ÀÙ��X��ª���}#ZEd���\ud�lil�\�o:m�lit�{#\��:b�t#o:\[oft$�E`cwk\��
�#\�ngbg`ct#j¹t�vCp*Z�\�Á=t#~Eh#ZÏp*n*d�jEb�v	t#n�o p*t|\�bxp*`io:d�pg\¥pgZE\f]A_»d�j��¹mkd�ngd�of\�p*\�ng`c��\�p*ZE\f]A_
v	~EjEr"p*`it�j¢�5Á�t�q�\��#\�n�}!o�d�j {¥lc`iof`cp9d�p*`it�jEb�d�ng`ib�\=qHZ�\�j�~�bg`ij�h�p*Z�\uÁ=t#~Eh#Z¥p*ngd�jEb�v	t�ngoÆt�v
p*ZE\�YH_�n�\�mEn�\�b�\�j p9d�pg`it#j½v	t#nH]A_º\�b�p*`co�d�p*`it�j¢�EY[Zkd�p�`ib�}�ÐIÑXÒÄÓ�Ô�ÒÄÓ�®5jEt�qHlc\��Eh#\�t�v�r�t#o��
m�t�jE\�j p�]A_¤r�lid�bgb¨`ib¬n�\��5~E`in�\���v	t�n�d�r�r�~�n*d�pg\�]A_Ï\�b�pg`io:d�p*`ct#j¢}#t�jElc{�t�jE\�r�l�d�b�b�t�v¢p*ZE\=]A_
l�d�qõr�d�jÏ��\�\Ä!ZE`i�E`�p*\��Ï� {spgZE\�bg`ch#jkd�l�v	t�n7]A_³\�b�pg`io:d�p*`ct#j¢}�d�jE�Ït#jElc{�m�t$t#ne]A_µ\�b�p*`?�
o�d�p*`it�j�r�d�j��X\yd�r9ZE`c\��#\��|v	t�n[bg`ih�jkd�l�r�t#ofm�t#j�\�j p*b�qH`�p*Z�]A_ l�d�qHb�p*Zkd�pHd�ng\�j9h pH\�d�b�`ilc{
ng\�mEng\�bg\�j pg\���� {fdymkd�n*d�o:\"p*ng`cr�v	~EjEr"p*`it�j¢� Á�t�~Eh#Z¥p*n*d�jEb�v	t#n�o��5�kd�bg\��fpg\�r9ZEj�`i�5~E\�bCd�lib�t
ng\��$~�`ing\7pgZEng\�bgZEt#lc��bg\�p�p*`cjEh�v	t#n�\"$pgn*d�r"p*`it�j|t�v�b�`ih#jkd�l¢r�t#ofmXt#jE\�j pgb�v	ngt#oÝp*ZE\�Á�t�~Eh#Z
bgmkd�r�\���Y[ZE\�n�\�v	t#n�\�}Er�t#o:mXt#jE\�j p*b[o:d�{f�X\7o:`cbgb�\���`�v(p*ZE\7]A_¹t�v�pgZE\er�t#o:mXt#jE\�j p[�Et$\�b
jEt�pI\"�d�r�pglc{¿v	t#lclit�qÆd½v	~�jEr�pg`it#j«n�\�mEn�\�b�\�j p*\��º`cj¤pgZE\¶Á�t�~Eh#Z¹mEd�n*d�of\�pg\�n�bgmkd�r�\�}�t#n
p*ZE\yjEt�`ibg\7lc\���\�l£��\�r�t#of\�b�pgt!t¥ZE`ch#Z¢�
Ì¬d�nglc`i\�n�lit$r�d�l¨YH_¡mX\�d�®¤�E\�pg\�r�pg`it#j5�$�kd�b�\�� p*\�r9ZEjE`i�5~E\�b�v	t#n^]A_¡\�bxp*`co�d�pg`it#j¤t�v=o^~El?�
p*`cr�t#ofm�t�jE\�j p�bg`ih�jkd�l�}£b�~Er9ZÕd�b¶�?�����,}£ng\��5~E`cng\¶d|p*ZEn�\�bgZ�t#li�¹pgtz�X\�bg\"p�bgt½p*Zkd�pIlit$r�d�l
o�d��`co�d¥r�d�~Ebg\��Ï� {½r�n�t#bgbxp*\�n�o:byd�jE�zjEt#`cbg\^r�d�js�X\I`ih�jEt#ng\��¢�X]¯peq�d�bejEt�pg\��s`ij«�������
p*Zkd�p¨pgZE\[p*ZEn�\�b�ZEt#li�fli\"�#\�lk`ib¨d�mEmElc`ir�d�p*`ct#j � b�`ih#jEd�lÉ��d�jE�:��`ib�pgng`c�E~�p*`ct#j��E\�m�\�jE�E\�j p�d�jE�
ng\��$~�`ing\�b�dÏmEng`ct#n¥YH_ d�jkd�lc{$bg`cbft�vep*ZE\|bg`ch#jkd�l[pgt¤lct!r�d�p*\¶p*n�~E\�r�t#ofm�t#j�\�j p*b�}¨��t#jE\
o�d�j$~Ed�lil�{#}�p*t«��\�wkjE\¿d�jµd�mEmEn�t#mEn�`�d�pg\½p*Z�ng\�b�ZEt#lc��li\"�#\�l,�CY[ZE\�r�t#ofm�t�jE\�j p¶lc`ijE®5`ij�h
mEngt$r�\��E~En�\½n�\�oft���\�bfp*ZE\|jE\�\���v	t#n¥b�\�pgpg`ijEh¿p*Z�ng\�b�ZEt#lc�ali\"�#\�lib¥`ijÕp*ZE\|YH_¾�Et#o:d�`ij¢�
Y[ZE\�n�\�v	t#n�\�}¨p*ZE\½mEngt#mXt#b�\���]A_ \�b�pg`io:d�p*`ct#jºd�lih#t�ng`cpgZEo `cb�~Eb�\�v	~El=`ijad�~�pgt#o�d�p*`ir�d�lil�{
d�jE�¶t#�5Ë�\�r�pg`c��\�lc{:�E\"p*\�n�o:`cjE`ij�h�pgZE\ej5~Eo^�X\�n�t�v£bg`ih�jkd�lXr�t#ofm�t�jE\�j p*bCd�jE�¶\�b�p*`co�d�p*`ij�h
p*ZE\�`in[`cjE�E`c�$`c�E~kd�l¢]A_kb��È·�{¶\�ofmElct�{$`cjEh�YH_�î¬_Õv	t�n=b�`ih#jEd�l¢\�j�Zkd�jEr�\�of\�j p�}È`cp[qCd�b�d�lib�t
bgZEt�qHj�pgZkd�p¨p*ZE\�mEngt#mXt#b�\���]A_¹\�b�pg`io:d�p*`ct#jfd�lih#t�ng`cpgZEoïr�d�j�bxp*`ilclÈt#��p9d�`ij:d�r�r�~En*d�pg\u\�bx�
p*`co�d�pg\�b�t�v�r�t#ofm�t#j�\�j pH]A_kb[`ij�lit�q Ö�×uØ \�j �$`ingt�jEo:\�j p*b��E²¤\7jEt�pg\ep*Zkd�p[p*ZE\yYH_�î¬_
mEngt$r�\��E~En�\�n�\��5~E`cng\�bHt��#\�ngbgd�o:m�li`ij�h^t�v�p*ZE\7b�`ih#jkd�l�v	t#nHd�r�r�~Engd�p*\ewElcp*\�ng`cjEhE��Y[Z�`ib[o:d�{
��\¨d[�E`cb*d�����d�j p*d�h#\¬`ijybgt�o:\�n�\�d�l5d�m�mEli`cr�d�pg`it#jEb�}�mkd�n�p*`cr�~Elid�ngl�{HqHZE\�j�p*ZE\¬t��#\�ngb*d�o:mElc\��
bg`ch#jkd�l¢`cb[jEt�p=d���d�`ilid��Elc\��
� �E\�b�`in*d��Eli\|d�b�m�\�r�pft�vupgZE\|Á�t#~�h#Zºpgn*d�j�b�v	t#n�o��$�Ed�bg\���]A_¾\�bxp*`io:d�pg`it#j«pg\�r9ZEjE`c�5~E\�b
v	t#nHbgt#of\�`ib[p*ZE\�d��E`cli`�p.{:pgt:mkd�n*d�of\�pg\�ng`c��\7p*Z�\�]A_Õv	~EjEr�pg`it#j��}|7j�r�\�d�h d�`cj¢}EZEt�q�\��#\�n�}
d�r�r�~En*d�p*\�mkd�n*d�o:\"p*\�n�`i��d�p*`ct#j¶r�d�j|t#jEl�{¶t$r�r�~�nHv	t�n=oI~Elcpg`ir�t�o:mXt#jE\�j5pgb�p*Zkd�pud�ng\7v	ngt#o
p*ZE\fb*d�o:\fr�lid�bgbyt�v�v	~EjEr�pg`it#j�b��£].j¤pgZE`ibymkd�mX\�n�}(qC\:mEngt#mXt#b�\��«d�of\�p*Z�t!�¢}(�Ed�bg\��«t#j
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li`cjE\�d�n�d�jE�¶j�t#jEli`cjE\�d�n�lc\�d�bxp�bg�5~kd�ng\�b[�Ed�p9d�� wEpgpg`ijEhE}5qHZE`cr9Z�d�lilct�qHb¬v	t#n�í�����p*ZE\er�l�d�b�bg`?�
wkr�d�p*`it�jst�v¬o^~El�p*`ir�t#ofm�t#j�\�j puqHZE`cr9Zs��\�lit#j�h�p*t¶�E`���\�ng`ij�h�r�lid�bgb�\�b�d�jE�Ï���ud�r�r�~En*d�p*\
mkd�ngd�o:\"p*\�n[\�b�pg`io:d�p*`ct#j�t�v�p*Z�\�`cjE�E`��!`c�E~kd�l�r�t#ofmXt#jE\�j pgb��
Y[ZE\�mEngt#mXt#b�\���of\�pgZEt$�½t�v�]A_�\Ä!pgn*d�r"p*`ct#j½m�ng\�b�\�j p*\��s`ij¶p*Z�`ibHmkd�mX\�n=`ibHh#\�jE\�n�`ir�d�jE�
o�d�{¥�X\ud�mEmEli`c\��¥p*tId�j {¥YH_¹ng\�mEng\�bg\�j p*d�p*`ct#j¢�5].j�p*Z�`ib¬mkd�mX\�n�}$pgZE\ ¸ ·�±»qCd�bCr9ZEt�bg\�j
d�bH`cp[m�ngt��$`i�E\�bud�ZE`ch#Z�ng\�b�t#li~!p*`it�j¢}�n�\��E~Er�\��½`ij p*\�n�v	\�n�\�jEr�\yYH_ºn�\�mEn�\�bg\�j p9d�pg`it#j¢�
].jsbg~Eofo:d�n�{�}¢d�YH_��kd�b�\��sp*\�r9ZEjE`c�$~�\^v	t#neo^~El�p*`cr�t#ofm�t�jE\�j p=]A_�\�bxp*`io:d�pg`it#j|qHZE`ir9Z
`ijEr�t#ngmXt#ngd�p*\�b[bg`iofmElc\�}!{�\�p=\���\�r"p*`��#\�}k`co�d�h#\emEn�t!r�\�bgb�`ijEh�pg\�r9ZEjE`c�5~E\�b=q�d�bH�E\"�#\�lit#mX\��
`ij7p*Z�`ib£mkd�mX\�n���Y[ZE\�p*\�r9Z�jE`i�5~E\�t���\�n�r�t#of\�b�o�d�j5{ut�v�pgZE\¬li`co:`�p9d�pg`it#jEbXd�b�bgt$r�`id�p*\���qH`�p*Z
t�p*Z�\�n7YH_µ�kd�b�\��Ïo^~Elcpg`ir�t#o:mXt#jE\�j pu]A_µ\�bxp*`co�d�pgt#ngb�� � of\�pgZEt!�zv	t�nebg`ch#jkd�l�r�t#ofm�t��
jE\�j pIr�l�d�bgbg`�wkr�d�p*`it�j¹d�j��¹mkd�ngd�of\�p*\�ny\�b�pg`io:d�p*`ct#j¢}¢`cjEr�t�ngmXt#n*d�pg`ijEh¶pgZE\:m�ngt#mXt#bg\��«]A_
\�bxp*`io:d�pg`it#jsp*\�r9ZEjE`c�$~�\�}£q�d�b�d�lcbgt|mEng\�bg\�j pg\��¢��Y[ZE\�mEn�t#mXt#bg\��¹r�lid�bgb�`cwkr�d�p*`ct#j¿mEngt$r�\Ä�
�E~En�\|o:d�{ �X\¶~Ebg\��a`ijÕo:d�j {«n�\�d�lHd�m�mEli`cr�d�pg`it#jEb�bg~Er9Zad�b¥jE\�qH�Xt#n�jaÌ¬Ì¨Ç bg\�`i��~�ng\
r�lid�bgb�`cwkr�d�p*`ct#j¢�

~ ù��(O£R��:ú�.$S�ûX÷2.$O�P�ö

Y[ZE\=d�~�pgZEt#ngb�q�t#~Elc�¥li`i®�\Cp*t�d�r9®5jEt�qHlc\��Eh#\=î�ngt�vA�#î�d�~El Å t#li��`cp*� � î�\�ng`cjkd�p9d�l Ø \�bg\�d�ngr9ZÅ \�j p*n�\��Ä}u±un�� Å ZEng`cb½·�~Eng®�\«d�jE�e�#d�jE\ Ø `ir9ZEoft#jE� �,Ø t�{ d�l Å ZE`cli�En�\�j9h§b|Á�t#b�mE`cp*d�l�}
·Cng`cbg�kd�jE\�} � ~Ebxp*ngd�li`id �(v	t�n�t#n�h d�jE`c��`ij�h=pgZE\�d��5~E`cbg`�p*`it�jIt�vkn�\�d�l!jE\�qH�Xt#n�j¥Ì¨Ì¨Çµbg\�`i��~�ng\
�kd�p*d¥~�bg\��½`ij¶p*Z�`ib[mkd�mX\�n��

� ._0�.5Q1.!O�U).$ö

w~ð�y�H�Ç�H/¶�°hn«N°hg«SÉ<á7g´g¬~µ(°9´g¬~³|º °9³r· ÁI³�´n±}²g¯|²n±}´g¬~³|ºÖ´g«r±ÍÁ ³rn´u°9³�´u°9³r±�¶h¼rËÂ�²n±�½�¼r±}³r¾}¿1¶9¸�°
Ý�¬~ºP³N°9ÆãÏ�E<°9²g´ÅðP×|Â�¼|³r·r°9µ�±}³�´u°9Æ®�É�E�²n¶�¾�±�±�· ¬~³|º�;¶9¸�´g«r±"ÁÃá	á	á1õC�&À]ó�Ä�Àyð�ôPôPö�ÄdTPöC�ÙÎRTPòPõ Ç

w ö�y��NÇ_�rÇ ��H<²n¶ÙÌ3³SÉNà>³N°9Æ~¿�´g¬®¾CÝ�¬~ºP³N°9Æ®>°9³r·�E�²n¶�· ¼r¾}´�ªQ«r±�¶h²n±}µ�e¸�¶h²;ê>¬~Æ~Ñd±}²g´>ªQ²u°9³ry¸m¶h²gµ�ÙÉ
ÁÃá	á	á1ªS²u°9³ru°h¾}´g¬®¶h³r�¶h³5ì<¬~²n¾}¼|¬~´n>°9³r·ÍÝ�¿�g´n±}µ�>ö ð(À�ï�Ä�Àyð�ô�ñ�ó�Ä;ñhôC�ÙÎ ñhôPö Ç

w ò�y�H�Ç�H/¶�°hn«N°hg«SÉ<á7g´g¬~µ(°9´g¬~³|º °9³r· ÁI³�´n±}²g¯|²n±}´g¬~³|ºÖ´g«r±ÍÁ ³rn´u°9³�´u°9³r±�¶h¼rËÂ�²n±�½�¼r±}³r¾}¿1¶9¸�°
Ý�¬~ºP³N°9ÆãÏ�E<°9²g´�ö ×	à>Æ~º�¶h²g¬~´g«|µ��°9³r·Ðà;¯|¯|Æ~¬®¾�°9´g¬®¶h³r�É�E�²n¶�¾�±�±�· ¬~³|º��¶9¸¡´g«r±#ÁÃá	á	á õC�ÐÀ]ó�Ä
Àyð�ôPôPö�ÄdT9ó�ÙÎRTPïPõ Ç

w óUy�H�Ç_ße¬®g´g¬®¾PÉ_H�Ç�H/¶�°hn«N°hg«SÉ_ÁI³rg´u°9³�´u°9³r±�¶h¼r�Â�²n±�½�¼r±}³r¾}¿#á	g´g¬~µ(°9´g¬®¶h³!¶9¸��>¼N°h· ²u°9´g¬®¾°9³r·
ì<¼|Ñ|¬®¾�Â�ë Ý�¬~ºP³N°9Æ®Q¼rg¬~³|ºC´g«r±¡ì<²n¶Pn7E	¶hÆ~¿�³r¶hµ¬Û°9ÆPK ¬~ºP³r±}²yÏ���¬~Æ~Æ®±xJ�¬®g´g²g¬~Ñ|¼|´g¬®¶h³SÉ|ÁÃá	á	á
ª�²u°9³ru°h¾}´g¬®¶h³r;¶h³»Ý�¬~ºP³N°9Æ}E�²n¶�¾�±�ng¬~³|º�óPó&À�ï�Ä¡Àyð�ôPôPï�Ä¡ð�T9ó�ôÙÎ_ð�TCTPò Ç

w�T�y��CÇd�"°9´gØ�¶ÙÈ�³|¬~Ø�É��7Ç�Ý�´u°9³|Ø�¶�È�¬��PÉ�Á ³rg´u°9³�´u°9³r±�¶h¼r»Â|²n±�½�¼r±}³r¾}¿ á	g´g¬~µ(°9´g¬®¶h³l�>g¬~³|ºÐ´g«r±
K ¬~ºP³r±}²�J�¬®g´g²g¬~Ñ|¼|´g¬®¶h³ Ì3¬~´g«��7°9²g¿�¬~³|º °9³r·�J�°9´u°�J�²g¬~È�±}³�K ¬~³r·|¶�ÌÍ�S±}³|ºP´g«SÉ>ÁÃá	á	á
ª�²u°9³ru°h¾}´g¬®¶h³r;¶h³»Ý�¬~ºP³N°9Æ}E�²n¶�¾�±�ng¬~³|º�ó�ïËÀ�ô�Ä¡Àyð�ôPôPõ�ÄeöPò ð�TÙÎ�öPòPöCT Ç

�#Â



w ï�y��CÇÙÁIÈP°9³r¶�È�¬��PÉ�ëäÇGJ¡°9Ø�¶�È�¬��PÉ��	ÇhÝ�´u°9³|Ø�¶ÙÈ�¬��PÉUE�±}²y¸m¶h²gµ(°9³r¾�±3¶9¸N½�¼N°h· ²u°9´g¬®¾/´g¬~µ�±[Î�¸]²n±�½�¼r±}³r¾}¿
· ¬®n´g²g¬~Ñ|¼|´g¬®¶h³rÐ°hä¬~³rg´u°9³�´u°9³r±�¶h¼r ¸]²n±�½�¼r±}³r¾}¿ ±�g´g¬~µ(°9´n¶h²nÙÉÁIá	á7á ªS²u°9³ru°h¾}´g¬®¶h³rÐ¶h³
Ý�¬~ºP³N°9Æ�E�²n¶�¾�±�ug¬~³|º	T ð�ÀyðÙÄ¡À�öC�C�Pò�ÄeñPñ�Î�õPô Ç

w ñGy ÝdÇ	H3°9²gÑN°9²n¶Pnu° É�à;³N°9Æ~¿ g¬® ¶9¸¹ë&¼|Æ~´g¬®¾�¶hµ¯�¶h³r±}³�´ �SÂ�ë Ý�¬~ºP³N°9Æ® Ñ�¿ °.ì/¶hµqÑ|¬~³r±�·
K ¬~ºP³r±}²ÃÎ�ê�¶h¼|ºP«.ª�²u°9³ry¸�¶h²gµ#É�ÁÃá	á	á ª�²u°9³ru°h¾}´g¬®¶h³r ¶h³.Ý�¬~ºP³N°9Æ%E�²n¶�¾�±�ng¬~³|º�ó�ò À�ï�Ä
Àyð�ôPôCT�Ä¡ð�T ðPð[Î_ð�T ð�T Ç

w õ�y ÝdÇ;H3°9²gÑN°9²n¶Pnu° Éo��Çe�S±}µ�¶h¬~³r±PÉCà;³N°9Æ~¿ g¬®Ö¶9¸&Þ>¶h³|Æ~¬~³r±�°9²�Â�ë Ý�¬~ºP³N°9Æ®äÑ�¿eE�°9´g´n±}²g³
ß>±�¾�¶hºP³|¬~´g¬®¶h³&¶9¸�ªQ«r±}¬~²;ªQ¬~µ�±[Î�Â�²n±�½�¼r±}³r¾}¿#ß>±}¯|²n±�n±}³�´u°9´g¬®¶h³SÉ_ÁIá	á7áíÝ�¬~ºP³N°9Æ}E	²n¶�¾�±�nn¬~³|º
��±}´g´n±}²n>òËÀ]ó�Ä¡Àyð�ôPôPï�Ä�ðPð�öÙÎ_ðPð�T Ç

w ô�y ßÅÇ7ëäÇ7ß�°9³|º�°�¿�¿�°9³SÉ3ÝdÇ���²g¬®g«|³N°9³SÉQÂr±�°9´g¼|²n±Í¬®·|±}³�´g¬ãÊN¾�°9´g¬®¶h³Ó¬~³ ´g«r±Í´g¬~µ�±[Î�¸]²n±�½�¼r±}³r¾}¿
¯|ÆÛ°9³r±�Ñ�¿(¼rg¬~³|º´g«r±�ê�¶h¼|ºP«�Î�ß>°h·|¶h³Ë´g²u°9³ry¸�¶h²gµ#É)E�°9´g´n±}²g³&ß>±�¾�¶hºP³|¬~´g¬®¶h³&ò9ó#À�ï�Ä�À�öC�C� ðÙÄ
ðPð}ó�ñ�Î_ðPð�TPõ Ç

w~ð���y_Þ�Ç1HQ±}³|³r±}´g´�É�ÞÅÇ�Ý °9¬~´n¶|ÉR��g¬~³|ºq±�· º�±>¬~³ ¸m¶h²gµ(°9´g¬®¶h³�¬~³(´g¬~µ�±[Î�¸m²n±�½�¼r±}³r¾}¿(²n±}¯|²n±�n±}³�´u°9´g¬®¶h³r
¸�¶h²7¾u«|¬~²g¯�¯N°9²u°9µ�±}´n±}²3±�g´g¬~µ(°9´g¬®¶h³SÉ�à;¯|¯|Æ~¬®±�·�°9³r·�ì/¶hµ¯|¼|´u°9´g¬®¶h³N°9ÆSê�°9²gµ�¶h³|¬®¾;à>³N°9Æ~¿�n¬®
ð�õËÀ�ï�Ä"À�öC�C�CT�Ä�ðPð}ó�ñ�Î_ðPð�TPõ Ç

w~ðPð�y�H�Ç[HQ¶�°hg«N°hg«SÉ;ê>±}¼|²g¬®g´g¬®¾!¸m¶h²gµÅ¼|ÆÛ°9´g¬®¶h³ ¶9¸ª3Â�J��Ée¬~³S×dH�Ç[H/¶�°hn«N°hg« Àmá	·¢Ç ÄYÉ>ªQ¬~µ�±[Î
Âr²n±�½�¼r±}³r¾}¿ Ý�¬~ºP³N°9ÆÜà>³N°9Æ~¿�g¬®é°9³r·�E	²n¶�¾�±�nn¬~³|ºr×�à ì/¶hµ¯|²n±}«r±}³rg¬~È�± ß;±Y¸�±}²n±}³r¾�±PÉ
á	Æ®n±}È�¬®±}²�É ��¶h³r·|¶h³SÉ_öC�C�Pò É_ì<«SÇNö Ér¯|¯SÇröPôÙÎRT�ñ�Ç

w~ð�ö�y���Ç�ê;¼ruu°9¬~³SÉ	H�Ç	H/¶�°hn«N°hg«SÉ�à3·r°9¯|´g¬~È�±�¬~³rg´u°9³�´u°9³r±�¶h¼rí¸m²n±�½�¼r±}³r¾}¿é±�g´g¬~µ(°9´g¬®¶h³ ¶9¸
µÅ¼|Æ~´g¬®¾�¶hµ¯d¶h³r±}³�´	Â�ë8g¬~ºP³N°9Æ®�¼rg¬~³|º�½�¼N°h· ²u°9´g¬®¾<´g¬~µ�±[Î�¸]²n±�½�¼r±}³r¾}¿Å· ¬®g´g²g¬~Ñ|¼|´g¬®¶h³rÙÉ9ÁÃá	á	á
ª�²u°9³ru°h¾}´g¬®¶h³r;¶h³»Ý�¬~ºP³N°9Æ}E�²n¶�¾�±�ng¬~³|º	TC�ËÀ�õ�Ä¡À�öC�C�Pö�Ä¡ð�õPïPïÙÎ_ð�õ�ñhï Ç

w~ð�ò�y!�7Ç�ß�°9³|Ø�¬~³r±PÉ�ÞÅÇ|Ý�´n±}È�±}³rn¶h³SÉ|ëäÇ�ëÍ±�gÑN°9«SÉ)H�Ç�HQ¶�°hg«N°hg«SÉ�àÕÞ�¶h³rg´u°9´g¬®¶h³N°9²g¿�ëÍ¶�·|±}Æd¶9¸
Þ�±}Ì3Ñ�¶h²g³#á	á<âCÉrÁÃá	á	á ªS²u°9³r[°h¾}´g¬®¶h³r;¶h³"H/¬®¶hµ�±�· ¬®¾�°9Æ+á	³|ºP¬~³r±�±}²g¬~³|ºrÉ_°h¾�¾�±}¯|´n±�·¢Ç

w~ð}óUy_ëäÇ�ëÍ°9ÆÛ°9²gÈ�¬~Æ~¬aÉSëäÇ�ë5±�gÑN°9«SÉPH�ÇPHQ¶�°hg«N°hg«SÉ¢ªQ¬~µ�±YÏ�¸m²n±�½�¼r±}³r¾}¿»· ¬®n´g²g¬~Ñ|¼|´g¬®¶h³�µ�¶hµ�±}³�´n
¶9¸+«r±�°9²g´3²u°9´n±�Èh°9²g¬Û°9Ñ|¬~Æ~¬~´I¿(¸�¶h²Q³r±�¶h³N°9´u°9ÆSn±}¬ba�¼|²n±¡·|±}´n±�¾}´g¬®¶h³SÉ|¬~³S×)E�²n¶�¾PÇ|ÁIá	á7á Áyì/à¡Ý|ÝRE�É
�	¶hÆaÇrò É_öC�C�Pï É|¯|¯SÇSð}ó�ôÙÎ_ð�TPö Ç

w~ð�T�y��NÇNÁIÆ~Æ~¬~³|ºPÌ<¶h²g´g«SÉ��rÇ���¬~´g´gÆ®±}²�É_à�Ý�¼|²gÈ�±}¿#¶9¸	´g«r±�ê>¶h¼|ºP«ÍªQ²u°9³ry¸�¶h²gµ#É�ì/¶hµ¯|¼|´n±}²���¬®g¬®¶h³
°9³r·&â�²u°9¯|«|¬®¾�°9Æ+ÁIµ(°9º�±�E�²n¶�¾�±�ug¬~³|º�óPó5ÀyðÙÄ�Àyð�ôPõPõ�Ä;õ�ñ�Î_ðPð�ï Ç

w~ð�ï�y�H�Ç�HQ¶�°hg«N°hg«SÉÔëäÇ�ëÍ±�gÑN°9«SÉ#Ý�¬~ºP³N°9Æ�á�³|«N°9³r¾�±}µ�±}³�´ÜÑ�¿ ªQ¬~µ�±[Î�Â�²n±�½�¼r±}³r¾}¿WE	±�°9Ø
Â�¬~Æ~´n±}²g¬~³|ºrÉrÁÃá	á	á1ªS²u°9³ru°h¾}´g¬®¶h³r�¶h³ÍÝ�¬~ºP³N°9Æ}E	²n¶�¾�±�nn¬~³|º	TPöËÀ]ó�Ä¡À�öC�C�9ó�Ä3ôPöPôÙÎ�ôPò�ñ�Ç

w~ðÙñGy�H�Ç HQ¶�°hg«N°hg«SÉÙªQ«r±�¶h²g¿�¶9¸r½�¼N°h· ²u°9´g¬®¾	ª3Â9J��É�¬~³S×�H�Ç HQ¶�°hg«N°hg«�Àmá7·¢Ç ÄYÉÙªQ¬~µ�±[Î�Â|²n±�½�¼r±}³r¾}¿
Ý�¬~ºP³N°9ÆSà>³N°9Æ~¿ g¬®3°9³r·%E�²n¶�¾�±�ug¬~³|ºr× à�ì/¶hµ¯|²n±}«r±}³rg¬~È�±"ß>±Y¸m±}²n±}³r¾�±PÉ á�Æ®u±}È�¬®±}²�É �S¶h³r·|¶h³SÉ
öC�C�Pò Édì<«SÇrò É|¯|¯SÇ+TPôÙÎ�õ ðPÇ

w~ð�õ�y�H�ÇUHQ¶�°hg«N°hg«SÉPªQ¬~µ�±[Î�¸m²n±�½�¼r±}³r¾}¿¾�¶h³r¾�±}¯|´n�É�¬~³S×CH�ÇCHQ¶�°hg«N°hn«&Àmá	·¢Ç ÄYÉ�ªQ¬~µ�±[Î�Â|²n±�½�¼r±}³r¾}¿
Ý�¬~ºP³N°9ÆSà>³N°9Æ~¿ g¬®3°9³r·%E�²n¶�¾�±�ug¬~³|ºr× à�ì/¶hµ¯|²n±}«r±}³rg¬~È�±"ß>±Y¸m±}²n±}³r¾�±PÉ á�Æ®u±}È�¬®±}²�É �S¶h³r·|¶h³SÉ
öC�C�Pò Édì<«SÇ¢ðPÉ|¯|¯SÇ|ó9Î�ö�ñ�Ç

w~ð�ô�y_ëäÇËà>²g³r¶hÆ®·¢É#ëlÇ&ß;¶�±�ngº�±}³SÉ%H�Ç%HQ¶�°hg«N°hg«SÉ5Ý�¬~ºP³N°9ÆäÂ+¬~Æ~´n±}²g¬~³|º ¼rg¬~³|º Â|²n±�½�¼r±}³r¾}¿
á	³r¾�¶�· ¬~³|º1°9³r·Õ´g«r±�ªQ¬~µ�±[Î�Â�²n±�½�¼r±}³r¾}¿¡E�ÆÛ°9³r±PÉ;¬~³S×dE�²n¶�¾PÇeà�g¬~Æ®¶hµ(°9²Íì/¶h³ ¸gÇ~ÉdE�°h¾}¬ãÊN¾
ì/¶ÙÈ�±PÉ_ì/à�É¢ð�ôPôPò Ér¯|¯SÇ¢ð}óTPôÙÎ_ð}ó�ïPò Ç

��Ã



w öC��y_à�ÇhÂN°9²u°9ºrÉPáeÇCJ�±}Æ~¯SÉhá	· º�±QÆ~¬~³|Ø�¬~³|º¡Ñ�¿Cn±�½�¼r±}³�´g¬Û°9Ærn±�°9²n¾n«SÉCE�°9´g´n±}²g³(ß>±�¾�¶hºP³|¬~´g¬®¶h³�öPõCÀ�T�Ä
Àyð�ôPôCT�Äeï ðPð[Î�ïPòPò Ç

w ö ð�y_ª¡Ç8à3¾u«N°9²g¿�° É à�Ç8ß>°�¿�ÉéÁ µ(°9º�±¢E	²n¶�¾�±�nn¬~³|ºr×]E�²g¬~³r¾}¬~¯|Æ®±� °9³r· à;¯|¯|Æ~¬®¾�°9´g¬®¶h³r�É
K ¬~Æ®±}¿ÔÁ ³�´n±}²nn¾}¬®±}³r¾�±PÉNê�¶hÑd¶hØ�±}³SÉ|Þx�rÉNöC�C�CT Ç

w öPö�y�H�Ç�HQ¶�°hg«N°hn«SÉ9âCÇ�E	¼|´gÆÛ°9³r·¢É£J�¬®n¾}²n±}´n±7´g¬~µ�±[Î�¸]²n±�½�¼r±}³r¾}¿"· ¬®g´g²g¬~Ñ|¼|´g¬®¶h³r�É�¬~³S×GH�Ç�HQ¶�°hg«N°hn«
Àmá7·¢Ç ÄYÉ�ªQ¬~µ�±[Î�Âr²n±�½�¼r±}³r¾}¿ Ý�¬~ºP³N°9Æ!à;³N°9Æ~¿ g¬®Ó°9³r·WE�²n¶�¾�±�ng¬~³|ºr×Ôà ì/¶hµ¯|²n±}«r±}³rg¬~È�±
ß>±Y¸m±}²n±}³r¾�±PÉ|á	Æ®n±}È�¬®±}²�É$�S¶h³r·|¶h³SÉ_öC�C�Pò É_ì<«SÇ_ï Ç~ðPÉ|¯|¯SÇröPòPöÙÎ�ö9órðPÇ

w öPò�y_ëäÇNß>¶�·|±}³SÉdà>³N°9Æ®¶hºË°9³r·�J�¬~ºP¬~´u°9Æ	ì/¶hµµq¼|³|¬®¾�°9´g¬®¶h³ÖÝ�¿ g´n±}µ��ÉNóP´g«!á	· ¬~´g¬®¶h³SÉPE�²n±}³�´g¬®¾�±
ê�°9Æ~ÆaÉ��>¯|¯d±}²>Ý °h·|· Æ®±Åße¬~È�±}²�É|Þx�rÉ¢ð�ôPôPï Ç

w ö9óUy�ÝdÇ�E�±}Æ®±}ºrÉ�H�Ç�E�¶h²u°9´�É+H�ÇrÂr²g¬®±�· ÆÛ°9³r·|±}²�É_ªQ«r±"à�¾n«|¬®±}ÈP°9Ñ|Æ®±"à�¾�¾}¼|²u°h¾}¿Ô¬~³&á	g´g¬~µ(°9´g¬~³|º�´g«r±
ÁI³rg´u°9³�´u°9³r±�¶h¼r"E�«N°hn±l°9³r·ÓÂ+²n±�½�¼r±}³r¾}¿Ó¶9¸° ì/¶h³rn´u°9³�´&à>µ¯|Æ~¬~´g¼r·|±lÝ�¬~ºP³N°9ÆaÉ;ÁÃá	á	á
ª�²u°9³ru°h¾}´g¬®¶h³r;¶h³»Ý�¬~ºP³N°9Æ}E�²n¶�¾�±�ng¬~³|º�órð�À�ï�Ä¡Àyð�ôPôPò�ÄeöPö ð�ïÙÎ�öPöPö9órÇ

w öCT�y_ßÅÇ>à>ºP²u°�ÌQ°9ÆaÉ¡ßqÇ¡Ý�«r±}È�º�°h¶h³|ØP°9²�ÉqÝdÇ¡Ý °9«N°hg²u°9Ñ|¼r· «r±PÉ"à ¸m²n±�g«�Æ®¶�¶hØ °9´»´g«r±Öê�¶h¼|ºP«
´g²u°9³rg¸m¶h²gµ#É_E�°9´g´n±}²g³5ß>±�¾�¶hºP³|¬~´g¬®¶h³f�S±}´g´n±}²nÅðÙñËÀyð���Ä¡Àyð�ôPôPï�Ä�ð��PïCTÙÎ_ð��PïPõ Ç

w öPï�y�H�Ç�H/¶�°hn«N°hg«SÉÅëäÇ�ë5±�gÑN°9«SÉ�à*´g¬~µ�±YÏ�¸m²n±�½�¼r±}³r¾}¿.°9¯|¯|²n¶�°h¾n«.¸�¶h²¹³r±}Ì3Ñ�¶h²g³.u±}¬ba�¼|²n±
·|±}´n±�¾}´g¬®¶h³SÉ�ÁIá	á7áÜá�³|ºP¬~³r±�±}²g¬~³|º5¬~³�ë5±�· ¬®¾}¬~³r±�°9³r·�H/¬®¶hÆ®¶hºP¿»ëÍ°9º�°£a�¬~³r±�öC�!À�T�Ä�À�öC�C� ðÙÄ
T9ó9Î�ï9órÇ

w ö�ñGy_ëäÇ	Ý�¾n«r±}²�É	ëäÇ	Ý�¼|³SÉ¤JCÇ�Ý�´n±}¯|¯�±PÉ	ßÅÇ�â�¼|´g«|²g¬®±PÉ�ßqÇ	Ý�¾}ÆÛ°9ÑN°hng¬aÉ7ì/¶hµ¯N°9²g¬®n¶h³1¶9¸�á	á<â
n¯d±�¾}´g²u°9Æ3°9³r·Ö¾�¶h²g²n±}ÆÛ°9´g¬®¶h³�µ�±�°hg¼|²n±��Ñd±}´IÌ<±�±}³�«r±�°9Æ~´g«�¿ä´n±}²gµ °9³r·¹¯|²n±}´n±}²gµ ¬~³ ¸a°9³�´nÙÉ
E�±�· ¬Û°9´g²g¬®¾qÞ�±}¼|²n¶hÆ®¶hºP¿!ð��ËÀ�ö�Ä¡Àyð�ôPô9ó�Ä�ð��9ó9Î_ð��Põ Ç

w öPõ�y�E�Ç7��°9³r¾�°hg´n±}²�É\�Ço¥ °9Æ~ØP°9¼rgØP°h�É�ì<¼|²gÈ�±Ü°9³r·éÝ�¼|²y¸�°h¾�±ÓÂ�¬~´g´g¬~³|ºr×�à>³8Á ³�´g²n¶�· ¼r¾}´g¬®¶h³SÉ
à3¾�°h·|±}µ¬®¾¦E�²n±�n�É5��¶h³r·|¶h³SÉ�ð�ôPõPï Ç

w öPô�y_ª¡Ç�ì/¶hÆ®±}µ(°9³SÉc§CÇ��¢¬aÉÖà>³%ÁI³�´n±}²g¬®¶h²éªQ²g¼rg´.ß;±}ºP¬®¶h³*à;¯|¯|²n¶�°h¾u«*¸m¶h².Þ�¶h³|Æ~¬~³r±�°9²
ë5¬~³|¬~µ¬baÙ°9´g¬®¶h³lÝ�¼|Ñ)¨g±�¾}´¡´n¶�HQ¶h¼|³r·|�ÉSÝ�ÁÃà>ë©��¶h¼|²g³N°9Æ	¶h³t�>¯|´g¬~µ¬baÙ°9´g¬®¶h³lï»À�ö�ÄCÀyð�ôPôPï�Ä
órð�õÙÎ�óPóT Ç

w òC��y�E�Ç�â�¬~Æ~ÆaÉ�K Ç¢ë&¼|²g²u°�¿�É¢ëlÇ�K!²g¬~ºP«�´�É}E�²u°h¾}´g¬®¾�°9Æ��>¯|´g¬~µ¬baÙ°9´g¬®¶h³SÉ�à3¾�°h·|±}µ¬®¾PÉ�Þ>±}Ìª§7¶h²gØ�É
ð�ôPõ ðPÇ

w ò ð�y�H�ÇªHQ¶�°hg«N°hg«SÉ�ëlÇ�ë5±�nÑN°9«SÉ�E�Ç ì/¶hÆ®· ¬~´«a�É�Þ�±}Ì3Ñ�¶h²g³ á	á/â n±}¬ba�¼|²n±�¯N°9´g´n±}²g³
¾u«N°9²u°h¾}´n±}²g¬®u°9´g¬®¶h³Ò¼rg¬~³|º1´g¬~µ�±YÏ�¸]²n±�½�¼r±}³r¾}¿ °9³N°9Æ~¿ g¬®�É>¬~³S×ZE�²n¶�¾PÇ>ÁÃá	á	á ÁI³�´n±}²g³N°9´g¬®¶h³N°9Æ
ì/¶h³ ¸�±}²n±}³r¾�±#¶h³Ðà3¾�¶h¼rn´g¬®¾��É<Ý�¯�±�±�¾n« °h·ÐÝ�¬~ºP³N°9ÆxE�²n¶�¾�±�ng¬~³|ºrÉ<Ý °9Æ~´��+°9Ø�±5ì<¬~´ ¿�É���Ý�à�É
öC�C� ðPÉr¯|¯SÇ¢ð��9órð[Î_ð��9óPórÇ

w òPö�y�E�Ç�ì/±}Æ~ØP° ÉdE�Ç�ì/¶hÆ®· ¬~´«a�É�Þ>¶h³|Æ~¬~³r±�°9²5³r¶h³rg´u°9´g¬®¶h³N°9²g¿¬K ¬®±}³r±}²&µ�¶�·|±}Æq¶9¸¬~³ ¸�°9³�´5á	á<â
u±}¬ba�¼|²n±��É|ÁIá7á	áÐª�²u°9³ru°h¾}´g¬®¶h³r>¶h³�H<¬®¶hµ�±�· ¬®¾�°9Æ�á�³|ºP¬~³r±�±}²g¬~³|º(ó�ô&À�ï�Ä�À�öC�C�Pö�ÄdTCTPïÙÎRTPï9órÇ
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