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METHOD AND APPARATUS FOR RECEPTI ON OF DATA OVER

DI G TAL TRANSM SSI ON LI NK by Inventor: i Al exander
Julian Eglit FIELD OF | NVENTION gg~ [001] The
invention pertains in general to data reception over
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[002] Hi gh-speed digital c nltce_ltl on represents an
i ncreasingly inportant i An | ncreasi ng
number of anal og com*rurf”@’é‘iq q‘?ﬁﬁ@gﬁ‘fgre repl aced with
hi gh-speed serial links offering reliability, link"
quality (e.g. low Bit Error Rate (BER)), sinplicity
%@@ m end users. [003] For exanple,

C mgs and Hi gh Definition Tel evisi on
(H dlslasoften enp hspeed serlal i pk
dggﬁd IqveRfip pertaly ga? do éﬁ JECPHIgR OXFr behanalog and digital
Interface (DVI) and H| gh Definition Miltineda
[transmission lpkENnd il pertisglgr dgat wceidert that affersf mbustuggeration in the
links is generally in the G gabits/second range. For
g}@eﬁﬂe%fdekﬁﬁinﬁ’t{b andl h&rk dBRMEInIsAE Ait@PpPr oaches 5

gabaud, with many vendors offering products

exceeding this |limt by non-trivial margins. [004]

, ey [ ed Technol ogy
mgiﬁmimé)ﬁ@wya%nnect i ng storage

uter systens.,K This applicatiqgn also
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above
technology. An increasing number of analog communication links are replaced with

high-speed serial links offering reliability, link quality (e.g. low Bit Error Rate (BER)),

simplicity of use and low cost to end users.

[003] For example, modern computer displays and High-Definition Television (HDTV)
displays often employ high-speéd serial links based on industry standards such as Digital
Visual Interface (DVI) and High Definition Multimedia Interface (HDMI). The aggregate
data rate for sﬁch links is generally in the Gigabits/second range. For example, the DVI
link baud rate approaches 5 Gigabaud, with many vendors offering products exceeding

this limit by non-trivial margins.

[004} Another example is a serial Advanced Technology Attachment (ATA) interface for
connecting storage devices in computer systems. This application also requires data rates

of about 2 Gigabits/second and above.




.1 [005] Still other exanples are high-speed Local Area

Net wor k (LAN) applications such as G gabit Ethernet
(such as 1000Base-T) as well as energing 10-G gabit
Et hernet (10GBASE-T) standards. [006] The |i nks

t‘equf*r%‘he@%fi%‘%éﬁszﬁﬁ@%‘} d ALREINGRER, (TI00 SeRons such
t ol t,e d t
A8 gt ettt f JOPDBRErS' an, WEHH vperdin 1P Rfebl Binemet
subst antial frequency offset and/ or frequency

fHYBASF-dn stapdgrds.good ef fective BER an ability to

- operate with small horizontal eye openings (for

exanple a 0.4 unit interval (U) eye wdth
$G06¢ i Thiec dinke n uhderhybig Uthesemapd) sichilgh ek#@plés NHave many common
bandwi dt h, fast phase acquisition and good tracking
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recei ver “for suc "serl a

ngqngalsuqo e:o}\{(gl{(fi at a o er Sa l | n %rigtg%dégrerate sgbstantlal

streans. Comon DVI Ilnk |rrpl errent atl ons use an
Goqueneya afibdt rrgdfon dreguensty medilationn@@Mjagaod affpdtiviegBER, an ability to
often done w thout any phase tracking. Once the

opetdte sahiphad ldaizantalsdye @Pmmgs (@raxhdplea 0.4 Ait Ritasel (UI) eye w1dth

pi cker retains one sa e out of L sanples by using

r (
PRl ol BaR ) agﬁﬁ%@%ﬁeﬂ%ﬁﬁﬁw qigition and good
i mal sarrpl 08] Wil e such a technique is

?ﬂ‘ﬁ\g alﬁﬂieegvnd i nexpensive to inplenment, it

suffers froma vari ety of problens. For instance, sone

| i ne codes enpl oyed today have very w de frequency
[988c One pepylir. implemaentatiomroflagnesiter faf, seyh 8 bightspagdhsesipl link is based
This problemis especially acute for DVI/HDM |inks
othiecdives alataheee-sitipling ¢oiibided @ith 4o SHMEAPRaseRAking a8 $61R6L ‘good’
of stability and robustness, phase pickers have to

sARBleAtBatis.t BomBlADY Elidk il iEAitations use an over-sampling factor of L=3,

and data sampling is often done without any phase tracking. Once the over-sampled data
stream is available, the phase picker retains one sample out of L samples by using some
type of phase tracking approach (such as transition phase averaging) in order to select the

optimal sample.

- [008] While such a technique is relatively simple and inexpensive to implement, it

suffers from a variety of problems. For instance, some line codes employed today have
very wide frequency spectrums (i.e. poor run length (d,k)-constraints). This problem is
especially acute for DVI/HDMI links which can have runs from 1 to 14 symbols. For
reasons of stability and robustness, phase pickers have to operate with relatively narrow

tracking bandwidths. The downside of such an approach is an inability to track-




tracki ng bandw dt hs. The downsi de of such an approach
is an inability to track 2 determnistic jitter
present in the over-sanpled data. Narrow tracking
bandwi dth al so places limtations in settling speeds

(det@miEEtRs Att@Cstedeht in e sveiRahpled VRS SNROSW thAcRIE Hafdwidth also
perforrmnce and soneti nes narrovvs the capture range.

a I e

a}gpr s Lin ?altlg}f{] Qﬁﬁég spge{dg ?{ orBl}Jlggee gcﬁpmﬁ@\% clfah&% poor transient

ove anpl ed data in the detection process. Cormon
5\‘@511@06@33 SOMEHINESRIFORE NS FEPYYMINge-di scard L-1

sanpl es for each synbol, retaining just one out of L

recei ved sanpl es. Hence, t he over-sanpl ed data is used

d6es] ©Ooe fipldamental awbieny obithd phade pifiang dppraacheis dtstinability to use all

Thus, the phase picker discards nany data sanpl es

%hl%w adveY-s %%gwl dath N{PriABt &&&ti@%foc‘sﬁe S Yghhon V"fOHhﬁzib picker

I's being dec I'n conmon DVI/H I mpl ement at i

ot of .th nfo e _receive
MRl imepiegiofiopf dRteRE Mo i St pBaimno) ipgmfrg I8 686 out of L
m)derate and the eye opening i s adequate, such as whe
fereived spmplep Heyee, shesonsr-samplgh daiads nsed aly &r ddbase trackmg and not
Twi sted Pair (STP) cable, the | oss caused by such a
Pradate drtectiong Thpg tleephasé pickea|discatds ensan datassamples ovhicdincarry useful
i nexpensi ve receiver inplenentation. Hovvever once

ilfemeiioa ﬁlﬂi@ the dyAfotaskich a8 dtéé?ﬁ% ek er file cofifBh DVIHDMI

qual ity cable s used, such as anh Unshi el ded Tw sted
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rapidly. [0011] For exanple, it can be shown that such

dis¢ardedi t i onal phase- averagi ng phase picker requires

an eye opening that is greater than 2 sanpling

intervals in order to reliably detect data synbols.

1061 @JaHehoflata rate immoddrap hadértest bpmingsisndedint, suhizsadhen the lmk
this inmplies that the eye width should be at |east
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phase picking approach is tolerable and makes for an inexpensive receiver
implementation. However, once the data rate is increased and/or a longer or lower quality
cable is used, such as an Unshielded Twisted Pair (UTP) cable, the available eye width

becomes smaller and receiver performance begins to degrade rapidly.

[0011] For example, it can be shown that such a traditional phase-averaging phase picker
requires an eye opening that is greater than 2 sampling intervals in order to reliably detect
data symbols. In case of a common implementation using L=3 samples, this implies that
the eye width should be at least 0.7UI if data errors due to phase picking are to be
avoided. Such a limitation is quite acceptable at low speeds and/or short transmission

distances, but becomes an expensive luxury at higher data rates and often requires good




avoi ded. Such a limtation is quite acceptable at |ow
speeds and/or short transm ssion distances, but
beconmes an expensive |luxury at higher data rates and
often requires good 3 equalization and pre-enphasis
tegohliiatjoe andyreemphads teehdtpiosalhicteand eslsivedy expefkla], | n
addition, many traditional phase picking approaches
are difficult to inplement at high speeds and/or high
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provide an easy way cessing o

S es. Fro receiver (.nplenentation, standpoi,nt, .
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depend linearly on the over-sanpling factor, thus

SRS Wy nipr f patallehprosessinge p€ thpsaimplesat From aMeaegiver implementation
exi sting phase picking nethods do not exhibit such a

Istandpaing, MCisaeRed debirdbTE) Bavd the 3B¢kiven ThRPEXHY @epend fidkarly on the
the square of the over-sanpling factor or even nore.
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linear and/or non-linear filtering of the data, often
withrthe $qugre: dféha eisusampling factdr 8ERenfnarqe | i nk, provi ded
a good eye opening is available, such as an eye

openi ng of 0.9U or w der. Such receivers are al so

[00¢ 3 @asiltietnatiOe clasildfeBers Well koW ithel 4P réftBented by so called
reason for their popularity in the past. However, once

" i ! . . L
AMBSBHEV BEPLIG ABBIGL S ol kel yBP ORI R4 fy thopst o
uch a,"Mjority Voting' . .receiver quickly_ becone

A meéf‘g@%om Sors, sp e et anlfr gemdingar glighenor the data, ofien
receiver has difficulty handling data streans with

impyeving theoobwstyess ais BERanfdhé Liskyeordgedo gondatyieapeniag is available,
wel |l as data streanms with high non-determnistic

gucht®ran eye opening of 0.9UI or wider. Such receivers are also inexpensive to

implement, which is an important re;';tson for their popularity in the past. However, once
the eye opening begins to shrink, as is common is today’s high-speed serial links, the
performance of such a ‘Majority Voting’ receiver quickly becomes unsatisfactory.
Furthermore, in general such a receiver has difficulty handling data streams with high
frequency offset and frequency modulation, as well as data streams with high |

non-deterministic jitter.

[0014] Compared to traditional ‘analog’ clock and data recovery (also known as CDR)
techniqﬁes, data detections and/or phase tracking in the digital domain often have the
advantages of portability between different fabrication processes, simple design and low

cost. In addition, many non-linear detection and/or filtering methods that might be
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[0014] Conpared to traditional "“analog clock and data
recovery (also known as CDR) techniques, data

det ecti ons and/or phase tracking in the digital domain
often have the advantages of portability between

Ynbd BB fof %Pﬂégcﬁ‘ﬁﬂlaﬁezﬁ&?&leﬁé S%en HeTPLRivARS iMpPleAedt Inoe digital

cost. In addition,” many non-|inear detection and/or

filteri net hods that m ght be -4 unayaj] aple for

oGty FeipreBRe Seh fpughsey anbiinst sodlBe (IR, Atrgprotides good phase
i mpl enent _in the di ?i tal domain. Furthernore, even

thtackin peofoumanceoit adeldona iconfribmes ¢¢ timproyed datiedeteiion per se; most
phase tracking performance, it seldomcontributes to

iaf#lo® \CIORS B4R 4 8ins1é is@plRE forSduta ABSétionathal RReCIsE o yample per
a sinple sanpler for data detection that takes just

a i - | i jR4PI t, anal
3755 U P FboiaR G lobid g 0 bRH AElcR Rl (s present, analog
| 0 CDR performance becones unsatisfactory. [0015]
ﬁb%@%@?%a?cﬁpmo@é%lmﬁ%@%’t%r oper ation perfornance
may be achieved if every synbol is detected (i.e.
sanpl ed) at the point of naxi mum eye opening height.
[R01S] dn gendral, thabbstareecivs| dpetationi performangi fraay be tachigved if every
often inpossible, to find. In order to deternmne an
éﬁﬂ&dlﬁﬂiétecﬁ@ﬂ@h! daenpdéd) 3t thePolrt @ meRTm4S 7 dpe ighit sHowever,
ata transitions for guidance. However, such data
Sd.ti r akd y.d ] t determi

B 5iahle 02 pRAER ok B\ HendEEUEsSL A0 gl KRURRPLo detomine an
deterministic jitter (caused by inter-synbol .. .

1RO e PapRIE( i"@P} a JeTeYHi ‘H861¥Bb§° s iy Grysifjpns for guidance.
precedi ng synbols), non-determnistic jitter . .
Howevayoel dota tramsitioes genevally deusot @ompaighhatsyofbol heundaries. Their
transm ssion system (such as clock generator phase
Peditid is BERS B9 dRhdriikistiofittel (Waadedoly S@BPLyRIbol interference (IS
resulting in anplitude and tinme offsets, additive and

: ol 4 Y ' tG. K~d
Bt S e BB AAR0 Fec NGBS don SLERSHRLE HAE HERuced by
of ten ‘pr,esent in such t% link., I.n addition th? i nk
n§figecin various components of the transmission system (such as clock generator phase

noise, imprecise slicing of signal by sampler resulting in amplitude and time offsets,

=

additive and multiplicative channel noise, etc.), crosstalk-induced jitter and frequency
offset and frequency modulation often present in such a link. In addition, the link often

suffers from nonlinear distortions that further complicate reception.

[0016] Because the location of transitions may not provide reliable information regarding
an optimal sampling point for the current symbol, the receiver may attempt to filter the
sampling phase information derived from the observation of the transitions in order to
arrive at some acceptable sampling phase. For instance, many existing implementations

apply either a linear filter with low-pass transfer characteristics or some nonlinear filter




suffers fromnonlinear distortions that further
conplicate reception. [0016] Because the |ocation of
transitions may not provide reliable informtion
regarding an optimal sanpling point for the current
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sanpl i ng phase | mat i erived

observation of .the transjtians .in order. to. ri ve, at
FORoN iAGRedo Mish I HgthBH S e gionrgpLinizh i i sgboTby-symbol
existing inplementations apply either a linear filter

\wende. [Thus-ip hecauser i ingtifficult haseparater detaringuistisr cosepepents (such as IST and
nonlinear filter 5 with noise suppression properties

(cRosBtalkd froRdlipare ﬁbﬂ-ﬁ;&éﬁrﬁnﬂsﬂ@@ﬁﬁem&i&a@ﬂ‘?ﬂ#ﬁeﬁ@y pffsste While non-
position obtained with such a nmethod is often
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conponents, (such as 1Sl and crosstal k), from pur )
FEAL b LB HeHRGY colBishsboNg b TaRked: FeGiisRcly BIoVide; good receiver
Wi | e non phase noise should be filtered out (i.e.
parpmesee d ), filidrengdapperach id efiercurphie toamakelstch randistinstion and thus,
wel | as the frequency offset should be tracked in
avalan détectRine MemaReduigsei ver performance. A
filtering approach is often unable to nake such a
di stinction and thus, overall detection perfornance
r e l].- .

17F T8 Sl G ralndll AP O R OEHR performance,
sequence detection nmethod based on the Vjterbi, .
MBS SeHepeeayletsaion methady hased con ithe,Viterhi fdpgrithm (VA) and its
f eedback detection schenmes and Deci si on Feedback
Bodificatiatsi o (WBHE)as Thaetbeckapietationescheorek wed | Degision Feedback
allow to account for ISl and other determnistic

EQiaeReiH @FE)NUhetdBipRidcids Wk vadll ardedlfodf {HRdReSurd M6t IST and other

~simplifying the sanpling phase tracking task (since
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sequence-detection based nethods often are .
sampling phase tracking task (since it now only needs to handle non-deterministic parts as

well as frequency offsets). However, sequence-detection based methods often are
complex and expensive to implement, generally requiring multi-bit sampling (i.e. analog-
to-digital conversion (ADC)) and extensive computations on a symbol-by-symbol basis.
Once the data rate starts to approach the Gigabit/second range, sequence detectors quickly
become impractical. Even at low rates, VD (Viterbi Decoding) and DFE based receivers

are prohibitively expensive to implement.

[0018] Therefore, what is needed is a simple yet efficient way to build a data receiver

with over-sampled data receptioﬁ which doesn’t suffer from the problems which plague

traditional phase pickers, “Majority Voting’ and analog CDR receivers.




e

conpl ex and expensive to inplenent, generally
requiring multi-bit sanpling (i.e. analog- to-digital
conversion (ADC)) and extensive conputations on a
synbol - by-synbol basis. Once the data rate starts to
approach the G gabit/second range, sequence detectors

wm[ﬂ\p@ en at low rates, VD
( I Di gg inggygﬁﬁhggghggggd receivers are

rte

ibitivel nsi v [ :
B Ap V& Pt e oo OR 1o lpscd yeRAReratea.gp sampled data
way to build a data receiver wth over-sanpled data
ridteadstactn inhiser upor the novel dpbeoach of inackiag estign wiliability of the
pl ague traditional phase pickers, "Majority Voting
aagprdalacg THRIdtent@i sepuratelyCanlydd EnfTE sdquend NN Mt sampling
[0019] An over-sanpl ed sequence detector is disclosed
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sanpling phases and then picks a sanple sequence that
dodkeahiead tfompssiomiss prdertol inprevedpoasitiple symbel-by-$ymbol detection. In
di fferent sanpling phases, the detector inspects sone

additign, e loveksaagéddnfhfatidn0ekB@ag ifikie: "Ripreve ithe detection
order to inprove upon sinple synbol -by-synbo

&, hoh. In addition, the over-sanpled information
?s ﬁé%%8$o further inprove the detection performance.
7 BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0020] The present

invention is illustrated by way of exanple, and not by

way of Ilimtation, in the figures of the acconmpanying
drawi ngs and in which like reference nunerals refer
to simlar elements and in which:
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Figure 1 is a top-level block diagramillustrating a
met hod and systemfor reception of data over a :
digital transm ssion |link, in accordance with an
enbodi nrent of the present invention. Figure 2 is a
fI ow chart illustrating a nmethod for the reception of

E an e omft@?%e preswrr%r%: gnaccgrgﬁrges
i g Pfeﬁgfgc?%?rﬁ%?ﬁc LY Dl ol o gor by way of

present i nvention. ure 4 is a bI ock di agram

ilfmpitadionadn tp ﬁae*epawt’ tthe cogmnapyiag drawings @agdarr@@cmlth% reference
an enbodi ment of the present invention. Figure 5 is a
hivemkalsltedgrtasimilae vleineatsiand irewhight er n Anal yzer El enent,

in accordance w th one enbodi nent of the present

invention. Figure 6 is a block diagramillustrating
the E'Fiédrbcl Bufy ffdpdetéP tﬁ&&@ﬂﬁ%ﬂﬁﬁ 1l4h§tﬁtlﬁ%ea nfRARRALKE BYstem for
of the present |nvent| on. Figure 7 is a block diagram

orieP i ShIAR b S SeE TR T M BRFRBIGHRE o bogiment of

bl ock diagramillustrating the Elastic Buffer

tsrfressit @wventiol. 8 accordance with one enbodi nent of

the present invention. Figure 9 is a block diagram
illustrating an exenplary conputer system enployed to

i npl elfegure @nis enflowi aleritillodtrating ai methot | fon theOreDepfibh L dfDlata over a
DESCRI PTI ON OF THE | NVENTI ON [ 0021] Reference w |l now

BRyitaPEsiissibRtIRk] ntdéc&dﬁﬁ:%t\hﬁpdr?éml%@fﬂﬁ%tr&ﬂie ésehhi@vention.

I nvent 1 on,
Figure 3 is a top-level block diagram illustrating a data detector, in accordance

with an embodiment of the present invention.

Figure 4 is a block diagram illustrating the Pattern Analyzer, in accordance with

an embodiment of the present invention,

Figure 5 is a block diagram illustrating a Pattern Analyzer.Element, in accordance

with one embodiment of the present invention.

Figure 6 is a block diagram illustrating the Elastic Buffer, in accordance with one

embodiment of the present invention.

Figure 7 is a block diagram illustrating the Stream Switcher, in accordance with

one embodiment of the present invention.

Figure 8 is a block diagram illustrating the Elastic Buffer Controller, in
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exanpl es of which are illustrated in the acconpanying
drawi ngs. Wiile the invention wll be described in
conjunction with the particul ar enbodi nents, it wll
be understood that it is not intended to limt the
BRI Withdnk BRbEGREAE O8He FREGH infRfHion, To he
contrary, It I1s intended to cover alternatives,

nodi fi cations, and equival ents as may be included

within.the,spitjt, and scope. of the invention a

def | ndIE 9 #5a blog Bkt AftrRing aif ersatysERpater systom employed
over-sanpled data is sent over a digital transm ssion
tq implementiag egdbediment of theinvgatioma di gital receiver that
of fers robust operation in the presence of
deterministic and non-determnistic jitter. Due to

I SI, even though the over-sanpled data repeats nore
than one sanple per bit (e.g. 3 tines with an

exenpl ary over-sanpling factor of L=3), a bit value b
may not reach the receiver as a perfectly repeated
sanpl e sequence bbb, but may instead conprise val ues
in the sanpl e sequence that are not equal to b. For
exanple, a bit value of 0 nmay arrive unanbi guously as
000, or it may arrive as 001, 100, 101, or any other
conbi nation, depending on jitter. Hence, the chall enge
is to infer the synbol from a nunber of sanples which
do not wunani nously indicate the synbol. [0023] As

not ed above, one obvious approach is to use a mgjority
vote of the sanples. Unfortunately it does not work
in many cases, because it assumes know edge of synbo
boundaries in the transmtted stream of sanples, which
initself is a challenge to determ ne and keep track
of . Anot her approach tracks the phase of the signal by
exam ning transitions and in sone instances by

i mpl ementing a tracking | oop. However, phase tracking
does not distingui sh between phase shifts which result
from 10 non-determnistic jitter affecting the idea
sanpling position (the position of the sanpling clock
with respect to the synbol boundary) and therefore
shoul d be tracked, and phase




shifts which are due to channel nenory and do not
affect the ideal sanpling position and therefore need
not be tracked. A variant on phase tracking invol ves
an attenpt desensitize the tracking |oop to changes
in the channel by nodifying the bandw dth of the

t ' j boundary
BETATENRSCRPTION OF FOSIVERTION, 000c™ Y
happens at a rate higher than the bandw dth of the

tracking loop. Wile this approach works well when

dena1] Refevende Withwmofwr eomedecin detafittab phrititulesemboditnenisof the invention,
problenms 2 related to generator frequency or radio

| %;é%tﬁp@ QPWche{ré $Mdstratel il Ghd %&&gﬁﬁﬁ Bk emg the invention

e cross-tal k and high-freque tters cause y

sl.jcers and,Phase Lock ORsS PLLs) Limt the, .

Sl P8 s o Souadion R IR ettt kippinionts fi il be understood
desirable to inprove the performance of receivers.

flabaujs mtgateaded o liznit dhe invgrtionploolir desetgfednembodiments. To the
illustrating a nethod and system for reception of
caitery\ieis iateitigl takoter altentatedspmobificktionsn aat equidslamte as may be
with an enbodi ment of the present invention.

RS With Y the dpifif AR v@ﬁlh AeANES byFiRR APFindedclaims.
Q/er-sarr%&eg ?equence %i?iztg?g{r Ooglaa%hgreﬁ] fter nso clams
referred to as "receiver") receives and decodes the

L.t ted signal tector 100.i. ased upo . .
o33 P e tided R = Seaf et g BRSFaEE i dtis desirabe to
data, instead of tracking the optiml sanpling phase, . .
we & Higitahregeiverrthat offess| robust yoperatipn iny sher prepeise 4| dptegministic and
not by way of limtation, one or nore exenplary
eorpdeierminibiic jiitee. Muscd Bipevenaounl tite dveplsamplied ldanppeatsanore than
a binary al phabet, wherein each synbol assunes one. of
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enbodinents are
rate of one bit.per sanple, the over- sanplin
el iy 0ttt B TFosh B & eftOFt riee R Shimp B PR B8 2. but may
and 4 sanpl es.
instead comprrrirs)e values in the sample sequence that are not equal to . For example, a bit
value of 0 may arrive unambiguously as 000, or it may arrive as 001, 100, 101, or any

other combination, depending on jitter. Hence, the challenge is to infer the symbol from

a number of samples which do not unanimously indicate the symbol.

[0023] As noted above, one obvious approach is to use a majority vote of the samples,
Unfo;‘tunately it does not work in many cases, because it assumes knowledge of symbol
boundaries in the transmifted stream of samples, which in itself is a challenge to
determine and keep track of. Another approach tracks the phase of the signal by
examining transitions and in some instances by implementing a tracking loop. However,

phase tracking does not distinguish between phase shifis which result from

10




However, these are not necessary conditions for the
operation of the disclosed 11 enbodinents and the
invention is equally applicable to a link with nore
compl ex (non-binary) al phabets, and sanpl es

el Ght sﬂ%zr sgﬁngqfw% U LT U e
SRPADV bt ' Brch Bt 80 el et Yol o phe

shown herein u3|ng an over-sanpling factor of L = 3
ahiftsudiictyareidug techannel swempdry and dendt dfect thadddaal samapling position and
sequence detectors, the present detector 100

eReford ek %Bﬁ'b)ézﬁ“ﬁck%é”p lAe vasi@fl U Glasel Bacidhg fiBVEds an attempt
sanpl i ng phases (with a nom nal phase offset of U)

n al f
B bEF teBloE e R P e S R b Y a'rnéﬂél@@@%ﬁi% bafiats of the
phases, the detector, 100 jinspects some, anoun
mekwg; m)nbassﬁ @n|thpyRbssriation thahbeyndary Sitipg dee @ISt is a high-speed
precursor and post-cursor data) in order to inprove
ppeesssindyiappens \atrb cdte bigherytidao thedmhéwiditoof thee traskidg iéopn, While this
the over-sanpled information is used to further

bpbathewbike WAl Gpbh Ql@alﬂ%r @vﬁﬁ"l@ﬂf—l?equ Sinktabilifles; FAEK §§‘problems
t'o conventi onal Phase Pi ckers' often d| scard

?E%?Cﬁ*éggréﬂuﬁ ﬁ%&%%%r ?% % gﬁlﬁg)ogppg S{fn Cg% I\xgﬁe n01se specﬁ'uxlﬁs due to

per f or mance the present invention is computationall
@&bﬂq crasfrialk and higk-fisausnsy diiero saused dysshagrs w@;?meeﬁock Loops
at data rates and/or cost constraints well beyond
(Fidsplimitrthe peifyrmpass bbpiesé onckersaditerefoie itde desdrable to improve the
detectors. [00271 The detection performance can be

{,é;fgrjﬁgﬁceldmé&%gg by conbi ning one or nore enbodi nents
of the present invention with transitions-driven phase

P F 77 B8 dnigevel Pk “hiraio ST, SRR and sysom o

tracki ng | oop
reception of data over a digital transmission link, in accordance with an embodiment of

the present invention. Transmifter 51 transmits sampled data over channel 52.
Over-sampled sequence Detector 100 -(hereinafter also referred to as “receiver”) receives
and decodes the transmitted signal. Detector 100 is based upon tracking the detection
reliability of the sampled data, instead of tracking the optimal sampling phase of the data.
| For simplicity of illustration only and not by way of limitation, one or more exemplary
embodiments are disclosed having a link which employs a binary alphabet, wherein each
symbol assumes one of two values, such +1 and -1, or 0 and 1. Therefore, one or more
embodiments are disclosed to operate at the rate of one bit per sample, and the over-
sampling factor is kept low and in many cases can be between 2 and 4 samples.

However, these are not necessary conditions for the operation of the disclosed

11




-~

O

while the ISl and | arge "phase hits' can be dealt wth
by one or nore enbodi nents of the present invention.
In effect, slow phase variations as well as
non-determ ni stic phase 12 noise are tracked by the

&ﬁ{bﬁﬁiﬁléﬁﬂi gié\ﬂ gl;u? tir{;]\%ﬁﬂai”‘%‘ rf]:lf‘{ﬁ’alﬁﬁﬂv %%i.clﬂﬂe 1€, G wRATROEcomplex

et ect or e prese I on handl es

remaj nin se deyi ations (such as 1.SI). 0028 .
e Bes e, B nles SorirbSa ahan g Gne BH O 1 brnatiow, 2 well
reception of data over a digital transm ssion |ink,

iap h&gm@aﬁmplmg fhctans, eanthsdiandlad audlogomslypr esent

invention. Starting at 12 with decoding the first

synbol , the nethod can be described in the follow ng
$00255 By Woy ofatmpiaaml adt byihassf 1eidtioal the operatibn of a Hetector 100

phases and starting at 14 with the first phase), at
fronoRATARGEE i SOV SEnBNGY i BRLC IS Ryl BHBH. O sampling,
OBl SRRt Sehines Bt B r S By RSt s sampl

i nstance, for a systemw th an over- sanpling factor

f L = L vpi cal .observation wi ndo may.. conpol i

s o bR Spile BT LVEN  JoRIGH i S IE BF and then
| ook- ahead sanpl e and one | ook-behind sanple can be

in addition tp.the L = sanpl es fFramthe current..

56D 51-5mB bl afs s o "R B Bl B Y aitfrent
sanpl es and one | ook-ahead sanple can be used . in
seupling phases, the defector 30Q ingpecds; sqrae ampent af lpekbehind arg look-ahead
and simlarly for other values of L and W Next at
ibfrmptod di.en getesér end gfostseursorndats)y irb @kder afou anfrove apoh simple
possi bl e sanpling phase using the sanpl es sel ected
SFRPBELy-LRAKsIARERHoR R ddaRionPER e fforfatioRlused further
past declsions for sanple streams and/ or detector 100

%é%%:t&gki%%g@p%g be %323 gﬁ%w‘ ggjnrtr%\s/tetotc%%vgn%to%glt ‘iP?lgse Pickers’

which often discard the over-sarpled data once the sampling phase has been decided

upon.

[0026] In terms of detection performance the present invention is computationally
efficient, and therefore can be successfully applied at data rates and/or cost constraints

well beyond those curently possible for traditional sequence detectors.

[0027] The detection performance can be further improved by combiﬁing one or more
embodiments of the present invention with transitions-driven phase tracking (analog or
digital). For example, phase noise and frequency offset can be reduced by a tracking loop
while the ISI and large ‘phase hits’ can be dealt with by one or more embodiments of the

present invention. In effect, slow phase variations as well as non-deterministic phase

12
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At 20, estimate the detection reliability for each
sanpling phase (i.e. assess the decision
uncertainty). 13 At 22, select the sanpling stream
with the highest detection reliability (i.e. having

e hRVesked Y HeORarkiF QJahMW)fcedﬁﬁzﬁﬁ%g{ Whgld 18! Q-sampled

one or nore linear and/or nonli near S can

control, the.sel ecti.on nrocess in arder to avoi.d
freleR 100 pEE preininemPion Fiiles hpPling ahppfeyfations (such as 15D,
synbol - by-synbol swi tching without filtering can be
dig&)yiagurer iseedlow echart dlusmatingca methodnfoo diermeeptionsef data over a
36, adjust 36 an Elastic Buffer if it is determ ned at

Hegitalh atansériesiSnvilink hinN gocBfdaaees with r@SESodM RS the present invention.
boundaries. In general, a synbol boundary is crossed

[ . 0 e v al i {fe t . .
St 4? A20hith ucboag HE iy LAl e PSR (i HE QBB in the
gxl le, for an over-sanpling factor of L = 3, such a
MBEPGHRE curs when a 0 -4 2 or 2 -* O transition

has taken place. For a larger over-sanpling factor

such as L =5, any of the followng transitions wll

e auds egginsroiplisig phipsen@ubof & toskli afak iphases @nd stadting at 14 with the first
1-+4,0-7> 3,4 -* 0,4 1, and 3 -+ 0, since in all these

caghisd e ¥, kAhRBGRe sRRPMEBVErtdORENafRwilBwI®W  This window
phase is 3 or 4, i.e. larger than | U (which is 2.5

7l 5258 S 13RS U8

adj usted _for_each, sanpling stream.in order to account

fo PaIBB@ﬁ fam the preyiaus gpd ne)%tswgbfel&r Eprdastangeefos g sysemmafisan over-
for the remaining synbols in the stream [0029] The
abesrepkng fastoaref Hestyr i gdcal mbeavaiodevmdbwb#! amay f@f@RiNe 5 or 6
The approach of the present invention is to assune

thedmplbe EPdéxafipldPbRS f 7P = 5, one look-ahead sample and one look-behind
sample can be used in addition to the L =3 samples from the current symbol. In an
example case of W =6, two look-behind samples and one Iook-ahead sample can be

used in addition to the L =3 samples for the current symbol, and similarly for other

values of L and W.

e Next at 18, perform detection of current symbol value for each possible sampling

phase using the samples selected above. Look-ahead and look-behind samples, as
well as past decisions for sample streams and/or detector 100 output streams, may be

used to improve the detection performance, as described below.

At 20, estimate the detection reliability for each sampling phase (i.c. assess the

decision uncertainty).

13
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correct and to try to guess the value of the current
synbol as well as to estimate the reliability of such
a guess. Quite often, every possible sanpling phase
will yield the sane synbol value. For instance, if

the I ) | on up. of 0l s i th t -

S E L Bt SRR o S efe SO ontati iy (€ having the
detector 100 is in the mddle of such a run, the )
sangWestgdgsieie uneerfidntyhf Adriesrived deelarse opp orgBI0EE tlingar and/or
value will be 1, regardless of the phase.

Furidmdinean fifterssan bomtrd tiesseldetio proyess & orded 10, avbideunntdessary stream
uncertainty associated with such a guess is zero.

Al 't fot hi i s auht €S
th eﬁ@fg&lﬁgt h <’§1ﬁtEl t@éﬁe%tsmglr ﬁ"}l(%gﬂg) g esghir?gtgl%aﬁlv\ﬂgggp ?‘2@3“@ can be
to know the s i n hase | rder to correctly

detE® oyepﬁgnegaﬁtg a&aﬁﬁg_m f@g%‘%n% anot her exanpl e
sequence havi ng phase-invariant detection results,

consider the following exanple (in this exanple L = 3
andAt§6; adjust: 36RpElestic Boffer, if #t1s deterntinad @0kP, thahthetswitghing process
decoded as 01010 (see below). Decoded Dat a:

- - Qrosses-Ymbol bdundariék: - InRfeasal, d:syRBdl Bobhd @3 lis E4d3sdd if the absolute
which is al so decoded as 01010. Phase 2: 011.110.111.

100. 0, which is decoded as 1010x (i.e. 1 synbol

_ eanvhlpp of tix0diPrehoe bétereab theanld aadrilieamew ghasa s fapss itlrt:zlnel UL For

to make the correct detection decision regardless of

the sel ected sanpling phase, because all three streans

of exmtplet foranlavear-sampling &eturiof dl = ysch alveodsingrocsymsiydies a2 0 — 2
shown. [0033] However, in the above exanple, the

debeotb@trafitiodtak tdkeB pldde! F6F a fafer bRG-HinbliRE tor such as L =5,
phases. For instance, the Phase data can bé decoded

Camf B e PARMEE, fpsirBt 01 3pot8 9y Po), BObEEy mtiaion 0>+,

value. Al but one synbol for Phase 0 have cl eanli%el .
def 80 s3Aubr> Botimtibr ped 3 Ph, siagiiasalhdheser ppsgs g difference

between the old and the new phase is 3 or 4, i.e. larger than -;-UI (which is 2.5 in this
case). The Elastic Buffer is described below. Alternatively, the current symbol

pointers can be adjusted for each sampling stream in order to account for boundary

crossing.

¢ At 38, repeat the above steps for the remaining symbols in the stream.

[0029] The abpve steps are described in more detail below.

[0030] The approach of the present invention is to assume that the sampling phase is
correct and to try to guess the value of the current symbol as well as to estimate the
reliability of sﬁch a guess. Quite often, every possible sampling phase will yield the same

symbol value. For instance, if the symbol stream has a long run of symbols with the same
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can al so be decoded w thout anbiguity because two’
adj acent synbols of 1 are separated by a single O
sanple. This corresponds to a case with relatively
high 1SI, which causes a 15 rather shallow zero peak,

t roquei § . : u
SR Qa0 A 09 VB 1) e s J10S i bR SR 4 s, e
cunu*ative "detection netric" _ of 0, indicating a |ow
|sapgling, phage depetAf popeer hecquae thejdstectsd yalnegwilides | iegwdless of the
metrics [ (hereinafter also referred to sinply as
rphasel cEiritteomergnisath s enessnis esryi relisbldet.e. tthe unckrtanite associated with
their level of uncertainty, and to use these decision
RREH 4 Efes¥iiORrélCARHOEh RISTHQ Svikl Ginple) #QUYed AIBRERtRSfact that the
sequences. [0034] In contrast, the Pellablllty of

i he dat.a for the,Phase 1 and Phase 2 streans
AR I SRS nOF bt oot kat's W shnffie BRE T it F8MRetly detect
patterns can appear confusing and anbi guous, and even
the ypbobedience can be detected without anbiguity, the
detection mght be in error in the presence of severe
I SI conmbined with phase jitter and/or frequency
1R031] atsi amothef ekdmpldaequendd higving phassdhvariant daectionearesults, consider
Phase 1 and Phase 2 streans are 'set higher than for
tHRFoRBABE cRartblb ¢ ThisleREHBIRYL, LRdingaing)t he increased
uncertai hty (or reduced reliability) of the detection
process for the Phase 1 and Phase 2 streans. For

BRAEP, foo. D DT g oS HE e YRR e 200 "

Phase 0 stream [0035] By way of illustration and not

]éim'tt?@i on, the follow ng section illustrates sone
995145 a@et'@t‘t'l‘%h‘“daﬁﬂé'rns proposed for an exanple

i npl ementation of the receiver. Exanple data
detection patterns for L=3 and WE5 [ 0036] Anong ot her

Rivso &1 00 il 4,012d 0 Entvdudinisialss desodeies BEA16Ct or 100 wi | |
be illustrated herein: one inplenentation which uses
a previously detected value (i.e. a value

Phase 2: 011.110.111.100.0 , which is decoded as 1010x (i.e. 1 symbol early).

[0032] In the above example, it was possible to make the correct detection decision
regardless of the selected sampling phase, because all three streams of detected data are

identical over the four symbols shown.

[0033] However, in the above example, the detection reliabilities differ for the different

- phases. For instance, the Phase 0 data can be decoded reliabl_y because all symbols have a

pattern of saniplcs which could represent only one possible symbol value. All but one
symbol for Phase 0 have cleanly defined symbol boundaries. The samples pattern 1.101.1
can also be decoded without ambiguity because two adjacent symbols of 1 are separated

by a single 0 sample. This corresponds to a case with relatively high ISI, which causes a
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deci ded for a previous synbol), and one inplenentation
whi ch does not use such a previously detected val ue.
A scheme wherein a previous value is used to reduce
uncertainty of detection of the current synbol is

. S 1
RS Dol AP O, RONDRE ! DB SpAY 1hs eFscquence
gg%%rggéolg?iglg( tlgd%l;alsqra g?ﬂgfd%g%ﬁesmﬁ@l}rr] }aﬁc? e cases#gltvet gtectlon metric”
follow ng table presents proposed detection patterns

fadi0, dndiFatihgt edowr levell ebsrcentatnty. t HElte idea ds derassign decision metrics
conserve space (both here and in real hardware), only

t(B&refnhfiert alsd Adfbrrédf tot gﬁ(aag |r§eth§s) Qéf RirhBdltseduddc@Vindfider to indicate

Invertlng the pattern bits as well as the detected

PRSP R RAUB0 s o
r,epre,sent the table data. 17 Pattern Previous Val ue
Rgomipg fpaples spqrecePat t ern nunbers 0 000 0 0 0 O O
0/63 000001 0001/62 000010000261 0000
11000360{ 0001000-121459 0001010-1
100345 dn cOntP1, the ﬁshabﬂityﬁ)f@uﬁs%mgﬁh@@ata for thelPHas@ 1 ardBhase 2 streams

010 0 0 0 0 1 8/55

is lower than for the Phase 0 stream. Some samples patterns can appear confusing and
ambiguous, and even if the sequence can be detected without ambiguity, the detection
might be in error in the presence of severe ISI combined with phase jitter and/or
frequency modulation of the data. Thus, the metrics for the Phase 1 and Phase 2 streams
are set higher than for the Phase 0 siream, thereby indicating the increased uncertainty (or

reduced reliability) of the detection process for the Phase 1 and Phase 2 streams. For

example, both Phase 1 and Phase 2 streams can be given a metric of 2, as compared to

. the 0 metric of the Phase 0 stream.

[0035] By way of illustration and not limitation, the following section illustrates some

example detection patterns proposed for an example implementation of the receiver.

Example data detection patterns for L=3 and W=5

[0036] Among other embodiments, two embodiments of the detector 100 will be
illustrated herein: one implementation which uses a previously detected value (i.e. a value
decided for a previous symbol), and one implementation which does not use such a
previously detected value. A scheme wherein a previous value is used to reduce

uncertainty of detection of the current symbol is herein called Decision Feedback

16




00100 1 0 01 9/54 00101 010010/53 0010111
0011/52 0011 001-1112/51 0011 01. 010

13/50 00111 0 1 -1 1 14/49 0011 11110 15/48 O
100 1 00 11 16/47 01001 101 117/46 0 10010

?8%2@0& %’r‘lﬁg)lF 80}5 91% §u%h % f%é‘%ﬁpﬁéves %:%a@%itg ofi)déétezé/?ldcrﬁlm (i.e. reduces
BER) In garpegnsdid o expepperot g00im 4prcvesiags 1 1 10
27/36 01110 0 0 0 1 28/35 01110 1 0 0 1 29/34 01111

000130/33 011111001 31/32
[0037] The following table presents proposed detection patterns for a DF detector.

Please note that in order to conserve space (both here and in real hardware), only the first
half of the table is explicitly provided. Inverting the pattern bits as well as the detected

values produces the second half. Other compression schemes may be used in order to

more succinctly represent the table data.

17




Table 1 18 [0038] In Table 1, note that only the 4
patterns 0 0110, 0 011 1, O 101 land O 110 1 (06, 07,
OB and OD in hexadeci mal notation) are dependent upon
the DF value (shown in the colum nanmed "Previous
Val ue"). Therefore, it can be concluded that a

si npl - - '
reasoRAITR debFdepsa et e PBN qUL t y PRSP muphes
patt ePR¥0 st r&am sel ecti%n [ 0039 Ong)e the Merics are
cal cubateed for the current synigol ineeach stiggam the
strea sel ection can be nade. Typicaglly, s type of
fil tep]lo??gl (suth as Fini t%e I rrpulose g’sponseg)(ggl R),

I nfinbo@ 1l npul se Responge (fR) tor norl i near p/6ean be
used | gy @y derpto maintgin some; desired anoypg of
phase coherence and in order to prevent rapi

swi t cAPHE Dbet ween detedtion stkeans,! since588ich

SW t chpglg camny degrade dgtection religbilitygsf0040]
The detector 100 can be made nore accurate if a past
det ec?PBr history of a !specifiled | efgth i s™&ken into
accoumpiolpef orge arrivinggat a dgcision to swgkeh to
anot h@r stream This is becauge several independent
proce €89 sudh as I SI, éhase thter, lfreque ‘{/)

nmodul @ioan ared/ or cl ockifrequency of bset, oro/st her
processes af fect the sygrbol b undarbes, as”(;l scri bed
previ ously. éoms processes such as jrtter, and to a
certadd¥Hi8xte®t |SI, have short! phasé coher®&de, i.e.
a higyigte qf change op a synbol - bygsynbol ;Jagsi s.

The pattern decoder in each stream handl es such
short®é&im sRifts. [0041] Ot her! procésses, ¥ffh as
freqguaney of fiset or freguency podul api on, ggpgral ly
havesﬁ {)rgch | onger phase coherence period and _thus are
not % 4bl €% or handl i?]g by batterlll det ect®¥s al one.
In swuakoa case, streamew tching i's perforneds thus

01001 0 I 0 0 18/45
01001 1 1 0 0 19/44
01010 0 1 0 1 20/43
01010 1 | 0 1 21/42
01011 0 1 0 1 22/41
01011 1 1 0 0 23/40
¢1100 ¢ 0 1 1 24/39
01100 1 0 1 1 25/38
01101 0 1 1 1 26/37
01101 1 1 -1 ¢ 27/36
01110 0 0 0 1 28/35
01110 1 0 0 1 29/34
01111 0 0 0 1 30/33
01111 i ¢ ¢ 1 31/32
Table 1
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acconplishing (indirectly) a sanpling phase tracking.
19 [0042] In one enbodi nent for a DVUHDM applicati on,
the filter can be sinply inplenmented as a noving

aver age taken on per-streambasis (i.e. L of 1-D

' I
{pOSSF I3 et héil ik ohlyfc s Bt G 0 001K L B g 01101 0
the difference between the nmetrics of the current
&y @B and AR 11 hexadgpimal aplatign) we dependent Jpexy thesDE yalue (shopn in the
appl i cati on-dependent threshold. [0043] In one
eoloonli nemdd “Pieeionsidilngl.c Fierefory W tin béieonciadddediat a simplified
netric is selected. However, other strategies m ght

BSn—!!ﬁ‘e&Et&:?or"&h lbe M%nte%e&rﬁﬁ l rEﬂ@nélﬂ@Héﬁrad’&'ﬁloﬁ Qflidetection quality

finally selected, Sone adjustnents of candidate --j

%fr q} e\ have to be nade with the hel p of an
U RAYSHPf er, as described bel ow. Stream swit chi ng

and the _role of the Elastic Buffer [0045] If in the
rocess_of selection of a new candi date streamthe

PHgam sglegielt ence between current and proposed streans

is greater than (i.e. greater than a one-half Ul

[1638k Onverfhe, métties gleteaictlated for theeametrsymbeobint daeh stysungltlse stream
boundary. Unless the detector 100 takes additi onal

§RBsn @h'ANeRMe. d algpof R %S&J‘ ﬁlt@l@ﬁgal(ﬁﬁ:hoﬁs letde Impulse

duplication or drop syrrbo (as ‘determne

the dlrec i on sta

Biehn FIY bt Fiipifchespihen o FnoRbeLEmRF fipdin order t
a U (e.g. the Phase O streamin a systen1MAth an
Boiatansomy desied amewrt of phasecohgrenpgdnd al arder togpravest rapidhywitching
at the end of a U (e.g. the Phase 2 streamin this
tetigesn, detdoions ytrdanis, dincestioh ywistHihg & degrads dewdctivitkeliability.
unl ess necessary steps are taken, one synbol wll be
| ost (i.e. dropped) in the

[0040] The detector 100 can be made more accurate if a past detection history of a

specified length is taken into account before arriving at a decision to switch to another
stream. This is because several independent processes such as ISI, phase jitter, frequency
modulation and/or clock frequency offset, or other processes affect the symbol
boundaries, as described previously. Some processes such as jitter, and to a certain extent
ISI, have short phase coherence, i.e. a high rate of change on a symbol-by-symbol basis.

The pattern decoder in each stream handles such short-term shifts.

[0041] Other processes, such as frequency offset or frequency modulation, generally
have a much longer phase coherence period and thus are not suitable for handling by
pattern detectors alone. In such a case, stream switching is performed, thus

accomplishing (indirectly) a sampling phase tracking.
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detected stream 20 { [0047] Conversely, if the phase
nmoves by one-half of a U or nore in a backward
direction (e.g. fromthe Phase 2 streamto the Phase 0O
streamin the above exanple), the synbol m ght be

led twi ce, thus causi | dypljcatjon_.in th .
B0 Ta o embacimony dan o W applibation the ditieh, o cbe simply
above probl em conprises adding an Elastic Buffer (EB)
amplemented gsre nwiving, avedtiertgken o péraditeamshasizo(is. delofiyl - D filters),
before the streamselection is perforned. In the case

Qhiéh tOTHeRT A118WaS Dy ROtElidedr ShredhoRfihg. herHid ??@*eﬁ‘ts Sitre@f NBwitching,
to the Phase 2 stfeamin the above exanple) the

VG e B s B b S RPN o pcte s

case of a phase retardnent. (e, g. from the Phase 2
4% 3heXe eReciiied application-dependgrh thigshald above exanpl e)

the length of the Elastic Buffer is increased by one

- synbol. [0049] Note that an abstract Elastic Buffer

(0(43] \ba one leibodhany,) thie candidate istredrh ewitlb thwesmallest ngkicois selected.
for the purpose of illustration the concept only and

HowRedr, bthbedegdicad might v¥séd 4kell.! N practi cal
i npl enent ati ons, various approaches can be used. For
i nstance, parallel inplenentations can be used which

P BSR5e Qe DYV S A EORRR, B, S,  Suntitue
foll own descripti.on contjnues to use the notion of
streams mayinavester hegnadg with thedelprd ap FlastigiBrgion g degeribed below.

practical receiver may use any inplenentation that

serves to buffer and/or delay the data sufficiently.
510080 switokingiamidrthe rele ofi e Elastic Baffexlecoder cal cul at es
the netrics and nmakes the swtch decision after the

[de43iClfi inthefprbdess eBIsEREHonSHTR Glew! Sarfd@fdee stidant MieSphase difference
poi nt, optionally, the

between current and proposed streams is greater than -;1 (i.e. greater than a one-half UI

phase jump), the detection process crosses the symbols boundary. Unless the
detector 100 takes additional steps, erroneous detection may result because of duplication

or dropping of one symbol (as determined by the phase jump direction).

[0046] For instance, when using a stream that is close to the beginning of a Ul (e.g. the
Phase 0 stream in a system with an over-sampling factor of L = 3) and selecting a stream
at the end of a Ul (e.g. the Phase 2 stream in this case), the symbol boundary will be
crossed and, unless necessary steps are taken, one symbol will be lost (i.e. dropped) in the

detected stream.
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g

| ength of the Elastic Buffer is adjusted as well.
However, the new candidate streamis selected during
the next synbol interval. In other words, the phase
switching process can be visualized as occurring

in-hetween the .synbo] detections, L.y ter the

OB 1GTVessehE R YRR BiasE ThEER Wopbssaf OF Ok oF Rere fen backward
next synbol is processed. Qther inplenmentations are

phessiion €.g. Hom theRhasc streanetosthic tPhiaserd) steeam ivethel ebeverample), the
the fly for the -current synbol, w thout any del ay.

H9MBY Eight UE SandileiNIE) BRIS cHlYng SYaiboRESplIvatishNAIRe detected stream.
conpl exity without significantly inproving the
detection quality in many practical cases. [0051]

. iy oo . _
S4BT ORE pUIREL bt Forl 0 B e dBloh ik o RBEAE b Blstic Bufter

ection, the Elastic Buffer y. reach adj ustment .
I%r%ﬁ‘?% MoFe sehRrAlly 2¢dag 2 vaHablg fymapls (49? 2 bgﬂfé ‘g%"ré%‘il’ 6418"“0“ 18
del ay) may have to be forcibly re-centered, resulting

perfomesl, blnethdaase dHs forwdut phase -noevet (g fignpthe\Rinass 0 stream to the
error propagati on phenonena L caused by the Elastic

Blifidesy sthati thE akaRicREhple hedeligi® biRRIEIhdtie1BufRPd.c. the amount of
causing nultiple errors due to an inability to

SRERYP Ahod 6 o BirbEE | CibBlzall, BB BrsB Y B rlafiBRfi e from
e e
for a negative delay) or an increnent of the Elastic

Bufféris inceeagedhbpenesyotbohe nmaxi num length linmt. In both
cases, the buffer length (i.e. the delay) is set to a
pre-defined value. This value may be fixed or may

49O NRtd JhabQn aBekadet IBYAtY mﬁfdﬂsE(ltaﬂbkz@ﬁaﬂl@%ﬁ}) {shusdd in the above
as

sinple inplenmentation with an tic Buffer having a

R B TE gy T Piecfioh HE FERBC Rl ot rscpded as
limitation. In practical implementations, various approaches can be used. For instance,
parallel implementations can be used which are based on multiplexers and common
shared registers that hold several symbols worth of data. However, the following
description continués to use the notion of an Elastic Buffer with the understanding that a

practical receiver may use any implementation that serves to buffer and/or delay the data

sufficiently.

[0050] The timing is such that the decoder caléulates the metrics and makes the switch
decision after the detection of the current symbol is done. At this point, optionaily, the
length of the Elastic Buffer is adjusted as well. However, the new candidate stream is
selected during the next symbol interval. In other words, the phase switching process can

be visualized as occurring in-between the symbol detections, namely after the previous
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synbol s, the center value can be set to 3 synbols.
[0054] Alternatively, nore el aborate inplenentations
can track the tendency of the Elastic Buffer to
overflow and re-center it in order to provide nore

S for fering dn_,t di rection of st Likel

oL s Bl debibadpa | Rpie GBS 430, RpliiTls proEsed.  Other
nmonentary, 22 positive frequency offset and the
rigpismeatitionspiedossiblgs Foe Hiskace ke prisehingganthigedong earthe fy for the
data, the sanpling phase may |ikely be advanced and

patrent syaito}, withont agaddlst, Howevd®! such aiedppyoakh mMaly.indrease hardware
such a case, the buffer can be re-centered to 3 of the

PR S S8 b BRI B i o,
Overall Architecture [0055] The architecture of an

lary inpl ementati.o t he.present. data detection
TO0RTE Plring 4 BETRh Betif o flnetbraitiy Shafalof.ugh € wESarF or when
top-level block diagramillustrating a F "} data o
getpllishing auxyy link cormeeiam theeE pticBuefferandyoghchedn adjnstmpet limit. In

~present invention. Data detector 100 conprises a

Badht 2 icaseAtir! nfter (il Ghe MiibthtCsf deldy) ehaylBdve tStheepaibly re-centered,
Switcher 140, Elastic Buffer 120 and candi date stream '

PRURMEGh . LCAH e i

ROUREE 2 ppeibie LR ) SIEh FOGARAIR herepleTRiRy promagation phenomens
110, ..1n this. k, the incom dat tterns. are. .
G bt the sl RS olsmcing, Bt ik ctshBil it Bobing mutipte
streans of val ues together with detection netrics are
praasiedo anninghilityt to slempensates fas| dnplicated) op denpped symbols in case of
addi tional streans of side information 152, such as

arasging the syrpbuel dewstty. mat i ons, qual ity of equalization
nmeasurenents, etc. The present discussionis limted
to value (V) streans 111 and netrics (M streans 112.

0987 Thé rd-Bdrrin®  prbe RS wfhe® i SR i
lPw)e?g]i nafter alrg,1 Iga! I eév T a\/\f r(rieg?tr:t?ﬂgg,d%%%e ?Jt;t eeI?laStIC Butfer
Iglﬁl%ﬁ t%?afoed%]qun@fz.g/gitr%ciq%?tegrg 1?(% éws;e(:) dgl?iy)agr Ell(l) increinent of the Elastic
Buifer length beyond the maximum length limit. In both cases, the buffer length (i.e. the
delay) is set to a pre-defined value. This value may be fixed or may optionally be

adaptively adjustable.

[0053] In a simple implementation with an Elastic Buffer having a length denoted

B length

EB,,0 » 8 fixed center value of may be used. For example, for an EB,, ., of7

symbols, the center value can be set to 3 symbols.

[0054] Alternatively, more elaborate implementations can track the tendency of the
Elastic Buffer to overflow and re-center it in order to provide more space for buffering in

the direction of most likely boundary crossings. For instance, if there is a momentary
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O

metrics values and exploit intrinsic coherence of the
nmetrics. The detector 100 in general attenpts to
foll ow stable trends in the change of the candi date
streans' quality, instead of selecting the streans on

Dobie B e §%: 3pa 8 eer SRBIED Fea BEHGE i%ﬁr@%ﬁe e camin
t he strea and atte tstotrackthemonaper
sonpling phase sy be edvagpedhisy bofoRfial IR AR the Zer0

and/ or unnecessary stream swi tching. The Metrics

Fi]ter 130 block ac | L shes these goal s2a Iar .
@elaajawheg' Ppa cwaﬁwqﬁgftea PR recepieradie & rﬂ%% Patfimn delay in

detector 100. [0058] Once the netrics streams have

benflltere re|naf r.als eferred to as
mecr%a P é@abﬂl%o Lre%caagég h@e tagain apd fauging datg,error.

to Stream Swi tcher bl ock 140 whi ch deci des whi ch

streamto select. Stream Swi tcher bl ock 140 al so

©veradl Architetiingt h  of the Elastic Buffer 120 in
order to adj ust the buffering del ay in t he case of

i%qggﬁ %“ﬁ% Cf;088| 4, 1?1-'p-(h'e nd| ]§8I %fs \{h,e prégeahgata detection

142 and the El astic Buffer_ 120 delay value is sent _b}/ ]
method Ipdspitensiy »ayy descrberh aFigure isprap-fgvghblogk dipgrag illustrating a
bl ock 120 del ays candi date streans by the anount

dqte cefectod 109, int Keodancawitbvin ehbsdithéil. ofTthe preseat dhvdatien. Data
streans are del ayed by the same nunber of synbol

fl&&éﬁ/ﬁiosco ﬁs&kﬂoﬁﬁ% Adh1yRa" G0k Rirl IR RIER aSiréH?n Shikeher 140,

El astic Bu 120 “can ‘be 1 nplenente

Bl BPRNE0 pb i afb s BEG § -ﬁﬁft“?SPetXEres for

seI ecting the appr oprl at e tap. Ot her inplenentations

ar e ossible as well, such as a shift register of

I\OQW]aﬁhe incamiieh L enee avar-ssmpledrdaty ety fed prato Raftggpegnalyzer 110.
candi date streans are applied to Candi date Stream
ISethecblock, h€SBYording, danhipatternetbea mmlyred @f atpgee-phase basis, and L
streans and di scards the renmi ni ng data. The

candidate streams of values together with detection metrics are produced. In addition,

this block may produce additional streams of side information 152, such as sampling
phase estimations, quality of equalization measurements, etc. The present discussion is

limited to value (V) streams 111 and metrics (M) streams 112.

[0057] A total of L per-phase metrics streams, hereinafter also called “raw metrics”, are
further processed by a Metrics Filter 130 so as to suppress short-term instabilities of the
metrics values and exploit intrinsic coherence of the metrics. The detector 100 in general
attempts to follow stable trends in the change of the candidate streams’ quality, instead of
selecting the streams on a per-sym‘nol basis. This is because the metrics estimation may

not be reliable for every symbol in the stream, and attempts to track them on 2 per-symbol
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retai ned streamrepresents the output data stream 151
of the detector 100. An inportant and advantageous
aspect of the present invention is the |ack of
feedback |l oops in the overall detector 100 topol ogy.

i s ' | o
SR SHE I NES oo ik Bt oot EbflEh Shugiépapy s switching
very hi gh- speed operation, such _as G gabit/second

deheaMetrics sFifat 130 glesk apepmplishes, e, #0395 cand] fogely determines the
Figure 4 is a block diagramillustrating the Pattern
Aragking dynahiifs of the emtire dekaetorl00ni t h an enbodi nent of the
present invention. The incom ng data sanples 201 are
sent into Shift Register 210 having a specified

q!@dmy 011@3 eth@%&ﬁcﬁ%’eﬁh? havel BedrS ﬁ'lt@fbﬁ Gﬁ%ﬁﬂiﬂeﬁ Qulson féféi‘red to as
R Sanpl es, wherein: LSR=2L+NLR+N, , d wherein

|“s IS t rrber

okt BcsE R L ok iy 48 bl tﬁ”%*ﬁ §W§fcﬁrﬁ§b5°°k 140
IS, the nunber of Look Behind (LB) | es,
ety oqtdga Rick e 9 selhniees) StitcheR lock 9 aie goails the length
210. [0062] For instance, in the exanple case of 3x .
of ¢he- Elastiyl Bofferah2l) In salep ke sdjpsttthe boaffedna ldgkai 9n (the ease of symbol
one LA and one LB sanple, not including decision

E@lﬁﬂ@ﬁﬁ&oés@@ %%laﬁtﬁ)late s&@ﬁn §E’l'ef:ﬁonF§éih §4 §5ntzlépﬂ1e,“Phase-Select”

produces 7 sanpl es |n para . mever

ar tl:'rg‘tgear 4 ﬁE ggq g%ou ?g‘it;‘t% eg ﬁt%tﬁﬁol-Select”

| rrpl enent ati ons are possr bl e. For exanple, parallel
figealdfbrs with nultiplexers can be used to facilitate

paral | el processing of data (which m ght be necessary

at _high data rates), and to reduce conpl exity and/or

; i ThoEhustipBuffer. blp&OOBR)] defays martdidatShtrdatms Ry ghes traowr2 pscified by
the sanples 211 are sent to an array of Pattern

the Stream Switcher 140. The L candidate streams are delayed by the same number of

symbol intervals. In a practical hardware implementation, the Elastic Buffer block 120
can be implemented as a multi-tapped shift register shared between the candidate streams
and an array of multiplexers for selecting the appropriate tap. Other implementations are

possible as well, such as a shift register of variable length for each stream.

[0060] The delayed candidate streams are applied to Candidate Stream Selector
{CSS) 150, which retains one of the I streams and discards the remaining data. The
retained stream represents the output data stream 151 of the detector 100. An important
and advantageous aspect of the present invention is the lack of feedback loops in the
overall detector 100 topology.  This facilitates highly parallel detector 100
implementations and makes the technology suitable for very high-speed _operation, such |

as Gigabit/second data rates and higher.
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Anal yzer Elements 220, 230 ... 240. For purposes of
clarity, only the first two and the |l|ast Pattern
Anal yzer Elenments are shown in Figure 4. Each Pattern
Anal yzer Element 220 ... 240 observes the appropriate
Ll ection of sanples presented to it on a per-synbol
B%@?gnhﬂﬁﬁmggtinates the nost |ikely detection val ue
as well as estimation nmetrics and 25 other side .
i[0R6d] Fagured ip adloakgdingram) illusteating thesBattern Anghyizers1 18k in accordance
candi date values and their netrics are sent out on
ithes eiRodivhent233he prRSEE divevtidny . Thaiiceming\d4th samples 201 are sent
El ements [0064] Figure 5 is a block diagram

'31“&% ﬁﬁf& g&g’gértrgrozgio%m i ﬂédf&efféyé ?&@Rﬁ Regig%e?ﬁggfﬂaﬁg&ough to

nment ~of “the present 1 nventro
incom ng collection of a total of LP,, = Na + L +
kpld Lg vihiegeilecei ved from the Pattern Anal yzer

110 on line 301 and applied as an input to Look Up
Tabl e (LUT) 310. In addition, the previously decided

upon val ue 321 is recel}zlgctﬂ‘_,rm.a]\@egj ster 320. The
Regi ster 320 is updated on a per-Synbol basis, i.e.
once per detector cycle. [0065] The Look Up Table 31

produces a value "V' 312, metrjic "M 331, as_well as
auyheisEnil & the qw-é%@lmgoﬁcms%bdwhepﬁ%é,r of Look Ahead (LA)
equal i zation, etc. The Look Up Table 310 can be

sl @RELiRd fof bRtEnR amds, ), Vis MBIRAMbERPNo R Bdhiid @ B) samples,
random l'ogic. The candidaté value "V' 312 is stored

in Register, 320, .to be used during the processi ng of

#eLoerfe She Taipirigh lengtiyG panmies) o6 egBRB ReBIEAL0S | s a
bl ock diagramillustrating the Elastic Buffer 120, in
accordance with one enbodi nent of the present

[O0FBNFo0hstafcd, Gh dhe @kankple 2AGH ABL oVef-SRPFlind! £hd ©GaPRA pattern
on line 401 and shifted into an array of L Shift

REHERYEL $n8 1R afldthe 1B sdifle, MRPiRNRELE BHIOR feedback (DF) samples),
the Shift Register 210 produces 7 samples in parallel. However, while this particular
exemplary embodiment using Shift Register 210 makes the operation easier to
understand, other implementations are possible. For example, parallel registers with

multiplexers can be used to facilitate parallel processing of data (which ‘might be

necessary at high data rates), and to reduce complexity and/or power consumption.

[0063] From the Shift Register 210, the samples 211 are sent to an array of Pattern
Analyzer Elements 220, 230 ... 240. For purposes of clarity, only the first two and the
last Pattern Analyzer Elements are shown in Figure 4. Each Pattern Analyzer Element
220 ... 240 observes the appropriate collection of samples presented to it on a per-symbol

basis, and estimates the most likely detection value as well as estimation metrics and
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basis. Under the control of delay signal 402, the
appropriate tap of each Shift Register 410, 420 ..
430 is selected by a corresponding total of L

mul ti pl exers 440, 450 ... 460. The outputs 441, 451

otherAs@ Rlforhi3fo t%ﬁﬂ AstHsulf r5T€ pairs of@glcﬁ@di@{rélﬁ@s and their

col ectlono ate stred appropriate
deI ayed an nt..out nal 405 O her
é‘ﬁgﬁts%ﬂ oblﬁ%“ B‘FGS@HZ gé:g |r?,5p9§}¥vleb’r 120 are
p033|ble such as a parallel load 26 register shared
between the L streans using appropriate nultipl exers,
dtatisrn dmadyzen Eldmesiterent at i ons.  Stream Swi t cher [ 0067]
Figure 7 is a block diagramillustrating the Stream

300644 hEipw40is aiblock Cliuptaha fhRtratiig P Aiden AAAIPLEr Pisther®fin accordance
the present invention. Appropriately filtered (cooked)

RS b B B ot POt il kel o u o o

rrcs are sen

n’pa&ator 510 whi conpares _the ipncomng netri
gf) ﬁesmea@m fiomdbe RiffehABMgzesfl 10Re lne 301 and

candl date strearrs currently has the highest r _r

lapiteddi dxoadinglit RELsWk UPITHE (LUT) 3ite B fRakn, the %rewously decided
enbodi nent, the lower the netric, the hi gher

4 ﬁg?gl'ula'stﬂ rsﬂ@éen%?eﬁ&ﬁpé ?ﬂe P}a} %Zﬁor'ﬁ?&i{[ %@&%ggb uﬁ)gfted on a

fe val case
hEet erm ne the streamthat has t he Iovvest

355 L. ongg pergiegior Cle.such a streamis sent to
S\Mtch Filter 520 on line 511. [0068] The Switch
Filter (SF) 520 perforns |inear. and/ or non-Ilinear

[Q065E Tha d.ogk UpsTable 3 Kprioducsniatvahieriy"t 3Hg, e atitic SME 331, as well as

streans for small short-tern changes in the netrics.

ddditiona side iefbtriatloRID 10 BB uSHIREE B0l eaton, ®c. TheLook Up Table 310
filtering algorithmis dependent on the oper ati ona

ERVhd ﬂ%‘(%‘%%ﬂte@'ugﬂﬁh% RO LI} en®ty ORBRN SH R iR rdhidGidogic. The

or ada
candidate value “V” 312 is stored in Register 320, to be used during the processing of the

next symbol.

Elastic Buffer

[0066] Figure 6 is a block diagram illustrating the Elastic Buffer 120, in accordance with
one embodiment of the present invention. A total of L candidate streams are received on
line 401 and shifted into an array of L Shift Registers 410, 420 ... 430, on a per-symbol
basis. Under the control of delay signal 402, the appropriate tap of each Shift
Register 410, 420 ... 430 is selected by a corresponding total of L multiplexers 440,
450 ... 460. The outputs 441, 451 ... 461 of the multiplexers 440, 450 ... 460 comprise a

collection of L candidate streams, appropriately delayed and sent out via signal 405.

~ Other implementations of the Elastic Buffer 120 are possible, such as a parallel load
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t hreshol ding work well in many cases (such as DVI/HDM
i npl ementations). For exanple, stream sw tching can
be done only when the difference in netrics between
the currently used stream and the proposed streamis

| -
PG shRERRRRT S, 17 Sk HSFE AR BpA: SRRRRIRRL, or other such
Strleam sel ector "Phase-Select" is then sent out to
{HelemeA@iNt e Stream Sel ector bl ock 150 on |ine 521.
In addition, the Phase-Select signal is also sent to
the Elastic Buffer Controller (EBC) 530. The Elastic
Bafeapy Switche€ont rol | er 530 observes the changes in the
sel ected candi date stream and adjusts the Elastic

R067E Figet Vs afblédkediaghRClluhtiak IS SQednh SwiA&Ol 40 in accordance
boundary in any direction. The current anount of

e r t.
RGP BAE shuifbing B 6T pepidhe bl o ARl Rpr e TP oooked)
is a block di agramlllustratlng the Elastic Buffer
wsHics dfa we repspyed ifiom Metrigs ddlire d 3Qpp ine AL e Rioriokedmetics are sent
the present invention. The proposed candi date stream
touarb dr -wapHammepar@01 516 whichecongghrésr thim ifwinhial) théttitseon 228er-symbol
and is delayed in Register 610 by one synbol, and the

Blisfs§ fldeaqanbsds"RBIh Cdl'kr(ﬁﬁhe N GaRi8 M QeSarkis "cﬁﬁ*Eﬁtlthas) the highest
nunbers i s deternm ned Subtractor circuit 620

SRR SO BB B i e

t&} rrgar ataor, 640, which determ nes whether the
PPf‘&aé‘#&)éthﬁ thg degisign iy epirect reparding) the gandidaigygfue. Thus, in such a
one-hal f of a synbol interval. If so, the boundary

e 3b¢ Qgmparattirt 5116mays détbrmg e theastreaini thet 16e8 he dovedst couked metric.
t he adjustnment of the value in Delay Accumul ator 680

THettmtRL oN\RIcR a@fream is sent to Switch Filter 520 on line 511.

[0068] The Switch Filter (SF) 520 performs linear and/or non-linear filtering so as to
avoid Qwitching the candidate streams for small short-term changes in the metrics. This
generally improves system operation. The filtering algorithm is dependent on the
operational environment. Simple non-linear schemes such as fixed or adaptive
thresholding work well in many cases (such as DVI/HDMI implementations). For
example, stream switching can be done only when the difference in metrics between the
currently used sfream and the proposed stream is bigger than a specified

implementation-dependent value.

[0069] The currently determined candidate stream selector “Phase-Select” is then sent

out to the Candidate Stream Selector block 150 on line 521. In addition, the Phase-Select

| signal is also sent to the Elastic Buffer Controlier (EBC) 530. The Elastic Buffer
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P

AND- gat es 660 and 670. [0072] The direction of the

del ay adjustnent is determ ned by two-way Conparat or
650, which determ nes whether the sanpling is |eading
or lagging the input data. In the case of a boundary

?(fd?&%h&ggsd Bﬁse@saﬁﬂe %ﬁﬁr lu{f‘ttl?g st ge&’ Qzlrtd?da stream adjusts the

i ncremented or ecrenen accor e res

th e by Corrparator 650 Re- centerl n
Eé!@ﬁt‘&e%@% %@!I&gﬂﬁe eglignt %FPW&#&&W%POM%@ Wodifecgon The
resets the value of the Delay Accumulator 680 in such
cagens. anast elbhweesssrgdelay ik ssoums itwthe &lastib Buffer t2herelinadpl.
process. [00731 Figure 9 illustrates an exenplary
conmput er system 300 enpl oyed to inpl enment an

@R BiHTdr QdntidlRri nventi on. Conputer system 300
i ncl udes one or nore central 28 processing units

&,@% 7Bt LR TPt i e s s,
ry stqra ng ces 306 and 307. As, is_well known
Oy it RO PEPAICRt of Ahvs Prsserd dnyening: | FEQ PrRpopesh sandidate
un| d| rectionally to the CPUs 301, while RAMis used
stygaint aiinpet (Phase H0ér isdmteivech dronn Stwiteht Fidtes 526 mdbis- delayed in
di rectional manner. CPUs 301 may generally include any

bgTiter 6 Wf bg [0R6 RFMMBEE -anBahe diffdrédFRIBetRE adfent aMil ‘i)?@vmus stream
306 and 307 may i ncl ude any sui table corrputer-readabl

s SRR PAE B B 2P0 Yafh e oo

-directionally to CPUs 301 and provi des additi onal
mass menpry device 308 is

@%ﬁn%é? e0fist R o Hiscnelior ARt 1B dha S o g o to-way

prograns i ncl udi ng conputer code, data, and the Iike
ce,308..is a .stor

Gt Yoo, o e hes ML R iR A g 1o torger

than primary storage devi ces 306 and 307. Mass nenory
' 8 t f
SAELRORIES) SR e, 5, Wb i ORBbD s fased on

will be
hne 641, enabhng the adjustment of the value in Delay Accumulator 680 with the help of

AND-gates 660 and 670.

[0072] The direction of the delay adjustment is determined by two-way Comparator 650,
which determines whether the sampling is leading or lagging the input data. In the case
of a boundary crossing, the Delay Accumulator 680 value is incremented or decremented,
according to the results of the comparison done by Comparator 650. Re-centering
Logic 690 checks for out-of-range delay values and resets the value of the Delay

Accumulator 680 in such cases. See above for a discussion of the re-centering process.

[0073] Figure 9 illustrates an exemplary computer system 300 employed to implement an

embodiment of the invention. Computer system 300 includes one or more central
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appreciated that the information retained within the
mass nmenory device 308 may, in appropriate cases, be
i ncorporated in standard fashion as part of RAM 302 as
virtual nenory. [0074] CPUs 301 are also coupled to

) . j .
GeeBiing Uty 'GP 01 PblpBedofss el BT 2t iy memory
nopnitors, track balls, mce, keyboards, m crophones,

BV 30, one oy moms Besipkgrals 305q archipraaary sloreee  doxisss 300 and 307. As

magneti c or paper tape readers, tablets, styluses,
vpweH mownandhe attj ROM ado gnirasfes datar andtihsiructions unikdireetionally to
i nput devi ces such as, of course, other conputers.

Feh P, 30T Wi BOHARY & &RURLRENI @ RarsRIMR SRE ingfﬁuétioﬁk in a bi-
or a conpufer or tel ecommuni cations network 304, suc

s a. diagital t spission i .anh . nternet network
Sfroftiordl, fabien, ‘IR N Ml Bensly il M B ek oRess@s. Both
shown generally at 304. Wth such a communi cation )
Primary steragg devigesciiloraad0A meay intlade anyesuitehls cgopuies-tradable media.
receive information over the link fromthe network,
@ sevogidry ctdrpgit miedfuar 68,1 which e typitudlyl 4 Masé endnfigy device, is also
network in the course of performng the

Al e ST A e pg’ @P‘Lﬁ%‘mlaﬁg g@\ﬁ@esfaﬁﬁﬁiﬁ&ﬂﬁ%ﬁaa#%/ag% capacity. The

transm ssi on st Such 1 nfornmation, ten

represented as equence of in ucti,ons to be

(3B, BRERY SefiRe o8 U8 S B o ity oo e iy ef gy used to store
outputted to the network, for exanple, in the form of
Rrogessy includiag Losipgieal codabdetiee and nthe kles: r | Bypicadlye massememory
above-descri bed devices and materials will be

deviael 308ris b GtordpRIfediim SicH ds 4 Iurd dRk ©p aRapeavhitlapehsadlly slower than
and software arts. Conmputer system 300 receives one

p}hnﬂ?rs%o&%/@aeﬁ@eggio%danqam Smg}%ggr&ggﬁgo%gg 9%@??29% W& take the

in ofder To decode transmtte

ception etection _and/,or other processi ng steps .
{386 o o, Bk, Penisnt eradenet safts PRI DTG Em s el will be
such_reception, detection and/or other processing
apprssintedathab thesinfrmatiom retpipedraithgnthe mass memory device 308 may, in

appropriate cases, be incorporated in standard fashion as part of RAM 302 as virtual

themory.

[0074] CPUs 301 are also coupled to one or more input/output devices 309 that may
include, but are not limited to, devices such as video monitors, track balls, mice,
keyboards, microphones, touch-sensitive displays, transducer card readers, magnetic or
paper tape readers, tablets, styluses, voice or handwriting recognizers, or other well-
known input deviceé such as, of course, other computers. Finally, CPUs 301 are coupled
to a communicétion link or a computer or telecommunications network 304, such as a
digital transmission link, an Internet network or an intranet network, using a network

connection as shown generally at 304. With such a communication link, it is
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ROM 303, primary storage devices 306 and 307, and/or
any other conputer-readable nedia. [0075] Foregoing
descri bed enbodi nents of the invention are provided as
illustrations and descriptions. They are not intended

t I I Ry entd 0 cise for.m described. ..

Céb erérlﬁp\}%t‘r?‘? a a|‘ton§ Qﬁfg??#@ofafaﬁﬁﬁ?@wa e PR QYer (tbg ligk from the
of abﬁve teachings, and it is thus intended that the
JEebpEkorr imighhPYtEHt Hdermssion i qver die Bpk ttithe Detveork dul the course of
Description, but rather by Cains follow ng. 30 W\
@lertbivning . th\abmteniedcrited ovessinviled datatrecepiion and/ef Ghfstlission steps.
transm ssion |ink, conprising: receiving a sequence of

SO e rmaRi0R! ﬁgx}%ﬁ id Qﬁefner%l%§§1@éd B ass%a%’éﬁ?? rSi; @Etgt?] Ol She executed

t he sequence sanpl es” conpri si ng second
I tfgam according o a first and second_ phase of .

TR CRUR AT e pe derpied Sromyand pyitsddo ficnefworkeitos sxample, in the

nmbo| fromthe first and second sanple streans by
i&ﬂh‘i’frﬁ ¢RIPuserAgtassignah erhodipd by a/cariiawanien dhw abovet described devices
first apd second sanple streanms; and estimating a
find stateriats wit be darpitae et ithose bELLIRThthé YomputbhBarflivhland software
and second synbol s based on patterns fornmed by the
&P Compiter RAtQRSRIOY Bl B oPe L0&-faipila 304
second sgrrgl e%st reans .%CE%?S VAgnﬁe@-hgigpeaso Ogresc:afn'pz%i ?ﬁta streams and

' further c ri sing:. selecting the first .
QoBhss gt b Pk o AP Sttt isviobels dys Beviomh idonation, detection
sequence of synmbols when the first detection

qrQ¥her; processing; sigpsrdeserihedtabove e cmputketinsthictions for performing
reliability; and selecting the second symbol as
suelp rexepiidn, rigteation andod dthedproyeshial steps Whi§ bRedored &R tRf RAM 302,
synbols when the second detection reliability is
K{b}gﬁgo_g,t}nﬁﬁa Ngorh et ' liapility., 3. A
nmet hod ‘as r erg it er %ﬁévﬁi %ﬁl%déﬁea:nﬁ;%{ ﬁuelysoél}ﬁslcgglguﬁer-readable
ntlgaya.observati on window in the first :

[0075] Foregoing described embodiments of the invention are provided as illustrations
and descriptions. They are not intended to limit the iﬁvention to precise form described.
Other variations and embodiments are possible in light of above teachings, and it is thus
intended that the scope of invention not be limited by this Detailed Description, but rather

by Claims following,
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sanpl e streans conprises sanples corresponding to the
first synbol, one or nore sanples <corresponding to
synbol s before the first synbol, and one or nore
sanpl es corresponding to synbols after the first
synbol, and the sanples in the observati on wi ndow in
t he second sanpl e streans conpri ses sanpl es
-'“§3€5ﬁ4¥%pond|ng to the second synbol, one or nore
S §ﬂ&ﬂﬁ . .second
E @ﬂﬂkﬁéd ‘%ne orhﬁ%?égd%““?@%&%%g%gggbﬁgﬁngﬁﬁb
syn:bndllg Eaéetleemce h%amptes gehesaterbio lreprebent/A sﬁcpiehmbfa&nbols, the sequence
F qc ted in C&a % el the det e t|n roc ds
of SalR L FATRE e 4stent peort s Séfé’i“?’ Gﬁc"b@?& ferrust ay aecand phase of the
sequedd dfaampicst t he table of detection patterns |s at | east
as, long as the observation w ndow. 5. A nethod as

r SeteetirE 4 frsiandiserond syapistl Epm thhrspandiseqond pamnlheTeags by examining
sampl%g il ér'v ﬂm dRF DShe BRI SR é%lgplho LirdIR5:Sind
| ook- be ues for 1nproving det'ect’ion
a@&unﬁmg a ﬂist aAd revirbdbtersion etinbiby of the@rstiand sle,comhgmdjois based on

e in.the table of detectiao att
parery G RE LR s b b ionanio, i B 45 sFoupe svpplgreams
the detection accuracy. 31 7. A nethod as recited in
Claim4, wherein the pattern in the table of detection
2. patp pas reejtRgrin kagnén@rtg?r RBPESBEevi ousl y det ect ed
Sﬁagﬁing\ﬂ?cl £46SsyFBbI ds r&\éﬁt tﬂﬁsrﬂﬁﬁe@ ?}ﬁﬁ%ﬂ i Wo@bdhe of symbols

A nethod as recit in a|m
when @mﬁwﬁ deteqon 1ghality s Iueherr dranithe agcalldrdetwlmteblw}vﬂtth;@nd

S of n age .cros. f. sy

bg%%%ﬁgl esseco%atqﬁljng(?lag %reg%m & 61}1385111 Eﬁd;g@%gl n ég%?%equglce of symbols
when fre sagpdrdatetisonf roliabilég & higheg thalatie fsteleteetictirglidbilty.

transm ssion link, conprising: a receiver for: (a)

recei ving a sequence of sanples generated to represent
3. aAsBRaHeN&Se@fed sy oheh 3, whdisin tb?e%ﬁfﬁﬁl% £ 8¢ ol?s%@@l!uﬁﬁwmdow in the first

conprising a first and second sanpl e stream accord ?
samplg gtreangsjcpgiprisgs gamples corresponding to the first symbol, one or more samp es

corresponding to symbols before the first symbol, and one or more samples corresponding to
symbols after the first symbol, and

the samples in the observation window in the second sample streams comprises samples
corresponding to the second symbol, one or more samples corresponding to symbols before the

second symibol, and one or more samples corresponding to symbols after the second symbol.

4. A method as recited in Claim * 1, wherein the detecting proceeds according to a table of
detection patterns, and a pattern in the table of detection patterns is at least as long as the observation

window.

5. A method as recited in Claim 4, wherein the pattern in the table of detection patterns

comprises one or more look-behind values for improving the detection accuracy.

6. A method as recited in Claim 4, wherein the pattern in the table of detection patterns

‘comprises one or more look-ahead values for improving the detection accuracy.
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7.

second phase of the sequence of sanples; (b) detecting
a first and second synbol fromthe first and second
sanpl e streans by exam ning sanples in an observation
wi ndow in the first and second sanple streans; and

(c) estimating a first and second detection
reliability of the first and second synbols based on
patterns formed by the sanples in the observation

d
o8l B el i ¥ BRI A o B B GAFRpingrs

comptistsioné d) meelpesidully defeetell sybiiol %dﬁé%cﬂ)r inHrovaiy 188 eatdtidg adcuracy.

transmtted synmbol in the sequence of synmbols when

the first detection reliability is higher than the

S CRBtlof &l B61I 3 Claith I BDdthdr bompdlifly (©)_ sel ecting the
second synbol as representing transn1tted synbol in

t Weing e Quiderde oxder tosdylmdi@emew dfisemplecoddnaegeadisong of symbol

| i ahjlj [ her than the first detection
boun&rag]le% lgbqjllﬁil‘ S?\f?f Sg(ﬂld HAPLE SISO us as recited in Oaimo,

10.

11.

wherein the sanples in the observation wi ndow in the
first sa e strea conpri ses saml es correspondi ng

t GtARBARR EDF rOGH datagier adigi fransguindik, comprising:
canéRppPnRg Ng to synbols before the first synbol, and
one or nore sanples corresponding to synbols after

t K2 rReoiaRg asegbesice ofsathpldy eelmatgi feseprwentrveseqmqr ofstyinbnls, the

?o?%gi%gn dclgfﬁgmﬁlgg ?cﬁgp ﬁi?%lnfg n_ge%fmd SNTRd sltrsé%% raécaon&)mg  a first and
sambmdmhase&ﬁﬁxemeﬂu&gadafmyﬂhgl s bef or e the second

,..and t
< YBHes B R el SHubQ pBoR SSbuELoc Sagpls s by

as reRinin@d saplek 8 A &)serm%%lﬁﬁm tﬁ’@ﬁr@ﬁéﬂd@@co@ﬁ @&ﬁﬁg Streams; and
is. according. to a table of detection patterns, and

& teetmating i and pecend feterdion edliabilitifttheciisandseeond Feaiaqls based on
as | RRGn@frhlELPRS §£1Mﬁ£§ i3%he WMAIQWn window in the first and second sample

streams.

An apparatus as recited in Claim 9, the receiver further for:
(d) selecting the first symbol as representing a transmitted symbol in the sequence of

symbols when the first detection reliability is higher than the second detection reliability;

and

(e) selecting the second symbol as representing a transmitted symbol in the sequence of

symbols when the second detection reliability is higher than the first detection reliability:.

An apparatus as recited in Claim 9, wherein the samples in the observation window in the

first sample streams comprises samples corresponding to the first symbol, one or more samples

corresponding to symbols before the first symbol, and one or more samples corresponding to

symbols after the first symbol, and

the samples in the observation window in the second sample streams comprises samples

corresponding to the second symbol, one or more samples corresponding to symbols before the

second symbol, and one or more samples cotresponding to symbols after the second symbol.
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13. An apparatus as recited in Caim12, wherein the

pattern in the table of detection patterns conprises

one or nore | ook-behind values for inproving the

detection accuracy. 14. An apparatus as recited in

Caim12, wherein the pattern in the table of

detection patterns conprises one or nore | ook-ahead

val ues for inproving the detection accuracy. 15. An

a n ;
12, PRBRBE BB Pk, WL o ML DR LA D o tableof
detectiamr pattpme)and alatterd & e tablk of ﬁﬁtbd[on\pattelﬁ&s fableast aploay hafje observation

. the detection accuracy. 16. An apparatus as recited

windaW, ' 'aim 9, the receiver further for: (f) using a

buffer in order to delay the sequence of sanples and

manage crossing of symbol boundaries in the first or

13, sdaomiargnps woidedria &hﬂgm 127whesein dhemattennin B debin of detseiiampatierns
compH 890 t?g}%l'ﬂmﬁ(r bk %Cvlzifu%? b ich C@%&&l? el ARG S a%g{.rgcsfj
SSO er system

ereon enab I'ng a pro of & conpu
to process |ncon1ng dat a over a digital transm ssion
link, t.er- exga bl.e nstruct
s¥

4 crpubis S BER Crid 2ouimen i RS RED It fsesagypatterns

comphges AP HESERock- SRAVAINGS fRimPIovhRltse ddiEos aQURABEE  Of
sanpl es conprising a first and second sanpl e stream

according to a first and second phase of the sequence

%nsa?PBEt% as AEHQGH q2f+ﬁ§élnm aa@,%%lﬂﬁlem@oﬁdetea@aﬁ patterns

t an seco e stre y exam nin
compsmpheer moregnevodsbrderticd symiah dgwes fior tolpeofing de damnon accuracy.
second sanple streans; and estimating a first and
second detection reliability of the first and second

16. As yppaedtss B3assdd anClappat tths Reeit@fnmd: by: t he sanples in
t observation wndow in the first and second sanpl e
?fs Bsipg 2 bu g in arderiosislag therseatenn o sAuREs Mddaaage pregsdng of symbol

boundetidd @tﬂ&&d&l%@dﬁﬂ@%ﬁé s@xgRUt abl e instructions
further conprising: selecting the first synbol as

representing a transmtted synbol in -the sequence of

T
cnabling a processor of a computer system to process incoming data over a digital transmission link,
the computer-executable instructions comprising:

receiving a sequence of samples generated to represent a sequence of symbols, the sequence
of samples comprising a first and second sample stream according to a first and second phase of the
sequence of samples;

detecting a first and second symbol from the first and second sample streams by examining
samples in an observation window in the first and second sample streams; and

estimating a first and second detection reliability of the first and second symbols based on

patterns formed by the samples in the observation window in the first and second sample streams.

18. A computer-readable medium as recited in Claim 17, the computer-executable instructions
further comprising:
selecting the first symbol as representing a transmitted symbol in the sequence of symbols

when the first detection reliability is higher than the second detection reliability; and

33




33 selecting the second synbol as representing a

transmtted synbol in the sequence of synbols when

the second detection reliability is higher than the

first detection reliability. I 19. A conputer-readabl e
mediumas recited in Claim17, wherein the sanples in

the observation w ndowin the first sanple streans

C eelpetingdle a0l sgmbalars repsertthizagranamnittaé syimbrod in thy sdqodnce of symbols

ne or re sanpl.es.carrespondi 0 synbol s before

when coep e RRrEbi Ss DA sy B G RpRgLehabtiy.
corresponding to synbols after the first synbol, and
the sanples in the observation w ndow in the second

19. s Angsmepuderresdable sy asaecited infllain 15 grhewipiba simidestip thetpbservation

. | . i
vind SN0 R o R Ol IR RO AR ol o
more sampte®resrondiap anginbglsthefose thb Girss sahiicdrant! bee smoandamples

S ol , 20..-A.cQ ter-readable nediumas recited in
‘”n“%¥g$ﬂ$TVW“&H@?@PHﬂgﬁgt%@#@gﬁP g proceeds according to
a theaPled in e bRGHaBeh PRULE iNe séRdd fanfldd §tRaRs cémprik@s samples

table of detection patterns is at |east as Ion% as
corresppadipg todhe spcprshsymibaE 8% oromore AR pRPrETRORdiaE Kbivabals defpss the
83 i ' i ' | :
i S e e e e S e
| ook- behi nd val ues for inproving the detection

20. 2640 e SATPR R R i e

accordifg ®Cd able of étt@ioN PatCePiip i dSeFattOFEin G tAlE 6f dcdkompR@ths is at least as
lues for inmproving the detection accuracy. 23. A

v
long ag BVARIHAIYE nedi um as recited in C ai m 20,

wherein the pattern in the table of detection

patterns conprises one or nore previously detected

21, sywaseipueairerdable medinpms sssitadintHleim e méeteimthe pattemr mde table of

s RT3 SR RS A5 L ey
conpri si ng:

22. A computer-readable medium as recited in Claim 20, wherein the pattern in the table of

detection patterns comprises one or more look-ahead values for improving the detection accuracy.

23. A computer-readable medium as recited in Claim 20, wherein the pattern in the table of
detection patterns comprises one or more previously detected symbol values for improving the

detection accuracy.

24. A computer-readable medium as recited in Claim 17, the computer-executable instructions
further comprising:
using a buffer in order to delay the sequence of samples and manage crossing of symbol

boundaries in the first or second sample streams.
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using a buffer in order to delay the sequence of
sanpl es and manage crossing of synbol boundaries in
the first or second sanpl gFhi@@ns. 34 ABSTRACT
NETHOD AND APPARATUS FOR RECEPTI ON OF DATA OVER

det ect o‘?%g{%\es on sa%ﬁgu &Aﬁg%figéwegfﬁsmssmn LINK

detection reliability of t he sarrpl ed data. The

det ectA ovepanpld Veq?@@eﬂeﬁéct&aﬂﬁér@te§ RAURRGAS] UMa and tracks the
di fferent sanpllng ases and then picks a sanple

t C

XSRCERE TPl T A sarftled iR CH IS i el bl sample
i nspects. s of | ook-hehind and | pok-ahead

L%pﬁeétfp cgt%wnwaggﬂltngd)h% apd theg yPéﬁlFS g,swp]@ sequence that allows for
s mbol - by-synbol detection. The over-sanpl ed

wostatliable detectiond Foothe différent shmpliny phasete theatetertor inspects some
perfornance Fig. |
amount of look-behind and look-ahead information in order to improve upon simple
symbol-by-symbol detection. The over-sampled information is used to further improve

detection performance,

Fig. 1
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