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�ONYa @�K SYL �IK� ^ D D D D D D D D D D D D D D D D D D D D D D D D D 6�
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� D� IBYLNTNBY Y�]� GA MGAO�O BALGA � CBA K� ^ SYL �IK� ^ ]GTUBLO BY
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CBA TUG UBAY SYTGYYS � NTU �� � � �� ���R � D D D D D D D D D D D D D D D � 

[ D EGBALGANYa TUG LSTS S``GOO D D D D D D D D D D D D D D D D D D D D D D D D 

 NM



������� �

��������� ���

� BLG_ BALGA AGL�`TNBY 
��EG� NO S \AB `GOO NY �UN`U TUG Y�]� GA BC �YVYB�YO

BALGA� BC S ] STUG]STN`S_ AG\AGOGYTSTNBY 
]BLG_� BC S \AB� _G] BC NYTGAGOT NO LG`AGSOGL D
�UG ]STUG]STN`S_ AG\AGOGYTSTNBY BC TUG O�OTG] � NTU TUG O] S__GA Y�]� GA BC �YVYB�YO
NO VYB�Y SO TUG AGL�`GL BALGA ]BLG_ 
E��� D K _TUB�aU TUNO �BAV NO `BY`GAYGL � NTU
S\\_N`STNBYO NY `B]\�TSTNBYS_ G_G`TAB] SaYGTN`O H S AGMNG� BC ��EG TUAB�aU TUG _STG
�6� �O `SY � G CB�YL NY �� SYL TUG AGCGAGY`GO `BYTSNYGL TUGAGNY D

�UGAG SAG ] SY� AGSOBYO TUST ] S� ]BTNMSTG TUG S\\_N`STNBY BC S ��EG \AB`GL�AG D
K __ SAG � _TN] STG_� AG_STGL TB B�TSNY NYa S CSOTGA ON]� _STNBY TN] G D RB�GMGA H TUG �S�
TUNO O\ GGL�\ NO B�TSNYGL `SY � G LN� GAGYT CAB] BYG T�\ G BC S\\_N`STNBY BC S ��EG
\AB `GL�AG TB SYBTUGA D K CG� BC TUG ] BOT N] \BATSYT AGSOBYO CBA S\\_� NYa ��EG SAG
B�T_NYGL � G_B� D

�YG AGSOBY TB �OG ��EG NO CBA ] S`AB] BLG_NYa D 	Y ] S`AB]BLG_NYa S \SAT BC TUG
O�OTG] TUST LBGO YBT `USYaG NO OG\SASTGL CAB] TUG AGOT BC TUG O� OTG] SYL TUGY ON] J
\_N	GL TB S E�� D �UGY TUG E�� NO AG� BNYGL TB TUG AGOT BC TUG O�OTG] SYL OB_MGL D
� S`AB]BLG_NYa `SY � G �OGL SO \SAT BC SY B\TN] N�STNBY \AB� _G] H BA �UGY TUG BANaNYS_
O�OTG] `BYTSNYO �BTU S _SAaG _NYGSA 
BY �UN`U TUG ��EG NO S\\_NGL � SYL O] S__ YBYJ
_NYGSA \SAT D KY GS]\_G BC ] S`AB]BLG_NYa NO �UGY SY G_G`TABYN` `NA`� NT NO OG\SASTGL





NYTB TUG _NYGSA O��O� OTG] SYL S YBY_NYGSA O��O�OTG] D ��EG NO S\\_NGL TB TUG _NYGSA
\SAT H SYL TUGY TUG AGO� _TNYa E�� NO AG`BYYG`TGL TB TUG YBY_NYGSA \SAT SYL TUG O� OTG]
NO TUGY OB_MGL �ONYa S `NA`� NT ON]� _STBA O�`U SO X@ 	I^ D XNY`G TUG _NYGSA \SAT `BYTSNYO
CG�GA �YVYB�YO H TUG GYTNAG ON]� _STNBY 
NY`_�LNYa TUG ��EG \AB`GL�AG TB `AGSTG TUG
E��� `SY � G CSOTGA TUSY NC X@ 	I^ �GAG S\\_NGL TB TUG BANaNYS_ H _SAaG O�OTG] D K
AG`GYT \S\GA SLLAGOONYa ] S`AB]BLG_NYa NO ��� D

K OG`BYL SAGS TB �UN`U ��EG NO S\\_N`S� _G NO LB] SNY LG`B]\BONTNBY \AB� _G] O D
�UNO SAGS NO ]�`U TUG OS] G SO ] S`AB]BLG_NYa G `G\T NYOTGSL BC OG\SASTNYa S \SAT BC
TUG O�OTG] TUST LBGO YBT `USYaG CAB] TUG AGOT BC TUG O�OTG] H TUG O� OTG] NO LNM NLGL
NYTB OGMGAS_ O��LB]SNYO D �UGY ��EG NO S\\_NGL TB GS`U BC TUG O��LB] SNYO SYL S__
TUG AGO� _TNYa E�� O SAG AG� BNYGL SYL OB_MGL D [B] SNY LG`B]\BONTNBY ��EG `SY � G
GO\ G`NS__� �OGC� _ NC GNTUGA TUG ASTNB BC TUG Y�]� GA BC �YVYB�YO BY TUG �B�YLSANGO TUST
� BNY TUG AGaNBYO TB TUG TBTS_ Y�]� GA BC �YVYB�YO NO MGA� O] S__ BA NC TUGAG SAG OGMGAS_
O��LB] SNYO TUST SAG AG\ GSTGL TUAB�aUB�T TUG O�OTG] D KY GS]\_G BC TUNO `SOG NY
G_G`TAB] SaYGTNO] NO S \AB� _G] �UBOG BANaNYS_ LB]SNY NO NYONLG S �SMGa� NLG D XB]G
AG`GYT �BAV NY TUG SAGS BC LB] SNY LG`B]\BONTNBY NO aNMGY NY ��� D

K TUNAL AGSOBY TB �OG ��EG NO CBA CSOT O�GG\ `S\S� N_NT�D 	Y S CSOT O�GG\ \AB� _G] H
OB] G \SAS]GTGA BY �UN`U TUG BANaNYS_ \AB� _G] LG\GYLO NO MSANS� _G SYL NT NO LGONAGL
TB OB_MG TUNO \AB� _G] SO TUG \SAS] GTGA `USYaGO CAB] OB]G NYNTNS_ MS_�G TUAB�aU ] SY�
NYTGA] GLNSTG MS_�GO TB OB] G 	YS_ MS_�G D �YG AGSOBY �U� TUG OB_�TNBY ]S� � G AG�� NAGL
ST ] SY� NYTGA] GLNSTG MS_�GO NO TB AGL�`G TUG ANOV BC CSN_NYa TB `S\T�AG S AGaNBY TUST NO
AS\NL_� MSA� NYa H CBA GS]\_G H YGSA S AGOBYSY`G D � UGY ��EG NO S\\_NGL NT NO GOOGYTNS_
TUST TUG LB] NYSYT `USAS`TGANOTN`O BC TUG BANaNYS_ O�OTG] � NTU AGO\ G`T TB TUG MSA� NYa
\SAS]GTGA SAG `S\T�AGL NY TUG E�� OB TUG OB_�TNBY TB TUG E�� NO S``�ASTG D 	Y

�



SLLNTNBY H ONY`G TUG E�� USO CG�GA �YVYB�YO TUSY TUG BANaNYS_ O�OTG] H NT NO ]BAG
`B]\�TSTNBYS__� G� `NGYT TB OB_MG TUG E�� CBA ] SY� LN�GAGYT MS_�GO BC TUG MSA� NYa
\SAS]GTGA TUSY TB OB_MG TUG BANaNYS_ O�OTG] D XB] G GS]\_GO BC CSOT O�GG\ \AB� _G] O
NY G_G`TAB] SaYGTNO] SAG CSOT CAG��GY`� O�GG\ \AB� _G] O 
�UGY TUG MSA� NYa \SAS] GTGA
NO TUG CAG��GY`� BC G`NTSTNBY � SYL CSOT SYa_G O�GG\ \AB� _G] O H �UGAG NT NO LGONAGL TB
NYMGOTNaSTG UB� TUG OB_�TNBY TB TUG BANaNYS_ \AB� _G] `USYaGO � NTU TUG NY`NLGYT SYa_G
BC TUG G_G`TAB] SaYGTN` �SMG D


B� TUST TUG AGSOBYO CBA S\\_� NYa ��EG USMG � GGY GOTS� _NOUGL SYL TUG T�\G
BC aGYGAS_ S\\ABS`U NO LGTGA] NYGL H NT NO YG`GOOSA� TB `UBBOG OB] G ] GTUBL TB `AGSTG
TUG BANaNYS_ ] STUG] STN`S_ ]BLG_ BC TUG \AB� _G] BC NYTGAGOT D XB]G BC TUG \ B\� _SA
]BLG_NYa ] GTUBLO TUST USMG � GGY �OGL NY `BY� �Y`TNBY � NTU ��EG SAG TUG ] GTUBL BC
]B] GYTO 
� B�� H S 	YNTG LN� GAGY`G ] GTUBL H SYL TUG 	YNTG G_G] GYT ]GTUBL 
Q^�� D
�Y`G S ]BLG_NYa ]GTUBL USO � GGY `UBOGY SYL S\\_NGL TB `AGSTG TUG BANaNYS_ H _SAaG
BALGA ] STUG]STN`S_ ]BLG_ H S ��EG TG`UYN��G ]�OT � G `UBOGY SYL S\\_NGL D K _NOT BC
OB] G ��EG TG`UYN��GO CB__B� O D

� BLG_ �SOGL \SAS]GTGA GOTN] STNBY 
�W@^ � �� � NO BYG BC TUG 	AOT LNO`�OONBYO BC
��EG NY `B]\�TSTNBYS_ G_G`TAB] SaYGTN`O D 	Y TUST �BAV H �W@^ NO �OGL TB `AGSTG S
CSOT CAG��GY`� O�GG\ E�� BC S � NAG SYTGYYS ]BLG_GL �ONYa � B� CAB] S ]BLN	GL

�]GAN`S_ ^ _G`TAB] SaYGTN`O IBLG D �UG E�� NY �� � NO `AGSTGL �� ]ST`UNYa S ASTNBJ
YS_ \ B_�YB] NS_ TB SMSN_S� _G LSTS CAB] TUG � B� `BLG D 	Y ��� H �W@^ NO GTGYLGL TB
`AGSTG S ON]� _TSYGB�O CSOT SYa_G SYL CAG��GY`� O�GG\ E�� CBA S � NAG SYTGYYS ]BLJ
G_GL �ONYa � B� D RB�GMGA H TUGNA �W@^ N]\_G] GYTSTNBY USO S LAS��S`V NY TUST �TUG
CAG��GY`� SYL O\STNS_ LB]SNY OS]\_NYa \ BNYTO SYL TUG @SL �G SYL \B_�YB] NS_ C�Y`TNBY
NYTGA\B_STNBY BALGAO �GAG `UBOGY G\GAN] GYTS__� �� MSA� NYa TUG \SAS]GTGA MS_�GO SYL

�



OG_G`TNYa TUBOG �UN`U \ABL�`GL TUG � GOT AGO� _TO� ��� D �UGAGCBAG H TUG \AB`GL�AG NO YBT
S�TB] STGL SYL GOOGYTNS__� AG�� NAGO A�YYNYa OGMGAS_ ON]� _STNBYO SYL TUGY `UBBONYa TUG
� GOT OB_�TNBY SO TUG 	YS_ SYO�GA D

K OG`BYL ��EG TG`UYN��G NO TUG O\ G`TAS_ FSY`�BO LG`B]\BONTNBY ]GTUBL 
XF[�� D
�UG XF[� NO 	 AOT \AGOGYTGL NY ��� �UGAG NT NO �OGL TB OB_MG TUAGG LN] GYONBYS_ \AB� _G] O
NY TUG TN] G SYL CAG��GY`� LB] SNYO D 	Y ��� �GG �O aANL NO �OGL TB LNO`AGTN�G TUG \AB� _G]
SYL `AGSTG TUG BANaNYS_ ] STUG] STN`S_ ]BLG_ D RB�GMGA H BY_� LN��ONBY � GUSM NBA BC TUG
G��STNBYO NO SOO�]GL D 	Y ��� TUG Q^� NO �OGL TB ] BLG_ TUG \AB� _G] LB]SNY SYL YB
SOO�]\TNBY NO ] SLG S�B�T TUG LNO\_S`G] GYT `�AAGYTO � GNYa YGa_NaN� _G D RB�GMGA H TUG
S\\_N`S� N_NT� BC TUG ] GTUBL NY ��� NO _N] NTGL TB `_BOGL LB] SNY AGaNBYO NYOTGSL BC � GNYa
S� _G TB USYL_G �BTU B\GY SYL `_BOGL LB] SNY \AB� _G] O D

K TUNAL T�\ G BC ��EG \AB`GL�AG NO TUG @SL �G S\\AB N] STNBY MNS TUG FSY`�BO
\AB `GOO 
@�F � D K _TUB�aU TUG FSY`�BO S_aBANTU] 	AOT S\\GSAO NY �6� NY ��� H NT �SO YBT
�OGL CBA ��EG �YTN_ ��� ��� D �UG YGT �GSA H @�F S\\ GSAO NY ��� SYL S_]BOT NYOTSYT_�
� G`B] GO \ B\� _SA D 	YNTNS__� @�F �SO S\\_NGL NY TUG `NA`� NT SYS_�ONO `B]]�YNT�H ��T
_STGA �SO SLB\TGL �� AGOGSA`UGAO NY `B]\�TSTNBYS_ G_G`TAB] SaYGTN`O D KY GS]\_G BC
S\\_� NYa @�F TB B\GY LB]SNY aGB]GTANGO ]BLG_GL �ONYa S 	YNTG LN�GAGY`G ] GTUBL NO
aNMGY NY �� H SYL S Q^� ]BLG_ BC SY B\GY LB] SNY \AB� _G] NO OB_MGL �ONYa @�F NY
��� D 	Y SLLNTNBY H NY ��� SY SLS\TNMG FSY`�BOJ@SL �G O�GG\ 
KF@X� �� � MSANSYT BC @�F
NO �OGL TB ON]� _STG G_G`TAB] SaYGTN`O \AB� _G] O ]BLG_GL �ONYa TUG �B�YLSA� G_G] GYT
]GTUBL D RB�GMGA H S__ BC TUGOG ] GTUBLO O�� GA CAB] SY NYUGAGYT _N] NTSTNBY BC @�F
�UN`U AG�� NAGO TUG BANaNYS_ ] STUG] STN`S_ ]BLG_ TB � G S _NYGSA C�Y`TNBY BC TUG E��
MSA� NYa \SAS] GTGA D

�



KYBTUGA T�\G BC ��EG \AB`GL�AG NO �SOGL BY TUG K AYB_LN \AB `GOO ��� D F NVG
@�F H K AYB_LN AG�� NAGO TUG ] STAN O�OTG] TB � G S _NYGSA C�Y`TNBY BC TUG E�� MSA� NYa
\SAS]GTGA H SYL TUG ANaUT USYL ONLG TB � G `BYOTSYT D �UGAGCBAG H TB S\\_� KAYB_LN TB
S \ B_�YB] NS_ ] STAN G��STNBY H TUG BANaNYS_ O� OTG] ]�OT � G _NYGSAN�GL �� NYTABL�`NYa
GTAS LGaAGGO BC CAGGLB] D RB�GMGA H NY ��� S ]GTUBL NO OUB�Y �UN`U � N__ S__B� TUG
NYMGAOG B\ GASTBA TUST ]�OT � G S\\_NGL TB � G BC TUG OS] G LN] GYONBY SO TUG BANaNYS_
O�OTG] H GMGY TUB�aU TUG 	YS_ O�OTG] ]�OT � G G\SYLGL SYL _NYGSAN�GL D 
 GMGATUG_GOO H
TUG KAYB_LN MG`TBAO ]�OT � G BC TUG LN] GYONBY BC TUG G\SYLGL H _NYGSAN�GL O�OTG] D
XNY`G TUG ] G]BA� AG�� NAGL TB OTBAG TUG E�� MG`TBAO `SY � G aAGSTGA TUSY TUG ] G]BA�
AG�� NAGL TB OTBAG TUG O\SAOG ] STAN`GO H TUG K AYB_LN ] GTUBL ]S� YBT � G \AS`TN`S_ CBA
_SAaG O`S_G `B]\�TSTNBYO �UGAG ] G]BA� NO SY NOO�G D

KYBTUGA \ B\� _SA ��EG TG`UYN��G NO SO�]\TBTN` �SMGCBA] GMS_�STNBY 
K� ^ � D �YJ
_NVG @�F SYL KAYB_LN H K� ^ LBGO YBT AG�� NAG TUG BANaNYS_ ]BLG_ TB � G S _NYGSA C�Y`J
TNBY BC TUG E�� MSA� NYa \SAS]GTGA D K� ^ NO NYTABL�`GL NY ��� TB \ GACBA] ��EG
BY `NA`� NT SYS_� ONO \AB� _G] O D K CTGA TUG NYTABL�`TNBY BC K� ^ H NT �SO CB�YL TUST NT NO
\BOON� _G TB GTGYL K� ^ TB S ]BAG S``�ASTG ��EG TG`UYN��G NC `B]\_G CAG��GY`�
UB\\NYa 
IQR � NO G]\_B�GL D 	Y �6� BYG T�\ G BC IQR NO �OGL NY �UN`U S\\AB N] STG
OB_�TNBYO `B]\�TGL CAB] LN� GAGYT G\SYONBY \BNYTO SAG `BYONLGAGL NYLG\ GYLGYT_�D 	Y
��� SYBTUGA T�\G BC IQR NO OUB�Y NY �UN`U OB]G O�OTG] \B_GO H `B]\�TGL CAB] LNCJ
CGAGYT G\SYONBY \BNYTO H SAG `BYONLGAGL ON]� _TSYGB�O_�D RB�GMGA H TUG O� OTG] \B_GO
TUG] OG_MGO SAG `B]\�TGL �ONYa NYCBA] STNBY CAB] BY_� BYG G\SYONBY \BNYT D �YCBAJ
T�YSTG_�H TUG IQR S_aBANTU] O SAG OB] G�UST LN� `� _T TB S�TB] STG SYL BCTGY AG�� NAG
�OGA O�\ GAMNONBY TB GYO�AG S``�AS`�D Q�ATUGA] BAG H �W@^ �� � `SY � G `BYONLGAGL TB

�



� G S ]� _TN\ BNYT K� ^ NY TUST TUG `BG� `NGYTO BC TUG ASTNBYS_ \ B_�YB] NS_ `SY � G `S_J
`� _STGL �� `BYONLGANYa ]� _TN\ _G G\SYONBY \BNYTO ON]� _TSYGB�O_�D KT SY� ASTG H SCTGA
NTO NYTABL�`TNBY NY `NA`� NT SYS_�ONO H K� ^ �SO TUGY S\\_NGL NY `B]\�TSTNBYS_ G_G`J
TAB] SaYGTN`O H � �OT _NVG @�F D QBA GS]\_G H K� ^ NO S\\_NGL CBA CSOT CAG��GY`� O�GG\
BC B\ GY LB]SNY aGB]GTANGO ]BLG_GL �ONYa SY G_G`TAN` 	G_L NYTGaAS_ G��STNBY NY ����

SYL BY S `B]� NYGLJ	G_L NYTGaAS_ G��STNBY NY ��� D �UG � B� ]BLG_NYa \AB`GL�AG NO
S_OB �OGL NY `BY� �Y`TNBY � NTU K� ^ NY ���� �UGAG S CSOT SYa_G O�GG\ NO \ GACBA] GL CBA
ASLSA `ABOO OG`TNBY `S_`� _STNBYO D RB�GMGA H ONY`G K� ^ ]ST`UGO ] B] GYTO NY S �S� _BA
OGANGO H SYL ONY`G NYTGaAS_ G��STNBY CBA]� _STNBYO AGO� _T NY TASYO`GYLGYTS_ C�Y`TNBYO BC
TUG E�� MSA� NYa \SAS] GTGA H NT NO �Y`_GSA UB� ]SY� TGA] O ]�OT � G VG\T NY TUG �S� _BA
OGANGO G\SYONBY BC TUG TASYO`GYLGYTS_ C�Y`TNBYO TB GYO�AG SY S``�ASTG OB_�TNBY D �Y
TUG BTUGA USYL H AG`S__ TUST NT NO YBT AG�� NAGL TB �OG � B� TB ] BLG_ \AB� _G] O TUST
SAG TB � G AGL�`GL � NTU K� ^ D 	Y ���� � BTU B\GY SYL `_BOGL LB] SNY \AB� _G] O CBA CSOT
CAG��GY`� O�GG\ SAG ]BLG_GL �ONYa S 	YNTG LN�GAGY`G ] GTUBL SYL OB_MGL �ONYa K� ^ D
� C `B�AOG H NT NO S_OB \ BOON� _G TB �OG TUG Q^� TB ]BLG_ TUG \AB� _G] LB] SNY D 	Y ��� �

`_BOGL LB] SNYO SAG ]BLG_GL SYL OB_MGL �ONYa TUG Q^� SYL K� ^ D QNYS__�H B\ GY LBJ
] SNY \AB� _G] O ]BLG_GL � NTU Q^� SAG OB_MGL CBA S CSOT CAG��GY`� O�GG\ �ONYa K� ^
NY ���� SYL ���� D

K CTGA LNO`�OONYa S__ BC TUGOG ��EG TG`UYN��GO SYL OB]G BC TUG SAGSO NY �UN`U
TUG� USMG � GGY S\\_NGL H BYG ] S� SOV �U� S YG� ��EG TG`UYN��G NO YGGLGL D KY
SYO�GA TB TUST ��GOTNBY `SY � G CB�YL �� SOVNYa H �� UST NO � ABYa � NTU TUG ��EG
TG`UYN��GO TUST S_AGSL� G NOT�� IBYONLGA TUG T�B ]BOT \B\� _SA ��EG TG`UYN��GO H
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\N`V TUG] H SYL UB� _SAaG TUG S\\AB N] STNBY BALGA ST GS`U G\SYONBY \BNYT OUB� _L
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� D��� D K O `SY � G OGGY CAB] TUGOG
	a�AGO H ��K� ^ GOOGYTNS__� SLLO YB SLLNTNBYS_ GAABA BY`G TUG S\\AB N] STG O� OTG]

� D��� NO B�TSNYGL D �UG �AGSVGMGY \BNYT CBA ��K� ^ NY TUNO GS]\_G NO �� D �UG
]S� BA AGSOBY TUST TUNO �AGSVGMGY \BNYT NO OB ]�`U _SAaGA TUSY TUBOG B�OGAMGL NY G J
S]\_GO J� NO TUST CBA TUNO GS]\_G SY NTGASTNMG OB_MGA �SO �OGL NYOTGSL BC S LNAG`T
OB_MGA D Q�ATUGA] BAG H \AG`BYLNTNBYNYa TUG ] STAN CBA TUNO GS]\_G NO YBT ]�`U ]BAG
`B]\�TSTNBYS__� G\GYONMG TUSY �ONYa TUG NTGASTNMG OB_MGA TB 	YL S OB_�TNBY TB S _NYJ
GSA O�OTG] BC G��STNBYO D �UNO NO � G`S�OG TUG Y�]� GA BC �YVYB�YO CBA TUNO GS]\_G
NO AG_STNMG_� O] S__ `B]\SAGL TB TUG BTUGA TUAGG LN] GYONBYS_ GS]\_GO TB CB__B� 
AGJ
`S__ TUG LSTS aNMGY NY O��OG`TNBY � D� D� � NY �UN`U TUG �AGSVGMGY \BNYT � N__ � G ]�`U
O] S__GA D KY SLLNTNBYS_ 
]NYBA� AGSOBY TUST TUG �AGSVGMGY \BNYT NO OB _SAaG CBA TUNO
GS]\_G NO TUST TUG NTGASTNMG OB_MGA �OGL CBA ��K� ^ \ABL�`GO MG`TBAO � NTU S AGONL�S_
BC ������ � �&� H ��T �UGY �OGL TB OB_MG 
� D��� TUG TB_GASY`G NO BY_� OGT TB �&� D
�UNO GS]\_G � N__ � G NYMGOTNaSTGL C�ATUGA NY OG`TNBY � D� D

', 1&#%," �� <� 4��� ��
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�S� _G � D� � EGL�`GL BALGA ]BLG_ `USAS`TGANOTN`O OG_G`TGL �� TUG ��K� ^ \AB`GOO CBA
TUG _B� \SOO 	 _TGA D
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Low Pass Filter
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Low Pass Filter
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� D��� H OB_NL � ��K� ^
OB_�TNBY D
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����� �	 � � �UG �ABSL�SYL � B� TNG SYTGYYS LGO`AN� GL NY O��OG`TNBY � D� D� NO
OB_MGL �ONYa ��K� ^ D �UG ��SYTNTNGO `UBOGY �� ��K� ^ CBA TUNO GS]\_G SAG OUB�Y
NY �S� _G � D� D Q Na�AG � D� OUB� O TUG NY\�T � \SAS]GTGA TB TUG SYTGYYS `B]\�TGL �ONYa
��K� ^ SYL TUG GS`T OB_�TNBY TB 
� D��� D �UG �AGSVGMGY \BNYT CBA TUNO GS]\_G NO
� D

', 1&#%," �� <� 4��� ��

�	 � < :�� 
�
�	� � :�� <=
�	� = :�� 
�
�	� � :�� 
�

�S� _G � D� � EGL�`GL BALGA ]BLG_ `USAS`TGANOTN`O OG_G`TGL �� TUG ��K� ^ \AB`GOO CBA
TUG �B� TNG SYTGYYS D
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Bowtie Antenna

QNa�AG � D� � � �� CBA TUG � B� TNG SYTGYYS D INA`_GO � OB_�TNBY TB 
� D��� H OB_NL � ��K� ^
OB_�TNBY D
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����� �	 � � �UG �SYL \SOO 	 _TGA CAB] O��OG`TNBY � D� D� NO ON]� _STGL �ONYa ��K� ^
SYL `B]\SAGL TB TUG GS`T OB_�TNBY BC 
� D��� D �S� _G � D� OUB� O TUG ��K� ^ ��SYTNTNGO
`UBOGY D Q Na�AG � D� OUB� O � �� CBA TUNO 	 _TGA D �UG �AGSVGMGY \BNYT CBA TUNO 	 _TGA NO 6 D

', 1&#%," �� <� 4��� ��

�	 � � �

�S� _G � D� � EGL�`GL BALGA ]BLG_ `USAS`TGANOTN`O OG_G`TGL �� TUG ��K� ^ \AB`GOO CBA
TUG �SYL \SOO 	 _TGA D

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

XG`TNBY � D� `BMGAGL ] SY� NOO�GO NYMB_MGL � NTU S ��K� ^ ��EG OB_�TNBY \AB`GJ
L�AG O�`U SO `UBBONYa TUG Y�]� GA BC G\SYONBY \BNYTO H SO �G__ SO TUGNA _B `STNBYO SYL
TUGNA O��O\S`G BALGAO D 	Y SLLNTNBY H TUG AGO� _TNYa �AGSVGMGY \BNYT CBA TUG `B]\�TSTNBY
TN] G BC TUG GYTNAG ��K� ^ \AB `GOO �SO B�OGAMGL CBA GS`U GS]\_G D 
 GMGATUG_GOO H
OGMGAS_ BTUGA NOO�GO OTN__ YGGL TB � G SLLAGOOGL D �UGOG NOO�GO NY`_�LG � AGL�`NYa TUG
�AGSVGMGY \BNYT 
NY \SATN`� _SA CBA TUG _B� \SOO 	 _TGA GS]\_G� H `B]\SANYa TUG GCJ
	`NGY`� SYL AB��OTYGOO BC ��K� ^ TB S ASTNBYS_ \B_�YB] NS_ NYTGA\B_STNBY O`UG] G H
SYL �ONYa TUG AGL�`GL BALGA ]BLG_ TB SLS\TNMG_� `UBBOG TUG CAG��GY`� \BNYTO ST �UN`U
TUG E�� OUB� _L � G GMS_�STGL SYL \_BTTGL D

��
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Band Pass Filter
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� D��� H OB_NL � ��K� ^
OB_�TNBY D
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� �� �� ��� ��������� � ��� �� � ���	��� � ����

�UG �AGSVGMGY \BNYTO CBA S__ TUG GS]\_GO NY OG`TNBY � D� �GAG S``G\TS� _� O] S__
G`G\T CBA TUG _B� \SOO 	 _TGA GS]\_G D K O LNO`�OOGL NY TUST GS]\_G H TUG ] S� BA
AGSOBY NO TUST TUG Y�]� GA BC �YVYB�YO CBA TUST GS]\_G NO OB O] S__ TUST `B]\�TNYa
TUG ] STAN \AG`BYLNTNBYGA NO YBT ]�`U ]BAG `B]\�TSTNBYS__� G\GYONMG TUSY �ONYa TUG
NTGASTNMG OB_MGA TB 	YL S OB_�TNBY TB S _NYGSA O�OTG] BC G��STNBYO D XNY`G TUG Y�]� GA
BC �YVYB�YO NO 	 GL H TUG ] NYBA AGSOBY aNMGY NY TUG _B� \SOO 	 _TGA GS]\_G � N__ � G
NYMGOTNaSTGL D EG`S__ TUST TUG NTGASTNMG OB_MGA �OGL CBA ��K� ^ \ABL�`GO MG`TBAO � NTU
S AGONL�S_ BC ������ H �UN_G TUG TB_GASY`G �OGL TB OB_MG 
� D��� NO OGT TB �&� D 	Y �S� _G
� D� TUG G�G`T BY TUG �AGSVGMGY \BNYT BC AG_S NYa ���� NO OUB�Y D 	Y QNa�AGO � D6 SYL � D�
TUG � �� SYL � �� MS_�GO SAG OUB�Y CBA TUG _B� \SOO 	 _TGA CBA S__ MS_�GO BC ���� OUB�Y
NY �S� _G � D� D K O `SY � G OGGY CAB] TUG 	a�AGO H YB LAB\ NY S``�AS`� NO B�OGAMGL ONY`G
TUG ��K� ^ \AB `GOO S�TB] STN`S__� `B]\GYOSTGO CBA `USYaGO NY ���� �� �ONYa ]BAG
G\SYONBY \BNYTO NC YG`GOOSA� 
OGG �S� _G � D� H `B_�]Y �� D �UNO Y�]GAN`S_ GS]\_G S_OB
N__�OTASTGO TUG AB��OTYGOO BC TUG ��K� ^ S_aBANTU] D

���� �'� � ��
��� � (��
�� � �� �AGSVGMGY \BNYT

�&� � �� ��
�&� � �� ��

�&� � �� ��
�&� � �6 ��

�&� � �� �6
�& � � �� � 

�S� _G � D� � �UG �AGSVGMGY \BNYT SO S C�Y`TNBY BC ���� CBA TUG _B� \SOO 	 _TGA D

� 
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Low Pass Filter

QNa�AG � D6 � � �� CBA TUG _B� \SOO 	 _TGA D I NA`_GO � OB_�TNBY TB 
� D��� H L NS] BYLO �
��K� ^ � NTU ���� � �&� H \ BNYTO � ��K� ^ � NTU ���� � �&� H OB_NL � ��K� ^
� NTU ���� � �&� H LSOUJLSOU � ��K� ^ � NTU ���� � �&� H LSOUJLBT � ��K� ^
� NTU ���� � �&� H LBTJLBT � ��K� ^ � NTU ���� � �& � D
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Low Pass Filter

QNa�AG � D� � � �� CBA TUG _B� \SOO 	 _TGA D I NA`_GO � OB_�TNBY TB 
� D��� H L NS] BYLO �
��K� ^ � NTU ���� � �&� H \ BNYTO � ��K� ^ � NTU ���� � �&� H OB_NL � ��K� ^
� NTU ���� � �&� H LSOUJLSOU � ��K� ^ � NTU ���� � �&� H LSOUJLBT � ��K� ^
� NTU ���� � �&� H LBTJLBT � ��K� ^ � NTU ���� � �& � D

��



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

�UG S``�AS`�H G� `NGY`�H SYL AB��OTYGOO BC TUG ��K� ^ \AB `GOO USO � GGY B�OGAMGL
NY TUG \AGMNB�O Y�]GAN`S_ GS]\_GO D RB�GMGA H aNMGY TUG �AGSVGMGY \BNYTO AGS_N�GL CBA
TUBOG GS]\_GO H NT NO YST�AS_ TB SOV UB� ��K� ^ `B]\SAGO TB S ON] \_G 	TTNYa O`UG]G
O�`U SO S ASTNBYS_ \ B_�YB] NS_ NYTGA\B_STNBY D �B TUNO GYL H TUG C�Y`TNBY ������ CB�YL NY
OG`TNBY � D� BC AGCGAGY`G ���� NO �OGL CBA TUG _B� \SOO 	 _TGA SYL �B� TNG SYTGYYS GS]\_GO D
�UG LANMGA AB�TNYG �OGL TB `S__ ������ \N`VO \BNYTO ST �UN`U TB GMS_�STG TUG OB_�TNBY
CBA NY`_�ONBY NY TUG S\\AB N] STNBY D �UGOG \BNYTO SAG \N`VGL ST TUG ] S N]�] BC TUG
GAABA GOTN] STG AGT�AYGL �� ������ � TUG LANMGA `BYTNY�GO TB \N`V SLLNTNBYS_ \BNYTO �YTN_
TUG GAABA GOTN] STG NO _GOO TUSY ���� � �&� TUAB�aUB�T TUG O\ G`N	GL �SYL� NLTU D

	Y QNa�AG � D� SYL � D TUG ASTNBYS_ \B_�YB] NS_ NYTGA\ B_STNBY O`UG] G NO OUB�Y TB
� G MGA� S``�ASTG CBA TUG _B� \SOO 	 _TGA GS]\_G D 	Y SLLNTNBY H TUG ASTNBYS_ \B_�YBJ
] NS_ NYTGA\ B_STNBY O`UG]G NO S_OB ]BAG G� `NGYT TUSY ��K� ^ � G`S�OG TUG Y�]� GA BC
GMS_�STNBYO AG�� NAGL 
�UN`U NO `B]\SAS� _G TB TUG �AGSVGMGY \BNYT CBA ��K� ^ � NO �
CBA � �� BC TUG _B� \SOO 	 _TGA SYL � CBA � �� BC TUG OS] G 	 _TGA D RB�GMGA H TUG ��GOTNBY
BC TUG AB��OTYGOO BC TUG ASTNBYS_ \B_�YB] NS_ NYTGA\B_STNBY OTN__ YGGLO TB � G SLLAGOOGL D
�B TUNO GYL H `BYONLGA QNa�AG � D� �UGAG TUG ASTNBYS_ \ B_�YB] NS_ NYTGA\B_STNBY O`UG]G
NO �OGL TB `B]\�TG TUG S\\AB N] STNBY TB � �� CBA TUG � B� TNG SYTGYYS D 	Y TUNO `SOG
YBTG TUST ASTNBYS_ \B_�YB] NS_ NYTGA\ B_STNBY \AG] ST�AG_� TGA] NYSTGO � TUGAGCBAG NT NO
YBT MGA� AB��OT D Q�ATUGA]BAG H TUG Y�]� GA BC GMS_�STNBYO \ GACBA] GL �� ASTNBYS_ \B_� J
YB] NS_ NYTGA\ B_STNBY CBA TUG �B� TNG SYTGYYS GS]\_G NO � H �UN`U NO aAGSTGA TUSY TUG
�AGSVGMGY \BNYT BC � AG�� NAGL �� ��K� ^ TB `B]\�TG TUG S\\AB N] STNBY OUB�Y NY
QNa�AG � D� D �UGAGCBAG H ��K� ^ OGG] O TB � G S ]BAG LGONAS� _G ��EG ]GTUBL TUSY
ASTNBYS_ \ B_�YB] NS_ NYTGA\B_STNBY CBA T�B AGSOBYO D �UG 	 AOT 
SYL ]BOT N] \BATSYT�

��
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Low Pass Filter
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Low Pass Filter
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Bowtie Antenna

QNa�AG � D� � � �� CBA TUG �B� TNG SYTGYYS D INA`_GO � OB_�TNBY TB 
� D��� H OB_NL � ASTNBYS_
\B_�YB] NS_ NYTGA\ B_STNBY 
�UN`U CSN_O NY TUNO `SOG� D

��



AGSOBY NO TUST ASTNBYS_ \B_�YB] NS_ NYTGA\B_STNBY NO YBT YG`GOOSAN_� AB��OT D �UG OG`BYL
AGSOBY NO TUST NY OB] G `SOGO ��K� ^ ]S� � G OB] G�UST ]BAG G� `NGYT TUSY ASTNBYS_
\B_�YB] NS_ NYTGA\ B_STNBY D

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

�Y`G S AGL�`GL BALGA ]BLG_ NO `AGSTGL H NT NO MGA� NYG\ GYONMG TB GMS_�STG TUG
OB_�TNBY ST SY� aNMGY � D RB�GMGA H AGaSAL_GOO BC UB� O] S__ TUG LNO`AGTN�STNBY NO � GT�GGY
�� SYL ��� � CAB] 
� D�� H NT NO \ BOON� _G TUST S AGOBYSY`G G NOTO � GT�GGY TUGOG \BNYTO BC
GMS_�STNBY D �Y TUG BTUGA USYL H BY`G TUG NTGASTNMG ��EG \AB`GOO TGA] NYSTGO H TUG
E�� NO SY S``�ASTG AG\AGOGYTSTNBY BC TUG BANaNYS_ O�OTG] � TUG \B_G LNOTAN��TNBY BC TUG
E�� OUB� _L S\\AB N] STG TUG \B_G LNOTAN��TNBY BC TUG BANaNYS_ O� OTG] D �UGAGCBAG H TUG
\BNYTO ST �UN`U TUG E�� OUB� _L � G GMS_�STGL SYL \_BTTGL `SY � G ] SLG S C�Y`TNBY
BC TUG \B_G LNOTAN��TNBY BC TUG E�� D �UNO NO OUB�Y CBA TUG UBAY SYTGYYS LGO`AN� GL NY
O��OG`TNBY � D� D D 	Y QNa�AG � D� TUG \B_G LNOTAN��TNBY NY TUG `B]\_G � \_SYG NO aNMGY
CBA �� � ( TN] G `BYMGYTNBY D �UGOG \B_GO SAG TUGY �OGL TB SLS\TNMG_� `UBBOG TUG \BNYTO
ST �UN`U TUG E�� OUB� _L � G GMS_�STGL CBA \_BTTNYa \�A\ BOGO D K _TUB�aU BMGAS__ TUG
AGO� _TNYa \_BT 
YBT OUB�Y � �B� _L _BBV _NVG TUG \_BT OUB�Y NY QNa�AG � D H OB] G LGTSN_O
`SY � G _BOT �Y_GOO TUG SLS\TNMG \_BTTNYa O`UG] G NO N]\_G] GYTGL D �UNO NO N__�OTASTGL
NY QNa�AG � D� �UGAG NT NO B�MNB�O TUST `UBBONYa G��S__� O\S`GL 
��� � 	 �� � �R ��
GMS_�STNBY \BNYTO `SY 
SYL NY TUNO `SOG LBGO� ]NOO NYCBA] STNBY NY S AS\NL_� MSA� NYa
CAG��GY`� LB] SNY \_BT D �UNO NO � �OT SYBTUGA SLMSYTSaG BC S ��EG \AB`GOO � TUG AGSLN_�
SMSN_S� _G NYCBA] STNBY `BYTSNYGL NY TUG E�� \B_G LNOTAN��TNBY S__B� O CBA TUG `AGSTNBY
BC SY SLS\TNMG GMS_�STNBY�\_BTTNYa O`UG] G D

�6
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QNa�AG � D� � 0BB] \_BT CBA TUG N] \GLSY`G BC TUG UBAY SYTGYYS �ONYa G��S__� O\S`GL
\BNYTO MGAO�O SLS\TNMG_� `UBBONYa \ BNYTO CAB] TUG E�� \B_G LNOTAN��TNBY D XB_NL � NTU
`NA`_GO � � BC TUG ��  G��S__� O\S`GL GMS_�STNBY \BNYTO CAB] QNa�AG � D H LSOUJLSOU
� GMS_�STNBY \BNYTO SLS\TNMG_� `UBOGY CAB] E�� \B_G LNOTAN��TNBY CAB] QNa�AG � D� D

��



������� �

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

������� ��� ������ �

� �� � �������

	Y `US\TGA � TUG � NLGJ�SYL ��K� ^ TG`UYN��G �SO \AGOGYTGL D ��K� ^ B�TSNYO
NTO � NLGJ�SYL `BYMGAaGY`G �� �TN_N� NYa ]� _TN\ _G �K� ^ S\\AB N] STNBYO D RB�GMGA H
NC SY� BC TUG �K� ^ S\\AB N] STNBYO �GAG `BYONLGAGL NYLNM NL�S__�H NT �B� _L BY_� � G
O_NaUT_� ]BAG � NLGJ�SYL TUSY SY K� ^ S\\AB N] STNBY BC TUG OS] G BALGA ST TUST
G\SYONBY \BNYT D �UNO NO � G`S�OG � BTU K� ^ SYL �K� ^ �� N_L TUGNA ]B] GYTJ] ST`UNYa
O��O\S`G � � TUAB�aU TUG N__J`BYLNTNBYGL MG`TBAJaGYGASTNYa \AB`GOO CB�YL NY 
� D�� D
� BAG O\ G`N	`S__�H K� ^ �OGO � � LNAG`T_� TB B�TSNY TUG ]B] GYTO aNMGY NY 
� D��� H SYL
�K� ^ BATUBYBA] S_N�GO� � NYTB TUG �SONO � � �UN`U NO TUGY �OGL NY 
� D��� SYL 
� D�� � D

	Y SY STTG]\T TB NY`AGSOG TUG �SYL� NLTU BC S``�AS`� CBA �K� ^ H S YST�AS_ ��GOTNBY
TB SOV NO �� U� �SNT �YTN_ � � NO aGYGASTGL � GCBAG BATUBYBA] S_N�NYa TUG MG`TBAO NYTB

�
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