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RXR :2M2`�H 1a. T`Qi2+iBQM �bT2+ib X X X X X X X X X X X X X X X X X X X X X kj
RXRXR h?2 1a. T`Q#H2K X X X X X X X X X X X X X X X X X X X X X X X X kj
RXRXk 1a. KQ/2Hb X X X X X X X X X X X X X X X X X X X X X X X X X X X X k9
RXRXj 1a. T`Qi2+iBQM /2bB;M X X X X X X X X X X X X X X X X X X X X X X ke
RXRX9 1a. pbX _6 +QMbi`�BMib X X X X X X X X X X X X X X X X X X X X X kN

RXk 1a. T`Qi2+iBQM /2pB+2b X X X X X X X X X X X X X X X X X X X X X X X X X X jR
RXkXR .BQ/2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jR
RXkXk JPa@ivT2 /2pB+2b X X X X X X X X X X X X X X X X X X X X X X X X jk
RXkXj aBHB+QM *QMi`QHH2/ _2+iB}2` Ua*_V X X X X X X X X X X X X X X X jj

RXj h?2 a*_ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j8
RXjXR hm`M@QM K2+?�MBbK X X X X X X X X X X X X X X X X X X X X X X X j8
RXjXk �mtBHB�`v +B`+mBi X X X X X X X X X X X X X X X X X X X X X X X X X je
RXjXj Pp2`b?QQi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jd

RX9 ai�i2 Q7 i?2 �`i BM a*_ +QKT�+i KQ/2HHBM; X X X X X X X X X X X X X X X j3
RX9XR "�b2/ QM �/p�M+2/ "Ch KQ/2Hb X X X X X X X X X X X X X X X X X j3
RX9Xk lbBM; 9 "Ch bm#@/2pB+2b X X X X X X X X X X X X X X X X X X X X X jN
RX9Xj lbBM; irQ KQ/2Hb 7Q` /Bz2`2Mi +m``2Mi H2p2Hb X X X X X X X X X X jN

RX8 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9y
"B#HBQ;`�T?v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9R

kXR .2pB+2b /2b+`BTiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X 98
kXk .* KQ/2HHBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9e

kXkXR :mKK2H@SQQM KQ/2H �/�Ti�iBQM iQ i?2 a*_ iQTQHQ;v X X X X 9e
kXkXk "�bB+ +m``2Mi ~Qr BM �M a*_ X X X X X X X X X X X X X X X X X X 93
kXkXj "�b2 +?�`;2 #2?�pBQm` BM �M a*_ X X X X X X X X X X X X X X X X 8k
kXkX9 _2bBbi�M+2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X 88
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*QMi2Mib *QMi2Mib

kXkX8 am#bi`�i2 KQ/2HHBM; X X X X X X X X X X X X X X X X X X X X X X X 8e
kXkXe "`2�F/QrM KQ/2HHBM; X X X X X X X X X X X X X X X X X X X X X X 83
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kXj h`�MbB2Mi KQ/2HHBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8N
kXjXR h`�MbBiBQM +?�`;2b X X X X X X X X X X X X X X X X X X X X X X X X ey
kXjXk .BzmbBQM +?�`;2b �M/ i?2 i`�MbBi iBK2 X X X X X X X X X X X X X eR
kXjXj h`�MbB2Mi KQ/2HHBM; bmKK�`v X X X X X X X X X X X X X X X X X X eR

kX9 *?�`�+i2`Bx�iBQM �M/ T�`�K2i2` 2ti`�+iBQM X X X X X X X X X X X X X X X ek
kX9XR .* K2�bm`2K2Mib X X X X X X X X X X X X X X X X X X X X X X X X ek
kX9Xk o6@h*a K2�bm`2K2Mib X X X X X X X X X X X X X X X X X X X X X dy

kX8 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d9
"B#HBQ;`�T?v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d8

jXR :2QK2i`v �M/ T�`�K2i2`b X X X X X X X X X X X X X X X X X X X X X X X X dd
jXRXR :2QK2i`B+�H p�`B�iBQMb i�F2M BMiQ �++QmMi X X X X X X X X X X X dd
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jXkXk *m``2Mib b+�H�#BHBiv X X X X X X X X X X X X X X X X X X X X X X X 3j
jXkXj _2bBbi�M+2 b+�H�#BHBiv X X X X X X X X X X X X X X X X X X X X X X 3d
jXkX9 *�T�+Bi�M+2b b+�H�#BHBiv X X X X X X X X X X X X X X X X X X X X X 33
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b+�HBM; p�HB/�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X 3N
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9X9 a@T�`�K2i2`b +?�`�+i2`Bx�iBQM X X X X X X X X X X X X X X X X X X X X X X RRy
9X9XR .BQ/2b +?�`�+i2`Bx�iBQM X X X X X X X X X X X X X X X X X X X X X RRR
9X9Xk a*_ +?�`�+i2`Bx�iBQM X X X X X X X X X X X X X X X X X X X X X X X RRk
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*QMi2Mib

9X9Xj .ha*_ +?�`�+i2`Bx�iBQM X X X X X X X X X X X X X X X X X X X X X RRk
9X9X9 .2@2K#2//BM; bi`m+im`2b X X X X X X X X X X X X X X X X X X X X X RRk

9X8 S�`�K2i2` 2ti`�+iBQM �M/ KQ/2H p�HB/�iBQM X X X X X X X X X X X X X X X RR9
9X8XR .BQ/2 T�`�K2i2` 2ti`�+iBQM X X X X X X X X X X X X X X X X X X X RR8
9X8Xk a*_ T�`�K2i2` 2ti`�+iBQM X X X X X X X X X X X X X X X X X X X X Rkj
9X8Xj .ha*_ p�HB/�iBQMƘ X X X X X X X X X X X X X X X X X X X X X X X Rk3

9Xe *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjy
"B#HBQ;`�T?v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjR





*QMi`�`v iQ bQK2 #2HB2p2b- � S?. Bb 7�` 7`QK #2BM; � bQHBi�`v rQ`FX G2i �bB/2
}MBb?BM; i?Bb i?2bBb- A KB;?i MQi ?�p2 2p2M bi�`i2/ Bi- ?�/ Bi #22M QM K2X h?mb- A
rQmH/ }`bi HBF2 iQ i?�MF S`Q72bbQ` S�mH ap�bi� 7`QK i?2 SQHBi2?MB+� lMBp2`bBiv Q7
"m+?�`2bi- 7Q` b?QrBM; K2 r?�i `2b2�`+? K2�Mb �M/ ?�pBM; K2 Tm`bm2 i?Bb T�i?-
�M/ 6HQ`2M+2 SQ/2pBM 7`QK :`2MQ#H2 ALS 7Q` 2MiB+BM; K2 BM /QBM; Bi BM 6`�M+2X
A rQmH/ HBF2 iQ i?�MF �HH i?2 1a. i2�K �i ahJB+`Q2H2+i`QMB+b 7Q` K�FBM; i?2
ǳ�H;2+QǴ 722H rQ`K- 2bT2+B�HHv >2H2M2 "2+F`B+?@_Qb 7Q` i2�+?BM; K2 bQ Km+? �M/
C2�M@_Q#2`i J�MQmp`B2`- r?Q- i?`Qm;? #Qi? ?Bb �/pB+2b �M/ T2`bQM�H 2t�KTH2-
K�/2 K2 i`v iQ `�Bb2 i?2 #�` ?B;?2`X A rQmH/ �HbQ HBF2 iQ �+FMQrH2/;2 C2�M@6`�MÏQBb
G�`+?�M+?2 7Q` �HH i?2 ?2HT BM bi�`iBM; i?2 _6@1a. rQ`FX 6`QK i?2 AMbiBimi2 Q7
JB+`Q2H2+i`QMB+b- 1H2+i`QK�;M2iBbK �M/ S?QiQMB+b A rQmH/ HBF2 iQ i?�MF S`Q72bbQ`
C2�M@JB+?2H 6Qm`MB2` 7Q` ?Bb ;`2�i _6 /2bB;M +Qm`b2 �M/ �HH ?Bb �/pB+2b �M/ LB+QH�b
*Q``�`Q 7Q` i?2 ?2HT �M/ /Bb+mbbBQMb �#Qmi _6 +?�`�+i2`Bx�iBQMX
A ?�/ i?2 `�`2 QTTQ`imMBiv Q7 ?�pBM; 7Qm` �/pBb2`b- r?QK ?QM2bi +QHH�#Q`�iBQM
�M/ BMpQHp2K2Mi /`2r i?2 BKTQ`i�M+2 Q7 i?2 }M�H b+B2MiB}+ `2bmHibX C2�M@.�MB2H
�M/ *?�`H2b@�H2t- i?Bb i?2bBb rQmH/ ?�p2 #22M � HQi KQ`2 /B{+mHi rBi?Qmi vQm`
+QMiBMmQmb 2M+Qm`�;2K2MiX h?�MF vQm 7Q` �HH vQm` iBK2 bT2Mi BM ?2HTBM; K2 bQHp2
Kv i2+?MB+�H �b r2HH �b Kv �/KBMBbi`�iBp2 T`Q#H2KbX S�b+�H �M/ S?BHBTT2- vQm Qz2`2/
K2 �HH i?2 7`22/QK- i`mbi �M/ ;mB/�M+2 A M22/2/X Ai ?�b #22M #Qi? � TH2�bm`2 �M/
?QMQm` ?�pBM; vQm �b Kv bmT2`pBbQ`bX
h?�MF vQm �M/v- �M/`2B- ZB�M`m- sm2- LB++QHQ- hQMv- J�+B2D EX- �HBM� _X-
�H2t�M/`�- �HBM� lX- .`�;Qb- G2QM+2- u�M- "Q;/�M- �M�- �M�@J�`B�- h2Q- :2i�-
hBM;iBM;- *?`BbiQT?- hQ#B�b- :`2;- S2i`- aH�p� �M/ oH�/BKB` 7Q` #2BM; bm+?
rQM/2`7mH 7`B2M/b �+`Qbb i?2b2 v2�`bX h?�MF vQm GmBb- wmx�MM�- �MM�- J�+B2D �M/
E�HH2 7Q` �HH i?2 i`BTb- T�`iB2b �M/ bFBBM; r2Ƕp2 /QM2 /m`BM; vQm` iQQ b?Q`i bi�vBM;
BM :`2MQ#H2X �M/- }M�HHv- i?�MF vQm E�pBi�- �HBM- L�i�b�- �H�BM �M/ GBpB� 7Q`
bmTTQ`iBM; K2 /m`BM; i?2 KQbi /B{+mHi T2`BQ/ Q7 Kv i?2bBb, r?2M Bi �HH b22K2/
rBi?Qmi �M 2M/X
AM i?2 2M/- A rQmH/ HBF2 iQ i?�MF Kv 7�KBHv i?�i- �Hi?Qm;? #2BM; bQ 7�`- A �Hr�vb
72Hi bQ +HQb2X
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RXR >"J KQ/2H �M/ /Bb+?�`;2 r�p27Q`K X X X X X X X X X X X X X X X X X X k9
RXk JJ KQ/2H �M/ /Bb+?�`;2 r�p27Q`K X X X X X X X X X X X X X X X X X X X k8
RXj *.J bBKTHB}2/ KQ/2H �M/ /Bb+?�`;2 r�p27Q`K X X X X X X X X X X X X ke
RX9 :2M2`�H 1a. T`Qi2+iBQM bi`�i2;v mbBM; HQ+�H mMB/B`2+iBQM�H �M/

#B/B`2+iBQM�H /2pB+2b �M/ � +2Mi`�H T`Qi2+iBQM X X X X X X X X X X X X X kd
RX8 *m``2Mi T�i? 7Q` � TQbBiBp2 1a. 2p2Mi �i S�.R U;`22MV �M/ S�.k

U`2/V X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kd
RXe 1a. /2pB+2 /2bB;M rBM/Qr X X X X X X X X X X X X X X X X X X X X X X X k3
RXd :2M2`�H 1a. T`Qi2+iBQM bi`�i2;v mbBM; � ;;LJPa- /BQ/2b �M/ �

LJPa #�b2/ TQr2` +H�KT X X X X X X X X X X X X X X X X X X X X X kN
RX3 S�`�bBiB+ +�T�+Bi�M+2 BMi`Q/m+2/ #v i?2 T`Qi2+iBQM /2pB+2b X X X X X X jy
RXN .Bbi`B#mi2/ 1a. T`Qi2+iBQM X X X X X X X X X X X X X X X X X X X X X X X jy
RXRy 1a. T`Qi2+iBQM /BQ/2b, ahA �M/ ;�i2/ X X X X X X X X X X X X X X X X X jR
RXRR ai�+F2/ /BQ/2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jk
RXRk h`B;;2`BM; pQHi�;2 7Q` � /BQ/2 �M/ i?`22 bi�+F2/ /BQ/2b X X X X X X X X jk
RXRj M@ivT2 JPa61h H�vQmi X X X X X X X X X X X X X X X X X X X X X X X X X jj
RXR9 ;;LJPa H�vQmi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jj
RXR8 h?2 a*_, H�vQmi- �M�HQ;v rBi? irQ #BTQH�` i`�MbBbiQ`b �M/ AUoV

+?�`�+i2`BbiB+ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j9
RXRe GQr pQHi�;2 i`B;;2`2/ a*_ UGoha*_V X X X X X X X X X X X X X X X X X j9
RXRd h?2 i`B;;2`BM; K2+?�MBbK BM �M a*_ X X X X X X X X X X X X X X X X X X j8
RXR3 h?2 .BQ/2 h`B;;2`2/ a*_ U.ha*_V X X X X X X X X X X X X X X X X X X jd
RXRN h?2 aK�`i h`B;;2`2/ JmHiB}M;2` a*_ UahJa*_V X X X X X X X X X X X jd
RXky � ivTB+�H a*_ Qp2`b?QQi X X X X X X X X X X X X X X X X X X X X X X X X X j3
RXkR a*_ KQ/2H mbBM; 9 #BTQH�` i`�MbBbiQ`b X X X X X X X X X X X X X X X X X jN

kXR h?2 H�vQmi Q7 i?2 a*_ ivT2 �M�Hvb2/ BM i?Bb i?2bBb X X X X X X X X X X 9e
kXk h?2 i`B;;2`BM; K2+?�MBbK BM �M a*_ X X X X X X X X X X X X X X X X X X 9e
kXj a*_ KQ/2H b+?2K�iB+ X X X X X X X X X X X X X X X X X X X X X X X X X X 9d
kX9 JQ/2HHBM; 2``Q` BMi`Q/m+2/ #v mbBM; Tm`2 :mKK2H@SQQM KQ/2Hb 7Q`

i?2 i`�MbBbiQ`b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8j
kX8 *m``2Mi ~Qr BM i?2 Sq �`2� X X X X X X X X X X X X X X X X X X X X X X X 88
kXe h?2 TMT �M/ i?2 T�`�bBiB+ bm#bi`�i2 i`�MbBbiQ`b X X X X X X X X X X X X 8d
kXd a*_Ƕb +�T�+Bi�M+2b b+?2K� X X X X X X X X X X X X X X X X X X X X X X X 8N
kX3 S�. bi`m+im`2 mb2/ 7Q` i?2 +?�`�+i2`Bb�iBQM a*_ /2pB+2b X X X X X X X ek
kXN ǳ:mKK2HǴ +?�`�+i2`Bx�iBQM b2imTb 7Q` i?2 MTM �M/ TMT i`�MbBbiQ`b X X ej

RR



kXRy 6Q`r�`/ b�im`�iBQM +m``2Mi 2ti`�+iBQM X X X X X X X X X X X X X X X X X X e9
kXRR 6Q`r�`/ +m``2Mi ;�BM T�`�K2i2`b 2ti`�+iBQM X X X X X X X X X X X X X X e8
kXRk ǳ"2i�Ǵ THQib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e8
kXRj ǳPmiTmiǴ +?�`�+i2`Bx�iBQM b2imTb 7Q` i?2 MTM �M/ TMT i`�MbBbiQ`b X X ee
kXR9 1�`Hv TQi2MiB�H 2ti`�+iBQM T`BM+BTH2 X X X X X X X X X X X X X X X X X X X ee
kXR8 1�`Hv TQi2MiB�H 2ti`�+iBQM 7Q` i?2 MTM i`�MbBbiQ` X X X X X X X X X X X X ed
kXRe 6Q`r�`/ FM22 +m``2Mi 2ti`�+iBQM 7Q` i?2 MTM i`�MbBbiQ` X X X X X X X X ed
kXRd TMT +QMi`QHH2/ i`B;;2`BM; Q7 i?2 a*_ X X X X X X X X X X X X X X X X X X e3
kXR3 MTM +QMi`QHH2/ i`B;;2`BM; Q7 i?2 a*_ X X X X X X X X X X X X X X X X X X e3
kXRN *QHH2+iQ` `2bBbi�M+2 2ti`�+iBQM 7Q` i?2 MTM i`�MbBbiQ` X X X X X X X X X eN
kXky "`2�F/QrM +?�`�+i2`Bx�iBQM b2imT X X X X X X X X X X X X X X X X X X X eN
kXkR h.h +?�`�+i2`Bx�iBQM i2+?MB[m2 X X X X X X X X X X X X X X X X X X X X X dy
kXkk o6@h*a bvbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dR
kXkj *?�`�+i2`Bx�iBQM b2imTb mb2/ iQ �M�Hvb2 i?2 a*_ X X X X X X X X X X X dk
kXk9 .BTQH2 o6@h*a +?�`�+i2`Bx�iBQM @ i2KTQ`�H THQi X X X X X X X X X X X X dk
kXk8 Zm�bB@bi�iB+ THQi +QMbi`m+iBQM T`BM+BTH2 X X X X X X X X X X X X X X X X X dj
kXke Zm�bB@bi�iB+ THQib 7Q` �M a*_ X X X X X X X X X X X X X X X X X X X X X X dj
kXkd Pp2`@b?QQi THQi +QMbi`m+iBQM 7Q` �M a*_ X X X X X X X X X X X X X X X X d9

jXR hQT pB2r Q7 QM2 a*_ }M;2` X X X X X X X X X X X X X X X X X X X X X X X d3
jXk *m``2Mi /2MbBiv /Bbi`B#miBQM BM � im`M2/@QM 1a. T`Qi2+iBQM a*_ X X X 3R
jXj a*_Ƕb i`�Mbp2`b�H pB2r, /2i�BHb Q7 i?2 i2+?MQHQ;B+�H ;2QK2i`B+

/BK2MbBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3k
jX9 ISn b+�HBM; H�r p�HB/�iBQM X X X X X X X X X X X X X X X X X X X X X X X X Ny
jX8 ISp b+�HBM; H�r p�HB/�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X NR
jXe ISpsub b+�HBM; H�r p�HB/�iBQM X X X X X X X X X X X X X X X X X X X X X X X NR
jXd ISFn b+�HBM; H�r p�HB/�iBQM X X X X X X X X X X X X X X X X X X X X X X X X Nk
jX3 ISFp b+�HBM; H�r p�HB/�iBQM X X X X X X X X X X X X X X X X X X X X X X X X Nk
jXN a+�H�#H2 }i Q7 i?2 MTMǶb FM22 +m``2Mi- IKFn X X X X X X X X X X X X X X N9
jXRy Zm�bB@bi�iB+ +?�`�+i2`BbiB+ 7Q` i?2 w p�`B�iBQM Up7h*a- N Mb TmHb2

rB/i?- 50Ω QM i?2 LqV X X X X X X X X X X X X X X X X X X X X X X X X X Nd
jXRR Zm�bB@bi�iB+ +?�`�+i2`BbiB+ 7Q` i?2 d2nw p�`B�iBQM Up7h*a- N Mb TmHb2

rB/i?- 50Ω QM i?2 LqV X X X X X X X X X X X X X X X X X X X X X X X X X Nd
jXRk Zm�bB@bi�iB+ +?�`�+i2`BbiB+ 7Q` i?2 l p�`B�iBQM Up7h*a- N Mb TmHb2

rB/i?- 50Ω QM i?2 LqV X X X X X X X X X X X X X X X X X X X X X X X X X Nd
jXRj h2KTQ`�H +?�`�+i2`BbiB+ 7Q` i?2 w p�`B�iBQM Up7h*a- N Mb TmHb2 rB/i?-

50Ω QM i?2 Lq- 50V V X X X X X X X X X X X X X X X X X X X X X X X X X X N3
jXR9 h2KTQ`�H +?�`�+i2`BbiB+ 7Q` i?2 d2nw p�`B�iBQM Up7h*a- N Mb TmHb2

rB/i?- 50Ω QM i?2 Lq- 50V V X X X X X X X X X X X X X X X X X X X X X X N3
jXR8 h2KTQ`�H +?�`�+i2`BbiB+ 7Q` i?2 l p�`B�iBQM Up7h*a- N Mb TmHb2 rB/i?V N3
jXRe Pp2`@b?QQi +?�`�+i2`BbiB+ 7Q` i?2 w p�`B�iBQM Up7h*a- N Mb TmHb2

rB/i?- 50Ω QM i?2 LqV X X X X X X X X X X X X X X X X X X X X X X X X X NN
jXRd Pp2`b?QQi +?�`�+i2`BbiB+ 7Q` i?2 d2nw p�`B�iBQM Up7h*a- N Mb TmHb2

rB/i?- 50Ω QM i?2 LqV X X X X X X X X X X X X X X X X X X X X X X X X X NN
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jXR3 Pp2`@b?QQi +?�`�+i2`BbiB+ 7Q` i?2 l p�`B�iBQM Up7h*a- N Mb TmHb2 rB/i?-
50Ω QM i?2 LqV X X X X X X X X X X X X X X X X X X X X X X X X X X X X X NN

9XR 1a. T`Qi2+iBQM /2pB+2b BM � +B`+mBic #B�b /2T2M/2Mi BM~m2M+2 QM i?2
T`Qi2+i2/ +B`+mBi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry9

9Xk .ha*_ b+?2K�iB+ X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry9
9Xj S`Qi2+iBQM /BQ/2 H�vQmi X X X X X X X X X X X X X X X X X X X X X X X X X X Ry8
9X9 h`B;;2`BM; /BQ/2 H�vQmi X X X X X X X X X X X X X X X X X X X X X X X X X X Ry8
9X8 _6 KQ/2H 7Q` i?2 1a. T`Qi2+iBQM /BQ/2 X X X X X X X X X X X X X X X X Ryd
9Xe _6 KQ/2H 7Q` i?2 1a. T`Qi2+iBQM a*_ X X X X X X X X X X X X X X X X X Ry3
9Xd J2�bm`2K2Mi bi`m+im`2 X X X X X X X X X X X X X X X X X X X X X X X X X X RRy
9X3 .BQ/2 T�`�HH2H +?�`�+i2`Bx�iBQM +QM};m`�iBQM X X X X X X X X X X X X X X RRR
9XN .BQ/2 +�b+�/2 +?�`�+i2`Bx�iBQM +QM};m`�iBQM X X X X X X X X X X X X X X RRR
9XRy a*_ +?�`�+i2`Bx�iBQM +QM};m`�iBQM X X X X X X X X X X X X X X X X X X X RRk
9XRR .ha*_ +?�`�+i2`Bx�iBQM +QM};m`�iBQM X X X X X X X X X X X X X X X X X RRj
9XRk .2@2K#2//BM; bi`m+im`2b X X X X X X X X X X X X X X X X X X X X X X X X X RR9
9XRj h@KQ/2H mb2/ iQ +QKT�`2 i?2 BKT2/�M+2 /Bbi`B#miBQM Q7 i?2 KQ/2Hb

rBi? i?2 K2�bm`2K2Mib X X X X X X X X X X X X X X X X X X X X X X X X X X RR8
9XR9 .BQ/2 KQ/2H �7i2` #2BM; +QMp2`i2/ iQ � h@+QM};m`�iBQM X X X X X X X X RRe
9XR8 am#bi`�i2 +�T�+Bi�M+2 2ti`�+iBQM 7Q` �M 1a. /BQ/2 X X X X X X X X X X RR3
9XRe AM7Q`K�iBQM +QMi�BM2/ BM i?2 Z1 #`�M+? Q7 i?2 /BQ/2 BM � T�`�HH2H

K2�bm`2K2Mi +QM};m`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X RR3
9XRd SHQib mb2/ 7Q` 2ti`�+iBM; �M/ QTiBKBxBM; i?2 /BQ/2Ƕb T�`�K2i2`b BM

i?2 T�`�HH2H +QM};m`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X RkR
9XR3 a@T�`�K2i2` U�KTHBim/2 �M/ T?�b2V K2�bm`2K2Mib pbX bBKmH�iBQM 7Q`

� /BQ/2 /2pB+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RkR
9XRN LQ`K�HBx2/ BK�;BM�`v T�`i Q7 uk- mb2/ 7Q` 2ti`�+iBM; Q` QTiBKBxBM;

� i`B;;2`BM; /BQ/2Ƕb DmM+iBQM +�T�+Bi�M+2 �i /Bz2`2Mi pQHi�;2bX X X X X Rkk
9Xky LQ`K�HBx2/ BK�;BM�`v T�`i Q7 uk- mb2/ 7Q` 2ti`�+iBM; Q` QTiBKBxBM;

� T`Qi2+iBQM /BQ/2Ƕb DmM+iBQM +�T�+Bi�M+2 �i /Bz2`2Mi pQHi�;2bX X X X X Rkj
9XkR a@T�`�K2i2` U�KTHBim/2 �M/ T?�b2V K2�bm`2K2Mib pbX bBKmH�iBQM 7Q`

� /BQ/2 /2pB+2 �i /Bz2`2Mi pQHi�;2b X X X X X X X X X X X X X X X X X X X Rkj
9Xkk AM7Q`K�iBQM +QMi�BM2/ BM i?2 Z1 #`�M+? Q7 i?2 a*_ KQ/2H X X X X X X Rk9
9Xkj AM7Q`K�iBQM +QMi�BM2/ BM i?2 Z2 #`�M+? Q7 i?2 a*_ KQ/2H X X X X X X Rk9
9Xk9 AM7Q`K�iBQM +QMi�BM2/ BM i?2 Z3 #`�M+? Q7 i?2 a*_ KQ/2H X X X X X X Rk8
9Xk8 a@T�`�K2i2` U�KTHBim/2 �M/ T?�b2V K2�bm`2K2Mib pbX bBKmH�iBQM 7Q`

�M a*_ /2pB+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk8
9Xke AMi2`M�H pQHi�;2 /Bbi`B#miBQM BM �M a*_ �b 7mM+iBQM Q7 i?2 #B�b X X X X Rke
9Xkd SHQi /2`Bp2/ 7`QK i?2 BK�;BM�`v T�`i Q7 wR- mb2/ iQ 2ti`�+i CAX X X X Rke
9Xk3 SHQi /2`Bp2/ 7`QK i?2 BK�;BM�`v T�`i Q7 Z2- mb2/ iQ 2ti`�+i Cnp �M/

CsubX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rkd
9XkN a@T�`�K2i2` U�KTHBim/2 �M/ T?�b2V K2�bm`2K2Mib pbX bBKmH�iBQM 7Q`

�M a*_ /2pB+2 �i /Bz2`2Mi pQHi�;2b X X X X X X X X X X X X X X X X X X X Rkd
9Xjy hQi�H 2[mBp�H2Mi +�T�+Bi�M+2 Q7 � .ha*_ X X X X X X X X X X X X X X X Rk3

Rj



9XjR a@T�`�K2i2` U�KTHBim/2 �M/ T?�b2V K2�bm`2K2Mib pbX bBKmH�iBQM 7Q`
� .ha*_ /2pB+2 �i /Bz2`2Mi pQHi�;2b X X X X X X X X X X X X X X X X X X RkN
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h?2 2H2+i`Qbi�iB+ /Bb+?�`;2 U1a.V ?�b �Hr�vb #22M QM2 Q7 i?2 #B;;2bi `2HB�#BHBiv
+QM+2`Mb BM i?2 BMi2;`�i2/ +B`+mBib UA*V K�Mm7�+im`BM; BM/mbi`vX
h?2 b+B2MiB}+ +QKKmMBiv ?�M/HBM; i?Bb bm#D2+i Bb ;`QmT2/ BM i?2 1H2+i`Qbi�iB+
.Bb+?�`;2 �bbQ+B�iBQM U1a.�V- +QmMiBM; KQ`2 i?�M kyyy K2K#2`b �+`Qbb i?2
;HQ#2X aBM+2 Bib +`2�iBQM BM RN3k- 1a.� Bb +?�`i2`2/ iQ 2tT�M/ 1a. �r�`2M2bb
i?`Qm;? bi�M/�`/b /2p2HQTK2Mi- 2/m+�iBQM�H T`Q;`�Kb- HQ+�H +?�Ti2`b- Tm#HB+�iBQMb-
imiQ`B�Hb- +2`iB}+�iBQM- �M/ bvKTQbB�X
qBi? i?2 +QMiBMmQmb KBMB�im`Bx�iBQM T`Q+2bb- i?2 BMi2;`�i2/ +B`+mBib #2+QK2 KQ`2
�M/ KQ`2 pmHM2`�#H2 iQ 1a.X h?2 mbm�H 7�BHm`2 K2+?�MBbKb BM+Hm/2 K2i�H HBM2b
Q` bBHB+QM Qp2`@?2�iBM; �M/ QtB/2 #`2�F/QrMX S`Qi2+iBQM �;�BMbi Bi Bb � Kmbi BM
2p2`v A*X qBi? 72r 2t+2TiBQMb- bT2+B�H /2pB+2b i?�i T`Qi2+i �;�BMbi i?2 2H2+i`Qbi�iB+
/Bb+?�`;2 �`2 /2THQv2/ QM@+?BT- �HQM;bB/2 i?2 7mM+iBQM�H 2H2K2MibX h?2v �`2 ;`QmT2/
BM +QKTH2t +B`+mBib- BM Q`/2` iQ �bbm`2 i?2 T`Qi2+iBQM #2ir22M 2�+? TBM Q7 i?2 A*-
`2;�`/H2bb Q7 Bib ivT2 U?B;? 7`2[m2M+v BMTmifQmiTmi- ?B;? pQHi�;2- TQr2` bmTTHv 2i+XVX
h?2b2 �mtBHB�`v +B`+mBib M22/ iQ #2 bBKmH�i2/ BM Q`/2` iQ p�HB/�i2 i?2B` 7mM+iBQMBM;
�M/ �+?B2p2 }`bi bBHB+QM bm++2bb 7`QK �M 1a. TQBMi Q7 pB2rX JQ`2- i?2 T`Qi2+iBQM
M2irQ`F Bb 2H2+i`B+�HHv +QMM2+i2/ iQ i?2 7mM+iBQM�H +B`+mBi- BM~m2M+BM; Bib #2?�pBQm`X
h?mb- i?2v M22/ iQ #2 i�F2M BMiQ �++QmMi r?2M 2p�Hm�iBM; i?2 Qp2`�HH T2`7Q`K�M+2
Q7 �M A* i?`Qm;? r?�i Bb +�HH2/ � 7mHH@+?BT bBKmH�iBQMX AM +QMb2[m2M+2- � rQ`H/@rB/2
2zQ`i iQ #mBH/ +QKT�+i KQ/2Hb Q7 1a. T`Qi2+iBQM /2pB+2b iQ #2 mb2/ BM aSA*1@ivT2
bBKmH�iBQMb ?�b #22M +�``B2/ QmiX h?Bb 2zQ`i Bb H2�/ #v i?2 +QMiBMmQmbHv 2pQHpBM;
+QKTH2tBiv Q7 i?2 T`Qi2+iBQM /2bB;Mb �M/ i?2 BM+`2�b2/ b2MbBiBpBiv Q7 i?2 T`Qi2+i2/
+B`+mBi iQ i?2 T�`�bBiB+ BMi`Q/m+2/ #v i?2 T`Qi2+iBQM /2pB+2bX
h?2 T�`�bBiB+ Bb T`QTQ`iBQM�H rBi? i?2 bBx2 Q7 i?2 /2pB+2- ;BpBM; v2i �MQi?2` `2�bQM
iQ KBMBKBx2 i?2 bm`7�+2 Q++mTB2/ #v i?2 T`Qi2+iBQMX h?2 a*_ UbBHB+QM +QMi`QHH2/
`2+iB}2`- �HbQ +�HH2/ i?v`BbiQ`V Bb � p2`v 2{+B2Mi /2pB+2 7`QK i?Bb TQBMi Q7 pB2rX Ai
2HBKBM�i2b i?2 1a. 2M2`;v BM Bib r?QH2 pQHmK2- `�i?2` i?�M �i i?2 bm`7�+2- �b Qi?2`
/2pB+2b- KQbi MQi�#Hv JPa@#�b2/X h?mb- Bi M22/b � bK�HH2` bm`7�+2 7Q` � ;Bp2M 1a.
T`Qi2+iBQM H2p2HX Aib /`�r#�+F bi�M/b BM i?2 7�+i i?�i Bi /Q2b MQi i`B;;2` BMbi�MiHv-
H2�/BM; iQ � p2`v b?Q`i T2`BQ/ Q7 Qp2`@pQHi�;2 BM i?2 +�b2 Q7 �M 1a. 2p2Mi- 7�+i MQi
iQH2`�#H2 #v bQK2 +B`+mBibX
h?2 }`bi +?�Ti2` Q7 i?2 i?2bBb i`2�ib i?2 ;2M2`�H 1a. T`Q#H2K�iB+- 1a. T`Qi2+iBQM
bi`�i2;B2b- �b r2HH �b �M Qp2`pB2r Q7 i?2 /2pB+2b +QKKQMHv mb2/ �b T`Qi2+iBQMX
AM i?2 +QMi2ti Q7 BM+`2�b2/ /2K�M/ 7`QK i?2 BM/mbi`v Q7 KQ`2 �++m`�i2- b+�H�#H2 �M/
2�bB2` iQ K�BMi�BM 1a. T`Qi2+iBQM /2pB+2b KQ/2Hb- K�Mv bim/B2b `2;�`/BM; i?2 a*_
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?�p2 #22M +�``B2/ Qmi i?`Qm;?Qmi i?2 rQ`H/X �HH Q7 i?2K �`2 #�b2/ QM i?2 #BTQH�`
i`�MbBbiQ` U"ChV /2pB+2- i?2 a*_ Ĝ � TMTM /2pB+2 Ĝ #2BM; bBKBH�` iQ � T�B` Q7 MTM
�M/ TMT BMi2`+QMM2+i2/ "ChbX q2 +�M B/2MiB7v irQ K�BM �TT`Q�+?2bX h?2 }`bi mb2b
QMHv "Chb Ĝ rBi? �M �/p�M+2/ 2H2+i`B+�H KQ/2H Uah@"Ch Q` p#B+V Ĝ BM Q`/2` iQ KQ/2H
i?2 #2?�pBQm` Q7 i?2 a*_X h?2 KQbi BKTQ`i�Mi /`�r#�+Fb �`2 i?�i UBV � MmK#2`
Q7 mMM22/2/ T?2MQK2M� �`2 KQ/2HH2/- mMM2+2bb�`BHv #m`/2MBM; �M/ +QKTHB+�iBM;
i?2 KQ/2H �M/ UBBV i?2 TH2i?Q`� Q7 �p�BH�#H2 T�`�K2i2`b �HHQrb mb iQ }i i?2 K�BM
+?�`�+i2`BbiB+b �i #Qi? HQr �M/ ?B;? +m``2Mi- #mi r2 i2M/ iQ KQ/2H +2`i�BM �bT2+ib
rBi? 2[m�iBQMb i?�i /Q MQi ?�p2 �Mv T?vbB+�H bmTTQ`i Ui?2 T?2MQK2MQM KQ/2HH2/ BM
i?2 "Ch /Bz2`b 7`QK i?2 QM2 BM i?2 a*_VX h?2 H�i2` ?�b � p2`v ?B;? BKT�+i QM i?2
b+�H�#BHBiv Q7 i?2 KQ/2H �M/ Qp2` i?2 T�`�K2i2` 2ti`�+iBQM T`Q+2/m`2X h?2 b2+QM/
�TT`Q�+? T�vb � ;`2�i2` `2bT2+i iQ i?2 a*_ T�`iB+mH�`BiB2bX Ai /BpB/2b Bi BMiQ irQ
7mM+iBQMBM; bi�i2b, QM2 #27Q`2 i?2 i`B;;2`BM;- KQ/2HH2/ rBi? k "Chb- �M/ � b2+QM/
QM2- �i ?B;? BMD2+iBQM- mbm�HHv KQ/2HH2/ rBi? � TBM /BQ/2X h?Bb b2T�`�iBQM +QK2b
rBi? irQ +QM+2`Mb, UBV i?2 KQ/2H Bb H2bb +QMbBbi2Mi �M/ KB;?i H2�/ iQ /Bp2`;2M+2
`2H�i2/ T`Q#H2Kb /m2 iQ Bib /Bb+QMiBMmBiv �M/ UBBV i?2 brBi+?BM; TQBMi- #2BM; bi`QM;Hv
`2H�i2/ iQ i?2 i`B;;2`BM;- b?QmH/ #2 �M QmiTmi Q7 i?2 KQ/2H- ;Bp2M #v i?2 Qi?2`
2z2+ib- �M/ MQi �M 2KTB`B+�H BMTmiX
JQ/2H bmTTQ`i �M/ T�`�K2i2` 2ti`�+iBQM �`2 BKTQ`i�Mi `2bQm`+2@+QMbmKBM; i�bFbX �
;QQ/ KQ/2H b?QmH/ MQi QMHv i�F2 BMiQ �++QmMi i?2 +QKTH2tBiv@�++m`�+v i`�/2@Qz- #mi
�HbQ i?2 2{+B2M+v Q7 i?2 `2H�i2/ T�`�K2i2` 2ti`�+iBQM bi`�i2;v �M/ K�BMi�BM�#BHBivX
h?2 b2+QM/ +?�Ti2` 7QHHQrb i?2 /2p2HQTK2Mi Q7 � M2r KQ/2H 7Q` i?2 a*_X Ai �BKb
iQ bQHp2 T`Q#H2Kb HBF2 /Bp2`;2M+2- p2`b�iBHBiv U�b i?2 �#BHBiv iQ #2 mb2/ BM p�`BQmb
+QM};m`�iBQMb Q` 1a. T`Qi2+iBQM /2bB;MbV �M/ b+�H�#BHBiv /QK�BM UHBKBi2/ #v iQQ
2KTB`B+�H H�rbVX h?Bb Bb Q#i�BM2/ #v i?2 mb2 Q7 � KQ`2 T?vbB+�H �TT`Q�+?- �M/ +�M
#2 +QMbB/2`2/ �b � `2�H BKT`Qp2K2Mi mTQM i?2 2tBbiBM; bi�i2 Q7 i?2 �`iX h?2 +Q`2
Bb biBHH #�b2/ QM #BTQH�` i`�MbBbiQ` 2[m�iBQMb- #mi i?2b2 r2`2 KQ/B}2/ BM Q`/2` iQ
/2b+`B#2 i?2 T?2MQK2M� ?�TT2MBM; BM �M a*_- 2bT2+B�HHv �i ?B;? BMD2+iBQM H2p2HbX
a+�H�#BHBiv Bb �M BKTQ`i�Mi �bT2+i Q7 �M 1a. T`Qi2+iBQM /2pB+2 KQ/2HX .Bz2`2Mi
H2p2H Q7 T`Qi2+iBQM +�M #2 `2[mB`2/ �+`Qbb /Bz2`2Mi /2bB;Mb BM � ;Bp2M i2+?MQHQ;vX
h?mb- /2pB+2b Q7 /Bz2`2Mi /BK2MbBQMb ?�p2 iQ #2 2KTHQv2/X JQ`2Qp2`- BKTQ`i�Mi
7mM+iBQM�H T�`�K2i2`b- �b i?2 i`B;;2`BM; pQHi�;2 Q` i?2 Qp2`@b?QQi- /2T2M/ /B`2+iHv
QM i?2 ;2QK2i`v Q7 i?2 bi`m+im`2X
� b+�H�#H2 KQ/2H Bb T`2b2Mi2/ BM i?2 i?B`/ +?�Ti2`X Ai Bb #�b2/ QM ;2M2`�H b+�HBM;
H�rb BM b2KB+QM/m+iQ`b- �/�Ti2/ iQ i?2 bT2+B}+ H�vQmi Q7 �M 1a. T`Qi2+iBQM a*_X
S`Qi2+iBM; ?B;? 7`2[m2M+v +B`+mBib �;�BMbi 2H2+i`Qbi�iB+ /Bb+?�`;2 ?�b �Hr�vb #22M �
/B{+mHi i�bFX h?2 T�`�bBiB+ BMi`Q/m+2/ #v i?2 T`Qi2+iBQM /2pB+2b �i i?2 AfP Q7 �M
_6 +B`+mBi +�M bi`QM;Hv /2;`�/2 Bib T2`7Q`K�M+2X lMiBH MQr- i?2b2 T�`�bBiB+ r2`2
mbm�HHv `2/m+2/ iQ � +�T�+Bi�M+2X �b i?2 7`2[m2M+B2b ;Qi ?B;?2` �M/ i?2 /2K�M/ 7Q`
T`2+BbBQM BM+`2�b2b- i?2b2 �TT`QtBK�iBQMb #2+QK2 BM+QKTH2i2X
AM Q`/2` iQ KQ/2H +QKTH2t /2pB+2b- �b i?2 a*_- � M2irQ`F Q7 `2bBbi�M+2b �M/
+�T�+Bi�M+2b i?�i Bb +HQb2` iQ i?2 T?vbB+b Q7 i?2 /2pB+2 ?�b iQ #2 +QMbB/2`2/X h?2
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#�+F2M/ UK2i�H H�v2`bV TH�vb �M BKTQ`i�Mi `QH2 BM i?2 1a. T2`7Q`K�M+2X h?mb-
MQi �HH i?2 `QmiBM; b?QmH/ #2 H27i mM/2` H�vQmi@2{+B2M+v H�rbc #QiiQK K2i�H H2p2Hb
b?QmH/ #2 +QMbB/2`2/ T�`i Q7 i?2 /2pB+2 �M/- BM +QMb2[m2M+2- T�`i Q7 i?2 KQ/2HX h?2
1a. T`Qi2+iBQM K�v Q7i2M #2 7QmM/ mM/2` � #B�b pQHi�;2X "2BM; K�/2 Qmi Q7 TM
DmM+iBQMb UHBF2 i?2 a*_ Q` i?2 /BQ/2b �`2V- bQK2 Q7 i?2B` BMM2` +�T�+Bi�M+2b +?�M;2c
i?mb i?2 M22/ Q7 /BbiBM;mBb?BM; #2ir22M K2i�H UMQM pQHi�;2 /2T2M/2MiV �M/ DmM+iBQM
UpQHi�;2 /2T2M/2MiV +�T�+Bi�M+2bX
>B;? 7`2[m2M+v KQ/2Hb Q7 i?2 1a. T`Qi2+iBQM /BQ/2 �M/ i?2 a*_ �`2 T`QTQb2/
BM i?2 7Q`i? U�M/ H�biV +?�Ti2`X h?2B` Tm`TQb2 Bb iQ ?2HT i?2 _6 /2bB;M2`b K�F2
#2ii2` BMTmi bi�;2b �M/ 2p�Hm�i2 i?2 Qp2`�HH T2`7Q`K�M+2 Q7 i?2B` +B`+mBi- �7i2` i?2
BM+HmbBQM Q7 i?2 BM/BbT2Mb�#H2 1a. T`Qi2+iBQMX 6BM�HHv- i?2 KQ/2Hb r2`2 i2bi2/ QM �
+QKTH2i2 T`Qi2+iBQM bi`m+im`2 @ .ha*_ U/BQ/2 i`B;;2`2/ a*_V @ K�/2 Q7 �M a*_-
i?`22 /BQ/2b i?�i K�F2 i?2 i`B;;2`BM; +B`+mBi 7Q` i?2 a*_ �M/ � /BQ/2 7Q` `2p2`b2
T`Qi2+iBQMX
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G2b /û+?�`;2b ûH2+i`Qbi�iB[m2b U1a. TQm` ĿƘ1H2+i`Qbi�iB+ .Bb+?�`;2ƘŀV QMi iQmDQm`b
+QMbiBimû mM �bT2+i BKTQ`i�Mi /2 H� }�#BHBiû /2b +B`+mBib BMiû;`ûb TQm` H2b 7�#`B+�Mib
2i miBHBb�i2m`b /2 +B`+mBib ûH2+i`QMB[m2bX
G� +QKKmM�miû b+B2MiB}[m2 bǶBMiû`2bb�Mi ¨ +2 bmD2i bǶ2bi `2;`QmTû2 �m b2BM /2
HǶĿ 1H2+i`Qbi�iB+ .Bb+?�`;2 �bbQ+B�iBQM ŀ- [mB +QKTi2 THmb /2 kyyy K2K#`2b ¨
i`�p2`b H2 KQM/2X .2TmBb b� +`û�iBQM 2M RN3k- 1a.� 2bi K�M/�iû2 TQm` ûi2M/`2
H2b +QMM�Bbb�M+2b +QM+2`M�Mi HǶ1a. ¨ i`�p2`b H2 /ûp2HQTT2K2Mi /2 bi�M/�`/b-
T`Q;`�KK2b û/m+�iB7b- �bbQ+B�iBQMb HQ+�H2b- 7Q`K�iBQMb- +2`iB}+�iBQMb- 2i +QM7û`2M+2bX
�p2+ H� KBMB�im`Bb�iBQM BM+2bb�Mi2 /2b +B`+mBib- H2b +B`+mBib BMiû;`ûb /2pB2MM2Mi /2
THmb 2M THmb pmHMû`�#H2b ¨ HǶ1a.X G2b Kû+�MBbK2b /2 T�MM2 H2b THmb 7`û[m2Mib bQMi
HBûb ¨ HǶû+?�mz2K2Mi 2t+2bbB7 /2b +QM/m+i2m`b Qm /m bBHB+BmK- 2i �m +H�[m�;2 �m MBp2�m
/2b Qtv/2bX G� T`Qi2+iBQM pBb@¨@pBb /2 +2b +�mb2b /2 T�MM2b 2bi [m�bB@BM/BbT2Mb�#H2
TQm` iQmi +B`+mBi BMiû;`ûX � T�`i [m2H[m2b `�`2b 2t+2TiBQMb- H2b +B`+mBib bTû+B�mt /2
T`Qi2+iBQM +QMi`2 H2b ûpûM2K2Mib 1a. bQMi `û�HBbûb �m b2BM /2 H� Tm+2 UĿƘQM@+?BTƘŀV
/�Mb +?�[m2 +B`+mBi BMiû;`û +QM+2`Mû- 2M KāK2 i2KTb [m2 H2b ûHûK2Mib 7QM+iBQMM2HbX
AHb bQMi `2;`QmTûb 2M +B`+mBib +QKTH2t2b- �}M /Ƕ�bbm`2` H� T`Qi2+iBQM bm` +?�[m2
ĿƘTBMƘŀ /m +B`+mBi BMiû;`û- BM/ûT2M/�KK2Mi /2 bQM ivT2 U2Mi`û2fbQ`iB2 ?�mi2
7`û[m2M+2- 7Q`i2 i2MbBQM- �HBK2Mi�iBQM- ĘVX *2b +B`+mBib �mtBHB�B`2b /QBp2Mi āi`2 bBKmHûb
�}M /2 p�HB/2` H2m` 7QM+iBQMM2K2Mi 2i �ii2BM/`2 mM 7QM+iBQMM2K2Mi b�Mb 2``2m` /ĕb
H� T`2KBĕ`2 `û�HBb�iBQM bm` Tm+2X 1M Qmi`2- H2b +B`+mBib /2 T`Qi2+iBQM bQMi +QMM2+iûb
ûH2+i`B[m2K2Mi �mt +B`+mBib 7QM+iBQMM2Hb- BM~m2MÏ�Mi H2m` 7QM+iBQMM2K2MiX �BMbB- BHb
/QBp2Mi āi`2 T`Bb 2M +QKTi2 HQ`b /2 HǶûp�Hm�iBQM /2b T2`7Q`K�M+2b ;HQ#�H2b /ǶmM +B`+mBi
BMiû;`û ¨ i`�p2`b mM2 bBKmH�iBQM +QKTHĕi2 /2b +B`+mBib BKTHûK2Miûb UĿƘ7mHH@+?BT
bBKmH�iBQMƘŀVX 1M +QMbû[m2M+2- mM 2zQ`i /2 HǶ2Mb2K#H2 /2b û[mBT2b +QM+2`Mû2b ¨
i`�p2`b H2 KQM/2 � ûiû +QM+2Mi`û TQm` HǶBKTHûK2Mi�iBQM /2 KQ/ĕH2b 1a. �m b2BM /2
bBKmH�i2m`b /2 ivT2 aSA*1X *2b 2zQ`ib bQMi +QMiBMm2HH2K2Mi Mû+2bb�B`2b /m 7�Bi /2
HǶûpQHmiBQM +`QBbb�Mi2 /ǶmM2 T�`i /2 H� +QKTH2tBiû /2b +B`+mBib /2 T`Qi2+iBQM +QMi`2
H2b /û+?�`;2b ûH2+i`Qbi�iB[m2b 2i /Ƕ�mi`2 T�`i /2 H� b2MbB#BHBiû /2b +B`+mBib T`Qiû;ûb
pBb@¨@pBb /2b T�`�bBi2b BMi`Q/mBib T�` H2b +B`+mBib /2 T`Qi2+iBQMX
G2b 2z2ib T�`�bBi2b 2M;2M/`ûb T�` H2b +B`+mBib /2 T`Qi2+iBQM bQMi T`QTQ`iBQMM2Hb
¨ H2m` i�BHH2 T?vbB[m2- 7Qm`MBbb�Mi �BMbB mM2 `�BbQM bmTTHûK2Mi�B`2 /�Mb H2 b2Mb
/2 H� /BKBMmiBQM /2 H� bm`7�+2 /2b +B`+mBib /2 T`Qi2+iBQM- p2M�Mi bǶ�DQmi2` ¨ H�
T`Q#HûK�iB[m2 /m +Qȿi /m bBHB+BmKX G2 a*_ UTQm` ĿƘaBHB+QM *QMi`QHH2/ _2+iB}2`ƘŀV
Qm i?v`BbiQ` +QMbiBim2 mM +B`+mBi i`ĕb 2{+�+2 /2 +2 TQBMi /2 pm2X AH T2`K2i /Ƕ�#bQ`#2`
HǶûM2`;B2 1a. /�Mb HǶ2Mb2K#H2 /2 bQM pQHmK2- 2i MQM b2mH2K2Mi ¨ b� bm`7�+2 +QKK2
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+Ƕ2bi H2 +�b TQm` /Ƕ�mi`2b +B`+mBib miBHBbûb TQm` H� T`Qi2+iBQM- MQi�KK2Mi H2b +B`+mBib
#�bûb bm` /2b i`�MbBbiQ`b /2 ivT2 JPaX �BMbB- bQM BKTHûK2Mi�iBQM Mû+2bbBi2 mM2
KQBM/`2 bm`7�+2 TQm` mM MBp2�m /2 T`Qi2+iBQM /QMMûX aQM T`BM+BT�H /û7�mi 2bi
HBû ¨ bQM i2KTb /2 /û+H2M+?2K2Mi MQM BMbi�Mi�Mû T�` `�TTQ`i ¨ H� pBi2bb2 /2
T`QT�;�iBQM /ǶmM ûpûM2K2Mi 1a.- +QM/mBb�Mi ¨ mM2 #`ĕp2 bm`i2MbBQM i`�MbBiQB`2
HQ`b /ǶmM ûpûM2K2Mi- MQM iQHû`�#H2 TQm` +2`i�BMb ivT2b /2 +B`+mBibX

G2 +?�TBi`2 R /2 +2ii2 i?ĕb2 i`�Bi2 /2 H� T`Q#HûK�iB[m2 /2b +B`+mBib /2 T`Qi2+iBQM 1a.
2M ;ûMû`�H- /2b bi`�iû;B2b /2 T`Qi2+iBQM- 2i /QMM2 mM2 pBbBQM ;HQ#�H2 /2b +B`+mBib H2b
THmb H�`;2K2Mi miBHBbûb TQm` H� T`Qi2+iBQM 1a.X

.�Mb H2 +QMi2ti2 /ǶmM2 /2K�M/2 �++`m2 /2 H� T�`i /2 HǶBM/mbi`B2 /2 KQ/ĕH2b ¨ H� 7QBb
THmb T`û+Bb- TQmp�Mi āi`2 �/�Tiûb ¨ /Bzû`2Mi2b /BK2MbBQMb ;ûQKûi`B[m2b UĿƘb+�H�#H2
KQ/2HbƘŀV- 2i THmb bBKTH2b ¨ 7�B`2 ûpQHm2` 7�+2 ¨ HǶûpQHmiBQM /2b i2+?MQHQ;B2b- THmbB2m`b
ûim/2b bm` H2 a*_ QMi ûiû K2Mû2b ¨ i`�p2`b H2 KQM/2- 2i +QMiBMm2Mi ¨ āi`2 K2Mû2bX
hQmi2b H2b ûim/2b bQMi #�bû2b bm` HǶmiBHBb�iBQM /2 i`�MbBbiQ`b #BTQH�B`2b U"ChV TQm`
/û+`B`2 H2 a*_- H2 a*_ ûi�Mi mM +B`+mBi /2 ivT2 TMTM- TQmp�Mi āi`2 +QMbB/û`û +QKK2
bBKBH�B`2 ¨ mM2 T�B`2 /2 /2mt i`�MbBbiQ`b #BTQH�B`2b TMT 2i MTM BMi2`+QMM2+iûbX
.2mt T`BM+BT�H2b �TT`Q+?2b /2 KQ/ûHBb�iBQM T2mp2Mi āi`2 B/2MiB}û2bX G� T`2KBĕ`2
miBHBb2 mMB[m2K2Mi /2b i`�MbBbiQ`b #BTQH�B`2b- �p2+ mM KQ/ĕH2 ûH2+i`B[m2 ûpQHmû- /2
ivT2 ah@"Ch Qm p#B+- �}M /2 KQ/ûHBb2` H2 +QKTQ`i2K2Mi /m a*_X G2b T`BM+BT�mt
û+m2BHb /2 +2ii2 �TT`Q+?2 bQMi UBV H� T`Bb2 2M +QKTi2 T�` H2b KQ/ĕH2b /ǶmM ;`�M/
MQK#`2 /2 T?ûMQKĕM2b BMmiBH2b /�Mb H2 +�b /m a*_- +QKTHB[m�Mi BMmiBH2K2Mi
H2 KQ/ĕH2- 2i UBBV HǶmiBHBb�iBQM /ǶmM ;`�M/ MQK#`2 /2 T�`�Kĕi`2b MQM T?vbB[m2b
Mû+2bb�B`2b TQm` Q#i2MB` mM KQ/ĕH2 }�#H2 2i T`û/B+iB7X *2 /2`MB2` �bT2+i � mM BKT�+i
Mû;�iB7 /B`2+i bm` H� ĿƘb+�H�#BHBiûƘŀ /m KQ/ĕH2 2i bm` H� T`Q+û/m`2 /Ƕ2ti`�+iBQM /2b
T�`�Kĕi`2b +QMbiBimiB7b /m KQ/ĕH2X �BMbB H� b2+QM/2 �TT`Q+?2 bǶ�pĕ`2 THmb T`Q+?2
/2b T�`iB+mH�`Biûb /2 7QM+iBQMM2K2Mi /m +QKTQb�Mi a*_X G2 7QM+iBQMM2K2Mi /m
a*_ 2bi /BpBbû 2M /2mt ûi�ibƘ , HǶmM +Q``2bTQM/ �m a*_ �p�Mi /û+H2M+?2K2Mi- BH 2bi
KQ/ûHBbû T�` /2mt "Ch- H2 b2+QM/ +Q``2bTQM/ �m 7QM+iBQMM2K2Mi ¨ 7Q`i2 BMD2+iBQM
/2 +Qm`�Mi- �T`ĕb /û+H2M+?2K2Mi- BH 2bi KQ/ûHBbû T�` mM2 /BQ/2 TBMX *2ii2 �TT`Q+?2
T2`K2i /ǶQ#i2MB` /2b KQ/ĕH2b KB2mt #�bûb bm` H� T?vbB[m2 /m a*_X *2T2M/�Mi 2HH2
bQmz`2 û;�H2K2Mi /ǶBM+QMpûMB2Mib K�D2m`bƘ , UBV H2 KQ/ĕH2 2bi KQBMb `Q#mbi2 2i T2mi
+QM/mB`2 ¨ /2b T`Q#HĕK2b /2 /Bp2`;2M+2 /m 7�Bi /2 H� /Bb+QMiBMmBiû �p�Mi 2i �T`ĕb
/û+H2M+?2K2Mi- 2i UBBV H2 TQBMi /2 +?�M;2K2Mi /2 KQ/ĕH2- BMiBK2K2Mi HBû �m TQBMi /2
/û+H2M+?2K2Mi- 2bi mM2 /QMMû2 2KTB`B[m2 /Ƕ2Mi`û2- �HQ`b [mǶBH /2p`�Bi āi`2 mM2 bQ`iB2
/m KQ/ĕH2- b�Mb [m2 HǶmiBHBb�i2m` MǶ�Bi ¨ BMi2`p2MB` /2 K�MBĕ`2 i`ĕb 2KTB`B[m2X

GǶ2ti`�+iBQM /2 T�`�Kĕi`2b 2bi mM �bT2+i BKTQ`i�Mi 2i mM2 i�+?2 +QMbQKK�i`B+2 /2
`2bbQm`+2bX lM #QM KQ/ĕH2 M2 /QBi T�b b2mH2K2Mi i2MB` +QKTi2 /m +QKT`QKBb 2Mi`2
T`û+BbBQM 2i +QKTH2tBiû- K�Bb û;�H2K2Mi /2 HǶ2{+�+Biû /2 H� bi`�iû;B2 /Ƕ2ti`�+iBQM
/2b T�`�Kĕi`2bX

G2 /2mtBĕK2 +?�TBi`2 +QM+2`M2 H2 /ûp2HQTT2K2Mi /ǶmM MQmp2�m KQ/ĕH2 TQm` H2 a*_X
*2 KQ/ĕH2 pBb2 ¨ `ûbQm/`2 /2b T`Q#HĕK2b i2Hb [m2 H� /Bp2`;2M+2- H� TQHvp�H2M+2
U+QKK2 H� +�T�+Biû /2p�Mi āi`2 miBHBbû /�Mb /Bzû`2Mi2b +QM};m`�iBQMb /2 T`Qi2+iBQM
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1a.V 2i H2 /QK�BM2 /2 T�`�Kûi`Bb�iBQM ;ûQKûi`B[m2 UHBKBiû2 T�` /2b HQBb i`QT
2KTB`B[m2bVX *2+B 2bi Q#i2Mm T�` HǶmiBHBb�iBQM /ǶmM2 �TT`Q+?2 THmb T?vbB[m2- 2i T2mi
āi`2 +QMbB/û`û +QKK2 mM2 `û2HH2 �KûHBQ`�iBQM /2 HǶûi�i /2 HǶ�`iX G2 MQv�m 2bi iQmDQm`b
#�bû bm` /2b û[m�iBQMb /2 i`�MbBbiQ` #BTQH�B`2- K�Bb +2HH2b@+B QMi ûiû KQ/B}û2b �}M /2
/û+`B`2 H2b T?ûMQKĕM2b T`QT`2b �m a*_- 2M T�`iB+mHB2` �mt MBp2�mt /2 7Q`i2 BMD2+iBQMX
G� T�`�Kûi`Bb�iBQM ;ûQKûi`B[m2 2bi mM �bT2+i BKTQ`i�Mi /ǶmM KQ/ĕH2 /2 /BbTQbBiB7
/2 T`Qi2+iBQM HǶ1a.X .Bzû`2Mib MBp2�mt /2 T`Qi2+iBQM T2mp2Mi āi`2 Mû+2bb�B`2b TQm`
/Bzû`2Mib +B`+mBib /�Mb mM2 i2+?MQHQ;B2 /QMMû2X �BMbB- /2b /BbTQbBiB7b /2 /BK2MbBQMb
/Bzû`2Mi2b /QBp2Mi āi`2 2KTHQvûbX S�` �BHH2m`b- /ǶBKTQ`i�Mib T�`�Kĕi`2b 7QM+iBQMM2Hb-
+QKK2 H� i2MbBQM /2 /û+H2M+?2K2Mi Qm H� bm`i2MbBQM- /ûT2M/2Mi /B`2+i2K2Mi /2 H�
;ûQKûi`B2 /2 H� bi`m+im`2X
lM KQ/ĕH2 T�`�Kûi`B[m2 /ǶmM TQBMi /2 pm2 ;ûQKûi`B[m2 2bi T`ûb2Miû /�Mb
H2 i`QBbBĕK2 +?�TBi`2X AH 2bi #�bû bm` /2b HQBb /Ƕû+?2HH2 +H�bbB[m2b /�Mb H2b
b2KB@+QM/m+i2m`b- �/�Tiû2b ¨ H� +QM};m`�iBQM bTû+B}[m2 /ǶmM a*_ /2 T`Qi2+iBQMX
S`Qiû;2` H2b +B`+mBib ¨ ?�mi2 7`û[m2M+2 +QMi`2 H2b /û+?�`;2b ûH2+i`Qbi�iB[m2b �
iQmDQm`b ûiû mM2 i�+?2 /B{+BH2X G2 T�`�bBi2 BMi`Q/mBi T�` H2b /BbTQbBiB7b /2 T`Qi2+iBQM
¨ HǶ2Mi`û2 Qm ¨ H� bQ`iB2 /ǶmM +B`+mBi _6 T2mi 7Q`i2K2Mi /û;`�/2` b2b T2`7Q`K�M+2bX
Cmb[mǶ¨ T`ûb2Mi- +2b T�`�bBi2b QMi ûiû ;ûMû`�H2K2Mi `û/mBib ¨ mM2 bBKTH2 +�T�+BiûX
*QKK2 H2b 7`û[m2M+2b �m;K2Mi2Mi 2M KāK2 i2KTb [m2 H� /2K�M/2 /2 T`û+BbBQM- +2b
�TT`QtBK�iBQMb /2pB2MM2Mi i`QT HBKBiû2bX
�}M /2 KQ/ûHBb2` /2b /BbTQbBiB7b +QKTH2t2b +QKK2 H2 a*_- mM `ûb2�m /2 `ûbBbi�M+2b
2i /2 +�T�+Biûb THmb T`Q+?2 /2 H� T?vbB[m2 /2 7QM+iBQMM2K2Mi /m a*_ /QBi āi`2
2MpBb�;ûX G2 ĿƘ#�+F@2M/@Q7@HBM2Ƙŀ U+Qm+?2b Kûi�HHB[m2bV DQm2 mM `ƬH2 BKTQ`i�Mi /�Mb
H� T2`7Q`K�M+2 /2b +B`+mBib /2 T`Qi2+iBQM 1a.X �BMbB- H2b T`2KB2`b MBp2�mt /2 Kûi�mt
/QBp2Mi āi`2 +QMbB/û`ûb +QKK2 7�Bb�Mi T�`iB2 /m /BbTQbBiB7 2i- 2M +QMbû[m2M+2- /m
KQ/ĕH2X G� T`Qi2+iBQM 1a. T2mi bQmp2Mi āi`2 bQmKBb2 ¨ mM2 i2MbBQM /2 TQH�`Bb�iBQM
bmT2`TQbû2 /2 K�MBĕ`2 MQ`K�H2 �m bB;M�H _6X G2 +B`+mBi /2 T`Qi2+iBQM 1a.
+QKTQ`i�Mi /2b DQM+iBQMb TM U+QKK2 H2 a*_ Qm H2b /BQ/2bV- +2`i�BM2b +�T�+Biûb
BMi2`M2b +?�M;2Mi- /ǶQɍ H� Mû+2bbBiû /2 /BbiBM;m2` 2Mi`2 H2b +�T�+Biûb /2 Kûi�HHBb�iBQM
UMQM /ûT2M/�Mi2b /2 H� TQH�`Bb�iBQMV 2i H2b +�T�+Biûb /2 DQM+iBQM U/ûT2M/�Mi2b /2
H� TQH�`Bb�iBQMVX .2b KQ/ĕH2b T2iBi bB;M�H ?�mi2 7`û[m2M+2 /2 H� /BQ/2 2i /m a*_ /2
T`Qi2+iBQM +QMi`2 HǶ1a. bQMi T`QTQbûb /�Mb H2 [m�i`BĕK2 2i /2`MB2` +?�TBi`2X G2m`
#mi 2bi /Ƕ�B/2` H2b +QM+2Ti2m`b _6 ¨ +QM+2pQB` /2b ûi�;2b /Ƕ2Mi`û2 KB2mt �/�Tiûb 2i
#B2M bȿ` /Ƕāi`2 +�T�#H2 /2 T`2M/`2 2M +QKTi2 /ĕb H� +QM+2TiBQM HǶBKT�+i /2b +B`+mBib
/2 T`Qi2+iBQM bm` H2 bB;M�H _6X �}M /2 p�HB/2` H2b KQ/ĕH2b T`QTQbûb- +2mt@+B QMi ûiû
i2biûb bm` mM2 bi`m+im`2 /2 T`Qi2+iBQM +QKTHĕi2 @ .ha*_ Ua*_ /û+H2M+?û T�` /BQ/2V
@ +QMbiBimû /ǶmM a*_- /2 i`QBb /BQ/2b 7Q`K�Mi H2 +B`+mBi /2 /û+H2M+?2K2Mi TQm` H2
a*_- 2i /ǶmM2 /BQ/2 /2 T`Qi2+iBQM KQMiû2 2M BMp2`b2 �}M /ǶQ#i2MB` mM2 T`Qi2+iBQM
#B/B`2+iBQMM2HH2X
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*?�`;2b �++mKmH�i2/ BM b2KB+QM/m+iQ` /2pB+2b �`2 �#H2 iQ +`2�i2 TQi2MiB�H
/Bz2`2M+2b mT iQ i?Qmb�M/b Q7 pQHibX h?2`2 �`2 irQ bi2Tb BM T`Qi2+iBM; � /2pB+2
�;�BMbi i?2 2H2+i`Qbi�iB+ /Bb+?�`;2 i?�i K�v �TT2�`, URV T`2p2MiBM; i?2 +?�`;2 iQ
�++mKmH�i2 BM i?2 }`bi TH�+2 �M/ UkV T`QpB/BM; � r�v iQ 2p�+m�i2 i?2 /Bb+?�`;2
2M2`;vX

h?2 }`bi bi2T Bb 2z2+iBp2 /m`BM; i?2 K�Mm7�+im`BM; T`Q+2bb U7`QK i?2 +?BT
K�Mm7�+im`BM; iQ i?2 }M�H 2H2+i`QMB+ T`Q/m+i �bb2K#HvV- r?2`2 i?2 +?BT Bb i?2 KQbi
2tTQb2/ iQ i?2 2ti2`M�H 2MpB`QMK2Mi �M/ KQbi Q7 i?2 1a. 2p2Mib K�v �TT2�`X
h?2 mMr�Mi2/ +?�`;2 �++mKmH�i2b i?`Qm;? i`B#Q2H2+i`B+Bv U7`B+iBQM rBi? �MQi?2`
K�i2`B�HV Q` i?`Qm;? BM/m+iBQM U#v �M 2H2+i`QK�;M2iB+ }2H/VX h?Bb �++mKmH�iBQM
+�M #2 HBKBi2/ #v +QMi`QHHBM; i?2 A*Ƕb 2MpB`QMK2MiX �HH i?2 7�+BHBiB2b �M/ 2[mBTK2Mi
?�p2 iQ #2 �/�Ti2/X � HBbi Q7 +QKKQM K2�bm`2b BM+Hm/2b,

Ç ;`QmM/BM; 7�+BHBiB2b 7Q` ?mK�Mb U+QM/m+iBM; b?Q2b �M/ r`Bbi bi`�TbV
Ç �MiBbi�iB+ +HQi?BM;
Ç +QM/m+iBM; �M/ /BbbBT�iBp2 ~QQ`b
Ç �B` BQMBx2`b
Ç �MiBbi�iB+ +Q�iBM; Q7 K�i2`B�Hb

h?2 b2+QM/ bi2T Bb iQ BM+`2�b2 i?2 1a. `Q#mbiM2bb Q7 i?2 BMi2;`�i2/ +B`+mBiX �
+QMi`QHH2/ 2MpB`QMK2Mi +�MMQi iQi�HHv biQT i?2 �++mKmH�iBQM Q7 +?�`;2 �M/- �7i2`
i?2 }M�H T`Q/m+i Bb /2HBp2`2/- i?Bb +QMi`QH Bb HQbiX �HbQ- i?2 `�TB/ /QrMb+�HBM; BM
MQr�/�vb i2+?MQHQ;B2b +QK2b rBi? � /2+`2�b2 BM i?2 +B`+mBiǶb `2bBbi�M+2 iQ 1a. U2tX
i?2 ;�i2 QtB/2b �`2 i?BMM2` �M/ 2�bB2` iQ #`2�F #v 2p2M � H2bb BMi2Mb2 Qp2`@pQHi�;2VX

kj



*?�Ti2` R *QMi2ti �M/ bi�i2 Q7 i?2 �`i

h?mb- /2bTBi2 i?2 BM+`2�b2 BM +Qbi- ;Bp2M #v i?2 2ti`� bm`7�+2 Q++mTB2/ #v i?2
T`Qi2+iBQM /2pB+2b- QM@+?BT 1a. T`Qi2+iBQM Bb Q7 2ti`2K2 BKTQ`i�M+2X
h?2 bi`�i2;v Bb b2H2+i2/ ?�pBM; �b i�`;2i � +2`i�BM H2p2H Q7 T`Qi2+iBQM mM/2` +2`i�BM
1a. +QM/BiBQMbX h?2b2 +QM/BiBQMb �`2 /2b+`B#2/ #v 1a. KQ/2HbX

h?2`2 �`2 i?`22 K�BMbi`2�K KQ/2Hb Q7 i?2 2H2+i`Qbi�iB+ /Bb+?�`;2 T`Q+2bbX h?2v �`2
�HH /2b+`B#2/ #v bi�M/�`/b- QM2 Q7 i?2B` Tm`TQb2b #2BM; iQ Qz2` �M Q#D2+iBp2 K2�bm`2
Q7 ?Qr `Q#mbi � +2`i�BM +B`+mBi Bb mM/2` � bT2+B}+ 1a. 2p2MiX h?2 KQ/2Hb �`2 mb2/
7Q` `2T`Q/m+BM; � +HQb2@iQ@`2�H 2H2+i`Qbi�iB+ /Bb+?�`;2 BM Q`/2` iQ i2bi �M/ [m�HB7v i?2
BMi2;`�i2/ +B`+mBibX

h?2 >mK�M "Q/v JQ/2H U>"JV `2T`2b2Mib i?2 /Bb+?�`;2 #2ir22M � T2`bQM �M/
�M BMi2;`�i2/ +B`+mBi (1a.@ahJ 8XR)X h?2 ?mK�M #Q/v Bb KQ/2HH2/ #v � 100 pF
+�T�+Bi�M+2 +QMM2+i2/ i?`Qm;? � 1.5 kΩ U6B;m`2 RXk�VX �M �//BiBQM�H T�`�bBiB+
BM/m+i�M+2 #2ir22M 5.5µH �M/ 11.8µH K�v #2 �//2/ BM Q`/2` iQ #2ii2` `2T`Q/m+2
i?2 i2biBM; 2MpB`QMK2MiX

>"J KQ/2H �M/ /Bb+?�`;2 r�p27Q`K

h?2 +m``2Mi 2tT`2bbBQM Bb �TT`QtBK�i2/ BM RXR (_QQxǶNy) �M/ i?2 ivTB+�H r�p27Q`K
Bb b?QrM BM 6B;m`2 RXR#X

IHBM(t) =
VESD

R
·
(

1− exp

(

−R

L
· t
))

· exp
(

− t

R · C

)

URXRV
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RXR :2M2`�H 1a. T`Qi2+iBQM �bT2+ib

h?2 J�+?BM2 JQ/2H UJJV `2T`2b2Mib i?2 /Bb+?�`;2 #2ir22M K�Mm7�+im`BM;
2[mBTK2Mi �M/ i?2 BMi2;`�i2/ +B`+mBi (1a.@ahJ 8Xk)X Ai r�b BMi`Q/m+2/ BM C�T�M
BM i?2 Ƕdyb #mi Bi Bb H2bb mb2/ MQr�/�vb �b � i2bi `272`2M+2X
Ai Bb bBKBH�` iQ i?2 >"J KQ/2H- QMHv i?�i i?2 K�+?BM2 Bb KQ/2HH2/ #v � 200 pF
+�T�+Bi�M+2 +QMM2+i2/ i?`Qm;? � BMbB;MB}+�Mi U0 iQ 20ΩV `2bBbi�M+2 iQ i?2 BMi2;`�i2/
+B`+mBi U6B;m`2 RXk�VX �M �//BiBQM�H T�`�bBiB+ BM/m+i�M+2 #2ir22M 1.5µH �M/
2.5µH K�v #2 �//2/ BM Q`/2` iQ #2ii2` `2T`Q/m+2 i?2 i2biBM; 2MpB`QMK2MiX

JJ KQ/2H �M/ /Bb+?�`;2 r�p27Q`K

h?2 +m``2Mi 2tT`2bbBQM Bb �TT`QtBK�i2/ BM RXk (_QQxǶNy) �M/ i?2 ivTB+�H r�p27Q`K
Bb b?QrM BM 6B;m`2 RXk#X

IHBM(t) = VESD ·
√

C

L
· exp

(

− R

2L
· t
)

· sin
(

1√
LC

)

URXkV

h?2 *?�`;2/ .2pB+2 JQ/2H U*.JV `2T`2b2Mib i?2 /Bb+?�`;2 Q7 � T`2pBQmbHv
b2H7@+?�`;2/ BMi2;`�i2/ +B`+mBi U6B;m`2 RXj�V (1a.@ahJ 8XjXR)X P`B;BM�HHv- i?Bb ivT2
Q7 2p2Mib �TT2�`2/ r?2M � +?BT- +?�`;2/ r?BH2 bHB/BM; Qmi Q7 Bib T�+F�;2- 2Mi2`2/
BM +QMi�+i rBi? � ;`QmM/ TH�M2X LQr�/�vb- 2z2+ib HBF2 BM/m+iBQM +?�`;BM; �`2 �HbQ
i�FBM; BMiQ �++QmMi BM i?2 /2b+`BTiBQM Q7 i?2 KQ/2HX

k8



*?�Ti2` R *QMi2ti �M/ bi�i2 Q7 i?2 �`i

.m`BM; � *.J /Bb+?�`;2- ?B;? +m``2Mib UmT iQ 10AV rBi? � /m`�iBQM Q7 QMHv �
72r M�MQb2+QM/b +�M Q++m`- K�FBM; i?2 T`Qi2+iBQM �;�BMbi i?Bb ivT2 Q7 /Bb+?�`;2 �
/B{+mHi i�bFX

*.J bBKTHB}2/ KQ/2H �M/ /Bb+?�`;2 r�p27Q`K

h?2 +m``2Mi 2tT`2bbBQM Bb �TT`QtBK�i2/ BM RXj (_QQxǶNy) �M/ i?2 ivTB+�H r�p27Q`K
Bb b?QrM BM 6B;m`2 RXj#X

ICDM(t) =
VESD

ωL
· exp

(

− R

2L
· t
)

· sin (ωt) URXjV

ω =

√

1

LC
− R2

4L2
URX9V

h?2 /Bb+?�`;2/ +�T�+Bi�M+2- #2BM; i?2 +�T�+Bi�M+2 Q7 i?2 i2bi2/ /2pB+2- Bb ?B;?Hv
/2T2M/2Mi QM i?2 T�+F�;2 (�p2`Ƕ3d)X AM Q`/2` iQ bBKmH�i2 i?2 *.J /Bb+?�`;2 T`Q+2bb-
T�+F�;2 KQ/2Hb r2`2 /2p2HQT2/ (_B+?Ƕyk- :Q2�Ƕy8)X
*.J 2p2Mib KQbiHv �TT2�` /m`BM; i?2 �miQK�iB+ K�Mm7�+im`BM; �M/ ?�M/HBM;
T`Q+2bb2bX h?2 KQbi +QKKQM 7�BHm`2 i?2v +�mb2 Bb �i QtB/2 H2p2H- r?2M i?2 *.J
pQHi�;2 bm`T�bb2b i?2 QtB/2 #`2�F/QrM pQHi�;2X h?2v �`2 QM2 Q7 i?2 #B;;2bi i?`2�ib
BM i?2 +QMiBMmQmb /QrMb+�H2/- rBi? i?BMM2` QtB/2- i2+?MQHQ;B2b (.�#`ǶN3)X

AM Q`/2` iQ �bbm`2 i?2 `Q#mbiM2bb U`2bBbi�M+2 iQ 2H2+i`Qbi�iB+ /Bb+?�`;2V Q7 �M
BMi2;`�i2/ +B`+mBi- QM2 ?�b iQ K�F2 bm`2 i?�i �M 1a. 2p2Mi #2ir22M 2�+? irQ
BMTmifQmiTmi TBMb /QMǶi /�K�;2 i?2 +Q`2 +B`+mBiX

ke



RXR :2M2`�H 1a. T`Qi2+iBQM �bT2+ib

h?Bb Bb Q#i�BM2/ mbBM; 1a. T`Qi2+iBQM /2pB+2b �``�M;2/ BM bm+? � r�v i?�i- mM/2` �M
1a. 2p2Mi- i?2v 7Q`K � +m``2Mi T�i? #2ir22M i?2 �z2+i2/ TBMb- i�FBM; QM i?2Kb2Hp2b
�HH i?2 /2bi`m+iBp2 2M2`;vX h?2b2 /2pB+2b ?�p2 i?2 `QH2 Q7 � brBi+? T�bbBM; BMiQ � HQr
BKT2/�M+2 KQ/2 UHQr2` i?�M �Mv Qi?2` T�i? i?�i +�M #2 7Q`K2/ BM i?2 T`Qi2+i2/
+B`+mBiV r?2M �M 1a. 2p2Mi Bb /2i2+i2/- v2i ?�pBM; � ?B;? BKT2/�M+2 U#2 i`�MbT�`2Mi
iQ i?2 T`Qi2+i2/ +B`+mBiV BM MQ`K�H +QM/BiBQMb UQmibB/2 �M 1a. 2p2MiVX

:2M2`�H 1a. T`Qi2+iBQM bi`�i2;v mbBM; HQ+�H mMB/B`2+iBQM�H �M/
#B/B`2+iBQM�H /2pB+2b �M/ � +2Mi`�H T`Qi2+iBQM

S`Qi2+iBQMb +�M #2 mMB/B`2+iBQM�H Q` #B/B`2+iBQM�HX .Bz2`2Mi +m``2Mi T�i? 2t�KTH2b
�`2 b?QrM BM 6B;X RX8X

*m``2Mi T�i? 7Q` � TQbBiBp2 1a. 2p2Mi �i S�.R U;`22MV �M/ S�.k
U`2/V

� TQbBiBp2 Q` M2;�iBp2 1a. 2p2Mi QM S�.R rBHH /Bb+?�`;2 U6B;X RX8, ;`22MV /B`2+iHv
i?`Qm;? i?2 #B/B`2+iBQM�H 2H2K2MiX � TQbBiBp2 1a. 2p2Mi QM S�.k rBHH ?�p2 iQ T�bb
i?`Qm;? i?2 TQr2` `�BH �M/ i?2 +2Mi`�H T`Qi2+iBQM U6B;X RX8, `2/VX
h?2`2 �`2 iQQ K�BM /BbiBM+i TQbBiBQMb U�M/ 7mM+iBQMbV � T`Qi2+iBQM /2pB+2 +�M Q++mTv
BM i?2 T`Qi2+iBQM b+?2K2,

kd



*?�Ti2` R *QMi2ti �M/ bi�i2 Q7 i?2 �`i

Ç #2ir22M �M AfP T�/ �M/ � TQr2` `�BH U2tX S�.R �M/ o..V @ �HbQ +�HH2/
ǳHQ+�H T`Qi2+iBQMǴc i?2 +QKKQM /2pB+2b mb2/ BM i?Bb +�b2 �`2, /BQ/2b- a*_b-
;;LJPaX

Ç #2ir22M i?2 TQr2` `�BHb U2tX o.. �M/ oaaV @ �HbQ +�HH2/ ǳTQr2` +H�KTbǴ Q`
ǳ+2Mi`�H T`Qi2+iBQMǴc i?2 +QKKQM /2pB+2b mb2/ ?2`2 �`2 i?2 +H�bbB+ JPa61h
i`�MbBbiQ`- i?2 ;+LJPa �M/ i?2 a*_X

h?2B` `2[mB`2K2Mib /Bz2` �++Q`/BM;Hv �M/ +�M #2 `2bmK2/ BM r?�i Bb +�HH2/ � ǳ/2bB;M
rBM/QrǴ U6B;X RXeVX

1a. /2pB+2 /2bB;M rBM/Qr

h?2 BKTQ`i�Mi pQHi�;2 �M/ +m``2Mi TQBMib �`2,
Ç Vsupply, i?2 pQHi�;2 Q7 i?2 TQr2` bQm`+2 Uo.. BM 6B;X RX9V
Ç VBD, i?2 #`2�F/QrM pQHi�;2 @ K�tBKmK pQHi�;2 bmTTQ`i2/ #v i?2 T`Qi2+i2/

+B`+mBi
Ç VT �M/ IT , i?2 i`B;;2` pQHi�;2 �M/ +m``2Mi
Ç VH , i?2 ?QH/BM; pQHi�;2 @ #2HQr r?B+? i?2 1a. T`Qi2+iBQM /2pB+2 Bb �Hr�vb Qz

*?QQbBM; � /2pB+2 BMbB/2 i?2 /2bB;M rBM/Qr 2Mbm`2b i?�i,
Ç Bi rBHH #2 i`�MbT�`2Mi UQz 4 ?B;? BKT2/�M+2V 7Q` i?2 +B`+mBi QmibB/2 �M 1a.

2p2Mi UV T > VsupplyV
Ç Bi rBHH im`M QM #27Q`2 i?2 7�BHm`2 pQHi�;2 H2p2H UVT < VBDV
Ç Bi rBHH im`M Qz �7i2` i?2 1a. 2p2Mi UVH > VsupplyV

.BQ/2b �M/ i?2 a*_ �`2 mMB/B`2+iBQM�H /2pB+2b r?BH2 i?2 ;;LJPa Bb #B/B`2+iBQM�HX
AM 6B;X RXd r2 `2T`Q/m+2 6B;X RX9- 2t2KTHB7vBM; i?2 mb2 Q7 /Bz2`2Mi ivT2b Q7 /2pB+2bX
.BQ/2b �`2 mb2/ �b mMB/B`2+iBQM�H /2pB+2bX � TQbBiBp2 1a. 2p2Mi QM S�/k rBHH- i?mb-
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RXR :2M2`�H 1a. T`Qi2+iBQM �bT2+ib

M22/ iQ /Bb+?�`;2 i?`Qm;? i?2 o.. `�BH �M/ i?2 +2Mi`�H T`Qi2+iBQMX PM i?2 Qi?2`
?�M/- � TQbBiBp2 1a. bi`2bb QM S�/R rBHH /Bb+?�`;2 /B`2+iHv iQ oaa- i?2 ;;LJPa
#2BM; � #B/B`2+iBQM�H T`Qi2+iBQMX h?Bb Bb �M BKTQ`i�Mi �bT2+i- �b mbBM; i?2 TQr2` `�BH
BM i?2 /Bb+?�`;2 T�i? M22/b � +�`27mH /2bB;MX 6Q` HQM; /Bbi�M+2b- i?2 `2bBbi�M+2 Q7 i?2
`�BH #2+QK2b BKTQ`i�Mi- #2BM; �#H2 iQ 7�pQm` i?2 i`B;;2`BM; Q7 /Bz2`2Mi- mM/2bB`2/-
+m``2Mi T�i?b i?`Qm;? i?2 T`Qi2+i2/ +B`+mBiX

:2M2`�H 1a. T`Qi2+iBQM bi`�i2;v mbBM; � ;;LJPa- /BQ/2b �M/ � LJPa
#�b2/ TQr2` +H�KT

aQK2 /2pB+2b M22/ �M �mtBHB�`v +B`+mBi BM Q`/2` iQ im`M QMX AM i?Bb 2t�KTH2- i?2
TQr2` +H�KT Bb +QKTQb2/ #v �M M@ivT2 JPa61h /2pB+2 ULJPaV- �M 1a. 2p2Mi
/2i2+iBQM +B`+mBi �M/ � bm#@+B`+mBi- mb2/ iQ #B�b �M/ i`B;;2` i?2 LJPaX h?2 /2i2+iBQM
+B`+mBi Bb � _6 }Hi2` #mBHi BM bm+? � r�v i?�i QMHv H2ib i?2 ?B;? `Bb2@iBK2 1a.@bT2+B}+
bB;M�H iQ T�bb- im`MBM; QM i?2 SJPaX h?Bb TQbBiBp2Hv #B�b2b i?2 ;�i2 Q7 i?2 LJPa-
�+iBp�iBM; i?2 T`Qi2+iBQMX

S`Qi2+iBM; ?B;? 7`2[m2M+v +B`+mBib �;�BMbi 2H2+i`Qbi�iB+ /Bb+?�`;2 U6B;X RX3V ?�b
�Hr�vb #22M � /B{+mHi i�bF (q�M;Ƕyk)X h?2 T�`�bBiB+ BMi`Q/m+2/ #v i?2 T`Qi2+iBQM
/2pB+2b �i i?2 AfP Q7 �M _6 +B`+mBi +�M bi`QM;Hv /2;`�/2 Bib T2`7Q`K�M+2X lMiBH MQr-
i?2b2 T�`�bBiB+ r2`2 mbm�HHv `2/m+2/ iQ � +�T�+Bi�M+2 (o�bbǶyk)X �b i?2 7`2[m2M+B2b
;2i ?B;?2` �M/ i?2 /2K�M/ 7Q` T`2+BbBQM BM+`2�b2b- i?2b2 �TT`QtBK�iBQMb #2+QK2
BM+QKTH2i2X

AM Q`/2` iQ /2bB;M 1a. T`Qi2+iBQMb 7Q` ?B;? 7`2[m2M+v +B`+mBib- bK�HH +�T�+Bi�M+2
/2pB+2b Kmbi #2 mb2/X h?Bb BKTHB2b bK�HH2` �M/- i?mb H2bb `Q#mbi T`Qi2+iBQMbX AM Q`/2`

kN



*?�Ti2` R *QMi2ti �M/ bi�i2 Q7 i?2 �`i

S�`�bBiB+ +�T�+Bi�M+2 BMi`Q/m+2/ #v i?2 T`Qi2+iBQM /2pB+2b

iQ �+?B2p2 � ?B;? 1a. T`Qi2+iBQM H2p2H- #B;;2` /2pB+2b �`2 /BpB/2/ BMiQ 2[m�H@bBx2/
bK�HH2` QM2b �M/ +QmTH2/ i?`Qm;? *Sq U+Q@TH�M�` r�p2;mB/2bV i?�i �`2 K2�Mi
iQ �/�Ti i?2 bm#@T�`ib U6B;X RXNVX h?Bb i2+?MB[m2 Bb +�HH2/ /Bbi`B#mi2/ T`Qi2+iBQM
(AiQǶyk- EH2pǶyy)X "2+�mb2 Q7 i?2 *Sq `2bBbi�M+2- i?2 bm#@/2pB+2 bBim�i2/ i?2 +HQb2bi
iQ i?2 AfP TBM i�F2b i?2 KQbi Q7 i?2 1a.X � /2+`2�bBM;@bBx2 i2+?MB[m2 r�b T`2b2Mi2/
BM (JBM;Ƕy8)c i?2 bm#@/2pB+2 M2�` i?2 AfP TBM #2BM; i?2 #B;;2bi- �M/ i?2 QM2 M2ti iQ
i?2 T`Qi2+i2/ +B`+mBi- i?2 bK�HH2biX

.Bbi`B#mi2/ 1a. T`Qi2+iBQM

6Q` � `Q#mbi �M/ r2HH 7mM+iBQMBM; +B`+mBi- _6@1a. +Q@/2bB;M ?�b iQ #2 /QM2X h?Bb
K2�Mb- 7Q` 2t�KTH2- i�BHQ`BM; i?2 *Sq i`�MbKBbbBQM HBM2b BM Q`/2` iQ K�i+? i?2 1a.
T`Qi2+iBQM bm#@/2pB+2b i?2v 722/ Q`- KQ`2 ;2M2`�HHv- #v K�i+?BM; i?2 BMTmi bi�;2 Q7
�M �KTHB}2` �M/ 2p�Hm�iBM; i?2 Qp2`�HH T2`7Q`K�M+2 Q7 i?2 +B`+mBi �7i2` i?2 BM+HmbBQM
Q7 i?2 BM/BbT2Mb�#H2 1a. T`Qi2+iBQMX AM Q`/2` iQ #2 �#H2 iQ /Q i?�i- �/p�M+2/ _6
KQ/2Hb Q7 i?2 1a. T`Qi2+iBQM /2pB+2b b?QmH/ #2 �p�BH�#H2X o2`v 72r bim/B2b ?�p2
#22M +�``B2/ Qmi BM i?Bb /B`2+iBQM- KQbiHv +QM+2`MBM; i?2 /BQ/2b (JBM;ǶRy- q�M;Ƕy8)X
�M a*_@ivT2 /2pB+2 r�b �M�Hvx2/ #v GBM �M/ E2` BM (*?mMǶRy)X >Qr2p2`- � KQ`2
+QKT`2?2MbBp2 �TT`Q�+? �M/ � KQ`2 ;2M2`�H K2i?Q/QHQ;v Bb- M2p2`i?2H2bb- M22/2/
�M/ rBHH #2 i`2�i2/ BM *?�Ti2` 9X
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RXk 1a. T`Qi2+iBQM /2pB+2b

.BQ/2b �`2 i?2 KQbi +QKKQM 1a. T`Qi2+iBQM /2pB+2bX h?2v mbm�HHv �bbm`2
mMB/B`2+iBQM�H T`Qi2+iBQM #2ir22M �M AfP �M/ i?2 TQr2` bmTTHv `�BHb Uo// Q` obbVX
h?2v �`2 TH�+2/ BM i?2 +B`+mBi BM bm+? � r�v i?�i mM/2` MQ`K�H +QM/BiBQMb UMQ 1a.
2p2MiV i?2v �`2 `2p2`b2 #B�b2/- T`Qi2+iBM; BM i?2 QTTQbBi2 /B`2+iBQM U6B;X RXdVX
h?2`2 �`2 irQ #�bB+ ivT2b Q7 1a. T`Qi2+iBQM /BQ/2b,

Ç U6B;m`2 RXRy�V- ?�pBM; � b?�HHQr i`2M+? BbQH�iBQM QtB/2 #2ir22M i?2
2H2+i`Q/2b

Ç U6B;m`2 RXRy#V- ?�pBM; � TQHvbBHB+QM ;�i2 #2ir22M i?2 2H2+i`Q/2bc
i?2 b?Q`i2` /Bbi�M+2 #2ir22M TY �M/ MY K�F2b i?2K im`M QM 7�bi2` (J�MQǶy3)

1a. T`Qi2+iBQM /BQ/2b, ahA �M/ ;�i2/

h?2 im`M@QM pQHi�;2 Q7 � /BQ/2 Bb �`QmM/ 0.7V X "B;;2` im`M@QM pQHi�;2b +�M #2
�+?B2p2/ QMHv i?`Qm;? bi�+FBM; KmHiBTH2 /BQ/2bX 6Q` 2t�KTH2- BM Q`/2` iQ Q#i�BM �
VT Q7 2.1V - Bi rBHH #2 M2+2bb�`v iQ bi�+F i?`22 /BQ/2b U6B;X RXRRVX

AM `2�HBiv- #2+�mb2 Q7 T�`�bBiB+ #BTQH�` 2z2+ib- i?2 `2bmHiBM; i`B;;2`BM; pQHi�;2 Bb
bK�HH2` i?�M 2tT2+i2/ (.�#`ǶN3) U6B;X RXRkVX
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*?�Ti2` R *QMi2ti �M/ bi�i2 Q7 i?2 �`i

ai�+F2/ /BQ/2b

h`B;;2`BM; pQHi�;2 7Q` � /BQ/2 �M/ i?`22 bi�+F2/ /BQ/2b

h?2 JPa61h Bb � +H�bbB+ JPa /2pB+2- QT2`�i2/ BM � MQM@#`2�F/QrM KQ/2X Aib
7mM+iBQMBM; Bb bBKTH2, QM+2 � pQHi�;2 Bb �TTHB2/ QM Bib ;�i2- Bi im`Mb QM- 2p�+m�iBM;
i?2 1a. 2M2`;vX AM Q`/2` iQ QT2`�i2 Bi BM MQM@#`2�F/QrM- i?2 JPa ?�b iQ #2 H�`;2-
rBi? HQr ǳQMǴ `2bBbi�M+2 �M/ #2 7�bi Uim`M QM #27Q`2 i?2 /`�BM pQHi�;2 `2�+?2b i?2
bM�T#�+F pQHi�;2VX �Hi?Qm;? Bi i�F2b � H�`;2 bm`7�+2 QM bBHB+QM- Bi Bb QM2 Q7 i?2 KQbi
mb2/ bQHmiBQMb BM TQr2` +H�KTb- #2BM; 2�bv iQ T`2/B+i �M/ rBi? 72r2` +?�M;2b 7`QK �
i2+?MQHQ;v MQ/2 iQ �MQi?2`X PM i?2 Qi?2` bB/2- #`2�F/QrM@#�b2/ JPa /2pB+2b UHBF2
i?2 ;;LJPaV �`2 ?�`/2` iQ bBKmH�i2 �M/ KQ/2H- i?2 i`B;;2`BM; TQBMi #2BM; ?B;?Hv
i2+?MQHQ;v@/2T2M/2Mi (.�#`ǶN3)X

h?2 ;;LJPa U;�i2 ;`QmM/2/ LJPaV Bb � #B/B`2+iBQM�H bM�T#�+F /2pB+2X h?2 r2HH-
;�i2 �M/ bQm`+2 �`2 �HH +QMM2+i2/ iQ i?2 ;`QmM/- i?mb- BM MQ`K�H +QM/BiBQMb- i?2
i`�MbBbiQ` Bb �Hr�vb QzX
�Hi?Qm;? #2BM; `2�HBx2/ �b � JPa /2pB+2- i?2 K�BM +QM/m+iBQM �M/ im`M@QM
K2+?�MBbK #2ir22M i?2 /`�BM �M/ i?2 bQm`+2 Bb i?`Qm;? Bib T�`�bBiB+ MTM #BTQH�`
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RXk 1a. T`Qi2+iBQM /2pB+2b

M@ivT2 JPa61h H�vQmi

i`�MbBbiQ` U6B;X RXR9VX q?2M i?2 bm#bi`�i2 pQHi�;2 Ur?B+? �+ib �b � #�b2V Bb
?B;? 2MQm;?- Bi 7Q`r�`/@#B�b2b i?2 bm#bi`�i2@bQm`+2 U#�b2@2KBii2`V DmM+iBQMX h?Bb
�+iBp�i2b i?2 T�`�bBiB+ MTM- HQr2`BM; i?2 pQHi�;2 /`QT �+`Qbb i?2 LJPaX AM i?2
QTTQbBi2 b2Mb2 U7`QK i?2 bQm`+2 iQ i?2 /`�BMV- i?2 /2pB+2 T`Qi2+ib i?`Qm;? Bib
bm#bi`�i2@/`�BM TM DmM+iBQMX

;;LJPa H�vQmi

h?2 K�BM �/p�Mi�;2b Q7 i?2 ;;LJPa �`2 Bib #B/B`2+iBQM�H +�T�#BHBiv- bM�T#�+F
#2?�pBQm` �M/ Bib 7�bi `2bTQMb2 U�HKQbi BMbi�Mi�M2Qmb im`M@QM iBK2Vc +QKT�`2/ iQ
i?2 +H�bbB+ JPa61h Bi Bb ?�`/2` iQ bBKmH�i2 �M/ T`2/B+i- /m2 iQ i?2 #`2�F/QrM
M�im`2 Q7 i`B;;2`BM;X

h?2 #B;;2bi /Bb�/p�Mi�;2 Q7 JPa /2pB+2b Bb i?2B` ?B;? bm`7�+2 U�M/ i?2 `2H�i2/
+�T�+Bi�M+2V `2[mB`2/ iQ `2�+? �M �++2Ti�#H2 H2p2H Q7 `Q#mbiM2bbX

h?2 aBHB+QM *QMi`QHH2/ _2+iB}2`- Q` i?v`BbiQ`- Bb QM2 Q7 i?2 KQbi 2z2+iBp2 T`Qi2+iBQM
/2pB+2b @ HQr bm`7�+2 `2[mB`2/ iQ �ii�BM � +2`i�BM H2p2H Q7 `Q#mbiM2bbX Ai Bb � TMTM
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*?�Ti2` R *QMi2ti �M/ bi�i2 Q7 i?2 �`i

/2pB+2 U6B;X RXR8�V- mbm�HHv `2T`2b2Mi2/ i?`Qm;? irQ #BTQH�` DmM+iBQM i`�MbBbiQ`b
U6B;X RXR8#VX

h?2 a*_, H�vQmi- �M�HQ;v rBi? irQ #BTQH�` i`�MbBbiQ`b �M/ AUoV
+?�`�+i2`BbiB+

h?2`2 �`2 irQ r�vb Q7 i`B;;2`BM; �M a*_X
h?2 }`bi QM2 Bb #v #`2�FBM; mT i?2 +2Mi`�H TM DmM+iBQMX AM MQr�/�vb i2+?MQHQ;B2b-
i?Bb Bb �+?B2p2/ �i �`QmM/ Rj o- � 7�` iQQ ?B;? H2p2H 7Q` 1a. T`Qi2+iBQM M22/bX �
r�v Q7 HQr2`BM; i?Bb pQHi�;2 Bb #v +`2�iBM; �M ;;LJPa #2ir22M i?2 +�i?Q/2 �M/
i?2 M@r2HH i?`Qm;? � MY /BzmbBQM U6B;X RXReV h?Bb bm#@/2pB+2 rBHH i`B;;2` 7�bi2` U�b
/2b+`B#2/ BM b2+X RXkXkV �M/ BMD2+i 2MQm;? +m``2Mi BM i?2 TMT #�b2 bQ i?�i Bi im`M QM
i?2 r?QH2 bi`m+im`2X

GQr pQHi�;2 i`B;;2`2/ a*_ UGoha*_V
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RXj h?2 a*_

h?2 b2+QM/ QM2 Bb i?`Qm;? r?�i Bb +�HH2/ � ǳH�i+?@mTǴX �b #2BM; +QKTQb2/ Q7
irQ BMi2`+QMM2+i2/ i`�MbBbiQ`b- im`MBM; QM QM2 Q7 i?2K U#v TQbBiBp2Hv #B�bBM; i?2
#�b2@2KBii2` DmM+iBQMV rBHH +�mb2 Bib +QHH2+iQ` +m``2Mi iQ #2 BMD2+i2/ BM i?2 Qi?2`
i`�MbBbiQ`Ƕb #�b2X h?mb- #Qi? i`�MbBbiQ`b rBHH #2 BM � +QM/m+iBp2 bi�i2- +`2�iBM;
� HQr@BKT2/�M+2 T�i? #2ir22M i?2 �MQ/2 �M/ i?2 +�i?Q/2X h?Bb T?2MQK2MQM Bb
T`2b2Mi2/ rBi? KQ`2 /2i�BHb BM RXjX .2T2M/BM; QM i?2 i`B;;2`BM; +B`+mBi- i?2`2 �`2
irQ +QKKQM r�vb Q7 +`2�iBM; � H�i+?@mT a*_ #�b2/ T`Qi2+iBQM, i?2 .ha*_ @
.BQ/2 h`B;;2`2/ a*_ (J2`;Ƕyj) �M/ i?2 ahJa*_ @ aK�`i h`B;;2`2/ JmHiB}M;2`
a*_ (*�BHǶy8)- #Qi? �M�Hvx2/ BM b2+X RXjXkX

h?2 #B;;2bi �/p�Mi�;2 Q7 i?2 a*_ Bb i?2 bK�HH bBHB+QM bm`7�+2 M22/2/ iQ 2p�+m�i2 �
H�`;2 1a. 2M2`;v- +QKT�`2/ 2bT2+B�HHv rBi? i?2 ;;LJPaX h?Bb Bb �+?B2p2/ i?`Qm;?
i?2 7�+i i?�i i?2 2M2`;v Bb 2p�+m�i2/ BM i?2 #Q/v pQHmK2 Q7 i?2 /2pB+2- MQi QMHv BM
i?2 bm`7�+2X

Aib /`�r#�+F Bb i?2 M2+2bb�`v iBK2 iQ im`M QM UiQ H�i+? mTV- H2�/BM; iQ � b?Q`i U#mi
MQi M2;HB;B#H2V T2`BQ/ Q7 Qp2`@pQHi�;2X

h?2 a*_b +�``B2/ Qmi �HQM; i?Bb i?2bBb ?�p2 #22M /2bB;M2/ iQ im`M QM i?`Qm;?
H�i+?@mTX h?2 7QHHQrBM; b2+iBQM /2b+`B#2b i?2 T?vbB+�H T?2MQK2M� ?�TT2MBM; B7 i?2
bi`m+im`2 Bb H�i+?2/ mT #v im`MBM; QM i?2 MTM bB/2 }`bi U6B;X RXRdVX

h?2 i`B;;2`BM; K2+?�MBbK BM �M a*_
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*?�Ti2` R *QMi2ti �M/ bi�i2 Q7 i?2 �`i

� pQHi�;2 /`QT #2ir22M i?2 �MQ/2 U�V �M/ i?2 T@r2HH USqV rBHH +�mb2 2H2+i`QMb 7`QK
i?2 MY /`QTT2/ � `2;BQM Ui?2 MTMǶb 2KBii2`V iQ /Bzmb2 BM i?2 Sq `2;BQM Ui?2 MTMǶb
#�b2VX aQK2 Q7 i?2b2 2H2+i`QMb rBHH #2 +�``B2/ iQ i?2 M@r2HH ULqV #v i?2 2H2+i`B+ }2H/
#2ir22M i?2 Sq UMTMǶb #�b2V �M/ Lq UMTMǶb +QHH2+iQ`V i?`Qm;? r?�i Bb +�HH2/ �
#BTQH�` i`�MbBbiQ` 2z2+i U�M/ r2 b�v i?�i i?2 MTM i`�MbBbiQ` Bb im`M2/ QMVX h?Bb rBHH
BM+`2�b2 i?2 LqǶb 2H2+i`B+ TQi2MiB�H r?B+? rBHH ?2HT i?2 2H2+i`QMb T�bb iQ i?2 +�i?Q/2
U*V �M/- BM i?2 b�K2 iBK2- TmHH ?QH2b 7`QK * Ui?2 TMTǶb 2KBii2`V iQ i?2 Lq Ui?2
TMTǶb #�b2VX aQK2 Q7 i?2b2 ?QH2b rBHH #2 +�``B2/ iQ i?2 Sq UTMTǶb +QHH2+iQ`V #v i?2
b�K2 2H2+i`B+ }2H/ Q7 i?2 +2Mi`�H TM DmM+iBQM- �HbQ i?`Qm;? � #BTQH�` i`�MbBbiQ` 2z2+iX
�i i?2B` TH�+2- i?2b2 rBHH +�mb2 i?2 MTM iQ QT2M 2p2M KQ`2- bi�`iBM; � +v+H2 i?�i rBHH
2M/ #v +QKTH2i2Hv ǳHQ+FBM;Ǵ i?2 /2pB+2 BM �M QM bi�i2 UrBi? � HQr BKT2/�M+2 T�i?
#2ir22M i?2 � �M/ i?2 *VX
h?2 Sq �M/ Lq b?�`2 #Qi? i?2 `QH2 Q7 � #�b2 �M/ Q7 � +QHH2+iQ`X AM i?2b2 `2;BQMb-
�i ?B;? BMD2+iBQM H2p2Hb- i?2 K�DQ`Biv +�``B2`b Q7 QM2 i`�MbBbiQ` rBHH K22i i?2 K�DQ`Biv
+�``B2`b Q7 i?2 Qi?2` QM2- H2�/BM; iQ ?B;? `2+QK#BM�iBQM `�i2b (*�BHǶy8)X

AM Q`/2` iQ T`Q/m+2 � H�i+?@mT BM i?2 T`Qi2+iBQM /2pB+2 r?2M �M 1a. 2p2Mi Q++m`b-
� im`M@QM +B`+mBi ?�b iQ #2 +QMM2+i2/ iQ i?2 a*_X Aib Tm`TQb2 Bb iQ /2i2+i �M 1a.
2p2Mi �M/ mb2 Bib pQHi�;2 /`QT iQ im`M QM QM2 Q7 i?2 i`�MbBbiQ`bX

h?2 2�bB2bi r�v Bb iQ +QMM2+i � bi�+F Q7 /BQ/2b iQ i?2 M@r2HH ULqV @ i?�i Bb- iQ
i?2 #�b2 Q7 i?2 TMT i`�MbBbiQ` U6B;X RXR3V (J2`;Ƕyj)X hQ;2i?2` rBi? Bib 2KBii2`@#�b2
DmM+iBQM- r2 ?�p2 � iQi�H Q7 7Qm` DmM+iBQMb BM b2`B2b i?�i rBHH i`B;;2` #2ir22M 2.4V
�M/ 2.8V - /2T2M/BM; QM i?2 i2+?MQHQ;vX h?2 +m``2Mi ~QrBM; �i i?�i TQBMi i?`Qm;?
i?2 Lq Ui?2 #�b2 Q7 i?2 TMTV rBHH +�mb2 i?2 TMT i`�MbBbiQ` iQ im`M QM �M/ BMD2+i
+m``2Mi BMiQ i?2 #�b2 Q7 i?2 MTM- H�i+?BM; mT i?2 r?QH2 a*_X

h?2 /BQ/2 +?�BM +�M #2 `2TH�+2/ #v � `2bBbiQ`X Aib p�Hm2 Bb +?Qb2M bQ i?�i i?2 /2bB`2/
i`B;;2`BM; pQHi�;2 #2 i?2 bmK Q7 i?2 pQHi�;2 /`QT QM Bi �M/ i?2 i`B;;2`BM; pQHi�;2 Q7
i?2 TMTǶb #�b2@+QHH2+iQ` DmM+iBQMX h?2 T`Q#H2K ?2`2 Bb i?�i 2p2M �i HQr2` pQHi�;2b-
i?2`2 rBHH biBHH #2 � bB;MB}+�Mi +m``2Mi ~QrBM; i?`Qm;? i?2 `2bBbi�M+2X AM Q`/2`
iQ Qp2`+QK2 i?Bb �M/ i�F2 i?2 T`Qi2+iBQM +HQb2` iQ i?2 B/2�H Ui`�MbT�`2Mi 7Q` i?2
T`Qi2+i2/ +B`+mBi @ �M �HKQbi BM}MBi2 BKT2/�M+2 #2ir22M � �M/ * QmibB/2 �M 1a.
2p2MiV- � /2i2+iBQM f i`B;;2`BM; +B`+mBi ?�b iQ #2 �//2/ U6B;X RXRNVX Aib `QH2 rBHH #2
iQ ?�p2 i?2 `2bBbi�M+2 +QMM2+i2/ iQ i?2 S�. BM MQ`K�H +QM/BiBQMb �M/ iQ brBi+? Bi
iQ i?2 ;`QmM/ r?2M �M 1a. 2p2Mi Bb /2i2+i2/X h?Bb +�M #2 /QM2 mbBM; �M _* }Hi2`

je



RXj h?2 a*_

h?2 .BQ/2 h`B;;2`2/ a*_ U.ha*_V

7Q` /2i2+iBQM �M/ � JPa BMp2`i2` 7Q` i?2 brBi+?- bBKBH�` iQ i?2 +B`+mBi /2b+`B#2/ BM
6B;X RXd 7Q` i?2 +2Mi`�H T`Qi2+iBQM (*�BHǶy8)X
PmibB/2 �M 1a. 2p2Mi- i?2 ;�i2b Q7 i?2 BMp2`i2`Ƕb i`�MbBbiQ` �`2 +QMM2+i2/ iQ i?2
;`QmM/- K�FBM; i?2 SJPa QT2M �M/ i?2 LJPa +HQb2/ @ i?mb- _Lr2HH Bb +QMM2+i2/ iQ
i?2 S�. U�M/ i?2 a*_ Bb QMHv �#H2 iQ im`M QM i?`Qm;? +2Mi`�H DmM+iBQM #`2�F/QrMVX
PM+2 �M 1a. 2p2Mi Bb /2i2+i2/ UBib `Bb2 iBK2 rBHH ǳT�bbǴ i?2 +�T�+BiQ` �M/ TQH�`Bx2
i?2 ;�i2bV- i?2 SJPa rBHH im`M Qz �M/ i?2 LJPa rBHH im`M QM- +QMM2+iBM; _Lr2HH
iQ i?2 ;`QmM/X

h?2 aK�`i h`B;;2`2/ JmHiB}M;2` a*_ UahJa*_V

h?2 a*_ /Q2b MQi im`M QM BMbi�MiHvX h?2 Qp2`@pQHi�;2 i?�i Q++m`b /m`BM; i?2 }`bi
BMbi�Mib Q7 � TmHb2 Bb +�HH2/ Qp2`b?QQi U6B;X RXkyV �M/ +�M #2 7�i�H 7Q` bQK2 +B`+mBibX
lbm�HHv i?Bb T`Q#H2K Bb bQHp2/ #v mbBM; � bK�HH ;;LJPa BM T�`�HH2H- r?B+? rBHH im`M
QM 7�bi �M/ H2�/ i?2 }`bi T�`i Q7 i?2 1a. +m``2Mi- r?BH2 i?2 a*_ 7mHHv im`Mb QMX

jd



*?�Ti2` R *QMi2ti �M/ bi�i2 Q7 i?2 �`i

� ivTB+�H a*_ Qp2`b?QQi

h?2`2 �`2 i?`22 �TT`Q�+?2b Q7 #mBH/BM; a*_ KQ/2Hb iQ #2 mb2/ BM aSA*1 bBKmH�iQ`bX

h?2 2H2K2Mi�`v �TT`Q�+? Bb iQ mb2 #BTQH�` i`�MbBbiQ` KQ/2Hb- ;Bp2M i?�i i?2 a*_ +�M
#2 i?2Q`2iB+�HHv �TT`QtBK�i2/ rBi? k "ChbX lM7Q`imM�i2Hv- �i ?B;? BMD2+iBQM H2p2Hb-
i?2 +QmTHBM; Q7 i?2 irQ #BTQH�`b i?�i K�F2 i?2 a*_ Ui?2 +QHH2+iQ` Q7 QM2 Bb i?2 #�b2
Q7 i?2 Qi?2` �M/ pB+2@p2`b�V #2+QK2b BKTQ`i�MiX h?2 #BTQH�` KQ/2Hb- 2p2M 7`QK i?2
#�bB+ U:mKK2H @ SQQMV T`2/B+i � #B; +m``2Mi ;�BM Uǳ#2i�ǴV /2;`�/�iBQM +�mb2/ #v
i?2 K�DQ`Biv +?�`;2 T`2b2Mi BM i?2 #�b2 U2H2+i`QMb BM i?2 +�b2 Q7 i?2 MTMVX AM i?2
+�b2 Q7 �M a*_- �b i?2 #�b2 Q7 QM2 Bb i?2 +QHH2+iQ` Q7 i?2 Qi?2`- �i ?B;? BMD2+iBQM Bi
rBHH #2 ~QQ/2/ rBi? i?2 QTTQbBi2 ivT2 Q7 +�``B2`b 7`QK i?2 Qi?2` i`�MbBbiQ`- H2�/BM;
iQ � H�`;2` `2+QK#BM�iBQM `�i2X h?2 H�+F Q7 KQ/2HHBM; i?Bb T?2MQK2MQM Bb Qp2`+QK2
#v mbBM; �/p�M+2/ "Ch KQ/2HbX h?2b2 KQ/2Hb i�F2 BMiQ �++QmMi � H�`;2 MmK#2` Q7
2z2+ib �M/ ?�p2 � H�`;2 MmK#2` Q7 T�`�K2i2`b i?�i +�M #2 ǳimM2/Ǵ BM Q`/2` iQ }i
i?2 K�BM AUoV +?�`�+i2`BbiB+X

w?Qm T`QTQb2/ � K�+`Q@KQ/2H +QKTQb2/ Q7 BM/mbi`v@bi�M/�`/ +QKT�+i KQ/2Hb �b
o"A* �M/ :mKK2H@SQQM (w?QmǶyd)X 6m`i?2`KQ`2- GBQm 2ti2M/2/ i?Bb KQ/2H #v
i�FBM; BMiQ �++QmMi bm#bi`�i2 2z2+ib �M/ K�FBM; Bi mb�#H2 7Q` /Bz2`2Mi ivT2b Q7
a*_ (GQmǶy3)X h?2 bT2+B�H ?B;? BMD2+iBQM BKT�+i QM i?2 AUoV +?�`�+i2`BbiB+ r�b
bQHp2/ mbBM; i?2 #�b2 Tmb?@Qmi �M/ +QHH2+iQ` +QM/m+iBpBiv KQ/mH�iBQM 2z2+ib T`2b2Mi
�H`2�/v BM i?2 o"A* KQ/2HX

L2p2`i?2H2bb- i?2 2z2+ib KQ/2HH2/ 7Q` i?2 �/p�M+2/ "Ch �`2 MQi i?2 b�K2 �b
i?Qb2 �+im�HHv ?�TT2MBM; BM �M a*_- i?mb K�FBM; Bi ?�`/ iQ 2ti`�TQH�i2 i?2
KQ/2H iQ /Bz2`2Mi iQTQHQ;B2b �M/ +QM};m`�iBQMbX h?2 ;2QK2i`B+�H b+�H�#BHBiv Bb �HbQ
T`Q#H2K�iB+, MQ b+�H�#H2 KQ/2Hb r2`2 `2TQ`i2/ mbBM; i?Bb i2+?MB[m2X

j3



RX9 ai�i2 Q7 i?2 �`i BM a*_ +QKT�+i KQ/2HHBM;

�MQi?2` r�v Q7 KQ/2HHBM; �M a*_ r�b T`QTQb2/ BM (6QMiǶy3)X h?2 KQ/2H Bb K�/2 Q7
k T�B`b Q7 #BTQH�` i`�MbBbiQ`bX PM2 ?�b i?2 T�`�K2i2`b �/Dmbi2/ 7Q` HQr �M/ i?2 Qi?2`
7Q` ?B;? BMD2+iBQM H2p2HbX A7 +QMM2+i2/ �b BM 6B;X RXkR- QM+2 i?2 HQr +m``2Mi i`�MbBbiQ`b
bi�`i +QM/m+iBM;- i?2 b2+QM/ T�B` im`Mb QM �M/ #2+QK2b i?2 K�BM +m``2Mi /`Bp2`X

a*_ KQ/2H mbBM; 9 #BTQH�` i`�MbBbiQ`b

h?2 ǳbrBi+?Ǵ #2ir22M i?2 irQ T�B`b Bb K�/2 BM � +QMiBMmQmb- +QMbBbi2Mi r�vX
L2p2`i?2H2bb- i?2 KQ/2HH2/ T?2MQK2M� �`2- �b #27Q`2- /Bz2`2Mi 7`QK i?2 T?vbB+�H
QM2b- rBi? T�`�K2i2`b Q7i2M QmibB/2 i?2 MQ`K�H `�M;2- K�FBM; i?2B` 2ti`�+iBQM �M/
;2QK2i`B+�H b+�H�#BHBiv /B{+mHiX

�i ?B;? BMD2+iBQM H2p2Hb- r?2M "Ch KQ/2Hb �`2 MQi �#H2 iQ /2b+`B#2 i?2 `2�H T?vbB+b
BMbB/2 �M a*_- i?2 ?B;? `2+QK#BM�iBQM H2p2Hb BM i?2 #�b2f+QHH2+iQ` `2;BQMb K�F2
i?2K `2b2K#H2 � H�`;2 BMi`BMbB+ pQHmK2X
h?2 �TT`Q�+? ?2`2 U}`bi BM (*�BHǶyj)V Bb iQ /BpB/2 i?2 a*_ KQ/2H BMiQ irQ bi�i2b-
KQ/2HH2/ b2T�`�i2Hv,

Ç � HQr@BMD2+iBQM bi�i2- KQ/2HH2/ #v k "Chbc
Ç � ?B;? BMD2+iBQM bi�i2- KQ/2HH2/ i?`Qm;? � T@B@M /BQ/2X

.B a�``Q �M/ _Qb2K#�mK #mBHi � b+�H�#H2 KQ/2H mbBM; i?Bb i2+?MB[m2 (a�``Ƕy3)X
h?2 K�BM T`Q#H2K ?2`2 Bb i?2 brBi+?BM; #2ir22M i?2 irQ KQ/2Hb- #Qi? 7`QK
i?2 bBKmH�iQ` TQBMi Q7 pB2r U;Bp2M i?2 /Bb+QMiBMmBiv BMi`Q/m+2/V �M/ i?2 T?vbB+�H
T?2MQK2MQM UKQ/2HHBM; i?2 brBi+?BM; TQBMiVX
�M �/p�M+2/ bim/v QM i?Bb T�i? r�b `2+2MiHv `2TQ`i2/ #v .B a�``Q (a�``ǶRy)X J�Mv
Q7 Bib r2�F TQBMib Ĝ HBF2 +QMiBMmBiv T`Q#H2Kb BM i?2 KQ/2Hb brBi+?BM; TQBMi- ?B;?
+m``2Mi `2+QK#BM�iBQM KQ/2H �M/ +?�`;2 biQ`�;2 �M/ i`�MbBi iBK2 Ĝ r2`2 �M�Hvx2/
�M/ BKT`Qp2/X u2i- i?2 ?B;?Hv 2KTB`B+�H M�im`2 Q7 i?2 b+�HBM; H�rb K�F2b i?Bb KQ/2H
/B{+mHi iQ ?�M/H2 7Q` � 7mHH b+�H�#BHBivX

jN



*?�Ti2` R *QMi2ti �M/ bi�i2 Q7 i?2 �`i

1H2+i`Qbi�iB+ /Bb+?�`;2 Bb � +QMiBMmQmb �M/ ;`QrBM; i?`2�i iQ i?2 +QMbi�MiHv
/QrM@b+�H2/ BMi2;`�i2/ +B`+mBibX hQ T`Qi2+i i?2 H�ii2`- �mtBHB�`v +B`+mBib �`2 K�/2 BM
Q`/2` iQ /2i2+i �M 1a. 2p2Mi �M/ iQ 2p�+m�i2 Bib 2M2`;vX
h?2 K�BM /2pB+2b mb2/ �b T`Qi2+iBQM �`2 i?2 /BQ/2- i?2 +H�bbB+ JPa61h- i?2
;;LJPa �M/ i?2 a*_X �b T`Qi2+iBQM +B`+mBib #2+QK2 KQ`2 +QKTH2t �M/ i�BHQ`2/ QM
bT2+B}+ /2K�M/b- � 7mHH +?BT bBKmH�iBQM- BM+Hm/BM; i?2 1a. T`Qi2+iBQM- Bb M2+2bb�`vX
h?Bb H2�/b iQ i?2 M22/ Q7 +QKT�+i KQ/2Hb 7Q` i?2 T`Qi2+iBQM /2pB+2bX �b i?2b2
/2pB+2b rQ`F BM /Bz2`2Mi- mM+QKKQM +QM/BiBQMb, b?Q`i ?B;? pQHi�;2 TmHb2b- KQ/2HHBM;
#2+QK2b � +?�HH2M;BM; i�bFX 1p2M 7Q` i?2 +QKKQM QM2b- HBF2 i?2 JPa@ivT2 Q` i?2
/BQ/2b- 2tBbiBM; KQ/2Hb ?�p2 iQ #2 +QKTH2i2/ Q` �/Dmbi2/ 7Q` 1a. 7mM+iBQMBM;X
1�+? T`Qi2+iBQM /2pB+2 BMi`Q/m+2b mMr�Mi2/ T�`�bBiB+ 2z2+ib BM i?2 T`Qi2+i2/
+B`+mBiX �i ?B;? 7`2[m2M+v- i?2b2 #2+QK2 Q7 2ti`2K2 BKTQ`i�M+2- TQbbB#Hv H2�/BM;
iQ K�H7mM+iBQMBM;X AM Q`/2` iQ �pQB/ Bi- i?2 /2bB;M2` ?�b iQ i�F2 BMiQ �++QmMi i?2
/2pB+2b mb2/ iQ T`Qi2+i ?Bb +B`+mBiX h?mb- ?B;? 7`2[m2M+v KQ/2Hb- i?�i #2 �#H2 iQ
/2b+`B#2 i?2 BKT�+i � T`Qi2+iBQM /2pB+2 ?�b Qp2` i?2 T`Qi2+i2/ +B`+mBi- �`2 M22/2/X
h?2 a*_ Bb i?2 KQbi 2{+B2Mi 1a. T`Qi2+iBQM /2pB+2 BM i2`Kb Q7 +QMbmK2/ bBHB+QM
�`2� 7Q` � +2`i�BM H2p2H Q7 `Q#mbiM2bbX Ai Bb #mBHi �`QmM/ T�`�bBiB+ #BTQH�` 2z2+ib BM
*JPa i2+?MQHQ;B2bX �b Bi Bb � TMTM bi`m+im`2- Bi +�M #2 b22M �b � T�B` Q7 TMT �M/
MTM #BTQH�` DmM+iBQM i`�MbBbiQ`b U"ChbVX h?mb- }`bi �ii2KTib iQ KQ/2H Bi r2`2 #�b2/
QM i?2 "Ch /2pB+2bX h?2 ?B;? +m``2Mi #2?�pBQm` BM �M a*_ /Bz2`b 7`QK i?2 QM2 i?�i
Bb KQ/2HH2/ BM "ChbX �b � `2bmHi- KQ/2HHBM; i?2 a*_ rBi? "Chb /B/ MQi ;Bp2 i?2 #2bi
`2bmHibX 1p2M B7 �/p�M+2/ KQ/2Hb r2`2 �#H2 iQ +QKT2H- i?2 T?2MQK2M� i?�i r2`2
KQ/2HH2/ Ĝ �M/ mb2/ iQ }i Bib +?�`�+i2`BbiB+b Ĝ r2`2 MQi B/2MiB+�H iQ i?2 QM2b BM � a*_-
K�FBM; b+�H�#BHBiv �HKQbi BKTQbbB#H2 UbQK2 T�`�K2i2`b HQb2 i?2B` T?vbB+�H b2Mb2 �M/
i?2B` MQ`K�H ;2QK2i`B+�H 2pQHmiBQMVX PM2 bQHmiBQM r�b iQ /BpB/2 i?2 7mM+iBQMBM; BM
irQ, QM2 7Q` HQr +m``2Mi- KQ/2HH2/ rBi? � T�B` Q7 #BTQH�` i`�MbBbiQ`b- �M/ QM2 7Q`
?B;? +m``2Mi- KQ/2HH2/ rBi? � T@B@M /BQ/2X h?2 `2bmHiBM; KQ/2H r�b �#H2 iQ 7QHHQr
� b2i Q7 #�bB+ b+�H�#BHBiv H�rb- i?Qm;? i?2 H�ii2` #2BM; ?B;?Hv 2KTB`B+�H �M/ /B{+mHi
iQ KQ/B7v �M/ �/�TiX
h?2 M22/ iQ ;2M2`�HBx2 2p2M KQ`2 i?2b2 H�rb �M/ 2ti2M/ i?2K iQ Qi?2` ;2QK2i`B+�H
p�`B�iBQMb H2�/ iQr�`/b i?2 /2p2HQTK2Mi Q7 � M2r KQ/2H- i?�i /2b+`B#2 i?2 a*_ �b
Bi Bb �M/ KQ/2H Bib T�`iB+mH�`BiB2b rBi? i?2 `B;?i 2[m�iBQMbX

9y



"B#HBQ;`�T?v

(�p2`Ƕ3d) GX �p2`v- ǳ*?�`;2/ /2pB+2 KQ/2H i2biBM;c i`vBM; iQ /mTHB+�i2 `2�HBiv-Ǵ
T`2b2Mi2/ �i i?2 1Pa f 1a. avKTQbBmK- RN3dX

(*�BHǶyj) "X *�BHH�`/- 6X �x�Bb- SX LQm2i- aX .Qm`M2HH2- �M/ SX
a�HQK2- ǳ1H2+i`B+�H KQ/2HHBM; Q7 Ga*_b BM /22T bm#KB+`QM
*JPa i2+?MQHQ;B2b 7Q` +B`+mBi@H2p2H bBKmH�iBQM Q7 1a. T`Qi2+iBQM
bi`m+im`2b-Ǵ BM "BTQH�`f"B*JPa *B`+mBib �M/ h2+?MQHQ;v J22iBM;-
kyyjX S`Q+22/BM;b Q7 i?2- kyyj- TTX Nd@ RyyX

(*�BHǶy8) "X *�BHH�`/- 6X �x�Bb- aX .Qm`M2HH2- SX a�HQK2- �M/ SX LQm2i-
ǳahJa*_, � M2r KmHiB@}M;2` a*_@#�b2/ T`Qi2+iBQM bi`m+im`2
�;�BMbi 1a.-Ǵ T`2b2Mi2/ �i i?2 1H2+i`B+�H Pp2`bi`2bbf1H2+i`Qbi�iB+
.Bb+?�`;2 avKTQbBmK- kyyjX 1Paf1a. ǶyjX- kyyj- TTX R@NX

(*?mMǶyN) *?mM;@um qm- uB@E�B GQ- �M/ JBM@*?B�Q *?2M- ǳ� jĜRy :>x
*JPa lq" GQr@LQBb2 �KTHB}2` qBi? 1a. S`Qi2+iBQM *B`+mBib-Ǵ
A111 JB+`Qr�p2 �M/ qB`2H2bb *QKTQM2Mib G2ii2`b- pQHX RN- MQX RR-
TTX djd@djN- LQpX kyyNX

(*?mMǶRy) *?mM@um GBM �M/ JBM;@.Qm E2`- ǳJQ/2HBM; i?2 T�`�bBiB+
+�T�+Bi�M+2 Q7 1a. T`Qi2+iBQM a*_ iQ +Q@/2bB;M K�i+?BM; M2irQ`F
BM _6 A*b-Ǵ T`2b2Mi2/ �i i?2 kyRy AMi2`M�iBQM�H avKTQbBmK QM
L2ti@:2M2`�iBQM 1H2+i`QMB+b UAaL1V- kyRy- TTX Ry9@RydX

(.�#`ǶN3) aX .�#`�H �M/ hX J�HQM2v- "�bB+ 1a. �M/ AfP .2bB;M- Rbi 2/X
qBH2v@AMi2`b+B2M+2- RNN3X

(1a.@ahJ 8XR) 1a.�- ǳ1a. �bbQ+B�iBQM ai�M/�`/ h2bi J2i?Q/ 7Q` 1H2+i`Qbi�iB+
.Bb+?�`;2 a2MbBiBpBiv h2biBM; Ĝ >mK�M "Q/v JQ/2H *QKTQM2Mi
G2p2HXǴ kyyRX

(1a.@ahJ 8Xk) 1a.�- ǳ1a. �bbQ+B�iBQM ai�M/�`/ h2bi J2i?Q/ 7Q` 1H2+i`Qbi�iB+
.Bb+?�`;2 a2MbBiBpBiv h2biBM; Ĝ J�+?BM2 JQ/2H @ *QKTQM2Mi G2p2HXǴ
RNNNX

(1a.@ahJ 8XjXR) 1a.�- ǳ1a. �bbQ+B�iBQM ai�M/�`/ h2bi J2i?Q/ 7Q` 1H2+i`Qbi�iB+
.Bb+?�`;2 a2MbBiBpBiv h2biBM; Ĝ *?�`;2/ .2pB+2 JQ/2H *QKTQM2Mi
G2p2HXǴ RNNNX

(6QMiǶy3) S�b+�H 6QMi2M2�m- CX@_X J�MQmp`B2`- *X@�X G2;`�M/- >X
"2+F`B+?@_Qb- *X _B+?B2`- �M/ :X h`QmbbB2`- ǳ*?�`�+i2`Bx�iBQM
�M/ JQ/2HBM; Q7 a*_ 7`QK .* /QrM iQ *.J iBK2 /QK�BM-Ǵ
T`2b2Mi2/ �i i?2 A1q kyy3- kyy3X

(:Q2�Ƕy8) *X :Q2�- ǳ1im/2 /2 H� /û+?�`;2 ûH2+i`Qbi�iB[m2 /û}MB2 T�` H2 KQ/ĕH2
/m +QKTQb�Mi +?�`;û *.J bm` H2b +B`+mBib BMiû;`ûb R8e f Ree *JPa-Ǵ
AMbiBimi L�iBQM�H /2b a+B2M+2b �TTHB[mû2b /2 GvQM- kyy8X
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*?�Ti2` R "B#HBQ;`�T?v

(>m�MǶyN) "Q@C` >m�M; 2i �HX- ǳ.2bB;M �M/ �M�HvbBb 7Q` � ey@:>x GQr@LQBb2
�KTHB}2` qBi? _6 1a. S`Qi2+iBQM-Ǵ A111 h`�Mb�+iBQMb QM
JB+`Qr�p2 h?2Q`v �M/ h2+?MB[m2b- pQHX 8d- MQX k- TTX kN3@jy8- 62#X
kyyNX

(AiQǶyk) *X AiQ- EX "�M2`D22- �M/ _X qX .miiQM- ǳ�M�HvbBb �M/ /2bB;M Q7
/Bbi`B#mi2/ 1a. T`Qi2+iBQM +B`+mBib 7Q` ?B;?@bT22/ KBt2/@bB;M�H �M/
_6 A*b-Ǵ A111 h`�Mb�+iBQMb QM 1H2+i`QM .2pB+2b- pQHX 9N- MQX 3- TTX
R999@ R989- �m;X kyykX

(EH2pǶyy) "X EH2p2H�M/- hX CX J�HQM2v- AX JQ`;�M- GX J�//2M- hX >X G22- �M/
aX aX qQM;- ǳ.Bbi`B#mi2/ 1a. T`Qi2+iBQM 7Q` ?B;?@bT22/ BMi2;`�i2/
+B`+mBib-Ǵ A111 1H2+i`QM .2pB+2 G2ii2`b- pQHX kR- MQX 3- TTX jNy@jNk-
�m;X kyyyX

(GQmǶy3) GB7�M; GQm �M/ CX CX GBQm- ǳ� +QKT`2?2MbBp2 +QKT�+i a*_ KQ/2H
7Q` *.J 1a. +B`+mBi bBKmH�iBQM-Ǵ T`2b2Mi2/ �i i?2 _2HB�#BHBiv
S?vbB+b avKTQbBmK- kyy3X A_Sa kyy3X A111 AMi2`M�iBQM�H- kyy3-
TTX ej8@ejeX

(J�MQǶy3) C2�M@_Q#2`i J�MQmp`B2`- ǳ*QKTQ`i2K2Mi /2b /BQ/2b /2 T`Qi2+iBQM
HQ`b /Ƕ2p2M2K2Mib i`�MbBiQB`2b `�TB/2b /mb �mt 1a., QmiBHb /2
+�`�+iû`Bb�iBQM-T?vbB[m2 /m b2KB@+QM/m+i2m` 2i KQ/2HBb�iBQM-Ǵ i?2b2
/2 /Q+iQ`�i- lLAo1_aAh1 JPLhS1GGA1_ AA- kyy3X

(J2`;Ƕyj) JX SX X J2`;2Mb 2i �HX- ǳ.BQ/2@i`B;;2`2/ a*_ U.ha*_V 7Q` _6@1a.
T`Qi2+iBQM Q7 "B*JPa aB:2 >"hb �M/ *JPa mHi`�@i?BM ;�i2
QtB/2b-Ǵ T`2b2Mi2/ �i i?2 1H2+i`QM .2pB+2b J22iBM;- kyyjX A1.J Ƕyj
h2+?MB+�H .B;2biX A111 AMi2`M�iBQM�H- kyyj- TTX kRXjXR@ kRXjX9X

(JBM;Ƕy8) JBM;@.Qm E2` �M/ "BM;@Cv2 EmQ- ǳ.2+`2�bBM;@bBx2 /Bbi`B#mi2/ 1a.
T`Qi2+iBQM b+?2K2 7Q` #`Q�/@#�M/ _6 +B`+mBib-Ǵ A111 h`�Mb�+iBQMb
QM JB+`Qr�p2 h?2Q`v �M/ h2+?MB[m2b- pQHX 8j- MQX k- TTX 83k@83N-
62#X kyy8X

(JBM;ǶRy) JBM;@h� u�M; 2i �HX- ǳ"aAJ9@#�b2/ H�i2`�H /BQ/2 KQ/2H 7Q` _6 1a.
�TTHB+�iBQMb-Ǵ T`2b2Mi2/ �i i?2 qB`2H2bb �M/ JB+`Qr�p2 h2+?MQHQ;v
*QM72`2M+2 Uq�JA*PLV- kyRy A111 RRi? �MMm�H- kyRy- TTX R@8X

(_2BMǶNe) CX *X _2BM2`- ǳG�i2Mi ;�i2 QtB/2 /272+ib +�mb2/ #v *.J@1a.-Ǵ
T`2b2Mi2/ �i i?2 1H2+i`B+�H Pp2`bi`2bbf1H2+i`Qbi�iB+ .Bb+?�`;2
avKTQbBmK S`Q+22/BM;b- RNN8- RNN8- TTX jRR@jkRX

(_B+?Ƕyk) PX _B+?�`/- ǳJQ/ûHBb�iBQM ûH2+i`QK�;MûiB[m2 /2 #QŗiB2`b TH�biB[m2b
TQm` H2b +B`+mBib BMiû;`ûb `�/BQ7`û[m2M+2b-Ǵ AMbiBimi L�iBQM�H
SQHvi2+?MB[m2 /2 :`2MQ#H2- kyykX

(_QQxǶNy) GX _QQx2M/��H- �X �K�`�b2F2`�- �M/ SX "Qb- ǳai�M/�`/ 1a. i2biBM;
Q7 BMi2;`�i2/ +B`+mBib-Ǵ T`2b2Mi2/ �i i?2 1Pa f 1a. avKTQbBmK-
RNNy- TTX RRN@RjyX
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"B#HBQ;`�T?v

(_Qb2Ƕy8) 1X _Qb2M#�mK �M/ aX >vpQM2M- ǳPM@+?BT 1a. T`Qi2+iBQM 7Q`
_6 AfPb, /2pB+2b- +B`+mBib �M/ KQ/2Hb-Ǵ T`2b2Mi2/ �i i?2 A111
AMi2`M�iBQM�H avKTQbBmK QM *B`+mBib �M/ avbi2Kb- kyy8X Aa*�a
kyy8- kyy8- TTX Rkyk@ Rky8 oQHX kX

(a�``Ƕy3) CX .B a�``Q �M/ 1X _Qb2M#�mK- ǳ� b+�H�#H2 a*_ +QKT�+i KQ/2H 7Q`
1a. +B`+mBi bBKmH�iBQM-Ǵ BM _2HB�#BHBiv S?vbB+b avKTQbBmK- kyy3X
A_Sa kyy3X A111 AMi2`M�iBQM�H- kyy3- TTX k89@keRX

(a�``ǶRy) CX SX .B a�``Q �M/ 1X _Qb2M#�mK- ǳ� a+�H�#H2 a*_ *QKT�+i
JQ/2H 7Q` 1a. *B`+mBi aBKmH�iBQM-Ǵ A111 h`�Mb�+iBQMb QM 1H2+i`QM
.2pB+2b- pQHX 8d- MQX Rk- TTX jkd8@jk3e- .2+X kyRyX

(o�bbǶyk) oX o�bbBH2p- :X :`Q2b2M2F2M- aX C2M2B- _X o2M2;�b- JX ai2v�2`i- �M/
>X J�2b- ǳJQ/2HHBM; �M/ 2ti`�+iBQM Q7 _6 T2`7Q`K�M+2 T�`�K2i2`b
Q7 *JPa 1H2+i`Qbi�iB+ .Bb+?�`;2 T`Qi2+iBQM /2pB+2b-Ǵ T`2b2Mi2/ �i
i?2 kyyk 1H2+i`B+�H Pp2`bi`2bbf1H2+i`Qbi�iB+ .Bb+?�`;2 avKTQbBmK-
kyykX 1Paf1a. ǶykX- kyyk- TTX RRR@RR3X

(q�M;Ƕyk) �X wX q�M;- >X :X 62M;- _X uX w?�M- :X *?2M- �M/ ZX qm-
ǳ1a. T`Qi2+iBQM /2bB;M 7Q` _6 BMi2;`�i2/ +B`+mBib, M2r +?�HH2M;2b-Ǵ
T`2b2Mi2/ �i i?2 *mbiQK AMi2;`�i2/ *B`+mBib *QM72`2M+2- kyykX
S`Q+22/BM;b Q7 i?2 A111 kyyk- kyyk- TTX 9RR@ 9R3X

(q�M;Ƕy8) q�M; um�M- CB� aQM;- *?2M w?QM;DB�M- �M/ CB GBDBm- ǳ6mHH S�`�bBiB+
*�T�+Bi�M+2 JQ/2H Q7 .BQ/2@*H�bb 1a. S`Qi2+iBQM ai`m+im`2b 7Q`
JBt@aB;M�H �M/ _6 A*b-Ǵ T`2b2Mi2/ �i i?2 kyy8 A111 *QM72`2M+2 QM
1H2+i`QM .2pB+2b �M/ aQHB/@ai�i2 *B`+mBib- kyy8- TTX 8R8@ 8R3X

(w?QmǶyd) um�Mx?QM; w?Qm- CX@CX >�DD�`- �X qX _B;?i2`- �M/ EX SX GBbB�F-
ǳJQ/2HBM; bM�T#�+F Q7 Goha*_ /2pB+2b 7Q` 1a. +B`+mBi bBKmH�iBQM
mbBM; �/p�M+2/ "Ch �M/ JPa KQ/2Hb-Ǵ T`2b2Mi2/ �i i?2 kNi?
1H2+i`B+�H Pp2`bi`2bbf1H2+i`Qbi�iB+ .Bb+?�`;2 avKTQbBmK- kyydX
1Paf1a.- kyyd- TTX j�Xj@R@j�Xj@RyX
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� +QKT�+i KQ/2H 7Q` �M a*_ Bb `2[mB`2/ iQ #2 T`2+Bb2 BM �MiB+BT�iBM; i?2 7mM+iBQMBM;
Q7 i?2 /2pB+2- +QMp2`;2Mi- �#H2 iQ #2 `2M/2`2/ b+�H�#H2 �M/ iQ ?�p2 �M 2�bv �M/
+QMbBbi2Mi T�`�K2i2` 2ti`�+iBQM bi`�i2;vX h?2 rQ`F T`2b2Mi2/ BM i?Bb +?�Ti2` r�b
�BK2/ �i i?2 i`B;;2`BM; �M/ TQbi@i`B;;2`BM; #2?�pBQm`- i?2 +Q`2 2H2K2Mib Q7 i?2
/2pB+2- r?2`2 i?2 +m``2Mi bi�i2 Q7 i?2 �`i /B/ MQi K22i i?2 �#Qp2 `2[mB`2K2MibX
�MQi?2` BKTQ`i�Mi �bT2+i Q7 2�+? 1a. T`Qi2+iBQM /2pB+2 Bb i?2 ?B;? +m``2Mi
b2H7@?2�iBM;X JQ/2Hb i?�i ?�M/H2 i?Bb T?2MQK2MQM r2`2 `2TQ`i2/ BM (J�MQǶy3�)
�M/ bT2+B}+�HHv 7Q` �M a*_ BM (a�``ǶRy)X h?mb- i?Bb �bT2+i r�b MQi 7m`i?2` bim/B2/X
h?2 M2rHv /2p2HQT2/ KQ/2H Bb #mBHi �;�BMbi i?2 T?vbB+b Q7 i?2 /2pB+2X Ai r�b #mBHi bQ
i?�i i?2 BKTQ`i�Mi 7mM+iBQMBM; T�`�K2i2`b- �b i?2 i`B;;2`BM; �M/ ?QH/BM; pQHi�;2b
�M/ +m``2Mib- �`2 MQi � #2?�pBQm`�H BMTmi- #mi �M QmiTmi Q7 i?2 KQ/2H- +QMb2[m2M+2
Q7 2H2K2Mi�`v T?vbB+�H T?2MQK2M�X h?2b2 T?2MQK2M� BM+Hm/2 #BTQH�` 2z2+i- ?B;?
BMD2+iBQM #2i� /2;`�/�iBQM- 1�`Hv 2z2+i- `2bBbi�M+2 /Bbi`B#miBQM �M/ KQ/mH�iBQM-
?B;? +m``2Mi `2+QK#BM�iBQM 2i+X �M/ rBHH #2 i`2�i2/ BM i?Bb +?�Ti2`X J�Mv Q7 i?2K
�`2 BM?2`Bi2/ 7`QK #BTQH�` i`�MbBbiQ`b KQ/2Hb (:mKKǶdy)- �/�Ti2/ iQ i?2 2H2+i`B+�H
#2?�pBQm` Q7 �M a*_X

h?2 /2pB+2b �M�Hvb2/ BM i?Bb i?2bBb �`2 +H�bbB+ KmHiB}M;2` bBHB+QM +QMi`QHH2/ `2+iB}2`b
(*�BHǶyj)X h?2 H2p2H Q7 T`Qi2+iBQM �bbm`2/ #v �M a*_ /2T2M/b QM Bib bBx2, i?2 #B;;2`
i?2 bBx2- i?2 ?B;?2` i?2 1a. 2M2`;v Bi Bb �#H2 iQ 2p�+m�i2X h?2Q`2iB+�HHv- i?2 �`2� Q7
�M 2H2+i`Q/2 +�M #2 K�MBTmH�i2/ mbBM; irQ /BK2MbBQMb, Bib H2M;i?- l - �M/ Bib rB/i?-
w- U6B;m`2 kXR�VX
>Qr2p2` #v BM+`2�bBM; i?2 H2M;i? UlV- i?2 T2`7Q`K�M+2b /QMǶi 7QHHQr T`QTQ`iBQM�HHvX
h?Bb rBHH #2 b?QrM BM b2+X jXkXk �M/ Bi Bb +�mb2/ K�BMHv #v BM?QKQ;2M2Qmb +m``2Mi
~QrX
h?mb- i?2 K�BM T�`�K2i2` iQ �/Dmbi Bb i?2 a*_Ƕb rB/i? UwVX h?Bb +�M H2�/ iQ p2`v
ǳrB/2Ǵ /2pB+2b- +QKT�`2/ iQ i?2B` ǳH2M;i?ǴX AM Q`/2` iQ +B`+mKp2Mi H�vQmi@`2H�i2/
T`Q#H2K i?�i �`2 +�mb2/ #v i?Bb 7Q`K 7�+iQ`- i?2 /2pB+2b �`2 /BpB/2/ BMiQ KmHiBTH2
B/2MiB+�H ǳ}M;2`bǴ +QMM2+i2/ BM T�`�HH2HX
1�+? }M;2` Bb K�/2 mbBM; +H�bbB+ *JPa T`Q+2/m`2b U6B;m`2 kXR#VX �M M@r2HH ULqV
�M/ � T@r2HH USqV �`2 +`2�i2/X PM i?2 Lq- � TY /BzmbBQM Bb /QM2- ?�pBM; i?2 `QH2
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*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

h?2 H�vQmi Q7 i?2 a*_ ivT2 �M�Hvb2/ BM i?Bb i?2bBb

Q7 �M �MQ/2 U�VX PM i?2 Sq- �M MY /BzmbBQM Bb /QM2- ?�pBM; i?2 `QH2 Q7 � *�i?Q/2
U*VX h?2 /2pB+2b bim/B2/ BM i?Bb i?2bBb r2`2 /QM2 mbBM; � i`BTH2 r2HH i2+?MQHQ;v Ui?2
T@r2HH Bb BbQH�i2/ 7`QK i?2 bm#bi`�i2 mbBM; �M M H�v2` @ LAaPVX

"2BM; � TMTM bi`m+im`2- i?2 K�BM T?2MQK2MQM �i i?2 #�b2 Q7 �M a*_ Bb i?2 #BTQH�`
2z2+i /2b+`B#2/ BM 6B;X kXk �M/ b2+X RXjXRX h?2 #�b2 Q7 2�+? i`�MbBbiQ` b?�`2b- ?Qr2p2`-
i?2 b�K2 T?vbB+�H pQHmK2 �b i?2 +QHH2+iQ` Q7 i?2 +QKTH2K2Mi�`v QM2X h?mb- i?2
+?�`;2 #�H�M+2 /Bz2`b BM i?Bb +�b2 7`QK r?�i MQ`K�HHv ?�TT2Mb @ �M/ Bb KQ/2HH2/ @
BM � bBM;H2 #BTQH�` DmM+iBQM i`�MbBbiQ` U"ChVX

h?2 i`B;;2`BM; K2+?�MBbK BM �M a*_
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kXk .* KQ/2HHBM;

h?2 /2p2HQT2/ KQ/2H U6B;X kXjV- Bb #�b2/ QM +H�bbB+�H i`�MbBbiQ` 2[m�iBQMbX >Qr2p2`
Bi Bb b22M 7`QK �M a*_ TQBMi Q7 pB2r �M/ i?2 BMi2`�+iBQMb #2ir22M i?2 /Bz2`2Mi T�`ib
�`2 i�F2M BMiQ �++QmMiX

6Q` i?2 "Ch@ivT2 T�`ib #�bBb- � bBKTH2 KQ/2H Ĝ HBF2 i?2 #�bB+ 1#2`b@JQHH (1#2`Ƕ89)
Ĝ /Q2b MQi bmBi Qm` `2[mB`2K2MibX Ai H�+Fb BKTQ`i�Mi 2z2+ib HBF2 ?B;? BMD2+iBQM #2i�
/2;`�/�iBQM- #�b2 rB/i? �M/ `2bBbi�M+2 KQ/mH�iBQM- �M/ bQ QMX AM Q`/2` iQ }i i?2
K2�bm`2K2Mib- i?2 2ti`�+i2/ T�`�K2i2`b rQmH/ M22/ iQ #2 QTiBKBx2/ iQ +QKT2Mb�i2
i?2 MQM@KQ/2HH2/ 2z2+ib �M/- +QMb2[m2MiHv- i?2v ;2i 7�`i?2` �r�v 7`QK i?2B` T?vbB+�H
K2�MBM;X h?Bb `�Bb2b b2`BQmb T`Q#H2Kb r?2M /2�HBM; rBi? i?2 b+�H�#BHBiv Q7 i?2 KQ/2H-
H2�/BM; iQ i?2 M2+2bbBiv Q7 ?B;?Hv 2KTB`B+�H H�rbX

� bi2T 7Q`r�`/- i?2 :mKK2H@SQQM KQ/2H (:mKKǶdy) ?�b i?2 #�b2 +?�`;2 @ � p2`v
BKTQ`i�Mi [m�MiBiv BM i?2 #2?�pBQm` Q7 �M a*_ @ BM i?2 +2Mi`2 Q7 Bib 2[m�iBQMbX
h?2`27Q`2- KQ/B}2/ :mKK2H@SQQM 2[m�iBQMb- i?�i `2~2+i i?2 T�`iB+mH�`BiB2b Q7 Qm`
/2pB+2- �`2 +QMbB/2`2/ 7Q` i?2 T`QTQb2/ KQ/2HX

a*_ KQ/2H b+?2K�iB+

h?2b2 T�`iB+mH�`BiB2b �`2,

Ç `2/Bbi`B#miBQM Q7 +QHH2+iQ` �M/ #�b2 `2bBbi�M+2c

Ç KQ/mH�iBQM Q7 i?2 #�b2f+QHH2+iQ` `2bBbi�M+2c

Ç ?B;? BMD2+iBQM #2i� /2;`�/�iBQM +Q``2+iBQM U/m2 iQ T?vbB+�H +QmTHBM; 2z2+ib
#2ir22M i?2 irQ "Chb i?�i +QKTQb2 i?2 a*_Vc

Ç i`�MbBi iBK2 /2T2M/2M+2 Q7 i?2 +m``2Mib ~QrBM; i?`Qm;? 2�+? i`�MbBbiQ`X
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*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

JQ`2 +QKTH2t T?2MQK2M� HBF2 EB`F 2z2+i (EB`FǶek) �M/ 1�`Hv TQi2MiB�H p�`B�iBQM
T`2b2Mi BM Qi?2` �/p�M+2/ #BTQH�` KQ/2Hb (sB�QǶyy) r2`2 i2bi2/ �M/ 7QmM/
mMM2+2bb�`vX Zm�bB@b�im`�iBQM Bb- mT iQ � +2`i�BM H2p2H- i�F2M BMiQ �++QmMi i?`Qm;?
i?2 #�b2f+QHH2+iQ` `2bBbi�M+2 p�`B�iBQMX
1a.@bT2+B}+ 2z2+ib HBF2 �p�H�M+?2 #`2�F/QrM r2`2 i�F2M BMiQ �++QmMi �M/ KQ/2HH2/X

h?2 #�bB+ +m``2Mi ~Qr Bb #�b2/ QM +QKKQM :mKK2H@SQQM 2[m�iBQMbX AM i?2 KQ/2H
/2p2HQT2/ ?2`2- i?2v `2T`2b2Mi i?2 7mM/�K2Mi�H T�`i Q7 2�+? Q7 i?2 irQ "Chb
+QKTQbBM; i?2 a*_X
h?2 i?`22 BKTQ`i�Mi i2`KBM�Hb 7Q` i?2 MTM T�`i �`2,

Ç i?2 +�i?Q/2 U*V @ �+iBM; �b i?2 2KBii2`
Ç i?2 T@r2HH USqV @ �+iBM; �b i?2 #�b2
Ç i?2 M@r2HH ULqV @ �+iBM; �b i?2 +QHH2+iQ`

6Q` i?2 TMT T�`i- i?2b2 �`2,
Ç i?2 �MQ/2 U�V @ �+iBM; �b i?2 2KBii2`
Ç i?2 M@r2HH ULqV @ �+iBM; �b i?2 #�b2
Ç i?2 T@r2HH USqV @ �+iBM; �b i?2 +QHH2+iQ`

h?2 #BTQH�` i`�MbBbiQ` 2z2+i Ui?2 +QHH2+iQ` @ 2KBii2` +m``2MiV Bb /2b+`B#2/ #v i?2
ITn �M/ ITp +m``2Mi bQm`+2b- 7Q` i?2 MTM T�`i �M/ i?2 TMT T�`i- `2bT2+iBp2HvX

ITn =
IFn − IRn

qBn

UkXRV

ITp =
IFp − IRp

qBp

UkXkV

rBi?

IFn = ISn ·
(

2tT
(
VBEn

VT

)

− 1

)

UkXjV
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kXk .* KQ/2HHBM;

IRn = ISRn

(

2tT
(
VBC

VT

)

− 1

)

UkX9V

IFp = ISp ·
(

2tT
(
VBEp

VT

)

− 1

)

UkX8V

IRp = ISRp

(

2tT
(
VBC

VT

)

− 1

)

UkXeV

VBEn Bb i?2 pQHi�;2 /`QT #2ir22M Sq �M/ *- i?mb- i?2 #�b2@2KBii2` pQHi�;2 Q7 i?2
MTM i`�MbBbiQ`X

VBEp Bb i?2 pQHi�;2 /`QT #2ir22M Lq �M/ �- i?mb- i?2 #�b2@2KBii2` pQHi�;2 Q7 i?2
TMT i`�MbBbiQ`X

VBC Bb i?2 pQHi�;2 /`QT #2ir22M Lq �M/ Sq- i?mb- i?2 #�b2@+QHH2+iQ` pQHi�;2 7Q`
#Qi? i?2 MTM �M/ TMT i`�MbBbiQ`bX

VT Bb i?2 i?2`K�H pQHi�;2- /2}M2/ �b VT = k·T
q

- r?2`2 F Bb i?2 "QHixK�MM +QMbi�Mi
Uk = 1.380 · 10−23 / V- h Bb i?2 DmM+iBQMǶb i2KT2`�im`2 �M/ [ Bb i?2 2H2+i`QM +?�`;2
Uq = 1.6 · 10−19CVX

h?2 KQ/2H T�`�K2i2`b 7Q` i?2 2[m�iBQMb �#Qp2 �`2,

Ç ISn @ i?2 7Q`r�`/ b�im`�iBQM +m``2Mi Q7 i?2 MTM i`�MbBbiQ`

Ç ISp @ i?2 7Q`r�`/ b�im`�iBQM +m``2Mi Q7 i?2 TMT i`�MbBbiQ`

Ç ISRn @ i?2 `2p2`b2 b�im`�iBQM +m``2Mi Q7 i?2 MTM i`�MbBbiQ`

Ç ISRp @ i?2 `2p2`b2 b�im`�iBQM +m``2Mi Q7 i?2 TMT i`�MbBbiQ`

�Hi?Qm;? i?2 #�b2@+QHH2+iQ` DmM+iBQM Bb +QMi`QHH2/ #v i?2 b�K2 pQHi�;2 /`QT 7Q` #Qi?
i?2 i`�MbBbiQ`b @ VBC - Bi #2?�p2b /Bz2`2MiHv r?2M Bi Bb i?2 #�b2@+QHH2+iQ` DmM+iBQM Q7
i?2 MTM- i?�M r?2M #2BM; i?2 #�b2@+QHH2+iQ` DmM+iBQM Q7 i?2 TMTX h?Bb Bb +�mb2/ #v
i?2 7�+i i?�i i?2 +QM/m+iBQM Bb �bbm`2/ #v /Bz2`2Mi ivT2b Q7 +�``B2` 7Q` 2�+? Q7 i?2
i`�MbBbiQ`b, 2H2+i`QMb 7Q` i?2 MTM �M/ ?QH2b 7Q` i?2 TMTX h?mb- irQ T�`�K2i2`b �`2
M22/2/ iQ KQ/2H i?2 `2p2`b2 +m``2Mi, ISRn 7Q` i?2 MTM i`�MbBbiQ` �M/ ISRp 7Q` i?2
TMTX

qBn �M/ qBp �`2 i?2 MQ`K�HBx2/ #�b2 +?�`;2b �M/ rBHH #2 /Bb+mbb2/ BM b2+X kXkXjX
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*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

h?2 #�b2@2KBii2` +m``2Mi Bb /2b+`B#2/ #v IBFn �M/ IBFp 7Q` i?2 MTM T�`i �M/ i?2
TMT T�`i- `2bT2+iBp2HvX

IBFn = ISFn ·
(

2tT
(
VBEn

VT

)

− 1

)

UkXdV

IBFp = ISFp ·
(

2tT
(
VBEp

VT

)

− 1

)

UkX3V

h?2 #�b2@+QHH2+iQ` +m``2Mi Bb /2b+`B#2/ #v IR 7Q` #Qi? i?2 MTM �M/ TMT i`�MbBbiQ`b-
�b i?2 DmM+iBQM Bb b?�`2/ #v i?2 irQX

IBC = ISR ·
(

2tT
(
VBC

VT

)

− 1

)

UkXNV

h?2 KQ/2H T�`�K2i2`b 7Q` i?2 2[m�iBQMb �#Qp2 �`2,

Ç ISFn @ i?2 b�im`�iBQM +m``2Mi Q7 i?2 #�b2@2KBii2` DmM+iBQM 7Q` i?2 MTM i`�MbBbiQ`

Ç ISFp @ i?2 b�im`�iBQM +m``2Mi Q7 i?2 #�b2@2KBii2` DmM+iBQM 7Q` i?2 TMT i`�MbBbiQ`

Ç ISR @ i?2 b�im`�iBQM +m``2Mi 7Q` i?2 #�b2@+QHH2+iQ` DmM+iBQM

h?2 +m``2Mi ;�BM Bb /2}M2/ �b i?2 `�iBQ #2ir22M i?2 +QHH2+iQ` �M/ i?2 #�b2 +m``2MiX

AM 7Q`r�`/ TQH�`Bb�iBQM UVBE > 0 �M/ VBC < 0V- i?2 #�b2 +m``2Mi Bb QMHv ;Bp2M
#v i?2 #�b2@2KBii2` +m``2Mi Ui?2 #�b2@+QHH2+iQ` +m``2Mi #2BM; M2;HB;B#H2VX h?mb- i?2
7Q`r�`/ +m``2Mi #2i� Bb,

βFn =
ITn

IBFn

=
ISn

(

2tT(VBEn

VT
)− 1

)

ISFn

(

2tT VBEn

VT
− 1

) =
ISn

ISFn

UkXRyV

βFpn =
ITp

IBFp

=
ISp

(

2tT(VBEp

VT
)− 1

)

ISFp

(

2tT VBEp

VT
− 1

) =
ISp

ISFp

UkXRRV
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kXk .* KQ/2HHBM;

AM `2p2`b2 TQH�`Bb�iBQM UVBE < 0 �M/ VBC > 0V- i?2 #�b2 +m``2Mi Bb ;Bp2M #v i?2
#�b2@+QHH2+iQ` +m``2MiX h?mb- i?2 `2p2`b2 +m``2Mi ;�BM Bb,

βRn =
ITn

IBR

=
ISRn

(

2tT(VBEn

VT
)− 1

)

ISR

(

2tT VBEn

VT
− 1

) =
ISRn

ISR
UkXRkV

βRp =
ITp

IBR

=
ISRp

(

2tT(VBEp

VT
)− 1

)

ISR

(

2tT VBEp

VT
− 1

) =
ISRp

ISR
UkXRjV

AM i?2 KQ/2H /2p2HQT2/ ?2`2- i?2 T�`�K2i2`b +QMi`QHHBM; i?2 +m``2Mi ;�BM �`2 ISFn-
ISFp �M/ ISR- BMbi2�/ Q7 i?2 KQ`2 +QKKQM βX LQi2 i?�i 7Q` i?2 `2p2`b2 +m``2Mi ;�BM
QMHv QM2 T�`�K2i2` UISRV Bb mb2/- i?2 DmM+iBQM #2BM; b?�`2/ #v #Qi? i`�MbBbiQ`bX
>�/ β T�`�K2i2`b #22M mb2/- r2 rQmH/ ?�p2 #22M 7Q`+2/ iQ ?�p2 irQ T�`�K2i2`b
KQ/2HHBM; i?2 `2p2`b2 +m``2Mi ;�BM UβRn �M/ βRpV i?�i �`2- BM 7�+i- T?vbB+�HHv #QmM/
iQ;2i?2` UkXRk- kXRjVX

IREn- IREp �M/ IRC `2T`2b2Mi i?2 HQr +m``2Mi `2+QK#BM�iBQM,

IREn = ISEn ·
(

2tT
(

VBEn

NEn · VT

)

− 1

)

UkXR9V

IREp = ISEp ·
(

2tT
(

VBEp

NEp · VT

)

− 1

)

UkXR8V

IRC = ISC ·
(

2tT
(

VBC

NC · VT

)

− 1

)

UkXReV

h?2 KQ/2H T�`�K2i2`b 7Q` i?2 2[m�iBQMb �#Qp2 �`2,
Ç ISEn @ i?2 b�im`�iBQM +m``2Mi Q7 i?2 MTM 7Q`r�`/ HQr +m``2Mi `2+QK#BM�iBQM

/BQ/2
Ç NEn @ MQM@HBM2�`Biv 7�+iQ` Q7 i?2 7Q`r�`/ HQr +m``2Mi `2+QK#BM�iBQM /BQ/2
Ç ISEp @ i?2 b�im`�iBQM +m``2Mi Q7 i?2 TMT 7Q`r�`/ HQr +m``2Mi `2+QK#BM�iBQM

/BQ/2
Ç NEp @ MQM@HBM2�`Biv 7�+iQ` Q7 i?2 TMT 7Q`r�`/ HQr +m``2Mi `2+QK#BM�iBQM /BQ/2
Ç ISR @ i?2 b�im`�iBQM +m``2Mi Q7 i?2 `2p2`b2 HQr +m``2Mi `2+QK#BM�iBQM /BQ/2
Ç NC @ MQM@HBM2�`Biv 7�+iQ` Q7 i?2 `2p2`b2 HQr +m``2Mi `2+QK#BM�iBQM /BQ/2
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*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

h?2 #�b2 +?�`;2 Bb QM2 Q7 i?2 KQbi BKTQ`i�Mi [m�MiBiB2b- BM~m2M+BM; #Qi? i?2 .*
#2?�pBQm` U?B;? BMD2+iBQM #2i� /2;`�/�iBQMV �M/ i?2 i`�MbB2Mi QM2 Ui`�MbBi iBK2
/2T2M/2M+2 Q7 i?2 +m``2Mi H2p2HVX

�++Q`/BM; iQ i?2 :mKK2H@SQQM KQ/2H- i?2 #�b2 +?�`;2b 7Q` i?2 MTM �M/ TMT T�`ib
�`2,

qBn =
q1n

2
·
(

1 +
√

1 + 4 · q2n
)

UkXRdV

qBp =
q1p

2
·
(
1 +

√

1 + 4 · q2p
)

UkXR3V

rBi?

q1n = 1 +
VBEn

VARn

+
VBC

VAFn

UkXRNV

q2n =
IFn

IKFn

+
IRn

IKRn

UkXkyV

q1p = 1 +
VBEp

VARp

+
VBC

VAFp

UkXkRV

q2p =
IFp

IKFp

+
IRp

IKRp

UkXkkV

q1n �M/ q1p KQ/2H i?2 1�`Hv 2z2+i �M/ q2n �M/ q2p KQ/2H i?2 ?B;? BMD2+iBQM #2i�
/2;`�/�iBQMX
h?2 KQ/2H T�`�K2i2`b 7Q` i?2 2[m�iBQMb �#Qp2 �`2,

Ç VARn �M/ VAFp @ i?2 7Q`r�`/ 1�`Hv pQHi�;2b 7Q` i?2 MTM i`�MbBbiQ` �M/ i?2 TMT
i`�MbBbiQ`- `2bT2+iBp2Hv
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kXk .* KQ/2HHBM;

Ç VARp �M/ VAFn @ i?2 `2p2`b2 1�`Hv pQHi�;2b 7Q` i?2 MTM i`�MbBbiQ` �M/ i?2 TMT
i`�MbBbiQ`- `2bT2+iBp2Hv

Ç IKFn �M/ IKFp @ i?2 7Q`r�`/ FM22 +m``2Mib 7Q` i?2 MTM i`�MbBbiQ` �M/ i?2 TMT
i`�MbBbiQ`- `2bT2+iBp2Hv

Ç IKRn �M/ IKRp @ i?2 `2p2`b2 FM22 +m``2Mib 7Q` i?2 MTM i`�MbBbiQ` �M/ i?2 TMT
i`�MbBbiQ`- `2bT2+iBp2Hv

h?2 1�`Hv T�`�K2i2`b KQ/2H i?2 +?�`;2 [m�MiBiv +�mb2/ #v i?2 p�`B�iBQM Q7 i?2
bT�+2 +?�`;2 `2;BQM- 7Q`K2/ �`QmM/ 2�+? DmM+iBQM- rBi? i?2 pQHi�;2 �TTHB2/ QM BiX
h?2 FM22 +m``2Mib `2T`2b2Mi i?2 +m``2Mi 7`QK r?B+? i?2 +QHH2+iQ` +m``2Mi �M/- i?mb-
i?2 +m``2Mi ;�BM- bi�`i iQ /2;`�/2X

h?2 ?B;? +m``2Mi #2i� /2;`�/�iBQM Bb +�mb2/ #v i?2 #B; MmK#2` Q7 +�``B2`b BM i?2 #�b2X
h?2v bHQr /QrM i?2 �++2H2`�i2/ +?�`;2b- `2/m+BM; i?2 +QHH2+iQ` +m``2Mi BM `2bT2+i iQ
i?2 #�b2 QM2X AM i?2 +�b2 Q7 �M a*_- i?2 T?2MQK2MQM Bb /Bz2`2Mi U�b /2b+`B#2/ BM
b2+X RXjXRVX h?2 #�b2 +?�`;2 Q7 2�+? Q7 i?2 i`�MbBbiQ`b /2T2M/b QM i?2 +QKTH2K2Mi�`v
QM2- #2BM; 2p�+m�i2/ #v Bib +QHH2+iQ` +m``2MiX 6Q` BMbi�M+2- i?2 #�b2 +?�`;2 Q7 i?2 MTM
U2H2+i`QMbV Bb M2mi`�HBx2/ #v i?2 +QHH2+iQ` +m``2Mi +QKBM; 7`QK i?2 TMT U?QH2bVX �i
?B;? BMD2+iBQM H2p2Hb- i?2 #�b2f+QHH2+iQ` �`2�b #2+QK2 bi`QM; `2+QK#BM�iBQM `2;BQMb-
bi�#BHBxBM; i?2 +m``2MiX h?2 HBKBi�iBQM Q7 mbBM; #BTQH�` i`�MbBbiQ` KQ/2Hb �`2 b?QrM
BM 6B;X kX9X

JQ/2HHBM; 2``Q` BMi`Q/m+2/ #v mbBM; Tm`2 :mKK2H@SQQM KQ/2Hb 7Q`
i?2 i`�MbBbiQ`b

8j



*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

h?2 :mKK2H@SQQM KQ/2H T`2/B+ib � iQQ ?B;? #2i� /2;`�/�iBQM U6B;m`2 kX9#V-
H2�/BM; iQ � /BKBMBb?BM; Q7 i?2 +m``2Mi �7i2` � +2`i�BM H2p2H Q7 BMD2+iBQMX AM `2�HBiv
U6B;m`2 kX9�V- i?2 TQbi@i`B;;2`BM; +m``2Mi /2T2M/b HBM2�`Hv QM i?2 pQHi�;2 /`QT
U#27Q`2 b2H7@?2�iBM; `2H�i2/ T?2MQK2M� �TT2�`VX
h?mb- � M2r KQ/2H 7Q` q2n �M/ q2p 7`QK kXRd �M/ kXR3 Bb `2[mB`2/- bQ i?�i i?2
MTM #�b2 +?�`;2 /2T2M/ QM i?2 TMT +QHH2+iQ` +m``2Mi �M/ pB+2@p2`b�X AM Q`/2` iQ
K�BMi�BM i?2 +QMbBbi2M+v #2ir22M i?2 a*_ �M/ i?2 :mKK2H@SQQM 2[m�iBQMb- KQbiHv
7Q` T�`�K2i2` 2ti`�+iBQM bBKTHB+Biv- i?2 M2r KQ/2H Bb `2[mB`2/ iQ 7�HH@#�+F iQ i?2
QM2 BM kXky �M/ kXkk BM i?2 T�`iB+mH�` +�b2 Q7 QMHv QM2 i`�MbBbiQ` #2BM; �+iBp2X h?Bb
r�b �+?B2p2/ #v MQi +QMbB/2`BM; i?2 FM22 +m``2Mi �b +QMbi�Mi- #mi KQ/mH�i2/ #v �

7�+iQ` UHCCV,

q2n =
IFn

IKFn ·HCCFn

+
IRn

IKRn ·HCCRn

UkXkjV

q2p =
IFp

IKFp ·HCCFp

+
IRp

IKRp ·HCCRp

UkXk9V

HCCFn �M/ HCCFp �`2 i?2 +Q``2+iBQM 7�+iQ`b 7Q` i?2 7Q`r�`/ FM22 +m``2Mib UIKFn

�M/ IKFpVX

HCCFn =
IrTn +

IHCKFn

IKFn
·
√
IFp

IrTn +
√

IFp

UkXk8V

HCCFn =
IrTp +

IHCKFp

IKFp
·
√
IFn

IrTp +
√
IFn

UkXkeV

h?2 KQ/2H T�`�K2i2`b 7Q` i?2 2[m�iBQMb �#Qp2 �`2,
Ç IrTn @ i?2 +m``2Mi T�bbBM; i?`Qm;? i?2 MTM i`�MbBbiQ` 7`QK r?B+? i?2 TMT bi�`ib

iQ BMD2+i ?QH2b BMiQ i?2 Sqc
Ç IHCKFn @ i?2 FM22 +m``2Mi Q7 i?2 MTM i`�MbBbiQ` r?BH2 i?2 TMT Bb 7mHHv �+iBp2

U#Qi? i`�MbBbiQ`b �`2 bBKmHi�M2Qmb BM ?B;? BMD2+iBQM KQ/2Vc
Ç IrTp @ i?2 +m``2Mi T�bbBM; i?`Qm;? i?2 TMT i`�MbBbiQ` 7`QK r?B+? i?2 MTM bi�`ib

iQ BMD2+i 2H2+i`QMb BMiQ i?2 Lqc
Ç IHCKFp @ i?2 FM22 +m``2Mi Q7 i?2 TMT i`�MbBbiQ` r?BH2 i?2 MTM Bb 7mHHv �+iBp2

U#Qi? i`�MbBbiQ`b �`2 bBKmHi�M2Qmb BM ?B;? BMD2+iBQM KQ/2Vc
HCCRn �M/ HCCRp �`2 i?2 +Q``2+iBQM 7�+iQ`b 7Q` i?2 `2p2`b2 FM22 +m``2Mib UIKRn

�M/ IKRpVX
�b �i ?B;? BMD2+iBQM Ur?2`2 i?2b2 +Q``2+iBQM 7�+iQ`b �`2 M22/2/V- i?2 i`�MbBbiQ`b �`2
7Q`r�`/ #B�b2/- HCCRn �M/ HCCRp �`2 H2bb BKTQ`i�Mi T�`ib Q7 i?2 KQ/2H �M/ i?2B`
�bbQ+B�i2/ T�`�K2i2`b M22/ MQi iQ #2 2ti`�+i2/ rBi? T`2+BbBQMX
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kXk .* KQ/2HHBM;

h?2 #�b2 �M/ i?2 +QHH2+iQ` b?�`2 i?2 b�K2 `2;BQMbX h?2 MTMǶb #�b2 �M/ i?2 TMTǶb
+QHH2+iQ` `2bBbi�M+2b b?�`2 i?2 Sq- r?BH2 i?2 MTMǶb +QHH2+iQ` �M/ i?2 TMTǶb #�b2
`2bBbi�M+2b b?�`2 i?2 LqX h?mb �M �/�Ti2/ KQ/2H Kmbi i�F2 i?2 TH�+2 Q7 i?2 +H�bbB+�H
#�b2 �M/ +QHH2+iQ` `2bBbi�M+2b 7`QK i?2 +H�bbB+�H "Ch QM2X
h?2 Sq- 7Q` 2t�KTH2- �b � #�b2- ?�b Bib K�BM +m``2Mi ~Qr K�/2 #v 2H2+i`QMb +QKBM;
7`QK i?2 +�i?Q/2X �i i?2 b�K2 iBK2- Bi �+ib �b � +QHH2+iQ` 7Q` i?2 TMT i`�MbBbiQ`X �b
� +QHH2+iQ`- i?2 K�BM +m``2Mi ~Qr Bb K�/2 #v ?QH2b T�bbBM; 7`QK i?2 �MQ/2 i?`Qm;?
� #BTQH�` 2z2+i U6B;X kX8VX

*m``2Mi ~Qr BM i?2 Sq �`2�

h?2 /Bz2`2M+2 BM +m``2Mi ~Qrb H2�/b iQ i?2 M22/ 7Q` � KQ`2 +QKTH2t KQ/2H Q7 i?2
Lq �M/ Sq `2bBbi�M+2bX h?2 T`QTQb2/ bQHmiBQM Bb iQ /BpB/2 i?2b2 `2bBbi�M+2b BM irQ
T�`ib, RCp �M/ RBn 7Q` i?2 Sq- �M/ RCn �M/ RBp 7Q` i?2 Lq U6B;X kXjVX RBn �M/
RBp �`2 KQ/mH�i2/ #v i?2 #�b2 +?�`;2,

RBn =
RBxn

qBn

UkXkdV

RBp =
RBxp

qBp

UkXk3V
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*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

�b BM i?2 :mKK2H@SQQM KQ/2H- RCTn �M/ RCTp �`2 /BpB/2/ BMiQ r2HH +QMi�+i
`2bBbi�M+2 URCMn �M/ RCMp, `2bT2+iBp2HvV �M/ i?2 i?2 r2HH@T�`i `2bBbi�M+2 URCTn −
RCMn �M/ RCTp − RCMp- `2bT2+iBp2HvVX h?2 H�ii2` Bb �HbQ KQ/mH�i2/ #v i?2 #�b2
+?�`;2- ?�pBM; Bib `2bBbiBpBiv /2T2M/2Mi QM i?2 +�``B2`b BM Bib `2;BQM UqBn �M/ qBpV,

RCn =
RCTn −RCMn

qBp

+RCMn UkXkNV

RCp =
RCTp −RCMp

qBn

+RCMp UkXjyV

h?2 M2r KQ/2H T�`�K2i2`b �`2,

Ç RCMn �M/ RCMp @ i?2 +QHH2+iQ` `2bBbi�M+2b �i ?B;? BMD2+iBQM UT?vbB+�HHv- i?2
r2HH +QMi�+i `2bBbi�M+2V

Ç RCTn �M/ RCTp @ i?2 iQi�H +QHH2+iQ` `2bBbi�M+2

Ç RBxn �M/ RBxp @ i?2 #�b2 `2bBbi�M+2 �i HQr BMD2+iBQM

h?2 KQ/2H ?�b irQ T�`�K2i2`b KQ/2HHBM; i?2 2KBii2` `2bBbi�M+2b,

Ç RC @ mb2/ iQ KQ/2H i?2 +�i?Q/2 `2bBbi�M+2 @ i?2 2KBii2` Q7 i?2 MTM T�`i

Ç RA @ mb2/ iQ KQ/2H i?2 �MQ/2 `2bBbi�M+2 @ i?2 2KBii2` Q7 i?2 TMT T�`i

h?2 bm#bi`�i2 2z2+i Bb KQ/2HH2/ #v � T�`�bBiB+ TMT i`�MbBbiQ` U6B;X kXeV

Aib i2`KBM�Hb �`2,

Ç i?2 �MQ/2 U�V @ �+iBM; �b i?2 2KBii2`

Ç i?2 M@r2HH ULqV @ �+iBM; �b i?2 #�b2

Ç i?2 bm#bi`�i2 USal"V @ �+iBM; �b i?2 +QHH2+iQ`

Aib #BTQH�` i`�MbBbiQ` 2z2+i U+QHH2+iQ` @ 2KBii2` +m``2MiV Bb /2b+`B#2/ #v ITpsub,

ITpsub =
IFpsub − IRpsub

qBpsub

UkXjRV
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kXk .* KQ/2HHBM;

h?2 TMT �M/ i?2 T�`�bBiB+ bm#bi`�i2 i`�MbBbiQ`b

IFpsub �M/ IRpsub �`2 KQ/2HH2/ BM i?2 b�K2 r�v �b kX8 �M/ kXeX

IFpsub = ISpsub

(

2tT
(
VBE

VT

)

− 1

)

UkXjkV

IRpsub = IRpsub

(

2tT
(
VBCpsub

VT

)

− 1

)

UkXjjV

h?2`2 Bb MQ M22/ iQ bT2+B�HHv KQ/2H i?2 7Q`r�`/ +m``2Mi ;�BM 7Q` i?Bb i`�MbBbiQ`X h?Bb
T?2MQK2MQM Bb �H`2�/v KQ/2HH2/ i?`Qm;? IFpsub UrBi? ISpsub �b � T�`�K2i2` @ kXjkV
�M/ IBFp UrBi? ISFp �b T�`�K2i2` @ kX3VX

βFpsub =
IFpsub

IBFp

=
ISpsub

ISFp

UkXj9V

h?2 `2p2`b2 +m``2Mi ;�BM Bb KQ/2HH2/ i?`Qm;? i?2 bm#bi`�i2fMr2HH DmM+iBQM,

IBRpsub = ISRpsub ·
(

2tT
(
VBCpsub

VT

)

− 1

)

UkXj8V

βRpsub =
IRpsub

IBRpsub

=
IRpsub

ISRpsub

UkXjeV

8d



*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

lMHBF2 i?2 +�b2 Q7 � "Ch- r?2`2 � r2�F #�b2@+QHH2+iQ` �p�H�M+?2 KQ/2H Bb mb2/- i?2
T�`iB+mH�`BiB2b Q7 �M a*_Ƕb #`2�F/QrM H2�/ iQ i?2 M22/ Q7 � bi`QM; �p�H�M+?2 KQ/2H,

Ibk = (MM − 1) · IBC UkXjdV

MM =
1

1−
(

VBC

VBCbk

)mc
UkXj3V

MM Bb i?2 KmHiBTHB+�iBQM 7�+iQ`X
h?2 KQ/2H T�`�K2i2`b �`2

Ç VBCbk @ i?2 DmM+iBQM #`2�F/QrM pQHi�;2c
Ç mc @ i?2 #`2�F/QrM 7�+iQ`- ivTB+�HHv 2[m�H iQ kX

h?2 2tT`2bbBQM UkXjdV Bb HBM2�`Bb2/ BM Q`/2` iQ �pQB/ i?2 /Bp2`;2M+2 �i i?2 #`2�F/QrM
pQHi�;2- #v `2TH�+BM; kXj3 �7i2` i?2 pQHi�;2 `2�+?2b � +2`i�BM p�Hm2 VBClin rBi? Bib
i�M;2Mi BM i?�i TQBMiX

MM =







1, VBC < 0
1

1−
(

VBC
VBCbk

)mc , 0 ≤ VBC < VBClin

1

1−
(

VBClin
VBCbk

)mc +
mc

VBCbk
·
(

VBClin
VBCbk

)mc−1

1−
(

VBClin
VBCbk

)mc · (VBC − VBClin), VBC ≥ VBClin

UkXjNV

h?2 #�b2 Q7 i?2 .* KQ/2HHBM; Bb i?2 +H�bbB+�H :mKK2H@SQQM KQ/2HX Ai ?�b #22M
KQ/B}2/ BM Q`/2` iQ �++QmMi 7Q` i?2 T�`iB+mH�`BiB2b Q7 �M a*_X
h?2 #B;;2bi +QMi`B#miBQMb Q7 i?Bb i?2bBb 7Q` i?2 a*_ KQ/2H Bb i?2 `27Q`KmH�iBQM Q7
i?2 #�b2 +?�`;2- K�FBM; Bi /2T2M/�Mi QM i?2 bBKmHi�M2Qmb MTM �M/ TMT +QM/m+iBQMX
h?2 /m�H #�b2 �M/ +QHH2+iQ` +QM/m+iBQM r�b �HbQ `2+QM};m`2/- mbBM; � +QKTH2t
r2HH@`2bBbi�M+2 KQ/2HX h?2 +m``2Mi ;�BM r�b MQi KQ/2HH2/ mbBM; i?2 β T�`�K2i2`b-
�b rBi? +H�bbB+�H "Chb- #mi #v mbBM; i?2 DmM+iBQMb b�im`�iBQM +m``2MibX
h?2 bm#bi`�i2 r�b 7QmM/ iQ ?�p2 � bB;MB}+�Mi BKT�+i QM i?2 7mM+iBQMBM; Q7 �M a*_
�M/- i?mb KQ/2HH2/X � bi`QM; �p�H�M+?2 KQ/2H r�b mb2/ 7Q` i?2 #`2�F/QrM Q7 i?2
+2Mi`�H DmM+iBQM ULq@SqV- mMHBF2 i?2 r2�F �p�H�M+?2 KQ/2H mb2/ rBi? ivTB+�H "ChbX

83



kXj h`�MbB2Mi KQ/2HHBM;

h?2 +?QB+2 Q7 Qi?2` bT2+B}+ T?2MQK2M� M22/2/ iQ #2 KQ/2HH2/ BM Q`/2` iQ r2HH
/2b+`B#2 �M a*_ UHBF2 #�b2 `2bBbi�M+2 KQ/mH�iBQM- ?B;? BMD2+iBQM #2i� /2;`�/�iBQM
Q` 1�`Hv 2z2+iV r�b �HbQ BKTQ`i�MiX

h?2 KQ/2H ?�b iQ T`2/B+i a*_ #2?�pBQm` mM/2` b?Q`i TmHb2bX h?2b2 TmHb2b ?�p2
� /m`�iBQM QM i?2 Q`/2` Q7 M�MQ@b2+QM/b- H2�/BM; iQ � #�M/rB/i? Q7 � +QmTH2 Q7
:>xX h?2 +�T�+Bi�M+2b +QMbiBimi2 i?2 K�BM /vM�KB+ 2H2K2Mib U6B;X kXdVX :Bp2M i?2
/BK2MbBQMb Q7 �M 1a. T`Qi2+iBQM BMi2;`�i2/ a*_ �M/ i?2 7`2[m2M+B2b �i r?B+? i?2
KQ/2H b?QmH/ #2 p�HB/- i?2 BKT�+i Q7 i?2 T�`�bBiB+ BM/m+i�M+2b +�M #2 M2;H2+i2/X
1�+? +�T�+Bi�M+2 Bb /BpB/2/ BM irQ T�`ib, QM2 ;Bp2M #v i?2 i`�MbBiBQM +?�`;2b U+�mb2/
#v i?2 bT�+2 +?�`;2 `2;BQM �i i?2 TfM +QMi�+iV �M/ i?2 b2+QM/ ;Bp2M #v i?2 /BzmbBQM
+?�`;2b U;Bp2M #v i?2 +�``B2`b i`�MbTQ`i2/ /m`BM; i?2 +m``2Mi ~QrV

a*_Ƕb +�T�+Bi�M+2b b+?2K�

CBEn =
∂QBEn

∂VBEn

UkX9yV

CBEp =
∂QBEp

∂QV Ep

UkX9RV

CBC =
∂QBC

∂VBC

UkX9kV

8N



*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

r?2`2

QBEn = QBEndiffusion
+QBEntransistion

UkX9jV

QBEp = QBEpdiffusion +QBEptransistion
UkX99V

QBC = QBCdiffusion
+QBCtransistion

UkX98V

h?2 bm#bi`�i2 #2BM; �Hr�vb `2p2`b2 #B�b2/- � i`�MbBiBQM +�T�+Bi�M+2 Bib 2MQm;? iQ
KQ/2H Bib i`�MbB2Mi #2?�pBQm`X

Csub =
∂QBCsub

∂VBCsub

UkX9eV

h?2 i`�MbBiBQM +?�`;2b �`2 KQ/2HH2/ mbBM; i?2 +H�bbB+ ZUoV 2[m�iBQMb 7Q` � TM
DmM+iBQM,

QBEntransition
= CJEn ·

VJEn ·
[

1−
(

1− VBEn

VJEn

)1−mjen
]

1−mjen
UkX9dV

QBEptransition
= CJEp ·

VJEp ·
[

1−
(

1− VBEp

VJEp

)1−mjep
]

1−mjep
UkX93V

QBCtransition
= CJC ·

VJC ·
[

1−
(

1− VBC

VJC

)1−mjc
]

1−mjc
UkX9NV

QBCsubtransition
= CJCsub ·

VJCsub ·
[

1−
(

1− VBCsub

VJC

)1−mjcsub
]

1−mjcsub
UkX8yV

h?2 KQ/2H T�`�K2i2`b �`2,
Ç CJEn- CJEp- CJC �M/ CJCsub @ i?2 DmM+iBQMbǶ x2`Q #B�b /2TH2iBQM +�T�+Bi�M+2bc
Ç VJEn- VJEp- VJC �M/ VJCsub @ i?2 #mBHi@BM TQi2MiB�Hbc
Ç mjen- mjep- mjc �M/ mjcsub @ i?2 DmM+iBQMbǶ 2tTQM2MiB�H 7�+iQ`X

ey



kXj h`�MbB2Mi KQ/2HHBM;

AM i?2 #BTQH�` i`�MbBbiQ` i?2Q`v (:2i`ǶdN)- i?2 /BzmbBQM +?�`;2b �`2 /2}M2/ �b i?2
T`Q/m+i #2ir22M i?2 +m``2Mi ;Bp2M #v i?2 +?�`;2b ~QrBM; i?`Qm;? i?2 #�b2 �M/ i?2
iBK2 i?2b2 +?�`;2b bi�v BM i?2 #�b2X h?2 H�ii2` Bb +�HH2/ ǳi`�MbBi iBK2ǴX

QBEndiffusion
= TFFn ·

IFn

qBn

UkX8RV

QBEpdiffusion = TFFp ·
IFp

qBp

UkX8kV

QBCdiffusion
= TR ·

(
IRn

qBn

+
IRp

qBp

)

UkX8jV

h?2 #�b2 +?�`;2 BM~m2M+2b #Qi? i?2 +m``2Mi ~Qr �M/ i?2 i`�MbBi iBK2X h?2
KQ/B}+�iBQM K�/2 BM kXkXj Bb F2Ti BM Q`/2` iQ `2~2+i i?2 a*_ T�`iB+mH�`BiB2bX
TFFn �M/ TFFp `2T`2b2Mi i?2 7Q`r�`/ i`�MbBi iBK2 Q7 i?2 MTM �M/ TMT i`�MbBbiQ`-
`2bT2+iBp2HvX h?2v �`2 �HbQ /2T2M/BM; QM i?2 #B�b �M/ i?2 +m``2Mi ~Qr,

TFFn = TFn ·
[

1 +XTFn ·
(

IFn

IFn + ITFn

)2

· 2tT
(

VBC

1.44 · VTFn

)]

UkX89V

TFFp = TFp ·
[

1 +XTFp ·
(

IFp

IFp + ITFp

)2

· 2tT
(

VBC

1.44 · VTFp

)]

UkX88V

h?2 T�`�K2i2`b �`2,
Ç TFn �M/ TFp @ i?2 i`�MbBi iBK2b r?2M MQ +m``2Mib �`2 ~QrBM; i?`Qm;? i?2 a*_c
Ç XTFn- ITFn- XTFp �M/ ITFp @ +QMi`QHHBM; i?2 BM+`2�b2 Q7 TFFn �M/ TFFp-

`2bT2+iBp2Hv- �i ?B;? +m``2Mibc
Ç VTFn �M/ VTFp @ +QMi`QHHBM; i?2 p�`B�iBQM Q7 TFFn �M/ TFFp- `2bT2+iBp2Hv- rBi?

VBC U2[mBp�H2Mi Q7 1�`Hv 2z2+i BM .*VX

h?2 i`�MbB2Mi #2?�pBQm` r�b KQ/2HH2/ mbBM; +�T�+BiBp2 2H2K2MibX *H�bbB+�H KQ/2Hb
mb2/ BM "Chb- /BpB/BM; i?2 +?�`;2b BMiQ /2TH2iBQM �M/ i`�MbBiBQM- r2`2 2KTHQv2/X h?2
?B;? +m``2Mi p�`B�iBQM Q7 i?2 i`�MbBi iBK2 r�b 7QmM/ iQ #2 �M BKTQ`i�Mi T?2MQK2MQM-
M22/BM; iQ #2 KQ/2HH2/X

eR



*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

h?Bb +?�Ti2` T`2b2Mib i?2 T�`�K2i2` 2ti`�+iBQM bi`�i2;v �HQM; rBi? i?2 /Bz2`2Mi
K2�bm`2K2Mib +�``B2/ Qmi BM Q`/2` iQ bmTTQ`i BiX a*_ /2pB+2b r2`2 `2�HBx2/ BM
*JPa 9yƘMK �M/ "B*JPa RjyƘMK i2+?MQHQ;B2bX
h?2 T�`�K2i2`b +�M #2 /BpB/2/ BM i?`22 +�i2;Q`B2b- �HQM; i?2 /Bz2`2Mi M2+2bb�`v
FBM/b Q7 K2�bm`2K2Mib, .*- i`�MbB2Mi �M/ ?B;? +m``2Mi U1a.VX h?2 i`�MbB2Mi �M/
?B;? +m``2Mi T�`�K2i2`b �`2 2ti`�+i2/ mbBM; 1a.@bT2+B}+ 2[mBTK2Mi �M/ i2+?MB[m2bX
h?2b2 �`2 i?2 h`�MbKBbbBQM GBM2 SmHb2 UhGSV �M/ i?2 o2`v 6�bi *?�`�+i2`Bb�iBQM
avbi2K Uo6@h*aV (J�MQǶyd)X h?2 hGS Bb ;2M2`�HHv mb2/ iQ BMp2biB;�i2 p2`v ?B;?
+m``2Mi #2?�pBQm`- KQbi MQi�#Hv i?2 b2H7@?2�iBM;- �b Bi Bb �#H2 iQ T`Q/m+2 p2`v ?B;?
pQHi�;2 TmHb2bX h?2 o6@h*a Bb KQ`2 T`2+Bb2 i?�M i?2 hGS- #mi HBKBi2/ BM pQHi�;2X
�M 2t+2TiBQM Bb K�/2 #v i?2 i`�MbBiBQM +�T�+Bi�M+2X h?2B` KQ/2H T�`�K2i2`b +�M
#2 2ti`�+i2/ 7`QK +�T�+Bi�M+2 pbX pQHi�;2 @ *UoV @ K2�bm`2K2Mib Q7 i?2 DmM+iBQMbX
�b i?2b2 �`2 bi�M/�`/ K2�bm`2K2Mib �M/ /QMǶi /2T2M/ QM � T�`iB+mH�` /2pB+2 Ui?2
a*_ BM Qm` +�b2V i?2v rQMǶi #2 T`2b2Mi2/ ?2`2X >Qr2p2`- �M 2ti`�+iBQM K2i?Q/
mbBM; bK�HH bB;M�H K2�bm`2K2Mib 7Q` i?2 a*_Ƕb i`�MbBiBQM +�T�+Bi�M+2b Bb T`2b2Mi2/
BM *?�Ti2` 9X
�b i?2 b2H7@?2�iBM;- i?2 QMHv 2z2+i MQi BM i?2 `2�+? Q7 i?2 o6@h*a- Bb MQi i`2�i2/
BM i?Bb i?2bBb Up�HB/�i2/ KQ/2Hb ?�pBM; �H`2�/v #22M `2TQ`i2/V- i?2 hGS rBHH MQi #2
mb2/ BM i?2 T�`�K2i2` 2ti`�+iBQM �M/ KQ/2H p�HB/�iBQMX
�HH i?2 K2�bm`2b r2`2 +�``B2/ Qmi QM@+?BTX
J2�bm`2K2Mi T�/b i?�i +QMM2+i iQ 2�+? Q7 i?2 8 i2`KBM�Hb r2`2 `2�HBx2/ U6B;X kX3VX
h?Bb �HHQrb i?2 +?�`�+i2`Bb�iBQM Q7 2�+? bm#@i`�MbBbiQ` BM/2T2M/2MiHv- �b r2HH �b i?2
+?�`�+i2`Bb�iBQM Q7 i?2 a*_ �b � r?QH2X

S�. bi`m+im`2 mb2/ 7Q` i?2 +?�`�+i2`Bb�iBQM a*_ /2pB+2b

� ?B;? /2;`22 Q7 bBKBH�`Biv r�b F2Ti #2ir22M i?Bb KQ/2HǶb T�`�K2i2` 2ti`�+iBQM
bi`�i2;v �M/ "Ch i2+?MB[m2b (aBb+ǶyR)X *H�bbB+�H b2i@mTb r2`2 mb2/ 7Q` 2�+?
ǳi`�MbBbiQ`ǴX h?2 T�`�K2i2`b 7Q` i?2 bm#bi`�i2 TMT i`�MbBbiQ` r2`2 2ti`�+i2/
iQ;2i?2` rBi? i?2 H�i2`�H TMTX
h?2 T�`�K2i2`b 2ti`�+i2/ mbBM; .* K2�bm`2K2Mib �`2,

ek



kX9 *?�`�+i2`Bx�iBQM �M/ T�`�K2i2` 2ti`�+iBQM

Ç #�bB+ +m``2Mi ~Qr, ISn- ISp- ISRn- ISRp- ISFn- ISFp- ISR- ISpsub- IRpsub- ISRpsub

Ç HQr +m``2Mi `2+QK#BM�iBQM, ISEn- ISEp- ISC - NEn- NEp- NC

Ç 2�`Hv pQHi�;2b, VAFn- VAFp- VARn- VARp

6Q` i?2 7QHHQrBM; T�`�K2i2`b b2ib- � }`bi �TT`QtBK�iBQM Bb K�/2 mbBM; .*
K2�bm`2K2Mib- #mi i?2B` }M�H p�Hm2b �`2 Q#i�BM2/ mbBM; hGS �M/ o6@h*a
K2�bm`2K2Mib,

Ç ?B;? BMD2+iBQM #2i� /2;`�/�iBQM, IKFn- IKFp- IKRn- IKRp- IHCKFn- IrTn-
IHCKFp- IrTp

Ç `2bBbi�M+2b, REn- REp- RBn- RCp- RBp- RCn

AM Q`/2` iQ 2ti`�+i i?2 7Q`r�`/ #�bB+ +m``2Mi ~Qr T�`�K2i2`b- i?2 #�b2@2KBii2`
DmM+iBQM r�b 7Q`r�`/ #B�b2/ #v p�`vBM; Bib pQHi�;2X h?2 #�b2@+QHH2+iQ` DmM+iBQM r�b
F2Ti mM/2` `2p2`b2 #B�bX h?2 +QHH2+iQ`@2KBii2` pQHi�;2 r�b F2Ti �i Ro U6B;X kXNVX
h?Bb 2Mbm`2b � #2ii2` +QMbBbi2M+v rBi? i?2 2ti`�+iBQM Q7 i?2 1�`Hv 2z2+i T�`�K2i2`b-
�bbm`BM; i?�i i?2 +?�`�+i2`Bx�iBQM Bb /QM2 BM i?2 +QMbi�Mi T�`i Q7 i?2 QmiTmi THQi
Ub22 6B;X kXR8VX
6Q` i?2 `2p2`b2 T�`�K2i2`b- i?2 b�K2 K2�bm`2K2Mib r2`2 `2T2�i2/- BMi2`+?�M;BM;
i?2 `QH2 Q7 i?2 +QHH2+iQ` �M/ i?2 2KBii2`X h?mb- i?2 #�b2@+QHH2+iQ` DmM+iBQM r�b
7Q`r�`/ #B�b2/ #v p�`vBM; Bib pQHi�;2- �M/ i?2 #�b2@2KBii2` pQHi�;2 r�b F2Ti +QMbi�Mi
U6B;X kXRjVX
h?2 K2�bm`2K2Mib r2`2 /QM2 7Q` #Qi? i?2 MTM �M/ i?2 TMT T�`ib Q7 i?2 i`�MbBbiQ`-
BM #Qi? 7Q`r�`/ �M/ `2p2`b2 KQ/2X

ǳ:mKK2HǴ +?�`�+i2`Bx�iBQM b2imTb 7Q` i?2 MTM �M/ TMT i`�MbBbiQ`b

ISn- ISp- �M/ ISRn r2`2 2ti`�+i2/ 7`QK MQ`K�HBx2/ +QHH2+iQ` +m``2Mi p2`bmb i?2
#�b2@2KBii2` pQHi�;2 THQib UICnormalized pbX VBEV- r?BH2 ISRp- ISpsub �M/ IRpsub r2`2

ej



*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

2ti`�+i2/ 7`QK MQ`K�HBx2/ 2KBii2` +m``2Mi p2`bmb i?2 #�b2@+QHH2+iQ` pQHi�;2 THQib
UIEnormalized pbX VBCV (SQm`Ƕyd)X

6B;X kXRy b?Qrb ?Qr i?2 7Q`r�`/ b�im`�iBQM +m``2Mib r2`2 2ti`�+i2/ 7Q` i?2 MTM-
TMT �M/ bm#bi`�i2 TMT i`�MbBbiQ`bX h?2 MQ`K�HBx2/ +m``2Mib mb2/ BM i?2b2 THQib �`2
/2}M2/ #v kX8eX

ICnormalized =
IC

2tT VBE

VT

UkX8eV

6Q`r�`/ b�im`�iBQM +m``2Mi 2ti`�+iBQM

AM � bBKBH�` r�v- ISFn �M/ ISFp- r2`2 2ti`�+i2/ 7`QK i?2 MQ`K�HBx2/ #�b2 +m``2Mi
p2`bmb i?2 #�b2@2KBii2` THQib- r?BH2 ISR �M/ ISRpsub r2`2 2ti`�+i2/ 7`QK i?2
MQ`K�HBx2/ +QHH2+iQ` +m``2Mi p2`bmb i?2 #�b2@+QHH2+iQ` pQHi�;2 THQibX

LQi2 i?�i ISR +�M #2 2ti`�+i2/ 7`QK #Qi? i?2 MTM �M/ i?2 TMT +?�`�+i2`Bx�iBQMbX
A7 i?2 p�Hm2b �`2 MQi B/2MiB+�H- �M �p2`�;2 +�M #2 +QMbB/2`2/X

:Bp2M i?2 r�v i?2 a*_ Bb mb2/ �b �M 1a. T`Qi2+iBQM /2pB+2- i?2 `2p2`b2 T�`�K2i2`b-
BM+Hm/BM; ISR- �`2 H2bb BKTQ`i�MiX

6B;X kXRR b?Qrb ?Qr i?2 ;�BM T�`�K2i2`b r2`2 2ti`�+i2/X h?2 MQ`K�HBx2/ +m``2Mib
mb2/ BM i?2b2 THQib Bb /2}M2/ #v UkX8dVX

IBnormalized =
IC

2tT VBE

VT

UkX8dV

LQi2 i?�i MQ 7Q`r�`/ +m``2Mi ;�BM T�`�K2i2` 7Q` i?2 bm#bi`�i2 i`�MbBbiQ` Bb 2ti`�+i2/X
h?2 T?2MQK2MQM Bb �H`2�/v i�F2M BMiQ �++QmMi #v i?2 Qi?2` T�`�K2i2`b- T`Qp2/ #v
6B;X kXRkX

e9



kX9 *?�`�+i2`Bx�iBQM �M/ T�`�K2i2` 2ti`�+iBQM

6Q`r�`/ +m``2Mi ;�BM T�`�K2i2`b 2ti`�+iBQM

h?2 HQr +m``2Mi `2+QK#BM�iBQM T�`�K2i2`b r2`2 2ti`�+i2/ �M/ QTiBKBx2/ mbBM; i?2
/�i� 7`QK i?2 b�K2 K2�bm`2K2Mib �b �#Qp2X ISEn- ISEp- NEn �M/ NEp �`2 Q#i�BM2/
#v THQiiBM;,

Ç i?2 `�iBQ #2ir22M i?2 +QHH2+iQ` �M/ i?2 #�b2 +m``2Mib p2`bmb i?2 #�b2@2KBii2`
pQHi�;2 @ ǳ#2i� THQiǴ

Ç i?2 #�b2 +m``2Mi p2`bmb i?2 #�b2@2KBii2` pQHi�;2 @ ǳ:mKK2H THQiǴ

ǳ"2i�Ǵ THQib

ISC �M/ NC r2`2 Q#i�BM2/ #v THQiiBM;,
Ç i?2 `�iBQ #2ir22M i?2 #�b2 �M/ i?2 +QHH2+iQ` +m``2Mib p2`bmb i?2 #�b2@2KBii2`

pQHi�;2 @ ǳ`2p2`b2 #2i� THQiǴ
Ç i?2 +QHH2+iQ` +m``2Mi p2`bmb i?2 #�b2@+QHH2+iQ` pQHi�;2 @ ǳ`2p2`b2 :mKK2H THQiǴ

h?2 HQr +m``2Mi `2+QK#BM�iBQM T�`�K2i2`b BM~m2M+2 i?2 +m``2Mi ;�BM �i HQr pQHi�;2bX
h?mb- i?2v +�M #2 Q#i�BM2/ #v }iiBM; i?2 #2i�@THQib #2ir22M i?2 pQHi�;2 �i r?B+?

e8



*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

i?2 +m``2Mib �`2 ?B;? 2MQm;? iQ #2 K2�bm`2/ U�`QmM/ yX9 oV �M/ i?2 pQHi�;2 �i
r?B+? i?2 +m``2Mi ;�BM #2+QK2b +QMbi�Mi U�`QmM/ yXe oV @ 6B;X kXRkX

h?2 1�`Hv 2z2+i T�`�K2i2`b r2`2 2ti`�+i2/ 7`QK i?2 7Q`r�`/ �M/ `2p2`b2 QmiTmi
THQibX h?2 K2�bm`2K2Mib K�/2 BM Q`/2` iQ Q#i�BM i?2 QmiTmi THQib r2`2 K�/2
#v p�`vBM; i?2 +QHH2+iQ`@2KBii2` pQHi�;2 r?BH2 F22TBM; i?2 #�b2 +m``2Mi +QMbi�Mi
U6B;X kXRjVX

ǳPmiTmiǴ +?�`�+i2`Bx�iBQM b2imTb 7Q` i?2 MTM �M/ TMT i`�MbBbiQ`b

h?2 K2�bm`2K2Mib r2`2 /QM2 7Q` KmHiBTH2 #�b2 +m``2Mi p�Hm2bX
VARn �M/ VARp �`2 Q#i�BM2/ 7`QK i?2 7Q`r�`/ QmiTmi THQi- r?BH2 VAFn �M/ VAFp �`2
Q#i�BM2/ 7`QK i?2 `2p2`b2 QmiTmi THQiX
6B;X kXR9 b?Qrb i?2 2ti`�+iBQM T`BM+BTH2 �M/ 6B;X kXR8 b?Qrb i?2 �+im�H 2ti`�+iBQM
`2bmHib 7Q` i?2 VAFn T�`�K2i2`X

1�`Hv TQi2MiB�H 2ti`�+iBQM T`BM+BTH2

h?2 FM22 +m``2Mib �`2 /2}M2/ �b i?2 +m``2Mi 7`QK r?B+? i?2 +m``2Mi ;�BM bi�`ib iQ
/2;`�/2 U6B;X kXRkVX h?mb- Bi b?QmH/ #2 M�im`�H i?�i i?2 2ti`�+iBQM #2 /QM2 QM i?2

ee



kX9 *?�`�+i2`Bx�iBQM �M/ T�`�K2i2` 2ti`�+iBQM

1�`Hv TQi2MiB�H 2ti`�+iBQM 7Q` i?2 MTM i`�MbBbiQ`

#2i� THQibX AM `2�HBiv- 7Q` i?2 ivT2 Q7 #BTQH�` bm#@bi`m+im`2b i?�i +QKTQb2 i?2 a*_-
i?2 ?B;? +m``2Mi `2;BQM Q7 i?2 THQi Bb �z2+i2/ #v #Qi? i?2 FM22 +m``2Mi p�Hm2 �M/ i?2
+QHH2+iQ` �M/ 2KBii2` `2bBbi�M+2b BM �M BM/Bb+2`MB#H2 r�vX AM +QMb2[m2M+2- �MQi?2`
+H�bbB+ K2i?Q/ Q7 2ti`�+iBM; i?2 FM22 +m``2Mi r�b 2KTHQv2/- mbBM; i?2 QmiTmi
+?�`�+i2`BbiB+ U6B;X kXReV- Q#i�BM2/ 7`QK i?2 K2�bm`2K2Mib b?QrM BM U6B;X kXRjVX h?Bb
�TT`Q�+? r�b mb2/ 7Q` i?2 7Q`r�`/ FM22 +m``2Mib- IKFn �M/ IKFpX

6Q`r�`/ FM22 +m``2Mi 2ti`�+iBQM 7Q` i?2 MTM i`�MbBbiQ`

h?2 `2p2`b2 FM22 +m``2Mi- IKRn �M/ IKRp- #2BM; H2bb BKTQ`i�Mi 7Q` i?2 7mM+iBQMBM;
Q7 �M a*_- +�M #2 �TT`QtBK�i2/ #v imMBM; i?2 `2p2`b2@#2i� THQibX
AM Q`/2` iQ Q#i�BM i?2 BM7Q`K�iBQM M2+2bb�`v iQ �TT`QtBK�i2 i?2 p�Hm2 Q7 i?2 a*_Ƕb
bT2+B}+ T�`�K2i2`b- IrTn- IrTp- IHCKFn �M/ IHCKFp- irQ Qi?2` K2�bm`2K2Mi
+QM};m`�iBQMb r2`2 mb2/ U6B;X kXRd �M/ 6B;X kXR3VX h?2 T`BM+BTH2 Bb iQ im`M QM QM2
i`�MbBbiQ`- bBKBH�` iQ r?�i r�b T`2b2Mi2/ BM U6B;X kXNVX h?Bb iBK2- ?Qr2p2`- i?2
+QKTH2K2Mi�`v i`�MbBbiQ` Ui?2 TMT r?2M im`MBM; QM i?2 MTM �M/ pB+2@p2`b�V Bb MQi
/2�+iBp�i2/- #mi bHB;?iHv im`M2/ QM mbBM; � yXe o #B�b QM i?2B` #�b2@2KBii2` DmM+iBQMX
6m`i?2` QTiBKBx�iBQM Q7 i?2b2 p�Hm2b r�b �+?B2p2/ mbBM; i?2 [m�bB@bi�iB+ im`M@QM AUoV
+?�`�+i2`BbiB+ Q7 i?2 a*_- T`2b2Mi2/ BM kX9Xk U6B;X kXkeVX

ed



*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

TMT +QMi`QHH2/ i`B;;2`BM; Q7 i?2 a*_

MTM +QMi`QHH2/ i`B;;2`BM; Q7 i?2 a*_

h?2 p�Hm2b Q7 i?2 `2bBbi�M+2b �`2 T�`iB+mH�`Hv ?�`/ iQ 2ti`�+i 7Q` #BTQH�` i`�MbBbiQ`b-
BM ;2M2`�HX 6`QK +H�bbB+�H K2�bm`2K2Mib- QMHv i?2 +QHH2+iQ` `2bBbi�M+2 RTCn �M/
RTCp �`2 2ti`�+i2/X h?Bb r�b �+?B2p2/ QM i?2 #2i�@THQib U6B;X kXRNV- �7i2` i?2 FM22
+m``2Mib ?�/ #22M 2ti`�+i2/X h?2 2KBii2` `2bBbi�M+2b �HbQ BM~m2M+2 i?Bb THQiX �b
i?2B` 2ti`�+iBQM +�M #2 �++m`�i2Hv K�/2 mbBM; o6@h*a K2�bm`2K2Mib Ub22 b2+X kX9XkV-
Bi Bb `2+QKK2M/2/ i?�i i?Bb bi2T #2 /QM2 #27Q`2 i?2 2ti`�+iBQM Q7 i?2 +QHH2+iQ`
`2bBbi�M+2bX

h?2 Qi?2` `2bBbi�M+2@`2H�i2/ T�`�K2i2`b �`2 Q#i�BM2/ 7`QK a*_ 1a.@bT2+B}+
K2�bm`2K2Mib T`2b2Mi2/ BM b2+X kX9XkX

e3



kX9 *?�`�+i2`Bx�iBQM �M/ T�`�K2i2` 2ti`�+iBQM

*QHH2+iQ` `2bBbi�M+2 2ti`�+iBQM 7Q` i?2 MTM i`�MbBbiQ`

VBCbk �M/ mc r2`2 2ti`�+i2/ #v }iiBM; i?2 #`2�F/QrM AUoV +?�`�+i2`BbiB+X h?Bb r�b
Q#i�BM2/ #v �TTHvBM; � pQHi�;2 #2ir22M y o �M/ ky o QM i?2 a*_ +QM};m`2/ �b �
/BTQH2 /2pB+2 Ui?2 Lq +QMM2+i2/ iQ i?2 � �M/ i?2 Sq �M/ Sal" +QMM2+i2/ iQ i?2
* @ 6B;X kXkyVX AM i?Bb +QM};m`�iBQM- i?2 a*_ im`Mb QM i?`Qm;? i?2 #`2�F/QrM Q7 Bib
+2Mi`�H ULq@SqV DmM+iBQMX PM KQ/2`M i2+?MQHQ;B2b- i?Bb ?�TT2Mb #2ir22M Ry o
�M/ R8 oX

"`2�F/QrM +?�`�+i2`Bx�iBQM b2imT

eN



*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

h?2 bvbi2K mb2/ iQ T2`7Q`K 1a. K2�bm`2K2Mib Bb � hGS Uh`�MbKBbbBQM GBM2 SmHb2V
#�b2/ o6@h*a Uo2`v 6�bi h`�MbB2Mi *?�`�+i2`Bx�iBQM avbi2K (J�MQǶy3#)VX Aib K�BM
+QKTQM2Mib �`2 � TmHb2 ;2M2`�iQ` �M/ �M Qb+BHHQb+QT2- H2�/BM; iQ � h.h UhBK2
.QK�BM h`�MbKBbbBQMV �TT`Q�+?- �b T`2b2Mi2/ BM 6B;X kXkRX

h.h +?�`�+i2`Bx�iBQM i2+?MB[m2

h?2 �M�Hvb2/ /2pB+2 `2+2Bp2b i?2 1a. TmHb2 7`QK i?2 ;2M2`�iQ` i?`Qm;? � 50Ω
i`�MbKBbbBQM HBM2X Aib iBK2 /QK�BM `2bTQMb2 Bb 7m`i?2` i`�MbKBii2/- �HbQ i?`Qm;? �
50Ω i`�MbKBbbBQM HBM2- iQ i?2 Qb+BHHQb+QT2X h?Bb Bb 2[mBp�H2Mi iQ � ;2M2`�iQ` rBi? �
/Qm#H2 �KTHBim/2 �M/ � 50Ω BMi2`M�H `2bBbi�M+2X h?2 i`�MbKBii2/ bB;M�H /Bb+?�`;2b
iQ i?2 ;`QmM/ i?`Qm;? i?2 50Ω BMTmi `2bBbi�M+2 Q7 i?2 Qb+BHHQb+QT2X h?2 h.h
K2i?Q/ mb2b i?2 BM+B/2Mi UViV �M/ i?2 i`�MbKBii2/ UVt) pQHi�;2b BM Q`/2` iQ /2i2`KBM2
i?2 +m``2Mi �M/ i?2 pQHi�;2 /`QT QM i?2 /2pB+2,

V = Vt UkX83V

I =
2 · Vi − Vt

Z0

UkX8NV

h?2 TmHb2b �`2 Q#i�BM2/ mbBM; � TB+Q@b2+QM/ ;2M2`�iQ`X h?2v �`2 `2[mB`2/ iQ ?�p2
� b?Q`i `Bb2@iBK2 BM Q`/2` iQ `2b2K#H2 i?2 `2�H 1a. bi`2bb- �++Q`/BM; iQ i?2 *.J
/Bb+?�`;2 bi�M/�`/X
� b2[m2MiB�H b�KTHBM; Qb+BHH�iQ` Bb mb2/X Ai Qz2`b �M BM+`2�b2/ #�M/rB/i? 7Q` �
`2T2iBiBp2 bB;M�HX h?Bb �HHQrb mb iQ Q#i�BM � #2ii2` iBK2 /QK�BM `2bQHmiBQM #v
+QMbi`m+iBM; i?2 /2pB+2Ƕb `2bTQMb2 TQBMi #v TQBMi- 7`QK � `2T2�i2/ b2i Q7 B/2MiB+�H
TmHb2b U6B;X kXkkVX
� i`B;;2`BM; bB;M�H Bb b2Mi #v i?2 Qb+BHHQb+QT2 iQ i?2 ;2M2`�iQ`- BM/B+�iBM; i?�i i?2
H�ii2` Bb `2�/v iQ K�F2 i?2 �+[mBbBiBQM �M/ bvM+?`QMBxBM; i?2 �+[mBbBiBQMX h?2 TmHb2b
b2Mi #v i?2 ;2M2`�iQ` �`2 /BpB/2/ #v � h@DmM+iBQM /2pB+2X PM2 T�`i Bb /`QTT2/ QM
i?2 �M�Hvb2/ /2pB+2c Vt Bb Q#i�BM2/ �i i?2 Qb+BHH�iQ` H2p2HX h?2 Qi?2` T�`i Bb b2Mi
/B`2+iHv iQ i?2 Qb+BHH�iQ`- �b ViX

dy



kX9 *?�`�+i2`Bx�iBQM �M/ T�`�K2i2` 2ti`�+iBQM

o6@h*a bvbi2K

*�T�+Bi�M+2b T�`�K2i2`b UCJ - VJ �M/ mj T�`�K2i2`bV r2`2 2ti`�+i2/ mbBM; +H�bbB+�H
*@o K2�bm`2K2MibX PM i?2 Qi?2` ?�M/- 7Q` i?2 i`�MbB2Mi iBK2 `2H�i2/ T�`�K2i2`b-
i?2 2ti`�+iBQM K2i?Q/b r2`2 �/�Ti2/ iQ 1a. bT2+B}+ i`�MbB2Mi K2�bm`2K2MibX
h?2 BM7Q`K�iBQM ;�i?2`2/ BM i?2 iBK2 /QK�BM +?�`�+i2`BbiB+b Q7 � o6@h*a TmHb2
K2�bm`2K2Mi r�b mb2/X 1p2M i?Qm;? i?2 T`Q+2/m`2 Bb MQi p2`v `B;Q`Qmb- Bi Qz2`b �
bm{+B2Mi H2p2H Q7 �++m`�+v- b�pBM; +?�`�+i2`Bx�iBQM �M/ 2ti`�+iBQM iBK2X

h?`22 K2�bm`2K2Mi +QM};m`�iBQMb r2`2 mb2/ U6B;X kXkjV,

Ç /BTQH2 +QM};m`�iBQM @ i?2 Lq Bb +QMM2+i2/ iQ i?2 � �M/ i?2 Sq �M/ Sal"
iQ i?2 *c i?2 /2pB+2 im`Mb QM i?`Qm;? i?2 #`2�F/QrM Q7 Bib +2Mi`�H Lq@Sq
DmM+iBQM

Ç 50Ω Lq @ i?2 Lq Bb +QMM2+i2/ iQ i?2 ;`QmM/ i?`Qm;? � 50Ω `2bBbi�M+2 �M/
i?2 Sq Bb +QMM2+i2/ iQ i?2 *c i?2 /2pB+2 im`Mb QM i?`Qm;? H�i+?@mT, i?2 TMT
i`�MbBbiQ` im`Mb QM }`bi- i`B;;2`BM; i?2 MTM �7i2` BiX

Ç 50Ω Sq @ i?2 Lq Bb +QMM2+i2/ iQ i?2 �- i?2 Sq Bb +QMM2+i2/ iQ i?2 ;`QmM/
i?`Qm;? � 50Ω `2bBbi�M+2c i?2 /2pB+2 im`Mb QM i?`Qm;? H�i+?@mT, i?2 MTM
i`�MbBbiQ` im`Mb QM }`bi- i`B;;2`BM; i?2 TMT �7i2` BiX

JmHiBTH2 i`�MbB2Mi K2�bm`2K2Mib- i�F2M �i /Bz2`2Mi pQHi�;2 �KTHBim/2b- �`2 `2[mB`2/X
�HH i?2 o6@h*a TmHb2b mb2/ ?�p2 � H2M;i? Q7 N MbX 6Q` i?2 i`�MbBi iBK2 2ti`�+iBQM-
� THQi i�F2M Dmbi �7i2` i?2 i`B;;2` Bb mb2/X 6Q`r�`/ i`�MbBi iBK2 T�`�K2i2`b- TFFn

�M/ TFFp �`2 ;Bp2M #v i?2 rB/i? Q7 i?2 Qp2`b?QQiX h?2 `2p2`b2 i`�MbBi iBK2- TR Bb
;Bp2M #v i?2 TQbi@TmHb2 /2+�v U6B;X kXk9VX

6Q` i?2 ?B;?@+m``2Mi #2?�pBQm`- ITFn- ITFp- VTFn �M/ VTFp �`2 imM2/X XTF +�M #2
+QMbB/2`2/ 2[m�H iQ RyX h?Bb Bb i?2 /27�mHi p�Hm2 BM +H�bbB+ "Ch KQ/2HbX �HbQ- �b
#Qi? i`�MbBbiQ`b �`2 im`M2/ QM- Bi Bb BKTQbbB#H2 iQ /Bz2`2MiB�i2 #2ir22M i?2 MTM �M/
TMT 2z2+ibc � 7�+iQ` Q7 k #2ir22M i?2K r�b Q#b2`p2/ i?�i +�M #2 mb2/ rBi? ;QQ/
`2bmHibX 6Q` BMbi�M+2- TFFp +�M #2 +QMbB/2`2/ �b /Qm#H2 i?�M TFFnX

dR



*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

50Ω 50Ω

*?�`�+i2`Bx�iBQM b2imTb mb2/ iQ �M�Hvb2 i?2 a*_

.BTQH2 o6@h*a +?�`�+i2`Bx�iBQM @ i2KTQ`�H THQi

Zm�bB@bi�iB+ A@o +?�`�+i2`BbiB+b �`2 �M 2t+2HH2Mi r�v Q7 �M�HvbBM; i?2 Qp2`�HH a*_
#2?�pBQm` mM/2` +HQb2@iQ@`2�HBiv 1a. 2p2MibX 1�+? TQBMi Q7 i?2 +?�`�+i2`BbiB+ Bb
Q#i�BM2/ #v �p2`�;BM; � o6@h*a TmHb2 i`�MbB2Mi K2�bm`2K2Mi U�M/ bBKmH�iBQMV
/m`BM; Bib bi�#H2 T2`BQ/ U6B;X kXk8VX
hrQ r�vb r2`2 mb2/ 7Q` im`MBM; i?2 /2pB+2 QM, #v im`MBM; QM i?2 TMT #BTQH�` mbBM;
� 8y Ǖ `2bBbi�M+2 +QMM2+i2/ iQ i?2 Lq �M/ #v im`MBM; QM i?2 MTM #BTQH�` #v mbBM;
� 8y Ǖ `2bBbi�M+2 +QMM2+i2/ iQ i?2 Sq U6B;X kXkjVX h?2 `QH2 Q7 i?2 8y Ǖ `2bBbi�M+2b
Bb iQ bBKmH�i2 i?2 mbm�H i`B;;2` 2MpB`QMK2Mi 7Q` �M a*_X
h?2 2KBii2` `2bBbi�M+2 �`2 ;Bp2M #v i?2 ?B;?@+m``2Mi- TQbi@i`B;;2`BM; bHQT2X �

dk



kX9 *?�`�+i2`Bx�iBQM �M/ T�`�K2i2` 2ti`�+iBQM

Zm�bB@bi�iB+ THQi +QMbi`m+iBQM T`BM+BTH2

Zm�bB@bi�iB+ THQib 7Q` �M a*_

/Bz2`2MiB�iBQM #2ir22M REn �M/ REp +�MMQi #2 /QM2 ?2`2- MQ` Bb Bi M2+2bb�`vX
RBn BM~m2M+2b i?2 i`B;;2`BM; TQBMi Q7 i?2 a*_ im`M2/ QM rBi? � 50Ω QM i?2 Lq
�M/ i?2 T`2@i`B;;2`BM; bHQT2 Q7 i?2 a*_ im`M2/ QM rBi? � 50Ω QM i?2 SqX RBp

#2?�p2b BM i?2 QTTQbBi2 r�vX
� }M2 imMBM; Q7 i?2 i`B;;2`BM; TQBMi +�M #2 /QM2 #v QTiBKBxBM; i?2 IrTn �M/ IrTp

T�`�K2i2`bX
h?2 [m�bB@bi�iB+ K2�bm`2K2Mib b?Qr i?2 `2�H #2?�pBQm` Q7 i?2 r?QH2 a*_X h?mb-
i?2v �`2 mb2/ 7Q` #Qi? T�`�K2i2` 2ti`�+iBQM �M/ }M2 imMBM; Q7 i?2 .* �M/ i`�MbB2Mi
T�`�K2i2`b- �b r2HH �b 7Q` i?2 Qp2`�HH p�HB/�iBQM Q7 i?2 KQ/2HX

h?2 Qp2`@b?QQi Bb �M 2z2+i Q7 2ti`2K2 BKTQ`i�M+2- HBKBiBM; i?2 2{+B2M+v �M/ mb2 Q7
i?2 a*_X h?mb- i?2 +�T�#BHBiv Q7 i?2 KQ/2H iQ T`2/B+i Bi- Bb +�TBi�HX
h?2 Qp2`@b?QQi THQi Bb Q#i�BM2/ 7`QK KmHiBTH2 o6@h*a i`�MbB2Mi K2�bm`2K2Mib-

dj



*?�Ti2` k h?2 a*_ *QKT�+i JQ/2H

bBKBH�` iQ 6B;X kXk8X AMbi2�/ Q7 i�FBM; �M �p2`�;2 p�Hm2 Q7 i?2 pQHi�;2 BM Bib bi�#H2
T�`i- r2 THQi Bib T2�F p�Hm2 6B;X kXkdX

Pp2`@b?QQi THQi +QMbi`m+iBQM 7Q` �M a*_

h?2 QTiBKBx2/ T�`�K2i2`b �`2 CJC - VJC �M/ ITF X
6B;X kXkd b?Qrb i?�i i?2 KQ/2H +�M T`2/B+i rBi? 2MQm;? �++m`�+v i?2 T2�F pQHi�;2
Q7 2p2`v TmHb2 `2bTQMb2X

� MQp2H +QKT�+i KQ/2H 7Q` i?2 1a. T`Qi2+iBQM a*_ /2pB+2 ?�b #22M /2p2HQT2/X Ai
Bb #�b2/ QM i?2 :mKK2H@SQQM 2[m�iBQMb rBi? 2KT?�bBb QM i?2 T?vbB+b Q7 i?2 /2pB+2X
Ai ?�b #22M p�HB/�i2/ QM ah *JPa 9y MK �M/ *JPa Rjy MK i2+?MQHQ;B2bX h?2
T�`�K2i2` 2ti`�+iBQM bi`�i2;v Bb bBKTH2- ?B;?Hv #�b2/ QM "Ch 2ti`�+iBQM i2+?MB[m2b
+QK#BM2/ rBi? 1a.@bT2+B}+ +?�`�+i2`Bx�iBQM K2i?Q/bX Ai BKT`Qp2b Qp2` i?2 2tBbi2Mi
rQ`F #v �/�TiBM; Bib 2[m�iBQMb iQ i?2 a*_ T�`iB+mH�`BiB2b- KQbi MQi�#Hv BM i?2 +�b2
Q7 i?2 #�b2 +?�`;2X h?2 H�ii2`Ƕb 7m`i?2` BM~m2M+2 Qp2` i?2 i`�MbBi iBK2 H2�/b iQ �
;QQ/ Qp2`�HH T`2/B+iBQM Q7 i?2 a*_Ƕb i2KTQ`�H- Qp2`b?QQi �M/ [m�bB@bi�iB+ #2?�pBQm`X
�HbQ- #2BM; +HQb2` iQ i?2 T?vbB+�H T?2MQK2M�- i?2 KQ/2H #2+QK2b p2`v T`QKBbBM;
7Q` b+�H�#BHBiv- i?Bb #2BM; i?2 M2ti 7Q+mb Q7 Qm` `2b2�`+?X
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"B#HBQ;`�T?v

(*�BHǶyj) "X *�BHH�`/- 6X �x�Bb- aX .Qm`M2HH2- SX a�HQK2- �M/ SX LQm2i-
ǳahJa*_, � M2r KmHiB@}M;2` a*_@#�b2/ T`Qi2+iBQM bi`m+im`2
�;�BMbi 1a.-Ǵ T`2b2Mi2/ �i i?2 1H2+i`B+�H Pp2`bi`2bbf1H2+i`Qbi�iB+
.Bb+?�`;2 avKTQbBmK- kyyjX 1Paf1a. ǶyjX- kyyj- TTX R@NX

(1#2`Ƕ89) CX CX 1#2`b �M/ CX GX JQHH- ǳG�`;2@aB;M�H "2?�pBQ` Q7 CmM+iBQM
h`�MbBbiQ`b-Ǵ S`Q+22/BM;b Q7 i?2 A_1- pQHX 9k- MQX Rk- TTX RdeR@Rddk-
.2+X RN89X

(:2i`ǶdN) AX :2i`2m- JQ/2HBM; i?2 "BTQH�` h`�MbBbiQ`X h2Fi`QMBt- RNdNX
(:mKKǶdy) >X :mKK2H �M/ >X SQQM- ǳ� +QKT�+i #BTQH�` i`�MbBbiQ` KQ/2H-Ǵ

T`2b2Mi2/ �i i?2 aQHB/@ai�i2 *B`+mBib *QM72`2M+2X .B;2bi Q7 h2+?MB+�H
S�T2`bX RNdy A111 AMi2`M�iBQM�H- RNdy- pQHX sAAA- TTX d3@ dNX

(EB`FǶek) *X hX EB`F- ǳ� i?2Q`v Q7 i`�MbBbiQ` +miQz 7`2[m2M+v U7hV 7�HHQz �i
?B;? +m``2Mi /2MbBiB2b-Ǵ A_1 h`�Mb�+iBQMb QM 1H2+i`QM .2pB+2b- pQHX
N- MQX k- TTX Re9@Rd9- J�`X RNekX

(J�MQǶyd) CX@_X J�MQmp`B2`- SX 6QMi2M2�m- *X@�X G2;`�M/- SX LQm2i- �M/ 6X
�x�Bb- ǳ*?�`�+i2`Bx�iBQM Q7 i?2 i`�MbB2Mi #2?�pBQ` Q7 ;�i2/fahA
/BQ/2b �M/ i?2B` �bbQ+B�i2/ "Ch BM i?2 *.J iBK2 /QK�BM-Ǵ
T`2b2Mi2/ �i i?2 kNi? 1H2+i`B+�H Pp2`bi`2bbf1H2+i`Qbi�iB+ .Bb+?�`;2
avKTQbBmK- kyydX 1Paf1a.- kyyd- TTX j�Xk@R@j�Xk@RyX

(J�MQǶy3�) CX@_X J�MQmp`B2`- SX 6QMi2M2�m- *X@�X G2;`�M/- *X _B+?B2`-
�M/ >X "2+F`B+?@_Qb- ǳ� b+�H�#H2 +QKT�+i KQ/2H Q7
BMi2`+QMM2+ib b2H7@?2�iBM; BM *JPa i2+?MQHQ;v-Ǵ BM 1H2+i`B+�H
Pp2`bi`2bbf1H2+i`Qbi�iB+ .Bb+?�`;2 avKTQbBmK- kyy3X 1Paf1a.
kyy3X jyi?- kyy3- TTX 33@NjX

(J�MQǶy3#) C2�M@_Q#2`i J�MQmp`B2`- ǳ*QKTQ`i2K2Mi /2b /BQ/2b /2 T`Qi2+iBQM
HQ`b /Ƕ2p2M2K2Mib i`�MbBiQB`2b `�TB/2b /mb �mt 1a., QmiBHb /2
+�`�+iû`Bb�iBQM- T?vbB[m2 /m b2KB@+QM/m+i2m` 2i KQ/2HBb�iBQM-Ǵ i?2b2
/2 /Q+iQ`�i- lLAo1_aAh1 JPLhS1GGA1_ AA- kyy3X

(SQm`Ƕyd) 6X SQm`+?QM 2i �HX- ǳ>B;? �++m`�+v i2KT2`�im`2 #BTQH�` KQ/2HBM;
7Q` /2K�M/BM; "�M/;�T �TTHB+�iBQM-Ǵ T`2b2Mi2/ �i i?2 A111
"BTQH�`f"B*JPa *B`+mBib �M/ h2+?MQHQ;v J22iBM;- kyydX "*hJ
Ƕyd- kyyd- TTX R3y@R3jX

(a�``ǶRy) CX SX .B a�``Q �M/ 1X _Qb2M#�mK- ǳ� a+�H�#H2 a*_ *QKT�+i
JQ/2H 7Q` 1a. *B`+mBi aBKmH�iBQM-Ǵ A111 h`�Mb�+iBQMb QM 1H2+i`QM
.2pB+2b- pQHX 8d- MQX Rk- TTX jkd8@jk3e- .2+X kyRyX

(aBb+ǶyR) aBb+?F�- 6X- ǳ:mKK2H@SQQM "BTQH�` JQ/2H- JQ/2H .2b+`BTiBQM-
S�`�K2i2` 1ti`�+iBQMXǴ �;BH2Mi h2+?MQHQ;B2b :K#>- JmMB+?-
ye@CmH@kyyRX
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*?�Ti2` k "B#HBQ;`�T?v

(sB�QǶyy) sB�Q+?QM; *�Q 2i �HX- ǳ*QKT�`BbQM Q7 i?2 M2r o"A* �M/
+QMp2MiBQM�H :mKK2H@SQQM #BTQH�` i`�MbBbiQ` KQ/2Hb-Ǵ A111
h`�Mb�+iBQMb QM 1H2+i`QM .2pB+2b- pQHX 9d- MQX k- TTX 9kd@9jj- 62#X
kyyyX

de



PM2 Q7 i?2 `2�bQMb i?�i H2�/ iQ i?2 /2p2HQTK2Mi Q7 � KQ`2 +QKTH2t �M/ T?vbB+�H
KQ/2H i?�M i?2 bi�i2 Q7 i?2 �`i (*�BHǶy8- 6QMiǶy3- GQmǶy3) r�b Bib �#BHBiv iQ #2+QK2
b+�H�#H2X >�/ � bBKTH2` KQ/2H #22M +QMbB/2`2/ (a�``ǶRy)- i?2 b+�HBM; H�rb rQmH/
?�p2 #2+QK2 bi`QM;Hv 2KTB`B+�H- i?2 T�`�K2i2`b ;2iiBM; 7�`i?2` �r�v 7`QK i?2B`
T?vbB+�H K2�MBM;X h?2 a*_ Bb � +QKTH2t bi`m+im`2- rBi? K�Mv 2z2+ib KQ/2HHBM;
Bib +m``2Mi ~QrX h?mb- � +QMi`QHH2/ �++m`�+v Q7 Bib #2?�pBQm` rQmH/ ?�p2 #22M
�HKQbi BKTQbbB#H2 iQ Q#i�BM B7 M�im`�H ;2QK2i`B+�H p�`B�iBQM Q7 i?2 #�bB+ 2z2+ib BM
b2KB+QM/m+iQ`b rQmH/MǶi ?�p2 #22M T`2b2`p2/X
6`QK � ;2QK2i`B+�H TQBMi Q7 pB2r- i?2 #BTQH�` T�`ib Q7 i?2 1a. T`Qi2+iBQM a*_ �`2
`�/B+�HHv /Bz2`2Mi i?�M BM mbm�H #BTQH�` DmM+iBQM i`�MbBbiQ`bX h?2b2 T�`iB+mH�`BiB2b-
KQbiHv ;Bp2M #v i?2 /B`2+iBQM �M/ ?QKQ;2M2Biv Q7 i?2 +m``2Mi ~Qr i?`Qm;? i?2 #�b2-
�`2 #2BM; �M�Hvb2/ BM i?Bb +?�Ti2`X h?2 M2rHv T`QTQb2/ b+�HBM; 2[m�iBQMb- �Hi?Qm;?
+QM+2Tim�HHv #�b2/ QM FMQrM 2H2+i`B+�Hfb2KB+QM/m+iQ`f#BTQH�` H�rb- �`2 i�BHQ`2/ QM
i?2 `2�HBiv Q7 �M a*_X

h?2 bBx2 Q7 �M a*_ Bb BKTQ`i�Mi- �b Bi /2}M2b- BM i?2 }`bi TH�+2- i?2 �KQmMi Q7
+m``2Mi i?�i +�M ~Qr i?`Qm;? BiX h?Bb T`QpB/2b i?2 1a. H2p2H i?�i ?�b iQ #2 �bbm`2/
BM Q`/2` iQ T`Qi2+i � +2`i�BM +B`+mBiX h?2 /BK2MbBQM i?�i +Qp2`b i?Bb �bT2+i Bb i?2
�`2� Q7 i?2 2H2+i`Q/2b Ui?2 �MQ/2 @ � �M/ i?2 +�i?Q/2 @ *VX h?2 �`2� Q7 i?2 2H2+i`Q/2b
Bb ;Bp2M #v i?2B` rB/i? UwV �M/ H2M;i? UlVX AM `2�HBiv- �b i?2 rB/i? rQmH/ #2 iQQ
#B; 7Q` i?2 mbm�H a*_b BM *JPa i2+?MQHQ;B2b- i?2 /2pB+2b �`2 /BpB/2/ BMiQ KmHiBTH2
ǳ}M;2`bǴ +QMM2+i2/ BM T�`�HH2HX h?2 iQi�H 2[mBp�H2Mi rB/i? Bb,

w = wfinger ·Nfingers UjXRV

r?2`2 Nfingers Bb i?2 MmK#2` Q7 }M;2`bX
h?2 �KQmMi Q7 +m``2Mi #2BM; �#H2 iQ ~Qr i?`Qm;? i?2 a*_ p�`B2b HBM2�`Hv rBi? w-
#mi MQM@HBM2�`Hv rBi? l- �b Bi rBHH #2 b?QrM BM b2+X jXkXkX
h?mb- i�FBM; BMiQ �++QmMi i?2 irQ ivT2b Q7 p�`B�iBQMb- Qm` KQ/2H +�M #2 mb2/ 7Q`,
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*?�Ti2` j a+�H�#H2 KQ/2H

Ç bBKmH�iBM; bi`m+im`2b 7Q` /Bz2`2Mi T`Qi2+iBQM H2p2Hbc
Ç QTiBKBxBM; i?2 bi`m+im`2 �i � +2`i�BM T`Qi2+iBQM H2p2HX

Pi?2` irQ `2[mB`2K2Mib Q7 � /2pB+2 �`2 Bib i`B;;2`BM; �M/ ?QH/BM; H2p2HbX h?2 a*_
+�M #2 �/Dmbi2/ 7`QK i?Bb TQBMi Q7 pB2r #v KQ/B7vBM; i?2 /Bbi�M+2 #2ir22M Bib
2H2+i`Q/2b- d2nwX
h?mb- i?2 BKTQ`i�Mi ;2QK2i`B+�H /BK2MbBQMb i�F2M BMiQ �++QmMi 7Q` #mBH/BM; �
b+�H�#H2 KQ/2H �`2,

Ç 2H2+i`Q/2 rB/i?- w;
Ç 2H2+i`Q/2 H2M;i?- lc
Ç /Bbi�M+2 #2ir22M i?2 2H2+i`Q/2b- d2nwc

6B;X jXR b?Qrb i?2 H�vQmi Q7 QM2 }M;2`- rBi? Bib K�BM /BK2MbBQMbX

hQT pB2r Q7 QM2 a*_ }M;2`

h?2 b+�HBM; H�rb �`2 �TTHB2/ iQ i?2 BMTmi T�`�K2i2`b Q7 i?2 KQ/2H T`2b2Mi2/ BM
*?�Ti2` kX "mBH/BM; � b+�H�#H2 KQ/2H K2�Mb /2}MBM; i?2B` ;2QK2i`B+�H p�`B�iBQMX
6`QK � b+�HBM; TQBMi Q7 pB2r- i?2 KQ/2HǶb T�`�K2i2`b +�M #2 /BpB/2/ BMiQ }p2
+�i2;Q`B2b,

Ç +m``2Mibc
Ç `2bBbi�M+2bc
Ç +�T�+Bi�M+2bc
Ç i`�MbBi iBK2bc
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jXR :2QK2i`v �M/ T�`�K2i2`b

Ç Qi?2` UpQHi�;2b- +Q2{+B2Mib 2i+XXXVX
1�+? +�i2;Q`v b?�`2b b+�HBM; bBKBH�`BiB2b #2ir22M Bib K2K#2`bX h?2 T�`�K2i2`b �`2
;`QmT2/ �b 7QHHQrBM;,

Ç *m``2Mi ~Qr +QMi`QH, ISn- ISRn- ISp- ISRp- ISpsub- ISRpsub

Ç :�BM +QMi`QH, ISFn- ISFp- ISR
Ç GQr +m``2Mi `2+QK#BM�iBQM, ISEn- ISEp- ISC
Ç EM22 +m``2Mib, IKFn- IKRn- IKFp- IKRp- IHCKFn- IHCKFp

Ç >B;? BMD2+iBQM `2+QK#BM�iBQM, IrTn- IrTp

Ç 1KBii2` `2bBbi�M+2b, RA- RC

Ç "�b2f+QHH2+iQ` `2bBbi�M+2b, RBn- RCMn- RCTn- RBp- RCMp- RCTp- RCpsub

Ç DmM+iBQM Ui`�MbBiBQMV +�T�+Bi�M+2b, CJEn- CJEp- CJC - CJS

Ç /BzmbBQM 2z2+i, TFFn- TFFp- TR

aQK2 Q7 i?2 KQ/2HǶb T�`�K2i2`b +�M #2 +QMbB/2`2/ +QMbi�Mi,
Ç HQr +m``2Mi `2+QK#BM�iBQM MQM@HBM2�`Biv 7�+iQ`b, NEn- NEp- NC

Ç 2�`Hv pQHi�;2b, VAFn- VARn- VAFp- VARp

Ç #`2�F/QrM 2z2+i, VBCbk- mc

Ç DmM+iBQMb #mBHi@BM TQi2MiB�Hb, VJEn- VJEp- VJC - VJCsub

Ç DmM+iBQMb 2tTQM2MiB�H 7�+iQ`b, mjen- mjep- mjc- mjcsub

h?2B` p�`B�iBQM r�b mMQ#b2`p�#H2 Q` bK�HH 2MQm;? iQ ?�p2 HBiiH2 iQ MQ BKT�+i QM i?2
#2?�pBQm` Q7 i?2 a*_X
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*?�Ti2` j a+�H�#H2 KQ/2H

AM Q`/2` iQ +QM+2Bp2- i2bi �M/ 2ti`�+i i?2 T�`�K2i2`b 7Q` i?2 b+�HBM; H�rb- � MmK#2`
Q7 /2pB+2b r2`2 K�Mm7�+im`2/X
PM2 /2pB+2 r�b +QMbB/2`2/ �b `272`2M+2X �i H2�bi irQ Qi?2` /2pB+2b r2`2 `2�HBx2/ 7Q`
2�+? ;2QK2i`B+�H p�`B�iBQM i�F2M BMiQ �++QmMiX h?2 bBx2 Q7 i?2 `272`2M+2 /2pB+2 r�b
+?Qb2M iQ #2 �#H2 iQ T`Qi2+i �i �M mbm�H H2p2H @ b22 h�#X jXRX

/2pB+2 w (µm) l (µm) d2nw (µm)

a*_R 3y RXj3 yXjR
a*_k Rky RXj3 yXjR
a*_j Rey RXj3 yXjR
a*_9 3y yXee yXjR
a*_8 3y kXR yXjR
a*_e 3y RXj3 yXek
a*_d 3y RXj3 yXNj
.P1 @ .2bB;M Q7 1tT2`BK2Mi 7Q` a*_ b+�H�#BHBiv

6Q` i?2 p�`B�iBQM Q7 i?2 H2M;i? l- irQ bBx2b- QM2 bK�HH2` �M/ QM2 #B;;2`- r2`2 +?Qb2MX
h?2 bK�HH2` Bb b2i �i ?�H7 Q7 i?2 H2M;i? Q7 i?2 `272`2M+2- i?2 #B;;2` �i irB+2X o2`v
bK�HH bBx2b Q7 l �`2 MQi 2{+B2Mi- �b i?2 ǳ�mtBHB�`vǴ T�`ib Q7 QM2 }M;2` Ui?2 Lq �M/
SqV rQmH/ #2+QK2 +QKT�`�#H2 iQ i?2 �+im�H mb27mH bm`7�+2 Ui?2 2H2+i`Q/2bVX "B;
H2M;i?b �`2 �HbQ MQi 2{+B2Mi- �b i?2 +m``2Mi ~Qr /Q2b MQi BM+`2�b2 HBM2�`Hv rBi? l

U�b Bi rBHH #2 b?QrM #2HQrVX
d2nw r�b BM+`2�b2/- 7`QK Bib KBMBKmK bBx2 @ i?2 mbm�H 7Q` �M a*_- mT iQ Bib i`BTTH2-
BM Q`/2` iQ i2bi i?2 �#BHBiv iQ imM2 i?2 i`B;;2`BM; �M/ ?QH/BM; TQBMib- �b r2HH �b Bib
/`�r#�+F QM i?2 im`M@QM iBK2X
a*_R Bb i?2 `272`2M+2 /2pB+2X 6Q` i?2 Qi?2` /2pB+2b- 2t+2Ti 7Q` i?2 /BK2MbBQMb r?QK
p�`B�iBQM Bb bim/B2/- �HH i?2 Qi?2`b �`2 BM?2`Bi2/ 7`QK a*_R,

Ç a*_k �M/ a*_j `2T`2b2Mi w p�`B�iBQMb
Ç a*_9 �M/ a*_8 `2T`2b2Mi l p�`B�iBQMb
Ç a*_e �M/ a*_d `2T`2b2Mi d2nw p�`B�iBQMb

h?2 #�b2 rB/i? Bb �M BKTQ`i�Mi 2H2K2Mi Q7 K�Mv #BTQH�` i`�MbBbiQ`Ƕb T�`�K2i2`bX �b
Bi rBHH #2 b?QrM #2HQr- 7Q` �M 1a. T`Qi2+iBQM a*_- i?Bb 2H2K2Mi TH�vb �M BKTQ`i�Mi
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jXk a+�HBM; H�rb

`QH2 BM i?2 T�`�K2i2`Ƕb p�`B�iBQM rBi? i?2 H2M;i? Q7 i?2 2H2+i`Q/2b UlV �M/ i?2 /Bbi�M+2
#2ir22M i?2K Ud2nwVX
AM #BTQH�` i`�MbBbiQ`b- i?2 #�b2 Bb +QMbB/2`2/ i?BM- ?�pBM; Bib rB/i? +QMbi�Mi- QMHv
/2T2M/�Mi QM i?2 i2+?MQHQ;B+�H T`Q+2bbX AM i?2 +�b2 Q7 �M a*_- i?2 #�b2 `2;BQM Bb
i?2 2MiB`2 Sq- 7Q` i?2 MTM T�`i- Q` Lq- 7Q` i?2 TMT T�`iX h?2 +m``2Mi /Bbi`B#miBQM
Bb KQ`2 +QKTH2t BM bm+? � bi`m+im`2- #2BM; � KBtim`2 #2ir22M � H�i2`�H �M/ � p2`iB+�H
~QrX h*�. bim/B2b ("Qm`ǶRy) b?Qr2/ i?�i i?2 +m``2Mi /2MbBiv `2b2K#H2b i?2 QM2 BM
6B;X jXkX h?Bb Bb 2�bBHv 2tTH�BM�#H2 #v +QMbB/2`BM; � /Bbi`B#mi2/ KQ/2H 7Q` i?2 #�b2X
"2+�mb2 Q7 Bib `2bBbi�M+2- i?2 pQHi�;2 /`QT rBHH #2 ?B;?2` M2�` i?2 +2Mi`2 Q7 i?2 a*_
�M/ HQr2` M2�` Bib 2ti`2KBiB2bX

*m``2Mi /2MbBiv /Bbi`B#miBQM BM � im`M2/@QM 1a. T`Qi2+iBQM a*_

h?mb- i?2 +m``2Mi /2MbBiv rBHH #2 ?B;?2` M2�` i?2 +2Mi`2X h?Bb +m``2Mi +`Qr/BM; H2�/b
iQ � /B�;QM�H 2[mBp�H2Mi ~Qr Q7 i?2 +m``2MiX q2 b?�HH ;2M2`�HBx2 i?2 +QM+2Ti Q7 #�b2
rB/i?- /2}MBM; Bi �b i?2 �p2`�;2 /Bbi�M+2 +Qp2`2/ #v i?2 +�``B2`b i?`Qm;? i?2 #�b2X
h?Bb /Bbi�M+2- #2BM; i?2 K2�bm`2 Q7 � /B�;QM�H- rBHH �HbQ /2T2M/ QM i?2 ?Q`BxQMi�H
/BK2MbBQMb Q7 i?2 a*_- �b lX
h?2 /BK2MbBQMb BMpQHp2/ BM +QKTmiBM; i?2 2z2+iBp2 #�b2 rB/i? �`2 b?QrM BM 6B;X jXjX
r?2`2,

Ç dnp Bb i?2 /2Ti? Q7 i?2 2KBii2` /BzmbBQM
Ç dSTI Bb /2Ti? Q7 i?2 ahA UaBHB+QM h`2M+? AbQH�iBQMV r�HH
Ç dpw Bb i?2 /2Ti? Q7 i?2 Sq /BzmbBQM
Ç γ Bb i?2 p2`iB+�HBiv 7�+iQ` Q7 i?2 +m``2Mi ~QrX

γ BM/B+�i2b ?Qr Km+? i?2 H2M;i? Q7 i?2 2H2+i`Q/2b UlV BM~m2M+2b i?2 p2`iB+�HBiv Q7
i?2 +m``2Mi ~Qr �M/- i?mb- i?2 2z2+iBp2 #�b2 rB/i?X Ai Bb � K2�bm`2 Q7 i?2 +m``2Mi
+`Qr/BM; 2z2+iX
h?2`2 �`2 i?`22 #B; /Bz2`2M+2b #2ir22M i?2 MTM �M/ i?2 TMT 7`QK i?2 2z2+iBp2 #�b2
rB/i? +QKTmi�iBQM TQBMi Q7 pB2r,

3R



*?�Ti2` j a+�H�#H2 KQ/2H

a*_Ƕb i`�Mbp2`b�H pB2r, /2i�BHb Q7 i?2 i2+?MQHQ;B+�H ;2QK2i`B+
/BK2MbBQMb

Ç i?2 p2`iB+�HBiv 7�+iQ`- γ- Bb /Bz2`2Mi- i?2 TMT #2BM; KQ`2 ?Q`BxQMi�Hc
Ç i?2 TMT T�`i ?�b � KQ`2 +QKTH2t +m``2Mi ~Qrc � bmTTH2K2Mi�`v T�`�K2i2`-

Nγp Bb K2�Mi iQ +Qp2` i?Bb �bT2+ic Bi `2T`2b2Mib i?2 7Q`K 7�+iQ` Q7 i?2 TMTǶb
+m``2Mi ~Qr �M/ r�b 7QmM/ iQ ivTB+�HHv #2 #2ir22M k �M/ jc Bi Bb � b+�HBM;
}iiBM; T�`�K2i2`X

Ç d2nw QMHv BM~m2M+2b i?2 #2?�pBQm` Q7 i?2 TMT #�b2 rB/i?c
h?2 H�ii2` r�b Q#b2`p2/ #v 2ti`�+iBM; T�`�K2i2`b Q7 bi`m+im`2b ?�pBM; /Bz2`2Mi
d2nw p�Hm2bX h?2 2z2+iBp2 #�b2 rB/i? Q7 i?2 TMT T�`i- WBp- r�b 7QmM/ iQ p�`v rBi?
i?2 /Qm#H2 Q7 d2nwX h?Bb Bb b+?2K�iB+�HHv `2T`2b2Mi2/ BM 6B;X jXkX
h?mb- i?2 2z2+iBp2 #�b2 rB/i?b +�M #2 r`Bii?2M �b,

WBn =
√

(γn · l)2 +∆d2w +∆dd UjXkV

WBp =
√

(γp · l + 2 · d2nw)Nγp +∆d2w +∆dd UjXjV

r?2`2

∆dw = dpw − dSTI UjX9V

∆dd = dSTI − dnp UjX8V
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*QMbB/2`BM; � bBKTHB}2/ �TT`Q�+?- rBi? MQ `2+QK#BM�iBQM- i?2 b�im`�iBQM +m``2Mi Q7
� #BTQH�` i`�MbBbiQ` (:2i`ǶdN) Bb ,

IS =
q · AE ·DnB · n2

iB

NAB ·WB

UjXeV

r?2`2,

Ç q Bb i?2 2H2+i`QM +?�`;2-

Ç NAB Bb i?2 MmK#2` Q7 �++2TiQ`b BM i?2 #�b2-

Ç DnB Bb i?2 2H2+i`QMb /BzmbBQM +Q2{+B2Mi BM i?2 #�b2-

Ç niB Bb i?2 BMi`BMbB+ +QM+2Mi`�iBQM BM i?2 #�b2-

Ç AE i?2 2KBii2` �`2�-

Ç WB i?2 #�b2 rB/i?c

h?2 T�`�K2i2` Bb- i?mb- T`QTQ`iBQM�H iQ i?2 2KBii2` �`2� �M/ iQ i?2 `2p2`b2 Q7 i?2
#�b2 rB/i?X A7 r2 MQi2 Jw

S =
q·DnB ·n2

iB

NAB
- i?2M,

IS =
Jw
S · AE

WB

UjXdV

h?2 b+�HBM; 2[m�iBQMb 7Q` i?2 i`�MbBbiQ` 2z2+i b�im`�iBQM +m``2Mib +�M- i?mb- #2
r`Bii2M �b,

ISn =
Jw
Sn · l · w

√

(γn · l)2 +∆d2w +∆dd
UjX3V

ISp =
Jw
Sp · l · w

√

(γp · l + 2 · d2nw)Nγp +∆d2w +∆dd
UjXNV

ISpsub =
Jw
Spsub · (l + γsnw · d2nw) · w

WBpsub

UjXRyV
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WBpsub Bb i?2 /Bbi�M+2 #2ir22M i?2 TY /BzmbBQM i?�i K�F2b i?2 �MQ/2 �M/ i?2
bm#bi`�i2X �b Bi Bb � +QMbi�Mi i2+?MQHQ;B+�H T�`�K2i2`- r2 +�M BM+Hm/2 Bi BM JSpsub-
/2}M2/ �b,

JSpsub =
Jw
Spsub

WBpsub

UjXRRV

h?mb,

ISpsub = JSpsub · (l + γsnw · d2nw) · w UjXRkV

Ai r�b Q#b2`p2/ i?�i i?2 p�Hm2 Q7 ISpsub BM+`2�b2b rBi? d2nwX h?Bb +�M #2 2tTH�BM2/
#v i?2 7�+i i?�i i?2 TMT T�`i Q7 i?2 a*_ �M/ i?2 TMT bm#bi`�i2 b?�`2 i?2B` #�b2 �M/
2KBii2`- QMHv ?�pBM; � /Bz2`2Mi +QHH2+iQ`- i?2 Sq �M/ i?2 Sal" `2;BQM- `2bT2+iBp2HvX
�b d2nw BM+`2�b2b- i?2 Sq ;2ib 7�`i?2` �r�v 7`QK i?2 2KBii2`- /2+`2�bBM; i?2
T`Q#�#BHBiv i?�i i?2 ?QH2b #2 +QHH2+i2/ #v Bi �M/ BM+`2�bBM; i?2 T`Q#�#BHBiv i?�i i?2v
#2 +QHH2+i2/ #v i?2 Sal"X γsnw Bb � K2�bm`2 Q7 i?Bb 2z2+iX Ai Bb- #v /27�mHi- 2[m�H
iQ RX
LQi2 i?�i ISn �M/ ISp /2T2M/ QM l #Qi? T`QTQ`iBQM�HHv- �i i?2 MQKBM�iQ`- BM � HBM2�`
r�v- �M/ BMp2`b2Hv T`QTQ`iBQM�HHv- �i i?2 /2MQKBM�iQ`- BM � MQM@HBM2�` r�vX h?Bb
K�F2b i?2 /2T2M/2M+v Q7 i?2 Qp2`�HH #2?�pBQm` Q7 i?2 a*_ QM l MQM@i`BpB�HX
h?2 FM22 +m``2Mib �M/ i?2 QM2b KQ/2HHBM; i?2 i`�MbBi iBK2 /2T2M/2M+2 QM i?2 +m``2Mi
H2p2H 7QHHQr i?2 b�K2 T�ii2`M,

IKFn =
Jw
KFn · l · w

√

(γn · l)2 +∆d2w +∆dd
UjXRjV

IKFp =
Jw
KFp · l · w

√

(γp · l + 2 · d2nw)Nγp +∆d2w +∆dd
UjXR9V

IKRn =
Jw
KRn · l · w

√

(γn · l)2 +∆d2w +∆dd
UjXR8V

IKRp =
Jw
KRp · l · w

√

(γp · l + 2 · d2nw)Nγp +∆d2w +∆dd
UjXReV
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IHCKFn =
JHCw

KFn · l · w
√

(γn · l)2 +∆d2w +∆dd
UjXRdV

IHCKFp =
JHCw

KFp · l · w
√

(γp · l + 2 · d2nw)Nγp +∆d2w +∆dd
UjXR3V

ITFFn =
Jw
TFFn · l · w

√

(γn · l)2 +∆d2w +∆dd
UjXRNV

ITFFp =
Jw
TFFp · l · w

√

(γp · l + 2 · d2nw)Nγp +∆d2w +∆dd
UjXkyV

h?2 b�im`�iBQM +m``2Mib Q7 i?2 #�b2@2KBii2` DmM+iBQMb- `2bTQMbB#H2 rBi? i?2 #�b2
+m``2Mi �M/- i?mb- i?2 +m``2Mi ;�BM- /Q MQi /2T2M/ QM i?2 #�b2 rB/i?- #mi QM i?2
2KBii2` ǳi?B+FM2bbǴ UBi rBHH MQi #2 +�HH2/ 2KBii2` rB/i? bQ i?�i Bi /QMǶi #2 +QM7mb2/
rBi? wV,

ISF =
q · AE ·DpE · n2

iB

NDE ·WE

UjXkRV

h?2 2KBii2` i?B+FM2bb Bb � i2+?MQHQ;B+�H +QMbi�Mi- ;Bp2M #v i?2 i?B+FM2bb Q7 i?2 �MQ/2
�M/ +�i?Q/2 BKTH�MibX h?mb- i?2 b+�HBM; T�`�K2i2` JSF rBHH QMHv #2 MQ`K�HBx2/ iQ
i?2 2KBii2` �`2�X

ISF = JSF · AE UjXkkV

h?2 b+�HBM; 2[m�iBQMb 7Q` i?2 b�im`�iBQM +m``2Mib Q7 i?2 #�b2@2KBii2` DmM+iBQMb ?�p2
#22M b2i �b,

ISFn = JSFn · l · w UjXkjV
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ISFp = JSFp · l · w UjXk9V

lbBM; �M 2[mBp�H2Mi �TT`Q�+?- i?2 b�im`�iBQM +m``2Mi Q7 i?2 +2Mi`�H DmM+iBQM rBHH #2,

ISR =
Jw
SR · lw · w

l + d2nw + dpw +∆dd
UjXk8V

AM i?Bb +�b2- i?2 2[mBp�H2Mi 2KBii2` �`2� Bb i?2 QM2 Q7 i?2 r2HH +QMi�+i- lw · wX
LQi2 i?�i i?2 r2HH rB/i?- lw- ?�b #22M +QMbB/2`2/ � +QMbi�MiX h?Bb KQ/2H /Q2b MQi
+Qp2` i?2 b+�H�#BHBiv rBi? lwc BM T`�+iB+2- r?2M /2bB;MBM; �M 1a. T`Qi2+iBQM a*_-
i?2 lw Bb F2Ti �i Bib KBMBKmK /BK2MbBQM �HHQr2/ #v i?2 i2+?MQHQ;vX JQ`2Qp2`- #2BM;
� `2p2`b2 T�`�K2i2`- ISRǶb BKT�+i QM i?2 Qp2`�HH #2?�pBQm` Q7 i?2 /2pB+2 Bb bK�HH2`X
h?mb- i?2 H2p2H Q7 �++m`�+v i�`;2i2/ 7Q` Bib b+�HBM; H�r r�b HQr2`X h?2 /2MQKBM�iQ`Ƕb
2tT`2bbBQM BM jXk8 Bb +QMbB/2`2/ iQ #2 � ;QQ/ 2MQm;? �TT`QtBK�iBQM Q7 i?2 2[mBp�H2Mi
2KBii2` i?B+FM2bbX

PM i?2 +QMi`�`v- i?2 T�`�K2i2`b `2T`2b2MiBM; `2+QK#BM�iBQM +m``2Mib �`2
T`QTQ`iBQM�H iQ i?2 2MiB`2 pQHmK2 Ui?2 #B;;2` i?2 pQHmK2- i?2 ?B;?2` i?2
`2+QK#BM�iBQM T`Q#�#BHBivVX >Qr2p2`- i?2 /2T2M/2M+2 Q7 i?2 HQr +m``2Mi
`2+QK#BM�iBQM QM i?2 #�b2 rB/i? r�b 7QmM/ iQ ?�p2 iQQ HBiiH2 bB;MB}+�M+2 iQ #2
i�F2M BMiQ �++QmMiX

ISEn = JSEn · l · w UjXkeV

ISEp = JSEp · l · w UjXkdV

ISC = JSC · lw · w UjXk3V

IrTn = Jw
rTn · l · w ·

(√

(γn · l)2 +∆d2w +∆dd

)

UjXkNV

IrTp = Jw
rTp · l · w ·

(√

(γp · l + 2 · d2nw)Nγp +∆d2w +∆dd

)

UjXjyV
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�b � ;2M2`�H `mH2- i?2 `2bBbi�M+2b �`2 T`QTQ`iBQM�H rBi? i?2B` H2M;i? �M/ BMp2`b2Hv
T`QTQ`iBQM�H iQ i?2B` b2+iBQMX
�TTHB2/ iQ i?2 ;2QK2i`v Q7 �M a*_- i?Bb H2�/b iQ i?2 7QHHQrBM; H�rb,

RA =
RAA

l · w UjXjRV

RC =
RCA

l · w UjXjkV

h?2 MTMǶb 2KBii2` Bb i?2 +�i?Q/2 �M/ i?2 TMTǶb Bb i?2 �MQ/2X h?2 irQ `2bBbi�M+2b
QMHv /2T2M/ QM i?2 �`2� Q7 i?2 irQ 2H2+i`Q/2bX h?2 ǳH2M;i?Ǵ Q7 i?2 `2bBbiQ` Bb i?2
2H2+i`Q/2b i?B+FM2bb- � i2+?MQHQ;B+�H +QMbi�Mi BM+Hm/2/ BM i?2 MQ`K�HBx2/ T�`�K2i2`b
REnA

�M/ REpA X

RCMn =
RCMnA

w
UjXjjV

RCMp =
RCMpA

w
UjXj9V

RCMn �M/ RCMp �`2 i?2 KBMBKmK `2bBbi�M+2b Q7 i?2 +QHH2+iQ`- i?�i Bb- i?2 `2bBbi�M+2b
i?�i �`2 #2HQr i?2 r2HH +QMi�+ibX h?mb- i?2v QMHv p�`v rBi? i?2 +QMi�+iǶb �`2�X �b
i?2 +QMi�+iǶb H2M;i?- lw BM 6B;X jXR- Bb MQi � ;2QK2i`B+ p�`B�iBQM i�F2M BMiQ �++QmMi-
Bi Bb BMi`Q/m+2/ BM i?2 p�Hm2 Q7 i?2 MQ`K�HBx2/ T�`�K2i2`b RCMnA

�M/ RCMpA X

RCTn =
RCMnA

w
+

RCTnl
· l +RCTnd2nw

· d2nw
w · l UjXj8V

RCTp =
RCMpA

w
+

RCTpl · l +RCTpd2nw
· d2nw

w · l UjXjeV

RCTn �M/ RCTp +QKT`Bb2- i?`Qm;? i?2 r�v i?2v r2`2 /2}M2/ BM *?�Ti2` k- #Qi?
i?2 MQM ?B;?@BMD2+iBQM KQ/mH�i2/ T�`ib- RCMn �M/ RCMp- �M/ i?2 KQ/mH�i2/ QM2bX
h?2B` p�`B�iBQM rBi? i?2 ;2QK2i`v /Bz2`bX h?mb- i?2 b+�HBM; H�r ?�b irQ i2`KbX

RBn =
RBnl

· l +RBnd2nw
· d2nw

w · l UjXjdV
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*?�Ti2` j a+�H�#H2 KQ/2H

RBp =
RBpl · l +RBpd2nw

· d2nw
w · l UjXj3V

h?2 b2KB+QM/m+iQ` `2bBbiBpBiv /Bz2`b M2�` i?2 #QmM/�`v #2ir22M i?2 Lq �M/ i?2
Sq- mM/2` i?2 ahA UBbQH�iBQMV #2ir22M i?2 �MQ/2 �M/ i?2 +�i?Q/2X h?mb- 7Q` i?2
7Qm` `2bBbi�M+2 T�`�K2i2`b /2}MBM; i?2 #�b2- RCTn- RCTp- RBn �M/ RBp- � b2T�`�i2
/2T2M/2M+2 QM l �M/ d2nw ?�b iQ #2 i�F2M BMiQ �++QmMiX h?Bb `2bmHib BM i?2 M22/ Q7
?�pBM; irQ MQ`K�HBx2/ T�`�K2i2`b 7Q` 2�+? Q7 i?2KX

RCpsub =
RCpsub

(l + d2nw) · w UjXjNV

h?2 bm#bi`�i2 `2bBbi�M+2 r�b 7QmM/ iQ p�`v �7i2` i?2 H�r BM jXjNX h?Bb Bb MQi � p2`v
T`2+Bb2 H�r- #mi Bi Bb �++m`�i2 2MQm;? iQ +�i+? i?2 BM~m2M+2 RCpsub ?�b QM i?2 Qp2`�HH
#2?�pBQm` Q7 i?2 a*_X

h?2 +�T�+Bi�M+2b �`2 /BpB/2/ BMiQ � bm`7�+2 /2T2M/2Mi +QKTQM2Mi UCbottomV �M/ �
T2`BK2i2` /2T2M/2Mi QM2 UCSTIVX h?Bb Bb � bi�M/�`/ BM DmM+iBQMb KQ/2HHBM; (qmǶy9)X
�b i?2 DmM+iBQM +�T�+Bi�M+2 KQ/2H Bb MQi /2T2M/2Mi QM � T�`iB+mH�` /2pB+2- i?2
+�MQMB+�H �TT`Q�+? r�b F2Ti- �b Bib 2ti`�+iBQM +�M #2 /QM2 BM/2T2M/2MiHvX

CJEn = CJEnbottom
· l · w + CJEnSTI

· 2 · (l + w) UjX9yV

CJEp = CJEpbottom · l · w + CJEpSTI
· 2 · (l + w) UjX9RV

CJC = CJCbottm
·(l+d2nw+dwell+

lw

2
)·w+CJCSTI

·2·(l+d2nw+dwell+
lw

2
+w) UjX9kV

CJCsub = CJCsubbottom ·2·(l+d2nw+dwell+lw)·w+CJCsubSTI
·4·(l+d2nw+dwell+lw+w)

UjX9jV
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jXj *?�`�+i2`Bx�iBQM �M/ p�HB/�iBQM

h?2 i`�MbBi iBK2 Bb T`QTQ`iBQM�H iQ i?2 H2M;i? i?2 +�``B2`b ?�p2 iQ +Qp2`,

TFn = TFn0 ·
[√

(γn · l)2 +∆d2w +∆dd

]

UjX99V

TFp = TFp0 ·
[√

(γp · l + 2 · d2nw)Nγp +∆d2w +∆dd

]

UjX98V

TR = TR0 ·
(
lw

l
· l + d2nw + dpwell +∆dd

)

UjX9eV

1�+? Q7 i?2 /2pB+2b r�b +?�`�+i2`Bx2/ �M/ ?�/ Bib T�`�K2i2`b 2ti`�+i2/ �b /2b+`B#2/
BM *?�Ti2` kX PM2 /2pB+2- a*_ R BM h�#X jXR- r�b mb2/ �b � `272`2M+2X h?2 MQ`K�HBx2/
T�`�K2i2`b �`2 K�BMHv Ub22 i?2 }M�H MQi2 BM b2+X jXjXRV Q#i�BM2/ 7`QK BiX
h?2`2 �`2 irQ +�i2;Q`B2b Q7 b+�HBM; T�`�K2i2`b,

Ç MQ`K�HBx2/ T�`�K2i2`b- bm+? �b, Jw
Sn- Jw

Sp- RAA
- RCA

2i+X
Ç b+�HBM; }i T�`�K2i2`b, γn- γp- Nγp - γsnw

6Q` a*_R- ISn 7`QK jX3 Bb /2}M2/ �b,

ISn1 =
Jw
Sn · l1 · w1

√

(γn · l1)2 +∆d2w +∆dd
UjX9dV

Ç ISn1 Bb i?2 p�Hm2 Q7 ISn 2ti`�+i2/ 7Q` i?2 a*_R /2pB+2 6B;X kXRy
Ç l1- w1 �`2 Q#i�BM2/ 7`QK h�#X jXR
Ç ∆dw �M/ ∆dd �`2 i2+?MQHQ;B+�H +QMbi�Mib- /2}M2/ BM jX9 �M/ jX8
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h?2 b+�HBM; T�`�K2i2`b M22/BM; iQ #2 2ti`�+i2/ �`2 Jw
Sn �M/ γnX h?2 γn T�`�K2i2`

rBHH }`bi #2 +QMbB/2`2/ �b FMQrM- rBi? � /27�mHi p�Hm2 Q7 yXjX Ai rBHH #2 H�i2`
QTiBKBx2/ #v mbBM; i?2 /�i� Q#i�BM2/ 7`QK i?2 Qi?2` /2pB+2b U6B;X jX9VX
h?mb- i?2 MQ`K�HBx2/ b+�HBM; T�`�K2i2` Bb,

Jw
Sn =

ISn1 ·
√

(γn · l1)2 +∆d2w +∆dd

l1 · w1

UjX93V

AMi`Q/m+BM; Jw
Sn BM jX3- r2 p�`v 2�+? Q7 i?2 b+�HBM; T�`�K2i2`b- w U6B;m`2 jX9�V-

d2nw U6B;m`2 jX9#V �M/ l U6B;m`2 jX9+V- r?BH2 F22TBM; i?2 Qi?2` irQ �i i?2 +QMbi�Mi
p�Hm2 Q7 i?2 `272`2M+2 /2pB+2X q2 +QKT�`2 i?2 T�`�K2i2`b ;Bp2M #v i?2 b+�HBM; H�r
rBi? i?2 QM2b Q#i�BM2/ i?`Qm;? BM/BpB/m�H 2ti`�+iBQM U6B;X jX9VX

w d2nw l

ISn b+�HBM; H�r p�HB/�iBQM

γn Bb Q#i�BM2/ #v }iiBM; jX9#X h?Bb Bb /QM2 #v +QMb2[m2MiHv +?�M;BM; Bib p�Hm2 �M/
`2+�H+mH�iBM; Jw

Sn- mMiBH i?2 2``Q` 7Q` i?2 TQBMib �i l = 0.66µm �M/ l = 2.1µm UBM
jX9+V Bb KBMBKmKX AM i?2 +�b2 T`2b2Mi2/ ?2`2- γn r�b 7QmM/ iQ #2 2[m�H iQ 0.4X
Jw
Sp Bb Q#i�BM2/ #v mbBM; i?2 b�K2 �TT`Q�+? �M/ +QMbB/2`BM; γp = 0.7 �M/ Nγp = 2,

Jw
Sp =

ISp1 ·
√

(γp · l1 + 2 · d2nw)Nγp +∆d2w +∆dd

l1 · w1

UjX9NV

�7i2` }iiBM; i?2 +m`p2b U6B;X jX8V- γp r�b 7QmM/ iQ #2 2[m�H iQ 0.75 �M/ Nγp iQ kXd8X
h?2 MQ`K�HBx2/ b�im`�iBQM +m``2Mi Q7 i?2 bm#bi`�i2 T�`�bBiB+ #BTQH�` b�im`�iBQM
+m``2Mi Bb,

JSpsub =
ISpsub1

(l + γs · d2nw) · w
UjX8yV

Ny



jXj *?�`�+i2`Bx�iBQM �M/ p�HB/�iBQM

w d2nw l

ISp b+�HBM; H�r p�HB/�iBQM

w d2nw l

ISpsub b+�HBM; H�r p�HB/�iBQM

γS Bb +QMbB/2`2/ #v /27�mHi �b 2[m�H iQ RX Ai Bb QTiBKBx2/ BM Q`/2` iQ #2ii2` }i i?2
+m`p2b BM 6B;X jXeX Aib p�Hm2 �7i2` i?2 QTiBKBx�iBQM BM i?2 +�b2 T`2b2Mi2/ ?2`2 Bb yXeX
h?2 MQ`K�HBx2/ T�`�K2i2`b 7Q` ISFn �M/ ISFp �`2 Q#i�BM2/ 7`QK jXkj �M/ jXk9- rBi?
i?2 T�`�K2i2`b 2ti`�+i2/ 7`QK a*_R,

JSFn =
ISFn1

l1 · w1

UjX8RV

JSFp =
ISFp1

l1 · w1

UjX8kV

h?2 T`2/B+iBQM �++m`�+v Q7 i?2 b+�HBM; H�r rBi? `2bT2+i iQ i?2 i?`22 p�`B�iBQM Bb
b?QrM BM 6B;X jXd 7Q` ISFn �M/ BM 6B;X jX3 7Q` ISFpX
h?2 2t�+i p�Hm2b Q7 i?2 2ti`�+i2/ T�`�K2i2`b �`2 ;Bp2M BM h�#X jXk �M/ h�#X jXjX
LQi2 i?�i 7Q` i?2 `272`2M+2 /BK2MbBQMb w = 80µm- d2nw = 0.31µm �M/ l = 1.38µm-
i?2 p�Hm2b �`2 B/2MiB+�HX h?Bb Bb MQ`K�H- �b i?2v +Q``2bTQM/ iQ i?2 /2pB+2 mb2/ 7Q`
2ti`�+iBM; i?2 b+�HBM; T�`�K2i2`bX

NR



*?�Ti2` j a+�H�#H2 KQ/2H

w d2nw l

ISFn b+�HBM; H�r p�HB/�iBQM

w d2nw l

ISFp b+�HBM; H�r p�HB/�iBQM

h?2b2 7Qm` T�`�K2i2`b- ISn- ISp- ISFn- ISFp- �`2 BKTQ`i�Mi 7Q` irQ `2�bQMbX 6B`bi-
i?2v bi�M/ �i i?2 +Q`2 Q7 i?2 +m``2Mi ~Qr- K�FBM; i?2K 2ti`2K2Hv BKTQ`i�Mi 7Q` i?2
+�T�#BHBiv Q7 i?2 KQ/2H iQ T`2/B+i i?2 a*_Ƕb #2?�pBQm`X PM i?2 Qi?2` ?�M/- i?2v
+�M #2 �++m`�i2Hv 2ti`�+i2/- rBi?Qmi i?2 ?2HT Q7 � HBM2�` `2;`2bbBQM Q` QTiBKBx�iBQMX
h?mb- i?2v �`2 mb2/ iQ 2ti`�+i i?2 b+�H�#BHBiv T�`�K2i2`b γn- γp �M/ Nγp �M/ p�HB/�i2
i?2 T`QTQb2/ b+�HBM; T�`�/B;KX h?2 �++m`�+v Q7 i?2 T`2/B+iBQM Q7 ISn �M/ ISp Bb �
T`QQ7 i?�i i?2 2[mBp�H2Mi #�b2 rB/i? �TT`QtBK�iBQM Bb +QMbBbi2Mi rBi? i?2 �+im�H
T?vbB+�H T?2MQK2M�X
h?2 Qi?2` T�`�K2i2`b +�MMQi #2 BM/BpB/m�HHv 2ti`�+i2/ �b �++m`�i2Hv �b i?2 7Q`K2`bX
h?2 bi2Tb +�``B2/ Qmi BM Q`/2` iQ Q#i�BM i?2K �`2,

Ç 7mHH 2ti`�+iBQM �M/ QTiBKBx�iBQM Q7 �HH i?2 T�`�K2i2`b 7Q` a*_R
Ç }`bi �TT`QtBK�iBQM Q7 i?2 T�`�K2i2`b 7Q` /Bz2`2Mi bi`m+im`2b mbBM; i?2

b+�HBM; H�rb �M/ i?2 MQ`K�HBx2/ T�`�K2i2`b Q#i�BM2/ 7`QK a*_R Ui?2 b+�HBM;
T�`�K2i2`b γ r2`2 T`2pBQmbHv Q#i�BM2/ 7`QK ISn- ISp �M/ ISpsubV

Ç BMbT2+iBQM Q7 i?2 +?�`�+i2`BbiB+ +QMi�BMBM; i?2 BM~m2M+2 Q7 � +2`i�BM T�`�K2i2`c
i?2 `2bT2+iBp2 +?�`�+i2`BbiB+ b?QmH/ }i i?2 K2�bm`2K2Mi 7Q` 2�+? Q7 i?2 /2pB+2b

Ç B7 i?2 +?�`�+i2`BbiB+ /Q2b MQi }i- i?2 MQ`K�HBx2/ T�`�K2i2` b?QmH/ #2 �/Dmbi2/
BM Q`/2` iQ Q#i�BM i?2 #2bi `2bmHi �+`Qbb i?2 /2pB+2b

Nk



jXj *?�`�+i2`Bx�iBQM �M/ p�HB/�iBQM

/2pB+2 p�`B�iBQM ISn U��V
2ti`�+iBQM

ISn U��V
KQ/2H

ISp U��V
2ti`�+iBQM

ISp U��V
KQ/2H

a*_R `272`2M+2 RNX8 RNX8 jXN jXN
a*_k r k3X3 kNXk8 8X3 8X38
a*_j r j3 jN dX3 dX3
a*_9 /kMr RN RNX8 kX8 kX83
a*_8 /kMr R3Xd8 RNX8 RX38 RX33
a*_e H RkX8 RkX83 jXe j
a*_d H kj kkX8R 9Xj 9XR

ISn �M/ ISp b+�H�#H2 KQ/2H pbX 2ti`�+i2/ T�`�K2i2`b

/2pB+2 p�`B�iBQM ISFn U��V
2ti`�+iBQM

ISFn U��V
KQ/2H

ISFp U��V
2ti`�+iBQM

ISFp U��V
KQ/2H

a*_R `272`2M+2 9Xje 9Xje 8Xke 8Xke
a*_k r eXk eX89 dXd dX3N
a*_j r 3Xe dX3k RyXk RyX8k
a*_9 /kMr 9X9 9Xje 8Xke 8Xke
a*_8 /kMr 9Xj 9Xje 8Xk 8Xke
a*_e H kX8 kXy3 kX3 kX8R
a*_d H eX8 eXej 3 3

ISFn �M/ ISFp b+�H�#H2 KQ/2H pbX 2ti`�+i2/ T�`�K2i2`b

PM2 }`bi +QMb2[m2M+2 Q7 i?Bb �TT`Q�+? Bb i?2 `2/m+2/ iBK2 BM 2ti`�+iBM; �M/
QTiBKBxBM; i?2 T�`�K2i2`b Q7 2�+? BM/BpB/m�H /2pB+2
� 7mHH p�HB/�iBQM +�M QMHv #2 /QM2 #v BMbT2+iBM; i?2 Qp2`�HH +�T�#BHBiv Q7 i?2 KQ/2H
iQ T`2/B+i i?2 a*_ #2?�pBQm`X h?Bb rBHH #2 /QM2 BM b2+X jXjXk- #v +QKT�`BM; A@o
i`B;;2`BM; +?�`�+i2`BbiB+b Q7 2�+? a*_ rBi? i?2 b+�H�#H2 KQ/2HǶb T`2/B+iBQMX
�M BKTQ`i�Mi T�`�K2i2` Q#i�BM2/ BM bm+? � r�v Bb i?2 FM22 +m``2MiX h?2 MQ`K�HBx2/
T�`�K2i2`b- Q#i�BM2/ 7`QK i?2 `272`2M+2 a*_- �`2,

Jw
KFp =

IKFn ·
(√

(γn · l)2 +∆d2w +∆dd

)

l · w UjX8jV

Jw
KFp =

IKFp ·
(√

(γp · l + 2 · d2nw)Nγp +∆d2w +∆dd

)

l · w UjX89V

h?2 FM22 +m``2Mi- �b T`2b2Mi2/ BM *?�Ti2` k Bb }ii2/ QM i?2 QmiTmi THQiX 6B;X jXN
b?Qrb ?Qr i?2 p�Hm2b Q#i�BM2/ #v mbBM; jXRj }i i?2 `2bT2+iBp2 +m`p2b Q7 �HH i?2 a*_b

Nj



*?�Ti2` j a+�H�#H2 KQ/2H

�M�Hvb2/- p�HB/�iBM; i?2 T`QTQb2/ b+�HBM; H�rX LQi2 i?�i i?2 b+�HBM; T�`�K2i2` γn
r�b �H`2�/v 2ti`�+i2/ 7`QK i?2 ;2QK2i`B+ p�`B�iBQM Q7 ISnX

µm µm µm

µm µm µm

a+�H�#H2 }i Q7 i?2 MTMǶb FM22 +m``2Mi- IKFn

�HH i?2 `2K�BMBM; +m``2Mi@`2H�i2/ T�`�K2i2`b �`2 i`2�i2/ BM i?2 b�K2 K�MM2`X

h?2 MQ`K�HBx2/ T�`�K2i2`b 7Q` RA- RC - RCMn- RCMp �M/ RCpsub �`2 2ti`�+i2/ mbBM;
i?2 i2+?MB[m2 /2b+`B#2/ �#Qp2X � }M�H QTiBKBx�iBQM �KQM; i?2 p�Hm2b Q7 /Bz2`2Mi
;2QK2i`B2b +�M #2 /QM2 BM Q`/2` iQ KBMBKBx2 i?2 2z2+i Q7 i?2 2ti`�+iBQM 2``Q`bX

h?2 MQ`K�HBx2/ T�`�K2i2`b 7Q` RCTn- RCTp- RBn �M/ RBp M22/ KmHiBTH2 ;2QK2i`B2b
BM Q`/2` iQ #2 2ti`�+i2/X �7i2` �HH i?2B` MQKBM�H p�Hm2b 7Q` 2�+? ;2QK2i`v �`2 #2BM;
2ti`�+i2/- �M QTiBKBx�iBQM Bb /QM2 �+`Qbb �HH i?2 ;2QK2i`B2b- i�`;2iBM; i?2 KBMBKmK
2``Q` #2ir22M i?2 2ti`�+i2/ MQKBM�H p�Hm2 �M/ i?2 QM2 Q#i�BM2/ rBi? jXj8- jXje-
jXjd �M/ jXj3- `2bT2+iBp2HvX

N9



jXj *?�`�+i2`Bx�iBQM �M/ p�HB/�iBQM

h?2 +�T�+Bi�M+2b 7Q`K2/ BM �M a*_ bi`m+im`2 �`2 +H�bbB+ DmM+iBQM +�T�+Bi�M+2b-
+?�`�+i2`BbiB+ iQ � +QMbB/2`2/ *JPa T`Q+2bbX AM � ;2M2`�H r�v- i?2v �`2 /BpB/2/ BMiQ
� T2`BK2i2`@/2T2M/2Mi T�`i �M/ � bm`7�+2@/2T2M/2Mi QM2X h?2v �`2 2ti`�+i2/ BM �
/2pB+2@BM/2T2M/2Mi K�MM2`- #v /2bB;MBM; DmM+iBQMb Q7 /Bz2`2Mi �`2�b �M/ T2`BK2i2`bX

h?Bb KQ/2H Bb K�/2 iQ #2 BMi2;`�i2/ BM i?2 /2p2HQTK2Mi FBi �bbQ+B�i2/ rBi? � +2`i�BM
i2+?MQHQ;vfT`Q+2bbX h?2 +�T�+Bi�M+2 2ti`�+iBQM T�`i r�b MQi +Qp2`2/ /m`BM; i?2
`2b2�`+?- �b MQ a*_@bT2+B}+ K2�bm`2K2Mib r2`2 M22/2/X 6Q` i?2 /2pB+2b T`2b2Mi2/
?2`2- i?2 b+�HBM; T�`�K2i2`b r2`2 �H`2�/v �p�BH�#H2X

h?2 i`�MbBi iBK2 `2H�i2/ MQ`K�HBx2/ T�`�K2i2`b- TFn0- TFp0 �M/ TR0- �`2 2ti`�+i2/
7`QK i?2 `272`2M+2 ;2QK2i`vX h?2M- i?2v �`2 mb2/ BM jX99- jX98 �M/ jX9e- `2bT2+iBp2Hv-
BM Q`/2` iQ Q#i�BM i?2 MQKBM�H p�Hm2b 7Q` i?2 Qi?2` ;2QK2i`B2bX h?2b2 p�Hm2b �`2 mb2/
BM Q`/2` iQ bBKmH�i2 i?2 /2pB+2 BM � iBK2 /QK�BM r�v- �b b?QrM BM 6B;X jXRj- 6B;X jXR9
�M/ 6B;X jXR8X � 7m`i?2` QTiBKBx�iBQM Q7 2�+? BM/BpB/m�H MQKBM�H p�Hm2 +�M #2 /QM2
QM i?2b2 +m`p2b- 7QHHQr2/ #v �M QTiBKBx�iBQM Q7 i?2 b+�HBM; T�`�K2i2` BM Q`/2` iQ
KBMBKBx2 i?2 b+�HBM; H�rǶb 2``Q`X

hrQ �TT`Q�+?2b QM i?2 b+�H�#H2 T�`�K2i2`b 2ti`�+iBQM r2`2 T`2b2Mi2/X

6B`bi �TT`Q�+? BKTHB2/ i?2 BM/BpB/m�H 2ti`�+iBQM Q7 i?2 MQKBM�H T�`�K2i2`b 7Q` �HH
i?2 ;2QK2i`B2bX lbBM; i?2b2 p�Hm2b- i?2 MQ`K�HBx2/ �M/ Qi?2` b+�HBM; T�`�K2i2`b
r2`2 Q#i�BM2/ #v KBMBKBxBM; i?2 2``Q` QM i?2 b+�HBM; H�rX h?Bb �TT`Q�+? Bb mb2/
r?2M U�V i?2 MQKBM�H T�`�K2i2`b +�M #2 BM/BpB/m�HHv 2ti`�+i2/ rBi? ;QQ/ T`2+BbBQM
�M/ U#V i?2 b+�HBM; H�r ?�b Qi?2` }i T�`�K2i2`b i?�i M22/2/ iQ #2 2ti`�+i2/ �M/
� bBM;H2 ;2QK2i`v +�MǶi T`QpB/2 2MQm;? BM7Q`K�iBQMc i?Bb FBM/ Q7 H�rb r2`2 mb2/
2bT2+B�HHv r?2M i?2v ?�/ iQ T`QpB/2 �++m`�i2 p�Hm2b- �b i?2 T�`�K2i2`b /2b+`B#2/
#v i?2K �`2 BKTQ`i�Mi 7Q` i?2 r?QH2 #2?�pBQm` Q7 i?2 a*_X � bi`QM; TQBMi Q7 i?2
/2p2HQT2/ KQ/2H Bb i?�i i?2 T�`�K2i2`b ?�pBM; i?2 U#V `2[mB`2K2Mi �HbQ 7mH}H i?2
U�V +QM/BiBQMX

h?2 b2+QM/ �TT`Q�+? BKTHB2/ i?2 2ti`�+iBQM Q7 i?2 MQKBM�H T�`�K2i2` 7Q` i?2
`272`2M+2 ;2QK2i`vX h?2 T�`�K2i2`b 7Q` i?2 Qi?2` ;2QK2i`B2b r2`2 Q#i�BM2/ mbBM;
i?2 b+�HBM; H�r �M/ i?2M p2`B}2/ QM i?2 +m`p2b i?�i i?2v �z2+i QM 2�+? Q7 i?2
/2pB+2bX �M QTiBKBx�iBQM �+`Qbb i?2B` p�Hm2b r�b }M�HHv /QM2 BM Q`/2` iQ ?�`KQMBx2
i?2KX h?Bb �TT`Q�+? Bb mb2/ r?2M i?2 MQKBM�H T�`�K2i2`b +�MǶi #2 2ti`�+i2/ rBi?
bm{+B2Mi �++m`�+vX

N8



*?�Ti2` j a+�H�#H2 KQ/2H

o6@h*a K2�bm`2K2Mib (J�MQǶyd) r2`2 T2`7Q`K2/ 7Q` 2�+? /2pB+2- mbBM; � 50Ω
`2bBbi�M+2 +QMM2+i2/ iQ i?2 Lq BM Q`/2` iQ bBKmH�i2 i?2 i`B;;2`BM;- �b /2b+`B#2/
BM *?�Ti2` kX
aBKmH�iBQMb mbBM; i?2 b+�H�#H2 KQ/2H r2`2 i?2M +QKT�`2/ rBi? i?2 K2�bm`2K2Mib BM
Q`/2` iQ +?2+F i?2 �++m`�+v Q7 i?2 KQ/2H �M/ /Q � ;HQ#�H T�`�K2i2` QTiBKBx�iBQMX

h?2 [m�bB@bi�iB+ +?�`�+i2`BbiB+ Qz2`b bQK2 Q7 i?2 KQbi BKTQ`i�Mi BM7Q`K�iBQM QM i?2
a*_- HBF2 i?2 i`B;;2`BM; pQHi�;2 �M/ +m``2Mi- ?QH/BM; pQHi�;2 �M/ TQbi@i`B;;2`BM;
`2bBbi�M+2 bHQT2X 6B;X jXRy- 6B;X jXRR �M/ 6B;X jXRk b?Qr Bi 7Q` ǳrǴ- ǳ/kMrǴ �M/- ǳHǴ
p�`B�iBQMb- `2bT2+iBp2HvX
AM 2�+? +�b2- i?2 b+�H�#H2 KQ/2H /2b+`B#2b r2HH i?2 #2?�pBQm` Q7 /Bz2`2Mi a*_b-
#2BM; �#H2 iQ T`2/B+i rBi? bm{+B2Mi �++m`�+v i?2 p�Hm2 Q7 BKTQ`i�Mi T�`�K2i2`b HBF2
i?2 i`B;;2`BM; �M/ i?2 ?QH/BM; pQHi�;2X

h2KTQ`�H +?�`�+i2`BbiB+b r2`2 Q#i�BM2/ mM/2` � 8y o TmHb2X h?Bb Bb � TQbi i`B;;2`BM;
pQHi�;2- r?2M KQbi Q7 i?2 KQ/2HǶb +QKTQM2Mib �`2 �+iBp2X 6B;X jXRj- 6B;X jXR9 �M/
6B;X jXR8 b?Qr Bi 7Q` ǳrǴ- ǳ/kMrǴ �M/- ǳHǴ p�`B�iBQMb- `2bT2+iBp2HvX

h?2 Qp2`b?QQi T`2/B+iBQM �HbQ `2HB2b ?B;?Hv QM i?2 i`�MbB2Mi KQ/2HX h?2 T2�F p�Hm2b
BM i`�MbB2Mi +?�`�+i2`BbiB+b i�F2M �i /Bz2`2Mi TmHb2 pQHi�;2b �`2 THQii2/X 6B;X jXRe-
6B;X jXRd �M/ 6B;X jXR3 b?Qr Bi 7Q` ǳrǴ- ǳ/kMrǴ �M/- ǳHǴ p�`B�iBQMb- `2bT2+iBp2HvX
h?2 BKT`2+BbBQM b22M 7Q` i?2 ?B;?2bi d2nw p�Hm2 BM 6B;X jXR9 �HbQ i`�MbH�i2b BM i?2
BM�#BHBiv Q7 i?2 KQ/2H iQ T`2/B+i i?2 Qp2`b?QQi � ?B;? pQHi�;2b BM 6B;X jXRdX
>Qr2p2`- i?2 `2bmHib �`2 ;QQ/ 2MQm;? iQ p�HB/�i2 i?2 b+�H�#H2 KQ/2HX
h?2 w p�`B�iBQM Bb �HKQbi T2`72+i- i?2 b+�HBM; H�rb ?2`2 #2BM; bBKTH2 �M/ i`BpB�HX PM
i?2 Qi?2` ?�M/- 7Q` ?B;? p�Hm2b Q7 d2nw �M/ l- i?2 KQ/2H Bb H2bb T`2+Bb2- b?QrBM; Bib
HBKBibX L2p2`i?2H2bb- i?2 ;2QK2i`B2b i2bi2/ ?2`2 �b mTT2` #QmM/�`B2b Q7 i?2b2 p�Hm2b
�`2 p2`v mMHBF2Hv iQ #2 mb2/ BM T`Qi2+iBM; 2MpB`QMK2MibX � ?B;? l Bb BM2{+B2Mi-
�b i?2 i?2 a*_b H2p2H Q7 T`Qi2+iBQM /Q2b MQi BM+`2�b2 HBM2�`Hv rBi? Bi U2tTH�BM2/
#v i?2 BM?QKQ;2M2Biv BM i?2 +m``2Mi /2MbBiv @ b22 6B;X jXkVX � ?B;? d2nw H2�/b iQ
+QMbB/2`�#Hv ?B;?2` i`�MbBi iBK2b �M/- i?mb- � Km+? H�`;2` Qp2`b?QQi Ui?2 a*_ im`Mb
QM bHQr2` BM iBK2V- #2BM; /�M;2`Qmb 7Q` i?2 T`Qi2+i2/ /2pB+2bX

Ne



jXj *?�`�+i2`Bx�iBQM �M/ p�HB/�iBQM

µm µm µm

Zm�bB@bi�iB+ +?�`�+i2`BbiB+ 7Q` i?2 w p�`B�iBQM Up7h*a- N Mb TmHb2
rB/i?- 50Ω QM i?2 LqV

µm µm µm

Zm�bB@bi�iB+ +?�`�+i2`BbiB+ 7Q` i?2 d2nw p�`B�iBQM Up7h*a- N Mb TmHb2
rB/i?- 50Ω QM i?2 LqV

µm µm µm

Zm�bB@bi�iB+ +?�`�+i2`BbiB+ 7Q` i?2 l p�`B�iBQM Up7h*a- N Mb TmHb2 rB/i?-
50Ω QM i?2 LqV

Nd



*?�Ti2` j a+�H�#H2 KQ/2H

µm µm µm

h2KTQ`�H +?�`�+i2`BbiB+ 7Q` i?2 w p�`B�iBQM Up7h*a- N Mb TmHb2 rB/i?-
50Ω QM i?2 Lq- 50V V

µm µm µm

h2KTQ`�H +?�`�+i2`BbiB+ 7Q` i?2 d2nw p�`B�iBQM Up7h*a- N Mb TmHb2
rB/i?- 50Ω QM i?2 Lq- 50V V

µm µm µm

h2KTQ`�H +?�`�+i2`BbiB+ 7Q` i?2 l p�`B�iBQM Up7h*a- N Mb TmHb2 rB/i?V

N3



jXj *?�`�+i2`Bx�iBQM �M/ p�HB/�iBQM

µm µm µm

Pp2`@b?QQi +?�`�+i2`BbiB+ 7Q` i?2 w p�`B�iBQM Up7h*a- N Mb TmHb2 rB/i?-
50Ω QM i?2 LqV

µm µm µm

Pp2`b?QQi +?�`�+i2`BbiB+ 7Q` i?2 d2nw p�`B�iBQM Up7h*a- N Mb TmHb2
rB/i?- 50Ω QM i?2 LqV

µm µm µm

Pp2`@b?QQi +?�`�+i2`BbiB+ 7Q` i?2 l p�`B�iBQM Up7h*a- N Mb TmHb2 rB/i?-
50Ω QM i?2 LqV

NN



*?�Ti2` j a+�H�#H2 KQ/2H

� b+�H�#H2 KQ/2H 7Q` i?2 a*_ 1a. T`Qi2+iBQM /2pB+2 r�b T`2b2Mi2/ BM i?Bb +?�Ti2`X
Ai /2b+`B#2b i?2 #2?�pBQm` Q7 �M a*_ �b 7mM+iBQM Q7 i?`22 p�`B�#H2 /BK2MbBQMb, i?2
rB/i? UǳwǴV �M/ i?2 H2M;i? UǳlǴV Q7 i?2 �MQ/2 �M/ +�i?Q/2- �M/ i?2 /Bbi�M+2 #2ir22M
i?2K Uǳd2nwǴVX h?2b2 �`2 i?2 KQbi mb27mH T�`�K2i2`b 7`QK �M 1a.@T`Qi2+iBQM a*_
TQBMi Q7 pB2r
h?2 b+�HBM; H�rb �`2 #�b2/ QM i?2 #BTQH�` DmM+iBQM i`�MbBbiQ` QM2b- �/�Ti2/ iQ i?2
;2QK2i`B+�H T�`iB+mH�`BiB2b Q7 i?2 a*_X �b i?2 KQ/2H F22Tb � +HQb2 HBMF rBi? i?2
T?vbB+�H T?2MQK2M�- #2BM; �b H2bb 2KTB`B+�H �b TQbbB#H2- i?2 b+�HBM; H�rb �`2 p2`v
+HQb2 iQ T?vbB+�HHv@#�b2/ ;2QK2i`B+�H #2?�pBQm` Q7 +m``2Mib �M/ `2bBbi�M+2bX � M2r
2[mBp�H2Mi #�b2 rB/i? KQ/2H r�b T`QTQb2/- i�BHQ`2/ QM i?2 1a.@T`Qi2+iBQM a*_Ƕb
H�vQmiX
� bm{+B2Mi MmK#2` Q7 /2pB+2b r2`2 /2bB;M2/ BM Q`/2` iQ /2p2HQT i?2 b+�HBM; H�rb
�M/ p�HB/�i2 i?2 KQ/2HX
h?2 2[mBp�H2Mi #�b2 KQ/2H r�b p�HB/�i2/ i?`Qm;? �++m`�i2 K2�bm`2K2Mib Q7 bQK2
Q7 i?2 T�`�K2i2`b Bi �z2+ib, i?2 i`�MbTQ`i KQ/2HǶb b�im`�iBQM +m``2Mib Q7 i?2 a*_Ƕb
#BTQH�` T�`ibX
h?2 ;QQ/ }i Q7 i?2 THQib b?Qrb i?�i i?2 iBK2 /QK�BM- [m�bB@bi�iB+ �M/ Qp2`@b?QQi
+?�`�+i2`BbiB+b Q7 i?2 a*_ +�M #2 r2HH T`2/B+i2/ p2`bmb i?2 T`QTQb2/ ;2QK2i`B+�H
p�`B�iBQMbX

Ryy



"B#HBQ;`�T?v

("Qm`ǶRy) CX "Qm`;2�i- *X 1Mi`BM;2`- SX :�Hv- 6X C2x2[m2H- �M/ JX
"�~2m`- ǳh*�. bim/v Q7 i?2 BKT�+i Q7 i`B;;2` 2H2K2Mi �M/
iQTQHQ;v QM bBHB+QM +QMi`QHH2/ `2+iB}2` im`M@QM #2?�pBQ`-Ǵ T`2b2Mi2/
�i i?2 1H2+i`B+�H Pp2`bi`2bbf 1H2+i`Qbi�iB+ .Bb+?�`;2 avKTQbBmK
U1Paf1a.V- kyRy jkM/- kyRy- TTX R@RyX

(*�BHǶy8) "X *�BHH�`/- 6X �x�Bb- aX .Qm`M2HH2- SX a�HQK2- �M/ SX LQm2i-
ǳahJa*_, � M2r KmHiB@}M;2` a*_@#�b2/ T`Qi2+iBQM bi`m+im`2
�;�BMbi 1a.-Ǵ T`2b2Mi2/ �i i?2 1H2+i`B+�H Pp2`bi`2bbf1H2+i`Qbi�iB+
.Bb+?�`;2 avKTQbBmK- kyyjX 1Paf1a. ǶyjX- kyyj- TTX R@NX

(6QMiǶy3) S�b+�H 6QMi2M2�m- CX@_X J�MQmp`B2`- *X@�X G2;`�M/- >X
"2+F`B+?@_Qb- *X _B+?B2`- �M/ :X h`QmbbB2`- ǳ*?�`�+i2`Bx�iBQM
�M/ JQ/2HBM; Q7 a*_ 7`QK .* /QrM iQ *.J iBK2 /QK�BM-Ǵ
T`2b2Mi2/ �i i?2 A1q kyy3- kyy3X

(:2i`ǶdN) AX :2i`2m- JQ/2HBM; i?2 "BTQH�` h`�MbBbiQ`X h2Fi`QMBt- RNdNX
(GQmǶy3) GB7�M; GQm �M/ CX CX GBQm- ǳ� +QKT`2?2MbBp2 +QKT�+i a*_ KQ/2H

7Q` *.J 1a. +B`+mBi bBKmH�iBQM-Ǵ T`2b2Mi2/ �i i?2 _2HB�#BHBiv
S?vbB+b avKTQbBmK- kyy3X A_Sa kyy3X A111 AMi2`M�iBQM�H- kyy3-
TTX ej8@ejeX

(J�MQǶyd) CX@_X J�MQmp`B2`- SX 6QMi2M2�m- *X@�X G2;`�M/- SX LQm2i- �M/ 6X
�x�Bb- ǳ*?�`�+i2`Bx�iBQM Q7 i?2 i`�MbB2Mi #2?�pBQ` Q7 ;�i2/fahA
/BQ/2b �M/ i?2B` �bbQ+B�i2/ "Ch BM i?2 *.J iBK2 /QK�BM-Ǵ
T`2b2Mi2/ �i i?2 kNi? 1H2+i`B+�H Pp2`bi`2bbf1H2+i`Qbi�iB+ .Bb+?�`;2
avKTQbBmK- kyydX 1Paf1a.- kyyd- TTX j�Xk@R@j�Xk@RyX

(SQm`Ƕyd) 6X SQm`+?QM 2i �HX- ǳ>B;? �++m`�+v i2KT2`�im`2 #BTQH�` KQ/2HBM;
7Q` /2K�M/BM; "�M/;�T �TTHB+�iBQM-Ǵ T`2b2Mi2/ �i i?2 A111
"BTQH�`f"B*JPa *B`+mBib �M/ h2+?MQHQ;v J22iBM;- kyydX "*hJ
Ƕyd- kyyd- TTX R3y@R3jX

(a�``ǶRy) CX SX .B a�``Q �M/ 1X _Qb2M#�mK- ǳ� a+�H�#H2 a*_ *QKT�+i
JQ/2H 7Q` 1a. *B`+mBi aBKmH�iBQM-Ǵ A111 h`�Mb�+iBQMb QM 1H2+i`QM
.2pB+2b- pQHX 8d- MQX Rk- TTX jkd8@jk3e- .2+X kyRyX

(a+?`ǶNe) JX a+?`Qi2` �M/ .X CX q�HF2v- ǳS?vbB+�H KQ/2HBM; Q7 H�i2`�H b+�HBM;
BM #BTQH�` i`�MbBbiQ`b-Ǵ A111 CQm`M�H Q7 aQHB/@ai�i2 *B`+mBib- pQHX jR-
MQX Ry- TTX R939@R9Nk- P+iX RNNeX

(qmǶy9) >X@*X qm- aX JBD�HFQpB+- �M/ CX "m`;?�`ix- ǳS�`�K2i2`b 2ti`�+iBQM
Q7 � b+�H�#H2 J2ti`�K KQ/2H 7Q` ?B;?@bT22/ aB:2 >"hb-Ǵ T`2b2Mi2/
�i i?2 "BTQH�`f"B*JPa *B`+mBib �M/ h2+?MQHQ;v- kyy9X S`Q+22/BM;b
Q7 i?2 kyy9 J22iBM;- kyy9- TTX R9y@ R9jX

RyR





�T�`i 7`QK i?2 /B`2+i +Qbi Q7 mbBM; 1a. T`Qi2+iBQM /2pB+2b- ;Bp2M #v i?2 2ti`�
bm`7�+2 i?2v Q++mTv QM i?2 bBHB+QM- i?2`2 Bb �HbQ � 7mM+iBQM�H +Qbi, i?2B` BM~m2M+2
QM i?2 T`Qi2+i2/ +B`+mBi (:QM;Ƕyk)X �i KB+`Qr�p2 7`2[m2M+B2b- i?Bb BM~m2M+2 +�M
bB;MB}+�MiHv BKT�+i i?2 7mM+iBQMBM; Q7 i?2 H�ii2`X lMiBH MQr- i?2 T�`�bBiB+ BMi`Q/m+2/
r�b mbm�HHv `2/m+2/ iQ � +�T�+Bi�M+2 (*?2MǶy9- um�MǶy8- GBMǶRy)X �b i?2 7`2[m2M+B2b
;2i ?B;?2` �M/ i?2 /2K�M/ 7Q` T`2+BbBQM BM+`2�b2b- i?2b2 �TT`QtBK�iBQMb #2+QK2
BM+QKTH2i2X

h?Bb +?�Ti2` rBHH BMp2biB;�i2 i?2 BM~m2M+2 i?2 a*_ 1a. T`Qi2+iBQM /2pB+2 ?�b QM
i?2 T`Qi2+i2/ +B`+mBi �i ?B;? 7`2[m2M+B2bX �b i?2 a*_ Bb M2p2` mb2/ �b Bi Bb- #mi BM
+QMDmM+iBQM rBi? Qi?2` /2pB+2b- KQbi MQi�#Hv /BQ/2b- i?2b2 r2`2 �HbQ �M�Hvb2/X h?2
Tm`TQb2 Q7 i?Bb BMp2biB;�iBQM Bb i?2 +`2�iBQM Q7 +QKTH2i2 KQ/2Hb 7Q` #Qi? i?2 /BQ/2
�M/ i?2 a*_X h?2 T`QTQb2/ KQ/2Hb �`2 K2�Mi iQ ?2HT i?2 _6 /2bB;M2`b #mBH/ #2ii2`
BMTmi bi�;2b �M/ 2p�Hm�i2 i?2 Qp2`�HH T2`7Q`K�M+2 Q7 i?2B` +B`+mBi- �7i2` i?2 BM+HmbBQM
Q7 i?2 BM/BbT2Mb�#H2 1a. T`Qi2+iBQMX

AM Q`/2` iQ KQ/2H +QKTH2t /2pB+2b- � M2irQ`F Q7 `2bBbi�M+2 �M/ +�T�+Bi�M+2 i?�i Bb
+HQb2` iQ i?2B` T?vbB+b ?�b iQ #2 +QMbB/2`2/X

h?2 #�+F2M/ UK2i�H H�v2`bV TH�vb �M BKTQ`i�Mi `QH2 BM i?2 1a. T2`7Q`K�M+2X h?mb-
MQi �HH i?2 `QmiBM; b?QmH/ #2 H27i mM/2` H�vQmi@2{+B2M+v H�rbc #QiiQK K2i�H H2p2Hb
b?QmH/ #2 +QMbB/2`2/ T�`i Q7 i?2 /2pB+2 �M/- BM +QMb2[m2M+2- T�`i Q7 i?2 KQ/2HX

h?2 1a. T`Qi2+iBQM K�v Q7i2M #2 7QmM/ mM/2` � pQHi�;2 #B�b @ 6B;X 9XRX "2BM;
K�/2 Qmi Q7 TM DmM+iBQMb UHBF2 i?2 a*_ Q` i?2 /BQ/2b �`2V- bQK2 Q7 i?2B` BMM2`
+�T�+Bi�M+2b +?�M;2 /2T2M/BM; QM i?2 #B�b i?2b2 /2pB+2b KB;?i #2 mM/2`c i?mb i?2
M22/ Q7 /BbiBM;mBb?BM; #2ir22M K2i�H UMQM pQHi�;2 /2T2M/2MiV �M/ DmM+iBQM UpQHi�;2
/2T2M/2MiV +�T�+Bi�M+2bX

� pQHi�;2 /2T2M/2Mi KQ/2H 7Q` i?2 a*_ �M/ i?2 /BQ/2 r�b }`bi /2p2HQT2/- +Qp2`BM;
i?2 #2?�pBQm` Q7 i?2 irQ /2pB+2b mT iQ e8:>xX h?2M- BM Q`/2` iQ T`Qp2 i?2B`
+QMbBbi2M+v- i?2 KQ/2Hb r2`2 i2bi2/ QM � +QKTH2i2 T`Qi2+iBQM bi`m+im`2 K�/2 Q7
�M a*_- i?`22 /BQ/2b i?�i K�F2 i?2 i`B;;2`BM; +B`+mBi 7Q` i?2 a*_ �M/ � /BQ/2 7Q`
`2p2`b2 T`Qi2+iBQMXƘ1tT2`BK2Mi�H `2bmHib i?�i +QM}`K i?2B` p�HB/Biv �M/ i?2 pQHi�;2
/2T2M/2Mi p�`B�iBQM Q7 /Bz2`2Mi T�`�K2i2`b �`2 b?QrM BM b2+X 9X8X

Ryj



*?�Ti2` 9 _6 JQ/2H

1a. T`Qi2+iBQM /2pB+2b BM � +B`+mBic #B�b /2T2M/2Mi BM~m2M+2 QM i?2
T`Qi2+i2/ +B`+mBi

h?2 i�`;2i Q7 Qm` bim/v Bb i?2 .ha*_ U.BQ/2 h`B;;2`2/ a*_V- �M a*_@#�b2/
+QKTH2i2 T`Qi2+iBQM bi`m+im`2X Ai Bb K�/2 Qmi Q7 �M a*_ ?�pBM; � +?�BM Q7 i?`22
/BQ/2b +QMM2+i2/ QM Bib Lq- �+iBM; �b � i`B;;2`BM; +B`+mBi Ub2+X RXjXkVX h?Bb Bb �
mMB/B`2+iBQM�H T`Qi2+iBQMX AM Q`/2` iQ K�F2 Bi � #B/B`2+iBQM�H QM2- Bi Bb +QKTH2i2/
rBi? �M 1a. T`Qi2+iBQM /BQ/2 U6B;X 9XkVX

.ha*_ b+?2K�iB+

6Qm` bi`m+im`2b r2`2 �M�Hvb2/,

Ç � T`Qi2+iBQM /BQ/2

Ç � i`B;;2`BM; /BQ/2

Ç �M a*_

Ç � .ha*_

Ry9



9Xk .2pB+2b /2b+`BTiBQM

h?2 T`Qi2+iBQM /BQ/2- .k BM 6B;X 9Xk- Bb � LYSq /2pB+2- rBi? Bib �MQ/2 K�/2 Q7 i?2
T@r2HH �M/ Bib +�i?Q/2 K�/2 Q7 �M MY /BzmbBQM U6B;X 9XjVX
Ai Bb � H�`;2 /2pB+2- Bib bm`7�+2 #2BM; i�BHQ`2/ iQ `2bBbi � +2`i�BM 1a. 2p2MiX

S`Qi2+iBQM /BQ/2 H�vQmi

h?2 i`B;;2`BM; /BQ/2- .R BM 6B;X 9Xk Bb � SYLq /2pB+2- rBi? Bib �MQ/2 K�/2 Q7 �
TY /BzmbBQM �M/ Bib +�i?Q/2 K�/2 Q7 i?2 M@r2HH U6B;X 9X9VX
Ai Bb T�`i Q7 i?2 i`B;;2`BM; +B`+mBi- K�/2 Qmi Q7 i?`22 B/2MiB+�H .R /BQ/2bX Ai Bb �
bK�HH /2pB+2- M22/BM; iQ /`Bp2 1a. 2M2`;v QMHv #27Q`2 i?2 a*_ im`Mb QMX

h`B;;2`BM; /BQ/2 H�vQmi

h?2 a*_ +QMbB/2`2/ 7Q` i?Bb BMp2biB;�iBQM Bb i?2 +H�bbB+ KmHiB@}M;2` /2pB+2 /2b+`B#2/
�M/ �M�Hvb2/ 7`QK �M 1a. TQBMi Q7 pB2r BM *?�Ti2` k �M/ *?�Ti2` jX Ai Bb i?2

Ry8



*?�Ti2` 9 _6 JQ/2H

`272`2M+2 /2pB+2 Ua*_RV 7`QK *?�Ti2` jX

� .ha*_ (J2`;Ƕyj) bi`m+im`2- �b b?QrM BM 6B;X 9Xk r�b �HbQ `2�HBx2/- rBi? i?2
Tm`TQb2 Q7 b22BM; B7 i?2 KQ/2Hb #mBHi �M/ 2ti`�+i2/ 7Q` i?2 BM/BpB/m�H /2pB+2b �`2
�#H2 iQ T`2/B+i Bib #2?�pBQm`X

AM MQ`K�H +B`+mBi QT2`�iBM; +QM/BiBQMb- i?2 1a. T`Qi2+iBQM /2pB+2b +�M #2 b22M �b
T�bbBp2 +QKTQM2MibX h?2v �`2 /2bB;M2/ BM bm+? � r�v i?�i i?2v #2 i`�MbT�`2Mi
7Q` i?2 T`Qi2+i2/ +B`+mBiX h?2 pQHi�;2 /`QTb �+`Qbb i?2K Bb �Hr�vb bK�HH 2MQm;?
bQ i?�i i?2v `2K�BM BM � ?B;? BKT2/�M+2 bi�i2X h?2 T`Q#�#BHBiv i?�i i?2b2 /2pB+2b
�Mbr2` iQ �M 1a. 2p2Mi �M/ im`M QM Bb p2`v bK�HH /m`BM; i?2 HB72iBK2 Q7 � T`Q/m+iX
h?Bb mbm�HHv ?�TT2Mb /m`BM; i?2 K�Mm7�+im`BM; T`Q+2bbX h?mb- Bi Bb Q7 MQ BMi2`2bi
Q7 KQ/2HHBM; i?2B` ?B;?@7`2[m2M+v BKT�+i �b �+iBp2 /2pB+2bX
h?2 T`QTQb2/ KQ/2Hb �`2 #mBHi #v i�FBM; BMiQ �++QmMi i?2,

Ç DmM+iBQM +�T�+Bi�M+2b �M/ /vM�KB+ `2bBbi�M+2b
Ç r2HH `2bBbi�M+2b
Ç #�+F2M/ `2bBbi�M+2b- BM/m+i�M+2b �M/ +�T�+Bi�M+2b
Ç bm#bi`�i2 +�T�+Bi�M+2 �M/ `2bBbi�M+2

h?2 2H2+i`B+�H KQ/2H T`QTQb2/ 7Q` � TYMr /BQ/2 Bb T`2b2Mi2/ BM 6B;X 9X8- �HQM;bB/2
Bib T?vbB+�H #�bBbX
Aib 2H2K2Mib �`2,
@ CmM+iBQM `2H�i2/,

Ç CS @ /BQ/2Ƕb +2Mi`�H DmM+iBQM +�T�+Bi�M+2
Ç RON @ /vM�KB+ PL `2bBbi�M+2

@ r2HH `2bBbi�M+2b
Ç RS @ i?2 Lq `2bBbi�M+2

@ bm#bi`�i2 `2H�i2/
Ç Csub @ i?2 Lq@Sal" +�T�+Bi�M+2
Ç Rsub @ bm#bi`�i2 `2bBbi�M+2

Rye



9Xj .2pB+2b KQ/2HHBM;

_6 KQ/2H 7Q` i?2 1a. T`Qi2+iBQM /BQ/2

@ #�+F2M/ `2H�i2/

Ç CbeAC @ i?2 +�T�+Bi�M+2 #2ir22M i?2 K2i�H HBM2b Q7 i?2 �MQ/2 �M/ i?2 +�i?Q/2

Ç LbeA @ BM/m+i�M+2 Q7 i?2 K2i�H HBM2 mb2/ iQ �++2bb i?2 �MQ/2

Ç LbeC @ BM/m+i�M+2 Q7 i?2 K2i�H HBM2 mb2/ iQ �++2bb i?2 +�i?Q/2

CS �M/ Csub �`2 KQ/2HH2/ i?`Qm;? i?2B` /2TH2iBQM +�T�+Bi�M+2,

CS =
CS0

(

1− VD

VJS

)mjs
U9XRV

Csub =
Csub0

(

1− Vsub

VJsub

)mjsub
U9XkV

q?2`2,

Ç CS0 �M/ Csub0 �`2 i?2 DmM+iBQMb +�T�+Bi�M+2 �i y o UMQ #B�bVc

Ç VJS �M/ VJsub �`2 i?2 DmM+iBQMb #mBHi@BM pQHi�;2bc

Ç mjs �M/ mjsub �`2 i?2 DmM+iBQMb +Q2{+B2Mibc

Ç VD �M/ Vsub �`2 i?2 pQHi�;2 /`QTb QM i?2 +2Mi`�H DmM+iBQM �M/ i?2 bm#bi`�i2
DmM+iBQM- `2bT2+iBp2HvX

h?2 Tm`TQb2 MQi #2BM; iQ KQ/2H i?2 1a. +QM/m+iBQM- #mi i?2 /2pB+2 BKT�+i Qp2`
i?2 +B`+mBi- r2 +�M �bbmK2 i?�i i?2 +m``2Mi ~QrBM; i?`Qm;? i?2 /BQ/2 Bb BMbB;MB}+�Mi
QmibB/2 �M 1a. 2p2MiX h?mb- i?2 /BzmbBQM +�T�+Bi�M+2- ;Bp2M #v i?2 +?�`;2b
i`�MbBiBM; i?2 DmM+iBQM- #2+QK2b M2;HB;B#H2X

Ryd



*?�Ti2` 9 _6 JQ/2H

�Hi?Qm;? r?2M mb2/ �b bi�M/@�HQM2 T`Qi2+iBQMb i?2 /BQ/2b �`2 `2p2`b2@#B�b2/- i?2v
+�M ;2i 7Q`r�`/@#B�b2/ r?2M T�`i Q7 � KQ`2 +QKTH2t bi`m+im`2- �b i?2 .ha*_X AM
i?Bb +�b2- i?2 DmM+iBQM �HHQrb � +2`i�BM +m``2Mi iQ T�bb i?`Qm;? BiX h?Bb Bb KQ/2HH2/
i?`Qm;? � #B�b@/2T2M/2Mi U/vM�KB+V `2bBbi�M+2,

RON = RONhc
+

VD

IS 2tT VD

VT

U9XjV

q?2`2,
Ç RONhc

Bb i?2 p�Hm2 Q7 RON �i ?B;? #B�b H2p2Hb @ r?2M i?2 /BQ/2 Bb BM T�bbBM;
bi�i2

Ç IS Bb i?2 DmM+iBQM b�im`�iBQM +m``2Mi
Ç VT Bb i?2 i?2`K�H pQHi�;2- 26mV �i � i2KT2`�im`2 Q7 300K
Ç VD Bb i?2 pQHi�;2 /`QT QM i?2 +2Mi`�H DmM+iBQM

h?2 KQ/2H 7Q` i?2 MYTr /BQ/2 U6B;X 9XjV Bb B/2MiB+�HX Csub rBHH i�F2 i?2 `QH2 Q7 i?2
T@r2HH @ M@BbQ DmM+iBQMX

h?2 2H2+i`B+�H KQ/2H T`QTQb2/ 7Q` �M 1a. T`Qi2+iBQM a*_ Bb T`2b2Mi2/ BM 6B;X 9Xe-
�HQM;bB/2 Bib T?vbB+�H #�bBbX

_6 KQ/2H 7Q` i?2 1a. T`Qi2+iBQM a*_

Aib 2H2K2Mib �`2,
@ CmM+iBQM `2H�i2/,

Ç CA @ i?2 �MQ/2 iQ M@r2HH U�@LqV DmM+iBQM +�T�+Bi�M+2
Ç RonA @ /vM�KB+ PL `2bBbi�M+2 Q7 i?2 �@Lq DmM+iBQM
Ç CC @ i?2 +�i?Q/2 iQ T@r2HH U*@SqV DmM+iBQM +�T�+Bi�M+2

Ry3



9Xj .2pB+2b KQ/2HHBM;

Ç RonC @ /vM�KB+ PL `2bBbi�M+2 Q7 i?2 *@Sq DmM+iBQM

Ç Cnp @ i?2 M@r2HH @ T@r2HH ULq@SqV- +2Mi`�H DmM+iBQM +�T�+Bi�M+2

Ç RS @ i?2 /Bbi`B#miBQM Q7 i?2 r2HH `2bBbi�M+2b iQr�`/b i?2 bm#bi`�i2

@ r2HH `2bBbi�M+2b

Ç Rnw @ i?2 Lq `2bBbi�M+2

Ç Rpw @ i?2 Sq `2bBbi�M+2

@ bm#bi`�i2 `2H�i2/

Ç Csub @ Lq@Sal" +�T�+Bi�M+2

Ç Rsub @ bm#bi`�i2 `2bBbi�M+2

@ #�+F2M/ `2H�i2/

Ç CbeAC @ h?2 +�T�+Bi�M+2 #2ir22M i?2 K2i�H HBM2b Q7 i?2 �MQ/2 U�V �M/ i?2
+�i?Q/2 U*V

Ç CbeANW @ h?2 +�T�+Bi�M+2 #2ir22M i?2 K2i�H HBM2b Q7 i?2 �MQ/2 U�V �M/ i?2
M@r2HH ULqV

Ç CbeNWC @ h?2 +�T�+Bi�M+2 #2ir22M i?2 K2i�H HBM2b Q7 i?2 M@r2HH ULqV �M/ i?2
+�i?Q/2 U*V

Ç LbeA @ BM/m+i�M+2 Q7 i?2 K2i�H HBM2 mb2/ iQ �++2bb i?2 �MQ/2

Ç LbeNW @ BM/m+i�M+2 Q7 i?2 K2i�H HBM2 mb2/ iQ �++2bb i?2 M@r2HH

h?2 +2Mi`�H DmM+iBQM- #2ir22M i?2 Lq �M/ i?2 Sq- r?Qb2 +�T�+Bi�M+2 Bb KQ/2HH2/
#v Cnp- Bb �Hr�vb `2p2`b2@#B�b2/X h?mb- i?2`2 Bb MQ M22/ 7Q` � /vM�KB+ `2bBbi�M+2 iQ
KQ/2H i?2 +QM/m+iBQM i?`Qm;? BiX

6Q` i?2 DmM+iBQM +�T�+Bi�M+2b- � /2TH2iBQM KQ/2H- bBKBH�` iQ 9XR- r�b mb2/,

CA =
CA0

(

1− VA

VJSA

)mjA
U9X9V

CC =
CC0

(

1− VC

VJSC

)mjC
U9X8V

Cnp =
Cnp0

(

1− Vnp

VJSnp

)mjnp
U9XeV

RyN
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�M/ 7Q` i?2 RON `2bBbi�M+2b- QM2 bBKBH�` iQ 9Xj,

RONA
= RONAhc

+
VA

ISA
2tT VA

VT

U9XdV

RONC
= RONChc

+
VC

ISC
2tT VC

VT

U9X3V

h?2 /2pB+2b r2`2 `2�HBx2/ BM � RjyƘMK "B*JPa Jq UJB+`Qr�p2V i2+?MQHQ;vX
a@T�`�K2i2` K2�bm`2K2Mib r2`2 +�``B2/ Qmi /B`2+iHv QM i?2 r�72` mbBM; � *�b+�/2
+?�`�+i2`Bx�iBQM #�MF �M/ � oL� Uo2+iQ` L2irQ`F �M�Hvb2`V mT iQ e8Ƙ:>xX .*
#B�b r�b �TTHB2/ BM Q`/2` iQ #mBH/ i?2 pQHi�;2 /2T2M/2Mi KQ/2HX

LQ bT2+B�H T`Q+2/m`2b r2`2 BMpQHp2/X � +H�bbB+ *�b+�/2@bT2+B}+ G__J +�HB#`�iBQM
(.�pBǶNy) r�b mb2/X

�HH i?2 /2pB+2b r2`2 T`2T�`2/ BM _6 K2�bm`2K2Mi T�/ 7`�K2b U6B;X 9XdV- BM i?2
+QM};m`�iBQMb T`2b2Mi2/ M2tiX

J2�bm`2K2Mi bi`m+im`2

h?2 +?QB+2 Q7 K2�bm`2K2Mi +QM};m`�iBQMb r�b ;Bp2M #v,

Ç h?2 M22/ Q7 bm{+B2Mi BM7Q`K�iBQM BM Q`/2` iQ #mBH/ �M/ 2ti`�+i � KQ/2H 7Q` �
+2`i�BM /2pB+2

Ç h?2 HBKBi2/ bBHB+QM bm`7�+2 �p�BH�#H2 7Q` i?Bb bim/v

RRy



9X9 a@T�`�K2i2`b +?�`�+i2`Bx�iBQM

6Q` i?2 /BQ/2b- irQ +QM};m`�iBQMb r2`2 mb2/, ǳT�`�HH2HǴ �M/ ǳ+�b+�/2ǴX AM i?2
T�`�HH2H +QM};m`�iBQM U6B;X 9X3V i?2 /BQ/2 ?�b Bib �MQ/2 +QMM2+i2/ iQ i?2 bB;M�H
UaV �M/ i?2 +�i?Q/2 +QMM2+i2/ iQ i?2 ;`QmM/ U:L.V- iQ;2i?2` rBi? i?2 bm#bi`�i2
USal"VX h?Bb rBHH Qz2` �M Qp2`�HH BK�;2 Q7 i?2 /BQ/2 �M/ Q7 i?2 MQM /2@2K#2//2/
T�`�bBiB+X .Bz2`2Mi pQHi�;2b r2`2 �TTHB2/ iQ i?2 a T�/b BM Q`/2` iQ #B�b i?2 /2pB+2X

.BQ/2 T�`�HH2H +?�`�+i2`Bx�iBQM +QM};m`�iBQM

AM i?2 +�b+�/2 +QM};m`�iBQM U6B;X 9XNV- i?2 �MQ/2 Bb +QMM2+i2/ iQ QM2 bB;M�H UaRV �M/
i?2 +�i?Q/2 iQ �MQi?2` QM2 UakVX h?Bb +QM};m`�iBQM rBHH Qz2`- #2bB/2b � bmTTH2K2Mi�H
BM7Q`K�iBQM QM i?2 /BQ/2Ƕb DmM+iBQM- � /2i�BH2/ HQQF QM i?2 bm#bi`�i2 T�`�bBiB+ 2z2+ibX
.Bz2`2Mi pQHi�;2b r2`2 �TTHB2/ #2ir22M i?2 aR �M/ i?2 ak T�/b BM Q`/2` iQ #B�b i?2
/2pB+2X

.BQ/2 +�b+�/2 +?�`�+i2`Bx�iBQM +QM};m`�iBQM

RRR
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h?2 a*_ r�b K2�bm`2/ BM QMHv QM2 +QM};m`�iBQM U6B;X 9XRyVX Ai r�b +?Qb2M BM bm+?
� r�v i?�i i?2 BM7Q`K�iBQM �i i?2 BKTQ`i�Mi bTQib #2 K�tBK�HX Ai Bb i?2 +�b2 Q7 i?2
Lq T�/- r?2`2 � i`B;;2`BM; +B`+mBi Bb ;QBM; iQ #2 +QMM2+i2/ U6B;X 9XkVX

a*_ +?�`�+i2`Bx�iBQM +QM};m`�iBQM

h?2 `2H�i2/ T�`�K2i2`b Q7 i?2 7m`i?2` /2p2HQT2/ KQ/2H- #2ir22M i?2 �MQ/2 U�V
�M/ Lq Ur?B+? rBHH #2 +QMiBMm2/ rBi? � +?�BM Q7 /BQ/2b BM � +QKTH2i2 T`Qi2+iBQM
bi`m+im`2V- ?�p2 iQ #2 2ti`�+i2/ rBi? � ;QQ/ T`2+BbBQMX h?mb- � Bb +QMM2+i2/ iQ QM2
bB;M�H UaRV- Lq iQ �MQi?2` QM2 UakV �M/ i?2 +�i?Q/2 U*V- Sq �M/ i?2 bm#bi`�i2
�`2 +QMM2+i2/ iQ i?2 ;`QmM/ U:L.VX h?Bb +QM};m`�iBQM Qz2`b � /2i�BH2/ HQQF QM i?2
�MQ/2 @ Lq T�`i- �b r2HH �b �M Qp2`�HH HQQF QM i?2 ǳ#Q/vǴ Q7 i?2 /2pB+2X
.Bz2`2Mi pQHi�;2b r2`2 �TTHB2/ iQ i?2 aR T�/ BM Q`/2` iQ #B�b i?2 /2pB+2X

h?2 .ha*_ r�b K2�bm`2/ BM i?2 +QM};m`�iBQM b?QrM BM 6B;X 9XRRX h?2 #B�b r�b
�TTHB2/ iQ aRX

h?2 K2�bm`2K2Mi `2bmHib ?�p2 iQ #2 /2@2K#2//2/ BM Q`/2` iQ 2HBKBM�i2 i?2 T�`�bBiB+
BMi`Q/m+2/ #v i?2 �mtBHB�`v K2�bm`2K2Mi bi`m+im`2 T`2b2Mi QM i?2 bBHB+QMX h?�i Bb-
i?2 `272`2M+2 TH�M2b ?�p2 iQ #2 ǳKQp2/Ǵ i?`Qm;? � /�i� T`Q+2bbBM; �i i?2 #QmM/�`v
Q7 i?2 �+im�H �M�Hvb2/ /2pB+2X AM Q`/2` iQ Q#i�BM i?2 BM7Q`K�iBQM M2+2bb�`v iQ
/2@2K#2/- b2p2`�H bT2+B�H bi`m+im`2b- +QMi�BMBM; QMHv i?2 K2�bm`2K2Mi T�/ 7`�K2b
BM /Bz2`2Mi +QM};m`�iBQMb- r2`2 /2bB;M2/X
�M BKTQ`i�Mi �bT2+i Bb ?Qr Km+? b?QmH/ #2 /2@2K#2//2/X q?2`2 /Q2b i?2 mb27mH
BM7Q`K�iBQM �#Qmi i?2 bi`m+im`2 2M/\

RRk



9X9 a@T�`�K2i2`b +?�`�+i2`Bx�iBQM

.ha*_ +?�`�+i2`Bx�iBQM +QM};m`�iBQM

6`QK � KQ/2HHBM; TQBMi Q7 pB2r- i?2 2�bB2bi r�v iQ 2ti`�+i i?2 T�`�K2i2`b rQmH/
?�p2 #22M iQ /2@2K#2/ �HH i?2 r�v /QrM iQ i?2 bBHB+QM H2p2H Ui?2 7`QMi2M/V- 2t+Hm/BM;
�HH i?2 K2i�H H�v2`b Ui?2 #�+F2M/VX >Qr2p2`- i?Bb rQ`F r�b BMi2M/2/ �b �M Qp2`�HH
bim/v QM i?2 _6 #2?�pBQm` Q7 i?2 1a. T`Qi2+iBQM /2pB+2bX

JQ`2Qp2`- i?2 `2H�i2/ b+B2MiB}+ HBi2`�im`2 Bb p2`v HBKBi2/ BM 2tT2`BK2Mib �M/
BM7Q`K�iBQM BM i?Bb �`2�X PM2 Q7 i?2 Tm`TQb2b Q7 i?Bb bim/v r�b �HbQ i?2 �M�HvbBb Q7
i?2 T�`iB+mH�`BiB2b T`2b2Mi BM i?2 ?B;? 7`2[m2M+v +?�`�+i2`Bx�iBQM Q7 1a. T`Qi2+iBQM
/2pB+2bX h?2b2 T�`iB+mH�`BiB2b �`2 KQbiHv /m2 iQ i?2B` bBx2- #B;;2` i?�M mbm�H
7mM+iBQM�H /2pB+2b BM � +2`i�BM i2+?MQHQ;v- �M/ i?2 bT2+B�H H�vQmi Q7 i?2 #�+F2M/X

h?2 K2i�H H�v2`b TH�v � bB;MB}+�Mi `QH2 BM i?2 1a. T2`7Q`K�M+2 Q7 � +2`i�BM bi`m+im`2X
lT iQ � +2`i�BM H2p2H i?2v ?�p2 iQ #2 +QMbB/2`2/ �b T�`i Q7 i?2 /2pB+2X h?mb- �Hi?Qm;?
Bi K�F2b i?2 T�`�K2i2` 2ti`�+iBQM KQ`2 /B{+mHi- i?2 /2@2K#2//BM; r�b /QM2 �#Qp2
i?2b2 K2i�H H�v2`bX �b +QMb2[m2M+2- i?2 +?�`�+i2`Bb�iBQM Qz2`b � #2ii2` BK�;2 QM
i?2 Qp2`�HH ?B;? 7`2[m2M+v #2?�pBQm`X �MQi?2` +QMb2[m2M+2 Q7 i?Bb +?QB+2 r�b i?2
7�+i i?�i � bBM;H2 b2i Q7 /2@2K#2//BM; bi`m+im`2b +�M #2 mb2/ rBi? KmHiBTH2 /2pB+2b
�M/ +QM};m`�iBQMbX

h?2 b2i r�b K�/2 Qmi Q7 irQ bi`m+im`2b- �M QT2M U6B;m`2 9XRk�V �M/ � b?Q`i
U6B;m`2 9XRk#V- �++Q`/BM; iQ i?2 M22/b Q7 i?2 +?Qb2M /2@2K#2//BM; K2i?Q/ (hQ``Ƕy8)X
h?2 �H;Q`Bi?K BM (hQ``Ƕy8) r�b BKTH2K2Mi2/ BM J�hG�" mbBM; i?2 _6 hQQH#Qt
(J�hǶRR)X

h?2 ǳQT2MǴ bi`m+im`2 ?�b �M QT2M +B`+mBi #2ir22M i?2 irQ bB;M�H T�/b �M/ �HbQ
#2ir22M 2�+? bB;M�H T�/ �M/ i?2 ;`QmM/ TH�M2X h?2 ǳb?Q`iǴ bi`m+im`2 ?�b 2�+? T�/
b?Q`i@+B`+mBi2/ iQ i?2 ;`QmM/ TH�M2 i?`Qm;? � +?�BM Q7 pB�bX AM bQK2 K2�bm`2K2Mi
+QM};m`�iBQMb- i?2 /BQ/2 T�`�HH2H U6B;X 9X3V �M/ i?2 .ha*_ U6B;X 9XRRV- i?2 irQ
bB;M�H T�/b �`2 BMi2`+QMM2+i2/X Ai rBHH #2 b?QrM BM b2+X 9X8 ?Qr i?2 2``Q` BMi`Q/m+2/
#v i?2 bi`BT +QMM2+iBM; i?2 irQ T�/b BM i?Bb +�b2 +�M #2 2biBK�i2/ �M/ BbQH�i2/X

RRj
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.2@2K#2//BM; bi`m+im`2b

�/p�M+2/ .2bB;M avbi2K (�.aǶy3) /2bB;M �miQK�iBQM bQ7ir�`2 7`QK �;BH2Mi r�b
mb2/ 7Q` /�i� �M�HvbBb �M/ T�`�K2i2` 2ti`�+iBQMX
h?2 K2�bm`2/ a T�`�K2i2`b �`2 }`bi i`�Mb7Q`K2/ BMiQ w T�`�K2i2`bX h?Bb Bb /QM2
BM Q`/2` iQ ;Bp2 i?2K � T?vbB+�H b2Mb2- `2H�i2/ iQ i?2 T`QTQb2/ KQ/2H- K�/2 Qmi Q7
T�bbBp2 2H2K2MibX h?mb- i?2 (a) K�i`Bt Bb i`�Mb7Q`K2/ BM � (w) K�i`BtX

[
S11 S12

S12 S21

]

−→
[
Z11 Z12

Z12 Z21

]

U9XNV

r?2`2,

Z11 =
(1 + S11)(1− S22) + S12S21

∆S
· Z0 U9XRyV

Z12 =
2S12

∆S
· Z0 U9XRRV

Z21 =
2S21

∆S
· Z0 U9XRkV

Z22 =
(1− S11)(1 + S22) + S12S21

∆S
· Z0 U9XRjV

RR9



9X8 S�`�K2i2` 2ti`�+iBQM �M/ KQ/2H p�HB/�iBQM

∆S = (1− S11)(1− S22)− S12S21 U9XR9V

:Bp2M i?2 �``�M;2K2Mi Q7 i?2 /Bz2`2Mi #`�M+?2b BM �HH Q7 i?2 i?`22 +�b2b U6B;X 9X3-
6B;X 9XN �M/ 6B;X 9XRyV mb2/ 7Q` i?2 T�`�K2i2` 2ti`�+iBQM- i?2 BM7Q`K�iBQM Q#i�BM2/
7`QK i?2 K2�bm`2K2Mib r�b ;`QmT2/ BM � h@+QM};m`�iBQM U6B;X 9XRjVX

h@KQ/2H mb2/ iQ +QKT�`2 i?2 BKT2/�M+2 /Bbi`B#miBQM Q7 i?2 KQ/2Hb
rBi? i?2 K2�bm`2K2Mib

h?2 7QHHQrBM; K2i?Q/QHQ;v r�b mb2/ 7Q` Q#i�BMBM; i?2 T�`�K2i2`b Q7 i?2 KQ/2Hb,

Ç r?2M2p2` M22/2/- +QMp2`iBM; i?2 KQ/2H b+?2K�iB+ iQ � h@+QM};m`�iBQMc i?Bb Bb
T�`iB+mH�`Hv i?2 +�b2 rBi? i?2 /BQ/2 BM +�b+�/2- 6B;X 9XNc i?2 �MQ/2@+�i?Q/2
#�+F2M/ +�T�+Bi�M+2- CbeAC - ?�b iQ #2 BMi`Q/m+2/ BM i?2 Qi?2` #`�M+?2b
i?`Qm;? � /2Hi�@bi�` i`�Mb7Q`K�iBQMc

Ç Q#i�BMBM; i?2 2[mBp�H2Mi BKT2/�M+2 7Q` 2�+? Q7 i?2 #`�M+?2b Q7 � KQ/2H �M/
bBKTHB7vBM; r?2M2p2` TQbbB#H2 #v i�FBM; BMiQ �++QmMi i?2 mbm�H K�;MBim/2b Q7
i?2 T�`�K2i2`b BMpQHp2/c

Ç +QKT�`BM; i?2 7`2[m2M+v@/2T2M/2Mi KQ/2H 2[m�iBQM Q7 2�+? 2[mBp�H2Mi
BKT2/�M+2 rBi? i?2 QM2 Q#i�BM2/ 7`QK i?2 K2�bm`2K2MibX

o�`BQmb r�vb Q7 Q#i�BMBM; i?2 T�`�K2i2`b 7`QK i?2 K2�bm`2/ +m`p2b Bb b?QrM M2ti
7Q` 2�+? Q7 i?2 /2pB+2b �M/ +QM};m`�iBQMbX

�b bi�i2/ �#Qp2- irQ +QM};m`�iBQMb r2`2 �p�BH�#H2 7Q` 2ti`�+iBM; i?2 /BQ/2Ƕb KQ/2H
T�`�K2i2`bX h?2 T�`�HH2H QM2 Bb KQbiHv mb2/- �b Bi #2ii2` `2T`2b2Mib i?2 /BQ/2 BM Bib
mbm�H TQbBiBQM �b � T`Qi2+iBQM Q` i`B;;2`BM; /2pB+2X L2p2`i?2H2bb- i?2 bm#bi`�i2 Bb
?�`/ iQ #2 b2T�`�i2/ 7`QK i?2 Qi?2` T�`�K2i2`bX h?2 +�b+�/2 +QM};m`�iBQM U6B;X 9XNV
Bb mb2/ iQ �++QKTHBb? i?Bb i�bFX

RR8



*?�Ti2` 9 _6 JQ/2H

h?2 KQ/2H ?�b iQ #2 #`Qm;?i iQ � h@+QM};m`�iBQM #v � /2Hi�@bi�` i`�Mb7Q`K�iBQM
�`QmM/ CbeAC X h?mb- i?2 KQ/2H BM 6B;X 9XN #2+QK2b �b BM 6B;X 9XR9X

.BQ/2 KQ/2H �7i2` #2BM; +QMp2`i2/ iQ � h@+QM};m`�iBQM

q?2`2,

Y
′

1 = jω (Cmet + Cs)−Rsω
2CsCmet U9XR8V

Y
′

2 = jωCs +
1

Rs

+
Cs

RsCmet

U9XReV

Y
′

3 = jωCmet +
1

Rs

+
Cmet

RsCs

U9XRdV

h?2 bm#bi`�i2 +QM};m`�iBQM Bb +QMi�BM2/ #v i?2 KB//H2 #`�M+?- Z2 7`QK 6B;X 9XR9,

Z2 =
1

Y
′

2

+Rsub +
1

jωCsub

U9XR3V

1

Y
′

2

=
1

Cmet+Cs

RsCmet
+ jωCs

=
Cmet+Cs

RsCmet
+ jωCs

(Cmet+Cs)
2

R2
sC

2
met

+ ω2C2
s

U9XRNV

RRe



9X8 S�`�K2i2` 2ti`�+iBQM �M/ KQ/2H p�HB/�iBQM

:Bp2M i?2 2tT2+i2/ K�;MBim/2b Q7 i?2 T�`�K2i2`b, Cmet ≈ 10−14 F - Cs ≈ 10−14 F -
Rs ≈ 10Ω- ω ≈ 1010 Hz- Bi +�M #2 +QM+Hm/2/ i?�i





10−14

︷︸︸︷

Cmet +

10−14

︷︸︸︷

Cs





2

R2
s

︸︷︷︸

102

C2
met

︸︷︷︸

10−28

︸ ︷︷ ︸

10−2

≫ ω2
︸︷︷︸

1020

C2
s

︸︷︷︸

10−28

︸ ︷︷ ︸

10−8

U9XkyV

9XRN Bb BMi`Q/m+2/ BM 9XR3 #v mbBM; 9Xky �M/ i?2 `2�H �M/ BK�;BM�`v T�`ib �`2 ;`QmT2/
iQ;2i?2`,

Z2 =
RsCmet

Cs + Cmet

+Rsub + j

(

ωCs ·
R2

SC
2
met

(Cmet + Cs)
2 − 1

ωCsub

)

U9XkRV

lbBM; i?2 b�K2 �TT`Q�+? �b BM 9Xky- 9XkR +�M #2 7m`i?2` bBKTHB}2/ #v +QMbB/2`BM;,

ωCs
︸︷︷︸

10−4

· R2
SC

2
met

(Cmet + Cs)
2

︸ ︷︷ ︸

102
︸ ︷︷ ︸

10−2

≪ 1

ωCsub
︸ ︷︷ ︸

104

U9XkkV

� bBKTH2` 7Q`K Q7 i?2 `2�H �M/ BK�;BM�`v T�`ib Bb i?2M Q#i�BM2/ �M/ +�M #2 2tTHQBi2/X

Re(Z2) ≃
RsCmet

Cs + Cmet

+Rsub U9XkjV

Im(Z2) ≃ − 1

ωCsub

U9Xk9V

9Xkj +QMi�BMb BM � BMb2T�`�#H2 r�v i?2 2z2+i Q7 Rs- Cmet- Cs �M/ RsubX h?mb- MQ
T�`�K2i2` +�M #2 /B`2+iHv 2ti`�+i2/ 7`QK BiX PM i?2 Qi?2` ?�M/- 9Xk9 +QMi�BMb
�TT`QtBK�i2Hv QMHv i?2 2z2+i Q7 CsubX

Csub = − 1

ω · Im(Z2)
U9Xk8V

"v THQiiBM; 9Xk8 7`QK i?2 K2�bm`2/ /�i�- Csub +�M #2 2�bBHv Q#i�BM2/ U6B;X 9XR8VX
6Q` i?2 /2pB+2 �M�Hvb2/ BM 6B;X 9XR8- Csub = 61 fF X
9Xkj +�M #2 mb2/ �7i2` i?2 2ti`�+iBQM Q7 Rs- Cmet- Cs r?2M Rsub +�M #2 Q#i�BM2/ #v
}iiBM; i?2 Re(Z2) +m`p2X

RRd



*?�Ti2` 9 _6 JQ/2H

am#bi`�i2 +�T�+Bi�M+2 2ti`�+iBQM 7Q` �M 1a. /BQ/2

h?2 Qi?2` T�`�K2i2`b UCs- CbeAC - Rs- LbeAV �`2 2ti`�+i2/ /B`2+iHv Q` i?`Qm;?
QTiBKBx�iBQM- mbBM; i?2 T�`�HH2H +?�`�+i2`Bx�iBQM b2imT U6B;X 9X3VX
Lde- KQ/2HHBM; i?2 MQM /2@2K#2//2/ T�`i Q7 i?2 722/ HBM2 iQ i?2 /BQ/2 UT�`i Q7 i?2
bi`BT +QMM2+iBM; i?2 irQ bB;M�H T�/bV- Bb 2ti`�+i2/ 7`QK Z1,

Z1 = jωLde U9XkeV

Lde =
Im(Z1)

ω
U9XkdV

h?2 `2�H T�`i Q7 Z1 `2T`2b2Mib i?2 `2bB/m�H MQM /2@2K#2//2/ `2bBbi�M+2X 6B;X 9XRe
b?Qrb BM � [m�MiBi�iBp2 r�v i?2 2H2K2Mib i?�i r2`2MǶi �#H2 iQ #2 /2@2K#2//2/ mbBM;
i?2 /2@2K#2//BM; bi`m+im`2b T`2b2Mi2/ BM b2+X 9X9X9X

AM7Q`K�iBQM +QMi�BM2/ BM i?2 Z1 #`�M+? Q7 i?2 /BQ/2 BM � T�`�HH2H
K2�bm`2K2Mi +QM};m`�iBQM

RR3



9X8 S�`�K2i2` 2ti`�+iBQM �M/ KQ/2H p�HB/�iBQM

Z2 +QMi�BMb i?2 r?QH2 KQ/2HX �b rBi? i?2 T`2pBQmb +QM};m`�iBQM- � +QKTH2i2 �M�HvbBb
Q7 i?Bb BKT2/�M+2 Bb /QM2 BM Q`/2` iQ b22 i?2 BKT�+i 2�+? T�`�K2i2` ?�b QM i?2
K2�bm`2/ +?�`�+i2`BbiB+bX :Bp2M i?2 KQ/2H +QKTQbBiBQM- Y2 = 1

Z2

r�b 7QmM/ iQ #2
2�bB2` iQ +QKTmi2X

Y2 = jωCmet +

(

jωCs ‖
(

1

Rs

+
1

Rsub

‖ jωCsub

))

U9Xk3V

= jωCmet +

(

jωCs ‖
1 + ω2C2

subRsub (Rs +Rsub) + jωCsubRs

Rs (1 + ω2R2
subC

2
sub)

)

U9XkNV

:Bp2M i?2 mbm�H K�;MBim/2 Q7 i?2 T�`�K2i2`b- r2 +�M bmTTQb2 i?�i,

ω2
︸︷︷︸

1020

C2
sub

︸︷︷︸

10−28

Rsub
︸︷︷︸

102

(

Rs + Rsub
︸ ︷︷ ︸

)

102
︸ ︷︷ ︸

10−4

≪ 1 U9XjyV

ω2
︸︷︷︸

1020

R2
sub

︸︷︷︸

104

C2
sub

︸︷︷︸

10−28

︸ ︷︷ ︸

10−4

≪ 1 U9XjRV

LQi2 i?�i i?2 T`2pBQmb bBKTHB}+�iBQM- p�HB/ �i HQr2` 7`2[m2M+B2b Uω r�b +QMbB/2`2/
iQ #2 �`QmM/ 10GHzV- +QKTH2i2Hv 2HBKBM�i2b i?2 /2T2M/2M+v Q7 Y2 rBi? RsubX

Y2 ≃ jωCmet +

(

jωCs ‖
1 + jωCsubRs

Rs

)

U9XjkV

=
ω2RsC

2
s + jω (Cmet + Cs) + jω3RsCsCsub (Cs + Csub)

1 + ω2R2
s (Cs + Csub)

2 U9XjjV

ω2
︸︷︷︸

1020

R2
s

︸︷︷︸

104

(Cs + Csub)
2

︸ ︷︷ ︸

10−28

︸ ︷︷ ︸

10−4

≪ 1 U9Xj9V

Y2 ≃ ω2RsC
2
s + jω (Cmet + Cs) + jω3RsCsCsub (Cs + Csub) U9Xj8V

RRN



*?�Ti2` 9 _6 JQ/2H

6BM�HHv- r2 Q#i�BM2/ �M �TT`QtBK�iBQM Q7 i?2 `2�H �M/ BK�;BM�`v T�`ib,

Re(Y2) = ω2RsC
2
s U9XjeV

Im(Y2) = ω (Cmet + Cs) + ω3RsCsCsub (Cs + Csub) U9XjdV

q2 +�M Q#b2`p2 i?�i �i HQr 7`2[m2M+B2b- Re(Y2) ;�i?2`b i?2 BM~m2M+2 Q7 Rs �M/ Cs,

RsC
2
s =

Re(Y2)

ω2
U9Xj3V

h?2 +?�`�+i2`BbiB+ �bbQ+B�i2/ rBi? 9Xj3 Bb b?QrM BM 6B;m`2 9XRd�X Rsub BKT�+ib Bi �i
?B;? 7`2[m2M+v- r?2`2 i?2 �TT`QtBK�iBQMb BM 9Xjy �M/ 9XjR /Q MQi bi�M/X
6`QK Im(Y2) r2 +�M Q#i�BM i?2 bmK Q7 Cs �M/ CmetX h?2 H�ii2` ?�b � KQ`2
T`QMQmM+2/ BKT�+i �i ?B;? 7`2[m2M+B2b- ;Bp2M #v i?2 b2+QM/ i2`K Q7 9XjdX �i HQr2`
7`2[m2M+B2b- QMHv i?2 }`bi i2`K Bb pBbB#H2,

ω
︸︷︷︸

1010

(Cmet + Cs)
︸ ︷︷ ︸

10−14

︸ ︷︷ ︸

10−4

≫ ω3
︸︷︷︸

1030

R2
s

︸︷︷︸

104

Cs
︸︷︷︸

10−14

Csub
︸︷︷︸

10−14

(Cs + Csub)
︸ ︷︷ ︸

10−14

︸ ︷︷ ︸

10−8

U9XjNV

h?mb- #v mbBM; 9XjN BM 9Xjd,

Cmet + Cs =
Im(Y2)

ω
U9X9yV

h?2 +?�`�+i2`BbiB+ �bbQ+B�i2/ rBi? 9X9y Bb b?QrM BM 6B;m`2 9XRd#X h?2 #�+F2M/
BKT2/�M+2- Lbe �HbQ BKT�+ib Bi �i p2`v ?B;? 7`2[m2M+B2bX
h?2 7QHHQrBM; bi2Tb r2`2 mb2/ iQ Q#i�BM i?2 T�`�K2i2`b mbBM; i?2 +m`p2b BM 6B;X 9XRd,

Ç Rs �M/ Cs �`2 2biBK�i2/ 7`QK 6B;m`2 9XRd� �i HQr 7`2[m2M+B2bc �b i?2B` BKT�+i
/Bz2`b bHB;?iHv rBi? i?2 7`2[m2M+v- Bi Bb TQbbB#H2 iQ b2T�`�i2 i?2K #v i�`;2iBM;
� ;QQ/ }i QM i?2 +m`p2 #2ir22M 0 �M/ 20GHzX

Ç Cmet Bb i?2M +�H+mH�i2/ 7`QK 9X9y �M/ i?2 THQi BM 6B;m`2 9XRd#X
Ç >�pBM; Csub �H`2�/v 2ti`�+i2/ mbBM; i?2 +�b+�/2 +QM};m`�iBQM- Rsub Bb

2ti`�+i2/ #v }iiBM; 6B;m`2 9XRd� �i ?B;? 7`2[m2M+B2b Q` #v mbBM; 9XkjX

Rky



9X8 S�`�K2i2` 2ti`�+iBQM �M/ KQ/2H p�HB/�iBQM

Re(Y2) Im(Y2)

SHQib mb2/ 7Q` 2ti`�+iBM; �M/ QTiBKBxBM; i?2 /BQ/2Ƕb T�`�K2i2`b BM
i?2 T�`�HH2H +QM};m`�iBQM

a@T�`�K2i2` U�KTHBim/2 �M/ T?�b2V K2�bm`2K2Mib pbX bBKmH�iBQM 7Q`
� /BQ/2 /2pB+2

Ç Lbe Bb 2biBK�i2/ #v }iiBM; 6B;m`2 9XRd# �i ?B;? 7`2[m2M+B2b

6BM�HHv- r2 b?�HH +QKT�`2 i?2 K2�bm`2/ a@T�`�K2i2`b rBi? i?2 QM2b Q#i�BM2/ i?`Qm;?
bBKmH�iBQMb mbBM; i?2 2ti`�+i2/ KQ/2H U6B;X 9XR3V,

h?2 �;`22K2Mi #2ir22M bBKmH�iBQMb �M/ K2�bm`2K2Mib Bb p2`v ;QQ/- p�HB/�iBM; i?2
2H2+i`B+�H KQ/2Hb T`QTQb2/ 7Q` i?2 /BQ/2bX

�HH i?2 2ti`�+iBQMb �#Qp2 r2`2 /QM2 �i 0V X AM i?Bb +�b2- Ron Bb +QMbB/2`2/ BM}MBi2X

RkR



*?�Ti2` 9 _6 JQ/2H

"v KQ/B7vBM; i?2 #B�b- QMHv Cs �M/ Ron �`2 �z2+i2/X h?2 +?�M;2 BM pQHi�;2 /`QT
QM i?2 bm#bi`�i2 +�M #2 M2;H2+i2/X h?mb- BM Q`/2` iQ #mBH/ i?2 pQHi�;2 /2T2M/2Mi
KQ/2H- Cs �M/ Ron �`2 2ti`�+i2/ �i /Bz2`2Mi #B�b2bX
Cs Bb 2ti`�+i2/ 7`QK i?2 MQ`K�HBx2/ BK�;BM�`v T�`i Q7 Y2- 6B;m`2 9XRd#X h?Bb
+QMi�BMb BM7Q`K�iBQM �#Qmi #Qi? CbeAC - i?2 #�+F2M/ +�T�+Bi�M+2- �M/ Cs- #mi
QMHv i?2 H�ii2` p�`B2b rBi? i?2 pQHi�;2- #2BM; b2MbBiBp2 QMHv �i ?B;?@HQr 7`2[m2M+B2b
Uy@R8 :>xVX h?mb- �M QTiBKBx�iBQM `mM BM i?Bb `�M;2 Q7 i?2 +m`p2 rBHH H2�/ iQ � p2`v
�++m`�i2 p�Hm2X
6B;X 9XRN b?Qrb i?2 THQib mb2/ iQ 2ti`�+i i?2 DmM+iBQM +�T�+Bi�M+2 7Q` � /BQ/2 K�/2
iQ #2 mb2/ BM � i`B;;2`BM; +B`+mBi Q7 � .ha*_X h?mb- Bi Bb BKTQ`i�Mi i?�i i?2 KQ/2H
/2b+`B#2 Bi r2HH mM/2` 7Q`r�`/ #B�bX

LQ`K�HBx2/ BK�;BM�`v T�`i Q7 uk- mb2/ 7Q` 2ti`�+iBM; Q` QTiBKBxBM;
� i`B;;2`BM; /BQ/2Ƕb DmM+iBQM +�T�+Bi�M+2 �i /Bz2`2Mi pQHi�;2bX

6B;X 9Xky b?Qrb i?2 THQib mb2/ iQ 2ti`�+i i?2 DmM+iBQM +�T�+Bi�M+2 7Q` � /BQ/2 K�/2
iQ #2 mb2/ �b � T`Qi2+iBQM /2pB+2X h?mb- Bi Bb BKTQ`i�Mi i?�i i?2 KQ/2H /2b+`B#2 Bi
r2HH mM/2` `2p2`b2 #B�bX L2p2`i?2H2bb- BM Q`/2` iQ 2p�Hm�i2 9XR �M/ iQ KQ`2 �++m`�i2Hv
2biBK�i2 Bib T�`�K2i2`b- VJS �M/ mjS- K2�bm`2K2Mib r2`2 �HbQ +�``B2/ Qmi mM/2`
TQbBiBp2 #B�bX
AM #Qi? +�b2b- VJS �M/ mjS �`2 2ti`�+i2/ mbBM; � `2;`2bbBQM QM i?2 THQib BM 6B;m`2
9XRN# �M/ 6B;m`2 9Xky#X CS0 Bb i?2 +�T�+Bi�M+2 2ti`�+i2/ �i y oX
IS Bb 2ti`�+i2/ mbBM; +H�bbB+�H AUoV .* K2�bm`2K2MibX RONhc Bb i?2 RON 2ti`�+i2/
�i yX3 oX �b i?2 1a. T`Qi2+iBQM /2pB+2b �`2 BM�+iBp2 /m`BM; i?2 MQ`K�H 7mM+iBQMBM;
Q7 i?2 +B`+mBi i?2v T`Qi2+i- i?2 KQ/2H T`QTQb2/ ?�b Bib #QmM/�`B2b b2i �i yX3 oX
�M Qp2`�HH 2p�Hm�iBQM Bb /QM2 #v +QKT�`BM; a T�`�K2i2` K2�bm`2K2Mib �M/
bBKmH�iBQMb 7Q` /Bz2`2Mi #B�b2bX 6B;X 9XkR b?Qrb Bi 7Q` i?2 i`B;;2`BM; /BQ/2 �M�Hvb2/
�#Qp2X
h?2 �;`22K2Mi #2ir22M bBKmH�iBQMb �M/ K2�bm`2K2Mi Bb p2`v ;QQ/- p�HB/�iBM; i?2
2H2+i`B+�H KQ/2H T`QTQb2/ 7Q` i?2 /BQ/2X

Rkk



9X8 S�`�K2i2` 2ti`�+iBQM �M/ KQ/2H p�HB/�iBQM

LQ`K�HBx2/ BK�;BM�`v T�`i Q7 uk- mb2/ 7Q` 2ti`�+iBM; Q` QTiBKBxBM;
� T`Qi2+iBQM /BQ/2Ƕb DmM+iBQM +�T�+Bi�M+2 �i /Bz2`2Mi pQHi�;2bX

a@T�`�K2i2` U�KTHBim/2 �M/ T?�b2V K2�bm`2K2Mib pbX bBKmH�iBQM 7Q`
� /BQ/2 /2pB+2 �i /Bz2`2Mi pQHi�;2b

AM � bBKBH�` r�v- mbBM; � h +QM};m`�iBQM- i?2 T�`�K2i2`b 7Q` i?2 a*_ ?�p2 #22M
2ti`�+i2/ �M/ QTiBKBx2/X
:Bp2M i?2 BM+`2�b2/ +QKTH2tBiv +QKT�`2/ iQ i?2 /BQ/2b- � bBKBH�` K�i?2K�iB+�HHv
`B;Q`Qmb �TT`Q�+? Bb MQi TQbbB#H2X � K2i?Q/QHQ;v +QMbBbiBM; BM imMBM; i?2
T�`�K2i2`b #�b2/ QM i?2B` BKT�+i QM +2`i�BM +?�`�+i2`BbiB+b �M/ �i +2`i�BM

Rkj



*?�Ti2` 9 _6 JQ/2H

7`2[m2M+B2b rBHH #2 T`2b2Mi2/X AM Q`/2` iQ 7�+BHBi�i2 i?2 2biBK�iBQM Q7 i?2 T�`�K2i2`b-
i?2 K2i�H U#�+F2M/V +�T�+Bi�M+2b UCbeAC - CbeANW �M/ CbeNWCV b?QmH/ }`bi #2
2ti`�+i2/ 7`QK SQbi@G�vQmi@aBKmH�iBQMb USGaVX
h?2 `2p2`b2 BK�;BM�`v T�`i Q7 Z1 KmHiBTHB2/ #v i?2 7`2[m2M+v `2T`2b2Mib i?2 bmK
Q7 CA �M/ CbeANW X LbeAC +�M #2 QTiBKBx2/ QM i?2 b�K2 THQib- �i ?B;? 7`2[m2M+vX
RONA

Bb 2ti`�+i2/ 7`QK i?2 `2�H T�`i U6B;X 9XkkVX

AM7Q`K�iBQM +QMi�BM2/ BM i?2 Z1 #`�M+? Q7 i?2 a*_ KQ/2H

AM i?2 b�K2 K�MM2`- Cnp �M/ CbeNWC �`2 2ti`�+i2/ 7`QK i?2 BK�;BM�`v T�`i Q7 Z2X
Csub Bb b2MbB#H2 �i ǳ?B;? HQrǴ 7`2[m2M+B2b UmT iQ 20GHzV �M/ Rnp �i ?B;? 7`2[m2M+B2b
QM i?2 b�K2 THQiX Rnp +�M �HbQ #2 2biBK�i2/ 7`QK i?2 `2�H T�`i Q7 Z2- �HbQ �i ?B;?
7`2[m2M+B2b- r?BH2 Rsub +�M #2 2biBK�i2/ 7`QK i?2 BM7Q`K�iBQM �i HQr 7`2[m2M+B2b
U6B;X 9XkjVX

AM7Q`K�iBQM +QMi�BM2/ BM i?2 Z2 #`�M+? Q7 i?2 a*_ KQ/2H

AM i?2 `2�H T�`i Q7 Z3 r2 ?�p2 i?2 BM~m2M+2 Q7 Rnw �M/ CbeNWC Ui?2 H�ii2`Ƕb BM~m2M+2
�HbQ #2BM; T`2b2Mi BM Im(Z2)VX 6`QK Bib BK�;BM�`v T�`i r2 +�M 2ti`�+i LbeNW

U6B;X 9Xk9VX

Rk9



9X8 S�`�K2i2` 2ti`�+iBQM �M/ KQ/2H p�HB/�iBQM

AM7Q`K�iBQM +QMi�BM2/ BM i?2 Z3 #`�M+? Q7 i?2 a*_ KQ/2H

6BM�HHv- r2 b?�HH +QKT�`2 i?2 K2�bm`2/ a@T�`�K2i2`b rBi? i?2 QM2b Q#i�BM2/ i?`Qm;?
bBKmH�iBQMb mbBM; i?2 2ti`�+i2/ KQ/2H U6B;X 9Xk8VX

a@T�`�K2i2` U�KTHBim/2 �M/ T?�b2V K2�bm`2K2Mib pbX bBKmH�iBQM 7Q`
�M a*_ /2pB+2

h?2 �;`22K2Mi #2ir22M bBKmH�iBQMb �M/ K2�bm`2K2Mi Bb p2`v ;QQ/- p�HB/�iBM; i?2
2H2+i`B+�H KQ/2Hb T`QTQb2/ 7Q` i?2 a*_X

Rk8



*?�Ti2` 9 _6 JQ/2H

h?2 T�`�K2i2`b r?Qb2 p�`B�iBQM rBi? i?2 #B�b Bb BKTQ`i�Mi �`2 CA- Cnp �M/ CsubX
h?2 #B�b Bb �TTHB2/ �i i?2 �c i?2 Lq Bb +QMM2+i2/ iQ i?2 ;`QmM/ i?`Qm;? i?2 8y Ǖ
BKT2/�M+2 Q7 i?2 M2irQ`F �M�Hvx2`X
AM Q`/2` iQ /2i2`KBM2 i?2 pQHi�;2 /Bbi`B#miBQM U�b i?2 T�`i Q7 i?2 iQi�H pQHi�;2 i?�i
7�HHb Qp2` 2�+? BMi2`M�H DmM+iBQM @ 6B;X 9XkeV BM i?2b2 +QM/BiBQMb- �M 2H2+i`B+�H .*
KQ/2H Q7 i?2 a*_ r�b mb2/ Ub2+X kXkVX

AMi2`M�H pQHi�;2 /Bbi`B#miBQM BM �M a*_ �b 7mM+iBQM Q7 i?2 #B�b

LQi2 i?�i �Hi?Qm;? 6B;X 9Xke `2T`2b2Mib �HH i?2 pQHi�;2b �b TQbBiBp2- Cnp �M/ Csub �`2
mM/2` `2p2`b2 #B�bX
CA Bb 2ti`�+i2/ 7`QK i?2 BK�;BM�`v T�`i Q7 Z1X *QKT�`2/ iQ i?2 K2�bm`2K2Mi �i
0V - QMHv CA p�`B2b rBi? i?2 #B�b pQHi�;2X �HH i?2 Qi?2` +�T�+BiBp2 2H2K2Mib �`2
;Bp2M #v i?2 #�+F2M/X 6B;X 9Xkd b?Qrb i?2 2ti`�+iBQM Q7 CA 7Q` �M a*_ �i y o �M/
yX9 oX �i i?2b2 pQHi�;2b- �HKQbi �HH i?2 pQHi�;2 /`QT Bb QM i?2 �MQ/2 DmM+iBQMX

SHQi /2`Bp2/ 7`QK i?2 BK�;BM�`v T�`i Q7 wR- mb2/ iQ 2ti`�+i CAX

h?2 +�T�+Bi�M+2 p�`B2b rBi? i?2 pQHi�;2 �++Q`/BM; iQ 9X9- �b b?QrM BM 6B;X 9XkdX
Cnp �M/ Csub �`2 2ti`�+i2/ 7`QK i?2 BK�;BM�`v T�`i Q7 Z2X 6B;X 9Xk3 Bb mb2/ 7Q`
2ti`�+iBM; i?2K �i y o- yX3 o �M/ RXe oX h?2 �+im�H pQHi�;2 /`QTb QM i?2 DmM+iBQMb
�`2 Q#i�BM2/ mbBM; 6B;X 9XkeX

Rke



9X8 S�`�K2i2` 2ti`�+iBQM �M/ KQ/2H p�HB/�iBQM

SHQi /2`Bp2/ 7`QK i?2 BK�;BM�`v T�`i Q7 Z2- mb2/ iQ 2ti`�+i Cnp �M/
CsubX

h?2 /2TH2iBQM +�T�+Bi�M+2 KQ/2H T�`�K2i2`b- VJ �M/ mj �`2 2ti`�+i2/ i?`Qm;? �
HBM2�` `2;`2bbBQM QM i?2 C(V ) +m`p2bX

�M Qp2`�HH 2p�Hm�iBQM Bb /QM2 #v +QKT�`BM; a T�`�K2i2` K2�bm`2K2Mib �M/
bBKmH�iBQMb 7Q` /Bz2`2Mi #B�b2b U6B;X 9XkNVX

a@T�`�K2i2` U�KTHBim/2 �M/ T?�b2V K2�bm`2K2Mib pbX bBKmH�iBQM 7Q`
�M a*_ /2pB+2 �i /Bz2`2Mi pQHi�;2b

>2`2 �;�BM- i?2 �;`22K2Mi #2ir22M bBKmH�iBQMb �M/ K2�bm`2K2Mi Bb p2`v ;QQ/-
p�HB/�iBM; i?2 2H2+i`B+�H KQ/2Hb T`QTQb2/ 7Q` i?2 a*_X

Rkd



*?�Ti2` 9 _6 JQ/2H

h?2 .ha*_ r�b K2�bm`2/ rBi? i?2 b2imT b?QrM BM 6B;X 9XRR- �M/ bBKmH�i2/ mbBM;
i?2 /BQ/2 �M/ a*_ KQ/2Hb /2p2HQT2/ BM i?2 b2+iBQMb �#Qp2X
h?2 K2�bm`2K2Mi +QM};m`�iBQM Bb bBKBH�` iQ i?2 QM2 mb2/ 7Q` i?2 /BQ/2 BM T�`�HH2H- �b
b?QrM BM 6B;X 9X3X �b 7Q` i?2 H�ii2`- i?2 BM7Q`K�iBQM `2;�`/BM; i?2 /2pB+2 Bb +QMi�BM2/
BM Z2X
h?2 [m�bB@HBM2�`Biv Q7 6B;X 9Xjy �HHQrb mb iQ /2}M2 Bi �b i?2 iQi�H- Qp2`�HH +�T�+Bi�M+2
Q7 i?2 .ha*_ U9X9RVX h?Bb Bb �M BKTQ`i�Mi BM7Q`K�iBQM M22/2/ #v i?2 1a.
T`Qi2+iBQM /2bB;M2` �M/ i?2 T`QTQb2/ KQ/2H Bb b?QrM iQ �++m`�i2Hv T`2b2Mi BiX

Ctotal = − 1

ω · Im(Z2)
U9X9RV

hQi�H 2[mBp�H2Mi +�T�+Bi�M+2 Q7 � .ha*_

Ai r�b Q#b2`p2/ i?�i i?2 #�+F2M/ +�T�+Bi�M+2b ?�p2 � ?B;? BKT�+i QM Ctotal- �b r2HH
�b i?2 bm#bi`�i2 +�T�+Bi�M+2 Q7 .k- i?mb i?2 M22/ Q7 �++m`�i2Hv KQ/2HHBM; Bi rBi? �
b2T�`�i2 K2�bm`2K2Mi b2imT U6B;X 9XNVX
Ai +�M #2 Q#b2`p2/ 7`QK 6B;X 9Xjy i?�i i?2 /Bz2`2M+2 #2ir22M i?2 #2?�pBQm` �i
y o Bb MQi p2`v /Bz2`2Mi Q7 i?2 QM2 �i RXk o- i?2 +�T�+Bi�M+2 H2p2Hb #2BM; �HKQbi
B/2MiB+�HX h?Bb Bb /m2 iQ i?2 7�+i i?�i /Bz2`2Mi DmM+iBQM +�T�+Bi�M+2 +QKTQM2Mib
p�`v BM /Bz2`2Mi b2Mb2b rBi? i?2 �TTHB2/ pQHi�;2 #B�b,

Ç i?2 DmM+iBQM +�T�+Bi�M+2 Q7 .k UCD2
s V �M/ i?2 +2Mi`�H DmM+iBQM +�T�+Bi�M+2 Q7

i?2 a*_ UCSCR
np V /2+`2�b2 rBi? i?2 #B�b- #2BM; `2p2`b2@#B�b2/c

Ç i?2 DmM+iBQM +�T�+Bi�M+2 Q7 .R UCD1
s V �M/ i?2 �MQ/2 +�T�+Bi�M+2 Q7 i?2 a*_

UCSCR
A V BM+`2�b2 rBi? i?2 #B�b- #2BM; 7Q`r�`/@#B�b2/X

h?2 Qp2`�HH #2?�pBQm` UK2�bm`2K2Mi pbX bBKmH�iBQMV Bb b?QrM �b a@T�`�K2i2`b }i BM
6B;X 9XjRX hrQ +�b2b �`2 T`2b2Mi2/, �i MQ #B�b �M/ 7Q` � RXk o pQHi�;2 /`QT #2ir22M

Rk3



9X8 S�`�K2i2` 2ti`�+iBQM �M/ KQ/2H p�HB/�iBQM

a@T�`�K2i2` U�KTHBim/2 �M/ T?�b2V K2�bm`2K2Mib pbX bBKmH�iBQM 7Q`
� .ha*_ /2pB+2 �i /Bz2`2Mi pQHi�;2b

RkN



*?�Ti2` 9 _6 JQ/2H

i?2 �MQ/2 �M/ i?2 +�i?Q/2 Q7 i?2 .ha*_X h?2 pQHi�;2 /Bbi`B#miBQM QM 2�+? DmM+iBQM
r�b Q#i�BM2/ mbBM; i?2 KQ/2H T`2b2Mi2/ BM 6B;X 9Xke 7Q` i?2 a*_ �M/ � #�bB+ .*
KQ/2H 7Q` i?2 /BQ/2bX h?2 #�+F2M/ /Bz2`2M+2b #2ir22M i?2 }M�H .ha*_ �M/ i?2
bmK Q7 Bib +QKTQM2Mib i�F2M b2T�`�i2Hv r2`2 i�F2M BMiQ �++QmMiX
h?2 `2bmHib b?Qr i?�i i?2 KQ/2Hb �`2 �#H2 iQ T`2/B+i i?2 ?B;? 7`2[m2M+v #2?�pBQm`
Q7 � +QKTH2i2 .ha*_ 1a. T`Qi2+iBQM bi`m+im`2X

� KB+`Qr�p2 7`2[m2M+v 2H2+i`B+�H KQ/2H r�b /2p2HQT2/ 7Q` i?2 /BQ/2 �M/ i?2 a*_
1a. T`Qi2+iBQM /2pB+2bX AM Q`/2` iQ p�HB/�i2 Bi- /2pB+2b r2`2 `2�HBx2/ �M/ K2�bm`2/
BM � Rjy MK i2+?MQHQ;vX _6 +?�`�+i2`Bx�iBQM THQib r2`2 mb2/ U6B;X 9XRdV �M/
/2@2K#2//2/ mbBM; i?2 hQ``2b@hQ``2b K2i?Q/ (hQ``Ƕy8)X h?2 /2@2K#2//BM; r�b
/QM2 bQ i?�i i?2 �M�Hvb2/ /2pB+2b BM+Hm/2 � T�`i Q7 i?2 #�+F2M/- i?2 QM2 i?�i Bb
+QMbB/2`2/ T�`i Q7 i?2 T`Qi2+iBQMX
h?2 T�`�K2i2`b r2`2 `B;Q`QmbHv 2ti`�+i2/ 7Q` i?2 /BQ/2- #v K�i?2K�iB+�HHv
+QKT�`BM; i?2 KQ/2H �M/ i?2 K2�bm`2K2Mi /�i�X � bBKBH�` �TT`Q�+? r�b MQi
TQbbB#H2 rBi? i?2 KQ`2 +QKTH2t a*_X h?2`2- i?2 T�`�K2i2`b r2`2 2biBK�i2/ mbBM;
i?2B` b2MbBiBpBiv QM +2`i�BM +?�`�+i2`BbiB+b �M/ �i +2`i�BM 7`2[m2M+B2bX
h?2b2 KQ/2Hb +�M �++m`�i2Hv Qz2` � /2i�BH2/ pB2r QM i?2 BM~m2M+2 i?2 1a.
T`Qi2+iBQM /2pB+2b ?�p2 Qp2` i?2 +B`+mBi i?2v T`Qi2+iX
6m`i?2`KQ`2- � +QKTH2i2- a*_ #�b2/- 1a. T`Qi2+iBQM bi`m+im`2- � .ha*_
U6B;X 9XkV- r�b +�``B2/ QmiX Ai ?�b #22M b?QrM i?�i Bib KB+`Qr�p2 7`2[m2M+v #2?�pBQm`
+�M #2 T`2/B+i2/ mbBM; i?2 ?2`2BM /2p2HQT2/ KQ/2Hb- �HHQrBM; i?2 /2bB;M2`b iQ �/�Ti
i?2B` +B`+mBi iQ i?2 1a. T`Qi2+i2/ BMTmi- 7`QK .* iQ e8 :>xX h?2 KQ/2Hb r2`2
b?QrM p�HB/ mM/2` i?2 mbm�H #B�b2b �M 1a. T`Qi2+iBQM /2pB+2 KB;?i #2 mb2/X

Rjy



"B#HBQ;`�T?v

(�.aǶy3) �/p�M+2/ .2bB;M avbi2K kyy3 lT/�i2 k S`Q/m+i .Q+mK2Mi�iBQM-
?iiT,ff2/Q+bXbQ+QX�;BH2MiX+QKf/BbTH�vf�/bkyy3lkf>QK2

(*?2MǶy9) :m�M; *?2M- >�B;�M; 62M;- >�QHm sB2- _QmvBM; w?�M- ZBQM; qm-
sB�QF�M; :m�M- �H#2`i q�M;- E�Q`m h�F�bmF�- a�iQ`m h�Km`�-
w?B?m� q�M;- �M/ *?mM w?�M;- ǳ*?�`�+i2`BxBM; .BQ/2b 7Q` _6 1a.
S`Qi2+iBQMǴ A111 1H2+i`QM .2pB+2 G2ii2`b- pQHX k8- MQX 8- TTX jkj@jk8-
J�v kyy9X

(.�pBǶNy) �X .�pB/bQM- EX CQM2b- �M/ 1X ai`B/- ǳG_J �M/ G__J *�HB#`�iBQMb
rBi? �miQK�iB+ .2i2`KBM�iBQM Q7 GQ�/ AM/m+i�M+2-Ǵ BM �_6h:
*QM72`2M+2 .B;2bi@6�HH- jei?- RNNy- pQHX R3- TTX 8d@ejX

(:QM;Ƕyk) E2 :QM;- >�B;�M; 62M;- _QmvBM; w?�M- �M/ �X wX >X q�M;- ǳ� bim/v
Q7 T�`�bBiB+ 2z2+ib Q7 1a. T`Qi2+iBQM QM _6 A*b-Ǵ A111 h`�Mb�+iBQMb
QM JB+`Qr�p2 h?2Q`v �M/ h2+?MB[m2b- pQHX 8y- MQX R- TTX jNj@9yk-
C�MX kyykX

(GBMǶRy) *?mM@um GBM �M/ JBM;@.Qm E2`- ǳJQ/2HBM; i?2 T�`�bBiB+
+�T�+Bi�M+2 Q7 1a. T`Qi2+iBQM a*_ iQ +Q@/2bB;M K�i+?BM; M2irQ`F
BM _6 A*b-Ǵ BM kyRy AMi2`M�iBQM�H avKTQbBmK QM L2ti@:2M2`�iBQM
1H2+i`QMB+b UAaL1V- kyRy- TTX Ry9@RydX

(J2`;Ƕyj) J�`Fmb J2`;2Mb 2i �HBX ǳ.BQ/2@i`B;;2`2/ a*_ U.ha*_V 7Q` _6@1a.
T`Qi2+iBQM Q7 "B*JPa aB:2 >"hb �M/ *JPa mHi`�@i?BM ;�i2
QtB/2bǴ- A111 AMi2`M�iBQM�H 1H2+i`QM .2pB+2b J22iBM;- kyyj TTX
kRXjXR@kRXjX9

(J�hǶRR) J�hG�" _6 hQQH#Qtȶ lb2`Ƕb :mB/2-
?iiT,ffrrrXK�i?rQ`FbX7`f?2HTfT/7n/Q+f`7f`7XT/7

(JQ`�Ƕyd) up�M JQ`�M/BMB- .�`BQ _�TBb�`/�- C2�M@6`�M+QBb G�`+?�M+?2
�M/ *?`BbiQT?2 :�[mB2`2- ǳ.Bz2`2MiB�H SYfLr2HH p�`�+iQ` >B;?
6`2[m2M+v *?�`�+i2`Bx�iBQMǴ- A111 AMi2`M�iBQM�H *QM72`2M+2 QM
JB+`Q2H2+i`QMB+ h2bi ai`m+im`2b- J�`+? RN@kk kyyd- hQFvQ- C�T�MX

(hQ``Ƕy8) _X hQ``2b@hQ``2b- _X Jm`T?v@�`i2�;�- �M/ CX �X _2vMQbQ@>2`M�M/2x-
ǳ�M�HviB+�H KQ/2H �M/ T�`�K2i2` 2ti`�+iBQM iQ �++QmMi 7Q` i?2 T�/
T�`�bBiB+b BM _6@*JPa-Ǵ A111 h`�Mb�+iBQMb QM 1H2+i`QM .2pB+2b-
pQHX 8k- MQX d- TTX Rjj8@ Rj9k- CmHX kyy8X

(um�MǶy8) q�M; um�M- CB� aQM;- *?2M w?QM;DB�M- �M/ CB GBDBm- ǳ6mHH S�`�bBiB+
*�T�+Bi�M+2 JQ/2H Q7 .BQ/2@*H�bb 1a. S`Qi2+iBQM ai`m+im`2b 7Q`
JBt@aB;M�H �M/ _6 A*bǴ- A111 *QM72`2M+2 QM 1H2+i`QM .2pB+2b �M/
aQHB/2 Ĝ ai�i2 +B`+mBib- >QM; EQM; kyy8- TTX 8R8@8R3X

RjR





h?2 T`BK�`v i�`;2i Q7 i?Bb rQ`F r�b #mBH/BM; � M2r KQ/2H 7Q` i?2 a*_ 1a.
T`Qi2+iBQM /2pB+2- �++Q`/BM; iQ T`2b2Mi �M/ 7mim`2 BM/mbi`B�H `2[mB`2K2MibX h?2
/2i�BH2/ bim/v r�b +�``B2/ Qmi 7`QK 1a. 7mM+iBQMBM; TQBMi Q7 pB2r iQ ?B;? 7`2[m2M+v
#2?�pBQm`X
h?2 1a. KQ/2H r�b `2[mB`2/ iQ #2 �++m`�i2- b+�H�#H2 �M/ ?�p2 � `2H�iBp2Hv 2�bv �M/
+QMbBbi2Mi T�`�K2i2` 2ti`�+iBQM T`Q+2/m`2X .Bz2`2Mi KQ/2HHBM; bi`�i2;B2b 2KTHQv2/
7Q` 1a. T`Qi2+iBQM /2pB+2b- �b r2HH �b i?2B` +�T�#BHBiv BM Qz2`BM; � `Q#mbi KQ/2H-
r2`2 �M�Hvb2/X Ai r�b /2+B/2/ i?�i i?2 #2bi �TT`Q�+? rQmH/ #2 iQ bi�`i � M2r
KQ/2H- +Q/BM; /B`2+iHv Bib 2[m�iBQMb �++Q`/BM; iQ i?2 T?vbB+�H T?2MQK2M�X h?2 +Q`2
2[m�iBQMb r2`2 BMbTB`2/ #v i?2 :mKK2H@SQQM "Ch KQ/2H- �b i?2 #BTQH�` 2z2+i Bb �i
i?2 #�b2 Q7 i?2 a*_Ƕb 7mM+iBQMBM;X >Qr2p2`- i?2v r2`2 KQ/B}2/ �M/ �/�Ti2/- #v
i�FBM; BMiQ �++QmMi i?2 ?B;? BMD2+iBQM `2+QK#BM�iBQM T`2b2Mi BM �M a*_X
h?2 KQ/2H r�b r`Bii2M BM o2`BHQ;@� �M/ +�M #2 mb2/ #v i?2 BM/mbi`B�H aSA*1
bBKmH�iBQM T`Q;`�KbX
� b2`B2b Q7 /2pB+2b r2`2 /2bB;M2/ BM Q`/2` iQ #mBH/ i?2 KQ/2H- i2bi Bi �M/ /2p2HQT
� T�`�K2i2` 2ti`�+iBQM bi`�i2;vX h?Bb T�`i r�b /QM2 mbBM; i?2 ah JB+`Q2H2+i`QMB+b
"B*JPa Rjy MK i2+?MQHQ;vX
h?2 `2bmHib r2`2 T`2b2Mi2/ �i i?2 K�DQ` �MMm�H 1a. 2p2Mi- 1Paf1a. avKTQbBmK-
BM kyRyX
� bi`QM; TQBMi Q7 i?Bb KQ/2H Bb i?2 7�+i i?�i i?2 BKTQ`i�Mi TQBMib Q7 Bib AUoV
+?�`�+i2`BbiB+ �`2 T`2/B+i2/ #v i?2 KQ/2Hc i?2v �`2 MQi �M 2KTB`B+�H BMTmi- �b
KQ/2H T�`�K2i2`b- #mi �M QmiTmi- i?2B` p�Hm2 #2BM; � +QMb2[m2M+2 Q7 i?2 KmHiBim/2
Q7 T?2MQK2M� +QMi`QHHBM; i?2 +m``2Mi ~QrX h?Bb r�b K�M/�iQ`v 7Q` i?2 7m`i?2`
�++QKTHBb?2/ b+�H�#BHBiv rQ`FX h?2 T?vbB+�H T?2MQK2M� i?�i H2�/ iQ � +2`i�BM
i`B;;2`BM; pQHi�;2- 7Q` 2t�KTH2- p�`v BM /Bz2`2Mi /B`2+iBQMb �M/ rBi? /Bz2`2Mi H�rb
r?2M i?2 /BK2MbBQMb Q7 i?2 /2pB+2 +?�M;2X �M 2KTB`B+�H �TT`Q�+? rQmH/ ?�p2 #22M
BKTQbbB#H2 ;Bp2M i?2 b+�HBM; `2[mB`2K2Mib �M/ /BK2MbBQMb �M�Hvb2/X
h?2 KQ/2H r�b `2M/2`2/ b+�H�#H2 #v K�FBM; i?2 p�Hm2 Q7 Bib T�`�K2i2`b /2T2M/2Mi
QM i?2 ;2QK2i`vX h?`22 ;2QK2i`B+�H /BK2MbBQMb r2`2 i�F2M BMiQ �++QmMi, i?2 rB/i?
�M/ H2M;i? Q7 i?2 2H2+i`Q/2b �M/ i?2 /Bbi�M+2 #2ir22M i?2KX h?2 }`bi irQ ?�p2
�M BKT�+i QM i?2 Qp2`�HH 1a. T2`7Q`K�M+2- �b BM i?2 K�tBKmK +m``2Mi i?�i i?2v
�`2 �#H2 iQ T�bbX h?2 H2M;i? Q7 i?2 2H2+i`Q/2b r�b 7QmM/ iQ ?�p2 � MQM@HBM2�`
BKT�+i- ;BpBM; i?2 QTTQ`imMBiv iQ mb2 i?2 KQ/2H �b � r�v iQ QTiBKBx2 i?2 T`Qi2+iBQM
/2pB+2X � b+�HBM; H�r r�b /2p2HQT2/ �++Q`/BM;Hv- K�FBM; Bi i?2 }`bi KQ/2H Q7 i?2
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1a. T`Qi2+iBQM a*_ i?�i i�F2b i?Bb BKTQ`i�Mi p�`B�iBQM BMiQ �++QmMiX h?2 /Bbi�M+2
#2ir22M i?2 2H2+i`Q/2b BM~m2M+2b bQK2 Q7 i?2 7mM+iBQMBM; T�`�K2i2`b- bm+? �b i?2
i`B;;2`BM; �M/ i?2 ?QH/BM; pQHi�;2- �b r2HH �b i?2 Qp2`b?QQiX �HH i?2b2 BM~m2M+2b
�`2 [m�MiBi�iBp2Hv T`2/B+i2/ #v i?2 b+�H�#H2 KQ/2HX h?2 bim/v r�b T`2b2Mi2/ �i i?2
1Paf1a. avKTQbBmK BM kyRRX
h?2 BM~m2M+2 1a. T`Qi2+iBQM /2pB+2b ?�p2 QM i?2 +B`+mBib i?2v T`Qi2+i- � +`BiB+�H
2z2+i BM ?B;? 7`2[m2M+v /2bB;Mb- r�b �HbQ �M�Hvb2/ BM i?Bb i?2bBbX o2`v 72r
bim/B2b BM+Hm/BM; ?B;? 7`2[m2M+v +?�`�+i2`Bx�iBQM �M/ KQ/2HHBM; Q7 1a. T`Qi2+iBQM
/2pB+2b 2tBbi- �Hi?Qm;? i?Bb T`Q#H2K�iB+ Bb � +QMiBMmQmbHv BM+`2�bBM; +QM+2`M BM i?2
b2KB+QM/m+iQ` K�Mm7�+im`BM; BM/mbi`vX .2}MBM; i?2 T`Q#H2K �M/ i?2 K2i?Q/b
M22/2/ iQ #2 mb2/ BM Q`/2` iQ bQHp2 Bi r2`2 �KQM; i?2 KQbi /B{+mHi i�bFbX
"mBH/BM; �M a*_ KQ/2H i?�i T`2/B+i Bib ?B;?@7`2[m2M+v bK�HH@bB;M�H #2?�pBQm` r�b
i?2 K�BM i�`;2iX L2p2`i?2H2bb- i?2 a*_ Bb M2p2` mb2/ �HQM2 BM � T`Qi2+iBQM +B`+mBiX
.BQ/2b i?�i �`2 mbm�HHv mb2/ BM +QMDmM+iBQM rBi? Bi r2`2 �HbQ �M�Hvb2/ �M/ i2bi2/
iQ;2i?2` BM � +QKTH2i2 T`Qi2+iBQM bi`m+im`2X � b2+QM/ `2�bQM iQ �HbQ �M�Hvb2
/BQ/2b r�b HBMF2/ iQ i?2B` bBKTHB+Biv- K�FBM; Bi 2�bB2` iQ p�HB/�i2 i?2 _6 �M�HvbBb
K2i?Q/QHQ;v /2p2HQT2/ 7Q` 1a. T`Qi2+iBQMbX
h?2 `2bmHib r2`2 p2`v ;QQ/ �M/ T`2b2Mi2/ /m`BM; i?2 AMi2`M�iBQM�H JB+`Qr�p2
avKTQbBmK kyRRX
PM2 Q7 i?2 KQbi BKTQ`i�Mi T`QT2`iB2b Q7 i?2 /2p2HQT2/ KQ/2H Bb i?2 �#BHBiv iQ #2
2�bBHv mT;`�/2�#H2- 7QHHQrBM; i?2 �/p�M+2K2Mib �M/ M2r `2[mB`2K2Mib Q7 7mim`2
i2+?MQHQ;B2bX h?Bb Bb � /B`2+i +QMb2[m2M+2 Q7 T?vbB+�H �TT`Q�+? BM i?2 KQ/2H #mBH/BM;
T`Q+2bbX .Bz2`2Mi T?vbB+�H T?2MQK2M�- bm+? �b HQr Q` ?B;? +m``2Mi `2+QK#BM�iBQM-
1�`Hv 2z2+i- /Bz2`2MiB�i2/ `QH2 �b #�b2 Q` +QHH2+iQ` 7Q` i?2 r2HHb BM +m``2Mi +QM/m+iBQM
2i+X- �`2 BM/2T2M/2MiHv KQ/2HH2/X h?2 /Bz2`2Mi MQ/2b Q7 i?2 KQ/2H +Q``2bTQM/
iQ bT2+B}+ `2;BQMb BM i?2 T?vbB+�H bi`m+im`2 Q7 �M a*_- K�FBM; i?2 KQ/2H 2�bBHv
2tT�M/�#H2 iQ 7mim`2 BKT`Qp2K2Mib QM i?2 /2pB+2X
PM2 Q7 i?2 KQbi BKTQ`i�Mi TQBMi MQi i`2�i2/ BM i?Bb i?2bBb Bb i?2 i?2`K�H #2?�pBQm`X
� i?2`K�H KQ/2H ?�b irQ �bT2+ib, UBV i?2 #2?�pBQm` Q7 i?2 /2pB+2 �i /Bz2`2Mi
2MpB`QMK2Mi i2KT2`�im`2b �M/ UBBV i?2 b2H7@?2�iBM; ?�TT2MBM; /m`BM; � ?B;? pQHi�;2
1a. TmHb2X 6Q` i?2 }`bi �bT2+i- i?2 2[m�iBQMb T`QTQb2/ BM i?Bb i?2bBb +�M #2
mT;`�/2/ rBi? i?2 i?2`K�H �bT2+i �++Q`/BM; iQ i?2 +H�bbB+�H i?2`K�H KQ/2Hb T`2b2Mi
BM b2KB+QM/m+iQ` KQ/2Hb- �b BM i?2 "Ch QM2bX 6Q` i?2 b2+QM/ �bT2+ib- �b Bi Bb �
p2`v BKTQ`i�Mi QM2 BM 1a. T`Qi2+iBQM- KQ/2Hb i?�i i`2�i i?2 b2H7@?2�iBM; BM #Qi?
i?2 #�+F2M/ �M/ i?2 bBHB+QM #mHF r2`2 �H`2�/v `2TQ`i2/- Dmbi M22/BM; iQ #2 THm;;2/
BMX
�MQi?2` BKT`Qp2K2Mi- i?�i rBHH bBKTHB7v i?2 T�+F�;BM; Q7 i?2 KQ/2H �M/- i?mb- Bib
BM+HmbBQM BM i?2 BM/mbi`B�H /2p2HQTK2Mi FBib- Bb i?2 K2`;BM; #2ir22M i?2 1a. �M/ i?2
_6 KQ/2HbX h?Bb Bb � MQM@i`BpB�H i�bFX �b i?2 1a. TmHb2b � /2pB+2 ?�b iQ `2bTQM/ iQ
�`2 p2`v b?Q`i- i?2 1a. KQ/2H ?�b iQ �++m`�i2Hv T`2/B+i i?2 7mM+iBQMBM; Q7 i?2 /2pB+2
mT iQ � +QmTH2 Q7 :>xX PM i?2 Qi?2` ?�M/- i?2 _6 KQ/2H ?�b iQ T`2/B+i i?2 BM~m2M+2
Q7 i?2 /2pB+2 �i ?B;?2` 7`2[m2M+B2bX h?2 p�Hm2b Q7 i?2 T�`�K2i2`b i?2 irQ KQ/2Hb
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?�p2 BM +QKKQM K�v /Bz2`- #2BM; 2ti`�+i2/ 7`QK /Bz2`2Mi FBM/b Q7 K2�bm`2K2Mib
�M/ BM /Bz2`2Mi +QM/BiBQMbX � b2T�`�i2 bim/v ?�b iQ #2 /QM2 BM Q`/2` iQ Tmi i?2b2
irQ �bT2+ib Q7 i?2 KQ/2H iQ;2i?2`X
Pp2`�HH- i?Bb i?2bBb Qz2`b � /2i�BH2/ bim/v Q7 i?2 a*_ 1a. T`Qi2+iBQM /2pB+2-
+QM+Hm/2/ rBi? � `2�/v iQ #2 BM/mbi`B�HBx2/ KQ/2H- �M/ � ?B;? 7`2[m2M+v �M�HvbBb
K2i?Q/QHQ;v 7Q` i?2 1a. T`Qi2+iBQM /2pB+2b BM ;2M2`�HX
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GǶQ#D2+iB7 T`BM+BT�H /2 +2 i`�p�BH � ûiû H� +QMbi`m+iBQM /ǶmM MQmp2�m KQ/ĕH2 TQm` H2b
/BbTQbBiB7b /2 T`Qi2+iBQM +QMi`2 HǶ1a. /2 ivT2 a*_- `ûTQM/�Mi �mt #2bQBMb T`ûb2Mib
2i 7mim`b /2b BM/mbi`B2HbX GǶûim/2 /ûi�BHHû2 � ûiû `û�HBbû2 ¨ H� 7QBb /ǶmM TQBMi /2 pm2
1a.- +Ƕ2bi@¨@/B`2 HQ`b[m2 H� T`Qi2+iBQM 2bi �+iBp2- �BMbB [mǶ2M T`2M�Mi 2M +QKTi2 H2
+QKTQ`i2K2Mi ¨ ?�mi2 7`û[m2M+2- HQ`b[m2 H2 +B`+mBi 7QM+iBQMM2 +Q``2+i2K2Mi �p2+ mM2
T`Qi2+iBQM MQM �+iBp2X

G2 KQ/ĕH2 1a. /ûp2HQTTû b2 /2p�Bi /Ƕāi`2 T`û+Bb- T�`�Kûi`�#H2 2M 7QM+iBQM /2 H�
;ûQKûi`B2 /2b /BbTQbBiB7b- 2i /2 /BbTQb2` /ǶmM2 T`Q+û/m`2 `2H�iBp2K2Mi bBKTH2 2i
+Q?û`2Mi2 TQm` HǶ2ti`�+iBQM /2b T�`�Kĕi`2b +QMbiBimiB7bX .Bzû`2Mi2b bi`�iû;B2b /2
KQ/ûHBb�iBQM miBHBbû2b TQm` H2b /BbTQbBiB7b /2 T`Qi2+iBQM +QMi`2 HǶ1a.- �BMbB [m2 H2m`
+�T�+Biû ¨ 7Qm`MB` mM KQ/ĕH2 `Q#mbi2- QMi ûiû �M�Hvbû2bX AH � ûiû /û+B/û [m2 H�
K2BHH2m`2 �TT`Q+?2 b2`�Bi /2 /ûp2HQTT2` mM MQmp2�m KQ/ĕH2- 2M +Q/�Mi /B`2+i2K2Mi
b2b û[m�iBQMb 2M 7QM+iBQM /2b T?ûMQKĕM2b T?vbB[m2bX *QKK2 HǶ2z2i #BTQH�B`2 2bi ¨
H� #�b2 /m 7QM+iBQMM2K2Mi /m a*_- H2b û[m�iBQMb /2 #�b2 QMi ûiû BMbTB`û2b T�` H2
KQ/ĕH2 /2 "Ch :mKK2H@SQQMX *2T2M/�Mi- BH � ûiû KQ/B}û 2i �/�Tiû- �}M /2 T`2M/`2
2M +QKTi2 H2 T?ûMQKĕM2 /2 `2+QK#BM�BbQM ¨ 7Q`i2 BMD2+iBQM- T`ûb2Mi /�Mb mM a*_X

G2 KQ/ĕH2 � ûiû û+`Bi 2M o2`BHQ;@� 2i T2mi āi`2 miBHBbû T�` H2b T`Q;`�KK2b BM/mbi`B2Hb
/2 bBKmH�iBQM aSA*1X

lM2 bû`B2 /2 /BbTQbBiB7b QMi ûiû +QMÏmb �}M /2 +QMbi`mB`2 H2 KQ/ĕH2- H2 i2bi2` 2i
/ûp2HQTT2` mM2 bi`�iû;B2 /Ƕ2ti`�+iBQM /2 T�`�Kĕi`2bX *2ii2 T�`iB2 � ûiû `û�HBbû2 2M
miBHBb�Mi H� i2+?MQHQ;B2 ahJB+`Q2H2+i`QMB+b "B*JPaN Rjy MKX

G2b `ûbmHi�ib QMi ûiû T`ûb2Miûb ¨ HǶûpûM2K2Mi K�D2m` 1a. �MMm2H- Ŀ 1Pa f 1a.
avKTQbBmK ŀ- 2M b2Ti2K#`2 kyRyX

lM TQBMi 7Q`i /2 +2 KQ/ĕH2 `ûbB/2 /�Mb b� +�T�+Biû ¨ T`û/B`2 /2 K�MBĕ`2 i`ĕb T`û+Bb2
H2b TQBMib BKTQ`i�Mib /2 H� +�`�+iû`BbiB[m2 AUoV /m a*_- 2i 2M T�`iB+mHB2` H2 TQBMi
/2 /û+H2M+?2K2MiX *2HmB@+B MǶ2bi THmb mM2 /QMMû2 /Ƕ2Mi`û2 2KTB`B[m2- +QKK2 /�Mb
H2b T`û+û/2Mib KQ/ĕH2b- K�Bb #B2M mM2 p�H2m` /2 bQ`iB2X �BMbB +?�[m2 +�`�+iû`BbiB[m2
T`û/Bi2 T�` H2 KQ/ĕH2 2bi mM2 +QMbû[m2M+2 /2 H� KmHiBim/2 /2 T?ûMQKĕM2b T?vbB[m2b
+QMi`ƬH�Mi H2 ~mt /2 +Qm`�MiX *2ii2 /ûK�`+?2 ûi�Bi Mû+2bb�B`2 TQm` H2 i`�p�BH /2
T�`�Kûi`Bb�iBQM ;ûQKûi`B[m2 `û�HBbû T�` H� bmBi2X G2b T?ûMQKĕM2b T?vbB[m2b [mB
+QM/mBb2Mi ¨ mM2 +2`i�BM2 i2MbBQM /2 /û+H2M+?2K2Mi p�`B2Mi- T�` 2t2KTH2- /�Mb /2b
/B`2+iBQMb /Bzû`2Mi2b 2i �p2+ /2b HQBb /Bzû`2Mi2b HQ`b[m2 H2b /BK2MbBQMb /m /BbTQbBiB7
+?�M;2MiX lM2 �TT`Q+?2 2KTB`B[m2 MǶ�m`�Bi Tm �#QmiB` ¨ mM2 KQ/ĕH2 T�`�Kûi`�#H2X

Rjd



G� MQiBQM /2 KQ/ĕH2 T�`�Kûi`�#H2 ;ûQKûi`B[m2K2Mi BKTHB[m2 [m2 b2b T�`�Kĕi`2b
/ûT2M/2Mi /2 H� ;ûQKûi`B2X h`QBb /BK2MbBQMb QMi ûiû T`Bb2b 2M +QKTi2 , H� H�`;2m` 2i H�
HQM;m2m` /2b ûH2+i`Q/2b c �BMbB [m2 H� /Bbi�M+2 2Mi`2 H2b ûH2+i`Q/2bX G2b /2mt T`2KBĕ`2b
/BK2MbBQMb QMi mM BKT�+i bm` H� T2`7Q`K�M+2 1a.- +QKK2 H2 +Qm`�Mi K�tBKmK
[m2 H2 /BbTQbBiB7 2bi +�T�#H2 /Ƕ�#bQ`#2`X G� HQM;m2m` /2b ûH2+i`Q/2b � mM BKT�+i MQM
HBMû�B`2- /QMM�Mi H� TQbbB#BHBiû /ǶmiBHBb2` H2 KQ/ĕH2 +QKK2 mM KQv2M /ǶQTiBKBb2` H2
/BbTQbBiB7 /2 T`Qi2+iBQMX lM2 HQB /Ƕû+?2HH2 � ûiû /ûp2HQTTû2 2M +QMbû[m2M+2- K2M�Mi �m
T`2KB2` KQ/ĕH2 /2 a*_ /2 T`Qi2+iBQM T`2M�Mi +2ii2 p�`B�iBQM BKTQ`i�Mi2 2M +QKTi2X
G� /Bbi�M+2 2Mi`2 H2b ûH2+i`Q/2b BM~m2M+2 +2`i�BMb T�`�Kĕi`2b /2 7QM+iBQMM2K2Mi- i2Hb
[m2 H2 /û+H2M+?2K2Mi 2i H� i2MbBQM /2 K�BMiB2M- �BMbB [m2 HǶ Ŀ Qp2`b?QQi ŀX hQmi2b
+2b BM~m2M+2b bQMi [m�MiBi�iBp2K2Mi T`û/Bi2b T�` H2 KQ/ĕH2X GǶûim/2 � ûiû T`ûb2Miû2
HQ`b /m Ŀ 1Pa f 1a. avKTQbBmK ŀ 2M b2Ti2K#`2 kyRRX
G2b /BbTQbBiB7b /2 T`Qi2+iBQM +QMi`2 HǶ1a. QMi mM2 BM~m2M+2 bm` H2b +B`+mBib [mǶBHb
T`Qiĕ;2MiX *2i 2z2i- +`BiB[m2 TQm` H� +QM+2TiBQM ¨ ?�mi2 7`û[m2M+2- � û;�H2K2Mi ûiû
�M�Hvbû /�Mb +2ii2 i?ĕb2X h`ĕb T2m /Ƕûim/2b bm` H� +�`�+iû`Bb�iBQM 2i H� KQ/ûHBb�iBQM
¨ ?�mi2 7`û[m2M+2 /2b /BbTQbBiB7b /2 T`Qi2+iBQM +QMi`2 HǶ1a. 2tBbi2Mi- #B2M [m2 +2ii2
T`Q#HûK�iB[m2 bQBi /2p2Mm2 mM2 `û2HH2 T`ûQ++mT�iBQM /�Mb HǶBM/mbi`B2 /2 7�#`B+�iBQM
/2b b2KB+QM/m+i2m`bX .û}MB` H2 T`Q#HĕK2 2i H2b Kûi?Q/2b Mû+2bb�B`2b TQm` H2 `ûbQm/`2
QMi ûiû T�`KB H2b i�+?2b H2b THmb /B{+BH2b /2 +2 i`�p�BH /2 i?ĕb2X G� +QMbi`m+iBQM /ǶmM
KQ/ĕH2 /m a*_ T2`K2ii�Mi /2 T`û/B`2 H2 +QKTQ`i2K2Mi ¨ ?�mi2 7`û[m2M+2 2i T2iBi
bB;M�H � ûiû H2 #mi T`BM+BT�HX Lû�MKQBMb- H2 a*_ MǶ2bi D�K�Bb miBHBbû b2mH /�Mb mM
+B`+mBi /2 T`Qi2+iBQMX .2b /BQ/2b- [mB bQMi ?�#Bim2HH2K2Mi miBHBbû2b 2M +QMDQM+iBQM
�p2+ H2 a*_- QMi û;�H2K2Mi ûiû �M�Hvbû2b 2i i2biû2b- /�Mb mM T`2KB2` i2KTb /2
K�MBĕ`2 BM/ûT2M/�Mi2- TmBb �m b2BM /ǶmM2 bi`m+im`2 /2 T`Qi2+iBQM +QKTHĕi2X lM2
b2+QM/2 `�BbQM /Ƕ�M�Hvb2` û;�H2K2Mi H2b /BQ/2b 2bi HBû ¨ H2m` bBKTHB+Biû- +2 [mB �
T2`KBb /2 p�HB/2` /�Mb mM T`2KB2` i2KTb H� Kûi?Q/QHQ;B2 /Ƕ�M�Hvb2 _6 /ûp2HQTTû2
TQm` H2b /BbTQbBiB7b /2 T`Qi2+iBQM +QMi`2 HǶ1a.X G2b `ûbmHi�ib QMi ûiû i`ĕb #QMb 2i QMi
/QMMû HB2m ¨ mM2 T`ûb2Mi�iBQM Q`�H2 HQ`b /m Ŀ AMi2`M�iBQM�H JB+`Qr�p2 avKTQbBmK
ŀ 2M DmBM kyRRX
lM2 /2b T`QT`Bûiûb H2b THmb BKTQ`i�Mi2b /m KQ/ĕH2 /ûp2HQTTû `ûbB/2 /�Mb b� +�T�+Biû
¨ āi`2 7�+BH2K2Mi KBb ¨ DQm`- bmBp�Mi H2b T`Q;`ĕb 2i H2b MQmp2HH2b 2tB;2M+2b /2b
i2+?MQHQ;B2b /m 7mim`X *2+B 2bi mM2 +QMbû[m2M+2 /B`2+i2 /2 HǶ�TT`Q+?2 T?vbB[m2 /�Mb
H2 T`Q+2bbmb /2 +QMbi`m+iBQM /m KQ/ĕH2X .Bzû`2Mib T?ûMQKĕM2b T?vbB[m2b- i2Hb [m2 H�
`2+QK#BM�BbQM ¨ 7�B#H2 Qm ¨ 7Q`i +Qm`�Mi- HǶ2z2i 1�`Hv- H2 `ƬH2 /Bzû`2M+Bû 2Mi`2 #�b2 Qm
+QHH2+i2m` TQm` H2b +�BbbQMb /�Mb H� +QM/m+iBQM /m +Qm`�Mi- 2i+Ę- bQMi KQ/ûHBbûb /2
K�MBĕ`2 BM/ûT2M/�Mi2X G2b /Bzû`2Mib Mƾm/b /m KQ/ĕH2 +Q``2bTQM/2Mi ¨ /2b `û;BQMb
bTû+B}[m2b /2 H� bi`m+im`2 T?vbB[m2 /ǶmM a*_- +2 [mB `2M/ H2 KQ/ĕH2 7�+BH2K2Mi
2ti2MbB#H2 TQm` H2b 7mim`2b �KûHBQ`�iBQMb /m /BbTQbBiB7X
lM /2b TQBMib H2b THmb BKTQ`i�Mib MǶ� T�b Tm āi`2 �#Q`/û /�Mb +2ii2 i?ĕb2 ,
H2 +QKTQ`i2K2Mi i?2`KB[m2X lM KQ/ĕH2 i?2`KB[m2 `2+Qmp`2 /2mt �bT2+ib , UBV
H2 +QKTQ`i2K2Mi /m +B`+mBi ¨ /Bzû`2Mi2b i2KTû`�im`2b /2 HǶ2MpB`QMM2K2Mi 2i UBBV
H� bm`p2M�M+2 /Ƕ�miQ@û+?�mz2K2Mi T2M/�Mi mM2 BKTmHbBQM 1a. ¨ ?�mi2 i2MbBQMX
SQm` H2 T`2KB2` �bT2+i- H2b û[m�iBQMb T`QTQbû2b /�Mb +2ii2 i?ĕb2 T2mp2Mi āi`2
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�KûHBQ`û2b TQm` T`2M/`2 2M +QKTi2 HǶ�bT2+i i?2`KB[m2 b2HQM H2b KQ/ĕH2b +H�bbB[m2b /2
b2KB@+QM/m+i2m`b- +QKK2 /�Mb H2b "ChX SQm` H2 b2+QM/ �bT2+i- i`ĕb BKTQ`i�Mi /�Mb
H� T`Qi2+iBQM 1a.- H2b KQ/ĕH2b [mB i`�Bi2Mi /2 HǶ�miQ@û+?�mz2K2Mi /�Mb H2b #�+F2M/
2i H2 bBHB+BmK #mHF QMi ûiû /ûD¨ B/2MiB}ûb- BH `2bi2 b2mH2K2Mi ¨ H2b BKTHûK2Mi2` �m
b2BM /m KQ/ĕH2 /ûp2HQTTû /�Mb H� i?ĕb2X
lM2 �mi`2 �KûHBQ`�iBQM- [mB T2`K2ii`� /2 bBKTHB}2` H2 T�+F�;BM; /m KQ/ĕH2 2i-
T�` +QMbû[m2Mi bQM BM+HmbBQM /�Mb H2b FBib /2 /ûp2HQTT2K2Mi BM/mbi`B2H- 2bi H�
7mbBQM 2Mi`2 H2b KQ/ĕH2b 1a. 2i _6X *Ƕ2bi mM2 i�+?2 MQM i`BpB�H2X G2 i2KTb /2
KQMiû2 /2b BKTmHbBQMb 1a. BKTQb2 �m KQ/ĕH2 1a. /2 T`û/B`2 �p2+ T`û+BbBQM
H2 7QM+iBQMM2K2Mi /2 HǶ�TT�`2BH ¨ [m2H[m2b :>x b2mH2K2MiX �}M /2 `ûTQM/`2
�mt #2bQBMb /2b +QM+2Ti2m`b _6 TQm` H2b bvbiĕK2b 7QM+iBQMM�Mi �mt 7`û[m2M+2b
KBHHBKûi`B[m2b UTHmbB2m`b /Bx�BM2b /2 :>xV- H2 KQ/ĕH2 _6 /QBi T`û/B`2 HǶBM~m2M+2 /2
HǶ�TT�`2BH ¨ /2b 7`û[m2M+2b M2ii2K2Mi THmb ûH2pû2bX G� p�H2m` /2b T�`�Kĕi`2b [m2 H2b
/2mt KQ/ĕH2b QMi 2M +QKKmM T2mp2Mi /Bzû`2` /m 7�Bi /m i`ĕb H�`;2 bT2+i`2 ¨ +Qmp`B`X
1M Qmi`2 BHb bQMi 2ti`�Bib ¨ T�`iB` /2 K2bm`2b /Bzû`2Mi2b `û�HBbû2b �p2+ /2b bvbiĕK2b
/2 K2bm`2b /Bzû`2MibX lM2 ûim/2 �TT`Q7QM/B2 /QBi āi`2 K2Mû2 �p�Mi /2 `2;`QmT2` H2b
KQ/ĕH2b- +2ii2 ûim/2 /2p`� T2`K2ii`2 /ǶB/2MiB}2` H2b T�`�Kĕi`2b +QKKmMb- /Ƕûp�Hm2`
H2m` BKT�+i ¨ HǶ2Mb2K#H2 /2b 7`û[m2M+2b +QM+2`Mû2b- TmBb ¨ `2+?2`+?2` H2 KQ/ĕH2
QTiBK�H +QKKmMX
:HQ#�H2K2Mi- +2ii2 i?ĕb2 T`QTQb2 mM2 ûim/2 /ûi�BHHû2 /m /BbTQbBiB7 /2 T`Qi2+iBQM
+QMi`2 HǶ1a. /2 ivT2 a*_- +QM+Hm �p2+ mM KQ/ĕH2 T`āi ¨ āi`2 BM/mbi`B�HBbû- 2i /ǶmM2
Kûi?Q/QHQ;B2 /Ƕ�M�Hvb2 ¨ ?�mi2 7`û[m2M+2 TQm` H2b /BbTQbBiB7b /2 T`Qi2+iBQM +QMi`2
HǶ1a. 2M ;ûMû`�HX
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�X
_PJ�L1a*l- SX 6PLh1L1�l- *X G1:_�L.- SX 61__�_A- CX �_LPlG.-
CXJ�LPlo_A1_- >X"1*E_A*>@_Pa-

U1Paf1a. kyRy- _2MQ- Lo- la�V

�X _PJ�L1a*l- SX 61__�_A- CX �_LPlG.- SX
6PLh1L1�l- *X G1:_�L.-
UAJa kyRR- "�HiBKQ`2- J.- la�V- T�T2` BM i?2 }M�H 7Q` i?2 aim/2Mi S�T2`
*QKT2iBiBQM Uk8 Qmi Q7 RNN T�T2`b b2H2+i2/V

�X _PJ�L1a*l- >X"1*E_A*>@_Pa- SX 6PLh1L1�l- *X G1:_�L.- SX
61__�_A- CX �_LPlG.-

U1Paf1a. kyRR- �M�?2BK- *�- la�V

�X _PJ�L1a*l- SX 61__�_A- CX �_LPlG.-
SX 6PLh1L1�l- *X G1:_�L.- >X"1*E_A*>@_Pa- CXJ�LPlo_A1_- Rd2K2
CQm`Mû2b L�iBQM�H2b JB+`QQM/2b- UCLJ kyRR- "`2bi- 6`�M+2V

�X _PJ�L1a*l- CX �_LPlG.- SX 6PLh1L1�l- *X G1:_�L.- SX 61__�_A
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1H2+i`Qbi�iB+ /Bb+?�`;2 U1a.V T`Qi2+iBQM Bb � Kmbi BM 2p2`v BMi2;`�i2/ +B`+mBiX
Ai Bb /QM2 #v /2THQvBM; � M2irQ`F Q7 bT2+B�H /2pB+2b QM@+?BT- �HQM;bB/2 i?2
7mM+iBQM�H 2H2K2MibX h?2 /2K�M/ 7Q` +QMiBMmQmbHv BKT`Qp2K2Mib BM 1a. /2bB;M
�M/ bBKmH�iBQMb #`BM;b i?2 M22/ Q7 M2r �M/ KQ`2 �++m`�i2 b+�H�#H2 KQ/2HbX
h?2 a*_ UbBHB+QM +QMi`QHH2/ `2+iB}2`V Bb QM2 Q7 i?2 KQbi 2{+B2Mi 1a. T`Qi2+iBQM
/2pB+2bX � M2r 2H2+i`B+�H KQ/2H- i?�i +�M #2 mb2/ iQ 2p�Hm�i2 i?2 +QKTH2t T`Qi2+iBQM
bi`m+im`2b Q7 r?B+? Bi Bb T�`i Q7- r�b /2p2HQT2/ /m`BM; i?Bb i?2bBbX "mBHi rBi? �
bi`QM; `2H�iBQM #2ir22M i?2 T?vbB+�H T?2MQK2M� �M/ Bib 2[m�iBQMb- Bi r�b `2M/2`2/
b+�H�#H2- Qz2`BM; i?2 TQbbB#BHBiv Q7 i�BHQ`BM; �M/ QTiBKBxBM; i?2 /2pB+2 �++Q`/BM; iQ
i?2 M22/2/ T`Qi2+iBQM H2p2HX JQ`2Qp2`- � ?B;?@7`2[m2M+v bim/v QM i?2 a*_ �M/ i?2
1a. T`Qi2+iBQM /BQ/2 r�b +�``B2/ Qmi- H2�/BM; iQ � KQ/2H �#H2 iQ T`2/B+i i?2 BKT�+i
i?2b2 /2pB+2b ?�p2 QM i?2 T`Qi2+i2/ +B`+mBiX

1H2+i`Qbi�iB+ .Bb+?�`;2- KQ/2HBM;- +QKT�+i KQ/2H- b+�H�#H2- bBHB+QM-
Qp2`@pQHi�;2 T`Qi2+iBQM- KB+`Qr�p2 K2�bm`2K2Mib- i?v`BbiQ`bX

G� T`Qi2+iBQM +QMi`2 H2b /û+?�`;2b ûH2+i`Qbi�iB[m2b U1a.V 2bi mM 7�Bi M2+2bb�B`2
/�Mb +?�[m2 +B`+mBi BMiû;`ûX 1HH2 b2 7�Bi T�` H2 /ûTHQB2K2Mi bm` H� Tm+2 /ǶmM `ûb2�m
/2 /BbTQbBiB7b bTû+B�mt- ¨ +Ƭiûb /2b ûHûK2Mib 7QM+iBQMM2HbX G� /2K�M/2 TQm` /2b
�KûHBQ`�iBQMb 2M +QMiBMm /�Mb H� +QM+2TiBQM 2i H� bBKmH�iBQM /2 HǶ1a. �TTQ`i2 H2
#2bQBM /2 KQ/ĕH2b MQmp2�mt 2i THmb T`û+Bb2bX
G� a*_ UĿ aBHB+QM *QMi`QHH2/ _2+iB}2` ŀV 2bi HǶmM /2b /BbTQbBiB7b H2b THmb 2{+�+2b /2
T`Qi2+iBQM +QMi`2 HǶ1a.X lM MQmp2�m KQ/ĕH2 ûH2+i`B[m2- [mB T2mi āi`2 miBHBbû TQm`
ûp�Hm2` H2b bi`m+im`2b /2 T`Qi2+iBQM +QKTH2t2 /QMi BH 7�Bi T�`iB2- � ûiû /ûp2HQTTû �m
+Qm`b /2 +2ii2 i?ĕb2X *QMbi`mBi �p2+ mM2 7Q`i2 `2H�iBQM 2Mi`2 H2b T?ûMQKĕM2b T?vbB[m2b
2i b2b û[m�iBQMb- BH � ûiû T�`�K2i`Bbû ;2QK2i`B[m2K2Mi- Qz`�Mi H� TQbbB#BHBiû
/Ƕ�/�Ti2` 2i /ǶQTiBKBb2` H2 /BbTQbBiB7 b2HQM H2 MBp2�m /2 T`Qi2+iBQM Mû+2bb�B`2X S�`
�BHH2m`b- mM2 ûim/2 ¨ ?�mi2 7`û[m2M+2 bm` H2 a*_ 2i H� /BQ/2 /2 T`Qi2+iBQM 1a. �
ûiû `û�HBbû- +QM/mBb�Mi ¨ mM KQ/ĕH2 +�T�#H2 /2 T`û/B`2 HǶBKT�+i /2 +2b /BbTQbBiB7b QMi
bm` H2 +B`+mBi T`Qiû;ûX

.û+?�`;2 ûH2+i`Qbi�iB[m2- KQ/ûHBb�iBQM- KQ/ĕH2 +QKT�+i-
T�`�Kûi`Bb�iBQM- bBHB+BmK- +�`�+iû`Bb�iBQM KB+`Q@QM/2bX

R9k


