
Simulated electromagnetic emissions
in the ionosphere: On possible
signatures of non-linear wave

interaction in digital data

Daniel Söderström

IRF Scientific Report 282

June 2003

ISSN 0284-1703

INSTITUTET FÖR RYMDFYSIK

Swedish Institute of Space Physics

Uppsala, Sweden





���������
	����������	������������������ �!�����"�#�$�&%�%'���(�
%)�&�*��+
�
, �(� �(%�-.+ ���'��/102�435��%'%'�&6
	��7�8�&���9���� ����%:�<;>=)���8?@	&�&�
��A�

B �DCE� , �F�������A�������(�G�&�4H:�&�I�J����	KH2�L���

MONQPSRUTWVYX[Z\Q] T_^a`abc^dZ\fe

gih b�j>kQl�PSTnmpofofq



���



��� �

�������	��
���

��������	��� ������������! "�	�$#%�	&'�	��#��(��)*���"�+�,#(-/.(�0 21�"�0.(�!-435���".76889-;:<�����.=� ����������>�"�@?���@�,A!B
3,-'#(���5�C)D1�"����E�"&4-'���F#<G!8H���I�> J8�(�K3��	.�.=�	�L-;�5�"?K-4�� 21���"�	�+.M���,N+�	�$#(-4�"�+.(�")I�!1�"?K��OEPQ-/.�.(�R�> 
8&4��.=)*�"8�(�K3��	.�.=�	�(�+�F. ����S?K���L-;.(-4�T#(6+�U6#I�	&'�	�$#(���")*������,#�-4.(�V.=#(�!1��&4�-4��+W2 !-4&'�����T���"�T#���.
��)I��#X�> Y���$#(�	���	�Z8[1�\:<�"�5?K�	�ZO^]_�K�����()*��#(-4�"�`�")9?K�	.�.��;8�(�K3��	.�.=�	�a�>�"�`��1�".a�������)���#=#\�"�+��&'B
G!.(���5�Q?�,#2)I��#=#5�����+�b.(8H���$#(�5��#cOX]^?�,#=#5�`����dS��#(�e���+�"&'GK.(���5�".X.=8H���$#(�5��#��"�	��")f��#=#2��&'-4���b?K��B
&4�"�g�> h?K�,#g���"�5.=���"���(�	&'�	����.�OZiY���+�")j��#=#a: ���)U� ������Y�"���(���"���(�	&4��#(-4�"��	�`� ��"�2 !-'#=#gd��6+.2)I�	?U����B
��.(�"���(����&/��#�-'������h-H?K�,#k)U�"#=#5���"�S�M.=8H���$#(�5��#k $-/.��".2��#(#k.=#(�!1��&4�-'�+�"���*.$1�M.=��)f?K�	��?K�,#����$#(�	����.
8[1�U)I�"�(�����7�+���e.���)I)*�L���"���"��# ����;.=��)l !-m#(#nd��6+.�W ��" "�	�7��)o.<#��$1�"&'�+-'������+.k�������! "�	�+.�.=8H���$B
#(��6) ��"�Q.=GK.=#(�	)I��#(-/.=�$#Q.=#(��6�$#(6�����5��#cOkpb�,#Q !-/.(��. ��� ����ZW+��#=#b.=#��"�+?�"��?�> ! !-4�"��&/.(��� ��"�n�"���KB
.<#5���$#*� ������"��#5��&4�,#* ����5?K���0-n)I�	?��&4 ��"��?�	.(d-'&/?K�-4������ ��"���".	OqpQ��#=#�� ����I ��"?r.=��) ��� ����
�"d+.(���� "�	����.[?g1�*.(-'���+��&4���7dS�c.<#!1���n�> � !-'#=#nd��6+.	O

s ����L�n�-4�"�M�����	t$6�	�+3,GY��&4�	3,#(���")*������,#�-43guv�> ��2-4.^#(�5���+.()I-m#(#(�c?M-'�$#��n#(�+�[-4�"��$.=8�+�����"W
)I�"�!Gh#<G!8S�c.[�"�a8�(�K3��	.�.=�c.23����*dH�Q��A3,-'#(�	?I-4�*#���nu;�> "�e���,N+�c3w#(-4�"�*������-'���ZO\xK�")I�n���y#���	.(�
8&4��.=)*�V8���K3,�	.�.(�	.U-'�0#�6�(�r�	)U-'#���&4�	3,#(���")*������,#�-437u;�> "�	.	W[ue�+-435�q3��"�zdH�F���	3,�	-' ��	?zd!G
���$#(�	��+�".`���E#���*�"���"6+�+?aO�{vGE���S��&4G!.(-4��|#�������	3���-4 "�	?R.=8H�	3,#(��6)�W^-4�K���"��)*��#�-'���J�"dS��6K#
#(��h8+�(�K3,�c.(.(�	.e3	����dH���"d#���-4��c?aOv{vG%3,�")I8+�"�(-4��I#����3,����.�.=B}3��"���(�	&4��#(-4�"�*�����nue�-'#(�h���-4.(�
ue-m#��D#(��%3,����.�.<B_3,���(����&/��#�-'���C�����U?K-'~y�������$#L8+�"�=#5.h�"�e#(��%.=8H�	3,#(��6)�W2-m#U-4.U.=�+��ue�D-'�D#��-/.
uk���(��#��+��#h#�����5�"?K-/��#�-'���V?�,#(�c3w#��	?V�"�V#(�+���"���"6�S?E�+��.`#(�+�|.(�")I�I35�S���5�"3w#����h��.`ue�-m#��
��"-/.=��W+��&'#(�+�"6���7#���`�����	t$6���S3,G7.(8H�	3w#��(6+)��"�X#����?K��#(�	3,#(�c?�����?K-4��#(-4�"�%-4.b.=GK.=#(�	)I��#(-/3��"&'&4G
.<#�6+3w#�6�(�c?aO|]}#L-4.L��&/.=�F.(���ue�V#(�+��#�ue����D�> ����5���"-4��7#(��73,����.�.<B_3,���(����&/��#�-'���F >�"&'6+�	.	W^#���
.<#5���+?�"��?M?�� !-4��#(-4�"�h.=#��>GK.Z)I���(�k�"�^&4�	.�.^3��"�+.=#��"�$#Xue��	�h-'�S3,���	�".(-4��e#(�+�[�!6)�dH���\��� ��"&'6�c.
-'�%#(�+�Y)I�c���ZOg�;�-/.e-/.e��&/.=�U#���h3���.=�Yue����%#���h.=-4�"�S��&Z3,���+.(-4.=#�.;�"�Xue�-'#(�M���-4.(�"O



���



� �����������	�


 ���������������������� 

�  "!#����$&%(')�*�����+'�,�$�-.��- /

02143 57698:<; �(=?>@=�A ;9BC8ED =?>C=?FHG BC8*698I1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1 L
021M0 NO8*;H8*6QP �4> �4>#R D =?>C=?FHG BC8*6 �4S NT8 >#F � ;VUW1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1 L
021ML XZY4: F P[:)NO8 >+F � ;\U@XZ6 =�] Y(8^1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1 _

/ `�����ab��c�!C��-2�d Ec�-.��������ae!#f��g-.�����h Eai�j'�'�������' k
l mn$�-eop��!#����!#���g��-rq@-.��-2������� s
k qh��f��j��!+ct`u�jf��g!�cwvK�����?-2''��x��f 
�


y2143 5{z#P|z#Y4: > ; F : >#} 5{z#P|z#Y4: > ;t~ G 8 S ;H6�z#P 1E1J1J1J1E1K1J1E1J1J1J1E1K1�3�3
y2143<143 ���Tz#P)8*6 �4S :�Yu���C:�P G Y48 =�A�� �4S�= BC8*6�8 >#S 8 1K1J1E1J1J1J1E1K1�3L

y21M0 �OzC; =�S�= 69698Y�:<; �(=?> : >#} 5{6 =?F9F��\S�= 696�8Y4:<; �(=?> 1J1J1J1E1K1J1E1J1J1J1E1K1�3�
y21M02143 ���Tz#P)8*6 ��S :�Y��&��:�P G Y(8 =�A �TzC; =�S�= 69698Y4:<; �(=?> �4> ;9BC8p�#698 �

� z#8 >#S U�N = Pp: ��> 1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1�0<�
y21ML � �4>+}C=��tF 1J1J1E1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1�0<�

y21ML2143 ��BC8JN � 6 ��S B#Y(8*;��E8*6 > 8Y)1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1�0<�
y21ML21M0 ��BC8Jz F 8 =�A � �4>#}C=��tF 1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1�0�0

� `�,Z-.������!+c{����!+cj�u'���' ��s
s ��-2'���cj��'p!+����qh��'�.�g''��j��� �+ 

¡ 143 ¢�8 F z#Y4; F 1E1K1J1J1E1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1�0��
¡ 1M0 N ��F9S z F9F �4=?> 1J1J1E1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1£_¤L

¥ ¦n�����¤cx��'������§!+���§����¨u�g�2©�c�-2��f�-2aª-2����' l�k
«2143 5 =?>#S Y4z F �(=?> 1J1E1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1£_¤y
«21M0 � S�¬2>C=�� Y(8 }CR 8Pp8 > ; F 1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1£_¤y

� vJ���+f+��!+a ¦n����- lus
�K143X&698 G :<6 �4>CR ;9BC8KN":<;9:®1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1£_ ¡
�K1M0 � ��S�= BC8*698 >#S 8¯1J1E1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1£_¤«
�K1ML°�OzC; =�S�= 69698Y�:<; �(=?> : >#} 5{6 =?F9F��\S�= 696�8Y4:<; �(=?> 1J1J1J1E1K1J1E1J1J1J1E1K1£_¤«

�



� � ���������	����




� � �ª� ��� � ����� 	 ���

L2143 ~ S BC8P[:<; �4S } � : R 6�:�P =�A ~��Z� F9G 8 S ;H6Q: A�= 6®Y =?>CR ;9BC8*6�P[:�YI; � P)8
F9S :�Y(8 FEA�= 6 } ��
 8*698 > ; G z#P G � : � 8 A 698 � zC8 >#S � 8 F��� 6�8Y4:<; ��� 8); =������� ��� L���� � BC8*698 ��� �4F ;9BC8p8Y48 S ;H6 =?>®R U26 =rA 698 � zC8 >#S U�1[�tBC8 FHG 8 S �;H6�z#P S B#: >CR 8 F : F�� 8 G : F9F ;9B#8r8Y(8 S ;H6 =?>§R U26 =eA 698 � zC8 >#S U A 6 = P� 8Y =�� 1&��: ¬ 8 >hA 6 = P�� 3�� 1[1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1  

_C143 ~ S BC8P[:<; �4SK} � : R 6�:�P =�A ;9BC8 � z#: } 6Q:<;9zC698 } 8*;H8 S ; = 61���B#8K: > ;H8 >+> :F �(R?> :�Y"! �$# � �4FnG 6 =�S 8 F9F 8 } ; = R ��� 8h: � z#: } 6�:<;9zC698 � �&%'�$# �(�n: >#} :
�4>�� G B#: F 8 �*)+�$# �(� F �(R?> :�Y 1 � A ;H8*6,� 0�� 1�1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1 «

y2143 ��BC8 G�=�� 8*6 FHG 8 S ;H6�z#P =�A ;9BC8";H8 F ; F �(R?> :�Y.- �$# � �4> 8 � z#:<; �4=?> � y21ML��S�=?> ;9: �4> �4>CR ;9BC698*8 � : � 8 FE� � ;9B G B#: F 8 F ;9B#:<; F :<; �4F9A U0/�1324/�5768/�9
: >#} : }#} 8 }r>C= �4F 8�1 1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1�3L

y21M0 ��BC8 F � z+:<698 } � �4S�= BC8*698 >#S 8 FHG 8 S ;H6�z#P =�A ;9BC6�8*8 � : � 8 F � � ;9B G B+: F 8 F
;9B#:<; F :<; �4FHA U:/�1;2</�5�6=/�9u: >#} : }#} 8 }K>#= �4F 8�1��tBC8 G�=�� 8*6 FHG 8 S ;H6�z#P
�4F�F B =��t> �4>�]#R z#698Ky2143<1 1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1�3�_

y21ML ��BC8 G�=�� 8*6 FHG 8 S ;H6�z#P =�A ;9BC8";H8 F ; F �(R?> :�Y.- �$# � �4> 8 � z#:<; �4=?> � y21ML��S�=?> ;9: �4> �4>CR ;9BC698*8 � : � 8 Ft� � ;9B �4>#} 8 G 8 >#} 8 > ; G B#: F 8 F 1�1E1J1J1J1E1K1�3y
y21 _ ��BC8 F � z#:<6�8 } � �4S�= B#8*698 >#S 8 F9G 8 S ;H6Qz#P =�A ;9BC6�8*8 � : � 8 F�� � ;9B �4>��

} 8 G 8 >#} 8 > ; G B#: F 8 F : >#} : }#} 8 }e>#= �4F 8�1@��BC8 G�=�� 8*6 FHG 8 S ;H6�z#P �4F
F B =��O> �4>�]#R zC6�8Ky21ML 1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1�3> 

y21My ��BC8 G�=�� 8*6 FHG 8 S ;H6�z#P =�A ;9BC8";H8 F ; F �(R?> :�Y.- �$# � �4> 8 � z#:<; �4=?> � y21 _?�S�=?> ;9: �4> �4>CR�A�= zC6 � : � 8 Fg� � ;9B@/A5CBD/�9�: >#} /�1 �4>#} 8 G 8 >+} 8 > ;E� � z#: } 6Q:<; �4SS�= z G Y �4>#R|=�A ; �7=[� : � 8 F : >#} : }+} 8 }h>C= �4F 8�1 1J1J1E1K1J1E1J1J1J1E1K1�3 ¡
y21F ��BC8 F � z#:<698 } � �4S�= B#8*698 >#S 8 FHG 8 S ;H6�z+P =�A ;9BC8n;H8 F ; F �(R?> :�YG- �$# � �4>

8 � z#:<; �4=?> � y21 _?� S�=?> ;9: �4> ��>CRnA�= zC6 � : � 8 F�� � ;9BH/�5CBI/�9{: >#} /�1 �4>#} 8 �
G 8 >+} 8 > ;E� � z#: } 6Q:<; �4S�S�= z G Y �4>CR^=�A ; �7=b� : � 8 F : >#} : }#} 8 }i>#= �4F 8�1��BC8 G�=�� 8*6 FHG 8 S ;H6�z#P �4F�F B =��t> �4>�]#R z#698Ky21My21 1E1K1J1E1J1J1J1E1K1�3«

y21 ¡ X =�� 8*6 F9G 8 S ;H6Qz#P =�A ;9BC8T;H8 F ; F �(R?> :�YJ- �$# � �4> 8 � z#:<; �(=?> � y21 ¡ � S�=?>��;9: �4> �4>CR ; �w=®� : � 8 F�� � ;9Bi8 � z#:�Y G B+: F 8 F :<; A 698 � z#8 >#S � 8 F 3*���LKNM: >#} 3 ¡ y'KNMJ: >#}@� � ;9B@: }#} 8 }h>#= �4F 8�1 1J1E1J1J1J1E1K1J1E1J1J1J1E1K1�0�3
� ���



� ����� ��� 
 � ���������
	�� ��


y21M« � = 6�Pp:�Y �4F 8 } :�z#; =2S�= 696�8Y4:<; �(=?>|=�A ;9BC87;H8 F ; F �(R?> :�Y?- �$# � �4> 8 � z#:<; �(=?>� y21 ¡ � S�=?> ;9: �4> �4>#R ; �7= � : � 8 FI� � ;9Bb8 � z#:�Y G B#: F 8 F � F 8 G :<6�:<;H8 } � U¡ y'K;MK: >+}�� � ;9Bh: }#} 8 }@>C= �4F 8�1 1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 0�0
y21M� X =�� 8*6 FHG 8 S ;H6�z#P =�A ;9BC8T;H8 F ; F �(R?> :�YJ- �$# � �4> 8 � z+:<; �(=?> � y21 ¡ � S�=?>��;9: ��> �4>CR ; �7=)� : � 8 F�� � ;9B G B#: F 8 F :<; A 698 � zC8 >#S � 8 F 3*��� KNM": >+} 3 ¡ yKNMJ: >#}@� � ;9B@: }#} 8 }h>#= �4F 8�1 1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 0�L
y2143*�§� = 6�Pp:�Y �4F 8 } :�z#; =2S�= 696�8Y4:<; �(=?>|=�A ;9BC87;H8 F ; F �(R?> :�Y?- �$# � �4> 8 � z#:<; �(=?>� y21 ¡ � S�=?> ;9: �4> �4>CR ; �7=ª� : � 8 F�� � ;9B �4>#} 8 G 8 >+} 8 > ; G B#: F 8 F � F 8 G : �

6Q:<;H8 } � U ¡ y'KNMK: >#}�� � ;9B@: }#} 8 }h>#= �4F 8�1 1J1E1J1J1E1J1K1J1E1J1J1E1 0�_
y2143�3i�tBC8@N � 6 �4S B+Y(8*; ¬ 8*6 > 8Y 1 ��BC8 S�=2= 6 } ��> :<;H8 F :<698 >C= 6QPp:�Y �4F 8 }i� � ;9B

F :�P G Y(8 G 8*6 �(=�}� 2 3�� � � F9= ;9B#:<;�� ��� �{B#: F ;9B#8 G 8*6 �(=�} 0�� 1 1E1 0�_
y21430��tBC8 8 
 8 S ; =�A ;9BC8®N � 6 ��S B#Y(8*; ¬ 8*6 > 8Y 1 5 =?> ;H6 � � zC; �(=?> ; = - ��� � �

S�= Pp8 F�A 6 = P = ;9BC8*6 � : Ft� 8Y�Y�: F�A 6 = P � � 1 1E1J1J1E1J1K1J1E1J1J1E1 0�y
y2143L��tBC8NKT:�PpP �4>#RK� �4>+}C=�� 1 ��BC8 S�=.= 6 } �4> :<;H8 F :<698 >C= 6�Pp:�Y �4F 8 })� � ;9B

F :�P G Y(8 G 8*6 �(=�}� 2 3�� � � F9= ;9B#:<;�� ��� �{B#: F ;9B#8 G 8*6 �(=�} 0�� 1 1E1 0  
¡ 143 5{6 =?F9F��\S�= 696�8Y4:<; �(=?>"� � ;9B F ;9: >#} :<6 }J} 8 � � :<; �4=?>"=�A ; �w=OF 8 G :<6�:<;H8 G :<69; F

=�A : FHG 8 S ;H6�z+P S�=?> ;9: �4> �4>CR)� B � ;H8 >C= �4F 8�1��r8: >h=�A _?��� � ��>#}C=��OF 1 L<�
¡ 1M0 5{6 =?F9F��\S�= 696�8Y4:<; �(=?>I=�A�G :<69; F�=�A ;9BC8 F9G 8 S ;H6Qz#P � BC8*6�87;9B#8*698 F B = z+Y }

� 8 >C=^S�= 696�8Y4:<; �(=?> � F zC6�:?��« 0�L�«��Q1��r8: >ª=�A _?��� � �4>#}C=��tF 1 ~�8*8
]+R zC698 ¡ 1ML A�= 6 FHG 8 S ;H6�z#Ph1 1K1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 L�3

¡ 1ML ~ G 8 S ;H6Qz#P Aj= 6 F zC6�:?��« 0�L�«21�1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 L�3
¡ 1 _ 5{6 =?F9F��\S�= 696�8Y4:<; �(=?>I� � ;9B �4> ;9BC8 ��� � � F z#6�:?��« 0�L�«��Q1��h8: >[=�A _?���

� �4>#}C=��tF 1Z~28*8 ]#R zC6�8 ¡ 1My Aj= 6 FHG 8 S ;H6�z#P@1 1J1E1J1J1E1J1K1J1E1J1J1E1 L�0
¡ 1My ~ G 8 S ;H6Qz#P Aj= 6 F zC6�:?��« 0�L�«21�1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 L�0
¡ 1F 5{6 =?F9F��\S�= 696�8Y4:<; �(=?> � 8*; � 8*8 > ;9BC8"N�� : >#} ;9B#8 � � � F zC6Q:?��« 0�_?� �Q1

�r8: >h=�A y�0 � ��>#}C=��OF 1Z~28*8 ]#R zC6�8 ¡ 1 ¡|Aj= 6 FHG 8 S ;H6�z#P@1 1J1E1J1J1E1 L�L
¡ 1 ¡ ~ G 8 S ;H6Qz#P Aj= 6 F zC6�:?��« 0�_?��1�1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 L�L
¡ 1M« 5{6 =?F9F��\S�= 696�8Y4:<; �(=?>@=�A ;9BC8KN�� � � ;9B ��� �L� � F zC6�:?��« 0�L�«��Q1��h8: >

=�A _?��� � �4>#}C=��tF 1Z~28*8 ]#R zC6�8 ¡ 1M� A�= 6 FHG 8 S ;H6�z#P@1 1E1J1K1J1E1J1J1E1 L�_
¡ 1M� ~ G 8 S ;H6Qz#P Aj= 6 F zC6�:?��« 0�L�«21�1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 L�_
¡ 143*� 5{6 =?F9F��\S�= 696�8Y4:<; �(=?> � 8*; � 8*8 > ;9BC8^0<N�� : >#} N�� � ;H6 = P[��� y�«�L��Q1

�r8: >h=�A _?��� � �4>#}C=��tF 1Z~28*8 ]#R zC6�8 ¡ 143�3 A�= 6 FHG 8 S ;H6�z#P@1W1E1J1J1E1 L�y
¡ 143�3 ~ G 8 S ;H6Qz#P Aj= 6O;H6 = P[��� y�«�L21 1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 L�y
¡ 1430	5{6 =?F9F��\S�= 696�8Y4:<; �(=?>@=�A ;9BC8 � 5 � ;H6 = P[��� y�0<� �Q1��h8: >^=�A _?��� � ��>��

}#=��tF 1w~�8*8 ]#R zC698 ¡ 143L Aj= 6 FHG 8 S ;H6�z#P@1 1K1J1E1J1J1E1J1K1J1E1J1J1E1 L ¡
¡ 143L	~ G 8 S ;H6Qz#P Aj= 6O;H6 = P[��� y�0<��1 1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 L ¡
¡ 143�_ 5{6 =?F9F��\S�= 696�8Y4:<; �(=?>®=�A ;9B#8 � 5 � � ;9Bb_?�?�  } :<;9: G�= �4> ; FJG 8*6 � ��>��

}#=�� � ;H6 = P���� y�0<� �Q1��h8: >h=�A _?��� � �4>#}C=��tF 1&~28*8 ]#R z#698 ¡ 143y Aj= 6
F9G 8 S ;H6Qz#P@1 1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 L�«

¡ 143y	~ G 8 S ;H6Qz#P Aj= 6O;H6 = P[��� y�0<��1 1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 L�«
¡ 143> 	5{6 =?F9F��\S�= 696�8Y4:<; �(=?>®=�A ;9B#8 � 5 � � ;9Be«�3��0 } :<;9: G�= �4> ; FJG 8*6 � ��>��

}#=�� � ;H6 = P���� y�0<� �Q1��h8: >h=�A 0<��� � �4>#}C=��tF 1&~28*8 ]#R z#698 ¡ 143 ¡|Aj= 6
F9G 8 S ;H6Qz#P@1 1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1E1J1K1J1E1J1J1E1 L��



� � 
 � ���������
	�� ��
 � �

¡ 143 ¡ ~ G 8 S ;H6�z#P A�= 6�;H6 = P[��� y�0<��1 1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1�L��
¡ 143«§��BC8 F :�P)8 S 6 =?F9F��\S�= 69698Y�:<; �(=?> : F ��>®]#R zC6�8 ¡ 1 _ ��8�� S 8 G ;I;9B#:<;|;9BC8

P)8: >rS�=?>#F �4F ; F{=�A 3> <��� � ��>#}C=��OF 1n1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1£_?�
¡ 143� 576 =?F9F��\S�= 6�698Y4:<; �(=?> � 8*; � 8*8 > ;9BC8^0<N�� : >#} N � � ;H6 = P���� y�«�L��Q1

�h8: >r=�A 3> <��� � �4>#}#=��tF 1Z~28*8 ]+R zC698 ¡ 1M0<� A�= 6 FHG 8 S ;H6�z+P@1 1J1E1K1£_?�
¡ 1M0<� ~ G 8 S ;H6�z#P A�= 6�;H6 = P[��� y�«�L21 1J1J1J1E1K1J1E1J1J1J1E1K1J1E1J1J1J1E1K1£_#3
¡ 1M0�3d576 =?F9F��\S�= 6�698Y4:<; �(=?>E� � ;9B F ;9: >#} :<6 }E} 8 � � :<; �(=?>E=�A ; �7=OF 8 G :<6Q:<;H8 G :<69; F

=�A : F9G 8 S ;H6Qz#P S�=?> ;9: �4> �4>CR)� B � ;H8 >C= �4F 8�1��r8: >h=�A 0<��� � �4>#}C=��tF 1 _#3
¡ 1M0�0 576 =?F9F��\S�= 6�698Y4:<; �(=?>E� � ;9B F ;9: >#} :<6 }E} 8 � � :<; �(=?>E=�A ; �7=OF 8 G :<6Q:<;H8 G :<69; F

=�A : F9G 8 S ;H6Qz#P S�=?> ;9: �4> �4>CR)� B � ;H8 >C= �4F 8�1��r8: >h=�A 3> <��� � �4>#}C=��tF 1 _¤0



� ��� 
 � ���������
	�� ��




� �������	��
 �

 ��� 	 ��� � � � � ���

�OY4P =?F ;K8 � 8*69U � BC8*6�8 � 8�Y =.=�¬ � � 8 F 8*8�; � P)8 F 8*6 � 8 F 1rD ; S�= z#Y } � 8[;9BC8 � :<6 � :<; �(=?>
=�A{F z >#FHG�= ; F � =�S 8: >®� : � 8 F|= 6n8Y(8 S ;H6 �4SpF �(R?> :�Y FEA 6 = P ;9B#8 � 6�: �4> 1[� G :<69; =�A ;9BC8
; � P)8 F 8*6 � 8 F : > :�Y(U F �4F �4F ;9BC8 F9G 8 S ;H6Q:�YO: > :�Y4U F ��F)� B �4S B �4F z F 8 }�A 6�8 � zC8 > ;9Y(U : >#}8��2;H8 >#F ��� 8Y(U �4> Pp: > U�:<698: Ft=�A ;9BC8 G B.U F �4S :�Y F9S � 8 >#S 8 F 1

��BC8�; � P)8 F 8*6 � 8 F �4> ;9B ��FI�w= 6 ¬ S�= P)8 F[A 6 = P Pp8: F zC698P)8 > ; F)=�A ~2; � P|z#Y4:<;H8 }
�ZY(8 S ;H6 = P[: R?> 8*; �4S �wP �4F9F �(=?>#F � = 6"~C�Z� A�= 6 F B = 69;*1�~��Z� �4F ;9BC8n6�: } � :<; �(=?> U = z R 8*;
A 6 = P �w:<69;9B�� F �4=?>C=?FHG BC8*6�8 � BC8 > U = z G 8*69;9zC6 � ;9B#8 G Y4: F Pp:IY =�S :<;H8 } ;9B#8*698 � � ;9B@:
G�=�� 8*6 A z#Y�B �(R B A 6�8 � zC8 >+S U^8Y(8 S ;H6 = Pp: R?> 8*; �4S[� : � 8�1���B �4F 6�: } � :<; �4=?> � : Fn} �4F9S�= �¤�
8*698 } �4> 3��«�3 � B � Y(8 G 8*6 A�= 6�P �4>#R 8�� G 8*6 � P)8 > ; F�� � ;9B)B �(R B A 6�8 � zC8 >+S U � : � 8 F :<;&;9BC8Kt8:<; �4>#R@A : S � Y � ;\U > 8:<6K��6 = P F�� �4> � = 6 � :�U�1���BC8pB �(R B A 6�8 � zC8 >+S U � : � 8 F ;H6�: >#F��P � ;H;H8 }hA 6 = P ;9BC8 R 6 = z >#} 8�� S � ;H8 } P[: > U@;VU G 8 F�=�A�G 6 =2S 8 F�F 8 F �4> ;9BC8 �(=?>#=?FHG BC8*6 ��S
G Y4: F Pp:�;9B#:<; ��> ;9zC6 > 8P � ;H;H8 } 8Y(8 S ;H6 = P[: R?> 8*; �4S 6�: } � :<; �4=?> 1gD ; >C=�� � 8 S :�Pp8 G�=?F9F �(�
� Y(8&; ="F ;9z } U >#=?>�� Y �4> 8:<6 G 6 =�S 8 F9F 8 F 8�� S � ;H8 } � UKB �(R B A 6�8 � zC8 >+S U G z#P G ��>CR{� � ;9B = zC;
;9BC8 > 8*8 }@=�A G 6 = � �4>CR 8Y(8 S ;H6 = Pp: R?> 8*; ��SJ� : � 8 F � F z S Bh: F z F 8 } �4> 6�: } :<6 F 1
� z F ;7:|; � P)8 F 8*6 � 8 F7}#= 8 F{>C= ; F B =�� Pnz S B �4>CA�= 6�Pp:<; �4=?> � � z#;7:I� = zC6 � 8*6{;H6�: >#F��

Aj= 6�P =�A ;9BC8 F 8*6 � 8 F : >#} : G Y = ; =�A ;9BC8 S�= 6�698 FHG�=?>#} �4>#RJG�=�� 8*6 F9G 8 S ;H6Qz#P � G 6 = � �4} 8 F
: S Y(8:<6�8*6 G �4S ;9zC698�1"� =�� ;9BC8 } ��
 8*698 > ; FHG 8 S ;H6�:�Y A 8:<;9zC698 F"S : > � 8 F 8*8 > : >#} S�=?>��
S Y4z F �(=?>+F : � = z#;&;9BC8 � 6 = 6 �(R �4>#F&S : > � 8 } 6�: �t> 1���BC8*698 �4F �¤B =�� 8 � 8*6 ��P = 698 �4>CA�= 6�Pp: �
; �(=?> � zC6 � 8 } �4> ;9B#8O; � Pp8 F 8*6 � 8 F ;9B#: > ;9B#8 G�=�� 8*6 FHG 8 S ;H6�z#P F B =��tF 1�� = 698"698 ]+> 8 }
P)8*;9B =�}#F Pnz F ;�;9BC8*698 A�= 698 � 8E8P G Y = U�8 } 1

��BC8|U�8:<6p3��_¤«�Pp:<6 ¬ 8 } ;9BC8 � 8 R �4>#> ��>CR)=�A P =�} 8*6 > FHG 8 S ;H6�:�Y : > :�Y(U F �4Ft� BC8 >
��= B > �¯1t��z ¬ 8*U : >#} �^:�zC6 �4S 8 � :<6�Y48*;H; �4>#} 8 G 8 >#} 8 > ;9Y(U ; =.=�¬ : S 6�z S � :�Y F ;H8 G 1
��z ¬ 8*U|; =2=�¬ ;9BC8 S�=?F �4> 8{;H6�: >#FHA�= 6�P =�A ;9BC8�:�zC; =<�\S�= � :<6 � : >+S 8O: >#}IA�= z >#} ;9BC8 G�=�� 8*6
FHG 8 S ;H6�z#P�� LA� 1r~ �4>+S 8);9BC8 > ;9BC8*6�8�B#: F � 8*8 >®R 698:<; } 8 � 8Y =�G P)8 > ; �4> ;9BC8[:<698: =�A
FHG 8 S ;H6�:�Y�: > :�Y(U F �4F � >C= ;O;9B#8IY48: F ;O;9B+: >C¬2F ; = ;9BC8I8 >C= 6�P = z F ��>#S 698: F 8 �4> S�= P G z �
;9:<; �(=?> :�Y G�=�� 8*6�1��g:<6 R 8E:�P = z > ; F7=�Ag} :<;9: S : >�>C=�� � 8OB#: >+} Y(8 } : >+} : > :�Y(U F 8 } �4>
:)Pnz#Y4; � ;9z } 8 =�A � :�U F 1

D > ;9B �4F{�w= 6 ¬ �#;9B#8 } :<;9: A 6 = P ; �7= 8�� G 8*6 � P)8 > ;9:�Y S :�P G : �(R?>+F B#: F � 8*8 > : > :�Y �
U F 8 }r� � ;9B^:[P)8*;9B =�} S :�Y4Y(8 }rS 6 =?F9F��\S�= 69698Y�:<; �(=?> 1�D ; �4F : F ;9:<; ��F ; �4S :�YgPp8*;9B =2} ;9B#:<;
S : >)S�= 69698Y4:<;H8 } ��
 8*6�8 > ; G :<69; F =�A � A�= 6�8���:�P G Y(8 �¤: FHG 8 S ;H6�z+P@1��"6>� �4>|= ;9BC8*6 �7= 6 }#F �

3



0 ������� ��� ���	� � ��� � ��
 	�� ��� � �

S BC8 S9¬ �(A ;9BC8*698 ��F�FH= P)8 S�=?>#> 8 S ; �(=?> � 8*; � 8*8 > ; �w=�FHG 8 S ;H6�:�Y A 8:<;9zC698 F 1
� =�} :U � F ; � Y�Y � 8*69UhY � ;H;9Y48 �4F�¬�>C=��t> : � = zC;t;9BC8)~C�Z��1�578*69;9: �4> ;9BC8 = 6 � 8 F 8�� ��F ; F �

� B �4S B ;H69Uª; = 8�� G Y4: �4> B =�� ;9BC8 F 8 G 6 =2S 8 F9F 8 F :<698@8�� S � ;H8 } 1 � zC; FH= P)8@;9BC8 = 6 � 8 F
S�=?> ;H6�: } �4S ;)8: S B = ;9BC8*6�1eD ; �4F ;9BC8@: � P =�A ;9B ��FI�w= 6 ¬ ; = � 8 R �4> ; = Y =.=�¬ :<;);9BC8
F �4R?> :�Y F�A 6 = PW;9B#8b8�� G 8*6 � Pp8 > ; F � �4> � ; � :<;H8 A zC69;9BC8*6 �4> � 8 F ; �(R :<; �(=?>+F : >#}	G 8*6�B#: G+F
F B#8 }@FH= P)8EY �(R B.; =?> ;9BC8 } ��
 8*698 > ;{;VU G 8 F{=�A�G 6 =�S 8 F9F 8 F� ; =pS�=?>C] 6�P = 6 S�=?> ;H6�: } �4S ;
;9BC8K;9BC8 = 6 � 8 F : � : � Y4: � Y(8�1



� �������	��
 �

� � 	 ��� �u�  ��� �W��� � � 	 �

� F P =?F ; G 8 =�G Y48 G 6 = � : � Y4U ¬�>C=�� ���Z:<6�;9BrB#: F : > :<;9P =?FHG BC8*698 S�=?>+F �4F ; �4>#R)=�A&} �(Aj�
A 8*698 > ; R : F 8 F �uP =?F ;9Y4UhB¤U } 6 =�R 8 > � > � ;H6 =�R 8 > : >+}^= �2U R 8 > 1"D A � ;OB+: }^>C= ; � 8*8 > Aj= 6
;9BC8 F z > : >#}[S�=?F P �4S 6Q:U F �.;9B#8t:<;9P =?FHG B#8*698 �7= z#Y } B#: � 8T698Pp: �4> 8 }p> 8zC;H6�:�Y&�¤;9B#:<;
�4F�>C= ; �(=?> �4F 8 } ��: >#} ;9BC8*6�8 �w= z+Y } � 8 >C= �(=?>C=?FHG BC8*698�1

�
	�� ���������������������� �"!#��� ��$&%'� �����
�Z:<69;9B �4F�S�=?>+F ;9: > ;9Y4U � = P � :<6 } 8 }�� � ;9B@B �(R B�8 > 8*6 R U G B = ; =?>#F�A 6 = P ;9B#8 F z > : >#}
B �(R B�8 > 8*6 R U G :<69; �4S Y(8 F7A 6 = P = zC6 R :�Y4:���U�1&D A ;9BC8 G B = ; =?>#F B+: � 8E;9BC8"6 �(R B.;78 > 8*6 R U �
;9BC8*U^Pp:�U �(=?> �4F 8K;9B#8 > 8zC;H6�:�Y :<; = P F �4> �Z:<6�;9B�� F :<;9P =?FHG B#8*698�1K�wU G ��S :�Y4Y(U � FH= Y4:<6
G B = ; =?>#F ��> ;9BC8)(�8��2;H6�8P)8+*rz#Y4;H6�: � �(= Y(8*;J: >#} ;9BC8[z#Y(;H6Q: � �(= Y(8*; � : � 8Y(8 >CR ;9Bª6�: >CR 8
G 6 =�} z S 8J;9BC8 } :�U F �4} 8 �4=?>C=?FHG BC8*6�8�1O��BC8IB �(R Br8 > 8*6 R U G :<69; �4S Y(8 F Pp:U :�Y FH= �(=?> �4F 8
� G 698 S �(G � ;9:<;H8A��;9B#8 > 8zC;H6�:�Y :<; = P F �4A ;9BC8*U B#: � 8pP = 6�8|8 > 8*6 R U^;9B+: > ;9BC8 � �4>#} ��>CR
8 > 8*6 R U =�A ;9BC8T:<; = P F 1&� B �(R B[8 > 8*6 R U G :<6�; �4S Y(8tPp:�U �(=?> �4F 8tP = 698O;9B#: >p=?> 8T:<; = P
�(A � ;JB+: F 8 >C= z R B®8 > 8*6 R U � F �4>#S 8 � ;JY =.=?F 8 F 8 > 8*6 R U R 6�: } z#:�Y�Y(U^:<;J8: S B �4=?> �4F :<; �(=?>
: F � ;EP = � 8 F ;9BC6 = z R B ;9BC8):<;9P =?F9G BC8*698�1I� G B = ; =?> �4F �uB =�� 8 � 8*6 ��: � FH= 6 � 8 } �4> :
F �4>CR Y(8[8 � 8 > ;*1 ��BC8 �(=?> �4F :<; �4=?>bG 6 =�S 8 F9FnG 6 =�} z S 8 FJA 698*8�8Y(8 S ;H6 =?>#F : >#} �(=?>#F �4> :
P � � � S :�Y�Y(8 } : G Y�: F Pp: � � B �4S B S�=?>#F ; � ;9z#;H8K�Z:<69;9B � F �(=?>C=?FHG BC8*698 � _�� 1

� 8 S :�z F 8 =�A ;9BC8 R 6�: } � 8 > ; �4> ;9B#8t:<;9P =?FHG B#8*6 �4S�} 8 >+F � ;\U � ;9BC8 } 8 >#F � ;VU ��F B �(R BC8*6
=?> ;9BC8 R 6 = z >+} ;9B#: > :<;): > :�Y(; � ;9z } 8 =�A � F :�U �wL<��� ¬ P �J: >#} ;9BC8 A : S ;I;9B#:<;|;9BC8
G B = ; =?>-, z���: >#}�G :<69; ��S Y(8"8 > 8*6 R U , z�� } 8 S 698: F 8 F�� � ;9B } 8 S 698: F �4>#R :�Y4; � ;9z } 8 ��;9BC8
�(=?>h} 8 >#F � ;\U � � Y�Y G 6 =2} z S 8 G 8: ¬2F :<; S 8*69;9: �4> :�Y(; � ;9z } 8 F�} 8 G 8 >#} �4>#R|=?> ;9BC8nPp8 S B �
: > �4F P =�A �(=?> �4F :<; �4=?> 1�� ATS�= zC6 F 8@;9B#8 A 698*8@8Y48 S ;H6 =?>#F : >#} �4=?>#F)S : > 698 S�= P � �4> 8
; =iA�= 6�P > 8zC;H6Q:�YT:<; = P F : R : �4> � F9= : F ;9:<;H8 =�A 8 � z � Y � � 6 � z#P �4F 698: S BC8 }	� BC8*698
698 S�= P � �4> :<; �(=?> �4F � :�Y4: >#S 8 } � U �(=?> �4F :<; �4=?> 1

�
	.� /0�1�2���435���'��� 67!#�8� �8$2%'� �9�4��:;/<�9� $2�=�?>
~ �4>#S 8 ;9BC8 �(=?>#=?FHG BC8*698 S�=?>#F �4F ; F@=�AIS B#:<6 R 8 } G :<69; ��S Y(8 F � � ; �w= z+Y } � 8b8�� G 8 S ;H8 }
; = �4> ;H8*6Q: S ; � � ;9Bb: > 8Y48 S ;H6 �4SI] 8Y } � F z S Be: F ;9B#:<; �4> : > 8Y(8 S ;H6 = Pp: R?> 8*; ��S)� : � 8�1

L



_ ������� ��� ��� � � ����� ��� 
 � ������
 � � ��� �

D >#} 8*8 } ��;9B#:<; �4FE� B#:<; �4FJF 8*8 >ª� BC8 > : > 8Y(8 S ;H6 = Pp: R?> 8*; �4S�� : � 8 ��F ;H6�: >#F P � ;H;H8 }
�4> ; = ;9BC8 �4=?>C=?FHG BC8*6�8�1

�tBC8 G Y4: F Pp: S : > � �(A{} �4F ;9z#6 � 8 } � =?F9S � Y�Y4:<;H8 � � ;9Be: S 8*69;9: �4>eA 6�8 � zC8 >+S U } 8*;H8*6 �P ��> 8 } � Ub;9BC8[8Y(8 S ;H6 =?>ª} 8 >+F � ;\U�1 K �(R B } 8 >#F � ;VU Pp8: >#F ;9B#:<;|;9BC8�8Y(8 S ;H6 =?>#F :<698
S Y =?F 8J; = 8: S B = ;9BC8*6T: >#}r} �4F ;9zC6 � : >#S 8 F�S : >hG 6 =�G : R :<;H8 � � ;9BhB �(R BC8*6 F9G 8*8 } ;9B#: >
�(A ;9BC8n8Y(8 S ;H6 =?>#Ft� 8*698 F 8 G :<6�:<;H8 } � U�: R 698:<;H8*6 } �4F ;9: >#S 8�17D A : > 8Y(8 S ;H6 = Pp: R?> 8*; ��S
� : � 8 � � ;9B A 698 � z#8 >#S UhY =�� 8*6T;9B#: > ;9B#8 �(=?>#=?FHG BC8*6 ��SEG Y4: F P[: A 6�8 � zC8 >+S U �4F ;H6Q: >#F��
P � ;H;H8 } �4> ; = ;9B#8 �4=?>C=?FHG BC8*6�8 � � ; � � Y4Y ( � = z >#S 8+* � : S�¬ ; = �w:<69;9B�1 ��B �4FIS : > � 8
zC; � Y �4F 8 }ª� BC8 > ;H6�: >#F P � ;H; �4>CR : 6�: } �4= P)8 F�F : R 8r:<6 = z >+} ;9B#8 �w= 6�Y } 1®D A ;9BC8 A 698 �
� zC8 >#S U =�A ;9BC8h8Y(8 S ;H6 = P[: R?> 8*; �4S@� : � 8 �4F B �(R B#8*6);9B#: > ;9BC8 G Y4: F Pp: A 698 � zC8 >#S U �;9BC8 � : � 8 S : >^G 6 =�G : R :<;H8 �4> ; =[FHG : S 8�1���B.z F �#;9BC8 �4=?>C=?FHG BC8*6�8 F 8*; F :�Y =�� 8*6"Y � P � ;
; = ;9B#8 A 6�8 � zC8 >+S U � 8 S : > z F 8 �4>�= zC6 S�= PpP|z > ��S :<; �(=?>@� � ;9B F9G : S 8�1

��6�: >#F P � ;H; �4>CR : > 8Y(8 S ;H6 = Pp: R?> 8*; ��S{� : � 8 =�A#¬�>C=��t>|A 698 � zC8 >#S U � 8*69; ��S :�Y4Y(U �4> ; =
;9BC8 �(=?>C=?FHG B#8*698�: >#}p>C= ; �4>#R ;9BC8 } 8Y4:�UI; � P)8 �(A � ; � = z >#S 8 F : >#} 698*;9zC6 >#F � � ; S : > � 8
S :�Y S z+Y4:<;H8 } :<; � B#:<;7BC8 �(R B.; � ; � = z >#S 8 } : >#} ;9BC8 G Y4: F Pp: } 8 >#F � ;VU):<;w;9B#:<;{BC8 �(R B.;*1
��B �4F �4F�}C=?> 8 � � ;9B@: > �(=?>#=?FH=?>#} 8�1

� 	�� ����� $&3 � /<�9� $&�.� >	� ����
����
� U FH� 8*8 G �4>CR ;9BC8 A 698 � zC8 >#S U�;9BC8 �(=?>C=?FH=?>+} 8 R ��� 8 F : G �4S ;9zC6�8 =�A B =�� ;9BC8 G Y4: F Pp:
} 8 >+F � ;\U �4> ;9BC8 � = ;H; = P F ��} 8 �(=?>C=?FHG B#8*698 � :<6 � 8 F � � ;9B):�Y(; � ;9z } 8�1��{;�;9B#8 } :U F �4} 8 =�A
�w:<69;9BG�?;9B ��F�G Y4: F Pp: } 8 >#F � ;\U G 6 =�] Y(8 F B =��tF ;9BC698*8 G 6 = P �4> 8 > ; G 8: ¬�F�S :�Y4Y(8 } ;9BC8�N,�
�ª: >#} � 698 R �(=?> 1 ��BC8�N§698 R �(=?> �4F Y =2S :<;H8 } � 8Y =�� �<� ¬ P � B �4S B|Pp8: >#F ;9B#:<; =?> Y4U
;9BC8�P =?F ;n8 > 8*6 R 8*; �4S �(=?> �4F :<; �(=?>bFH= zC6 S 8 F|S : > 698: S Bi;9B �4F 698 R �(=?> 1h��B#8[� 6�8 R �(=?>
Y =�S :<;H8 } � 8*; � 8*8 > �<�[: >#} 3L<� ¬ P �4F P =?F ;9Y(U G 6 =�} z S 8 } � U�z+Y(;H6�: � �(= Y(8*;{6�: } � :<; �(=?>
� 3*�����3y<� > P �{: >#}rF9= Y4:<6t� � 6�:�U F � 3��3*� > PH���+: >#} ;9BC8*698 A�= 698n:�Y�P =?F ; } �4F : G#G 8:<6 F
=?> ;9BC8 > �(R B¤; F �4} 8 =�A �Z:<69;9Bu1&��BC8E�e6�8 R �(=?> �4F ;9BC8EP =?F ; G 6 = P �4> 8 > ; G 8: ¬ �4> ;9BC8
G Y�: F Pp: } 8 >#F � ;\U G 6 =�] Y(8E: >#} � ; �4F Y =�S :<;H8 } : � = � 8�3L<� ¬ P�� _ � 1

D >#S 698: F �4>CR ;9BC8 G�=�� 8*6 =�A ;9BC8p8Y(8 S ;H6 = Pp: R?> 8*; �4S�� : � 8�;H6Q: >#F P � ;H;H8 } �4> ; = ;9BC8
�(=?>#=?FHG BC8*698 � � ; S : >®S :�z F 8);9zC6 � z#Y(8 >#S 8 �4> ;9BC8 G Y4: F Pp:�1ID > ;9BC8);9zC6 � z+Y(8 >#S 8|8Y(8 S �
;H6 =?>+F :<6�8i: S*S 8Y(8*6Q:<;H8 } � BC8*698 � U ;9BC8*U 8P � ;r8Y(8 S ;H6 = Pp: R?> 8*; �4S 6�: } � :<; �(=?> 1 � U
F ;9z } U ��>CR ;9BC8 F 8 G BC8 >C= Pp8 > : � > 8 � �4>#F �4R B¤; �4>rG Y4: F P[: G 6 =�S 8 F9F 8 FTS : > � 8 R : ��> 8 } 1
��B �4F ;9: ¬ 8 F z F ; = ;9BC8 > 8���; F 8 S ; �(=?>r� B �4S B } 8:�Y F�� � ;9B�;9BC8 F 8J8�� G 8*6 � P)8 > ; F 1



� �������	��
 �

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

� � � � � � ��� �

�§BC8 > : G�=�� 8*6 A z#YOB �(R B A 698 � zC8 >#S U 8Y(8 S ;H6 = P[: R?> 8*; �4S � : � 8 �O: G z#P G � : � 8 � �4F
;H6�: >#F P � ;H;H8 } �4> ; = ;9B#8 �(=?>C=?F9G BC8*698 A 6 = P ;9BC8 R 6 = z >#} � � ; S : > 8�� S � ;H8|P[: > U@;VU G 8 F
=�A�G 6 =�S 8 F9F 8 F �4> ;9B#8 G Y4: F Pp:�1 ~ = Pp8 =�A ;9BC8 F 8 G 6 =2S 8 F9F 8 F 8P � ;K8Y(8 S ;H6 = P[: R?> 8*; �4S
6�: } � :<; �(=?> � S :�Y4Y(8 }�F ; � Pnz#Y�:<;H8 } 8Y(8 S ;H6 = Pp: R?> 8*; �4S 8P ��F9F �(=?>#F � ~��Z�I��� � � ;9B A 698 � zC8 >��S � 8 F :<6 = z >#} ;9BC8 G z+P Gn� : � 8 A 698 � zC8 >#S U ��� 1���B �4F 6Q: } � :<; �(=?>IS : > � 8 F ;9z } � 8 }|� � ;9B
: � :<6 � 8*;\U =�A ;H8 S B > � � zC8 F � A�= 6�8���:�P G Y(8 � U��9z F ;�P =?> � ; = 6 �4>CR ;9BC8E8Y(8 S ;H6 = P[: R?> 8*; �4S
6�: } � :<; �(=?> =?> ;9BC8 R 6 = z >+} 1d��BC8 G z+P G A 698 � zC8 >#S U z F 8 } �4FI=�A B �(R B A 698 � z#8 >#S U� KO� ����;9B#:<; �4F : A 8 � ��K;M � > 8:<6T;9BC8 G Y4: F Pp: A 698 � z#8 >#S U �4> ;9BC8|:<698: =�A �4> ;H8*6�: S �
; �(=?> ��z F z#:�Y4Y(U�:<;": > :�Y(; � ;9z } 8 =�A 0<����2L<��� ¬ P@1t�tBC8 FHG 8 S ;H6�:�Y � �4} ;9B =�A ;9BC8I~C�Z�
�4Ft=�A ;9BC8 = 6 } 8*6 =�A 3*��� ¬ K;M�� 3C� 1JNT8 G 8 >#} �4>CR�=?> ;9BC8 A 698 � zC8 >#S Ur: >+} } zC;\U S U S Y(8=�A ;9BC8 G z+P G®� : � 8 � } ��
 8*698 > ; FHG 8 S ;H6�:�Y A 8:<;9z#698 FnS : > � 8 = � F 8*6 � 8 } ��> ;9BC8�~C�Z�
FHG 8 S ;H6�z#P@1���B ��F �4F�F9S B#8Pp:<; �4S :�Y4Y(U � Y4Y�z F ;H6�:<;H8 } �4>�]#R z#698KL2143<1

� = 6tY =?>#R)G z#P G@} zC6Q:<; �(=?> �2;9B#:<; �4F B �4R B G z#P G@} zC;VU S U S Y(8 �C;9BC8 }C=��t>#F B �(A ;H8 }
Pp:�� � Pnz#P � N�� � �4F : G 6 = P �4> 8 > ; A 8:<;9zC698�1rD ; ��FK= � F 8*6 � 8 } ; = � 8 }C=��t>#F B �(A ;H8 }
: � = z#;n« � 30 ¬ KNM ��� �
	 2 � ������ «�� 30 ¬ K;MA� A 6 = P;9BC8 G z#P G®A 698 � zC8 >#S U�1�§BC8 > : G#G 6 = : S B �4>#R ;9BC8 S 6 � ; �4S :�Y A 698 � z#8 >#S U =�A ;9BC8 �(=?>C=?FHG B#8*6 �4S@G Y�: F Pp: A 6 = P
: � = � 8 �u;9BC8)N�� ��F ;9B#8 ] 6 F ; FHG 8 S ;H6�:�Y A 8:<;9z#698); = � 8n8�� S � ;H8 } 1I��BC8IN�� A 8:<;9zC698
S : > >#= ; � 8 F 8*8 > � BC8 > ;9BC8 G z#P Gr� : � 8 ��FOS Y =?F 8|; = :�Pnz+Y(; �(G Y(8 =�A ;9BC8|8Y(8 S ;H6 =?>
R U.6 =)A 698 � zC8 >#S U ��� � 3�� 1

��BC8pN�� S : > :�Y F9= � 8 Aj= Y4Y =�� 8 } � U : S : F9S : } 8 =�A�� N�� � � 2 0 B�L BH_?�J8P �4F��
F �(=?>#F �<8: S B F z S*S 8 F9F � � 8Y(U � 8: ¬ 8*6Z: >#} :<; F z S*S 8 F9F ��� 8Y(UKY =�� 8*6 A 698 � zC8 >#S � 8 F � 3C� 1���BC80<N � �4F ;VU G �4S :�Y4Y(U }C=��t>+F B �(A ;H8 }�� � ;9Bb3 � 0 ¬ K;MnY(8 F9F ;9B#: > 0 � ���� 1Z�&� G 8*6 � P)8 > ; F
�4>#} �4S :<;H8{;9B#:<;Z;9BC8t0<N�� �4F 8�� S � ;H8 } ;9BC6 = z R BI;9BC8tY =�� 8*6ZB+:�Y A�=�A ;9BC8tN�� FHG 8 S ;H6�z#P
�4> : S : F9S : } 8n;\U G 8 G 6 =�S 8 F9F � 3C� 1

� F�FH=2S � :<;H8 }n� � ;9BJ;9BC8{N�� �4F :Oz G+F B �(A ;H8 } Pp:�� � P|z#P � � � �gY =2S :<;H8 } z G+F B �(A ;H8 }
A 6 = P ;9B#8 G z#P G � : � 8[:<;K: � = zC;";9BC8pP � 696 = 6 A 698 � z#8 >#S U =�A ;9BC8)N��L��: >#} 3*� � 0<�}#�§� 8: ¬ 8*6 �4> :�P G Y � ;9z } 8T;9B#: > ;9BC8nN ��� 3C� 1

� >#= ;9BC8*6T~��w� FHG 8 S ;H6�:�Y A 8:<;9zC698 ��F ;9BC8 � 6 = : } z G+F B �4A ;H8 } Pp:�� � P|z#P � ��� � �Q1
y



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


���
	���������
��� 
����������! #"
�%$&"'�)(+*,�-�/.10 
 � �32546�7�7 
*��80#.)*:9'.1;!(< #���,*=�>�-9� #"?�@�A2B�,�-9'��2
0#.)*C$&"ED��,*���;F :4HGI�J4LK6�+M7�C0'*��7NOGP��;��="'��2���Q*���9'�! #"RM7�@ S. �����UT � � L)VBW KH���,*X� ���Y"?2
 #���Z��9'�7�7 
*�.1;[(-\!*�.<0]*X�7N�GP��;���\ � �6�F�^2S4:�7�7 
*)GI�_���`�-;!(a��2b�-2ZK:��4��-2c2Z #���J��9d�7�7 
*�.1;
(-\�*�.e0'*��7NOGP��;���\[0]*�.1�gf!��9d.IK � ���1h&��;i0'*�.1�kj ��l �

��B �4F�A 8:<;9zC698n8�� �4F ; F : � = � 8I;9BC8 G z#P GrA 698 � zC8 >#S Uh:<; � �Im � 3y �ª0<��� ¬ K;M|: >#}
�4F 8�� S � ;H8 }eA�= 6 � � S Y =?F 8[; = : >#}eF Y �(R B¤;9Y4U : � = � 8�P|z#Y(; �(G Y48 F"=�A ;9BC8[8Y(8 S ;H6 =?>®R U26 =
A 698 � zC8 >#S U �A��� 1ZDV;�B#: F � 8*8 >h= � F 8*6 � 8 }@A�= 6 � 2 L�� ¡ � 3C� 1D > ;9BC8 G 6�8 F 8 > ; �w= 6 ¬ ;9BC8 S 6 =?F9F��\S�= 69698Y�:<; �(=?> � 8*; � 8*8 > 0<N�� : >#} N��L�<N�� : >#}
��� �L��N ��: >#} � � � � � ;9B ��> ;9B#8 ��� ��: >#}b� � ;9B �4> : >C= ;9BC8*6 FHG 8 S ;H6�:�Y A 8:<;9z#698
S :�Y4Y48 } ;9BC8 � 6 = : }[S�=?> ; �4> z#z#P � � 5 ����: G#G 8:<6 �4>#R � 8Y =�� ;9BC8TN��L� � � Y4Y � 8 F ;9z } � 8 } 1
N":<;9: S�=?>#F �4} 8*698 }[S�= P)8 F7A 6 = P ; �7= 8�� G 8*6 � P)8 > ; F&G 8*6 A�= 6�P)8 } :<;w;9B#8"~�zC6Q: A : S � Y � ;VU
> 8:<6Zn&: F � Y F zC6 FH¬ �g¢tz F9F � : � ��> 3����«r: >+} :<;K;9BC8��&D9~#5{��� ?KO8:<; �4>CRhA : S � Y � ;\U > 8:<6
��6 = P F�� �?� = 6 � :U � �4> 3�����21&��B#8 } :<;9: ] Y48 F :<698�Y4: � 8Y4Y48 }JF zC6�:?��« > : >#} ;H6 = P[��� > �
698 F9G 8 S ; � � 8Y(U � � BC8*6�8 >h} 8 >#= ;H8 F ;9BC8 ] Y48 > z#P � 8*61



� �������	��
 �

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

��BC8Z~��Z�^:<698&698 S 8 � � 8 } � U": > : > ;H8 >#> : =?> ;9BC8 R 6 = z >+}ES�=?>#> 8 S ;H8 } ; = : > : > :�Y =�R z#8 �
; =<�\} �(R � ;9:�Y S�=?> � 8*69;H8*61)� = ��> ;H8*6�Pp8 } � :<;H8I8Y(8 S ;H6 =?> ��S*F � F z S Bb: F :�P G Y �4] 8*6 F � ] Y(;H8*6 F
= 6 } 8*;H8 S ; = 6 F ��:<698J8P G Y = U�8 } � ;9BC8 F �(R?> :�Y �4F�F :�P G Y(8 }�} �(R � ;9:�Y�Y(U } � 6�8 S ;9Y(U A 6 = P ;9BC8
: > ;H8 >#> :�� y�� 1Z��BC8 = zC; G zC; F :�P G Y(8"6�:<;H8 A 6 = P ;9B#8K: > :�Y =�R zC8E; =p} �(R � ;9:�Y S�=?> � 8*69;H8*6
� : F �4> ;9B#8{~�zC6Q:O��«O: >#} ��6 = P F�� ��� S :�P G : �(R?>nF 8*;�; = L�0<� ¬ KNM�1 � } �(R � ;9:�Y � 8*6 F �(=?>
=�A ;9BC8 � z#: } 6�:<;9z#698 } 8*;H8 S ; = 6 } ��F9S z F9F 8 } � 8Y =��¯� : F ;9BC8 > : G#G Y � 8 }h=?> ;9BC8 } �(R � ;9:�Y
F �(R?> :�Y7; =®R 8*;p;9B#8 �4>�� G B#: F 8�: >+} � z#: } 6�:<;9zC698 � G B+: F 8 S B#: >+> 8Y F 1 � = 6 F � P G Y ��S � ;\U=?> Y(U ;9BC8[: > :�Y =�R z#8 � z#: } 6�:<;9zC6�8 } 8*;H8 S ; = 6 � � Y4Y � 8 } �4F�S z F9F 8 } � 8Y =�� �g; =^R ��� 8[: >
�4} 8: =�A B =�� � ; �w= 6 ¬�F 1

� =|R 8*; FH= P)8 �4>CA�= 6�Pp:<; �4=?> � A�= 6{8���:�P G Y(8T;9BC8 G B#: F 8 � A 6 = P�;9BC8K~��w� } 8*;H8 S ;H8 }
� U : > : > ;H8 >+> :®: } 8*;H8 S ; = 6 =�ATF9= P)8 FH= 69; �4F z F 8 } 1 ��BC8 � z#: } 6�:<;9z#698 } 8*;H8 S ; = 6F9S BC8P[:<; �4S :�Y4Y(U � Y4Y4z F ;H6�:<;H8 } �4> ]#R zC6�8)_C143p;9: ¬ 8 F ;9BC8 F �(R?> :�Y � ! �$# ����698 S 8 ��� 8 }®A 6 = P
;9BC8�: > ;H8 >#> :T: >+}nG : F9F 8 F � ; ;9BC6 = z R B|: � : >+}�� G : F9F�] Y(;H8*6 ; = 8���;H6�: S ;&;9BC8 A 698 � z#8 >#S US�= P G�=?> 8 > ; F|=�A ��> ;H8*698 F ;*1®��BC8 F �(R?> :�Y �4F ;9B#8 >i>#= 6�Pp:�Y4Y(U � � zC; >#= ; �4> ;9BC8 S : F 8
=�A ;9B#8�~��Z� } :<;9: �K:�P G Y �(] 8 } : >+}®A 8 } ;9BC6 = z R Bª: G�=�� 8*6 FHG Y � ;H;H8*6>� � B �4S B FHG Y � ; F
;9BC8 F �(R?> :�Y ��> ; = ; �7=bG :<69; F 1 �Z: S B F �(R?> :�Y �4F ;9BC8 >iA 8 } ;9BC6 = z R Bi: P � ��8*6 � B �4S B
Pnz#Y4; �(G Y � 8 F � ; F ; �7= �4>+S�= P �4>CREF �(R?> :�Y F 1�� > 8 F �4R?> :�Y �4F ;9B#8 = zC; G zC; A 6 = P�;9BC8 G�=�� 8*6
FHG Y � ;H;H8*6�: >+} ;9BC8 = ;9BC8*6 A 6 = P :[Y =2S :�Y =?F9S � Y4Y4:<; = 6�1�D A ;9BC8JY =�S :�Y =?F9S � Y�Y4:<; = 6 F �(R?> :�Y �4F

� �$# � 2���� S�=?F ��� � # 6	�
� �
: >#} ;9BC8 �4>+S�= P �4>CR : > ;H8 >#> : F �4R?> :�Y �4F : F9F z+P)8 } ; = � 8

! �$# � 2�� ��S�=?F ��� � # 6	� � � 6�� 	ES�=?F ��� 	 # 6	� 	 �D6�� mIS�=?F ��� m # 6	� m �
;9BC8 = zC; G zC; F �(R?> :�Y A 6 = P ;9BC8 } 8*;H8 S ; = 6 �4F
 �$# � 2<! �$# � � �$# � 2�� ��S�=?F ��� � # 6	� � ����� S�=?F ��� � # 6��
�G�

6�� 	KS�=?F ��� 	 # 6	� 	 ����� S�=?F ��� � # 6	�
� �
6�� m|S�=?F ��� m # 6	� m ����� S�=?F ��� � # 6	�
�+� � � _C143 �

¡



« � ����� ������� � � � ���
	 ��
 ��� � 	 � � 
 � ��� ��� ���

� B#8*698 � � ��F : S 8 > ;H6�:�Y A 698 � z#8 >#S U S�= P G�=?> 8 > ;�: >#} � 	 : >#} � m :<698 }C=��t>#F B �4A ;H8 }
: >#} z G+F B �4A ;H8 } A 698 � z#8 >#S U S�= P G�=?> 8 > ; F ��698 FHG 8 S ; ��� 8Y(U : >#} � � B � 	 B � m :<6�8[:<6 �� � ;H6�:<69U G B#: F 8 F 1r��B �4FnS : > � 8�698 � 6 � ;H;H8 >ª� � ;9B FH= P)8�BC8Y GeA 6 = P£;H6 �(R�=?>C= Pp8*;H6 �4S
698Y�:<; �(=?>#F : F
 �$# � 2 3

0 � � ����� S�=?F � ��� � � � � � # 6 � � � � �
�G� � 6 S�=?F � ��� � 6 � �+� # 6 � � � 6�� � � ���
6 3
0 � 	 ����� S�=?F � ��� 	 � � �+� # 6 � � 	 � �
�+� � 6 S�=?F � ��� 	 6 � �+� # 6 � � 	 6	�
�+� ���

6 3
0 � m ����� S�=?F � ��� m � � �+� # 6 � � m � �
�+� � 6 S�=?F � ��� m 6 � �+� # 6 � � m 6	�
�+� ���

� _C1M0��
D A ;9BC8 A 698 � zC8 >#S U =�A ;9BC8pY =�S :�Y =?F9S � Y�Y4:<; = 6>� � �D� �4F"S B =?F 8 > ; = � 8 S Y =?F 8 = 6 =�A ;9BC8

ANT

	�
 � �
BPF

PREAMP

-3 dB

-3 dB0˚

90˚

MIX LPF

LO

LPFMIX

LFAMP

LFAMP

0˚ -3 dB

0˚ -3 dB

 
 � �

� 
 � �

���
	���������
��� 
����������! #"
�e$&"'�)(+*,�-� .10  #���<NOG+�&$P*,�! cG-*X�Q$!�1 S�7�7 S.)* � �6���Z�-;� S��;`;`�
2c"E(P;`�-9 ! �$# � "?2 4�*�.�����2c2,�7$  S.�(P"SM7�e�[NOG+�&$P*��! cG-*����ZT %'�$# �SV �-;�$ �@"?;��E4��`�-2,�iT ).�$# �SV
2c"E(P;`�-9 ���^05 S�,*^j �Bl �

F :�Pp8 = 6 } 8*67: F ;9B#8 A 6�8 � zC8 >+S U � � � � 8 F 8*8O;9B#:<;Z;9B#8 } ��
 8*698 >#S 8�;H8*6QP F ��> 8 � z+:<; �(=?>� _?� � � Y4Y � 8 =�A Y =���A 6�8 � zC8 >+S U � � B � Y(8";9BC8 F z#P ;H8*6�P F�� � Y4Y � 8 =�A B �(R B A 698 � zC8 >#S U�1� � Y(;H8*6 �4>CR ;9B#8 = z#; G zC; F �(R?> :�Y  �$# �K;9BC6 = z R B : Y =���� G : F9F|] Y(;H8*6 � � Y�Y&698P = � 8@;9BC8
B �4R B A 698 � zC8 >#S U�;H8*6�P F : >#} ;9BC8J6�8 F z#Y(; � � Y�Y � 8
).�$# � 2 3

0 � � ��� S�=?F � ��� � � � �+� # 6 � � � � �
�+� �
6 3
0 � 	 ��� S�=?F � ��� 	 � � �+� # 6 � � 	 � �
�+� �

6 3
0 � m � � S�=?F � ��� m � � � � # 6 � � m ��� � � � � � _C1ML��

D A � � 2 � � � ; S : > � 8 F 8*8 > ;9B+:<;�;9BC8 F �(R?> :�Y � _C1ML�� � � Y4Y S�=?>+F �4F ; =�A�=?> 8 S�=?>#F ;9: > ;
;H8*6�P�: >#} ; �7=J=?F9S � Y4Y�:<; �4>CR ;H8*6�P F 1 ��B2z F � A 698 � z#8 >#S � 8 F 8 � z+:�Y�; = � � � � Y4Y � 8 F B �(A ;H8 }



�

; = M*8*6 =pA 698 � zC8 >#S U�1w�tB �4F �4F : } � : > ;9: R 8 = z F � F �4>#S 8E;9BC8 F :�P G Y ��>CRnA 698 � zC8 >#S U > 8*8 }>C= ; � 8 FH= B �(R Br; =�S�= � 8*6K;9BC8 A 698 � zC8 >#S � 8 FO=�A �4> ;H8*698 F ;E� �(A ;9B#8|: > ;H8 >#> : F �(R?> :�Y �4F �
Aj= 6�8��C:�P G Y48 � �4> ;9BC8KP)8 R :�B#8*69;(M A 698 � z#8 >#S U�6Q: >CR 8�1��BC8 F 8 S�=?>+}pF �(R?> :�Y A 6 = P ;9B#8 G�=�� 8*6 FHG Y � ;H;H8*6 �4F P|z#Y(; �(G Y � 8 } � UI;9BC8 F :�P)8tY =2S :�Y
=?F9S � Y4Y4:<; = 6 ��8�� S 8 G ;�;9B#:<;&:E�<��� G B#: F 8 } 8Y4:U ��F : }+} 8 } ; = ;9BC8�Y =2S :�Y =?F9S � Y4Y4:<; = 61 ��B �4F
�4F 8 � z#:�Y ; = P|z#Y(; �4G Y(U �4>CR � U^: F �4> 8 � : � 8�: >#} � 8 R 8*;K: A ;H8*6 ] Y4;H8*6 �4>CR ;9BC8 F �(R?> :�Y
;9BC6 = z R B@:pY =���� G : F�F�] Y(;H8*6

% �$# � 2 3
0 � � � � F �4> � ��� � � � � � # 6 � � � � � � � �

6 3
0 � 	 ��� F �4> � ��� 	 � � �.� # 6 � � 	 � �
� � �

6 3
0 � m ��� F �4> � ��� m � � �.� # 6 � � m � �
� � � � � _C1 _?�

��BC8 = z#; G zC; �4> � _C1ML�� �4FpS :�Y4Y(8 } ;9BC8 ��>�� G B#: F 8 S B#: >#> 8Yt: >#} ;9BC8 = zC; G zC; �4>
� _C1 _?� �4F)S :�Y4Y48 } ;9BC8 � z#: } 6�:<;9zC6�8 � G B#: F 8 S B+: >#> 8Y 1d��B#8 F 8@; �7=eS B+: >#> 8Y FpS : > � 8S�=?>#F �4} 8*6�8 } ; = � 8r: S�= P G Y(8�� � � :�Y4zC8 }dF �4R?> :�Y�� �$# � 2 ).�$# �I6 � % �$# ��� S :�Y4Y48 } ;9BC8
: > :�Y(U2; �4SEF �(R?> :�Y 1



3*� � ����� ������� � � � ���
	 ��
 ��� � 	 � � 
 � ��� ��� ���



� �������	��
 �

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

� z F ;Z;9BC8 G Y4: ��> ; � P)8 F 8*6 � 8 F&A 6 = P�;9BC8O: > ;H8 >#> : }C= 8 Fw>C= ; R � � 8OP|z S B �4>CA�= 6�Pp:<; �(=?> 1
DV;7Pnz F ; � 8t: > :�Y(U F 8 } � U FH= Pp8TP)8: >+F 1 � > 8 � :U[; =KR 8*;{P = 698 �4>CA�= 6�Pp:<; �(=?>)A 6 = P
;9BC8E; � P)8 F 8*6 � 8 F �4F ; =�}C= :p� = zC6 � 8*6�;H6�: >#F9Aj= 6�P =�A ;9BC8 F :�P)8K: >#}hG Y = ;�;9BC8 G�=�� 8*6
FHG 8 S ;H6�z#P�� ��� � 2�����	� 	 � - �$# � -�
 �$# �� 	���� � � � BC8*698 - �$# � ��F ;9BC8�; � P)8 F 8*6 � 8 F : >#}
;9BC8[: F ;H8*6 ��FH¬ } 8 >C= ;H8 F ;9BC8 S�= P G Y(8�� S�=?> �9z R :<;H8�1���B �4F"R ��� 8 F �4>CA�= 6�Pp:<; �(=?> : � = zC;
;9BC8 } �4F ;H6 � � zC; �(=?>[=�A ;9BC8 F �(R?> :�Y = � 8*6 A 698 � zC8 >#S U�1&��BC8*6�8 �4F ��B =�� 8 � 8*6>�+P = 698 ��>CAj= 6 �
Pp:<; �(=?> � zC6 � 8 } �4> ;9BC8K; � Pp8 F 8*6 � 8 F ;9B#:<; } �4F : G#G 8:<6 F�� BC8 > ;9BC8 G�=�� 8*6 FHG 8 S ;H6�z#P
�4FIS :�Y S z#Y4:<;H8 } 1 � = 8��2;H6Q: S ;p;9B#:<; �4>CA�= 6�Pp:<; �4=?> �ZB �(R B#8*6 = 6 } 8*6 FHG 8 S ;H6�:�Y�: > :�Y(U F �4F
P)8*;9B =�}#FJS : > � 8pz F 8 } 1��tBC8 > 8���; F 8 S ; �(=?>+Fn} 8:�Y FE� � ;9Bb;9B#8 S z#P|z#Y4: > ; F � � B �4S B
:<698O;9B#8 A z >#} :�P)8 > ;9:�Y � z � Y } �4>CR � Y =�S9¬�FZA�= 6 FHG 8 S ;H6�:�Y�: > :�Y(U F �4F �.: >+} ;9BC8 � 6 FHG 8 S ;H6�:�1

�
	�� ��'3�� ��� ���&$ � ��� ��'3�� ��� ����� % �9: �2���'3
KO: � �4>#R : F ;9:<; �(=?> :<69U�; � P)8 F 8*6 � 8 F�� �$# ��B # 2 � B �I3�B������ � � ;9B@;9BC8 � 8 S ; = 6 S�= P G�=<�
> 8 > ; F -"! �$# ��B�#'2 3�B������ B%$): >#} �'& -"! �$# �(& )�*,+ � � 8 } 8 ]+> 8 �  A�

- !(.%/101010 / ! 2 �$#43 B������>B # ) � 2 S z#P � -"!5. �$#43 ��B������AB(-"! 2 �$# ) �(�
Aj= 66# 3 B������ B7# ) 2 3�B������ B%$�: >#} # 3 B������ B # ) 2	� B �)3�B�������1 ��BC8 � z#: > ; � ;\U - !5.%/101010 / ! 2 �$# 3 B������>B # ) �
�4F�S :�Y4Y(8 } ;9B#8 � = �4> ; S z#P|z#Y4: > ; =�A = 6 } 8*698 =�A ;9BC8 F 8*6 � 8 F:� �$# �Q1

��BC8�$<;9B = 6 } 8*6 � = �4> ; S z#P|z#Y4: > ; S z#P �<;63 B������ B ;>= � =�A �<;�3 B������>B ;>= � �4FE} 8 ]+> 8 }
� U§;9BC8 S�= 8(? S � 8 > ; =�AA@ �CB7DFEGIH B � 2 3 �����4$ �4> ;9BC8e��:U�Y = 6 F 8*6 � 8 F 8�� G : >#F �4=?>	=�A
J �LK � 2	Y > � � �LK � ���2;9BC8 S z#P|z#Y4: > ; R 8 > 8*6�:<; ��>CRJA z >#S ; �(=?> �.: � = z#;�;9BC8 = 6 �(R ��> � � BC8*698
� �LK � ��F ;9BC8 S B+:<6�: S ;H8*6 �4F ; ��SEA z >#S ; �(=?>

� �LK ��2�M =ON = �
�CB%P5Q �

~ = P)8 =�A ;9BC8 G 6 =�G 8*6�; � 8 F{=�A�S z#P �<; 3 B������ B ; = �7:<698SR
� 1�D A �<;63 B������ B ;>= � S : > � 8 } � � �4} 8 } �4> ; = ; �7=[= 6OP = 698 R 6 = z G�F �4>#} 8 G 8 >#} 8 > ; =�A
8: S B = ;9BC8*6t;9B#8 >hS z#P �<;63 B������ B ;>= � 2 �

3�3



30 � ����� ������� � 
 ����� � ��� 
 � ����� � � � � ��� 
 
 � � �
� � 1{D A �<;�3 B������ B ; = ��: >#} ��� 3 B������>B � = ��:<698 �4>#} 8 G 8 >#} 8 > ;E�*;9BC8 >JS z+P �<;�3 6 � 3 B������>B ;>= 6� = � 2 S z#P �<;63 B������ B ;>= �D6 S z#P ��� 3 B������AB � = �
� ��� 1 S z#P ;�� 2�� � ;�� � Aj= 6�� 2 3�B������AB%$

KO8*698 � �
	 � } 8 >C= ;H8 F ;9BC8J8�� G 8 S ;H8 } � :�Y�zC8�1
D A ;9B#8 F 8*6 � 8 F � �$# � �4F{F ;9:<; �(=?> :<69U�z G ; =)= 6 } 8*6 8+� � 8 } 8 ]+> 8T;9BC8 F 8 S�=?>#}�= 6 } 8*6

FHG 8 S ;H6�z+P =�A ;9B#8 F z � �\F 8*6 � 8 F -"! �$# � � � ;9B�;9B#8 F z � �\F 8*6 � 8 F -'5 �$# ��: F

� ! 5 ��� � 2 �M� � 	 � - ! 5 �� �� 	���� � B � y2143 �

� B#8*698 - ! 5 �� �;2 - ! 5 �$# 6 � B # �=� ¡ � 1 � ! 5 ��� � �4F"S :�Y4Y(8 } ;9BC8 S 6 =?F9F��\F9G 8 S ;H6Qz#P@1E�	BC8 >
# 2�� � ; �4F �9z F ;�;9B#8 G�=�� 8*6 FHG 8 S ;H6�z#P � ��� �Q1

�TY4Y�;9B �4FuS : > � 8�8���;H8 >#} 8 } ; = ;9BC8 82;9B = 6 } 8*6g: >#}J� 8 R 8*;�:�82;9B = 6 } 8*6 S z#P|z#Y4: > ;
FHG 8 S ;H6�z+P � � ! . /101010 / ! 2 ��� 3 B������ B � ) 	 3 � R

� ! . /101010 / ! 2 ��� 3 B������ B � ) 	 3 � 2
�M� .%/101010 / � 2�� . - ! . /101010 / ! 2 ��63 B������ B � ) 	 3 �.8�� G ���� ��� ) 	 3M� � 3 � � � ������

A�= 6 �9+ * � � *,+<B�# 3 B������AB7# ) 2 3�B������ B%$�B98 2 0 B�L�������17~ ��>#S 8 � BC8 > ;9BC8 F 8*6 � 8 F
� �$# � �4F�F ;9:<; �(=?> :<69U �

- !(.%/101010 / ! 2 �$#43 6 � B������ B # ) 6 � � 2 - !5.%/101010 / ! 2 �$# 3 B������ B # ) ��B
� 8 S : > 6�8P = � 8n;9B �4F 698 } z >#} : >#S U � U@z F �4>#R ;9B#8 >C= ;9:<; �(=?> � ¡ �

- !5.%/101010 / ! 2 �$# 3 B������>B # ) 	 3 � �
� S z#P|z#Y4: > ; FHG 8 S ;H6�z#P =�A = 6 } 8*6tL �4F�S :�Y4Y48 } : � �4FHG 8 S ;H6�z+P���� R

� � ��� 3 B �! � 2 �M� ./ �#" � 	 � - � ���3 B �$ �� 	�� @ � . � . m �#" � " D
� � ;9B - � ���3 B �$ � 2 � � - �$# � - �$# 6 ��3 � - �$# 6 �$ � � 1w��B#8 � �4FHG 8 S ;H6�z#P S : > :�Y FH= � 8
� 6 � ;H;H8 > : F � «��

� � ��� 3 B �! � 2�� �&%- ��� 3 �'%- ���( �'%- 
 ��� 3 6 �! � �
� B#8*698 %- } 8 >C= ;H8 F ;9BC8)� = zC6 � 8*6T;H6�: >#F9Aj= 6�P =�A - : >+} ;9BC8I: F ;H8*6 ��FH¬ ;9BC8 S�= P G Y(8��
S�=?> �9z R :<;H8�1T��B �4F�F B =��tF B =�� ;9BC8 � �4FHG 8 S ;H6�z+P 8 F ; � Pp:<;H8 F ;9BC8 F ;9:<; �4F ; �4S :�Y } 8 G 8 >��
} 8 >+S 8 � 8*; � 8*8 > ;9BC698*8 � : � 8 F 1ED A ;9BC8 � : � 8 FJG 698 F 8 > ;O:<; � 3 B �( : >#} � 3 6 �! :<698
z >+S�= 69698Y4:<;H8 }�� � ;9B�;9B#698*8 } ��
 8*698 > ; G B+: F 8 F 6�: >#}C= P[Y(U } �4F ;H6 � � zC;H8 }[= � 8*6 � ��� B �D���
;9BC8I: � 8*6Q: R �4>CR@� � Y�Y S :�z F 8I;9BC8 � �4FHG 8 S ;H6�z+P ; = � : > ��F B � «�� 1"D A ;9BC8 � : � 8 F :<698)Y �4>��
8:<6�Y4U S�= z G Y(8 } ��B =�� 8 � 8*6 �Z;9BC8 G B#: F 8 Fn� � Y�Y >C= ; � 8�6�: >#}C= P : >#} ;9BC8�: � 8*6�: R �4>#R



� � �	� � 	6� 	�� � ����
 � ��
 � 	6� 	 � � ��� 
 � � ��� �
	6� 3L

� � Y4Y >C= ;�698 F z+Y(; �4> : M*8*6 = � :�Y4zC8 =�A ;9BC8 � �4F9G 8 S ;H6Qz#P@1 ��B �4F :�Y F9=|A�= Y4Y =��tF�A 6 = P ;9BC8
G 6 =�G 8*69;\U �91 �4> ;9B#8KY �4F ; =�A�G 6 =�G 8*69; � 8 F{=�A ;9BC8 S z+Pnz#Y�: > ; F : � = � 8�1

� =^S�= P G 8 >#F :<;H8 A�= 6K;9BC8 } ��
 8*698 > ;J:�P G Y � ;9z } 8 F �4> ;9BC8 FHG 8 S ;H6�: Aj= 6 } ��
 8*698 > ;
A 698 � zC8 >#S � 8 F : >#} ;9B2z F�R 8*;T: � z+: > ; � ;9:<; � � 8KP)8: F zC6�8 =�A ;9BC8 G B#: F 8 S�= BC8*698 >#S 8 � 8 �; � 8*8 > ;9BC8 � : � 8 F � =?> 8 S : > Pp: ¬ 8�z F 8 =�A ;9B#8 � �4S�= B#8*698 >#S 8 FHG 8 S ;H6�z#P�� � B ��S B �4F
� : F �4S :�Y4Y4Up;9BC8 � ��FHG 8 S ;H6�z#P >C= 6�Pp:�Y �4F 8 } � U�;9BC8J:�z#; =<� G�=�� 8*6 FHG 8 S ;H6�z#P � �A� R

� ��� 3 B �  � 2 & � ��� 3 B �! �(&
� � ��� 3 � � ���  � � ��� 3 6 �  � � � y21M0��

�OF �4>CR ~ S B � :<69;(M � �4> 8 � z#:�Y � ;VU � =?> 8 S : >�F B =�� � 3*����;9B#:<;Z;9BC8 � �4S�= B#8*698 >#S 8 FHG 8 S �
;H6�z#P �4F � = z >+} 8 } � U���� ��� 3<1

���	�
�	� ������������	���
����� �
�"!#�$��%'&)(*�+��%-,.���/�10����

0 50 100 150 200 250 300 350 400 450 500
0

20

40

60

80

100

120

140

Frequency (Hz)

c 

d 

b 

���d	 �����2��
��� �:����4:.IK:�,*^2546�7�7 
*1GI� .10� #���< S��2  A2=" (P;`�-9 - �$# � "?;3�7NOG+�! #"'.1; T � � � V
��.1;� R�-"?;`"?;!(C #��*��B�^K6�+M7��2 KH"S #�b4��`�-2,��2� #�`�! �2=�! #"?2=0E\ /A1;2</�5�6H/�9 �-;�$Y�&$`$!�7$J;�.1"?2,� �

� = ;H8 F ;T;9BC8K;9BC8 = 6�U G 698 F 8 > ;H8 } : � = � 8 ��:�;H8 F ; F �(R?> :�Y � : FTS 698:<;H8 } : FOAj= Y4Y =��tF
� ;9BC8 F ;H8 G+F :<698KP = 698 = 6TY(8 F9F ;9BC8 F :�P)8K: F ��> � «��$� R

� 1�� F 8*; =�A  �_ } :<;9:t698 S�= 6 }#F ��8: S B S�=?>#F �4F ; �4>CR�=�A 30�« } :<;9: G�= ��> ; F�� : F�S 698:<;H8 } �
z F ��>CR ;9BC8E;H8 F ; F �(R?> :�Y

- �$# � 2 S�=?F ��� 5 # 6 /A5 � 6 S�=?F ��� 9 # 6 / 9 � 6 S�=?F ��� 1 # 6 /�1 �G643 �$# � � y21ML��
� BC8*6�853 �$# � �4F : }#} 8 }@>#= �4F 8�1



3�_ � ����� ������� � 
 ����� � ��� 
 � ����� � � � � ��� 
 
 � � �

0
100

200
300

400
500 0

100

200
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

f
2

Frequency (Hz)

b2 (n
,m

)

f
1
 

���
	����� 2�� � � �:����2XNOG+�1*��7$[fI"
��.1�F�,*���;�����2546�7�7 
*1GI� .10H #�O*��B�YK6�+M7��2 KA"R #�Z4����-2,��2
 #�`�! �2=�! #"?2c0?\ /A1N2 /A5 6 / 9 �-;�$��&$O$!�7$>;�.1"]2,� � �6��� 46.+K6�,*82S4:�7�7 
*)GI� "?2 2c��.IKA;["?;
� (�GI*�� � � �	�

� � 1���BC8JP)8: > � :�Y4z#8 � : F�F z � ;H6�: S ;H8 }rA 6 = P 8: S Br6�8 S�= 6 } 1
� ��� 1{��BC8 KO:�P[P �4>CRE} :<;9: � ��>#}C=�� � : F : G#G Y � 8 } ; = 8: S B)698 S�= 6 } ; = 698 } z S 8 FHG 8 S �

;H6�:�YwY48: ¬ : R 8L�  �� 1 ~�8*8 F 8 S ; �4=?> y21ML A�= 6|: > �4> ;H6 =2} z S ; �(=?> ; = � �4>+}C=��tF : >#}
: G#G 8 >#} � ���n143 A�= 6�;9BC8������
	��� S�=�} 8�1

��� 1���BC8"� = zC6 � 8*6�:�P G Y � ;9z } 8 FZ� : F{S :�Y S z+Y4:<;H8 } �Cz F �4>#R ;9BC8"� ���§;H8 S B > � � zC8 � 3�3�� R
%- @ �FDG 2 3

30�«
3  ��
M
�	� 3 - �$# ��

��� "�� E��. "��
� BC8*698 � 2 3�B������AB30�«��<0�: >#} �"2 3�B������ B  �_C1E� = ;H8|;9B+:<; # �4F ;9BC8 G�=?F � ; �(=?>
�4> ;9BC8 � 8 S ; = 6 =�A � :�Y4z#8 F �C;9B#:<; �4F � >#= ; S�=?> ; ��> z = z F ; � P)8�1

� 1���BC8 � �4F9G 8 S ;H6Qz#P � : FOS :�Y S z#Y4:<;H8 } z F �4>CR

� � � B���� 2 3
 �_

���M � � 3 %- @ �FDG %- @ �FD� %- 
 @ �FDG m �
�#z#69;9BC8*6>��8 � z#:<; �4=?> � y21M0�� � : F z F 8 } ; =�>C= 6�P[:�Y �4F 8E;9BC8 � �4FHG 8 S ;H6�z+P@1Z�TY4Y�;9B �4FOS : >
6�:<;9B#8*6n8: F � Y(U � 8 }C=?> 8 ��> � A�= 6|8���:�P G Y(8 �������
	��� � F 8*8�: G+G 8 >+} � � �n1M0 Aj= 6|;9BC8
G 6 =�R 6�:�P S�=�} 8A�Q1



� � �	� � 	6� 	�� � ����
 � ��
 � 	6� 	 � � ��� 
 � � ��� �
	6� 3y

� � 6 F ;E��;9BC8 A 698 � z#8 >#S � 8 F{=�A ;9B#8E;9BC698*8 =?F9S � Y4Y�:<; = 6 F{� 8*6�8 S B =?F 8 > ; = � 8 � 5 2 3*���
K;M � � 9 2 3 ¡ y KNMJ: >#} � 1N2 � 5.6 � 9 2 0 ¡ y KNM�1Z��BC8 G B#: F 8 F{=�Ag=?F9S � Y�Y4:<; = 6 F�� : >#}
� � 8*698 � � ;9B S 8*69;9: �4> ; � P)8 �4> ;H8*6 � :�Y FwS B =?F 8 > 6Q: >#}C= PpY(U A 6 = P � ��� B �D�Q1Z��BC8O;9B � 6 }
=?F9S � Y4Y4:<; = 6 ����� � : F�R ��� 8 > ;9BC8 F z#P =�A ;9BC8 G B#: F 8 F�=�A�=?F9S � Y�Y4:<; = 6 F�� : >#} � �+;9B#:<; �4F �
/A1'2 /A5 6 /A9�1���BC8 G�=�� 8*6 FHG 8 S ;H6�z+P �4FJF B =��t> �4> ]+R zC698[y2143p: >#} ;9BC8 F � z#:<698 }� �4S�= BC8*698 >+S 8 F9G 8 S ;H6Qz#P �4>i]#R zC698@y21M021ªD ; S : > � 8 F 8*8 > ;9B#:<; F ;H6 =?>#R S�= B#8*698 >#S 8
8�� �4F ; F � 8*; � 8*8 > ;9BC8 � : � 8 F :<; A 698 � zC8 >#S � 8 F � 5 2 3*���'K;M � � 9 2 3 ¡ y'KNMJ: >#} ;9BC8 � 6
F z#P A 698 � zC8 >#S U � 1 2 0 ¡ y�KNM�1@��B �4F ��FK} zC8); = ;9BC8 S�=?>+F �4F ;H8 >#S U =�A ;9BC8 G B#: F 8 F
=�A�=?F9S � Y4Y4:<; = 6 F���� � : >#} ��1Z��BC8 � �4S�= B#8*698 >#S 8 FHG 8 S ;H6�z#P ��F Y � P � ;H8 } � U�;9B#8J698 R �(=?>
� � � 3 �O+ Bt��� �  � � 3 � 30�� 1

�t8���;E��;9BC8 G B#: F 8 =�A ;9BC8	� � � : � 8 � : F :�Y FH=eS B =?F 8 >�A 6 = P°: F 8*; =�A 6�: >#}C= P
> z#P � 8*6 F[} �4F ;H6 � � zC;H8 }d= � 8*6 � ��� B �D�Q1���BC8 G�=�� 8*6 FHG 8 S ;H6�z#P =�A ;9B �4F�F �(R?> :�Y �4F
F B =��O> �4>[]#R zC698"y21ML21�DV; �4F 8 � �4} 8 > ;Z;9B+:<;Z;9B �4FZG�=�� 8*6 FHG 8 S ;H6�z+P �4F � 8*69U F � P � Y4:<6&; =
;9BC8 G�=�� 8*6 FHG 8 S ;H6�z+P �4>^]#R zC6�8Iy2143 �g>#=�} ��
 8*6�8 >#S 8 S : > � 8 F 8*8 > ��8�� S 8 G ; Aj= 6";9BC8
:�P G Y � ;9z } 8 } ��
 8*698 >#S 8 F7} zC8T; =)>C= �4F 8�1 D ; ��FZ= � � �4= z F ;9B#:<;{;9BC8 G�=�� 8*6 FHG 8 S ;H6�z#P �4F
z > : � Y(8{; = ;H8Y4Y+: > U.;9B �4>CR : � = zC;&;9BC8 G B#: F 8 S�= BC8*698 >#S 8 } zC8�; = : > U >C=?> Y �4> 8:<6 � ; � 8 F 1
��BC8 � �4S�= BC8*6�8 >#S 8 FHG 8 S ;H6�z#P �4>|]#R zC6�8�y21 _ � =?> ;9BC8 = ;9BC8*6ZB+: >#} � S Y(8:<6�Y4U F B =��tF ;9BC8
Y4: S9¬�=�A�S 69698Y4:<; �(=?> � 8*; � 8*8 > ;9BC8 � : � 8 F � F �4>#S 8 >C=)G 8: ¬ :<;�;9BC8 F z+P A 6�8 � zC8 >+S U �4F
G 698 F 8 > ;*1

� = ;H8I;9B#:<; S�=?>#F ;9: > ; G B#: F 8 FO=�A :�Y4Yg;9B#698*8 =?F�S � Y4Y4:<; = 6 FO� � ;9B /�576 /�9�
24/A1 � � Y�Y
G 6 =�} z S 8�: G 8: ¬ :<;w;9BC8 F z#P A 698 � zC8 >#S U � F �4>#S 8t;9BC8*698 ��FZF ; � Y�Y S�= 69698Y4:<; �4=?> � 8*; � 8*8 >
;9BC8 � : � 8 F � ;9BC8 G B#: F 8 F :<698 F 8 G :<6�:<;H8 } 8 � z+:�Y4Y(Ub:<;|:�Y�Y�; � P)8A�Q1r�TY FH= � ;9BC8 G B#: F 8Pnz F ; >C= ; � 8 S B#: >CR 8 } ; =.=[=�A ;H8 > � F �4>#S 8E;9B ��F{� � Y4Y ( } 8 F ;H6 = U *p;9BC8 � : � 8�1

0 50 100 150 200 250 300 350 400 450 500
0

50

100

150

Frequency (Hz)

b 

c 

d 

���d	 �����2��E��� �:����4:.IK:�,*^2546�7�7 
*1GI� .10� #���< S��2  A2=" (P;`�-9 - �$# � "?;3�7NOG+�! #"'.1; T � � � V
��.1;� R�-"?;`"?;!(i #��*��B�QK6�+M7��2QKH"R #�U"];�$!��4:��;�$!��;F F4��`�-2,��2 �



3> � ����� ������� � 
 ����� � ��� 
 � ����� � � � � ��� 
 
 � � �

0
100

200
300

400
500 0

100

200
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

f
2

Frequency (Hz)

b2 (n
,m

)

f
1
 

���
	����� 2�� ��� �6�F�Y2XNOG+�1*��7$ fI"#��.1���,*���;����J2S4:�7�7 
*)GI� .10  #��*X�B��K6�+M7��2�KH"R #�3"?;�$!���
4:��;�$!��;F �4��`�-2,��2C�-;�$ �&$O$!�7$ ;�.1"?2,� � �6���Z4:.IK:�,*e2546�7�7 
*1GI� "?2Q2c��.+KH; "?; � (�G-*��� � �

�O8���;E�#: G 6 =2} z S ;Z;H8*6�P � : F ��>#F 8*69;H8 } � R ��� �4>CR ;9B#8 A�= Y4Y =�� �4>CR ;H8 F ; F �(R?> :�Y � � � ;9B
/�5CB;/A9�: >+} /A1 ��>#} 8 G 8 >#} 8 > ;(R

- �$# � 2 S�=?F ��� 5 # 6 /�5 �G6 S�=?F ��� 9 # 6 /�9 �G6 3
0 S�=?F ��� 1 # 6 /�1 �

6 S�=?F ��� 9 # 6 /A9 � S�=?F ��� 5 # 6 /A5 �G643 �$# �
� y21 _?�

�tBC8 G 6 =�} z S ;{;H8*6�P S : > � 8E698 � 6 � ;H;H8 > : F
S�=?F ��� 9 # 6 /�9 � S�=?F ��� 5 # 6 /�5(�
2 3
0 � S�=?F � ��� 9�� � 5 � # 6 /�9��L/A5 � 6 S�=?F � ��� 9D6 � 5 � # 6 /�9D6 /�5 ���

2 3
0 � S�=?F ��� ! # 6 / !��G6 S�=?F ��� 1 # 6 /�1 � �

� B#8*698 � !:2 � 9�� � 57: >+} / ! 2</A9�� /A5 1
� F"S : > � 8 F 8*8 > ��;9BC8 G 6 =�} z S ; G 6 =�} z S 8 F : > 8 �¯� : � 8 � � ;9B A 6�8 � zC8 >+S U � !32� 9 � � 5�1���BC8)698 F z#Y(; S : > � 8 F 8*8 > �4> ]#R zC6�8 F y21Myh: >#} y21F 21�� > 8 � � : � 8 ����� :<;

;9BC8 } ��
 8*6�8 >#S 8 A 698 � zC8 >#S U � 8*; � 8*8 > � : >#} � �4F{F 8*8 > 1Z�{; � 1;2 � 5+6 � 9 �#: G 8: ¬�=�A
: G#G 6 = � � Pp:<;H8Y(U�B#:�Y A ;9B#8JBC8 �(R B.; =�A ;9BC8 G 8: ¬ ��>�]#R zC698Ey21M0 �4F{G 6�8 F 8 > ;*1w~ �4>#S 8";9BC8
G B+: F 8 =�A � �4F z >#S�= 69698Y�:<;H8 } ; = � : >#} � �#;9BC8 G 8: ¬ Pnz F ; � 8 } zC8E; = ;9B#8 G 6 =�} z S ;



� � �	� � 	6� 	�� � ����
 � ��
 � 	6� 	 � � ��� 
 � � ��� �
	6� 3 ¡

�4> ;H8*6Q: S ; �(=?> 1���B2z F B+:�Y A ;9BC8 G�=�� 8*6�:<; � 1 �4FZ} zC8t; =|G 6 =�} z S ; ��> ;H8*6�: S ; �4=?> : >#} ;9BC8
= ;9BC8*6OB#:�Y A �4>+} 8 G 8 >#} 8 > ; =�A ;9B ��F �4> ;H8*6�: S ; �(=?> 1{��BC8 > 8 � G 8: ¬ :<; � !:2 � 9�� � 5 �4F
8 > ; � 6�8Y(U } zC8J; = ;9BC8 G 6 =�} z S ; �4> ;H8*6Q: S ; �(=?> 1��C6 = P ;9BC8 G�=�� 8*6 FHG 8 S ;H6�z#P :�Y =?> 8 �4>
]#R zC698Ky21My � ; �4F � P G�=?F9F � � Y(8O; = ;H8Y4Y �4A ;9B#8 � : � 8 F :<; � !n: >#}�� 1J:<6�8 R 8 > 8*6�:<;H8 } � U
�4> ;H8*6Q: S ; �(=?>@=�A ;9BC8 � : � 8 F :<; � 5{: >#}0� 9 1

0 50 100 150 200 250 300 350 400 450 500
0

20

40

60

80

100

120

Frequency (Hz)

a 

b 

c 

d 

���d	 �����2�� 2�� �:����4:.IK:�,*^2546�7�7 
*1GI� .10� #���< S��2  A2=" (P;`�-9 - �$# � "?;3�7NOG+�! #"'.1; T � � � V
��.1;� R�-"?;`"?;!(J0#.!G-*8K6�+M7��2^KH"R #� /�5CB�/�9 �-;�$ /�1 "?;�$!��4:��;�$���;� W NOG+�&$P*,�! #"#� ��.!G 4�9?"];!(Z.10
 SK:.�K �PM7��2^�-;�$@�&$O$!�7$>;F.1"?2,� �



3« � ����� ������� � 
 ����� � ��� 
 � ����� � � � � ��� 
 
 � � �

0
100

200
300

400
500 0

100

200
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

f
2

Frequency (Hz)

b2 (n
,m

)

f
1
 

���
	����� 2������ �6��� 2XNOG+�1*��7$ fI"
��.1���,*X��;���� 2S4:�7�7 
*)GI� .10� #���  S��2  C2=" (P;`�-9 - �$# �
"?; �7N�G+�! #"d.1; T � � � V ��.1;� R�-"?;`"?;!( 0#.!G-* K6�+M7��2 KH"R #� /A5CB0/�9 �-;�$ /�1 "?;�$���46��;�$!��;� W
NOG+�&$P*,�! #"#� ��.!G 4�9?"?;!( .10� SK:.LK6�+M7��2i�-;�$ �&$O$��7$ ;F.1"?2,� � �6���>4:.IK:�,*[2S4:�7�7 
*)GI�
"?2 2c��.IKA;U"?; � (�G-*�� � �
� �



� � � � � 	 ��� ������� � � � ��� ��� � ��
 � � ��
 
 � ����� � � � � ��� ��� 3�
�
	.� � � �&� :1������� �����&���8��� ���  ����$2$�� :1�8����� ���������8�
� FJF B =��t> ��> 8 � z#:<; �4=?> � y2143 ����;9B#8p� = zC6 � 8*6K;H6�: >#FHA�= 6�P =�A ;9BC8 F 8 S�=?>#}®= 6 } 8*6 S z �
Pnz#Y�: > ; R ��� 8 F ;9BC8 G�=�� 8*6 FHG 8 S ;H6�z+P = 6�;9BC8 S 6 =?F9FH�\FHG 8 S ;H6�z#P@1¯DV; �4F �OB =�� 8 � 8*6>�
G�=?F�F � � Y(8 ; = z F 8b;9BC8 F 8 S�=?>#} = 6 } 8*6 S z#P|z#Y4: > ; Fh} � 698 S ;9Y(U�: F : > : > :�Y(U F �4F ; =2= Y 1
��BC8n:�z#; =2S�= 696�8Y4:<; �(=?> : >#}^S 6 =?F9F��\S�= 69698Y�:<; �(=?> ��;9BC8 F 8 S�=?>#}r= 6 } 8*6 S z+Pnz#Y�: > ; F ��:<698
� z � Y(; =?> ;9BC8 S�= � :<6 � : >#S 8 A z >#S ; �(=?>�� ��� 2 � � � - ��� �@� �<; ��� P � �&� � BC8*698
� � 2�� � -��G2 3

� � �G � 3 - G 1&��B#8T:�zC; =<�\S�= � :<6 � : >#S 8 F 8 � zC8 >#S 8 =�A :n; � P)8 F 8*6 � 8 F �4F
} 8 ]+> 8 } : F

� ��� � ��� 2�� � �>- G m � �	� � � �>- 
G �	� � �E�
� FuF 8*8 >EA 6 = P ;9BC8&8 � z#:<; �(=?> : � = � 8 � � ;uP|z#Y(; �4G Y � 8 F ;9BC8 � :�Y4zC8 =�A ;9BC8&:�zC; =<�\S�= � :<6 � : >#S 8
:<; G�=?F � ; �(=?> � 6 � � � � ;9Bp;9BC8�P)8: >[F z � ;H6�: S ;H8 } � � � ;9BI;9BC8 S�= P G Y(8�� S�=?> �Hz R :<;H8 =�A
;9BC8 � :�Y�zC8�:<; G�=?F � ; �(=?> � � � � ;9BI;9BC8�P)8: >)F z � ;H6�: S ;H8 } ��;9B#6 = z R BI;9BC8 � B = Y(8 F 8*6 � 8 F �
F z#P F ;9BC8";H8*6�P F{A�= 6{8 � z#:�Y F B �(A ; � : >#} ;9BC8 > Pp: ¬ 8 F :IP)8: >�=�A ;9B#8T;H8*6QP F 1&��BC8
F B �(A ; � ��FJ=�A ;H8 >iS :�Y�Y(8 } ;9BC8�Y4: R : >#} 6Qz >#FEA 6 = P �r; =�
 � 3�� � BC8*698 
 ��F ;9BC8
Y(8 >CR ;9B =�A ;9B#8 F 8*6 � 8 F 1e�tB.z F � �(A ;9BC8 F �4R?> :�Y �4F 6�: >#}C= P � =?> : � 8*6�: R 8^;9BC8�;H8*6�P F
�4> ;9B#8p:�zC; =<�\S�= � :<6 � : >#S 8 A z >+S ; �(=?> Aj= 6J: S 8*69;9: �4> � F z+P�z G ; = M*8*6 = �u8�� S 8 G ; Aj= 6
� 2	� � BC8 > ;9BC8 � :�Y4z#8w:<; G�=?F � ; �(=?> � ��F P|z#Y(; �(G Y � 8 }E� � ;9BK;9BC8 S�= P G Y(8�� S�=?> �9z R :<;H8
=�A � ; F 8Y A 1

��BC8J:�zC; =�S�= 69698Y�:<; �(=?>@A z >#S ; �(=?> �4F ;9B#8 > R
� � � � ��� 2 � ��� � ���

� � � � � � � � y21My��

��B �4F�A z >#S ; �(=?> B#: F :�Pp:�� � Pp:�Y � :�Y4zC8 =�A 3 � :<;�Pp:�� � P|z#P S�= 69698Y�:<; �(=?> ��� � ��� � ��� �3�� A�= 6@:�Y4Y �b1 �OF z#:�Y4Y(U �t:�z#; =2S�= 696�8Y4:<; �(=?> �4F�G 8*6 A�= 6�P)8 } �4> ;9BC8 ; � P)8 }C= Pp: �4> �
� zC; �4> ;9B �4FT�7= 6 ¬ � ; ��FOG 8*6 A�= 6�P)8 } �4> ;9BC8 A 698 � zC8 >#S U }C= Pp: �4> 1nD > S�=?> � 8 > ; �4=?> :�Y
;H8*6�P �4>C= Y =�R U �C;9B �4F �4F�S :�Y�Y(8 } ;9BC8K:�zC; =<�\S�= B#8*698 >#S 8 � 3L �u3�_ � 3 1

D > Pp: > U S : F 8 F � ; �4F P = 698�z F 8 A z+Y�; = z F 8[;9BC8 S 6 =?F9F��\S�= 6�698Y4:<; �(=?> � A�= 6n8��C:�P �
G Y(8 � BC8 >bS�= 69698Y�:<; �4>CR ; �7=rF 8 G :<6Q:<;H8 G :<69; F"=�A ;9BC8 F :�P)8 F9G 8 S ;H6Qz#P@1n�tBC8 S 6 =?F9F��
S�= � :<6 � : >#S 8 A z >#S ; �4=?> �4F�} 8 ]+> 8 } : F

� � P � ��� 2�� � �>- G m � �	� � � � ; 
G ��� P �E�
� BC8*698� � 2�� � -���: >#} � P 2 �H� ; � 1&��BC8 S 6 =?F9F��\S�= 69698Y�:<; �(=?>�A z >+S ; �(=?> �4F7} 8 ]+> 8 }
: F

� � P � ��� 2 � � P � ���
� � � � � � � � P P � � �(� 3��  � � y21F ��

��BC8 S 6 =?F9F��\S�= 696�8Y4:<; �(=?> A z >#S ; �(=?> :�Y FH= B#: F : Pp:�� � Pp:�Y � :�Y4zC8 =�A 3 � :<;pPp:�� � z#P
S�= 69698Y4:<; �(=?> ��� � zC; } ��
 8*6 F�A 6 = P ;9BC8t:�z#; =2S�= 696�8Y4:<; �(=?>�A z >+S ; �(=?>)F �4>#S 8t;9BC8t:�zC; =�S�= 6 �
698Y4:<; �(=?> :�Y � :U FnG 6 =2} z S 8 F : G 8: ¬®=�A BC8 �(R B.;�3�:<;,M*8*6 = Y4: R � � 2 � �Q1 ��B ��F �4F
� 8 S :�z F 8I;9BC8 S 6 =?F9F��\S�= 696�8Y4:<; �(=?>bA z >#S ; �(=?> �4F ;9BC8 (H:�zC; =<�\S�= 6�698Y4:<; �(=?> * A z >+S ; �(=?> =�A.�������������������� ��!�"#��$&%�!('*),+���-.!('/-.'0��!1����$2����-.%�3.���4����56$7��8*-.'�5������9��������-:'*!(3.!(52;<-.'0��=#��%�����$13$2'>$23.;?��-.�

@BADC
+�$2��-.!('FEHG

@
G1IJ-.�&-.'K��!1���<$7����-:%�3:���&����)L��������8B��!M$1�$2+*��!1NH%�!1��������'�%��<$1'>8O-.'P!1���*���$7����-.%�3.���Q$2�4$1+*��!2NH%�!(�*������'�%��
R*S
�*-.%��0���*!(+*3T8U"#�9��!(�������*-.'�5&��3.���

@



0<� � ����� ������� � 
 ����� � ��� 
 � ����� � � � � ��� 
 
 � � �
���������
	 ��� � �� F 8*6 � 8 F�� B �4S B > 8*8 }�>C= ; � 8�8 � z#:�Y#:<; � 2	��1��#zC69;9B#8*6>�¤;9BC8T:�zC; =�S�= 6 �
698Y�:<; �(=?>)A z >#S ; �(=?> �4F :�Y FH=KF U�PpP)8*;H6 ��S : � = zC; M*8*6 = � � B#8*698: F ;9BC8 S 6 =?F9F��\S�= 69698Y�:<; �(=?>
A z >#S ; �(=?> P =?F ; =�A ;H8 > �4F�>C= ;*1

D > �����
	�� � ��;9BC8 S 6 =?F9F��\S�= 69698Y�:<; �(=?>@A z >#S ; �(=?> �4Ft} 8 ]+> 8 } : F
� � P � ��� 2 �H� - G m � ; 
G � �

��B#8 A z >#S ; �(=?>���������� ;9BC8 > G 6 = � �4} 8 F : >#= 6�Pp:�Y �4F :<; �(=?>�������������� �";9B#:<; S�= 6�698 �
FHG�=?>#}+F ; = ;9B#8 S�= 69698Y4:<; �(=?> A z >#S ; �4=?>#F y21My@: >#} y21F �g8�� S 8 G ; A�= 6E;9BC8 F z � ;H6�: S ; �(=?>
=�A ;9BC8JP)8: >+F � F 8*8K:�Y FH= � 3y��$�Q1

�������	� � �4� �����/�	���
� ��� �
�"!#�$� %'& � ��� %���%-� � �1�	� � �	%-0 �	0!� ,��#" � �%$
& �.�10 ��')( %-���
�	0

� = ;H8 F ;n;9BC8[:�zC; =�S�= 69698Y4:<; �4=?> �4> ;9BC8 A 698 � zC8 >#S U }C= Pp: ��> �u;9BC8p;H8 F ; F �(R?> :�Y � y21ML����8�� S 8 G ;t;9B#8 A 698 � zC8 >#S U F z#P ;H8*6QP � � : F 698 G 6 =2} z S 8 } R
- �$# � 2 S�=?F ��� 5 # 6 /�5(�D6 S�=?F ��� 9 # 6 / 9 � 643 �$# � � y21 ¡ �

��B#8 > ;9B �4FtF �(R?> :�Y � : F � = zC6 � 8*6O;H6�: >#FHA�= 6�P)8 } 17��B#8J698 F z#Y4; F :<698 F B =��O> �4>h]+R zC698 F
y21 ¡ �Cy21M« ��y21M�K: >#} y2143*��1&� �(R z#698Oy21 ¡EF B =��tF ;9BC8 G�=�� 8*6 FHG 8 S ;H6�z+P =�A ;9BC8�;H8 F ; F �4R?> :�Y
- �$# � �4> 8 � z#:<; �(=?> � y21 ¡�� BC8 > ;9BC8 G B#: F 8 FO=�A ;9BC8I; �7=@=?F9S � Y4Y�:<; = 6 F :<6�8|;9B#8 F :�P)8�1��B#8 S�= 696�8 FHG�=?>#} �4>CR :�z#; =2S�= 696�8Y4:<; �(=?>�G Y = ; �4F7F B =��O> �4>[]#R zC698Ey21M« � � BC8*698": G 8: ¬
:<;�Y4: ReS�= 69698 F9G�=?>+} �4>CR ; = ¡ y K;M �4FpF 8*8 > � � B �4S B �4F ;9BC8 A 698 � zC8 >#S U F 8 G :<6Q:<; �(=?>=�A ;9BC8[; �7=^=?F9S � Y4Y4:<; = 6 F 1���B ��FEF z R�R 8 F ; F ;9B#:<;n: S�= 69698Y4:<; �4=?> 8�� �4F ; F � 8*; � 8*8 > ;9BC8
� : � 8 F 1d�O8���;E�w;9BC8 F 8 S�=?>#} =?F9S � Y�Y4:<; = 6 � : FpR ��� 8 > : G B#: F 8 ��>#} 8 G 8 >#} 8 > ; =�A ;9BC8
G B+: F 8 =�A ;9B#8 ] 6 F ; =?F9S � Y�Y4:<; = 61&��BC8 G�=�� 8*6 FHG 8 S ;H6�z+P �4F�F B =��t> �4>�]#R zC6�8Ey21M�p: >#}
;9BC8h:�z#; =2S�= 696�8Y4:<; �(=?> G Y = ; ��> ]#R zC698hy2143*��1 � FpS : > � 8 F 8*8 > � >C=bS�= 69698Y4:<; �4=?> �4F
�4>+} �4S :<;H8 } 1{D ; �4F � P G�=?F9F � � Y(8"; = ;H8Y4Y A 6 = P ;9BC8n; �7=�G�=�� 8*6 FHG 8 S ;H6�: �4>r]#R zC698 F y21 ¡
: >#} y21M� � BC8*;9BC8*6t;9BC8*U S�=?> ;9: �4>rS�= 69698Y4:<;H8 }r� : � 8 Ft= 6 >C= ;*1

� 	�� * � ���'��+ $
D > F 8 S ; �(=?> y2143<143�� � BC8*6�8n;9BC8 � ��S�= BC8*698 >#S 8 � : F ;H8 F ;H8 } �g: } :<;9: � �4>#}C=���� : F : GC�
G Y � 8 } ; = ;9B#8 F �(R?> :�Y7; = 698 } z S 8 FHG 8 S ;H6�:�Y{Y(8: ¬ : R 8�1i�tB �4FIFHG 8 S ;H6�:�Y{Y(8: ¬ : R 8 G BC8 �
>C= Pp8 >C=?> :<6 �4F 8 F � 8 S :�z F 8 =�A ;9BC8 ]�> � ;H8�Y(8 >CR ;9B =�A ;9B#8�; � P)8 F 8*6 � 8 F : � : � Y4: � Y(8�1���B �4F
F 8 S ; �4=?> � 8 R �4>#F7� � ;9B�;9B#8KN � 6 �4S B#Y(8*; ¬ 8*6 > 8Y � � B = �4F ;9BC8 � � Y4Y4: ��>[=�A ;9BC8 G � 8 S 8 �#: >#}
;9BC8 > } �4F9S z F�F 8 F ;9BC8hz F 8 =�AE} :<;9: � �4>#}C=��tF �&8 F9G 8 S � :�Y4Y(U®;9BC8�KO:�PpP �4>CR � �4>#}#=��
z F 8 } �4> ;9B �4F{�7= 6 ¬ �#; = 698 } z S 8E;9BC8J8 
 8 S ; =�A ;9BC8KN � 6 ��S B#Y(8*; ¬ 8*6 > 8Y 1

����,��	� - ,��.( �$�/�+�/,��	�%�0/ ����0.�1�
��B#8IN � 6 �4S B#Y48*; ¬ 8*6 > 8Y�: G#G 8:<6 F"� BC8 > : > ��>C]+> � ;H8|; � P)8 F 8*6 � 8 F �4F ;H6�z >+S :<;H8 } : >#}
� = z#6 � 8*6�;H6�: >#F9Aj= 6�Pp8 } 1&��BC8E� = zC6 � 8*6�;H6�: >#FHA�= 6�P =�A :I; � P)8 F 8*6 � 8 F - �$# � ��F7} 8 ]+> 8 }



� � � ��� � ��
 ��� 
 0�3

0 50 100 150 200 250 300 350 400 450 500
0

10

20

30

40

50

60

70

80

Frequency (Hz)

���d	 ����42��������:.+K6�,*b2S4:�7�7 
*)GI� .10% #���C S��2  H2c" (P;��-9 - �$# � "?;i�7NOG+�! #"'.1; T � ��� V ��.1;��
 R�-"?;O"?;!([ 5K6.[K �PM7��2ZKH"S #� �7N�GP�-9`4��`�-2,��28�! A0'*��7N�G&��;��="'��2 ���	� ��
Q�-;�$ ��� � ��
Z�-;�$
KH"R #�[�&$O$!�7$�;F.1"?2,� �

: F %- ��� ) � 2 � 	 3M
G � 3 - �$# G ��

	���� 2 � E B�8 2 3�B�0 B�������B 
 �d3
: >#} � ; F �4> � 8*6 F 8 � U

- �$# G � 2 3


� 	 3M
) � 3 %- ��� ) �� ��� 2 � E B � 2 3�B�0 B�������B 
 � 3

� BC8*698 � 2� �J3<1
5 = PpP =?> F 8 >+F 8 F :U F ;9B#:<;I; � P)8 F 8*6 � 8 FIS : >#>#= ; � 8 �4>C]�> � ;H8�1 K =�� 8 � 8*6>�7;9BC8

]+> � ;H8 ; � P)8 F 8*6 � 8 F@S : > � 8 F 8*8 > : F : G :<69; =�A : > ��>C]+> � ;H8 ; � P)8 F 8*6 � 8 F 1 ��B �4F
;9BC8 >�S�= 6�698 FHG�=?>#}#F ; = P|z#Y(; �(G Y(U ��>CR ;9B#8 �4>#]+> � ;H8@; � Pp8 F 8*6 � 8 F � Ud:®698 S ;9: >#R z#Y4:<6
� �4>#}C=�� ��: � �4>#}#=�� A z >#S ; �(=?> �g;9B#:<; �4F z > � ;\U =?>®= z#6 = � F 8*6 � :<; �4=?> �4> ;H8*6 � :�YZ: >#}
M*8*6 = 8Y F 8 � BC8*698SR

� � � � 2 3�� � B � 2 � B3�B�0 B�������B 
 �d3��
�rz#Y4; �(G Y �4S :<; �4=?> �4> ;9B#8n; � Pp8 }C= P[: �4> ��F 8 � z#:�Y�; =�S�=?> ��= Y4zC; �4=?> ��> ;9BC8 A 698 � z#8 >#S U}C= Pp: �4> � FH= ;9BC8I� = zC6 � 8*6";H6�: >+FHAj= 6QP =�A ;9BC8 = 6 �(R �4> :�Y �4>C]+> � ;H8J; � P)8 F 8*6 � 8 F �4FTS�=?>��
��= Y � 8 }I� � ;9B|;9BC8�� = zC6 � 8*6 ;H6�: >#FHA�= 6�P =�A ;9BC8 � ��>#}C=�� A z >#S ; �(=?> �,� � �Q1���B#8{� = zC6 � 8*6
;H6�: >#FHA�= 6�P =�A �,� � � ��F

� ��� � 2§8�� G�� �'� 
 � 3
0 ��� F �4>�� �  ���F �4> � 3 � � � � y21M«��



0�0 � ����� ������� � 
 ����� � ��� 
 � ����� � � � � ��� 
 
 � � �

−500 −75 0 75 500
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Frequency (Hz)

R
xx

���
	����� 2������ � .)*=���-9]"?2,�7$e��GO S.!��.)*c*X��9]�! #"'.1;U.10H #���J S��2  2=" (P;`�-9 - �$# � "?;��7N�GP�! #"'.1;
T � ��� V ��.1;F R�-"?;O"];!([ SK:.�K �PM7��2JKH"S #�U�7NOG+�-9O4����-2,��2 W 2,��4��1*��! S�7$3fX\ � � � 
J�-;�$iKH"R #�
�&$O$��7$>;�.1"?2,� �

��B �4F �4Fw¬�>C=��t> : F ;9BC8"N � 6 �4S B+Y(8*; ¬ 8*6 > 8Y�: >#}�S : > � 8 F 8*8 > �4>�]#R zC698"y2143�3<17~ = ��;9BC8
;H6�: >+FHAj= 6QP =�A ;9BC8�;H6�z >#S :<;H8 }iF 8*6 � 8 F - ��� ) � � � Y4Y � 8[: } �4F ; = 69;H8 } � 8*6 F �(=?>e=�A ;9BC8
;H6�: >+FHAj= 6QP =�A ;9B#8 �4>C]+> � ;H8 F 8*6 � 8 F -�� ��� ) �Q1�tBC8 � �4} ;9B =�A ;9B#8tPp: �4> Y = � 8 =�A ;9BC8tN � 6 �4S B#Y48*; ¬ 8*6 > 8Y � � Y4Y F P =2= ;9B = zC; G 8: ¬�F
�4> ;9BC8 G�=�� 8*6 F9G 8 S ;H6Qz#P =�A ;9BC8 F �4R?> :�Y 1 D A ; �7=pG 8: ¬2F :<6�8JY =2S :<;H8 }rS Y =?F 8*6�; = 8: S B
= ;9BC8*6w;9B#: > ;9B#8 � �4} ;9B =�A ;9BC8TPp: �4> Y = � 8 �.;9BC8 ¬ 8*6 > 8Y+Pp:U A : � Y�; = 6�8 FH= Y � 8�;9BC8O; �7=
G 8: ¬�F : >#} =?> Y(U } 8*;H8 S ; =?> 8 G 8: ¬ 1JD >#S 698: F ��>CR 
 �4> 8 � z+:<; �(=?> y21M« � � Y4Y > :<696 =��
;9BC8�Pp: �4> Y = � 8 � P[: ¬ �4>#R � ; G�=?F9F � � Y(8I; = 698 FH= Y � 8�;9BC8 G 8: ¬�F 1r��B#8 � �4} ;9B =�A ;9BC8
Pp: ��> Y = � 8 �4F z F z#:�Y�Y(Up;9: ¬ 8 > : F ;9BC8 � ��} ;9B@:<;OL }#� � 8Y =�� ;9BC8KPp: �4> Y = � 8 G 8: ¬ 1

����,�� � - ,������ ��%-&�� �+0	�.%�
��
� 8 S :�z F 8 =�A ;9BC8 F �4} 8OY = � 8 F&=�A ;9BC8TN � 6 �4S B+Y(8*; ¬ 8*6 > 8Y&� S�=?> ;H6 � � zC; �4=?> ; = � F :U � - ��� � �
� � Y4Y >#= ; =?> Y(U S�= P)8 A 6 = P � �"� zC;&:�Y FH="A 6 = P = ;9BC8*6 � � BC8*6�8�;9BC8�:�P G Y � ;9z } 8 �4F�>C= ;
M*8*6 = 17��B �4F7G B#8 >C= P)8 >C=?> �4F�S :�Y4Y48 }@FHG 8 S ;H6�:�YuY(8: ¬ : R 8 �#G�=�� 8*6 A 6 = P > 8 �(R B � = zC6 �4>#R
A 698 � zC8 >#S � 8 F (HY(8: ¬ * ; = ;9BC8 S 8 > ;H6�:�Y A 698 � zC8 >#S U§: FhF B =��t> �4>	]#R z#698®y2143021 �{;
;9BC8); =�G 6 =�� �4> ;9BC8 ]#R z#698 ��;9BC8)N � 6 �4S B#Y(8*; ¬ 8*6 > 8Y �4F"F B =��t> ; = ;9BC8)Y(8 A ;E: >#} ;9BC8
FHG 8 S ;H6�z+P ; = � 8K8��C:�P �4> 8 } ; = ;9BC8|6 �(R B.;*1 �rz#Y4; �(G Y(U �4>CR ;9BC8 F 8I; �w= �u: FEF B =��t> �4>
;9BC8EY =�� 8*6�Y(8 A ; G :<69; =�A ;9BC8 ]#R zC698 � S�=?> ;H6 � � zC; �4=?> ; = � �OS�= P)8 F :�Y FH=IA 6 = P ;9BC8 F �4} 8
Y = � 8 F � F B#: } 8 } :<698: F �t: >#} ;9BC8n698 F z#Y4; �4FtF 8*8 > �4> ;9BC8|Y =�� 8*6O6 �4R B¤; S�= 6 > 8*6>� � BC8*698
;9BC8I698 F z#Y(; �4>CR�FHG 8 S ;H6�:�Y�Y �4> 8|:<; � � B+: FTS�=?> ;H6 � � zC; �(=?>^A 6 = P�;9BC8 F B+: } 8 } :<698: F ; =
;9BC8)Y(8 A ;*1K~ G 8 S ;H6�:�Y�Y(8: ¬ : R 8 ��FO>C= ; } 8 F � 6�: � Y(8 � FH= : >C= ;9BC8*6 � �4>+}C=�� �4F : G#G Y � 8 } ; =
:<;H;H8 > z#:<;H8�;9BC8 F ��} 8pY = � 8 FE=�A ;9BC8[N � 6 �4S B#Y48*; ¬ 8*6 > 8Y 1���BC8*698�:<698[Pp: > U � �4>#}#=��tF



� � � ��� � ��
 ��� 
 0�L

0 50 100 150 200 250 300 350 400 450 500
0

10

20

30

40

50

60

70

80

90

Frequency (Hz)

���d	 ����42��������:.+K6�,*b2S4:�7�7 
*)GI� .10% #���C S��2  H2c" (P;��-9 - �$# � "?;i�7NOG+�! #"'.1; T � ��� V ��.1;��
 R�-"?;O"?;!(  SK:. K �PM7��2<KH"R #��4��`�-2,��2 �! %0'*��7N�G&��;��="'��2 ���	� ��
<�-;�$ ��� � � 
<�-;�$ KH"R #�
�&$O$!�7$�;�.1"?2�� �

� � ;9B } ��
 8*6�8 > ; S B#:<6�: S ;H8*6 �4F ; �4S*F : � : � Y4: � Y(8 � F 8*8� 3> �� Aj= 6�: > �4S 8Z698 � � 8 �i=�AC� �4>#}#=��tF �Q1
��BC8E8 � z#:<; �(=?>@=�A ;9BC83KT:�PpP �4>#R|� �4>#}C=�� �4F

� �My�_ �®� � _  S�=?F � 0��
 � � B � 2§� B3�B�0 B�������B 
 �d3��
��BC8 S�= 8(? S � 8 > ; F � �My�_e: >#} � � _  ®:<698 > 8:<6�Y4Ue;9BC8 =?> 8 F ;9B#:<;[: S B � 8 � 8rP �4> � Pnz+P
F �4} 8Y = � 8JY(8 � 8Y F � 3> �� 1T��B �4Ft� �4>#}#=�� ��F :�Y FH= 8: F Uh; = � P G Y(8P)8 > ;t: >#} B+: F :[698Y4: �
; ��� 8Y(U > :<696 =�� Pp: �4> Y = � 8�1)��BC8'KT:�PpP ��>CR�� �4>#}C=�� z F 8 } �4> ;9B �4F"�w= 6 ¬ S : > � 8
F 8*8 > �4>�]#R z#698Ky2143L21



0�_ � ����� ������� � 
 ����� � ��� 
 � ����� � � � � ��� 
 
 � � �

−500 −400 −300 −200 −100 0 100 200 300 400 500
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Frequency (Hz)

R
xx

���
	�����*2��
����� �b.)*,���-9?"?2,�7$ ��G� S.���.)*c*���9]�! #"'.1;C.10� #���  S��2  F2c" (P;`�-9 - �$# � "?;e�7N�GP�! #"'.1;
T � ��� V ��.1;F R�-"?;O"?;�(e 5K6.ZK6�+M7��2 KH"S #�J"?;�$���46��;�$!��;� &4��`�-2,��2 W 2���4��1*,�! S�7$�fX\ � � ��
��-;�$
KH"S #�[�&$O$!�7$>;�.1"]2,� �

1 0. 8 0. 6 0. 4 0. 2 0 0.2 0.4 0.6 0.8 1
10

5

0

5

10

15

20

25

30

35

ω (radians)

W
(ω

)

���
	����� 2��d����� �6��� 
b"E*,"
� �O9d�1 %h&�,*=;���9 � �6���>��.a.)*B$&"?;��! S��2Z�1*��e;F.)*=���-9?"?2��7$ KH"R #�
2=�-�Z4�9'�%4:�,*="'.�$
� 2 3�� �aW 2,.U #�`�! � ��� � �`�-2J #�F�%46�,*,"'.!$ 0�� �



� � � ��� � ��
 ��� 
 0�y

ω
0

ω0 ω1

X (ω)W(ω − ω)0 0

Spectral line being examined

Interfering spectral line

0 ω0

X(ω)

X(ω ) = Shaded area from left0


ω
0

ω0 ω1

W(ω − ω)0

ω0 ω0 ω1

X (ω)

Spectral line being examined
Interfering spectral line

Noise

���d	 ���� 2��
� � � �:���U�,D��7�7 Q.10Z #��� 
b"E*,"
� �O9d�1 8h&�,*,;���9 � �H.1;F 
*="SfOG� #"d.1;L S. - ��� � �
��.1�>��2 0'*�.1�k.a #���,* � �-2YK:��9?9��-2 0'*�.1� � � �



0  � ����� ������� � 
 ����� � ��� 
 � ����� � � � � ��� 
 
 � � �

1 0. 8 0. 6 0. 4 0. 2 0 0.2 0.4 0.6 0.8 1
35

30

25

20

15

10

5

0

5

10

15
Hamming window (logmagnitude of transform)

ω (radians)

dB


���
	����� 2��d�+��� �6��� �b�-�<�<"];!(�KH"?;�$�.IK � �6��� ��.a.)*B$&"?;��! S��2��1*��%;F.)*=���-9?"?2��7$�KH"R #�
2=�-�Z4�9'�%4:�,*="'.�$
� 2 3�� �aW 2,.U #�`�! � ��� � �`�-2J #�F�%46�,*,"'.!$ 0�� �



� �������	��
 �

� � � � � 	 � � � � � ��� � � �

D > ;9B �4FT�7= 6 ¬ � } :<;9: A 6 = P�8�� G 8*6 � P)8 > ; F :<;E;9BC8p~�zC6�: A : S � Y � ;VU > 8:<6E� � MB > Ur� = �.�
R�= 6 =2} �&¢tz F9F � : � �4> 3����« : >+} :<;I;9BC8��&D9~#5{��� ?Kt8:<; �4>#R^A : S � Y � ;VU > 8:<6)��6 = P F�� �
� = 6 � :U � �4> 3�����pB+: � 8 � 8*8 > : > :�Y4U F 8 } 1

�§B#8 > z F ��>CR@S�=?> ; �4> z = z FK� : � 8 G z#P G �4>#R�=�A ;9BC8 �(=?>C=?FHG B#8*6 �4S|G Y4: F P[: �g;9B#:<;
�4F � � B#8 > >C= ;);9zC6 > ��>CR ;9B#8 G z#P G � : � 8 =?> : >+} =�
§� � ;9B } 8 ]+> 8 } �4> ;H8*6 � :�Y F �Z:
F ;9: � Y(8 G 6 =�S 8 F9Fn� B �4S B S : > � 8 S�=?>#F �4} 8*6�8 } ; = � 8 F ;9:<; �4=?> :<69U S : > � 8 = � ;9: �4> 8 } 1
Kt8*698 F z S B F ;9:<; �(=?> :<69U S�=?>#} � ; �(=?>#F :<698 S�=?>+F �4} 8*698 } 1

�O>#Aj= 69;9z > :<;H8Y(U � 6�: } � :<; �4=?> :<;|;9BC8 F z#P : >#}ª} ��
 8*6�8 >#S 8 A 698 � zC8 >#S � 8 F � =�A � Aj= 68���:�P G Y(8 ��;9B#8|N�� : >#} 0<N�� � S�= z#Y }^>C= ; � 8 } 8*;H8 S ;H8 } =?> ;9BC8 R 6 = z >+} ��Pp: ¬ �4>CR
� ; � P G�=?F�F � � Y(8E; =@S :<696�U = zC;";9BC8 � �4S�= BC8*698 >+S 8|: > :�Y4U F ��F 1O�TzC; =�S�= 69698Y4:<; �(=?> �4> ;9BC8
A 698 � zC8 >#S U }C= P[: �4> �4F)=?> ;9BC8 = ;9BC8*6�B#: >+}dG�=?F9F � � Y(8�; =eG 8*6 A�= 6�P@1 D ; � � Y4Y >C= ;E�
: F ;9BC8 � �4S�= B#8*698 >#S 8 � } 8*;H8 S ; � B �4S B ; �7=h� : � 8 F ;9B#:<; �4> ;H8*6�: S ;J; =@R ��� 8[;9BC8);9B � 6 }
� : � 8 = 6 �4>#} �4S :<;H8K;9BC8 S�= 696�8Y4:<; �(=?> ;9B+:<;t8�� �4F ; F � 8*; � 8*8 > ;9BC8K;9B#698*8 � : � 8 F �4> � Aj= 6
8���:�P G Y(8 �+;9BC8|;H8 F ; F �(R?> :�Yg8 � z+:<; �(=?> y21ML21ODV; � � Y�Y �4>#F ;H8: } } 8*;H8 S ;T;9BC8 S�= 6�698Y4:<; �(=?>
� 8*; � 8*8 >�� : � 8 �t: >#} - � ��: >+}�� : >#} - : >#}��)F 8 G :<6�:<;H8Y(U ��> ;9BC8 F :�P)8T8 � z#:<; �(=?> 1

� =@}C= ;9BC8):�zC; =�S�= 69698Y�:<; �(=?> ��;9BC8 S�= P G Y48��^; � P)8 F 8*6 � 8 FTA 6 = P�;9BC8[~��w� P)8: �
F zC698P)8 > ; F@� : F^} ��� ��} 8 } �4> ; =�F 8 � 8*6�:�Y F Pp:�Y4Y(8*6 � �4>#}C=��tF : >#} ;9B#8 > S�= P � �4> 8 }
; = :iPp:<;H6 � ��1 �Z: S B � ��>#}C=�� � : F ;9: G 8*698 }�� � ;9B ;9BC8 KO:�P[P �4>CRª� �4>#}C=�� : >#}
� = zC6 � 8*6K;H6�: >#FHA�= 6�P)8 } � � ;9B ;9BC8 A : F ;K� = zC6 � 8*6E;H6�: >#FHA�= 6�P :�Y R�= 6 � ;9B#P ;9B+:<; S�= P)8 F
� � ;9B �����
	��� z F �4>CR : F Pp: > U G�= �4> ; F : F ;9BC8*698 � 8*698 �4> 8: S B � �4>#}#=�� �{;9B#:<;
�4F � � � ;9B = zC; M*8*6 =®G : }#} �4>CR 1 � F B = 69; G 6 =�R 6�:�P � : F)� 6 � ;H;H8 > �4> �����
	�� � � F 8*8
: G#G 8 >#} � �p�n1M0��w; =|G 8*6 A�= 6�P ;9BC8E:�zC; =�S�= 69698Y4:<; �(=?>�� � ;9B�;9B#8 �����
	�� � F �(R?> :�Y G 6 =<�
S 8 F9F �4>CR ; =2= Y � = �@:�Y R�= 6 � ;9B#P � ����� � � 3y�� 1

� >#= ;9BC8*6OP)8*;9B =2} : G#G Y � 8 }�� : FtS 6 =?F9F��\S�= 69698Y�:<; �(=?> � F 8*8 � A�= 6t8��C:�P G Y(8 � � 3y�� = 6
� 3 ¡ �$� =�Aw} ��
 8*698 > ; G :<69; FO=�A ;9B#8 F :�Pp8)~��w� FHG 8 S ;H6�z#P@1T��B �4F B#: F ;9BC8|: } � : > ;9: R 8
=�A ;9B+:<; G :<69; F[=�A ;9B#8 FHG 8 S ;H6�z#P F 8 G :<6�:<;H8 } � U FH= P)8 F9G 8 S ;H6Q:�Y A 8:<;9z#698 S : > � 8
S�= 69698Y4:<;H8 } � � ;9B = zC;I;9BC8 �4> ;H8*6 A 8*698 >+S 8 =�A ;9BC8 FHG 8 S ;H6�:�Y A 8:<;9zC698 � 8*; � 8*8 > ;9BC8P@1
� F : > 8��C:�P G Y48E;9BC8JN��£: >+} ;9BC8 ��� � S : > � 8 S�= 69698Y�:<;H8 }@� � ;9B = z#;7;9B#8 F ;H6 =?>CR
�4> ;H8*6 A 8*698 >+S 8 =�A ;9BC8 G z#P Gp� : � 8�1w��B#8 } :<;9: � : F7G 6 =2S 8 F9F 8 } �4> : F � P � Y4:<6wPp: >#> 8*6
: F�� BC8 >@G 8*6 A�= 6�P ��>CR ;9B#8J:�zC; =2S�= 6�698Y4:<; �(=?> 1

0 ¡



0�« � ����� ��� ���	� 
 � � ��� � � � � ��� ���	
 � 


�tBC8 F B = 69;H8 F ;7KT:�PpP ��>CRt� ��>#}C=��OFuS�=?>#F �4F ;H8 }K=�A 3*�����T; = 3*�?0�_ G�= �4> ; F 1�� � ;9Bn:
F :�P G Y �4>CRnA 6�8 � zC8 >+S U =�A L�0<� ¬ KNME;9B �4F7R ��� 8 F :I698 F9= Y4zC; �(=?>�=�A ;9B#8 � �4>#}C=�� � � �4} ;9B
=�A P[: �4> Y = � 8 :<; � L }#� � =�A ��1ML���0 ¬ KNM � � B �4S B �4F�F z ? S � 8 > ; Aj= 6�;9BC8 FHG 8 S ;H6�:�Y
A 8:<;9zC698 F �4> ;9BC8h~��Z� } :<;9:�1e��B �4FKG :<69; �4S z+Y4:<6 � �4>#}C=�� � : FIS B =?F 8 > � 8 S :�z F 8 =�A
� ; F 8: F 8 =�A � P G Y(8Pp8 > ;9:<; �(=?> �g698Y4:<; � � 8Y(U F Pp:�Y4Y F �4} 8pY = � 8 F : >+}®R�=2=2}eA 698 � zC8 >#S U698 F9= Y4zC; �(=?> � F 8*8 � 3> ��$�Q1



� �������	��
 �

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

D > ;9B �4FZS B#: G ;H8*67;9BC8t6�8 F z#Y(; FZA 6 = P�;9BC8 S 6 =?F9F��\S�= 69698Y�:<; �(=?> : > :�Y(U F 8 F :<698 G 698 F 8 > ;H8 } 1
� U S�= P G :<6 �4>CR ;9B#8&698 F z#Y4; F�� � ;9BJ: > :�Y(U F 8 Fu=�A :�;H8 F ; F �(R?> :�Y S�=?> ;9: �4> �4>CR�� B � ;H8 >C= �4F 8
� ; � : FKAj= z >#} ;9B#:<;J;9BC8 FHG 8 S ;H6�:�Y A 8:<;9zC698 F ��> ;9BC8�~��w� FHG 8 S ;H6�:h:<6�8 � 8*69U >C= �4F 8 �
Y �(¬ 8 � >C= Pp:<;H;H8*6 � B+:<; A 8:<;9z#698[: > :�Y(U F 8 } 1[DV; � : F :�Y FH=rF 8*8 > ;9B#:<;J;9BC8 F ;9: >#} :<6 }
} 8 � � :<; �(=?> =�A ;9BC8 S 6 =?F�F��\S�= 69698Y4:<; �4=?> 698Pp: ��> 8 } S�=?>#F ;9: > ; � BC8 > ;9BC8 > z#P � 8*6 =�A
G�= ��> ; F �4> ;9BC8pP)8: > � : F �4>#S 698: F 8 } � � B �4S B �4F ;9BC8 F :�P)8)698 F z+Y(; = � ;9: �4> 8 } � BC8 >
}C= �4>CR ;9BC8 F :�P)8J: > :�Y(U F �4F{=?>r� B � ;H8 >C= �4F 8�1

� 	�� � ��$ � �.�2$
��BC8 S 6 =?F9F��\S�= 696�8Y4:<; �(=?> � 8*; � 8*8 > } ��
 8*698 > ; G :<69; F�=�A ;9B#8 F9G 8 S ;H6Qz#P � : F@A�= z >#}
; = � 8p;9BC8[P =?F ;Kz F 8 A z#Y ; =2= Y � F �4>#S 8 � �4} 8Y(U F 8 G :<6�:<;H8 }eG :<69; FJS : > � 8 S�= 6�698Y4:<;H8 }
� � ;9B = zC;E;9B#8 �4> ;H8*6 A 8*6�8 >#S 8 =�A ;9BC8 F9G 8 S ;H6Qz#P �4> � 8*; � 8*8 > 1@��BC8p:�z#; =2S�= 696�8Y4:<; �(=?>
: > :�Y(U F 8 F � R � � �4>#Rn>C= 698 F z#Y(; FZ�w= 6�;9B¤Up: } �4F9S z F9F �(=?> � � � Y4Y�;9BC8*6�8 Aj= 698 � 8 = P � ;H;H8 } 1��
;H8 F ; F �(R?> :�Y S�=?> ;9: �4> �4>CR�� B � ;H8 >C= �4F 8 � : FuS 698:<;H8 } ; =tF 8*8ZB =�� ;9B#8 S 6 =?F9F��\S�= 696�8Y4:<; �(=?>
=�A F z S B^: F �(R?> :�Y �w= z+Y } Y =2=�¬ Y �(¬ 8�1{��BC8J698 F z#Y(; S : > � 8 F 8*8 > �4>h]#R zC698 ¡ 143 � BC8*698
;9BC8 S 6 =?F9F��\S�= 69698Y�:<; �(=?>§A z >+S ; �(=?> B+: F : G U.6�:�P �4} :�Y F B#: G 8�1¯��B �4F P|z F ; >C= ; � 8
�4> ;H8*6 G 698*;H8 } : F P[:�� � P|z#P S�= 6�698Y4:<; �(=?> :<;�Y4: R M*8*6 = � � 8 S :�z F 8�;9BC8 S 6 =?F9F��\S�= 696�8Y4:<; �(=?>
�4F � � : F 8 }r} z#8K; = ;9BC8 } 8 S 698: F �4>CR�> z+P � 8*6 =�Aw} :<;9: G�= �4> ; F ��> ;9BC8 S�= 69698Y4:<; �4=?> :<;
B �(R BC8*6gY�: R?F 1�� Fg} ��F9S z F9F 8 } �4>JF 8 S ; �(=?> y21M0 ��;9BC8ZY4: R � 6�z >#FuA 6 = P���; =<
 �n3�� � BC8*698

 ��F ;9BC8[Y(8 >#R ;9B =�A ;9BC8 F 8*6 � 8 F � �4> ;9B �4FKS : F 8[;9BC8[Y48 >CR ;9B =�A ;9BC8 � �4>#}C=��tF �Q1[� F
� ��>#S 698: F 8 FEA 8 � 8*6K: >#} A 8 � 8*6J;H8*6QP F :<698 ��>#S Y4z } 8 } �4> ;9BC8 F z+P �u; � Y4Y ��698: S BC8 F

 ��3�� � B#8 >d=?> Y(U =?> 8^;H8*6�P S : > � 8 �4>#S Y4z } 8 } �4> ;9BC8 F z#P : >+} ;9B#:<; �4F ;9BC8
Pnz#Y4; �(G Y �4S :<; �4=?>r=�A ;9BC8p; �w= � :�Y4zC8 F :<;J8: S Be8 >+}®=�A ;9BC8 F 8*6 � 8 F 1[� = P = 698[;H8*6�P F
8�� �4F ; Aj= 6 � B �4S B�;9B#8 F 8 G :<6�:<; �4=?> � 8*; � 8*8 > ;9BC8E; �w= �4F�
 �d3<1

5 = P G :<6 �4>CR 3 ;9BC8 S 6 =?F9F��\S�= 6�698Y4:<; �(=?>[=�A ;9BC8 � B � ;H8 >C= �4F 8 � � ;9BI;9BC8 S 6 =?F9FH�\S�= 69698 �
Y4:<; �(=?>)=�A ;9BC8 F �(R?> :�Y F�A 6 = P ;9BC8T~C�Z� } :<;9: � � ; �4FZF 8*8 > ;9B#:<;w;9BC8*Up:<698 � 8*6�U F � P � Y�:<61

.��������6������-:%�$13D3:-.'*����-:' �����&��=#��%�����$<����!
S
�����&-.' �������1$13.�

S
��-.%�� �>$��6�&"#����' %�!2������3:$2��� 8O$2'>8���*��%�!1��������=#!1'>8?-:'*5U3:$2"#��3 ����3.3.�

S
������� ���*�J-.' �������1$13 � ��$7����� $1'�80� ��!(=*�

@	��
 -:�4����� S -:8?��� !1)D�����S
-.'�8*!

S
�
@

0��



L<� � ����� ��� � � � � � 
 	�� ��
 � ��
 
 � 
 � 	 
 
 � ���

� �(R zC6�8 ¡ 1M0 F B =��tF ;9BC8 S 6 =?F9FH�\S�= 69698Y4:<; �(=?>n=�A�G :<69; Fg=�A ;9B#8 FHG 8 S ;H6�z#P Aj= 6 F zC6�:?��« 0�L�«
� B#8*698E;9BC8*698 F B = z#Y } � 8 >C=pS�= 69698Y4:<; �4=?> 1�DV; ��F �4>#} 8*8 } � 8*69U F � P � Y4:<67; = ;9BC8 S 6 =?F�F��
S�= 696�8Y4:<; �(=?>@=�A�� B � ;H8 >C= ��F 8 �4>�]#R zC698 ¡ 143<17� �4R zC698 ¡ 1 _ F B =��tF : S 6 =?F9F��\S�= 69698Y�:<; �(=?>
� � ;9B �4> ;9BC8 ��� � ��> ;9BC8 F :�P)8 F9G 8 S ;H6Qz#P � � B ��S Bd:�Y F9= �4F 698P �4> �4F9S 8 > ; =�A ;9BC8
S 6 =?F�F��\S�= 69698Y4:<; �4=?>r=�A�� B � ;H8 >C= ��F 8�1�� > :�Y(U F 8 F�� � ;9B �4> ;9BC8 ��� � B#: � 8 � 8*8 >^}C=?> 8
�4>�] Y(8 F�F zC6Q:?��« 0�L�� � F zC6�:?��« 0�_?� � F z#6�:?��« 0  <�[: >#} ;H6 = P[��� y�«�L ��:�Y4Y � � ;9B�698 F z#Y(; F
8 � z ��� :�Y(8 > ;w; =|]#R zC698 ¡ 1 _C1Z� �(R zC6�8 ¡ 1F F B =��tF{S 6 =?F9F��\S�= 696�8Y4:<; �(=?> � 8*; � 8*8 > ;9BC8TN��
: >#} z G+F B �(A ;H8 } Pp:�� � Pnz+P � � � ��� � B ��S B[: R : ��> ��FZF � P � Y4:<6&; = ;9BC8 G 698 � �(= z F&S 6 =?F�F��
S�= 696�8Y4:<; �(=?>#F 1 ��B ��F ��F :TPp8: >)=�A+=?> Y4U|y�0 � �4>+}C=��tF � 8 S :�z F 8 =�A ;9BC8 F B = 6�; = 6 �(R �4> :�Y
F �4R?> :�Y ��>�F z#6�:?��« 0�_?��17��BC8 F :�P)8 FHG 8 S ;H6�:�Y A 8:<;9z#698 F B#: � 8E:�Y F9= � 8*8 > : > :�Y(U F 8 } �4>
] Y48 F�F z#6�:?��« 0�L��T: >#} ;H6 = P[��� y�«�L � R � � �4>#R ;9BC8 F :�P)87698 F z#Y4; F 1�� S 6 =?F9F��\S�= 69698Y�:<; �(=?>
� 8*; � 8*8 > ;9BC8hN�� : >#} ��� � �4F)F B =��t> ��>ª]+R zC698 ¡ 1M«b: >#} � 8*; � 8*8 > ;9BC8r0<N��
: >#} N�� �4>r]#R zC698 ¡ 143*��1"��BC8|N���: >#}^��� � B#: � 8|:�Y F9= � 8*8 >rS 6 =?F9F��\S�= 69698Y�:<;H8 }
� � ;9B ;9BC8 F :�P)8)698 F z#Y(; F �4> ] Y48 FEF zC6�:?��« 0�L�� � F z#6�:?��« 0�_?�^: >#} ;H6 = P[��� y�0�L ��: >#}
;9BC8 0<N�� : >#} N � � � ;9Bd;9BC8 F :�P)8^698 F z#Y(; �4> F z#6�:?��« L�3L21���B.z F �{;9BC8 S 6 =?F�F��
S�= 696�8Y4:<; �(=?> : > :�Y(U F �4F{F z R�R 8 F ; F ;9B#:<;�;9BC8 F ;9z } � 8 } ~��Z� } :<;9: A 6 = P ;9B#8J~CzC6�:�3����«
: >#} ��6 = P F � 3�����@8�� G 8*6 � P)8 > ; F :<6�8 >C= �4F 8 � Y �(¬ 8�1|�tBC8I698 F z#Y(; ��>CR 6Q: } � :<; �(=?> A 6 = P
;9BC8w8Y(8 S ;H6 = Pp: R?> 8*; �4S :�Y4Y(U } 6 ��� 8 >EG Y4: F Pp:{;9zC6 � z+Y(8 >#S 8&:<;g;9B#8wY =�S :<; �(=?>J=�AC} 8*;H8 S ; �4=?>
=?> ;9B#8 R 6 = z >#} ��F �4>#S�= BC8*6�8 > ;*1

−5 0 5
0

0.1

0.2

0.3

0.4

0.5
test 122:136 − 380:394, Nfft = 1024 (coeff norm, mean)

Frequency (kHz)

���
	����� ���
��� �6*�.12c2 �5��.)*c*X��9]�! #"'.1;<KH"S #�Y2  R�-;�$a�1* $Y$!�1M1"]�! #"'.1;Z.10� SK:.�2���4��1*,�! S��4��1*7 #2
.10:�e2S4:�7�7 
*)GI� ��.1;� R�-"?;`"?;!(iKH�O"S S� ;F.1"?2,� �H� �X�-;3.10 � �	��KH"?;�$!.IKH2 �



� � �	� � ��
 	�� �	
 L�3

−5 0 5
0

0.1

0.2

0.3

0.4

0.5
sura98_238 149:162 − 227:240, Nfft = 1000 (coeff norm, mean)

Frequency (kHz)

���d	 ���� ��� � � � *X.12c2 �5��.)*c*���9'�! #"'.1;i.10F4��1*7 #28.10A #�F�^2S4:�7�7 
*)GI�_KH���,*��Q #�F�,*��82c��.!GI9
$
f!��;�. ��.)*c*���9'�! #"'.1; T?27G-*,����� �&��� V � �3�X�-; .10 � �	� KH"?;�$�.IKH2 � 
O�B� � (�GI*�� � � �i0
.)*
2S4:�7�7 
*)GI� �

−160−140−120−100−80 −60 −40 −20 0 20 40 60 80 100 120 140 160
−80

−70

−60

−50

−40

−30

−20

−10
PSD

Frequency (kHz)

dB

−−Start: −112.32 kHz

−−Stop: −108.16 kHz

−Start: −87.36 kHz

−Stop: −83.2 kHz

∆f = 4.16 kHz

���d	 ���� ���E����
I4:�7�7 
*)GI� 0#.)* 27G-*,����� �&��� �



L�0 � ����� ��� � � � � � 
 	�� ��
 � ��
 
 � 
 � 	 
 
 � ���

−5 0 5
0

0.1

0.2

0.3

0.4

0.5
sura98_238 558:571 − 661:674, Nfft = 1000 (coeff norm, mean)

Frequency (kHz)

���
	����� ��� ��� � *X.12c2 �5��.)*c*���9'�! #"'.1; KH"R #�`"?;  #�����
	 � T?27GI*,����� �&��� V �%� �X�-;3.10 � �	�
KH"];�$!.IKA2 ��
O�B� � (�G-*X� � �
�Z0
.)*82S4:�7�7 
*)GI� �

−160−140−120−100−80 −60 −40 −20 0 20 40 60 80 100 120 140 160
−80

−70

−60

−50

−40

−30

−20

−10
PSD

Frequency (kHz)

dB

−−Start: 18.56 kHz

−−Stop: 22.72 kHz

−Start: 51.52 kHz

−Stop: 55.68 kHz

∆f = 4.16 kHz

���
	����� ��� 2���
I4:�7�7 
*)G+� 0
.)* 2)G-*,����� �&��� �



� � �	� � ��
 	�� �	
 L�L

−4 −3 −2 −1 0 1 2 3 4
0

0.1

0.2

0.3

0.4

0.5
sura98_240 467:478 − 536:547, Nfft = 1024 (coeff norm, mean)

Frequency (kHz)

���d	 ���� ������� � *X.12c2 �5��.)*c*���9'�! #"'.1; f��1 SK:�B��;  #��� 
 � �-;�$  #��� 	6� T?27G-*,����� � � � V �
�3�X�-; .10 ���UKA"?;�$!.+KH2 ��
O�B� � (�GI*�� � ��� 0#.)* 2S4:�7�7 
*)GI� �

−160−140−120−100−80 −60 −40 −20 0 20 40 60 80 100 120 140 160
−80

−70

−60

−50

−40

−30

−20
PSD

Frequency (kHz)

dB

−−Start: −14.0625 kHz

−−Stop: −10.625 kHz

−Start: 7.5 kHz

−Stop: 10.9375 kHz

∆f = 3.4375 kHz

���d	 ���� ��������
I4:�7�7 
*)GI� 0#.)* 27G-*,����� � � � �



L�_ � ����� ��� � � � � � 
 	�� ��
 � ��
 
 � 
 � 	 
 
 � ���

−5 0 5
0

0.1

0.2

0.3

0.4

0.5
sura98_238 460:473 − 664:677, Nfft = 1000 (coeff norm, mean)

Frequency (kHz)

���
	����� ������� � *�.12=2 �5��.)*c*���9]�! #"d.1; .10  #��� 
b� KH"R #� � 	6� W T?27G-*,����� �&��� V �J� �X�-;
.10 � �	��KH"];�$!.IKA2 ��
O�B� � (�G-*X� � � �J0
.)*82S4:�7�7 
*)GI� �

−160−140−120−100−80 −60 −40 −20 0 20 40 60 80 100 120 140 160
−80

−70

−60

−50

−40

−30

−20

−10
PSD

Frequency (kHz)

dB

−−Start: −12.8 kHz

−−Stop: −8.64 kHz

−Start: 52.48 kHz

−Stop: 56.64 kHz

∆f = 4.16 kHz

���
	����� ��������
I4:�7�7 
*)G+� 0
.)* 2)G-*,����� �&��� �



� � �	� � ��
 	�� �	
 L�y

−5 0 5
0

0.1

0.2

0.3

0.4

0.5
trom99_583 446:460 − 476:490, Nfft = 1024 (coeff norm, mean)

Frequency (kHz)

���d	 ���� ���
����� � *�.12c2 �5��.)*=*���9]�! #"'.1; f��1 5K6�B��;  #��� � 
 � �-;�$ 
 � TR 
*�.1� ��� ���I� V �
�3�X�-; .10 � �	�@KH"?;�$!.+KH2 ��
O�B� � (�GI*�� � � �	�J0#.)* 2S4:�7�7 
*)GI� �

−160−140−120−100−80 −60 −40 −20 0 20 40 60 80 100 120 140 160
−90

−80

−70

−60

−50

−40

−30

−20
PSD

Frequency (kHz)

dB

−−Start: −20.625 kHz

−−Stop: −16.25 kHz

−Start: −11.25 kHz

−Stop: −6.875 kHz

∆f = 4.375 kHz

���d	 ���� ���
������
I4:�7�7 
*)GI� 0#.)*J 
*�.1� ��� ���I� �



L  � ����� ��� � � � � � 
 	�� ��
 � ��
 
 � 
 � 	 
 
 � ���

D >#S 698: F �4>CR ;9BC8 � �4>#}C=�� Y(8 >CR ;9B R ��� 8 F P = 698 } :<;9: G�= ��> ; F : >+} B �(R BC8*6�6�8 FH= Y4z �
; �(=?> : >+} ;9BC8 G 8: ¬ � :�Y�zC8 =�A ;9BC8 S 6 =?F�F��\S�= 69698Y4:<; �4=?>p} 8 S 698: F 8 F 1 � �(R z#698 ¡ 1430 F B =��tF
S 6 =?F�F��\S�= 69698Y4:<; �4=?>^� � ;9B �4> ;9B#8 � 6 = : }^S�=?> ; �4> z#z#P � � 5;� �4>^] Y(8K;H6 = P[��� y�0<� � � ;9B
: � �4>#}#=�� Y(8 >#R ;9B =�A 3*�?0�_C1"� R : ��> � � ; �4F � 8*6�U F � P � Y�:<6�; = ;9B#8 G 698 � �(= z Ft=?> 8 F 1�D >
]#R z#698 ¡ 143�_ ��;9BC8 � �4>#}C=�� Y(8 >#R ;9B �4F �4>#S 698: F 8 } ; = _?�?�  � R � � �4>#R :h698 FH= Y�zC; �(=?>®=�A
Y(8 F�F ;9B#: > 3*���HK;M�1Z�tBC8 G 8: ¬ � :�Y4zC8 =�A ;9BC8 S�= 696�8Y4:<; �(=?> : Ft� 8Y4Y�: F ;9BC8 F ;9: >+} :<6 }
} 8 � � :<; �(=?> B#: F7} 8 S 698: F 8 } � � B �4S B ��F 8�� G 8 S ;H8 } � F �4>#S 8�;9BC8 S�= 69698Y4:<; �4=?> �4F � : F 8 }�=?>
P = 6�8 } :<;9: G�= �4> ; F 1 ��BC8 � �4>#}#=�� Y(8 >CR ;9B �4F �4>#S 698: F 8 } ; = «�3��0 ��>I]#R zC698 ¡ 143> 21&� =
> 8 � G 6 = P �4> 8 > ; A 8:<;9zC6�8 F&S : > � 8 F 8*8 > 1���BC8 G 8: ¬ � :�Y4zC8�: >#})F ;9: >#} :<6 })} 8 � � :<; �(=?>
B#: Ft} 8 S 698: F 8 }rA zC6�;9BC8*61

� �(R z#698 ¡ 1 _ ��F :JP)8: >[=�A _?��� � ��>#}C=��OF : >#}�¡ 143« �4F :nP)8: >p=�A 3> <��� � �4>#}#=��tF
=�A ;9BC8 F :�P)8 ] Y(8 � F zC6�:?��« 0�L�«��Q1 5 = P G :<6 �4>#R ;9BC8 F 8 ; �w= � � ; �4F�F 8*8 > ;9B#:<;�;9BC8
F ;9: >+} :<6 } } 8 � � :<; �(=?> �4F P = 698 = 6[Y48 F9FIS�=?>#F ;9: > ;*1iD >i]#R zC698 F[¡ 143*�b: >+} ¡ 143� ;9BC8
0<N���: >#} N�� �4>�] Y48E;H6 = P[��� y�«�LpB#: � 8 � 8*8 >hS 6 =?F9FH�\S�= 69698Y4:<;H8 } �+;9BC8 ] 6 F ; ]+R zC698
S�=?> ;9: �4> �4>#R :|P)8: >�=�A _?��� � �4>+}C=��tF : >#} ;9BC8 F 8 S�=?>#} :nPp8: >�=�A 3> <��� � �4>#}C=��tF 1
��B#8 } ��
 8*6�8 >#S 8 F �4> ;9BC8 ]#R z#698 F :<698 } zC8I; = ;9B#8)8��2;H6�: } :<;9: G�= �4> ; F �4>+S Y4z } 8 } ; =
R 8*;@3> <��� � �4>+}C=��tF � ¬ 8*8 G �4>CR 3*�?0�_ } :<;9: G�= ��> ; F �4> 8: S B � �4>+}C=�� 1 ��B �4F �4F ;9BC8
F :�Pp8 � 8B#: � �(= zC6Z: FZ� � ;9B >C= ��F 8 �¤: FZS : > � 8 F 8*8 >)A 6 = P ]+R zC698 Fw¡ 1M0�3�� ¡ 143t: >#}�¡ 1M0�0 �
:�Y4Y F B =�� ��>CR ;9BC8 S 6 =?F9FH�\S�= 69698Y4:<; �(=?>[=�A�� B � ;H8 >C= �4F 8�1 � �(R z#698 ¡ 1M0�3 �4F :KP)8: >)=�A 0<���
� ��>#}C=��OF � ]+R zC698 ¡ 143{:TP)8: >K=�A _?��� � ��>#}C=��OF 1���B#8wY4: F ;�; �7="]#R zC698 F�}C=T>#= ; } ��
 8*6
P|z S Bu1�� �(R z#698 ¡ 1M0�0 ��F :rP)8: >e=�A 3> <��� � �4>#}C=��tF � F B =�� �4>#R :rP|z S B F P =2= ;9BC8*6
F ;H6Qz S ;9zC698 } zC8{; = ;9B#8�8 > B#: >#S 8 })F ;9:<; ��F ; �4S*F 1Z576 =?F�F��\S�= 69698Y4:<; �4=?>#F =�A�= ;9B#8*6 FHG 8 S ;H6�:�Y
A 8:<;9zC698 F � F z S B[: Fw� � ;9B ��> ;9BC8 ��� � : >#} � 8*; � 8*8 > ;9BC8ON�� : >#}���� � � F B =�� ;9BC8
F :�Pp8 � 8B#: � �4= zC6 � BC8 > ��>#S 698: F �4>#R ;9BC8 > z#P � 8*6 =�Ag� ��>#}C=��OF �4> ;9BC8EP)8: > 1



� � �	� � ��
 	�� �	
 L ¡

−4 −3 −2 −1 0 1 2 3 4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
trom99_520 348:359 − 365:376, Nfft = 1024 (coeff norm, mean)

Frequency (kHz)

���d	 ���� ���
� � � � *X.12c2 �5��.)*c*���9'�! #"'.1;i.10A #��� � � TR 
*�.1� ��� ��� � V ���3�X�-; .10 � �	��KH"?; �
$!.IKH2 �	
O�B� � (�G-*X� � � �1�Q0#.)* 2S4:�7�7 
*)GI� �

−160−140−120−100−80 −60 −40 −20 0 20 40 60 80 100 120 140 160
−100

−90

−80

−70

−60

−50

−40

−30
PSD

Frequency (kHz)

dB

−−Start: −51.25 kHz

−−Stop: −47.8125 kHz

−Start: −45.9375 kHz

−Stop: −42.5 kHz

∆f = 3.4375 kHz

���d	 ���� ���
�+����
I4:�7�7 
*)GI� 0#.)*J 
*�.1� ��� ��� � �



L�« � ����� ��� � � � � � 
 	�� ��
 � ��
 
 � 
 � 	 
 
 � ���

−4 −3 −2 −1 0 1 2 3 4
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35
trom99_520 1404:1448 − 1472:1516, Nfft = 4096 (coeff norm, mean)

Frequency (kHz)

���
	����� ���d� ��� � *�.12c2 �5��.)*=*���9]�! #"'.1;e.10� #��� � � KH"R #� � ��� � $a�! R��4:.1"?;� #2F4:�,*AKH"?;�$�.IK
TR 
*�.1� ��� ��� � V �%� �X�-;3.10 � �	�>KH"?;�$!.IKH2 � 
`�B� � (�G-*�� � � � �e0
.)* 2546�7�7 
*1GI� �

−160−140−120−100−80 −60 −40 −20 0 20 40 60 80 100 120 140 160
−90

−80

−70

−60

−50

−40

−30

−20

−10
PSD

Frequency (kHz)

dB

−−Start: −50.3125 kHz

−−Stop: −46.875 kHz

−Start: −45 kHz

−Stop: −41.5625 kHz

∆f = 3.4375 kHz

���d	 ���� ���
��2���
I4:�7�7 
*)GI� 0#.)*J 
*�.1� ��� ��� � �



� � �	� � ��
 	�� �	
 L��

−4 −3 −2 −1 0 1 2 3 4
0

0.05

0.1

0.15

0.2

0.25
trom99_520 2819:2907 − 2933:3021, Nfft = 8192 (coeff norm, mean)

Frequency (kHz)

���d	 ���� ���
� ��� � *�.12=2 �5��.)*c*���9]�! #"d.1;Q.10� #��� � � KH"R #� � ��� �Y$!�! R�A4:.1"?;F #2�4:�,*�KH"];�$!.IK
TR 
*�.1� ��� ��� � V ��� �X�-;3.10 � �	��KH"];�$!.IKA2 ��
O�B� � (�G-*X� � � ���80#.)* 2S4:�7�7 
*)GI� �

−160−140−120−100−80 −60 −40 −20 0 20 40 60 80 100 120 140 160
−100

−80

−60

−40

−20

0
PSD

Frequency (kHz)

dB

−−Start: −49.8828 kHz

−−Stop: −46.4453 kHz

−Start: −45.4297 kHz

−Stop: −41.9922 kHz

∆f = 3.4375 kHz

���d	 ���� ���
� ����
I4:�7�7 
*)GI� 0#.)*J 
*�.1� ��� ��� � �



_?� � ����� ��� � � � � � 
 	�� ��
 � ��
 
 � 
 � 	 
 
 � ���

−5 0 5
0

0.1

0.2

0.3

0.4

0.5
sura98_238 558:571 − 661:674, Nfft = 1000 (coeff norm, mean)

Frequency (kHz)

���
	����� ���
� ��� �6���Z2=�-�>�<�c*�.12=2 �5��.)*c*���9]�! #"d.1; �-2Y"?; � (�G-*X� � � � W �
�
����4: J #�`�!  #���

�>�X�-; ��.1;O2c"?27 #2 .10 � ���	�@KH"?;�$�.IKH2 �

−5 0 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
trom99_583 446:460 − 476:490, Nfft = 1024 (coeff norm, mean)

Frequency (kHz)

���
	����� ���d� ��� �6*�.12c2 �5��.)*c*X��9]�! #"'.1; f��1 SK:�B��;  #�F� � 
b� �-;�$ 
 � TR 
*X.1� ��� ���I� V �
� �X�-;3.10�� ���	�>KA"?;�$!.+KH2 ��
O�B� � (�G-*X� � � � �Z0#.)* 2S4:�7�7 
*)GI� �



� � �	� � ��
 	�� �	
 _#3

−160−140−120−100−80 −60 −40 −20 0 20 40 60 80 100 120 140 160
−90

−80

−70

−60

−50

−40

−30

−20

−10
PSD

Frequency (kHz)

dB

−−Start: −20.625 kHz

−−Stop: −16.25 kHz

−Start: −11.25 kHz

−Stop: −6.875 kHz

∆f = 4.375 kHz

���d	 ���� ��� � ����
I4:�7�7 
*)GI� 0#.)*J 
*�.1� ��� ���I� �

−5 0 5
0

0.1

0.2

0.3

0.4

0.5
test 122:136 − 380:394, Nfft = 1024 (coeff norm, mean)

Frequency (kHz)

���d	 ���� ��� � ��� �6*�.12c2 �5��.)*c*X��9]�! #"'.1; KH"R #� 2  R�-;�$a�1*B$ $��1M)"]�! #"d.1;L.10e SK:. 2���4��1*,�! S�
4��1*7 #28.106�C2S4:�7�7 
*)GI� ��.1;F R�-"?;O"];!(iKH�O"R S�^;F.1"?2,� �H� �X�-;3.10 � �	�>KH"?;�$!.IKH2 �



_¤0 � ����� ��� � � � � � 
 	�� ��
 � ��
 
 � 
 � 	 
 
 � ���

−5 0 5
0

0.1

0.2

0.3

0.4

0.5
test 122:136 − 380:394, Nfft = 1024 (coeff norm, mean)

Frequency (kHz)

���
	����� ��� � � � � *X.12c2 �5��.)*c*���9'�! #"'.1; KH"S #� 2  R�-;�$a�1* $ $!�1M1"]�! #"'.1; .10C SK:. 2,��4��1*,�! S�
4��1*) #28.10:�C2S4:�7�7 
*)GI� ��.1;F R�-"?;O"?;�(iKH�O"R S�8;�.1"?2�� �H�3�X�-; .10 � ���	�@KH"?;�$�.IKH2 �



� � � � 
 � 
 � 	�
 
 � � � _¤L
� 	.� /<��$ : � $2$&���8�
D A ;9BC8 S�= 69698Y4:<; �4=?> � 8*; � 8*8 > } ��
 8*698 > ; A 698 � zC8 >#S � 8 F �4FnF z S Bª;9B#:<;|;9BC8�6�8 FH= Y4zC; �(=?>
Pnz F ; � 8 =�A ;9BC8 = 6 } 8*6 =�A KO8*69;(M �¤8: S B � ��>#}C=�� P|z F ; S�=?> ;9: �4> :EB �(R B ( } 8 >#F � ;\U * =�A
} :<;9: G�= �4> ; F ; =�F B =��¯F z S B : S�= 6�698Y4:<; �(=?> 1 � = 698 } :<;9: G�= �4> ; F�G 8*6NKO8*69;(MIP)8: >#F
Y =?>CR 8*6 � �4>#}C=��tF �4> ;9BC8r; � P)8 }C= P[: �4> 1 � zC; �(A ;9BC8 G 6 =2S 8 F�F 8 F ��> ;9BC8 G Y4: F Pp:
B#: � 8|: S 8*69;9: �4>^S�= BC8*698 >#S 8n; � P)8 �C8���;H8 >#} �4>CR ;9BC8 � �4>+}C=��tF : >+} ;9B.z F �4> ;H8 R 6�:<; �4>CR
= � 8*6O: R 698:<;H8*6 G 8*6 �(=�}�=�A ; � P)8E; =pR 8*;�;9BC8J� = zC6 � 8*6 F9G 8 S ;H6Qz#P �CPp:U } 8 F ;H6 = U�;9B �4F
S�= BC8*698 >#S 8�1p¢t8 } z S �4>CR ;9BC8 � �4} ;9B =�A ;9B#8 � �4>#}C=��tF"> :<696 =��tF ;9B ��F 6 �4FH¬ � � zC;E:�Y FH=
698 } z S 8 F ;9B#8E698 FH= Y4zC; �4=?> 1

� =|R 8*;{:K698 F9= Y4zC; �(=?>[=�A :<;7Y48: F ;T3*���,KNM �2;9B#8 > z#P � 8*6 =�Ag} :<;9: G�= �4> ; F �4> 8: S B
� �4>#}C=�� P|z F ; � 8 = � 8*6KL�0<����1E��BC8|Y =�� 8*6TY � P � ; =�AZ} :<;9: G�= �4> ; F �4> 8: S B � ��>#}C=��
� : FEA�= z >#} ; = � 8): � = zC;)3*����� � } 8 G 8 >#} �4>#R�=?> ;9BC8pY48 >CR ;9B =�A ;9BC8 = 6 �(R �4> :�Y�; � P)8
F 8*6 � 8 F� ;9B#8J; = ;9:�YgY(8 >#R ;9B =�A ;9BC8J; � P)8 F 8*6 � 8 F P|z F ; � 8E8 � 8 > Y4U } � � �4} : � Y(8 � � ;9B�;9BC8
Y(8 >CR ;9B =�A ;9BC8 � �4>#}#=�� ��� F �4>#S 8T;9B �4F �4F ;9BC8 F B = 69;H8 F ; � ��>#}C=��§R ��� �4>CR :n6�8: FH=?> : � Y(8
:�P = z > ; =�AZ} :<;9: G�= �4> ; F �4> ;9B#8 S 6 =?F�F��\S�= 69698Y4:<; �4=?> 1��	BC8*;9BC8*6 = 6 >C= ;T;9B �4F Y(8 >CR ;9B
�4FpF z ? S � 8 > ;9Y4U F B = 69;p; =ªS�=?>+F 8*6 � 8 ;9BC8 S�= BC8*698 >+S 8 �4F[>C= ; ¬�>C=��t> 1	�tBC8rY =?F9Fp=�A
S�= 69698Y4:<; �(=?>i} zC8[; = :^; =.= � �4} 8 � �4>#}#=�� ��FK>C= ; �Hz F ; �(] 8 } � U®: > U = ;9BC8*6IP)8: >#F
;9B#: > � Up698: F9=?> �4>CR R � � 8*6 F B = 69; G 8*6 �(=�}#F � � ; F B = z#Y } � 8 G�=?F9F � � Y(8�; =)S�=?>#F �4} 8*67;9BC8
G 6 =�S 8 F9F : F�F ;9:<; �(=?> :<69U�1 � zC; = � 8*6 R 698:<;H8*6 G 8*6 �(=2}+Fu=�A ; � Pp8 � � ;�P[:U >#= ; � 8 S�= 69698 S ;
; =[S�=?>#F �4} 8*6 � ; F ;9:<; �(=?> :<6�U�1

��BC8 > z#P � 8*6 =�A�� �4>#}C=��tF � � ;9BpY48 >CR ;9B�� 3*�����n698 � z � 698 } ; =|F 8*8t: > U G :<;H;H8*6 >#F
�4> ;9BC8 S�= 6�698Y4:<; �(=?>�� : F[Aj= z >#} ; = � 8�� _?��1 � � ;9B�: F :�P G Y �4>CR A 698 � z#8 >#S U =�AL�0<� ¬ KNM�: >#} : � �4>#}C=�� Y48 >CR ;9B =�A 3*�?0�_n;9B �4F�S�= 696�8 FHG�=?>#}#F ; = :"; � P)8 � � 3L<�JP F
=�A z F : � Y(8 } :<;9:�1



_�_ � ����� ��� � � � � � 
 	�� ��
 � ��
 
 � 
 � 	 
 
 � ���



� �������	��
 �

� ��� � � � � � ��� � � �

� ��� � ��� ����� 	
��� ������

����� ������������ "!#�$�
%$&('#)+*-,/.-)0'#)/13254#*-6#687925*:4#4#1;&=<>'#?(*-@�<:@+<:&=AB6#?C6EDF1G'#)/*IHJ,+681;HJ?=@0'#)+?C6LKM*:4#NODP<QAO@/*:'SRT1
'#)/1UDF*-68'V4#1GWX@/1;HZY['#)/1G4�13<>4�1:\-]^*:4_15`/<:DFaX&=1:\:Kb?=@+H/*cKb?=@/.$DF1G'#)/*IH+6S'#)+<>'_.-?(d:1UDe,X2�)
RT1G'8'81G4f4#1;6#*-&=,/'#?(*-@g?=@h][4#1;iB,/1;@+25Aj<:@+Hk'#?=DP1clm?('$.-?(d:1;6�<n6#DP<:&=&EaX?=25'#,/4#1e*:]�Kb)+<>'f?=6
.:*-?=@/.j*-@poZqm)+1r25*-DFaX&(1G'81n&=<:2#Ns*:]m25*:4�4#1;&=<>'#?(*-@t?=@s'#)/1ZuIvwvx68a"1;25'84�,+Dy6�,/.:.:1;68'#6
'#)+<>'E'#)/1M'84�<:@+6�DP?('8'81G4�6z?=@0'#)/1M?(*-@/*-68a{)/1G4#1�1;DP?='E4�<:H+?C<>'#?(*-@0?=@+25*-)+1G4#1;@|'#&=A:oSqm)X?=6L2G<:@
RT1�2G<:,+681;HnRBArDP<:@}Ara+4#*I251;6#681;6;\}RX,+'�*-@/1f68*-&=,+'#?(*-@r'#)X<>'3?C6w4#1;<:6#*-@+<>RX&(1�'8*F<:6#6#,+DF1
?=6_'#)+<>'M'#)/1m'84�<:@X6#DP?('8'81G4�6�<>4#1$DP*QdI?=@/.e?C@F1;?('#)/1G4MH+?(4#1;25'#?(*-@r?=@P'#)/1$?(*-@/*-68aX)+1G4#1b<:@+H
'#)/1G4#1GRBA~'#)/1h4#1;6�,+&('#?=@/.�6�,/a"1G4#a"*-681;H~1;&(1;25'84#*-Dr<>.-@/1G'#?=2g4�<:H+?=<>'#?(*-@�K�*-,X&=H�<>a+a"1;<>4
@/*-?=681579&=?=N:1:o

qm)+?=6_?C6w)/*cK�1Gd:1G4M][<>4M][4#*-D�<02G&=*-681;Hr2G<:681f<:@+H�De,+2�)rDF*:4�1b'#)/*:4#*-,+.-)P4#1;681;<>4�2�)
?=@�'#)+?=6F<>4#1;<�DJ,+68'FR"1�a"1G4#][*:4�DF1;Hpo��b1GK�15`Ba"1G4�?=DP1;@|'#<:&U2G<:DFa{<:?(.-@+6F6#)/*-,X&=H�RT1
aT1G4�]^*:4�DP1;H�Kb?('#)~'#)/1;6#1hNI?=@+H+6�*:]0<:@+<:&=AB681;6�?=@�DP?C@+H�Y[]^*:4�15`I<:DPaX&(1h&(*-@+.�aX,+DFa
H+,/4�<>'#?(*-@�6#)/*-,X&=H�R"1�,+681;H�<:@+H�68'84#*-@/.~68a"1;25'84�<:&�][1;<>'#,/4#1;6n'8*�2G&(1;<>4�&(A�6#1GaX<>4�<>'81
'#)/1;D�][4#*-D�@/*-?C681P<>4#1�H+1;6#?(4#1;H{l�o�v_`IaT1G4�?=DF1;@}'#6f'8*h15`/<:DP?=@/1PK$)|Ak'#)/1P1;DP?C6#6#?(*-@+6
<>4#1n?C@+25*-)/1G4#1;@}'e6#)+*-,+&=H�<:&C68*hR"1�25*-@XH+,+25'81;Hpo��b*:a"1G]�,+&=&(Ak'#)+?=6OK�*:4�N�2G<:@�?=@+68aX?=4#1
68*-DF1G*-@/10'8*�&(*}*:N�DF*:4#10?C@|'8*P'#)X?=6Go

����� ���L�e���w���#���F�$�w���w�f�T 
� K�*-,X&=H�&C?(N:1$'8*F'#)X<:@/Nr<:&=&T<>'U'#)/1OuBKM1;H+?=6#) � @+6#'#?('#,/'81�*:]VuBaX<:251���)|AI6#?=2G6G\ � a+aX6#<:&=<
Y ���$��� l�\}<:@XHr<>'w'#)+1$68aX<:251$aX)}AB6#?C2G6_aX<>4#'�*:]"'#)/1� �1GaX<>4#'#DF1;@}'�*:]p%�68'84#*-@/*-DeAP<:@+H
uBaX<:251f�w)}AB6#?C2G6w][*:4UDP<>NB?C@/.e'#)X?=6�<Jd:1G4#AraX&(1;<:6#<:@}'U)+<:&(]^7¡A:1;<>4;o�vw68a"1;2G?=<:&C&(A:\ � KM*-,+&=H
&=?(N:1m'8*J'#)+<:@/NFDeAr6#,/a"1G4#dI?=68*:4�%�6#6Go_��4�*:]¢o�qm)+*-DP<:6w£E1GAB681G4M][*:4�.-?(dI?=@/.eDF1$2G<>4#1G]�,+&
6#,/a"1G4#dI?=6#?(*-@0<:@XHP¤-<:@I7�¥�d:1U��<:&=&B]^*:4�6#aT1;@XH+?=@/.m'#?CDF1U<:@+68KM1G4�?=@/.fDOAJi},+1;68'#?(*-@+6V<:@+H
25*-DP?=@/.P,/aZK$?('#)Z?=@}'81G4#1;68'#?=@/.FdI?(1GKb6;o

¦|§



¦�� ��������	�
� ���������������������������������� !�"�!#$�%
�'&�
)(*
+�"	�



� ���������
	�� �

 ��� 	���� � � � � �

����� ���p�������L!���������� �!�M�"�
qm)/1�'#?=DF106#1G4�?(1;6U?=6m6#aX&=?('3?=@}'8*r681Gd:1G4�<:&L6#1G.-DF1;@|'#6$Kb?('#)�'#)+1�][,+@X25'#?(*-@$#�%'&�(/o

) *,+.-"/1032,41-�5'6 #'%�&�(87:9<;=#>;?&3@
A B�CD+.-"/1032,41- #'%�&�( 0,E ( 0�0 (GFH%3I�( 0J2LK %MI1%DN 2 %3I�(HI 2O-.P�+H0
Q B ( - #�# 21R32 #�%3I 2S0T2O-H0'4 # P (GN 0 I 4D* &.% -VU.0,E &W;XI +�Y'0 NV( /10 I�( - # 0 ( P %DNJI
Z B %'( /OE IG% U1K % -H0\[]210,E^0DE %\_3( K�K`2a-VU\[J2O- # 4,[cb
d 5'6 NH%3I E ( P %e7:9<;f&W;:#J@hg
i EV6GE ( K.K`2a-VU 7j&3@`g
k *'4 N�F 6"lhm #
n KJ6'o g
p Brq %'( -s2 I�I +�YH0 NV( /10 %D#
)jt KJ61K %'( - 7 5 7 m ;uF�@.@hg
)a) 5 7 m ;uF"@ 6.5 7 m ;uF�@1v K g
)wA Brq.+ & 0J2aP & 2./ ( 0J2,41-r[J210,E _3( K.K`2a-VU\[J2O- # 4,[
)jQ 5 7 m ;uF"@ 6,E�byxS5 7 m ;uF"@hg
) Z % - #

vw<:2�)t25*-&=,+DP@�*:]M'#)/1rDr<>'84�? `g*-,+'8aX,/'�][4#*-D '#)/1F]�,+@+25'#?(*-@z#'%'&.(h?=6f'#)/1;@ � *-,/4�?(1G4
'84�<:@+68][*:4�DF1;H�{

) *,+.-"/1032,41-^|�6D0 NH( - I * 7f}]@
A B�CH41+ N 2 %DN 0 NV( - I *�4 N K I�( K ( 0 N 2 } [J210,E #H( 0 (
Q B NH% /,4 N�#JI�(HI /,4 & +DK'- I b
Z ~ N 4�/,4.�.6 I 2G� %87y}J@hg
d *'4 N�F 6"lhmy/G4
i | 7 m ;uF"@ 6�*.*.0 I E"21*.0 7 *�*D0 7f}W7 m ;uF"@�@D@hg
k % - #

¦.�



¦�� ���+�
��������� � ��!�!& ��� ( ����� 


����� �x!#�_� �����p�w���_�
���	��
��� 25*IH/10][*:4b25*-DFaX,/'#?C@/.�'#)/10RX?=25*-)+1G4#1;@+251G{
) *G+�-"/S0J2G4G-�Y�6rY"2./,41E %DN'%e7��]@
A B��DE]2 I *G+�-]/10J2G4G- /G4SK'P�+H0 %3I 0,E % Y]2�/G4GE %,NH% -"/ %^I P % /10 N +,KT4.* ( K ( 0 N 2 } b
Q B��a-.P�+'0M2 I\( K ( 0 N 2 } [J210DE #'( 0 (�NH% /,4 N�#JI�(HI /,4 & +DK'- I b
Z ~ N<; /1��6 I 2G� %e7��]@hg
d *�4 N�& 6]l muo<b��'x N
i *'4 N�F 6]l m &
k 2G* 7 F��H&V@�� 6 N xGo<b��
n B�� %3I1% 0 (.&�& R (GN 2 ( Y &D%3I b
p �'6'o g
)jt � F 6�o g
)a) � & 6�o g
)wA � F3& 6'o g
)jQ *'4 N 216"lhmy/
) Z B � (�& /O+ &.( 032,4G-^4.*�0,E % Y"2 I P % /10 N +,K!�
)wd ��6"� �W7 l$#H/ @ x �e7:F<; 2 @ x �e7w&W; 2 @ x./G4G-&% 7'�e7.7 F��'&V@`; 2 @D@hg
)ji B(�'4,[ %DN I P % /S0 N +,K�*�4 N %'( /OEs/G4SKHPV4G- % -H0
) k � F 6�� F��e7 l$#H/ @ x �e7:F ; 2 @ x�/,41-&% 7��e7:F ; 2 @.@`g
)jn � & 6�� &��e7 l$#H/ @ x �e7w&W; 2 @ x�/,41-&% 7��e7w&W; 2 @.@`g
)jp � F3& 6"� FV&��e7 l)#'/ @ x �W7 F��'&W; 2 @ x./G41-&% 7��W7 F*�'&W; 2 @.@hg
A t % - #
AG) B �,E % Y]2�/G4GE %,NH% -"/ %^I P % /10 N +,K^Y
AaA Y 7:F<;y&V@ 6 7j( Y I`7 � @*+$,3@ # 7 � F x)� & x$� FV&V@`g
A Q % - #
A Z % - #
Aad % - #

���.- � �e�T�0�_� ���p�w�f�M�p!#��� �m��� �r�p�$ { 	/}�_� ���p�w�y�M�"!��$�
� ,X@+25'#?(*-@Z][*:4b25*-DFaX,+'#?=@/.F'#)/10<:,/'8*I25*:4#4#1;&C<>'#?(*-@�{
) *G+�-"/S0J2G4G- ~ � ; *.��6 ( +H0'4 7 �]l ; N"@
A B!��4OKHP.+H0 %VI 0,E %^( +'0H4H/,4 N.NH%�&�( 032,41-^4D* ( K ( 0 N 2 } []210,E
Q B #H( 0 (�N'% /G4 N'#3I�(VI /G4 & +DKH- I b
Z ~ N 4 ; /,4D��6 I 2G� %e7 �Jl @`g
d *�4 N�F 6]l mf/,4
i B � +'0H4V/G4 N.NH%'&.( 032,4G-r*�4 N %'( /OEs/G4 & +,KH-
k � 7 m ; F�@ 6 } /G4 N�NW7 �Jl 7 m ;uF"@h;10 /,4 % *.* 0L@�g
n % - #
p B�C N'%"2 + % -]/ 9 *�+ IG%D# 0H4�P & 4D0�0,E %^( +H0H4H/,4 N�NH%�&�( 0J2,41-r*,+�-]/1032,4G-�b
)jt *.6 7431, o1# 7fN]@�@ x 7wvGN 4 � l m N 4 v l @`g



� ����� ��� 	��!��������
�%��	�� ��������� ���!��� ��� ��������
� ��	 ����� ¦��
� ,+@+25'#?(*-@j]^*:4b25*-DPaX,/'#?=@/.�'#)/1e254#*-6#6�7925*:4#4�1;&=<>'#?(*-@Z*:]V'9KM*r][4#1;iB,/1;@+25AnKb?=@+H+*QKb6L{
) *,+.-"/1032,41- ~ � ; *.��6 ( +H0'4 ,87 �]l ; � ,e; N]@
A B ��4OKHP�+'0 %VI 0DE % / N 4 I�I /,4 N.NH%�&�( 032,41-�4D* ( K ( 0 N 2 } []2S0DE
Q B #H( 0 (\NH% /,4 N'#JI�(VI /,4 & +,KH- I b �Jl ( - # � ,�(,NH% 0,E % 0D[V4
Z B�* N'%"2 + % -]/ 9 [J2O- # 4,[ I /,4 N�N'%'&�( 0 %D# b
d ~ N 4 ; /G4.�.6 I 21� %87 �]l @hg
i *'4 N�F 6"lhmy/G4
k B � N 4 I�I /,4 N.NH%�&�( 032,41-^4D* %'( /aE /,4 & +,KH-
n � 7 m ;uF"@ 6 } /,4 N�N>7 �]l 7 m ; F�@`; � ,h7 m ;uF]@h;"0 /14 % *D* 0 @hg
p % - #
)jt B�C N'%"2 + % -]/ 9 *\+ IG%.# 0'4�P & 4D0�0,E % / N 4 I.I,v /G4 N.NH%'&.( 032,4G-
)a) B�*,+.-"/1032,41- b
)wA *�6 N 4D0���o 7fN 4,0��.o 7�7'3*, o*# 7:N"@.@ x 7wv,N 4 � l m N 4 v l @�@�@�g



§�� ���+�
��������� � ��!�!& ��� ( ����� 




� ����������� �����

�
	�� q�o��o"£L1GAI681G4;o$uB'#?CDe,+&C<>'81;Hj1;&(1;25'84#*-Dr<>.-@/1G'#?=2e1;DP?=6#6#?=*-@+6URBAj)+?(.-)I7¡][4#1;iB,/1;@+25A
1;&(1;25'84#*-Dr<>.-@/1G'#?=2�aX,+DFaX?C@/.�*:]M'#)+1�?(*-@/*-6#aX)/1G4�?=2�a{&=<:6#DP<Io�������������������� �"!��=\
��� {$#%#%&(')&%# � \*# � � 	 o

� # � M*sqm)+?=H,+1:osvw&=1;25'84#*-DP<>.-@/1G'#?=2n4�<:HX?=<>'#?(*-@�681;@+68*:4�6J<:@XH�H+1G'81;25'8*:4�6Go � @/aX,/R+7
&=?=6�)/1;H�DP<>'81G4�?=<:& o

� & � ¤:*-)X@.- oBqS,/N:1GA:oV%$@�?=@}'84#*IH+,+25'#?(*-@r'8*�'#)/1�2G<:&C2G,+&=<>'#?(*-@+6�*:]z@B,+DF1G4�?=2G<:&X68a"1;2 7
'84�,+D <:@+<:&(AI6#?=6Go � @/M1G4�@X<>4�H���<>4#4�?=6;\�1;H+?='8*:4;\0�%�1�2�(3�45��687:9;��6=<?>��@>BA5CEDF�HG.�
�;�I4J�K��> oX¤:*-)+@L-�?=&(1GA�M�uB*-@+6;\ � @+2>o(\ 	 � � � o

� ¦ � ¤/oONJo�£E,+)+Dr<:@+@po � *-@/*-6#aX)/1G4#1;6Go � @/Ph<>4�.-<>4#1G'QN$7SR0?=d:1;&=68*-@�<:@+H/TU)/4�?=68'8*>7
aX)/1G4Vq�o � ,X6#681;&=& \ 1;H+?('8*:4�6G\VUJ9�3�4WA�X�YZ��3��[A�9\3KA]���������_^,`a<?>����I>�\-2�)X<>a+'81G4 � oaT3<:D�7
R+4�?CH/.:1cb$@+?=d:1G4�6#?('¢A���4�1;6#6G\ 	 � �:§ o

� § � q�oX Jo*T3<>4#*%dId;? \e�o{qm)X?=H�+1:\{<:@+Hgq�o��oT£L1GAI681G4;o � ,X&=&pa"*-&=<>4�?=DP1G'84#AnDP1;<:6#,/4#157
DF1;@}'#6�*:]U68'#?=DJ,+&=<>'81;Hs1;&=1;25'84#*-DP<>.-@/1G'#?=2r1;DP?=6#6�?(*-@+6L{ � ?(4�68'�4�1;6#,+&('#6GoLf1�cg �2A%h
��`a<?>I�i� ��>I�=\ 	 � � Y�% 	 � lj{$# 	 & �:§ ')# 	 ¦ �D� \F# � � 	 o

� � �  Jo � o�M4�?=&=&C?=@/.:1G4;ojDF�kG.�8�;�"4��K��>"l,mn�%3K�c7:9���6o<?>J�k> �%9�XLDi`��2A�4�<>o � @|'81G4�@+<>'#?(*-@+<:&
681G4�?=1;6U?=@ZH/1;2G?=6#?=*-@�a+4#*I251;6#681;6GoX�$*-&('G\ � ?=@/1;)+<>4#'m<:@XHL-�?C@+68'8*-@p\ � @+2>o(\ 	 �,�>§ o

� � � P�op$o>��4�?(1;68'#&(1GA:o����1�2�(3�45�%6���9���6o<?>J�k> �%9�X�3��HG.�q>��"4��[�">�o}�w4#*:RX<>RX?C&=?('9Af<:@+HJDP<>'#)I7
1;DP<>'#?=2G<:&E68'#<>'#?=68'#?=2G6;oX%$2G<:H+1;DP?=2���4�1;6#6G\ 	 ��� � o

� � �sr o*Tfo*R0?=D <:@+HsvmoL¤+oL�z*cK�1G4�6GoF �?=.-?('#<:&j3?=68a"1;25'84�<:&V%$@X<:&(AB6�?=6f<:@+H � '#6�%$a/7
aX&=?C2G<>'#?(*-@+6U'8*��b*-@X&=?=@/1;<>40-�<;d:1 � @|'81G4�<:25'#?=*-@+6Go�UWtOtOtuDZ4W��91>"�j^_6
�?>�Gv�������I�[�=\
�MuB7 � { 	 # � ' 	 & 	 \ 	 �,� � o

� � �sr o;T�o�R0?CD <:@+Hhvbo{¤/o{�z*cK�1G4�6GoU �?=.-?('#<:&LRX?C68a"1;25'84�<:&p<:@+<:&(AI6#?=6U*:]�6#1;&(]C7¡15`/2G?('81;H
w ,+25'#,X<>'#?(*-@Z68a"1;25'84�<Io,^q`a<?>"�ixO6oY)�[X?> \�# 	 { 	 ¦|§ #(' 	 ¦|§ &B\ 	 �,�)� o

�
	 � � - oF�ojT3*-&=&=?=6G\S�So � oy-�)+?('81:\_<:@+Ht¤+oFRFoS�$<:DrDF*-@+Hpoj��?(.-)/1G487¡*:4�H/1G4FuIaT1;2 7
'84�<'{_qm)/1z3?=68a"1;25'84�,+D <:@+HnqE4�?C68a"1;25'84�,+DZoi{|�}�"`)�%9Z���J��6~�Z<?>�3S�IGn>c��9;X��Z���%9��%6
^q4WA�����>}>��k9)�:\ 	 #/Y[&-lj{$& �>§ ')& � ¦ \ 	 � ��� o

�
	%	��  Jo1$o/�S1G4�2G?(d><:&"<:@+Hn%Oo/q�o)-�<:&=H/1;@po,���1�}��3�4W��6;7:9;��6=<?>��@>�C"A%4 ^q`a<?>J�[�}��6�7q����6o�Hh
�}��3���A�9Z>�oqTU<:DOR+4�?=H/.:1cb$@X?(d:1G4�6#?('¢An�w4#1;6#6G\ 	 � � &Bo

§ 	



§ # ��
���
��
+�"��
)�

�
	 # � RFow��<:6#681;&=DP<:@X@p\q-xoqPh,+@+N{\U<:@+H�NJo,Pg<:2G �*-@+<:&=Hpo 3?=68a"1;25'84�<�*:]0¥�251;<:@
-�<;d:1;6Go � @ P�o � *-681;@}RX&=<>'8'G\m1;H+?='8*:4;\ DF�kG.� �;�I4J�K��>L7:9���6o<?>J�k>�\bqm)+1�u � %:P
uB1G4�?(1;6f?=@�%$a+aX&=?(1;H Pg<>'#)/1;DP<>'#?=2G6G\EaX<>.:1;6 	 # § ' 	 & � o_¤:*-)+@�-�?=&(1GAg<:@XHsuI*-@+6G\
� @+2>o(\ 	 � � &Bo

�
	 & � ¤:*-)+@�q0o � ?=2�N <>4�HpoZ¥�@s'#)/1r �1G'81;25'#?(*-@�qm)/1G*:4�Ak*:]U%�,/'8*I25*-)/1G4#1;@+251:oBUWtOt�t
D14W��91>I����3��[A�91>�A�9 �k9�CIA�4�Gv�%3���A%9|3H`��2A%4J<>\ � q37 & 	 Y 	 lj{ ��� ' ��� \ 	 ���:§ o

�
	 ¦ � R0<:68'#,/4�? � <:@+.-<:@ R�4�?=6#)X@+<:DP<:2�)X<>4�? \ � *:R"1G4#'fvmo r <:@|'8*:4�@/*/\E f<:@+?(1;&�uToeM1;@I7
?=@+2G<:6#<I\X<:@XHkuB'#<:@+&=1GA�¤+oZ-s1;@+@+H/'GomuBa"1;25'84�<:&L<:,+'8*B25*:4#4�1;&=<>'#?(*-@j4�<>'#?(*r<:6b<r,+6�7
<>RX?=&=?('¢ArDF1;<:6#,+4#1f*:]S68a"1G1;2�)Z681G.-DF1;@}'#6b,+@+H+1G4325*>792�)+<:@+@/1;&E25*-@+H+?('#?(*-@X6Go � vwv�v
� @}'81G4�@+<>'#?(*-@X<:&_uIABDFa"*-6#?C,+D � @|'81;&=&C?(.:1;@|'0uI?(.-@X<:&z�w4#*B251;6�6#?=@/.n<:@+H TM*-DPDJ,+@+? 7
2G<>'#?(*-@kuBAI68'81;DP60# � � � \;# � � � o

�
	 § � qm)/1_Ph<>'#)1-s*:4�NB6 � @+2>oe�Z���%9��%6V^q4WA��J�">}>J�H9V�LD�A�A�6��2A����F>I�I4	� >�g,Y)�[Xa�G\ � 1;HX?('#?(*-@p\
 $1;251;DeR"1G4:# � � #Bo

�
	 � � � 4#1;H/4�?C20¤/o+��<>4#4�?=6Go�¥�@�'#)/1sb�681�*:]�-�?=@XH/*QKb63][*:4$��<>4�DF*-@X?=2�%$@X<:&(AB6�?=6MKb?('#)
'#)/1U �?C6#254#1G'81 � *-,/4�?(1G4_qE4�<:@X68]^*:4�DZo�^q4WA��J�J�2X�9��k9V�%>:A5C 3H`��qUWt�tOt3\ � � Y 	 lj{ § 	 ' � &B\
	 �,�)� o

�
	 � � ¤:1;@+6mqz4�<:DFa"1cM4#*I2�)po,^_4J�H9����p��6 ��>]AWC:7:9���6�A2�L��9;Xvm����%��3K��6�x~4W��
IY��"9���< 7:9;��6=h
< >��@> owqS<>aX?(4;\ 	 ��� 	 o


