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Julian Eglit FIELD OF I NVENTI ON [ 001] The invention

pertai ns in]general to data receEti on over both anal og
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di gital communi cati on reprdseaventan | ncreasi ngly

i nportant technol ogy. Aleciafg&SaiamBelunber of anal og

communi cation |inks are replaced wt hi gh- speed

serial links offering reliability, link quality (e.g.

low Bit Error Rate (BER)), sinplicity of use and | ow

dOE LD O ANBENTION3] For exanpl e, nodem conput er

di spl ays and Hi gh-Definition Tel evision (HDTV)
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i ndustry standards such as Digital sual Interface
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tetisB0d I i ih Bk tylld b (IR, B BEBRoug Phehetion in he
in the G gabits/secaond range. [For, exanple, the DVI
Presrngsf detesnmistisAnd AoRIetesminisghyiitar, wi th many
vendors offering products exceeding this limt by
non-trivial margins. [004] Another exanple is a serial

BAEGKEROQUNDO THIE INNVNENTIONA) interface for

connecting storage devices in conputer systens. This

pOOR| iHighispéedal 8iQithE dbbraffmitation I 3bfesentf @POUhcréasingly important
G gabi ts/second and 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.




I [0051 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. 10061 The |i nks o

JRGr Byl nther ssamplen arshightspeedekegsp heer NatreorkdbAN) gpnbieations such
requi renents. They require high-speed operation, an

api Gigalit tRthérake(Qich SUDO0GHBYsedl) asdelHr 48 Bingiditg A0AG@Ebit Ethernet
non-determnistic data jitter, an ability to tolerate

il uency offset and/or frequency
30%?1???0 S{ﬁ%mgood effective BER, an ability to

operate with small horizontal eye openings (for

e a.Q.4 unit interval ). eye width
TR, Jiksn wdettgd, divany. SUR aRRIeg have many  common
bandwi dt h, fast phase acquisition and good tracking
regiirements. ndiey arefjeinge Higiogncednepasatpom, zan izhiditye rte ntokdrate nsubstantial
of a receiver for such a high-speed serial link is

desesinisd 4IRS \Hoh-debrmitivel -daPitiel)J af OBilitye to Woledbats Osubstantial
call ed "Phase picking' to select "good  sanple

BARAED one b Hor WealonBy AR FD) 030 MR BER, an ability to
often done w thout an hase trackin Once the )
QRFEate 34 heqizental £y Spgnings (g erample, a O dnggigeyal (UI) eye width
pi cker retains one sanple out of L sanples by using
speorficationpis nof updeason); highi tragkmghandwitli, fastiphase acquisition and good

transition phase averaging) in order to select the

%Ee,atmhﬁneﬁ%\ﬁ] Wil e such a technique is
relatively sinple and i nexpensive to inplenent, it

suffers froma variety of problens. For instance, sone

i . i fr < g -
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Thi s .ergﬁl emis especially acute for DVI/HDM _|inks . ,
GREEHY T RtV -Rmpiing combined gvith se gallsd) ‘Fhagegpicking” to select ‘good
sample streams. Common DVI link implementations 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




reasons of stability and robustness, phase pickers

have to operate with relatively narrow tracking

bandw dt hs. The downsi de of such an approach is an

i nabi I_i_t§ to track 2 determ ni st cd itter present in .

t Pricry sl JitsT Preseml: . theaversimplad ety Daraw Wagkng badwidth also
places limtations in settling speeds (i.e. phase

guleeeis dinvitadions iinssifling: spesds (ip0 phader agaisition tiges)f causesnpeor transient
and sonetinmes narrows the capture range. [0091 One

f pendAiBRietndRoRIRRS RhrrPethRRaSErdYaald N9 approach is

its inability to use all available over-sanpl ed data

in the detection process. Common phase picker

[ epentat i ons. si nply discard L-1 sampl es f.or .each ..

0o PR8 et Rt G358 s SR] BuBBauis Bty to use an
Hence, the over-sanpled data is used only for_ phase .
availabile overampled fdgfa dat shedalegaetipanprovhsss, (Gesupemsphase picker
pi cker di scards many data sanpl es which carry useful
iimbleneatations singply disoerdsi-Isampldgifohedch shmboy retamdrieiist one out of L
In common DVI/HDM i nplenentations, about 2/3 of the
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BBl Bt ek e ity s hich cary uscfl
(STP) cable, the loss caused by such a phase picking
Hiormation ploutothsr aynkola ahicha ke deing dgpodedex Jansommon DVIHDMI

recei ver inplenmentation. However, once the data rate
implementeisml it @73 cof divg difofhatic@Vavaitibdd itd Ythe CRB¢iGer is simply
is used, such as an Unshiel ded Twi sted Pair (UTP)

§iabkgeq. t he avail able eye width beconmes snaller and

recel ver performance begins to degrade rapidly. [OO 1]

For exanple, it can be shown that such a traditional

esaver.agi ng.phase. pic requi res, an eye openin .
RT3 SR 1P R Eseiah i hiniivia e, Py asthen the link
reliably detect .
employs a short high-quality Shielded Twisted Pair (STP) cable, the loss caused by such a
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 0.7U1 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




data synbols. In case of a comon inplenentation using

L=3 sanples, this inplies that the eye width should

be at least 0.7U if data errors due to phase pi cki ng

are t.o be i ded, Suc allmt tion.is

ok fhalPaioP oo % BEP Ll ome oy b pete sl i

di stances, but becones an expenswe | uxury at higher -

data rates and often requires good 3 equalization and

ph081 2 fmadslition, aedqmyi tepditionahplease pickingapproachey are difficult to implement
expensi ve. [0012] In addition, many traditional phase
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speeds and/or high over-sanpling factors because they
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par al cessing o € Sa rom a recelv

ARUBCRE 1 i Slon AR iy the}s%wﬁqutr?cﬁ B FppHb Tnearly on the

over-sanpling factor, thus providing for narrower eye
oyecsampligi faetor, thusyprevidisg foyngherser eypispédi ficptiont Mdaty akisting phase

not exhibit such a linear increase in conplexity and

ipickirgashegiods dowidt exhibet Sihad Einedr inBRagvERY c&ﬂ;lsmklw énd instead grow
factor or even nore. [0013] An alternativ ass of

ted b
SR SR e B aploek M B dr B PRS00 Ver ) Thi s

t echni que was W dely used in the past for |ow speed
i near

of fers.so | i pear
A58 Al Spefire 138 0B recoiaiivel Koo i dhey b et Bpresaniekly so called
and BER of the link, provided a good eye opening is
NajorighV eting’ oivehsaspled resyiyersp EftiintpoiiqQe 9k widelywiskerin the past for
Such receivers are al so i nexpensive to inplenent,

ok gpeedsligits atd@ffedNtorheamesy ht/of BSh—'lmEﬁpﬁltéﬁﬁé Yfithe data, often
t he past. However, once the eye openi ng eglns to

d
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data streans with high
implement, which is an important reason 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
perforrhance 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)
techniques, 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




frequency offset and frequency nodul ation, as well as

data streans with high non-determ' nistic jitter.

[0014] Conpared to traditional "anal og' clock and data
recover al sog known as CDR) techni ques, data

duaealaplentor anaips implesmsatation e agen meeca@swegtptlg}pl%%% the digital
of ten have the advantages of portability between

diohfa@. eRiirticainote; avérothonglo caveationa iamibg CIHES offen arwvideswgood phase
cost. In addition, many non-linear detection and/or
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tation are often |nexpenS|ve to |n”p enent 1 n

[ domai n. Fur no

5108 (A 50 A FEBle R, bR dafbgrEdonBati R st one sample per
tracking performance, it seldomcontributes to
isymbelv skhugaif subitansiel exsrelpuire due takigh detgrministicdities isprpeent, analog
a sinple sanpler for data detection that takes just
@mp&m’r@nbebecomﬁbatisﬂwﬁy. i f substantial eye
closure due to high determnistic jitter is present,
anal og CDR performance becones unsatisfactory. [0015]

L%Olggriﬁ}%hcraf h.g h)?§tt rdcBivet \5 éraﬂ _rp%ff.gﬁjt s ergé’f :E.@re]éicﬁieved if every

I eve every

zlet eﬁ.{lﬁ E@gﬁﬁqlo' ; )aﬁd gélg?on% @%&mﬁ o eheI hetight. However,
often |rrp033| ble, to find. In order to determ ne an
sushta seuipling popit i diffeilh and efier impessible do intly T ordex e determine an
data transitions for guidance. However, such data

gnel’t sanslige peing| hyredeivaousedigu boﬂsuubtdaai tiamsitiohs for guidance.
boundarl es. Their position is affected by

Bl e ot i oy SRR, dih) SL R AL FGorptg bounderies. Their
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transm ssion system (such as cl ock generator phase

detirginedi by thechistorys bf prevgding syingols), fon-daderplinastic jitter introduced by
resulting in anplitude and tine offsets, additive and

HoWetinPlarioas cHRpSRsH8f tHROrSRMiSich dystedl @ﬁ@h&!s kelbdkdigRehtor phase

jitter and frequency
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 poiﬁt 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




of fset and frequency nodul ati on often present in such

alink. In addition, the link often suffers from

nonl i near distortions that further conplicate

reception. [0016] Because the location of transitions

rveith noise puppressionr prlopeattics (¢.af o mxedianofilterpg daivewsr, tha sampling phase
opti mal sanpling point for the current symbol, the

Rt btdlRed AfitheSith A Gndthéd & ofibie noﬁaﬂsﬁhiamgnaha%gmbol-by-symbol
i nformati on derived fromthe observation of the
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|rrple ntations apply either a Ilnear fllter Wi t

|°mstﬁﬁ§sﬁqm AT BPICRI NI RS S05F B ECGHsHEY qfdet. While non-
filter 5 with noi se suppression properties (e.g. a
deldiministic|phese) noisdostoubd be filtered antp(i.ensyppreassa), the deteiroimistic part as
obtained with such a nethod is often non-optiml in

WRE 8y RO frdMeiyTBRbet SIRVRE be Thhckell SinDSFRYS® blovide ﬁood receiver
difficult to separate determnistic conponents (suc

g?s{gclgg'laﬁg%]gé ﬁh%ﬁlﬁ géﬁ(fé%f&{/logn gi;tfﬁa%l o1 o%ucﬂl bisfinction and thus,

determ ni stic phase noi se should be filtered out (i.e

evRspll defsetipn p aRGesufiers stic part as well as the
frequency offset should be tracked in order to provide

good receiver performance. A filtering approach is

[001 2h Thexzbdre atiter ekdb-kaoxeh neethvdst thaic stteamptatodintproes the performance,
overal | detection performance suffers. 10017] There

ﬁfcﬁ & Q&;fueﬁ@é | deteqym IH&BB&’%&Y‘% ﬁ{ct RLbI S*'&lgdfﬁhﬁiV EVA) and its

t he per or mance, SUC as sequence det ecti on

he Vi and
OB ot WAL ) ok . bt sI@'F% ofd cResigign Feadbick
and_Deci si on Feedback Equal i zati gn These

BgtisationdDRRDr Khees ﬂpmephs$ wetk welt é’@é @uﬁw tpccout farlgl and other
"other determnistic conmponents, thus inproving

deiermadibtiq evmponaits,e thas dinsproping f gm'rengil tpeeformangd iand simplifying the

phase tracking task (since it now only n_eeds to handl e
SARP1AE pRisIAL Bihlz $asRAEinee AT iow only needs to handle non-deterministic patts 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.




wel |l as frequency offsets). However,
sequence-detection based nethods often are conplex
and expensive to inplenment, generally requiring
multi-bit sanpling (i.e. anal og- to-digital conversion

(ADC)) and extensive conputations on a
SSWY}%TMV NAIONhe data rate starts to
approach the G gabit/second range, sequence detectors
00Tyl xn dveceampledptqrhtcddtecttvie Wliklose@Wwhich eseratéon sampled data.
(Viterbi Decoding) and DFE based receivers are

DLt el . : 4 _ o
TPt S s R Rol  ApBRIER B hrack i W) deection retiabiliy of the
wa i1d a.,data receiver wth over-sanpl ed, d .
Raitulet G- 4GS RERTTY oD s e SRORIeS dor GRferegt sampling
pl ague traditional phase pickers, "Majority Voting
ahasesad dhenqprks @ sanplessquesentarallors fiaghe meENElide detection. For
[ 0019] An over-sanpl ed sequence detector is disclosed

whe diffepgetr ahgdingNplBeed) [tk déRt@r inspeets R i@buntSoRIBSRGehind and

upon the novel approach of tracking the detection

fjSdK-2fabd Pﬁ.fﬁnﬁzfttfdnhiﬁ or&&rw}i groqrgtugon lg r@fnﬁ%l}?l;eyr-se}%l%bol detection. In

separately analyzes sanpl e sequénces

S [in phases and then picks a s | e sequence that .
B0 T qufé-sefﬁﬁlﬁgra%rm n i deed o, et pprove the detestion
di fferent sanpling phases, the detector inspects sone
performancé. | ook- behi nd and | ook-ahead infornmation in

order to inprove upon sinple synbol -by-synbol

detection. In addition, the over-sanpled informtion

"is used to further inprove the detection performance.

7 BRI EF DESCRI PTI ON OF THE DRAW NGS [ 00201 The present
invention is illustrated by way of exanple, and not by

way of Ilimtation, in the figures of the acconpanying

drawi ngs and in which like reference -




nunmerals refer to simlar elenents and i n which:
Figure | is a top-level block diagramillustrating a
net hod and system for reception of data over a
digital transm ssion link, in accordance with an

odi ment _of _the invention. Figure 2 is a

BRI st R IGN GF TR IR ABANGS ecent i on- of

data over a digital transnmission link, in accordance
vi0020]ahhe mvestnirémventién tih aliystessinby i ware of | examph, goden® by way of
is a top-level block diagramillustrating a data

dahRaiod! in i the FEhdsdanNar: ¥icobmpahyifi ﬁ%ﬂ%_@tan@f int WRich like reference
present invention. Figure 4 is a block diagram

[ ' 1 Iyvizer, in accordance with
élﬁlh%%%g%ﬁng%tsslgﬁﬁ%%&%{rtgﬁﬁ‘%(lr%ﬁl\g/@'nti on. Figure 5is a
bl ock diagramillustrating a Pattern Anal yzer El enent,

i n accgrdance with one di vent qQf the present
i nventigfe Filgu sopsTevel gﬂ%ﬁo@l@%‘?”ag uswafing s mpethqdygnd system for

the Elastic Buffer, in accordance with one enbodi nent
afceptien pf dalarver avdegital dransrissjon dink, irsacrohlanck withzgr ambodiment of
illustrating the Stream Switcher, in accordance with

BsHAPHiveRfidn. Of the present invention. Figure 8 is a
bl ock diagramillustrating the Elastic Buffer
Controller, in accordance with one enbodi nent of the

prese i_nwent | i i | aqr .
! FSCFig 2 Oy BP0 B850 8 90 M o 0o over s
L.pl ement .an ephodi nent of t I nvent | on. ) i
h@aﬁﬁmwsmom Hliﬁ(, ?III accordance w?tﬁ aln e\r/nbodiment o% the present invention.
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 ilIusfrating the Stream Switcher, in accordance with

one embodiment of the present invention.

Figure 8 is a block diagram iilustrating the Elastic Buffer Controller, in




DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0021] Reference
will now be made in detail to a particul ar enbodi nent
of the invention, exanples of which are illustrated
in the accgnmpanyi ng.drawi ngs. Wil e the invention
\/QCF?TIAB‘@:ed'&’él&nE‘P% bqqﬁm%trﬂf&ﬁ%k"ieé‘?mm‘feﬁ“?%e particul ar
enbodi nents, it will be understood that it is not
intended to Iimt the invention to the described
enbodiFigured is Rcblotlediagrant ilbestyating an exeanmilaydethputer system employed
alternatives, nodifications, and equivalents as may be
it GhpldR@nir dthBodiMentsoTithd fnveisbiscope of the invention
as defined by the appended clains. [00221 Wen
over-sanpled data is sent over a digital transm ssion
link, it is desirable to wuse a digital receiver that
of fers robust operation in the presence of
deterministic and non-determnistic jitter. Due to

I SI, even though the over-sanpl ed 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 sanple sequence that are not equal to b. For
exanple, a bit value of 0 may arrive unanbi guously as
000, or it may arrive as 001, 100, 101, or any other
conbi nati on, depending on jitter. Hence, the challenge
is to infer the synbol from a nunmber of sanples which
do not unani nously indicate the synbol. [0023] As

not ed above, one obvi ous approach is to use a mgjority
vote of the sanples. Unfortunately it does not work
in many cases, because it assunmes know edge of synbol
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 sonme instances by

i npl 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
METFAIOKED DESCRBPTIONQEY THE INVENEKHON A vari ant
on phase tracking involves an attenpt desensitize the
tracki ng Ioop to changes in the channel by nodifying

th Lo 0;. . .
T B el el S R R BpRE Bl ofthe invention,
hi gh- speed process and_happens at a rate higher than
eranplsh @hvvehich ye illnatrated ik %aqceelpanm degawipgss While the invention
approach works well when dealing wth | owfrequency
wiB theldekdriiedsn conjuinctaon prithithe particutdr o dincenys iewdll de understood
frequency or radio |ink Doppler effects, w de noise

BREGE LB Hindbd 1o ORRlOMET TSRl f AR bRBUERLYs. To the
Jltters caused by slicers and Phase Lock Loops (PLLS) :

t, nmance of efore
g if T, PEedB TR 35 SerchRuaR G, maTERR s, S sa‘éﬁvelspé. as may be
[ 00241 Figure 1 is a top-level block diagram
1nelugdsd wathime spist end scops of hasinuentiosras deBaedhy the appended claims.
data over a digital transmssion link, in accordance
with an enbodi ment of the present i nvent i on.
[0022])s Whenerveb-darhplad datat is se@npieed dijfitah tranvsaissidratink) it f2desirable to
Over - sanpl ed sequence Det ector 100 (herei nafter al so
Usef £ arpndl I-ééeﬁ*\%r tHa OFfe¥E Fobust BEGANGS in J@%ﬁe%‘%‘ ddd&ministic and

transmtted S|gnal Det ect or upon

tra the reliabil

pnfSe b aGRG B en Bgh e e PR ERiseasets more than
of the data. For_sinplicity of illustration only and
anstsamplepgr Wt (98- tiges ovith eh exemplant ewmllag;factor of L=3), a bit
enbodi nents are di sclosed having a |ink which enpl oys

valdei Inmiay net rehelb tie, revdiesredsn patdotly sspbrl sampleguane b, but may
two val ues, such +1 and -1, or O and 1. Therefore, one

it¥teddQofprise 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.
Unfortunately it does not work in many cases, because it assumes knowledge of symbol
boundaries in the transmitted 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




enbodi nents are disclosed to operate at the rate of

one bit per sanple, and the over- sanpling factor is

kept low and in many cases can be between 2 and 4

sanpl es.  However, these are not necessary conditions
fon-detesmisisicditien affetingde ddeat saveplingppsision dthernasitionaf the sampling
the invention is equally applicable to a link with

Rk Wit Rdspect té Wsﬁhﬁkﬁrb@md&ﬁhﬁﬁ@ﬂfcref&%lﬁ)ﬂ@b@&acked and phase
conpr|S| ng nore than one bit of information, as well

WAR& ?rg Yiﬁ?[ B%Wgﬂeﬁlﬁw Sdo FALHREG tg@ n'ﬂcﬂ&a? 13/&%; position and

ana ogous exanple an

m t at t he gperatjon of a detector ,100
@w enared mohden ga%l% - KHIRBE | W Phaser BRckipg me?lzées an_atternpt

and using single-bit sanpl ing. Unlike traditional
desgusitizethd dracking fegp tolvhapgesde the chetwd bymddifying the bandwidth of the
separately anal yzes sanpl e sequences for different

%Mppbﬁé@%n(ﬂ% bbscvatiom thad bdﬁh@eﬁ? sﬁffﬁﬁ%ﬁu@@o ST ) high-speed

and t L picks a sanple sequence that a

t I
éﬁ@eﬁi‘%ﬁﬁ hsﬁ%éggé% # S i Al OBl g on B ?é%lgﬂ% Jo8gn While this
of hi n andlook ahead, information (i
%Hpé‘&? 3‘8?1’ éﬁ’iﬁg bodien derling vl low-fraqusngy rm*i%blilﬁﬁ? Speh as problems
upon sinple synbol -by-synbol detection. In addition,
telatedotoegensmtn |feeduemdyosmmtiodink Bopyderceffentst widd fivise spectrums due to
i mprove the detection performance. This is in contrast

6aBleC%‘é§fh‘llt Qﬁé' mgﬁﬂﬁﬁﬁeﬁy‘:jﬁﬁé@ cau!\éﬂ 60 Gcb@nast PhAedLock Loops
t he over-sanpl ed data on€e the sanpling phase has been

(ggﬁf)dlffﬁg ,ﬁ%“gp‘ff ég éﬁ %ﬂ@ﬁ&gﬁn??rs n T?lgregod'ﬁ,plg llsaii‘?sbrﬁglle t§/> improve the

efficient, and therefore can be successfully applied
PEFfORICCOSTXEIVERd/ or cost constraints well beyond

those currently possible for traditional sequence

[0e24) cFignre, 1 is a top-level block diagram illustrating a method and system for

reception of data over a digital transmission link, in accordance with an embodiment of
the present invention. Transmitter 51 transmits sampled data over channel 52.
Over-sampled sequence Detector 100 ¢hereinafier 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




[ 00271 The detection performance can be ftu-ther
i nproved by conbi ning one or nore enbodi nents of the
present invention with transitions-driven phase
tracking (analog or digital). For_ exanple, phase
wetbodimgnts apd fhe iayensionsist eqally moplisthie de ab;hnk with more complex
tracking loop while the I'SI and | arge 'phase hits'
¢aon-biaaiyy alphabéts, ant garaples comprisiag adee dianeme ditaff ihfoemation, as well
present invention. In effect, slow phase variations as
are tracked
R i o e L A
over sanpl ed detector 100 of the present invention
remajn vi ati ans uch.as | Sl.

{BBh Y0 GUPE BB 384 Pgh i ay o® Py rE0R P myecdlibs f g detector 100
for the receptlon of data over a digital transm ssion

is fhiewn; kerein usiniape eveirsampingdagtori phdne 3oind tising single-bit sampling,
invention. Starting at 12 with decoding the first
Bhitikotraditibeal sedquende detectbr, the geésehteditéotont 108 separhtediunatyzes sample
steps: For each sanpling phase (out of a total of L

phases and starting at 14 with the first phase), at

Segnenees fimbifetent sampingsphayesr (wath Dbhesmnabphase Qﬂ'snﬂmi\'N—V\Ul) and then
This wi ndow typically includes L sanples

corresponding to the current synbol, as well as sone
midlspd eamplecsequéneethatvalbuws fordhe enxdst srgliﬂbdﬁ dete@toon. For the different
i nstance, for a systemw th an over- sanpling factor

saﬁlpﬁn—pﬁaseg Mmefe%torq*@e%mus%ma AESIMt O NEk-BEHIRY i look-ahead
sanples. In an exanple case of W= 5, one
&

usé’%a%he 3 PRS00 Ao BeoRBOL 2R pRART TRy o sime

synboé% In an, exanple case of W= 6, twa | ook-behind
e sumbel sietectisnk Ipddiion; shqypeer-samplsd infpsmatiomis used to further
addltlon to the L = 3 sanples for the current synbol,

imprbveithe defebtyorf perforieace. Thisuissn@bntrasind civentional ‘Phase Pickers’

which often discard the over-sampled 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 currently possible for traditional sequence detectors.

[0027] The detection performance can be further improved by combining 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 IST 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




Next at 18, perform detection of current synbol value
for each possible sanpling phase using the sanples
sel ect ed above. Look-ahead and | ook-behi nd sanpl es, as
wel | as E@st deci sions for sanple streans and/ or
duoissc a5y tragkedoby Fhe narmoss handwigth feedbeckedoape Whilsr diee over-sampled
the detection perfornmance, as described below. At 20,
abtdctatl@0 ol hedeesent invanticl hemd]es irémaihing phashdedations (Wich as ISI).
phase (i.e. assess the decision uncertainty). 13 At

d028) Shighte 5 he asmwldhaa_iﬁggtﬁ@ggivang%dgefop'tﬂg §&kption of data over a

etection reliability (i owes

2cl si.on _uncertai.nt.y). descrj bed bel ow, ong or nore, .
el RS o0 R RestrindeR itk RBcmaosigien OF i présent invention,
sel ection process in order to avoid unnecessary stream
Startingiahgl? ayithe derpdingthe fissy raynibobythey misthiodsednt barideseribed in the
without filtering can be enployed if needed for a
palidwing kteps:enbodi ment. 9 At 36, adjust 36 an El astic
Buffer if it is determned at 32 that the sw tching
process crosses synbol boundaries. In general, a
sy I gﬁﬁlﬂ j I ' e . .
th ;ﬁig [ efa ?g renc Eelygo%}t?avs\'g éﬁﬁt e ﬂg Faé %g nIéI ?’?%%S %\% S};%é]g at|°£4 with the first
larger .thap. | LJL. For 2 _exanple, ,for an . L
ov BB 16y FxPIRIe, B SpmpIes OYCF & qpserveliadh winlg f ur Bhis window
when a 0 2 or 2 -> 0 transition has taken place. For
a [temeadly welides dmstinplys fcauespondimghodbe lcuffent sympogfastwell as some
follow ng transitions will cause synbol dropping or
duphmplet it the prévidus anll mext dmHdls. “Féh iftstance, for aystem with an over-
and 3 -> 0, since in all these cases the differénce

Do e g 705 B ARG, gy ) compris 3 r

samples. In an example case of W =5, one look-ahead sample and one look-behind

sample can be used in addition to the Z =3 samples from the current symbol. In an
example case of W = 6, two look-behind samples and one look-ahead sample can be
used in addition to the L =3 samples for the current symbol, and similarly for other

valuesof 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).
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case). The Elastic Buffer is described bel ow.

Alternatively, the current synbol pointers can be

adj usted for each sanpling streamin order to account

for boundary crossing. 9 At 38, repeat the above

< epd 22 oselechthersempling sigeany withl the highest detectianreliabidigp@ £. having the
The above steps are described in nore detail bel ow.

f OORfNestT iecisionr oawitaity)t heAPTRE@INed | BOISR! i0BB oS nidte linear and/or
assunme that the sanpling phase is correct and to try

to :

et PotEREar 0 B oo} 1dReLiG e BEGlacP D Bld uftRobdary stream
often, .every possi bl e sanpling phase will yield the |

sangVi ol A&%‘F‘E*é‘.’elﬁoﬁm 0¥ q’oi fSWiring, %aouﬁtfﬁ%% can be
has a long run of synbols with the sane 14 val ue (e.qg.

wi témplhged/if negsled fforly particulahembietimentor 100 is in the

m ddl e of such a run, the sanpling phase is not of

concern because the detected value will be 1,

& oY 34, &dfusOB6 bh Blashb Fdfer R 1 @&tEMiRed BTN tIAL fHéSHtching process
very reliable, i.e. the uncertainty associated with

su i h_this i iyl . |
oo ) DR o B EPRAE s Pl bt ot if e s
detector 100 does not always need to know the sanplinq

ph i t iy =~
PoSHy LR LRl ol IR PP s 5 UL For
phase-invariant detection results, consider the

f ol ' o i l f =)

SO ARSI, ok sy My Dnena 052

¢ 2. S3pFenstdhis o PR I « e qer-pmpling fitpr such as L =5,
which is al so decoded as 01010. Phase 2: o
01any ebtherfollogmtrangitians Wil criso dpubelsdropping qriduplication: 0 — 4,
synbol early).

1-4,0->3,4—>0,4>1, and 3—0, since in all these cases the 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. Altematively, the current symbol
pointers can be adjusted for each sampling stream in order to account for boundary

crossing.
o 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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[0032] In the above exanple, it was possible to nmake
the correct detection decision regardless of the
sel ect ed sanpling phase, because all three streans of
detected data are identical over the four synbols
sYiuth(e.-g- outistheyalits ef 1) and theedetastord 08>ia imthe, midgde of such a run, the
detection reliabilities differ for the different
 phapéiag phase is mot aficencetihbedaigsthe Aetbeted vahit Wil Bedoetgdrdless of the
reliably because all synbols have a pattern of

SAAR. € FuMhdridrE Qbe a; @%g ﬁ@ ?%rlyox%EXle,nge. R %P%rgag%;%%ciated with

val ue. All but ‘one ase have ¢

def. ned synmbol bguyndayies. The.sanpl e aftern 1.101.

S0 AR IR n. AMRURR HRS it o v i o oS Ulysfiate dhe o that the

adj acent synbols of 1 are separated by a single O

slstestos 106 Hpes nob plveasis mged ta know thesemplingiphase dn dudst fo correctly detect

high I'SI, which causes a 15 rather shall ow zero peak,

thusmnibobeslae.ng and narrow synbol . Thus, the sequence

corresponding to Phase O is decoded reliably and has a

cunul ative "detection netric" of 0, indicating a | ow

I 1ai , o 1D.as5 . _

m ?(:%f (herel na?5 %éé?eq]ailg@cg reieérﬁlé Qtllg‘%%aﬂngﬂgg‘%ﬁ ¥Sults, consider
trj,cs) to s ol ,sequences ip order fo indicate

ﬁﬁhoy@gfﬁgﬁﬁb@s{%m@? aﬁg atngdpgs%gkhese deci si on

netrics when decodi ng synbols from inconm ng sanpl es

sequences. [00341 In contrast, the reliability of

Bleass 67 0@P-1 Hel Mal .90, whish Prdeseded st 0pf fsce belastk eans

is lower than for the Phase 0 stream Sone sanples

patterns can appear confusing and anbi guous, and even

Décadaé Daex wncelcarl-beldet ect ed wit hout anbiguity, the

detection mght be in error in the presence of severe

I SI conbined with phase jitter and/or frequency

P 200101 1961 110,00 A Bich TMMSo ddddBedsd ?11' @9, for the

Phase 1 and Phase 2 streans are set higher than for
the Phase O stream thereby indicating the increased

BHASES A1 Y1%.1091100.0, 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] quever, in the above example, the detection reliabilities differ for the different
phases. For instance, the Phase 0 data can be decoded reliably because all symbols have a
pattern of samples 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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reduced. reliability) of the detection process for the

Phase | and Phase 2 streans. For exanple, both Phase

1 and Phase 2 streans can be given a netric of 2, as

conpared to the O netric of the Phase 0 stream

maihes shalowveagra fpepk,| hys rrgodusing aod marrow gymhel ofhushéhe sequence
follow ng section illustrates sone exanpl e detection
Rotregonding! topPizre (f & daodek ediabl artiPh&® BhidulRive Oldefebtfon metric”
recei ver. Exanple data detection patterns for L=3 and

19, [R03A TR P g SEBRERY She! 40, ST0UHR Gochlon meic
BB TEE L Sl e s, e S b it

i npl ement ati on whi ch does not use such a previously

dhairlevel dfwakertainty, swchtormsewhase diecisian paaticowbew déaodirigssymbols from
used to reduce uncertainty of detection of the

Siebheig sapTePdequendesr ei n cal | ed Deci si on Feedback 16
Detection, or a DF schene. Such a schene inproves

reliability of detection (i.e. reduces BER) in sone

- it | r
RBSE 1F ok THERMARIR, okl IR daifob WY hast £ i Phase 2 streams
tterpns for a detector._ Please note that in order, .

dowgntan for ?ﬁa@gs? DotbicaRe SO, Sy gafferAn FafapRepr confusing and
only the first half of the table is explicitly

gnbigielsd and even if thy sequensatcarrbe drittctedawithont arabigiity the detection
detected values produces the second half. O her _
BRMP RS fii @ftof GH KB SpraBiricd & fUstQbke! IBIOESIRBink® willHhase jitter and/or
succinctly represent the table data. 17

FAREELNBLRL 04 oVl B T EPHRSERL B BhAbe 202 stoacs

are set higher than for the Phase 0 stream, 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 implementatioﬁ which uses a previously deteéted value (1.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
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0 000 010001/62 0 000 100002/61 O 000 110003/60 O 001
000-114/59 0 001 010-115/58 0 001 101106157 0 001
111107/56 0010000018/ 55 001001 0019/54 0 010 1010010153

0 010 1110011/52 0 011 001-1112/51 0 011 01.01013/50
dRetaction, ana PFssshene.1 bualy o sehenws imprones relability of deigetigni.e. reduces
1101117/ 46 0 100 1010018/ 45 0 100 1110019/44 0 101
BER)EAGHH:E caded hOthbRkpdrsé f Addifidil BARRYadd.

[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.
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01011110023/40 0 110 0001124/39 0 110 0101125/ 38
01101011126/ 37 0110111-1027/36 01110000128/ 35
01110100129/ 34 01111000130/33 0 111 1100131/32 Table 1
18 [0038] In Table 1, note that only the 4 patterns O
011 O,

CD i n hexadeciFradioud Walaé | Metriar e rhe@eendedlie Up dnttedkanublbers
val ue dghown ign the col gm named ' Preyi ous \fdsue").
Ther ef or it can be congluded that a sinplified
non-Dl’—gOag?ect dr can be iﬁ‘pl enentled with a rednabl e
degr adewd on ofo detectionoquality for Guch patdierns.
Strea ecti.on [ 0039] ce the netrigcs are

cal culryéltagtkj for1 the current syn‘o?l in eogch st rséﬁgm t he
st rea00k5@| ectVi on can be®nmade. Typically, sofé% ype of
filtepigpgy (sugh as Finitg I nmpul sg Response (skzkR),
Infinite I nmpul se Response (11 R) or nonlinear) can be
used P09t der %to maintain someldesi rdd anoukfs’of
phaseoggherenge and in ofder tojprevent rapi dgs¢
switchin bet ween detection streans, since such

SWi tcﬂioh(go canodegr ade defection®relialili ty. 855

00100 1 0 0 1 9/54
00101 0 1 0 0 10/53
00101 1 1 0 0 11/52
00110 0 1 -1 1 12/51
00110 1 0 1 0 13/50
00111 0 1 -1 1 14/49
00111 1 1 1 0 15/48
01001 0 0 1 1 16/47
01001 1 0 1 1 17/46
01001 0 1 0 0 18/45
01001 1 1 0 0 19/44
01010 0 1 0 1 20/43
01010 1 1 0 1 21/42
01011 0 1 0 1 22/41
01011 1 1 0 0 23/40
01100 0 0 1 1 24/39
01100 1 0 1 1 25/38
01101 . 0 1 1 1 26/37
01101 1 1 -1 0 27/36
01110 0 0 0 1 28/35
01110 1 0 0 1 20/34
01111 0 0 0 1 30/33
01111 1 0 0 1 31/32
Table 1
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[0040] The detector 100 can be nade nore accurate if a
past detection history of a specified |length is taken
into account before arriving at a decision to swtch
to another stream This is because severa
i[A8EfeldEable brmotethgbanly tlhnd nattarsy 0 OphBs@0]§ 14%101 1 and 0110 1 (06,
frequency nodul ati on and/ or clock frequency offset,
@7, 0Bhead QD dckaadecimbl gothtibn)ears degeadentpon dies DFSwah&‘,S(shown in the
descri bed previously. Some processes such as jitter,

Wi ndmes r‘ﬁéﬁoxf‘sxﬂ/%ﬁ\(e” | e &'@ﬁ:a iSBR be %ﬂg’lﬁded that a simplified

coherence, i. high rate o nge on

nbo] bas, s. attern e e . .

TP At LAY £8°he, BRDlsRspted Eith P afspRe o aéqtmacrfaecfetectwn quality
processes, such as frequency offset or frequency

hpptépms.general |y have a nuch | onger phase
coherence period and thus are not suitable for
handl i ng by pattern detectors alone. In such a case,
Stireaniefestionhi ng i s perforned, thus acconplishing
(indirectly) a sanpling phase tracking. 19 [0042] In

fta E@ﬁg 'tﬁ?ﬂktrfc@r @cz@éﬂlétg@%r RBRLLSR SYRABol fnh&cfx E—Eﬁﬁ the stream

e sinp enente novi ng- avera

PP B dHete oy A iefhe R Bl L Fhie mpue

grevents Sth&ﬁ]SMﬁtChlng, unl ess the dlfference
espposn(FIRy Indinite dmpulse t(Respenser@RY) ostnoslineashdant he used in order to
candi date streans is above a specified

@piptdin 8drhe desieg efdRnt of pHiaes Beetlenck QA4 31 order t%rlﬁ‘event rapid switching
errbodl ment, the candidate streamw th the smal | est

I
TR PR s B B SR AUE DL 850 Al
finally selected, sone adjustnents of candi date

to be made with the help n_ . )
@é@fﬁe ga‘%ﬁf@ 1%8 ool THASE SR BRFITaLS A arﬁ%ﬁ@tem% history of a
and the role of the Elastic Buffer
specified length is taken into account before arriving at a decision to switch to another

stream. This is because several independent processes such as IS, 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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[0045] If in the process of selection of a new

candi date stream the phase difference between current

and proposed streans is greater than L (i.e. greater

than a one-half U phase junp), the detection process

dfo4ielr phe aybrddaiientb fomndaDY/HIMVE spplibmiongd dhe dilter &@Obe simply
takes additional steps, erroneous detection nmay result

hﬁ%@éﬁ&té@lf aly ﬁhdnqﬁg 1298rag ertalééﬁczﬁppé}gsn%&n%ﬁmsg@% dfef- D filters),

erm ned by the phase junp direction

e T T —

system wi,th an over sanmpling factor of L = 3) and
éléké% therthifference eefyeemthermneirighel e carrent streang. and e Fandidate streams

2 streamin this case), the synbol boundary will be

¢y dwved spwiiﬁedﬂppéisstimdqmaéﬁm tlatshpdd.ar e taken, one
synmbol will be lost (i.e.. dropped) in the detected
stream 20 10047] Conversely, if the phase noves by

?ﬂﬁgp%fon@fen%ddhn%t R Barldiiae Wighﬂﬁ' §R8ldsP thetric is selected.

fromthe Phase 2 stream ase 0 streamin

0 nbol .m ght be sanpl ed
V\n%g‘gg %{%uregi%g{gﬁs)r{alé\/ﬁ%gfeﬁ@ﬁﬁﬁ tation in the detected
stream 10048] One possible solution to the above

FPrQObl em_conpri ses adding an Elastic Buffer EB) or,

Al Beras dhe symbadii vedpea isy Sinrlhy selesipdb spmed Jvaghnents of candidate
before the streamselection is perforned, In the case

sifeams hyiare tobasadevwth thehep of ko Bldstie BRlffes as destribed blow.

to the Phase 2 streamin the above exanple) the

|l ength of the Elastic Buffer (i.e. the anount of

ﬁeézﬁmswu@mhgme%l&;ﬁhéMc-nﬁmver sely, in the

case of a p ase retardnment (e.g. from the Phase 2

BRIt ol o, suhbs g Fe SRR EERE BT R B difference

synbol, f0049] Note that an abstract EI astic Buffer

b@%n\’c@fr‘eﬁ‘tbélﬁ Fx%b@é’e)d deeathi §¢ gfegte} t&?ana Y 1. greater than a one-half UlI

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 .selecti‘ng a stream
-at the end of a UI (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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di scussion for the purpose of illustration the concept

only and is not intended as Ilimtation. In practical

i npl enent ati ons, various approaches can be used. For

instance, parallel inplenentations can be used which
al084HaCetvarselyuift thel ghase snars byoomehalf sifea & eremiost @r 8 backward
that hold several synbols worth of data. However, the

f ditdcavh (e, BORGHE PhARD GRAH PUES Phisd$ §tréeﬁ‘1? i Rfel a‘BBv@éxample), the
an Elastic Buffer with the understandi ng that a

t V se an ntat .on. t
R APL R BE SRRHRl RS, S plthe e BB ET i R pigoted stream.
[0050] The timng is such that the decoder cal cul at es :
the netrics and nakes the switch decision after th
dBO48 + V8% pessible sobitien do thes ghays| preklemoeranprises eadiag an Blastic Buffer
point, optionally, the Ilength of the Elastic Buffer
i(EB)idj‘,undmecgeaera\HyJ dddiddpaeudsble smbeie deltagnbiéfoat the stren Belection is
is selected during the next synbol interval. In other

edt N BRASRC Dl WAL fHaSE RveqeR. 3 YeSPsh he&ream to the

as OCCUI‘I‘I ng i n- between the Sy cti1ons, nanel

or eét&%gph'ne% §§¥F§%’fﬁ§l¥$ bg@as bﬂ{e %ﬁ‘%ﬁ@? ]E?u(%fer?l.e. the amount of

npl ement ati ons are paossi ble. For instance, the
é%ﬁi’)clﬁ resiacecihy pae gameolo fonwersely,intly cash ef a phasegpierdment (e.g. from
synbol, wi thout any delay. However, such an approach
tim;Pliam:Z etrs@n ha thovPhage Ocs&emhélx'tlteyaboivé ekt })Ie), the length of the Elastic
significantly inproving the detection quality in many
Bﬁﬁgglgﬁfblredgafg?on&pﬁﬁgdl During an unsettled period of
the receiver operation, such as at startup or when
est abl i shing a new i nk connectl on, the Elastic Buffer

@B#]eﬁa%hﬂgp ﬁ%ﬁlﬁ]%as &fplé%nd Sucq%éq, de }5) geuseﬁ in the above

forcibly re- centered resulting in possible data

digeugsions fon the-ruspessr phl stretiemthe eonoeptpelpagut isomot intended as
phenonena caused by the Elastic Buffer bouncing

lagitationt Inheactithliihpiementations vadehsCappsddeicdtdrd bdhsd. 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 continues 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 caIeulates the metrics and makes the switch
decision after the detection of the current symbol is done. At this point, optionally, 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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errors due to an inability to conpensate for

duplicated or dropped synbols in case of crossing the

synbol boundary. [0052] The re-centering process works

by detectlng a decrenent of the Elastic Buffer Ilength

bembal zbaso Heen e detactedqab tbefone dheenpxti swnbid| ag)processgd.  Other
increment of the Elastic Buffer |ength beyond the

rimpleruntatiingtae posdible. For isthfice; ARLSvitdhies éﬁﬁflfeedoﬂeﬁﬁﬁﬁle fly for the
|.e. the delay) is set toapre deflned val ue. This

r y a t] vel

ust %be ﬁv%@%n?ndeg% sﬁg%g'%&e?’n%# emsn?pg :j%ﬁ R ]ﬁlxreﬁse hardware

EI as i ¢ Buffer having a |ength denoted EBI ength, a
RlexLy yrigow) ﬂﬂﬂlﬁc hEgmnreving thaslstertion quﬂew i many practical cases.

for an EBlength of 7 synbols, the center val ue can be
set to 3 synbols. [0054] Alternatlvely nore el aborate
i[0451d ni2wning pohosattied pertadioft the reirte mpyratibn,t dueh aElanstaitup or when
Buffer to overflow and re-center it in order to

pstablishénd® hew Ik cRnhedtiodUht Flasha BuFfertais, féhél?&d acgﬁstﬁi‘em limit. In
- nost |ikely boundary crossings. For instance, t ere

0
pioe %%?@a@a%?‘ff@rzﬁ 8 ey o 4T ) B2, gy oemtered
dat t.he s hase may |ikely be advanced and
Iesiibing in pegsi rﬁ*ﬁtﬂglggi ek ieepisFige § dPETVEYts| STRAT Propagation: phenomena
a case, the buffer can be re-centered to 3 of the
eaagechbyrthieElgtic Buffereouncingdmeimstitte ddpestiperstiihit lahd yawding multiple
reaching the Iimt again and causing data error.

s aluk 4V @Wnb&%@f@c&rﬁﬁe’ié]ﬂeﬁﬁ? dapR&iteE 6t Hfdpped s@fbols in case of
exenpl ary inplenmentation of the present data detection

now descri bed. Figure 3 is a
ﬁ%@%g“\} ?&gﬁoi%ghhgram illustrating a data detector
100, in accordance with an enbodi nent of the present

n Dat a
[b&gﬁ 'H'ne re-centering process works by detecting a decrement of the Elastic Buffer

length below zero (i.e. a request for a negative delay) or an increment of the Elastic
Buffer length beyond the maximum length limit. In both cases, the buffer length (i.e. the
delay) is set o 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

EB length

EB, may be used. For example, for an EB,, , of 7

en,

«n » & fixed center value of

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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detector 100 conprises a Pattern Anal yzer 110, Metrics
Filter 130, Stream Switcher 140, El astic Buffer 120
and candi date stream sel ector 150. [0056] The i ncom ng
L -tinmes over-sanpled data 101 is fed into Pattern
Arcsitivedrequency offset amd thelyeesiker sampler hagsrhichipddhe phase of the incoming
patterns are anal yzed on a per-phase basis, and L
Cubd] itBaE SnSlingestinBe afayMidclie be hOGRICHE Em&\fpbiénﬂﬁl)eﬁﬁmp gainst the zero
nmetrics are produced. In addition, this block
produce additional streanms of si de i nf or mati on 152
sietdy lamits dmphdhngcasphths buffsi cambe mrniegethlio +yofHthe maximum delay in
equal i zati on neasurements, etc. The presenB di scussion
is limted to value (V) streans 111 and netrics (M
srderdordedddse thOfibFdbiktytadtredchofg the fmit ggansandroatising data error.
streanms, hereinafter also called "raw netrics", are
further processed by a Metrics Filter 130 so as to

&rm% th‘f' minstabilities of the netrics

ues an intrinsic coherence of the netrics.
The det ector 100 in general attenpts to follow stable
100534 sThienarchitechira rod enogx enipdary dimilefatrgationy efathe’ present data detection
quality, instead of selecting the streans on a

ARthdalyandalystemsit ow [dbserithed, HrRIgaeSeistanep 18ftel blvek dlagram illustrating a
estimati on may not be reIra Ie for every synbol

%Q (ﬁé'c?oqni O(}anﬁI a@%tﬁﬁ ij(o&nlﬁgﬁ@ Sufd e@%éen?me%lon Data

basi's (1 rat nmay cause

nd/ or nnecessar re m sw t.chin The Metri
detrtar 100eprmpise 2 PabtemAnaliess 1 loMBirics diler 39, Sitpam iSyvitcher 140,

deternmines the tracking dynam cs of the entire

Blestie Boffer1 120, anl@asdidatOstreart lselectot 15&s streans have
been filtered (hereinafter also referred to as
"cooked" netrics), the L cooked netrics 131 are sent

[0056} Tha incOvihg TERintds QS ker-ddiiplewtiiateh] Glef 86 SntofPalern Analyzer 110.

streamto select. Stream Sw tcher bl ock 140 al so

?‘gﬁsr B{ %k’t Qﬁusnt%g% glﬁ}%férr ng g%l ay lﬁ%ﬁ{(ﬁ{eai%eg?hg?e basis, and L

Syl . . ‘s
ca}{(rf;?late 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-symﬁol basis. This is because the metrics estimation may

not be reliable for every symbol in the stream, and attempts to track them on a per-symbol
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boundary crossing. The candi date stream sel ecti on data

is sent by the "Phase-Select" signal 142 and the

El astic Buffer 120 delay value is sent by the

"Synbol -Sel ect” signal 141. fflagffl The Elastic o
Besiscli-ehWiBIsymbo! sde)a8y catsgi eeneoust andiarsimpgcassasy stream switching.
anount specified by the Stream Swi tcher 140. The L

CHrdMiaties Filteeald) dleckdatcongdishes theee SRR mdagel)f determines the
synbol intervals. In a practical hardware

| PR ahiceRe Nk asbdior A fer bl ock 120 can be

i nple ted as a nulti-tapped shift regi ster shared

bet ween the candi date streans and an array of

.phexer,s for.selecting the a opr.i at e.tap. her
RS e, ke st e o MR Bt g tereed to s
register of variable |ength for each stream [00601
Theoked!’ apattcathei dateokadr watriss 43¢ axpsentely Sloeapafovitther block 140
Stream Sel ector (CSS) 150, which-retains one of the L

sthielndevides tvhiitsstpagstotsBRct. e3tedafti Sgitctat Blocknao alsetodhitel the length
streamrepresents the output data stream 151 of the

@Etﬂ?& EQktid Btfef 120 THYrHAo acﬂﬁégctgg‘g?ﬁp@g% ‘&Hﬁzaiﬁg}g% gca%’; of symbol

the present 1 nvention Is the bac

he , overal.l detector,. 100 topol . This . facil,tate, "
RO Blarting o/ ecHRiCBHe TR SAIGHioHe AR i GrR¢ B fhe.Phase-Select
makes the technology suitable for very high-speed

gigutlal 4% and sthe HElastse Budei 120s dedayidvatiset & serttelsy dhel “Symbol-Select”
hi gher. 24 Pattern Analyzer [0061] Figure 4 is a block
sigggriam i [ lustrating the Pattern Anal yzer 110, in

accordance wth an enbodi nent of the present
ion. The incom ng data sanples 201 are sent

190t Blasfe gl ?Blo%ﬂ'lqilﬁ Qs c&ﬁfﬂ%gecé c'a ng b%%t?%nmﬁt%peciﬁed by

' y Reglster. O Is long enoug
the @%‘legxﬁ’Sv\vA#c%%? 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 L 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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LSR = 2L+N +NN,, -1 and wherein L is the over-sanpling
factor, NLA is the nunber of Look Ahead (LA) sanples
required for pattern analysis, NLB is the nunber of
Look Behind (LB) sanples, and LSRis the m ninmum
Eatigrm Apialyzetnpl es) of the Shift Register 210. [0062)
For instance, in the exanple case of 3x over-sanpling
40861} Egureler Pblock diagrandllygtiading theePattene AnAlyrefl 1 00)én accordance
LB sanpl e, not including decision feedback (DF)
0

AR hpogibiof i prEEAl fhftichs OTRE BRRRD: Ao MRS 201 are sent

nt. us Shift Regqi st 2 kes the .
a{f” ST R piscs O aians & rcrtistide y. e Sif RseeisA1Qs lgng enough to
are possible. For exanple, parallel registers with
holdt L plsemples, wherele used to facilitate parallel
processi ng of data (which m ght be necessary at high
data rates), and to reduce conpl exity and/ or power

consunption. [0063] Fr Eg ?25’1‘ ster 210, the
sanples 211 are sent t Sﬂan o]%]MP tern Analyzer

El ements 220, 230 ... 240. For purposes of clarity,

only the first two and the |[|ast Pattern Analyzer

Hdewhaem dr és theoowerisamipligg rfactdr, Facls Bt thuanberAoflydleAhead (LA)
El ement 220 ... 240 observes the appropriate

I ' d - I
SRS Tl or PAIRR a0 s SF it RE B B) samples,
as well as estimation netrics and 25 ot her side

andf by, matheonin{rasmriength (impmpls) of the Shift Regiseealt@ of
candi date values and their | netrics are sent out on
l'ines 202 and 203, respectively. Pattern Analyzer

CLTE e RN T S ——

analysis (i.e. one LA and one LB sample, not including decision 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, paraliel registers with
multiplexers can be used to facilitaie 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 presenfed to it on a per-symbol

basis, and estimates the most likely detection value as well as estimation metrics and
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wi th one enbodi nent of the present invention. An

incomng collection of a total of Lp.4 = NNB + L + N

sanpl es are received fromthe Pattern Anal yzer 110 on

line 301 and applied as an input to Look Up Table

(ather)sider ipfommptiga dps ragpiredh eAp raesudtush yaite of ¢anflidatp yalues and their
value 321 is received froma Register 320. The

Regiicd & saitGult 5n lipee2EardR03, repfdctivylypol basis, i.e.
once per detector cycle. [0065] The Look Up Table 31

produces a value "V' 312, a netric "M 331, as well as

el ' ' rmation 313 about phase,
equaef‘]?%gt%?%zﬁ?q@?%m@he Look Up Table 310 can be

[ nt ed USi a,.Read nly M or _ysing .

1845 :ﬁ%ﬁ% S Bl A Daraie G ligtn Anblyfes Elepfiln accordance
in Register 320, to be used during the processing of

Wt onesmbegimtest of theprasentBavéngion] 0086incEining eolctien af a total of
bl ock diagramillustrating the Elastic Buffer 120, in

aoearMance %gsmﬁﬁl@s SIDEEVER Tron? thel PiRicRl RASHEer 110 on liéle 301 and

i nvent1 on. tale of L candidate streans aré receive

on.. l.ine 401 and_shified .int rr of,, L Shift | s
fRRlicd a5 ,an ’ﬁ‘fﬁ?t‘hé@& th ﬂ@d? 1L 3@81 ?Tgylﬁ%‘mons SH%P@YIOUSIY decided
Under the control of delay signal 402, the appropriate

wpan vilue32h ishieceivedrégims acdegister, 3200 The. Ragister $20 is updated on a
sel ected by a corresponding total of L nultiplexers

- PetQymbébihsis, i.c Afide pdhdeteitéiuytle. 441, 451 ... 461 of the
mul ti pl exers 440, 450 ... 460 conprise a collection
of L candi date streans, appropriately delayed and sent

V. i i 1) t i n . 1]
86 8 FLOF U e 316 AROTPLATE 41978 ol Bt 31, s el o
l.gad 26 .re itster.sh ed between thf_ L. streans using

adgfion} Tids BRETHIG Llacteont phass praliggton, etc. The Look Up Table 310
i npl ement ati ons.

can be implemented using a Read Only Memory (ROM) or using random logic. The

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

26




Stream Switcher 100671 Figure 7 is a bl ock diagram
illustrating the Stream Switcher 140, in accordance

wi th one enbodi nent of the present invention.

Appropriately filtered (cooked), netrics M,, are

resisiey shared diptwesyy thes Lrstreases ¥908 gwprapsiates guiltiphexsrs, or other such
cooked netrics are sent to an L -way Conparator 510
\ilapdmentatjonas.es t he i ncomng netrics on a per-synbol

basi s and determ nes which one of the L candi date

streans currently has the highest I|ikelihood of being

QPFdaff Switchet Ne present enbodi ment, the |ower the
nmetric, the higher the probability that the decision

[ (e i pg.the candi date val ue. Thus, | .

el s A 5OF hlo R iR s05E g Sireia Slides . in accordance
streamthat has the | owest cooked netric. The nunber

Hiths goa embediagnt iof HenpresentSinvenHor | tAppramintdy filtered (cooked)
511. [0068] The Switch Filter (SF) 520 perforns |inear
aptlai/pare tecsieal frémIMeticaBilee 136 oh tine 3901 Bhévddked nitfrics are sent
the candi date streans for small short-term changes in

fohsn BlWdyC8o ggﬂ]ﬁﬁr ﬂ@%ﬁﬁhl%ﬂﬁﬁg}%ﬁgnﬁﬁéﬁ%ﬁi% on, g per-symbol

operation. T tering algori p
eratjqnal environment. .Sinple nan-linear schenes )
s ang, dtecpaines, whishn pis & the By Gehiale RSG5 UMY hs the highest

many cases (such as DVI/H DM inpl enentations). For
lés@hﬁg% of beinggarresti tIniherpresent enbodimentpthieylowkbrethe miwdric, the higher

difference in netrics between the currently used

thé pasbabiting tHap ehepdeoRivield coirb@atgdr8ing tHg 8indidi@@ value. Thus, in such a
speci fied inplenentation-dependent val ue. [0069] The

: | dat _

Y BSOS 510l RO B SLEATIE P loycst cooked mer
t S bl ock 150 L 521. In addition,

Tk SRheC Bt St aroadiipFar © Swirk B se0 0B oG 1K ast | o

Buffer Controller (EBC) 530. The Elastic Buffer 27

[0068] The Switch Filter (SF) 520 performs linear and/or non-linear filtering so as to
avoid switching the candidate streams for small short-term changes in the metrics. This
generally improves system operation. The filtering algorithm is dependent on the
operational enﬁroment. 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 stream 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 Controller (EBC) 530. The Elastic Buffer
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Controll er 530 observes the changes in the sel ected
candi date stream and adjusts the Elastic Buffer delay
if the selection crosses the synbol boundary in any
direction. The current anount of necessary delay is
ol 530 observes thot shenet frofhel sujecsed pandidags stream and adjusts the
El astic Buffer Controller [00701 Figure 8 is a bl ock

ElagyicaBafifdr| deddyr id tthengelédiion resstd theBiyhitel bowitarpln &iy direction. The
530, in accordance wth one embodi ment of the present

SRR g N BERRRRH 30 Ao S BAEA cine 531

del ayed in Register 610 by one synmbol, and the

ffer e n current and previous stream
?ﬂ?ﬁ&&@ﬁ?@‘é‘ltﬁ "hed by Subtractor circuit 620 and
Absol ute Value circuit 630. [0071] The absol ute val ue
WO70h &Figwe kive Woelk diagrase illustratingsthatElastic] Buffers Controtler 530, in
two-way Conparator 640, which determ nes whether the
aécotdanea oxithi ongrefbiodiméast the, preseédt ih@dngion. t T proposed candidate
one-half of a synbol interval | f so t he boundary

ﬁfé%ﬁ?'nﬂﬁlb(ép“@hﬁée"nﬁdls if lrflﬁ d &%gll hFiker 8 ?g? | 885 delayed in

the adj ustnent of the ccunu

BB O e P R0 b A i s

two-way Conparator 650, which determ nes whether the
CT lﬁgietegmllr@ddw@lbﬁactbaglmmwit(}mdl Alpaolutel Yiakue clineuiti680.

case of a boundary crossing, the Del ay Accumul at or
680 value is increnented or decrenented, according to

[0071]r Eheibbsolwré velne ofahipasleaion diftuiénce)is Gongear oh Aine3. to two-way
Re-centering Logic 690 checks for out-of-range del ay

val ues and resets the value of the Delay Accunul at

(Beaparafos G40, whisk sicteBames lychethelr dhe diffiraeds igrmatenfthdrhe-, i.e. larger
re-centering process. [0073] Figure 9 illustrates a

exenpl ary conputer system 300 enpl oyed to inplenent an
thambert-edhof asymbel intevent iHso, the bpundary syessirgncafdition is flagged on
i ncl udes one or nore central

line 641, enabling 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 ;ase
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 ount-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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28 processing units (CPU) 301, random access nenory
(RAM 302, read only nenory (ROM) 303, one or nore
peri pheral s 305, and prinmary storage devices 306 and
307. As is well known in the art, ROMacts to
tnregessing wits ACERD 3Hs trandomi cueess miemigny (RAM) S0Ry read only memory
the CPUs 301, while RAMis used typically to transfer
qRIOMPBOB, ions tof wedre PBEphdRale 305, andl frafiry QRhgd ®VIRE 306 and 307. As
CPUs 301 may generally include any nunber of

i AR t Vj 3 .
2% YeRERRin 285 St RONTRE 12 (BhERE o el heridoRl i Yfetionally o
ec ry..stqr di um 308, ich is typical]l]y a |, i )
TS CROR Ay iPRANE s Wi pically b dumafer Hbtectnd dpsipetions in 2 bi-
to CPUs 301 and provides additional data storage
dirpetioinal matigr. GRS 36t mayy getewillyen@in8e sy aumber of processors. Both
comput er -readabl e nediumthat may be used to store

BrBGFAErao8 dbvigts M /P30 BMag dtfudetidlyauitaé cbMpulet-¥@dable media.
Typically, mass nmenory device 308 iS a storage nedium

ALBDoRR AL s, B8 WoHTR TR e 5
SO0 e Gl GBS, o

wi Il be appreciated that the information retained
masshinemple deviss 308nisry cdmputee-r8dableamediium thapmapbe aksed to store
cases, be incorporated in standard fashion as part of

PROMaR 2 ifuding tdegiputdre BRIy - ddt D04 thdUke30 1Ty§%§al§rlh Zx?ass memory

coupl ed to one or nore input/output devices

inB G i mit to evi ces such .as
P RGh4 Borachodh b s b Bl 85 R M BEHRa B stower than
m crophones, touch-sensitive displays, transducer card
RrenaTy storageadevaeas Wy andyddk r Masp aneraeralcterage dpyiee 308 may take the
styluses, voice or handwiting recogni zers, or other
fomnh lof akmeguetic uiapee wipeasadaalr same athercwall-kmowatdwwice. It will be
conmputers. Finally, CPUs 301 are coupl ed

appreciated that the information retained within the mass memory device 308 may, in

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

memory.

[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 devices 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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to a comuni cation |link or a conputer or

t el ecomuni cati ons network 304, such as a digital

transm ssion link, an Internet network or an intranet

network, using a- _network connection as shown .
gontsmplatgd ghat3the. CRsh3@luanight eespivaninfrmatian | gvek the tink from the
is 29 contenplated that the CPUs 301 m ght receive

imefvoorkpbt emight entpub énformbtidd overt the linle tovelidk neWorkiifilthe course of
out put information over the link to the network in the

gig%ﬁﬁingfthe Bﬁéwfé?&%gfﬂﬂe& B@er%é?eﬂd@a% t?éc*%@ﬁ’orp éﬁ%/ﬁls BRdGsion steps.

ta reCeption and/or transm SSl on Steps.

idf. oAt i on ich ig often represented as_.a sequence

SR P iAo WBichs 6BeR riukerehfl 58 Phpecpe ot BTuclipgy e executed
recei ved fromand outputted to the network, for

asagsils 3H , mpy befrgesivest framandputpuited 4o thesiegwatk, for example, in the
enbodied in a carrier wave. The above-descri bed

fenni efsconypden it siighdlenWodiedds afcarfidr ivatfve! ThiRBsR:-@dscribed devices
skill in the conputer hardware and software arts.

SRRt 1S Wl Sg‘ﬁ(ﬁgia{r 96 T or N B APLSANES g@@ggieee&d software

data streans an rocesses themin or

transgitted s ol nd performreception, detectjon

At/ or OBRHER %glg@eggg? ﬁﬁﬁg‘t’f’épgnfd 8% dpPise gVebimpled data streams and
Conputer instructions for performng such reception,

Rrecesees tpmandrder fotdesodgiransegtedgymsbadp sndrpyritamn s¢coptiah, detection
in the RAM 302, ROM 303, prinary storage devices 306
axitbr3difier prodéssingastypLEERFbED ABOHET CoRPUAR! iRstriBiSh® for performing
[ 0075] Foregoi ng descri bed enbodi nents of the

B . . . . q .

ot Se2cth, Mefoclb W0 oy oL HPD ey A stomeg in the RAM 302,

ﬂa%eg%on. to precise formdescribed. Oher variations
JUTRENt Lorgee dswices BPe and 307gand/er appsker computer-readable

teachings, and it is thus intended that the scope of
ma@ent i on not be linmted by this Detailed Description,
but rather by Cdains follow ng.

[0075] Foregoing described embodiments of the invention are provided as illustrations
and descriptions. They are not intended to limit the invention 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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30 WVE CLAIM 1. A nethod for receiving data over a
digital transm ssion link, conprising: receiving a
sequence of sanples generated to represent a sequence
of synbols, the sequence of sanples conprising a
first and second sanple stream according to a first
aW& CEAINKd phase of the sequence of sanples;

detecting a first and second synbol fromthe first and

sle gomethed T iR céiting B, oveng digital irahiisgoralifk, eipaisidg:
second detection reliability of the first and second

synbol [

conpr |r§‘|:er11‘§ng s SP@@%{O Hé’ ?é‘s gltreg ?ra{séan‘gl oﬁhggsehr aé%) sé}%rcffr? 5‘“‘”‘5’ the
Srigienrs G samieqd 'rngﬁllsm o S o o gl sERATARCRAURE  a first and
second detection reliability; and selecting the second

§9qmdlphas¢¢fdbcewnn¢er@samphs;nsmtted symbol in the
sequence of synbols when the second detection

rel i algedebtitg & Sirdtiafll écohd 8¥mbdlardm ks fidearRtdecomd sample streams; and
rellab|I|ty 3. Anethod as recited in daiml,

wher ej

an- obSarbAEE AR WA LaSATBHLARR ALY FHE APaR iRl symbols.
streanms. 4. A rrethod as recited in Clai m 2, wherein

the detecting proceeds according to a table of

detection patterns, and a pattern in the table of

2eh amthashagrecitet inClain &t fattberstongyisingig as t he

observation window. 31 5. A nethod as recited in Claim

4, t }/\h%l&itﬁhgttﬁ@ fiRRkyifbd] ak RepréRntindh GrafémilRl §Gbeln the sequence of
patterns

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

and

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.

3. A method as recited in Claim 1, wherein the detecting comprises examining samples

over an observation window in the first and second sample streams.

4. A method as recited in Claim 2, wherein the detecting proceeds according to a table of
detection patterns, and a pattern in the table of detection péttems is at least as long as the

observation window.
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conpri ses one or nore | ook-behind values for inproving

the detection. accuracy. 6. A nethod as recited in

Claim4, wherein the pattern in the table of detection
patterns conprises_one or nore | ook-ahead val ues for

iPrdy B5ihRg a8 Feeitad insklais A, whetpimthg patternan e tablg of detection patterns
recited in Claim4, wherein the pattern in the table
ebmgesecdriear npat {akAshirbmindsfosimpreving tidetection accuracy.
previously detected synbol values for inproving the
detection accuracy. 8 A nmethod as recited in Caim

3, further conprising: using a buffer in order to

el sequence~0of sanples and nana r.QSSin f
8 hloh o of BEFCEC Rl AR, A padRR3RthedaHlE PL G ection patterns
streans. 9. An apparatus for receiving data over a

EPTYPEIERS OnE QR BIFFS qugr@hpaw@lufcs&ﬁp improwige thedstedionageuracy.
for: '(a) receiving a sequence of sanples generated to
represent. a sequence of synbols, the sequence of
sanpl es conprising a first and second sanpl e stream

H . f .l . v
AL i thdias Beifed ih 'QinPP dving :?fr;es?ﬁ?c?ﬁ iPehe ozlnbge g@%ﬁ%ﬁ patterns

of sanples; (b) detecting a and sec

romthe first and .second sanpl e streans;, . and.(c .
STt Bt L Epre iR BeteS AR BPE TG Torinbltying fhp dsfection
the first and second synbols. 32 10. An apparatus as
4e¥at®ed in Aaim9, the receiver further for: (d)
selecting the first synbol as representing a
transmtted synbol in the sequence of synbols when
the first detection reliability is higher than the
% ACRBhod as recited in Claim 3, 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.

9. An apparatus for receiving data over a digital transmission link, comprising;

a receiver for: |

(a) 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;

(b) detecting a first and second symbol from the first and second sample streams;
and

(c) estimating a first and second detection reliability of the first and second

symbols.,
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detection reliability; and (e) 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

18] Angpparets agecitahindggim 9: the regeives fyrthenforh A aim 9,
wherein the detecting conprises exam ni ng sanpl es over

an obgéy ashdcting thei firsiowymibiv] hdheeptdsestingandarsediteicsyasgd irethe sequence
streans. 12. An apparatus as recited in Caim 10,

wherein %g,m@ j RS0 Rli di

t abl e of6 teg{sﬁg{néngg? tﬁfes?gs anIi gé%g@{gﬂ@ie%&taﬁéhe second
tabl e of ,detection.patterns is at |least as |ong as

the obsét lP’éﬁel\ﬁBHﬁ%\ﬁ:ﬂ 13. An apparatus as recited in
Caim12, wherein the pattern in the table of .

det ec{d) oelegting thesscandsymbeobas igpresetinguy transwittedsyhibediin the

val ues for inproving the detection accuracy. 14. An

appar at sq@sice sp%&mlg Wwhéa thieedohd defeetion Feliabiitp &iHighdr than the
in the table of detection patterns conprises one or

nore | O‘Hﬁ‘é@%&%ﬂ%ﬂ%lﬂﬁﬁﬂ{hor i nproving the detection

accuracy. 1 apparatus as recited in Caim12,
wherein the pattern in the table of detection

patterns conprises one or nore previously detected
synbol values for inproving the detection accuracy.

133 An apparays agpesitied i €laim 3, adierainl thedeGicting comprisdsexamining
receiver further for: (1) using a buffer in order to

dvBEarbEiEAAG6n MndTH BE fitdiGnaBAREAE stinPRStrREms Of
synbol boundaries in the first or second sanple

streans. 17. A conputer-readabl e medi um havi ng
comput er - execut abl e i nstructions recorded

12. An apparatus as recited in Claim 10, wherein the detecting proceeds is 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.

13. An apparatus as recited in Claim 12, wherein the pattern in the table of detection

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

14. An apparatus as recited in Claim 12, wherein the pattern in the table of detection

patterns comprises one or more look-ahead values for improving the detection accuracy.
15. An apparatus as recited in Claim 12, wherein the pattern in the table of detection

patterns comprises one or more previously detected symbol values for improving the

detection accuracy.
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thereon for enabling a processor of a conputer system
to process incomng data over a digital transm ssion
l'ink, the conputer-executable instructions conprising:
recei ving a sequence of sanples generated to represent
a sequence of synbols, the sequence of sanples

conprising a first and second sanple stream accordi ng
t16. Anfappatituans recited anCGlaphadethefreddieer Satue dee of

sanpl es; detecting a first and second synbol fron1the

first (Eﬁﬂu@%ﬂ?er%?ﬂﬁeﬁtosﬁeﬁéﬁﬁiﬁﬁa (ﬂéﬂc by €] n"i‘anage crossing

first and second detecti on e I rst

SR RSB B ko AR, 0

i nstructions further conprising: selecting the first

synbol as representing a transmtted synbol in the

sequence of synbols when the first detection

i1 2] A@binpufey-réatable giteliuh having Remparpededitibieins@iictions recorded

reliability; and selecting the second synbol as

g%?rébog%f]% Bﬁngﬁgﬁgﬁégsgh gf g ?ﬁ%?itép %?’S{eﬁil H;[%o?&? lﬁ?d&ﬁﬁng 8ita overa
r_than. t |rst detection . .reliabilit 34 19. A

deta oot ke Hekan i xSt sCeansich sing!

wherein the detecti g)%scorrprl ses exam ni ng sanpl es over

an obEefiVHIE a0quEned

streans. 20. A conputer-readable nmediumas recited in

$eqadrve bB sanples edripriditg & G ahil Be-onk @Elﬂﬁlé%tre&ﬁ%@é(ﬂﬂﬂ@ tbQ first and

a tabl e of detection patterns and a pattern in
ste@(m e GEMESLARA gaﬁgjp at | east as Iong as
de(;%ser vat| ondvm% 1 A comput er - r eadabl e nedi um
pattern in the

as re aim 20 repn t
etec r%'1rs(%I and second sym%oﬂrom tge first and second sample streams; and

t abl
estimating a first and second detection reliability of the first and second symbols.

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
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.

34

ample$ gerferated toanepresed arsdquemop bfsymbols, the




of detection patterns conprises one or nore
| ook- behi nd val ues for inproving the detection
accuracy 22. A conputer-readable nmediumas recited in

Claim 20, wherein the pattern_in _the table . of
daté@panHteﬁmadéblﬁén@@#pﬁﬁ secited eClim gy whersikthg Hetgeting comprises
values for inproving the detection accuracy. 23. A
exdminirg sanmphdalveeameisietinXian wisdow adthe firéflaad secdfd sample streams.
wherein the pattern in the table of detection patterns
conprises one or nore previously detected synbol
values for inproving the detection accuracy. 24. A

uter-rea dlumasr d i aimJ19,. the
@@ﬁ%a‘% B PO 8 Pt Bt 58 1 Broh Heh e el proceeds
|n a buffer in order to delay the sequence of ] ]
toshigbleenfalgtecieopatianes, end a pgtigsnlin Bsuaklaof defestipn patterns is
the first or second sanple streans. 35
at least as long as the observation window.

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

of detection patterns comprises one or more look-behind values for improving the

detection accuracy.

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 19, 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.

35




