WD 2005/ 067236 PCT/ US2004/ 041106 FEEDBACK FI LTER RELATED MATTERS [ 0001] The
subject matter disclosed herein relates to U S. Pat. Appl. Ser. Nos.
(attorney docket nunbers 042390. P17559, 042390218170, 042390.P17153 and 5
042390. P17154), filed concurrently with the present application and

i ncor por at g heL/Gd7ss DY reference. BACKGROUND Fi el d: [9?9%20'5%41%@] ect
matter discloses herein relates to devices and nethods of to processing data

received froma transm ssion nedium In particular, the subject matter
di scl osed herein relates to pro i i received froma conmuni cati on
channel in the presence of noi m@gﬁ?@m n. Information: [0003] To
recover information froma signal received fromnoisy comunication 15
channel with distortion, recei vVRELATED MATYERSp! oy filtering and
equal i zati on techniques to enable reliable detection of the information.
Decreases in the cost of digital circyitry have led t cQst effective
use of ada#®le di gilfhﬁlsul?JP‘Pttr%art’ieh@S‘é?ﬁ?Hbﬁ‘iﬁéIF%FFit‘bﬁ{hég)éh%l’&g%n%ét can
optimally ; ' ) ) 0 fgao36k ghgstics of a
noi sy co a&ﬁ?g}é?(%gﬁé%‘%ﬂ%ﬁ%ﬁ\?ﬁ?ﬁ%ﬁ%ﬁ?@ﬁ@gg’0[Ogggﬁirgiggure 1 shows a
convent§ on@d2390.91114#), filéd concureentmwithythepresent anplicationapdlineerparatepbereia (Fl R)
configuratjon. An analog input signal 12 is received at an analog to digital
converter l(yﬁfﬁﬁ)"e“f& to provide a digital signal at discrete sanple intervals.
The anal og input signal 12 nay be transmtting encoded synbols representing
information in a noisy comuni caBACKGROUND w th distortion. The ADC 14
may sanpl e the anal og input signal 25 at discrete sanple intervals
correspond{:.n W th an inter-synbol tenporally spacing, or fractions
t her eof . 1—9’%1 2005/ 067236 PCT/ US2004/ 041106 [0005) In a feed forward
portion of the digital filter 10, on each discrete sanple

[0002] The subject matter discloses herein relates to devices and methods of

10  processing data received from a transmission medium. In particular, the subject matter
disclosed herein relates to processing signals received from a communication channel in

the presence of noise and distortion.
Information:

[0003] To recover information from a signal received from noisy communication

15  channel with distortion, receivers typically employ filtering and equalization techniques to
enable reliable detection of the information. Decreases in the cost of digital circuitry have
enabled the cost effective use of adaptive digital filtering and equalization techniques that
can optimally “tune” a filter according to the specific characteristics of a noisy

communication channel with distortion.

20 [0004] Figure 1 shows a conventional digital filter 10 employing a finite impulse
response (FIR) configuration. An-analog input signal 12 is received at an analog to digital
converter (ADC) 14 to provide a digital signal at discrete sample intervals. The analog
input signal 12 may be transmitting encoded symbols representing information in a noisy
communication channel with distortion. The ADC 14 may sample the analog input signal

25  at discrete sample intervals corresponding with an inter-symbol temporally spacing, or

fractions thereof.



Rt
interval, the digital signal fromthe present discrete sanple interval is
provided to a multiplication circuit 20 to be scaled by coefficient co, and
signal taps at two previous sanple intervals (i.e., the digital sanples
fromthe two previous discrete sanple intervals 5 delayed by delay circuits
16) are prowigiRekdedagul tiplication circuits 20 to be scapepubosdaefRbficients
c2 and c4, respectively. The outputs of the three nmultiplication circuits
are then additively conbined at a sumring circuit 22 as feed forward

conponent s n eqyal iz | ., . T oefficients cp, and c4
are typi callﬁépsipdat ezﬂ?g‘@g%@&@ %‘%’g gptgggﬁt&eff%r o & g‘bgﬂﬁg‘*gers?‘% le( LMVB)
filter for jhisgap@iedigivdl signdllffdni ibetpegsentativciegeisaniplOimtersal lid protvidedito i rcui t 30
may provide a bi-level det ec%i on_ of syng_@ls fromthe equalized signal output
of the surflfiplicatipr girquit?d to b scalgdrhyesosHicent co pndosignal tags b e RIS

di fference sP?ﬂ%}@qa@rJaﬂ%ef t'h%: H.%’it%psaﬁ%ﬁég Yon?ihe b ﬁregﬁltu? ﬁfs@l@tessﬁﬂiﬂfé' infdsvafd’

"error." A ting circul b provides a sign e error "to each of
t hree msl t idelayediby delaxéiravits 1 6) @26 pfovided prmultipticatios cirowfsi20do basealaddy c2 15 and

c4. Each of the.nultiplicatio I reyit 5 | t.iplies.the. sign.of the error
Wih the siGgREcistg ol peserlvay ThbpaE abbe ke tRipii PR o
detected atthgh a{dd{ﬂv%gﬂﬂnfbﬁrfe_ﬂl{t & s&&m%r&cum@ aRbEfrwardtohfofidrtColidn 24
generates an updated coefficient. [0007] In a feedback portion of the

digital fileqeslizedsigadl- out put data signal 38 from the detector circuit 30 is
tapped at delay circuit 32 and conbined with the sign of the error 20

gener at ed pmtin ' Ls T, PRRT S gk and

hol d ci rcuiblpoédj, to gg'rl%grbgﬁghgm%gdé%%@k&goe lfég@edr{)ta% t%AI% : t?’%&‘?%gd%ﬁ circuit
31 t henltscahem stiirge eme(iMS)ffileefayhe partianiar FIRB Sltbryconfiguhtien] bAdimitagef f i ci ent

to provide a f back co nent . qf the ual i.zed | gnal. aut puf at sunmm ng
cirburt 22 bR EURAE P SR aetactss a6 v Som F ARLr e o Bt e
back porti qRe Qfmrhing cirddit 2, dhd aiffefdnkin@lcirdit 28'Pro0idesa HiFREnSE BéteerftBe S
conbined with a scaled output of flip-flop circuit 46 (i.e., scaled by a

f eedback cdaferedqui amhithe deteeiadpymbpl @5 a(Artor 4A limping eigaujt26jpsovidas@rsig® i n t he

flip-flop clecul 6 Vi 2% an. cl.ock
si gnal SO.Af‘PIfleLejé r%ﬁ?opﬁﬁ%ﬂggﬁﬁn%yﬁlgﬁglﬁﬁggﬂa %?gg?rﬁg%%qgég@%ﬁ%m?& forward
conponerst s anfl ci. NBached tel A dplication eircuit? 25\ @uRilivs (e A6 Bi{eTerids2ahhO4gi 06

of a corresponding signal tap of the digital signal (as detected at a limiting circuit 18) and

a sample and hold circuit 24 generates an updated coefficient.

[0007] In a feedback portion of the digital filter 10, an output data signal 38 from
the detector circuit 30 is tapped at delay circuit 32 and combined with the sign of the error
20  generated by limiting circuit 26. The result is integrated at sample and hold circuit 34 to
generate a feedback coefficient. A mulﬁplication circuit 31 then scales the output of delay
circuit 32 by the feedback coefficient to provide a feedback component of the equalized

signal output at summing circuit 22.

[0008] Figure 2 shows a conventional implementation of a feed back portion of the

25  digital filter 10. An equalized signal 42 is combined with a scaled output of flip-flop
circuit 46 (i.e., scaled by a feedback coefficient 54) at summing circuit 44, The result is
stored in the flip-flop circuit 46 and provided as an output 48 on pulses of a clock signal
50. The output 48 may then be additively combined with feed forward components of the
equalized signal.



BRI EF DESCRI PTI ON OF THE FI GURES [ 0009] Non-limting and non-exhaustive
enbodi nents of the present invention wll be described with reference to
the following figures, wherein like reference nunerals refer to |ike parts
t hroughout the various figures unless otherw se specified. 5 [0010] Figure 1
shows a conrygnéoseebs digital filter enploying a finite ipmawsS®4/0§8600NSE
(FIR) configuration. [0011] Figure 2 shows a conventional inplenentation of
a feedback portion of a FIRfilter. [0012] Figure 3 shows a schenatic

di agram of a receiver e i REPFI hthter and a feedback
filter. [0013] Figure 4 FWE% “mm‘?%@’(fifg]ﬁ#%@%—&m ti-tap filter
according to an enbodi nent of the receiver shown in Figure 3. [0014] Figure
5 shows a MHORBmt i ¢ Nomymitingeind aoniexkavistivetemhogdiiodnts afdkd priesdne mventiaaccor di ng

to an enbodi.nent of, the nulti-t filter. shown in Fi.ogure 4. [0015] Figure
6 shows a WEE‘?@?SF‘EIJG&‘%‘S}% e S‘P@lcf%liﬂ“fmg ﬁgtagsf,.gv:}xg][eg? glﬁe rgﬁarr %lrjcgg “8‘%’&?5 and an
equal i zed %rﬁ&lik@bﬁ&&luoﬁ?ﬁ@tﬂie%ﬁbﬁs fghr& e smeiwief spbdifiedrul ti-tap filter
shown in Figure 4. [0016] Figure 7 shows a schematic di agram of a charge
punp circuit according to _an enbodi rrﬁr}s{gii3 of the circujt shown in Figure S
20 DETA! LEOBRISCRI PTiige[lohews a rervepuonabdigial filighemploying @ tapfedmplset i on to
"one enbod . " guﬁﬂila dinment' 'neans that a particular feature,
structure, ko ‘mgﬁg?g F‘Zﬂrﬁ St cﬁ'descri bed in connection with the enbodinment is
included in at |east one enbodi nent of the present invention. Thus, the
appear ancef§f031] t he pFigared shpws aenventienal imepiementationzof adeasibarknortion ofa | n
various pl ?gff t hroughout this specification are not necessarily all
referring ‘H%r'sama enbodi ment. Furthernore, the particul ar features,
structures, or characteristics may be conbined in one or nore enbodi nents.
3 WO 2005/ gpi2p6 PCTFigme00howW4 i 3€ematio Gibglanm dfeabeeheer emplbgitiged feedist ruct i ons

as referred to herein r?Iate t 0 expressions
10 forward filter and a feedback filter.

[0013] Figure 4 shows a schematic diagram of a multi-tap filter according to an

embodiment of the receiver shown in Figure 3.

[0014] Figure 5 shows a schematic diagram of a circuit to update coefficients

according to an embodiment of the multi-tap filter shown in Figure 4.

15 [0015] Figure 6 shows a schematic diagram of a circuit to generate an error signal
and an equalized output signal according to an embodiment of the multi-tap filter shown in

Figure 4.

[0016] Figure 7 shows a schematic diagram of a charge pump circuit according to

an embodiment of the circuit shown in Figure 5.
20 DETAILED DESCRIPTION

[0017] Reference throughout this specification to “one embodiment” or “an
embodiment” means that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one embodiment of the present
invention. Thus, the appearances of the phrase “in one embodiment” or “an embodiment”
25  in various places throughout this specification are not necessarily all referring to the same
embodiment. Furthermore, the particular features, structures, or characteristics may be

combined in one or more embodiments.



whi ch may be understood by one or nore machines for perform ng one or nore

| ogi cal operations. For exanple, machi ne-readable instructions may conprise
instructions which are interpretable by a processor conpiler for executing
one or nore ratlons on one or 5 nore data objects. However, this is
nmerely an e%@ﬁ@ YW6GH¢ rachi ne-r eadabl e instructions and %ﬁﬂHﬁ?WﬂWﬂ@6of t he
present invention are not limted in this respect. [0019] "Machi ne-readabl e
medi um' as referred to her ei n relates to nedi a capable of maintaining

expr essi ond0#8l ch ar EMaehiserspdihle’ ipstrustiensss fﬁfﬁrred wd@mlme@atesi@rexwmwe a
machi ne re r storing
1o nBChlnéa}Q%ﬁégF%uﬁﬁé ruc ons}§§“39%i8&§ Hm“fa fy gsﬁg€¥%§§§%ay conpri se
st orage nedjperationc fFoasxaxﬁpie mcahmlreadaupﬁnscraénonamyebmpnw insteuctionsrethich or
storage nedi a, Homeﬁ this is rrerelg xanpl e of a machi ne-readabl e
medi um and EBEEPRBRIEDYGrPr§RESgs cempiiar for eXoling Re gy WOTG APCTAfiANS QOREPT i s
respect . [Qﬁ’&@hata%ﬁb{é H%%ze(ré‘rf Bl iS thelely ALLAMDIL & rRdcBMelradableUfdithtBorlsOr
performng one or nbre | ogi cal operations. For exanple, |ogic may
conpri se mmdnmbmjmmhismlﬁth@rmwnlfesvmenmennbhmlte@mtblatres@ﬁ@nal s based upon one
or nore input signals. Such circuitry may conprise a finite state machi ne
m! ch recei, 615 digifal thPééh?b%Q%e%%“'ag?e%eﬁeﬁo%e}eﬁl re&&‘és%’}ne gdb'icu' try
ich provi‘des'one or hore anha 'nres e or re
anal og i npﬁfmﬁntanﬁgsexpﬁm&ns@ﬂﬁmmé p@rceiaablé)by mmmﬁtﬁel manhlaes aimpbxam;ﬂe on
specific mtegratedq% cuiy 20 (ASIC), or field g &ér?rrable gate array
(FPGR) . Al &Jndqhyis {‘? TREGHYIR Y cABHise REe OF By ?ré‘? S &risH¥est ored in a
menory jon GRIMineatddaBlewhdibcRER P A% NSud é’td‘rhlget déhc%@ma?é@rﬁb‘ﬁ& s%d%&éb media
machi ne-readabl e i nstructions. However, theSe are nerely exanples of
structures subhamfomyarpplo,wmgall mggrmtlandseanmdummt@ragﬁ medie. Plowsweert thisiyent i on

are not limted in t ct. 0021 C s referred to
herein rel ﬁgggtai} e4ang §t°£?qma %fFeﬁf?i%gé %Bhaé’ﬂlefn%Pgl %Oégl%esprgsegf gnal

recei ved fr@mnaoﬁm%m@&e@mtﬁgdéspmt For exanple, a receiver nmay conprise
circuitry or logic to extract information encoded in a signal received from

a transm ssion nmediuy this.is_merel e e of a receiver and
enbodi ment 9% ¢t he pL@%len%srpﬁvéﬁtqbﬁelar%at%tm?/m éﬁrw%wr@wgﬁé@fe 4 WO

2005/ 0617523%5 glob’é%@%.l %}%ple, logic may comprise circuitry which provides one or more

output signals based upon one or more input signals. Such circuitry may comprise a finite

state machine which receives a digital input and provides a digital output, or circuitry
which provides one or more analog output signals in response to one or more analog input
signals. Such circuitry may be provided in an application specific integrated circuit

20  (ASIC) or field programmable gate array (FPGA). Also, logic may comprise machine-
readable instructions stored in a memory in combination with processing circuitry to
execute such machine-readable instructions. However, these are merely examples of
structures which may provide logic and embodiments of the present invention are not

limited in this respect.

25 [0021] A “receiver” as referred to herein relates to a system, apparatus or circuit to
process a signal received from a transmission medium. For example, a receiver may
comprise circuitry or logic to extract information encoded in a signal received from a
transmission medium. However, this is merely an example of a receiver and embodiments

of the present invention are not limited in this respect.
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[0022] An "analog signal"™ as referred to herein relates to a signal having a
val ue that may change continuously over a tinme interval. For exanple, an
anal og signal nay be associated with one or nore voltages where each

vol t age may change continuously over a tine interval. An anal og signal nmay
be sanpl ed =sto Mos@nee tine intervals to provide a 5 "di gctakosy/gnss” where
one or nore discrete signal values are associated with each discrete tine

i nterval and, unlike an anal og signal, do not change continuously between
such i scrghytime iANGhMBk SigndIoWENRired i hetein TeldRE B ¥ sifi] BXAAPh falGd AN

anal og sigral as contraste roma digital signal and odi nents of the
present i nubainayrchange cootinyouslytower a time ntaread. Fekgxaoiple, ai anglagsigjal may bgnbol

as referred to. herei.n relates to a repres | on_of, infor ' oded in
2ol gnal | ¢ AR it o ogie vahels 1 ARe SREoTbe R handy PR B B T
represent aimenRrval AnZg4leg sighalandyibeghlpled hbdistrtte Gite ibietvalsab pravideiapl € bits
according to a symbol mapping defined for transmtting informatioon in a
communi dat i ‘digiteheignak] wherpepe PmprgIdjscrete signah¥alies;age 25806 Wﬁ*&fg&bdlﬁfé%ci at ed
with a "sy : . : | ' ecei pt of a
si gnal traﬁgﬁrﬁ ?‘f"?‘k\agE%%@H@%%*e%’%’&%%@%?@?%?? . matybl:g)(‘?)tﬁ tr‘%ggﬁg‘g?\l "estimated
synbol val ulidcrdtotime pteryels: Hamweest thivds merely arhexaspidoaflan\eaklog sighal ashe act ual

synmbol transmt by the si.gnal in the c ication channel. l.n the
presence &P%@@&f%ﬁa d&ﬁ@f%g‘fai?%‘l ?‘ﬂbogﬁﬁe‘@%gﬁp’@éﬂ SryeaviohHg pot lgwgegst i mat ed
synbol val Liﬁt]:[é@é’resﬁs@téi. ate fromthe synbol value of the actual synbol
transmtted by an "error." For a 20 synbol value characterized as having a
magni tude, an error associated with an estimted synbol value may be

associ atled 09233} a " siAgreymbel’ras pelersed fp hapsin nlafes e a repseseniatianolipopmationy 5| ye
exceeds or ] | h Yrg;@

transm ttecf.g Qﬁd%’%?ﬁ@?@g%@% ﬁ)’ngg&ggﬁ'sg%&gg}égéu% ?%P%%{gaedgx n (%#n 2 tion

i ndi cat i ve refresent 4 dmet’ onteera’sp ecingtefinfoamatiemdbit? dr smltiple biBactordmgés a or si gnal

0 11 er ence WBPRUBPPAPEAET G (OP YR EdpaNE odh 2P REpEiaon deBuls] Synbol's
transmtt e%&cﬁr&%ﬁ,gﬁ?&nsﬂ%dﬁgmf)ﬁwlah%cﬁ%%ﬁ\ HrsyniolPathe” dsAbBfieddys” such
| 0}

that during each di'stinct sy _interval the signal nay transmit a

cor r esptndithgsysshebaiapping Upemeaceiptef assignabiransmifting pe preeded synthol,airaceiver at es to
a signal t . It o, . I gnhal
rocetved 1 artaR A RRERRLL AT o RoRRERR Syl R PR Akl

di storti on theychid syaniosl emaaditted by theligraldn thenqotromidation channel. In the presence

of noise and distortion in the communication channel, an estimated symbol value may

deviate from the symbol value of the actual symbol transmitted by an “error.” For a

20 symbol value characterized as having a magnitude, an error associated with an estimated
symbol value may be associated with a “sign” to represent whether the estimated symbol
value exceeds or does not exceed the symbol value of the actual symbol transmitted. An
“error signal” may be generated to provide information indicative of at least one aspect of
a detected error. Such an error signal may include, for example, a sign of an error or a

25 magnitude expressing a difference between a measured signal and an actual signal.

[0024] Symbols transmitted in a signal may be temporally spaced on “symbol
intervals” such that during each distinct symbol interval the signal may transmit a
corresponding symbol. An “equalized signal” as referred to herein relates to a signal that
has been conditioned or processed. For example, a signal received from a communication
30  channel in the presence of noise and distortion may be processed to enable or improve the

detection of symbols being transmitted in the received signal. However, this is merely an

5
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detection of synbols being transmtted in the received signal. However, this
Is nmerely an 5 WO 2005/ 067236 PCT/ US2004/ 041106 exanple of an equali zed

si gnal and enbodi nents of the present i nvention are not limted in these
respects. [0025] A signal may be "tapped" to provide signal taps or delayed
versi ons of wa 2084/63gds t 0 be processed. A "multi-tap filteggq n% 0&@ ffsred to
herein relates to circuitry or logic 5 to process a S|gnar y in |V|duaIIy
processing the signal at distinct signal taps and conbining the individually

processed sign t.a s t gvi de_an al i.z i o] a

nul ti-tap f‘?x%?@ﬁ 6 ‘tﬁ?}ﬁ% §gnag ﬁ%@%rﬁ%grpgnt%éﬂggpxgﬁ%vegﬁ?xbaragﬁﬂn?{eél one or
nore del ayed thegé fdspiess. of the signal. An anplitude of each of the signal taps
may then be scaled by a correspondlng coefficient." The scal ed versi ons of

t he signal then be to conhined rovl il ter out put signal .
However , tﬂ”aﬁ]s mer &} §1834) MaY. taé)p ets;@@ 'ﬁpq“?rlcfgarye KNS eRbYdi ment s of
the present aéd%l’ﬁ)rﬁe'p?&e?sreﬁ E&O‘tmﬁlhfﬂiﬁ ﬁﬁer" Es 1eR8R8 1 RSBRGEltes td Q%ﬂy d loglc
“correlation signal™ as referred herein relates to a resul

conbi nat3 ortogfocessa signakrby mdsm@wéltfswroc;essmrthemmal etdlstughagnatéa,psmdt he resul t

operatfon s G iy HreRied o o i drilost st 3 27

exanpl e, a &empR| @iuBRtapifiRemageympeiseldne of fnar.ﬂ del@felémelﬁs)mgeﬁﬁhﬂe@ﬁe th an
error signal and a data signal. However, this is nerely an exanple of a
correl ati orﬂngliegiﬁbwecavrdm dhortignal. Ap applitude efeach of W&ételabtﬁp%m@y ther bg i ni t ed

in these Q&tﬁ%ﬁﬁgﬁ&ﬁﬁxﬁm ‘&teﬁfm«ﬁ:é : Edléﬁ Ws&xﬁfﬁtﬁ@&%&n g}a?%é%feer red to

her ei n reIa es tion |cates t a signal
transm ta i ngpnéiredde provideladfilterad ot s1gny1rrﬁhiwewrt &msnalmerelﬁan bxdmgleof sy nbol

t f t be .t d
that s oyriEHPHA D S emoaiBRRR el ttprie ayerBeR areoboued B o debd g oa
transmtting the encoded synbols. However, this is nerely an exanple of

inter- Syﬁbmbzdl M ng A rdopretiibh eignatnds ﬁﬁ?&dltm&&raﬁteﬁ&ﬁa%ﬂﬁm i nvention
are not limte 25 this respect. [0028] A "clock and data recovery

circuit” ascq@mnp@eftvw oranere signals apccorrelgtion signal may be thestesyleofgapanl e of
detecting S%H’%Biléauﬁﬁ' SPWOIJ 1Hord s&'nglg,aér aq&‘alttot' g‘ld&@ca‘l %&Eﬁgﬁt dritfle td/:(%r more

15  signals as inputs. In one particular example, a correlation signal may be the result of a

combination of an error signal and a data signal. However, this is merely an example of a
correlation signal and embodiments of the present invention are not limited in these

respects.

[0027] “Inter-symbol timing information” as referred to herein relates to

20  information that indicates the timing of a signal transmitting encoded symbols at set
symbol intervals. Such inter-symbol timing information may be transmitted in a clock
signal having a period that is synchronized with a period of the symbol intervals in the
signal transmitting the encoded symbols. However, this is merely an example of inter-
symbol timing information and embodiments of the present invention are not limited in

25  this respect.

[0028] A “clock and data recovery circuit” as referred to herein relates to a circuit
that is capable of detecting symbols encoded in a signal and timing information. For
example, a clock and data recovery circuit may detect symbols in an equalized signal and
inter-symbol timing information that is synchronized to symbol intervals in the signal.

30  The clock and data recovery circuit may then generate a clock signal that is synchronized

6



exanple, a clock and data recovery circuit may detect synbols in an

equal i zed signal and inter-synbol timng information that is synchronized
to synbol intervals in the signal. 30 The clock and data recovery circuit
may then generate a clock signal that is synchronized 6 WD 2005/ 067236

PCTI US2004/ RdLikes Mkt h the inter-symbol timng informatjepystolvRygs. this
is merely an exanple of a clock and data recovery circuit, and enbodi nents
of the present invention are not limted in these respects. [0029] Briefly,

enbodi ments .of . th [e .| NV ion 1 e tp.a syste met ho d

dovi ce Tor igiap He bR b EOLRARm, Helefier, fiidha BeFTh PP O 2ol s |
the equal iaa8datairéfosbryiyuif@nd einbodit@nts of tha presaxit ivveationiae@et imited/imbol
intervals to recover a synbol value in the synbol interval. A feedback
coef fi ci entth§sayespetapplied to a symbol val ue recovered in a previous symbol
interval to generate the equalized signal in a current synbol interval. The

feedback cqgddojci ent grrity RentRREER SdndReRMt indéntloRSlhteitd a Bdtém, Méthén 10
estimated errof associated with the equalized signal. The estinated error

associ atsed anil device foe genpuating 2 ¢qualizedisigral ol anfinphsignelh Pymbelsindle ty of
candi date est| d error, v . ver | Sed J e

enbodi nent eg}lﬁ}gg@ %1 rﬁe ob i%ﬁﬁg ) %a&g@gbﬁé{&s&ﬁa\ygﬁ ?ﬁal%l{raerg%ggp 4i mted
in these ragmbolvaluelif RRymboDintetvad. AlTestiback peffieiant may Bt appliditoh spmbatcei ver
100 according to an 15 enbodi ment of the pr esené’ﬁi nv?nti on. A

transi rrpedé’ﬁg'é reqoneTed g pregiouseymbal interyal to senerate the equaligrd piznal dhd SuEbt odi ode

102 1 1 1 eSRORBE ihRrAKPORHeRIRk bldiie AR DY obflerfled bk Bt feast'h BEK, P ©

cabl e). The transinpedance anplifier 104" may convert e current” signal into
an i nputd siegtimated rporzssasthteswidh theletjualized signed| Thegstiomtadtarrog assheiatedwithsi ty of

|'i ght ener received at. t hot odi ode 102.. The.input signal be
processed gf("r %‘*“agffdé’ “&’é‘gﬁg’?%% Hong & ﬁpr[aé;y O(flgﬁrﬁﬁdaﬁ)%%gﬁged%@ﬁ V%i?}gsa f eedback
filter 126 HdwdvenWisiR nidtely@takirdsie eMbbdittentSdnddier Ebodmehtdiof theGprenem! i fier
(LI1'A) 112. The LIA 112 may then map the equalized output signal to specific

vol t ages i Anventemaes ngt lipied indhese sespeds- cl ock and data recovery (CDR) circuit
114 may detect synbols on synbol intervals by associating the nmapped

vol tages wighdsopy MOl §igurdshoRMNchérRatic Hidghan? $FPRceileM0dGcbHhRE Wi 0N 118. 7

15  embodiment of the present invention. A transimpedance amplifier 104 may receive a

current signal from a photodiode 102 in response to exposure to light energy (e.g., from a
fiber optic cable). The transimpedance amplifier 104 may convert the current signal into
an input signal expressed as a voltage signal representing the intensity of light energy
received at the photodiode 102. The input signal may be processed first by a feed forward

20 filter (FFF) 108 and then by a feedback filter 126 to provide an equalized output signal to
a limiting amplifier (LIA) 112. The LIA 112 may then map the equalized output signal to
specific voltages in a range of voltages and a clock and data recovery (CDR) circuit 114
may detect symbols on symbol intervals by associating the mapped voltages with symbols,
and generate inter-symbol timing information 118.



WO 2005/ 067236 PCT/ US2004/ 041106 [0031] According to an enbodi nent,
coefficient update logic 110 may provide periodically updated coefficients
to the FFF 108 and FBF 126 based upon estimated errors in the detection of

synbol s fr alized signal and the inter-synbol tj.Jm | rmation
118. A fungﬁ %Oﬁg?ﬁe’g%nt roller (FC) 106 may initialize cotg*:?)iug%é)%@ﬁ@n t he FFF

5 108, FBF 126 and the coefficient update logic 110 at startup. [0032]
According to_an enbodi nent, the EC 106 nmay.contrql initj | 00 eration

by di sabl i §3Hny dyr¥iPingseARLPaRdigent ﬁ‘é&%&‘? f“@Pa‘?tE:‘Rg“me?‘éY P‘g’&% 110 and
force the ﬁfcamﬁgﬁﬁﬁea cBbsribfehts 10 the FFFR0R d6d BRRIIDG Gadtaupes estidteden@ip! e, the
FC 106 mayp et ect dynam c condition (e.g., startup) and set the

coef fi ci eninghedetection PEFymtmds from thecequalized sigaal apdihedater-aymee] imiag FC 106 may

then inhibif the coeffigi j . ing -

coeffici en’f’tor?’lag?ﬂ e %ﬁ%‘ggénérg?%%geév@%g%%& Lgt?%ﬁlzﬁgg%gheﬂtg ! d {}ﬁ Flke

enbodi nent 108, FBFR%6 iAbtheryeffitiel pdate dogioef(f4t siagtop. update | ogi c 110 to update
the coefficients in response to recovery of the inter-synbol timng

i nf tion by the COR gcircuit 114, ively, the. EC 106 .enabl

the_coef {1 RIS " upadeording © s popainest 5 LS e et Al e® PRREG: ng.a

duration b&f&@'ammg BnPiyrsié St Afdnldf MR dobfficlehRipdafedbgit 110.44d foecgtReover the
0]

i nter-synb timng 1 nformation. [0033] Wiile the receiver 100 i s shown

recei vi ng eoeffinientsoef HRFpLOB te predeterntinedhyaduesp Fox examplie theRC 19Gmay dglediance

anplifier, it shoul.d. nder . ' I recei ver 100
may be adaﬁfngﬁmf °o°r%dtd§‘r°§g%§'sg%é§‘§ﬁ§‘ﬂr¥%ﬂﬁ ¢ géegﬁ%ﬁ{tgﬁo%ggfﬁfl §§ ng1 ®transmi ssion 20
medi a. 16-or predeeralised vatuesr TheBOd06reiay sherighikietha dagffieidnf wdaterlogie 430 frgman
Cinahi ol dodupiizs e copFiEepstion BaBroHgTBR OIS oI ReRg. doghee ©

| nt er conneghb b HEHC! 106 Fud cIE theCob idicht BRRdogiO hPlo uflRGE ment s maY be
adapted to reading data fromhigh density storage devices (e.g., optical

st orage necheffjci¢nts inmedponseito teconery of thatinterssymbab imihgrigformatign @q&aﬂm ng

di stortion_.25.fromthe dens ' of bits on.the hi ensi devi ces.
However , ¢ HESg lég‘e‘b‘#\g.?lgﬁl Ty’mm@g%ﬁ g:éﬁtge?%eéé lsrétrul)gr%f/? cH%tf)errent ed for
r ecovelis Ngupdatethd@deffdierts PMotir OdiRbtiondaskdeipbe ah BRiMdatedfimé ke QDI siedit
invention are not limted in_these respects. [0034] The receiver 100 may be

i ncl uded akl4darecoper theinggssymhel timigg ddfamation. not  shown) to transnit or
receive optical signals in an optical transm ssion nedi um such as

[0033] While the receiver 100 is shown receiving an analog input signal from a
photodiode and transimpedance amplifier, it should be understood that the architecture of
receiver 100 may be adapted for processing an input signal from different transmission

20 media. For example, other embodiments may be adapted for processing an analog input
signal received as a differential signaling pair signal over unshielded twisted wire pair
cabling or over a device to device interconnection formed in a printed circuit board. Other
embodiments may be adapted to reading data from high density storage devices (e.g.,
optical storage media) to enable increased data storage density by equalizing distortion

25  from the dense packing of bits on the high density devices. However, these are merely
examples of how a receiver may be implemented for recovering information from a signal

and embodiments of the present invention are not limited in these respects.

[0034] The receiver 100 may be included as part of an optical fransceiver (not
shown) to transmit or receive optical signals in an optical transmission medium such as
30  fiber optic cabling. The optical transceiver may modulate a transmitted signal or
demodulate a received signal 112 according to any optical data transmission format such
8



30 fiber optic cabling. The optical transceiver may nodul ate a transmtted
signal or denodul ate a received signal 112 according to any optical data
transm ssion format such 8 WD 2005/067236 PCT/US2004/041106 as, for

exanpl e, ve division multiplexing wavel ength division multiplexing (WM
or nulti %sz’(ﬁ?ﬁ?;‘%i gnaling (MAS). For exanple, a trarPSq:ﬁ/‘g%quA%ﬁHPégi on of
the optical transceiver may enploy WDM for transmtting nmultiple "lanes" of
data in the optical transm ssion nedium 5 [00351 The FFF 108 and LI A 112
may for m aapiyrxenplepwaye divigiopandtiplexippymyelengdly divisipngnultiplexing {BLM} or1 00,

Such a PMD_sget | - (M'@%zi 2 r 13%% ' aircuit (not
shown) to a atsd{él?ﬁ%lgg%ﬁgg% l?%ot S b%ﬁ;%&%‘:’%&%ﬁgﬁ Ft(% It ?Lnlglgtlﬁ’%gﬁ%ceﬁl I ncl uded

i n a physi tmhsceiveli may ethplay WWiRME fos tredsioving owltidel “taest’ oédfa/in theoptiaah. Such a
PMA section may. al so i.nclude de-multiplexing circuitry (not shown) to
recover dafB@SREHIMBCYUTonditi oned signal received fromthe PMD section,

mul tiplexing circuitry (not shown) for transmtting data to the PVMD section
i n datasl apggss) and aTEEFFRI0ZaIdTIASHRI mdy fofh a phiical aRflivevdepprdéna(AMD)g a
paral l el data signal froma |ayer 2 sectjon (not shown) and providing a
paral | el d&ewdios pgﬂvalreqewef Q0. | gk p PMR seqtiop snay sopEQddr RAYEGH tionkalase| dat a

signal prawi ; ' (F o 0 [
enbodi nment , ltv %:quﬁcg%g{rolg%ose %f%%gér#a&fv%% 0rt %Ig)ev&lg %%Fg’%é;@gietggd' E:T%K'?) rgol (MAC)
devi ce coujmoheietdn 4 pleysRislPmediumiattactaensi sevtion eovipiadap dred®MD sectioar fSaclea (MR) as

defined IE t d..802. 3ae- 2002 | ause, 46. | n.other enbqdi nents,, the |ayer 2
Goction T VMO oy Hinancd e umtiBBlexDa iRy DR g A REP dtatiom e i
and reggi Ve cofiditionedGHRaefdvddarein WRITNIDRedfont Jﬂﬁlﬁgmmgrc@e@&@ (EBlsh&@h)

Net wor k/ Synchr onous gital 20 Hi erarch (Sd\IET/ DH) standard publi'shed by

t he | nt er nden tememittieg datbiothmPMa sechien indatadanes) andp serigligey/deserialivese are nerely
exanpl es Ogsérﬁé/s? For%e &in%easqaml%f di@é’ig&ﬁ Wl a%ar 205"%5{?5& n@l)hﬁl%@vﬂ? sipnal for
R on’ an opti cal and enbodi e

transm ssi ransm ssfon ne |1u nts of the
present i npeovidinga parelleldhtalsigmml todhe taydri2eseetioncldased. uppH) @ 36rial Ghta sigayler 2

section may al be c led t ny of several input/output (UOQ 25 systens
(not shown P4 e%@@ﬁ%ﬂﬁ&ﬂr%‘ﬁ?ﬁth ot her devices on a processing platform
Such an 1/ 0O system may include, for exanple, a nultiplexed data bus coupl ed

toa 15 [0036] According to an embodiment, the layer 2 section may comprise a media
access control (MAC) device coupled to the PMA section at a media independent interface
(MII) as defined IEEE Std.802.3ae-2002, clause 46. In other embodiments, the layer 2
section may comprise forward error correction logic and a framer to transmit and receive
data according to a version of the Synchronous Optical Network/Synchronous Digital

20  Hierarchy (SONET/SDH) standard published by the International Telecommunications

Union (ITU). However, these are merely examples of layer 2 devices that may provide a
parallel data signal for transmission on an optical transmission medium, and embodiments

of the present invention are not limited in these respects.

[0037] The layer 2 section may also be coupled to any of several input/output (I/O)

25  systems (not shown) for communication with other devices on a processing platform.
Such an I/O system may include, for example, a multiplexed data bus coupled to a
processing system or a multi-port switch fabric. The layer 2 section may also be coupled
to a multi-port switch fabric through a packet classification device. However, these are
merely examples of an I/O system which may be coupled to a layer 2 device and

30  embodiments of the present invention are not limited in these respects.



processing systemor a nmulti-port switch fabric. The layer 2 section may

al so be coupled to a nulti-port swtch fabric through a packet
classification device. However, these are nerely exanples of an I/O system
whi ch may be coupled to a | ayer 2 device and 30 enbodi nents of the present

i nvention ayg 06lostdzgi ted in these respects. 9 WO 2005/ f6rds3804/041106
PCT/ US2004/ 041106 [0038] Figure 4 shows a schematic diagramof a nulti-tap

filter 300 according to an enbodi ment of the receiver 200 shown in Figure

3. Each of urali @Eﬁn ' I ut

si gnal I’ECéI vem on ttgr Eﬁﬁﬁ@%@hedﬁfc% era faeghgd;}%péﬁﬁgoﬁcrc@@#gg%% and
scal ed by anembb&lmndﬂ‘thgrefceﬁek ZOﬂrshawnhrchgﬁrbBciBnh ofd phtalﬁy&fdadﬂycéspondi ng
mul tiplication circui t 312.. The anal del CI rcujts 308 formed as
Goscr ! bed MRGnaor pghl tas o an Spp gl reopiied U ey REL AR SONLABIEBIGS b 17029
and  04239QeR}kédls 3Blanl keted @fohaéo%s@%hﬁg f@drfEHi/eIrd coéfﬂeaeﬁta%faé ed herein by

reference. A “summng circuit addi'tivel é{yco I ne the outputs of the
mul ti pl |5catcpucspondmg|muétuﬂmatlortqsrcgréﬁ -atke analogide dritst 398 anpyhei fpmapddAsgnal

318 froma In the
presently idff ! Fé %gﬁgggﬁlﬁg igﬁ?l%ﬁ( IQEQNt 45? %f@sgggnd updat e
each feed f(ﬂBMP’lSQO@{éﬂnﬂb@ﬁAnal@Dﬂﬁ?@@bulﬁﬂlrﬁSrpbﬁitéMemby rﬁ(fkrtﬂf)e chI (k) +
OL x sgn[c(k)] ,x sgn = the feed fo

coef fi ci entSUmBIREErquit304 rﬁlqyrﬁdéat@ﬁlmcomhwettbfeoqmmf the @%Phic#lanfé“’misﬁ Ryture

period k+1i, éneﬁﬁ am 1&%38@‘%%gﬁﬁfz%§ g}]]ﬁ%% o {(Hed ?&wﬁfda;i(%?ﬁlm llﬁuﬁfl' gnal

tap of the | put sl gna current perio e sign of
t he estionattapifiker300. &f thepeesemlyallustmttdenpediment; coé¢féicientosgpdate lpgic BoHmRy  sgn

[ai (k)] = _the si t he .signal tap of .the i.nput signal to be scal ed by
t he coeffid‘\pa‘ﬁ?e ‘%r}e‘i‘gfof‘%?rdcﬂ%ﬁlgnwgtggmhcﬁéff‘gﬁ“"ﬁ and Al = a predeternined
constant. According to an enbodi nent, the internedi ate equalized signal 318

may be recej&ed)at; (H)+K?£d@@é(k)]fxlsgﬁ%(k()]:BF) and error generation circuit 320

to provide an equallzed signal toa limting circuit 314. The FBF and error
generati on Wi%¥%uit 320 may generate the sign of

¢; (k+1) = the feed forward coefficient to scale the jth signal tap the input signal in the
15  future period k+1;

¢j (k) = the feed forward coefficient to scale the jth signal tap of the input signal in the

current period k;

sgnfe(k)] = the sign of the estimated error of the equalized signal in the present period k;

sgn [a; (k)] = the sign of the signal tap of the input signal to be scaled by the coefficient c;
20 (k) in the present period k; and

A; = a predetermined constant.

According to an embodiment, the intermediate equalized signal 318 may be received at a
feedback filter (FBF) and error generation circuit 320 to provide an equalized signal to a
limiting circuit 314. The FBF and error generation circuit 320 may generate the sign of
25  the estimated error of the equalized signal, sgn[e(k)], in period k based upon the equalized
signal and the inter-symbol timing information provided in a clock signal Clk(t). The
coefficient update logic 324 may also determine a feedback coefficient cpp(k) to be
applied to a symbol value recovered in a present period, b(k), for generating a feedback

component as follows:

30 cpa(k+l) =cpp(k) + App x sgn[a(k)] X sgn [b(k)]

10



25 the estimated error or tne equal i zed signal, sgn[c(k)], in period k based
upon the equalized signal and the inter-synbol timng information provided
in a clock signal dk(t). The coefficient update |ogic 324 may al so
determ ne a feedback coefficient cFB(k) to be applied to a synbol val ue
recovered i t period, b(k), for generating a f onent as
fol | ows: 3‘&8§Q%Qgﬁ?p CFB(k) + AFB x sgn[a(k)] x sgn [Db( &¥8§Q%P

2005/ 067236 PCT/U82004/041106 The feedback conponent may be additively

conbi ned wi h .t nt er it to

provi de thé[thch%e % fﬁ%‘éﬁ{a@?%&kﬂ%&%‘“ mthy 1@? %tggq&a?é%g] Fi gure
5 shows a sighenfdérh @urﬂmawmmmto provide ¢hi¢irbcdveied sgmbgldatue beloel)fin sifigmes 5 of a
multi-tap filter according to an enbodi nent of the coefficient update |ogic

324 shown DPRHOE; gure 4. According to an enbodi nent, a signal tap of an input
signal 518 is received at a limting circuit 508. The limted signal is

then t appedogyo) SUCCGFﬁguY@S ﬂﬁmm sBheARR ofatéard%cmo@@ aﬂﬁémfmeﬁs
correspondi ng @&nal tap a,(k) to each o £ urality gat es 502.
f

Each NXGR g)éae;l Zapaﬁlm agaprding tesansgrboflingan) pf qoeéﬂgb@ywdgtpm@i 2oshiownt Od
10 @ 4
oo ehe: ot dp Py PAbecfling o BBl s e ol SR BRR L o C°

502, the N4QEhigag eiredS08nThe ﬂﬁﬁﬂe&@lgﬂilhﬂh&h @ppeaf atrsh@eswetﬂelayfelémmemzal i zed
S|gnal in the present perlod k, .sgn[c(Kk)] 95 ﬁ? nléged b FBF and
error gener@Proyiledsigng taoszespgﬁmswal b tycachol g plurglitk gatesal  of
each NXOR gpber %Xbﬁg%w a@%%%ce’?&% s%?gea{ g&ﬁiéﬁ?pléﬁesl ledTogil t&%&ﬁ etdfe’ Sion 15

of the anal og I nput e scale correspondl ng coefticient cj
(k) in ®he aprostpshi; x sEarE( *ksgndg k)] an u(téryqls acCarding-todli¢ intsrepmbolditeing

cor r espond HGPRER gueBt Baminal hfath BFOREde A REN FORGa i reefvoue by
4i, and ad%éél%&?bﬁ’th@@f@&*di'@hé/%qhﬁlhz%d@fghﬂ%mfﬁés@ﬂtﬂ‘eﬂ@ﬁkl $nfdlk)](ddsed to scale
the jth si Byof t he anal og input signal in the present period k, cj

(k)) and prdstermiaed by the-HBF anglprror meéaﬂloy cirggt m@hovgaﬂrbl‘m Fraft mthprdeb )
sgn[ c(k)] >ieér &?é@%%aﬁ%ﬁ%em té§ yﬁe%gzzéﬁuf)%?g?ﬁﬁh&%rs ac

coefficient ¢ i-n a current p r|o ure
peri od.15 ofthe analog input signal to be scaled by a correspondmg coefficient ¢; (k) in the present

period k, sgn [a;(k)]. On a coefficient update interval, each charge pump circuit 510 may
receive an output of a corresponding NXOR gate 502, sgn[e(k)] x sgn[aj(k)], scale the
output by A;, and additively combine with a corresponding coefficient (used to scale the
jth signal tap of the analog input signal in the present period k, c; (k)) and provide ¢; (k+1).

20  Similarly, an NXOR gate 520 may provide sgn[e(k)] x sgn [b(k)] to a charge pump circuit
514 to update a feedback coefficient crp(k) by Agp in a current period to cpp(k+1) fora
future period.

[0040] Figure 6 shows an FBF and error generation circuit 600 according to an
embodiment of the FBF and error generation circuit 320 shown in Figure 4. The FBF and
25  error generation circuit 320 may generate sgn{e(k)] and b(k) based on an intermediate
equalized signal a(t) received from the feed forward portion of the multi-tap filter 300
(e.g., from the output of summing circuit 304). In the illustrated embodiment, an input
signal may encode information in symbol intervals as bi-level symbols (e.g., having one of
two voltages in a symbol period) where a symbol may encode information (e.g., a “0” or

30 “1”) mapped to an associated value of *y or y. Accordingly, b(k) may take on the value of

11



[ 0040] Fi guFe 6 Shows an FBr and error generation circuit 600 according to
an enbodi nent of the FBF and error generation circuit 320 shown in Figure
4. The FBF and 25 error generation circuit 320 may generate sgn[c(k)] and
b(k) based on an internedi ate equalized signal a(t) received fromthe feed

forward por‘&{a?@s@&é&e mul ti-tap filter 300 (e.g., fropdhR.QbpPYés Of .

sunmmng cir In the illustrated enbodi nent, an input signa
encode information in synbol intervals as bi-Ilevel synbols (e.g., having one

of two voktages..in a ol rio er . 0 ngode. i nformation
(e.g., a "0O" Org?" gﬁwevfj’ftx{grgsp%g%&%l eg%lm\ﬁgse&eqo%@%vb%‘* cﬁfgg% %p%g?en_tsyrﬂa

Accor di ngl ynap bfspmdtiay id akenisw) idtiwaMalasgmbél frokd aM6h2 ke Q6rct3 Gevels.

PCTI US2004/ 041106 +y or "y. However, this is nerely an exanpl e enbodi nent

d oth nbodi nent _ i nf i on_j mbol ipter.val mbol
from anonglWiEe or AesRire Fanembogumen S Eof ant grageasmUsmuthrod My ho Far
and error gagghatdoRtteds l‘val@@@igﬁﬁﬁna%fés&ﬁ?gﬁodﬁ??ﬁ@ﬁ%&%ﬁ%ﬁraﬁ@'o@e si gnal

in a present period b(K) from am)n%@e} plurality o 5 candidate synbol
val ues baseahdidatersyntbel valwasbasediuppe thequigmicdiate equglizad signa) alg)anda | val ue

recovered in a_previpus per.iod 7 nud. £ i Dl I, cukt 602
receives t &Be Fe%Bthr%,m é’%ﬁ“ﬁ’“ﬁﬁ’&?%gé‘%@' @5@8@’&%&?@%{5 MR etrérzr)elch?céa’f‘;ees equal i zed
signal a(t wafigufs/each ipa Bedifonchentermbdate equalized Sighal ta(t) Bidhei s based
upon a first conposite signa risi ng%t he internedi ate equal i zed si gnal

co
a(t) added fedbaokmpaicient GrmGsyi Tee Gt mpulds bascd WpR ELCARRRISNS SE8 out put
signal. Th : ' | b 3.5 | conprising
CFB(R) " subtrapigiink MitmetcRatc Rt bh S6Ro CAMRIS biided B30 P oP e
second 1eandamiidate emelided veghubsigmalt The gpoend inpidtdhbased tpom # secend @mepositec ond
candi date equalized output Si | s ape.received at..a.correspandi n
flip-flop EEREGPRPHSAE CrefldsHairatiod fFhmh e dnferancdiaie erbalicbd stinal R0 Brayitis
G k(t), the sédohdcidddtdddubliied DuphPsiPiQVESD dfiile Fristihd@beohd chitBddie r st and
second candi date equal i zed output signals as inputs to the MJX circuit 602.

Based upon equadizedQuinu siggals gretyeteived|atie corresponsding dipiflopcireuit obY Gpke 1), the
MUX ci rcui | | OR: Oh 1 | ndi qual i zed
out put si g?]egti@xg r%d%%ae/f p@l‘%ﬁbjifﬁl&ki %{alsgic}g%gh‘gglg (e]é(fp z%gu{géu? ‘?LR‘S‘Z’?%’ Flhgfsggg‘s&t he
symbol 1val de firstcand e¢cedd candidaee qauelized outpet sigithls d3(inputs 2Gh¢ MIAR birddosd2di ng to
an embodi n%gée’d utpgr? thlél%cho%Qr%d 2351;1851 Vgﬁlg %E‘ tahtelp?er{/i(?uls%%r%& b(?((-)lg, tr}rlg )MUX circuit

602 may output either the sign of the first candidate equalized output signal or the sign of

the second equalized output signal as the symbol value recovered in the present period

b(k).

20 [0042] According to an embodiment, the FBF and error generation circuit 600 may
also select the sign of the estimated error of the equalized output signal in a present period
sgn [e(k)] from among a plurality of candidate error signals based upon the symbol value
recovered in a previous period b(k-1). A MUX circuit 604 receives four inputs, each input
being based upon the intermediate equalized signal a(t) and the feedback coefficient

25 crp(k), and either the positive symbol value *y or negative symbol value . Each of the
four inputs represents a candidate estimate of the error e(k) associated with the symbol
value recovered in the present period b(k). As such, each of the four candidates represents
a difference between a candidate equalized output signal (a(t) +/- crp(k)) and a symbol

value (the positive symbol value 'y or negative symbol value 7).

30 [0043] Each of the four candidate estimates of the error (k) is received as an input
to a corresponding flip-flop circuit 608. On the leading edge of pulses of clock signal
12



al so select the sign of the estimated error of the equalized output signal
in a present period sgn [s(k)] fromanong a plurality of candidate error
signal s based upon the synbol value recovered in a previous period b(k-1).
A MJX circuit 604 receives four inputs, each input being based upon the

i nt er medi at@o864RkI36d signal a(t) and the feedback coefddigiisnd@os FB(K),
and either ﬂe positive synbol value +y or negative synbol value -y. Each of
the four |nputs represents a candi date estimte of the error s(k)
associated d b(k). As
such, each )t ﬁacggl Oﬁhﬁ@?ﬁc 1}é%dts so‘?lg&ﬁg‘g%g‘? Of&otﬂgg ? ‘%E{l\f\‘gtgn a

candi dat e esfirAdte a£alle orrome(k) mltmpt‘cse(xmper)odaéanmﬁﬁfdo)theMauawﬁm Bave ue (the

positive synbol val a 0043] Each of the
Pour  cand: ¥avette Sprhalalieg recpRaobin G SR perod bl and bipodged i BR BT on o o
Correspond' Bod b n fhORIX ihit 6@08ay Spdthes di mle%%%a@élddwbmwéf cl ock
si gnal 2005/ 067236 PCT/ US2004/°041 06 each flip-flop circuit

608 pr 0\5| délw artoe as thgsignfof shecastimeted errar inghe msentmmdcsan[é(k)]e skherfallewviog t he

error s(k) h sent_per R t to th 604 Based
upon the sts%%tlu“gt&#ﬁgggw &@'\7@%{@% S rsqm? ﬁOi t8 eCtr‘?tn eﬁ%‘lﬁ Z%t%%sq@ % ecovered in
the previ oygnerste bl droa( &ndﬁgaplbﬁhwoﬁndl@aw tqualdedauypud vigpals bided updngn of a
sel ected candi date estinmate of 5 the r as the sig of the e nated

error in tRE-ph é%wglcgethedwe@ﬁfos(t@f fos t@lbtrrqmaa@l e Bmeng p plElity: es
logic int qual i zed output signal to
generate b?)E) g%eér%‘z‘;{)h%nﬁ@% 80 %B%?Bg(aﬁdl date equal i zed output signals
based upon b(k-1), and Ioglc |n the MJUX circuit 604 to select an error
signal frqgmane a arn of —cangi-gate—ertar—s+anals-hased-op-b{k) and
b(k-1): 1 B00K) | PRAD) |y Pt SHRELG 1ot or OSEIPERn SRR S A0AT ot at
MJUX ci r cuijt 604 at MJR@MUB@Mf&nt%@Z +y +y a(t) + cFB(k) - a(t) - [cFB[k)
++y] +y Ta(t)l- cpB - a(t) - [-cp8(k) +4y] -y a(t) + cFRk) - alt) -

[ cFB(k) + yy 7 hl) - G@Bfkl)a(k) a(t) - [- cFB(k )- )y Jere(ld844] Fi gure 7 Bhows a

schemati c t,p'ragf J.L‘Iyl of—& (ﬂlal \BJ&()}JUITP circutrt—38 -a(t)-[-CFB(k)+ ,Y]

Y
v "y a(t) + crn(k) - a(t) - [cra(k) + 7]
’7 ki a(t) - cea(k) - o(t) - [-crn(k) + 7]
[0044] Figure 7 shows a schematic diagram of a charge pump circuit 800

according to an embodiment of a charge pump circuit 510 or 514 circuit shown in Figure
5. According to an embodiment, switch 808 may couple a current source 802 to add

15  charge to a capacitor 806 in response to a positive value for sgn[e(k)] x sgnfaj(k)] provided
by a charge pump 502. Similarly, a switch 810 may couple a current source 804 to
remove charge to a capacitor 806 in response to a negative value for sgn[e(k)] x sgn[a;(k)]
provided by the charge pump 502. The resulting voltage of capacitor 806 may then
represent the updated coefficient ¢; (k+1).

20 [0045] While there has been illustrated and described what are presently
considered to be example embodiments of the present invention, it will be understood by
those skilled in the art that various other modifications may be made, and equivalents may
be substituted, without departing from the true scope of the invention. Additionally, many
modifications may be made to adapt a particular situation to the teachings of the present

25  invention without departing from the central inventive concept described herein.
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according to an enbodi nent of a charge punp circuit 510 or 514 circuit shown
in Figure 5. According to an enbodi nent, switch 808 may couple a current
source 802 to add 15 charge to a capacitor 806 in response to a positive

val ue for sgn[e(k)] x sgn[al(k)] provided by a charge punp 502. Simlarly,
a switch 81l omys/coipl € a current source 804 to renove pRBEUSHRILR1A6
capacitor 806 in response to a negative value for sgn[c(k)] x sgn[al(k)]
provi ded by the charge punp 502. The resulting voltage of capacitor 806 nay
then repr ) |l e there has
been iIIus??%%%g% ﬁqﬂggir?%ﬁgﬁa%&6h§$%nﬁ§%ééj%ﬂ§n£%ggggééit 0 be exanpl e
enbodi ment smbbdinfeatsplisetmsad, buhthetthe venticn indlhde dileembudimatto fatlidpywithih tee
skilled in the rt t hat . ous other nodifications my be made, and
eqU|vaIent§‘H§y’ émgﬂﬁgﬁ kﬂ?%d Wit hout departing fromthe true scope of
the invention. Additionally, many nodifications may be nade to adapt a
particular situation to the teachings of the present 25 invention w thout
departing fromthe central inventive concept described herein. 13 WO

2005/ 067236 PCT/ US20041 041106 Therefore, it is intended that the present
invention not be limted to the particular enbodinents disclosed, but that
the invention include all enbodinents falling wwthin the scope of the
appended clainms. 14 CLAIMS Wat is clainmed is: 1. A nmethod conpri sing:
detecting synbols in an equalized output signal on each of a sequence of
synbol intervals to recover a synbol value in the synbol interval; applying
a feedback coefficient to a synbol value recovered in a previous synbo
interval to generate the equalized output signal in a current synbo
interval; generating the feedback coefficient based, at least in part, on an
estimated error associated with the equalized output signal; and selecting
the estinmated error associated wth the equalized output signal from anong a
plurality of candidate estinmated error val ues based, at least in part, on

t he synbol
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val ue recovered I n the previous synbol interval and a synbol val ue recovered
in the current synbol interval. 2. The nethod of claim11, wherein the

nmet hod further conprises selecting the equalized output signal in the
current synbol interval fromanong a plurality of candidate equalized

out put signals based, at least in part, upon a synbol value recovered in a
previous synbol interval, each candi date equalized output signal being
based, at least in part, on the feedback coefficient. 3. The nethod of
claim2, wherein the nethod further conprises generating each of the

candi date estinmated error val ues base&);@lsl east in part, upon a difference
bet ween an associ at ed candi date equal ut put signal and a synbol val ue.
4. The method of claim2, the nethod further conprising: applying of each of
a pluralit Whetifdgmefdrward coefficients to a corresponding one of a
plurality of signal taps of an input signal to generate a product associ ated
with the feediforward coeffici ehmethodemprismg: t he products associated with
the feed forwdetertingeyribhadd imran squadizefeowepuasignal he each of e senpclicatoésyanhed intereds

si gnal ; anccgenesmbbalgaleamhthosfyntbobineavatii dat e equal i zed out put si gnal s based,
at | east in papdlyingn feedhank codffitibig tond eymbdi wlie eqoakddzda girgrials symiboh

scal ar mihtedvpl te gaferdtditae betibaicdotpnogfdal i enirentSymbéléntawthiod of claim 2, the
met hod f urt hegereeutipg i the rfeedbagkp bosffigent atbedpfat dlegpt Ui apart) YonOfin festrtlatéd exwar d

coef fi ci eldoBiated withaly dq@slpendutpe sgmel; &fd a plurality of signal taps of an

i nput signal tdegiag @cddsGmand ieRbeisBskited Ritk deddquiiedd Su@iakigna fdm GeRRrat i ng
each of tyigalaapfltflaideeRetuUAdbZ&Fbr QR Bas&d, GiMBAsS iRseen at | east thdsypdbl , on a

sum of t RgjukRE@NERE AR REHAlS FRMoSinthdl 2a0d s gmsga\taare 10 veteR!if 1R cilrkgt
feedback Gasbifiheivgnt . 6. The nethod of claim t he met hod further

conprising updating at |least one of the feed forward coefficients based, at

least in part, upon the sglaehod £shiiRLAka] e etl%%sf e?E@:ﬁ YMQ
equal i Ze‘ihé) Qﬁ'}ed%'ug)'ﬁ% gnaz n ﬁ‘le c%ﬁ@ﬁt &b&lOHENaF an‘?on ﬁltaﬁ c;f%a Udg?jc
symol s igy flle£ Nl Uk me r?%aca looPv o a DX

i nterval Ssymgolr &:Pvaf" ea e eq% fed! out %1g§z}i

mg bad ae a\t/‘fil aSt 1% part, on the
feedback coefficient.

3. The method of claim 2, wherein the method further comprises
generating each of the candidate estimated error values based, at least in part, upon a difference
between an associated candidate equalized output signal and a symbol value.

4. The method of claim 2, the method further comprising:

applying of each of a plurality of feed forward coefficients to a corresponding one of a
plurality of signal taps of an input signal to generate a product associated with the feed forward
coefficient;

combining the products associated with the feed forward coefficients to generate the
intermediate equalized signal; and

generating each of the candidate equalized output signals based, at least in part, on a sum
of the intermediate equalized signal and a scalar multiple of the feedback coefficient.

5. The method of claim 2, the method further comprising:

applying each of a plurality of feed forward coefficients to a corresponding one of a
plurality of signal taps of an input signal to generate an intermediate equalized signal; and

generating each of the candidate equalized output signals based, at least in part, on a sum
of the intermediate equalized signal and a scalar multiple of the feedback coefficient.

6. The method of claim 5, the method further comprising updating at least
one of the feed forward coefficients based, at least in part, upon the selected estimated error
associated with the equalized output signal.

7. A receiver comprising:

a detector to detect symbols in an equalized output signal on each of a sequence of
symbol intervals to recover a symbol value in the symbol interval;

15



a multi-tap filter to apply each of a plurality of feed forward coefficients

to a corresponding signal tap of an input signal to generate an

i nternedi ate equalized signal, and to apply a feedback coefficient to a

synbol val ue recovered in a previous synbol interval to generate the

equal i zed output signal in a current synbol interval; logic to generate the

f eedback coefficient based, at least in part, on an estinmated error

associated with the equalized output signal; and logic to select the

estinmated error associated with the equalized output signal fromanong a

plurality of candidate estimated error values based, at least in part, on

the synbol val malt-@apsoWered hpply Rechpoe\d plugalisy rbofeed Momvanhlcoefficiedts sy nbol

val ue recowespeadihgsigh t4pUsh @nhput SigakIab gbitkR¢ Wninterfedidtb @quaized Megial,and ¢d ai m 7,

wher ei n thgly’ £¢RdVARK JodfficRar (€ a@NgPmbsIESalleOftcbvetdd inS£lpaiiout RemBsIUAler & d Out put

si gnal gge%}ﬁte%érerqﬁﬂfze&hf @l signBItif b adrent 5yRBoRMRAGLA Pl urality of candidate

equal i zed out pghic & gHABlak MEI&MAbacRicob@igRht babedd@f teastliﬁ)gﬁ'rt oS ¥TB@imareal eu@r

recover edysiddiafed RIANE HRIANTRR: digtaBaNA! | each candi date equal i zed out put

si gnal being @@g?@t@sel@&t th@&ﬁt‘naieﬂ eR& Jssocfé&d v&xﬁﬁhé &ﬁqmﬁl&ufb‘aﬁﬁéﬂaﬂ:fr@rﬂtamogg The

receiver rcplglu 11%0@1: did4f rvffl‘ﬁ@é%%d t%ats ifpatt YHPT | S€S I og 93

generate otk mﬁen ﬁ;oi R o8 Oy vl | W5 RESRIkd Alnd i
féjih etvve n a a

part, R ve(,; ence n associated can te equalized out put
si gnal 33' a sy val ue. 10. The receiver of claim8, wherein the

i -t gg fil 5; gorm“s Jog w%rtplalgl%rh@rtme FERL L L 5 prssfogm

i nt er redi £ G ﬁaﬁgn%r}a ik o w@vs i el o
coef fici e‘f‘?‘f‘ Ti eq \f‘ ai‘t m ;QE r?‘iof’?rg lns?‘gnal
further gB‘f’r?)‘fslsg’é‘ bol ‘&teﬁ‘l?rl Fi‘ ?“b?ﬂ“& lﬁ’f"tputf Beha Bed‘?'rg 'Eﬁse legst AP o Phar d
coef fi ci e LefRpcleprtiicient o product associated with the feed forward

coefficient; and a summing circuit to conbine the products associated with
the feed forwdrd coeffici BrfEceiyes ofelaaytiberehidhe receiverdunther sompfipes logisdo

si gnal . 1generpseaghpelothy candidate psiimaied GrropManesi basadnat lesst & 9Et upoR £ HEFISRpri ses
logic t obaipesate agpcipedsandisiie egralizeboipns siznad anghe Yehok¥alici ent s based, at

| east in part, upon the selected estimted error associated with t he
equal i zed out p1l9t si gnal . The receiver of claim 8, wherein the multi-tap filter comprises logic to

generate each of the candidate equalized output signals based, at least in part, on a sum of the
intermediate equalized signal and a scalar multiple of the feedback coefficient.

11. The receiver of claim 10, wherein multi-tap filter signal further
comprises:

a multiplication circuit for each of the feed forward coefficients to generate a product
associated with the feed forward coefficient; and

a summing circuit to combine the products associated with the feed forward coefficients
to generate the intermediate equalized signal.

12. The receiver of claim 10, wherein the receiver further comprises logic
to update at least one of the feed forward coefficients based, at least in part, upon the selected
estimated error associated with the equalized output signal.

13. The receiver of claim 7, the receiver further comprising:

logic to set the feed forward coefficients to predetermined values in response to detection
of a dynamic condition; and

logic to inhibit update of the feed forward coefficients from the predetermined values for
a duration.

14. The receiver of claim 13, the receiver further comprising logic to
enable update of the feed forward coefficients from the predetermined values in response to

recovery of inter-symbol timing information from the equalized output signal.

15. The receiver of claim 13, the receiver further comprising logic to
enable update of the feed forward coefficients from the predetermined values following a
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13. The receiver of claim7, the receiver further conprising: logic to set
the feed forward coefficients to predeterm ned values in response to
detection of a dynamc condition; and logic to inhibit update of the feed
forward coefficients fromthe predeterm ned values for a duration. 14. The
receiver of claim13, the receiver further conprising logic to enable
update of the feed forward coefficients fromthe predeterm ned values in
response to recovery of inter-synbol timng information fromthe equalized
out put signal. 15. The receiver of claim 13, the receiver further conprising
| ogic to, enable update of. the feed forward coeffjcients _fromthe

by Sdlet or TR THSTAEON 5) FORERG BN Ko aOr AT g Beb Ao o [ B8 ¢ e
to recovéalizgd grtPelsga}l timing information fromthe equalized out put
signal. 16. A systemconprising: a receiver adapted to process an input
signal from d6transni ssion nedi dfYSEREOPREES er conprising: a data recovery
circui t conprdi §FentsT RéanRs: e drocssmanoinBUt signalnirery @dransiatysion Msdums ithrra¢eivebn each
of a seqefEESINgf synbol intervals and to recover a serial data signal
conprising a synb@ptayedoussy ichicusterompsising tsl defagt syimpgls;in an pedalipedt qufpuf $1pnaér t o
appl y each ofonzagi afraskequepcedf sfmbal ifteonvelaprall toaesof¢rai seritlglatagigaal comprisizpandi ng
signal tap ofsymbolivajyatin sichmahbdl otegeaier at e an i nt ernedi ate equal i zed si gnal,
and to apply a feedivdtkapcHkdrfto cipplyteatioofaa plurdiny of ddeddforvend vesfbdernts taa

previ ous synwotrespomiieg vighal tap qfanenpmit eghdieo papemtd aneidteontdiate equatjrail signal, a
current synbaindithagsly alfeedbadk @effiziege e aimbol helué eedbaek irc o gfdvions eyrbdbased,

at | east in pattval ©gemtnate Bk icqmilieet ouguk Sipnah isOqinhegmbblihtetvag equal i zed

out put signal; antbgdio®i @nérate 38 REdbatihevetdidntBised] @ NdadindaB o6 af &@dmwated h t he
equal i zed outepldt assbied with Beq@lBEibuBubbipiaklandy of candi date e§ti mat ed error
val ues based, at IQast sbBctRBY dstiim@d Ef& a5HBRRE Wil thCedu@ERY BLPEt dighal fidhn

previ ous Synth(ﬂ'lon%@t;ﬁlﬁrfdl@tt_o@@%d@da&y&ﬂﬁhte&%}r&eval\f@%@%@[ fdedshirf fiet, eHr rent synbol
interval; and a degefhdbl ¢#ale fefoRfe8\Mh 4R ReRaUsddyh®bl Skl 3h@R3mbdl vaRspONSe

to the serial,datRd s ©0&kent symbol interval; and
a deserializer to provide a parallel data signal in response to the serial data signal.

17. The system of claim 16, wherein the system further comprises:

a photodiode coupled to an optical transmission medium; and

a transimpedance amplifier to generate the input signal in response to a current from the
photodiode.

18. . The method of claim 1 further comprising generating a feedback
coefficient for a future symbol interval based, at least in part, on the estimated error associated
with the equalized output signal in the current symbol interval and the symbol value recovered in
the current symbol interval.

19. The method of claim 18 wherein generating the feedback coefficient for a
future symbol interval comprises using an inverted exclusive OR gate.

20. The method of claim 18 wherein generating the feedback coefficient for a
future symbol interval comprises multiplying the estimated error associated with the equalized
output signal in the current symbol interval and the symbol value recovered in the current
symbol interval.

21. The receiver of claim 7 further comprising logic to generate a feedback
coefficient for a future symbol interval based, at least in part, on the estimated error associated
with the equalized output signal in the current symbol interval and the symbol value recovered in
the cuurent symbol interval.

22, The receiver of claim 21 wherein the logic to generate the feedback
coefficient for the future symbol interval comprises an inverted exclusive OR gate.
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———— B
| T The systemof claim 16, wherein the systemfurther conprises: a
phot odi ode coupled to an optical transm ssion nedium and a transi npedance
anplifier to generate the input signal in response to a current fromthe
phot odi ode. 18. The nethod of claim11 further conprising generating a
feedback coefficient for a future synbol interval based, at least in part,
on the estimated error associated wth the equalized output signal in the
current synbol interval and the synbol value recovered in the current
synbol interval. 19. The nmethod of claim 18 wherein generating the feedback
coefficient for a future synbol interval conprises using an inverted
exclusive OR gate. 20. The nethod of claim 18 wherein generating the
f eedback coef fisci ent f OThdrecdivtr ¥F Elafmy MD@herbifttied MakipLerph tisas fordath bf it ng t he

est i mat edfe@ifhMNarB®eAkichtsRemphiled ah IRerRAUALLARIORQEEPUt signal in the current
synbol interval and the synbol val ue recovered in the current synbol

interval. 21. The receiver of claim7 further conprising logic to generate a
feedback coefficient for a future synbol interval based, at least in part,
on the estimated error associated wth the equalized output signal in the
current synbol interval and the synbol value recovered in the current

synbol interval. 22. The receiver of claim?2l1 wherein the logic to generate
the feedback coefficient for the future synbol interval conprises an
inverted exclusive OR gate. 17 23. The receiver of claiml | wherein the
multiplication circuit for each of the feedforward coefficients conprises
an inverted exclusive OR gate. 18
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