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)+.B58/.,2!7>!T.++5/7,?!"+/,.,0,.7+?9!I+.=?9!*?85!?+1!)/5!
*7==.,,55#! N790,.7+/! ?+1! /9.65! ;85;?8?,.7+! 0/51! .+!
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67=;0,58! ,7! ?9974! >78! 697/51! 977;! .+,58?6,.7+! 4.,-! ,-5!
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>.8.+:! +5087+! J2! .+;0,,.+:! ?! /,.=09?,.7+! ;09/5! ?,! ?! :.B5+!
;7.+,!.+!,-5!;-?/5!?+1!856781.+:!,-5!;-?/5!?1B?+65!78!159?2!
6?0/51!J2! ,-?,! .+;0,!?+1!85;5?,.+:!>78!5B582! ;7//.J95! .+;0,!
;7.+,! .+! ,-5! ;-?/5#! "+! >.:085! O3! ,47! .15+,.6?9! /,.=09?,.7+!
;09/5/! ?85! 159.B5851! ?,! ,47! 1.>>585+,! ;7.+,/! .+! ,-5! ;58.71#!
@-.95! 7+5! ;09/5! 5?892! .+! ,-5!;-?/5! 685?,5/! ?! /=?99! 159?23!
?+7,-58! 9?,5! .+! ,-5! ;-?/5! 685?,5/! ?! 9?8:5! ?1B?+65#! ! M2!
;97,,.+:!,-5!85/;7+/5!7>!,-5!+5087+!?,!5?6-!;-?/5!?+1!>.,,.+:!
?!608B5!,7! ,-5!1?,?!45!5/,.=?,5! ,-5!D&*!7>! ,-5!+5087+#!!"+!
>.:085! OM3! 45! /-74! ?! ,2;.6?9! >0+6,.7+! 85;85/5+,.+:! D&*#!!
%-5! =?K.=0=! B?905! 7>! ,-5! D&*! 4.99! 15/68.J5! ,-5! =7/,!
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/;.<5! ?1B?+65! ?+1! /,.=09?,.7+! ;09/5! ?=;9.,015! ?,! %7;,#!!
@-.95! ,-5! D&*! 4?/! /9.:-,92! 1.>>585+,! >78! 5?6-! +5087+3! 45!
>70+1! ,-?,!! 7;, ! hS#`!4?/! /0>>.6.5+,! .+!?99!6?/5/! ,5/,51#! !@5!
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:5+58?992!9.5/!.+!,-5!8?+:5!7>!! 7;, !h!S#YZS#e3!,-5!158.B?,.B5!
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/,85+:,-!>78!?!:.B5+!,?8:5,!/;.<5!?1B?+65#!

"""# &^N)c%N!
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=71095/!6?9609?,5!,-5!+565//?82!60885+,!,7!=?.+,?.+!;58.71.6!>.8.+:3!
67+/,806,! ,-5! +5087+A/! D&*3! 5/,.=?,5! ,-5! ;?8?=5,58/! ?+1!
.=;95=5+,!,-5!67+,879!?9:78.,-=#!

Computer

Parameter!
Estimation

Control!
Algorithm

Constant!
ISI

Amplifier

! 7;, !

!"#$



!
!

R.:085!L#!!!

!"  7%8-&*9-6,%0*<-=6&/=*

!
%-5! Ia*! =?;! -?/! ?! 1./,.+6,! /.:=7.1! /-?;5! .+! ,-5! =7159!
+5087+! ?/! /55+! .+! R.:#! L#! (05! ,7! 6?0/?9.,23! ,-5! +5087+!
85?6-5/! ?! =?K.=0=! ?1B?+65! 7>! "N"Z%7;,! .+! ,-5! 0;;58! 8.:-,!
Q0?18?+,#!%-./!85;85/5+,/!,-5!/,.=090/!;09/5!59.6.,.+:!?!/;.<5!
B58/0/! ?1B?+6.+:! ,-5! /;.<5! ,.=5#! %-5! /;.<5! 159?2! 7>! ,-5!
+5087+! ./! 9.=.,51! 7+92! J2! -74! =06-! +5:?,.B5! 60885+,! ,-5!
+5087+!6?+!?665;,#!!I/!,-5!Ia*!=?;!./!/.:=7.1!.+!/-?;53!.,!
175/!+7,!95+1!.,/59>!,7!?6608?,5!67+,879!J2!?!9.+5?8!>0+6,.7+#!
_745B583! ,-5! /.:=7.1! 608B5! 175/! -?B5! ?! 9.+5?8! 85:.7+! ?/!
.+1.6?,51! .+! R.:#L#! ! %-5! 9.+5?8! 85:.7+! 85;85/5+,/! ?! 17=?.+!
,-?,!67+,?.+/!J7,-!/;.<5!?1B?+65!?+1!159?23!?/!/06-[!.,!./!,-5!
97:.6?9! 85:.7+! ,7! 0/5! >78! >.,,.+:! ,-5! 9.+5?8! 67+,879! >0+6,.7+#!
%-5! 5>>.6?62! 7>! ,-5! 67+,879! 4?/! 5B?90?,51! J2! 67=;?8.+:!
,?8:5,!/;.<5!?1B?+65!,7!,-5!85678151!/;.<5!?1B?+65!?/!/55+!.+!
R.:#! P#! %-5! 678859?,.7+! C&E! ?+1! /97;5! CTE! 7>! ,-5! 67+,879!
?6608?62! ;97,! 4585! 0/51! ?/! /,?,./,.6?9! =5?/085/#! ! D58>56,!
67+,879! /,?,./,.6/! 47091!J5!&hG!?+1!T!h!G3! .+1.6?,.+:! ,-?,!
,-5!,?8:5,!/;.<5!?1B?+65!78!159?2!4?/!?6-.5B51!5K?6,92!4.,-!
+7!B?8.?+65#!!%-5!=7159!+5087+!/,?,./,.6/!4585!&hS#VV!?+1!!
T!h!G#SV#!!

!"  <-)&*9-6,%0*<-=6&/=*

%-5! Ia*! =?;! 7>! ?! 85?9! +5087+! CR.:#! WE! -?/! /.:+.>.6?+,92!
=785!+7./5!,-?+!4?/!/55+!.+!,-5!=7159!+5087+#!!%-5!/.:=7.1!
/-?;5! ./!+5?892!.=;7//.J95! ,7!8567:+.]5#! !"+! ,-5!0;;58!8.:-,!
Q0?18?+,3! 45! /55! ,-?,! ,-5! /,.=090/! ;87J?J.9./,.6?992! 59.6.,/!
/;.<.+:!105!,7!,-5!.+685?/51!B?8.?J.9.,2#!!"+!,-5!85?9!+5087+3!.,!
?;;5?8/! ,-5! 9.+5?8! >0+6,.7+! 47091! 85?/7+?J92! 15/68.J5! ,-5!
5+,.85!8?+:5!7>! /;.<5!?1B?+65!?+1!159?2!B?905/#! !%-5! Ia*!
=?;! 7>! ,-5! 85?9! +5087+! -?/! =06-! -.:-58!B?8.?+65! ,-?+! ,-5!
=7159! +5087+#! ! M2! ;97,,.+:! ,-5! ,?8:5,! ?1B?+65! ?:?.+/,! ,-5!
?6,0?9!?1B?+653!45!6?+! /55! ,-?,! ,-585! ./!?! -.:-!678859?,.7+3!
R.:085! Y#! I/! 5K;56,513! ,-5! 85?9! +5087+! -?/! /.:+.>.6?+,92!
-.:-58!B?8.?J.9.,2!?+1!?/!/06-!,-5!?6,0?9!?1B?+65!>79974/!,-5!
,?8:5,!?1B?+65!95//!;856./592!,-?+!.+!,-5!/.=09?,51!+5087+#!

!
!

!

!
R.B5!+5087+/!>87=!>.B5!/0Jg56,/!4585!,5/,51!.+!,-5!=?++58!

15/68.J51! ?J7B5#! %-5! 67+,879! ?6608?62! /,?,./,.6/! 6?+! J5!
>70+1!.+!,-5!%?J95#!

"a# ( "N*)NN"'$ !

%-5!+5087+?9!67+,879!?9:78.,-=!;85/5+,51!-585!./!=5?+,!,7!
67+,879! ?+! .+1.B.10?9! ;58.71.6?992! >.8.+:! +5087+3! J0,! 45!
J59.5B5!.,!6?+!J5!5K,5+151!>78!0/5!.+!;7;09?,.7+/!7>!+5087+/!
?/! 4599#! !@-.95! ,-./! =5,-71! ./! =?,-5=?,.6?992! /.=;953! .,! ./!
87J0/,!,7!+7./5!?+1!.+?6608?6.5/!.+!,-5!5/,.=?,5!7>!,-5!;-?/5!
7>!,-5!+5087+#!!!

!
R.:#!W#!!%-5!I1B?+65!B/#!*0885+,!=?;!.+!?!85?9!+5087+!97/5/!=06-!7>!
.,/!6-?8?6,58./,.6!/.:=7.1!/-?;5#!%-5!+7./5!7>!?!85?9!+5087+!?9974/!,-5!
9.+5?8!67+,879!/6-5=5!,7!>.,!,-5!=5?+!7>!,-5!1?,?!Q0.,5!?6608?,592#!

I!

!! !
M!

!! !
!
R.:#!P#!!IX!%-5!67+,879!?6608?62!1?,?!>78!,-5!=7159!+5087+!/-74/!,-5!
>.8/,!YS!8?+17=!,?8:5,!?1B?+65!,.=5/!?+1!,-5!?6,0?9!,.=5/#!%-5!?6,0?9!
?1B?+65!4?/!4.,-.+!G3!W3!?+1!GS!=/!7>!,-5! ,?8:5,!?1B?+65!.+!WO3!VS3!
?+1! GSS! l! 7>! ,-5! ,.=5! 85/;56,.B592#! ! MX! %-5! 67+,879! ?6608?62! ;97,!
/-74.+:!,-5!,?8:5,!?1B?+65!4.,-!?6,0?9!?1B?+65!>78!,-5!=7159!+5087+#!
%-5!9.+5!./!0+.,2#!I,!97+:58!159?2/3!70,/.15!7>!,-5!9.+5?8!17=?.+3!,-5!
67+,879!J567=5/!95//!?6608?,5#

!
R.:#!L#!!%-5!I1B?+65!B/#!*0885+,!=?;!-?/!?!6-?8?6,58./,.6!/.:=7.1!
/-?;5#!",! ./! :5+58?,51!0/.+:!?!8?+:5!7>!60885+,!B?905/!.+;0,!?,!,-5!
7;,.=0=!;-?/5#!%-5!97458!95>,!Q0?18?+,!67+,?.+/! ,-5! /;.<5!159?2!
?+1! ,-5! 0;;58! 8.:-,! Q0?18?+,! 67+,?.+/! ,-5! /;.<5! ?1B?+65#! %-5!
/.:=7.1!-?/!?!9.+5?8!85:.7+!,-?,!./!0/51!?/!,-5!67+,879!17=?.+#!

I1B?+65!

(59?2!
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!
!

!
*7+,8799.+:! +5087+?9! >.8.+:! 0/.+:! D&*Z158.B51! 9.+5?8!

67+,879! ?;;5?8/! ,7! J5! Q0.,5! ?6608?,5! 67+/.158.+:! ,-5!
B?8.?J.9.,2! 7>! .+,58Z/;.<5! .+,58B?9/! .+! =?==?9.?+! +5087+/#!
%-5! /;.<5!159?2! 8?+:5! ./! =06-!:85?,58! .+! ?9=7/,! ?99! 6?/5/#!
*7+,8799.+:! /;.<5! ,.=.+:! 0/.+:! .+-.J.,782! .+;0,! 175/! +7,!
/55=! ,7! -?B5! ?! 4599! 15>.+51! 9.=.,! ?/! /55+! .+! /;.<5! ,.=5!
?1B?+65#!!N.+65!,-5!/;.<5!?1B?+65!./!9.=.,51!,7!?!>8?6,.7+!7>!
,-5!;58.713!,-5!159?23!4-.6-!6?+!J5!:85?,58!,-?+!7+5!;58.713!
?9974/! >78! ?! 9?8:58! 8?+:5! 7>! /;.<5! ,.=5! 67+,879#! ! I+7,-58!
;87=./.+:! >.+1.+:! ./! ,-?,! ,-5! 67+,879! >0+6,.7+! 675>>.6.5+,/!
4585! B582! /.=.9?8! .+! B?905! ?687//! =09,.;95! +5087+/#! ! %-./!
.+1.6?,5/! ,-?,! .,! =.:-,! J5! ;7//.J95! ,7! 0/5! ,-5! /?=5!
675>>.6.5+,/!?687//!=09,.;95!+5087+/3!?/!/-74+!.+!,-5!%?J95#!
I11.,.7+?9923!,-5!67+,879!?6608?62!/,?,./,.6/!85=?.+51!/.=.9?8!
7B58! /5B58?9! +5087+/! >87=! 1.>>585+,! /0Jg56,/#! ! *7=J.+513!
,-5/5! >.+1.+:/! /-74! ;87=./5! >78! ;7;09?,.7+! 95B59! 67+,879!
0/.+:! ,-5! ;87;7/51!=5,-71#! !T06-!7>! ,-5!B?8.?J.9.,2! .+! ,-5!
67+,879! 7>! ,-5/5! +5087+/! 6?+! J5! ?,,8.J0,51! ,7! ,47! =?.+!
/70865/3! .+,8.+/.6! +5087+?9! B?8.?J.9.,2! ?+1! >.8.+:! 8?,5!
67+,879958!+7./5#!%-5!>.8.+:!8?,5!67+,879958!0/51! ,7!18.B5!,-5!
+5087+/! ,7!>.85! ;58.71.6?992! ./!+7,! ;58>56,#! ! ",! .+1065/! /7=5!
60885+,!7>>/5,!,-?,!,-5!/2/,5=!6?++7,!;87;5892!?6670+,!>78!?,!
,-./!,.=5#!!'+:7.+:!478<!0/.+:!?!+54!D"(ZJ?/51!>.8.+:!8?,5!
67+,879958! ?+1! /.:=7.1! 67+,879! >0+6,.7+! -?/! /-74+! /7=5!
;87=./5!?+1!4?88?+,/!>08,-58!5K;978?,.7+#!!

!

&5>585+65/!!

FGH!M#!N#!m0,<.+3!m#!M#!^8=5+,870,!?+1!I#!(#!&525/#!COSSW3!I0:E#!D-?/5Z
85/;7+/5!608B5/!:.B5!,-5!85/;7+/5/!7>!+5087+/!,7!,8?+/.5+,!.+;0,/!>"*
9-6,%.;2=$%&"*?@ABCD*;;#!GYOLZGYLW#!!

FOH!I#!c#!M5+?J.13!D#!D799?<3!*#!m58B?/7+3!(#!_7>>=?++3!(#!T#!m?73!T#!
_7==593!U#!^#!D5885,!?+1!U#!15!&70:5=7+,#!CGVVG3!R5J!GYE#!c7+:Z,58=!
/0;;85//.7+!7>!,85=78!J2!6-87+.6!/,.=09?,.7+!7>!,-5!B5+,8?9!.+,58=51.?,5!
,-?9?=.6!+06950/!:)0(-/*EEFAGFEGCD*;;#!PSLZPSY#!!

FLH!%#!"#!$5,7>>3!T#!"#!M?+</3!I#!(#!(78B?93!*#!(#!I6<583!U#!N#!_??/3!$#!
b7;599!?+1!U#!I#!@-.,5#!COSSW3!T?8E#!N2+6-87+.]?,.7+!.+!-2J8.1!+5087+?9!
+5,478</!7>!,-5!-.;;76?=;?9!>78=?,.7+!>"*9-6,%.;2=$%&"*?EAECD*;;#!
GGV`ZGOSe#!!

FPH!I#!I#!b0-+3!I#!%/0.3!%#!I].]3!$#!&?23!*#!M806<53!I#!b0;/6-3!m#!_#!
N6-+5.158!?+1!D#!M874+#!COSSV3!R5JE#!D?,-797:.6?9!/2+6-87+./?,.7+!.+!
,-5!/0J,-?9?=.6!+06950/!7>!;?,.5+,/!4.,-!;?8<.+/7+n/!1./5?/5!859?,5/!,7!
J7,-!J8?12<.+5/.?!?+1!8.:.1.,2!HI."*9-6,%&"*BJKABCD*;;#!LeSZLe`#!!

FWH!D#!I#!%?//#!COSSL3!I0:E#!I!=7159!7>!15/2+6-87+.].+:!155;!J8?.+!
/,.=09?,.7+!4.,-!?!15=?+1Z67+,879951!67781.+?,51!85/5,!7>!+508?9!
/0J;7;09?,.7+/!#$%&"*42L-,0"*G?ABCD*;;#!eGZee#!!

FYH!D#!I#!%?//#!COSSO3!I0:E#!(5/2+6-87+.]?,.7+!7>!J8?.+!8-2,-=/!4.,-!/7>,!
;-?/5Z85/5,,.+:!,56-+.Q05/!#$%&"*42L-,0"*GFABCD*;;#!GSOZGGW#!!

F`H!U#!&#!T7258!U8!?+1!%#!_#!M874+#!CGVVe3!(56!LGE#!T5,-71/!>78!4-795Z6599!
856781.+:!>87=!B./0?992!;85/5956,51!+5087+/!7>!;58.8-.+?9!678,5K!.+!J8?.+!
/9.65/!>87=!270+:!?+1!?:.+:!8?,/!>"*9-6,%=($"*7-/;%8=*GMAJCD*;;#!LWZWP#!!

FeH!I#!(#!(78B?93!(#!U#!*-8./,.+.!?+1!U#!I#!@-.,5#!COSSG3!'6,E#!&5?9Z,.=5!
9.+0K!12+?=.6!69?=;X!I!>?/,!?+1!>95K.J95!4?2!,7!67+/,806,!B.8,0?9!.7+!
6-?++59/!.+!9.B.+:!6599/!!00"*#$%3-8"*H0'"*B?AJNCD*;;#!eV`ZVS`#!!

FVH!I#!c#!_'(mb"$!?+1!I#!R#!_)dc^o#!CGVWO3!I0:E#!I!Q0?+,.,?,.B5!
15/68.;,.7+!7>!=5=J8?+5!60885+,!?+1!.,/!?;;9.6?,.7+!,7!67+106,.7+!?+1!
5K6.,?,.7+!.+!+58B5!>"*+;2=$%&"*JJFA@CD*;;#!WSSZWPP#!!

%IMc^X!* '$%&'c! I **)&I*o! N%I%"N%"*N!
 

C#,,$ I$ $L$ J$ K$

C#,,$M$S#VOL! S#VeG! G#GG^ZS`! ZG#PP^ZSV!

C#,,$N$ S#VOe! G#GLY! G#LY^ZS`! ZG#LW^ZSV!

C#,,$O$S#VYY! S#eL`! G#Pe^ZS`! ZG#YG^ZSV!

C#,,$P$ S#VPe! S#VWe! L#PP^ZS`! ZG#WW^ZSV!

C#,,$Q$S#VGe! G#OLS! O#GW^ZSe! ZP#PG^ZGO!

µ S#VLY! G#SOS! G#WO^ZS`! ZG#GV^ZSV!

!  S#SGV! S#GWL! G#Ge^ZS`! Y#`O^ZGS!

I$*($02#$4'&&#,)0*'1$4'#77*4*#10$'7$02#$4'10&',$)44/&)48$
%,'0$3)0)9$L$*($02#$(,'%#$'7$,#)(0>(?/)&#($,*1#)&$
&#6&#((*'1$7'&$02#$4'10&',$)44/&)48$%,'0$3)0)9$C'#7$J$
)13$C'#7$K$)&#$02#$4'#77*4*#10($7'&$4'10&',$7/140*'1$'7$
02#$7'&+-$RSJ$TJ3<)14#U$VK9$µ *($02#$+#)19$$!  *($02#$
(0)13)&3$3#<*)0*'19$

I!

!
M!

!! !
R.:#!Y#!!IX!%-5!67+,879!?6608?62!1?,?!>78!,-5!=7159!+5087+!/-74/!,-5!
>.8/,!YS!8?+17=!,?8:5,!?1B?+65!,.=5/!?+1!,-5!?6,0?9!,.=5/#!%-5!?6,0?9!
?1B?+65!4?/!4.,-.+!G3!W3!?+1!GS!=/!7>!,-5!,?8:5,!?1B?+65!.+!`3!LO3!?+1!
WW!l!7>!,-5!,.=5!85/;56,.B592#!!MX!%-5!67+,879!?6608?62!;97,!/-74.+:!
,-5!,?8:5,!?1B?+65!4.,-!?6,0?9!?1B?+65!>78!,-5!=7159!+5087+#!%-5!9.+5!
./!0+.,2#!!
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