
���������
	���	��	�������	���������������������	�� �"!#�%$&�(')	��%�
�

!*�(�
$+�,.-/'&�����0�1$+���)���(�)	��������*�2�3�����������

465

�87:9<;>=@?BA.C�DE�GFE?BH19I?BJ

��K17MLNLN?IJPOQ=@OQ7MRSHTLNU 4"V 7WONOQ?IKXONRYOQ;1?�Z[=\9IU1AMO 5 R\Z

'+JP7:]S;>= V �*RSU1H"]_^%H17M`\?BJPLN7MO 5

7MHTF>=\JPON7a=\A#ZbU1AMc>AMA V ?BH6O&R@ZdON;1?�JN?Be3U17MJN? V ?IH3ONL)ZbRSJ&OQ;1?�K1?I]SJN?I?fR@Z

��RG9gOQRSJ)R\Zh!�;17:AMRSLNR\F1; 5

��?IF>=\J�O V ?BH6O�R\Zh�(AM?B9gOQJN7M9i=\A.=\H1K8$+R V F1U"OQ?IJ%�(H"]S7:H1?I?BJP7:H1]

'+JP7:]S;>= V �*RSU1H"]_^%H17M`\?BJPLN7MO 5

��?B9I? Vj4 ?BJ%k\l\l"m



$+R\F 5 JP7:]S;6O 9� k@lSl"mf�87:9<;1=\?BA.C�DE�GFE?BH"9B?BJ

�
AMA ��7:]S;6OQL���?BLP?BJ�`S?BK



'&�������%��� ��	�^���� ^
�%�����(���G�/�+�

��������^������ $)	�� �8�/�)���(� �
!(!*�&	��d��

R@Z = K17:LPLN?IJPO<= OQ7:R\HTLNU 41V 7MOPOQ?IK 465

�87:9<;>=@?BA.C�DE�GFE?BH19I?BJ

�);17ML�K17MLNLP?BJPOQ=@OQ7MRSH ;1=\L 4 ?B?IH JN?B=\K 465 ?i=@9<; V ? Vj4 ?BJ*R\Z.OQ;"?%ZbRSAMA:R���7:H"]�]\JQ=\K1U1=@OQ?%9BR V V 7MONON?B?
=\H1K 465TV =��PRSJN7WO 5 `\R\OQ?�;>=\L 4 ?B?IHXZbRSU"H1KXONR 4 ?�LQ= OQ7:L�Z[=\9IONRSJ 5 D

��=@ON? ��=i`�7:K8� D1 R\H1]�� $+;>=@7:J

��=@ON? ��=i`�7:K	�jD>��JNH1RSAMK

��=@ON? �%=\H1K>=\A#C�D '+?i=\JPK

��=@ON? �87M9<;>=\?BA �fD�
\?BH1LP?BH

��=@ON? ��7:9<;>=\JPKX�fDE�G?IAMZbJN7MK1]S?



'&�������%��� ��	�^���� ^
�%�����(���G�/�+�

�
L 9<;>=@7:J R\Z�OQ;1?(9B=\H1K17MK>=@OQ?�� L ]\JQ=\K1U1=@OQ?(9BR V_V 7MOPOQ?B? �i� ;1= `\?�JP?i=\K�ON;1?(K17:LPLN?BJ�O<=@ON7:RSH�R\Z"�87M9<;>=\?IA
C�D �GFE?BH"9B?BJ�7MH 7MONL
c>H>=\A�ZbRSJ V =\H1K ;>=i`\? ZbR\U1H1K OQ;1=@O���m��%7MOQL%ZbRSJ V =@O � 9B7WO<=@ON7:RSH"L �.=@H1K 4 7 4 -
A:7MRS]SJN=\F1;17M9i=\A LPO 5 AM?�=\JN?�9IRSH1LN7MLPON?BH6O�=\H1K =\9I9B?BFGO<= 4 AM?�=\H1KTZbU1AWc>A:AEU1H17W`S?BJPLN7WO 5 =\H1K K1?IF>=\JPO V ?IH6O
LPO 5 AM?YJN?Be3U17MJN? V ?IH3ONL���� k	�%7MOQL
7:A:AMU1LPONJQ=@ON7M`\? V =@OQ?IJN7:=\A:L%7:H19IA:U1K"7:H1] c1]SU1JN?IL �.OQ= 4 A:?IL � =@H1K 9<;>=\JPONL
=\JP?j7:H F1A:=\9B?�� =\H1K
����%OQ;"?jc>H>=\A V =\H3U1LP9BJN7MF"O�7ML�LQ=@ON7:L�Z[=\9IONRSJ 5 OQR ON;1?j]SJN=\K1U>=@ON?Y9BR V V 7MONON?B?
=\H1KX7:L)JP?i=\K 5 ZbRSJ)LNU 41V 7MLNLP7:RSHTOQRYON;1?�U1H17M`\?BJPLN7MO 5 A:7 4 JQ=\J 5 D

��=@ON? ��=i`�7:K8� D1 R\H1]
$+;>=\7MJ � ��JQ=@K1U>=@ON?�$+R V_V 7MOPOQ?I?

�
9I9B?IF"OQ?IK8ZbRSJ&ON;1?���?BF>=\J�O V ?BH6O

� D  ?I? � ��7:H1K1AM?B;3U1JPLPO
��JQ=\K1U1=@OQ?�$+R�RSJNK"7:H>=@ONRSJ

�
9I9B?IF"OQ?IK8ZbRSJ&ON;1?f$+RSA:AM?B]S?

��RSU1]\Aa=\L�� DE$+;>= 4 JP7:?BL
��?i=@H � $+RSAMA:?B]\?�R\Z ��H1]\7:H1?I?BJN7MH1] =\H1KX�d?I9<;1H1RSAMRS] 5



��'&�G���%�%$+�

���������
	���	��	�������	���������������������	�� �"!#�%$&�(')	��%�
�

!*�(�
$+�,.-/'&�����0�1$+���)���(�)	��������*�2�3�����������

�87:9<;>=@?BA.C�DE�GFE?BH19I?BJ

��A:?I9IOQJP7:9B=\A =\H1K8$+R V F1U"ON?BJ%��H1]S7MH1?B?IJN7:H"]

��RG9gOQRSJ)R\Zh!�;17:AMRSLNR\F1; 5

�GF>=@9B? 4 RSJPH1? LP9i=@OPOQ?BJPR V ?IOQ?IJ
7MH1LPONJNU V ?BH6OQL
=\JN?f7 V F#R\JPO<=@H3O)ONRGR\A:L)ZbRSJ�OQ;1?fJN? V R\ON?

LN?IH1LN7MH1] R\Z�OQ;1? �(=\J�OQ; � LY?BH6`�7:JPRSH V ?BH6OiD �/H =\K1K17WOQ7:R\H OQR ON;1?TF1JN7 V =@J 5 ]SR6=\A�R\Z V ?B=\LNU"JN7:H"]

R�9B?i=@H ��7:H"K1L �GK>=@O<=�ZbJNR V LN9i= ONOQ?IJNR V ?ION?BJPL+;>=i`S?
F1JNR `S?IH U1LP?IZbU1A#7:H OQ;1?%LPONU1K 5 R\Z =�`\=@JN7:?gO 5 R\Z
Aa=@H1K =\H"K 9BJ 5 RSLPF1;1?IJN?�F1JPRG9I?BLNLP?BL)=@L ��?BAMA D(�G?g`S?IJQ=\A#LQ=@ON?BA:AM7MON?BL(9i=\JPJ 5 7:H"]fLP9i=@OPOQ?BJPR V ?IOQ?IJNL&;1= `\?

� R���H 7MH ON;1? Aa=\L�O�O �+R8K1?B9B=\K1?BLIDT�);1?BLP? F1JP?I`�7:R\U1LfL 5 LPOQ? V Lf;>=i`S? 4 ?I?BH���Z[=\HG- 4 ?B= V�� LP9i=@O�-
OQ?IJNR V ?ION?BJPL � ��;1?IJN? V U1AWOQ7MF1A:?�=\H6OQ?IH1H>=\L�F1A:=\9B?IKY7:H c��"?IK F#RSLP7MON7:RSH1Lh=\JN?+U1LN?IK.D �);1?&Z[=\H�- 4 ?i= V
LN9B=@ONON?BJPR V ?gOQ?IJ�=@F1F1JNRS=\9<; �>;1R���?I`S?IJ �E;>=\L�K17MLQ=\K"`@=\H6OQ=\]S?BL ��;"7:9<;XA:7 V 7MO�7MONL)U"OQ7MA:7WO 5 ZbRSJ&ZbUGOQU1JP?

V 7:LNLP7:RSH"LBD��
H =\AWOQ?BJPH>=@ON?&=\F1F"JNR6=\9<; �SOQ;1?&9IRSH17M9i=\AMA 5 -/LP9i=\H1H"7:H1]��PFE?BH19I7:AW- 4 ?B= V	� LN9B=@ONON?BJPR V ?gOQ?IJ
OQ?I9<;1H17Me�U"? �1=@A:A:?g`�7a=@ON?BL V =\H 5 R\Z ON;1?%F1JNR 4 A:? V L(?BH19IRSU1H6OQ?IJN?IK ��7MON;_?B=\JNAM7:?BJ�L 5 LPOQ? V L+=\H1K_F1JNR@-
`�7:K1?IL�=\K1K"7MOQ7MRSH>=\A V ?i=\LPU1JN? V ?IH6O�9i=\F1= 4 7:AM7MO 5 D���U1?fONR OQ;1?ILN? =\KG`\=@H3OQ=\]S?IL � ON;1?jFE?BH19I7:AW- 4 ?B= V
=\F1F"JNR6=\9<;8;>=\L 4 ?I?BH8LN?BAM?B9gOQ?BK 465 �%���G��=\L)OQ;"? 4 =@LN7:L�ZbRSJ&ZbU"ONU1JN?�LN9B=@ONON?BJPR V ?gOQ?IJ V 7:LPLN7:R\H1LBD

C ;1?IJN?i=@L&OQ;1?
Z[=@HG- 4 ?i= V =\F"F1JNR6=@9<;T7:L V =@ONU1JN?
=\H1K ��?BA:AEU1H1K"?BJNL�OQR�RGK �"OQ;1?IJN?�7ML&=jH1?I?BK ZbRSJ+=
ZbU1H1K1= V ?IH6O<=\A L�OQU1K 5 R\ZhON;1?�U1H17:e3U1?�=\LPF#?I9IONL%R@ZdON;1?�F#?IH19B7MAW- 4 ?i= V OQ?I9<;1H17Me�U"?\D



�/H ON;17:L*K17:LPLN?IJPO<= OQ7:R\H ��=f9BR V F1JP?B;1?IH1LN7W`S?
ONJN?B=@O V ?BH6O�R\Z.OQ;"?
K1?ILN7:]\H 7:LPLNU1?IL)=\LPLNR�9B7W-
=@ON?BK ��7MON;YF#?IH19B7MAW- 4 ?B= V LN9B=@ONON?BJNR V ?gOQ?BJPL�7:L F"JN?BLP?BH6OQ?IK.D�� H1? � V ?ION;1R�K1RSA:R\] 5 7:L ?ILPOQ= 4 A:7MLN;1?IK
ZbRSJ�?I`@=\AMU>=@ON7:H1] =\H"K RSFGOQ7 V 7��I7:H1]_OQ;1? F#?IJPZbRSJ V =@H19B? R\Z+9BRSH17M9i=\AMA 5 -/LP9i=\H"H17:H1]TJN=\K>=\J�L 5 LPOQ? V LID

� V F"A:R 5 7:H1] OQ;17ML V ?ION;1RGK"RSA:RS] 5 ���@? 5 JN?ILNU1AWOQL =@JN?�K"?I`S?IA:RSFE?BK =@H1K U1LP?BK 7MH OQ;"? K1?BLP7:]SH R\Z
OQ;"?����	��
�������j7MH1LPONJNU V ?BH6O�� �����G� � L_c>JPLPO FE?BH19I7:AW- 4 ?B= V LP9i=@OPOQ?IJNR V ?ION?BJBD �>U1JPON;1?BJ ��OQ;"?
OQ;"?BRSJP?IOQ7M9i=\AdZbJQ= V ? ��RSJ	�XF1JP?BLN?IH6OQ?BK 7:H ON;17:L�L�OQU1K 5 7:L�U1LP?BK OQR F1JPRSF#R\LN?YH1? � LN9B=@ONON?BJPR V ?gOQ?IJ
OQ?I9<;1H17Me�U"?BL ��;17M9<; ��7:AMA�LN7M]SH17Mc19i=\H6OQA 5 7 V F1JPR `\? ON;1? LPF>=@ON7a=\A(JN?ILNRSAMU"OQ7MRSH =\H1K V ?i=\LPU1JN? V ?IH6O
=\9I9BU1JN=\9 5 R\Z�ZbU"ONU1JN?�7:H"LPOQJPU V ?BH6OQLID



�%$����
	�C  �(���f�8�*�%�%�

�);17ML ��RSJ � 7:LYK1?IK17:9B=@OQ?IK ONR V 5 ��7WZb? �+�87:JP7a= V �(=\H1K OQR V 5 9<;17:AMK1JN?IH �+� V 7:A 5 �

S=\9 � ��=\H1K ��=@J 5 � ��;1RSLN?)F1=@OQ7M?BH19I?�=\H1KYLNU"F1F#R\JPO V =\K1?�ON;1?)9BR V F1AM?ION7:RSHfR\Z OQ;17ML K17:LPLN?IJPO<= OQ7:R\H
FERSLNLP7 4 AM?\D�� ��7MA:AEZbRSH1K1A 5 JN? V ? Vj4 ?BJ&OQ;"?�ON7 V ?�RSU1J)Z[= V 7:A 5 LNFE?BH6O%7:HX^%OQ=\;.D

��=\AMLNR8=\9 �3H1R���A:?IK1]S? ��JID.C U�- ��=\H1]X�)LQ=@7*R@Z 
S!(�=\H1K ��JID ��=i`G7MK �YD  RSH1]XR\Z
'*��^ ����;1R ?BH19IRSU1JN=\]S?BK8=\H1K Z[=\9I7:A:7WO<=@ON?BK Vf5 F1U1JPLNU17WO�R\Z = V 7:KG- 9i=\JP?B?IJ)K1RG9gOQRSJN=@OQ?@D



`�7:7M7



��������������	


�����������������������! �" #�$�$

% $&"' (�*),+�-/.�����" 0�$&$�$

% $&"' (�*),12$��!3�4���" 05#�$&$

6 7 �! 84�����3��9 �$:�!� 6

mSDWm ��=@K>=\J���? V R\OQ?��G?IH1LN7MH1] R\ZdON;1?���H3`�7MJNRSH V ?BH6O D�DfD�DfD�D�DfD�D�DfD�DfD�D�D m

mSD k �G9i= ONOQ?IJNR V ?ION?BJ%�8?B=\LNU"JN? V ?BH6ONL D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k

mSD kGDMm $+U"JNJN?IH6O��G9B=@ONON?BJPR V ?gOQ?IJ)�
F1F1AM7:9B=@OQ7MRSH1LTD�DfD�DfD�D�DfD�D�DfD�DfD�D�D k

mSD kGD k ��?ILN7M]SH8$+;>=\A:AM?BH1]\?BL&ZbRSJ��>U"ONU1JN?f�G9B=@ONON?BJNR V ?gOQ?BJPL D�DfD�D�DfD�DfD�D�D �

mSD � �G9i= ONOQ?IJNR V ?ION?BJ���?ILN7:]\HX��F1F1JPR6=\9<;1?IL DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ;

mSD �"DMm � =\H�-,'+?B= V �G9B=@ONON?BJPR V ?gOQ?IJNL DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ;

mSD �"D k !�?BH19I7:A -,'+?B= V �G9B=@ONON?BJPR V ?gOQ?IJNL2D�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D <

mSD>= !�JNR 4 AM? V ��?Ic>H17WOQ7MRSH �>$+R\H3ONJN7 4 U"OQ7MRSH1L �>=\H1K8��7:LPLN?BJ�O<=@ON7:RSHX	
`\?BJP`�7M? � DfD�D�D ?

mSD>=1DMm $+R\H3ONJN7 4 U"OQ7MRSH1L DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ?

mSD>=1D k ��7MLNLP?BJPOQ=@OQ7MRSHX	�U"OQAM7:H1? D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D m l

@ A �B#�$:�C�D�*)FEG3�4�4H���� �1�-I�5JLKM�C-I� N��O-� P 8�C4������C P��4�+����HQ���$&RS3���" 6�T

kGDWm � =\HG-,'�?i= V C 7:H1K8�G9B=@ONON?BJNR V ?gOQ?BJ�� 5 L�OQ? V L D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D m �

kGDWmSDMm � =\H�-,'+?B= V �8?B=\LNU"JN? V ?BH6O���?IR V ?IOQJ 5 D�DfD�DfD�D�DfD�D�DfD�DfD�D�D mP=

kGDWmSD k � =\H�-,'+?B= V �8?B=\LNU"JN? V ?BH6O
�%?ILNRSAMU"OQ7MRSH D�DfD�DfD�D�DfD�D�DfD�DfD�D�D m�<

kGDWmSD � � =\H�-,'+?B= V �%=\K>=\J���e3U>=@ON7:RSHX=\H"K �8?B=\LNU"JN? V ?BH6O��
9I9BU1JN=\9 5 DfD�D�D kGm

kGD k � 5 H6OQ;1?gOQ7:9 -/��F#?IJPOQU"JN?��d?I9<;1H17:e3U1?IL�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k �

kGD kGDMm � 5 H6ON;1?ION7:9g- �
FE?BJ�OQU1JP? ��?BLPRSA:U"ON7:RSH D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D kU=

kGD kGD k � 5 H6ON;1?ION7:9g- �
FE?BJ�OQU1JP?j� 5 L�OQ? V ��?Be3U17MJN? V ?IH3ONL�DfD�D�DfD�D�DfD�DfD�D�D kU=

7 �



kGD � ��7:LN=\K"`@=\H6O<=\]\?BL)R\Zh� =\HG-,'�?i= V =\H1K��G��� ��9i=@OPOQ?BJPR V ?IOQ?IJ��d?I9<;1H17:e3U1?IL D�D�D k��

T 1�3�����-/������ 8-I�,+GQ��C�!4�� -I��������"P$��!� E �!��"P$�����4�-� 8$��!��"�) �*4�-�� �����B$&� J KM��-/�
N��O-� P 8�C4������C P��4 @	�
�"DWm !d?IH19B7MAW-,'�?i= V ��?IR V ?gOQJ 5 �>��?gc>H17MON7:RSH"L �>=\H"K�$+R\H1LPONJQ=\7MH3ONL�D�DfD�D�DfD�DfD�D�D �Sl

�"DWmSDMm !�?BH19I7:A -,'+?B= V �8?B=\LNU"JN? V ?BH6O���?IR V ?IOQJ 5 DfD�DfD�D�DfD�D�DfD�DfD�D�D �Sl

�"DWmSD k ��H6OQ?BH"H>=_�>R�R\OQF"JN7:H6O%$+R�RSJPK17:H>= OQ?BL DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �6k

�"DWmSD � �X?i=\LPU1JN? V ?IH3O�$+RSH6OQ7MH3U17MO 5 $+R\H1LPONJQ=\7MH3ONL DfD�DfD�D�DfD�D�DfD�DfD�D�D �9=

�"D k !d?IH19B7MAW-,'�?i= V �%?ILNRSAMU"OQ7MRSH DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �B;

�"D kGDMm '�?i= V ��7MK"OQ;�-, 7 V 7MON?BK ��?BLPRSA:UGOQ7:R\H DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �
�
�"D kGD k �%=\H1]\?�=\H1K8��RSF1F1AM?BJ���7:LP9BJP7 V 7:H>=@ON7:RSH ��?B9<;1H17Me3U1?BL8DfD�D�DfD�DfD�D�D �
�
�"D kGD � ��F>=@OQ7:=\Ad�%?ILNFERSH1LN? �>U1H19gOQ7MRSH � �G��� ��ZbRSJ�!d?IH19B7MAW-/'+?i= V �G9B=@ONON?BJNR V -

?gOQ?IJ
� 5 L�OQ? V L�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �B<

�"D � �8?i=@LNU1JP? V ?BH6O���JPJNRSJ%$+RSH"LN7:K"?BJQ= OQ7:R\H1L D�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D =C<

�"D �"DMm �%=\H1K"R V ��JNJPRSJ �	����XD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D =C<

�"D �"D k �G�
� ZbRSJ%!�?BH19I7:AW-/'+?i= V � 5 LPON? V L �#�G9B=\H1H17MH1]  R\LNL DfD�D�DfD�DfD�D�D ; �

�"D �"D � !�?BH19I7:A -,'+?B= V �%=\K>=\J���e3U>=@ON7:RSH �E$&=\A:7 4 JQ=@ON7:RSH ��JNJNR\J D�D�DfD�DfD�D�D ;O;

�"D>= ��=@K>=\J�!�U1A:LP?��)7 V 7:H1]Y=@H1K���=\K17MJ�$+RSH6O<= V 7:H1=@OQ7MRSH D�DfD�D�DfD�D�DfD�DfD�D�D ;��
�"D>=1DMm ��JQ=@H1L V 7MO��\�%?I9B?I7M`S?��)7 V 7MH1] $+RSH1L�OQJN=\7:H6OQL+DfD�DfD�D�DfD�D�DfD�DfD�D�D ;��
�"D>=1D k ��=\K17MJ)�%?gOQU1JPH $+R\H3OQ= V 7:H>=@ON7:RSH D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ;9?

�"D ; ��=@7:HX$+RSH6O<= V 7MH>=@OQ7MRSH DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �"m
�"D ;GDMm �%=\7MHX$+RSH6O<= V 7:H>= OQ7:R\HX�8RGK"?BA D�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �"m
�"D ;GD k �%=\7MH �(JPJNRSJPL D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �	�

� � ��-/"P3�4��������� ,
��B�B3�4�-I�������� �$�� $��B-� �$��!�() �*4 KM�C-I� ��$��� �Q5J % $�� $  8����� �����B$�� J
KM�C-I� N��O-�  8�C4H�!���B 8�C4�N���"' 8��� " � �
=1DWm �G7:]\H>=\A�!�JPRG9I?BLNLP7:H1] �>JQ= V ? ��RSJ � ZbRSJ '+?B= V ��7:KGOQ;G-/ 7 V 7WOQ?IK��G9B=@ONON?BJNR V ?gOQ?BJ

� 5 LPON? V L0D�DfD�D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D <\l

=1DWmSDMm '�?i= V ��7MK"OQ;�-, 7 V 7MON?BK ��9<;1R ��?ION?B9ION7:RSH ��F1F1JNRS=\9<; DfD�D�DfD�DfD�D�D <\l

=1DWmSD k �X?i=\LPU1JN? V ?IH3O �*=\JP7a=\H19I?�ZbRSJ)�/H6OQ?IJNJNU"F"OQ?IK $�C ��JQ=@H1L V 7MO��G7M]SH>=\A D < �

�



=1DWmSD � �����ZbRSJ '+?B= V ��7MK"OQ;G-/ 7 V 7MOQ?IK !d?IH19B7MAW-/'+?i= V � 5 LPON? V L � V F"A:R 5 7:H1]
�XRGK1U"Aa=@ON?BK �dJN=\H1L V 7WO%!(U"A:LN?IL D�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D <O;

=1DWmSD = ��7 V F1A:7Wc>?BK ��H>=\A 5 LP7:L)R\Zd��JQ=\H1L V 7WO��8R�K1U1Aa= OQ7:R\HX��OQJN=@OQ?I]S7:?IL DfD�D�D <O<

=1DWmSD ; � `@=\AMU>=@OQ7MRSHTR\Z �GFE?B9B7Wc>9f�8R�K1U1Aa= OQ7:R\HT�>RSJ V =@OQL D�D�DfD�D�DfD�DfD�D�D ?"m

=1DWmSD � $+R V F>=@JN7:LPRSHTR\Zh'+?i= V -/ 7 V 7WOQ?IKT!�U1A:LP? �XRGK1U"Aa=@ON7:RSH �>RSJ V =@ONL�D�D�D ?9=

=1D k �);1? ���	��
 �������)�G9B=@ONON?BJNR V ?gOQ?BJ � '+?i= V -/ 7 V 7WOQ?IKT��?BLP7:]SH	�(?BJPLN7MRSH D�DfD�D�D ?B;

=1D kGDMm 	
`\?BJP`�7M? � R\Z�OQ;"? ���	��
�������+��?BLP7:]SH D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ?B;

=1D kGD k �������JQ=\K"?g-�	��#L&ZbRSJ)OQ;1?�'+?B= V -, 7 V 7MON?BK ���	��
�������&��?BLN7M]SH DfD�D�D ?��

=1D � $+RSH19IA:U1LP7:RSH1L%$+R\H19B?IJNH17MH1] '�?i= V -, 7 V 7MON?BK ��9i=@OPOQ?BJPR V ?IOQ?IJ���?BLP7:]SH D�DfD�D�D �B<

� A �C-I� JL
 � �C48 �3�4H� � �����B$�� JLKM�C-I� N5�O-� P P��4��!���B 8�C4 N ��"' P����" �	�
;GDWm ��?BLP7:JN?�ZbR\J���7:]\;1?BJ���?BLPRSA:U"ON7:RSHX��9i=@OPOQ?BJPR V ?IOQ?IJ��d?I9<;1H17:e3U1?IL D�D�DfD�DfD�D�D ���

;GD k ��RSF1F1AM?BJ+`�LID+�%=\H1]S?���7MLN9IJN7 V 7:H1=@OQ7MRSH ZbR\J&OQ;1? ���	��
��������� 5 L�OQ? V D�DfD�D�D0m l\l

;GD � ���	��
 �������+�%=\H1]S?��h7MAMON?BJN7MH1] ��F1F1JPR6=\9<; D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m l �

;GD>= $+;>=\JN=\9ION?BJN7 �i=@ON7:RSHXR\Z��8?i=\LPU1JN? V ?IH6O��
9I9BU1JN=\9 5 ZbRSJ ���	��
 ������� ��7MON;��%=\H1]S?
�h7:AWOQ?IJN7:H"]�D�DfD�D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m lO;

;GD>=1DMm ��?IJN7W`\= OQ7:R\HjR\Z��
	 ZbRSJ ���	��
������� =@H1K_��LNLPRG9I7a=@ON?BK $&=\A:7 4 JQ=@ON7:RSH ��JNJNR\JNL\mil
�
;GD>=1D k �X?i=\LPU1JN? V ?IH3O �*=\JP7a=\H19I?�R\Z��	

�
D�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0mSm �

;GD>=1D � �X?i=\LPU1JN? V ?IH3O �*=\JP7a=\H19I?�R\Z $+R Vj4 7MH1?BK8�GAM7:9B?IL D�D�DfD�D�DfD�DfD�D�D0mSmP?
;GD ; ��H1;>=\H19I?BKG-/�%?ILNRSAMU"OQ7MRSH � V =@]S7:H1] !�?BJ�ZbRSJ V =\H19I?�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m k@l

;GD � $+RSH1LP7:K1?IJQ=@ON7:RSH1L&ZbR\J%�G7:H1]\A:?g-/!h=\LPL��%?ILNRSAMU"OQ7MRSH ��H1;>=\H"9B? V ?BH6O D�D�DfD�DfD�D�D0m k\k

;GD �"DMm 	�H1?&��7 V ?BH1LP7:RSH>=@A"��7:]SH>=@A"��?I9BRSH6`SR\A:U"ON7:RSH =\H"K �%?ILPOQR\JQ=@ON7:RSH $+R\H19B?IF"OQL@m k �

;GD �"D k ��7:H1]SAM?g-/!h=\LPL��%?ILNRSAMU"OQ7MRSH ��H1;>=\H19I? V ?BH6O��
H>=\A 5 LN7:L DfD�D�DfD�DfD�D�D0m k �
;GD �"D � � �"= V F1A:? ��7:H1]SAM?g-/!h=\LPL8�(��� � V F1A:? V ?IH3OQ=@OQ7MRSH � �XRGK17Wc>?BK C 7:?IH1?BJ

�d7:AMON?BJ&D�D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m kU?

;GD < �GU V V =@J 5 =\H1K�$+RSH19BAMU1LN7MRSH1L D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �Sk

� 
 ����"P$:�!� 1�4H-/���B�M�*4� ) �!4�� �!��-/4H$����B 84H$&��N��O-� P 8�C4������C P��4�N ��"' 8��� " 6�T*T

�"DWm ^%ON7:A:7WO 5 R\Z !�RSAa=@JN7 V ?IONJN7M9��G9B=@ONON?BJNR V ?gOQJ 5 D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �U=

�"D k !dRSA:=\JN7 V ?gOQJP7:9
�/H"LPOQJPU V ?BH6O
�8RGK"7Mc>9B=@OQ7MRSH1L DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m ���
�"D � !dRSA:=\JN7 V ?gOQJP7:9���7:]SH>=@A.��?BLP9BJP7:F"ON7:RSH D�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �O<

�G7



�"D �"DMm �);"? $+R -,!dR\A��8?i=\LPU1JN? V ?IH6O DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �9?

�"D �"D k !�RSAa=@JN7 V ?IONJN7M9��G7M]SH>=\A ��?IOQ?I9ION7:RSH D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0mP=Sl

�"D>= !dRSA:=\JN7 V ?gOQJP7:9���7:]SH>=@A �*=\JP7a=\H19I? D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0mP="m
�"D>=1DMm �X?i=\LPU1JN? V ?IH3O �*=\JP7a=\H19I?�C 7MON;8�%R_$+JNRSLPL�-/�d=\A � D�DfD�D�DfD�DfD�D�D0mP="m

�"D>=1D k �*=@JN7a=@H19B?�$&=\AM9BU1A:=@OQ7MRSH � $+JNRSLPL�-/�d=\A �T!�JN?BLP?BH6O DfD�D�DfD�D�DfD�DfD�D�D0mP=
�
�"D ; $+RSH19IA:U1LP7:RSH1L D�D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0mP=��

� N����� �Q��C 8$&� 
 � �C4� 83�4�� + ���HQ���$�R53���" 6 ��6

<GDWm �%?B=\AW- `GLID�� 5 H3ON;1?ION7:9��
FE?BJ�OQU1JP?���?B9<;"H17:e3U1?IL D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�;\k

<GD k �/H1LPONJNU V ?BH6O���?ILN7:]\H�$+RSH1LN7MK1?BJN=@OQ7MRSH1L.ZbRSJ.!d?BH"9B7:A -,'+?B= V ��9i=@OPOQ?BJPR V ?IOQ?IJNL � V -

F1A:R 5 7:H"] �G7 V U"AMO<=@H1?BRSU"L���=\H"]S?��\��R\F1F1A:?IJ)��7:LP9BJP7 V 7:H>=@ON7:RSH DfD�D�DfD�DfD�D�D0m�;H=
<GD kGDMm ��R\F1F1A:?IJ���?BR V ?IONJ 5 =\H"KX� �B7 V U"OQ;1=\A ��?BFE?BH"K1?BH6O
�%?ILNRSAMU"OQ7MRSH � � ?I9IOQL m�;O;

<GD kGD k �%=\H1]\?��\��RSF"F1A:?IJ&� Vj4 7:]SU17WO 5 $+R\H1LN7MK1?BJN=@OQ7MRSH1L D�D�DfD�D�DfD�DfD�D�D0m�;U?
<GD kGD � ��F>=@OQ7:=\A.��?BLPRSA:UGOQ7:R\H D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�� �
<GD kGD = ��JQ=@H1L V 7MO�!�U1AMLN?��)7 V 7:H"] DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m��O;
<GD kGD ; ��9i=@OPOQ?BJPR V ?IOQ?IJ��8?i=\LPU1JN? V ?IH6O �*=\JP7a=\H"9B? DfD�DfD�D�DfD�D�DfD�DfD�D�D0m��9?

<GD � �/H1LPONJNU V ?BH6O���?BLP7:]SHX� �"= V F1A:?IL D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�<@l

<GD �"DMm ��UG-/'&=\H1KX��?ILN7:]\H8� �"= V F1A:?0DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�<@l

<GD �"D k  -/'&=\H1KX� �"= V F"A:? DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�<�m

<GD>= !dRS7MH6OP-/�d=\JP]S?IO%��?BLPF#RSH"LN?f=\H1KX��=@O<= !�JNR�9B?ILNLP7:H1] DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�<��

<GD>=1DMm ^%LN?�R\Z �GF>= OQ7a=@A1��?BLNFERSH1LP?%� U"H19ION7:RSH =\L��/K"?i=\AM7��B?IK !dRS7MH6OP-/�d=\JP]S?IO*��?g-

LPF#R\H1LN? D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�<��

<GD>=1D k ��= O<=Y!�JNR�9B?ILNLN7MH1] �/LNLNU"?BL DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�<9<

<GD ; �GU V V =@J 5 =\H1K�$+RSH19BAMU1LN7MRSH1L D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�< �

� N�3�� ��-�4 � -I��� E �����B��3�"P$:�!��" 6���6

?"DWm $+RSH6OQJP7 4 U"ON7:RSH"L2D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m8?Sk

?"DWmSDMm ��?BH"?BJQ=@A !d?BH"9B7:A -,'+?B= V �);"?BRSJ 5 D�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m8? �

?"DWmSD k �X?i=\LPU1JN? V ?IH3O��
9I9BU1JN=\9 5 DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m8? �

?"DWmSD � ��F>=@OQ7:=\A.��?BLPRSA:UGOQ7:R\H D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m8?U=

?"DWmSD = �);"? ���	��
�������)�87:LPLN7:R\H DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m8?U=

�"7M7



?"DWmSD ; !�?BH19I7:A -,'+?B= V �8?B=\LNU"JN? V ?BH6O�$+RSH6O<= V 7:H1=@OQ7MRSHX�GRSU1JP9B?IL�D�DfD�DfD�D�D0m8?O;

?"D k �>U"OQU1JP?�C R\J	��D�D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m8?O;

?"D kGDMm !�?BH19I7:A -,'+?B= V C 7MH1KX�%?gOQJN7M?I`@=\A.��A:]SR\JN7MON; V L DfD�D�DfD�D�DfD�DfD�D�D0m8?O;

?"D kGD k �%=\7MHX$+RSH6O<= V 7:H>= OQ7:R\H D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m8?��
?"D kGD � !d=\LNLP7M`\?j$+;>=@H1H1?BAML%=\H1K��8U1AMON7W-/� JP?Be3U1?IH19 5 ��9i=@OPOQ?BJPR V ?IOQ?IJNL DfD�D�D0m8?O<


 EGQ�-/4�-I�9 P��4H$ �B-� �$:�!� �*)������*.�-I��� ��-�48J�� -/��$:4�� 3�J KM-I��� KM-I�H5"P�O-� P 8�C4 6��	�
� DWm ��=@O<=Y�>JPR V �GF1=\9B? 4 RSJPH1?f�
=\K17MJ�-/ R�R �37:H"] ��UG-,'&=@H1KX��=\K1=\JNLYD�D�DfD�DfD�D�D0m8? �

� DWmSDWm ����� � ��=@7:HX��=@K>=\J
D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m8? �

� DWmSD k �����1� ��?B=\J�-/�
=\K17MJ��8?B=\LNU1JP? V ?BH6OQLfDfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �U=

� DWmSD � ��RSFE? � ��AMON7 V ?IOQ?IJ��	�%��=@OQ=XD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �O<
� D k ��?B=\J�-/�
=\K17MJ)��=@OQ= �/H6ON?BJN9IR V F>=\JN7MLNRSHX=\H"K��>U1LP7:RSH D�DfD�D�DfD�D�DfD�DfD�D�D0m �9?

� D kGDWm $&=@A:7 4 JQ=@ON7:RSH $+R V F>=@JN7:LPRSH D�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �9?

� D kGD k $+R V F>=@JN7:LPRSHTR\Z
�	�%��7:L�OQJN7 4 U"ON7:RSH1L+R `\?BJ%��7 �#?BJP?BH6O%�(=\JPON; ��9B?BH"?BL�D�D0m � �
� D kGD � ��A:R 4 =\A �%`S?IJQ=\]S?�=\H"K ��A:R 4 =\A.!�?i= � '&=@9 ��LP9i=@OPOQ?IJ DfD�D�DfD�DfD�D�D k\lU=

K � ��� 1��*4H� 3��:-� �$:�!� ) �!4 N5�C-�� $�����" ��$  �Q A -I���*� � $�"P�O4H$&��$&��-� �$:�!� @� �
'
DWm � ���*��?Ic>H"7MOQ7MRSH D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k\lO<
'
D k $&=\A:9IU1Aa= OQ7:H"] �*=\J�� �

������� DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k\lO<
'
D kGDMm ��� �

������� ��?BJ V DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k\l9?

'
D kGD k ��� ���
����� � ��?BJ V DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D kGmil

'
D kGD � �*=@JN7a=@H19B?�R\Z��
����� DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D kGm �

'
D � � �"F"JN?BLPLN7MRSH8ZbRSJ ���� D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D kGm �

K $:. ��$��*�*4�- ��Q � @�6 �

�G7:7M7



�G7M`



��� 	C� �������
	�� ��	

=1DWm ��7M]S;G-��G�
�2`@=\A:U"?BL�R\Z �� ��ZbRSJ�OQ;1? OQJQ=@H1L V 7MO V RGK1U"Aa=@ON7:RSH LP9<;1? V ?BLjLP;1R���H
7:H �h7M]1D/=1D>=1D D�D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ?9=

=1D k ���	��
 ������� 4 ?i= V ]S?BR V ?IONJ 5 =@H1KX=\H6OQ?BH"H>=_F>=@JQ= V ?ION?BJNLID D�DfD�D�DfD�DfD�D�D ?B<

=1D � ���	��
 ��������JN=\K>=\J)?IA:?B9gOQJPRSH17:9IL%=\H1K OQ7 V 7:H"]jF>=\JN= V ?gOQ?IJNL D�D�DfD�D�DfD�DfD�D�D ?O?

=1D>= � �"FE?B9gOQ?IK ���	��
�������j?I9<;1R ?IH1?BJP]S7:?IL ZbR\JYA:R�� ��� V �@L � � V ?IK17:U V �&? V �@L �
=\H1K ;17M]S; � k\l V �@L �+R�9B?B=\H ��7MH1K LNFE?B?IK1LBD D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �
�

<GDWm � �1= V F1AM? ��UG-,'&=@H1K L 5 LPON? V ? V F1A:R 5 7:H"]YJQ=\H1]\?��\��RSF"F1A:?IJ&JN?ILNRSAMU"OQ7MRSH.D D�D�D0m�<�m
<GD k � �1= V F1AM?� -,'&=\H"KXL 5 LPOQ? V ? V F1A:R 5 7:H1]YJN=\H1]S? �\��RSF1F"A:?BJ+JN?BLPRSA:UGOQ7:R\H.D DfD�D�D0m�<\k
'
DWm � ���*!h=\JN= V ?IOQ?IJ�$+R V F1=\JN7MLNRSH � �/H1H1?BJ�'+?B= V �>$+?BA:A�< �������� �Sl��ID�DfD�DfD�D�D kGm8;

��`



��`�7



��� 	C� ����� ������� ��	

mSDWm �
	������������7 V =\]\?�R\Zd;�U"JNJN7M9i=\H"?f�dA:R 5 K.D D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �

mSD k ���1$+��� 7 V =\]S?�R@Zh� V = �IRSH.D D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D =

mSD � $+RSH19I?BF"ONU>=\A K17a=@]SJQ= V R\ZdLN9B=@ONON?BJNR V ?gOQ?BJ�L 5 L�OQ? V RSF"OQ7MRSH1LID DfD�D�DfD�DfD�D�D �
kGDWm ���1$+��� V ?B=\LNU"JN? V ?BH6O%]S?IR V ?gOQJ 5 DjD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D m�;

kGD k � =\HG-,'�?i= V LN9i= ONOQ?IJNR V ?ION?BJ�JN?ILNRSAMU"OQ7MRSH OQ?I9<;1H17Me�U"?BLBD(D�DfD�D�DfD�D�DfD�DfD�D�D m8?

kGD � $+RSH19I?BF"ONU>=\A 7:AMA:U1L�OQJQ= OQ7:R\H R\ZdLNF>=@9B? 4 RSJPH1?j������L 5 L�OQ? V D D�DfD�D�DfD�DfD�D�D kO;

kGD>= ��7a=\]\JQ= V R\Z�OQ;1?f�G?B=\LQ= OP-/��LPF>=\9B?I9BJN=@Z OiD D�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k9?

�"DWm !d?IH19B7MAW- 4 ?i= V V ?i=\LPU1JN? V ?IH3O%]S?IR V ?IOQJ 5 D D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �"m

�"D k �/LNR@-/��RSF1F1AM?BJ)=@H1K87MLNR@- JQ=\H"]S?�9BR\H3ONRSU1JPL%ZbRSJ)FE?BH"9B7:A - 4 ?i= V L 5 L�OQ? V D*DfD�DfD�D�D �	�

�"D � ��7a=\]\JQ= V LN;"R���7MH1] LNU19I9B?BLPLN7MRSH�R\Z�OQ;"?�FE?BH"9B7:A - 4 ?i= V ZbR�R\OQF1JP7:H6O)AMRG9B=@OQ7MRSH1L+R\H
OQ;1?�LPU1JPZ[=\9I?\D D�D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �9=

�"D>= �d?I9<;1H17Me�U"?BL�ZbR\J)F#?IH19B7MAW- 4 ?i= V LP9i=@OPOQ?BJPR V ?IOQ?IJ�JN?BLPRSA:UGOQ7:R\H.D DfD�D�DfD�DfD�D�D �B;

�"D ; ��?IH1?BJP7:9�LP7:]SH>=@A.F1JNR�9B?ILNLP7:H1] OQ?I9<;1H17:e3U1?IL%ZbR\J�= FE?BH19I7:A - 4 ?i= V L 5 LPON? V DYDfD�D�D �B<

�"D � �"�%� ZbR\J)LN7:H"]SA:?�AMRSH1] ��$�C F"U1A:LP?\D D�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D =3k

�"D < �"�%� ZbR\J)LN7:H"]SA:?�AM7:H1?B=\J)��� 9<;17MJNFE?BKXF1U1A:LP?\D*DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D =�

�"D ? �"�%� ZbR\J)? �"= V F1A:?�FE?BJP7:R�K17:9�F"U1A:LP?�ONJQ=\7MH.D)D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D =O=

�"D � �"�%� ZbR\J)F1LN?IU1K1R@- JQ=\H1K"R V F1;>=@LN? V R�K1U1A:=@OQ7MRSH.D)D�DfD�DfD�D�DfD�D�DfD�DfD�D�D = �
�"DWm l ��?IH1?BJN=\A:7 �B?IKTLN7:]\H>=\A.F1JPRG9I?BLPLN7:H"]_K17:=\]SJN= V ZbRSJ)FE?BH"9B7:A - 4 ?i= V L 5 L�OQ? V LBD D�D�D =B?

�"DWmSm �
HX? �"= V F1A:?�R@ZhLP9i=\H1H"7:H1] A:R\LNLBD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ;O;

�"DWm k��"= V F1A:?
JQ=\K>=@J&OQ7 V 7:H"]jK17a=@]SJQ= V DXDfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ;O<

�"DWm ����?B=\J�- H>=\K17MJ&JN?gOQU1JPH89IRSH6O<= V 7:H>= OQ7:R\H ]S?BR V ?gOQJ 5 D&D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ;9?

�"DWmP= ��=@7:HT9BR\H3OQ= V 7:H>=@ON7:RSH ]S?BR V ?IONJ 5 DTDfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �6k
�"DWm�;��G9i= ONOQ?IJNR V ?ION?BJ V ?B=\LNU"JN? V ?BH6O�?BJPJNRSJ�=\L�=�ZbU1H"9IOQ7MRSH R\Z =i`S?IJQ=\]S?�9BRSAMU V H JN=\7:H

JQ=@ON?\D D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �9=

��`G7M7



�"DWm�� � �+R -��+= 5 JN=\7:HX=@OPOQ?IH�U1=@OQ7MRSH.D D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �B;
�"DWm�< ��=@7:HT?Be3U17W`@=\A:?IH3O�9IJNRSLPL�- LN?B9gOQ7MRSH.D DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �
�
�"DWm8?�!d?IJN9B?IH6O
R\Z�OQR@O<=\A.?I9<;1R ?IH1?BJP] 5 ZbJNR V LNU"JPZ[=\9I?�U"H1K1?BJ%JQ=@7:HT9BR\H1K17MON7:RSH"LBD2D�D�D �B<
=1DWm �G7:]\H>=\ASF1JPRG9I?BLPLN7:H"]
=\F"F1JNR6=@9<;�ZbRSJ 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IK
LP9i=@OPOQ?BJPR V ?IOQ?IJ L 5 LPON? V LBDG<Gm
=1D k �G7:]\H>=\A)F1JPRG9I?BLNLP7:H1] R\Z��d7:]1D ="DMm8LN;1R���H ZbJPR V OQ;1?XFE?BJNLPF#?I9ION7M`S?8R\Z
ON;1?8ZbJP?g-

e3U1?BH19 5 K1R V =\7:H DTDfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D <Sk

=1D � �G7 V F1AM7Mc>?IKT=\H6OQ?IH1H>= ]S?BR V ?IONJ 5 D D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D <9?

=1D>= $+RSH19I?BF"ONU>=\A 7:AMA:U1L�OQJQ= OQ7:R\H R\Zh= Vj4 7M]SU17WO 5 ZbU1H"9IOQ7MRSH1LID�D�DfD�D�DfD�D�DfD�DfD�D�D ?6k

=1D ; �);1? ���	��
 �������+7:H"LPOQJPU V ?BH6O%= 4 R6=\JNKTON;1?���U"7��G�1$+����LPF>=\9I?B9BJN=@Z OiD D�DfD�D�D ?
�
=1D � ��7a=\]\JQ= V R\Z�OQ;1? ���	��
�������&JN=\K>=\J)?IA:?I9IOQJPRSH17M9BLBD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ?B<

=1D < ��7a=\]\JQ= V LN;"R���7MH1] ���	��
 �������+JQ=\K1=\J&OQ7 V 7MH1]1D D�DfD�DfD�D�DfD�D�DfD�DfD�D�D ?O?

=1D ? �"= V F1A:?
F1A:R\O�R@ZdONJQ=\H1L V 7WO)LNFE?B9gOQJPU V D#DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �"m

=1D � !�A:R\O)R@ZdON;1?�F#?IJN9B?IH6O<=\]S?�R\Zd?B9<;1R_?BH1?IJN] 5 F>=\LNLP?BK.DhDfD�DfD�D�DfD�D�DfD�DfD�D�D �	�

=1DWm l�!�A:R\O)R@ZdON;1?���RSF1F1AM?BJ)9BR V FE?BH1LN=@OQ7MRSH ?BJPJNRSJID D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D �9=

=1DWmSm �"= V F1A:?�`\=@A:U1?IL%R@ZdON;1?� ���(9BR�?�� 9B7M?BH6OQL�� ��� � =@H1K	� D D�D�DfD�D�DfD�DfD�D�D �B;

=1DWm k�$&=\A:9IU1Aa= OQ?BK `@=\AMU1?BL�R\Z � ���(ZbRSJ&OQ;"JN?B? ��7MH1K8LPF#?I?BK1LID DfD�D�DfD�D�DfD�DfD�D�D �B<

;GDWm $+RSH19I?BF"ONU>=\A6K17:=\]SJQ= V R@Z����	��
������� � -/K1' =@H3ON?BH1H1=)ZbR�R\ONF1JN7MH3O LN;1R���7MH1]�JQ=\H1]\?
=\H1KX��RSF1F"A:?BJ)K"7:LN9IJN7 V 7MH>=@OQ7MRSH R\F"OQ7MRSH1LBD�D�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m lGm

;GD k �>U1H19ION7:RSH1=\A K17:=\]SJN= V R\Z ���	��
�������+K"7:]S7WO<=\A#JQ=\H1]\?�F"JNR�9B?BLPLN7MH1]1D�D�DfD�DfD�D�D0m lU=

;GD � ��7a=\]\JQ= V 7:AMA:U1L�OQJN=@OQ7MH1] K1?IJQ= V FE?BKX?B9<;1R LNFE?B9gOQJNU V D�D�DfD�D�DfD�D�DfD�DfD�D�D0m lO;

;GD>= � F>=\JQ= V ?gOQ?BJ)9B=\A:9IU1Aa= OQ7:R\H ]S?BR V ?gOQJ 5 D D�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m l �

;GD ; � F>=\JQ= V ?gOQ?BJ&ZbR\J)? �"= V F1A:? �PLPA:7M9B? � D DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0mSm\m

;GD � �/A:AMU1LPONJQ=@ON7:RSH R@Z 4 ?i= V -/AM7 V 7MON?BK_=\H1KXLNA:7M9B?IK ZbR�R\ONF1JN7MH3OBD)DfD�D�DfD�D�DfD�DfD�D�D0mSm �

;GD < $+?BH6OQ?IJ�?I7:]S;6O�LPA:7:9I?�RSU"ONA:7:H"?BL+ZbRSJ ���	��
�������gD2D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0mSm =

;GD ? � ?IJNJNR\J =\L =XZbU1H"9IOQ7MRSH R\Z�=\H6OQ?IH1H>=�FERS7MH3ON7:H1]X?BAM?I`@=@ON7:RSH =\H1]SAM? ��H"R���AM?BK1]\?
=\9B9IU1JQ=@9 5 D D�DfD�D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0mSm8;

;GD � �G7 V U1Aa=@ON?BKT7 V =\]\?BL+ZbJPR V�
� ��� ��������� ���	��
 �������gD D�DfD�D�DfD�D�DfD�DfD�D�D0m k�m

;GDWm l���7a=\]\JQ= V R\ZdLNU1J�Z[=\9B?�LQ= V F1AM7:H1] ��7MOQ;X= JN?B=\A =\FE?BJ�OQU1JP?�JN=\K>=\J�L 5 L�OQ? V D D�D�D0m kH=
;GDWmSm � �I7 V U"ON;X=\F#?IJPONU1JN?�ZbU1H19gOQ7MRSH 7:H OQ;"?�LPF>=@ON7a=\A.K"R V =@7:H.D D�D�DfD�D�DfD�DfD�D�D0m k9<

;GDWm k���=\]SH"7MOQU"K1?�R\Zh� R\U1JN7M?BJ&OQJN=\H1L�ZbRSJ V R\Z =@F#?IJPOQU"JN?�ZbU1H19gOQ7:R\H.D�DfD�D�DfD�DfD�D�D0m kU?

��`�7:7M7



;GDWm ��!�A:R\ONL)R\Z �%��� `S?IJNLPU1L����,� ZbRSJ&`@=\JN7MRSU1L)LNU"JPZ[=\9I?fLN= V F"A:7:H"]jJQ=@ON?BLID0D�DfD�D�D0m k �

;GDWmP=��/K1?i=@A 7:H6`S?IJNLN?�c>AWOQ?BJ)LPF#?I9IONJQ=\A JP?BLNFERSH1LP?\D D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �\l

;GDWm�;��8R�K17Mc>?IKTC 7:?BH"?BJ�7:H6`S?IJNLP?�c>AWOQ?IJ)LNFE?B9IONJQ=\A JP?BLPF#RSH"LN?\D8DfD�D�DfD�D�DfD�DfD�D�D0m �\l

;GDWm�� � V F"U1A:LP?�JN?BLPF#R\H1LN?�R\Z�c>AMON?BJ)7:HX�h7M]1DI;�DMmP="DhD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �Gm
;GDWm�< � �1= V F1AM?�JN?I9BRSH1L�OQJPU19ION7:RSHXR\Zh= �YK>' LPON?BFXZbU1H19ION7:RSH D DfD�D�DfD�D�DfD�DfD�D�D0m �Gm

�"DWm $+R@-/FERSA =@H1K8$+JNRSLPL�-/FERSA V RGK"?BA ZbU1H"9IOQ7MRSH1LID DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �O;

�"D k $+R@-/FERSA �S$+JNRSLPL�- F#RSA#9BRSJPJN?IAa=@ON7:RSHT9IJNRSLPL�-/LP?B9gOQ7:R\H.D D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m ���
�"D � �%?IF1JN?ILN?IH3OQ=@OQ7W`S?�F#R\Aa=\JP7 V ?IOQJP7:9%LN9B=@ONON?BJNR V ?gOQ?BJ�LP9<;1? V =@OQ7M9\D�DfD�D�DfD�DfD�D�D0m �O<

�"D>= �/K1?i=@A F#R���?BJ�LNFE?B9gOQJQ=@A�K"?BH1LP7MO 5 D D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0mP=	�

<GDWm $+R V F>=\JN7MLNRSHTR@ZhJP?i=\A -*=\H1KXL 5 H6OQ;1?gOQ7M9g-,=@F#?IJPOQU"JN?�OQ?B9<;"H17:e3U1?ILBD D�D�DfD�DfD�D�D0m�;��

<GD k �*=\J 5 7MH1] ��RSF1F1AM?BJ)]S?IR V ?IOQJ 5 D&D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�; �
<GD � �
H1]\U1Aa=\J �1��RSF"F1A:?IJ)LNF>=\9I7:H1] �>=\H1KX9BR V 4 7:H1?IK ?BA:R\H1]6=@ON7:RSHT? � ?I9IOiD�DfD�DfD�D�D0m�;U?
<GD>= �GF>=@ON7a=\A = Vj4 7M]SU17WO 5 K17:=\]SJN= V ZbRSJ&ON;1?�LN7MK1?g- A:R�R �37:H1]j]\?BR V ?IONJ 5 D D�DfD�DfD�D�D0m��\l
<GD ; ��?BLP7:]SH 9BU"JP`S?IL%ZbR\J&OQJQ=@K17:H1] -/R � =\H6OQ?BH"H>= 4 ?i= V ��7:K"ON;.D�D�D�DfD�D�DfD�DfD�D�D0m��Sk
<GD � $+RSH6OQ7MH�U"RSU1L%=\H1K 4 U1JPLPO�OQ7 V 7MH1]jLN9<;"? V ?BLBD0DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m����
<GD < $+RSH19I?BF"ONU>=\A K1JQ= ��7MH1] R\Z  -/'&=\H1K FE?BH19I7:AW- 4 ?B= V LN9i= ONOQ?IJNR V ?ION?BJID�DfD�DfD�D�D0m�<��
<GD ? �"�%� K"7a=\]SJN= V ZbRSJ)L 5 H6OQ;1?gOQ7M9g-,=@F#?IJPOQU"JN?�9i=\LP?\D
D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�<9;

<GD � �"�%�
�YK>' 9BR\H3ONRSU1JPLBD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m�< �
?"DWm ��7:LPLN?BJ�O<=@ON7:RSH 9IRSH6OQJN7 4 U"ON7:RSH K17a=@]SJQ= V ZbRSJ_FE?BH"9B7:A - 4 ?i= V LNF>=@ON7a=\A)JP?BLPRSA:U"ON7:RSH

=\H1K V ?i=\LPU1JN? V ?IH3O�=\9I9BU1JN=\9 5 D D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m8?Sk

� DWm ���
��� !(� RSH1?�K>= 5 9IR `S?BJN=\]S? �bONRSF �&=\H1K ZbRSU1J)K1= 5 9BR `S?IJQ=\]S? � 4 R\OPOQR V �gD�D0m �Gm

� D k � �1= V F1AM?������ � L �&=@ON;TR\Z �	��K>=@O<=f9BR V 7:H1]�R �XOQ;1?�9BR6=@LPO)R\Z.��ZbJN7M9i= �[A:?gZ O �
RSH6OQRYOQ;"?��/H"K17a=\H R�9B?B=\H �bJN7M]S;6O �gD DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �Sk

� D � �G9i= ONOQ?IJ�F1A:R\ONL)R\Zd���
� � �	�iD>D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m � �
� D>= �G���"� RSH"?g-/K1= 5 H1?i=\J,-/H>=@K17:J)9IR `\?BJN=\]S?\D D�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �O;

� D ; �G���"� V ?i=\HX=\H"K V = � � ��� L�ZbR\J)Aa=\H1K � OQRSF �&=@H1K8R�9B?B=\H � 4 R\ONONR V � D D�DfD�D�D0m ���
� D � �dR\F#? � RSH1?�RSJ 4 7MO&ON7 V ?�LN?IJN7:?IL�R\ZhR�9B?B=\H � � D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m �O<
� D < $+R V F>=\JN7MLNRSH�R\Z 
\U1A 5�V ?i=\H�OQJPRSF17:9B=\A6R�9B?i=@H 4 =\9 �3LP9i=@OPOQ?BJhR\Z1����� � � �dR\F#? � �

=\H1K8�G���1�8�)-/FERSA =\H1K	�%-/FERSA D D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D0m � �

�G7 �



� D ? ���
��� R�9B?i=@H l -Qm � � - = �3=\H1K � - ?�K1?B]f7:H19I7:K1?IH19B?%=\H"K ����� � A:=\H1K_l -<m�K1?I]
7:H19I7:K1?IH19B?@D DfD�D�DfD�D�DfD�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k\l\l

� D � � =�)�����1� lYK1?B] 7:H19I7:K1?IH19B?@D D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k\l\l

� D � � 4 �)�����1� � K"?B] 7:H19I7:K1?IH19B?@D D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k\lGm

� D � �[9 �)�G���1� � - ?jK"?B] 7:H19I7:K1?IH19B?@D D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k\lGm
� DWm l��dR\F#? � RG9I?i=\HXK17MLPOQJP7 4 UGOQ7:R\H.D0D�D�DfD�DfD�D�DfD�D�DfD�DfD�D�DfD�D�DfD�DfD�D�D k\lSk

� DWmSm���AMR 4 =\A V ?B=\HX=\H1K FE?i= � � ���@OQ; FE?BJP9B?BH6ON7:A:? �+H1?i=@J�-/H1=\K17:J 4 =\9 �3LN9B=@ONON?BJ
F"JNR\c>AM?BLIDSk\lO;

� �



��� ��� �/� ���

� ��� � ��� �
	 � � � �

6���6 A -I��-/4 A �����* P� NS����"P$������*), �Q��� ��#�$:4H�!�������� 

��? V R\OQ?)LP?BH1LP7:H1]�R\Z ON;1?�?BH6`�7:JPRSH V ?BH6O(ZbJNR V LNF>=\9I?�7ML 4 ?I9BR V 7:H"]f=@H 7MH19BJP?i=\LP7:H1]\A 5

7 V FERSJPOQ=\H6O�ONRGRSA ZbRSJ�JN?ILN?i=@JN9<;1?IJNL�LPONU1K 5 7:H1] ON;17:L�F1Aa=@H1?IO�=\H1K 7MONL
F1; 5 LN7M9i=\AhF1JNR�9B?ILNLN?ILBD���=@OQ=

ZbJNR V �(=\J�OQ;G- RSJ 4 7MOQ7MH1]XLQ=@ON?BA:AM7MON?BL�9BRSH6OQJP7 4 UGOQ?_ONR LNU"9<; K"7M`S?IJNLP? c>?BAMK1Lj=@Lj]S?BR\A:RS] 5 �hR�9B?B=\H1RS]@-

JQ=@F1; 5 � V ?ION?BRSJPRSA:R\] 5 �(9BAM7 V =@OQR\A:RS] 5 � =\JP9<;1?BR\A:RS] 5 �+=@]SJN7M9BU1AWOQU1JP? �*=\H1K U1J 4 =\H F"Aa=\H1H"7:H1]1D �%? -
LN?B=\JN9<;"?BJNL LP?B? � H1R\OTR\H1A 5 OQR U"H1K1?BJPLPOQ=\H1K H>=@ONU1JQ=\A%]S?IRSF1; 5 LN7:9B=\A�F1JPRG9I?BLPLN?BL � 4 UGO =\A:LPR ?BH�-
K1?B= `\RSJ)OQR =\LPLN?BLPL V =\H � L)7 V F>=\9gO)RSHTOQ;"?�?IH6`G7MJNRSH V ?IH3OBD*$+JN7WOQ7:9B=\A 7MLNLPU1?BL�9BR\H"ZbJNRSH6ON7:H1] �(=\JPON;

LN9I7:?IH3ON7:L�OQL�7:H"9BA:U"K1?jOQ;1?YF"JN?BK"7:9ION7:RSH R@Z�H1=@OQU1JN=\Ah;1= �i=\JPK1L��[LPU19<; =@L�?i=\J�OQ;1e3U>= �@?BLf=\H1K LN?g`S?IJN?

��?i=@ON;1?BJ)?g`S?BH6ONL � �>]\A:R 4 =@A��+=\J V 7:H"]��GR �BRSH1?
K1?BF1AM?ION7:RSH �G=\H1K ONJNRSF"7:9i=@AEZbRSJP?BL�O)JN?IK1U19ION7:RSH D��);1?
LN9I7:?IH19B?fR\Z JP? V R\OQ?�LN?IH1LN7MH1] 7MH6`SRSAW`S?BL�OQ;"?fK1?gOQ?IJ V 7:H>=@ON7:RSHTR@Z ]S?IRSF1; 5 LN7:9B=\A�F>=\JQ= V ?gOQ?BJPL)ZbJNR V

?BAM?B9gOQJNR V =\]\H1?ION7:9
JN=\K17:=@OQ7MRSH OQ;1=@O)7:L)?I7MON;1?BJ&JP? � ?I9ION?BK8ZbJPR V RSJ)? V 7MOPOQ?BK 435 OQ;1?��(=\J�OQ; � L�LNU1J,-

Z[=\9I?\D �G?BH"LN7:H"] L 5 L�OQ? V LX;>=i`S? 4 ?I?BH K1?I`\?BAMRSF#?IK ��;17M9<; R\F#?IJQ=@ON? ZbJNR V ON;1? JQ=\K"7:R OQR OQ;"?

U1AWOQJQ=i`�7:R\A:?IO+JN?I]S7:RSH R\Z�OQ;"?�?IA:?I9IOQJPR V =\]SH1?gOQ7:9
LNFE?B9IONJNU V D

�
H 7 V F#RSJ�O<=\H6O�9IAa=\LPL R\Z)JP? V R\OQ? LN?IH1LN7MH1] K1?g`�7:9B?ILj? V F1AMR 5 L�JQ=\K1=\J�� m�; � �B; � DX�/H
JQ=@K>=\JjJP? V R\OQ? LP?BH1LP7:H1] �*ON;1? �(=\JPON; 7:Lj7MA:A:U V 7MH>=@OQ?IK ��7WOQ; = V 7:9BJPR��&=i`S? ZbJP?Be3U1?IH19 5 LP7:]SH1=\A �
=\H1K OQ;"?_JP?BLNU"AMOQ7MH1] JN? � ?B9gOQ7:R\H ZbJNR V OQ;1? LNU"JPZ[=\9I?_7ML�K"?IOQ?I9ION?BK.D �);"?_9<;>=@JQ=\9gOQ?BJP7:L�OQ7:9ILfR@Z+OQ;"?

JN? � ?B9gOQ?IK LN7M]SH>=\A&=\JN? = ZbU1H19gOQ7MRSH R\Z�OQ;1? LNU"JPZ[=\9I?X?IA:?I9IOQJPR V =\]SH1?gOQ7:9 LN9i= ONOQ?IJN7MH1] F1JNRSFE?BJ�OQ7M?BL �
��;17M9<;�=\JP? �>7MH ONU1JNH �>JN?BA:=@OQ?IKTOQR `\=@JN7:R\U1L)]S?BR\F1; 5 LP7:9B=\A F>=\JN= V ?gOQ?IJNL�R\Zd7:H6OQ?IJN?BL�OiD*�/H�=@K1K17MON7:RSH
OQR OQ;1? U1H17:e3U1?fF1;1?IH1R V ?BH1RSAMRS]S7M?BL)OQ;>= O�= JN=\K>=\J%9i=\H�R 4 LN?IJP`\? �.R\ON;1?BJ
=\K"`@=\H6O<=@]S?BL�R\Z*=\9ION7M`\?

V 7:9BJPR��&=i`S?XJN? V R@OQ? LN?IH1LN7MH1] 7:H"9BA:U"K1?TOQ;1?8= 4 7MA:7MO 5 OQR V = �\? V ?B=\LNU"JN? V ?BH6ONL =@O H17M]S;6O =@H1K
OQ;"JNRSU1]\;89IA:RSU1K 9IR `\?BJID

m



6�� @ N5�O-� P 8�C4��!���B 8�C4 � �C-I"P3�4��������! �"

�
HT7 V FERSJ�O<=\H6O*9BA:=\LNL�R\Z JQ=\K1=\J+7MH1LPONJNU V ?BH6O �"=\H1K ON;1?
ZbR�9BU1L+R\Z OQ;17ML+K17MLNLP?BJPOQ=@OQ7MRSH �
7:LjON;1? ���	����� �����
	 ��� ��� D � LP9i=@OPOQ?BJPR V ?IOQ?IJ 7:L = LN?IH1LNRSJ LNFE?B9I7Mc>9B=\A:A 5 K"?BLN7M]SH1?IK OQR F1JP?B9I7:LN?IA 5

V ?i=\LPU1JN?
ON;1?�H1R\J V =\A:7 �B?BK 4 =\9 �3LN9B=@ONON?BJ�9BJPRSLNL,-/LP?B9ION7:RSH � �	� �*R\Z OQ;1?��(=\J�OQ; � L&LPU1JPZ[=\9I? � m8; � �O; � D
�/H ON;17:L�LN?I9IOQ7MRSH �\=\H R `S?IJP`�7:? � R\Z>LN9B=@ONON?BJPR V ?gOQ?IJ =\F1F"A:7:9B=@OQ7MRSH1L 7MLdF1JP?BLP?BH6OQ?IK.D��/HjRSJPK1?BJ OQR V R@-
OQ7W`@=@OQ?�OQ;"?+F1JPR 4 A:? V L�=\K"K1JN?ILNLN?IKjOQ;1JPRSU1]S;"RSU"O�OQ;17ML�K"7:LNLP?BJ�O<=@ON7:RSH ���\? 5 9<;1=\A:AM?BH1]S?ILd9IRSH"ZbJPRSH6OQ7:H"]
ZbU"ONU1JN?�LN9B=@ONON?BJPR V ?gOQ?IJ%K"?BLN7M]SH1?IJNL%=\JN?�=\AMLNRYK17MLN9IU1LNLP?BK.D

6�� @ ��6 EM3�4�4����! N5�O-� P P��4��!���B 8�C4 
 � ���&$��O-� �$:�!��"

�);1? V =\7MH�F1U1JPF#R\LN?jR\Z(LP9i=@OPOQ?IJNR V ?ION?BJNL
;>=\L 4 ?B?IH OQRTK1?gOQ?BJ V 7MH1? R�9B?B=\H LPU1JPZ[=\9I?

��7:H"K LNFE?B?IK =\H1K K17MJN?I9IOQ7MRSH.D��);1? ��7:H1K ��� � �	��9i=\H 4 ? K"?IOQ?IJ V 7:H1?IK 465 = V 7M9BJPR��+=i`S?fJQ=\K>=@J

4 ?B9i=@U1LN?f;17:]S;"?BJ ��7:H1K"L�F1JPRGK"U19B?IL�=_A:=\JN]\?BJ � � RSH8ON;1?�RG9I?i=\H8LNU1J�Z[=\9B?@D&�);1? ��7MH1K � �� ����� �����
9i=@Hj=\AMLNR 4 ?*7:HGZb?BJNJP?BK 4 ?I9i=\U"LN? �	��`@=\JP7:?ILd=@Ld=�ZbU1H19gOQ7:R\H�R@Z17:AMA:U V 7:H1=@OQ7MRSH
= �B7 V U"OQ;f=\H1]SAM? ��7 D ?@D �
R 4 LP?BJ�`S?BK 4 =@9 ��LP9i=@OPOQ?IJ�7:L�Aa=\JP]S?BJ ��;1?BHjON;1?&JN=\K>=\J�7:LdA:R�R �37:H1]��PU1FG- ��7:H1K � RSJ �PK1R���HG-���7MH1K � =@L
RSF1FERSLP?BK ONR �P9IJNRSLPL�-���7MH1K.D � $+RSH1LN?Ie3U1?BH6OQA 5 � 4 =\9 �3LN9i= ONOQ?IJ&K>=@OQ=�ZbJPR V =fJN=\K>=\J ��;17:9<; `�7:? ��L+=
]S7W`S?BHXFERS7:H6O�RSH OQ;1?�R�9B?B=\HXZbJPR V V U1AMON7:F1AM?�= �B7 V U"ON;XK"7:JN?I9ION7:RSH1L)9B=\H 4 ?�U1LP?BK8ONR K1?ION?BJ V 7:H"?

OQ;"?%LPU1JPZ[=@9B?���7:H1K `S?I9IOQR\JBD*�G9B=@ONON?BJNR V ?gOQ?BJ ��7MH1K K>=@O<=�;>=\L(9IRSH6OQJN7 4 U"ON?BK LN7:]\H17Mc>9B=\H6OQA 5 OQR�OQ;"?
LN9I7:?IH3ON7Mc>9�L�OQU1K 5 R\Zd=\7:J �@LN?B= 7MH6OQ?BJN=\9ION7:RSH �"LPONRSJ V L �1=\H1K ]SA:R 4 =\A 9IA:7 V =@ON?
F1;"?BH1R V ?BH1= LPU19<; =@L
��AE��7:H"R�� ? �C=3k ��;O< � D*��9i=@OPOQ?BJPR V ?IOQ?IJ ��7MH1K1L�=\JN?%=\AMLNR 4 ?I7:H1]�U1LP?BK RSFE?BJN=@OQ7MRSH>=\AMA 5 OQR�7 V F1JNR `\?
OQ;"?�c1K1?BAM7MO 5 R@ZhH3U V ?BJP7:9i=@A �+?B=@OQ;"?BJ�ZbRSJN?I9i=\L�OQL � k �	� � D

�/H =\K1K17WOQ7:R\H OQR R�9B?i=@H ��7MH1K1L �+LN9B=@ONON?BJPR V ?gOQ?IJ 4 =\9 �3LN9B=@ONON?BJ K>=@O<= 7ML 4 ?I7:H1] =\FG-
F1AM7:?BK OQR =@H ? �GF>=\H"K17:H1] AM7:L�O R\Z�A:=\H1K =\H1K 7M9B? =@F1F1A:7M9i=@ON7:RSH"LBDX�
AMON;1RSU1]\; OQ;1?_LNF>= OQ7a=@A�JP?BLNR -

A:UGOQ7:R\H�=\9<;"7:?I`\?BK 7:L V U19<; AMR��+?IJ�OQ;1=\H�OQ;1=@O�R\Z(L 5 H3ON;1?ION7:9 -,=\FE?BJ�OQU1JP?jJQ=\K1=\J � �G��� �%L 5 LPOQ? V L �
LN9B=@ONON?BJPR V ?gOQ?IJNL�;>=i`S? F1JPR `\?BH =\K"`@=\H6O<=\]\?BRSU1L�7MH OQ;1?ILN? JN?ILN?i=@JN9<; =@JN?i=@L 4 ?I9i=\U1LP? R\Z �,m���OQ;"?

ZbJN?Ie3U1?BH6OY�(=\J�OQ; 9BR `S?IJQ=\]S? =\LNLPRG9I7a=@ON?BK ��7MOQ; OQ;1? ��7:K"?_LP9i=@OPOQ?BJPR V ?IOQ?IJ L �&=@ON; � =@H1K � k	��? �3-

9B?IA:AM?BH6O)JQ=@K17:R V ?IONJN7M9�9B=\A:7 4 JQ=@ON7:RSH LPOQ= 4 7MA:7MO 5 ��;17M9<;T?BH>= 4 A:?IL&OQ;1?�K1?gOQ?I9IOQ7MRSHTR\Z�LNU 4 OQAM?�9BAM7 V =@OQ?
9<;>=\H"]S?fLP7:]SH1=@OQU1JP?BL � ?"m � m lGm � D+� �"= V F1A:?IL%R@ZhH1? � LN9B=@ONON?BJPR V ?gOQ?IJ�=@F1F1A:7M9i=@ON7:RSH"L&7:H19IA:U1K"?�F#R@-
Aa=@J 7:9I? V =@F1F17:H"]�=\H1K 9BA:=\LNLP7Mc>9B=@OQ7MRSH � k9? �C;9; � ��LPH1R�� 9IR `S?BJN=\]S?%=\H1K K1?IF"OQ;_=\H>=@A 5 LN7ML � �O; �"m l\l � �
LNR\7:A ZbJN?I? �B? � ZbJN?I? �I? ON;>= � OQJN=\9 �37:H1] �><�� � ��� � � `S?B]\?IO<= OQ7:R\H 9BA:=\LNLP7Mc>9B=@OQ7MRSH =\H"K 9<;>=\H1]\?jLPONU1K17:?IL

k



�h7M]SU1JN? mSDMm � � 	����� � ����LN9B=@ONON?BJPR V ?gOQ?IJ ��7:H1KTc>?IA:KTR `S?IJNAa=@7:K RSH 9BAMRSU1KT7 V =\]S?�R\Zd;�U"JNJN7M9i=\H"?
�hAMR 5 K �>�G?BF"ON? Vj4 ?BJ�m � ���"D

� kSk ��;\l � � � RGR�K17MH1] � ��� � �d=\H1K LNRS7MA V RS7:L�OQU1JP? JP?IONJN7:?g`@=\A � �O< � D �/H1K1?I?BK �dOQ;1? LN9B=@ONON?BJNR V ?gOQ?BJ�7ML
4 ?B9BR V 7MH1] = ONJNU1?�]\?BH1?IJQ=\A F1U"JNFERSLN?�]SA:R 4 =\A 9IA:7 V =@ON?�LN?IH1LN7MH1] K1?I`�7:9I?\D

6�� @ � @ � ��"P$:�!� EGQ�-I���:�����*��" ) �!4 1�3� �3�4���N5�O-� P 8�C4��!���B 8�C4U"

�
L OQ;"?XLP9B7M?BH6OQ7Wc>9�=@F1F1A:7M9i=@ON7:RSH R@Z
LP9i=@OPOQ?BJPR V ?IOQ?IJ_K1=@O<= ? �GF>=\H"K1L �&LPR K1R�?BL OQ;"?
H1?I?BK ZbRSJ 4 ?IOPOQ?BJfLN9B=@ONON?BJNR V ?gOQ?BJ�7:H"LPOQJPU V ?BH6O K"?BLN7M]SH1LIDT� �@? 5 =\JN?B=8R\Z+F1JN?ILN?BH6OY7MH6OQ?BJP?BL�O 7ML

LNF1=@OQ7:=\A JN?BLPRSA:UGOQ7:R\H 7 V F1JPR `\? V ?BH6OiD*$+U"JNJN?IH6O)LN9B=@ONON?BJNR V ?gOQ?BJ�L 5 LPON? V L);>=i`S?�7MH1;1?IJN?BH6O)LPF>=@ON7a=\A

JN?ILNRSAMU"OQ7MRSH RSH ON;1?YRSJPK1?BJ�R@Z�kO; � V � ��;"7:9<; 7:L%OQR�RT9BR6=\JPLN? ZbR\J V =@H 5 ]S?IRSF1; 5 LN7:9B=\A�=\F"F1A:7M9i= -
OQ7MRSH1LID��
HTRSJPK1?BJ)R\Z V =\]SH"7MOQU"K1?
7 V F1JPR `S? V ?BH6O�7MH JN?ILNRSAMU"OQ7MRSH 7:L+JN?Be3U17MJN?IK ONRYR 4 LP?BJP`\? V =\H 5

F1;1?IH1R V ?BH1R\A:RS]S7M9i=\AMA 5 LP7:]SH17Wc>9i=@H3O V ?ILNRSLP9i=\AM? ��7:H1KjZb?B=@OQU1JP?BL*=\LPLNR�9B7a= OQ?BK ��7WOQ;YLPONRSJ V L(=\H1K 7MH
9BRS=\LPOQ=\A �+=@OQ?IJNL � k\l �S<\l � D��>RSJ�Aa=\H1K�=\H1K 7M9B?j=@F1F1A:7M9i=@ON7:RSH"L � LNF>= OQ7a=@AdJP?BLNR\A:U"ON7:RSH89BR V F>=\JN= 4 A:?

�



�h7M]SU1JN?fmSD k � '&=\9 �3LN9B=@ONON?BJ�7 V =\]S?�R\Z OQ;1?�� V = �BRSHTJP?B]S7MRSH R\Zh�GRSUGOQ; � V ?BJP7:9i= ZbJPR V ���1$+���
K>=@OQ="D

OQR 9BU1JPJN?BH6O)`�7:LP7 4 AM?��@�,� =\H"KX�G��� 7 V =\]S7:H"]fLP?BH1LPRSJNL �_RSH_OQ;1?�R\JNK1?IJ&R\Z(m � V �_7ML+K1?ILN7MJN?BK ONR

=\K1K"JN?BLPL&LNU"9<;X7MLNLPU1?BL)=@L � R�RGK"7:H1]��3?I9BRSL 5 L�OQ? V 4 RSU1H1K>=@JN7:?IL �GLNH1R�� 9BR `S?IJ �>=@H1K LN?B=j7:9I?�? �GON?BH6O
�>; �*<�� � �\l � D

�/H =@K1K17MON7:RSH ONR�LPF>=@OQ7:=\A JP?BLNR\A:U"ON7:RSH � ON;1?BJP?_7MLf=XK1?BLP7:JP? ONR�7 V F1JPR `S?YOQ;1? e3U>=\AM7MO 5
R\Z
]S?BRSF"; 5 LP7:9i=@A%F1=\JQ= V ?ION?BJPL K"?BJN7W`S?IK ZbJNR V OQ;"?8LP9i=@OPOQ?BJPR V ?IOQ?IJ V ?B=\LNU1JP? V ?BH6OQLID '+?I9i=\U"LN?

OQ;"? =\9B9IU1JQ=\9 5 R\Z�= ]\7M`S?IH ]S?BRSF"; 5 LP7:9i=@A F>=\JN= V ?gOQ?IJ �[LPU19<; =\L ��7:H"K �.LNR\7:A V RS7MLPOQU"JN? �#?ION9\D � 7ML
K17MJN?B9gOQA 5 JN?IAa=@ON?BKjONR�ON;1?%=\9B9IU1JQ=@9 5 ��7WOQ; ��;17:9<; OQ;"?%LPU1JPZ[=@9B? 4 =\9 �3LN9B=@ONON?BJ*7:L V ?i=\LPU1JN?IK �3= �\? 5
LN9B=@ONON?BJPR V ?gOQ?IJ+K1?ILN7:]\H 9<;>=\AMA:?IH1]S?%7:L(OQ;1?�JN?BK"U19ION7:RSH_R\Z 4 =\9 �3LP9i=@OPOQ?BJ V ?i=@LNU1JP? V ?BH6O�`@=\JP7a=\H"9B?\D

�);1? = 4 7:AM7MO 5 ONR K1?gOQ?B9gOTK17 � ?IJN?BH6O LN9i= ONOQ?IJN7MH1] F1;"?BH1R V ?BH1= 9i=\H =\A:LPR 4 ?�U1LP?BK OQR 7 V F1JNR `\?

OQ;"? e�U1=\A:7WO 5 R\Z�OQ;"? U"AMOQ7 V = OQ?�]\?BRSF1; 5 LN7M9i=\A
F1JNR�K1U19gOiD C ;1?IJN?i=@LX9IU1JNJP?BH6OXLN9B=@ONON?BJNR V ?gOQ?BJPL

V ?i=\LPU1JN?YRSH"A 5 OQ;1?Y9IR@-/FERSAa=@JN7��I?BK 4 =\9 �3LN9B=@ONON?BJ�ZbJNR V OQ;1?YLPU1JPZ[=@9B? � 7WO�;>=@L 4 ?I?BH LN;1R���H OQ;>= O

=



FERSAa=\JP7 V ?IONJN7:9 V ?i=@LNU1JP? V ?BH6OQL R@Z 4 R\ON; OQ;"?&9BR@- =\H1KY9IJNRSLPL�-/FERSA:=\JN7 �B?BKfJN?gOQU1JPH1L LN7 V U1AWO<=\H1?IRSU1LPA 5

9i=@H K"JQ= V =@OQ7M9i=\AMA 5 7 V F"JNR `S? R�9B?B=\H LNU1J�Z[=\9B? ��7MH1K JN?gOQJP7:?I`@=\AML � �	� �&mil9= � D ��=@OQU"JQ=\AMA 5 � =\A:RSH"]
��7MON; OQ;1?ILN?�?BH";>=\H19I? V ?BH6OQL)OQRYLP9i=@OPOQ?IJNR V ?ION?BJ)FE?BJPZbR\J V =\H19B? �GZbU"ONU1JN?�K"?BLN7M]SH 9BRSH"9B?BFGOQL V U1L�O

4 ? 4 R\ON; ON?B9<;1H"RSA:RS]\7:9i=@A:A 5 Zb?B=\LN7 4 A:?�=\H"K89IR V F1=@OQ7 4 A:? ��7MOQ; JP?i=\AM7��i= 4 A:?�LPF>=\9I?B9BJN=@Z OiD

6�� T N5�O-� P 8�C4��!���B 8�C4�����"P$:��� 
 � ��4��!-/�UQ���"

��R K>= OQ? ��O �+R ZbU1H1K>= V ?BH6OQ=\A:A 5 K17 � ?IJN?BH6O LPONJQ=@ON?B]S7M?BLYZbRSJ LN9B=@ONON?BJPR V ?gOQ?IJ_K1?ILN7M]SH
;>=i`S? ? V ?BJP]S?BK � ON;1? ��Z[=\HG- 4 ?B= V�� =\F1F1JPR6=\9<; ��? V F1A:R 5 ?BK 435 ?B=\JNAM7:?IJ�7:H1L�OQJPU V ?IH6OQL �d=\H1K OQ;"?
�PFE?BH19I7:A - 4 ?i= V	� =\F1F"JNR6=\9<; �h= JN?IAa=@ON7M`S?IA 5 H1? � ON?B9<;1H"7:e3U1? ��;"7:9<; LN;1R���L F"JNR V 7:LP?jZbRSJ V =\H 5
ZbU"ONU1JN?�=\F1F"A:7:9B=@OQ7MRSH1LIDh�);1?�Zb?i=@ONU1JN?IL�R\ZdON;1?BLP? =@F1F1JNRS=\9<;1?BL�=\JP?�K"?BLN9IJN7 4 ?IK87MH ONU1JNH D

6�� T ��6 1�-/��J KM�C-I� N5�O-� P 8�C4��!���B 8�C4H"

�);1? c>JPLPO JQ=@K>=\JT7:H"LPOQJPU V ?BH6OTOQR ON;1RSJNR\U1]S;1A 5 K1? V R\H1LPONJQ=@ON? OQ;1? Zb?i=@LN7 4 7:A:7WO 5 R\Z

��7:H"K V ?i=\LPU1JN? V ?IH6O*ZbJPR V LPF>=\9B?��+=\L�OQ;1?
�G?i=@LQ=@O�-/� �G9i= ONOQ?IJNR V ?ION?BJ�� 5 LPON? V � �G���1� � ��;"7:9<;
�+=\L � R���H = 4 R6=\JNK OQ;"? �G?B=\LQ= O V 7:LPLN7MRSH 7:H m �B<9? � kU= � D_�);1? �G���"� 7:H"LPOQJPU V ?BH6O�? V F1A:R 5 ?IK
= ��Z[=\HG- 4 ?B= V	� =\H6OQ?IH1H>=X=\F1F1JPR6=\9<;.DjC 7WOQ; OQ;1?jZ[=@HG- 4 ?i= V K1?BLP7:]SH � LN?I`\?BJN=\A�c �G?BK =@H3ON?BH1H1=\L
=\JP? U1LP?BK OQR89i=\L�OYA:R\H1]���H>=\JNJPR�� 7:A:AMU V 7:H>=@ON7:RSH�F>=@ONON?BJPH1Lj=@OfOQ;1? V U1AWOQ7:F"A:? = �I7 V U"ON; =\H"]SA:?IL
JN?Ie3U17:JP?BK�ZbRSJ���7:H"K JN?gOQJN7M?I`@=\A � LN?B?j�h7:]1D m\D � �[=� � D%�);1? H>=@JNJNR�� ��7MK"OQ; R@Z OQ;1? =\H6OQ?IH1H>= 4 ?i= V
F>=@OPOQ?IJNH F"JNR `�7:K1?ILfJP?BLNR\A:U"ON7:RSH 7:H RSH1? K17 V ?IH1LN7MRSH ��=\H1K ��RSF1F"A:?BJ�RSJ�JN=\H1]S?Yc>AWOQ?BJP7:H1] 7ML�? V -
F1AMR 5 ?BK ONR F1JPR `G7MK1?XJN?BLPRSA:UGOQ7:R\H 7MH OQ;"?�A:R\H1] K"7 V ?BH1LP7:RSH R\Z
ON;1?8ZbR�R\ONF1JN7MH3OBD �
L_LN;1R���H�7MH
�h7M]1D mSD � � =	� ��?i=\9<; F#RS7MH6OfR\H OQ;"?_]SJPRSU1H1K 7:L�`�7:? �+?IK ZbJNR V K17 �#?BJP?BH6Oj= �B7 V U"OQ; =\H1]\A:?BL��b9BRSJ,-
JN?ILNFERSH1K17MH1]_ONR_ON;1?fK"7 �#?BJN?IH6O�=\H6OQ?IH1H>=\L�RSH�?I7MON;1?BJ%LN7MK1?fR@Z OQ;1?�LNF1=\9B?I9BJQ= Z O ��=@L%ON;1? LN=@OQ?IA:A:7WOQ?

� 7M?BL 465 D

�);1? �G���1� V 7MLNLN7MRSH K1? V RSH1L�OQJQ= OQ?BK OQ;1?X`@=\A:7MK17MO 5 R\Z�OQ;"?8LP9i=@OPOQ?BJPR V ?IOQ?IJ ��7MH1K
OQ?I9<;1H17Me�U"?Y=\H1K�ON;1?jU"ON7:AM7MO 5 R\ZhOQ;1?fJN?BLPU1AMON7:H1] ��7:H1K�K>=@O<=GD
��U1?�OQR ON;17:L%LNU"9B9B?ILNL ��R@OQ;1?IJ�Z[=\HG-

4 ?i= V L 5 LPON? V L ;1= `\? 4 ?I?BH K1?I`\?BAMRSF#?IK =@H1K � R���H K"U1JN7MH1] OQ;1?TA:=\LPOjK1?B9B=\K1?\D �);1?BLP?8;1= `\?
7:H"9BA:U"K1?BK ON;1? $*-/'&=\H1K LP9i=@OPOQ?IJNR V ?ION?BJY= 4 R6=\JPK ON;1?T��U1JNR\F#?B=\H �%? V R@OQ?T��?BH1LP7:H1] �G=@OQ?IA:A:7WOQ?

LN?IJN7M?BL�� �(���3-<m =\H1K -,k	�
=\H1K OQ;"? ��U�-,'&=\H"K �%���G� �G9B=@ONON?BJPR V ?gOQ?IJ � ���"$+��� � ��;"7:9<; � ? �
= 4 R6=\JPK ON;1? 
S=\F>=\H"?BLN?��
KG`\=@H19B?IK��(=\J�OQ;�	 4 LN?BJ�`@=@OQ7MRSH8�"=@OQ?IA:AM7MOQ? �[�����*	��3- � � � � � �9= � D

;



(a)

(b)

Fan-Beam Antenna
Footprint

Resolution Cell Formed by
Range or Doppler Filtering

Fixed Fan-Beam
Antennas

Single Rotating
Pencil-Beam Antenna

�h7M]SU1JN?�mSD � � $+RSH19I?BF"ONU>=\AGK17a=\]\JQ= V R@Z1LN9B=@ONON?BJPR V ?gOQ?IJhL 5 L�OQ? V RSF"ON7:RSH"L � =���8U1AMON7:F1AM?(=\H6OQ?IH1H>=
��Z[=\H�- 4 ?i= V	� ��7MH1K LN9B=@ONON?BJPR V ?gOQ?IJ � 4 ��$+RSH17M9i=\AMA 5 LN9B=\H1H17MH1] �PFE?BH19I7:A - 4 ?i= V	� LN9i= ONOQ?IJNR V ?ION?BJID

�



�
AWOQ;1R\U1]S; ? ��OQJP? V ?BA 5 LNU19I9B?ILNLPZbU"A �dZ[=@HG- 4 ?i= V L 5 LPON? V LfLPU �#?BJ�ZbJNR V LN?I`\?BJN=\A�K"7:L�-
=\K"`@=\H6OQ=\]S?BL&ON;>=@O V = �\?�ON;1? V K17 � 9IU1AMO&ONR 7 V F1A:? V ?IH3O&=\H1K A:7 V 7WO(OQ;1?�e3U>=\AM7MO 5 R\ZdK>=@O<= ON;1? 5

9BR\A:A:?I9IO �>?"m � D��);1?jc>JPLPO�K17MLQ=\K"`@=\H6OQ=\]S?j7ML�OQ;"?YJN?Be3U17MJN? V ?IH3O�ZbR\J V U1AWOQ7:F"A:?�=\H6OQ?IH1H>=\LID �);1?ILN?
Aa=@JN]S? �bO 5 F17:9B=\A:A 5 A:RSH1]\?BJ ON;>=\H OQ;"JN?B? V ?ION?BJNL � =\H6OQ?IH1H>=\L ]S?IH1?BJN=\A:A 5 JN?Be3U17MJN? 9IR V F"A:? � K1? -

F1AMR 5�V ?BH6O V ?I9<;>=\H17ML V L �+=\H1K ��7MK1? ��U1H1R 4 LPOQJPU19ION?BK c>?IA:K1L,-/R\Za- `�7:? ��D $+RSH1LP?Be3U1?IH3ONA 5 ��ON;1?BLP?
L 5 L�OQ? V LT=\JP?8K"7 � 9BU1AWO =@H1K ? �"FE?BH"LN7M`\? OQR =\9B9IR V_V R�K>=@OQ?X= 4 R6=\JPK LPF>=\9I?B9BJN=@Z OiD � LP?B9IRSH1K

K17MLQ=\K"`@=\H6OQ=\]S?�7:L)OQ;>= O�ON;1? 4 =@9 ��LP9i=@OPOQ?IJ V ?B=\LNU"JN? V ?BH6ONL
R 4 OQ=\7:H"?BK ��7MOQ;XZ[=\HG- 4 ?B= V L 5 L�OQ? V L
9BR `\?BJ�= ��7:K1?�JQ=@H1]S?�R\Z LPU1JPZ[=\9I? 7MH19B7MK1?BH19I? =@H1]SA:?ILBD)'�?B9i=@U1LN?fLN9i= ONOQ?IJN7MH1] F1;"?BH1R V ?BH"RSA:RS] 5 �
=\H1K8U1AMON7 V =@OQ?IA 5 OQ;"?f]S?IRSF1; 5 LN7M9i=\A 7:H6ON?BJNF"JN?IOQ=@OQ7MRSHXR\ZhON;1? 4 =\9 �3LN9B=@ONON?BJ�K>= O<= �T9<;>=@H1]S?BL
=\L%=

ZbU1H19gOQ7MRSH R\Z&7MH19B7MK1?BH19I? =\H1]SAM? �.OQ;"? JP?IONJN7:?g`@=\A�R\Z�?BH6`�7:JNR\H V ?IH6O<=\A�F>=@JQ= V ?ION?BJNL�7ML�OQ;3U1L V =\K"?

V RSJN?fK17 � 9BU"AMO � kGm ���O? � D��>RSJ���7:H"K =\F1F1AM7:9i= OQ7:R\H1L)OQ;1?IJN?j7ML
?I`\?BH = AMR���7MH19B7MK1?BH"9B?Y=\H"]SA:?�JN? -
]S7MRSH H"?i=\J�H>=\K17MJ ��;1?BJP? ��7:H1K `S?I9IONRSJNLj9B=\H H"R\O 4 ? ? �#?B9ION7M`\?BA 5 4 ?_JP?IONJN7:?g`S?IK =@O =\A:A D �);17ML
�PH>=@K17:J,-/]6=\F � A:7 V 7WOQL&�(=\J�OQ; 9BR `\?BJQ=@]S? =@H1K89B=\U1LP?BL%K17:LP9BRSH6OQ7MH3U17MON7:?BL+7:HTOQ;1? V ?i=\LPU1JN? V ?IH6OQL�R\Z

Aa=@JN]S?�LP9i=\AM?�Zb?i=@ONU1JN?IL � kGm � D

6�� T � @ � �����B$�� J KM�C-I� N5�O-� P 8�C4��!���B 8�C4U"

�
H =@AMOQ?IJNH>= OQ?
LP9i=@OPOQ?IJNR V ?ION?BJ)K1?ILN7:]\H � ��;17M9<;X=\A:AM?I`�7a=@ON?BL V =@H 5 R\Z ON;1?�K17:LN=\K"`@=\HG-
O<=@]S?BL�?BH"9BRSU1H6ON?BJN?IK ��7MON; OQ;1?YZ[=\HG- 4 ?B= V ON?B9<;1H"7:e3U1? �d7:L�ON;1? �PF#?IH19B7MAW- 4 ?B= V�� =\F1F1JPR6=\9<;.D �/H
9BR\H3ONJQ=\L�O ONR8Z[=\HG- 4 ?B= V L 5 L�OQ? V L ��FE?BH"9B7:A - 4 ?i= V L 5 LPON? V Lj? V F1A:R 5 =XLN7:H"]SA:? =\H6OQ?IH1H>= ��;"7:9<;
7:L)9IRSH17M9i=\AMA 5 LP9i=\H"H1?BK�= 4 R\U"O�OQ;1?�H>=\K"7:J�= �G7:L)ONR F"JNR `�7:K1? V U1AWOQ7:F"A:?�= �B7 V U"OQ; V ?i=\LPU1JN? V ?IH3ONL

� LN?B? �h7:] mSD � � 4 � � � m�; �dkGm � ?"m � D�!d?IH19B7MAW- 4 ?i= V L 5 LPON? V LjK1?BLP7:]SH"?BK OQR V ?B=\LNU"JN? R�9B?B=\H ��7MH1K
7:AMA:U V 7:H1=@OQ?
ON;1?�LNU1J�Z[=\9B? ��7WOQ;XO �+R 4 ?i= V L%LNAM7:]S;6OQA 5 R �#LN?gO�7:H�=\H1]SAM? � =\H �P7MH1H1?IJ � 4 ?i= V =@H1K
=\H �PRSU"ON?BJ � 4 ?B= V D&C 7WOQ;XOQ;17ML�9IRSH"c>]SU"JQ=@ON7:RSH �E?i=@9<; F#R\7:H6O
R\H8OQ;"? LNU"JPZ[=\9I? 7:L�`�7:? �+?IK ZbJNR V
U1F OQR ZbR\U1JjK17 � ?IJN?BH6O = �B7 V U"OQ; K17MJN?I9IOQ7MRSH1L � O ��7M9B? 465 ON;1?T7:H"H1?BJ 4 ?i= V A:R�R �37:H"]8ZbRSJ �&=\JPK
OQ;"?BH8=@Z O �>=@H1KXO ��7M9B? 465 OQ;"?fRSUGOQ?BJ 4 ?i= V 7:HTOQ;"?�LN= V ?�Z[=\LN;17MRSH.D

'+?I9i=\U1LP? OQ;1?�F#?IH19B7MAW- 4 ?i= V =\F1F1JPR6=\9<; ? V F1AMR 5 L = LN7MH1]SA:? � V RSJN?89BR V F>=\9gOT=\HG-
OQ?IH1H>= �h7MOf7:L ?B=\LN7M?BJ�OQR =@9B9BR V_V RGK1=@OQ? RSH = `\=@JN7:?gO 5 R\Z�LNF>=@9B?B9IJQ=@Z OBD��);17ML 7MLj=�LP7:]SH17Wc>9i=@H3O
=\K"`@=\H6OQ=\]S?�7:H =\H ?BJN= ��;1?BH_L V =\A:AM?BJ �\A:7:]\;3ON?BJ LPF>=\9I?B9BJN=@Z O�=\JN? V =\H1K>= OQ?BK D �
AMLNR�� 4 ?B9B=\U1LN?�OQ;"?

FE?BH19I7:AW- 4 ?B= V =\F1F1JPR6=\9<; `G7M? ��L)OQ;"?�LPU1JPZ[=@9B?�=@O�RSH1?�R\J&O �+R K17:LP9BJP?IOQ?�7MH19B7MK1?BH19I?�=\H1]SAM?BL �"]S?BR@-
F1; 5 LN7M9i=\AE7:H6OQ?IJNF1JP?IOQ=@OQ7MRSH_R@Z K>=@OQ=f7:L(LP7 V F1A:7Wc>?BK_=\H1K OQ;1?IJN?
7ML(H1RjH>=\K"7:J�- ]6=\F ��;1?IJN? ��7MH1K 9B=\H

<



H1R\O 4 ?�JP?IONJN7:?g`S?IK � kGm � D('+?I9i=\U1LP?�R\Z OQ;1?�OQ;1?ILN?�=\H1KTR\ON;1?BJ&=\K"`@=\H6O<=\]\?BL �1������� ;>=\L)LP?BA:?I9ION?BK
OQ;"?�FE?BH"9B7:A - 4 ?i= V =\JP9<;17MON?B9IONU1JN?�ZbRSJ&ZbU"ONU1JN? ��UG-/'&=\H1K LN9B=@ONON?BJPR V ?gOQ?IJ V 7:LPLN7MRSH1L�� kGm �I?�� � D

C ;1?IJN?i=@L�ON;1?�Z[=\HG- 4 ?B= V =@F1F1JNRS=\9<; ;>=\L 4 ?I?BH � R���HXRSH V U1AMON7:F1AM? V 7:LPLN7MRSH1L&R `S?IJ
O ��R K"?B9i=@K1?BL =\H1K ;>=@L 4 ?I?BH OQ;1R\JNRSU1]\;1A 5 LPONU1K17:?IK ��OQ;1?IJN?T;>=@L 4 ?I?BH LN7M]SH17Mc19i=\H6OQA 5 A:?BLPLYJN? -
LN?B=\JN9<; K17:JP?B9ION?BK ONR��&=\JPK OQ;"?_U1H"7:e3U1? =@LNFE?B9IONL R\Z+OQ;1? F#?IH19B7MAW- 4 ?B= V OQ?I9<;1H17Me�U"?\DX�
AMON;1RSU1]\;
=\H ? �GF#?IJN7 V ?BH6OQ=\A LN?BH"LNRSJ �+=\L � R���H RSH � � 5 Aa= 4 7:H_ON;1?
?B=\JNA 5 m �B<\l � L�=\H1K LP?I`\?BJQ=@A.F1JNR\F#RSLN=\A:L
ZbRSJ � 5 7:H"] = F#?IH19B7MAW- 4 ?i= V 7:H"LPOQJPU V ?BH6O ;1= `\? 4 ?B?IH�=\K"`@=\H"9B?BK R `S?BJ OQ;1? 5 ?B=\JNL �)7MO 7ML R\H1A 5
JN?IAa=@ON7M`\?BA 5 JN?I9B?BH6ONA 5 ON;>=@O*LN?IJN7:R\U1L(F1Aa=\H"L�;>=i`S? 4 ?I?BH V =\K1?&ONR � 5 LNU19<; =�L 5 LPOQ? V � =O? ��;9? � �U= � D
�
L�OQ;"?f=@K"`@=\H6O<=\]S?IL�R@ZdON;17:L�F1JPR V 7MLN7MH1] =\F1F1JPR6=\9<; 4 ?I9BR V ?�=\F1F>=@JN?BH6O�7:HTOQ;"? �(=\J�OQ;XLN9B7M?BH19I?

9BR V_V U"H17MO 5 �*ON;1?BJP?�7:L = LPONJNRSH1] H1?B?IK ZbRSJYZbU1J�OQ;1?IJ_JP?BLN?B=\JN9<; 7:H OQ;1?8=\JN?B= R@Z�FE?BH19I7:AW- 4 ?B= V
LN9B=@ONON?BJPR V ?gOQ?IJ%K"?BLN7M]SH OQ;1?IRSJ 5 D

6�� � � 4H�*.������ ����� ��$  �$��!��� E �!�� 84H$:. 3� �$:�!��"���-I��� � $&"P"'��48 8-� �$��!� � #!��48#�$:�B�

�);17MLhK17MLNLN?IJPOQ=@OQ7MRSHj=\K"K1JN?ILNLN?IL OQ;1?�H1?B?IKjZbRSJd=�K1?gO<=\7MA:?BKfLPONU1K 5 R\Z1OQ;"?+FE?BH19I7:AW- 4 ?B= V

LN9B=@ONON?BJPR V ?gOQ?IJXF"JNR 4 AM? V D �%?BJN? ��= 9BR V F1JP?B;1?IH1LN7W`S? V ?gOQ;1R�K1RSAMRS] 5 7:LTK1?g`S?IA:RSFE?BK ZbRSJ OQ;"?
K1?ILN7:]\H =\H1K F#?IJPZbRSJ V =@H19B? R\F"OQ7 V 7 �i=@ON7:RSH R\Z�=\K"`@=\H19I?BK 9BR\H17:9B=\A:A 5 - LN9B=\H1H17MH1] LN9B=@ONON?BJPR V ?gOQ?IJ

L 5 L�OQ? V LBD �);"7:L JP?BF1JP?BLP?BH6OQLYOQ;"? c>JNL�Oj7MH1LPOQ=\H19B? 7:H ��;"7:9<; OQ;"? F#?IH19B7MAW- 4 ?B= V =\F1F1JPR6=\9<; ;>=@L

4 ?B?BH OQJN?B=@OQ?IK 7:H = 9IR V F"JN?B;"?BH1LP7M`S?8Z[=\LN;17MRSH �)=@H1K ? �"F1=\H1K1L ON;1?�? �G7:LPON7:H1] 4 R�K 5 R\Z�JQ=\K>=@J
JN? V R@OQ?%LN?BH"LN7:H"] OQ;1?IRSJ 5 ONR 9BR `\?BJ�ON;17:L*7:H"9BJN?B=\LN7MH1]SA 5 7 V F#R\JPO<=@H3O*9B=\LN?@D��
L&= �\? 5 9IR V FERSH1?IH6O

R\Z>ON;17:L L�OQU1K 5 �SOQ;"?)U"OQ7MA:7MO 5 R@Z>OQ;17ML V ?gOQ;1R�K1RSAMRS] 5 7MLhK1? V RSH"LPOQJN=@OQ?IK ��7MON; �PJN?B=\A ��RSJNAMK � K1?ILN7M]SH

? �"= V F1AM?BLBD �);1?ILN? 7MH19BAMU1K1? 9BR\H3ONJN7 4 U"OQ7MRSH1L V =@K1? ONR8ON;1?_K"?I`S?IA:RSF V ?IH3O R\Z&ON;1? �
	����� �����

LN9B=@ONON?BJPR V ?gOQ?IJ L 5 L�OQ? V � ��;17M9<; ;>=\L 4 ?I?BH LPU19B9I?BLNL�ZbU1A:A 5 K"? V RSH1LPONJQ=@ON?BK 7MH RSJ 4 7MOBDX� U"JPOQ;"?BJ �
OQ;"?�K1?BLP7:]SH ZbJN= V ? �+R\J	� ?ILPOQ= 4 A:7MLN;1?IK ;1?BJP?�7:L&U1LP?BKX=\L�= 4 =@LN7:L&ONRYF1JNR\F#RSLP?�H1? � FE?BH19I7:AW- 4 ?B= V
OQ?I9<;1H17Me�U"?BL ��;17M9<; LN7M]SH17Mc19i=\H6OQA 5 7 V F1JNR `\?�U1FERSH ON;1?�JP?BLNR\A:U"ON7:RSH =\H1K�=\9I9BU1JN=\9 5 =\9<;17M?I`\?BK
��7MON; F1JN?g`G7MRSU1L�LN9B=@ONON?BJPR V ?gOQ?IJ%L 5 LPOQ? V LID

6�� � ��6 EG�!�� P4U$:.�3� �$:�!��"

��A:7MLPO)R\Z�OQ;"? �@? 5 9IRSH6OQJN7 4 U"ON7:RSH1L&ZbJPR V ON;17:L�L�OQU1K 5 7:L)LNU V_V =\JN7 �B?IK 4 ?BAMR�� �

mSD���H 7:H6OQ?I]SJQ= OQ?BK�LNU V V =@J 5 R\ZYK"?BLN7M]SH 7MLNLNU"?BL =\H"K�OQJN=\K1?BR � L ��;"7:9<; =\JP? U1H"7:e3U1? ONR

9IRSH17:9B=\A:A 5 -/LN9B=\H1H17MH1] FE?BH19I7:AW- 4 ?B= V LP9i=@OPOQ?BJPR V ?IOQ?IJNL_7:L F1JN?ILN?IH3ON?BK.D ��K1K1JN?ILNLP7:H1] ?B=\9<;

?



R\Z ON;1?BLP?�7:LPLNU1?IL&7:H OQU1JPH �1=fK1?BLP7:]SH ZbJN= V ? ��RSJ	� ��;17:9<;_Z[=\9B7MA:7MOQ=@OQ?IL�OQ;1?�K"?I`S?IA:RSF V ?IH3O+R\Z
=\KG`\=@H19B?IK8LP9i=@OPOQ?BJPR V ?IOQ?IJ�7:H1L�OQJNU V ?IH3ONL�7:L)K1?g`S?BAMRSFE?BK.D

kGD���]S?IH1?BJN=\A:7 �B?BKX? �GF1JP?BLPLN7:R\H8ZbRSJ)OQ;"?fLPF>=@OQ7:=\A.JP?BLNFERSH1LP?fZbU1H"9IOQ7MRSH � �"�%� �&R\Z = 9IRSH17:9B=\A:A 5

LP9i=\H1H"7:H1]TJN=\K>=\J�7ML
ZbRSJ V U1Aa= OQ?BK D��);1? �"�%� 7:L
K"? V RSH1LPONJQ=@ON?BK OQR 4 ?Y= `@=\AMU>= 4 AM?fOQR�RSA

7MH =\H1=\A 5 �B7MH1]�OQ;1?%JN?ILNRSAMU"OQ7MRSH =\H1K V ?B=\LNU1JP? V ?BH6O+=\9B9IU1JQ=\9 5 F#?IJPZbRSJ V =\H"9B?�R\Z =�`@=\JN7M?IO 5

R\Z F#?IH19B7MAW- 4 ?i= V LN9i= ONOQ?IJNR V ?ION?BJ�7 V F"A:? V ?BH6OQ=@OQ7MRSH1LBD �[�%?ILNU1AWOQL
=\JN?fJN?BFERSJ�OQ?BK 7MH��������

� �	� � � � ��� ����� � ����� ��� ��� � � � � � � ���	� ��	 �
� � ��� � � ����
 � ?B< � D �

�"D��8?gOQ;1R�K1L�=\JP? ?BL�O<= 4 AM7:LP;1?BK�ZbRSJ.7 V F"JNR `�7:H1]+ON;1? V ?i=\LPU1JN? V ?IH3O�=@9B9BU"JQ=\9 5 R\Z 4 ?B= V ��7:KGOQ;G-
AM7 V 7MOQ?IK�LP9i=@OPOQ?BJPR V ?IOQ?IJNL 465 ? V F1AMR 5 7MH1] OQJN=\H1L V 7MO�F1U1AMLN? V R�K1U1A:=@OQ7MRSH ON?B9<;1H"7:e3U1?BLID

�);1?ILN? V ?gOQ;1R�K1L��+?IJN?j=@K1RSF"ON?BK 465 �%���G� 7:H OQ;1?�RSJP7:]S7MH>=\A K"?BLN7M]SH�R@ZhOQ;"? ���	��
�������
7MH1LPONJNU V ?BH6OiD �[�%?ILNU1AWOQL =@JN?�JP?BFERSJPON?BK 7MH�������� � � � � � � ��� ����� � ���� ��� ��� � � � � � � ���

� ��	 �
� � ��� � � ����
 �>; � �*?"m � D �

=1D���?B9<;1H"7:e3U1?BL =\JP? K1?g`S?IA:RSFE?BK ZbRSJf7 V F1JNR `�7:H"]8OQ;"? LNF1=@OQ7:=\A�JP?BLPRSA:U"ON7:RSH R\Z�FE?BH19I7:AW- 4 ?B= V

LP9i=@OPOQ?BJPR V ?IOQ?IJNL 465 U"OQ7MA:7��I7:H1]fJQ=\H"]S?�K17:LP9BJN7 V 7MH>=@ON7:RSH F"JNR�9B?BLPLN7MH1]1D(�);1?�LNFE?B9B7Wc>9�JQ=\H1]\?

K17MLN9IJN7 V 7:H1=@OQ7MRSHY�"�%� U1LN?IK 7:HYOQ;"?�c1H>=\A K1?BLP7:]SH `S?IJNLP7:RSH_R\Z#ON;1? ���	��
 �������h7:H1L�OQJPU V ?IH6O

7MLXK"?BJN7W`S?IK.D � ��?BLPU1AMONLX=\JN? JN?IF#RSJ�OQ?IK�7:H�������� � �	� � � � ��� ����� � ����� ��� ��� � � � � � � ���

� ��	 �
� � ��� � � ����
 � ?9= � D �

;GD���]S?IH1?BJN=\A>? �GF1JP?BLPLN7:R\H_7ML�K1?I`\?BA:R\F#?IK ZbRSJ ON;1? V ?B=\LNU"JN? V ?BH6O�`@=\JP7a=\H19I?�=\LNLPRG9I7a=@ON?BK ��7MON;
= JP?i=\A -,=\FE?BJ�OQU1JP? FE?BH19I7:AW- 4 ?B= V LN9B=@ONON?BJNR V ?gOQ?BJID �);17ML�? �GF1JP?BLPLN7:R\H �+=\L�U1LP?BK ZbRSJ
RSFGOQ7W-

V 7��I7:H1]jON;1?�F#?IJPZbRSJ V =\H"9B?�R\ZdOQ;1? �
	��� �������fK1?ILN7M]SH � =\H1KX7:H OQ;"? ���	��
�������+]SJNRSU"H1K
K>= O<= F1JPRG9I?BLPLN7:H"] =\A:]\RSJN7WOQ; V LBD � ��?BLPU1AMONLT=\JP?�JN?IF#R\JPOQ?IK�7:H���������� � � � � � ��� ����� � ���

� ��� ��� � � � � � � ����� ��	 �
� � ��� � � ����
 �>?U= � D �

�"D�� 9<;>=\JQ=@9IOQ?IJN7 �i=@ON7:RSH R@Z)OQ;1? ? � ?I9IONLYR\Z�H>=\K17MJ JP?IOQU"JNH 9BR\H3OQ= V 7:H>=@ON7:RSH =\H1K JN=\7:H 9BRSH�-
OQ= V 7MH>=@ON7:RSHYRSH ��U�-,'&=\H"K FE?BH19I7:AW- 4 ?B= V LP9i=@OPOQ?BJPR V ?IOQ?IJ V ?i=\LPU1JN? V ?IH6OQL&7ML�F1JP?BLP?BH6OQ?IK.D

�[�%?ILNU1AWOQL&JP?BFERSJPON?BK =@O���������� � � ��� ����� ����������� ��� ��� � � � � � � ����� ��	 �
� � ��� � � ����
 ���
	��

� � � � � 	 � ?	� � D �

<GD�� L 5 LPOQ? V K1?ILN7:]\H ZbJN= V ? ��RSJ	� �.?IJNJNR\J V R�K1?IA �.=@H1K V ?B=\LNU"JN? V ?BH6O�`@=\JP7a=\H"9B?j?Ie�U1=@OQ7MRSH

=\JP? F1JN?ILN?BH6ON?BK ZbRSJ = F#R\Aa=\JP7 V ?IOQJP7:9 F#?IH19B7MAW- 4 ?B= V LP9i=@OPOQ?BJPR V ?IOQ?IJ_L 5 LPOQ? V D � ��?BLPU1AMONL

�



JP?BFERSJPON?BKj7MH�������� � �	� � � � ��� ����� � ��� � ��� ��� � � � � � � ��� � ��	 �
� � ��� � � ����
+=\H1KY= O �������

� ����� ��� � � � � ��� � ��� � � � � � ?
� � �	� � D �

?"D��);1?�=\F1F"A:7:9B=@OQ7MRSH�R\Z"L 5 H6OQ;1?gOQ7M9g-,=@F#?IJPOQU"JN?(OQ?B9<;"H17:e3U1?ILdOQR�=�F#?IH19B7MAW- 4 ?i= V LN9B=@ONON?BJPR V ?gOQ?IJ

7MH�RSJPK1?BJ�OQR_LN7:]\H17Mc>9B=\H6OQA 5 7 V F1JNR `\?�ON;1? LPF>=@OQ7:=\A JN?ILNRSAMU"OQ7MRSH87ML�?g`@=\A:U>= OQ?BK D���e3U>=@ON7:RSH"L

=\JP?�K1?IJN7W`S?BK ONR Z[=\9I7:A:7WO<=@ON? OQ;1?�K1?BLP7:]SH R@Z�=\K"`@=\H19I?BK ��;17M]S;G-/JP?BLPRSA:U"ON7:RSH FE?BH19I7:AW- 4 ?B= V
LP9i=@OPOQ?BJPR V ?IOQ?IJNL ��;17M9<;X? V F"A:R 5 9IR Vj4 7MH1?BK JN=\H1]S? �\��RSF1F1AM?BJ&F"JNR�9B?BLPLN7MH1]1D � ��?BLPU1AMONL)JN? -
FERSJPON?BK 7:H ������� � � � � � � ��� ����� � ��� � ��� ��� � � � � � � ���	� ��	 �
� � ��� � � ����
�=\H1K8=@O �������

� � � ��� ����� ��������� � ��� ��� � � � � � � ���	� ��	 �
� � ��� � � ����
 ���
	 � � � � � 	YD � ?B; �*?O< � D �

6�� � � @ � $�"P" �C48 8-� 8$��!� � 3� ���$����

$+;>=\FGOQ?BJ*k 4 ?I]S7:H1L 435 JN?g`G7M? ��7MH1]
OQ;"?)9BU1JPJN?BH6O(L�O<=@ON?g-/R@Za- OQ;"?g-,=@JPOd7:HYLN9B=@ONON?BJPR V ?gOQ?IJ

7:H"LPOQJPU V ?BH6O K1?ILN7M]SH.D �%?BJP? �\ON;1?&9<;>=\JN=\9ION?BJP7:LPON7:9ILhR\Z>ON;1?�c �G?IKG-,=\H6ON?BH1H>=�Z[=\H�- 4 ?i= V LN9B=@ONON?BJPR V -
?ION?BJ�=\F1F"JNR6=\9<; =\JP?YLNU V V =@JN7��I?BK.D �
A:LPRT7:H19IA:U1K"?BK 7:L�=TK17MLN9BU"LNLN7MRSH R\Z+;"R�� 4 R@OQ; JN?B=\AW-%=@H1K
L 5 H6OQ;"?IOQ7M9g-/=\F#?IJPONU1JN? ON?B9<;1H17Me3U1?BL ;>=i`S? 4 ?B?IH =\F1F1AM7:?BK OQR F1JP?I`�7:RSU"L c �G?BKG-/=\H6OQ?IH1H>= JQ=\K>=@JNLBD

�);17ML 9<;>=\FGOQ?BJf7:L�7:H6OQ?IH1K1?IK OQR8LN?BJ�`S? =\L 4 =\9 �3]SJPRSU1H1K V =@ON?BJN7:=\A � =@H1K F1JPR `�7MK1?BL V R\ON7M`@=@ON7:RSH
ZbRSJ&ON;1?�H1? � F"JNR 4 AM? V L)=\K1K"JN?BLPLN?IK 7:HTOQ;"?�K"7:LNLP?BJ�O<=@ON7:RSH.D

�/H�$+;>=\F"ON?BJ �_= ]S?BH"?BJQ=@A�K"?BLN7M]SH ZbJQ= V ? ��RSJ	� =\K1K1JP?BLNLP7:H1] OQ;1?�U1H"7:e3U1?�7:LNLPU1?BL%?BH�-
9BR\U1H6OQ?BJP?BK ��7MON; FE?BH19I7:AW- 4 ?B= V LN9B=@ONON?BJNR V ?gOQ?BJPL�7:L�K1?I`\?BAMRSF#?IK.D��h7MJNLPO �#ON;1?jR `S?IJQ=\AMAh=\JP9<;17MON?B9 -
OQU"JN? =\H1K ]\R `\?BJPH17:H1] 9IRSH1LPONJQ=\7MH6OQL�R\Z(OQ;"?YF#?IH19B7MAW- 4 ?i= V =@F1F1JNRS=\9<; =\JN?jK"7:LN9IU1LNLP?BK.D �/H R\JNK1?IJ

OQR ?g`@=\A:U>= OQ?TLNF1=@OQ7:=\A+JP?BLNR\A:U"ON7:RSH FE?BJ�ZbRSJ V =\H19I? �*= ]S?IH1?BJN=\A:7 �B?BK ? �GF1JN?ILNLN7MRSH ZbRSJjOQ;1?TLPF>=@ON7a=\A

JN?ILNFERSH1LP? ZbU"H19ION7:RSH � �"��� �_R\Zf= 9BRSH"7:9i=@A:A 5 - LN9i=@H1H17:H"] JQ=@K>=\J 7ML K1?BJP7M`\?BK.D��
A:LPR F1JN?ILN?IH3ON?BK

=\JP?f]S?IH1?BJN=\A:7 �B?IK�? �GF1JP?BLPLN7:R\H1L
ZbRSJ%9i=\AM9BU1A:=@OQ7MH1]YLN7M]SH>=\A - ONR@-/H1R\7:LN?�JN=@OQ7MR � �"��� � � V ?i=\LPU1JN? V ?IH6O
`@=\JN7:=\H19I? �>=\H"KXJN=\K>=\J&ON7 V 7:H1] LNRSAMU"OQ7MRSH1LBD(�d7:H>=\AMA 5 �3ON;1?�7 V F>=\9gOQL)R\Z�JQ=@7:HX=\H1K LNFE?B9IU1Aa=@J�-/FERS7MH3O
JN? � ?B9gOQ7MRSH1L*RSH_ON;1?�FE?BH"9B7:A - 4 ?i= V2V ?B=\LNU1JP? V ?BH6O+=\JN?%?I`@=\AMU>=@OQ?IK.Dh�);"7:L*9<;>=\F"ON?BJ+F"JNR `�7:K1?IL�OQ;"?

OQ;"?BRSJP?IOQ7M9i=\A � 4 U17MA:K17MH1] 4 AMRG9 �3L � ZbRSJ&ON;1?�=\H>=\A 5 LP7:L)7MH ON;1?�JN?ILPO%R\Z�OQ;1?�K17MLNLN?IJPOQ=@OQ7MRSH.D

$+;>=\FGOQ?BJPL =@- < =@K1K1JN?ILNL%=YJQ=\H"]S?�R\Z�FE?BH19I7:AW- 4 ?B= V OQ?B9<;"H17:e3U1?IL � LPOQ=\JPON7:H1] ��7WOQ;TOQ;"?
LN7 V F"A:?BL�O*=\H1K ?BH1K"7:H1] ��7MON; ON;1? V RSL�O(LNRSF";17:L�OQ7:9B=@OQ?IK.D �/H $+;>=\F"ON?BJ =�ON;1? V R\LPO 4 =\LP7:9)FE?BH19I7:AW-

4 ?i= V LP9i=@OPOQ?IJNR V ?ION?BJ K1?BLP7:]SH � OQ;1? � 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IK � =\F1F1JPR6=\9<; ��;1?BJP?XON;1?8LPF>=@ON7a=\A
JN?ILNRSAMU"OQ7MRSH 7:L�K1?ION?BJ V 7:H"?BK 465 OQ;"? K17 V ?IH1LN7MRSH1L�R\Z&ON;1? =\H6ON?BH1H>= ZbRGR@OQF1JP7:H6O�RSH ON;1? LPU1JPZ[=\9I?

� 7:L ONJN?i= OQ?BK 7MH K"?IO<=@7:A D��);1? U1LN? R\Z�OQJN=\H1L V 7WOTF1U1AMLN? V R�K1U1A:=@OQ7MRSH 7MLTK1? V RSH1L�OQJN=@OQ?IK ONR

m l



LN7M]SH17Wc>9i=\H6ONA 5 7 V F1JNR `S?jON;1? V ?B=\LNU"JN? V ?BH6Of=\9I9BU1JN=\9 5 R@Z 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IK8L 5 LPOQ? V LID_��H
R `S?IJQ=\AMA6K1?BLP9BJN7MF"OQ7MRSH�R\ZGON;1? ���	��
 ������� LN9B=@ONON?BJPR V ?gOQ?IJdL 5 L�OQ? V � OQ;1?�c>JPLPOd7:H�=)LN?BJP7:?ILdR\ZGFE?BH19I7:AW-

4 ?i= V L 5 LPOQ? V L�K1?I`\?BAMRSF#?IK 465 �%���G� �E7ML)F1JNR `�7:K"?BK.D*�dJN=\K1? -/R �#L�7:H6`SRSAW`�7:H1]YOQ;"? =\F"F1A:7M9i=@ON7:RSH
R\Z*OQJN=\H1L V 7MO V R�K1U1A:=@OQ7MRSH�ON?B9<;1H17Me3U1?BL�OQR ON;1? RSJN7M]S7:H>=@A 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IKX`\?BJPLN7:R\H R\Z*OQ;"?
���	��
�������&K1?ILN7M]SHX=\JN?�K1?ILN9BJP7 4 ?BK.D

�/H $+;>=@F"OQ?IJ ;XON;1? JP?i=\A -,=\FE?BJ�OQU1JP? JP?BLPRSA:U"ON7:RSH =\F1F1JPR6=\9<; 7ML�ONJN?B=@OQ?IK.D8�);"? JN?B=\AW-

=\FE?BJ�OQU1JP?�=\F"F1JNR6=@9<; 7MH3`\RSAM`\?BL OQ;1?8=\F1F"A:7:9B=@OQ7MRSH R\Z
JQ=\H"]S? K17:LP9BJN7 V 7MH>=@ON7:RSH ONR 7 V F"JNR `S?TOQ;"?

LNF1=@OQ7:=\A6JN?ILNRSAMU"OQ7MRSH � =\H1KfJN?BF"JN?BLP?BH6OQL =\Hf7MH19BJP?i=\LP?+7MH�9B=\F>= 4 7:A:7WO 5 R `S?IJdON;1? 4 ?i= V ��7:K"ON;G-/AM7 V 7MON?BK
OQ?I9<;1H17Me�U"?)K17:LP9BU1LPLN?BK 7:HY$+;>=\F"ON?BJ =1Dd�
]6=\7MH �\ON;1? ���	��
��������7:H1L�OQJNU V ?IH3O 7:LhU"LN?BK_=\L�=�? �"= V -

F1AM?
R\Z ;"R�� JP?i=\A -,=\FE?BJ�OQU1JP? V ?ION;1RGK"L&=\JP?�=\F1F1AM7:?IK_OQR =\HT=\9gOQU>=@A FE?BH19I7:AW- 4 ?B= V LN9B=@ONON?BJPR V ?gOQ?IJ
L 5 L�OQ? V D �);1?IRSJN?gOQ7M9i=\A�? �GF1JP?BLPLN7:R\H1L_ZbRSJYON;1? � 	����� � ��� V ?B=\LNU1JP? V ?BH6O_=\9B9IU1JQ=@9 5 �)LPF>=@ON7a=\A
JN?ILNFERSH1LP?�ZbU1H"9IOQ7MRSH �>=@H1K89B=\A:7 4 JQ= OQ7:R\H F>=\JN= V ?gOQ?IJNL�=\JP?�K"?BJN7W`S?IK.D

�
L+=\H ? �GON?BH1LP7:RSHTR@Z.OQ;1? V = OQ?BJP7a=\A>7MHT$+;>=@F"OQ?IJNL = =\H1K ; �"$+;>=\FGOQ?BJ �f7:H6ONJNR�K1U19B?IL
OQ;"?f9IRSH19B?IF"O�R\Z =_FERSAa=@JN7 V ?IONJN7M9
LN9B=@ONON?BJPR V ?gOQ?IJBD)�);1? =\K1K17WOQ7:R\H8R\ZhF#R\Aa=\JP7 V ?IOQJP7:9�9B=\F>= 4 7:A:7WO 5

;>=\L�OQ;1?jFER\ON?BH6OQ7:=\A�ONR LN7M]SH17Wc>9i=\H6ONA 5 7 V F1JNR `\? LN9B=@ONON?BJPR V ?gOQ?IJ ��7:H1K�JN?IONJN7M?I`@=\A�F#?IJPZbRSJ V =\H"9B?\D
��?IJN? �.= H1? � K1?BLP7:]SH�ZbJN= V ? ��RSJ	� 7:L�F1JN?ILN?IH3ON?BK ZbRSJ%OQ;1? =\H>=\A 5 LP7:L�R\Z(= FE?BH19I7:A - 4 ?i= V L 5 L�OQ? V
? V F1AMR 5 7MH1]YF#R\Aa=\JP7 V ?IOQJP7:9�K1?gOQ?B9gOQ7MRSH�=@H1K F1JNR�9B?ILNLN7MH1]1D(�);17ML&ZbJQ= V ? ��RSJ	�_7:L�=\F"F1A:7M?BK OQR 7MA:A:U"L�-
OQJN=@OQ?_;1R�� = �
	��� �������I-/9IAa=\LPLfK1?ILN7M]SH V = 5 4 ? =\U"] V ?IH6OQ?BK OQR 7MH19BAMU1K1? OQ;1?_F#RSA:=\JN7 V ?gOQJP7:9

ZbU1H19gOQ7MRSH.D

�/H $+;>=@F"OQ?IJ < ON;1?j=\K1=\F"O<= OQ7:R\H�R\Z�L 5 H3ON;1?ION7:9 -,=\FE?BJ�OQU1JP? OQ?I9<;1H17:e3U1?IL�OQR =_FE?BH19I7:AW-

4 ?i= V LN9i= ONOQ?IJNR V ?ION?BJ�7ML�=\H>=\A 5 �B?BK 7MHYK1?IOQ=\7:A D � 5 H6OQ;"?IOQ7M9g-/=\F#?IJPONU1JN?&ON?B9<;1H17Me3U1?BL�=\JN?+F1JNRSFERSLP?BK

=\L_= V ?i=\H"L_OQR K1JQ= V =@ON7:9B=\A:A 5 7 V F1JPR `S? OQ;1?XLNF>= OQ7a=@A%JP?BLPRSA:U"ON7:RSH R\Z�ZbUGOQU1JP?�LN9B=@ONON?BJPR V ?gOQ?IJ

L 5 L�OQ? V L �&=\H1K 9IRSH1LP?Be3U1?BH6ONA 5 ? �GF>=\H"K OQ;1? U"ON7:AM7MO 5 R@Z
LPF>=\9B? 4 R\JNH1?8LN9i= ONOQ?IJNR V ?ION?BJ K>=@OQ= ONR
= `\=@JN7:?gO 5 R\Z�H"? � =\F"F1A:7M9i=@ON7:RSH1LID � �GF1JP?BLNLP7:RSH"L_ZbRSJYOQ;"? 4 ?BL�O_ON;1?BRSJP?ION7:9i=@A%JP?BLPRSA:U"ON7:RSH R\Z�=
FE?BH19I7:AW- 4 ?B= V LN9i= ONOQ?IJNR V ?ION?BJ%=\JP?�K"?BJN7W`S?IK.D

�h7MH>=\A:A 5 � $+;>=\F"ON?BJ ? LNU V_V =\JN7 �B?ILfOQ;"?T9BRSH19IA:U1LP7:RSH"LY=\H1K 9BR\H3ONJN7 4 U"OQ7MRSH1LfR\Z�OQ;17ML

JN?ILN?B=\JN9<; �*=\H"K K17:LP9BU1LPLN?ILjOQ;1? 7 V F"A:7:9B=@OQ7MRSH1L
ON;1?BLP?TJN?ILNU1AWOQL ;1= `\? ZbRSJ�ZbU"OQU1JP? LN9B=@ONON?BJPR V ?gOQ?IJ
K1?g`S?BAMRSF V ?BH6O8? �#RSJPONLBD ��F1F#?IH1K17M9B?BLXOQ;1?IH ZbRSAMA:R�� ��;17:9<; F1JNR `�7:K1? =\U �"7MA:7:=\J 5 JN?BLPU1AMONL�=@H1K
K1?IJN7M`@=@ON7:RSH"L&U1LN?IK�7MH ON;1? V =@7:H 4 RGK 5 R\ZhON;1?�K17:LPLN?IJPO<= OQ7:R\H.D

mSm



m k



��� ��� �/� ���

� ��� � ��� ��� � ��� � ����� � � ���	� � ��
 � 	 � ���/� � �
 �5��� � ��� 	 �F� ��� � ��	

�/H_ON;17:L(9<;>=@F"OQ?IJ �G=�JP?I`�7:? ��R\Z.9IU1JNJP?BH6O+Z[=@HG- 4 ?i= V LN9i= ONOQ?IJNR V ?ION?BJ(L 5 L�OQ? V L+7ML(F1JN? -
LN?IH6OQ?BK D��);1?jZ[=\HG- 4 ?B= V =\F1F1JPR6=\9<; ;>=@L 4 ?I?BH 7 V F1AM? V ?BH6OQ?IK�RSH�LN?I`\?BJN=\A F1JP?I`�7:RSU"L V 7MLNLP7:RSH1L

ZbRSJYOQ;"? V ?i=\LPU1JN? V ?IH6O R\Z
RG9I?i=\H ��7:H1K"L �)=\H"K 7ML_= V = OQU1JP? � ��?BAMAW- U1H1K1?IJNLPONRGR�K OQ?I9<;1H17:e3U1?@D
�);1?�O �+R V ?IOQ;"RGK1L)ZbRSJ�=@9<;17:?g`G7MH1] LNF>=@ON7a=\A JN?BLPRSA:UGOQ7:R\H ��7MOQ;8=jZ[=\HG- 4 ?B= V L 5 L�OQ? V �T��RSF1F"A:?BJ

K17MLN9BJP7 V 7:H>= OQ7:R\H�=\H1K�JQ=\H"]S?�K"7:LN9IJN7 V 7MH>=@OQ7MRSH ��=\JN?(K1?ILN9IJN7 4 ?BK D �);1?*7 V F#RSJ�O<=\H6O 7MLNLNU"?BL�R\Z1LP9i=@O�-

OQ?IJNR V ?ION?BJ V ?B=\LNU1JP? V ?BH6Oj`@=\JP7a=\H19I? =\H"K 9i=\AM7 4 JN=@OQ7MRSH =@9B9BU"JQ=\9 5 =\JP?T=\AMLNR K17MLN9IU1LNLP?BK.D �);17ML

JN?g`�7:? � F1JNR `�7:K1?IL�7 V F#RSJ�O<=\H6O 4 =\9 �3]SJNRSU"H1K V =@OQ?IJN7:=\A =\L ��?BA:A =@L V R\ON7M`@=@OQ7MRSH ZbRSJ&ON;1?�K17:LP9BU1L,-
LN7MRSH R\ZdJNR\OQ=@OQ7MH1]YF#?IH19B7MAW- 4 ?B= V ON?B9<;1H"7:e3U1?BL�7:HTOQ;"?�LPU19B9I?B?IK17:H1]_9<;>=\F"ON?BJPLBD

�
AWOQ;1R\U1]S;�OQ;1?(? V F1;1=\LN7ML 7:H�OQ;17ML 9<;>=\F"ON?BJ 7:L R\H V U"AMOQ7 -,=\H6ON?BH1H>= � ��7:H1K�LN9B=@ONON?BJPR V -
?ION?BJjL 5 LPOQ? V L �(= 4 JP7:?IZ&K17:LP9BU1LPLN7:R\H R\Z)L 5 H6OQ;"?IOQ7M9g-/=\F#?IJPONU1JN?TJN=\K>=\J � �G�
� ��7:L =\A:LPR�7:H"9BA:U"K1?BK.D
C ;17MA:? ]S?IH1?BJN=\A:A 5 U1LP?BK�ZbRSJ 7 V =\]S7MH1]&=@F1F1A:7M9i=@ON7:RSH"L � �G�
� L 5 LPON? V LdK"R%7MH�Z[=\9IO ZbU1H"9IOQ7MRSH�=\L ;17:]\;
JN?ILNRSAMU"OQ7MRSH LP9i=@OPOQ?BJPR V ?IOQ?IJ�K1?I`�7M9B?BL ��;1?IH LNU � 9B7M?BH6Of= V F1A:7WOQU1K1?f9i=\AM7 4 JN=@OQ7MRSHX7:L�FE?BJ�ZbRSJ V ?BK.D
 7��@?*Z[=\H�- 4 ?i= V LP9i=@OPOQ?BJPR V ?IOQ?IJNL �3�G��� L 5 L�OQ? V L�O 5 F"7:9i=@A:A 5 ? V F1A:R 5 c �G?BKj=\H6OQ?BH"H>=\LdON;>=@OdA:R�R �
OQR OQ;"?�LP7:K1?�R\ZdOQ;1?�LPF>=\9B?I9BJN=@Z OiD��);1?f7MH19BAMU1LN7MRSH R\Z �G��� 7:L&ON;3U1L�7 V FERSJ�O<=\H6O&ZbRSJ%= 9BR V F1AM?IOQ?

R `S?IJP`�7:? � R\Z�OQ;"?TLPO<= OQ?g- R\Za- ON;1?g-/=\JPO 7:H LP9i=@OPOQ?BJPR V ?IOQ?IJjL 5 L�OQ? V K"?BLN7M]SH.D �);17:LY9<;1=\F"OQ?IJY9BRSH�-
9BAMU1K1?IL ��7MOQ; = K"7:LN9IU1LNLP7:RSH R\Z(ON;1?YLN;1R\JPOQ9IR V 7:H1]SL�R\Z*9BU1JPJN?IH3O�c �G?IKG-,=\H6ON?BH1H>= LN9B=@ONON?BJPR V ?gOQ?IJ
OQ?I9<;1H17Me�U"?BLBD

@ ��6 1�-I�5JLKM�C-I� �D$���� N5�O-� P 8�C4��!���B 8�C4 N ��"' 8��� "

�
L_OQ;1? ��7MH1K 4 AMR���L R `\?BJ ON;1? R�9B?i=@H ��9B?BH6ON7 V ?IOQ?IJ�- LN9i=@A:?�9B=\F17MA:Aa=@J 5 �+= `\?BLX=\JP?
ZbRSJ V ?IK RSH OQ;1? LNU1J�Z[=\9B?@D �);1?ILN? 9i=\F"7:A:A:=\J 5 �+=i`S?ILf=@JN?jJP?BLNFERSH1LP7 4 AM? ZbRSJ�=T'�JQ=\]S]TJP?BLPRSH>=\H19I?

m �



LN9B=@ONON?BJP7:H1] F1;1?IH1R V ?BH1R\H ��;1?IH87MA:AMU V 7MH>=@ON?BK ��7MOQ;X=YJQ=@K>=\J)LN7M]SH>=\A � �O; � D('�?B9i=@U1LN?�OQ;1? V =\]@-
H17WOQU1K1? R\Z�OQ;17ML�LN9B=@ONON?BJP7:H1]T7ML�= ZbU1H19gOQ7MRSH R\Z 4 R\OQ; ON;1?jLNU"JPZ[=\9I? ��7:H1K LPF#?I?BK =\H1K K17MJN?I9IOQ7MRSH �
7MOj;>=\L 4 ?I?BH JN?I9BRS]SH"7��B?IK ZbR\JjLN?g`S?BJN=\A�K1?B9B=\K1?IL ON;>=@O = JQ=\K1=\JYLN9B=@ONON?BJNR V ?gOQ?BJ 9B=\H 4 ? U1LP?BK

OQR V ?i=@LNU1JP? R�9B?B=\H LNU"JPZ[=\9I? ��7MH1K `S?I9IOQR\JNL � <�m ��<9? � Df�);1?Yc>JNL�O�ZbU1A:AdK1? V RSH1L�OQJQ= OQ7:R\H R\Z(OQ;17ML
OQ;"?BRSJ 5 ZbJNR V LNF1=\9B? �+=\L)F#?IJPZbRSJ V ?IKT7:H m �O<9? ��7MON; OQ;1? ��UG-,'+=\H1KX�G?B=\LQ=@O�-/� �G9B=@ONON?BJPR V ?gOQ?IJ
� 5 LPON? V � �G���1� � � = � D��);1?�LNU19I9B?ILNL&R\Z OQ;1?
�G���"�_7:H1L�OQJPU V ?IH6O+LPF>= ��H1?BK ON;1?
K1?g`S?IA:RSF V ?BH6O�R\Z
OQ;"?���UG-,'+=\H1KY�%���G� LP9i=@OPOQ?IJNR V ?ION?BJ �[���1$+��� � �\A:=\U1H19<;1?IKY7:H_m ���B< �\=\L ��?BAMA"=@LdOQ;"?�$*-,'&=@H1K
��U1JNR\F#?B=\H ��? V R\ON?*�G?BH1LP7:H1] � �(��� �.LN?IJN7:?ILdR@Z"LP9i=@OPOQ?BJPR V ?IOQ?IJNL c>JPLPOdAa=\U1H"9<;1?BK�7:H m ����� � � � �U= � D
�
AMAdR@Z*ON;1?BLP?YL 5 LPON? V L�=\JN? ��Z[=\HG- 4 ?B= V�� L 5 LPON? V L ��;1?BJP? V U1AMON7:F1AM? �>c �G?BK � 4 JNR6=@KG- 4 ?i= V =\HG-

OQ?IH1H>=\L =@JN? ? V F1AMR 5 ?BK ONR V = �@? OQ;"?TJN?Be3U17MJN?IK V ?i=@LNU1JP? V ?BH6OQLYR\Z%R�9B?B=\H 4 =\9 �3LN9B=@ONON?BJID �/H

=\K1K"7MOQ7MRSHjOQR�R�9B?B=\H ��7:H1K1L �6OQ;1?ILN?%L 5 LPON? V L�;>=i`\?�=@A:LNR�F1JPR `S?BH_U1LN?gZbU1A>7:H A:=\H1K =\H1K 7:9I?)LPONU1K17:?IL
� = � �)m lSl � D �/H ON;17:L LPU 4 LN?I9ION7:RSH ��OQ;1?XR `S?BJN=\A:A)L 5 LPOQ? V K1?BLP7:]SH Zb?i=@ONU1JN?IL_R@Z
Z[=\HG- 4 ?B= V LP9i=@O�-
OQ?IJNR V ?ION?BJPL
=\JP? K1?ILN9IJN7 4 ?BK D)�/H19BAMU1K1?BK�7:L�=_K17MLN9BU"LNLN7MRSH�R@Z V ?B=\LNU"JN? V ?BH6O�]S?BR V ?gOQJ 5 �#LPF>=@ON7a=\A
JN?ILNRSAMU"OQ7MRSH �"=\H1KXJQ=\K17MR V ?IOQJP7:9
=\9B9IU1JQ=\9 5 D

@ ��6 ��6 1�-/��J KM�C-I� � �C-I"P3�4��������! � ���!���B 84��

�);1? ZbU1H1K>= V ?BH6OQ=\A(JN?Be3U17MJN? V ?IH3OfZbRSJ�=\H 5 ��7:H1K LN9i= ONOQ?IJNR V ?ION?BJ�L 5 LPON? V 7:L�OQ;>= O
OQ;"? 4 =@9 ��LP9i=@OPOQ?IJ+9BJPRSLNL*LN?I9ION7:RSH � �	� � 4 ? V ?B=\LNU"JN?BK =@O(OQ;1?�LN= V ?%FERS7:H6O(RSH OQ;1?%R�9B?i=@H_LPU1JPZ[=\9I?
ZbJNR V V U1AMON7:F1AM?(= �B7 V U"ON; =\H"]SA:?ILBDh	�H"A 5 7:H�OQ;17ML �+= 5 9i=\H 4 R\ON;�ON;1? ��7MH1K LPF#?I?BK =\H1KfK17:JP?B9gOQ7:R\H

4 ? U1H>= V 4 7:]SU"RSU1LNA 5 K1?ION?BJ V 7:H"?BK � �9= � D �/H �h7:]1DhkGDWm � OQ;"? Z[=\HG- 4 ?B= V =\F1F1JPR6=\9<; OQR V = �37:H"]
OQ;"?BLN? V U1AMON7:F1AM? V ?B=\LNU"JN? V ?BH6ONL+7:L*LN;"R���H D �b�
AWOQ;1RSU"]S;_R\H1A 5 ON;1?��
�1$+��� L 5 LPON? V ]S?BR V ?IONJ 5
7:L�K"7:LNF"Aa= 5 ?IK 7MH �d7:]1D k�DMm �.ON;1?YOQ?I9<;1H17:e3U1?_7:L�LP7 V 7:Aa=@J%ZbRSJ�=@H 5 Z[=@HG- 4 ?i= V 7 V F1A:? V ?IH6O<=@ON7:RSH.D �
��?IJN? �SOQ;1JP?B?%=\H6OQ?IH1H>= 4 ?B= V L�=\JN? 4 JNR6=@K19i=\L�O*=@O ON;1?)LNU1J�Z[=\9B?)R\HY?i=\9<; LN7MK1?&R\Z OQ;"?)LNF>=\9I?B9IJQ=@Z O �
RSH1? 4 ?i= V 7:AMA:U V 7:H>= OQ?BL(OQ;"?�LNU1J�Z[=\9B?�A:R�R �37:H"] ZbRSJ �+=\JPK �>RSH1? 4 ?i= V A:R�R �37:H1]Y= Z O �1=@H1K�=jON;17:JPK

4 ?i= V FERSLN7WOQ7MRSH1?BK 4 ?IO ��?B?IH OQ;1?ILN? O �+R1D � R\J�7MH1LPOQ=\H19I? ��RSH ON;1?_JP7:]S;6O�LP7:K1? R\Z+ON;1?_���1$+���
7:H"LPOQJPU V ?BH6O�=_]S7W`S?BHXFERS7:H6O%RSH8ON;1?�RG9I?i=\HXLNU1J�Z[=\9B?f7:L)`�7:? �+?IK�ZbJNR V = �B7 V U"OQ;8=\H1]\A:?BL�R\Z =C; � �
mSm�; � �>=\H1K m �B; �%=@L�ON;1?�LNF>=@9B?B9IJQ=@Z O � 7M?BL)F>=\L�OiD

mP=



200
km

200
km

600 km 600 km

Left Wind
Vector Swath

Right Wind
Vector Swath

65

45 45

135 135

115

Subsatellite
Track

Antenna 6
Beam 6V

Antenna 5
Beams 5H, 5V

Antenna 4
Beam 4V

Antenna 3
Beam 3V

Antenna 2
Beams 2H, 2V

Antenna 1
Beam 1V

orbit 
track

Iso-Doppler
Contoursσ


o Cell

(Nadir Gap
Region)

�h7M]SU1JN?
kGDWm � �);"?����1$+��� V ?i=\LPU1JN? V ?IH6O&]S?IR V ?gOQJ 5 D��%?BJN? �GON;1JN?I?
Z[=\HG- 4 ?B= V =\H6OQ?IH1H>=fZbR�R\OP-
F1JP7:H6OQL%=\JP? 4 JNR6=@K19i=\L�O�OQR ?B7WOQ;1?IJ%LP7:K1?�R@ZhOQ;"?�;"RSLPO�LPF>=\9B?I9BJN=@Z OiD

m�;



�/H R\JNK1?IJ ONR 7:H"LNU1JP?XON;>=@O LNU � 9I7:?BH6O 9BR `S?IJQ=\]S?8R\Z�ON;1?8R�9B?B=\H 7ML R 4 O<=@7:H1?IK �+OQ;"?
=\H6OQ?IH1H>= 4 ?i= V 7:L�K1?BLP7:]SH"?BKTOQR 4 ?�? �GONJN? V ?IA 5_4 JNR6=@K 7:H R\H1?�K17 V ?IH1LN7MRSH =\H"KTH>=\JNJPR�� 7MH OQ;"?
R\ON;1?BJ �X;1?BH"9B? ON;1? OQ?IJ V ��Z[=\HG- 4 ?B= V D � �);1? V ?i=\LPU1JN? V ?IH3O
L �+=@OQ; ZbR\J V ?BK 465 OQ;1?ILN?j?IA:RSHG-
]6=@ON?BK ZbR�R\OQF"JN7:H6ONL&RSHT?i=@9<;XLP7:K1?�R@Z OQ;1?�LPF>=\9B?I9BJN=@Z O�7:L �\lSl�� V ZbRSJ+ON;1?����"$+��� 7MH1LPONJNU V ?BH6OiD
�);1?)L �&=@ON; ��7:K"ON;Y7:LdLN?BAM?B9gOQ?BKYONR�R 4 OQ=\7:H V = �G7 V U V �(=\JPON;Y9BR `S?IJQ=\]S?)7MH OQ;"?&LN;1R\JPOQ?ILPO(FE?BJP7:R�K
R\ZdOQ7 V ?\D*� 5 F"7:9i=@A:A 5 ZbRSJ�LN9i= ONOQ?IJNR V ?ION?BJPL �E7MO%7:L�K1?ILN7:JN= 4 AM?�ONR_9IR `S?BJ%OQ;1?�?BH6ON7:JN?f�(=\JPON;�7MH8RSH"?
RSJ&O ��R_K1= 5 LID

�
H"R\OQ;1?IJ)Zb?i=@ONU1JN?�R\Z�OQ;"?�Z[=@HG- 4 ?i= V K1?BLP7:]SH 7ML&OQ;>=@O%= ��7MK1?�JQ=\H1]\?�R\ZhLPU1JPZ[=@9B?�7:HG-
9B7MK1?BH"9B?�=@H1]SA:?IL+=@JN?%7:A:AMU V 7:H>=@ON?BK.D �/H_OQ;1?����1$+����7MH1H1?IJ�L �&=@ON; JN?I]S7:R\H � ��;17:9<; 9IRSJNJP?BLPF#RSH"K1L

OQRX=T9BJPRSLNL,- ONJQ=\9 � K17MLPOQ=\H19B?YR@Z)k\l\l � V ZbJPR V ON;1? LNU 4 -/LQ= OQ?BAMA:7WOQ?j]SJPRSU1H1K ONJQ=\9 � � OQ;1? LPU1JPZ[=\9I?
7:L�`�7:? ��?BK ��7WOQ; = V ?i=\LPU1JN? V ?IH6O 7:H19I7:K1?IH19B? =\H1]SAM? R\Z�=\F1F"JNR �G7 V =@OQ?IA 5 k\l � D �&OYOQ;1? R\U"OQ?IJ
?BK"]S?jR\Z�ON;1?jL �+=@ON; �.OQ;1? 7:H19I7:K1?IH19B? =\H1]SAM? 7:L�H1?i=@J �Sl��BD
�);1?Y7:H � U1?BH19I?jR\Z�ON;1?Y'+JN=\]S] JP?BLNR -
H>=\H"9B?�F1;1?IH1R V ?BH1RSH �"=\H"K 9IRSH1LP?Be3U1?BH6ONA 5 OQ;1?�LP9i=@OPOQ?BJPR V ?IOQ?IJ(LN?BH"LN7MON7M`�7MO 5 OQR ��7:H1K K17MJN?I9IOQ7MRSH �

4 JP?i= �3LjK1R���H =@O 7:H19I7:K1?IH19B? =\H1]SAM?BL 4 ?BAMR�� k\l�� 4 ?B9B=\U1LN?TR@Z)OQ;1?_7:H19IJN?i=@LN7:H"] K1R V 7:H>=@H19B? R\Z
e3U>=\LP7W-/LPF#?I9BU1A:=\J�LN9B=@ONON?BJP7:H1] ? �#?B9gOQL � �O; � D '�?B9i=@U1LN? R\Z*OQ;17ML �.OQ;"?BJN? 7ML�= �PH1=\K17:J
]6=\F � JN?I]S7:R\H
��;1?IJN? ��7:H"K�`S?I9IOQR\JNL�9i=@H H1R\O 4 ?jJP?IONJN7:?g`S?IK.D��);1?YH>=@K17:J%]6=\F JP?B]S7MRSH�ZbRSJ����"$+����7ML�= =6l\l
� V ��7:K"?�JP?B]S7MRSH 9B?IH3ON?BJP?BK�R\HXON;1?�LNU 4 - LQ=@ON?BAMA:7MON?
OQJN=\9 � �bLN?B?��h7M]1D kGDWm�� D

�);1? U1LP? R\Z�OQ;"JN?B? =\H6ON?BH1H>= 4 ?i= V L �&=@L�=\K"RSF"OQ?IK ZbR\J OQ;1? �
�1$+��� =\H1K OQ;"?

�(�
�TLN9B=@ONON?BJPR V ?gOQ?IJNL 4 ?I9i=\U1LP?�ON;1?�RSJN7M]S7:H1=\A U1LP?�R\ZhO ��R 4 ?i= V L�RSHTOQ;"? �����1� V 7MLNLN7MRSH �+=\L
K1? V RSH"LPOQJN=@OQ?IKXONR 4 ?�7:H1LPU � 9B7M?BH6O�ONR JN?BLPRSAM`\? ��7MH1KXK17:JP?B9ION7:RSHX= V 4 7:]SU"7MOQ7M?BL�7:H1;1?IJN?IH3O%OQR OQ;"?
��7:H"K_JP?IOQJP7:?g`\=@A>F1JNR�9B?ILNL � � � � � �U= � Dh�);1? V =��PRSJ(K17 � ?IJN?IH19B?IL 4 ?IO ��?B?IH OQ;1?����1$+��� =\H1K �(���
4 ?i= V ]S?IR V ?IOQJ 5 =\JN? � �,m��
OQ;1?_�(�
� 9B?BH6ON?BJ 4 ?i= V 7:L�F#RSLP7MON7:RSH1?IK =@O �\l��f= �B7 V U"OQ; ��JQ= OQ;1?IJ
OQ;1=\HTOQ;1? mSm�; ��9<;"RSLN?IH8ZbRSJ��
�1$+��� �bZbR\J&JN?B=\LNRSH"L�? �"F"Aa=\7MH1?BK 7:H ON;1?�H1? ��O%LNU 4 LN?I9IOQ7MRSH � �#=@H1K
� k ��OQ;1?��(�
� LP9i=@OPOQ?BJPR V ?IOQ?IJ�U1LN?IL%ON;1JN?I?f=@H3ON?BH1H1=\L�7MH1LPON?i=\K R\ZdLN7 � �>=\H1KX9BRSH"LN?Be3U1?IH6OQA 5 R\H1A 5
ZbRSJ V L�=YL �+=@ON;�RSH RSH1?�LP7:K1?�R\Z�OQ;1?�LPF>=\9B?I9BJN=@Z OiD

�
H"R\OQ;1?IJ)7 V F#R\JPO<=@H3O+9BRSH"LN7:K"?BJQ= OQ7:R\H ZbRSJ)= ��7:H"KXLP9i=@OPOQ?IJNR V ?ION?BJ)7:L�OQ;1?�FERSAa=@JN7��B= -

OQ7MRSH.D���L�9BRSH19IA:U1K"?BK ZbJNR V ON;1? ��UG-,'&=@H1K �G���"��K>=@O<= � OQ;1?YU"LN?YR\Z V U"AMOQ7MF1A:?�FERSAa=\JP7��B=@OQ7MRSH1L
7 V F1JPR `\?BL ON;1? ��7:H1K�K"7:JN?I9ION7:RSH�JP?IOQJP7:?g`\=@A
FE?BJPZbR\J V =\H19B? � �9= � D��
LT7:H"K17:9B=@OQ?IK�7:H �h7M]1D&k�DMm �
���"$+��� V = �\?IL 4 R\ON; � =@H1K ��-/FERSA:=\JN7 �B?BK 4 =\9 �3LN9i= ONOQ?IJ V ?i=@LNU1JP? V ?BH6OQLID �);1?�$*-,'&=@H1K �(���
LN9B=@ONON?BJPR V ?gOQ?IJ%? V F"A:R 5 L)RSH1A 5 � F#RSA:=\JN7 �i=@ON7:RSH D

m��



@ ��6 � @ 1�-/��J KM�C-I� � �C-I"P3�4��������! A ��" �!��3� 8$��!�

�>RSJ ON;1? K1?BLP7:]SH R\Z =\H 5 LP9i=@OPOQ?IJNR V ?ION?BJ ��LNF>= OQ7a=@A
JN?ILNRSAMU"OQ7MRSH�7:L =\H 7 V F#RSJ�O<=\H6O
9BR\H1LN7MK1?BJN=@OQ7MRSH.DT�/H ]\?BH1?IJQ=\A �dOQ;"? JN?ILNRSAMU"OQ7MRSH LN;1RSU"A:K 4 ? 9BRSH1LP7:L�OQ?BH6O ��7WOQ; OQ;1? LN9B=\A:?_R\Z&OQ;"?
]S?IRSF1; 5 LN7:9B=\A F1;"?BH1R V ?BH1= R\Z(7:H6OQ?IJN?ILPOiD��>RSJ�7:H1L�O<=\H19I? � 7WZ�]SA:R 4 =\AW- LN9B=\A:? ��7:H"K1L�ZbRSJ
AMRSH1]@- OQ?IJ V
9BAM7 V =@OQ?TL�OQU1K"7:?BL_=\JP?8K1?ILN7MJN?BK �)LN9i= ONOQ?IJNR V ?ION?BJ JN?ILNRSAMU"OQ7MRSH R\H OQ;"?8RSJPK1?BJ R\Z�k9; -<m l\l � V 7ML
=\9I9B?BFGO<= 4 AM?\D � Z%L V =\A:A -/LP9i=\AM? Zb?B=@OQU"JN?BLYLPU19<; =\Lj;3U1JNJP7:9B=\H1?BLj=\JN? ONR 4 ? R 4 LN?IJP`\?BK �*;1R��+?g`S?IJ �
JN?ILNRSAMU"OQ7MRSH RSH ON;1?�RSJPK1?BJ&R@Z�mil�� V RSJ&AM?BLNL)7ML&JN?Ie3U17:JP?BK.D��/H ]S?IH1?BJN=\A ��OQ;1?�LPF>=@OQ7:=\AEJN?BLPRSA:UGOQ7:R\H
7:L�K1?Ic1H1?BK 465 OQ;1?�K"7 V ?BH1LP7:RSH1L*R\Z.ON;1? �	� V ?B=\LNU"JN? V ?BH6O)9I?BAMA �bRSJ�F"7 �G?BA �"=\L�7MO�7:L�R\Z OQ?IH 9i=\AMA:?IK
7:H 7 V =\]\7:H1]fJQ=\K>=@J�=\F1F1AM7:9i= OQ7:R\H1L � D

�>RSJ�Z[=\HG- 4 ?B= V LN9B=@ONON?BJNR V ?gOQ?BJPL �hON;1? ��� �	 � ��� JN?ILNRSAMU"OQ7MRSH R\Z+ON;1? � � 9B?IA:A(7:L�K1? -
c>H1?IK 465 ON;1? H1=\JNJPR�� K"7 V ?BH1LP7:RSH R\Z)OQ;"? =\H6OQ?IH1H>=8ZbR�R\ONF1JN7MH3OBDX�%?ILNRSAMU"OQ7MRSH 7MH � ��������� ������7ML
=\9<;17M?I`\?BK 435 U1LN7MH1]TJQ=@K>=\J�F1JPRG9I?BLPLN7:H"] ON?B9<;1H"7:e3U1?BL�ONRTK17:LP9BJN7 V 7MH>=@ON?fLPF#?I9B7Mc19YJN?B]\7:RSH1L�=\A:RSH"]

OQ;"? 4 JNRS=\K�K17 V ?BH"LN7:R\H R\Z�OQ;"? =\H6OQ?IH1H>= ZbRGR@OQF1JP7:H6OiD �);"? O �+R F1JP7 V =\J 5 ON?B9<;1H17Me3U1?BL U1LP?BK
OQRXR 4 OQ=\7:H ?IA:?I`@=@ON7:RSH JP?BLNR\A:U"ON7:RSH =\JN? ��RSF"F1A:?IJ�K"7:LN9IJN7 V 7MH>=@OQ7MRSH =@H1K JN=\H1]S? K17MLN9BJP7 V 7:H>= OQ7:R\H.D

!dR\LPOP- F1JNR�9B?ILNLP7:H1]8JN?BLPRSA:UGOQ7:R\H ?BH1;>=@H19B? V ?IH3Oj=\A:]\RSJN7WOQ; V L V = 5 =\A:LPR 4 ? =\F1F"A:7:?IK OQR 7 V F1JNR `\?

OQ;"?�UGOQ7:AM7MO 5 R\Z�OQ;1?�K>=@OQ="D

���	� �����C4�� $�"P�O4H$�� $&��-� �$:�!�

�);1?���RSF"F1A:?IJ K17:LP9BJP7 V 7:H>=@ON7:RSHf=\F1F"JNR6=\9<; �+=\L�? V F1AMR 5 ?BK RSH 4 R\OQ;YON;1?%�G���"� =@H1K
���"$+����LP9i=@OPOQ?BJPR V ?IOQ?IJNLIDf�);1?YH1=@OQU1JP?jR\Z�ON;17:L
ON?B9<;1H"7:e3U1?Y7:L
7:A:AMU1LPONJQ=@ON?BK87:H �h7M]1D kGD k�D��);1?

= �I7 V U"ON;	��7:K"ON;XR@ZdON;1?�JN?BLPRSA:UGOQ7:R\HT9B?BAMA ��� �����>7ML

� � � �	��
 � ��� � kGDMm �

��;1?IJN?��7:LhON;1?)JQ=\H"]S?+ZbJNR V ON;1?)LNF>=@9B?B9IJQ=@Z O�ONR�OQ;1? V ?i=@LNU1JP? V ?BH6O(9B?IA:A1=@H1K�
 ���*7:LdOQ;1?�k -��+= 5
��K1' 4 ?B= V ��7MK"OQ;Y=@9BJNR\LNLdON;1?+H1=\JNJPR�� K"7 V ?BH1LP7:RSHfR\Z1OQ;"?�Z[=\HG- 4 ?B= V =\H6OQ?IH1H>=�F>= ONOQ?IJNH.Dd�
Lh=\H
? �"= V F1AM? � OQ;1? � - V ?ION?BJ AMRSH1]%LNA:R@ONOQ?IK �+=i`S?I]SU17:K"?&=\H6OQ?IH1H>=\L�U1LP?BK 465 OQ;1?*�
�1$+��� 7:H1L�OQJPU V ?IH6O
ZbRSJ V =jH1=\JNJPR�� 4 ?i= V F>= ONOQ?IJNH ��;17M9<;T7:L)=@F1F1JNR �G7 V =@ON?BA 5 l�� = � ��7:K1?@D��);17:L&AM?i=\K"L+OQR � �&9B?IA:A:L
��;17M9<; `@=\J 5 7:H ��7:KGOQ; ZbJNR V LN?I`\?BH �37MA:R V ?ION?BJNL 7:H OQ;1? 7MH1H1?BJ FERSJPON7:RSH R@Z�ON;1? L �+=@OQ; OQR �
�37:AMR V ?gOQ?IJNL&7MH ON;1?�RSU"ON?BJ�L �+=@OQ; � �9= � D

m�<



Iso-Doppler

Lines

Iso-Range
Lines

δazδaz

δel

δel

Bdop

Doppler Discrimination Range Discrimination

S
pa

ce
cr

af
t

M
ot

io
n

Antenna Footprint
3 dB Contour

�h7M]SU1JN?+kGD k � $+RSH19I?BF"ONU>=\A�K17a=\]\JQ= V R\Z"Z[=\HG- 4 ?i= V JN?BLPRSA:UGOQ7:R\H =\F"F1JNR6=@9<;1?BL ��;"7:9<;jU1LP?)��RSF1F"A:?BJ
K17MLN9BJP7 V 7:H>= OQ7:R\H �[AM?IZ O �
=\H1K JQ=\H"]S?YK17:LP9BJP7 V 7:H>=@ON7:RSH �[JP7:]S;6O � Dj�/H 4 R@OQ; 9i=\LP?BL ��ON;1? JN?BLPRSA:UGOQ7:R\H
9B?IA:A 7:L�7MH1K17:9B=@OQ?IK 465 OQ;"? LN;1=\K1?BK =\JN?B= �E=\H1K8ON;1?j= �B7 V U"OQ;XJN?ILNRSAMU"OQ7MRSH � � � ��� 7:L�]S7M`\?BH 465 OQ;"?
H>=\JPJNR�� K17 V ?BH1LP7:RSH R\Z�ON;1? =\H6OQ?IH1H>= ZbR�R\OQF1JP7:H6OiD �/H OQ;1?T?IA:?g`\= OQ7:R\H K17 V ?BH1LP7:RSH OQ;1?TAM?BH1]\ON;
R\Z�ON;1? � � 9B?IA:A�7:L �

���
D �);"? 7:LPR@-,��RSF"F1A:?IJYRSJ_7MLNR@- JQ=\H"]S? A:7:H"?BL_=\LNLPRG9I7a=@ON?BK ��7WOQ; OQ;1?8JQ=\K>=@J

F1JPRG9I?BLNLP7:H1] =\JN?fU1LN?IK OQR �P9IU"O�R\U"O � = LN?IJN7:?IL
R\Z(JP?BLPRSA:U"ON7:RSHX9B?IA:AML�ZbJNR V OQ;1?jAMRSH1] K17 V ?BH"LN7:R\H
R\Z�OQ;1?�ZbR�R\OQF"JN7:H6OBD

'+?I9i=\U1LP?&OQ;1?&��RSF1F1AM?BJ�LN;17WZ O K1U1?�OQR�LPF>=\9B?I9BJN=@Z O V R\OQ7MRSH �[=\H1K �@OQR�=
AM?BLPLN?BJh? ��OQ?IH3O �
�(=\JPON;_JPR\O<= OQ7:R\H ��`@=\JN7M?BL(R `S?IJ*ON;1?�A:?BH"]\OQ; R\Z#OQ;1?)Z[=\HG- 4 ?B= V ZbR�R\OQF"JN7:H6O �6��RSF1F1AM?BJ�7MH"ZbRSJ V =@ON7:RSH

9i=@H 4 ?�U"LN?BK8OQR K17:LP9BJN7 V 7MH>=@ON?�K17 �#?BJP?BH6O�JN?B]\7:RSH1L%=\AMRSH1]YOQ;"? 4 JNR6=\K8F#R\JPOQ7MRSH R\Z�OQ;1?f=\H6OQ?IH1H>=

F>=@OPOQ?IJNH � =��Em�; � �9=�� �B; � D C 7MON;_ON;1?���RSF"F1A:?IJ�K17MLN9IJN7 V 7:H1=@OQ7MRSH =\F1F1JPR6=\9<; �"=Y$�C JQ=@K>=\J+F"U1A:LP?
7:LfOQJQ=@H1L V 7MOPOQ?BK =@H1K OQ;1? JN?gOQU1JPH ?B9<;1R 7:LjF"JNR�9B?BLPLN?IK ��7MON; = c>AMON?BJ 4 =@H � OQ;1=@O LN?IA:?B9gOQLYOQ;"?
LN7M]SH>=\A�9BRSJPJN?ILNFERSH1K17MH1] ONR = LNFE?B9B7Wc>9X��RSF1F1AM?BJjLP;17MZ O � =C; � D �);3U1L ��RSF1F"A:?BJ K17:LP9BJN7 V 7MH>=@ON7:RSH
? �#?B9gOQ7W`S?BA 5 �PLPA:7:9I?BL � ON;1? 4 JNRS=\KXZ[=@HG- 4 ?i= V ZbRGR@OQF1JP7:H6O)7:H6ONR L V =@A:A:?IJ �	��9I?BA:AMLBD

�);1?j?IA:?g`\= OQ7:R\H ��7:KGOQ; R\ZhOQ;1? � � 9B?IA:A � �
���
� 7ML�= ZbU1H19ION7:RSH�R\Z�OQ;1? ��RSF1F1AM?BJ 4 =\H1K�-

��7:KGOQ; R\Z
ON;1?Xc1AMOQ?IJ � ��� � �6D �);"?8JP?BAa= OQ7:R\H1LN;17MF 4 ?gO �+?I?BH � ��� =\H"K ��� � �89i=\H 4 ? ? �GF1JP?BLPLN?BK
=\L

�
���
��� �	� � � � � kGD k �

m8?



��;1?IJN? OQ;"? F>=\JN= V ?gOQ?IJ � `@=\JN7M?BL =\LT= ZbU1H"9IOQ7MRSH�R\Z�RSJ 4 7MO =\AWOQ7MONU1K1? � 4 ?B= V = �B7 V U"OQ; ��=@H1K

V ?i=\LPU1JN? V ?IH3O�9I?BA:A6FERSLP7MOQ7MRSH�RSH�OQ;1? 4 JPR6=\K 4 ?i= V F>= ONOQ?IJNH.Dd�>RSJ��G���1��=@H1K �
�1$+��� � ��`@=\JP7:?IL
ZbJNR V = 4 RSU"O kGD ; � V ���G� �*ZbR\J ON;1?+7MH1H1?IJ�FERSJ�OQ7:R\H�R@Z1OQ;1?*L �+=@ON; �@ONR�= 4 RSU"O*m k � V � ��� �*ZbRSJ OQ;"?
RSU"ON?BJ�?BK1]S?�R\Z OQ;"?
L �+=@ON;.D*��RSF1F1AM?BJ(c>AMON?BJN7MH1] V = 5 4 ?�7 V F1A:? V ?IH6OQ?BK_=\L+=fc �G?BK c>AWOQ?IJ 4 =@H � �
=\L*7:HYOQ;"?�9B=\LN?%R\Z �����1� �3RSJ*=\L*=\H � �h� R\Z ON;1?�JN?IONU1JNH_LN7M]SH>=\A �3=\L(7 V F1A:? V ?IH3ON?BK 7:H_���"$+����D
�);1? � �h� =\F"F1JNR6=@9<; ;>=\L�OQ;1? =\K"`@=\H6O<=@]S? R\Zh?i=\LP7:A 5 =\K>=\F"ON7:H1] OQR OQ;1?�9<;>=\H"]S?j7:H OQ;"?j�(=\JPON;

JNR@O<=@ON7:RSH ��R\F1F1A:?IJ�9BR V FERSH1?IH3O�=@Lf= ZbU"H19ION7:RSH R\Z*Aa= OQ7MONU1K1? � =C; � DfC 7WOQ; ���"$+��� �.OQ;1?jc>AWOQ?IJ
4 =\H"K ��7:K"ON;1L ��?BJN?YLP?IO�ONR V =@7:H6O<=\7MH�= 9IRSH1L�O<=\H6O � ��� � kO; � V D���R@OQ? ON;>=@O � ��;1?BH ��RSF1F"A:?BJ
K17MLN9BJP7 V 7:H>= OQ7:R\H 7:LTU"LN?BK ��=\A:A�R\ZfON;1? Z[=\HG- 4 ?B= V L V U1LPO 4 ? �PLNe3U17MH3ON?BK � ?B7WOQ;1?IJ LNR V ? ��;>= O

ZbRSJ �&=\JPK_R\J 4 =\9 � �&=@JNK ZbJPR V =\H ? �"=\9gO+LP7:K1? -/AMRGR �37MH1]�K17MJN?B9gOQ7MRSH �[7 D ?\D �3= �&= 5 ZbJNR V =\H_= �B7 V U"ON;
=\H1]\A:? R\Z �\l � �gD �);17:L�7:L 4 ?B9i=@U1LN? ZbRSJ�= Z[=\H�- 4 ?i= V FERSLP7MOQ7MRSH1?IK =@Of=\H = �I7 V U"ON; R@Z �Sl � �dOQ;"?
7:LPR@-,��R\F1F1A:?IJhAM7:H1?IL(=\JN?)F>=@JQ=\AMA:?BA�OQR�OQ;"?)A:RSH1]�K17 V ?IH1LN7MRSHYR\Z OQ;"?�ZbR�R\ONF1JN7MH3O �6=\H1K 9BR\H1LN?Ie�U"?BH6OQA 5
��RSF1F"A:?BJ&c1AMOQ?IJN7MH1]YK1R�?BL�H1R\O�F1JPR `G7MK1?�LNU � 9I7:?BH6O�?BAM?I`@=@OQ7MRSHTJN?ILNRSAMU"OQ7MRSH � �B; � D

A -I���*� � $&" �O4U$�� $���-� �$��!�

�%=\H1]S? K"7:LN9IJN7 V 7MH>=@OQ7MRSH 7:LT=\H =\AWOQ?IJNH>=@ON?�OQ?I9<;1H17Me�U"? ONR LNU 4 -/K17W`G7MK1?�ON;1? 4 JNRS=\K

Z[=\HG- 4 ?B= V ZbR�R\OQF1JP7:H6O�7:H6OQR8JN?ILNRSAMU"OQ7MRSH 9I?BAMA:LBDT�);"?T�(�
� LP?BJP7:?BLfR\Z)LP9i=@OPOQ?BJPR V ?IOQ?IJNLfU1LN? OQ;17ML

=\F1F"JNR6=\9<; D �
L LP;1R���H_7MHY�h7M]1D@kGD k �\OQ;1?�= �B7 V U"OQ;jJP?BLPRSA:U"ON7:RSH =\LNLPRG9I7a=@ON?BK ��7WOQ;jOQ;"7:LhON?B9<;1H17Me3U1?
7:L(=@]6=\7:H ]S7W`S?IH 465 ON;1?�H>=\JNJPR�� K17 V ?IH1LN7MRSH R\Z#ON;1?%=\H6OQ?IH1H>=�ZbR�R\ONF1JN7MH3O � =\L(7MH_��e D � kGDWm�� � Dd�);1?
?BAM?I`@=@ON7:RSH K17 V ?IH1LN7MRSH R\Z%OQ;1? �	� 9I?BA:A �(;1R��+?g`S?BJ �)7:LYK1?gOQ?IJ V 7:H1?IK 465 ON;1? JQ=\H1]\?TJN?BLPRSA:UGOQ7:R\H
=\LPLNR�9B7a= OQ?BK ��7MON; ON;1?XONJQ=\H"L V 7MO F1U1AMLN?@D��);1?87MH1;1?IJN?BH6O_?BAM?I`@=@OQ7MRSH JN?BLPRSA:UGOQ7:R\H � � ��� �&7ML ON;3U1L
]S7W`S?BH 465

�
���
� �
k ��� LN7MH �� � �

� � kGD �	�

��;1?IJN? ���)7:L�OQ;"? 4 =@H1K ��7:KGOQ; R@Z+OQ;"?_OQJN=\H1L V 7WONOQ?IK F"U1A:LP? =\H"K �� � �
7:L�OQ;"?_7MH19B7MK1?BH19I? =@H1]SA:?
=@O�OQ;"?_9I?BH6OQ?IJfR\Z�OQ;1? V ?i=\LPU1JN? V ?IH3Of9B?IA:A D_�>RSJ�ON;1? �(��� LP9i=@OPOQ?IJNR V ?ION?BJ�L 5 LPON? V � � - V ?gOQ?BJ
A:R\H1]Y=\H6OQ?IH1H>=\L%=\JP?�U1LN?IK 7:HT9BR Vj4 7:H1=@OQ7MRSH ��7WOQ; JQ=\H"]S?�F1JPRG9I?BLNLP7:H1]YONRjZbRSJ V JN?ILNRSAMU"OQ7MRSHT9B?IA:A:L
R\Zd=\F1F"JNR �G7 V =@OQ?IA 5 kO;��8k9; � V � � � � D(�%R\OQ?�OQ;>=@O+ZbRSJ+LP9i=@OPOQ?BJPR V ?IOQ?IJNL)? V F1AMR 5 7MH1]jJN=\H1]S?�K"7:L�-
9BJP7 V 7:H>= OQ7:R\H �6OQ;1?�7MLNR@- JQ=\H1]\?�9BRSH6ONRSU1JNL%=\JP?�=\A �+= 5 L)F#?IJNFE?BH1K17M9BU1A:=\J&OQRjON;1? 4 JNRS=\KTK17 V ?BH"LN7:R\H
R\Z ON;1?�Z[=\HG- 4 ?i= V ZbRGR\ONF1JN7MH6OiD+�);3U1L �#ON;1? 9I?BH6OQ?IJ 4 ?i= V R\ZhOQ;1?f�(�
�8LP9i=@OPOQ?IJNR V ?ION?BJ V = 5 4 ?
� =@H1K �>7:HTON;1?�=\9IONU>=\A.7 V F1AM? V ?BH6O<= OQ7:R\H �G7ML �+FERSLN7WOQ7MRSH1?BK = O%=\H�= �B7 V U"OQ; =\H"]SA:?�R\Z��Sl��ID

m �



� =\HG- 4 ?B= V LN9B=@ONON?BJNR V ?gOQ?BJPL ��;17M9<; ? V F1AMR 5 JN=\H1]S?XJN?ILNRSAMU"OQ7MRSH =\JN?8= LPU 4 -/9IAa=\LPL
R\Z(7MH1LPONJNU V ?BH6OQL�9i=\AMA:?IK � �	��� � ��� ����� � � �%JN=\K>=\JPLBD%C 7MOQ; = ]S?BH"?BJN7M9 JP?i=\A -,=\FE?BJ�OQU1JP? L 5 L�OQ? V �.RSH"?
K17 V ?IH1LN7MRSH R\Z)ON;1? JP?BLNR\A:U"ON7:RSH 9B?BAMA+7ML K1?gOQ?BJ V 7MH1?BK 435 OQ;1? =\H6OQ?BH"H>= 4 ?B= V ��7MK"OQ; � =\H1K OQ;"?
R\ON;1?BJ 7:LYK"?IOQ?IJ V 7:H1?IK 465 JN=\H1]S? JP?BLNR\A:U"ON7:RSH.D �/H =\K1K"7MOQ7MRSH OQR V U"AMOQ7 - 4 ?i= V LN9B=@ONON?BJPR V ?gOQ?IJ

7:H"LPOQJPU V ?BH6OQL �\LN7MH1]SAM?g- 4 ?i= V JN?B=\AW-/=\FE?BJPONU1JN?�L 5 LPOQ? V Ld;>=i`S? 4 ?I?BH ��7MK1?BA 5 ? V F1AMR 5 ?BKfRSH =@7:JN9IJQ=@Z O
=\L�7 V =\]S7MH1] JN=\K>=\JPL � m�; � �B; � D

A ��" �!��3� �$:�!� F��Q�-I���O�������� �+����HQ���$�R53���"

�
AWOQ;1R\U1]S; =\K1?Ie�U1=@OQ? ZbRSJ�RG9I?i=\H ��7:H"K L�OQU1K17M?BL ��ON;1?_JP?BLPRSA:U"ON7:RSH R\Z�9BU"JNJN?IH6O Z[=\HG-

4 ?i= V L 5 LPOQ? V L�7:L&ONRGR 9BRS=\JNLP?�ZbRSJ V =\H 5 ? V ?IJN]S7MH1] Aa=\H1KX=\H"K87M9B?�=\F1F1AM7:9B=@OQ7MRSH1L&R\ZdOQ;1?�LP9i=@O�-

OQ?IJNR V ?ION?BJ%K>=@OQ= LP?IO � m � �!=�� � ��� � D+�/H 4 R\ON;8ON;1? ��R\F1F1A:?IJ%=\H1K�JN=\H1]S?�K17MLN9IJN7 V 7:H1=@OQ7MRSH 9i=@LN?BL �
OQ;"?XJP?BLPRSA:U"ON7:RSH 7MLjZbU1H1K>= V ?IH3OQ=\A:A 5 AM7 V 7MON?BK 465 ON;1?X= �B7 V U"OQ; 4 ?i= V ��7:K"ON; R\Z�ON;1?X=\H6OQ?IH1H>=
F>=@OPOQ?IJNH.D��/H RSJPK1?BJ%OQR_7 V F1JNR `S?�OQ;"? JN?ILNRSAMU"OQ7MRSH �1ON;1?j=\H6ON?BH1H>= �+RSU"A:K ;>=i`\?fOQR_]SJNR���A:=\JN]S?IJBD
�);17MLh7:L�F1JPR 4 A:? V = OQ7:9 4 ?B9B=\U1LN?�OQ;1?�� - V ?ION?BJ A:RSH"]�=\H6OQ?IH1H>=\Ld9BU1JPJN?IH3ONA 5 ? V F1A:R 5 ?BKY=\JP?+=@A:JN?B=\K 5

K17 �_9IU1AMO)ONR =\9B9IR V_V R�K>=@OQ?
RSH V =\H 5 LPF>=\9I?B9BJN=@Z O�L 5 LPON? V LBD

��RY7 V F1JNR `S?�OQ;1?�? � ?I9IOQ7W`S?�JP?BLNR\A:U"ON7:RSH R@Zd9IU1JNJP?BH6O�Z[=\HG- 4 ?B= V LN9i= ONOQ?IJNR V ?ION?BJ)L 5 L,-

OQ? V L � LN?g`S?IJQ=\A&JP?BLPRSA:U"ON7:RSH ?BH";>=\H19I? V ?BH6O =\A:]\RSJN7WOQ; V L�;>=i`S? 4 ?B?IH K1?I`\?BAMRSF#?IK.D8C 7WOQ; ON;1?BLP?
OQ?I9<;1H17Me�U"?BL � V U1AWOQ7:F"A:?�R `S?IJNA:=\F1F17MH1] � � V ?i=\LPU1JN? V ?IH6OQL�=@JN?�U1LN?IK�OQR_LNRSAW`S?�ZbRSJ)OQ;1?�U1H1K"?BJNA 5 -
7:H"] LNU1J�Z[=\9B? 4 =@9 ��LP9i=@OPOQ?IJ�LP9B?IH1? =@O�;17M]S;1?BJ
JN?BLPRSA:UGOQ7:R\H�OQ;>=@H =@9<;17:?g`S?BK 465 ON;1? 4 ?B= V ��7MK"OQ;G-
A:7 V 7WOQ?IK87MH1LPOQ=\H6O<=\H1?IRSU1L V ?i=\LPU1JN? V ?IH6OQL � m � �S=�� � ��� � D��);1?ILN? =\AM]SRSJN7WOQ; V L�=\JN?Y=@F1F1A:7M?BK =@L�=
FERSLPO�-/F1JPRG9I?BLNLP7:H1] LPOQ?IF �1=@H1KT? �#?B9gOQ7M`\?BA 5 K"?B9BR\H3`\RSAM`\?�OQ;1? 4 A:U1JPJN7MH1]f? � ?I9IO)R@Z.OQ;1?�c>H17MON?g- ��7:K"ON;
JN?ILNRSAMU"OQ7MRSH 9B?IA:AMLY7:H17WOQ7a=@A:A 5 ]\?BH1?IJQ=@ON?BK 435 ON;1? LN9B=@ONON?BJNR V ?gOQ?BJID '+?B9B=\U1LN? OQ;"?BLN? OQ?I9<;1H17Me�U"?BL

U1LPU>=\A:A 5 7:H6`SR\AM`S? V U1AMON7:F1AM?�R 4 LN?IJP`@=@ON7:RSH1L�R\Z�OQ;"? LQ= V ?fF#RS7MH6O�RSH�ON;1? LPU1JPZ[=@9B? �X?I7MON;1?BJ%ZbJNR V

OQ;"? V U"AMOQ7MF1A:?fZ[=\HG- 4 ?i= V L�RSJ V U1AWOQ7MF1A:?jR\J 4 7WOfF1=\LNLP?BL � OQ;1? LNU"JPZ[=\9I? V U"LPO�O 5 F"7:9i=@A:A 5�4 ?_=\L,-

LNU V ?IK OQ? V FERSJQ=\AMA 5 L�O<= 4 A:? =@H1K = �I7 V U"ON;>=\AMA 5 7MLNR\ONJNRSF17M9\DX�);1?BLP?TJN?ILNRSAMU"OQ7MRSH ?BH";>=\H19I? V ?BH6O

OQ?I9<;1H17Me�U"?BL�;>=i`\? 4 ?I?BH LPU19B9I?BLPLPZbU1AMA 5 =\F1F1AM7:?IKXONR_OQ;"?Y�G���1� �#���1$+��� �#=\H1K �(��� Z[=\H�- 4 ?i= V
LN9B=@ONON?BJPR V ?gOQ?IJjK>=@OQ=�LN?gOQLBD �);"? JN?ILNU1AWOQ7:H"] ;17:]\;1?BJ,-/JN?ILNRSAMU"OQ7MRSH 4 =\9 �3LN9B=@ONON?BJ V ?i=\LPU1JN? V ?IH3ONL

;>=i`S? 4 ?B?BHXU1LP?BK�7MH Aa=\H1KX=\H"KX7M9B?�LPONU1K17M?BL � ;@l �!;O; �I<Sk � D

k\l



@ ��6 � T 1�-/��J KM�C-I� A -/��-/4 FR53�-� �$:��� -I��� � �C-I"P3�4��������� 
��B�B3�4�-I���

��e3U>=\A17MHj7 V F#R\JPO<=@H19B?*OQR�LNF1=@OQ7:=\AGJP?BLPRSA:U"ON7:RSH 7:LhON;1?&7:LPLNU1?)R@Z#LP9i=@OPOQ?IJNR V ?ION?BJ V ?i= -

LNU"JN? V ?BH6O�=@9B9BU"JQ=\9 5 D*'&=\9 �3LN9B=@ONON?BJ V ?i=\LPU1JN? V ?IH6OQL)=\JP? �PH"RS7:L 5�� K1U1?
ONR OQ;1?�JQ=\H"K1R V ? �#?B9IONL

R\ZEJQ=@K>=\J Z[=\K17MH1]�=\H"K JP?B9I?B7M`\?BJ�OQ;"?BJ V =\AGH1RS7:LP?\D ��K1K17WOQ7:R\H>=\A V ?B=\LNU1JP? V ?BH6O(?BJPJNRSJ�7ML 7 V F>=\J�OQ?IK

465 9B=\A:7 4 JQ=@ON7:RSHXU1H19I?BJ�O<=\7MH3ON7:?IL�=\LNLPRG9I7a=@ON?BK ��7WOQ;�ON;1?YJQ=\K1=\J
?IA:?B9gOQJPRSH17:9IL�=\H1K =@H3ON?BH1H1="D��);1?
]SJP?i=@ON?BJ�OQ;"? �	� V ?i=\LPU1JN? V ?IH3O�?IJNJNR\J � ON;1?YAa=\JP]S?BJ�OQ;1?YU1H"9B?BJ�O<=\7MH6O 5 7:H ON;1?Y]S?IRSF1; 5 LN7:9B=\A�F>= -
JQ= V ?gOQ?BJ�R\Z(7:H6ON?BJN?ILPOBD��);�U"L � = 9IRSH1LN7MK1?BJN=@OQ7MRSH R\Z�ON;1? V ?i=\LPU1JN? V ?IH6O�=\9B9IU1JQ=@9 5 7ML
9IJN7MON7:9B=\A:A 5
7 V FERSJPOQ=\H6O)7:H ON;1?�=\H>=\A 5 LP7:L)R\Zh=\H 5 LN9B=@ONON?BJPR V ?gOQ?IJ%K"?BLN7M]SH.D

C 7MON;X= LP9i=@OPOQ?BJPR V ?IOQ?IJ � =\HX?BL�OQ7 V =@ON?�R\Z � � 7ML)R 4 OQ=\7:H1?IK8U"LN7:H"] ON;1? �	� � ��� ��� � ���
� ����� � =O=��*?Sl � �B; �

� � � �
�
�
� � kGD =�

��?IJN? � �
�
7:L ON;1? V ?i=\LPU1JN?IK ?IH1?BJP] 5 7MH OQ;1? ?I9<;1R JN?IONU1JNH�ZbRSJ = ]\7M`S?IH 9B?BAMA �%=\H1K � 7MLT=

9i=@A:7 4 JQ=@ON7:RSH Z[=@9IOQR\J)K1?Ic>H"?BK 465

� � � � � �
��=�� �����

	 � 
�� ��� 
 ���� 
������� 
 � � � kGD ; �

��;1?IJN? � 7ML�ON;1? ONJQ=\H"L V 7MO �&=i`\?BA:?IH1]\ON; ��� 7:L�OQ;"? ONR\O<=\A(L 5 L�OQ? V AMRSLNL � 
 7:L�ON;1? AMRG9B=@OQ7MRSH R\Z
?i=@9<;_FERS7:H6O�R\H ON;1?�LNU1J�Z[=\9B? � � � 
	�h7MLhOQ;1?%=\H6ON?BH1H>=�]6=\7MHjF>=@OPOQ?IJNH RSHYOQ;1?)LPU1JPZ[=\9I? �� � 
��h7:L OQ;"?
? �#?B9gOQ7W`S?�JN?ILNFERSH1LN?�R\Zd?B7WOQ;1?IJ)��RSF1F"A:?BJ+RSJ)JQ=\H"]S?
c>AWOQ?BJP7:H1] � � � 
 ��7ML&OQ;1?�LPAa=\H6O�JQ=@H1]S?�OQRY?B=\9<;
LNU"JPZ[=\9I?Y?BA:? V ?IH6O �.=@H1K OQ;1?j7MH6OQ?B]\JQ=\A�7:L�FE?BJ�ZbRSJ V ?BK�R `\?BJ�ON;1?Y7:AMA:U V 7:H>= OQ?BK JP?B]S7MRSH.D�'+?I9i=\U"LN?
OQ;"?�?I9<;1R ?BH1?IJN] 5 7ML V ?B=\LNU1JP?BKX7:H ON;1?�F1JN?ILN?BH"9B? R@ZdON;1?BJ V =\A H1RS7:LP? �>=@HXU"H 4 7a=\LP?BK�?ILPON7 V =@OQ?IK
R\Z��

�
7ML)]S7M`\?BH 465

�
�
� �

������� � � � � � kGD �	�

��;1?IJN? �
����� 7:L
ON;1? V ?B=\LNU"JN? V ?BH6O�R\Z*OQ;1? ?I9<;1R8LP7:]SH1=\A F1AMU1L�OQ;1? H1R\7:LN?Y?IH1?BJP] 5 =\H"K � � � 7ML

=\H 7MH1K1?IF#?IH1K1?BH6O�?ILPON7 V =@OQ?�R\Z�ON;1? �PH"RS7:LP?g-/R\H1A 5 � ?BH1?IJN] 5 D
�);1?jH"RS7:LP?g-/R\H1A 5TV ?i=@LNU1JP? V ?BH6O�7ML

R 4 OQ=\7:H"?BK 465 R 4 LP?BJ�`G7MH1] ON;1? L 5 L�OQ? V H1R\7:LN? � R�RSJ%?B7MON;1?BJ%K1U1JP7:H1] = ON7 V ? � RSJ%7:H = ZbJN?Ie�U"?BH19 5
4 =\H"K � ��;1?BJP?�OQ;"?%?I9<;1R LP7:]SH1=\A17:L(H1R@O�F"JN?BLP?BH6O � ; � � �9= � D���R\ON?)ZbJNR V �(e D � k�D = �hON;>=@O(OQ;1?�?IJNJNR\J
7:H OQ;1? ?ILPON7 V =@OQ7MRSH R\Z � �j9i=\H 4 ? K"?B9BR V FERSLN?IK 7:H6OQR � �,m���ON;1? ?BJPJNRSJj=\LNLPRG9I7a=@ON?BK ��7WOQ; OQ;"?
V ?i=\LPU1JN? V ?IH3O�R\Z �

�
����;17:9<; � ZbRSJ ;"7:LPONRSJN7M9i=\A@JN?B=\LNRSH"L�7ML JN?gZb?BJNJP?BK�OQR%=\L ���
	 	 � � ���	��� ������� ����� � �

=\H1K � k	��OQ;1? ?IJNJNR\J�=\LNLPRG9I7a=@ON?BK ��7MON; ON;1? K1?ION?BJ V 7MH>=@OQ7MRSH R\Z � � JP?IZb?BJPJN?IK ONR8=@L �	��� ��� � ��� �����
��� ���
�gD

kGm



$+R V V U1H17M9i=@ON7:RSH H1R\7:LN?�JP?BLNU"AMOQL�ZbJNR V OQ;1?�JQ=\H"K1R V ? �#?B9gOQL�R\Z�JQ=@K>=\J)Z[=\K17MH1] =@H1K

L 5 L�OQ? V OQ;1?IJ V =\AGH"RS7:LP?\D �);1?+H1RSJ V =\AM7��B?IK L�O<=\H1K1=\JNK K1?g`G7:=@OQ7MRSHjR\Z>ON;17:Lh?BJNJPRSJhON?BJ V 7:LhK1?Ic>H"?BK

=\L � ��� ����;"?BJN?

� ��� ��� �*=@J � � � �� � �
� �

� � kGD < �

��?IJN? � � � � =\H1K � �*=@J � =@JN?
ON;1?�? �GFE?B9gO<=@ON7:RSH =\H"K `\=@JN7a=@H19B?�RSF#?IJQ=@ONRSJNL+JN?BLPF#?I9ION7M`S?IA 5 D*��]SR6=\A
R\ZdLN9B=@ONON?BJNR V ?gOQ?BJ�K1?ILN7M]SH �1OQ;"?BJN?gZbRSJN? �>7:L&ONR V 7:H"7 V 7��B?%OQ;1?�`@=\AMU1?�R\Z � ���QD

�);1? � ��� ZbRSJd=%Z[=\H�- 4 ?i= V LP9i=@OPOQ?BJPR V ?IOQ?IJh? V F1AMR 5 7MH1]���RSF1F1AM?BJ c>AMON?BJP7:H1]%;>=\L 4 ?I?BH
=8ONRSF17:9 R\Z�LP?I`S?IJQ=\A+K1?IOQ=\7:AM?BK L�OQU1K"7:?BL � m�< ��=C; � D8� U1LP?IZbU1A)=@F1F1JNR �G7 V =@ON7:RSH ZbRSJ�OQ;17ML 9i=@LN? 7ML
]S7W`S?BH 465

���� � m

� ��� � ��� ��� m��
k
�"���

� m
�"��� �	� m
� ��� ��� � �� � � ������� � � kGD ?	�

��;1?IJN? �	� � � 7:L)ON;1? ��R\F1F1A:?IJ 4 =\H1K ��7MK"OQ;XR\ZdOQ;1?�� � V ?B=\LNU1JP? V ?BH6O�9B?BAMA ��� � 7ML)OQ;1?�OQJN=\H1L V 7MO
F1U1AMLN?*A:?IH1]\OQ; ����� 7ML ON;1?*JQ=\H1]\?�]6= OQ? �PRSFE?BH � OQ7 V ? ZbR\J ON;1? V ?B=\LNU1JP? V ?BH6OdR\Z"ON;1?�LP7:]SH1=\A���H1RS7MLN?
?BH"?BJN] 5 ��=\H"K � � =\H1K�� � =\JN? OQ;1? 4 =\H1K ��7:K"ON; =\H1K 7MH6OQ?B]\JQ=@ON7:RSH OQ7 V ?IL�ZbR\J�ON;1? H1R\7:LN? -/RSH"A 5
?BL�OQ7 V =@ON?)JN?ILNFE?B9ION7M`\?BA 5 � m�< �B=B; �C?9= � D �);1? V ?i=\LPU1JN? V ?IH6O+LP7:]SH>=@AW- ONR@-/H"RS7:LP?+JQ= OQ7:R�7ML�K1?Ic1H1?BKT=@L

�"�
� � ��� �
� �� � � � � �
� � kGD �	�

��;1?IJN? � � � � � � 7ML�]S7M`\?BH 465 � � � ��� � ��=\H"K � � 7:L�K1?gc>H1?BK OQR 4 ? ON;1?YOQ;1?IJ V =\A H1R\7:LN?YFER��+?IJ
LNFE?B9gOQJN=\A"K1?IH1LN7WO 5 D���e3U>=@ON7:RSH � kGD ?� �&=\LhU1LN?IKjOQR�9B=\A:9IU1Aa=@ON? ���� ZbRSJdON;1?)�����1� L 5 L�OQ? V � ��;"7:9<;
FE?BJPZbR\J V ?BK ��R\F1F1A:?IJ)c>AMON?BJN7MH1] U1LN7MH1] =@H>=\A:R\]_9IR V FERSH1?IH6OQLBD�� LN7M]SH17Mc19i=\H6OQA 5TV RSJN?�9BR V F1AM? �

?Be3U>= OQ7:R\H �&=@L�K1?I`\?BAMRSF#?IK ZbRSJ�ON;1? K17M]S7MOQ=\A F1JNR�9B?ILNLP7:H1] U"LN?BK 465 ���1$+��� � =@H1K 7:L�K1?BLP9BJP7 4 ?BK

7:H � =C; � D � �);"? ���"$+��� � ���
? �"F"JN?BLPLN7MRSH � ;1R���?I`\?BJ ��7ML�JN?i=@LNRSH>= 4 A 5 ��?BAMA�=@F1F1JNR �G7 V =@ON?BK 435
��e D � kGD ?�gD �

�>RSJ�OQ;1?Y�(���3-<mfLN9B=@ONON?BJNR V ?gOQ?BJ � ��;17M9<; ? V F1A:R 5 L
JN=\H1]S?fK17:LP9BJP7 V 7:H>=@ON7:RSH � � ���&7ML
]S7W`S?BH 465

� ��� � m� � � m
� m
�"���  � kGDWm l�

��;1?IJN? � 7:L+ON;1?�?Be3U17W`\=@A:?BH6O)H3U V 4 ?IJ)R\Z�JQ=\H1]\? �PA:R�R �3L � R\H ON;1?�LNU"JPZ[=\9I? �_7 D ?\D �"OQ;1?�H3U V 4 ?IJ
R\Z 7MH1K17W`G7MK1U>=\A>JN=\H1]S?�9B?IA:A:L�=i`S?IJQ=\]S?IK OQR�ZbRSJ V RSH1? �	�+9I?BAMA D �%?BJP?�OQ;"?�? �GF1JP?BLNLP7:RSHT7ML+=@F1F1JNR �G7W-
V =@OQ?IK =\L�= A:7MH1?i=@J ZbU1H19ION7:RSH_R\Z�m �\�"�
��JQ= OQ;1?IJ�OQ;1=\H_ON;1?
e3U>=\K"JQ=@ON7:9%]S7M`\?BH 7MH ��e D � kGD ?�(K"U1?

kSk



OQR ON;1? `\?BJ 5 ;17:]S; �"�
��OQ;>=@O
OQ;1?Y�(��� LN9i= ONOQ?IJNR V ?ION?BJ
O 5 F17M9i=\AMA 5XV =\7:H6O<=@7:H1L � =\AMA:R���7:H"]_OQ;"?
H1RS7MLN?�LPU 4 OQJN=\9ION7:RSHXLPON?BF OQR 4 ?�H"?B]SAM?B9ION?BK � �\l � D

�/Hj=@K1K17MON7:RSH�ONR%ON;1?�JN=\H1K1R V ?BJPJNRSJPLh=\LPLNR�9B7:=@OQ?IK ��7WOQ;fON;1?(?BL�OQ7 V =@ON7:RSH�R\Z �
�
� ON;1?BJP?

=\JP?�=\A:LPRj?BJPJNRSJPL)7:H ON;1?�K1?gOQ?BJ V 7MH>=@ON7:RSH_R\Z OQ;1?�9B=\A:7 4 JQ=@ON7:RSH F>=\JN= V ?IOQ?IJ � D �);"7:L)9i=@A:7 4 JQ=@ON7:RSH

?BJPJNRSJ�7:L�ON;1?_JP?BLPU1AMOfR\Z+ON;1? 9BR Vj4 7:H1?IK U1H"9B?BJ�O<=\7MH6O 5 7MH =@A:AhON;1? JN=\K>=\J�L 5 L�OQ? V L F1=\JQ= V ?ION?BJPL

A:7MLPON?BK 7MH �(e D � kGD ;	� � LPU19<; =\LjU1H19I?BJ�O<=\7MH3ON7:?ILj7:H ON;1?T=\H6OQ?IH1H>= F>=@OPOQ?IJNH �(L 5 L�OQ? V LYA:R\LNL ��?gOQ9@D
�G7 V 7MAa=\J�OQR � ��� �*7MO 7:LY9IRSH6`S?BH6ON7:RSH ONR e�U1=\H6OQ7MZ 5 ON;17:L ?IJNJNR\J_=@L_= H1RSJ V =@A:7��I?BK `@=\AMU1? � � ��� �
]S7W`S?BH 465

���� � � �
�

� � kGDWmSm��

��;1?IJN?�� � 7MLfON;1? 9B=\A:7 4 JQ=@ON7:RSH ?IJNJPRSJj=\LPLNR�9B7:=@OQ?IK ��7MON; ON;1? K1?gOQ?IJ V 7:H>=@ON7:RSH R\Z � ��� � �

�
� � ����� �	� � � � ��	 � � ��
 � � 	�� � � D��dR ON;1?�? �GON?BH6O)OQ;1=@O�� � 9B=\H 4 ?�=\LPLNU V ?BK ONR 4 ?
= JQ=@H1K1R V

e3U>=\H6OQ7WO 5 �>OQ;"?�ONR\O<=@A � � ?BJNJPRSJ�7:L)? �"F"JN?BLPLN?IK =\L � � ���� � � �� � D�� �\? 5 ]SR6=\A.R@Z LN9B=@ONON?BJPR V ?gOQ?IJ

K1?ILN7:]\H 7:L�ON;1? V 7:H17 V 7 �i=@ON7:RSH R\Z�OQ;17ML�ONR\O<=\A V ?i=\LPU1JN? V ?IH3O�?BJNJPRSJBD��);"?j9BRSH"9B?BFGOQL�? �GF1JP?BLPLN?BK

465 ��e�LID � kGDWm��/- � kGDWmSm��h;>=i`\? 4 ?B?IH U1LN?IK ? �GON?BH1LP7M`\?BA 5 ONR =\9I9BR V F1AM7:LN; K1?ILN7M]SH RSFGOQ7 V 7��B=@OQ7MRSHfZbR\J

Z[=\HG- 4 ?B= V L 5 LPOQ? V L � �Sl �/=C; � D

@ � @ N ���� �Q��B �$&�UJ 
 � �C48 �3�4�� +����UQ���$�R53���"

�/Hf=\K1K17WOQ7:R\H
OQR ��7:H"KfLP9i=@OPOQ?BJPR V ?IOQ?IJNL � ON;1?(R\OQ;1?IJ V =��PRSJ.9BA:=\LNL R\ZGLNF1=\9B? 4 RSJPH1?(LN?IHG-
LNR\J ��;17M9<; ;>=\L 4 ?B?IH ? V F1AMR 5 ?BK�ONR V ?i=\LPU1JN? �	�
7ML
L 5 H6OQ;"?IOQ7M9g-/=\F#?IJPONU1JN?jJN=\K>=\J � ����� �gDE�);1?
F1JP7 V =\J 5 =\K"`@=\H6O<=@]S? R\Z+ON;1?_�G���2ON?B9<;1H17Me3U1?_7ML�OQ;>=@O�LPF>=@ON7a=\A JP?BLPRSA:U"ON7:RSH"L�RSH ON;1? RSJNK"?BJ�R\Z

V ?IOQ?IJNL*9i=\H 4 ?%R 4 OQ=\7:H"?BK�� K1JN= V = OQ7:9B=\A:A 5�4 ?gONOQ?IJ*ON;>=\H OQ;>=@O�=\9<;"7:?I`@= 4 A:?���7MOQ; JN?B=\AW-/=\FE?BJPONU1JN?

Z[=\HG- 4 ?B= V L 5 LPOQ? V LfK1?BLP9BJP7 4 ?BK = 4 R `\? � =\AMON;1RSU1]\; =@Of= 9IRSLPOfR\Z�LN7M]SH17Mc19i=\H6O�=\K1K"7MOQ7MRSH>=\Ad7:HG-

LPONJNU V ?BH6O 9IR V F"A:? �G7WO 5 D �);"? c1JNLPO LPF>=\9B? 4 R\JNH1?8�G�
� L 5 LPON? V � ? � R\H ON;1? LQ= V ? ]SJPRSU1H1K�-

4 JP?i= �37:H"] ��?i=\LN=@O*LQ=@ON?BA:AM7MON?)=\L OQ;"?�c1JNLPO(Z[=\H�- 4 ?i= V LN9i= ONOQ?IJNR V ?ION?BJ �G=@H1K_R\F#?IJQ=@ON?BK =@O* -,'&=@H1K
� =� � D �G7:H"9B? OQ;1?IH �hLPF>=\9B? 4 R\JNH1? �G��� � L�;>=i`S? 4 ?I?BH R\F#?IJQ=@ON?BK = Oj$*-�=\H1K��-/'&=\H1K =\L ��?BAMA D
�/H�ON;1?�ZbR\A:A:R���7MH1] LNU 4 LP?B9gOQ7:R\H1L � = 4 JP7:?IZ K1?BLP9BJN7MF"OQ7MRSH�R@ZhOQ;"? H>=@ONU1JN?fR\ZhON;1?Y����� OQ?I9<;1H17:e3U1? �
9i=@F>= 4 7MA:7MON7:?IL �G=\H1K8=\9B9IR V F1=\H 5 7MH1] L 5 LPON? V JP?Be3U17:JP? V ?BH6OQL%7:L)F"JNR `�7:K1?IK.D

k �



@ � @ ��6 N����! �Q��B �$��UJ 
 � ��48 �3�4�� A ��" �!��3� 8$��!�

� �G�
� RSFE?BJQ= OQ?BL 465 U1LP7:H1] ON;1? V R@OQ7:R\H R\Z%OQ;1?TLPF>=\9B?I9BJN=@Z O OQR L 5 H6OQ;1?ILN7 �B?8=\H

? �#?B9gOQ7W`S?�=\F#?IJPONU1JN? V U19<;_A:RSH"]S?BJ ON;>=\H OQ;1?��PJP?i=\A � = �B7 V U"OQ; A:?IH1]\ON;_R\ZEOQ;"?
=\H6ON?BH1H>=GD �);17:L(7ML

=\9I9BR V F1A:7MLN;1?IK 465 9BRS;"?BJN?IH6OQA 5 9IR Vj4 7MH17:H1]�?B9<;"RjF1U1AMLN?BL�K1U1JP7:H1]�OQ;1?%OQ7 V ?)OQ;>= O�ON;1?
JP?B]S7MRSH ONR

4 ? V ?i=\LPU1JN?IK JP?BLN7MK1?BL�7:H OQ;1?�=\H6OQ?IH1H>= 4 ?B= V ZbRGR@OQF1JP7:H6O � m\m � m�; � �B; � D ��H ?Be3U17W`@=\A:?IH3O �+= 5 ONR
`�7:? � �G����7:L�=\L+=fJQ=@K>=\J ��;17:9<; LP7 V U"AMO<=@H1?BRSU"LNA 5 JN?BLPRSAM`\?BL*OQ;1?�LNU1J�Z[=\9B?�LN9B?IH1?�7MH 4 R\OQ;_JQ=\H1]\?
=\H1K ��RSF"F1A:?IJ �6=\L�LP;1R���H_7MH �h7:]1D\kGD � � m�; � Dh�);1?�JQ=\H1]\?)JN?BLPRSA:UGOQ7:R\HjR\Z =��G��� 7ML�?Be3U17W`\=@A:?BH6O ONR
OQ;1=@O
]\7M`S?IH�7MH���e D � kGD ��gD&� O�9i=@H 4 ?fLP;1R���H�OQ;>= O�ON;1? 4 ?BL�O�= �I7 V UGOQ;XJN?BLPRSA:UGOQ7:R\H8R\Z = �G�
� �

;1R���?I`S?IJ �E7:L)]S7W`S?IH 465
� � � � � � �

k
� � kGDWm k	�

��;1?IJN? � � �)7:L(OQ;"?
A:?IH1]\ON; R\Z.ON;1?�= �B7 V U"OQ;_K17 V ?BH1LP7:RSH R\Z ON;1?�=\H6ON?BH1H>=GD��);17:L�7:L�=�OQ;"?BRSJP?IOQ7M9i=\A
JN?ILNU1AWO ��;17:9<; �6ZbRSJ�JP?i=\LPRSH1L*K17:LP9BU1LPLN?IK 7:HYOQ;"?%H"? ��O+LPU 4 LP?B9ION7:RSH ��7ML(JQ=\JP?BA 5 =\9<;17M?I`S?IK 465 =\9gOQU>=\A
LNF1=\9B? 4 RSJPH1? L 5 LPON? V LBD ��e3U>=@ON7:RSH � k�DMm k ��H1?I`\?BJ�OQ;1?IA:?BLPL 7MA:A:U"LPOQJN=@OQ?IL�ON;1? F#R\ON?BH6OQ7:=\AhJP?BLPRSAM`�7:H"]

FER���?BJhR\Z OQ;1?&L 5 H3ON;1?ION7:9 -,=\FE?BJ�OQU1JP?+OQ?I9<;1H17:e3U1?@D C 7MON; OQ;1?)�G��� =\F1F1JPR6=\9<; �6JP?BLPRSA:U"ON7:RSHfRSHjOQ;"?
RSJPK1?BJ�R\Z�OQ;1?�=\H6ON?BH1H>= F1; 5 LN7M9i=\A A:?IH1]\ON; �_O 5 F17M9i=\AMA 5 RSHXON;1?�RSJNK"?BJ)R\Z V ?gOQ?BJPL �T7ML)F#R\LNLN7 4 A:?@D

@ � @ � @ N����! �Q��B �$��UJ 
 � ��48 �3�4�� N ��"' 8��� A ��R53�$�4��������� �"

�);1?IJN?�=\JN?�=jH3U V 4 ?IJ%R@Zd9IRSH1LP7:K1?IJQ=@ON7:RSH1L�OQ;>=@O V = �@?��G����L 5 LPOQ? V L V U"9<; V RSJN?

9BR V F1AM? �XOQ;1=\H OQ;1?fZ[=\HG- 4 ?i= V LP9i=@OPOQ?BJPR V ?IOQ?IJ�L 5 L�OQ? V L�K17MLN9BU"LNLN?IK 7:H�ON;1?YF1JN?g`�7:RSU1L
LN?B9gOQ7MRSH

� mSm � �B; � D � �@? 5 9BR V F1AM? �G7MO 5 ZbRSJ(LNF>=\9I? 4 RSJNH"?��G�
� L 5 LPON? V L+7ML OQ;1?�=\H6OQ?IH1H>= 	 ��� �	 � 	 ��� �	�

����� ��� �	� ��� �[D��);17ML�9BR\H1LPONJQ=\7MH3O
7:L 4 =\LN?IK RSH JQ=@H1]S?j=@H1K ��RSF1F1AM?BJ�= Vj4 7M]SU17WO 5 9BRSH1LP7:K1?IJQ=@ON7:RSH"L

=\H1K�F1JNR `�7:K1?IL�= 4 RSU1H"K RSH8ON;1? V 7:H"7 V U V LN7��I? R\ZhOQ;1? =\H6OQ?BH"H>= H1?I9B?BLPLQ=\J 5 ONR LNU19I9B?ILNLPZbU"A:A 5

FE?BJPZbR\J V L 5 H6OQ;"?IOQ7M9g-/=\F#?IJPONU1JN? JP?BLPRSA:U"ON7:RSH F1JPRG9I?BLNLP7:H1]8RSH ON;1? ?I9<;1R JP?IOQU"JNH LP7:]SH>=@A � m�; �*m � � D
C ;1?IH = Vj4 7M]SU17WO 5 9BRSH6OQ= V 7MH>=@ON7:RSH 4 ?BAMR�� -�k\l K>' 7ML�K1?ILN7MJN?BK �EON;1? 9IRSH1LPONJQ=\7MH6O
9B=\H 4 ? LPU V -

V =\JN7 �B?BKX=\L

� � � �
��� �

m l ��� � � � OQ=\H �� � �
�

� � kGDWm ��

��;1?IJN? � � �(=\H1K �
���
=@JN?�ON;1?&= �B7 V U"OQ;f=\H1Kj?IA:?g`\= OQ7:R\HfK17 V ?IH1LN7MRSH1L�R\Z1ON;1?&=\H6ON?BH1H>=�JN?BLPF#?I9ION7M`S?IA 5 �

� 7:LdON;1?&JN=\K>=\J �+=i`S?IA:?BH"]\OQ; � � � � 7MLdON;1?&LNF1=\9B?I9BJQ= Z O�`S?BAMRG9I7MO 5 � ��7:L�OQ;1?)=i`\?BJQ=@]S?&LNA:=\H6O�JQ=@H1]S?�ONR
OQ;"?�7MA:AMU V 7MH>=@ON?BK JN?B]\7:RSH �1=\H1K �� � �*7:L&ON;1?�=i`S?BJN=\]S?�7:H"9B7:K"?BH19I?f=@H1]SA:?�=\9BJPRSLNL)OQ;"?�7MA:AMU V 7MH>=@ON?BK

kU=



Antenna 3 dB
Contour

Resolution
Cell

Iso-Doppler 
Lines

Iso-Range 
Lines

SAR Antenna

�h7M]SU1JN?YkGD � � $+RSH19I?BF"ONU>=\A�7MA:A:U"LPOQJN=@OQ7MRSHXR\Z+LPF>=\9I? 4 RSJNH1?_�G�
��L 5 L�OQ? V DY�%?BJP? � OQ;1?YK1=\J	�8R `@=\A
JN?IF1JN?ILN?IH3ONL OQ;"? 7MA:AMU V 7MH>=@ON?BK�JP?B]S7MRSH.D �);1? JN?BLPRSA:UGOQ7:R\H 9I?BAMA �[LN;1=\K1?BK JN?I]S7:RSH �
7:L�K1?gc>H1?BK 435
OQ;"?87MH3ON?BJPLN?B9gOQ7MRSH R@Z�7:LPR@-,��R\F1F1A:?IJY=\H1K 7:LPR@-/JN=\H1]S?T9IRSH6OQRSU"JNL_=\L_F"JNR �P?I9IOQ?IK RSH OQ;1?X�(=\J�OQ; � L
LNU"JPZ[=\9I?\D

JN?I]S7:R\H.Dh� O�ZbRSAMA:R���LhZbJPR V ��e D � kGDWm �� OQ;>=@O�������=\H6OQ?IH1H>=\L V U"LPO 4 ?%e3U17WOQ?)A:=\JN]S?@Dd�);"?
��?i=\LN=@O

�G�
� �>ZbRSJ%? �"= V F1A:? �#JP?Be3U17MJN?BK =\H =\F"F1JNR �G7 V =@OQ?IA 5 k � mSm V ?ION?BJ%K1?BF"A:R 5 = 4 A:?�F1;>=\LP?BKG-/=\JNJN= 5
=\H6OQ?IH1H>= �[LP?B?f�h7:]1D1kGD>= �gD

� 9BR\JNRSAMAa=\J 5 ONR���eED � kGDWm ��#7ML OQ;>= O 4 ?I9i=\U1LP?�OQ;1?(=\H6ON?BH1H>=�7:L JN?Be3U17MJN?IK�ONR 4 ?�A:=\JN]S?IJ �
OQ;"? 7:AMA:U V 7:H1=@OQ?IKTJN?B]\7:RSH8RSH�OQ;"? LNU"JPZ[=\9I?j7:L�=\9IONU>=\AMA 5 e3U17WOQ? L V =@A:A D&C 7WOQ;XOQ;1? ��?i=\LN=@O��G�
� �
OQ;"?�L �&=@ON; ��7:KGOQ; �&=\L*RSH1A 5 m lSl � V � V U19<;_L V =\A:AM?BJhON;>=\H OQ;1? ;\lSl � V L �+=@OQ;_R\Z.OQ;"?
��?i=\LN=@O
Z[=\HG- 4 ?B= V LN9B=@ONON?BJPR V ?gOQ?IJ+L 5 L�OQ? V D(�);3U1L �>=@AMOQ;"RSU1]S; kO; V JN?ILNRSAMU"OQ7MRSH �&=\L&=\9<;17:?g`S?IK 435 OQ;"?
�G?B=\LQ=@O��G�
� �>RSH"A 5 =Y`S?IJ 5 L V =\AMA.JN?I]S7:RSH R\Z�OQ;"? �(=\J�OQ;X9BRSU1AMK 4 ?�9BR `S?IJN?IK =@O�= ]\7M`S?IHXON7 V ?\D
�);1?%A:7 V 7WO<=@ON7:RSH1L�7 V FERSLN?IK 465 ON;1?�H1=\JNJPR����G��� L �&= OQ; ;1= `\? 4 ?B?IH R `S?IJN9BR V ?%LNR V ? ��;1=@O 435
OQ;"?)JN?B9I?BH6O*U1LN?�R\Z �1$+�
���G�
� OQ?I9<;1H17Me�U"?BL � ��;1?IJN?%=�LN7MH1]SA:? 4 ?B= V 7ML ?BAM?B9IONJNRSH"7:9i=@A:A 5 LP9i=\H"H1?BK

OQR�K17 �#?BJP?BH6OY?BAM?I`@=@ON7:RSH F#RSLP7MON7:RSH1Lf7:H R\JNK1?IJfOQR 7MH19BJP?i=\LP? OQ;"? ? �#?B9gOQ7M`\?TL �+=@OQ; ��7MK"OQ; D �);1?

kO;



�1$+�
���G�
� OQ?I9<;1H17Me�U"? ��;1R���?I`S?IJ �(JN?Ie3U17:JP?BLj=@H ?I`\?BH Aa=@JN]S?IJ =\H"K V R\JN? 9BR V F1A:? � =\H6OQ?IH1H>=
� �Sl � D

@ � T � $&"'-I��#�-I�� 8-��!��"(�!),1�-I�5JLKM�C-I� -I��� N�
 A N5�O-� P 8�C4��!���B 8�C4 +����HQ���$�R53���"

�);1?%LN9B=@ONON?BJNR V ?gOQ?BJ(OQ?I9<;1H17Me�U"?BL+K"7:LN9IU1LNLP?BKT7MH ON;17:L(LP?B9ION7:RSH_;>=i`S? 4 ?I?BH U"LN?BK_LNU19 -

9B?ILNL�ZbU1A:A 5 R `S?IJ
OQ;"?jF>=\L�O
O ��RTK1?B9B=\K1?BL � F1JNR `�7:K"7:H1] V ?B=\LNU1JP? V ?BH6OQL ��;"7:9<; ;>=i`\?Y]SJN?B=@OQA 5 ? �3-
F>=\H"K1?BK U"H1K1?BJPLPOQ=\H1K17MH1] R\Z V =\H 5 ]S?BR\F1; 5 LP7:9B=\AdF"JNR�9B?BLPLN?ILBD���?ILNF17WOQ?�OQ;1?ILN? LPU19B9I?BLPLN?BL � ;1R��&-
?I`\?BJ �SOQ;1?IJN?�=\JP?+K17MLQ=\K"`@=\H6OQ=\]S?BLdOQR�OQ;"?BLN?)L 5 LPOQ? V L ��;"7:9<; V U1L�O 4 ?+R `S?IJN9BR V ?&ONR V ?I?IO ZbUGOQU1JP?
LN9B=@ONON?BJPR V ?gOQ?IJ%LP9B7M?BH19I?fR 4 �P?B9ION7M`\?BLBD

� =\HG- 4 ?B= V LN9B=@ONON?BJNR V ?gOQ?BJPL � ��;17:9<; ? V F"A:R 5 V U1AWOQ7:F"A:?�c �G?BK =@H3ON?BH1H1=\L�=\H1K8JN? -
e3U17:JP? ��7:K1?&c1?BA:K"L�-/R@Za- `�7:? � � =@JN?)K17 �_9IU1AMOhOQR�=\9I9BR V V R�K>=@ON?+RSH LPF>=\9B?I9BJN=@Z O ��=\H1K H1?I9B?ILNLN7WO<=@ON?

9BR V F1AM? � K1?BF"A:R 5�V ?IH3O V ?B9<;>=@H17:L V L ONR =\A:AMR�� ON;1? =\H6OQ?IH1H>=\LYONR ZbR\A:K 7:H6ONR OQ;1?TLPF>=\9B?I9BJN=@Z O
LN;"JNRSU1K K1U1JP7:H1] Aa=@U1H19<;.D � V RSJP?Y9BR V F>=\9gO�7:H1L�OQJNU V ?IH3O ��RSU1AMK 9IRSH1LN?Ie3U1?BH6OQA 5 ;>=i`S? V =\H 5
V RSJN?TRSF"F#RSJ�OQU1H"7MOQ7M?BLjONR � 5 =@O 9BRSH1LP7:K1?IJQ= 4 A 5 AM?BLNL ? �"FE?BH"LN?\D �/H =\K"K17MON7:RSH ��ON;1? H>=@OQU"JN? R\Z
OQ;"?_Z[=\HG- 4 ?B= V V ?i=\LPU1JN? V ?IH6Oj]S?IR V ?gOQJ 5 F1JNR�K1U19I?BL V ?i=@LNU1JP? V ?BH6OQL =@O V =\H 5 K17 � ?IJN?BH6Of7:HG-

9B7MK1?BH"9B? =\H1]\A:?BLID '+?B9B=\U1LN?TON;1?TLN9B=@ONON?BJN7MH1] F1;1?IH1R V ?BH1R\A:RS] 5 �[=\H1K ;1?BH"9B? OQ;"?T]S?BRSF"; 5 LP7:9i=@A

7:H6ON?BJNF"JN?IOQ=@OQ7MRSH R\Z ON;1? �	� V ?i=\LPU1JN? V ?IH6OQL �+9<;1=\H1]S?IL�=\L)= ZbU1H19gOQ7MRSHTR\Z 7:H"9B7:K"?BH19I?�=\H1]SAM? �3OQ;17ML
Zb?i= OQU1JP? V = �@?BL)Z[=\HG- 4 ?B= V V ?i=\LPU1JN? V ?IH3ONL�K17 � 9BU"AMO)OQR 9B=\A:7 4 JQ=@ON?�=\H1KX7:H6ON?BJNF"JN?IOBD(�
L%LN;1R���H
7:H �h7:]"D kGDMm �@OQ;"?BJN?+7:L�?I`S?IH =
JN?I]S7:R\H R\Z1ON;1?�Z[=@HG- 4 ?i= V L �&=@ON; ��;1?IJN?+ON;1?&7:H"9B7:K"?BH19I?&=\H1]\A:?BLd=\JP?
LNR�A:R�� OQ;>= O ��7:H1K `S?I9IOQR\JNL*9i=\H H1R\O 4 ?)JN?IONJN7M?I`S?IK =@O*=@A:A Dd�h7MH>=\A:A 5 � 4 ?I9i=\U1LP?%ON;1?�JN?ILNRSAMU"OQ7MRSHYR\Z

Z[=\HG- 4 ?B= V L 5 LPON? V L)7:L�LPOQJP7:9gOQA 5 AM7 V 7MOQ?IK 465 OQ;1?�=\H6OQ?BH"H>= 4 ?B= V ��7:KGOQ; ��RSH1A 5 LPF>=@ON7a=\A Zb?i=@ONU1JN?IL
RSHTOQ;"?�R\JNK1?IJ%R@Z�k\l � V 9i=@H8JP?i=\AM7:LPON7:9B=\A:A 5 4 ?�JP?BLNR\AM`S?IK.D

�);1?_U1LN? R@Z%�G��� OQR8R 4 OQ=\7:H V ?B=\LNU"JN? V ?BH6ONLjR\Z)LPU1JPZ[=\9I? 4 =@9 ��LP9i=@OPOQ?IJj7:Lf= ��?BA:A
�3H1R���H LPRSA:UGOQ7:R\H OQR JP?BLPRSA:U"ON7:RSH F1JNR 4 A:? V � 4 U"OT7WO LPU � ?IJNLTOQR =@H�?I`S?IH ]\JN?i= OQ?BJ ? ��OQ?IH3OX7MH
OQ?IJ V L)R\Zd7 V F1A:? V ?IH3OQ=@OQ7MRSH 9IR V F1A:? �"7WO 5 �1LPF>=\9I?B9BJN=@Z O�=\9B9IR V V R�K>=@ON7:RSH ��=\H"K89IRSLPOBD+������L 5 L,-
OQ? V L O 5 F17M9i=\AMA 5 JP?Be3U17:JP?�A:=\JN]\? � K1?BF"A:R 5 = 4 A:? � F1;>=@LN?BK�-,=\JPJQ= 5 =\H6OQ?BH"H>=\L � ��;17:9<; �@ZbRSJd�1$+�
���G�
�
=\F1F"A:7:9B=@OQ7MRSH1L � V U"LPO 4 ?Y?BAM?B9IONJN7M9i=\AMA 5 LPON?B?IJQ= 4 AM?\D�'+?I9i=\U1LP? R\Z(OQ;17ML �.7WO�7:L�? ��OQJP? V ?BA 5 K17 �_9IU1AMO
OQR U"ON7:AM7��B? V U1AWOQ7:F"A:? �G��� =@H3ON?BH1H1=\L�F1Aa=\9I?BK 7:H K"7 �#?BJN?IH6O = �B7 V U"OQ; FERSLN7WOQ7MRSH1L�ZbR\J�OQ;1? V ?i= -

LNU"JN? V ?BH6O8R\ZfRG9I?i=\H ��7:H1K `S?I9IONRSJNLID �);3U1L ������� V ?i=\LPU1JN? V ?IH3ONL89B=\H RSH1A 5 Zb?i=\LP7 4 A 5 4 ?
FE?BJPZbR\J V ?BK�=@O RSH1?�= �B7 V U"OQ; =\H1]SAM?8ONR R 4 OQ=\7:H H1RSHG- ��7:H1K V ?B=\LNU1JP? V ?BH6OQL R `\?BJ A:=\H1K�=@H1K

k��



7:9I?\D �h7:H>=@A:A 5 �h?g`S?BH ��;1?IH = �1$+�
���G�
� =\F1F1JPR6=\9<; 7:L =@K1RSF"ON?BK �(7MOj7:LjK17 � 9BU1AWOjOQR R 4 O<=\7MH
OQ;"? ��7:K"?g-/L �&= OQ;T�(=\J�OQ; 9IR `S?BJN=\]S?�H"?B9B?ILNLN=\J 5 ZbRSJ V =\H 5 ]SAMR 4 =\A>LP9i=@OPOQ?IJNR V ?ION?BJ&=@F1F1A:7M9i=@ON7:RSH"LBD
��7M`S?IH_ON;1?
AM7:LPON?BK K1JQ= � 4 =@9 ��L)R@Z.9BR\H3`\?BH6OQ7MRSH>=\AEc �G?BKG-/=\H6OQ?IH1H>= LP9i=@OPOQ?BJPR V ?IOQ?IJ+L 5 L�OQ? V L �"7MO*7ML
K1?ILN7:JN= 4 AM?�OQR 7:H6`S?ILPON7:]6=@ON?�=\AMON?BJNH1=@OQ7W`S?�K1?ILN7:]\H8=@F1F1JNRS=\9<;1?BLID

kO<



�h7M]SU1JN? kGD>= � ��7:=\]SJQ= V R\Z�OQ;"?f`S?IJ 5 Aa=\JP]S? �G?i=\LN=@OP- �2LPF>=\9B?I9BJN=@Z O�LN;"R���7MH1] ON;1? FERSLN7WOQ7MRSH�=@H1K
LN7 �B?jR@Z*ON;1? `@=\JP7:RSU1L V 7M9BJNR��+=i`S?j7MH1LPONJNU V ?BH6OQL�R\H 4 R6=\JPK.D�!h=@JPOQ7M9BU1A:=\JNA 5 H1R\ON? ��RSJPON; 5 ZbRSJ
OQ;"?
F1JP?BLN?IH6O�K17:LP9BU1LPLN7:R\H =\JN?�OQ;1?jLP7��I?j=\H1K 9IRSH"c>]\U1JQ=@ON7:RSH8R\Z�OQ;"? Z[=\HG- 4 ?B= V LN9i= ONOQ?IJNR V ?ION?BJ�=@H1K
�G�
� =@H3ON?BH1H1=\LBD8�>RSJfLP9i=\AM? ��OQ;1? LN9B=@ONON?BJNR V ?gOQ?BJ =\H6OQ?IH1H>=\L =\JN? =\F1F1JPR �G7 V =@ON?BA 5 � V AMRSH1]��
=\H1K OQ;"? ����� =\H6ON?BH1H>= 7:L�=\F"F1JNR �G7 V =@OQ?IA 5 mSm V A:R\H1]

k9?



��� ��� �/� ���

� � �
����
 ��� � �
� ��� ��� ��� � �
��� ��	 ��� � ��� � 	 � �F� � � � � ��� 	 � � � ��� ��� 	 � � �

� � ��
 � 	 � ���/� � �
 �5��� �

�/H_ON;1?�F1JN?I9B?IK17:H1]f9<;>=\F"ON?BJ ��ON;1? ��?BAMAW- ?BLPOQ= 4 AM7:LN;"?BKYOQ;1?IRSJ 5 R@Z.9BR\H3`\?BH6OQ7MRSH>=\A>c �G?IKG-
=\H6OQ?IH1H>= �SZ[=@HG- 4 ?i= V LP9i=@OPOQ?BJPR V ?IOQ?IJNL �+=\L LPU V_V =\JP7��B?IK.Dh�GU19<; L 5 LPON? V L(;>=i`S?)K1? V RSH"LPOQJN=@OQ?IK
U"ON7:A:7WO 5 7MH V ?B=\LNU1JP7:H1] R�9B?B=\H ��7MH1K1L%=\H1KX7:H R 4 O<=\7MH17:H1]YR@OQ;1?IJ%7 V FERSJ�O<=\H6O&]\?BRSF1; 5 LN7M9i=\A V ?i= -
LNU"JN? V ?BH6ONLdR\ZGOQ;1?*�(=\J�OQ; � LdLPU1JPZ[=@9B?\Dd�);1?BLP?+L 5 L�OQ? V LdH1?I`\?BJPON;1?BAM?BLPLh;>=i`S?*JN?I9BRS]\H17��I?BK K"?Ic>9I7:?BH�-

9B7M?BLID �
H =\AWOQ?IJNH>=@ON7M`\?+LN9B=@ONON?BJPR V ?gOQ?IJ(=\F1F1JPR6=\9<; ��;17M9<; ?IA:7 V 7MH>=@OQ?IL V =\H 5 R\Z>OQ;1?)K"?Ic>9I7:?BH"9B7:?IL
=\LPLNR�9B7a= OQ?BK ��7WOQ; 9IRSH6`S?IH3ON7:RSH1=\A L 5 L�OQ? V L�7:L�OQR U1LP? = 9BR\H17:9B=\A:A 5 - LN9B=\H1H17MH1] FE?BH19I7:A - 4 ?i= V =\HG-
OQ?IH1H>="D ��? 5 Zb?i=@ONU1JN?IL(R\Z ON;1?�F#?IH19B7MAW- 4 ?i= V =\F1F"JNR6=\9<; OQ;1=@O�=\JN?�=\KG`\=@H3OQ=\]S?IRSU1L(ZbRSJ(=�H3U V 4 ?IJ

R\Z&=\F1F1AM7:9i= OQ7:R\H1L�7:H"9BA:U"K1? � ��m���= LN7MH1]SA:?YJPR\O<= OQ7:H"]8=@H3ON?BH1H1=87:L V RSJN? ?B=\LN7MA 5 =@9B9BR V_V RGK1=@OQ?IK

RSH LNF>=@9B?B9IJQ=@Z O�OQ;1=\H LP?I`\?BJQ=@A(c��"?IK =\H6OQ?IH1H>=\L � � k	�
OQ;1? 9IRSH17:9B=\A�LN9B=\H =\A:AMR���L�=	��7:K"? L �&= OQ;
R\Z V ?B=\LNU"JN? V ?BH6ONL%ONR 4 ?�R 4 O<=@7:H1?IK8= O
=Y9IRSH1LPOQ=\H6O
7MH19B7MK1?BH"9B?�=\H1]SAM? � ��;"7:9<;�7ML)K1?BLP7:JN= 4 A:?�ZbR\J

V =\H 5 ]S?IRSF1; 5 LN7:9B=\A1JP?IOQJP7:?g`\=@A1=\AM]SRSJN7WOQ; V L �\=\H1K � �	� V U1AWOQ7:F"A:?*F#RSA:=\JN7 �i=@ON7:RSH"Lh=\H"K	�@RSJhZbJP?Be3U1?IHG-
9B7M?BL
=\JN? V R\JN?�?i=\LP7:A 5 =\9B9IR V F"A:7:LP;1?BK ��7MON;8OQ;"7:L�=\H6OQ?BH"H>= K1?ILN7:]\H � m�; �#kGm �!?9=����	� � D�'+?I9i=\U"LN?
R\Z)ON;1?BLP?T=\K"`@=\H6O<=@]S?BL � OQ;1? FE?BH"9B7:A - 4 ?i= V =@F1F1JNRS=\9<; ;>=\L 4 ?I?BH =\K1R\F"OQ?IK ZbRSJfZbU"ONU1JN? �����G�
��7:H"KXLP9i=@OPOQ?IJNR V ?ION?BJNL � ?
� � D

�
AWOQ;1R\U1]S;�OQ;1? 4 =\LP7:9 9BR\H19B?IF"O R\Z = F#?IH19B7MAW- 4 ?i= V LN9B=@ONON?BJPR V ?gOQ?IJ87MLXH"R\OXH1? �

� =\H ? �GF#?IJN7 V ?IH3OQ=\A�L 5 L�OQ? V �+=\L � R���H RSH � � 5 A:= 4 7:H�OQ;1? m �O<\l � L =\H1K `\=@JN7:R\U1L FE?BH19I7:AW-

4 ?i= V L 5 L�OQ? V L ;>=i`\? 4 ?I?BH F1JPRSFERSLN?IK OQR JP?BF1A:=\9B?XZ[=\HG- 4 ?B= V L 5 LPON? V L LN7MH19B?8OQ;1?IH � 7MO 7ML

RSH1A 5 JN?B9I?BH6OQA 5 ON;>=@OjLPU19<; L 5 LPON? V L ;>=i`S? 4 ?B?BH LP?BJP7:RSU1LPA 5 F1U1JPLNU1?IK ZbR\Jj=\9gOQU>=\A�LNF>=@9B? 4 RSJPH1?

7 V F1AM? V ?BH6O<=@ON7:RSH � k�� �H=B? �9;9? � DdC ;1?IJN?B=\L V U19<;Y;>=@L 4 ?I?BH ��JP7MONON?BHY= 4 RSUGO K1?ILN7:]\HYF1JNR�9B?IK1U1JN?IL
ZbRSJ 9BR\H3`\?BH6OQ7MRSH>=\A�c �G?IKG-,=\H6ON?BH1H>= L 5 LPON? V L ��LNU19<; =\LXON;1? Z[=\HG- 4 ?i= V LN9B=@ONON?BJNR V ?gOQ?BJPL�=@H1K

k �



�G�
�%L K17MLN9BU"LNLN?IK 7MH OQ;1?TF1JP?I`�7:R\U1L 9<;>=\F"ON?BJ �*H1R ?Be3U17W`@=\A:?IH3O K"?BLN7M]SH ZbJQ= V ? ��RSJ � 9BU"JNJN?IH6OQA 5
? �G7MLPOQL ZbRSJTOQ;"? FE?BH"9B7:A - 4 ?i= V 9i=\LP?\D �);1? K"?I`S?IA:RSF V ?IH3O8R\Zj= H1? � K1?ILN7:]\H ZbJN= V ? �+R\J	� 7ML
H1?I9B?BLPLQ=\J 5 OQR =@K1K1JN?ILNL�ON;1?YU1H17Me�U"?j7:LPLNU1?IL�F1JN?ILN?BH6ON?BK 435 OQ;1? 9BRSH17M9i=\Ad]S?BR V ?gOQJ 5 =\H1K JN=\F17MK

LN9B=\H1H17MH1] V R\OQ7MRSH R\Z(OQ;"?jF#?IH19B7MAW- 4 ?B= V 9B=\LN?@Df�/H ON;17:L�9<;1=\F"OQ?IJ � �\? 5 JP?BLNU"AMOQL�U"LN?IZbU"A ZbRSJ
OQ;"?
K1?ILN7:]\H R@Z�FE?BH"9B7:A - 4 ?i= V L 5 L�OQ? V L =\JP?TK1?I`\?BA:R\F#?IK.D �);1?ILN?XJN?ILNU1AWOQLjZbRSJ V = LP?IO R\Z�=\H>=\A 5 LN7:L

OQR�RSAML ��;17M9<; =\JN?�=\F1F1AM7:?BK 7:H A:=@OQ?IJ+9<;>=@F"OQ?IJNL ��;1?IJN?�LNFE?B9I7Mc>9
F#?IH19B7MAW- 4 ?i= V 7 V F"A:? V ?BH6OQ=@OQ7MRSH1L
=\JP?�ONJN?B=@OQ?IK87MHTK1?IOQ=\7:A D

�);17MLX9<;1=\F"OQ?IJ 7:LTRSJP]6=\H17 �B?BK 465 ONRSF17:9 ��=\K"K1JN?ILNLN7MH1] ?i=\9<; V =��PRSJ FE?BH19I7:AW- 4 ?B= V
K1?ILN7:]\H 9BRSH"LN7:K"?BJQ= OQ7:R\H 7:H OQU1JPH.D �h7MJNLPO�OQ;"? R `S?BJN=\A:A*FE?BH19I7:AW- 4 ?B= V V ?i=\LPU1JN? V ?IH3Oj]S?BR V ?IONJ 5

7:L%K1?ILN9BJP7 4 ?BK � =\H1K 7 V FERSJ�O<=\H6O�OQ?IJ V L
=\H"K 9BRSH"LPOQJN=\7:H6ONL�=\JP?fK1?gc>H1?IK.D��G?I9BRSH"K1A 5 �#OQ?I9<;1H17Me�U"?BL
ZbRSJ
=\9<;17:?g`�7:H1]TLPF>=@OQ7:=\A�JN?BLPRSA:UGOQ7:R\H ��7MON; = F#?IH19B7MAW- 4 ?B= V L 5 LPON? V =\JP?j=\K"K1JN?ILNLN?IK.Dj�%?BJP? �.OQ;"?
9BR\H19B?IF"OhR@Z"OQ;"?�LPF>=@OQ7:=\ASJP?BLNFERSH1LP?�ZbU1H"9IOQ7MRSH � �"�%� � 7:L 7MH3ONJNR�K1U19I?BK �@=\H1K =�ZbRSJ V U1A:=@OQ7MRSH
ZbRSJ OQ;"?
�"�%� R\Z =_9IRSH17:9B=\A:A 5 -/LN9B=\H1H17MH1] JQ=\K1=\J�7ML�K1?BJP7M`S?IK.D��);1? 7MLNLPU1? R\Z 4 =\9 �3LN9B=@ONON?BJ V ?i=\LPU1JN? V ?IH6O

=\9I9BU1JN=\9 5 7:L�OQ;1?IH K17:LP9BU1LPLN?IK �*=\H1K =�]\?BH1?IJQ=\AM7��B?IK ZbJN= V ? �+R\J	� ZbRSJ�OQ;1?T=@H>=\A 5 LP7:L�R\Z)FE?BH19I7:AW-

4 ?i= V LP9i=@OPOQ?IJNR V ?ION?BJ V ?B=\LNU1JP? V ?BH6O `@=\JN7:=\H19B? 7ML F1JN?ILN?BH6ON?BK.D �d7:H>=\AMA 5 ��=@K1K17MON7:RSH1=\A
?IJNJNR\J
LNR\U1JN9I?BL�OQ;1=@O�=\JP?jF>=\J�OQ7M9BU1A:=\JNA 5 F1JNR 4 A:? V =@ON7:9 ��7MON;�OQ;1? F#?IH19B7MAW- 4 ?i= V ]S?BR V ?IONJ 5 �XLNFE?B9IU1Aa=@J
H>=\K"7:J)JN?gOQU1JPH�=@H1K JQ=\7MHX9IRSH6O<= V 7:H1=@OQ7MRSH � =\JN?�K17MLN9IU1LNLP?BK.D

T ��6 � �����B$&� JLKM�C-I� � �C�����C P4 � � ����� ��$: 8$��!��"�� -I��� E �!��"' P4H-/$&�� 8"

T ��6 ��6 � �����B$�� J KM�C-I� � �C-I"P3�4H�������� ���C�!���B 84��

�);1?)R `S?IJQ=\AMA1]S?IR V ?gOQJ 5 R\Z ON;1?)F#?IH19B7MAW- 4 ?B= V�V ?i=@LNU1JP? V ?BH6O(7:L LP;1R���H 7:H �h7M]1D �GDMmSD
�);1?_7:H1L�OQJNU V ?IH3Of7:Lf=@O =\AMON7MONU1K1?�� = 4 R `\?_ON;1? LPU1JPZ[=\9I?\D �);1? =\H6OQ?BH"H>= 4 ?i= V 4 RSJN?ILN7:]\;3O�7ML

FERS7:H6OQ?IK =@O�=\H =\H"]SA:?  � � �fZbJNR V ON;1?YLNF17MH = �G7:L � ��;17:9<; 7:L
7:H OQ;"?YK17:JP?B9ION7:RSH�R\Z*H>=\K17MJBD��);1?
=\H6OQ?IH1H>= 4 ?B= V 7:H6OQ?IJNLP?B9IONLdON;1?�LPU1JPZ[=@9B?�=@Od=�9BR\H1LPOQ=\H6Oh7MH19B7MK1?BH19I?+=@H1]SA:?
�� � � � ��;"7:9<; 7ML ]SJN?B=@OQ?IJ
OQ;1=\H  � � �
K1U1?�OQR OQ;1?��(=\JPON;89IU1JP`@=@ONU1JN?�? �#?B9gOQLID+�);1?�K17:L�O<=\H"9B?�=\A:R\H1]YOQ;1?��(=\JPON; � L�LPU1JPZ[=\9I?
ZbJNR V OQ;1? H>=\K17MJ�F#RS7MH6O�ONR8ON;1?_9I?BH6OQ?IJjR\Z�OQ;1? V ?B=\LNU"JN? V ?BH6O 7:L�]S7M`\?BH 435 � �d=\H1K ON;�U"LfOQ;"?
OQR@O<=\A�L �+=@OQ; ��7MK"OQ;�7:L
k �>D
�);1?jLPAa=\H6O
JQ=\H1]\?fOQR OQ;1? V ?B=\LNU1JP? V ?BH6O�FERS7MH3O
7:L �jD
��LNLNU V 7MH1]
OQ;1=@O�OQ;1? �(=\JPON; � LfLPU1JPZ[=\9I?_7ML�A:R�9i=\AMA 5 LNF1;"?BJN7M9i=\A ��=\H =@LNLNU V F"ON7:RSH LPU � 9B7:?IH6OQA 5 =@9B9BU"JQ=@ON? ZbR\J
;17M]S;�AM?I`S?IAhL 5 L�OQ? V =\H>=@A 5 LN7ML �#ON;1? JP?BA:=@OQ7MRSH1LN;"7:F 4 ?IO ��?B?IH OQ;1?ILN?j]S?IR V ?IOQJP7:9B=\A F>=\JQ= V ?gOQ?BJPL
7ML

�Sl



]S7W`S?BH 465 OQ;"?�?Ie3U>=@OQ7MRSH1L

� ��� � 

�
� � � ��


�
� � � � � k 
 � � 
 � � � �"9IRSL � ���� ���

�� � � ��=@JN9BLP7:H�� ��� �	� ��
�� LP7:H � �� � ���
 � � � � �� � � �

�
� � � ���"DMm �

��;1?IJN? 

�
7:L&ON;1?�JQ=\K"7:U1L)R\ZdOQ;1?��(=\J�OQ;.D

orbit track

nadir track

cross track

R

d
θaz



θinc

θnad

h

�h7M]SU1JN? �"DWm � !d?IH19B7MAW- 4 ?B= V V ?i=@LNU1JP? V ?BH6O)]S?IR V ?gOQJ 5 D*�G;1R���H 7:L*OQ;1?�LPF>=\9I?B9BJN=@Z O%=\H1KT7MH1LPONJNUG-
V ?BH6O 7MHjRSJ 4 7MOh=@O ;1?I7:]S;6O �Y= 4 R `S?+ON;1?)�(=\J�OQ;.Dd�);1?�=\H6OQ?IH1H>= 4 RSJN?ILN7:]\;3Oh7:Ld9BRSH17M9i=\AMA 5 LP9i=\H"H1?BK
V = �37:H1] =\H8=\H1]SAM?  � � � ��7MON;XON;1?fH1=\K17:J)`\?B9IONRSJBD+�);1? =@H3ON?BH1H1= ZbR�R\OQF1JP7:H6O�RSH OQ;1?�LNU"JPZ[=\9I?f7MLJN?IF1JN?ILN?IH3ON?BK 465 =YL V =\AMA R `@=\A D

C 7MON; F#?IH19B7MAW- 4 ?i= V L 5 L�OQ? V L �>ON;1?�=\H6OQ?BH"H>= 7ML�9BRSH6OQ7MH3U1RSU1LPA 5 JPR\O<=@ON?BKX= 4 RSU"O�OQ;"?
H>=\K"7:J = �"7MLBD��);1?)7:H"LPO<=@H3OQ=\H1?IRSU1L�= �I7 V UGOQ; FERSLP7MOQ7MRSH R@Z>OQ;1?)=@H3ON?BH1H1= 4 ?B= V � ������S7ML V ?i=@LNU1JP?BK
9BAMRG9 � ��7MLN?)JN?IAa=@ON7M`\?&OQR�OQ;"?�ZbR\J �+=\JNK K17MJN?B9gOQ7MRSH.Dh�);"?�=@H3ON?BH1H1=�LPF17:H"L�= O(=�JQ=@ON?)R\Z�� JNR@O<=@ON7:RSH1L
FE?BJ�LN?I9BRSH1K � ��;"?BJN?

� � m
k �

� �� �
� �

� ���"D k �

�);1?YLP9i=\H1H"7:H1] V R\OQ7MRSHX9i=\U1LP?BL�OQ;"?Y=\H6OQ?IH1H>= ZbR�R\OQF1JP7:H6O
ONR L ��?B?IF R `\?BJ�OQ;"?jLNU1J�Z[=\9B? � ��;1?BJP?

�"m



OQ;"?�AMRG9B=\A LPF#?I?BK8R\ZdON;1?�ZbRGR@OQF1JP7:H6O V R\OQ7MRSH ��� �>7ML)]S7M`\?BH 435

� � k � � ��� ���"D �	�

�
H"R\OQ;1?IJh7 V FERSJPOQ=\H6O�]S?BR V ?IONJN7M9*9IRSH1LP7:K1?IJQ=@ON7:RSHf7:L�;1R�� ON;1?&��R\F1F1A:?IJdLP;17MZ O � ��;"7:9<;
7:L�9BJP?i=@ON?BK 465 ON;1? V R\OQ7MRSH R\Z ON;1?�LN=@OQ?IA:A:7WOQ?%JN?IAa=@ON7M`S?�OQRjON;1?��(=\J�OQ; ��`\=@JN7:?IL+R `S?IJ&OQ;1?
LNU1J�Z[=\9B?@D
�/H �h7:]1D �"D k ��9IRSH6OQRSU1JPL_R@Z�ON;1?���R\F1F1A:?IJYLN;17WZ O =\JN? F1AMR\ONON?BK RSH OQ;1?X�(=\J�OQ; � L_LPU1JPZ[=@9B? ZbRSJ =
O 5 F17:9B=\A
LP9i=@OPOQ?IJNR V ?ION?BJTRSJ 4 7MOBD � �+R 7 V FERSJPOQ=\H6O 7 V F"A:7:9B=@OQ7MRSH1L R\Z�ON;1? ��RSF1F"A:?BJ_LN;17WZ O =\JP?

V =\H17MZb?ILPO�7MH �h7:]1D �"D k�D �h7:JPLPO � H"R\OQ?YOQ;1=@O�OQ;1?_��RSF1F"A:?BJ�ZbJN?Be3U1?IH19 5 R\Z*OQ;"? ZbR�R\ONF1JN7MH3O�9I?BH6OQ?IJ
`@=\JN7M?BL =\LjON;1? =\H6OQ?IH1H>= JNR@O<=@ON?BL �*7 V F>=\J�OQ7MH1] = 9IRSH6OQ7:H3U1R\U1LNA 5 `@=\J 5 7:H"] ZbJN?Be3U1?IH19 5 LP;17MZ OjRSH
OQ;"? ?B9<;1R JP?IOQU"JNH.D �);17:L ? �#?B9IO V U1LPO 4 ?�OQ= �\?IH 7MH6OQR =\9I9BRSU1H6O 7MH OQ;1?�LN7:]\H>=\A
F"JNR�9B?BLPLN7MH1]

K1?ILN7:]\H R\Z�OQ;"?jL 5 LPON? V D��G?B9IRSH1K1A 5 �#H1R\OQ?fOQ;>=@O�OQ;1? 9BRSH6OQR\U1JNL�K"?BLN9IJN7 4 ?Y= V =\F"F17:H1] 4 ?gO �+?I?BH

OQ;"?
K1?IAa= 5 �\��RSF1F1AM?BJ*9BR�RSJNK"7:H>=@ON?�L 5 LPOQ? V =\H"K OQ;1?%`@=\JN7MRSU1L*LNF>=@ON7a=\AE9BR�RSJPK17:H>= OQ?BL(OQ;1=@O&9B=\H 4 ?
U1LP?BK8ONR ? �GF1JN?ILNL�A:R�9i=@ON7:RSH R\H ON;1?��(=\JPON; � L%LNU"JPZ[=\9I?\D

T ��6 � @ 
��� 8������-�1��S�* ��4H$��� �EG�S�!4H��$&��-� 8��"

�);1? =\H6OQ?IH1H>= ZbRGR\ONF1JN7MH6OT7:LTK1?gc>H1?IK OQR 4 ? ON;1? =\H6OQ?IH1H>= F>=@ONON?BJPH O ��R@-��+= 5 �

K>' 9BRSH6ONRSU1J F1JNR��P?B9ION?BK R\H ON;1? �*=@JPOQ; � LXLNU1J�Z[=\9B?@D � OX7MLX9IRSH6`S?IH17:?IH3OXOQR K1?gc>H1? = LP?IOXR\Z
FE?BJNFE?BH"K17:9IU1Aa=\J*9BR�RSJPK17:H>= OQ?BL(OQ;1=@O&=@JN?�c��"?IKTJN?IAa=@ON7M`S?�OQR�OQ;1?
=\H6OQ?IH1H>=fZbR�R\OQF"JN7:H6O+=\L*7MO V R `S?IL

R `S?IJ ON;1? LNU"JPZ[=\9I?\D �);1? ��� �	 � � � = �G7:LT7ML K1?gc>H1?BK OQR 4 ? 7:H OQ;"? K17:JP?B9ION7:RSH�R@Z�ZbR�R\ONF1JN7MH3O
V R\OQ7MRSHYK1U1?)OQR�ON;1?�JNR\OQ=@OQ7MRSHYR\ZEOQ;1?%=\H6OQ?IH1H>="D(!�?BJPF#?IH1K17:9IU1Aa=@J(ONR�OQ;17ML�7:L OQ;"? � ��������� �����f= �G7:L �
��;17M9<;T7:L*7:H_ON;1?�K17MJN?I9IOQ7MRSH R@Z 7:H19IJN?B=\LN7MH1] JN=\H1]S?%ZbJNR V OQ;"?�LN?IH1LNRSJ&=\A:RSH"]�ON;1?�LNU"JPZ[=\9I?\D��);1?ILN?
9BR�RSJPK17:H>= OQ?BL�=@JN?�7:AMA:U1L�OQJQ= OQ?BK 7:HX�h7:]"D �"D �"D

�>JNR V =\H ? �"= V 7:H>=@ON7:RSH R@Z&�h7M]1D �"D k � 7MO�7ML�H1R\ON?BK OQ;>=@O�ON;1?YOQJQ=@H1LPZbRSJ V = OQ7:R\H 4 ? -
O ��?B?BHTK"?BAa= 5 �\��RSF"F1A:?IJ�9BR�RSJNK17MH>=@ON?BL*=\H1K OQ;1?%A:R�9i=\A1ZbR�R\ONF1JN7MH3O(9IRGR\JNK17MH>=@OQ?IL�`\=@JN7:?IL+=@L+=�ZbU1H19 -
OQ7MRSH R@Z OQ;1?�LN9i=@H =\H1]SAM? �� � DhC ;1?BH ON;1?�=\H6ON?BH1H>=f7:L+LP9i=\H"H1?BK ONR OQ;1?
LN7:K"?g-/AMRGR ��7MH1]�K17:JP?B9gOQ7:R\H

� �� � � �Sl � R\J �� � ��kO<\l � � �>OQ;1?f7:LNR -/K1?IAa= 5 =\H1K87:LPR@-,��RSF"F1A:?IJ&9BRSH6ONRSU1JNL
=\JN?�A:R�9i=@A:A 5 F>=\JN=\A:AM?BA
OQR OQ;"?f?IA:?I`@=@ON7:RSH8=\H1K8= �I7 V U"ON;�= �"?IL
JP?BLNFE?B9gOQ7W`S?BA 5 D+C ;"?BH�ON;1? =@H3ON?BH1H1=_7:L�LP9i=\H1H"?BK�ONR_OQ;"?

ZbRSJP? ��RSJNK RSJ�= Z O�A:R�R �37:H1]�K17:JP?B9gOQ7:R\H1L � �� � � l���RSJ �� � ��m8?\l�� �h;1R���?I`\?BJ � 4 R\OQ;jON;1?)7:LPR@-/K1?IAa= 5
=\H1K 7:LNR -,��RSF1F"A:?BJ*A:7MH1?BL�=\JP?�F>=\JN=\A:AM?BA1OQRfOQ;1?�= �B7 V U"OQ;T= �"7ML 4 UGO&FE?BJNFE?BH"K17:9IU1Aa=\J*OQR ON;1?�?IA:?I`@= -

�6k



East-West Distance 

N
or

th
-S

ou
th

 D
is

ta
nc

e 

Vg


CTD

θaz

�h7M]SU1JN? �"D k � �/LPR@-,��RSF"F1A:?IJT=\H1K�7MLNR@- JQ=\H1]\? �[K1?IAa= 5 �_9BR\H3ONRSU1JPLXR\H OQ;1? LPU1JPZ[=\9I? ZbRSJT=\H ?Sl\l
� V LNU1H�-/L 5 H19<;"JNRSH1R\U1L RSJ 4 7MOBD �);1?�=\H6OQ?IH1H>= ZbR�R\ONF1JN7MH3O 7ML JN?BF"JN?BLP?BH6OQ?IK 465 =\H R `@=\A D �/LNR -
��RSF1F"A:?BJTAM7:H1?ILX=\JN? ; 5 F#?IJ 4 RSA:7M9 =@H1K LPF>=\9I?BK =@O�k\l ��� � 7:H6OQ?IJP`@=\AMLBD �[�);1? LNAM7:]S;6OTOQ7MAMO 7MH
OQ;"?f7MLNR@-/��RSF1F1AM?BJ)9BR\H3ONRSU1JPL
7:L%K1U1?�OQR OQ;1?f�(=\JPON;�JPR\O<=@ON7:RSH8��RSF1F"A:?BJ�? � ?I9IOiD � �/LNR@- JQ=\H"]S? �bRSJ �
?Be3U17W`@=\A:?IH3ONA 5 � 7:LNR -/K1?IAa= 5 �#9BRSH6ONRSU1JNL�=\LPLNR�9B7:=@OQ?IK ��7WOQ;�OQ;"?(ZbR�R\ONF1JN7MH3O K17 V ?BH"LN7:R\H1L =\JP?�LN;1R���Hj=@L
9BR\H19B?IH3ONJN7M9)9B7:JP9BAM?BL RSHjON;1?&LPU1JPZ[=\9I?\D(	�H1A 5 7MLNR@- JQ=\H"]S?+9IRSH6OQRSU1JPL(=\LNLPRG9I7a=@ON?BK ��7WOQ;jOQ;"?)=\H6OQ?IH1H>=
ZbR�R\OQF1JP7:H6O�=\JN?%LN;"R���H D*�);"?�9BJPRSLNL,- OQJN=\9 � K17:L�O<=\H"9B? � $+��� �*7ML�K1?gc>H1?IKT=\L�ON;1?
FERSLP7MOQ7MRSH R\Z.OQ;"?
V ?i=\LPU1JN? V ?IH3O%F1JPR �P?B9gOQ?IK�RSHTOQ;"?f= �"7ML�F#?IJNFE?BH1K17M9BU1A:=\J+ONR ON;1?�LNF>=\9I?B9IJQ=@Z O V R\OQ7MRSH.D

OQ7MRSHj= �"7MLBDd�);1?BLP?&`\=@JN7a= OQ7:R\H1L 7:H V =\F1F17MH1] 4 ?IO ��?B?IH K1?BA:= 5 �\��R\F1F1A:?IJh=@H1Kj?BAM?I`@=@ON7:RSH	�@= �B7 V U"OQ;
LNF1=\9B?IL ��7MA:A 4 ?�R\Zd7 V F#RSJ�O<=\H"9B?�7MHXLPU19B9I?B?IK17:H1]_9<;>=\F"ON?BJPLBD

�>RSJ�=YF#?IH19B7MAW- 4 ?B= V LP9i=@OPOQ?BJPR V ?IOQ?IJ �1ON;1?�= �B7 V U"OQ;X=\H"K8?IA:?I`@=@ON7:RSH ��7MK"OQ;"L%R@ZhOQ;"?
ZbR�R\OQF1JP7:H6O �������
=\H1K��

���
�>9i=@H 4 ? ��JN7MOPOQ?IH8=@L

��� � � 
 � ��� ���"D =�

=\H1K

�
���
� 


���
�

9BRSL��� � �
� ���"D ; �

�	�



E
le

va
tio

n

Azimuth, Along Scan Direction

Azimuth Spacing

E
levation S

pacing

Scan n+1

Scan n

�h7M]SU1JN? �"D � � ��7a=\]\JQ= V 7MA:A:U"LPOQJN=@OQ7MH1]�LNU19I9B?BLPLN7MRSH8R@Z�ON;1?�FE?BH19I7:AW- 4 ?B= V ZbRGR@OQF1JP7:H6O&AMRG9B=@OQ7MRSH1L*RSH
OQ;"?�LPU1JPZ[=@9B?\D*�);1?f= �B7 V U"ON;8=@H1K8?IA:?g`\= OQ7:R\H = �G?BL�=\JN?�LN;"R���H D+�);1?�= �I7 V U"ON; LNF>=\9I7:H1] 7:L)K"U1?
OQR�ON;1?)LN9B=\H1H17MH1] V R\ON7:RSHYR@ZEON;1?%=\H6OQ?IH1H>=�=\H1KYOQ;1?)JN=\K>=\J�LN= V F1A:7MH1]�7:H6ON?BJP`@=\A Dd�);"?%?IA:?g`\= OQ7:R\H
LNF1=\9B7MH1]Y7:L�K1U1?�OQRjON;1? V R\OQ7MRSH R@Z�ON;1?�LPF>=\9B?I9BJN=@Z O � ��7WOQ;TLPU19B9I?BLNLP7M`\?fJPR���L)R@Z ZbRGR\ONF1JN7MH6OQL+K"U1?
OQR LPU19B9I?BLNLP7M`\?jJNR\OQ=@OQ7MRSH1L �bRSJ)LN9B=\H1L ��R\Z�OQ;"?f=@H3ON?BH1H1="D

��;1?IJN? 
 ����=\H1K 

���
=\JP?
OQ;"? �jK>' 4 ?B= V ��7:KGOQ;1L&R@ZdON;1?�= �I7 V U"ON; =\H1K ?BAM?I`@=@ON7:RSH K"7 V ?BH1LP7:RSH1L

R\Z OQ;"?�=@H3ON?BH1H1=�F1=@ONON?BJNH JN?ILNFE?B9gOQ7M`\?BA 5 D��%R\OQ?&ON;>=@O(7:HjON;1?)9i=@LN?�R\ZEOQ;1?)?IA:?I`@=@ON7:RSH ��7:K"ON; ON;1?BJP?
7:L+=\HT?BAMRSH1]6= OQ7:R\H ? �#?B9gO �[]S7W`S?IH 435 9BRSL��� � � ��K1U"?�OQR ON;1?�R 4 AM7:e3U1?
F"JNR �P?I9IOQ7MRSHTR\Z ON;1?�F>=@OPOQ?BJPH
RSHTOQ;"?�LPU1JPZ[=@9B?\D

T ��6 � T � �C-I" 3�4��������� EG�!�� 8$&�53�$  � E �!��"' 84�-I$��� �"

�
H 7 V F#RSJ�O<=\H6O 7MLNLNU"?8ZbRSJ FE?BH19I7:AW- 4 ?B= V L 5 L�OQ? V L 7ML ON;1?�LPF>=@ON7a=\A)9IRSH6OQ7:H3U17WO 5 R\Z

V ?i=\LPU1JN? V ?IH3ONLBD��/H8RSJPK1?BJ)ONR_7MH1LNU1JP?�OQ;>=@O%9IR V F"A:?ION?�9BR `S?IJQ=\]S?�7:L�R 4 O<=\7MH1?BK R `S?IJ%ON;1?fL �&= OQ;
��7MON;�H1R ]6=\F"L �%H1?B7M]S; 4 RSJP7:H1] V ?B=\LNU1JP? V ?BH6OTZbR�R\OQF1JP7:H6OQL V U1LPO ?B7MON;1?BJTR `\?BJNA:=\F � =@LTLN;1R���H
�h7M]1D �GD ��%RSJ�=@O�AM?i=\L�O�OQRSU"9<;.D �);1? ��� ����
���� � � � � ����� � ��� � �� � ����� ����� � ��� �dLPO<= OQ?BL�ON;>=@O�K1U"JN7:H"]

RSH1?�JPR\O<=@ON7:RSH R\ZdOQ;1?�=\H6ON?BH1H>= � ON;1?�LNF>=\9I?B9IJQ=@Z O V U1L�O�H"R\O V R `S?f=YK17:L�O<=\H"9B? V RSJP?�OQ;>=@H8OQ;"?
?BAM?I`@=@ON7:RSH ��7MK"OQ; R\Z%OQ;"? ZbRGR\ONF1JN7MH6OiD �);17:LY7MH1LNU1JP?BLjON;>=@O =\K �N=@9B?BH6O V ?i=\LPU1JN? V ?IH6OQL ��7:AMA 4 ?
9BR\H3ON7:]SU"RSU1L�7:HT?IA:?I`@=@ON7:RSH D �);17:L�9IRSH1LPONJQ=\7MH6O�9B=\H 4 ?�LPU V_V =\JP7��B?IK 7:H ?Be3U>=@ON7:RSHTZbRSJ V =\L

� � �
�
�
���
� ���"D �	�

��;1?IJN?
�
�
7:L&OQ;"?�`\?BAMRG9I7MO 5 R@ZdON;1?�LNF>=\9I?B9IJQ=@Z O�F1JNR��P?B9ION?BK8RSHTOQ;1?��(=\JPON; � L%LPU1JPZ[=@9B?\D

�9=



�);1? ��� ����
�� ���	� � ����� � ��� � �� � ����� ��� � � ��� ��7MH1LNU1JP?BL ON;>=@OfOQ;1? V ?i=@LNU1JP? V ?BH6O ZbR�R\OP-

F1JP7:H6OQL ��7:A:A 4 ?
9IRSH6OQ7M]SU1RSU1L*7:H OQ;1?
=\A:R\H1]@-/LP9i=\H_RSJ�= �B7 V U"OQ;_K17:JP?B9gOQ7:R\H.D �%?BJN? �GON;1?
9IRSH1LPONJQ=\7MH6O
7:L&ON;>=@O

�������
��� �
�
� ���"D < �

��;1?IJN?��8�%�dJN?BF"JN?BLP?BH6OQL�OQ;1? V ?B=\LNU"JN? V ?BH6O*JN?IF#?gOQ7WOQ7:R\H 7MH6OQ?BJ�`@=\A �6RSJ�ON;1?�JN=@OQ?%=@O ��;17M9<; V ?i= -
LNU"JN? V ?BH6ONL)=\JN?%O<= �@?BHT=@L�OQ;"?�ZbR�R\OQF1JP7:H6O V R `\?BL&7MH_OQ;"?�= �I7 V U"ON; K17MJN?I9IOQ7MRSH.Dh'+R\OQ; ��e�LID ���"D �	�
=\H1K ���"D < ��=\JN? V 7:H17 V U V 9IJN7MON?BJP7a= 7:H ON;1? LN?IH1LN?YOQ;1=@O�R\Z OQ?IH LNU 4 L�O<=\H6ON7a=\A�R `S?IJNA:=\F � =\H1K H1R@O
�PU1L�O�LP7 V F1A:?+9BRSH6OQ7MH3U17MO 5 �G=@JN?)K1?ILN7:JP?BK ZbRSJ(=\K �N=\9I?BH6O V ?B=\LNU"JN? V ?BH6O(ZbR�R\OQF1JP7:H6O�JP?B]S7MRSH1L � =@L ��7MA:A

4 ?f=@K1K1JN?ILNLP?BK�7MH Aa=@ON?BJ)9<;>=\FGOQ?BJPL � D

T � @ � �����B$&� JLKM�C-I� A ��"'����3� �$��!�

� �\? 5 9IRSH1LN7MK1?BJN=@OQ7MRSH ��;17:9<;_]SR `S?IJNH1L*OQ;1?%K1?BLP7:]SH_R\Z =@H 5 JP? V R\OQ?�LP?BH1LP7:H1]fK1?I`�7:9I?
7:L_LNF>= OQ7a=@A�JP?BLNR\A:U"ON7:RSH.D��);1? JN?ILNRSAMU"OQ7MRSH R\Z�=\H�7MH1LPONJNU V ?BH6O 7:L ]S?IH1?BJN=\A:A 5 K1?Ic>H"?BK 465 OQ;"?

L V =\AMA:?BL�O LPF>=@ON7a=\A�Zb?i= OQU1JP? OQ;>= Oj9i=@H 4 ? K"7:LPON7:H1]\U17:LP;1?BK RSH OQ;"? LNU1J�Z[=\9B?@D �>RSJ = JN=\K>=\J �hOQ;"?
=\9<;17M?I`@= 4 AM? JN?BLPRSA:UGOQ7:R\H 7MLf= ZbU1H19gOQ7:R\H R\Z 4 R@OQ; ON;1?_=\H6OQ?BH"H>=�]6=\7MH F>=@ONON?BJPH =\H1K OQ;1?_LN7M]SH>=\A

F1JPRG9I?BLNLP7:H1]�LN9<;"? V ?�? V F1AMR 5 ?BK DhC 7MON;_=�FE?BH19I7:AW- 4 ?B= V LN9i= ONOQ?IJNR V ?ION?BJ �3ON;1?BJP?
=@JN?)?BLPLN?IH3ON7a=\AMA 5
ZbRSU1J(OQ?I9<;1H17Me�U"?BL&ZbRSJ�=\9<;17M?I`�7:H1]fLNF>= OQ7a=@A>JN?BLPRSA:UGOQ7:R\H � �B; � D��);1?BLP? V ?IOQ;"RGK1L+=\JN?%7:AMA:U1L�OQJN=@OQ?IK_7MH
�h7M]1D �"D>= � =� - �bK � �>=@H1K�=@JN?�K17MLN9BU"LNLN?IK 7:H K1?gO<=\7MA.7:H ON;1?�ZbRSA:AMR���7:H1]jLPU 4 - LN?B9gOQ7MRSH1LBD

xaz

xel

(a) (b) (c) (d)

�h7M]SU1JN? �"D>= � �d?I9<;1H17Me�U"?BL�ZbRSJXFE?BH19I7:AW- 4 ?B= V LP9i=@OPOQ?IJNR V ?ION?BJ�JP?BLPRSA:U"ON7:RSH � =	�X'+?B= V ��7MK"OQ;G-
A:7 V 7WOQ?IKjJN?ILNRSAMU"OQ7MRSH � 4 � JQ=@H1]S? �[K1?IAa= 5 � K17:LP9BJN7 V 7MH>=@ON7:RSHfRSH1A 5 �[A:7MH1?BL(=@JN?�7:LPR@-/JN=\H1]S?)9IRSH6OQRSU1JPL � �
9 � ��RSF1F"A:?BJ K17MLN9IJN7 V 7:H1=@OQ7MRSH�RSH1A 5 �[A:7MH1?BL�=\JP?�7MLNR@-/��RSF1F1AM?BJ 9IRSH6OQRSU1JPL � �SK � LN7 V U1AMOQ=\H1?BR\U1L JQ=\H1]\?
=\H1Kf��RSF1F"A:?BJ K17:LP9BJN7 V 7MH>=@ON7:RSH.D �);1?(LN;>=\K"?BK�JN?B]\7:RSH�7:H"K17:9B=@OQ?IL.OQ;1?(JN?ILNRSAMU"OQ7MRSH�9B?IA:ASR\J �PF17 �G?IA D �

�B;



T � @ ��6 KM��-/� ��$��� 8Q�J % $�� $  8��� A ��"'����3� �$��!�

�
L LN;"R���H 7:H �h7:]1D �"D = � =� ��OQ;"? 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IK JN?ILNRSAMU"OQ7MRSH 7:L K1?Ic1H1?BK�=@L
OQ;"?�O ��R@- �&= 5 � K1' 9IRSH6OQRSU1JPL�R@ZdON;1? =@H3ON?BH1H1= F>= ONOQ?IJNH�=\L�F1JNR �P?I9ION?BK�R\HXON;1?fLPU1JPZ[=@9B? � 7 D ?@D �
OQ;"? ?BAM?I`@=@ON7:RSH =\H1K = �I7 V UGOQ; JP?BLPRSA:U"ON7:RSH =\JN?_LN7 V F1A 5 � ��� =\H"K ����� =\Lf]S7M`\?BH 465 ��e�LID ���"D =�

=\H1K � �"D ;	��JP?BLPF#?I9IOQ7W`S?IA 5 D C 7WOQ; OQ;17MLfOQ?I9<;1H17Me�U"? �(;17:]\;1?BJfJN?BLPRSA:UGOQ7:R\H 7:LfR 4 OQ=\7:H1?IK 7:H ?B7WOQ;1?IJ
K17 V ?IH1LN7MRSH LN7 V F1A 5 465 V = �37:H1] ON;1? =\H6OQ?BH"H>=8A:=\JN]S?IJ �.ON;�U"LfH>=@JNJNR���7MH1]TOQ;1? 4 ?i= V F>= ONOQ?IJNH.D
�);1? �@? 5 =\K"`@=\H6O<=@]S? R\Z+OQ;1? 4 ?B= V ��7:KGOQ;G- A:7 V 7MON?BK =@F1F1JNRS=\9<; 7:L�7MONLfLP7 V F1A:7M9B7MO 5 D �);1?_JQ=\K>=@J
LN7M]SH>=\AhF1JNR�9B?ILNLN7MH1]�7ML�K1?BLP7:]SH"?BK R\H1A 5 ONR K1?ION?B9IOfOQ;1?YONR\O<=\A�FER��+?IJf7MH OQ;1? ?B9<;1R8JN?gOQU1JPH.D �%R

? �#RSJ�O�7:L V =@K1?�OQR JN?ILNRSAW`S?�JN?I]S7:R\H1L)L V =\A:AM?BJ+ON;>=\HTOQ;"?f=@H3ON?BH1H1= ZbR�R\OQF1JP7:H6O)7WOQLN?IAMZ,D

� ]S?IH1?BJP7:9�F1JPRG9I?BLNLPRSJ ZbRSJ ON;1? 4 ?B= V ��7MK"OQ;G- A:7 V 7WOQ?BK%JN?ILNRSAMU"OQ7MRSH�=\F1F"JNR6=\9<;�7ML LN;1R���H
7:H �h7M]1D �GD = �[=�gD �%?BJP? � OQ;1? 7:H"9BR V 7:H1] JN?IONU1JNH F1U1AMLN? R\Z 4 =\H1K ��7MK"OQ; ����7:L�c>AWOQ?IJN?BK ��LPe3U>=\JN? -
Aa= � K"?IOQ?I9ION?BK �*=\H1K 7:H6OQ?I]SJQ=@ON?BK OQR�ZbRSJ V =\H ?ILPOQ7 V = OQ? R\Z)OQ;1? OQR\OQ=\A(?B9<;1R ?IH1?BJP] 5 �_DX�);1?
7:H6ON?B]SJN=@OQ7MRSHTF#?IJN7MRGK � 7ML)]S?BH"?BJQ=@A:A 5 ]S7W`S?BH 465

� � � � � � ��� � � ���"D ?	�

��;1?IJN? � � 7ML�ON;1? ONJQ=\H"L V 7MO�F1U1AMLN? A:?BH"]\OQ; =\H1K � ��� � 7:L�OQ;"?_OQ7 V ? JP?Be3U17:JP?BK OQR8c1A:A OQ;"? =\HG-
OQ?IH1H>=_ZbR�R\ONF1JN7MH3O�7:HXOQ;1?f?BAM?I`@=@OQ7MRSHXK17 V ?BH1LP7:RSH D%��AMON;1RSU1]S;XOQ;1?fJN?ILNRSAMU"OQ7MRSH =\H1=\A 5 LN7ML%ZbR\J�OQ;"?

4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK 9i=\LP? 7:L e3U17WOQ?8LN7 V F1AM? �+ON;1?BJP? =\JN? =\K1K17WOQ7:R\H>=\A)LNU 4 OQAM?IOQ7M?BL JP?BA:=@OQ7MH1] ONR

V ?i=\LPU1JN? V ?IH3O�=\9I9BU1JN=\9 5 ��;"7:9<;8=\JN?�K17MLN9IU1LNLP?BK 7MH V RSJP?�K1?IOQ=\7:A 7:H8$+;>=\F"ON?BJ,=1D

T � @ � @ A -I���!� -I��� ���	� ���:��4�� $&"P�O4H$�� $���-� 8$��!� +����HQ���$&RS3���"

� Z�LNF>=@ON7a=\AdJN?ILNRSAMU"OQ7MRSH�c>H1?IJ�OQ;>=@H ON;1?YK17 V ?IH1LN7MRSH1L�R\Z(ON;1? =\H6OQ?IH1H>= ZbRGR@OQF1JP7:H6O�7ML

JN?Ie3U17:JP?BK � JP?B]S7MRSH1L�R\Z(OQ;"?YLNU1J�Z[=\9B? ��7MON;17:H ON;1?jZbR�R\OQF1JP7:H6O V = 5 4 ?YK17:LP9BJP7 V 7:H>=@ON?BK 435 JQ=\H1]\?
�[?Ie3U17M`@=\AM?BH6O�OQR JPRSU1H1KG- OQJP7:F LP7:]SH>=@AhK1?IAa= 5 � � ��RSF1F"A:?BJ
LN;17WZ O �.RSJ 4 R\ON;.D �/H ON;1?Y9i=\LP? R\Z*JQ=\H1]\?
JN?ILNRSAMU"OQ7MRSH � OQ;"?�ZbR�R\OQF1JP7:H6O 7:L K17W`�7:K1?IK 7:H6ONR�7MLNR@- JQ=\H1]\? �PLNAM7:9B?IL � =\L�LN;1R���HY7:Hf�h7M]1D �"D>= � 4 �gDd��?BJP?
OQ;"?%H1=\JNJPR�� K17 V ?BH"LN7:R\H R@Z#ON;1? V ?B=\LNU1JP? V ?BH6O�9B?BAMA17:L(K1?gc>H1?IK 465 OQ;1?�JN=\H1]S?�F1JPRG9I?BLNLP7:H1] �G=@H1K
OQ;"? AMRSH1]TK17 V ?IH1LN7MRSH R\Z*OQ;1? 9I?BA:A 435 OQ;1? = �I7 V U"ON; ��7:K"ON; R@Z�ON;1? =\H6OQ?BH"H>= ZbR�R\ONF1JN7MH3OBD �/H =
LN7 V 7MAa=\J�Z[=\LN;"7:RSH �3K17MLN9IJN7 V 7:H1=@OQ7MRSH 465 ��RSF1F1AM?BJ(LN;17WZ O*9i=\H 4 ?%U1LN?IK OQR V = �\?%RSH1?g- K17 V ?BH"LN7:R\H>=\A
LNAM7:9I?BLfON;1JNR\U1]S; ON;1?_ZbR�R\ONF1JN7MH3OBD �/H 4 R@OQ; 9B=\LN?IL ��;1R���?I`\?BJ ��ON;1? AM7 V 7MOQ7MH1]TJN?ILNRSAMU"OQ7MRSH 7:L�LPOQ7MA:A

OQ;"? =\H6OQ?BH"H>= 4 ?B= V ��7MK"OQ;.D�� Z 4 R\OQ;�JN=\H1]S? =@H1K ��RSF1F1AM?BJ_K17:LP9BJN7 V 7MH>=@ON7:RSH =\JN?�? V F1A:R 5 ?IK

�
�



Bt
0

T

dt
2

s(t) E

dt
2

s(t) Ei

ri(t)

(a)

(b)

 Transmit
 Signal  T(t)

Returned 
Echo s(t)

Earth Surface

�h7M]SU1JN? �"D ; � ��?IH1?BJP7:9 LP7:]SH>=@A�F1JPRG9I?BLPLN7:H"] OQ?B9<;"H17:e3U1?IL ZbR\Jj=� 4 ?i= V ��7:K"ON;G-/AM7 V 7MON?BK L 5 L�OQ? V L
��;1?IJN?�ONR\O<=@AEFER��+?IJ+LPe�U1=\JN? -/Aa= ��K"?IOQ?I9ION7:RSH 7ML(F#?IJPZbRSJ V ?IK �"=@H1K 4 ��9BR\JNJN?IAa=@ON7:RSH K1?gOQ?I9IOQ7MRSH_ZbR\J
JQ=@H1]S?
K"?BAa= 5 K17:LP9BJP7 V 7:H>=@ON7:RSH �6��RSF1F1AM?BJ*LN;17WZ O&K17MLN9IJN7 V 7:H1=@OQ7MRSH �SRSJ 4 R@OQ;.D �/H 4 � �GON;1?
LP7:]SH1=\A 
 �
7:L&= JP?IZb?IJN?BH"9B?�ZbU1H19gOQ7:R\HTU1LN?IK87MH =j9BRSJPJN?BA:=@OQ7MRSH RSFE?BJN=@OQ7MRSH OQRYK"7:LN9IJN7 V 7MH>=@OQ?�OQ;"?�?IH1?BJP] 5 � � ���
JN?gOQU1JPH17:H"] ZbJPR V ON;1? � ON; V ?i=\LPU1JN? V ?IH6O�JP?B]S7MRSH.D

LN7 V U1AWO<=\H1?IRSU1LPA 5 �"=\L)7:H �d7:]1D �"D = �[K � �"OQ;1?�ZbR�R\ONF1JN7MH3O&9i=\H 4 ?�LPU 4 - K17M`�7:K"?BK 7:H O ��R_K"7 V ?BH1LP7:RSH1L

5 7:?IA:K17MH1]jOQ;1? 4 ?BL�O�LPF>=@ON7a=\A.JP?BLPRSA:U"ON7:RSH D

�>RSJ%=\A:A ON;1JN?I? R\ZdOQ;1?ILN?j9B=\LN?IL �#ON;1? K"7:LN9IJN7 V 7MH>=@OQ7MRSH ON?B9<;1H17Me3U1?j7:H6`\RSAM`\?BL�= 9BRSJPJN? -

Aa= OQ7:R\H �[RSJ �1?Be3U17W`\=@A:?BH6ONA 5 � V =@ON9<;1?BK c>AMON?BJ �+K1?ION?B9ION7:RSHXLN9<;"? V ?\D+��L�LN;1R���H�7MHX�h7:]1D �"D ; � 4 � �>=

V RGK1U"Aa=@ON?BK OQJQ=@H1L V 7MO�LP7:]SH>=@A�7ML 4 JNR6=\K"9i=\L�OiD)�);1?IH �#ONR ? ��ONJQ=\9gO
OQ;"?f?IH1?BJP] 5 JN?IONU1JNH"7:H1] ZbJNR V
OQ;"? � OQ; JP?B]S7MRSHTR\Z OQ;1?�ZbR�R\ONF1JN7MH3O ��ON;1?�?B9<;"R_LP7:]SH>=@A 7:L+9BRSJPJN?BA:=@OQ?IK ��7MON; =jJN?IZb?IJN?IH19B?�ZbU1H19gOQ7MRSH
��;17M9<; ;>=\L*OQ;1?�LQ= V ?
��R\F1F1A:?IJ*=\H1K	�@R\J�JN=\H1]S?�9<;>=\JQ=@9IOQ?IJN7MLPOQ7M9BL�=\L�ON;1?
JP?B]S7MRSH OQR 4 ?
K"7:LN9IJN7 V -
7:H1=@OQ?IK.D�'+?B9B=\U1LN?YON;17:L�F"JNR�9B?BLPL V U1L�O 4 ?jJP?BFE?i=@ON?BK ZbRSJ�?B=\9<; JN?I]S7:RSH ��7MOQ;"7:H OQ;"? ZbRGR@OQF1JP7:H6O �
LN7M]SH>=\A F1JNR�9B?ILNLN7MH1] 7:L V RSJN?�9IR V F"A:7:9B=@OQ?IK OQ;>=@H ZbR\J&OQ;1? 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK 9i=@LN?\D

T � @ � T N ��-� �$:-I� A ��" � �!��" � 1�3����9 �$:�!��� N A 1�� ) �*4�� �����B$�� JLKM�C-I� N5�O-� P P��4��!���B 8�C4
N���"  8��� "

��R FE?BJPZbR\J V K1?gO<=\7MA:?BK�=\H>=\A 5 LN7:L)ZbRSJ�OQ;"?fJN=\H1]S? =\H1K	�@R\J���R\F1F1A:?IJ�K17:LP9BJN7 V 7MH>=@ON7:RSH
V ?IOQ;"RGK1L*K17MLN9BU"LNLN?IKX= 4 R `\? �GON;1?
9IRSH19I?BF"O+R\Z.OQ;"? ��� ��� � ��� � � ��� ��� � � � � � ��� ����� � �"��� �(7ML�7MH3ONJNR@-

K1U19I?BK.D �);1? �G��� 7:L�=TO �+R8K17 V ?BH1LP7:RSH1=\AhZbU1H19gOQ7MRSH ��;"7:9<; e3U>=@H3ON7MOQ=@OQ7W`S?BA 5 JN?IF1JN?ILN?IH3ONL OQ;"?

9<;>=\JN=\9ION?BJP7:LPON7:9IL�R\ZhOQ;1? � � V ?i=@LNU1JP? V ?BH6O
9I?BAMA�R\H8OQ;"? LNU"JPZ[=\9I? ]S7W`S?BHXOQ;1? =\H6OQ?IH1H>= F>= ONOQ?IJNH �
LN9B=\H JQ=@ON? �3=\H1K OQJN=\H1L V 7WO F1U1AMLN? V RGK1U"Aa=@ON7:RSH.D�'+?I9i=\U"LN?)OQ;1?��"�%� 7:L(=�]S?IH1?BJN=\A"OQR�RSA"ON;>=@O(9B=\H

�B<



4 ?)=\F1F1AM7:?IK OQR�=\H 5 JQ=\K1=\J ]S?IR V ?gOQJ 5 �S7WO 7:LdF>=\J�OQ7:9IU1Aa=@JNA 5 U"LN?IZbU"A17:H ON;1?)=\H1=\A 5 LN7ML R\Z>ON;1?&FE?BH19I7:AW-

4 ?i= V 9B=\LN? � ��;1?BJP?�ON;1?fR\JN7:?IH6O<=@ON7:RSHTR\ZdOQ;1?�ZbR�R\OQF"JN7:H6O ��7WOQ;XJN?ILNFE?B9IO%OQR OQ;"?�JN=\H1]S? �\��RSF1F"A:?BJ
9BR�RSJPK17:H>= OQ?BL�7:L*9BRSH6ON7:H3U1RSU1LPA 5 9<;>=\H1]\7:H1]1Dh�);1?��"�%� 7ML�ZbJN?Ie3U1?BH6OQA 5 ? V F"A:R 5 ?IKT7:H LPU 4 LP?Be3U1?BH6O

9<;>=\FGOQ?BJPL�R@ZdON;17:L)K17MLNLP?BJPOQ=@OQ7MRSH.D

��R K1?IJN7M`\?%ON;1?
FE?BH"9B7:A - 4 ?i= V �"�%� � �+? 4 ?I]S7:H 465 =@LNLNU V 7MH1] =�OQJN=\H1L V 7MO(LP7:]SH1=\A>R\Z
OQ;"?�]\?BH1?IJQ=\A.ZbRSJ V � � � � � 
 � � � 	���� � � ���"D �	�

��;1?IJN? 
 � � ��9BRSH6OQ=\7:H1L�OQ;1?Y= V F1AM7MONU1K1?�=\H1K F1;1=\LN? V R�K1U1Aa= OQ7:R\HX7 V F1=\JPON?BK8ONR OQ;1?�OQJN=\H1L V 7MO

F1U1AMLN?T=@H1K�� 7:L ON;1? ONJQ=\H1L V 7WO 9B=\JNJP7:?IJ ZbJN?Ie�U"?BH19 5 D �);1?T?B9<;1R JP?IOQU"JNH ZbJNR V =�K"7:LPONJN7 4 U"OQ?IK
O<=@JN]S?gOh9B=\H 4 ?*ONJN?B=@OQ?IKj=\Ld=�9IRSA:AM?B9ION7:RSH�R\Z"JN?gOQU1JPH1LdZbJPR V V =@H 5 7MH"c>H17WOQ?ILN7 V =\ASLPU1JPZ[=@9B?*F>=@OQ9<;"?BL

� �B; � D �);1?%?B9<;1RfJN?IONU1JNH ZbJNR V OQ;1? �[OQ; F1=@OQ9<; 7:L(]S7W`S?BH 465 =�ON7 V ?g- K1?BA:= 5 ?BK �SZbJP?Be3U1?IH19 5 LN;"7MZ OQ?IK
`S?IJNLP7:RSHXR\Z�OQ;1?�OQJN=\H1L V 7WO)LN7M]SH>=\A ��7WOQ;8=\HX=\K1K17WOQ7MRSH>=\A#JQ=\H1K"R V F1;1=\LN?�OQ?IJ V

� � � ���
	 � � � ��� � � � ���� � � ��� ��� � � ��
 � � � � � ��	������ � 	���� � 	������ � � �"DWm l�

��;1?IJN? � �&7:L = �%= 5 AM?B7:]\; K17MLPOQJP7 4 UGOQ?BK JQ=\H1K"R V `\=@JN7a= 4 A:? LNU19<; ON;>=@Oj� � � �� � � m � ���
	 �)7MLfOQ;"?
H1RSJ V =@A:7��I?BK 4 =@9 ��LP9i=@OPOQ?IJ 9BJPRSLNL,-/LP?B9ION7:RSH =@O OQ;1? F>= OQ9<; � � ���%7ML ON;1?X=\JN?B= R@Z
OQ;"?XF1=@OQ9<; � � �
7:L OQ;1?�JNRSU1H"KG- ONJN7:F � 7:]\;3O_OQ7 V ?XR\Z�OQ;"?�OQJN=\H1L V 7MO_F1U1AMLN?�ONR OQ;"? LNU1J�Z[=\9B? F1=@OQ9<; ��� ��7ML OQ;"?
��RSF1F"A:?BJ*LN;"7MZ O*R\Z OQ;"?�F>= OQ9<; �"=\H1K�� �.7:L�=fJN=\H1K1R V F";>=\LN?%OQ?IJ V K17:L�OQJP7 4 U"ON?BK U"H17MZbRSJ V A 5 R `S?IJ
� l � k � � D �);1? ON?BJ V L �

���
� =\H1K � ��� JP?BF1JP?BLN?IH6O ON;1?TH1RSJ V =@A:7��I?BK =\H6OQ?BH"H>= = V F"A:7MONU1K1? ]6=\7MH

JN?ILNFERSH1LP?�7:H_ON;1?�K17MJN?I9IOQ7MRSH R@Z OQ;1?�F1=@OQ9<;TK1U"JN7:H"] OQJN=\H1L V 7MO+=\H1K JN?B9I?B7W`S?�JN?ILNFE?B9gOQ7M`\?BA 5 D(�);1? 5

=\JP?fZbU1H19gOQ7MRSH1L
R@Z�OQ7 V ? 4 ?I9i=\U"LN?jOQ;"?j=\H6OQ?IH1H>= 7ML
JNR@O<=@ON7:H1] K1U1JP7:H1] F"U1A:LP?fOQJN=\H1L V 7MLNLN7MRSH =@H1K

JN?I9B?IF"OQ7MRSH.D � ��R K17 � ?IJN?IH3O(ZbU1H"9IOQ7MRSH1L �b7:H1K17M9i=@ON?BK 465 � � � � =\H1K ��
 � � � =\JN?�U1LP?BK_ONR�JN?BF"JN?BLP?BH6O
OQ;"?j=\H6OQ?IH1H>= 4 ?B9B=\U1LN? ?B7MON;1?BJ ��m���=_LP7:H1]\A:?f=\H6OQ?BH"H>= 4 ?B= V JNR\OQ=@OQ?IL�ONR = K17 � ?IJN?IH3O
F#R\LN7MON7:RSH

K1U1JP7:H1] OQ;"? JNR\U1H1K8ONJN7MF � 7M]S;6O%R\Z OQ;"?fF1U"A:LN? �#R\J � k	�)LN?BF1=\JQ=@ON?fONJQ=\H1L V 7WO��@JP?B9I?B7M`\? 4 ?B= V L�=\JP?
U1LP?BK ONR = `\RS7:K LP9i=\H A:RSLPL �[LP?B?8�G?B9gOQ7MRSH �GD �"D k	� D �);1?X=\H6OQ?IH1H>= F#R���?BJ ]6=\7MH1LYRSH OQJN=\H1L V 7MO
=\H1K JP?B9B?I7M`\? ��� ���� =\H1K�� ��� ��=@JN?TK1?gc>H1?BK =\L�� � ���� � � =\H1K�� � ��� � � JN?BLPF#?I9ION7M`S?IA 5 D �);1?TOQ?BJ V � �

JN?IF1JN?ILN?IH3ONL�ON;1?�R\OQ;1?IJ�L 5 LPON? V ]6=\7MHTOQ?BJ V L&ZbR\J&OQ;1? � ON;8F1=@OQ9<; � =@H1K87ML)]S7M`\?BH 465

� �� � � � � �� � �
��= � � � ��
 �� � � �"DWmSm��

��;1?IJN? � �&7ML�ON;1? ONJQ=\H"L V 7MO�F1U1AMLN? F#R���?BJ � � � 7:L�OQ;1? FE?i= � =\H6OQ?IH1H>=XF#R���?BJ ]S=\7:H � � 7:L�OQ;"?
JQ=@K>=\J �+= `\?BAM?BH1]\ON; � � ��7ML&OQ;1?f=@O V RSLPF1;1?BJP7:9�=\H"K8L 5 L�OQ? V A:RSLPLN?BL �E=\H1K 
���7:L&OQ;"?�LPAa=\H6O%JQ=@H1]S?\D

�O?



�);1? ?B9<;"R8JP?IOQU"JNH ZbJNR V =T9BRSAMA:?B9gOQ7MRSH R\Z�7:H"c1H17MON?BLN7 V =@AdF>= OQ9<; LN9i= ONOQ?IJN?IJNL � JP?BF1JP?BLN?IH6OQ7:H"]8OQ;"?
K17MLPOQJP7 4 UGOQ?BKTOQ=\JN]S?gO �19B=\H OQ;3U1L 4 ? ��JN7WONON?BH

� � � �����
����� � � � ���
	 � � � ��� � � � ���� � � ��� � �� � � ��
 � � � � � � 	 ����� � 	 ��� � 	 ��� � � � �"DWm k	�

��;1?IJN?�OQ;1?%LNU V V =@OQ7MRSHY7:L�FE?BJ�ZbRSJ V ?BK R `S?BJ�=\AMA1F>=@ON9<;_LP9i=@OPOQ?BJP?BJPL+7:HYON;1?�JQ=\K>=@J(c1?BA:K�-/R\Za- `G7M? � �

� D
�>RSJ�=89IRSJNJP?BAa= OQ7:R\H K"?IOQ?I9IONRSJ �hON;1? ?B9<;1R JP?IONU1JNH 7ML V U1AMON7:F1AM7:?IK 435 ON;1?_JP?IZb?IJN?BH"9B?

ZbU1H19gOQ7MRSH


���� � � � � � 	
	 ����� � 	
	 ��� � � � �"DWm ��

��;1?IJN? � � =\H"K � � =\JN?XOQ;1?XOQ7 V ?XK1?BA:= 5 =\H"K ��RSF1F1AM?BJ ZbJN?Be3U1?IH19 5 9BR�RSJNK"7:H>=@ON?BL ZbRSJ ��;"7:9<;
V = �G7 V U V JP?BLNFERSH1LP?Y7:L�K"?BLN7MJN?IK.Df�/H6ON?B]SJN=@OQ7MH1]�� =\H"K OQ;1?IH 9IR V F1U"OQ7MH1] ON;1? V =@]SH17MONU1K1? �#OQ;"?
K1?gOQ?B9gOQ?IK�LN7M]SH>=\A ?BH1?IJN] 5 � � �17:L

� ��

	��
	 �

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

�
� � �"DWmP= �

�);1? V ?B=\LNU1JP?BK ?BH1?IJN] 5 7:L�=XJQ=\H1K"R V `@=\JN7:= 4 A:? �bK1U1? OQRXOQ;1? JQ=\H"K1R V `@=\JN7:= 4 AM?BL � =\H1K�� �gD
��R =\LPLN?BLPL�OQ;1? V ?B=\H 4 ?I;>=i`G7MRSJ
R@ZhOQ;"? K1?gOQ?B9gOQ7MRSH F1JPRG9I?BLNL �#ON;1? ? �"FE?B9gOQ?IK `\=@A:U1?�R\Z � V U1L�O

4 ?�K"?IOQ?IJ V 7:H1?IK.D(^�LP7:H1]


	�� � � � � � 

� � � 	�� � � � � �  � 	�� � � ��� � � ���  � �"DWm�;	�

=\H1K

	 ��� 	 	 ��� � m � � �"DWm���

=\H1K8=\LPLNU V 7:H1]jON;>=@O�OQ;"?�LP9i=@OPOQ?IJN7:H"] F1=@OQ9<;1?IL
=@JN?�U1H19IRSJNJP?BAa= OQ?BK	��7WOQ;XRSH1?�=\H1R\ON;1?BJ �17 D ?\D �

� � ��� � � �
� m ZbRSJ 
 � �

� � 	 ����� 	 	 ���� �
� l ZbRSJ 
"!� � � � �"DWm�<	�

� ��;"?BJN?�� 7ML&OQ;1?�? �GFE?B9gO<=@ON7:RSHXRSFE?BJQ= OQRSJ � � ��� � � 4 ?B9IR V ?BL

��� � � ���
����� ���
	 � � ��� � �� 

	 �
	 �

� � �
���
� � � ���

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

� � � �"DWm8?�

���



�/H RSJNK"?BJ�OQR ?g`\=@A:U>=@ON?j;1R�� `\=@JN7:R\U1L�JN?I]S7:R\H1L�R\Z(OQ;1?jOQ=\JN]\?IO�LN9I?BH1? =\JP?YJN?ILNRSAW`S?BK �
7MO�7:L�9BR\H3`\?BH17M?BH6O�OQR K1?Ic1H1?YOQ;1? LNF1=@OQ7:=\AhJP?BLNFERSH1LP? ZbU"H19ION7:RSH ��� � � � � =\L�ON;1? ?BH1?IJN] 5 K1?ION?B9ION?BK
FE?BJ�U1H17WO%=\JN?B= = O�?i=\9<;8LNU1J�Z[=\9B?�F>=@ON9<;8AMRG9B=@OQ7MRSH �

� ��� ��� � � � ��� � � � �� 
	 �
	 �

� � �
���
� � � � �

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

� � � �"DWm ��

��;1?IJN? � � =\H1K � � =\JN? OQ;1? ��RSF1F1AM?BJf=\H1K K"?BAa= 5 9BR�RSJPK17:H>= OQ?BLfR\Z&ON;1? �[OQ; LN9B=@ONON?BJP7:H1]8F>=@OQ9<; D
��R@OQ?fON;>=@O�OQ;1?j�"��� 9i=\H 4 ?fONJQ=\H"LPZbRSJ V ?IK 7:H6OQR � � � � ��� � � � ����;1?BJP? OQ;"?Y��RSF1F1AM?BJ�=\H1K K"?BAa= 5
9BR�RSJPK17:H>= OQ?BL(;>=i`\? 4 ?B?BH JN?BF"Aa=\9I?BK 435 ?IA:?I`@=@ON7:RSH =\H"K = �I7 V U"ON;_9IRGR\JNK17MH>=@OQ?IL � � =\H"K�� �hU1LN7MH1]

OQ;"? V =\F1F"7:H1]YK1?ILN9IJN7 4 ?BKX7:H8�G?I9ION7:RSH �"DWmSDMm\D

�
H 7 V FERSJ�O<=\H6O�K1?B9IR V F#RSLP7MON7:RSH R\Z%��eED � �"DWm ���7:LfR 4 O<=@7:H1?IK 465 =\LPLNU V 7:H"]�OQ;>= O

OQ;"?8JN=\K>=\J F>=\JN= V ?gOQ?IJ � ��7ML 9BRSH1L�O<=\H6O �[7 D ?\D � � � � � �YR `S?BJ OQ;1? ZbR�R\OQF1JP7:H6O �+=\H1K OQ;>=@O � ���
=\H1K � �� 9B=\H 4 ? =@LNLNU V ?IK 9IRSH1L�O<=\H6O 7:H ON7 V ?\D ��?Ic1H17:H1]8OQ;1? `@=\JP7a= 4 AM?BL � � � � � � � � =@H1K
� � � � � � � � =\L%OQ;1?fK17 �#?BJP?BH6OQ7:=\A K1?IAa= 5 =\H1K ��R\F1F1A:?IJ)ZbJN?Be3U1?IH19B7M?BL�JP?BLPF#?I9IOQ7W`S?IA 5 �EOQ;1? �"�%�
9i=@H 4 ?�JN?g- ��JN7WONOQ?IHX=\L

� ��� � � � � � ��� � � � � � � � � � � � � � � � ��� � � � � � � � � � � � � � � � � � �"D k\l�

��?IJN? � � � � � ��� �YJN?IF1JN?ILN?IH3ONL ON;1? ��?B7M]S;6OQ7:H"] R\Z)OQ;1? =@H3ON?BH1H1= ]S=\7:H F1=@ONON?BJNH R\H OQ;1?TJP?BLNFERSH1LP?
ZbU1H19gOQ7MRSHX=\H1KX7:L)]S7W`S?BH 465

� � � � � � � ��� � � ��� � � � ��� � � � � � � ��� �� � � ��� � � � � �"D kGm��

� ��;"?BJN?�=@]6=\7:H_= H1R@O<=@ON7:RSH>=@AE9<;1=\H1]S?�7ML V =\K1?%ZbJNR V 7:H"K1? �G7:H"] OQ;1?
LNU1J�Z[=\9B?�?IA:? V ?IH3O+A:R�9i=@ON7:RSH
��7MON; � � � � OQR A:R�9i=@ON7:H1]_7MO�7MH K1?BA:= 5 �@��RSF1F1AM?BJ�LPF>=\9B? �gDj�);"? ONJQ=\H"L V 7MO�=@H1K JN?B9I?B7W`S? =\H6OQ?IH1H>=
]6=\7MHTZbU1H19ION7:RSH"L
=\JP?�ON;3U1L�LPF#?I9B7Wc>?BK =@L�F1JPR �P?B9gOQ7MRSH1L%7:HXK1?BA:= 5 �\��R\F1F1A:?IJ)LNF>=@9B?f`�7:= ON;1? V =\FG-
F17MH1] 7:A:AMU1LPONJQ=@ON?BK 7MHX�h7:]1D �"D kGD

��?IOQU"JNH17MH1]YOQR ��eED ���"D k@l� �"ON;1?�OQ?IJ V � � � � � � � 7ML
� � � � � � � � � � � � � � � 

	��
	 �


 � � � 
���� � � � � � 	�� � ��� � � 
� � � �"D kSk	�

��?IJN? � � � � � � � � � � � � � � � JN?IF1JN?ILN?BH6ONLhOQ;1?(JP?BLNR\AM`�7:H1]�9B=\F>= 4 7MA:7WOQ7:?IL 7MH1;1?BJP?BH6O OQR�OQ;1?�ON;1? V R�K1U1A:=@OQ?IK
OQJN=\H1L V 7WO�LN7M]SH>=\A � � � �gDY�);1? ZbU1H19gOQ7:R\H�� � � � � � � � � � �
7ML�?Be3U17M`@=\AM?BH6O�OQRTOQ;"? � � � ��� ��	 � � 
 � �� �

� � � ��� ����� � ; � ��<H=�� �B; � D �);1?�= Vj4 7M]SU17MO 5 ZbU1H19gOQ7:R\H 7:L 9I?BH6OQJN=\A%ONR V =\H 5 9BR\H19B?IF"OQL_7:H OQ;17ML
K17MLNLN?IJPOQ=@OQ7MRSHX=\H1K	��7:AMA =\F1FE?i=\J)JP?BFE?i=@ON?BK1A 5 7:H LPU 4 LN?Ie3U1?BH6O�=\H1=\A 5 LN?ILBD

=6l



� O�7:L 7MH1LPONJNU19gOQ7M`\?�OQR%=\F1F1A 5 ��e D � �"D k\l�#ONR�? �1= V 7MH1? OQ;1?(JP?BLNR\A:U"ON7:RSH�9<;>=\JN=\9ION?BJP7:LPON7:9IL

=\LPLNR�9B7a= OQ?BK ��7WOQ; LP?I`S?IJQ=\A)? �"= V F"A:?_ONJQ=\H"L V 7MO �+=i`S?gZbRSJ V LBD �/H OQ;1? ZbRSAMA:R���7:H"]8LPU 4 LN?I9ION7:RSH1L �
LQ= V F1AM? �"�%��� L�ZbR\J�=\H 7MH6OQ?BJPJNU1FGOQ?BK $�C F"U1A:LP? ��=T9<;17:JPF#?IK F1U"A:LN? ��= FE?BJP7:R�K17:9 F1U1A:LP?YOQJQ=@7:H �
=\H1K8=YF1U1AMLN? ��7MON;XF"LN?BU"K1R@-/JN=\H1K1R V F1;>=\LP? V R�K1U1Aa= OQ7:R\H =\JP?�]\7M`S?IH.D

N5$&���!��� % �!��� 7 E � �G3���" � ) �*4�� �	� � �:�C4 � $�"P�O4H$&� $���-� �$:���

�
HX7:H6ON?BJNJPU1F"ON?BKX9BRSH6OQ7MH3U1RSU1L,-��+= `\? �b��$�C �)F"U1A:LP?�7ML)K1?Ic1H1?BK�=\L

� � � � � ��� ��
	 � � � 7WZhl � ��� � �
l R\ON;1?BJ ��7:LP?

�

��;1?IJN?�� �)7:L OQ;1?+F1U1A:LP?+AM?BH1]\ON;.Dh�/Hj�h7:]1D��GD � �@OQ;1?&�"��� ZbRSJdON;1?+��$�C F1U"A:LN?�7:Ld9BR V F1U"ON?BK.Dd�);1?
U1H1K"?BJNA 5 7:H1]�9IRSH6OQRSU1JhF1A:R\Oh7:LhON;1?�= Vj4 7:]SU17WO 5 ZbU1H19gOQ7:R\H � � � � � � � � � �6=\H1KYON;1?&R `@=\A"JP?BF1JP?BLN?IH6OQL�=\H
7:K"?i=\AM7��B?IKj=\H6ON?BH1H>=
ZbR�R\ONF1JN7MH3O�ZbU1H19gOQ7MRSH � � � � � ��� � � F1JNR �P?I9ION?BK 7:H ON;1?&K1?IAa= 5 �\��RSF1F"A:?BJ�F1A:=\H1?�ZbR\J
=TLN7MK1?g- A:R�R �37:H1] ]\?BR V ?IONJ 5 D �>RSJ�ON;1? F1U1JNFERSLP?BL�R\Z�ON;17:L�K"7:LN9IU1LNLP7:RSH � ON;1?YZbRGR@OQF1JP7:H6O�ZbU1H19gOQ7MRSH
7:Lj=\LNLPU V ?IK ONR ;>=i`S?X= `\=@A:U1? R@Z�R\H1?	��7MOQ;"7:H OQ;"?TR `@=\A&=\H1K =�`@=\A:U1?TR@Z �I?BJPR RSUGOQLN7MK1? OQ;"?
R `@=\A D8��R\ON? OQ;1=@Oj=8A:RSH1]8��$�C F1U1A:LP? 7:Lf= 4 AM?_ONR K17:LP9BJP7 V 7:H>=@ON? ��RSF1F1AM?BJ�e�U"7MOQ? �+?IA:A � ��7MON;
OQ;"? ��RSF1F"A:?BJ�JP?BLNR\A:U"ON7:RSH � � � � � �h=\F1F1JPR �G7 V =@ON?BA 5 ?Be3U>=\A*OQR���
	 DX�);3U1L OQ;"? A:R\H1]S?BJ�ON;1? ��$�C
F1U1AMLN? � OQ;1? 4 ?gONOQ?IJ OQ;"?T��RSF1F1AM?BJ�JN?ILNRSAMU"OQ7MRSH.DX�);1?TJN?ILNRSAMU"OQ7MRSH =\AMRSH1] OQ;1? K1?BA:= 5 = �G7:L � � � ��� �
;1R���?I`S?IJ �17ML�]\7M`S?IH 465 � � ��� � � � �"=\H"K 9BRSH"LN?Be3U1?IH6OQA 5_4 ?B9BR V ?IL ��RSJNLP?�=\L(OQ;1?�F1U1AMLN?%K1U1JQ= OQ7:R\H
7:L A:?BH"]\OQ;1?IH1?BK D  RSH1] ��$�C F"U1A:LP?BL =\JP? O 5 F"7:9i=@A:A 5 ? V F1AMR 5 ?BK 7:H�LP7MONU>=@OQ7MRSH1L ��;1?BJP? R\H1A 5
JN?ILNRSAMU"OQ7MRSHT7:HTON;1?���RSF1F1AM?BJ)K17 V ?IH1LN7MRSHT7:L)K1?ILN7MJN?BK D

% $&���C-/4H� � EGQ�$:4 � ��� �G3���" � ) �*4 A -I���!� � $�"P�O4H$�� $&��-� �$:�!�

�2AM7:H1?B=\J%��� 9<;"7:JNFE?BK �&=i`S?gZbRSJ V 7:L%? V F1A:R 5 ?BK ��;1?IH ;17:]\;8JN=\H1]S?fJN?BLPRSA:UGOQ7:R\H87ML
K1?ILN7:JP?BK U"LN7:H"] =�JP?BAa= OQ7M`\? A:R�� FER���?BJID�� LN7MH1]SA:? A:7MH1?i=@JNA 5 9<;17:JPF#?IK F1U1AMLN?_;>=\Lj= �&=i`\?IZbRSJ V
]S7W`S?BH 465

� � � �
� ��� ��
	 �� ���

� � 	 ��� � 7MZhl � �� � �
l R\OQ;"?BJ ��7MLN?

�

��;1?IJN?�� 7ML�ON;1? �P9<;17:JPF8JN=@OQ?@D � C 7WOQ;8=_AM7:H1?B=\J)9<;17:JPF �>OQ;1?�ZbJP?Be3U1?BH"9 5 7:L�A:7MH1?i=\JPA 5 7:H19IJN?i=@LN7:H"]
�[R\JjK1?B9IJN?B=\LN7MH1] � ��7MON; OQ7 V ? R `\?BJYOQ;1?TAM?BH1]@OQ; R\Z�OQ;"?XF"U1A:LP?\D ��H ? �"= V F1A:? �G����ZbRSJ LNU19<;

=1m



0.2 0.1 0 0.1 0.2 0.3

10

5

0

5

10

Interrupted CW

Time Delay (ms)

Fr
eq

ue
nc

y 
S

hi
ft 

(k
H

z)


�h7M]SU1JN? �"D � � �"�%� ZbRSJ+LP7:H1]SAM?�A:R\H1]j��$�C F1U1A:LP?\D��);1?�9IRSH6OQRSU1JPL�=\JN?�OQ;1?�= V 4 7:]SU"7MO 5 ZbU1H19gOQ7MRSH
JN?ILNFERSH1LP? ��� � � � ��� � �hZbRSJ OQ;"?%��$�C F1U1A:LP? ��=\H1K OQ;"?%R `@=\A>JP?BF1JP?BLN?IH6OQL�ON;1?�=\H6OQ?BH"H>=�ZbR�R\ONF1JN7MH3O*=@L
F1JPR �P?B9gOQ?BK_7:H K1?IAa= 5 �\��RSF1F1AM?BJ�LPF>=\9B?)ZbRSJ*=�LN7MK1?g- A:R�R �37:H1]�=\H6OQ?BH"H>= = �I7 V UGOQ;.Dd�/H1LN7MK1?)OQ;1?�R `@=\A �
� � � � ��� ��7ML�=@LNLNU V ?IK8OQR ;>=i`S? = `@=\AMU1?�R\Z R\H1? � RSU"ONLN7MK1?�OQ;1?�R `\=@A � � � � � � ��7:L%=\LNLPU V ?BK lGD+�);17MLV RGK1U"Aa=@ON7:RSH_LN9<;1? V ?�7:L)F"JN7 V =\JP7:A 5 U1LN?IK8OQRYJP?BLPRSAM`\?�ON;1?�=\H6OQ?IH1H>=YZbRGR@OQF1JP7:H6O&7MH ON;1?���RSF1F"A:?BJ
K17 V ?IH1LN7MRSH.D

= �+=i`S?gZbRSJ V 7:L�LN;"R���H 7:H �h7:]1D �"D <�D ��R\ON? ON;>=@O �d=\]6=@7:H � OQ;"?_LP7:H1]SAM? F1U1A:LP?_JP?BLPRSAM`\?BLY= RSH1? -
K17 V ?IH1LN7MRSH>=\A&LPA:7M9B? =\9IJNRSLPL ON;1?�=@H3ON?BH1H1= ZbR�R\OQF"JN7:H6OBD C 7WOQ; OQ;1? AM7:H1?B=\JY9<;17:JPF V R�K1U1Aa= OQ7:R\H �
;1R���?I`S?IJ �%OQ;1? K"7:LN9IJN7 V 7MH>=@OQ7MRSH 7:H F"JN7 V =\JP7:A 5 7:H ON;1? K1?IAa= 5 K17 V ?BH"LN7:R\H.D��);1? ON7 V ?8K"?BAa= 5
JN?ILNRSAMU"OQ7MRSHT7:L%=\F"F1JNR �G7 V =@OQ?IA 5 ]S7M`\?BH 465 � � ��� � � � �6D��);3U1L � OQ;1?�;17M]S;1?IJ&OQ;1?�9<;17MJNFXJQ=@ON? �1OQ;"?
c>H1?IJ�ON;1?fK"?BAa= 5 JP?BLNR\A:U"ON7:RSH8=\9<;17M?I`@= 4 AM?\D&�);1?�F1JPRSH1RSU1H"9B?BK8OQ7:AWO)OQR OQ;1?f= Vj4 7M]SU17WO 5 ZbU1H19gOQ7MRSH

� 4 A:=\K1? � R\J���LNA:7M9B? � 7MH1K17M9i=@ON?BL&OQ;1=@O�OQ;1? �+= `\?IZbRSJ V 7:L)H1R\O%F1U"JN?BA 5 K17MLN9BJP7 V 7:H>= OQ7:H"]j7:H JQ=@H1]S?\D
�);17ML�ON7:AMO�7:L�OQ;1? JN?ILNU1AWO�R\Z+ON;1?_9IRSU1F1AM7:H1] 4 ?IO ��?B?IH OQ;1? 9<;17:JPF �+=i`S?gZbRSJ V =\H1K OQ;1?_��RSF1F"A:?BJ
LN;"7MZ O�RSH OQ;1?�LPU1JPZ[=\9I?\D*�
L%=\K1K"JN?BLPLN?IK 7:H V RSJN?�K1?gO<=\7MA.7:H8$+;>=@F"OQ?IJNL,= =\H"K ; �GOQ;1?�OQ7MAMO)R@ZhOQ;"?

4 A:=\K1?�9i=@H 4 ?�=\K �PU1L�OQ?BK 465 9<;>=\H1]\7:H1]YOQ;"?�9<;"7:JNF JN=@OQ? � ��D

=3k



0.2 0.1 0 0.1 0.2 0.3

10

5

0

5

10

Chirp

Time Delay (ms)

Fr
eq

ue
nc

y 
S

hi
ft 

(k
H

z)


�h7M]SU1JN? �GD < � �"�%� ZbR\J%LP7:H1]\A:?�A:7MH1?i=@J���� 9<;17MJNFE?BKXF1U1AMLN?\D+�);1?f9IRSH6OQRSU"JNL�=\JN?�OQ;1?f= Vj4 7:]SU17WO 5
ZbU1H19gOQ7MRSH JN?ILNFERSH1LP? � � � � � � � � ��=\LPLNR�9B7:=@OQ?IK ��7MON; OQ;1? �&=i`\?IZbRSJ V �>=@H1K OQ;"?
R `@=\A#JP?BF1JP?BLP?BH6OQL)OQ;"?
=\H6OQ?IH1H>= ZbR�R\OQF"JN7:H6O =\L F"JNR �P?I9IOQ?IK 7:H K"?BAa= 5 �\��RSF"F1A:?IJ LNF1=\9B?@D �/H1LN7MK1?�ON;1? R `@=\A � � � � � ��� � 7ML=\LPLNU V ?%ONR ;>=i`\?�=�`@=\AMU1?�R\Z RSH"? ��RSU"OQLP7:K1?�OQ;"?�R `@=\A � � � � ��� ��7:L*=\LPLNU V ?BKTlGD �);17:L V RGK1U"Aa=@ON7:RSHLN9<;"? V ? 7:L F"JN7 V =\JP7:A 5 U1LN?IK�OQR JP?BLNR\AM`S?8OQ;1? =@H3ON?BH1H1= ZbRGR\ONF1JN7MH6O 7MH OQ;1?8K1?BA:= 5 �bRSJ JN=\H1]S? �
K17 V ?IH1LN7MRSH ��=\AWOQ;1R\U1]S; ON;1?BJP?T7:L = ��RSF1F1AM?BJf9BR V F#R\H1?BH6OjONR�OQ;1?TJP?BLPF#RSH"LN? � V =\H17WZb?BL�OQ?BK 435
OQ;"?%F"JNRSH1R\U1H19B?IK_ON7:AMO R\Z#ON;1?�� 4 A:=\K1? � ZbRSJ V ?IK 435 OQ;1?%= Vj4 7:]SU17WO 5 ZbU"H19ION7:RSH � K1U"?�ONR�9BRSU1F"A:7:H"]
4 ?IO ��?B?BH8OQ;1?�9<;17MJNFX=\H1K OQ;1?���RSF"F1A:?IJ+ZbJN?Ie�U"?BH19 5 `@=\JP7a=@ON7:RSH RSHXON;1?�LNU1J�Z[=\9B?@D

� �C4H$��5��$�� � 3���" � +�4�-I$�� ) �*4 N�$�� 3��  8-I���C��3�" A -I���!� -I��� ���	� � �:�C4 � $�"P�O4H$&��$&��-� �$:�!�

�/H�ON;1?fO ��R F1JP?I`�7:RSU"L�? �"= V F1A:?IL � OQ;1?fJN?ILNRSAMU"OQ7MRSH87ML
7 V F1JPR `S?BK 465 ZbRSJ V 7MH1] RSH1? -

K17 V ?IH1LN7MRSH>=\AGLNA:7M9B?IL OQ;1JPRSU1]S; OQ;1?%=\H6ON?BH1H>=�ZbR�R\OQF1JP7:H6OiD��
AWOQ;1R\U1]S;YOQ;17ML�H>=\JPJNR���L�OQ;1? ��7:KGOQ; R\Z
OQ;"? � � JN?ILNRSAMU"OQ7MRSH 9I?BA:A �GON;1?�A:?IH1]\ON;T7:L&L�OQ7:AMA#K"?IOQ?IJ V 7:H1?IK 465 OQ;"?�JN?B=\A.K17 V ?IH1LN7MRSH1L+R@Z�ON;1?�=\HG-
OQ?IH1H>=�F>=@OPOQ?BJPH.D �);1?ILN?�=\F1F1JPR6=\9<;1?IL+=@JN?)OQ;1?IJN?gZbRSJN?�JN?gZb?BJPJN?BK OQR�=\L � �	��� � ��� ��� � � � �hON?B9<;1H"7:e3U1?BLID

��RjZbU1JPON;1?BJ�7 V F1JNR `S?�OQ;1?�JP?BLPRSA:U"ON7:RSH_R\Z OQ;"? V ?B=\LNU"JN? V ?BH6O)9I?BAMA �G= H>=\JPJNR��+?IJ)=\H6OQ?IH1H>= 4 ?i= V
V U1L�O 4 ? U1LP?BK.D�'+?B9B=\U1LP? =8H>=\JPJNR�� =\H6OQ?IH1H>= 4 ?i= V 7 V F1AM7:?IL�=8Aa=@JN]S?IJ =\H6ON?BH1H>= =@F#?IJPOQU"JN? �
OQ;"?BJN? =@JN?jR\Z ON?BH F1JN=\9ION7:9i=@AhA:7 V 7WO<=@ON7:RSH"L)RSH ;1R�� V U19<; JN?BLPRSA:UGOQ7:R\H 9i=\H 4 ?j7 V F1JPR `\?BK.D�� O�7ML
OQ;"?BJN?gZbRSJN?_K1?BLP7:JN= 4 A:?YONR =\9<;17M?I`\? JN?ILNRSAMU"OQ7MRSH 7:H 4 R\ON; K1?IAa= 5 =\H1K ��RSF1F1AM?BJ�LN7 V U1AMOQ=\H1?IRSU1LNA 5 �
? �#?B9gOQ7W`S?BA 5 LNU 4 -/K17W`�7:K17MH1]jOQ;1?�ZbR�R\OQF"JN7:H6O)7MHTO �+R_K17 V ?BH1LP7:RSH"LBD

=�



�0.2 �0.1 0 0.1 0.2 0.3

�10

�5

0

5

10

Pulse Train

Time Delay (ms)

F
re

qu
en

cy
 S

hi
ft 

(k
H

z)

�h7M]SU1JN? �"D ? � �"�%� ZbRSJ&? �"= V F1AM?�F#?IJN7MRGK17M9
F1U"A:LN?�ONJQ=\7MH.D �);1?�U1H"K1?BJPA 5 7:H1]Y9IRSH6OQRSU"J)F1A:R\O+7:L+ZbR\J
OQ;"?�= Vj4 7:]SU17WO 5 ZbU1H19gOQ7MRSH_JP?BLPF#RSH"LN?
ZbRSJ(OQ;"?
FE?BJN7MRGK"7:9)OQJN=\7:H �&=i`\?IZbRSJ V D��);1?�R `\=@A:L*JN?BF"JN?BLP?BH6O
? �"= V F1AM?�=@H3ON?BH1H1=�ZbRGR@OQF1JP7:H6OQL =\L�F1JPR �P?B9gOQ?BK 7:H�K1?BA:= 5 �\��R\F1F1A:?IJ LNF>=\9I?\Dd� �+R�R `@=\AMLd=@JN?*LN;1R���H
7:H RSJNK1?IJ OQR ;17M]S;1AM7:]S;6O OQ;1? 9IRSH19I?BF"O R\Zf= V 4 7:]SU"7MO 5 JN? �P?B9gOQ7:R\H � 7 D ?@D ��7:H�R\JNK1?IJ OQR =\9<;"7:?I`\?
U1H>= Vj4 7:]\U1RSU1L�O �+R -/K17 V ?IH1LN7MRSH>=\A JP?BLNR\A:U"ON7:RSH �1ON;1?j=@H3ON?BH1H1= F>=@OPOQ?BJPH V U"LPO�7:LNR\Aa=@ON?�R\H1A 5 RSH"?
FE?i= � R\Z�OQ;1? = V 4 7:]SU"7MO 5 ZbU1H19gOQ7:R\H.D �%?BJN? ��ON;1? L V =\A:A�=\H6OQ?IH1H>= ZbRGR@OQF1JP7:H6OT=\9<;"7:?I`\?BLTOQ;"7:L �
��;1?IJN?i=@L%ON;1?�Aa=\JP]S?BJ+ZbR�R\ONF1JN7MH3O�K"RG?IL%H"R\OiD

� �+?IA:A��3H1R���H8ON?B9<;1H"7:e3U1?�OQR_=\9<;17:?g`S?�O ��R@-/K17 V ?IH1LN7MRSH>=\A JN?BLPRSA:UGOQ7:R\HT7:L)OQRYOQJN=\H1L,-

V 7MO�=YFE?BJN7MRGK"7:9�F1U"A:LN?�ONJQ=\7MHTR\ZdON;1?�ZbRSJ V

� � � �
� ��� ��
	 � � � 7WZ � � � � �� � � � � � �
l R@OQ;1?IJ ��7:LP?

�

��;1?IJN? � ��7:L�OQ;1?�FE?BJP7:R�KTR\Z OQ;1?�F1U"A:LN?�JP?BFE?ION7MOQ7MRSH =\H1K � 7ML&OQ;1?�F"U1A:LP?�7:H1K1? � � �B; � D(�);1?��"�%�
ZbRSJ�LNU"9<; = F1U1A:LP?�OQJQ=@7:H 7:L�F1AMR\ONON?BKX7:HX�h7:]"D �"D ?"D*��R\ON?�ON;>=@O�OQ;1?�JN=\K>=\J%= Vj4 7:]SU17WO 5 ZbU"H19ION7:RSH �
� � � � � � ���E=\F"F#?B=\JNL�=\L%= � 4 ?BK�-/R\Za- H>=\7:AML � � ��7MON;8LP;>=\JNFXO �+R -/K17 V ?IH1LN7MRSH>=\A JP?BLNFERSH1LP?BL�LNF>=\9I?BK = O
V U1AWOQ7MF1A:?IL R\Z � �
7MH ON;1?�K1?BA:= 5 K17 V ?BH1LP7:RSH =\H"K V U"AMOQ7MF1A:?IL R\Zhm�� � �
7:HYON;1?
��R\F1F1A:?IJ�K17 V ?BH"LN7:R\H
� �B; � D��(=\9<; �PH>=@7:A � 7:H8OQ;17ML�ZbU1H19gOQ7MRSH�7ML
9i=@A:A:?IK =\H �N= Vj4 7M]SU17WO 5 D � �/H RSJPK1?BJ%OQRT=\9<;"7:?I`\?jO �+R -
K17 V ?IH1LN7MRSH>=\A6JP?BLNR\A:U"ON7:RSH � OQ;"?&=\H6OQ?IH1H>=�F>= ONOQ?IJNH � OQ;1? � � � � ��� � OQ?IJ V 7:H�OQ;1?&�"��� � V U1L�Oh7MLNRSA:=@OQ?
RSH1A 5 RSH"?_= Vj4 7:]\U17MO 5 D �);17ML�9IRSH19I?BF"Of7:L�7MA:A:U"LPOQJN=@OQ?IK 7:H �h7M]1D �GD ? 465 LN;"R���7MH1] O �+R8=\H6OQ?IH1H>=

=O=



F>=@OPOQ?IJNH 9IRSH6OQRSU"JNLBD �);1?8R\U"OQ?IJ_9IRSH6OQRSU1J ?IH19BR V F>=\LPLN?IL OQ;1JP?B?8��RSF1F1AM?BJ = V 4 7:]SU"7MOQ7M?BL ��=@H1K
OQ;3U1L�7ML
OQR�R ��7:K1?jONR U1H>= Vj4 7:]SU1R\U1LNA 5 JP?BLNR\AM`S? =TLP7:H1]SAM?jJN?I]S7:R\H R\Z*OQ;1?YLPU1JPZ[=\9I?\Dj�);"? 7MH1H1?IJ
=\H6OQ?IH1H>=�F>=@OPOQ?IJNHY7:L �PU1LPO(H>=@JNJNR�� ?BH"RSU1]S;YOQR�JP? �P?I9IO*=\AMA"= V 4 7:]SU"7MOQ7M?BL 4 U"O�ON;1?&K1?ILN7:JP?BK 9B?IH6OQJQ=@A
FERS7:H6OiD_�);3U1L � ��;"?BH =XF1U1A:LP? ONJQ=\7MH 7ML�? V F1A:R 5 ?IK ONR =\9<;17M?I`\?_O ��R@-/K17 V ?IH1LN7MRSH>=\AhJN?BLPRSA:UGOQ7:R\H
R\Z�OQ;1? =\H6OQ?IH1H>= ZbRGR\ONF1JN7MH6O � 9i=@JN? V U1L�O 4 ?YO<= �@?BH ONR87MH1LNU"JN?YOQ;>= O�ON;1? =\H6OQ?IH1H>= 4 ?i= V L�=\JP?
LNU �_9I7:?IH3ONA 5 H1=\JNJPR�� � =\L ��7MA:A 4 ?�K17:LP9BU1LPLN?IK�7:H K1?gO<=\7MA.7:H8$+;>=@F"OQ?IJ < �gD

� " ��3����/J 4�-I�����!� �GQ�-I" � N�Q�$�)& � ����3���-� 8$��!�

�);1?YFE?BJP7:R�K17:9 4 ?I;>=i`G7MRSJ�R\Z(ON;1? = Vj4 7M]SU17WO 5 ZbU"H19ION7:RSH 7MH OQ;1?YF1JP?I`�7:R\U1L�? �"= V F1AM?

JN?ILNU1AWOQL 4 ?I9i=\U1LP?
OQ;"?�RSJP7:]S7MH>=\A"ONJQ=\H"L V 7MONON?BK_F1U1A:LP?%ONJQ=\7MH 7ML�FE?BJP7:R�K17:9@Dd� ��R@-/K"7 V ?BH1LP7:RSH>=@AEJP?BL,-

RSAMU"OQ7MRSHYR\ZEOQ;1?)ZbR�R\OQF1JP7:H6O�7ML�LNU19I9B?BLPLPZbU1AMA 5 =\9<;"7:?I`\?BK_F1JNR `�7:K1?IK ON;>=@O�ON;1?%=\H6OQ?BH"H>= 4 ?i= V ��7:K"ON;
7:LfLNU � 9I7:?BH6ONA 5 H>=\JNJPR���D���R =i`SRS7MK OQ;1? =\H6OQ?BH"H>= 4 ?B= V ��7MK"OQ; 9BRSH1L�OQJN=\7:H6OY=@LNLNR�9B7:=@OQ?IK ��7MON;
OQ;"?�U1LN?�R@Z OQ;17ML �&=i`\?IZbRSJ V �>=@HT= Vj4 7M]SU17WO 5 ZbU"H19ION7:RSH ��7WOQ; R\H1A 5 RSH1?�9I?BH6OQJN=\A FE?i= � 7:L�7:K1?B=\A:A 5
K1?ILN7:JP?BK.D(��H8= Vj4 7:]\U17MO 5 ZbU1H19gOQ7:R\HXR@Z�ON;17:L&O 5 FE?�9i=\H 4 ?�JP?i=\AM7��I?BKT7MZ ON;1? V R�K1U1A:=@OQ7MRSH ��7WOQ;17MH
OQ;"? �+=i`S?gZbRSJ V R�9B9IU1JNL�=@O�JQ=@H1K1R V �1JQ= OQ;1?IJ&OQ;>=\HXFE?BJN7MRGK"7:9 �G7:H6OQ?IJP`@=\AMLBD��
H ? �1= V F1AM?�R\ZdLNU19<;
= �&=i`\?IZbRSJ V 7ML&OQ;1?�LPR@-/9B=\A:AM?BKTF1LP?BU1K1R -/JQ=@H1K1R V F";>=\LN? -/LP;17MZ O �\? 5 7:H1] LN7M]SH>=\A �"]S7W`S?BH 465

� � � � � ��� ��
	 ����� � � � 	 ��� � 7MZdl � �� � �
l R\OQ;"?BJ ��7MLN?

�

��;1?IJN?�OQ;"?�F1;>=\LP?
OQ?IJ V �	� � � �*LN;17WZ OQL&JN=\H1K1R V A 5 4 ?IO ��?B?IHXON;1?�K17MLN9BJP?ION?�`\=@A:U1?IL�� � =\H"K � � � = O
OQ;"? � � � � � ��� ��� � � � � �O? � Dh�);"?��"�%�8R\Z1ON;17:L �&=i`\?IZbRSJ V 7MLdLP;1R���HY7:Hj�d7:]1D��"D �"Dh��R\ON?�OQ;1=@OdON;1?BJP?
7:L ��=\LjK"?BLN7MJN?IK ��RSH1? 9I?BH6OQJN=\A&FE?i= � D �%=@OQ;"?BJfON;>=\H =\K"K17MON7:RSH>=@A*FE?i= ��L LNF>=\9I?BK FE?BJN7MRGK"7:9i=@A:A 5 �
;1R���?I`S?IJ ��ON;1?BJP? 7ML = 4 =\9 �3]SJNR\U1H1K A:?I`\?BA�R\Z V =\H 5 L V =\AMA:?BJ = Vj4 7M]SU17WO 5 LP7:K1?IA:R 4 ?BLTLPF1JN?B=\K
?I`\?BH1A 5 R `S?IJYK1?BA:= 5 �\��R\F1F1A:?IJjLNF1=\9B?@D �);17MLjZbU1H19ION7:RSH LP;>=\FE?T7:L O 5 F17M9i=\AMA 5 JN?gZb?BJPJN?BK ONR =@LY=
��ON;�U Vj4 O<=@9 � � = Vj4 7:]SU17WO 5 ZbU"H19ION7:RSH �><U= � D

�
AWOQ;1R\U1]S;_�h7:]1D	�"D ��=\F1FE?i=@JNL(OQR�9BRSH6O<=@7:H_=fF1JPR V 7MLN7MH1]�LNRSAMU"OQ7MRSHYZbRSJ(RSU1J(K1?ILN7:JP?%ONR

R 4 OQ=\7:H�O ��R@- K17 V ?BH1LP7:RSH1=\A\JP?BLNR\A:U"ON7:RSH ��7WOQ;1RSUGO�=\H 5 9BRSH"LPOQJN=\7:H6ONL�R\H�ON;1?(=\H6OQ?IH1H>= 4 ?B= V ��7MK"OQ; �
9BR\H1LN7MK1?BJ OQ;1? Z[=\9gO ON;>=@O OQ;"?8?IH1?BJP] 5 JN?IONU1JNH"?BK ONR ON;1?8LP?BH1LPRSJ 7:LYOQ;1?���� � � 
��	��� �	� `@=\AMU1? R\Z

OQ;"? �"�%� � LN?I? ��e D ���"DWm8?� � D C ;1?IH OQ;"?_LP7:K1?IA:R 4 ? F#?IK1?BL�O<=\A*JN?I]S7:RSH 7:L�7:H6ON?B]SJN=@OQ?IK R `S?IJ OQ;"?
7:AMA:U V 7:H1=@OQ?IK ZbR�R\OQF"JN7:H6O JN?B]\7:RSH �)ON;1? JN?ILNU1AWOQ7MH1] `@=\A:U1? V = 5 4 ? ?Ie3U>=\A
ONR R\J ]SJN?B=@OQ?IJ OQ;1=\H

OQ;"? JP?BLPF#RSH"LN? K1U1? OQRTOQ;1? 9I?BH6OQJN=\A(F#?B= � D �);"7:L�? �GF1A:=\7:H1L ��; 5 ON;17:L �+= `\?IZbRSJ V 7:L�O 5 F17M9i=\AMA 5

=C;



0.3
0.2

0.1
0

0.1
0.2

0.3
0.4

15

10

5

0

5

10

15
0

0.2

0.4

0.6

0.8

1

Time Delay (ms)

Random Phase Modulation

Frequency Shift (kHz)

0.2 0.1 0 0.1 0.2 0.3

10

5

0

5

10

Random Phase Modulation

Time Delay (ms)

Fr
eq

ue
nc

y 
S

hi
ft 

(k
H

z)


�h7M]SU1JN? �"D � � �"�%� ZbRSJjF1LP?BU1K1R -/JQ=@H1K1R V F1;>=\LP? V R�K1U1Aa= OQ7:R\H.D �);1? 9BRSH6ONRSU1JNL =@JN? OQ;"? = V -
4 7M]SU17MO 5 ZbU1H19gOQ7:R\H JP?BLPF#RSH"LN? F1A:R\OPOQ?IK 7MH K1?BA:= 5 �\��R\F1F1A:?IJ�LNF1=\9B?@D �%R\OQ?YOQ;1=@O�OQ;1?_= Vj4 7:]SU17WO 5
ZbU1H19gOQ7MRSH 9BRSH1LP7:L�OQL R\Z�= ;17:]S; 9I?BH6OQJN=\A)F#?B= � ��LPU1JNJPRSU1H1K"?BK 465 = AMR���?BJ ��F#?IK1?BL�O<=\A � JP?B]S7MRSH.D
�);1?�R `@=\A JP?BF1JP?BLN?IH6OQL�=jLQ= V F1A:?�=\H6OQ?BH"H>=jZbRGR\ONF1JN7MH6O�=\L&F1JPR �P?B9gOQ?IK87MHTK1?BA:= 5 �\��R\F1F1A:?IJ&LNF1=\9B?@D

U1LP?BK ZbRSJ FERS7:H6OYOQ=\JN]S?gOQL �&LNU19<; =\L =@7:JNF"Aa=\H1?IL ��=\H1K H1R\O K17:L�OQJP7 4 U"ON?BK O<=\JP]S?IONL �&LPU19<;�=\L OQ;"?

�(=\JPON; � L+LNU"JPZ[=\9I?\D*$+RSH1LP?Be3U1?IH3ONA 5 �17:H OQ;1? V =��PRSJN7WO 5 R\Z JP? V R\OQ?%LN?IH1LN7MH1]j9i=@LN?BL �1=�LN;>=\FE?BJ*O �+R -
K17 V ?IH1LN7MRSH>=\A)JP?BLNR\A:U"ON7:RSH 7:L R 4 O<=@7:H1?IK 465 ? V F1A:R 5 7:H1] OQ;1?8F#?IJN7MRGK17M9 F1U1A:LP?8ONJQ=\7MH V ?ION;1RGK"L

R\Z�OQ;"? F1JN?g`G7MRSU1LT? �1= V F1AM?\D��);1? Zb?i=@ONU1JN?ILX=\LNLPRG9I7a=@ON?BK ��7MON; OQ;1? F1LP?BU1K"R@-/JN=\H1K1R V F1;>=\LP?
�+= `\?IZbRSJ V �";1R��+?g`S?BJ � ��7:A:AEF1JPR `\?�U1LN?gZbU1A.7MH OQ;1?
F#?IJPZbRSJ V =\H"9B?�RSFGOQ7 V 7��B=@OQ7MRSH R\Z 4 ?B= V ��7MK"OQ;G-
A:7 V 7WOQ?IK JN?ILNRSAMU"OQ7MRSHTL 5 LPON? V L �E=\L�7:L)K"7:LN9IU1LNLP?BK87:H8$+;>=\F"ON?BJ =1D

= �



T � T � �C-I"P3�4H��������  4�4��*4 E �!��"P$�����4�-� 8$��!��"

�
L F1JN?g`G7MRSU1LPA 5 H1R\OQ?IK ZbRSJfZ[=@HG- 4 ?i= V L 5 L�OQ? V LY7MH $+;>=\F"ON?BJ k �(=�9BRSH"LN7:K"?BJQ= OQ7:R\H
?Be3U>=@A�7MH 7 V F#RSJ�O<=\H"9B?
ONR LPF>=@ON7a=\A.JP?BLPRSA:U"ON7:RSH 7ML&OQ;>=@O%R\Z V ?i=\LPU1JN? V ?IH3O�=\9I9BU1JN=\9 5 D&��JNJPRSJNL�7MH

OQ;"? V ?i=@LNU1JP? V ?BH6O+R@Z �	�*LN;"R�� U1F =@L*?IJNJPRSJNL*7:HYOQ;"?���7MH1K RSJ(R\OQ;1?IJ(]S?BRSF"; 5 LP7:9i=@AEF1=\JQ= V ?ION?BJPL
R\Z�7:H6ON?BJN?ILPOBD*��R =\K1K1JP?BLPL�ON;1?�FE?BH19I7:AW- 4 ?B= V 9i=\LP? �>H1? � ? �"F"JN?BLPLN7MRSH1L)ZbRSJ&OQ;"?BLN? V ?i=\LPU1JN? V ?IH6O
?BJPJNRSJ)LPRSU1JP9B?BL V U1L�O 4 ?�K1?g`S?BAMRSFE?BK.D

T � T ��6 A -I�����!�  4�4H�*4 � � ���

��R�K"?IOQ?IJ V 7:H1? � � �3=\H ?BL�OQ7 V =@ON?)R\Z OQ;1?�?BH"?BJN] 5 4 =\9 �3LN9B=@ONON?BJN?IK_ZbJPR V ON;1?�LNU1J�Z[=\9B? �
�
�
� V U"LPO�c>JPLPO 4 ?)R 4 O<=\7MH1?BK D ��R���?I`\?BJ �3OQ;"?%LP7:]SH1=\A"7MH19B7MK1?BH6O�RSHYON;1?�JQ=\K>=@J JN?I9B?B7W`S?IJ*9IRSH1LP7:LPONL

R\Z 4 R@OQ;T?B9<;"R =\H"KXON;1?BJ V =\A#H1RS7MLN?�9BR V FERSH1?IH3ONLBD*'+?I9i=\U1LP?�OQ;1?�9BR Vj4 7:H"?BK LN7M]SH>=\A#F1A:U1L)H"RS7:LP?

?BH"?BJN] 5 ���
����� � 7:L ��;>=@O�7MLd=@9IOQU1=\A:A 5 K1?gOQ?B9gOQ?IK �S=�LN?IF>=\JQ= OQ?*?BLPON7 V =@OQ?�R@Z"OQ;"?*H"RS7:LP?g-/R\H1A 5 ?BH1?IJN] 5 �

� � � � V U"LPO%LNU 4 OQJQ=@9IOQ?IK�7MHXR\JNK1?IJ%ONR R 4 O<=\7MHX=\H8U"H 4 7a=\LP?BK8`@=\AMU1?�ZbRSJ � � D*�);1? V RSL�O%]S?BH1?IJQ=\A
?Be3U>= OQ7:R\H ZbR\J)K1?ION?BJ V 7:H"7:H1]jON;1?�?B9<;1R_?BH1?IJN] 5 7ML�]S7M`\?BH 465 �

�
�
� � � � ������� � � � � � � � �"D k ��

�);1? V ?B=\LNU"JN? V ?BH6ONL �
����� =\H1K � � � �>7:HTONU1JNH �1=\JN?�]S7W`S?BH 465

�
����� � 	 � �

�
�
� � � � � � � � � � �"D kU= �

�
����� � 	 � �

�
�
� � � � � ��� � � � �

��;1?IJN?YOQ;1? LP7:]SH>=@A:L � � � ��=@H1K � � � � ��=\JP?jOQ;1? RSUGOQF1U"ONL�R\Z�ON;1?YLN7M]SH>=\A ��H1RS7:LP?Y=\H1K H1R\7:LN? -/RSH"A 5
F1JPRG9I?BLNLP7:H1] JP?BLNFE?B9gOQ7W`S?BA 5 �E=\H1KTON;1?�7:H6OQ?I]SJQ=@ON7:RSH 7:L)R `S?IJ�ON;1?�JQ=@H1]S?�]6=@ON? �PRSFE?BH � ON7 V ? � ���� � �bLN?B?f�h7M]1D �"DWm l� D

'+?I9i=\U1LP? 4 R\OQ; �
����� =\H"K � � � =\JN? JN=\H1K1R V `\=@JN7a= 4 A:?IL ��ON;1? ?BLPON7 V =@OQ? R@Z OQ;"?

4 =\9 �3LP9i=@OPOQ?BJP?BK ?IH1?BJP] 5 �
�
7ML%AM7��@? ��7:LP? = JQ=@H1K1R V `@=\JP7a= 4 AM?\D*�);1?�`\=@JN7a=@H19B?�R\ZhON;1?�?BLPON7 V =@OQ?

�
�
K1?ION?BJ V 7:H"?BL�OQ;1? JN=\H1K1R V ?BJNJPRSJ�=\LNLPRG9I7a=@ON?BK ��7MON; ON;1? V ?B=\LNU1JP? V ?BH6O�R\Z �	�iD �
L�7:H OQ;"?

9i=@LN?jR\Z�Z[=@HG- 4 ?i= V L 5 LPOQ? V L �.OQ;1?fJQ=\H"K1R V �PH1RS7MLN? � =\LNLPRG9I7a=@ON?BK ��7WOQ;�ON;1? ?ILPON7 V =@OQ?fR\Z �
�
7ML

e3U>=\H6OQ7Wc>?BK 465 OQ;1?�F>=@JQ= V ?ION?BJ � ��� ����;"?BJN?

� ��� � � �*=@J � � � �� � �
� �

� � �"D kO;	�

=C<



2

T1

T2
Echo + Noise

Channel
Processing

2

T1

T2"Noise-Only"
Channel

Processing

Surface Echo
+

Thermal Noise

Es+n

Eno

x(t)

xo(t)

�h7M]SU1JN? �GDMm l � ��?BH"?BJQ=@A:7��I?BK LN7M]SH>=\A)F"JNR�9B?BLPLN7MH1] K"7a=\]SJN= V ZbR\J FE?BH"9B7:A - 4 ?i= V L 5 L�OQ? V LBD �);1?
LN7M]SH>=\A ��H1RS7:LP?�F1JNR�9B?ILNLP7:H1] 5 7M?BAMK1L�ON;1?*LN7:]\H>=\A � � � � ��;17M9<;j9BRSH6ONJN7 4 U"OQ?IL�ONR�OQ;"?�?IH1?BJP] 5 ?BLPON7 V =@OQ?
�
����� Dh�);17ML LN7M]SH>=\A�9BRSH6OQ=\7:H1LdOQ;1?&?I9<;1R�?BH1?IJN] 5 =\L ��?BAMA1=\LhON;1?+ON;1?BJ V =\AGH1RS7MLN?+?IH1?BJP] 5 F"JN?BLP?BH6O7:H ON;1?_?I9<;1R 4 =\H1K.D_�);1?_H"RS7:LP?g-/R\H1A 5 F"JNR�9B?BLPLN7MH1]8F"JNR�K1U19B?ILfON;1? LN7:]\H>=\A � � � � �gD �);17:L�LN7M]SH>=\A
O 5 F17:9B=\A:A 5 9BRSH6O<=@7:H1L+= ��7:K1? 4 =\H1K ��7MK"OQ; ON;1?BJ V =\AEH1RS7MLN?�9IR V F#RSH"?BH6O �"=\H1K V = 5 =\AMLNR 9IRSH6O<=\7MH
=YF#R\JPOQ7MRSHTR\ZdOQ;1?�?B9<;"R_?IH1?BJP] 5 D

=\H1K � �*=\J � =\H1K � � � =\JN?(OQ;1?�`\=@JN7a=@H19B?�=\H1Kj? �GF#?I9IO<= OQ7:R\HjRSFE?BJQ= OQRSJPLdJP?BLNFE?B9gOQ7W`S?BA 5 D��%R\OQ?*OQ;>= O
� ���&7ML�ON;1? H1R\J V =\A:7 �B?BKXLPOQ=\H1K>=@JNK K1?g`G7:=@OQ7MRSH�R@Z OQ;1? 4 =\9 �3LN9B=@ONON?BJN?IK ?BH1?IJN] 58V ?B=\LNU"JN? V ?BH6OBD
� �\? 5 ]SR6=\A.R@ZhLP9i=@OPOQ?BJPR V ?IOQ?IJ�K1?BLP7:]SH 7:L&ON;1? V 7MH17 V 7��B=@OQ7MRSH R\Z ����<D

�);1?X9i=\AM9BU1A:=@OQ7MRSH R\Z �����ZbRSJ = LNFE?B9I7Mc>98LN9i= ONOQ?IJNR V ?ION?BJ K1?ILN7:]\H V = 5 4 ?Xe3U17MON?
9BR V F1AM? � � =\H1K 7:L�=TZbU"H19ION7:RSH R\Z*OQ;1? F1U"A:LN? V RGK"U1Aa=@ON7:RSH�=\H1K LN7M]SH>=\AhF1JNR�9B?ILNLN7MH1]X? V F1A:R 5 ?IK
�[LP?B? �(ZbR\Jf? �1= V F1AM? � � =C; � �gD��
LjK17MLN9IU1LNLP?BK 7:H $+;1=\F"OQ?IJ k � ? �GF1JN?ILNLN7MRSH1LjZbRSJ � ����;>=i`\? 4 ?I?BH
K1?IJN7M`\?BKTZbRSJ�= `@=\JP7:?IO 5 R\Z�Z[=\HG- 4 ?B= V 9B=\LN?ILBD(�/H8$+;>=\F"ON?BJPL,= - < � � ���(? �GF1JN?ILNLP7:RSH1L%=\JP?�K1?BJP7M`\?BK
ZbRSJ*F#?IH19B7MAW- 4 ?B= V 9i=@LN?BL�R\Z 7MH3ON?BJP?BLPOBD�� O+7ML�7MH1LPONJNU19gOQ7W`S? ��;1R���?I`S?IJ �1ONRf9IRSH1LN7MK1?BJ+=f]S?IH1?BJP7:9%9i=\LP?
7:H RSJPK1?BJ)ONR ;"7:]S;1AM7:]S;6O�OQ;1?�ZbU1H19gOQ7MRSH>=\A ZbR\J V R@ZdON;1?� ����F1=\JQ= V ?ION?BJID

^%ON7:AM7��B7MH1]fON;1?�K1?Ic1H17MON7:RSH R\Z�`@=\JN7:=\H19B? � �*=\J � �
� � 7ML)? �GF>=\H"K1?BKXOQR

�*=\J � �
� � � � � � �*=\J � � ������� � � �� �*=\J � � � � � � k � � � � $+R ` � � ����� � � � � � � �"D k���

��R@OQ? ON;>=@O ��7WOQ;�Z[=\H�- 4 ?i= V LN9B=@ONON?BJPR V ?gOQ?IJNL �.ON;1? ON?BJ V $+R ` � �
����� � � � � 7:L�U1LNU1=\A:A 5 �I?BJPR 4 ? -

9i=@U1LN? ON;1? LP7:]SH>=@A���H1RS7MLN? =\H1K H1R\7:LN? -/RSH"A 5 V ?B=\LNU"JN? V ?BH6ONL =\JN? V =@K1? =@O�K17 �#?BJP?BH6O ��H1RSH�-
R `S?IJNAa=@F1F17:H"] OQ7 V ?BL �(=\H1K ;1?IH19B?X=\JP? U1H19IRSJNJP?BA:=@OQ?IK.D '�?B9i=@U1LN?TOQ;"?TF#?IH19B7MAW- 4 ?i= V ZbR�R\ONF1JN7MH3O

7:L(LP9i=\H1H"7:H1]fJQ=\F17MK1A 5 R `S?BJ*OQ;1?%LNU"JPZ[=\9I?�9B=\U1LN7MH1]fON;1?%H1RS7:LP? � RGR\J(ONR 4 ?�H1RSHG- LPO<= OQ7:R\H>=\J 5 �3;1R��&-
?I`\?BJ ��7WO�7:L
;17:]S;"A 5 K1?BLP7:JN= 4 A:?jONR V = �\?jOQ;"? �

����� =\H1K � � � V ?i=\LPU1JN? V ?IH6OQL�LN7 V U1AWO<=\H1?IRSU1LPA 5
�>; � �O?Gm � D $+RSH1LP?Be3U1?BH6ONA 5 �3OQ;"?)F#R\ON?BH6OQ7:=\A�9BRSJPJN?BA:=@OQ7MRSH 4 ?IO ��?B?IH � ����� =\H1K � � � V U1L�O 4 ?&O<= �@?BH
7:H6ONR_=@9B9BR\U1H6O%ZbR\J&OQ;1?�FE?BH19I7:AW- 4 ?B= V 9B=\LN?@D

=B?



��R_?g`\=@A:U>=@ON?���eED ���"D k��� �GOQ;1?�OQ?IJ V �*=@J�� �
����� � K"?Ic>H1?IK 465

�*=\J � �
������� � ��� � �

����� � � � � � �
����� � � �"D kO<	�

7:L(c>JPLPO+=\K1K1JP?BLNLP?BK.D*�>RSJ*?B7WOQ;1?IJ*ON;1?�LPe3U>=\JN? -/A:=�� R\J V =@ON9<;1?BKG- c>AMON?BJ*K1?ION?B9gOQ7:R\H =\F1F"JNR6=\9<; �GOQ;"?
RSU"ONF1U"O%R\Z�OQ;1?�LP7:]SH>=@A���H1RS7MLN?�F1JPRG9I?BLPLN7:H"]�� � � � � �>9i=\H 4 ? ��JP7MOPOQ?BH8=\L

� � � ��� � ��
�
� � � � � � �� � � � � ��� � �"D k9?�

��?IJN? � ��
�
=\H1K �� � =\JP?�ON;1?�? �GFE?B9ION?BK ?I9<;1R =\H"K�H1RS7MLN?�?BH"?BJN]\7:?BL%JN?ILNFE?B9gOQ7M`\?BA 5 �#=\H1K � � � �%=@H1K� � � �&=\JP?�H"RSJ V =\A:7 �B?IK LNU19<;8OQ;>=@O

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

�
�
��� � � � � � � ��� � � ��m � � �"D k ��

'+R\ON; � � � �&=\H1K � � � �&=\JP?���=\U"LNLN7:=\HTJQ=@H1K1R V F1JNR�9B?ILNLN?ILBD��);17:L)7ML+OQJPU1?�ZbRSJ+OQ;"?�?I9<;1R 4 ?I9i=\U1LP?
7MO 7ML ON;1?X9BR V F#R\LN7MON?TJN?gOQU1JPH ZbJNR V V =@H 5 JN=\H1K1R V A 5 RSJP7:?BH6ON?BK LP9i=@OPOQ?IJN?BJPL RSH OQ;"?8LPU1JPZ[=\9I?

� m�< ��; � � �O; � D��%?I9B?I7M`S?IJ+H1R\7:LN?�9B=\H_AM7��@? ��7:LP? 4 ? V RGK1?IA:?IK =\L*=�c>AMON?BJP?BK ��;17MON?
��=\U1LPLN7:=\H_H"RS7:LP?
F1JPRG9I?BLNL � �O? � D(�
HX?BLPON7 V =@OQ?�R@ZdON;1?�LN7:]\H>=\A���H1R\7:LN?�?BH1?IJN] 5 7ML&OQ;3U1L%R 4 OQ=\7:H1?IK 435

�
����� �

	 � �
�
�
� � � � � � � � � � � �"D �Sl�

�
K"K1JN?ILNLN7MH1] OQ;1?�LN?I9BRSH"K8OQ?IJ V 7MHX�(e D � �GD kO< � � ��?�;>=i`S?�OQ;>=@O

��� �
������� � ��

�
� ���� � � �"D �"m��

�);1?(c>JNL�O OQ?BJ V R\Z"�(e D � �GD kO< � 7:L LNR V ? ��;1=@O V RSJP?�7:H6`SR\AM`S?IK.Dh�/H"LN?BJ�OQ7MH1]
��e D � �"D k9?�
7:H6ONR ��e D � �GD �Sl	� � ? �"F1=\H1K17MH1]���=\LPLNU V 7:H"]8OQ;"? ?B9<;1R =@H1K H1RS7MLN? =\JN?_U1H19BR\JNJN?IAa=@ON?BK � =\H1K =\FG-
F1A 5 7MH1]j= �+?IA:AW- �3H1R���H 7:K1?IH6OQ7MO 5 ZbRSJ(OQ;"?�ZbRSJ�OQ;G- RSJNK1?IJ V R V ?BH6O+R@Z = LN?gO)R\Z���=\U1LPLN7:=\H JQ=@H1K1R V
`@=\JN7:= 4 AM?BL�� �B< � ���+?�;>=i`\?�ON;>=@O

��� � �
����� � � �� �

�

	 � �
�
�
	 � �
�
�
� �
�
� � � � ��� � � � � � � �"D �6k	�

��k ��
�
�� � �%?
	 	 � ��

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

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

�
� k ��

�
�� � � �� ��
= �



��;1?IJN? �
�
� � � � � =@H1K � � � � � � ��=\JP?&OQ;1?�9BR\JNJN?IAa=@ON7:RSHjZbU"H19ION7:RSH1L�R@Z#ON;1?�F1JNR�9B?ILNLN?IL � � � �(=@H1K � � � �

JN?ILNFE?B9gOQ7M`\?BA 5 �[]S7W`S?BH 465 ��� � � � � � � � � � � =\H1K ��� � � � � � � � � � � � D*� JPR V ��e D � �GD kO< � � ��?�ON;1?BHX;>=i`S?
�*=\J � � �

����� � � �� �
�

	 � �
�
�
	 � �
�
�
� �
�
� � � � ��� � � � � � � �"D �	��

��k ��
�
�� � �%? 	 	 � ��

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

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

�/H RSJNK"?BJ+ONR ?g`@=\A:U>= OQ?
ON;1?�LN?I9BRSH1KX=\H"K ON;17:JPK OQ?IJ V L&7:H ��e D � �GD k��	� � ��?�c>JNL�O�K1?Ic1H1? � � � � �&=@L

� � � � �
� � � � �� � � � � � � � � � � �� � � � � � ��� � �"D �9= �

��;1?IJN? � � =\H1K � � JP?BF1JP?BLP?BH6O�OQ;1?jFE?BJP9B?IH3OQ=\]S?YR\Z(?I9<;1RTRSJ�H1RS7:LP? ?IH1?BJP] 5 9IRSH6O<=\7MH1?BK 7MH � � � � �
JN?IAa=@ON7M`\?�OQR � � � � �1=\H1K OQ;"?�F1JNR�9B?ILNLP?BL � � � � �*=\H1K � � � � �*=\JN?�H"RSJ V =\A:7 �B?IK 7:H_OQ;1?�LN= V ? V =\H1H1?IJ
K1?ILN9BJP7 4 ?BK 465 �(e D ���"D k ��gD��);1? V ?i=\HT`@=\A:U"?�R\ZdON;1?�H1RS7MLN?g- RSH1A 5 ?IH1?BJP] 5 7:L&ON;1?BH

� � � � � � � � � �� � � � � �� � � � �"D �B;	�

�/H1LP?BJPON7:H1]_��e D � �"D �B;	��ONRS]S?ION;1?BJ ��7WOQ;X��eED ���"D �"m��+7:H6ONR_��e D � �GD k �	� � � � =@H1K � � V U1LPO 4 ?
� � � � �

� � � � � � �"D �
��

� � � m
� � � � �

7:H RSJPK1?BJ)ONR_=@9<;17:?g`S?�=\HXU1H 4 7a=\LP?BKX?BL�OQ7 V =@ON?�R\Z �
�

��ZbU"A:A�?I`@=\A:U1=@OQ7MRSH8R@Z*�(e D � �"D k����F1JNR�9B?I?BK1L�7MH = LP7 V 7:Aa=@J V =\H"H1?BJ
=\L�LN;"R���H ZbR\J
OQ;"? c1JNLPO�ON?BJ V ]S7M`\?BH 7:H ��e�LID � �"D �Sl� - � �GD �	�	�gD �);"? ON?BK17MRSU1L�=\AM]S? 4 JN=T7:L�R V 7MOPOQ?BK ;"?BJN? �h=@H1K
RSH1A 5 ON;1?�JN?BLPU1AMO%7ML)F1JN?ILN?BH6ON?BK.D��h7:JPLPO �"OQ;1?�ZbRSAMA:R���7:H"]jK1?Ic1H17MON7:RSH1L�=@JN?�?BL�O<= 4 AM7:LP;1?BK �

� � 	 � �
�
�
	 � �
�
�
� �
�
� � � � � � � � � � � � �"D �B<	�

� � 	 � �
�
�
	 � �
�
�
��? � �

�
� � � � � � � � � � � � � � � � �

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

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

� � � 	 � �
�
�
	 � �
�
�
��? � �

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

;\l



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

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

� � � � 	 � �
�
�
	 � �
�
�
��? � �

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

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

��;1?IJN? �
� � � � � � ��� � � � � � � � � �� � � � � � � � � � � � � � �
� � � � � � � � �� � � � � �>?ION9\D*�>U1JPON;1?BJ � ��?fK1?gc>H1?

� � � � � � � � �� � �� � � � k � � � � � � � � � � �"D �O?�

� � k � � � � � k � �� � � � � � � � = � � � � � � � � � � � �
� � � � � � � � �� � �� � � � k � � � � � � � � � �

=\H1K OQ;"?�LP7:]SH1=\AW- OQR@- H1RS7:LP?�JN=@OQ7MRY7:HTOQ;"?�LP7:]SH1=\A���H1RS7MLN?�9<;1=\H1H1?IA �E�"��� � =\L
� � � �

��
��� � � � �"D ����

^%ON7:AM7��B7MH1]Y��e3LBD � �"D kO;	�&=@H1K ���"D k ��&=\H1KXOQ;1?f= 4 R `\?fK"?Ic>H17WOQ7MRSH1L �	����+9i=@H 4 ? ��JP7MOPOQ?BHX7:H OQ;"?
ZbRSJ V

� ��� � � � � �
�"�
�

� �
�"��� �  �� � � �"D>=6l�

�);3U1L � � ��� � RSJ �6?Ie3U17M`@=\AM?BH6OQA 5 �SOQ;"?)F#?IJN9B?IH6O<=\]S? V ?i=\LPU1JN? V ?IH3O(?IJNJPRSJ(K1U1?&OQR�JN=\H1K1R V ? �#?B9IONL
� 7:L = e�U1=\K1JQ= OQ7:9 7MH m��S�"�
��D��);17ML ZbU"H19ION7:RSH>=@A+ZbRSJ V 7:LYOQ;1? LN= V ?TZbRSJ =\AMA&LN9B=@ONON?BJPR V ?gOQ?IJ
L 5 L�OQ? V L ��=\H1K 7MLj9BRSH"LN?Be3U1?IH6OQA 5 = ]S?BH1?IJQ=\A+? �GF1JN?ILNLP7:RSH ��;17:9<; =\F"F1A:7M?BLfONR F#?IH19B7MAW- 4 ?i= V =@L
��?BA:A#=\L(Z[=\HG- 4 ?B= V L 5 LPON? V LBD(�);1?�9IRG? � 9B7:?IH6OQL � � � �1=\H1K ��=\JN?�JN?BA:=@OQ?IK_ONRfOQ;"?
9BR\JNJN?IAa=@ON7:RSH
LPOQ=@OQ7MLPON7:9BL�=\LPLNR�9B7:=@OQ?IK ��7MON;j=%F>=\JPON7:9IU1Aa=\J 7MH1LPONJNU V ?BH6O �@OQJN=\H1L V 7WO V R�K1U1A:=@OQ7MRSH � =\H1KfF1JNR�9B?ILNLPRSJ
7 V F1AM? V ?BH6O<=@ON7:RSH D

�);1?�? �GF1JP?BLPLN7:R\H1L�ZbRSJ ON;1?�9BR�?�� 9B7M?BH6OQL � � � �3=\H1K ��JN?IF1JN?ILN?BH6ON?BK 465 ��e3LBD � �"D �B<	�
=\H1K ���"D �O?��=@JN?�LPR V ? ��;>=@O)7MH6`SRSAW`S?BK D(� R\JPOQU"H>=@OQ?IA 5 ��ON;1?BJP?�7:L&=fLN7 V F1AM7Mc>9B=@OQ7MRSH ON;>=@O ��7:A:A#=\FG-
F1A 5 OQR V R\LPO�R\ZdOQ;1? � ���*JN?BA:=@OQ?IK�=@H>=\A 5 LP?BL%7:HTOQ;17ML�K17:LPLN?BJ�O<=@ON7:RSH D�� 5 F17:9B=\A:A 5 OQ;"?fH1R\7:LN? -/RSH"A 5
V ?i=\LPU1JN? V ?IH3O%7ML V =\K1?�R `\?BJ�= V U"9<; ��7:K"?BJ 4 =\H"K ��7:K"ON;8ON;>=\H OQ;1?�LN7M]SH>=\A ��H1RS7:LP? V ?i=\LPU1JN? -
V ?BH6OiD*�);17:L%;>=\L)O ��R 7 V FERSJPOQ=\H6O)7 V F1AM7:9i= OQ7:R\H1LBD��d7:JNL�O �1ON;>=@O�� ��� � � D*�);3U1L ��;"?BH � � =@H1K
� � =\JN? K"?Ic>H1?IK =\Lj7:H �(e D ���"D �
�� � =\A:A�OQ?IJ V LjR\Z�� � �� � � =\JP? =\F1F"JNR �G7 V =@OQ?IA 5 l"D �G?I9BRSH"K1A 5 �

;Gm



4 ?B9i=@U1LN? � � � � ��7ML
= ��7:K"? 4 =@H1K ��7:KGOQ;�F"JNR�9B?BLPL � � � � � =\H1K � � � � � D+C ;1?BH8OQ;1?ILN?j=@F1F1JNR �G7W-
V =@OQ7MRSH1L�=\JP? =\F"F1A:7M?BK �"ON;1?�9BR�?�� 9B7M?BH6OQL�7:H8�(e D � �GD =6l	� 4 ?B9IR V ? � ��� � � � � �E=\H"K � � � D

�);17ML%LP7 V F1A:7Wc>9i= OQ7:R\H ��7:AMA 4 ?�U"OQ7MA:7��I?BKTJP?BFE?i=@ON?BK1A 5 7:HX$+;>=@F"OQ?IJNL,=��!; � � =\H1K <GD
� F>=\J�OQ7M9BU1A:=\JNA 5 7:H"ZbRSJ V = OQ7M`\?h9B=\LN?�OQR)? �"= V 7MH1? 7ML ��;1?BHf�"��� � m � =\H"Kf��e D � �GD =6l	�

4 ?B9BR V ?IL ���� � � � D*��?IJN? �>ON;1?�OQ?BJ V m � ��7ML)?Be3U17M`@=\AM?BH6O)OQR OQ;"?�H3U V 4 ?IJ%R@Z 7:H"K1?BFE?BH1K"?BH6O
LQ= V F1AM?BL RSJ �PAMRGR �3L � =\LPLNR�9B7:=@OQ?IK ��7WOQ; OQ;1?XJN?ILNRSAMU"OQ7MRSH 9B?BAMA�� m\m � �B; � D�	�H1?X7:H6OQU"7MOQ7W`S?	�+= 5
OQR8`G7M? � ON;1? 9IRSH19B?IF"OYR\Z�7MH1K1?IF#?IH1K1?BH6OYJN=\K>=\JfA:R�R �3Lf7ML�ONR JN?I9BRS]\H17��I?_OQ;1=@O ON;1? H3U Vj4 ?BJfR\Z
A:R�R �3L+7ML&?Be3U>=@A OQR ON;1?�H3U Vj4 ?BJ&R@ZdU"H17:e3U1?�LP?B] V ?BH6ONL%7MH6OQR ��;17M9<; OQ;1?�9I?BAMA V = 5_4 ?�JN?ILNRSAW`S?BK D
'+?I9i=\U1LP?YOQ;1? =\9<;17M?I`@= 4 AM?jJN?ILNRSAMU"OQ7MRSH 7:L
]S7M`\?BH 465 OQ;1? LPF>=@OQ7:=\AhJP?BLPF#RSH"LN?YZbU1H19gOQ7:R\H �.OQ;1?IJN?Y7ML

=\H 7 V FERSJ�O<=\H6O*JN?IAa=@ON7:RSH1LP;17:F 4 ?gO �+?I?BHTOQ;"?��"�%� =\H1K ON;1?
9IRG? � 9B7:?IH6O � D��);1?
F1JN?I9B7:LP? V =@OQ;G-
? V =@ON7:9i=@AhJN?IAa=@ON7:RSH"LN;17MF 4 ?gO �+?I?BH OQ;1? �"�%� =\H1K � 7:L
? �GF1A:R\JN?BK 7:H K"?IO<=@7:Ah7MH �G?B9gOQ7:R\H =1DMm\D =1D
� �\? 5 JN?BLPU1AMO ��;"7:9<;XK1?BJP7M`S?IL%ZbJPR V ON;17:L%=\H1=\A 5 LN7ML)7:L&ON;>=@O

m
���

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

� � �"D>=1m��

��;1?IJN? OQ;1? 7MH3ON?B]SJN=\A:L =\JN? FE?BJ�ZbRSJ V ?BK R `S?IJTOQ;1? ? �GON?BH6OXR\Z�OQ;1? V ?i=\LPU1JN? V ?IH6O89I?BAMA D �);1?
JN7M]S;6OQ;>=@H1KTLN7MK1?�R\Zd��eED ���"D>=1m��*7ML&OQ;1?�JN=@OQ7MRjR\Z OQ;"?�9B?BAMA =\JP?i= OQRYL V =@A:A:?ILPO+JN?BLPRSAM`@= 4 A:?�LPU1JPZ[=\9I?

=\JP?i= � R\J �h?Ie3U17M`@=\AM?BH6OQA 5 �dON;1? H3U Vj4 ?BJfR\Z�LNU"JPZ[=\9I? LN?I] V ?BH6OQL ��;"7:9<; 9i=@H 4 ?_7:H1K"?BFE?BH1K1?IH6OQA 5
K17MLN9BJP7 V 7:H>= OQ?BK 435 OQ;1?�= V 4 7:]SU"7MO 5 ZbU1H19gOQ7:R\H ��7WOQ;17MHjOQ;1? 4 =\9 �3LN9i= ONOQ?IJ�9I?BAMA D��);�U"L �3OQ;1?);17M]S;1?IJ
OQ;"? 7:H";1?BJP?BH6O�JN?ILNRSAMU"OQ7MRSH =@LNLNR�9B7:=@OQ?IK ��7MON;�OQ;"? JQ=@K>=\J�= Vj4 7:]\U17MO 5 ZbU"H19ION7:RSH � � � � �#ON;1? V RSJN?
7:H"K1?BFE?BH1K"?BH6O JP?B]S7MRSH1LjON;1? 4 =\9 �3LN9B=@ONON?BJ 9B?BAMA V = 5 4 ? K17W`G7MK1?BK 7MH3ONR��*=\H1K OQ;1? ]SJP?i=@ON?BJYOQ;"?

H3U Vj4 ?BJ�R\Zd7:H1K"?BFE?BH1K1?IH6O
AMRGR �3LID

�
H"R\OQ;1?IJ�U1LP?IZbU1A �&= 5 ONR 9BR\H1LN7MK1?BJ
ON;1? 9IRSH19I?BF"O�R\Z(JN=\K>=\J�A:R�R �3L
7ML
=\L�OQ;1? ON7 V ?g-

4 =\H"K ��7:K"ON; F1JNR�K1U19gO
=@LNLNR�9B7:=@OQ?IK	��7MOQ;TON;1? V ?B=\LNU1JP? V ?BH6O%R\Z OQ;1?�JP?IOQU"JNHX?B9<;1R1D(�);1?�;17M]S;1?IJ
OQ;"? 4 =@H1K ��7:KGOQ; =\H1K OQ;1? A:RSH"]S?BJ�ON;1?_7MH6OQ?B]\JQ=@ON7:RSH OQ7 V ? =@LNLNR�9B7:=@OQ?IK ��7WOQ; OQ;1? JP?IOQU"JNH ?I9<;1R
LN7M]SH>=\A �+OQ;"? 4 ?gONON?BJ ON;1? =i`S?IJQ=\]S7MH1] L�O<=@ON7:LPON7:9ILT=\H1K ON;1? AMR���?BJ_OQ;1? H"RS7:LP?8`@=\JN7:=\H19I?�R\Z�OQ;"?
LN7M]SH>=\A ?BH1?IJN] 5 ?BL�OQ7 V =@ON?\D*�>RSJ)7:H"LPO<=@H19B? � ON;1?�OQ7 V ? 4 =@H1K ��7:KGOQ;XF1JNR�K1U19gO
=@F1F#?B=\JNL%? �GF1AM7:9I7MOQA 5
7:H ��e D � kGD ?�dZbRSJ ON;1?%��RSF1F1AM?BJ Z[=\HG- 4 ?B= V L 5 LPOQ? V D��);"7:L(JN?IF1JN?ILN?BH6OQ=@OQ7MRSH_R@Z ?Ie�U"7M`@=\A:?IH6O�AMRGR ��L

7:L�7 V FERSJ�O<=\H6O 4 ?B9B=\U1LP?_7WO�;17:]\;1A:7M]S;6OQL�=TFER\OQ?IH6OQ7a=@A K17:LN=\K"`@=\H6O<=@]S?YR\Z*F#?IH19B7MAW- 4 ?B= V L 5 LPOQ? V LID

C ;1?IJN?i=@L*Z[=\H�- 4 ?i= V L 5 LPON? V L�U1LP?%ON;1?�LNF>=@9B?B9IJQ=@Z O V R\OQ7MRSH OQR V R `\?)OQ;1?)ZbR�R\OQF1JP7:H6O(=\AMRSH1]�OQ;"?

LNU"JPZ[=\9I? �1FE?BH19I7:A - 4 ?i= V L 5 L�OQ? V L)U1LP?�OQ;1?�JN=\F17MK LN9B=\H1H17MH1] V R@OQ7:R\H R\Z ON;1?�=\H6OQ?IH1H>="D('+?I9i=\U"LN?

;Sk



OQ;"?TF#?IH19B7MAW- 4 ?i= V ZbR�R\ONF1JN7MH3O V R@OQ7:R\H 7:L V U19<; V RSJP? JQ=@F17:K �b7 D ?\D � � � �
��� ��OQ;"?T=i`\=@7:Aa= 4 A:?

7:H6ON?B]SJN=@OQ7MRSHjOQ7 V ?)7ML V U19<; LP;1RSJPON?BJ(OQ;>=@H ZbRSJ ON;1?�Z[=\HG- 4 ?i= V 9i=\LP?\D��);3U1L �G7MH_RSJPK1?BJ�ONRfR 4 O<=\7MH

V ?i=\LPU1JN? V ?IH3O+F#?IJPZbRSJ V =@H19B?%?Be3U>=\AEOQR�Z[=\HG- 4 ?i= V L 5 LPON? V L �"ON?B9<;1H17Me3U1?BL V U1LPO 4 ?�K1?I`�7:LP?BK ONR
7 V F1JPR `\? OQ;"?Y? �#?B9ION7M`\?YLN7:]\H>=\A 4 =\H1K ��7MK"OQ; Df�);1?ILN?YOQ?I9<;1H17Me�U"?BL�=\JN?j=\K1K1JP?BLNLP?BK 7:H K1?gO<=\7MAh7MH
$+;>=\FGOQ?BJPL = =\H"K ;GD

T � T � @ N � A ) �!4�� �����B$�� J KM�C-I� N ��"' 8��� " � N��O-/����$&��� % �!"P"

'+?I9i=\U1LP?*ON;1?(LN7M]SH>=\A - OQR -/H1RS7MLN?�JQ=@ON7:R�=\F"F#?B=\JNL ? �GF1AM7:9I7MOQA 5 7:H�OQ;1?�? �GF1JN?ILNLN7MRSHfZbR\J � ���
� LN?B?���e D ���"D =Sl� � �\7WO 7:Lh7 V F#RSJ�O<=\H6O�OQR�;1= `\?�=�9BRSH6`\?BH17M?BH6O(? �GF1JP?BLNLP7:RSH ZbRSJ �"�
� 7:Hj9IRSH1K1U19gOQ7MH1]
LN9B=@ONON?BJPR V ?gOQ?IJ�K1?BLP7:]SH�LPOQU"K17:?ILBD��>RSJ
9IRSH6`S?IH3ON7:RSH1=\AhLP7:K1? -/A:R�R �37:H"]_JN=\K>=\J�L 5 LPON? V L �.OQ;"? �"�
�
7:L ��?BAMA =\F1F1JPR �"7 V = OQ?BK 465 �><U=�� �O; �

�"�
� � � � � � � � � � �	���=�� ��� ��� � � � � � �"D>=3k	�

��;1?IJN? � �&7:LfON;1? FE?i= � OQJN=\H1L V 7WO FER��+?IJ � � 7MLfON;1? =\H6ON?BH1H>= ]S=\7:H � � ��7:L�OQ;1? =\JN?B= R\Z)OQ;"?
JN?ILNRSAMU"OQ7MRSH 9I?BAMA � � 7ML�ON;1?�9i=@JNJN7M?BJ �&=i`\?BA:?IH1]\ON; ��� 7:L*OQ;1?�LNA:=\H6O&JQ=@H1]S? � � 7:L�ON;1?�ONR\O<=@A#L 5 L�OQ? V
A:R\LNL �E=\H"K � �
7:L)OQ;1?fL 5 LPON? V H1RS7MLN?�F#R���?BJ
LPF#?I9IONJQ=\A�K1?BH"LN7MO 5 D)�);17:L�=\F1F"JNR �G7 V =@OQ7MRSH 7:L�`\=@A:7:K
ZbRSJ�FE?BH"9B7:A - 4 ?i= V L 5 L�OQ? V L�=\L ��?BA:A ��7WOQ; RSH"?Y7 V F#RSJ�O<=\H6O
? �G9B?IF"OQ7MRSH � OQ;"? =\H6OQ?BH"H>=X]S=\7:H 7MH
OQ;"? K17MJN?B9gOQ7MRSH R@Z+OQ;"? V ?i=\LPU1JN? V ?IH3Of9B?IA:A � � ��7:L�H1R�AMRSH1]S?IJf=X9BRSH"LPO<=@H3Of`@=\A:U1? � 4 U"Of`@=\JP7:?IL
��7MON;�OQ7 V ?f=\L%OQ;1?jFE?BH"9B7:A - 4 ?i= V ZbR�R\ONF1JN7MH3O�7:L�JQ=\F"7:K1A 5 LN9i=@H1H1?BK D��);1?jJQ=@F17:K V R\ON7:RSH8R\Z�OQ;"?
=\H6OQ?IH1H>= ]6=\7MH F1=@ONON?BJNH ? �#?B9gOQ7W`S?BA 5 9BJP?i=@ON?BL_=\H =\K1K17WOQ7:R\H>=\A+LP7:]SH1=\A&A:R\LNL �*OQ?IJ V ?BK ���	� � � ����


� � � � � ��;"7:9<; V U1LPO 4 ?�OQ= �\?IH87MH3ONR =\9B9IRSU1H6O�7:H ON;1?�9BR V F1U"OQ=@OQ7MRSH R\Z�FE?BH19I7:A - 4 ?i= V �"��� � �Sk � D
��U1JP7:H1] OQ;1?8JNRSU"H1KG- ONJN7MF � 7M]S;6O_ON7 V ?XR@Z�OQ;1?8JQ=\K>=@J_F1U"A:LN?XOQR OQ;1?8LNU1J�Z[=\9B? =@H1K

4 =\9 � �"ON;1?�JPR\O<=@ON7:H1]f=\H6OQ?IH1H>= 4 ?i= V L ��?B?IF1L%= �&= 5 ZbJPR V OQ;1?
JN?B]\7:RSH_RSJN7M]S7:H>=@A:A 5 7:AMA:U V 7:H>= OQ?BK D
�G9B=\H1H17MH1]�A:RSLPL 7:LhK1?Ic>H"?BK =\LhON;1?)A:RSLPL R\ZELN7M]SH>=\A�FER���?BJ ON;>=@O�R�9B9IU1JNL 4 ?B9B=\U1LP?%R@Z>OQ;17ML�=\H6OQ?IH1H>=
F>=@OPOQ?IJNH LN;17WZ O � �6k ��?"m � D �
LNLPU V 7:H1] ON;>=@O�OQ;"?YLNAa=@H3O�JQ=\H1]\? � � � 7:L�=@F1F1JNR �G7 V =@ON?BA 5 9IRSH1LPOQ=\H6O
R `S?IJ%ON;1?�ZbRGR\ONF1JN7MH6O �GON;1?�LN9B=\H1H17MH1] A:RSLPL � �

�
� � � �>7ML)K1?Ic>H"?BK 465

�
�
� � � �

� � ��� � 
 ��� �� � 
	� � �
� � ���� � 
 � � � � � �"D>=��

��?IJN? � � ���_=\H1K�� �� =\JP? OQ;"? 4 ?B= V F>= ONOQ?IJNH1L�R\H ON;1?jLPU1JPZ[=\9I? =@O�OQ;"?jOQ7 V ? R@Z*ONJQ=\H"L V 7MO�=@H1K
JN?I9B?I7M`S? JP?BLNFE?B9gOQ7W`S?BA 5 �d=\H1K OQ;"?Y7:H6OQ?I]SJQ=\Ah7:L�FE?BJPZbR\J V ?BK R `S?IJ�ON;1? LNU1J�Z[=\9B?YZbR�R\OQF"JN7:H6O�JP?B]S7MRSH.D

; �



�>RSJ*F#?IH19B7MAW- 4 ?i= V L 5 LPON? V L ��OQ;1?%`\=@A:U1?%R\Z �
�
� � � V U1LPO 4 ?
7:H"9BA:U"K1?BK_7:H OQ;1?%OQR\OQ=\A L 5 LPON? V A:RSLPL

OQ?IJ V � � �>7:H ?I`@=\AMU>=@ON7:H1] ��e D � �"D>=3k	� D
C ;1?IH �

����� � �hOQ;1? =\H6OQ?IH1H>= F>=@OPOQ?IJNH V R\OQ7MRSH K1U1JN7MH1]8ON;1? F1U"A:LN? � 7:]\;3O�OQ7 V ?
9i=@H 4 ? V R�K1?BAM?BK =\L%=YLN7 V F"A:?
ONJQ=\H1LPAa=@ON7:RSHT7MHTOQ;1?�= �I7 V U"ON;TK17:JP?B9gOQ7:R\H � � �

�
� � � ����;1?IJN?

� �
�
� � � �

k � �
�

� � �"D>=O= �

^�LP7:H1]%��e3LBD � �"D>=��#=\H1K � �"D>=O= � � ON;1?*LN9i=@H1H17:H"]%AMRSLNL�=\L�=&ZbU1H19gOQ7MRSHfR@ZGON;1?(LN?BF1=\JQ=@ON7:RSH�Z[=\9gOQRSJ ��� �
7:L�9B=\A:9IU1Aa=@ON?BKX=\H1KXLN;"R���H�7:HX�h7:]"D �"DWmSmSD*��?IJN? ��� 7ML�K1?Ic>H"?BK =@L%ON;1?�= �B7 V U"OQ; K17MLNF1A:=\9B? V ?IH6O
H1RSJ V =@A:7��I?BK 435 OQ;"?�O �+R -��+= 5 = �B7 V U"ON; 4 ?B= V -���7:KGOQ; �b7 D ?\D ��� � � ��� �
	� � 	� � D �
L ? �"FE?B9gOQ?IK �
LN9B=\H1H17MH1] A:R\LNLj7MH19BJP?i=\LP?BL ��7MON; 7:H19IJN?B=\LN7MH1] = �B7 V U"ON; LN?IF>=\JQ= OQ7:R\H.D �);1? =\A:AMR��&= 4 A:? = V RSU"H3O
R\Z(LP7:]SH>=@AdAMRSLNL�7ML
K1?IF#?IH1K1?IH3O�RSH ON;1? V ?i=\LPU1JN? V ?IH6O�=\9B9IU1JQ=@9 5 JP?Be3U17MJN? V ?BH6ONL�ZbRSJ�= LPF#?I9B7Wc>9

L 5 L�OQ? V K1?ILN7M]SH.D

�);1?%LN9B=\H1H17MH1]fAMRSLNL�9B=\A:9IU1Aa= OQ7:R\HYJN?BF"JN?BLP?BH6OQ?IK 465 ��e�LID � �"D>=���=\H1K � �GD =O=� =\F1F1AM7:?BL

ZbRSJYOQ;"?X9B=\LN? ��;1?IJN?8ON;1? LQ= V ?X=\H6OQ?IH1H>= 4 ?i= V 7:L U1LP?BK ZbR\J 4 R\ON; ONJQ=\H1L V 7WO =\H1K JN?I9B?B7W`S?@D
� Z�LN9B=\H1H17MH1] AMRSLNL �(=\9B9IRSJNK17MH1]8ONR �h7M]1D �"DMm\m � 4 ?B9BR V ?ILfOQR�R A:=\JN]S? �h7WO V = 5 4 ? H1?I9B?ILNLQ=@J 5 ONR

? V F1AMR 5 LN?BF1=\JQ=@ON?TOQJQ=@H1L V 7MO��@JN?I9B?B7W`S? 4 ?i= V LBD �/H ON;1?XLN?BF1=\JQ=@ON? 4 ?i= V 9i=\LP? �+ON;1?X=\H6OQ?IH1H>=
F>=@OPOQ?IJNH1L%=\JP?�LPON?B?BJP?BKXOQRYK17 � ?IJN?BH6O�FERSLN7WOQ7MRSH1L&7MH = �B7 V U"OQ; =@AMOQ?IJNH>= OQ?BA 5 RSHTOQJQ=@H1L V 7MO&=\H1K JN? -

9B?I7M`\?�LNRY=@L+OQRj9IR V F#?IH1LQ=@ON?�ZbRSJ*OQ;1?�= �B7 V U"OQ;_LN?IF>=\JQ= OQ7:R\H 7:H �(e D � �"D>=O= � D �dJN=\H1L V 7WO��@JP?B9B?I7M`\?
= �I7 V U"ON;TLPON?B?BJP7:H1] V = 5 4 ?�=\9B9IR V F1A:7MLN;1?IK �GZbRSJ)? �"= V F"A:? � 465 L ��7WOQ9<;17MH1] 4 ?gO �+?I?BH O �+R_=\K �N= -
9B?IH6O�Zb?B?BK"L �8RSH1? ��;17:9<; A:R�R �3L%LNA:7M]S;6OQA 5 =\;1?i=@K 7:H = �I7 V UGOQ; =\H"K RSH1?jLPA:7M]S;6OQA 5 4 ?B;"7:H1K �8LPR
=\L�OQR�9BR V FE?BH1LN=@OQ?�ZbRSJ�OQ;"? V R `S? V ?IH3O�R\Z#OQ;1?)ZbR�R\OQF1JP7:H6O(K1U1JP7:H1]�OQ;"?%JPRSU1H1K�- OQJP7:F � 7:]\;3O�ON7 V ?\D

�/HX]S?BH1?IJQ=\A �1LNU"9<; = �I7 V U"ON;TLPON?B?BJP7:H1] 9BR V F1AM7:9B=@OQ?IL+OQ;1?�=\H6ON?BH1H>= K1?ILN7:]\H8=@H1K89B=\A:7 4 JQ= OQ7:R\H �GLPR
7MO�7:L�K1?ILN7:JN= 4 AM? OQR U1LP?_=TLP7:H1]SAM? 4 ?i= V ��;1?BJP?_FERSLNLP7 4 AM?\Dj$+R Vj4 7MH17:H1] �(e3LID����"D ��
=\H1K ���"D �	�
��7MON; ��e D�� �"D>=O= � �d= 9BR\H1LPONJQ=\7MH3OfRSH OQ;1?_=\H6OQ?IH1H>=XF>=@ONON?BJPH K17 V ?IH1LN7MRSH1L�LNU"9<; OQ;>= Oj= LN7MH1]SA:?

4 ?i= V V = 5 4 ?�U1LN?IK8ZbRSJ 4 R\OQ;TONJQ=\H1L V 7WO�=\H1KXJN?I9B?I7M`S?�7:L



���

 � � �

= � �
�
�E9BR\L��� � �

� ��� � � �
� � �"D>=C;	�

��;1?IJN?�� � � � 7:L OQ;1? LP?BF>=\JN=@OQ7MRSH Z[=\9gOQRSJ ON;>=@OT9IRSJNJP?BLPF#RSH"K1LTOQR OQ;"? V = �G7 V U V =\9B9I?BF"OQ= 4 AM?
LN9B=\H1H17MH1]�AMRSLNL�ZbRSJh=�]S7M`\?BHY=\F"F1A:7M9i=@ON7:RSH.D ��e3U>=@ON7:RSH � �"D>=C;	� 7:H1K"7:9i= OQ?BL�OQ;>= O ;17M]S;1?BJ�JN?ILNRSAMU"OQ7MRSH �
;17M]S;1?BJh]6=\7:H 4 ?B= V L =\A:LPR�7 V F1A 5�V RSJN?�9BR V F1A:? �Y=@H3ON?BH1H1=\L ��;1?BJP?�ONJQ=\H"L V 7MO�� JN?B9I?B7W`S?&L�OQ?B?IJN7MH1]
7:L)JP?Be3U17MJN?BK D

;U=



0.0 0.5 1.0 1.5 2.0
Azimuth Separation Factor,  ρ

−10.0

−8.0

−6.0

−4.0

−2.0

0.0

S
ca

nn
in

g 
Lo

ss
 (

dB
)

�h7M]SU1JN? �"DMm\m � �
H ? �"= V F1A:? R\Z+LP9i=\H"H17:H1]XA:R\LNL �[7MH K>' ��`�LBD LN9B=\H LN?BF1=\JQ=@ON7:RSH Z[=\9gOQRSJ �>D_�>RSJ
OQ;"? F1U1JPF#R\LN?BL
R\Z*=\H>=\A 5 LN7:L �EON;1?j=@H3ON?BH1H1= F>=@ONON?BJPH ;>=\L 4 ?I?BH V RGK1?IA:?IK =\L
=_U1H17WZbRSJ V A 5 7:A:AMUG-
V 7:H>=@ON?BKY9I7:JN9IU1Aa=@J�=\FE?BJPONU1JN?@D���U1?)OQR�ON;1?)H1RSJ V =\AM7��B=@OQ7MRSH 465 ON;1? 4 ?B= V ��7:KGOQ; 7:HY9B=\A:9IU1Aa=@ON7:H1]
� � ;1R���?I`S?IJ �dLN?BH"LN7MON7M`�7MO 5 OQRTOQ;"?YF1JN?I9B7:LP? =\H6OQ?BH"H>=TF>=@ONON?BJPH 7MH ?BLPON7 V =@OQ7MH1] LP9i=\H1H"7:H1] A:R\LNL�7ML
L V =\AMA �[LP?B?�OQ? �GO �gD

T � T � T � �����B$�� J KM�C-I� A -I��-/4  R53�-� �$��!��� E -I��$�.�4�-� �$:�!�  4�4��*4

�
L%7:HXOQ;1?�Z[=\HG- 4 ?B= V 9B=\LN? �.=\H8?BLPON7 V =@OQ?�R\Z � � 7:L%R 4 O<=@7:H1?IKXZbJPR V OQ;1? V ?i=\LPU1JN? -
V ?BH6O%R\Zh?I9<;1R JN?IONU1JNHX?BH"?BJN] 5 U"OQ7MA:7��I7:H1]�OQ;1?�JN=\K>=\J)?Ie�U1=@OQ7MRSH �

� � � �
�
�
� � �"D>= ��

�>RSJ�OQ;1?_F#?IH19B7MAW- 4 ?i= V 9i=\LP? ��;1R���?I`\?BJ ��ON;1? ? �"F"JN?BLPLN7MRSH ZbRSJ � V U1L�O 4 ? V RGK"7Mc>?IK OQRXO<= �@?
7:H6ONR =\9I9BRSU1H6O�OQ;1?fLNF17MH1H17:H"] V R\OQ7MRSHXR\Z OQ;"?j=\H6OQ?IH1H>= =@H1K8ON;1? JP?BLNU"AMOQ7MH1] LP?BF>=@JQ=@ON7:RSH8R\Z OQ;"?

OQJN=\H1L V 7WO*=\H1K JP?B9I?B7M`\?�=\H6ON?BH1H>=�F>=@OPOQ?BJPH1L � =\L*K17:LP9BU1LPLN?IK 7:H OQ;1?%9BR\H3ON? ��O&R@Z.LN9B=\H1H17MH1]�A:RSLPL�7MH

OQ;"? F1JP?I`�7:RSU"L�LNU 4 LN?B9gOQ7MRSH �gD��);1?j? �"F"JN?BLPLN7MRSH ZbRSJ%ON;1?� R\Z*=_FE?BH19I7:A - 4 ?i= V L 5 L�OQ? V 7:L�OQ;"?BH

;O;



� 9BR V F>=\JP?�OQR_�(e D � kGD ; � �
� � � � � �

��=�� �����
	 � 
 � ��� � 
���� �� � 
���� � � � 
	������ 
 � � � �"D>=C<	�

��;1?IJN? � �f7:L ON;1? OQJN=\H1L V 7MO ?BH1?IJN] 5 � � JP?BF1JP?BLN?IH6OQL8ON;1? OQR@O<=\A�L 5 LPOQ? V =\H1K 7:H"LPOQJPU V ?BH6O<=\A
A:R\LNLN?IL � � ��� =\H1K � �� =\JP?�OQ;1? 4 ?i= V F>=@OPOQ?IJNH1L RSH�OQ;"? LNU1J�Z[=\9B? =@OTON;1? OQ7 V ?8R\Z�OQJN=\H1L V 7MO
=\H1K JN?I9B?I7M`S?XJN?ILNFE?B9gOQ7M`\?BA 5 � � � � � 
	� 7ML ON;1? LNU1J�Z[=\9B?XK17MLN9BJP7 V 7:H>= OQ7:R\H ZbU1H19gOQ7:R\H K"U1?XONR JQ=\K>=@J
JN?ILNRSAMU"OQ7MRSHjF1JPRG9I?BLPLN7:H"]�� � � 
 �d7:L�OQ;1?)LPAa=\H6O�JN=\H1]S?�OQR�?i=@9<; LPU1JPZ[=@9B?)?BAM? V ?BH6O �3=@H1KjOQ;1?)7MH6OQ?B]\JQ=\A
7:L(FE?BJ�ZbRSJ V ?BK_R `\?BJ*OQ;1?%LNU1J�Z[=\9B?%ZbRGR@OQF1JP7:H6O(JN?I]S7:RSH D �);1? � ���+9B=\A:7 4 JQ= OQ7:R\HY?BJNJPRSJ(OQ?BJ V 7:L�OQ;"?BH
9BR V F1UGOQ?BK 7MH = LN7 V 7MAa=\J)Z[=\LP;17:RSH8OQR OQ;1=@O�K1?ILN9BJP7 4 ?BK ZbRSJ
ON;1?jZ[=\HG- 4 ?B= V L 5 LPON? V 7MH �G?B9gOQ7MRSH

kGD � � OQ;1?jF"JN7 V =\J 5 K17 �#?BJP?BH19I? 4 ?B7:H"]_OQ;1=@O�H1R�� ON;1?jU1H19I?BJ�O<=\7MH3O 5 7:H8LN9B=\H1H17MH1] A:R\LNL
7ML
=@A:LNR =
9BR\H3ONJN7 4 U"OQ7MH1]jZ[=\9gOQRSJ)OQRYON;1?�R `\?BJN=\A:A.9B=\A:7 4 JQ= OQ7:R\H ?BJPJNRSJID

T � � A -I��-/4 � 3��&" � +G$�� $���� -I��� � -I��$�4�E �!�� 8-I� $���-� �$:���

�>U1H1K>= V ?IH3OQ=\AdONR =\H 5 JN=\K>=\J�K1?BLP7:]SH 7ML
OQ;1? =@F1F1JNR\F1JN7:=@OQ?fLN?BAM?B9gOQ7:R\H R\Z�OQJN=\H1L V 7MO

F1U1AMLN? =\H1K ?I9<;1RTJN?gOQU1JPH OQ7 V 7:H"]1D)�/H�OQ;"7:L
LP?B9gOQ7:R\H �#ON;1? 4 =@LN7:9�OQJN=\H1L V 7MO�=\H"K JN?I9B?B7W`S?jON7 V 7:H1]
9BR\H1LN7MK1?BJN=@OQ7MRSH1L&ZbRSJ�=YFE?BH19I7:AW- 4 ?B= V LN9i= ONOQ?IJNR V ?ION?BJ�L 5 L�OQ? V =\JP?�K1?BLP9BJP7 4 ?BK.D�'+?B9B=\U1LP?fR\Z�OQ;"?

JQ=@F17:K LN9B=\H1H17MH1] V R\ON7:RSH R\Z�OQ;1?_=\H6OQ?IH1H>=8=\H1K OQ;1? JN?IAa=@ON7M`S?IA 5 L V =\A:AhZbR�R\ONF1JN7MH3O �.OQ;1? F1U1AMLN? -
JN?IF#?gOQ7WOQ7:R\H ZbJN?Ie�U"?BH19 5 � !(�%� �dR\Z#=�FE?BH19I7:AW- 4 ?B= V L 5 LPON? V V = 5 4 ? V U19<;Y;"7:]S;1?IJhOQ;1=\HjOQ;>= O�R\Z

=fZ[=\H�- 4 ?i= V L 5 L�OQ? V D(�);1?ILN?�;17M]S;1?BJ+!(����� L �G7:H OQU1JPH �"9IJN?i= OQ? V RSJP?
LPONJN7MH1]S?BH6O+JN?Be3U17MJN? V ?IH3ONL
ZbRSJ)F1U"A:LN?�7MH3ON?BJPA:?i=i`�7:H"] =\H1K ZbRSJ&OQ;1?�JP? �P?B9gOQ7MRSH R\ZhH1=\K17:J)JP?IONU1JNHX9BRSH6OQ= V 7MH>=@ON7:RSH.D

T � � ��6 +�4�-I��" � $: � A ���O��$ #!� + $&��$&��� E �!��"' 84�-I$��� �"

� ]S?BH1?IJN7M987MA:A:U"LPOQJN=@OQ7MRSH R\Z�LNF>=\9I? 4 RSJNH"?�JQ=@K>=\J OQ7 V 7:H"] 7:L LN;1R���H�7MH �h7M]1D �"DWm kGD
��?IJN? � OQJN=\H1L V 7MO
F1U1AMLN?BL
R\Z ��7:K"ON; � � =\JP?jJN?IF#?B=@OQ?IK =@O�ON;1?jF1U1AMLN?jJP?BFE?ION7MOQ7MRSH�7MH6OQ?BJ�`@=\A � !*���
� ��;"?BJN? OQ;"?8!(���f7MLjOQ;1? 7MH3`\?BJPLN?XR\Z�ON;1? F1U1AMLN? JN?IF#?gOQ7MON7:RSH ZbJP?Be3U1?IH19 5 �)!(��� � D �);1?XJNRSU"H1K
OQJP7:F � 7:]S;6O�OQ7 V ?�R\Z�OQ;1? ?B9<;1R ONR OQ;1?fLNU1J�Z[=\9B? =@H1K 4 =\9 �X7:L�]S7M`\?BH 465 � �� D��);1? ?B9<;1RTJP?IOQU"JNH
ZbJNR V OQ;"? � OQ; F1U"A:LN?�7ML)LN;1R���H8=\L�=jAa=@JN]S?
ONJQ=\FE? �IRS7:K D(��R\ON? �17MH OQ;1?�9B=\LN?�LN;"R���H � ON;>=@O&ON;1?BJP?
=\JP? =\A �&= 5 L�O ��RTF1U1AMLN?IL
7:H � 7M]S;6OiD��);1? L V =@A:A.OQJN=\FE? �BR\7:K1L%7:H��h7:]1D �GDMm k JN?IF1JN?ILN?BH6O�ON;1? ?I9<;1R
JN?gOQU1JPH1L�ZbJNR V OQ;1?�K17MJN?B9gOQ7MRSHTR\ZdH>=\K17MJ �bOQ;"?�? � ?I9IO�R\Z ��;17:9<; ��7:AMA 4 ?�9IRSH1LP7:K1?IJN?BKXLN;"RSJPONA 5 �gD

;��



Tp

PRI

2R / c

2h / c

1 2

1
1

3

2
2

4

3
3

�h7M]SU1JN? �GDMm k � �G= V F"A:?TJQ=@K>=\JYOQ7 V 7MH1] K17:=\]SJQ= V D �G;"R���H =\JN?TOQJN=\H1L V 7WOY?I`\?BH6OQL � O<=\AMA&JN?I9IO�-
=\H1]\A:?BL � �)?I9<;1R JN?gOQU1JPH1L �bOQ=\A:A)OQJN=\FE? �BR\7:K1L � ��=\H1K JN?IONU1JNH"L ZbJNR V H>=\K"7:J �[L V =\AMA�ONJQ=\FE? �IRS7:K"L �gD
��U Vj4 ?IJN?IK8A:= 4 ?IA:L)=@JN?�U1LN?IK8ONR V =@ON9<;X?I9<;1R�?BL�OQR OQ;1?�9BR\JNJN?ILNFERSH1K17MH1]YOQJN=\H1L V 7MO&?I`S?IH6OQLBD

�/H ]S?BH1?IJQ=\A �SOQ;1?%!(���d7ML�LN?BAM?B9gOQ?BK OQR�LQ= OQ7:L�Z 5 ON;1?�JN?Be3U17MJN?IK =\AMRSH1]�ONJQ=\9 �jLN= V F1A:7MH1]��
LNU"9<; =\L�OQ;>=@O%K17M9IOQ=@OQ?IK 465 ��eED � �GD <	� �>RSJ�OQR F1JNR�K1U19I?fK1?ILN7MJQ= 4 AM?�= Vj4 7M]SU17MO 5 F>=@OPOQ?BJPH1L ��;"?BH
O ��R@-/K17 V ?IH1LN7MRSH>=\A(JP?BLNR\A:U"ON7:RSH 7ML LPRSU1]S;6O �(=@L K17MLN9BU"LNLN?IK 7MH �G?I9ION7:RSH �"D kGD �"D �);1? !*��� V U1L�O

=\AMLNR 4 ?TLP?BAM?B9ION?BK OQR =\9<;17M?I`S?8= F1JNR\F#?IJY7:H6OQ?IJNA:?B=i`G7MH1] R\Z%OQJQ=@H1L V 7MO =@H1K JN?B9I?B7W`S?X?I`S?IH6OQL =@L

LN;"R���H87:HX�h7M]1D �"DWm kGD ��U>=@H3ON7MOQ=@OQ7W`S?BA 5 ��OQ;17ML)7:H6OQ?IJNA:?B=i`G7MH1] 9BRSH"LPOQJN=\7:H6O�9B=\H 4 ?�? �GF1JP?BLNLP?BK =@L


� � � m

k
� � ��� �

k �
�

� � ��� � k � � � � ��� � � � � � � � �

k
� � �"D>=B?�

��;1?IJN? �_7:Ld=\H 7MH6OQ?B]\?BJ�JN?BF"JN?BLP?BH6OQ7MH1]
ON;1?+H3U Vj4 ?BJ�R\Z>F"U1A:LP?BLh7MH � 7:]S;6O ��� �+7:L OQ;1?�F1U1AMLN?*A:?BH"]\OQ; �
� ��� ��7:L+ON;1?�JNR\U1H1KG- OQJN7MF K1?IAa= 5 4 ?IO ��?B?IH8ON;1?�7:H1H"?BJ)=\H"KXR\U"OQ?IJ&?BK1]\?BL�R\Z OQ;1?�ZbRGR\ONF1JN7MH6O �1=@H1K
� � � ��� ��7ML ON7 V 7:H1] V =\JN]S7MH =@A:A:R���?BK ZbR\J U1H19I?BJ�O<=\7MH3ON7:?IL 7:H OQ;1?8F1JN?I9B7:LP?�`@=\A:U"?�R\Z �jD �>RSJ
�
��� � � �>= 9BRSH6`\?BH17M?BH6O�=@F1F1JNR �G7 V =@ON7:RSH ZbR\J ����� � 7ML)]S7M`\?BH 435

� ��� � � k LN7MH �� � �
�

�
���
� � �"D>= ��

	�H19B?�LP?BA:?I9ION?BK �1ON;1?�!*���*A:7 V 7MONL*ON;1?�=\A:AMR��+?IKTA:?BH"]\OQ; R\Z�OQ;1?�ONJQ=\H"L V 7MO)F1U"A:LN? ��� � �>LNU19<; OQ;>= O
� � � !*��� � ����� � � � � � ��� �

k
� � �"D ;\l�

�);1?�;"7:]S;1?IJ�ON;1?�!(�%� ��OQ;1? V RSJP?�K"7 � 9BU1AWO&7WO+7ML�OQRfc>H1K =fON7 V 7:H1]�LNRSAMU"OQ7MRSH ��;"7:9<; V =\7:H6O<=@7:H1L

=\K1?Ie3U>=@OQ?�OQ7 V 7MH1] V =\JP]S7:H1LID

;O<



orbit 
track

nadir track
specular 
return

main 
beam
return

�d7:]SU1JP? �"DWm � � �%?i=\J,-/H>=\K"7:J)JN?gOQU1JPH89IRSH6O<= V 7:H1=@OQ7MRSH ]S?IR V ?gOQJ 5 D

T � � � @ � -I��$�4 A �B �3�4U� EG�!�� P-I� $���-� 8$��!�

�/Hj=@K1K17MON7:RSH�ONR�OQ;"?�7MH3ON?BJPA:?i=i`�7:H"]%R@Z1OQJN=\H1L V 7MO�=@H1K JP?B9B?I7M`\?+?I`\?BH6OQL �3=�ON7 V 7:H1])7MLNLPU1?
OQ;1=@O)7:L)R@ZdF1=\JPON7:9BU"Aa=\J�9BRSH19I?BJPHXZbRSJ+F#?IH19B7MAW- 4 ?i= V LP9i=@OPOQ?IJNR V ?ION?BJNL�7ML+OQ;1?�LPU1F1F1JP?BLPLN7:R\H8R\Z�OQ;"?

U1H �+=\H6OQ?BK ?I9<;1R JN? � ?B9gOQ7:R\H ZbJNR V ON;1? LPF#?I9BU1A:=\J FERS7MH3Of7:H OQ;1?_K17:JP?B9gOQ7:R\H R\Z)H1=\K17:JID �[�);1?ILN?
LNF"U1JN7MRSU1L�LN7:]\H>=\A:L�=\JP?�LP;1R���H =\L�L V =\A:ASONJQ=\FE? �IRS7:K1L 7MHj�h7M]1D �"DWm kGD ����LhLN;"R���H 7:Hj�d7:]1D �GDMm � �@OQ;"?

V =\7:H 4 ?B= V R@Z OQ;1?�LP9i=@OPOQ?BJPR V ?IOQ?IJ&7:H"LPOQJPU V ?BH6O&7MA:A:U V 7MH>=@OQ?IL�OQ;1?�LPU1JPZ[=@9B?�=@O+JN?BA:=@OQ7W`S?IA 5 ;17:]\;

7:H"9B7:K"?BH19I? =\H1]\A:?BL ��=C< � =\H1K ;9; � 7:H OQ;1? 9i=\LP? R\Z&ON;1? ���	��
��������LN9B=@ONON?BJNR V ?gOQ?BJfK1?BLP9BJP7 4 ?BK

7:H $+;>=\FGOQ?BJ(= � ��;1?IJN?8'+JQ=\]\] LP9i=@OPOQ?BJP7:H1] K1R V 7:H1=@OQ?ILjOQ;1?XRG9I?i=\H JN?gOQU1JPH.D �&O OQ;"?BLN?8;17:]\;
7:H"9B7:K"?BH19I? =\H1]SAM?BL � � ��`@=\AMU1?BL�=@JN?YJN?IAa=@ON7M`\?BA 5 A:R�� � JN=\H1]S7MH1] ZbJNR V = 4 RSU"O
- �SlTK>' ZbRSJ � V � L
��7:H"K1L�OQR�-<mP=�K>' ZbRSJ*k\l V �@L ��7MH1K1L�=@O ��UG-,'+=\H1K.D��%R��+?g`S?BJ �"OQ;"?%H"?i=\J,-/H>=\K"7:J�JN?I]S7:R\H 7ML*=\A:LPR
7:AMA:U V 7:H1=@OQ?IK 435 ON;1?�=\H6ON?BH1H>=fLN7:K"?BA:R 4 ?ILBD �/H ON;1?
7MH19B7MK1?BH"9B?�=@H1]SA:?%JN?I]S7 V ?�H1?i=@J&l�� ��LNFE?B9IU1Aa=@J
JN? � ?B9gOQ7MRSH =@H1K e3U>=@LN7W- LNFE?B9IU1Aa=\J�LP9i=@OPOQ?IJN7:H"]XK"R V 7MH>=@ON? � =\H1K �	��JQ=@H1]S?BL�ZbJPR V =\JPRSU1H1K l K>'
ZbRSJ)JPRSU1]S; LNU"JPZ[=\9I?BL�OQR R `\?BJ �SlYK>'�ZbRSJ&`S?IJ 5 L V R�R\OQ; LPU1JPZ[=\9I?BLID

'+?I9i=\U1LP? R\Z�OQ;1? `\?BJ 5 Aa=\JP]S? K17MLN9IJN?BF1=\H19 5 7:H 4 =\9 �3LP9i=@OPOQ?BJ 4 ?IO ��?B?IH OQ;"? '+JQ=\]\]
=\H1KfLNFE?B9IU1Aa=\J�JN?I]S7 V ?BL �S=\H"K 4 ?B9i=@U1LN?�F#?IH19B7MAW- 4 ?i= V LN9B=@ONON?BJNR V ?gOQ?BJPLdO 5 F17M9i=\AMA 5 ;>=i`\? V U1AWOQ7MF1A:?

;9?



OQJN=\H1L V 7WO�F"U1A:LP?BL�=@H1K�JP?IOQU"JNH ?I9<;1RG?IL�7:H � 7M]S;6O �E9i=\JP? V U"LPO 4 ?�O<= �@?BH 7MH8OQ;"? LN9B=@ONON?BJPR V ?gOQ?IJ
K1?ILN7:]\H OQR87:H1LPU1JN? OQ;>=@O�OQ;"? H1?B=\J�- H>=\K17MJfJP?IOQU"JNH 7MLfLPU � 9B7:?IH6OQA 5 LPU1F1F1JP?BLNLP?BK LNR87MOfK1RG?IL H1R@O

9BR\H3OQ= V 7:H>=@ON?
OQ;"? V =\7MH 4 ?i= V V ?i=@LNU1JP? V ?BH6OQLID�� �"= V 7:H17MH1]Y�h7M]1D �"DMm k �"OQ;"? V RSL�O�K1?BLP7:JN= 4 A:?
LNR\A:U"ON7:RSHj7MLhOQR�LP?BAM?B9IO�ON;1?&OQ7 V 7MH1]
LPR�OQ;>=@O�ON;1?)H>=\K"7:Jh?I9<;1R�JN?IONU1JNH"L(=@O(=�K17 �#?BJP?BH6O�OQ7 V ?+=\L OQ;"?

V =\7:H 4 ?i= V �SOQ;"?BJN?gZbRSJN?%=\AMA:R���7:H"]�7MO�ONR 4 ?��P]6=@ON?BK RSU"OBD � �);"7:L*=\F1F1JPR6=\9<; �3;1R���?I`\?BJ �GLN?g`S?BJP?BA 5
A:7 V 7WOQL�OQ;1?�=i`\=@7:Aa= 4 A:?*OQ7 V 7:H"]�LN9<;1? V ?IL*ZbRSJ�ZbU"ONU1JN?%=\KG`\=@H19B?IK LN9B=@ONON?BJPR V ?gOQ?IJNLBD��/H_F>=\J�OQ7:9IU1Aa=@J �
7MZ�= ;17:]S;"?BJ�!(�%� �[9IRSJNJP?BLPF#RSH"K17:H1] ONRT= ;17M]S;1?IJ
LQ= V F1AM7:H1]_JQ=@ON? RSH ON;1?Y�(=\J�OQ; � L�LNU"JPZ[=\9I? ��7ML

K1?ILN7:JP?BK �>7WO 4 ?B9BR V ?IL)7:H19IJN?i=@LN7:H"]SA 5 K17 � 9IU1AMO&ONRYc>H1KX=\9B9I?BF"OQ= 4 AM?�LNRSAMU"OQ7MRSH1L ��;1?IJN?�OQ;"?�H1=\K17:J
JN?gOQU1JPHT9i=\H 4 ?�]6= OQ?BKTR\U"OiD C 7WOQ; ;17M]S;1?IJ&!(��� � L �"7MO+7:L�A:7��@?BA 5 ON;>=@O�=fJN?IONU1JNH ZbJPR V OQ;1?�H1=\K17:J

JN?I]S7:R\H ��7MA:A�=\F"F#?B=\Jf7MH OQ;1? LQ= V ? ]6=@OQ? =\L�OQ;"?_K1?ILN7MJN?BK R � -/H>=\K"7:J�JN?gOQU1JPH.D C ;17MA:? ��RSF1F"A:?BJ
c>AWOQ?BJP7:H1] V = 5 =\AMLNR 4 ?jU1LP?BK OQRT?IA:7 V 7MH>=@OQ?�ON;1?jH1?B=\J�- H>=\K17MJ
JP?IOQU"JNH � ON;17:L�LPONJQ=@ON?B] 5 K1R�?BL�H1R@O
��RSJ	� ��;1?IH ON;1?%=\H6OQ?IH1H>= 4 ?i= V 7:L�LP9i=\H1H"?BK_ONR � � � �\l���= �B7 V U"OQ; ��;1?IJN?�OQ;1?%��RSF1F"A:?BJhLN;17WZ O
7:L(H1?B=\J �B?IJNRj� �\D �);"? 4 ?BL�O �+= 5 OQRf=\A:AM?I`�7a=@ON?+OQ;"?�LPF#?I9BU1A:=\J(JN?B]\7:RSH 9BR\H3OQ= V 7:H>=@ON7:RSHYF"JNR 4 AM? V
7:L OQR 7MH1LNU"JN?�ON;>=@O ON;1? =\H6OQ?IH1H>= LP7:K1? -/A:R 4 ?XA:?g`S?BAML 7:H OQ;1? K"7:JN?I9ION7:RSH R\Z�H>=\K17MJ LPU � 9B7:?IH6OQA 5

LNU"F1F1JN?ILNL%OQ;17ML)LN7:]\H>=\A D

��R =\LPLN?BLPL OQ;"?_AM?I`S?IA(R\Z)9BR\H3OQ= V 7:H>=@ON7:RSH ZbJPR V JN?I]S7:R\H1L�RSU"OQLP7:K1? OQ;"? V =\7:H V ?i= -

LNU"JN? V ?BH6O%ZbRGR@OQF1JP7:H6O ��OQ;1?�9BR\H3OQ= V 7:H>=@ON7:RSH JQ=@ON7:R���� �>7ML)K1?Ic1H1?BK�=\L

� � � ��� �
� � � � �

� � �"D ;Gm��

��?IJN? � � � � � � =\H"K � ��� �#=\JN?&ON;1?�JN?IONU1JNH"?BK F#R���?BJNL�ZbJPR V 7MH1LN7MK1?)=\H1K RSUGOQLN7MK1?&OQ;"? V =\7MH 4 ?B= V L
JN?ILNFE?B9gOQ7M`\?BA 5 D)�);1?�F#R���?BJ�JN?IONU1JNH"?BK�ZbJPR V =_]\7M`S?IH8JP?B]S7MRSHXR\ZhON;1? LPU1JPZ[=\9I? ��� � 7:L�? �GF1JP?BLPLN?BK
=\L

��� � � � � ���=�� � � �
	
�

� 
 � ��� 
�� � � � 
��� � � 
�� � � �"D ;Sk	�

��;1?IJN? � �(7:L�OQ;1? ONJQ=\H"L V 7MO�F#R���?BJ � � 7ML�ON;1? �+=i`S?BAM?BH1]@OQ; � =\H"K ��7:L�ON;1?fONR\O<=@AdL 5 L�OQ? V A:R\LNLBD
��?IJN? �"OQ;1?
7:H6OQ?I]SJQ=\A#7:L�F#?IJPZbRSJ V ?IKTR `\?BJ&ON;1?�LN?IA:?I9IOQ?IK 7:A:AMU V 7:H>=@ON?BK LNU"JPZ[=\9I?�JN?B]\7:RSH�� �b?B7WOQ;1?IJ

OQ;"? V =\7MH 4 ?B= V RSJ)?IA:LN? ��;1?BJP?f7MHTOQ;1?�F>=@OPOQ?IJNH � D
�/H ]S?BH"?BJQ=@A � = 9IR V F1=\JN7MLNRSH R@Z*ON;1?YFER���?BJ�ZbJPR V ON;1? V =\7:H 4 ?i= V JN?I]S7:R\H�OQRTOQ;"?

JN?gOQU1JPH ZbJNR V =\AMA+=\JP?i=\L RSU"OQLP7:K1? R\Z)OQ;1? V =\7MH 4 ?i= V 7:LfK1?BLP7:JN?IK.D �>RSJfON;17:L =\H>=\A 5 LP7:L ��;1R��&-
?I`\?BJ �"OQ;1?�`S?BJ 5 L�OQJNR\H1]j9BR\H3OQ= V 7:H>=@ON7:RSH_K1U1?
ONR OQ;"?
LNFE?B9IU1Aa=@J&JN?I]S7:RSH_7:L�R\Z F1JN7 V =@J 5 7:H6ON?BJN?ILPOBD

; �



�
LPLNU V 7:H"]fOQ;1=@O�ON;1?%LNFE?B9BU"Aa=\J*JN?I]S7:RSH 7:L V =\H 5 4 ?B= V ��7:KGOQ;1L�= �&= 5 ZbJNR V ON;1?�=@H3ON?BH1H1= 4 R\JN?g-
LN7M]S;6O � LN?g`S?IJQ=\A�LN7 V F1AM7Mc>9B=@OQ7MRSH1L V = 5 4 ?f=@F1F1A:7M?BK OQR_��e�LID ���"D ;Gm��&=\H1K � �"D ;Sk	� D&�h7MJNL�O �1ZbRSJ)OQ;"?

V =\7:H 4 ?i= V JP?IOQU"JNH 7MO+7:L)=\LPLNU V ?BKTON;>=@O&ON;1? 4 ?B= V ��7MK"OQ;T7ML+LNU �_9I7:?IH3ONA 5 H1=\JNJPR�� LPR ON;>=@O � �
=\H1K � V = 5T4 ?�LN?gO�=\L)9IRSH1L�O<=\H6O�R `\?BJ�OQ;1?�ZbR�R\OQF"JN7:H6OBD � � � � � V = 5 ON;1?BH 4 ?�? �GF1JN?ILNLN?IK

� � � � � � � � � � � �� � � � ��� �� � � �
��=�� � � � �� � � � �

� � �"D ; ��

��?IJN? � � � 7:L�OQ;1?TFE?i= � =\H6OQ?IH1H>= ]6=\7MH � � � � �T7:L ON;1? ? �#?B9gOQ7W`S? O ��R@-��+= 5 7:AMA:U V 7:H>= OQ?BK =\JP?i= �
=\H1K �	�� � � � =\H1K � � � � � =@JN?jOQ;"? 4 =\9 �3LN9B=@ONON?BJ�9BJNR\LNL�- LN?I9IOQ7MRSH =\H1K JQ=\H"]S? =@O�ON;1? V =@7:H 4 ?i= V
K1?gc>H1?BKXZbRGR@OQF1JP7:H6OiD

�>RSJTOQ;1? H1?B=\J�- H>=\K17MJTJN?IONU1JNH ��OQ;1? F1JN7 V =\J 5 LP7 V F1A:7Wc>9i=@ON7:RSH V =\K"? 7MLTOQ;>=@OXOQ;"?
=\H6OQ?IH1H>= F>=@OPOQ?BJPH 7:H OQ;"7:LTJN?I]S7:R\H V = 5 4 ? V R�K1?IA:?BK =@L = 9IRSH1L�O<=\H6O `@=\A:U1? � � � � � D �);17ML
=\LPLNU V F"OQ7MRSH ��7:AMA 5 7:?BAMK =\H U1F1FE?BJ�- 4 R\U1H1K RSH ON;1?%=\A:AMR��&= 4 A:?&LP7:K1?IA:R 4 ?)A:?g`S?BA>7MHYOQ;1?�Z[=\J�JN?I]S7:R\H
R\Z�OQ;1?�=\H6ON?BH1H>= F>=@OPOQ?IJNH.D � � � ��9i=\H OQ;3U1L 4 ?�=\F1F1JPR �G7 V =@ON?BKX=\L

� � � ��� � � � � � �� � ���= � � � �
��� �

	
�

�	�� � � � 
	�� � ��
 � 
 � 
 � �� � �"D ;U= �

��?IJN? �1OQ;1?��(=\JPON; � L%LPU1JPZ[=@9B?�7:H OQ;"?�`�7M9B7:H"7MO 5 R@ZhH>=@K17:J&7ML�=\F1F1JPR �"7 V = OQ?BKX=\L � =@O � =\H"K ON;1?�7:HG-
OQ?I]SJQ= OQ7:R\HY;>=\L 4 ?I?BH 9<;>=\H1]\?BK OQR�F#R\Aa=\J 9IRGR\JNK17MH>=@OQ?IL ��;1?BJP? 
�=\H1K��=\JN?)ON;1?)JQ=\K"7a=\A1K"7:LPOQ=\H19I?
=\H1K =\H"]SA:?jR@Z�ON;1? LNU1J�Z[=\9B? LN9B=@ONON?BJ�JP?BAa= OQ7M`\?jOQR ON;1? H>=\K17MJ�F#R\7:H6OiDf� Of7ML�=\AMLNR =\LPLNU V ?BK OQ;>= O

�	�� � � 7:L(RSH"A 5 =�ZbU1H19ION7:RSH R\Z#OQ;1?�JQ=\K17:=\A1K17MLPOQ=\H19B?�ZbJNR V OQ;1?%H>=\K17MJ(F#RS7MH6OiD �b�);17:L*7:L(?Ie�U"7M`@=\A:?IH6O
OQR�=\LPLNU V 7:H"]�ON;>=@O �	�� � � �3RSH =i`S?BJN=\]S? �G7ML�RSH1A 5 =�ZbU1H19ION7:RSH R\Z#7:H"9B7:K"?BH19I?�=@H1]SA:?@D �f��R\ON?&OQ;>=@O*7MH
��e D � �"D ;U= �(OQ;1?�7MH3ON?B]SJN=@OQ7MRSH 7ML&FE?BJPZbR\J V ?BKTR `S?IJ�ON;1?�H>=@K17:J&JP?B]S7MRSH ��� �GRSH1A 5 D �);1?�? ��ON?BH6O�R\Z
OQ;"?�H>=\K17MJ)JN?B]\7:RSHT7ML&K1?ION?BJ V 7MH1?BK 465 OQ;"?�JN=\K17MU1L)R `S?BJ ��;17M9<; 9BRSH6O<= V 7MH>=@OQ7MRSH 7ML)LN7:]\H17Mc>9B=\H6OiD

$+R Vj4 7:H17MH1] ��e�LID � �"D ;Gm�� � � �"D ; ��&=@H1K � �"D ;U= � �

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

	
�

�	�� � � ��
 ���� ��
 � 
 � 
 �  � � �"D ;O;	�

�);17ML�? �GF1JN?ILNLN7MRSH 9B=\H OQ;1?IH 4 ? ?I`@=\A:U1=@OQ?IK ZbR\J�K17 �#?BJP?BH6O�� �� � � � 7:H RSJPK1?BJ�OQR K1?gOQ?IJ V 7:H1?YOQ;"?
H>=\K"7:J�7:H6ON?BJPZb?IJN?IH19B?
=\L*=�ZbU1H"9IOQ7MRSH R\Z ��7MH1K_LPF#?I?BK �"=\H1K 7:H RSJPK1?BJ(OQR�K1?ION?BJ V 7MH1?)OQ;1?�JN?Ie3U17:JP?BK
LN7MK1?�A:R 4 ? AM?I`\?BA � � � � � � � � Dd��Ld=@H�? �"= V F"A:? � 9IRSH1LN7MK1?BJ ON;1?�9i=\LP?(R\Z1= ��UG-/'&=\H1K�LN9B=@ONON?BJPR V ?gOQ?IJ
L 5 L�OQ? V R\F#?IJQ=@ON7:H1] =@O)ON;1?����	��
 ������� V ?i=\LPU1JN? V ?IH3O%]S?IR V ?IOQJ 5 � � � ?Sl\l�� V ���� � � � ;9; � �gD

�h7MJNLPO �h7WOj7:Lf=\LPLNU V ?BK ON;>=@OY= � `@=\AMU1?_R@Z&-<m lXK>' F1JNR `�7:K"?BLjLPU � 9B7:?IH6OYLNU1F"F1JN?ILNLN7MRSH R\Z)OQ;"?

�Sl



H>=\K"7:J�9BR\H3OQ= V 7:H>=@ON7:RSH Dh� `@=\A:U1=@OQ7MH1]��(e D � �GD �Sl	�dZbRSJ � �� � � � � - �6k�K>' � ��;"7:9<; 9IRSJNJP?BLPF#RSH"K1L*ONR
=_`\?BJ 5 A:R�� ��7:H"K LNFE?B?BK � =\H1K ��7WOQ; = � �+RSJPLPO�-/9i=@LN? � F"JNR\c>AM?fZbRSJ � �� � � ��
 � � ��;"7:9<; 7:L�K1?BJP7M`\?BK
=\H1K8F1JN?ILN?IH3ON?BK 7MH8��F1FE?BH1K17 �8' � 7MO%7:L�K1?gOQ?IJ V 7:H1?IKXON;>=@O��  	 �

� 	 � - =O= K>' 7ML�JN?Be3U17MJN?IK.D&�);17ML

A:?g`S?IA 7:L)JN?B=\K17MA 5 =@9<;17:?g`\= 4 A:?�7MHX;1=\JNK �+=\JP?\D

T � � A -I$�� E �!�� 8-I��$&��-� �$:�!�

�);1?�F1U1JNFERSLP?+R\Z =%LN9B=@ONON?BJNR V ?gOQ?BJ�7:L OQR�R 4 OQ=\7:Hf=�`\?BJ 5 =\9I9BU1JN=@OQ? V ?B=\LNU"JN? V ?BH6OdR\Z

OQ;"?�LPU1JPZ[=@9B? 4 =\9 �3LN9B=@ONON?BJ%9BJNR\LNL�- LN?I9IOQ7MRSH.D(��R ON;1?�? ��OQ?IH3O%OQ;1=@O�OQ;1?�7:H6ON?BJP`\?BH17MH1]_=@O V RSLNF";1?BJP?

7:L�H1R\O
9BR V F1A:?gOQ?IA 5 OQJN=\H1LPF>=\JN?IH6O�OQR ON;1? V 7:9IJNR��+= `\?jLN7M]SH>=\A �E=\H ?BJPJNRSJ
7:H8ON;1? V ?i=\LPU1JN? V ?IH6O
��7:AMA JN?BLPU1AMOBD �);1?�K1R V 7MH>=\H6O*?BJNJPRSJ+LPRSU1JP9B?�=@O*ZbJN?Ie�U"?BH19I7:?BL)U"F OQR ��UG-/'&=\H1K ��mP= ��� � �*7ML�OQ;"?
F1JP?BLN?IH19B?_R\Z�JQ=\7MH.DY!�JN?g`G7MRSU1Lf=\H>=\A 5 LN?BL�;>=i`\? =\K"K1JN?ILNLN?IK ON;1? 7 V F>=\9IO�R\Z+JN=\7:H RSH Z[=\H�- 4 ?i= V

LN9B=@ONON?BJPR V ?gOQ?IJ)L 5 LPON? V L � �"m � D(�);1?BLP?�LPOQU"K17:?IL �>;1R���?I`S?IJ �E;>=i`S?�RSH1A 5 ? V F";>=\LN7 �B?IK ON;1?�LN7M]SH>=\A
=@OPOQ?BH3U>= OQ7:R\H�F1JPRGK1U"9B?BK 435 =@O V RSLPF1;1?IJN7:9�A:7Me3U17:K �&= OQ?BJID
�>RSJ%FE?BH19I7:AW- 4 ?B= V LP9i=@OPOQ?BJPR V ?IOQ?IJNL �
��;17M9<;8RSFE?BJN=@OQ?�= O�;17:]S;T7MH19B7MK1?BH"9B?�=\H1]\A:?BL ��;"?BJN?�ON;1?�LNU1J�Z[=\9B? 4 =\9 �3LP9i=@OPOQ?BJ%9BJPRSLNL,-/LP?B9ION7:RSH 7ML
`S?IJ 5 L V =\A:A � OQ;1? 4 =\9 �3LN9B=@ONON?BJjZbJNR V OQ;1?_JQ=\7MH 7WOQLN?IAMZ V = 5 4 ?_LN7M]SH17Mc19i=\H6OiD �/H OQ;17ML LN?I9ION7:RSH �
= V RGK"?BA�ZbRSJ JQ=@7:H 9IRSH6O<= V 7:H1=@OQ7MRSH ��;"7:9<; 7:H19IA:U1K"?BL_ON;1? 7MH � U1?IH19B? R\Z�`\RSA:U V ?8LN9i= ONOQ?IJN7MH1]
ZbJNR V JQ=\7MH1K1JPRSF1L�7:L�K1?g`S?BAMRSFE?BK.D ^�LN7MH1]8=\9IONU>=\A(JQ=\7MH F1JNR\c1A:?BL ��ON;1? ? �#?B9gO R\Z�OQ;1?ILN?_?BJNJPRSJNL�7ML
9<;>=\JN=\9ION?BJP7��B?IKXZbR\J�= ��UG-/'&=\H1K L 5 L�OQ? V D

T � � ��6 A -I$�� E ���! 8-I� $���-� �$��!� � �5�����

�&O V RSLPF1;1?BJP7:9�JN=\7:HT;1=\L&O �+R ? � ?I9IOQL�RSH ON;1? V ?i=\LPU1JN? V ?IH3O�R@ZdLPU1JPZ[=@9B? �	�iD(�d7:JNL�O �
OQ;"?YJQ=\K>=@J
LN7M]SH>=\A ��;17:9<; F1=\LNLP?BL�OQ;1JPRSU1]S; ON;1?YJQ=@7:H 7ML�=@ONON?BH3U>=@ON?BK.D �G?I9BRSH1K"A 5 � 4 =\9 �3LN9B=@ONON?BJ

ZbJNR V OQ;1?�JN=\7:H 7MONLN?IAMZd=\K1K1L%U1H �+=\H6OQ?BK�?B9<;1R_F#R���?BJ�OQRYOQ;1?�JP?IOQU"JNH�LP7:]SH1=\A D��);1?ILN?�9BR V 4 7:H1?IK
? �#?B9gOQL%9i=\H 4 ?�K"?BLN9IJN7 4 ?IK 465

� � � �
� � � � � � � �"D ;���

��;1?IJN? � � 7:LdOQ;1? V ?i=\LPU1JN?IK_9IJNRSLPL�-/LP?B9gOQ7:R\H � �	�(7:L OQ;"?�=@9IOQU1=\A1LNU"JPZ[=\9I?%9IJNRSLPL�- LN?B9gOQ7MRSH � � 7:L OQ;"?
? �#?B9gOQ7W`S? F>=@OQ; =@OPOQ?IH�U1=@OQ7MRSH � =\H1K � � 7:L�ON;1? �PJQ=@7:H ?Be3U17W`@=\A:?IH3O 4 =\9 �3LN9i= ONOQ?IJf9IJNRSLPL�- LN?B9gOQ7MRSH �
��;17M9<;_JP?BF1JP?BLN?IH6OQL�ON;1?�7:H19IJN?B=\LN?�7:H =\F"F>=\JN?IH6O 4 =\9 �3LN9i= ONOQ?IJ�K"U1?)OQR�LN9B=@ONON?BJN7MH1]�ZbJNR V OQ;1?�JQ=@7:H.D
� �3OQJN7M9IONA 5 LPF#?B= �37:H1]�� 4 R\OQ;8=@O V RSLPF1;1?BJP7:9 �&= OQ?BJ%`@=\F#R\J�=@H1K�9IA:RSU1K"L V = 5 9i=\U1LP?Y=@OPOQ?BH3U>= OQ7:R\H

�"m



?I`\?BH ��;1?BH JN=\7:H 7ML
H1R\O�F"JN?BLP?BH6OiDf�);1?BLP? ? �#?B9IONL � ;1R���?I`S?IJ ��=\JP? V U19<; L V =\A:AM?BJ�OQ;>=@H OQ;1RSLP?
K1U1?�ONR JN=\7:H � �9= � D �

�h7M]SU1JN? �"DWmP= 7MA:AMU1LPONJQ=@ON?BL�OQ;1?f]S?BR V ?IONJ 5 =\LPLNU V ?BK ZbRSJ�OQ;"?j9i=\AM9BU1A:=@OQ7MRSHXR\Z � =@H1K
� � D(��R\ON?
OQ;>= O �"7MHT=\K1K"7MOQ7MRSH_ONRjOQ;1?
K17:JP?B9IO&LN9i= ONOQ?IJN7MH1]jF>=@ON;1L&ZbJNR V ON;1?�JQ=@7:HT=\H"KTLNU1J�Z[=\9B?
ONR
OQ;"?%LP?BH1LPRSJ � V U"AMOQ7 -/F>= OQ;j9IR V FERSH1?IH6OQL ��;17M9<;_JP? � ?I9IO*R � 4 R\OQ;YON;1?�LNU1J�Z[=\9B?%=\H1KYON;1?�JQ=\7MH =\A:LPR
? �G7MLPOiD*�/H�]\?BH1?IJQ=\A.ON;1?BLP? V U1AWOQ7 -/F>=@ON; OQ?IJ V L ��7:A:A 7:H19IJN?i=@LN?�OQ;1?�`@=\A:U"?�R\Z � � JP?BAa= OQ7M`\?�OQR OQ;>= O
9i=@A:9BU"Aa=@ON?BK�U"LN7:H"] RSH1A 5 OQ;1?fK17:JP?B9gO�LN9B=@ONON?BJP7:H1] OQ?BJ V D%�%?BJN? � 4 ?B9B=\U1LN? R\Z�OQ;1?f9BR V F1AM? �G7MO 5 7MH
?BL�OQ7 V =@ON7:H1]YON;1? V U"AMOQ7 -/F>= OQ;T9BR V FERSH1?IH3ONL � OQ;17ML�9IRSH6OQJP7 4 U"ON7:RSHX7:L�=\LPLNU V ?BK8L V =\A:A � =\H1K8ON;3U1L
RSU1J)9B=\A:9IU1Aa= OQ7:R\H ��7:A:A#JN?IF1JN?ILN?BH6O
= AMR��+?IJ 4 RSU"H1K8R\H � � D

dA

dV

Sensor

Indirect Path

Direct Path to Rain

Direct Path to Surface

�h7M]SU1JN? �GDMmP= � ��=@7:H 9BRSH6OQ= V 7MH>=@ON7:RSH ]\?BR V ?IONJ 5 D

�/H 4 U17:AMK17:H1]TON;1? JN=\7:H 9BRSH6OQ= V 7MH>=@ON7:RSH V RGK1?IA � 7MO�7MLf9IRSH6`S?BH"7:?BH6OfOQR8c1JNLPO K1?Ic1H1?
OQ;"?jZbU1H19ION7:RSH�� � � � � ���� � ��;17M9<; e3U>=@H3ON7Mc>?IL�OQ;1?jO ��R@- �&= 5 = ONOQ?IH3U>=@OQ7MRSH ZbJNR V ON;1?YLN?IH1LNRSJ�ONR
=YF#R\7:H6O%=@O � � ��� ���	�+A:R�9i=@ON?BK	��7MON;17:HTOQ;"?�JN=\7:HTA:= 5 ?BJ%=\H"K 4 =@9 � �

� � � � � ���� � k 	 ����� � � � � � � ��� � ��� � �"D ;O<	�

�6k



��?IJN? � � � � � � ����+7:L&ON;1?�=@ONON?BH3U>=@ON7:RSH FE?BJ�U1H17WO�F>=@ON;XAM?BH1]@OQ;X=\H1K OQ;1?�7MH3ON?B]SJN=\A 7ML)F#?IJPZbRSJ V ?IK
R `S?IJ OQ;1?�A:7:H"?XZbJPR V OQ;1? FERS7MH3O � � � � ����YOQR ON;1?�LP?BH1LPRSJBD C 7WOQ; ��LNR K1?gc>H1?BK �%ON;1?8ONR\O<=\A
=@OPOQ?BH3U>= OQ7:R\H � 7ML ��JN7WONOQ?IH

� � m
�
�
� �

	 � � � � � � � � �� � � � � � ������ � �"D ;9?�

��;1?IJN? �
�
� � 7ML�ON;1?Y? �#?B9gOQ7M`\?Y=\JP?i= R\Z�ON;1? =\H6OQ?IH1H>= ZbR�R\OQF1JP7:H6O � � � � � � �����7:L
ON;1? OQR@O<=\A�]6=\7MH

ZbU1H19gOQ7MRSH =@LNLNR�9B7:=@OQ?IK ��7WOQ; OQ;1? V ?i=\LPU1JN? V ?IH3O �&=\H"K OQ;"?87MH3ON?B]SJN=\A&7ML FE?BJ�ZbRSJ V ?BK R `S?IJ_OQ;"?
�(=\JPON; � L%LPU1JPZ[=@9B?\D*�);1?�JQ=@7:HG- ?Be3U17M`@=\AM?BH6O 4 =@9 ��LP9i=@OPOQ?IJ � � � �17ML)]S7M`\?BH 465

� � � m
�
�
� �

	 � � � � � � � � �� � � � � � ���� ����� � � � ���� � � �"D ; ��

��;1?IJN?�� � � � � � ����+7ML�ON;1?�`SRSAMU V ? 4 =\9 �3LN9B=@ONON?BJN7MH1] 9IRG? � 9B7:?IH6O
R\Z�OQ;"?�JN=\7:HX=\H"KXON;1?f7MH6OQ?B]\JQ=\A
7:L)FE?BJ�ZbRSJ V ?BK R `S?IJ%ON;1?�JQ=\7MH17:H"] `SRSAMU V ?\D

T � � � @ A -I$��  4�4��!4H"

�/H R\JNK1?IJ�ONR�?g`\=@A:U>=@ON?*�(e3LID ���"D ;9<	�/- � �"D ; ��.=\H"K R 4 OQ=\7:H�=�e3U>=\H6OQ7WO<=@ON7M`S?�=\LPLN?BLPL V ?BH6O

R\Z�JQ=\7MH 9BRSH6OQ= V 7MH>=@ON7:RSH ? � ?I9IONL ��7MO�7ML�K1?BLP7:JQ= 4 A:? ONR U1LN? JN?B=\A:7MLPON7:9 `@=\AMU1?BL�ZbRSJ � � � � � �����=@H1K
� � � � ��� ���	�gD ��H�7MK1?i=\A�LPRSU1JP9B? ZbRSJTOQ;1?ILN? ZbU"H19ION7:RSH1L 7ML ON;1? �dJPRSF17:9B=\A��%=\7:H"Z[=@A:A��8=\F1F17MH1]
�87MLNLN7MRSH !�JN?I9B7MF17MOQ=@OQ7MRSH �%=\K>=\J �[����� � -,!(� �gD#�);17:L�7MH1LPONJNU V ?BH6O�K"7:JN?I9IONA 5XV ?B=\LNU"JN?BL�ON;1?BLP?

F>=\JN= V ?IOQ?IJNLf= ��UG-/'&=\H1K.DX^%LN7:H"]8OQ;"? ����� � -,!(� K>=@OQ= � � =\H1K � � =\JP?_9B=\A:9IU1Aa= OQ?BK ZbRSJf=
`@=\JN7M?IO 5 R\Z*=\9gOQU>=\A�JQ=@7:H 9IRSH1K17WOQ7:R\H1LBD��/H"LN?BJ�OQ7MH1] OQ;"?BLN?j`@=\AMU1?BL
7:H6OQRT��e D ���"D ;��� �EOQ;1? ?BJNJPRSJ�7MH
OQ;"? V ?i=@LNU1JP? V ?BH6O%R\Z � �%K"U1?�OQR JQ=\7MH 9BRSH6O<= V 7MH>=@OQ7MRSH � � �	� �17ML)]S7M`\?BH 435

� � � ��m l�A:RS] � � �� �  � � �"D �Sl�

�/H �h7:]"D �GDMm�; ��F>=\JQ= V ?gOQJN7M9 9IU1JP`\?BLYZbRSJ ON;17:Lj?IJNJPRSJY=\LY=�ZbU"H19ION7:RSH R\Z�=i`S?IJQ=\]\?T9BRSAMU V H JQ=\7MH
JQ= OQ? � ON;1?�`S?BJ�OQ7M9i=\AMA 5 7MH6OQ?B]\JQ=@ON?BKXJQ=\7MH8JN=@OQ?�=i`S?IJQ=\]S?IK�R `S?IJ�ON;1?fLP9i=@OPOQ?IJNR V ?ION?BJ)ZbRGR@OQF1JP7:H6O��

=\JP?�K1?BJP7M`\?BK ZbRSJ+K17 � ?IJN?IH3O%=@LNLNU V ?IK `@=\AMU1?BL+R\Z�LNU1J�Z[=\9B? �	�ID(��R\ON?�OQ;>= O&ZbRSJ&AMR�� ONR V R�K1?BJN=@OQ?
`@=\A:U"?BL R\Z��	� �a- �Sl =\H1K -�k\l K1' ��;17:9<; 9BR\JNJN?ILNFERSH1K OQR ��7MH1K1L ZbJNR V � ONR�m l V � L � ��OQ;"?
LN9B=@ONON?BJP7:H1] ZbJNR V ON;1?�JQ=\7MH8K"R V 7MH>=@ON?BL � =@H1K8JN=\7:H8=\9gOQU>=\AMA 5 ��� ��� �	��� � ��OQ;"? =\F"F>=\JN?IH6O
LPU1JPZ[=\9I?
9BJPRSLNL,-/LP?B9ION7:RSH D��>RSJ ;17:]S;"?BJY`@=\A:U1?IL_R@Z � � �)=@ONON?BH3U>=@ON7:RSH 7:LYON;1?8K"R V 7MH>=\H6O ? �#?B9gOT=\H"K OQ;"?
V ?i=\LPU1JN?IK `@=\A:U1?IL&=\JP?
AMR���?BJ*OQ;>=@H ? �GFE?B9ION?BK.D*��U1?%OQR�OQ;1?�JP?BA:=@OQ7W`S?BA 5 ;17M]S; 7MH19B7MK1?BH19I?�=\H"]SA:?IL

�	�



=@O ��;"7:9<; F#?IH19B7MAW- 4 ?B= V L 5 LPON? V L%R\F#?IJQ=@ON? �"ON;1? V =��PRSJN7WO 5 R@Z�ON;1? � � � L)?IH19BRSU"H3ON?BJP?BKXR `\?BJ)OQ;"?
R�9B?i=@H Z[=\A:A 7MH3ONRfON;1?�- �\l�OQR�-�k\l�K>' JQ=@H1]S?\D('�?B9i=@U1LN?�R@Z OQ;17ML ��JQ=\7MH 7:L�F1JN?IK17:9gOQ?IK OQRj]\?BH1?IJQ=\AMA 5
7:H"9BJN?B=\LN?XOQ;1?8=\F1F1=\JN?IH3O 9BJPRSLNL,-/LN?I9ION7:RSH ZbRSJ V RSL�O V ?i=@LNU1JP? V ?BH6OQLID �b�);17:L ? �#?B9gO 7ML_7MH1K1?B?IK

��;>=@O%7ML)R 4 LN?IJP`\?BK�ZbJPR V =\HX=\H1=\A 5 LN7ML)R\Z�OQ;1? �
	��� �������fK>= O<= � � � � D �

0 20 40 60 80 100
Average Integrated Rain Rate (mm h

-1 
 km)

10

5

0

5

10

15

20

 σ
0 
  E

rr
or

 (
dB

)

-

-

�h7M]SU1JN? �"DWm�; � �G9B=@ONON?BJNR V ?gOQ?BJ V ?B=\LNU"JN? V ?BH6O�?IJNJPRSJ�=\L
=_ZbU1H19gOQ7:R\H R\Z*=i`S?IJQ=\]S?Y9IRSA:U V H8JQ=\7MH
JQ= OQ?)ZbRSJ�ZbRSU1J�`@=\A:U"?BL*R\Z.LPU1JPZ[=\9I? � � � - �Sl�K>' � 4 Aa=\9 � �39BR\JNJN?ILNFERSH1K17MH1]fONR�`\?BJ 5 AMR�� ��7:H"K � �S-�k@l
�[JP?BK � 9IRSJNJP?BLNFERSH1K"7:H1] OQR V R�K1?IJQ=@ON? ��7MH1K � �>-QmP= K>' �b]SJN?I?BH � 9IRSJNJP?BLNFERSH1K"7:H1] OQR ;17:]\; ��7MH1K � �
=\H1KT-<miljK>' � 4 A:U"? �19IRSJNJP?BLNFERSH1K"7:H1] OQR ? ��ONJN? V ?BA 5 ;17M]S;	��7:H1K � D

��R
ZbU1JPON;1?BJd7:AMA:U1L�OQJQ= OQ?�OQ;1?�? �#?B9gOQL R\Z1JQ=\7MH 9BR\H3OQ= V 7:H>=@ON7:RSH � 9IRSH1LP7:K1?IJdOQ;"?+? �"= V F1AM?

7:H �h7M]SLBD �"DWm�� =\H1K �"DMm8<GDY��?IJN? �d����� � !*��K>=@O<= ;>=\L 4 ?B?IH U1LP?BK OQR 9i=@A:9BU"Aa=@ON?jOQ;1?jONR\O<=\A
=@OPOQ?BH3U>= OQ7:R\H � � � =\H1K ON;1?YJQ=\7MHG-/?Ie3U17M`@=\AM?BH6O 4 =\9 �3LN9i= ONOQ?IJ�9BJNR\LNL�- LN?I9IOQ7MRSH � � � �.R `S?IJ�;�U"JNJN7M9i=\H"?
�hAMR 5 K ��;17M9<; ZbRSJ V ?BK 7:H �G?IF"OQ? Vj4 ?IJ ��m ��� �"D �
AMLNR���7MH �h7:]"D �"DWm8? �dOQ;1?TFE?BJP9B?BH6OQ=\]S?TR\Z�OQ;"?
K1?gOQ?B9gOQ?IK LP7:]SH1=\A ��;"7:9<;j7MLh9BR V 7MH1]�ZbJPR V OQ;1?&LPU1JPZ[=@9B? �S=\L RSF1FERSLP?BKjOQR�OQ;1?�JQ=\7MH �\7MLh9i=@A:9BU"Aa=@ON?BK.D

�9=



�
H ? �"= V 7:H>=@ON7:RSH�R\ZE�h7M]1D��"DWm8?�7MH1K17M9i=@ON?BLdON;>=@Oh7:H ;"?i=i`�7:A 5 JN=\7:H17MH1]%JN?B]\7:RSH1L �\LPU19<; =\LdON;1? V =\7:H
;3U1JNJP7:9B=\H1? 4 =\H1K1L � V RSLPO�R\Z1ON;1? 4 =\9 �3LN9B=@ONON?BJN?IK LN7:]\H>=\A67:Ld=\9gOQU>=\AMA 5 9BR V 7:H1]�ZbJNR V OQ;1?�JQ=\7MH =@H1K
H1R\O ON;1?(LNU1J�Z[=\9B?@D �/HfLPU19<; LP7MONU>=@OQ7MRSH1L 7WO 7:L 7 V F#R\LNLN7 4 A:?dOQR%=\9B9IU1JQ= OQ?BA 5 JN?gOQJN7M?I`\?(ON;1?*LNU1J�Z[=\9B? �	�BD
�);3U1L �>7WO)7:L+9BJN7WOQ7M9i=\AMA 5 7 V FERSJPOQ=\H6O&7:H ON;1?�F1A:=\H1H17MH1]jR\Z ��UG-,'+=\H1KTLN9B=@ONON?BJPR V ?gOQ?IJ)L 5 LPON? V L�ONR

4 ?)= 4 AM?*ONR � =\]�JN=\7:H17MH1]%JN?B]\7:RSH1LIDh�);17ML V = 5 4 ?&=\9I9BR V F1AM7:LN;"?BKjU1LP7:H1]�=
LN?IF>=\JQ= OQ?&JN=\K17:R V ?gOQ?BJ

L 5 L�OQ? V AMRG9B=@OQ?IK RSH OQ;"?YLNF>=\9I?B9IJQ=@Z O�F1A:=@ONZbRSJ V RSJ 465 7:K"?BH6OQ7WZ 5 7MH1] ON;1?YLN7M]SH>=@ONU1JN?YR\Z*JN=\7:H 7MH

OQ;"? 4 =\9 �3LN9B=@ONON?BJN?IK LP7:]SH>=@A"7MONLN?IAMZ � � � � �"m � D�C ;1?BH A:R���?BJ�LN9B=@ONON?BJPR V ?gOQ?IJ ZbJN?Be3U1?IH19B7M?BL �GLPU19<; =@L
$*-,'+=\H1KXRSJ� -,'&=\H"K �>=\JP?�U"LN?BK �EJN=\7:HT9IRSH6O<= V 7:H1=@OQ7MRSH 7:L�R\ZdLN7M]SH17Wc>9i=\H6ONA 5 A:?BLPL�9BRSH19I?BJPH � kO; � D

�h7M]SU1JN? �"DWm�� � � ��R@-��+= 5 JN=\7:H =@OPOQ?BH3U>= OQ7:R\H � � �Y9i=\AM9BU1A:=@OQ?IK ZbJPR V ����� � -,!(� K>=@OQ= R `S?IJ
��U"JNJN7M9i=\H"?��hA:R 5 K �E�G?IF"OQ? Vj4 ?IJ�m �����"D

�B;



�h7M]SU1JN? �"DWm�< � ��=@7:H ?Be3U17M`@=\AM?BH6O�9BJNR\LNL�- LN?I9IOQ7MRSH � � � � 9i=@A:9BU"Aa=@ON?BK_ZbJPR V ����� � -/!*� K>=@OQ=fR `S?IJ
��U"JNJN7M9i=\H"?��hA:R 5 K �E�G?IF"OQ? Vj4 ?IJ�m �����"D

�
�



�h7M]SU1JN? �"DWm8? � !d?IJN9B?IH6O R\Z)OQR\OQ=\A*?B9<;1R ?BH"?BJN] 5 =\9gOQU>=\AMA 5 9IR V 7MH1]8ZbJPR V LNU1J�Z[=\9B? �(9i=\AM9BU1A:=@OQ?IK
ZbJNR V ����� � -,!(� K>=@OQ=YR `\?BJ%��U"JNJN7M9i=\H"?f�dA:R 5 K � �G?IF"OQ? Vj4 ?IJ�m �����"D

�B<



�O?



��� ��� �/� ���

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

� ��� 	 � � �	� � ��
 � 	 � ����� � �
 ����� � � � 	C�/� 
 	

�/HTOQ;17ML)9<;>=\F"ON?BJ)FE?BH19I7:A - 4 ?i= V L 5 LPON? V L ��;17:9<; ? V F1AMR 5 OQ;1? 4 ?i= V ��7:K"ON;G-/AM7 V 7MON?BK
JN?ILNRSAMU"OQ7MRSH =\F1F1JPR6=\9<; =@JN? OQJN?B=@OQ?IK 7MH V RSJN? K1?gO<=\7MA D �);1?BLP? L 5 LPON? V L =\JP?8?B=\L 5 ONR 7 V F1AM?g-

V ?BH6O�7:Hf;>=\JPK �&=@JN? 4 ?B9i=@U1LN?&ON;1? 5 O 5 F17:9B=\A:A 5 U"LN? 4 =@H1KG-/F1=\LNLhc1AMOQ?IJN7MH1]�=\H"KYLNe3U>=\JP?g-/A:= � FER��+?IJ
K1?gOQ?B9gOQ7MRSH ��=\L RSF1FERSLN?IK OQR V RSJN? 9BR V F1AM? � 9BR\JNJN?IAa=@ON7:RSH K1?gOQ?B9gOQ7MRSH =\F1F1JPR6=\9<;1?IL OQJP?i=@ON?BK 7MH
LNU"9B9B?I?BK17MH1]
9<;1=\F"OQ?IJNLID �
L K17MLN9BU"LNLN?IKj7:Hf$+;>=@F"OQ?IJ � � ON;1?(LNF>=@ON7a=\A\JN?BLPRSA:UGOQ7:R\H�R@Z1= 4 ?B= V ��7MK"OQ;G-
A:7 V 7WOQ?IK LP9i=@OPOQ?IJNR V ?ION?BJj7MLfLP7 V F1A 5 K1?gOQ?IJ V 7:H1?IK 465 ON;1? K17 V ?IH1LN7MRSH1LfR\Z&OQ;"?T=\H6OQ?IH1H>=8ZbR�R\OP-

F1JP7:H6O�=\L�F1JNR��P?B9ION?BK RSH ON;1? LNU1J�Z[=\9B?@D 	�H19I? =\H =@H3ON?BH1H1=XK1?ILN7M]SH ��;"7:9<; V ?I?IOQL�ON;1?_LPF>=@ON7a=\A

JN?ILNRSAMU"OQ7MRSH JP?Be3U17:JP? V ?BH6O ;>=\L 4 ?B?IH LPF#?I9B7Wc>?BK �%OQ;1? V =��PRSJ_K1?BLP7:]SH 7MLNLNU"? =\LNLPRG9I7a=@ON?BK ��7MON;

4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK L 5 L�OQ? V L%7:L&OQ;"? V 7:H"7 V 7��i= OQ7:R\H R@Z 4 =\9 �3LP9i=@OPOQ?BJ V ?i=\LPU1JN? V ?IH3O%?IJNJNR\JBD
!�JN?g`G7MRSU1Ld=\U"ON;1RSJNL�;>=i`S?�=\K1K"JN?BLPLN?IKjOQ;1? V ?i=\LPU1JN? V ?IH3Oh=\9I9BU1JN=\9 5 7:LPLNU1?(ZbRSJ LPF>=\9B? -

4 RSJNH1?+LN9i= ONOQ?IJNR V ?ION?BJPL�=\H1Kj9IRSH1LP7:K1?IJN?BK RSH"A 5 OQ;1?+9i=\LP? ��;1?BJP?�=\HjU1H V R�K1U1A:=@OQ?IK 7:H6ON?BJNJPU1F"ON?BK
$�C LP7:]SH1=\A �+=\L OQJN=\H1L V 7MOPOQ?IK � m�< � D�� O 7:L K"? V RSH1LPONJQ=@ON?BK�7:H�ON;17:L 9<;>=\F"ON?BJ OQ;>= O 435 =\F1F1JPRSF1JN7:=@OQ?
V RGK1U"Aa=@ON7:RSH R@ZhOQ;"?�ONJQ=\H1L V 7WO�LN7M]SH>=\A �"OQ;1? V ?i=\LPU1JN? V ?IH3O%`@=\JN7:=\H19I?�ZbR\J 4 ?i= V ��7:K"ON;G-/AM7 V 7MON?BK
L 5 L�OQ? V L�9i=\H 4 ?�LN7M]SH17Mc19i=\H6OQA 5 7 V F1JNR `S?IK.D��/H ]S?BH"?BJQ=@A � V RGK"U1Aa=@ON7:H1]�OQ;"?�OQJQ=@H1L V 7MO+LN7:]\H>=\A#ONR
= ;17M]S;1?IJ 4 =\H"K ��7:K"ON; 7 V F1JPR `\?BL
ON;1?j?Ie�U"7M`@=\A:?IH6O�H3U Vj4 ?BJ�R\Z(7:H1K"?BFE?BH1K1?IH6O�A:R�R �3L�R 4 O<=\7MH1?BK.D

�/H19IJN?i=@LN7:H"]�OQ;1?+ONJQ=\H"L V 7MO 4 =\H1K ��7MK"OQ;YR@Z>OQ;1?&F"U1A:LP? �S;1R���?I`\?BJ ��A:R���?BJPLhOQ;1?)�"�
��D\�);1?ILN?)9IR V -
FE?IOQ7MH1] ? �#?B9gOQL V U1LPO 4 ?�9i=\JP?IZbU1AMA 5 OQJQ=@K1?BKG- R � 7MHXR\JNK1?IJ&OQR_=\9<;17:?g`S?�RSF"ON7 V =\A FE?BJ�ZbRSJ V =\H19I?\D

�);17ML�9<;>=\F"ON?BJ�7ML
K17W`�7:K1?IK 7:H6OQR O �+R V =\7MH�F>=\J�OQLID��/H �G?B9gOQ7MRSH =1DWm �.=_LN7:]\H>=\A�F1JNR@-
9B?ILNLP7:H1] ZbJN= V ? �+R\J	�TZbRSJ�ON;1? 4 ?i= V ��7:K"ON;G-/AM7 V 7MON?BK 9i=\LP?j7:L�K1?BLP9BJP7 4 ?BK.D���?BH"?BJQ=@Ad? �"F"JN?BLPLN7MRSH1L
=\JP?�K"?I`S?IA:RSFE?BK ZbRSJ&ON;1? V ?B=\LNU1JP? V ?BH6O�`@=\JN7:=\H19B? ��;"?BH8ONJQ=\H"L V 7MO V RGK"U1Aa=@ON7:RSH_7:L�? V F1AMR 5 ?BK �

���



=\H1K = K"7:LN9IU1LNLP7:RSH 7ML
F1JPR `�7MK1?BK 9BR\H19B?IJNH17MH1] ��;17:9<; V RGK"U1Aa=@ON7:RSH ZbRSJ V =@ONL�=\JP?jRSF"ON7 V U V ZbR\J
= ]S7M`\?BHX=\F1F1AM7:9B=@OQ7MRSH.D �/H��G?B9gOQ7MRSH ="D k �GOQ;1?ILN? V ?B=\LNU1JP? V ?BH6O%`\=@JN7a=@H19B?�RSFGOQ7 V 7��B=@OQ7MRSH L�OQJN=@OQ? -
]S7M?BL)=\JP?�=\F1F1AM7:?IK OQRjON;1?�JN?B=\AW- �+RSJPA:K ? �"= V F"A:?�R\Z ON;1?����	��
 �������*7MH1LPONJNU V ?BH6O �>�����G� � L&c>JNL�O
FE?BH19I7:AW- 4 ?B= V LP9i=@OPOQ?IJNR V ?ION?BJBD � O 7ML LP;1R���H ;1R�� �&U1LP7:H1] OQ;"? V ?ION;1RGK"RSA:RS] 5 K1?g`S?BAMRSFE?BK 7MH
�G?I9IOQ7MRSH ="DMm � =@H�RSF"ON7 V =\A ONJQ=\H1L V 7WO V R�K1U1A:=@OQ7MRSH �+=\L
LP?BA:?I9ION?BK�ZbRSJ)ON;1?f7MH17MON7a=\A 4 ?B= V ��7MK"OQ;G-
A:7 V 7WOQ?IK `S?IJNLN7MRSHXR\ZdON;1? ���	��
 ��������K1?ILN7M]SH.D

� ��6 N5$��!��-I� � 4����O��"P"P$���� 1�4�-I���B�M�*4� ) �*4 KM�C-I� ��$&�� �Q5J % $�� $: P��� N5�O-� P P��4��!���B 8�C4
N ��"' 8��� "

�/HfON;17:L LP?B9ION7:RSH�OQ;"?�LP7:]SH>=@A6F1JNR�9B?ILNLN7MH1]�ZbR\J ON;1?*]S?BH1?IJQ=\A 4 ?i= V ��7:K"ON;G-/AM7 V 7MON?BK�LP9i=@O�-
OQ?IJNR V ?ION?BJ�9i=\LP?Y7:L
K"?BLN9IJN7 4 ?IK.D��(e3U>= OQ7:R\H1L�=\JP?jF1JP?BLN?IH6OQ?BK ��;17M9<; =\A:AMR���OQ;1?jU"H 4 7a=\LP?BK ?BL�OQ7W-

V =@OQ7MRSH8R@Z(LN7:]\H>=\A ?BH1?IJN] 5 ]S7W`S?BH ON;1? LP7:]SH1=\A���H1RS7MLN?f=\H1K H"RS7:LP?g-/R\H1A 5 V ?i=\LPU1JN? V ?IH6OQLBD���? ��O �
OQ;"?)7:LNLPU1?&R\Z 4 =@9 ��LP9i=@OPOQ?IJ V ?i=@LNU1JP? V ?BH6O�`@=\JN7:=\H19B?�7:L�=@K1K1JN?ILNLP?BK.D(^%LN?BL�ON;1?&?Be3U>= OQ7:R\H1L�K1?I`\?BA -

RSFE?BK 7MH ��?B9ION7:RSH �"D �GDMm � ? �"F"JN?BLPLN7MRSH1L�=\JP? K1?IJN7W`S?BK8ZbRSJ%ON;1? H"RSJ V =\A:7 �B?IK V ?i=@LNU1JP? V ?BH6O�?IJNJNR\J
� ���� � ��;"?BH =\J 4 7MONJQ=\J 5 ONJQ=\H1L V 7WO V R�K1U1A:=@OQ7MRSHT7:L�? V F1AMR 5 ?BK D)�h7:H1=\A:A 5 �"ON;1? =@K"`@=\H6O<=\]S?IL
=@H1K
K17MLQ=\K"`@=\H6OQ=\]S?BL�R\Z�ZbRSU1J)K"7 �#?BJN?IH6O%ONJQ=\H"L V 7MO V RGK"U1Aa=@ON7:RSH_ZbRSJ V =@OQL&=\JN?�K17MLN9BU"LNLN?IK.D

� ��6 ��6 KM��-/� ��$��� 8Q�J % $�� $  8���  �UQ������B 8���9 �$:��� 
 � ��4��*-I�UQ

�);1?�R `S?BJN=\A:A LP7:]SH1=\A.K1?gOQ?B9gOQ7MRSH�=@F1F1JNRS=\9<;8ZbRSJ�= 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK LN9B=@ONON?BJPR V -
?ION?BJ�L 5 L�OQ? V 7ML�LN;1R���H 7:H �h7M]1D�="DMmSD �);1? 7:H1F1UGO�LN7:]\H>=\A � ��;17:9<; 9BRSH"LN7:L�OQL�R\Z 4 R\OQ; OQ;"? ?I9<;1R
JN?gOQU1JPH ZbJPR V OQ;1? LNU"JPZ[=\9I?8=@H1K OQ;1?IJ V =\A+H1R\7:LN? ��7MLjF>=\LPLN?IK ON;1JNRSU"]S; = 4 =\H1KG- F>=\LNLYc>AWOQ?IJjR\Z

4 =\H"K ��7:K"ON; � �BD8�);1? JN?BLPU1AMON7:H1]Xc>AMON?BJP?BK RSUGOQF1U"O ?B9<;1R -/F1AMU1L�- H1RS7:LP? LP7:]SH>=@A ��JN?BF"JN?BLP?BH6OQ?IK 435
� � � � � � � � � ��7ML�LNe3U>=\JP?BK =\H1K OQ;1?IH 7MH3ON?B]SJN=@OQ?IK R `\?BJ�OQ;1? JN?I9B?I7M`S? ]6=@ON?YF#?IJN7MRGK � � � � � ONR
?BL�OQ7 V =@ON? OQ;1? ?I9<;1R@-/F"A:U1L,-/H1RS7MLN?T?IH1?BJP] 5 � �

����� D ��R R 4 O<=\7MH 7:H"ZbRSJ V = OQ7:R\H H1?I9B?BLPLQ=\J 5 OQR JN? -
V R `\?�ON;1?�OQ;1?IJ V =\A H1RS7MLN?�9BR V F#R\H1?BH6O%7:H �

����� �E= LN?IF>=\JQ= OQ? �PH1RS7MLN?g- RSH1A 5�� V ?i=\LPU1JN? V ?IH6O
7ML
V =\K1?�R `\?BJ�= ��7:K1?IJ 4 =\H1K ��7MK"OQ; � � � D%�);"? RSU"ONF1U"O
R\Z OQ;"7:L%H1RS7:LP?g- RSH1A 5 c1AMOQ?IJN7MH1]_F"JNR�9B?BLPL
7ML
JN?IF1JN?ILN?IH3ON?BK 465 � � � � � � � � � � �gDY��L�K1?BLP9BJN7 4 ?IK 7MH �G?B9gOQ7:R\H �"D � � =\H ?ILPOQ7 V = OQ?YR\Z � � 7:L�OQ;"?BH
ZbRSJ V ?IK 465

�
�
� � � � ������� � � � � � � �:=1DMm �

<\l



��R@OQ?8ON;>=@O_7:H �h7:]1D ="DMmXOQ;1? H"RS7:LP?g-/R\H1A 5 ?IH1?BJP] 5 7:L 7:H6OQ?I]SJQ=@ON?BK R `\?BJ ON;1?�LN= V ?

FE?BJN7MRGK =\L OQ;"? LN7:]\H>=\A���H1R\7:LN?X?BH"?BJN] 5 � � � � � � � D � R\J FE?BH19I7:AW- 4 ?B= V L 5 LPON? V L 7MO 7MLT=\KG-
`@=\H6O<=\]\?BRSU1L�OQRYFE?BJPZbR\J V OQ;1?�H"RS7:LP?g-/R\H1A 5 7:H6ON?B]SJN=@OQ7MRSH LP7 V U1AWO<=\H"?BRSU1L ��7MON; OQ;1?�LP7:]SH1=\A���H1RS7MLN?
V ?i=\LPU1JN? V ?IH3O � JQ= OQ;1?IJfOQ;1=\H =@O =�K17 � ?IJN?BH6OfOQ7 V ? =\LfO 5 F17M9i=\AMA 5 K1R\H1? ��7WOQ; Z[=\H�- 4 ?i= V L 5 L,-
OQ? V LID��);17:L�7:L 4 ?I9i=\U1LP?fON;1?fZbR�R\OQF"JN7:H6O%7:L%LN9B=\H1H1?IK R `S?BJ�OQ;1?fLNU1J�Z[=\9B? =@O�=@H�? �#?B9gOQ7W`S?jLPF#?I?BK

OQ;1=@O 7:L V U19<; ]SJN?B=@OQ?IJ ON;>=\H OQ;1? LPF>=\9B?I9BJN=@Z O V R\ON7:RSH.D $+RSH"LN?Be3U1?IH6OQA 5 �&OQ;1? LP9B?BH"? 4 JP7:]S;6OP-
H1?ILNL ON? V F#?IJQ=@ONU1JN? � ��;17M9<; 9BR\H3ONJN7 4 U"OQ?ILfONR8OQ;"?_H1R\7:LN? FER���?BJf?BH1?IJN] 5 ONR 4 ?_LPU 4 OQJN=\9ION?BK 7MH
��e D ��=1DWm�� � V = 5 9<;>=\H"]S?Te3U17:9 �3A 5 D �);3U1L �+= LN7 V U1AMOQ=\H1?BR\U1Lj7:H6ON?B]SJN=@OQ7MRSH 7:H1LPU1JN?ILjOQ;>= O � � � �
=\H1K � � � � ��=\JN? c>AMON?BJP?BK `S?BJPLN7MRSH1L R@Z+OQ;"? LQ= V ? F1JPRG9I?BLNL ��=\H1K ?BAM7 V 7:H>=@ON?BL�?IJNJPRSJNL�9i=\U"LN?BK 435
H1RSH�-/LPOQ=@OQ7MRSH>=\JP7MO 5 D

2

T1

T2

2

T1

T2

Surface Echo
+

Thermal Noise

Es+n

Eno

s(t) + η(t)

so(t) + ηo(t)

Br

Bn

�h7M]SU1JN?�=1DMm � �G7M]SH>=\A1F"JNR�9B?BLPLN7MH1]�=\F1F1JPR6=\9<; ZbRSJ 4 ?B= V ��7MK"OQ;G- A:7 V 7WOQ?BKfLN9B=@ONON?BJNR V ?gOQ?BJ�L 5 LPOQ? V LID
�);1? 9BR Vj4 7:H"?BK ?B9<;1R8=\H1K L 5 L�OQ? V H1RS7:LP?YLN7M]SH>=\AML�=\JN? 4 =\H1KG- F>=\LNLP?BK c>AMON?BJP?BK OQR 4 =\H"K ��7:K"ON;
� ��ZbRSJ%ON;1? ��LN7:]\H>=\A���H1R\7:LN? � 9<;1=\H1H1?IA �.=@H1K � � ZbRSJ�OQ;1? �PH1RS7MLN?g- RSH1A 5�� 9<;>=\H1H"?BA D � �%R\OQ?�OQ;>= OOQ;"?fOQ?IJ V �PH1R\7:LN? -/RSH"A 5 � 7ML
U1LP?BK ZbRSJ%;17MLPOQR\JN7:9B=\A F1U1JPF#R\LN?BLID
�/H JP?i=\AM7MO 5 � ON;1? H"RS7:LP?g-/R\H1A 5 V ?i= -
LNU"JN? V ?BH6O�9i=\HX9BR\H3OQ=\7:HXLNR V ?�RSJ�=\AMA.R\ZdOQ;1?�?B9<;"R ?BH"?BJN] 5 =\L ��?BAMA D � �);"?�?IH1?BJP] 5 7:HTOQ;"?�O ��R
9<;>=\H"H1?BAML%7ML�K1?ION?B9ION?BK 435 V =\]\H17MONU1K1?�LNe3U>=@JN7:H"]_=@H1K87MH6OQ?B]\JQ=@ON7:H1]jON;1?�K1?ION?B9ION?BKX`SRSAWO<=\]S?ILBD

�/H �d7:]1DO="D k ��=�ZbJN?Ie�U"?BH19 5 K"R V =@7:H JN?IF1JN?ILN?BH6OQ=@OQ7MRSH R\Z#OQ;1?%F1JPRG9I?BLNLP7:H1]f7:H �h7M]1DO=1DWm
7:L�LP;1R���H.DY�);1?YOQ;"?BJ V =\A H"RS7:LP?jLNFE?B9gOQJNU V 7:L�=\LPLNU V ?BK OQR 4 ? = ��;17MON?YH1RS7:LP?YF1JNR�9B?ILNL ��7MON;

= 9BRSH1L�O<=\H6OfF#R���?BJ�LNFE?B9gOQJQ=@A*K"?BH1LP7MO 5 R `S?IJ�ON;1?YZbJN?Be3U1?IH19B7M?BLfR\Z&7MH3ON?BJP?BLPOBD_�);"?_?I9<;1R�JP?IOQU"JNH
;>=\L�=_H>=\JNJPR�� 4 =\H1K LNFE?B9gOQJPU V R\Z ��7:KGOQ; �

�
9B?BH6ON?BJN?IK R\H OQ;1?jONJQ=\H1L V 7WO
9B=\JNJP7:?IJ
ZbJN?Ie�U"?BH19 5

�[F"A:U1L�RSJ V 7:H3U1L�ON;1? ��RSF1F1AM?BJ�LP;17MZ O�K1U"? ONRTOQ;1? JN?IAa=@ON7M`\? V R\ON7:RSH�R\Z�ON;1? LQ=@ON?BAMA:7MON?Y=\H1K OQ;"?

�(=\JPON; �gD��GU1FE?BJN7 V FERSLP?BK RSH ON;1?BLP?�LPF#?I9IONJQ= =@JN?)OQ;1?�LP7:]SH>=@A���H1RS7MLN?�=\H1K H1RS7MLN? -/RSH1A 5j4 =@H1K1F>=\LPL
c>AWOQ?BJ RSF#?IJQ=@ON7:RSH"LBD �/H1K17:9B=@OQ?IK =\JN? O ��R =\F1F1JPR6=\9<;1?IL ZbR\J OQ;1?TH"RS7:LP?g-/R\H1A 5 c>AMON?BJP7:H1] � = H1RSH�-

<Gm



Bs

Br

Bn (Non-overlapping Placement)Bn (Overlapping Placement)

Thermal Noise
Spectrum

Echo Spectrum

Frequency

�h7M]SU1JN? =1D k � �G7M]SH>=\A F1JPRG9I?BLNLP7:H1]YR@Z��h7:]1DC=1DWm�LN;"R���H ZbJPR V OQ;1?�FE?BJPLNFE?B9gOQ7M`\?�R\Z OQ;"?
ZbJN?Ie�U"?BH19 5
K1R V =\7MH.D �);1?)?B9<;1R�LP7:]SH1=\AGLPF#?I9IONJNU V =\H1K ON;1?BJ V =\A�H1RS7MLN? � RGRSJd=\JP?&LN;1R���H.Dh�
L K1?ILN9IJN7 4 ?BK 7MH
OQ;"?�OQ? ��O �@ON;1?+H"RS7:LP?g-/R\H1A 5 c1AMOQ?IJN7MH1]�F1=\LNL,- 4 =\H"K V = 5 RSJ V = 5 H"R\OhR `\?BJNA:=\F ON;1?�?I9<;1R�LPF#?I9IOQJPU V D

R `S?IJNAa=@F1F17:H"] F1Aa=@9B? V ?BH6O
R\Z(OQ;1? 4 =\H1K1F>=@LNL�JN?I]S7:R\H ��;17M9<; JN? �P?I9IONL�OQ;1?j?I9<;1R LNFE?B9gOQJNU V � =@H1K
=\H R `S?IJNAa=@F1F17:H"] F"Aa=\9I? V ?BH6O%R\ZdON;1? 4 =\H1K"F>=\LNL%JN?I]S7:R\H ��;17:9<;X7:H19IA:U1K"?BL)OQ;1?�?I9<;1R_LPF#?I9IONJNU V D

C ;1?IHfOQ;"?�H1R\7:LN? -/RSH"A 5 c1AMOQ?IJN7MH1])JN? �P?B9IONL�ON;1?*?BH6OQ7MJN?(?B9<;1R�LNFE?B9gOQJNU V ON;17:L 7ML OQ?BJ V ?IK
OQ;"? ��H1RSHG- R `\?BJPAa=\F1F"7:H1] � 9B=\LN?�ZbRSJ ��;17M9<;

� � �
������� � ��

�
� � � � � � � � � � � � �:=1D k �

� � � � � � � � � ��� � � � � � � � �
��;1?IJN? ��

�
7:LfOQ;1? ONR\O<=@A�?IH1?BJP] 5 7MH OQ;1? ?I9<;1R�� � �Y7ML OQ;"? ? �#?B9gOQ7M`\? 4 =\H1K ��7:K"ON; R\Z�OQ;1? LP7:]@-

H>=\A ��H1RS7:LP?�9<;>=\H1H1?IA � � � 7:L(OQ;1?�? �#?B9ION7M`\? 4 =\H"K ��7:K"ON; R\Z.ON;1?%H1RS7:LP?g- RSH1A 5 9<;1=\H1H1?IA �G=\H1K � � 7ML
OQ;"?�ON;1?BJ V =\A H1RS7:LP?�F#R���?BJ%LNFE?B9IONJQ=\A K1?IH1LN7WO 5 D��/H�RSJPK1?BJ)ZbRSJ���e D �:=1DWm���OQR 5 7:?BAMKX=\H8U"H 4 7a=\LP?BK
?BL�OQ7 V =@ON?�R\Z OQ;1?�?I9<;1R_?IH1?BJP] 5 �>ON;1?�9BR�?�� 9B7M?BH6OQL � � =\H"K � � ZbRSJ&OQ;17ML)7:K1?B=\A:7 �B?IKT9i=\LP? 4 ?B9IR V ?

� � � m �:=1D �	�

� � � � �
� �

�

^�LP7:H1]�OQ;"?�H1R@O<=@ON7:RSH R\Z.�G?B9gOQ7MRSH �"D �"DWm �SOQ;"7:L(7:L(?Be3U17W`@=\A:?IH3O(ONRfLP?IONON7:H1] � � � l � 4 ?I9i=\U1LP?%ON;1?BJP?
7:L)H"R_LP7:]SH>=@A.9BR V FERSH1?BH6O�7MH ON;1?�H1RS7MLN?g- RSH1A 5 9<;>=@H1H1?BA �)=\H1K � � ���  ��� D

�>RSJ_ON;1? ��R `\?BJPAa=\F1F"7:H1] � 9i=\LP? ��R\Z OQ?IH�?i=\LP7:?IJ_OQR 7 V F1A:? V ?IH3O 7MH ;>=\JPK �&=@JN? ��OQ;"?
H1RS7MLN? -/RSH1A 5 c1AMOQ?IJ�7:H19IA:U1K1?IL&OQ;1?�?I9<;1R��E=\H1K	��?f;>=i`\?�ON;>=@O

� � �
������� � ��

�
� � � � � � � � � � � � �:=1D =�

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

<Sk



=\H1KX9BR\H1LN?Ie�U"?BH6OQA 5

� � �
�  
� �

�  
� � � m

�:=1D ; �

� � � m
�  
� � � m

�

�>RSJ�Aa=\JP]S?Y`\=@A:U1?IL R\Z �  
� �
��OQ;1?_9BR�?�� 9B7M?BH6OQL ZbR\J�ON;1?_O ��R c>AMON?BJP7:H1]XLPONJQ=@ON?B]S7M?BLf=\F1F1JPR6=\9<; OQ;"?

LQ= V ?�`@=\A:U"?\D���R\ON?�ON;>=@O���e3LBD ��=1D k	� - ��="D ;	�&=@JN?�? �"=\9gO
RSH"A 5 ZbRSJ&ON;1? �P7:K1?B=\A � LPF#?I9IONJQ=\A LN;1=\F#?IL

=\H1K c1AMOQ?IJ�JP?BLPF#RSH"LN?BL�LP;1R���H 7MH �h7M]1D*=1DWmSD��);1?ILN?Y?Be3U>= OQ7:R\H1L�=\JP?j=\K1?Ie3U>=@OQ?jZbR\J
7:H"7MOQ7:=\A.FE?BJ,-
ZbRSJ V =\H"9B? V R�K1?IA:7:H"]TF1U1JNFERSLP?BL �d9BRSH"LN7:L�OQ?IH3O ��7MON; ON;1?_F"JN7 V =\J 5 ]SR6=@A:L�R\Z�OQ;17ML�LP?B9gOQ7:R\H � 4 UGO

V = 5 JN?Ie3U17:JP?jL V =\A:A V RGK17Wc>9i= OQ7:R\H1L%ZbR\J
JN?B=\A:7MLPON7:9�LN7:]\H>=\A:L ��;1?BJP?YH1R\O�=@A:A�R\Z�OQ;1?Y?I9<;1R LN7M]SH>=\A
7:L)F1=\LNLP?BK 465 ON;1?�LN7:]\H>=\A���H1R\7:LN?%c>AMON?BJ �bLN?B? �G?I9IOQ7MRSH =1D kGD k �gD
� ��6 � @ � �C-I" 3�4��������� � -�4U$:-I���O� ) �*4 7 �� 8�C4�4H3 �� 8��� E�� + 4H-/��"P��$: N5$��!��-I�

�);1? 4 =\H1K ��7MK"OQ; R\Z�OQ;1?8JN?I9B?B7W`S?IK�?B9<;1R����
�
�&7ML = ZbU"H19ION7:RSH R\Z�OQ;"?�H>=@ONU1JN?8R\Z

OQ;"? OQJN=\H1L V 7MO
F1U1AMLN?\D��);"?YLN7 V F1AM?BLPO�OQJN=\H1L V 7MO�LN7M]SH>=\Ad7:L
= LN7:H"]SA:?�7:H6OQ?IJNJPU1F"OQ?IK $�C �b��$�C �

F1U1AMLN? �[LP?B?
�G?B9gOQ7:R\H �"D kGD ��gDd�);1?��������"$+��� LN9B=@ONON?BJPR V ?gOQ?IJ � R���H_RSH ON;1?
� � 5 A:= 4 V 7MLNLN7MRSH �
=\H ? �GF#?IJN7 V ?IH3OQ=\A�F#?IH19B7MAW- 4 ?B= V LN9B=@ONON?BJPR V ?gOQ?IJ =\H1K OQ;1?8F1JN?I9BU1JPLNRSJ OQR V R�K1?BJPH L 5 LPOQ? V L �
U"ON7:A:7 �B?IK ON;17:L+=\F1F1JPR6=\9<; � m�< � D �);1? V ?i=@LNU1JP? V ?BH6O+`@=\JP7a=\H19I?�=\LPLNR�9B7:=@OQ?IK ��7MON;_OQ;"?
?B9<;"RjZbJNR V
=\H ��$�C ONJQ=\H"L V 7MO F"U1A:LP? 7ML OQJP?i=@ON?BK 7:H = L�OQJQ=@7:]S;6ONZbR\J �+=\JNK V =\H1H1?IJTU"OQ7MA:7��I7:H1] LPOQ=\H1K>=\JPK
LPONRG9<;1=\LPON7:9 LP7:]SH1=\A F1JNR�9B?ILNLN7MH1] OQ;"?BRSJ 5 D%�);1?jJN?ILNU1AWOQ7MH1] ?Ie�U1=@OQ7MRSH�ZbRSJ � ���&7ML
K17MLN9BU"LNLN?IK ;1?BJP?
OQR V R\ON7M`@=@OQ?�OQ;"?�H1?B?IK ZbR\J V R\JN?
LPRSF1;17MLPON7:9i= OQ?BK ONJQ=\H"L V 7MO&LP7:]SH1=\A V R�K1U1Aa= OQ7:R\H =\K1K"JN?BLPLN?IK87MH

OQ;"? ZbR\A:A:R���7MH1] LP?B9ION7:RSH Dj�);17:L�K"?I`S?IA:RSF V ?IH3Of=\AMLNRTF1JPR `G7MK1?BL�LPR V ?YLP7 V F1A:7WZ 5 7:H1]_JN?BLPU1AMONL�OQ;>= O

=\JP?�R@ZhU1LP?�7:HTOQ;1?ILN?�Aa=@ON?BJ&K"7:LN9IU1LNLP7:RSH"LBD

�);1? ONJQ=\H1L V 7WO 4 =\H1K ��7MK"OQ; ����� ��R\Z�=@H���$�C F"U1A:LP? 7:L_]S7M`\?BH 465 ����� m�� � � �
��;1?IJN?�� � 7:L�OQ;1?YF1U"A:LN? AM?BH1]\ON;.D��);1? ��RSF1F1AM?BJ�LP;17MZ O 4 =\H1K ��7MK"OQ; 9BR `\?BJN?IK 465 ON;1? =\H6OQ?IH1H>=
4 ?i= V ZbRGR@OQF1JP7:H6O 7ML K1?Ic1H1?BK =\L � � � D C ;1?IH � � � � �����%ON;1? 4 =\H1K ��7:K"ON;�R\Z�OQ;1? ?I9<;1R
JN?gOQU1JPH 7:L�=@F1F1JNR �G7 V =@ON?BA 5 �

�
� � � � D��>U1J�OQ;1?IJ V RSJN? � ��;1?IH ON;1?jOQJN=\H1L V 7WO�F1U1AMLN?jAM?BH1]@OQ; 7ML

V U19<; AMRSH1]S?IJfON;>=\H ON;1? 4 ?B= V c>A:A(OQ7 V ? � 7 D ?@D � � � � � ��� �	��;1?BJP? � ��� � 7:LfK1?Ic>H"?BK =\Lj7MH
��e D � �"D ;Sk	� � ��OQ;1?�?I9<;1R JN?gOQU1JPHX9B=\H 4 ? V R�K1?BAM?BKT=@L�=jLPO<= OQ7:R\H>=\J 5 4 =@H1KG-/AM7 V 7MON?BK ��;"7MOQ? -/H1R\7:LN?
F1JPRG9I?BLNL ��7WOQ; 4 =\H"K ��7:K"ON; �

�
� m�< � D �
LNLPU V 7:H1] ON;>=@OjON;1?TF#R���?BJYLPF#?I9IOQJN=\A&K1?IH1LN7WO 5 R\Z�OQ;"?

< �



?B9<;"R 7:L(JP?B9IOQ=\H1]SU"Aa=\J(7:H LP;>=\FE? �[=\L�7MA:AMU1LPONJQ=@ON?BKY7:H_�h7M]1DO=1D ��hOQ;1?%9BR\JNJN?IAa=@ON7:RSHjZbU"H19ION7:RSH R\Z � � � �

7:L)]\7M`S?IH 465 � �O? �
�
�
� � � � �
�

m� � LP7:H19	� k � � � � � � � � � �:=1D �	�

C ;1?IH � � �
� �

m � ��;17M9<; 7ML�O 5 F17:9B=\A:A 5 ON;1? 9i=\LP? ZbR\J�=XLP7:H1]SAM?jA:R\H1]TOQJQ=@H1L V 7MO�F"U1A:LP? � OQ;1? �

OQ?IJ V 7MHX�(e D ���"D �O<	�+7:L ��?BAMA =\F1F1JPR �G7 V =@ON?BKX=\L � m�< �
� � m� �� 	 � �

�
�
	 � �
�
�
LP7:H19 � � k �

�
� � � � � � � � � � �

m� � �
�

� �:=1D < �

��R@OQ?�OQ;>=@O�ON;1?�ON;1?BJ V =@A H1RS7:LP?�7:L%= 4 =\H1KG- A:7 V 7MON?BK ��;"7MOQ?�H1RS7MLN?�F1JPRG9I?BLNLP?BLID&C ;1?BH � � � �
�

=\H1K OQ;"?�JP?B9I?B7M`\?�]6=@OQ?�7ML)LN?IO%LPU19<;8ON;>=@O � � � � � � � � �"ON;1?BH � � � � � � ��� �
�
� � � � ��=@H1K

�
�

k� � �
�

�:=1D ?	�

� �

m� � �
�

�

C 7MON; LP9i=@OPOQ?IJNR V ?ION?BJ L 5 LPON? V L �&7WO_7ML F#RSLPLN7 4 A:?TOQR ;>=i`S?8= `\?BJ 5 ��7:K1? 4 =\H1K ��7:K"ON; ZbRSJYOQ;"?
H1RS7MLN? -/RSH1A 5 V ?i=\LPU1JN? V ?IH3OBD �);17:L_7:L K1?BLP7:JQ= 4 A:? 4 ?I9i=\U"LN? = ��7:K1? 4 =\H1K ��7:K"ON; JN?IK1U19I?BL OQ;"?
H1RS7MLN? -/RSH1A 5 9BRSH6OQJP7 4 UGOQ7:R\H�OQR ON;1?jR `S?IJQ=\AMA V ?i=\LPU1JN? V ?IH3O�`@=\JP7a=\H"9B?\D�C ;"?BH � � � � � � OQ;"?BH
� � � � � �&=\H1K OQ;"?8LP7 V F1A:7Wc>9i=@ON7:RSH"L K17MLN9BU"LNLN?IK�=@O OQ;"?8?IH1K R\Z��G?B9gOQ7MRSH �GD �"DWmX=\F1F1A 5 �[7 D ?@D �
� � � � � � � �&=\H"K � � � �gD �
AMLNR�� ��;1?IH � � 7MLYAa=\JP]S? � � � � m ZbR\JjOQ;1? R `S?IJNAa=@F1F17:H"]
4 =\H"K ��7:K"ON; 9B=\LN?@D ^%OQ7MA:7 �B7:H"]_OQ;"?BLN?_=\F1F"JNR �G7 V =@OQ7MRSH1L ��7WOQ; ��e�LID ��=1D <	��=\H1K �:=1D ?	� �.OQ;"? 4 ?BL�O
=\9<;17M?I`@= 4 AM? � ���(ZbRSJ&OQ;1?�7MH3ON?BJPJNU1F"ON?BK�$�C ONJQ=\H1L V 7WO)F1U1AMLN? 4 ?B9BR V ?IL

� ��� � m

� � � � � � m
�
k
�"�
�

� m
�"�
� �  �� � �:=1D �	�

��;1?IJN?�OQ;1?�LN7M]SH>=\A - ONR@-/H1R\7:LN?%JQ= OQ7:RY7ML�]S7M`\?BH 465

�"��� �
��
�� � �
� � � � ��=1DWm l�

��e3U>=@OQ7MRSH ��="D �� ;1=\LT7 V F#R\JPO<=@H3O_7 V F1AM7:9i= OQ7:R\H1LYZbRSJ V R\OQ7W`\= OQ7:H"] OQ;"? =\K"`@=\H19I?BK

FE?BH19I7:AW- 4 ?B= V LP9i=@OPOQ?BJPR V ?IOQ?IJ V ?i=@LNU1JP? V ?BH6O ON?B9<;1H17Me3U1?BL K"7:LN9IU1LNLP?BK�7MH ON;1?8ZbRSAMA:R���7:H"] LN?B9 -
OQ7MRSH1LID �/H ON;17:L�? �"F"JN?BLPLN7MRSH = �@? 5 Z[=\9gOQRSJ�K1?gOQ?BJ V 7MH17:H"] ON;1? V ?B=\LNU1JP? V ?BH6O�`\=@JN7a=@H19B? 7:L�OQ;"?

OQ7 V ? - 4 =@H1K ��7:KGOQ;�F1JPRGK1U"9IO � � � �
�
����;"7:9<;�? �#?B9ION7M`\?BA 5 LN?IONL OQ;1?(H3U Vj4 ?BJ R\Z�7:H"K1?BFE?BH1K"?BH6OhAMRGR ��L

=\9<;17M?I`\?BK ZbR\JjOQ;1? V ?i=\LPU1JN? V ?IH3OBD C 7MOQ; FE?BH"9B7:A - 4 ?i= V L 5 LPON? V L_? V F"A:R 5 7:H1] ��$�C F1U1A:LP?BL �

<U=



;1R���?I`S?IJ �&ON;1?BJP?�=\JP? ZbU1H1K>= V ?IH3OQ=\A)A:7 V 7WOQLfRSH ;"R�� Aa=\JP]S? OQ;"7:LYOQ?IJ V 9B=\H 4 ?\D �);1?XLN7M]SH>=\A

4 =\H"K ��7:K"ON; 7MLfAM7 V 7MOQ?IK 465 ON;1?_��RSF1F1AM?BJ�JQ=\H1]\? =\LPLNR�9B7:=@OQ?IK ��7MON; ON;1? LP7��I?_R\Z+OQ;1?_=\H6OQ?IH1H>=
ZbR�R\OQF1JP7:H6O R\HjOQ;1?)LPU1JPZ[=\9I? �	� � � Dh�=@JN]S?IJhZbRGR@OQF1JP7:H6OQLdA:?i=@K17:H1]�OQR�Aa=@JN]S?IJ ��RSF1F"A:?BJ 4 =\H1K ��7:K"ON;1L
9i=@H 4 ?�? V F1A:R 5 ?IK � 4 U"O�=@O�ON;1?�? �GF#?IH1LN?fR\ZdK1?B]SJN=\K1?IK�JN?ILNRSAMU"OQ7MRSH �>=@HXU"H>=\9B9I?BF"OQ= 4 AM?fRSFGOQ7:R\H
ZbRSJ V =\H 5 =\F1F"A:7:9B=@OQ7MRSH1LID��);"?
=i`@=\7:A:= 4 AM?+F1U1AMLN?�A:?IH1]\ON; � � � �67ML(?I`S?IH V RSJN?)L�OQJP7:9IONA 5 A:7 V 7WOQ?BK 435
OQ;"?�OQ7 V 7MH1]�9BR\H1LPONJQ=\7MH3ONL&=\L�K17:LP9BU1LPLN?IKT7:H �G?B9gOQ7:R\H �"D>=1D�'+?I9i=\U1LP?�ON;1?
FE?BH19I7:A - 4 ?i= V ZbR�R\ONF1JN7MH3O

7:L V R `�7:H"]8LPR e�U"7:9 �3A 5 R `S?IJ OQ;1? LNU1J�Z[=\9B? �hOQ;1?IJN? 7ML V U"9<; A:?ILNLj7MH3ON?B]SJN=@OQ7MRSH OQ7 V ? =i`\=@7:Aa= 4 A:?
9BR V F>=@JN?BK ONR OQ;1?fZ[=\HG- 4 ?i= V 9B=\LN?@D���A:A�OQ;1?ILN?Y? �#?B9gOQL�LP?BJP`\?YOQRTA:7 V 7WO)OQ;1? =@9<;17:?g`\= 4 A:? � � �

�

RSH19I?)=
]S7W`S?IH =\H6OQ?BH"H>= 4 ?B= V ��7MK"OQ;j;1=\L 4 ?B?IH LP?BAM?B9ION?BK.Dh�);1?BJP?IZbRSJP? �SOQR�ZbU1JPON;1?BJ 7 V F"JNR `S? � ���
7MO�7ML�H"?B9B?ILNLN=\J 5 OQRX9BRSH"LN7:K"?BJ V ?gOQ;1R�K1L ��;17:9<; V = 5 7:H6`\RSAM`\? V RSJN? LPRSF1;17MLPOQ7M9i=@ON?BK OQJN=\H1L V 7MO
F1U1AMLN? V RGK1U"Aa=@ON7:RSH1L*OQ;>=@H ON;1?�7:H6OQ?IJNJPU1F"OQ?IK $�C 9i=\LP?�K"7:LN9IU1LNLP?BK�ON;3U1L)Z[=\JBD

� ��6 � T � ��� ) �!4MKM��-/� ��$��� 8Q�J % $�� $  8��� � �����B$�� J KM�C-I� N ��"' 8��� " F� ���:� ��$���� � ���5J
3��:-� 8��� +�4�-I��"P� $  ��G3���" ��"

�
AWOQ;1R\U1]S; ON;1? 7MH6OQ?B]\JQ=@ON7:RSH OQ7 V ?YZbRSJfF#?IH19B7MAW- 4 ?i= V L 5 LPON? V Lj7:L�OQ7M]S;6OQA 5 A:7 V 7MON?BK

465 OQ;"? JN=\F17MK LP9i=\H"H17:H1] V R\OQ7MRSH R\Z*OQ;1? =@H3ON?BH1H1= �d7WO�7:L�FERSLPLN7 4 A:?jOQR 7MH19BJP?i=\LP? ON;1? ? �#?B9gOQ7M`\?
H3U Vj4 ?BJ�R\Z AMRGR �3L 465 ONJQ=\H"L V 7MONON7:H1] = ��7:K1?IJ 4 =@H1K ��7:KGOQ;�LP7:]SH1=\A OQ;>=\HXOQ;>= O
9IJN?i= OQ?BK 435 OQ;"?
��RSF1F"A:?BJ)LP;17MZ O%=@A:RSH1?@D��);17:L V = 5T4 ?�=\9I9BR V F1AM7:LN;"?BK 465TV R�K1U1A:=@OQ7MH1] ON;1?�OQJQ=@H1L V 7MO�F1U"A:LN?�7MH

=X`@=\JP7:?gO 5 R@Z)K17 �#?BJP?BH6O �&= 5 LBD�� R\J = V R�K1U1A:=@OQ?IK LP7:]SH>=@A ��;1R��+?g`S?BJ � OQ;1?_?B9<;1R JP?IONU1JNH K1RG?IL
H1R\O�;>=i`S?�LQ= V ?%LN7 V F1AM?%L�OQR�9<;>=\L�OQ7:9%K1?ILN9BJP7:F"ON7:RSH =\L(OQ;>=@O�F1JP?BLN?IH6OQ?BK 7MH ��e3LBD ��=1D ���=\H1K ��=1D <	�gD
��H"? � � V RSJN?�]S?BH"?BJQ=@AEZbRSJ V U1A:=@OQ7MRSH ZbR\J*ON;1?�9BR�?�� 9I7:?BH6ONL � � � �>=\H1K � �[=\H1K 9IRSH1LN?Ie3U1?BH6OQA 5 � �
� =\H1K	� � V U"LPO 4 ?�K"?BJN7W`S?IK.D

�/HX]S?BH1?IJQ=\A �"OQ;"?�ONJQ=\H"L V 7MO)LP7:]SH>=@A.9i=\H 4 ? ��JP7MOPOQ?BH 7MH ON;1?�ZbRSJ V

� � � � � � � � 
 � � ��	���� � � � ��=1DWmSm��

��;1?IJN? � � 7:LdON;1?+ONR\O<=\A�?BH"?BJN] 5 7MH OQ;1?�OQJQ=@H1L V 7MOdF1U1AMLN?)=\H"K 
 � � �d7MLdON;1?&9BR V F1AM? � V RGK1U"Aa=@ON7:RSH

7 V F>=\J�OQ?IK OQR OQ;1?�OQJN=\H1L V 7WO)F1U1AMLN? ��;17:9<;X7:L)H"RSJ V =\A:7 �B?IK LNR OQ;>= O

	 � 	� � 
 � � � � � � � � m � ��=1DWm k	�

�);1?TJP?IOQU"JNH ?B9<;"R 7MLfON;1? LNU V R\Z�JP?IOQU"JNH1LjZbJPR V 7:H"c>H"7MOQ?ILN7 V =\A(LP9i=@OPOQ?BJP7:H1] F1=@OQ9<;1?ILYRSH OQ;"?

R�9B?i=@H LNU1J�Z[=\9B?@D��);1?jJN?gOQU1JPH�ZbJNR V ?i=\9<; F1=@OQ9<; 9B=\H 4 ? JP?BF1JP?BLN?IH6OQ?BK =\L�= ��R\F1F1A:?IJ�LP;17MZ ON?BK �

<O;



JQ=@H1]S?�K1?IAa= 5 ?IK �1F1;1=\LN?IKXLP;17MZ ON?BK �1=\H1KTF>=@ON; =@ONON?BH3U>=@ON?BK JN?IF1A:7M9i= R@Z OQ;1?
ONJQ=\H"L V 7MONON?BK LP7:]SH1=\A D
�/HYOQ;17ML(=\H>=\A 5 LN7:L �S7MO 7:L�9BR\H3`\?BH17M?BH6O(OQR�A:R�9i= OQ?+ON;1?)F#R\LN7MON7:RSH R\Z ?B=\9<; F>=@OQ9<; 465 7WOQL 9IRGRSJPK17:H1=@OQ?IL
7:H�K1?IAa= 5 �\��RSF1F"A:?BJ LPF>=\9I?+=\L 7MA:A:U"LPOQJN=@OQ?IK�7:H��h7M]1D �"D kGD C ;1?BH�OQ;1?(K17 V ?IH1LN7MRSH1L R\Z�OQ;"?(ZbR�R\ONF1JN7MH3O
=\JP?fL V =\AMA 9BR V F>=\JP?BK OQR OQ;1?�LN9B=\H JQ=@K17:U1L �[7 D ?@D � � � �

���
� ����� �&OQ;1?ILN?f9BR�RSJNK17MH>=@ON?BL%U1H17:e3U1?IA 5

A:R�9i= OQ?�?i=@9<;8FERS7:H6O ��7WOQ;17MH OQ;1?�=\H6OQ?IH1H>=YZbRGR@OQF1JP7:H6OiD
�
LPLNU V 7:H"]fOQ;1=@O�ON;1? 4 =\9 �3LN9B=@ONON?BJ)9BJPRSLNL,-/LP?B9ION7:RSH_R `S?BJ�OQ;1?�ZbRGR@OQF1JP7:H6O*7:L*9BRSH1L�O<=\H6O �

OQ;"?�9IR Vj4 7MH1?BK ?I9<;1R JP?IOQU"JNH � � � � �+9B=\H 4 ? ��JN7WONON?BH

� � � � �
����
� � � �� � � � �
�:=�� ��� �
 � 	

�
�
	 ���
� � � ��� � � ��� � � ��� � � � 
 � � � � � � ��=1DWm ��

� 	���� ��	���� � 	�� � � ��� 	 � � � � � � � � � � � � ��� � � � � �
��;1?IJN? � �j7:L%OQ;1?jH"?IO�FE?i= � ]6=@7:H R\ZhOQ;1?j9IR Vj4 7MH1?BK8OQJQ=@H1L V 7MO��@JN?I9B?B7W`S? =\H6OQ?BH"H>= 4 ?B= V F>=@OP-
OQ?IJNH1L � �
 7:LYON;1?�=i`\?BJQ=@]S?8JN=\H1]S? R `S?IJ_ON;1?XZbR�R\ONF1JN7MH3O ��OQ;1?X7:H6OQ?I]SJQ=@A)7:L F#?IJPZbRSJ V ?IK R `\?BJ_=\A:A
��RSF1F"A:?BJ � � � �&=\H1K K1?BA:= 5 � � � �+FERSLN7WOQ7:R\H1L ��7MON;17:H ON;1?�ZbRGR@OQF1JP7:H6O)JN?I]S7:R\H � � � � � � � � �&7ML&OQ;1?�H1?gO
H1RSJ V =@A:7��I?BK ]6=\7:H F>=@OPOQ?BJPH =@O ON;1? FERSLN7WOQ7MRSH R\Z�ON;1? F>=@ON9<; �(=\H1K � � � � ��� � � � � � � � � � 7ML OQ;"?
7:HGc>H17MON?BLP7 V =\A&LNU"JPZ[=\9I? =\JN?B= =\LPLNR�9B7:=@OQ?IK ��7MON; OQ;"?�LN9B=@ONON?BJP7:H1] F>=@OQ9<; =@O AMRG9B=@OQ7MRSH � � � � � � �gD
�);1?�OQ?IJ V L � =\H1K ��JN?IF1JN?ILN?BH6O%OQ;1?�JN=\H1K1R V = V F"A:7MONU1K1?�=@H1K F1;>=\LP?fK1U"?�ONRYOQ;1?�Z[=\K17MH1] �[R\J
LNFE?B9 �3AM? �&ZbJNR V OQ;1?�LN9B=@ONON?BJP7:H1] F>=@ON9<; �E=\H1K ;>=i`S?�OQ;"?�F"JNRSFE?BJ�OQ7:?IL

��� � � � � ��� � ��� � � m ��=1DWmP= �

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

��?Ic1H17:H1]YON;1?�? �#?B9ION7M`\?�ZbR�R\ONF1JN7MH3O%=@JN?i= ���
�
� � �>=@L

�
�
� � � 	

�
�
	 � �
� � � � ��� � � � � � � � ��� � � ��� � � � � � � ��=1DWm�;	�

��e D ��=1DWm ��+7ML)JN?i=@JNJQ=@H1]S?BKX7:H6ONR ON;1?�ZbRSJ V U1LN?IK�7MH���?B9ION7:RSH �"D �"DWm 435 ��JP7MON7:H1]

� � � � � � ��
�
� � � ��� ��=1DWm���

��;1?IJN?�OQ;1?�? �GFE?B9gOQ?BKXOQR\OQ=\A.?IH1?BJP] 5 7:HTOQ;"?�?I9<;1R JN?IONU1JNHX7:L)]\7M`S?IH 465

��
�
�
� � � �� � � � � � ���	�

��=�� � � �
 � � ��=1DWm�<	�

<��



=\H1K OQ;3U1L

� � � � � m

� � � � �
	
�
�
	 ���
� � � ��� � � ��� � � � � � ����
 � � � � � � ��=1DWm8?�

� 	���� � � 	������ � 	���� � ��� 	 � � � � � � � � ��� � � ��� � � � � ���
�);1?�9BRSJPJN?IAa=@ON7:RSH ZbU"H19ION7:RSH R\Z�OQ;1?�LP7:]SH>=@A � � � �&7:L

�
�
� � � � � � m

�
�
� �

	 	 
 � � � � � � 
���� � � � � ��� � � � � � � � � ��=1DWm ��

� 	������ � � 	�� � � � � � � � � � � � � � � � ���
C ;1?IH�OQ;1? LN7M]SH>=\A ��H1RS7:LP? =\H1K�H"RS7:LP?g-/R\H1A 5 c1AMOQ?IJN7MH1] RSF#?IJQ=@ON7:RSH"L�=\JP? =@F1F1JNR �G7W-

V =@OQ?IK8=@L%7MK1?i=@A 4 =\H1K"F>=\LNL�c>AWOQ?BJPL � ��?�;>=i`S?�OQ;>=@O

� � � � � � �
�
m

��� � � � � � LN7MH19� k � � � � � � � � ��=1D k\l�

� � � � � � � �
�
m

��� � � � � � LP7:H19	� k � � � � � � � ���

�>RSJ)OQ;1?fH1RSHG- R `S?BJPAa=\F"F17:H1] H1RS7MLN? -/RSH1A 5 c>AWOQ?BJP7:H1] 9B=\LN?fR\Z(�h7M]1DI=1D k �>OQ;1?�9BRSJPJN?IAa=@ON7:RSHTZbU1H19gOQ7MRSH
K1?gc>H17MON7:RSH"L�]S7W`S?IH 7:H��(e3LID ��="DMm8?	�/- �:=1D k\l�)=\A:AMR���=_9IR V F"A:?ION?fLPRSA:UGOQ7:R\HXONR OQ;1? � ���&?Ie�U1=@OQ7MRSH
��;1?IHf7MH1LN?IJPOQ?IKf7MH6OQR���e3LBD � �"D �B<	� - ���"D =Sl�gD �b�);17:L 7ML OQJPU1? 4 ?I9i=\U1LP? � � ��l)=\H"K � � � � � � � � ��� l�gD
C ;1?IH_OQ;"?�LP7:]SH>=@A���H1RS7MLN?+c>AWOQ?IJ 4 =\H1K ��7MK"OQ;_7:L ��7MK1?�?BH1RSU"]S;_ONRfF>=@LNL(OQ;1?�?BH6ON7:JN?�?I9<;1R JP?IOQU"JNH
LN7M]SH>=\A � =\H1K�OQ;"?*H"RS7:LP?g-/R\H1A 5 c>AMON?BJ R `S?IJNA:=\F1L OQ;1?�?I9<;1R�� OQ;1?IH �

� � � � � � �
� �
� � � � � � � �
�	�

�
� � � � �

=\H1K � � � � � � � � � � � � � � � � � Dj�);1?BLP? ZbU"H19ION7:RSH1L�9B=\H =\A:LPR 4 ?YU1LP?BK ��7MOQ; ��e3LBD ���"D �O<	�/- � �"D>=6l�
OQR R 4 O<=\7MH8=Y]S?IH1?BJN=\A LNR\A:U"ON7:RSH ZbRSJ ����QD

� ��6 � � N�$�� ���&$ � ��� 
���-I� ��"P$�"M�*) + 4H-/��"P��$: � ����3��:-� �$:�!� N� 84�-� 8�C�!$���"

� �"=\9IO�LNR\A:U"ON7:RSH1L#OQR � ��� 4 =\LP?BK�RSH�OQ;1?�]\?BH1?IJQ=\AS? �GF1JN?ILNLN7MRSH1L�]S7M`\?BH�7:H���e3LBD �:=1DWm8?�/-
��="D k\l	� V = 5Y4 ?�9i=\AM9BU1A:=@OQ?IK H3U V ?BJP7:9B=\A:A 5 � 4 UGO 5 7:?IA:K A:7WONONA:?+7MH1LN7M]S;6O(7:H6OQR ��;>=@O(ONJQ=\H1L V 7WO V R�KG-
U1A:=@OQ7MRSH 7:L 4 ?BL�O�ZbRSJ V 7:H17 V 7 �B7:H"] V ?i=\LPU1JN? V ?IH6O)`\=@JN7a=@H19B?@D��/HXON;17:L&LPU 4 LP?B9ION7:RSH �#=@H8=@F1F1JNR �G7W-

V =@OQ?�ZbRSJ V U1Aa=@ON7:RSHYZbRSJ � ��� 7ML+U1LP?BK ONR F1JPR `�7MK1?�= V RSJP?�7MH3ONU17MON7M`\?
=\LPLN?ILNL V ?BH6O)ZbRSJ(OQ;"?
? �#?B9gO
R\Z�OQJN=\H1L V 7MO V R�K1U1A:=@OQ7MRSH.D

C ? 4 ?B]S7MH 465 =\LNLPU V 7:H1]XOQ;>=@O�OQ;"? =\H6OQ?IH1H>= 4 ?B= V ZbRGR\ONF1JN7MH6Of9B=\H 4 ? =@F1F1JNR �G7W-

V =@OQ?IK 465 =YJN?I9IOQ=\H1]SU1A:=\J)JN?I]S7:R\HTRSHXON;1?�LNU1J�Z[=\9B? ����;1?BJP?

<O<



� � � ��� � � ���
��� ��
m � � � � ��� 7:AMA:U V 7:H>= OQ?BK JN?I9IOQ=\H1]SAM?
l R@OQ;1?IJ ��7:LP?\D

�);17MLY7:K1?B=\A:7 �B?BK JP?B9gO<=\H1]\U1Aa=\J =@H3ON?BH1H1= F>= ONOQ?IJNH 7:LY7MA:AMU1LPONJQ=@ON?BK 7:H �d7:]1D�=1D �GD ��R\ON?TOQ;>=@O =@L

OQ;"? =\H6OQ?IH1H>= 7MLfLP9i=\H1H"?BK 7:H = �B7 V U"OQ; �dOQ;"? K1?IAa= 5 =\H1K ��RSF1F"A:?BJ�AM7:H1?ILj=\LPLNU V ? =�K"7 �#?BJN?IH6O
]S?IR V ?gOQJ 5 JP?BAa= OQ7M`\?+OQR�ON;1?�=\H6OQ?IH1H>=�F>= ONOQ?IJNH �[9IR V F>=\JN?�OQR��h7M]1D �GD k	� Dh��R�=\LNLP?BLPL(ON;1?)? �#?B9gO(R\Z

OQ;"7:L&`@=\J 5 7MH1]Y]S?BR V ?gOQJ 5 �"O ��R_9B=\LN?IL�=@JN?�9BR\H1LN7MK1?BJP?BK � ��m ��OQ;1?�9B=\LN?�R\Z OQ;"?f=@H3ON?BH1H1= LP9i=\H"H1?BK

OQR =_LN7MK1?g- A:R�R �37:H1]_= �I7 V U"ON; � ���� � �Sl � � � ��;1?BJP?jOQ;1?f7:LPR@-,��RSF"F1A:?IJ�=@H1K 7:LPR@-/JN=\H1]S?�A:7MH1?BL�=\JP?
FE?BJNFE?BH"K17:9IU1Aa=\J �&=\H"K � k	�fON;1? ZbRSJ �+=\JPKG-/AMRGR �37MH1]�9B=\LN? � �� � � l � � � ��;1?IJN?TOQ;1?T7MLNR@-/��RSF1F1AM?BJ
=\H1KX7:LPR@-/JN=\H1]S?
9BRSH6OQR\U1JNL�=\JN?�F1=\JQ=\AMA:?IA D

∆td

∆ω
d

∆t
d ∆ω

d

θaz

S
pa

ce
cr

af
t M

ot
io

n

�h7M]SU1JN? =1D � � �G7 V F1AM7Mc>?IK =\H6ON?BH1H>=Y]S?IR V ?IOQJ 5 D �);"? 4 RSAMK JN?I9IOQ=\H1]SAM?BL�=\JP?�7:K1?B=\A:7 �B?IK LN;1=\F#?IL)R\Z
OQ;"?�=\H6OQ?IH1H>=fZbR�R\ONF1JN7MH3O*RSH OQ;1?�LNU1J�Z[=\9B?@D � � ��=@H1K � � ��=\JN?�OQ;"?
K1?IAa= 5 =\H1K ��R\F1F1A:?IJ ��7MK"OQ;"L
R\Z�OQ;1?�ZbR�R\OQF"JN7:H6O�JP?BLNFE?B9gOQ7W`S?BA 5 D(�);1?�A:7MH1?BL)R\Zd7:LPR@-/JN=\H1]S?�=\JN?�LN;"R���H87:H 4 A:=\9 � � =\H1K OQ;1?�A:7MH1?BL
R\Zd7:LPR@-,��RSF"F1A:?IJ)=\JN?�LP;1R���H�7MHX]\JQ= 5 �[9IR V F>=\JN?�ONR �h7:]1D �"D k	�gD

E -I" � 6�� N5$&���OJ % �5�*�$���� � �C�����C P4 �

�>RSJ)OQ;1?fLN7MK1?g- A:R�R �37:H1]Y]S?IR V ?IOQJ 5 9i=\LP? � OQ;1?�K17 V ?IH1LN7MRSH1L�R\Z ON;1?fJP?B9gO<=\H1]\U1Aa=\J�=\HG-

OQ?IH1H>= F>=@OPOQ?IJNH 7:H�K1?IAa= 5 �\��RSF1F"A:?BJ LNF>=\9I? =\JN? ]\7M`S?IH 435 � � � � � ��	 � � � � 	 � =\H1K � � � �
<9?



� � 	 � � � � 	 � JN?BLPF#?I9ION7M`S?IA 5 D)$+RSH1LP?Be3U1?IH3ONA 5 �#OQ;"?�?IA:? V ?IH3OQ=\A =\JP?i=jOQ?IJ V 7:HX��e D ��=1DWm�;	�+7ML%]\7M`S?IH
465

� � ��
 � � � �
� �
�
� �

� � � � � � � ��=1D kGm��

�
F"F1A 5 7:H"] OQ;17ML K1?gc>H17MON7:RSH�=@H1K OQ;1? 7MK1?i=@A:7��I?BK =@H3ON?BH1H1= F1=@ONON?BJNH�=@LNLNU V F"ON7:RSH K"7:LN9IU1LNLP?BK

= 4 R `S? �1ON;1?�9BRSJPJN?IAa=@ON7:RSH ZbU1H"9IOQ7MRSH �
�
� � � � � 4 ?B9IR V ?BL

�
�
� � � � � � m

� � � � � �
	 � ��� �
�
���

�
	 � ��� �
� ���
�

 � � � � � � 
 � � � � � � � ��=1D kSk	�

� 	������ � � 	�� � � � � � � ���
�/H1LP?BJPON7:H1]_��e D ��=1D kSk	�+7MH3ONRYOQ;1?�? �GF1JP?BLPLN7:R\H8ZbRSJ � �>��e D � �"D �B<	� 4 ?B9IR V ?IL

� � m
� � �� � � ��

	 � �
�
�
	 � �
�
�
	 � ��� �
�
���

�
	 � ��� �
�
���

�
	 � ��� �
�����
�
	 � ��� �
� ���
�

 � � � � � � 
 � � � � � ��� ��=1D k ��

� 
���� � � ��� � � 
 � � � ��� � � 	�� � � � 	 � �� � � � 	�� ��� � � � � � � ��� � � � �� � � � � �
�
L%=YLN7 V F"A:7Mc19i=@ON7:RSH ��9BR\H1LN7MK1?BJ)OQ;"?�7MH6OQ?B]\JQ=\A

	 � �
�
�

 � � � ��� � ��
���� � � � � � 	�� � � �� 	 � � � � � � ��=1D kU= �

^%ON7:AM7��B7MH1]fON;1?�LNU 4 LPOQ7WOQU"ON7:RSH"L � � � � � � � =\H"K � � � � � � � � �1ON;17:L 4 ?B9IR V ?BL

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


 � � � 
 � � � � � ��	 � � � �� 	 � � � � � � � ��=1D kO;	�

C ;1?IH�OQ;1?fJQ=\H"]S? ]6= OQ?BL�=\JP? LNU �_9I7:?IH3ONA 5 ��7:K"?fOQR =\K V 7MO)ON;1? ?IH3ON7:JP? ?B9<;"R LN7M]SH>=\A � ON;1? 7MH6OQ?g-
]SJN=@OQ7MRSH A:7 V 7WOQL%7:H ��e D ��=1D kU= � V = 5 4 ?YLN?gOf=@O�7:HGc>H17MO 5 ��7MON;1RSU"O�9<;1=\H1]S7MH1]TOQ;1?j`@=\AMU1?\Df�);1?
7:H6ON?B]SJN=\A"7MH �(e D �:=1D kU= ��ON;�U"L 4 ?B9IR V ?BL OQ;"?)JQ=\K>=@J�= Vj4 7M]SU17WO 5 ZbU"H19ION7:RSH =\L�K"?Ic>H1?IK_7MH �G?B9gOQ7MRSH

�"D kGD �"D(��e�U1=@OQ7MRSH ��=1D k ��+9B=\H8H"R�� 4 ? ��JP7MONON?BH

� � m
� � �� � � ��

	 � ��� �
�
���

�
	 � ��� �
�
���

�
	 � ��� �
�����
�
	 � ��� �
�����
�
� � � � � � � � � ��� � � � � � � �� � � � � � � � � � � ��� � � � �� � ��=1D k���

� Z OQ;1?�= Vj4 7:]\U17MO 5 ZbU1H"9IOQ7MRSHY7:LhL 5�V_V ?IONJN7M9+7:HfOQ7 V ?&=@H1KjZbJN?Ie�U"?BH19 5 �G=
`S?BJ 5 ]SR�RGKj=\LNLPU V FGOQ7:R\H
ZbRSJ V RSLPO)ONJQ=\H"L V 7MO)LP7:]SH>=@A:L)U1LP?BKX7:H JN? V R\ON?�LN?IH1LN7MH1]��E��eED �:=1D k���+9i=@HXON;1?BH 4 ? ��JP7MONON?BH

� � m
� � �� � � ��

	 � � �
	 � � �

	 � ���
	 � � �

� � � � � � � � � ����� � � � � � � � � � � � � � � � � � � � ��� � � � � � � � � ��=1D kO<	�

��e3U>=@OQ7MRSH ��=1D kO<	�&7:L%= �\? 5 JP?BLNU"AMOiD�� O%K1? V RSH1L�OQJQ= OQ?BL%OQ;>= O%ON;1? � OQ?BJ V ����;"7:9<;�7ML�JN?BA:=@OQ?IKXONR
OQ;"? H3U Vj4 ?BJfR\Z&7MH1K1?BFE?BH"K1?BH6OYAMRGR �3L�R 4 OQ=\7:H1?IK R `\?BJ ON;1? V ?i=\LPU1JN? V ?IH6OfZbR�R\OQF"JN7:H6O �d9B=\H 4 ?

=\F1F"JNR �G7 V =@OQ?IK 465 = ��?B7:]\;3ON?BKX7:H6OQ?I]SJQ=@A.R `S?BJ�OQ;"?�JN=\K>=\J�= Vj4 7:]\U17MO 5 ZbU1H19gOQ7:R\H.D

< �



� OT7ML U1LN?gZbU1A�OQR 9IRSH1LP7:K1?IJ LNRSAMU"OQ7MRSH1L ONR OQ;1?�7:H6OQ?I]SJQ=\A�7:H ��e D ��="D kO< � ZbRSJ ON;1JN?I?

7:K"?i=\AM7��B?IK = Vj4 7:]\U17MO 5 ZbU1H19ION7:RSH LN;>=@F#?IL �[7MA:AMU1LPONJQ=@ON7:RSH1L
R\Z ��;17M9<; 9i=\H 4 ? ZbRSU1H"K 7:H �G?B9gOQ7MRSH
�"D kGD �� �

� ��� � ����� � � ��� � � ����
���� � � � ��� � C ;1?IH OQ;1? = Vj4 7M]SU17WO 5 ZbU1H19gOQ7:R\H 7:L�= 4 A:=\K1?g- A:7 �\?
ZbU1H"9IOQ7MRSH ��;17:9<;_7:L V U19<;_A:RSH1]\?BJ�OQ;>=@H � � �&7MH ON;1?�K"?BAa= 5 K17 V ?IH1LN7MRSH � 4 UGO V U"9<;
LP;1RSJPON?BJ�� � �T7:H OQ;1?���RSF1F1AM?BJ K17 V ?BH1LP7:RSH ��OQ;"?8`@=\A:U"?�R\Z � 7:H ��eED ��=1D kO<	� 7:L
=\F"F1JNR �G7 V =@OQ?IA 5 ON;1?�JQ= OQ7:RfR\Z OQ;"?���RSF1F1AM?BJ ��7:K"ON; R\Z ON;1? 4 A:=\K1?�ONR OQ;"?���RSF1F1AM?BJ
��7MK"OQ; R\Z�OQ;1?�=\H6ON?BH1H>= ZbRGR@OQF1JP7:H6OiD

� � � ����� � ��� � � ����
���� � � � ��� � C ;1?BH ON;1? = Vj4 7:]\U17MO 5 ZbU"H19ION7:RSH 7:L_= 4 A:=\K1?g- A:7 �\?
ZbU1H"9IOQ7MRSH ��;17:9<; 7:L V U19<; AMRSH1]S?IJ�OQ;>=@H � � �j7:H OQ;1?_��RSF1F"A:?BJ�K17 V ?IH1LN7MRSH � 4 U"O
V U"9<; LP;1RSJ�OQ?BJ � � �f7:H�ON;1?YK1?IAa= 5 K"7 V ?BH1LP7:RSH �#OQ;1?j`@=\AMU1? R\Z�� 7:H ��e D ��="D kO< ��7:L

=\F"F1JNR �G7 V =@OQ?IA 5 OQ;1?�JN=@OQ7MR�R\Z#ON;1?�K1?BA:= 5 ��7:KGOQ; R\Z#ON;1? 4 Aa=@K1?&OQR�OQ;"?%K"?BAa= 5 ��7:K"ON;
R\Z�OQ;"?f=@H3ON?BH1H1= ZbR�R\OQF"JN7:H6OBD

� ��� � ����� � � � � ������� ����� ��� � C ;1?IHYOQ;1?�= V 4 7:]SU"7MO 5 ZbU1H19gOQ7:R\HY7:L�= �PLPF17��@? � H>=\JPJNR��
7MH 4 R\OQ; OQ;1?_��RSF1F"A:?BJ�=\H"K K1?BA:= 5 K17 V ?BH1LP7:RSH"L�JP?BA:=@OQ7W`S?YOQRXOQ;1? K17 V ?BH"LN7:R\H1LfR@Z

ON;1?)ZbRGR\ONF1JN7MH6O �\ON;1?)`\=@A:U1?)R\Z��f7MH_��e D ��=1D kO<	�h7ML(=\F1F1JPR �"7 V = OQ?BA 5 ON;1?�JQ=@ON7:R�R\Z#OQ;1?
=\JP?i=YU1H1K"?BJ�OQ;1?�LNF"7��\?�ONR ON;1?�=\JN?B= R@ZdON;1?�ZbRGR\ONF1JN7MH6O)7:H K1?IAa= 5 �\��RSF1F1AM?BJ&LPF>=\9I?\D

��7M`S?IH8ON;1?j= 4 R `S?Y=@F1F1JNR �G7 V =@ON7:RSH1L �>RSH1?f7:H6OQU17WOQ7W`S?�7:H6OQ?IJNF1JP?IOQ=@OQ7MRSH8ZbRSJ�OQ;"? 9BR\H19B?IF"O�R\Z �P7:HG-
K1?IF#?IH1K1?BH6OXA:R�R �3L � 7:L OQ;1? H3U V 4 ?IJ R\Z�7:H1K"?BFE?BH1K1?IH6OTJN?I]S7:RSH"L 7:H6OQR ��;17:9<;�ON;1? = Vj4 7:]SU17WO 5
ZbU1H19gOQ7MRSH 9i=\HXK17M`�7MK1?�OQ;1?�ZbR�R\OQF"JN7:H6OBD

E -I" � @ � 1��*4��G-/4H��J % �5�*�$&��� � ���!���B 84��

�>RSJ�OQ;1?%ZbRSJ �+=\JPKG-/AMRGR �37MH1]�]S?BR V ?gOQJ 5 9B=\LN? �GON;1?
7MLNR@-/��RSF1F1AM?BJ(=\H1K_7:LPR@-/JN=\H1]S?�A:7MH1?BL
=\JP?
F>=\JN=\A:AM?BA �6=\H1K 9IRSH1LP?Be3U1?BH6ONA 5 = 9<;>=\H1]\?
7:H_K1?BA:= 5 7ML�?Ie3U17M`@=\AM?BH6O�ONRj= 9<;1=\H1]S?�7:H ��R\F1F1A:?IJBD

��?Ic1H17:H1] 
 � � � �� � � � ��? ;>=i`S? ON;>=@O � � � 
 � � D ��= �37:H1] OQ;17ML LNU 4 LPON7MOQUGOQ7:R\H ����eED ��=1D k ��
4 ?B9BR V ?IL

� � m
� � ��

	 � �
�
�
	 � �
�
�
	 � ��� �
�
���

�
	 � ��� �
�
���

�

 � � � � � � 
�� � � � � � � ��=1D k9?�

� 
 � � � � � � � � 
 � � � � � � � 	 � � � � � 	 � �� � � � 	�� � � � � � � � � � � � � �
?Sl



^%ON7:AM7��B7MH1] LP7 V 7:A:=\J+LPU 4 LPON7MONU"OQ7MRSH1L�=\F1F"A:7:?IKTOQR =YR 4 O<=@7:HX��eED �:=1D kO<	� �

� � m
� � ��

	 � � �
	 � � �

� � � � � � � � � � � � � � � � � � � 
 � � � � � � � ��� ��=1D k ��

��e3U>=@OQ7MRSH ��="D k �	�*7:L+= ��?B7:]\;3ON?BK A:7MH1?
7MH6OQ?B]\JQ=\A OQ;1JPRSU1]S;TK"?BAa= 5 �\��RSF"F1A:?IJ�LPF>=\9B?�R@Z�ON;1?�= V 4 7W-
]SU17WO 5 ZbU1H19gOQ7MRSH.D �);17ML(7:L(9BRSH"LN7:L�OQ?IH3O ��7MON; ON;1?�Z[=\9IO(OQ;1=@O�=\L*ON;1?�=\H6OQ?BH"H>=f7ML*LP9i=\H"H1?BK OQR��&=@JNK
OQ;"?&ZbRSJ �+=\JNK�-/A:R�R �37:H"]�K17:JP?B9gOQ7:R\H �\OQ;"?)LN;>=\FE?�R\Z OQ;1?�=@H3ON?BH1H1=�F>= ONOQ?IJNHYZbR�R\OQF1JP7:H6O�F1JPR �P?B9gOQ?IK_7MH
K1?IAa= 5 �\��RSF1F1AM?BJ(LNF1=\9B?%]SJQ=@K1U>=\AMA 5 9IRSA:A:=\F1LP?BL�ZbJNR V =�JN?I9IOQ=\H1]SAM?�ONR =�A:7MH1?\Dd�
L(OQ;1? �f`@=\A:U"?�ZbR\J
OQ;"?%LP7:K1? -/AMRGR �37MH1]�9i=@LN?%9i=\H 4 ?�=@F1F1JNR �G7 V =@ON?BK 465 JQ=@ON7:RSL�R@Z#ON;1?%= Vj4 7M]SU17MO 5 ZbU1H19gOQ7MRSH =\JN?B=�ONR

OQ;"?�ZbR�R\OQF"JN7:H6O%=\JP?i= �>ON;1? � `@=\AMU1?�ZbRSJ)ZbRSJ �+=\JPK�A:R�R �37:H"]Y9i=\LP? 9i=@H 4 ? =@F1F1JNR �G7 V =@ON?BK8= JN=@OQ7MR
R\ZdA:?IH1]\OQ;"L�=@A:RSH1] � � ��� 
 � � �+OQ;1JPRSU1]S;X= Vj4 7:]SU17WO 5 LPF>=\9I?\D

� ��6 � �  #/-I��3�-� �$:��� �!) N�� ���B$ � � � ����3��:-� �$:�!� 1��*4U��-� �"

�/H_ON;17:L(LPU 4 LN?I9ION7:RSH �"��e�LID �:=1D kO<	��=\H1K ��=1D k ���=\JP?
=@F1F1A:7M?BKYOQR�ZbRSU1J(LNFE?B9I7Mc>9�OQJN=\H1L,-

V 7MO V RGK1U"Aa=@ON7:RSH�? �"= V F"A:?BL OQR%7:AMA:U1L�OQJN=@OQ? L�OQJN=@OQ?I]S7:?IL�ZbRSJ V 7:H17 V 7 �B7MH1]�ON;1? V ?i=@LNU1JP? V ?BH6Od`@=\JP7W-

=\H19I?&R\Z = 4 ?B= V ��7:KGOQ;G- A:7 V 7MON?BK�LP9i=@OPOQ?BJPR V ?IOQ?IJBD��%?BJP? �S7WOh7MLh7:H"7MOQ7:=\A:A 5 =@LNLNU V ?IK OQ;>= OhOQ;"?��"�
�
7:L+;17:]S; �1=\H1K ON;1?BJP?IZbRSJP? � ��� ��m�� � �ED �b� K17MLN9BU"LNLN7MRSH R\Z�;1R�� ON;1?�JN?ILNU1AWOQL)9<;>=@H1]S?�ZbRSJ&AMR��+?IJ
�"��� 7:L�F1JNR `�7:K"?BK 7MH OQ;1? ZbRSA:AMR���7:H1] ��?B9ION7:RSH =1D kGD � �/H6OQ?IJNJNU"F"OQ?IK $�C � H>=\JNJPR��&- 4 =\H"K ��7:K"ON;
��� 9<;17MJNF �1;"7:]S;G- 4 =\H1K ��7:K"ON;T��� 9<;17:JPF �>=\H"KTF1LN?IU1K1R@- JQ=\H1K"R V F1;>=@LN? V RGK1U"Aa=@ON7:RSH ZbRSJ V =@OQL
=\JP? =\K1K1JP?BLPLN?BK 7:H OQU1JPH 4 ?IA:R���D��/H =\A:A%R\Z�OQ;"?BLN? ? �1= V F1AM?BL ��ON;1? ��RSF"F1A:?IJ ��7:KGOQ;�R\Z�OQ;"?
ZbR�R\OQF1JP7:H6Oj7ML =\LNLPU V ?BK OQR 4 ? m l �G� � �(OQ;1?TK"?BAa= 5 ��7:K"ON; lGD � V L �*=\H1K ON;1? A:?BH"]\OQ; R\Z%OQ;"?
OQJN=\H1L V 7WO)F1U1AMLN?�7:L&=\LNLPU V ?IKXONR 4 ? � � � mSD ; V LID �[�);1?ILN?�F>=\JQ= V ?gOQ?BJPL�=\JN?�ON;1?�LQ= V ?�=\L&ZbR\J
OQ;"? ���	��
�������+K1?BLP7:]SH K17MLN9BU"LNLN?IK Aa= OQ?BJ+7:HTOQ;17ML)9<;>=\F"ON?BJID �

7 �� 8�C4�4U3 �� 8��� E�� � 3���" � � ����3���-� 8$��!�

�);1?*= Vj4 7:]SU17WO 5 ZbU1H19ION7:RSH�ZbR\J =\H���$�C F"U1A:LP?�7:L 9BR\H19B?IF"OQU>=@A:A 5 LN;"R���H�7:H��d7:]1D =1D>= � =� D
��?IJN? �"OQ;1?�K1=\J	� 4 =\H1K JP?BF1JP?BLN?IH6OQL�OQ;1? � 4 Aa=\K"? � 7:H K1?BA:= 5 �\��R\F1F1A:?IJ+LPF>=\9B?�ON;>=@O)JP?BLNU"AMOQL�ZbJNR V
=�$�C F1U1AMLN?�mSD ; V LdA:RSH1]"Dd�);1? 4 Aa=\9 �S- RSU"OQAM7:H1?IKfLPe3U>=\JN?)7MLh=�JN?BF"JN?BLP?BH6O<= OQ7:R\HYR\Z>OQ;1?�7:K1?B=\A:7 �B?IK

=\H6OQ?IH1H>= ZbR�R\OQF"JN7:H6O*F1JPR �P?B9gOQ?BKT7MH K1?IAa= 5 �\��RSF1F1AM?BJ*LNF>=@9B? ��;1?IH OQ;1?
=\H6OQ?IH1H>=j7:L*LN7MK1?g- A:R�R �37:H1]
�[LP9i=\H"H1?BKXOQR������� �Sl�� � D(�);17:L�7:L&ON;1?�JN?I]S7:RSH R `S?IJ ��;"7:9<; OQ;1?�7:H6ON?B]SJN=@OQ7MRSHT7:HX��e D ��=1D kO<	�+7ML
FE?BJPZbR\J V ?BK.Dd�);1?�JP?BKG- RSU"ONA:7:H"?BKYA:7MH1?i=@J JN?I]S7:RSH 7ML(=�JP?BF1JP?BLN?IH6O<=@ON7:RSH R\ZEOQ;1?�7:K"?i=\AM7��B?IK =\H6OQ?IH1H>=

?"m



Doppler

de
la

y
(a) (b)

(c) (d)

�h7M]SU1JN?(=1D>= � $+RSH"9B?BFGOQU>=\A�7:AMA:U1L�OQJQ= OQ7:R\H R\Z�= Vj4 7:]SU17WO 5 ZbU1H19gOQ7MRSH1Lj=@H1K 7:H6ON?B]SJN=@OQ7MRSH1L�JN?I]S7:RSH"L
=\LPLNR�9B7a= OQ?BK ��7WOQ; ON;1? ?g`\=@A:U>=@ON7:RSH R\Zf��e�LID ��="D kO< �_=\H1K �:=1D k ��gD��
H�7:K"?i=\AM7��B?IK�= Vj4 7:]SU17WO 5
ZbU1H19gOQ7MRSH 7MLdLP;1R���HjZbRSJ =� �/H6OQ?IJNJNU"F"OQ?IK $�C � 9BR V F>=@JN? ��7MOQ; �h7:]"D��"D � � � 4 ����=\JNJPR��&-/'&=\H1Kj���9<;17MJNF � 9BR V F>=\JP? ��7WOQ;��h7:]1D �"D < � �#9 ��C 7MK1?g-/'&=\H1K����09<;17MJNF � =\AMLNR 9IR V F>=\JN? ��7MON; �h7M]1D �"D < � �=\H1K�K ��!�LN?IU1K1R@- JQ=\H"K1R V F1;>=\LP? V RGK1U"Aa=@ON7:RSH � 9BR V F>=\JP? ��7WOQ; �d7:]1D �"D � � D��/H�?i=\9<; 9B=\LN? � OQ;"?LN;1=\K1?BK JP?B]S7MRSH LP;1R���LjOQ;1? H"RSHG-/H"?B]SAM7:]S7 4 A:?YFERSJPON7:RSH R\Z)OQ;"? 7:K1?B=\A:7 �B?IK = Vj4 7:]SU17WO 5 ZbU1H19gOQ7MRSH
JN?ILNFERSH1LP? ��;1?IJN? ��;17WOQ?�JN?IF1JN?ILN?BH6ONL � � � � � � � ��l �3=@H1KYOQ;1?�K>=\J �j]SJN= 5 JN?IF1JN?ILN?BH6ONL � � � � � � � � mSD
�);1? F#?IK1?BL�O<=\A(JP?B]S7MRSH R\Z+ON;1? F1LN?IU1K1R@- JQ=\H1K"R V F1;>=\LP? V R�K1U1Aa= OQ7:R\H 9i=\LP?_7ML�LN;1R���H 7MH AM7:]S;6O
]SJN= 5 =\H1KY;1=\L�=
L V =\AMA�= `\?BJN=\]S?&`@=\A:U"?\Dh�);"? 4 Aa=@9 �fLPe�U1=\JN?)JP?BF1JP?BLN?IH6OQL�OQ;1?+7:K1?B=\A:7 �B?BK =\H6OQ?IH1H>=
ZbR�R\OQF1JP7:H6O�F1JPR �P?B9gOQ?IK 7:H K1?IAa= 5 �\��RSF1F1AM?BJ�LPF>=\9B?YZbRSJ�ON;1? LN7:K"?g-/AMRGR ��7MH1] 9B=\LN? R `S?BJ ��;17M9<; OQ;"?
7:H6ON?B]SJN=\A+7MH ��eED �:=1D kO<	��7MLjFE?BJPZbR\J V ?BK.D �);1?TJN?IKG-/R\U"OQAM7:H1?IK A:7MH1?i=\JfJN?I]S7:RSH 7ML OQ;"? 7:K1?B=\A:7 �B?IK
=\H6OQ?IH1H>=fZbR�R\ONF1JN7MH3O�F1JPR �P?B9gOQ?BKT7MH K1?IAa= 5 �\��RSF1F"A:?BJ*LNF1=\9B?%ZbRSJ�ON;1?�ZbRSJ �&=@JNKG- A:R�R �37:H1]�9i=@LN?�R `S?IJ
��;17M9<;XON;1?�7:H6OQ?I]SJQ=\A 7:HX��eED �:=1D k ��+7:L)FE?BJ�ZbRSJ V ?BK D

ZbR�R\OQF1JP7:H6O�ZbRSJ�OQ;1? ZbRSJ �+=\JPKG-/AMRGR �37MH1] ]S?BR V ?IONJ 5 F1JPR �P?B9gOQ?IK 7:H K1?BA:= 5 �@��RSF1F1AM?BJ�LNF>=@9B?\DX�);17ML
7:L�OQ;1?YAM7:H1?fR `\?BJ ��;17M9<; OQ;1?Y7MH3ON?B]SJN=\A�7:H ��e D ��=1D k ��%7:L
FE?BJ�ZbRSJ V ?BK D � `@=\A:U1=@OQ7MH1] ;17M]S;G-,�"�
�

� ����ZbRSJ+ON;1?�LN7MK1?g- A:R�R �37:H1] =\H1KTZbRSJ �+=\JPKG-/AMRGR �37MH1]j9i=@LN?BL �1OQ;1?�JP?BLPU1AMONL%AM7:L�OQ?BKT7MHT�h= 4 A:? ="DMm�=\JP?
R 4 OQ=\7:H"?BK.D �%R\OQ?jON;>=@O�ZbRSJ�ON;17:L V RGK"U1Aa=@ON7:RSH�LN9<;1? V ? ? �"= V F1A:? � � ����7:L�RSH"A 5 = ZbU1H"9IOQ7MRSH R\Z
OQ;"?f��R\F1F1A:?IJ)JN?ILNRSAMU"OQ7MRSH =\H1KX7:L)7MH1K1?BFE?BH"K1?BH6O%R\Z�= �B7 V U"OQ; =\H"]SA:?@D

?6k



� -�4H4���� J KM-I������$��� 8Q 1 � % $&���C-/4 EGQ�$:4 � � ����3��:-� �$:�!�

�);1?8= Vj4 7M]SU17WO 5 ZbU1H19gOQ7MRSH ZbRSJ =\H � � AM7:H1?B=\JY9<;17:JPF R@Z 4 =@H1K ��7:KGOQ; =Sl ��� �87ML

9BR\H19B?IF"OQU>=@A:A 5 LN;1R���H 7MH8�d7:]1D/="D = � 4 �gD+��R\ON?�ON;>=@O�OQ;"?�JP?BA:=@OQ7W`S?BA 5 A:R�� 4 =\H1K ��7MK"OQ;X7 V F>=\J�OQ?IK
OQRXOQ;1? LN7:]\H>=\A V ?B=\H1L�OQ;>= OY=8LP7:]SH"7Mc>9B=\H6O OQ7MAMO�7MH OQ;"? ��RSF1F"A:?BJ�K17 V ?IH1LN7MRSH 7MLf7 V F>=@JPOQ?IK ONR

JN?ILNU1AWOQ7MH1]Y= Vj4 7:]SU17WO 5 4 Aa=@K1?\D �);"?�;17:]S;�-��"��������(=\LNLPRG9I7a=@ON?BK ��7MON; OQ;"7:L+LP7:]SH1=\A#7ML&LN;"R���H 7MH
�d= 4 A:? =1DMm\D(��?BJP? �1ON;1?�LN7MK1?g- A:R�R �37:H1] � ����7:L&9IR V F>=\JQ= 4 A:?
ONRjOQ;1?�7MH6OQ?BJPJNU1FGOQ?BK8$�C 9i=\LP? � 4 UGO
OQ;"?�ZbR\J �+=\JNKG- A:R�R �37:H1]f`\=@A:U1?�7ML)LNR V ? ��;>= O �+RSJPLN?@D+� �"= V 7:H17MH1]Y�h7M]1D�=1D>= � 4 � �1ON;17:L)7ML 4 ?I9i=\U1LP?
OQ;"?�A:7MH1?�7:H6OQ?I]SJQ=\AEJN?Ie3U17:JP?BK OQR ?I`@=\A:U1=@OQ?���eED ��=1D k ��(7:L�=\A V RSL�O+F>=@JQ=\AMA:?BA1ONR OQ;"?
OQ7MAMO*K17:JP?B9gOQ7:R\H

R\Z*OQ;1? 4 A:=\K1? � 9BRSH1LP?Be3U1?IH3ONA 5 F17M9 ��7MH1] U1F =TAa=\JP]S?BJ�`@=\AMU1?\Dj�/H Z[=\9gO � 7MZ(OQ;"? ON7:AWO�K17MJN?B9gOQ7MRSH R\Z
OQ;"? 4 Aa=\K"?�;>=\K 4 ?B?IH ON;1?�LQ= V ?�=\L�OQ;1?�7MH3ON?B]SJN=@OQ7MRSH F>= OQ; ��OQ;1?�`@=\AMU1?�R\Z � ��� ��RSU1A:K 4 ?B9IR V ?
U1H17WO 5 D

� $&���OJLKM-/������$&�� �Q 1 � % $����C-/4 EGQ�$�4 � � �5��3���-� �$��!�

�);1? = Vj4 7M]SU17MO 5 ZbU1H19gOQ7:R\H ZbRSJf=\H � � A:7MH1?i=@J�9<;17:JPF R\Z 4 =\H1K ��7MK"OQ;�=6lSl �G� � 7ML

9BR\H19B?IF"OQU>=@A:A 5 LN;1R���Hj7MH �h7M]1DP=1D>= �b9 �gD��);1?IJN?�=\JN?(O �+R�7 V F#R\JPO<=@H3O.K17 �#?BJP?BH19I?BLdONR�H"R\OQ?*JN?IAa=@ON7M`S?
OQR�OQ;1?
A:R�� 4 =\H"K ��7:K"ON; 9i=@LN?\D*�h7MJNL�O �6OQ;1?IJN?�7ML+= V U19<;TAM?BLNL�F1JNR\H1RSU1H19I?BK ON7:AMO*7MH_OQ;"?���RSF1F"A:?BJ
K17MJN?B9gOQ7MRSH �S=@H1KYOQ;1? 4 Aa=\K1?+7:L 9IRSH1LN?Ie3U1?BH6OQA 5YV RSJN?&F"U1JN?IA 5 JN?BLPRSAM`�7MH1]
OQ;"?)LNU1J�Z[=\9B?)7MH OQ;1?)K"?BAa= 5
K17 V ?IH1LN7MRSH.D��G?B9IRSH1K1A 5 OQ;1? ��7MK"OQ;8R\Z�OQ;"? 4 A:=\K1?�7:L V U19<; H>=\JPJNR���?BJBD
'+R\ON; R\Z�OQ;"?BLN? ? �#?B9IONL

A:?B=\KTOQR V U19<;XL V =\AMA:?BJ�`\=@A:U1?IL)R\Z ����+=\L�LP;1R���H�7:H �d= 4 AM?F=1DMm\D

� " ��3����/J 4�-I�����!� �GQ�-I" � � �5��3���-� �$��!�

�
L =�c>H>=\AG? �"= V F1A:? �\OQ;"?)= Vj4 7M]SU17WO 5 ZbU1H19gOQ7:R\HjR\ZE=�F1LP?BU1K1R -/JQ=@H1K1R V F1;>=\LP? V R�KG-
U1A:=@OQ?IKTF1U1A:LP?�R\Z 4 =\H1K ��7:K"ON; =Sl��G� ��7:L&7MA:AMU1LPONJQ=@ON?BK 9IRSH19B?IF"OQU1=\A:A 5 7MH �h7:]1D�=1D>= �[K �gD(��?IJN?�OQ;"?
L V =\AMA �SK>=@J	�jLPe�U1=\JN?%JN?I]S7:RSH JP?BF1JP?BLN?IH6OQL�ON;1?%9B?BH6ONJQ=\AE= Vj4 7:]SU17WO 5 ��LNF17 �\? � ��;1?IJN?�OQ;1?�= Vj4 7M]SUG-
7MO 5 ZbU1H19ION7:RSH ;>=@L+=�`@=\A:U1?)R@Z.RSH1?@D �);1?%A:7M]S;6OQ?BJ�LP;>=\K1?IK JP?B]S7MRSH 7:L OQ;"?
= V 4 7:]SU"7MO 5 �PF#?IK1?BL�O<=\A �

��;1?IJN?jOQ;"?Y= Vj4 7M]SU17WO 5 ZbU1H19ION7:RSH�;>=\L�= V U19<; L V =\A:AM?BJ�`@=\A:U1? � =@H = `\?BJN=\]S?Y= V 4 7:]SU"7MO 5 A:?g`S?IA
R\Zh=\F1F1JPR �"7 V = OQ?BA 5 l"D l"m�7:HTON;17:L�F>=\J�OQ7M9BU1A:=\J&? �"= V F1AM? �gD*�%R\OQ?�ZbJNR V �h= 4 A:?F=1DWm�OQ;>=@O)ON;1? � ���
`@=\A:U"?�ZbRSJ�OQ;"?jLN7MK1?g- A:R�R �37:H1] 9i=@LN? 7ML�=\F"F1JNR �G7 V =@OQ?IA 5 ON;1? LN= V ?j=\L%ZbRSJ%ON;1? ;"7:]S;G- 4 =\H1K ��7:K"ON;
A:7MH1?i=@Jj��� V RGK1U"Aa=@ON7:RSH � 4 U"OjON;1?TZbRSJ �+=\JPKG-/AMRGR �37MH1]�]S?IR V ?IOQJ 5 5 7M?BA:K"LjF#?IJPZbRSJ V =@H19B? V RSJN?

LN7 V 7MAa=\J(OQR OQ;"? $�C =\H1K A:R��&- 4 =\H1K ��7MK"OQ; 9<;17MJNFXLN7M]SH>=\AMLBD

?	�



�);1? LN7M]SH17Mc19i=\H6OXK17 �#?BJP?BH19I? 4 ?IO ��?B?IH OQ;1? LN7MK1?g- A:R�R �37:H1] =@H1K ZbR\J �+=\JNKG- A:R�R �37:H1]
]S?IR V ?gOQJP7:?BL�7:H OQ;"7:L ? �"= V F1AM? 7:L 7MH3ONU17MON7M`\?BA 5 ? �GF1A:=\7:H"?BK ZbJNR V =�9BAMRSLN?IJ ? �"= V 7:H>=@ON7:RSH R\Z

�h7M]1D ="D = �bK �gD �);1? F1JPRSF#R\JPOQ7MRSH R\Z�ON;1? = Vj4 7M]SU17WO 5 ��LNF17 �\? � ��;17M9<; A:7:?IL ��7MON;17:H OQ;1? LP7:K1? -
A:R�R �37:H"] 7:H6OQ?I]SJQ=@ON7:RSH JP?B]S7MRSH 7:LYL V =\AMA:?IJ OQ;>=@H ON;1?8F"JNRSFERSJPON7:RSH ��;"7:9<; 9BRSH6OQJP7 4 UGOQ?BL OQR OQ;"?
ZbRSJ �&=\JPKG-/AMRGR ��7MH1]�A:7MH1?)7:H6ON?B]SJN=\A Dd�);17:L�Zb?i= OQU1JP? 5 7:?IA:K1L�ON;1?�R 4 LN?IJP`S?IKT7:H19IJN?B=\LN?%7:H � ��� ZbRSJ�OQ;17ML
V RGK1U"Aa=@ON7:RSH LP9<;1? V ?�=\L)OQ;1?�=\H6ON?BH1H>= 7:L)LP9i=\H"H1?BK�ONR l � = �B7 V U"OQ;.D

�d= 4 A:?�=1DWm � ��7:]\;G-��"��� `\=@A:U1?IL R\Z �� ��ZbR\JfOQ;"?_OQJN=\H1L V 7WO V RGK"U1Aa=@ON7:RSH LN9<;"? V ?BLYLN;"R���H 7MH
�h7M]1D�=1D>=1D

�8RGK"U1Aa=@ON7:RSH � ���(ZbRSJ �� � � �Sl � � ����ZbRSJ �� � � l��
�/H3ON?BJPJNU1F"ON?BK $�C l"D k�� l"D k �
�
=\JPJNR��&-,'&=@H1K ��7:KGOQ;�$+;17:JPF l"D k � l"D �Gm
C 7:K1? -,'&=\H"K ��7:K"ON;8$+;17:JPF l"DWm � l"DMm =
!(LP?BU1K"R@-/JN=\H1K1R V !�;>=@LN? l"DWm � l"D k9<

� ��6 � � EG�!� ��-/4H$�" �!� �*) KM�C-I� J % $&� $  8��� �G3��&"'� � ����3��:-� �$:�!� 1��!4H��-� �"

�);1?j9IR Vj4 7MH1?BK�JN?BLPU1AMONL
LPU V_V =\JP7��B?IK�7MH��d= 4 A:? =1DWmj=\AMA:R���=_9IR V F>=\JN7MLNRSH8R\Z�OQ;"?
`@=\JN7MRSU1L�F1U"A:LN? V R�K1U1Aa= OQ7:R\H ZbRSJ V =@ONL ��;17:9<; V = 5 4 ?�=@F1F1A:7M?BKYOQR�= 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IKfLP9i=@O�-
OQ?IJNR V ?ION?BJ�K"?BLN7M]SH.D $+A:?B=\JNA 5 � R@Z*ON;1?YRSF"ON7:RSH"L�? �"= V 7:H1?IK � ON;1? 4 ?ILPO�7ML�OQ;"? ��7:K1? - 4 =\H"K ��7:K"ON;

��� 9<;17:JPF.D)�>RSJ&ON;1?fK"?IOQ?I9ION7:RSH8LN9<;1? V ?fLN;1R���H�7MH��d7:]1D/="DMm � ;1R���?I`\?BJ �EOQ;1? V = �G7 V U V �"�
�
=i`@=\7:A:= 4 A:?X7:L_]S7M`\?BH 465 ��

�
��� � �

� � � ����;1?BJP? � � 7ML OQ;1? 4 =\H1K ��7MK"OQ;�R@Z�ON;1? LP7:]SH>=@A D �);17ML
V ?i=\H1L�OQ;>=@O�= Aa=\JP]S?BJ 4 =\H1K ��7MK"OQ; LP7:]SH1=\Ah;>=@L�=\LNLPRG9I7a=@ON?BK ��7WOQ; 7MO�= � ���������"�
��D.�);3U1L �.ONR
=\9<;17M?I`\?8OQ;"?8;17M]S;G-,�"�
� 9IRSH1K17WOQ7MRSH1L =\LNLPU V ?BK 465 �d= 4 AM? =1DWm �(OQ;1?X;17M]S;G- 4 =\H1K ��7MK"OQ; 9<;17:JPF
LN7M]SH>=\A V U1LPO 4 ?�]S?BH"?BJQ= OQ?BK ��7MOQ;_=f;"7:]S;1?IJ�OQJQ=@H1L V 7MO*FER���?BJID('+?B9B=\U1LP?�R\Z.FER��+?IJ+AM7 V 7MO<= OQ7:R\H1L
= 4 R6=\JPK OQ;1?+LNF>=\9I?B9IJQ=@Z O �SOQ;17MLh9BR\U1A:K 4 ?&F1JPR 4 A:? V = OQ7:9@D � �
H =\AWOQ?IJNH>=@ON?&=\F"F1JNR6=@9<;jOQR�=\9<;"7:?I`\?�=
V RSJN? 4 =\H1K ��7MK"OQ;T? � 9B7:?IH6O)7 V F1JNR `\? V ?BH6O)7:H � ����7:L*OQRj? V F1AMR 5 ON;1?�F1LP?BU1K"R@-/JN=\H1K1R V F1;>=\LP?

�������
	������������	�������
	�����	���������������	��� �����!"���#����$	���%'&����)(�����%*�+#,�-���.��/$0���#��.1�����23	���+45�����)67��2�8�9:8�;�8=<>���.�
&����
	��?���%'&�1,�.	,	�����@%*�+#-�-���.�A0���#��.1�����2B��	C��%'&���+!��.�A45��#��D����2��FEG���H�:�F45���F#��D&����
	���	�I7��	J45�����K�:�L����	,����	,	��.�
���NMO����&F#��.1'P�IQ�@����#*R�S"TU2V�H���W�
	X1,�.������Y����ZI[�H���\�]45�
�F��EG�������F45�
�^#��_67`a�-����1�&W1,��%*������	)#����b	���&c��1,���1
&c��1�de�1,%'���������-���������8

?9=



V RGK1U"Aa=@ON?BK LP7:]SH1=\A D �);17ML�=\F1F1JPR6=\9<; =\AMA:R���Ld=\Hj7 V F1JPR `\? V ?BH6O 7MH � ��� ��7WOQ;Y=�H>=\JNJPR��+?IJ�- 4 =\H1K
OQJN=\H1L V 7WO�LP7:]SH1=\A � =\A 4 ?I7MO ��7WOQ; = K1?B]\JQ=\K>= OQ7:R\H87MH�FE?BJPZbR\J V =\H19B?f=\L�OQ;1? =\H6OQ?IH1H>= 7ML%LP9i=\H"H1?BK
OQRYON;1?�ZbRSJ �+=\JNK�-/A:R�R �37:H"]jF#R\LN7MON7:RSH D

� � @ +GQ����������	��
��� N5�O-� P 8�C4��!���B 8�C4 � KM�C-I� J % $&��$: 8��� ����" $��!� � �C4H"P$��!�

�);1? U"ON7:A:7WO 5 R@Z�ON;1?TJN?ILNU1AWOQL F1JN?ILN?IH3ON?BK 7MH OQ;1? F1JP?I`�7:R\U1L LN?B9gOQ7MRSH 9i=\H 4 ? 7MA:A:U"L�-

OQJN=@OQ?IK 465 9BRSH1LP7:K1?IJN7MH1]_ON;1? JP?i=\A -���RSJNAMK8K1?ILN7M]SH ? �"= V F1AM?fR\ZhOQ;1? ���	��
 �������&LN9i= ONOQ?IJNR V ?ION?BJID
���	��
�������(7:L+������� � L&c>JNL�O)9BRSH"7:9i=@A:A 5 - LN9i=@H1H17:H"]fFE?BH19I7:A - 4 ?i= V LP9i=@OPOQ?BJPR V ?IOQ?IJ �"=\H1K �+=\L&K1? -
`S?IA:RSFE?BKTONR JP?BF1A:=\9B?�ON;1?�Z[=\HG- 4 ?B= V �
�1$+����L 5 LPOQ? V D*�
AWOQ;1R\U1]S; �"=\L)K1?BLP9BJP7 4 ?BKX7:HTOQ;1?�H"? ��O
9<;>=\FGOQ?BJ ��ON;1? c>H>=\A ���	��
��������K1?BLP7:]SH 7 V F1A:? V ?IH6O<=@ON7:RSH U"LN?BLf= JQ=\H1]\?g-/K"7:LN9IJN7 V 7MH>=@OQ7MRSH�JP?BL,-
RSAMU"OQ7MRSH =\F1F1JPR6=\9<; ��=\H 7:H17WOQ7:=\A ���	��
������� K1?ILN7:]\H 9BR\H19B?IF"O U1LP?BK ON;1? 4 ?i= V ��7:K"ON;G-/AM7 V 7MON?BK

JN?ILNRSAMU"OQ7MRSH_=\F1F1JPR6=\9<; ONJN?i= OQ?BK 7:H OQ;17ML�9<;>=@F"OQ?IJ � kGm ��?"m � D �);1?�LP7:]SH1=\A>F1JNR�9B?ILNLP7:H1] ZbJN= V ? ��RSJ	�
K1?g`S?BAMRSFE?BK 7:H ��?B9ION7:RSH ="DMm �+=\L�=\F"F1A:7M?BK 7MH�OQ;1?YK"?BLN7M]SH R\Z�ON;17:L�7MH17MON7a=\A 4 ?i= V ��7:K"ON;G-/AM7 V 7MON?BK
9BR\H19B?IF"OiD��/H OQ;17ML_LP?B9gOQ7:R\H ��ON;1?XONJQ=\K"?BR �#L_FE?BJ�ZbRSJ V ?BK 465 OQ;1?8=\U"ON;1RSJ OQR LN?IA:?B9gO =@H RSFGOQ7W-

V U V V R�K1U1A:=@OQ7MRSH LP9<;1? V ?YZbRSJ�OQ;1? 7MH17MON7a=\A 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK8`S?IJNLP7:RSH R\Z ���	��
 �������
=\JP?
K1?ILN9BJP7 4 ?BK.D

� � @ ��6 � #!��48#�$:�B� �*)  �Q�������������
��� ����"P$:�!�

'+?gZbRSJN?_=\K1K1JP?BLPLN7:H"]XON;1? =@H>=\A 5 LP7:L�F#?IJPZbRSJ V ?IK 7MH LNU1F1FERSJ�O R\Z�OQ;1? ���	��
��������?gZa-

ZbRSJ�O �#ON;1?jR `S?IJQ=\AMAh9<;>=@JQ=\9gOQ?BJP7:L�OQ7:9IL�R\Z(OQ;"? ���	��
 �������%7MH1LPONJNU V ?BH6O�=@JN? c>JPLPO�K"?BLN9IJN7 4 ?IK.D��);1?
���	��
������� V ?i=\LPU1JN? V ?IH3O =\F1F1JPR6=\9<;j7MLd7MA:AMU1LPONJQ=@ON?BK�7:Hf�h7:]1D8="D ;GD ���	��
 �������.7:L�RSFE?BJQ= OQ?BLh=@Oh=\H

RSJ 4 7MOQ=\A =\AWOQ7MONU1K1?�R\Z ?SlSl � V D*�);1?j=@H3ON?BH1H1=_7:AMA:U V 7:H1=@OQ?IL�OQ;"?fLPU1JPZ[=\9I? ��7WOQ; O �+R 4 ?B= V L � =\H

RSU"ON?BJ 4 ?i= V U1LP7:H1] ��-/FERSA:=\JN7 �i=@ON7:RSH � =@H1K =\H 7:H"H1?BJ 4 ?B= V U1LP7:H1] ��-/FERSA:=\JN7 �i=@ON7:RSH.D%'+?I9i=\U"LN?
OQ;"? 4 ?i= V L�;>=i`S? K17 � ?IJN?BH6O�LN9B=\H JQ=\K17M7 �.?B=\9<; FERS7MH3O ��7WOQ;17MH <\lSl� V R\Z*OQ;1? H>=\K"7:J�OQJN=\9 � 7ML
`�7:? �+?IK ZbJNR V ZbRSU"J�K17 � ?IJN?IH3O�= �B7 V U"ON; =\H1]\A:?BL �EO ��7M9B? 435 OQ;"? RSU"ON?BJ 4 ?B= V A:R�R �37:H1] ZbRSJ �&=\JPK
OQ;"?BH =@Z O � =\H1K O ��7:9B? 465 ON;1? 7:H"H1?BJ 4 ?B= V 7:H ON;1? LN= V ?_Z[=\LP;17:RSH D8�);1? V U1AWOQ7:F"A:? = �B7 V U"ON;
`�7:? ��L%7MH1LNU"JN?�OQ;>= O�R�9B?B=\H LNU1J�Z[=\9B? ��7:H"K `\?B9gOQRSJPL�9B=\H 4 ?�=\9B9IU1JQ= OQ?BA 5 JN?gOQJP7:?I`\?BK.D

�
H R `S?IJNJP7:K17MH1] 9BRSH1LP7:K1?IJQ=@ON7:RSH ��;"7:9<; ]SR `S?BJPH1?BK OQ;"?XK"?BLN7M]SH R\Z�OQ;1? ���	��
�������
7:H"LPOQJPU V ?BH6O �&=@L�ON;1?�K1?BLP7:JP?(ONR �\?B?IFfON;1?(7:H1L�OQJNU V ?IH3O 9IR V F>=\9IOBDh�>RSJ.ON;17:L JP?i=\LPRSH�=)RSH1? V ?gOQ?IJ
LN9B=\H1H17MH1] K"7:LN; =\H6OQ?IH1H>= �+=\L LN?BAM?B9gOQ?BK D �);"? 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK JN?ILNRSAMU"OQ7MRSH =@LNLNR�9B7:=@OQ?IK

?B;



orb it track

nadir track

SeaWinds

cross track

 802 km

700 km

900 km

11
00

  k
m

12
45

 km

inner 
beam

outer
beam

18 rp
m

7 km
/sec

(a) (b)

�h7M]SU1JN?�=1D ; � �[=���);"? ���	��
 ��������7MH1LPONJNU V ?BH6O = 4 R6=\JPK OQ;"?	��U"7��G�1$+��� LNF>=\9I?B9IJQ=@Z O ��;"7:9<;
�+=\L&Aa=@U1H19<;1?IKT7:H	
\U"H1? �.m �����"D � 4 �*�);"?�R `S?BJN=\A:AE]S?IR V ?gOQJ 5 R@Z OQ;1? ���	��
 ������� V ?i=\LPU1JN? V ?IH6O
LN;"R���7MH1] 4 R\ON;TOQ;1?�7:H"H1?BJ�=\H"K8RSUGOQ?BJ%=\H6ON?BH1H>= 4 ?i= V ZbR�R\ONF1JN7MH3ONLBD

��7MON; OQ;1? ���	��
��������=@H3ON?BH1H1= ZbR�R\OQF"JN7:H6ONL�7:L�=\F"F1JNR �G7 V =@OQ?IA 5 kO; � V � = �B7 V U"OQ; � 435 �O; � V

�[?IA:?g`\= OQ7:R\H �gD �/H R\JNK1?IJ�ONR V ?B?gO�ON;1?�=\A:RSH"]@- ONJQ=\9 ��9IRSH6OQ7MH�U"7MO 5 9IRSH1LPONJQ=\7MH6O ��7WOQ;f= �Sl���R `\?BJPAa=\F �
= JNR@O<=@ON7:RSH8JQ=@ON?jR\Z�m8? JPF V 7:L�LP?BA:?I9ION?BK � LP?B? ��e D ���"D �	� � D��);1? =\H6OQ?IH1H>= =\H1K V ?i=\LPU1JN? V ?IH6O
]S?IR V ?gOQJ 5 F>=\JN= V ?IOQ?IJNL%=\JP?�LPU V V =\JP7��I?BKT7:H �d= 4 AM?F=1D k�D

�h7M]SU1JN? =1D �_K"?BF17M9IOQL�OQ;"? 4 =\LP7:9�K1?BLP7:]SH8R\ZhON;1?Y��?i=@C 7MH1K1L%JQ=\K>=@J�?IA:?B9gOQJPRSH17:9IL
=@H1K
LN;"R���L OQ;"? ONJQ=\H"L V 7MO �%JN?I9B?I7M`S? ��=\H1K F1JNR�9B?ILNLP7:H1] ZbU1H19gOQ7:R\H1LBD ^%F#RSH 9BR V_V =\H1K ZbJPR V OQ;"?

OQ7 V 7MH1]�9BRSH6OQJPRSA:AM?BJ ��ON;1?
OQJN=\H1L V 7WONOQ?IJ�7MLNLPU1?BL�= mSD ; V L+K1U"JQ=@ON7:RSH ��UG-/'&=\H1K F1U1A:LP?\D��%`\=@7:Aa= 4 A:?
��UG-,'+=\H1K = V F"A:7Mc1?BJ
ON?B9<;1H1R\A:RS] 5 A:7 V 7MONL�ON;1?_FE?i= � F#R���?BJ�R\Z+ON;1? F1U1AMLN? OQR mSm lTC = ONOQL��[=\H
7:LPLNU1?�R@Z LN7:]\H17Mc>9B=\H19I?�7:H ON;17:L)=@H1K OQ;1?�ZbR\A:A:R���7MH1]f9<;1=\F"OQ?IJNL �gD*�);1?�F1U1AMLN?�7ML&JNRSUGOQ?BK ONRY?B7WOQ;1?IJ
OQ;"?�7MH1H1?BJ(RSJ�ON;1?�R\U"OQ?IJ 4 ?i= V OQ;1JPRSU1]S;_=\H_��� JNR\OQ=\J 5 �PRS7:H6O(OQR�OQ;1?%LNF"7:H1H17MH1]�LN?I9IOQ7MRSH R@Z OQ;"?
=\H6OQ?IH1H>= =\LNLP? Vj4 A 5 D

�);1? ?B9<;1RXJN?gOQU1JPH 7ML�A:7��@? ��7MLN?YK17MJN?B9gOQ?IK ONRXON;1? JN?B9I?B7W`S?BJ ��;1?IJN? 7MO�7MLf= V F1AM7Mc>?IK �
K1R���H19IRSH6`S?BJ�OQ?IK � =\H1K8K1?ION?B9ION?BK.D
��?IOQ=\7:AML)R\Z OQ;"?fOQJN=\H1L V 7WO�F"U1A:LP? =\H"K�?B9<;"RTK1?ION?B9ION7:RSHXOQ7 V -
7:H"] =\JP?8LP;1R���H 7:H �h7M]1D =1D <GD �);1?XOQJN=\H1L V 7MO ?g`S?IH3ONL R�9B9BU"J_?g`S?BJ 5 ;�D = V L_=\H1K =\AMON?BJPH>=@OQ?

?
�



�d= 4 A:?F="D k � ���	��
������� 4 ?B= V ]S?IR V ?gOQJ 5 =\H1K8=\H6OQ?IH1H>= F>=\JN= V ?gOQ?IJNLBD

!h=\JN= V ?IOQ?IJ �/H1H1?IJ
'�?i= V 	�U"OQ?IJ%'+?i= V
!dRSA:=\JN7 �i=@ON7:RSH � �
��A:?I`@=@ON7:RSHT��H1]SAM? =6l � =
� �
�GU1J�Z[=\9B?��/H19I7:K1?IH19B?��
H1]\A:? =C< � ;9; �
�GAa=@H3O%�%=\H1]\? mSm l\l � V m kU=C; � V
�YK>' '�?i= V C 7MK"OQ;"L �[= � � ?BA � m � ?�� � m � ��� m � < ��� m � = �
� �+R - C = 5 �YK>' �>RGR@OQF1JP7:H6O���7 V ?BH"LN7:R\H1L � = � � ?BA � kU= � �Gm � V k�� � �
� � V
!d?B= �X��=@7:H �O?"D ;YK1'+7 ���YK>'+7
�%R@O<=@ON7:RSH �%=@OQ? m8?YJNF V
�
AMRSH1]Y��JQ=\9 �X�GF1=\9B7MH1] kSk�� V kSk � V
�
AMRSH1] �G9B=\H �GF1=\9B7MH1] m�;�� V m � � V

4 ?IO ��?B?BH ON;1?�7:H1H1?IJ
=@H1K�RSUGOQ?BJ 4 ?i= V LBD&�);"7:L
F"JNR�K1U19B?IL�= !(��� R\Z �6k�D ; � ��RSH�?B=\9<; 4 ?i= V
7:H"K17M`�7:K"U>=\A:A 5 =@H1K m8?O; � �fR `S?IJQ=\AMA D��);1? JN=\H1]S?�]6=@ON?fAM?BH1]@OQ; �[RSJ%LN7M]SH>=\A LN= V F"A:7:H"]Y7:H6OQ?IJP`@=\A �

7:L�=\F1F"JNR �G7 V =@OQ?IA 5 k V L%A:RSH1]"D���U"JN7:H"] ON;17:L�OQ7 V ? � 4 R\ON;8OQ;"?jLN7M]SH>=\A ��H"RS7:LP?�=\H1K H1R\7:LN? -/RSH"A 5
V ?i=\LPU1JN? V ?IH3ONL&=\JP? V =\K1?@D �);1?�!(��� �&=\L�LN?IA:?B9gOQ?IK OQR�7:H1LPU1JN?%OQ;>= O+=@K1?Be3U>=@ON?
LPU1JPZ[=\9I?
LN= V -

F1AM7:H1]j7ML�=\9<;17M?I`S?IK �bLN?I? ��?B9ION7:RSH �GDMmSD �� �>=\H1KTOQ;1=@O&OQ;"?�L�OQJPRSH1] H>=\K17MJ+JP?IOQU"JNH8=\JNJP7M`S?IL)RSU"ONLN7:K"?
OQ;"?%LN= V F1A:7MH1]�7:H6OQ?IJP`@=\A �bLN?I?��G?I9ION7:RSH �"D>=1D k	�gDd� LPU V V =\J 5 AM7:LPO R\Z#ON;1? �\? 5 JN=\K>=\J�F1=\JQ= V ?ION?BJPL

7:L)]\7M`S?IH87MH �h= 4 A:?F=1D �"D

Beam
Select
Switch

Transmitter

Receive
Protect
Switch

Amp lification,
Downconversion

Digital 
Processing

Dop p ler Comp ensation
         Calculation

Antenna

Antenna Position Comp ensation Frequency

13.402 GHz 

Calib ration
Loop
Attenuator

Modulation



�h7M]SU1JN?�="D � � ��7a=@]SJQ= V R\Z
ON;1? ���	��
 �������jJQ=\K>=@J ?IA:?I9IOQJPRSH17M9BL LN;1R���7MH1] ONJQ=\H1L V 7WO �*JN?I9B?B7W`S? �
��RSF1F"A:?BJ)9IR V F#?IH1LQ=@ON7:RSH �1=\H1KX9i=@A:7 4 JQ=@ON7:RSH AMRGR\F ZbU1H19ION7:RSH"LBD

?B<



Inner Beam
Tr ansmit  n

Outer Beam
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Inner Beam
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Outer Beam
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Inner Beam
Echo  n

Outer Beam
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1.5 ms          2 ms
Sample Interval

5.4 ms

�h7M]SU1JN?(=1D < � ��7a=@]SJQ= V LN;1R���7:H"] ���	��
 ��������JQ=\K>=@J�ON7 V 7:H1]1DT�);"? K>=\J � LP;>=\K1?IK JN?B9gO<=\H"]SA:?IL
=\H1K ONJQ=\FE? �IRS7:K"L�=\JN?fOQJQ=@H1L V 7MO
F1U1A:LP?Y=\H1K JP?B9I?B7M`\?Y?B9<;1R ?g`S?BH6ONL ��;17M9<; RG9I9BU1J�R\H OQ;1?j7MH1H1?IJ
4 ?i= V D��);1?�A:7M]S;6O)LN;>=@K1?BK�=\JN?B=\L%=\JN?�ON;1?�LQ= V ?�?I`S?IH6OQL ��;"7:9<;XRG9I9BU1J)ZbRSJ&ON;1?�RSU"OQ?IJ 4 ?B= V D

�d= 4 A:?F="D � � ���	��
�������+JQ=\K>=@J)?BA:?I9IONJNRSH17M9BL�=\H"KXON7 V 7:H1]jF1=\JQ= V ?ION?BJPL

!d=\JQ= V ?gOQ?BJ �*=\A:U"?
��JQ=@H1L V 7MO��>JP?Be3U1?BH"9 5 m �"D>=6l6kY��� �
��JQ=@H1L V 7MO�!�R��+?IJ m\m ljC =@OPOQL
��JQ=@H1L V 7MO�!(�%� m8?��Y� ��� �	� � ��?B=\9<; 4 ?i= V �
��JQ=@H1L V 7MO�!�U1AMLN?� ?BH1]@OQ; mSD ; V L
��?B9I?B7W`S?f��= OQ?� ?BH1]@OQ; kGD l V L
��?B9I?B7W`S?f��= OQ?���?BA:= 5 <GD � V L �[7:H"H1?BJ 4 ?i= V � �/?"D � V L �[RSUGOQ?BJ 4 ?i= V �
� 5 L�OQ? V ��RS7MLN?���? V F#?IJQ=@ONU1JN? <U=Sl�� �

��U1? OQR OQ;"? V R\OQ7MRSH R\Z)ON;1? LN=@OQ?IA:A:7WOQ? JN?IAa=@ON7M`\?_OQR8OQ;1?T�(=\J�OQ; �(=���RSF1F1AM?BJ�LN;17WZ O

4 ?IO ��?B?BH�� ;\lSl ��� � 7:L 7 V F>=\J�OQ?BK OQR OQ;"? ?I9<;1R JN?gOQU1JPH�LP7:]SH>=@A D C ;1?BH�ON;1? =\H6OQ?BH"H>= 7ML
FERS7:H6OQ7MH1] ZbRSJ �+=\JPK RSJ 4 ?I;17:H"K JN?IAa=@ON7M`\? ONR ON;1?8LPF>=\9I?B9BJN=@Z O V R\ON7:RSH �(OQ;"?���RSF"F1A:?IJ LP;17MZ O 7ML
=@O = V = �G7 V U V RSJ V 7:H17 V U V D C ;"?BH�OQ;1? =\H6OQ?BH"H>= 7:L LP9i=\H"H1?BK F#?IJNFE?BH1K"7:9BU"Aa=\J OQR OQ;"?

LNF1=\9B?I9BJQ= Z O�]SJPRSU1H1KG- OQJN=\9 � � ON;1?�LN;17WZ O�7ML�H1?i=\J �B?IJNR1D+�/H8OQ;"? ���	��
�������)K1?ILN7M]SH �>OQ;1?f��RSF1F"A:?BJ
LN;"7MZ OT7ML F1JN? -/9IR V FE?BH"LQ=@ON?BK 435 OQU1H"7:H1] ON;1? OQJQ=@H1L V 7MO 9i=\JPJN7:?IJ ZbJN?Ie3U1?BH19 5 OQR�m �GD =6lSk ��� �

V 7:H3U1L � � � � � ��;1?IJN?
� � � �_7:L�ON;1?Y? �GFE?B9ION?BK ZbJP?Be3U1?IH19 5 LP;17MZ O�ONR 4 ? 7 V F>=\J�OQ?BK ONRTOQ;1?YJP?IOQU"JNH

LN7M]SH>=\A �[LP?B? �d7:]1D =1D ��gD �);1? 9IR V FE?BH"LQ=@ON7:RSH ZbJP?Be3U1?IH19 5 7:L 9IR V F1U"OQ?IK 465 ON;1? �G?B=@C 7:H"K1L
RSHG- 4 RS=\JNK F1JNR�9B?ILNLNR\JjU1LN7MH1]8ON;1? V ?i=@LNU1JP?BK =\H6OQ?IH1H>=�FERSLP7MOQ7MRSH ��RSJ 4 7MOfA:R�9i=@ON7:RSH � LPF>=\9B?I9BJN=@Z O

`S?IA:R�9B7WO 5 �#=\H1K �(=\J�OQ; JPR\O<= OQ7:R\H.D)!�JN? -/9BR V FE?BH1LN=@OQ7MH1]_ON;1?fONJQ=\H"L V 7MO%F1U1AMLN?�ZbRSJ
��R\F1F1A:?IJ�LN;17WZ O
F1JPRGK1U"9B?BL�=@HX?I9<;1R LN7M]SH>=\A OQ;>= O�=\A �+= 5 L)RG9I9BU1JPL�=@O&OQ;"?�LQ= V ?�9B?IH6OQ?BJ)ZbJP?Be3U1?BH"9 5 �>LP7 V F1A:7WZ 5 7:H1]
OQ;"?f�%� K1R���H19BR\H3`\?BJPLN7:R\H =\H1K K1?gOQ?B9gOQRSJ%?BAM?B9gOQJNR\H17:9ILBD

?O?



�
H 7 V FERSJPOQ=\H6O+Zb?B=@OQU1JP?�R\Zh=\H 5 LN9B=@ONON?BJNR V ?gOQ?BJ)L 5 LPOQ? V 7:L+ON;1?�=\9B9IU1JQ= OQ?�9i=@A:7 4 JQ= -

OQ7MRSHYR\Z OQ;"?&OQJQ=@H1L V 7MOhF#R���?BJ(=\H1K JP?B9B?I7M`\?BJ(]6=\7MH �>?\l � Dd�/HYOQ;1?%�G?B=@C 7:H"K1L�7:H1L�OQJPU V ?IH6O(K1?BLP7:]SH �
OQ;"?BLN?�F>=@JQ= V ?ION?BJNL�=@JN? V ?i=\LPU1JN?IKXLP7 V U"AMO<=@H1?BRSU"LNA 5 465 FE?BJP7:R�K17:9B=\A:A 5 7:H �P?I9IOQ7MH1] ON;1?�OQJN=\H1L V 7MO
F1U1AMLN? �1=@OPOQ?BH3U>= OQ?BK 465 = �3H1R���H = V RSU1H6O ��7:H6OQRfOQ;1?�JN?B9I?B7W`S?BJID(�dRY=i`\RS7:K 9IRSJNJPU1F"ON7:RSH 465 LNF1U�-
JN7MRSU1L AM?i= � =\]\?&F#R���?BJ�K1U"JN7:H"]�= ��A:R�RSFG- 4 =\9 � � 9i=\AM7 4 JN=@OQ7MRSH ?g`S?IH3O ��=�;"7:]S;jAMRSLNL�JP?B9I?B7M`\?�F1JNR\ON?B9gO
L ��7WOQ9<;X7:L)?IH>= 4 AM?BK.D

� � @ � @ � ��� + 4H-/���OJ ��� "�) �*4( �Q�� KM��-/� J % $�� $: P���	�������	��
��������" $��!�

C 7MON; OQ;"?);17:]S;�-/A:?g`S?IAGL 5 L�OQ? V F>=\JN= V ?gOQ?IJNLhK"?B9B7MK1?BK �SOQ;1?)H1? ��O V =��PRSJhK1?ILN7M]SHY9BRSH�-
LN7MK1?BJN=@OQ7MRSH ZbRSJ+= 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK L 5 LPOQ? V 7:L*OQ;1?
7:K1?IH3ON7Mc>9B=@OQ7MRSH R@Zh=fF1U1A:LP? V RGK1U"Aa=@ON7:RSH
��;17M9<; V 7MH17 V 7��I?BLjON;1?8`@=\AMU1?�R\Z � ���QD ��?BJP? �)OQ;"?8ZbJQ= V ? �+RSJ � K1?BJP7M`S?IK 7:H �G?B9gOQ7MRSH =1DWm�7ML

=\F1F"A:7:?IK OQRXR 4 OQ=\7:H RSFGOQ7 V U V LP7:]SH>=@A F1JNR�9B?ILNLP7:H1]XF>=\JN= V ?gOQ?IJNL�ZbRSJ�ON;1?_LPF#?I9B7Wc>9 9i=\LP? R@Z+OQ;"?

���	��
�������&LP9i=@OPOQ?BJPR V ?IOQ?IJBD

� ����3��:-� �$:�!� 1��!4H��-� NS�������9 �$:�!�

�);1?�LP7:]SH1=\A#F"JNR�9B?BLPLN7MH1]jZbRSJ�ON;1?�7MH17MON7a=\A 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IKY`S?BJPLN7MRSHTR\Z OQ;"? ���	���

�������.K1?ILN7M]SHf7ML.OQ;1?�LN= V ?�=@L.OQ;>=@O�LP;1R���Hf7MHf�d7:]1D'=1DMm\Dd�/H�]S?BH"?BJQ=@A � OQ;1? ���	��
�������#;>=\JNK �&=\JP?
7:L � ? �G7 4 AM?�?IH1RSU1]\;XONR_7 V F1AM? V ?BH6O%=\H 5 F1U1AMLN? V RGK1U"Aa=@ON7:RSH LP9<;1? V ?\D+�/H �G?I9IOQ7MRSH =1DMm �>7MO �+=\L
LN;"R���H ON;>=@OYF1LP?BU1K"R@-/JN=\H1K1R V F1;>=\LP? V RGK1U"Aa=@ON7:RSH F1JNR `�7:K"?BL V ?i=\LPU1JN? V ?IH3OY=\9B9IU1JQ=\9 5 FE?BJ,-
ZbRSJ V =\H"9B? 4 ?gONON?BJ�OQ;>=\H�=_LP7 V F1A:?�7MH3ON?BJPJNU1F"ON?BK $�C F1U1AMLN? �#=\H1K 5 ?gO
L�OQ7:AMA U"OQ7MA:7 �B?BL�= JN?IAa=@ON7M`S?
L V =\AMA 4 =\H1K ��7MK"OQ;.D(�>RSJ*OQ;17ML&JN?B=\LNR\H �"F1LP?BU1K"R@-/JN=\H1K1R V F1;>=\LP? V RGK1U"Aa=@ON7:RSH �&=@L)LN?BAM?B9gOQ?BK ZbR\J
OQ;"? 4 ?i= V ��7:K"ON;G-/AM7 V 7MON?BK_`\?BJPLN7:R\H8R\Z�OQ;"? ���	��
��������7:H1L�OQJPU V ?IH6OiD

�);3U1LTZ[=\J 7MH OQ;17MLTK17:LPLN?BJ�O<=@ON7:RSH �%R\H1A 5 � ������� � F1;>=\LP? V R�K1U1A:=@OQ7MRSH � ��;1?IJN? OQ;"?
F1;>=@LN? 7ML�ONRS]S]SAM?BK JQ=\H"K1R V A 5 4 ?IO ��?B?IH l � =\H"K m8?Sl � �h;>=@L 4 ?B?IH 9BRSH"LN7:K"?BJN?IK.D �);17:L�ZbRSJ V =@O
�+=\L =\LNLPU V ?BK 7:H ]\?BH1?IJQ=@ON7:H1] �h7M]1D �"D � =\H1K 7:H ON;1? 9i=@A:9BU"Aa=@ON7:RSH R\Z�OQ;1? `@=\AMU1?BL 7:H �d= 4 AM?
=1DWmSD��%?i=\JPA 5 7MK1?BH6OQ7M9i=\A	����h?BH";>=\H19I? V ?BH6O&JP?BLNU"AMOQL*9i=@H 4 ?�R 4 O<=\7MH1?BK ��7MON; � � � ��� ��� � � �(F1;>=\LP?
V RGK1U"Aa=@ON7:RSH � ��;1?BJP?_OQ;"?_F1;1=\LN?_7:L�OQRS]\]SA:?IK JN=\H1K1R V A 5 4 ?gO �+?I?BH l � � �Sl � ��mP?Sl�� �hkO<\l��gDT'+? -
9i=@U1LN?TOQ;"?TF1;>=\LP? ONJQ=\H"LN7MON7:RSH"LY=\JN?TAM?BLPL = 4 JNU"F"O �*e3U>=\K1JN=@OQU1JP? F1;>=\LP? V R�K1U1Aa= OQ7:R\H AM?i=\K1LjONR
A:R���?BJ&LPF#?I9IONJQ=\A.LP7:K1?IA:R 4 ?BL�7:H ON;1?�LN7M]SH>=\AELNFE?B9gOQJPU V �1=\H1K OQ;3U1L)7ML+LPR V ? ��;>=@O V RSJP?�K1?BLP7:JN= 4 A:?
OQ;1=\H 4 7:H>=\J 5 LN9<;"? V ?BLBD � LPF#?I9B7Wc>9 ZbR\J V R\Z+e3U>=\K1JN=@OQU1JP? V R�K1U1A:=@OQ7MRSH �3H1R���H =\L V U1AWOQ7MF1A:?

?��



F1;>=@LN?g- LN;17WZ O �\? 5 7MH1] � � � � � ����7:K1?IA 5 U"LN?BKX7:H 9IR V_V U1H17:9B=@OQ7MRSH1L+=\F1F1AM7:9i= OQ7:R\H1L � �&=\L�LP?BA:?I9ION?BK
ZbRSJ U"LN? ��7MON; OQ;"? 4 ?B= V ��7:KGOQ;G- A:7 V 7MON?BK�`S?IJNLP7:RSH R\Z>ON;1? ���	��
 ��������LP9i=@OPOQ?IJNR V ?ION?BJBDh�);1?)9<;>=\J,-
=\9gOQ?BJP7:L�OQ7:9IL =@H1K FE?BJ�ZbRSJ V =\H19I? R@Z&OQ;1? � � � V R�K1U1Aa= OQ7:R\H =\F1F1JPR6=\9<; =\JP? =@K1K1JN?ILNLP?BK 7MH OQ;"?

ZbRSAMA:R���7:H1] LNU 4 LP?B9gOQ7:R\H1LBD

A ���:-� �$:����"PQ�$�� KM�B �M�C��� N�$:�!��-I����� �!$&"'�FKM-I������$��� �Q -I��� � N	� � ����3��:-� �$:�!� KM-I���5J
��$&�� �Q

C 7MON;YOQ;1? V RGK1U"Aa=@ON7:RSHfLN9<;1? V ?%9<;1RSLP?BH �3OQ;1?�JP? V =\7:H17MH1]�K1?ILN7M]SH K1?B9I7:LN7MRSH1L(H1?I9B?BL,-
LQ=@J 5 OQR
R\F"OQ7 V 7 �B? V ?B=\LNU"JN? V ?BH6O =\9B9IU1JQ=\9 5 FE?BJ�ZbRSJ V =\H19I?+=\JP?�ON;1?+LP?BA:?I9ION7:RSHjR@Z = V RGK1U"Aa=@ON7:RSH

4 =\H"K ��7:K"ON; � � �
� �
� =XLN7M]SH>=\A ��H"RS7:LP? 9<;1=\H1H1?IA 4 =@H1K ��7:KGOQ; � � � � =@H1K =XH1RS7:LP?g- RSH1A 5 9<;1=\H1H1?IA

4 =\H"K ��7:K"ON; � � � D �);"? LNFE?B9gOQJPU V R\Z&OQ;"? � � � V R�K1U1A:=@OQ7MRSH OQJN=\H1L V 7MO�LP7:]SH1=\A(7:L�]S7M`\?BH 435
� �O? �

� �
� �
� ��� � m�� � � � ����� 	 9IRSL ��� �

= � �� � � � � � � � � ��=1D �Sl�

��;1?IJN? � �&7ML�OQ;1? OQR\OQ=\A�?BH"?BJN] 5 7:H OQ;1? OQJN=\H1L V 7MO�F"U1A:LP? =\H"K � ��7:L�ON;1? V R�K1U1Aa= OQ7:R\H �P9<;17MF �
FE?BJN7MRGK D �);1? � K1' 4 =@H1K ��7:KGOQ;XR\ZdON;1?�OQJN=\H1L V 7MO&F1U1A:LP? ��� �

� �
�17:L%=\F"F1JNR �G7 V =@OQ?IA 5 ]S7M`\?BH 465

� �
� �
� l � �

� �
� ��=1D �"m��

�);1?_LNFE?B9IONJNU V R\Z+OQ;1? ?B9<;1R�JN?IONU1JNH � � � ��� � 7:L�LNR V ? ��;1=@O K"7 �#?BJN?IH6OfZbJPR V OQ;>= O
R\Z�ON;1?fONJQ=\H1L V 7WO
F"U1A:LP?\D
�);"?jLNFE?B9gOQJNU V R\Z�ON;1?j?I9<;1RT7:L�= JN?ILNU1AWO�R\ZhOQ;1?j7MH6OQ?BJN=\9ION7:RSH8R\Z�OQ;"?

OQJN=\H1L V 7WO LN7:]\H>=\A ��7MON;�ON;1?*RG9I?i=\H�LNU1J�Z[=\9B?�R `S?BJ OQ;"?�7MA:A:U V 7MH>=@OQ?IK
ZbR�R\OQF1JP7:H6OiD �);1?�?B9<;1R�?BH1?IJN] 5
LNFE?B9gOQJPU V 7:L(=�LNU V V =@OQ7MRSHjR\Z#JN?IF1A:7M9i=\L�R\ZEOQ;"?�ONJQ=\H"L V 7MO(?BH"?BJN] 5 LNFE?B9gOQJNU V �+?I7:]S;6OQ?IK 465 OQ;"?
=\H6OQ?IH1H>= F>=@OPOQ?IJNH =\H1K LP;17MZ ON?BK 465 OQ;"? ��RSF1F1AM?BJ ZbJP?Be3U1?BH"9 5 D �);1?T?B9<;1R JN?gOQU1JPH LNFE?B9IONJNU V

9i=@H 4 ? ��JP7MOPOQ?BH8=\L%=YZbJN?Be3U1?IH19 5 K1R V =\7MH 9BRSH6`SR\A:U"ON7:RSHXR\Z�OQ;1?�OQJN=\H1L V 7MO�LPF#?I9IONJNU V =\H"K8OQ;"?
ZbR�R\OQF1JP7:H6O���RSF"F1A:?IJ)LNFE?B9IONJNU V ��� � ��� �

� � ��� � � �
� �
� �����	� � ����� ��=1D �6k	�

��;1?IJN?TOQ;1?X��RSF"F1A:?IJjLNFE?B9gOQJNU V JN?BF"JN?BLP?BH6OQL OQ;1?TK"?B]SJP?B? OQR ��;17:9<; ON;1?TOQJQ=@H1L V 7MOYLP7:]SH1=\A+7ML
LNF"JN?i=@K87MH ZbJP?Be3U1?IH19 5 K1U1?�ONR ON;1?���RSF1F1AM?BJ)LP;17MZ O�?IH19BRSU"H3ON?BJP?BK R `S?IJ)OQ;1?�7:AMA:U V 7:H1=@OQ?IK =\JP?i="D

�h7M]SU1JN? ="D ?�7:L�=�]SJQ=\F";17:9B=\AS? �"= V F1AM?*R@Z";1R�� ON;1?*?B9<;1R�LNFE?B9IONJNU V 7ML.ZbRSJ V ?BK.Dd��?IJN? �

OQ;"?
OQJN=\H1L V 7MO*LPF#?I9IOQJPU V �+=\L&9IR V F1U"OQ?IK ZbJNR V ��e D �:=1D �Sl��=@LNLNU V 7MH1] � �
� �
� =6l ��� �@D(�);1?

�Sl



150000 100000 50000 0 50000 100000 150000
Frequency (Hz)

60.0

50.0

40.0

30.0

20.0

10.0

0.0

E
ne

rg
y 

S
pe

ct
ra

l D
en

si
ty

 (
N

or
m

al
iz

ed
)

Doppler Spectrum
Transmit Spectrum
Echo Spectrum
Filter Response

-

-

-

-

-

-
- - -

�h7M]SU1JN? =1D ? � �"= V F1A:?(F1AMR\OdR\Z1OQJN=\H1L V 7WOdLPF#?I9IONJNU V � � �
� �
� =6l ��� � � �@OQ;1?+��RSF1F1AM?BJ�LNFE?B9IONJNU V

=\LPLNR�9B7a= OQ?BK	��7WOQ;TOQ;1? ���	��
�������+=\H6OQ?BH"H>= ZbR�R\ONF1JN7MH3O �>=\H1KTON;1?�JN?BLPU1AMON7:H1]Y?I9<;1R JP?IONU1JNH LNFE?B9 -
OQJPU V Dh�
AMLNR�F1A:R@ONOQ?IK �6ZbRSJ�9BR V F>=@JN7:LPRSH �67ML�=�LQ= V F1AM?�LN7:]\H>=\A���H1R\7:LN?�c>AMON?BJ(JN?ILNFERSH1LN?���;1?IJN? � �
� ?\l ��� �\D

��RSF1F"A:?BJ�LPF#?I9IONJNU V LP;1R���H 7ML ZbRSJ OQ;1? ���	��
�������hZbR�R\ONF1JN7MH3O F>=\JQ= V ?gOQ?BJPL(]S7M`\?BH 7:H �d= 4 A:?2="D k �
=\H1K ;>=\Lf= � K>' 4 =\H1K ��7MK"OQ; R\Z)=@F1F1JNR �G7 V =@ON?BA 5 m l ��� �\D �);1?_JN?ILNU1AWOQ7:H"] 4 =\LN? 4 =\H1K ?I9<;1R
LNFE?B9gOQJPU V �&=@L*9IR V F1U"OQ?IKYZbJNR V �(e D �:=1D �Sk	�gDd�
A:A"LNFE?B9IONJQ= ��?BJN?%H1RSJ V =@A:7��I?BK ONR�=�FE?i= � `@=\A:U1?

R\Z*U1H17WO 5 D ��R\ON?jOQ;>=@O�ZbR\J
OQ;1?Y9B=\LN? LP;1R���H ��=\H1K 7:H1K"?B?BK 7MH =\A:A�9i=\LP?BL ��;1?BJP? � �
� ���

��� � � �
OQ;"? ONJQ=\H1L V 7WO�LNFE?B9gOQJNU V 7ML�OQ;1? K1R V 7:H>=@H3O�Z[=@9IOQR\J�7MH K1?ION?BJ V 7:H"7:H1]TOQ;"? 4 =@H1K ��7:KGOQ; R@Z+OQ;"?
?B9<;"R_JP?IOQU"JNH.D

�);1?%LN7M]SH>=\A ��H"RS7:LP?+c>AMON?BJ 4 =\H"K ��7:K"ON; � � � � V U"LPO 4 ?�LNU �_9I7:?IH3ONA 5 ��7MK1?)OQRf=\9B9IR V -
V RGK>= OQ?
ON;1?�?B9<;1R JP?IOQU"JNH LNFE?B9gOQJNU V � 5 ?IO%=\L)H>=@JNJNR���=\L)FERSLNLP7 4 AM?
OQR V 7:H17 V 7 �B?)OQ;"?f= V RSU"H3O
R\Z�ON;1?BJ V =\A�H1RS7MLN?jF1=\LNLP?BK.D��/H ON;1? ���	��
�������%K1?BLP7:]SH F"JNR�9B?BLPL �.O ��R V ?gOQJP7:9BL
=\JN? ? V F1A:R 5 ?IK
OQR =@LNLN?ILNL�OQ;1?YFE?BJ�ZbRSJ V =\H19I?jR\Z(OQ;"?YLN7:]\H>=\A���H1R\7:LN?�c>AWOQ?BJ � ON;1?jZbJQ=\9gOQ7MRSH R\Z*OQ;1? ?B9<;1RX?BH1?IJN] 5
F>=\LPLN?IK 465 OQ;1?Yc>AWOQ?IJ � =\H1K OQ;"?_��R\F1F1A:?IJ�9BR V FE?BH1LN=@OQ7MRSH ?BJPJNRSJID �);"? ZbJN=\9ION7:RSH R\Z*OQ;"? ?I9<;1R

�"m



?BH"?BJN] 5 F>=\LNLP?BK � ��� �17ML)]S7M`\?BH 465

��� � � � � � � ��� � � � � ��� � �
� � � ����� � � ��=1D �	��

��;1?IJN? ��� ��� ����� � 7MLjOQ;1? V =\]SH17WOQU1K1?TJP?BLPF#RSH"LN?XR\Z
ON;1? LN7:]\H>=\A���H1R\7:LN?_c>AMON?BJBD �);1?8��RSF1F"A:?BJ
9BR V FE?BH1LN=@OQ7MRSH ?IJNJPRSJ 7ML_9B=\U1LN?IK 465 7MH1? �"=\9gO F1JP?g-/9IR V F#?IH1LQ=@ON7:RSH R\Z�OQ;"?8OQJN=\H1L V 7WO 9B=\JNJP7:?BJ

ZbRSJ�?B9<;1R ��R\F1F1A:?IJfLP;17MZ OBDX��R V 7:H>=@A:A 5 � OQ;1? ��RSF1F1AM?BJ�LN;17WZ O 7 V F>=@JPOQ?IK ONR8OQ;"? JN?gOQU1JPH LN7M]SH>=\A
7:L
F#?IJPZb?B9gOQA 5 F1JP?g-/9IR V F#?IH1LQ=@ON?BK =\H1K ON;1?Y?B9<;1R LPF#?I9IOQJPU V 7ML�9B?IH3ON?BJP?BK 7MH OQ;1?YLP7:]SH1=\A���H1RS7MLN?
c>AWOQ?BJID �/H JP?i=\AM7MO 5 ��=\H6OQ?IH1H>= F#RSLP7MON7:RSH U1H"9B?BJ�O<=\7MH6O 5 =\H1K LNF>=\9I?B9IJQ=@Z O =@ONON7MONU1K1?TU1H19I?BJ�O<=\7MH3O 5
A:?B=\K8ONR_?IJNJPRSJNL�7:H8��RSF1F1AM?BJ)OQJN=\9 �37:H1]1D)�);"? JN?ILNU1AWO<=\H6O
?BJNJPRSJ%7:HXK1?ION?B9ION7:H1] OQ;1?f?B9<;1R ?BH1?IJN] 5 �
��� �17:L�]S7W`S?IH 465

��� � 	 ��� ��� ����� � � � ��� � � � 	 ��� � � ��� � � � � � � �
�
� � ��� �� ��=1D �9= �

��;1?IJN? �
�
� �
7:L
ON;1?j?IJNJNR\J�=\LNLPRG9I7a=@ON?BK ��7WOQ; =\H 7MH1? �"=\9gO�H3U1A:AM7:H1]_R\Z(OQ;1?j��RSF1F1AM?BJ
9I?BH6OQ?IJ�ZbJN? -

e3U1?BH"9 5 �*A:?B=\K17MH1]8ONR =\H R �#LN?IOj7:H ON;1? 4 =\LP? 4 =\H"K ?I9<;1R LNFE?B9gOQJNU V D �);1? c1AMOQ?IJ 4 =\H"K ��7:K"ON;

V U1L�O 4 ?fLPU � 9B7M?BH6OQA 5 ��7MK1?fONR =\9I9BR V V RGK>= OQ?�OQ;"7:L � �P7MONON?BJ � 7MH8ON;1? ?I9<;1R 9B?IH6OQ?BJ�ZbJN?Be3U1?IH19 5 �
��7MON;1RSU"O�F"JNR�K1U19B7MH1] ? �G9B?ILNLP7M`S?f?BJPJNRSJID

�/H ? �1= V 7MH17:H1] OQ;"?jF#?IJPZbRSJ V =@H19B?�R\Z�OQ;"? LN7M]SH>=\A ��H1RS7:LP?�c>AMON?BJ � ��c>AWOQ?IJ
R `S?IJN;1?B=\K �
7:L K1?Ic>H"?BK =\L � � � � �

� �
��RSJ ON;1? =\K1K"7MOQ7MRSH>=\A 4 =@H1K ��7:KGOQ;�R\Z�OQ;"?�c>AMON?BJ R `\?BJ OQ;"? � K>'

4 =\H"K ��7:K"ON; R\Z ON;1?�ONJQ=\H1L V 7WO+F"U1A:LP?\D��/HT�h7M]SLBDC=1D �j=\H"K =1DWm l � ��� =\H1K���� =\JP?
9i=@A:9BU"Aa=@ON?BK_ZbR\J

c1`\?fK17 � ?IJN?IH3O�`@=\AMU1?BL)R\Z � �
� �
=\L%=jZbU1H19gOQ7:R\H8R\Z�c>AWOQ?BJ)R `\?BJN;"?i=\K.D���R@OQ?�OQ;>= O�7MHTOQ;1?�9i=@LN?�R\Z

� �
� �
� l ��� � �GOQ;"?�OQJN=\H1L V 7WO�LP7:]SH1=\A 7:L(OQ;1?�U1H V RGK1U"Aa=@ON?BK 9B=\JNJP7:?IJ�=@H1K OQ;"?
?B9<;"RYLNFE?B9IONJNU V

7:L�ON;1? LQ= V ? =\L�OQ;"?_��R\F1F1A:?IJ�LNFE?B9gOQJNU V D �);1? c>AMON?BJ V =\]SH17WOQU1K"?jJN?ILNFERSH1LN? 7:L�= ; ON; R\JNK1?IJ

'+U"OPOQ?IJ ��RSJPON; O 5 FE? � =@H ? �"= V F1A:?fR\Z ��;17M9<; ZbRSJ � � � ?\l ��� �Y7:L�LN;1R���H 7MH �h7:]\U1JN? =1D ?GD��/H
9BR V F1UGOQ7:H"] ��� �3OQ;1?���RSF1F1AM?BJ(9BR V FE?BH1LN=@OQ7MRSH ?BJNJPRSJ �&=\L�c �G?BKT=@O�m l ��� � � � � � � � k � � m l �
JQ=@K	�@LN?I9 � �1OQ;1?�=\H6OQ7M9B7MF>=@OQ?IK V = �G7 V U V `\=@A:U1?�ZbRSJ&ON;1?f�G?i= C 7:H1K1L�K1?ILN7M]SH.D

�>JNR V �h7M]SLBD�=1D �Y=\H1K�=1DWm l �"=jJN?BA:=@OQ7MRSH1LP;17:F 4 ?gO �+?I?BH8ON;1?
ONJQ=\H1L V 7WONON?BK � �
� �
=@H1K

OQ;"? JP?Be3U17MJN?BK � ��9i=\H 4 ? K"?IOQ?IJ V 7:H1?IK.D �dRX7:H1LPU1JN?YON;>=@Of=TLNU � 9B7M?BH6O�ZbJQ=\9gOQ7:R\H R@Z+OQ;"? ?I9<;1R

?BH"?BJN] 5 7ML F>=\LNLP?BK �+7MO 7:L JN?Ie3U17:JP?BK ON;>=@O OQ;"?Xc>AWOQ?IJ 4 ?	��7:K1?X?BH"RSU1]S; OQR F>=\LNL �Sl � R@Z
OQ;"?
?B9<;"RY?BH1?IJN] 5 D*��R V 7:H17 V 7 �B?&ZbJN?Ie3U1?BH19 5 �P7WONOQ?IJ+7MH1K1U19I?BKT?BJPJNRSJPL&7:H OQ;1? V ?B=\LNU1JP? V ?BH6O)R\Z ?I9<;1R
JN?gOQU1JPH ?BH"?BJN] 5 � 7WO%7:L%JN?Be3U17MJN?IK�OQ;>= O ��� � l��Mm�; K>'
DE�
F1F"A 5 7:H1] OQ;"?BLN? 9BJN7WOQ?IJN7a=YOQR �h7:]\LBDI=1D �

�6k



10000.0 20000.0 30000.0 40000.0 50000.0 60000.0
Filter Overhead (Hz)

70.0

80.0

90.0

100.0

P
er

ce
nt

ag
e 

E
ne

rg
y 

P
as

se
d

Bmsk = 0 kHz

Bmsk = 20 kHz

Bmsk = 40 kHz

Bmsk = 80 kHz

Bmsk = 160 kHz

�h7M]SU1JN? =1D � � !�A:R\OjR\Z�OQ;1? FE?BJN9I?BH6O<=@]S? R\Z%?B9<;1R ?BH1?IJN] 5 F>=\LPLN?BK � ��� � 465 OQ;1?TLP7:]SH1=\A���H1RS7MLN?
4 =\H"KG-/F>=@LNL&c>AWOQ?BJP7:H1] RSF#?IJQ=@ON7:RSH_ZbRSJ&K17 � ?IJN?BH6O)`@=\AMU1?BL&R@Z � �

� �
=\H1K c>AWOQ?BJ �PR `S?BJP;1?i=@K � � � � �� �

� �
�gD

=\H1K =1DMmil �37MO�7:L*R 4 LN?IJP`\?BKTOQ;>= O�ON;1? 5 =\JN?%LQ= OQ7:L�c>?BK_ZbRSJ+=�c>AMON?BJ*R `\?BJP;1?i=\KTR@Z 4 ?gO �+?I?BH �Sl �G� �
=\H1K ;\l���� � �>K1?IF#?IH1K17:H"] R\H ��;"7:9<; � �

� �
7:L)? �"= V 7MH1?BK �GOQ;"?f��R\F1F1A:?IJ&7:H"K1U19B?IK ?BJNJPRSJ 4 ?B7:H"]

OQ;"?�F1JP7 V =\J 5 Z[=\9IONRSJ ZbRSJ A:R�� `@=\AMU1?BL R\Z�� �
� �
=\H1K�OQ;1?*F#?IJN9I?BH6O<=\]\?�?IH1?BJP] 5 JN?Be3U17MJN? V ?IH3O 4 ?B7:H"]

V RSJN?j7 V FERSJ�O<=\H6O
ZbR\J�Aa=\JP]S?f`@=\AMU1?BL�R@Z � �
� �
D �/H ONJQ=\K1? -/R � =\H>=\A 5 LN?BL�ONRTc>H1K OQ;1?YR\F"OQ7 V U V

V RGK1U"Aa=@ON7:RSH 4 =\H1K ��7:K"ON; � 7MO
7:L�U1LP?IZbU1A ONRT;>=i`S? = ]S?IH1?BJN=\A:7 �B?IK JN?BA:=@OQ7MRSH1LP;17:F 4 ?IO ��?B?IH � �
� �

=\H1K � �BD*�GU19<; =YJP?BAa= OQ7:R\H1LN;17MFT7:L �

� � � � �
� �
� =6l ��� � � ��=1D �B;	�

�);3U1L �#OQ;1? 4 =\H1K ��7MK"OQ;�R\Z�OQ;1?fLN7M]SH>=\A ��H"RS7:LP?�c1AMOQ?IJ�7ML�LP7��I?BK OQR 4 ? =6l ��� �jAa=\JP]S?BJ�OQ;1=\H�OQ;"?
�YK>' 4 =\H1K ��7MK"OQ;XR\Z�OQ;1?�ONJQ=\H1L V 7WO)F1U1AMLN?�LNFE?B9gOQJPU V D

�);1?(JNR\A:?�R\Z3OQ;"?*H"RS7:LP?g-/R\H1A 5 c>AMON?BJ 7ML.OQR�F1JNR `�7:K"?(=�LP?BF>=@JQ=@ON? V ?i=@LNU1JP? V ?BH6O�LNR)OQ;>= O

OQ;"? OQ;1?IJ V =\ASH1RS7MLN?�9IR V FERSH1?IH6O 9i=\H 4 ?*LPU 4 ONJQ=\9gOQ?BK�ZbJNR V OQ;"?�LN7:]\H>=\A���H1R\7:LN?@D �
L K17MLN9BU"LNLN?IK 7MH
�	�



10000.0 20000.0 30000.0 40000.0 50000.0 60000.0
Filter Overhead (Hz)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

D
op

pl
er

 E
rr

or
 (

dB
) Bmsk = 0 kHz

Bmsk = 20 kHz

Bmsk = 40 kHz

Bmsk = 80 kHz

Bmsk = 160 kHz

�h7M]SU1JN? =1DWm l � !�A:R\O�R\Z�ON;1?Y��RSF1F"A:?BJ�9BR V FE?BH1LN=@OQ7MRSH�?IJNJNR\J � ��� �#7:H K>'�ZbR\J�K17 � ?IJN?IH3O
`\=@A:U1?IL
R\Z � �

� �
=\H1K c>AWOQ?BJ	��R `\?BJP;1?i=\K � � � � � � � � � � D

�G?I9IOQ7MRSH �"D �"DWm �@ON;1?+9IRSH6OQJP7 4 U"ON7:RSH�OQR � ���.K1U1?�OQR�ON;1?&H1R\7:LN? -/RSH"A 5�V ?i=\LPU1JN? V ?IH6O�7:L V 7MH17 V 7��I?BK
ZbRSJ � � � � � �BD �>RSJ%OQ;1?YJN=\H1]S? R\Z � �

� �
=\H1K � ��9BRSH1LP7:K1?IJN?IK 7MH OQ;1? ��?i=@C 7MH1K1L�OQJN=\K1? -/R �

=\H>=@A 5 LN?IL � � �
� �
� l_OQR m �Sl ��� � � � � � =6l OQR k@lSl ��� � � � = H"RS7:LP?g-/R\H1A 5 c>AWOQ?IJ 4 =\H"K ��7:K"ON;

R\Z�� � � m���� � V ?I?IOQL*OQ;17ML�9IRSH1K17WOQ7MRSH.Dh�/H ]S?BH1?IJQ=\A �G;"R���?I`\?BJ �"OQ;1?�F1JN?I9B7MLN?
LP?BAM?B9ION7:RSH_R\Z OQ;"?
H1RS7MLN? -/RSH1A 5 c>AWOQ?IJ�F>=\JQ= V ?gOQ?BJPL(7:L(=�A:?ILNL*9BJN7WOQ7M9i=\AGRSH1?)OQ;>=@H ON;1?�LN?BAM?B9gOQ7:R\H R@Z OQ;"?%LP7:]SH1=\A���H1RS7MLN?
c>AWOQ?BJ)F1=\JQ= V ?ION?BJPLBD

NS���:���9 �$:��� �*) � �
� �
) �!4 ���� �$&��$��B-� 8$��!� �!) �� �

��7M`S?IH � � =\H1K OQ;"? JN?IAa=@ON7:RSH1LP;17:F 4 ?gO �+?I?BH � � � � =@H1K � � � ON;1? `@=\AMU1? R\Z�� � � �
��;17M9<; F1JPR `�7MK1?BL_RSF"OQ7 V U V V ?i=@LNU1JP? V ?BH6O_`@=\JP7a=\H"9B? F#?IJPZbRSJ V =@H19B? 7:L 9BR\H1LN7MK1?BJP?BK.D ��?B9B=\A:A
OQ;1=@O � ���*7:L)]S7W`S?BH 465

� ��� � � � � �
�"�
�

� �
�"��� �  �� � ��=1D �
��

�9=



��;1?IJN? �>ZbRSJ&ON;17:L)9B=\LN? �
�"�
� � �

�
� � � � � � � � � � � � ��=1D �B<	�

�);1?YF>=@JQ= V ?ION?BJNL � � � � =\H"K � 9i=\H 4 ?j?I`@=\AMU>=@ON?BK U1LN7MH1] ��e3LBD �:=1DMm ��
=\H1K �:=1D k@l�gD��);1?ILN?

?Be3U>= OQ7:R\H1L�=\JP? 9BR V F1UGOQ?BK ZbR\J�OQ;"?j? �"= V F1A:?f9i=\LP?jR\Z � � � m lT��� � ��� � � � � =6l ��� � =@H1K

� � � ?Sl �G� �Y7:H �d7:]1D*=1DWmSmSD��%R\OQ?fOQ;>=@O �.=\L
F1JN?IK17:9gOQ?BK 7MH �G?I9IOQ7MRSH =1DWmSD ; �#ON;1? `@=\A:U"? R\Z(OQ;"?
�2ON?BJ V `@=\JN7M?BL ��7WOQ; =\H6ON?BH1H>= = �I7 V UGOQ; =\H"]SA:?�ZbRSJ�ON;1?YF1LN?IU1K1R@- JQ=\H"K1R V F";>=\LN? V R�K1U1A:=@OQ?IK
OQJN=\H1L V 7WO�F"U1A:LP?\D%�);1?fON?BJ V L � =\H1K � �E;1R��+?g`S?BJ � =\JP? F1JP7 V =\JN7MA 5 K1?BFE?BH1K"?BH6O�RSH8ON;1? H"RS7:LP?
LPOQ=@OQ7MLPON7:9BL ��;"7:9<;XK1R_H"R\O)`@=\J 5 ��7WOQ;X= �I7 V U"ON;X=\H1]SAM?\D

-180.0 -120.0 -60.0 0.0 60.0
Antenna Azimuth (degrees)

0.000

0.010

0.020

0.030

0.040

0.050

120.0 180.0

A

B

C

�h7M]SU1JN? =1DWmSm � �"= V F1AM?�`@=\AMU1?BL�R\Z ON;1? � ���&9IRG? � 9B7:?IH6OQL � � � � =\H1K � � 9B=\A:9IU1Aa=@ON?BKXZbRSJ � � � �� =Sl ��� � � � � � ?Sl ��� � �E=\H1K	� � � m ��� �\D

�/H ]S?BH1?IJQ=\A � =\L�OQ;1? 4 =@H1K ��7:KGOQ;1L � �
� �
=\H"K � ��7MH19BJP?i=\LP? � OQ;1?j`@=\AMU1?BL�R\Z � ��� �

=\H1K � K"?B9BJP?i=\LP?\D �);17MLY7:L 4 ?B9i=@U1LN?TOQ;"? ��7:K1?IJ 4 =\H1K ��7MK"OQ; LN7M]SH>=\AMLjF1JPRGK1U"9B? = H>=\JPJNR��+?IJ
9BR\JNJN?IAa=@ON7:RSH�ZbU1H"9IOQ7MRSH �@=\H1K �@9BRSH"LN?Be3U1?IH6OQA 5 �SA:R���?BJ `@=\JN7:=\H19B?(?ILPOQ7 V = OQ7:R\H1L R\Z1ON;1?�LP7:]SH1=\A���H1RS7MLN?

�B;



=\H1K H1RS7:LP?g- RSH1A 5 ?BH1?IJN]S7M?BLBDX�
L�OQ;1?ILN? 4 =\H1K ��7MK"OQ;1Lf]SR�U"F � ;1R���?I`S?IJ ��OQ;"? �"��� =@LNLNR�9B7:=@OQ?IK
��7MON; OQ;"? V ?i=\LPU1JN? V ?IH3O&]SRG?IL+K1R���H `�7a= �(e D ��=1D �B<	� D��>JNR V ��e D �:=1D ���� ��7MO�7:L�R 4 LN?IJP`\?BKTOQ;>= O
=TK1?B9IJN?B=\LN7MH1]8�"�
�2ZbRSJP9B?IL � ���%ONR ]SRTU1F.D $+RSH"LN?Be3U1?IH6OQA 5 ON;1?BJP? 7:L�= OQJN=\K1?g- R � =@LNLNR�9B7:=@OQ?IK
��7MON;TLN?IA:?B9gOQ7MH1] = V R�K1U1A:=@OQ7MRSH 4 =@H1K ��7:KGOQ; ��;17M9<;8]S7W`S?IL&OQ;1?�AMR���?BL�O)`@=\A:U1?
R\Z�� � � �1=\H1K	� �
��7MON;1RSU"O+]S?BH"?BJQ= OQ7:H"]jOQR�RjA:R�� R\Zd=\HX�"����DG�);17:L�OQJQ=@K1?g- R ��7ML&9BR V F1AM7:9B=@OQ?IK 465 ON;1?
Z[=\9gO&OQ;>= O
OQ;"?�K1?BLP7:]SH RSF"OQ7 V 7 �i=@ON7:RSH V U"LPO 4 ?
`@=\A:7MK ZbR\J&= ��7MK1?�JQ=@H1]S?
R@Z RG9I?i=\HTLPU1JPZ[=\9I? � � `@=\AMU1?BLID��/H
�d= 4 A:? =1D>=��#ON;1? `@=\A:U"?BL�R\Z � �
ZbRSJ�=_JQ=\H1]\? R\Z*R�9B?i=@H LNU1J�Z[=\9B?Y9IRSH1K17WOQ7MRSH1L�=\H1K OQ;"?jJN?ILNU1AWOQ7:H"]
?B9<;"R_JP?IOQU"JNH�?IH1?BJP]S7:?IL�9i=\AM9BU1A:=@OQ?IK ZbJNR V ON;1? ���	��
 ��������K1?ILN7M]SH8F1=\JQ= V ?ION?BJPL�=\JN?�LN;"R���H D

�d= 4 A:? ="D = � � �GFE?B9ION?BK ���	��
��������?B9<;1R8?BH1?IJN]S7M?BL�ZbRSJ�AMR�� � � V �@L � � V ?IK17:U V �&? V �@L ��=@H1K
;17M]S; � k\l V �@L �+R�9B?B=\H	��7:H1KXLNFE?B?IK1LBD

�/H1H"?BJ%'+?i= V 	�U"OQ?IJ%'+?i= V
C 7:H1K8�GFE?B?IK � � �bK>' � �

�
�bK>' 
\RSU1AM?BL � � � �[K>' � �

�
�bK>' 
\RSU"A:?BL �

� V �@L - �6k -Qm8?9= -�kO< -Qm�< �
? V �@L -,k � -Qm�<O; -�k\l -Qm�<Sk
k\l V �@L -QmP= -Qm��B< -<mP= -Qm��B<

^%ON7:AM7��B7MH1]YOQ;1?f`\=@A:U1?IL
7:H8�h= 4 A:? =1D = =\H1K ��e3LBD �:=1D �
���=\H1K �:=1D �O<	� ��� ���&7:L�9i=\AM9BUG-
Aa= OQ?BK�=\L�= ZbU1H19gOQ7MRSH�R\Z�=\H6OQ?BH"H>= = �I7 V U"ON;�=@H1]SA:?�ZbRSJ%A:R�� � V ?BK17MU V �E=\H"K�;17M]S; ��7MH1K�LPF#?I?BK
9BR\H1K17MON7:RSH"L+=\H"K_ZbRSJ�= JQ=@H1]S?%R\Z `@=\A:U1?IL�R@Z�� �

� �
=@H1K K17MLNF1A:= 5 ?BK 7:H �d7:]1DB=1DWm kGD ��R\ON?�OQ;1=@O�ZbR\J

;17M]S;	��7:H1KXLNFE?B?IK1L � k\l V �@L � ��;1?BJP?Y�"��� 7:L)7:H";1?BJP?BH6OQA 5 ;17:]S; �17:H19IJN?B=\LN7MH1] � �
� �
U1F8ONR8m��\l

��� �_A:?i=@K1L�OQR = V RSH1R\ONRSH17:9 JP?BK1U19gOQ7MRSH 7MH �����ZbRSJ 4 R@OQ; OQ;1? ���	��
 ��������7:H1H"?BJf=\H1K R\U"OQ?IJ
4 ?i= V LBD � R\JYA:R�� ��7MH1K LPF#?I?BK1L � � V � L � ��;1R��+?g`S?IJ �)7:H"9BJN?B=\LN7MH1] � �

� �
A:?i=@K1LYOQR = ;17M]S;1?IJ

`@=\A:U"?fR\Z � ���+RSHXOQ;1?f7:H1H"?BJ 4 ?B= V =\L%ON;1?Y�G�
��7:L�JN?IK1U19B?IK K1U1?�OQR_ON;1? A:=\JN]\?BJ)`@=\A:U1?�R\Z � �
OQ;1=@O�7:L
JN?Be3U17MJN?IK.Dj�>RSJ%OQ;1? 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IKT`S?BJPLN7MRSH R\Z(OQ;1? ���	��
��������K1?BLP7:]SH �#`\=@A:U1?IL

R\Z � �
� �
� =6l ��� ��=\H1K � � � ?Sl �G� � ��?BJP?
9<;1R\LN?BH_OQR 5 7M?BAMK ON;1? 4 ?ILPO�R `\?BJN=\A:A>FE?BJ�ZbRSJ V =\H19I?

=@O%=\AMA ��7:H"KXLPF#?I?BK1LID

�
�



0.0 30.0 60.0 90.0
0.20

0.40

0.60

0.80

K
p

Bmsk = 0 kHz, Br = 40 kHz
Bmsk = 20 kHz, Br = 60 kHz
Bmsk = 40 kHz, Br = 80 kHz
Bmsk = 80 kHz, Br = 120 kHz
Bmsk = 160 kHz, Br = 200 KHz

Bmsk = 0 kHz, Br = 40 kHz
Bmsk = 20 kHz, Br = 60 kHz
Bmsk = 40 kHz, Br = 80 kHz
Bmsk = 80 kHz, Br = 120 kHz
Bmsk = 160 kHz, Br = 200 KHz

Inner Beam

Outer Beam

0.0 30.0 60.0 90.0
0.05

0.10

0.15

0.20

0.25

0.30

K
p

0.0 30.0 60.0 90.0
Antenna Azimuth (degrees)

0.05

0.10

0.15

0.20

0.25

0.30

K
p

Antenna Azimuth (degrees)

3 m/s

8 m/s 20 m/s

�h7M]SU1JN?�=1DMm k � $&=@A:9BU"Aa=@ON?BKY`@=\A:U1?IL�R\Z�� ��� ZbRSJ OQ;1JP?B? ��7:H"K LPF#?I?BK1L � � ��? �3=\H"K k@l V �@L �hLN;1R���H
=\L%=jZbU1H19gOQ7:R\HXR@Z =\H6ON?BH1H>= = �I7 V U"ON;X=\H1]SAM?�=\H1K ZbRSJ)K17 �#?BJP?BH6O�� �

� �
=\H1K	� �%9IR Vj4 7MH>=@OQ7MRSH1LID

� � T E �!���B��3�" $��!��" E �!���O��4H��$&��� KM�C-I� J % $&��$: 8��� N��O-� P 8�C4������C P��4�����" $��!�

�/H OQ;"7:L&9<;>=@F"OQ?IJ �1OQ;"?
OQJN=\K1?g- R �#L&7:H6`SR\AM`S?IK 7:H ON;1?�K1?BLP7:]SHTR@Z 4 ?i= V ��7:K"ON;G-/AM7 V 7MON?BK
LN9B=@ONON?BJPR V ?gOQ?IJ�L 5 LPON? V L�;>=i`S? 4 ?B?IH =@K1K1JN?ILNLP?BK � =\H"K = H1? ��LN7M]SH>=\A�F1JPRG9I?BLNLP7:H1] ZbJN= V ? ��RSJ	�
ZbRSJ%OQ;1?jUGOQ7:AM7��B=@OQ7MRSH R\Z�OQJN=\H1L V 7MO V RGK1U"Aa=@ON7:RSH ;>=\L 4 ?I?BH K1?g`S?BAMRSFE?BK.D���L�=\H 7MA:A:U"LPOQJN=@OQ7MRSH R\Z

OQ;"7:L V ?IOQ;"RGK1R\A:RS] 5 ��OQ;1?TOQJN=\K1?IR � L FE?BJ�ZbRSJ V ?BK ZbRSJ =\H 7:H"7MOQ7:=\A*K1?BLP7:]SH `S?IJNLP7:RSH R\Z
ON;1? ���	���

�������&LP9i=@OPOQ?BJPR V ?IOQ?IJ�;1= `\? =@A:LNR 4 ?B?IH�F1JP?BLN?IH6OQ?BK D+�);1? V =��PRSJ)9BRSH"9BA:U"LN7:R\H ZbJPR V 4 R\OQ; OQ;"?
OQ;"?BRSJ 5 =\H"KjOQ;1?&K"?BLN7M]SHY? �"= V F1AM?+7:L�OQ;>= O 465 9B=\JN?gZbU1A"LP?BA:?I9ION7:RSHjR@ZEON;1?+ONJQ=\H1L V 7WO V R�K1U1Aa= OQ7:R\H �
OQ;"? V ?B=\LNU"JN? V ?BH6O+?BJNJPRSJ+FE?BJ�ZbRSJ V =\H19I?
R\Z 4 ?B= V ��7:KGOQ;G- A:7 V 7MON?BKYL 5 L�OQ? V L)9B=\H 4 ?�RSF"ON7 V 7��B?IK.D
^�LP7:H1] ON;17:L H1R `S?BA&ON?B9<;1H"7:e3U1? �*OQ;1?TAM7 V 7MOQ=@OQ7MRSH1L�7 V FERSLN?IK 435 OQ;1?TLP;1RSJ�O 7:H6OQ?I]SJQ=@ON7:RSH OQ7 V ?BL

=\LPLNR�9B7a= OQ?BK	��7WOQ;XF#?IH19B7MAW- 4 ?i= V L 5 L�OQ? V L V = 5 4 ?�R `S?IJN9BR V ?@D

�B<



�O?



��� ��� �/� ���

� � �
� � � �G� � � ��� ��� ��� 	 � � �	� � ��
 � 	 � ����� � � 
 �5�/� � � � 	���� 
 	

�/H ON;1?
F1JP?I`�7:R\U1L+9<;>=@F"OQ?IJ�OQ;"? 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IKYJN?BLPRSA:UGOQ7:R\H =\F"F1JNR6=@9<; � ��;"7:9<;
JN?IF1JN?ILN?IH3ONLhOQ;"?�LP7 V F1A:?ILPO FE?BH19I7:AW- 4 ?B= V LP9i=@OPOQ?IJNR V ?ION?BJ�K1?BLP7:]SH ���+=\L�ONJN?B=@OQ?IK.Dh�/H�OQ;17ML�9<;1=\F"OQ?IJ
JN?B=\AW-/=\FE?BJPONU1JN? =\F1F1JPR6=\9<;1?IL ��;17M9<; �PLNAM7:9B? � OQ;"?Y=\H6OQ?IH1H>= ZbR�R\OQF1JP7:H6O�7:H6OQR L V =@A:A:?IJ�JN?BLPRSA:UGOQ7:R\H
9B?IA:AMLX7MH ?B7MON;1?BJ OQ;"? JN=\H1]S? RSJX��RSF1F"A:?BJTK"7 V ?BH1LP7:RSH =\JP? 9IRSH1LN7MK1?BJP?BK.D �);1?BLP? OQ?I9<;1H17Me�U"?BL

JN?IF1JN?ILN?IH3O�= V ?IK17:U V AM?I`S?IAhR\Z(9IR V F1A:? �"7WO 5 7:H FE?BH"9B7:A - 4 ?i= V LP9i=@OPOQ?IJNR V ?ION?BJ
K"?BLN7M]SH 7:HXOQ;>= O

OQ;"? 5 7 V F1JNR `S?_U1FERSH OQ;"? JN?ILNRSAMU"OQ7MRSH 9B=\F>= 4 7MA:7WO 5 R\Z 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK L 5 LPON? V L � 4 U"O K1R
H1R\O�R 4 O<=\7MH�OQ;"? c1H1?jO �+R -/K17 V ?IH1LN7MRSH>=\AdJN?BLPRSA:UGOQ7:R\H =\9<;17M?I`S?IK ��7WOQ; OQ;"?YL 5 H6OQ;1?gOQ7:9 -,=\FE?BJ�OQU1JP?
OQ?I9<;1H17Me�U"?fK17MLN9IU1LNLP?BK�7MH8$+;>=\F"ON?BJ <GD

��R 7MA:A:U"LPOQJN=@OQ?XOQ;1? U"ON7:AM7MO 5 R\ZfON;1? JN?i=@AW-,=@F#?IJPOQU"JN? 9IRSH19B?IF"OQL8K1?I`\?BAMRSF#?IK 7MH�OQ;17ML

9<;>=\FGOQ?BJ � OQ;"? JN?B=\AW- �+R\JNA:K8K1?BLP7:]SH�? �"= V F1A:?�R\Z�OQ;"? ���	��
 �������)LN9i= ONOQ?IJNR V ?ION?BJ�7:L
R\H19B? =\]6=\7MH
7:H6`\R �\?IK.D '&=@LN?BK 7:H F>=@JPO�RSH OQ;1? =\JP]SU V ?BH6OQL�F1JP?BLN?IH6OQ?BK ;1?BJP? �d������� K"?B9B7MK1?BK OQR 9<;>=\H"]S?
OQ;"?�K"?BLN7M]SHXR\Z ���	��
��������ZbJNR V = 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IK L 5 L�OQ? V ONR =YJP?i=\A -,=\FE?BJ�OQU1JP?�L 5 LPON? V D
�);17ML �&=\L&ON;1?�K1?ILN7:]\H `\?BJPLN7:R\H ON;>=@O �+=\L)U1AWOQ7 V =@ON?BA 5 Aa=\U1H"9<;1?BK RSHTOQ;"? 
� ��� �������XLN=@OQ?IA:A:7WOQ?
7:H 
\U1H1? m ��� �"D �8=\H 5 R\Z
ON;1?89IRSH19I?BF"ONL =\H1K ?Be3U>= OQ7:R\H1L_K"?I`S?IA:RSFE?BK 465 OQ;1?8=\U"ON;1RSJ ;1?BJP?

��?BJN?j=\K1RSF"ON?BK�ZbR\J%U"LN? 465 OQ;1?j�G?i= C 7:H1K1L�F1JNR��P?B9IOBD���AMON;1RSU1]S;XK17MLN9BU"LNLN?IK F1JN7 V =\JP7:A 5 7MH8OQ;"?
9BR\H3ON? ��OfR\Z ���	��
������� � ON;1?BLP?_9IRSH6OQJN7 4 U"ON7:RSH1L�=@F1F1A 5 OQRTOQ;"?_=@H>=\A 5 LP7:L�R\Z+=\H 5 JN?B=\AW-/=\FE?BJPONU1JN?
FE?BH19I7:AW- 4 ?B= V LN9i= ONOQ?IJNR V ?ION?BJ�L 5 L�OQ? V D

� ��6 ����"P$�4�� ) �*4�� $:�!Q��C4 A ��" �!�&3� �$:��� N��O-� P 8�C4������C P��4�+����HQ���$&RS3���"

�
AWOQ;1R\U1]S; OQ;"? JP?BLPRSA:U"ON7:RSH =@9<;17:?g`S?BK ��7MON; 4 ?B= V ��7:KGOQ;G- A:7 V 7MON?BK8K1?BLP7:]SH1L�7ML�=\K1? -
e3U>=@ON?�ZbRSJ V ?i=\LPU1JN7MH1]jA:=\JN]S?�LN9B=\A:? � � kO; � V � ��7:H"K =\H1K Aa=\H"K Zb?i=@ONU1JN?IL � V =\H 5 ]S?BRSF"; 5 LP7:9i=@A
=\F1F"A:7:9B=@OQ7MRSH1L 4 ?BH"?Ic1O�ZbJNR V c>H1?IJdLPF>=@OQ7:=\ASJP?BLNR\A:U"ON7:RSH.D �);1?ILN?�7:H19IA:U1K1? ON;1?(LPONU1K 5 R\Z V ?ILNRSLP9i=\AM?

���



��7:H"K Zb?B=@OQU"JN?BL �(LNU19<; =\Lj9BRS=\LPOQ=\A �BR\H1?	��7:H1K1L =@H1K ;3U1JNJP7:9i=@H1?BL �&9BJ 5 RSLPF1;1?BJP7:9XF1;1?IH1R V ?BH>= �
LNU"9<; =\L�LN?B=_7M9B?�? ��ON?BH6O�=\H"K ON;1? ��JP?B?BH"Aa=\H1K 7M9B?�LN;1?I?IO��#=@H1KXON?BJPJN?BL�OQJP7a=\A.F"JNR�9B?BLPLN?IL �ELNU19<; =@L
JQ=@7:HTZbRSJN?ILPO�K1?IF1A:?gOQ7MRSHX=\H1KXLNRS7MA V R\7:LPONU1JN? V RSH"7MOQR\JN7:H"]1D

� OQ?I9<;1H17:e3U1? ��;17:9<; ;>=\L 4 ?B?BH K1? V RSH1L�OQJN=@OQ?IK OQR LN7M]SH17Wc>9i=\H6ONA 5 7 V F"JNR `S? OQ;"?
JN?ILNRSAMU"OQ7MRSH �d=\H1K ;1?BH19I? U"ON7:A:7WO 5 � R\Z+LN9i= ONOQ?IJNR V ?ION?BJ V ?B=\LNU1JP? V ?BH6OQLf7:L� � � � � � �	� � � ��� � � � �����

�	 � 
 ����
 �[�*��� �gD�C 7MON; �(�%� � V U1AWOQ7:F"A:? ��R `S?IJNAa=@F1F17:H"] LN9B=@ONON?BJNR V ?gOQ?BJ V ?B=\LNU1JP? V ?BH6OQLfZbJNR V
OQ;"?%LN= V ?%JP?B]S7MRSH =\JP?%9IR Vj4 7MH1?BKYONRfLPRSAM`\?�ZbR\J 4 =\9 �3LN9B=@ONON?BJ+7 V =@]S?BLhON;>=@O(;>=i`\?�;17M]S;1?IJ*LPF>=@ON7a=\A

JN?ILNRSAMU"OQ7MRSH OQ;>=\H OQ;1?_RSJN7M]S7:H>=@A V ?B=\LNU"JN? V ?BH6ONLBD � �"= V F1A:?ILfR@Z��(�%��=\AM]SRSJP7MOQ; V L�ON;>=@Oj;1= `\?

4 ?B?BHYLPU19B9I?BLPLPZbU1AMA 5 ? V F"A:R 5 ?IKjOQR�=\9<;"7:?I`\?&JN?ILNRSAMU"OQ7MRSH ?IH1;>=\H"9B? V ?BH6O(7MH19BAMU1K1?&'+=\9 �3U1L�-,��7MA 4 ?BJPO

7:H6`\?BJNLP7:RSH8=\H1K LP9i=@OPOQ?BJPR V ?IOQ?IJ�7 V =\]S?�JP?B9BR\H1LPONJNU19gOQ7:R\H�=\H"KXc>AWOQ?IJN7:H"] � �G�,�%� � � m � �/= � � D
�
L�R 4 LN?IJP`S?IK ��7WOQ;�ON;1? �G�,�%��=\A:]\RSJN7WOQ; V �>OQ;1?jF"JQ=\9gOQ7:9B=\AhJP?BLPRSA:U"ON7:RSH�=\9<;17M?I`@= 4 AM?

��7MON; �(��� 7ML�JPRSU1]S;"A 5 ?Ie3U17M`@=\AM?BH6O OQR�OQ;1? ����� ������� ���\K17 V ?BH1LP7:RSH�R\ZGOQ;1? 4 =@9 ��LP9i=@OPOQ?IJ V ?i=\LPU1JN? -

V ?BH6O�9I?BA:A D��>RSJ%? �"= V F1A:? �#ON;1? 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IKT`S?BJPLN7MRSH R\Z�ON;1? ���	��
��������7:H1L�OQJPU V ?IH6O
;>=\L =\H = �B7 V U"OQ; JN?BLPRSA:UGOQ7:R\H R\Z%k9; � V �[LN?I? �d= 4 A:?(=1D k	�gDX' 5 ? V F1AMR 5 7MH1]X?B7MON;1?BJfJQ=\H"]S?_R\J

��RSF1F"A:?BJfJN?ILNRSAMU"OQ7MRSH ON?B9<;1H17Me3U1?BL ��;1R���?I`\?BJ �+=�JN?ILNRSAMU"OQ7MRSH �PLPA:7M9B? � 7:L 9IJN?B=@OQ?IK ON;1JNR\U1]S; OQ;"?
ZbR�R\OQF1JP7:H6O �"=\H1K8=YJN?BLPRSA:UGOQ7:R\HT9B?BAMA.JN?ILNU1AWOQL ��;17M9<;87ML V U19<;XH>=\JNJPR��+?IJ%7MH RSH1?�K17 V ?BH"LN7:R\H �[LN?I?
�G?I9IOQ7MRSH �GD kGD �� D&�>RSJ%= ���	��
�������/-/9IAa=\LPL)L 5 LPON? V �EON;1? H>=@JNJNR�� K"7 V ?BH1LP7:RSH R\Z�LPU19<; = LNAM7:9B?�7ML

V U19<; L V =\AMA:?IJ�OQ;1=\H8kO; � V �>=@H1KT9BRSH"LN?Be3U1?IH6OQA 5 ��RSU1AMKX=\A:AMR�� =jK"JQ= V =@OQ7M9
7 V F1JPR `S? V ?BH6O�7MH

JN?ILNRSAMU"OQ7MRSH ��;1?BHT�(��� 7:L(? V F1AMR 5 ?BK D �);17:L*7 V F1JPR `\? V ?BH6O�7:H JN?BLPRSA:UGOQ7:R\H V U1LPO 4 ?�OQJN=\K1?IKG-/R �
=\]6=@7:H1L�O�OQ;1? 7:H"9BJN?B=\LN?IK V ?i=@LNU1JP? V ?BH6O H"RS7:LP?Y7:H1;1?IJN?IH3O�OQR L V =\AMA:?IJ V ?B=\LNU"JN? V ?BH6O�9B?IA:AMLBD �/H

OQ;"? ZbRSAMA:R���7:H"] LN?I9IOQ7MRSH1L �dOQ;"?_7MLNLNU"?BLf=\H1K OQJQ=@K1?BR �#Lf=\LNLPRG9I7a=@ON?BK ��7MOQ; V RGK17WZ 5 7:H1] ON;1?_R\JN7:]\7W-
H>=\A 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK `\?BJPLN7:R\H R\Z OQ;"? ���	��
 ��������7:H1L�OQJNU V ?IH3O�OQR 5 7M?BA:K_;17:]\;1?BJ�JN?BLPRSA:UGOQ7:R\H

4 =\9 �3LP9i=@OPOQ?BJ V ?i=\LPU1JN? V ?IH3ONL
=@JN?�=\K1K"JN?BLPLN?IK 7:H K1?gO<=\7MA D

� � @ ���	� �����C4(#�" � A -I���*� � $&"P�O4H$�� $���-� 8$��!� ) �*4� �Q����������	��
��� N ��"' 8���

�/H�ON;17:L%LN?I9IOQ7MRSH �#RSF"OQ7MRSH1L�ZbRSJ%7 V F1JNR `�7:H1] OQ;"? ���	��
��������LNF>= OQ7a=@A JN?BLPRSA:UGOQ7:R\H =\JP?
? �"= V 7:H"?BK.D(�);1?f=\F1F1JPR �"7 V = OQ?�K17 V ?IH1LN7MRSH1L)R\ZdOQ;1?�=\H6OQ?IH1H>=YO �+R -��+= 5 � K>'�ZbRGR\ONF1JN7MH6O)9BRSH�-
OQR\U1J � =@A:RSH1] ��7MON; OQ;1?Y=@LNLNR�9B7:=@OQ?IK O �+R -��+= 5 7:LPR@-/JN=\H1]S? =\H1K 7:LPR@-,��R\F1F1A:?IJ�AM7:H1?IL�=\JP?j9BR\H19B?IFG-

OQU1=\A:A 5 7:AMA:U1L�OQJQ= OQ?BK 7:H �h7:]"D�;�DMmSDh� �+RjJP?BF1JP?BLP?BH6O<=@ON7M`\?�9i=\LP?BL)=\JP?
LP;1R���H � OQ;1?�9i=\LP? ��;1?IJN?�OQ;"?

4 ?i= V 7:LdLN9B=\H1H1?IKjOQR�=@HY= �B7 V U"ON;j=\H1]\A:?*R\ZEl � � 4 ?B= V A:R�R �37:H1]�7:HfOQ;1?�K17:JP?B9ION7:RSHfR\Z>LPF>=\9B?I9BJN=@Z O

m lSl



0

10

20

-10

-20

4

2

0

-2

-4

20100-10-20

4

2

0

-2

-4

D
op

pl
er

 (
kH

z) D
oppler (kH

z)

R
ange (km

)

Range (km)

Forward Scan (Az = 0 deg) Side Scan (Az = 90 deg)

�h7M]SU1JN? ;GDWm � $+R\H19B?IF"OQU>=@A&K17a=@]SJQ= V R\Z ���	��
������� � - K>' =\H6OQ?IH1H>=�ZbR�R\OQF1JP7:H6OjF"JNR �P?I9IOQ?IK RSH
OQ;"?fLPU1JPZ[=\9I? �bR `\=@A � ��7MON;XO ��R@- �&= 5 7:LPR@-/JN=\H1]S? �bLNRSAM7:K �&=\H"K87MLNR@-/��RSF1F1AM?BJ �[K1=\LN;1?IK �)9BRSH6OQR\U1JNLID
�G;>=@K1?BK =\JN?B=\L_7MA:AMU1LPONJQ=@ON?TJQ=\H1]\?g- c1AMOQ?IJN?IK �bK>=\J	� � =\H1K ��RSF1F1AM?BJ,- c>AWOQ?BJP?BK �[AM7:]S;6O � JN?BLPRSA:UGOQ7:R\H
?BAM? V ?BH6OQLID

V R\OQ7MRSH � �S=\H1K_ON;1?%9i=\LP? ��;1?IJN?%OQ;1? 4 ?B= V 7ML*LP9i=\H"H1?BK ONR =@H = �I7 V U"ON; R\Z �Sl � � 4 ?B= V A:R�R �37:H1]
FE?BJNFE?BH"K17:9IU1Aa=\J�ONRfLPF>=\9B?I9BJN=@Z O V R\ON7:RSH � D �%R\OQ?)OQ;1=@O�ZbR\J(ON;1?%l��+= �B7 V U"OQ; 9i=\LP? �3OQ;1?%7:LPR@-/JN=\H1]S?
=\H1K 7MLNR@-/��RSF1F1AM?BJ AM7:H1?ILY=\JP?T=\F1F1JPR �"7 V = OQ?BA 5 F1=\JQ=\AMA:?IA � ��;"?BJN?B=\L 7:H OQ;"? �Sl��Y9i=\LP? OQ;1? 5 =\JP?
H1?B=\JNA 5 F#?IJNFE?BH1K"7:9BU"Aa=\JID�	
OQ;1?IJ*= �B7 V U"OQ; =\H"]SA:?IL 5 7M?BAMK `@=\JP7:RSU"L�7:H6OQ?IJ V ?BK17:=@OQ?)L�O<=@ON?BL(R\Z ON;1?BLP?

O ��R_9B=\LN?IL � ��7MON;XON;1?�JQ=\H1]\?�=\H1K8��RSF1F1AM?BJ&AM7:H1?IL)LNAa=@H3ON7:H1] ��7WOQ;XJN?ILNFE?B9IO�ONR_?B=\9<;8R@OQ;1?IJBD

�/K1?B=\A:A 5 �@=�F1JPRG9I?BLNLP7:H1]
LN9<;1? V ? ��;17:9<;jJP?BLPRSAM`\?BLhON;1?*ZbR�R\ONF1JN7MH3O�7MHfO ��R�K17 V ?BH"LN7:R\H1L �
LNU"9<; =\L)OQ;1?�FE?BJN7MRGK"7:9�F1U1AMLN?�OQJN=\7:H K17MLN9BU"LNLN?IK 7:H��G?I9IOQ7MRSH �"D k�D � �>7ML�K1?BLP7:JN?IK.D&�);17ML
=@F1F1JNRS=\9<;

5 7:?IA:K1L�ON;1?Y;17:]\;1?BL�O�F#RSLPLN7 4 A:?jJP?BLPRSA:U"ON7:RSH � =\H1K ��RSU1A:K ? � ?I9IOQ7W`S?IA 5 V = �@?jOQ;1? LN9B=@ONON?BJPR V ?gOQ?IJ
= 9IRSH17M9i=\AMA 5 -/LP9i=\H1H"7:H1] �G�
� L 5 LPOQ? V �[=\L K17:LP9BU1LPLN?BK 7:H�$+;1=\F"OQ?IJ < �gD ^�HGZbRSJPONU1H>=@ON?BA 5 �+OQ;"?
= Vj4 7:]SU17WO 5 JN? �P?I9ION7:RSH 9BR\H1LPONJQ=\7MH3O JP?Be3U17MJN?BK ZbRSJ O ��R@- K17 V ?BH1LP7:RSH1=\A
JP?BLNR\A:U"ON7:RSH�9B=\H H1R\O 4 ?
LQ= OQ7:L�c>?BK ��7MON;8OQ;"? ���	��
�������)7MH1LPONJNU V ?BH6O�F>=\JQ= V ?gOQ?BJPLBD&��L
=@H =\AWOQ?BJPH>=@ON7M`S? � LN7 V F1AM?�JQ=\H1]\?
c>AWOQ?BJP7:H1]�RSJjLN7 V F"A:? ��R\F1F1A:?IJ c>AWOQ?BJP7:H1] � ��;17:9<; ZbRSJ V LPF>=@OQ7:=\A*LNA:7M9B?ILjOQ;1JPRSU1]S; ON;1? =\H6OQ?IH1H>=
ZbR�R\OQF1JP7:H6O ��=\JP?�9IRSH1LP7:K1?IJN?BK ONR 7 V F1JPR `S?�OQ;1?�JN?BLPRSA:UGOQ7:R\H_7MH RSH1?�K17 V ?BH"LN7:R\H.Dh�/K1?B=\A:7 �B?IK LNAM7:9I?BL �

ZbRSJ V ?IK ?B7WOQ;1?IJ 465 JN=\H1]S? R\J ��RSF1F"A:?BJ_K17:LP9BJP7 V 7:H>=@ON7:RSH �+=\JP? 7:AMA:U1L�OQJN=@OQ?IK 7:H �h7:]1D ;GDWmSD ��L
K17MLN9BU"LNLN?IK 7:H �G?I9IOQ7MRSH ;GDMm ��OQ;"?8LP;>=\JNFE?BH"7:H1] R\Z�JP?BLPRSA:U"ON7:RSH 7MH =@O AM?i=\L�O_R\H1? K17 V ?BH1LP7:RSH 7ML
R\Z 4 ?BH1?gc1O � F1=\JPON7:9BU"Aa=\JPA 5 ZbRSJ�Aa=\H1K =\H1K 7:9I? 7 V =\]S?IL
9IRSH1LPONJNU19gOQ?IK ��7WOQ; �(���<D ��RTK1?ION?BJ V 7:H"?
��;1?gOQ;1?IJ�JQ=\H"]S?fR\J
��RSF"F1A:?IJ�c1AMOQ?IJN7MH1]_LP;1RSU1AMK 4 ? ? V F1AMR 5 ?BKXZbRSJ ���	��
 ������� �>O ��R 7:LPLNU1?IL�=\JP?

m l"m



9BR\H1LN7MK1?BJP?BK � ON;1? 4 =@9 ��LP9i=@OPOQ?IJ V ?B=\LNU"JN? V ?BH6O�`\=@JN7a=@H19B?%=\H1K_OQ;1?�]S?BR V ?IONJN7M9i=\A>RSJP7:?IH3OQ=@OQ7MRSH R\Z

OQ;"?�JP?BLPU1AMOQ=\H6O � � 9I?BAMA:LBD
�);1? V ?B=\LNU"JN? V ?BH6O `@=\JN7:=\H19I? OQJQ=@K1?BR � 9B=\H 4 ?X=\K1K"JN?BLPLN?IK 465 9i=\AM9BU1A:=@OQ7MH1] OQ;"?

H3U Vj4 ?BJYR\Z%7MH1K1?BFE?BH"K1?BH6O A:R�R �3LY=\9<;"7:?I`\?BK ��7MON; ?B7WOQ;1?IJjOQ;1? JN=\H1]S?TR\JY��RSF1F1AM?BJfJN?BLPRSA:UGOQ7:R\H
=\F1F"JNR6=\9<; �[LP?B?8�G?I9IOQ7MRSH
�"D �"DMm �gD �/H OQ;1?X��RSF"F1A:?IJ c>AMON?BJP7:H1] 9B=\LN? ��OQ;"? V = �G7 V U V H3U V 4 ?IJ
R\Z �PA:R�R �3L � =i`\=@7:Aa= 4 A:?�7ML�JP?BA:=@OQ?IKXONR ON;1?j��RSF"F1A:?IJ&ZbJN?Be3U1?IH19 5 JN?ILNRSAMU"OQ7MRSH8=\9<;17:?g`S?IK ��7MON;8OQ;"?
OQJN=\H1L V 7WOfLP7:]SH1=\A DX�>RSJ�OQ;1?_LN?BAM?B9gOQ?BK ���	��
��������ON7 V 7:H1]�� ON;1? V = �G7 V U V 7:H6OQ?I]SJQ=@ON7:RSH OQ7 V ?
RSHX?i=\9<;�LN9B?IH1? 7ML�mSD ; V L �>7 V F1A 5 7MH1] = 4 ?ILPO
��RSF1F1AM?BJ)JN?ILNRSAMU"OQ7MRSH R\Z&m�� ��mSD ; V L � � �
�
� � �@D
��7M`S?IHfON;>=@OhON;1?(OQR\OQ=\A���RSF1F1AM?BJ 4 =\H1K ��7MK"OQ;fR\Z1ON;1?+7MA:A:U V 7MH>=@OQ?IK�JN?I]S7:RSHf7:Ld= 4 RSU"O*m l ��� � �SOQ;"?

ZbR�R\OQF1JP7:H6O&9IRSU1AMK ON;1?BR\JN?ION7:9B=\A:A 5_4 ?�JN?ILNRSAW`S?IK87MH3ONR =\L V =\H 5 =\L�m l��<lSlSl�� �
�
� ��m8; LN?BF1=\JQ=@ON?
?BAM? V ?BH6OQL �d?B=\9<; 9BRSH1L�OQ7WOQU"ON7:H1] RSH1? 7MH1K1?BFE?BH"K1?BH6OfA:R�R � =@O�ON;1? LNU1J�Z[=\9B?@D_� Z�OQ;1?YZbR�R\OQF1JP7:H6O�7ML
?Be3U>=@A:A 5 K17W`G7MK1?BK�7:H6OQR ZbRSU"J�JN?ILNRSAMU"OQ7MRSH LNAM7:9I?BL � ?i=\9<; LNAM7:9I? �+R\U1A:K ON;�U"L�9BRSH6O<=@7:H OQ;"?Y?Be3U17M`@= -
A:?IH6O+R\Z �"D <9;�7MH1K1?BFE?BH"K1?BH6O)AMRGR �3L ��9IRSJNJP?BLPF#RSH"K17:H1]�OQR =fH1RSJ V =@A:7��I?BK V ?i=\LPU1JN? V ?IH3O+LPOQ=\H1K>=\JPK
K1?g`G7:=@OQ7MRSH R\Z�;Sk � ��m�� � � � <O; � l � ;Sk	��R\Z ON;1?�=@9IOQU1=\A��	�*`@=\AMU1?\D��8?i=\LPU1JN? V ?IH6O+`@=\JN7:=\H19I?�9B=\H
H1R\O 4 ?�ZbU1J�OQ;1?IJ)JN?BK"U19B?IK ��7WOQ;1RSUGO)7 V F1JNR `�7:H"] OQ;1?���RSF"F1A:?IJ+JN?ILNRSAMU"OQ7MRSH 465 A:?IH1]\ON;1?BH17MH1]jOQ;"?
OQJN=\H1L V 7WO)F1U1AMLN? ����;"7:9<;X7:L)H1R\O�=\AMA:R���?BK 465 OQ;1? ���	��
�������+ON7 V 7:H1] 9BRSH1L�OQJN=\7:H6OQLID

�/H_ON;1?%JQ=\H1]\?%c>AWOQ?IJN7:H"]f9B=\LN? �G;1R���?I`\?BJ �GOQ;1?%7:H1;"?BJN?IH6O&JN?ILNRSAMU"OQ7MRSH 7:L�=�ZbU"H19ION7:RSH R\Z
OQ;"? 4 =\H"K ��7:K"ON; R\Z ON;1? V RGK1U"Aa=@ON?BK OQJQ=@H1L V 7MO�F1U1AMLN?\D�� Z�OQ;1?�OQJN=\H1L V 7MO�F1U1AMLN?f7:L V R�K1U1A:=@OQ?IK

��7MON; = A:7MH1?i=@J�9<;17MJNF =@O�= JQ= OQ?jR\Z�k9;\l ��� � � V L � OQ;"?jJN?ILNU1AWOQ7:H"] F1U1AMLN?j;>=@L�= 4 =\H1K ��7:K"ON; R\Z
�B<O; ��� � �*9BRSJPJN?BLPF#R\H1K17:H"] ONR = ON7 V ? K1?IAa= 5 JP?BLPRSA:U"ON7:RSH R@Zfm�� � �B<9; �G� � � � k�D <��.LID �);17ML

7:H ONU1JNH 9IRSJNJP?BLPF#RSH"K1LYOQR = LNU"JPZ[=\9I?TK17:L�O<=\H19I?TJN?ILNRSAMU"OQ7MRSH R\Z�= 4 RSU"O lGD < � V ZbR\J OQ;1?TR\U"OQ?IJ

4 ?i= V Dh� Z#OQ;1? �
� � V A:RSH1]�R\U"OQ?IJ 4 ?i= V ZbRGR\ONF1JN7MH6O�7:L(K17W`G7MK1?BK ?Ie�U1=\A:A 5 7:H6OQR�ZbRSU"J � � V LNAM7:9I?BL �
OQ;"7:LY7 V F1AM7:?BL��� l � < � m k�� ?
� A:R�R �3LjF#?IJYLNAM7:9B? �(RSJ = V ?B=\LNU1JP? V ?BH6O LPOQ=\H1K>=\JPK K1?I`�7a= OQ7:R\H
R\Z k9? � ��m�� � m k � ?
� � l � k9?�_R@Z�ON;1? OQJPU1? �	� `@=\AMU1?\D � ZY�G�
� 7ML LNU � 9I7:?BH6ONA 5 ;"7:]S; ��OQ;"?
V ?i=\LPU1JN? V ?IH3O `@=\JP7a=\H19I?(9i=\H 4 ?�ZbU1J�OQ;1?IJ 7 V F1JNR `S?IKf7MH�OQ;1?(JQ=@H1]S?�c>AMON?BJP7:H1])9B=\LN? 465 7:H19IJN?i=@LN7:H"]

OQ;"? 4 =\H1K ��7MK"OQ;XR\Z OQ;"?�ONJQ=\H"L V 7MONON?BKTF1U"A:LN?@D��);1? � ? �G7 4 7:AM7MO 5 OQRY7 V F1JPR `\?�OQ;1? V ?i=\LPU1JN? V ?IH6O

=\9I9BU1JN=\9 5 R\Z ON;1?
LPA:7M9B?BL �"=@H1K 9BR\H1LN?Ie�U"?BH6OQA 5 ON;1?�=\9I9BU1JN=\9 5 R\Z ]\?BRSF1; 5 LN7M9i=\AEF1JPRGK1U"9IOQL�LNU19<; =@L
��7:H"K1L%=\H1KXLNU1J�Z[=\9B?�7 V =\]S?IL � 465 =\K��PU1LPON7:H1] OQ;1?�ONJQ=\H1L V 7WO V R�K1U1A:=@OQ7MRSH 4 =\H1K ��7MK"OQ;X7:L%= �\? 5
=\K"`@=\H6OQ=\]S?�R\Z�OQ;1?�JQ=@H1]S?�c>AWOQ?BJP7:H1] =@F1F1JNRS=\9<;.D

m l6k



� JPRSU1]S; �)7:H6OQU17WOQ7W`S?8=\LNLP?BLNL V ?IH6O R\Z�OQ;1?�9BR V F>=\JN=@OQ7W`S? ��7:H1K FE?BJ�ZbRSJ V =\H19I?XZbR\J
K17 � ?IJN?BH6O V R�K1U1Aa= OQ7:R\H�=\F"F1JNR6=@9<;1?BL V = 5X4 ? V =@K1? 465 9IRSH1LP7:K1?IJN7:H"] OQ;1? `@=\JP7a=\H"9B? ��;1?IH =\A:A

4 =\9 �3LP9i=@OPOQ?BJ V ?i=\LPU1JN? V ?IH6OQL =\JP? 9BR V 4 7:H1?IK 7:H ON;1? ��7:H"K JN?IONJN7M?I`@=\A D �>RSJ ��7:H1K ?ILPON7 V =@OQ?IL
=@OjkO;� V JP?BLNR\A:U"ON7:RSH ��=\AMA �	��LNA:7M9B?IL�ZbJPR V =\AMA(= �B7 V U"OQ; K17MJN?B9gOQ7MRSH1L ��;17:9<; Z[=\A:A 7MH =�kO;� V
4 R � R\J � ��7MH1K `\?B9gOQRSJ_9B?BAMA � RSH ON;1?XRG9I?i=\H LNU1J�Z[=\9B?�=\JN?XU1LN?IK�7:H OQ;1? ��7:H1K JN?gOQJP7:?I`@=\A D � Z
?i=@9<; ZbR�R\OQF"JN7:H6O�7ML�K17M`�7MK1?BK 7MH3ONRTZbRSU1J�LNAM7:9I?BL �.ON;1? ���	��
��������!(�%� =@H1K LN9i=@H JN=@OQ?YK17M9IOQ=@OQ?IL
OQ;1=@O+ON;1?BJP?�=\JN? �GR\HT=i`S?BJN=\]S? �>= 4 RSU"O =6l LNAM7:9I?BL&=i`@=\7MAa= 4 AM?&ZbRSJ+?B=\9<; ��7:H"K V ?B=\LNU"JN? V ?BH6OBD��/HT=
LN7 V F"A:7Mc1?BK LP?BH1LP? �1OQ;"? ��7MH1K ��� � �	��=\9B9IU1JQ=@9 5 =\9<;"7:?I`@= 4 A:?�9B=\H 4 ?�?ILPOQ7 V = OQ?BK 465 9IRSH1LP7:K1?IJN7:H"]
OQ;"?�LPOQ=\H1K>=@JNK K"?I`�7a=@ON7:RSH OQ;>= O JP?BLNU"AMOQL ��;1?IH =\A:A&ZbRSJ�O 5 �	� V ?i=@LNU1JP? V ?BH6OQL =\JN?�= `\?BJN=\]S?BK D
�>RSJ ON;1? ��RSF1F1AM?BJ JP?BLPRSA:U"ON7:RSH 9i=\LP? K"7:LN9IU1LNLP?BK = 4 R `\? �%OQ;1? ? � ?I9IOQ7W`S? 9BR Vj4 7:H"?BK LPOQ=\H1K>=\JPK
K1?g`G7:=@OQ7MRSH 7ML_ON;�U"L ? � ��m�� � =6l � � � <O; � l�� lO?	� RSJ �)?Be3U17M`@=\AM?BH6OQA 5 ��l"D �	� K1' R\Z�OQ;1?8OQJNU"?
`@=\A:U"?\DY�>RSJ
ON;1?YJQ=@H1]S?YJN?ILNRSAMU"OQ7MRSH 9i=@LN? � OQ;"?Y9BRSJPJN?BLPF#R\H1K17:H"]XL�O<=\H"K>=\JNK K1?g`G7:=@OQ7MRSH 7:L
7:LF= �
��m � � =6l � m k�� ?�� � l � lU= ��RSJ l"DWm�<XK>' = 4 RSUGO OQ;"? =\9gOQU>=\A*`@=\A:U1?@D �8?B=\LNU"JN? V ?BH6ONLYR\Z�;17:]\;
��7:H"KYLNFE?B?BK =\JP? V RSLPOhLN?BH"LN7MON7M`\?+OQR�?IJNJNR\JNL 7MH �	�iDh� R\J =�k\l V �@L ��7:H1K �S=�l"D � �
K>' RSJ�lGDMm�<%K>'
4 =\9 �3LP9i=@OPOQ?BJ
?BJNJPRSJ�OQJQ=@H1LNA:=@OQ?IL�7MH3ONR =XmSD < V � L�RSJ%l"D � V �@L���7:H1K8LNFE?B?IK ?BJNJPRSJ%JN?BLPF#?I9ION7M`S?IA 5 D
�);3U1L �1ON;1?�U1LP?�R@ZdJN=\H1]S?�c1AMOQ?IJN7MH1]j;>=\L&ON;1?�FER\OQ?IH3ON7a=\AEOQRY7 V F1JPR `S? ��7MH1K F#?IJPZbRSJ V =\H"9B? 465 = O
A:?B=\LPO%=jZ[=\9gOQRSJ�R\Z�O ��R_R `S?IJ
��R\F1F1A:?IJ+c>AWOQ?BJP7:H1]jZbR\J&OQ;1?�RSJP7:]S7MH>=\A ���	��
��������K1?BLP7:]SH D

� LN?I9BRSH"K>=\J 5 9BRSH1LP7:K1?IJQ=@ON7:RSH 7:L+ON;1?�RSJN7M?BH6O<= OQ7:R\H R\Z OQ;1? � �)LNA:7M9B?ILBD('+?I9i=\U1LP?��*���
=\AM]SRSJN7WOQ; V L(U"OQ7MA:7 �B? V =\H 5 R `\?BJPAa=\F1F"7:H1] � � V ?B=\LNU1JP? V ?BH6OQL �1FERSLNLP7 4 A 5 ZbJPR V V U1AMON7:F1AM?%R\J 4 7WOQL �
7MOd7:Ld]S?BH"?BJQ=@A:A 5 K"?BLN7MJQ= 4 A:?�ONR�;>=i`S?�OQ;1?&LPA:7M9B?BLdRSJN7M?BH6OQ?IKY=@OhK17 �#?BJP?BH6O(=\H1]\A:?BLdLNR
ON;>=@OhJN?BLPRSA:UGOQ7:R\H

V = 5 4 ?�?BH";>=\H19I?BK�? � ?I9ION7M`S?IA 5 7MHX=\A:A.K"7:JN?I9ION7:RSH1LID(�
L�LN;1R���H87:HX�h7:]"D*;GDWm �"OQ;"7:L�JN?Ie�U"7:JN? V ?IH6O
Z[=i`SRSJPL�JQ=\H"]S?+c>AWOQ?BJP7:H1] 4 ?I9i=\U1LP?&OQ;1?)R\JN7:?IH6O<=@ON7:RSHfR\Z OQ;1?)9I?BA:AMLhJPR\O<=@ON? ��7MON; = �B7 V U"ON;Y=\H1]SAM? �6=@L
RSF1FERSLP?BK8ONR ��RSF1F1AM?BJ&c>AWOQ?BJP7:H1] ��;1?IJN?�OQ;1?�9I?BA:AML%=\JN?�RSJP7:?BH6ON?BKXJNRSU1]\;1A 5 F#?IJNFE?BH1K17M9BU1A:=\J ��7MON;
OQ;"? K17MJN?B9gOQ7MRSH R@Z � 7:]\;3OBDX'+?B9B=\U1LN? R\Z&OQ;"? = 4 R `S? K"?BLN9IJN7 4 ?IK =\K"`@=\H6O<=\]\?BL 7MH V ?i=\LPU1JN? V ?IH6O

`@=\JN7:=\H19I? =\H1K 9B?IA:A�RSJP7:?BH6OQ=@OQ7MRSH � ON;1?YJQ=\H"]S? K17:LP9BJN7 V 7MH>=@ON7:RSH�=\F1F1JPR6=\9<; �&=@Lf9<;1R\LN?BH ZbRSJ�OQ;"?
JN?B=\AW-/=\FE?BJPONU1JN?����	��
��������K1?BLP7:]SHXU1AWOQ7 V =@ON?BA 5 =\K"RSF"OQ?IK 465 �%���G�fD

� � T �������	��
��� A -I���!� 12$&�  8�C4H$&����
 � ��4��!-/�UQ

�);1?�c>H1=\A �1JP?i=\A -,=\FE?BJ�OQU1JP?�`\?BJNLP7:RSH R\Z ON;1?����	��
 ��������7MH1LPONJNU V ?BH6O)7ML&7:K1?IH6OQ7:9B=\A#ONR
OQ;"?�7:H17WOQ7:=\A 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK K"?BLN7M]SH K1?ILN9IJN7 4 ?BKT7MH OQ;"?�F1JN?g`�7:RSU1L�9<;>=\F"ON?BJ)? �"9I?BF"O)ZbR\J�OQ;"?

m l	�



A/D

A/D

I/Q Demod

2
Eno

From IF FFT
2

Es+n

De-Chirp
Reference

Bn

Bn

I

Q

(all samples)

(periodogram
bins for slice)

�h7M]SU1JN? ;GD k � �>U1H19gOQ7MRSH>=\A�K17a=\]\JQ= V R\Z ���	��
������� K"7:]S7WO<=\A�JQ=@H1]S? F1JPRG9I?BLPLN7:H"] =@H1K �PH1RS7MLN?g-
RSH1A 5 � F1JPRG9I?BLPLN7:H"]1D+�);1?fJQ=\H"]S?�F1JNR�9B?ILNLN7MH1] 7ML%=\9<;17:?g`S? 4658V U1AMON7:F1A 5 7MH1] 465 = 9<;17:JPF#?IK�JN?gZb?BJ,-
?BH"9B?YLN7M]SH>=\A �[RSJ �PK1?g- JQ= V F17MH1] � � � =\H"K OQ;1?IH FE?BJ�ZbRSJ V 7:H"] =\H � �d��ONRT? ��OQJN=\9ION?BK OQ;"?YJQ=\H1]\?
7:HGZbRSJ V =@OQ7MRSH_ZbJPR V ?B=\9<;8JP?B]S7MRSH R\Z�OQ;1?�=\H6OQ?IH1H>=YZbRGR@OQF1JP7:H6OiD

=\K1K"7MOQ7MRSH R@ZdJN=\H1]S?
F1JNR�9B?ILNLN7MH1]1D��/H1L�OQ?B=\K8R@Z�=\HX� � � V R�K1U1A:=@OQ?IK LN7M]SH>=\A �G= m\D ; V L)��� AM7:HG-
?i=@J%9<;"7:JNFE?BKXF1U1AMLN?�7ML�ONJQ=\H"L V 7MONON?BK.Dh�/HXON;1?�JN?B9I?B7W`S?BJ �>OQ;1? 4 =\H"KG-/F>=@LNL�c>AMON?BJ�=\H1KXLNe3U>=@JN?g- Aa= �
K1?gOQ?B9gOQ7MRSH =\F1F1JPR6=\9<; 7:LfJN?IF1Aa=\9I?BK ��7MON; = LN7M]SH>=\A�F1JNR�9B?ILNLP7:H1] LP9<;1? V ?T9i=\F1= 4 A:? R\Z%? ��OQJN=\9IO�-
7:H"] ON;1?�JQ=\H"]S?�7:H"ZbR\J V =@OQ7MRSH ZbJNR V OQ;"?�?I9<;1R JP?IONU1JNH.D(�);1?�H1? � JN?I9B?I7M`S?IJ�7 V F"A:? V ?BH6OQ=@OQ7MRSH 7ML

LN;"R���H 7MH��d7:]1D!;GD kGD)�%Z OQ?BJ�K1R���H19BR\H3`\?BJPLN7:R\H OQR 4 =\LN? 4 =\H1K �EOQ;1?f?B9<;1R 7:L%K17:]S7WO<=\AMA 5 LQ= V F1AM?BK.D
�);1?�ONR\O<=\AE?B9<;"R JP?IONU1JNH � ��;17:9<; 7ML�OQ;"?�LNU V R\Z�=\AMAEON;1?�?B9<;"R JP?IONU1JNH1L�ZbJNR V LN9B=@ONON?BJN?IJNL�=\9IJNRSLPL
OQ;"? 7:AMA:U V 7:H>= OQ?BK JP?B]S7MRSH �d7:LfON;1?BH K"7:]S7WO<=\AMA 5 �PK1?BJN= V F#?IK � 465 V 7 �G7MH1] ��7WOQ; =89<;17:JPF#?IK JN?gZa-
?BJP?BH19I? LN7:H"]SA:?@D��);17:L�RSFE?BJN=@OQ7MRSH ? � ?I9IOQ7W`S?IA 5 9IRSH6`S?IJPOQL�JN=\H1]S?jK"?BAa= 5 L�7:H6ONR ZbJN?Be3U1?IH19 5 LN;17WZ OQLBD

��R_? �GONJQ=\9gO�ON;1?�JQ=\H"]S?�7:H"ZbRSJ V = OQ7:R\H �"= ���h� �[7 V F1AM? V ?BH6OQ?IK =\L%=\H��h�h� �&7:L�F#?IJPZbRSJ V ?IK RSH

OQ;"?fK1?IJQ= V FE?BKXLN7:]\H>=\A =\H1K�= FE?BJP7:R�K1RS]SJN= V 7ML)ZbRSJ V ?BK 465 =\F1F1A 5 7MH1] = V =\]SH"7MOQU"K1?�LNe3U>=\JP?BK

RSFE?BJN=@OQ7MRSH.D �);1? FE?BJP7:R�K1RS]SJN= V04 7:H1L =\JP? OQ;1?IH LPU V V ?IK 7MH6OQR O �+?IAM`\?8JN=\H1]S?TLPA:7:9I?T?BH1?IJN] 5
V ?i=\LPU1JN? V ?IH3ONLfONR 4 ? ON?BA:? V ?gOQ?IJN?BK OQRXOQ;1? ]SJNR\U1H1K.DT�);1?_K1?BJN= V F	�\� �h��7 V F1A:? V ?IH6O<=@ON7:RSH
;>=\L 4 ?B?IH8? �GON?BH1LP7M`\?BA 5 ? V F"A:R 5 ?IK ��7WOQ;X=\AMON7 V ?ION?BJ&L 5 L�OQ? V L �[LP?B? � milB; � �gD

��R 7:AMA:U1L�OQJQ= OQ? ZbU1J�OQ;1?IJ ���h7M]1D ;GD � LN;"R���L = 9BR\H19B?IF"OQU>=@A
F1AMR\O R\Z�OQ;"?�K1?IJQ= V F#?IK
FER���?BJ�LNFE?B9gOQJN=\A�K1?BH"LN7MO 5 �bLN;>=@K1?BK JN?B]\7:RSH ��=\H1K LNA:7M9B? 4 =@H1K ��7:KGOQ;1LID �>RSJ�ON;1? LN?BAM?B9gOQ?BK ���	���

������� 9<;17:JPFjJQ= OQ?+R@ZEkO;\l �G� ��� V L �@OQ;1?�K1?BJN= V FE?BK LNFE?B9IONJQ=\A�K1?IH1LN7WO 5 ;>=@L = ��K>' 4 =\H"K ��7:K"ON;
� � � � � �.R\ZG=\F1F"JNR �G7 V =@OQ?IA 5 =Sl �G� �\Dd�);1?�JP?IONU1JNH1?IKf?IH1?BJP] 5 ZbRSJ.ON;1?�� ON;fLPA:7M9B? � � 	����� � 7:L.ZbRSJ V ?IK

m l9=



465 LNU V V 7:H1] =\K��N=\9B?IH3O�FE?BJN7MRGK"RS]SJQ= V 4 7MH1L�R `S?BJ�OQ;"?fLPA:7:9I? 4 =\H1K ��7:K"ON; ���
�
D+�>RSJ ���	��
�������

7MO �+=\L K1?I9B7:K"?BKjOQR
9BRSH1L�OQJPU19IO � � 9B?IA:AML ��;17M9<;jJN?ILNRSAW`S?+ON;1?&LNU"JPZ[=\9I?+OQR
=\F1F1JPR �G7 V =@ON?BA 5 < � V 7MH
OQ;"?&JQ=\H"]S?&K17 V ?IH1LN7MRSH.Dd� R\JdOQ;"?&]S7M`\?BH 9<;17MJNFjJN=@OQ? �SOQ;17MLh9BR\JNJN?ILNFERSH1K1L ONR �

�
� ?�� � ��� �@D �);17ML

4 =\H"K ��7:K"ON;87ML�U1LN?IK8ZbRSJ&ON;1?�OQ?BH87:H1H"?BJ V RSL�O�LNA:7M9B?ILBD(�);1?�O �+R_RSU"OQ?IJ V RSLPO�LPA:7M9B?BL%=\JP?�OQ?BJ V ?IK
�P]SU1=\JNKXLNAM7:9B?IL � =\H1K8=\JN?f=\LPLN7:]\H1?BK8= LPR V ? ��;>=@O�Aa=@JN]S?IJ 4 =\H1K ��7MK"OQ; D+�);1?�OQR\OQ=\A 4 =\H"K ��7:K"ON;
LNF1=\H1H1?IK 465 =\AMA"O �+?IAM`\?�LPA:7:9I?BL � � � �67ML(=\F1F1JPR �G7 V =@ON?BA 5 k\lSl ��� � �G=\H1K 7:L�K1?ILN7:]\H1?BK OQR�9i=@F"OQU1JP?
OQ;"?X?IH6OQ7:JP?TK1?BJN= V F#?IK ?I9<;1R LNFE?B9IONJNU V D �
L 7MH OQ;1? 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK K1?ILN7M]SH �*= ��7:K1? -

4 =\H"K �PH1RS7MLN? -/RSH1A 5 �fV ?i=\LPU1JN? V ?IH6O � � � � �"7ML V =\K1? 465 F>=\LNLP7:H1]�OQ;1?�JN?gOQU1JPH ?B9<;1Rj=\H1K L 5 L�OQ? V
H1RS7MLN? ON;1JNR\U1]S; = c>AWOQ?BJ ��7MON; 4 =\H1K ��7MK"OQ; � � � m ��� � � LNe3U>=\JP?g-/A:= ��K"?IOQ?I9ION7:H1]��.=\H1K OQ;"?BH
7:H6ON?B]SJN=@OQ7MH1]1D��);17ML V ?i=@LNU1JP? V ?BH6O%7:L�U1LN?IK�7MHXK"?IOQ?IJ V 7:H17MH1]jOQ;"?�ON;1?BJ V =\A H1RS7:LP? 4 =\9 �3]SJNR\U1H1K

9BR V FERSH1?IH3O�ONR � 	
����� ��;17:9<; V U1L�O 4 ?�LNU 4 OQJQ=@9IOQ?IK8R � 4 ?gZbRSJN? � � 9B=\H 4 ?�?BL�OQ7 V =@ON?BK.D

Baseband Freqency

0

Bs

Be

Bn

B3dB

�h7M]SU1JN?M;GD � � $+R\H19B?IF"OQU>=@A K17a=@]SJQ= V 7MA:AMU1LPONJQ=@ON7:H1] K1?BJN= V F#?IK ?B9<;1RTLPF#?I9IOQJPU V �bLN;>=\K"?BK � � ZbJN? -
e3U1?BH"9 5 �PLNAM7:9I?BL � � =\H"K R\ON;1?BJ 4 =@H1K ��7:KGOQ;1L U1LP?BK 7MH F1JNR�9B?ILNLN7MH1]1D �);1?X?BH1?IJN] 5 7MH ON;1? � ON;
LNFE?B9gOQJN=\A LNAM7:9B?�7ML�=\9B9IU V U1A:=@OQ?IKXONRYZbRSJ V OQ;1? V ?i=\LPU1JN? V ?IH3O � 	

����� D

� � � EGQ�-�4H-/�9 8�C4U$ �B-� �$:�!���!) � �C-I" 3�4��������� ,
��B�B3�4H-/��� ) �*4 ����������
��� ��$: 8Q A -I���*�
12$��: 8�C4H$����

�
L�K"?BLN9IJN7 4 ?IK 7MH �G?I9IOQ7MRSH �"D � � ON;1?j?BL�OQ7 V =@ON7:RSH8R\Z � � 7ML�?BLPLN?BH6ON7a=\AMA 5 = O �+R@- LPON?BF
F1JPRG9I?BLNLID
�d7:JNL�O �E=\H ?ILPON7 V =@OQ?�R\Z ON;1?fON;1?BJ V =@A�H"RS7:LP?f9IRSH6OQJN7 4 U"ON7:RSHX7:H8?i=\9<; LPA:7M9B? � �	� � V U1L�O

m lB;



4 ? LNU 4 OQJQ=@9IOQ?IK ZbJPR V OQ;1?TLP7:]SH>=@A���H1RS7MLN? ?BLPON7 V =@OQ?_7:H ?B=\9<; LNA:7M9B? ONR 5 7:?IA:K OQ;"?TLN7:]\H>=\AW- RSH1A 5
?BH"?BJN] 5 ��� 	

�
�

� 	
�
� � 	

����� � � 	� � �&;GDMm �

��;1?IJN? � 	� 7:L R 4 O<=\7MH1?BK�ZbJNR V � � � U1LP7:H1]%OQ;1? V ?IOQ;"RGK1L K17MLN9IU1LNLP?BKj7MHj�G?I9ION7:RSH =1DWmSDMm\D �G?I9BRSH"K1A 5 �
�	�)ZbRSJ)?B=\9<;8LPA:7M9B?�7:L&ON;1?BH89i=\AM9BU1A:=@OQ?IK 465 =\F1F1A 5 7MH1]jOQ;"?�9B=\A:7 4 JQ= OQ7:R\H Z[=\9IONRSJ �
	

� � � � 	
�

� 	
� �&;GD k �

��?IJN? � �
	�7:H19IRSJNFERSJQ= OQ?BL�=\AMA�7MH1LPONJNU V ?BH6OQ=\Ah=@H1K ]S?IR V ?gOQJP7:9i=@A F>=\JQ= V ?gOQ?BJPL
H1?I9B?ILNLQ=@J 5 ONR K1? -
c>H1?fOQ;1?fJN?BA:=@OQ7MRSH1LP;17:F 4 ?gO �+?I?BH OQ;1? K1?ION?B9ION?BK ?IH1?BJP] 5 =\H"K�OQ;1?fLNU1J�Z[=\9B? 4 =\9 �3LN9B=@ONON?BJ�9BJPRSLNL,-

LN?I9ION7:RSH.D �);"? R `S?BJN=\A:A 4 =\9 �3LN9B=@ONON?BJ V ?i=\LPU1JN? V ?IH6O =\9B9IU1JQ=@9 5 7MLfON;�U"LjOQ;1? 9IR Vj4 7MH>=@ON7:RSH R\Z

OQ;"?�U"H19B?IJPO<=@7:H6OQ7M?BL%=\LNLPRG9I7a=@ON?BK	��7MON; K1?ION?BJ V 7:H"7:H1] � 	
�
=@H1K � 	 D

�/H ]S?IH1?BJN=\A ��=@9<;17:?g`G7MH1]�ON;1? K1?ILN7:JP?BK V ?i=\LPU1JN? V ?IH6OY=\9I9BU1JN=\9 5 7:L V RSJP? K17 �_9IU1AMO
��7MON; �	�T9B?IA:A:L_ZbRSJ V ?BK 465 �PJN=\H1]S? LPA:7M9B7:H"] � OQ;1=\H 7:H OQ;"? 4 ?B= V ��7:KGOQ;G- A:7 V 7MON?BK 9i=\LP? ��=@H1K
JN?Ie3U17:JP?BL&OQ;"?�7:H6OQJPRGK"U19ION7:RSH R@ZdH"? � ZbRSJ V U"Aa=@ON7:RSH1L�ZbRSJ�OQ;1?�JN=\K>=\J+?Be3U>=@ON7:RSH =\H"K 4 =\9 �3LN9B=@ONON?BJ

V ?i=\LPU1JN? V ?IH3O�`@=\JP7a=\H19I? 9i=\AM9BU1A:=@OQ7MRSH.DY�);1? ZbRSA:AMR���7:H1] LPU 4 LP?B9ION7:RSH"L F1JPR `�7MK1?YOQ;1? H1?B9I?BLPLQ=\J 5
=\H>=@A 5 OQ7M9i=\A&ZbJN= V ? �+R\J	� ZbRSJ_=\K1K1JP?BLNLP7:H1] OQ;1?87:LNLPU1?�R@Z �	� =@9B9BU"JQ=\9 5 ZbRSJ OQ;"?�JN?B=\AW-/=\FE?BJPONU1JN?
`S?IJNLP7:RSH R\Z ���	��
������� � =@H1K =\K1K"JN?BLPLYLN?g`S?BJN=\A&R\Z)ON;1?_ONJQ=\K"?g-/R � L ON;>=@O V U1LPO 4 ?_9BRSH"K1U19ION?BK

OQR RSF"OQ7 V 7 �B?�FE?BJPZbR\J V =\H19B?@D
�d7:JNL�O �#= ZbRSJ V U1A:=@OQ7MRSHTZbRSJ � 	 =\H1K ON;1?j=@LNLNR�9B7:=@OQ?IK 9i=@A:7 4 JQ=@ON7:RSH
?BJPJNRSJ*=\JP?�F1JNR `�7:K1?IK.D(�>RSA:AMR���7:H1]
ON;17:L ��=\H_? �GF1JN?ILNLN7MRSH ZbRSJ�ON;1? � ���hR\Z#OQ;1?�JN=\H1]S? - c>AWOQ?BJP?BK 9i=\LP?
7:L)F"JN?BLP?BH6OQ?IK.D

� � � ��6 � �C4H$ #/-� �$:�!� �*) �
	 ) �*4 �������	��
��� -I��� 
�"P" ���B$:-� 8��� E -I��$�.�4�-� �$:�!�  4�4��*4U"

�);1?&c>JPLPO(L�OQ?BF 7MH OQ;1?+9i=\AM7 4 JN=@OQ7MRSH R\Z>ON;1?)7:H"LPOQJPU V ?BH6O�7:H6`\RSAM`\?BL OQ;"?&K1?I`\?BAMRSF V ?BH6O

R\Z�=\H ? �GF1JP?BLPLN7:R\H ZbRSJ
ON;1?YF>=\JN= V ?IOQ?IJ � 	 Df�/H K1?BJP7M`�7:H1] � 	 �.OQ;"? JN=\K>=\J
LN7:]\H>=\Ah7ML�ZbRSA:AMR��+?IK
OQ;"JNRSU1]\;87WOQL)7:H6ON?BJQ=@9IOQ7MRSH ��7MON;TOQ;1?�LNU"JPZ[=\9I? =\H"K ON;1?�LNU 4 LN?Be3U1?IH6O�?B9<;1R LN7M]SH>=\A F1JNR�9B?ILNLN7MH1]1D

�);1?�OQJN=\H1L V 7MOPOQ?IKTLN7:]\H>=\A.9B=\H 4 ? ��JN7WONOQ?IHX=\L

� � � �
� � � � � � � ��	 � � ��� � ��� � � � � ����
��� � � �&;GD �	�

��;1?IJN? � 7ML�OQ7 V ? ZbJPR V ONJQ=\H1L V 7WO�F1U1AMLN?YRSH"LN?IO � � �+7:L
ON;1?YOQR\OQ=\A ?BH"?BJN] 5 7:H OQJN=\H1L V 7WO�F1U1AMLN? �

� � � ��7:L�OQ;1?_OQJQ=@H1L V 7MOfF1U1AMLN? FER��+?IJj?BH6`\?BA:R\F#? LPU19<; OQ;>= O � � � � � � � m � � ��7:L�OQ;1? OQJN=\H1L V 7MO
9i=@JNJN7M?BJ*ZbJN?Be3U1?IH19 5 � � � �(7:L*OQ;1?���R\F1F1A:?IJ�9IR V F#?IH1LQ=@ON7:RSH_ZbJN?Be3U1?IH19 5 � =\H1K � 7ML�ON;1?�9<;17MJNFTJQ= OQ?\D

m l
�



�);1? ?B9<;1R JN?gOQU1JPH ZbJNR V OQ;1? LPU1JPZ[=\9I? 9B=\H 4 ? OQJP?i=@ON?BK =\LXON;1? LNU V V =@OQ7MRSH�R\Z

JN?gOQU1JPH1LTZbJNR V V =@H 5 7:H1K"?BFE?BH1K1?IH6O8LP9i=@OPOQ?IJN7:H"] ��F>=@OQ9<;"?BL � ��?i=\9<; ��7MON; = K"7 �#?BJN?IH6O JQ=\H1]\?
K1?IAa= 5 =\H1K ��RSF"F1A:?IJfLP;17MZ O �[LN?I? �G?I9IOQ7MRSH �"D kGD ��gDX� Oj7ML =@LNLNU V ?IK OQ;>=@O ?i=\9<; F1=@OQ9<; 7MLfA:=\JN]S?

JN?IAa=@ON7M`\?XONR OQ;"?�9BR\JNJN?IAa=@ON7:RSH AM?BH1]\ON; R\Z
OQ;1?8LNU1J�Z[=\9B? � 4 U"O LPU � 9B7M?BH6OQA 5 L V =@A:A)LNR OQ;>= O OQ;"?
��RSF1F"A:?BJ�LN;17WZ O)=\H"KTLNAa=@H3O+JQ=\H"]S?�K1RYH1R@O&`@=\J 5 LN7M]SH17Wc>9i=\H6ONA 5 R `S?BJ)7WOQL�K17 V ?BH1LP7:RSH"LBD �);1?�?I9<;1R

JN?gOQU1JPHXZbJPR V ON;1? � ON;8LP9i=@OPOQ?BJP7:H1] F>=@ON9<;87ML)? �GF1JP?BLNLP?BK =@L

��� � � ��� � � � � �� � ��� � � ��	 � � ��� � � � � � � � � � ��� � � �� � �
� 	 � ��� � � � � � 	 � ��� � � � � ��� � �&;GD =�

��?IJN? � �	�� 7:L�ON;1?_H"RSJ V =\A:7 �B?IK 4 =\9 �3LN9B=@ONON?BJj9IJNRSLPLfLP?B9ION7:RSH =@O�OQ;1? LP9i=@OPOQ?BJP7:H1]8F>=@ON9<; � � �*7:L�=
U1H17 - `@=\JP7a=\H6O���= 5 A:?I7:]S;XJQ=@H1K1R V `@=\JN7:= 4 AM?�ZbR\J�OQ;"? LN7M]SH>=\A�= V F1AM7MOQU"K1?�K1U1? ONR_Z[=\K17MH1]�� � �h7:L�=
U1H17WZbRSJ V JN=\H1K1R V `@=\JN7:= 4 AM? �bR `\?BJ�l_-�k � �%ZbRSJ%OQ;1?YJN=\H1K1R V F1;1=\LN?YR\Z�ON;1?jJP?IOQU"JNH ZbJNR V OQ;"?
F>=@ON9<; � � � 	 �(7ML
OQ;1?j��RSF1F1AM?BJ�LP;17MZ O�R@Z*ON;1?jF>= OQ9<; � =\H"K � � 	 �(7ML
OQ;1? JNRSU1H"K ONJN7MF � 7:]\;3O
OQ7 V ?fONR
OQ;"?�F1=@OQ9<;X]S7M`\?BH 465 � � 	 � ��k 
�� � � ��;1?BJP? 
 �d7ML&OQ;1?�LPAa=\H6O�JQ=@H1]S?�OQRYOQ;"?�F1=@OQ9<;.D

�);1?�`@=\A:U1? � 7:HX��e D � ;GD>= �+7ML%K"?Ic>H1?IK�LPU19<;8ON;>=@O

� � ��� � �
��=�� ����� � � � � � � ���

��� �
� � �&;GD ; �

��;1?IJN? � 7:L%OQ;1?�OQJQ=@H1L V 7MO �&=i`\?BA:?IH1]\ON; � � ��7:L%OQ;1?fJN?I9B?B7W`S?IJ�]6=\7MH � � �Y7:L�OQ;"?jF#?B= �X=\H6OQ?IH1H>=
]6=\7MH �*=\H1K �

��� �
7MLjOQR\OQ=\A&O ��R@-��+= 5 L 5 LPON? V A:RSLPLBD �);1? ?B9<;1R JN?gOQU1JPH 7:L ��7MH1K1R���?BK 465 OQ;"?

ZbU1H19gOQ7MRSH	��� � � �

��� � � �
� � � � � � � 	 � ��� � ���
 �� � �� � � � � � ��� � � � � � � 	 � � � �� � �&;GD �	�

��;1?IJN? � ����7:LfOQ;1?T=@JN?i= R@Z%ON;1?TLN9B=@ONON?BJP7:H1] F>= OQ9<; �*=\H1K � � � � � 7:L�OQ;1?TH1R\J V =\A:7 �B?BK =\H6OQ?IH1H>=
F>=@OPOQ?IJNHY]6=\7MH 7MH OQ;1?+K17:JP?B9ION7:RSH R\Z>OQ;1? � OQ;YLN9B=@ONON?BJP7:H1]�F1=@OQ9<; =@OdOQ7 V ? � D �);1?+ON?BJ V � � � � ��� � � � �
� � 	 � ��JN? � ?B9gOQL�OQ;1?jZ[=@9IO�OQ;>= O�OQ;1? =\H6OQ?IH1H>= ]6=\7MH 7:L�9<;>=\H"]S7:H1]X=\L�= ZbU1H19gOQ7MRSH R\Z�ON7 V ?Y=\L�OQ;"?
=\H6OQ?IH1H>= JNR\OQ=@OQ?ILBD

�);1?�9BR V FERSLN7WOQ?�JP?IOQU"JNHXR `\?BJ�OQ;1?�?IH3ON7:JP?�ZbRGR\ONF1JN7MH6O ��� � � � �17ML%]\7M`S?IH 435

� � � � � �
����� ��� � � ��� �&;GD < �

��;1?IJN?
ON;1?
LPU V_V =@ON7:RSH 7:L*R `S?BJ&=\A:A 9BR\H3ON7:]SU"RSU1L ��U1H17Me3U1?
F>= OQ9<;1?IL)7:H_ON;1?
7MA:AMU V 7MH>=@ON?BKYJN?I]S7:R\H

� D �/H OQ;17MLT=\H>=\A 5 LN7:L �)K17:LP9BJP?IOQ? LPU V V =@ON7:RSH R `S?BJ ON;1? 7MA:A:U V 7MH>=@OQ?IK JN?B]\7:RSH ��JN=@OQ;1?IJ OQ;1=\H
OQ;"? V R\JN? 9BRSH6`S?IH6OQ7:R\H>=\A&7MH3ON?B]SJN=\A(JN?IF1JN?ILN?BH6OQ=@OQ7MRSH ��7:LfU1LN?IK ZbRSJ 9IAa=\JP7MO 5 =\H1K OQR JP? � ?I9IOYOQ;"?

m lB<



Z[=\9gO�ON;>=@O � 7ML%?g`@=\A:U>= OQ?BKXH3U V ?BJN7M9i=\AMA 5 7:HXF1JQ=\9gOQ7M9B?\D+�
L ��7WOQ;8=\A:A H3U V ?BJP7:9B=\A 7:H6OQ?I]SJQ= OQ7:R\H1L �
OQ;"? LP7��I? R\Z � ����=@H1K�OQ;1? ? ��ON?BH6OXR\Z � =\JN? U1AWOQ7 V =@ON?BA 5 LN?BAM?B9gOQ?BK LNU"9<; OQ;1=@OX=\9B9I?BF"OQ= 4 AM?
9BR\H3`\?BJP]S?BH19I? 7ML�=\9<;17:?g`S?IK.D

�&O&ON;1?�JN?I9B?I7M`S?IJ �"ON;1?�LP7:]SH>=@A#7ML&K1R���H19BR\H3`\?BJ�OQ?BK8=\H1KTK"?BJQ= V FE?BK 465_V U1AMON7:F1A 5 7:H1]
��� � � � ��7MON; � � � ��� ? �GF � � � ��� � � � � � ��� � � � � � � � �&;GD ?	�

��;1?IJN? � ��7:L&ON;1?�JN?gZb?BJN?IH19B?�K1?IAa= 5 �1ONR 5 7M?BA:K
����� � ��� � � � � � � � ��� � �

����� � � � � �� ��� � � �"? �GF � k ��� � � 	 � � ��� � � � � �&;GD �	�

��?IJN? � � � 	 ��7:L&ON;1? 4 =\LN? 4 =\H1KXZbJN?Ie�U"?BH19 5 R\ZhON;1?�JN?IONU1JNH ZbJNR V OQ;"? �[OQ;XF>=@ON9<;�=\H"K87ML)]S7M`\?BH 435
� � 	 � � � ��	 � � � � � � � � � � � � � 	 � � � � ;GDWm l�

�);1? H1? �2F1;1=\LN?YOQ?IJ V � �*7:L�= ZbU1H"9IOQ7MRSH R\Z � � � 4 U"O�7ML�LPON7:A:Ah= JQ=\H"K1R V `@=\JP7a= 4 A:? U"H17MZbRSJ V A 5
K17MLPOQJP7 4 UGOQ?BK�R `\?BJ �[l_-%k � � D�� �1= V 7MH17:H1] �(e D � ;GD ��
=\H"K �(e D �&;GDWm l�%7WO�7ML
?I`�7MK1?BH6O�OQ;1=@O�OQ;"?
K1?IJQ= V F#?IK ?I9<;1RY7:L�=f9IR V FERSLP7MOQ?�R\Z V =\H 5 LN9B=\A:?IK � ��7:H1K1R���?BK �GLN7MH1]SA:?�ZbJN?Ie3U1?BH19 5 ONRSH1?IL ��7MON;
JQ=@H1K1R V F1;1=\LN?@D � �h7M]1D!;GD>=_7ML�F1JPR `G7MK1?BKXOQR_7:A:AMU1LPONJQ=@ON?
OQ;"7:L%LNU V V = OQ7:R\HXR `\?BJ�ON;1?�LN9i= ONOQ?IJN7MH1]

F>=@ON9<;1?BLID � �(=\9<; OQRSH1=\AhZbJN?Ie3U1?BH19 5 7:L�K1?gOQ?IJ V 7:H1?IK 465 OQ;1? JQ=@H1]S?YK1?IAa= 5 � ���Y��RSF1F"A:?BJ
LN;17WZ O

=\LPLNR�9B7a= OQ?BK ��7WOQ;�?i=\9<;fLN9B=@ONON?BJN?IJBDh��R\ON? � OQ;1?IH � ON;>=@O ON;1?(F1JNR�9B?ILNLN7MH1]%K1RG?IL H1R\O JN?IF1JN?ILN?IH3OdF1U1JP?
JQ=@H1]S?
c>AWOQ?IJN7:H"] 4 ?I9i=\U"LN?�OQ;"?�7:LNR - 4 =\LP? 4 =@H1K ZbJN?Ie�U"?BH19 5 A:7MH1?BL&R\H OQ;1?�LPU1JPZ[=\9I?�=\JN?
LNR V ? ��;>= O
OQ7MAMON?BK ��7WOQ; JP?BLNFE?B9gO�OQR ON;1?j7:LPR@-/JN=\H1]S?fA:7MH1?BL �#OQ;"? V =\]\H17MONU1K1? R@Z�OQ;1? ON7:AWO 4 ?B7MH1] =_ZbU1H19gOQ7MRSH

R\Z�OQ;1?�9<;17MJNFXJQ=@ON? � D

�);1?�K1?IJQ= V FE?BK LN7M]SH>=\A#7:L&K17M]S7MOQ=\A:A 5 LQ= V F1AM?BK =\H"KT]6=@OQ?IKTOQRjZbRSJ V ON;1?�LN?Ie�U"?BH19I? �
� � � �

� � � � � � �
����� � � � � �� � � � � � ��� � � � �"? �"F � k ��� � � 	 � � � � � ��� � � � � � ;GDWmSm��

��?IJN? � ON;1?�LQ= V F1AM?
OQ7 V ? � � � �>7ML)?Be3U>=\A.ONR � � � � � � ����;1?IJN? � � � 7:L&OQ;"?�ON7 V ?�=\LNLPRG9I7a=@ON?BK	��7MON;
OQ;"?Xc>JPLPO LQ= V F1AM? 7:H1F1UGOYOQR OQ;1?8���h� �
� 7:LYOQ;"?8LN= V F"A:?TH3U Vj4 ?BJ �&=\H1K � 7ML ON;1?XLQ= V F1A:?
FE?BJN7MRGK D � � � �*7ML+=fJN?B9gO<=\H"]SU1Aa=@J ��7MH1K1R���ZbU1H19gOQ7:R\H JN?IF1JN?ILN?IH3ON7:H1]jON;1?
JN=\H1]S?�]6=@ON? � � � m�ZbR\J

LN7M]SH>=\A �PRSH � RSJ � � l ZbRSJ)LP7:]SH1=\A �PR � � �gD

��R ZbRSJ V OQ;"?XLPA:7M9B? V ?i=\LPU1JN? V ?IH3O �	
�
�+= ���h� 7:L =\F1F"A:7:?IK OQR OQ;1?XLQ= V F1AM?TLN? -

e3U1?BH"9B? ��OQ;1?%�>RSU1JP7:?IJ�K1R V =\7:H LN?Ie3U1?BH19I?�7:L V =\]SH"7MOQU"K1?)LNe3U>=\JP?BK �G=\H1K OQ;1?IH ON;1?�=\F1F1JPRSF1JN7:=@OQ?

m lO?



r
i

f
b, i

�h7M]SU1JN? ;GD>= � � F1=\JQ= V ?ION?BJ%9i=\AM9BU1A:=@OQ7MRSHT]S?IR V ?gOQJ 5 D��G;1=\K1?BK8JN?I]S7:RSHXJN?IF1JN?ILN?IH3ONL�� ON;�LPU1JPZ[=\9I?
?BAM? V ?BH6O ��7WOQ;j7MH19BJP? V ?BH6O<=\A"=\JN?B=�� ���/Dh��R\ONON?BKjAM7:H1?ILhJN?IF1JN?ILN?IH3O*AM7:H1?ILhR\ZE9BR\H1LPOQ=\H6O 4 =\LP?g- 4 =\H1K
ZbJN?Ie3U1?BH19 5 � ��7MON; 4 =\LN? 4 =\H1KYZbJP?Be3U1?BH"9 5 R\Z � ON;Y?BAM? V ?BH6O � � 	 � D�	�� LP?IO(R `@=\A:LhJN?BF"JN?BLP?BH6O�=\H6OQ?IH1H>=
ZbR�R\OQF1JP7:H6O)FERSLN7WOQ7MRSHT=@O)ON7 V ?�R\Z OQJN=\H1L V 7MO)=\H1K JN?I9B?B7W`S?@D+�%=\H1]S?�ZbJPR V �[OQ; ?BAM? V ?BH6O)OQR LP?BH1LPRSJ
7:L 
 � D

FE?BJN7MRGK"RS]SJQ= V 4 7:H1L+=\JN?
LNU V V ?IK.D��
AMLNR���7MO�7:L&=\LNLPU V ?IK OQ;>= O+OQ;"? 4 =\9 �3LN9B=@ONON?BJ)9IJNRSLPL)LN?B9gOQ7MRSH
7:L)9IRSH1L�O<=\H6O�R `\?BJ)OQ;"?�LPA:7M9B?�OQR R 4 O<=\7MH

� 	
�
� � � � � � ��

��� � �


� 	 ��
� � �

	 �
����� � � � � � � � ��� � � � �"? �GF � k ��� � � 	 � � � � � � � � � � � ? �GF � � k ��� ���� � 

�
�

� ;GDWm k	�

��;1?IJN? �
�
=\H1K �

�
=@JN?fON;1?jL�O<=\J�O�=\H1K ?IH1K 4 7MH�H3U Vj4 ?BJPL �[9BR\JNJN?ILNFERSH1K17MH1] ONR OQ;1? 4 RSU"H1K17:H"]

ZbJN?Ie3U1?BH19I7:?IL+ZbJNR V �d7:]1DC;�D ���R\Z.ON;1? � OQ;_LNAM7:9B?%=\H"K � 7ML*ON;1?�ONR\O<=@A>H�U Vj4 ?IJ+R\Z.LQ= V F1A:?IL(7:H1F1UGO
OQRYON;1?����h� �b7 D ?\D �1OQ;1?�� �d� LP7��B? �gD

'+?I9i=\U1LP? � 	
�
7:L�=YJQ=\H"K1R V e3U>=\H6ON7MO 5 �1ON;1?�? �GFE?B9ION?BKX`\=@A:U1?�7ML�OQ= �\?IHXONRYc>H1K � �

��� � 	� � � � � � � � ��
��� � �

�
����� 

� 	 ��
� � � �

� � � � ��� � � � �"? �GF � k ��� � � � 	 � � �
�� ��� � 

�
� � ;GDWm ��

��;1?IJN? �>ONR ?IA:7 V 7MH>=@OQ?%OQ;1?�JN=\H1K1R V `\=@JN7a= 4 A:?IL)=\H1KXJN?IRSJNK1?IJ)OQ;1?�LNU V_V =@OQ7MRSH1L �"7MO�7ML�=\LNLPU V ?BK
OQ;1=@O LN?IF>=\JQ= OQ? LN9B=@ONON?BJN7MH1] F>=@ON9<;1?BL8=\JN? U"H19BRSJPJN?IAa=@ON?BK �[7 D ?\D ��OQ;>=@O ��� 	 ��� � 	 	 ���  � � l ZbR\J

"!� � �gD(��?IZb?IJNJP7:H1]YOQR ��e D � ;GD k	� �"7MO)7ML)9BRSH19IA:U1K"?BK8ON;>=@O

� 	 � � � � ��
��� � �

�
� ��� 

� 	 ��
� � � �

� � � � ��� � � � �"? �GF � k ��� � � � 	 � � �
�� ��� � 

�
� � ;GDWmP= �

m l��



��e3U>=@OQ7MRSH � ;�DMmP=��7:Lh=�]S?BH"?BJQ=@A"? �GF1JP?BLPLN7:R\H ZbRSJ � ZbRSJ =�JPR\O<= OQ7:H"]�=\H6OQ?IH1H>= ��7MON;jK17M]S7MOQ=\A3JQ=\H1]\?
c>AWOQ?BJP7:H1]"D

^�H"K1?BJd9B?BJ�O<=\7MH 9IRSH1K17WOQ7:R\H1L � ��;17M9<;Y=\F1F1A 5 7:H�OQ;1?*9i=\LP?&R\Z����	��
������� � OQ;1?�9BR V F1UG-
O<= OQ7:R\H�R@Z � V = 5�4 ?�LP7 V F1A:7Wc>?BK�LPR V ? ��;>=@OBDh� Z"ON;1?(OQJQ=@H1L V 7MO F1U"A:LN?*?BH6`\?BA:R\F#?�7:L JN?I9IO<=@H1]SU1A:=\J �
��? ��JP7MOQ?

� � � � �
m

� � � ZbRSJ � � � � � � � � � � � �
� � � � ��l R\OQ;"?BJ ��7MLN? � � ;GDWm�;	�

��;1?IJN? � � � 7ML OQ;1?�OQ7 V ?)R@Z#ONJQ=\H1L V 7WO(F1U1AMLN?�LPOQ=\JPOBD � Z.7WO(7:L�ZbU1JPON;1?BJ*=\LPLNU V ?BK OQ;>= O*ON;1?%=\H6OQ?IH1H>=
]6=\7MHY7:HjON;1?�K17:JP?B9ION7:RSH R\Z.=�]S7W`S?IH LPU1JPZ[=@9B?�F>=@ON9<;_7ML 9BRSH"LPO<=@H3O*K1U"JN7:H"]�OQ;1?�F1U1AMLN?)FE?BJP7:R�K �\OQ;"?BH

��� � � � �
� � � � ��� � � 	 � � � � ���
 �� � �� � � � � � � � � ��� � � � � � � � � �� � � ;GDWm���

��;1?IJN?�� � � � � � � ��7:LfON;1? ]6=@7:H 7MH ON;1? K17MJN?B9gOQ7MRSH R\Z)ON;1? � ON; F>=@ON9<; = O OQ;"?_OQ7 V ? R\Z)ONJQ=\H1L V 7WO �
=\H1K � � � � � � � �
7ML�ON;1? ]6=\7MH 7:H OQ;1? K17MJN?I9IOQ7MRSH R\Z*OQ;1? � ON; F>= OQ9<; =@O�OQ;1?YON7 V ?jR\Z�JN?B9I?B7W`S?_=@Z OQ?IJ
OQ;"? =\H6OQ?BH"H>=T;>=\L�JPR\O<=@ON?BK K1U"JN7:H"] OQ;1?jF"U1A:LP?YJNRSU1H"KG- ONJN7:F � 7:]S;6O�ON7 V ? � � 	 �/D��);1? = 4 R `S?jO ��R
=\LPLNU V F"OQ7MRSH1L�=@JN?j?Ie�U"7M`@=\A:?IH6O�OQR =\LPLNU V 7:H"] OQ;>=@O
OQ;1?Y?I9<;1R JN?IONU1JNH ZbJPR V = ]\7M`S?IH LN9B=@ONON?BJN?IJ

7:L � =@O �*=\H"K 7MLjH1R\O V R�K1U1Aa= OQ?BK 435 ?B7WOQ;1?IJjOQ;1?TF1U"A:LN?T?IH6`S?BAMRSFE?XR\J OQ;1?TJPR\O<= OQ7:H"] =\H6OQ?IH1H>=

4 ?i= V D �);1? LQ= V F1A:?IK LN7M]SH>=\A*`@=\A:U1?IL OQ;3U1L 9IRSJNJP?BLNFERSH1K ONR = JN?B9gO<=\H"]SU1Aa=@J ��7:H1K"R�� ��;1RSLP?
A:?IH1]\ON;�7:L�K1?gOQ?IJ V 7:H1?IK 465 OQ;1?fR `\?BJPAa=\F 4 ?gO �+?I?BH OQ;"?fK1?IAa= 5 ?IK JN?gOQU1JPH F1U1AMLN?f=\H1KXOQ;1?fJQ=\H1]\?
]6=@ON? ��7:H1K"R���D

� V F"A:R 5 7:H1] ��e3LBD � ;�DMm�; �&=\H1K � ;GDWm��� �1��e D �&;GDWmP= �+9i=@H 4 ? ��JN7WONOQ?IH�=@L

� 	 � � �� � � ��
��� � �

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

� � � � � � 	 � ��
� � � � � �

? �GF � k ��� � � � 	 � � �
�� � � � 

�
� � ;GDWm�<	�

��?IJN? ���
�
	 �h7ML�OQ;"? LQ= V F1AM? 7MH8OQ;"? LN?Ie3U1?BH19I? � � � � =\LPLNR�9B7a= OQ?BK ��7MOQ;8OQ;1?jAM?i=\K"7:H1] ?BK1]\?jR\Z�OQ;"?

]6=@ON?BK ?B9<;1R ZbJPR V ON;1? �[OQ; F1=@OQ9<;.D � � 	 ��7ML ON;1?XA:?BH"]\OQ; R\Z�ON;1?8?I9<;1R ZbJPR V OQ;1?�� ON; F>= OQ9<;
�[? �GF1JN?ILNLN?IK 7:H H3U Vj4 ?BJ�R\ZdLQ= V F1AM?BL �+9i=\F"ONU1JN?IK 465 ON;1?�JQ=\H1]\?�]S=@OQ?@D � � 	 � 7:L)]S7W`S?IH 465

� � 	 � � 7:H6O ��� � � 	 ��
� � �

� ��� � ��� � � 	 � � � � � � � � � � ;GDWm8?�

mSm l



∆ 
X

 (
dB

)

�h7M]SU1JN?�;GD ; � � F>=\JN= V ?IOQ?IJ�ZbR\Jf? �1= V F1AM? �PLNAM7:9B? � `�LIDXR\J 4 7WO�ON7 V ? �[RSH1?_9BR V F1AM?IOQ? RSJ 4 7MO �
�SlO?\l_LN?I9BRSH"K1L ��=\H"K =\H6OQ?BH"H>= LN9B=\H = �I7 V U"ON; =\H1]\A:?\D���?IJN? � ;>=\L 4 ?B?IH H1RSJ V =\AM7��B?IK 465 7MONL
V ?i=\HT`@=\A:U"?\D

� O�7ML�9IRSH6`S?IH17:?IH3O �.F>=\J�OQ7M9BU1A:=\JNA 5 ZbRSJ�OQ;1?Y=@H>=\A 5 LP7:L%R\Z V ?i=\LPU1JN? V ?IH3O�`@=\JN7:=\H19B? �EONR
K1?gc>H1?�OQ;1?����h� OQ?IJ V 7MH8��e D � ;�DMm�< �&=\L)OQ;1?�ZbU1H19gOQ7MRSH 
 � ��;1?BJP?


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

? �GF � k ��� � � � 	 � � �
�� � � � � � ;GDWm ��

� `@=\A:U>= OQ7:H"] �(e D �,m �� ��?f;>=i`\?�ON;>=@O


 � � � � �
� � ? �GF � � � � � � 	 � � k � � 	 � ��� � � 	 � � � �
�
� �

? �GF � � � � � � 	 � � � �
�
� � � � LN7MH � � � � 	 � � � � 	 � � � �

�
� �

LN7:H � � � � � 	 � � � �
�
� � � � � ;GD k\l�

��R@OQ?jOQ;1=@O 4 ?I9i=\U"LN? OQ;1? 9BR V F1AM? ��F1;>=\LP? ON?BJ V 7:H � 
�� � � � ��� � 9B=\H19I?BA:L � �+? 9i=\H =\A �&= 5 L�LNU V
ZbJNR V l�OQR � � 	 � 7MHjOQ;1?����d� JP?B]6=\JPK1A:?ILNL�R\ZEOQ;"?)F1U1A:LP?�F#RSLP7MON7:RSHj7MHjOQ;1?�JN=\H1]S?)]6= OQ?\Dh��e�U1=@OQ7MRSH

mSmSm



� ;�DMm�< ��OQ;1?IH 4 ?B9IR V ?IL �

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

	 LN7MH � � � � � 	 � � � � 	 � � � �
�
� �

LN7MH � � � � � � 	 � � � �
�
� �

� � �

�
� � ;GD kGm��

^�LP7:H1]j�(e D � ;GD kGm�� � � 	�ZbRSJ+=fLQ= V F1AM?�LPA:7M9B?
7ML�F"A:R\OPOQ?BK_`S?BJPLNU1L)R\J 4 7WO+FERSLN7WOQ7MRSH =@H1K

=\H6OQ?IH1H>= = �I7 V U"ON; =\H1]\A:?fZbR\J�OQ;"?Y? �GF#?I9ION?BK 
� ��� ������� RSJ 4 7MO�7:H �d7:]1D�;GD ;GD���R\ON? OQ;1=@O�OQ;"?

`@=\A:U"?+R\Z � `@=\JP7:?ILhLN7M]SH17Wc>9i=\H6ONA 5 =\Lh=�ZbU1H19gOQ7:R\HjR\Z RSJ 4 7MOdF#R\LN7MON7:RSH =\H1KY= �B7 V U"OQ;.Dd��?BLPF17MON?+OQ;"?

LN7 V F"A:7Mc19i=@ON7:RSH1L%? V 4 R�K17:?IK 7:H ��e D � ;GD kGm�� � �
	�7ML�LPOQ7MA:A OQR�RT9BR V F1U"OQ=@OQ7MRSH>=\AMA 5 ? �"FE?BH"LN7M`\? ONR
9BR V F1UGOQ?�JN?IF#?B=@OQ?IK1A 5 ZbR\J)?i=\9<;87:H1K17W`�7:K1U>=@A F1U1AMLN?�K1U1JP7:H1] ]SJPRSU1H1KXK>=@OQ=YF1JNR�9B?ILNLN7MH1]1D(C ;1?BJP?

OQ;"?�LQ=@ON?BAMA:7MON?�R\J 4 7WO&7:L*`S?IJ 5 L�O<= 4 AM? �"=\L&7:L�? �GFE?B9ION?BK ZbRSJ 4 R\OQ;_OQ;1? 
� ��� ������� =\H1KT�
���*	��6-
�N��LNF>=@9B?B9IJQ=@Z O � �
	 V = 5T4 ?�F1JN?I9BR V F1U"ON?BK�7MHTO<= 4 U"Aa=\J&ZbRSJ V ��;17M9<;�7:L&ON;1?BH87:H6OQ?IJNFERSAa= OQ?BK 7MH
= �I7 V U"ON;X=\H1K RSJ 4 7MO�FERSLN7WOQ7:R\H OQR R 4 OQ=\7:H `@=\AMU1?BL)ZbRSJ)?B=\9<;8F"U1A:LP?f=@H1K8LPA:7M9B? � m � D

N���-� 8$�-I� A ��" � �!��" � 1�3����9 �$��!� �LN A 1�� -I��� N53�4�) -I�O� N5-I� � ��$&���

� O(7:Lh7:H1LP7:]S;6ONZbU"AGOQR�`�7M? � OQ;1? � F>=\JN= V ?IOQ?IJ�=\L(=\H 7MH3ON?B]SJN=@OQ7MRSHjR\Z ON;1?)7:H1L�OQJPU V ?IH6O
LNF1=@OQ7:=\A JN?BLPF#R\H1LN?�ZbU1H"9IOQ7MRSH � �"�%� �(R\H OQ;1?��*=@JPOQ; � L�LNU1J�Z[=\9B?@D*�);"?��"�%� 9i=@H 4 ?�9BRSH"LPOQJPU19ION?BK

ZbJNR V ��e D �&;GD k�m�� 465 O<= �37:H"] OQ;1?�?BH1?IJN] 5 9BRSH6OQJP7 4 UGOQ7:R\H OQR ON;1? LPA:7:9I?8ZbJPR V ?i=\9<; LN9B=@ONON?BJ,-

7:H"]8F>= OQ9<; ��=@H1K ON;1?BH H1RSJ V =\AM7��B7MH1] 465 OQ;1? =\JN?B=XR\Z+OQ;1? F>=@ON9<;.DX^%OQ7MA:7 �B7:H"] OQ;1? H1R\OQ=@OQ7MRSH>=\A
9BR\H3`\?BH6OQ7MRSH�?ILPOQ= 4 A:7MLN;1?IK 7:H8�G?B9gOQ7MRSH �GD kGD � �

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

	 LP7:H � � � � � 	 � � � � 	 � � � �
�
� �

LP7:H � � � � � � 	 � � � �
�
� �

� � � ;GD kSk	�

��;1?IJN? � �+=\H1K�� �+=\JP? ON;1? LNU1J�Z[=\9B?_F#RSLP7MON7:RSH 9IRGRSJPK17:H1=@OQ?IL �b7:H Aa=@ON7MONU1K1? =\H1K A:RSH"]S7MONU1K1? �.ZbR\J
7:H"LPO<=@H19B? �)R@ZdON;1? � OQ; F>=@ON9<;.D

�/HX�h7:]"D�;�D � ON;1?��"�%� 7:L+K"7:LNF"Aa= 5 ?IK ZbR\J�O ��R 9B=\LN?ILBD*�/H �h7:]"D/;GD � �[=� ��OQ;1?�JP?BLNFERSH1LP?
ZbRSJ%OQ;1? 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IK 9i=\LP? �[H1RTJN=\H1]S? c1AMOQ?IJN7MH1] �)7:L�LP;1R���H.Df�/H �d7:]1DS;GD � � 4 � � OQ;"?jJN? -
LNFERSH1LP?�ZbR\J�=\H8? �"= V F"A:?�JQ=@H1]S?�LNAM7:9I?�R\Z ��7MK"OQ; < � V � �

�
�F?"D � �G� ��ZbRSJ � �2kO;\l ��� ��� V L �

7:L(LP;1R���H.D(�/H �h7M]1DC;GD � � 4 � ��H1R\OQ?)ON;1?
LP;>=\JNF_K1JNR\FG-/R � R@Z OQ;"?�JP?BLNFERSH1LP?
ZbU1H19gOQ7MRSH_7MH ON;1?%JQ=\H1]\?
K17MJN?B9gOQ7MRSH.Df�GU19<; = LN;1=\JNF ?BK"]S?Y7:H�ON;1?YLNF1=@OQ7:=\AhJP?BLNFERSH1LP? F1JN?ILN?BJ�`S?ILf;17M]S;�ZbJP?Be3U1?BH"9 5 7:HGZbRSJ�-

V =@OQ7MRSH 7:H ON;1?YLNF1=@OQ7:=\AdZbJP?Be3U1?BH"9 5 K1R V =\7MH �.=\H"K ON;3U1L�7:L�= ;17M]S;1A 5 K1?ILN7:JN= 4 AM?jF1JNR\F#?IJPO 5 ZbR\J
?BH";>=\H19I?BK JP?BLPRSA:U"ON7:RSH 7 V =\]\?jJN?I9BRSH1L�OQJPU19ION7:RSH F1U1JNFERSLP?BLBD_��R@OQ? =\A:LPRTOQ;1? OQ7MAMO�7MH ON;1? RSJN7M?BHG-

O<= OQ7:R\H�R\Z�ON;1?YLNAM7:9B?fK1U1? ONRT��RSF1F"A:?BJ�LN;17WZ O�=\9IJNRSLPL
OQ;"? ZbRGR@OQF1JP7:H6OiD��/H �d7:]1D�;GD < �#ON;1?jLPU1JPZ[=\9I?

mSm k



0.5 0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5
0.5

0.4

0.3

0.2

0.1

0

0.1

0.2

0.3

0.4

0.5

Longitude

La
tit

ud
e

 

(a)

0.5 0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5
0.5

0.4

0.3

0.2

0.1

0

0.1

0.2

0.3

0.4

0.5

Longitude

La
tit

ud
e

 

(b)

�h7M]SU1JN? ;GD � � � =�Y� �"= V F1A:? � � 9B?IA:A�LNF>= OQ7a=@A)JN?BLPF#R\H1LN?XZbRSJ 4 ?B= V ��7:KGOQ;G- A:7 V 7MON?BK �[H1R JQ=\H1]\?
c>AWOQ?BJP7:H1]�%9i=@LN?\D � 4 ��� �"= V F"A:? �	��9I?BA:AhLNF>=@ON7a=\AdJN?ILNFERSH1LN? ZbRSJ�9I?BH6OQ?IJ�JQ=\H1]\?YLNA:7M9B?@DY$+RSH6OQR\U1J
LNF1=\9B7MH1] 7:L�=@O�m�K>' 7:H6OQ?IJP`@=\A:LID

LQ= V F1AM7:H1] =\9<;17M?I`S?IK 465 ON;1?Y9B?IH6OQ?BJ�?I7:]S;6O�LPA:7:9I?BL
ZbR\J�LN?g`S?BJN=\A(9BRSH"LN?B9IU"OQ7W`S? F1U1AMLN?IL�7:L�LN;"R���H D

�);1?j?I7:]S;6O
9B?BH6ON?BJ�LNAM7:9I?BL
9IRSJNJP?BLPF#RSH"K =\F1F1JPR �G7 V =@ON?BA 5 OQR ON;1? ? �GON?BH6O�R\Z�ON;1?Y=\H6OQ?IH1H>= V =\7:H

4 ?i= V �E=\H1K8ON;3U1L�=\JP?�ON;1?fLPA:7M9B?BL%? �GFE?B9gOQ?BK ONR 5 7:?IA:K V ?B=\LNU1JP? V ?BH6OQL�R\Z LPU � 9B7M?BH6O�=\9I9BU1JN=\9 5 D
��?IJN?�OQ;"?�� �%9I?BAMA.RSU"ONA:7:H"?BL�=\JP?�K"?BA:7MH1?i= OQ?BK 465 F1AMR\ONON7:H1]jON;1?�=\F1F1JPR �"7 V = OQ? � K>'�9BRSH6ONRSU1J�R\Z
OQ;"?_LPA:7:9I? JN?BLPF#R\H1LN?@DX��Lf7ML�?I`�7:K1?IH6O �hON;1? V ?i=@LNU1JP? V ?BH6OQL�ZbRSJ V =T`S?IJ 5 K1?BH"LN? LN= V F1A:7MH1]TR\Z
OQ;"? LNU"JPZ[=\9I? ��7MON; V =\H 5 R `\?BJPAa=\F1F"7:H1]_9B?BAMA:LID)�);17:L�7:L�=\H1R\ON;1?BJ%F1JNR\F#?IJPO 5 Z[= `\RSJQ= 4 A:?�ZbRSJ��*���
� m � � �>=\L �+?IA:A =\L�;17M]S;1?IJ)JN?BLPRSA:UGOQ7:R\H ��7:H1KXJN?gOQJN7M?I`@=\A D

 4�4��*4U" $�� � 	

��?B]6=\JPK1A:?ILNL)R\Z�OQ;"?�9B=\JN?�OQ= �\?IH87MH K1?BJP7M`�7:H1] =@HX? �GF1JN?ILNLN7MRSH8ZbR\J � 	 �1ON;1?�9i=@A:7 4 JQ= -
OQ7MRSHX=\9B9IU1JQ=@9 5 9i=@H8RSH"A 5T4 ?�=\L�]SRGR�KX=\L�RSU1J �3H1R���A:?IK1]S?�R\ZhON;1?�`@=\JN7MRSU1L)7:H"LPOQJPU V ?BH6O<=\A =@H1K
]S?IR V ?gOQJP7:9YF>=\JN= V ?IOQ?IJNL�9BR V F1JP7:LP7:H1] �
	gD �);1? F>=\JQ= V ?gOQ?BJ� 7:H ��eED �&;GD k�m��
? Vj4 R�K17:?IL�=\A:A
JQ=@K17:R V ?IONJN7M9�9IR V F#RSH"?BH6OQL�R\Z � 	 D��
AWOQ;1RSU"]S;�OQ;"?BJN?f7:L�F#R\ON?BH6OQ7:=\A ZbRSJ�?IJNJPRSJ
7MH K1?ION?BJ V 7MH17:H1]

OQ;"? `@=\A:U1?_R\Z � � OQ;17ML ?IJNJNR\Jj7:LfA:7��@?BA 5 ONR 4 ?T=�9BR\H1LPOQ=\H6O 4 7a=\L�ZbRSJY=\AMA V ?B=\LNU1JP? V ?BH6OQL =@H1K
LN;"RSU1A:K H1R@O�9BRSH6OQJP7 4 UGOQ?YLN7M]SH17Wc>9i=\H6ONA 5 OQR JN?IAa=@ON7M`S? 9i=\AM7 4 JN=@OQ7MRSH�?IJNJNR\JBDj�);17ML�7:L 4 ?B9B=\U1LN? OQ;"?

K1?gOQ?BJ V 7MH>=@ON7:RSH R\Z#OQJQ=@H1L V 7MO(FER��+?IJ&=\H1K JN?I9B?I7M`S?IJ+]6=@7:HYOQ;1JPRSU1]S;_F#?IJN7MRGK17M9	�PA:R�RSFG- 4 =\9 � � 9i=\AM7W-

4 JN=@OQ7MRSH V ?i=\LPU1JN? V ?IH3ONL(JN?BAM7:?ILhRSH =
`S?IJ 5 L�O<= 4 A:? �@OQ;1?IJ V =\A:A 5 9IRSH6OQJPRSA:AM?BK �+=i`S?B]\U17:K1?�9IRSU1F1AM?BJBD
�>U1JPON;1?BJ V R\JN? ��OQ;1?_=\H6OQ?IH1H>=�]S=\7:H =\H1K L 5 LPOQ? V AMRSLNLP?BLj=@JN? A:7��@? ��7MLN? ? �GF#?I9ION?BK OQR 4 ?_e3U17MON?

9BR\H1LPOQ=\H6O 4 ?B9B=\U1LP?8R\Z�JN?IA:7:=\H19B?TR\H ?Ie3U>=\A:A 5 L�O<= 4 AM?TF>=\LPLN7M`\?��%� 9BR V FERSH1?BH6ONLBD C ;>=@O 9B=\H

mSm �



115 116 117 118 119 120 121 122
−76.2

−76.1

−76

−75.9

−75.8

−75.7

−75.6

−75.5

−75.4

−75.3

−75.2

Longitude

La
tti

tu
de

Inner Beam

�h7M]SU1JN?G;GD < � $+?BH6OQ?IJ�?B7M]S;6O�LNAM7:9I? RSU"ONA:7MH1?BL%ZbRSJ
?IA:?I`\?BH 9IRSH1LN?I9BU"ON7M`\?jOQJQ=@H1L V 7MO�F1U1AMLN?BL�ZbR\J�OQ;"?
7:H"H1?BJ
=\H6OQ?BH"H>= 4 ?B= V D��GAM7:9I? RSU"ONA:7MH1?BL�=\JN?f]S7M`\?BH 465 =\F1F1JPR �"7 V = OQ7:R\H1L%ONR OQ;"? � K>' LPF>=@ON7a=\A
JN?ILNFERSH1LP?f9IRSH6OQRSU1JID

9<;>=\H"]S?�R\HG-/RSJ 4 7MO �S;1R���?I`S?IJ �17ML OQ;1? V ?i=\LPU1JN? V ?IH3O*]S?IR V ?IOQJ 5 �3F1JP7 V =\JN7MA 5 OQ;1JPRSU1]S; `@=\JN7:=@OQ7MRSH1L
7:H ON;1?YLNF1=\9B?I9BJQ= Z O = ONOQ7WOQU1K"?\D��/H Z[=@9IO � = ONOQ7WOQU1K"?��3H1R���A:?BK"]S? ?BJNJPRSJNL ��?BJP? R 4 LN?IJP`\?BK ONRT9BRSH�-
LPON7MONU"OQ?
ON;1?�K1R V 7MH>=\H6O+LPRSU1JP9B?�R\Z JP?BAa= OQ7M`\?
9B=\A:7 4 JQ=@ON7:RSH ?BJPJNRSJ*ZbRSJ 4 R\OQ;_OQ;1?��G�(���G���+-/��=@H1K

���"$+��� LN9B=@ONON?BJNR V ?gOQ?BJPL � =6l �I?Sl � D
�
L OQ;"?�=@OPOQ7WOQU1K1?T9<;1=\H1]S?IL �&OQ;"?8=@H3ON?BH1H1= F>=@OPOQ?IJNH LP;17MZ ONL ��7MOQ; JN?ILNFE?B9gO OQR OQ;"?

A:7MH1?BL)R@Zh9IRSH1LPOQ=\H6O 4 =\LN? 4 =\H1KXZbJN?Ie�U"?BH19 5 R\H ON;1?��(=\JPON; ��;17M9<;XZbR\J V ON;1?�LNAM7:9B?�?IK1]S?ILBD*� ZhOQ;"?
=@OPOQ7MONU1K1?�9<;>=\H1]S?
7:L+U"H �3H1R���H �>=\HT?IJNJNR\J+7:H � 	 �"=\H1KT9IRSH1LN?Ie3U1?BH6OQA 5 =\H ?BJNJPRSJ&7MH � � ��JN?ILNU1AWOQLID
�);1? V =\]SH17WOQU1K"?�R\Z ON;17:L�?BJNJPRSJ&9B=\H 4 ?
?I`@=\A:U1=@OQ?IK 435 O<= �37MH1] OQ;"?�JQ=@ON7:RfR\Z �
	+9B=\A:9IU1Aa=@ON?BKT= O

OQ;"?�ONJNU1?%=@OPOQ7WOQU1K1?&ONR�OQ;1?�?BL�OQ7 V =@ON?BK =@OPOQ7MONU1K1?@Dh�/H ]S?BH1?IJQ=\A �6OQ;1?IJN?�7:L V U"9<; V RSJN?)LP?BH1LP7MON7M`�7MO 5
OQRX=@OPOQ7WOQU1K1?f`\=@JN7a= OQ7:R\H1L ��;17M9<; 9<;1=\H1]S?YOQ;"? ?IA:?g`\= OQ7:R\H =\H1]SAM?jOQ;>=@H ONRTOQ;1RSLP? ��;17:9<; 9<;>=\H"]S?
OQ;"? = �I7 V U"ON; =\H"]SA:?@DT�/H �h7:]"D�;GD ? �dOQ;"? ?BJPJNRSJ�7:H �	� 7MLfF"A:R\OPOQ?BK `�LBD OQ;1?_?BJNJPRSJ 7MH ?IA:?g`\= OQ7:R\H
=\H1]\A:?fZbR\J
K17 � ?IJN?BH6O
LNA:7M9B?ILBD��);1?jLPA:7M9B?BL�=\JN?fH�U Vj4 ?IJN?IK =@9B9BR\JNK17MH1] OQR_OQ;1?I7:J
FERSLP7MOQ7MRSH�7MH�OQ;"?

=\H6OQ?IH1H>= 4 ?i= V � ��A:7:9I?fm 4 ?I7:H1] =\H �P7MH1H1?IJ � LPA:7M9B?%H1?i=\J*OQ;1?�F#?B= � R\Z.OQ;"?�=\H6OQ?IH1H>=jF>= ONOQ?IJNHT=@L

mSmP=



0.0 0.1 0.2
Pointing Knowledge Accuracy (degrees)

0.0

1.0

2.0

σ 0 E
rr

or
 (

dB
)

Slice 1

Slice 2

Slice 3

Slice 4

Slice 5

�h7M]SU1JN? ;GD ? � �);1? � � 9i=\AM7 4 JN=@OQ7MRSH ?IJNJPRSJ �[R\J ��?Be3U17W`\=@A:?BH6ONA 5 � � 	 ?BJNJPRSJ �_=\L = ZbU1H19gOQ7:R\H R\Z
=\H6OQ?IH1H>= F#R\7:H6OQ7MH1] ?BAM?I`@=@OQ7MRSH =\H1]\A:? �3H1R���A:?IK1]S?8=\9B9IU1JQ=@9 5 D ��L A:= 4 ?BA:?IK � �Q�GAM7:9I? m � 7:LjOQ;"?
LNAM7:9I?�H1?i=@JN?BL�O)OQ;1?�9I?BH6OQ?IJ�R\ZdON;1?�ZbJN?Ie3U1?BH19 5 LNFE?B9gOQJPU V 7:H �d7:]1D�;GD � �>=\H1K �N�GA:7M9B? ; � 7ML&RSHTOQ;"?
JN7M]S;6O�RSUGOQ?BJ
?BK1]S? R\Z�OQ;1? LNFE?B9IONJNU V Df�G7 V 7:A:=\J)9BU"JP`S?IL�=\F1F1A 5 ZbR\J�OQ;"?jLNAM7:9B?IL
OQR_OQ;1?jAM?IZ O
LN7:K"?
R\Z�OQ;1?�9I?BH6OQ?IJ�R\Z�OQ;"?�LPF#?I9IONJNU V D

F1JPR �P?B9gOQ?BK_RSHYOQ;1?)LPU1JPZ[=@9B? �G=\H1K_�GAM7:9I?,;�=@H ��RSU"OQ?IJ � LNAM7:9I?+ZbU1JPON;1?BJ(K1R���H RSHYOQ;1? V =\7:H 4 ?i= V D
� O�7:L(?I`�7:K"?BH6O�ON;>=@O*LNAM7:9I?BL*H1?i=\J�ON;1?�FE?i= � ��;1?BJP?�OQ;"?
=\H6ON?BH1H>=�F>=@OPOQ?BJPH 7ML(`@=\J 5 7:H1]�LNAMR���A 5 =\JP?
JN?IAa=@ON7M`\?BA 5 7:H1LP?BH1LP7MON7M`S?�ONR�9<;>=@H1]S?BLd7:H�FERS7:H6OQ7MH1]�����;1?IJN?i=@L�ON;1?�R\U"OQ?IJ�LPA:7M9B?BL ��;1?IJN?(OQ;1?*F>=@OPOQ?BJPH
7:L�9<;>=@H1]S7:H"]�JQ=@F17:K1A 5 =\JP?_e3U17WOQ? LN?IH1LN7WOQ7M`\? ONR8FERS7MH3ON7:H1] ?IJNJNR\JNLBDT�);3U1L =@ONON7MONU1K1? �3H1R���A:?BK"]S?

4 ?B9BR V ?IL =�\? 5 K1?BLP7:]SH 9BRSH"LN7:K"?BJQ= OQ7:R\H ZbR\J�7 V F"JNR `S?IK JP?BLNR\A:U"ON7:RSH V ?i=\LPU1JN? V ?IH3ONL�ON;>=@O�K17MK

H1R\Od? �G7MLPO�ZbRSJ OQ;1?*A:R�� JP?BLNR\A:U"ON7:RSH�9i=@LN?\Dh�dR�=\9<;17M?I`S?*OQ;1?�K1?BLP7:JP?BK 9B=\A:7 4 JQ= OQ7:R\H�=\9B9IU1JQ=\9 5 ZbRSJ�=\A:A
LNAM7:9I?BL JP?Be3U17:JP?BL LPF>=\9I?B9BJN=@Z O(FERS7:H6OQ7MH1] �3H1R���AM?BK1]S?)R\HjOQ;1?&R\JNK1?IJ R\Z#l"D l6k�K1?I]SJN?I?BLBD*$&=@A:7 4 JQ=@ON7:RSH
]SR6=@A:L%9i=\H L�OQ7:AMA 4 ? V ?IO
RSH�ON;1?j7:H"H1?BJ�LNA:7M9B?IL � ;"R���?I`\?BJ � 7MZ(A:?ILNL
= Vj4 7WOQ7:R\U1L
= ONOQ7WOQU1K"? 9BR\H3ONJNRSA
OQ?I9<;1H17Me�U"?BL�=\JN?�? V F1AMR 5 ?BK.D

mSm�;



� � � � @ � �C-I" 3�4��������� � -�4U$:-I���O� �*) � 	
�

�8?B=\LNU1JP? V ?BH6OQL R\Z)ON;1? K1?gOQ?I9IOQ?IK ?BH1?IJN] 5 � � 	
�
��=@JN? �PH"RS7:L 5�� K1U1? ONR JQ=\K>=@JfZ[=\KG-

7:H"] =\H1K ON;1? F"JN?BLP?BH19I? R\Z�L 5 L�OQ? V OQ;1?IJ V =\A H1RS7:LP?\D��);"?jJQ=\H"K1R V `@=\JN7:=@OQ7MRSH1L%7:H � 	
�
F1A:=\9B? =

ZbU1H1K1= V ?IH6O<=\A A:7 V 7WO RSH OQ;"?�7MH1LPONJNU V ?BH6O*F1JN?I9B7MLN7:R\H.D��>RSJ OQ;"?�LP?BA:?I9ION?BK JN=\H1]S?)c>AWOQ?BJP7:H1]�7 V F1AM?g-

V ?BH6O<=@ON7:RSH ��;"R���?I`\?BJ � V ?B=\LNU1JP? V ?BH6OfF1JN?I9B7:LP7:RSH 7:L�RSFGOQ7 V 7��I?BK 465 9i=\JP?IZbU1A(LN?IA:?I9IOQ7MRSH R\Z&OQ;"?
OQJN=\H1L V 7WO 9<;17MJNF JQ=@ON?�=\H1KYLPA:7:9I? 4 =\H"K ��7:K"ON;.D(�G7 V 7MAa=\J ONR�ON;1?�=\H>=@A 5 LN7ML F1JN?ILN?IH3ON?BK_7:HjF1JP?I`�7:R\U1L
9<;>=\FGOQ?BJPL �3OQ;1? V ?i=\LPU1JN? V ?IH3O(`@=\JP7a=\H19I?)7:L(e3U>=\H6OQ7Wc>?BK 465 OQ;1?%F>=\JN= V ?IOQ?IJ � ��� � ��;1?IJN? ��7:H OQ;"?
9i=@LN?�R\Z JN=\H1]S?�c1AMOQ?IJN7MH1]��

� ��� � � �*=\J � � � ���� � � �
� � �*=\J�� � � ���� �

� �
� � ;GD k ��

��;1?IJN?�OQ;"?
LNAM7:9I?
7:H"K1? � � � � ;>=\L 4 ?I?BHTK1JPRSF1FE?BK ZbRSJ�H1R\O<= OQ7:R\H>=\A LN7 V F1AM7:9I7MO 5 D��
L+K17:LP9BU1LPLN?BK 7MH
F1JP?I`�7:RSU"Lf9<;>=@F"OQ?IJNL �h=�\? 5 ]SRS=\A�R\Z*OQ;1? LN7M]SH>=\A F"JNR�9B?BLPLN7MH1]�K1?ILN7M]SH 7ML�OQ;1? V 7:H17 V 7 �i=@ON7:RSHXR\Z
� ���QD*�>JNR V ��e D � ;GDWm�� �GOQ;1?�`@=\JN7:=\H19I?�R\Z � 	� 7:L

�*=\J�� �
� � � �*=@J�� �

����� � � �*=\J�� � � � � k � ��� � ������� ��� � � � � � � �
����� � ��� � � � ;GD kU= �

�
LYK"7:LN9IU1LNLP?BK 7:H $+;1=\F"OQ?IJNL � =\H"K =�� ��;1?BH � � � �
�
� OQ;1? LN?B9IRSH1K =\H1K ON;17:JPK OQ?IJ V LjR\Z

��e D � ;�D kU=��=\JP? V U19<; L V =\A:AM?BJ�OQ;1=\H �*=\J � �
������� D��>RSJ ���	��
 ������� � 4 ?I9i=\U"LN? � � � mT��� �

=\H1K �
�
� ?"D � ��� � �1OQ;17ML�9BRSH1K"7MOQ7MRSH =\F1F"A:7:?IL)=\H1K8=\AMA:R���L)U1L)OQR =\LPLNU V ?

� � ��� �*=\J � � ����� �� � �
� �

� � ;GD kO;	�

�
L�K17MLN9IU1LNLP?BK�7MH8�G?B9gOQ7:R\H �"D �"DWm � �� �*7:L ��JP7MOPOQ?BHX=\L

� ��� � � � � �
� � � � �

� � � �  �� � � ;GD k���

C ;1?IJN? �>ZbRSJ&ON;1?�JQ=\H"]S?�c>AMON?BJP?BKX9i=\LP? �

� � � � �
	 �	���� �
� � � � � ;GD kO<	�

��?IJN? � �T7MLYOQ;1?XJQ=\H"]S?8]S=@OQ?XA:?IH1]\OQ; =\H1K � �_7:L OQ;1?XH1RS7MLN? � R�RSJ_FER��+?IJ_LPF#?I9IONJQ=\A%K1?BH"LN7MO 5
? �GF1JP?BLPLN?BK 7:H8LNU17WO<= 4 A:?�U1H17MONLBD��);1?jF>=\JN= V ?IOQ?IJNL � � � �.=\H"K � ZbR\J�OQ;"? JQ=@H1]S?fc1AMOQ?IJN?IK 9i=\LP?
=\JP?�K"?BJN7W`S?IK87MHX��F1FE?BH1K17 �X' � =\H"K8=@JN?�]S7M`\?BH 465

� � m
� � � �

�


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

mSm��



� � k� ���
�
�
�
�


�
�
� ��
	 � � �������
	� � �� � � � � � LN7MH � � � � 	 
 �� ���

�

	 � � ��������	� LN7MH � � � � 	 
� ��
�


 � � � � � 
 � � � � � �

� � m� � � �
�

�
�
�



�� 	 ��
� � �

�� 	 ���
�
� 	��

���
� � � 	 
� � � 	 � � � � ;GD k9?�

��;1?IJN? 
�� � � � ��7:L�=\L�K1?gc>H1?IK 7MH ��e D � ;�D k\l	� � �
�
7ML�OQ;1?YLN= V F"A:?YH3U Vj4 ?BJ�7:H ON;1? LN?IJN7:?IL � � � �

9BR\JNJN?ILNFERSH1K17MH1] OQR OQ;"?TRSF#?IH17:H"] R@Z�ON;1?TJQ=\H"]S?T]6=@ON? � ���
7:LjON;1?TK1U1JN=@OQ7MRSH �[7MH H�U Vj4 ?IJYR\Z

LQ= V F1AM?BL ��R\Z)ON;1? JQ=@H1]S? ]S=@OQ?_RSF#?IH OQ7 V ? � � 7:L�OQ;1?_OQR\OQ=\A(H�U Vj4 ?IJjR\Z�FE?BJP7:R�K1RS]SJN= V 4 7:H"L

LNU V_V ?BKTOQR ZbRSJ V OQ;"?�LPA:7M9B? �1=\H1K � � 7ML)K1?Ic>H"?BK =@L

� � �
� � � ��� � � � � � � � ��� � � � � � � �� � 
 �� � � ;GD k ��

��e3U>=@OQ7MRSH �&;GD kU?��9B=\H 4 ?T=\F1F1JPR �"7 V = OQ?BK 7:H =�ZbR\J V V R\JN? LNU17WOQ?BK ONR 7:H6ONU17MON7M`S?

=\H>=@A 5 LN7ML 465 V = �37:H"] OQ;"?�ZbRSA:AMR���7:H1] OQ;"JN?B? =\LNLPU V FGOQ7:R\H1L � m��YOQ;1? ?I9<;1R JN?gOQU1JPH�7:L_H1?i=\JPA 5
LPOQ=@OQ7MRSH>=\J 5 � 7 D ?\D ON;1?XF1U1A:LP? A:?BH"]\OQ; � � ��mSD ; V LYZbRSJ���	��
 ������� � 7ML V U19<; ]\JN?i= OQ?BJ OQ;1=\H

OQ;"?_OQ7 V ? 7WO�OQ= �\?ILfON;1?_c>AMA�OQ;1? ?BH6OQ7MJN? =\H6OQ?BH"H>= 4 ?i= V �[= 4 R\U"OjlGD ; V L�ZbRSJ ���	��
 ������� � � k �
� � � � � �

�
�"=\H"K �� � � �

� �
mSD ^�H1K1?IJ�ON;1?BLP?
9BR\H1K17MON7:RSH"L � ��;17:9<; =\F1F1A 5 ZbRSJ ���	��
 ������� � � �

� � =\H"K � =@JN?�=\F1F"JNR �G7 V =@OQ?IK 465 �bLN?B?���F1F#?IH1K17 �X' �

� � m
�
�
� �

� � k
�
�
� � � ;GD �Sl�

� � m
�
�
��� �

��R@OQ?�OQ;1=@O)OQ;1? ����*ZbRSJ+?i=\9<;XLNAM7:9B?
7:L&OQ;3U1L%=\F"F1JNR �G7 V =@OQ?IA 5 OQ;1?�LN= V ?�=\L&ZbRSJ�= 4 =\H1K"A:7 V 7MON?BK
��;17WOQ?g- H1RS7MLN?�F1JNR�9B?ILNL
=\L�K"7:LN9IU1LNLP?BK 7MH �G?I9ION7:RSH =1DMm\D kGD��
]6=@7:H �1ON;1? � � � ON?BJ V 7:L�OQ;1?�9BRSH6ONJN7W-

4 U"ON7:RSH OQR�OQ;1?%`@=\JN7:=\H19B?�K1U"?�OQRfJQ=\K1=\J�LP7:]SH1=\A1Z[=\K17MH1] =@A:RSH1? � ��7MOQ; �
�
� ��=@F1F1JNR �G7 V =@ON7:H1]�OQ;"?

H3U Vj4 ?BJ�R\Z*7MH1K1?BFE?BH"K1?BH6O�A:R�R �3L�=\LPLNR�9B7a= OQ?BK ��7WOQ; = ]S7W`S?BH V ?i=\LPU1JN? V ?IH6O�LNA:7M9B?@Df��LNLNU V 7MH1]
OQ;1=@O � �Y7:L�c �G?BK K1U1?�OQR ON7 V 7:H1] =\H"K LQ= V F1A:7MH1] 9BRSH1L�OQJN=\7:H6OQL �#ON;1?fON?BJ V �29B=\H RSH"A 5X4 ?fJN? -

K1U19I?BK 465 7:H19IJN?B=\LN7MH1]�ON;1? 4 =@H1K ��7:KGOQ; R@Z1OQ;1?�LNAM7:9B? V ?i=\LPU1JN? V ?IH3O � �
�
Dd�);"?&LNAM7:9B? 4 =\H"K ��7:K"ON;

7:L � 7:H OQU"JNH � JN?IAa=@ON?BK OQRTON;1? H>=\JNJPR�� �[JN=\H1]S? �
K17 V ?BH"LN7:R\H R@Z�ON;1?YLNAM7:9B?YLPF>=@ON7a=\A JP?BLPF#RSH"LN? RSH

OQ;"?�LPU1JPZ[=@9B?�=\H1K OQ;1?�ONJQ=\H1L V 7WO)9<;17MJNFXJQ=@ON?\D(�>RSJ&OQ;"? ���	��
�������+RSJ 4 7WO�=\AWOQ7MONU1K1?�R@Z ?Sl\l � V �

�
� �

 � k � m l 	�� � � � l �WmP= � � ;GD �"m��

mSm�<



��;1?IJN? �
�
7ML�OQ;1?%LNAM7:9B? 4 =@H1K ��7:KGOQ; 7MH ��� � � �X7:L�ON;1?�ONJQ=\H1L V 7WO(F1U1AMLN?%9<;17:JPF JQ= OQ?�7:H ��� ��� V L �

=\H1K� 7ML�OQ;"? V ?B=\H JN=\H1]S?�K17 V ?BH1LP7:RSH_R\Z OQ;"?�LNAM7:9B?�7:H �37MA:R V ?ION?BJNLIDh�);3U1L �1ZbRSJ&= ]\7M`S?IHTLNAM7:9B?
K17 V ?IH1LN7MRSH OQ;1? 4 =@H1K ��7:KGOQ; 7:L�7MH19BJP?i=\LP?BK 435 7MH19BJP?i=\LP7:H1] ON;1? 9<;17:JPF JN=@OQ?@DY�
L�K17MLN9BU"LNLN?IK 7MH
$+;>=\FGOQ?BJ =��37MO(7ML(K1?BLP7:JQ= 4 A:?&ONR V = �\?��

�
=\L(A:=\JN]S?�=@L*FERSLPLN7 4 A:?)ZbRSJ(=�LN9i=@H1H17:H"] LN9B=@ONON?BJPR V ?gOQ?IJ

OQR 9IR V FE?BH"LQ=@ON? ZbR\JjOQ;1? JN?IAa=@ON7M`\?BA 5 LN;1R\JPO 7:H6OQ?I]SJQ= OQ7:R\H OQ7 V ?BL � =\L RSF1FERSLP?BK ONR OQ;1? A:R\H1]S?BJ

K ��?BAMA.OQ7 V ?BL�=i`@=\7MAa= 4 AM? ��7WOQ; H1RSHG- LN9B=\H1H17MH1]��"Z[=\H�- 4 ?i= V L 5 LPON? V L �gD
�
Lf7:H $+;>=\F"ON?BJM=��h=XONJQ=\K1? -/R � ? �"7MLPONL 4 ?I9i=\U"LN?T=\L �

�
7:Lf7:H19IJN?i=@LN?BK � � � � K1? -

9BJP?i=\LP?BL�� LP?B?_�(e D�� ;GD kO<	� � ��=\H"K ON;1?_LP?B9IRSH1K =@H1K ON;17:JPK ON?BJ V L�R\Z+�(e D�� ;GD k���
7MH19BJP?i=\LP?BLID �/H
R\ON;1?BJ ��RSJNK"L �1OQ;"? 4 ?IH1?Ic1ONL�R\Zd=jAa=\JP]S?BJ V ?i=@LNU1JP? V ?BH6O 4 =\H1K ��7:K"ON; V U1LPO 4 ? 4 =\A:=\H19I?BK ��7MON;

OQ;"? ? � ?I9IONLfR\Z+=\AMA:R���7:H1] V RSJP? OQ;"?BJ V =\A H"RS7:LP? ONR ?BH6OQ?IJ�ON;1? V ?B=\LNU"JN? V ?BH6OBD �);"7:L�=\H>=\A 5 LN7:L
7:L
]SR `S?BJPH1?BK 465 = 9IRSH1LN7MK1?BJN=@OQ7MRSH R\Z(ON;1? 4 =\9 �3LP9i=@OPOQ?BJ�L�OQJN?IH1]\ON; ZbJPR V RG9I?i=\H ��7:H"K1L � ��;"7:9<;
]S?IH1?BJN=\A:A 5 ;>=i`\?�AMR��+?IJ%�"�
� ON;>=\H Aa=@H1K O<=\JP]S?IONLBD�� 9<;17MJNF JQ= OQ?�R\Z � ��k9;\l���� ��� V L �+=\L�LN? -
A:?I9ION?BK_ZbR\J ���	��
�������gDh�);17ML+L�OQJN7 �\?IL&= 4 =\Aa=\H"9B?%7:H � ���hFE?BJ�ZbRSJ V =\H19I?%ZbRSJ*;17M]S; ��7MH1K LPF#?I?BK1L �
��;17M9<;8;>=i`\?�;"7:]S;T7MH1;1?BJP?BH6O
�"�
� �

�
�jK1' �&=\H1KX;1?BH"9B? 4 ?IH1?Ic"O%ZbJPR V A:=\JN]\?BJ V ?i=\LPU1JN? V ?IH6O

4 =\H"K ��7:K"ON;1L ��=@H1K AMR�� ��7:H1K LNFE?B?BK"L � ��;17:9<; ;>=i`S? AMR�� �"�
� � � l K>' � =\H1K ��;1?BJP?�OQ;"?
`@=\JN7:=\H19I? V = 5 4 ? V =@K1? �+R\JNLN? 465 7:H19IJN?B=\LN7MH1]jOQ;1? V ?i=\LPU1JN? V ?IH6O 4 =\H1K ��7MK"OQ;.D

� � � � T � �C-I" 3�4��������� � -�4U$:-I���O� �*)FEG�!� .�$&����� N���$��O��"

�>RSJ LPR V ? =@F1F1A:7M9i=@ON7:RSH"L 7MO 7:LTK1?ILN7MJQ= 4 AM?�OQR 9IR Vj4 7MH1? 7:H"K17M`�7:K"U>=\A%JQ=\H1]\? LNA:7M9B?IL

7:H6ONR �P9IR V F#RSLP7MON? � �	��9B?BAMA:LID �);1? ZbRSJ V =@OQ7MRSH R\Z&=89BR V FERSLN7WOQ?Y9I?BA:A(9B=\H 4 ?Y`G7M? ��?BK 7MH O ��R
�+= 5 L � �,m��
�);1? � � � L�=\JP?YJN?IONJN7M?I`S?IK ZbJPR V ?B=\9<; LNA:7M9B?jLP?BF>=@JQ=@ON?BA 5 ��=\H1K = �+?I7:]S;6OQ?IK =i`\?BJQ=@]S?
7:L%9BR\H1LPONJNU19gOQ?BK8OQR_ZbR\J V OQ;"? 9BR V FERSLN7WOQ?�U1LP7:H1] OQ;1? � 	 � L�=@L ��?B7M]S;6OQL��#RSJ � k	�&�);1?fK1?ION?B9ION?BK
?BH"?BJN] 5 ZbJNR V LN?g`S?BJN=\A(LNAM7:9B?IL�7:L�LPU V_V ?BK � =\H1K = 9BR V F#R\LN7MON?j`@=\A:U1? R\Z � 7ML�=\F1F1AM7:?BK Dj'+R\ON;
=\F1F"JNR6=\9<;"?BL%A:?i=@K ONRYOQ;1?�LQ= V ?�JP?BLNU"AMO�ZbRSJ&OQ;"?�9IR V F#RSLP7MON? 4 =\9 �3LN9B=@ONON?BJ � �	�� �

� �� � � � 	

� � 	
� � ;GD �6k	�

��;1?IJN?_ON;1? LNU V V =@OQ7MRSH1L�=\JP?_FE?BJ�ZbRSJ V ?BK R `S?IJfOQ;"? � LNAM7:9I?BL ��;17:9<; =\JN? U1LP?BK ONRXZbR\J V OQ;"?
9BR V FERSLN7WOQ? �>=\H1KTOQ;"?�7MH1K17W`G7MK1U>=\A#LNAM7:9B?�`@=\AMU1?BL%=\JP?�=\]6=\7MHT7:H1K"? �G?BK 435 �Pe D �

mSm8?



�
H�? �GF1JN?ILNLP7:RSH ZbRSJ�OQ;1? 9BR V F#R\LN7MON?�`@=\AMU1? R@Z � ���)7:L%H1? �GO�K1?BJP7M`S?IK.D��h7MJNL�O � ZbJNR V
��e D � ;GD k �� ��?f9B=\H ��JN7MON?

�*=\J � � 	 � �
��� 	��� � �
� � � � 	 �

� � ;GD �	��

��;1?IJN? � 	��� 7:L�OQ;"? �� �*ZbRSJ�?i=\9<;�7:H1K17W`�7:K1U>=@A.LNAM7:9B? ��7MON;17:HTON;1? 9IR V FERSLP7MOQ?@D+� Z�7WO%7:L%=\LNLPU V ?BK
OQ;1=@OYOQ;1?T?IH1?BJP] 5 ?ILPOQ7 V = OQ?BLj=\JN?TU1H"9BRSJPJN?BA:=@OQ?IK ZbJNR V LNA:7M9B? ONR =\K �N=\9I?BH6O LNAM7:9B? �*= ]SRGR�K =\L,-
LNU V F"ON7:RSH	��;1?IH V =\H 5 � � m l�+FE?BJP7:R�K1RS]SJN= V 4 7:H1L%=\JP?�LNU V V ?IK 7:H6OQR ?i=@9<;89I?BA:A �"OQ;"?BH

�*=\J � � � 	 � � � �*=\J � � 	 � � � ;GD �9= �

�);1?�OQR\OQ=\A.9IR V FERSLP7MOQ? � ���*ON;1?BH 4 ?B9BR V ?IL

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

� � ;GD �B;	�

��R V 7MJNJNR\J�F1JP?I`�7:R\U1L�=\H>=@A 5 LN?IL �.7WO�7:L�K1?BLP7:JN= 4 A:?fOQR ��JP7MOQ?fOQ;1?j9IR V F#RSLP7MON? � ���)7MH
OQ;"?�ZbR\J V

� ���� � � � � � �
� � � � � � �

� � � � � � � ;GD �
��

��;1?IJN?�OQ;1?�LNU 4 LN9IJN7:FGO ��9 � 7:H1K"7:9i= OQ?BL�=@H8? � ?I9IOQ7W`S?�`@=\A:U"?�R\ZdON;1?BLP?fF1=\JQ= V ?ION?BJPL&ZbRSJ&OQ;1?�9IR V -
FERSLN7WOQ?BK 9I?BA:A D( ?IONON7:H1] � ��?Ie3U>=\A OQ;1?�? �"FE?B9gOQ?IK�H1RS7MLN?�?BH"?BJN] 5 7:HX=Y]S7M`\?BHXLNAM7:9B? �"OQ;"?BH

� � � 	 � ��� � 	 �� � � � ;GD �B<	�

�
LPLNU V 7:H"] ON;>=@O%?i=@9<;�LNAM7:9I?�;>=\L)OQ;1?�LN= V ? 4 =@H1K ��7:KGOQ;8=\H1K OQ;>=@O)ON;1?�H1RS7:LP?�F#R���?BJ%LNFE?B9gOQJQ=@A
K1?IH1LN7WO 5 7:L)9BR\H1LPOQ=\H6O�R `\?BJ�OQ;1?�9B?IA:AML � � � � � 4 ?B9BR V ?IL

� � � � � � ��� � 	 �� � � � � ;GD �O?�

�GRSAW`�7:H1]jZbRSJ&ON;1?�F>=\JN= V ?gOQ?IJNL�7:HX��e D � ;GD �
�� 465 U1LP7:H1]_��e3LBD � ;�D �	�	� � �&;GD �U= � �>=@H1K �&;GD �B;	� �

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

� � � ��
� � � �� � � ;GD ����

��R@OQ? 7:H ��e D �&;GD � �� OQ;1=@OT7MO 7:L H1?I9B?ILNLQ=@J 5 OQR �3H1R�� � � �	 � ZbRSJ ?B=\9<; LNA:7M9B?�ONR
9BR V F1UGOQ?� �<Dh�);17ML 7:L�=@9B9B?IF"O<= 4 A:?+ZbR\JhOQ;1?)LP7 V U"Aa=@ON7:RSH�9i=\LP? ��;1?BJP?&OQ;1?&`@=\AMU1?BLhR\Z>OQ;1?���� � 	 � � L

mSm �



=\JP? �3H1R���H 7:H�=\K"`@=\H19I?\D)C ;1?IH � ���+7ML%ONR 4 ? ?BL�OQ7 V =@ON?BK ZbJNR V =@9IOQU1=\AdK1=@O<= �>ON;1?f`@=\AMU1?BL%R\Z
��� � 	 � ��7MA:A 4 ?TH1RS7ML 5 D � Z�7MO 7ML ��H"R���H = F1JN7MRSJN7*OQ;>=@O � � 7MLYU1H17MZbR\J V R `\?BJ OQ;1? 9IR V FERSLP7MOQ?
9B?IA:A �GRSJ�7MZ.ON;1?
ZbU1H"K>= V ?BH6O<=\AE`@=\JN7:=\H19B?�7:H OQ;1?�?ILPON7 V =@OQ?�R\Z � � �	 � 7ML+A:=\JN]S?IJ�ON;>=\H ON;1?�9<;>=\H"]S?
7:H �	� 4 ?IO ��?B?IH LNA:7M9B?IL�OQR 4 ?f9BR V F#R\LN7MON?BK � 7WO
7ML�=\9I9B?BFGO<= 4 AM?fONR LNU 4 LPON7MOQUGOQ? �
	%ZbRSJ � � �	 � 7MH
��e D � ;GD �����ONR 5 7:?IA:K

� � � � � � � 	 � �
� � � 	 � � � � ;GD>=6l�

'+?I9i=\U1LP? �
	�7:L�H1R\O = JQ=\H1K"R V `@=\JN7:= 4 A:? � OQ;17ML V = 5 7 V F1JNR `S?YON;1? ?ILPOQ7 V = OQ? R\Z� �<DT� Z&OQ;"?
`@=\JN7:=\H19I? 7MH � � 4 ?IO ��?B?BH LPA:7M9B?BL�7MLfA:=\JN]S?IJ�OQ;>=@H OQ;"? `@=\JP7a=\H19I?_7MH � 	 �d;1R��+?g`S?BJ � 7MO�7ML V RSJN?
=\9I9BU1JN=@OQ?�OQR U1LP? � 	%=\L�=\HX?BLPON7 V =@OQ?�R@Z
��� � 	 � D

� � � F��Q�-/���O���5J A ��" �!��3� 8$��!� 7 ��-/�!$���� � �C4H) �!4H��-/���O�

�
L�R\H1?Y? �"= V F1A:? R\Z*;1R���ON;1? =\K1K17WOQ7MRSH R\Z*JQ=@H1]S? c>AWOQ?IJN7:H"]T9i=\F>= 4 7:AM7MO 5 ? �GF>=@H1K1L
OQ;"?TU"OQ7MA:7MO 5 R@Z���?i=@C 7MH1K1L �(7MH OQ;17MLjLN?I9IOQ7MRSH OQ;"?TJN?BLPU1AMON7:H1] �(����Aa=\H1K �@7:9I? 7 V =\]S7MH1]�FE?BJ�ZbRSJ�-
V =\H19B? 7ML�? �"= V 7MH1?BK D �
L�F1JP?I`�7:RSU"LNA 5 H"R\OQ?IK � ��UG- 4 =\H1K LN9B=@ONON?BJNR V ?gOQ?BJ�� � V ?i=\LPU1JN? V ?IH3ONL
;>=i`S?�F1JPR `\?BKXOQR 4 ?�`\?BJ 5 U"LN?IZbU"A 7:H Aa=\H"K8=@H1K87M9B?�L�OQU1K17M?BL �>;1?BH19I?�ON;1?�K1?BLP7:JP?�ONR V =\7MH6O<=\7MHT=

A:R\H1] OQ7 V ?
LN?BJP7:?IL)R\Z�LNU19<; V ?B=\LNU"JN? V ?BH6ONLBD�C ;17:AM?�ON;1?�RSJN7M]S7:H1=\A#K"?BLN7M]SHTR\Z ���	��
������� ��RSU1AMK
;>=i`S? F1JPR `G7MK1?BK U1LN= 4 AM? V ?B=\LNU"JN? V ?BH6ONL � OQ;1? V R�K17Mc1?BK K1?ILN7:]\H F1JNR `�7:K1?IL �	� V ?i=\LPU1JN? V ?IH3ONL
��7MON; LN7M]SH17Mc19i=\H6OQA 5 7 V F1JNR `S?IK JN?ILNRSAMU"OQ7MRSH.D��);17ML�7:L
? �GF#?I9IOQ?IK ONRT? ��OQ?IH1K OQ;1?YU"ON7:AM7MO 5 R\Z(OQ;"?
���	��
������� V ?B=\LNU1JP? V ?BH6OQL�7MH Aa=@H1K	�@7M9B? LP9B7M?BH19I? L�OQU1K"7:?BL�=\L �+?IA:Ah=\L
ZbRSJ
ON;1?jF1JP7 V =\J 5 ��7MH1K
R 4 LP?BJ�`\= OQ7:R\H V 7:LPLN7MRSH.D(��?IJN? � ON;1?�Aa=\H1K �@7:9I?�7 V =\]S7MH1]jJN?ILNRSAMU"OQ7MRSH R\Z�OQ;1?�RSJN7M]S7:H1=\A =@H1K V R�K17W-
c>?IK ���	��
 ��������K1?ILN7M]SH1L(=\JP?+9BR V F>=@JN?BKYU"LN7:H"]�9BRSH6`\?BH6OQ7MRSH>=\A1]\JN7:K"K17:H1]
=\H1K =�F>=@JPOQ7M9BU1A:=\Jd�*���

OQ?I9<;1H17Me�U"? �3H1R���H =\L�ON;1? ��9i=@OPOQ?BJPR V ?IOQ?IJ�� V =\]\? �%?I9BRSH1L�OQJPU19ION7:RSH ��7MON; �h7MAMON?BJN7MH1] � �G�,��� �
� m � � D

��R V = �@?�OQ;1?�FE?BJPZbR\J V =\H19B?
9BR V F>=\JP7:LNR\H � 4 R\OQ; 4 ?i= V ��7:K"ON;G-/AM7 V 7MOQ?IK =@H1K JQ=\H1]\?
LNAM7:9I?BK �	�T9I?BA:AML =\JP? U1LN?IK.D ��7 V U1A:=@OQ?IK 4 =\9 �3LP9i=@OPOQ?BJ V ?i=\LPU1JN? V ?IH6OQLX=\JN?�]S?BH1?IJQ=@ON?BK ��7MON;
OQ;"?T=\7:K R\Z�=�L 5 H6OQ;1?gOQ7M9X7 V =@]S?_R@Z)OQ;1?TLPU1JPZ[=\9I?��	� � LN?I? �h7:]1D�;GD � �[=� � � ��;17:9<; 7MLjLN7 V 7MAa=\J�ONR
OQ;1=@O�U1LP?BK 7:H � = � � Dj�>RSJ�?i=\9<; 4 ?B= V ��7MK"OQ;G- A:7 V 7WOQ?BKTZbR�R\OQF"JN7:H6O
RSJ�JQ=\H"]S?jLNAM7:9I? � ON;1?Y? �#?B9gOQ7M`\?
�	� V ?i=\LPU1JN? V ?IH3O�7ML�9BR V F1U"ON?BK =\L�OQ;1? ��?B7:]\;3ON?BK = `\?BJN=\]S? R\Z�ON;1? F17 �G?IA:L�R\Z�OQ;1? L 5 H6OQ;"?IOQ7M9
7 V =\]S? � ��;1?BJP? OQ;1? �+?I7:]S;6ON7:H1]_7:L�OQ;1?fLNF>=@ON7a=\A JP?BLNFERSH1LP? ZbU1H19gOQ7MRSH K1?ILN9BJP7 4 ?BK ?B=\JNAM7:?IJBD��);1?BH �

m k\l



�h7M]SU1JN? ;GD � � �G7 V U1A:=@OQ?IK 7 V =\]S?IL*ZbJPR V 
� ��� ��������� ���	��
�������gDh=	�+�G7 V U1Aa= OQ?BK OQJPU"OQ;T7 V =\]\?\D
4 �%��JP7:K1K"?BK�7 V =@]S? � k9; � V ]SJN7MK � U1LP7:H1] 4 ?B= V ��7:KGOQ;G- A:7 V 7MON?BK ZbR�R\ONF1JN7MH3O � H1R JN=\H1]S?�LNAM7:9I7:H1] � D9 �_�G�,�&-/?BH";>=\H19I?BK�JN?ILNRSAMU"OQ7MRSH 7 V =@]S? U1LN7MH1] 4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK ZbRGR\ONF1JN7MH6OiD K � ��JP7:K1K1?IK
7 V =\]S?XU1LP7:H1] ON;1? mil 7:H1H"?BJ LPA:7M9B?BL � k9; � V ]SJP7:K � D�? � �G�,�%��- ?BH1;>=@H19B?IK JP?BLPRSA:U"ON7:RSH 7 V =\]S?U1LP7:H1]jJN=\H1]S?�LNAM7:9B?ILBD(!�7 �G?IA#JP?BLNR\A:U"ON7:RSH_7:L�="D ; � V D �);1?�=\JP?i= 7ML+=fL V =\A:A ��L 5 H3ON;1?ION7:9�JP?B]S7MRSH 7MH
C 7:A �\?IL� =\H"K�7:H ��H3OQ=\JN9gOQ7M9i= � ;1?IH19B?�OQ;1?�R�K1K8LP;>=\FE? ��;"7:9<;�7ML%= 4 R �X7:H Aa=@O��@A:R\HTLNF>=\9I? 4 UGO
7:L V =\F1FE?BK U1LP7:H1]_=  = Vj4 ?BJPO�F"JNR �P?I9IOQ7MRSHTOQR = � =@O V =\F � D

� ����7ML�9BR V F1U"ON?BK =\H"K �8RSH6OQ? $&=\JNAMR8H"RS7:LP?_7ML =\K"K1?BK ONR�]S?IH1?BJN=@OQ? =8LP7 V U1A:=@OQ?IK H"RS7:L 5 � �
V ?i=\LPU1JN? V ?IH3OBD*� R\J&OQ;17ML�=\H>=\A 5 LP7:L �19i=\AM7 4 JN=@OQ7MRSH ?IJNJNR\JNL%=\JN?�H"?B]SAM?B9ION?BK.D

�/H RSJNK"?BJYOQR LP7 V U1A:=@OQ?_OQ;1? �(=\J�OQ; A:R�9i=@ON7:RSH =\H1K RSJN7M?BH6O<=@ON7:RSH R\Z�ON;1? V ?i=\LPU1JN? -

V ?BH6OQL �3ON;1?)L 5 H6OQ;"?IOQ7M9%ON?BL�O�7 V =@]S? �+=\L(A:R�9i=@ON?BK R `S?IJ(C 7MA��@?BL( =\H1K 7:H ��H3OQ=\JN9gOQ7M9i="Dd�);1?)OQ?BL�O
JN?I]S7:R\HT7:L)=\F"F1JNR �G7 V =@OQ?IA 5 m lSl\l � V � ?Sl\l�� V =\H1K 7:L+9B?BH6ON?BJN?IK�= O,<U=1D ; ���T=\H1K m k9?GD ; �+C�D

	
`S?IJj=8R\H1? K>= 5 FE?BJN7MRGK �h=@OfA:?B=\LPOfF>=\J�O R@Z&OQ;1? OQ?ILPO LN7MON? 7ML�R 4 LN?IJP`S?IK K1U1JN7MH1] ;XF>=\LPLN?ILjR\Z


� ��� ������� D �);"?&7 V =\]S7MH1]�JP?BLPU1AMONLdZbRSJh=
H3U Vj4 ?BJ R\Z19i=\LP?BL(=\JP?+9BR V F>=@JN?BK 7:HY�h7M]1DU;GD �"Dh^%LN7MH1]

m kGm



OQ;"?
LN7 V U1A:=@OQ?IK � � V ?B=\LNU1JP? V ?BH6OQL �17 V =\]S?IL �+?IJN?�9BR V F1UGOQ?BK U1LN7MH1]Y= �bH1RSHG- ?BH1;1=\H19B?IK ��]SJP7:KG-
K17MH1] =\F1F1JPR6=\9<; =\H"K ON;1?��G�,�%� JN?ILNRSAMU"OQ7MRSH ?BH";>=\H19I? V ?BH6O)OQ?I9<;1H17:e3U1?�ZbRSJ 4 R\ON; 4 ?B= V ��7MK"OQ;G-
A:7 V 7WOQ?IK 9I?BAMA:L_=\H1K LPA:7M9B?BLID �);"? H1RSHG- ?BH1;1=\H19B?IK�]SJN7MK 7 V =@]S?BL ;>=i`S? = F17 �G?IA�JP?BLNR\A:U"ON7:RSH R\Z

=\F1F"JNR �G7 V =@OQ?IA 5 k9; � V ��;17MA:?&OQ;"?��G�,�%� 7 V =\]S?BL�;1= `\?�=�F17 �G?IA>JN?BLPRSA:UGOQ7:R\H R@Z =\F1F"JNR �G7 V =@OQ?IA 5
=1D ;�� V D

��R ]\?BH1?IJQ=@ON? ON;1?TH1RSH�-/?BH";>=\H19I?BK 7 V =@]S?BL ��?i=\9<; � � V ?B=\LNU"JN? V ?BH6O 7ML =\LNLP7:]SH1?IK
OQRTON;1? ]SJN7MK ?IA:? V ?IH3O�7MH ��;17:9<; 7MONL�9B?BH6ON?BJ�Z[=\A:AMLBD �);"? =i`S?IJQ=\]\? � ��7ML�OQ;1?IH 9IR V F1U"OQ?IK =@H1K
=\LPLN7:]\H1?BK OQRTOQ;"? =\LPLNR�9B7:=@OQ?IK F"7 �G?BA DY�);1? ���,����7 V =\]S?IL �+?IJN? ]S?BH"?BJQ= OQ?BK ��7MON; = V RGK"7Mc>?IK
ZbRSJ V R@Z)OQ;1? ���,��� =@A:]SRSJP7MON; V � m � � D�C ;17:AM? ON;1? RSJP7:]S7MH>=\A*�G�,�%� =\AM]SRSJP7MOQ; V �[K1?ILN9BJP7 4 ?BK 7MH

� = � � � 7ML 4 7W- `@=\JN7:=@OQ? � ?BLPON7 V =@OQ7MH1] 4 R\OQ;�OQ;"?�7MH19B7MK1?BH19I?*=\H1]SAM?�H1RSJ V =\AM7��B?IK � � =\H1K�OQ;1?*7:H"9B7:K"?BH19I?
=\H1]\A:?�K1?BFE?BH"K1?BH19I?�R\Z	� � �3OQ;1?
=\A:]SR\JN7MON; V U1LN?IKT;1?BJP?�7ML V RGK"7Mc>?IK ONRf7 V =\]\?%R\H1A 5 � � ��LN7 V 7:A:=\J
OQRYON;1?�JQ=\K17MR V ?IOQ?IJ+`S?IJNLP7:RSH8R\ZdON;1?�=\A:]\RSJN7WOQ; V � m � �*;U= � D

�GU 4 �P?B9ION7M`\?BA 5 �"OQ;"?�=\K1K17WOQ7:R\H R\Z JN=\H1]S?�JP?BLPRSA:U"ON7:RSH_9i=\F1= 4 7:AM7MO 5 7ML&R 4 LP?BJP`\?BK OQRjLP7:]@-
H17Wc>9i=\H6ONA 5 7 V F"JNR `S? ON;1? ? �#?B9ION7M`\?XO ��R K"7 V ?BH1LP7:RSH>=@A+JN?ILNRSAMU"OQ7MRSH R\Z�Aa=\H1K �@7:9I? 7 V =\]S?ILYF1JNR@-
K1U19I?BK ZbJNR V OQ;1? LP7 V U1A:=@OQ?IK �G?B=@C 7:H1K"L V ?i=@LNU1JP? V ?BH6OQL	��;1?gOQ;1?IJXR\JTH1R\O JN?ILNRSAMU"OQ7MRSH�?BH�-
;>=\H"9B? V ?BH6O%7:L&=\F1F1AM7:?BK D��);17:L)7ML+OQJPU1? �>?g`S?BH OQ;"RSU1]S; JQ=@H1]S?�c>AWOQ?BJP7:H1]YJP?BLPRSAM`\?BL)OQ;1?�ZbR�R\ONF1JN7MH3O
7:H �PU"LPO(RSH1?)K"7 V ?BH1LP7:RSH � 4 ?I9i=\U"LN?�R\Z OQ;1?)K"7 �#?BJN?IH6O(RSJN7M?BH6O<=@ON7:RSH"LhR\Z OQ;"? �	��9B?IA:A:Lh9BRSH6OQJP7 4 UGOQ7:H"]
OQR_?i=\9<; F"7 �G?BA D�^%LN7MH1]_ON;1?Y�G�,�%� =\AM]SRSJP7MOQ; V ZbU1J�OQ;1?IJ
7 V F1JPR `\?BL%OQ;1?f7 V =\]S?�JN?ILNRSAMU"OQ7MRSH�R `S?IJ

OQ;"? ]SJN7MK1K17MH1] =\F"F1JNR6=@9<;.D '+?B9B=\U1LP? OQ;1? ��?i=@C 7MH1K1L V ?i=\LPU1JN? V ?IH6OQLjK1?IH1LN?IA 5 R `\?BJPAa=\F �hJN?i= -
LNR\H>= 4 AM?�7 V =\]\?BL�9i=@H 4 ? V =\K1?)ZbJNR V RSH1A 5 RSH1?%K>= 5 R@Z.K>=@OQ=f7MH ON;17:L(FERSAa=\J�JP?B]S7MRSH.D��%R��+?g`S?BJ �
OQ;"? H"RS7:LP?YA:?I`\?BA�7MH OQ;1? 7 V =\]S?IL�9i=@H 4 ? JN?IK1U19B?IK 7WZ V U1AMON7:F1AM?fK>= 5 Lf=\JN?Y9IR Vj4 7MH1?BK =\H1K OQ;"?

LNU"JPZ[=\9I?�7ML)OQ? V FERSJQ=\AMA 5 LPOQ= 4 AM?\D

� � � E �!��"P$�����4�-� 8$��!��" ) �!4 N�$����!�:�OJ � -/"P" A ��" �!�&3� �$:��� F��Q�-/���O�������� 

�/H�OQ;1?*F1JN?g`�7:RSU1L LP?B9ION7:RSH � ON;1?�FE?BJ�ZbRSJ V =\H19I?(R\Z1= V U1AWOQ7 -/F>=\LPL.JN?ILNRSAMU"OQ7MRSH�?BH1;1=\H19B? -

V ?BH6O�=\A:]\RSJN7WOQ; V =\F1F"A:7:?IK OQRTOQ;"? ���	��
��������K>=@OQ=	�+=\L�?I`@=\AMU>=@ON?BK.DY' 5 � V U"AMOQ7 -/F>=@LNL � 7MO�7ML

V ?i=\H6O�OQ;>= O � � V ?i=@LNU1JP? V ?BH6OQL�ZbJNR V 4 R@OQ; OQ;1?�ZbRSJ �+=\JPK�=\H"K�=@Z O�FERSJ�OQ7:R\H1L)R\ZhON;1?�=\H6OQ?IH1H>=
LN9B=\H � =\L ��?BAMA =\L+ZbJPR V K"7 �#?BJN?IH6O�RSJ 4 7WOQL �1=\JP?�9BR Vj4 7:H1?IK OQR 5 7:?IA:K OQ;"?�;17:]S;"?BJ)JN?ILNRSAMU"OQ7MRSH 7 V -

=\]S?ILBDj�);"? ON;1?BR\J 5 =@H1K F#?IJPZbRSJ V =\H"9B?YR\Z*LNU"9<; V U1AWOQ7 -/F>=\LPL�ON?B9<;1H17Me3U1?BL � ��;1?IJN?YOQ;"? LPF>=@ON7a=\A
LQ= V F1AM7:H1]YR@ZhOQ;"?fK>= O<= 7:L�R\Z OQ?IH�7MJNJN?I]SU1A:=\J)=\H1KXOQ;1?�RSJP7:?BH6OQ=@OQ7MRSHTR\ZhON;1?�� � 9I?BAMA:L�7:L)`@=\JN7:= 4 AM? �

m kSk



7:L�=\K1K"JN?BLPLN?IK 7:HXK1?IOQ=\7:A 7:H � m � � D%�);"? V U1AWOQ7 -/F>=\LPL�=\F1F1JPR6=\9<; ;1=\L 4 ?B?IH =\F1F1AM7:?IKXONR_F1JP?I`�7:R\U1L
LN9B=@ONON?BJPR V ?gOQ?IJ%K1=@O<=YLN?gOQL%LNU19<;�=\L%���1$+��� � =�� � D

��LP7:]SH"7Mc>9B=\H6O&A:7 V 7WO<=@ON7:RSH R\Z OQ;1? V U1AMON7W- F>=\LNL*=\F"F1JNR6=@9<;T7:L�ON;>=@O�OQ;1?%O<=\JP]S?IO+LN9B?IH1?

V U1L�O 4 ? =\LPLNU V ?BK OQ? V FERSJQ=\AMA 5 LPO<= 4 A:?8R `\?BJ ON;1?�7MH6OQ?B]\JQ=@ON7:RSH F#?IJN7MRGK ��7:H RSJNK1?IJ_ONR =\A:AMR��

V U1AWOQ7MF1A:? R\J 4 7WOQLjOQR 4 ?X9IR Vj4 7MH1?BK �&=\H1K = �I7 V U"ON;>=\AMA 5 7:LPR\OQJPRSF17:9 �*ONR =@A:A:R�� V ?i=\LPU1JN? V ?IH3ONL
ZbJNR V OQ;"?X?IH6OQ7:JP? �
�Sl � LN9B=\H R\Z�ON;1?X=\H6OQ?IH1H>= OQR 4 ?T9IR Vj4 7MH1?BK.D �);"?BLN?�=\LNLPU V F"OQ7MRSH1L =\JP?
7:H6`@=\AM7:K ZbRSJYR�9B?B=\H ��7:H1K V ?i=\LPU1JN? V ?IH6OQL � ��;17:9<; =\JP?TK17:L�OQ7:H"9IOQ7W`S?IA 5 =\H17:LPR\OQJPRSF17M9T=\H1K `@=\J 5
R `S?IJXLP;1RSJ�OXON7 V ?�LP9i=\AM?BLBD �>U1J�OQ;1?IJ �%OQ;1?ILN? =\LNLPU V F"OQ7MRSH1L =\JP? =@A:LNR F"JNR 4 AM? V =@OQ7M98ZbRSJ_Z[=\LPO�-
`@=\J 5 7MH1] Aa=\H1K =\H"K 7M9B? F1;1?IH1R V ?BH>= �
LNU19<; =@L ZbJP?B? �B?�� OQ;>= � ?g`S?BH6ONL =\H1K � R�RGK"7:H1]1D � OX7ML
OQ;"?BJN?gZbRSJN? K1?ILN7:JN= 4 AM? ONR =@9<;17:?g`S? ;"7:]S;1?IJ JN?BLPRSA:UGOQ7:R\H ��7WOQ;17MH = LN7MH1]SAM?g-/F1=\LNLTR\ZfOQ;1? O<=@JN]S?gO
LN9I?BH1?@D+�/H OQ;17ML�LN?B9gOQ7MRSH8LP7:H1]\A:?g- F>=\LPL)JN?BLPRSA:UGOQ7:R\HT?BH1;>=@H19B? V ?IH3O
R\ZdJN?i=@AW-,=@F#?IJPOQU"JN?�JQ=@K>=\J)K>=@OQ=

7:L 4 JP7:? � 5 =\K1K1JP?BLNLP?BK ��=\H1K ZbU1H1K>= V ?IH3OQ=\A�K1?B9IRSH6`SRSAMU"OQ7MRSH ON;1?BRSJ 5 7:L_=\F1F1AM7:?IK ONR ?BL�O<= 4 A:7:LP;
JNU"A:?BL,-/R\Za- OQ;3U Vj4 ZbRSJ&ON;1?�A:7 V 7WOQL*RSHXON;1?�F#?IJPZbRSJ V =@H19B?�R\ZdLNU"9<; =\AM]SRSJN7WOQ; V LBD

� � � ��6 �(��� � $�������"P$��!��-I� N5$:����-I� �����O�!��#!�!�&3� �$:��� -I��� A ��"' 8�*4�-� �$:��� E �����O� �� 8"

�);1?&LPU1JPZ[=@9B?&LN= V F"A:7:H"]�=@LNLNR�9B7:=@OQ?IK ��7MON;jJN?B=\AW-/=\FE?BJPONU1JN?*LN9B=@ONON?BJPR V ?gOQ?IJ V ?i=\LPU1JN? -

V ?BH6OQL�7ML�LN;1R���H 9BRSH19I?BF"ONU>=\AMA 5 7MH �h7:]"D�;GDWm l"D ��R\ON?jOQ;>=@O�ON;1?Y?BAM?I`@=@ON7:RSH K"7 V ?BH1LP7:RSH R\Z*OQ;"?

V ?i=\LPU1JN? V ?IH3O*9I?BA:A � � ��� �67ML V U19<;_H>=\JNJPR��+?IJ(ON;>=\H OQ;1?%= �I7 V UGOQ; K17 V ?BH"LN7:R\H � � � � Dh�/H1K"?B?BK �GOQ;"?
?BAM?I`@=@ON7:RSH JP?BLNR\A:U"ON7:RSH 9i=@H 4 ? V =@K1? =\J 4 7MOQJN=\JN7MA 5 H>=\JPJNR�� 465 U"ON7:AM7��B7MH1] = ��7MK1?BJ 4 =\H"K ��7:K"ON;
OQJN=\H1L V 7WO)F1U1AMLN?�� =\L�K1?ILN9IJN7 4 ?BK 465 ��eED#kGD �� �>=\H1KX9BRSH"LN?Be3U1?IH6OQA 5 ON;1?�= �B7 V U"OQ; JP?BLNR\A:U"ON7:RSHT7ML

O 5 F17:9B=\A:A 5 ON;1?fAM7 V 7MON7:H1]�Z[=\9IONRSJBD*�);1?fLN7:H"]SA:? -/F>=\LPL)JN?ILNRSAMU"OQ7MRSH ?BH1;>=@H19B? V ?IH3O
F1JNR 4 A:? V �"ON;1?BH �
JN?IK1U19I?BL ONR�OQ;1?_RSH1? -/K17 V ?IH1LN7MRSH>=\A�F1JPR 4 AM? V R\Z�7 V F1JPR `G7MH1]TOQ;1? = �B7 V U"ON; JN?ILNRSAMU"OQ7MRSH.DX�>U1J�-

OQ;"?BJ V RSJP? � ��;"?BH OQ;1? � �)9B?BAMA:L+=\JN?�U1H"7MZbRSJ V A 5 LNF>=\9I?BK 7:H = �B7 V U"OQ; �G=\L&ON;1? 5 =\JN?
ZbR\J)=jLN7MH1]SA:?
JNR@O<=@ON7:RSH R@ZdON;1?�=\H6OQ?IH1H>= �1ON;17:L&9B=\LN?�LP7 V F1A:7Wc>?BL*OQR =YU1H17WZbRSJ V A 5 -/LN= V F1A:?IK �3RSH1?g- K17 V ?BH"LN7:R\H>=\A
LN7M]SH>=\A�JN?I9BRSH1L�OQJPU19ION7:RSH F1JNR 4 A:? V D �);3U1L �
ZbR\J OQ;1? K"7:LN9IU1LNLP7:RSH ;1?IJN? � �+? 9IRSH1LN7MK1?BJTR\H1A 5 =
RSH1? -/K17 V ?IH1LN7MRSH>=\A#K1?B9IRSH6`SRSAMU"OQ7MRSHX=\F1F1JPR6=\9<;.D

�>RSJ�=_LNFE?B9I7Mc>9f?BAM?I`@=@OQ7MRSH A:R�9i=@ON7:RSH �1OQ;1? 	 �	��� � � �	��LPU1JPZ[=@9B? �	� � � �#=\L�= ZbU1H19gOQ7MRSH
R\Zh= �B7 V U"ON;XFERSLP7MOQ7MRSH ��� �>9i=\H 4 ? ��JP7MOPOQ?BH

� � � ��� � � � � � � � � ��� � ;GD>=1m��

m k �



δaz

xs

 Azimuth, Along-Scan

δel
E

le
va

tio
n,

 R
an

ge



�h7M]SU1JN? ;�DMm l � $+RSH"9B?BFGOQU>=\A�K17:=\]SJN= V R\Z LNU1J�Z[=\9B? LQ= V F1AM7:H1] ��7WOQ; = JP?i=\A�=\FE?BJ�OQU1JP? JQ=\K>=@J
L 5 L�OQ? V D �);1? ON;17:H�JP?B9gO<=\H1]\A:?BLTJP?BF1JP?BLP?BH6OXJN?i=@AW-,=@F#?IJPOQU"JN? V ?i=\LPU1JN? V ?IH6O 9B?BAMA:L �bRSJ LPA:7:9I?BL �
��7MON; ?BAM?I`@=@ON7:RSH K"7 V ?BH1LP7:RSH � ��� =\H1K = �B7 V U"OQ; K"7 V ?BH1LP7:RSH � � � D���U19B9I?BLNLP7M`\? 9I?BAMA:L�=@JN?jF1A:=\9B?IKRSH OQ;1?XLNU"JPZ[=\9I?�=@O JP?B]SU1A:=\J 7:H6OQ?IJP`@=\AMLYR\Z �

�
7:H = �I7 V U"ON; ��=\H1K 9BRSJPJN?BLPF#R\H1K OQR 7:H"K17M`�7:K"U>=\A

OQJN=\H1L V 7WO)F1U1AMLN?�?I`\?BH6OQLID

��;1?IJN? � � � � 7:L OQ;"? � ��� � ���\LNU"JPZ[=\9I? � � =@L�=�ZbU1H19gOQ7MRSH R\Z.= �B7 V U"OQ; � � � � ��7ML OQ;1?%=\H6ON?BH1H>=f=\FE?BJ�-
OQU"JN?YZbU1H19gOQ7:R\H � =\H1K OQ;"?_=@LPOQ?IJN7ML	� 7MH1K17:9B=@OQ?IL�OQ;>= O�= 9IRSH6`SRSAMU"OQ7MRSH RSFE?BJN=@OQ7MRSH 7:L�FE?BJ�ZbRSJ V ?BK.D
�);17ML+ZbRSJ V U1Aa=@ON7:RSH_7:L�?Be3U17M`@=\AM?BH6O)OQR V =\H 5 LN7:]\H>=\AEJN?B9IRSH1L�OQJNU"9IOQ7MRSH F1JNR 4 A:? V L ��;1?BJP?�ON;1?�R 4 -
LN?IJP`\?BKTLN9I?BH1?�7:L�OQ;"?�9IRSH6`SRSAMU"OQ7MRSH_R@Z OQ;"? �P9<;1=\H1H1?IA � JP?BLPF#RSH"LN?�=@H1K_ON;1?�R\JN7:]\7:H>=\AGLN9I?BH1? � ��7MON;
OQ;"? V ?i=@LNU1JP?BKXLN9B?IH1? 4 ?I7:H1] =YA:R��&-/F1=\LNL)c>AWOQ?BJP?BKXRSJ	� 4 AMU1JNJP?BK � `\?BJNLP7:RSHXR\Z�OQ;1?�RSJP7:]S7MH>=\A D

�/H�F1JN=\9ION7:9B? �%ON;1? LP9B?BH"? 7ML LN= V F"A:?BK = O K17MLN9BJP?ION? F#RS7MH6OQL ��LPR OQ;>=@OT= LN?BJP7:?IL R\Z

V ?i=\LPU1JN? V ?IH3ONL � 
 � � � �>7:L)R 4 OQ=\7:H"?BK	��;1?BJP?


 � � � � � � � � � � � � � � � ;GD>=3k	�

��?IJN? � � � � � � � � � �
�
� � ��;1?BJP? � 7:L)ON;1? V ?i=@LNU1JP? V ?BH6O
H3U V 4 ?IJ�7MH1K1? �8=@H1K �

�
7:L)ON;1?fLPF>=@ON7a=\A

LQ= V F1AM7:H1]�7:H6OQ?IJP`@=\A D �);"?XH"RS7:LP?XR\H ?B=\9<; V ?B=\LNU1JP? V ?BH6O 7:L JN?IF1JN?ILN?IH3ON?BK 465 � � � � D �/H OQ;"?
�>RSU1JP7:?BJ+K1R V =\7:H ��OQ;17ML 4 ?I9BR V ?BL

� � ��� � � � ��� � � ��� � � � ��� � � ;GD>=��

��;1?IJN?�ON;1?%9i=\F17WO<=\A"A:?IOPOQ?IJNL*JN?BF"JN?BLP?BH6O+ON;1?%K17:LP9BJN?gOQ?��>RSU1JN7M?BJ ONJQ=\H1L�ZbRSJ V L(R\Z ON;1?�= 4 R `\?�LP?BJN7M?BLID

m kU=



�);1?_U1AMON7 V =@OQ?Y]SRS=\A(7:L�OQR8JN?B9IR `S?BJj=\H ?BL�OQ7 V =@ON? R\Z&OQ;"? =\9gOQU>=@A�LPU1JPZ[=\9I? ����+D ��R
OQ;"7:L)?BH"K �E= ]\?BH1?IJQ=\AM7��B?IK 7:H6`S?IJNLN?�c>AWOQ?BJP7:H1]YR\F#?IJQ=@ON7:RSHTK1?IH1R\ON?BK 465��� 	 � 7ML�=\F1F1AM7:?BK �

�� � �� 	 � � � � �� 	 � � � � ;GD>=O= �

��;1?IJN?)OQ;1?)K"?BFE?BH1K1?IH19B?%RSHYK17MLN9IJN?ION?�=\H1]SU"Aa=\JhZbJP?Be3U1?IH19 5 � � �\7:L�H1R�� 7 V F1A:7M?BK.D���R@OQ?+ON;>=@O�OQ;"?
RSFE?BJN=@OQ7MRSH �� 	 � 7ML+7MH3ON?BH1K"?BK OQR 4 ?�R\U1J 4 ?BL�O�=@ONON? V F"O+ONR �PU1H�-/K1R � OQ;1?�L V R�R\ON;17:H1]f? �#?B9gO)R\Z
� D��);1?j7:K"?i=\A 7:H6`\?BJNLP?jc>AMON?BJ%7:L�RSH1? ��;"?BJN?��� 	 � � � m � 4 U"O�OQ;17ML
7:L%JQ=@JN?BA 5 JN?i=@A:7��B= 4 AM?�K"U1?
OQR �I?BJPRY9BJNR\LNLN7MH1]SL&7MH � �GRSJ+K1?ILN7MJQ= 4 AM?�K1U1?�OQRYH1RS7MLN?
= V F"A:7Mc19i=@ON7:RSH F1JNR 4 A:? V L � =\L&K"7:LN9IU1LNLP?BK
ZbU1J�OQ;1?IJ���;"?BH8C 7M?BH1?IJ&c>AMON?BJP7:H1]Y7ML�=\K1K1JP?BLNLP?BK 7MH8�G?B9gOQ7:R\H ;�D �"D �� D

�);1?�H1? ��? �#?B9gOQ7M`\? =@F#?IJPOQU"JN?�ZbU1H19gOQ7:R\H � �
�
� � � �>7:L)]\7M`S?IH 465 ON;1?�7:H6`S?IJNLN?f�>RSU1JP7:?BJ

OQJN=\H1L�ZbRSJ V R\Z�ON;1? F1JNR�K1U19gO �� 	 � � D �);1? ��7:K"ON; R\Z(ON;1? =\F#?IJPONU1JN?YZbU1H19gOQ7MRSH 7:H OQ;"? LPF>=@ON7a=\A
K1R V =\7MH 7ML(7:H6`S?IJNLN?IA 5 F1JPRSF#R\JPOQ7MRSH>=\AGOQR�OQ;1? ��7:K"ON;_R\Z 7MONL�LPF#?I9IOQJPU V 7:H OQ;1?%LNF1=@OQ7:=\A1ZbJN?Ie�U"?BH19 5
K1R V =\7MH.D ��Lf= V ?IONJN7:9 R\Z�ON;1? LNF>= OQ7a=@AhJN?ILNRSAMU"OQ7MRSH 7 V F1JNR `\? V ?BH6O�=\LNLPRG9I7a=@ON?BK ��7MON; OQ;1? =\FG-
F1AM7:9i= OQ7:R\H R\Z�OQ;1?�7:H6`\?BJNLP?�c1AMOQ?IJ&OQ;1? � � ��� � � � ����� � � � � � � ��	 � � � � � �����
� �[�%�,� �+7ML�K1?Ic>H"?BK =@L

�%�,� � � ���� 	 � � �
� ��� � � � ;GD>=C;	�

��;1?IJN? OQ;"?�7:H6ON?B]SJN=@OQ7MRSH 7ML FE?BJPZbR\J V ?BK ZbJPR V l OQR � 7:H ON;1? K17MLN9BJP?ION? =\H1]SU"Aa=\J ZbJN?Ie�U"?BH19 5
K1R V =\7MH.D �
L �� 	 � JN?ILPONRSJN?ILdOQ;"?+RSJP7:]S7MH>=\A 4 =@9 ��LP9i=@OPOQ?IJ LN9I?BH1? ��7WOQ;f;17:]S;"?BJ�=\H1Kj;"7:]S;1?IJ c>K1?BAM7MO 5
�[?Ie3U17M`@=\AM?BH6O�ONR ON;1? JP?B9IR `\?BJ 5 R\Z V R\JN?�=\H1K V RSJP?fR@ZhOQ;"?fRSJP7:]S7MH>=\A ZbJP?Be3U1?IH19 5 9BRSH6ON?BH6O � �#OQ;"?
`@=\A:U"?�R\ZdON;1?��%�,� ��7MA:A.7MH19BJP?i=\LP?\D

� ��?BAMA �3H1R�� F1JPR 4 AM? V ��7MOQ; 7MH6`S?BJPLN?Tc>AWOQ?BJP7:H1]�RSF#?IJQ=@ON7:RSH"L � ;1R���?I`\?BJ ��7:LjH"RS7:LP?
= V F1A:7Wc>9i= OQ7:R\H � k9< � D_C ;1?IH OQ;"? H"RS7:LP? R\H ON;1? V ?i=@LNU1JP? V ?BH6OQL�7:L V RGK"?BA:?IK =\L =@H =\K"K17MON7M`S?
F1JPRG9I?BLNL �\OQ;"?+JQ= OQ7:R%R\Z1ON;1?+7MH6`S?BJPLN? - c>AWOQ?BJP?BKjH"RS7:LP?�FER��+?IJhOQR%OQ;1?�RSJN7M]S7:H>=@ASH1RS7MLN?*F#R���?BJhF"JN?BLP?BH6O
7:HTON;1? V ?B=\LNU1JP? V ?BH6OQL�7ML)]S7M`\?BH 435

� �� � � � � ���� � � � � � �
� � �

� �� � � � � � �
�

��;1?IJN? � � ���d7:L�OQ;"?%H"RS7:LP?)F#R���?BJ*LNFE?B9IONJQ=\A K1?IH1LN7WO 5 D �);"7:L(JQ=@ON7:R�7ML*?Ie3U17M`@=\AM?BH6OQA 5 OQ;"?�=i`\?BJQ=@]S?
7:H"9BJN?B=\LN?�7:HTON;1?fH"RS7:LP?�`@=\JP7a=\H"9B?�K1U1?�OQR OQ;1?�7MH3`\?BJPLN?fc1AMOQ?IJN7MH1] F1JNR�9B?ILNLBD+�
L�= V ?IONJN7:9�R@ZhOQ;"?

7:H"9BJN?B=\LN?IK V ?i=\LPU1JN? V ?IH3Oj?BJNJPRSJ�K1U1? ONR�H1RS7MLN? �h7MOf7:L�9BR\H3`\?BH17M?BH6OYOQR89BRSH"LN7:K"?BJfON;1? 7MH19BJP?i=\LP?

7:H H1RS7MLN?�L�O<=\H"K>=\JNK K1?I`�7a= OQ7:R\H.D �/H OQ;1?8LN9i= ONOQ?IJNR V ?ION?BJ_9i=\LP? �)OQ;1? V ?B=\LNU"JN? V ?BH6OTH"RS7:LP?87ML

m kO;



O 5 F17:9B=\A:A 5 = ��;17MON?�F1JNR�9B?ILNL ��;1?IJN?�?i=\9<; H1R\7:LN?
JN?i=@A:7��B=@OQ7MRSH 7ML&U1H19IRSJNJP?BA:=@OQ?IK ��7MOQ; =@A:AER\OQ;1?IJNLID
$+RSH1LP?Be3U1?IH3ONA 5 � � 4 ?I9BR V ?BL�=_9IRSH1L�O<=\H6O ��7WOQ;XZbJN?Be3U1?IH19 5 �.=\H"K8OQ;3U1L
= � ����� ����	 � � � � �	��� �����

� � �����
� � �%��� �&9B=\H 4 ?�K1?gc>H1?BK�=\L

�%��� � � m� 	 � �� 	 � � ��� � �  �� � � ;GD>= ��

� �\? 5 ]\R6=\A�R\Z LN7MH1]SA:? -/F>=@LNLTJN?ILNRSAMU"OQ7MRSH ?BH1;1=\H19B? V ?IH6O�7ML ON;3U1LXONR V = �G7 V 7��I? ���,� ��;"7:A:?

V 7:H17 V 7 �B7:H"] �%���+D

� � � � @ N�$����!�:�OJ � -/"P" A ��"'����3� �$��!� F��Q�-I���O�������� 
���-I� ��"P$�"

��RT]S?BH1?IJQ=@ON? = e3U>=\H6OQ7WO<=@ON7M`S? =\LNLP?BLPL V ?BH6O R@Z(;1R�� = LP7:H1]SAM?g- F>=\LNL�JN?ILNRSAMU"OQ7MRSH ?BH�-
;>=\H"9B? V ?BH6O�=\AM]SRSJN7WOQ; V ��7MA:A"FE?BJ�ZbRSJ V �S7WO(7:Lhc>JPLPO*H1?I9B?BLPLQ=\J 5 OQR V R�K1?IAGOQ;"?�=@F#?IJPOQU"JN?&ZbU1H19gOQ7MRSH
=\H1K�7MOQL%LNFE?B9gOQJPU V D%� O�7ML
=@LNLNU V ?IK�OQ;>= O�ON;1?Y=\H6OQ?IH1H>= F1=@ONON?BJNH�7:H8ON;1?j= �B7 V U"OQ;XK17 V ?BH"LN7:R\H

9i=@H 4 ?
]S7M`\? 465 ON;1?�LPe�U1=\JN?�R@Z�=fc>JNL�OP- RSJNK1?IJ&'+?ILNLP?BA ZbU1H"9IOQ7MRSH.D ��HT? �"= V F1A:?�=\FE?BJ�OQU1JP?
ZbU1H19 -

OQ7MRSH�7ML
LP;1R���H 7:H �d7:]1D�;GDWmSmSD%�);1? V =\]SH17WOQU1K"?fR\Z�ON;1?j�>RSU"JN7:?IJ%ONJQ=\H"LPZbRSJ V R@Z�OQ;17ML�=\FE?BJ�OQU1JP?
ZbU1H19gOQ7MRSHf7ML LN;1R���H 7MH �d7:]1D�;�DMm k�Dh�%R\OQ?�OQ;1=@O 4 ?I9i=\U1LP?�ON;1?�LPF>=@ON7a=\ASZbU1H"9IOQ7MRSH�7:L�=\F1F"JNR �G7 V =@OQ?IA 5
��=\U1LNLP7a=\H �"OQ;1?�ONJQ=\H1L�ZbRSJ V 7:L�=\F1F"JNR �G7 V =@OQ?IA 5 ��=\U"LNLN7:=\H R\Z�OQ;1?�ZbRSJ V

��� � � ��� � ? �GF � � =(A:H � k	� 
 � � � � � � ;GD>=C<	�

��;1?IJN? � 7:L ON;1?TLNF1=@OQ7:=\A*ZbJP?Be3U1?IH19 5 =\H"K 
 7:L�OQ;1? O ��R@- �&= 5 � K>' ��7MK"OQ; R\Z�ON;1? =\H6OQ?IH1H>=
=\FE?BJ�OQU1JP?8ZbU1H19gOQ7MRSH.D C ;1?IH OQ;1?8LNU1J�Z[=\9B?87:L LQ= V F1AM?BK = O = LNF>=@ON7a=\A�LN= V F"A:7:H"] JN=@OQ?XR\Z �

�
�

9BR\JNJN?ILNFERSH1K17MH1] OQR_= LN= V F"A:?�LNF>=@9B7:H"]_RSH OQ;"?fLPU1JPZ[=\9I?fR@Z �
�
� ��;"?BJN? �

�
� ���� � �>OQ;1?�K17MLN9IJN?ION?

LNF1=@OQ7:=\A ZbJN?Ie3U1?BH19 5 JN?BLPF#R\H1LN? 4 ?I9BR V ?BL

��� � ����� � ? �GF��� � A:H � k	��� 
�
�
� � � � �  ���� � � ;GD>=B?�

��;1?IJN?�OQ;1?�H1?I9B?BLPLQ=\J 5 F#?IJN7:R�K17M9B7MO 5 7MH�k � 7ML)7 V F1A:7M?BK.D
�>RSJ&=@H>=\A 5 LP7:L&F1U"JNFERSLN?IL �1OQ;"?���=@U1LNLP7a=\H ZbRSJ V =@LNLNU V ?IK ZbR\J � =\AMA:R���L+U1L&ONRY9BRSH�-

LPONJNU19gO�= `\?BJ 5 LP7 V F1A:?
7:H6`S?IJNLN?�c>AWOQ?BJ)]\7M`S?IH 435

�� 	 � � �
�
ZbRSJ � � � � � ;GD>= ��

�� 	 � � l ZbRSJ �
�
� �

m k��



−10.0 −8.0 −6.0 −4.0 −2.0 0.0 2.0 4.0 6.0 8.0 10.0
Azimuth Distance (km)

0.0

0.2

0.4

0.6

0.8

1.0

G
ai

n 
S

qu
ar

ed
 P

at
te

rn
 

�h7M]SU1JN? ;GDWmSm � � �"= V F1A:?�= �B7 V U"OQ; =\FE?BJPONU1JN?8ZbU1H19ION7:RSH 7:H ON;1? LPF>=@OQ7:=\A�K1R V =\7:H D��%?BJN? =\H
=\H6OQ?IH1H>=_k -��+= 5 � K>' ��7:K"ON;8R\Z�= � V RSH OQ;1?�]SJPRSU1H1KX7:L�=\LPLNU V ?BK D

��;1?IJN? � �.7ML�=�9BUGOQR � ZbJN?Ie3U1?BH19 5 = 4 R `S? ��;17:9<;fH1R
7MH"ZbRSJ V =@ON7:RSH�= 4 RSUGOdON;1?�LP9B?IH1?&7:L R 4 O<=\7MH1?BK.D
�/H F"JQ=\9gOQ7:9I? ��OQ;1?_=\9IONU>=\A�c>AWOQ?BJ V 7:]S;6O 4 ?_R\Z+OQ;1? V R�K17Wc>?BK C 7:?IH1?BJ�ZbRSJ V ��;17:9<; K"RG?ILfH1R@O
;>=i`S?�LPU19<;�LP;>=\JNFTZbJP?Be3U1?BH"9 5 9BUGOQR �#L%=\H1KTOQ;3U1L�7:L V RSJP?�7 V F1A:? V ?IH6O<= 4 AM? �bLN?I?�ON;1?�ZbRSA:AMR���7:H1]
K17MLN9BU"LNLN7MRSH 7MH �G?I9ION7:RSH ;GD �GD �� � 4 U"O�ON;17:L(ZbRSJ V 7:L�=\K1?Be3U>= OQ?�ZbR\J�?g`\=@A:U>=@ON7:H1]�ON;1?�=\F"F1JNR �G7 V =@OQ?
?BH";>=\H19I?BK JP?BLNR\A:U"ON7:RSH�FE?BJ�ZbRSJ V =\H19I? R@ZY= ]S7M`\?BH L 5 LPON? V D ��H =\K1K"7MOQ7MRSH>=\A�9BRSH"LN7:K"?BJQ= OQ7:R\H

��7MON; ON;17:L 7:H6`S?IJNLP?�c>AMON?BJ ZbRSJ V U1Aa=@ON7:RSH 7ML ON;1?�FERSLNLP7 4 7MA:7WO 5 ZbRSJ_=\A:7:=\L 9BRSH6OQ= V 7MH>=@ON7:RSH.D �);1?
JN?Ie3U17:JP? V ?BH6O%7:L&OQR LN= V F"A:?�=@O%=YLNU �_9I7:?IH3ONA 5 ;17M]S;TZbJN?Ie�U"?BH19 5 LNU19<;XOQ;>=@O

��� � � � ���
��� � � � � k � ��� � � � 
 	 � � � � ;GD ;\l�

��;1?IJN? � � 
 	 � �f7:L LNR V ?�OQ;"JN?BLP;1RSAMKf`@=\A:U"?*LPR%ON;>=@O�U1H>=@9B9B?IF"O<= 4 A:?�= V F1A:7Wc>9i=@ON7:RSH�R@Z1=\AM7a=\L FER��+?IJ
K1R�?BL�H1R\O�R�9B9IU1JBD

^�LP7:H1]�OQ;"?
= 4 R `S?%? �GF1JP?BLNLP7:RSH"L �"9IU1JP`\?BL&R@Z ���
� `\?BJPLNU1L)���,� =\JN?�9BR\H1LPONJNU19gOQ?BK 435
`@=\J 5 7MH1]�� �)ZbJPR V l OQR ��D �);17:L�7:L�FE?BJ�ZbRSJ V ?BK ZbR\J�K17 �#?BJP?BH6O�LQ= V F1AM7:H1]TJN=@OQ?IL�7:H �h7:]"D5;GDWm �"D

m kO<



�h7M]SU1JN? ;GDWm k � ��=\]SH17WOQU1K"?
R\Z �>RSU"JN7:?IJ�OQJQ=@H1LPZbRSJ V R\Z =\FE?BJ�OQU1JP?�ZbU1H19gOQ7MRSH LP;1R���HT7:H �d7:]1D�;GDWmSmSD

��?IJN?�OQ;1?fLQ= V F1AM7:H1]YJN=@OQ?�7:L�? �GF1JP?BLPLN?BK =@L 
 � �
�
� ��;17:9<;87:L)OQ;1?�ZbJQ=\9gOQ7MRSH R\ZhON;1? 4 ?i= V ��7:K"ON;

=@O ��;17:9<; ON;1? LPU1JPZ[=\9I?j7:L�LQ= V F1AM?BK.D%� JN?B=\LNR\H>= 4 AM?j� 5 e3U17MLPO�JN=@OQ?f]S7M`\?BH�ON;1?jLN9B=@ONON?BJPR V ?gOQ?IJ
LNFE?B9gOQJPU V 7:L �

�
� 
 �SkGD �/H ]\?BH1?IJQ=\A �(=\LYJN?I9BRSH1L�OQJPU19ION7:RSH1L = Oj;17M]S;1?BJfZbJN?Be3U1?IH19B7M?BL =\JP?T=@OP-

OQ? V FGOQ?BK �>�%�,� 7 V F1JNR `S?IL � 4 U"O�=j;17M]S;1?BJ*`@=\A:U1?
R\Z����
� JN?BLPU1AMONLBD(�&O&ON;1?�� 5 e3U17MLPO�LQ= V F1AM7:H1]
JQ= OQ?YR\Z 
 �Sk � = Z[=\9gOQRSJ�R@Z
mSD ; JN?ILNRSAMU"OQ7MRSH ?BH";>=\H19I? V ?BH6O�7:L�=\9<;17M?I`\?BK =@O�=T9BRSL�O�R\Z&= Z[=@9IOQR\J
R\Z�O ��R 7:H19IJN?i=@LN?Y7:H8OQ;1?jH"RS7:LP?\D�'+? 5 RSH1K OQ;"7:L �EOQ;1?YH"RS7:LP?Y=\L ��?BAMA =\L�=@A:7a=@LN7:H"]_7MH19BJP?i=\LP?YK1JQ= -

V =@OQ7M9i=\AMA 5 D��
L)ON;1?�LQ= V F1A:7MH1]jJN=@OQ?�7:H"9BJN?B=\LN?IL � =\AM7a=\LP7:H1] 7:L)H1R A:R\H1]S?BJ�=YF1JPR 4 AM? V =@H1K 4 ?IOPOQ?IJ
���
� F#?IJPZbRSJ V =\H"9B?�7:L)R 4 O<=\7MH1?BKTZbRSJ�=Y]S7W`S?BH8���,� K"U1?�OQRYOQ;1?�=i`S?IJQ=\]\7:H1] ? �#?B9gOiD

� � � � T  0�-I� ���:� N�$������:�OJ � -I"P"  A 7F7 � � �:�������� 8-� 8$��!� � � ����$ � ��� � $�������4M12$&�  8�C4

�/H OQ;"?�F1JN?I9B?BK"7:H1]YK17MLN9IU1LNLP7:RSH �1=\HT7:K1?B=\AE7:H6`S?IJNLN?�c>AWOQ?IJ �+=\L�=\LNLPU V ?BK.D(�/HTJN?B=\A:7WO 5 �
LNU"9<; =Xc>AWOQ?IJ ��7MA:A ;1= `\? = `S?BJ 5 A:RSH1] 7 V F1U"A:LN? JP?BLNFERSH1LP? K1U"? ONR8OQ;"?_LPF#?I9IOQJN=\A �PLNF"7��\?IL � =@L
LN;"R���H 7:H �h7:]"DC;GDWmP=1D � V RSJN?�7 V F1AM? V ?BH6O<= 4 A:?�c1AMOQ?IJ(7:L*= V R�K17Mc>?IKYC 7:?BH"?BJ(c>AMON?BJ(=\F1F"JNR6=\9<; �
��;1?IJN?

�� 	 � � � � � � � �
� � � � � � � � � ;GD ;Gm��

��?IJN? � � � � 7:L�=@H 7MK1?i=@A 4 =\H"K1F>=\LPL�c1AMOQ?IJ ��7MON; 9BU"ONR � ZbJN?Ie3U1?BH19 5 � � � =\H1K OQ;1?YF1=\JQ= V ?ION?BJ �
7:L�LN?IA:?B9gOQ?IK ONRTL V RGR@OQ;�ON;1? OQJN=\H1LP7MOQ7MRSH 4 ?IO ��?B?IH ON;1?jJN=\F17:K"A 5 ]SJNR���7MH1] JN?ILNFERSH1LP? =@O�;17M]S;1?IJ

m k9?



0.0 0.5 1.0 1.5 2.0 2.5
RIF

0.0

1.0

2.0

3.0

4.0

N
A

F

β/xS = 2 4 10 100

�h7M]SU1JN?M;GDWm � � !�A:R\ONL�R\Z*���
� `S?IJNLNU"Lf���,� ZbRSJ�`\=@JN7:R\U1L
LPU1JPZ[=\9I?jLQ= V F1AM7:H1]_JQ=@ON?BLIDf�%?BJP? �.OQ;"?
LQ= V F1AM7:H1] JN=@OQ?�7:L%? �GF1JP?BLNLP?BK =\L
 � �

�
D)�);"?jK1R\OPOQ?BK8A:7MH1?�JN?BF"JN?BLP?BH6OQL�= JN?I]S7:RSHXR\Z ON;1?�9BU1J�`S?

��;1?IJN?�LN7:]\H17Mc>9B=\H6O%=\A:7:=\LN7MH1] V = 5 R�9B9BU"JBD

ZbJN?Ie3U1?BH19I7:?ILT=\H1K OQ;1?8F>=\LNL 4 =\H1K 9BU"ONR �hD ��U19<;�L V RGR@OQ;17MH1] 7:H OQ;1?8LNFE?B9IONJQ=\A%K1R V =\7MH ��7MA:A
7:H"LNU1JP?�=�LPO<= 4 A:?)=@H1K 7 V F1A:? V ?IH3OQ= 4 AM?*c>AWOQ?IJBDh��L(=\H ? �"= V F1A:? �6�h7M]1DO;�DMm�;
LP;1R���L�OQ;1? V RGK"7Mc>?IK
C 7:?IH1?BJY7MH6`S?BJPLN?Tc>AWOQ?BJ 9BRSH1L�OQJPU19ION?BK ZbJPR V OQ;1?TJP?BLNFERSH1LP?87MH �h7:]"D ;GDWmP=1D �/H �h7:]1D ;GDWm�� ��OQ;"?
7 V F1U1AMLN?�JP?BLPF#RSH"LN?�ZbU1H19ION7:RSH R\Z�OQ;"7:L)c>AMON?BJ)7ML)LN;1R���H.D

�
L =\H ? �1= V F1AM?8R@Z�;1R�� OQ;17ML c>AWOQ?IJ 7:L ? V F1AMR 5 ?BK �)9IRSH1LP7:K1?IJ �h7M]1D ;GDMm8<GD ��?BJP?
OQ;"? RSJP7:]S7MH>=\A�RSH1? -/K17 V ?IH1LN7MRSH>=\A�LP9B?IH1? � � � � � � 7:Lf=�L�OQ?BF ZbU1H19ION7:RSH D8�);1? K1R\ONON?BK AM7:H1? 7MLfOQ;"?
=\FE?BJ�OQU1JP? L V RGR@OQ;1?IK V ?i=\LPU1JN?IK ZbU1H19ION7:RSH � 
 � � ��� 7:H OQ;17ML 9B=\LN? H"RS7:LP?g- ZbJP?B? � D8��Z OQ?IJj7:H6`\?BJNLP?
c>AWOQ?BJP7:H1] �3ON;1?�JP?B9BR\H1LPONJNU19gOQ?BKXLN9I?BH1? � �� �"7ML+]S7W`S?BH 465 OQ;1?
K>=\LN;"?BKTA:7MH1?\D ��R\ON?�OQ;"?�LN;>=@JNFE?BH17MH1]
R\Z%OQ;1? � K>' 4 R\U1H1K>=\J 5 9IRSH1LN7MLPON?BH6O ��7WOQ; =\F1F"JNR �G7 V =@OQ?IA 5 = Z[=@9IOQR\JYR\Z�O ��R 7 V F1JNR `S? V ?IH6O
7:H JN?ILNRSAMU"OQ7MRSH.D �b�
L 7MH1K17M9i=@ON?BK 435 �h7M]1D ;GDWm � �&7WO 7:L F#RSLPLN7 4 A:?TOQR R 4 OQ=\7:H V RSJP? JN?BLPRSA:UGOQ7:R\H
?BH";>=\H19I? V ?BH6O�7MZhLNU � 9I7:?BH6ONA 5 K1?BH1LP?jLQ= V F1AM7:H1] 7ML�R 4 O<=\7MH1?BK.D%�>RSJ�OQ;1?fF1U1JPF#RSLP?BL�R@Z(=\H>=\A 5 LN7:L

R\Zh= ���	��
 �������/- 9BAa=@LNL)L 5 L�OQ? V �>;1R���?I`S?IJ � OQ;17ML�? �"= V F1A:?�JP?BF1JP?BLN?IH6OQL�O 5 F17M9i=\A F#?IJPZbRSJ V =\H"9B?\D �

m k �



�d7:]SU1JP? ;GDWmP= � �/K1?B=\A 7:H6`S?IJNLP?�c>AWOQ?IJ)LNFE?B9IONJQ=\A JP?BLPF#RSH"LN?\D

�h7:]\U1JN? ;GDWm�; � �XRGK17Wc>?BKTC 7M?BH1?IJ%7MH6`S?BJPLN?�c>AMON?BJ)LPF#?I9IOQJN=\A JN?ILNFERSH1LP?\D

m �Sl



�h7M]SU1JN? ;�DMm�� � � V F1U"A:LN?�JP?BLPF#RSH"LN?�R\Zdc1AMOQ?IJ)7:HX�h7M]1DI;GDWmP=1D

�h7M]SU1JN? ;GDWm�< � � �"= V F1A:?�JP?B9IRSH1LPONJNU19gOQ7MRSHTR\Zd= � K>'�LPON?BFTZbU1H19gOQ7MRSH �[LPRSA:7MK �gDh�);1?�K1R\OPOQ?BKTAM7:H1?
7:L�OQ;1? =\F#?IJPONU1JN? L V R�R\ON;1?BK V ?i=@LNU1JP?BK ZbU1H19gOQ7MRSH ��=\H"K OQ;1? K>=\LN;"?BK A:7MH1? ON;1? 7MH3`\?BJPLN? c>AWOQ?IJ
JN?I9BRSH"LPOQJPU19ION?BK�`\?BJPLN7:R\H.D

m �"m



� � � N53�� ��-/4�� -/��� E �!���B��3�" $��!��"

�/H8ON;17:L�9<;>=@F"OQ?IJ �E= ZbJN= V ? ��RSJ	� ZbR\J�ON;1?�K1?BLP7:]SHXR\Z FE?BH"9B7:A - 4 ?i= V LN9B=@ONON?BJNR V ?gOQ?BJPL
? V F1AMR 5 7MH1]XON;1? JN?i=@AW-,=@F#?IJPOQU"JN? JN?ILNRSAMU"OQ7MRSH =@F1F1JNRS=\9<; ;>=@L 4 ?B?BH F1JN?ILN?IH3ON?BK.D8�
L�K17:LP9BU1LPLN?IK �
JQ=@H1]S?�c>AWOQ?BJP7:H1] 7:L)]S?IH1?BJN=\A:A 5 F1JP?IZb?IJNJN?IK8R `\?BJ%��RSF1F1AM?BJ+c1AMOQ?IJN7MH1] 4 ?B9i=@U1LN?�R\Z�A:R���?BJ V ?i=\LPU1JN? -

V ?BH6OY`@=\JN7:=\H19B? =@H1K V RSJP? Z[=i`SRSJN= 4 AM?T]S?BR V ?IONJN7M9 RSJN7M?BH6O<= OQ7:R\H R\Z%OQ;1? �	�Y9I?BAMA:LBD �
AMON;1RSU1]\;
JQ=@H1]S?jK17MLN9IJN7 V 7:H1=@OQ7MRSH 465 K1?BJN= V F�F1JNR�9B?ILNLN7MH1] 7:L
= JN?BA:=@OQ7W`S?IA 5 LPONJQ=\7M]S;6ONZbRSJ �&=\JPK =\F1F"JNR6=\9<; �
7MONL 7 V F1A:? V ?IH3OQ=@OQ7MRSH V U1L�O 4 ?�=\9B9IR V F1=\H17:?IK 465 =�9B=\JN?gZbU1AG=\9B9IRSU1H6OQ7MH1]�R@Z>9i=\AM7 4 JN=@OQ7MRSH�Z[=\9gOQRSJPL

7:H R\JNK1?IJ
OQR V ?B?gO 4 =\9 �3LN9B=@ONON?BJ V ?B=\LNU"JN? V ?BH6O�=\9I9BU1JN=\9 5 ]SR6=\AMLBD��);17ML�7:H6`SRSAW`S?IL�= ZbRSJ V U"Aa= -

OQ7MRSH ZbRSJ�ON;1?_�"��� =\H"K JN=\K>=\J�?Ie3U>=@OQ7MRSH ��;17:9<; 7:H"9BA:U"K1?BL�K17M]S7MOQ=\A�F1JNR�9B?ILNLN7MH1]8=\H1K =\H6OQ?IH1H>=
JNR@O<=@ON7:RSHj? � ?I9IONL �3=\L ��?BAMA1=\L(=�9IRSH1LN7MK1?BJN=@OQ7MRSHjR\ZELPF>=\9B?I9BJN=@Z O*=@ONON7MONU1K1?�`@=\JP7a=@ON7:RSH"LBD��dJN=\K1?g- R �#L
OQR�R 4 OQ=\7:H V 7:H17 V U V V ?B=\LNU"JN? V ?BH6O*`@=\JN7:=\H19B? 465 RSFGOQ7 V 7��I7:H1]�OQ;1?%9<;17:JPF_JN=@OQ?%=\H"K K1?gOQ?B9gOQ7MRSH

4 =\H"K ��7:K"ON; ZbRSJ ON;1?T=i`@=\7:A:= 4 A:? LN7M]SH>=\A - ONR@-/H1R\7:LN? JN=@OQ7MR V U1L�O =\A:LPR 4 ?T9BRSH1K"U19ION?BK OQR R 4 O<=\7MH
OQ;"? 4 ?BL�O%F#?IJPZbRSJ V =\H"9B?\D

� O �+=\L�LN;1R���H ;1R�� ON;1?)LNF>= OQ7a=@A"JN?ILNRSAMU"OQ7MRSHjFE?BJ�ZbRSJ V =\H19I?&R\Z ���	��
 �������d;>=@L 4 ?I?BH
LN7M]SH17Wc>9i=\H6ONA 5 7 V F1JPR `S?BK 435 ON;1?j=\K"K17MON7:RSHXR\Z(= JQ=\H1]\?�c>AWOQ?IJN7:H"]_LP9<;1? V ?\D��);17:L��&=@L�K1? V RSHG-
LPONJQ=@ON?BK ONR 4 ?�F>=\J�OQ7M9BU1A:=\JNA 5 U1LN?gZbU1A�ZbR\J_A:=\H1K =@H1K 7:9I?�7 V =\]\?BL 9BRSH"LPOQJPU19ION?BK U1LP7:H1] V U1AMON7W-

F>=\LPL+?IH1;>=\H19I?BKTJP?BLNR\A:U"ON7:RSH 7 V =\]S7MH1]�=\A:]\RSJN7WOQ; V LBD��%=\H1]S?%LNAM7:9B7MH1]�R\Z.ON;1?
=@H3ON?BH1H1=fZbRGR@OQF1JP7:H6O �
9BR\U1F1A:?IK ��7MON; OQ;"? =\F1F1AM7:9B=@OQ7MRSH R@Z��*��� �*7:L_ON;3U1L =\H ?I9BRSH1R V 7M9i=\A �+= 5 R\Z�? ��ON?BH1K17MH1] OQ;"?
9i=@F>= 4 7MA:7MON7:?ILfR\Z%L V =\AMA � LP9i=\H"H17:H1] FE?BH"9B7:A - 4 ?i= V LN9B=@ONON?BJPR V ?gOQ?IJNLYLNU"9<; =\L ���	��
�������gD �);1?
=\F1F"A:7:9B=@OQ7MRSH R@ZhLP7:H1]SAM?g- F>=\LNL+JN?BLPRSA:UGOQ7:R\H OQ?B9<;"H17:e3U1?IL��+=\L%=\AMLNRY? �"= V 7:H"?BK.D C ;17MA:? V U1AMON7W-/F1=\LNL
OQ?I9<;1H17Me�U"?BL*=\9<;17M?I`S?�JP?BLNR\A:U"ON7:RSHjR\H ON;1?)RSJPK1?BJ�R\Z ON;1?)H>=\JPJNR�� ?BA:?g`@=@OQ7MRSHYK17 V ?BH"LN7:R\HjR\Z OQ;1? � �
9B?IA:A �1=YJN?B=\LNRSH1= 4 A:? 4 RSU1H"K ZbR\J&OQ;1?�LP7:H1]SAM?g- F>=\LNL)JP?BLPRSA:U"ON7:RSHT7 V F"JNR `S? V ?IH3O�7ML)=\F1F"JNR �G7 V =@OQ?IA 5
= Z[=\9IONRSJ�R\Z+l"D ; -�lGD < OQ7 V ?IL�OQ;1? = �I7 V UGOQ; K17 V ?IH1LN7MRSH R\Z�ON;1? �	��9B?IA:A ��;1?IH ON;1? LNU1J�Z[=\9B? 7ML
LQ= V F1AM?BK�=@O�= V 7:H"7 V U V � 5 e3U17:L�O�JQ= OQ?\D%C ;1?BH = V R\JN? K"?BH1LP?jLQ= V F1AM7:H1] 7:L�=\9<;17M?I`S?IK �.OQ;"?
LNF1=@OQ7:=\A.JN?ILNRSAMU"OQ7MRSHT9i=@H 4 ?�ZbU1JPON;1?BJ�7 V F1JPR `\?BK.D

m �6k



��� ��� �/� ���

� � ��	 � � � � � ��
 � ��� ��� � � � � � � � ��� 
 ��� ��� 	 � 	 � ����� � � 
 �5�/� � � � 	C�/� 
 	

�G9B=@ONON?BJNR V ?gOQ?BJ�7MH1LPONJNU V ?BH6ONL K17:LP9BU1LPLN?IK_OQ;3U1L Z[=@J 7:HjON;17:L K"7:LNLP?BJ�O<=@ON7:RSHj;1= `\? 4 ?I?BH

4 =\LP?BK_RSHYOQ;1? ��� � � � � ��� � ���	� 4 =\9 �3LN9B=@ONON?BJ V ?B=\LNU1JP? V ?BH6O �[7 D ?@D �6OQ;"?�ONJQ=\H"L V 7MO(=\H"K JP?B9I?B7M`\?�LP7:]@-
H>=\AMLf;1= `\? OQ;"? LQ= V ? F#RSA:=\JN7 �i=@ON7:RSH �gD �/H JP? V R\OQ?_LN?IH1LN7MH1] =\F1F"A:7:9B=@OQ7MRSH1L �d7WO 7MLfR\Z ON?BH U"LN?IZbU"A
OQR8=\AMLNRXK1?ION?B9IOfOQ;1? ����� � � � � � � ��� � ���	� JP?IOQU"JNH �b7 D ?\D ��ON;1? OQJQ=@H1L V 7MO�=\H"K JN?I9B?I7M`S?_LN7M]SH>=\AML�;1= `\?
RSJ�OQ;1RS]\RSH>=\A&FERSA:=\JN7 �i=@ON7:RSH � � k � � D �);"?89IJNRSLPL�-/FERSA:=\JN7 �B?BK LP7:]SH>=@A&9BRSH6OQ=\7:H1L =\K"K17MON7:RSH>=@A+7:HGZbRSJ�-
V =@OQ7MRSH = 4 R\U"O_ON;1?�LPU1JPZ[=@9B?�F"JNRSFE?BJ�OQ7:?IL ��=\H"K V = 5 9IRSH6OQJN7 4 U"ON?XONR 7 V F1JPR `\?BK JP?IONJN7:?g`@=\A)R\Z
]S?IRSF1; 5 LN7:9B=\A F>=@JQ= V ?ION?BJNL
R\Z*7:H6OQ?IJN?BL�OiDf�G9B=@ONON?BJNR V ?gOQ?BJPL ��;17:9<; V ?i=@LNU1JP? 4 R\ON; OQ;1? 9BR@-%=@H1K
9BJPRSLNL,-/FERSAa=@JN7��I?BK JN?gOQU1JPH1L%=\JN?�ON?BJ V ?BK � � � ��� �	 ��� � ���+L 5 L�OQ? V LBD

	
Z�F>=\J�OQ7:9IU1Aa=@J_7MH3ON?BJP?BLPO 7:H ��7MH1K LN9B=@ONON?BJPR V ?gOQJ 5 7ML_OQ;"? V = OQ;1? V =@ON7:9B=\A)9BRSJPJN? -
Aa= OQ7:R\H R@Z+OQ;"? 9BR -/FERSAa=\JP7��I?BK =\H1K 9BJNR\LNL�- F#R\Aa=\JP7��B?IK JP?IONU1JNH1L�� � � �(m l9= � DT�);1?IRSJN?gOQ7:9B=\A(LPONU1K17:?IL
;>=i`S?*K1? V RSH"LPOQJN=@OQ?IK�OQ;>=@O ��;"?BJN?B=\L 4 R\ON;�OQ;1?�9IR@-/FERSAa=@JN7��I?BK�=\H"K�9IJNRSLPL�- F#RSA:=\JN7 �B?IK 4 =\9 �3LN9B=@ONON?BJ
ZbJNR V OQ;1?�RG9I?i=\H�LNU1J�Z[=\9B? =\JN?�RGK"K8ZbU1H19gOQ7MRSH1L%R\Z�7:AMA:U V 7:H1=@OQ7MRSH = �I7 V UGOQ;8=\H1]SAM? �>OQ;1?�9BR\JNJN?IAa= -
OQ7MRSH 4 ?gO �+?I?BHXOQ;1?�9BR -&=@H1K89IJNRSLPL�- F#RSA:=\JN7 �B?IKTLN7:]\H>=\A:L)7ML�=\H ?I`\?BH�ZbU1H"9IOQ7MRSH R\Zh= �B7 V U"OQ; D��);1?
RSJ�OQ;1RS]\RSH>=\A L 5�V_V ?IONJ 5 R\Z*OQ;17ML�9BRSJPJN?BA:=@OQ7MRSH OQ?IJ V 9IRSH1LN?Ie3U1?BH6OQA 5 ;1=\L�F#R\ON?BH6OQ7:=\A OQR ZbU1J�OQ;1?IJ

9BR\H1LPONJQ=\7MH8OQ;"? ��7MH1K�K17MJN?I9IOQ7MRSHXLNRSAMU"OQ7MRSH�=@H1K8ON;�U"L
7 V F1JPR `\? ��7:H1K8JN?IONJN7M?I`@=\A�=\9B9IU1JQ=@9 5 � � � � D
�
L ��7MON;�9BR\H3`\?BH6OQ7MRSH>=\Ad9BR@- F#R\Aa=\JP7��B?IK LN9i= ONOQ?IJNR V ?ION?BJPL �#ON;1?j= 4 7:AM7MO 5 R\ZhOQ;1?�9BR@- F#R\A �@9IJNRSLPL�-/FERSA
9BR\JNJN?IAa=@ON7:RSH�ON?BJ V OQR�9BR\H3ONJN7 4 U"OQ? V ?i=\H"7:H1]\ZbU"A:A 5 ONR���7MH1K�JN?IONJN7M?I`@=\AS7ML JN?BA:=@OQ?IK�ONR)OQ;1? V ?i=\LPU1JN? -

V ?BH6O�=\9I9BU1JN=\9 5 =\9<;17M?I`S?IK.D�� 9BR\H19B?IJNH ZbRSJ
LPF>=\9I? 4 RSJNH1?YLP9i=@OPOQ?IJNR V ?ION?BJ�L 5 L�OQ? V L �.;1R��+?g`S?IJ �
7:L�OQ;1=@O 4 ?B9B=\U1LN?fOQ;1?f9BJNR\LNL�- F#R\Aa=\JP7��B?IK�JP?IOQU"JNH 7ML
LNR �+?B= � �#OQ;"?jJN?ILNU1AWOQ7:H"] �"��� V = 5X4 ?�OQR�R
L V =\AMA.ZbRSJ
= LPOQ=@OQ7MLPON7:9i=@A:A 5 V ?B=\H17MH1]\ZbU1A V ?i=\LPU1JN? V ?IH6O
OQR 4 ? V =\K1?\D)�);"7:L �#=\H1K8R\OQ;"?BJ%F1JNR 4 -
A:? V Ld=\LPLNR�9B7a= OQ?BK ��7MON; K1?ILN7:]\H17:H1]
=�LPF>=\9B? 4 R\JNH1?&FERSA:=\JN7 V ?gOQJN7M9 LN9B=@ONON?BJPR V ?gOQ?IJh;>=i`S?+H1R\O 4 ?I?BH
F1JP?I`�7:RSU"LNA 5 =\K1K1JP?BLNLP?BK.D

m �	�



�/H�ON;17:L%9<;>=\F"ON?BJ � �\? 5 K"?BLN7M]SH 7MLNLNU"?BL
ZbRSJ�=_FERSA:=\JN7 V ?gOQJN7M9�LN9B=@ONON?BJPR V ?gOQ?IJ�=\JP?j=\KG-
K1JP?BLNLP?BK.D*� ]S?IH1?BJN=\A:7 �B?BKTLP7:]SH1=\A F1JPRG9I?BLPLN7:H"] ZbJN= V ? ��RSJ	�_7:L&F1JP?BLP?BH6OQ?IK ��;17M9<; Z[=@9B7:AM7MOQ=@OQ?IL�OQ;"?
=\H>=@A 5 LN7ML&R\Z FERSAa=\JP7 V ?IONJN7:9�LP9i=@OPOQ?BJPR V ?IOQ?IJ)L 5 LPON? V L � =\H"K =\A:AMR���L*OQ;1?�e3U>=@H3ON7Mc>9B=@OQ7MRSH R\Z V ?i= -
LNU"JN? V ?BH6O)?IJNJPRSJNL�?BH19IRSU1H6OQ?IJN?BK ��7WOQ; ON;17:L�=\K"`@=\H"9B?BK_OQ?B9<;"H17:e3U1?@D��d7:H>=\AMA 5 �3=fH1? � ? �GF1JN?ILNLN7MRSH
ZbRSJ�OQ;"? V ?i=\LPU1JN? V ?IH6Of`@=\JP7a=\H19I? =\LNLPRG9I7a=@ON?BK ��7MOQ; OQ;"?_9IR@-/FERSA � 9BJNR\LNL�- F#R\A 9BRSJPJN?IAa=@ON7:RSH ON?BJ V
7:L+K1?BJP7M`S?IK.D(�);17:L)? �GF1JN?ILNLN7MRSH 7:L&U"LN?BK OQRYK"? V RSH1LPONJQ=@ON?�OQ;>= O)LPOQ=@OQ7MLPOQ7M9i=\AMA 5 V ?i=\H"7:H1]\ZbU"A V ?i= -

LNU"JN? V ?BH6ONL V = 5�4 ?�R 4 OQ=\7:H1?IK ��7WOQ;Y=
FERSA:=\JN7 V ?gOQJN7M9�L 5 LPON? V �S?I`\?BH ��;1?IHjOQ;1?&9IJNRSLPL�- F#RSA:=\JN7 �B?IK
JN?gOQU1JPH87ML&`S?IJ 5 ��?i= � D

� ��6 �  �$��&$  �� �*) � ���:-/4H$����B 84H$&��N��O-�  8�C4H�!���B 84��

C 7MON; = 9BR@- F#R\Aa=\JP7��B?IK V ?B=\LNU1JP? V ?BH6O �&= LNFE?B9I7Mc>98F#R\Aa=\JP7��i= OQ7:R\H 7:L OQJN=\H1L V 7MOPOQ?IK

=\H1K�OQ;"? 4 =@9 ��LP9i=@OPOQ?IJN?BK ?BH1?IJN] 5 7MH�ON;>=@O�LQ= V ?(FERSAa=\JP7��B=@OQ7MRSH�7:L V ?i=@LNU1JP?BK.D 	�H�OQ;"? ���	��
�������

RSU"ON?BJ 4 ?i= V � ZbRSJ 7:H1L�O<=\H"9B? � `S?IJPON7:9i=@A6F#RSA:=\JN7 �i=@ON7:RSH � �%-/FERSA �#JN=\K17:=@OQ7MRSH�7:L.ONJQ=\H"L V 7MONON?BK�=\H1K�OQ;"?

4 =\9 �3LP9i=@OPOQ?BJP?BK ��-/FERSA@F#R���?BJ 7:L.ON;1?BH V ?i=\LPU1JN?IK.Dh�>RSJ.ON;17:L 9i=\LP? � OQ;1?�H1R\J V =\A:7 �B?BK 4 =\9 �3LN9B=@ONON?BJ
9BJPRSLNL,-/LP?B9ION7:RSH 7ML�F1JNR\F#RSJ�OQ7MRSH>=\A OQR ON;1?YK1?ION?B9gOQ?BK FER���?BJ�7MH OQ;1? A:7��@?g- F#RSA:=\JN7 �B?IK�?B9<;"RXLP7:]SH1=\A �
RSJ

��������� ����� ����	��
 � ���"DMm �

��?IJN? ��ON;1? � � LPU 4 LP9BJN7MF"O 7MH1K17M9i=@ON?BLTOQ;>= O �%-,!�RSA�7:L OQJQ=@H1L V 7MOPOQ?BK =\H1K JN?I9B?B7W`S?IK � ���	� 7ML
OQ;"? AM7��\? -/FERSAa=@JN7��I?BK JP?IONU1JNH LN7:]\H>=\A �
=\H1K OQ;1? 4 JN=\9 �\?gOQL�7MH1K17M9i=@ON? OQ;>=@O8= OQ7 V ? =i`S?IJQ=\]\? 7ML
FE?BJPZbR\J V ?BK.D

�);1? 9BJPRSLNL,-/FERSAa=@JN7��I?BK 4 =@9 ��LP9i=@OPOQ?IJ 9IJNRSLPL�- LN?B9gOQ7MRSH 7ML �(7:H ONU1JNH �*F"JNRSFERSJPON7:RSH1=\A*ONR

OQ;"?�F#R���?BJ)7:H ON;1?�9BJPRSLNL,-/FERSAa=@JN7��I?BK LP7:]SH1=\A D��>RSJ*OQ;1?�9B=\LN? ��;"?BJN? �%-/FERSA 7ML+OQJN=\H1L V 7MOPOQ?IK � 4 UGO
��- F#R\A.7:L)JP?B9B?I7M`\?BK �

�������� ���� � ����
 � ���"D k �

��;1?IJN?fON;1?�LNU 4 LP9BJP7:F"O � � 7MH1K17M9i=@ON?BL)OQ;1?�FERSAa=\JP7��B=@OQ7MRSHTLN?IH1LN?fR\Z OQ;"? V ?i=\LPU1JN?IK =\H"K8OQJN=\H1L,-

V 7MONON?BK LN7M]SH>=\AMLTJN?ILNFE?B9ION7M`\?BA 5 D � �"= V F1A:?ILXR@Z ����� =\H1K ���� ZbRSJX=\H ? V �@L R�9B?i=@H ��7MH1K
LNFE?B?IK = O ;U= ��7:H19I7:K1?IH19B? =@H1]SA:? =@JN?YLN;"R���H 7:H �h7M]1D �"DMm\DY��R\ON?jOQ;>= O���m�� 4 R\OQ; ON;1?Y9BR@-�=@H1K
9BJPRSLNL,-/FERSAa=@JN7��I?BK LN7M]SH>=\AML+=\JP?�LP7 V 7:A:=\J ?I`\?BH ZbU1H"9IOQ7MRSH1L*R\Z ��7MH1K K17MJN?I9IOQ7MRSH ��=\H1K � k	� OQ;1?%9BJPRSLNL,-
FERSAa=\JP7��I?BK JN?gOQU1JPH 7ML =\JNR\U1H1K m�; K>' 4 ?BAMR�� ON;1? 9BR@- F#RSA:=\JN7 �B?IK JN?IONU1JNH D '�?B9i=@U1LN?8R\Z�ON;1?BLP?

m �9=



0 60 120 180 240 300 360
Azimuth (deg)

−40

−35

−30

−25

−20

−15

−10

σ 0 (
dB

)

VV (NSCAT2)

HV (NSCAT2−15dB)

�h7M]SU1JN? �"DWm � $+R@- F#R\A�=@H1K $+JNR\LNL�- F#R\A V RGK"?BA�ZbU1H19gOQ7:R\H1LfZbRSJ ? V �@L ��7:H1K =@O ;H= � 7:H"9B7:K"?BH19I?
=\H1]\A:?\D��);1?�9BR@- F#RSA:=\JN7 �B?IKf9IU1JP`\? �&=@Lh]S?IH1?BJN=@OQ?IKYU1LN7MH1]�ON;1?&�
�1$+���+-�k V R�K1?BA6ZbU1H19gOQ7MRSH.D��);1?
9BJPRSLNL,-/FERSAa=@JN7��I?BK 9BU1J�`S? �+=\L�]S?BH1?IJQ=@ON?BK 465 O<= ��7MH1]fON;1?
9IR@-/FERSA:=\JN7 �B?BK 9IU1JP`\?�=\H1K_LNU 4 ONJQ=\9gOQ7MH1]
m�; K>' �*JN?BF"JN?BLP?BH6OQ7MH1] ON;1?8ON;1?BRSJP?ION7:9i=@A�K17 � ?IJN?IH19B? 4 ?gO �+?I?BH OQ;"?�9BR -Y=\H"K 9BJPRSLNL FERSA:=\JN7 �B?BK
4 =\9 �3LP9i=@OPOQ?BJ �[LP?B? �>?�� � � D

9<;>=\JN=\9ION?BJP7:LPON7:9IL �3OQ;1?
=\K1K17WOQ7:R\H R@Z OQ;"?
9BJPRSLNL,-/FERSAa=@JN7��I?BK 4 =\9 �3LN9B=@ONON?BJ&9IJNRSLPL�- LN?B9gOQ7MRSH � 435 7WOQLN?IAMZ �

=\K1K"L%AM7MOPOQA:?%OQRYOQ;"? ��7MH1KXJN?IONJN7M?I`@=\A.F1JPRG9I?BLPLBD
� K17 � ?IJN?BH6O F1;1?IH1R V ?BH1R\A:RS] 5 ? V ?BJP]S?BL ��;1?IH ON;1? 9BRSJPJN?IAa=@ON7:RSH R@Z�ON;1?T9BR@-f=@H1K

9BJPRSLNL,-/FERSAa=@JN7��I?BK LN7M]SH>=\AML&7:L&OQ= �\?IH.D���?BJP? �

� 
 � � � ��� ���� � ���� 
 ���"D �	�

JN?IF1JN?ILN?IH3ONL�ON;1? � � � ��� �	 ��� � ��� ���
� � � � ��� ����� ����� � � � � ����� �����_=\LNLPRG9I7a=@ON?BK	��7MON; ON;1?�� � =\H"K � �
LN7M]SH>=\AMLBDh�G7 V 7:A:=\J 9BJPRSLNL,-/LP?B9ION7:RSH"L�9i=\H 4 ?&K1?gc>H1?BKYZbRSJh=\H 5 9IR Vj4 7MH>=@OQ7MRSH R@Z F#RSA:=\JN7 �i=@ON7:RSH"L � LN?I?
��e D ���"D ; � � D+�
L%LN;"R���H�7:H8�h7:]1D	�GD k �>U"H1A:7 �\?�OQ;1?�9BR@-+=\H"K�9BJPRSLNL,-/FERSA 9BJPRSLNL,-/LN?I9ION7:RSH1L �EON;1?�9BRSJ,-
JN?IAa=@ON7:RSH_9BJPRSLNL,-/LN?I9ION7:RSH 7:L+=\HTR�K1K ZbU1H19gOQ7MRSHTR\Z ��7:H"KTLNFE?B?BK D*�);"7:L&L 5GV V ?IOQJ 5 7ML&RSJ�OQ;1RS]\RSH>=\A
OQR�ON;1?�?I`S?IH_L 5�V_V ?IONJ 5 R\ZEOQ;"?&OQJQ=@K17MON7:RSH>=@AGLP9i=@OPOQ?BJPR V ?IOQ?IJ(9BR@- F#RSA V ?B=\LNU1JP? V ?BH6OQL ��=\H1K 9BRSH�-
LN?Ie3U1?BH6OQA 5 =\K"K1L)H1? � 7MH"ZbRSJ V =@ON7:RSH OQR ON;1? ��7MH1K JN?gOQJP7:?I`@=\A#F1JNR�9B?ILNL�� �	� � D��);1? V ?i=\LPU1JN? V ?IH6O
R\Z*FERSAa=\JP7 V ?IONJN7:9�9IRSJNJP?BAa= OQ7:R\H�9BJPRSLNL,-/LP?B9ION7:RSH 7ML�=\H 7 V FERSJPOQ=\H6O�9i=@F>= 4 7MA:7MO 5 4 ?B7MH1]T9BR\H1LN7MK1?BJP?BK

ZbRSJ&ZbU"ONU1JN?�LP9i=@OPOQ?BJPR V ?IOQ?IJ�L 5 LPON? V L � ?
� � D

m �B;



0 60 120 180 240 300 360
Azimuth (deg)

−0.001

−0.0005

0

0.0005

0.001

σ H
V

V
V

�h7M]SU1JN? �"D k � $+R -/FERSA �S$+JPRSLNL,-/FERSA39BRSJPJN?IAa=@ON7:RSHf9BJNR\LNL�- LN?I9IOQ7MRSHYZbRSJ ? V �@L ��7MH1KY=@O ;U= � 7:H"9B7:K"?BH19I?
=\H1]\A:?\Dh�);17:L�9BU"JP`S?�7ML)9BR V F1U"ON?BKTZbJNR V =jOQ;1?IRSJN?gOQ7:9B=\A V RGK"?BA R@Z 4 =@9 ��LP9i=@OPOQ?IJ%ZbJPR V FE?BJP7:R�K17:9
LNU"JPZ[=\9I?BL � �	� � D

� � @ � �!�:-/4H$&���B 84H$�� 7 ��"' P4U3������� � ����$ � �O-� �$:�!��"

� V R�K17Wc>?BK FE?BH19I7:AW- 4 ?B= V JN=\K>=\J�LP9<;1? V =@OQ7M9 ����;17M9<;�7MH19BAMU1K1?BL)ON;1?f9B=\F>= 4 7:A:7WO 5 ONR

V = �\?jFERSA:=\JN7 V ?gOQJN7M9 V ?B=\LNU"JN? V ?BH6ONL�7:L
LP;1R���H 7:H �h7M]1D �"D � �[9IR V F1=\JN?�OQR OQ;"? ���	�c� ��������K1? -

LN7M]SHX7:HX�h7:]"D/=1D ��gD+��?BJP? = LN7MH1]SAM?�OQJQ=@H1L V 7MOPOQ?BJ)]\?BH1?IJQ=@ON?BL�= F1U1AMLN?�OQ;1=@O
7ML)?B7WOQ;1?IJ�JPRSU"OQ?IKXONR
OQ;"? 7MH1H1?IJ�R\J�RSU"OQ?IJ 4 ?B= V 465 L ��7WOQ9<; �#mSD �);1?YOQJN=\H1L V 7MO�LP7:]SH1=\A 9BJPRSLNLP?BL�OQ;1? JPR\O<=\J 5 �PRS7MH3O
7:H6ON?BJPZ[=@9B?)OQR�OQ;1? V R `�7MH1]�=\H6OQ?BH"H>="D*� ��7WOQ9<;1?IL)�1k�=\H1K � � =@JN?�U1LN?IK OQR�9IRSH6OQJNR\A ��;"7:9<; FERSA:=\J�-
7��B=@OQ7MRSHT7:L�OQJQ=@H1L V 7MOPOQ?BK 465 JPRSU"OQ7MH1]jOQ;"?�LP7:]SH1=\A OQRYON;1?�=\F1F1JPRSF1JN7:=@OQ?
F#RSJ�O�R\Zh=\H RSJPON;1R V RGK1?

OQJN=\H1LPK1U19B?IJ
=@H1K�=@H3ON?BH1H1= Zb?I?BKX;1RSJNH8=\LPLN? V 4 A 5 D

�
L RSH OQJN=\H1L V 7WO � OQ;"?XJP?B9I?B7M`\?XZbU"H19ION7:RSH =\AWOQ?BJPH>=@ON?BL 4 ?IO ��?B?BH OQ;1?TO ��R 4 ?i= V LBD
C ;1?IH OQ;1?�?I9<;1RjZbRSJ+= ]S7M`\?BH 4 ?i= V JP?IOQU"JNH1L �"L ��7WOQ9<;1?IL%�1k =\H"KX� �j=\JP?
LN?gO)LNRfOQ;>=@O 4 R\ON; OQ;"?
9BR -/FERSAa=\JP7��I?BK JP?IOQU"JNH8=\H1K 9BJPRSLNL,-/FERSAa=\JP7��I?BKTJN?gOQU1JPH V = 5 4 ?�F>=\LPLN?BK 465 OQ;"?�O ��R 9<;>=\H1H"?BA JNR@-
O<=@J 5 �PR\7:H6OhONR�O �+R�LN?IF>=\JN=@OQ?)JP?B9B?I7M`\?BJNLID(��?IJN? �6ON;1?)LN7M]SH>=\AML =\JP?&K1R���H19BR\H3`\?BJ�OQ?BK =\H1KYK17M]S7MOQ=\A:A 5
LQ= V F1AM?BKT7MHTe�U1=\K1JQ= OQU1JP?�OQRjZbRSJ V O ��R 9IR V F1A:? � K>= O<=YLPONJN?i= V LID��/HX]\?BH1?IJQ=\A �GOQ;"?�K1?BLP7:]SH K1? -

LN9IJN7 4 ?IK_7MH3`\RSAM`\?BL(RSH1A 5 = V RGK"?BJQ= OQ?)? �GF>=@H1LN7MRSH_R@ZEON;1?�9BU1JPJN?IH3O*H1R\HG-/FERSAa=@JN7 V ?IONJN7M9 ���	��
�������

=\JP9<;17MON?B9IONU1JN?��&OQ;1?�@? 5 K17 � ?IJN?IH19B?IL 4 ?B7MH1] OQ;"?8=@K1K17MON7:RSH R\Z
K"U>=\A&FERSAa=@JN7��I?BK =\H6ON?BH1H>= Zb?I?BK

m �
�



Transmitter

Receiver 1

Receiver 2

OMT

OMT

V-pol

V-pol

H-pol

H-pol

feed

feedI
Q

I
Q

Rotary Joint
Interface

S1

S2

S3

�h7M]SU1JN? �"D � � ��?BF1JP?BLP?BH6O<=@ON7M`\? FERSAa=@JN7 V ?IONJN7M9 LP9i=@OPOQ?IJNR V ?ION?BJ LN9<;"? V =@OQ7M9 �[9IR V F1=\JN? ONR
�h7M]1D�=1D �	�gD ��?BAa= OQ7M`\?_ONR = 9BRSH6`\?BH6OQ7MRSH>=\A&LP9i=@OPOQ?IJNR V ?ION?BJ � ON;1? FERSAa=@JN7 V ?IONJN7M9 K"?BLN7M]SH 7 V F1AM?g-
V ?BH6OQLf=\H =@K1K17MON7:RSH1=\AhJP?B9B?I7M`\?BJfZbR\J�LP7 V U"AMO<=@H1?BRSU"L�K"?IOQ?I9ION7:RSH R\Z+ON;1?_9IJNRSLPL�- F#RSA(JP?IOQU"JNH =@H1K
=\K1K"7MOQ7MRSH>=\A#L ��7WOQ9<;1?IL%ZbRSJ)JPRSU"ON7:H1]jON;1?�O �+R_LN7:]\H>=\A:LID

;1RSJPH1L �>LPR V ?�=\K1K17WOQ7MRSH>=\AEL ��7WOQ9<;17MH1] RSHTOQ;1?�JPR\O<=@ON7:H1]YLP7:K1?�R@Z�ON;1?�=\H6OQ?IH1H>= LNU 4 L 5 LPON? V �#=@H1K
=\H =\K1K"7MOQ7MRSH JP?B9B?I7M`\?BJ�9<;>=\7MH.D � O�7ML�? V F1;>=\LP7��I?BK OQ;>= O�OQ;17ML�7:L �PU"LPO�RSH1?YJP?BF1JP?BLP?BH6O<=@ON7M`\?_7 V -
F1AM? V ?BH6O<=@ON7:RSHTR@ZdON;1?�F#RSA:=\JN7 V ?gOQJP7:9%9i=\F>= 4 7:AM7MO 5 D

� � T � �!�:-/4H$&���B 84H$�� N5$��!��-I� ����"P�O4H$��� �$:�!�

�/H�ON;17:L%LN?I9IOQ7MRSH = ]\?BH1?IJQ=\A ZbRSJ V U1Aa=@ON7:RSHTZbRSJ�=\H>=@A 5 �B7MH1] ON;1? FERSA:=\JN7 V ?gOQJN7M9�LN7M]SH>=\A

V ?i=\LPU1JN? V ?IH3O�F1JPRG9I?BLNL%7:L�K1?g`S?IA:RSFE?BK.D+�);1?f?I9<;1R LP7:]SH1=\A = V F1A:7WOQU1K1?
K1?ION?B9ION?BK 7MHXON;1?f��-/FERSA

=\H1K �%-/FERSA 9<;>=\H1H"?BA:L ���
�
=\H1K ��� �1= O+OQ7 V ? � ZbJNR V = LP7:H1]\A:?
LP9i=@OPOQ?IJN?BJ+A:R�9i=@ON?BKT=@O+F#R\LN7MON7:RSH�
j7ML)JN?BF"JN?BLP?BH6OQ?IK 465

m �B<



��� �  � � � �
	�
� � � � � �
 �

�
�� � �

��=�� ����� � � �
 � �
��� �� ��� � � � � �
 � �

� �� � �
	�
�
� �� � �
	� �

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

� �� � �
 � � ��� � �
	�
�
��

��� � � � � �
	� �
� �� � �
��

�
� �� � �
�� �

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

�
�� � ��
�

�
� ���"D =�

��?IJN? � �  =\H1K � � =\JP?YOQ;1?YOQJN=\H1L V 7WO�LN7M]SH>=\AML�]S?BH"?BJQ= OQ?BK ZbRSJ�OQ;"?_�)-�=\H1K ��- F#RSAh9<;>=\H1H1?IA:LID
�);1?_?B9<;1RXZbJNR V ?B=\9<; LP9i=@OPOQ?BJP7:H1]8?BAM? V ?BH6O�7:L�K1?BA:= 5 ?BK 435 k � �
�� � � =\H"K ��RSF1F"A:?BJ�LP;17MZ ON?BK 435
� � D��);1? � �� � � L�=\H1K �

�
� � � L�=\JP? OQ;1?�OQR\OQ=\Ad= V F"A:7MONU1K1?�]6=\7MH1L�ZbR\J�OQJN=\H1L V 7MLNLN7MRSH8=\H1K JN?I9B?IF"OQ7MRSH

OQ;"JNRSU1]\; ON;1?�JQ=\K>=@J*L 5 LPOQ? V D��/H ]S?IH1?BJN=\A �3=\AMA"OQ;"? � � � � L+=\JP?�9BR V F1A:? � �3=\H1K O<= �@?�7MH3ONR�=\9B9IRSU1H6O
OQ;"?f=@H3ON?BH1H1= F>= ONOQ?IJNH � �%� 9BR V FERSH1?BH6O�]6=@7:H1L�=\H"K8AMRSLNLP?BL �>F";>=\LN?�LN;"7MZ OQL �>=\H1K8=\AMA 9BJPRSLNL,- OQ=\A��

4 ?IO ��?B?BH ON;1?_O ��R 9<;>=\H1H"?BA:LID8C ;1?IH JN?I9B7:F"JNR�9B7MO 5 9IRSH1K17WOQ7MRSH1Lf=\F1F1A 5 � ���� � ���� 7:H 4 R\ON;
OQ;"?�ONJQ=\H"L V 7MO%=\H1KXJN?I9B?I7M`S?�]6=@7:H V = OQJN7M9B?ILBD��);1? � � � � L%=\JP?�9IR V F1A:? �TJQ=@H1K1R V `@=\JP7a= 4 A:?BL�=@H1K
ZbRSJ V = LN9i= ONOQ?IJN7MH1] V =@ONJN7 � K1?gc>H1?IK�LNU"9<;8OQ;1=@O

� � � � � �
�� � �� � � �
 � � 
 � � � � � � � � �
 � �
 � � � ���"D ; �

�);1?&ONR\O<=\A�LN7M]SH>=\AGJN?I9B?B7W`S?IK 7MHj?i=@9<; 9<;1=\H1H1?IA>7:LdON;1?)9BR Vj4 7:H1=@OQ7MRSH R\Z ?I9<;1R�JN?gOQU1JPH1L

ZbJNR V =\AMA.LN9B=@ONON?BJNL � F1A:U1L&ON;1?BJ V =@A.H1RS7MLN? �

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

� � � � � � 	 � � �
 � � � � � �
�� �	� � � � � � ���"D �	�

��;1?IJN? OQ;1? 7MH6OQ?B]\JQ=\A�7:L FE?BJ�ZbRSJ V ?BK�R `S?IJTOQ;1? 7MA:A:U V 7MH>=@OQ?IK RG9I?i=\H LNU"JPZ[=\9I? =\H1K�OQ;1? H"RS7:LP?
9BR V FERSH1?IH3ONLj7:H ?i=\9<; 9<;1=\H1H1?IA �
�  =\H1K�� � � V = 5 4 ? F>=@JPOQ7:=\A:A 5 9IRSJNJP?BAa= OQ?BK K1U1? ONR�9BJPRSLNL,-
O<=@A�� D

� � T ��6 +GQ���E �IJ � �!� � �C-I"P3�4��������! 

�
L&=\H ? �1= V F1AM?
R\Z.;1R�� ON;1?�= 4 R `S?�ZbJQ= V ? ��RSJ	� 9B=\H 4 ?�U1LN?IK �"9IRSH1LP7:K1?IJ+OQ;1?�9i=\LP?
R\Z>ON;1?)9BRSH6`\?BH6OQ7MRSH>=\A V ?i=@LNU1JP? V ?BH6O�R\Z OQ;"?&9BR@- F#R\Aa=\JP7��B?IK 4 =@9 ��LP9i=@OPOQ?IJ*9IJNRSLPL�- LN?B9gOQ7MRSH �f?B7WOQ;1?IJ

��������� RSJ ����� � ��;17M9<; =\JP?�= 414 JN?g`�7a=@ON?BK =@L ����� =\H1K ��� �gD �);17ML(F1JNR�9B?ILNL �+=\L*K1?BLP9BJP7 4 ?BK
7:H F1JP?I`�7:R\U1L�9<;>=\F"ON?BJNL �h=@H1K 7ML�JN?I? �"= V 7:H1?IK ;1?IJN? 7:H AM7:]S;6O�R\Z*OQ;"? ? �GF1JN?ILNLN7MRSH ZbR\J�OQ;1?YZbU1AMA 5
FERSAa=\JP7 V ?IONJN7:9%L 5 L�OQ? V K1?ILN9IJN7 4 ?BK 465 ��e D ���"D>= �gD

m �O?



�
LPLNU V 7:H"] OQ;>=@O�RSH1A 5 = ��- F#R\Aa=\JP7��B?IK�LP7:]SH>=@Ad7ML�]S?BH"?BJQ= OQ?BK 465 ON;1?jOQJN=\H1L V 7WONOQ?IJ �
OQ;"?BH �  � l"D '+?I9i=\U"LN? ���	� � ���� =\H1K ����� � ���� � 7MO�7:L�O 5 F17:9B=\A OQRX=\LPLNU V ?YOQ;>= O�=\A:A
9BJPRSLNLfOQ?BJ V L 7:H ON;1? V =@OQJP7:9I?BL R@Z%�(e D � �"D>= �f=@JN? H"?B]SAM7:]S7 4 A:?@D8�%R\OQ7MH1]8ON;>=@OfOQ;1? LP7:]SH1=\A+=@H1K
H1RS7MLN?�=\JP?�U1H19BR\JNJN?IAa=@ON?BK �1ON;1?�OQR\OQ=\A.7MH3ON?B]SJN=@OQ?IK F#R���?BJ%7:H OQ;"? � 9<;>=@H1H1?BA 7ML

� � � � � � 
 � � ����� � � � � � � � 
 � ���"D < �

��;1?IJN? K1?BFE?BH"K1?BH19I?_R\H � ;>=@L 4 ?I?BH K1JNR\F1F#?IK ZbR\J�H1R\OQ=@OQ7MRSH>=\A�9BRSH6`\?BH17M?BH19I?\Dj� O�7ML�=\LNLPU V ?BK
OQ;1=@O(OQ;1?���7:H1K �G=@H1K ;1?IH19B? 4 =\9 �3LP9i=@OPOQ?BJ �"7ML*9IRSH1L�O<=\H6O�R `\?BJ*OQ;1?%7:AMA:U V 7:H>= OQ?BK�ZbRGR@OQF1JP7:H6OiDd�);1?

F>=\JN= V ?IOQ?IJ � 7:L&OQ;3U1L%K1?gc>H1?BK�=\L

� � � �
��= � � �

	 � � �
 � � � ��� � � � � � ��� � �
� �
 � � � ���"D ?	�

�
HX?BL�OQ7 V =@ON?�R\Z
�����T7:L&OQ;"?BH�R 4 O<=\7MH1?BKTZbJPR V

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


�
� ���"D �	�

��;1?IJN? ON;1?_ON7:A:K"?_7MH1K17:9B=@OQ?IL�ON;>=@Oj=\H ?BL�OQ7 V =@ON?_R@Z�=\H 7MH1;1?BJP?BH6OQA 5 JQ=\H1K"R V e�U1=\H6OQ7MO 5 7ML R 4 -
O<=@7:H1?IK.D � 5 F17:9B=\A:A 5 ��=\H ?ILPON7 V =@OQ? R\Z�OQ;1? 9<;>=\H1H"?BA*H1RS7:LP? F#R���?BJ 7ML�R 4 O<=@7:H1?IK 465 R 4 LP?BJP`�7MH1]
OQ;"?�H1R\7:LN? � R�RSJ*=@O�=�ON7 V ?)RSJ(7:H_= 4 =\H"K ��7:K"ON; ��;1?IH_ON;1?
LP7:]SH>=@A>7:L(H1R\O*F1JP?BLN?IH6OiD � �%R\OQ?�OQ;>= O
OQ;"7:L+7ML+7MK1?BH6OQ7M9i=\A �"=@AMOQ;"RSU1]S; ��7MOQ;TLPR V ? ��;>=@O+K17 �#?BJP?BH6O)H1R@O<=@ON7:RSH �3OQRfOQ;1?�F"JNR�9B?BLPL)K1?BLP9BJP7 4 ?BK
7:H8�G?I9ION7:RSH �"D �"D �"D �

�>RSJ LP9i=@OPOQ?BJPR V ?IOQ?IJ(F#?IJPZbRSJ V =\H"9B?)?I`@=\AMU>=@ON7:RSH �@7MO�7ML(=\A:LPR�7 V F#R\JPO<=@H3OdOQR �3H1R�� OQ;"?
`@=\JN7:=\H19I?�R\Z OQ;1?%9BJPRSLNL,-/LN?I9ION7:RSH ?ILPON7 V =@OQ?@D��>RSJ*ON;1?%9BR@- F#RSA:=\JN7 �B?IK_JP?IOQU"JNH 9B=\LN? ��ON;17:L*;>=\L 4 ?I?BH
K1?IJN7M`\?BK 7:HY$+;>=\F"ON?BJNL =�=\H1K(;GDd�
LNLPU V 7:H1]
ON;>=@O ON;1?&?I9<;1R�JN?gOQU1JPH ;1=\L�=���RSF"F1A:?IJ 4 =\H"K ��7:K"ON;

�
�
=\H1K =_F1U1A:LP? K1U"JQ=@ON7:RSH � � � =\H1K�ON;>=@O
ON;1? ON7 V ?g- 4 =\H1K ��7MK"OQ;XF1JNR�K1U19gO�R\Z ON;1?jH1R\7:LN? -/RSH"A 5

?BL�OQ7 V =@ON?�7:L � �
�
� � �"ON;1?�9BJPRSLNL,-/LN?I9ION7:RSH8?BLPON7 V =@OQ?�`\=@JN7a=@H19B? V = 5 4 ?�=\F"F1JNR �G7 V =@OQ?IK =\L

�*=\J�� ������ � �
������ � �

�

�1m�� k
�"�
� ��� � m

�"�
� � ��� � � � �"DWm l�

��;1?IJN?�OQ;1?�LN7M]SH>=\A - ONR@-/H1R\7:LN?%JQ= OQ7:RY7ML�K1?Ic>H"?BK =@L

�G�
� ��� � � �����
� � � � � � 
 � � �"DWmSm��

�G7 V 7MAa=\J*JN?ILNU1AWOQL%=\JN?�R 4 O<=\7MH1?BKTZbRSJ&ON;1? V ?B=\LNU1JP? V ?BH6O%R\Z
����D

m ���



� � T � @ � �!��-/4H$����B 84H$&� N�$:�!��-I� ���C P���9 8$��!�

��R R 4 OQ=\7:H OQ;1?_9BRSJPJN?BA:=@OQ7MRSH 9BJNR\LNL�- LN?I9IOQ7MRSH �������� K17:LP9BU1LPLN?IK 7MH �G?I9ION7:RSH �GDMm �h=
9BR\JNJN?IAa=@ON7:RSHTR@ZdON;1?�JN?IONU1JNH ZbJNR V OQ;"?�O ��R F#RSA:=\JN7 �i=@ON7:RSH_9<;>=\H1H"?BA:L V U"LPO 4 ?�FE?BJ�ZbRSJ V ?BK.D(�>RSJ
OQ;"? V ?i=@LNU1JP? V ?BH6O%R\Z �������� �1ZbJPR V ��e3LBD � �GD = �&=@H1K ���"D �� �+?�;>=i`\?�ON;>=@O

� � � � � 
 � � � �������� � � � �������	� � � � ��� � � � � � 
 � � �"DWm k	�

��;1?IJN?�OQ;1?�OQ?IJ V � � ��������T9BRSH6O<=@7:H1L&ON;1?�K1?BLP7:JN?IK87MH"ZbRSJ V =@ON7:RSH ��7MOQ;
� � � � �

�:=�� ���
	 � � �
 � � � ��� � � � � ��� � � ��

� �
�� � � � �"DWm ��

=\H1K OQ;"?�A:=\JN]\?BLPO���9BJNR\LNL�- O<=\A � � OQ?BJ V 7:L � � �������	�	��7WOQ;

� � � � �
��=�� � �

	 � � �
 � � � ��� � � � � ��� � � ���
� �
�� � � � �"DWmP= �

�);1?	� � � � � � 7:Hj�(e D ���"DMm k	��JP?BF1JP?BLN?IH6OQL�=\A:AEmP=�R\ON;1?BJ 9IJNRSLPL�- O<=\A ��ON?BJ V L ��7WOQ;jOQ;"?�=\F1F1JPRSF1JN7:=@OQ?
� � L+LP7 V 7:Aa=@JNA 5 K1?gc>H1?BK D��%R\OQ?�OQ;1=@O ��;1?IH OQ;1?�9BJPRSLNL,- OQ?IJ V L+7MH ON;1?
]6=@7:H V =@ONJN7:9I?BL�=\JN?%L V =\AMA �
OQ;"?�9BR\H3ONJN7 4 U"OQ7MRSH R\Z�OQ;"?89IJNRSLPL�- OQ=\A�� FER��+?IJ OQR ��eED � �GDMm k �Y7ML_L V =@A:A�=\L �+?IA:A D��);1?8ON?BJ V
� � � � � 
 JP?BF1JP?BLP?BH6OQL*OQ;1?%F#R@OQ?BH6ON7a=\A"ZbR\J OQ;1?�H1RS7MLN?�7:HYON;1?�9<;1=\H1H1?IA:L�OQR 4 ?�F>=@JPOQ7:=\A:A 5 9BRSJPJN?BA:=@OQ?IK
K1U1?�ONR 9IJNRSLPL�- O<=\A � ? �#?B9gOQLBD

�
HX?BL�OQ7 V =@ON?�R\Z
��������T7:L&ON;3U1L�R 4 O<=\7MH1?BKTZbJPR V

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

� � � � �"DWm�;	�

��R@OQ?
ON;>=@O&7MH RSJPK1?BJ�OQRj?ILPOQ7 V = OQ? �������� �"=\HT?BL�OQ7 V =@ON?�R@Z 4 R\ON; OQ;"?�LN7M]SH>=\A#=\H1K H"RS7:LP?
9BJPRSLNL,-
O<=@A�� FER��+?IJNL V U1LPO 4 ?fR 4 O<=\7MH1?BK8=\H1K8LNU 4 ONJQ=\9gOQ?IK8ZbJNR V OQ;1?�9<;>=\H1H"?BA 9BRSJPJN?IAa=@ON7:RSH V ?i=\LPU1JN? -

V ?BH6OiD �/H ON;1?T9i=@LN?TR\Z%OQ;1?TH"RS7:LP? 9BRSJPJN?IAa=@ON7:RSH ON?BJ V ��OQ;"7:Lj7MLY=\9B9IR V F1A:7MLN;1?IK 7:H = V =\H1H1?IJ
=\H>=@A:RS]SR\U1L�OQR�ON;1? 9IR@-/FERSA �PH1R\7:LN? -/RSH"A 5 � 9B=\A:7 4 JQ= OQ7:R\H ��;"?BJN? F#?IJN7:R�K17M9 R 4 LN?IJP`@=@OQ7MRSH1L�R\Z)OQ;"?
H1RS7MLN? � R�RSJ%=\JN?�FE?BJPZbR\J V ?BK.D+� R\J�ON;1?�LN7:]\H>=\A 9BJPRSLNL,- OQ=\A�� ON?BJ V L � 7WO�7:L V R\LPO�K1?BLP7:JQ= 4 A:?�OQR K1? -
LN7M]SHYOQ;1?�L 5 L�OQ? V LNR�OQ;>=@O(ON;1?�9BJNR\LNL�- O<=\A � ]6=@7:H1L(=\JP?&`S?IJ 5 L V =\AMA �\ON;�U"L V = �37:H"]�OQ;1?�9BJPRSLNL,- OQ=\A��
FER���?BJ%H1?I]SA:7M]S7 4 AM?\Dd� ZdON;17:L�9i=@H8H1R@O 4 ?�=\9<;17M?I`\?BK � OQ;1?IHXON;1?�9BJPRSLNL,- O<=@A�� 9IRSH6O<= V 7:H>= OQ7:R\H V = 5
4 ?�LPU 4 ONJQ=\9gOQ?BK8RSU"O 465 =jOQ;1R\JNRSU1]\;X9B=\A:7 4 JQ= OQ7:R\H R\Zh=\A:A#L 5 LPON? V ]6=\7MH1L)7:HX��e D � �"DWm k	� D

�
L =@H ? �"= V F"A:? R\Z%;1R�� LPOQJPRSH1] ON;1? 9BJNR\LNL�- O<=\A � ON?BJ V L V = 5 4 ? �(9BR\H1LN7MK1?BJYOQ;"?

9i=@LN?XR\Z �%-,!dR\A�ONJQ=\H"L V 7MONON?BK =\H1K 7:H19I7:K1?IH6O_R\H ON;1?8LPU1JPZ[=@9B?8=@O ;U= � � OQ;1? 7MH19B7MK1?BH19I?�=@H1]SA:?

mP=6l



ZbRSJ�OQ;"? ���	��
��������R\U"OQ?IJ 4 ?i= V �gD � Z&ON;1? ��7MH1K 7:L 4 A:R���7MH1]X=@OM? V �@L � OQ;"?BH ����� � l�� l"m k
=\H1K �������� � l � lSlSl
� � 7:H1K17M9i=@ON7:H1]YON;>=@O�OQ;1?�9BJPRSLNL,-/LP?B9ION7:RSH8R\ZhON;1?�9BR@- F#RSA JP?IONU1JNH87:L�m � K>'
;17M]S;1?BJfOQ;>=\H ON;1?T9BR\JNJN?IAa=@ON7:RSH 9BJNR\LNL�- LN?I9IOQ7MRSH.D �);17:Lj9IJN?B=@OQ?IL ON;1?TFER\OQ?IH3ON7a=\A*ZbRSJjLP7:]SH17Wc>9i=@H3O

9BR\H3OQ= V 7:H>=@ON7:RSH ZbJPR V ON;1?Yc>JNL�Oj=\H"K A:=\JN]S?ILPO�9BJPRSLNL,- OQ=\A��XOQ?BJ V 7:H ��e D����"DWm k	�gD � Z � ;1R��+?g`S?IJ �
OQ;"? � � �� OQ?IJ V 7:H ��e D ���"DWmP= ��F1JNR `�7:K"?BL�LNU � 9B7M?BH6OY= ONOQ?IH3U>=@OQ7MRSH JN?BA:=@OQ7W`S?jONR8OQ;"? � � � ON?BJ V
7:H ��e D � �GDMm �	� ��OQ;17ML 9BJPRSLNL,- O<=@A�� 7ML JN?IK1U19I?BK.D  ?IO U"LXH"R�� =\LPLNU V ? OQ;>= O�� � � �� � � � � � � � �
� k\l\K>' ZbRSJ)=@A:A �
�D��);17ML&OQ;1?IH87 V F1AM7:?IL � � � � � � � � � � � k\l\K>' �>=@H1KTOQ;3U1L)OQ;1?�ONR\O<=@A 9BJPRSLNL,- OQ=\A��
9BR\H3OQ= V 7:H>=@ON7:RSH 7:L,<YK>' 4 ?IA:R���ON;1?�K1?BLP7:JN?IK8LP7:]SH1=\A.FER���?BJID

� � � � �!�:-/4H$&���B 84H$�� N5$��!��-I� � -/4H$:-I���O�

'+?I9i=\U1LP? R\Z&ON;1? ? �G7:LPON?BH19I?TR\Z&ON;1? 9IJNRSLPL�- OQ=\A�� ON?BJ V L =\H1K ON;1? 9IRSJNJP?BAa= OQ7:R\H1L 4 ? -

O ��?B?BHTON;1? V ��ON;1?�`@=\JP7a=\H"9B?�=\H>=\A 5 LP7:L(ZbRSJ�ON;1?
?ILPON7 V =@OQ?%R\Z ����	���_7:L*e3U17MON?
9IR V F"A:7:9B=@OQ?IK.Dh��H
=\H>=@A 5 OQ7M9&? �GF1JP?BLNLP7:RSH ZbRSJ OQ;"? V ?B=\LNU1JP? V ?BH6O(`@=\JN7:=\H19B?�=@H1K_7WOQL�LP?BH1LP7MOQ7W`�7MO 5 ONR�LN7:]\H>=\AW- OQR@- H1RS7MLN?

JQ= OQ7:R �";1R���?I`S?IJ �E7:L&9IJN7WOQ7:9B=\A#ZbR\J)7:H1L�OQJNU V ?IH3O�9IRSH19I?BF"O%K1?ILN7:]\H8=@H1K8FE?BJ�ZbRSJ V =\H19I?�LN7 V U1Aa= OQ7:R\H.D
��K1?BJP7M`@=@ON7:RSH R@ZdON;1? V ?B=\LNU1JP? V ?BH6O�`@=\JN7:=\H19B?�ZbR\J�= FERSA:=\JN7 V ?gOQJN7M9�LP9i=@OPOQ?IJNR V ?ION?BJ�L 5 LPON? V 7ML

F1JPR `�7MK1?BKj;"?BJN?*ZbRSJ OQ;1?*c>JNL�OhON7 V ?\D � �+R
LN7 V F1AM7Mc>?IK�9B=\LN?IL�=\JP?�? �1= V 7MH1?BK � =� ��;1?IJN?+H"R
9BJPRSLNL,-
O<=@A��Y9BR\H3OQ= V 7:H>=@ON7:RSH 7ML+=\LPLNU V ?BK �1=\H1K 4 � ��;"?BJN?
LNR V ?
7MHG-/F1;1=\LN?%9BJPRSLNL,- O<=@A��Y9BR\H3OQ= V 7:H>=@ON7:RSH
7:L�=@A:A:R���?BK.D

� � � ��6 � �C-I" 3�4��������� � -�4U$:-I���O� � $  �Q � � E 4���" " JL+ -I��

�/H OQ;17ML�=\H>=\A 5 LP7:L�ON;1? 9i=\LP?_7ML�=\K1K1JP?BLNLP?BK ��;"?BJN? F1U1JP? ��-/FERSA:=\JN7 �i=@ON7:RSH87:L�OQJN=\H1L,-

V 7MONON?BK =\H1K ��;1?BJP? 4 R\OQ; ��-/FERSA �[9IR@-/FERSA�RSJ � � � � ��=\H1K ��-/FERSA �b9BJNR\LNL�- F#R\A*R\J �N��� � ��=\JP?

JN?I9B?I7M`S?IK � 7 D ?@D � �  � l87MH ��e D ���"D =� � DX�);"7:L 9B=\H ?B=\LN7MA 5 4 ?_? �GON?BH1K"?BK OQRXOQ;1?_9i=\LP? ��;1?BJP?
F1U1JP?Y��- F#R\A�7ML%ONJQ=\H"L V 7MONON?BK.D�'+?I9i=\U1LP?Y7MO�7:L�=\A:LPR =\LPLNU V ?BK ON;>=@O�OQ;1?f7:H1L�OQJNU V ?IH3O
;>=\L 4 ?I?BH

K1?ILN7:]\H1?BK LNU19<; OQ;>=@O�9IJNRSLPL�- O<=\A � 7:L�H1?I]SA:7M]S7 4 A:? �EOQ;1?IH =\AMAh9IJNRSLPL�-/]S=\7:H1L�7MH ��e D � �"D>= ��=\JP? �B?BJPR
=\H1KX9BR\H1LN?Ie�U"?BH6OQA 5

�  � � � � � �
��= � � �

	 � � �
 � � � � �� � � ���� �
 � � � � � � � k � �
 �� � 	 � � � � �	�  � � �

� � � � � � � �
��= � ���

	 � � �
 � � ��� � ��� � � ���� �
�� � � � � � � k � �
 �� ��	 � � � � �	� � � � ��� � �"DWm���

mP=1m



��;17M9<;89B=\H 4 ?�H1R\OQ=@OQ7MRSH>=\AMA 5 LN7 V F"A:7Mc1?BK OQR

�  � � � � ���� � � � �	�  � � �
� � � � � � ����� � � � �	� � � � ��� � �"DWm�<	�

� Z ��?�ZbU1JPON;1?BJ V = �\?�OQ;"?f=@LNLNU V F"ON7:RSH OQ;1=@O � � � � � � ��� � � � �	� �b7 D ?\D �"OQJN=\H1L V 7MO%=@H1K8JP?B9I?B7M`\?
]6=\7MH1L&ZbRSJ)?B=\9<;89<;1=\H1H1?IA�;1= `\?�ON;1?�LQ= V ? V =@]SH17MONU1K1?�=@H1K8F";>=\LN? � �1ON;1?BH

����� � � ���	� � ���� 

�

���� � � ���� � ��� 

�

�������� � � ���	� � ����

�

� � �"DWm8?�

��;1?IJN?
� � � �

��=�� � �
	 � � �
 � � � ��� � �

� �
 � � � � �"DWm ��

�);1?�H1R 9BJPRSLNL,- O<=@A�� 9IRSH1K17WOQ7MRSH =\A:LPR 7 V F1A:7M?BL

� � � � � 
 � l � � �"D k\l�

�/H ]S?BH"?BJQ=@A � ���� � � � � ����� � � � � �  � � � �>=\H1K � � � � �&=\JP?�9BR V F1AM? � JQ=\H1K"R V F1JPRG9I?BLPLN?BLID
�);1? �P7:H�-/F1;>=@LN? � 9IRSH1K17WOQ7MRSH ]SU>=\JN=\H6OQ?B?IL)OQ;>=@O

� V � � � ����� � � � � ��� � � � � � � ��l
=\H1K

� V � ��� � � � � � � � � � � � � � ��l
ZbRSJ =\A:A � =\H1K � � D �(=\9<;�F1JNR�9B?ILNLT7MLT��=\U1LNLP7a=\H K17:L�OQJN7 4 U"ON?BK � ON;1? � � L 4 ?B9B=\U1LN? ON;1? 5 =\JP?
]S?IH1?BJN=@OQ?IK 465 OQ;1?IJ V =\A H1RS7MLN? � =\H1K OQ;1? �	� L 4 ?B9i=@U1LN?�OQ;1? 5 =\JN?�]S?IH1?BJN=@OQ?IK 465 = LPU V V =@ON7:RSH
R `S?IJ V =\H 5 JQ=\H"K1R V LNU1J�Z[=\9B? LP9i=@OPOQ?IJN?BJPLBD �/H OQ;17ML K1?g`S?BAMRSF V ?BH6O �%RSH1A 5 OQ;1?�`@=\JP7a=\H"9B?8ZbR\J
=\H 7MH6OQ?BJPJNU1FGOQ?BK�$�C LN7:]\H>=\A�7:L_K1?BJP7M`S?IK � 4 U"O OQ;1?8JN?BLPU1AMONL =\JP?�?B=\LN7MA 5 ? ��ON?BH1K1?IK OQR R@OQ;1?IJ

V RGK1U"Aa=@ON7:RSH ZbRSJ V = OQLBD �);1? 4 =\H1K ��7MK"OQ; R\Z
ON;1?X?B9<;1R���
�
�+7:L K1?ION?BJ V 7MH1?BK 465 ON;1?XJQ=\H1]\?

R\Zf��RSF1F"A:?BJ ZbJN?Ie�U"?BH19I7:?BLTON;>=@O =\JP? 7:AMA:U V 7:H1=@OQ?IK 465 ON;1? =\H6OQ?IH1H>= ZbR�R\OQF1JP7:H6OiD � Z�c>AWOQ?IJN7:H"]

7:L
F#?IJPZbRSJ V ?IK�OQRT? �1=@9IOQA 5 V =@OQ9<; ON;1?jLP7:]SH>=@A 4 =\H"K ��7:K"ON; � ON;1?YH1RSJ V =\AM7��I?BK�FER��+?IJ�LNFE?B9gOQJQ=@A

mP=3k



S(f)

f

Bs Bs

fc-fc

�h7M]SU1JN? �GD = � �/K1?B=\A�F#R���?BJXLNFE?B9gOQJQ=@A�K"?BH1LP7MO 5 =\LPLNU V ?BK ZbRSJ LN7:]\H>=\A:LT7MH �(e D � �GDMm�< �gD �);1?
LNFE?B9gOQJPU V 7:L)LP;1R���H 4 ?IZbRSJP?�ON;1?�JN? V R `@=\A.R\Z�OQ;"?�9B=\JNJP7:?IJ&ZbJN?Be3U1?IH19 5 � �<D

K1?IH1LN7WO 5 � � � � � � V = 5�4 ?*=\F1F1JPR �"7 V = OQ?BKf=\L OQ;"?�LN= V ?�ZbRSJ 4 R\ON;�ON;1?�?I9<;1R�=@H1K H1R\7:LN?(F1JPRG9I?BLPLN?BLID
�);17ML%7ML)7:AMA:U1L�OQJQ= OQ?BK 7:HX�h7:]"D �"D>=1D

^�LP7:H1] ��e3LBD � �GDMm��	�/- ���"D k\l� �"��eED ���"DWm�;	� 4 ?B9BR V ?IL

�*=\J � ��������� � �
�*=\J � �� � � � � 
 �

� � � � �"D kGm��

��;1?IJN?
�*=\J � �� � � � � 
 � � ��� �� � � � � 
 � � � � � � �� � � � � 
 � � � �"D kSk	�

'+?I9i=\U1LP?_ON;1?_AM7��@?BA 5 L 5 LPON? V K1?ILN7:]\H ? V F1AMR 5 L�K17M]S7MOQ=\A F1JPRG9I?BLNLP7:H1] � ��?_H"R��2OQJN?B=@O�OQ;1? ?BL�OQ7W-

V =@OQ7MRSH F1JNR 4 A:? V 7:H OQ;1?fK17:LP9BJN?gOQ?�OQ7 V ?�K1R V =\7MH.D&��U"?�ONR RSU"J���7:HG- F1;>=\LP? � =@LNLNU V F"ON7:RSH � =\H
?BL�OQ7 V =@ON?�R\Z�OQ;1?�9BR\JNJN?IAa=@ON7:RSH 4 ?IO ��?B?IH8ON;1?�O �+R_9<;>=\H1H1?IA:L�9i=@H 4 ?�9BRSH1L�OQJPU19ION?BK =@L

�� � � � � 
 � m� � 	 ��
� � �
��? � � � � � � � � � � � � � � �"D k ��

��;1?IJN? �T7:LhON;1?)K17MLN9BJP?ION?%LN= V F1A:?�7:H1K1? �#D �);1?�JN?B=\A1F>=\J�O�R\ZEOQ;1?)9IRSJNJP?BA:=@OQ7MRSHj7:LdO<= �@?BH 4 ?I9i=\U1LP?
�������� 7ML�JN?i=@A � mil9= � �>=\H1K � 7:L)JN?B=\A U1H1K"?BJ)OQ;1?f=\LPLNU V F"OQ7MRSH1L)R\Z�OQ;"7:L�=\H>=@A 5 LN7MLBD

��e3U>=@OQ7MRSH � �"D k ��+9B=\H 4 ?�? �GF>=@H1K1?BK�=\L

�� � � � � 
 � m� � 	 ��
� � �

������ � � � ����� � � � � ��� ��� � � � ��� �� � � �� � ���� � � � � � � � � � � � �	� � � � � � � � �� � ��� � � � � �� � � � � � � �� � � � � �� � � �� ���� � � � ��� � � � �	���� � � � ��� � � ��� � �"D kU= �

mP=�



C ;1?IJN?TOQ;1? � � � =\H"K � � � K1?IH1R\ON? ON;1?TJN?B=\A�=\H1K 7 V =\]\7:H>=\J 5 9BR V F#R\H1?BH6OQL R\Z�ON;1? LN7:]\H>=\A:L
JN?ILNFE?B9gOQ7M`\?BA 5 D8^�LN7MH1] OQ;1? Z[=\9IO�OQ;>= OfON;1?_ON;1?BJ V =\A(H1R\7:LN? 7:L�U1H19IRSJNJP?BA:=@OQ?IK ��7MON; ON;1?_LP7:]SH1=\A �
=\H1KX=\LPLNU V 7:H"]jOQ;1?�LP7:]SH>=@A:L)=\JP?�LPOQ=@OQ7MRSH>=\J 5 � ��?�K1JNR\FXK"?BFE?BH1K1?IH19B?�RSH ON;1?�LQ= V F1A:?
7:H1K1? �T7MH
OQ;"?�? �GF#?I9IO<= OQ7:R\H � =\H1K

� � �� � � � � 
 � � � � � ���� � ��� � � ��� � � ��� � � �� � � � �"D kO;	�

'+?I9i=\U1LP?���� � ��	� � ��� � � � � � � �	� � � �� � �"ON;1?BH

��� �� � � � � 
 � � k���� � ���� � ��� � � � �"D k���

��R_9IR V F"A:?ION?
OQ;"?�`@=\JP7a=\H"9B?�9i=\AM9BU1A:=@OQ7MRSH � �+?�H1? ��O
?g`\=@A:U>=@ON?

��� �� � � � � 
 � � � m� � � 	 � 	 ��
� � �
�%? � � � � � � � � � � � � � 	 ���

�
� �%? � � � � � � � � � � � � � � � �"D kO<	�

��RY? �GF>=\H1KTON;17:L�?Be3U>=@ON7:RSH ��OQ;1?�ZbRSA:AMR���7MH1]�JN?BA:=@OQ7MRSH1L�=\H1KTF1JPRSFE?BJPON7:?IL)=\JN?�=\F1F1AM7:?BK OQRYJP?BK1U19I?
OQ;"?�H3U V 4 ?IJ%R@ZdON?BJ V L �

�
��� � � � � � � � � � � � ��� � � � � ��� � � � ��� � � � � � � � � � ��� � � � ZbRSJ�JN?B=\AG��=\U"LNLN7:=\H�JQ=\H1K"R V `@=\JN7:= 4 A:?ILBD

�
�);1? H1RS7:LP? 7MH8OQ;"?j9BR@- F#R\Ad9<;>=@H1H1?BAd7:L�U1H19BR\JNJN?IAa=@ON?BK ��7WOQ;�ON;1?jH1R\7:LN?f7:HXOQ;1?j9IJNRSLPL�- F#RSA

9<;>=@H1H1?BA D

�
�);1?�LP7:]SH>=@A.7:L)U1H"9BRSJPJN?BA:=@OQ?IK ��7WOQ;TOQ;"?�H"RS7:LP?�7MHT?B7WOQ;1?IJ%9<;1=\H1H1?IA D

�
��A:AE7 V =\]S7:H1=\J 5 9BR V F#R\H1?BH6OQL&=\JN?�U"H19BRSJPJN?IAa=@ON?BK ��7WOQ;T=\AMA JN?i=@A 9BR V FERSH1?IH3ONL �[LP?B? � �O? � �gD

�);1?�JN? V =\7MH17:H"] OQ?IJ V L&ZbJNR V =@HX? �GF>=\H1LP7:RSHXR\Zh�(e D � �GD kO< �&=\JN?

� � �� � � � � 
 � � � m� �
� 	 ��
� � �

� 	 ���
�
� ��� � ���� � � � � ��� � � � � ���� � 
 � � ��� � 
 � � � �"D k9?�� � � � ��	� � � � � ��� � � � � � ��� � 
 � � � �� � 
 � � � � � � � ��� � � � � � �� � � � � ���� � 
 � � ��� � 
 � �� � � � � �	� � � � � � �� � � � � � ��� � 
 � � � �� � 
 � � � � � � ���� � � � � � � � � � ���� � 
 � � � � 
 � �� � � � � �	� � � � � � � � � � � ��� � 
 � � � � 
 � � � � � � ��� � � � � �� � � � � ��� � 
 � � �� � 
 � �� � � � � �� � � � � �� � � � � � �� � 
 � � �� � 
 � � � � � � �� � � � � � � � � � �� � 
 � � � � 
 � �� � � � �� � � � � � � � � � �� � 
 � � � � 
 � � �

mP=O=



��e3U>=@OQ7MRSH ���"D k9?�)9i=\H 4 ?�ZbU1JPON;1?BJ%JN?IK1U19B?IK 465 =@]6=\7:H8=\F1F"A 5 7:H1] OQ;"?fZbRSJ�OQ;�R\JNK1?IJ
V R V ?IH6O ? �GF>=\H"LN7:R\H�ZbR\J ��=@U1LNLP7a=\H�JN=\H1K1R V `@=\JN7:= 4 A:?IL � =\H"K 465 JN?B9IRS]SH17 �B7MH1]&OQ;>= O � � � � � � � � 
 � � �
l	��;1?BH � !� 
 D �);17ML�LP?B9IRSH1K F1JPRSFE?BJPO 5 7ML�=XJP?BLNU"AMO�R\Z+ON;1? Z[=\9IO�OQ;1=@O ��;1?BH JP?B9gO<=\H1]\U1Aa=\J
LNFE?B9gOQJN=_=\JP?�LQ= V F1A:?IK =@O%? �"=\9gOQA 5 OQ;1?�� 5 e3U17MLPO�JQ=@ON? �"ON;1?�LQ= V F1AM?BL�=\JP?�U"H19BRSJPJN?IAa=@ON?BK.D � 	�U"J
U1AWOQ7 V =@ON? JP?BLPU1AMO � R\Z�9BR\U1JNLP? ��RSH1A 5 JN?Be3U17MJN?IL OQ;>= O OQ;"? LN7M]SH>=\A 4 ? LQ= V F1AM?BK =@O�OQ;"?T� 5 e3U17:L�O
JQ= OQ?�RSJ�;17:]\;1?BJID��);1?�=\LNLPU V F"OQ7MRSH R\Z OQ;"?�? �"=\9gO%� 5 e3U17:L�O)JQ=@ON? �1;"R���?I`\?BJ � V = �@?BL&ON;1? V =@OQ;G-
? V =@ON7:9BL)R@ZdON;17:L)F1JPR 4 AM? V ?B=\LN7M?BJID �Y�
F1F"A 5 7:H1]YON;1?BLP?�LP7 V F1A:7Wc>9i= OQ7:R\H1L �G��eED ���"D kU?� 4 ?B9BR V ?IL

��� �� � � � � 
 � � � = ��� � ��	� � ��� � � k� � � � � ���� � ��� � � k� � � � ���� � ���� � ��� � ��� � ��� �� k� ��� � ���� � ���� � ��� � � � � � � k� ��� � ��� � ��� � � � � �� � �� � � �"D k ��

� k� ��� � �� � �� � ��� � � � � � �

��;1?IJN?�7MO+7:L)=@]6=\7:H =\LNLPU V ?BKTOQ;>= O)LPOQ=@OQ7MRSH>=\JP7MO 5 =\H1K ON;1?�LPOQ=@OQ7MLPON7:9i=@A#?Ie�U"7M`@=\A:?IH19B?
R\Z OQ;1?�JP?i=\A
=\H1KX7 V =\]S7MH>=\J 5 9IR V F#RSH"?BH6OQL�;1RSAMK.D

�GU 4 OQJQ=@9IOQ7MH1] R � ON;1?�LNe3U>=\JP?fR\Z�OQ;"?�? �GF#?I9IOQ?IK�`@=\A:U"?�ZbJNR V �(e D ���"D k �� �

�*=\J � �� � � � � 
 � � k� � � � � � ���� � ��� � � ��� ��� ��	� � � � ��� � � ��� � � �� ��� � � ���� � � � ��� �
� � � � � � ��� ��� ��� � � � ��� � � �� � � �� ��� � � �� � � � ��� � � � � � � � � � �"D �Sl�

'+?I9i=\U1LP?jk�� � ���� ���
� � 7ML)?Be3U17W`\=@A:?BH6O)ONR � � � � �� 
 �1�(e D � �GD �Sl	� 4 ?I9BR V ?BL

�*=\J � �� � � � � 
 � � m
k � � � ����� � ����
 � � � ����� �������
 � ������ ����
 � � ���	� � �����
 �
�  � � 
� � ���� � ��� 
 � � � � �� 
 � �
� � � �� 
 � �  � � 
 � � � �"D �"m��

��?Ic1H17:H1]

�"��� ����� � � ���	� � � 

� � � � � � 
 =\H"K �"�
� �� � � � ���� � � 


� � �  � � 
 � � �"D �6k	�

=\H1KX? V F1AMR 5 7MH1] ��eED ���"DWm8?� �1�(e D � �GD kGm � 4 ?I9BR V ?BL

�*=@J � ��������� � �
m
k � � � ������� � ���������� � m
� m

�"��� �	�  � m
� m
�G�
� �� �� � � �"D �	��

C ;1?IH�LQ= V F1AM7:H1] 7:L�A:7 V 7WOQ?BK OQR OQ;1?�K1U"JQ=@ON7:RSH R\Z�OQ;1?�?I9<;1R��>OQ;1?�`@=\AMU1?�R\Z � 7ML)?Be3U>=\A OQR OQ;"?
F1U1AMLN? ��7:K"ON; � � � � K17W`G7MK1?BK 465 ON;1?�LQ= V F1A:?�FE?BJP7:R�K.D)'+?I9i=\U1LP? OQ;"?fLP7:]SH>=@A�7ML�LQ= V F1A:?IK =@O%OQ;"?

mP=C;



� 5 e3U17MLPO JQ=@ON?TZbRSJYe3U>=\K1JN=@OQU1JP? �*OQ;1? LQ= V F1AM?TF#?IJN7MRGK 7:LYLP7 V F1A 5 OQ;"?X7MH6`S?BJPLN?XR\Z%OQ;1?XLN7M]SH>=\A

4 =\H"K ��7:K"ON; ���
�
D(��e�U1=@OQ7MRSH ���"D �	��*ON;1?BH 4 ?I9BR V ?BL

�*=@J � �����	��� � �
m

k � � �
�

� � �����	� � ����� ���� � m
� m
�G�
� ���  � m
� m

�G�
� �� �� � � �"D �9= �

��e3U>=@OQ7MRSH
� �GD �9=��7:L�= LP7:]SH"7Mc>9B=\H6O�JN?ILNU1AWOiDf��R\ON?jOQ;>=@O
OQ;1?j`@=\JP7a=\H19I?jR\Z(OQ;"?Y9BRSJ,-
JN?IAa=@ON7:RSHXOQ?IJ V 7:L�= ZbU1H19ION7:RSH�R\Z 4 R@OQ;�ON;1?j9BR -�=\H1K 9IJNRSLPL�- F#RSA �"�
� � LBD�'+?I9i=\U1LP? �"�
� ��� �
�"��� ����EON;1?�`\=@JN7a=@H19B?�7:L%K1R V 7:H>= OQ?BK 465 OQ;1?�LN7M]SH>=\A - OQR -/H1RS7MLN?�JN=@OQ7MR_7MHXON;1? 9IJNRSLPL�- F#RSA:=\JN7 �B?IK
JN?gOQU1JPH.D ��L�=\H ? �"= V F"A:? � AM?IO�U1L�9BRSH1LP7:K1?IJ�OQ;1? 9i=\LP?_F"JN?I`�7MRSU1LNA 5 K1?ILN9BJP7 4 ?BK R\Z&= V ?i=\LPU1JN? -

V ?BH6O V =\K1?%=@O�=\H 7:H"9B7:K"?BH19I?
=\H"]SA:?�R\Z�;U= � ��7MOQ; =\H�? V �@L ��7:H1K 4 A:R���7MH1]�=@O�=\H = �I7 V UGOQ; R\Z
=C; � D���?IJN? � ������� l � l"m k � ���� ��l � lSlSl	�9? � =@H1K �������� ��l�� lSl\l
�"D��>RSJ
= ���	��
�������/-/9BA:=\LNL
LN9B=@ONON?BJPR V ?gOQ?IJ �dON;1?BLP? `@=\A:U"?BL�7 V F1A 5 �"�
� ��� � mSmiK>'�=\H1K �"��� �� � � =SK>'�Dd��A:LNRXZbRSJ�=
���	��
������� 9IAa=\LPLY7:H1L�OQJPU V ?IH6O � � � �0m � ; V Lj=\H1K �

�
� =6l ��� �@D ��?gc>H17:H"] OQ;1?TH1R\J V =\AW-

7��I?BK LPO<=@H1K>=\JPK K1?g`G7:=@OQ7MRSH R\Z�ON;1?89IRSJNJP?BA:=@OQ7MRSH =\L � ����� � �*=@J�� ��������� � � ����	��� � ��?�;1= `\?
ZbJNR V ��e D � �GD �9=�*OQ;>= O � ��� � ;H= � D('+?B9B=\U1LN?�ON;1?�LPOQ=\H1K>=\JPK K1?I`�7a= OQ7:R\H 7:L&L V =@A:A:?IJ*ON;>=\HTOQ;"?

`@=\A:U"?�R@ZhOQ;"?f9IRSJNJP?BAa= OQ7:R\H OQ?BJ V 7MONLN?BAWZ �1OQ;1? V ?i=\LPU1JN? V ?IH6O V = 5 4 ?�9BR\H1LN7MK1?BJP?BK�L�O<=@ON7:L�OQ7:9B=\A:A 5
LN7M]SH17Wc>9i=\H6OBD

� � � � @ � -�4U$:-I���O� E -I���B3��:-� �$:�!� � EG4��!"P" J +�-I�: � 4���" ���� 

�);1?(F1JP?B9B?IK17:H"]
=\H1=\A 5 LN7ML =\K1K"JN?BLPLN?IK OQ;1?�7MK1?i=@A:7��I?BK�9B=\LN? ��;1?IJN?(OQ;1?�9IR@-#=\H1K�9BJPRSLNL,-
FERSAa=\JP7��I?BK�OQ?BJ V L ��?BJN?+F#?IJPZb?B9gOQA 5 7:LNR\Aa=@ON?BKf=\H1K ON;1?+H1R\7:LN?*9BR V FERSH1?IH3ONLh7MH ?i=@9<;j9<;>=\H1H"?BA ��?BJP?
7:H"K1?BFE?BH1K"?BH6OiDT�/H JN?i=@A:7MO 5 OQ;17MLf7ML�H1?I`\?BJ ? �"=\9IONA 5 OQ;"?_9B=\LN?@DT�/H OQ;"7:L�LN?I9IOQ7MRSH � OQ;1? `@=\JN7:=\H19I?
=\H>=@A 5 LN7ML 7ML ? ��OQ?IH1K1?BK ONR ON;1?�LP7MONU>=@OQ7MRSH ��;1?BJP?�9IJNRSLPL�-/9IRSJNJP?BA:=@OQ7MRSH 4 ?gO �+?I?BH OQ;"?89<;>=@H1H1?BAML

V = 5 4 ?�LP7:]SH17Wc>9i=@H3OBD

C ? 4 ?I]S7:H 435 =\LNLPU V 7:H1]
ON;>=@OdOQ;1?)LP7:]SH>=@AG7MHj?i=\9<; 9<;>=@H1H1?BA"9i=\H 4 ?)=\F1F"JNR �G7 V =@OQ?IK

=\L

�  � � � � � �
��=�� � �

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

k � �
��
�
� 	 � ��� � � �"D �B;	�

� � �
�:=�� � �

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

k � �
��
�
��	 � � � � ���  � � �

� � � � � � � �
��=�� � �

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

k � �
��
�
��	 � ��� � ��� � � � ���

mP= �



��e3U>=@OQ7MRSH ���"D �O;	��7MLh?Be3U17W`@=\A:?IH3OdOQR�=\LPLNU V 7:H"]�OQ;1=@O OQ;"?&K1R V 7:H>=@H3Od9BJPRSLNL,- OQ=\A���9BR\H3OQ= V 7:H>=@ON7:RSH
7:L�ZbJNR V ON;1? 9IR@-/FERSA � � � ��ON?BJ V AM?i= �37MH1]�7MH3ONR8ON;1? 9BJPRSLNL,-/FERSA � � � ��9<;>=@H1H1?BA D8C ? ZbU1J�OQ;1?IJ
=\LPLNU V ?_ON;>=@O � � � � � � ��� =\H1K ON;>=@O � � �� � � � � � � � ��;1?BJP? � 7:L�=8JP?i=\A*9BRSH"LPO<=@H3OfZbRSJf=\A:A
�
�D �);17ML 7:L ?Be3U17W`\=@A:?BH6O OQR LN= 5 7MH1] ON;>=@O OQ;"?89IJNRSLPL�-/FERSA:=\JN7 �B?BK ]6=@7:H R\Z
ON;1?X��- F#RSA)9<;1=\H1H1?IA
RSH�JP?B9B?I7M`\? 7:L 7MK1?BH6OQ7M9i=\A�OQR ON;1? 9BR -/FERSAa=\JP7��I?BK ]S=\7:H�= ONOQ?IH3U>=@OQ?IK 435 LNR V ? JP?i=\A�9BRSH1L�O<=\H6OBD

' 5 ZbRSJP9B7:H"]j=\AMA ON;1?
LP7:]SH1=\AEON?BJ V L*OQR 4 ? ��7:HG- F1;>=\LP? � = V RSJP?%ONJQ=\9gO<= 4 A:?%F1JNR 4 A:? V 7ML&=\9<;17M?I`\?BK

OQ;1=@O(=\AMLNR�F1JPRGK"U19B?IL�=�9IRSH1LP?BJP`@=@ON7M`\? 4 RSU"H1K RSHjOQ;1?&`@=\JP7a=\H"9B?\D��);1?�H1RS7MLN?+ON?BJ V L�=@JN?&AM7��\? ��7:LP?
=\LPLNU V ?BK OQR 4 ? �P7MHG-/F";>=\LN?@D � ^%OQ7MA:7 �B7:H"] ON;1?Y= 4 R `S? =\LPLNU V F"OQ7MRSH1L � �(e D ���"D �B;	�%7ML�? �GF1JP?BLPLN?BK
=\L

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

� � � � � � ����� �	� � � � ��� � �"D �
��

��? ��O(=\Hj? �"F"JN?BLPLN7MRSHjZbRSJ OQ;1?*`\=@JN7a=@H19B?�R\Z �� ��	��� 7:LdK1?BJP7M`\?BK.Dh�h7:JPLPO �@7MOd7:Ld=\LNLPU V ?BK
OQ;1=@O�ON;1?
?ILPON7 V =@OQ?�R\Z �
� � � � 
 � ��;17M9<; 7:L*H1R�� H1RSHG- �B?IJNR K"U1?�ONR 9BJPRSLNL*O<=\A � � 7ML�K"?IOQ?IJ V 7:H1?IK
465 =\H 7MH1K1?IF#?IH1K1?BH6O �)Aa=\JP]S? 4 =\H1KG- ��7:K"ON; V ?i=@LNU1JP? V ?BH6O �)=@H1K ;1?IH19B?8;>=\L H1?B]\A:7:]\7 4 A 5 AMR��&-
`@=\JN7:=\H19I?\D*�G?I9BRSH1K"A 5 �>7WO�7:L)H1R@OQ?BK OQ;1=@O � � � �0=\H"K � � � � � � ��D C ?�OQ;1?IH ��JP7MON?

�*=\J � ��������� � �
�*=\J � �� � � � � 
 �

� � � � � �*=\J �������� 
 � �"D �B<	�

� k �
�

� � � �� � � � � 
 � � � ������	� 
 � � � � �� � � � � 
 �������� 
 � ��
�);1?
ON?BJ V �*=@J �������� 
 7ML+]S7W`S?BH 465 ��e D ���"DWm l�gD ^�LN7MH1] L�OQR�9<;>=\L�OQ7:9�LN7M]SH>=\A F1JPRG9I?BLNL,-

7:H"] OQ?I9<;1H17:e3U1?ILfLP7 V 7:A:=\J)OQR OQ;1=@O�? V F1AMR 5 ?BK ZbRSJ
ON;1?YH1RT9IJNRSLPL�- OQ=\A��X9i=@LN? � 7WO�9i=@H 4 ?YLN;"R���H �
=@Z ON?BJ)LNR V ?�OQ?IK17:R\U1L�=\A:]\? 4 JN= �"OQ;1=@O

�*=@J � �� � � � � 
 �
� � � m

k�� � �
�

� � ������� � ����� ���� � ����� ����
�"�
� �� � ����������

�"��� �	�� ����� ����
�"��� ���"�"�
� �� � = � �������� ����� � k�� � � ����

� k � �������� � ����� ����� �G�
� ���1�"��� �� � k � � ����� � ����� ����� �"�
� ���1�G�
� ��� k�� �������� �����
�"��� �	� � � ���	����

�"��� ��� � � � ���	������
�"�
� ���1�G�
� �� � � � �"D �O?�

mP=C<



=\H1K OQ;1=@O �

k �
�

� ��� �� � � � � 
 � ��� �������� 
 � � ��� �� � � � � 
 ������	� 
 � � �
m

k � � �
�

	 � = �
����� �������� � = � � � ���� �
= � � ����� � ����������� �"�
� ���1�G�
� ��

�
= � � � ��	�
�"�
� ��� �

= �
����� ��������
�"�
� ��� �

= � � ����� � ����������
�"��� ��� � �"��� ���"�"�
� �� � � � �"D ����

��?IJN? � �87:L)K1?gc>H1?IK =\L
� � ��� � � �  �� � � � �� � ��� � � � � � �"D>=6l�

7:H RSJNK"?BJ�OQR�9<;1=\JQ=\9gOQ?IJN7��I?_ON;1? 7MH3ON?BJ,-/9<;>=\H"H1?BA*H1RS7MLN? 9BRSJPJN?BA:=@OQ7MRSH.DT�%R\OQ? OQ;>= O ��;1?IH � � l
=\H1K � � l �.= 9i=\LP?j?Be3U17W`\=@A:?BH6O�ONRT;>=i`�7:H1]TH1RT9IJNRSLPL�- O<=\A � 4 ?IO ��?B?IH 9<;>=@H1H1?BAML � ��e3LBD ���"D �B<	�/-
� �GD =6l	�
JN?BK"U19B?YOQRX��e D � �"D �9= � Dj�
H"R\OQ;1?IJ�U1LN?gZbU1A(9i=\LP? ONR ? �"= V 7:H1?Y7ML ��;1?BH � � m � � � m �
���� � ����� � ������	� �d=\H1K �G�
� ��� � �G�
� ��#D �);"7:L�9i=\LP?_7ML�?Ie3U17M`@=\AM?BH6OfONR�=XLN7WOQU>=@ON7:RSH
��;1?IJN? ON;1?�O ��R ON?BJ V L�ONR 4 ?f9IRSJNJP?BA:=@OQ?IK =\JP?fOQ;"?fLN= V ? � =@H1K�7ML�7MK1?BH6OQ7M9i=\A ONR_OQ;"? K1?gOQ?B9gOQ7MRSH
7:H 9IR@-/FERSA.LP9i=@OPOQ?BJPR V ?IOQJ 5 ����;1?IJN?

�*=\J � �������	� � �
� ����� � �

�

	 m
� k
�"��� ��� � m

�"�
� � ��� � � � �"D>=1m��

��RT=\LNLP?BLPL�OQ;1?f7 V F>=\9IO�R\Z�9IJNRSLPL�- O<=\A �XR\H�OQ;1?�`@=\JN7:=\H19B? �#LPR V ? LQ= V F1AM?f9B=\LN?IL�=\JP?
? �"= V 7:H"?BK.D �h7MJNL�O ��OQ;1? =\LPLNU V F"OQ7MRSH 7:L V =\K1? ON;>=@O OQ;1? H1R\7:LN? 7MH ?i=\9<; 9<;>=\H1H"?BA�9i=\H 4 ?

V RGK1?IA:?IK =\L

� ��� � �� � � � � �
�  � � � � � � � �� � � �"D>=3k	�

��;1?IJN? � �� =\H1K � � JN?BF"JN?BLP?BH6O U"H19BRSJPJN?IAa=@ON?BK 9BR V F#R\H1?BH6OQL R\Z�OQ;1?XH1RS7MLN? 7:H ?i=@9<; 9<;>=\H"H1?BA �
=\H1K �

�
7ML&OQ;1?�`SRSAWO<=\]\?�9IJNRSLPL�- O<=\A �T=@ONON?BH3U>=@ON7:RSHTZ[=\9gOQRSJ 4 ?IO ��?B?IH�OQ;1?�O ��R 9<;>=\H"H1?BAMLBD+� Zh7MO�7ML

ZbU1J�OQ;1?IJ�=@LNLNU V ?IKXON;>=@O � � � �� � � ��� � � � �>=\H1K OQ;1=@O � � 7ML)L V =\A:A �G7WO�9i=\H 4 ?�LP;1R���H8OQ;1=@O
�
�
k �

�
� � �"D>=��

�
K"RSF"OQ7MH1]�OQ;"?)= 4 R `\?%=\LNLPU V FGOQ7:R\H � ��?�=\K1K1JP?BLNL�ON;1?+`@=\JN7:=\H19I?+ZbRSJhON;1?)F1JN?g`�7:RSU1LPA 5
K17MLN9BU"LNLN?IK 9B=\LN? � ��;1?BJP? �%-,!�RSA
7ML OQJQ=@H1L V 7MOPOQ?BK ��ON;1? 7:H"9B7:K"?BH19I? =\H1]SAM?�RSH�OQ;"? LNU1J�Z[=\9B? 7ML

;U= � �hOQ;1? ��7:H1K LPF#?I?BK 7MLM? V �@L � =\H1K ON;1? ��7:H"K K17:JP?B9gOQ7:R\H 7:L =C; � 7MH = �I7 V UGOQ; JP?BAa= OQ7M`\? ONR

mP=B?



OQ;"? 7:AMA:U V 7:H>= OQ7:R\H K17:JP?B9gOQ7:R\H �gDX�dR ?g`@=\A:U>= OQ? OQ;1? ? � ?I9IOYR@Z�9BJNR\LNL�- O<=\A � � 7MOf7:L =\LNLPU V ?IK OQ;>= O
�
�
� � � l � l	�"D �);"7:L 9BRSJPJN?BLPF#R\H1K1L_ONR = 9i=\LP? ��;1?IJN?XOQ;1? � �������j7:LPRSAa= OQ7:R\H 7:Lj- �Sl K>'
D

� `@=\A:U>= OQ7:H"]
=\AMA6OQ;1?+ON?BJ V L�7:HY��e3LBD � �"D �B<	� - ���"D =Sl� �@=�H1R\J V =\A:7 �B?BK�LPOQ=\H1K>=@JNKYK1?g`G7:=@OQ7MRSH R@Z!;O<��
7:L�9i=@A:9BU"Aa=@ON?BK �d9BR V F>=\JP?BK ONR ;U= � 9B=\A:9IU1Aa= OQ?BK ZbRSJ�OQ;1?_H1R�9IJNRSLPL�- OQ=\A�� ? �1= V F1AM?_R@Z%�G?B9gOQ7MRSH
�"D>=1DWmSD �);17ML&JN?IF1JN?ILN?BH6ONL%R\H1A 5 = L V =\AMA 7:H19IJN?i=@LN?�K1?ILNF17WOQ?
ON;1?
Z[=\9gO+ON;>=@O+ON;1?�9IRSJNJP?BAa= OQ7:R\H 4 7:=\L �
K1?gc>H1?BK =\L�ON;1? JQ=@ON7:R R\Z�
����� OQR �������� ��7:L�JP?BAa= OQ7M`\?BA 5 Aa=@JN]S?@D_�);17MLfJP?BLPU1AMO�7:L�K1U"? ONR8OQ;"?
Z[=\9gO+OQ;1=@O+ON;1?
`@=\JN7:=\H19I?�?ILPOQ7 V = OQ?
7ML�L�OQ7MA:A F1JN7 V =@JN7:A 5 K1?gOQ?IJ V 7:H1?IK 465 OQ;"?
;17M]S; A:?g`S?IA#R\Z H"RS7:LP?

7:H OQ;"?f9IJNRSLPL�-/FERSA V ?i=\LPU1JN? V ?IH3OBD&�);3U1L �EOQ;1?�? �G7MLPOQ?IH19B?fR\Z(= JN?B=\LNRSH1= 4 A:?�A:?g`S?IA�R@Z 9BJPRSLNL,- OQ=\A��
K1R�?BL�H1R\O�? � ?I9IO%OQ;1? V ?i=\LPU1JN? V ?IH6O%`@=\JP7a=\H"9B?�R\Z
��������ED

� � � E �!���B��3�" $��!��"

�/HTOQ;17ML&9<;>=\FGOQ?BJ � =jZbJQ= V ? ��RSJ	� ZbRSJ)=@K1K1JN?ILNLP7:H1] OQ;1? V ?i=@LNU1JP? V ?BH6O%=\9B9IU1JQ=@9 5 ZbR\J
= FERSAa=\JP7 V ?IONJN7:9 LP9i=@OPOQ?BJPR V ?IOQ?IJ �&=@LTF1JN?ILN?BH6ON?BK ��=@H1K ? �GF1JN?ILNLP7:RSH1LTZbRSJ_OQ;1? V ?i=\LPU1JN? V ?IH6O
`@=\JN7:=\H19I?�R\Z OQ;1?�F#RSA:=\JN7 V ?gOQJP7:9&9IRSJNJP?BAa= OQ7:R\H ON?BJ V ��?BJP?�K1?IJN7M`\?BK.D�� O �&=@L+LN;"R���H ON;>=@O�K1?BLPF17MON?
OQ;"? LN7M]SH17Mc19i=\H6OQA 5 A:R���?BJ �"��� =@LNLNR�9B7:=@OQ?IK ��7MON; OQ;"? 9BJPRSLNL,-/FERSAa=\JP7��I?BK JP?IOQU"JNH � L�O<=@ON7:L�OQ7:9B=\A:A 5
LN7M]SH17Wc>9i=\H6O V ?i=@LNU1JP? V ?BH6OQL�9i=@H L�OQ7MA:A 4 ? V =\K1?jR\Z*OQ;"?YF#RSA:=\JN7 V ?gOQJP7:9�9BRSJPJN?IAa=@ON7:RSH ? � ?I9IOiD � O

�+=\L%ZbU"JPOQ;"?BJ�K1? V RSH1L�OQJN=@OQ?IKXON;>=@O)OQ;"?fK1?IA:?gOQ?BJP7:RSU"L)? �#?B9IO�R\Zd9<;>=\H1H"?BAW- OQR@- 9<;>=\H1H"?BA 9BJPRSLNL,- OQ=\A��
9BR\H3OQ= V 7:H>=@ON7:RSH V = 5 4 ?_LNU � 9B7M?BH6OQA 5 LNU1F1F"JN?BLPLN?IK ZbR\J V RSL�O ��7MH1K LP9i=@OPOQ?BJPR V ?IOQ?IJj=\F"F1A:7M9i= -
OQ7MRSH1LID

�);1?ILN?jJP?BLNU"AMOQL
=\JN?fR\Z�]SJP?i=@O�LN7M]SH17Wc>9i=\H"9B?fONR_ZbU"ONU1JN?fLN9B=@ONON?BJNR V ?gOQ?BJ�L 5 LPON? V LBD��

���	��
�������h9IAa=\LPL(F#?IH19B7MAW- 4 ?i= V LP9i=@OPOQ?BJPR V ?IOQ?IJ�7:H1L�OQJPU V ?IH6O(9i=\H 4 ?�=@U1] V ?BH6OQ?IK ONR V = �@?�F#R@-

Aa=@JN7 V ?IONJN7M9 V ?B=\LNU1JP? V ?BH6OQL 435 ? V F1AMR 5 7MH1]�=\Hj=\K1K17WOQ7:R\H>=\A6JN?I9B?I7M`S?IJ �6LPR V ?�=\K1K"7MOQ7MRSH>=\A3L ��7MOQ9<;�-
7:H"]�� =\H1K�=\H�=@H3ON?BH1H1= ��;17:9<;8;>=\L�=\K1?Ie�U1=@OQ?f9BJNR\LNL�- F#R\A�7MLNRSA:=@OQ7MRSH.D*'+?I9i=\U1LP? R\ZdOQ;1?�LNU"F#?IJN7:R\J
9BJPRSLNL,-/FERSA 7:LPRSAa= OQ7:R\H R\ZdJN? � ?B9gOQRSJ%=\H6OQ?IH1H>=\L%JN?IAa=@ON7M`\?�OQR =\JNJN= 5 =\H6OQ?IH1H>=\L � F#?IH19B7MAW- 4 ?i= V LP9i=@O�-
OQ?IJNR V ?ION?BJ_L 5 LPON? V LT=\JN?8U1H17Me�U"?BA 5 9B=\F>= 4 A:?�R@Z V = ��7MH1] ON;1?�FERSA:=\JN7 V ?gOQJN7M9 V ?i=\LPU1JN? V ?IH3ONL

JN?Ie3U17:JP?BK ZbRSJ ��7:H1KXJN?gOQJP7:?I`@=\A 7 V F1JNR `S? V ?IH6OiD

mP= �



m�;\l



��� ��� �/� ���

� � ����� �5� � 	 � �G� � � ��� � �(� 	 �F� ��� � ��	

�/H 4 R\OQ; $+;1=\F"OQ?IJNL�= =\H"K ; ��= V =��PRSJ_AM7 V 7MON7:H1] Z[=\9gOQRSJ ZbRSJ_ON;1? FE?BH19I7:AW- 4 ?B= V
LN9B=@ONON?BJPR V ?gOQ?IJ%JP?BLPRSA:U"ON7:RSH �+=\L�R 4 LP?BJ�`S?BKXOQR 4 ?�ON;1? ��7:KGOQ;XR\Z OQ;1?�=\H6OQ?IH1H>= 4 ?B= V F>= ONOQ?IJNH.D
�
L*K17MLN9BU"LNLN?IK 7:H $+;>=\FGOQ?BJ�; �6OQ;"7:L(A:7 V 7WO<=@ON7:RSHf9i=\H 4 ?%R `S?IJN9BR V ?%LNR V ? ��;1=@O 465 ? V F1AMR 5 7MH1]�=
9BR Vj4 7:H1=@OQ7MRSHTR\Z JN=\H1]S?�F1JPRG9I?BLNLP7:H1]_=\H1K8?BH1;1=\H19B?IK JN?ILNRSAMU"OQ7MRSH 7 V =\]S7MH1] � �(��� �)ON?B9<;1H"7:e3U1?BLID

'+R\ON; V U1AMON7W- F>=\LNL
=\H1K LN7MH1]SAM?g-/F1=\LNL��(���%ON?B9<;1H17Me3U1?BL �+?IJN? 9BR\H1LN7MK1?BJP?BK.DY� LP;1RSJPON9BR V 7:H"] R\Z

V U1AWOQ7 -/F>=\LPL*ON?B9<;1H"7:e3U1?BL�7ML�OQ;1=@O&OQ;"? 5 O 5 F17M9i=\AMA 5 JP?Be3U17:JP?
OQ;"?�LN9B?IH1?�OQR 4 ?
ON? V F#RSJN=\A:A 5 LPOQ= 4 AM?

=\H1K �@RSJf= �B7 V U"OQ;1=\A:A 5 7MLNR\ONJNRSF17M9\D ��=\H 5 H>=@OQU"JQ=\A(F1;1?IH1R V ?BH>= `�7:RSA:=@OQ?YOQ;"?BLN? =\LNLPU V F"OQ7MRSH1LBD
�);1? F"JN7 V =\J 5 LN;1RSJ�OQ9IR V 7MH1] R\Z�LN7MH1]SA:? -/F>=@LNL OQ?B9<;"H17:e3U1?ILT7:L_ON;>=@O 7MO_7:L K17 � 9BU"AMO OQR R 4 O<=\7MH

OQ;"?Y=\F1F1JPR �"7 V = OQ?BA 5 m � V JN?ILNRSAMU"OQ7MRSH�K1?ILN7MJN?BK ZbRSJ V =\H 5 �(=\JPON; LN9B7M?BH19I? =\F1F1AM7:9B=@OQ7MRSH1L �[LN?I?

$+;>=\FGOQ?BJ�m�� D

�
L�K17MLN9BU"LNLN?IK 7:H �G?B9gOQ7MRSH �"D kGD � �d=\H ?ILPO<= 4 A:7MLN;1?IK V ?IOQ;"RGK ZbRSJ�7 V F1JNR `�7:H1] JP?BLNR -
A:UGOQ7:R\H 4 ? 5 RSH"K ON;1?�JN?B=\AW-/=\FE?BJPONU1JN?�A:7 V 7WO�7ML+OQRY? V F"A:R 5 ��R\F1F1A:?IJ+K17MLN9IJN7 V 7:H1=@OQ7MRSH_LP7 V U"AMO<=@H1?g-

RSU1L ��7MON; JQ=\H"]S? K17MLN9IJN7 V 7:H1=@OQ7MRSH 7:H RSJNK1?IJfONR R 4 OQ=\7:H =8LNF1=@OQ7:=\A�JP?BLPF#RSH"LN? ZbU1H"9IOQ7MRSH ��;"7:9<;
7:L�H>=\JPJNR�� 7:H8O ��R K17 V ?BH"LN7:R\H1LBD��);17:L�=@F1F1JNRS=\9<; 7:L%OQ;1? 4 =\LN7ML�R\Z(L 5 H6ON;1?ION7:9g-/=\FE?BJPONU1JN? JQ=\K>=@J

� ����� ��� ��7:K"?BA 5 U1LP?BK 7:Hj;"7:]S;jJP?BLPRSA:U"ON7:RSH 7 V =\]S7:H"]�=@F1F1A:7M9i=@ON7:RSH"L�� 4 UGO�;>=\L H"R\O 4 ?B?BHYF"JN?I`�7 -
RSU1LPA 5 =\F"F1A:7M?BKYOQR�OQ;1?%9BR\H17:9B=\A:A 5 - LN9B=\H1H17MH1]�LN9i= ONOQ?IJNR V ?ION?BJ*9i=\LP?\D��/H OQ;17ML*9<;1=\F"OQ?IJ ��9BR V 4 7:H1?IK
JQ=@H1]S?��@��RSF1F1AM?BJhK"7:LN9IJN7 V 7MH>=@OQ7MRSH�OQ?B9<;"H17:e3U1?IL�=@JN?&F1JPRSFERSLN?IK ZbR\JdOQ;"?&c>JNL�O�OQ7 V ?&=@L�= V ?B=\H1LhONR
7 V F1JPR `\?�OQ;1?�LP7:H1]SAM?g- F>=\LNL+JN?BLPRSA:UGOQ7:R\HTR\ZdZbUGOQU1JP?�FE?BH"9B7:A - 4 ?i= V LN9B=@ONON?BJPR V ?gOQ?IJ)L 5 LPON? V LBD*�);1?

U1H17Me3U1?�9BRSH1LP7:K1?IJQ=@ON7:RSH"L�=\LNLPRG9I7a=@ON?BK	��7MON; ON;1?�=\K1K17WOQ7MRSH R\Zh��RSF1F1AM?BJ 4 ?i= V LN;>=@JNFE?BH17MH1]YOQR =
9BR\H17:9B=\A:A 5 LP9i=\H"H17:H1]XJQ=@K>=\J�=\JP? K1?BLP9BJN7 4 ?IK ��=\H1K ? �GF1JP?BLPLN7:R\H1L�ZbR\J�OQ;1?YZbU1H1K1= V ?IH6O<=\A FE?BJ�ZbRSJ�-

V =\H19B? 9IRSH1LPONJQ=\7MH6OQLf=\H1K 4 ?ILPO�OQ;1?IRSJN?gOQ7:9B=\A�JN?ILNRSAMU"OQ7MRSH R\Z&LPU19<; = L 5 L�OQ? V =\JP?_K"?BJN7W`S?IK.D ��R

m�;Gm



7:AMA:U1L�OQJN=@OQ?+ON;1?�U"OQ7MA:7WO 5 R\ZEOQ;1?%9BR Vj4 7:H"?BK JQ=\H"]S?��\��R\F1F1A:?IJ�JN?ILNRSAMU"OQ7MRSH =\F1F1JPR6=\9<; �3O �+R�9BR\H19B?IFG-
OQU1=\A K1?ILN7M]SHT? �"= V F1A:?IL 4 =\LP?BK RSH FE?BH"9B7:A - 4 ?i= V LP9i=@OPOQ?BJPR V ?IOQ?IJ)L 5 LPON? V L)R\Z 9BU"JNJN?IH6O�7:H6OQ?IJN?BL�O

=\JP?_F1JPR `G7MK1?BK D � Of7:L�LN;1R���H ON;>=@Of=\H RSJNK"?BJ�R\Z V =\]SH17WOQU1K"?Y7 V F1JNR `S? V ?IH6Of7MH LPF>=@ON7a=\A�JP?BLNR -
A:UGOQ7:R\H 9i=\H 4 ? =\9<;17:?g`S?IK 465 ? V F1AMR 5 7MH1] OQ;"? ��RSF1F1AM?BJ�- LN;>=@JNFE?BH17MH1] OQ?I9<;1H17:e3U1? ��=\A 4 ?B7WO ��7MON;
JN?Ie3U17:JP? V ?BH6OQL ZbRSJ = LNR V ? ��;1=@O A:=\JN]\?BJ =\H6OQ?IH1H>= =\H"K 7:H19IJN?B=\LN?IK�!(��� JN?BA:=@OQ7W`S?TOQR ?B7WOQ;1?IJ

4 ?i= V ��7MK"OQ;�-/A:7 V 7WOQ?IK RSJ)JP?i=\A -,=\FE?BJ�OQU1JP?�L 5 LPON? V LBD

� ��6 A �C-I� JF#�" � N ���� �Q��B �$&� 
 � �C48 �3�4H� +����UQ���$&R53���"

�h7M]SU1JN? <GDMm�7MA:AMU1LPONJQ=@ON?BL#ON;1? O ��R�F1JP7 V =\J 5 ON?B9<;1H17Me3U1?BL ZbRSJ.R 4 O<=\7MH17:H1]+LNU 4 - ZbRGR@OQF1JP7:H6O
JN?ILNRSAMU"OQ7MRSH ��7MON; = FE?BH19I7:AW- 4 ?B= V LP9i=@OPOQ?IJNR V ?ION?BJ L 5 LPON? V D �);1? JN?B=\AW-/=\FE?BJPONU1JN? =@F1F1JNRS=\9<;
K17MLN9BU"LNLN?IK�7:H $+;>=\F"ON?BJ ; � ��;1?IJN?8RSH1A 5 JQ=\H1]\?8K17MLN9IJN7 V 7:H1=@OQ7MRSH 7:L ? V F1AMR 5 ?BK �+7:L LN;1R���H 7MH

�h7M]1D <GDMm� 4 � D �);1? JP?BLNR\A:U"ON7:RSH 9B?BAMA�7ML 7MH1K17:9B=@OQ?IK 465 ON;1? LP;>=\K1?IK�JN?B]\7:RSH.D���?IJN? ��OQ;"? = � -
7 V U"OQ; JN?ILNRSAMU"OQ7MRSHT7:L)ON;1?�= �B7 V U"OQ;1=\A ��7:KGOQ; R\ZhON;1?�=\H6OQ?IH1H>=YZbRGR\ONF1JN7MH6O � ��� � D��);"?�?IA:?g`\= OQ7:R\H
JN?ILNRSAMU"OQ7MRSH � �

���
��7:L_=\9<;17:?g`S?IK 465 =@F1F1A 5 7MH1] JQ=\H1]\?8F1JPRG9I?BLPLN7:H"] OQR OQ;1?XJQ=@K>=\J ?B9<;1R JN?IONU1JNH �

ZbRSJ V 7MH1]�H>=\JNJPR�� ?BA:?g`@=@OQ7MRSH �PLPA:7M9B?BL � ON;1JNRSU"]S;_ON;1?�ZbR�R\OQF"JN7:H6OBD �
L�F1JN?g`G7MRSU1LPA 5 K17MLN9BU"LNLN?IK �1OQ;"?
JN?B=\AW-/=\FE?BJPONU1JN? =\F1F1JPR6=\9<; 7ML
JN?IAa=@ON7M`\?BA 5 ?B=\L 5 OQR 7 V F1AM? V ?BH6O�7:H ;>=@JNK �+=\JN? =@H1K 7:L
? V F1A:R 5 ?IK
��7MON; �
	����� ����� � ?9= � D8�);1? �\? 5 K17:LN=\K"`@=\H6O<=@]S?_R@Z)OQ;17ML =\F"F1JNR6=@9<; 7:L�OQ;>=@O Aa=\JP]S? =\H6OQ?IH1H>=
=\FE?BJ�OQU1JP?BL�=@JN? JP?Be3U17MJN?BK8OQR R 4 O<=\7MH8;"7:]S;G- JN?ILNRSAMU"OQ7MRSH.D)�>RSJ%? �"= V F1A:? �EONR =\9<;"7:?I`\?j=\H�7:H1L�O<=\HG-
O<=@H1?BRSU"L)= �B7 V U"ON; JN?ILNRSAMU"OQ7MRSH R@Z(m � V ��7WOQ;T= ��UG-/'&=\H1K L 5 LPON? V R\F#?IJQ=@ON7:H1] ��7MOQ;_OQ;1?�LN= V ?

V ?i=\LPU1JN? V ?IH3O*]S?IR V ?IOQJ 5 =\L ���	��
������� �3=\H =\H6OQ?IH1H>=fAM?BH1]@OQ; R\Z#R `\?BJ�k\l V ?IOQ?IJNL(7:L�JP?Be3U17MJN?BK D

�/H RSJNK1?IJ ONR R 4 O<=\7MH 7 V F1JNR `S?IK = �B7 V U"OQ; JN?ILNRSAMU"OQ7MRSH ��7MON;1RSU"O JN?ILNRSJ�OQ7MH1] OQR =\H
U1H1JP?i=\AM7:L�OQ7:9B=\A:A 5 A:=\JN]\?fJPR\O<=@ON7:H1]_=\H6OQ?IH1H>= � OQ;"?fO<=@JN]S?gO
LP9B?BH"?Y9i=\H 4 ?fK17:LP9BJN7 V 7MH>=@ON?BK 7:H 4 R\ON;
JQ=@H1]S?�=\H"K ��RSF1F1AM?BJ+LP7 V U"AMO<=@H1?BRSU"LNA 5 D �);1?�JP?BLNU"AMOQ7MH1]jJP?BLNR\A:U"ON7:RSH 7ML+LP;1R���H89IRSH19B?IF"OQU1=\A:A 5 7MH
�h7M]1D!<GDWm �[9 �gD%�/H�OQ;17ML�9B=\LN? �#ON;1?j= �I7 V UGOQ; ��7MK"OQ;8R\Z�OQ;"? JN?ILNRSAMU"OQ7MRSHX9B?BAMA � � � ���#7ML�K"?IOQ?IJ V 7:H1?IK
465 ON;1? ��R\F1F1A:?IJ_JP?BLPRSA:U"ON7:RSH =\9<;17M?I`S?IK 465 ON;1?�7MH1LPONJNU V ?BH6OT=@H1K F1JPRG9I?BLNLPRSJ K1?ILN7M]SH.D �);1?

OQ?I9<;1H17Me�U"?TR\Z�? V F1A:R 5 7:H"] 4 R\OQ; JN=\H1]S? =\H1K ��RSF"F1A:?IJ K17MLN9BJP7 V 7:H>= OQ7:R\H LP7 V U"AMO<=@H1?BRSU"LNA 5 ��7MA:A
?Be3U17W`@=\A:?IH3ONA 5 4 ?�JN?gZb?BJPJN?BK OQR =\L��N��R\F1F1A:?IJ�- LN;>=\JPF#?IH17:H"] � 7:H ON;17:L�9<;>=\FGOQ?BJID

m�;Sk



�
L8LN;1R���H 7MH �G?I9ION7:RSH �"D k�D � ��9IR Vj4 7MH1?BK JQ=\H"]S?��\��R\F1F1A:?IJ8F"JNR�9B?BLPLN7MH1] 9B=\H 4 ?
`�7:? �+?IK =\L�=T9BRSJPJN?IAa=@ON7:RSH RSFE?BJN=@OQ7MRSH =\F1F"A:7:?IK OQRX=\H ?B9<;1RXF1U1AMLN?YOQJN=\7:H ��;17M9<; ? ��OQJQ=@9IOQL�OQ;"?

4 =\9 �3LP9i=@OPOQ?BJP?BK_?BH1?IJN] 5 ZbJPR V LPF#?I9B7Wc>9�A:R�9i=@ON7:RSH1Ld7:H JQ=@H1]S?��@��RSF1F1AM?BJ LPF>=\9B?@D ��? 5 K"?BLN7M]SH 9BRSH�-
LN7MK1?BJN=@OQ7MRSH1Ld7:H19IA:U1K1?*OQ;1?+LN?BAM?B9gOQ7:R\HYR\ZE=\H =\H6OQ?IH1H>=�F>= ONOQ?IJNH =\H"K !*�%� ��;17M9<;YLNU1F1F"JN?BLPL(JQ=\H1]\?
=\H1K ��RSF1F1AM?BJ�= Vj4 7M]SU17MON7:?IL � =\H1K ��;17:9<; 5 7M?BA:KXOQ;1?fK1?BLP7:JP?BK = �I7 V UGOQ;�JP?BLPRSA:U"ON7:RSH�=\H1K L �&= OQ;
��7:KGOQ;.D*�GU"9<; ON?B9<;1H"7:e3U1?BL�=\JP?
OQ;1?�ZbR\U1H1K>=@ON7:RSH R\Z�L 5 H6OQ;1?gOQ7:9 -,=\FE?BJ�OQU1JP?�JQ=\K1=\J � ����� � � ��;"7:9<;
;>=\L 4 ?I?BHYU1LP?BK ? ��OQ?IH1LN7W`S?IA 5 ZbR\Jh;17M]S;G-/JP?BLPRSA:U"ON7:RSH�7 V =\]S7MH1]�=\F1F1AM7:9i= OQ7:R\H1L �@=\H1KjZbRSJ V OQ;1? 4 =\LN7ML
ZbRSJ&ON;1?�7 V F1JNR `S?IKG-/JP?BLPRSA:U"ON7:RSHTLP9i=@OPOQ?IJNR V ?IONJ 5 K17MLN9IU1LNLP?BK�7MHTOQ;17ML)9<;>=\F"ON?BJBD

�
AWOQ;1R\U1]S; OQ;"? =\F1F1AM7:9i= OQ7:R\H R\Zf��RSF1F"A:?BJ_OQ?B9<;"H17:e3U1?IL ONR = 9BRSH17M9i=\AMA 5 -/LP9i=\H"H17:H1]

LN9B=@ONON?BJPR V ?gOQ?IJ�L 5 LPOQ? V 7:L�LP7 V 7:Aa=@J�7MH F1JN7MH19B7MF1A:? ONRTOQ;1?jZ[= V 7:AM7a=\J��G�
� 9i=\LP? � OQ;"?BJN? =\JP? �\? 5
K17 � ?IJN?BH"9B?BLID��G�
� L 5 LPON? V L O 5 F17M9i=\AMA 5 ? V F"A:R 5 =\JPJQ= 5 =\H6OQ?IH1H>=\L ��;17M9<; `�7:? � OQ;1? LPU1JPZ[=\9I?
=@O = c��"?IK �[U"LNU>=\AMA 5 LP7:K1? -/A:R�R �37:H"] �
= �I7 V U"ON; =@H1]SA:? � =\Lf7MH L�OQJP7:FG- V =\F RSJ�LN9B=\HG-,�G��� � R\J

=\JP?�L�OQ?I?BJN?IK 7:HX= �I7 V UGOQ;TOQR K ��?BA:A R\H�= LNFE?B9I7Mc>9�O<=\JP]S?IO%JP?B]S7MRSH � =\L�7MHXLPF#R@OQA:7M]S;6OP-,�G����D1' 5
9BR\H3ONJQ=\L�O �>OQ;"?f=@H3ON?BH1H1= ZbR�R\OQF"JN7:H6O�R\ZdFE?BH19I7:AW- 4 ?B= V LP9i=@OPOQ?IJNR V ?ION?BJ�7:L)9IRSH6OQ7:H3U1R\U1LNA 5 JNR\OQ=@OQ?IK
= �&= 5 ZbJNR V OQ;1?*O<=\JP]S?IO�LN9I?BH1?&=@O =%JQ=@ON? V U19<;fZ[=\L�OQ?IJdOQ;1=\HfON;>=@Od]S?BH1?IJQ=@ON?BK 465 OQ;"?�LPF>=\9B?I9BJN=@Z O

V R\OQ7MRSH�=\A:RSH"?\D��);17:L�K1JQ= V =@ON7:9B=\A:A 5 JP?BK1U19I?BL ON;1?*OQ=\JN]\?IOdK �+?IA:A3OQ7 V ?(JN?IAa=@ON7M`\?(ONR
9IRSH6`S?BH6ON7:RSH>=@A
�G�
� ��=\H1K OQ;3U1LfA:7 V 7WOQL�ON;1?_=\9<;17:?g`@= 4 A:? = �I7 V UGOQ; JN?BLPRSA:UGOQ7:R\H.D_��H1R\ON;1?BJ�9BRSH"LN7:K"?BJQ= OQ7:R\H ZbR\J
=_9IRSH17M9i=\AMA 5 -/LP9i=\H1H"?BKXJQ=\K>=@J%7ML)OQ;>=@O%OQ;"? = �I7 V UGOQ;8=\H1]SAM?�R@ZhOQ;"? V ?i=\LPU1JN? V ?IH3ONL%`@=\JP7:?IL�R `S?IJ

OQ;"? V ?i=\LPU1JN? V ?IH6O+L �&=@ON;.D(�);17:L*7:L(?Ie�U"7M`@=\A:?IH6O*ONR ;>=i`�7:H"] =�K17 �#?BJP?BH6O+LPe3U17:H6O+=\H1]SAM?�ZbR\J*?B=\9<;

V ?i=\LPU1JN? V ?IH3O �.=\H"K�A:?B=\K1L%OQR = `@=\JN7:=@OQ7MRSH87MH8JP?BLPRSA:U"ON7:RSH8F#?IJPZbRSJ V =@H19B?�R `S?BJ�OQ;1?fL �+=@OQ;.D��/H
RSJPK1?BJ�OQR_=\K1K1JP?BLPL%ON;1?BLP?j=\H1K8R\OQ;"?BJ�9BRSH"LN7:K"?BJQ= OQ7:R\H1L�7:HXK1?IOQ=\7:A �>= H"? � K1?ILN7M]SH8ZbJN= V ? �+R\J	� 7ML
K1?g`S?BAMRSFE?BK ��;17:9<;f=\K>=\FGOQL ?BL�O<= 4 A:7:LP;1?BK���RSF"F1A:?IJ OQ?I9<;1H17:e3U1?IL�ONR)OQ;1?�U1H"7:e3U1?(7:LPLNU1?ILd=@LNLNR�9B7:=@OQ?IK
��7MON;X= 9IRSH17M9i=\AMA 5 -/LP9i=\H1H"?BK JQ=\K1=\J)]S?BR V ?gOQJ 5 D

� � @ 7 ��"' P4U3������� ����"P$:�!� E �!��"P$�����4�-� 8$��!��"�) �*4 � �����B$�� J KM�C-I� N5�O-� P 8�C4��!���B 8�C4H"
F� ���:� ��$���� N5$&� 3��: 8-/���C�!3�" A -I���*� � ��� � �����C4 � $�"P�O4H$&��$&��-� �$:�!�

�/HYOQ;17ML LN?I9ION7:RSH � �@? 5 9BRSH1LP7:K1?IJQ=@ON7:RSH"L ]SR `S?IJNH17MH1]�OQ;1?)K1?ILN7M]SH =\H1KYFE?BJ�ZbRSJ V =\H19I?&R\Z
= 9BRSH"7:9i=@A:A 5 - LN9i=@H1H1?BK LP9i=@OPOQ?IJNR V ?ION?BJYU"ON7:A:7 �B7MH1]89IR Vj4 7MH1?BK JN=\H1]S? �\��RSF1F1AM?BJfK17:LP9BJN7 V 7MH>=@ON7:RSH
OQ?I9<;1H17Me�U"?BL_=\JN? =\K"K1JN?ILNLN?IK.D �>RSJ 4 JN?g`�7MO 5 �(Z[= V 7:AM7a=\JP7MO 5 ��7WOQ; LPOQ=\H1K>=@JNK �G��� ON?BJ V 7MH1RSA:R\] 5
=\H1K ON?B9<;1H"7:e3U1?BL�7ML)=\LNLPU V ?BK �[LP?B? � mSm � mP? � �B; � � �>=\H1KT? V F";>=\LN7ML&7:L�OQ;1?IJN?IZbR\JN?�RSH ON;1?�U1H17Me3U1?

m�;U=



L 5 L�OQ? V K"?BLN7M]SH 7:LNLPU1?BL FERSLN?IK 465 LPU19<; =@H =@F1F1JNRS=\9<;.D �);17:L =@H>=\A 5 LP7:LYJN?ILNU1AWOQL 7:H = LP?IO R\Z

?Be3U>= OQ7:R\H1L ��;17M9<; 9i=\H 4 ?_U1LN?IK ZbRSJ 9IRSH19B?IF"OQU1=\A+K1?ILN7M]SH OQJN=\K1?IR � Lf7:H OQ;1? K"?I`S?IA:RSF V ?IH3O R\Z
ZbU"ONU1JN?�;17M]S;G-/JP?BLPRSA:U"ON7:RSH F#?IH19B7MAW- 4 ?i= V LP9i=@OPOQ?BJPR V ?IOQ?IJ�L 5 LPON? V LBD

� � @ ��6 � �	� � �:�C4 � ���!���B 84�� -I��� 
 �C$&� 3� �Q�-I� ��� � ���������� A ��"'����3� �$��!�  � ���9 �"

C ;1?IH =\F1F"A 5 7:H1]_��RSF1F"A:?BJ)K"7:LN9IJN7 V 7MH>=@OQ7MRSH ON?B9<;1H17Me3U1?BL �.=YZbU1H1K>= V ?BH6OQ=\A 9BRSH"LN7:K�-
?BJN=@OQ7MRSH 7:L�OQ;"?�]S?IR V ?IOQJP7:9B=\A1JN?IAa=@ON7:RSH"LN;17MFYR\Z ON;1?�JN=\H1]S?%=\H"K ��RSF"F1A:?IJ*9IRSH6OQRSU"JNL*R `\?BJ(OQ;1?%?BH�-

OQ7MJN?�JN?I]S7:R\H LP9i=\H"H1?BK 465 ON;1?
=@H3ON?BH1H1="D �/H �d7:]1DC<�D k �39IRSH6OQRSU1JPL�R@Z.7:LPR@-/JN=\H1]S?�=@H1K_7MLNR@-/��RSF1F1AM?BJ
=\JP?YF1A:R\OPOQ?IK ZbR\J�OQ;1? ? �"= V F1AM?Y9i=\LP? R@Z&=\H ?Sl\l � V � LNU1H�-/L 5 H19<;"JNRSH1R\U1L RSJ 4 7MO�� OQ;1? LN= V ? =@L
���	��
������� �gD �);"? =\H6OQ?IH1H>= 4 ?B= V F#R\LN7MON7:RSH 7ML ON?BJ V ?IK �PLP7:K1? -/A:R�R �37:H"] � ��;1?IH ���� � �\l��

RSJ kO<\l�� ��=\H1K �,ZbRSJ �+=\JNK�- � RSJ �N= Z OP-/AMRGR ��7MH1] � ��;1?IH ������ l��fRSJ_mP?Sl�� JP?BLNFE?B9gOQ7W`S?BA 5 D���R\ON?

OQ;1=@O ON;1? FE?BH19I7:AW- 4 ?B= V = �B7 V U"ON; =\H1]\A:? � ������ 7MLfOQ;"? 9BR V F1AM? V ?BH6OjR\Z)ON;1? LPe�U"7:H6O =\H1]\A:? =@L
O 5 F17:9B=\A:A 5 K1?Ic>H"?BKTZbRSJ&= ����� L 5 LPOQ? V LID(�);1?�9BJPRSLNL,- OQJN=\9 � K"7:LPOQ=\H19I? �>$+��� �"7:L+K"?Ic>H1?IKTOQR 4 ?
OQ;"?�K"7:LPOQ=\H19I?�R@Z =Y]S7W`S?BH V ?i=\LPU1JN? V ?IH3O�ZbJPR V ON;1?�LNF>=\9I?B9IJQ=@Z O�H>=\K17MJ&OQJN=\9 � D

�);1?�= 4 R `S?
K1?BLP9BJN7 4 ?IK ��RSF1F1AM?BJ(]S?IR V ?gOQJ 5 ;1=\L&7 V FERSJPOQ=\H6O�7 V F"A:7:9B=@OQ7MRSH1LhZbR\J�OQ;"?

=\9<;17M?I`@= 4 AM?j= �I7 V UGOQ; JP?BLNR\A:U"ON7:RSH.D�� LNF1=@OQ7:=\AdJP?BLPRSA:U"ON7:RSH89B?IA:Ah7ML
K1?IA:7 V 7WOQ?BK 465 ON;1?j7MH3ON?BJPLN?B9 -

OQ7MRSHTR\Z�JQ=@H1]S?�=\H1K8��RSF1F"A:?BJ 4 =\H1K1L ����;1?BJP?�OQ;1? ��7MK"OQ; R\Z�OQ;1?ILN? 4 =\H"K1L�9BRSJPJN?BLPF#R\H1K1L)OQRYOQ;"?
��RSF1F"A:?BJ =\H1K JQ=\H1]\?)JN?BLPRSA:UGOQ7:R\H_=@9<;17:?g`S?BK 465 OQ;1?�JN=\K>=\J�7MH1LPONJNU V ?BH6OiD�C ;1?BH OQ;"?�=@H3ON?BH1H1=�7ML

FERS7:H6OQ?IK8ONR ON;1?fLP7:K1? -/AMRGR �37MH1] K17:JP?B9ION7:RSH �1OQ;1?f=\H1]SAM? 4 ?gO �+?I?BH OQ;"? ��RSF"F1A:?IJ�=@H1K�JN=\H1]S?�9BRSH�-
OQR\U1JNL)7MH OQ;1?�`�7:9I7:H17WO 5 R\Z ON;1?�ZbRGR\ONF1JN7MH6O&7:L �\l�� �>=\H"K ON;1?�JN?ILNRSAMU"OQ7MRSH 9B?IA:A.7ML)JN?I9IO<=@H1]SU1A:=\JBD ��L

OQ;"?�=@H3ON?BH1H1=f7:L(LP9i=\H1H"?BK �bRSJ(LNe3U17MH3ON?BK � OQR��+=\JNK OQ;1?)ZbRSJ �&=@JNK RSJ*=@Z O*K17:JP?B9ION7:RSH �S;1R��+?g`S?IJ � ��?
R 4 LP?BJ�`S? ZbJPR V �h7:]"D!<GD kjOQ;1=@O�ON;1?j��R\F1F1A:?IJ�9BRSH6OQR\U1JNL�LN;17WZ O�ZbJPR V FE?BJNFE?BH"K17:9IU1Aa=\J�OQR_F>=\JN=\A:AM?BA

��7MON; ON;1?_JN=\H1]S? 9BR\H3ONRSU1JPLBD �);17:L�JNR@O<=@ON7:RSH R\Z&ON;1?_7MLNR@-/��RSF1F1AM?BJ�AM7:H1?IL�K"7:LPONRSJPONL�ON;1? JP?BLPRSA:UG-
OQ7MRSH 9B?IA:A:L�7MH3ONR_F1=\JQ=\AMA:?IA:RS]SJN= V L ��;1RSLP? = �B7 V U"OQ; ��7:K"ON; � � � ��� 7:L�?BAMRSH1]6=@ON?BK	��7MON;�JP?BLNFE?B9gO�ONR
OQ;"?8= �B7 V U"OQ; ��7MK"OQ; ZbRSJ ON;1? LN7MK1?g- A:R�R �37:H1] ]\?BR V ?IONJ 5 D �);17:LY?IA:RSH1]S=@OQ7MRSH ? �#?B9gO 7:LjZbU1J�OQ;1?IJ
?BH";>=\H19I?BK 465 ON;1?YZ[=\9IO�ON;>=@O�OQ;"?YLNF>=\9I7:H1] 4 ?IO ��?B?BH OQ;1? 7MLNR@-/��RSF1F1AM?BJ
AM7:H1?IL�RSH OQ;1? LPU1JPZ[=\9I?
]SJPR���L ��7:K1?IJj=\L�OQ;"? =\H6OQ?IH1H>=�7ML JPR\O<=@ON?BK =��+= 5 ZbJPR V OQ;"? LN7MK1?g- A:R�R �37:H1] K17MJN?I9IOQ7MRSH � =\]6=@7:H �
LN?I? �d7:]1D�<�D k	� D �);1? OQR@O<=\A(= �I7 V UGOQ; JN?ILNRSAMU"OQ7MRSH K1?B]SJN=\K>=@ON7:RSH JP?BAa= OQ7M`\?YOQR OQ;1? LN7MK1?g- A:R�R �37:H1]

FERS7:H6OQ7MH1]YLN;1=\A:A 4 ?�OQ?IJ V ?BK �PLNe3U17MH6O�?IA:RSH"]6=@OQ7MRSH.D �

m�;O;



East-West Range (km)

N
or

th
-S

ou
th

 R
an

ge
 (

km
)

Vg


CTD

θaz

�h7M]SU1JN? <GD k �  7:H1?IL�R\Z*7:LNR -,��RSF1F"A:?BJ
=\H1K 7:LPR@-/JN=\H1]S?fZbRSJF?SlSl � V LPU1HG- L 5 H19<;1JPRSH1RSU1L�RSJ 4 7MO�= O
=\LP9B?BH"K17:H1]8?Be3U>=@ONRSJ�9BJNR\LNLN7MH1]1D_�);1?_; 5 FE?BJ 4 RSAM7:9 7:LPR@-,��RSF"F1A:?IJ�9BRSH6ONRSU1J�LNF>=\9I7:H1]X7:Lfk\l ��� �@D
�
AMLNR�LN;1R���H =\JP?�9I7:JN9IA:?ILdJP?BF1JP?BLN?IH6OQ7:H"]�OQ;1?*7:LPR@-/JN=\H1]S?*9BRSH6ONRSU1JNLh=\LNLPRG9I7a=@ON?BK ��7MOQ;�OQ;1?+=\H6OQ?IH1H>=
ZbR�R\OQF1JP7:H6OiDj	
OQ;1?IJ�7:LNR -/JQ=@H1]S?jAM7:H1?IL � 7MZ*F1AMR\ONON?BK � ��RSU1AMK =\F1FE?i=\J�=\L V RSJP?j9BRSH"9B?BH6ONJN7:9 9I7:JN9IA:?IL
A:7 �\? ��7:LN?�9I?BH6OQ?IJN?IK�RSH ON;1?�H>=\K17MJ&F#R\7:H6OiD �);"?�LP7:K1? 4 =\J�=@O�JP7:]S;6O)7MA:AMU1LPONJQ=@ON?BL�ON;1?�JN?IAa=@ON7:RSH1LP;17:F
R\Z OQ;"?)JQ=\H1]\?��\��RSF"F1A:?IJh9BR\H3ONRSU1JPL�A:R�9i=\A�OQR�OQ;"?�=\H6OQ?BH"H>=�ZbRGR\ONF1JN7MH6OhZbRSJhO ��R�=\H6OQ?IH1H>=�= �B7 V U"ON;
FERSLN7WOQ7:R\H1L � ��7MOQ; OQ;"?�LP;>=\K1?IK8JP?B]S7MRSH JN?IF1JN?ILN?BH6ON7:H1] OQ;1?�JN?ILNRSAMU"OQ7MRSHT9B?IA:A D

�
H ? �"=\9gO e3U>=\H6ON7Mc>9B=@OQ7MRSH R\Z&LPe�U"7:H6O ?IA:RSH"]6=@OQ7MRSH JN?Ie3U17:JP?BLf=X9B=\A:9IU1Aa=@ON7:RSH ��;"7:9<;
7:H"9BA:U"K1?BL(=\9I9BU1JN=@OQ?)LN=@OQ?IA:AM7MOQ?�RSJ 4 7MO�F1JPRSF>=\]S=@OQ7MRSH �S�(=\J�OQ; JNR@O<=@ON7:RSH �S=\H1K �(=\JPON; R 4 Aa=@ON?BH1?ILNL�?gZa-

Zb?B9gOQL �bON;1?BLP?�=\JP?%OQ= �\?IH 7:H6ONR =\9I9BRSU"H3O+7:H F1JPRGK1U"9B7:H"]�ON;1?�7MLNR@-/��RSF1F1AM?BJ�9IRSH6OQRSU1JPL�R@Z �h7M]1DC<GD k	�gD

�);1?Y=@LNLNU V F"ON7:RSH8R\Z(= H"RSHG-/JPR\O<= OQ7:H"]��>LNF1;"?BJN7M9i=\Ad�(=\JPON; � ;"R���?I`\?BJ � 5 7M?BAMK1L�JP?BLPU1AMONL ��7MON;�LNUGZa-
c>9I7:?BH6O�=\9I9BU1JN=\9 5 ZbRSJ�ON;1?Y9BRSH"9B?BFGO =@H>=\A 5 LP7:L�F1JP?BLP?BH6OQ?IK ;1?IJN?\Df�
K1R\F"OQ7MH1] OQ;"7:L�=\LPLNU V F"ON7:RSH �
OQ;"?�c>JPLPO&K"?BJN7W`@=@OQ7W`S?BL�R\Z.ON;1?���RSF"F1A:?IJ�LP;17MZ O�9BR V FERSH1?BH6ONL&=\AMRSH1]fON;1?
?IA:?g`\= OQ7:R\H =\H"KT= �B7 V U"ON;

K17MJN?B9gOQ7MRSH1L)7:HTON;1?�`G7M9B7MH17MO 5 R\Z�OQ;1?�LNU"JPZ[=\9I?�ZbR�R\OQF"JN7:H6O � � � ��� =\H1K � � � � � =\JP?�=\F1F1JPR �G7 V =@ON?BK 465 �

� � ��� � � � k � � �3LP7:H � ���� � � � � � � �
� � ��� � � k

� �
��9IRSL�� ���� � ��m � LN7MH � � �� � � � � � � � � � � � �&<GDMm �

m�;��



'+?I9i=\U1LP?)OQ;1?&7MLNR@- JQ=\H"]S?+AM7:H1?IL =\JP?&A:R�9i=\AMA 5 F>=@JQ=\AMA:?BA6ONR�OQ;1?+ZbR�R\ONF1JN7MH3O = �B7 V U"ON;Y= �G7:L �\OQ;1?�=@H1]SA:?

4 ?IO ��?B?BH8OQ;1?�7:LPR@-,��R\F1F1A:?IJ&=\H"K87MLNR@- JQ=\H1]\?�9BRSH6ONRSU1JNL � � �17ML

� � =\JN9gO<=\H � � � ���
� � � � � � �&<GD k �

=\H1K ON;1? V =\]SH17WOQU1K"?
R\Z ON;1?���RSF1F"A:?BJ*ZbJN?Ie�U"?BH19 5 ]SJQ=@K17:?IH3O&=\A:R\H1]fON;1?�LNU1J�Z[=\9B?
R\Z OQ;1?��(=\J�OQ; �
� � �>7ML)]S7M`\?BH 435

� � � � ��� � ��� � � � ��� � � � � � � �&<GD �	�

^�LP7:H1]jON;1?BLP?�K1?Ic1H17MON7:RSH1L �GON;1? �N=\H1]\U1Aa=\J � 9IR V FERSH1?IH6O)R\Z OQ;1?
?BA:R\H1]6=@ON7:RSH � � � � ��� ���� � �"K1U1?�ONR
OQ;"?�JPR\O<= OQ7:R\HTR\ZdON;1?�7:LPR@-,��RSF"F1A:?IJ+A:7MH1?BL)7ML

� � � � � ���� �
� m
9IRSL�� � �&<GD =�

=\H1K OQ;"?f=@K1K17MON7:RSH1=\A#?IA:RSH"]6=@OQ7MRSHTK1U1?�ON;1?���RSF1F1AM?BJ)9BR\H3ONRSU1J�LNF1=\9B7MH1]�� �
�
� � �� � � �>7ML

�
�
� � ���� �
� � � � �� ���

� � � ������ �Sl � �
� �&<GD ; �

�/H �d7:]1D!<GD � �1ON;1?j=\H"]SU1Aa=@J�=\H1K ��R\F1F1A:?IJ�LNF>=\9I7:H1] ?BAMRSH1]6= OQ7:R\HX? � ?I9IONL �.=@L ��?BAMAd=@L
OQ;"?Y9BR Vj4 7:H1?IK ?BA:R\H1]6=@ON7:RSH8? �#?B9IO�]S7W`S?IH 435 � � �� � � � � � � � � �� � � � � � � � ���� � � =\JN?jF"A:R\OPOQ?BK `�LID
$+��� ZbRSJYON;1?�]S?IR V ?IOQJ 5 9BR\JNJN?ILNFERSH1K17MH1] ONR �h7M]1D <GD kGD � �G7 V 7:A:=\J 9IU1JP`\?BLT=@F1F1A 5 ZbR\J R@OQ;1?IJ

RSJ 4 7MOj=\H1K LN9B=\H ]S?IR V ?gOQJP7:?BLID � �);1? LN7:]\H17Mc>9B=\H19I? R\Z%�h7M]1D <�D �8ZbR\J OQ;1? F1JN?ILN?BH6O =\H1=\A 5 LN7ML 7ML

OQ;1=@O �#U1H1A:7 �\?�OQ;1? 9BRSH6`S?IH6OQ7:R\H>=\AhJP?i=\A -,=\FE?BJ�OQU1JP?fR\J��G�
� 9B=\LN? ��;"?BJN?j= �B7 V U"OQ;�JN?BLPRSA:UGOQ7:R\H87ML
?BLPLN?IH3ON7a=\AMA 5 = 9BRSH1L�O<=\H6O%`@=\A:U1?�R `S?IJ�OQ;"? V ?i=\LPU1JN? V ?IH3O�L �+=@ON; �#ON;1? = �B7 V U"OQ;8JN?BLPRSA:UGOQ7:R\H ZbR\J
OQ;"?���RSF1F1AM?BJ�- LN;>=@JNFE?BH1?IKTF#?IH19B7MAW- 4 ?i= V LP9i=@OPOQ?IJNR V ?ION?BJ)9i=@LN?�7:L+;17:]S;"A 5 K1?BFE?BH"K1?BH6O%RSHT9BJPRSLNL,-

OQJN=\9 � FERSLP7MOQ7MRSH.Dd�
L)=\HT7MA:AMU1LPONJQ=@ON7:RSH �69IRSH1LP7:K1?IJ+OQ;>= O�=jL 5 LPON? V K1?BLP7:]SHT9B=\F>= 4 AM?�R\Z�=\9<;"7:?I`�7MH1]
m � V = �B7 V U"OQ; JN?ILNRSAMU"OQ7MRSHX=@O�= 9IJNRSLPL�- OQJQ=@9 �XK"7:LPOQ=\H19I?�R@Z ?SlSl � V �[LP7:K1? -/A:R�R �37:H"]j9i=\LP? � �#9B=\H
RSH1A 5 R 4 O<=\7MH =\H = �I7 V UGOQ; JP?BLNR\A:U"ON7:RSH R@Z�k � V =@O�= 9IJNRSLPL�- OQJQ=@9 � K17:L�O<=\H"9B?jR\Z =6l\l � V � =@H1K
= � V =@O�k\l\l�� V 9BJPRSLNL,- OQJN=\9 � D��);"?f= �B7 V U"OQ;TJP?BLNR\A:U"ON7:RSH e3U17M9 �3A 5 K1?I]SJQ=@K1?BL)H1?B=\J)OQ;1?�H1=\K17:J

OQJN=\9 � �GU"AMOQ7 V = OQ?BA 5 4 ?B9IR V 7:H1]�OQ;"?%LN= V ?
=\L�ON;>=@O�=\9<;17M?I`S?IK 465 =fJP?i=\A -,=\FE?BJ�OQU1JP?)L 5 LPON? V D��);1?

`@=\JN7:=@OQ7MRSH 7MH = �B7 V U"OQ;�JP?BLPRSA:U"ON7:RSH�R `\?BJTOQ;1? L �&= OQ; V U1LPO 4 ? O<= �@?BH 7:H6OQR =@9B9BR\U1H6O ��;"?BH
=\LPLN?BLPLN7MH1]_ON;1?�F#?IJPZbRSJ V =\H"9B?�R\Zh=Y;17:]S;�-/JN?ILNRSAMU"OQ7MRSH FE?BH19I7:A - 4 ?i= V K1?BLP7:]SH.D

m�;O<



0 200 400 600 800
CrossTrack Distance (km)

1

2

3

4

5

A
zi

m
ut

h 
E

lo
ng

at
io

n 
Fa

ct
or

 

Angular Elongation Effect
Doppler Spacing Elongation Effect
Combined Elongation

�h7M]SU1JN? <GD � � ��H1]SU1A:=\J �G��RSF1F"A:?BJ(LPF>=\9B7MH1]��G=\H1K 9IR Vj4 7MH1?BK ?BA:R\H1]6=@ON7:RSH ? �#?B9gO&ZbRSJ*LN9B=\H ]S?IR V -
?IONJ 5 R@Z �h7M]1DI<�D kGD

� � @ � @ A -I���!� � ���	� �����C4�
�� .�$��!3�$: �� E �!��"P$&���C4�-� �$:����"

�
L K17:LP9BU1LPLN?BK�7MH��G?I9ION7:RSH �GD kGD � ��=\H"R\OQ;1?IJ_ZbU1H"K>= V ?BH6O<=\A%9BR\H1LN7MK1?BJN=@OQ7MRSH 7ML_OQ;"?
LNU"F1F1JN?ILNLP7:RSH8R\Z�JQ=\H1]\?�=\H1K8��RSF1F1AM?BJ)= V 4 7:]SU"7MOQ7M?BL+=\LNLPRG9I7a=@ON?BK	��7MON; ON;1?�OQJN=\H1L V 7WONOQ?IK	�&=i`S? -
ZbRSJ V D*� Vj4 7:]SU17WO 5 JN? �P?B9gOQ7:R\H89IRSH1LPONJQ=\7MH6OQL%A:7 V 7MO�OQ;1?f=\AMA:R��&= 4 A:?�K17 V ?IH1LN7MRSH1L�R\ZdOQ;1?f=\H6OQ?IH1H>=

ZbR�R\OQF1JP7:H6O �1=\H1KX;1?BH19I? L�OQJNR\H1]SA 5 7 V F>=\9gO)OQ;1?�R `S?BJN=\A:A JP?BLPRSA:U"ON7:RSH FE?BJ�ZbRSJ V =\H19I?�R\ZhON;1?�JQ=\K>=@J
K1?ILN7:]\H.D �);1?T= Vj4 7:]\U17MO 5 7MLNLNU"? 9i=\H 4 ?_`�7MLNU>=\AM7��I?BK =\H"K =\K1K1JP?BLPLN?BK 7MH =8`@=\JN7M?IO 5 R\Z �+= 5 LID
��7M`S?IH OQ;1?�JN=\F17MKTLN9i=@H1H17:H"] V R\ON7:RSH R\Z OQ;1?�=\H6ON?BH1H>= �>=\HX=\H>=\A 5 LN7:L 4 =\LN?IK RSH OQ;1?�JN=\K>=\J&= V -

4 7M]SU17MO 5 ZbU1H19ION7:RSHX7:L)ZbRSU"H1KXONR 4 ?�F>=\JPON7:9IU1Aa=\JPA 5 U1LN?gZbU1A ZbRSJ)OQ;1?�F#?IH19B7MAW- 4 ?B= V LN9B=@ONON?BJPR V ?gOQ?IJ

9i=@LN?\D 	�U1Jj=\F"F1JNR6=@9<; ;1?BJP? 7:L�OQRXc>JNL�OYF#?IJPZbRSJ V =\H = V 4 7:]SU"7MO 5 ZbU1H19gOQ7MRSH =\H1=\A 5 LN7ML�ZbR\JfOQ;"?

LN7MK1?g- A:R�R �37:H1]�]S?IR V ?IOQJ 5 �G=\H1K ON;1?BH ? ��OQ?IH1KTOQ;1?ILN?�JP?BLNU"AMOQL*OQR�OQ;1?�9i=\LP?�R\Z =\J 4 7MONJQ=\J 5 = �B7 V U"ON;
=\H1]\A:?\D

m�;9?



�/H��h7M]1D <GD>=��)= 9BRSH"9B?BFGOQU>=\A�K1?BF"7:9ION7:RSH R\Z�ON;1? = Vj4 7:]\U17MO 5 ZbU"H19ION7:RSH R\Z�= F#?IJN7W-
R�K17:9 F1U1AMLN? OQJQ=@7:H�7ML8LP;1R���H.D �);1? K>=@J	� LNFER\OQL8JN?IF1JN?ILN?BH6O ON;1? AMRG9B=@OQ7MRSH R\Z = V 4 7:]SU"7MOQ7M?BL
7:H K1?BA:= 5 �\��R\F1F1A:?IJ LPF>=\9B? � ON;1? 9I?BH6OQ?IJXLPF#R@OTJN?IF1JN?ILN?BH6ON7:H1] OQ;"? A:R�9i=@ON7:RSH R\Z�OQ;"? K1?BLP7:JP?BK
JN?ILNRSAMU"OQ7MRSH 9I?BA:A ��=\H1K OQ;1?TR\ON;1?BJ LNFER\OQLjJP?BF1JP?BLP?BH6OQ7MH1] A:R�9i=@ON7:RSH1L�R\Z�U1H �+=\H6OQ?IK = V 4 7:]SU"7MOQ7M?BL
LNF1=\9B?IK�=@O V U1AWOQ7:F"A:?BL R\Z
ON;1?8F"U1A:LP?8JP?BFE?IOQ7WOQ7MRSH ZbJN?Be3U1?IH19 5 � !(�%� �Y=\H1K OQ;1?XF1U1AMLN?XJN?IF#?gOQ7W-

OQ7MRSH 7:H6OQ?IJP`@=\A �[!*��� �jm �\!(�%� �Y=\A:RSH"] OQ;1?8��RSF1F1AM?BJ =\H"K K1?IAa= 5 = �G?BL JN?ILNFE?B9gOQ7M`\?BA 5 D ��L 7MAW-
A:U"LPOQJN=@OQ?IK 435 �d7:]1DS<GD k � OQ;1? A:R�9i=@AhK1?IAa= 5 �\��RSF1F1AM?BJ�9IRGR\JNK17MH>=@OQ?IL V = 5�4 ?YOQJN=\H1L�ZbRSJ V ?BK 7:H6ONR
?BAM?I`@=@ON7:RSH	�@= �B7 V U"OQ;Y9IRGR\JNK17MH>=@OQ?IL � ��;1?IJN?�OQ;1?�OQJN=\H1LPZbR\J V =@OQ7MRSH 7:L(=�ZbU"H19ION7:RSH R\ZEOQ;1?�=\H6OQ?IH1H>=
= �I7 V U"ON; FERSLN7WOQ7:R\H � �� � D��>RSJ�ON;1?jLP7:K1? -/A:R�R �37:H"] 9i=@LN? ON;1?jK1?IAa= 5 �\��RSF1F1AM?BJ
= �G?BL�=\JP?jF>=\JN=\A:AM?BA
OQRYON;1?�?BA:?g`@=@OQ7MRSH	�\= �I7 V UGOQ;T= �G?ILBD

�/H R\JNK1?IJ�ONR
U1H>= Vj4 7:]\U1RSU1LPA 5 K"?IOQ?I9IOdOQ;1?�?B9<;1R
=@OdON;1?*K1?BLP7:JN?IK JP?BLNR\A:U"ON7:RSH�9B?IA:A � OQ;"?
U1H �+=\H6OQ?BK�= Vj4 7M]SU17WO 5 F#?B= �3L V U1LPO 4 ?�LNU"F1F1JN?ILNLP?BK 465 =\F1F1JPRSF1JN7:=@OQ?
K1?BLP7:]SHTR\Z ON;1?�=\H6OQ?IH1H>=
]6=\7MH F>= ONOQ?IJNH.D(�/H �h7M]1D�<GD>=��GON;1?�? �#?B9gO)R\Z OQ;"?�=\H6OQ?IH1H>=jF>=@OPOQ?IJNHT7:L�9BRSH"9B?BFGOQU>=\AMA 5 7:AMA:U1L�OQJQ= OQ?BK

465 9BRSH"9B?BH6ONJN7:9*JN?I9IOQ=\H1]SAM?BL ��;17:9<;�JN?IF1JN?ILN?IH3Oh9BRSH6ONRSU1JNL�R\Z�OQ;1?(O ��R@-��+= 5 =\H6OQ?BH"H>=�]6=@7:H�F>=@OPOQ?BJPH
=\L F"JNR �P?I9IOQ?IK_R\HjOQ;1?&K"?BAa= 5 �\��RSF"F1A:?IJhF1A:=\H1? �bRSJ �S?Ie3U17M`@=\AM?BH6OQA 5 ZbRSJ�OQ;1?)LP7:K1? -/AMRGR �37MH1]
9B=\LN? �6RSH
OQ;"?j?BAM?I`@=@OQ7MRSH	�\= �B7 V U"OQ;8F1Aa=\H"? �gD��);"?YRSU"OQ?IJ�JN?I9IOQ=\H1]SAM?j7:L%OQ;1?j9IRSH6OQRSU"J�OQ;>=@O
F1JNR�K1U19I?BL�OQ;"?
K1?ILN7:JP?BK_A:?I`\?BA R\Z.= Vj4 7M]SU17MO 5 LNU1F"F1JN?ILNLN7MRSH.D(�);17ML�9IRSH6OQRSU1J V = 5 9BRSJPJN?BLPF#R\H1K �3ZbRSJ(? �"= V F1A:? �3ONR
OQ;"?�-�k\lfK>' F#R\7:H6O&7MH OQ;1?�O �+R@- �&= 5 =\H6OQ?BH"H>=YF>=@ONON?BJPH.D��);1?�7MH1H1?BJ+JN?B9gO<=\H"]SA:?�JN?BF"JN?BLP?BH6OQL�OQ;"?

�PU1LN= 4 AM? � JN?I]S7:R\H R\Z)OQ;"?T=\H6OQ?IH1H>= ZbRGR@OQF1JP7:H6O ��7WOQ;17MH ��;17M9<; 7MH1K17W`G7MK1U>=\A(LP9i=@OPOQ?BJP?BJPL 9B=\H 4 ?
U1H>= Vj4 7:]\U1RSU1LPA 5 K1?ION?B9ION?BK.DY�);"7:L�9BR\H3ONRSU1J �.ZbRSJ�7:H"LPO<=@H19B? ��9IRSU1AMK 9BRSJPJN?BLPF#R\H1K ONR OQ;1?j- � K>'
A:?g`S?IA1R\Z OQ;1?�=@H3ON?BH1H1=�F1=@ONON?BJNH D �);1?)K17 V ?IH1LN7MRSH1L R\Z ON;1?)U1LQ= 4 A:?+ZbR�R\ONF1JN7MH3Oh7:HYK1?IAa= 5 �\��RSF1F"A:?BJ
LNF1=\9B?�=@JN? � �

���
=@H1K � � � � �G=\H1KT=\JP?
JP?BAa= OQ?BK OQR ON;1?
K"7 V ?BH1LP7:RSH1L*R\Z.ON;1?
R\U"OQ?IJ+9BR\H3ONRSU1J 435 OQ;"?

F>=\JN= V ?IOQ?IJNL �_=\H1K � =\L)LP;1R���H�7:H �d7:]1D/<GD ="D(� R\J+OQ;1?�LP7:K1? -/A:R�R �37:H"] 9i=@LN? �1ON;1?BLP?fK"7 V ?BH1LP7:RSH1L
=\JP?f=@F1F1JNR �G7 V =@ON?BA 5 JN?IAa=@ON?BKTOQRYON;1?�?Be3U17M`@=\AM?BH6O%?BAM?I`@=@OQ7MRSH	�\= �B7 V U"OQ; K"7 V ?BH1LP7:RSH1L 435

�
���
� �
k LN7MH �� � �

� �
���
� �&<GD �	�

=\H1K �>U"OQ7MA:7��I7:H1] ��eED �&<GDMm � ��7MOQ; �� � � �\l�� �

��� � � � �
k
� �
� � � � � � �&<GD < �

�
L_K17:LP9BU1LPLN?IK�7:H OQ;1? ZbRSA:AMR���7:H1] LNU 4 LN?I9IOQ7MRSH �&ON;1? 4 ?BL�O = �I7 V UGOQ; JP?BLPRSA:U"ON7:RSH 7ML

=\9<;17M?I`\?BK 465 	 ��� �	 � � ����
�ON;1?+U1LN= 4 AM?*ZbR�R\OQF"JN7:H6O�LN7 �B?@Dh�);1?�JN?BA:=@OQ7MRSH1LP;17:F 4 ?gO �+?I?BHjON;1?+U1LN= 4 AM?

m�; �



Doppler (or Azimuth)

PRF

P
R

Ixdop (xaz)

D
el

ay
 (

or
 E

le
va

tio
n)



xdel  (xel )

a xdel  

b xdop

�h7M]SU1JN?,<�D = � �GF>=@ON7a=\A"= Vj4 7M]SU17WO 5 K17:=\]SJQ= V ZbRSJ�ON;1?�LN7:K"?g-/AMRGR ��7MH1]�]S?IR V ?IOQJ 5 D���=@J	�jLPF#R\ONL(JN?BF�-
JN?ILN?IH3O
��RSF1F"A:?BJ �@K1?IAa= 5 = Vj4 7:]\U17MON7:?BL*ZbRSJ)LN7MK1?g- A:R�R �37:H1] 9i=\LP?\D+$+RSH19B?IH6OQJN7M9�LNe3U>=\JP?BL%JN?BF"JN?BLP?BH6O
=\H6OQ?IH1H>= F>=@OPOQ?BJPH ����7MON;TOQ;1?�9B?IH6OQ?BJ%JN?I]S7:R\HXK"?Ic>H1?IK =\L)ON;1?�U1LQ= 4 A:?�ZbR�R\OQF1JP7:H6O%=\JP?i="D

ZbR�R\OQF1JP7:H6O)K17 V ?IH1LN7MRSH1L)7MHXK"?BAa= 5 �\��RSF"F1A:?IJ&LNF>=@9B?f=\H1K OQ;1?�!(��� 7ML)LNU V V =@JN7��I?BK 465

� � �
���
� !(�%�

� � � � � � !(��� � �&<GD ?	�

��?B9i=@A:A:7MH1] ON;>=@O%!(��� � m��\!(�%� ����?�9BR Vj4 7:H1?�ON;1?�O �+R_7:H1?Ie�U1=\A:7WOQ7:?IL+7MH8��e D � <GD ?��ONR ��JP7MON?

� �
���
� � � � �

m
� �
� �&<GD �	�

^�LP7:H1] ��e3LBD � <GD ?�&=\H"K �&<GD �	� � ��;1?IH�9B=\HTOQ;1?IH ��JN7WOQ?

�
���
��� � � � � �

= � �
� �
��LN7MH �� � �

� � <GDWm l�

m��Sl



��e3U>=@OQ7MRSH � <GDWm l� 7ML =��@? 5 JP?BLNU"AMOYZbRSJjON;1? 9BU1JPJN?BH6O =\H>=\A 5 LN7:LID '&=\LP?BK RSH = Vj4 7:]\U17MO 5 LNU1F�-

F1JP?BLNLP7:RSH89BRSH"LN7:K"?BJQ= OQ7:R\H1L �>7WO�?BLPOQ= 4 AM7:LN;"?BL�= V = �G7 V U V 9BR\H1LPONJQ=\7MH3O%RSH OQ;"?fU1LN= 4 AM?�ZbR�R\ONF1JN7MH3O
K17 V ?IH1LN7MRSH1LBD

��ONJN7:9gOQA 5 LPF#?B= �37:H1]��3��e D � <�DMm l	�d7:L `@=\AM7:KjRSH"A 5 ZbR\JhOQ;1?�LP7:K1? -/A:R�R �37:H"]
]S?IR V ?gOQJ 5 Dh��L
OQ;"?)=\H6OQ?IH1H>=�7:L�LN9B=\H1H1?IKYZbRSJ �+=\JNK RSJ 4 =@9 � �+=\JPK R@Z>OQ;17MLhFERSLN7WOQ7:R\H � ON;1?&��R\F1F1A:?IJ =\H"KY= �B7 V U"ON;
= �G?BL�=\JP?�H1R�A:R\H1]S?BJ(F>=@JQ=\AMA:?BA"=\L*LN;1R���H 7MH_�d7:]1DC<�D =�� 4 UGO&=\JP?�JNR\OQ=@OQ?IK =\H1K OQJN=\H1L�ZbRSJ V ?BK 9BRSH�-
LN7MLPON?BH6O ��7MON; ��e�LID � <�DMm�� - �&<GD ; �gD��
Lh`�7:? �+?IKYZbJNR V OQ;1?+F#?IJNLNFE?B9gOQ7W`S?)R\Z>ON;1?&?BAM?I`@=@ON7:RSH	�@= �B7 V U"OQ;
F1A:=\H1? � OQ;"7:L�ONJQ=\H"LPZbRSJ V =@ON7:RSHXH1?I7MOQ;"?BJ
9<;1=\H1]S?IL
OQ;1? LN;>=\FE?jRSJ%K17 V ?IH1LN7MRSH1L
R@Z OQ;1? F1JNR �P?I9ION?BK
=\H6OQ?IH1H>=_ZbR�R\ONF1JN7MH3O � ��;17:9<;�7:L�LPON7:A:A �

���
� ����� � �ER\J%ON;1?fAMRG9B=@OQ7MRSH R\Z ON;1? = Vj4 7:]\U17MON7:?BL)R\H8OQ;"?

?BAM?I`@=@ON7:RSH = �G7MLBDY�%R���?I`\?BJ �dOQ;"? AMRG9I7hR\Z*OQ;"?_= Vj4 7:]\U17MON7:?BL
=\A:R\H1] OQ;1? = �B7 V U"OQ; = �G7:L�9<;1=\H1]S? �
��7MON; ON;1?%= �B7 V U"ON; LPF>=\9I7:H1] 4 ?gO �+?I?BH ON;1?%= Vj4 7M]SU17WOQ7:?IL ]SJPR���7MH1]�Aa=\JP]S?BJ�K"U1?)OQR�OQ;1?%LQ= V ?)]S? -
R V ?IONJN7:9B=\A"? � ?I9IONL ��;17M9<;_AM?i=\KYONRfLPe�U"7:H6O*?BA:R\H1]6=@ON7:RSHjK"7:LN9IU1LNLP?BK 7MHYOQ;1?�F1JP?I`�7:RSU"L*LPU 4 LP?B9ION7:RSH D
$+RSH1LP?Be3U1?IH3ONA 5 �+=\LfOQ;1?T=@H3ON?BH1H1= F#RSLP7MON7:RSH F#RS7MH6OQLfZbR\J �+=\JNK RSJ =@Z O �dOQ;1?IJN?T7:LfA:?ILNLj9IRSH6O<= V 7W-
H>=@ON7:RSH ZbJNR V OQ;1?_= �B7 V U"ON; = V 4 7:]SU"7MOQ7M?BL�ON;>=\H ZbR\J�ON;1?_LP7:K1? -/AMRGR �37MH1] ]S?BR V ?IONJ 5 DT��e�U1=@OQ7MRSH

� <�DMm l	��OQ;3U1L
JN?BF"JN?BLP?BH6OQL�ON;1?YA:7 V 7WOQ7:H"]Y9i=\LP? � =\H"K �+?j9IRSH19IA:U1K1?fOQ;>=@O�7MZ ON;1?Y= Vj4 7:]SU17WO 5 9BRSH�-
LPONJQ=\7MH6O�7:L�LN=@OQ7MLPc>?IK ZbRSJ
ON;1?YLN7MK1?g- A:R�R �37:H1] 9i=\LP? � 7WO�7:L�LQ=@ON7:LPc1?BK =@O�=\AMAdR@OQ;1?IJ�LN9B=\H F#RSLP7MON7:RSH1L
=\L ��?BA:A D �[�);17ML�=\JN]\U V ?IH6O�7:L)`@=\A:7MK>=@OQ?IKT7:H = V R\JN?�e3U>=\H6OQ7WO<=@ON7M`\?�Z[=\LN;17MRSH 7:H8�G?I9IOQ7MRSH <GD �"D �

�
H 7 V FERSJPOQ=\H6O�=\F1F1AM7:9B=@OQ7MRSH R\Z�OQ;1? 9BR\H1LPONJQ=\7MH3O�F1JPR `G7MK1?BK 465 ��eED �&<GDMmil�
7:L�OQ;"?

LNFE?B9I7Mc>9B=@OQ7MRSH R\Z�=\H6OQ?IH1H>= K1?BLP7:]SH F>=\JN= V ?gOQ?IJNLBD �/H RSJPK1?BJjONR 7:A:AMU1LPONJQ=@ON?_ON;1?TOQJQ=@K1?BR �#L =\L,-

LNR�9B7:=@OQ?IK ��7WOQ;�ON;1?j=\H6ON?BH1H>= 4 ?B= V ��7:KGOQ; �EU1LQ= 4 A:?�ZbRGR\ONF1JN7MH6O
K17 V ?IH1LN7MRSH1L �#= Vj4 7:]\U17MO 5 AM?I`\?BA �
=\H1K OQ;"? � =@H1K � F>=\JQ= V ?gOQ?BJPL��)OQ;"?XK"?BLN7M]SH 9BU1J�`S?BL_7:H �h7:]"D <GD ; ;1= `\? 4 ?B?IH 9IRSH1LPONJNU19gOQ?IK.D

��?IJN? �3ON;1? V = �"7 V U V = Vj4 7M]SU17WO 5 AM?I`\?BA =\LPLNR�9B7a= OQ?BK ��7WOQ; LN9B=@ONON?BJN?IJNL ��7MON;17:HjON;1?)U1LQ= 4 A:?&ZbR�R\OP-
F1JP7:H6O 7:LYF1AMR\ONON?BK `�LBD � �b7MZ%?BAM?I`@=@ON7:RSH	� JQ=\H1]\?T= Vj4 7M]SU17WOQ7:?ILj=\JP? 4 ?I7:H1] =\K"K1JN?ILNLN?IK �YRSJ � �[7WZ

= �I7 V U"ON;	�\��RSF"F1A:?IJ�= Vj4 7:]SU17WOQ7M?BL�=@JN? 4 ?I7:H1] =@K1K1JN?ILNLP?BK � D �(=\9<; 9BU1J�`S? ��7:H ONU1JNH � JP?BF1JP?BLP?BH6OQL
=YK17 �#?BJP?BH6O)`@=\A:U"?�R\Z�OQ;1?�U1LN= 4 AM?�ZbRGR\ONF1JN7MH6O ��7:K"ON;T? �GF1JP?BLNLP?BK =@L�=YZbJN=\9ION7:RSHTR@Z�ON;1?�O ��R@-��+= 5
��K>' 4 ?i= V ��7:K"ON;.D �);1?TF1=\JQ= V ?ION?BJ � 7ML K1?gc>H1?BK =\L � ��� � �

���
9BRSL �� � � � ��
 ��� ZbRSJ�OQ;1? ?BAW-

?I`@=@ON7:RSH K17 V ?IH1LN7MRSH � =@H1K � � � � ��� � � ��
 ����ZbRSJ�OQ;"?_= �B7 V U"OQ; K17 V ?IH1LN7MRSH.Dj�);1?_= Vj4 7:]SU17WO 5
A:?g`S?IA:L%=\JN?�9IR V F"U"OQ?IK�=\LPLNU V 7:H"] = JN?IF1JN?ILN?BH6OQ=@OQ7W`S?f=\H6OQ?BH"H>=_]6=@7:H F>=@OPOQ?BJPH8JPRSA:A -/R �XZbU1H19gOQ7MRSH

� '�?BLNLP?BA ZbU"H19ION7:RSH LPe3U>=\JN?IK �17MH OQ;17ML+9B=\LN? �gD(�
L)=@H ? �"= V F1A:?�R\Z OQ;"?�=\F1F1AM7:9B=@OQ7MRSH_R@Z OQ;17ML+F1AMR\O �

m��"m



1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
a (or b)

−30.0

−25.0

−20.0

−15.0

−10.0

−5.0

0.0

M
ax

 A
m

bi
gu

ity
 L

ev
el

 (
dB

)

χ = 0.4

χ = 0.6

χ = 0.8

χ = 1.0

χ = 1.2

�h7M]SU1JN?(<�D ; � ��?ILN7M]SH 9BU1J�`S?BL�ZbRSJ�ONJQ=\K17MH1]@- R � =\H6ON?BH1H>= 4 ?i= V ��7MK"OQ; �d= Vj4 7:]\U17MO 5 � =\H1K OQ;1? �
=\H1K � F>=@JQ= V ?ION?BJNL �bLN?I?�ON? ��O � D

7MZ#OQ;1?%JN?Ie3U17:JP? V ?BH6O+ZbRSJ*= V 4 7:]SU"7MOQ7M?BL�7ML�-,k\l�K>' =\H"K OQ;1?%U1LN= 4 A:?�ZbR�R\OQF1JP7:H6O*7:L(K1?gc>H1?BK 465 OQ;"?

O ��R@-��+= 5 � K1' =\H6ON?BH1H>= 9BR\H3ONRSU1J �1OQ;1?IH � ��� � � ����� mf=\H1K �"ZbJPR V �h7M]1DI<�D ; � � � � ��m � <\kGD
�/H1LP?BJPON7:H1] OQ;"?�K"?Ic>H17WOQ7MRSH1L&ZbRSJ �

���
=\H1K � ����7:H6OQR ��e D � <GDWm l� �



���

 ��� � � � 9BR\O �� � �

� � � ���
� � ���

� �
� � � <GDWmSm��

��e D �&<GDWmSm�� JN?IF1JN?ILN?IH3ONL = 9BR\H1LPONJQ=\7MH3O RSH OQ;"?XF"JNR�K1U19IO R\Z%OQ;"?�=\H6ON?BH1H>= 4 ?i= V ��7MK"OQ;"L_=@H1K
9BR\H1LN?Ie�U"?BH6OQA 5 RSH OQ;"? V 7MH17 V U V =\H6OQ?IH1H>= =\JP?i= �"=\H1K 7ML&LN7 V 7MAa=\J ONRj9BRSH"LPOQJN=\7:H6ONL)U1LN?IKX7MH OQ;"?
K1?ILN7:]\H8R\Zd9BR\H3`\?BH6OQ7MRSH>=\A������ L 5 L�OQ? V L � mSm � D�� O%7:L)7 V FERSJ�O<=\H6O&ONR H"R\OQ?�OQ;1=@O �1K"?BFE?BH1K17MH1] RSH
OQ;"?fJP?Be3U17:JP? V ?BH6OQL%ZbRSJ%= ]\7M`S?IH =\F"F1A:7M9i=@ON7:RSH �1=\H =\H6ON?BH1H>= ��7MON;8A:=\JN]S?IJ 4 ?B= V ��7:KGOQ; V = 5 4 ?
=\9I9B?BFGO<= 4 AM?j7MZ ?B7MON;1?BJ�OQ;1?Y= Vj4 7:]\U17MO 5 LPU1F1F1JP?BLNLP7:RSH JP?Be3U17:JP? V ?BH6O�7ML
JN?IAa= �G?IK RSJ
7WZ*= L V =\A:AM?BJ

ZbR�R\OQF1JP7:H6O)9B=\H 4 ?�OQRSAM?BJN=@OQ?IK � m � � D

m��6k



� � @ � T N ��-� �$:-I� A ��" �!��3� 8$��!�

C 7MON; 9IRSH1L�OQJQ=@7:H6OQL�?BL�O<= 4 A:7:LP;1?BK ZbRSJ�OQ;1? U1LN= 4 AM? ZbR�R\OQF"JN7:H6O�K17 V ?IH1LN7MRSH1L�=\H"K =\HG-

OQ?IH1H>=YLNF"7:HTJQ= OQ? � �+?�JP?IOQU"JNHTOQRjON;1?�OQRSF"7:9�R\Z�LPF>=@OQ7:=\AEJN?BLPRSA:UGOQ7:R\H.DhC ;1?IH8JN=\H1]S?�K"7:LN9IJN7 V 7MH>= -
OQ7MRSH 7:L)? V F1AMR 5 ?BKTON;1?�c>H1?BL�O
?IA:?g`\= OQ7:R\HTJN?BLPRSA:UGOQ7:R\H8=@9<;17:?g`S?BK � � ��� �17ML

�
���
� �
k�LP7:H �� � � ���

� � <GDWm k	�

��;1?IJN? ���&7:L�OQ;1? 4 =\H1K ��7:K"ON; R\Z+ON;1?_ONJQ=\H"L V 7MO�F1U1AMLN?BLID��%R\OQ? OQ;1=@Oj��e D�� <GDWm k	��=\F1F1AM7:?IL�ONR
=\AMA�JP? V R\OQ? LP?BH1LP7:H1] JN=\K>=\JPL ��7:H"9BA:U"K17:H1]�JN?i=@AW-,=@F#?IJPOQU"JN? LP9i=@OPOQ?IJNR V ?ION?BJYL 5 L�OQ? V L =\H1K �G�
��D
�);1? �@? 5 FERS7MH3O+R\Z K1?IF>=\JPONU1JN?�7MH OQ;"?�=\H>=\A 5 LN7:L�R\Z ;17M]S;G-/JP?BLPRSA:U"ON7:RSH 9BR\H17:9B=\A:A 5 - LN9B=\H1H17MH1] LP9i=@O�-

OQ?IJNR V ?ION?BJPLh7:L OQ;"?+9i=@A:9BU"Aa=@ON7:RSH�R\Z = �B7 V U"OQ;�JN?ILNRSAMU"OQ7MRSH.Dd��U1?�ONR�OQ;"?+JQ=@F17:K�LN9B=\H1H17MH1] V R\OQ7MRSH �

9BR V_V RSH1A 5 U1LN?IKYK1?BLP7:]SH ?Be3U>=@ON7:RSH1LdK1?I`\?BAMRSF#?IKjZbRSJ�9BRSH6`S?IH6OQ7:R\H>=\A>����� L 5 LPON? V L�K1R�H1R\O�ZbU1AMA 5

=\F1F"A 5 D

�);1?)ZbU1H1K1= V ?IH6O<=\AGA:7 V 7MO�RSH = �I7 V UGOQ;YJN?ILNRSAMU"OQ7MRSHj7ML K1?ION?BJ V 7MH1?BK 465 ON;1?�=\H6OQ?IH1H>=

K ��?BAMA�OQ7 V ? � 7 D ?@D �)OQ;"? A:?IH1]\OQ; R\Z�OQ7 V ?8= ]S7W`S?BH�LP9i=@OPOQ?IJN?BJ 7:L R 4 LN?IJP`S?IK�=@L_OQ;"? =\H6OQ?IH1H>=
ZbR�R\OQF1JP7:H6O(L ��?B?IF1L&F>=@LPOiDh�);1?
JP?BAa= OQ7:R\H1LN;17MF 4 ?gO �+?I?BH ON;1?���RSF1F1AM?BJ�JN?ILNRSAMU"OQ7MRSH � � � � � ��=\H"K_OQ;"?
K ��?BAMA.OQ7 V ? � � ���17ML�=\F1F1JPR �"7 V = OQ?BA 5 � � � ����m � � � D*� V F1A:R 5 7:H1] =@H8=@F1F1JNR �G7 V =@ON7:RSH LP7 V 7:A:=\J*ONR
OQ;1=@O�U1LN?IK8ONR R 4 O<=\7MHX�(e D �&<GD < � �"ON;1?�=\9<;17:?g`@= 4 A:?�= �B7 V U"OQ; JN?ILNRSAMU"OQ7MRSH ��� �����>7ML

� ����� � �
k
� �
� � �

� � �� � ��� � <GDWm ��

��?IJN? �3ON;1?)c>JNL�O �[e3U1R\ON7:?BH6O � ON?BJ V 7:L ON;1?%= �B7 V U"OQ;YJP?BLPRSA:U"ON7:RSHjZbR\J OQ;1?�LN7MK1?g- A:R�R �37:H1]
]S?BR V ?IONJ 5
=\H1K OQ;1?�OQ?IJ V � � ���� ��JN?IF1JN?ILN?BH6ONL+OQ;1?�K1?B]\JQ=\K>= OQ7:R\H 7MH JP?BLNR\A:U"ON7:RSH K1U1?%OQR�LNe3U17MH3O+?BAMRSH1]6=@ON7:RSH
? �#?B9gOQL�=\L�K17:LP9BU1LPLN?IK�7:H8�G?I9ION7:RSH <GD kGDWmSD

�);1? V = �G7 V U V =i`@=\7:A:= 4 AM?�ZbR�R\OQF"JN7:H6O K �+?IA:A\ON7 V ?hZbRSJ =&]S7W`S?IH�FERS7MH3O.RSH�OQ;1?�LPU1JPZ[=\9I?
7:L

� � �
�����
�
� � <GDWmP= �

��;1?IJN? �����d7:L.OQ;"?(= �B7 V U"OQ;1=\A ��7:KGOQ;�R\Z�OQ;1?(U1LN= 4 A:? ZbR�R\ONF1JN7MH3O � =\H1K �j7ML.OQ;1?*= �I7 V U"ON;>=\A@]SJNRSU"H1K
LNFE?B?IK R\Z)OQ;"?_ZbR�R\OQF1JP7:H6OfK1U1? ONR�OQ;1?_LN9B=\H1H17MH1] V R\OQ7MRSH =\LfK1?Ic1H1?BK ��e D ���"D �	�gD �%R\OQ? OQ;>= O

4 ?B9i=@U1LN? � 7:L)O 5 F17:9B=\A:A 5 V U19<;8]SJN?B=@OQ?IJ%ON;>=\H
�
� �>OQ;"?fK ��?BAMA OQ7 V ?�=i`@=\7:A:= 4 A:?
7:L�K1JQ= V =@ON7:9B=\A:A 5

LN;"RSJPON?BJ�ZbRSJ�OQ;"? LP9i=\H"H17:H1] FE?BH19I7:A - 4 ?i= V 9i=\LP? ��;1?BH 9BR V F>=\JP?BK OQRTOQ;"? O 5 F17M9i=\A*�����29B=\LN?@D

m��	�



�);1?jLP;1RSJ�OQ?BJ�K ��?BA:A OQ7 V ?�JP?BK1U19I?BL
ON;1?Y= �I7 V UGOQ;XJN?BLPRSA:UGOQ7:R\H �E=\H1K 7ML%ON;1? F1JP7:9I? F>=\7MKXZbR\J�OQ;"?
? ��ONJN? V ?BA 5 ��7:K"?�L �+=@OQ;�=\9<;17:?g`S?IK 465 OQ;"?�9IRSH17M9i=\AMA 5 -/LP9i=\H1H"?BK F#?IH19B7MAW- 4 ?B= V =\F"F1JNR6=@9<;.D

�
L�K17MLN9IU1LNLP?BK�7MHX�G?B9gOQ7MRSH �"DMm\D � �GOQ;1?�JNR@O<=@ON7:RSH JN=@OQ?�R\Z ON;1?�=\H6OQ?BH"H>= � =\H1K 9IRSH1LN? -
e3U1?BH6ONA 5 OQ;1?
= `@=\7MAa= 4 A:?)K ��?BAMAEON7 V ?�ZbR\J�R 4 O<=\7MH17:H1]f= �I7 V U"ON; JP?BLNR\A:U"ON7:RSH �37ML+=�ZbU1H19ION7:RSH_R\Z OQ;"?
=\H6OQ?IH1H>= 4 ?B= V ��7:KGOQ; K17 V ?BH"LN7:R\H1LBD(�);1?f= Vj4 7M]SU17WO 5 LPU1F1F1JP?BLNLP7:RSH�9BRSH1L�OQJN=\7:H6OQL�K17MLN9IU1LNLP?BK 7MH
OQ;"?XF"JN?I`�7MRSU1L LNU 4 LN?B9gOQ7MRSH R\Z ON?BH JN?Ie3U17:JP? ON;1?X=\H6OQ?IH1H>= 4 ?B= V OQR 4 ?Te�U"7MOQ? H>=@JNJNR���D �);17ML
;>=\L�O �+R 7 V F1=\9IONLfRSH OQ;1?_K1?BLP7:]SH R@Z&OQ;1?_LN9B=@ONON?BJNR V ?gOQ?BJ L 5 LPON? V D �h7MJNLPO � =\L =\K1K1JP?BLPLN?BK 7MH
�G?I9IOQ7MRSH �"D �GD k �.ON;1? LN9i=@H1H17:H"]8AMRSLNL ��7MA:A 7MH19BJP?i=\LP?\D �G?B9IRSH1K1A 5 ��=\L�OQ;1? 4 ?i= V ��7MK"OQ; H>=@JNJNR���L �
OQ;"?�JPR\O<=@ON7:RSH JQ= OQ? V U1LPO�7:H"9BJN?B=\LN?%7:H RSJPK1?BJ(OQR V ?I?IO*OQ;1?�=\A:R\H1]@- ONJQ=\9 � 9BRSH6OQ7MH3U17MO 5 9IRSH1LPONJQ=\7MH6O

]S7W`S?BH 435 ��e D ���"D �	�gD �);1?
;17:]S;"?BJ�=\H1]SU1A:=\J V R V ?IH3ONU V OQ;>= O+JP?BLNU"AMOQL*ZbJNR V Z[=\L�OQ?IJ+LNF"7:H JN=@OQ?IL
7:L�U1H1K1?ILN7MJQ= 4 AM? 4 ?B9i=@U1LN?�7WO+JP?Be3U17:JP?BL�= A:=\JN]\?BJ&=@H1K V RSJN?�9BR V F1A:? � LPF>=\9I?B9BJN=@Z O�=@OPOQ7WOQU1K1?�9BRSH�-

OQJPRSA L 5 L�OQ? V Dj�/H LP7MOQU1=@OQ7MRSH1L ��;1?IJN? 7MO�7:L�U1H"K1?BLP7:JQ= 4 A:?jONRTA:?BH"]\OQ;1?IH � ��� 7MH RSJNK"?BJ�OQR JP?BK1U19I?
OQ;"? LNF"7:H�JN=@OQ? � LPU19<; =\L���;1?BH�JQ=\H1]\?j= Vj4 7:]SU17WOQ7M?BL V U"LPO 4 ?�JN? �P?I9ION?BK � V U1AMON7:F1AM?�=\H6OQ?IH1H>=

4 ?i= V L)R �#LN?IO%7MHX?IA:?g`\= OQ7:R\HTLNR =\L)OQR 9BR `\?BJ�= ��7MK1?BJ�?IA:?I`@=@ON7:RSHTJN=\H1]S? V U1LPO 4 ?�U1LN?IK.D*C ;"?BH
OQ;"7:L�=\F1F"JNR6=\9<;X7:L�=@K1RSF"ON?BK8�(e D � �GD �� 4 ?B9IR V ?BL

� � �
�� � � ��� � � <GDWm�;	�

��;1?IJN? � �+7ML�ON;1?�H�U Vj4 ?IJ�R@Z�7:H1K"?BFE?BH1K1?IH6O
?IA:?I`@=@ON7:RSH 4 ?i= V L�? V F1A:R 5 ?IK.D&�);1?�OQ?IJ V �P7MH1K1?g-

FE?BH1K1?IH6O � ;1?IJN? V ?i=\H"L�OQ;1=@O�ON;1? 4 ?i= V L
=\JN?fLNU � 9B7M?BH6OQA 5 7MLNRSA:=@OQ?IK87MH�LPF>=\9B? � ZbJN?Ie3U1?BH19 5 �.R\J
FERSAa=\JP7��B=@OQ7MRSH LNR�ON;>=@OY= Vj4 7:]\U17MON7:?BL�=\LPLNR�9B7:=@OQ?IK ��7MON; RSH1? 4 ?B= V K1R H1R\O 9BRSH6OQ= V 7MH>=@ON?_OQ;"?
=\K �N=@9B?BH6O 4 ?i= V LBD

�/H1LP?BJPON7:H1]���e D � <GDWmP= ��7:H6OQR���e D � <GDWm �� �6=\F1F"A 5 7:H1] 4 R\ON;jOQ;1?�=\AMRSH1]@- OQJN=\9 �f9IRSH6OQ7MH�U�-
7MO 5 9BRSH1L�OQJN=\7:H6O�R\Z>��e D � <GDWm�;	�.=@H1KfON;1? V = �G7 V U V U"LQ= 4 AM?�ZbRGR\ONF1JN7MH6O 9BRSH1L�OQJN=\7:H6O�7:Hf��eED �&<GDMmil� �
=\H1K V = �37MH1]_ON;1?j9BR\H1LN?IJP`@=@OQ7W`S? =\LPLNU V F"ON7:RSHXOQ;>=@O

�
�
� � �

� � ON;1? 4 ?BLPO�=\9<;17:?g`@= 4 A:? = �B7 V U"ON;
JN?ILNRSAMU"OQ7MRSHT7:L&ON;1?BH

� ��� � =�� �
� �
�6LN7MH �� � � � �� � � � � �� � ��� � <GDWm���

��e3U>=@OQ7MRSH � <GDWm��� 7MH1K17:9B=@OQ?IL OQ;>=@O � ���d7:L H1R\Od=&ZbU1H19gOQ7:R\HfR\Z1=\H6OQ?IH1H>=�LN7��I?�R\J 9i=\JPJN7:?IJ ZbJN?Be3U1?IH19 5 �
4 U"O K1?BFE?BH"K1LYRSH1A 5 R\H OQ;1?_RSJ 4 7MO =\H1K V ?i=\LPU1JN? V ?IH6OY]S?BR V ?gOQJ 5 �dON;1? JN?Ie3U17:JP?BK = Vj4 7:]SU17WO 5
A:?g`S?IA � `�7a=�� =\H1K � � �h=\H"K OQ;"?_H3U Vj4 ?BJ�R\Z+7:H1K1?IF#?IH1K1?IH3O ?BAM?I`@=@OQ7MRSH 4 ?B= V LBD �);1? ? �"= V F1AM?

L 5 L�OQ? V K1?BLP7:]SH"LhF1JP?BLN?IH6OQ?BK 7:Hj�G?B9gOQ7MRSH <GD ��K1? V R\H1LPONJQ=@ON?�OQ;1=@O�=�`@=\AMU1?*R\Z � � ��RSH ON;1?+RSJPK1?BJdR\Z

m��9=



RSH1? �37:AMR V ?IOQ?IJ)9i=\H 4 ?�JP?i=\K"7:A 5 =\9<;17M?I`S?IK U1LP7:H1]YOQ;"7:L%=\F1F1JPR6=\9<;.D��);17:L�7ML)LN7:]\H17Mc>9B=\H6OQA 5 c>H1?IJ

JN?ILNRSAMU"OQ7MRSH8ON;>=\H 9B=\H JN?B=\A:7MLPON7:9i=@A:A 5 4 ? =\9<;17M?I`S?IK ��7MOQ;�JN?i=@AW-,=@F#?IJPOQU"JN?�L 5 LPON? V L � 4 U"O
9BR6=@JNLN?IJ
OQ;1=\HXON;>=@O%=\9<;"7:?I`\?BK 435 O 5 F"7:9i=@A��G��� L 5 L�OQ? V LID

� � @ � � +�4�-I��" � $: �� 3��&" � +G$�� $����

�
L%K17MLN9BU"LNLN?IK 7:H��G?I9IOQ7MRSH �"D ="DMm � = F1JN=\9ION7:9i=@A 9BRSH1LP7:K1?IJQ=@ON7:RSHTONR 4 ?�=\K1K1JP?BLNLP?BK 7MH
OQ;"?_K1?ILN7M]SH F1JPRG9I?BLPLf7ML�ON;1? LN?BAM?B9gOQ7:R\H R\Z&=XJN=\K>=\J�OQ7 V 7MH1]TLN9<;"? V ? ��;17M9<; 7:H"LNU1JP?BL�OQ;>=@O�OQ;"?
OQJN=\H1L V 7MLNLN7MRSH R\Z�F1U1A:LP?BL�K1R�?BL�H1R\O�7:H6ON?BJPZb?IJN? ��7MON; ON;1? JN?B9I?BF"ON7:RSH R\Z�?B9<;1R8JN?gOQU1JPH1LBD_�/H OQ;"?
K1?g`S?BAMRSF V ?BH6O�R\Z���e D � <GDWm���%7MO �+=\L�=\LPLNU V ?BK OQ;1=@O�= ]S7W`S?BH LP9i=@OPOQ?BJP?BJ�7ML�R 4 LP?BJP`\?BK ZbRSJ
OQ;"?
?BH6ON7:JN? ON;1?TZbRGR@OQF1JP7:H6OYK ��?BAMA&OQ7 V ? � 7 D ?\D ��OQ;>= OYOQ;1? JQ=@K>=\JY7:LYF"U1A:LP7:H1] 9IRSH6OQ7:H3U1R\U1LNA 5 D �);17ML
9BR\H3ON7:H3U1RSU"L�F"U1A:LP?jOQ7 V 7:H"] LN9<;"? V ? 7ML�7:AMA:U1L�OQJN=@OQ?IK 7:H �h7M]1D�<�D � �[=�gD��/H =\K1K17WOQ7MRSH�OQR V ?B?gOQ7:H"]
OQ;"?�9BRSH1L�OQJN=\7:H6OQL+7:H ��e D � <GD ?� �GOQ;"?�!*��� V U1L�O 4 ?�LP?BAM?B9ION?BKTOQR =@A:A:R�� F1JPRSFE?BJ&7MH3ON?BJPA:?i=i`�7:H"]jR\Z
OQ;"?fOQJN=\H1L V 7WO�?g`S?IH3ONL�=\H1K JP?B9I?B7M`\?j?B9<;"RG?ILBD�^�OQ7MA:7��I7:H1] ��e3LBD � �"D>=B?� - ���"D ;@l�+OQ;17ML�7MH3ON?BJPA:?i=i`�7:H"]

9BR\H1LPONJQ=\7MH3O�7ML�? �GF1JN?ILNLP?BK =\L


� � � m

k
�P!(��� �

k �
�

�
!(��� � k � � � � � ��� � � � � ��� �

k
� � <GDWm�<	�

��;1?IJN? �_7:Ld=\H 7MH6OQ?B]\?BJ�JN?BF"JN?BLP?BH6OQ7MH1]
ON;1?+H3U Vj4 ?BJ�R\Z>F"U1A:LP?BLh7MH � 7:]S;6O ��� �+7:L OQ;1?�F1U1AMLN?*A:?BH"]\OQ; �
� �
���
7:L*OQ;1?�JPRSU1H1K�- OQJP7:F_K1?BA:= 5_4 ?IO ��?B?BH OQ;"?�7:H1H"?BJ&=@H1K RSU"ON?BJ&?IK1]S?IL)R\Z OQ;1?
U1LQ= 4 A:?�ZbR�R\ONF1JN7MH3O

� LN?B?j�(e D �&<GD �� � � =@H1K � � � ��� � 7ML�ON7 V 7:H1] V =\JN]S7MH =\AMA:R���?BK8ZbR\J
U1H19I?BJ�O<=\7MH3ON7:?IL
7:H8OQ;1?fF1JN?I9B7:LP?
`@=\A:U"?�R\Z �jD(�);1?�AM7 V 7MO�RSHXON;1?�OQJN=\H1L V 7MO&F1U1A:LP?�A:?BH"]\OQ; 7:L&ON;1?BH

� � � !(�%� � � � ��� � � � � ��� �
k

� � <GDWm8?�

�>RSJYOQ;1? ��7:K"?8L �&=@ON;�=\H1K ;17:]\; 7MH19B7MK1?BH19I?X=\H1]SAM?BL O 5 F"7:9i=@A:A 5 U1LN?IK ZbRSJ FE?BH19I7:AW-

4 ?i= V LP9i=@OPOQ?IJNR V ?ION?BJNL � ;1R��+?g`S?BJ �hOQ;"? 9IRSH1L�OQJQ=@7:H6OQL�R\Z+��eED �&<GDWm�<	��=\H1K ��e D � <GDWm8?� V = 5 4 ?

K17 �_9IU1AMOhOQR V ?B?IO(LP7 V U"AMO<=@H1?BRSU"LNA 5 Dd�);"7:L 7ML�F>=\JPON7:9IU1Aa=\JPA 5 ONJNU1?)7WZ#LP7:]SH"7Mc>9B=\H6OhOQ7 V 7MH1] V =\JP]S7:H1L

=\JP? JN?Ie3U17:JP?BK 7:H�RSJNK1?IJ�ONRT=\A:AMR�� ZbRSJ%LNF>=\9I?B9IJQ=@Z O�=@OPOQ7WOQU1K1?�`@=\JN7:=@OQ7MRSH1L�=\H1K�ZbR\J
Aa=@H1K�LPU1JPZ[=\9I?
OQR\F#RS]\JQ=\F1; 5 D C ?
=\A:LPR LN?I?�ZbJNR V ��e D �&<GDMmP?��ON;>=@O �1=@Z ON?BJ�ON;1? 4 ?i= V c>AMA:7MH1]�? �#?B9IO)=\H1KTH1?I9B?BL,-
LQ=@J 5 OQ7 V 7MH1] V =@JN]S7MH =\JN?�O<= �@?BH 7MH6OQR_=\9B9IRSU1H6O � OQ;1?f=i`@=\7:A:= 4 A:?�OQ7 V ?�ZbRSJ)OQ;1?�OQJN=\H1L V 7WO�F"U1A:LP?
��7:KGOQ;Y7:LhA:7 V 7MON?BK.D�	�H1?+LNRSAMU"OQ7MRSH OQR�ON;1?BLP?)F1JNR 4 A:? V Ld7:LhONR�=\K1RSF"O�= 4 U1JNL�O�F1U1AMLN7MH1]�LN9<;"? V ?�=@L
LN;"R���H87:HX�h7M]1D*<GD � � 4 �gD*�>RSJ&OQ;17ML&OQ7 V 7MH1]jLN9<;"? V ? �E= V U1AMON7:F1AM?g-/F"U1A:LP? 4 U1JPLPO�R\ZdA:?BH"]\OQ; � � � �%7ML

m��B;



Tp

PRI

2R/c

PRI

BRI

τbur

a.  Continuous pulse timing.

b. Burst pulse timing
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