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#(-4$9<&.(-2 I,.#, .4 .9<(1&"-& I.&, 1+4<+#& &( K"&&+1' %.)+ "-= ,"4 " ,.0, .-<$& .9<+="-#+ ()  UU 8eH

.! !.! <#$-($%'+ +-&-+,! 7,+ I,(%+ #.1#$.& -++=4 &,1++ #(-4&"-& )$-="9+-&"% <(&+-&."% %+A+%42 &,+ 01($-=
%+A+%2 "-= " <(4.&.A+ "-= " -+0"&.A+ <(&+-&."% &( <(I+1 &,+ E<O9<4 "-= &,+ 5-4&1$9+-&"&.(- O9<%.).+14H 5-
&,+ )(%%(I.-0 &,+' I.%% K+ #"%%+= 8bR2 W## "-= W++ 1+4<+#&.A+%'H 7,+ &,.1= <(&+-&."% )(1 &,+ "9<%.).#"&.(-
#.1#$.& .4 #1+"&+= I.&, " A(%&"0+ =.A.=+12 .%%$4&1"&+= .- !.0$1+ :H 7( J++< &,+ #$11+-& &,1($0, &,+ 1+4.4&(14
%(I "-= 4( =( -(& I"4&+ K"&&+1' <(I+12 ,.0, 1+4.4&"-#+4 ()  *e "1+ #,(4+-H O A(%&"0+ )(%%(I+1 .4 "==+=
&( 9"J+ &,+ 1+4$%&.-0 A(%&"0+ .-=+<+-=+-& &( &,+ %("=H 7,+ "=A"-&"0+ () &,.4 #.1#$.& .4 &,"& -( +P&1" #.1#$.&
.4 -++=+= &( %.)& &,+ A(%&"0+ .-&( " 9+"4$1.-0 1"-0+ %.J+ .- [ U\ "4 &,+ O1=$.-( "%I"'4 9+"4$1+4 .-<$&
A(%&"0+4 1+)+11.-0 .& &( .&4 (I- 01($-=2 I,.#, .- &,.4 4+&$< .4 W++H O%% A(%&"0+4 (##$11.-0 "1+ K+&I++- U
"-= ] W "-= (4#.%%"&+ "1($-= :H] W 1+)+11.-0 &,+9 &( O1=$.-(Y4 01($-=H

2.5�

 2.5�

�  

!"#

�$$

1 %Ω

5�

1%Ω

'()*+,- 5� /+,

'()*+,- !"#

J5?46! AH W(%&"0+ =.A.=+1 )(1 =+).-.-0 &,+ 8bR <(&+-&."%H

.! !;! ?($-*2'$#2 9%291%$! 7,.4 #.1#$.& .4 <1+4+-&+= .- &,+ ="&"4,++& () &,+ 5-4&1$9+-&"&.(- O9<%.).+1
5bO  _ K' 7+P"4 5-4&1$9+-&4 [  \2 "-= 1+<1+4+-&4 " #(-&1(% %((< &( +%.9.-"&+ ())4+& A(%&"0+4H 5& )++=4 &,+
.-A+1&+= .-&+01"&+= E$&<$& A(%&"0+ K"#J &( &,+ 1+)+1+-#+ <.- () &,+ .-4&1$9+-&"&.(- "9<%.).+12 9"J.-0
"=A"-&"0+ () &,+ )"#& &,"& &,+ /*8L4.0-"% .4 F+1(L9+"- "-= 4(2 .&4 .-&+01"% .4 "%4( F+1(H O4 &,.4 #.1#$.& "#&4
"4 " ,.0,L<"44 ).%&+1 "-= #"- "&&+-$"&+ %(IL)1+M$+-#' )%$#&$"&.(-4 &,+ 1+4<(-4+ &.9+ ,"4 &( K+ "=N$4&+=H 7,+
<1(<(4+= .-<$& 1+4.4&"-#+ .- [  \2 d.-& ()  *e "-= " #"<"#.&(1 ;.-& ()  UU -! <1(A.=+ " #$&L()) )1+M$+-#'
()  H]T SF "-= ,"A+ -(& K++- "=N$4&+= =$+ &( "<<1(<1."&+ 1+4$%&4H

.! !=! A2%&-( 2%*5$ +-* 9%291%$! 5- K.<(%"1 /*8 9+"4$1+9+-&4 " RdZ #.1#$.& .4 -++=+= &( 9"&#, &,+
<(&+-&."% (- &,+ 4J.- &( &,+ .-A+1&.-0 "9<%.).+1Y4 1+)+1+-#+ () &,+ 5-O9<H 7,+ RdZ #.1#$.& .4 "&&"#,+= &( "
1+)+1+-#+ +%+#&1(=+2 I,.#, .4 #(-A+-&.(-"%%' <%"#+= (- "- +%+#&1.#"%%' .-"#&.A+ <"1& () &,+ K(='H O 4&"-="1=
#.1#$.& =+4.0- I"4 <1+4+-&+= K' X1$#+ XH Q.-&+1 "-= f(,- 8H Q+K4&+1 K"#J .-  T^B [ :\H X$& .- &,.4 #"4+
&,+ 1+)+1+-#+ +%+#&1(=+ 4,"%% "4 I+%% K+ .-&+01"&+= .-&( &,+ "19K"-= &( -(& ,"A+ " #"K%+ #(9.-0 ($& () .&
"-= 4&1$00%.-0 I.&, ).P&$1+ () &,+ +%+#&1(=+ (- &,+ "19H 7,"& 9+"-4 &,"& &,+ 1+)+1+-#+ +%+#&1(=+ I.%% -(&
"%.0- (- "- +%+#&1.#"%%' .-"#&.A+ <"1& () &,+ K(=' K$& (- 9$4#%+ &.44$+H 7,+ =+4.0- <1+4+-&+= K' Q.-&+1 "-=
Q+K4&+1 I"4 $4+= .- #(9K.-"&.(- I.&, " )1+M$+-#' #(9<+-4"&+= E<O9< I,.#, %+"=4 &( A+1' <1(9.4.-0
1+4$%&4H Q.-&+1 "-= Q+K4&+1 =+1.A+ &,+ )(19$%" )(1 &,+ +))+#&.A+ 1+4.4&"-#+ () &,+ RdZL#.1#$.& &( &,+ K(='H
O##(1=.-0 &( &,"& &,+ 1+%"&.(- () dRdZ &( d8 ,"4 &( K+ #,(4+- ,.0, .- (1=+1 &( 4+& &,+ +))+#&.A+ 1+4.4&"-#+
%(IH [ :\ O4 d8 .4 =+).-+= K' &,+ 0".- )"#&(12 (-%' dRdZ #"- K+ "=N$4&+= "-= .4 4+& &(  *eH
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.! !B! C#D @',, 4%+$-2! O4 &,+ )1+M$+-#.+4 .- "- /*8L4.0-"% =( -(& +P#++= ]UU SF2 "%% (##$11.-0
)1+M$+-#.+4 "K(A+ #"- K+ #(-4.=+1+= $-I"-&+= -(.4+H 7,+4+ "1+ 4$<<1+44+= I.&, "- "9<%.)'.-0 .-A+1&.-0
%(IL<"44 ).%&+1 "& &,+ ($&<$& () &,+ #.1#$.& I.&, " #$&L()) )1+M$+-#' ω0 () "K($& ]UU SFH O BB Je 1+4.4&"-#+
"-=  U -! #"<"#.&(1 "1+ +#(-(9.# 4&"-="1= #(9<(-+-&4 "-= %+"= &( A+1' 4"&.4)'.-0 1+4$%&4H

ω0 4
1

2678/,2:8/
4 482.29 >? ` a

7,.4 #.1#$.& "==.&.(-"%%' )$%).%4 &,+ )$-#&.(- () " 4+#(-= 0".- 4&"0+2 I,.#,Y4 0".- )"#&(1 .4 "=N$4&+= K'
&,+ .-<$& .9<+="-#+H 7,.4 .4 .9<(1&"-& K+#"$4+ &,+ ORV:U ,"4 " #(9<"1"K%' %(I A(%&"0+ ($&<$& 4I.-0
"-= .4 (-%' "K%+ &( =.4<%"' "- ($&<$& 1"-0+ () :Hc WH 7,.4 1+<1+4+-&4 (-%' %.&&%+ 9(1+ &,"- ,"%) () &,+
"A".%"K%+ 9+"4$1.-0 1"-0+2 4( .& 9"J+4 4+-4+ &( <+1)(19 (-%' " ,"%) () &,+ "9<%.).#"&.(- I.&, &,+ ORV:U
"-= $4+ &,+ 4+#(-= 0".- 4&"0+ I.&, " 01+"&+1 ($&<$& 4I.-0 &( "9<%.)' K' &,+ )"#&(1 :H d".%L&(Ld".% `d:da
E<O9<4 "1+ +4<+#."%%' (<&.9.F+= (- " 01+"& ($&<$& 4I.-0 "-= 4,($%= K+ $4+= .- &,.4 "<<%.#"&.(-H
@-)(1&$-"&+%'2 &,+1+ #($%= -(& K+ )($-= "-' =$"% d".%L&(Ld".% E<O9< .- /#$"=(12 4( &,+ Z*B]^ .4 $4+=2
"##+<&.-0 " %(44 .- &,+ A(%&"0+ ($&<$& 1"-0+H 7,+ 0".- () &,.4 4+#(-= "9<%.).#"&.(- 4&"0+ I"4 1+"%.F+= I.&,
"- .-<$& 1+4.4&"-#+ ()  ^ Je2 I,.#, .4 &,+ #%(4+4& 4&"-="1= 1+4.4&"-#+ &( &,+ ,"%) () BB Je2 &( "#,.+A+ "
0".- )"#&(1 ()  H^B WDWH

O X(=+ <%(& () &,+ I,(%+ #.1#$.& .4 0.A+- .- !.0$1+ BH 5& #%+"1%' 4,(I4 &,+ +P<+#&+= K"-=<"44 I.&, #$&L
()) )1+M$+-#.+4 ()  HVU SF "-= _] HcV SFH

J5?46! EH X(=+ <%(& () &,+ 4.9$%"&+= #.1#$.&H

.! !E! 7'%( 2-,%,$'(9-! C+(<%+Y4 4J.- #(-=.&.(-4 "-= &.44$+ <1(<+1&.+4 A"1' " %(& )1(9 <+14(- &( <+14(- [:\2
4( .& .4 .9<(1&"-& &( =+4.0- " 4(%$&.(- I,.#, "%%(I4 &,+ "=N$4&9+-& () &,+ "9<%.).#"&.(- )"#&(1H 7,+1+)(1+
&,+1+ "1+ )($1 0".- 1+4.4&(14 4#,+=$%+=H 7@1 "-= 7@2 ,"A+ &,+ 4"9+ 1+4.4&"-#+ "-= "1+ #(--+#&+= .- 4+1.+4

&( #1+"&+ &,+ 1+)+1+-#+ <(&+-&."% )(1 &,+ RdZ #.1#$.& "& &,+.1 #(99(- -(=+H 7@3 "-= 7@4 "1+ #(--+#&+=

4+1."%%'2 <"1"%%+% &( 7@1 "-= 7@2 H 7@4 .4 " <(&+-&.(9+&+12 I,.#, .4 $4+= &( "=N$4& &,+ 0".- )"#&(1H 5& .4

"=N$4&"K%+ )1(9 U &( ]UU eH 7,+ "11"-0+9+-& () &,+ 0".- 1+4.4&(14 .4 4J+&#,+= .- !.0$1+ _H

gain resistance: 7!C7@4D 4
2∙7@1 7@3F7@4

27@1F7@3F7@4
`:a

gain: !C7@4D 4
49400Ω∙2∙7@1F7@3F7@4

2∙7@1 7@3F7@4
F 1 `Ba

7@1 "-= 7@2 "1+ 4+& &(  Je2 Rg3 &( _c e .- (1=+1 &( 1+4&1.#& &,+ 0".- 1+4.4&"-#+ &( A"%$+4 K+&I++-

7!C7@4 4 0ΩD 4 46.0Ω "-= 7!C7@4 4 500ΩD 4 429.5Ω "-= &,+ 0".- )"#&(1 )(1 &,+ ).14& 0".- 4&"0+ &(

A"%$+4 K+&I++- !C7@4 4 500D 4 115 "-= !C7@4 4 500D 4 1100H !(1 &,+ +-&.1+ #.1#$.& &,.4 1+4$%&4 .- "

0".- )"#&(1 1"-0+ )1(9 : UH^B &( :U VHVc WDWH
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7@1 7@2

7@4
&( ORV:U&( ORV:U

H($I `&( RdZ #.1#$.&a

7@3

J5?46! K O11"-0+9+-& () &,+ 0".- 1+4.4&(14 

.! !F! "-95'(%9'+ )-,%*(! 7( ,(%= "%% #(9<(-+-&4 &(0+&,+1 "-= ).P &,+ "19K"-= (- &,+ "192 =+).-.-0 &,+
+%+#&1(=+4Y <(4.&.(-42 &,+ =+A.#+ I"4 =.A.=+= .-&( )($1 <,'4.#"%%' 4+<"1"&+=2 .-=.A.=$"%%' ,($4+=
4$K4'4&+94 #(--+#&+= K' #"K%+4 "-= +%"4&.# 4&1"<4H 7I( .=+-&.#"% 4+-4(14 "1+ "%.0-+= (- =.))+1+-& 4.=+4 ()
&,+ "19H 7,+ #.1#$.& K("1=4 () &,+ &I( 4+-4(14 .-#%$=+ &,+ "9<%.).#"&.(- #.1#$.&2 .-&+01"&(1 #.1#$.& "-= %(IL
<"44 ).%&+1 +"#,H 7,+ .-&+1L+%+#&1(=+ =.4&"-#+ .4 : H] 99 .- (1=+1 &( <%"#+ &,+ .-4&1$9+-&"&.(- "9<%.).+1 .-
K+&I++-H 7,+ =+A+%(<+= 4+-4(1 .4 4,(I- .- !.0$1+ ]H /"#, 4+-4(1 ())+14 &I( 4-"<L)"4&+-+1 4(#J+&4H O4
9"-' +%+#&1(=+4 "1+ 4(%= I.&, " 4-"<L)"4&+-+1 #(--+#&.(- .& I"4 =+#.=+= &( "19 4-"<L)"4&+-+1 4(#J+&4
=.1+#&%' &( &,+ #.1#$.& K("1=4H 7,.4 =+4.0- ,"4 &,+ "=A"-&"0+ &,"& &,+ +%+#&1(=+4 "1+ +P#,"-0+"K%+2 4( "-'
<$1#,"4"K%+ +%+#&1(=+4 I.&, " 4-"<L)"4&+-+1 #(--+#&.(-2 +A+- <1+L0+%%+= (-+42 #"- K+ .-4+1&+=H 7I(
=.))+1+-& O0DO0;% +%+#&1(=+4 )1(9 B* S+"%&, ;"1+ "-= S+"1&d(=+ ,"A+ K++- &+4&+= 4$##+44)$%%'H 7(
=.4&1.K$&+ &,+ I+.0,& "1($-= &,+ "19 "-= J++< &,+ "19K"-= "4 )%"& "4 <(44.K%+ &,+1+ .4 " &,.1= #.1#$.& K("1=
K+&I++- &,+ 4+-4(14 I,+1+ &,+ 9.#1(#(-&1(%%+1 I.%% K+ ).P+= (-H O%% #.1#$.&4 &,"& (-%' "<<+"1 (-#+2 -"9+%'
&,+ 9.#1(#(-&1(%%+1 K("1=2 &,+ RdZ #.1#$.& "-= &,+ A(%&"0+ =.A.=+1 "1+ $-.&+= (- &,.4 &,.1= K("1=2 .- &,+
)(%%(I.-0 #"%%+= 9".- K("1=H 5- &,+ #+-&+1 () &,+ K("1= " 4-"<L)"4&+-+1 4(#J+& )(1 &,+ 1+)+1+-#+ +%+#&1(=+ .4
<%"#+=H 7,+ I,(%+ K("1= ,"4 " 4.F+ () _]P:T 99g "-= .4 4,(I- .- !.0$1+ ]H 7,+ K"&&+1.+4 "-= &,+
X%$+&((&, 9(=$%+ 9"J+ " )($1&, 4$K4'4&+9 ).P+= (<<(4.&+ &,+ 9".- K("1=H 5& .4 (-%' -++=+= I,+- &,+
=+A.#+ .4 (<+1"&+= I.1+%+44%'H

J5?46! LH ?+-4(1 #.1#$.& K("1= `%+)&a "-= *".- K("1= `1.0,&aH

O4 ,($4.-04 BRL<1.-&"K%+ =+4.0-4 "1+ #,(4+- )(1 &,+ <1(&(&'<+4H 7,+' "1+ "%% =.A.=+= .- &I( <"1&4 I.&,
1".%4 &( 4%.=+ .-&( +"#, (&,+1 "-= ())+1 (<+-.-04 )(1 &,+ #"K%+42 #(--+#&(14 "-= +%+#&1(=+4H Z.&&%+ ,((J4 (-
&,+ 4.=+4 "%%(I &( "&&"#, +%"4&.# 4&1"<4 &( ,(%= &,+ 9+"4$1.-0 =+A.#+4 .- <%"#+ "4 4,(I- .- !.0$1+ VH

J5?46! MH S($4.-04 )(1 9".-K("1= `%+)&a2 4+-4(14 `#+-&+1a "-= K"&&+1.+4 "-= X%$+&((&, 9(=$%+ `1.0,&a

7( 9"J+ &,+ "19K"-= $4+"K%+ )(1 <+(<%+ I.&, =.))+1+-& "19 #.1#$9)+1+-#+4 &,+ <"1&4 "1+ +P#,"-0+"K%+H
R.))+1+-& +%"4&.# 4&1"< %+-0&,4 #"- )1++%' K+ #(9K.-+= &( <%"#+ &,+ 4+-4(14 (- &,+ 1.0,& 4<(&4 "-= +-4$1+ "-
"<<1(<1."&+ #(-&"#& <1+44$1+ "-= I+"1.-0 #(9)(1&H
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EH /"*#4*(5$' $) (8! .@.(!&

7,+ 4+-4(14 I+.0,  V 0 +"#,2 &,+ #"4+ I.&, &,+ 9".- K("1= :VH] 0 "-= &,+ K"&&+1' K(P :^ 0H 7(0+&,+1 I.&,
&,+ "19K"-= "-= #"K%+4 .& 1+"#,+4 " &(&"% I+.0,& () T: 0H O%% 4$K4'4&+94 "-= &,+1+I.&, &,+ "19K"-= "1+
4,(1&+1 &,"- ]U 99H 7,.4 .4 #(-4.=+1+= 1+"4(-"K%+H Q,+1+"4 &,+ 4+-4(14 "1+ A+1' )%"&2 &,+ K(P )(1 &,+ 9".-
K("1= .4 ,.0, I.&, :: 99H 7,.4 .4 =$+ &( &,+ 4(#J+& &,+ O1=$.-( b"-( .4 <%"#+= (- "-= #"- K+ 1+=$#+=
4(%=+1.-0 &,+ 9.#1(#(-&1(%%+1 K("1= =.1+#&%' &( &,+ C;XH

7,+ &(&"% 9"&+1."% #(4&4 )(1 &,+ =+A.#+ "1+ K+%(I h]]2 K$& .& #"- K+ (K4+1A+= &,"& &,+ K"&&+1.+42 &,+
5-O9<2 &,+ O1=$.-( "-= &,+ X%$+&((&, 9(=$%+ 9"J+ 9(1+ &,"- c]i () &,+ #(4&42 I,+1+"4 (&,+1 +%+#&1.#"%
#(9<(-+-&4 "-= &,+ 9"&+1."% <1.#+4 =( -(& ,"A+ 4$#, " 01+"& .9<"#& "-= &,+ <1.#+ )(1 9"-' #(9<(-+-&4
#"- K+ 1+=$#+= K' M$"-&.&' =.4#($-&4H ?+A+1"% &+4& 9+"4$1+9+-&4 ,"A+ K++- <+1)(19+= (- " A(%$-&"1'2
"K%+LK(=.+= &+4& <+14(- "4 4++- .- !.0$1+ cH !(1 " %((4+ "19K"-= (1 I(1J.-0 .- " A+1' =1' +-A.1(-9+-& .&
#"- K+ -+#+44"1' &( "<<%' #(-=$#&.A+ 0+% &( &,+ +%+#&1(=+4 &( 0+& #(-#%$4.A+ 9+"4$1+9+-&4H

J5?46! NH 7+4&4 (- "- "K%+LK(=.+= &+4& <+14(-H

5- &,+ <+1)(19+= &+4&4 &,+ 4J.- I"4 -(& +<.%"&+=2 "-= #(-=$#&.A+ 0+% I"4 -(& "<<%.+= +.&,+1H 7,+ 0".-
1+4.4&"-#+4 () &,+ 4+-4(14 (- &,+ K.#+<4 "-= &1.#+<4 I+1+ &$-+= &( :_ e "-= &(  :^ e 1+4<+#&.A+%'2 %+"=.-0
&( 0".- )"#&(14 () Bcc2VB WDW "-= cUTHBT WDWH 7,+4+ A"%$+4 I+1+ "=N$4&+= =$1.-0 " 9+"4$1+9+-& I.&, &,+
4&1(-0+4& 9$4#%+ #(-&1"#&.(- <(44.K%+ &( <+1)+#&%' $4+ &,+ "A".%"K%+ 9+"4$1.-0 1"-0+H 7,+ &1.#+<4 =.4<%"'+=
" %(I+1 /*8L4.0-"% &,"- &,+ K.#+<4 "-= .4 &,+1+)(1+ "9<%.).+= 9(1+H 7,+ &+4&4 4,(I+= " A+1' %(I -(.4+
%+A+% () ::HB 9W )(1 &,+ 4+-4(1 (- &,+ K.#+<4 "-= B:Hc 9W )(1 &,+ (-+ (- &,+ &1.#+<4H O &+4& 9+"4$1+9+-&
.4 0.A+- .- !.0$1+ ^ #(-&1"#&.-0 K(&, 9$4#%+4 "& &,+ 4"9+ &.9+ )(1 "K($&  H: 4+#(-=4H

!"#$%&'

(#$%&'

J5?46! OH /*8L9+"4$1+9+-& (- "K%+LK(=.+= ,$9"-H

KH 9$'-#4.5$'.

5- 4$99"1' .& #"- K+ #(-#%$=+= &,"& &,+ <1(&(&'<+ 4"&.4).+4 &,+ 1+M$.1+9+-&4 .- 9"-' <(.-&4 K$& 4&.%%
,"4 &,+ -+#+44.&' &( K+ (<&.9.F+= .- 4+A+1"% "4<+#&4H O- "="<&"K%+2 #(9)(1&"K%+ 4(%$&.(-2 I,.#, ,(%=4
).19%' (- &,+ $<<+1 "19 I"4 )($-=H 5& .4 "44+9K%"K%+ I.&, #(9<(-+-&4 "A".%"K%+ .- /#$"=(1 "-= &,+ -(.4+
%+A+% .4 4"&.4)"#&(1' %(IH 7,+ =.9+-4.(-4 "1+ #(9<"1"K%' K.0 "-= 4,($%= K+ 1+=$#+= )(1 )(%%(I.-0
<1(&(&'<+4H 7,+ <1(&(&'<+ .4 %(I+1 <1.#+= &,"- "#&$"% <$1#,"4"K%+ <1(=$#&4H 5&4 <1.#+ .4 1".4+= K' A+1' )+I
+P<+-4.A+ #(9<(-+-&42 I,.#, 4,($%= K+ &1.+= &( 1+<%"#+ (1 #,+"<+1 4+%%+14 4,($%= K+ )($-=H

7,.4 I(1J 4,(I4 &,+ .9<(1&"-#+ () 4$<<1+44.-0 -(.4+ K+)(1+ &,+ ).14& "9<%.).#"&.(- 4&"0+ &( "A(.=
$--+#+44"1' ).%&+1.-0 "-= 1+#(1= &,+ <$1+ /*8L4.0-"%H 7,.4 .4 1+"%.F+= K' &,+ A+1' 4,(1& "-= 4&.))
#(--+#&.(- () &,+ +%+#&1(=+4 &( &,+ "9<%.).+1H *"-' <"<+14 )(#$4 (- &,+ #(9K.-"&.(- "-= 4+%+#&.(- ()
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#(9<%+P2 4$.&"K%+ ).%&+142 I,+1+"4 &,.4 <1(&(&'<+ <1(A.=+4 " %(IL-(.4+ /*8L4.0-"% I.&, A+1' 4.9<%+ ).14&L
(1=+1 ).%&+14H

LH P4(#$$Q
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