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METHOD AND APPARATUS:;FOR VARI ABLE BI T RATE CLOCK RECOVERY BACRENMBYIIOORF THE

| NVENTI ON * ~x& ielid of the | i present invention
general ly toWngléé\?g?'i ng timng Hm,mw’lmmg al s in comuni cat Féﬁhﬁéﬁ%ns,
and nore particularly) to nethods aq%&gparat uses for recovering timng
clock of variable bit rate signals in conmunication networks. Background of
the Art 10 High reliability networks, which handl e diverse types of traffic
from di verse sources, nonitor and nmanage in the tine domain the quality of
digital transm ssi onMEPHOD & NIP APFARA TUSFOR' VARIABIZ BITSRATE

i npai rments results i n unacceptable link error rates and unexpected network
failures. Hence, networks nmust extCROCKRBCOVERY¥am of transmitted data a

clock signal to performthe necessary neasurenents and 15 correcg(llmwmwmmwmm
i nevitabl e transm ssion degradation. An extracted clock signal i

to performtinme domai n neas openi ng and *tdosbNg
fitter. The extracted cl ockﬁﬁgﬁgﬁ?wg?ﬁg@éﬁ?%ﬁww stingui shing the
i ndi viduals data bits in the transmidd efltiétdnzestioream prior to further
processing, such as digital denultiplexing, protocol conversion, packet 20
swi t ching) and nea%The present imMenhipn redatepgenerally to BRRVErQE toling elogk of sighals in
traditionally been .retgardeﬁd S %@te ) eCilfiC,ifgro ess, ﬁgi\nd as a rfesult,
conventi onal ~PYMREMCBIULIHY oS, QL5 R{FHA e m[e% & 4P GPRASRUEHIYT one or
two [ine rat egecofifipimitg RESRIT K atifNE BR IR sRAALs i oMM RioR helvdtke

swi tching and Wavel ength D vision Miultiplexing (WDM) however, have enabl ed

conpl ex optical 25 network topol ogies, where |inks transport diverse types
of traffic) such as Internet Protogol, (IP O\ﬁ@/ﬂ&hgonous Transfer Mode
(ATM, Fiberchannel) Synchronous PFRETOURE O % ( ONET), and G gabit

Et hernet . jdlence) t PRSE HUBINS) AAWBRALVRAIEH HAHSE diveRscClyBEsof BABY FFom Bivefki t S
that are adaptive to the variable rate of the transmtted data. SUBSTI TUTE

SHEET ( rul e 2@urges, mRBitvbanda0amgnin gl t3oxdamBCTid pobity ob8iatalNrasaissidrocked

| oop is one type of tracki filter often.used in a clock recovery.circuit
For extract i nbRirEiREs p orot s iR PP REPA s Pl phERRYSRN ok

i |1ustrates tBgoPfate¥mhY unexXprenaHebvsrk fANRE]. Memte! ndvofls MBGRXAAN fFdrh @I t
100) which includes a phase | ocked | oop. The Phase | ocked | oop includes a

phase conpar asweansof @aysmitteddatpasiockisigngl togetorm the ntdessary meagurementsand | ed
osci | | atoi 150 ch’f andbLeedback.Io&)e[% 165. As shown, a transition

det ect or 1310, SPBFCE by eoF GRS B8P ed oneshot) receives a
non-return to zero Ad\BfacieBRWckSighaPls nkeSssard e pBERh AhRSddindih MtaSureiieAR, Of
duration tEp for each transition 1n Input signal 155. The phase | ocked

| oop, 10 whoséugieassiyarpatiemeapgaing\ant ¢imuag jigsen eFhed: xgractedelonksignal é dlsequency
f b" of input sigpal. 155. extracts.the clock sign romthe stream of.
bul'ses. gener afuy oy SRGrEHUIRELR G Rht Bibdhe RibEs AlT e o
the phase of té6urfiedplcesting, bechoastdagital Qf:mhh.?l@d"ﬁéx ; ProteedabniOtonbidret he
stream of pul ses) and generates a ase difference signal. Low pass filter

130 filter8 anWitghipei andapeaspementobbiyrreiate(BER) gnal to 15 generate a

corT et N o "% hoeLutty B LOGRRANSh AR G g

adj usted in clagalfesubic eotfeliticral point-tc-pbint ﬁﬁns&xﬁmmegyst@nﬁfygmﬂwsabﬂg ohe @tk
signal 160. One rate dependent parameter is the width ted of the E_ul ses
generated by tWadwpiates Emerzingperwork teginalegies, fon exgmplephatesicgavichiagapddoes

not contain e%ﬁ@fcr?g&h Division Multiplexing (WDM), however, have enabled complex optical
25  network topologies, where links transport diverse types of traffic, such as Internet
Protocol (IP), Asynchronous Transfer Mode (ATM), Fiberchannel, Synchronous
Optical Network (SONET), and Gigabit Ethernet. Hence, these emerging networks
must use clock recovery circuits that are adaptive to the variable rate of the
transmitted data.
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20 its bit rate frequency f b") the series of pul ses generated by
transition detector 110 does contain energy at the bit rate fR23iay2002f b".
The anpunt oiy@hRdedy- at the bit rate frequency f b" is maxi mumggens

wi dth of the generated pul ses tEp equals 1I(2f b"). The center freung;r‘lig@uof

VCO 150 is the secpnd._r J : erly set
to recover clock s’?@ﬁ?ﬁ%&%&%ﬁ%d?ﬁ%g%ﬂu r%ﬁe%?@cﬁﬁa\/ég&%ﬁ’ passi ve
stabi | i zat i onegdvaRatirchitdor Stikdcahl ¥ chsdkSsigae frogndreinphr €gusipsal. FigueD 150 to

a value fc in the absence of a signal from phase conparator 120. Feedback
| oop 165 causiblustrates theprimanf campansals affa propamsiockdgeadery cirqudid Qs whichi t i al

f fc to the hit " of, | ' 1 150
wl 1T ook to nfeda Phabs [o2ked doBh AFphgse {3ekel 10p8 cluck ¥ Opatdt 100
to the bits raf®, 3w pIYRREY 30, dstabl¥Weliage a8 EHsANRGUSIW CH), WD 150

exactly equals the bit rate frequency f b", VCO 150 wll phase lock to
transitions ifeedbapkidoopil$dal 155. SUBSTI T~' TE SHEET ( rule 26 ) 23 May

2002 WO 99/ 30457 PCT/,US98125524 | it I cl ock
recovery circuits gff”é’f“s& faﬂﬁxlnﬁﬂ@e%g&rreléﬁgﬁ%gxﬂ%oéggzﬁl’do%%?g#e?%ag?nﬁé t he
center frequesy, rédeiek avioR ré@on tozdrb €NRZY) inpat sighdlekpseany/gdnehites Higglee 2
illustrates the basic conmponents of a clock recovery circujt 200) which

i ncl udes a t rBiHES ofi diiatinat g fosreach frangiHer in WRKAgRAl dgiﬁbe, PR35 derksd Joop,

conpar at ofpn 26 i . r 220
co%ar es {%e g’P ? ee}%s;ob?ﬁ %ﬁﬁ%&s“%éﬁggé‘t‘ e bo;\;{qﬁ gﬁg?t% F%ﬁgﬂg? 2%1 gﬁgg‘?‘@%q{ h the
out put of VCOI£%exravsithgeekaignal frolmhieistrears bfpalsed gentrarezl byewisitidne

di fference between the center frequegéy of VCOQ 250 a&d the bit rate
frequency f bdetecigr biddihase compasaionil A sompares theinhase &f the signaj 4t the HEPYOf put

of phase conp uency
of VCO 250 to&%ﬁ)i%?{c l§ %‘%r%llg@g%ﬁﬁﬁ g?@i\%ﬁﬁ@u%% ???%%{a&u%%b%@% g{fgefr nr?cgquency
f b", causingsighs. Loskpasgfikeghid filters tand amiplifiesnthe phaserdifferénce sigsalpoi nt
phase co rator 120 contj nues control the cenfer. frequency and phase of
VCO 250. ngﬁe gchéaéﬁfGP“ﬁH%e‘ég‘\i‘i?@'raélﬂ‘é‘&"%hct %P{ ?Gr? L@rect or 210 al so
contains at 15 nmul ghp) Gtiddle bib Bard NRZ ipt Sipfd USR e dépendete padameldro ffdist

relative anplitude increases as SEp decreaSes. As a result) regular
patterns in bboptopetyadjustagin clork nedoyerysircpitd80 der teoovering anmssasiatedelock
sub- harnoni cs _of it (t rate fr ency f b"_  Accordingly) existin ock
recovery ci r c8iepd lt%ﬁag}l‘etrﬁlg ‘ﬁgf?ﬁre? teé'dsog’ﬁé?’ﬁr@‘nﬁﬁegp {# Qﬂﬁsgsigﬁ%%c% a
si gnal when t k@ngGesH &é’te&téxeﬂw?Wl@ﬁnb@@gﬁ:ﬁplﬂﬁgdneﬁmprd@% h@t&hkhiﬁé’icr%oata
multiple of 20 the bit rate frequency f b". Consequently, false |ocking may
occur whelOa & biskatedteguency fei.thasarics of pulsessgemeratechly ansition deteqtergliOrdeps f
b" by sweepin h er . fr \/! I I n
addi ti on, recg?é%ﬁt&g taért%es&?%?%g%ﬂ'g%m%l?g’é %%goaﬁ%x%? §{)%‘{L?%’ha?‘é‘ﬂgp’g‘ﬁ§h al so
increase the sigaaRyiff]isimakibmawsénihe widtnofahy gererated pulkes GYloqlidls MODF ).

| ocki ng. 25 Althou%_gl various technigues are known for sweeping the center
frequency of VCO 23derentgrirequanay of YCQilp0 isthe s¢qopd sata dgpendgny paryaeier.

t echni ques ar e y; f iy Ci ek . . iyabl it
ate appl t cat PHERmRRY ORR s RPIecBly 60 na? S0 FRY b BY B 157, P
Wavel engt 5D \acdveoor pgdsdive pabitizaiorn $ABhAL, 1 78Hisitiell ysets theuendafeqaergyalf can have
a w de range C{; Bit rates. L{]_a dition, the exjisting techni ques cause a 30
cl ock recoveryEPrisQite ayalue aéﬂ&?al seneeob 2 gignALIPRPIISRL IRIQF ethi cs of

the bit rate THELRGN0d 145 causesThBedAdMtEquehERdr Vc@isﬁ@t ﬁ@h}& frofth8:i2002

Thus, it is dem%?e to have rretEods and” appar at use at do not have the
above- ment i ondkeqaentyof, hethecbismts/frequepey fof oftilgmut pignal 15y t VEO0LI0 witidosletoy

[ its f [ | ock si | f i abl e bit te i t dat
Clrcuts for reeprering a ol ock BLonal LLOm A AL aPE Di il | TPUL A2
30 frequency f,,. When the center frequency of VCO 150 exactly equals the bit rate

frequency f,,, VCO 150 will phase lock to transitions in input signal 155.
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According to a first aspect of this invention, a nmethod is provided for
recovering a clock signal froman input signal having a vari alkBddy 2002at e,

sai d net hod Vggr@;_,,jugi,ng the steps of: estimating a mninmumti mPéﬂb?JsY@ku
bet ween transi'tions in the input signal; determning a center frequency of

a narrow band filter .hased on th stimated m ni mum t.i interval ; and
extracting, at th GQ@HPM%Bh%Ssﬁ?‘S?d#?%"qﬁg’ﬁ?ﬁﬂ" gcéfcggimgyé[fglmdfl?%rﬁ t he
input si gnal g Q6604 dbkdiGof i titihe RR3ALr fbqldAcs £ JTWADG1180 (0 AR HRHARY At US
is provided for' recovering a clock signal fromah input signal having a
vari abl e bit freguencysfyj.dFigpel Hlussateothprbasic cgmpeanenas ef aieibelcteoovedrprircuit
estimating a minipumtine interval betvvee)n transitions i27 Ble ié\rput si gnal ;
a transition 298¢ %‘BFB#‘_“?‘B#CSQ&%’F&OF‘@“‘_&W Fll_gtpt’ﬁ?%?‘?éwac@‘ob_ 'é) fegueicy
correspondi n e Std i S %m}' )

narr ow bag’d %ofxﬁég?%ir%é@t% ét%fsltr{rl\%pf%de a@??&@s%ng{e%%% an ac?juﬂrst gd first
plurality of dodipars thasitkam ofaiitses generted bl oransidpni seteoyr 2 bawét tonoutaa of
estimated mninumtinme interval, duration, of gach of .%he first plurality of
pul ses and a teRt%P: MHLERASTES? locking sigarl hakrplierds thedi ?’eP‘FFal?e‘\"%‘E‘e‘k:%_es the
adj ust ed 17 enia} tedhdrey PV Ib56 Snd iR TRcRend) £1.0AK dBESBICHmbIreeU! ¢
consi stent wi tﬁ t he'present invention extracts the clock signal fromthe
vari abl e bit thetcekihgtsigrai withithboutpat ofipbiasencprapanator 220 Feedbaokdoey 261  bet ween
transitigons in the data signal. T | Qek recavery ci.r.cui rates.a
pluralit IESof Cﬁﬂf“sf’ég‘ f%?r?ﬁ%"F%?pﬁcéggpﬁ%ﬁ@ﬁt f?fﬂgtsilwu?ﬁveathb%%nﬁ 8 B‘ﬁ;ﬂ“_, and
adj usts the duyfeatdqaBn&f {(bf?,aéitlsiﬂé e BclaHE S13Ralltd $dsiABn td'Eer6:s k B¢ Félnd)i NI MUM
time interval. The clock recovery circluit inputs into a narrow band filter
t he adj ust ed phassesmpatatoel 29 nentinaes teoatrof the gematfreaency andplhase af N&iGH
filter based the estimated mnimumtine interval, and extracts in the
narr ow- band f er the clock signal fromthe adjusted pul ses. Methods and
appar at uses consi sTRO§ueai 6 fulsesigaieraield 9 vantitioRdetetioe 200 hiss abRaial a0 dat a

signal independently of a primary phase locked | oop and fr_e‘%ge_ncy | ocked
| oop. Suck nemubiplesfshepipeatafrageencyif nersy. whpsenrgiative EMPHIUWe ARGTEasEhes

i nterval between.k I t,i L I ?ﬂs{ﬁ' . Wy he
probl ens of \kll\@a“i"@ﬁ'h{egﬁgh@ sg}‘gs%grr r%‘ﬁ?’g’%f‘g‘c“%“ﬂgﬁk lFlg ﬁe‘&;&){fsll%‘(ralsaﬂwg#o‘é 4
recovery circbothhanudnits ind subvaarmahice obthe biiate fegguenayef,),.0oAscordingly?3 May
2002 The description of the invention and the follow ng description for
carrying out eH¥ingdeckisaavesy cirgiits track Akg BAMORISS 108 SPRsP Gsiof the iRuLdat e
of the clained,i [ t j l: PR ' abl e
others to pr aggil‘ég\e(ﬁ{l e‘R?%?/‘gﬁt%o@?%hﬁ%?&%&ﬁéﬁaﬂgg’ﬁgﬂ ngs?d Wg}ﬁ? g?m
part of t2k ddeditate foegquency far Opnseguentiy, fdlee loeking mayeocofir when a coekit i on,
show several enbodi nents of th(; ilglv%nti OE, and t g@%}her Wi tng t he
description, EXBYHY WL SHEHeE iRt 1BE Dyrale feeaheRry fpi nSWFRINE DS CRAY 2002 WO
991 30457 BRI EfteHRSERoPUCDRSH afbs: MEAWNGS:S. NntaBEitioh Ode@sent BRSS! 25524
Figure 1 is a block’ diagramof a prior art clock recovery circuit) which

i ncl udes a phasmmopdiesk doded inp®t Batgsignalz also incrbasedhe sisgeptibiliyfof a chackor art
cl ock recovery circuit .\{\lni%h i ncl udes, .a frequency | ocked | oop and a phase
| ocked | oop; FGUFE cycpy ;s 'B?ff\m&i‘calﬁFlgﬁg'of a variable bit rate clock
recovery ggrcuit, iAlRGsRvaiiEedtnidued AreSHHONH fOF SWedfing he cemeefbdRAcy bf gur e
4 is a block diagramof "a variable bit rate clock nmenory circuit, 10 which
i ncl udes a caM@? 369 sndetemming therbintatofrequeney f,t theserieehn@utis mpatoo sfow arl/or

oot forms i sk auithid S el TR e spiofplis | hFerelEbETanalRsl

an enbodi ment raié applicationERtWavElerdh Bidisios M@tpleking (G¢DM)dWhéré@nbpur data
illustrate timng diagranms of an input signal as it propagates through a

set of delay $EFAEIANNIAVE R vide 5ings9é ituptes kraddiinged iHeeHistise leahBiquayeIvEe an:
croure 7 46 2 cfdrﬁ:gqgéotveﬂ![ fl%ﬂ%%&ﬂ&@% REABRRE and SPRERIOAROGE e dif vt

enbodi nen I nve
frequency f, .
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20 Figure 8 is a block diagramof a forward rate detector) which perforns
continuous pul se-width auto-correlation, in accordance w th an 23Wagpoent
of the invention; Figures 9a, 9b, 9c) and 9d illustrate the timng di agrans
of an input signal, output of a tine interval generator) and output of an

edge transition o] n_ac wth an e nt. of the
cade Lransi Ll on ThygoTBUAR b help SRR AR RROUITA R, 1
in accor dantte above- mentiorieddante otheo disabearitagesnofi thie: prlargau'r elodk redolveusyt rates an
emtter coupl E | e tion pol ar mi nt erval
correl ator, |r§l9t35§'gr|e§%\§%g \ﬂcthrgl)( Stlpr%%g @LI&: 'ttrﬁ{g '%‘ﬁ dﬁg’]e n:

SUBSTI T~' TE SHEET (ruie ? 6) 23 May 2002 WO 991 30457 PCT/ US98I 25524
Figures i 2a. 12b) 12c, i npl emrent ati on of a
feedback circuit and assocﬁ%ﬁ%‘ﬁ@r@b&a\t'ﬁ Q‘i\f%\’nﬂg?g rate detector, in
accordance with mCmﬂmgdionarﬂrstoéspbbteoﬁ thieirveotiun, fa metres i$3arpvidébYorl3c. 13d)
and 13e illustrate a

2850t at ed LY Arfack ol HTRE, it etg TR R S5l L,
enbodi nent cnietlhddacompmmg the steps dFi gsjmwingdaanmmmuﬂ:ﬂbmarlateb}abcbletwheagr ans of
B! et ot SRl RSl AR Bbrrh RS BB Rl Ll S RBRAE 5
now be nadefiter badenl bntthet ¢estimated mmuerdmemnmdunmnals amﬂ e)ktfac_hmg/.eatt then,
ca e e e LR B ok B A B %S e e
to refer tot he $anerding toi dethEaraspect\GiRhiABhenBO, AMAARPACHIDEHs RERIAEERY 15
0" . e R BE Sl Bl Aol RS B R B
circuit 300 appamtussesnprisingarad ratatdeteiﬁrefot @stirdéting armainenwe|timos inter84l0,
e e SShRB Ol PO DA P A3l e ARG RIERY o1 o'
pat h. The clphr#iterst palsds mrqsabhdln@oéspéelwetyrtartsarmtnons BOthd et tsignalB 20 and
et o200 bl oo e PRBuERE Y G54 OO B AT SRR sbUBIRAR, i1,
rat e det ect pulsd@§landez eate eekcton foraduljestibg,t based on the estimated minimum time

interval, duration of each of the first plurality of pulses and a center frequency of

the narrow-band filter that receives the adjusted first plurality of pulses.

For example, a clock recovery circuit consistent with the present
invention extracts the clock signal from the variable bit rate data signal by
estimating a minimum time interval between transitions in the data signal. The
clock recovery circuit generates a plurality of pulses that correspond to
transitions in the data signal, and adjusts the duration of each of the pulses
based on the estimated minimum time interval. The clock recovery circuit inputs
into a narrow band filter the adjusted pulses, determines a center frequency of
the narrow band filter based on the estimated minimum time interval, and
extracts in the narrow-band filter the clock signal from the adjusted pulses.

Methods and apparatuses consistent with the invention estimate the bit
rate of a data signal independently of a primary phase locked loop and frequency
locked loop. Such methods and apparatuses directly estimate the minimum time
interval between transitions in the data signal, and thus, eliminate the problems
of harmonic and sub-harmonic locking that the prior art clock recovery circuits
exhibit in variable bit rate applications.
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rate input data signal 155. Frominput signal 155) transition detector 320
generates a pulse in response to each transition in input signa3M&b2002

Li kewi se) forward rate 25 detector 301 estimates the mninumtine interval
between transitions in input signal 155, and generates a rate estinate

signal RE. Rate | ect or. 310 .t hen nyert rate I, signal RE into
control signals ,e i%?%”&&@i}ff&% |8ng§|8¥ "’}nﬂZh%\ﬂ)ﬁ?w%%lﬂ?ggr;ptlgﬁi&p%ﬂg@g

gener at ed byut thartsist monle df e inventRinOshoalll hdtaestdctt the scops obtheycldimedf narrow
band filter. 3 30, respectively. te selector 3.1 0 may, set, TED and fc to)
for exanpl e,'nVFnt)d(nZ Bfoﬁ-gp5ow_d§ %‘é@@%aﬁ{?%@fﬁ@?‘o?s F’u?%a%xg"ers tQBOF% ©2002 WO
991 30457 PCiHelib@shtiab5e asvdniphahying dsmérads, walch.foviipart nithe deetrintibofor310 set s
t he appropnate .TED and fc.narro and filter 330 extracts. clock. signal 160
[ rom e oo PR pub it MRidecst 108 bl =5 Shlimesty B8R e as
foll ows: = invbntion; dfid dfdettoart with (the Besdniptien, f eXplain sthehpridmigles adf ether equency
of i nput si nalt. 155 and Kfrd is either a constant or a slowy varying
function of VRN The pul se width TED fromthe transition detector 320 nay
be represented as follows: = x~(RSI ), tED where KEp is a nonotonic
function of control signal RS,. The center frequency fc of the narrow band
filter 330 nmay be represented as follows: (z) 10 fc = Kfe(~:~ (3) where Kfc
is a nonotonic function of control signal RS=. In one enbodinent, rate

sel ector 310 may perform a one-to-one napping of rate estinmate signal RE to
predeterm ned val ues of zEp and fc as follows: RS, = G (RE)) (4) 1 S where
G is a nonotonic function of rate estimate signal RE and satisfies the
relation: Ktc,fb,t= &G (fbit ~ Ktrd (fbu) ), ~d RSV = G (RE)) (6) where G
is a nonotonic function of rate estimate signal RE and satisfies the
followng relation: SUBSTITUTE SHEET ( ruie 3b ) 23 May 2002 WO 99/ 30457
PCT/ US98/ ' =5524 KED (~~bn) = G= (fbit ~ ~~frd (fbrt) ~ (7) In one

enbodi ment, KED and Kfc may have an approxi mately |inear dependence

4a



on race estimate signal RE, whereas Kitd may be nearly constant. In this
enbodi nent. the solutions to equations (5) and (7) may be rep2dMayn2aD2as

follows: 5 ( = g" + 9,2 RE+ e, (RE), (8 G (RE) = g~  E-
(RB)) (9) m%’peﬁébfﬁgz) gz,) and g~ are parameters, which myﬁ%‘g’gé%@ggﬁ*

tenperature or the interv { At i Wi larly) the
functions e, (RE) and tﬁ#@#qﬁém*%ﬁﬁﬁﬂm&$‘ons of rate
estimate signal Rﬁnq‘;@r_—{gﬁ'ﬁgerature. The 10 paraneters g") 9,2z) 92,, g-~,,
E,) and e= may be selected to satisfy) for exanple, equations (5) and (7).
Alternatively) e, and Eigomyl be tdedk diagramraf.a fricganelotkirscovent acduidwdipham of
variable bit rate clock recoyery circuit 400) which includes a calibration
means) in accBfl hase fpck odi ment of the invention. C ock recovery
circult 480 conprises gl slisa¥i6cifhaahit aftfor shRickhecoheaiat. dhibh
transiti o% det ect or 320?1%2%?‘35% owdﬁa ]9|5|at er 330) sel ectt"r3 420,

pr ogr anmabl e weluidés afrequensy locked 1P )and aphasedpakeddoomni t or 450. Cal i bration
source 430 generates, far exanpl a . "1010" signal .pattern . wth .
predeternined bit rat eslg‘lgl"ﬁtxf‘ﬁfrﬁé%%’é‘,n ?fai"/aﬁ)aglﬁ bgtéfg‘é? gk re NePeCits a
programabl e j;RkEF8AnRY e R embidiferrof thdftiveiore. Response nonitor 450
generates a first control signal at output 454, 20 which controls the
particul ar val ue of fr ebigerecyisfa bledk dingnamoefla tariable bit rawinieck memorySataudt or

20, " L uREBHS Bt Bty Mo WP Yoot |

respectivel y. nGatipnsel ector 410 accepts rate estimate RE fromforward rate
detector 301 and outputs control signal RS, for controlling transition
det ect or 320 and cont r oFigs b ghatireud diagrams adfonward irate dgteptr.rwch perdorid t er

330. Cali brat ble Ii 421 acti vat t he. cal i t d t which ti
el ect or 420 SHRECHENva PHsF ARG puicstirelatploin ordads th a8 EmBadRens pf 501

whi | e out put sipd 16ventign418 of rate selector 410 are |locked at their current
values. This inhibits incidental changes in the clock extraction path,
whi ch includes g SUBSFigntesHasHIBST, 6d.rant &e Ausyrate tpgingidjagrgueold 980457

PCT/ US98125524 ¢ si.tion detectaor 320 narrow b i .330. Response
moni tor 450+ SEM ISR pBkRRShERLEN 5 36 o RO DA, BB oldanb b8, 0P 003
of forward raggbesibRft 6f théHventidb® aut o-cal i brate node, response nonitor 450

conpares rate estimate signal RE with each predetermned bit rate f ,.
Response 5 nonitor 450 §igwes Adeacirnt dagramiof 43iglaysegmeninin aceptdante withaa|

RM whi ch cor . ji.fference between rate estinate signal RE and
a predeterm né@ﬁg@fb‘lﬁ*@#ﬁsﬂ@ te selector 410 receives control signal

RM at parzoret er update Figusé 8 4sl2biodkdidpees 6f ® forkart rat detdcgotaivhiM perflirtst S,
for exanple, its rate selection algorithmor entries in a |ook-up table for

setting cont r EPNEUGHRPWIsRWIdLE sytognrrelatinn, inacrpndance withhar embedigienyobhthe may
use paraneterg drkofd 2) 92,, gu and/or functions e, and e2 to adj ust
mappi ngs of ’

Figures 9a, 9b. 9¢, and 9d illustrate the timing diagrams of an input

signal, output of a time interval generator, and output of an edge transition
25  comparator, in accordance with an embodiment of the invention;
Figure 10 is a circuit diagram of a minimum interval correlator, in
accordance with an embodiment of the invention;
Figure 11 illustrates an emitter coupled logic (ECL) implementation of
a unipolar minimum interval correlator, in accordance with an embodiment of the

30 invention;
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G and G in equations (8) and (9). D SCRETE FORWARD RATE DETECTOR The ti ne
interval between transitions in input signal 155 may be repre8dMay@088 ~r =
n Th" where wo /38457 nteger greater than or equal to 1 and ib" pcs/usoedzhi
period of 15 input signal 155. In other words, ib" is equal to the

nul tiplicative inverse @igupdsti2aalad, ipeqmerney iflusiratoin inmafogt ingplementaddbof a
Forward rate detector 301 may estimate the bit rate in input signal 155
from a pl ural feegback cironis endiassociated signalsiip adonward sga delsrighadn aggsyangs ivath
woul d represent a s%tn}c&{n % of values for run length n. Fromthis set of
transitions) BBFFREP f GeinyeP9™ 301 may determ ne the m ni um det ect ed
interval 20 between ”aﬁgu&ésom. 138, 1Bc. WdChnd E3e msmpaqe%m ffipmeh@libpws:
t~~=mn ~l . {Il} Furthernore, tm~ may represent an unbi ased estimte of
the bit rafe 2b%feedbiak dirruit and assotiated=sighpls.in R(forward rjte Ge®c@r.t1nlacenirdange s
such as input signal |55 may have randombpit patterns or may _g_ SUBSTI TUTE
SHEET ( rul e ¥dthan embodygentohEs IRYFBIONSYUE7 1+ CT/ US98/ 25524 have prescri bed
bit patterns constraineg; I i i28rn SR ReREARAR LS,

t he di screte probabili t?‘@e‘ﬁ?ﬁ?%hggggraﬁbl?éﬁglta%rn IS fF?(pn) _ ?'Rﬁl.sgffrﬁ}g&[%un

| engt h di stri keietton if accosdageaivith twhieatbodineenenafthe dnvesiiony bl ock codi ng, may
al so be approximately 2'" for small values of n, for exanple n < ~. This
indicates that single 5 bit intervals with n = 1 occur quite often with
these types of digitalpespMOPE FOR EARRYINGROUT PAVINVENIION . Based
on the high incidence of single bit intervals in input signal 155, forward
rate det eqdor 301 rRefereng willjhosnbe malie abdetaibst theprefefredémbodimenmsasfuhenent s

of ~rmo. In addition, the preamble of a packet represented by |nput signal
755ty el udeveRtionRSTIPIEs B PVeP s lusHalrd i dis 45 SRRSTARE QraangS. Bt cot Lon
of 10 the rat s OB Sach Pefedehelhiinbers WAWDe sl thFdligholl AUARA
forward rate ggﬁ%argit’or s(’)‘?‘,e'@\,gikch pe?feorns di screteei ﬁtervalgthgul se-w dlt %s
aut o- coael at i anyefentoabe sammordikevparts. an enbodi nent of the invention. As

shown, forward rate detector 301 conprises N gated delay segnents S,
through SN, rising-edge-triggered D-type flip-flops 530, through 530 N R-S

| at ches 15 550, through 5500\\RbAB] e'BITRATENCLOCK RECOVERYS40, and an
N-line priority encoder 590, where Nis an integer greater than one. Delay

segnents 35- SN conrfdguretois e dtdckstiagramiaf asvaripble bitratei adock reprsesy eigetit 3, by

segment S, -SN successively dela ime j. .the~falli d inj 4 ated b
i ngujt si gnal 1§§?r%\7ﬂi§r‘§&lxn<im °%§leg&¢)t§ﬁmvﬁaué$oﬁiqckéc ce%%ﬁ‘g'aﬁq%@?{?dot he y
particul ar val é!ﬁtga)rﬁfzs forwiRlrad Qetbctdran 1 bate et el 18y rat it detector 54, afth

e

shown in Figur del aty segorrent s S, -S3 include resettable falling edge
triggered del ayaresivebang filtes 300.- Ekrl reenyeOREiNOR 38 iaeludesr progmnmaklpslockvel y.

Qut puts of each.edge tr.i re e S - -
respective fi rs ""Fﬁ%‘w%%ﬁ‘?? ?gig%#&éﬂldmet gg;@ﬁﬂ%gggﬁm%mﬁ%s&nég ogy
segment SN0 hoyda@sr 320MmdudaswdahaYilet 83® NMThdrfd\sedéttion paihiveluties fop@erd rate
i nstead 25 of an OR/ NOR gate.
detector 301 and rate selector 310.
Transition detector 320 and forward rate detector 301 receive a vanable bit
rate input data signal 155. From input signal 155, transition detector 320 generates a
pulse in response to each transition in input signal 155. Likewise, forward rate
25  detector 301 estimates the minimum time interval between transitions in input signal
155, and generates a rate estimate signal RE. Rate selector 310 then converts the rate
estimate signal RE into control signals RS, and RS,, which set the width 1y of the
pulses generated by transition detector 320 and the center frequency f. of narrow band

filter 330, respectively. Rate selector 310 may set 1, and f, to, for example, /(2 f,,)

-6-
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Buf fer 560) which receives Input signal 155) drives delay segnment S,. Del ay
segnent S, includes delay elenment 510, ) whose out put 514, is 28M=me2002y a

first input gate 520,, which includes conpl enentary out put 526,
and out put 5‘&@9%8%%ut 528, of OR/ NOR gate 520, drives the ne&‘fT’gé?WSN

segnent S,. Accardin the 30 fallin e transition of input 5|gnal 155
passes conseéﬂ‘g ? el qcm'f)lﬁgﬁv@&éﬁwéiﬂeﬁlgr gggéﬁfgw&ﬂ@“@“ag\ko ?Bf i e RHFY

del ay el enen . f TUTE SHEET ( ruI e
26 ) 23 m&%ulle%%agggéguéé%ﬁ %81969 fﬁ(gﬁﬁw sugé%eo?tﬁgg by tinme r,, and
del ay el enents 5| Ratoétinfhdsigell RE may beifepbedCptedbs fhtlowys: segnment S= by tinme
r, + r~. Hence, the total delay through ~ delay segnents nmay be k
represented as ~t~ . As the input transition propagates through del ay
segnents S,-SN) consecuave 5 out put§552 ﬁg} yray transition from a(tf' gh
state to a low state, while the correés d’hdl ¥onpl enentary out puts

526, -5263 and 584 may transition froma tow state to a high state. Each

falling edge transition in input signal 155 initiates a series of pulses)
whi ch ar e5t hevhesofepds 'ba betdaqcrﬁeqaww&mw signal 1153 g d das isrGUEETHCANSEASPE R on i n

i nput si gnal B by

| 2t chi ngt ne SEE YN finiorior e e it iR 3l I 60 BBRELF 3%
subsequent rlrﬁamkﬁﬁaﬁtédﬁ’follﬁws :nput signal 155. RS Iatches 550, - 550N
receive and store the state of D-type flip-flop outputs 536,-536N via "SET"
inputs 552, -552N, respectively. Qutputs_ lg ( 6N of R-S | atches 550, - 550N
connect to inputs 595,-595N of N-ling pri ?—‘?{a?/ Yencoder S90, which 15 (2)
generates at output 598 the binary ecff?l val ent of the nunber of active

out puts 536, 536N. C ock input 542 of count er 540 connects to input signal
155. Counter 540 generates at output 544 a )% whi ch resets RS | atches
550, - 550N af t%her%l pw@saemomwefu iop p ﬁ%qulawg?l Dr 1% srpypeireguency, fi ofput

si gnal 155. spartitioning the net
time del ays | nto snmal Fﬁﬁ%t%gﬁééﬂ}-ﬂfﬁﬁc SI rru ‘%(’aneousl y resetting each
del ay el ement 510=-510,v via common control Line 574 of buffer 570. Buffer
570 del ayﬁ t he sinmul taneous reset si g?al) sy h that the m ninmum hol d-tjnme
r equi remBft of D-type flip-flops 530, 530 eRY)sati sfied. 25 Qper at i on(®f
forward rate detector 301 may be initiated on the rising edge transitions
in input signal 155 as well as the falling edge transitions in input signal
155. Forward where Kieb emmtaﬁnfuﬂayc)n Mmonemhsighaﬂ)is,ndﬂ omtcernbatiimen(c adte
circuit, which is (3 ven an inverted replic i nput sign 155, for
censing’the 1BIASHE 3P TEAAFISHP S 010D AAPBIG A Foct SETRRIE SEARLRE r 1 51 ng
transition i npreddtetmifédPabes o1, A fa9WIfswda-a illustrate timng di agranms
of input signal 155 as it propagates through delay segnents S, -SN, in
accordance with an enbodi nent of the invention. SUBSTI TUTE SHEET ( rule 26

) RS, = G, (RE), (@)

15 where G, is a monotonic function of rate estimate signal RE and satisfies the relation:

Kfc.lfbu= Gl (fbu ’ Kfrd (fbu) )’ and (5)
RS, = G, (RE), (6)

where G, is a monotonic function of rate estimate signal RE and satisfies the

following relation:

SUBSTITUTE SHEET ( rule 26)



23 May 2002 WO 99/ 30457 PCT/ US98125524 Figures 6a-c show a falling edge
transition in input signal 155 as it propagates through del ay23%Maye002

S,-SN. At t e a pulse in input signal 155) the del ayed nay_ pass
t hrough a pg\%ﬂ%go‘gs:’ all of delay segnents S,-Sv. Because a pu?ggﬁ{ﬁ??%sgﬁe
shortest duration in input signal 155 wo pass rQugh the fewest n er
of delay 5 segnments Sl -SN) outp’?ﬂ" ézg“o'ftgtzﬂfé’“ki"“‘{fgi)gy segnent Sk is gﬂba
hi gh state when the sumk of delay tines z, satisfies the constraint nrb" <

~ t~, where tb" equals the ,.i nultiplicative inverse of the bit rate
frequency fb" of ilnpat esibgdiament o, afd K5 roanhave a6 appraxemetelyclincan iependers2 s,

d 528 of del ts S d, S~ tivel tiyvat ithin th

o1, 520 O AL ST S Bl KRR ML A RSl
ts S3 . i it | ;od. Th f

g U NN

i ndi cated by gures ow the state of outputs
5283 and 584, respectively, for an input pulse of |longer duration. After a
smal | nunber of transitions input signal 155 derfpelﬂéi ng on the run Iength
di stributidon P(n)) a pul se withOrRE)F gphdarE Ffi {8 i nput signal 155

after which tine the state of o ! QS 5 6REIPENRESPr esents an uppefpg@and
| ower bound on Te". The state o?'out pu%‘é*.%%,-%ém F?acks i ncreasi ng zgn)g

decreasi ng val ues of tb" when the pul ses fromcounter 540, for exanple,

occasionally reset R-S | atches 550, -550N. Priority engoder 590 deriyes at
out put 598 a BPFTEEy- £ ephefBA EatdrHRABMCIES: “fhl“'dhﬁnf‘%é%’t“ {08 'BPPEtYT Psthe

556, - 556N.  ThipgerPii R ihe bSRAS g{é}hgtykensﬂﬁuﬁm tHeSfuh@idhs 5 REPIN &5 (ABPnafE:

whi ch is uniquely term ne tb" and’the parti cuf ar val ués of z,-zN
The resol uti obe sibwiyhearping ifurationoéf tale'estimatebsignahRfoanddeperatiré.olhe ng

mul tiple scans with different conbinations of. val.ues for T, =N _Table |
lists sevElal PEBBAGE Sisder Sut & ei!'r?'“grfpmayiedﬁlﬁl“e%%sﬁﬁﬁ’”lf?fec’%ag@lﬁent al

del ays s, , WhiGHBRY(Hend'®Ad A1RniHiSEly8Uindlt, Rk VIRAE: {oRrd.i Ne rates. The
first two 25 colums ['ist sone comon [ine ratés fb" and the corresponding

bit interval tb" fbigursisa slogndiagibdf vasiapledyit kaed glocknegovdry cifcwivf@im | i st s

the net delays,for. distinguishing between consecut.ive rates, ichis the
aver age of tdwlchxrmgﬁges&%a&ppggeapaﬂgs’ag:cq{&g{c:ﬁegtl} ﬁ’ec’ﬂ@?cgﬂ’gf’wtﬁﬁrough k
del ay segment gvERyor? €CIoRR r&39EYy ke 400 comprisdiForward piFEEedlor 961 a¥& 2

represent the differences between the net delays listed in the third 30
col um. Th® segjeason 410, trahsitien detedtoh32(), end paresy band fiker 330 selectovd2m and nay

et MR A RN TR A TR e e
wi de range of 480 Béndritk€ Jor ekdBiple, h 1010 signal pattern with predetermined bit rates f,,,
for example, (1/m) x 2488 MHz, where m is a programmable integer between | and
32, inclusive. Response monitor 450 generates a first control signal at output 454,
20  which controls the particular value of frequency f,. from calibration source 430.
Selector 420, which is controlled by calibration enable line 421, receives input
signal 155 and calibration source 430 at input ports 422 and 424, respectively. Rate
selector 410 accepts rate estimate RE from forward rate detector 301 and outputs
control signal RS, for controlling transition detector 320 and control signal RS, for
25  controlling narrow band filter 330. Calibrate enable line 421 activates the calibrate
mode, at which time selector 420 connects calibration source 430 to forward rate
detector 301, while outputs 416 and 418 of rate selector 410 are locked at their current

values. This inhibits incidental changes in the clock extraction path, which includes
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5 10 15 23 May 2002 PCTNS98/ 25524 Line Rate fb" (MHz)Period tb" (nsec)Net
Del aySegnental Delay T. 1 nsec 23 May 2002
12488. 320. 404; 442500. 8000. b01---10650. 9390. 8700. 2698001. 25 62
99/304
2.081.6081. 4 960 é34 311.8331. 7460. 3172653. 7442. 8291. 0831945. 14 QT&%S%%\%%B
5.52b. 4305. 7871. 328| 32. 57.7.&676. %891. @02&%’;}%. ?0(%7 7740. 78551. 8419. 2913. 6455.
871 DELAY SEGNBRSHUF drireorA20ang nafrpl and filet 3 of del ay segment S~ (shown
in Figure 5), in accordance with an enbodi nent of the invention. Although
Figure 7 shows a circuu 20 di agram of delay segnent S~, generalization to
del ay segnents S| Resbonse MonitdrsdS0aackives aapypar 452 a rdtk ghiirnme signpleRE fromance
may be optim zed by merging the threshold function found in a traditional
i npl enent at i oRUEKL 3} efyfopyard sate dS‘f@)“’W%)h lapauigopalipsite mosls, reSRONSE MENYSE o

differential l.L£fi = i he f
Crane stor Q-aB0 compihs i Bilmalk gl KEENAN eRAHFEMeriigl i e 1,,° RASRHSC]
and 25 a p§ogmnastimebis0 ganeratdsl aisomigpur @56, D&comhemmtiol signalapcivhizh cGrrespoatis

out put 514, through resistor R Current from %he emtter Ofeéjgﬁo~ rapi dly
charges C7~ t do theghifferancehefwrenipie sSUMAlS sighat RRRNE B BRFISHETURI b fekeC, ~, at

a controlled g o be
differential é?r‘g‘?esl"#‘lzg’?,“\{%%% s8 %égﬁ%@%ﬁgﬂ@x&iﬁéjgiﬂ% é“?mg"qsuggﬁaﬁﬁ‘m
SHEET ( rul e dn@optrol sighaMRivi, 2QRRts\/for @ABHIE5ITs FAETSeldBEBA Algotithrh as emrief inQ ZO
and Q ~~ connect, to tput 514 and to referepnce voltage V'~
respectively. l%“léﬁgl%tfgfic"b‘fg gqnarel sigp Fé‘go?fz’og nd °QF’Z°.‘gEISn’i?é%ide\‘Ff°é4r¥8de
730 to a fipxe AT e ~0. ,T i N . i I ZS
connect s tlg an r?E?ontr%g‘?'i"r#éi'égﬁge?gd@ﬁgglggﬁn |'%%%fzg){c{'mﬂraﬁg&% ect or
and enmitter ofGQ@ndG,dnaqetions B)andft 526: and node 730, respectively. The

anplifier has inverting and non-inverting outputs at outputs 526; and 528,,
respectively. Qutput 528 which connects to the collector of QZ2) is

obtai ned fromthe voltage dpPECRETEFORWARD RUTEDERG=IoRNI ch connects to
the collectors of Q ZO and Q Z4) is obtained fromthe voltage drop across

R 26. The val ue of The tired mtesvaldbetweentrapsitionsintiopwcignal pd% imay be rémesthedk vi a
control node 742) which connects to out put 526: t% Brovi de Ihﬁe$h0| d#eefvel
hysterests. A &Il JPESILS P AARBY R Ter dhan oF saupldp d And vy, 15 Shebit periqrg

out put 51424 oring@EEnal PHNL Sthek whRdR €4 if Suabf B hitikiplRAf<e ifvedeloPWitThdt €
and output 528=to a high state. In the last del ay segnent SN) the gating

transi st or corfreguperydiynef inputgignal k35 berwand ratedetecior 34 mapy estimate the bit rate

qui escent stat.e). input 5l an 0 n.control line 574.may pbe a hi gh
dtate. “and’ ot BipPSiEeted Tl 4 o e RcE R hfiBhS spul gl 85

si gnal on i npuihi2h JbuRkiDiepresdrit aQe0F: Jt 6F VAIRS br ruh Geng 4 ABRHMBHIOSE ofapaci t or
C,~, . A high signal at conmmon control line 574 activates Q Z, and forces

out put 5287 t oransitipes.ifpievasd sate deeelpr 384 mal detsBring the minjmust detected;interyalf or e
the vol tagp O“be?wseﬁzf%‘%@?% %he»ﬁﬁﬁsﬁs%ggkegﬁasf&gd Yhemowaput signal 155

transitions froma wtoalo onmon control |ine 574 goes
|l ow and turns Q Z, off. The initial state is held by the preset voltage
across C,~, which controls Q ZO Depending on the tine constant of the

precedi ng del ay segment S, and the duration of the |ow state, the voltage
at input 512Z may transition to a | oipstat®ndY .- some time after input signal
155 transitions froma high 25 state to a fnbw state. This turns Q oZ off
and allows C,~, to be discharged by current froml,oa. |If the duration of
the low state is still sufficient, the voltage at output 514= drops bel ow
the reference TWnheagares i MBIy WPESEHANUNRIAsed exiimalg obhe bitrgteaasfPollows to a
hi gh state and the output 538, to transition to a |low state. The | ow state
at out put 528= activates the delay el fmant 510 in subsequent del ay segnent
S~. 30 The response time follow ng d@é&t i'mn"df a threshold may be inproved
by a positive feedback from output 5 ,"”f'% slightly vary V,~o0. The tine
delay t, associated -14 SUBSTI TUTE SHEET ( ruie ZG)

Digital signals such as input signal 155 may have random bit patterns or may

SUBSTITUTE SHEET ( rule 26)



23 May 2002 WD 991 30457 PCTNS98125524 wtth del ay segnent S, is governed by
t he charge conservation at output ~ 14,. The value of tine deRamay 2008y be
detertruned t i fference between the preset voltage across C ~

VPR-E, .) the‘%’aﬁg@g“s ~ o of reference voltage V,,~ when control CPA8%92852¢ 5
| ow state, differential anplifier offset voltage Vos_at the sw tching

t hreshol d) t Have aresentsd hitpatiemsongtraingd by blegkherdingnE@r axander sequeneriol t h
out put 5140 curren

t. | 16 of Q d ~th (1,
otored i thdsife piserd broBRS foitb P forifn Bref® ADEPE ST A1 Rl L 09
fol lows: (IrqfistributidiPfol sighals, Whi¥iPafe¥ncodéd@thg bl¥EISdoding sy atsdbe ) -

Q-(j~oa) ( 10) The resolution of the discrete rate detector depends on the

sel ecti on of appraxintately" for smhall yaluesaf wHonexample pr<oyr Bhisdricaies thatcnalt e)

through the value of current |oa for each.corresponding.del.a mrent

S, S CORm! NPl Tok PES Beetie PR igPE R o M BT RS JRE o
forward rate Gahipid MHouBSd% offtheClimPe Badth @O RighnhGidende W shrgW it fhtervals in
auto-correl ation, in accordance with an enbodi ment of the I5 invention. As

shown, f or waridputasignalid§% dorwardcate desagtor 3@kmay rapidinand rerebly estoateef,afrom 840)

feedback circuit 830, and oufput..303.. Qutput, 303, se val s rate
estimate si grfgfasﬁf‘—f)mqnésc !tve's}’g?f{dbt& n’é’fs%pr(?gm#’lg@g%f@g]egirefpcfﬁ%efl H’@é’d.‘“ﬁ\ﬂ‘ng nmum
interval corrggmill 955 &Y ihd)edeSCD 18" bhttsth! Rlobkdig MEPY i AstEMBARLS Qelgaidn droger ed
time interval generator 810 and an edge transition conparator 820. 20 Tine

i nterval l@enetharyge ofinput sigrdl\l88. at i nputs 812 and 816 input signal 155 and
out put 836 of feedhack

L,rcuit .830)..respectively. In res se.to a
transition in inpu 'ggfegimowf%"ﬁu?t_rgéaarﬁx?'eogg%{lwaéa/elﬁ&r %\?‘5&0%_' é”é’r\cg}%fffé)@ét
output 814 a geéreRSARARI Pélsé-badhiautPortheneth dtyoidati®e with éhlefiiboditnent of
controlled by rate estinate signal RE. Alternatively) in re;gonse to a

transition i ntheapnention.ghashawes)forvard ratadereoiar 30Eceaprseat™gated delanseggents at e
2O Ut B4 SRR U gl P UNE R SShME P S et
si gnal RAS - 1556 UsdhgH 550, oSl 560 and! 520, Zobinter 54¢; Ind/al N2 AR piE2it§ Lhdled 7
PCT/ US98/ 25524 The value of z is related to rate estimate signal RE through
a known 590, where N is an integer greater than one.
Delay segments S,-S,, connect to each other in serial fashion, where each delay
segment S-S, successively delays by time 7, the falling edge initiated by input signal
155, where | < i <N. Depending upon the embodiment, the particular values of 1, may
20  differ between delay segments S;-Sy. As shown in Figure 5, delay segments §,-S,
include resettable falling edge triggered delay elements 510,-510, and OR/NOR gates
520,-520,, respectively. Outputs of each edge triggered delay elements 510,-510,
connect to a respective first input 524,-524, of OR/NOR gates 520,-520,. The last
delay segment S,, however. includes delay element 514,, and an inverter 580 instead
25  of an OR/NOR gate.
Buffer 560, which receives input signal 155, drives delay segment S,. Delay
segment S, includes delay element 510,, whose output 514, is sensed by a first input
to OR/NOR gate 520,, which includes complementary output 526, and output 528,.
Output 528, of OR/NOR gate 520, drives the next delay segment S,. Accordingly, the
30 falling edge transition of input signal 155 passes consecutively through each of delay

segments S,-Sy. For example, delay element 510, delays output 528, of delay

-10-
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relationship z = t(RE~. Tinme interval generator 810 may, for exanple, be
i rnpl emented such that the product of rate estimate signal RE23MaytZ002) i s
nearly const first order. 5 Edge transition conparator_820 receives
at inputs 8?%#@@%4 i nput signal 155 and output 814 of i nter §Gf/US98/25524

ge>aerator 810, respectively. t.put, 826 qf .edge. transition rator 820
generates a sic§MEM g&m WhHe s “ﬁ‘fﬁ?}?‘«f)ﬂf@ﬁf‘ﬁs§ lpb?'rg’tselfgjl ?@a?( REPYt wgﬂ%@’
between z andielhen: EA0FihE 2NELL | EhcE AP R AldRlaydRIOUER R AERY SgridniOihPUE 826 a
positive pul Sségﬂ?’e“nggg?ﬁ égbﬁght@{hrcansi titon iaf‘ll i nggt si ghal 15115[ occurs
before z ti nerepfestvred ad E)sed. Qut put 826 is received by input 832 of

feedback circuit 830, which outputs rate &;ti naiegaélsignal 5E at out put 836
to adjust z) such HA3he 1BPYtEARSItOR PEORAgES Hyrough SSEERS ReSat ASSEL IRt put
826. The td ne t S9aM L i ha o f j | fowPstReRKilLBecONt rol | ed
via i nput 5I834°lgl§&?tr?2§‘r%gg%&tﬁngﬁgpt@ﬂgﬁfég Sfdrﬁf)ﬁ%rsol gnglle 15S. '?'he

prescri bed ratsrespofdihgesmplemenant uput82B6 ARG, kel B84amayp rabsinen ffomnya loycl e.
15 Alternatively) the prescrihbed rate my depend on the e.of transitions
in input signdpie1gs highstyee Eachialiineesdes ‘%ﬂ%“‘?‘bﬁndpp‘&mabﬁ RS 2558t at e
estimate sign : ; j h Brbud ;

f eedback ci rcg#?ﬁgeg?)&gghﬁéﬂa%éehfﬁgdgg% ?vme"t%? 82%8@%&‘1‘!{%&1 I ﬂg%% Slé&{)n

i nterval geneinpuosighdQ55.TDetype fig-flops 53008605 kerfertrsth2 Gompamsoadlyilamluag shegnal
RE such that TIRE) equals tb". _He , Qit rate freguency fb" of input

S gnal 151D gl AE e PUBRSiSAB 6 o B4 VEOR I EReG et A1S DO i
rate frequencmé%‘pgi hsi@early proportional to rate estimate signal RE. In
addition) to rédu g noise in rate estimte signal RE, forward rate detector
301 may al so incl u®eS ldtchres 850H30, reacivannd sigrecthe stiatgi af dD-typefhip-fiop ougmukback

Cignal RE 1 noabetiRai ShE! IPARO eSS T AR STorPie PRy et S or ver d

rate detect or |30k ¥BY,- 950, cBRh&: tinpliSiS0Y, -89 R B IR 1ink PlibridWnCode@ 506! vAlkit PN

met hod. Figures 9a-d iTT0strate the tim ng 5(‘:)i"itﬂagr ans of i'nput signal 155,
out put 81HS of generates artaatpu|S9§ ehechinanyeq@ivalenoefithe nuBber affacdvigeutputa 386+ on
conpar at or 823 6i n accordance with this 30 enbodi nent. Figure 9e

i |lustrates tR&%istribution of val ues at out put 826 for different val ues
of t and an arbitrarycy hgﬁﬁs%ﬂ&uﬁfedﬁ'eonné&s Rpl stgnat 155 Stbnked 54011 € 2b
) 23 May 2002 WO 99/ 30457 PCTI US98!' r5524 Figure 9a shows i nput signal
155 with a tr gestraicoat aupuiridd apulse; whichiresetsR $nldtches 5Kk S0 rafter 2 presett i on at

of = zb". The transition.at of = O triggers ti i ndeerval generator 810,
whose out put ﬂﬁ@ér P%strﬂgflgﬁ?é'agoﬁﬁxamplﬁ';%r'e8 'V&Hﬁgﬁogﬁ‘ are Indicated by fast
F, slow Spoand al i ggH speedopettioh @Sachievad By Partitiohingith@h& rheddaydflino kit
814 of tinme interval generator 810 for two different enbodi nents. Figure 9d

il lustrates steealfT dutandisimplangpudy esetipg gagh dedsy dementrSdPpflB203f or t he

two enbodi msntc%

mmon control line 574 of buffer 570. Buffer 570 delays the simuitaneous reset
signal, such that the minimum hold-time requirement of D-type flip-flops 530,-530,, is
satisfied.

25 Operation of forward rate detector 301 may be initiated on the rising edge
transitions in input signal 155 as well as the falling edge transitions in input signal
155. Forward rate detector 301 may, for example, include a duplicate circuit, which is
driven by an inverted replica of input signal 155, for sensing the length of each puise
in input signal 155 following a rising transition in input signal 1535.

30 Figures 6a-¢ illustrate timing diagrams of input signal 155 as it propagates

through delay segments S,-S,, in accordance with an embodiment of the invention.
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In the first enbodinent, tinme interval generator 810 includes one or nore
resettabl e edge triggered delay elenents, for exanple del ay eRaMayt2002
510, - 510N sh 99#2) §7n Figure 5 . As shown in Figure 9b, in this _enbodi nent)
tine int erva%e Pdtor 810 generates at output 814 a pul se, wWECIPOBRF54

after time_has el apsed and.is reset by the next transition in input

si gnal Z15|5. ﬁf:"-{’ﬁef’as‘gﬂ%a gﬁ%’%ﬁﬁ#ﬁﬁ‘f"f’s’ﬂﬁ%'q Wg?éﬁ?ﬂg‘gﬁé:sé‘ltHPP‘!Fﬂ?ésﬁ’g'ggg}hn
edge trigger - i ' ' ; ' t @l in
o e 00 ¢ RelaRSGERe s i Lk 8 BFEDLIRE BBl.CUehdl 195 BleigrisbB M "
output 814 ap‘éﬁsﬂﬂfo;ﬁ%ﬁﬁ'p&ﬁi(ﬁltcﬂrallidﬁ@ehység'mauQS,-SMOBecm&c:iﬂpbhs“dwtﬁéi onr. In

both enbodinents, iT tinme T is set shorter than ib" as indicated b?/ F, the
next transi t ishertdshduraion insinpuizsignab bSowewldpass thraueb the fewgst apmberqf delayas

el apsed, and output .826 is s to..a ko t at I .11 Zi { | onger
duration ? haﬁeﬁrﬁg“,[s Y @B“ﬁpﬂbﬁ:saf’gﬂ“b’i; dg!&ase r&%%‘e‘%ﬁge?\[t@ ?’égrﬁéﬁsghcnn l?’F’I{‘g}\"ﬁput_

signal 155 atof@blaytitdes 1QaAs#ES theédisBaint nd,] REYNas, wherpsgdquaBtheout put 826 is
set to a high state. There Is perfect alignnent between the pul se generated

at out put 8l4nufiplidative inversewé theguhutefrenueBay,sofdnpupugnalilgdal 155 when z =

Th, ~, as indicated by A .and a transitione4d | | curs
at zb" overlaps w %#?Wdﬂ?dﬁh’“ ég',r%@pugsesilﬁ.'h %@ngh&g‘%@rséﬁﬁgg}g%‘ﬁgWnen
there is per frgglectlelyArPittivaitd aithid ihe™s,, iperibd pfiinpat gigadl 1555whbhs egsts | ong

after tine i may be ignored since they may represent a run of bits wth of
= ni b" and@ n 28pandi&pafdetry segments SaridsSy A NOt ativams Vishinghatkime perigss suned
by output 826.for different val u i . ar-Q| v ~cp" hi s
di stribution *é‘p%‘%twg l?ﬂ%atfﬂ%{s%%ed%% lﬁ'{%g%ﬁ F%rl%yeg?’ dn‘? %#&ma{eﬁp gér)\olfa ‘Ip"“s

correl ator 8448, whi sda, 'tél\%/géd!ﬂ@ﬁ. fdrra@ inghit gmsabf i dliratioB 1A fredd shIBSTI TL. ' TE
SHEET ( rule ?6°) 23 May 2002 WD 99/ 30457 PCT/ US98/ 25524 and edge
transition detusghcopf BEitiasdeppt signak k5; dencadingiontthe pireleagihghistebution B e
frequency, the L Fi ' ' | v, t put
526t hat” woul SPHE Bt b, CaPhkal i Bidinbt stdab T3S AREF whilh (P kB Blipll

signal 153. T386,-966fepteserts gul0pped and ower bdlndpn 3,0 Theatate ofowmplity 596,-336,
di stingui shes between conditions F and 5 S. The shape of the transition
bet ween F andraskiiffragsingand decreasingoyalugs of teehes the phlses HpaxGoupier S0 for n) of

i L ETOEDS R obhah) e IR 8807 BRGSO oo
gener at or 810putput@98iacbinary representation of 1,, from the state of outputs 556,-556,. This
binary representation of 1, is rate estimate signal RE, which is uniquely determined
20 by 1,, and the particular values of t,-1,. The resolution of the estimate of 1, may be
improved by performing multiple scans with different combinations of values for 1,-
Ty
Table | lists several common line rates in input signal 155 and the segmental
delays 1,, which may be used to distinguish between the line rates. The first two
25  columns list some common line rates f,, and the corresponding bit interval <, for
input signal 155, respectively. The third column lists the net delays for distinguishing
between consecutive rates, which is the average of 1,, for two consecutive rates.
Since the net delay through % delay segments may be represented as i T, the
segmental delays 7, represent the differences between the net delays l'i=s|tcd in the third

30 column. The segmental delays, which are listed in the fourth column and may be

readily achieved, demonstrate the feasibility of discrete rate detector 301 for operating
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feedback circuit 830, adjusts z to the value ~b" = 1/fb". After the
settling tinme of 10 feedback circuit 830, the adjusted s repr@sday208a

estimate of (| R' nce, in this enbodi ment) harnonic |ocking ccur
because the We@tglg/?ra ed tb" is uniquely related to fb". MNI NUMWE&“

CORRELATOR Fy . tdcui t di agram of nunimuminterval correlator
840 (shown 1%&?%%¢§§Larﬁgg§ﬁlﬁelﬁke§bcordance w th an enbodi nent of the
invention. In this enbodi nent, the response to falling edge transitions and
rising edge transitions in input signal 155 are effectuated through two
separate paths. M nimuminterval corr IABBE 1840 i s partitioned into a
falling edgertrrggered-—nrmrnumTtervar—CcotTet ator 1090 anda 1Tsrmg—edge
triggered nijni nime Ratesf,val Reriodl ai dnseeD92. NNetilelay i nt erSegmeptal Delayt of s
1090 20 and 1092 @aHbB) perform the functions of tine intervalt gsaerator| 810
and transi tipmmconparator 820 Siown 11N Fl gure 8. M nimum i nterval
correl at o s {1090 2488132092 i ncl udd4@ut puts 826, and 826a which col |l ectijely
fotzn out put| 826 of mnimuminterval correlator éﬁo. Al t hough m ni mum
interval corfel at 32801090 and 109800 nci ude sep@®®le out puts 8267 and 8p62)
25 their respective nputs 302, 302, conneglg4n0 i Nput sig 155.

M ni mum i nt ey val c@P?el at or 1090&?%%| udes non-?)hgv@rti ng buffepikglo,
capacitor Cp,e) pgggranmabl e cujhemt source 1,(hg) conparatop22630)
vol tage refefence V,0~e) non-inverting buffer 1050, and posinve edge
triggered D-fype 622.08f1 op | 070. 1.60O&i mum i nt er Va42%orrel ator 0332 i ncl pdes
inverting buffer 1020, capacitor C,ox~) 30 programmbl e cut Tent source
|, o~b, cgﬁ‘rpa'ator 8340) vol tage #8F2rence V, ~, d;7verting -18-38TBSTI TUTE
SHEET ( rule{2b ) , 23 May 2002 1){\963% 30457 P 8l 25524 buffﬁj'8 1060, | and
positive-edge triggered D-type ffi'p-flop 1080. TTput 302) whi ¢ i3ncl udes
nodes 302, ahd 302;194recei ves inggjpmsi gnal 155.4 e 302, conp s to
non-inverting i nputs 1012 and 1057 of buffers 10 and 1050) respectively)
in mninmumiptervasssprrel ator 19380 CQutput | 01siygf buffer 103R28 connects
via node 1008 to capacitor C,0,8) programuable current source 1,0,b) anpd
i nput 1032 of conpd2&t or 1030. REfSdience input 4981 of conpardi22 1030
connects to Voltage_reference V, 0SB, Qutput 1036_of conparator 1030
connects!®o P input2d072 of D-tyB@Iip-flop 107874 whose cl ock-{&put 1074

18
is driven by}lout 54 of buff 050. 10 No 2 connects invergin
inputs 1022y nd JE)M'F buffers iﬁ'g% q é i 5té)7 i h J
interval cotrelator 1092. CQutput 1024 of buffer 1020 connects via node 1004
to capacitor C, QZe) programrabl e current source |,oze and input 1042 of
conpar at or 1040. Reference input 1044 of conparator 1040 connects to

vol tage reference V, 04a. Qutput 104BEIOAYSBGMENTr 1040 connects to D i nput
1082

Figure 7 is a circuit diagram of delay segment S, (shown in Figure 5), in
accordance with an embodiment of the invention. Although Figure 7 shows a circuit
20  diagram of delay segment §,, generalization to delay segments S, and S-S, is readily
apparent. High speed performance may be optimized by merging the threshold
function found in a traditional implementation of delay circuit 510, with OR/NOR
gate 520, using a gated differential amplifier. Input 512, of delay segment S, drives
the base of transistor Q,,, Which serves as a voltage follower. The emitter of Q,,, and
25  aprogrammable current source J,, connect to capacitor C,,, at output 514, through
resistor R,y Current from the emitter of @y, rapidly charges C,,, to a preset value
while the current from I, discharges C,q, at a controlled rate. The voltage at output

514, is sensed by a gated differenual amplifier. which includes Q,,, and Q5,,. The
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15 of D-type flip-flop 1080) whose clock input 1084 is driven bK/IpSUt put
1064 of buffer 1060. CQutputs 1076 and 1086 of D-type flip-flof8 2@0&nd

1080 form oyl gy P@H. and 826z) respectively. Programm ng i np%cgréég%é

1027 control via“input 816 current sources 1,0,6 and |, 0z6.

The .operat! ool 51 L] Dl @bo%wsk@taaa% 10008, 4832 ar e si e 20

except that I's actlve on~o FansT 1 i"f i nput

signal 155. rkggecane afnhereuﬁﬁerarlomrmwﬂat@;o\mh a.Qr fcﬁina&xovﬁa AGR0730Broas ixed
follows: Qutput porf 1014 assunes a | ow i npedancCe state with a preset

out put | evel curfenvRparEe;when i nput 1012 is at a high state, and assunes a
hi gh i npedance stafe, whe ut 1012 is at ow state. For ampl.e
UPRLE T may be niREoRSta SUBE ranister GnetrBerdty Sojiingn saol iR g s
state in g Npyeofd tipat 5355 m%ﬁ&:&tﬁnfd@nu&m& @9, RAEd % 6@PACcsIan&nldd t O
VpR~~. When the 1 nput si'gnal 155 undergoes a transition froma high to a

| ow state, cU30, ecﬂpeétli\a\iw fThmam]zlnfimtha&OWAI‘lmfg dpdfnbannveudg ouipitisial putpad, and

capaci tor eeI dish ranmabl e curr 1.0,b. If
Che Gur at i onoyh Ao e frPeshaTy rOMRHL T, PR RaRS b BEFRFBR B g ¢ ne
vol tage at nggQided@rdnt!frRRARDIREE @x\aptabmsé RY,e! OBPub §16,PWhivh C88necand theit put 1036
of conparator 1030 transitions to a low state. D-type flip-flop 1070

captures Vi ac@llwtqrs of ng enld)@,4,.ria abtatried from thevoliaga ¢rap adro5uRaf. value 4050

-19 SUBS]T. SHEET ( 6 0457, CTNS 8/ 25524
the stat Ed TR E‘(ﬁ'@y (L;l? aﬁerrﬁébbpos_uyﬁ %‘%b%% ent ‘fq{%ﬁ ne g~{1 under goes

a subsequent coiti¥eis Qo Buipit 52618 ipkdvade thidiRoldiléw] h@ﬂé&bh@dAf\iUltag@Es’éﬁi&Q{anC 0,9
to discharge fromVP~~'to V,~,a is t(l,0,b). Quiput 826, may be at a | ow

state if ~r tha §¢lb0fl’b§¢)"¢fund’7m§y°15@f Qutpyt 511 |¢r swatr@nucpmsolcl)ncé?ﬁl for@ch)

val hat 520 TobuR s IR Gy 'stile S Sbur B oioia i S, 18 phe i defay RhBR SR

826, may, hovgmvai szbﬁneakzoacb@wpaﬁﬁhgzéggu hfaweo&m&t gure 9e shows t he
di stribution of values of output 826, averaged over typical values of

run-1 englh n. The In thesiniinhquigsaent (tateompyn gy apcorapmen serirldingS7#dnayes: 10
|t + 1h VPLt
i(o ~e) ogal I %\H@hemgﬁ)smfisoe ésg?’f e\/z(‘)tl \@%e&%? ﬁ’@hs Stagﬁ ?’ @?)%ﬁé)gé at or

1030, CS s tx figut 31 2 A06nEdRAQ], I@rlﬁesea&&w:agaestrmstdapmdec Ox)mgtbsngﬁaltdﬂe
I nput bias current of conparator 103& 90 ~0i ~(1 ~o~ I's the charge
renoved by o@pmommw%%5%#ﬁé’ﬁ‘e§ £ angd f&F%@ﬁP@f—‘ﬂ& *9¢ﬁ‘{°éhe sextrdglavon

occurs in m niim i NLEE Yy SRE LGdPbRbre 1RO GoltBE oh' G 18achilPfhe preset value.

20  When input signal 155 transitions from a high state to a low state, common control
line 574 goes low and turns Q-,, Off. The initial state is held by the preset voltage
across C,q,, Which controls Q,,,. Depending on the time constant of the preceding
delay segment S, and the duration of the low state, the voltage at input 512, may
transition to a low state at some time after input signal 155 transitions from a high

25  state to a low state. This turns Q,, off and allows Cy, to be discharged by current
from I,44. If the duration of the low state is still sufficient, the voltage at output 514,
drops below the reference voltage set by V,,, and causes output 526, to transition to a
high state and the output 528, 10 transition to a low state. The low state at output 528,
activates the delay element 510, in subsequent delay segment S,.

30 The response time following detection of a threshold may be improved by a

positive feedback from output 526, to slightly vary V,,,. The time delay 1, associated
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15 transitions in input signal 155. Qutputs 826, and 826, indicate whether
t is greater or less than tb". In accordance with one enbodi rdhMay@@f3ut s

826, and 82, qig; used to control t through 1,0,6 and I, oze i
’ / . . » M . P Shs
negative feed(g?cl?(. te estimate signal RE may be determ ned from ﬁ?%l'l ue

f trol si |, 816 : t hi = jh". .. Mni i I
corr ol at o TU90GCIY BTG cotserd P ENEes camedintA B T pol ar
m ni mum i nt §f4al ofGihd @élﬁ?ﬁrrﬂaymi&ﬁﬂnﬁlea(ﬂyi the diFferéilR HetlddnnBe 128& vRftap1PUL
signal 155. Unipolar m i rmum’interval correlator 1090 rmay include a

pr ogr anmabl ecemt €k, MEjea), thawable Vilg biictderehes Yaltagk 0/4Q wheaganiel G423y at =,

t |,0") tar 10L.3) and D4 flipsfl 070.. D-t
1T petl op. 1109 st RGP empheetEsbudltags Fos Hofe PR RREH R IR Yol ad by
node 3025 Vi cabAis P Ui Bficiude 06:s85iaRAGH BRR: SRAScRent i, baECheS i1

1070 may be sha e gate to'create & falli ng
edge tri ggercagreno])of €4, andehadtaegecd£FghsioredBy tixeerhiter of Ong Skiser al | at chi ng
and conparison operations in parallel) higher operating speeds may be

achi eved i n Tel3tiengtyip By b sepresenigd Y RBPWEUTE SHEET ( rule 726 ) 23 May 2002
WD 991 30457 PCT/ US98/ 25524 Figure 11 illustrates an enutter coupled |ogic
(ECL) inplenentation of unipolar m ru rrummi nterval correiator 1090) in
accordance with a,erihoxh; serippgad: -t Ney i-WgntiGa .+ On) pQlidss) mi ni num i nEd)val
correlator 1090 conprises edge transition conparator 1104 and falling-edge
triggered non-retriggerabl e one-shot 1102. Edge 5 transition conparator

1104 i ncl udegmb pasBtidh Df e discRéte ratd @bteciBPledend€bh tttheRidlib@ bf trhd dielahOR- 92t €s
1130 and 1150, and node 1138. Node 1138 perforns a w red- OR operation.

Fal | i ng Edgetyt mhiphemaobaprograstmedg fpsreaisnpieo theougivthe valye of autrentds, fooepelr at or
1160, tim ng capaci}or §~ %og%wabl e current sources |,o0,b and 1"79,

di odes D " 75COFE-SBORFIRY delgy $e8MEPEN e vol t ages V, ~ and V~u, ~,, P) operati onal
anplifier 1170, NOR gates 1 120 and 1140) inverter | 146, buffer 1124, and

nodes 1128 and 1166. Nodes 1128 and 1166 each performa w red- OR operation.
| nput 1111 of inverter 1CONHMNIQUYIFORWARI RAEE DRFEQHOR recei ve input

signal 155. The falling.edge . of. i nput. .signal 155 tri rs,.Qne-shot 1102 to
generate an 15 ou?iﬁﬂf’f %tﬁ%@%ﬁ‘i‘a%f qf&ﬁnﬁ:?’r%t,c tcg{orggf,pﬁlpglﬂﬁo%?s buf f er

1124. Durati géhtinubss plilicetAidil agbHofrelatiesl iRacestBince! wittila enbedinefoo e |, 0, b
or indirectly by input 816 via control input 1017 to |,o0,b. Qutput 1127 of

buf fer 1194 inyedtiors As shows, farward raterdetqctarel0l qompaises AERIMUAREReVEns to a | ow

state duringeLlfol saf el kb 2630AYuchif 303! 'OHIGRA, Plod HRSEUEN!

change in thé’s rmput” sign af ter I'Me z haS el apsed

20 and i nput estirgftakighBlRE, ebdeives oh@uagdy efhfesdistck circojp880.node 1144 connects
to input 1142 of NOR gate 1143 and input 1121 of NOR gate 1120. The open
enitter output 11Mnppumdneryateorreiaier &%ﬁ@é‘figs jupable (Or programmable) edge-

triggered time interval generator 810 and an edge transition comparator 820.

20 Time interval generator 810 receives at inputs 812 and 816 input signal 155
and output 836 of feedback circuit 830, respectively. In response to a transition in
input signal 155, time interval generator 810 generates at output 814 a corresponding
transition delayed by time t, which 1s controlled by rate estimate signal RE.
Altematively, in response to a transition in input signal 155, time interval

25  generator 810 may generate at output 814 a corresponding set of transitions delayed
by a set of times T, which may have different values and are controlled by rate

estimate signal RE.
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node 1128 to input 1122 of NOR gate 1120, input 1147 of inverter 1146) and
non inverting open emtter output 1126 of buffer 1124. Qutput23Mag 200

i nverter 1144, c?%:t) gnects to input 1141 of NOR gate 1140 to erq}vﬁu EZ?
| atch. A high state at node 1 |44 sets node 1128 to a | ow stat en out’put

node 1126 10 a i e Ll el t B Bk S18 dyrde i rREIORSAA IR, T 15,

state during fddiRnship étndr(m Tihé fHérvN@Rneraio? 81028y frexampRobeli ng to

changes in input si gnal OQpen emitter 30 output 1 t 23 of NOR gate 1120
connects via nnplan&xilﬁﬁsutm thhahopmﬂuemftraercsomlapmgtmﬂ REamg atRE)0s nearb)
capacitor C'~" and i 25 of buffer 1124. -21 SIJBSTI TL~TE SHEET (
rule 26 ) 2@%&9‘%’85 | 30457 PCT/ US98/ 25524 Capacitor C'~, connects

to non-inverting i gg trﬁs@l]rorpéorﬁ?ﬁ%f 83(Pfecdi¥80x ihhifis 824 W@l’.@i‘hgd{i Qs D' 75,

and progranmmabl e current source Qut put 11 of opanp 1170 drives the
anode of di od@SﬂncBoutpWrzﬂmflmiﬂlaﬂrgqnebmomw rq;pccad/el)f dpupniidl of edges a
voltage follower with d Ié) E beI en o%p 1173
and 5 inverti H@“ﬁ“ﬁ&j’h‘f"mpaﬁ r %98%%“ %S‘ '15 1c ‘%15‘8 oopicaly relatgd o e ¢ ent

density as D" 4 ﬁcerbeav&mmlde: C W R MansifbA E@mbarZQ)r sb@g@néatzs%[ 1 8b8

current 1"78 an de 1017 cont F'ol's —current ,0". Both control e 1017
and cont r ol neagesititd pulsemhena subsqquq:mttraamﬁon lmmpnt $igmpl i16H Qccuxs_ﬁifomft time

t 1160 t t
o ol e S e B PRy ka2 gt oetbadirit b, Plicho 0L
1127 of buff eBu%&%‘HneV&hﬁﬂtds‘i mw&loh(}ﬂt 236 st $6&ich bkt ggarésbﬁbémta&%f of

one-shot 1102 nd connects to input 1134 of gate 1130 in e transition
conpar at or 11(pdlsesl aretghpergiedas owptit 8t The ttmeconspmrs wngmahe i@@bmkctxmmmSBO

node 1144 may b n the e), hodes. 1128 and I n the

| ow st at e, ana(yﬂ)g WBP’PH@%V&&%?%’Q%’! g% WEyOfb‘éanﬁﬁ'lc’&Sé{’th/m sxgr%ﬁsg)v\m $ the

i nput node 11 Mg ﬁat&&lﬁp‘ﬁ&s&ranNogﬁ@sz% Haehdve LcdhSdad dutg cidi@nsi tion in

i nput signal 155 ) output 1123 of ate 1120 transitions to a high
state. ThéScouwdternagively; thegitessaibad rate mawdepm@rqne@e masel of trangitions im inpugbigaalat e.
A positive fqugack t hrough conparator 1160 and C'65 holds node 1t 66 at a
high state 20 "dntil the voltage at node 1165 decreases to V,~F. Wen node |

166 transitions to A okt gmbdlmhchtahé EHlatld?;Bhib betvadeal thd Riee éstinilie SigRARE tdd | ow
state, buffer 1124 drives node 1128 to a h state, activating a first

| at ch, which ilfemayidor exampledbe linean aoamt @f&ctébar:k tieuit 3A pantrolsipBaof NOR

gate 1120 nmay be_su i

e etate i PAIBERERS gl Bl 0! BRAMERMARLF 810 2Pnd HOARM FRaci R
state, andoi nitadicsemate!sitial Rm):hwmednmnuﬂmw bﬁn&@%ﬁtraﬁfﬁsq&emg‘g 166
transitions to a low state at time i. The first latch is reset to a | ow

state thr oulgh iR signeb 135 mep brideterbined bassdeonramer skenais signal REcsinespistais e and
I nput Signa Stﬁa[eﬂéwfr ﬁ'n%E&;( g%‘g@nmﬁhw%t%tc?nm&&?siﬁ{]aiagﬂ.sE;F ﬁa&‘ih% & }90%«:& 0

t he qui escent VOl on capacitor Icrent

reach steady sioietinFate@etidaeGighab RE| fobwhifiZraiel de@@edr300 Mhay Ao indRude Aok i Ng
edge transitions. -22 SUBSTI TUTE SHEET ( rule ?6 ) 23 May 2002 WO

99/ 3d457 PCT/ \$328wiss 30 angleg o5 digial means in depdbacipgirgyt §30) qatré'e sglgciopd10 for

capaci tor i sc ation of charge at node 1185. This
rel at | onsr#p n@?’%g “%g%r‘ggé‘ﬁt]eééﬁ‘x“‘%?%\ifﬂ 11016 + Ib ~ T - ~ W1166~11016~

T~ + VCLM P VREF v acciihfiée with anothér érhbdaithent of chA\WentiotREdrward/ fiee ~ CS + ~
B - 11016~ detector 301 may estimate 1,, using a puise width auto-correlation method. Figures
9a-d illustrate the timing diagrams of input signal 155, output 814 of time interval
generator 810, output 826 of edge transition comparator 820, in accordance with this
30 embodiment. Figure 9e illustrates the distribution of values at output 826 for different

values of t and an arbitrary fixed value of t,,.
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where CS is the stray capacitance associated wth node 1165 and Q, is the
charge stored in diode D1,75. OVI|~) represents the rising vol28aay 2@02ef or m
at 1166 aft falling transition in input signal 155 triggers one-shot
1102. In ac&?égﬁ%“égvﬁth an enbodi ment of the invention, the paratrereres
associated 10 with conparator 1160 are as follows: Ib is the input bias
current, Vos is tﬁiium%ﬁhob‘ﬁﬂw sgnal BSexibi rapsidorrecymngsattiee prplandhar ge
required to switch conparator 1160. This expression shows that 11016 may be
near |y propoz subsaguent BansFiondia =Tu= 118 ransigienish 467 OjtAGEs fims inierval 4
receives output 1112 of the inverter. aélo, whi mataghes ft he tﬂ‘%r n-gn del ay
of one-shot &cnssatong. yhese Q“I%‘Gpé%ﬁ"rﬂ% aved R Lhrge RRues Ot 1 e INFIEAtegdyp it £ or
1114 and one t 2 ively. Open emtter output 1136 of NOR gate
1130 may be gﬁgg’rsrll%‘%t@'%ﬁ@%%%'ch may, for exanple) be a function of the
time inteyval bet FprestdbeandPo<Bapmare state of ogpedtid afnimamarvali ggnerhtot 850 and
the rising edge of output 1127 of gne-shot | 102 after del ttj ge z. Node
1138 transi t fBRYodifferent eappadiments. RIgHTE SR ERe EE%”‘PP'a%?ie BS to a 20
high state M}hﬁﬁti&féc{f{gﬁax:}t&?iz@for%{kerw%@ﬁbohmems.s at a low state. NOR ~eate

1150 and inverter 6 connect to each other to forma second |atch) which
is activated by almhihghirstembodahemotime irit&&al geheraoutd 10 igdudes angios gwpre

sufficiently high, then feed k | oop arpund te | 150 and.in ter 1156
hol ds node 11‘?3‘8‘% le E?i‘!j‘ﬁg%?cgs ahﬁlfm%f‘ﬁsn f"‘@{@ﬁgf'lalg ”f"}“ésr%lioﬂ“:gg{l&ﬁ{"(‘)v“a | ow
state angy OUEIPngu 146 AQfshg@hén Fiegw%,\muﬁberﬁemﬁe&t@nhﬁ ifeR a2 Bertkadir 416P0)
transitions to i'gh'state. The rel ationshi p between the current pul se
from out put gémGates awgairmut B18@ paisd. whichstatts afier théme bay elapastiadd asrefasiby ows::
Charge Qo-1,36 in the . current puls omgate 1130 is proportional to T -
Tb" - ~TBa) \S\WFE‘?’@“HP‘%J-‘,‘Q-“ﬁ_“s‘_“%“‘fsfg@glﬁaction of the nominal gate
response-time. The, peQieattd drhbodimahe. 1R€eniéA3BdiBbadtandalies & dighugdperddat €
depends 30 on QC-1136 through a function FR',~ ~Q0 _1136>> "Those

char act eri st iooe-shotewbichvipdéseribedybelew-indegil) ASThawmm Bigere9q inthie 26 ) 23

May 2002 991.3Q457 PCT/ US98/,25524 9e,..~Th I h de 1 138
rc?]/at ns é%l\o a CHIPgAINAg L, tme Hﬁ%alaﬁ?f’ﬁ%ffr&? gﬁﬁ%}g\éﬁ)‘?%“tr‘rgt lai;u?gg? ?‘erezm ~ +

zm ~ - ~Z~, t Sl easid 2} = at H6ad dhirafloy be used to control t through
TR 6 by usi noruREaniiicld = Wl e o PEDBACK CIRCUIT 5 Figure 12a

illustrates an andghbgth srbciimenmtalif timecdis ket than 1, uk ind&led bynF aheor dance
wi th an enbodi ment of the invention. In this enbodiment, feedback circuit
830 conpri segext wansition ionnpit signak 1 55200prsat powtpaier T Himedas ehapsed, and

differentta! anplifier 1230) and a_reference vo]tage, V,~0. L.ow pass filter

1220 i ncl ude<LUsRt §40 puset mzﬁw HAY- d{'I"PEFéﬁeF ina gﬁ?ﬁ?’i"f‘i@?"“ﬂ?@'@)‘ﬁn | udes an

out put 1236. FL.qufr ic2p- i rate . j it ra fi t

si gnal 1%@) ¢ Hg‘%éég?’?‘. St %\7\‘/?0 5%1%“5'3"4 *r.ﬁ?séé@noﬁxtxg%ﬁ'l?gﬂgﬁjs%% L 4, 2b&ufl bef SR Y
time has elapsed, and output 826 is set to a high state.

There 1s perfect alignment between the pulse generated at output 814 of time
interval generator 810 and input signal 155 when t = 1,,, as indicated by A, and a
transition in input signal 155 that occurs at 1, overlaps with T. Output 826 may be in

25  ahigh or a low state when there is perfect alignment. Transitions in input signal 155

that occur long after ime t may be ignored since they may represent a run of bits with
at=nt, andn 2 2.

Figure 9e illustrates the distribution of values assumed by output 826 for
different values of t and a given value of 1,,. This distribution represents the transfer

30 function of minium interval correlator 840, which includes time interval generator 810
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1224, and change in anplifier output 1236. Feedback circuit 8?§)M'§gggbyes at
nodes 832, and 832:, which collectively forminput 832) outputs , and
826=, respectively, of mninuminterval correlator 840. Node 832, connects
to input 121%9 38 mation circuit 1210, and Node 832: connect PEB/USE8/25524
summation circuit input 1214. Low pass filter 1220 filters qutput 1216 of

sunmmat i on ci randiedge ranpyiqprietastars 2y Hasedion Hawwical warpreratgniaf selatve 3o of

diff tial lifi 1230, . V, ~ J ti
Mnput 1234 of PRt B FRF O ARD B ne ot SO RGO AR RISTINRY 0
forms feedbackoghbe dbiervdd Hisk nfddf insédhck U Msitidhe oﬂﬁ%uﬂﬁéﬂaquSS.S mmvg]gdpan

1210 receive nodes 832, and 832 pul ses fromoutputs 826, and 826, o
uni pol ar ni ni imfigirafehes steep siepesators1,.080ckdiglingigshes bewyesoiconditipns fiaad i b"

t. L filt 12 res. hi gh pati f th
Corbi ned 3, oril Tht tsge Bt aegtof oeyaF o Sratvve BBy ke,
1230 anpl i fi ege liEidlifoh PRI GGub fingRM,. the filtered signal at output 1224 of

filter 1220 25 and reference voltage V,~o. The anplified difference between
V, 2Za and V, ZSO apPdgertsanaitioo gomparaldt 320 camganra yhebigtanead detveeendhe trailing he

i od foti i_nt al t 8 i f f tial FRA 17230
Corpor ate pHAEES" TaGHEIEGas Ghe aRPHRS M4 uhe ST BLetne BB, 4 ¥¥hat nt o n
overal | feedbfé@&bdcﬁ%ﬂ}g%}{@%ﬁiﬂaﬂﬁ:sﬁtﬁ@&ﬁé Value £1 QUi 1kerithd g&aig@]gzggi én f

increase in bit rate input signal 155 fromfb*, to 30 fb"~ > fb"~
occurringOat feedisack circoit 83h¢hecadivgied t représentpan estimate jof te Hepedn BYis i ni mum

-24 SUBSTI TUTE_SHEET (.rule.? 6 . 23 2002 WD, 99/ 30457, PCTINS98125524
interval corr E?cgwcgégmwccwcgéﬁgpgﬁ 'éé\/aogc‘g&’a?ﬁ%}?etuﬁe ?Sﬁ‘@%?%{icg" bsfuanﬂe es
that appear afejddPidifs,.1? 12 and 1214 of suttunataon 1'_' 10 and
conseouently at output ! ~ 16. The level at output 1224 for r < O may be
mant aned by a constant rate of pulses fromrtuninuminterval correl ator
840. The hori zontal dashed I Pamn g C A that pnor to 5
the change at t = 0, a negatmwg%ggﬁin%gd J%Itué‘?g?ﬁ 24 at nearly V,
DSO. A char ge tn Ffpard 8 shows a‘liiirc%ﬁ&ii%garh of nfinidurf iitervhl dotrel@of BAB(sAbRE 2
transi ent change in output 1'_"'_'4. e anplified signal ap'gearl ng at

out put 1' P86 hbigyess®)uintdctorgancesvitlyamembodimentidhe ivendon r bt this entpdiment| es
to a new value of 1/fd ~ M ni inaterval _correl r .340 . er an
out put  pul oe. TRERITORGY e ik uB dicte f 55 cBel rahifions A SUGRE L5

155. I nput 123z, effoivaled tBrough Aes sepdrdi®patal. | MiinRgg iiérvalnirielnor §400par at or
out put 826, via node 832,, may be active follow ng high-to-low transitions

in input sign®Aritioged intea flidngedgeitrigeered minimusuinteys correlater 1099apdadisinghi gh

state foll ow -' . . . e : | ’ own
in Figure 9e. Q%ﬁ‘ééﬁg?ﬁﬁgﬁ{éﬁkg?mﬁgéﬁt&?eq\gﬁg@gﬁﬁ%ﬁ&n CEJ’PI elzahoﬁéi%gr?g;t hs
n for congecuthy @092 eicharrfom the' fancon’s of GigReaatervat igynerator B Dpahd eragyiddn | 55.
The probability that an isolated "zero" occurs followng a high-to-Iow
transition i s CPH@r@fQs 820 shasym inFiguse 8. The occurrence rate of isolated
"zeroes" may be repy X i 0,5 n0 +
0T )T bu where na g AR e/ |00l 1085 Fylac ARpL 826 and 261
"zeroes" and "whiescdllectively form output 826 of minimum interval correlator 840. Although

minimum interval correlators 1090 and 1092 include separate outputs 826, and 826,,
25  their respective inputs 302, and 302, connect to input signal 155.
Minimum interval correlator 1090 includes non-inverting buffer 1010,
capacitor C\q,s, programmable current source /,4,¢, comparator 1030, voltage reference
V018> nON-inverting buffer 1050, and positive edge triggered D-type flip-flop 1070.
Minimum interval correlator 1092 includes inverting buffer 1020, capacitor C,g,,,

30  programmable current source /,q,,, comparator 1040, voltage reference Vg, inverting
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20 respectively. The average tine interval that output 826, rgypi a
hi gh state prior to a subsequent high-to-low transition can be regresent ed

as follows: rtj,%(g%;nce time = (n) + Cno) ib~~, The hol di ngtP&r]%ES%rs/tlz#sz

t he edge tra detector 820 may be represented by parane

enbodi nent minterval correl udes D -35

SLJBSTI TC~T\£@‘§rﬁﬁé$6§~ 3 ROsBiyeyedge Bige E%@E ‘\'/Q)?‘QBN%QW PCT/ US98I r 5524
type flip-flop 107y ?mlaﬂﬁk@iudésnoﬁkg %ﬂ%ﬁ\ﬁgh)’rccreﬂ'c@rh[ﬁ@?@ﬂﬂnﬁ@t wher e
m ni uminterval correlator 1090 includes falling edge tng~ered

non- r et ngger Niade 301\eorhetts thda-inverunpinpegudll 2 @nd 1652 oibufferal 0 irendai0s0,
consecutive urns are independent, the avera | ue of qr__} Fql may be
represent ed ERSPEGIVEwW: muusugy interyal goreelgipr | lé‘H“‘O K14 E‘ fer

| persi st ence ex St dudd 13 Iles to
i nput 12?21 of édlzgesr‘{éa%%%e t?%g%ptg?lg&rﬁs%ﬂh’%w%tor 8%%83‘?“@%8— et tered
out put 1724 iyt pe3Y efyongRried an Refdrmm;(umle%bf Jonpparatfr IID‘:)O cbn(1¢’cts+ ~)
p( 1) F(T-i ) v1224 ~ + btr ' nn~ 10 In ac%grdance Wi

enbodi nent , E%Eﬂllﬁél’%fg@“%ym 9“2’2% 836 of spmpazator 143D conBRAHIR 1‘2’2’&1% be

used to cont SR I n has the
desirabl e feg?iu)rtgp J{-Jﬁacﬂ ﬂo? Is’in g%"e‘%@ﬁﬂp aﬂ@?%gp&n DI GJT%‘{Kb%E@DB%%( CIRCUT

Fi gure 13a i blLffst 1050es a digital inplenentati on of feedback circuit 830) in
15 accor dance wi th_an _enbodi nent of the |nve ment
f eedback!@i rcuit MC@QM@%SW‘SV?’HP%H’@ysl ﬂd@%?g{’”f%g?g%/@d[}type
fl fl 1 t

| p-1l ops ?régcl),ngsf},y&:mterh'ﬁlgg:gfﬁxéﬁg%oﬂeﬂz&%@i &uﬁﬁmgw@{m 1?9<9m er

1370) M st age Igital to anal’og converter (DAC)
1380. Up/ doweonmaerstda anEQOOMmI aagsston 5 440 progravhrogtile C@trént)sourep iy, 18d2 and

down- count cl ock k 7 20 Fi gur a illus e changes in
bi t ratg f b iRgutjl %‘%’@Wé ton % éemceé ‘ﬁéé‘} ch‘tﬂ‘i%m‘%ﬁé%i conpaeLs ges |
signal appli ggybea rkﬁardnewtm 1@@‘1[610@6 anN&dRshrRtbt POYO dorécroto &3%@2

Feedback circuit 0 recei v&& at inputs 832, and 832, outputs 82 and
826=, redpectof Letypr flig-flop 108U whase elook inpub 1084 ia duivershy outpup LQ6488°zbuﬁer

f eedback cir 30 25 celv ut s I ? conn ts to
"set" input 1§§é tﬂué"t!'; QO@EQREB h&S@c’ps @?ﬂ@ﬁl\ggsﬁg OrLQUPYLELY 1333
;)f latch 132%d189tsglﬂcsa%ﬁvéty$ Progdramiiflg el 1016 am8/PET dofthel SIERIm(gIGUI € 7 6

current sources /,o,c and I g, respectively.
The operations of minimum interval correlators 1090 and 1092 are similar
20  except that all processing is active on opposite transitions in input signal 155. The
operation of minimum interval correlator 1090 is as follows: Output port 1014
assumes a low impedance state with a preset output level of Vigeqer when input 1012
is at a high state, and assumes a high impedance state when input 1012 is at a low
state. For example, Vpzeser may be more positive than reference voltage V,g45. A high
25  state in input signal 155 causes buffer 1010 to charge capacitor C,g,4 t0 Veggser-

When the input signal 155 undergoes a transition from a high to a low state,
current flow from output 1014 of buffer 1010 is inhibited, and capacitor C,,, is freely
discharged by programmable current from /,,,,. If the duration of the low state in
input signal 155 is sufficiently long, the voltage at node 1003 drops below the level

30 set by Vg4, and output 1036 of comparator 1030 transitions to a low state. D-type

flip-flop 1070 captures via the rising edge transition at the output 1054 of buffer 1050
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23 May 2002 WO 99/ 3057 PCTNS98I 25524 connect to inputs 1332 a%tgi ggégoé)f
D-type flip-flops 1330 and 1 s40, respectively. Cock input | 9¥l count er
1390 recei V%’z i@ﬁ)u%si gnal 155 via Input 834. Termi nal count (TC Qut put
1396 connect¥OP8*%Peset” inputs 1314 and 1324 of |atches 1310 BrfUa%855524

respectively, C ock |Inpu 334 and_1344 of D-type fhpzflgps 1330 5 and
1596° connecithe Saeimk ouBBb HFEA e’ Ber v iR paSHEIA 133 4AEEORI0. " AND gat e
1350 receiv I nkiwgr ting outputs 1336 and 1346 of D-type
flip-flops %@ggﬂgﬁﬁﬁﬁﬁ?gﬁg@%@t |ﬁvel y, and TC out put 1396 of counter [|390.

AND gate 1360 recCHievftfie teqpited fdrrcapaditov €1, 4,4 toglisshangetfron 338 nal V]3AS of
D-type flip flops 1330 and 1340, respectively) and Tg out put 1396 of .
count er 1390:/\@lt Qutpyt 26, may be aOVGHAE ih ALY Tdprhaf MaYDecg e highgate th 372,
and outpuyt 136 f B, <l 1St in 37 I e
enbodi rre#t : %’p?HMcl\égt’}ﬁ‘?legr%F %8 "g‘g%?%t‘é‘é" Vghe|?):r1a1jr(§1It'1"'e ?%‘ﬁf@ie%@%\?&v\hi chis

monot oni cal | ymdiefahies df nth-lehgthth for evtctcoutped 896¢ malyibe anu g stak. Qukmes
applied to dk~ input 13?2 and C kp input 1374. |In another enbodi nent,

up/ down coun3%n mp3. howayey daat A4 SRISHIF JArBer bi nary signal representing a
successi ve appr oxg: i e et i | DQribed B6 L.an of
step sizes, whi chtl%,ﬂggéaéi%ﬂ&ﬁﬁ&%égw g\ﬁa‘?ﬁ%t?%g[@gtg?g'r n (r)%cpul %Zgﬁg%pl i ed
to O k~ i nputaldeds? nanitnglhlep Timptitne t8dstant e ) maybetrepreSaedasfolld®Ré of

| at ches 1310 and 1320 receive pul ses from outputs 826, and 8260
respectively, of unipolar mninmuminterval correlators 1090 20 and 1092

when t >qb" is dejec e_tnansi pitop-conpanater 820 yia nodeg; 8§32,
and 832, 10 pul seéad‘?é%%?b?t@yd(gdff&fﬁi poPhr qu@)%i°ﬁum1)ntg?'\'f’éfli: '°d°(\g'rrel at o?l 090,
which is active on falling edge transitions tn input signal 155, sets

out put 1316 to a hj,gh state. Simlarly, a pulse gener d by uni pol ar

i ni mum i nt ePPere Yayrs é‘?ca&f%ﬁe‘ Yojipze %i‘%ﬁshoé‘f) omaryar g@icgi‘% cadde
transitions LQaki WG : opt; : ; i nt er
139D counts % S&I%E%g%' ng aEltd r%ﬁ@?ﬁ%@%ﬁlipg%d%ﬁé%%gﬁfg%% u‘%gﬁ%r" @Q\Mere
M equal s, f ornd@anaKee)4s thEebangd remays §yPputpwuiiOddtwheadbufter 0 kS isDutnggefff | i p

155) st oring t he SHBVAHOPFIRYOR PAES &t ML B Pl o oraaR2 PrtfE peesely
30 TC oufput 1 A3HordshiANul 5igRR 153, DRSS 826 2 §26), iR wRBhBr 215 greater or
| ow-to-high transitions in i nput signal 155, "and°transitions to a | ow state
after the neldss thansf,0linagderdance with one embodiment, outputs 826, and 826, may be used
to control 7 through 1,4, and /,4,¢ using negative feedback. Rate estimate signal RE
may be determined from the value of control signal 816 necessary to achieve 1 =1,,.
Minimum interval correlator 1090 of Figure 10 constitutes one embodiment of
20  aunipolar minimum interval correlator, which is active on the falling edge of input
signal 155. Unipolar minimum interval correlator 1090 may include a programmable
gated delay, which includes buffer 1010, capacitor C,q,4, current source /4,
comparator 1013, and D-type flip-flop 1070. D-type flip-flop 1070 may inciude two
latches (not shown), which are controlled by node 302, via clock input 1074. In one
25 embodiment, one of the latches in 1070 may be shared with the programmable gated
delay to create a falling edge triggered non-retriggerable one-shot. By performing
several latching and comparison operations in parallel, higher operating speeds may

be achieved in this embodiment.
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_27_ SUBSTI TLTE SHEET ( ruie 36 ) 23 May 2002 WO 991 30457 F’g@@%%BE”“
transition tn input signal 155. The rising edge of TC out put may~ be
near the center of pulses fromQ output 1394. A high state on TC out put
1396 enabl esVBNE¥Ye outputs 1358 and 1368, and resets | at cheRCT/USIRSAHY

1320 to a |l ow statFe. O(itlpt]lt 1358 transiti 0{1? to e gh Slt ate when. TC out put
1396 is at a hi gh [48ute d 1 dllystrajgsan cpuitgrfoup|e 6%’?@% 11 IRRICRENEIORCout put s
1336 and 134 i | I ter
1370 1 orvar d Bypensdhunfindin dteiaflome H0Y 300, MacedRiabteRnh ool EPIE °7
out put 1396 iifveition. Unigoigtminémufm iheitval Batrgiper i 09Qédmygrises edget tramgitiont put s

1338 and 1348 are at a _high state) decreasing the state of upl 8£ count er
0

1370 by one comparatordOdand falling-6AgLE\g8ered RARESINgEcrable Qpe-ahldd n bot h
uni pol ar i ni Rt Gioyaler £91 084 1% iNAMRrANK 04087 196 e inderind Bisrer 2
decr eases "when nerther - uni polar mninuminterval correlator and 1092
detect i > tbi'1.14TNORSgatdsel 130 anp/1d S andmodé ¢ 38l 6Dl B perdoems anhredadiRe of
uni pol ar rrunimuminterval correlators 1090 and 1092 detects z > tb". The
bi nary si gnal©P&fagB/ down counter output 1376 may be used to control T using

negati ve feedback.g}t ' b I age; o] ignal at
out put 836 usi ng, E%%{%Qﬁg%&g%#%kéu}%gaﬁg?xﬁ%%g\}m%ﬁbﬁh@g?b%u#ad.&log

Al t ernati vel y)16Desmiirgadapacitos .., PBeEramynablercarmabesoarcea gl and §},giddeatD, qut put
20 g B e S SRl 7 R
of i nput 5'9”?#283515 1f1&@,flh{5lé§'}'er ltIQGﬂR\éfeg'ig%P,aﬁ@'ﬁodéflltﬂi@ﬁdt116_6.q\locPcrs'll(?§8t0 ro=

0) negative feedback nay d perio i nterval generator 810 close to

| /fb",. M ni nand I 166 eactaperfornr eviredtOB 4Peraign.det ect t he change in the bit
rate, which results in a change t e rate qf pul ses t appear. at both
| atch inputs 1312 SRH 11‘3‘24{} ‘ﬂ%%?éi‘gﬁ‘l‘{enw ﬁﬁf‘eggneafh%gﬁhz F%‘E’é’ﬁ B ut s
1312 and 1324 | e i y nd
1346 10 trans ran Tora: DU Ui JrILIERR P RE Ohe SCDBY Beriipal .
Fi gures 1Bt. owpttpseeof Hadatiotitkh,d,s)ianputputl BI27 df buffet | 12dgdhwatiommisdiimeey vy
after r = 0 sincez,> ||1fb"=. Fiqure 13e ill us .ratleg anal ? O%:Fput 384 of
DAC 1380, whi EFptioled;Py Gentralipd SUFRRGTOUS Taes G RUFEGHY YL‘RP“EJB Q8tAFoBsaht er
1370 wi th) fanpﬁﬁﬁfmh&l,o,r{.o@)ﬁﬂﬂ'l%?%%&ff&’iﬁtzﬂ?ts atl ThiPRSERVIA ket Qfatel 349
upward counting proceeds while t > 1/fb"~, and stops 30 when r = |/fb"~.
_~g_ SUBSTI TUFansSHEETO @ lowstaterdurjng tirdg tiVpe 30001 NP ca8i@ da 3RripgFed 59812552~

RATE SELECTOR_ Rat l.ect 10 K h in.t i te f f
e S G URhAp Rt PEHBCRARES 5o R L Enll R ©
si gnal RE)0 WhhsdingBysigxal 135 sdrml Yo hihigiardnd pattern dependent variation in

i nput signal 155. Figures |4a-b are bl ock
Input node 1144 connects to input 1142 of NOR gate 1143 and input 1121 of

NOR gate 1120. The open emitter output 1143 of NOR gate 1140 connects via

node |128 to input 1122 of NOR gate 1120, input 1147 of inverter 1146, and non-

inverting open emitter output 1126 of buffer 1124. Output 1148 of inverter 1146
25  connects to input 1141 of NOR gate 1140 to create an R-S latch.

A high state at node 1144 sets node 1128 to a low state when output 1126 is
low, while a high state at output 1126 overrides input 1144 to set node 1128 to a high
state. Output 1126 of buffer 1124 may be at a high state during time 1, and may
inhibit NOR gate 1120 from responding to changes in input signal 155. Open emitter

30  output 1123 of NOR gate 1120 connects via node 1166 to the open emitter output of

comparator 1160, capacitor C,,,,, and input 1125 of buffer 1124,
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5 diagrans of inplenentations of rate selector 310, in accor dg@wyow t wo
enbodi nents of the invention. In the first enbodi nent, which s shown in

Fi gure 14a) (ﬁ,’t&e s% ector 310 conprises a rate translation 1402, which

incl udes a f Rl ock 1410 and a function bl ock 1420. Rat ePETAIR8828526n
140Z may receive as input _rate estimate signal 10 ichis rated by
di screte rate det &;%PGF“QI(@:@FO’F}"@‘Er‘%“Qf.“mI"'ﬁg"}gd{‘Bu‘elisa Hﬁ?‘é‘“g?‘@'ﬁéﬁ?ﬁ gy

al so be filte i tr i e s i ,
which is shoﬁ?ﬁ‘f*ﬁgéf8@9%9’1%?‘9?E@E‘@@PE%’%3?‘9%%51’@'8%39'?-5?%9"3'33 gfq)?g‘&s tion
1402 and a r atigodsivedie@nbdd éfediodeTDE, . aDpamms 1 | TChingy bé tdndigurenlc fardrample, at e
correction block 1430, adaptive filter 1440) filter control 1450, _rate 15
change det ectasra voltage fadlopier with diedecD o imhtie decsibackilpgp betieees QHipaE | b1 andgo.
Correcti OE bl.ock .1430 g«ff.g(ves at input 1432 rate estimate signal RE, which
may be gener a‘P@%F‘B%,mpI“ anpl e, continuous rate detector 301 of Figure 8.
Adaptive filter 14p{dde@re] ¥@§ bébiasdiDatithel dde ditieptiientdBds D, Bt e correction

bl ock 1430. The out put of filter 1440 may be applied as an alternative
i nput to rat eprogramsnabi¢ erent spurcel RNede FIASPRUPS FUBEB ks PBARHRAO Ll ns a

di al e . ) ; ; : ’
RS, “and Rov) SARoK BEEhCEu, BER G TUE oL, S Sty pdeD 17 Bbhber B B 5
1412 of funct8m Ihvertikg inplo | P6of dopiparatdr2iA 60 ohnertd to vplthgeoskirckA5Q;. I¥6si ve

an estimate of the line rateg for exanple) rate estimate signal RE from
di scr et e 10at einyetiag drput 3474 of opsmppLk70rGoReciR OltAge $qurdeeYcLae3dnvemtiBg t i on
bl ock '?S 141 t o] Y 6 ] ck
1470 may | mpi SNBRT127 oF BuETN2R, wicl tPtortaneAby RGP IEDfor16E ARWENCE
equation (S) ene-§Hoe 1161, ahi opsrtes 16 @fpues £34 efckaby/ | BBUakigntrM@ition~unct i on
bl ock 1420 generates control signal RS, at node 318. Function bl ock 1420
may i npl enent comparaexi@4.e, the function inplicitly represented by 30
equation (S) or th | atl i i

conventi onal technlﬁ’q%'ggﬁ;r%g&gga %s{ehgq{@ﬁégn@glr%y?ﬁg”@}rﬁggg%ﬁ gnem%égﬁﬂhe
SUBSTI TL. {STE highlstatd, nodésc] 128 ahd 1186 midgbe 30 he 19V0 stdid, a0d Hevdhage hiSaRit 19684
mappi ng. For exanpl e, an_ anal gg conputer nay be us to cqonvert the race

! ed
estimate si gnBiaYREheldas Veomer Whegithminput nese 11 A4 traasitiong ip 3 lgwsiaig dug tora

detector 301 Béﬁaéi% ﬁaﬁﬁ{j&}? Inoiﬁﬁgt]sq%d@YS ﬁ%ugﬁg h e3P0t ﬁéktg%imp | 2’1‘1%:31'5130‘8?36’? rter

whose binary o uts select ah appropriat ntry froma | ook-up ca or
control si gnahighRtite.aThe &Smpling erobgioéapaciup ,ghfarcesepde htblithea high staspedi fi c

araneters for zE ndg f ~ In yet anoth i ementati gn te sel ector
B0 Moy T ool oasiiig fasbisk Shoptigh {RAAGY f 100 RLG o PIGS nadui] LG Hadeh Siis
estimte ﬁﬁgn%htiﬁﬁeivgft%()ccﬂ'ﬂhﬁpllﬁ&gﬂﬁcs%-v and RS= using, for exanple, an

appropriate mappi ng al gorithm Wen used m'%bnj unction with. for exanple,
continuous rate deiWberomode(l 66 trafsitiGnsporachigh stattafter mppesignadrl S5 wassitiamsito

dapt i filt 1440 i th .of the |i timat.e,
Wi oh 15 recorJet By Palter [T AOSE | RS0 Heie sty epiane. iy s hich
appl i ed 0 | Nktiudkd 3Rvckler | CRANDRSEHOTIE, Tlipde303 DM gat 4350 hiyBe

correction block 1430 goes to I nput 1442 of adaptive filter 1440, 1nput
| 462 of rate chbsegeendiytiekibied whGnodentl 28rtpansitivny ® ohigh syates t Bt first latch

t 1470. .15 | t, 144 t [ th f fi .1440. | t
Copal 10851 & comigies SORA gt 11 0B Beh sl pA RN futpus ) bk ek may gnb
change det ect o rdt6Bfiabde 166 LrehiticHsRo A96W 3faed Altimdé OThe BRP RGN ¥ 8Lkt told1e

rate at which operations are performed within rate change detector 1460 and
expect ed rat e lowsie throughINOB gatey) 1 40ovhendentiphede bi6oeminsabladdwisyate apdt

i gnal 155 via_i nput 20. Rat detector 1460 i d t put
1486) and oxpabbBA-al LS BRI & FEPOhFTOSE B Ft | PP FeabBHeE 1466

and 1476 are c@didi TREvéitags WXERpAHIr EF8Nas A0MicRIMR tibRdo kéhch @Q‘d% gt\jfwt%?sgge .
[ [

filter control 1450. Filter control 1450 incl udes out put 145
appl i ed t 80i npwe-shauklQftriggers onlyeonfthe falling edye tranditions.ve filter output 1446
connects to inputs 1412 and 1422 of function bl ocks 1410 and 25 1420)
respectively. Rate estimte signal RE appearing at Input 312 of rate
detector 301 may include predictable or neasured error. Correction bl ock
1430 may i npl enent an
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al gorithm which conpensates for predicted or neasured di screggw;@gév\een
the rate estimate signal RE and the bit rate of input signal .

Adaptive fil 40 outputs a nodified rate estimte REF, which _depends on
-30 SUBSTIT 9§éé€$ (rule ? 6) 23 May 2002 WD 991 30457 5 é%?ﬂdég%?%%m

ol ati onshi p. Lot roRate SERAYT b Pt Rifee KR RedehGr b EREc Bk Eonng

the behavi or éb‘fpsé Phiforbstidnamre BbAHNAIS SRR RHEH:p fshy BE RepRSthEREE Si gnal
REf at a set o iscrete tinmes, the current and past values of rate

estimate si gnfelloWE may be represented by the set of values ( RE, } while
the corresponding val ues of _ jfied rate estipate sikgnal REF may be
represented by t hel g@t"' RY $'6ﬁfﬁ%ﬁ)§')cwm Wi'veosgiﬁ'a*t"ér 1440 may)(l?f)or

exanpl e, nstruct nodified gate estiymateysignal AREF foem nate estinmate
si gnal REcsﬁsi ng the fol | ow ngar ST OREhi S kK- | %EFKQ‘E LI _~ RE~ + ~ bi
~ REFS , . 10 where a, and b~ are coefficients which may be programed

through input | 444 subject. 15) Filter i440 i i ngl udes an

i mpl enent at i OWL?IF %dijg{eisgﬁy E&Ba_c’r‘%'ﬁ&t%sc’f:gfﬁdd‘f’ S’/g f‘gé]ecﬁ&rflg}"ﬁg&drléﬁ& B rat e
signal RE wheg,q6f h}daw}t” 2AVI S bREGRNs (BOH SRR VY RESEW Yve i8R EL 15168 laf¥d theWhen
coefficients a, are large for "1 "Coefficients b= may be selected to

af f ect per si sfalirig mamsisiop infinput pignali 55Iteiggers ongrshiat 110Be constraint ~ a, = 1

may 15 prevent bias in nodified rate estimte signal REF) while the.
Constraint by < B agrages viifl 4t FnBpfiiept ohe rrYedhen, B Rl b isS oo
sel ect ed seqd;fRoRphiaedra 6DArd RFoMEwL:a] isQhe Fhfguf Bia€ c@®ée TR R isShdPle RE
following a correction by rate correction 1430. Rate changeé detector 1460

may di stingui sffses anthresholdi angi 4@} T iscbminpai chargeaenwined forswitth sompaiataitld68i gnal
pid or .siﬁgni f cant 20 changes in

RE, which i lied to i t 1467, f
t he colr(r:ec!t Zd%ggtelégéeé’f‘g?rlﬁg ‘%’JS fhat @*&:’H&% %n"%’é Y FEPRIIODE A0 frn VIR A S et a

hi stogram of rate &daANHRerviAk WEfFer AN réceieylofipgu @112 kedht hpetet DAIO, & hedw r ent
rate change is significantly different fromrate changes in the recent

past. The nagmatahdetheftumaepdelay abenenshpt | H1. SNOR: gace ompgeesutpitg htifon of

a change t he ent .£a st | mat iLve to prexious changes. e
eeponge 15 o I byeteR 115 ad Lol TG FeiPeceel rbbett imdE DS LI38E
the rate of topANDKR 289130 mafbdta chfred: pulse) @bichtmiy ifer ©QMPM, Bk alfuddion dray
conpare the current rate estimate signal RE with known common |ine rates or

previ ous val udhe tifme {niegeal hetweginihe subsgquenp B5ise sdgelin pputsigt 1 79 andheismR (
018,70 2l AR08 1 SRR T G RRg o @ = can tie
Node 1138 transitions to a high state when input signal 155 transitions to a
20  high state while output 1127 of one-shot 1102 is at a low state. NOR gate 1150 and
inverter 1156 connect to each other to form a second latch, which is activated by a
high state at node 1138. If node 1138 is raised sufficiently high, then feedback loop
around gate 1150 and inverter 1156 holds node 1138 at a high state until input signal
155 transitions to a low state and output 1116 of gate 1114, which connects to NOR
25  gate 1150, transitions to a high state.
The relationship between the current pulse from output 1136 of gate 1130 and
1 - 7, May be represented as follows: Charge Q, ;3 in the current pulse from gate
1130 is proportional to 1 - Ty, - &1,,., Where £1,,, is a fixed fraction of the nominal
gate response-time. The probability that node 1138 may be set to a high state depends

30 on Qg 3 through a function F,,, (Qq )3¢), Whose characteristics are shown in Figure
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proximty of rate estimate signal RE to known rates or previ %egﬁﬁtent
rates. 'The response tine for conparing rate estimte signal 6 t
expected races may be sec based on the rate of transitions at input 1464. 5
Wiile it hadvV®8¥45T | ustrated and described what are at preseRCTAHNSRERMed
to be preferred enbodi nents and nmet hods of the present invention, It wll
be under st oo8e.bTha anssageskne thaiinede tI38 remaung plad hagh siagh onehaatyasdamay

nodi fications_may. be de) and _equival ent Vi ' fqQr el ements
t her eof wi t h8RR™ Eﬁéﬁlﬁﬁg‘leoﬁrm'hé*%¥u§ﬂ§§'§g§ aé%?%ﬁ%’béﬂ’?gﬁdq?ﬁomrw
addi tion) manynpRe f i CBY hORS 2 WBYacRe 16RAEEKL 0 adapt a particular el enent,
techni que or i npl ené?’ﬁ?ti ong'?o The teachings of the present invention

wi t hout departing fromthe central scope of the invention. Therefore, it is

i ntended that this invention n i rticular enbodi nents
and et hods di sc! osed_ he_rei n, ‘gﬁf‘?ﬁéﬁ @%@Q?:&WI nc! ude all
embodi mengs fal | i pgpys § 94 Niushfes 5PRAIGY inffn@RRRNTdeddbat N Bircn 33 0SLBSTI TUTE

SHEET ( rule ?b ) WO 99/ 3D457 CLAI 23 May 2002 PCT/US98/25524 1. A
met hod for recordanceyith ai antodsimentalf the iprergioni dpthis embedimena¢adhack vari abl e

bit rate, said ne d conposi ng the steps,of: estinmatd i ni.pum i me

i nterval bet M&W‘% FapeR §SP%”?%’8“FH&E}{ lgogﬁi?v;v pas(gtfgpc?n-lg?@ga %ﬁg@m@r

frequency of amphifier PY0DaRAa bdtbieREc VRGBS VOL),. Ldey S5 Kilted EXROTheluBRY ANt | ME

interval; and extracting) at the deternired center frequenc?%gt he cl ock

signal from toutput h324, apd diffdrential amplifierck230 dnadides|aniontput 4 236. hisigures igbids es

the steps,of: before . the extracti st e erating,a firs lurality of

pul ses cipr e WHaEA,chan8n L bit TAy wﬁgu&y&%?ﬁzgﬁgﬂqﬂg{%\%—pﬁﬁp@f FONRYY)

adj usting thedyrakicAing inedflifief obipgr fa36st plurality of pul ses based on
t

the estimated variable Dit rate; and inputting into the narrowband f |ter

t he adj usted firstFepdbackicircyit 830 pagkiyesat @destdi, and B2 which coligetivel ynfeemei n

the estimatin furth co i,ses the step of.. determ.nin h ari abl e
bit rate of CHRAEAR AR R26 ARAR2GS drerprivelys bF manimy i T o ottt | o
4. The met hodNgfe 832aEdANektsWH aipat 12 116Y stifinmdihicirguis I 210, aaENJde 832} dtngée ps

of : generating a second plurali t;/ of pulses that correlate to the
transiti dAs tosummation circuit input 1214. Low pass filter 1220 filters output 1216 of

summation circuit 1210, which is applied to non-inverting input 1232 of differential
amplifier 1230. Reference voltage V,,,, connects to inverting input 1234 of
differential amplifier 1230. Output 1236 of amplifier 1230 forms feedback circuit
output 836.

20 Inputs 1212 and 1214 of summation 1210 receive nodes 832, and 832, puises
from outputs 826, and 826, of unipolar minimum interval correlators 1090 and 1092,
respectively, when 1, < . Low pass filter 1220 removes high frequency variations
from the combined signai at output 1216 of summation 1210. Differential amplifier
1230 amplifies the difference between the filtered signal at output 1224 of filter 1220

25  andreference voltage V,.,,. The amplified difference between V,,, and V,,, appears
at output 1236, and may be used to control the period 1 of time interval generator 810.
Differential amplifier 1230 may incorporate phase margin compensation, which may
be necessary to maintain overall feedback loop dynamic stability.

Figure 12b illustrates an increase in bit rate f,, of input signal 155 from f,,, to

30 fuo > fou Occurring at time 1 = 0. The change in the bit rate is detected by minimum

-24-

SUBSTITUTE SHEET ( rule 26)



in the input signal; and adjusting the duration of each of thﬁﬂgc%gz
plurality of pulses, such that mnimumtine intervals between y
transitions in the input signal match the durations of the correspondin
second pl ur a¥PEY3¥7 pul ses. 5. The method of claim2) wherei n RHEUS98/25524
extracting step conprises the -33 SUBSTI TUTE SHEET ( rule ?b ) 23 May
2002 steps ofinteryaheorsalatanB4). prluhezensratesct Ghangsingharath popysasi thataApred a

diff b h £ the cl | £y khefi
ol ural ty of pieoar BRRIA% sRfRboR A Ansdiady RS A2 b Snb 13]
frequency of RRBu@REIII4A6PF < BRAT ¥ hBGARA ] PEdrs@hOR of gulselTRmRuARELWT

claim?2, wherein'the extracting step conprises the steps of: generating a
frequency corinectal oorredagnad0. pFheparizootahiashed kinelinf fighre Fedllpsiratessthagprior to

frequency _of the clock sjgnal and.a frequency of first . pluraljty of

pul ses; and éEHF?P&gFﬁE’Tbeh%FéﬁEYF @89‘?@%&0% %f%’ﬁéﬁﬂﬁ)‘ na?a'rj% fae ‘?Fhﬁ@d&y of
an oscillat Ortgg?ﬂg[)?gdlg@ at h$ T()Callt B6thut | A enerhtes ARnSRANMANSE irChpid hn4,
wherein the adjusting step of clarm4 conprises the steps of: generating a
vol t age si gnalhecampidfsdeiphahappearingha aiciult ¢ 2 3Mclanpest wmeid petidd T of fimeuntervaie

i nterval between tr@q itions in th inggl}, signal and the duration of the
cor r espondi ng2*SE@HH élsfffléﬂ‘)tﬁ/"ed"fv Hf Ses7band generating a current signal
proportional to thl@lir\ﬁﬂluh@ﬁ?cr@dl%ﬁbbatdﬁ’_@%%df} def@ate b ciffur Pude abheaqsdihels t he
duration of each of the second plurality of pulses. 8 A nethod for
recovering a ‘mneckandi Jrexbesf posur am inpupsrenali lghalnpua V2 Ky whickaisicobhecigd to r at e,
said nethod c rising the steps of: estigmtin LA num. ti i rval

bet ween trans&ﬂﬁ@ﬁggf ﬁ-a.?shtéoq argphpuput né?§t°?ﬁg13 - iy be *%F‘Yﬁ %tlﬁ)t“g}n%f

pul ses corr esm?ﬂ%m EraseR@sisi il Bipar §i@nill 535S IThie PRsbability tat biput 836 gnal ;

adj usting duration of each of the first plurality of pulses based on the
esti mat ed ni niransitions tea highstaiafollgmdng arpisolatedg'zenat max begepresenerhly F{dter the
adj usted first pl urﬁl i téﬂ_of {gy ses; determ ning a center frequency of the
nar r ow band f Ty & SBRERIR HEYERS estinated minimumtine interval : and
extracting in the narpogwahagi(nﬁ deddté ehistfib@edn ¢FirGi Rdngihs ook kenseBinin ed

first plurality of pulses. 23 May 2002 9. The method of claim 8§,
wherei n the e$2ereest fufy osesprespepsiveEle inpat signab £S5 Thegrababilifygatansiselatst

del di «3lgnal SSi [ . 8 i gl h h f
el oy segment Arguien FURRRE i i ikl Ferdile S10 O I" P 00

based on a sebcdutrefte@dnl sfrisolned "geday maytesepreeapdcsifolddws: conparing the
input signal with the set of generated del ayed i nput signals to determ ne
whi ch of the predeterm ned delay tinmes are less than the mninumtine
interval between transitions in the input si gn:;t)l (;l)and

0

(R, + A)) T

rate of isolated 0 = .
but

where 7, and 7, represent the average length for a run of "zeroes" and "ones,"
20  respectively. The average time interval that output 826, remains at a high state prior
to a subsequent high-to-low transition can be represented as follows:

persistence ume = (A, + { Ay) T,,,

The holding property of the edge transition detector 820 may be represented by

parameter . In an embodiment where minimum interval correlator 1090 includes D-
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generating a control signal based on a sumof the predeterm nféjM‘Z?l 6?5 times
that are less than the mnimumtine interval between transitions r% %e

i nput signal. 10. The nethod of claim8, wherein the estimating ste
conpri ses t hWOPEKS7of 1 generating a set of del ayed input si gng‘l:E’Uﬁ 125524
passing the input signal serially through a set of programmabl e del ay
segment s, whaypsifliptfiap K& pmapeaipl dnmfdisrratyslvain anegmRbedimegeVasretmaIMpput
signal based.on a, set  of determned delay tines respectively: conparing
the i nput si dervahrarreistng fsDangics dafling edae fgesiib onrrs itEagrablesone-shg

det erm ne Vm'lqm.oe\éﬁa?‘:cqﬁ’ﬂ%qﬁf e HuPRdnS 8t 8dnskidiRE rafCark Sfdepbiddnt the ni ni mum
time interval between transitions in the input signal; and generating a
control si gnavelags ealuenf mpsulf 13fmayhke tepresersedanfallowsdel ay tines that are

| ess than the minimumtine interval between transitions in the input

signal. 11. The nethod of claim8, wherein the estimating step conprises
the stepssof: generating one e ofRoRuced)BY & L1 3NSipkisRihcPYinR3Ssi g (.

i nput signal through a prgram‘rabI e time interval generator) wherein said
one or nore delayed transitions are generated based on a set of delay tine

val ues, respectively; conparing transifjons.in the input. signal with .the
gener at ed del‘g’_s’/é‘éﬁ?g"é'ﬁﬁ‘?gw [%afﬂaalgg‘ t APPUGR 5’@55&@ ﬁfsrfsi"%ge(#ﬁéraﬂ?m%r e
of the del ay donfBaraté difsut sge,chrﬂermtcrwsm?{n {392 8} B reptd¥Bnis@ by BstioNRL Ches
the mninumtine interval between transitions in the input signal. 12. An
apparatus for recovering a clock signal froman input signal having a
variable bit rate, said apparatus conprising: a rate detector for
estimating a mnimumtinmg_int el ween ff&ions in the input signal;
a transition det ectiqruf,,gﬁ"@pnglgﬁlgg a\eﬁlr :ﬁggpi‘p;?l jp(,yrpmj, pul ses (14)
correspondi ng respecfl vely to trandijttdns in the input Signal; a

narrow band filter for extracting the clock signal froman adjusted first

plurality, of pul ses; and.a rat el ect.or. for adjustin th

bt mat et o AsTRRE T o FhPo eREHnetlee JHMY pe BT RRS Blfr 200ty o
pul ses and a gEatfiy bd eRH e Tubia raare%mmeabick.l TaE sindBlsigrae LaiK gs t he
adjusted first plurality of pulses. 13. The apparatus of claim12) wherein
said rate detedesirabimigatusesthat iissadepsndentioffsegment s connected in series
for generating a set of delayed input signals based on a set of

pre-determ ned delay tinmes, respectively; and a set of |atches connected to
the set of delay segnents, resHGITAEBEEDBACIKMIRCIND the set of del ayed

i nput signals with_the input signal to determ ne which of the )
pre-deternined del Eigurg hadllnsteargsacdigital dmplgaentatigngffeedback Fisewt 8§30 ibet ween

transitiong chchh%nEé‘Wh ﬁ%&%@him@ogﬁﬂ%@édcm. %&Ré‘érh%di leaPatedpaged on a
sum of the pre-determne elay tinmes that are less than the mninmumtinme
i nterval bet weiesuit 830mprisesRiSlatdhes i Bifbiands 1 3P0apositivie Ditgpe fijypfliopd 1LB300f

claim12, wherejin said rate ector. _conpri ses: .a progra le tine .
i nterval gene?-'_‘a"c b340 SNIY gatet gﬁ%ﬂ‘_daméét o?‘agféfpé%‘ﬁgf?‘g’h%r%_gny‘ﬁégfem“% a
set of delay [biffteri3o8Eshd di ?ﬁ?&&ﬁﬂﬁ%’c&eﬁv@g@r @vaes9ssd. r!?g/rﬁb%%uﬁﬁfr?ﬁ tor

connected to the progranmmabfe tine gener at or conparing the set

of del ayed t r &nchides apsounttdiodkr(@ilsj) inpnd 372 ahd downqotntslapka(Clisgidnpulj1334.i ng

one or no of.. t he lay time val ues, .such_that one of e.delay tinme
maé@he% %Fﬁ ﬁg rlgg

val ues 1 18U SHAIE fRanges Wy RiLrate by QRIDRYL Hignal 1 dA<Yignab aRPlied tohe
input signal. c#8 input 1372, signal applied to Clk,, input 1374, and analog output 1384 of DAC
1380.

Feedback circuit 830 receives at inputs 832, and 832, outputs 826, and 826,,
respectively, of minimum interval correlator 840. Input 834 of feedback circuit 830
25  receives input signal 155. Node 832, connects to “set” input 1312 of latch 1310, and

node 832, connects to "set" input 1322 of latch 1320. Latch outputs 1316 and 1326
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23 May 2002 15. The apparatus of claim 12 further conprises: %ﬁ@giiﬁfﬁtion
source for generating a calibration signal having a set of predeterm ned
reference bi R”ég%@% 7vvherei n the rate detector estimtes an estimted
reference bit % the calibration signal;: and a response nBmtfUSP83%5R4

det I Ni diff [ det ernmi f bi t d
he est | mt o dOPRREHLRBUSHREL ARt 448 oD S P TAGHE 1o Bt FARE rSpbablly* nt |
one of the determcﬂs&m’tptexic gif)gfm%u&fmi% r8Ei0es lillEul sT4Hal 9P UaFhpl g@i. claim

12, wherein the rate de conprises: an intefval™ generator r
generating a TFeeminu cpdrs(BC) ditpax 1 I96a08RctOMOS rdsheltinmas i 214amd 1324tdfidatches
transitions in the i n&l}Jt signal; a transitign corrBara &r_ for determ_ning a

di fference bek3AB@nd (| Be0.despaeyvsty. oflogh mpuss | 33and dSdh gt PriypPa flir-{lors 1530
; e . \ ral L th
hut S ool - 1346 Pl oY ScohE LR T R0 L30T BREUMIAINS 1 0 L ot

the second pl ural i ANDOgatd [ 350retdi@d3anpiits fromi Aen-theteingionguital I¥6emnances efjual s
zero. 17. The_apparatus of claim ein the narrow

conpri ses: a DPfiweedlipdiapsrids®and 534105115%3&3{%%,&%# Eﬁé’é‘ép%dﬁgégg‘i’%’ir‘?l‘%ielé?l%l
Phase of tne AJPEdR 16 SRR FbIE AInPIrdLAGE dipute 236 R 1338 STD PO ls?

addi ng t he phfasms 1360mard 1 340) raspgetilelyt, and TCenttput 1866 gticnuoyerdi39an Cmemit [1B38 or
0ot e 1 | e 2, S A D, 1
frequancy of TnaEs: KOCUE g 150 P auency of the. adj usted first

plurality of pul sek omerthtdimemnngp/dadecodmer Bd0igaperates a fpamtjeldriogrycand.ect i on
signal to the center freg_uenc cillator generati Q‘%’ t he cl ock

{ of . the qs
signal . 19. THBICAHEPRPQEIcAHY talaipdfone diffrserae et e BYDAF o Alsearplied
conprises: 37 ci3 mlaw&cﬁgmgmzn Y98 SRR emdb&mehe updRG &lubig t he

second plurality 81} pul ses t hat correFate to the transitions in the 1 nput

signal . 206 Th370egeparagtsizspandllet bimiarp signal wpresennung & sudcesseve\apprayematict for

conpri ses: one or nore re abl e edge triggered del el ements fo

generating t hE'SELOEF fiﬁﬁ?ﬁgﬁtﬁt YRt S‘fng%sé%“ ‘?‘%é’tp CHr ‘é(ﬁ’}é{’é“"tyg?%fﬁ_émf‘?%ngwi ons

in the input GidinAe paren ofﬁhl%&%{:ﬁéd&%émﬂ iR OVEY AMOCR  GAgte {334, gnal  from an
|

I nput signal having a variable t rate, said apparatus conprising: a rate
detector for esti né3éthippatsni3i2andnl824ref latahes V210 dngt 1320 meaeiverpsilsesdrom i n t he

i nput signal; a ratg_ sel r connected to the rate detector: tr ition
detect or conn8tP8Rl 8?8’ ?‘H’g& a‘trgspfé{;‘é':g?" UnipoAAr pLUpPIR PSR, C?rﬁlg‘gfs 13)§§nect ed
to the tramsi kh@P0gpewra £5 13n8ldétb&ed BY €dge transition comparator 820 via nodes 832,

and 832,.

A pulse generated by unipolar minimum interval correlator 1090, which is

active on falling edge transitions 1n input signal 155, sets output 1316 to a high state.
Similarly, a pulse generated by unipolar minimum interval correlator 1092, which is
25  active on rising edge transitions in input signal 155, sets output 1326 to a high state.
Counter 1390 counts the number of transitions in input signal 155 modulo 2,
where M equals, for example. 4. Second stage (Q,) output 1394 clocks D-type flip-
flops 1330 and 1340 on every fourth low-to-high transition in input signal 155, storing
the prevailing state of latches 1310 and 1320, respectively.
30 TC output 1396 transitions to a high state following each 2" low-to-high

transitions in input signal 155, and transitions to a low state after the next low-to-high
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1098 () - &#10%@&' () - &s! 10%@& ()-&S 10%& ()-

" 109%@& () - 109%EHq feIeeHRe BARIIRRt exXPrs *E@f@‘e(e)sﬂé’@?cfd@* RE. which magshe Gpused by
109G () -, " 109K () - S _ .
9@ () - 6’%@%‘?‘5’1 drpendgnioyariplion in igput. signa) 155, Fagures fAaere block @ 10@
10@>MLOY¢88: (dia%r’ahﬁ lo$ &bl frisfitafiofsz¢REte!skled@r 300, in accordance with two

10:  109& ()-!, $109& ()-, $109& ()-!, 109& ()-! , 109& ()- m(y(Y*\ *]*~* *krws~
@! 10y10% ugempadimenysofiheinvenyigp. 10/ 10/ 5

100 ugd () 105 ua' PyIsHGTAREb R il ol ik (i SRl o,

10310% u&' () - ycipfisadia (Jte frafislar&in( J40&] Obtch dndlyded @%uncsiof )plock 1410 and a
10% u& ()=, - fu%:':t-ic'n;$ blgcl:zl: Tg()I Rate translation 1402 may receive as input rate estimate signal

10  RE, which is generated by discrete rate detector 301 of Figure 5. The rate estimate
signal RE may also be filtered prior to translation by 1402.

In the second embodiment, which is shown in Figure 14b, rate selector 310
comprises rate translation 1402 and a rate esumate filter. The rate esumate filter
includes a rate correction block 1430, adaptive filter 1440, filter control 1450, rate

15  change detector 1460, expected rate comparator 1470, and summation 1480.
Correction block 1430 receives at input 1432 rate estimate signal RE, which may be
generated by, for example, continuous rate detector 301 of Figure 8. Adaptive filter
1440 receives at input 1442 output 1434 of rate correction biock 1430. The output of
filter 1440 may be applied as an alternative input to rate transiation 1402.

20 Rate translation block 1402 performs a direct one-to-one mapping of an
estimated line rate into control signals RS, and RS,, which appear at output nodes 316
and 318, respectively. Input 1412 of function block 1410 and input 1422 of function
block 1420 receive an estimate of the line rate, for example. rate estimate signal RE
from discrete rate detector 301 or output from adaptive filter 1430. Function block

25 1410 generates control signal RS, at node 316. Function block 1410 may implement,
for example, the function implicitly represented by equation (5) or the relationship
represented by equation (8).

Function block 1420 generates control signal RS, at node 318. Function
block 1420 may implement, for example, the function implicitly represented by

30  equation (5) or the relationship represented by equation (8).

Several conventional techniques may be used to perform the one-10-one
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" 109%2b2b& () - LlO%JgWQ:n usc-g njfgo%ﬁ‘n& on%%ﬂ?‘%ox@xaﬁ%m Witiddous rate detector 301 of

10  Figure 8, rate correction 1430 and adaptive filter 1440 may improve the accuracy of
the line rate estimate, which is received by rate translation 1402. Rate estimate signal
RE is applied to input 1432 of rate correction block 1430. Output 1434 from
correction block 1430 goes to input 1442 of adaptive filter 1440, input 1462 of rate
change detector 1460, and input 1472 of expected rate comparator 1470.

15 Input 1444 controls the response of filter 1440. Input signal 155 is also
applied via node 314 to inputs 1464 and 1474 of rate change detector 1460 and
expected rate comparator 1470, respectively. The rate at which operations are
performed within rate change detector 1460 and expected rate comparator 1470 may,
for example, be controlled by input signal 155 via input 314.

20 Rate change detector 1460 includes output 1466, and expected rate
comparator 1470 includes output 1476. Outputs 1466 and 1476 are combined in sum-
mation 1480, and applied to input 1452 of filter control 1450. Filter control 1450
includes output 1454, which is applied to input 1444 of adaptive filter 1440. Adaptive
filter output 1446 connects to inputs 1412 and 1422 of function blocks 1410 and

25 1420, respectively.

Rate estimate signal RE appearing at input 312 of rate detector 301 may
include predictable or measured error. Correction block 1430 may implement an
algorithm. which compensates for predicted or measured discrepancy between the rate
estimate signal RE and the bit rate of input signal 155.

30 Adaptive filter 1440 outputs a modified rate estimate RE,, which depends on
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RE; = Y o RE + Y b RE,, (15)

1=~ j==-

where a, and b, are coefficients which may be programmed through input 1444
10  subject.

Filter 1440, which includes an implementation of equation 15, reacts rapidly to
changing rate estimate signal RE when coefficient a, is large, and conversely, reacts
slowly when coefficients a, are large for i >> 1. Coefficients b, may be selected to
affect persistent memory of a particular estimate. The constraint ¥_a, = 1 may

1S  prevent bias in modified rate estimate signal RE,, while the constrz‘Lint E bj < 1 may
avert instability. Coefficients a, and b, may be selected based on pattemls in the
variation of rate estimate signal RE following a correction by rate correction 1430.
Rate change detector 1460 may distinguish small or insignificant fluctuations
in rate estimate signal RE, which is applied to input 1462, from rapid or significant
20  changes in the corrected rate estimate. Rate change detector 1460 may construct a
histogram of rate change values. and compute the likelihood that a current rate change
is significantly different from rate changes in the recent past. The magnitude of
output 1466 may reflect the magnitude or duration of a change in the current rate
estimate relative to previous changes. The response time for performing rate change
25  discrimination may be set by the rate of transitions at input 1464,
Expected rate comparator 1470 may compare the current rate estimate signal

RE with known common line rates or previous values of {RE,}, which have persisted
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10l y< "I 10%& tbq ed linl ghpry that yazious changes and modifications may be made, and

110% () - qgiQ/(ngéngs)m%;lg’g/ ggﬁb(sgnu?e]doféqﬁ‘e@ncgé Ifkcl%éte\ﬁﬁﬁ“bu]t%ei‘amng from the true

scope of the invention.

In addition, many modifications may be made to adapt a particular element,
technique or implementation to the teachings of the present invention without
departing from the central scope of the invention. Therefore, it is intended that this
invention not be limited to the paruicular embodiments and methods disclosed herein,
but that the invention inciude all embodiments falling within the scope of the

appended claims.
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12 OAYS IO (b0 o anad B i Semal having
variable bit rate, said method compnsing the steps of:
estimating a minimum time interval between transitions in the input
signal;
determuning a center frequency of a narrow-band filter based on the
estimated minimum time interval; and
extracting, at the determined center frequency, the clock signal from

the input signal.

2. The method of claim 1 further comprises the steps of:
before the extracting step, generating a first plurality of pulses
corresponding respectively to transitions in the input signal;
adjusting the duration of each of the first plurality of pulses based on
the estimated variable bit rate; and
inputting into the narrow-band filter the adjusted first plurality of

pulses.

3. The method of claim 1, wherein the estimating step further comprises
the step of:
determining the variable bit rate of the input signal based on the

estirnated rminimum ume intervai.

4. The method of claim |, wherein the estimating step comprises the
steps of:
generating a second plurality of pulses that correlate to the transitions
in the input signal; and
adjusting the duration of each of the second plurality of pulses, such
that minimum time intervals between the transitions 1n the input signal match the

durations of the corresponding second plurality of pulses.

5. The method of claim 2, wherein the extracting step comprises the

{44,
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1 109%& () -: #3 98 yeneralfy& phise dcﬁredléﬁ%nél)prowﬁmmjﬂaﬁfé%e between
a phase of the clock signal and a phase of the first plurality of pulses; and
adding the phase correction signal to a center frequency of an oscillator
generating the clock signal.

6. The method of claim 2, wherein the extracting step comprises the steps
of:

generating a frequency correction signal proportional to a difference
between a frequency of the clock signal and a frequency of the first plurality of
pulses; and

adding the frequency correction signal to a center frequency of an
oscillator generating the clock signal.

7. The method of claim 4, wherein the adjusting step of claim 4 comprises
the steps of:

generating a voltage signal corresponding to the difference between the
minimum time interval between transitions in the input signal and the duration of
the corresponding second plurality of pulses; and

generating a current signal proportional to the voltage signal, wherein the
current signal controls the duration of each of the second plurality of pulses.

8. A method for recovering a clock signal from an input signal having a
variable bit rate, said method comprising the steps of:

estimating a minimum time interval between transitions in the input
signal,

generating a first plurality of pulses corresponding respectively to
transitions in the input signal;

adjusting duration of each of the first plurality of pulses based on the
estimated minimum time interval and inputting into a narrow-band filter the
adjusted first plurality of pulses;

determining a center frequency of the narrow-band filter based on the
estimated minimum time interval; and

extracting in the narrow-band filter the clock signal from the adjusted first
plurality of pulses.
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generating one or more delayed transitions by passing the input signal
through a programmable time interval generator, wherein said one or more
delayed transitions are generated based on a set of delay time values,
respectively;

comparing transitions in the input signal with the generated delayed
transitions; and
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s10% #& () -s sF 3 programmable time interval generator for generating a set of delayed

s s 3

transitions based on a set of delay time values, respectively; and

an edge transition comparator connected to the programmable time
interval generator for comparing the set of delayed transitions with transitions in
the input signal and adjusting one or more of the delay time values, such that
one of the delay time values matches the minimum time interval between the
transitions in the input signal.
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a rate detector for estimating a minimum time interval between transitions
in the input signal;

a rate selector connected to the rate detector;

a transition detector connected to the rate selector; and

a narrow-band filter connected to the transition detector and the rate
selector, such that the rate selector adjusts, based on the estimated minimum
time interval, duration of each of a plurality of pulses generated by the transition
detector and a center frequency of the narrow-band filter for extracting the clock
signal from the input signal.
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