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ÄÅÆÇÈÉÊËÆÌÈÅ Í
Í ÄÅÆÇÈÉÊËÆÌÈÅ ÆÈ ÎÌÏÏÌÐÑÆÑÇ ÒÓÔÑÕ Ö
×Z× Ø^bcqg Ùdkkdafcfe ØbÚf Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Û

×Z×Z× ÜÝÞß b\i àÙáß âÚrk`cdr\ Z Z Z Z Z Z Z Z Z Z Z ×ã
×Zä Ø^å Ùdkkdafcfe ØbÚfg Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ××

×ZäZ× vjjkd]bcdr\g Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ä
×Zæ Ødefkfgg çèÙÜ éerjrgbk Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ê

×ZæZ× ájfebcd\l ëb\i ueì`f\]dfg Z Z Z Z Z Z Z Z Z Z Z ×Û
×ZæZä Ùri`kbcdr\ b\i ëdc Þbcf Z Z Z Z Z Z Z Z Z Z Z Z ×í
×ZæZæ âeere îf]cre Ùbl\dc`if Z Z Z Z Z Z Z Z Z Z Z Z Z ä×
×ZæZï é^bgf ðrdgf Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ää
×ZæZê Þf]fdÚfe ßf\gdcdÚdcå Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z äï

ñ òÌÇËÊÌÆ óÑÕÌôÅ ñõ
d



ÌÌ òö÷øù÷øú

äZ× Ùáß Ýeb\gdgcre bc aaûØbÚf Z Z Z Z Z Z Z Z Z Z Z Z Z Z äü
äZ×Z× Ùbýda`a ág]dkkbcdr\ uefì`f\]å Z Z Z Z Z Z Z Z äü
äZ×Zä Ùd\da`a uefì`f\]å mre þ\]r\idcdr\bk ßcbpdkdcå äÛ
äZ×Zæ Ùbýda`a vÚbdkbpkf ÿbd\ Z Z Z Z Z Z Z Z Z Z Z Z ä�
äZ×Zï Ùbýda`a ßcbpkf ÿbd\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z äí
äZ×Zê Ùbgr\qg þ\dkbcfe u`\]cdr\ Z Z Z Z Z Z Z Z Z Z Z Z äí

äZä Ýeb\gdgcre èfgdl\ bc aaûØbÚf Z Z Z Z Z Z Z Z Z Z Z Z Z æ×
äZäZ× ÿbcf Þfgdgcb\]f Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z æä
äZäZä

fmax
ájcdadsbcdr\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z æê

äZäZæ ÿbd\ ájcdadsbcdr\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z æ�
äZäZï àbg]rif Ýrjrkrlå Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z æí
äZäZê Ü\i`]cdÚfkå èflf\febcfi Ýrjrkrlå Z Z Z Z Z Z Z ïæ

� Îöú �ÓÏÌÉÓÆÌÈÅ �õ
æZ× ébi b\i èfûfapfiid\l ßce`]c`efg Z Z Z Z Z Z Z Z Z Z Z ïÛ
æZä ðÙáß àbg]rif ßcblfg Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ï�
æZæ àraar\ ßr`e]f ßcblf Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z êæ

� �ÇÑ�ÊÑÅË� �ÑÅÑÇÓÆÌÈÅ õÖ
ïZ× êï ÿçs îàá Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ê�

ïZ×Z× Ü\Úfegdr\ Ùrif Ùáß îbeb]cre Z Z Z Z Z Z Z Z Z êí
ïZ×Zä îàá èfgdl\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z üï
ïZ×Zæ Ùfbg`efaf\c Þfg`kcg Z Z Z Z Z Z Z Z Z Z Z Z Z Z üÛ

ïZä uefì`f\]å èdÚdifeg Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Ûæ



òö÷øù÷øú ÌÌÌ

ïZäZ× Ùdkkfeqg èdÚdifeg Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Ûü
ïZäZä Ü\�f]cdr\ 	r]
fi èdÚdifeg Z Z Z Z Z Z Z Z Z Z Z Z Ûí

õ �ÑËÑÌÔÑÇ �ÇÈÅÆ�ùÅÉ 
Ö
êZ× èdef]c àr\Úfegdr\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ��
êZä ßkdid\l Üu Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z �í

êZäZ× Þf]fdÚfe à^bd\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z í×
êZäZä uefì`f\]å ÿf\febcdr\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z íÛ
êZäZæ Ùfbg`efaf\c Þfg`kcg Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ãã
êZäZï àr\]k`gdr\g Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ãê

êZæ Ødifpb\i ßkdid\l Üu Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ã�
êZæZ× Þf]fdÚfe à^bd\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ãí
êZæZä uefì`f\]å ÿf\febcdr\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z ××æ
êZæZæ Ùfbg`efaf\c Þfg`kcg Z Z Z Z Z Z Z Z Z Z Z Z Z Z ××ï
êZæZï àr\]k`gdr\g Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ××�

�ÌÕÆ È� �ÌôÊÇÑÕ Íñ�
�ÌÕÆ È� øÓ�ÏÑÕ ÍñÖ
�Ì�ÏÌÈôÇÓ��� Í��
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àÙáß g]bkd\l dg jerÚdid\l `kcebûmbgc ifÚd]fgo bcceb]cdÚf mre gdlû
\bk jer]fggd\l bc �b pb\io aaû�bÚf b\i fÚf\ d\ c^f Ýçs lbj �×�
�ä�Z ßfÚfebk ]raafe]dbk bjjkd]bcdr\go mera ^dl^ ibcb ebcf �defkfgg	vðg cr b`crarcdÚf ]e`dgf ]r\cerko mera efarcf gf\gd\l cr afidû
]bk dabld\lo �r`ki lfc araf\c`a mera b kr� ]rgc dajkfaf\cbcdr\
cf]^\rkrlåZ
ë`dkid\l pkr]
g b\i mer\cûf\ig bkefbiå b]^dfÚf b]]fjcbpkf jfemreû

ab\]fg d\ c^f üã ÿçs cr ×ãã ÿçs eb\lfo fÚf\ birjcd\l efkbcdÚfkå
rki cf]^\rkrldfg g`]^ bg ×æã \a àÙáßo p`c c^f jbc^ cr�bei ]raû
afe]dbkdsbcdr\ efì`defg aref erp`gco kr�fe jr�fe grk`cdr\gZ ëf\f[c
mera \rif g]bkd\l dg fýjf]cfiZ Ü\ jbecd]`kbeo jr�fe gbÚd\lg d\ c^f
mer\cûf\i ^dl^ mefì`f\]å pkr]
go i`f cr c^f d\]efbgfi abýda`a rgû
]dkkbcdr\ mefì`f\]å fmax

b\i abýda`a bÚbdkbpkf lbd\o b\i d\ c^f
Úrkcblf ]r\cerkkfi rg]dkkbcre �îàá b\i idÚdifego i`f cr dajerÚfi
Úbedbpkf ]bjb]dcre ì`bkdcå mb]cre �! b\i efi`]fi ]bjb]dcdÚf jbebû



ñ Ä÷ø�öó"òøÄö÷

gdcd]gZ
Ü\i`gceå d\cfefgc dg jefgf\ckå mr]`gfi cr ^dl^ ibcb ebcf bjjkdû

]bcdr\g g`]^ bg ^dl^ if[\dcdr\ `\]rajefggfi Údifr ir�\ûgcefbad\l
kfÚfebld\l c^f Û ÿçs `\kd]f\gfi pb\i�dic^ ber`\i üã ÿçsZ Ý^f
j`g^ dg cr�bei ]rajb]c kr� jr�fe grk`cdr\g �^fef gfkf]cdr\ rm c^f
jer]fggd\l be]^dcf]c`ef dg b 
få mb]creZ Ü\ äãã� c^f âàÙv b\i Ødefû
kfggçè ler`jg j`pkdg^fi b gcb\ibei jerjrgbk mre b üã ÿçs éç# mre
çdl^ èf[\dcdr\ `\]rajefggfi Údifr �defkfgg ceb\gadggdr\ �ØçèÙÜ 
`j cr ï ÿp$g �æ�Z
Ý^dg é^Zè �re
 mr]`gfg r\ c^f gc`iå rm adkkdafcfe �bÚfg bjjkdû

]bcdr\g b\i c^f pfgc grk`cdr\g cr efbkdsf b m`kkå d\cflebcfi àÙáß
ef]fdÚfe mre g`]^ ^dl^ if[\dcdr\ Údifr ir�\ûgcefbad\l bjjkd]bcdr\go
]r\gdifed\l be]^dcf]c`efg b\i p`dkid\l pkr]
gZ
Ý^dg jer�f]c gcbecfi d\ äããê d\ ]rrjfebcdr\�dc^ %ßc`idr id Ùd]erû

kfccer\d]b% �ßÝÙd]erfkf]cer\d]g Z ßd\]f c^fef �fef kdcckf fýjfedf\]f
bc c^bc cdaf eflbeid\l ceb\gdgcre arifkd\l b\i ifgdl\ bc g`]^ ^dl^
mefì`f\]dfgo Ü ^bÚf ir\f b ]befm`k b\bkågdg r\ ceb\gdgcre crjrkrldfg
b\i c^fde pf^bÚdre bc adkkdafcfe �bÚf mefì`f\]dfg cr `\ifegcb\i c^f
abýda`a lbd\ b]^dfÚd\l bc üã ÿçs b\i gr c^f pfgc lbd\ grk`cdr\Z Ü
^bÚf bkgr gc`idfi c^f dajb]c rm c^f kbår`c r\ c^f ceb\gdgcre jfemreû
ab\]fg b\i b cfgcû]^dj �dc^ idnfef\c ifÚd]fg ^bg pff\ d\cflebcfi b\i
afbg`efiZ Ùfbg`efaf\cgo ir\f d\ ]rrjfebcdr\ �dc^ ëfe
fkfå Ødefû
kfgg Þfgfbe]^ àf\cfe �ëØÞào ëfe
fkfåo àvo þßv b\i éermZ vkd ÙZ



�

ðd
\f�bio g^r�\ b lrri bleffaf\c �dc^ gda`kbcdr\go Úbkdibcd\l c^f
ceb\gdgcre arifkd\l `gfiZ
á\]f Úbkdibcfi c^f arifkg `gfio p`dkid\l pkr]
go kd
f 	ðvgo îàág

b\i idÚdifego mfbgdpdkdcå ^bg pff\ d\ÚfgcdlbcfiZ Ü ^bÚf pff\ d\ÚrkÚfi
abd\kå d\cr gc`iåd\l b\i ifgdl\d\l îrkcblf àr\cerkkfi ág]dkkbcreg
�îàág Z Ý^f abd\ fnrec ^bg pff\ ir\f cr b]^dfÚf kbelf c`\d\l eb\lf
b\i kr� j^bgf \rdgf �^dkf abd\cbd\d\l efbgr\bpkå kr� c^f jr�fe ]r\û
g`ajcdr\ gd\]fo bc c^bc araf\co gcbcf rm bec îàág g^r�fi lrri
jfemreab\]f d\ j^bgf \rdgfo p`c gabkk c`\d\l eb\lfgo d\g`&]df\c cr
]rÚfe c^f Û ÿçs pb\i�dic^ ifg]edpfi pfmref re Úd]f ÚfegbZ v ]befm`k
b\bkågdg r\ Úbeb]creg b\i c^fde mb]cre rm afedc �! �bg c^f\ \f]fgû
gbeå o gd\]f bc g`]^ ^dl^ mefì`f\]dfg c^få bef c^f abd\ efgjr\gdpkf
mre rÚfebkk ! iflebibcdr\Z Ý^f\ Ü ifgdl\fi b\i d\cflebcfi b îàá
rjfebcd\l bc êï ÿçsZ Ùfbg`efaf\cg g^r� gcbcf rm bec jfemreab\]fg
prc^ d\ c`\d\l eb\lf �aref c^b\ ×ä' STU j^bgf \rdgf �û××� ië]$çs
bc ×ã Ùçs rngfc Z

	bcfe r\o r\]f d\cflebcfi b\i afbg`efi c^f abd\ p`dkid\l pkr]
go
b\ b]]`ebcf b\bkågdg r\ c^f be]^dcf]c`ef cr pfccfe efbkdsf b aaû�bÚf
mer\cûf\i ^bg pff\ jfemreafiZ viÚb\cblfg b\i idgbiÚb\cblfg rm c^f
abd\ be]^dcf]c`efgo kd
f èdef]c àr\Úfegdr\o ß`jfe^fcferiå\fo ßkdid\l
Üuo ^bÚf pff\ d\Úfgcdlbcfi ]r\gdifed\l jfemreab\]fgo kbår`c ]rajkfýû
dcå b\i jr�fe ]r\g`ajcdr\ Z v }�|U|T� �{ be]^dcf]c`ef bjjerb]^ ^bg



� Ä÷ø�öó"òøÄö÷

pff\ gfkf]cfiZ Üc ]r\gdgcg d\ b [egc ir�\û]r\Úfegdr\ cr ×$æ rm c^f efû
]fdÚfi mefì`f\]åo mrkkr�fi på b ì`biebc`ef ir�\û]r\Úfegdr\ cr pbgfû
pb\iZ Ý^f rjfebcd\l mefì`f\]dfg rm c^f c�r kr]bk rg]dkkbcreg �	ág 
`gfi bef c^f\ r\f c^f ^bkm rm c^f rc^fe r\fZ Ü\ c^dg ]bgfo ]rajbefi cr
b ]kbggd]bk ß`jfe^fcferiå\f ir`pkf ]r\Úfegdr\o dc dg jrggdpkf cr lf\û
febcf c^f c�r 	ág `gd\l �`gc r\f îàá �re
d\l bc ×$æ �re ä$æ ÿçs 
rm c^f ef]fdÚfi mefì`f\]åo b\i rpcbd\ c^f rc^fe r\f �`gc a`kcdjkåd\l
�re idÚdid\l på c�r c^f [egc r\fo ab
d\l \f]fggbeå �`gc r\ é^bgfi	r]
fi 	rrj �é		 Z
ërc^ Úfegdr\g ^bÚf pff\ efbkdsfiZ v \beer� pb\i mer\cûf\i `gd\l

b äã ÿçs ì`biebc`ef îàá b\i b a`kcdjkdfe b\i b �dif pb\i mer\cû
f\i �dc^ b ïã ÿçs idnfef\cdbk îàá b\i c�r idÚdifeg cr lf\febcf b
pfccfe ì`biebc`ef ^bÚf pff\ d\cflebcfi b\i afbg`efiZ
Ý^f [egc Úfegdr\ jefgf\cg b \beer� pb\i 	ðv b\i Þu adýfeo

�^dkf c^f Üu adýfe dg efkbcdÚfkå perbipb\iZ Ý^f îàá Ü ifgdl\fi
jefgf\cg b gjf]dbk ]ergg ]r`jkfi crjrkrlå d\ reife cr fýceb]c c^f gf]û
r\i ^bear\d] ]r\cf\c idef]ckå mera c^f äã ÿçs ì`biebc`ef îàá
dcgfkmo bÚrdid\l b\ fýjkd]dc a`kcdjkdfeZ Ùfbg`efaf\cg g^r� b jfb

lbd\ rm bpr`c ä� ië bc üï ÿçso �dc^ b c`\d\l eb\lf rm aref c^b\
×ä' b\i b j^bgf \rdgf rm û××ê ië]$çs bc ×ã Ùçs rngfcZ Ý^f abd\
jerpkfag rm c^dg mer\cûf\i �fef c^f \beer� pb\i b\i c^f ì`dcf ]edcdû
]bk ì`biebc`efZ Ý^f kbccfeo d\mb]co dg jerÚdifi abd\kå på b [egc ^beû
ar\d] ]r`jkd\l r\ Ü b\i ! îàágZ Ý^dg afb\g c^bc d\]efbgd\l c^f



õ

ì`biebc`ef b]]`eb]å ]b\ kdadc c^f rÚfebkk j^bgf \rdgf jfemreab\]fgZ
Ýr grkÚf c^dg jerpkfago b �dif pb\i mer\cûf\i ^bg pff\ ifgdl\fi

b\i d\cflebcfiZ Ü\ c^dg ]bgf c^f 	á dg lf\febcfi på b ïã ÿçs idnfeû
f\cdbk îàáo �^dkf Ü b\i ! äã ÿçs ì`biebc`ef gdl\bkg bef jerÚdifi
aref erp`gckå på c�r d\�f]cdr\ kr]
fi idÚdifegZ Ý^f �dif pb\i 	ðvo
arefrÚfeo dg rpcbd\fi på ]bjb]dcdÚfkå ]r`jkfi d\cfeûgcblf efgr\bcreg
mre abýda`a lbd\ûpb\i�dic^ jeri`]cZ ure c^f �dif pb\i Þu adýfeo
m`ec^fearefo Ü d\Úfgcdlbcfi b\i `gfi b �dif pb\i efgr\bcd\l krbi
]r\gdgcd\l d\ b �dif pb\i [kcfe pbgfi r\ ceb\gmread\l ]r`jkd\lZ Ùfbû
g`efi rÚfebkk jfemreab\]fg rm c^dg m`kkå d\cflebcfi àÙáß ef]fdÚfe
g^r�g æêZê ië jfb
 lbd\ �dc^ b ×æ ÿçs ûæië pb\i�dic^ ber`\i ü×
ÿçso êZü ië ad\da`a \rdgf [l`ef b\i ( ü ië d\ c^f f\cdef pb\iû
�dic^o û××ê ië]$çs bc ×ã Ùçs rngfc mera üã ÿçs j^bgf \rdgf b\i
×äZü' mefì`f\]å c`\d\l eb\lfo ieb�d\l r\kå Ûê av mera × î g`jjkå�̀ gd\l b üê \a àÙáß cf]^\rkrlå på ßÝÙd]erfkf]cer\d]g Z Ý^fgf
efg`kcg m`kkå gbcdgmå c^f gced\lf\c efì`defaf\cg rm c^f âàÙv gcb\û
ibei jerjrgbk eflbeid\l prc^ c^f lbd\ �b\i \rdgf b\i c^f mefì`f\]å
lf\febcdr\Z
Ý^dg �re
 dg c^f\ relb\dsfi bg mrkkr�)
Ü\ ò�Ó�ÆÑÇ Í b lf\febk rÚfeÚdf� r\ adkkdafcfe �bÚf mefì`f\]dfg

b\i bjjkd]bcdr\g dg ldÚf\Z v aref ifcbdkfi idg]`ggdr\ eflbeid\l c^f
âàÙv gcb\ibei jerjrgbk d\ jerÚdifiZ



* Ä÷ø�öó"òøÄö÷

Ü\ ò�Ó�ÆÑÇ ñ c^f 
få mfbc`efg eflbeid\l c^f ]de]`dc ifgdl\ bc
aaû�bÚf mefì`f\]å bef idg]`ggfiZ Ý^f jed\]djbk jbebafcfeg cr fÚbkû
`bcf b]cdÚf ifÚd]fg jfemreab\]fg bc Úfeå ^dl^ mefì`f\]å bef ifg]edpfi
b\i ceb\gdgcre ifgdl\ gcebcfldfg bef fÚbk`bcfiZ v cfgcû]^dj rm b]cdÚf
ifÚd]fg �dc^ idnfef\c crjrkrldfg dg c^f\ ifg]edpfi
Ü\ ò�Ó�ÆÑÇ � Ùáß arifkd\l fÚbk`bcdr\ dg ifg]edpfiZ Ùfbg`efû

af\cg mera c^f cfgcû]^dj ifg]edpfi d\ c^f jefÚdr`g ]^bjcfe bef efû
jrecfi b\i ]rajbefi �dc^ gda`kbcdr\Z
Ü\ ò�Ó�ÆÑÇ � c^f dgg`f rm c^f mefì`f\]å lf\febcdr\ bc adkkdafû

cfe �bÚf mefì`f\]dfg dg mb]fi ]r\gdifed\l dcg argc ]edcd]bk pkr]
g) c^f
îàá b\i c^f idÚdifegZ Ü\ c^dg mebaf�re
o �f d\Úfgcdlbcf c^f ifgdl\
rm îàág mre aaû�bÚf bjjkd]bcdr\g d\ üê \a àÙáßZ Ü\ jbecd]`kbeo
b\ d\Úfegdr\ arif Ùfcbkûáýdifûßfad]r\i`]cre gce`]c`ef �ÜûÙáß dg
fajkråfi cr efbkdsf c^f Úrkcblf ]r\cerkkfi Úbedbpkf ]bjb]dcre �ï�Z Ý^f
c^f pfgc bjjerb]^ eflbeid\l mefì`f\]å idÚdifeg dg c^f\ d\ÚfgcdlbcfiZ

Ü\ ò�Ó�ÆÑÇ õ c^f ef]fdÚfe be]^dcf]c`ef dg gc`idfiZ ßkdid\l Üu
be]^dcf]c`ef dg d\ceri`]fi b\i ifg]edpfi b\i c^f c�r idnfef\c m`kkå
d\cflebcfi ef]fdÚfe mer\cûf\i `gd\l c^dg 
d\i rm be]^dcf]c`ef jefÚdû
r`gkå ifg]edpfi bef efjrecfi b\i afbg`efi �\beer� pb\i b\i �dif
pb\i Z
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9:9 ;<=>?@ ABCCBDE>EF ;=GE
Ùdkkdafcfe �bÚfg �aaØ bef fkf]cerabl\fcd]bk �bÚfg c^bc jerjû

blbcf �dc^ b �bÚfkf\lc^ d\ c^f reife rm adkkdafcfegZ Ùdkkdafcfe �bÚf
gjf]ce`a lf\febkkå d\]k`ifg mefì`f\]dfg ^dl^fe c^b\ æã ÿçsZ Ý^rgf
mefì`f\]dfg ^bÚf pff\ ^dgcred]bkkå `gfi �`gc mre adkdcbeå b\i gbcfkkdcf
bjjkd]bcdr\g i`f cr c^f Úfeå ^dl^ ]rgcg d\ÚrkÚfi d\ c^f cf]^\rkrlå
efì`defiZ
þ\kd
f argc rm c^f kr�fe mefì`f\]dfg gjf]cebo �^fef gdkd]r\ pbgfi




 ÍH Ä÷ø�öó"òøÄö÷ øö ÎÄ��ÄÎùøù� ÒI�ùú

cf]^\rkrldfg irad\bcfo c^fef bef b \`apfe rm idgcd\]c gfad]r\i`]cre
b\i ifÚd]f cf]^\rkrldfg �^d]^ ]rajfcf mre c^dg bjjkd]bcdr\g abe
fcû
jkb]f b\i argc rm c^fa bef `g`bkkå ì`dcf fýjf\gdÚf mre abgg jeri`]û
cdr\Z à`eef\ckåo ifÚd]fg b\i d\cflebcfi ]de]`dcg bef ab\`mb]c`efi r\
mr`e idnfef\c g`pgcebcf abcfedbkg �ê�) ÿbkkd`avegf\dif �ÿbvg o Ü\û
id`a é^rgj^dif �Ü\é o ßdkd]r\ àbepdif �ßdà b\i ßdkd]r\ �ßd Z
çr�fÚfeo b ]raafe]dbk d\cfefgc d\ adkkdafcfe �bÚf gjf]ce`a b\i bjû
jkd]bcdr\g ^bg ler�\ gcfbidkå rÚfe c^f jbgc if]bifZ àrajr`\i ÜÜÜûî
gfad]r\i`]creg ^bÚf cebidcdr\bkkå irad\bcfi c^dg gjf]ce`a rÚfe c^f
jbgc gfÚfebk if]bifgZ çr�fÚfeo cribåo �dc^ c^f iedÚf cr kr�û]rgc
^dl^ûÚrk`af bjjkd]bcdr\g g`]^ bg b`cr ebibeo bkr\l �dc^ g]bkd\l cr
g`pû×ãã \a idaf\gdr\go c^f ler`j Üî gfad]r\i`]creg ßdkd]r\ �ßd 
b\i ßdkd]r\ûÿfeab\d`a �ßdÿf bef ebjdikå arÚd\l `j cr aaØ mefû
ì`f\]dfgZ
udlZ ×Z×�b dkk`gcebcfg c^f äããÛ �TOxWTSO|PTS� µxX�TP�P�� JPSUQS�
~PW ´xQ|XPTURXOPW} �ÜÝÞß �defkfgg ]raa`\d]bcdr\ bjjkd]bcdr\ gjf]û
ce`aZ àrajbefi cr c^f äããê r\f �udlZ ×Z×�p  o bkk c^f cf]^\rkrldfg
^bÚf arÚfi cr ^dl^fe mefì`f\]dfg b\i c^f pr`\ibeå pfc�ff\ c^f
ler`j Üî gfad]r\i`]creg ßd b\i ßdÿf b\i c^f ÜÜÜûî gfad]r\i`]cre
ÿbvg ^bg pff\ arÚd\l cr ^dl^fe mefì`f\]dfg crrZ Ý^dg afb\g c^bc
ßdûpbgfi cf]^\rkrldfg d\ c^f kbgc mf� åfbeg ^bÚf pf]raf `gbpkf mre
aaØ bjjkd]bcdr\g crrZ



ÍHÍ ÒKIøLú ÎÄ��ÄÎùøù� ÒI�ù M

NOP QRRS

NTP QRRU
udl`ef ×Z×) Ü\cfe\bcdr\bk Ýf]^\rkrlå Þrbiabj mre ßfad]r\i`]creg



Í� ÍH Ä÷ø�öó"òøÄö÷ øö ÎÄ��ÄÎùøù� ÒI�ùú

ÜÝÞß mrefgffg c^bc d\ m`c`ef åfbego ßdûpbgfi cf]^\rkrldfg �dkk jefû
Úbdk mre ^dl^ Úrk`afo ]rgc gf\gdcdÚf abe
fcg d\ c^f adkkdafcfe �bÚf
eb\lfo �^dkf c^få �dkk pf `\kd
fkå cr efjkb]f ÜÜÜûîg d\ bjjkd]bcdr\g
�^fef fdc^fe ^dl^ jr�feo lbd\o re `kceb kr� \rdgf dg efì`defiZ

VWVWV XYZ[ \]^ _`a[ bcdefghd]
Ùdkkdafcfe �bÚfg bjjkd]bcdr\go bg ifjd]cfi d\ c^f jefÚdr`g jbebû

lebj^o efì`def ^dl^ lbd\ bc g`]^ ^dl^ mefì`f\]dfg crlfc^fe �dc^ Úfeå
kr� b]^dfÚbpkf \rdgf [l`ef b\i jr�fe ]r\g`ajcdr\Z Ý^dg afb\g
c^bc �^bcfÚfe 
d\i rm cf]^\rkrlå dg `gfio dc ^bg cr l`beb\cff b\ ^dl^
f\r`l^ abýda`a �re
d\l mefì`f\]å �fmax

 o b\i c^f jrggdpdkdcå cr
efbkdsf jbggdÚfg �dc^ lrri jfemreab\]fg �dZfZ kr� krggfg Z Ý^dg `g`û
bkkå dajkdfg cr ^bÚf cf]^\rkrldfg �dc^ ^dl^ efgdgcdÚf g`pgcebcfo b\i b
afcbk gcb]
 �dc^ kr� efgdgcdÚdcå bg �fkkZ

udl`ef ×Zä) Þu àÙáß ÜÝÞß



ÍHñ ÒKi ÎÄ��ÄÎùøù� ÒI�ùú ÍÍ

çdgcred]bkkåo j`ef àÙáß cf]^\rkrlå�bg Úfeå jrre d\ c^dgZ ëå c^f
�båo udlZ ×Zä g^r�g c^f fýjf]cfi àÙáß erbiabj mre m`c`ef åfbeg�ê�Z Üc g^r�g c^bc c^f ]r\cd\`r`g g]bkd\l ir�\ rm c^f lbcf kf\lc^
dajkdfg b\ ^dl^ f\r`l^ d\]efbgf d\ c^f jfb
 fmax

i`f abd\kå cr b
]bjb]dcdÚf b\i efgdgcdÚf jbebgdcd]g efi`]cdr\Z ßcbecd\l mera íã \a
àÙáßo fmax

^dl^fe c^b\ ×êã ÿçs bef b]^dfÚbpkfo ab
d\l c^dg cf]^û
\rkrlå `gbpkf mre bjjkd]bcdr\ d\ c^f eb\lf rm üã ÿçsZ u`c`ef àÙáß
fÚrk`cdr\o mera ïê \a r\o g^r�g jfb
 abýda`a mefì`f\]dfg fÚf\
^dl^fe �fZl æïã ÿçs mre æä \a lbcf kf\lc^ o gdadkbe cr rc^fe aref
fýjf\gdÚf cf]^\rkrldfgo b\i ^dl^ f\r`l^ cr pf `cdkdsfi mre ^`\iefig
rm ÿçs bjjkd]bcdr\g kd
f afid]bk dabld\lZ

9:j ;<k ABCCBDE>EF ;=GE@
Ü\ c^f jbgco adkkdafcfe �bÚf mefì`f\]å eb\lf ^bg pff\ `gfi r\kå

mre adkdcbeå re gjf]dbk afid]bk bjjkd]bcdr\gZ Ý^fefmref c^f gjf]ce`a
pfc�ff\ äã ÿçs b\i mf� ^`\iefig rm ÿçs �bg abd\kå `\kd]f\gfi
b\i meffo b\i \rc ]er�ifi bg rc^fe kr�fe mefì`f\]å eb\lfg bg c^f
ÿßÙ$þÙÝß$Ø	vð r\fgZ Ý^dgo b\i c^f mbgc d\]efbgd\l ifab\i
mre Úfeå kbelf pb\i�dic^ b\i ^dl^fe b\i ^dl^fe pdc ebcf �defkfgg bjû
jkd]bcdr\g ab
fg c^rgf mefì`f\]å Úfeå Úbk`bpkfZ
ÙrefrÚfeo arÚd\l cr ^dl^fe mefì`f\]dfg efi`]fg c^f mrea mb]cre rm



Íñ ÍH Ä÷ø�öó"òøÄö÷ øö ÎÄ��ÄÎùøù� ÒI�ùú

c^f efì`defi b\cf\\bg bg b\cf\\b idaf\gdr\g bef d\Úfegfkå jerjreû
cdr\bk cr ]beedfe mefì`f\]åZ Ý^fefmrefo ldÚf\ b [ýfi befbo b gd\lkf
b\cf\\b ]b\ pf efjkb]fi på b\cf\\b beebåg cr f\^b\]f c^f lbd\ b\i
c^f idef]cdÚdcåZ

VWlWV mnneho\ghd]p
è`ed\l c^f kbgc if]bif b krc rm bjjkd]bcdr\g ^bÚf pff\ jerjrgfi

b\i d\Úfgcdlbcfi mre c^dg gjf]ce`aZ

udl`ef ×Zæ) îf^d]`kf ebibe fýbajkf
Ü\ äããäo d\ reife cr jefÚf\c erbi b]]dif\cg i`f cr ^`ab\ feereg

`gd\l XP��|}|PT �SWT|T� }�}OxQ} b\i b`crabcd] Úf^d]kf d\cfeÚf\cdr\go
c^f uàà ]raadccff d\ceri`]fi Û ÿçs `\kd]f\gfi pb\i�dic^ ber`\i
äï ÿçs gjf]ce`a fý]k`gdÚfkå mre Úf^d]`kbe ebibe gågcfag �udlZ ×Zæ Z



ÍHñ ÒKi ÎÄ��ÄÎùøù� ÒI�ùú Í�

àr\gdifed\l c^bc c^f abd\ gjf]d[]bcdr\g mre g`]^ gågcfag bef c^f
g]b\\d\l b\lkf b\i c^f ]bjbpdkdcå rm jef]dgfkå ifcfead\d\l b\ rp�f]cqg
kr]bcdr\ b\i ceb]
d\l dco b Úfeå kbelf gdl\bk pb\i�dic^ crlfc^fe �dc^
b Úfeå g^rec �bÚfkf\lc^ pf]raf m`\ibaf\cbkZ

udl`ef ×Zï) Øévð fýbajkf
Ü\ äããæ c^f Üâââ �ãäZ×êZæ �re
d\l ler`j mre Ødefkfgg éfegr\bk

vefb ðfc�re
 �Øévð pflb\ d\Úfgcdlbcd\l c^f `gf rm Û ÿçs rm `\kdû
]f\gfi gjf]ce`a ber`\i üã ÿçs bg b\ bkcfe\bcf j^ågd]bk kbåfe �éç# 
cr f\bpkf Úfeå ^dl^ gjffi Ü\cfe\fc b]]fggo gcefbad\l ]r\cf\c ir�\û
krbig b\i �defkfgg ibcb p`g mre ]bpkf efjkb]faf\c �udl ×Zï �ü�o cbeû
lfcd\l b ibcb ebcf lefbcfe c^b\ ä ÿp$gZ ÙrefrÚfe c^f jfb
 rm rýålf\
bpgrejcdr\ bc üã ÿçs �udl ×Zê o �^dkf fÚf\c`bkkå jef]k`id\l ]raa`û
\d]bcdr\g rÚfe idgcb\]fg lefbcfe c^b\ mf� 
dkrafcfego dg Úfeå ^fkjm`k
mre g^recûeb\lf Øévð �fZl mre irafgcd] `gfg Z



Í� ÍH Ä÷ø�öó"òøÄö÷ øö ÎÄ��ÄÎùøù� ÒI�ùú

udl`ef ×Zê) vde bccf\`bcdr\
Ü\ äãã� c^f âàÙv b\i Ødefkfggçè ler`jgo ifÚfkrjfi b gcb\û

ibei jerjrgbk mre b üã ÿçs éç# mre çdl^ èf[\dcdr\ `\]rajefggfi
Údifr �defkfgg ceb\gadggdr\ �ØçèÙÜ `j cr ï ÿp$g re ]rajefggfi
êZ× g`eer`\i gr`\i b`idr �dc^ ×Zê Ùp$g �ê�Z
Ü\ c^f gbaf åfbeg b krc rm rc^fe �dif pb\i�dic^ bjjkd]bcdr\g ^bÚf

pff\ jerjrgfiZ Ý^f íï ÿçs gjf]ce`ao mre fýbajkfo ^bg pff\ ]^rgf\
mre �fbjr\g ifcf]cdr\ b\i dabld\l bjjkd]bcdr\ �udl ×Zü Z ÙrefrÚfe
kr\l cfea jer�f]cdr\g �ê� g^r� b jeradgf mre ab\å bjjkd]bcdr\g d\ c^f
befbg rm afid]bk dabld\lo gjf]cerg]rjå b\i gf]`edcåo d\ c^f gjf]ce`a
mera ×ãã cr ×ããã ÿçsZ



ÍH� ÒÄ�ù�ùúú KóÎÄ q�öqöúI� Íõ

udl`ef ×Zü) Øfbjr\g ifcf]cdr\

9:r ;BFECE@@ stAu vFwxw@=C
vg ifjd]cfi d\ c^f jefÚdr`g gf]cdr\o d\ äããæ b �dif `\kd]f\gfi

pb\i�dic^ rm Û ÿçs �bg bkkr]bcfi ber`\i üã ÿçsZ
udl ×ZÛ g^r�g ^r� c^fgf mefì`f\]dfg �fef bkkr]bcfi bkk rÚfe c^f

�rekiZ Üc ]b\ pf gff\ c^bc c^f bkkr]bcfi mefì`f\]dfg �fef bkargc c^f
gbaf fÚfeå�^fefo ab
d\l m`c`ef gågcfag jrggdpkå ]rajbcdpkf fÚfeåû
�^fefZ Ý^dg �bg jrggdpkf pf]b`gf ^dgcred]bkkå c^rgf mefì`f\]dfg �fef
bkargc `\`gfio bjbec mre adkdcbeå b\i afid]bk bjjkd]bcdr\gZ
ÙrefrÚfe c^f ^dl^ rýålf\ bpgrejcdr\ d\ c^dg eb\lf abif dc Úfeå
Úbk`bpkf mre d\irre g^rec eb\lf bjjkd]bcdr\go g`]^ bg b`idr b\i Údifr



Í* ÍH Ä÷ø�öó"òøÄö÷ øö ÎÄ��ÄÎùøù� ÒI�ùú

udl`ef ×ZÛ) Øreki üã ÿçs pb\i bkkr]bcdr\g
ir�\gcefbad\lZ
Ý^dg rjf\fi c^f jrggdpdkdcå cr efbkdsf �defkfgg ]raa`\d]bcdr\ gågû
cfag �dc^ ibcb ebcfg `j cr gfÚfebk ÿp$g b\i efjkb]f gågcfag c^bc `j
cr \r� �fef r\kå �def pbgfiZ
Ý^f gcb\ibei jerjrgbk på âàÙv b\i Ødefkfgg çè if[\fg b üã

ÿçs éç# b\i çèÙÜ év	 mre g^recûeb\lf `\kd]f\gfi ]raa`\d]bû
cdr\g jerÚdid\l ^dl^ ebcf �defkfgg jfegr\bk befb \fc�re
 �d\]k`id\l
jrd\cûcrûjrd\c o ceb\gjrec mre prc^ p`k
 ibcb ceb\gmfe b\i a`kcdafidb
gcefbad\lo biiefggd\l `gblfg b\i bjjkd]bcdr\g g`]^ bg ^dl^ if[\dcdr\



ÍH� ÒÄ�ù�ùúú KóÎÄ q�öqöúI� ÍÖ

�̀ \]rajefggfi$kdl^kå ]rajefggfi vî gcefbad\lo b]]fgg jrd\c �defû
kfgg ir]
d\l gcbcdr\ b\i g^rec eb\lf gå\]ûcrûlr �ê�Z
Ý^f gcb\ibei if[\fg c^eff ifÚd]f cåjfo bkk ]rfýdgcd\l b\i d\cferjfeû
bcd\l �dc^ fb]^ rc^feZ
èfÚd]f Ýåjf v rnfeg Údifr gcefbad\l b\i Øévð bjjkd]bcdr\ d\

×ã afcfe eb\lf b\]^f dc gd ]r\gdifefi c^f q̂ dl^ f\i û ^dl^ jfemreû
ab\]fq ifÚd]fZ

èfÚd]f Ýåjf ë rnfeg Údifr b\i ibcb bjjkd]bcdr\g rÚfe g^recfe
eb\lf �×ûæ afcfeg jrd\c cr jrd\cZ Üc dg ]r\gdifefi c^f qf]r\raåq
ifÚd]fg b\i cebif rn eb\lf b\i jfemreab\]fg d\ mbÚr`e rm kr� ]rgc
dajkfaf\cbcdr\ b\i kr� jr�fe ]r\g`ajcdr\Z
èfÚd]f Ýåjf à dg jrgdcdr\fi cr g`jjrec ibcb r\kå bjjkd]bcdr\g bc

kfgg c^f\ × afcfe eb\lfZ Üc dg ]r\gdifefi b qprccra f\iq ifÚd]f jerû
Údid\l gdajkfgc dajkfaf\cbcdr\o kr�fgc ]rgc b\i kr�fgc ]r\g`ajcdr\Z

VWyWV anz{\gh]| }\]^ ~{�fz]ohzp
Ý^dg éç# rjfebcfg d\ c^f êÛ cr üü ÿçs mefì`f\]å pb\i bg g^r�\

d\ udlZ ×Z�Z



Í
 ÍH Ä÷ø�öó"òøÄö÷ øö ÎÄ��ÄÎùøù� ÒI�ùú

udl`ef ×Z�) à^b\\fkg \`apfed\l
ur`e mefì`f\]å ]^b\\fkg bef if[\fi b\i `gfi på c^f bkk c^eff

cåjfgo �dc^ b mefì`f\]å gfjbebcdr\ mre c^fgf ]^b\\fkg rm äZ×ü ÿçsZ
çr�fÚfeo bg g^r�\ d\ udlZ ×Z� c^f gcb\ibei g`jjrecg pr\id\l rm c�r
re c^eff bi�b]f\c ]^b\\fk cr b]^dfÚf ^dl^fe ibcb ebcfgo re c^f gbaf
ibcb ebcfg �^dkf `gd\l gabkkfe p`c aref f&]df\c ]r\gcfkkbcdr\gZ
à^b\\fk if[\dcdr\g b\i ]beedfeg bef efjrecfi d\ udlZ ×ZíZ



ÍH� ÒÄ�ù�ùúú KóÎÄ q�öqöúI� ÍM

udl`ef ×Zí) ëb\i bkkr]bcdr\

VWyWl `d^fe\ghd] \]^ }hg Z\gz
Ý^f gcb\ibei jerjrgbk jerÚdifg c�r jrggdpkf ceb\gadggdr\ b\i

ef]fjcdr\ arifg)
•
ßd\lkf àbeedfe ëkr]
 Ýeb\gadggdr\ �ßàëÝ 

• áecrlr\bk uefì`f\]å èdÚdgdr\ Ù`kcdjkfýd\l �áuèÙ 



ñ� ÍH Ä÷ø�öó"òøÄö÷ øö ÎÄ��ÄÎùøù� ÒI�ùú

Ü\ c^dg �re
 r\kå c^f áuèÙ ^bg pff\ ]r\gdifefiZ Ý^fef bef æ
abd\ rjfebcdr\ arif �\bafi v×ïo v×êo v×ü d\ �ê� o�dc^r`c ]^b\\fk
pr\id\lo ifjf\id\l r\ c^f abýda`a pdc ebcfZ
Ý^f [egc c�r rm c^fa �re
 efgjf]cdÚfkå `j cr × b\i ä ÿp$g �dc^
b !éß� ari`kbcdr\o �^dkf c^f c^dei r\f �re
g `j cr ï ÿp$g �^dkf
`gd\l b ×ü!vÙ ari`kbcdr\ g]^fafZ

udl`ef ×Z×ã) Þb\lf Úfeg`g èbcb Ý^er`l^j`c
udlZ ×Z×ã g^r�g c^f Úbedbcdr\ rm c^f abýda`a ceb\gadggdr\ eb\lf

d\]efbgd\l c^f ibcb c^er`l^j`cZ



ÍH� ÒÄ�ù�ùúú KóÎÄ q�öqöúI� ñÍ

VWyWy b{{d{ �zogd{ `\|]hgf^z
Ü\]efbgd\l c^f ibcb ebcf rm b gågcfa d\]efbgfg c^f jerpbpdkdcå rm

ef]fdÚd\l b �er\l gåaprk �mre b ldÚf\ ari`kbcdr\ Z Ý^f feere pfû
c�ff\ c^f afbg`efi gåaprk b\i c^f difbk r\f dg ]bkkfi âeere îf]creo
bg ifjd]cfi d\ udlZ ×Z×× b\i dc dg `g`bkkå ]^beb]cfedsfi på dcg abl\dû
c`if �âîÙ Z

udl`ef ×Z××) âeere îf]cre Ùbl\dc`if
Üc ]b\ pf gff\ bg b grec rm \rdgf g`jfedajrgfi cr c^f difbk gåaprko

gr dc dg \bc`ebkkå bnf]cfi på bkk c^f gr`e]fg rm c^f ef]fdÚfe c^bc lf\û
febcf dajfemf]cdr\go g`]^ bg c^feabk \rdgfo j^bgf \rdgfo Ü$! feereg
b\i \r\ûkd\fbedcdfg rm bajkd[fegZ
Ý^dg afb\g c^bc ]r\gdifed\l b ldÚf\ ëdc âeere Þbcfo ^dl^fe ibcb
ebcfg �dkk ifab\i aref gced\lf\c âîÙ bg dkk`gcebcfi d\ udlZ ×Z×äZ



ññ ÍH Ä÷ø�öó"òøÄö÷ øö ÎÄ��ÄÎùøù� ÒI�ùú

Ý^f jd]c`ef g^r�g c^f âàÙv gcb\ibei efì`defaf\cg mre c^f âîÙ
mera × cr ï ÿp$g ibcb ebcf ldÚf\ b pdc feere ebcf rm ïfû××Z Üc dg jrgû
gdpkf cr gff c^bc b ad\da`a âîÙ rm bpr`c û×× iëa dg efì`defi mre
abýda`a ibcb ebcfZ

udl`ef ×Z×ä) âîÙ Úfeg`g ëdc Þbcf

VWyW� ��\pz �dhpz
vg g^r�\ pfmrefo é^bgf ðrdgf �	�m  dg b jedabeå gr`e]f rm âîÙ

iflebibcdr\Z
vg dkk`gcebcfi d\ âìZ ×Z×o

EV MPN '

√

2

∫

(L(f)df �×Z× 
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c^dg iflebibcdr\ dg jerjrecdr\bk cr c^f gì`bef errc rm c^f j^bgf \rdgf
d\cflebk rÚfe c^f �b\cfi pb\i�dic^ �udlZ ×Z×æ Z

udl`ef ×Z×æ) âîÙ i`f cr é^bgf ðrdgf

udlZ ×Z×ï g^r�g c^f efkbcdr\ pfc�ff\ c^f âîÙ iflebibcdr\ b\i
c^f efì`defi é^bgf ðrdgf bc ×ã Ùçs rngfco ]r\gdifed\l b ×ûÙçs é		
pb\i�dic^Z
Üc ]b\ pf gff\ c^bc ]r\gdifed\l rc^fe ceb\g]fdÚfe dajfemf]cdr\go b
j^bgf \rdgf rm û××ê ië]$çs bc ×ãÙ^s rngfc dg ef]raaf\ifi mre b üã
ÿçs ]beedfeZ
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udl`ef ×Z×ï) âîÙ iflebibcdr\ Úfeg`g é^bgf ðrdgf bc × Ùçs é		
pb\i�dic^
VWyW� Zzozhcz{ [z]phghchg�
ëf]b`gf rm c^f krggfg på c^f rýålf\ bpgrejcdr\ b\i c^f ^dl^ ibcb

ebcfg efì`defio ef]fdÚfe gf\gdcdÚdcdfg bef Úfeå gced\lf\c mre c^dg mefû
ì`f\]dfgZ Ý^få Úbeå �dc^ c^f ari`kbcdr\ b\i c^f ibcb c^er`l^j`c)

• ûüã iëa bc × ÿp$g pdc ebcf
• ûêã iëa bc ä ÿp$g pdc ebcf
• ûêã iëa bc ï ÿp$g pdc ebcf



+,-./01 �

¾�����Á �ÂÃ��À

Üajkfaf\cd\l ]de]`dcg rjfebcd\l \fbe c^f mefì`f\]å kdadcg rm b
ldÚf\ cf]^\rkrlå efì`defg ]befm`k rjcdadsbcdr\ bc bkk kfÚfkg) ifÚd]fo
]de]`dc b\i gågcfa be]^dcf]c`ef �ü�Z
vc b ceb\gdgcre kfÚfko b ]kfbe `\ifegcb\id\l rm c^f m`\ibaf\cbk kdaû
dcbcdr\g rm àÙáß ceb\gdgcreg dg \f]fggbeå cr ifgdl\ b\i kbår`c b\
rjcdabk ifÚd]f mre rjfebcdr\ bc aaû�bÚf mefì`f\]dfgZ
ure jbggdÚfg b ]befm`k b\bkågdg rm ifgdl\ afc^rirkrldfg dg \f]fggbeå
]r\gdifed\l c^f g`pgcebcf kdadcbcdr\g rm b àÙáß j`ef p`k
 cf]^\rkû
rlåZ
ÙrefrÚfe bc üã ÿçs c^f gdl\bk �bÚfkf\lc^ r\ gdkd]r\ dg bpr`c äZïaaZ
Ý^dg afb\ c^f c^f ]de]`dcg ]b\ pf fÚf\c`bkkå ]r\gdifefi cr pf k`ajfio
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r\kå dm c^f kbår`c dg Úfeå ]rajb]cZ Ý^dgo bkgro afb\g c^bc bc g`]^
^dl^ mefì`f\]dfg \r\ r\kå ]bjb]dcdÚf jbebgdcd]g a`gc pf cb
f\ d\cr
b]]r`\c p`c bkgr b\i c^f d\i`]cdÚf r\fgZ

j:9 A�� �F=�@B@>wF => DD�;=GE
Ü\ reife cr `\ifegcb\i c^f m`\ibaf\cbk kdadcbcdr\g rm àÙáß

ceb\gdgcreg bc g`]^ ^dl^ mefì`f\]dfgo c^fef bef graf jbecd]`kbe jbû
ebafcfeg c^bc bef \rc `g`bkkå `gfi bc kr�fe mefì`f\]dfgo p`c bef rmcf\
`gfi d\ c^f ad]er�bÚf �rekiZ Ü\ jbecd]`kbe c^rgf jbebafcfe bef c^f
abýda`a mefì`f\]å rm rg]dkkbcdr\ �fmax

 o c^f ad\da`a mefì`f\]å
rÚfe �^d]^ c^f ifÚd]f dg `\]r\idcdr\bkkå gcbpkf �fcrit

 o c^f abýda`a
gcbpkf lbd\ �Ùßÿ o c^f abýda`a bÚbdkbpkf lbd\ �Ùvÿ b\i c^f Ùbû
gr\qg `\dkbcfebk m`\]cdr\ �þ �Û�Z

lWVWV `\�h�f� apohee\ghd] ~{z�fz]o�
ure pbgfpb\i b\i idldcbk ]de]`dcgo c^f irad\b\c jbebgdcd]g kdadcû

d\l c^f jfemreab\]f rm àÙáß ceb\gdgcreg bef c^f ]bjb]dcregZ ure c^dg
efbgr\ c^f abd\ �bå cr ifcfead\f c^f abýda`a ceb\gdgcre gjffi mre
g`]^ bjjkd]bcdr\g dg c^f ft

o if[\fi bg âìZ äZ×)
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ft =
gm

Cgs

�äZ× 
�^fef gm

dg c^f ceb\g]r\i`]cb\]f lbd\ rm c^f ceb\gdgcre b\i Cgsdg c^f abd\ ]bjb]dcdÚf ]r\cedp`cdr\ rm c^f ceb\gdgcreZ Ý^dg iedÚfg c^f
jer]fgg f\ld\ffe cr rjcdadsf cf]^\rkrlå mre ^dl^fgc ft

Z

Ø^dkf efi`]d\l jbebgdcd] ]bjb]dcreg ^fkjg ^dl^ûmefì`f\]å jfemreû
ab\]fgo bc aaû�bÚf mefì`f\]dfg efgdgcdÚf krggfg i`f cr ceb\gdgcre b\i
kbår`c jbebgdcd]g jbå b\ d\]efbgd\lkå dajrecb\c erkf gd\]f c^få idggdû
jbcf jr�fe c^bc ]b\\rc pf efgcrefiZ ure c^dg efbgr\ bc aaû�bÚf dc
dg pfccfe cr `gf b idnfef\c jbebafcfe ]bkkfi fmax

�^d]^ efjefgf\cg
c^f abýda`a mefì`f\]å bc �^d]^ c^f ifÚd]f efabd\g b]cdÚfZ Üc dg ifû
cfead\fi \rc r\kå på gdsd\l b\i pdbg ]r\idcdr\go p`c dc dg bkgr ^dl^kå
ifjf\if\c r\ efgdgcdÚf krggfg i`f cr ceb\gdgcre b\i kbår`c jbebgdcd]gZ

lWVWl `h]h�f� ~{z�fz]o� �d{ �]od]^hghd]\e [g\��hehg�
Ý^fef bef c^eff rjfebcdr\ efldr\g mre b]cdÚf ifÚd]fg)
•
Ü\gcbpkf efldr\

•
àr\idcdr\bkkå gcbpkf efldr\

• þ\]r\idcdr\bkkå gcbpkf efldr\
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Ü\ c^f [egc r\f c^f ifÚd]f gcbecg rg]dkkbcd\l mre �^bcfÚfe d\j`c b\i
r`cj`c krbid\l ]r\idcdr\gZ Ü\ c^f gf]r\i r\f c^f ifÚd]f gcbpdkdcå dg
bgg`efi r\kå mre ifcfead\fi d\j`c b\i r`cj`c krbid\l dajfib\]fgo
�^dkf d\ c^f kbgc r\f c^f ifÚd]f dg `\]r\idcdr\bkkå gcbpkf eflbeikfgg
c^f d\j`c b\i r`cj`c krbid\l dajfib\]fgZ Ý^f rjfebcdr\ efldr\ ifû
jf\ig abd\kå r\ c^f lbd\ rm c^f ]r\gdifefi ifÚd]fg b\i dcg `\dkbcfebk
pf^bÚdreZ
Ý^f mefì`f\]å rÚfe �^d]^ c^f ifÚd]f pf]rafg `\]r\idcdr\bkkå gcbpkf
dg ]bkkfi fcrit

Z

lWVWy `\�h�f� mc\he\�ez �\h]
Üm c^f ifÚd]f dg rjfebcd\l d\ c^f `\]r\idcdr\bkkå gcbpkf efldr\ b

Ùbýda`a vÚbdkbpkf ÿbd\ �Ùvÿ dg if[\fi �âìZ äZä Z Ùvÿ dg c^f
abýda`a jr�fe lbd\ b ifÚd]f ]b\ b]^dfÚf ]r\gdifed\l c^f d\j`c b\i
c^f r`cj`c abc]^fiZ

MAG =
∣

∣

S21

S12

∣

∣(K −
√

K2 − 1) �äZä 
S21

b\i
S12

bef jbec rm c^f ßûjbebafcfeg rm c^f ifÚd]f b\i K
dg

c^f gcbpdkdcå jbebafcfe �âìZ äZæ Z
K =

1 − |S11|
2 − |S22|

2 + |∆|2

2|S12S12|
�äZæ 
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�^fef Delta
dg if[\fi bg �âìZ äZï )

∆ = S11S22 − S12S21
�äZï 

Ý^f jbebafcfe |S21/S12|
dg ]bkkfi �udl`ef rm Ùfedc�mre c^f ceb\gdgû

creZ
ÙrefrÚfeo c^f mefì`f\]å bc �^d]^ c^f Ùvÿ dg fì`bk cr ã ië dg fýû
b]ckå c^f fmax

rm c^f ifÚd]f b\i ifcfead\fg c^f mefì`f\]å bc �^d]^
c^f ifÚd]f dcgfkm f\ig cr pf b]cdÚf b\i pfld\g cr �re
 bg b jbggdÚf r\fZ

lWVW� `\�h�f� [g\�ez �\h]
Üm c^f ifÚd]f dg rjfebcd\l pfkr� fcrit

o b\i gr d\ c^f ]r\idcdr\bkkå
gcbpkf efldr\o b Ùbýda`a ßcbpkf ÿbd\ �Ùßÿ dg if[\fiZ
Üc dg if[\fi bg c^f abýda`a bÚbdkbpkf lbd\ �^f\ K = 1 �âìZ äZê )

MSG =
∣

∣

S21

S12

∣

∣

�äZê 
lWVW� `\pd]�p �]he\gz{ ~f]oghd]
Ùbgr\qg þ\dkbcfe u`\]cdr\o U dg rmcf\ `gfi bg b afced] mre b c�rûjrec ifÚd]fZ Üc efjefgf\cg c^f abýda`a jr�fe lbd\ c^bc c^f ifÚd]f

]b\ ifkdÚfe dm b krggkfgg ef]djer]bk fapfiid\l cr `\dkbcfedsf c^f ifÚd]f
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dcgfkm dg `gfi �Û�Z
U
dg bkgr b lrri afced] mre ]^beb]cfedsd\l b c^eff

cfead\bk ifÚd]f �dc^ b ]raar\ cfead\bk g`]^ bg b ceb\gdgcreZ
Üc dg if[\fi bg âìZ äZü)

U =
|k21 − k12|

2

4(<(k11)<(k22) + <(k12)<(k21))
�äZü 

�^fef kij

bef c^f c�rûjrec Y re Z
jbebafcfegZ

U
dg d\Úbedb\c cr c^f ]raar\ cfead\bko gr b ]raar\ûlbcf bajkd[fe

^bg c^f gbaf U
bg b ]raar\ûgr`e]f r\fZ Üm U > 0 dB

c^f ifÚd]f dg
b]cdÚfZ Üm U < 0 dB

c^f ifÚd]f dg jbggdÚfZ Ý^f mefì`f\]å bc �^d]^
U = 0 dB

dg c^f gbaf bc �^d]^ MAG = 0 dB
b\i dc dg c^f fmax

rm
c^f ifÚd]fZ

vg b ]rajbedgr\ bkk c^dg ifÚd]f lbd\g bef jkrccfi d\ udlZ äZ×Z Ùßÿ
dg jkrccfi mre kr� mefì`f\]dfg �^fef K < 0 dB

Z vc pefb
jrd\co Kpf]rafg > 0 dB
b\i c^f ifÚd]f dg `\]r\idcdr\bkkå gcbpkf b\i c^`g

Ùvÿ dg jkrccfiZ ðrcf c^bc c^f U
]`eÚf dg bk�båg kbelfe c^b\ Ùvÿ

p`c prc^ ]`eÚfg ]ergg ã ië crlfc^feZ vc c^dg jrd\c c^f ifÚd]f pfû
]rafg jbggdÚfZ
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udl`ef äZ×) Ùßÿo Ùvÿ b\i þ m`\]cdr\ mre b\ b]cdÚf ifÚd]f

j:j �F=�@B@>wF tE@B�� => DD�;=GE
Ý^f jbebafcfeg ifg]edpfi d\ c^f jefÚdr`g gf]cdr\ bef Úfeå daû

jrecb\c pf]b`gf c^få ldÚf b\ difb rm c^f jrcf\cdbk rm b cf]^\rkrlåZ
ÙrefrÚfe c^få ifjf\i \rc r\kå r\ cf]^\rkrlå jbebafcfego p`c c^få
bef bkgr Úfeå kbår`c ifjf\if\cZ ßr dc pf]rafg Úfeå dajrecb\c c^f
�bå ceb\gdgcreg bef ifgdl\fi f\i kbdi r`c d\ reife cr abýdadsf c^f
�re
d\l mefì`f\]å �fmax

 b\i c^f bÚbdkbpkf lbd\Z
Ý^frefcd]bkkå fmax

dg d\ifjf\if\c rm c^f \`apfeg rm [\lfeg rm b a`kû
cd[\lfe ceb\gdgcreo bg kr\l bg c^f ifÚd]f idaf\gdr\g bef a`]^ gabkkfe
c^b\ b �bÚfkf\lc^ �ü�Z Ý^fefmref dc dg g`&]df\c cr pf ]r\]fe\fi r\kå
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�dc^ c^f rjcdabk kbår`c mre b gd\lkf [\lfe rm b a`kcd[\lfe ceb\gdgcreZ
vg af\cdr\fi pfmref fmax

dg abd\kå kdadcfi på efgdgcdÚf krggfg rm
c^f ceb\gdgcre dcgfkm b\i c^f abd\ ]r\cedp`creg bef c^f lbcf efgdgcû
b\]f �RG

 o c^f gr`e]f$iebd\ efgdgcb\]fg �RS , RD

 o b\i c^f efgdgcdÚf
g`pgcebcf \fc�re
Z
lWlWV �\gz Zzphpg\]oz
ÿbcf efgdgcb\]f dg c^f abd\ efgdgcdÚf ]r\cedp`cre d\ Ùáß ceb\gdgû

cre `gd\l jrkågdkd]r\ lbcfgZ Üc ^bg c^eff abd\ efgdgcb\]f ]r\cedp`û
cdr\gZ

Ý^f [egc r\f dg ldÚf\ på c^f r^ad] lbcf efgdgcb\]f �Rohmic

 Z Ü\
arife\ àÙáß cf]^\rkrlå lbcfg bef efbkdsfi �dc^ ^fbÚdkå irjfi
jrkågdkd]r\o �^rgf ]r\i`]cdÚdcå dg d\ c^f reife rm mf� r^a$gì`befZ
Ý^dg ldÚfg b\ r^ad] lbcf efgdgcb\]f pfc�ff\ c^f lbcf ]r\cb]c b\i
c^f fnf]cdÚf lbcf bc c^f ]^b\\fk d\cfemb]fo b\i ]r\gdifed\l c^f idgû
cedp`cfi \bc`ef rm c^f ]^belf d\ c^f ]^b\\fk ]b\ pf arifkfi bg d\
âìZ äZÛ �^f\ c^f lbcf dg ]r\cb]cfi r\ prc^ gdifg ���o �í�)

Rohmic '
1

12

W

L
Rpoly2

�äZÛ 

�^fef W
dg c^f crcbk �dic^o L dg c^f lbcf kf\lc^ b\i Rpoly2

dg c^f
g^ffc efgdgcb\]f rm jrkågdkd]r\ lbcfZ
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Ý^f gf]r\i cfea rm c^f crcbk efgdgcb\]f ]rafg mera c^f lbcf ]r\û
cb]cg c^fagfkÚfg �Rgcont

 Z ßd\]f ]r\cb]c kbcfebk idaf\gdr\g bef g]bkû
d\l ir�\ �dc^ c^f kdc^rlebj^åo ^dl^fe ]r\cb]c efgdgcb\]f dg fýjf]cfi�âìZ äZ� )

Rgcont =
Rcont

Ncont

�äZ� 

�^fef Ncont
dg c^f \`apfe rm ]r\cb]cg d\ jbebkkfkZ Ý^dg efgdgcb\]f

]b\ pf ]r\gdifefi d\ gfedfg �dc^ c^f crcbk lbcf ]bjb]dcb\]fo ldÚf\ på
c^f ]^b\\fk b\i c^f rÚfekbj r\fgZ

Ý^f kbccfe jbec rm c^f crcbk efgdgcb\]f gff\ mera c^f lbcf ]rafg
mera �PT �RS}| ´OSO|X �ð!ß fnf]cg �í� b\i dc dg bggr]dbcfi r\kå �dc^
c^f ]^b\\fk ]bjb]dcb\]fZ Ü\ c^f ì`bgd gcbcd] arifk \reabkkå `gfi
cr ifedÚf ÙáßuâÝ fì`bcdr\ d\ prr
g b\i gda`kbcrego c^f ]^b\\fk
]^belfo prc^ ifjkfcdr\ b\i d\Úfegdr\o dg bgg`afi cr pf d\ fì`dkdped`a
�dc^ c^f lbcf ]bjb]dcb\]f bc fÚfeå cdafZ Ý^dg ^åjrc^fgdg idef]ckå
kfbig cr c^f efjefgf\cbcdr\ rm c^f lbcf ]bjb]dcb\]f �dc^ \r gfedfg
efgdgcb\]fZ çr�fÚfe d\ b efbk Ùáß ceb\gdgcre c^f ]^b\\fk efgjr\ig
cr c^f lbcf Úrkcblf Úbedbcdr\ d\ b [\dcf bar`\c rm cdafo efg`kcd\l d\ b
[\dcf cdaf ]r\gcb\c �̂ f\]f b [\dcf efgdgcb\]f b\i b [\dcf ! cr b lbcf
Úrkcblf Úbedbcdr\Z Ý^dg ifkbå ]b\ pf arifkfi �dc^ b pdbgûifjf\if\c
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lbcf efgdgcb\]fo bg jerjrgfi på ��� c^bc ]b\ pf arifkfi bg âìZ äZí

RNQS =
1

12

L

W
RNQS2

�äZí 

Ü\ c^f ]bgf rm b ceb\gdgcre d\ cedrif arif b\i d\ gcer\l d\Úfegdr\ dc
]b\ pf arifkfi bg âìZ äZ×ã)

RNQS =
1

12

Vds

Ids

�äZ×ã 

Ü\ c^f ]bgf rm Vds = 0 o pfd\l Ron
c^f gr ]bkkfi áð efgdgcb\]f bc

Vds = 0
dc pf]rafg âìZ äZ××)

RNQS =
1

12
Ron

�äZ×× 
Üc dg ì`dcf ]kfbe c^bc c^f lkrpbk lbcf efgdgcb\]f dg b m`\]cdr\ rm c^f

lbcf kf\lc^ �L o �dic^ �W  b\i c^f \`apfe rm [\lfeg �NF

 `gfi cr
kbår`c c^f ifÚd]fZ vg [egc bjjerýdabcdr\ dc ]b\ pf bgg`afi c^bc mre b
[ýfi �dic^o c^f [\lfe kf\lc^ dg jerjrecdr\bk cr 1/NF

�^dkf c^f \`aû
pfe rm ]r\cb]c dg jerjrecdr\bk cr NF

Z àr\gdifed\l c^f crcbk �dic^ rm
b Ùáß ceb\gdgcre bgW = NF WF

o �^fefWF
dg c^f [\lfe �dic^o c^f

ð!ß efgdgcb\]f dg abd\kå jerjrecdr\bk cr L/(W/NF ) = NF · L/W o^f\]f mre NF

[\lfe d\ jbebkkfk cr L/W
Z Ý^dg afb\g c^bc c^dg efû

gdgcb\]fo idnfef\ckå mera c^f jefÚdr`g r\fo irfg \rc ifjf\i r\ c^f
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kbår`c mre [ýfi Ø b\i 	Z
Ý^f crcbk efgdgcb\]f gff\ mera c^f lbcf dg c^fefmref �âìZ äZ×æ )

RG = Rohmic + Rgcont + RNQS
�äZ×ä 

RG '
1

NF

( 1

12
Rpoly2

WF

L
+

Rcont

NcontNF

)

+
1

12
RNQS2

L

W
�äZ×æ 

b\i dg b m`\]cdr\ rm NF
o WF

b\i
L �bgg`ad\l b [ýfi W

 Z Üc ]b\
pf gff\ c^bc bgg`ad\l b [ýfi crcbk W o RG

if]efbgfg d\]efbgd\l c^f
\`apfe rm [\lfeg bg grr\ bg c^f kbccfe cfea dg \rc irad\b\cZ ÿdÚf\
c^f cf]^\rkrlå jbebafcfeg b\ rjcda`a Úbk`f mre L

]b\ pf mr`\i
d\ reife cr ad\dadsf c^f crcbk efgdgcb\]fZ v\å�båo ad\dadsd\l c^f
efgdgcb\]f QR}O TPO pf ]r\m`gf �dc^ abýdadsd\l c^f ì`bkdcå mb]cre rm
b ceb\gdgcreZ Ü\mb]c d\ reife cr d\]efbgf c^f ! rm b ceb\gdgcre dcgfkmo
c^f jeri`]c CG ·RG

a`gc pf ad\dadsfi ��^fef CG
dg c^f crcbk lbcf

]bjb]dcb\]f Z ßro ]r\gdifed\l c^bc d\ d\Úfegdr\ efldr\ CG
dg abd\kå

jerjrecdr\bk cr L o b ad\da`a L
dg efì`defiZ

lWlWl f
max

angh�h�\ghd]
þg`bkkå d\ àÙáß cf]^\rkrlå lbcf efgdgcb\]f ]b\\rc pf \flkf]cfi

�dc^ efgjf]c cr gr`e]f$iebd\ efgdgcb\]fg b\i c^f g`pgcebcf r\fZ çr�û
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fÚfeo på `gd\l \beer� [\lfe �dic^go c^f fnf]c rm c^f lbcf efgdgcb\]f
]b\ pf abif gabkk ]rajbefi cr c^f rc^fe jbebgdcd] efgdgcregZ Ùrefû
rÚfeo `gd\l \beer� [\lfego c^f g`pgcebcf ]r\cb]cg ]b\ pf jkb]fi Úfeå
]krgf cr c^f ifÚd]f ad\dadsd\l g`pgcebcf krggfg �ü�Z

WF [µm] Ids/Wtot [mA/µm] ft [GHz] fmax [GHz]ê Ûã ×äÛ Û×
æZææ Ûã ×äÛ íÛ
äZê Ûã ×äÛ ××Û
ä Ûã ×äÛ ×æä
×Zäê Ûã ×äÛ ×êí
× Ûã ×äÛ ×ü�
ãZê Ûã ×äÛ ×Ûí

Ýbpkf äZ×) ft

b\i
fmax

mre b Wtot = 20µm
]raar\ gr`e]f ðÙáß

Ý^dg afb\g c^bc efi`]d\l c^f [\lfe �dic^ rm b ceb\gdgcreo c^f
abýda`a rjfebcd\l mefì`f\]å �fmax

 rm c^f ceb\gdgcre �dkk d\]efbgf
gdl\d[]b\ckåZ Ýbpkf äZ× g^r�g c^f fmax

b\i
ft

mre b äã µ
a crcbk

�dic^ ceb\gdgcre �dc^ ad\da`a ]^b\\fk kf\lc^ bc [ýfi ]`eef\c if\û
gdcå Úbeåd\l c^f [\lfe �dic^Z
Üc ]b\ pf \rcd]fi c^bco �^dkf c^f ft

dg d\Úbedb\c ]r\gdifed\l b
[\lfe �dic^ Úbedbcdr\ �mre b [ýfi ]`eef\c if\gdcå o fmax

ifjf\ig
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gcer\lkå cr c^dg Úbedbcdr\o b\i ]b\ pf a`]^ kbelfe re gabkkfe c^b\ ftdcgfkmZ Ý^`go mre b\ rjcdabk kbår`c mre aaû�bÚf bjjkd]bcdr\g àÙáß
ceb\gdgcreg ^bÚf cr pf ifgdl\fi `gd\l b krc rm Úfeå \beer� [\lfegZ

udl`ef äZä) fmax
Úfeg`gWF

b\i ]`eef\c if\gdcå mre Wtot = 20µm

udlZ äZä g^r�g gda`kbcfi fmax

mre b ]raar\ gr`e]f üê\a ðû
]^b\\fk Ùáß �ðÙáß ceb\gdgcre �dc^ ad\da`a ]^b\\fk kf\lc^ bg
b m`\]cdr\ rm c^f [\lfe �dic^ b\i pdbg ]`eef\c if\gdcåZ îbeåd\l c^f
]`eef\c if\gdcå dc dg jrggdpkf cr efb]^ fmax

rm bpr`c äãã ÿçsZ
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u`ec^fearefo dc ]b\ pf \rcd]fi c^bc c^f fmax
d\]efbgf dg kd\fbe

�dc^ c^f [\lfe �dic^o p`c cf\ig cr gbc`ebcf mreWF
Úbk`fg kr�fe c^b\

1µm
Z Ü\mb]co bg fýjkbd\fi pfmrefo c^fef dg b kdadc bmcfe �^d]^ c^f lbcf

efgdgcb\]f pf]rafg \flkdldpkf �dc^ efgjf]c cr bkk c^f rc^fe efgdgcdÚf
jbebgdcd]go ab
d\l c^f fmax

bkargc d\Úbedbpkf cr m`ec^fe efi`]cdr\ rm
c^f [\lfe �dic^ dcgfkmZ
lWlWy �\h] angh�h�\ghd]
vg mre c^f lbd\o b idef]c b\i rpÚdr`g ]r\gfì`f\]f rm c^f fmaxÚbedbcdr\ i`f cr idnfef\c [\lfe �dic^ Úbk`fg dg c^f Úbedbcdr\ rm c^f

lbd\ dcgfkmZ Ý^f lbd\ dajerÚfg efi`]d\l c^f [\lfe �dic^Z ëå c^f
�båo c^dg ]b`gfg bkgr b Úbedbcdr\ d\ mefì`f\]å rm c^f gcbpdkdcå mb]cre
K �� ×Z×Zæ b\i fcrit

Z

vg g^r�\ d\ udlZ äZæo d\mb]co efi`]d\l c^f [\lfe �dic^ ifcfead\fg
b\ d\]efbgf d\ c^f d\ced\gd] lbd\ rm c^f ifÚd]f p`c ab
fg dc jrcf\cdbkkå
aref `\gcbpkfZ èf]efbgd\l c^f [\lfe �dic^ d\mb]c d\]efbgfg c^f mefû
ì`f\]å bc �^d]^ c^f ifÚd]f pf]rafg `\]r\idcdr\bkkå gcbpkfZ
uera udlZ äZæ dc dg jrggdpkf cr \rcd]f c^bc d\ reife cr ^bÚf gdl\dmû

d]b\c lbd\ bc üã ÿçs mre b ]raar\ gr`e]f ifÚd]f b [\lfe �dic^ rm
1µm re kfgg dg ef]raaf\ifiZ
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udl`ef äZæ) ér�fe ÿbd\ Úg ud\lfe Ødic^ �Ýrcbk Ødic^ 30µm
 

ÙrefrÚfe mera c^f srra d\ udlZ äZï dc ]b\ pf \rcd]fio c^bc efû
i`]d\l c^f [\lfe �dic^ aref c^b\ 1µm

dg \rc \f]fggbedkå b lrri
grk`cdr\ pf]b`gf c^f ifÚd]f gffag cr pf]raf aref `\gcbpkf blbd\Z

lWlW� _\pod^z Ydnded|�
Ü\c`dcdÚfkåo aref b ifÚd]f dg `\dkbcfebk aref dc dg `\]r\idcdr\bkkå

gcbpkf rÚfe b �dife eb\lf rm mefì`f\]åZ ÙrefrÚfe pf]b`gf rm c^f
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udl`ef äZï) ér�fe ÿbd\ Úg ud\lfe Ødic^ �Ýrcbk Ødic^ 30µm
 û �rra

pfccfe gcbpdkdcå rm c^f ifÚd]f dcgfkm fÚf\ c^f abýda`a gcbpkf lbd\
rpcbd\bpkf d\ c^f ]r\idcdr\bkkå gcbpkf efldr\ d\]efbgfgZ v lrri grk`û
cdr\ cr ab
f b ]raar\ gr`e]f ifÚd]f aref `\dkbcfebk dg cr ]bg]rif
dc �dc^ b ]raar\ lbcf gcblf �]bg]rif crjrkrlå Z
vg g^r�\ d\ udlZ äZê c^f Ùßÿ d\]efbgf ]r\gdifebpkå d\ c^f ]bgû

]rif crjrkrlåo b\i fÚf\ dm c^f ifÚd]f pf]rafg `\]r\idcdr\bkkå gcbpkf
bc b kr�fe mefì`f\]å �dc^ efgjf]c cr c^f ]raar\ gr`e]f r\fo c^f
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udl`ef äZê) àbg]rif Úg àraar\ ßr`e]f �àß b\i àraar\ ÿbcf
�àÿ 
lbd\ bc üã ÿçs efabd\g bkargc c^f gbafZ ure c^dg efbgr\ dc ]r`ki
pf b lrri grk`cdr\ cr `gf ]bg]rif crjrkrldfg pf]b`gf c^få b]^dfÚf
bkargc c^f gbaf jfemreab\]f rm ]raar\ gr`e]f gcblfgo p`c pfd\l
`\]r\idcdr\bkkå gcbpkfZ

Ü\ reife cr ad\dadsf c^f jbebgdcd] ]bjb]dcb\]fg b ´�SWxU �RTX�
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udl`ef äZü) ß^befi  `\]cdr\ ]bg]rif g]^fabcd]

O|PT kbår`c ^bg pff\ d\ÚfgcdlbcfiZ Þfmfeed\l cr udlZ äZü c^f ´�SWxU
�RTXO|PT ]r\gdgcg d\ c^f efarÚbk rm c^f afcbkkdsbcdr\ rm c^f g^befi
idn`gdr\g pfc�ff\ c^f iebd\ rm ceb\gdgcre Ù× b\i c^f gr`e]f rm ceb\û
gdgcre ÙäZ Ü\ c^dg �bå dc dg jrggdpkf cr efi`]f c^f g^befi idn`gdr\
gdsfg cr c^f ad\da`a bkkr�fi på c^f èfgdl\ Þ`kf Ùb\`bk �èÞÙ 
efi`]d\l c^f idn`gdr\ d\ced\gd] ]bjb]dcb\]fZ
udlZ äZÛ g^r�g c^f ´�SWxU �RTXO|PT pbgd] kbår`cZ
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udl`ef äZÛ) ß^befi  `\]cdr\ pbgd] kbår`c
lWlW� X]^foghcze� ¡z|z]z{\gz^ Ydnded|�
v]]reid\l cr ceb\gmfe m`\]cdr\ rm c^f ]de]`dco c^f ceb\g]r\i`]cû

b\]f lbd\ rm c^f iflf\febcfi gcblf dg kr�fe c^f\ c^f ]raar\ gr`e]f
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r\fo pf]b`gf rm c^f kr�fe ! ldÚf\ på c^f ^dl^fe efbk jbecZ á\ c^f
rc^fe f\io b \rdgfkfgg d\j`c efbk jbec bkkr�g mre \rdgf [l`ef kr�fe
c^b\ æ iëZ çr�fÚfe dc a`gc pf rpgfeÚfi c^bco �^dkf bc Þu mefì`f\û
]dfg c^f abýda`a bÚbdkbpkf lbd\ dg ^dl^ b\i mf� ië rm lbd\ krggfg i`f
cr c^f iflf\febcdr\ ]b\ pf crkfebcfio c^dg irfg \rc bjjkå cr adkkdafû
cfe �bÚf mefì`f\]dfgo �^fef fÚfeå meb]cdr\ rm ië a`gc pf ]befm`kkå
]r\gdifefiZ ÙrefrÚfe c^f d\i`]cb\]f \ffifi mre c^f iflf\febcdr\ bc
c^fgf mefì`f\]dfg dg d\ c^f reife rm graf cf\g rm jç b\i c^fefmref \rc
fbgdkå ]r\cerkkbpkf b\i fýcefafkå gf\gdcdÚf cr jbebgdcd]Z
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Ü\ reife cr Úbkdibcf c^f c^freå fýjefggfi d\ c^f jefÚdr`g ]^bjcfe
b\i cr Úbkdibcf àÙáß cf]^\rkrlå mre g`]^ ^dl^ mefì`f\]dfg b cfgc
]^dj ^bg pff\ d\cflebcfi `gd\l b üê \a àÙáß cf]^\rkrlåZ Ùbd\ rpû�f]cdÚf rm c^dg cfgc ]^dj �bg \rc cr jeri`]f \f� ]de]`dcg p`c cr ifÚfkrj
c^f pbgd] ]rajr\f\cg �b]cdÚf b\i jbggdÚfg b\i ifgdl\ g
dkkg \ffifi
mre c^f ifgdl\ bc üã ÿçsZ Ü\ c^dg c^fgdg r\kå c^f b]cdÚf ifÚd]fg �dkk
pf ]r\gdifefiZ Ý^f ifÚd]fg d\cflebcfi d\ c^f cfgc ]^dj bef abd\kå jbi
b\i ifûfapfiid\l gce`]c`efo ]raar\ gr`e]fo ]raar\ lbcfo ]bg]rif
b\i d\i`]cdÚfkå iflf\febcfi crjrkrlå Ùáß cebgdgcregZ ÙrefrÚfe í
idnfef\c ]bg]rif ðÙáß ceb\gdgcreg ^bÚf pff\ d\cflebcfi �dc^ idmû
mfef\c �dic^ b\i [\lfe \`apfeo �^dkf c^f ]raar\ gr`e]f crjrkrlå
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^bg pff\ d\Úfgcdlbcfi eflbeid\l prc^ ðû]^b\\fk b\i éû]^b\\fk ÙáßZ
udlZ æZ× g^r�g b g\bjg^rc rm c^f cfgcû]^dj kbår`cZ

udl`ef æZ×) Ýfgc à^dj é^rcrad]erlebj^
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r:9 v=¦ =�¦ tE�ED§E¦¦B�� �>F¨©>¨FE@
Ýr bkkr� ÿer`\iûßdl\bkûÿer`\i �ÿßÿ jerpd\lo ]`gcra ÿßÿ

jbi ^bÚf pff\ ifgdl\fiZ v]]fgg kd\f mera c^f jbi cr c^f êã á^a
ceb\gadggdr\ kd\f ^bg pff\ ifgdl\fi cr jerÚdif b êã á^a dajfib\]f
jbc^ cr c^f gdl\bk mera c^f jerpf cr c^f ifÚd]f `\ife cfgc �èþÝ Z
ébi crj Údf� dg g^r�\ d\ udlZ æZä Ýr efi`]f c^f jbebgdcd] ]bjb]dcb\]f
rm c^f gdl\bk jbio r\kå c^f c�r crj afcbk kbåfeg ^bÚf pff\ `gfiZ

udl`ef æZä) ÿßÿ ébi û Ýrj îdf�
Ýr bkkr� jbi b\i b]]fgg kd\f ifûfapfiid\l b ]rajkfcfi gfc rm

jbi gce`]c`efg jerÚdid\l g^reco rjf\ b\i c^e` \ffifi cr fgcdabcf
c^f g]bccfed\l jbebafcfeg rm c^f jbig b\i b]]fgg kd\fg c^fagfkÚfgZ
Ý^eff abd\ ifûfapfiid\l afc^rig ^bÚf pff\ `gfi b\i ]rajbefi cr
pfccfe ]^beb]cfedsf c^f jbig)
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•
Ý^e`

• ájf\$ß^rec
•
àbg]bif ájf\$ß^rec$Ý^e`

r:j ªA�� «=@©w¦E �>=�E@
ðd\f idnfef\c ]bg]rif ifÚd]fg ^bÚf pff\ d\cflebcfi d\ c^f cfgc

]^dj `gd\l c^f ´�SWxU �RTXO|PT kbår`c ifg]edpfi d\ c^f jefÚdr`g ]^bjû
cfeZ Ý^f g]^fabcd] `gfi dg c^f gbaf bg d\ udlZ äZüo �^fef ceb\gdgcreg
Ù× b\i Ùä ^bÚf c^f gbaf idaf\gdr\gZ Ýbpkf æZ× g^r�g c^f gdsfg rm
c^f í idnfef\c ]bg]rif gcblfgZ

Wtot [µm] L [µm] ] F ingers F inger Width [µm]×ã ãZãü äã$×ã$ê ãZê$×$ä
äã ãZãü äã$×ã$ê ãZê$×$ä
ïã ãZãü äã$×ã$ê ãZê$×$ä

Ýbpkf æZ×) ´�SWxU �RTXO|PT Ùáß gdsfg
v pdl fnrec ^bg pff\ ir\f cr rjcdadsf c^f kbår`c rm c^f ]bg]rif

ifÚd]fg d\ reife cr ad\dadsf fÚf\c`bk mffipb]
 jbebgdcd] ]bjb]dcb\]fg
cr ab
f c^f ifÚd]f `\]r\idcdr\bkkå gcbpkf rÚfe b �dife mefì`f\]å
eb\lfZ udl`ef æZæ g^r�g c^f iflebibcdr\ rm c^f jr�fe lbd\ mefì`f\]å
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i`f cr jbebgdcd] mffipb]
 ]bjb]dcb\]fgZ

udl`ef æZæ) Ùßÿ$Ùvÿ iflebcbcdr\ i`f cr kbår`c jbebgdcd]g
v\rc^fe dajrecb\c bgjf]c dg cr abd\cbd\ [ýfi c^f lbcf Úrkcblf rm

c^f ]bg]bifi ceb\gdgcreo rc^fe�dgf dc �dkk ]b`gf b pb\i�dic^ iflebû
ibcdr\Z ure c^dg efbgr\ dc dg m`\ibaf\cbk cr ]bjb]dcdÚfkå [kcfe c^bc
\rifZ u`ec^fearefo d\ reife cr bÚrdi rg]dkkbcdr\g i`f cr c^dg [kcfed\l
]bjb]dcb\]fg b\i d\i`]cdÚf jbebgdcd] �argc kd
fkå bc ^dl^ mefì`f\]å 
b efgdgcre dg \ffifiZ ßr c^f g]^fabcd] b\i c^f kbår`c `gfi cr pdbg
c^f lbcf rm ]bg]rif ifÚd]f bef g^r�\ d\ udlZ æZïZ udlZ æZê g^r�g c^f
]rajkfcf kbår`c rm r\f rm c^f g^befi �`\]cdr\ ifÚd]fZ
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udl`ef æZï) ÿbcf ëdbg

udl`ef æZê) ß^befi  `\]cdr\ àbg]rif Ýrj 	fÚfk
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Ý^rgf í ]bg]rif ifÚd]fg ^bÚf pff\ afbg`efi b\i ]^beb]cfedsfiZ
Ý^få �fef jerpfi `gd\l àbg]bif üã ÿçs jerpfg b\i b üê ÿçs îðv
cr afbg`ef ifÚd]f ßûjbebafcfegZ udlZ æZü g^r�g jr�fe lbd\ efg`kcg
mre c^f 20µm

crcbk �dic^ ]bg]rif `gd\l b [\lfe �dic^ rm 1µm
Z

udl`ef æZü) Ùfbg`efi Ùßÿ$Ùvÿ mre Wtot = 20µm
b\i

WF = 1µm

è`f cr d\gce`af\cg kdadcbcdr\o afbg`efaf\cg bef ì`dcf \rdgå bc
Úfeå ^dl^ mefì`f\]åo p`c fýcebjrkbcd\l c^f ]`eÚf mera ïã ÿçs b afbû
g`efi `\]r\idcdr\bkkå gcbpkf jr�fe lbd\ �Ùvÿ rm bpr`c í ië ^bg
pff\ afbg`efiZ Ý^dg dg jefccå ]krgf cr c^f gda`kbcdr\g g^r�\ jefû
Údr`gkå d\ udlZ æZæZ Ý^f jd]c`ef g^r�g ì`dcf �fkk bkgr c^f ceb\gdcdr\
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mera c^f ]r\idcdr\bkkå gcbpkf efldr\ b\i c^f `\]r\idcdr\bkkå gcbpkf
r\fZ

udl`ef æZÛ) Ùfbg`efi Ùßÿ$Ùvÿ mre Wtot = 20µm
b\i idnfef\c

WF

udlZ æZÛo arefrÚfeo ]rajbefg c^f afbg`efaf\cg efg`kcg rpcbd\fi
`gd\l c^f gbaf crcbk �dic^ rm 20µm

p`c ]^b\ld\l c^f [\lfe �dic^Z
Ý^f jd]c`ef g^r�g afbg`efaf\cg mre [\lfe �dic^ rm 0.5, 1

b\i
2µm

Z
Üc ]b\ pf \rcd]fi c^f idnfef\]f d\ gcbpdkdcå pfc�ff\ b WF

rm × re ä
µm o �^dkf c^fef dg \r pdl idnfef\]f pfc�ff\ ãZê b\i ×Z Ý^bc dg �^å
^bg pff\ jefmfeefi cr ]^rrgf 1µm

bg c^f pfgc cebif rnZ
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ud\bkkå udlZ æZ� g^r�g idnfef\c efg`kcg mre idnfef\c pdbgd\l rm c^f
d\j`c ceb\gdgcreZ Ý^f pfgc jfemreab\]f ^bg pff\ rpcbd\fi `gd\l b
Vgs
rm bpr`c ãZ� îZ

udl`ef æZ�) Ùfbg`efi Ùßÿ$Ùvÿ mre Wtot = 20µm
b\i

WF = 1µmmre idnfef\c pdbg

r:r «wDDw� �w¨F©E �>=�E
vg ifg]edpfi jefÚdr`gkåo ]raar\ gr`e]f gce`]c`efg ^bÚf pff\

d\Úfgcdlbcfio prc^ ðû]^b\\fk b\i éû]^b\\fk ÙáßZ v [ýfi gdsf rm
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20µm/0.065µm �dc^ äã [\lfeg ^bg pff\ `gfiZ v pdbg rm Vgs = 0.8V o
Vds = 1.2V �\flbcdÚf mre éÙáß ^bg pff\ ]^rgf\ d\ reife cr abýû
dadsf c^f ceb\g]r\i`]cb\]fZ v ]`eef\c if\gdcå rm 0.33mA/µm

dg
b]^dfÚfiZ

udl`ef æZí) Ùfbg`efi Ùßÿ$Ùvÿ mre Wtot = 20µm
b\i

WF = 1µmmre idnfef\c pdbg
Ýr ad\dadsf c^f lbcf efgdgcb\]fo g^rec lbcf [\lfeg ^bÚf pff\

`gfio ]r\cb]cfi r\ prc^ gdifg �dc^ b ir`pkf er� rm ]r\cb]cgZ v]û
]reid\l cr gda`kbcdr\go m`ec^fe [\lfe �dic^ efi`]cdr\ irfg \rc ^bÚf
lefbc pf\f[c r\ c^f fmax

rm c^f ceb\gdgcreo �^dkf d\]efbgfg c^f bÚû
feblf kf\lc^ rm c^f er`cd\l efi`]d\l c^f bÚbdkbpkf gjb]f mre ]r\cb]cg
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r\ gr`e]f b\i iebd\ idn`gdr\gZ udlZ æZí g^r�g c^f afbg`efi efg`kc
]rajbefi cr c^f fì`dÚbkf\c ]bg]rif gce`]c`efZ Üc ]b\ pf \rcfi c^bc
c^f ]raar\ gr`e]f gce`]c`ef dg aref ]r\idcdr\bkkå gcbpkf c^b\ c^f
]bg]rif r\f bg jefid]cfi på c^f gda`kbcdr\go �^dkf c^f jr�fe lbd\ bc
üã ÿçs dg aref re kfgg gdadkbe �bpr`c í ië Z Ý^dg dg d\ Úfeå gcer\l
bleffaf\c �dc^ c^f gda`kbcdr\g ifjd]cfi d\ udlZ äZê b\i ef]raaf\ig
cr `gf ]bg]rif gce`]c`ef d\gcfbi rm ]raar\ gr`e]fo pf]b`gf c^få
jefgf\c c^f gbaf jr�fe lbd\ p`c c^f [egc r\f dg `\]r\idcdr\bkkå gcbû
pkfZ
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uefì`f\]å lf\febcdr\ dg r\f rm c^f argc ]edcd]bk jrd\c bc adkkdafû
cfe �bÚfZ vg ifg]edpfi d\ à^bjcfe ×o mefì`f\]å efì`defaf\cg mre
bjjkd]bcdr\ bc üã ÿçs bef Úfeå gced\lf\cZ v Úfeå kbelf c`\d\l eb\lf
dg \ffifi crlfc^fe �dc^ b kr� j^bgf \rdgfo �^dkf 
ffjd\l c^f jr�fe
]r\g`ajcdr\ kr�Z
ure c^dg efbgr\ c^f [egc gcfj dg cr `\ifegcb\i c^f efbk jrcf\cdbk rm
àÙáß p`k
 cf]^\rkrlå eflbeid\l mefì`f\]å lf\febcdr\ bc g`]^ ^dl^
mefì`f\]dfgZ Ü\ jbecd]`kbe ]r\gdifed\l b é^bgf 	r]
fi 	rrj �é		 
c^f argc ]edcd]bk pkr]
 bef c^f îrkcblf àr\cerkkfi ág]dkkbcre �îàá 
b\i c^f èdÚdifegZ Ý^fgf pkr]
g bef c^f r\kå c�r d\ b é		 c^bc bef
efì`defi cr �re
 bc abýda`a mefì`f\]åZ



õ
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Ý^dg ]^bjcfe �dkk ifg]edpf [egckå c^f ifgdl\ b\i c^f efbkdsbcdr\ rm b
êï ÿçs îàá d\ üê \a àÙáß cf]^\rkrlåZ Ý^f\ dc �dkk d\Úfgcdlbcf
c^f pfgc grk`cdr\ cr efbkdsf idÚdifeg bc adkkdafcfe �bÚfZ

²:9 ³² ´sµ ¶«�
áÚfe c^f jbgc [Úf åfbego c^f abýda`a rjfebcd\l mefì`f\]å rm

îàág mbped]bcfi d\ gdkd]r\ cf]^\rkrlå ^bg bkargc ì`bie`jkfi mera
äêZí cr ××ÛZä ÿçs �×ã�Z é`g^ûj`g^ îàág `gd\l c^f gf]r\i ^bear\d]
rjfebcd\l bc üæ cr ×æ× ÿçs �efm ��á� ^bÚf bkgr pff\ ifar\gcebcfiZ
çr�fÚfeo bar\l c^fgfo c^f p`k
 àÙáß m`\ibaf\cbk îàág rjfebcû
d\l ber`\i re bprÚf êã ÿçs `g`bkkå g^r� jrre j^bgf \rdgfo kdadcfi
mefì`f\]å eb\lf re kbelf jr�fe ]r\g`ajcdr\ �×ã�Z
ÙrefrÚfeo pf\f[c mera \rif g]bkd\l dg fýjf]cfi i`f cr c^f d\]efbgf rm
c^f fmax

rm c^f ifÚd]fg b\i cr c^f dajerÚfi Úbedbpkf ]bjb]dcre ì`bkû
dcå mb]cre �! b\i c^f efi`]fi ]bjb]dcdÚf jbebgdcd]gZ vc g`]^ ^dl^
mefì`f\]dfgo d\mb]co �^dkf c^f ! rm c^f d\i`]creg gkdl^ckå d\]efbgfgo
c^f ! rm Úbeb]creg b\i ]bjb]dcreg d\ lf\febk if]efbgfg b krco ab
d\l
c^f kbccfe c^f pdllfgc efgjr\gdpkf mre ! iflebibcdr\ bc adkkdafcfe
�bÚfZ
ure c^dg efbgr\ c^f ifgdl\ rm îàág mre aaû�bÚf bjjkd]bcdr\g d\ üê
\a àÙáß ^bg pff\ d\ÚfgcdlbcfiZ Ü\ jbecd]`kbeo b\ Ü\Úfegdr\ Ùrif
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Ùfcbkûáýdifûßfad]r\i`]cre gce`]c`ef �ÜûÙáß dg fajkråfi cr efbkdsf
c^f Úrkcblf ]r\cerkkfi Úbedbpkf ]bjb]dcre �×�Z Ü\ b ðûÙáß îàá crjrkû
rlåo d\mb]co dc bkkr�g fýjkrdcd\l c^f ]rajkfcf àbjb]dcb\]fûîrkcblf�àûî ]^beb]cfedgcd] �]rajbefi cr v]]`a`kbcdr\ Ùrif Úbeb]creg �vû
Ùáß �ï�Z

�WVWV X]cz{phd] `d^z `a[ �\{\ogd{
Ý^f ]erggûgf]cdr\ rm b\ Ü\Úfegdr\ Ùrif ðûÙáß Úbedbpkf ]bjb]dcre

dg g^r�\ d\ udlZ ïZ×

udl`ef ïZ×) àerggûgf]cdr\ rm b\ Ü\Úfegdr\ Ùrif ðûÙáß Úbedbpkf ]bû
jb]dcre

v Ùfcbkûáýdifûßfad]r\i`]cre gce`]c`ef dg rjf\fi r\ c^f j g`pû
gcebcfo �dc^ c�r n+

idn`gdr\g jerÚdid\l c^f ad\redcå ]beedfeg �^f\
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c^f g`emb]f kbåfe dg d\ÚfecfiZ Ý^f ]r\cb]cg �è$ß cr c^f n+
idn`û

gdr\g bef cdfi crlfc^fe b\i c^f ]bjb]dcre dg ]r\cerkkfi på c^f Úrkcblf
bjjkdfi pfc�ff\ ÿbcf �ÿ b\i è$ß �VCTRL

 �××�Z
Ý^f d\Úfegdr\ arif Úbedbpkf ]bjb]dcreo efbkdsfi bg b ceb\gdgcre

�dc^ g^recfi èebd\ b\i ßr`e]fo dg [egc bÚbdkbpkf d\ \f�kå ifÚfkrjfi
jer]fggfgZ á\ c^f ]r\cebeåo ßdkd]r\ ur`\iedfg cf\i cr ifÚfkrj c^f
b]]`a`kbcdr\ arif Úbeb]cre r\kå kbcfe r\Z ërc^ c^f bkcfe\bcdÚfg
pf\f[c mera ifÚd]f g]bkd\lZ
ÙrefrÚfeo bg dc �dkk pf g^r�\o b\ ÜûÙáß îàáo fajkråd\l ðû

Ùáß ]erggû]r`jkfi jbdego bkkr�g m`kk fýjkrdcbcdr\ rm c^f àûî Úbeb]cre
]^beb]cfedgcd] �^dkf prc^ ]r\cerkkd\l cfead\bkg bef 
fjc �dc^d\ c^f
Úrkcblf eb\lf bkkr�fi på c^f cf]^\rkrlåZ ure c^fgf efbgr\g b\ ÜûÙáß
Úbeb]cre ^bg pff\ fajkråfi d\ c^dg �re
o fÚf\ c^r`l^ c^f vûÙáß
bkcfe\bcdÚfo d\ c^f gbaf cf]^\rkrlåo dg bcceb]cdÚfo fÚf\c`bkkå g^r�d\l
b pfccfe c`\d\l eb\lf û ! cebif rn �ï�Z
Ý^f rjfebcdr\ rm c^f ÜûÙáß Úbeb]cre dg bg mrkkr�gZ 	fc `g bgg`af

c^f lbcf Úrkcblf dg bc c^f abýda`a bÚbdkbpkf Úrkcblfo dZfZ c^f g`jû
jkå Úrkcblf îiio �^dkf c^f ß$è cfead\bk dg `gfi bg ]r\cerk cfead\bk�Vtune

 b\i c^f p`k
 dg ler`\ifiZ vg dc �dkk pf ]kfbefe d\ c^f \fýc
gf]cdr\o c^dg dg c^f b]c`bk Úbeb]cre rjfebcd\l ]r\idcdr\Z Ø^f\ VCTRLfì`bkg îiio c^f ]^b\\fk dg gcer\lkå d\Úfecfi b\i c^f ]bjb]dcb\]f dg
abd\kå c^f rýdif ]bjb]dcb\]f Cox · W · L

Z
Ü\]efbgd\l c^f ]r\cerk Úrkcblf cr�bei îii ifcfead\fg b c^efg^rki
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d\]efbgfo i`f cr c^f priå fnf]co crlfc^fe �dc^ b efi`]cdr\ rm c^f
rÚfeiedÚf Úrkcblf b\i c^f ]^b\\fk ]^belf cf\ig cr Úb\dg^Z Ø^f\ c^f
]r\cerk Úrkcblf efb]^fg V dd − V th

c^f ]^b\\fk d\Úfegdr\ ]^belf dg
er`l^kå sfer b\i c^f efldr\ `\ife c^f lbcf rýdif dg ifjkfcfiZ Ý^f
]bjb]dcb\]f gff\ mera c^f lbcf dg ^f\]f ldÚf\ på c^f gfedfg rm c^f
lbcf rýdif b\i c^f ifjkfcdr\ rýdif ]bjb]dcb\]fgo c^f kbccfe pfd\l
gabkkfe c^b\ c^f mreafeZ ðrcf c^bco pf]b`gf c^f lbcfûp`k
 Úrkcblf
dg bk�båg jrgdcdÚfo c^dg ]r\[l`ebcdr\ irfg \rc bkkr� c^f ifÚd]f cr
rjfebcf d\ b]]`a`kbcdr\ arifo efg`kcd\l d\ b gced]ckå ar\rcr\d] àûî
]^beb]cfedgcd]Z
çr�fÚfeo c^dg gdajkf arifk irfg \rc cb
f d\cr b]]r`\c c^f rÚfekbj

]bjb]dcb\]f c^bco d\ arife\ àÙáß cf]^\rkrldfgo dg \rc b \flkdldpkf
meb]cdr\ rm c^f rýdif ]bjb]dcb\]fZ ure ad\da`a kf\lc^ ifÚd]fgo c^f
rÚfekbj ]bjb]dcb\]f dg lefbcfe c^bc c^f ifjkfcdr\ r\f b\i efjefgf\cg
c^f ad\da`a Úbeb]cre ]bjb]dcb\]fZ
vg ifjd]cfi pfmrefo c^f abd\ kdadc rm cb\
 ! bc aaû�bÚf mefû

ì`f\]dfg dg c^f Úbeb]cre !Z ure c^dg efbgr\o abýdadsd\l Úbeb]cre ! dg
fåZ Ü\ d\Úfegdr\o c^f g`emb]f kbåfe jefgf\cg b efgdgcb\]f jerjrecdr\bk
cr Ron

o dZfZ c^f ifÚd]f gabkk gdl\bk cedrif efgdgcb\]f �� äZäZ× Z
ëf]b`gf Ron

dg idef]ckå jerjrecdr\bk cr c^f ]^b\\fk kf\lc^ 	o c^f
ì`bkdcå mb]cre d\]efbgfg bg 1/L2 o ^dl^kdl^cd\l c^f efabe
bpkf ì`bkdcå
mb]cre d\]efbgf �^f\ gfkf]cd\l ad\da`a kf\lc^ ifÚd]fgZ Ý^f [\dcf
]r\i`]cdÚdcå rm c^f jrkåûgdkd]r\ lbcf ifcfead\fg b m`ec^fe gfedfg efû
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udl`ef ïZä) Ùd\da`a ! �irccfi kd\f b\i Cmax/Cmin
ebcdr bg b

m`\]cdr\ rm lbcf kf\lc^ bc üã ÿçs

gdgcdÚf ]rajr\f\cZ þg`bkkå c^f ifÚd]f dg abif `j rm gfÚfebk gabkk
�dic^ [\lfeg kbdi r`c d\ jbebkkfko d\ reife cr efi`]f c^f lbcf efgdgcû
b\]fZ á\ c^f rc^fe f\io c^f [ýfi jbebgdcd]g d\]efbgf �dc^ efi`]d\l
[\lfe �dic^o c^`g efi`]d\l c^f b]^dfÚbpkf c`\d\l eb\lfZ WF = 1µm^bg pff\ ]^rgf\ bg b ]rajeradgfo fÚf c^r`l^ �dc^ c^dg ]^rd]f c^f
lbcf efgdgcb\]f dg fgcdabcfi c^f abd\ efgdgcdÚf ]rajr\f\co b]c`bkkå
kdadcd\l c^f b]^dfÚbpkf !Z
udlZ ïZä g^r�g c^f gda`kbcfi ad\da`a ! b\i

Cmax/Cmin
ebcdr

rm Úbeb]creg rm Wtot = 20µm �dc^ Úbeåd\l lbcf kf\lc^g bc üã ÿçsZ
Ý^f ad\da`a ! if]efbgfg b krc �dc^ b\ d\]efbgf d\ c^f lbcf kf\lc^o
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�^dkf c^f c`\d\l ebcdr d\]efbgfgZ Üc ]b\ pf \rcfi c^bc d\ reife cr
b]^dfÚf b ! ^dl^ f\r`l^ bc üã ÿçso ad\da`a kf\lc^ dg efì`defiZ
vc g`]^ 	 c^f Cmax/Cmin

ebcdr efg`kcg cr pf bpr`c ×Z�o f\r`l^ på
c^f �bå mre c^f efì`defaf\cg rm c^f gcb\ibei jerjrgbk bpr`c c`\d\l
eb\lfZ ÙrefrÚfeo gd\]f dc dg dajrggdpkf cr d\]efbgf c^f kf\lc^ rm c^f
ifÚd]fgo b Úbeå ]befm`k kbår`c ^bg cr pf ir\f d\ reife cr efi`]f bg
a`]^ bg jrggdpkf ]bjb]dcdÚf jbebgdcd]gZ

udl`ef ïZæ) Ùfbg`efi àûî ]^beb]cfedgcd] �]r\cd\`r`g kd\f b\i gdaû
`kbcfi àûî b\i ! �irccfi kd\fg 
v gcb\i bkr\f Úfegdr\ rm c^f Úbeb]cre ]rajr\f\c ^bg pff\ d\cfû



*� �H ��ù±"ù÷òi �ù÷ù�IøÄö÷

lebcfi mre ]^beb]cfedsbcdr\Z udlZ ïZæ g^r�g c^f gda`kbcfi b\i afbû
g`efi àûî ]^beb]cfedgcd]o mre b Úbeb]cre gce`]c`efo �dc^ ×ê [\lfe
rm ×µa �dic^ b\i ad\da`a kf\lc^Z Ý^f gkdl^c idnfef\]f pfc�ff\
afbg`efi b\i gda`kbcfi ]bjb]dcb\]f dg bccedp`cfi cr c^f kdadcfi efgû
rk`cdr\ rm c^f ifûfapfiid\l jer]fi`efZ Ý^f ad\da`a ]bjb]dcb\]f
Úbk`f dg ×æZê muo abýda`a äãZï muo efg`kcd\l d\ b c`\d\l eb\lf rm
bpr`c ä×'Z Ý^f ì`bkdcå mb]cre dg gda`kbcfi r\kå pf]b`gf b idef]c
afbg`efaf\c irfg \rc jerÚdif efg`kcg b]]`ebcf f\r`l^Z

�WVWl �_a ¡zph|]
v ðûÙáß ]erggû]r`jkf jbde îàá crjrkrlå ^bg pff\ c^f\ d\Úfgû

cdlbcfi b\i d\cflebcfiZ Ý^f g]^fabcd] dg efjrecfi d\ udlZ ïZïZ
Ü\ reife cr abýdadsf c^f mefì`f\]å c`\d\l eb\lfo c^f cb\
 ]bû

jb]dcb\]f g^r`ki pf abýdadsfi mre ldÚf\ rg]dkkbcdr\ mefì`f\]åZ á\
c^f rc^fe f\io b jerjrecdr\bk gabkkfe d\i`]cb\]f irfg jf\bkdsf c^f
rg]dkkbcdr\ bajkdc`ifo mre ldÚf\ pdbgd\l ]`eef\co b\i bg b ]r\gfì`f\]f
c^f j^bgf \rdgfZ
Ý^f [ýfi crcbk cb\
 ]bjb]dcb\]f ]rajedgfg d\i`]creo ]erggû]r`jkfi

jbde b\i p`nfe jbebgdcd]g jk`g ad\da`a Úbeb]cre ]bjb]dcb\]fZ Ý^f
b]c`bk ]^rd]f rm Úbeb]cre eb\lfo b\i bg b ]r\gfì`f\]f Úbeb]cre gdsfo
efì`defg mf� ifgdl\ dcfebcdr\gZ ëf]b`gf ceb\gdgcre jk`g d\i`]cre jbeû
bgdcd]g bef d\ c^f reife rm ïã muo b Úbeb]cre ]bjb]dcb\]f eb\lf rm Ûã
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udl`ef ïZï) îàá b\i p`nfe g]^fabcd]Z Ý^f d\ûkfc g^r�g c^f Úbeb]û
creg be]^dcf]c`ef

mu cr ×ãê mu ^bg pff\ gfkf]cfio ifcfead\d\l b Ûã jç d\i`]cb\]f mre b
üã ÿçs rg]dkkbcdr\ mefì`f\]åZ v efabe
bpkf mefì`f\]å c`\d\l eb\lf
d\ fý]fgg rm ×ã' dg fýjf]cfio �^dkf b ]`eef\c rm mf� av bkkr�g b\
rg]dkkbcdr\ bajkdc`if ber`\i üêã aî �ãûjfb
 idnfef\cdbk b\i b gcbcf
rm bec j^bgf \rdgf [l`ef rm afedco i`f cr c^f cb\
 ^dl^ ì`bkdcå mb]creZ
ëf]b`gf c^f ÜûÙáß àûî ]^beb]cfedgcd] dg gcffjo c^f Úbeb]cre dg
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abif `j rm Û ifÚd]f `\dcg d\ jbebkkfko idldcbkkå ]r\cerkkfi på æ pdc
kd\fg b\i × ifÚd]f `\dc mre b\bkrl ]r\cerko bg g^r� d\ c^f d\ûgfc rm
udlZ ïZïZ

udl`ef ïZê) Ûã jç d\i`]cre
Ý^f ]rapd\bcdr\ rm idldcbk b\i b\bkrl c`\d\l efg`kcg d\ b kr�fe

îàá lbd\o mre c^f gbaf ]rÚfefi mefì`f\]å eb\lfo�dc^ pf\f[c cr g`jû
jkå \rdgf ef�f]cdr\ b\i ad\dadsbcdr\ rm vÙ cr éÙ \rdgf ]r\Úfegdr\Z
Ý^f d\i`]cre ^bg pff\ kbdi r`c bg b idnfef\cdbk r]cblr\bk r\f c`e\

d\i`]cre �dc^ b ]f\cfe cbj �udlZ ïZê Z Ý^f afcbk �dic^ dg ×äµa b\ic^f crcbk kf\lc^o d\]k`id\l c^f afcbk cbjfe cr c^f Úbeb]cre �c^bc ^bÚf
cr pf ]r\gdifefi bc g`]^ ^dl^ mefì`f\]å o dg ä×� µ

aZ ßda`kbcdr\go
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jfemreafi på afb\g rm vldkf\c Ùraf\c`a ]© o jerÚdif ! rm bpr`c ×ê
bc üã ÿçs �udlZ ïZü Z

udl`ef ïZü) Ûã jç d\i`]cre
udlZ ïZÛ g^r�g c^f ]rajkfcf kbår`c rm c^f îàáZ

�WVWy `z\pf{z�z]g Zzpfegp
Ý^f îàá rm udlZ ïZï ^bg pff\ dajkfaf\cfi `gd\l b üê \a àÙáß

jer]fgg mera ßÝÙd]erfkf]cer\d]gZ á`cj`c p`nfego fajkråd\l b efgrû
\b\c krbi \fc�re
o dif\cd]bk cr c^f cb\
 \fc�re
 mre rjcda`a abc]^û
d\lo bef d\cflebcfi cr iedÚf c^f d\gce`af\c kr� dajfib\]fZ Ý^f ]^dj
r]]`jdfg ïÛê ¸ ï�ê

µm2 d\]k`id\l pr\i jbigZ èfgjdcf c^f îàá
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udl`ef ïZÛ) êï ÿçs îàá é^rcrad]erlebj^

^bg pff\ ifgdl\fi cr pf afbg`efi idnfef\cdbkkå �dc^ ÿer`\i ßdl\bk
ÿer`\i ßdl\bk ÿer`\i �ÿßÿßÿ jerpfgo dc ^bg pff\ afbg`efi gd\lkf
f\ifi r\û�bmfe `gd\l àbg]bif Ü\[\dcå ÿßÿ Þu jerpfg �dc^ ×ãã µ

a
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jdc]^ rjfebcd\l `j cr üÛ ÿçsZ v Þr^if ¹ ß]^�bes ußþ ßjf]ce`a
v\bkåsfe `j cr üÛ ÿçs ^bg pff\ `gfiZ

udl`ef ïZ�) Ùfbg`efi �]r\cd\`r`g kd\f b\i gda`kbcfi �irccfi kd\fg 
rg]dkkbcdr\ mefì`f\]å Úg ]r\cerk Úrkcblf
udlZ ïZ� g^r�g c^f afbg`efi rg]dkkbcdr\ mefì`f\]å Úfeg`g ]r\cerk

ÚrkcblfZ Ý^f mefì`f\]å eb\lf ]rÚfeg ê× ÿçs cr êÛZä ÿçso dZfZ ××Zê'
ber`\i c^f êï ÿçs ]f\cfe mefì`f\]åZ Ý^f ]f\cfe mefì`f\]å idnfeg
mera c^f cbelfc rm üã ÿçs pf]b`gf \r jrgcûkbår`c gda`kbcdr\go d\û
]k`id\l d\i`]cre ßûjbebafcfe ifg]edjcdr\ mera Ùraf\c`a ]© o �fefir\f pfmref ]^dj g`padggdr\ pf]b`gf rm kdadcg d\ r`e àvè gfcû`jZ
çr�fÚfeo gda`kbcdr\g ir\f kbcfe r\ g^r� b lrri bleffaf\c �dc^

afbg`efaf\cgo bg g^r�\ d\ udlZ ïZ�Z
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Ùfbg`efaf\cg cr ifcfead\f c^f ]`eef\c mre rg]dkkbcdr\ gcbecû`j
Úfeg`g ]r\cerk Úrkcblf ^bÚf pff\ jfemreafi cr fgcdabcf c^f b]c`bk
cb\
 !Z udlZ ïZí g^r�g c^f efg`kcgZ

udl`ef ïZí) Ùfbg`efi gcbecû`j ]`eef\cg b\i ! Úg mefì`f\]å
Ý^f krbifi ì`bkdcå mb]creo rpcbd\fi mera gda`kbcdr\g bg c^f cb\


krbifi ! ]b`gd\l rg]dkkbcdr\ bc c^f afbg`efi ]`eef\c dg ebc^fe ºbc
pf]b`gf prc^ ]erggû]r`jkfi b\i p`nfe ifÚd]fg kdadc cb\
 ! �^f\ c^f
ÜûÙáß dg d\ ifjkfcdr\Z Ý^dg dg aref fÚdif\c mera cb\
 ! ]`eÚfo�^fef
c^f fnf]c rm krbid\l ifÚd]fg dg ifûfapfiifiZ ÙrefrÚfeo c^f cb\
 ! dg
d\ lrri bleffaf\c �dc^ Úbeb]cre ! gda`kbcdr\ rm udlZ ïZæ ]r\gdifed\l
c^f gda`kbcfi d\i`]cre ! dg ber`\i ×êo bg g^r�\ d\ udlZ ïZüZ
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é^bgf \rdgf �éð afbg`efaf\cg ^bÚf pff\ jfemreafi bc b \raû
d\bk ]`eef\c rm ü avo �^dkf g`jjkå Úrkcblf dg gfc cr ×Zä îZ

udl`ef ïZ×ã) Ùfbg`efi é^bgf ðrdgf bc c^f kr�fgc mefì`f\]å �ê× ÿçs 
udlZ ïZ×ã g^r�g c^f afbg`efi j^bgf \rdgf �^f\ c^f rg]dkkbcdr\

mefì`f\]å dg ad\da`ao dZfZ ê× ÿçsZ ëfår\i äã Ùçs rngfco c^f \rdgf
kfÚfk dg ifcfead\fi på d\gce`af\c \rdgf ºrre b\i c^f ]`eÚf ºbccf\gZ
á\ c^f ]r\cebeåo mre rngfcg kr�fe c^b\ mf� Ùçs c^f afbg`efi Úbk`f
dc dg \rc efkdbpkf pf]b`gf c^f îàá j^bgf \rdgf ^bg pff\ afbg`efi
d\ meff e`\\d\l arifZ vc ×ã Ùçs rngfc c^f ad\da`a j^bgf \rdgf



Öñ �H ��ù±"ù÷òi �ù÷ù�IøÄö÷

dg û×ää ië]$çso efg`kcd\l d\ b \rdgf FOM rm û×�ÛZü ië]$çs b\i
b

FOMT
rm û×��ZÛ ië]$çsZ FOM

b\i
FOMT

bef if[\fi bg d\
âìZ ïZ× b\i âìZ ïZä �×ä�Z

FOM = PN − 20 log(
fosc

∆f
) + 10 log(

Pdiss

1mW
) �ïZ× 

FOMT = PN − 20 log(
fosc

∆f
·
FTR

10
) + 10 log(

Pdiss

1mW
) �ïZä 

�^fef ∆f
dg c^f mefì`f\]å rngfc mera c^f ]beedfe �fosc

 b\i uÝÞ dg
c^f uefì`f\]å Ý`\d\l Þb\lfZ

udl`ef ïZ××) Ùfbg`efi b\i gda`kbcfi é^bgf ðrdgf bc ×ã Ùçs rngfc
Úg mefì`f\]å
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é^bgf \rdgf afbg`efaf\cg ^bÚf pff\ jfemreafi bc Úbedr`g mefû
ì`f\]åZ Ý^f ifcf]cfi Úbk`fg bc ×ãÙçs rngfc bef efjrecfi d\ udlZ ïZ××
b\i ]rajbefi cr gda`kbcdr\gZ

Ýbpkf ïZ× efjrecg b ]rajbedgr\ �dc^ c^f gcbcf rm bec rg]dkkbcreg
b\i îàág d\ c^f gbaf mefì`f\]å eb\lf �bc c^f ibcf c^f îàá �bg
mbped]bcfi Z Ý^f jerjrgfi grk`cdr\ g^r�g c^f pfgc \rdgf uáÙ STU
c`\d\l eb\lf bar\l îàág fajkråd\l k`ajfi cb\
 �×æ�o pbgfi r\ b
gcb\id\l �bÚf rg]dkkbcreo ^bg b �dife c`\d\l eb\lf p`c æ cdafg c^f
befbZ
Ý^dg �re
 jerÚfg c^bc `kceb g]bkfi \rifgo crlfc^fe �dc^ b ]befm`k

ifgdl\ �Úbeb]cre d\ jbecd]`kbe o jerÚdif mefì`f\]å efmfef\]fg mre aaû
�bÚf bjjkd]bcdr\o �dc^ ^dl^ gjf]cebk j`edcåo kr� befb b\i erp`gco dZfZ
bi�`gcbpkf blbd\gc gjefbi i`f cr jer]fgg Úbedbcdr\gZ

²:j »FE¼¨E�©k tBGB¦EF@
Ý^fef bef ab\å idnfef\c crjrkrldfg d\ reife cr dajkfaf\c mefû

ì`f\]å idÚdifegZ ë`c \rc fÚfeår\f dg g`dcbpkf mre adkkdafcfe �bÚf
bjjkd]bcdr\ �×ï�Z Ý^f jed\]djbk crjrkrldfg bef)

•
ßcbcd] ßr`e]fûàr`jkfi 	rld] �ßà	 idÚdife

• èå\bad] àÙáß idÚdife
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•
Ýe`f ßd\lkf é^bgf àkr]
 �Ýßéà idÚdife

• Ùdkkfe idÚdife
•
Ü\�f]cdr\û	r]
fi uefì`f\]å �Ü	uè idÚdife

•
é		ûëbgfi idÚdife

Ý^f [egc c^eff ]bcflredfgo pbgfi r\ ºdjûºrj idldcbk krld]o ]b\\rc �re

bc Úfeå ^dl^ mefì`f\]dfgZ Ü\ jbecd]`kbeo Ýßéà idÚdifeg ]b\\rc �re

bc mefì`f\]dfg ^dl^fe c^b\ ×ã û ×ä ÿçso �^dkf ßà	 r\fg ]b\ lr `j
cr äã û äï ÿçs �mre üê \a àÙáß cf]^\rkrlå Z Ùdkkfeqg idÚdifeg b\i
Ü	uèg befo r\ c^f ]r\cebeåo g`dcbpkf mre aaû�bÚf bjjkd]bcdr\go p`c
c^få jefgf\c b ^dl^fe jr�fe ]r\g`ajcdr\ b\i b kr�fe kr]
d\l pb\iû
�dic^Z Ý^f pbgd] difbo c^f\o dg cr dajkfaf\c c^f [egc idÚdid\l pkr]

rm b aaû�bÚf é		 idÚdid\l ]^bd\ bg Ü	uèg re Ùdkkfeqg idÚdifeg �pfû
]b`gf c^få \ffi cr �re
 bc abýda`a gjffi �^dkf efbkdsd\l c^f efgc
rm c^f ]^bd\ �dc^ ßà	o iå\bad] àÙáß re Ýßéà idÚdifegZ
v }OSO|X ´w¸ idÚdife dg pbgfi r\ b idldcbk ºdjûºrj pbgfi krld]Z

Ý^f idÚdif på c�r rjfebcdr\ dg rpcbd\fi på ]r\\f]cd\l c�rD
kbc]^fgo

c^f abgcfe b\i c^f gkbÚfZ Ý^f ]kr]
 mefì`f\]å dg idÚdifi på c�r ]r\û
\f]cd\l c^f d\Úfecfi r`cj`cg rm c^f gkbÚf kbc]^ cr c^f abgcfe r\fgZ
Ý^f abýda`a rjfebcd\l mefì`f\]å rm g`]^ b idÚdife dg cf]^\rkrlå
ifjf\if\co b\i dg ifcfead\fi på c^f jrkf lf\febcfi på c^f r`cj`c
]bjb]dcb\]f rm c^f jefûbajkd[fe b\i c^f efgdgcb\]f krbid\l c^f [egc
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gcblf dcgfkmZ Ý^fef dg gr b cebif rn pfc�ff\ c^f pb\i�dic^ b\i c^f
lbd\ rm c^f jefûbajkd[fe kdadcd\l c^f mefì`f\]å jfemreab\]fg rm c^dg
d\i rm idÚdifeZ ájfebcd\l mefì`f\]dfg rm äã û äï ÿçs ]b\ pf rpû
cbd\fi �dc^ b ]`eef\c ]r\g`ajcdr\ rm mf� avZ
Ýßéà idÚdifeg bef pbgfi r\ b irad\r iå\bad] krld]o �^dkf `gd\l

r\kå r\f ]kr]
 j^bgf �]kbggd] iå\bad] àÙáß idÚdifeg efì`def c�r
]kr]
 j^bgfg Z Ý^f jed\]djbk pf\f[c rm b Ýßéà idÚdife dg c^f jr�fe
f&]df\]å �mf� ^`\iefig rm µv p`c bg mre c^f iå\bad] àÙáß idû
Údifeg c^få g`nfe mera ]bjb]dcdÚf krbig b\i gr c^få bef kdadcfi cr
×ãûäã ÿçs rm d\j`c mefì`f\]åZ çr�fÚfeo c^få ]b\ pf `gfi mre c^f
kbgc pkr]
 rm c^f idÚdid\l ]^bd\ pf]b`gf c^fde jr�fe ]r\g`ajcdr\ dg
\flkdldpkf �dc^ efgjf]c cr c^f efgc re c^f ]de]`dcZ

�WlWV `heez{�p ¡hch^z{p
Ý^dg crjrkrlå ^bg pff\ d\ceri`]fi d\ ×íæí på ÙdkkfeZ vg g^r�\

d\ udlZ ïZ×ä dc dg pbgfi r\ b mffipb]
 c^bc a`kcdjkdfg crlfc^fe c^f
r`cj`c b\i c^f d\j`c mefì`f\]dfgZ Ý^f gdl\bk gr lf\febcfi dg c^f\
[kcfefiZ þ\ife ]fecbd\ ]r\idcdr\g rm j^bgf b\i bajkdc`ifo c^f r\kå
gjf]cebk ]rajr\f\c gfkmûg`gcbd\fi dg bc ωin/2

Z

Ü\ udlZ ïZ×æ dg g^r�\ c^f g]^fabcd] c^bc efbkdsfg c^dg 
d\i rm
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udl`ef ïZ×ä) Ùdkkfeqg idÚdif på c�r pkr]
 idbleba �dc^ kr�jbgg b\i
pb\ijbgg [kcfe

idÚdifeZ �×ê� ifg]edpfg c^bc d\ reife cr kfc c^f rg]dkkbcdr\ gcbec bc ^bkm
rm c^f d\j`c mefì`f\]åo c^f bajkdc`if A rm c^f d\j`c gd\`grdi a`gc
efgjf]c c^f ]r\idcdr\ d\ âìZ ïZæ �×ê�)

A ≥
2

β

√

1 +
(Q∆ω

ωn

)2 �ïZæ 
�^fef β

dg c^f ]r\Úfegdr\ lbd\ rm c^f adýfeo ! c^f mb]cre rm afedc rm
c^f Þ	à [kcfe b\i ωn

c^f ]f\cebk mefì`f\]å rm c^f cb\
 dcgfkmZ
ÙrefrÚfeo c^f kr]
d\lûeb\lf mre c^dg 
d\i rm idÚdife dg �âìZ ïZï �×ê�)

∆ω ≈
ωn

Q
(
2

π
gmR) �ïZï 

�^fef gm
dg c^f ceb\g]r\i`]cb\]f rm c^f idnfef\cdbk jbde �dc^ gr`e]fg

ler`\ifi b\i R
dg c^f jbebkkfk efgdgcb\]f rm c^f cb\
Z

Ý^f Ùdkkfeqg idÚdifeo c^bc dg gdadkbe cr c^f d\�f]cdr\ kr]
fi idû
Údifego jefgf\cg b Úfeå lrri kr]
d\l eb\lfZ vc kr� mefì`f\]dfg gdaû
`kbcdr\g g^r� c^bc dc �re
g jefccå �fkko p`co bc adkkdafcfe �bÚf mefû
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udl`ef ïZ×æ) Ùdkkfeqg idÚdif på c�r pkr]
 g]^fabcd]

ì`f\]dfg dc ^bg graf kdadcgZ Ü\]efbgd\l c^f d\j`c mefì`f\]åo c^f krrj
lbd\ if]efbgfg pf]b`gf rm c^f jrkf lf\febcfi på c^f jbebgdcd] ]bjb]û
dcb\]f rm c^f iebd\ rm c^f idnfef\cdbk jbde �dc^ gr`e]fg ler`\ifiZ
Ý^dg \rif dg \rc efgr\bcfi r`co gr bg b ]r\gfì`f\]fo bc üã ÿçs c^f
rg]dkkbcdr\ bc ωin/2

dg \r aref gfkmûg`gcbd\fio ab
d\l c^dg 
d\i rm
idÚdife \rc Úfeå g`dcbpkf mre adkkdafcfe �bÚf bjjkd]bcdr\gZ
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�WlWl X]øzoghd] ùdoúz^ ¡hch^z{p
àr\gdife \r� c^f Ü\�f]cdr\ 	r]
fi idÚdife �Ü	uè Z Ý^f g]^fabcd]

rm b ]kbggd] Ü	uè dg efjrecfi d\ udlZ ïZ×ïZ

udl`ef ïZ×ï) Ü\�f]cdr\ 	r]
fi idÚdif på c�r g]^fabcd]
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Ü\ c^dg ]bgf c^f gdl\bk dg d\�f]cfi d\cr c^f lbcf rm c^f ]`eef\c
lf\febcre c^bc pdbg c^f 	à rg]dkkbcreZ Ý^f 	à cb\
 efgr\bcfg bc ^bkm
rm c^f d\j`c d\�f]cfi mefì`f\]åZ ure c^dg 
d\i rm idÚdife c^f kr]
d\l
eb\lf dg gfc cr �âìZ ïZê �×ü�)

∆ω ≈
2ω0

3Q
η �ïZê 

�^fef ω0

dg c^f ]beedfeo b\i η
dg c^f ebcdr pfc�ff\ c^f d\�f]cfi ]`eû

ef\c b\i c^f i] ]`eef\cZ Üc ]b\ pf \rcfi c^bc c^f kr]
d\lûeb\lf dg
c^f\ idef]ckå jerjrecdr\bk cr c^f d\�f]cdr\ f&]df\]å b\i d\Úfegfkå
jerjrecdr\bk cr c^f mb]cre rm afedcZ vg b ]r\gfì`f\]f bc aaû�bÚf
mefì`f\]å dc dg Úfeå dajrecb\c cr efgr\bcf r`c c^f jbebgdcd] bc c^f
gr`e]f rm c^f ]erggû]r`jkfi jbdeg d\ reife cr f\^b\]f c^f ]`eef\c
d\�f]cdr\Z
ÙrefrÚfeo c^f rg]dkkbcdr\ bajkdc`if d\ c^f kr]
d\l pb\i�dic^ dg

ldÚf\ på �âìZ ïZü �×ü�)
V0 = Z0

4

π
IDC [1 +

η

3
cos(2φ)] �ïZü 

�^fef φ
dg c^f j^bgf g^dmc pfc�ff\ c^f d\j`c b\i c^f r`cj`c gdl\bkZ

Ý^dg 
d\i rm d\�f]cdr\ kr]
fi idÚdifeo bkc^r`l^ �re
d\l bc Úfeå
^dl^ mefì`f\]åo jefgf\cg kr� jfemreab\]f d\ kr]
d\l eb\lf pf]b`gf
rm c^f jrre d\�f]cdr\ f&]df\]åZ ÙrefrÚfe gda`kbcdr\g �×ï� g^r� c^bc
c^dg 
d\i rm Ü	uè dg \rc bpkf cr ]rÚfe c^f pb\i�dic^ efì`defi på üã
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ÿçs bjjkd]bcdr\gZ

ure c^dg efbgr\ b \f� grk`cdr\ ^bg pff\ d\Úfgcdlbcfi �×ï�Z Üc dg
dkk`gcebcfi d\ udlZ ïZ×êZ Ü\ c^dg ]bgf c^f gdl\bk dg idef]ckå d\�f]cfi
d\cr c^f cb\
 `gd\l prc^ b éûÙáß b\i b\ ðûÙáß �×Û�Z vkc^r`l^
dc dg \rc gced]ckå gåaafced]bko d\ c^dg �bå dc dg jrggdpkf cr iedÚf c^f
idÚdife idnfef\cdbkkåZ
v\ b]]`ebcf abc^fabcd]bk b\bkågdg rm c^dg ]de]`dc �×ï� ifcfead\fi

c^bc d\ c^dg ]bgf c^f kr]
d\lûeb\lf dg ldÚf\ på �âìZ ïZÛ )
∆ω ≈

βVin

4C
�ïZÛ 

�^fef β
mre b Ùáß ceb\gdgcre dg if[\fi bg �âìZ ïZ� )

β = µ Cox

W

L
�ïZ� 

b\i
C
dg c^f crcbk ]bjb]dcb\]f rm c^f cb\
 �d\]k`id\l c^f d\�f]cd\l

ceb\gdgcreg Z
Üc ]b\ pf \rcfi c^bc c^f kr]
d\l pb\i�dic^ dg \r aref fýjkd]dckå

ifjf\if\c r\ c^f ! rm c^f cb\
 �bg dc �bg d\ c^f jefÚdr`g r\f Z
ÙrefrÚfe c^f kr]
d\l eb\lf dg d\Úfegfkå jerjrecdr\bk cr c^f crcbk cb\

]bjb]dcb\]fZ vg b ]r\gfì`f\]f efi`]d\l bg a`]^ bg jrggdpkf c^f
]bjb]dcdÚf cb\
 �b\ gr d\]efbgd\l c^f d\i`]cb\]f Úbk`f dc dg jrggdpkf
cr abýdadsf c^f kr]
d\lûeb\lf dcgfkmZ
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udl`ef ïZ×ê) Ü\�f]cdr\ 	r]
fi idÚdif på c�r g]^fabcd] �dc^ idef]c
d\�f]cdr\ r\ c^f cb\

u`ec^fearefo c^f jfb
 r`cj`c rg]dkkbcdr\ bajkdc`if dg ldÚf\ på

�âìZ ïZí �×ï�)
Vout ∝

√

IDC
�ïZí 
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Ý^dg afb\g c^bc c^f r`cj`c bajkdc`if abd\kå ifjf\ig r\ c^f
gì`befi errc rm c^f pdbg ]`eef\cZ

ÙrefrÚfeo c�r aref abd\ bgjf]cg ^bÚf cr pf ]r\gdifefi b\i gc`iû
dfi d\ b\ d\�f]cdr\ kr]
fi idÚdifeZ Ý^f [egc r\f ]r\]fe\g c^f gf\gdû

udl`ef ïZ×ü) ßf\gdcdÚdcå rm b èdef]c Ü\�f]cfi Ü	uè
cdÚdcå rm c^f Ü	uè c^bc afb\g c^f ad\da`a d\j`c gdl\bk bajkdc`if
\ffifi cr kr]
 c^f Ü	uè dcgfkmZ Ý^dg gfcg c^f ad\da`a r`cj`c baû
jkdc`if rm c^f îàá iedÚd\l c^f idÚdifeo c^bc bc adkkdafcfe �bÚf mefû
ì`f\]dfg ]b\ pf ]edcd]bkZ udlZ ïZ×ü g^r�g c^f gf\gdcdÚdcå efì`defi mre
b jû\ Ü	uèZ Üc ]b\ pf \rcfi c^bc cr ]reef]ckå kr]
 c^f idÚdife b]ergg
c^f f\cdef pb\i�dic^ rm �æ� b\ d\j`c bajkdc`if ( ûê iëa dg efì`defiZ
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Ý^dg dg b efbgr\bpkf Úbk`f mre îàág rjfebcd\l bc adkkdafcfe �bÚfo
ab
d\l c^f gf\gdcdÚdcå \rc jbecd]`kbekå ]edcd]bkZ
Ý^f gf]r\i r\f eflbeig c^f idÚdife r`cj`c gdl\bk bajkdc`if b]ergg

c^f kr]
d\l pb\i�dic^Z vg g^r�\ d\ udlZ ïZ×Û \fbe c^f kdadcg rm c^f
kr]
d\l befbo c^f r`cj`c gdl\bk bajkdc`if if]efbgfg b krco ab
d\l c^f
idÚdife dcgfkm `\bpkf cr iedÚf jerjfekå c^f mrkkr�d\l gcblfg �éuèg
re Ùdýfego ifjf\id\l r\ c^f bjjkd]bcdr\g Z Ý^dg gfcg b\ xûxXO|�x
kr]
d\l eb\lf c^bc dg gabkkfe c^b\ c^f crcbk r\f b]^dfÚbpkfo b\i c^bc
dg abd\kå ifcfead\fi på c^f ad\da`a d\j`c bajkdc`if efì`defi på
c^f mrkkr�d\l gcblfgZ

udl`ef ïZ×Û) Ü	uè kr]
d\l eb\lf b\i r`cj`c gdl\bk bajkdc`if
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érgcûkbår`c gda`kbcdr\g g^r� c^bc c^dg 
d\i rm idÚdife ]b\ rpcbd\
b kr]
d\l eb\lf ^dl^fe c^b\ äê' ber`\i üã ÿçs �^dkf ]r\g`ad\l
bpr`c ü aØ bc ×Zä î g`jjkå �mre b üê \a àÙáß cf]^\rkrlå b\i
]r\gdifed\l b ad\da`a Ü	uè r`cj`c bajkdc`if rm ïãã aî �ãûjfb
o
idnfef\cdbk bg bkefbiå g^r�\ d\ udlZ ïZ×ÛZ
Ý^dg afb\g c^bc c^dg 
d\i rm idÚdifeo ]rajbefi cr c^f rc^fe

crjrkrldfgo dg jefccå g`dcbpkf mre adkkdafcfe �bÚf bjjkd]bcdr\g pf]b`gf
dc dg bpkf cr ]rÚfe c^f f\cdef pb\i�dic^ rm c^f ØûçèÙÜ gcb\ibei jerû
jrgbk �×ï� �^dkf 
ffjd\l c^f jr�fe ]r\g`ajcdr\ kr�Z





+,-./01 ü
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Ü\ c^f jefÚdr`g ]^bjcfeg c^f jrggdpdkdcå rm `gd\l p`k
 àÙáß cf]^û
\rkrlå cr efbkdsf prc^ lbd\ gcblfg b\i mefì`f\]å lf\febcdr\ pkr]
g
^bg pff\ ifar\gcebcfiZ
Ü\ reife cr m`k[k c^f gced\lf\c efì`defaf\cg bpr`c c^f Ødefkfgg

çèÙÜ bjjkd]bcdr\g ifg]edpfi d\ à^bjcfe ×o b ]befm`k b\bkågdg kfbid\l
cr c^f ]^rd]f rm c^f pfgc be]^dcf]c`ef cr efbkdsf b ]rajkfcf d\cflebcfi
ef]fdÚfe mer\cûf\i dg \f]fggbeåZ
Ý^f abd\ bgjf]cg c^bc ^bÚf cr pf ]r\gdifefi bef jfemreab\]fgo

jr�fe ]r\g`ajcdr\ b\i kbår`c mfbgdpdkdcåZ
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³:9 tBFE©> «w�GEF@Bw�
Ý^f fbgdfe be]^dcf]c`ef dg c^f U|WxXO XPT�xW}|PTZ vg g^r�\ d\

udlZ êZ×o dc ir�\]r\Úfecg c^f üã ÿçs gdl\bk idef]ckå cr pbgfpb\i
`gd\l r\kå b ]r`jkf rm Ü b\i ! adýfegZ Ý^f mefì`f\]å lf\febcdr\
dg c^f\ abif `gd\l r\kå r\f é^bgf 	r]
fi 	rrj �é		 o b\i c^f\ b
îàáo �re
d\l bc üã ÿçsZ

udl`ef êZ×) èdef]c àr\Úfegdr\ ëkr]
 èdbleba
þ\mrec`\bcfkåo c^dg 
d\i rm be]^dcf]c`ef \ffig cr lf\febcf c^f ifû

gdefi c`\d\l eb\lf b\i ì`biebc`ef idef]ckå bc üã ÿçso ab
d\l jerû
^dpdcdÚf c^f jr�fe ]r\g`ajcdr\ efì`defaf\cg cr f\g`ef kr� f\r`l^
j^bgf \rdgfZ ßcbcf rm bec üã ÿçs é		o d\mb]co efjrecg b j^bgf \rdgf
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rm bpr`c ûíê ië]$çs bc ×ã Ùçs rngfc �×��o bkargc äã ië ^dl^fe c^b\
c^f efì`defaf\cg fýjefggfi d\ � ×ZæZïZ
ÙrefrÚfeo pf]b`gf c^f îàá dg �re
d\l bc üã ÿçso b\i ]r\gdiû

fed\l �bg idg]`ggfi d\ c^f jefÚdr`g ]^bjcfe c^bc ßà	 idÚdifeg �re

r\kå `j cr äã ÿçso c�r gcblfg rm Ü\�f]cdr\ 	r]
fi idÚdife bef \ffifi
d\ reife cr ]krgf c^f é		Z Ý^dg afb\g ä aref d\i`]creg cr pf kbdi
r`co bg c^f Ü	uè ^bg b efgr\b\c krbiZ Ý^dgo crlfc^fe �dc^ c^f ï
d\i`]creg \ffifi mre c^f mefì`f\]å lf\febcdr\ �Ü b\i ! îàág b\i
efkbcdÚf efgr\b\c p`nfeg o afb\g c^bc b crcbk rm ü d\i`]creg ^bg cr
pf kbdi r`c �`gc ]r\gdifed\l c^f mefì`f\]å lf\febcdr\Z Ý^dg ab
fg
c^f kbår`c Úfeå ]rajkd]bcfiZ

³:j �CB¦B�� u»
Ü\ reife cr bÚrdi c^fgf jerpkfago b ´�|U|T� �{ ]r\Úfegdr\ be]^dcf]û

c`ef ^bg pff\ d\ÚfgcdlbcfiZ vg g^r�\ d\ udlZ êZä dc dg pbgfi r\ b [egc
ir�\û]r\Úfegdr\ cr ×$æ c^f ef]fdÚfi mefì`f\]åo mrkkr�fi på b ì`biebû
c`ef ir�\û]r\Úfegdr\ cr èàZ Ü\ jbecd]`kbeo b ì`biebc`ef rg]dkkbcre
ber`\i äã ÿçs jerÚdifg Ü b\i ! gdl\bkg mre gf]r\i gcfj ]r\Úfegdr\
�^dkf b gf]r\i ^bear\d] dg fýceb]cfi b\i bajkd[fi d\ reife cr iedÚf
c^f Þu adýfeZ Ý^fefmrefo bkc^r`l^ c^f ir`pkf ]r\Úfegdr\o r\kå ×
é		 dg \ffifi rjfebcd\l bc äã ÿçsZ Ý^dg efkbýfg b krc c^f jr�fe
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]r\g`ajcdr\ efì`defaf\cg cr b]^dfÚf c^f �b\cfi j^bgf \rdgfo c`\d\l
eb\lf b\i ì`biebc`efZ

udl`ef êZä) ßkdid\l Üu àr\Úfegdr\ ëkr]
 èdbleba

vg b ]r\gfì`f\]fo \r Ü\�f]cdr\û	r]
fi idÚdifeg bef efì`defiZ Ý^dg
afb\g c^bc d\ c^dg ]bgf r\kå ê d\i`]creg bef \ffifiZ á\f mre c^f
idnfef\cdbk Þu adýfe b\i ï mre c^f mefì`f\]å lf\febcdr\ �bg dc �dkk
pf g^r�\ kbcfe Z
Ý^f jerjrgfi gkdid\l Üu grk`cdr\ fajkråg b äã ÿçs ì`biebc`ef

îàáo affcd\l c^f efì`defi j^bgf \rdgf �dc^ ×äZê' c`\d\l eb\lf b\i
b kdadcfi jr�fe ]r\g`ajcdr\ rm æü aØZ
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�WlWV Zzozhcz{ _�\h]

udl`ef êZæ) ßdajkd[fi g]^fabcd] rm c^f 	ðv
Ý^f 	r� ðrdgf vajkd[fe �	ðv �g^r�\ d\ ifcbdkg d\ udlZ êZæ 

birjcg c^eff gcblfg cr b]^dfÚf ×ü ië lbd\o f\r`l^ cr g`jjefgg \rdgf rm
c^f mrkkr�d\l jer]fggd\l pkr]
gZ âb]^ gcblf `gfg b ]bg]rif gce`]c`efZ
vg ifg]edpfi d\ �äZäZïo ]raar\ gr`e]f b\i ]raar\ lbcf ifÚd]fg
^bÚf fì`bk gdsf bkkr�d\l b }�SWxU «RTXO|PT d\cfeûidldcdsfi kbår`c cr
ad\dadsf gcebå ]bjb]dcb\]f bc c^f ]raar\ \rifo efgjr\gdpkf mre lbd\
b\i \rdgf iflebibcdr\Z èfÚd]fg bef pdbgfi bc b\ rjcda`a ]`eef\c
if\gdcå rm ääê µv$

µ
a mre abýda`a ft

Z
Ý^f \fc�re
 abif rm L1

b\i
L2

abc]^fg c^f d\j`c cr êã Ω o�^dkf c^fef dg \r êã Ω
d\cfegcblf abc]^d\lo p`c d\i`]cdÚf krbig �Ld

 
efgr\bcf r`c ifÚd]f jbebgdcd]g d\ fb]^ gcblf mre abýda`a lbd\Z Ý^f
kbgc gcblfo m`ec^fearefo idef]ckå iedÚfg c^f ceb\g]r\i`]cre rm c^f [egc
adýfeZ
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Ýeb\gadggdr\ kd\fg �Ýûkd\fg o bg �fkk bg gjdebkgo bef Údbpkf cr daû
jkfaf\c d\i`]creg bc adkkdafcfe �bÚfgZ Ø^dkf c^f kbccfe bkkr� b aref
]rajb]c kbår`co �f rjcfi mre Ýûkd\fg ab
d\l c^f ifgdl\ mbgcfe b\i
aref efkdbpkfo i`f cr c^f b]]`ebcf arifk prc^ mre mre�bei b\i efc`e\
]`eef\c gdl\bk jbc^Z Ü\ c^f 	ðvo d\mb]co c^dg jerpkfa pf]rafg Úfeå
dajrecb\c i`f cr c^f gd\lkf f\ifi crjrkrlå rm c^f ]de]`dc dcgfkmZ
á\]f if]difi cr pdbg bkk ceb\gdgcreg bc c^fde rjcda`a ]`eef\c

if\gdcåo c^f [\bk gdsfg rm c^f ceb\gdgcreg c^fagfkÚfg �fef ]^rgf\ b]û
]reid\l cr \rdgf b\bkågdgZ

udl`ef êZï) ßdajkd[fi g]^fabcd] rm c^f [egc gcblf rm c^f 	ðv
àr\gdife [egc c^f d\j`c gcblfo g]^fabcd]bkkå efjefgf\cfi d\ udlZ êZïZ

vg d\ bkk ef]fdÚfe b êã Ω
d\j`c abc]^d\l dg efì`defiZ Ý^f lbcf efû

gdgcb\]fo ^fef efjefgf\cfi bg dcg jbebkkfk fì`dÚbkf\c rg−p
o dg gr ceb\gû
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mreafi cr êã Ω
på c^f abc]^d\l \fc�re
 b\i gfcg b kr�fe pr`\i cr

c^f \rdgf [l`ef rm æ iëZ
Ý^f\ c^f gf]r\i abd\ ]r\cedp`cre cr c^f \rdgf [l`ef dg c^f \rdgf

rm ceb\gdgcreM1

Z è`f cr c^f abc]^d\l \fc�re
 lbd\ oAM
�âìZ êZ× )

AM =
Vgs

Vin

=

√

rg−p

RS

�êZ× 
c^f d\j`c efmfeefi \rdgf jr�fe gjf]cebk if\gdcå i`f cr Ù× ]^b\\fk
c^feabk \rdgf efg`kcg �âìZ êZæ )

V 2

n−in,M1
=

4kTγ

gm1

1

A2

M

=
4kTγ

gm1

Rs

rg−p

�êZä 
vc rjcda`a ]`eef\c if\gdcåo b\i r\]f [ýfi c^f [\lfe �dic^ rm c^f
ceb\gdgcrego c^bc afb\g r\]f [ýfi c^f efgdgcb\]f rm c^f gd\lkf lbcfo
gm

b\i c^f crcbk lbcf efgdgcb\]f fý^dpdc rjjrgdcf ifjf\ib\]f r\ c^f
crcbk ifÚd]f �dic^o ab
d\l c^f d\j`c gcblf `kcdabcfkå d\ifjf\if\c
rm c^f ifÚd]f idaf\gdr\gZ Ý^dg ^rkig ce`f fÚf\ �^f\ ]r\gdifed\l b
krggå abc]^d\l \fc�re
o bkc^r`l^ c^f rÚfebkk \rdgf [l`ef d\]efbgfgZ
àr\gdifed\l c^f gf]r\i gcblfo g^r�\ d\ udlZ êZêo c^f d\j`c efmfeefi

\rdgf mera c^dg gcblf dg ifedÚfi bg �âìZ �� )
V 2

n−in,M2
=

4kTγ

gm2

1

A2

M · g2

m1
· R2

p

�êZæ 
�^fef Rp

dg c^f crcbk jbebkkfk efgdgcb\]f krbid\l c^f [egc gcblf bc efgû
r\b\]fZ Ý^f [egc gcblf Úrkcblf lbd\ ifÚfkrjg r\ b\ 	à krbio �^fef



M� õH �ùòùÄ�ù� ��ö÷ø�ù÷ó

udl`ef êZê) ßdajkd[fi g]^fabcd] rm c^f gf]r\i gcblf rm c^f 	ðv
c^f gf]r\i gcblf d\j`c ]bjb]dcb\]f dg c^f irad\b\c meb]cdr\o c^`g
efi`]d\l �dc^ W

Z vg b ]r\gfì`f\]fo c^f d\i`]cb\]f b\i jbebkkfk
efgdgcb\]f d\]efbgfo b\i gr irfg c^f [egc gcblf Úrkcblf lbd\Z âì`dÚû
bkf\c d\j`c \rdgf Úrkcblf rm c^f gf]r\i gcblfo gro dajerÚfg efi`]d\l
dcg �dic^Z Ý^f ad\da`a Úbk`f dg gfc på [ýfi jbebgdcd]go abd\kå i`f
cr d\cfe]r\\f]cdr\gZ
Ü\ reifeo c^f\o cr gbÚf ]`eef\c d\ c^f [egc gcblfo �^dkf efi`]d\l

c^f \rdgf ]r\cedp`cdr\ rm c^f gf]r\i r\fo�f ^bÚf gfkf]cfi b efkbcdÚfkå
gabkk lbcf �dic^ rm äã µ

a d\ prc^ gcblfgZ Ý^f c^dei gcblf dg [\bkkå
d\ceri`]fi cr b]^dfÚf c^f cbelfcfi ×ü ië lbd\ b\i dc dg ifgdl\fi mrkû
kr�d\l c^f gbaf ebcdr\bkfZ
Ý^f Þu adýfeo g^r�\ d\ udlZ êZüo jefgf\cg b ir`pkf pbkb\]fi

ÿdkpfec àfkk crjrkrlå cr bgg`ef pfgc 	á g`jjefggdr\Z Ý^f Þu ceb\gû
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udl`ef êZü) ßdajkd[fi g]^fabcd] rm c^f Þu adýfe
]r\i`]cre dg iedÚf\ gd\lkf f\ifi pf]b`gf rm c^f gd\lkf f\ifi crjrkrlå
rm c^f 	ðvZ v gjdebk d\i`]creo efgr\bcd\l r`c ifÚd]f jbebgdcd]go krbig
c^f Þu adýfeZ èfgjdcf c^f efkbcdÚfkå ^dl^ mefì`f\]åo �f rjcfi mre b
gjdebk d\gcfbi rm b ceb\gadggdr\ kd\f pf]b`gf c^f gdl\bk bc c^f adýfe
r`cj`c dg idnfef\cdbko ab
d\l ]`eef\c efc`e\g arifkd\l kfgg ]edcd]bkZ
á\ c^f ]r\cebeåo L1

b\i
L2
o `gfi gd\lkf f\ifio ^bÚf pff\ dajkfû

af\cfi `gd\l ceb\gadggdr\ kd\fgZ Ý^rgf c�r d\i`]creg ir \rc �`gc
efgr\bcf r`c ]bjb]dcdÚf jbebgdcd]g bc c^f iebd\g rm c^f ceb\g]r\i`]cû
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b\]fgo p`c bef `gfi cr abc]^ c^f g�dc]^d\l jbdeg d\j`c dajfib\]f
�dc^ c^f ceb\g]r\i`]cre r`cj`c dajfib\]fo jerÚdid\l bkargc æ ië
]`eef\c lbd\ prrgcZ

udl`ef êZÛ) ßdajkd[fi g]^fabcd] rm c^f Üu adýfeg
Üu ì`biebc`ef adýfego bg g^r�\ d\ udlZ êZÛo jefgf\c bkgr b ir`pkf

pbkb\]fi ÿdkpfec àfkk crjrkrlåZ Ý^få `gf b idnfef\cdbk b]cdÚf krbi cr
abýdadsf r`cj`c efgdgcb\]f mre ldÚf\ Úrkcblf erraZ éûÙáß ]`eef\c
gr`e]fgo ]r\cerkkfi på afb\g rm b ]raar\ûarif mffipb]
o pdbg c^f
adýfeZ ájf\ iebd\ idnfef\cdbk jbdeg p`nfeg ]bg]bid\l c^f ef]fdÚfe
bef `gfi cr iedÚf afbg`efaf\c d\gce`af\cgZ
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�WlWl ~{z�fz]o� �z]z{\ghd]
!`biebc`ef gdl\bkg iedÚd\l c^f Üu adýfeg bef lf\febcfi på afb\g

rm c�r éûð 	à rg]dkkbcrego ]r`jkfi Údb ]erggû]r\\f]cfi ceb\gdgcre
M1 − M4

o bg g^r�\ d\ udlZ êZ� �[egc ^bear\d] ]r`jkd\l �×í�Z

udl`ef êZ�) ßdajkd[fi g]^fabcd] rm c^f îàá
	d
f d\ b\å idnfef\cdbk rg]dkkbcreo c^f ]raar\ gr`e]fg rm c^f m`kkå

idnfef\cdbk b]cdÚf jbdeg ^bÚf b gf]r\i ^bear\d] ]r\cf\cZ ÙrefrÚfeo
c^få ^bÚf rjjrgdcf j^bgfg pf]b`gf c^f rg]dkkbcreg e`\ d\ ì`biebc`ef�äã�Z Ý^dg idnfef\cdbk gf]r\i ^bear\d] ]r\cf\c dg c^f\ efd\mre]fi
på c^f krrj p`dkc ber`\i Mx

b\i
My

Z vmcfe m`ec^fe bajkd[]bcdr\
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c^er`l^ jgf`irûidnfef\cdbk gcblfg �\rc g^r�\ d\ udlZ êZ� o c^f fýû
ceb]cfi gdl\bk bc c�d]f c^f mefì`f\]å iedÚfg c^f Þu adýfeZ
àbjb]dcdÚf jbebgdcd] bc ]raar\ gr`e]fg \rifg bef efgr\bcfi r`c

på b\ d\i`]cre efd\mre]d\l c^f ïã ÿçs ]`eef\c d\�f]cfi d\cr Mx

b\i
My

Z Ü\ c^f [\bk kbår`c pf]b`gf rm kdadcfi gjb]f cr jkb]f bkk c^f
d\i`]creg efì`defio c^f kbccfe r\f ^bg pff\ kbdi r`c bg b ceb\gadggdr\
kd\f ber`\i c^f d\i`]cre rm c^f ïã ÿçs jgf`ir idnfef\cdbk p`nfeZ
âb]^ rg]dkkbcre `gfg éûð ceb\g]r\i`]creg gr c^bc c^f r`cj`c ]raû

ar\ arif Úrkcblf �ber`\i îii$ä bkkr�g èà ]r`jkd\l cr c^f Üu
adýfegZ
Ý^f fgcdabcfi crcbk [ýfi ]bjb]dcdÚf jbebgdcd] bc cb\
 \rifg dg

bpr`c ×üã muZ Ýbelfcd\l b mefì`f\]å c`\d\l eb\lf rm ×æ' efg`kcg d\ b
Úbeb]cre �dc^ ×æã mu abýda`a ]bjb]dcb\]f b\i ïã mu ad\da`a ]bû
jb]dcb\]fo crlfc^fe �dc^ äêê jç d\i`]cb\]f mre b äã ÿçs rg]dkkbcdr\
mefì`f\]åZ
Ü\ reife cr rpcbd\ c^f ifgdefi c`\d\l eb\lf �^dkf 
ffjd\l efkbû

cdÚfkå gabkk c^f îàá lbd\o c�r ]bjb]dcre pb\
g ^bÚf pff\ dajkfû
af\cfi �udlZ êZí Z
Ý^f [egc r\f dg mre [\f c`\d\l b\i dg abif på ðûÙáß d\ \û

�fkk Úbeb]creg �vûÙáß Z Ü\ c^dg ]bgf vûÙáß Úbeb]creg ^bÚf pff\
jefmfeefi cr ÜûÙáß r\fg pf]b`gf c^f ]raar\ arif rm c^f rg]dkkbcreg
dg gfc cr îii$äZ þgd\l vûÙáß dc dg jrggdpkf cr fýjkref c^f f\cdef
c`\d\l ]^beb]cfedgcd] �dc^ b ]r\cerk Úrkcblf �Vtune

 d\ c^f ã î cr
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udl`ef êZí) îàá ]bjb]dcdÚf cb\

îii eb\lfo�^dkf dc dg \rc jrggdpkf �dc^ ÜûÙáßZ vg g^r�\ d\ udlZ êZío
\r\ ad\da`a kf\lc^ ^bg pff\ ]^rgf\ cr d\]efbgf c^f c`\d\l eb\lf
�fýjf]cfi d\ c^f reife rm ×ä' o bg idg]`ggfi d\ �ïZ×Z×Z Ý^dg dg jrggdpkf
pf]b`gf bc äã ÿçs Úbeb]creg ad\da`a ! dg gcdkk ^dl^fe c^b\ ×ã fÚf\
�dc^ \r\ ad\da`a kf\lc^ �udlZ êZ×ã Z
Ý^f gf]r\i pb\
 dg mre ]rbegf c`\d\lZ Üc dg abif rm Û pkr]
g

rm idldcbkkå g�dc]^fi ÙáÙ ]bjb]dcrego `gd\l æ pdc kd\fgZ ß�dc]^fi
ÙáÙ ]bjb]dcreg ^bÚf pff\ jefmfeefi cr g�dc]^fi vûÙáß Úbeb]creg
pf]b`gf rm c^fde pfccfe ! bc äã ÿçsZ
Ý^f cb\
 d\i`]cre ^bg pff\ kbdi r`c bg b idnfef\cdbk r]cblr\bk

r\f c`e\ g^dfkifi d\i`]creZ Ý^f afcbk �dic^ dg ×ã µ
a b\i c^f crcbk
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udl`ef êZ×ã) Ùd\da`a ! �irccfi b\i àabý$àad\ ebcdr bc äã ÿçs
kf\lc^o d\]k`id\l c^f afcbk cbjfe cr c^f Úbeb]crego dg êãã µ

aZ ßdaû
`kbcdr\go jfemreafi på afb\g rm vldkf\c Ùraf\c`ao jerÚdif ! rm
bpr`c äæ bc äã ÿçsZ

�WlWy `z\pf{z�z]g Zzpfegp
ubped]bcfi jercrcåjfgo �dc^ ]^dj j^rcrad]erlebj^ g^r�\ d\ udlZ

êZ×× ^bÚf pff\ jerpfi mre ]^beb]cfedsbcdr\Z
Ý^f ]^dj ieb�g bpr`c êæ av mera ×Zê î g`jjkåo d\]k`id\l pdbgd\lZ

Ùfbg`efi S11
o lbd\ b\i \rdgf [l`ef ^bÚf pff\ ]rajbefi �dc^ gdaû

`kbcdr\g d\ udlZ êZ×äZ ßda`kbcdr\g b\i afbg`efaf\cg bef Úfeå ]krgfZ
ëå c^f �båo jfb
 lbd\ mefì`f\]å dg gkdl^ckå ^dl^fe c^b\ gda`kbcfi
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udl`ef êZ××) èdf j^rcrad]erlebj^ �äZ×ê aa2
befb 

�ber`\i × ÿçs b\i c^dg dg abd\kå bccedp`cfi cr b\ rÚfefgcdabcdr\
rm adýfe jbebgdcd]gZ vkgr c^f afbg`efi jfb
 lbd\ abl\dc`if dg æ ië
idnfef\c mera c^f gda`kbcfi r\f b\i c^dg ifjf\ig abd\kå r\ d\b]]`û
eb]dfg d\ c^f Ùáß arifkd\lZ ë`co ]r\gdifed\l c^f æ gcblfg 	ðvo dc
efg`kcg bg b efbgr\bpkf feere rm kfgg c^b\ × ië jfe gcblfZ
Ý^f afbg`efi jfb
 lbd\ dg ä� iëo�^dkf c^f ûæ ië pb\i�dic^ �Þu

pb\i�dic^ dg bpr`c ê ÿçsZ Ý^f ad\da`a \rdgf [l`ef dg bpr`c í
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udl`ef êZ×ä) Ùfbg`efi �]r\cd\`r`g kd\f b\i gda`kbcfi �irccfi kd\f 
ÿbd\o S11

b\i ðrdgf udl`ef

iëZ Ùfbg`efi dablf ef�f]cdr\ ebcdr dg � üã ië �^dkf c^f d\j`c ×ûië
]rajefggdr\ jrd\c dg bpr`c ûäü iëa bg g^r�\ d\ udlZ êZ×æZ
Ý^f mefì`f\]å c`\d\l eb\lf rm c^f îàáo lrd\l mera êí ÿçs cr

üÛ ÿçso dg bpr`c ×äZê' ]rÚfed\l b\ Þu pb\i�dic^ rm � ÿçs ber`\i
üæ ÿçsZ Ý^f Ü$! adgabc]^ dg kfgg c^f\ ê ifleffgZ
Ý^f ef]fdÚfi gdl\bk fýjfedf\]fg c�r mefì`f\]å ceb\gkbcdr\gZ vg

g^r�\ d\ udlZ êZ×ïo c^f j^bgf \rdgf rm b\ fì`dÚbkf\c kr]bk rg]dkkbcre
e`\\d\l bc ef]fdÚfi mefì`f\]å ^bg pff\ afbg`efi ir�\û]r\Úfecd\l b\
d\j`c cr\f �jerÚdifi på b\ vldkf\c aaû�bÚf gr`e]f cr ×ãã ÙçsZ
Ý^f vldkf\c gr`e]f jerÚdifg b gdl\bk a`]^ j`efe c^b\ c^f r\ ]^dj
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udl`ef êZ×æ) Ùfbg`efi ×ûië àrajefggdr\ érd\c

udl`ef êZ×ï) é^bgf ðrdgf afbg`efaf\c gfc`j
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îàá gdl\bkgo c^`g c^f r`cj`c afbg`efi j^bgf \rdgf dg r\kå ifcfeû
ad\fi på c^f r\ ]^dj îàá dcgfkmZ é^bgf \rdgfo c^`g ifcfead\fi på
c^f îàáo dg û××ê ië]$çs bc ×ã Ùçs rngfc bc b\ fì`dÚbkf\c ]beedfe
mefì`f\]å rm üï ÿçsZ udlZ êZ×ê g^r�g c^f afbg`efi r`cj`c gjf]ce`aZ

udl`ef êZ×ê) Ùfbg`efi é^bgf ðrdgf
Ý^f \rdgf gjf]ceb rm c^f c�r 	áqg bef m`kkå ]reefkbcfi �pfd\l lf\û

febcfi på c^f gbaf îàá o afb\d\l c^f äã ÿçs !îàá j^bgf \rdgf
fgcdabcf dg íZê ië kr�feo dZf û×äï ië]$çs bc ×ã Ùçs rngfco d\ lrri
bleffaf\c �dc^ gda`kbcfi efg`kcgZ Ýbpkf êZ× g`aabedsf c^f rpcbd\fi
efg`kcgZ



õHñ ú�ÄóÄ÷� Ä� Í�õ

îrkcblf ÿbd\ ä� ië
ðrdgf udl`ef í ië
Þu pb\i�dic^ ê ÿçs
Ü\j`c ×ûië àé ûäü iëa

Üablf Þf�f]cdr\ Þbcdr � üã ië
Ý`\d\l Þb\lf ×äZê'
Ü$! Ùdgabc]^ ( ê

◦	á é^bgf ðrdgf û××ê ië]$çs
×ã Ùçs ángfc � üï ÿçs 

Ýrcbk ér�fe àr\g`ajcdr\ �ã aØ
	á ér�fe àr\g`ajcdr\ æü aØ

ß`jjkå îrkcblf ×Zê î
v]cdÚf à^dj vefb ∼

ãZê aa
2

Ýf]^\rkrlå ( üê \a àÙáß
Ýbpkf êZ×) Þfg`kc ß`aabeå

�WlW� _d]oefphd]p
v m`kkå d\cflebcfi aaû�bÚf ef]fdÚfe pbgfi r\ b ßkdid\l Üu beû

]^dcf]c`ef ^bg pff\ d\Úfgcdlbcfi b\i d\cflebcfiZ Ýbpkf êZä g^r�g b
]rajbedgr\ pfc�ff\ c^dg �re
 b\i c^f gcbcf rm becZ
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Ý^dg cbpkf ifar\gcebcfg c^bc c^f lrbk rm efbkdsd\l b üã ÿçs
ef]fdÚfe efgjf]cd\l c^f gced]c efì`defaf\cg rm �æ� eflbeid\l c^f mefû
ì`f\]å lf\febcdr\ �idg]`ggfi d\ à^bjcfe × ^bg pff\ m`kkå b]^dfÚfi
�^dkf ]r\g`ad\l ^bkm c^f ]`eef\c �dc^ efgjf]c cr gcbcf rm c^f becZ
Ý^f \rdgf [l`efo bkc^r`l^ d\ gjf]o dg gcdkk b kdcckf ^dl^fe p`c c^dg dg
i`f abd\kå cr c^f ]^rd]f rm `gd\l kr� kfb
blf idldcbk ceb\gdgcreg c^bc
�fef c^f r\kå bÚbdkbpkf bc c^f cdaf c^f ifgdl\ �bg ir\fZ
ÙrefrÚfe c^f Þu pb\i�dic^ dc dg gcdkk \rc f\r`l^ cr ]rÚfe c^f

f\cdef pb\i�dic^ rm c^f gcb\ibei jerjrgbk idg]`ggfi d\ à^bjcfe ×�æ�Z Ý^f abd\ kdadc cr c^dg bef c^f \beer� pb\i 	ðv b\i c^f Þu
Ùdýfeo c^f dc dg b]c`bkkå c^f efbk prcckf\f]
Z Ü\ c^f \fýc ]^bjcfe b
\f� ef]fdÚd\l mer\cûf\i �dc^ �difpb\i 	ðv b\i Þu adýfe �dkk pf
ifg]edpfiZ



Í�
 õH �ùòùÄ�ù� ��ö÷ø�ù÷ó

³:r ;B¦E§=�¦ �CB¦B�� u»
vg ifg]edpfi d\ c^f jefÚdr`g jbeblebj^ b ßkdid\l Üu be]^dcf]c`ef

dg Úfeå Úbk`bpkf pf]b`gf dc efkbý c^f efì`defaf\cg rm c^f mefì`f\]å
gå\c^fgdsfeZ ëå c^f �bå c^f mer\c f\i jefgf\cfi d\ c^f jefÚdr`g
]^bjcfe ]b\ g`nfe mf� idgbiÚb\cblfgZ udegckå c^f Þu pb\i�dic^
]rÚfefi på c^f 	ðv a`gc pf ^dl^fe c^b\ ×ä ÿçs cr efgjf]c c^f
gcb\ibei jerjrgbk ifg]edpfi d\ à^bjcfe × �æ�Z ÙrefrÚfeo c^f ]beedfeg
jerjrgfi på c^f gcb\ibei dcgfkm bef mera bpr`c ê� ÿçs cr üê ÿçsZ
àr\gdifed\l c^f ä ÿçs pb\i�dic^ mre fb]^ ]^b\\fk �ber`\i fÚfeå
]beedfe o c^dg afb\g c^bc c^f Þu adýfe a`gc ^bÚf b ûæ ië pb\i�dic^
^dl^fe c^b\ ê ÿçs �a`gc pf bg ºbc bg jrggdpkf pfc�ff\ ×� ÿçs b\i
äæ ÿçs Z ud\bkkå c^f mefì`f\]å lf\febcdr\ jerjrgfi jefÚdr`gkå ]b\
g`nfe rm Ü$! `\pbkb\]f mre b ldÚf\ j^bgf \rdgf efì`defiZ !`biebc`ef
gdl\bkgo d\mb]co bef lf\febcfi c^er`l^ [egc ^bear\d] ]r`jkd\lZ ßr
bg ifg]edpfi d\ �×í�o cr efi`]f c^f Ü$! feere b gcer\lfe ]r`jkd\l dg
\f]fggbeåo bnf]cd\l b krc c^f j^bgf \rdgf jfemreab\]fZ
ure c^dg efbgr\g b \f� �difpb\i mer\cûf\i ^bg pff\ ifgdl\fi b\i

mbped]bcfi �udlZ êZ×ü Z Ü\ c^dg ]bgf ^dl^ jfemreab\]f ceb\gdgcreg ^bÚf
pff\ `gfi cr f\^b\]f lbd\ b\i \rdgf [l`ef jfemreab\]fgZ
Ý^f \f� mer\cûf\i d\ceri`]fg ]bjb]dcdÚfkå ]r`jkfi d\cfeûgcblf efgû

r\bcreg d\ c^f 	ðv mre abýda`a lbd\ûpb\i�dic^ jeri`]co b îàá
rjfebcd\l bc ïã ÿçs b\i ifedÚfg Ü b\i ! Üu iedÚd\l gdl\bkg mera
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udl`ef êZ×ü) Ødifûëb\i uer\cûâ\i pkr]
 idbleba
c^f Þu efmfef\]f på afb\g rm �difûpb\i d\mf]cdr\ kr]
fi mefì`f\]å
idÚdifeg på c�r �ifg]edpf d\ � ïZäZï Z
Ý^dg jfeadcg blbd\ cr efi`]f c^f rjfebcd\l mefì`f\]å rm c^f îàá b\i
gr rm b\ fÚf\c`bk é		o b\i cr lf\febcf aref b]]`ebcf Ü$! j^bgfgZ
�WyWV Zzozhcz{ _�\h]
Ý^f ]de]`dc idbleba rm c^f Þu mer\cûf\i dg efjrecfi d\ udlZ êZ×ÛZ
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udl`ef êZ×Û) Ødifûëb\i 	ðv b\i Þu adýfe
Ý^f 	ðv birjcg c^eff bajkdmåd\l gcblfg cr b]^dfÚf bpr`c äü ië

lbd\ b\i fajkråg ]bjb]dcdÚfkå ]r`jkfi d\cfeûgcblf abc]^d\l �udlZ êZ×� 
ifgdl\fi mre bpr`c ×ï ÿçs Þu pb\i�dic^ �dc^ bpr`c × ië edjjkfZ
v kr� lbd\ arif ]b\ pf gfkf]cfi på efi`]d\l c^f pdbgd\l ]`eef\c rm
ceb\g]r\i`]cre ifÚd]fg d\ fb]^ gcblfZ
èfÚd]f gdsfg d\ fb]^ gcblf ^bg pff\ ]^rgf\ b]]reid\l cr c^f gbaf

\rdgf b\bkågdg ir\f d\ � êZäZ×Z
vg d\ c^f jefÚdr`g ifgdl\o c^f Þu adýfe ]r\gdgcg d\ b ir`pkf
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udl`ef êZ×�) ÿbd\ûëb\i�dic^ f\^b\]faf\c
pbkb\]fi ÿdkpfec àfkk iedÚf\ gd\lkf f\ifi på c^f 	ðv �udlZ êZ×Û Z
vlbd\ b ]`eef\c lbd\ prrgc dg efbkdsfi på d\i`]cre L3

b\i
L4

�^d]^
abc]^ ceb\g]r\i`]cre b\i g�dc]^d\l jbde dajfib\]fZ
u`ec^fearefo d\ reife cr f\^b\]f c^f pb\i�dic^ rm c^f adýfe

dcgfkmo d\gcfbi rm biid\l kr� ! Úbeb]creg cr c`\f c^f efgr\bcd\l krbio
b �dif pb\i [kcfe pbgfi r\ ceb\gmread\l ]r`jkd\l ^bg pff\ efbkdsfi
`gd\l c^f Üu d\cfegcblf \fc�re
 g^r�\ d\ udlZ êZ×Ûo ]rajedgfi rm c^f
Þu adýfe krbi b\i c^f Üu adýfeg d\j`cZ
Ý^f d\i`]cb\]f rm c^f jedabeå �d\id\l efgr\bcfg r`c bkk ifÚd]f

jbebgdcd] bc Üu ]f\cfe mefì`f\]å �^dkf c^f gf]r\ibeå efgr\bcfg bc
c^f gbaf mefì`f\]å �dc^ b\ fýjkd]dc ÙáÙ ]bjb]dcreZ Ý^f a`c`bk
d\i`]cb\]f pfc�ff\ c^f c�r �d\id\lg dg c^f efgjr\gdpkf rm b kdcckf
gjkdc rm c^f c�r efgr\b\]fo f\kbeld\l c^f adýfe pb\i�dic^Z ájcda`a
jfemreab\]f d\ cfeag rm pb\i�dic^ b\i edjjkf bef b]^dfÚfi�dc^ adki
]r`jkd\l �ää�Z
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udl`ef êZ×í) ßda`kbcfi Þu Ùdýfe ÿbd\
vg c^f bkdl\af\c �fý]k`id\l c^f a`c`bk d\i`]cb\]f rm c^f mefû

ì`f\]å efgr\b\]f dg Úfeå dajrecb\c cr rpcbd\ b ºbc efgjr\gf �^dkf
biid\l c^f a`c`bk ]r\cedp`cdr\o c^f ÙáÙ ]bjb]dcre krbid\l c^f gf]û
r\ibeå �d\id\l ^bg pff\ idÚdifi d\ c^eff pkr]
g idldcbkkå g�dc]^fiZ
Ý^dg bkgr jfeadc cr rpcbd\ bkargc × ië lbd\ prrgc r\ fb]^ gdif rm
c^f efì`defi pb\i�dic^Z udlZ êZ×í g^r�g c^f gda`kbcfi lbd\ rm c^f
Þu adýfe d\ cåjd]bk ]r\idcdr\gZ
àbjb]dcdÚf ]r`jkd\lo birjcfi d\ c^f 	ðv d\cfeûgcblfgo �bg bkgr

Údbpkf kfbid\l cr fÚf\ pfccfe lbd\ûpb\i�dic^ jfemreab\]fg p`c �f
rjcfi mre c^dg bkcfe\bcdÚf mre c^f mrkkr�d\l efbgr\g)

•
jbebkkfk d\i`]cre cr efgr\bcf r`c gfjbebcf jbebgdcd] ]bjb]dcreg
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�r`ki efì`def d\i`]cb\]fg � × \ç r]]`jåd\l b kbelf befb b\i
]rajkd]bcd\l ifÚd]f kbår`c

•
bc Üu gcblf lbd\ dg kfgg ]edcd]bk bkkr�d\l abýda`a pb\i�dic^
bg abd\ cbelfc

•
c^f adýfe ^bg b idnfef\cdbk crjrkrlå

�WyWl ~{z�fz]o� �z]z{\ghd]
Ý^f r\û]^dj efmfef\]f dg c`\fi bc ä$æ c^f ef]fdÚfi mefì`f\]å mre

gdl\bk ir�\û]r\Úfegdr\ cr b gkdid\l d\cfeafidbcf mefì`f\]åZ Ødc^
efgjf]c cr b ]r\Úf\cdr\bk g`jfeû^fcferiå\f be]^dcf]c`efo c^f efì`defi
c`\d\l eb\lf dg efi`]fi pf]b`gf c^f efmfef\]f meb]cdr\bk pb\i�dic^
fì`bkg c^f ef]fdÚfi meb]cdr\bk pb\i�dic^Z vc c^f gbaf cdafo c^f
kr�fe mefì`f\]å mbÚreg efi`]d\l j^bgf \rdgf mre ldÚf\ ]r\g`ajcdr\Z
vg efjrecfi d\ udlZ êZ×ü c^f 	á dg ]rajrgfi på b ïã ÿçs idnfef\cdbk
îàá mrkkr�fi på c�r�difûpb\i d\�f]cdr\ kr]
d\l idÚdifeg cr lf\febcf
c^f äã ÿçs Ü$! gdl\bkgZ Ý^fgf c�r gdl\bkg bef c^f p`nfefi b\i `gfi
cr iedÚf c^f Üu adýfegZ
Ý^f îàá dg b ]kbggd] 	àûîàá �dc^ ]erggû]r`jkfi ðûÙáß idnfeû

f\cdbk jbde b\i b éûÙáß ]`eef\c lf\febcre r\ c^f d\i`]cre ]f\cfe
cbj �udlZ êZäã ZÝ^f éûÙáß ]`eef\c lf\febcre ^bg pff\ `gfi d\gcfbi
rm b\ ðûÙáß r\f cr rpcbd\ pfccfe jfemreab\]f r\ j^bgf \rdgfo b\i
cr ab
f c^f r`cj`c Úrkcblf \rc ^dl^fe c^b\ îiiZ Ý^f cb\
 ]bjb]dcre



ÍÍ� õH �ùòùÄ�ù� ��ö÷ø�ù÷ó

udl`ef êZäã) ïã ÿçs îàá g]^fabcd]
]rajedgfg ÙáÙ g�dc]^fi ifÚd]fg mre ]rbegf c`\d\l �dc^ ðûÙáß d\
\û�fkk Úbeb]creg mre [\f c`\d\lo d\ reife cr abýdadsf ]bjb]dcre �b\i
efgr\b\]f ì`bkdcå mb]creZ Ý^f d\i`]cre Úbk`f dg bpr`c Ûã jçZ
Ý^dg ïã ÿçs idnfef\cdbk gdl\bk dg c^f\ `gfi cr iedÚf c^f Þu adýfe

b\i c�r d\�f]dr\ kr]
fi idÚdife på c�r jerÚdid\l Ü b\i ! gdl\bkgZ Ý^f
îàá kr]
g c^f idÚdife på gdl\bk d\�f]cdr\ d\ jbebkkfk cr c^f cb\
 �bg
bkefbiå dkk`gcebcfi d\ udlZ ïZ×ê�×Û�Z
�WyWy `z\pf{z�z]g Zzpfegp
Ý^f ]^dj ^bg pff\ mbped]bcfi `gd\l b üê \a ÿé àÙáß cf]^\rkrlå

på ßÝÙd]erfkf]cer\d]go b\i c^f ad]erlebj^ dg g^r�\ d\ udlZ êZä×Z v
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udl`ef êZä×) à^dj é^rcrad]erlebj^
gf]r\i Úfegdr\o \rc d\cflebcd\l c^f r\û]^dj îàá b\i �^fef c^f efmû
fef\]f dg fýcfe\bkkå jerÚdifi c^er`l^ b �difûpb\i d\cflebcfi pbk`\o
dg bkgr bÚbdkbpkfZ èdfg �fef jerpfi mre ]^beb]cfedsbcdr\Z udlZ êZää
g^r�g afbg`efi lbd\ b\i \rdgf [l`ef Úfeg`g Þu mefì`f\]å mre c^f
c�r Úfegdr\gZ éfb
 lbd\ dg æêZê ië b\i c^f Þu pb\i�dic^ dg ^dl^fe
c^f ×æ ÿçso �dc^ fýcfe\bk efmfef\]fZ Ü\ûpb\i lbd\ edjjkf dg ( ä iëZ
Ý^f m`kkå d\cflebcfi Úfegdr\ b]^dfÚfg c^f gbaf jfb
 lbd\ �^dkf c^f
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udl`ef êZää) Ùfbg`efi lbd\ b\i \rdgf [l`ef) fýcfe\bk 	á �]r\cd\`û
r`g kd\f b\i r\ ]^dj îàá �ircg 
fýjkrefi pb\i�dic^ dg kdadcfi på c^f r\û]^dj îàá mefì`f\]å eb\lf rm
×äZü'Z v\ `\ifeûfgcdabcdr\ rm cb\
 jbebgdcd]g kfbi cr b gkdl^c ir�\û
g^dmc rm äZÛ ÿçs rm c^f rg]dkkbcre ]f\cfe mefì`f\]åZ Ùfbg`efaf\cg
�fef jfemreafi d\gfecd\l b gabkk afcbk jkbcf d\ ]krgf jerýdadcå cr c^f
îàá cb\
 �dc^ c^f fnf]c rm efi`]d\l c^f d\i`]cb\]f b\i g^dmcd\l c^f
mefì`f\]å `j�beig �äæ�Z udlZ êZäæo arefrÚfe g^r�g c^f lbd\ Úbedbcdr\
rm c^f ]^bd\ Úfeg`g c^f Þu adýfe ÙáÙ g�dc]^d\lZ
Ý^f ef]fdÚfe jerÚfg cr pf ^dl^kå gf\gdcdÚf d\ c^f �^rkf pb\i�dic^o

�dc^ ðu bk�båg pfccfe c^b\ ü ië d\ c^f îàá mefì`f\]å eb\lf b\i b\
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udl`ef êZäæ) Ùfbg`efi lbd\ Úbeåd\l ÙáÙ d\ c^f Þu Ùdýfe krbi
bpgrk`cf ad\da`a rm êZü iëZ Ý^f afbg`efi ×ûië ]rajefggdr\ jrd\c�d\ kr� lbd\ arifo bpr`c ×ï ië dg ûä× iëaZ u`ec^fearefo b kbelf
dablf ef�f]cdr\ ebcdr rm pfccfe c^f\ �ã ië ^bg pff\ afbg`efiZ
vg d\ c^f jefÚdr`g ßkdid\l Üu mer\cûf\io c^f ef]fdÚfi mefì`f\]å

fýjfedf\]fg c�r mefì`f\]å ceb\gkbcdr\gZ Ý^f j^bgf \rdgf rm b\ fì`dÚû
bkf\c kr]bk rg]dkkbcre e`\\d\l bc ef]fdÚfi mefì`f\]å ^bg pff\ ifedÚfi
ir�\û]r\Úfecd\l b j`ef d\j`c cr\f cr äãã Ùçs �bg bkefbiå ifg]edpfi
d\ � êZäZæ Z Ý^f j^bgf \rdgf c^`g ifcfead\fi på c^f îàáo dg û××ê
ië]$ç� bc ×ã Ùçs rngfc bc b\ fì`dÚbkf\c ]beedfe mefì`f\]å rm üã
ÿçso bg g^r�\ d\ udlZ êZäïZ
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udl`ef êZäï) Ùfbg`efi é^bgf ðrdgf
�WyW� _d]oefphd]p
Ýbpkf êZæ jerÚdifg b g`aabeå rm c^dg �re
 jfemreab\]fg b\i b

]rajbedgr\ Úfeg`g c^f gcbcf rm becZ
v �difpb\i mer\c f\io bpkf cr ]rÚfe c^f gced\lf\c efì`defaf\cg

rm �æ� mre prc^ mefì`f\]å lf\febcdr\ b\i �difpb\i lbd\o ^bg pff\
d\cflebcfi b\i ifar\gcebcfi `gd\l b p`k
 àÙáß cf]^\rkrlåZ
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×Z× Ü\cfe\bcdr\bk Ýf]^\rkrlå Þrbiabj mre ßfad]r\i`]creg í
×Zä Þu àÙáß ÜÝÞß Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ã
×Zæ îf^d]`kf ebibe fýbajkf Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ä
×Zï Øévð fýbajkf Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×æ
×Zê vde bccf\`bcdr\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ï
×Zü Øfbjr\g ifcf]cdr\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ê
×ZÛ Øreki üã ÿçs pb\i bkkr]bcdr\g Z Z Z Z Z Z Z Z Z Z Z Z Z ×ü
×Z� à^b\\fkg \`apfed\l Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×�
×Zí ëb\i bkkr]bcdr\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×í
×Z×ã Þb\lf Úfeg`g èbcb Ý^er`l^j`c Z Z Z Z Z Z Z Z Z Z Z Z Z äã
×Z×× âeere îf]cre Ùbl\dc`if Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ä×
×Z×ä âîÙ Úfeg`g ëdc Þbcf Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ää
×Z×æ âîÙ i`f cr é^bgf ðrdgf Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z äæ

×ä×



Íññ �Äúø ö� �Ä�"�ùú

×Z×ï âîÙ iflebibcdr\ Úfeg`g é^bgf ðrdgf bc × Ùçs é		
pb\i�dic^ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z äï

äZ× Ùßÿo Ùvÿ b\i þ m`\]cdr\ mre b\ b]cdÚf ifÚd]f Z Z Z Z æ×
äZä

fmax
Úfeg`g WF

b\i ]`eef\c if\gdcå mre Wtot = 20µm
æÛ

äZæ ér�fe ÿbd\ Úg ud\lfe Ødic^ �Ýrcbk Ødic^ 30µm
 Z Z æí

äZï ér�fe ÿbd\ Úg ud\lfe Ødic^ �Ýrcbk Ødic^ 30µm
 û

�rra Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ïã
äZê àbg]rif Úg àraar\ ßr`e]f �àß b\i àraar\ ÿbcf

�àÿ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ï×
äZü ß^befi  `\]cdr\ ]bg]rif g]^fabcd] Z Z Z Z Z Z Z Z Z Z Z ïä
äZÛ ß^befi  `\]cdr\ pbgd] kbår`c Z Z Z Z Z Z Z Z Z Z Z Z Z Z ïæ
æZ× Ýfgc à^dj é^rcrad]erlebj^ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ïü
æZä ÿßÿ ébi û Ýrj îdf� Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ïÛ
æZæ Ùßÿ$Ùvÿ iflebcbcdr\ i`f cr kbår`c jbebgdcd]g Z Z Z ïí
æZï ÿbcf ëdbg Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z êã
æZê ß^befi  `\]cdr\ àbg]rif Ýrj 	fÚfk Z Z Z Z Z Z Z Z Z Z êã
æZü Ùfbg`efi Ùßÿ$Ùvÿ mreWtot = 20µm

b\i
WF = 1µm

ê×
æZÛ Ùfbg`efi Ùßÿ$Ùvÿ mre Wtot = 20µm

b\i idnfef\c
WF

Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z êä
æZ� Ùfbg`efi Ùßÿ$Ùvÿ mre Wtot = 20µm

b\i
WF =

1µm
mre idnfef\c pdbg Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z êæ
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æZí Ùfbg`efi Ùßÿ$Ùvÿ mre Wtot = 20µm
b\i

WF =

1µm
mre idnfef\c pdbg Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z êï

ïZ× àerggûgf]cdr\ rm b\ Ü\Úfegdr\ Ùrif ðûÙáß Úbedbpkf
]bjb]dcre Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z êí

ïZä Ùd\da`a ! �irccfi kd\f b\i Cmax/Cmin
ebcdr bg b

m`\]cdr\ rm lbcf kf\lc^ bc üã ÿçs Z Z Z Z Z Z Z Z Z Z Z Z üä
ïZæ Ùfbg`efi àûî ]^beb]cfedgcd] �]r\cd\`r`g kd\f b\i gdaû

`kbcfi àûî b\i ! �irccfi kd\fg Z Z Z Z Z Z Z Z Z Z Z Z üæ
ïZï îàá b\i p`nfe g]^fabcd]Z Ý^f d\ûkfc g^r�g c^f Úbeû

b]creg be]^dcf]c`ef Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z üê
ïZê Ûã jç d\i`]cre Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z üü
ïZü Ûã jç d\i`]cre Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z üÛ
ïZÛ êï ÿçs îàá é^rcrad]erlebj^ Z Z Z Z Z Z Z Z Z Z Z Z Z ü�
ïZ� Ùfbg`efi �]r\cd\`r`g kd\f b\i gda`kbcfi �irccfi kd\fg 

rg]dkkbcdr\ mefì`f\]å Úg ]r\cerk Úrkcblf Z Z Z Z Z Z Z Z Z üí
ïZí Ùfbg`efi gcbecû`j ]`eef\cg b\i ! Úg mefì`f\]å Z Z Z Z Ûã
ïZ×ã Ùfbg`efi é^bgf ðrdgf bc c^f kr�fgc mefì`f\]å �ê× ÿçs Û×
ïZ×× Ùfbg`efi b\i gda`kbcfi é^bgf ðrdgf bc ×ã Ùçs rngfc

Úg mefì`f\]å Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Ûä
ïZ×ä Ùdkkfeqg idÚdif på c�r pkr]
 idbleba �dc^ kr�jbgg b\i

pb\ijbgg [kcfe Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ÛÛ
ïZ×æ Ùdkkfeqg idÚdif på c�r pkr]
 g]^fabcd] Z Z Z Z Z Z Z Z Z Û�
ïZ×ï Ü\�f]cdr\ 	r]
fi idÚdif på c�r g]^fabcd] Z Z Z Z Z Z Z Ûí
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ïZ×ê Ü\�f]cdr\ 	r]
fi idÚdif på c�r g]^fabcd] �dc^ idef]c
d\�f]cdr\ r\ c^f cb\
 Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z �ä

ïZ×ü ßf\gdcdÚdcå rm b èdef]c Ü\�f]cfi Ü	uè Z Z Z Z Z Z Z Z Z Z �æ
ïZ×Û Ü	uè kr]
d\l eb\lf b\i r`cj`c gdl\bk bajkdc`if Z Z Z �ï
êZ× èdef]c àr\Úfegdr\ ëkr]
 èdbleba Z Z Z Z Z Z Z Z Z Z Z Z ��
êZä ßkdid\l Üu àr\Úfegdr\ ëkr]
 èdbleba Z Z Z Z Z Z Z Z Z Z íã
êZæ ßdajkd[fi g]^fabcd] rm c^f 	ðv Z Z Z Z Z Z Z Z Z Z Z Z í×
êZï ßdajkd[fi g]^fabcd] rm c^f [egc gcblf rm c^f 	ðv Z Z Z íä
êZê ßdajkd[fi g]^fabcd] rm c^f gf]r\i gcblf rm c^f 	ðv Z íï
êZü ßdajkd[fi g]^fabcd] rm c^f Þu adýfe Z Z Z Z Z Z Z Z Z Z íê
êZÛ ßdajkd[fi g]^fabcd] rm c^f Üu adýfeg Z Z Z Z Z Z Z Z Z Z íü
êZ� ßdajkd[fi g]^fabcd] rm c^f îàá Z Z Z Z Z Z Z Z Z Z Z Z íÛ
êZí îàá ]bjb]dcdÚf cb\
 Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z íí
êZ×ã Ùd\da`a ! �irccfi b\i àabý$àad\ ebcdr bc äã ÿçs×ãã
êZ×× èdf j^rcrad]erlebj^ �äZ×ê aa2

befb Z Z Z Z Z Z Z Z Z ×ã×
êZ×ä Ùfbg`efi �]r\cd\`r`g kd\f b\i gda`kbcfi �irccfi kd\f 

ÿbd\o S11

b\i ðrdgf udl`ef Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ãä
êZ×æ Ùfbg`efi ×ûië àrajefggdr\ érd\c Z Z Z Z Z Z Z Z Z Z Z ×ãæ
êZ×ï é^bgf ðrdgf afbg`efaf\c gfc`j Z Z Z Z Z Z Z Z Z Z Z Z Z ×ãæ
êZ×ê Ùfbg`efi é^bgf ðrdgf Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ãï
êZ×ü Ødifûëb\i uer\cûâ\i pkr]
 idbleba Z Z Z Z Z Z Z Z Z Z ×ãí
êZ×Û Ødifûëb\i 	ðv b\i Þu adýfe Z Z Z Z Z Z Z Z Z Z Z Z Z ××ã
êZ×� ÿbd\ûëb\i�dic^ f\^b\]faf\c Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×××
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êZ×í ßda`kbcfi Þu Ùdýfe ÿbd\ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ××ä
êZäã ïã ÿçs îàá g]^fabcd] Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ××ï
êZä× à^dj é^rcrad]erlebj^ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ××ê
êZää Ùfbg`efi lbd\ b\i \rdgf [l`ef) fýcfe\bk 	á �]r\cd\û

`r`g kd\f b\i r\ ]^dj îàá �ircg Z Z Z Z Z Z Z Z Z Z Z ××ü
êZäæ Ùfbg`efi lbd\ Úbeåd\l ÙáÙ d\ c^f Þu Ùdýfe krbi Z Z ××Û
êZäï Ùfbg`efi é^bgf ðrdgf Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ××�
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äZ×
ft

b\i
fmax

mre b Wtot = 20µm
]raar\ gr`e]f ðÙáß æü

æZ× ´�SWxU �RTXO|PT Ùáß gdsfg Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ï�
ïZ× îàág ßcbcf rm vec Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Ûï
êZ× Þfg`kc ß`aabeå Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ãê
êZä Þfg`kc ß`aabeå Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ×ãü
êZæ Þfg`kc ß`aabeå Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z ××í

×äÛ
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�×� ëZ çfåibedo ÙZ ër^gbkdo âZ vibpdo b\i vZ ÙZ ðd
\f�bio
YÙdkkdafcfeû�bÚf ifÚd]fg b\i ]de]`dc pkr]
 `j cr ×ãï ÿçs d\
íã \a àÙáßot �III �PRWTS� P~ ´P�|U ´OSOx w|WXR|O}� JP�� K§��L� M§o èf]fapfe äããÛZ

�ä� âZ ßfr
o àZ àbro èZ ß^dao èZ vef\bgo èZ Ýb\\feo àZûÙZ ç`\lo
b\i �Z áo Yv ï×ã ÿçs àÙáß j`g^ûj`g^ rg]dkkbcre �dc^ b\ r\
]^dj jbc]^ b\cf\\bot �III �TOxWTSO|PTS� ´P�|U ´OSOx w|WXR|O}wPT~ xWxTXx �|�x}O µxX�� �S�xWo ufpe`beå äãã�Z

�æ� âàÙvo ³|�� JSOx N¨ O³y ���� VPw STU ³�V� �P¸o âàÙvÜ\cfe\bcdr\bko èf]fapfe äããÛZ
�ï� éZ vZ b\g ßZ Ùbccdgr\o Yá\ c^f `gf rm Ùáß Úbeb]creg d\ Þu
îàágot �III �PRWTS� P~ ´P�|U ´OSOx w|WXR|O}� JP�� QR� �L� No `\f äãããZ

×äí
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�ê� ÜÝÞßo JSU|P {WxSRxTX� STU PTS�P�TV|°xU�´|�TS� µxX�TP�P�
�|x} ~ PW U|Wx�x}} wPQQRT|XSO|PTo Ü\cfe\bcdr\bk Ýf]^\rkrlå
Þrbiabj mre ßfad]r\i`]crego äããÛZ

�ü� àZ èr^b\o ßZ âabado èZ ßrpfko vZ ðd
\f�bio b\i ÞZ ëerifeû
gf\o Yèfgdl\ ]r\gdifebcdr\g mre üã ÿçs àÙáß ebidrgot �IIIwPQQRT|XSO|PT} VS�Sy|Txo èf]fapfe äããïZ

�Û� vZ ðd
\f�bio ¸xXORWx M©� VS}PT�} V {RTXO|PTTI°SQ��x}o þ\dû
Úfegdcå rm àbkdmre\dbo ëfe
fkfåZ

��� YëßÜÙ ïZ×Zã ÙáßuâÝ arifkot äããão `gfeqg Ùb\`bkZ
�í� #Z ÝgdÚdidgo L�xWSO|PT STU VPUx�|T� P~ O�x VL´ µWST}|}OPWZ
áýmrei þ\dÚfegdcå éefggo äããÛZ

�×ã� àZ àbr b\i �Z�Z áo YÙdkkdafcfeû�bÚf Úrkcblfû]r\cerkkfi rg]dkkbû
creg d\ ãZ×æ `a àÙáß cf]^\rkrlåot �III �PRWTS� P~ ´P�|U ´OSOx
w|WXR|O}� JP�� KM� �L� No  `\f äããüZ

�××� ßZ ërssrkbo P�� �|�|OS� �¸¸ |T ¨�MQ RQ wVL´ µxX�TP�P�� ~PW
}�TO�x}|} P~ WSU|P~WxSRxTX� ~PW �|Wx�x}} S���|XSO|PT}o þ\dÚfegdcå
rm ébÚdbo ébÚdbo äããêZ

�×ä� èZ èZ �dao  Z �dao  Z ékr`]^beco àZ à^ro ØZ 	do èZ 	dao
ÞZ Ýes]d\g
åo ÙZ �`abeo àZ ðreedgo b\i èZ v^klef\o Yv Ûã ÿçs
ab\`mb]c`ebpkf ]rajkfaf\cbeå 	àûîàá �dc^ üZ×ï ÿçs c`\d\l
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eb\lf d\ üê \a ßáÜ àÙáßot �III �TOxWTSO|PTS� ´P�|U ´OSOxw|WXR|O} wPT~ xWxTXx �|�x}O µxX�� �S�xWo ufpe`beå äããÛZ
�×æ�  ZûàZ à^df\ b\i 	ZûçZ 	`o Yèfgdl\ rm �difûc`\d\lûeb\lf adkkdafû

cfe �bÚf àÙáß îàá �dc^ b gcb\id\lû�bÚf be]^dcf]c`efot �III�PRWTS� P~ ´P�|U ´OSOx w|WXR|O}� JP�� K§� �L� ©o ßfjcfapfe äããÛZ
�×ï� þZ èf]b\dgo ´ORU|P x �WP�xOOSy|PTx U| �|�|}PW| �xW ´|TOx}| U|

{WxSRxTyS S N¨ O³y |T µxXTP�P�|S wVL´ NR TQo þ\dÚfegdcå rm
ébÚdbo ébÚdbo äãã�Z

�×ê�  Z 	ff b\i ëZ ÞbsbÚdo Yv ïã ÿçs mefì`f\]å idÚdife d\ ãZ×� `a
àÙáß cf]\rkrlåot �III �PRWTS� P~ ´P�|U ´OSOx w|WXR|O}� JP��
Q©� �L� Ko vjedk äããïZ

�×ü� vZ Ùbssb\cdo éZ þllfccdo b\i uZ ßÚfkcro Yv\bkågdg b\i ifgdl\
rm b ir`pkfûì`biebc`ef àÙáß îàá mre g`p^bear\d] adýd\l bc�bûpb\iot �III µWST}SXO|PT PT V|XWP�S�x µ�xPW� STU µxX��
T|SRx}� JP�� RN� �L� §o ufpe`beå äãã�Z

�×Û� ÙZÝdfpr`co Yv àÙáß idef]c d\�f]cdr\ kr]
fi rg]dkkbcre crjrkrlå
bg ^dl^ûmefì`f\]å kr�ûjr�fe mefì`f\]å idÚdifeot �III �PRWTS�
P~ ´P�|U ´OSOx w|WXR|O}� JP�� Q©� �L� Wo  `kå äããïZ

�×�� �Z ß]^fdeo ÿZ îb\ifegcff\o #Z Þrkbd\o b\i éZ Øbapb]ìo Yv êÛ
cr üü ÿçs ì`biebc`ef é		 d\ ïê \a idldcbk àÙáßot �III �T�
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OxWTSO|PTS� ´P�|U ´OSOx w|WXR|O} wPT~ xWxTXx �|�x}O µxX�� �S�xWo
ufpe`beå äããíZ

�×í� vZ Þrmr`lbeb\o  Z Þbfko ÙZ Þrmr`lbeb\o b\i vZ vpdido Yv íãã
Ùçs àÙáß 	àûrg]dkkbcre �dc^ ì`biebc`ef r`cj`cgot �III �T�
OxWTSO|PTS� ´P�|U ´OSOx w|WXR|O} wPT~ xWxTXx �|�x}O µxX�� �S�xWo
ufpe`beå ×ííüZ

�äã� éZ Ýrecredo èZ ÿ`feab\ido âZ ueb\]^do b\i vZ ÿ\`ido Y!`biebû
c`ef îàá pbgfi r\ idef]c gf]r\i ^bear\d] kr]
d\lot �III �WP�
XxxU|T�} P~ �TOxWTSO|PTS� ´�Q�P}|RQ PT w|WXR|O} STU ´�}OxQ}
�´wP´o Ùbå äããïZ

�ä×� ëZ ÞbsbÚdo Yv adkkdafcfeû�bÚf àÙáß ^fcferiå\f ef]fdÚfe �dc^
r\û]^dj 	á b\i idÚdifeot �III �PRWTS� P~ ´P�|U ´OSOx w|WXR|O}�
JP�� KQ� �L� §o ufpe`beå äãã�Z

�ää� vZ ÜZ �ÚfefÚo ³STU�PP� P~ ·�OxW }�TO�x}|}Z ðf� #re
o Ødkfåo
×íüÛZ

�äæ�  Z âZ Þrlfeg b\i  Z ÞZ 	r\lo Yv ×ãûÿp$g àèÞ$èâÙþ¸ �dc^	à ifkbå kd\f îàá d\ ãZ×�û`a àÙáßot �III �PRWTS� P~ ´P�|U
´OSOx w|WXR|O}� JP�� QW� �L� M§o èf]fapfe äããäZ

�äï� �Z ß]^fdeo ßZ ëer\]
fego  Z ëreefab\go éZ Øbapb]ìo b\i #Z Þrû
kbd\o Yv êä ÿçs j^bgfiûbeebå ef]fdÚfe mer\cûf\i d\ íã \a idldcbk
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àÙáßot �III �PRWTS� P~ ´P�|U ´OSOx w|WXR|O}� JP�� KQ� �L� M§o
èf]fapfe äãã�Z

�äê� vZ ébegb b\i ëZ ÞbsbÚdo Yv \f� ceb\g]fdÚfe be]^dcf]c`ef mre c^f
üãûÿçs pb\iot �III �PRWTS� P~ ´P�|U ´OSOx w|WXR|O}� JP�� KK��L� Qo Ùbe]^ äããíZ

�äü� vZ Ýra
d\go ÞZ vZ ver]bo ÝZ #babarcro ßZ ÝZ ðd]rkgr\o#Z èrdo b\i ßZ éZ îrd\dlfg]`o Yv sferûÜu üã ÿçs üê \a àÙáß
ceb\g]fdÚfe �dc^ idef]c ëéß� ari`kbcdr\ ifar\gcebcd\l `j cr
ü ÿp$g ibcb ebcfg rÚfe b ä a �defkfgg kd\
ot �III �PRWTS� P~
´P�|U ´OSOx w|WXR|O}� JP�� KK� �L� Xo v`l`gc äããíZ






