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ai�M/�`/b 2tBbi iQ mMB7v `2[mB`2K2Mib �M/ iQ K�F2 Bi TQbbB#H2 iQ K�F2 bm`2 i?�i
2[mBTK2Mi Bb i2bi2/ BM i?2 b�K2 r�v- 2p2M B7 b2p2`�H /Bz2`2Mi i2bi H�#b T2`7Q`Kb i?2
i2biX "mi �b M2r i2+?MQHQ;v +QK2b iQ K�`F2i- �M/ QH/ i2+?MQHQ;v 2pQHp2b- bQ Kmbi i?2
bi�M/�`/bX h?2 AMi2`M�iBQM�H P`;�MBx�iBQM 7Q` ai�M/�`/Bx�iBQM �`2 +QMiBMmQmbHv /2p2HQT@
BM; M2r bi�M/�`/b �M/ mT/�iBM; 2tBbiBM; bi�M/�`/bX �M/ bQK2iBK2b i?2 bT2+B}2/ i2bib
+?�M;2b- vB2H/BM; QH/ i2bi 2[mBTK2Mi Q#bQH2i2X

AM i?Bb i?2bBb- r2 rBHH HQQF �i i?2 /Bz2`2M+2b #2ir22M i?2 QH/ �M/ i?2 +m``2Mi p2`bBQMb
Q7 i?2 AaP dejd bi�M/�`/b �b r2HH �b ?Qr r2 +�M p2`B7v B7 QH/ i2bi 2[mBTK2Mi HBp2b mT iQ
i?2 M2r `2[mB`2K2MibX � p2`B}+�iBQM K2i?Q/ rBHH #2 /2bB;M2/- T�`iHv BKTH2K2Mi2/ �M/
2p�Hm�i2/X a2p2`�H Q7 i?2 �bT2+ib 7Q` �miQK�iBM; i?2 p2`B}+�iBQM rBHH #2 +QMbB/2`2/X h?2
`2bmHib rBHH b?Qr i?�i QH/ 2[mBTK2Mi KQbi HBF2Hv rBHH #2 mb�#H2 rBi? i?2 M2r2` p2`bBQM Q7
i?2 bi�M/�`/- �b r2HH �b TQBMi Qmi bQK2 Q7 i?2 /B{+mHiB2b Q7 p2`B7vM; i?�i i?Bb Bb i?2 +�b2X



�+FMQrH2/;K2Mib

A rQmH/ HBF2 iQ i?�MF Kv bmT2`pBbQ` S2i2` CQ?�MbbQM �M/ 2t�KBM2` JB+?�2H CQb27bbQM 7Q` i?2B`
T�iB2M+2 rBi? K2 /m`BM; i?Bb rQ`F- Bi ?�b ;QM2 r�v T�bi Bib /2�/HBM2X

A rQmH/ �HbQ HBF2 iQ i?�MF :mMM�` E�`Hbi`ƺK �i "E .2p2HQTK2Mi �" 7Q` H2iiBM; K2 /Q Kv
i?2bBb BM i?2B` +QKT�Mv- �i r?B+? A 2M/2/ mT ;2iiBM; 2KTHQv2/ #27Q`2 A ?�/ iBK2 iQ }MBb? BiX A
r�Mi iQ i?�MF Kv Qi?2` +QHH2�;m2b �i rQ`F 7Q` i?2B` bmTTQ`i- 2bT2+B�HHv C2Mb _B2/2H 7Q` �Hr�vb
`2KBM/BM; K2 �M/ Tmb?BM; K2 iQ }MBb? Kv i?2bBbX

6m`i?2`KQ`2- A rQmH/ HBF2 iQ i?�MF *�`H 1BM�`bbQM �M/ 6BHBT ai`ƺK# +F 7Q` ?2HTBM; K2 Qmi
rBi? i2+?MB+�H /2i�BHb rBi? G�h1s�M/ 7Q` #2BM; ;QQ/ 7`B2M/bX

6BM�HHv- A rQmH/ HBF2 iQ i?�MF Kv irQ 7`B2M/b 6BHBT 1`F2`b GBM/#2`; �M/ PbF�` PHbbQM 7Q`
bmTTQ`iBM; K2 �M/ #`BM;BM; K2 iQ ?�p2 7mM QM+2 BM � r?BH2 /m`BM; i?Bb HQM; T`QD2+iX
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�#bi`�+i BBB

�+FMQrH2/;K2Mib Bp

*QMi2Mib p

GBbi Q7 6B;m`2b pBB

GBbi Q7 h�#H2b Bt

R AMi`Q/m+iBQM R
RXR JQiBp�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 X X X X X X X X X X X X X X X X X R
RXk �BK 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 X X X X X X X X X X k
RXj _2b2�`+? [m2biBQMb 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 X k
RX9 .2HBKBi�iBQMb 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 X X X X k
RX8 _2TQ`i 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 X X X X X X X X X X X X k

k h?2Q`v j
kXR S`2pBQmb `2b2�`+? 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 X X j
kXk AaP bi�M/�`/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 X X X X X X X X X j
kXj AaP dejd �M/ AaP Red8y 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 9
kX9 h2bi TmHb2b 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 X X X X X X 9
kX8 _2bBbiQ`b �i ?B;? 7`2[m2M+B2b 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 Ry
kXe J2�bm`2K2Mi 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 X X X X RR
kXd �M�HvbBb 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 X X X X X X X Rk
kX3 AMbi`mK2Mi�iBQM �M/ +QMi`QH 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 Rj

j J2i?Q/b R3
jXR S`2bim/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 X X X X X X X R3
jXk *QKT�`BbQM #2ir22M i?2 QH/ �M/ i?2 M2r bi�M/�`/ X X X X X X X X X X X X X X X X X RN
jXj 1t�KBM�iBQM �M/ BMBiB�H K2�bm`2K2Mi Q7 i?2 QH/ 2[mBTK2Mi X X X X X X X X X X X X RN
jX9 h2bi �`+?Bi2+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 X X X X X X X X X X X X RN
jX8 .2bB;M Q7 /mKKv HQ�/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 X X X kk
jXe .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b X X X X X X X X X X X kj

9 _2bmHib kN
9XR S`2bim/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 X X X X X X X kN
9Xk *QKT�`BbQM #2ir22M i?2 QH/ �M/ i?2 M2r bi�M/�`/ X X X X X X X X X X X X X X X X X kN
9Xj 1t�KBM�iBQM �M/ BMBiB�H K2�bm`2K2Mi Q7 i?2 QH/ 2[mBTK2Mi X X X X X X X X X X X X jR
9X9 h2bi �`+?Bi2+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 X X X X X X X X X X X X jk
9X8 .2bB;M Q7 /mKKv HQ�/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 X X X jk
9Xe .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b X X X X X X X X X X X j9

p



8 .Bb+mbbBQM 9k
8XR _2bmHib 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 X X X X X X X X 9k
8Xk J2i?Q/ 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 X X X X X X X X 9j
8Xj aQm`+2 +`BiB+BbK 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 X X X 99
8X9 h?2 rQ`F BM � rB/2` +QMi2ti 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 99

e *QM+HmbBQM 98
eXR _2b2�`+? [m2biBQMb 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 X 98
eXk 6mim`2 rQ`F 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 X X X X X 9e

"B#HBQ;`�T?v 9d

pB



GBbi Q7 6B;m`2b

kXR h?2 +QKKQM T`QT2`iB2b Q7 i?2 TmHb2b- �b /2}M2/ #v AaP dejdX X X X X X X X X X X X X X 8
kXk AHHmbi`�iBQM Q7 i2bi TmHb2 RX 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 e
kXj AHHmbi`�iBQM Q7 i2bi TmHb2 k�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 d
kX9 SmHb2 j� �M/ j# �`2 �TTHB2/ BM #m`bibX 1�+? BM/BpB/m�H TmHb2 Bb � /Qm#H2 2tTQM2MiB�H

+m`p2 rBi? i?2 b�K2 T`QT2`iB2b- tr �M/ td- �b 2X;X TmHb2 k� X X X X X X X X X X X X X X X 3
kX8 AHHmbi`�iBQM Q7 HQ�/ /mKT h2bi �X LQi2 i?2 /Bz2`2Mi /2}MBiBQM Q7 US +QKT�`2/ iQ

i?2 Qi?2` TmHb2bX 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 X X X X N
kXe AHHmbi`�iBQM Q7 ?Qr i?2 i2bi 2[mBTK2Mi +�M �TTHv � i2bi TmHb2 iQ i?2 .lh r?BHbi

�HbQ T`QpB/BM; i?2 .* bmTTHv i?`Qm?i �M 2ti2`M�H SalX X X X X X X X X X X X X X X X X X Ry
kXd �i ?B;? 7`2[m2M+B2b � `2bBbiQ`b T�`�bBiB+ BM/m+i�M+2 �M/ +�T�+Bi�M+2 rBHH �z2+i i?2

#2?�pBQ` Q7 i?2 +B`+mBiX h?Bb Bb i?2 KQ/2H mb2/ BM i?Bb i?2bBb r?2M bBKmH�iBM; +B`+mBibX RR
kX3 q?2M K2�bm`BM; � HQr p�Hm2 `2bBbiQ`- i?2 E2HpBM +QMM2+iBQM +�M #2 mb2/ iQ /2@

i2`KBM2 i?2 `2bBbi�M+2 �i i?2 TQBMi r?2`2 i?2 pQHiK2i2` Bb +QMM2+i2/ rBi?Qmi i?2
`2bBbi�M+2 BM i?2 T`Q#2 H2�/b �z2+iBM; i?2 `2bmHiX X X X X X X X X X X X X X X X X X X X X X Rk

kXN h?2 JS: kyy Bb mb2/ iQ ;2M2`�i2 i2bi TmHb2 R �M/ k�X X X X X X X X X X X X X X X X X X X R9
kXRy h?2 16h kyy Bb mb2/ iQ ;2M2`�i2 i2bi TmHb2 j� �M/ j#X X X X X X X X X X X X X X X X X X R9
kXRR h?2 G. kyy Bb mb2/ iQ ;2M2`�i2 HQ�/ /mKT i2bi �X X X X X X X X X X X X X X X X X X X X X R8
kXRj h?2 *L� kyy Bb mb2/ iQ +QmTH2 �HH Q7 i?2 Qi?2` TmHb2 ;2M2`�iQ`b QmiTmib iQ �

+QKKQM QmiTmiX 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 X X X X Re
kXRk h?2 *L� kyy �HHQrb 2�+? TmbH2 ;2M2`�iQ` iQ QmiTmi i?2B` TmHb2b i?`Qm;? � +QKKQM

BMi2`7�+2 iQr�`/b i?2 .lhX 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 Re
kXR9 h?2 irQ �ii2Mm�iQ`b i?�i r2`2 mb2/ BM i?2 T`QD2+iX X X X X X X X X X X X X X X X X X X X X Rd

jXR h?2 b2imT 7Q` K2�bm`BM; 7Q` TmHb2 R- TmHb2 k� �M/ GQ�/ /mKT �X X X X X X X X X X X X RN
jXk h?2 b2imT 7Q` K2�bm`BM; 7Q` TmHb2 j� �M/ TmHb2 j#X X X X X X X X X X X X X X X X X X X X ky
jXj h?2 T`QTQb2/ b2imT 7Q` �Hi2`M�iBp2 Kmbi #2 +QMM2+i2/ BM /Bz2`2Mi r�vb #v � ?mK�M

/m`BM; i?2 p2`B}+�iBQM T`Q+2bbX 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 ky
jX9 h?2 T`QTQb2/ b2imT 7Q` �Hi2`M�iBp2 k Bb 7mHHv �miQK�iB+- #mi 2tTQb2b ?B;? pQHi�;2

+QMM2+iQ`b #2ir22M i?2 /2KmHiBTH2t2` �M/ i?2 irQ �ii2Mm�iQ`b- K�`F2/ rBi? � `2/
HBM2X 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 X X X X X X X X X X X X kR

jX8 h?2 T`QTQb2/ b2imT 7Q` �Hi2`M�iBp2 j ?�p2 MQ ?B;? pQHi�;2 +QMM2+iQ`b 2tTQb2/
/m`BM; i?2 +�HB#`�iBQMX 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 X kk

jXe h?2 2M2`;v i`�Mb72``2/ iQ i?2 /mKKv HQ�/ r�b bBKmH�i2/ mbBM; i?2 �#Qp2 GhaTB+2
+B`+mBi 7Q` TmHb2 RX aBKBH�` +B`+mBib r�b mb2/ 7Q` i?2 Qi?2` TmHb2bX X X X X X X X X X X X kj

jXd h?2 KmHiBTH2tBM; `2H�v #Qt +�M +QmTH2 2�+? Q7 i?2 i?`22 BMTmib i?`Qm;? �Mv Q7 i?2
�ii2Mm�iQ`bX Ai +�M �HbQ +QMM2+i i?2 2ti2`M�H /mKKv HQ�/ iQ i?2 Y �M/ @ bB;M�HX X X k9

jX3 .2+Q`�iBQM�H +B`+H2b r2`2 K�/2 QM i?2 `2H�v 7QQiT`BMi iQ K�`F i?2 +`22T�;2 �M/
+H2�`�M+2 /Bbi�M+2 `2[mB`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 X X X X k8

jXN h?2 i2bi b2imTb 7Q` 7`2[m2M+v �M/ iBK2 K2�bm`2K2Mib Q7 i?2 �ii2Mm�iQ`bX X X X X X X kd
jXRy h?2 /Bz2`2Mi b+2M�`BQb i?�i r2`2 K2�bm`2/ BM 7`2[m2M+v /QK�BM 7Q` i?2 Y i2`KBM�H

iQ i?2 50Ω �ii2Mm�iQ`X *Q``2bTQM/BM; K2�bm`2K2Mib r2`2 K�/2 7Q` i?2 @ �M/ i?2
S1 i2`KBM�H �b r2HH �b 7Q` i?2 1000Ω �ii2Mm�iQ`X X X X X X X X X X X X X X X X X X X X X X k3

pBB



9XR h?2 K�tBKmK 2M2`;B2b i`�Mb72``2/ 7`QK i?2 TmHb2 ;2M2`�iQ`b iQ i?2 2Ω /mKKv
HQ�/X h?2 p2`iB+�H b+�H2 `2T`2b2Mib i?2 2M2`;v BM CQmH2- #mi Bb T`2b2Mi2/ BM pQHi�;2
#2+�mb2 Q7 i?2 r�v Bi Bb +�H+mH�i2/ BM i?2 bBKmH�iBQMX X X X X X X X X X X X X X X X X X X jk

9Xk h?2 iQTQHQ;v +?Qb2M 7Q` i?2 2Ω- 10Ω �M/ 50Ω /mKKv HQ�/bX X X X X X X X X X X X X X jj
9Xj h?2 `2bmHiBM; #Q�`/ r�b T`2/B+i2/ mbBM; � +�`/ #Q�`/ KQ+FmT S*"X X X X X X X X X X j9
9X9 h?2 TH�iBM; BM i?2 p2MiBH�iBQM ?QH2b r�b `2KQp2/ #v ?�M/ mbBM; � /`BHHX X X X X X X X j9
9X8 h?2 50Ω �ii2Mm�iQ` bBKmH�i2/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 je
9Xe h?2 1000Ω �ii2Mm�iQ` bBKmH�i2/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 jd
9Xd h?2 `2bmHiBM; #Q�`/ r�b T`2/B+i2/ mbBM; � +�`/ #Q�`/ KQ+FmT S*"X X X X X X X X X X jd
9X3 h?2 S*" r�b KQ/B}2/ iQ +Q``2+i i?2 KBbi�F2bX h?2 7QQiT`BMi 7Q` i?2 `2H�v r�b

bHB;?iHv r`QM; URV �M/ bQK2 Q7 i?2 +`22T�;2 /Bbi�M+2b r2`2 iQ b?Q`i UkV X X X X X X X j3
9XN h?2 akR K2�bm`2K2Mib 7Q` i?2 50Ω �ii2Mm�iQ`bX LQ +QKT2Mb�iBQM +�T�+BiQ`b ?�p2

#22M mb2/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 X X X X X X X X X j3
9XRy h?2 akR K2�bm`2K2Mib 7Q` i?2 1 kΩ �ii2Mm�iQ`bX LQ +QKT2Mb�iBQM +�T�+BiQ`b ?�p2

#22M mb2/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 X X X X X X X X X jN
9XRR h?2 akR K2�bm`2K2Mib QM i?2 +QKK2`+B�H �ii2Mm�iQ`b �M/ i?2 bQHQ `2H�vX X X X X X X 9y
9XRk h?2 �ii2Mm�iQ` K2�bm`2K2Mib BM iBK2 /QK�BM- K2�bm`2/ rBi? i?2 Qb+BHHQb+QT2X X X X 9R

pBBB



GBbi Q7 h�#H2b

RXR h?2 i2bi 2[mBTK2Mi �p�BH�#H2 7Q` i?2 T`QD2+i X X X X X X X X X X X X X X X X X X X X X X X X k

kXR S�`�K2i2` p�Hm2b 7Q` TmHb2 R 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 e
kXk S�`�K2i2` p�Hm2b 7Q` TmHb2 k� 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 d
kXj S�`�K2i2` p�Hm2b 7Q` TmHb2 j� �M/ j# 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 3
kX9 S�`�K2i2` p�Hm2b 7Q` HQ�/ /mKT h2bi � 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 N
kX8 h?2b2 �`2 �HH Q7 i?2 p2`B}+�iBQMb i?�i M22/b iQ #2 K�/2 #27Q`2 2�+? mb2 Q7 i?2

2[mBTK2Mi- �HQM; rBi? i?2 HBKBib 7Q` 2�+? +�b2X X X X X X X X X X X X X X X X X X X X X X X Ry
kXe aT2+b Q7 i?2 h2Fi`QMBt h.adRy9 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 Rj
kXd �/Dmbi�#H2 T�`�K2i2`b BM i?2 JS: kyy 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 Rj
kX3 �/Dmbi�#H2 T�`�K2i2`b BM i?2 16h kyy 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 R9
kXN �/Dmbi�#H2 T�`�K2i2`b BM i?2 G. kyy 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 R8
kXRy aT2+b Q7 i?2 S�h �ii2Mm�iQ`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 X Rd

9XR *QKT�`BbQM Q7 i?2 /Bz2`2Mi bmTTHv pQHi�;2 bT2+B}+�iBQMbX X X X X X X X X X X X X X X X X jy
9Xk *QKT�`BbQM Q7 i?2 /Bz2`2Mi bm`;2 pQHi�;2 bT2+B}+�iBQMbX X X X X X X X X X X X X X X X X jy
9Xj *QKT�`BbQM Q7 i?2 /Bz2`2Mi iBK2 +QMbi`�BMibX X X X X X X X X X X X X X X X X X X X X X X X jy
9X9 *QKT�`BbQM Q7 i?2 HBKBib 7Q` +�HB#`�iBQMX 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
9X8 h?2 BMBiB�H K�Mm�H K2�bm`2K2Mib- K2�bm`2/ /B`2+iHv �i 2�+? ;2M2`�iQ`Ƕb QmiTmiX X X jR
9Xe h?2 BMBiB�H K�Mm�H K2�bm`2K2Mib QM i?2 2[mBTK2Mi- BM+Hm/BM; i?2 *L� kyyX X X X X jR
9Xd *�H+mH�i2/ KQK2Mi�`v rQ`bi +�b2b 7Q` 2�+? /mKKv HQ�/X h?2 G. kyy Bb BM+Hm/2/

7Q` +QKT�`BbQM iQ i?2 JS: kyy 2p2M i?Qm;? Bi /Q2b MQi `2bmHi BM i?2 ?B;?2bi TQr2`X jk
9X3 h?2 rQ`bi +�b2 `�iBQ #2ir22M i?2 bBKmH�iBQM 2M2`;B2b �M/ i?2 /�i�b?22i bT2+B}@

+�iBQMX h?2 `�iBQ 2[m�Hb i?2 KBMBKmK MmK#2` Q7 `2bBbiQ`b M22/2/ iQ b?�`2 i?2
2M2`;vX 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 X X X X X X X X X X jj

9XN h?2 K2�bm`2/ `2bBbi�M+2 Q7 i?2 /mKKv HQ�/b- �M/ i?2 2``Q` +QKT�`2/ iQ i?2 MQK@
BM�H p�Hm2bX 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 X X X X X X X X j8

Bt



R AMi`Q/m+iBQM

h?2 bi�M/�`/b AaP dejd- _Q�/ p2?B+H2b Ĝ 1H2+i`B+�H /Bbim`#�M+2b 7`QK +QM/m+iBQM �M/ +QmTHBM;-
�M/ AaP Red8y- _Q�/ p2?B+H2b Ĝ 1MpB`QMK2Mi�H +QM/BiBQMb �M/ i2biBM; 7Q` 2H2+i`B+�H �M/ 2H2+@
i`QMB+ 2[mBTK2Mi- �`2 BMi2`M�iBQM�H bi�M/�`/b i?�i �TTHv iQ 2[mBTK2Mi BM `Q�/ p2?B+H2b rBi? �
MQKBM�H bmTTHv pQHi�;2 Q7 12V Q` 24VX

h?2 bi�M/�`/b bi�i2b i?�i i?2 T`Q/m+i b?�HH rBi?bi�M/ � bm{+B2Mi �KQmMi Q7 /Bbim`#�M+2b
�TTHB2/ iQ Bib TQr2` bmTTHvX h?2 `2�bQM 7Q` i?Bb #22BM; i?�i i?2`2 +�M #2 pQHi�;2 bm`;2b �M/
MQBb2 BM � p2?B+H2Ƕb TQr2` bmTTHv HBM2bX AM ;2M2`�H- i?2 bQm`+2 Q7 /Bbim`#�M+2b �M/ MQBb2 BM �
p2?B+H2 Q`B;BMb 7`QK BM/m+i�M+2 BM Qi?2` /2pB+2b +QMM2+i2/ iQ i?2 TQr2` HBM2- i?2 +�#H2b �M/
i?2 p2?B+H2b �Hi2`M�iQ` BM +QK#BM�iBQM rBi? brBi+?BM; Q7 HQ�/b Q` i?2 bmTTHvX (RR- N)

hQ i2bi B7 � T`Q/m+i +QKTHv rBi? i?Bb bi�M/�`/- i?2`2 Bb 2[mBTK2Mi i?�i bBKmH�i2b /Bz2`2Mi
2p2Mib QM i?2 TQr2` bmTTHv HBM2bX h?2 i2bi 2p2Mib +QMbBbib Q7 pQHi�;2 TmHb2b i?�i �`2 �TTHB2/ iQ
i?2 .lh- /2pB+2 mM/2` i2biX h?2 TmHb2b Q7 BMi2`2bi BM i?Bb T�T2` �`2 /2MQi2/ TmHb2 R- TmHb2 k�-
TmHb2 j�- TmHb2 j# �M/ HQ�/ /mKT i2bi �X h?2 bi�M/�`/ /2}M2b i?2 /Bz2`2Mi b+2M�`BQb- `�Bb2
�M/ 7�HH iBK2b Q7 i2bi TmHb2b- `2T2iBiBQM iBK2b 2i+X Ai �HbQ /2}M2b i?2 7mM+iBQM�H `2[mB`2K2Mib
Q7 i?2 2[mBTK2Mi /m`BM; i?2b2 i2bib 7Q` r?�i Bb +QMbB/2`2/ � T�bb2/ Q` � 7�BH2/ i2biX (RR- N)

RXR JQiBp�iBQM

h?2 bi�M/�`/ /2}M2b �HH i?2 iBKBM; `2[mB`2K2Mib i?�i Kmbi #2 K2i- �M/ �HbQ bT2+B}2b i?2 HQ�/
+QM/BiBQMb 7Q` r?B+? i?2 `2[mB`2K2Mib �TTHv (RR)X 6`QK iBK2 iQ iBK2 i?2 bi�M/�`/b �`2 `2pBb2/-
r?B+? K�v �Hi2` i?2 `2[mB`2K2Mib 7Q`K i?2 T`2pBQmb p2`bBQMb Q7 i?2 bi�M/�`/X h2bi 2[mBTK2Mi
KB;?i #2 +QMbi`m+i2/ 7Q` i?2 +m``2MiHv p�HB/ bi�M/�`/b- �M/ TQbbB#Hv QH/2` p2`bBQMb- #mi KB;?i
MQi #2 +QKT�iB#H2 rBi? M2r2` p2`bBQMbX L2r 2[mBTK2Mi KB;?i MQi #2 �zQ`/�#H2 #v bK�HH2`
i2bi H�#b- �M/ +�M i?mb BM?B#Bi H�#b 7`QK T2`7Q`KBM; i2bib 7Q` i?Bb bi�M/�`/X

�M �TT2�HBM; �Hi2`M�iBp2 rQmH/ #2 i?2 TQbbB#BHBiv iQ `2mb2 i?2 i2bi 2[mBTK2Mi i?�i r�b
mb2/ �HQM; rBi? i?2 QH/2` `2pBbBQM Q7 i?2 bi�M/�`/- �b HQM; �b Bi Bb +�T�#H2 Q7 T2`7Q`KBM; i?2
i2bib `2HB�#HvX 6Q` i?Bb iQ #2 TQbbB#H2- i?2 i2bi 2[mBTK2Mi Kmbi #2 p2`B}2/ BM bQK2 r�v bQ i?�i
Bi Bb TQbbB#H2 iQ ;m�`�Mi22 i?�i i?2 i2bib �`2 T2`7Q`K2/ �++Q`/BM; iQ i?2 M2r bi�M/�`/X

R



RXkX �BK

RXk �BK

h?2 K�BM ;Q�H Q7 i?Bb rQ`F Bb iQ BMp2biB;�i2 i?2 TQbbB#BHBiv Q7 `2mbBM; i2bi 2[mBTK2Mi- K�/2 7Q`
� T`2pBQmb p2`bBQM Q7 � bi�M/�`/- rBi? i?2 +m``2Mi p2`bBQM Q7 i?�i bi�M/�`/ �M/ ?Qr iQ �bbm`2
i?�i i?2 i2bi `2bmHib �`2 `2HB�#H2X

A7 i?2 �#Qp2 ;Q�H Bb K2i- i?2 p2`B}+�iBQM T`Q+2bb Q7 i?2 bvbi2K Bb /2bB`2/ iQ #2 �miQK�i2/X

RXj _2b2�`+? [m2biBQMb

h?2 7QHHQrBM; [m2biBQMb rBHH #2 �Mbr2`2/ BM i?Bb T�T2`,

RX *�M i2bi 2[mBTK2Mi K�/2 7Q` AaP dejd@k,kyy9- #2 mb2/ 7Q` i2biBM; +QKTHB�M+2 �;�BMbi
AaP dejd@k,kyRR- i?2 M2r2` p2`bBQM Q7 i?2 bi�M/�`/\

kX A7 Bi +�Mc q?�i +QMbB/2`�iBQMb Kmbi #2 K�/2 iQ �HHQr 7Q` �miQK�iBM; i?2 i2bi �M/
p2`B}+�iBQM T`Q+2bb\

jX A7 Bi +�MǶic q?�i +�mb2b i?2 7�BHm`2- �M/ r?�i TQbbB#H2 }t2b +�M #2 K�/2 iQ K�F2 i?2
2[mBTK2Mi mb�#H2 7Q` i?2 M2r2` bi�M/�`/\

RX9 .2HBKBi�iBQMb

h?Bb T�T2` QMHv +QKT�`2b i?2 bi�M/�`/ AaP dejd@k,kyy9 iQ AaP dejd@k,kyRR �M/
AaP Red8y@k,kyRk- #2+�mb2 i?2b2 �`2 i?2 KQbi `2+2Mi p2`bBQMb Q7 i?2 bi�M/�`/bX

h?Bb T�T2` QMHv +QMbB/2`b SmHb2 R- SmHb2 k�- SmHb2 j�- SmHb2 j# �M/ GQ�/ /mKT �X h?2
K�BM `2�bQM #2BM; i?�i i?2b2 �`2 i?2 TmHb2b i?�i i?2 �p�BH�#H2 2[mBTK2Mi +�M ;2M2`�i2- #mi
�HbQ i?�i i?2b2 TmHb2b b?�`2 K�Mv T`QT2`iB2b �M/ i?2 K2i?Q/ Q7 �M�HvbBM; i?2K rBHH T`Q#�#Hv
#2 p2`v bBKBH�`X

h?Bb T�T2` QMHv +QMbB/2`b i?2 i2bi 2[mBTK2Mi 7Q` AaP dejd@k i?�i r�b �p�BH�#H2 �i i?2
+QKT�Mv- T`2b2Mi2/ BM h�#H2 RXR- 7Q` i?2 T`�iB+�H i2bibX

h�#H2 RXR, h?2 i2bi 2[mBTK2Mi �p�BH�#H2 7Q` i?2 T`QD2+i

"`�M/ JQ/2H .2b+`BTiBQM
1Jh1ah 16h kyy� "m`bi ;2M2`�iQ`
1Jh1ah JS: kyy" JB+`QTmHb2 ;2M2`�iQ`
1Jh1ah G. kyy" GQ�/ /mKT ;2M2`�iQ`
1Jh1ah *L� kyy" *QmTHBM; M2irQ`F

RX8 _2TQ`i bi`m+im`2

h?2 i?2Q`v +?�Ti2` T`2b2Mib �HH M2+2bb�`v i?2Q`v iQ #�+F mT i?2 K2i?Q/b mb2/ BM i?2 T`QD2+iX
h?2 K2i?Q/ +?�Ti2` /2b+`B#2b ?Qr i?2 T`QD2+i r�b 2t2+mi2/ bQ i?�i Bi +�M #2 `2THB+�i2/X
h?2 `2bmHi +?�Ti2` Bb iB;?iHv +QmTH2/ iQ i?2 K2i?Q/ +?�Ti2`- BM bm+? � r�v i?�i 2�+? ?2�/2`

+�M #2 7QmM/ BM #Qi?X h?Bb �HHQrb 7Q` �M 2�bv +Q``2H�iBQM #2ir22M i?2 K2i?Q/ �M/ Bib `2bmHiX
h?2 /Bb+mbbBQM +?�Ti2` `2~2+ib QM i?2 `2bmHib �+?B2p2/ �M/ +QKK2Mib QM i?2 K2i?Q/b mb2/X

h?Bb Bb �HbQ r?2`2 bQm`+2 +`BiBbBbK Bb #`Qm;?i mTX
h?2 +QM+HmbBQM +?�Ti2` `2+QMM2+ib i?2 T`QD2+i iQ i?2 Q`B;BM�H `2b2�`+? [m2biBQMbX h?2`2 �`2

�HbQ bQK2 bm;;2biBQMb 7Q` iQTB+b i?�i M22/ 7m`i?2` `2b2�`+? `2H�i2/ iQ i?2 T`QD2+iX

k



k h?2Q`v

h?Bb +?�Ti2` BMi`Q/m+2b i?2 i?2Q`v �M/ 7�+ib i?�i �`2 `2H�i2/ iQ i?Bb T`QD2+iX Ai /2b+`B#2b i?2
M2+2bb�`v T�`ib Q7 i?2 AaP bi�M/�`/b- K2�bm`2K2Mi i?2Q`v �M/ K2i?Q/b iQ �M�Hvb2 �+[mB`2/
/�i�X

kXR S`2pBQmb `2b2�`+?

LQ T`2pBQmb `2b2�`+? /B`2+iHv `2H2p�Mi iQ i?2 `2mb2 Q7 i2bi 2[mBTK2Mi r�b 7QmM/X h?Qm;?
`2b2�`+? i?�i ?�b #22M K�/2 QM iQTB+b `2H2p�Mi iQ T`QD2+i- bm+? �b K2�bm`2K2Mi i2+?MB[m2b
�M/ +m`p2 }iiBM;- �`2 T`2b2Mi2/ BM i?Bb i?2Q`v +?�Ti2`X

kXk AaP bi�M/�`/b

h?2 AaP Q`;�MBb�iBQM- AMi2`M�iBQM�H P`;�MBx�iBQM 7Q` ai�M/�`/Bx�iBQM- r�b 7QmM/2/ BM RN9d
�M/ ?�b bBM+2 Tm#HBb?2/ KQ`2 i?�M kk-8yy AMi2`M�iBQM�H ai�M/�`/bX AaP bi�M/�`/b /Q2b MQi
QMHv +Qp2` i?2 2H2+i`QMB+ BM/mbi`v- #mi �HKQbi 2p2`v BM/mbi`vX h?2 Tm`TQb2 Q7 i?2 bi�M/�`/b
Bb iQ 2Mbm`2 b�72iv- `2HB�#BHBiv �M/ [m�HBiv Q7 T`Q/m+ib BM � mMB}2/ r�v- K�FBM; BMi2`M�iBQM�H
i`�/2 2�bB2`X h?2 M�K2 AaP +QK2b 7`QK i?2 :`22F rQ`/ BbQb- r?B+? K2�Mb 2[m�HX (k)

� bi�M/�`/ Bb /2p2HQT2/ �M/ K�BMi�BM2/ #v � h2+?MB+�H *QKKBii22- h*X h?2 h* +QMbBbib
Q7- �KQM;bi Qi?2`b- 2tT2`ib BM i?2 �`2� i?�i i?2 bi�M/�`/ +QM+2`Mb (d)X � M2r bi�M/�`/ Bb
QMHv /2p2HQT2/ r?2M i?2`2 2tBbib � M22/ 7Q` i?Bb 7`QK i?2 BM/mbi`v Q` Qi?2` ;`QmTb i?�i K�v
`2[mB`2 Bi (j)X 1tBbiBM; bi�M/�`/b �`2 �miQK�iB+�HHv b+?2/mH2/ 7Q` `2pB2r }p2 v2�`b �7i2` Bib
H�bi Tm#HB+�iBQM- #mi +�M K�Mm�HHv #2 `2pB2r2/ #27Q`2 i?�i iBK2 #v i?2 +QKKBii22 (8)X .m`BM;
i?2 `2pB2r T`Q+2bb Bi rBHH #2 /2+B/2/ B7 i?2 bi�M/�`/ Bb biBHH p�HB/- M22/ iQ #2 mT/�i2/ Q` B7 Bi
b?QmH/ #2 `2KQp2/ (8)X

h?2 M�KBM; +QMp2MiBQM mb2/ 7Q` AaP bi�M/�`/b Bb BM i?2 7Q`K�i MmK#2`@T�`i,v2�`- r?2`2 i?2
MmK#2` Bb i?2 B/2MiB}2` iQ i?2 mMB[m2 AaP bi�M/�`/- T�`i /2MQi2b i?2 T�`i Q7 i?2 bi�M/�`/ B7 Bi
Bb /BpB/2/ BMiQ b2p2`�H T�`ib �M/ v2�` Bb i?2 Tm#HBb?BM; v2�`X 6Q` 2t�KTH2c i?2 M�K2 AaP dejd@
k,kyRR `272`b iQ T�`i k Q7 i?2 AaP dejd bi�M/�`/ Tm#HBb?2/ BM kyRR- r?BHbi AaP dejd@k,kyy9
rQmH/ `272` iQ �M 2�`HB2` p2`bBQM Q7 i?2 2t�+i b�K2 /Q+mK2Mi Tm#HBb?2/ BM kyy9X

hQ ;2i ?QH/ Q7 � +QTv Q7 � bi�M/�`/- QM2 M22/ iQ #mv Bi 7`QK AaP biQ`2 Q` 7`QK � M�iBQM�H
AaP K2K#2`X (e)

j



kXjX AaP dejd �M/ AaP Red8y

kXj AaP dejd �M/ AaP Red8y

h?2 AaP dejd bi�M/�`/- _Q�/ p2?B+H2b ě 1H2+i`B+�H /Bbim`#�M+2b 7`QK +QM/m+iBQM �M/
+QmTHBM;- +QM+2`Mb i?2 2H2+i`B+�H 2MpB`QMK2Mi BM `Q�/ p2?B+H2bX h?2 bi�M/�`/ +QMbBbib Q7 7Qm`
T�`ib- �b Q7 �m;mbi kyRNX

S�`i R- .2}MBiBQMb �M/ ;2M2`�H +QMbB/2`�iBQMb- /2}M2b bQK2 �##`2pB�iBQMb �M/ i2+?MB+�H
i2`Kb i?�i �`2 mb2/ i?`Qm;?Qmi i?2 bi�M/�`/X Ai �HbQ BMi2M/2/ mb2 Q7 i?2 bi�M/�`/X (Ry)

S�`i k- 1H2+i`B+�H i`�MbB2Mi +QM/m+iBQM �HQM; bmTTHv HBM2b QMHv- /2}M2b i?2 i2bi T`Q+2/m`2b
`2H�i2/ iQ /Bbim`#�M+2b i?�i �`2 +�``B2/ �HQM; i?2 bmTTHv HBM2b Q7 � T`Q/m+iX "Qi? 2KBbbBQM-
/Bbim`#�M+2b +`2�i2/ #v i?2 .lh- �M/ BKKmMBiv- i?2 .lhǶb +�T�#BHBiv iQ rBi?bi�M/ /Bbim`@
#�M+2b- �`2 +Qp2`2/X h?Bb T�`i /2}M2b i?2 i2bi TmHb2b i?�i �`2 Q7 BMi2`2bi 7Q` i?Bb T`QD2+i- �M/
i?2 p2`B}+�iBQM Q7 i?2KX (RR)

S�`i j- 1H2+i`B+�H i`�MbB2Mi i`�MbKBbbBQM #v +�T�+BiBp2 �M/ BM/m+iBp2 +QmTHBM; pB� HBM2b
Qi?2` i?�M bmTTHv HBM2b- /2}M2b BKKmMBiv i2bib �;�BMbi /Bbim`#�M+2b QM Qi?2` BMi2`7�+2b i?�i
i?2 TQr2` bmTTHvX Ai 7Q+mb2b QM i2bi b2imTb �M/ /Bz2`2Mi r�vb Q7 +QmTHBM; i?2 bB;M�HbX (Rk)

S�`i 8- 1M?�M+2/ /2}MBiBQMb �M/ p2`B}+�iBQM K2i?Q/b 7Q` ?�`KQMBx�iBQM Q7 TmHb2 ;2M2`�iQ`b
�++Q`/BM; iQ AaP dejd- T`QTQb2b �M �Hi2`M�iBp2 p2`B}+�iBQM K2i?Q/ Q7 i?2 i2bi TmHb2b /2}M2/
BM AaP dejd@kX h?2 K�BM /Bz2`2M+2 7`QK i?2 K2i?Q/ /2b+`B#2/ BM AaP dejd@k Bb i?�i i?2 .*
pQHi�;2- UA- b?QmH/ MQi QMHv #2 y o /m`BM; i?2 p2`B}+�iBQM- #mi �HbQ #2 b2i iQ i?2 MQKBM�H
pQHi�;2- UN X h?Bb rBHH MQi #2 +QMbB/2`2/ /22THv BM i?Bb `2TQ`i- bBM+2 Bi Bb QMHv � T`QTQb�H �M/
K�F2b i?2 p2`B}+�iBQM 2[mBTK2Mi KQ`2 /B{+mHiX (Rj)

h?2 AaP Red8y- _Q�/ p2?B+H2b Ĝ 1MpB`QMK2Mi�H +QM/BiBQMb �M/ i2biBM; 7Q` 2H2+i`B+�H �M/
2H2+i`QMB+ 2[mBTK2Mi- +QM+2`Mb /Bz2`2Mi 2MpB`QMK2Mi�H 7�+iQ`b i?�i � T`Q/m+i KB;?i 7�+2 BM �
p2?B+H2- bm+? �b K2+?�MB+�H b?Q+Fb- i2KT2`�im`2 +?�M;2b �M/ �+B/bX S�`i k Q7 i?2 bi�M/�`/-
1H2+i`B+�H GQ�/b- /2�Hb rBi? bQK2 2H2+i`B+�H �bT2+ib i?�i r�b T`2pBQmbHv T�`i Q7 i?2 AaP dejd
bi�M/�`/X h?Bb Bb i?2 QMHv T�`i Q7 AaP Red8y i?�i rBHH #2 +QMbB/2`2/X (3- N)

kX9 h2bi TmHb2b

�HH i2bi TmHb2b /2}M2/ BM AaP dejd �M/ AaP Red8y �`2 bmTTQb2/ iQ bBKmH�i2 2p2Mib i?�i +�M
Q++m` BM � `2�H p2?B+H2Ƕb 2H2+i`B+�H 2MpB`QMK2Mi- i?�i 2[mBTK2Mi Kmbi #2 �#H2 iQ rBi?bi�M/X
h?2 T`QT2`iB2b Q7 i?2b2 i2bi TmHb2b �`2 r2HH /2}M2/- iQ �HHQr 7Q` mMB}2/ i2biBM; `2;�`/H2bb Q7
r?B+? i2bi H�# i?�i T2`7Q`Kb i?2 i2biX AM i?2 `2�H rQ`H/- ?Qr2p2`- i?2 /Bbim`#�M+2b KB;?i Q7
+Qm`b2 /Bz2` 7`QK i?2 i2bi TmHb2b bBM+2 � `2�H +�b2 2MpB`QMK2Mi Bb MQi +QMi`QHH2/X (RR- N- R)

h?2 i2bi TmHb2b Q7 BMi2`2bi /2}M2/ BM AaP dejd �`2 /2MQi2/ h2bi TmHb2 R- h2bi TmHb2 k�- h2bi
TmHb2 j� �M/ h2bi TmHb2 j#X h?2 i2bi TmHb2 Q7 BMi2`2bi /2}M2/ BM AaP Red8y Bb /2MQi2/ GQ�/
/mKT h2bi �X h?2`2 �`2 KQ`2 TmHb2b �M/ i2bib /2}M2/ BM i?2b2 bi�M/�`/b- #mi i?Qb2 �`2 MQi
BM i?2 b+QT2 Q7 i?Bb T`QD2+iX

h?2 ;2M2`�H +?�`�+i2`BbiB+b BM +QKKQM 7Q` �HH TmHb2b �`2 i?2 .* pQHi�;2 UA- i?2 bm`;2
pQHi�;2 Us- i?2 `Bb2 iBK2 tr- i?2 TmHb2 /m`�iBQM td �M/ i?2 BMi2`M�H `2bBbi�M+2 RiX h?2 T`QT2`iv
BMi2`M�H `2bBbi�M+2 Bb QMHv BM b2`B2b rBi? i?2 ;2M2`�i2/ TmHb2- MQi BM b2`B2b rBi? i?2 .* TQr2`
bQm`+2X 6Q` TmHb2b i?�i �`2 bmTTQb2/ iQ #2 �TTHB2/ b2p2`�H iBK2b- t1 mbm�HHv /2MQi2b i?2 iBK2
#2ir22M i?2 bi�`i Q7 irQ +QMb2+miBp2 TmHb2bX h?2 iBKBM;b �`2 BHHmbi`�i2/ BM 6B;m`2 kXR�X

9



kX9X h2bi TmHb2b

U�V h?2 bm`;2 pQHi�;2 US Bb i?2 Tmb2 K�tB@
KmK pQHi�;2 /Bb`2;�`/BM; i?2 Qzb2i pQHi�;2
UAX h?2 `Bb2 tr iBK2 Bb /2}M2/ �b i?2 iBK2
2H�Tb2/ 7`QK yXR iQ yXN iBK2b i?2 bm`;2 pQHi�;2
QM i?2 `BbBM; 2/;2 Q7 i?2 TmHb2X h?2 /m`�iBQM
td Bb /2}M2/ �b i?2 iBK2 7`QK yXR iBK2b i?2
K�tBKmK pQHi�;2 QM i?2 `BbBM; 2/;2- #�+F iQ
i?2 b�K2 H2p2H Q7 i?2 7�HHBM; 2/;2X

U#V h?2 `2T2iBiBQM iBK2 Bb /2}M2/ �b i?2 iBK2
#2ir22M irQ �/D�+2Mi `BbBM; 2/;2bX

6B;m`2 kXR, h?2 +QKKQM T`QT2`iB2b Q7 i?2 TmHb2b- �b /2}M2/ #v AaP dejdX

�M BKTQ`i�Mi Q#b2`p�iBQM Bb i?�i i?2 /2}MBiBQM Q7 i?2 bm`;2 pQHi�;2- Us- /Bz2`b BM AaP dejd
�M/ AaP Red8y �b /2TB+i2/ BM 6B;m`2 kX8X

h2bi TmHb2 R
h?Bb TmHb2 bBKmH�i2b i?2 2p2Mi Q7 i?2 TQr2` bmTTHv #2BM; /Bb+QMM2+i2/ r?BH2 i?2 .lh Bb
+QMM2+i2/ iQ Qi?2` BM/m+iBp2 HQ�/bX h?2 Qi?2` BM/m+iBp2 HQ�/b rBHH ;2M2`�i2 � pQHi�;2 i`�MbB2Mi
Q7 `2p2`b2/ TQH�`Biv QMiQ i?2 .lhǶb bmTTHv HBM2bX

AM i?2 bi�M/�`/ i?2`2 �`2 irQ �//BiBQM�H iBKBM;b �bbQ+B�i2/ iQ i?Bb TmHb2- t2 �M/ t3- r?B+?
�`2 /2}MBM; i?2 /Bb+QMM2+iBQM iBK2 7Q` i?2 TQr2` bmTTHv /m`BM; i?2 pQHi�;2 i`�MbB2MiX AM
T`�+iB+2 t3 +�M #2 p2`v b?Q`i- bT2+B}2/ iQ H2bb i?�M Ryy ƒb- �M/ i?2 bi2T b22M BM 6B;m`2 kXk
KB;?i #2 iQQ b?Q`i iQ #2 +H2�`Hv /BbiBM;mBb?�#H2 r?2M b22M QM � Qb+BHHQb+QT2X
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kX9X h2bi TmHb2b

6B;m`2 kXk, AHHmbi`�iBQM Q7 i2bi TmHb2 RX

h�#H2 kXR, S�`�K2i2` p�Hm2b 7Q` TmHb2 R

S�`�K2i2` 12V bvbi2K 24V bvbi2K
UA 13.8V iQ 14.2V 27.8V iQ 28.2V
US −75V iQ −150V −300V iQ −600V
Ri 10Ω 50Ω
td 2ms 1ms
tr 0.5ƒs iQ 1ƒs 1.5ƒs iQ 3ƒs
t1 ≥0.5 s
t2 200ms
t3 <100ƒs

h2bi TmHb2 k�
h?Bb TmHb2 bBKmH�i2b i?2 2p2Mi Q7 � HQ�/- T�`�HH2H iQ i?2 .lh- #2BM; /Bb+QMM2+i2/X h?2 BM@
/m+i�M+2 BM i?2 rB`BM; ?�`M2bb rBHH i?2M ;2M2`�i2 � TQbBiBp2 pQHi�;2 i`�MbB2Mi QM i?2 .lhǶb
bmTTHv HBM2bX /BbiBM;mBb?�#H2 r?2M b22M QM � Qb+BHHQb+QT2X

e



kX9X h2bi TmHb2b

6B;m`2 kXj, AHHmbi`�iBQM Q7 i2bi TmHb2 k�X

h�#H2 kXk, S�`�K2i2` p�Hm2b 7Q` TmHb2 k�

S�`�K2i2` 12V bvbi2K 24V bvbi2K
UA 13.8V iQ 14.2V 27.8V iQ 28.2V
US 37V iQ 112V
Ri 2Ω
td 0.05ms
tr 0.5ƒs iQ 1ƒs
t1 0.2 s iQ 5 s

h2bi TmHb2 j� �M/ j#
h2bi TmHb2 j� �M/ j# bBKmH�i2b i`�MbB2Mib ǳr?B+? Q++m` �b � `2bmHi Q7 i?2 brBi+?BM; T`Q+2bbǴ �b
bi�i2/ BM i?2 bi�M/�`/ (RR)X h?2 7Q`KmH�iBQM Bb MQi p2`v +H2�`- #mi Bb BMi2`T2`i2/ �M/ 2tTH�BM2/
#v 6`�xB2` �M/ �HH2b (R) iQ #2 i?2 `2bmHi Q7 � K2+?�MB+�H brBi+? #`2�FBM; �M BM/m+iBp2 HQ�/X
h?2b2 i`�MbB2Mib �`2 p2`v b?Q`i- +QKT�`2/ iQ i?2 Qi?2` TmHb2b- �M/ i?2 `2T2iBiBQM iBK2 Bb p2`v
b?Q`iX h?2 TmHb2b �`2 b2Mi BM #m`bib- ;`QmTBM; � MmK#2` Q7 TmHb2b iQ;2i?2` �M/ b2T�`�iBM;
;`QmTb #v � }t2/ iBK2X

h?2b2 TmHb2b +QMi�BM ?B;? 7`2[m2M+v +QKTQM2Mib- mT iQ Ryy J>x- �M/ bT2+B�H +�`2 Kmbi
#2 i�F2M r?2M `mMMBM; i2bib rBi? i?2K �b r2HH �b r?2M p2`B7vBM; i?2KX

d



kX9X h2bi TmHb2b

U�V SmHb2 j� U#V SmHb2 j#

6B;m`2 kX9, SmHb2 j� �M/ j# �`2 �TTHB2/ BM #m`bibX 1�+? BM/BpB/m�H TmHb2 Bb � /Qm#H2 2tTQM2MiB�H
+m`p2 rBi? i?2 b�K2 T`QT2`iB2b- tr �M/ td- �b 2X;X TmHb2 k�

h�#H2 kXj, S�`�K2i2` p�Hm2b 7Q` TmHb2 j� �M/ j#

S�`�K2i2` 12V bvbi2K 24V bvbi2K
UA 13.8V iQ 14.2V 27.8V iQ 28.2V
SmHb2 j� US −112V iQ −220V −150V iQ −300V
SmHb2 j# US 75V iQ 150V 150V iQ 300V
Ri 50Ω
td 105 ns iQ 195 ns
tr 3.5 ns iQ 6.5 ns
t1 100ƒs
t4 10ms
t5 90ms

GQ�/ /mKT h2bi �
h?2 GQ�/ /mKT h2bi � bBKmH�i2b i?2 2p2Mi Q7 /Bb+QMM2+iBM; � #�ii2`v i?�i Bb +?�`;2/ #v i?2
p2?B+H2b �Hi2`M�iQ`- i?2 +m``2Mi i?�i i?2 �Hi2`M�iQ` Bb /`BpBM; rBHH ;Bp2 `Bb2 iQ � HQM; pQHi�;2
i`�MbB2MiX

h?Bb TmHb2 ?�b i?2 HQM;2bi /m`�iBQM- td- Q7 �HH i?2 i2bi TmHb2bX Ai �HbQ ?�b i?2 HQr2bi BMi2`M�H
`2bBbi�M+2X h?2b2 T`QT2`iB2b K�F2b Bi +�T�#H2 Q7 i`�Mb72``BM; ?B;? 2M2`;B2b BMiQ � HQr BKT2/�M+2
.lh Q` /mKKv HQ�/X

S`BQ` iQ kyRR- i?2 GQ�/ /mKT h2bi � r�b T�`i Q7 i?2 AaP dejd@k bi�M/�`/ mM/2` i?2 M�K2
h2bi TmHb2 8�X h?2 bm`;2 pQHi�;2 Us r�b BM i?2 QH/2` bi�M/�`/- AaP dejd@k,kyy9- /2}M2/ �b i?2
pQHi�;2 #2ir22M i?2 .* Qzb2i pQHi�;2 UA �M/ i?2 K�tBKmK pQHi�;2X AM i?2 M2r2` bi�M/�`/-
AaP Red8y@k,kyRk- Us Bb /2}M2/ �b i?2 �#bQHmi2 T2�F pQHi�;2X PMHv i?2 7Q`K2` /2}MBiBQM Bb
mb2/ BM i?Bb T�T2`- Us = Û −UAX
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kX9X h2bi TmHb2b

6B;m`2 kX8, AHHmbi`�iBQM Q7 HQ�/ /mKT h2bi �X LQi2 i?2 /Bz2`2Mi /2}MBiBQM Q7 US +QKT�`2/ iQ
i?2 Qi?2` TmHb2bX

h�#H2 kX9, S�`�K2i2` p�Hm2b 7Q` HQ�/ /mKT h2bi �

S�`�K2i2` 12V bvbi2K 24V bvbi2K
UA 13.8V iQ 14.2V 27.8V iQ 28.2V
US AaP Red8y 79V iQ 101V 151V iQ 202V
US AaP dejd 64.8V iQ 87.2V 122.8V iQ 174.2V
Ri 0.5Ω iQ 4Ω 1Ω iQ 8Ω
td 40ms iQ 400ms 100ms iQ 350ms
tr 5ms iQ 10ms

�TTHB+�iBQM Q7 i2bi TmHb2b
.m`BM; � i2bi- i?2 MQKBM�H pQHi�;2 Bb }`bi �TTHB2/ #2ir22M i?2 THmb �M/ KBMmb i2`KBM�H Q7 i?2
.lhǶb TQr2` bmTTHv BMTmi #v i?2 i2bi 2[mBTK2MiX h?2M � b2`B2b Q7 i2bi TmHb2b �`2 �TTHB2/
#2ir22M i?2 b�K2 i2`KBM�HbX h?2 TmHb2b �`2 `2T2�i2/ �i bT2+B}2/ BMi2`p�Hb- t1- �b /2TB+i2/ BM
6B;m`2 kXR#X

�M 2t�KTH2 Q7 ?Qr � i2bi TmHb2 +�M #2 �TTHB2/ #v i?2 i2bi 2[mBTK2Mi Bb /2TB+i2/ BM 6B;@
m`2 kXeX

N



kX8X _2bBbiQ`b �i ?B;? 7`2[m2M+B2b

6B;m`2 kXe, AHHmbi`�iBQM Q7 ?Qr i?2 i2bi 2[mBTK2Mi +�M �TTHv � i2bi TmHb2 iQ i?2 .lh r?BHbi
�HbQ T`QpB/BM; i?2 .* bmTTHv i?`Qm?i �M 2ti2`M�H SalX

o2`B}+�iBQM
h?2 i2bi TmHb2b �`2 iQ #2 p2`B}2/ #27Q`2 i?2v �`2 �TTHB2/ iQ i?2 .lhX h?2 pQHi�;2 H2p2Hb �M/
i?2 iBKBM;b �`2 iQ #2 K2�bm`2/ #Qi? rBi?Qmi �Mv HQ�/- �M/ rBi? � K�i+?2/ HQ�/- RL 4 Ri-
�ii�+?2/X h?2 bi�M/�`/ QKBib i?2 `Bb2 iBK2 +QMbi`�BMi r?2M i?2 HQ�/ Bb �ii�+?2/- 2t+2Ti 7Q`
TmHb2 j� �M/ j#X (RR)

h?2 p2`B}+�iBQM Bb iQ #2 +QM/m+i2/ rBi? UA b2i iQ yX h?2`2 Bb- ?Qr2p2`- � T`QTQb�H iQ b2i
UA 2[m�H iQ i?2 MQKBM�H pQHi�;2 /m`BM; i?2 p2`B}+�iBQM T`Q+2bb- �b i?2 #2?�pBQm` Q7 i?2 TmHb2
;2M2`�iQ`b ?�b T`Qp2M /Bz2` BM i?Bb +�b2 (Rj)X AM i?Bb T`QD2+i UA = 0 rBHH #2 mb2/X

h?2 HBKBib- �M/ iQH2`�M+2b- 7Q` i?2 TmHb2b �`2 bmKK�`Bb2/ BM h�#H2 kX8X h?2 K�i+?2/ HQ�/b
�`2 iQ #2 rBi?BM RW Q7 i?2 MQKBM�H p�Hm2X

h?2 BMbi`mK2Mib mb2/ 7Q` K2�bm`BM; i?2 TmHb2b Kmbi ?�p2 �i H2�bi 400MHz- bBM+2 TmHb2 j�
�M/ j# +QMi�BMb 7`2[m2M+v +QKTQM2Mib Q7 mT iQ 200MHzX

h�#H2 kX8, h?2b2 �`2 �HH Q7 i?2 p2`B}+�iBQMb i?�i M22/b iQ #2 K�/2 #27Q`2 2�+? mb2 Q7 i?2
2[mBTK2Mi- �HQM; rBi? i?2 HBKBib 7Q` 2�+? +�b2X

GBKBib
SmHb2 J�i+? `2bBbiQ` US td tr
SmHb2 R- Rk o- PT2M −110V iQ −90V 1.6ms iQ 2.4ms 0.5ƒs iQ 1ƒs
SmHb2 R- Rk o- J�i+?2/ Ry Ω −110V iQ −90V 1.6ms iQ 2.4ms 0.5ƒs iQ 1ƒs
SmHb2 R- k9 o- PT2M −660V iQ −540V 0.8ms iQ 1.2ms 1.5ƒs iQ 3ƒs
SmHb2 R- k9 o- J�i+?2/ 8y Ω −660V iQ −540V 0.8ms iQ 1.2ms 1.5ƒs iQ 3ƒs
SmHb2 k�- PT2M 67.5V iQ 82.5V 40ƒs iQ 60ƒs 0.5ƒs iQ 1ƒs
SmHb2 k�- J�i+?2/ k Ω 67.5V iQ 82.5V 40ƒs iQ 60ƒs 0.5ƒs iQ 1ƒs
SmHb2 j�- PT2M URFV −220V iQ −180V 105 ns iQ 195 ns 3.5 ns iQ 6.5 ns
SmHb2 j�- J�i+? 8y Ω −120V iQ −80V 105 ns iQ 195 ns 3.5 ns iQ 6.5 ns
SmHb2 j#- PT2M URFV 180V iQ 220V 105 ns iQ 195 ns 3.5 ns iQ 6.5 ns
SmHb2 j#- J�i+? 8y Ω 80V iQ 120V 105 ns iQ 195 ns 3.5 ns iQ 6.5 ns
GQ�/ /mKT �- Rk o- PT2M 90V iQ 110V 320ms iQ 480ms 5ms iQ 10ms
GQ�/ /mKT �- Rk o- J�i+?2/ k Ω 90V iQ 110V 320ms iQ 480ms 5ms iQ 10ms
GQ�/ /mKT �- k9 o- PT2M 180V iQ 220V 280ms iQ 420ms 5ms iQ 10ms
GQ�/ /mKT �- k9 o- J�i+?2/ k Ω 180V iQ 220V 280ms iQ 420ms 5ms iQ 10ms

kX8 _2bBbiQ`b �i ?B;? 7`2[m2M+B2b

q?2M rQ`FBM; rBi? `2bBbiQ`b �i ?B;? 7`2[m2M+B2b- QM2 Kmbi +QMbB/2` i?2 T�`�bBi+ T`QT2`iB2b Q7
i?2 `2bBbiQ`X oBb?�v T`2b2Mib � KQ/2H r?B+? +QMbBbib Q7 i?2 `2bBbi�M+2 R- BMi2`M�H BM/m+i�M+2
L- BMi2`M�H +�T�+Bi�M+2 C- 2ti2`M�H H2�/ BM/m+i�M+2 LC �M/ 2ti2`M�H ;`QmM/ +�T�+Bi�M+2 CGX

Ry



kXeX J2�bm`2K2Mi

aBM+2 i?2 2ti2`M�H ;`QmM/ +�T�+Bi�M+2 Bb p2`v bK�HH BM +QKT�`BbQM iQ i?2 Qi?2` T�`�bBiB+b- Bi
?�b #22M M2;H2+i2/ BM i?Bb i?2bBbX h?2 KQ/2H mb2/ 7Q` i?2 bBKmH�iBQMb Bb /2TB+i2/ BM 6B;m`2 kXd-
rBi? i?2 p�Hm2b L = 0.1nH- C = 1pF �M/ LC = 1nHX h?Bb Bb � #Bi ?B;?2` i?�M i?2 p�Hm2b BM
oBb?�vb T�T2`- #mi i?Qb2 �`2 �HbQ 7Q` bK�HH2` T�+F�;2bX (Re) �M �TT`QtBK�iBQM Q7 i?2 +QK#BM2/
BM/m+i�M+2 Q7 KQ`2 i?�M 1 nH 7Q` i?2 Rkye T�+F�;2 Bb �HbQ BM HBM2 rBi? i?2 p�Hm2b BM � i2+?MB+�H
BM7Q`K�iBQM MQi2 7`QK �os 7Q` +�T�+BiQ`b- i?2 T�+F�;2 H2�/ BM/m+i�M+2 b?QmH/ #2 bBKBH�` 7Q`
+�T�+BiQ`b �M/ `2bBbiQ`b(R9)X

6B;m`2 kXd, �i ?B;? 7`2[m2M+B2b � `2bBbiQ`b T�`�bBiB+ BM/m+i�M+2 �M/ +�T�+Bi�M+2 rBHH �z2+i i?2
#2?�pBQ` Q7 i?2 +B`+mBiX h?Bb Bb i?2 KQ/2H mb2/ BM i?Bb i?2bBb r?2M bBKmH�iBM; +B`+mBibX

kXe J2�bm`2K2Mi

h?2`2 �`2 b2p2`�H K2�bm`2K2Mi K2i?Q/b M22/2/ /m`BM; i?2 T`QD2+iX hQ p2`B7v i?2 i2bi TmHb2b-
pQHi�;2 ?�b iQ #2 K2�bm`2/ Qp2` iBK2X hQ p2`B7v i?2 /mKKv HQ�/b- `2bBbi�M+2 ?�b iQ #2
K2�bm`2/X hQ p2`B7v i?2 �ii2Mm�iQ`b- i?2B` K�;MBim/2 `2bTQMb2 ?�b iQ #2 K2�bm`2/X h?Bb
+?�Ti2` /2b+`B#2b i?2 M2+2bb�`v K2�bm`2K2Mi i?2Q`v `2[mB`2/ 7Q` i?Bb T`QD2+iX

_2bBbi�M+2
hQ K2�bm`2 `2bBbi�M+2- � +m``2Mi Bb 72/ i?`Qm;? i?2 `2bBbiQ` �M/ i?2 `2bmHiBM; pQHi�;2 Bb K2�@
bm`2/ iQ +�H+mH�i2 i?2 `2bBbi�M+2 mbBM; Q?Kb H�rX h?Bb Bb ivTB+�HHv +�``B2/ Qmi mbBM; � KmHiB@
K2i2` �M/ irQ T`Q#2 rB`2b +QMM2+iBM; iQ 2�+? i2`KBM�H Q7 i?2 `2bBbiQ`X q?2M K2�bm`BM; p2`v
HQr p�Hm2/ `2bBbiQ`b- ?Qr2p2`- i?2 `2bBbi�M+2 BM i?2 T`Q#2 rB`2b +�M #2 bB;MB}+�Mi BM `2H�iBQM iQ
i?2 `2bBbiQ` K2�bm`2/ �M/ rBHH �z2+i i?2 �++m`�+vX PM2 r�v Q7 Qp2`+QKBM; i?Bb Bb iQ T2`7Q`K
� 9@rB`2 K2�bm`2K2Mi mbBM; � bQ +�HH2/ E2HpBM +QMM2+iBQMX AM i?Bb K2i?Q/ i?2 +m``2Mi i?�i Bb
72/ i?`Qm;? i?2 `2bBbiQ` mbBM; QM2 T�B` Q7 rB`2- �M/ i?2 `2bmHiBM; pQHi�;2 Bb K2�bm`2/ �i i?2
/2bB`2/ TQBMi mbBM; �MQi?2` T�B` �++Q`/BM; iQ 6B;m`2 kX3X(Rd)

RR



kXdX �M�HvbBb

6B;m`2 kX3, q?2M K2�bm`BM; � HQr p�Hm2 `2bBbiQ`- i?2 E2HpBM +QMM2+iBQM +�M #2 mb2/ iQ /2i2`@
KBM2 i?2 `2bBbi�M+2 �i i?2 TQBMi r?2`2 i?2 pQHiK2i2` Bb +QMM2+i2/ rBi?Qmi i?2 `2bBbi�M+2 BM
i?2 T`Q#2 H2�/b �z2+iBM; i?2 `2bmHiX

Pb+BHHQb+QT2b- #�M/rB/i?- `Bb2 iBK2 �M/ T`Q#2b
q?2M mbBM; �M Qb+BHHQb+QT2 iQ K2�bm`2 pQHi�;2 Qp2` iBK2- i?2`2 �`2 b2p2`�H HBKBiBM; 7�+iQ`b iQ
?Qr 7�bi bB;M�Hb QM2 +�M K2�bm`2X h?2 Qb+BHHQb+QT2 Bib2H7 ?�b � bT2+B}2/ #�M/rB/i?- �b /Q i?2
T`Q#2 �M/ �Mv �ii2Mm�iQ`b mb2/X �HH Q7 i?2b2 +QK#BM2/ /2i2`KBM2 ?Qr b?Q`i `Bb2 iBK2b i?�i
+�M #2 K2�bm`2/ �++m`�i2HvX h?2 `Bb2 iBK2 Q7 i?2 K2�bm`2/ rBHH #2 �z2+i2/ #v i?2b2 T`QT2`iB2b
�M/ i?2 `Bb2 iBK2 /BbTH�v2/ QM i?2 Qb+BHHQb+QT2 b+`22M rBHH #2 �TT`QtBK�i2Hv �++Q`/BM; iQ
1[m�iBQM kXR- r?2`2 TN Bb i?2 10% iQ 90% `Bb2 iBK2 HBKBi 7Q` 2�+? T�`i BM i?2 +?�BMX (R8)

Trise composite =√T 2
1 + T 2

2 + ... + T 2
N UkXRV

aBM+2 1[m�iBQM kXR Bb #�b2/ QM i?2 `Bb2 iBK2 HBKBi�iBQM #mi i?2 bT2+B}+�iBQM mbm�HHv i2HHb
i?2 3 dB #�M/rB/i?- � +QMp2`bBQM +�M #2 K�/2 �++Q`/BM; iQ 1[m�iBQM kXkX (R8)

T10−90 = 0.338

F3dB
UkXkV

kXd �M�HvbBb

h?2 /�i� TQBMib 7`QK i?2 K2�bm`2K2Mi Kmbi #2 T`Q+2bb2/ �M/ 2p�Hm�i2/ iQ /2i2`KBM2 B7 i?2
K2�bm`2/ TmHb2 Bb rBi?BM i?2 bT2+B}2/ HBKBibX

J�i?2K�iB+�H /2b+`BTiBQM
�HH Q7 i?2 i2bi TmHb2b �TTHB2/ iQ i?2 p2?B+H2 2[mBTK2Mi +�M BM/BpB/m�HHv #2 /2b+`B#2/ K�i?2K�i@
B+�HHv #v p�`B�iBQMb Q7 i?2 /Qm#H2 2tTQM2MiB�H 7mM+iBQM b?QrM BM 1[m�iBQM kXjX h?2 T`QT2`iB2b
Q7 BMi2`2bi- i?2 QM2b r?B+? �`2 bT2+B}2/ BM i?2 bi�M/�`/b- �`2 i?2 bm`;2 pQHi�;2 Us- i?2 `Bb2
iBK2 tr- i?2 /m`�iBQM td �M/ i?2 `2T2iBiBQM iBK2 t1X (RR)

u(t) = k(eαt − eβt) +UA UkXjV

Ai Bb MQi BM i?2 b+QT2 Q7 i?Bb `2TQ`i iQ �+im�HHv }i i?Bb 7mM+iBQM iQ i?2 K2�bm`2/ TmHb2- �M/
7m`i?2` �M�Hvx2 BiX

Rk



kX3X AMbi`mK2Mi�iBQM �M/ +QMi`QH

kX3 AMbi`mK2Mi�iBQM �M/ +QMi`QH

h?2 7QHHQrBM; +?�Ti2` /2b+`B#2b i?2 /Bz2`2Mi BMbi`mK2Mib i?�i r2`2 mb2/- �M/ i?2B` +QMi`QH
BMi2`7�+2bX

h2Fi`QMBt h.adRy9 Pb+BHHQb+QT2
h?2 Qb+BHHQb+QT2 �p�BH�#H2 7Q` i?Bb T`QD2+i Bb � h2Fi`QMBt h.adRy9- rBi? bT2+B}+�iBQMb �b b22M
BM h�#H2 kXeX Ai ?�b :SA" BMi2`7�+2 �M/ h2FoAa� :SA"- �M �SA 7Q` b2M/BM; :SA" +QKK�M/b
Qp2` 2i?2`M2i- �p�BH�#H2 7Q` `2KQi2 +QMi`QHX R

h�#H2 kXe, aT2+b Q7 i?2 h2Fi`QMBt h.adRy9

"�M/rB/i? 1GHz
a�KTH2 `�i2 10GSfb
*?�MM2Hb 4
AMi2`7�+2b :SA"- h2FoAa�

ttttt AbQH�i2/ /Bz2`2MiB�H T`Q#2
hP.P hP.P,

S2i� BM FQ`i #2bF`BpMBM; �p
T`Q# Q+? /2bb /�i�

1J h2bi JS: kyy JB+`QTmHb2 ;2M2`�iQ`
h?2 JS: kyy Bb mb2/ iQ ;2M2`�i2 h2bi TmHb2 R �M/ k�X JS: Bb �M �##`2pB�iBQM 7Q` JB+`QSmHb2
:2M2`�iQ`X h?2 BMbi`mK2Mi Bb /2bB;M2/ iQ ;2M2`�i2 i2bi TmHb2b �++Q`/BM; iQ i?2 QH/2` AaP dejd@
k,RNNy p2`bBQM- #mi i?2 T�`�K2i2`b +�M #2 �/Dmbi2/ iQ +QKTHv rBi? i?2 M2r AaP dejd,RNNy
bi�M/�`/X h?2 �/Dmbi�#H2 T�`�K2i2` `�M;2b �`2 b?QrM BM h�#H2 kXdX h?2 BMbi`mK2Mi�iBQM
T�M2Hb +�M #2 b22M BM 6B;m`2 kXNX

h�#H2 kXd, �/Dmbi�#H2 T�`�K2i2`b BM i?2 JS: kyy

S�`�K2i2` _�M;2
US 20V iQ 600V
US TQH�`Biv Y- @
Rs 2Ω- 4Ω- 10Ω- 20Ω- 30Ω �M/ 50Ω
t1 0.2 s iQ 99.0 s
t2 0 s iQ 10 s

1J h2bi 16h kyy "m`bi ;2M2`�iQ`
h?2 16h kyy Bb mb2/ iQ ;2M2`�i2 h2bi TmHb2 j� �M/ j#X 16h Bb �M �##`2pB�iBQM 7Q` 1H2+@
i`B+�H 6�bi h`�MbB2MiX h?2 BMbi`mK2Mi Bb /2bB;M2/ iQ ;2M2`�i2 i2bi TmHb2b �++Q`/BM; iQ i?2
QH/2` AaP dejd@k,RNNy p2`bBQM- #mi i?2 T�`�K2i2`b +�M #2 �/Dmbi2/ iQ +QKTHv rBi? i?2 M2r
AaP dejd,RNNy bi�M/�`/X h?2 �/Dmbi�#H2 T�`�K2i2` `�M;2b �`2 b?QrM BM h�#H2 kX3X h?2 BM@
bi`mK2Mi�iBQM T�M2Hb +�M #2 b22M BM 6B;m`2 kXRyX

R?iiTb,ffrrrXi2FX+QKf/�i�b?22ifi/bdyyy@b2`B2b

Rj



kX3X AMbi`mK2Mi�iBQM �M/ +QMi`QH

U�V 6`QMiX

U#V "�+FX

6B;m`2 kXN, h?2 JS: kyy Bb mb2/ iQ ;2M2`�i2 i2bi TmHb2 R �M/ k�X

U�V 6`QMiX

U#V "�+FX

6B;m`2 kXRy, h?2 16h kyy Bb mb2/ iQ ;2M2`�i2 i2bi TmHb2 j� �M/ j#X

h�#H2 kX3, �/Dmbi�#H2 T�`�K2i2`b BM i?2 16h kyy

S�`�K2i2` _�M;2
US 25V iQ 1500V
US TQH�`Biv Y- @
*QmTHBM; �Mv +QK#BM�iBQM Q7 Y- @ �M/ :L.

1J h2bi G. kyy GQ�/ /mKT
h?2 G. kyy Bb mb2/ iQ ;2M2`�i2 GQ�/ /mKT h2bi �X G. Bb �M �##`2pB�iBQM 7Q` GQ�/ .mKTX h?2
BMbi`mK2Mi Bb /2bB;M2/ iQ ;2M2`�i2 i2bi TmHb2b �++Q`/BM; iQ i?2 QH/2` AaP dejd@k,RNNy p2`bBQM-
#mi i?2 T�`�K2i2`b +�M #2 �/Dmbi2/ iQ +QKTHv rBi? i?2 M2r AaP Red8y,kyRk bi�M/�`/X h?2
�/Dmbi�#H2 T�`�K2i2` `�M;2b �`2 b?QrM BM h�#H2 kXNX h?2 BMbi`mK2Mi�iBQM T�M2Hb +�M #2 b22M
BM 6B;m`2 kXRRX

R9



kX3X AMbi`mK2Mi�iBQM �M/ +QMi`QH

U�V 6`QMiX

U#V "�+FX

6B;m`2 kXRR, h?2 G. kyy Bb mb2/ iQ ;2M2`�i2 HQ�/ /mKT i2bi �X

h�#H2 kXN, �/Dmbi�#H2 T�`�K2i2`b BM i?2 G. kyy

S�`�K2i2` _�M;2
US 20V iQ 200V
Rs 0.5Ω- 1Ω- 2Ω �M/ 10Ω
td 50ms iQ 400ms

1J h2bi *L� kyy *QmTHBM; L2irQ`F
h?2 aL� kyy Bb � +QmTHBM; M2irQ`F mb2/ iQ KmHiBTH2t i?2 TmHb2 ;2M2`�iQ`b QmiTmibX Ai +QMi�BMb
b2p2`�H `2H�vb iQ b2H2+i i?2 �TT`QT`B�i2 ;2M2`�iQ` QmiTmiX h?2 aL� kyy ?�b QM2 BMi2`7�+2 7Q`
2�+? TmHb2 ;2M2`�iQ`- #mi MQ BMi2`7�+2 7Q` � +QKTmi2`X Ai Bb �miQK�iB+�HHv +QMi`QHH2/ #v i?2
TmHb2 ;2M2`�iQ`bX h?Bb �HHQrb i?2 .lh iQ #2 +QMM2+i2/ QMHv iQ i?2 *L� kyy �M/ MQi iQ 2�+?
BM/BpB/m�H TmHb2 ;2M2`�iQ`X 6B;m`2 kXRk b?Qrb i?2 +QMM2+iBQMb #2ir22M i?2 BMbi`mK2Mib BM i?Bb
b2imTX h?2`2 Bb �HbQ � +Q�tB�H +QMM2+iBQM 7Q` +�HB#`�iBQM Q7 TmHb2 j� �M/ TmHb2 j# QM i?2 7`QMi
T�M2HX h?2 BMbi`mK2Mi�iBQM T�M2Hb +�M #2 b22M BM 6B;m`2 kXRjX

R8



kX3X AMbi`mK2Mi�iBQM �M/ +QMi`QH

U�V 6`QMiX

U#V "�+FX

6B;m`2 kXRj, h?2 *L� kyy Bb mb2/ iQ +QmTH2 �HH Q7 i?2 Qi?2` TmHb2 ;2M2`�iQ`b QmiTmib iQ �
+QKKQM QmiTmiX

6B;m`2 kXRk, h?2 *L� kyy �HHQrb 2�+? TmbH2 ;2M2`�iQ` iQ QmiTmi i?2B` TmHb2b i?`Qm;? �
+QKKQM BMi2`7�+2 iQr�`/b i?2 .lhX

_Q?/2 � a+?r�`x woGRj
h?2 woGRj Bb � p2+iQ` M2irQ`F �M�Hvx2` i?�i QT2`�i2b BM i?2 7`2[m2M+v `�M;2 9 kHz iQ 13.6GHzX
Ai Bb- BM i?Bb T`QD2+i- mb2/ iQ K2�bm`2 i?2 K�;MBim/2 �M/ T?�b2 `2bTQMb2 #2ir22M Bib irQ TQ`ibX

S�h 8y �M/ S�h Ryyy
h?2b2 �`2 irQ �ii2Mm�iQ`b i?�i �`2 K�/2 7Q` p2`B}+�iBQM Q7 Qi?2` #m`bi i2bi 2[mBTK2Mi- �++Q`/@
BM; iQ 1L eRyyy@9@9X "mi i?2B` bT2+B}+�iBQMb- b22M BM h�#H2 kXRy- �`2 bmBi�#H2 7Q` i?Bb T`QD2+iX
h?2 �ii2Mm�iQ`b +�M #2 b22M BM 6B;m`2 kXR9X

Re



kX3X AMbi`mK2Mi�iBQM �M/ +QMi`QH

h�#H2 kXRy, aT2+b Q7 i?2 S�h �ii2Mm�iQ`b

S`QT2`iv S�h 8y S�h Ryyy
J�t pQHi�;2 8 kV
LQKBM�H �ii2Mm�iBQM 54 dB 60 dB
AMTmi BKT2/�M+2 50Ω ± 2% 1000Ω ± 2%
PmiTmi BKT2/�M+2 50Ω ± 2%
"�M/rB/i? 400MHz

6B;m`2 kXR9, h?2 irQ �ii2Mm�iQ`b i?�i r2`2 mb2/ BM i?2 T`QD2+iX

Rd



j J2i?Q/b

h?Bb +?�Ti2` +Qp2`b i?2 K2i?Q/QHQ;B2b mb2/ /m`BM; i?2 T`QD2+iX

jXR S`2bim/v

.m`BM; i?2 T`QD2+i 2zQ`ib r2`2 K�/2 iQ }M/ `2H2p�Mi `2b2�`+? mbBM; GBMFƺTBM; lMBp2`bBiv
GB#`�`vǶbR �M/ :QQ;H2 a+?QH�`Ƕbk b2�`+? 2M;BM2bX

aBM+2 i?2 2[mBTK2Mi BMi2M/2/ 7Q` i?Bb T`QD2+i r�b mMi2bi2/ #27Q`2 i?2 T`QD2+i bi�`i- i?2
}`bi bi2T r�b iQ ?QQF Bi mT �M/ K�F2 bQK2 BMBiB�H K2�bm`2K2Mib iQ #2 �#H2 iQ /2+B/2 i?2
+QMiBMm�iBQM Q7 i?2 T`QD2+iX

A7 i?2 2[mBTK2Mi b22K iQ #2 KQbiHv BM HBM2 rBi? i?2 M2r bi�M/�`/ `2[mB`2K2Mib- i?2 T`QD2+i
TH�M r�b iQ ;Q �HQM; i?2 7QHHQrBM; T�i?,

RX AMp2biB;�i2 i2bi �`+?Bi2+im`2b bmBi�#H2 7Q` �miQK�iB+ i2biBM; �M/ p2`B}+�iBQMX

kX .2bB;M �Mv miBHBiB2b M22/2/ 7Q` i?2 i2bi �M/ p2`B}+�iBQM b2imTX

jX AKTH2K2Mi i?2 i2bi �`+?Bi2+im`2 �M/ �Mv M2+2bb�`v miBHBiB2bX

9X J2�bm`2 �M/ 2p�Hm�i2 i?2 bvbi2K �M/ i?2 miBHBiB2bX

A7 i?2 2[mBTK2Mi T`Qp2/ iQ /2pB�i2 iQ Km+? 7`QK i?2 bi�M/�`/ `2[mB`2K2Mi- i?2 T`QD2+i
b?QmH/ ;Q �HQM; i?2 7QHHQrBM; T�i?,

RX AMp2biB;�i2 TQbbB#H2 +�mb2b �M/ }t2b 7Q` i?2 7�BHm`2X

kX .2bB;M �Mv miBHBiB2b M22/2/ 7Q` i?2 2[mBTK2Mi iQ T�bbX

jX AKTH2K2Mi i?2b2 miBHBiB2bX

9X J2�bm`2 �M/ 2p�Hm�i2 i?2 bvbi2K rBi? i?2b2 miBHBiB2b K�Mm�HHvX

AM 2Bi?2` +�b2- i?2 7QHHQrBM; i�bFb b?QmH/ #2 +QMbB/2`2/ B7 i?2`2 Bb iBK2,
R?iiTb,ffHBmXb2f2MfHB#`�`v
k?iiTb,ffb+?QH�`X;QQ;H2Xb2f

R3



jXkX *QKT�`BbQM #2ir22M i?2 QH/ �M/ i?2 M2r bi�M/�`/

U�V qBi?Qmi *L�X

U#V qBi? *L�X

6B;m`2 jXR, h?2 b2imT 7Q` K2�bm`BM; 7Q` TmHb2 R- TmHb2 k� �M/ GQ�/ /mKT �X

RX AMp2biB;�i2 TQbbB#H2 K2i?Q/b- Q` �H;Q`Bi?Kb- i?�i +�M �miQK�iB+�HHv p2`B7v i?2 TmHb2
b?�T2b �M/ T�`�K2i2`bX

kX AKTH2K2Mi � MmK#2` Q7 i?2b2 K2i?Q/bX

jX 1p�Hm�i2 i?2b2 K2i?Q/bX

jXk *QKT�`BbQM #2ir22M i?2 QH/ �M/ i?2 M2r bi�M/�`/

aBM+2 i?2 2[mBTK2Mi mb2/ BM i?2 T`QD2+i Bb /2bB;M2/ 7Q` i?2 QH/2` p2`bBQM Q7 i?2 bi�M/�`/-
AaP dejd@k,kyy9 �M/ TQbbB#Hv 2p2M AaP dejd@R,RNNy iQ;2i?2` rBi? AaP dejd@k,RNNy- i?2 /B7@
72`2M+2b rBHH #2 2t�KBM2/X h?Bb Bb /QM2 bBKTHv #v +QKT�`BM; i?2 bi�M/�`/b bB/2 #v bB/2 �M/
MQiBM; i?2 /Bz2`2M+2bX

jXj 1t�KBM�iBQM �M/ BMBiB�H K2�bm`2K2Mi Q7 i?2 QH/ 2[mBTK2Mi

hQ /2+B/2 i?2 7Q`i?+QKBM; Q7 i?2 T`QD2+i- i?2 2[mBTK2Mi }`bi ?�/ iQ #2 +?2+F2/ iQ b22 B7 Bi
Bb +�T�#H2 iQ QT2`�i2 rBi?BM i?2 HBKBib 7Q` mb2 rBi? i?2 M2r2` bi�M/�`/X "2+�mb2 i?2`2 Bb MQ
/mKKv HQ�/b �p�BH�#H2 �i i?Bb TQBMi Q7 i?2 T`QD2+i- QMHv QT2M HQ�/ K2�bm`2K2Mib +QmH/ #2
/QM2X

qBi? 2t+2TiBQM 7Q` SmHb2 j� �M/ SmHb2 j#- �HH Q7 i?2 TmHb2b r2`2 K2�bm`2/ rBi? i?2 mb2
Q7 i?2 ?B;? pQHi�;2 /Bz2`2MiB�H T`Q#2 /2b+`B#2/ BM b2+iBQM kX3X h?2 TmHb2b �`2 K2�bm`2/ #Qi?
/B`2+iHv QM 2�+? ;2M2`�iQ` +QMM2+i2/ �++Q`/BM; iQ 6B;m`2 jXR� �M/ �HbQ i?`Qm;? i?2 +QmTHBM;
M2irQ`F *L� kyy- �b /2TB+i2/ BM 6B;m`2 jXR#X

SmHb2 j� �M/ SmHb2 j# r�b K2�bm`2/ mbBM; i?2 �ii2Mm�iQ`b /2b+`B#2/ BM b2+iBQM kX3 +QM@
M2+i2/ /B`2+iHv iQ i?2 +Q�tB�H +QMM2+iQ` �++Q`/BM; iQ 6B;m`2 jXk� rBi?Qmi i?2 *L�X h?2v r2`2
�HbQ K2�bm`2/ +QMM2+i2/ i?`Qm;? i?2 *L�- /B`2+iHv iQ i?2 +Q�tB�H +QMM2+iQ` �++Q`/BM; iQ
6B;m`2 jXk#X h?�MFb iQ i?2 8y@Q?K �ii2Mm�iQ`- S�h@8y- i?Bb TmHb2 +QmH/ #2 K2�bm`2/ BM Bib
K�i+?2/ bi�i2X h?2 K2�bm`2K2Mi BM QT2M bi�i2 Bb � +QKT`QKBb2- bBM+2 � T�bbBp2 �ii2Mm�iQ`
i?�i /Q2b MQi HQ�/ i?2 BMTmi rQmH/ #2 BKTQbbB#H2 iQ K�F2- �M/ r�b K�/2 �b � Ryyy@Q?K
�ii2Mm�iQ` BMbi2�/X

jX9 h2bi �`+?Bi2+im`2

h?2 iQi�H MmK#2` Q7 i2bib M22/2/ iQ p2`B7v i?2 i2biBM; 2[mBTK2Mi #27Q`2 2�+? T`Q/m+i i2bi Bb R9-
�++Q`/BM; iQ h�#H2 kX8X h?2`2 �`2 BM iQi�H i?`22 /Bz2`2Mi p�Hm2b 7Q` /mKKv HQ�/bX AM T`�+iB+2
i?2b2 +QmH/ #2 `2T`2b2Mi2/ #v irQ ?B;? 7`2[m2M+v �ii2Mm�iQ`b 7Q` TmHb2 j� �M/ TmHb2 j#- bBM+2

RN



jX9X h2bi �`+?Bi2+im`2

U�V qBi?Qmi *L�X U#V qBi? *L�X

6B;m`2 jXk, h?2 b2imT 7Q` K2�bm`BM; 7Q` TmHb2 j� �M/ TmHb2 j#X

i?2b2 ?�p2 `2�HHv b?Q`i `Bb2 iBK2b i?�i rBHH #2 �z2+i2/ Km+? #v T�`�bBiB+b Q7 +QKTQM2Mib- �M/
i?`22 /Bz2`2Mi ?B;? TQr2` /mKKv HQ�/b 7Q` i?2 bHQr2` TmHb2b r?2`2 i?2 T�`�bBiB+ 2z2+ib KB;?i
#2 M2;HB;B#H2 #mi i?2 rBi?bi�M/ TQr2` Kmbi #2 ?B;?2`X

h?2 7QHHQrBM; i2bi �`+?Bi2+im`2b r2`2 +QMbB/2`2/- iQ;2i?2` rBi? i?2 2ti2`M�H bmT2`pBbQ` �i
i?2 +QKT�MvX

�//BiBQM�HHv i?2`2 M22/b iQ #2 bQK2 bQ`i Q7 K2�bm`2K2Mi }tim`2 7Q` 2p�Hm�iBM; i?2 p2`B}@
+�iBQM 2[mBTK2MiX

�Hi2`M�iBp2 R Ĝ >mK�M �bbBbi2/
h?2 i2bi +�M #2 T2`7Q`K2/ b2KB@�miQK�iB+�HHv #v K2�Mb Q7 i?2 2tBbiBM; 2[mBTK2Mi +QKTH2@
K2Mi2/ #v bQK2 /mKKv HQ�/b �M/- BM i?2 b�K2 K�MM2` i?2 K�Mm�H T2`7Q`K�M+2 i2bib r2`2
2t2+mi2/X � +QKTmi2` +QmH/ +QMi`QH i?2 2[mBTK2Mi �M/ +QKT�`2 i?2 `2bmHib- #v i?2 �bbBbi Q7
� ?mK�M i?�i +�M K�F2 i?2 M2+2bb�`v `2+QMM2+iBQMb #2ir22M i?2 i2bibX � T`QTQb2/ b2imT 7Q`
i?Bb Bb b?QrM BM 6B;m`2 jXjX

h?2 K�BM �/p�Mi�;2 Q7 i?Bb �Hi2`M�iBp2 Bb i?�i Bi rQmH/ `2[mB`2 i?2 H2�bi �KQmMi Q7 ?�`/r�`2
/2p2HQTK2Mi iBK2X Ai �HbQ /Q2bMǶi M22/ �Mv 2ti`� ?�`/r�`2 2t+2Ti 7`QK i?2 /mKKv HQ�/b
M22/2/ iQ /Q i?2 p2`B}+�iBQMX

h?2 #B;;2bi /Bb�/p�Mi�;2 Bb i?�i Bi rQmH/ #2 p2`v +mK#2`bQK2 iQ T2`7Q`K �M/ �HbQ T`QM2 iQ
?mK�M 2``Q`X A7 i?2 p2`B}+�iBQM HBbi Bb bim/B2/ +�`27mHHv QM2 +�M KBMBKBx2 Bi iQ }p2 `2+QMM2+iBQMb
�7i2` i?2 BMBiB�H +QMM2+iBQMb �`2 K�/2- 7Q` 2t�KTH2 BM i?2 7QHHQrBM; Q`/2`, LQ HQ�/- 2Ω- 10Ω-
50Ω HQr 7`2[m2M+v- 50Ω ?B;? 7`2[m2M+v- 1 kΩ ?B;? 7`2[m2M+vX

6B;m`2 jXj, h?2 T`QTQb2/ b2imT 7Q` �Hi2`M�iBp2 Kmbi #2 +QMM2+i2/ BM /Bz2`2Mi r�vb #v � ?mK�M
/m`BM; i?2 p2`B}+�iBQM T`Q+2bbX

�Hi2`M�iBp2 k Ĝ 6mHHv �miQK�iB+ `B; rBi? 2ti2`M�H �ii2Mm�iQ`b
hQ �++m`�i2Hv K2�bm`2 SmHb2 j� �M/ SmHb2 j#- i?2 T`Q#2b b?QmH/ #2 �ii�+?2/ �b +HQb2 �b TQbbB#H2
iQ i?2 ;2M2`�iQ` #2+�mb2 Q7 i?2 ?B;? 7`2[m2M+v- iQ �pQB/ BM~m2M+2 Q7 i?2 +QMM2+iBM; rB`2bX h?Bb

ky



jX9X h2bi �`+?Bi2+im`2

+QmH/ #2 �++QKTHBb?2/ #v i?2 K2�Mb Q7 � }tim`2 i?�i Bb �ii�+?2/ /B`2+iHv iQ i?2 ;2M2`�iQ`-
r?B+? +�M brBi+? i?2 TmHb2b iQ i?2 /Bz2`2Mi HQ�/b Q` iQ i?2 K2�bm`2K2Mi QmiTmibX

h?2 /mKKv HQ�/b 7Q` �HH TmHb2b- #mi SmHb2 j� �M/ SmHb2 j#- rBHH M22/ iQ #2 Tmi BM � b2T�`�i2
2M+HQbm`2 #2+�mb2 Q7 i?2 ?B;? TQr2` /BbbBT�iBQMX h?2 T`QTQb2/ /mKKv HQ�/b 7Q` TmHb2 j� �M/
TmHb2 j# Bb i?2 2ti2`M�H �ii2Mm�iQ`b S�h 8y �M/ S�h RyyyX � T`QTQb2/ b2imT Bb /2TB+i2/ BM
6B;m`2 jX9X

6B;m`2 jX9, h?2 T`QTQb2/ b2imT 7Q` �Hi2`M�iBp2 k Bb 7mHHv �miQK�iB+- #mi 2tTQb2b ?B;? pQHi�;2
+QMM2+iQ`b #2ir22M i?2 /2KmHiBTH2t2` �M/ i?2 irQ �ii2Mm�iQ`b- K�`F2/ rBi? � `2/ HBM2X

h?2 �/p�Mi�;2 Q7 i?Bb K2i?Q/ Bb i?�i i?2 p2`B}+�iBQM +�M #2 T2`7Q`K2/ 7mHHv �miQK�iB+�HHv-
2t+2Ti 7Q` i?2 BMBiB�H +QMM2+iBQM Q7 i?2 i2bi `B;X h?Bb �HbQ mb2b i?2 +QKK2`+B�HHv +`2�i2/
�ii2Mm�iQ`b i?�i �`2 �H`2�/v �p�BH�#H2X

h?2 /Bb�/p�Mi�;2 iQ i?Bb b2imT Bb i?�i i?2 }tim`2 M22/b iQ #2 /2bB;M2/- K�FBM; i?2 /2p2H@
QTK2Mi +Qbib ;`2�i2`X h?2 }tim`2 i?�i �ii�+?2b iQ i?2 ;2M2`�iQ` rBHH 2tTQb2 ?B;? pQHi�;2 QM
Bib K2�bm`2K2Mi +QMM2+iQ`b- K�FBM; Bi � b�72iv ?�x�`/X

�Hi2`M�iBp2 j Ĝ 6mHHv �miQK�iB+ `B; rBi? 2K#2//2/ �ii2Mm�iQ`b
hQ +QT2 rBi? i?2 ?B;? pQHi�;2 2tTQbm`2- Q7 �Hi2`M�iBp2 R- i?2 ?B;? 7`2[m2M+v �ii2Mm�iQ`b +�M
#2 2K#2//2/ BMbB/2 i?2 brBi+?BM; }tim`2- `2KQpBM; i?2 M22/ 7Q` ?B;?@pQHi�;2 +QMM2+iQ`bX
6B;m`2 jX8X

hQ /2bB;M �Hi2`M�iBp2 j bQK2 miBHBiB2b M22/b iQ #2 /2bB;M2/- M�K2Hv,

Ç _2H�v #Qt- i?2 }tim`2 rBi? 2K#2//2/ �ii2Mm�iQ`b i?�i �`2 iQ #2 �ii�+?2/ iQ i?2 7`QMi
Q7 i?2 *L�X

Ç J�i+? #Qt- i?2 /mKKv HQ�/b rBi? bQK2 `2H�vb iQ #2 �#H2 iQ brBi+? #2ir22M i?2KX

kR



jX8X .2bB;M Q7 /mKKv HQ�/b

6B;m`2 jX8, h?2 T`QTQb2/ b2imT 7Q` �Hi2`M�iBp2 j ?�p2 MQ ?B;? pQHi�;2 +QMM2+iQ`b 2tTQb2/
/m`BM; i?2 +�HB#`�iBQMX

h?2 �/p�Mi�;2b Q7 i?Bb- BM �//BiBQM iQ i?2 �/p�Mi�;2b Q7 �Hi2`M�iBp2 k- �`2 i?�i i?2`2 Bb
MQ HQM;2` M22/ 7Q` 2ti2`M�H �ii2Mm�iQ`b �M/ i?�i i?2 +QMM2+iQ`b rBHH MQ HQM;2` 2tTQb2 ?B;?
pQHi�;2X

h?2 /Bb�/p�Mi�;2 Q7 i?Bb rQmH/ #2 i?�i i?2 2K#2//2/ �ii2Mm�iQ`b KB;?i T`Qp2 /B{+mHi iQ
/2bB;MX h?2v M22/ iQ #2 �++m`�i2 mT iQ ?B;? 7`2[m2M+B2b- #2 iQH2`�#H2 iQ ?B;? pQHi�;2- /BbbBT�i2
i?2 TQr2` M2+2bb�`v �M/ �HbQ #2 2H2+i`B+�HHv b�72X

jX8 .2bB;M Q7 /mKKv HQ�/b

1�+? /mKKv HQ�/ Kmbi rBi?bi�M/ i?2 �TTHB2/ i2bi TmHb2b- �M/ T`272`�#Hv i?2 rQ`bi TQbbB#H2
i2bi TmHb2 7Q` i?2 bT2+B}+ /mKKv HQ�/ 2p2M i?Qm;? Bi KB;?i MQi #2 BMi2M/2/X h?2 /mKKv
HQ�/b Kmbi ?�p2 � iQH2`�M+2 Q7 1% Q` H2bb �M/ #2 MQM@BM/m+iBp2X (RR)

h?2 /mKKv HQ�/b +QMbBbib Q7 QM2 Q` KQ`2 `2bBbiQ`bX q?2M /2i2`KBMBM; r?2i?2` i?2 `2bBbiQ`b
rBi?bi�M/b i?2 i2bi TmHb2b- i?2 T�`�K2i2`b Q7 BMi2`2bi �`2 TQr2` /BbbBT�iBQM- K�tBKmK pQHi�;2
�M/ K�tBKmK 2M2`;v �TTHB2/ Qp2` iBK2X

aBM+2 i?2 TmHb2 ;2M2`�iQ`b BM KQbi +�b2b +�M ;2M2`�i2 � ?B;?2` pQHi�;2 i?�M `2[mB`2/ #v
i?2 bi�M/�`/- i?2 /mKKv HQ�/b b?QmH/ #2 /2bB;M2/ 7Q` i?2 rQ`bi +�b2 b2iiBM; QM i?2 ;2M2`�iQ`X
h?Bb KBiB;�i2b i?2 `BbF Q7 Qp2`HQ�/BM; i?2 /mKKv HQ�/ +�mb2/ ?mK�M 2``Q` Q` �M 2``Q` BM i?2
+QMi`QH bvbi2KX

h?`22 /Bz2`2Mi /mKKv HQ�/b �`2 M22/2/X PM2 2Ω HQ�/ 7Q` HQ�/ /mKT � �M/ 7Q` TmHb2 k�-
QM2 10Ω HQ�/ 7Q` TmHb2 R BM 24V bvbi2Kb �M/ QM2 50Ω HQ�/ 7Q` TmHb2 R BM 24V bvbi2KbX

*QKTQM2Mib
�i }`bi i?2 KQK2Mi�`v rQ`bi +�b2 TQr2`b �M/ pQHi�;2b r2`2 +�H+mH�i2/ #v ?�M/- mbBM; 1[m�@
iBQM jXRX "mi iQ }M/ +QKTQM2Mib i?�i rBi?bi�M/ i?2b2 ?B;? KQK2Mi�`v TQr2`b T`Qp2/ p2`v
/B{+mHi- �M/ Bi Bb MQi M2+2bb�`v bBM+2 i?2 TmHb2 TQr2` Bb QMHv ?B;? 7Q` � p2`v b?Q`i iBK2X

Ppeak = ( US

RS +RL
)2RL UjXRV

AMbi2�/ Q7 b2H2+iBM; +QKTQM2Mib #�b2/ QM T2�F TQr2` i?2v +�M #2 b2H2+i2/ #�b2/ QM 2M2`;v
Qp2` iBK2X �Hi?Qm;?- MQi �HH K�Mm7�+im`2`b bT2+B7v i?Bb /�i� BM i?2 /�i�b?22iX hQ ;2i i?2
T`QT2` p�Hm2b 7Q` i?Bb T`QD2+i- � bBKmH�iBQM r�b K�/2 rBi? GhaTB+2X h?2 bBKmH�i2/ +B`+mBi
+�M #2 b22M BM 6B;m`2 jXeX h?2`2 �`2 T`2+QMbi`m+i2/ KQ/2Hb 7Q` �HH Q7 i?2 `2H2p�Mi TmHb2b-
#mi i?2 T�`�K2i2`b �`2 MQi ir2�F�#H2X h?mb- i?2 TmHb2 Qzb2i Bb `2KQp2/- i?2 K�;MBim/2 Bb
MQ`K�HBx2/ �M/ i?2M KmHiBTHB2/ #v i?2 /2bB`2/ US mbBM; i?2 #2?�pBQm`�H pQHi�;2 bQm`+2X h?2

kk



jXeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

TQr2` /BbbBT�i2/ BM i?2 /mKKv HQ�/ Bb i?2M BMi2;`�i2/ Qp2` iBK2 iQ �+?B2p2 i?2 2M2`;vX h?2
bBKmH�i2/ +B`+mBi i`�MbH�i2b iQ i?2 +�H+mH�iBQM b?QrM BM 1[m�iBQM jXkX

Edummyload = ∫ t1

t0
P (t)dt UjXkV

6B;m`2 jXe, h?2 2M2`;v i`�Mb72``2/ iQ i?2 /mKKv HQ�/ r�b bBKmH�i2/ mbBM; i?2 �#Qp2 GhaTB+2
+B`+mBi 7Q` TmHb2 RX aBKBH�` +B`+mBib r�b mb2/ 7Q` i?2 Qi?2` TmHb2bX

"�b2/ QM i?2 2M2`;v BM 2�+? HQ�/- i?2 KBMBKmK MmK#2` Q7 `2bBbi�M+2b +QmH/ #2 �+?B2p2/
#v /BpB/BM; i?2 2M2`;v 7`QK bBKmH�iBQM #v i?2 2M2`;v bT2+B}2/ BM i?2 `2bBbiQ`Ƕb /�i�b?22iX

S*"
aBM+2 KQbi Q7 i?2 i2bi TmHb2b 2t+22/2b i?2 T`QT2`iB2b Q7 KQbi `2bBbiQ`b �p�BH�#H2- i?2 /mKKv
HQ�/b rBHH #2 +QMbi`m+i2/ Q7 K�Mv `2bBbiQ`b iQ b?�`2 i?2 TQr2`X Ai r�b /2+B/2/ iQ /2bB;M �
+B`+mBi #Q�`/ iQ +QMM2+i �HH i?2 /Bb+`2i2 `2bBbiQ`bX LQi QMHv /Q2b � S*" 2�b2 i?2 +QMM2+iBpBiv
Q7 K�Mv +QKTQM2Mib- Bi �HbQ ;Bp2b ;QQ/ K2+?�MB+�H +QMi`QH Q7 i?2 `2bBbiQ`b �M/ i?2 TQbbB#BHBiv
iQ /2bB;M 7Q` ;QQ/ ?2�i /BbbBT�iBQMX

"Qi? i?2 +B`+mBi b+?2K�iB+ �M/ H�vQmi 2/BiBM; Q7 i?2 #Q�`/ r2`2 T2`7Q`K2/ BM i?2 7`22 1.�-
1H2+i`QMB+ .2bB;M �miQK�iBQM- iQQH EB*�/RX

"27Q`2 Q`/2`BM; i?2 S*"- Bi r�b T`BMi2/ BM R,R b+�H2 �M/ �ii�+?2/ iQ � TB2+2 Q7 +�`/ #Q�`/X
h?2 +�`/ #Q�`/ r�b i?2M TQTmH�i2/ rBi? i?2 +QKTQM2Mib �H`2�/v �i ?�M/ iQ 2Mbm`2 i?�i i?2
7QQiT`BMib �`2 +Q``2+i �M/ i?�i i?2 TH�+2K2Mi Q7 i?2 +QKTQM2Mib K�F2b b2Mb2 �M/ /Q2b MQi
+QHHB/2X

J2�bm`2K2Mib
q?2M i?2 /mKKv HQ�/b ?�/ #22M �bb2K#H2/- i?2B` `2bBbi�M+2b r2`2 /2i2`KBM2/ mbBM; 7Qm` rB`2
`2bBbi�M+2 K2�bm`2K2Mi /B`2+iHv �i i?2 S*"Ƕb +QMM2+iBQM TQBMib- �b /2b+`B#2/ BM b2+iBQM kXeX

jXe .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

h?2 +?Qb2M BKTH2K2Mi�iBQM `2[mB`2b � }tim`2 rBi? brBi+?2b �M/ �ii2Mm�iQ`b- r?B+? Tm`TQb2 Bb
iQ KmHiBTH2t i?2 TmHb2 iQ i?2 /2bB`2/ �ii2Mm�iQ` Q` iQ i?2 /mKKv HQ�/X h?2 T`BM+BTH2 Bb b?QrM
BM 6B;m`2 jXdX

REB*�/ 1.� ?iiT,ffFB+�/@T+#XQ`;f

kj



jXeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

6B;m`2 jXd, h?2 KmHiBTH2tBM; `2H�v #Qt +�M +Qm@
TH2 2�+? Q7 i?2 i?`22 BMTmib i?`Qm;? �Mv Q7 i?2
�ii2Mm�iQ`bX Ai +�M �HbQ +QMM2+i i?2 2ti2`M�H
/mKKv HQ�/ iQ i?2 Y �M/ @ bB;M�HX

PMHv SmHb2 j� �M/ SmHb2 j# r2`2 +QMbB/2`2/ r?2M /2bB;MBM; i?2b2 �ii2Mm�iQ`b- bBM+2 �HH
Qi?2` i2bi TmHb2b rBHH #2 +QmTH2/ iQ i?2 b2T�`�i2 /mKKv HQ�/X h?2 �ii2Mm�iQ`b Kmbi #2 �#H2
iQ rBi?bi�M/ i?2 TmHb2 2M2`;B2b �M/ pQHi�;2b �M/ b?QmH/ MQi /BbiQ`i i?2 TmHb2bX S`272`�#Hv-
i?2 �ii2Mm�iQ`b b?QmH/ �HbQ #2 �#H2 iQ rBi?bi�M/ i?2 rQ`bi +�b2 b2iiBM;b BM i?2 TmHb2 ;2M2`�iQ`
rBi? `2;�`/ iQ pQHi�;2 �M/ TQr2`X

*QKTQM2Mib
h?2 b�K2 K2i?Q/b r2`2 mb2/ 7Q` i?2 �ii2Mm�iQ`b �b 7Q` i?2 /mKKv HQ�/b iQ /2i2`KBM2 i?2
MmK#2` Q7 `2bBbiQ`b M22/2/ iQ b?�`2 i?2 TQr2` �M/ pQHi�;2X

h?2 `2H�vb r2`2 +?Qb2M #�b2/ QM ?B;? #`2�F/QrM pQHi�;2 #2ir22M QT2M +QMi�+ibX

�ii2Mm�iQ`b
h?2 i�`;2i �ii2Mm�iBQM r�b /2+B/2/ iQ KBKB+ i?2 +QKK2`+B�H �ii2Mm�iQ`b- BMi`Q/m+2/ BM b2+@
iBQM kX3- r?2`2 i?2 50Ω �ii2Mm�iQ` ?�b �M �ii2Mm�iBQM Q7 54.7 dB �M/ i?2 1000Ω �ii2Mm�iQ`
?�b �M �ii2Mm�iBQM Q7 60.1 dBX

h?2 irQ �ii2Mm�iQ`b r2`2 BKTH2K2Mi2/ �b Π@�ii2Mm�iQ`bX h?2 p�Hm2b 7Q` i?2 �ii2Mm�iQ`b
r2`2 `2i`B2p2/ 7`QK �M QMHBM2 +�H+mH�iQ`R- �M/ i?2M bBKmH�i2/ BM GhaTB+2 iQ p2`B7v i?2 p�Hm2bX

"v /BpB/BM; i?2 �ii2Mm�iQ`b BMiQ irQ Π@M2irQ`Fb- i?2 b2`B2b `2bBbi�M+2 `2[mB`2/ Bb HQr2`
+QKT�`2/ iQ `2�HBxBM; i?2K BM � bBM;H2 Π@HBMFX h?Bb Bb /2bB`�#H2 #2+�mb2 i?2 T�`�bBiB+ +�T�+B@
i�M+2- r?B+? Bb /2T2M/2Mi Q7 i?2 `2bBbiQ` T�+F�;2 �M/ MQi i?2 `2bBbi�M+2 p�Hm2- rBHH BM~m2M+2
� ?B;? p�Hm2 `2bBbiQ` �i HQr2` 7`2[m2M+B2b i?�M Bi rQmH/ QM � HQr p�Hm2 `2bBbiQ`- �b 2tTH�BM2/
BM b2+iBQM kX8X

q?2M i?2 B/2�H `2bBbiQ` p�Hm2b ?�/ #22M �+?B2p2/- i?2 TQr2` Qp2` iBK2 �M/ K�tBKmK
pQHi�;2 7Q` 2�+? `2bBbiQ` r�b `2i`B2p2/ #v bBKmH�iBQM BM � bBKBH�` r�v �b 7Q` i?2 /mKKv HQ�/
/2b+`B#2/ BM b2+iBQM jX8X "�b2/ QM i?Bb- i?2 KBMBKmK MmK#2` Q7 /Bb+`2i2 `2bBbiQ`b M22/2/
iQ rBi?bi�M/ i?2 TmHb2 2M2`;v r�b +�H+mH�i2/X h?2 KBMBKmK MmK#2` Q7 b2`B2b `2bBbiQ`b iQ
rBi?bi�M/ i?2 K�tBKmK TmHb2 pQHi�;2 r�b �HbQ `2i`Bp2/ 7`QK i?2 bBKmH�iBQMX

RΠ �ii2Mm�iQ` +�H+mH�iQ` ?iiTb,ff+?2K�M/vX+QKf+�H+mH�iQ`bfK�i+?BM;@TB@�ii2Mm�iQ`@+�H+mH�iQ`X?iK

k9



jXeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

qBi? i?2 KBMBKmK MmK#2` Q7 /Bb+`2i2 `2bBbiQ`b M22/2/ 7Q` 2�+? B/2�H `2bBbiQ` FMQrM- �
+QMbi2HH�iBQM Q7 �p�BH�#H2 `2bBbiQ` p�Hm2b r�b +QMbi`m+i2/ iQ �TT`QtBK�i2 i?2 MQKBM�H p�Hm2
rBi? �b 72r `2bBbiQ`b �b TQbbB#H2X

q?2M i?2 MmK#2` Q7 `2bBbiQ`b �M/ i?2B` +QMbi2HH�iBQMb r�b /2+B/2/- �HH Q7 i?2 /Bb+`2i2 B/2�H
`2bBbiQ`b r2`2 `2TH�+2/ rBi? MQM@B/2�H KQ/2Hb BM i?2 bBKmH�iBQM bQ7ir�`2X 1�+? H2�/ BM/m+i�M+2
r�b b2i iQ 1 nH- i?2 BMi2`M�H BM/m+i�M+2 r�b b2i iQ 0.1 nH �M/ i?2 BMi2`M�H +�T�+Bi�M+2 r�b b2i
iQ 1 pFX h?2M i?2 �ii2Mm�iQ`b r2`2 +?2+F2/ BM 7`2[m2M+v /QK�BM- �b r2HH �b ?Qr i?2 TmHb2b
r2`2 �z2+i2/ BM iBK2 /QK�BMX A7 i?2 `2[mB`2/ 400MHz #�M/rB/i? +QmH/ MQi #2 �+?B2p2/-
7`2[m2M+v +QKT2Mb�iBQM rBi? +�T�+BiQ`b r�b �ii2KTi2/X

S*"
� S*" r�b /2bB;M2/ 7Q` i?2 �ii2Mm�iQ`b �M/ i?2 brBi+?2bX h?Bb ;Bp2b ;QQ/ +QMi`QH Q7 i?2
H2M;i?b Q7 i?2 +QM/m+iQ`b- r?B+? Bb Q7 BKTQ`i�M+2 r?2M /2bB;MBM; 7Q` ?B;?2` 7`2[m2M+B2bX Ai Bb
�HbQ TQbbB#H2 iQ mb2 i?2 S*" 7Q` Qi?2` K2+?�MB+�H Tm`TQb2bX 6Q` 2t�KTH2 iQ }i +QMM2+iQ`b BM
� /2bB`2/ +QMbi2HH�iBQMX

h?2 /2bB;M T`Q+2bb 7QHHQr2/ i?2 b�K2 K2i?Q/b �b 7Q` i?2 /mKKv HQ�/ S*"X "mi #2+�mb2
Q7 i?2 ?B;?2` pQHi�;2b bQK2 bT2+B�H +QMbB/2`�iBQMb ?�/ iQ #2 K�/2X

h?2 K2�bm`2K2Mi +QMM2+iQ`b �++2bbB#H2 QM i?2 QmibB/2 Q7 i?2 2M+�TbmH�iBQM Kmbi b�72 �i
�HH iBK2bX h?Bb BMpQHp2b F22TBM; � KBMBKmK +`22T�;2 /Bbi�M+2 Q7 6mm iQ �Mv i`�+2 i?�i +�``v
� ?B;? pQHi�;2- �++Q`/BM; iQ i?2 `2;mH�iBQMb BM 1L eyee9@R (9)X

h?2 1.� iQQH ?�b 7mM+iBQM�HBiv 7Q` /2bB;M `mH2 +?2+FBM;- ._*- #mi i?2`2 �`2 bQK2 HBKB@
i�iBQMb BM i?Bb 7mM+iBQM i?�i BM?B#Bi Bib mb2 BM i?Bb +�b2X h?2 ._* BM EB*�/ QMHv �HHQrb iQ
b2i i?2 +H2�`�M+2 7Q` � bT2+B}2/ M2i iQ �HH Qi?2` M2ibX AM i?Bb +�b2 Bi Bb QMHv /2bB`2/ iQ `2bi`B+i
i?2 +H2�`�M+2 #2ir22M i?2 ?B;? pQHi�;2 i`�+2b iQ i?2 i`�+2b i?�i Kmbi #2 +QMbB/2`2/ b�72X Ai
Bb �HHQr2/ 7Q` QM2 ?B;? pQHi�;2 i`�+2 iQ #2 +HQb2 iQ �MQi?2` ?B;? pQHi�;2 i`�+2- Bi Bb QMHv i?2
7mM+iBQM�H BbQH�iBQM `2[mB`2K2Mi Q7 3mm i?�i �TTHB2b ?2`2X h?2 QmiTmi bB;M�H �M/ i?2 QmiTmi
;`QmM/ +�M �HbQ #2 +HQb2 iQ 2�+? Qi?2`- bBM+2 #Qi? �`2 +QMbB/2`2/ b�72X

h?2 ?B;? pQHi�;2 i`�+2b r2`2 TH�+2/ QM i?2 iQT H�v2` Q7 i?2 S*"- r?BH2 �HH bB;M�H i`�+2b
r2`2 TH�+2/ QM i?2 #QiiQK H�v2`X hQ �B/ i?2 /2bB;M T`Q+2bb rBi?Qmi i?2 ._*- � rQ`F�`QmM/
r�b mb2/ iQ 2Mbm`2 i?�i i?�i 2MQm;? +H2�`�M+2 r�b F2Ti #2ir22M i?2 T�/b �M/ i?2 i`�+2bX h?2
6mm +H2�`�M+2 r�b �//2/ iQ i?2 T�+F�;2 7QQiT`BMi �b � ;`�T?B+�H +B`+H2 QM � mb2` H�v2` BM i?2
1.�- �b b22M BM 6B;m`2 jX3X h?Bb Bb MQi �M 2M7Q`+2/ `mH2- #mi Bi ?2HTb /m`BM; i?2 K�Mm�H /2bB;M
T`Q+2bbX

6B;m`2 jX3, .2+Q`�iBQM�H +B`+H2b r2`2 K�/2 QM
i?2 `2H�v 7QQiT`BMi iQ K�`F i?2 +`22T�;2 �M/
+H2�`�M+2 /Bbi�M+2 `2[mB`2/X

h?2 H�vQmi r�b T`BMi2/ BM R,R b+�H2 iQ p2`B7v i?2 H�vQmi BM i?2 b�K2 r�v �b 7Q` i?2 /mKKv
HQ�/X h?Bb r�b 2bT2+B�HHv BKTQ`i�Mi /m2 iQ i?2 +`BiB+�H TQbBiBQMBM; Q7 i?2 4mm #�M�M� +QM@
M2+iQ`b i?�i rBHH �ii�+? iQ i?2 i2bi 2[mBTK2MiX

k8



jXeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

q?2M i?2 S*" r�b /2HBp2`2/- Bi r�b pBbm�HHv BMbT2+i2/ #27Q`2 �bb2K#HBM;X aQK2 KQ/B}@
+�iBQMb r2`2 `2[mB`2/ iQ 7mH}HH i?2 +H2�`�M+2 +`Bi2`B�- i?2b2 r2`2 K�/2 mbBM; � `Qi�`v KmHiBiQQH
iQ K�+?BM2 �r�v i?2 mM/2bB`2/ T�`i Q7 i?2 i`�+2bX

LQ +QKT2Mb�iBQM Q7 i?2 �ii2Mm�iQ`b r2`2 K�/2 /m`BM; i?2 rQ`F Q7 i?Bb i?2bBb- bBM+2 i?Bb
`2[mB`2 KQ`2 iBK2X

J2�bm`2K2Mib
aBM+2 i?2 `2H�v +�`/ rBHH #2 mb2/ BM K2�bm`BM; TmHb2b rBi? b?Q`i `Bb2 iBK2b- Bi Bb Q7 BKTQ`i�M+2
iQ FMQr i?�i Bi /Q2b MQi /BbiQ`i i?2 bB;M�H iQQ Km+?X Ai Bb /2bB`2/ iQ K2�bm`2 i?2 K�;MBim/2
`2bTQMb2 BM i?2 7`2[m2M+v /QK�BM- �b r2HH �b i?2 i2bi TmHb2 BM iBK2 /QK�BMX

hQ K2�bm`2 i?2 K�;MBim/2 `2bTQMb2- �M akR K2�bm`2K2Mi r�b T2`7Q`K2/ mbBM; i?2 woG
M2irQ`F �M�Hvx2`X � }tim`2 r�b K�/2 iQ KBKB+ i?2 7`QMi T�M2H Q7 i?2 *L� kyy iQ �HHQr 7Q` �
`2T`2b2Mi�iBp2 +QMM2+iBQM Q7 i?2 `2H�v +�`/X h?2 b2imT +�M #2 b22M BM 6B;m`2 jXN�X h?Bb b2imT
T`Qp2/ iQ #2 mMbi�#H2 �i }`bi- �b KQpBM; i?2 +Q�tB�H rB`2b �M/ i?2 ;`QmM/BM; rB`2 ;`2�iHv
�z2+i2/ i?2 `2bmHib 7Q` i?2 ?B;?2` 7`2[m2M+B2bX "2+�mb2 Q7 i?2 mMbi�#H2 `2bmHib 2�`Hv BM i?2
K2�bm`BM; T`Q+2bb- � KQ/B}+�iBQM r�b K�/2 iQ b?Q`i2M i?2 ;`QmM/ +QMM2+iBQM #v �ii�+?BM;
� #`�B/ �b +HQb2 �b i?2 �ii2Mm�iQ` ;`QmM/b �b TQbbB#H2 �M/ i?2M ;`QmM/BM; Bi /B`2+iHv iQ i?2
}tim`2 +�b2- �b /2TB+i2/ BM 6B;m`2 jXN#X �HH bm#b2[m2Mi K2�bm`2K2Mib r2`2 T2`7Q`K2/ rBi?
i?Bb KQ/B}+�iBQMX

h?2 bB;M�H r�b K2�bm`2/ 7Q` 2�+? QmiTmi i2`KBM�H i?`Qm;? 2�+? Q7 i?2 �ii2Mm�iQ`b iQ ;2i
i?2 K�;MBim/2 `2bTQMb2 7Q` i?2 BMi2M/2/ mb2- 6B;m`2 jXRy� b?Qrb i?Bb 7Q` i?2 Y i2`KBM�HX
hQ b22 ?Qr r2HH i?2 /2bB;M bmTT`2bb2b mM+QMM2+i2/ bB;M�Hb- i?2 K�;MBim/2 `2bTQMb2 r�b �HbQ
K2�bm`2/ r?2M i?2 bB;M�H r�b /Bb+QMM2+i2/ +QKTH2i2Hv- BX2X �HH i?2 `2H�vb BM i?2 }tim`2 r2`2
QT2M2/ �b b6B;m`2 jXRy#X AM �//BiBQM iQ i?Bb- i?2 K�;MBim/2 `2bTQMb2 r�b �HbQ K2�bm`2/ rBi?
�HH #mi i?2 `2H�vb QM i?2 +m``2Mi i2`KBM�H +HQb2/- b22M BM 6B;m`2 jXRy+- iQ b22 B7 i?2`2 r�b �Mv
Qp2`?2�`BM; QM i?2 +B`+mBi #Q�`/ 7`QK i?2 Qi?2` i2`KBM�Hb �M/ i?2 i`�+2b �7i2` i?2 `2H�vbX h?2
`2bmHib r2`2 b�p2/ #Qi? �b �M BK�;2 �M/ �b `�r /�i� BM i?2 7Q`K Q7 +QKTH2t MmK#2`b BM �
*ao }H2 iQ �HHQr 7Q` 7m`i?2` �M�HvbBb �M/ THQiiBM;X

� bBM;H2 `2H�v r�b �HbQ K2�bm`2/ mbBM; i?2 M2irQ`F �M�Hvx2` iQ ;2i � T2`+2TiBQM Q7 Bib ?B;?
7`2[m2M+v T`QT2`iB2bX h?2 b2imT r�b K�/2 #v bQH/2`BM; +Q�tB�H +�#H2 /B`2+iHv iQ i?2 `2H�v- rBi?
�b b?Q`i +QMM2+iBM; rB`2b �b TQbbB#H2 iQ T`2p2Mi �Mv BM~m2M+2 QM i?2 `2bmHi 7`QK i?2 rB`2bX
h?2 b2imT +�M #2 b22M BM 6B;m`2 jXN+X

hQ K2�bm`2 i?2 i2bi TmHb2b i?`Qm;? i?2 �ii2Mm�iQ`b- i?2 brBi+?BM; }tim`2 r�b +QMM2+i2/ iQ
i?2 *L� kyy �M/ i?2 TmHb2b r2`2 K2�bm`2/ QM i?2 BMi2M/2/ +QMM2+iQ`b mbBM; �M Qb+BHHQb+QT2-
�b b22M BM 6B;m`2 jXN/X h?2 `2bmHib r2`2 b�p2/ #Qi? �b �M BK�;2 �M/ �b /�i� TQBMib BM � *oa
}H2- 7Q` 7m`i?2` �M�HvbBbX

6Q` +QKT�`BbQM- i?2 +QKK2`+B�H �ii2Mm�iQ`b r2`2 �HbQ K2�bm`2/ BM 7`2[m2M+v /QK�BM rBi?
i?2 woG �M/ BM iBK2 /QK�BM mbBM; i?2 Qb+BHHQb+QT2X

ke



jXeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

U�V h?2 M2irQ`F �M�Hvx2` b2M/b Bib bB;M�H BMiQ
i?2 �ii2Mm�iQ` i?`Qm;? i?2 K2i�HHB+ i2bi `B; �M/
`2+2Bp2b Bi #�+F i?`Qm;? i?2 "L* QmiH2i Q7 i?2
�ii2Mm�iQ`X

U#V h?2 KQ/B}2/ ;`QmM/BM; T�i?X

U+V h?2 `2H�v K2�bm`2/ rBi? +Q�tB�H
rB`2bX

U/V h?2 iBK2 K2�bm`2K2Mi b2imTX "Qi?
i?2 +QKK2`+B�H �M/ i?2 +QMbi`m+i2/ �i@
i2Mm�iQ`b r2`2 K2�bm`2/ BM i?Bb b2imTX

6B;m`2 jXN, h?2 i2bi b2imTb 7Q` 7`2[m2M+v �M/ iBK2 K2�bm`2K2Mib Q7 i?2 �ii2Mm�iQ`bX

kd



jXeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

U�V h?2 BMi2M/2/ bB;M�H
i?`Qm;? i?2 �ii2Mm�iQ`X

U#V h?2 BbQH�iBQM Q7 i?2 bB;M�H
7`QK i?2 +QKBM;BM; i2`KBM�Hb
iQ i?2 QmiTmi Q7 i?2 �ii2Mm�@
iQ`X

U+V h?2 BbQH�iBQM Q7 i?2 bB;M�H
7`QK �HH Qi?2` bB;M�H T�i?b +QM@
M2+i2/ iQ i?2 QmiTmi Q7 i?2 �i@
i2Mm�iQ`X

6B;m`2 jXRy, h?2 /Bz2`2Mi b+2M�`BQb i?�i r2`2 K2�bm`2/ BM 7`2[m2M+v /QK�BM 7Q` i?2 Y i2`KBM�H
iQ i?2 50Ω �ii2Mm�iQ`X *Q``2bTQM/BM; K2�bm`2K2Mib r2`2 K�/2 7Q` i?2 @ �M/ i?2 S1 i2`KBM�H
�b r2HH �b 7Q` i?2 1000Ω �ii2Mm�iQ`X
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9 _2bmHib

h?Bb +?�Ti2` T`2b2Mib i?2 `2bmHib �+?B2p2/ mbBM; i?2 K2i?Q/b /2b+`B#2/ BM +?�Ti2` jX 1�+?
b2+iBQM BM i?Bb +?�Ti2` +Q``2bTQM/b iQ � b2+iBQM BM i?2 K2i?Q/ +?�Ti2` rBi? i?2 b�K2 M�K2X

9XR S`2bim/v

aBM+2 MQi Km+? r�b FMQrM �#Qmi i?2 T`QD2+i �i i?Bb iBK2- Bi r�b /B{+mHi iQ }M/ `2H2p�Mi
T�T2`b QM i?2 iQTB+ Q7 i?2 bi�M/�`/bX JQbi Q7 i?2 HBi2`�im`2 r�b 7QmM/ /m`BM; i?2 T`QD2+i �b
M2r T`Q#H2Kb r�b 7QmM/ �HQM; i?2 r�vX

aBM+2 i?2 i2bi 2[mBTK2Mi r�b KQbiHv BM HBM2 rBi? i?2 M2r bi�M/�`/b- i?2 }`bi T`QD2+i T�i?
r�b +?Qb2MX h?2`2 r�b MQi 2MQm;? iBK2 �p�BH�#H2 iQ BMp2biB;�i2 �Mv Q7 i?2 2ti`� i�bFb �b
BMi2M/2/X

9Xk *QKT�`BbQM #2ir22M i?2 QH/ �M/ i?2 M2r bi�M/�`/

h?2 /Bz2`2M+2b Q7 BKTQ`i�M+2 #2ir22M i?2 QH/ �M/ M2r bi�M/�`/b rBHH #2 T`2b2Mi2/ BM i?Bb
+?�Ti2` iQ b22 r?�i T�`�K2i2`b KB;?i #2 � T`Q#H2K 7Q` i?2 QH/2` 2[mBTK2Mi iQ 7mH}HX

PM2 Q7 i?2 KQbi MQi�#H2 /Bz2`2M+2b Bb i?2 `2KQp�H Q7 � i2bi TmHb2 7`QK AaP dejd@k i?�i r�b
+�HH2/ SmHb2 8�X h?Bb r�b BMbi2�/ BMi`Q/m+2/ iQ i?2 AaP Red8y@k mM/2` i?2 M�K2 GQ�/ /mKT �X

PMHv i?2 T`QT2`iB2b i?�i r2`2 7QmM/ iQ /Bz2` �`2 K2MiBQM2/ BM i?2 `2bmHibX

amTTHv pQHi�;2b
h?2 bT2+B}+�iBQM Q7 i?2 .* bmTTHv pQHi�;2 7Q` i?2 .lh /Bz2`b BM bQK2 +�b2 #2ir22M i?2 QH/2`
�M/ i?2 M2r2` p2`bBQMb Q7 i?2 bi�M/�`/X h?2`2 �`2 irQ /Bz2`2Mi bmTTHv pQHi�;2 /2}MBiBQMbX UA

`2T`2b2Mib � bvbi2K r?2`2 i?2 ;2M2`�iQ` Bb BM QT2`�iBQM �M/ UB `2T`2b2Mib i?2 bvbi2K rBi?Qmi
i?2 ;2M2`�iQ` BM QT2`�iBQMX h?2b2 ?�p2 /Bz2`2Mi p�Hm2b 7Q` 12V �M/ 24V bvbi2KbX UB Bb QMHv
`2H2p�Mi 7Q` GQ�/ /mKT h2bi � �M/ Bb i?mb MQi /2}M2/ BM AaP dejd �MvKQ`2X

h�#H2 9XR T`2b2Mib i?2 bmTTHv pQHi�;2 bT2+B}+�iBQMb 7`QK i?2 /Bz2`2Mi bi�M/�`/bX h?2
bmTTHv pQHi�;2b �`2 T`QpB/2/ #v �M 2ti2`M�H Sal �M/ rBHH i?mb MQi #2 /2T2M/2Mi QM i?2 i2bi
2[mBTK2MiX

kN



9XkX *QKT�`BbQM #2ir22M i?2 QH/ �M/ i?2 M2r bi�M/�`/

h�#H2 9XR, *QKT�`BbQM Q7 i?2 /Bz2`2Mi bmTTHv pQHi�;2 bT2+B}+�iBQMbX

amTTHv pQHi�;2
ai�M/�`/ UN =12V UN =24V

UA

AaP dejd@k,kyy9 13V iQ 14V 26V iQ 28V
AaP dejd@k,kyRR 12V iQ 13V 24V iQ 28V
AaP Red8y@R,kyR3 13.8V iQ 14.2V 27.8V iQ 28.2V

UB

AaP dejd@k,kyy9 12.3V iQ 12.7V 23.6V iQ 24.4V
AaP Red8y@R,kyR3 12.3V iQ 12.7V 23.8V iQ 24.2V

am`;2 pQHi�;2b
a2p2`�H Q7 i?2 bm`;2 pQHi�;2b ?�b � rB/2` bT2+B}2/ `�M;2- �b +�M #2 b22M BM h�#H2 9XkX LQiB+2
?Qr i?2 QH/ TmHb2 8� �M/ i?2 M2r HQ�/ /mKT � ?�p2 /Bz2`2Mi bT2+B}+�iBQMb 7Q` US - #mi i?2v
/2b+`B#2 i?2 b�K2 TmHb2 #2+�mb2 Q7 i?2 /Bz2`2Mi /2}MBiBQM Q7 US BM AaP dejd@k �M/ AaP Red8y@kX

h�#H2 9Xk, *QKT�`BbQM Q7 i?2 /Bz2`2Mi bm`;2 pQHi�;2 bT2+B}+�iBQMbX

US

ai�M/�`/ UN =12V UN =24V
SmHb2 R
AaP dejd@k,kyy9 −75V iQ −100V −450V iQ −600V
AaP dejd@k,kyRR −75V iQ −150V −300V iQ −600V
SmHb2 k�
AaP dejd@k,kyy9 37V iQ 50V
AaP dejd@k,kyRR 37V iQ 112V
SmHb2 j�
AaP dejd@k,kyy9 −112V iQ −150V −150V iQ −200V
AaP dejd@k,kyRR −112V iQ −220V −150V iQ −300V
SmHb2 j#
AaP dejd@k,kyy9 75V iQ 100V 150V iQ 200V
AaP dejd@k,kyRR 75V iQ 150V 150V iQ 300V
SmHb2 8�fGQ�/ /mKT �
AaP dejd@k,kyy9 65V iQ 87V 123V iQ 174V
AaP Red8y@k,kyRk 79V iQ 101V 151V iQ 202V
AaP Red8y@k,kyRk R 65V iQ 87V 123V iQ 174V

hBK2 +QMbi`�BMib
h?2 QMHv iBK2 +QMbi`�BMi i?�i Bb bi`B+i2` BM i?2 M2r2` bi�M/�`/ Bb i?2 `Bb2iBK2 Q7 TmHb2 j� �M/
TmHb2 j#- tr- �b b?QrM BM h�#H2 9Xj

h�#H2 9Xj, *QKT�`BbQM Q7 i?2 /Bz2`2Mi iBK2 +QMbi`�BMibX

hBKBM;
ai�M/�`/ td
AaP dejd@k,kyy9 100ƒs iQ 200ƒs
AaP dejd@k,kyRR 105ƒs iQ 195ƒs

R_2+�H+mH�i2/ p�Hm2b iQ }i i?2 b�K2 US /2}MBiBQMb �b i?2 QH/2` bi�M/�`/X US7637 = US16750 −UN16750

jy



9XjX 1t�KBM�iBQM �M/ BMBiB�H K2�bm`2K2Mi Q7 i?2 QH/ 2[mBTK2Mi

GBKBib BM p2`B}+�iBQM
JQbi Q7 i?2 HBKBib �`2 i?2 b�K2 BM �HH bi�M/�`/bX h?2 QMHv /Bz2`2M+2b 7QmM/ �`2 T`2b2Mi2/ BM
h�#H2 9X9X h?2 iQH2`�M+2b 7Q` TmHb2 R ?�b #22M rB/2M2/ iQ 20%X h?2 MQKBM�H pQHi�;2 7Q` TmHb2
k� ?�b #22M +?�M;2/ iQ 75V 7Q` +�HB#`�iBQM #mi i?2 iQH2`�M+2 Bb biBHH 10% rBi? MQ HQ�/X

h�#H2 9X9, *QKT�`BbQM Q7 i?2 HBKBib 7Q` +�HB#`�iBQMX

SmHb2 R- US - 24V- 50Ω HQ�/
AaP dejd@k,kyy9 −300V ± 30V
AaP dejd@k,kyRR −300V ± 60V
SmHb2 k�- US - MQ HQ�/
AaP dejd@k,kyy9 50V ± 5V
AaP dejd@k,kyRR 75V ± 7.5V
SmHb2 k�- US - 2Ω HQ�/
AaP dejd@k,kyy9 25V ± 5V
AaP dejd@k,kyRR 37.5V ± 7.5V

9Xj 1t�KBM�iBQM �M/ BMBiB�H K2�bm`2K2Mi Q7 i?2 QH/ 2[mBTK2Mi

�i }`bi- i?2 i2bi 2[mBTK2Mi Bib2H7 M22/2/ bQK2 +�`2 #27Q`2 Bi r�b TQbbB#H2 iQ QT2`�i2 BiX �
+QmTH2 Q7 b+`2rb r2`2 HQQb2 BMbB/2 Q7 i?2 G. kyy �M/ � #`B/;2 ?�/ iQ #2 K�/2 7Q` i?2 QTiBQM�H
2ti2`M�H `2bBbiQ` QM i?2 JS: kyy 7Q` i?2 TmHb2b iQ 2p2M `2�+? i?2 TmHb2 QmiTmi +QMM2+iQ`bX

h?2 `2bmHi 7`QK i?2 BMBiB�H K2�bm`2K2Mib �`2 T`2b2Mi2/- �HQM; rBi? i?2 HBKBib- BM h�#H2 9X8
rBi?Qmi i?2 *L� kyy +QMM2+i2/ �M/ BM h�#H2 9Xe rBi? i?2 *L� kyy +QMM2+i2/X

h�#H2 9X8, h?2 BMBiB�H K�Mm�H K2�bm`2K2Mib- K2�bm`2/ /B`2+iHv �i 2�+? ;2M2`�iQ`Ƕb QmiTmiX

GBKBib J2�bm`2/
SmHb2 US UVV td UsV tr UsV US UVV td UsV tr UsV
SmHb2 R- Rk o- PT2M [−110,−90] [1.6,2.4] m [0.5,1] ƒ −99.0 2.10 m 540 n
SmHb2 R- k9 o- PT2M [−660,−540] [0.8,1.2] m [1.5,3] ƒ −630 1.18 m 2.6 ƒ
SmHb2 k�- PT2M [67.5,82.5] [40,60] ƒ [0.5,1] ƒ 76.0 51.0 ƒ 750 n
SmHb2 j�- PT2M URFV [−220,−180] [105,195] n [3.5,6.5] n −202 163 n 5.2 n
SmHb2 j�- J�i+? [−120,−80] [105,195] n [3.5,6.5] n −104 134 n 5.0 n
SmHb2 j#- PT2M URFV [180,220] [105,195] n [3.5,6.5] n 202 208 n 5.1 n
SmHb2 j#- J�i+? [80,120] [105,195] n [3.5,6.5] n 102 166 n 5.0 n
GQ�/ /mKT �- Rk o- PT2M [90,110] [320,480] m [5,10] m 93.4 390 m 5.8 m
GQ�/ /mKT �- k9 o- PT2M [180,220] [280,420] m [5,10] m 190 365 m 5.2 m

h�#H2 9Xe, h?2 BMBiB�H K�Mm�H K2�bm`2K2Mib QM i?2 2[mBTK2Mi- BM+Hm/BM; i?2 *L� kyyX

GBKBib J2�bm`2/
SmHb2 US UVV td UsV tr UsV US UVV td UsV tr UsV
SmHb2 R- Rk o- PT2M [−110,−90] [1.6,2.4] m [0.5,1] ƒ −99.2 2.00 m 450 n
SmHb2 R- k9 o- PT2M [−660,−540] [0.8,1.2] m [1.5,3] ƒ −632 1.18 m 2.6 ƒ
SmHb2 k�- PT2M [67.5,82.5] [40,60] ƒ [0.5,1] ƒ 76.0 50.0 ƒ 770 n
SmHb2 j�- PT2M URFV [−220,−180] [105,195] n [3.5,6.5] n −213 163 n 6.2 n
SmHb2 j�- J�i+? [−120,−80] [105,195] n [3.5,6.5] n −93.2 138 n 6.0 n
SmHb2 j#- PT2M URFV [180,220] [105,195] n [3.5,6.5] n 222 200 n 6.3 n
SmHb2 j#- J�i+? [80,120] [105,195] n [3.5,6.5] n 94.0 171 n 5.7 n
GQ�/ /mKT �- Rk o- PT2M [90,110] [320,480] m [5,10] m 93.2 394 m 5.8 m
GQ�/ /mKT �- k9 o- PT2M [180,220] [280,420] m [5,10] m 186 400 m 5.1 m
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9X9X h2bi �`+?Bi2+im`2

9X9 h2bi �`+?Bi2+im`2

h?2 j`/ �Hi2`M�iBp2 r�b +?Qb2M #2+�mb2 Q7 i?2 +QMp2MB2M+2 Q7 � 7mHHv �miQK�iB+ bvbi2K �M/
#2+�mb2 Q7 i?2 2H2+i`B+�H b�72iv ?�x�`/ i?�i �Hi2`M�iBp2 k rQmH/ TQb2 /m2 iQ Bib HBp2 K2�bm`2K2Mi
+QMM2+iQ`bX

9X8 .2bB;M Q7 /mKKv HQ�/b

h?2 /2bB;M Q7 i?2 /mKKv HQ�/b Bb /2b+`B#2/ BM i?Bb +?�Ti2`X

*QKTQM2Mib
h?2 `2bmHib Q7 i?2 K�tBKmK KQK2Mi�`v TQr2` Bb b?QrM BM h�#H2 9XdX h?2 JS: kyy +�M
;2M2`�i2 Km+? ?B;?2` pQHi�;2 i?�M i?2 G. kyy r?B+? vB2H/b � ?B;?2` KQK2Mi�`v TQr2` iQ i?2
/mKKv HQ�/b rBi? i?2b2 p�Hm2bX

h�#H2 9Xd, *�H+mH�i2/ KQK2Mi�`v rQ`bi +�b2b 7Q` 2�+? /mKKv HQ�/X h?2 G. kyy Bb BM+Hm/2/
7Q` +QKT�`BbQM iQ i?2 JS: kyy 2p2M i?Qm;? Bi /Q2b MQi `2bmHi BM i?2 ?B;?2bi TQr2`X

.mKKv HQ�/ :2M2`�iQ` RS :2M2`�iQ` pQHi�;2 _2bBbiQ` T2�F pQHi�;2 S2�F `2bBbiQ` TQr2`
2Ω G. kyy 0.5Ω 200V 160V 12.8 kW
2Ω JS: kyy 2Ω 600V 300V 45 kW
10Ω JS: kyy 2Ω 600V 500V 5 kW
50Ω JS: kyy 2Ω 600V 577V 266W

h?2 K�tBKmK 2M2`;v i`�Mb72``2/ iQ i?2 2Ω- ?Qr2p2`- Bb /2HBp2`2/ #v i?2 G. kyy ;2M2`�iQ`
�b b?QrM BM 6B;m`2 9XRX

U�V h?2 JS: kyy i`�Mb72`b �TT`QtBK�i2Hv 23 J
iQ i?2 /mKKv HQ�/X

U#V h?2 G. kyy i`�Mb72`b �TT`QtBK�i2Hv 1.2 kJ iQ
i?2 /mKKv HQ�/X

6B;m`2 9XR, h?2 K�tBKmK 2M2`;B2b i`�Mb72``2/ 7`QK i?2 TmHb2 ;2M2`�iQ`b iQ i?2 2Ω /mKKv
HQ�/X h?2 p2`iB+�H b+�H2 `2T`2b2Mib i?2 2M2`;v BM CQmH2- #mi Bb T`2b2Mi2/ BM pQHi�;2 #2+�mb2 Q7
i?2 r�v Bi Bb +�H+mH�i2/ BM i?2 bBKmH�iBQMX

h?2 GhPRyy 7�KBHvR 7`QK oBb?�v r�b +?Qb2M #2+�mb2 Q7 Bib ?B;? TQr2` +?�`�+i2`BbiB+b
�M/ #2+�mb2 i?2 K�tBKmK Qp2`HQ�/ 2M2`;v +m`p2 r�b bT2+B}2/ BM Bib /�i�b?22iX q?Bi? i?2
/�i�b?22i �M/ bBKmH�iBQM bB/2 #v bB/2- � rQ`bi `�iBQ #2ir22M i?2 bBKmH�i2/ 2M2`;v �M/ i?2
2M2`;v bT2+B}2/ BM i?2 /�i�b?22i r�b /2i2`KBM2/X h?2 rQ`bi +�b2 7QmM/ 7Q` i?2 /Bz2`2Mi
TmHb2b �M/ /mKKv HQ�/b +�M #2 7QmM/ BM h�#H2 9X3X

R?iiTb,ffrrrXpBb?�vX+QKf/Q+bf8yy8RfHiQRyyXT/7
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9X8X .2bB;M Q7 /mKKv HQ�/b

h�#H2 9X3, h?2 rQ`bi +�b2 `�iBQ #2ir22M i?2 bBKmH�iBQM 2M2`;B2b �M/ i?2 /�i�b?22i bT2+B}+�iBQMX
h?2 `�iBQ 2[m�Hb i?2 KBMBKmK MmK#2` Q7 `2bBbiQ`b M22/2/ iQ b?�`2 i?2 2M2`;vX

.mKKv HQ�/ _�iBQ GBKBiBM; T`QT2`iv
2Ω ke SmHb2 8 2M2`;v �7i2` 50ms
10Ω Ry SmHb2 8 2M2`;v �7i2` 100ms
50Ω k SmHb2 8 2M2`;v �7i2` 50ms

q?2M i?2 H2�bi MmK#2` Q7 `2bBbiQ`b `2[mB`2/ ?�/ #22M /2i2`KBM2/- bQK2 /Bz2`2Mi `2bBbiQ`
iQTQHQ;B2b r2`2 +QMbB/2`2/ #27Q`2 b2ii2HBM; QM i?2 +QM};m`�iBQM b22M BM 6B;m`2 9XkX h?2 MmK#2`
Q7 /Bz2`2Mi `2bBbiQ` p�Hm2b r�b F22Ti �b HQr �b +QMbB/2`2/ TQbbB#H2 iQ F22T i?BM;b 2�bvX

6B;m`2 9Xk, h?2 iQTQHQ;v +?Qb2M 7Q` i?2 2Ω- 10Ω �M/ 50Ω /mKKv HQ�/bX

S*"
"2+�mb2 Q7 i?2 ?B;? pQHi�;2b T`2b2Mi QM i?2 #Q�`/- � KBMmKmK +`22T�;2 Q7 jKK r�b mb2/X
h?Bb Bb BM HBM2 rBi? i?2 1L eyee9@R bi�M/�`/ (9)X h?2 #Q�`/ r�b T2`7Q`�i2/ iQ �HHQr 7Q` #2ii2`
�B` ~Qr T�bi i?2 `2bBbiQ`b- BKT`QpBM; i?2 +QQHBM;X h?2 KQmMiBM; ?QH2b 7Q` i?2 +�`/ r�b TH�+2/
BM � 105 × 105mm b[m�`2- �HHQrBM; � 120mm 7�M iQ #2 KQmMi2/ QM iQT Q7 i?2 +�`/ mbBM;
KQmMiBM; ?�`/r�`2X

� irQ H�v2` #Q�`/ r�b +?Qb2M- �M/ �HH Q7 i?2 i`�+2b r2`2 KB``Q`2/ QM #Qi? H�v2`b iQ ;2i �b
Km+? +QM/m+iBp2 +`Qbb b2+iBQM�H �`2� �b TQbbB#H2- �M/ i?mb HQr2`BM; i?2 `2bBbi�M+2 �M/ TQr2`
/BbbBT�iBQM BM i?2 i`�+2bX h?2 /27�mHi +QTT2` i?B+FM2bb 7`QK i?2 K�Mm7�+im`2`R- r�b 18ƒm-
#mi i?Bb S*" r�b Q`/2`2/ rBi? 60ƒm i?B+F +QTT2` H�v2` iQ 7m`i?2` 2ti2M/ i?2 +`Qbb b2+iBQM�H
�`2�bX h?2 rB/i? Q7 i?2 i`�+2b 7Q` i?2 2Ω HQ�/ r�b +?Qb2M �b rB/2 �b TQbbB#H2 rBi?Qmi pBQH�iBM;
i?2 3mm +`22T�;2 /Bbi�M+2X

R*Q;`� S`Q �" ?iiTb,ffrrrX+Q;`�Xb2fT`Q/mFi2`fKQMbi2`FQ`if
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9XeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

U�V *�`/ #Q�`/ r�b mb2/ iQ i2bi i?2 S*" H�vQmi
#27Q`2 Bi r�b b2Mi 7Q` K�Mm7�+im`BM;X

U#V h?2 �bb2K#H2/ /mKKv HQ�/X

6B;m`2 9Xj, h?2 `2bmHiBM; #Q�`/ r�b T`2/B+i2/ mbBM; � +�`/ #Q�`/ KQ+FmT S*"X

q?2M i?2 S*" r�b /2HBp2`2/- Bi r�b pBbm�HHv BMbT2+i2/ #27Q`2 �bb2K#HBM;X h?2 +QKTQM2Mi
TH�+2K2Mi r�b +Q``2+i- #mi bQK2 KQ/B}+�iBQM r�b K�/2 iQ BKT`Qp2 i?2 BbQH�iBQM /Bbi�M+2 #v
/`BHHBM; �r�v i?2 TH�iBM; �M/ T�/b Q7 i?2 p2MiBH�iBQM ?QH2bX h?2 KQ/B}2/ #Q�`/Ƕb iQT �M/
#QiiQK bB/2 +�M #2 b22M BM 6B;m`2 9X9� �M/ 6B;m`2 9X9# `2bT2+iBp2HvX

U�V hQTX U#V "QiiQKX

6B;m`2 9X9, h?2 TH�iBM; BM i?2 p2MiBH�iBQM ?QH2b r�b `2KQp2/ #v ?�M/ mbBM; � /`BHHX

J2�bm`2K2Mib
h?2 `2bBbi�M+2 Q7 i?2 /mKKv HQ�/b �`2 T`2b2Mi2/ BM h�#H2 9XNX

9Xe .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

h?2 /2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ Bib �ii2Mm�iQ`b Bb /2b+`B#2/ BM i?Bb +?�Ti2`X

j9



9XeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

h�#H2 9XN, h?2 K2�bm`2/ `2bBbi�M+2 Q7 i?2 /mKKv HQ�/b-
�M/ i?2 2``Q` +QKT�`2/ iQ i?2 MQKBM�H p�Hm2bX

LQKBM�H UΩV J2�bm`2/ R UΩV 1``Q` U%V
k 2.004 +0.2
Ry 9.973 −0.27
8y 49.954 −0.09

*QKTQM2Mib
h?2 Rkye T�+F�;2 7`QK oBb?�vǶb *_*q@>S b2`B2bR r�b mb2/ 7Q` i?2 2K#2//2/ �ii2Mm�iQ`bX
h?2v �`2 ?B;? TmHb2 iQH2`�Mi i?B+F@}HK `2bBbiQ`bX >Qr2p2`- i?2v /QMǶi bT2+B7v i?2 K�tBKmK
2M2`;v pb iBK2 �b i?2 GhPRyy i?�i r2`2 mb2/ 7Q` i?2 /mKKv HQ�/b- #mi QMHv TQr2` �M/ pQHi�;2
HBKBibX h?2 K�tBKmK pQHi�;2 �HHQr2/ 7Q` i?2 b?Q`i /m`�iBQM Q7 SmHb2 j- 200 ns- Bb bT2+B}2/ iQ
700V �M/ i?2 K�tBKmK TQr2` iQ 900WX

h?2 K�tBKmK TQr2` /BbbBT�i2/ BMiQ i?2 50Ω �ii2Mm�iQ` rBHH #2 �TT`QtBK�i2Hv 750V2

50Ω =
11250WX 6Q` i?2 1000Ω �ii2Mm�iQ` Bi rBHH #2 �TT`QtBK�i2Hv 1429V2

1000Ω ≈ 2042W- r?2`2 1429V
Bb i?2 �TT`QtBK�i2 pQHi�;2 i?�i rQmH/ `2bmHi Qp2` � 1000Ω HQ�/ 7`QK � 1500V bQm`+2 rBi?
50Ω b2`B2b `2bBbi�M+2X

h?2 S�M�bQMB+Ƕb G6@: `2H�vb r2`2 +?Qb2M �b brBi+?BM; 2H2K2Mib �b i?2v ?�p2 � ?B;? #`2�F@
/QrM pQHi�;2 #2ir22M i?2 QT2M +QMi�+ib �M/ ?�/ � bK�HH 7Q`K 7�+iQ` K�FBM; i?2K bmBi�#H2
7Q` i?2 `2H�v #QtX

�ii2Mm�iQ`b
h?2 54.7 dB �ii2Mm�iQ` r�b /BpB/2/ BMiQ irQ 27.35 dB Π �ii2Mm�iQ` HBMFbX h?2 p�Hm2b Q#i�BM2/
7`QK i?2 QMHBM2 +�H+mH�iQ` r�b 54.48Ω �b i?2 T�`�HH2H `2bBbiQ`b �M/ 581.62Ω �b i?2 b2`B2b
`2bBbiQ`X h?2M i?2 +HQb2bi p�Hm2b 7Q` i?2 `2bBbiQ`b r�b +?Qb2M iQ 54.67Ω �b T�`�HH2H `2bBbiQ`b
�M/ 560Ω �b b2`B2b `2bBbiQ`bX h?2 }M�H �ii2Mm�iBQM r�b 53.76 dB 7Q` i?2 irQ HBMFb �++Q`/BM; iQ
i?2 bBKmH�iBQM- �b b22M BM 6B;m`2 9X8�X h?2 /2bB;M r�b `2�HBx2/ �b b22M BM 6B;m`2 9X8+- #�b2/
QM i?2 K�tBKmK pQHi�;2b �M/ TQr2`bX *�T�+BiQ`b r2`2 TH�+2/ BM i?2 b+?2K�iB+ iQ �HHQr 7Q`
T?�b2 +QKT2Mb�iBQMX

aBM+2 i?2 mM+QKT2Mb�i2/ +B`+mBi ?�/ Bib 3 dB HBKBi �i QMHv 190MHz- �b b22M BM 6B;m`2 9X8#-
i?2 +B`+mBi ?�/ iQ #2 +QKT2Mb�i2/X h?2 `2bmHib �7i2` i?2 +QKT2Mb�iBQM +�M #2 b22M BM 6B;@
m`2 9X8/ r?2`2 i?2 M2r 3 dB HBKBi Bb BMbi2�/ �i 1.7GHzX h?2 p�Hm2b mb2/ 7Q` +QKT2Mb�iBM;
i?2 +B`+mBi r�b 130 pF 7Q` i?2 }`bi T�`�HH2H `2bBbi�M+2 �M/ 10 pF 7Q` i?2 b2+QM/ T�`�HH2H HBMF �b
b22M BM 6B;m`2 9X8+X

h?2 60.1 dB �ii2Mm�iQ` r�b /BpB/2/ BMiQ QM2 27.35 dB Π �ii2Mm�iQ` HBMF- i?2 b�K2 �b mb2/
BM i?2 54.7 dB �ii2Mm�iQ`- T`2+2/2/ #v � 32.75 dB Π HBMF rBi? 1000Ω BM@BKT2/�M+2X q?2M
i?2 +HQb2bi p�Hm2b 7Q` i?2 `2bBbiQ`b ?�/ #22M +?Qb2M- mbBM; 56Ω �b T�`�HH2H `2bBbiQ`b �M/ 56Ω �b
b2`B2b `2bBbiQ`- i?2 }M�H �ii2Mm�iBQM r�b 60.33 dB 7Q` i?2 irQ HBMFb �++Q`/BM; iQ i?2 bBKmH�iBQM-
b22M BM 6B;m`2 9Xe�X h?2 �ii2Mm�iQ` r�b i?2M `2�HBx2/ �b b22M BM 6B;m`2 9Xe+- #�b2/ QM i?2
K�tBKmK pQHi�;2b �M/ TQr2`bX

aBM+2 i?2 mM+QKT2Mb�i2/ +B`+mBi ?�/ Bib 3 dB HBKBi �i QMHv 130MHz- �b b22M BM 6B;m`2 9Xe#-
i?2 +B`+mBi ?�/ iQ #2 +QKT2Mb�i2/X h?2 `2bmHib �7i2` i?2 +QKT2Mb�iBQM +�M #2 b22M BM 6B;@
m`2 9Xe/ r?2`2 i?2 M2r 3 dB HBKBi Bb BMbi2�/ �i 2.2GHzX h?2 p�Hm2b mb2/ 7Q` +QKT2Mb�iBM;
i?2 +B`+mBi r�b 40 pF 7Q` i?2 }`bi T�`�HH2H `2bBbi�M+2 �M/ 30 pF 7Q` i?2 b2+QM/ T�`�HH2H HBMF �b
b22M BM 6B;m`2 9Xe+X

R?iiTb,ff/�i�b?22iXQ+iQT�`iX+QKf*_*qRkye3k_y6E1�>S@oBb?�v@/�i�b?22i@3j8N9jeXT/7
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9XeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

U�V h?2 B/2�H +B`+mBi bBKmH�i2/X U#V 6`2[m2M+v `2bTQM+2 Q7 i?2 +B`+mBi rBi? T�`@
�bBiB+b rBi?Qmi +QKT2Mb�iBQMX

U+V *?Qb2M iQTQHQ;v bBKmH�i2/ rBi? T�`�bBiB+b
�M/ +QKT2Mb�iBQM +�T�+BiQ`bX h?2 +QKTQ@
M2Mib rBi? /2bB;M�iQ` s �`2 i?2 MQM@B/2�H `2@
bBbiQ`b /2TB+i2/ BM 6B;m`2 kXd

U/V 6`2[m2M+v `2bTQM+2 Q7 i?2 +B`+mBi rBi? T�`@
�bBiB+b rBi? +QKT2Mb�iBQM +�T�+BiQ`bX

6B;m`2 9X8, h?2 50Ω �ii2Mm�iQ` bBKmH�i2/X

S*"
h?2 T`QiQivT2 �M/ }MBb?2/ S*" +�M #2 b22M bB/2 #v bB/2 BM 6B;m`2 9XdX h?2 S*" ?�/ iQ
#2 KQ/B}2/ �7i2` Bi r�b /2HBp2`2/- bBM+2 i?2 +`22T�;2 /Bbi�M+2 r�b iQ HQr BM � 72r TQBMib �M/
#2+�mb2 i?2 7QQiT`BMi 7Q` i?2 `2H�vb r�b r`QM;X h?2 KQ/B}2/ S*" +�M #2 b22M BM 6B;m`2 9X3X

h?2 K�Mm7�+im`2`Ƕb /27�mHi p�Hm2b 7Q` /m�H H�v2` #Q�`/b r�b mb2/ 7Q` i?Bb S*"- BX2X 18ƒm
+QTT2` H�v2`b QM � 1.6mm H�KBM�i2X

hQ �ii�+? i?2 `2H�v +�`/ }tim`2 iQ i?2 4mm #�M�M� +QMM2+iQ`b QM i?2 *L� kyy- i?`22
#�M�M� THm;b r�b /2bB;M2/ iQ #2 b+`2r2/ /B`2+iHv iQ i?2 S*"X h?Bb K�F2b i?2 +QM/m+iQ`b �b
b?Q`i �b TQbbB#H2- �M/ �HbQ �+i �b K2+?�MB+�H 7�bi2MBM; Q7 i?2 S*" iQ i?2 +�b2X

J2�bm`2K2Mib
h?2 `2bmHib Q7 i?2 K�;MBim/2 `2bTQMb2 K2�bm`2K2Mib +�M #2 b22M 7Q` i?2 50Ω �ii2Mm�iQ` BM
6B;m`2 9XN �M/ 7Q` i?2 1 kΩ �ii2Mm�iQ` BM 6B;m`2 9XRyX h?2 S�h 8y �M/ S�h Ryyy �ii2Mm�iQ`b
r2`2 K2�bm`2/ �b `272`2M+2 �M/ i?2B` `2bmHib +�M #2 b22M BM 6B;m`2 9XRR� �M/ 6B;m`2 9XRk/
`2bT2+iBp2HvX h?2 7`2[m2M+v `2bTQMb2 Q7 i?2 bBM;H2 `2H�v Bb b?QrM BM 6B;m`2 9XRR+X h?2 7QQiT`BMib
7Q` i?2 +QKT2Mb�iBQM +�T�+BiQ`b ?�b MQi #22M TQTmH�i2/ �M/ i?2 �ii2Mm�iQ`b �`2 i?mb K2�bm`2/
BM i?2 mM+QKT2Mb�i2/ bi�i2X

h?2 iBK2 K2�bm`2K2Mib �`2 b?QrM BM 6B;m`2 9XRk

je



9XeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

U�V h?2 B/2�H +B`+mBi bBKmH�i2/X U#V 6`2[m2M+v `2bTQM+2 Q7 i?2 +B`+mBi rBi? T�`@
�bBiB+b rBi?Qmi +QKT2Mb�iBQMX

U+V *?Qb2M iQTQHQ;v bBKmH�i2/ rBi? T�`�bBiB+b
�M/ +QKT2Mb�iBQM +�T�+BiQ`bX h?2 +QKTQ@
M2Mib rBi? /2bB;M�iQ` s �`2 i?2 MQM@B/2�H `2@
bBbiQ`b /2TB+i2/ BM 6B;m`2 kXd

U/V 6`2[m2M+v `2bTQM+2 Q7 i?2 +B`+mBi rBi? T�`@
�bBiB+b rBi? +QKT2Mb�iBQM +�T�+BiQ`bX

6B;m`2 9Xe, h?2 1000Ω �ii2Mm�iQ` bBKmH�i2/X

U�V *�`/ #Q�`/ r�b mb2/ iQ i2bi i?2 S*" H�vQmi
#27Q`2 Bi r�b b2Mi 7Q` K�Mm7�+im`BM;X

U#V h?2 �bb2K#H2/ brBi+?BM; }tim`2X

6B;m`2 9Xd, h?2 `2bmHiBM; #Q�`/ r�b T`2/B+i2/ mbBM; � +�`/ #Q�`/ KQ+FmT S*"X

jd



9XeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

U�V hQTX U#V "QiiQKX

6B;m`2 9X3, h?2 S*" r�b KQ/B}2/ iQ +Q``2+i i?2 KBbi�F2bX h?2 7QQiT`BMi 7Q` i?2 `2H�v r�b
bHB;?iHv r`QM; URV �M/ bQK2 Q7 i?2 +`22T�;2 /Bbi�M+2b r2`2 iQ b?Q`i UkV

U�V SHmb i2`KBM�H +HQb2/- �HH
Qi?2` QT2M

U#V SHmb i2`KBM�H QT2M- �HH
Qi?2` QT2M

U+V SHmb i2`KBM�H QT2M- �HH
Qi?2` +HQb2/

U/V JBMmb i2`KBM�H +HQb2/- �HH
Qi?2` QT2M

U2V JBMmb i2`KBM�H QT2M- �HH
Qi?2` QT2M

U7V JBMmb i2`KBM�H QT2M- �HH
Qi?2` +HQb2/

U;V :`QmM/ i2`KBM�H +HQb2/- �HH
Qi?2` QT2M

U?V :`QmM/ i2`KBM�H QT2M- �HH
Qi?2` QT2M

UBV :`QmM/ i2`KBM�H QT2M- �HH
Qi?2` +HQb2/

6B;m`2 9XN, h?2 akR K2�bm`2K2Mib 7Q` i?2 50Ω �ii2Mm�iQ`bX LQ +QKT2Mb�iBQM +�T�+BiQ`b ?�p2
#22M mb2/X

j3



9XeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

U�V SHmb i2`KBM�H +HQb2/- �HH
Qi?2` QT2M

U#V SHmb i2`KBM�H QT2M- �HH
Qi?2` QT2M

U+V SHmb i2`KBM�H QT2M- �HH
Qi?2` +HQb2/

U/V JBMmb i2`KBM�H +HQb2/- �HH
Qi?2` QT2M

U2V JBMmb i2`KBM�H QT2M- �HH
Qi?2` QT2M

U7V JBMmb i2`KBM�H QT2M- �HH
Qi?2` +HQb2/

U;V :`QmM/ i2`KBM�H +HQb2/- �HH
Qi?2` QT2M

U?V :`QmM/ i2`KBM�H QT2M- �HH
Qi?2` QT2M

UBV :`QmM/ i2`KBM�H QT2M- �HH
Qi?2` +HQb2/

6B;m`2 9XRy, h?2 akR K2�bm`2K2Mib 7Q` i?2 1 kΩ �ii2Mm�iQ`bX LQ +QKT2Mb�iBQM +�T�+BiQ`b
?�p2 #22M mb2/X

jN



9XeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

U�V S�h 8y U#V S�h Ryyy

U+V h?2 `2H�vǶb K�;MBim/2 `2bTQMb2X

6B;m`2 9XRR, h?2 akR K2�bm`2K2Mib QM i?2 +QKK2`+B�H �ii2Mm�iQ`b �M/ i?2 bQHQ `2H�vX

9y



9XeX .2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b

U�V h?2 +QMbi`m+i2/ 50Ω �ii2Mm�iQ` U#V h?2 +QMbi`m+i2/ 1 kΩ �ii2Mm�iQ`

U+V S�h8y U/V S�hRyyy

6B;m`2 9XRk, h?2 �ii2Mm�iQ` K2�bm`2K2Mib BM iBK2 /QK�BM- K2�bm`2/ rBi? i?2 Qb+BHHQb+QT2X

9R



8 .Bb+mbbBQM

AM i?Bb +?�Ti2` i?2 `2bmHib �M/ K2i?Q/b �`2 /Bb+mbb2/X aQm`+2 +`BiB+BbK �M/ TQbbB#H2 2i?B+�H
�bT2+ib �`2 �HbQ #`Qm;?i mTX

8XR _2bmHib

h?2 `2bmHib i?�i M22/ bQK2 7m`i?2` 2tTH2M�iBQMb �M/ `2~2+iBQMb �`2 T`2b2Mi2/ ?2`2X

*QKT�`BbQM #2ir22M i?2 QH/ �M/ i?2 M2r bi�M/�`/
h?2 QH/ �M/ i?2 M2r bi�M/�`/b T`Qp2/ iQ #2 p2`v bBKBH�`X h?Bb r�b MQi 2MiB`2Hv mM2tT2+i2/-
#mi Bi ?2HTb i?2 7mim`2 rQ`F iQ ?�p2 i?2 /Bz2`2M+2b +QKTBH2/ BM QM2 TH�+2X

1t�KBM�iBQM �M/ BMBiB�H K2�bm`2K2Mi Q7 i?2 QH/ 2[mBTK2Mi
�b +�M #2 b22M BM h�#H2 9X8 �M/ h�#H2 9Xe- bQK2 p�Hm2b 2t+22/2/ i?2 HBKBib UK�`F2/ BM `2/VX
h?`22 Q7 i?2b2 p�Hm2b 2p2M 2t+22/b i?2 QH/ bi�M/�`/Ƕb HBKBib- i?mb BM/B+�iBM; i?�i i?2 2[mBTK2Mi
b?QmH/ T`Q#�#Hv #2 mb�#H2 rBi? i?2 M2r bi�M/�`/ �7i2` bQK2 b2`pB+2 Q` +�HB#`�iBQMX qBi? i?Bb
BM KBM/- i?2 +Qm`b2 Q7 i?2 T`QD2+i r�b i�`;2i2/ iQr�`/b i?2 /2bB;M Q7 �M �miQK�i2/ p2`B}+�iBQM
bvbi2KX qBi? bm+? � p2`B}+�iBQM 2[mBTK2Mi �i ?�M/- i?2 +�HB#`�iBQM Q7 i?2 ;2M2`�iQ`b KB;?i
#2 2�bB2` iQ T2`7Q`K �b r2HHX

h2bi �`+?Bi2+im`2
h?2 +?Qb2M �`+?Bi2+im`2- rBi? i?2 2K#2//2/ �ii2Mm�iQ`b- T`Qp2/ iQ #2 /B{+mHi iQ BKTH2K2Mi
#2+�mb2 Q7 i?2 ?B;? 7`2[m2M+v /2bB;M BMpQHp2/X AM i?2 7mim`2- Bi KB;?i #2 #2ii2` iQ /2p2HQT �
KQ`2 K�Mm�H T`Q+2/m`2 mbBM; Qz i?2 b?2H7 �ii2Mm�iQ`b �M/ � +?2+F HBbiX Ai KB;?i #2 TQbbB#H2 iQ
�miQK�i2 i?2 �M�HvbBb Q7 i?2 `2bmHib 2p2M B7 i?2 +QMM2+iBQM Q7 i?2 p2`B}+�iBQM 2[mBTK2Mi Kmbi
#2 K�/2 �miQK�iB+�HHvX

9k



8XkX J2i?Q/

.2bB;M Q7 /mKKv HQ�/b
h?2 `2bmHib �`2 r2HH rBi?BM i?2 1% bT2+B}2/ #v i?2 bi�M/�`/ (RR)X .m`BM; i2bib rBi? i?2
�bb2K#H2/ /mKKv HQ�/ Bi b22Kb iQ rQ`F �M/ /Q2b MQi #2+QK2 r�`K- r?B+? BM/B+�i2b i?�i i?2
MmK#2` Q7 `2bBbiQ`b Bb ;QQ/ Q` 2p2M 2t+2bbBp2X

.2bB;M Q7 i?2 brBi+?BM; }tim`2 �M/ i?2 2K#2//2/ �ii2Mm�iQ`b
h?2 �ii2Mm�iQ`b r2`2 MQi TQTmH�i2/ rBi? +QKT2Mb�iBQM +�T�+BiQ`bX h?2 `2bmHib �`2- BM i?2
�ii2Mm�iQ`b +m``2Mi bi�i2- MQi 72�bB#H2 7Q` mb�;2 BM +�HB#`�iBM; i?2 2[mBTK2MiX h?2 `2[mB`2/
#�M/rB/i? 7Q` i?2 �ii2Mm�iQ`b Kmbi #2 400MHz Q` ;`2�i2`X h?2 bBKmH�i2/ `2bmHib BM/B+�i2/
i?�i i?Bb rQmH/ #2 i?2 +�b2 �M/ i?�i i?2 �ii2Mm�iQ`b rBHH M22/ +QKT2Mb�iBQMX "mi bBM+2 i?2
�+im�H T�`�bBiB+b BM i?2 S*" i`�+2b �M/ i?2 /2bB;M BM r?QH2 Bb /B{+mHi iQ FMQr #27Q`2?�M/-
i?2 +�T�+BiQ`b r2`2 H27i Qmi iQ bi�`i rBi?X

h?2 K2�bm`2/ `2bmHib r2`2 T`2iiv mMbi�#H2 �M/ /B{+mHi iQ +Q``2H�i2 iQ i?2 bBKmH�i2/ `2bmHibX
h?2`27Q`2- Bi Bb BKT`Q#�#H2 i?�i i?2 +QKT2Mb�iBQM +�T�+BiQ`b mb2/ BM i?2 bBKmH�iBQM rQmH/ ?2HT
BM i?2 `2�H rQ`H/ +�b2- �i H2�bi MQi rBi? i?2 bBKmH�i2/ p�Hm2bX h?2`2 r�b MQ iBK2 H27i BM i?2
T`QD2+i iQ 2tT2`BK2Mi rBi? i?BbX

8Xk J2i?Q/

h?2 K2i?Q/b i?�i M22/ 7m`i?2` 2tTH�M�iBQM �M/ `2~2+iBQMb �`2 T`2b2Mi2/ ?2`2X

*QKTQM2Mib
Ai r�b bm`T`BbBM;Hv /B{+mHi iQ }M/ �M/ +?QQb2 i?2 �TT`QT`B�i2 +QKTQM2Mib 7Q` i?2 /mKKv
HQ�/X h?2 `2bBbiQ`b ?�/ iQ iQH2`�i2 2ti`2K2 bm`;2b �M/ i?2 `2H�vb ?�/ iQ ?�p2 ?B;? BMbmH�iBQM
pQHi�;2b #2ir22M i?2 +QMi�+ibX 1p2M }M/BM; i?2 2M+�TbmH�iBQM 7Q` i?2 `2H�v #Qt T`Qp2/ iQ #2
� +?�HH2M;2- bBM+2 i?2 }Hi2`BM; QTiBQMb �p�BH�#H2 BM i?2 `2i�BH2`Ƕb r2# biQ`2b r2`2 MQi �Hr�vb
+QMbBbi2MiX

h?2 mb�;2 Q7 i?2 2M2`;v +m`p2 BM i?2 /�i�b?22i KB;?i ?�p2 #22M r`QM;X AM i?Bb rQ`F- i?2
iQi�H �++mKmH�i2/ 2M2`;v 7`QK iBK2 t = 0 r�b +QMbB/2`2/- #mi � KQ`2 `2�bQM�#H2 �TT`Q�+?
rQmH/ #2 iQ i2bi �HH bi�`iBM; TQBMib iQ }M/ i?2 KQbi 2ti`2K2 2M2`;v +m`p2X

.2bB;M Q7 �ii2Mm�iQ`b

.m`BM; i?2 T`QD2+i- i?2 �ii2Mm�iBQM r�b +QMbB/2`2/ �b i?2 pQHi�;2 �ii2Mm�iBQM
att = 20 × log10 ( Vin

Vout
)dBX >Qr2p2`- i?2 QMHBM2 +�H+mH�iQ` mb2/ r�b mbBM; TQr2` �ii2Mm�@

iBQM att = 10 × log10 ( Pin

Pout
)dBX h?2 irQ /Bz2`2Mi r�vb Q7 2tT`2bbBM; �ii2Mm�iBQM rBHH ;Bp2 i?2

b�K2 `2bmHi B7 i?2 BMTmi BKT2/�M+2 Bb 2[m�H iQ i?2 QmiTmi BKT2/�M+2X h?2 /2`Bp2/ 2tT`2bbBQM
b22M BM 1[m�iBQM 8XRX aQ iQ mb2 i?2 QMHBM2 +�HmH�iQ` 7Q` i?2 1000Ω �ii2Mm�iQ` QM2 rQmH/ ?�p2
iQ bT2+B7v i?�i vQm r�Mi 60.1dB + 10 × log10 ( 50

1000
) ≈ 47.1dBX >Qr2p2`- i?Bb r�b MQi FMQrM

�i i?2 iBK2 �M/ i?2 p�Hm2b r2`2 ir2�F2/ K�Mm�HHv BM GhaTB+2 mMiBH i?2 /2bB`2/ �ii2Mm�iBQM
r�b �+?B2p2/- #mi i?2 QmiTmi BKT2/�M+2 r�b MQi +QMbB/2`2/ /m`BM; i?2 ir2�FBM; �M/ i?2`2#v
2M/2/ mT #2BM; � #Bi KBbK�i+?2/ 7Q` i?2 M2ti Π HBMFX

Power attenuation = 10 × log10 ( Pin

Pout
) = 10 × log10 ⎛⎜⎝

U2
in

Rin

U2
out

Rout

⎞⎟⎠ =

= 10 × log10 (( Uin

Uout
)2 × Rout

Rin
) = 20 × log10 ( Uin

Uout
) + 10 × log10 (Rout

Rin
)

U8XRV

9j



8XjX aQm`+2 +`BiB+BbK

h?2`2 �`2 BM}MBi2Hv K�Mv +QMbi2HH�iBQMb iQ �TT`QtBK�i2 i?2 MQKBM�H p�Hm2- BM i?Bb T`QD2+i
Bi r�b i`B2/ iQ mb2 �b 72r `2bBbiQ`b �b TQbbB#H2X h?Bb T`Q+2bb r�b T2`7Q`K2/ K�Mm�HHv- bBM+2 MQ
bmBi�#H2 bQ7ir�`2 7Q` bQHpBM; i?2 T`Q#H2K r�b 7QmM/X h?mb i?2 +?Qb2M +QMbi2HH�iBQMb KB;?i MQi
#2 QTiBK�HX

8Xj aQm`+2 +`BiB+BbK

J�Mv Q7 i?2 bQm`+2b �`2 bi�M/�`/b 7`QK AaP Q` BM7Q`K�iBQM 7`QK i?2B` r2#bBi2X h?Bb BM7Q`K�@
iBQM +�M #2 +QMbB/2`2/ i`mbirQ`i?v bBM+2 i?2v �`2 i?2 �mi?Q`b Q7 i?2 bi�M/�`/bX

h?2 i2+?MB+�H MQi2 7`QK �os Bb #�b2/ QM i?2B` QrM T`�+iB+�H 2tT2`BK2Mib- #mi ?�b MQ
`272`2M+2b iQ �Mv Qi?2` rQ`FX h?2`2 Bb � TQbbB#BHBiv i?�i i?2 K2i?Q/b mb2/ r2`2 BM�TT`QT`B�i2
Q` i?�i i?2 `2bmHib �`2 r`QM;X h?2v �`2- ?Qr2p2`- � K�Mm7�+im`2` Q7 +�T�+BiQ`b �M/ i?mb Bi
b?QmH/ #2 BM i?2B` BMi2`2bi iQ ?�p2 �++m`�i2 BM7Q`K�iBQMX h?2 QMHv BM7Q`K�iBQM mb2/ 7`QK i?Bb-
Bb QM2 Q7 i?2 T�`�bBiB+ p�Hm2b Q7 i?2 `2bBbiQ`b- bQ 2p2M B7 i?2 p�Hm2b �`2 r`QM; i?2 BKT�+i +�M
MQi #2 p2`v #B;X

h?2 b�K2 `2�bQMBM; +�M #2 K�/2 7Q` i?2 i2+?MB+�H MQi2 7`QK oBb?�vX aBM+2 i?2v �`2 �
K�Mm7�+im`2` Q7 `2bBbiQ`b i?2v b?QmH/ ?�p2 �++m`�i2 BM7Q`K�iBQMX

h?2 #QQF >B;?@bT22/ /B;Bi�H /2bB;M b22Kb iQ #2 rB/2Hv mb2/X
h?2 #QQF h?2 +B`+mBi /2bB;M2`Ƕb +QKT�MBQM /Q2bMǶi b22K iQ #2 �b rB/2Hv mb2/- #mi Bi Bb

i?2 i?B`/ 2/BiBQM �M/ +�M ?QT27mHHv #2 +QMbB/2`2/ KQbiHv +Q``2+i �7i2` irQ `2pBbBQMbX

8X9 h?2 rQ`F BM � rB/2` +QMi2ti

h2bi 2[mBTK2Mi �M/ K2i?Q/QHQ;B2b +�M #2 � p2`v b2MbBiBp2 iQTB+X q?2M � +QKT�Mv r�Mib iQ
Tmi � T`Q/m+i QM i?2 K�`F2i- i?2v rBHH M22/ iQ #`BM; i?2B` T`Q/m+i iQ � i2bi H�# iQ +QM/m+i
i?2b2 i2bib �++Q`/BM; iQ i?2 `2H2p�Mi bi�M/�`/bX A7 i?2 i2bi T`Q+2/m`2 Bb r`QM;- Q` H2�p2b iQQ
Km+? bT�+2 7Q` BMi2`T`2i�iBQMb- Bi +QmH/ H2�/ iQ � T`Q/m+i 7�BHBM; i?2 i2bi 2p2M i?Qm;? Bi b?QmH/
?�p2 T�bb2/ B7 i?2 i2bi r�b K�/2 BM �MQi?2` H�#X P` 2p2M rQ`b2- �M mMb�72 T`Q/m+i KB;?i #2
Tmi QM i?2 K�`F2i /m2 iQ #2BM; 7�Hb2Hv T�bb2/ BM i?2 i2bibX h?2`2 Bb �Hr�vb � +?�M+2 7Q` 2``Q`b-
#mi mbBM; r2HH /2bB;M2/ �miQK�i2/ bvbi2Kb 7Q` i2biBM; �M/ p2`B}+�iBQM KBiB;�i2b i?2 ?mK�M
2``Q`b r?B+? �`2 i?2 KQbi mMT`2/B+i�#H2X

99



e *QM+HmbBQM

h?2 K�BM ;Q�H Q7 i?Bb i?2bBb r�b iQ 2t�KBM2 i?2 TQi2MiB�H Q7 `2mbBM; QH/ i2bi 2[mBTK2Mi rBi?
M2r2` bi�M/�`/b �M/ ?Qr iQ �bbm`2 i?�i i?2 `2bmHib �`2 `2HB�#H2X � K2i?Q/ iQ p2`B7v i?2 i2bi
2[mBTK2Mi �++Q`/BM; iQ i?2 H�i2bi bi�M/�`/ r�b bm;;2bi2/ BM i?Bb i?2bBb �M/ bQK2 +QMbB/2`�iBQMb
7Q` �miQK�iBM; i?Bb T`Q+2/m`2 r�b K�/2X � /mKKv HQ�/ r�b /2p2HQT2/ �M/ ;QQ/ 2MQm;? iQ
#2 mb2/ 7Q` p2`B}+�iBQMX h?2 p2`B}+�iBQM bvbi2K r�b MQi +QKTH2i2/ �M/ i?2 ?B;? 7`2[m2M+v
�ii2Mm�iQ`b /B/ MQi T2`7Q`K r2HH 2MQm;? iQ #2 mb2/ BM i?2B` +m``2Mi 7Q`KX

eXR _2b2�`+? [m2biBQMb

h?2 �Mbr2`b iQ i?2 `2b2�`+? [m2biBQMb �`2 ?2`2 �Mbr2`2/ #�b2/ QM i?2 `2bmHib Q7 i?2 T`QD2+iX

RX *�M i2bi 2[mBTK2Mi K�/2 7Q` AaP dejd@k,kyy9- #2 mb2/ 7Q` i2biBM;
+QKTHB�M+2 �;�BMbi AaP dejd@k,kyRR- i?2 M2r2` p2`bBQM Q7 i?2 bi�M/�`/\
u2b- #�b2/ QM i?2 `2bmHib �+?B2p2/ Bi KQbi T`Q#�#Hv +�MX h?2`2 �`2 MQi K�Mv Q7 i?2 `2[mB`2@
K2Mib i?�i ?�p2 #22M iQm;?2` iQ K22i rBi? i?2 M2r bi�M/�`/ +QKT�`2/ iQ i?2 QH/X h?2
2[mBTK2Mi mb2/ BM i?Bb T`QD2+i 7�BH2/ bQK2 Q7 i?2 HBKBib- #mi i?2 T`QT2`iB2b i?�i 7�BH2/ �`2 �HbQ
QmibB/2 Q7 i?2 QH/ bi�M/�`/Ƕb HBKBibX

kX A7 Bi +�Mc q?�i +QMbB/2`�iBQMb Kmbi #2 K�/2 iQ �HHQr 7Q` �miQK�iBM;
i?2 i2bi �M/ p2`B}+�iBQM T`Q+2bb\
h?2 QmiTmi 7`QK i?2 TmHb2 ;2M2`�iQ`b Bb ?�x�`/Qmb 7Q` ?mK�Mb iQ iQm+? �M/ i?2 bvbi2K Kmbi
KBiB;�i2 i?2 `BbF Q7 2H2+i`B+ b?Q+FX aQK2 Q7 i?2 TmHb2 ;2M2`�iQ`b �`2 +�T�#H2 Q7 /2HBp2`BM; ?B;?
2M2`;B2b r?B+? i?2 +�HB#`�iBQM HQ�/b Kmbi #2 �#H2 iQ rBi?bi�M/X aQK2 Q7 i?2 i2bi TmHb2b +QMi�BM
?B;? 7`2[m2M+B2b i?�i `2[mB`2 i?2 p2`B}+�iBQM bvbi2K iQ #2 r2HH /2bB;M2/ 7Q` i?Bb Tm`TQb2X

jX A7 Bi +�MǶic q?�i +�mb2b i?2 7�BHm`2- �M/ r?�i TQbbB#H2 }t2b +�M #2
K�/2 iQ K�F2 i?2 2[mBTK2Mi mb�#H2 7Q` i?2 M2r2` bi�M/�`/\
LQi �TTHB+�#H2X
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eXkX 6mim`2 rQ`F

eXk 6mim`2 rQ`F

h?2`2 r2`2 K�Mv iQTB+b BMpQHp2/ BM i?Bb T`QD2+i i?�i +QmH/ #2M2}i 7Q` bQK2 /22T2` `2b2�`+?X
h?2 KQbi BKTQ`i�Mi QM2b �`2 K2MiBQM2/ ?2`2X

J2�bm`2K2Mi 2``Q`b
h?Bb Bb MQi K2MiBQM2/ BM i?Bb T`QD2+i- Qi?2` i?�M iQH2`�M+2b- #2+�mb2 Bi b22Kb iQ #2 � p2`v
+QKTH2t �M/ /2HB+�i2 iQTB+X h2bi 2[mBTK2Mi- �M/ 2bT2+B�HHv p2`B}+�iBQM 2[mBTK2Mi- b?QmH/
?�p2 � T`QT2` 2``Q` +�H+mH�iBQMX

J�i?2K�iB+�H �M�HvbBb
q?2M i?2 TmHb2b ?�p2 #22M K2�bm`2/- i?2v M22/ iQ #2 �M�Hvb2/X h?2 HBKBib 7Q` i?2 p2`B}+�iBQMb
�`2 �KTHBim/2b �M/ /m`�iBQMbX hQ 2ti`�+i i?2b2 T�`�K2i2`b- Bi +QmH/ #2 �/p�Mi�;2Qmb iQ `2;�`/
i?2 TmHb2 �b � K�i?2K�iB+�H 7mM+iBQM rBi? +2`i�BM T�`�K2i2`bX Ai r�b K2�Mi iQ #2 BMp2biB;�i2/
BM i?Bb i?2bBb- #mi i?2`2 r�b MQi 2MQm;? iBK2X

�miQK�iBQM Q7 i?2 p2`B}+�iBQM T`Q+2/m`2
JQbi Q7 i?2 2[mBTK2Mi mb2/ Bb +�T�#H2 Q7 `2KQi2 +QMi`QHX Ai `2[mB`2b � HQi Q7 iBK2 iQ /2bB;M-
r`Bi2 �M/ i2bi i?2 bQ7ir�`2 M22/2/ iQ T2`7Q`K i?2 p2`B}+�iBQM �miQK�iB+�HHvX .m`BM; i?2 iBK2
Q7 i?Bb i?2bBb bQK2 BMBiB�H i2bib r2`2 K�/2 iQ +QMi`QH i?2 2[mBTK2Mi mbBM; i?2B` :SA" BMi2`7�+2b
mbBM; *O rBi? bm++2bb7mH `2bmHib- #mi bBM+2 i?2`2 r�b MQi 2MQm;? iBK2 iQ /2p2HQT �Mvi?BM;
mb27mH Bi r�b H27i Qmi Q7 i?Bb i?2bBbX
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(R) _XEX 6`�xB2` �M/ aX �HH2bX ǳ*QKT�`BbQM Q7 AaP dejd h`�MbB2Mi q�p27Q`Kb iQ _2�H qQ`H/
�miQKQiBp2 h`�MbB2Mi S?2MQK2M�XǴ AM, kyy8 AMi2`M�iBQM�H avKTQbBmK QM 1H2+i`QK�;@
M2iB+ *QKT�iB#BHBiv- kyy8X 1J* kyy8X j Ukyy8V- TTX N9NĜN89X /QB, RyXRRyNfAa1J*X
kyy8XR8RjeekX

(k) AaPX �#Qmi mbX (oBbBi2/ kyRN@ye@R3)X CmM2 kyRNX m`H, ?iiTb,ffrrrXBbQXQ`;f�#Qmi@
mbX?iKHX

(j) AaPX .2p2HQTBM; bi�M/�`/bX (oBbBi2/ kyRN@ye@R3)X CmM2 kyRNX m`H, ?iiTb,ffrrrXBbQX
Q`;f/2p2HQTBM;@bi�M/�`/bX?iKHX

(9) AaPX 1L eyee9@R @ AMbmH�iBQM +QQ`/BM�iBQM 7Q` 2[mBTK2Mi rBi?BM HQr@pQHi�;2 bvbi2Kb @
S�`i R, S`BM+BTH2b- `2[mB`2K2Mib �M/ i2bibX ai�M/�`/X A1* h* RyN- kyydX

(8) AaPX :mB/�M+2 QM i?2 avbi2K�iB+ _2pB2r T`Q+2bbBM; AaPX :mB/�M+2X �p�BH�#H2 �i ?iiTb,
ffrrrXBbQXQ`;f7BH2bfHBp2fbBi2bfBbQQ`;f7BH2bfbiQ`2f2MfSl"Ryy9RjXT/7X J�`X
kyRNX

(e) AaPX a?QTTBM; 6�ZbX (oBbBi2/ kyRN@ye@R3)X CmM2 kyRNX m`H, ?iiTb,ffrrrXBbQXQ`;f
b?QTTBM;@7�[bX?iKHX

(d) AaPX q?Q /2p2HQTb bi�M/�`/bX (oBbBi2/ kyRN@ye@R3)X CmM2 kyRNX m`H, ?iiTb,ffrrrXBbQX
Q`;fr?Q@/2p2HQTb@bi�M/�`/bX?iKHX

(3) AaPX _Q�/ p2?B+H2b Ĝ 1MpB`QMK2Mi�H +QM/BiBQMb �M/ i2biBM; 7Q` 2H2+i`B+�H �M/ 2H2+i`QMB+
2[mBTK2Mi Ĝ S�`i R, :2M2`�HX ai�M/�`/X AaPfh* kkfa* jk- LQpX kyR3X

(N) AaPX _Q�/ p2?B+H2b Ĝ 1MpB`QMK2Mi�H +QM/BiBQMb �M/ i2biBM; 7Q` 2H2+i`B+�H �M/ 2H2+i`QMB+
2[mBTK2Mi Ĝ S�`i k, 1H2+i`B+�H HQ�/bX ai�M/�`/X AaPfh* kkfa* jk- LQpX kyRkX

(Ry) AaPX _Q�/ p2?B+H2b Ĝ 1H2+i`B+�H /Bbim`#�M+2b 7`QK +QM/m+iBQM �M/ +QmTHBM; Ĝ S�`i R,
.2}MBiBQMb �M/ ;2M2`�H +QMbB/2`�iBQMbX ai�M/�`/X AaPfh* kkfa* jk- P+iX kyR8X

(RR) AaPX _Q�/ p2?B+H2b Ĝ 1H2+i`B+�H /Bbim`#�M+2b 7`QK +QM/m+iBQM �M/ +QmTHBM; Ĝ S�`i k,
1H2+i`B+�H i`�MbB2Mi +QM/m+iBQM �HQM; bmTTHv HBM2b QMHvX ai�M/�`/X AaPfh* kkfa* jk-
J�`X kyRRX

(Rk) AaPX _Q�/ p2?B+H2b Ĝ 1H2+i`B+�H /Bbim`#�M+2b 7`QK +QM/m+iBQM �M/ +QmTHBM; Ĝ S�`i j,
1H2+i`B+�H i`�MbB2Mi i`�MbKBbbBQM #v +�T�+BiBp2 �M/ BM/m+iBp2 +QmTHBM; pB� HBM2b Qi?2`
i?�M bmTTHv HBM2bX ai�M/�`/X AaPfh* kkfa* jk- CmHv kyReX
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(Rj) AaPX _Q�/ p2?B+H2b Ĝ 1H2+i`B+�H /Bbim`#�M+2b 7`QK +QM/m+iBQM �M/ +QmTHBM; Ĝ S�`i 8,
1M?�M+2/ /2}MBiBQMb �M/ p2`B}+�iBQM K2i?Q/b 7Q` ?�`KQMBx�iBQM Q7 TmHb2 ;2M2`�iQ`b
�++Q`/BM; iQ AaP dejdX ai�M/�`/X AaPfh* kkfa* jk- LQpX kyReX

(R9) �os C2z`2v *�BMX S�_�aAhA* AL.l*h�L*1 P6JlGhAG�u1_ *1_�JA* *�@
S�*AhP_aX h2+?MB+�H MQi2X �p�BH�#H2 �i ?iiTb,ffrrrX�ptX+QKf/Q+bfi2+?BM7Qf
*2`�KB+*�T�+BiQ`bfT�`�bBi+XT/7X

(R8) >Qr�`/ CQ?MbQM �M/ J�`iBM :`�?�KX >B;?@bT22/ /B;Bi�H /2bB;M- � ?�M/#QQF Q7 #H�+F
K�;B+X 6B`biX S`2MiB+2 >�HH Sh_- RNNjX Bb#M, y@Rj@jN8dk9@RX

(Re) AL*X oAa>�u ALh1_h1*>LPGP:uX 6`2[m2M+v _2bTQMb2 Q7 h?BM 6BHK *?BT _2bBb@
iQ`bX h2+?MB+�H MQi2X �p�BH�#H2 �i ?iiTb,ffrrrXpBb?�vX+QKf/Q+bfeyRydf7`2[`2bTX
T/7X 62#X kyyNX

(Rd) S2i2` qBHbQMX h?2 +B`+mBi /2bB;M2`Ƕb +QKT�MBQMX h?B`/X L2rM2b- kyRkX Bb#M, Nd3@y@y3@
yNdRj3@9X
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