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$%'0#-. /0)" $%'0#- +"%" A%(! 0)70 %T2)%,2! '(&,"-+2%(" +"),7 & 2#$1(%""%-

H (% *&!%( 4#( &2#+"')2 )$1%-&,2% $&'20),7 5)'0 &)( KUEN. =11*)2&')#," #4 '0)"

,#,32#,'&2' $%'0#- ),2*+-% '0% 4##-6 10&($&2%+')2&* &,-  )#'%20,)2&* ),-+"'()%".

=,#'0%( ,#,32#,'&2' +'(&"#+,- $%'0#- )" *&"%( +*'(&"#+,-. /0)" $%'0#- +"%"

& *&"%( '# 7%,%(&'% '0% +*'(&"#,)2 5&A%" ), '0% $&'%()&* &,- %)'0%( +"%" & 2#,A%,3
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 !"#$% &'#&"(  " )' '*  +' ,$-'&. "( $#" +'( %$&'(/ 0+!& %$&'( *$# '! +'( *$1&' $

%"*$% '23%"&!"# $  +' 3"!# "4 !53$* . "( ,! + %",'( 3",'( "( %",6$7&"(7!#8 5$6

 '(!$%&. %"*$%!&') ($3!) +'$ !#8/ 0+'&'  ," 5' +")& "4 1% ($&"#!* '2*! $ !"# )!9'(

!#  +'  ($#&4'( '#'(8: !# "  +' )!9'('# ,$-'  :3' ,! +!#  +' 5$ '(!$%. $#) $%&"

 +' $&&"*!$ ') 4$( ;'%) )!('* !-! : 3$  '(#/ 0+'(' $('  ," 5' +")& "4 )' '* !#8

 +' ,$-'& ,! + $ %$&'(/ <#' 1&'&  +' *+$#8' !# $#81%$( )'4'* !"# "4  +' 7'$5 $&

 +' ,$-' 3$&&'& 1#)'( ! ,+!%'  +' " +'( 1&'& $# "3 !*$% !# '(4'("5' '(  " 5'$&1('

3'(3'#)!*1%$( &1(4$*' 5" !"# =>>?/ 0+!& 5' +") *$# 7' 1&') 4("5 $ )!& $#*' "4

 +' "()'( "4 5' '(& $,$:/

0+' ,$-'& *$# $%&" 7' )' '* ')  +("18+ *"# $* &'#&"(& &1*+ $& '%'* ("5$86

#' !* $*"1& !*  ($#&)1*'(& =>@? ,+!*+ $(' ;2') !# 3%$*' ,+!%'  +' 8'#'($ !"# %$&'(

!& &*$##')/ 0+!& 5' +") +$& 7''# &+",#  " $%%", )' '* !"# "4 &5$%% *($*A& !#

5' $%/

B'*'# %: #',  '*+#!C1'& +$-' 7''# )'-'%"3') ,+!*+ 1&' 3!'D"'%'* (!* ;%5&

)'3"&! ') "#  +'  '& "7E'* $& $ ('*'!-'( 4"( %$&'( 8'#'($ ') 1% ($&"1#) =>F?/ 0+'&'

*"# $* &'#&"(& $%%", +!8+  '53'($ 1(' 5'$&1('5'# . *1(-') &1(4$*' $#) 51% !3%'

,$-' )' '* !"#/ 0+'&' $(' !# '#)')  " (')1*'  +' *"& "4  +' %$&'( 1% ($&"1#)

'C1!35'# / G ,$& )'5"#& ($ ')  +$  +' 'C1!35'# ,$& *$3$7%' "4 14.9µm

 +!*A#'&& $**1($*: 4"( $ 12.7mm  +!*A & ''% 3%$ '/

H# !53"( $# 5' +") "4 5'$&1(!#8 +", $# "7E'* )'4"(5& !& ,! + $ & ($!#

8$18'/ 0+'&' 5'$&1('  +' *+$#8' !# &+$3' "4 $ &'* !"# "4  +' "7E'* )1'  " $

& $ !* "( ):#$5!* & ('&&/ 0+'(' $(' $ #157'( "4 5' +")& "4 5'$&1(!#8 & ($!#.

3'(+$3&  +' 7'& A#",# 4("5 *%$&&(""5& 7'!#8  +' '%'* (!*$% & ($!# 8$18'/ 0+!&

!& $ )'-!*' ,+!*+ !& 7"#)')  "  +' "7E'* $#) 5'$&1('& &5$%% *+$#8'& !#  +'

('&!& $#*' "4 $ ,!(' )1'  " ! & )!5'#&!"#& *+$#8!#8 ,! +  +' "7E'* &1(4$*'/ 0+':

$(' ('%$ !-'%: &!53%' $#) *$# 7' $53%!;') $#) )!8! !&') '$&!%:/ I1% !3%' 8$18'&

*$# 7' 1&')  " 5'$&1(' 5"('  +$# "#' )!('* !"# "4 5"-'5'# / I"(' ('*'# %:
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 !"#$%& '"(%#) *%+*,' -%., /,,) 0,.,& !,0 +'#)*  !"#$ 1/(,'2 3-, %0.%)"%*,  4

"-,', #' "-%" "-,5 $%) /, /+#&" #)" $ 6! '#", '"(+$"+(,' %)0  7,( & $%&  ( *& /%&

'"(%#) 6,%'+(,6,)"'2 8#/(,9 !"#$ '"(%#) *%+*,' $ 6, #) ": /%'#$ .%(#,"#,';

• < #)" =,)' (' 9 3-,(, %(, ": /%'#$ "5!,'  4 '#)*&, ! #)" '"(%#) *%+*,'2 >),

#' /%',0  ) "-, 8%/(59<,( " !(#)$#!&, %)0 +',' ": 1/(,' -,&0 ,)09" 9,)0

:#"-#) % '6%&& "+/,? :#"- % '6%&& *%! /,":,,) "-,62 @-,) &#*-" #' &%+)$-,0

0 :)  ), 1/(, #" #' (,A,$",0  7 "-, ,)0  4 "-%" 1/(, %)0 "-, '"%("  4 "-,

 "-,(2 3-,', ": &#*-" '#*)%&' "-,) #)",(4,(, %)0 ' "-, 0#'"%)$, /,":,,) "-,

": 1/(,' $%) /, 6,%'+(,02 3-#' 6,"- 0 $%) "5!#$%&&5 6,%'+(, 0,4 (6%"# )

 4 "-,  (0,(  4 "-, 100µm2 B,"",( ',)'#"#.#"5 $%) /, %$-#,.,0 /5 +'#)* % 1/(,

B(%** *(%"#)*2 3-#' #' %$-#,.,0 /5 !,(# 0#$ $-%)*,' #) "-, (,4(%$"#., #)0,C

 4 "-, 1/(,  .,( % '6%&& (,*# )2 >)&5 &#*-" :#"- "-, '%6, :%.,&,)*"- %' "-,

*(%"#)* !#"$- :#&& /, (,A,$",0 /%$D 0 :) "-, 1/(,2 E' "-, *(%"#)* !#"$- #'

'"(%#) %)0 ",6!,(%"+(, 0,!,)0,)" "-#' 1/(, $%) /, +',0 " 6,%'+(, / "-2

F4 G+'"  ), #' (,H+#(,0 "-%) % ',!%(%", (,4,(,)$, 1/(, B(%** *(%"#)* 6+'" /,

+',0 " 6,%'+(, ",6!,(%"+(, %& ),2 I,4 (6%"# )' #) "-, 6#$( 6,",( (%)*,

$%) /, 6,%'+(,0 :#"- 1/(, B(%** *(%"#)*'

• J )* K%+*, =,)' (' 9 3-#' '5'",6 $ )'#'"'  4 ": 1/(,' (+))#)* !%(%&&,& #)

"-, 0#(,$"# ) "-, '"(%#) #' " /, 6,%'+(,02 >), #' 4(,, :-#&, "-,  "-,( #'

%""%$-,0 " "-, '"(+$"+(, %" / "- ,)0' %)0 !(,'"(,'',02 E)  !"#$%& #)",(4,(9

 6,",( #' +',0 " 6,%'+(, "-, &,)*"- 0#7,(,)$, /,":,,) "-, ": 1/(,' :#"-

% (,' &+"# ) #) "-, 6#$( 6,",( (%)*,2

3-,(, %(, %&' 0#'"(#/+",0 1/(, ',)' (' :-#$- +', B(#&& +#)9 %)0 L%6%)9'$%"",(#)*

" 6,%'+(, ",6!,(%"+(,  ( '"(%#) !( 1&,' %& )* % 1/(,2

E$$,&,( 6,",('MN? ONP %(, %) "-,( ! !+&%( 0,.#$, 4 ( 6,%'+(#)* "-, (,'! )',

 4 % '#)*&, ! #)"  4 %)  /G,$"2 3-,5 %(, ,&,$"( )#$ 0,.#$,' :-#$- $ ).,(" %$$,&9
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 !"#$%& $&#% " '$(&") *+$,+ ,"& - .$($#"))/ 0 "'1! .2 3+ ' "! &%!0"))/ 1' 

 $#+ ! 4$ 5% ) ,#!$, ,!/'#")' #% ( & !"# '0")) "0%1&#' %6 ,+"!( %! #+!%1(+ ,"7

4",$#$8  9 ,#' %6 0$,!% ',") '#!1,#1! ' %& '$)$,%& ,+$4'2 3+ )"## ! "! ,")) .

:$,!% ) ,#!%0 ,+"&$,") ;/'# 0' <:=:;> "&. "! 0$&$"#1!$5 . 0 ,+"&$,") "&.

 ) ,#!%0 ,+"&$,")  ) 0 &#' *+$,+ ,"& - 6"-!$,"# . %1# %6 '$)$,%& 1'$&( '$0$)"!

-"#,+ # ,+&$?1 ' #% $&# (!"# . ,$!,1$#'2 3+ ' ",, ) !%0 # !' "! 01,+ '0")) !

"&. 0%! 4%* !  @,$ &# ABCD2 E,, ) !%0 # !' #/4$,"))/ %4 !"# - )%* #+ $! $&# !7

&") ! '%&"&# 6! ?1 &,/ %6 "-%1# 30kHz2 3+ / ")'% +"8 " (%%. ./&"0$, !"&( 

*$#+ #+ ,%04) # '/'# 0 ($8$&( 14 #% 120 dB *$#+ " 6! ?1 &,/ ! '4%&' $& #+ 

! ($%& %6 10→ 20 kHz ABFD2

E 8"!$"#$%& %& #+ ",, ) !%0 # ! 4!$&,$4) $' #+ 8 )%,$#/ ' &'%! *+$,+ ,%&'$'#'

%6 " ,%$) "&. 4 !0"& &# 0"(& #2 3+ 0"(& # 0%8 ' *$#+ #+ %-G ,# "&. '%

( & !"# ' " 8%)#"( ",!%'' #+ ,%$)2 ;$0$)"!)/ #% ",, ) !%0 # !' #+ / &  . #% - 

0%1&# . %& #+ %-G ,# "&. ,"& %&)/ 0 "'1! 0%#$%& $& %& .$! ,#$%&2 :1)#$4) 

8 )%,$#/ ' &'%!' %! ",, ) !%0 # !' ,"& - 1' . #% ("$& $&6%!0"#$%& %& " &10- !

%6 .$9 ! &# .$! ,#$%&'2 3+ / "! ")'% '1', 4#$-) #% 0"(& #$, H ).' "&. +"8 "

! )"#$8 )/ )%* 0"I$010 6! ?1 &,/2 E 8 )%,$#/ #!"&'.1, ! 0$(+# +"8 " ./&"0$,

!"&( %6 "-%1# 60 dB %8 ! #+ !"&( %6 10→ 1− 2 kHz ABFD2

 !"!# $%&'(%&)*() +,)-%./

E' #+ #$#) '1(( '#' #+$' ' ,#$%& ,%&'$. !' #+%' 0 #+%.' %6 JK= *+$,+ .% &%#

! ?1$! ,%&#",# *$#+ #+ %-G ,#2 L# *$)) $&#!%.1, " &10- ! %6 &%&7,%&#",# 0 #+%.'

"&. ($8  I"04) ' %6 #+ $! 1' "' "& $&#!%.1,#$%& #% #+ '4 ,$H, -!"&,+ %6 JK= %6

$&# ! '# #% #+$' 4!%G ,#2 3+ ! "! " &10- ! %6 ! "'%&' *+/ &%&7,%&#",# 0 #+%.'

0"/ - ! ?1$! .2 L& '%0 '$#1"#$%&' ,%&#",# 0"/ ,+"&( #+ ! '4%&' %6 #+ 

%-G ,#M 6%!  I"04) " #+$& 0 0-!"& ABND2 3+ ' 0 #+%.' ,"& ")'% - 1' . %&

0%8$&( 4"!#' )$O !%#"#$&( '+"6#' %! 0$))$&( #%%)'ABPD2 J%&7,%&#",# ,"& - (%%.
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 !" #!$%&'( ()*&"!)+()%$ ,#&-# +&.#% /0+0.( !" &)%(" ("( ,&%# %#( (12&3+()%4  !"

(50+3'( 6(% ().&)( (5#02$%$7 8)!%#(" 0/*0)%0.( ! $!+( )!)9-!)%0-% +(%#!/$

&$ %#0% %#(: /! )!% "(12&"( %#0% %&+( ;( $3()% 0%%0-#&). 0 $()$!" %! %#( !;6(-%7

<//: =2""()% >?@A B<=C %($%&). &$ 0) (50+3'( ! %#&$ 0)/ -!)$&$% ! %,! -!&'$D !)(4

-0''(/ %#( (5-&%0%&!) -!&'4 &$ -!))(-%(/ %! 0) !$-&''0%&). *!'%0.( $!2"-( 0)/ %#(

!%#("4 -0''(/ %#( 3&-E23 -!&'4 &$ -!))(-%(/ %! 0 *!'%+(%("7 F#( 3&-E23 -!&' /(%(-%$

%#( +0.)(%&- G('/ ! %#( (5-&%0%&!) -!&' 0)/ 3"!/2-($ 0 *!'%0.( +(0$2"( ;: %#(

*!'%+(%("7 H#() 0 -!)/2-%&*( +0%("&0' &$ ;"!2.#% -'!$( %! %#( -!&'$4 -!)%&)2!2$4

-&"-2'0" -2""()%$ 0"( &)/2-(/ &) &%7 F#($( 0"( -0''(/ (//: -2""()%$7 F#(: &) %2")

3"!/2-( 0 +0.)(%&- G('/ ,#&-# !33!$($ %#( G('/ ;: %#( (5-&%0%&!) -!&'7 8): /( (-%$

&) %#( +0%("&0'4 !" -#0).($ &) &%$ -!)/2-%&*&%: ,&'' -#0).( %#( (//: -2""()%$ 0)/

%#("( !"( %#( +0.)&%2/( ! %#( !33!$&). +0.)(%&- G('/7 F#( 3&-E23 -!&' %#()

+(0$2"($ %#( /(-"(0$( &) %!%0' +0.)(%&- G('/7 <= &$ 2$(/ (5%()$&*(': &) %($%&). ! 

"0&'$ ,#("( %#( $()$!" &$ +!2)%(/ !) 0 +!*&). *(#&-'( 0)/ -0) %($% %#( %"0-E$ 0%

0 "0%( ! ;(%,(() IJ 0)/ ?KKE+L# >?MA7 8)!%#(" $&+&'0" 033"!0-# 2$($ 3"!5&+&%:

3"!;($ %! +(0$2"( %#( /&$%0)-( %! 0 $2" 0-(7 F#($( 0"( ;0$(/ !) -030-&%&*( !"

+0.)(%&- 3"!3("%&($4 ,&%# %#( +!$% 3!32'0" 2$&). %#( -#0).( &) %#( &)/2-%0)-( ! 

%#( $:$%(+ ;"!2.#% 0;!2% ;: 0 -#0).( &) %#( /&+()$&!) ! %#( .037 8$ $2-# %#(

$2" 0-( +2$% ;( ('(-%"&-0'': -!)/2-%&). 0)/ %#( .03 +2$% #0*( 0 #&.# /&('(-%"&-

*0'2(7 F#( 3"!;( 2$($ 0 #&.#  "(12()-: $&.)0' ,#&-# &$ 0+3'&%2/( +!/2'0%(/

;: %#( .034 0)/ 0$ $2-# 0+3'&%2/( /(+!/2'0%&!) %(-#)&12($ 0"( 2$(/ >?NA7 F#&$

+(%#!/ #0$ 0 /:)0+&- "0).( ! ;(%,(() 20 dB 0)/ 40 dB4 ,#&-# &$ '&+&%(/ ;: %#(

'&)(0"&%: ! %#( $:$%(+7 F#&$ +(%#!/ G)/$ 2$( &) +(0$2"&). *&;"0%&!) ! "!%0%&).

+0-#&)($4 $2-# 0$ $#0 %$4 0)/ &$ 0'$! 0O(-%(/ ;: !2%9! 9"!2)/)($$ 0)/ "($&/20'

+0.)(%&- 3"!3("%&($ ! %#( $#0 % &) 12($%&!)7

P)( ! %#( +!$% 3!32'0" 033"!0-#($ %! )!)9-!)%0-% QR< &$ %! 2$( '&.#%4 !"

+!"( .()("0'': ('(-%"!+0.)(%&- "0/&0%&!)7 F#&$  !"+$ %#( ;0$&$  !" %#( "(+0&)&).
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 !" #$ %$&' ()* #+$ ,),-.),+/.+ ,/+%*& /,' #+$ /0#1#+2 +) 3&,&+*/+& '#&1&.+*#.$4 5#-

.*)6/7&$ /*& &1&.+*)8/9,&+#. */'#/+#), 6#+: 6/7&1&,9+:$ 0&+6&&, /0)%+ 100cm

/,' 1mm 6#+: +:& 6/7&1&,9+: .:)$&, ()* +:& 3/*+#.%1/* )0;&.+ )* 8&/$%*&8&,+

3*)3&*+24 "#+:&* +:& $./++&*&' )* +*/,$8#++&' 6/7&$ /*& '&+&.+&' /(+&* #,+&*/.+#),

6#+: +:& )0;&.+ /,' ./, '&+&.+ $%.: '&(&.+$ /$ 6/+&* .),+&,+ #, '#&1&.+*#. 8/+&-

*#/1$< '&1/8#,/+#), #, *).=&+ ./$#,9$< '&(&.+$ #, *).=&+ 3*)3&11/,+$ /,' '&+&.+#,9

#,.1%$#),$ /,' 3)*)$#+2 #, .&*/8#.$ /,' 8)1'&' *%00&*4 >:& ?,/1 ./+&9)*2 )(

,),-.),+/.+  !" .),$#'&*&' #$ @/'#)1)92 ABCD4 >:&*& /*& / ,%80&* )( '#E&*-

&,+ +&.:,#F%&$ ()* 9/+:&*#,9 #,()*8/+#), /0)%+ +:& #,+&*,/1 $+*%.+%*& )( )0;&.+$

6:#.: (/11 #,+) +:#$ ./+&9)*24 >:&2 /*& /11 .),.&*,&' 6#+: +:& %$& )( :#9:-&,&*92

*/'#/+#), /,' 3/*+#.1&$ +) 9/+:&* #,()*8/+#), /0)%+ +:& #,+&*,/1 $+*%.+%*& )( )0-

;&.+$4 G11 */'#/+#), :/$ #+$ $)%*.& #, +:& /+)8#. $+*%.+%*& )( +:& /+)8< &#+:&* (*)8

+:& &1&.+*),$ )*0#+#,9 +:& /+)8 .:/,9#,9 +) 8)*& $+/01& &,&*92 $+/+&$ )* (*)8

#,+&*/.+#), 0&+6&&, $%0/+)8#. 3/*+#.1&$4 H-*/2 /,' I/88/ */2 +&.:,#F%&$ %$&

:#9:-&,&*92 */'#/+#), 6#+: +:& '#E&*&,.& 0&+6&&, +:& +6) 0&#,9 +:& $)%*.& )( +:&

*/'#/+#),4 >:)$& %$#,9 3/*+#.1&$ /*& .1/$$#?&' 02 +:& +23& )( 3/*+#.1&< +:&$& 0&#,9

α< β< ,&%+*),$ /,' 3*)+),$4

H-*/2$ /*& ),& )( +:& 8)$+ .)88), 8&+:)'$ )(  !"4 >:&2 /*& /0$)*0&' 02

:&/72< '&,$& 8/+&*#/1$ 0%+ ,)+ 02 1#9:+&* $%0$+/,.&$4 J+ #$ ),& )( +:& (&6 8&+:)'$

+:/+ ./, &K/8#,& +:& #,+&*#)* )( /, )0;&.+ /,' ),& )( +:& (&6 8&+:)'$ +:/+ ./,

#8/9& /,2 )0;&.+4

 &%+*), 8&+:)'$ %$& ,&%+*),$ 6:#.: /*& %,.:/*9&' $%0/+)8#. 3/*+#.1&$ 6#+:

/ 8/$$ $1#9:+12 1/*9&* +:/, / 3*)+),4 >:&2 /*& /++&,%/+&' '#E&*&,+12 (*)8 H-*/2$

#, +:/+ +:&2 /*& /0$)*0&' 02 1#9:+&* */*& &/*+: &1&8&,+$ &$3&.#/112 :2'*)9&,4 >:#$

/11)6$ ,&%+*),$ +) #8/9& +:& :2'*)./*0), ()/8$ #, 3&+*).:&8#./1 *&/.+)*$ 6#+:

8#,#8/1 /0$)*3+#), (*)8 +:& $%**)%,'#,9 $+&&1 7&$$&14 >:&2 /*& /1$) %$&' ()*

8/+&*#/1$< $%.: /$ ,%.1&/* 6&/3),$< 6:#.: :/7& / :#9: )3/.#+2 +) H-*/2$4
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 !"#$%&# '$" () *$++$', β -(."/*!0) ('1 -.$"$') (.0 (!)$ %)01 2$. 3456

β -(."/*!0) (.0 0'0.&0"/* 0!0*".$') $. -$)/".$')6 7#08 #(90 ( *$'"/'%$%) 0'0.&8

)-0*".%+ ('1 )!$: 1$:' &.(1%(!!8 /' +("0./(!) "#.$%&# +%!"/-!0 *$!!/)/$')6 7#08

(.0 "#0.02$.0 :0!! )%/"01 2$. (.0( 10')/"8 +0()%.0+0'") :/"# "#0 $;<0*" "$ ;0

/+(&01 -!(*01 ;0":00' "#0 )$%.*0 ('1 "#0 10"0*"$.6

=.$"$') (.0 ;()/*(!!8 #81.$&0' '%*!0/ &0'0.("01 ;8 (' (**0!0.("$. ('1 () )%*#

/'"0.(*" :/"# "#0 0!0*".$') :/"#/' ( )%;)"('*06 7#0 .("0 "#0 -.$"$' )!$:) :/"#/'

( +("0./(! /) 10-0'10'" $'!8 $' "#0 0!0*".$' 10')/"8 (!$'& "#(" -("# .("#0. "#('

"#0 ("$+/* '%+;0.6 >0!("/90!8 20:0. -.$"$') (.0 .0?%/.01 2$. (**%.("0 /'2$.+("/$'

(;$%" "#0 $;<0*" "#(' @A.(8), #$:090. /+(&/'& 10-"#) (.0 ?%/"0 )+(!! ('1 "#0

+0"#$1 :$.B) :/"# ( )/'&!0 "#/' ;0(+ :#/*# /) )*(''01 (*.$)) "#0 $;<0*"6

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

7#/) )0*"/$' #() &/90' (' $90.9/0: $2 )$+0 $2 "#0 1/C0.0'" +0"#$1) $2 345, ('1

"#0)0 (.0 )%++(./)01 /' 7(;!0 D6  !! "#0 +0"#$1) +0()%.0 ( &/90' -(.(+0"0. $.

-(.(+0"0.) $2 "#0 "0)" $;<0*" ('1 %)0 "#0+ "$ +(B0 ( 10*/)/$' (;$%" "#0 #0(!"#

$2 "#(" $;<0*"6 7#/) )#$:) "#0 &.0(" 9(./0"8 $2 345 +0"#$1) (9(/!(;!0, #$:090.

/" #() $+/""01 $-"/*(! +0"#$1) $2 345 () "#0 :$.B $2 "#/) "#0)/) 2(!!) /'"$ "#/)

*("0&$.8 ('1 )$ "#08 :/!! ;0 *$')/10.01 /' "#0 '0E" )0*"/$'6

 !" #$%&'$%()*(+ ,-(.*)/ 0.12)(.$% 3%)/45.5

7#/) "#0)/) /) /'"0.0)"01 /' +0()%./'& 9/;.("/$' (*.$)) ( :#$!0 )%.2(*0 %)/'& (

'$'A*$'"(*" +0"#$1$!$&86 7#0.0 (.0 ( .('&0 $2 $-"/*(! 345 +0"#$1) :#/*# 2%!F!!

"#0)0 .0?%/.0+0'" ('1 "#/) )0*"/$' :/!! /'".$1%*0 "#$)0 .0!09('" "$ "#/) -.$<0*"6

G-"/*(! 345 +0"#$1) (.0 "#$)0 :#/*# %)0 0!0*".$+(&'0"/* .(1/("/$' /' "#0 $-"/*(!

.('&0 $2 "#0 )-0*".%+ "$ -.$;0 "#0 -.$-0."/0) $2 (' $;<0*"6 7#08 *(' -.$9/10

90.8 -.0*/)0, #/&# )-("/(! 10')/"8 +0()%.0+0'") (*.$)) "#0 )%.2(*0 $2 "#0 $;<0*"
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0,3,"0,"( !" (>, 2)N, !8 (>, )55%6)"'(,0 '&,'7 (>, 0)2('" , 8&!6 (>, !DI, ( (! (>,

0,(, (!& '"0 (>, B'@,5,"$(> !8 (>, 5'2,& 5)$>(* =>)2 )2 2>!B" )" +)$%&, : '"0 )"
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λ
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 ! "#$" %"& '%()$*"%+, -$"".),/ *.,".).' $" 012 +, "#. %3$4. -5$,. #$& %"& 6)&"

3%,%373 $" 0!8 9#%& 3.$,& "#$" "#. 5%4#" :)+3  1 3$;.& ,+ *+,")%<7"%+, "+ "#.

%5573%,$"%+, +: 0!/ ).4$)'5.&& +: %"& -#$&.8  +%,"& :7)"#.) :)+3  ! "#$,  1 =%55

3$;. +,5> $ &3$55 *+,")%<7"%+, "+ "#. 5%4#" $" 0! &%,*. "#. &.*+,'$)> 3$?%3$ +:

$ '%()$*"%+, -$"".), $). 37*# &3$55.) "#$, "#. -)%3$)>8 9#.).:+). "#. %,".,&%">

+: "#. "#. 5%4#" $" 0! %& 3$'. 7- :)+3 *+,")%<7"%+,& :)+3 $, $).$ +: "#. +<@.*"

"=%*. "#. '%&"$,*. :)+3  ! "+  1 %, &%A. BDO28

C, "#%& &%"7$"%+, "#. '%$3.".) +: "#. &-.*;5.& BDS2 %& 4%D., <> 1/ =#.). v %&

"#. '%&"$,*. :)+3 "#. 5.,& "+ "#. %3$4. -5$,./ a %& "#. '%$3.".) +: "#. 5.,& $,' λ

%& "#. =$D.5.,4"# +: "#. 5$&.) 5%4#" EF!G8

DS = 2.4
v

a
λ B12

H&%,4 &%3-5. 4.+3.")> "#. &%A. +: "#. $).$ +, "#. +<@.*" =#%*# -)+'7*.& "#%&

&-.*;5. %& DO $,' =%55 <. 4%D., <> 2.4u
a
λ =#.). u %& "#. '%&"$,*. :)+3 "#. +<@.*"

"+ "#. 5.,&8 9#%& %& "#. &$3. $& "#. ).&+57"%+, 5%3%" +: "#. &>&".38

FI
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 !"!#$%$&' (&)*$'+  ,! %!-&'. % )/- /)!0 1(  ,! % )/- /)!% 2)! %"$+, "3 .$4!)!' 5

6,!'  ,!3 2)! &#!)"277!. %&*! &(  ,! +27% $' &'! % )/- /)! 6$"" 8! -&#!)!. 83

 ,! & ,!)5 )!%/" $'+ $' 2 72  !)' &( .2)9 2'. "$+, )!+$&'% -2""!. 2 :&$); <2  !)'0

=,! % )/- /)!% /%!. 2)!  37$-2""3 +)$.% &( "$'!%0 >$+/)! ? %,&6% (&/) %$*/"2 !.

!@2*7"!% &( :&$); %,&6$'+  ,! 72  !)'%  ,2 )!%/" ()&* )& 2 $&' 2'. -,2'+! $'

%72-$'+ &( &'! &(  ,! +)$.% A% )2$'B0

=,! *2$' 7)&7!) 3 &( 2 :&$); 72  !)' 6,$-, *29!% $ /%!(/" (&) CDE $%  ,2 

2 )!"2 $#!"3 %*2"" -,2'+! $'  ,! /'.!)"3$'+ +)$.% )!%/" % $' 2 "2)+! -,2'+! $'  ,!

:&$); 72  !)'5 !4!- $#!"3 *2+'$(3$'+  ,! *&#!*!' 0 F'& ,!) 623 &(  ,$'9$'+

28&/  ,$% $% ()&* 2 %72 $2" ()!G/!'-3 7&$' &( #$!60 =,! +)$.% 8!$'+  6& ,$+,

()!G/!'-3 %$+'2"% 6,$-,5  ,)&/+, %/7!)7&%$ $&'5 2)! *$@!. .&6'  & 82%!H82'.0

F'3 .$4!)!' $' ()!G/!'-3 6$""  ,!' 8!-&*! 2 %72 $2" 8!2 %$+'2"0

I!&*! )$- :&$); JKL5 MM5 MNO $% 2 (&)* &( :&$); 72  !)' 6,$-, .&!% '& )!"3

&' &7 $-2" $' !)(!)!'-! 2'. $' $ % 82%$- (&)* $ $%  ,! "!2% %!'%$ $#!  37! &( :&$);0

1 % %!'%$ $#$ 3 $% %! 83  ,! %72 $2" ()!G/!'-3 &(  ,! +)$.% /%!.0 1 -2' *!2%/)! $'H

7"2'! 2'. &/ H&(H7"2'! -&*7&'!' % &( .$%7"2-!*!' 5 2'. .& %& 2-)&%%  ,! 6,&"!

P!". %$*/" 2'!&/%"30 F'& ,!) %! &( :&$); *! ,&.% 2)! +)&/7!. /'.!) :&$);

1' !)(!)&*! )30 =,!%! *! ,&.% /%!  ,! %2*! )!"2 $&'%,$7% 2% +!&*! )$- :&$);5

2'. $' (2- 2"" :&$); *! ,&.% -2' 8! %,&6'  & 8! -2%!% &( &7 $-2" $' !)(!)!'-!
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 !"#$% &' ()*+,-%. /0 "%/+%1$!2 3/!$4 5*11%$6.7 "%6%$*1%8 #.!6" 3*1-*9: ;/,

-%01' .!6"-% "$!8: ;/, $!"<1' .%2/68 "$!8 $/1*1%8 9= >> 8%"$%%.: ?/11/+ -%01' .%2/68

"$!8 .,*2!6" 2<*6"%8 9= @:&A: ?/11/+ $!"<1' 2/+9!6*1!/6 /0 $/1*1!/6 *68 2<*6"%

!6 .,*2!6":

;<% +%1</8. /0 *,,-=!6" 3/!$4 1/ !6B,-*6% +/1!/6 *$% *-./ "$%*1-= C*$!%8 *68

*$% .#++*$!.%8 9%-/D'

• E!$%21 .#,%$,/.!1!/6 /0 * +*.1%$ "$!8 /C%$ * "$!8 *11*2<%8 1/ 1<% /9F%21: ;<%

$%2/$8!6" 8%C!2% 6%%8 /6-= 9% *9-% 1/ $%./-C% 1<% 3/!$4 ,*11%$67 $*1<%$ 1<*6

1<% *21#*- "$!8 -!6%. D<!2< *$% 1=,!2*--= +#2< G6%$:

• H .!6"-% "$!8 !. *11*2<%8 1/ 1<% /9F%21 *68 1D/ ,</1/"$*,<!2 %),/.#$%. *$%

1*I%67 /6% 9%0/$% .1$%.. /$ +/C%+%61 *68 1<% /1<%$ *01%$: ;<!. +%1</8 <*.

1<% *8C*61*"% 1<*1 /,1!2*- ,$/2%..!6" 2*6 9% *,,-!%8 1/ !62$%*.% .%6.!1!C!1=:

JJ



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

• 45 (0 "6#$+*'" /+ %(7"0 $5 %!" &'/2 (+ 5$' %!" #'",/$*+ )"%!$28 9*% %!/+

"6#$+*'" /+ 2","1$#"2 (02 %!"0 '"#1(."23 : +".$02 "6#$+*'" .(0 %!"0 9"

%(7"0 $5 %!" ;'+% "6#$+*'" +*#"'/)#$+"2 $,"' %!" 5'/0&"+3  !/+ (1+$ '"<*/'"+

%!(% %!" "6#$+*'" 9" (91" %$ '".$'2 %!" &'/2 1/0"+ 9*% (11$=+ ( !/&! 2"&'""

$5 /)#'$,")"0% /0 +"0+/%/,/%>3

• ?/0(11> ( )(+%"' &'/2 .(0 9" $#%/.(11> +*#"'/)#$+"2 $0%$ %!" /)(&" $5 %!"

$9@".%3  !/+ (11$=+ '"(1A%/)" /)(&/0& $5 %!" 5'/0&"+ 9*% $#%/.(1 2/+%$'%/$0+

9".$)" ( #'$91") (+ ="11 (+ 1"++ .$0%'$1 $,"' +"0+/%/,/%>3

 !"'" ('" +/)/1('1> ( 0*)9"' $5 B$/'C )"%!$2+ =!/.! (##1> %$ $*%A$5A#1(0" )$A

%/$0D

•  !" ;'+% =(> #1(."+ %!" &'/2 9"%=""0 %!" $9@".% (02 .()"'(8 *+/0& $EA(6/+

1/&!% %$ .(+% %!" +!(2$= $5 %!" &'(%/0& $0%$ %!" $9@".%8 5$')/0& %!" +".$02

&'(%/0& =!/.! =!"0 ,/"="2 %!'$*&! %!" &'(%/0& %$&"%!"' 5$') %!" )$/'"

#(%%"'03

• : ,('/(%/$0 $0 %!/+ *+"+ %!" +*'5(." $5 %!" $9@".% %$ '"F".% (0 /)(&" $5 %!"

&'(%/0& 9(.7 %$ %!" .()"'(3  !" +*'5(." $5 %!" $9@".% 0""2+ %$ 9" #$1/+!"28

%$ #'$,/2" %!" '"F".%/$03

•  !" 1(+% #'$@".%+ %!" +!(2$= $5 %!" &'/2 $0%$ %!" $9@".% (02 %(7"+ %=$

"6#$+*'"+ $5 %!" +!(2$=+8 $0" 9"5$'" %!" 1$(2/0& (02 $0" (5%"'8 (02 %!"0

+*#"'/)#$+"+ %!" /)(&"+ (5%"'=('2+ %$ #'$2*." %!" B$/'C #(%%"'03

 !" !/&!"+% +"0+/%/,/%> )"%!$2 $5 B$/'C :0(1>+/+ /+ .(11"2 B$/'C 40%"'5"'$)"%'>

GHI8 HH8 HJK (02 .(0 )"(+*'" )$,")"0%+ $5 %!" $'2"' $5 $0" =(,"1"0&%! L< 1 umM3

 !" (2,(0%(&" $,"' %!" )/2 +"0+/%/," B$/'C +>+%")+ /+ %!(% /% 2$"+ 0$% 0""2 %$

$#%/.(11> /)(&" %!" &'(%/0&+3  !" 9(+/. $#"'(%/$0 $5 ( B$/'C 40%"'5"'$)"%"' /+

HJ



 ! "!#  $% !&'%" () $ # *$#+% ,-# )., /($)"$ #0 %-+  $% *$#+% -# $%-  $#.  $%

#1*0) 23% !4  $% -%5%" %3 0),$ 6 #.3  $%. )0021).# % ) () $  $% 4-).,% *#  %-.

"-%# %3 &7  (! +0),$ 07 !89.!-1#0: "!$%-%. &%#1+ !4 0),$ ;

<$% ,-)3 )+ )0021).# %3 &7  (! &%#1+ !4 "!$%-%. 0),$ ($)"$ + -)=%  $% ,-# ).,

# # +0),$ #.,0% 4-!1  $% +2-4#"% .!-1#0:  $%7 ). %-4%-%  ! *-!32"% # +% !4 4-).,%+

($)"$ #" #+  $% +%"!.3 ,-# ).,; > 2 )0)+%+  $% *-!*%- 7 !4 # ,-# ).,  $# ) "#.

-%4-#" ).")3%. 0),$  ! -%5%" &#"= *#- !4  $% )0021).# )., &%#1+; <$% #.,0%

!4  $% -%4-#" %3 &%#1+ )+ "!. -!00%3 &7  $% ,-# )., +*#").,; <$% +% 2* "#. &%

"!.?,2-%3 +2"$  $#  $% 3)8-#" %3 &%#1+ #-% "!00).%#- / $% #.,0% !4 3)8-#" )!.

1# "$%+  $% #.,0% !4  $% ).")3%. &%#1+6;

>4  $% ,# )., #  #"$%3  !  $% !&'%" "$#.,%+ +*#").,  $)+ ()00 "$#.,%  $% +*# )#0

4-%@2%."7 #.3 +!  $% #.,0% !4  $% 3)8-#" %3 0),$ ; <$% 3)8-#" %3 &%#1+ ()00 .!

0!.,%- &% "!00).%#- #.3 +! "-%# % # 4-).,% *#  %-.; <$%  $%!-% )"#0 0)1) !4  $)+

1% $!3 )+ # 1%#+2-%1%. !4 λ/2 *%- 4-).,% !-3%-ABBC ($%-% λ )+  $% (#D%0%., $ !4

 $% )0021).# )., 0),$ ;

E+)., F!)-G >. %-4%-!1% -7 ) )+ *!++)&0%  ! 3% %" 42009?%03 + -#). ). !. D%-7

+1#00 !&'%" +: %D%. ). $#-+$ %.D)-!.1%. +; H. %I#1*0% )+  $% ). %-4#"%+ !4 1)"-!9

%0%" -!.)" 3%D)"%+ #4 %- %I*!+2-%  !  %1*%-# 2-%+ !4 JKKLM ABNC; O),) #0 F!)-G )+ #

.%( #**-!#"$  ! 3%4!-1# )!. #.#07+)+ ABPC; <$% +%"!.3 ,-# )., &%)., 4!-1%3 %)9

 $%- &7 +2&+#1*0).,  $% )1#,)., +7+ %1 !- () $). +!4 (#-%; <$% 2+% !4 "!1*2 %-

,%.%-# %3 ,-# ).,+ #0+! #33+  !  $% D%-+# )0) 7 !4  $)+ &-#."$ !4 F!)-G #.#07+)+;

<$%+% ,-# ).,+ "#. &% *-!'%" %3 !. !  $% !&'%" !- 2+%3 ).  $% 4!-1 !4 # +$#3!(

1#+=: #.3 #00!( "!. !2-).,  $-!2,$ "!1*2 %- "!. -!00%3 *$#+% +$)4 )., !4  $%

,-# ).,; H+  $% ,-# )., )+ "!1*2 %- "!. -!00%3 ) "#. &% %#+)07 #0 %-%3 3%*%.3).,

!.  $% #**0)"# )!.;

F!)-G $#+ &%%. #**0)%3  ! .!.9"!. #" D)&-# )!. 1%#+2-%1%. &7 *-!'%" ).,

0).%+ !. !  $% +2-4#"% #.3 3%1!.+ -# %3  ! &% #&0%  ! 1%#+2-% D)&-# )!. #1*0)9
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 !"#$ %& 50µm → 10mm ' 1 kHz ()*+, -./$ $0$ #1 !$#"  2% %3 /4 567#$  %

"#8/9#7 8'$#7 8/:.  %  .# $!7&'4# %&  .# %6;#4 , -./$ 8/:. /< #7&#7#"  % &%71  .#

37%;#4 /%< :7' /<:, =%/7> .'$ '8$% 6##< '338/#"  % 7% ' /<: %6;#4 $ 2/ . '138/?

 !"#$ %& 75µm→ 500µm ()@+,

 !"!" #$%$&'()*+

-./$ 1# .%" 2'$ /<9#< #" 60 A#<</$ B'6%7 /< CDE@ '$ ' 1# .%" &%7 /137%9/<:  .#

!$#&!8<#$$ %& #8#4 7%< 1/47%$4%30 /1':#$, A!#  %  .# 7#$ 7/4 /%<$ %&  .#  #4.<%8%:0

'  .#  /1# <% 1!4. 2'$ 1'"# %& ./$ 2%7F !< /8  .# /<9#< /%< %&  .# 8'$#7 /< CDGH,

IJ?'K/$ .%8%:7'3.0 2'$  .#< "#9#8%3#" 60 L#/ . '<" M3' <#/F$ /<  .# #'780 CDGHN$

2./4. $%89#"  .# 37#9/%!$ 37%68#1$ 2/ . .%8%:7'3.0 (O@+,

-.# /"#' 6#./<" .%8%:7'3.0 /$  % 4'3 !7# 6% .  .# '138/ !"# '<" 3.'$# %&  .#

8/:. 7#P#4 #" &7%1 '< %6;#4 , Q% 4!77#< 4'3 !7/<: 1# .%" 4'< "/7#4 80 4'3 !7#

%3 /4'8 3.'$# $% ' 7#&#7#<4# 6#'1 /$ /< #7&#7#" 2/ .  .# 8/:. &7%1  .# %6;#4  .!$

4%<9#7 /<:  .# 3.'$# "' ' /< % '138/ !"# "' ',

R%<$/"#7/<: #'4. 3%/< %<  .# %6;#4  % 6# ' $%!74# %& 38'<# 2'9#$S  .#$# 2/88

'88 6#  7'9#8/<: /< $8/:. 80 "/J#7#< "/7#4 /%<$, T&  .#$# 2'9#$ '7# /<4/"#< %< '

3.% %:7'3./4 581 '  .# $'1#  /1# '$ ' 7#&#7#<4# 6#'1 U38'<# 2'9#V  .#0 2/88

/< #7&#7# '<" 37%"!4/<: '< /<"/9/"!'8 :7' /<:, W%7 ' 4%138#K %6;#4  ./$ 2/88 7#$!8 

/< ' 4%138#K $# %& :7' /<:$, I<4# "#9#8%3#"S $./</<: 8/:.  .7%!:.  .# 581 /<  .#

"/7#4 /%< %&  .# 7#&#7#<4# 6#'1 7#$!8 $ /< 7#4%<$ 7!4 /%< %&  .# %7/:/<'8 2'9#&7%< $

'<"  .#7#&%7# 37%9/"#$ '  .#%7# /4'880 3#7&#4 /1':# %&  .# %6;#4 ,

#$%$&'()*,- ./01'21'$310'+ 4567 X%8%:7'3./4 T< #7&#7%1# 70 UXTV /$  .#

67'<4. %& QAY 2./4. !$#$  .# 37%3#7 0 %& ' .%8%:7'1  .' / /$ ' $!Z4/#< 80 :%%"

/1':# %&  .# %6;#4  .' / 4'< 6# 4%13'7#" /< #7&#7%1# 7/4'880 2/ . '<% .#7 .%8%?

:7'1 %7  .# %6;#4 , -./$ .'$ 6##< '338/#"  % 5#8"$ %& 9/67%1# 70 '<" "#&%71' /%<

)G



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

45 ' ! 6* ,$*&  $  2* "7.%8* .*'1!%+,* 6# &*)*"/9%!(  1/"/(2 91%' %8 (*

/0 .1* ,!&%$./2.*& /6:*'. .1*! 2*9" '%!( %. %! .1* *;9*2%8*!. " $*.,93 </2 .1*

/6$*2)*2 .1%$ (%)*$ .1* *=*'. /0  1/"/(2 91%' %8 (* $,9*2%89/$*& /! .1* /6:*'.3

>1*! .1* /6:*'. %$ &*0/28*& .1* %!.*20*2*!'* /0 .1* /6:*'.?$ 2*@*'.*& "%(1.  !& .1*

1/"/(2 8 92/&,'* '/22*" .%/! 02%!(*$ A1%'1 $1/A .1* &*(2** /0 2*" .%)* 8/)*8*!.

6*.A**! .1* /2%(%! " /6:*'.  !& .1* ',22*!. /6:*'.3 B,* ./ .1* $*!$%.%)%.# /0 45

.1* *;9/$*& 1/"/(2 91%' %8 (* 8,$. 6* 9" '*& 92*'%$*"# %! .1* *;9*2%8*!. " $*.,93

C!/.1*2 8*.1/& %$ ' ""*& B/,6"* D;9/$,2* 45  !& A/2-$ 6# *;9/$%!( .1*

91/./(2 91%' !*( .%)* .A%'*E /!'* 0/2 .1* ,!&%$./2.*& /6:*'.  !& /!'* 0/2 .1*

&%$./2.*& /6:*'.3 F1%$ (%)*$ $%8%" 2 2*$,".$ ./  $%!("* 2* "7.%8* %8 (* 6,. &/*$

!/. 2*+,%2* .1* 2*8/) "E &*)*"/9%!(  !& 2*9" '%!( /0 .1* 1/"/(2 91%' %8 (*3 </2

9*2%/&%' ""# )%62 .%!( /6:*'.$ .1* *;9/$,2* ' ! 6* %!'2* $*&  $ %$ &/!* %! .%8*7

 )*2 (*& 453 F1%$ $1/A$ A1*2* .1*2*  2* !/&*$  !& (%)*$  ! %!&%' .%/! /0 .1*

 89"%.,&* /0 )%62 .%/!$3 F1%$ %$ 6*' ,$* .1* $,20 '* /0 .1* /6:*'. $9*!&$ 8/$. /0

%.$ .%8* %! .1* 8 ;%8  !& 8%!%8 /0 .1* )%62 .%/!  !& .1%$ *$$*!.% ""# (%)*$ .A/

*;9/$,2*$ /0 .1*  )*2 (*$  . .1*$* 9/%!.$3

C&) !'*$ 1 )* 6**! 8 &* %! &%(%. " 1/"/(2 91#3 5! .1* A/2- /0 G'1! 2$ HIJK .1*

/6:*'.  !& 2*0*2*!'* 6* 8 A $ $*.7,9 %! $,'1  A # .1 . .1* %!.*20*2*!'* 02%!(*$ /0

.1* 1/"/(2 8 A*2* 2*$/") 6"* /!  LLB3 F1* $./2*& 1/"/(2 8$ A*2* .1*! 92/'*$$*&

./ *;.2 '. .1* &*0/28 .%/! M*"& /0 .1* %8 (*& $,20 '*3 F1%$ 8*.1/& $,=*2 02/8

.1* 2*" .%)*"# "/A 2*$/")%!( ' 9 6%"%.%*$ /0 .1* LLB3

 !"!# $%&'( )*'+,-' .'/012&

>%.1 .1* %!)*!.%/! /0 .1* " $*2 %. A $ 1/9*& .1 . .1%$ $/,2'* /0 1%(17%!.*!$%.#E

'/""%8 .*&E 8/!/'12/8 .%'E '/1*2*!. "%(1. A/,"& 92/)%&* .1*  !$A*2 ./  (2* .

8 !# %"",8%! .%/! 92/6"*8$3 N!0/2.,! .*"# %. A $ 0/,!& .1 . %8 (*$ /0 /6:*'.$
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 !!"# $%&'( )* % !%+', +-./'( % 0,% $* 1%&&',$ .2 ! 0-& %$( (%,3 %,'%+4 3$./$

%+ % !%+', +1'53!' 1%&&',$6 7- + '8'5& +..$ 2.,#'( &-' )%+ + 2., % $"#)', .2

&'5-$ 9"'+ !..+'!* 0,."1'( "$(', +1'53!' #'&-.(+6 7-'+' #'&-.(+ .8', 2"!!:;'!(4

$.$:5.$&%5& %$%!*+ + .2 .)<'5&+ %$( %,' / ('!* "+'(  $ =>?6 7- + +'5& .$ / !!

+&%,& )* 1,.@ ( $0 +.#' )%530,."$( .$ &-' +1'53!' '8'5& %$( &-'$ !..3 %& &-'+'

( 8','$& #'&-.(+  $ #.,' ('&% !6

 !"#$%" &'((")* &+,(,-)'!+. /012 A1'53!' B%&&',$ B-.&.0,%1-*  + % #'&-.(

2., #'%+", $0 +",2%5' ( +1!%5'#'$& ., ('2.,#%& .$6 7-'  ('%  + &. "+'  $( @ ("%!

+1'53!'+ .$ &-' +",2%5' .2 &-' .)<'5& &. #%1 -./  & #.@'+6 C& /%+ +-./$  $ A'5& .$

D6E6F &-%& % + $0!' +")<'5& @' +1'53!'  + &-' ,'+"!& .2 ! 0-& ,'G'5&'( 2,.# % ,'0 .$ .2

&-' .)<'5&4 +'& )* &-' 0'.#'&,* .2 &-'  !!"# $%& .$ %$( @ '/ $0 .1& 5%! +*+&'#+6
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d0 = dlaser + dsensor + 2dsig

d (t)

Aobj

ωobj Aobj.cos (ωobjt)

d (t) = d0 + 2.Aobj.cos (ωobjt)
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D1  !" $%,*+$# 1#"5*"%67 6!$%,"& -( !  ('"  !"%  !" (% ",#$ (.% &!.-% (% <5*$ (.%

>= '*& :" *&"82

θ (t) =

 

ω (t) .dt @>=A

L&(%,  !(& #"&*+ &  !" 0!$&" .1  !" "+"6 #.'$,%" (6 -$4" 6$% :" 1.*%8 1#.'  !"

1#"5*"%67 $& &!.-% (% <5*$ (.% >H2 3!" ωobj 6$%6"+& $%8 λ = c/fc 6$% :" *&"8  .

&('0+(17  !" /.00+"# 0$# .1  !" &(,%$+2 M(%$++7 k = 2π/λ (& *&"8 #"&*+ (%, (%  !"

KH



 !"#$ %&'$( &( )*+",&-(./0 ωc.t− k2Aobjcos (ωobjt)− kd00 1!$2$ φ0 &# " 3-(#,"(,

 !"#$ ,$24 1!&3!  2"3,&3"556 2$#+5,# 72-4 ,!$ 8&#,"(3$ ,!$ 9$"4 !"# ,2"'$5$80 d0:

φ (t) = 2π

 

{f (t)} dt = ωct−
2.2π.fc.ωobj.Aobj

c.ωobj

cos (ωobj.t)− φ0 ;.<=

>!&# 8$2&'",&-( &# *+&,$ " 9&, 4-2$ 3-4 5&3",$8 ,!"( ,!$ 8$5"6 4$,!-8 ?2#,

+#$80 9+, &, 8-$# !&%!5&%!, ,!", 4+3! -7 ,!$ 1-2@ 1&,! - ,&3"5 $*+",&-(# #!-1#

,1- 1"6# -7 5--@&(% ", ,!$ ,!$-26A 72-4 " 72$*+$(36  -&(, -7 '&$1 -2 72-4 "  !"#$

 -&(, -7 '&$1: >!$#$ "2$ &(B7"3, ,!$ #"4$ "# 72$*+$(36 &# 2",$ -7 3!"(%$ -7  !"#$

B ,!$ ,1- "2$ &($C,2&3"956 5&(@$8:

 !"!#!$%! &!'( >!$ 2$7$2$(3$ 9$"4 &# #&4 5$2 "(8 &# 12&,,$( &( )*+",&-( /D:

E-2 ,!&# $*+",&-( ,!$ 5&%!, 9$"4 &#  !"#$ #!&7,$8 96 &,# ,2"'$5 72-4 5"#$2 ,- ,!$

#$(#-2 '&" ,!$ 2$7$2$(3$ 4&22-2 1&,! ,-,"5 8&#,"(3$ d1 = dlaser + 2.dref + dsensor:

Eref (t) = Eref0.cos [ωc.t− kd1] ;/D=

)##'*+'$%! >!$ ,1- 1"'$# 1&55 &(,$27$2$ ", ,!$ #$(#-2 1!$2$ ,!$ 2$#+5,"(, $5$3B

,2&3 ?$58 1&55 9$ ,!$ #+4 -7 ,!$ ,1- 1"'$# F<GHA )*+",&-( /.

Etot (t) = Esig (t) + Eref (t) ;/.=

I22"8&"(3$ &# ,!$ "'$2"%$ 2",$ -7 J-1 -7 $($2%6  $2 +(&, ,&4$  $2 +(&, "2$"

;W/m2
= "(8 &# "5#- #-4$,&4$# 3"55$8 ,!$ &(,$(#&,6 F/0 KL0 <KH: >!$ '$3,-2 $CB

 2$##&(% ,!$ &22"8&"(3$ ;I= &# ,&4$ "'$2"%$ -7 ,!$ 32-##  2-8+3, -7 ,!$ $5$3,2&3 "(8

4"%($,&3 ?$58# "(8 &# 3"55$8 ,!$ M-6(,&(% N$3,-2: >!$ &22"8&"(3$ &,#$57 &# #!-1(

&( )*+",&-( // 1!$( 3-(#&8$2&(% -(56 ,!$ $5$3,2&3 ?$58: >!$ "'$2"%$ &# 8-($ -'$2

,&4$ T 1!&3! 4+#, 9$ 3-(#&8$2"956 5-(%$2 ,!"( ,!$  $2&-8 -7 ,!$ )O 1"'$: I( ,!$

3"#$ -7 5&%!, "55 3+22$(, 4$,!-8# -7 8$,$3,&(% &,# &22"8&"(3$ 8- #- -'$2 " #+P3&$(,56

QD



 !"# $%&' ( $)'* +,""!$ -'./!"0 $! $)' !/$%+, 1-'23'"+* !.+%  ,$%!". ,"0 $)'-'1!-'

,4'-,#' $)'& !3$5 6" 723,$%!" 88 c %. $)' ./''0 !1  %#)$ ,"0 ǫ0 %. $)' ' '+$-%+ /'-(

&%$$%4%$* !1 1-'' ./,+'5 c = 2.99792458× 108 m/s9 ǫ0 = 8.8542× 10−12 C2/N.m2
5

I =
〈
c2ǫ0.

−→
E ×

−→
H
〉
T
=

c.ǫ0
2

E2
0 = c.ǫ0

〈
E2
〉
T

:88;

<)'" =!->%"# =%$) +!&/ '? "3&@'-. $)'" $)' %--,0%,"+' +," @' =-%$$'" ,.

.)!=" %" 723,$%!" 8A5 6" $)%. '23,$%!" Ẽ %. $)' +!&/ '? 13"+$%!" 0'.+-%@%"# $)'

7B =,4'9 Ẽ∗ %. %$. +!&/ '? +!"C3#,$'9 〈〉 %. $)' $%&' ,4'-,#' !4'- ,  !"# $%&'

+!&/,-'0 =%$) $)' /'-%!0 !1 $)' 13"+$%!"9 ,"0 Re {} -'/-'.'"$. C3.$ $)' -', /,-$

!1 , 13"+$%!"5

I = c.ǫ0

〈(
Re
{
Ẽ
})2〉

= c.ǫ0.
1

2
Ẽ.Ẽ∗ :8A;

D-!& )'-' !" %$ %. &!-' +!"4'"%'"$ $! 3.' $)' +!&/ '? 1!-&. !1 $)'  %#)$

'23,$%!" , !"# =%$) $)' '23,$%!" 1!- $)' %--,0%,"+'9 I = c.ǫ0.
1
2
Ẽ.Ẽ∗5 D%-.$ $)'

'23,$%!" 1!- $)' $!$, ' '+$-%+ E' 0 %. -'=-%$$'" ,. 723,$%!" 8F5

Etot (t) = Esig0.e
i(ωc.t).e−ik(2Aobjcos(ωobjt)+d0) + Eref0.e

i(ωct).e−ikd1 :8F;

G)' .'".!- %. .'".%$%4' $! $)' %--,0%,"+' !1 $)'  %#)$ =)%+) %. /-!/!-$%!", $!

$)' $%&' ,4'-,#' !1 $)' .23,-' !1 $)' ' '+$-%+ E' 05 G)%. +," @' +, +3 ,$'0 3.%"#

$)' .$'/. .)!=" %" 723,$%!" 8H9 =)'-' Is (t) %. $)' %--,0%,"+' 03' $! $)'  %#)$

:$)' +!".$,"$. %" $)' '23,$%!" 1!- $)' %--,0%,"+' ),4' @''" %#"!-'0 1!- "!= ,. $)'

,+$3, %"$'".%$* 4, 3' %. "!$ %&/!-$,"$ ,$ $)' &!&'"$9 !" * )!= %$ +),"#'.;5

Is (t) =
1

2
Etot.E

∗
tot :8H;

IJ



Is (t) =
1

2

[
Esig0.e

i(ωc.t).e−ik(2Aobjcos(ωobjt)+d0) + Eref0.e
i(ωct).e−ikd1

]
 !"#

.
[
Esig0.e

−i(ωc.t).eik(2Aobjcos(ωobjt)+d0) + Eref0.e
−i(ωct).eikd1

]

$%& '&()* +,'% ωc -(& -' '%& ./',0-1 2(&34&506 -57 -(& '%&(&2.(& -8&(-9&7 .4'

:6 '%& *&5*.( -57 -(& (&).8&7 2.( *,)/1,0,'6;

Is (t) =
1

2

[
E2

sig0 + E2
ref0 + Esig0Eref0.e

−ik(2Aobjcos(wobjt)+d0)+ikd1
]
+  !<#

1

2

[
Esig0Eref0.e

ik(2Aobjcos(wobjt)+d0)−ikd1
]

 !=#

>*,59 '%& 0.)/1&? 2.() .2 0.*,5& 9,8&* @34-',.5 !A;

Is (t) =
E2

sig0 + E2
ref0

2
+ Esig0Eref0cos [k (d1 − d0 − 2Aobjcos (ωobjt))]  !A#

 !"#$%&!'( )(&*'+#,&!'( B.+ '%-' +& %-8& -5 &34-',.5 2.( '%& ,((-7,-50& ,'

,* /.**,:1& '. *,)41-'& '%& *&5*.( 8-14&*; C9-,5D 1..E,59 -' F,94(& !GD '%&(& ,* -

(&9,.5 )-(E&7 H4*' ,5 2(.5' .2 '%& *&5*.(; $%,* *,)41-',.5 +,11 0.5*,7&( '%,* (&9,.5D

8,&+&7 2(.) '%& -:.8&D &?'&57,59 ,5 */-0& -0(.** '%& *&5*.( -57 :-0E '.+-(7 '%&

:&-) */1,''&(; $%& I(*' '%,59 '. 0.5*,7&( ,* '%-' '%& ./',0-1 2(&34&506 0.)/.5&5'*

.2 '%& :&-) %-8& :&&5 (&).8&7; $%,* +-* :&0-4*& '%& *&5*.( ,* 45-:1& '. )&-*4(&

'%&*& -57 *. +,11 .516 (&9,*'&( '%& -8&(-9& ,((-7,-50& 74& '. '%& :&-)*; C56 /%-*&

7,J&(&50&D %.+&8&(D +,11 (&9,*'&( '. '%& *&5*.(; F,94(& !K *%.+* -5 &?-)/1&D +,'%

-(:,'(-(6 45,'*D .2 %.+ '%& /%-*& 7,J&(&50& :&'+&&5 '+. *,95-1* +,11 -J&0' '%&

(&*41'-5' -2'&( ),?,59; $%,* I94(& *%.+* '+. 7,J&(&5' 2(&34&506 *,95-1*  :14& -57

9(&&5# .2 '%& 2.() cos (ωt); $%& (&7 *,95-1 *%.+* '%& *4/&(/.*,',.5 .2 '%& .'%&(

=!



cos (0) = cos (2π)

π

π





 !"#!$%&' (&)*+!, -)%./0% 123!$% 4/5!6!+%  ! "#$ %$&' &'()*"+,$-

&.$ "#$ -&'$ /Esig0 = Eref0 = E00 &1, "#$ 2%3$4" '*..2. *- 12" '25*16 /Aobj = 00

"#$1 78+&"*21 9: *- -*'()*;$,<  ! "#$ ,*=$.$14$ *1 &.' ,*-"&14$- &.$ "#$ -&'$

/d0 = d10 "#$1 "#$ .$-+)" >*)) %$ Is (t) = E2
0 + E2

0cos (0) = 2E2
0 ? *$ "#$ -+' 2!

"#$ *..&,*&14$- 2! "#$ ">2 %$&'-<  ! "#$ ,*=$.$14$ *1 &.' ,*-"&14$- *- #&)! &

>&5$)$16"# /λ/2 → π0 "#$1 "#$ .$-+)" >*)) %$ Is (t) = E2
0 + E2

0cos (π) = 0? &1,

"#$.$ >*)) %$ 12 *..&,*&14$ &" "#$ -$1-2.<

 !"#!$%&' (&)*+!, 7)%. 123!$% 4/5!6!+% @*6+.$ 9A -#2>- "#$ -*'+B

)&"*21 .$-+)"- !2. "#$ C < D#$ "2( -#2>- >#&" >2+), #&(($1 *! "#$ 2%3$4" '*..2.

>&- 12> 5*%.&"$,< D#$ (#&-$ ,*=$.$14$ %$">$$1 "#$ ">2 %$&'- 4#&16$- >*"#

"*'$< E- "#$ -*'+)&"*21 *- ,21$ >*"# "*'$ ;F$,? %+" "#$ %$&'- &.$ *1 '2"*21?

"#*- 4#&16$ *1 (#&-$ "&G$- "#$ !2.' 2! (#&-$ ,*=$.$14$ &" ,*=$.$1" ,*-"&14$ !.2'

"#$ -$1-2.< @2. "#*- -$" 2! .$-+)"- "#$ ".&4$- 21 "#$ .*6#" -#2>- #2> "#$ *..&,*&14$

4#&16$-? >*"# "#$ 5*%.&"*21 2! "#$ 2%3$4" -+($.*'(2-$,<

 " -#2+), %$ (2*1"$, 2+" "#&" "#$ !.$8+$14H 2! "#$ 5*%.&"*21 2! "#$ 2%3$4"

#&- %$$1 $F&66$.&"$, "2 &))2> -$5$.&) 2! "#$ >&5$- "2 %$ 2%-$.5&%)$ *1 "#$ -(&4$

&))2>$,< D#$ -($$, 2! )*6#" '$&1- "#&" !2. &1H .$&-21&%)$ 2-4*))&"*21? "#$ >#2)$

2! "#$ .$I$4"$, -*61&) %$&' >*)) $=$4"*5$)H %$ &" "#$ -&'$ (#&-$? &- & 4#&16$

*1 (#&-$ ,+$ "2 "#$ '2"*21 2! "#$ 2%3$4" '*..2. >*)) &)'2-" *1-"&1")H (.2(&6&"$

"#.2+6# "#$ >#2)$ *1"$.!$.2'$"$.< D#$ -*'+)&"*21 *- *1"$1,$, "2 6*5$ & %$""$.

+1,$.-"&1,*16 2! "#$ -H-"$'< D#$ #2.*J21"&) &F*- *-? #2>$5$.? 42..$4")H -4&)$,<

 " 4&1 %$ -$$1 "#&" "#$ .$-+)"&1" -*61&) #&- &)'2-" -"&"*21&.H (2*1"- >*"# #*6#$.

!.$8+$14H 2-4*))&"*21- *1 %$">$$1< D#$ -"&"*21&.H (2*1"- &.$ >#$1 "#$ 2%3$4"

'*..2. *- &)'2-" -"&"*21&.H? &)%$*" 21)H '2'$1"&.*)H? ,+.*16 *"- 2-4*))&"*21-< D#$

"*'$- *1 %$">$$1 &.$ >#$1 "#$ .$I$4"2. *- '25*16? $*"#$. "2>&.,- 2. &>&H !.2'

"#$ %$&' -()*""$.< @.2' & (#&-$ (2*1" 2! 5*$> "#$ .$)&"*5$ (#&-$ %$">$$1 "#$

KA



 !"!#$!% &!'( ')% $*!  !+! !)#! &!'( ,- #*').,). /,$* $*! (0$,0) 0+ $*! 0&1!#$

') -0 $*!2 .0 ,) ')% 03$ 0+ 4*'-! -!5! '6 $,(!-7 8)#! +0 !'#* λ/2 $*! -3 +'#!

*'- (05!%7

 !" #$ %&'()*+)" ,'"-#!"  ./+0" 1#2+*+)" 9$ ,- 5! 2 *' % $0 .!$ $*!

&!'(- 4! +!#$62 '6,.)!%7 9+ $*!2 ' ! )0$ 4! +!#$62 #0,)#,%!)$ $*!) $*,- /,66  !-36$

,) + ,).!- '# 0-- $*! -!)-0 7 :*! -!#0)%  !-36$ ,) ;,.3 ! <= -*0/- ' > %!. !!

(,-'6,.)(!)$ 0+ !'#* &!'( + 0( $*! 4! 4!)%,#36' ?< %!. !!- ,) $0$'6@ /,$* $*!

0&1!#$ ,- -$'$,0)' 27 :*,- -*0/- 0)! 4 0&6!( /,$* (,-'6,.)!% &!'(- A $*! /,%$*

0+ $*! + ,).!-7 :*!-! + ,).!- ' ! #0)-$')$ ,) $*! BCB %, !#$,0) ?,) $*! %, !#$,0) ,)

/*,#* $*! &!'(- -*036% &! $ '5!6,).@D &3$ $*!2 'E!#$ $*! ,  '%,')#! ,) $*! BFB

%, !#$,0)7 9+ $*! -!)-,). !6!(!)$ ,- (3#* &,..! $*') $*,-D 0 43$ %,E! !)$62 ,+ $*!

(,-'6,.)(!)$ ,- $00 . !'$D $*!) $*! + ,).!- /,66 '5! '.! 03$ 05! $*! -!)-0 ')%

#*').!- ,) $*! ,  '%,')#! %3! $0 $*! (0$,0) 0+ $*! 0&1!#$ (,  0 /,66 $!)% $0 C! 07

 !" #$ %&'()*+)" ,'"-  ./+0" 1#2+*+)" 8)#! $*! 0&1!#$ ,- (05,).

$*!-! + ,).!- !E!#$,5!62 0-#,66'$!- '- $*! 4*'-! 0+ $*! -,.)'6 &!'( !,$*! 6!'%- 0 

$ ',6- $*'$ 0+ $*!  !+! !)#!7 9$ -*036% &! )0$!% $*'$ ,+ $*! -!)-0 ,- -('66! $*')

0)! + ,).! $*!) ,$ /,66 .!$ '6(0-$ $*! -'(! -,.)'6 '- $*! 4! +!#$62 '6,.)!% #'-!D '-

-*0/) &2 $*! &0$$0( $ '#! ,) ;,.3 ! <=7 :*! $ '#!- 0) $*!  ,.*$ -*0/ ')0$*! 

4 0&6!( /,$* (,-'6,.)(!)$ A #*').! ,) $*! !E!#$,5! /'5!6!).$* 0+ $*! 6,.*$7 :*!

/'5!6!).$* /*,#* 'E!#$- $*! -,.)'6 ,- )0/ $*! 0)! /*,#* ,-  !-065!% 0)$0 $*! BCB

'F,-7 G- $*! ! ,- ') ').6! &!$/!!) $*! &!'( ')% $*! 'F,-D $*,- BCB 'F,- /'5!6!).$*

,- )0/ -('66! $*') $*! 0 ,.,)'6 /'5!6!).$* 0+ $*! &!'(7 :*,- -*0/- ,) $*! $ '#!

'- $*! &!.,)),).- 0+ ')0$*! #2#6!- 0+ $*! *,.*! + !H3!)#2 0-#,66'$,0)- %0! $0 $*!

4*'-! #*').! 0+ $*! -,.)'6 &!'(-7 :*! $04 ')% &0$$0(  !-36$- -*0/) ,) ;,.3 !

<= ' ! /,$* $*! -'(! '#$3'6 5,& '$,0) '(46,$3%!7

IJ





 ! ! "#$%&$'& ()*" ($+,'$ -,./0#.

1%#'2&/3#42%  !"#$%& '()* !+&,-+ .+# "#,/ $% &,+#"-, $0, 1--+/1+2!, 3-%&

#&+44 &,$+4 526,-# !+44,/ 71&%-80# 9:+-$ 2"&7,-; <(=>?=>@?AB'C #$%!D 2"&7,-

%2 E* '%&8%2,2$# F$/; GH>@IHJKL M16"-, GA #0%.# + 71&%-80L N0,#, +-, #&+44

81,O%,4,!$-1! #$-18# .01!0 +-, 5P,/ +$ $0,1- 7+#,L N0, 4%.,- ,2/ %3 $0, #$-18 1#

5P,/ +2/ +$$+!0,/ $% ,4,!$-%/,#L N0, $%8 ,2/ $0,2 Q17-+$,# /", $% $0, %#!144+$126

Q%4$+6, +8841,/ $% $0, 7%$$%&L N0, #162+4 !+&, 3-%& + #162+4 6,2,-+$%-C .1$0 +

$-+2#3%-&,- .1-,/ $% 12!-,+#, $0, Q%4$+6, $% + 4,Q,4 $0+$ .%"4/ /-1Q, $0, 71&%-80#L

R0,2 ,P8%#,/ $% +2 %#!144+$126 Q%4$+6, $0, #$-18 Q17-+$,# +$ $0, #+&, 3-,S",2!TL

N0, 5-#$ ,P8,-1&,2$ -"2 .+# + Q17-%&,$-T ,P8,-1&,2$ 7+#,/ %2 8-,Q1%"# .%-D

U-L U1.,1 B, VW>XL N01# "#,/ + '()* 1&+6126 !018 $% &,+#"-, $0, 3-,S",2!T

+2/ +&841$"/, %3 + Q17-+$126 71&%-80L N01# ,P8,-1&,2$ .+# 12$,2/,/ $% #0%. $0,

YBUF +2/ !%&8"$,- #%3$.+-, .%-D126 12 + 4+7%-+$%-T #,$$126 +2/ 61Q, +2 121$1+4

#,$ %3 -,#"4$# .01!0 !%"4/ 7, "#,/ +# + #$+-$126 8%12$ 3%- !%&8+-1#%2 %3 3"$"-,

,P8,-1&,2$# +2/ +46%-1$0&#L

567,'4+,%#$0 ",#/7 N01# ,P8,-1&,2$ .+# /,#162,/ +-%"2/ + (1!0,4#%2 Z2@

$,-3,-%&,$,- 9(ZK +# #0%.2 12 M16"-, GIL  2 M1,4/ :-%6-+&&+74, [+$,  --+T

9M:[ K 7%+-/ .+# "#,/ $% !%2$-%4 $0, ,P8,-1&,2$C .1$0 + !%&8"$,- -"22126 $0,

8-%!,##126L N01# 1# #0%.2 /16-+&+$1!+44T 12 M16"-, GHL

• M%- $0, (ZC + 2%&12+44T 5mW B,@\, 4+#,- 9(,44,# [-1%$ @ G>@FB:@=G=@G]?C

3.8mW &,+#"-,/K +$ 632.8nmC 1mm⊘ 7,+&L

• (Z #,$"8 +4#% "#,/ + ^=? 7,+& ,P8+2/,- 9N0%-4+7# <_=?(K 12 $0, 4+#,-

+-& $% 144"&12+$, +2 +-,+ -+$0,- $0+2 + 8%12$L

• ]G P ]G 81P,4 4%6 '()* !+&,-+L _+!0 81P,4 0+/ + 80%$%#,2#1$1Q, -,61%2

%3 25µm × 25µmL N01# .+# +2 12@0%"#, !"#$%& '()* !+&,-+ "#,/ 3%-

HH



 !"#$%&'( )*++, -+. /0123 4"56 7&8!* ."# 5+ 7+#!, +9 " *&(6: #!'#&:&;! 7"%:

<" 76+:+,&+,!= .&:6 5&%5$&:%> .6&56 7%+,$5!, " ;+*:"(! .6&56 &# *+("%&:6?

 &5"**> %!*":!, :+ :6! &%%",&"'5!3 @6!%! ."# "*#+ #+ ! ",,&:&+'"* 5&%5$&:%>

.6&56 7!%9+% !, :6! -+. 7%+5!##&'(3 @6&# ."# 6+.!;!% ,&#")*!,A !B!5:&;!*>

%!#$*:&'( &' " 6&(6?#7!!, CDEF 5" !%"3

@6&# 5" !%" 6", GHIJ 7&8!*#A "'> +'! +9 .6&56 5+$*, )! 5+''!5:!, :+ :6!

KLC :6%+$(6 :6! ,!? $*:&7*!8!%# +' :6! 56&7 &:#!*9 "', :6! 5" !%" )+"%,3

• GHIJ 8 M1N CCL 5" !%" <@6+%*")# LCOIIPD= :+ 56!5Q 9+5$# "', 7+#&:&+'?

&'( +9 :6! )& +%763

• R&!*, S%+(%"  ")*! T":! K%%"> <RSTK= )+"%, .&:6 "' K'"*+( :+ L&(&:"*

C+';!%:!% <KLC= )+"%,A ,!#&('!, .&:6&' :6! ,!7"%: !':3 @6! RSTK ."#

7%+(%"  !, :+ 5+':%+* :6! CDEF 5" !%"3 U: 7%+,$5!, " ,&(&:"* +$:7$:

.6&56A :6%+$(6 :6! ,!? $*:&7*!8!%#A 5+$*, ",,%!## "'> 7&8!* +' :6! 56&73

E'5! " 7&8!* 6", )!!' ",,%!##!, :6! +$:7$: ."# 5+''!5:!, :+ :6! KLC

5"%, "', #" 7*!, ": 625 ksps3 @6! RSTK #>'56%+'&V!, "** :6!#! +7!%":&+'#

"', :6!' :%"'#9!%%!, :6! ,":" :+ " 5+ 7$:!% $#&'( " OFW 5+''!5:&+'3

• F+9:."%! +' :6! 5+ 7$:!% :6!' 7%+5!##!, :6! ,":" :+ !8:%"5: :6! ;&)%":&+'
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'.17) "'4.&( )- !# !*1&""#, &., )+# 3-51&$&)-$ )#")#, 2')+ &. #0)#$.&(

%-()&4# "'4.&(8
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-/ )+# 3-51&$&)-$ )- !# 3+#3:#, /-$ "2')3+'.48 @" &. '.17) ') &((-2#, )+#

3-51&$&)-$ )- !# !*1&""#, &., &. #0)#$.&( "B7&$# 2&%# &11('#, )- )+# 17("#

4#.#$&)-$8

34("# 5#6#$&).$ ). 7'0'68 @" &. -7)17) )+'" "#) -/ 1'." "+-2#, )+# )2- 3-.;
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 !"#$!%%&'(%(#)  !"#$!%%&'(%(#) *!+,$- &%% ,.#,$"&% -(/"&%-0 12,#2,$ &"&%!/ !$

3(/(#&%0 12(*2 ("45,"*, 2!1 & *($*5(# !6,$&#,-7 82,-, &$, 5-,95% 9!$ '!#2 6$!#!:

#)6("/ &"3 #2, ;"&% *2(67 82, *!"#$!%%&'(%(#) 1&- 6$!+(3,3 #2$!5/2 #2, 5-, !9

,.#,$"&% '(&- $,-(-#!$-7 <,+,$&% *!=6!","#- 1(#2(" #2, *($*5(# 3,6,"3,3 !" & *5$:

$,"# -!5$*, 9!$ #2,($ !6,$&#(!"7 82(- *5$$,"# -!5$*,0 #2$!5/2 #2, 5-, !9 & *5$$,"#

=($$!$ -,#560 *!5%3 ', *!"#$!%%,3 ') &" ,.#,$"&% $,-(-#!$7 >" ,.&=6%, !9 #2(- (-

#2, #(=("/ 6&$# !9 #2, *($*5(#7 ?#- !6,$&#(!" 3,6,"3- !" & *&6&*(#!$ 3(-*2&$/("/
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$,-5%# (" #2, !5#65# +!%#&/, 9$!= #2, #(=("/ 6&$# !9 #2, *($*5(# ',("/ %!1,$ 9!$ &

/(+," ("65# 9$,@5,"*)7 82, &+&(%&'%, '(&-,- 1,$,A

 !*+&$&#!$  !"#$!%%,3 #2, 2)-#,$,-(- %,+,% !9 #2, *!=6&$&#!$7 82(- *!"#$!%%,3

#2, =("(=5= &=6%(#53, &" ("65# -(/"&% #! #2, *!=6&$&#!$ 1!5%3 ",,3 #!
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&$,*) $!- (!*,2-30" !2()" *2 *+" )(1!$'5

92, *+() ,"$)2! *+" &2/", )3&&'(") 42, *+" -(=","!* )*$1") 24 &,20"))(!1 /","

)&'(* *2 %(!(%(>" !2()" 023&'(!1 4,2% 2!" )*$1" *2 $!2*+",5 6+"," /"," 423,
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*+() /$) %2)* (%&2,*$!* /+"! *+" )(1!$' %2<"- ;"*/""! $!$'21 $!- -(1(*$' &$,*)

24 *+" 0(,03(*5

6+" $!$'21 $!- ;3=", &2/", )3&&'(") )+$,"- $ )(!1'" $!$'21 1,23!- &(! $!-

*+" -(1(*$' $!- *(%(!1 &2/", )3&&'(") )+$,"- $ -(1(*$' 1,23!- &(!5 8* () /2,*+

%"!*(2!(!1 *+$* *+" 1,23!-) /"," 02!!"0*"- /(*+(! *+" 0+(& *+,231+ *+" )3;G

)*,$*"5 6+" &(!) 2! *+" 0+(& /"," 1,23&"- (!*2 -(1(*$' $!- $!$'21 2!")5 :$0+

1,23& !""-"- (*) 2/! 1,23!- &(! $!- +$<(!1 $! $--(*(2!$' 1,23!- 02!*$0* /23'-

$')2 )+$," *+" '2$-5

H!" 2*+", $--(*(2! *2 *+" 0(,03(* /$) 13$,- ,(!1)5 6+")" $," ,(!1) 24 !G*.&"

)('(02! /"'') 2, &G*.&" )3;)*,$*" 02!*$0*) *2 +"'& %(!(%(>" *+" %2<"%"!* 24 0$,G

,(",) *+,231+ *+" )('(02! )3;)*,$*"5 8* /$) $!*(0(&$*"- *+$* *+() /23'- '(%(* *+"

023&'(!1 24 !2()" 4,2% +(1+ )&""-@ +(1+ *,$!)("!* 03,,"!* -(1(*$' 02%&2!"!*) *2

*+" !"(1+;2,(!1 $!$'21 02%&2!"!*)5 6+" CD +$- 13$,- ,(!1) ;3('* (! $) &$,* 24
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 !" #$%&"''()* &($&+(, &%-"$". /0 ,!(' $"#%$, 12' ."'(*)". ,% #$%-(." 2 3"$%4

&$%''()* ."5%.+62,%$ 7%$ +'" 2' 2 '()*6" #(8"6 %7 2 7+66 9"6. :;< &25"$2=  !"

,!"%$0 /"!(). ,!" #$%&"''()* !2' /"") *(-") () >!2#,"$ ? 2). ,!" ."'(*) %7 ,!"

#$%&"''()* !2' /"") &%-"$". () @"&,(%) A=A=  !(' '"&,(%) 1(66 #$"'"), '(5+62,(%)'

%7 ,!" 3"$%4&$%''()* ."5%.+62,(%) &($&+(, 2). (,' ().(-(.+26 &%5#%)"),'=

 !(' #$%&"''()* &($&+(, 12' (),").". 2' 2 #$%,%,0#" ,% #$%-(." 2 #$%%7 %7 #$()4

&(#26 %7 2 #(8"646"-"6B 3"$%4&$%''()* ."5%.+62,%$ %$ :;<=  !" '(5+62,(%)' 1(,!()

,!(' '"&,(%) ,!"$"7%$" &%)&"),$2," %) ,!" $2)*" %7 %#"$2,(%) %7 ,!" #(8"6 1(,! $"74

"$")&" ,% +'" () 2 C2&!4D"!)."$ (),"$7"$%5","$=  !(' ()&6+."' ,!" $2)*" %7 6(*!,

6"-"6' 2). 5%.+62,(%) ."#,!' 1!(&! 1(66 #$%.+&" 2) %+,#+, '(*)26= E )+5/"$

%7 %,!"$ ()#+, &%).(,(%)' 1(66 26'% /" &%)'(."$". 2). ,%*",!"$ ,!"'" '!%1 ,!"

$2)*" %7 ()#+, '(*)26' ,!" #$%&"''()* 1(66 1%$F 1(,!=  !" $2)*" %7 ()#+, -2$(2/6"'

&%)'(."$". ('G

• :(*!, ;> 6"-"6

• :(*!, '(*)26 5%.+62,(%) ."#,! 4  !(' 1(66 /" +'". ()',"2. %7 '(*)26 25#6(,+."

.+" ,% ,!" )2,+$" %7 ,!" '(*)26 7$%5 ,!" (),"$7"$%5","$=  !2, '(*)26 &%)'(','

%7 2 ;> ,"$5B $"62,". ,% ,!" (),")'(,("' %7 ,!" '(*)26 2). $"7"$")&" /"25'B

2). 2 '()+'%(.26 ,"$5B ,!" 25#6(,+." %7 1!(&! (' 26'% $"62,". ,% ,!" (),")'(,("'

%7 ,!" ,1% /"25'= H'()* I = c.ǫ0
2
E2

0 1!(&! $"62,"' ,!" ($$2.(2)&" I%$ 6(*!,

#%1"$ #"$ +)(, 2$"2JB KL+2,(%) AM &2) /" 1$(,,") () ,!" 7%$5 I (t) = Isig +

Iref + EsigErefcos (φ (t)) = Isig + Iref + 2
√

IsigIref .cos (φ (t))B 1!"$" Isig ('

,!" ($$2.(2)&" .+" ,% ,!" '(*)26 /"25 26%)"= N7 ,!" ($$2.(2)&"' %7 ,!" ,1%

/"25' 2$" (."),(&26 ,!") ,!" ()#+, '(*)26 1(66 !2-" OMMP 5%.+62,(%) ."#,!=

N7 ,!" (),")'(,("' 2$" 5('52,&!". ,!") ,!" 5%.+62,(%) ."#,! 1(66 ."&$"2'"=
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•  !"#$%!&' (!)'$* +$,!+-+ .#/0-/'12 $'3 $+4*!%-3/5 6( (7&8' !' 97$4:

%/# ; %7/ "$'38!3%7 &. %7/ 47&%&1-##/'% (!)'$*< %7/ !'4-% %& %7/ 4#&1/((!')

4!4/*!'/ !( 3/4/'3/'% &' "&%7 %7/ =!"#$%!&' .#/0-/'12 $'3 %7/ =!"#$%!&' $+:

4*!%-3/5 6( (-17< .&# $ )!=/' +$,!+-+ "$'38!3%7< %7/ =!"#$%!&' .#/0-/'12

1&-*3 "/ !'1#/$(/3 !. %7/ $+4*!%-3/ 8$( 3/1#/$(/35

• >$,!+-+ '&!(/ &' %7/ !'4-% (!)'$*5 ?7!( !( #/*$%/3 %& %7/ #$')/ &. (!)'$*(
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1-!%< 87!*/ #/@/1%!') '&!(/ &' %7$% (!)'$*5 ?7!( !( #/*$%/3 %& %7/ 1&+4$#$%&#

72(%/#/(!( #$')/5

6'&%7/# $(4/1% &. %7/ 4!,/* 87!17 8!** "/ (!+-*$%/3 !( %7/ /,4/1%/3 4#&1/(( =$#!:
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:&(# )* 7&9" )!" 5(-7"#) !=#)"-"#&#8 D"%)&*+ E8F8G !(# #!*3+ )!() )!"-" &# ( #&+75"

9(54" ,*- 2(6&242 !=#)"-"#&# (+1 )!&# 7&9"# ( 3*-#) %(#" #%"+(-&*8

 !"-" 3"-" )3* *)!"- :&(#"# #!*3+ &+ /&74-" HH; I&(# D/ (+1 I&(# JKL8  !"#"

3"-" &+)"-+(55= :&(#"1 (+1 (# #4%! (-" '6"18

 !&# #"%)&*+ 3&55 #)(-) := 1"#%-&:&+7 )!" ./0 (+1 $-*9&1&+7 #*2" -"#45)# )*

1"2*+#)-()" &)# 5&2&)()&*+#8  !"+ )!" ./0 (+1 ?*2$(-()*- 3&55 :" #&245()"1

)*7")!"- )* %!"%C 3!() -(+7" *, &+$4) 9(54"# )!() %(4#" )!" %*2$(-()*- )* 7&9" (+

*4)$4)8 J+ *)!"- 3*-1# )!" *$"-()&*+(5 -(+7" *, )!" ./0 (+1 ?*2$(-()*-8 /*-

)!&# #"%)&*+ )!" %&-%4&) M./0 (+1 %*2$(-()*-N 3&55 :" %*+#&1"-"1 )* *$"-()" ,*-

)!" 7&9"+ &+$4) %*+1&)&*+# &, )!" %*2$(-()*- $-*9&1"# ( #3&)%!&+7O %5&$$"1 *4)$4)

14" )* )!" &+$4)8

PFQ



1× 10−24

10Hz 10MHz

100 fA 10µA

10 pA



 !"#$%&!'( &' %$$') &*+ '#&,#&- ./ 0'$&%1+ $+0+$ &'  +&&$+2

 !"# $%""&'( 3 %$4+%56 "+(&!'(+57 &*+ 5+&+8&'4 # +5 *% % $'1%4!&*"!8 4+9

 ,'( +2 :*! ! 5#+ &' &*+ ,*'&'8#44+(& ;+!(1 4+$%&!0+$6  "%$$2 :*+ "+%( &*%&

&*+ &4%( ! &'4 &*! 8#44+(& <') &*4'#1* %4+ !( % 4+1!'( '= ',+4%&!'( 8%$$+5 > #;9

&*4+ *'$5?2 :*! &*! ',+4%&!'(%$ 4+1!'( &*+ 8#44+(& &' 0'$&%1+ 8*%4%8&+4! &!8 &*+6

+@*!;!& ! $'1%4!&*"!82 :*+ '#&,#& 0'$&%1+ )'#$5  &%4& %& % 8+4&%!( 0'$&%1+ )!&*

(' !$$#"!(%&!'( %(5 5+84+% + $'1%4!&*"!8%$$6 )!&* !(84+% !(1 $!1*& $+0+$2 :*+ 0'$&9

%1+ $+0+$ ='4 (' !$$#"!(%&!'( !  +& ;6 &*+ 8#44+(& $+%A!(1 &*4'#1* &*+ ,*'&'5!'5+

% )+$$ % &*+ ;#B+4 %(5 C.3 8!48#!&462 :*+ ,4'8+  ,%4%"+&+4 8%$8#$%&+5 &*+

$+%A%1+ 8#44+(& D%$ ' 8%$$+5 &*+ 5%4A 8#44+(&E % 2.51 fA %(5 % /%5+(8+  !"#$%&!'(

1%0+ % 0%$#+ '= 2.509 fA )!&* %( '#&,#& 0'$&%1+ '= 2.064V 2

 $ )*&&+ :*+ (+@&  &+, )% &'  !"#$%&+ &*+ 3FG )!&* %  )++, '= ./ !$$#9

"!(%&!'( 2 :*! !  *')( !( F!1#4+ HI %(5  *') &*+ $'1%4!&*"!8 4+ ,'( + '= &*+

,*'&'5!'5+ 8'(J1#4%&!'(2 :*+ '#&,#& =4'" &*+ 3FG %$ '  *') *') &*+ C.3

!(&4'5#8+ %  $!1*& ./  *!=& !(&' &*+  !1(%$2 3;'0+ %;'#& 0.8V &*+ '#&,#& 0'$&9

%1+ ! *!1*+4 &*%( &*+ !(,#& 0'$&%1+7 %(5 &*+ $'1%4!&*"!8 4+ ,'( + '= &*+ ,!@+$ ! 

 *')(2 K+$') &*! 0'$&%1+ &*+ 4+ ,'( + '= &*+ ,!@+$  &%4& &' ;4+%A 5')(2 L& )% 

('& +@,+8&+5 &*%& &*! )'#$5 ;+ % ,4';$+" % &*! )'#$5 4+M#!4+ % ,*'&'8#44+(&

14+%&+4 &*%( 100nA )*!8* )'#$5 4+M#!4+ 5!4+8& +@,' #4+ &' &*+ $% +4 !(&+(5+5 ='4

&*+ !(&+4=+4'"+&+42 :*+ $!1*& $+0+$ %& &*+  +( '4 8'#$5 %$ ' +% !$6 ;+ 4+5#8+52

:*+ #,,+4 8#&'B ='4 ,*'&'8#44+(& !( &*+ =+"&'9%", 4+1!'( )% %( !(*+4+(&

$!"!&%&!'( 5#+ &' &*+ 5%4A 8#44+(& '= &*+ ,*'&'5!'5+2

NOP



 !"#$% &'( ) * +#,-#, .!,/ 0.%%- !1 23 !44#5!67,!+6

 !"#$"%&' (")*+%)" 8$%4!5!67$9 0!5#47,!+6 0/+.%: ,/7, ,/% 1$%;#%6<9 $%=

0-+60% +1 ,/% ) * .+#4: 4!>%49 ?% ,/% 4!5!,!6" 17<,+$ !6 ,/% $%0-+60% +1 ,/% %6,!$%

-$+<%00!6" <!$<#!,@ A/%0% 0!5#47,!+60 740+ 0/+.%: ,/7, ,/% 1$%;#%6<9 $%0-+60%

.70 :%-%6:%6, +6 ,/% 23 -/+,+<#$$%6,@  !"#$% &B 0/+.0 ,/% 1$%;#%6<9 $%0-+60%

+1 ,/% ) * 1+$ 100pA 23 <#$$%6,@ A/!0 !0 ,/% $%0#4, +1 76 )3 0!5#47,!+6 76:

0/+.0 ,/% %C-%<,%: <#$D%@ E+.%D%$F ,/!0 !0 "%6%$7,%: ?9 7 0!5#47,!+6 #0!6" 7

4!6%7$!G%: 5+:%4 +1 ,/% ,$760!0,+$0@ ) ,$760!%6, 0!5#47,!+6 !0 5+$% 7<<#$7,% 76:

,/!0 !0 :%5+60,$7,%: !6  !"#$% &H@ A/!0 0/+.0 ,/% 1$%;#%6<9 $%0-+60% +1 ,/% ) *

1744!6" +I 7, 4+.%$ 1$%;#%6<!%0 76: 7 04!"/, </76"% !6 ,/% 3 dB -+!6,@ A/!0 !0 :#%

,+ :!0,+$,!+6 +1 ,/% +#,-#, 76: $%0#4,0 1$+5 ,/% $%47,!D%49 47$"% 5+:#47,!+6 :%-,/

70 0/+.6 !6  !"#$% 'J@

K&J



 !"#$% &'( ) * +$%,#%-./ $%012-0% 100 pA 3)4 0!5#678!2-9

 !"#$% &:( ) * +$%,#%-./ $%012-0% 100 pA 38$7-0!%-8 0!5#678!2-9

;&;



 !"#$% &'( ) * +#,-#, ./+0!1" 2!.,+$,!+13 100 pA 45 6#$$%1,7 8' 9: .!"1;<

 !" #$%&'()*$+ ,-.)/ =$;1.!%1, .!>#<;,!+1. 0!<< ?% #.%2 @+$ ,/% $%>;!12%$

+@ ,/!. .%6,!+13 =/% @+<<+0!1" 0%$% 2+1% 0!,/ ; >+2#<;,!+1 2%-,/ +@ 8'A3 =/!.

>+2#<;,!+1 2%-,/ 0;. 6/+.%1 ;. !1!,!;< ,%.,. /;2 ./+01 ,/;, ,/!. 0;. ,/% ;--$+BC

!>;,% >+2#<;,!+1 2%-,/ 0/!6/ 6+#<2 ?% %B-%6,%2 @$+> ,/% %B-%$!>%1,;< .%,#-3

 #$,/%$ .!>#<;,!+1 +@ ,/% )5 $%.-+1.% 0!,/ 2!D%$%1, 45 -/+,+6#$$%1,. ./+0 ;

6/;1"% !1 ,/% E 2F -+!1, ;12 ,/% ";!13 =/!. !. ./+01 !1  !"#$% &83 =/% ,0+ -<+,.

;$% @+$ 10pA ;12 100pA3 =/% 3 dB -+!1, @+$ ,/% 10pA -<+, !. ;, ∼ 208 dBΩ ;12

∼ 3k Hz 0/!<% @+$ 100 pA ,/% G;<#% ;$% 180 dBΩ ;12 20k Hz3 =/%.% .!>#<;,!+1

$%.#<,. ./+0 ,/;, ,/% @$%H#%16I $%.-+1.% +@ ,/% ) * !. !1 -;$, 6+1,$+<<%2 ?I ,/%

45 -/+,+6#$$%1, +@ ,/% !1-#,3 J!16% ; .!1"<% @$%H#%16I $%.-+1.% -<+, 2+%. 1+,

2%.6$!?% ,/% +-%$;,!+1 +@ ,/% ) * #12%$ ;<< 6+12!,!+1.7 ; .%, +@ .!>#<;,!+1. 0%$%

2+1%7 G;$I!1" ,/% 45 -/+,+6#$$%1,7 ;12 #.%2 ,+ 6$%;,% ; .!1"<% KC2!>%1.!+1;<

-<+,3 =/!. !. ./+01 !1  !"#$% &K3 =/!. -<+, 0;. 6$%;,%2 ?I ,;L!1" -<+,. <!L% ,/+.%

@+#12 !1  !"#$% &8 ;12 $%6+$2!1" +1<I ,/% @$%H#%16I +@ ,/% 3 dBΩ ;12 6 dBΩ

-+!1,. M?+,/ #--%$ ;12 <+0%$7 0/%$% ;--$+-$!;,%N3 =/% O 2F <!1%. ;$% ./+01 ,+

"!G% ;1 !12!6;,!+1 +@ $+<< +D @+$ ,/% 2!D%$%1, -/+,+6#$$%1,.3 P1  !"#$% &K ,/%

BC;B!. ./+0. ,/% 45 -/+,+6#$$%1, ;12 ,/% IC;B!. ./+0. ,/% @$%H#%16I3 =/% $%2

8OK



 !"# $%#" &%'(& %'( $%# )*+ ,-&& .-"* /'0#& -& $%# 12 ,%'$'3455#"$ !& 0-5!#*6

7%!& &%'(& $%-$ -$  '(  #0# & '8 12 ,%'$'3455#"$9$%#  #8$ '8 $%# , '$: $%# ;<=

-3$& -& -  '( ,-&& > $#5 (!$% - 34$'? -$  #&& $%-" 100Hz9$%#  '(#5  #8$ 3'5"#5:6

;& $%# 12 ,%'$'3455#"$ !& !"35#-&#* $%# 4,,#5 34$'? 85#@4#"3A !"35#-&#& -"* -$

-.'4$ 10pA $%# 85#@4#"3A 5#&,'"&# '8 $%# ;<= &$-5$& $' &%'( - .-"*,-&& 3%-5B

-3$#5!&$!3 (!$% .'$% -" 4,,#5 34$'? -"* -  '(#5 34$'?6 ;$ -.'4$ 10nA $' 100nA

$%# 85#@4#"3A 5#&,'"&# 5#-3%#& !$& C5#-$#&$ .-"*(!*$% -$ ∼ 1M Hz6 ;.'0# 1uA

$%# .-"*(!*$% 8-  & '? 5-,!* A -"* $%# ;<= #?#3$!0# A &$',& ('5D!"C6 7%!& 3'4 *

.# *4# $' $%# '4$,4$ 12 0' $-C# .#!"C $''  '( 8'5 $%# .4?#5& !" $%# ;<=6

7%# 5# -$!'"&%!, .#$(##" .-"*(!*$% -"* 12 ,%'$'3455#"$ !& 3'0#5#* !" /'5#

*#$-! !" EFGH -"* !& *4# $' $%# !/,#*-"3# '8 $%# *!'*# 3'""#3$#* $5-"&!&$'5 (%!3%

,5'0!*#& $%# 5#&!&$!0# # #/#"$ '8 $%# 3455#"$ $' 0' $-C# ,-5$ '8 $%# 3!534!$6

<!C45# IJK ;<= 85#@4#"3A 5#&,'"&# JL, ;9$5-"&!#"$ &!/4 -$!'":

JM)



10Hz 10M Hz 100f A
10µA 10%

3 dBΩ 6 dBΩ



100 fA
10µA



10 pA

1 pA

200 pA

IDC = {1pA, 100pA, 10nA} ;Frequency = {1k Hz, 10k Hz, 100k Hz



V
1pA 100pA 10nA

1k Hz
σ

10k Hz
σ

100k Hz
σ

V/A
1pA 100pA 10nA

1k Hz
σ

10k Hz
σ

100k Hz
σ



 !"#$ %& '()*$ +!,#( -./0#!*.() ,$-0#*- 1(, 2(/".)$3 456 !)3 2(/7!,!*(,8 90/:

"$, (1 7.;$#- <=$,$ *=$ 2(/7!,!*(, (0*70* -<.*2=$3 (0* (1 >?? -./0#!*$3 <.*=

3.@$,$)* 7,(2$-- A!,.!*.()-8

1pA 100pA 10nA

1k Hz B CC >??

10k Hz ? >?? >??

100k Hz ? > ?

 !"#$ D& E!,.!*.() .) 456 (0*70* )(.-$F0).*- VrmsG

1pA 100pA 10nA
/$!) H8II/ >8D?/ %BI0

σ ?8BC/ ?8?D/ JH0

K.A$) *=!* *=$ (7$,!*.() (1 *=$ 456 !)3 2(/7!,!*(, <(0#3 "$ 3$7$)3$)* ()

*=$ (7$,!*.() (1 "(*=L *=$M <$,$ -./0#!*$3 *(N$*=$, !)3 N.A$ *=$ ,$-0#*- .)  !"#$

%8

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

O* =!- "$$) -=(<) *=!* *=$ 1,$P0$)2M ,$-7()-$ (1 *=$ 456 .- !@$2*$3 "M *=$ Q+

#.N=* #$A$# !- -=(<) "M R$ SC%T8 O)2,$!-.)N *=$ Q+ #.N=* .##0/.)!*.() .)2,$!-$- *=$

"!)3<.3*= (1 *=$ 7,(2$--.)N8  =$ Q+ 7=(*(20,,$)* .- -$* "M *=$ #!-$, .##0/.)!*.()L

*=$ ("U$2* ,$V$2*.A$ 7,(7$,*.$- !)3 *=$ (7*.2!# -$*078  =.- /$!)- *=!* *=$,$ .-

-(/$ 2()*,(# (A$, *=.- #$A$# !)3 /!M !##(< 7,(2$--.)N (1 =.N= 1,$P0$)2M A.",!*.()-

.1 ! =.N= $)(0N= .##0/.)!*.() 7(<$,L (, /(,$ $W2.$)* (7*.2-L 2!) "$ 0-$38

 =$ '()*$ +!,#( -./0#!*.() =!- -=(<) *=$ $;7$2*$3 A!,.!*.() .) *=$ (0*70*-

1,(/ *=$ 2.,20.*8  =.- .- !) ./7(,*!)* .)3.2!*.() (1 *=$ -0.*!".#.*M (1 *=$ 2.,20.*

1(, 10## X$#3 0-$8 O* .- 7(--."#$ 1(, )(,/!# A!,.!*.() <.*=.) *=$ 7,(2$-- *( -*(7 !

7.;$# 1,(/ (7$,!*.)N8 Y.*= ! -.)N#$ 7.;$# .* 2(0#3 "$ 3.-2!,3$3 .1 .* 1!.#$3L =(<$A$,

<=$) .) ! 2!/$,! (1L -!ML BJ;BJ 7.;$#- *=$,$ <(0#3 "$ >?JZ 7.;$#- !)3 *=$,$ <(0#3

"$ -(/$ 1!.#$3 7.;$#- <=.2= 2(0#3 )(* "$ ,$7#!2$38 4#-(L <.*= ! -.)N#$ 7.;$# *=$

2()*,(#-L 1(, $;!/7#$ *=$ ".!-$-L 2!) "$ !3U0-*$3 1(, *=!* 7.;$#L =(<$A$, <.*= !)

>%H





 ! "!# #$ #%! &'(()! $* #%! +, )!-!) -./'.#'$0 /.01!2 3%!/!*$/! !.4% 567 $8#98#

.&9)'#8(! :$8)( %.-! #$  ! )./1! !0$81% #$ 4/$"" #%'" /!*!/!04! )!-!)  ; &$/!

#%.0 #%! 4$&9./.#$/ %;"#!/!"'"2

3$ <8.0#'*; #%! =$0#! ,./)$ /!"8)#"> #%! .&9)'#8(! $* #%! 567 $8#98#?VAC@

&8"# !A4!!( #%! :$/"# 4."! "%'*# '0 #%! 567 +, )!-!) "%'*# ?B "#.0(./( (!-'.#'$0"

*/$& #%! &!.0 )!-!)C 2VSTD@  ; #%! %;"#!/!"'"?VHY S@ *$/ #%! 4'/48'# #$ $9!/.#!2

D!! 7<8.#'$0 EF2 G'-!0 #%.# VAC '" 1'-!0  ; #%! 5, #/.0"'&9!(.04! $* #%! 567

?TIMP @ &8)#'9)'!(  ; #%! 5, 9%$#$48//!0# #%'" 9/$(84!" 7<8.#'$0 EH2

VAC > 2VSTD + VHY S ?EF@

TIMP × IAC > 2VSTD + VHY S ?EH@

50 !A.&9)! *$/ . "'10.) :'#% . */!<8!04; $* 10k HzC 100pA +, 9%$#$48//!0#

.0( 10% &$(8).#'$0 (!9#% '" ." *$))$:"2 3%! &!.0 #/.0"'&9!(.04! :$8)(  !

40.7GV/AC #%! "#.0(./( (!-'.#'$0 '0 #%! +, )!-!) :$8)(  ! 141mV C #%!/!*$/!

7<8.#'$0 IJ "%$:" #%! &.A'&8& -.)8! #%! %;"#!/!"'" 4$8)( %.-!2 3%'" "%$:" #%.#

&$"# $* #%! 4$&9./.#$/" :$8)( ":'#4% /!1./()!"" $* #%!'/  '." .0( !-!0 :'#% #%!

:$/"# 4."! $* 9/$4!"" -./'.#'$02

407mV > 282mV + VHY S ⇒ VHY S 6 125mV ?IJ@

K"'01 . #/.0"'&9!(.04! -.)8! #:$ "#.0(./( (!-'.#'$0"  !)$: #%! &!.0 ?36.98GV/A@

:$8)( 1'-! VHY S 6 88mV 2 3%'" '" "#')) . $-! #%! :$/"# 4."! 4$&9./.#$/ %;"#!/!L

"'" )!-!)2 M* #%! */!<8!04; :." '04/!."!( #$ 100k Hz #%!0 #%! &.A'&8& %;"#!/!"'"

:$8)(  !4$&! VHY S 6 −182mV :'#% #%! &!.0 #/.0"'&9!(.04!2 3%'" '0('4.#!"

#%.# #%$"! 567" $0 #%! )$:!/ !(1! $* #%! ('"#/' 8#'$0?#%$"! #:$ "#.0(./( (!-'L

.#'$0" */$& #%! &!.0 +, )!-!)@ :$8)( 0$# 9/$-'(! .0 $8#98# /!1./()!"" $* #%!

NOJ



 !"#$%$&!%' (!% &)!*+ ,-&) +.$ &/0 &)+ "+$1 23 /+4+/ &)+ +56$&-!1 ,!6/7 %+76 +

&! &)+ $"#/-&67+ 1++7-18 &! 96*& +. ++7 &)+  !"#$%$&!% )0*&+%+*-*' :)+ $"#/-&67+

!; &)+ *-81$/ ,-&) 100pA 23 #)!&! 6%%+1&< 10% "!76/$&-!1 7+#&) $17 100k Hz

,!6/7 =+ 130mV ;!% &)+ "+$1 &%$1*-"#+7$1 + ,)- ) -* 8%+$&+% &)$1 &)+ ,!%*&

 $*+  !"#$%$&!% )0*&+%+*-*' :)+%+;!%+ $& 100k Hz $ ;%$ &-!1 !; &)+ #-.+/* !1 $

 $"+%$ ,!6/7 ,!%>< $/&)!68) "!*& /->+/0 1!& $//' :)-* -*  !1?%"+7 =0 :$=/+ @'

:)+ %+*6/&* *)!, &)$& &)+ /$%8+*& 4$%-$&-!1 -1 &)+ A(B !6&#6& -* &)+ 23 /+4+/

$17 ;!% $ /$%8+  $"+%$ &)-* ,!6/7  $6*+ *!"+ !; &)+ #-.+/* &! ;$-/ ;!%  +%&$-1

-1#6&*' A "+&)!7 !;  !%%+ &-18 &)-* #%!=/+"< -1 $ ;6// ?+/7  $"+%$< ,!6/7 =+

&! 8+1+%$&+ &)+  !"#$%$&!% %+;+%+1 + 4!/&$8+ ;%!" ,-&)-1 &)+ #-.+/< %$&)+% &)$1

*+&&-18 $ 8/!=$/ !1+' :)-* "-8)& =+ 7!1+ =0 #$**-18 &)+ A(B !6&#6& &)%!68) $

/!, #$** ?/&+% &! &)+  !"#$%$&!% -14+%&-18 -1#6&'

 !"!# $%&'()*+%&

:)-* *+ &-!1 )$* *-"6/$&+7 &)+ A(B $17 &)+ A(B  !"=-1+7 ,-&) &)+  !"#$%$&!%'

C& )$* *)!,1 &)+ !#+%$&-!1 !; &)+ A(B $17 )!, &)+ -1#6& *-81$/D* 23< A3 $17

;%+56+1 0 $E+ & &)+ !6&#6&' :)+ A(B ,$* &)+1 *-"6/$&+7 ,-&) &)+  !"#$%$&!%

&! *)!, &)+ %$18+ !; -1#6& /+4+/* ,)- ) ,!6/7  $6*+ &)+  !"#$%$&!% &! *,-& )

$17 &)+%+;!%+ =+ #%! +**+7 =0 &)+  -% 6-&' F-"6/$&-!1* ,+%+ 7!1+ &!  )+ > &)+

+.#+ &+7 1!-*+ !1 &)+ !6&#6& !; &)+ A(B $17 &)+ ;%+56+1 0 7-*&%-=6&-!1 !; &)$&

1!-*+' (-1$//0 G!1&+ 3$%/! *-"6/$&-!1* ,+%+ 7!1+ &! *)!, &)+ +.#+ &+7 4$%-$&-!1

-1 &)+ #%!#+%&-+* !; &)+ A(B $17  !"#$%$&!% -; &)+ #-.+/ ,$* 6*+7 -1 $ ;6// ?+/7

H2I  $"+%$'

JKJ



 !" #$%&' (')'*+,-*

 !"!# $%&'()*+&,(%

 !" #$%&" '"(")*+,) -*& ,(" ,. +!" /,0#,("(+& 1"&2'("1 &#"/23/*%%4 .,) +!2& /!2#5

6+ -*& 1"&2'("1 +, '"(")*+" +-, #$%&"& ,( +!" .*%%2(' "1'" ,. +!" 2(#$+ &2'(*%5

 !"&" #$%&"& -")" (""1"1 +, /,(+),% +!" +202(' /2)/$2+ *(1 *& &$/! +!"4 (""1"1

+, 7" (,(8,9")%*##2(': &";$"(+2*% #$%&"&5

 !" #$%&" /2)/$2+ $&"1 -*& * 0,(,8&+*7%": 0$%+28927)*+,) /2)/$2+ 1"&2'("1 +,

'29" * 9*)2*7%" -21+! #$%&" ,( +!" .*%%2(' "1'" ,. +!" 2(#$+5 6+ -*& 7*&"1 ,( *

0$%+28927)*+,) 1"&2'( .),0 <=>>?5  !" ,)2'2(*% 1"&2'( -*& .,) * 0,(,8&+*7%" 0$%+28

927)*+,) $&2(' *( @AB '*+" .,%%,-"1 74 * &")2"& /*#*/2+,) *(1 #$%%8$# )"&2&+,):

*(1 3(*%%4 *( 2(9")+") -2+! .""17*/C +, +!" ,+!") 2(#$+ ,. +!" @AB '*+"5  !2&

1"&2'( -*& &20#%23"1 +, $&" ,(%4 2(9")+")& *(1 +!" #$%%8$# )"&2&+,) )"#%*/"1 -2+! *

ADEF +)*(&2&+,) /,(("/+"1 +, '),$(1 *& * /$))"(+ &,$)/" +, 7"++") &$2+ #%*/"0"(+

,(8/!2#5  !" .""17*/C -*& )"0,9"1 *& 2+ 121 (,+ *G"/+ +!" ,#")*+2,( ,. +!" /2)/$2+5

 !" 3(*% /2)/$2+ 12*')*0 2& '29"( 2( H2'$)" IJ: *(1 H2'$)" IK 2& * &20$%*+2,( +,

&!,- +!" ,#")*+2,( ,. +!" /2)/$2+5  !" /2)/$2+ /,(&2&+"1 ,. * /!*2( ,. 2(9")+")&5

 !" 3)&+ ,(" L6AMNO *(1 +!" %*&+ L6AM>O -")" 02(20$0 &2P"1 2(9")+")&5 H,) +!2&

#),/"&& +!2& 0"*(& 7,+! QDEF *(1 ADEF +)*(&2&+,)& !*1 -21+!& ,. 0.4µm *(1

%"('+!& ,. 0.35µm5  !" +202(' ,. +!" #$%&" -*& /,(+),%%"1 74 +!" &"/,(1 2(9")+")

L6AM=O: +!" #,%48#,%4 /*#*/2+,) *(1 +!" /$))"(+ &,$)/"5

 !" 2(#$+ +, +!" /2)/$2+ -,$%1 7" +!" ,$+#$+ .),0 +!" /,0#*)*+,)5 @& &$/!

2+ -,$%1 7" *##),R20*+"%4 * &;$*)" -*9"5

=5 D,&+ ,. +!" +20" +!" 2(#$+ +, 6AMN -,$%1 7" * BS 9,%+*'": 1$" +, +!"

(*+$)" ,. * &;$*)" -*9"5  !" 2(#$+ +, 6AM= -,$%1 +!")".,)" 7" C"#+ %,-

L∼ 0V O 1$" +, +!" /$))"(+ &,$)/" *(1 +!" 7%,/C2(' /*#*/2+,): +!")".,)" +!"

,$+#$+ .),0 +!" /2)/$2+ -,$%1 7" %,-5

=I>



 ! "# $%& '()*$ $+ ",-. /+0& 12%3(4&5 #/+6 7+8 $+ %'4% 1∼ 3.3V 9 $%& +*$)*$

#/+6 '$ 8+*75 #377 3(5 $%'0 $/3(0'&($ :+7$34& 8+*75 )/+)343$& $%/+*4% $%&

23)32'$+/ 3(5 3))&3/ 3$ $%& '()*$ $+ ",-;< %+8&:&/ $%& +*$)*$ #/+6 '$

8+*75 0$'77 /&63'( %'4%< 3(5 $%&/&#+/& $%& +*$)*$ #/+6 $%& 8%+7& 2'/2*'$

8+*75 /&63'( 7+8!

=! >%&( $%& 2'/2*'$ '()*$ $+ ",-. #3770 12%3(4&0 #/+6 %'4% $+ 7+89 $%& 23)32'$+/

8'77 ?& )*77&5 %'4%1∼ 3.3V 9< $%'0 8'77 '( $*/( $3@& ",-; '()*$ %'4% 3(5 $%&

2'/2*'$ +*$)*$ 8'77 4+ %'4%! A%& 6'557& )7+$ '( B'4*/& CD 0%+80 $%& '()*$

$+ ",-. #377'(4< 3(5 $%&( %+75'(4< $%& +*$)*$ #/+6 ",-. /'0'(4 3(5 370+

%+75'(4< 3(5 $%& '()*$ $+ ",-; /'0'(4!

E! A%'0 2%3(4& '( $%& '()*$ $+ ",-; 23*0&0 '$0 +*$)*$ $+ 4+ 7+8< 23*0'(4 $%&

+*$)*$ #/+6 $%& 2'/2*'$ $+ 4+ %'4%< 30 0%+8( '( $%& $+) )7+$ +# B'4*/& CD!

F! A%& '()*$ $+ ",-; '0 %&75 %'4% ?G $%& 2%3/4& +( $%& 23)32'$+/! A%'0 2%3/4&

8'77 H+8 $%/+*4% $%& 2*//&($ 0+*/2&< 3(5 8%&( $%& 08'$2%'(4 7&:&7 +# ",-; '0

/&32%&5 $%& +*$)*$ 8'77 343'( 4+ %'4%< 3(5 $%& 2'/2*'$ +*$)*$ 8'77 343'( #377

7+8! A%& /&73$'+( ?&$8&&( ",-; '()*$ 3(5 +*$)*$ '0 0%+8( '( $%& ?+$$+6

)7+$ +# B'4*/& CD!

",-. )/+:'5&5 0+6& 0&)3/3$'+( ?&$8&&( $%& 2'/2*'$ 8%'2% 5/':&0 $%& )*70& 4&(&/I

3$+/ 3(5 $%& $'6'(4 30)&2$ +# $%& 2'/2*'$< 0%3/)&('(4 $%& #377'(4 &54& '# (&&5&5!

",- 27&3(&5 *) $%& +*$)*$ #/+6 ",-; $+ 4':& 0%3/)&/ /'0'(4 3(5 #377'(4 &54&0!

A%& 23)32'$+/ 0'J&< 5'02%3/4& /3$& 3(5 ",-; 08'$2%'(4 :+7$34& 377 2+($/+7 $%& )*70&

8'5$%!

A%& 6*7$'I:'?/3$+/ 2'/2*'$ )/+5*2&5 3 0'(47& )*70&! A+ 4&(&/3$& $%& $8+ )*70&0

/&K*'/&5 ?G $%& $'6'(4 2'/2*'$ $8+ )*70& 4&(&/3$+/ 2'/2*'$0 8&/& /*( '( 0&/'&0! A%&

L/0$ 8+*75 $/'44&/ +( $%& #377'(4 &54& +# $%& 2+6)3/3$+/ +*$)*$! A%& +*$)*$ #/+6

$%& 4&(&/3$+/ 8+*75 ?& *0&5 30 $%& L/0$ )*70& 3(5 370+ $%& '()*$ $+ $%& 0&2+(5

;C=





10kΩ

1.192V



 !"#$% &#'()*'+, !$-$! (" ,'-$ (*$ ) . )'("% /"%$ ('/$ (" 0'&)* %,$1 2*$ !$-$! # &

3$.( *',* $+"4,* (* ( (*$ !"# -"!( ,$ +"+5!'+$ %'('$& "6 (*$ )4%%$+( &"4%)$ 0'0 +"(

 7$)( (*$ 0'&)* %,$ )4%-$1 2*$&$ +"+5!'+$ %'('$& "))4%%$0 #*$+ (*$ 0% '+5&"4%)$

-"!( ,$  )%"&& (*$ )4%%$+( &"4%)$ (% +&'&("% 0%"..$0 8$!"# (*$ (*%$&*"!0 -"!( ,$

 (  8"4( 550mV 1 9:;< * 0  &#'()*'+, !$-$!  8"-$ (*'& "6 814mV 1

 !"#$ %&'() 2*$ .4!&$ ,$+$% ("% # & 8 &$0 "+ (*$ 0'&)* %,$ "6  ) . )'("%

(*%"4,*  )4%%$+( &"4%)$= 0%'-'+,  + '+-$%($%1 2*$%$ #$%$  +4/8$% "6 )"+&'05

$% ('"+& #'(* (*'& 0$&',+1 2*$ / '+ .%".$%(> "6 (*$ )'%)4'( # & (*$ %$! ('"+&*'.

8$(#$$+ (*$ 8' & %$&'&( +)$  +0 (*$ .4!&$ #'0(*1 2*$ 8' &'+, "6 (*$ )4%%$+( &"4%)$

#"4!0 )"+(%"! (*$ #'0(* "6 (*$ .4!&$& (*$ ,$+$% ("% .%"04)$01 2*'& #"4!0  !!"#

0'7$%$+( .4!&$ #'0(*& (" 8$ ($&($0 #'(* (*$ )'%)4'( (" &$$ *"# /4)* $7$)( (*$> * 0

"+ (*$ .%")$&&'+,1 2*$ %$! ('"+&*'. 8$(#$$+ (*$ 8' &  +0 .4!&$ #'0(* )"4!0 8$

/$ &4%$0 8> - %>'+, (*$ %$&'&( +)$ #*'!$ .$%6"%/'+,  +4/8$% "6 (% +&'$+( &'/45

! ('"+& /$ &4%'+, (*$ #'0(* "6 (*$ .4!&$&1 2*$ #'0(* "6 (*$ .4!&$ # & 0$?+$0  &

(*$ ('/$ 0'7$%$+)$ 8$(#$$+ #*$+ (*$ %'&'+,  +0 6 !!'+, $0,$ )%"&&$0 <1@A ;1 2*'&

- !4$ # & )*"&$+  & (*$ $0,$& "6 (*$ .4!&$ #$%$ %$! ('-$!> % .'0 )"/. %$0 #'(*

'(B& #'0(*C3n s %'&$  +0 6 !! ('/$&D1 2*$ .4!&$&  !&" 0%"-$ $'(*$% &'+,!$ (% +&'&("%&=

(% +&/'&&'"+ , ($& "% "(*$% '+-$%($%&  !! "6 #*')* #"4!0 * -$ 0'7$%$+( &#'()*5"+

-"!( ,$&1

E',4%$ FG &*"#& (*$ %$&4!('+, .!"( "6 (*$ .4!&$ #'0(* -&1 8' & %$&'&( +)$1

2*$%$ '&  !'+$ % %$! ('"+&*'. 8$(#$$+ 8' & %$&'&( +)$  +0 .4!&$ #'0(* C0"48!'+,

(*$ %$&'&( +)$ #'!! 0"48!$ (*$ .4!&$ #'0(*D1 E"% $ &$ "6 4&$ (*$ .!"( * & !", %'(*/')

 H$& %$&4!('+, '+ (*$ )4%-$1 2*$ /'+'/4/ %$&'&( +)$ '& &$( 8> (*$  +('5&( (') '+.4(

.%"($)('"+ "6 (*$ . 0& "6 (*$ )*'. #*')* * -$  + '+*$%$+( 500Ω &$%'$& %$&'&( +)$1

<I@



22% 50%

Ω

500Ω

13.4n s 2.07u s



500kΩ !" #$% $&%' (')*+ +),-*. ",$*%-/*" %-0)&$"-'* "1$" "1/ ,-%-*. $*+ ($&&-*.

/+./% '( "1/ 2)&%/ '33), #-"1-* 3n s 

41/ 5'*"/ 6$,&' 7$,-$"-'* #')&+ 8/3'0/ -02',"$*" #1/* 3'*%-+/,-*. "1/

/9/3"% '( "1/ 2)&%/ #-+"1 '* "1/ '2/,$"-'* '( "1/ "-0-*. 3-,3)-" 41/ "-0-*.

3-,3)-" #-&& 8/ 3'7/,/+ -* :/3"-'* ; < $*+ -" #-&& 8/ %1'#* "1$" "1/,/ -% $ 0-*-0)0

7$&)/ (', "1/ 3'*",'& 2)&%/% %)31 "1$" "1/ "-0-*. 3-,3)-" 3$* ,/%2'*+ 41/ 2)&%/

#-+"1 -% $&%' .&'8$&&= 3'*",'&&/+ %' -" #')&+ 1$7/ "' 8/ %/" &$,./ /*').1 %)31 "1$"

"1/ 2,'3/%% 7$,-$"-'* +-+ *'" 3$)%/ %'0/ '( "1/ "-0-*. 3-,3)-"% "' ./" 2)&%/% #-"1

"'' %1'," #-+"1% 41/ 2)&%/ #-+"1 $&%' -*",'+)3/% $* /,,', -*"' "1/ "-0-*. 3-,3)-"

$*+ "1/,/(',/ *//+ "' 8/ >/2" $% %0$&& $% 2'%%-8&/? ,/@)-,-*. $ ",$+/ 8/"#//*

'2/,$"-'* '( 0'%" '( "1/ 2-A/&% $*+ /,,', -*",'+)3/+ -*"' "1'%/ #1-31 +' #',> 

 !" #$%$&'

 !"!# $%&'()*+&,(%

41/ "-0-*. 3-,3)-" (',0/+ "1/ 0$-* 2,'3/%%-*. 3'02'*/*" -* "1/ 3-,3)-" !" #$%

+/%-.*/+ "' 2,'+)3/ $ 7'&"$./ +/2/*+/*" '* "1/ "-0/ 8/"#//* $ %/" '( 3'*",'&

2)&%/% 41/ 3'02'*/*" #$% %2/3-B3$&&= +/%-.*/+ (', "1-% 31-2 $*+ "1/ 3-,3)-" #$%

>/2" $% %-02&/ $% 2'%%-8&/ (', 2,'"'"=2-*. 2),2'%/% 41/ '2/,$"-'* '( "1/ 3-,3)-"

-% .-7/* -* :/3"-'* ; ; ; $*+ "1/ 3-,3)-" +-$.,$0 -% ,/2/$"/+ 1/,/ (', 3'*7/*-/*3/

-* C-.),/ <D 41/,/ #/,/ %/7/,$& $%2/3"% '( "1/ "-0-*. 3-,3)-" #1-31 #')&+ $9/3"

"1/ B*$& 2-A/& 

• 6'*",'&&$8-&-"= '( "1/ 2/,-'+ "' 7'&"$./ 3'*7/,%-'* 41-% -% "1/ ,$*./ '(

+-%31$,./ 3),,/*"% "1$" 3')&+ 8/ %/" )%-*. "1/ /A"/,*$& 8-$% ,/%-%"', 41-%

,$*./ #')&+ +/"/,0-*/ "1/ ,$*./ '( 2/,-'+ "' 7'&"$./ 3'*7/,%-'* 3'*%"$*"%

EkpvF "1/ 2,'3/%%-*. 3')&+ '2/,$"/ #-"1? %// :/3"-'* ; G 

• 5-*-0)0 "-0/ *//+/+ "' 31$,./ "1/ "-0-*. 3$2$3-"', 41-% #$% "1/ "-0/

DH<



 !"#$ !% &' ()! ($*$+, -./.-$(' (' -). ,! & '* ()! 0'1(.,! $( ).%  !.-)!%

%# $+, ()! / !0$'#2 -3-1! (' ()! 2#//13 0'1(.,!4 5)! ($*! ,$0!+ (' -). ,$+,

6'#1% 7! 2!( 73 ()! 6$%() '& ()! -'+( '1 /#12!24 8& ()!3 6! ! ('' 2)' ( ()!

$+$($.1 0'1(.,! '& ()! -./.-$(' *$,)( 0. 3 %!/!+%$+, '+ ()! 1.2( 0'1(.,!

$( ).% %$2-). ,!% ('4 8& ()! -./.-$(' ).% %$2-). ,!% 73 '+13 0.5V ()!+

$( *$,)( !.2$13 -). ,! %# $+, . 2)' (  !2!( /#12!9 )'6!0! $& $( ).% .1*'2(

 !.-)!% 0V ()!+ $( 6'#1% +!!% *' ! ($*! (' -). ,!4 :'+, /#12!2 6'#1%

.12' $+( '%#-! . 1'+, 6.$( %# $+, !.-) /! $'% 6)!+ ()! -./.-$(' 6.2 +'(

%$2-). ,$+, .+% ()#2 %$2(' ( ()! '#(/#(4

• ;$+$*#* ($*! +!!%!% (' ( .+2&! ()! ($*$+, -./.-$(' 0'1(.,! () '#,) ()!

2.*/1!< )'1% . -)$(!-(# !4 5)$2 -'+2$2(!% '& ()! 2.*/1!< )'1% 7#=! .+% ()!

'#(/#( 7#=! 24 5)$2 6.2 ()! ($*! $( (''> &' ()! 0. $'#2 26$(-)!2 (' 2!( ('

()!$ .// '/ $.(! /'2$($'+2 .+% ()!+ ()! 0'1(.,! 1!0!1 (' / '/.,.(! () '#,)

()! 7#=! 24 8& ()! 2.*/1! /#12! 6.2 +'( 1'+, !+'#,) (' .--'**'%.(! ()!2!

-).+,!2 ()! '#(/#( 0'1(.,! 6'#1% +'( *.(-) ()! -./.-$(' 0'1(.,!4

• :!.>.,! -#  !+( () '#,) 26$(-)!2 .+% ( .+2*$22$'+ ,.(!24 8%!.113 ()! 26$(-)!2

6$()$+ ()! -$ -#$( 6'#1% >!!/ ()! 2.*/1!% 0'1(.,! 2!/. .(! & '* ()! -./.-?

$(' 0'1(.,! %# $+, ()! ($*$+, /).2! ()! -$ -#$(2 '/! .($'+4 @+3 1!.>.,!

-#  !+( () '#,) ()! 26$(-)!2 6'#1% .=!-( ()! '#(/#( .--# .-39 !2/!-$.113

6)!+ ($*$+, 1'+, /! $'% $+/#( 2$,+.124

• A#=! '=2!( 0'1(.,!24 B#! (' ()!$ %!2$,+ ()! 7#=! 2 6$()$+ ()! -$ -#$(

%$2/1.3!% . 0'1(.,! %$=! !+-! 7!(6!!+ ()! $+/#( .+% '#(/#( 0'1(.,!24

 !"!# $%&'()*%+,

C$,# ! DE 2)'62 )'6 ()! 1$+!. $(3 '& ()! %$2-). ,! -# 0! 0. $!2 6$() ()! 0'1(.,! '&

()! -./.-$(' 4 5)! #//! ( .-! 2)'62 ()! 0'1(.,! .- '22 ()! ($*$+, -./.-$(' .+%

FGH



12.43µs 539mV

539mV





 !"!#$%&' ($)#*!'+, -!%,  !" #$%& '%(")& *+ &!" &,-,./ ),$)0,& %,-01'&"2

3'% &!" 2,%)!'$/" )!'$')&"$,%&,)% *+ &!" &,-,./ )'('),&*$4 5,/0$" 67 %!*3% ' %,-8

01'&,*. *+ &!" 2,%)!'$/" )0$9" *+ &!" &,-,./ )'('),&*$ 3,&! &!" )*.&$*1 (01%"% +*$

$"+"$".)"4  !" &,-,./ )'('),&*$ 9*1&'/" !'% ' #.,&" $,%" &,-" 3!,)! )*$$"%(*.2%

&* &!" &,-" .""2"2 &* )!'$/"4 :& !'% '. '1-*%& 1,."'$ 2,%)!'$/" )0$9" 0.&,1 &!"

".2 3!"$" &!" )0$$".& %*0$)" &$'.%,%&*$ .* 1*./"$ !'% ' 1'$/" ".*0/! 2$',.8%*0$)"

9*1&'/" &* ($*9,2" ' )*.%&'.& )0$$".&4

;6<



kpv

kpv

500Ω 500kΩ

kpv



1.36µs 1.1ms

kpv

kpv

10kΩ

80k Hz 1.65V

3V 0.3V 0.3V

3V

kpv



0V 1% 3.3V 53.2n s



 !"#$ %$&"$ '()  $(*)+#))#%* ,(-" . ,/0 )(+12"3!%2& 456"$ .7 8 956"$/0 (

)":%*&  ,0 %5-15- 456"$ (*& 7;8<;= 82-!%5>! *%- )!%'* #* ?#>5$" @A () #-

#) *%- 1($- %B -!" 1#C"2 1$%:"))#*>0 -!" 7;8<; #) *""&"& -% &$#D" 2($>" 2%(&)

%6E:!#1= ?%$ ( :(+"$( %*2F %*" 7;8<; '%52& 4" *""&"&0 (*& :%**":-"& -%

'!#:!"D"$ 1#C"2 '() 4"#*> )(+12"&=

 !" -#+#*> 456"$ '() (* 7 8 456"$0 +%&#G"& -% !(D" ( 2%'"$ B$"H5"*:F $%22E

%6 (- 16k Hz= 82-!%5>! -!" )(+12"& D%2-(>" '%52& !(D" -% 1$%1(>(-" -!$%5>!

-!" '!%2" :!(#*0 %*2F -!" -'%  ,) (*& -!" )(+12"3 !%2& 956"$ '%52& !(D" -%

$")1%*& '#-!#* -!" )(+12" 152)"0 -!" %-!"$) '%52& !(D" -!" -#+" 4"-'""* )(+12"

152)") -% -$(:I -!" #*15- D%2-(>" .-!" #*15- )#>*(2 B$"H5"*:F/=

 !"$" ($" -'% :()") B%$ -!" D%2-(>" :!(*>" &5$#*> ( )(+12" 152)"J "#-!"$ -!"

*"' -#+#*> :(1(:#-%$ D%2-(>" #) !#>!"$ -!(* -!" 1$"D#%5) D%2-(>"0 :(5)#*> ( $#)#*>

"&>" -% 1$%1(>(-" -!$%5>! -!" 456"$ :!(#* -% -!" %5-15-0 %$ -!" :(1(:#-%$ D%2-(>"

#) 2%'"$ -!(- -!" 1$"D#%5) D%2-(>"0 :(5)#*> ( B(22#*> "&>" -% 1$%1(>(-" -!$%5>! -!"

456"$ :!(#*=  !")" '#22 4" 2%%I"& (- )"1($(-"2F B%$ -!" '%$)- :()"J ( :!(*>" %B

3.3V 0 -!" )5112F D%2-(>"=

 !"!#$ %&$'  % +"()5$" -!" +(C#+5+ $#)" -#+") B%$ -!" 456"$ :!(#* (

)5&&"* :!(*>" B$%+ 0V -% 3.3V '() )#+52(-"& (*& -!" -#+" -(I"* B%$ "(:!

)-(>" #* -!" :!(#* +"()5$"&=  !"  ,0 )(+12"3 !%2& 456"$ (*& %5-15- 456"$ (22

)!%'"& $"()%*(42F B()- $#)" -#+")0 +"()5$"& () -!" -#+" B%$ -!" %5-15- D%2-(>"

-% >"- '#-!#* 1% %B -!" G*(2 D%2-(>"0 )""  (42" @=  !#) -(42" (2)% )!%') -!"

+(C#+5+ D%2-(>" -!" 456"$ :%52& %5-15-=  !")" D(25") '%52& 2#+#- -!" 5)"B52

$(*>" %B D%2-(>") -!(- :%52& 4" %5-15--"& (*& -!"$"B%$" -!" $(*>" %B B$"H5"*:#")

-!(- :%52& 4" &"+%&52(-"&=  !" 7;8<; !() ( $"2(-#D"2F 2#*"($ $#)"E-#+" 5*-#2

(4%5- 2.7V '!#:! +(-:!"& -!" %5-15- 456"$0 !%'"D"$ -!" $#)" -#+" '() +5:!

)2%'"$ (4%D" -!(-=  !" #*15- :!(*>"& D"$F $(1#&2F B$%+ 0V -% 3.3V =  !" %5-15-

A@K



 !"# $%& '()*( $!+,-. /$. /012$ 3$%& "2$12$  !"# $%& "2$12$ 425&!6 20$/7 /$

!&+,%&. ∼ 2.7V $%&0 $%& !+$& " ,%+08& " $%& "2$12$  !"# $%& '()*( .7"9.

./80/:,+0$7;< =%/. 7/#/$. $%& >"7$+8& !+08& $" 7&.. $%+0 2.7V  "!  +.$ >"7$+8&

,%+08&.<

=+47& ?@ A/.& $/#&.  "! $%& $/#/08 ,/!,2/$ 425&!. +0B $%& $!+0.#/../"0 8+$&

C"#1"0&0$ =/#& $" DE F/0+7 G"7$+8& F/0+7 G"7$+8&

=!+0.#/../"0 H+$& 4n s 3.3V
.+#17&I %"7B 425&! 19.7n s 3.203V

=/#/08 J25&! 447u s 3.201V

 !""#$% &'%( =%&  +77 $/#&. 9&!& #2,% #"!& 20/ "!# +0B +!& .2##+!/.&B

/0 =+47& K< )8+/0 $%&!& 9&!& ."#& B&7+;. /0 $%& "2$12$ !&+,%/08 $%& :0+7 >"7$+8&<

(!&>/"2. $&.$. %+B .%"90 $%+$ $%& $/#/08 ,+1+,/$"!. B/.,%+!8& ,2!>& /. /0,!&+./087;

0"0L7/0&+! 4&7"9 539mV ." $%& $/#&  "! $%& >"7$+8& 7&>&7. $" !&+,% 500mV /.

.%"90 +. $%/. ,">&!. $%& 7/-&7; 2.& 27 !+08& " $%& $/#/08 ,/!,2/$<

=+47& K@ F+77 $/#&  "! $/#/08 425&!.M $!+0.#/../"0 8+$& +0B '()*(

C"#1"0&0$ =/#& $" DE F/0+7 G"7$+8& F/0+7 G"7$+8& =/#& $" 500mV

=!+0.#/../"0 H+$& 1.06n s 0V L

.+#17&I %"7B 425&! 19.3ms 22.57mV 51.2n s
"2$12$ 425&! 36.0ms 36.28mV 464u s

'()*( 12.9ms 73.59mV 464u s

)*!+%( ,+!$-.(+ /0 1,2 345(+ '0& :0+7 ,"0./B&!+$/"0  "! $%& .+#17&

127.& 9/B$% /. $%& $/#& $+-&0  "! + .#+77 1+!$ " $%& ,%+!8& "0 $%& $/#/08 ,+1+,/$"!

$" N"9 $" $%& /012$ ,+1+,/$+0,& " $%& .+#17&I %"7B 425&!< =%/. $/#& 9+.  "20B

$" 4& 7&.. $%+0 20n s +0B $%&!& "!& +11!"O/#+$&7; $%& .+#& 7&08$% +. $%& #/0/#2#

127.& 9/B$% +0B 207/-&7; $" 4& + 7/#/$/08  +,$"! 207&..  +.$&! 425&!. +!& 2.&B<

)0$6"4-#0$ =%&.& ./#27+$/"0. B&#"0.$!+$& $%& >+!/+47& .7&9 !+$&. " $%&

>+!/"2. 425&!. 9/$%/0 $%& $/#/08 ,/!,2/$< P0 $%& #/BB7& !+08& " $%&/! "1&!+$/"0 $%&

D?Q



 !"#$% &'' ()&*+# ,-'.&+# $#'&./,#'0 1!/(2'0 3/.) .)# %'-3#%. $/%# $&.# -4 7.2k V/s

&*5 .)# %'-3#%. 4&'' $&.# -4 5.6k V/s6 7)#%# %'#38$&.#% &$# &99'/(& '# 3/.)/* .)#

$&*+# ∼ 500mV →∼ 3.1V 6 :!.%/5# .)/% $&*+# .)#  !"#$% ;&0 %./'' -9#$&.#<

 !. 3/.) /*($#&%/*+ 5#'&0 ./;#% 4-$ ,-'.&+# 9$-9&+&./-*< &*5 .)#$#4-$# #$$-$% /*

.)# 5#;-5!'&./-* 9$-(#%%6 7)# %&;9'#= )-'5  !"#$ &*5 7>% (&* $#%9-*5 &. &

;/*/;!; 4&'' $&.# -4 52M V/s &*5 $/%# $&.# -4 162M V/s6 >/,#* .)&. .)# ;/*/;!;

9!'%# 3/5.) /% 13.4ns .)#%# (-;9-*#*.% (&* (-,#$ 20% -4 .)# %!99'0 $&*+# 3/.)/*

.)&. ./;#6

?. %)-!'5  # *-.#5 .)&. .)# %!99'0 $&*+# ,-'.&+# ()&*+# !%#5 /* .)# %/;!'&./-*%

3-!'5  # !*'/2#'0 .- -((!$ !*5#$ *-$;&' (/$(!;%.&*(#% &% /. 3-!'5 $#1!/$# .)&. .)#

,/ $&./-* 4$#1!#*(0  # ('-%# .- .)# (&$$/#$ 4$#1!#*(06 @-$ .)# A-99'#$  &*53/5.)

.- *-. #B(##5 .)#  &*53/5.) &,&/'& '#< %#.  0 .)# C$&++ D#''%< .)# ;&B/;!;

&;9'/.!5# -4 .)# ,/ $&./-* 3-!'5  # #B(##5/*+'0 %;&''6 >/,#* .)&. .)# A-99'#$

 &*53/5.) /% &"#(.#5  0 .)# 4$#1!#*(0 &*5 &;9'/.!5# -4 .)# ,/ $&./-*< .- +&/* &

!%#4!' &;9'/.!5# .)# (&$$/#$ 4$#1!#*(0 3/'' *##5 .-  # '&$+#$ .)&* .)# ,/ $&./-*

4$#1!#*(06 E% %!() .)#$# 3/''  # %#,#$&' (0('#% -4 .)# (&$$/#$ 4-$ #&() ,/ $&./-*

(0('#6 7)/% #"#(./,#'0 %&;9'#% .)# ,/ $&./-* 3&,#4-$; %#,#$&' ./;#% &*5 &% %!()

.)# ,-'.&+# 5/"#$#*(#  #.3##* #&() %&;9'# 3-!'5  # & 4$&(./-* -4 .)# %!99'0 $&*+#6

 !"#$% &!"#'($ "()  !"#$% *(+%,-'.( :*# %-!$(# -4 #$$-$ 5!$/*+ .)# %&;9'#

%/+*&' ./;# /% .)# .$&*%4#$ -4 .)# ,-'.&+# 4$-; .)# ./;/*+ (&9&(/.-$ .- .)# /*9!.

-4 .)# 7> &*5 :7E C!"#$6 @/+!$# FG %)-3% & ;&+*/H#5 $#+/-* -4 .)# ./;/*+

(&9&(/.-$ ,-'.&+# &*5 %&;9'#  !"#$I% /*9!. &*5 -!.9!.6 7)# 9-/*. '& #'#5 7/;/*+

(&9&(/.-$ ,-'.&+#  #4-$# %&;9'# %)-3% .)# ./;# -4 .)# %&;9'# 9!'%# %.&$.6 7)#

)-$/J-*.&' '/*# %)-3% .)# ,-'.&+# .)# ./;/*+ (&9&(/.-$ )&5 $#&()#56 7)/% ,-'.&+#

5$-9% /*/./&''0< ;&.()/*+ .)# /*9!. .- .)# :7E C!"#$< 5!# .- & %;&'' 9-$./-* -4 .)#

()&$+# -* .)# ./;/*+ (&9&(/.-$ K-3/*+ .- .)# /*9!. -4 .)#  !"#$ .- #1!&'/%# .)#/$

LFF



10µm 10µm



 !" #$ %&' ()" *!+, -" .""/  !" +/01 (/2 &1 01 &,  !" -13"4* (/2  !" *5(''

6144"/ .!+6! '"(7*  !4&1)!  !" 89* .!"/  !": (4" 6'&*"2; 8!"*" (4" *!&./ +/

<+)14" =>; 8!+* ?)14" .(* )"/"4( "2 1*+/) ( *+51'( +&/ .+ ! ( -+(* 4"*+* (/6"

&, 10kΩ (/2 (/ +/01 ,4"@1"/6: &, 80k Hz; 8!" *(50'" (/2 4"*" *+)/('* (4"

(22"2 ,&4 4","4"/6"; #14+/)  !" *(50'" 01'*"  !" *.+ 6!"* (4" &0"/ (/2 !(%"

5+/+5(' #$ *!+, (64&**  !"5; 8!+* +* *!&./ -: 89AB* +/01 (/2 &1 01 -"+/)

 !" *(5" %&' ()"; 8!" 2+3"4"/6" -" .""/  !" %&' ()"* '(-"'"2 +* 21"  &  !" -13"4*;

8!" *(50'"C!&'2 -13"4 (22+/) 4mV D  !" &1 01 -13"4 4"5&%+/) 9mV (/2  !"

EFGHF (22+/) ( %"4: *5('' %&' ()"; 8!"*" %&' ()" *!+, * (4" ('.(:* +/ "3"6 

(/2 *!&1'2 -" 6&/*+2"4"2 .!"/ '&&7+/) (  !" (%(+'(-'" &1 01 %&' ()" 4(/)" &,

 !" 6+461+ ;

G, "4  !" *(50'" 01'*" !(* ?/+*!"2 + 6(/  !"/ -" *""/  !( 89IB* &1 01 

* (4 *  & +/64"(*"; 8!+* +* 21"  & ( %"4: *5('' 6144"/ JK600f AL '"(7+/)  !4&1)!

 !" 89 ,4&5  !"  +5+/) 6(0(6+ &4 %&' ()"J/&. (004&M+5( "': 3.3V L  &  !" +/01 

6(0(6+ (/6" &,  !" *(50'"C!&'2 -13"4; 8!+* 6(1*"*  !" &1 01  & )4(21('':  4(67

 !" 6(0(6+ &4 %&' ()";

 !"#$!% &'%() *+,#- ./$+/#+!" N !(* -""/ *!&./  !(  !" .+2 ! &,  !"

6&/ 4&' 01'*"* !(* (/ "3"6 &/  !"  +5+/) 6+461+ B* &0"4( +&/; G*+2" ,4&5  !"

&0"4( +&/ &,  !"  +5+/) 6+461+ "'"6 4&/+6*D  !" 01'*" .+2 ! !(* (/ "3"6 &/  !"

0"4+&2  & %&' ()" 6&/%"4*+&/; #14+/)  !" 01'*"B* (6 +%"  +5"  !" 6(0(6+ &4 +* /& 

2+*6!(4)+/) (/2  !"4",&4" /&  +5+/)  !" +/01 *+)/('; 8!+* 4"*1' * +/  !" %&' ()"

 !" 6(0(6+ &4 4"(6!"* 214+/) "(6! 6:6'" -"+/) *'+)! ': !+)!"4  !(/ 04"2+6 "2 ,4&5

 !" %('1" &, kpvD O"" P@1( +&/ QA; N/  !+* "@1( +&/ T0 +*  !"  +5" 4"@1+4"2 ,&4

-& ! 6&/ 4&' 01'*"*  & &0"4( ";

Vout (t) = 3.3− kpv (T (t)− T0) JQAL

ARI



kpv

kpv

1.65V 25k Hz

15u s kpv

25k Hz



kpv



 ! "#$ %&$'' ()*+', #" %&' -#.('$,/#. -#.,%).%0kpv1 -&#,'. "$#2 3/4+$'  56 3#$

')-& ()*+' #" kpv %&' $'7+/$'8 9/), $',/,%).-' :), %&'$'"#$' ;.#:.6 <&' =4+$'

,&#:, -*#,' )4$''2'.% 9'%:''. /8')* ).8 ,/2+*)%'8 "#$ "$'7+'.-/', :&/-& >$#8+-'

(#*%)4', -*#,' %# %&' 2/88*' #" %&' #+%>+% (#*%)4' $).4' 0> 0.5V ).8 < 2.7V 16

?+%,/8' %&/, $).4'@ '/%&'$ )9#(' #$ 9'*#: %&' "$'7+'.-A %# (#*%)4' -#.('$,/#. $#**,

#B6 <&/, 2')., %&)% -&).4', /. "$'7+'.-A 8# .#% ,/4./=-).%*A -&).4' %&' #+%>+%

(#*%)4'6 <&' +>>'$ $#** #B /, ) $',+*% #" %&' 9+B'$, :&/-& 2);' +> %&' 9+B'$ -&)/.

:#$;/.4 9',% /. %&' 2/88*' #" %&' ,+>>*A (#*%)4' $).4'6 C, >$'(/#+, ,/2+*)%/#.,

&)(' ,&#:. %&' ?DCED #+%>+% 8#', .#% 'F-''8 2.7V "#$ "),% %$).,/'.%, :&/-&

:#+*8 9' 'F>'-%'8 ), :&'. %&' (#*%)4' #+%>+% /, -*#,' %# 3.3V %&' /.>+% "$'7+'.-A

/, &/4&6 <&' *#:'$ $#** #B /, 8+' %# %&' 8/,-&)$4' -+$(' #" %&' %/2/.4 -)>)-/%#$6 C,

-). 9' ,''. /. 3/4+$'  G %&' 8/,-&)$4' -+$(' ")**, #B $)>/8*A +.8'$ )9#+% 0.5V 6

H!G



110n s

kpv 45.75k V/s 26.54kΩ

500Hz



 !"  # !$% &'  ()*+,-"%./ 01% &,1%# 2 #+ 3*% ,1 , 4&-*" 3% .%, 5 . ,1% 4 ##+%#

'#%6-%!478δf)/ 01+. 5&-*" .%, 3&,1 ,1% 2&*, $% &-,)-, '&#  ., ,+&! #7 &39%4,

 !" ,1% ( :+(-( ;&))*%# .+$! * 3 !"5+",1  2 +* 3*% 3%'&#% ,1% &-,)-, 5&-*"

"+.,&#,/

<+$-#% =>? 0# !.+%!, @ ,* 3 .+(-* ,+&! &' ,+(+!$ "%(&"-* ,+&! &-,)-,  !" ,1%

+!)-, .+$! */ A+3# ,+&! &' '#%6-%!47 &' 500Hz  !"  ()*+,-"% &' 500nm 5+,1

δf = 25k Hz  !" kpv = 16.83k V/s

<+$-#% => .1&5.  @ ,* 3 .+(-* ,+&! &'  ! +!)-,  !" &-,)-, .+$! * '&# ,1%

,+(+!$ 4+#4-+,/ 01% +!)-, +.  '#%6-%!47 (&"-* ,%" .+$! * $%!%# ,%" ,& .+(-* ,%  

2+3# ,+!$ &39%4, 2+3# ,+!$ 5+,1 500Hz 5+,1  !  ()*+,-"% &' 500nm/ 01% &-,)-,

+.  .%#+%. &' .,%). #%.-*,+!$ '#&( ,1% B%#& 4#&..+!$. &' ,1% +!)-, .+$! */ C, 4 ! 3%

.%%! ,1 , 1+$1 '#%6-%!4+%. )#&"-4% .1&#,%# .,%). &' 1+$1%# 2&*, $%. 51+*%  , *&5

'#%6-%!47 ,1%#%  #% * #$%# .,%)./ 01% '#%6-%!47 &' ,1% &-,)-, .+$! * +. %6- * ,& ,1%

D=E



 !"#$"%&' ( )*" +,-!.),(% /,0%.12 .%3 )*" +(1).0" 1"+"1 .) ",)*"! 4".5 !"4!"/"%)/

)*" .641,)$3"7 8 %$6-"! ( 9.)1.- .%3 :.3"%&" /,6$1.),(%/ ;"!" 3(%" ;,)* .

!.%0" ( +,-!.),(% .641,)$3"/  !(6 500nm )( 2um7 <*" !"/$1),%0 ($)4$)/ .!"

/*(;% ,% =,0$!" >?7

<*" 500nm 41() /*(;/ . /,0%.1 ;,)* . /6.11"! -.%3;,3)* )*.% δf 2 .%3 ./

/$&* )*" 4"!,(3 )( +(1).0" !"/4(%/" 3("/ %() 3,/)(!) )*" ($)4$) 6$&*7 <*" 1.5um

.%3 2um 41()/ /*(; ;*.) *.44"%/ ;*"% )*" -.%3;,3)* ( )*" @(441"! /,0%.1

.44!(.&*"/ 2δf 7 <*"!" .!" )*!"" "A"&)/ ;*,&* &(6" ,%)( 41.' .) 1(;"!  !"#$"%&,"/7

 !"!#$ %&'&(!)*+ ,!-(.&+$/ %0+1/ <*" B!/) .%3 6(/) (-+,($/ ,/ )*.) .)

1(;  !"#$"%&,"/ C.%3 1(; +(1).0"/D )*" ($)4$) &1,4/ )( .-($) 250mV 7 <*,/ ,/ 3$"

)( )*" 3,/&*.!0" &$!+" ( )*" ),6,%0 &.4.&,)(! ./ /*(;% ,% =,0$!" EF .%3 )*" 1(;

+(1).0" !"/4(%/" ( )*" GH89H7 <*" ),6,%0 &.4.&,)(! 3,/&*.!0"/ 6$&* #$,&5"! ,%

)*,/ !"0,(%2 *(;"+"! )*" GH89H !"/4(%3/ +"!' /1(;1' )( +(1).0" &*.%0"/ -"1(;

.-($) 74mV C/"" <.-1" >D .%3 )*" &(6-,%.),(% ( )*,/ ,/ )*.) )*" ($)4$) &1,4/ .)

1(;  !"#$"%&,"/7

2/+!*3 )* 4*5)&$/ %*#1/+-!*# %.&+&()/+!-)!( <*" )!.&" ,% =,0$!" >I

/*(;/ . 9.)1.- /,6$1.),(% ;*,&* ,/ %() .A"&)"3 -' -$A"! ($)4$) &*.!.&)"!,/),&/7

J) /*(;/ )*.) )*" &*.%0" -");""% 1"+"1/ ,/ 1.!0"! .) 1(;  !"#$"%&,"/7 <*,/ ,/

-"&.$/" )*" ),6,%0 &,!&$,) 0,+"/ . 1,%".! !"/4(%/" )( 4"!,(3 .%3 )*"!" (!" /*(;/ .

1/f !"/4(%/" )(  !"#$"%&'7

?>K



 !"#$% &'( )$*+,!%+- .*-/*0 ,!1#/*-!2+ 23 -!1!+" 4%124#/*-!2+ 2#-5#-6 7!0$*-!2+

23 3$%8#%+9: 23 1k Hz *+4 *15/!-#4%, 23 500nm; 1um; 1.5um *+4 2um <!-=

δf = 25k Hz *+4 kpv = 45.75k V/s

'&>



 !"#$%"#&&'() *+,-.'() /""#"&  !" #$"%&"'() *+,'- ."/0+ δf 122$01(!"*

0Hz3!1/# 4!" .1'5+,54! ,* ."/0+ δf 1'5 !1/# 4!" .1'5+,54! ,* 1.06"78  !,* (1'

." *""' ,' 4!" 4,9" 4$1(" 0# 4!" ,'2&4 *,-'1/ ,' :,-&$" ;<8 =0921$,'- 4!" 1.5um

*,-'1/* 1'5 4!" 2um *,-'1/* ,' 4!,* >-&$"? 4!" 2um 4$1(" *!0+* *"(4,0'* 0# 6"$)

/0+ #$"%&"'() 14 1.5ms 1'5 3.5ms8 @4 4!"*" 20,'4* 4!"$" 1$" #"+"$ A"$0 ($0**,'-*

1'5 4!"$"#0$" /1$-"$ -12* ,' .04! 4,9" 1'5 60/41-" ."4+""' /"6"/* ,' 4!" 0&42&48

 !"*" 1$" 4!" *"(4,0'* 0# :,-&$" ;B +!"$" 4!" 60/41-" 122$01(!"* 0V 8

 !" 2"$,05 ,* 0'/) (1/(&/14"5 "6"$) ()(/" 0# 4!" #$"%&"'() 905&/14"5 (1$$,"$?

"6"$) A"$0 ($0**,'-8 C!"' 4!" A"$0 ($0**,'-* 1$" #1$ 121$4 4!" 2!1*" 0# 4!" (1$$,"$

,* 61$),'- 90$" */0+/)? !0+"6"$ 4!" $14" 0# (!1'-" 0# 2!1*" 0# 4!" 6,.$14,0' *,-'1/

,* '04 $"/14"5 40 4!,*8 @* *&(! 4!" A"$0 ($0**,'-* *41$4 40 16"$1-" 90$" 1'5 90$"

0# 4!" 6,.$14,0' *,-'1/8 @'04!"$ +1) 0# 4!,'D,'- 1.0&4 4!,* ,* 4!14 4!" *)*4"9

,92/"9"'4* 1 61$,1./" *192/" $14"? "1(! A"$0E($0**,'- 2$05&(,'- 1 *192/"? "F("24

4!14 "1(! *192/" ,'4"-$14"* 4!" 2!1*" 61$,14,0' 0# 4!" 6,.$14,0' *,'(" 4!" /1*4

*192/"8 @* 4!" *192/"* ."(09" #&$4!"$ 121$4 (0921$"5 +,4! 4!" 2"$,05 0# 4!"

6,.$14,0' *,-'1/ 90$" 0# ,4 ,* ,'4"-$14"5 1'5 4!" 61/&" *41$4* 40 5,G"$ *,-',>(1'4/)

#$09 1 *204 61/&" 1* +0&/5 ." 2$05&("5 .) 1 '0$91/ *192/,'- 9"4!0531' @'1/0-

40 H,-,41/ =0'6"$4"$78  !" "F4$"9" "F192/" 0# 4!,* ,* 4!14 ,# 4!" *192/"* +"$" 0#

4!" 0$5"$ 0# 0'" 2"$,05 0# 4!" 6,.$14,0' *,-'1/ 121$4 4!") +0&/5 "G"(4,6"/) 16"$1-"

40 A"$0 4!" 6,.$14,0'* 2!1*" (0'4$,.&4,0' 40 4!" 2!1*" 0# 4!" (1$$,"$8 :,-&$" ;B

1/*0 *!0+* 4!14 60/41-"* ."/0+ 1.0&4 500mV *41$4 40 (/,2 5&" 40 4!" .&G"$*? .&4

4!" &22"$ 2"1D* $"91,' &'5,*40$4"5 *!0+,'- 4!" !,-! 5)'19,( $1'-" 4!,* 4,9,'-

9"4!05 -,6"*8  !" .&G"$* 1/*0 !16" >',4" .1'5+,54! *0 (1''04 $"2$05&(" 4!"

*4"2* *!0+' ,' 4!" I14/1. *,9&/14,0'8  !,* 2$06,5"* *09" >/4"$,'- 40 4!" 0&42&4

1'5 4!"$".) $"5&(,'- 4!" '0,*" 0' 4!" 0&42&4 *,-'1/8

 !" "$$0$* 9"'4,0'"5 1.06"? $"/14"5 40 !16,'- 1 /0+ #$"%&"'() ,'2&4? 1$"

/"** ,920$41'4 +!"' (0'*,5"$,'- 4!0*" #$"%&"'(,"* !,-!"$ 4!1' δf 8  !" *)'4!"4,(

B;J



 !"#$%&'!(% ) *)+* ,-"#!'%. /)(* (*% 0'%12%3,4 -0 (*%  )+3!$ '% 2$()3+ )3 (*%

 !"#$% "-'% ,$- %$4 '%#'% %3()3+ !  #-( 5!$2% 0-' (*% 5)6'!()-3  )+3!$7 8*% ()"%

!3. 5-$(!+% .)9%'%3,% 6%(/%%3  !"#$% )  "!$$ !3. '%12)'%.  $%/ '!(% -0 (*%

 !"#$%: *-$. #!'( -0 (*% !',*)(%,(2'% ) ,-''% #-3.)3+$4 $%   (')3+%3(7

;)+2'% <=> 8'!3 )%3( ?!($!6  )"2$!()-3 -0 ()")3+ ,)',2)( )3#2(7 @)6'!()-3 -0

0'%12%3,4 -0 500Hz !3. !"#$)(2.% -0 1.5um !3. 2um /)(* δf = 25k Hz !3.

kpv = 45.75k V/s

 !"#$%& '() *+,-+, ,. /$0) '() 1$23",$.% 45-#$,+6) 8*% '%$!()-3&

 *)# 6%(/%%3 !3 -2(#2( 5-$(!+% !3. (*% !"#$)(2.% -0 (*% 5)6'!()-3 ,!3 6% 0-23.

2 )3+ (*% %12!()-3 0-' (*% AB ,-"#-3%3( -0 (*% )3#2( (- (*% ()")3+ ,)',2)( ! 

 *-/3 )3 C12!()-3 D=7 8*) ()"% 5!'4)3+ #!'( -0 (*% )3#2( /*),* *! 6%%3 ,$)##%.

64 (*% ,-"#!'!(-' )3(- !  12!'% /!5%7

E<<



3.3× square

(
ωct−

4πAosc

λ
cos (ωosct)

)
 !"#

$%&'()*+(&, -.* /.0'* %1 -.(' *230-(%& 0' φ (t) = ωct −
4πAosc

λ
cos (ωosct)4 -.*

1+*23*&56 50& 7* 1%3&) 1+%8 f (t) = d.φ (t) /dt ,(9(&, :230-(%& !;< =.* -(8(&,

5(+53(- >(?? *@*5-(9*?6 09*+0,* -.* 1+*23*&56 7*->**& A*+%B5+%''(&,'4 .%>*9*+ C3'-

?%%D(&, 0- -.* .(,.*'- /*0D -.* (&'-0&-0&*%3' 1+*23*&56 >%3?) 7* ,(9*& 76 :230B

-(%& !E< F37'-(-3-(&, -.(' (&-% :230-(%& ;G4 3'(&, T = 1/f -% ,(9* -.* /*+(%)4

0&) -.*& +*0++0&,(&, -% ,(9* -.* 08/?(-3)* ,(9*' :230-(%& !!< =.(' *230-(%& +*B

?0-*' -.* 80H(838 9%?-0,*  Voutmax
# -% -.* 08/?(-3)* %1 -.* )('/?05*8*&- %1 -.*

9(7+0-(&, '3+105*  Aosc#<

f (t) = ωc +
ωosc4πAosc

λ
sin (ωosct)  !;#

fmax = fc +
fosc4πAosc

λ
 !E#

Aosc =
λ

4π

[(
kpv

Vs−Voutmax
− δf

fosc

)
− 1

]
 !!#

=.* %3-/3- '(,&0?' (& I(,3+* GJ 50& 7* '50?*) -% 5%8/*&'0-* 1%+ -.* &%&?(&*0+

1+*23*&56 -% 9%?-0,* 5%&9*+'(%& %1 -.* -(8(&, 5(+53(-< =.(' 3'*' :230-(%& !!

0&) (' '.%>& (& I(,3+* G; 1%+ -.* $0)*&5* '(83?0-(%& +*'3?-'< =.* %3-/3- 1+%8

-.* -(8(&, 5(+53(- (' +*?0-*) -% -.* (&/3- 9(7+0-(%& '(,&0?< =.* 1+*23*&56 %1 -.*

50++(*+ (' 8%)3?0-*) 76 -.* K%//?*+ *@*5- >.(5. (' +*?0-*) -% -.* 9*?%5(-6 %1

-.* +*L*5-(&, '3+105*< =.* 9*?%5(-6 (' -.* )*+(90-(9* %1 -.* )('/?05*8*&- %1 -.*

+*L*5-(&, %7C*5- 0&) -.(' (&-+%)35*' 0& 3&09%()07?* /.0'* '.(1- %1 π/2 7*->**& -.*

9(7+0-(%& )('/?05*8*&- 0&) -.* %3-/3- 1+%8 -.* -(8(&, 5(+53(-< I%+ 5%8/0+('%&

I(,3+* G; >0' ,*&*+0-*) >(-. -.* 9(7+0-(%& )('/?05*8*&- '.(1-*) -% 5%8/*&'0-*
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+$,&8$- '+&, *+).%".)4 2#$ &' %!$ .!"*5  !$ #$.%"&1# &' %!$ .!"* (!".! 7&%! %!$"+

"1*2%# )1- &2%*2% )..$##"74$ ($+$ %!$ .&,*)+)%&+ )1- %!$ *24#$ 6$1$+)%&+9 (!"4$

%!$ %","16 ."+.2"% :2#% !)- "%# &2%*2% )..$##"74$5  !$; ($+$ %$#%$- "1 %!"# &+-$+

)1- %!$ +$#24%# )+$ #!&(1 "1 %!"# #$.%"&15

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

 !$ %$#% #$%2* '&+ %!$ $4$.%+".)4 %$#%# "# #!&(1 "1 <"62+$ =>>5 ?1 %!"# @62+$ %!$

#"61)4 6$1$+)%&+ AB6"4$1% CCDD>B 3 20MHz )+7"%+)+; #"61)4 6$1$+)%&+E ()# 2#$-

%& *+&8"-$ %!$ $4$.%+".)4 "1*2% #"61)4# %& %!$ .!"*5  !"# ()# .&11$.%$- %& %!$ 7&)+-

2#"16 .&)F")4 .)74$# %& +$-2.$ $F%$+1)4 1&"#$ .&2*4$- &1%& %!$ "1*2%5  !$ .)74$#

)4#& .&11$.%$- %&6$%!$+ %!$ 6+&21-# &' %!$ 7&)+-9 #"61)4 6$1$+)%&+ )1- &#."44&3

#.&*$5  !$ &#."44&#.&*$ A $/%+&1"F GHI J>KJ 3 G"F$- H"61)4 I#."44&#.&*$E ()#

2#$- %& 8"$( )1- +$.&+- %!$ +$#24%"16 ()8$'&+,# '+&, %!$ 7&)+-5  !"# &#."44&#.&*$

.&24- .)*%2+$ 2* %& J .!)11$4# ("%! 2* %& 2.5Gsps5 L).! .!)11$4 .&24- .)*%2+$

2* %& %$1 ,"44"&1 *&"1%# &' -)%)5  !$ 7&)+- ()# *&($+$- 2#"16 ) -$#/%&* *&($+

#2**4; AG)1#&1 LM3N=CE #$% %& 5V 9 +$624)%$- %& 3.3V &1 %!$ 7&)+-5

D=J





1.65V

3.3V 25k Hz 1.65V

3.368V

0.3047V



 !" #$% &'( &)*)&+ ', - ) .'/0#1#-'1 '2-02- (!&& $'- #3).- - ) 02&+) ")$)1#-'14+

'0)1#-!'$ #+ - !+ .'/0'$)$- 52+- $))%+ - ) *'&-#") -' +(!-. ,1'/  !" -' &'(6

.1'++!$" 1.2V 7 8 ) !$*)1-)1 #- - ) !$02- ', - ) 02&+) ")$)1#-'1 (!&& .&!0 - )

*'&-#") (#*),'1/ 9)--)17 8 !+ 0&'- #&+' + '(+  '( - ) .'/0#1#-'1 '2-02-  #+ #

:$!-) +&)( 1#-)6  '()*)1 - ) ,#&&!$" )%") !+ ,#+-)1 - #$ - ) 1!+!$" )%") #+ + '($

%21!$" +!/2&#-!'$7 8 !+ #+;//)-1; !$ - ) 1!+) #$% ,#&& -!/)+ ', - ) +!"$#& !+ %2)

-' - ) '2-02- +-#") ', - ) .'/0#1#-'17 8 !+ +-#") !+ %)+!"$)% -' "!*) # %!"!-#&

'2-02-6 )!- )1  !" '1 &'(7 8' %' - !+ !-  #+ # <=>? #$% #$ @=>? -1#$+!+-'1

.'$$).-)% !$ - ) +#/) /#$$)1 #+ #$ !$*)1-)17 8 ) <=>? 02&&+ - ) '2-02-  !" 

( !&) - ) @=>? 02&&+ !- &'(7 A'- -1#$+!+-'1+  #*) - ) +#/) (!%- -' &)$"- 

1#-!'$ B1µm × 1µmC  '()*)1 %2) -' - ) !$.1)#+)% /'9!&!-; ', )&).-1'$+ *)1+2+

 '&)+ - ) @=>? "!*)+ # ,#+-)1 ,#&&!$" )%") - #$ - ) <=>? -1#$+!+-'14+ 1!+!$" )%")7

D!"21) EFGH I'/0#1#-'1 '0)1#-!'$ ,'1 #$ !$02- ', JI *'&-#") 1.65VDC 6 KI #/L

0&!-2%) 3.3VPP 6 #$% ,1)M2)$.; 25k Hz

GEN



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

$1 121 kHz +!"0 ') 502 kΩ 4.'* ("*.*)'0#" '0, +.)! )!" %.0.%/% '%&5.)/," 1($%

)!" )"*)* $0 )!" !3*)"("*.* 622mV 78 9.)! 5$+"( 4.'* ("*.*)'0#" )!" %'-.%/%

1("2/"0#3 +'* '4$:" )!.*; '0, )!" $/)&/) 4/<"( *)'()", )$ 4"#$%" )!" 5.%.).0=

1'#)$(8  !"*" :'5/"* '(" #$0*.,"('453 !.=!"( )!'0 )!" $&"(').$0'5 4'0,+.,)! $1

)!" >?@8

,')-"!").)  !" !3*)"("*.* $1 )!" #$%&'(')$( .* )!" &($&"()3 $1 )!" #.(#/.)

)!') .) ("A"#)* *.=0'5* *%'55"( )!'0 ' #"()'.0 :'5/"8  !" !3*)"("*.* $1 )!" #$%&'('B

)$( #'0 4" )"*)", 43 C0,.0= )!" %.0.%/% '%&5.)/," $1 )!" .0&/) *.=0'5 +!.#! *).55

#'/*"* )!" $/)&/) )$ *+.)#!8 >* )!" !3*)"("*.* +'* #$0)($55", 43 )!" 4.'* ("*.*B

)'0#" )!.* +'* *+"&) )!($/=! )!" &$**.45" :'5/"* 6500 kΩ → 500Ω7 43 ',A/*).0=

)!" :'(.'45" 4.'* ("*.*)$(; '0, ') "'#! 4.'* ("*.*)'0#" )!" '%&5.)/," $1 )!" .0&/)

*.=0'5 +'* #!'0=", )$ =.:" )!" *%'55"*) *.=0'5 +!.#! *).55 #'/*", )!" #$%&'(')$( )$

*+.)#!8  !" $/)&/) *.=0'5 1($% )!" #$%&'(')$( +'* #!"#D", $0 )!" $*#.55$*#$&"8

?$( )!.* )"*) )!" EF :'5/" $1 )!" .0&/) *.=0'5 '* D"&) ') 1.65V '0, )!" 1("B

2/"0#3 $1 )!" .0&/) *.0" +':" +'* *") )$ 25 kHz8  !" ("*/5)* '(" *!$+0 .0 ?.=/("

GHI8  !.* C=/(" *!$+* !$+ )!" !3*)"("*.* &"'D* ') 16.8 kΩ '0, )!"0 1'55* 1$( :'5/"*

".)!"( *.," $1 )!" %'-.%/% :'5/"8  !" *.%/5')", :'5/"* 1$( )!" !3*)"("*.* 1($%

F!'&)"( I '(" '5*$ *!$+0 1$( #$%&'(.*$08  !" #/(:"* !':" )!" %'-.%/% :'5/"*

') )!" *'%" 4.'*; '0, )!" *'%" *!'&"8  !" *.%/5')", ("*/5)* '(" '4$:" )!" "-&"(B

.%"0)'5 ("*/5)*; &($4'453 ,/" )$ &($#"** :'(.').$0 .0 )!" #!.&8 J01$()/0')"53; .)

+'* 0$) &$**.45" )$ (/0 ' *+"&) :'(.'45" *.%/5').$0 1$( )!" &($#"** :'(.').$0 +.)!

)!" :"(*.$0 $1 F',"0#" /*", )$ ,"*.=0 )!" #!.&8  !" *+"&) :'(.'45" *.%/5').$0

+'* )!" )3&" $1 *.%/5').$0 0"",", )$ C0, )!" !3*)"("*.* &$.0) '0, #$/5, 0$) 4"

(/0 '* K$0)" F'(5$ *.%/5').$08

LGM



16.8 kΩ

0V 3.3V

0.3V





 !" #$%&"&' ()*  !+& , -)$.%" /),0+,% /,.%" 1,& .$+%  ) /,**2  !" &+34,%&  )  !"

)&/+%%)&/)#"' 5!" #$%&" 1+- !& /)$%- ." 6,*+"- .2 /!,43+43  !" .+,& *"&+& ,4/" )7

 !" #$%&" 3"4"*, )*' 5!" .+,& *"&+& ,4/" 1)$%- ." 6,*+"- ,4-  !" /)**"&#)4-+43

#$%&" 1+- ! /)8#,*"- 1+ !  !")*2'

 !"#$%" 5!" #$%&" 3"4"*, )* 1)*9"- ,& "0#"/ "- 1!"4 &"  ) &!)* #$%&" 1+- !&'

(+3$*" :;< &!)1& , #%) )7  !" )&/+%%)&/)#"  *,/"& )7  !" #$%&" 3"4"*, )* +4 )#=

"*, +)4' >4  !+& ?3$*"  !"  )# #%) &!)1&  !" +4#$  )  !" #$%&" 3"4"*, )*@  !"

)$ #$ 7*)8  !" /)8#,*, )*' 5!" %)1"* #%) &!)1&  !" &,8#%" ,4- *"&" &+34,%&'

5!" &8)) !+43 )7  !"&" &+34,%& +& #*).,.%2 -$"  )  !" )$ #$ .$A"*& $&"- )4

 !"&" %+4"&@ *, !"*  !,4 +4 "*4,%  )  !" /!+#@ ,4-  !"*"7)*" 1+%% 4) ,A"/  !"  +8=

+43 /+*/$+ ' 5!" +4 "*4,% .$A"*& )4  !"&" %+4"& ,*" 8$/! &8,%%"* ,4- -*+6" 8$/!

&8,%%"* /,#,/+ ,4/"  !,4  !" )$ #$ .$A"*&' 5!"*" +& &)8" /)$#%+43 ." 1""4  !"

&,8#%" ,4- *"&" &+34,%&@ "&#"/+,%%2 "6+-"4 7*)8 150ns )41,*-&' 5!"*" +& ,%&)

&)8" ) !"* +4 "*4,% /)$#%+43@ #)&&+.%2  )  !" /)8#,*, )* )$ #$ ,& &!)14 .2 BCB

)4 (+3$*" :;<' D"*"  !" *"&" ,4- &,8#%" &+34,%& 8)6" +4 )##)&+ +)4 +4-+/, +43

&)8" ) !"* /)$#%"- &+34,%' 5!" 1)*9 /)**"/ %2 $#  ) 1M Hz ,4- ,.)6"@ !)1"6"*

, !+3!"* 7*"E$"4/+"&  !" #$%&"& & ,*  ) )6"*%,#'

FF:



12.33kΩ
1.65VDC 3.3VPP 1k Hz



 !"#$% &'() *#+,% "%-%$./0$ 1.!+!-" 10$ 2!., $%,!,/.-3% 01 15.56kΩ4 5-6#/)

1.65VDC 7 3.3VPP 7 500k Hz

889



 !"#$% &'() *#+,% "%-%$./0$ 1.!+!-" 10$ 2!., $%,!,/.-3% 01 103.9kΩ4 5-6#/)

1.65VDC 7 3.3VPP 7 500k Hz

89% $%.,0- 10$ /9!, .66%.$, /0 2% :#% /0 .- %;%3/ 3.++%: +./39<#64 89!, !, /9%

#-:%,!$.2+% /$!""%$!-" 01 6.$.,!/!3 ,/$#3/#$%, !- . ,!+!30- 39!64 =>?@ 39!6, .$%

A.:% 01 /B0 /C6%, 01 ,!+!30-) -</C6% .-: 6</C6%4 89%,% .$% 6#$% ,!+!30- D3.++%:

!-/$!-,!3 ,!+!30-E B9!39 9., 9.: ,6%3!F3 !A6#$!/C ./0A, !A6+.-/%: !- !/4 89%,%

!A6#$!/!%, 39.-"% /9% 39.$.3/%$!,/!3, 01 /9% ,!+!30- .-: .++0B !/ /0 30-:#3/ 3#$$%-/4

-</C6% 9., !A6#$!/!%, B9!39 20-: B!/9 /9% ,!+!30- ./0A!3 +.//!3% 2#/ 9.G% .- %H/$.

%+%3/$0-7 B9!39 3.- -0B A0G% .$0#-: /9% +.//!3%4 6</C6% ,!+!30- 9., !A6#$!/!%,

B9!39 9.G% 1%B%$ %+%3/$0-, /9./ /9% ,!+!30- 0#/%$ ,9%++4 I, ,#39 /9%C 3.- .33%6/

.- %+%3/$0- 1$0A . -%!"920$!-" ./0A7 .-: ,0 .++0B 3#$$%-/ /0 J0B4 =0-3%6/#.++C

/9!, !, 01/%- /90#"9/ 01 ., . 60,!/!G% +.3K<01<.-<%+%3/$0- A0G!-" !- /9% 0660,!/%

:!$%3/!0- D3.++%: . 90+%E L&&(M4

N9%- +.C!-"<0#/ . =>?@ 3!$3#!/ /9% /$.-,!,/0$, .$% 30A60,%: 01 -</C6% .-:

OOP





 !"#$!% !&!'#%()* (% $(&!*+ %!,'$ (#$!% *#%-'#-%!* #$!) .,/ ',-*! #$(*! *#%-'#-%!*

#( 0( ")#( &,#'$1-23 4"0-%! 567 *$(8* #$! 2,%,*"#"' #%,)*"*#(%* 8$"'$ ,%! *8"#'$!9

() 9-%")0 &,#'$1-2: ,)9 .,/ ;! *!&<1*-*#,")")03 =)'! ") &,#'$1-2 , '())!'#"() "*

.,9! ;!#8!!) #$! *-22&/ ,)9 0%(-)93

>$!%! ,%! #8( #/2!* (< &,#'$1-2? ")#!%),&: (% !@#!%),& A5BCD3 4(% ")#!%),&

&,#'$1-2 #$! 2,%,*"#"' #%,)*"*#(%* ,%! #%"00!%!9 ;/ 2!%#-%;,#"()* (< #$! ")2-#* (<

#$! ")#!)9!9 #%,)*"*#(%* (< 8$"'$ #$!/ ,%! .,9!3 E@#!%),& &,#'$1-2 "* 8$!%! #$!

2!%#-%;,#"()* ,%! ,22&"!9 !&*!8$!%! ") #$! '"%'-"# ,)9 #$! .(F!.!)# (< ',%%"!%*

#$%(-0$ #$! *"&"'() ',-*!* #$! 2,%,*"#"' #%,)*"*#(%* #( #-%) ()3

G,#'$1-2 ',) ;! #%"00!%!9 ;/ !&!'#%(1*#,#"' 9"*'$,%0!  EHI+ !F!)#* (% %,2"9

J-'#-,#"()* () ()! (< #$! 2")* (< , #%,)*"*#(%: *-'$ ,* ,) )18!&& ;!")0 9%"F!)

;!&(8 0%(-)9 A5BKD3 L)F!%#!%* ,%! *-*'!2#";&! #( &,#'$1-2 ,)9 #$"* ,22!,%* #( ;!

#$! <,-&# 8"#$ #$! 2-&*! 0!)!%,#(%3 =)'! &,#'$1-2 $,* (''-%%!9 #$! (-#2-# (< #$!

")F!%#!% 8"&& )(# '$,)0! 8"#$ #$! ")2-#: ,)9 .,/ ;! *#-'M ") , &(0"' *#,#! A5BND3

O"F!) #$,# &,#'$1-2 '())!'#* #$! *-22&/ #( 0%(-)9: #$!%! "* ,) ")'%!,*!9 '-%1

%!)# 9%,8 ;/ #$! '$"23 >$! #!*# PQR $,9 S-.2!%* #( ,&&(8 .!,*-%!.!)# (< #$!

'-%%!)# ;!")0 *-22&"!9 #( #$! '$"23 T 2.2Ω %!*"*#(% 8,* 2&,'!9 ") *!%"!* ;!#8!!)

#$! %!0-&,#(% ,)9 #$! '$"2U* 9"0"#,& *-22&/ 2")3 >$! F(&#,0! ,'%(** #$"* %!*"*#(%

8,* .!,*-%!9 ,)9 '()F!%#!9 #( , '-%%!)# ,)9 "* *$(8) ") 4"0-%! 556 <(% ;(#$

2-&*! 8(%M")0 ,)9 2-&*! )(# 8(%M")03 >$! '-%%!)# 9%,8) 8$!) #$! 2-&*! 8,* )(#

8(%M")0 "* ,22%(@".,#!&/ *"@ #".!* $"0$!% ,)9 !@$";"#* $"0$ <%!V-!)'/ (*'"&&,#"()*

!,'$ #".! #$! %!*!# "* ")'(%%!'#&/ ;!")0 $!&9 &(8 ,* *$(8) ") 4"0-%! 5553

T&#$(-0$ #$! '"%'-"# *".-&,#"()* -*!9 8!%! )(# 9!*"0)!9 #( 9!#!'# &,#'$1-2:

#$!/ 9( *$(8 8$!%! $"0$ '-%%!)#* (% &,%0! #%,)*"!)# F(&#,0!* (''-% ") #$! '$"23

H".-&,#"()* 8!%! %-) () #$! 2-&*! '"%'-"# #( '$!'M <(% $"0$ #%,)*"!)# '-%%!)#* ,)9

F(&#,0!*3 4"0-%! 55B "* ")'&-9!9 #( *$(8 #$! '(.2()!)#* (< #$! 2-&*! 0!)!%,#(%3

>$! %!*-&#* ,%! *$(8) ") 4"0-%! 55W3 >$! #(2 #%,'! *$(8* #$! ")2-# 8,F!<(%. <%(.

BBN





 !" #$%&'(' $() *!+, +,  !" -'..+/0 "10" '/1  !" $/" %$, $-  !" #+(#2+ (",&$/1,

 $) *!" /"3 &'+( $- &.$ , ,!$4  !" #2(("/  ('#", -$(  !" 5678  ('/,+, $( 4!+#!

-$(%, &'( $- 95:;) *!" $2 &2 $-  !+, +/<"( "( 1(+<",  !" &$.=>&$.= #'&'#+ $(

'/1 ,$ +, "3&$,"1  $ 2/(", ('+/"1 <$. '0",) *!" #2(("/ ?$4,  !($20!  !" 95:;

5678  ('/,+, $( ,!$4  !'  !" ("," ,+1" $-  !" #+(#2+ !', <"(= !+0!  ('/,+"/ 

#2(("/ ,@ ",&"#+'..= +/ $  !" A2.B &+/ $-  !"  ('/,+, $(@ #$%&'("1 4+ !  !" ,'%&."C,

$/") *!"," !+0! #2(("/ , %+0! +/D"# %+/$(+ = #'((+"(, +/ $  !" ,+.+#$/@ '. !$20!

 !"+( ,!$( 12(' +$/ 4+.. .+%+  !"+( "E"# ) F/$ !"( &$,,+A+.+ = +,  !" <$. '0" $/

 !" +/&2  $ 95:G) *('#", $-  !+, <$. '0" '(" ,!$4/ +/  !"  !+(1 &.$ , 1$4/ +/

H+02(" GGI) *!+, <$. '0" ,!$4, '  ('/,+"/ @ /"0' +<" ,&+B" $/  !" ("," #+(#2+ ,

95: +/&2 ) *!+, +, /$ &(","/ $/  !" ,'%&." ,+1" 12(+/0  !" -'..+/0 "10" $-  !"

+/&2 ) 9 +, &(","/ 12(+/0  !" (+,+/0 "10" J-$2( ! ," $- &.$ , $- H+02(" GGIK A2 + 

+, ' .",, ('&+1 ,&+B"@ ,$ +-  !+, +,  !" &($A."% + %+0! /$ 'E"#  !" ,'%&." &2.,")

9 +, +%&$,,+A."  $  ".. 4!'  !" '# 2'. -'2. +,@ A2  !"," ,!$4  !' .' #!>2& +,

' &$,,+A." #2.&(+ ) H2 2(" 1",+0/, ,!$2.1 +/#.21" 02'(1 (+/0, '/1  (=  $ ,&'#"  !"

,'%&." '/1 ("," #+(#2+ $2 ', %2#! ', &$,,+A." ',  !+, '.,$ !".&, ("12#" "3 "(/'.

.' #!>2&)

LLM









 !"#$ %&'() %)&"$ #(&"" * $+,(&-. /*++$/("01

 !"#$%" 2)$ +$#!"(# 3+*4 ()$ 5+#( ($#(# ,+$  "*(($' &- 6&.!+$ 778 ,"*-. %&() ,

9,(",: #&4!",(&*- !#&-. ()$ #,4$ kpv ,# ()$ (&4&-. /&+/!&(1 2)$ (&4&-. *!( !( 3*+

$,/) &- !( 3+$;!$-/0 %,# ,<$+,.$' (* +$4*<$ -*&#$ ,-' ()&# .&<$# ()$ $= $+&4$-(,"

+$#!"(#1 2)&# #)*%# ()$ (&4&-. /*4 *-$-( %*+>&-. ,#  +$'&/($'1 2)$ 9,(",:

#&4!",(&*- &# ,- &'$,"  $+&*' (* <*"(,.$ /*-<$+#&*- ,-' ()$+$3*+$ <,+&$# 3+*4 0V

(* 2.7V 1 2)$ (&4&-. *!( !(# 3*""*% ()$ #&4!",($' +$#!"(# *<$+ ()$ +,-.$ 15k Hz

(* 55k Hz1 2)$ $= $+&4$-(," +$#!"(# 3*+ 5k Hz ,-' 10k Hz #)*% ()$ $?$/(# *3

()$ *!( !( <*"(,.$ +,-.$ *3 ()$ :!?$+# !#$' &- ()$ (&4&-. /&+/!&(1 2)&# %*!"'

/*-#(+,&- ()$ <*"(,.$ +,-.$ ()$ (&4&-. /&+/!&( /*!"' %*+> &-1

6&.!+$ 778@ 2&4&-. *!( !( <*"(,.$ <#1 &- !( 3+$;!$-/0 3*+ $"$/(+&/," &- !( %&()

kpv = 45.75k V/s

2)$ -$=( ($#( %,# (* /)$/> )*% ()$ (&4&-. /*4 *-$-( +$# *-'$' (* , 4*'A

!",($' &- !(1 2)&# %,# '*-$ :0 !#&-. , 3+$;!$-/0 4*'!",($' *!( !( 3+*4 ()$

BCB



 !"#$% "&#&'$()' *'!+!#" (,& !#-.( () (,& -.% & "&#&'$()'/ 0,& '& .%( $'& "!+&# !#

1!".'& 223/ 0,! 4$# 5& 4)6-$'&* 7!(, 1!".'& 82 !# 9&4(!)# :/;/< )= >,$-(&' :/

1!".'& 223? 0!6!#" ).(-.( =)' *!@&'&#( 6)*.%$(&* !#-.( / A !#" (,& -.% & "&#B

&'$()' () "&#&'$(& (,& 4)#(')% -.% & / 25k Hz 4$''!&' ='&C.&#4DE kpv = 45.75k v/sE
500Hz +!5'$(!)# ='&C.&#4D/

A !#" FC.$(!)# GG !# (,&  $6&  &4(!)# (,& -&$H 4$# 5&  4$%&* !#() $6-%!(.*&/

0,& '& .%( $'& 455nmE 991nmE 1.53um $#* 2.06um/ 0,& & $'& $%% 7!(,!# 8I

)= (,& 4)''&4( +$%.& / 1!".'& 22J  ,)7 $ 4)6-$'! )# 5&(7&&# (,& K$(%$5 $#*

>$*&#4&  !6.%$(!)# $#* (,& &L-&'!6&#($% (!6!#" ).(-.( =)' 500nmE 7,!4,  ,)7 

"))* $"'&&6&#(/

<::



 !"#$% &&'( )*+,-$!.*/ *0 1-23-4 -/5 )-5%/6% .!+#3-2!*/ 7!28 %9,%$!+%/2-3

$%.#32. #.!/" 28% !/,#2 2* 28% 6*+,-$-2*$ 2* 4:,-.. 28% ; <

 !"!# $%&'()*+%&

=8% 6*+,-$-2*$ 7-. .8*7/ 2* *,%$-2% -. %9,%62%5> ;328*#"8 28% $%.#32. 0*$ 28%

8:.2%$%.!. .%62!*/ .8*7%5 - 68-/"% !/ 28% +-"/!2#5% *0 28% 8:.2%$%.!. 3%?%3 78%/

?-$:!/" 28% 4!-. $%.!.2-/6%@ 28% .8-,% *0 28% "$-,8 .2!33 -"$%%5 7%33 7!28 .!+#3-2!*/>

=8% ,#3.% "%/%$-2*$ .8*7%5 - 0-#32 7!28 ,#3.% 7!528. 3*/"%$ 28-/ ∼ 100ns -/5
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#.!/" -/ *,2!6-3 !/,#2>

FGH



 ! "#$%&'()$ *+,-( .)/(/

 ! !" #$%&'()*%+'$
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'::.#'7/ ;) (/'( (/! "#$%&'(;#+ $!:(/ #- (/! &;</( );<+'& -.#" (/! =40 '..',
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 !" #"$% &'()*" (+ ,!" -./ *01!, 2(3'4" 5$2 4!"46"7 50,! $ 88/ 4$%"'$9

 !02 5$2 ,( 4(:)'% ,!$, ,!" *01!, 0:,":20,; 5$2 $&&'(<0%$,"*; =$, (>"' ,!" 4":,'$*

0**3%0:$,"7 '"10(:9  !02 4!"46 5$2 :""7"7 $2 ,!" '"+"'":4" &!(,(70(7" 32"7 ,(

4!"46 ,!" *01!, 0:,":20,; 5$2 3.6mm 2?3$'" 5!0*" ,!" &'(4"220:1 40'430, *01!, 2":20@

,0>" $'"$ 5$2 25 um 2?3$'"9  !02 2"&$'$,0(: 5$2 2", ,( 30mm $:7 ,!" 88/ 0%$1"

2!(5"7 ,!$, 0:,":20,; 5$2 =$, 50,!0: ABC $:7 ,!" 70D"'":4" #",5"": ,!" $>"'$1"

*01!, 0:,":20,; 4$&,3'"7 #; ,!" &'(4"220:1 7","4,(' $:7 ,!" '"+"'":4" &!(,(70(7"

5$2 A9AC9

 !02 -./ $''$; 5$2 4$&$#*" (+ &'(7340:1 $ %$<0%3% *01!, *">"* 5!04! 5(3*7

'"23*, 0: $ *(1 &0<"* &!(,(43''":, (+ 200 pA9  !" *$2"' 5$2 4$&$#*" (+ &'(7340:1

$ *01!, *">"* 5!04! 5(3*7 4(''"2&(:7 ,( $ &!(,(43''":, (+ 10µA9

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

 !" )'2, 2,$1" 0: ,"2,0:1 ,!" 4!0& 50,! *01!, 5$2 ,( ):7 ,!" "<&"4,"7 *01!, *">"*29

 !02 5$2 &$',043*$'*; 0%&(',$:, $2 ,!" /8 *">"* (+ ,!" *01!, 5(3*7 &$',*; 2", ,!"

#$:7507,! (+ ,!" &0<"*E2 +'(:, ":79  !" /8 *01!, *">"* 5(3*7 $*2( 2", 5!"'" ,!"

201:$* +"** (: ,!" *(1 43'>" (+ ,!" FG.E2 *01!, '"2&(:2" 5!04! 5(3*7 4(:,'(* ,!"

1$0: (+ ,!" FG.9 G0:$**; ,!" (3,&3, (+ ,!" FG. 5(3*7 :""7 ,( +$** 0: ,!" 0:&3,

'$:1" (+ ,!" 4(%&$'$,('9

 ( 4!"46 ,!" (&"'$,0(: (+ ,!" FG. 3:7"' $2 4*(2" ,( '"$* 4(:70,0(:2 $2 &(220#*"

$ &$',0$* 0:,"'+"'(%","' 5$2 2",3& ,( 1$0: 2(%" 07"$ (+ ,!" *01!, *">"*2 ,!$, 4(3*7

#" "<&"4,"79 H:" $'% (+ ,!" 0:,"'+"'(%","' 5$2 4(:2,'34,"7 ,( $**(5 ,!" 201:$*

#"$% 0:,":20,; ,( #" "2,0%$,"79  !02 02 2!(5: 0: G013'" AAI9  !" 0%&(',$:, &$',2

(+ ,!02 2",3& $'" ,!$, $ #"$% 2&*0,,"' 02 0:4('&('$,"7 ,( 4!"46 !(5 "J40":, ,!"2"

5(3*7 #" $2 5"** $2 ,!" *":2 2;2,"%9  !" *":2"2 5(3*7 4(:,'(* !(5 %34! *01!,

5$2 4(**"4,"7 +'(% ,!" (#K"4,9 F :3%#"' (+ 2$%&*"2 5"'" 32"7 ,( 4!"46 70D"'":,
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 !"#$ %&' ()*+!# #)*,- #$.$#/ 0123 4)5$1$+- 3!-$1)!#/

6+0213!-)2+ 7)*,- 829$1:;<:φ = 10mm< 7)*,- 611!4)!+=$:W/m2
<

7!/$1 (2>1=$ 3m:φ = 1mm< 3.8 k
?@A!+4$4 "$!3 2.7m 34
B$C$=-$4 "$!3 1.37m 17.4
 1!+/3)--$4 "$!3 1.31m 16.7
D!-- "#!=E 1$C$=-21 2.26 u 28.8m

;,)-$ A!A$1 8.02 u 102m
F#2//G A!)+-$4 /-$$# /,$$- 14.5 u 185m
8)--$4 A#!-$4 /-$$# "!1 29.7 u 378m

H#!- 12>*, !#>3)+)>3 "!1 53.4 u 680m
D)1121 558 u 7.1

680mW/m2
I  ,$/$ J*>1$/ 92>#4 *).$ KL A,2-2=>11$+-/ 20 "$-9$$+ 116pA !+4

425pA 9)-, ! 3mW #!/$1I 6- 92>#4 "$ 1$#!-).$#G $!/G -2 )+=1$!/$ -,$ A29$1 20

-,$ #!/$1M 021 $@!3A#$ -2 300mW M !+4 -,$ =2>#4 "$ >/$4 021 #!1*$1 )##>3)+!-)2+

!1$!/ 21 #!1*$1 "!+49)4-,/I

 ! !" #$%&'( )*'$+ ,$- %$- .'( /012&

 ,$ NH? 9!/ -,$ 2+#G =)1=>)- 9,)=, ,!4 +2- "$$+ -$/-$4 >A -2 -,)/ A2)+-I  ,)/ 9!/

"$=!>/$ )- +$$4$4 !+ 2A-)=!# )+A>-M 1!-,$1 -,!+ $#$=-1)=!#I  ,$ NH? 0213$4 -,$

J1/- /-!*$ 20 -,$ A12=$//)+* !+4 9!/ -,$ 2+#G $+-)1$#G !+!#2*>$ =23A2+$+-I  ,$

-$/-/ A$10213$4 9$1$ -2 =,$=E -,!- -,$ 2>-A>- 20 -,$ NH? "$,!.$4 !/ $@A$=-$4 !+4

92>#4 A12.)4$ !+ !AA12A1)!-$ 1$/A2+/$ -2 #)*,-I  ,$ 32/- )3A21-!+- A!1!3$-$1/

92>#4 "$ -,$ NL 1$/A2+/$ 20 -,$ NH?I  ,$ /)*+!# 0123 -,$ )+-$10$123$-$1 92>#4

"$ 01$O>$+=G 324>#!-$4 "G -,$ .)"1!-)2+ 20 -,$ 2"P$=- !+4 -,$1$021$ 2+#G -,$

01$O>$+=G 20 -,$ /)*+!# 4$-$=-$4 "G -,$ =,)A 92>#4 "$ )3A21-!+-I  ,$ NH? 92>#4

+$$4 -2 ,!.$ -,$ 1$O>)1$4 "!+49)4-, !+4 !3A#)J=!-)2+ -2 A!// -,)/ 01$O>$+=G 2+-2

-,$ =23A!1!-21 0!)-,0>##GI

 ,$ /$=2+4 =2+/)4$1!-)2+ 92>#4 "$ -,$ KL 2>-A>- 20 -,$ NH?I  ,)/ 92>#4

+$$4 -2 J- 9)-,)+ -,$ )+A>- 1!+*$ 20 -,$ =23A!1!-21I N/ ,!/ !#1$!4G "$$+ /,29+
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 !"#$% &'() *+,-. ,/ -0% ,#-1#- 2,+-3"% /$,4 -0% 5 6 /,$ 7!8%$%9- /$%:#%9;<

,1-!;3+ !91#-.=

 ! !" #$%&' ()*+,)- ./'*0-)%1

>0% ?93+ -%.- @3. -, ;0%;A 0,@ -0% @0,+% ;!$;#!- @,#+7 1%$/,$4 #.!9" -0% B6C

3$$3< -, 1$,2!7% 39 ,1-!;3+ .!"93+=  ,$ ;,413$!.,9 1#$1,.% -0% .34% -0%,$%-!;3+

2!D$3-!,9 .!"93+. 3. #.%7 !9 E%;-!,9 (=F=' @%$% $%;$%3-%7 #.!9" -0% .!"93+ "%9%$3-,$=

>0!. @3. 39 ,DG%;- 2!D$3-!9" 3- 500Hz @!-0 341+!-#7%. ,/ 500nmH 1umH 1.5um

397 2um= >0% I$3" J%++ /$%:#%9;< @3. .%- -, 25k Hz=

K- @3. /,#97 -03- -0% 9,!.% ,9 -0% 5 6 ,#-1#- ;3#.%7 103.% .0!/-. !9 -0%

;,413$3-,$ ,#-1#- @0!;0 !9 -#$9 @%$% !9-%$1$%-%7 3. /$%:#%9;< ;039"%. D< -0%

-!4!9" ;!$;#!-= >0!. $%.#+-%7 !9 3 "$%3- 7%3+ ,/ 9,!.% ,9 -0% ,#-1#- ,/ -0% -!4!9"

;!$;#!- /,$ +,@ 4,7#+3-!,9 7%1-0 .!"93+.= >0%$%/,$%H 3+-0,#"0 -0% .!4#+3-!,9. @%$%
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 !" #$% &!'()*+,!- './+0 * ).1.) ! 23% 4*5 (5.' *5 +0,5 /"!1,'.' * &!". 5+*6).

5,7-*)8

9.:+,!- 28; 0*5 50!4- +0*+ +0. 6*-'4,'+0 ,5 ".)*+.' +! +0. <= ),70+ ).1.)8 >0,5

".?(,".' * <= ,))(&,-*+,!- ! 100pA +! /"!1,'. +0. 6*-'4,'+0  !" +0. ,-+.-'.'

5,7-*)8 >0,5 4*5 *:0,.1.' *-' @,7(". #AB 50!45 +0. !5:,))!5:!/. +"*:.5  !" +0.

+0".. !(+/(+5C :!&/*"*+!"D E<F *-' G-*) +,&,-7 !(+/(+8

@,7(". #ABC H5:,))!5:!/. +"*:.5 50!4,-7 +0. :0,/ ,- !/."*+,!-

>0,5 !(+/(+ :*- 6. :!&/*".' 4,+0 +0!5. 5,&()*+.' ,- 9.:+,!-28I8A *-' +0,5 ,5

50!4- ,- @,7(". #A38 >0,5 G7(". 50!45 * :)!5. *7"..&.-+ 4,+0  ".?(.-:J ! +0.

+"*:.5 *-' +0.," *&/),+('.8 >0.". ,5 *)5! * 5),70+ <= 50, + 6.+4..- +0. +"*:.58

>0. /.",!',: 1*",*+,!- !- +0. .K/.",&.-+*) ".5()+5 ,5 ,- L../,-7 4,+0 +0. M*+)*6

5,&()*+,!-5D 0!4.1." +0. =*'.-:. 5,&()*+,!-5 50!4 &!". G)+.",-7 ! +0. !(+/(+

5,7-*)8 >0.5. 1*",*+,!-5 4.". '(. +! +0. 1!)+*7. 5+./5 *+ .*:0  *)),-7 N."!O:"!55,-7
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 ! "#$ "%&%'( ) * )%"+, -+." ($ / ! ", '!0$,,$1 "+ "#$ +2"*2"3

4%(2,$ 5678 9+&* ,%!+' +0 : ". ; !%&2. "%+'< 9 1$')$ !%&2. "%+'  '1 $=*$,%>

&$'" . ,$!2."! 0+, 500Hz -%;, "%+' /%"# 500nm  &*.%"21$ 2!%'(  25k Hz ?, (

9$.. 0,$@2$')A  '1  &+12. "%+' 1$*"# +0 BCD 0+, "#$ $=*$,%&$'" . ,$!2."!  '1

5ED 0+, "#$ !%&2. "%+'3

F+/$-$, /#$' "#$ +*"%) . !%(' . &+12. "%+' 1$*"# / ! ,$12)$1 "+ 5CD "#$

$=*$,%&$'" . !%(' . !#+/! &2)# &+,$ '+%!$3 G#%! %! !#+/' %' 4%(2,$ 56H3
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 !"#$% &'() *+,-.$!/+0 +1 2.34.5 /!,#4.3!+06 *.7%08% /!,#4.3!+0 .07 %9-%$!:

,%03.4 $%/#43/ 1+$ 500Hz ;!5$.3!+0 <!3= 500nm .,-4!3#7% #/!0" . 25k Hz >$."
*%44 1$%?#%08@ .07 . ,+7#4.3!+0 7%-3= +1 &AB 1+$ 3=% %9-%$!,%03.4 $%/#43/ .07

&CB 1+$ 3=% /!,#4.3!+0D

E=!/ 0+!/% !/ 0+< ,#8= "$%.3%$ 3=.0 3=.3 -$%7!83%7 5@ <!3= %!3=%$ 2.43.5

+$ *.7%08%D E+ 8=%8F 3=!/ <./ 7#% 3+ 3=% G H +#3-#3D E=% G H +#3-#3 1$+,

3=% 8=!- <./ $%8+$7%7 .07 -.//%7 3=$+#"= 3=% 2.34.5 /!,#4.3+$ 3+ 8=%8F <=%3=%$

3=% 0+!/% <./ /3!44 -$%/%036 +$ <=%3=%$ 3=% 8+,-.$.3+$6 -#4/% "%0%$.3+$ +$ 3!,!0"

8!$8#!3 <%$% 3=% /+#$8%D E=!/ !/ /=+<0 !0  !"#$% &'ID

'AJ



 !"#$% &'() *+,-.$!/+0 +1 2.34.5 -$+6%//!0" +0 %7-%$!,%03.4 6+,-.$.3+$ +#3-#38

*.9%06% /!,#4.3!+0 .09 %7-%$!,%03.4 $%/#43/ 1+$ 500Hz :!5$.3!+0 ;!3< 500nm
.,-4!3#9% #/!0" . 25k Hz =$." *%44 1$%>#%06? .09 . ,+9#4.3!+0 9%-3< +1 &@A
1+$ 3<% %7-%$!,%03.4 $%/#43/ .09 &BA 1+$ 3<% /!,#4.3!+0C

D<!/ 0+!/% +0 3<% +#3-#3 +1 3<% 6!$6#!3 !/ /3!44 -$%/%03 ;!3< 2.34.5 -$+6%//!0"

3<%$%1+$% !3 +$!"!0.3%9 ;!3<!0 3<% E FC  !"#$% &'G /<+;/ . 6+,-.$!/+0 5%3;%%0 3<%

E F +#3-#38 3<% 6+,-.$.3+$ +#3-#3 .09 3<% 3!,!0" +#3-#3 1$+, 3<% %7-%$!,%03.4

$%/#43/ #/%9 3+ "%0%$.3%  !"#$%/ &'H .09 &'(C D<!/ /<+;/ 3<.3 3$.0/!%03 :.$!.3!+0/

!0 3<% -<./% +1 3<% E F +#3-#3 6.#/%/ 3<% 6+,-.$.3+$ -#4/% ;!93< 3+ 6<.0"%C D<!/

!0 3#$0 .I%63/ 3<% 9!/6<.$"% 4%:%4 1+$ 3<% 3!,!0" 6!$6#!3 1+$ . /!0"4% 6?64%C D<!/

6.0 6.#/% . /!"0!J6.03 6<.0"% !0 :+43."% +1 3<% 3!,!0" +#3-#3C

'@K





 !"#$ #% #$! %"#&'() *&+,() -! )(.+!. #% %/!.'%0! #$! "$(*! '$(,+!* #$! ,%&*!

(  ! #% #$! '%0"(.(#%. %1#"1#2 3$! #!*#* ()*% *$%4! #$(# #$! "1)*! +!,!.(#%.

5(&)! 4$!, *!# #% )%,+ "1)*! 4& #$*2 3$&* 4(* (##.&-1#! #% )(#'$61" 4&#$&, #$!

'&.'1&#7 (, +1(. .&,+* 4!.! *1++!*#! (* ( *%)1#&%, 5%. 51#1.! 4%.82

9:;



 !"#$%&' () $*" +,#"- .(//0"- 1%2-(3"$-4 5%6"0

7%$* 1%2-,$%&' 829":$#

;(3/,-%#(& 7%$* ;<--"&$ !":*&(0('4

 !" #$%&'()*%+'$

 ! "#$ %&'( %&)('( &#( *!+)$), %&) ,)('-. !" "/0012)0,3 0#()$ 4!550)$ +'6$!7)%$8

5'9)03 '.%).,), "!$ # :: ;4< *#7)$#= >&#5%)$ ? &#( (&!@. @&)$) %&) @!$A "#00(

@'%&'. %&) 2)0, !" .!.1,)(%$/*%'+) )+#0/#%'!. #., ,)(*$'6), %&) ;4< 7)%&!, #%

# &'-& 0)+)0= >&#5%)$ B -#+) 7!$) ,)%#'0 '.%! %&) %&)!$8 #., #55#$#%/( /(), "!$

%&'( 7)%&!,= >&#5%)$ C *!+)$), %&) ,)('-. !" %&) 5'9)0 #., >&#5%)$ D &#( (&!@.

%&) '.'%'#0 %)(%'.- !" %&) 2.'(&), 5'9)0=

E&'( *&#5%)$ @'00 .!% (&!@ (!7) $)#01@!$0, #550'*#%'!.( !" %&) 2.'(&), (8(%)7=

E&'( @'00 (&!@ %&) 5'9)0 '. !5)$#%'!. !. # *!.%$!00), +'6$#%'.- !6F)*% G%&) 5')H!1

)0)*%$'* 6'7!$5& "$!7 >&#5%)$ BI #( @)00 #( # +'6$#%'.- 7)76$#.)= E&) 7)76$#.)

%)(%( (&!@ # *#() @&)$) %&) +'6$#%'.- !6F)*% '( 0)(( @)00 *!.%$!00),3 #( @)00 #( #.

',)#0 #550'*#%'!. "!$ # :: ;4< *#7)$#3 !" @&'*& %&) *'$*/'% ,)+)0!5), &)$) *!/0,

"!$7 # ('.-0) 5'9)0= J *!75#$'(!. @'%& # *!77)$*'#0 ('.-0) 5!'.% +'6$!7)%)$ @'00

6) 7#,)=

 !, #$%-&.-&'/-%-& 0-1%1

 !"!# $%&'()*+&,(%

E&) 2.#0 %)(%'.- (%#-) @#( %! '.*!$5!$#%) %&) *&'5 ,)(*$'6), '. >&#5%)$ C '.%! #.

K#*&1L)&.,)$ '.%)$")$!7)%)$ 0'A) %&#% ,)(*$'6), '. >&#5%)$ B= E&) *&'5 "!$7( %&)

)0)*%$'*#0 ,)%)*%'!. #., 5$!*)(('.- 5#$% !" %&) 0#()$ 4!550)$ (8(%)73 (#750'.- %&)

'$$#,'#.*) "$!7 %&) '.%)$")$!7)%)$ #., ,)7!,/0#%'.- %&'( '.%! # +'6$#%'!. ('-.#0=

BMB



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

4$'! %&!%',5 !%+5& 6."72 %&!% 0.%$ %$& #$'( +,2 %$& ',%&)-&)./&%&) +,2 !$.6

%$& 6$.7& !8!%&/ ', .(&)+%'.,3 4$& 9)!% (+)% 6+! %. !&%"( +,2 +7'5, %$& ',:

%&)-&)./&%&)3  0'/.)($ ;<+)% ,"/0&)= >?@AB@A:BCDEF !%.#G ,"/0&) ., HI

E./(.,&,%! J%2= KLA:MLNO 6+! "!&2 +! %$& 1'0)+%',5 .0P&#% +,2 '% 6+! 1'0)+%&2

+% 2'Q&)&,% 1'0)+%'., +/(7'%"2&! +,2 -)&*"&,#'&! +,2 %$& )&!"7%! #./(+)&2 6'%$

+ #.//&)#'+7 !',57& (.',% 1'0)./&%&)3

4$& %&!% )&*"')&2 1'0)+%',5 %$& 0'/.)($ +,2 /&+!")',5 %$& -)&*"&,#8 +,2

+/(7'%"2& .- %$& 2&/.2"7+%&2 ."%("% !'5,+7 -)./ %$& #$'(3 4$& -)&*"&,#8 !$."72

0& %$& !+/& +! %$& ',("% !'5,+7 %. %$& 0'/.)($ +,2 %$& !#+7&2 +/(7'%"2& .- %$&

."%("% !$."72 0& %$& !+/& +! %$& +/(7'%"2& .- %$& 1'0)+%'.,F +! /&+!")&2 08 %$&

#.//&)#'+7 JRS3

4$& 2&/.2"7+%&2 ."%("% -)./ %$& #$'( 6+! !#+7&2 %. 5'1& + !'5,+7 /&+!")&2 ',

,+,./&%&)!3 4$'! '! #.1&)&2 ', I&#%'., T3L3K ', E$+(%&) T3 4$& +/(7'%"2& .- %$&

1'0)+%'., 6+! -.",2 "!',5 + #.//&)#'+7F !',57& (.',% 1'0)./&%&) ;<.78%&# UVS

ATNW UVS KAMBO3

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

4$& ',%&)-&)./&%&) 6+! !&%:"( 6'%$ %$& -.77.6',5 #./(.,&,%!=

• 2.8mW D& X& 7+!&) ;?&77&! Y)'.% : KA:JD<:@K@:KTBO ().2"#',5 632.8nm

7'5$%3 4$'! 7+!&) ().2"#&! #.77'/+%&2F (.7+)'Z&2 7'5$% 1mm ', 2'+/&%&)3

• <.7+)'Z',5 AB=AB 0&+/ !(7'%%&)!

•  $+7- 6+1& (7+%&

• 46. *"+)%&) 6+1& (7+%&!

• J&,!&!

KAT



•

•



∼ 80MHz

< 0.25%

< 1.1%



25 kHz

25 kHz



25 kHz

26 kΩ

kpv

3.28V

44.58 kV/s



3.3V
45.75 kV/s kpv

25 kHz 1 kHz

200mV 1.1V

10 kHz



 !" #$%&'(('" )! * +, -. /! 0)12$'345 -%+6 ('+( %7 " + 8'$' (& ,'" +% 1)9' +6'

9)-$ +)%!  :#,)+2"'  !" %9'$, )" +%  ,,%8 &%:# $)(%!. ;6$'' ")<'$'!+ "$)9' 9%,+=

 1'  :#,)+2"'(  $' (6%8!> 200mV pp> 500mV pp  !" 1.1V pp>  ,,  + 1 kHz "$)9'

7$'?2'!&@. A+ 500mV pp -%+6 ()1! ,(  $' &%:# $ -,' -2+ +6' #)B',C( ()1! , 6 (

:%$' ,%8 7$'?2'!&@ !%)(' 86)&6  ##' $(  ( #'$)%")& D2&+2 +)%!(. ;6'('  $' +6'

$'(2,+ %7 +6' +):)!1 &)$&2)+ %#'$ +)%! = ' &6 +):' +6' +):)!1 & # &)+%$ )( ( :#,'"

 !" $'('+> +6' %2+#2+ 9%,+ 1' )( 2#" +'". ;6)( 2#" +' #$%&'(( )!+$%"2&'( (+'# )!

+6' %2+#2+ 9%,+ 1'. A+ 200mV +6' &%::'$&) , EFGC( ()1! , +% !%)(' $ +)% (+ $+(

+% -' "'&$' ('> 86),' +6' #)B', )( (+),, 'B6)-)+)!1  ():), $ !%)(' #$%H,'. A+ 1.1V

+6' ()1! , - !"8)"+6 6 ( )!&$' ('" '!%216 +6 + +6' !'1 +)9' #' I( (+ $+( +% &,)#>

6%8'9'$ +6' #%()+)9' #' I (+),, 1)9'(  :' (2$' %7 +6' 9)-$ +)%!  :#,)+2"'. ;6)( )(

 $'(2,+ %7 +6' +):)!1 &%!9'$()%!  !" (6%8( 6%8 +6)( !%!=,)!' $ &%!9'$()%! 1)9'(

)!&$' ('" "@! :)& $ !1'.

JKL





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

$* +* 4&$%  !" +'5") !(, -"". )"4 *.#!(.6"07

8(-)" 9:; <$%+(&',$. -" 1"".  !" (%+)' *0", $4  !" ='-&( '$., %"(,*&"0 ->  !"

+'5") (.0  !" #$%%"&#'() ?@A7

A$) (6" B%+)' *0" C%AD <$%%"&#'() ?@A C.%D E'5") C.%D F&&$&CGD

:HH 9IJ 9KK ±4.8
::K :LL :HI ±18
LHH MN9 MMH ±4.6
NHH LLN L:I ±4.9
9HHH I9L KIH ±2.7
99HH 9HH9 IM: ±6.3

 !"!# $%&'()*+%&

8!', , (6" $4  ", '.6 !(, ,!$1.  !" OPQ ?@A '. $+"&( '$. 1' ! ( &"()2)'4" ='-&( '.6

$-R"# 7 8!" $* +* !(, -"". #$%+(&"0 1' ! ( #$%%"&#'() ,'.6)" +$'. ,>, "% (.0

,!$1.  $ -" '. 6$$0 (6&""%". 1' ! < 5% (%+)' *0" "&&$& '. %$, #(,",3 (.0

< 0.1% "&&$& 4$& 4&"S*".#>7 8!', 4$&%,  !" /.() , (6" $4  !" +&$$4 $4 +&'.#'+)" $4

 !', ?@A ,>, "%7 8!"&" ', , ')) .(&&$12-(.0 .$'," $.  !" $* +* 4&$%  !" +'5") 0*"

 $  !" $+"&( '$. $4  !"  '%'.6 #'&#*' 7 8!', .$'," #(. -" &"0*#"0 -> '.#&"(,'.6  !"

T&(66 <")) 4&"S*".#> #$%+(&"0 1' !  !" ,'6.() -(.01'0 !7 8!', 1')) &"0*#"  !"

+!(," 0'U"&".#" -" 1"". "(#! V"&$2#&$,,'.6 (.0  !"&"4$&" (),$ &"0*#"  !" =$) (6"

, "+ ( "(#! #&$,,'.67 8!" 0"/.' " , "+,  !( (++"(& $.  !" $* +* (&" 0*"  $

 '%'.6 #'&#*' &","  '.6 0*"  $  !" V"&$2#&$,,'.6,7 8!', #$*)0 -" &"0*#"0 '4  !"

T&(66 <")) 4&"S*".#> 1(, '.#&"(,"07 8!', 1$*)03 !$1"="& &"S*'&" (. BWF 1' ! (

1'0"& 4&"S*".#> &",+$.,"7

:N9



 !" #$%%&#'(%) *++%',-.'/0 & 1(234-0( 5'34-.'/06

 !"!# $%&'()*+&,(%

 !""# $%%&'($)'"* "+ +,&&-./&# 0'12$)'"* '3$!'*! '4 $ 0'12$)'*! 3/312$*/5  ('2-

(,&$2 3/312$*/ '4 ,4/# $*# #/3"*4)2$)/4 $ 4'),$)'"* 67/2/ *"*-("*)$() 0'12"3-

/)28 '4 0')$& 9:;<= $*# +,&&-./&# 0'12"3/)28 '4 $* $#0$*)$!/5  * '#/$& 3/312$*/

47",&# 7$0/ *" 4)'>*/44 )7/2/+"2/ ')?4 "4('&&$)'"*4 #/%/*# "*&8 "* )7/ 2/4)"2'*!

+"2(/ 4,%%&'/# 18 )7/ )/*4'"* ')4 ,*#/2 9:@A<5 B+ )7/ 3/312$*/ '4 0'12$)/# $) $*

$%%2"%2'$)/ +2/C,/*(8 )7/* 6$0/4 )2$0/&'*! $(2"44 )7/ 3/312$*/ ($* +"23 4)$*#-

'*! 6$0/45 D7/ %&$(/4 67/2/ )7/ 0'12$)'"* '4 E/2" $2/ ($&&/# *"#/4 $*# ($* 1/

,4/# )" #/4(2'1/ )7/ 4)$*#'*! 6$0/ %$))/2* 67'(7 '4 ($&&/# $ 3"#/5

D7/2/ $2/ 3$*8 #'>/2/*) 3"#/4 '* 67'(7 $ 3/312$*/ ($* 0'12$)/5 F"3/ "+

)7/4/ $2/ 47"6* '* G'!,2/ :HI5 D7/ 0$&,/4 '* 12$(J/)4 $2/ )7/ 3"#/ #/4'!*$)'"*4

+"2 $* '#/$& 3/312$*/ '* )7/ +"23 K3=*L5 D7/8 &'4) )7/ 4)$*#'*! 6$0/4 67'(7

3$J/ ,% )7/ 0'12$)'"* *"#/4 '* 2$#'$& (""2#'*$)/45 * 47"64 )7/ *,31/2 "+ 4)$*#'*!

6$0/4 '* )7/ 2$#'$& #'2/()'"* $*# 3 47"64 )7/ *,31/2 "+ 4)$*#'*! 6$0/4 '* ('2(,&$2

#'2/()'"*5

@;@





 !"!# $%&'()*'+,-. /',0&

 ! "#$ %&'$ () "#*' $+,$-*.$!" "#$ .$./-&!$ 0&' & '$.*1-$2$%"*3$ ,4&'"*% '#$$"

.(5!"$6 (! "#$ $!6 () & %74*!6-*%&4 '5,,(-"8 4*9$ & 6-5.: ; )-&.$ 0&' !$$6$6 "(

#(46 "#$ .$./-&!$ *! ,4&%$8 "$!'*(! *" &!6 '5,,(-" "#$ ',$&9$- 0#*%# 3*/-&"$6 "#$

.$./-&!$: <0( ,#("(=-&,#' () "#$ .$./-&!$ '5,,(-" &-$ =*3$! *! >*=5-$ ?@A:

<#*' '"-5%"5-$ 0&' .&6$ *! "0( ,&-"' &' '#(0! *! >*=5-$ ?@B: <#$ C-'" ,&-"8 "#$

.$./-&!$ .(5!"8 '*.,47 %4&.,$6 "#$ .$./-&!$ .&"$-*&4 *! ,4&%$ &-(5!6 & %*-1

%54&- #(4$: D#$! & .$"&4 %74*!6$- 0&' ,5'#$6 "#-(5=# "#$ #(4$ *! "#$ .$./-&!$

.(5!" *" 0(546 5!*)(-.47 "$!'*(! "#$ .$./-&!$: <#$ '$%(!6 ,&-" 0&' "#$ -$'"

() "#$ .(5!": <#*' 0&' /&'$6 &-(5!6 & 0((6$! '5,,(-" (!"( 0#*%# 0&' /(4"$6

"#$ '"$$4 %74*!6$-: ; #(4$ 0&' %5" *! "#$ %$!"$- () "#*' '5,,(-" "( &44(0 '(5!6

)-(. "#$ ',$&9$- .(5!"$6 &" "#$ /&%9 "( "-&3$4 "#-(5=# *!"( "#$ '"$$4 %74*!6$-8

&!6 &=&*!'" "#$ "$!'*(!$6 .$./-&!$:

<#$ C!&4 .$./-&!$ '"-5%"5-$ *' '#(0! *! >*=5-$ ?@E:

• <#$ .$./-&!$ 6*&.$"$- 0&' 9.4 cm )(-.$6 /7 & <$2(! %(&"$68 -(5!6 %&9$

/&9*!= )(-.: <#*' 0&' & '*.,4$ '(45"*(! "( "#$ ,-(/4$. () & -*=*68 '.(("#

&!6 -(5!6 )(-.:

• <#$ 0((6 )(- "#$ .(5!" &!6 )-&.$ 0&' 15mm %(.,-$''$6 %#*, /(&-6 0#*%#

'#(0$6 $+%$44$!" '"*F!$'' &!6 3*/-&"*(! -$'*'"&!%$:

• <#$ ',$&9$- 0&' & 75mm /&'$ 6-*3$- 0#*%# #&' '5G%*$!" -&!=$ "( %(3$- "#$

)-$H5$!%*$' () *!"$-$'" I< 2 kHzJ:

• <#$ .$./-&!$ 0&' & ,4&'"*%K '*43$- )(*4: ;4"#(5=# 5!5'5&4 "#*' .&"$-*&4 0&'

3$-7 4*=#"8 '.(("# &!6 -$'*'"&!" "( '"-$"%#*!=: D#$! ,544$6 "*=#" *" =&3$

& .*--(- '5-)&%$8 &!6 6*6 !(" '#(0 &,,-$%*&/4$ %#&!=$ *! ,-(,$-"*$'8 $3$!

&)"$- ,-(4(!=$6 .(5!"*!=:

LAM
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 !"!" #$%&'()&*+,- .&+/01

 !"#$ %& '%#()* +,#)- 2mm *.'/"/)#%(0 ,/* $"/,( %( #) 1*#(! '."2/(.() 2/"3."

,-#4- /55%,.$ 2./*1".2.() %& ,-.". )-. 5/*." 2./*1"#(! '%#() %& )-. 678 ,/* %(

)-. *1"&/4.9 :-. 2.2;"/(. 2%1() ,/* '155.$ /!/#(*) )-. *1''%") &"/2. 1*#(! )-.

4%2'".**#%( ;%5)*9 :1"(#(! ./4- ;%5) )-. */2. (12;." %& )1"(* .(*1".$ )-/) )-.

).(*#%( ,/* 1(#&%"29 :-. 2.2;"/(. ,/* -.5$ <.")#4/55= /* *-%,( #( >#!1". ?@A

/($ )-. BCD $#".4).$ /!/#(*) #)* *1"&/4.9  *#!(/5 !.(."/)%" + !#5.() @@EEF 0

,/* 1*.$ )% $"#<. )-. *'./3." /($ /( %*4#55%*4%'. ,/* 1*.$ )% 4/')1". )-. ".*15)*

+:.3)"%(#G 6HI JFKJ09 :-. &%55%,#(! '"%4.$1". ,/* 4/""#.$ %1)L

?9 :-. BCD ,/* $#".4).$ /) )-. 4.()." %& )-. 2.2;"/(.9

E9 :-. *'./3." ,/* $"#<.( ,#)- / *#!(/5 %& 20Hz9

@9 :-. *'./3." *#!(/5 &".M1.(4= ,/* #(4"./*.$ 1()#5 )-. <#;"/)#%( "./4-.$ /

2/G#2129 :-. 2.2;"/(. &"/2. ,/* )-.( 2%<.$ )% *4/( )-. BCD 2./N

*1".2.() *'%) /4"%** #)9

J9 :-. 5%4/)#%( %& /(= O."%N<#;"/)#%( (%$.* ,.". (%).$9

K9 :-. &".M1.(4= ,/* )-.( #(4"./*.$ /($ *).'* @ /($ J ".'./).$9

I(4. )-. P"*) ),% 2%$. %& <#;"/)#%( %& )-. 2.2;"/(. -/$ ;..( &%1($Q )% #551*)"/).

)-. *.(*#)#<#)= %& / 2.2;"/(. *=*).2Q )-. )%' 5.&) 4%2'".**#%( ;%5) ,/* 5%%*.(.$

;= -/5& / )1"( /($ )-. (%$. 2/'* ".2./*1".$9

 !"!2 3&45-+4

:-. ".*15)* %& )-#* .G'."#2.() /". *-%,( #( >#!1". ?@R9 :-. )%' 5.&) /($ ;%))%2

5.&) '5%)* *-%, )-. FQE /($ FQ@ 2%$.* %& <#;"/)#%( %& )-. 2.2;"/(. ,#)- .M1/5

).(*#%( %( )-. 4%2'".**#%( ;%5)*9 :-. 4#"45. %( /55 )-. '5%)* %& >#!1".?@R *-%,*

EST





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

 !"# $%&$'"($)* #!+,# !+, #$)#"*"-$ . ($(/'.)$ "# *+ 0!.)1$# ") "*# (+2)*")13

4$5$''")1 *+ 6"12'$ 789 *!$ :;< (+=$ "# #!"5*$= =+,) 5'+( "*# "=$.> &+#"*"+)3  !"#

0+2>= /$ =2$ *+ . #>"1!* ("#(.*0! ") *!$ *$)#"+) +5 *!$ (+2)*")13  !$ '$#2>*#

#!+, !+, #$)#"*"-$ *!$ #?#*$( "# *+ 0!.)1$ ") *!$ *$)#"+) @7<AB3  !"# &'$-$)*#

*!$ 2#$ +5 .)? 5+'( +5 0+)*.0* -"/'.*"+) ($.#2'$($)*3  !$ 2)>+.=$= :;8 (+=$

.>#+ #!+,# ,!$'$ . 52>>CD$>= ($.#2'$($)* ,+2>= /$ +5 /$)$D*3  !$ )+=$# #!"5*$=

") .) 2)&'$="0*./>$ ,.? =2'")1 *!$ $%&$'"($)* .)= "5 *!$ ,!+>$ #2'5.0$ +5 *!$

($(/'.)$ ,.# /$")1 "(.1$= *!$) . (+'$ 0+(&>$*$ "=$. +5 !+, *!$ )+=$# ,$'$

0!.)1")1 ,+2>= /$ &+##"/>$3

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

 !"# #$0*"+) !.# #!+,) #+($ $%&$'"($)*.> '$#2>*# 5+' *!$ EFG =$-$>+&$= =2'C

")1 *!"# &'+H$0*3  !$ D'#* $%&$'"($)* ,.# =$#"1)$= *+ 0+(&.'$ *!$ EFG &"%$>
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