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METHOD AND APPARATUS FOR VARI ABLE BI T RATE CLOCK RECOVERY BACKGROUND OF THE

| NVENTI ON' 5w 99/3045 Field of the InventiopcfhRedHsgment

i nvention relates general ly to recovering timng clock of signals In
communi cati on. networks, and nore particularly, to nethods and apparat uses
for recovering timng cI ock of variable bit rate signals in conmunication
net wor ks. Background of the Art 10 H gh reliability networks, which
handl e di verse types of traffic fromdiverse sources, nonitor and nanage in
the tinme domain theME'EHODAd!DABjRAMTUSé?@h%RBhBLE&B]’ERA’HE) detect and

correct transm ssion inpairnments results c§ept able link error rates
and unexpected network failures. R@%Bﬁg must extract froma stream

of transmtted data a clock signal to performthe necessary measurenents
and 15 correct for inevitable transm ssion degradation. An extracted cl ock

signal is necessary to per fpACKGROUNDOFTHEEINVENTION such as
eye-pattern opening and timng jitter. The extracted clock signal is also

essenti al 5for distinguishing t heFieldofthedaventiorn bi ts in the transmtted
data stream prior further roc ssm uch as dl. taJ d Xl ng,
prot ocol conver si 3§F°P§%§€Rfe‘f‘ %ﬁ WZIY 19 FRFONE 0%%5103951(3?‘} or
rate (BER) . QoffifudiGHRH Bbivd?Bs abd ﬁﬂfetﬂa?ﬁl?allir}& Rﬁﬁ&hb&gﬁ{ddfpﬂm%ﬁas@s fopt €

speci fic process,
recovering timing clock of variable bit rate signals in communication networks.

' Background of the Art
10 High reliability networks, which handle diverse types of traffic from diverse
sources, monitor and manage in the time domain the quality of digital transmission.
Failure to detect and correct transmission impairments results in unacceptable link
error rates and unexpected network failures. Hence, networks must extract from a
stream of transmitted data a clock signal to perform the necessary measurements and
15  correct for inevitable transmission degradation.

An extracted clock signal is necessary to perform time domain measurements,
such as eye-pattern opening and timing jitter. The extracted clock signal is also
essential for distinguishing the individual data bits in the transmitted data stream priof
to further processing, such as digital dex.nultiplexing, protocol conversion, packet

20 switching, and measurement of bit error rate (BER).

Clock recovery has traditionally been regarded as a rate specific process, and
as a result, conventional point-to-point transmission systems typically use only one or
two line rates. Emerging network technologies, for example photonic switching and
Wavelength Division Multiplexing (WDM), however, have enébled 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 emergirig networks
maust use clock recovery circuits that are adaptive to the variable rate of the

transmitted data.
-
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as a result, conventional point-to-point transm ssion systens typically use
only one or two line rates. Energing network technol ogies, for exanple

phot oni ¢ sWylgedalsgssyand Wavel engt h Division Miltiplexing ( CT g?y

have enabl ed conpl ex opti cal net wor k t opol ogi es, where [Inks transport

di verse types. of hr onous
Transfer Mbde (Aﬁﬁafs{fk lé?%ﬁ)gﬁ ?ﬁneltg{} fE‘r%odd:[)lrcﬁ tB #t%‘gi"? mA%y %E( SONET) ,
G gabi t Et heesoetry dilenit €or eixirastingenelock s:gmhﬁbmmmpmdatamgml.cﬁgnle fecovery
circuits that are adaptive to the v abl e rat of the tra ed data.
SUBSTI TUTE §54F§f_f? w@%fml’"% gébi’ ‘|EP"F§>’ gﬁ@‘&n@@e‘vé‘@t racki ng
filter oft e’lnélﬁ&‘él al phadt | 16Ln&aﬁoaﬁcm@§aas&1&ﬁéa foop SHcluith ai,ﬁage%@afak&ck si gnal

froman input data signal. Figure 1 illustrates the pri mar onents of a
prior ar® cIldﬁkaMCpnset"yten:lE}Ocalstablbcx@,ltagmmnqtbssndlmeraﬁpr(élﬂmlmd<ed | oop.
The phase | Q cludes a phase conparator 5 120, a | ow pass
filter 130, Ofge@?%f B\}SS tage controlled oscillator 150 (VCO, and feedback

l'oop 165. As shovy sidwh! R RahditicH'dlekeCL10! fok damplea @mh%gge?é@dneedge _
triggered one- shot, receives a non- return to zero (NRZ)" i nput signal 155,

and gener at eshot rmewgs e npwgemdb zgror AXNRZyrinpue Bignak 155aand gengratesta simglé n i nput
signal 155. T . &%ra%on% 1%: eLc%OtPansmon in input signal 155. The phase locked loop,

and

10  whose passband frequency f, is centered on the bit rate frequency f;, of input signal
155, extracts the clock signal from the stream of pulses generated by transition
detector 110. Phase comparator 120 compares the phase of the signal at the output of
the phase locked loop with the stream of pulses, and generates a phase difference
signal. Low pass filter 130 filters and amplifies the phase difference signal to

15  generate a correction signal for adjusting the f)hase of VCO 150.

For a variable bit rate NRZ input signal, two rate dependent parameters must
be properly adjusted in clock recovery circuit 100 for recovering an associated clock
signal 160. One rate dependent parameter is the width Tz, of the pulses generated by
transition detector 110. While input signal 155 generally does not contain energy at

20 its bit rate frequency f,;, the series of pulses generated by transition detector 110 does
contain energy at the bit rate frequency f,,. The amount of energy at the bit rate
frequency fy, is maximum when the width of the generated pulses tg, equals 1/(2f,;,).

The center frequency of VCO 150 is the second rate dependent parameter,
which must be properly set to recover clock signal 160 from input signal 155. An

25  active or passive stabilization signal 170 initially sets the center frequency of
VCO 150 to a value £, in the absence of a signal from phase comparator 120.
Feedback loop 165 causes the center frequency.' of VCO 150 to shift from the initial
frequency f, to the bit rate frequency fy, of input sighal 155. VCO 150 will lock to
the bit rate frequency f,, when its center frequency is close to the bit rate

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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10 whose passband frequencyf, is centered on the bit rate frequency [err]
of input signal 155, extracts the clock signal fromthe stream of pul ses
gener at ed bywo eseasz i on detector 110. Phase conparator 120 cpopesssrséie
phase of the signal at the output of the phase |ocked loop with the stream

of pul ses, and gepgidaitRh 18 aPh&eodked {RHEASE BLORY cirdudtd/md@kolihdii®a 130
filters and anplifies the phase difference signal to 15 generate a

correction sfrgarency inckediloop forteping the sertsefrefuencyds, 9E¥WCOHSP tatheditratsl e bi t

t NRZ i { ' [, &t t { t b |
il ustod 1 ' SEainey B Fiate & ASEEE e oStRhdETe BF R ol0iR FecBler e BPRl' %) oo
signal 160. &be widéindRBEY WeiHtsitida daiRBoe 2 10, phisdokipatiator Dﬂo,rlﬂéegﬁéndyhe pul ses

generated by transition detector 110. Wi e i nput si gnal general |y does

not conta$n eempaygton6Qdow pass fBier 230 prd VICEHUW direquene)] camparaten328s of pul ses

enerated by transikli det ect.or 110 dogs,contai h. ener he hit .rate

19 requency [ZF?‘T’Pﬂ‘ﬁ%‘t“ﬁﬁﬁEﬁW og?ul%eﬁgp atg‘?gY HRYqn &eﬁc@ox@?éﬁﬁ@?&ﬂ?tﬁf S
maxi mim V\henmzm,dhgg&ieﬁtb@ wexiag sighal thatréfMets/te diffetabobawdéd dkerr]) . The
center frequency of V 150 is the second rate dependent paraneter, which

nust be prop&enter fsequenqy of SECQ 250 andhibir bitirata f1equepgy g0 dyn adder 270icgmbines 55.  An

25 active | Py | O | InBht | e center
frequency of ?fi;d%@@é%l‘iggzﬁéﬂ@xa%e@tﬁt #ﬁﬁ%%e%%?ggeagogeﬁgﬁ‘ Fgédg%‘%@g{)g?éﬁom phase
conpar at @0 12fuseferdeMeK requecyl6iV CO2SE6 fo SRt fvanitcinitial eduestf, tothe\WWiiO 150 to
shift fromthe initial frequency [err] to the bit rate frequency [err] of

i nput si gnal ratgfrequency frocansing thedegking sighal toiransitigndo gergq d\é%@??‘?‘é&r] when
its center fr ' : ' When
the cont or f PaSarpalsfon ol ulsitel 4opisht e el droguidey EPlike bF Vco

250.

The stream of pulses generated by transition detector 210 also contains at

15 “multiples of the bit rate frequency £, energy, whose relative amplitude increases as
Tgp decreases. As aresult, regular patterns in block coded input signals may produce
both harmonics and sub-harmonics of the bit rate frequency f,;,. Accordingly,
existing clock recovery circuits track the harmonics or sub-harmonics of the input data
signal when the center frequency of VCO 250 is inappropriately set to a multiple of

20  the bit rate frequency f,,. Consequently, false locking may occur when a clock
recovery circuit searches for the bit fate frequency f, by sweepfng the center
frequency of VCO 250 across the harmonics. In addition, recurrent patterns in
common block coded input data signals also increase the susceptibility of a clock
recovery circuit to sub-harmonic locking.

25 Although various techniques are known for sweeping the center frequency of
VCO 250 to determine the bit rate frequency f,, these techniques are too slow and/or
lack sufficient accuracy for variable bit rate applications. One example of variable bit
rate applications is Wavelength Division Multiplexing (WDM), where an input data
signdl can have a wide range of bit rates. In addition, the existing techniques cause a

30 clock recovery circuit to readily lock to harmonics and sub-harmonics of the bit rate

frequency f;.
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frequency [err] VCO 150 will phase lock to transitions in input signal 155.
-2- In addition to a phase | ocked | oop, clock recovery circuits may al so

i nclude a ey | ocked |oop for -tuning the center frequeagnisgs/ss24/CO
150 to the bit rate frequency [err] Figure 2 illustrates the basic

conponents of a r HavE fiéttods Al ﬁbsesmdtudasu@a hignsi tion
detector 210, prﬂgg céfrf‘;‘g‘?%é’?%‘?b 220, requeng‘g}ﬁhr onpar at or v260 | ow pass

filter 230 abammmmdmmq dsa@mmnmfrthc DthQmC)@dﬁmmeH@ﬂ§tf9@am of

pul ses generat ed by n det ect th t put of VCO 250, and
gener at es FeFYERPRFC iqgﬁéﬁ“ arvé‘flcgsi’gr%tﬁénpdﬁp rsgﬁ?gg bet ween the center
frequency of VCO 250 and the bit rate frequency [err]. An adder 270

conbi nes the | ocking signal with the outg‘ut of phase conparator 220.
Feedback | oop 265 10 c auJHMESCRIPEXON OF BON/CO 250 to shift from

| ocki ng b1 gnal ¢ Hethodhand pisarised Gorgislent ‘ﬁ‘% S el eebie 3o Rt 10
continues tg Ea%?ﬁ%rbmébﬁ%é aitafsrgaﬁlw&ﬁnﬁﬁd%ﬂmuﬁﬁm\(ﬁ@ @ARPval The stream

of pul ses ge erate y transition detector 210 also contains at 15
nul ti pl es obetween transitionsén theslgtacsignal, and based g the estimatedeminimym; tiee anp| i t ude

ot eases ag | er b OCt 23 Cher ABqfhnt 5Pk hared BB RS el ot

signal from the data 51gnal For example, a clock recovery circuit consistent with the
10  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 genéi'ates 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
15 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 puises.
Methods and apparatuses consistent with the invention estimate the bit rate of
a data signal independently of a primary phasé locked loop and freqﬁency locked
20 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 applicatibns.
The description of the invention and the following description for carrying out
25  the best mode of the invention should not restrict the scope of the claimed invention.
Both provide examples and explanations to enable others to practice the inventidn.
The accompanying drawings; which form part of the description for carrying out the
best mode of the invention, show several embodiments of the invention, and tb,gether

with the description, explain the principles of the invention.

30
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bot h harnoni cs and sub-harnonics of the bit rate frequency [err].
Accordingly, existing clock recovery circuits track the harnonics or

sub- har moni g8 dafspdshe | nput data signal when the center frequemmssbssyO 250
S inappropriate?y set to amultiple of 20 the bit rate frequency [err].

Consequent |y, . fal se | OC@@WIWOFMMAWW circuit
searches for the bit rate frequency [err] by sweeping the center frequency

of VCO 250 acr osdnttieeFigaresoni cs. | n addition, recurrent patterns in comon
bl ock coded input data,signals,alsq.increase.th C LRJ . clock
recovery circuit to s%ﬂﬂ%ﬂﬁﬁﬁﬂ’?"“ﬁ%&%ﬁ%?&zg‘ma%"%l&“%%ﬁg)u‘ldﬁh%f/'aﬂ%@s

t echni ques EM@M ocB¥ERBHNG the center frequency of VCO 250 to
det erm ne fﬁ@%’l t rate ¥°r equeni(;:y [err]these techniques are too, sl ow and/ or

| ack suffscient accur dFiguredisabidckidiagram of a prier aeckraeovsRLCircEitewbithnpl e of
variable bit, rate applicatjons,is Wayel.ength, Division Miltiplexing (WM,

where an inpﬁ‘f’ﬁ’éﬁﬁ%ﬁg‘?‘{?ﬁgxlo(?g‘?f”ﬂg?/émgawaag}o%%l\ébg’f bit rates. In addition,
the existing techni quesighRUSIE adblR diagedR 6Ka F&fdIbiyracd clock recdveryrdedit) y | ock
to harnonics and sub-harnonics of the bit rate frequency [err] -3- Thus,

it is desirakiascomatezwitinat ¢mbidiment o thednvantio®ss t hat do not have the
above-mnenti oned and ot i%{xredJ, igaadbygcrl}tcﬁaog%gln%}a;]%abw biPFatPibckohOhbny Geay.er Y

circuits for
10 which includes a calibration means, in accordance with an embodiment of the

invention;

Fig. 5 is a circuit diagram of a forward rate detector, which performs
discrete interval pulse-width auto-correlation, in accordance with an embodiment of
the invention;

15 Figures 6a, 6b, 6c¢, Sd, and 6e illustrate timing diagrams of an input
signal as it propagates through a set of delay segments, in accordance with an
embodiment of the invention;

Figure 7 is a circuit diagram of a delay segment, in accordance with an
embodiment of the invention;

20 Figure 8 is a block diagram of a forward rate detector, which performs
continuous pulse-width auto-correlation, in accordance with an embodiment of the
invention; _

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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recovering a clock signal froma variable bit rate input data signal.
DESCRI PTI ON OF THE | NVENTI ON 5 Met hods and appar at uses consi st ent

with the pr vention recover a clock signal of a vari ' te
data si gnalﬁégﬁgéoé%frmti ng the mninumtinme interval bet men%@n@?}ﬁ%ﬁs in
the data signal, and tl 1A ' |
determ ning a center ??é‘%g‘e%yi%‘ﬁ lgé’r?gg?ggvﬁbda%geeﬁl {%Lengt?lﬁg?h%&%rag%%at he
cl ock si gnalfeédback tifeitchatd associared signatsiin @ ferwalrd ratadeteabar i scondange with cui t
consistent with the 10 resent. i nvention extracts the clock signal from
t he vari abl eansimbadiment @fthg iBYEFHAN: by estimating a mnimumtine interval
bet ween transitions i ng Rretaf! % iflGe ' e Jos

) 13031 3d, adiP13e ifjlstratdd Ié ti
generates-a plurali tyrk:)l gﬁ?‘?éga?h%? i(:3ora}£&saponlg o) tr%gfh%ﬁl nsrﬁ%Hrtlétoﬁe dat a
signal , ahd off feedback biccuitundtassciandd stgrals infa fotwarg vits detedtars éndaarordahee
estimated mininumting interval . The clock recovery circuit inputs into a
narrow band Vithesgemppdiment offhe IveRiP At es, determ nes a center frequency

of the narrow band fi lﬁgﬁmpﬁfﬁde)irhbtﬁgb@%%nﬁi& %E"iﬁigﬁzbj &fval , and

extracts in the narrow Band Pr omt ust ed

pul ses. Met hgdlectarnNih sRpdrdarmie watstwombaiimets of thi inveatibmvent i on estimate the
bit rate of a data signal independently of a primary phase | ocked | oop and
frequency | ocked 20 |oop. Such nethods and apparatuses directly estinate

the mninumtine i ntm m@ﬁgﬁﬁ' @@[mm WERT‘R') al, and thus,
el imnate the probl eis of harnonic an suﬁ-harrmmc ocking that the prior
art cl oclor ecover Referdned will nowlbelmadeiin detail tathe préfetred ehbodimphts ofitheons.
' invention, examples of which are illustrated in the accompanying drawings.
Wherever possible, the same reference numbers will be used throughout the drawings

to refer to the same or like parts.

VARIABLE BIT RATE CLOCK RECOVERY
15 Figure 3 is a block diagram of a variable bit rate clock recovery circuit 300, in
accordance with an embodiment of the invention. Clock recovery circuit 300
comprises forward rate detectoi' 301, rate selector 310, transition detector 320, and
" narrow band filter 330. Clock recovery circuit 300 includes a programmable clock
extraction path and a rate selection path. The cldck extraction path includes transition
20 detector 320 and narrow band filter 330. The rate selection path includes forward rate
detector 301 and rate selector 310.
Transition detector 320 and forward rate detector 301 receive a variable 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. Like_Wise, forward rate
25  detector 301 estimates the minimum time iqterval 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 g, of the
pulses generated by transition detector 320 and the center frequency f_ of narrow band

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

-6-
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The descriptjon of. the invention and the follow ng description for carrying
out 25 the best node of the invention should not restrict the scope of the
cl ai med i nvewntdemoas7Bot h provi de exanpl es and expl anati ons t ecangsIkesss her s
to practice the invention. The acconpanyi ng draw ngs, which form part of
the descri pahd#,,f @spectvely When wdte sdlectdreD semdee apprdpiniate) iy & £ omarroshow
several enbodi nents of the invention, and together_with the description,

expl ai n t he band fikter330exiacts elgck sighal d6Q fromghe Stgeam of pieEr DESCRI PTI ON OF THE
DRAWNGS In the K el d: ' qugje‘ ' of a prior art clock
recovery ci rcuit!ii ﬁgs?ﬁ‘alter?(l: udggl%dyg)ﬁa 33%&%5?‘?{?3{% 5

Figure 2 is a block diagramof a prior art clock recovery circuit, which

i ncludes a frequency | ocked | oop and a phase &ocked | oop; Figure 3,js a

bl ock diagram of a variable bit r dtle=dhio e overy circuit, in ac dance
wi th an enbodi nent of the invention; Figure 4 is a block diagramof a
variable bit rate clock nmenory circuit, 10 which includes a calibration
means, i 15 acwhdrelfigdetheibitirate frequenoylbfimpat signal h$5 and Ky, is either a constant ora

slowly varying function of f,;. The pulse width 7z, from the transition detector 320

may be represented as follows:

, _
— = K (RS)), @
Tep

where Ky, is a monotonic function of control signal RS,. The center frequency f. of

the narrow band filter 330 may be represented as follows:

10 fo = Ki(RS)), 3
where K,. is a monotonic function of control signal RS,. In one embodiment, rate

selector 310 may perform a one-to-one mapping of rate estimate signal RE to

predetermined values of gy, and f as follows:

RS, = G, (RE), @

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

K fo= Gy (Fuir " Kot (Fuie) ), and )
RS, = G, (RE), 6)

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

following relation:
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invention; Fig. 5is a circuit diagramof a forward rate detector, which

perfornms discrete interval pulse-width auto-correlation, in accordance with
an enbodi nmewip @dfzedgre | nvention; 15 Figures 6a, perTnResnsesh and
6e illustrate timng diagrans of an input signal as it propagates through a

set of delay segnents, in accqgame,)e Gh(fan Kroeadent of the invegion;
Figure 7 is a circuit di agram o a del ay segnent, in accordance with an
enbodi ment of the invention,; Figure 8 is a bl ock diagram

aut o- cor ol at | on. oRe SRR aeﬁ@'e B Helha Rk b mally ifcblaelonce

Figures 9a, ébratedtimancki@hl RE| wheress K, nilfy tel ittty coliseat. alirthis ferrtbodiniai|t
signal, output of a time interyal ?enerator and out put of an edge

transition 2ie selytipestarapations (Reed (JaneebeiepresenicdatigliPWEnt of the

I nvention; Figure 10 is a circuit diagramof a mnimuminterval correlator,
I n accordance with an enbodi nent of the invention; Figure 11 illustrates an

emtter cdupled logic (ECL) inG|REpeig+op RE+ 8 (RE)pOl ar m ni mum i n{gy val
correlator, in accordance with _an enbodi nent_of the 30 invention; -5-
G, (RE) = g,, + 8, RE + &, (RE),

where g,;, 812 &>, and g,, are parameters, which may depend on temperature or the
interval of rate estimate signal RE. Similarly, the functions €, (RE) and ¢, (RE) may
be slowly varying functions of rate estimate signal RE and temperature. Thc

10  parameters g,;, 2,2 821s §22+ €1» and €, may be selected to satisfy, for example,
equations (5) and (7). Alternatively, e, and €, may be set to zero.

Figure 4 is a block diagram of variable bit rate clock recovery circuit 400,
which includes a calibration means, in accordance with an embodiment of the
invention. Clock recovery circuit 400 comprises forward rate detector 301, rate

15  selector 410, transition detector 320, and narrow band filter 330, selector 420,
programmable calibration source 430, and response monitor 450. Calibration source
'430 generates, for example, a "1010" signal pattern with predetermined bit rates £,
for example, (1/m) x 2488 MHz, where m is a progratnmable integer between 1 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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Figures 12a,.12b, :12c, and 12d illustrate an anal og inplenentation of a
feedback circuit and associated signals in a forward rate detector, in
accordance WQ9938457enbodi nent of the invention; Figures 13a,pchsoshsngs 13d,
and 13e illustrate a digital inplenentation 5 of a feedback circuit and
associ ated strgisition detector 320 Wi garfodt BandgtlRES30., | n accordance with an

enbodi nent of the invention; and Figures 14a and 14b are bl ock di agrans of
i npl ementations of a rate selector, in accordance with two enbodi nents of

Ref ernce w11 nokienmptor AEER ol o AR Rhwialk ot RE framor e

i nvention, . ewapm 303 of forwardfatendetectdri308t Infdutsicdlibritd thode GesHOALY bRt aW Ngs.
Wher ever possible, the same reference nunbers will be used throughout the
drawi ngs to f&9 eqmpases e esimate signali R& with each predesgrmined bl ratefyy ERSPOBK
RECOVERY 45 : | ' 0 | agr of ri.able bit rate

cl ock rec%vefn)? ng?rr%slﬁ):: éteﬂ%@§,3.alt hﬁtggtcioyrﬁ § Eeég“@?‘%ﬁi’%l\?fg% ‘WB&‘ CWSP%‘%

i nvention. Crohls diffspence bytwebi fitd éstitd® GEEPRESAE a pRidRhEined bR ralgtrect or 301,
rate selector 310, transition detector 320, and narrow band filtér 330.
O ock recoveRpeseiestar #10xsoeiveiaonueksignabRVatperamstes uplae knput 412, and based

on control signal RM, adjusts, for example, its rate selection algorithm or entries in a

look-up table for setting control signals RS, and RS,. For example, rate selector 410

10 may use parameters g, 82, 821, £2; and/or functions e, and &, to adjust mappings of
G, and G, in equations (8) and (9).

DISCRETE FORWARD RATE DETECTOR
The time interval between transitions in input signal 155 may be represented

as At =n 1, where n is an integer greater than or equal to | and 1 is the bit period of
15  input signal 155. In other words, 1, is equal to the multiplicative inverse of bit rate

frequency f, of input signal 155. Forward rate detector 301 may estimate the bit rate

in input signal 155 from a plurality of consecutive transitions in input signal 155,

which would represent a set {n} of values for run length n. From this set of

transitiohs, forward rate detector 301 may determine the minimum detected interval

20  between transitions T, which may be represented as follows:

T . = minAz?.

mnin
{n}
Furthermore, t,,,, may represent an unbiased estimate of the bit rate 1,;, as follows:

lim Toia = Thic

P(n+1)-0

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

9.
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extraction path and a rate selection path. The clock extraction path
I ncl udes transition 20 detector 320 and narrow band filter 330. The rate

sel ection p@iduddngdzudes forward rate detector 301 and rate ser@fisofnsadd-
Transition detector 320 and forward rate detector 301 receive a var’%a%{)e

g IZE) rg 2; : r Ia‘[] gljls&’g‘ %gé&?ﬂ@dmatééé coﬂt&fﬂe'drb?lbtlo&' C%H %5& IHda'Hl Iehﬁe(?l@e g tector

se 1 n response to each trans?{gi on in mpﬁ st ghal 155.
Li kewi se, f obiwath@ disttete probabilint densioy foB tiin lesgth weis $6r)t=hZ". riThe mm terigthre

i nterval between transitions in input signal 155 and generates a rate
estimate si gHAFIDRYON foxfignals, which areengodedising hivck o NEaY 358 Dest | it o
signal RE in 54 ' Stz d 0. Wi A of the
pul ses genér%@é@agl;%{e&%nfso??@g%v?ﬁ?se%f%am%eftgﬁéqg%ﬁ“g? rteﬂébéﬁgfl f, of
narrow bahd bit intervals $6th e 4 peatriquitt pitedRwith thast aypes of dighalsignalsefor TED and f,

to, for exanple, 1/(2 rr], -6- and [err].respectively. Wen rate

sel ect or 3188’?9!@3? tgé’%r‘lgbﬁté‘?% F(?ﬁerfl]oﬂ ‘?%‘khb%&“f;?? %Pngﬁ’”é‘i'f" des

cl ock signal; : ffgn% eALY | ' , y be
represented gxi:ﬁg%ﬁaﬂ;mﬁgﬁ:, 5 diere T F%t%(ﬁ?ﬁ%y%ﬁﬁ% ?ﬁk@gﬁi‘%‘gi}%‘%ﬁ’r‘%ﬁt

si gnal 155 amdajueemgnts of ©j,! Ereadditian tixt predmisde ofia phaket sepreaentediby inpoct i on of

Th I i.dt h f he t {1 t 320 b
Lorr] The o e st i elide £ T DS Aol e SO iR St

10 therate of input signal 155.

Figure 5 shows a circuit diagram of forward rate detector 301, which performs
discrete interval pulse-width auto-correlation, in accordance with an embodiment of
the invention. As shown, forward rate detector 301 comprises N gated delay segments
S, through S,, rising-edge-triggered D-type flip-flops 530, through 530 ,, R-S latches

15 550, through 550,, buffers S60 and 570, counter 540, and an N-line priority encoder
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 1 < i <N. Depending upon the embodiment, the particular values of t; may

20  differ between delay segments 5;-Sy. As shown in Figure 5, delay segments §,-S,
include resettable falling edge tﬁggered 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,-S,. For example, delay element 510, delays output 528, of delay
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SUBSTITUTE SHEET ( rule 26 )



where [err] js a npnotonic function of control signal RS,. The center
frequency f, of the narrow band filter 330 nay be represented as foll ows:
wher e K[ errivos/sassronot oni ¢ function of control signal RS[errgrASYsnss4
enbodi ment, rate selector 310 may perform a one-to-one mapping of rate
estimate si SagnefttS, by udiet]pimdrdelagettmeatsisas, mfd:’gl@g d¢layoutpit] 3285 of detayf ol | ows:
15 where Jerr] is a nonotonjc functio ti mate sjqgnal, RE and
satisfies thesmentl Mk ngegthg t *B'r#’i" Gﬁgﬂa}sﬁegg}m Y Bt mat e
signal RE an e e following relation: -7- err] I'n one
enbodi nent , 1%3&@%’{‘&153;;\/@43 an approxi mately |inear depeLden]ce on rate
estimate signal RAstheiapeamndifien propagates ihewonginddlay scgmenta §{-Smicanseriitéve

enbodi nent, the sqlutions to uat ns resented as

foltlowsI %e?@?‘éﬁ??:%“ﬁ& m\ﬂ#&é#@ﬁ)’}"é@%ﬁ%xb‘ﬁﬁ! tﬁger ature or the

Interval o é:@&-ﬂ? d wasdifid®orh@N6w By be

slowy varyi n@&?%ggﬁ ns ?rh ng B@éﬁs?&?‘ Bg Sﬁasg‘g%agnd t(larrpe?tgture T%e 10

par anet er s [euate]tomglbmteeEamtfaﬁingedMansmpn i imputesignap 185 inistptestai series (5) and
(5)

7). Alternatively, [err] may be set to zer
(7). “of pnlsgs, which a]re thex%/ compared to the ar%v ‘of a subsequent rising transition in

input signal 155. D-type flip-flops 530,-530, perform the comparison by latching the

10 state of delayed outputs 526,-526, and 584 upon the subsequent rising transition in
input signal 155,

R-S latches 550,-550, receive and store the state of D-type flip-flop outputs
536,-536, via "SE " inputs 552,-552,, respectively. Outputs 556,-556, of R-S
latches 550,-550, connect to inputs 595,-595, of N-line priority encoder 590, which

15  generates at output 598 the binary equivalent of the number of active outputs. 536,-
536,.

Clock input 542 of counter 540 connects to input signal 155. Counter 540
generates at output 544 a pulse, which resets R-S latches 550,-550, after a preset
number of transitions, for example 32, in input signal 155.

20 High speed operation is achieved by partitioning the net time delays into small
intervals t,-1,, and simultaneously resetting each delay elerhent 510,-510, via
common control line 574 of buffer 570. Buffer 570 delays the simultaneous 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 fate detector 301 ti:ay, for example, inciude a duplicate circuit, which is
driven by an inverted replica of input signal 155, for sensing the length of each pulse
in input signal 155 following a rising transition in input signal 155.

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

through delay segments S-Sy, in accordance with an embodiment of the invention.
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Figure 4 is a block diagramof variable bit rate clock recovery circuit
400, which includes a calibration neans, in accordance with an enbodi nent

of the invewbigengssel ock recovery circuit 400 conprises forvvai;élr,bgg 5524
detector 301, rate 15 selector 410, transition detector 320 narr ow

band filter I I RiSHBH nasi and
response rrolr?lé'?%rs ééﬁlggﬁ%q?%ragf ?%%urce g@ugﬁgﬁgrlg?ggn%ﬁﬁ%ggsam&h a"

1010" si gnadelpasegmentsi;iSy. gyt dlieendrofiaputselin mpnasxgsal[léﬁrtpe ﬁdayMgphmy (1/m
X 2488 MHz, wh I S ro bl e integer, bgt ween and i ncl usi ve.
Reaponse noRis Growtis Gefiel ot SLSERGR Eentus rr Bri = BUSCNiB e 454, 20
whi ch cont r glohebtiirativtih tnputSigha| 198 wolld ﬁa@ﬁl HR66ah the Févdst Ruberlok BElgY | On
source 430. Sel ector 420, which is controlled by calibration enable |ine

421, recki vesgmentsf-Sui qnatlt 52350fath@|k"bdﬂlammeoh$ks@ et high S@tecwheanrtheisumpor t s

422 and 424 f‘&‘z ect i vel i te s tor 4 accept s rat stinmate REfrorh
f orward rat8 AN R eé:ﬂ? n&)rﬁ | %isY glt"“ﬁgu control ling

transition ﬁﬁﬂmkaﬁvéﬁaoe@admemtmhﬁeq ik ?ﬁﬂsx m15§5 control I'ing
narrow band filter 330. Calibrate enabl e |ne4 1 activates the calibrate

mode, at whi ch t Asshewn ucfméb-ec@npmﬁa&mﬂuﬂaﬁaoﬁ delayssegments §3and $, f or war d
B 2 e
clock exbr ashgmdEas vt dulay séknidhed S|4R8 S Gre SWRSTVET witkiiREd timd p¥rd26)
The waveforms indiéated by the dashed lines in Figurcs 6d-¢ show the state of outputs
528, and 584, respectively, for an input puise of longer duration. After a small
number of transitions input sigﬁal 155, depending on the run length distribution P(n),
a pulse with n = 1 appears in the iﬁput signal 155, after which time the state of outputs
15  556,-556y represents an upper and lower bound on 1,;,. The state of outputs 556,-556,
tracks increasing and decreasing values of 1,; when the pulses from counter 540, for
example, occasionally reset R-S latches 550,-550,. Priority encoder 590 derives at
output 598 a binary representation of 7,;, from the state of outputs 556,-556,,. This
binary representation of 1y, is rate estimate signal RE, which is uniquely determined
20 by Ty, and the particular values of t,-ty. The resolution of the estimate of 1,;, may be
improved by performing multiple scans with different combinations of values for ;-
T
Table 1 lists several common line rates in input signal 155 and the segmental
delays 7;, 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 t,; 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 consecx:tive rates,
Since the net delay through k delay segments may be represented as E T,, the
segmental delays 1, represent the differences between the net delays lii;lted 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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transition detector 320 and narrow band filter 330. Response nonitor 450
receives at input 452 a rate estimate signal RE from output 303 of forward
rate det ectwo988d4571 n aut o-cal i brate node, response nonitor PCTAISRLESA €S
rate estimate signal RE with each predetermined bit rate [err] Response 5
moni t or 450ovpraovide emge of limamapst 456, a second control signal RM which
corresponds to the difference between rate estimate signal RE and a
predetermned bit rate ff. Rate selector 410 receives control signal RM at

paranmet er update input 412, and basedqamygEentrol signal RM adjusts, for
exanple, its rate selection algorithmor entries in a-look-up.table.for

setting conjrok:siwhals [erpdiodm ! (£s@ P! €, Negbela§e! eCtSugnfehfil Delay 1May use
par anmet ers d/ o f uncti ons "‘é,( aﬁidmeZ to ad zst mappginf_E f [err] in
X 1 thized)

equations (& anlC8 Discr SRAARD =~ SSASCLNS Ammaa- re—+nt-etval

bet ween krapsitigypg gon i nput sigpgd 155 nay be..represented as-[err] (where n
Is an integer greater than or equal to | and [err], is the bit peridd of 15
i nput  si g][lal _ 355. %ismf ot her WorEjB.SO([ er][] is teqﬂt_éOltf) agg mél t bpl idcative

i nverse o it rate frequency [err] of input signa . Forward ratje
detector 30] may @45 mate the bPP3%ate in inp%g%i gnal 155 P8 a pljurality
of consecutijve transitions in i signal 15 I ch woul d,r.eprese a set
{n) of valugs for 800n | engt h n.P'Egémthi S set ?8? transitiong',ﬁsorwarﬁ rate

detector 301 may &ﬁ\t?/ﬁrm ne the pggs mum det ect qg?ént erval 20 33@et weep
: S
531

transitions|[err] ich may be Tepresented as foll ows:

10 1.833 1.746 0.317

265 3.744 2.829 1.083

194 5.144 4459 1.630

155.52 6.430 5.787 1.328

132.5 7.547 6.989 1.202

15 125 8.000 7.774 0.785

51.84 19.29 13.645 5.871

DELAY SEGMENT

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 S,, generalization to delay segments S, and S;-Sy 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 @y, and
25 aprogrammable current source [, connect to capacitor Cyy, at output 514, through
resistor R,y Current from the emitter of Oy, rapidly charges Cyy, to a preset value
while the current from I, discharges Cy, at a controlled rate. The voltage at output

514, is sensed by a gated differential amplifier, which includes Qo0 and Q5. The
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Furthernore, [err] may represent an unbi ased estimate of the bit rate
[err]as follows: Digital signals such as input signal 155 may have random
bit patternyo®es08Y - 9- have prescribed bit patterns consg ﬁggfsﬁ

bl ock coding. For a random sequence of bits, the discrete pro Ity

density for bidédof @)Padd O,,] onkediko eucﬁuzsm'pendm fefeiéHicB vBitader W,Qut i on for
signals, which are encoded using bl ock codi n& may al so be a%)rom mately 2n
for smal| vEASPRSSIvely. frhepmm@&aﬁmwﬁp&%m B2 |°ﬁ%ﬂ¢@é¥’é§°€iﬁ3 &) fired 5

bi t |ntervalg \Mé%g o T, occur quite often with these types of digital
si gnal s, o IEKEAPIE aﬂ?out 50% of the tine. Based on the high incidence of

single bi t | Nt er Tak badervfiapatig Garistdr 0.0 Tonhcuts@IcdmnfintconbbbPlies 74384 may
rapidly and reliably estimate fbi, from neasurenents of T. I n addition,

the preadbl eccond inpysska: The sellectarand CRNHST 9 Gha SPENESY tOOYLPULTI6, andingde
“1010" patt e rate of
i nput  si gna?gqgg&le ﬁ%@%ﬁéxﬁ@%@p %%r?gl%g&irn% EH/I\%S]%O“ gs det ect or
301, which rse zﬁfdrﬂ%g irsspeaivelyl. @mpuwzspwhmhcmﬁcts talﬂlﬁwecﬂlecmﬁbﬁQJ,zgﬁs in
accordance with an enbodi nent of the |nvent|on As shown, forward rate

det ect or 30 PbEnedTroma henyoliagedrop aFrass Rem RUPW 536, trhich cnnegts fo the

11" 09,599 cHIRABELPD, Db B, W s RGuiE okl il e Bl ches

priorityoen Creﬁ&rnce V4 may be altered by positive feedback via control node 742, which

- connects to output 526, to provide threshold level hysteresis. A voltage greater than
that set by reference V5, at either output 514, or common control line 574 forces
output 526, to a low state and output 528, to a high state. In the last delay segment S,
the gating transistor corresponding to Q;,, may be omitted.

15 In the initial quiescent state, input 512, and common control line 574 may be
at a high state, and output 526, may be at a low state. In this state, the high signal on
input 512, controls Qm to preset the voltage across capacitor C,q,. A high signal at
common control line 574 activates Q,,, and forces output 528, to drive the next delay
segment S; to a high state even before the voltage on C,, reaches the 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 Cyq,, 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 Oy, off and allows C,,, to be discharged by current
from L. 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, to 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 T, associated
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590, where N is an integer greater than one. Delay segnents [err] connect
to each other in serial fashion, where each delay segnent [err]

successi velwodekeass by tine T, the falling edge initiated bydrnyses2ssegnal
155, where 1 < i s-N. Depending upon the enbodinent, the particul ar val ues

of [err], nWihdBlay séinkdnes, RebVEA HethevhagocmBévaticar atoutpAs58HoThe i N Fi gure
5, delay segnents S, S3 include resettable falling edge triggered del ay

el ement s 51valugeitine delayr musrbegistesminsd by thediffereneasheiwesn the presetypltages of

cach o0 et LIPS Al G e hefrbomR e e 117

however, i nedwesiae, aiefervtislaaipiifier Sfisét valade Wi atniieswieshifgBfresindd ahelvalde  of an
OR/'NOR gate. Buffer 560, which receives input signal %55’ drives del ay
segment S, . 0&&?&%@'&;&9&&@8@%@%@@@%@?@9“@“@1&“‘5@ HCUTeRt becbastt put 514,

corp! enent aryRe e CupBit i Sl O BShfea T enttie3 0T MR 2 e 520,
drives the péifiordBipaNaytRastiadented as fsllowwstli ngly, the 30 falling edge .

transition of input signal 155 passes consecutively through each of del ay
segnents [[err] For exanple, delay el enent 510, del ays output 528, of delay

-10- SUBSTITUTE QHEET, ( TUlg 26) yi _yihy(c . +Cy)- Ol (10)

The resolution of the discrete rate detector depends on the selection of time delays ;-
10 1, which may be programmed, for example, through the value of current Iy, for each

corresponding delay segment S-S,

CONTINUOUS FORWARD RATE DETECTOR
Figure 8 is a block diagram of forward rate detector 301, which performs
continuous pulse-width auto-correlation, in accordance with an embodiment of the

15 invention. As shown, forward rate detector 301 comprises minimum interval
correlator 840, feedback _circuit 830, and output 303. Output 303, whose value is rate
estimate signal RE, receives output 836 of feedback circuit 830.

Minimum interval correlator 840 includes a tunable (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 <, which is controlled by rate estimate signal RE.
Alternatively, 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 7, which may have different values and are controlled by rate

estimate signal RE.
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segnent S[err] by time, and delay elenents 510[err] and 5102 del ay out put
5282 of delay segnent [err] Hence, the total delay through k delay segnents
may be repnpeepkedr as [err] As the input transition propagstgesdsissdoh
del ay segnments [err] consecutive 5 out puts 5281-5283 may transition from
a high state to %E%u%ﬂ?mm&@rﬁcéesxﬁ&ﬁéeigﬁarxm@omrmh@mnt ary outputs
526, - 5263 and 584 may transition froma low state to a high state. Each
falling edgeelationsbipti on(RE). Tmtntgw@r&her&t%Smmayépé%xaa“!ﬂ%hees of pul ses,

whi ch are then. conpar he nsition in
i nput si gnalimpl&en 5&?%@@?&‘8 ﬁoéétﬁ %Q{%‘ orm %%‘rr%% i son by

| at chi ng t hgoaflant3b affiest@rdeéte! ayed out puts 5261 - 526N and 584 upon the
subsequent rising transition in input signal 155. R-S |atches 5501-550, v

recei ve &nd st or dragsition compamatoy 20 ﬁP?lﬁesfﬂtéﬁP”éﬁM S24anput sighaly o " SET"
I nputs 552, - res 5501- 55%N
connect to i Lff‘g og@g?gg%gﬁ%ge}‘vq{gﬁl n%l&f)%l:%grgsP%%Sn @gge%ﬁ h 15

gener at es atyfiftiot comParatdiB20igeeraeealsighd) which o mbiikﬂomuﬂl}eklam‘d taclid ve
outputs. 536, - 536pv ock input_542 of counter 54Q connects to in

si gnal 155. differenes besweergéﬁé#m dadggitrapsitipy comparater 820 8@3\'%9690%5&55 RS

| at ches 5501 550 r I 2, 1In
i nput si gnal M tlS%Wﬁenpar&ﬁgég%gﬂm ngiﬁle&ri;?{figﬁéqag@gsc eveg g tine>

partitiofg nghés%p@&i Cuitpar 826 livieseived oy inpad 832Idﬂlf&rdbadl&1fcﬁ1t18]30,avhich
si mul taneously resetting each delay el enent 5102-510N vi a
outputs rate estimate signal RE at output 836 to adjust <, such thata prescnbcd rate of

pulses are generated at output 826. The time constants within the feedback circuit 830
may be controlled via input 834 by the rate of transitions in input signal 155. The
prescribed rate of pulses from 6utput 826 may have a constant duty cycle.
15  Alternatively, the prescribed rate may depend on the rate of transitions in input sigﬁal
155.
In one embodiment, the relationship between the rate estimate signal RE and
1/t may, for example, be linear. Outpuf 836 df feedback circuit 830 controls T via
negative feedback to input 816 of interval generator 810. The negative feedback sets
20 rate estimate signal RE such that ©(RE) equals 1. Hence, bit rate frequency f,; of
-input signal 155 may be determined based on rate estimate signal RE since bit rate
frequency f;, is nearly proportional to rate estimate signal RE. In addition, to reduce
noise in rate estimate signal RE, forward rate detector 301 may also include, for
example, an analog or digital means in feedback circuit 830 or rate selector 310 for
25 ﬁltering noise in rate estimate signal RE. |
In accordance with another embodiment of the invention, forward rate
detector 301 may estimate t,;i, using a pulse 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 e illustrates the distribution of values at output 826 for different

values of T and an arbitrary fixed value of 1.
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common contral line 574 of buffer 570. Buffer 570 del ays the sinultaneous
reset signal, such that the mninmumhold-tinme requirenent of D-type
flip-flops OHISN i s satisfied. 25 Oper ati on of fecnassbassise
detector 301 may be initiated on the rising edge transitions in input

signal 155 as welfjga® daliBowinbht\GgAll 055 with A trahdi@étPodchrrinp U tinfel ARAY ankdS.

Forward rate detector 301 may, for exanple, include a duplicate circuit,

which is dri mrbsb?ueaméx@mntaeslzée@ Thatradsitionu s S 03Hggers filhe iftavalsensi ng t he
| ength of each pulse in input signal 155 following a rising transition in
i nput si gnal ger@fatorR10, whose outpBl pulseis delayed by 1. (Bwreeavalueasiofitiaty indisaed by of

I nput signal .155 as Lt prapa es through delay segnents SI-SN, in
accordance Mﬁﬁé*éﬁ%%%&aﬁgﬂ&%f the invention. -1 1- SUBSTI TUTE SHEET (
rule 26) s Fi gur ppufd 96 afd o¥vlfstrat biaRbfREGAt § 1470TTind iferi4l gbiRatbr SiOnal 155
as it propagates through del ay segnents SI-SN. At the end of a pulse in

i nput si gnal far3®p differerd emboditentsg Figuae O lvstrates statg bf outputr826f edge al | of

del ay segnments S,.-S. Becau | se with,.the shortest duration in input
si gnal 155 mﬂﬁ?ﬂﬁ%‘?yﬂamt?}ﬁgﬂ%?ﬁgef%m ofimEMSr of delay 5 segnents

when £ he.sum of 4o By T e B B e A erF arbie Sl €t he
resettable edge triggered delay elements, for example delay elements 510,-510, shown
10 inFigure 5. As shown in Figure 9b, in this embodiment, time interval generator 810
generates at output 814 a puise, which starts after t time has elapsed and is reset by
the next transition in input signal 155.

In the second embodiment, time interval generator includes an edge triggered

one-shot, which is described below in detail. As shown in Figure 9c, in this
15 embodiment, time interval generator 810 generates at output 814 a single pulse
starting at time At = 0, which has duration 7.

In both embodiments, if time 1 is set shorter than 1, as indicated by F, the
next transition in input signal 155 occurs at Az = 1, after T time has elapsed, and
output 826 is set to a low state. If time T is set to a longer duration than 1, as

20 indicated by S, a subsequent transition in input signal 155 at At = t,;, occurs before ©
time has elapsed, and output 826 is set to a high state.

There is perfect alignment between the pulse generated at oufput 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 7. Output 826 may be in

25  ahigh or a low state when there is perfect ali.gnment. Transitions in input signal 155
that occur long after time T may be ignored since they may represent a run of bits with
At=nt,andn > 2.

Figﬁre 9e illustrates the distribution of values assumed by output 826 for

| different values of 7 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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multiplicative inverse of the bit rate frequency[err], of input signal 155.
As shown in Figures 6b-e, outputs 528, and 5282 of delay segnents S. and
S2, respectywyg9byosspre activated within the [err] period of ipBuisesizgas!
155, whereas outputs 10 5283 and 584 of delay segnents S3 and SN are not
activated Wighfidpelthatitibh BBteB6F 820]- Babb& olBiaétialTntdrprdtation oflrelativene dashed
lines in Figures 6d-e show the state of outputs 5283 and 584, respectively,
for an i nputfrequéncy, tbé giaph dreFigurer et dlssrillustratesithe mepm value st Auput §26 thahnsi t i ons

w Eh =01 e SRR afeh Al i8fghety of Bl of g Ukl o5 Fhe opB)' °C,
outputs 15 i, Fpiike RORN alstiep SpB att 3R, UWRIRh dastidghiches betwien domiitibyF ind  The

state of output’s 5561-556N tracks increasing and decreasing val ues of [err]
when t he SpulSs &Bhefshaps ofshe trapsitinchetwenn Baagd ) may be deteamingd byfor exaaple- S

| at ches 5501: 550 Aigrity e 590 derives at output 598 a binary

r epr esent at !]tgﬁglagb[“g?’??.{'?)r%ﬁrp%g&g{ﬁ‘te of outputs 5561-556N. This binary

representati on ofgdbeitrandifios édrfipaatot 820 conipaiiésahe Mtervallbeobeenshe/maiting| v _

determ ned 20 g‘); bit and the particul ar values of [err]. The resol ution
ofmpp

of the esti rdge wsignald§s and outpitBlé of Hignednterval geneAtoR 810, adevidcans with

di fferent cogbipnati.ons r] r] i ver al
common |ine ggéb@ga]t( F‘ﬁc'ﬁnh%{?t X@i’églﬁgfg@éghg%a"“t%fe’h‘gegnen gfétgiggz{pze ftgrr] , Whi ch
may be ugpd feedihick tirft830) tHeaid\eea tirbgresentscan adtimate ofhg, fHensd, in tis 25

colums list sonme conmon line rates[err], and the coryespondj ng,bi}

i nterval [ er¢mbegimenipharmeniglacking doesnetdeeur berapse th‘rﬁgmﬂ?ﬁg Thie ISOMRARSY i st s

t he net del ay: ate}cftrorfdi stingui shing between consecutive rates, which is the
average of [err]Tor®™ wo consecutive rates.

MINIMUM INTERVAL CORRELATOR
Figure 10 shows a circuit diagram of minimum interval correlator 840 (shown

15 in Figure 8), in accordance with an embodiment of the invention. In this embodiment,

the response to falling edge transitions and rising edge transitions in input signal 155

are effectuated through two separate paths. Minimum interval correlator 840 is

partitioned into a falling edge triggered minimum interval correlator 1090 and a rising

edge triggered minimum interval correlator 1092. Minimum interval correlators 1090
20  and 1092 each perform the functions of time interval generator 810 and transition

comparator 820 shown in Figure 8.

Minimum interval correlators 1090 and 1092 include outputs 826, and 826,,
which collectively form output 826 of minimum interval correlator 840. Although
minimum interval correlators 1090 and 1092 include'sepa.rate 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,5, programmable current source I g4, comparator 1030, voltage reference
| V036> DON-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 V4, inverting
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Since the net delay through k delay segnents may be represented as
[err]the segnental delays It represent the differences between the net
del ays |ist&D9aBossve third 30 colum. The segnental del aysPCTisasizssde
listed in the fourth colum and may be readily achi eved, denonstrate the
f easi bi |l ity twffedil@&0, anéposilﬁ'ce-dgea&g@redﬂ}lypbdlip-ﬂpgﬂ&%o ng -12- SUBSTI TUTE

SHEET l e 26 t TABLE. 1 Rat
Cort] \Period | erpuiCi@efick ey 302, andSghictives wppceelAdY " ©
[ egr ] (nsec)Ngde 302(5 com%éé@o Aén-inverting mputs ﬁ)lé(&gd 1052 of buffersOIOé% and- 2550,

0. 870 ) respecnvﬂy,Zﬁ Qmﬁﬁﬁmn interval correlator 10%5 Qutput 1014 of buffer 1006

0. 225 622, 08 jIOf?S 429 0.334 10
531 connecty vignode to capacxtorlcfm,érmgranunable currept sglisfe é‘ﬁ'ﬁ’ an

2- Zgg input 1@%%% ggmparator 1030. Refére®t@3npt4034 of comparator 1938 ¢énnects

to voltage reference V,q,;. Output 1036 of comparator 1030 connects to D input 1072
of D-type flip-flop 1070, whose clock input 1074 is driven by output 1054 of
buffer 1050.

10 Node 302, connects to inverting inputs 1022 and 1062 of buffers 1020 and
1060, respectively, in minimum interval correlator 1092, Output 1024 of buffer 1020
connects via node 1004 to capacitor C,,,,;, programmable current source 7,,,, and
input 1042 of comparator 1040. Reference input 1044 of comparator 1040 connects
to voltage reference Vo, Output 1046 of comparator 1040 connects to D input 1082

15  of D-type flip-flop 1080, whose clock input 1084 is driven by output 1064 of buffer
1060. Outputs 1076 and 1086 of D-type flip-flops 1070 and 1080 form output 826,
and 826,, respectively. Programming inputs 1017 and 1027 control via input 816
current sources I,g,, and 6, 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 Vigeser When input 1012
is at a high state, and assumes a high impedance state when input 1012 is at a low
state. For example, Vpgpoer may be more positive than reference voltage Vg, A high

25  state in input signal 155 causes buffer 1010 to charge capacitor C,m'g to Vepeser-

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,q,, is freely
discharged by programmable current from /,4,. 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 Vs, 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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6. 430 5.787 1. 328 132. 5

155. 52

7. 547 6. 989 ' 1.202 15 125

8. 000 774 0.785 51. 84

13. 645 W°99’3°45é 871 DELAY SEGIVENT Figure 7 is a circuit H‘F%’F%ﬁﬁ%ﬂ

del ay segne
the i nventi
segnent S2,
H gh speed
found in a
gate 520, u
[err] drive
followers T
connect to

from the enismgdyvalyes Qﬁ@ﬂﬂ?nﬂﬂhﬁ fon whiehyeutpet-826) may

t he current
at output 5
[err] The -

B i QIR 1pRe B G R SR AAGE138 BN 0 TP ©f
sm&gfeauomblmghmsﬂﬁhay segnent s [err] is readily apparent.

performance may be optim zed by nerg the threshold function
t r adi The ke rwmweérﬂﬁrrﬁaa%qﬂshcms taé;sayar% W Ver&2OPN s i t h OR/ NOR

o QIBLAES e B S04 Lo BB AP 80 BB e b2 RhighSlag oo™
hse&(mlo‘isbeog?m@tﬂ&l@rﬂwa&belewmgrr blfe>cq; tigné nagbece [err]

capaci t or err] at output 514 thro% Er)aeallggtggq; &rar{ Current
ca s t Bue while

PZ&%S)[ Rt S@M qs‘%%eefﬁaf%% a controlled rate. The voltage

sensed a gate eéntial anplifier, which includes
13- Flgmsessmiws[the dn]stnboﬂmecﬁ valwes ©f opipiat Szm[aeemkecbm&r typical

reference vol tage_V7[err

10

15

20

25

values of run-lengt%x n. The time constant ©(/,,,,) may be represented as follows:

(Low+1,) T=( Voreser - Vioss - Vt;g')(cmxs + Cs) - Qo 1014l 1016) (11)

where V(;'_; is the offset voltage at a threshold of comparator 1030, Ci is the stray
capacitance associated with node 1003, I, is the input bias current of comparator 1030,
and Q; 114(1016) 1s the charge removed by output 1014 when buffer 1010 is tumed off.
Similar operation occurs in minimum interval correlator 1092 for rising edge
transitions in input signal 155. Outputs 826, and 826, indicate whether < is greater or
less than 7,;. In accordance with one embodiment, outputs 826, and 826, may be used
to control t through 1,,,, and 1,4, using negative feedback. Rate estimate signal RE
may be determined from the value of control signal 816 necessary to achieve t = T,
Minimum interval correlator 1090 of Figure 10 constitutes one embodiment of
a unipolar 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, current source 1,
comparator 1013, and D-type flip-flop 1070. D-type flip-flop 1070 may include two
latches (not shown), which afe controlled by node 302, via clock input 1074. In one
embodiment, one of the latches in 1070 may be shared with the proér_ammable 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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respectively, The emtters of transistors [err] connect via node 730 to a
fixed current source [err] The base of a gating transistor err] connects
to comon 5985)45* ne 574 via 5 second input 5222. The cqldia6dogkssand
emtter of err| connect to output 5262 and node 730, respectively. The

anpl i fier has i nyggird g iiAREaletn bRMeF toupledlufip ECL pimplethentation[ofr 1] ,
respectively. Qut %t 5282, which connec‘?ghtogthe col I ector of %err

obt alh ned }‘lratmpdia‘ mmimmgentdwebcmi&ﬁ@smﬁf)eﬂrafcw@lﬁfbm‘ 32 gmbodimes °@B‘Fmect s
to the collectors o er bt d f
Rrer (T, - Thelnygiva Siteiar bR e g corte 50 g EC eficiinBRORPD

f eedback vi %&fﬂ%&t@ﬂll@ﬁ%d fifing-vhiethggrtinRmtetripperable PHé-sBtA202.0Edgeovi de
t hreshol d 1ev steresis Agvaéﬁgt age greater than _that set by reference

V[err]at ®it tmsnmmqgmpaamz 194 inslndavinversors A bl0 andrld 56, nensigyerting biffssut 5262

SR e gat 1 b NORRR 10035 LD Rt R, B8y Sooy Mgl s 050"

In the initighertinescent state, input 5122 and conmon control |ine 574 may
be at a high state, and output 5262 may be at a |low state. In this state,
the high signal oﬁalhng)@dgemwf%ﬂﬂﬁ'@ﬂggqabhweﬁ@tﬁﬂ9%qu@%c%l"?%l‘@’é acr oss

Gerr] and 1 oM stk pieiees ey protra e Bl ks Toa Rt L MM BLED, |

a high sygteagypn, b&?&é@etvbﬁa mgﬁdM@pﬁ&uﬁ@ﬁ&hﬂsﬁ&hemrmmgaml ue. 20
When i nput  si gnal “l55 transitions froma state to t at common

control line lsmatgbbwol mwrmdlﬁnbnﬁeql@ﬁr?nddmﬂes mﬂéaﬂﬁllﬁﬁélN% e&tlé%?' s hel d
by the presetm%ﬁ ‘tiﬁﬁ eggg‘i%s%g &&Xwﬁnmcontrol s Jerr]. Depending on the

t1 me constan

Input 1111 of inverter 1110 and node 1144 of one-shot 1102 receive input

signal 155. The falling edge of input signal 155 triggers one-shot 1102 to generate an
15  output pulse of duration ©(,y) at output 1127 of buffer 1124. Duration 7 is directly

controlled by controlied current source 1,4 or indirectly by input 816 via control

input 1017 to /,4,¢. Output 1127 of buffer 1124 is at a high state in the reset state, and

transitions to a low state during time . One-shot 1102 cannot be retriggered by a

subsequent change in the state of input signal 155 until after both time < has elapsed
20  and input signal 155 returns to a high state.

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 1128 to input 1122 of NOR gate 1120, iﬁput 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 1128toa high
state. Output 1126 of buffer 1124 may be at a high state during time T, and may
inhibit NOR gate 1120 from responding to changes in input signal 155. Open emitter

30 output 1123 of NOR gate 1 120 connects via node 1166 to the open emitter output of
comparator 1160, capacitor C,,, and input 1125 of buffer 1124.

21-

SUBSTITUTE SHEET ( rule 26 )



del ay segnent S, and the duration of the |ow state, the voltage at input
5122 may transition to a |low state at sone tine after input signal 155

transitions hi gh 25 state to a | ow state. Thlsturn of f
and al | ows &{de%o{i’sg be di scharged by current froml[err]. if:%’% 455?‘1 on
of the low state ds stild sufflicient. t <Q ops
bel ow the refer enéba@a‘f}ér g@“%‘&‘f&?ﬁeﬁ’ lwi%a%l R"’ggglsﬁ{(;lsofo 'xygg{amg%én’%

U

transition tcathaddbfdiogd B g, aitbrbfamensbRldurferfsdute 1; (sarmnpmqmn of ?dngw
state. The |ow state at out put 5282 acti vates the E/ el enent in

subsequent dd@yirivesthe anodspf dinge D,y,s . Opampd 1 ?@Wr\’fré‘%‘ 1gHred. §o1 exampls.
d f |
So6er ] to A pes Rgel Bitn fbds T it REASRII pekfecs AR 173 40T O1) P

del ay segrrer]hvéiangﬁlpgoymzned by the charge conservation at output 5 |14. The

value of tine delay [err] may be determ ned by the difference between the
preset voltage adPi9de Dopemn) W’éﬁqd]atﬁ{eﬁém&m@t\ﬂ‘éﬁflw]asd?msaerence vol t age

V] wh ffset
vor 1 age V[ orpEapebl urleh fud 4 NHETT0 (ot FRich R el 017 o

Cerr], strasponaokanmem s, Goth cintd a@dza mwdnd/t:bnktmimbmul%ﬁédtlo input r ent
[err] base current [err]and the charge &err stored in the emtter. of

Qerr]. Thi s8%|lnvering inpgt hb# of comppratos d heQ.crnnscts i YRIHAES spurps Yrer Nonmq 10)

10  inverting input 1174 of opamp 1170 connects to voltage source V¢ 5. Inverting

output 1127 of buffer. 1124, which is controlled by node 1166, forms the output of
one-shot 1102, and connects to input 1134 of gate 1130 in edge transition
comparator 1104.
In the quiescent state, the input signal 155 and input node 1144 may be in the
15  high state, nodes 1128 and 1166 may be in the low state, and the voltage at node 1165
may be held at Vi ,,,p- When the input node 1144 transitions to a low state due to a
negative transition in input signal 155, output 1123 of NOR gate 1120 transitions to a
high state. The coupling through capacitor C,,¢, forces node 1165 to a high state. A
positive feedback through comparator 1160 and C,,,; holds node 1166 at a high state
20  until the voltage at node 1165 decreases to Vg |
When node 1166 transitions to a high state after input signal 155 transitions to
a low state, buffer 1124 drives node 1128 to a high state, activating a first latch, which
includes inverter 1146 and NOR gate 1140. . Output 1123 of NOR gate 1120 may be
subsequently inhibited when node 1128 transitions to a high state. The first latch
25  continues to hold node 1128 at a high state, and inhibits output 1123, which may only
be reset after node 1166 transitions to a low state at time T. The first latch is reset to a
low state through NOR gate 1140 when both node 1166 returns to a low state and
input signal 155 transitions to a high state, restoring one-shot 1102 to the quiescent
state. The voltage on capacitor C,,;, has sufficient time to reach steady state since

30 one-shot 1102 triggers only on the falling edge transitions.
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The resolution of the discrete rate detector depends on the selection of
tinme delays [err] 10 [err] which nmay be programred, for exanplé&, through
t he val ue of [err] for each correspondi ng del ay seg

CONTI NUQUS FMEE TE DETECTOR Figure 8 is a bl ock diagr a%&%ﬁm
rate detector .301,Tﬂgrp ] ' ﬁ'%‘gédﬁrg%%ﬂ' qrgel ation,
I n accordance with a ug%bdggaft%l%{ﬁ?ag]ﬁﬂ?ﬂéﬂ@?g&ﬁ‘c%\%%?On:. As shoﬁ,”tf’)}grward
rate det ect orcon@érvariviuofichage ot nodent b33, riftds xeddtionship edagt e refeéCentddemsdback

circuit 830, and output 303. Qutput 303, whose value is rate estimte
signal RE, refolPWas out put 836 of feedback circuit 830. Mninurn interval

correl ator 840 inc}ude il I ory RiRgr anwabl_a) e- triggere { me
i nterval ge'neratoré%ﬁ%ﬁgﬁgiﬂ&ﬁ‘gg%&f’r%ﬁs‘? m%ng) gt I 820. 20 A&

Tinme inter&al generator 810 ¥ €VgixeVrad- Véﬁo)JC,%aQ; ar@l(IR1P, i nput signal 155
and output 836 of feedback circuit 830, respectively. In response to a

transition in input signal 155, tinme interval generator 810 generates at

output 814 a garlesnondishgy éa?laégi%gfé %QEOC@%@M&H nBde 1163%5%@ the Mdrgl | S

controlled by rate’estimat’e ternatively, 1N responsé to a
transition i nstoreduh dividgiy,s. 156 ¢ tepreseritsithe rishlg valiage wavwetorat 211 184 ftershye

generate at output 814 a corresponding set of transitions delayed by a set
of times t, whl m‘m\}’é“’m’??@P"gg#;%'(ﬁg%gn%fﬁléptirléicontroI led by rate

estimate signal REy zl5rdanidRat i fhibodtihdnt of tHeUh#entBa, the parameters associated

10  with comparator 1160 are as follows: J, is the input bias current, V(;';. is the input
offset at threshold and AQ B’" is the input charge required to switch comparator 1160.
This expression shows that 7, may be nearly proportional to f,;, when © = ;.
Non-inverting buffer 1114 receives output 1112 of the inverter 1110, which
matches the turn-on delay of one-shot 1102. NOR gate 1130 compares outputs 1116
15  and 1127 of buffer 1114 and one-shot 1102, respectively. Open emitter output 1136
of NOR gate 1130 may be a current pulse, which may, for example, be a function of
the time interval between the subsequent rising edge in input signal 155 and the rising
edge of output 1127 of one-shot 1102 after delay time 7.
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
T - T,; may be represented as follows: Charge Q, (36 in the current pulse from gate
1130 is proportional to T - Ty, - €T, Where &1y, 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_36 through a function F,,, (Qq ,3), Whose characteristics are shown in Figure
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The value of [err] is related to rate estimate signal RE through a known
rel ationship [err]. Tinme interval generator 810 may, for exanple, be

i npl emented s hat the product of rate estinmate signal RE _and

nearly con&%#ﬂaf a first order. Edge transitionPES 3&’%5156‘1 820
recei ves at uts 822 .and, 824 and out t 814 of I nt erval
gener at or 8%%%@5@5?F‘%I‘Wt"&?bﬁg'§?@ﬂ’éfméé’§gSfar‘%tr?QF‘T: AEBIPA at or 820
gener at es aap'@k&aﬁhtelm}hr e q&ommlshggxaraln%a@mpmwﬁe ficdhe

bet ween [err] t'ransi t'1"on "Co npar at or 820 generates at output 826 a
positive putﬂleo dmsé)ysub!smmvetfeedb@tkl on in input signal 155 occurs

before r tinme 10 has el apsed. Qutput 826 is received by input 832 of
feedback circuit 830, which outputs rate estinate signal RE at output 836

to adjust [err], such that aANASOGHEEDBACK CIRQUITSEs are generated at
output 826. The tinme constants within the feedback circuit 830 nay be

control I®d vi a i Figyre Ba4llusratasanagaleg snplemantation ofteedback pisenit 830giml  155.

cyer b, 15 SRRty aR ghbiisias? Bl et e o Y SRt SRDRE e or

transiti onSciranu SROWWonEpri3esd sukdatidn cifedRt 12 1Medbweaks fikdie1206) Adiffereaiialp
between the rate estimate signal RE and
amplifier 1230, and a reference voltage V,,5,. Low pass filter 1220 includes an
output 1224, and differential amplifier 1230 includes an output 1236. Figurés 12b-d

10  illustrate a change in bit rate of input signal 155, change in low-pass filter output
1224, and change in amplifier output 1236.

Feedback circuit 830 receives at nodes 832, and 832,, which collectively form
- input 832, outputs 826, and 826,, respectively, of minimum interval correlator 840.
Node 832, connects to input 1212 of summation circuit 1210, and Node 832, connect

15 to summation 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. éonnects 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, pulses
from outputs 826, and 826, of unipolar minimum interval correlators 1090 and 1092,
respectively, when t,;, < t. Low pass filter 1220 removes high frequency variations
from the combined signal at output 1216 of summation 1210. Differential amplifier
1230 amplifies the difference between the filtered signal at output 1224 of filter 1220

25  and reference voltage V)., The amplified difference between V124 and V,m appears
at output 1236, and may be used to control the p‘eribd 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 fie > fuu Occurring at time £ = 0. The change in the bit rate is detected by minimum
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[err] may, for exanple, be linear. Qutput 836 of feedback circuit 830
controls r via negative feedback to input 816 of interval generator 810.

The negati vgf 9?@ Rack sets 20 rate estimte signal RE such ptdw(t,sg[;@ggﬂ(RE)
equal s [er r? nce, bit rate frequency[err] of input signal 155 may be
determ ned | Dbt piisds@nit: acylerr],
IS nearly p?@%g?aglggnn%?tgf &?té'{hg@leéf&hgg ngx}ﬁl%‘éat fp lé’ésl ti ggﬁ%?o reduce
noi se in rat mpe@tmmami Ealgrmﬁbuxﬁ‘ﬁatldmIMrﬁd lcaﬂseqmbatlgat mnpladmﬁcayhfalesd

i ncl ude, for exarrp an anal og or digit g nmeans in féewg CI rcwt 830 or
rate sel ect oft oyt f?!S“PlW‘EY TAjntained Oy 2,5ORSIANE LR P feé R | n

accordance w gmrg@ggsﬂh&t o€ ect or
301 may estﬂr‘r’%hﬁggkgﬁl%lg&r%) a pu sg&%%@ﬁedalli}}t\égﬂgg%euat |uon tmat ho‘gl iIggures

9a-d il ustr gehbipR at k S0NgnePatigs fesdback holdpubtpst 1P24lat nﬂiﬂy Vous pAchagd if ti ne
I nterval generator 810, output 826 of edge transitio aratorlzggo I n

accordance wihetrateiof pulses at BMBP%’BNZMF&%‘HF‘@S yEansiqny, réf oyt

di stribution n
orbitrary 110k aBlitiERsa Bbelithe otu? 238 d éﬁ%ﬁ‘*‘h‘vﬁ*’?ﬁ;ﬁﬁ“"}.‘gﬁiﬁaﬁmzs
with a transi Emsaﬂopxmgemes\g)aﬁemme{afer/ﬁ,lz =0 and a subsequent transition

at [err], The transition at [err] ﬁgers tinme interval ratqraglo
whose out put pul leﬂgmﬂéF‘é%ﬂW}P‘“ gﬁyﬁé?%ga‘bf’“t?“%ﬁ"é st

10 “ones" and "zeroes" occur in input signal 155. Input 1212, which is connected to
falling edge transition comparator output 826, via node 832,, may be active following
high-to-low transitions in input signal 155. The probability that output 826,
transitions to a high state following an isolated "zero" may be represented by F(t -
T,,), as shown in Figure %e.

15 Let Py(n) and P,(n) denote the distribution of run lengths n for consecutive
»zeroes" and "ones," respectively, in input signal 155. The probability that an isolated
"zero" occurs following a high-to-low transition is therefore Py(n = 1). The

occurrence rate of isolated "zeroes" may be represented as follows:

: P1)
rate of isolated 0 = ———m—————,
(g + 7)) Ty

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 time = (A, + § fiy) 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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fast F, slow S, and aligned A 5 Figures [err] illustrate state of
out put 814 of time interval generator 810 for two different enbodi nents.

,FL?“{ﬁelg?gb‘ LR oni o, I m The Tirst embodi ment. time i nt e FHLS %%42[0?20
810
exarr;:)lng geF%QOpreﬂ%F@ eghea?%é%gam%f%%ﬁwgérgure%gm%ﬁks%@egm ﬁ'%l—l gure 9b,

in this embggiriRRbrelhicfB090Nncluded falRRRuad Oigg8ia noareriggasblabnosiqut 814 a
pul se, which starts after c tine has elapsed and is reset by the next

transition 112 {poay equgh Ifi@“@ﬁ?‘*@ﬁéc%é‘aﬁﬁ'eéﬁ%ﬁcﬂ? Hdgpend F‘F‘n@el nt er val
generator includes Lkch is described belowin
detail. As BYFSWT |aH‘ ﬁf&}’%?lgﬁ &%E?ﬁ%%}é@?}%l iment, tinme interval
generator 810 generates at output 814 a single puI se starti ng at time At =
0, which has duration_T. In both enbodinents, if tinme X is set shorter than
[err] asSindicated by Vit KatenfisolatedOkx Ftnfui) ¥ (PRRsisienss Bm8) 155 dddlrs at
[err]after r time has el apsed, and output 826 is set to a low state. If
time Tis set to a |longer duration than [err] as 20 indicated by S. a
subsequent {AndhRidgbeyexpieskiof té equadoml3 applieato input ]2 ldafuisingledforansithonr ] ti ne
has el apsed, and output 826 is set to a high state. There, i s perfect
al i gnment  bepmpamtor RutpyL L% JbnBlercd quipnt Y b LEDESCtEd s fl"ﬁ?ﬂ?val
generator 810 and input signal 155 when [err] as indicated by A and a
transition in input signal 155 that occurs at [err]overlaps with [err].
Qut pout 826 may be in

_ . By + GB) P(1) + (B + Cig) P(1)

Viga = P F(t-t,) . | (14)

-

10  In accordance with an embodiment, the average value V,,, of low-pass filter output
1224 may be used to control T using a negative feedback. The small-signal gain has

the desirable feature that it is independent of 7.

DIGITAL FBEDBACK CIRCUIT
Figure 13a illustrates a digital implementation of feedback circuit 830, in
15  accordance with an embodiment of the invention. In this embodiment, feedback
circuit 830 comprises R-S latches 1310 and 1320, positive D-type flip-flops 1330
and 1340, AND gates 1350 and 1360, N-stage up/down counter 1370, M-stage binary
counter 1390, and digital to analog converter (DAC) 1380. Up/down counter 1370
includes up-count clock (Clky) input 1372 and down-count clock (Clkp) input 1374.
20  Figures 13b-e illustrate changes in bit rate f,; of input signal 155, signal applied to
Clk,, input 1372, signal applied to Clkg, input 1374, and.analog output 1384 of DAC
1380. |
Feedback circuit 830 receives at inputs 832, and 832, oufputs 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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25 a high or a low state when there is perfect alignnent. Transitions in
I nput signal 155 that occur long after tinme r may be ignored since they nmay

represent awgdbaghsdits with [err] Figure 9e illustrates thepghfgédsibisyi on
of val ues assuned by output 826 for different values of r and a given val ue

of [err] Th'cémibc%ﬁh@% '1m&ﬂmr3ﬁ§%ﬂb&y§@ﬂxptﬂ@da%m am1340f teodctingly.Of m ni um

interval correl ator i ncludés time interval enerator 810 -17-
and edge transit i@mklspetckﬁﬁ oSQ@:.nt@até%resmvwapmﬂawhl vie PRt &4at i on of

| ative f h h i, 0 Fi . | 0| |
2t out put  poeaal cou CECTaRgy J dog ket B fichynrt 4 B0 134 PRalBRT, 00 G
| nput  si gnal134bQnd 1520, %spedtiveR. rﬂl&ﬁkﬁﬁp\ﬁ@lﬂﬂsarﬂ 134£6pDysPBipIlops @83¢ . whi ch

di sti ngui shes between conditi éons F and S. The shape of the transition
bet ween B anahd3348 goinectiotiby seconststige, (Qi)mutw&éﬁ?ﬂ @prh'éf W% ri buti on P(n) of

he tralling edgckSP PSSP MRGl Both POt NGB PHENP [Pgaf s, "o

generator 81f. pVichs [18SRRCIB40] fespéctivehy And T aﬁplﬁ 1396 6f dofey 83902 [err].
After the settling tinme of 10 feedback circuit 830, the adjusted T

represents aANEsgaterb36P roteiyasinguts fromdaverting quipuss E3AScar 1348 of Raypedhipc
| ocki ng doesgnot, agous |Bacause dhe estiaBted {4BEokbukt 1996 Suput 1358

10 of AND gate 1350 connects to Clky input 1372, and output 1368 of AND gate 1360
connects to Clk;, input 1374.

In one embodiment, up/down counter 1370 generates a parallel binary word,
which is monotonically related to the difference between the number of pulses applied
to Clk,, input 1372 and Clk;, input 1374. In another embodiment, up/down counter

15 1370 generates a parallel binary signal representing a successive approximation for -
rate estimate signal RE using a succession of step sizes, which may, for example, vary
with the pattern of pulses applied to Clk,, input 1372 and Clkj, input 1374,

"Set" inputs 1312 and 1324 of latches 1310 and 1320 receive pulses from

outputs 826, and 826,, respectively, of unipolar minimum interval correlators 1090
20  and 1092 when t > 1,, is detected by edge transition comparator 820 via nodes 832,
and 832,.

A pulse generated by unipolar minimum interval correlator 1090, which is
active on falling edge transitions in 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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related to[err] M N MMM I NTERVAL CORRELATOR Figure 10 shows a circuit
di agram of m nimuminterval correlator 840 (shown 15 in Figure 8) I n

accordance F errbodi ment of the invention. In this enbo% t he
response to aIFI ng edge transitions and rising edge transit %8ﬁ5§zﬂput

correl ator QR SASE B 1357 HE LD RERAT R Rl Pioe My brHa g 7

i nt erval cocdne&raifgﬂlsém@nzg]@uqmt 13941 CA hithatdre ogg’émnlpun 139mwe3tmmal
correlator 1092. Mninuminterval correlators 1090 and 1092 each

per f or m t he83teREPIEASSSAnd 1368, and resefs latchen 43 10 and 1@?.9 t‘&ﬁ@"{ FaKsi ti on
820 d
T000 1 et vide. out Qe Y598 tlihfonio Mibh SHIP WINPIC BliphiP 1398 @404 figh 3, 007

m ni mum § nt évott Dagpe fiipafiap ndidiivering bawpgis lBBﬁaMIm4&ﬁreavahxgherateel ators 1090
and 1092 i ncl ude separate out uts 826, 9 qu, t hei resFectlve
i nputs 302, 3dYAICISg sé%}ﬁﬁfel%?d W0 COMET léﬁ *;Worm SauRL \“ﬁl‘b

correl ator $090:bfGh 44 reer{?ttd zhyééﬁrat;g#hstﬁ?t age re?’éreﬁ%e [err]

programabl e current s r ar at or

non-inverti fipplimvetting dbdfos 13a3mhqdd§|48 amaitadiggl state.gipereesinitieystare 6f i p- f | op
1070. M ni rru nt er val rel ator 10 i nvertin yffer 1020,
capaci t or Wﬂﬁ“ntebfﬁ&b&ﬁ?ﬁﬁ%m ‘g&er% gaﬁeﬂn CopRIgr %dﬂ%ﬂ:%s?%r 1040,
vol tage lbef %lﬁﬂ%@th\ﬂx{iftﬁu thit¥Rbuh ifBrvail &rrelators 1090 and 1092 detect © > 1, and
decreases when neither unipolar minimum interval corrélator 1090 and 1092 detect t
> 1,, The state of up/down counter 1370 holds when only one of unipolar minimum
interval correlators 1090 and 1092 detects t > 1,;,. The binary signal at up/down
counter output 1376 may be used to control t using negative feedback.
15 Feedback circuit 830 may generafe a digital signal at output 836 using, for
example, output 1376 of up/down counter 1370. Alternatively, feedback circuit 830
may generate an analog signal at output 836 using, for example, output 1384 of DAC
1380, whose input 1382 connects to counter output 1376.
Figure 13b illustrates an increase in bit rate f;; of input signal 155 from £, to
20 fun > fuu attime ¢ = 0. Prior to ¢ = 0, negative feedback may hold period t of interval
generator 810 close to 1/fy;,. Minimum interval correlator 840 It;ay detect the change
in the bit rate, which results in a change in the rate of pulses that appear at both latch
inputs 1312 and 1324. The presence of pulses at both latch inputs 1312 and 1324
causes both D-type flip-flop non-inverting outputs 1336 and 1346 to transition to a
25  high state, toggling Clk,, input 1372 as shown in Figures 13c.
In Figure 13d, Clk,, input 1374 is not toggled immediately after t = 0 since T >
1. Figure 13e illustrates analog output 1384 of DAC 1380, which is driven by
digital words generated by up/down counter 1370 with, for example, monotonic count
states. In up/down counter 1370, upward counting proceeds while T > 1/f,,, and stops
30 whent= Ufj, |
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buffer 1060, ,and pqsitive-edge triggered D-type flip-flop 1080. Input 302,
whi ch includes nodes 302, and 3022, receives input signal 155. Node 302t
connects to wW8Wesdéer ting inputs 1012 and 1052 of buffers 10}@yRRGsA4390.
respectively, in mnimuminterval correlator 1090. Qutput 1014 of buffer

1010 5 connects via node 1003 to reap@sEt pcTOR018, programabl e current
source |,,,6, and input 1032 of conparator 1030. Reference input 1034 of
conparator 1030 c®Rnatesslestard 10 saeksghangss iy thabit rap &reggency epirputiugel 655

conpar at or 103Q, connects to L nput., 1072 of t. i p-f1 07 ose
conk nout - e RERGTE GankRaeriite e S e il SRS R Rign B bbUdked WROE
3022 connect Sjttep ahdWftie depehduptiv&iatidn 2n ot slgHal 155, Figirtei4a-80Rbleurd 1060,

respectively, in mnimuminterval correlator 1092. Qutput 1024 of buffer
1020 conndct sdiggramp efiisnpieroentatipns aprate selactar 349,jin gecogdanphBhéVeur rent sour ce

[err] and inpu é or 1040. Reference input 1044 of conparator
1040 connect Senﬁl%ojd\%%ttg fetﬁgé e}étZé]nCe [err]. Qutput 1046 of conparator 1040

connects to D i npuh s ditbodiMbntDrhithes Showit-in Fiparel CROratedeeeforalock i nput
1084 is driven by output 1064 of buffer 1060. Qutputs 1076 and 1086 of

D-type fli p- feasprsiseoy Gtenansiation 1403, whinlipeludesadunction biwk 410 aadact i vel y.
91T A A BB R e Pl AR SRS,
1092 are H) M RBIwhich 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 seiector 310
comprises rate translation 1402 and a rate estimate filter. The rate estimate filter
includes a rate correction block 1430, adaptive filter 1440, filter contro] 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 block 1430, The output of
filter 1440 may be applied as an alternative input to rate translation 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 142.0 generates control signal RS, at node 318. Function
block 1420 may impiement, 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-to-one
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20 except that all processing is active on opposite transitions in input
signal 155. The operation of mninuminterval correlator 1090 is as

fol | ows: t 1014 assunes a | ow i npedance state wit reset
out put Ie%‘wﬂ}m{ag{r] when |nput 1012 is at a high state, ﬁé@%’ﬁ’ﬁﬁ@"

hi gh i npedanyg, t [err]
may be nore p@gﬁﬁv%rt er eng%gmg@te \/{H’er rﬁ%%kgwrﬁﬁé ﬁé@s’?ﬁq% e
i nput si gnalsrghEBRE&ueeentbulfsfgaalsm&xdRS,chﬂategmmymwdewctdreol br ¥ken the
i nput signal 155 unde transition mma high to a | ow state, current
fow £ om odelseier 35 mag be implewmpnied weing an AR CORYERET WhAte s ORPYIS sefeet ] | <

freely di SchilgptpRieh h%i‘ﬁ@flbég-uﬁiﬁmé chht?d] +§{a{S]ORnS shg R82 Y BhE D ©f

the | ow state I nput s s sufficlent age at node

1003 drofs bxpltabﬁeu-drag1he‘lmﬁra&(kpeeiﬁtphmn{emlrsrﬂormchndlﬂ.put 1036 of conpar at or
1030 transitions to a low state. D-type flip-flop 1070 captures via the
ri sing edge transition at the output 1054 of buffer 1050 -19- the state

of output 1036 alylyeimokigh irhpleitleArion PAtE seibdlfRd 10'may Bt REHRE Jag'DseqUEN!

|l ow to high transrtron Ime require or capacitor o di schar ge
from[err] [machine mrcqm»trtﬁag& dlgmyedmtwﬁsumatecmgxml REdntofcoheolrsignalt RfHune at a

i 26, | ow when [err] there ma
Blegh state IIES2 usmg, or cJ(amO{E‘. Ioalfxtap%ropnatrcl.H p%xﬁlgva Q{gontﬁm ° [ ] y

When used in conjunction with, for example, continuous 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 impiement 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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smal | values of run-length n for which output 826, may be at a high state.

Qut put 826, nmmy, however, be at a low state for large n. Figure 9e shows

the distri bu‘;vb%ﬁlsgjs.,val ues of output 826, averaged over typi ﬁ@#@@&ﬁﬁ of
e ti ol ['ows: ‘b

run-1length n. time constant [err] may be represented as _
Crerr] is ¢ nVTEy e e S SEEA RS o G st SIERBRAE & G po
i nput bi as Ccuyak@Rhavibr STRHR ASRAAE sighl RE. gt?\s{d@ﬁﬁé tlﬂe%eﬁz{Woerﬁétgestfnﬁi@Ved by

out put 1014 when buffer 1010 is turned Simlar operation occurs in
"mi ni num i nt ersigoial BB and inatlified 100 estintate signal RE - atigyset vbdiseretgrtimas iba surirenti nput
signal 155. CQutputs 826, and 8262 | ndicate ether c.is.greater. or |ess
Chan 2bj .| n S0EEJARER oF AR rsAnac seBa Ay W eee bR S0 aned 1oy “be
used to cant NHE Y whil d@brispohding!dlig ofatifieasaleResthae kignMARE, M& beTat €
signal RE may be determ ned fromthe val ue of control signal 816 necessary
to achi eve [ eepiesdutad bythe sevobvalugs (Rl o MdaptivefiBo 1440 mayderexampleonst i t ut es
-one enbodi ment _of 20 ..a _.unipalar_ nmini interval corr r. ichis
active on thecof‘ﬁtm‘ﬁ% W&??&é%?&'ﬂ%ﬁ%‘ggﬁqﬁ%ﬁﬁ?e e(ﬁﬁf“@%l %%ﬁ%mhwent erval
correl ator 10@fowhg rklGéniiR: @ programmabl e gated del ay, which includes

buf fer 1010, capacitor [err] current source [err], conparator 1013, and
D-type flip-flop 1070. D-type flip-flop 1070 may include two | atches (not
“shown), which are controlled by xode 302, #dia clock input 1074. In one 25
embodi ment, one of the | atRBps | IIQJBEnHyEebg_p&Egd wi th the prograngépl e

- gated delay to create a fallingedge triggemed non-retriggerabl e one-shot.
By perform ng

where g; 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 g; are large for i >> 1. Coefficients b; may be selected to
affect persistent memory of a particular estimate. The constraint Z a, = 1 may

15 prevent bias in modified rate estimate signal RE, while the constraiint E b; < | may
avert instability. Coefficients a; and b; may be selected based on patternjs 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

-31-

SUBSTITUTE SHEET ( rule 26)



several |atching and conparison operations in parallel, higher operating
speeds may be achieved in this enbodi ment. -20- Figure 11 ilfustrates an

emtter CO%S%’ | c (ECL) inplenentation of unipolar mninumint erval
correl at or 'n accordance with an enbodi mant of the i nF&HYSFR25524

Uni pol ar m pinmum jnterval.corre tor 109 ransition

conpar at or ibﬁ‘gﬁﬁfga’?%’f‘?ﬁ’éﬂ@ﬂg ‘go" Z??q gf"éltﬁf’%t b®ne- shot 1102.
Edge 5  trgBginkit %E@xhﬂ&%f naxlﬁétd l&iﬂvﬂﬁ%&s 'oF' chda& erus gi.é
non-inverting buffer 1114 gat es 1130 and 1 50, a d hode 1138 Node

1138 per f ormespanseime domnmaangmo pstifgedte Siggpléiﬁgzgainst expecied ratesmagbe segger abl e

one-shot 1102 includes co 116 timng capacitor [err] progranmabl e
current sou "EE@ OR fhe,rate trr{gsflﬂmtseﬁﬁ“}p Fg’f’ % ence vol tages [err] operational

amplifie 1170, <\Wile$Ha8 bedn Midsiddteh ngd%scﬁﬂl‘d%ﬂa%re]&ﬂgbse&l&ﬁﬁae dd be 2Nd
nodes 1128 and 1166. Nodes 1128 and 1166 each performa wre (5? operati on.

| nput 1111 qumm@mbeﬂnmexxmﬂuethg@eofmawesﬂm tnventidmo it willde undcmlooé biynput

si gnal 155. e t Si 5 tri rs one- t 1102 to
generate an %@? gepffgg"@t 8?"0(5'& %[‘g’?’?%‘? ILptof5 o tbeﬂafg' M puffer
1124. Dur at tq'iﬂve{léﬂtf inay Pe ubistifitéd/for elements thereof without departing 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 particular embodiments and methods disclosed herein,

but that the invention include ail embodiments falling within the scope of the

appended claims.
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controlled by.controlled current source [err]or indirectly by input 816 via
control input 1017 to [err] Qutput 1127 of buffer 1124 is at a high state
in the reset yid &fes@nd transitions to a |ow state during tingeyiisosf2as;shot
1102 cannot be retr?ggered by a subsequent change in the state o %&%ut
signal 155 until after both tinme -r haz%g&ﬁﬁged 20 and i nput signal 155
returns to a high state. |Input node 11 connects to input 1142 of NOR gate

1143 and input 1123, of MOBewosd corkdcReringecloglesigmidiiotrean inpitpignalliaddngd NOR
gate 1140 connects via node 1128 to input 1122 of NOR gate 1120, input 1147
of inverter 1M4ablghilratersaidmethod camprisgthestePs®s out put 1126 of buffer

1124. CQutput 1148 of in ]]ﬂgwggarp . ' : f ]JNSR gate
1140 to create an R-S I\égxgzthﬁnﬁjahl gh's é%“gqug?‘%g%‘%i‘ﬁ%é%%‘gﬁﬁ?g"i 28 to a
| ow st ate whensigiat;put 1126 is low, while a high state at output 1126
overrides input 1144 to set node 1128 to a hiﬁgh st at ﬁ d%\t}f’p t 1126 of

buf fer 1124 may be at a JBieHRNNEA centes freayency pea narowRan fiéﬁﬁ%‘mmﬂm gate
-1120 fromres ' : r@ﬂi SntbYal: 9p4t Ssignal 155. Open emitter 30

out put 1123 o%%ﬁgzﬁ@ ggﬁconneéts via node 1166 to the open emtter

out put of conparator 11GRiractmgaatitheodetePmined ceatedfrequency, tikX3oakfsignal frem 1124.

-21- Capaci t o rr] connects to non-inverting input 1161 of conparator
1160, the P t‘\e'inpu .Slgnzll. g p np

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 I, wherein the estimating step further comprises
the step of:
determining the variable bit rate of the input signal based on the

estimated minimum time interval.

4. The method of claim 1, 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 in the input signal match the

durations of the corresponding second plurality of pulses.

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

=33~ This Sheet Has Been Replaced
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cat hode of diode Dierr], and programuable current source [err] Qutput 1173
of opanp 1170 drives the anode of diode Dlerr]. Qpanp 1170 may be’
configured nple, as a voltage follower with diode D_, 76 in the

f eedback I?)v(#oggg?gv\%gen output 1173 and 5 inverting i nput 1PE3USBIS D1176
may be bi asggrﬁgot,the sanme current density as D1175 by progranmunabl e current
source [errs] é'e 1179 controls current [err] and node 1017 controls

current [err] Both cogﬁneﬁkin?a@aask%&emmpﬂipoﬁwaeubﬂa7cﬁff&eﬁaect to input
816. Inverting input 1162 of conparator 1160 connects to vol tage source

V[err]. Nonbetwgen g phase of thg clasksignahand aphasgefipe first plurality of pulsespand| t age
V] | ti Qg f ich. i trolled b
node 1166, form tne ke ghast bortechion Yersflo ackgter slGy oF o Bl 75, Y,

gate 1130 i gereeyingitheciock sigmal.conparator 1104. In the quiescent state, the
I nput signal 155 and input node 1144 may be in the 15 hi gh state, nodes
1128 and 1166 may be in the low state, and the voltage at node 1165 nmay be
hel d at [err] \Wgn t hend RRtod 30 SRint 244 &reﬁﬂﬁ“:'t%%? . due to a
negative transition in J|;nput s?gna‘f‘ 15&, out puit{ Bégtg?ck%%tgtﬁeellm '
transiti onssteps @f: hi gh state. The coupling through capacitor CJerr] forces

node 1165 to a high state.. A positive feedback through conparator 1160 and
Clerr] hol ds node 116650EFitingf ugHCY comsgrion §iBa) Prapqpiopal aitistenstode 1165

decr eases tBetWe@ﬁ&]fmﬁE&?y'&?ﬁﬁcl@cﬁ@i aﬁﬂfdéfregﬁnépoﬁgb veé’“ﬁ%ﬁ}? fter input

signal 155 transitio 0 a low state, buffer 1124 dri 128 to a
hi gh state, pulses;andi ng a first latch, which

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 comprises the
steps of:
generating a voltage signal corresponding to the determined
difference; 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
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I ncludes inverter 1146 and NOR gate 1140. Qutput 1123 of NOR gate 1120 may
be subsequently inhibited when node 1128 transitions to a high state. The

first latch |@e9zes#ti Nnues to hold node 1128 at a high state, @1‘7(5'5'} gyzjli)lts
out put 1123, which may only be reset after node 1166 transitions to a

state at time r. The fig é&fa %ﬁnﬁ'?hé Mo%ﬁ&hdtfﬁte@tﬂe%cﬁts?gnﬁl &omamodNeg gat e

1140 when both node 116 ns to a |l ow state and input signal " 155
transitions tfrsaphrajity of mtlees. rest ori ng one-shot 1102 to the quiescent
state. The voltage on capacitor C[err] has sufficient tine to reach steady
state since 30 one-shot 1102 triggers only on the falling edge

transitions. -22- g Thendikhed eﬂaaﬁﬂ Owileddin the/ B mbEng ftbPédhbrises hbe
capacitor discharge current [err] by conservation of charge at node 1185.

This rel atlonsthpqaofrray be represented as follows: where C. is the stray

capaci tance associ ated w th _node 1 an S h I,n di ode
[err] represents the ri §7‘}“r§at\%lats %%}gx%fﬂg}%}]sgna%m%@%gﬁ%@eﬁ@ ?gﬁll ng
‘transition i nsédhﬂ?&hﬁhﬁﬂ@ketlaﬁﬂelﬁf LGERAR, PRGeRNBY set d0dslay ﬁgﬁﬁﬁ@ﬁéﬁ?@lﬁ: with
an enbodi nent of fhe invention, the paraneters associated 10 with

conpar at or 11&tputsignal Sbasedianasst of medesemdudn}ammnmsas;smmeém Vows is the

| nput of fset at ¢ hreshol gl Qublk ol i U of PREARA B il © SV

signals; and
‘generating a control signal based on a sum of the predetermined delay
times that are less than the minimum time interval between transitions in the input

signal.

10.  The method of claim 8, wherein the estimating step comprises the

steps of:

generating a set of delayed input signals by passing the input signal
serially through a set of programmable delay segments, wherein the set of
programmable delay segments delay the input signal based on a set of pre-determined
delay times, respectively;

comparing the input signal with the set of generated delayed input
signals; and

generating a control signal based on a sum of the pre-determined delay
times that are less than the minimum time interval between transitions in the input

signal.

11, The method of claim 8, wherein the estimating step comprises the
steps of:
generating one or more delayed transitions by passing the input signal
through a programmable time interval generator, wherein the delayed transitions are
generated based on a set of delay time values, respectively;

comparing transitions in the input signal with the generated delayed

—_— -35- This Sheet Has Been Replaced
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Thi's expression shows that 1[err] nay be nearly proportional to[err]
Non-inverting buffer 1 114 receives output 1 1 12 of the inverter 1 1 00

whi ch mat ¢ turn-on del ay of one-shot 1102. NOR gate es
out put s 11%59fé9%§nd 1127 of buffer 1114 and one-shot 1102, 3@@3§W|y
Open emttgr out&ut ciL136 of NOR gate 1130 may be a current pul se, which-
may, for a function of the tine interval between the subsequent

rising edge in i nput aGjusiive] onkdy niurel of (he delagiting: waligs, suchehiitphié oflthe 7 of
one-shot 1102 after delay time T, Node 1138 transitions to _a high state

when i nput delayrime valupsmaiches fhwngumwnélwmervﬁl@ﬁt%epaf@ ‘msn@n&mtbm 1127 of
one- shot 1118%“ %rnglt a low state. NOR gate 1150 and inverter 1156 connect to
each ot her &M a second | atch, which is activated by a high state at
node 1138. If node 1138 is raised sufficiently high, then feedback | oop

around gate 1150 and jnverter 1156 hol ds node.1 at a high state until
i nput  si gnal 15512t r arf$® %HR?F?é“%éf&cht%l%cq‘aﬁ%f‘ai?}Pﬁﬁ“ ippuicsignal hawing 1114,
whi ch conneg 28:d a o}nﬁﬁ’l ,*gransmlons to a high state. The
rel atlonshl p Ween the ¢ rent f om out put 1136 of gate 1130 and T

- Th;, may be represermaoﬂemtdrdbﬂ&smmauﬁmangmn{mninenntemalbetweant pul se from
gate 1130 is proportional to [err]where [err], is a fixed fraction of the
noni nal gat EaNSKORS e BRESigRtle ot obabi I ity that node 1138 may be set to a

high state depends 3 ua&m&xedef&t&mﬁgfaaaané 4 Bist pRifalit9'of buidbose

characteristics are shown 1 n Figure
corresponding respectively to transmons in the input signal;

a narrow-band filter for extracting the clock signal from the adjusted
first plurality of pulses; and

a rate selector for adjusting, 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.

13.  The apparatus of claim 12, wherein said rate detector comprises:
a set of delay segments connected in series for generating a set of
delayed input signals based on a set of pre-determined delay times, respectively; and
a set of latches connected to the set of delay segments, respectively, for
comparing the set of delayed input signals with the input signal and generating a
control signal based on a sum of the pre-determined delay times that are less than the

minimum time interval between transitions in the input signal.

14.  The apparatus of claim 12, wherein said rate detector comprises:
a programmable time interval generator for generating a set of delayed
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

il ﬁiiﬁiﬁiﬁii‘r‘ nmm MR
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9e. The average tipme that node 1138 renmins at a high state, once

act ijvat ed, may approi(i mately be [err] The signal at node 1 1 3 8 may be
used to co r] through [err] by using a negative feediaglsos il OG
FEEDBACK C%%?Epgﬁ Figure 12a illustrat esgan anal og i npl egrrent ation
of feedback .ci%ﬁnh 830, in accordance wth an enbodi nent of the invention.
In this enbd® , feedback circuit 830 conprises a sumation circuit

1210, a low pass filter 1220, a differential anplifier 1230, and a
reference voltage V[err]. Low p ?r 1220 includes an output 1224, and

ass, fil .
d: }‘ferent ial anmpl1¥i er“@?@ﬁ“ﬁﬂépgﬂé@ éin WHEPERMASEE. Fi gures 12b-d 10
illustrate a change i hibratiBh Soutke fof SirgAdalibration SigAd Bavind alsevsfpass
filter output 1224, arrlhdp%lhgr%geg?n t’élfrrp?}E'éeirerr&out plut ?isg, Feed gck circuit
830 recei vespretdenemired 3f2renasioit 832 wherkinthe mtd dasentonestimatepihmrefarpoce 882,
out puts 826, and 8262, respectzflve y, of mninmuminterval correl ator 840.

Node 832, cofitfeefithe calibrationsignsyi 8ndi symmation circuit 1210, and Node 8322

connect 15 10 SUMTAL i PRefirsE Hohithr Bk Hetdridifling deiérBtES bitivedrbte 220 fil ters
out put 1216 of summati ons ‘Isl‘CUi t11210,ewhi chgi s applied to no%ﬁznverti ng

i nput 1232 oHetdirhihed miitrence bitrates fndsthe ettatedAsfasensadis roteiapd iy 2JpsBEE Yennect s
to inverting inpyt 1234 of differential RLifi Qut put 1236 of
anpl {1 er 13585 e 1RBL 620k o BErRaEq PRieresges caual deror P ’

16.  The apparatus of claim 12, wherein the rate detector comprises:

-

an interval generator for generating a second plurality of transitions
that correlate to the transitions in the input signal;

a transition comparator for-determining a difference between the
duration of each of the second plurality of transitions and a time interval between each
of the transitions in the input signal; and

a feedback means for adjusting the duration of each of the second

plurality of transitions until the determined difference equals zero.

17.  The apparatus of claim 12, wherein the narrow-band filter comprises:
a phase comparator for generating a phase correction signal
proportional to a difference between a phase of the clock signal and a phase of the
adjusted first plurality of pulses; and
a first adder for adding the phase correction signal to a center

frequency of an oscillator generating the clock signal.

18.  The apparatus of claim 12, wherein the narrow-band filter further
comprises:
a frequency comparator for generating a frequency correction signal
proportional to a difference between a frequency of the clock signal and a frequency
of the adjusted first plurality of pulses; and

a second adder for adding the frequency correction signal to a center

T i
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20 | nputs 1212 and 1214 of summation 1210 receive nodes 832, and
8322 pul ses from out puts 826, and 8262 of unipolar m ni num interval
correlators nd 1092, respectively, when [err]. Low pa ' 220
removes hlb‘ﬁ}?%g)&% ency variations fromthe conbi ned signal EETME%%&%HG
of summation. 1210. Differenti al | ifi 1230 anplifies the difference
bet ween t hefrequengy etens pggillatorgengrat r{B f’i‘fE ali|ter 1220 25 and

ref erence voltage V[err]. The anpl |f|ed di fference between [err]appears at

out put 1236, and may be used to control the period [er] of tinme interval
generator 810. DI9.f er ¥ht apparamspdficlainr 6l wbercirtpeiinteryrlgangratorspmpesesar gi n

t whi ch t |
Gy o stabi 11ty. i BuPaerBREGET elstof i Retehil SRR i Bl r) o
i nput  si gnalpal 8Grd1ae b fiettantifionin thenpht 9&falr ring at time t =0. The change

in the bit rate 1s detected by m ni num - 24- I nterval correlator 840,
whi ch generates a change in the rate of pulses that appear at |nputs 1212

out put 1224 Tor e oThEpoRERsPERERALE ot iRl sdhor BRGeLCT 7L

m ni num i nterval corr %lnabﬁmo%&setfﬁbﬁ edge triggetealdeﬁ&ﬂambxﬂts foe génerdtingur e 12c
illustrates that prior to the change at t eatlvefeedback

hol ds out putscmﬂzpliéfﬁhWlerPP&Sth thffe}ﬁtﬂ?éhﬁga‘i‘ﬁ‘lt“!%’é“ Wsigeal ses at t > 0

at output 1216 generates a transient change in output 1224.

21.  An apparatus for recovering a clock signal from an input signal having

a variable bit rate, said apparatus comprising:

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 a narrow-band filter for extracting the clock signal from the

input signal.
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The anplified signal appearing at output 1236 changes until period -r of
tinme interval generator 810 settles to a new value of [err] M ninum
interval correlator 840 may generate an out put pul se when isolated 10
"ones" and waepaesy occur in inputlsi/gnt 155. Input 1212, RETEIFIP/S524
connected to falling edge transition conparator output 826, via node 832,,
may be active following high-to-low transitions in input signal 155. The
probability that output 826, transitions to a high state follow ng an
i solated "zero" may be represented by F(T - -i), as shown in Figure 9e. 15
Let PQ(n) and P, (n) denote téeg distribution of run lengths n for
consecutive "zeroes" and "ongg " respectively, in input signal 155. The
probability that an isolat edé'C'Zero; occurs followi ng a high-to-Iow
transition is therefore P((r€= I¥.2The occurrence rate of isolated "zeroes"
may be represented as followsg where [err]represent the average |ength for
a run of "zeroes" and "ones,"[20 . _respectively. The average tine interval
t hat output 826, renmins at ajlhi gh state prior to a subsequent high-to-I|ow
transition can be represent vfoll ows: The hol ding property of the edge
“transition detector 820 may(b® )dpresepted by parameter C. In an enmbodi nent
where m ni mum i nt ervai corr or 1090}i ncl udes D -25-
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type flip-flop 1070, [err] may equal 1. Alternatively, in an enbodi nent
where minimuminterval correlator 1090 includes falling edge triggered
non-retriggerabl e one-shot 1102, [err] may equal 0. If the durations of
consecut i veyg ose4sy € | ndependent, % nhé dder age val ue of i npupctakds sy be
represented as follows: An anal ogous expression to equation 13 applies to
i nput 1214 of rising edge transition conparator output 8262. The filtered
out put 1224 may be represemied g5 follows: 10 In accordance with an
enbodi nent, the average val%% [eYr] of low pass filter output 1224 nmay be
used to control r using a r@@t—i/ve f eedback. The small-signal gain has the
desirable feature that it i$Y ndependent of [err] DI G TAL FEEDBACK CI RCU T
Figure 13a illustrates a digita inplenmentation of feedback circuit 830, in
15 accordance with an enbodi N of the invention. In this enbodi nent,
feedback circuif 830 conprises |R-S |latches 1310 and 1320, positive D-type
flip-flops 1330|and 1340, AND/gates @350 and 1360, N-stage up/down counter
1370, M stage blnary cQunter _add digital [to anal og converter (DAC)
1380. Up/down céunter 370 i nelides up-count cllock (Cd ku) input 1372 and
down- count clock (d k@ &nput 74. 0 Figur¢gs 13b-e illustrate changes
in bit ratefb,t]of inptjt.gsi gng 55,¥signal appglied to Cku input 1372,
signal applied to C kD‘jg 334)—aNd. anal oglout put 1384 of DAC 1380.
Feedback circui{ 830 r'&d&i ves\atA nputs 832, and 8322 outputs 826, and
826,, respectivegly, of n@ninumanterval correl gtor 840. |nput 834 of

f eedback circuitf 830 «»
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25 receives input signal 155. Node 832, connects to "set" input 1312 of

| at ch 1310, and node 8322 connects to "set" input 1322 of latch 1320. Latch
outputs 1316 and 1326 - 26- connect to inputs 1332 and 1342 of Dtsige
flip-flops $339sa35 1340, respecti el §. 146l ock input 1392 of PEAHP¥PISS300
receives input sirgnal 155 via input 834. Term nal count (TC) output 1396
connects to "reset" inputs 1314 and 1324 of |atches 1310 and 1320,
respectively. Cock inputs 1334 and 1344 of D-type flip-flops 1330 5 and
1340 connect to the second stage (Q ) output 1394 of counter 1390. AND gate
1350 receives inputs fromnon-inverting outputs 1336 and 1346 of D-type
flip-flops 1339 and g340, respectively, and TC out put 1396 of counter 1390.
AND gate 1360 Weceivés inputs frominverting outputs 1338 and 1348 of
D-type flip- fﬁops,l’SBO and 1340, respectively, and TC out put 1396 of

- counter 1390. ut 1358 10 of AND gate 1350 connects to C ku input 1372,
and out put 13 fi AND gate 1360 connects to O kD input 1374. In one
enbodi ment, u counter 1370 generates a parallel binary word, which is

nmonotonically Terafed to the difference between the nunber of pulses
applied to dku input 1372 and C kD i nput 13®4. |In another enbodi nent,
up/ down counter 15 1370 generates a parall & binary signal representing a

successi ve appr on fogy
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rate estimate signal RE using a succession of step sizes, which may, for
exanple, vary with the pattern of pulses applied to C ku input 1372 and

Cl kD i nput 1374. "Set" inputs 1312 and 1324 of |atches 1310 and 1320

recei ve puiwsesydoasym outputs 826, ahd /828R, respectively, of PE‘?}.(}%?&/f’srsu

m nimuminterval correlators 1090 20 and 1092 when [err] Is detected by
edge transition conparator 820 via nodes 832, and 8322. A pul se generated
by uni polar m ninuminterval correlator 1090, which is active on falling
edge transitions in input signal 155, sets‘@t%put 1316 to a high state.
Simlarly, a pulse generated by uni polar mai®uminterval correlator 1092,
which is 25 actiye on rising edge transiti%nﬁ; in input signal 155, sets
out put 1326_to gwwi gh state. Counter 1390 coOunts the nunber of transitions
in input si @al 55 nodul o 2M where M equals, for exanple, 4. Second stage
(Q) output g’L:§94 locks D-type flip- flops 1B39 and 1340 on every fourth

| ow-to-high@gapsSition in input signal 155, stering the prevailing state of
| at ches 131@ angd 1320, respectively. 30 ) TC output 1396 transitions
to a high statelfollow ng each 2M I gwtlg-high transitions in input signal

hi

155, and transifions to a | ow stat %\.aft‘gr%th next | ow-t o- hi gh -27-
°
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transition in_input, signal 155. The rising edge of TC out put

1396 may be

near the center of pulses fromQ output 1394. A high state on TC out put

1396
1320
1396
1336
1370 forward by one c
output 1396 is at a h

to a | oX/Q?

is at a high sta

te 5

and 1346 are at a high state,

m?t
ig

enabl es ANDégate out puts 1358 and 1368, and resets | atches
&7 cutput 1358 tranditiokls to a high state

Ve 1] o4 Top o

310 and
SRSt put

if both D-type flip-flop non-inverting outputs
advanci ng the .state
. Qutput 1368 transitiods
state if both Dt

af up/ down counter
0 a hi@ state when TC
erting outputs

1338 and 1348 are at athigh state, decreasing t; L e Of—dpidown counter
1370 by one count. The/state of up/down cqunnﬁeri 1370)i gcrieases 1.0 when
bot h uni pol ar m nigTMyi nkerval correlators and detect {[err] and
decr eases when neilp hésadh pol ar m ni num i nt efval correliat’er 1090 and: 1092
detect [err] > [err]; he state of up/down copunter, ol ds when ohly one
of uni polar m ni numznparval cor and {1092 dé&tects 1 > Thi, .
The binary si | at Jp/fdewn counter output 1376 ‘npy be used to{contfol r |
-using negative,feedbg (5 Feedback cjmcuif 830 sray gengrat e} a
di gital signal \at o]V | 83 usipg, for exan‘p‘be, opt put (137§ of jup/ dpwn
counter 1370. AlternatlperW feefback circui t“83%\ may géhewate gn anpl og
'signal at output 836 ng, for gxanple, outp 384 of | 1384, &/nase
~input 1382 connectsg‘io Aot PHt—1376 EJgJ"e {Bb i 1] pstratjesgian
increase in bit ratefpi 4 nput signal 155%r mbYe tof20—Fearr® At time
t = 0. Prior to tY=\Q I ve feedback nayAnold peni ad k of intedvalg
- gener at or M i mum i ntervgl corfel atjoha840 nay gl €Tt
t he changg A r .
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inthe bit rate, which results in a change in the rate of pul ses that
appear at both latch inputs 1312 and 1324. The presence of pul ses*at both
| atch inputs 1312 and 1324 causeséﬁoth type flip-flop non |nvert|ng

out puts 139 ®wBd4s¥346 to transiti hi gh state, )P %2

i nput 1372 as shown in Figures 13c. In Flgure 13d, d kD |nput § I's not
toggled i mediately after t = 0 sincer > [err] Figure 13e illustrates
anal og out put 1384 of DAC 1380, which is driven by digital words generated
by up/down counter 1370 with, for exanple, nonotoni¢ count states. In

up/ down xounter X370, upward ¢punting prpceeds whid ¢ [err] and stops 30
when [erf] -28- :_“, RATE SELECfJCR Rat e selector 31@ tfracks changes in the
bit rate frequency of input si'gnal 155 while rejectiing tyransient errors in
the rate estimate signal RE, which nmay be caused byljitter and pattern
dependent variation in input signal 155. Figures 14a-b aye block 5

di agranms of inplepentations of rate selector 310, iItacgordance wth two
enbodi nehts of the invention. {In the firkt embodi nefi f wiitch™i s shown in
Figure 1pa, rate $el ector 310 |conprises p raﬂe trangl gti on 1402, which

i ncludes}a functi on bl ock 141Q and a
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function block 1420. Rate translation 1402 nay receive as input_rate
estimate signal 10 RE, which'is generated by discrete rate detector 301 of
Figure 5. The rate estimate signaI7RE ngx also be filtered prior to

transl ati ongleyeehdd3. | n the second enbodifment, which is sholCTIUSOH2%R e
14b, rate selector 310 conprises rate translation 1402 and a rate estinmate
filter. The rate estimate filter includes a rate correction bl ock 1430,
adaptive filter 1440, filter control 1450, rate 15 change detector 1460,
expected rate conparator 1470, and summati on 1480. Correction bl ock 1430
receives at input 1432 rate estimate signal RE,. which may be generated by,
for exanple, continuous rate detector 301 of Figure 8. Adaptive filter 1440
receives at input 1442 output 1434 of rate correction block 1430. The
output of filter 144Qfmay be applied as an alternative input to rate
translation 1402. 209 Rate transl ation bl ock 1402 perfornms a direct
one-to-one mapping of -anjestimated line rate into control signals RS and
RS2, which appear at output nodes 316 and 318, respectively. Input 1412 of
function bl ock 1410 and ijnput 1422 of function bl ock 1420 receive an
estimate of the line rat s afe estimate signal RE from

di screte rate detector 3Q1 or outpgt fromn adaptive filter 1430. Function
bl ock 25 1410 generated cafitrol §j gnal¥RS, at 2node 316. Function bl ock
1410 may inpl ement, for gxanpl tHé =on igplicitly represented by
equation (5) or the rel atli onshijp reptesented_by equation (8). Function

bl ock 1420 generatesgcontrol sijgnal KRS, at node 318. Function bl ock 1420
may i nplement, for exanplle, thq fungiion @hplicitly represented by
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30 equation (5) or the relationship represented by equation (8). Several
conventional techniques may be used to performthe one-to-one -29:.

mappi ng. F ?@‘gge, an anal og comguter, ,my be used to convert the rate
estimate sﬁg%g into control si g?ria S lﬁs, and RS,. AlterndRCAVYsIsRERe
detector 301 or rate selector 310 may be inplenmented using an A/D converter
whose binary outputs select an appropriate entry froma | ook-up table for
control signals RS, and RS,. The |ook- 5 up table may include rate
specific paraneters for TED and fi. In yet another inplenentation, rate

sel ector 310 may include a finite-state nmachine for converting a digitized
rate estimate signgl RE into control signals RS, and RS2 using, for

exanpl e, an appro@i ate mapping al gorithm Wen used in conjunction wth,
for exanpl e, conti'iuous rate detector 301 of 10 Figure 8, rate correction
1430 and adaptive Ei |ter 1440 may i nprove the accuracy of the line rate
estimate, which is received by rate translation 1402. Rate estimate signal

RE is applied to ifput 1432 of rate correction block 1430. Qutput 1434 from
correction block 1430 goesgto input 1442 of adaptive filter 1440, input
1462 of rate changp dgtector 1460, and input 1472 of expected rate
conparator 1470. 1p o~ i ut 1444 controls the response of filter 1440.
| nput signal 155 ik_als; ék s
w3 7
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applied via node 314 to inputs 1464 and 1474 of rate change detector 1460
and expected rate conparator 1470, respectively. The rate at which
operations are performed within rate ghajage detector 1460 angtuseass2e rate
conpar at or Y9387 for exanple, be controlled by input signal 155 via
i nput 314. 20 Rat e change detector 1460 includes output 1466, and
expected rate conparator 1470 includes output 1476. Qutputs 1466 and 1476
are conbined in sum nation 1480, and applied to input 1452 of filter
control 1450. Filter control 1450 includes output 1454, which is appliéd to
i nput 1444 of adaptive filter 1440. Adaptive filter output 1446 connecty to
i nputs 1412 and 1422 of function blocks 1410 and 25 1420, respectively.
Rate estinmate signal RE appearing at input 312 of rate detector 301 mays
~include predictable or prasured epLor. Cbrg§ction bl ock 1430 naq;inplenﬁnt
~an al gorithm ‘@hich com@nsates f& predicted or neasured di screpancy
between the rate estimate signal RE and the bit rate of input signal 155.
30 Adaptive filter 1440 outputs a nodified rate estimate RE., which

depends on - 30- " the current value of rate estimate signal RE and the
current value's relationship to the
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past behavior of rate estimate signal RE. Considering the hehavior of rate
estimate signal RE and nodified rate estimte signal REF at a set of
discrete times, the current and past values of rate estinmate signal RE nmay
be represeyd ogi0ayy t he set of values 5 (REJ while the cor pegamoshisgs val ues
of nodified rate estimte signal REF may be represented by the set of
values [err] Adaptive filter 1440 may, for exanple, construct nodified rate
estimate signal REF fromrate estingfeg sjggnal RE usi'ng the follow ng

rel ati onship: k k-1 where a, and by are coefficients which may
be programmed through input 1444 10 subject. Filter 1440, which includes
an i npl enentation of equation 15, reacts rapidly to changing rate estinate
signal RE when coefficient a, is large, and conversely, reacts slowy when
coefficients a; are large for i >> 1. Coefficients bj may be selected to
affect persistent menory of a particular estimate. The constraint [[err] =
| may 15 prevent bias in nodified rate estimate signal RE., while the
constraint [err] may avert instability. Coefficients a, and [err] may be
sel ected based on patternsgin the variation of ratge estimte signal RE
followng a correction by gate correction 1430. Rgte change detector 1460
may di stinguish small or jnsignificant fl uctuatigns inrate estimte signal
RE, which is applied tdfinput 1462, fromrapi d®r significant 20 changes
in the corrected rate egptimate. Rate change detpctor 1460 may construct a
hi st ogr qm-o#—-r-a-t-e—chang-a—val—ues,— and colnpu{-e-t-ha-l-i-keH heed +-hat-a current
rate changee = = = = = = S (I . !
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is significantly different fromrate changes in the recent past. The
magni t ude of ° out put 1466 may reflect the magnitude or duration of a change

in the current %‘F estimate relative to previous changes. PGHESI8E88Bdnse
time for pe\yﬂ??’ﬁr‘ﬁ g rate change 25 discrimnation may be set by the rate
of transitions at:input 1464. Expedtleél t4t e conparator 1470 may conpare the
current rate estimate signal RE with known common |ine rates or previous
val ues of (RE,), which have persisted -31- for a significant tine

interval. The nmagnitude of output 1476 may r_e_f_l_ec_t _the proximity of rate
estimte signal RE to known rates= or “pTéviogs persisient rates. Thé

response tinme for conmparing rate estinafe signal RE agai nSt expectéd rates
may be set -based on the rate &f transit¥® nslat ingut 1\4647.\5 ' Wile
it has been illustrated and déscribed what,are at:present gensideréd to be
preferred enbodi nents and net hods of th&E i i

understood by those skilled in the art that ¥

nmodi fi cati ons may be nade, and equival ents mi DE S jtated tor &l enents
t hereof without departing frorhthe true scope o i 3
addi ti on, many nodifikati ons rfay be nade to ad

ar el efeng,
techni que or i npl errﬂﬁ‘t ation td the teachings i nventilon®
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departing fromthe central scope of the invention. Therefore, it is
intended that this invention not be linmted to the particul ai enbodi nents

and net hodswoiggbaged herein, but tfat,t i nvention include all
enbodi nents falling within the scope of e appended cl ai ns. PCBES98/255281 Al VS
1. A nmethod for recovering a clock signal froman input signal having a

variable bit rate, said nethod conprising the steps of. estimating a
mninmumtime interval between transitions in the input signal; determ ning
a center frequency of a narrowband filter based on the estinmated m ni num
time interval; and extracting, at the determ ned center frequency, the
clock signal fromthe input &kgnal. 2. .The nmethaq of claim1 further
conprises the steps of: bef of% t he extraéling stepQ.generatiPg a first
plurality of pul ses corresponding respectively to transitions in the input
signal; adjusting the duration of each of the first plurality of pulses
based on
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the estimated minipumtinme interval; and inputting into the narrow band
filter the adjusted first plurality of pul ses. 3. The nmethod of claiml,
wher ei n the}g,%sg‘)' ing step furtherjgonpisses the step of: deiiaidsknésagy t he
variable bit ra g&gf the input signal based on the estimated m nimumti ne
interval. 4. . The nethod of claim?2, wherein the estimating step

conprises the steps of: generating a second plurality of pul ses that
correlate to the transitions in the input signal; and adjusting the
duration of each of the second plurality of pulses, such that mninmumtine
interval s between the-transitions in the input signal match the durations
of the correspgndin second plurality of pulses. 5. The nmethod of claim
2, wherein'thegext™Ncting step cé&pri s the steps of: generating a
phase correcgion s¥ORal proportidhal to a difference between a phase of %he
cl ock signalga\nd e of tRe first plurality of pulses; and

in8%
1]

2 .
2 — — € —_— '
p 8 L < L
0 L
s 2
o z Suw
\d 2 o el QF
£ - 5| 23 '
A o A %8 ! :
{
' 1
3 ' !
@ . !
t i
‘ 1
| {
L '
N ! )
1
E| ‘
bl ]
- 1 <
t - - ] - - - an e - - -
[\ - >
o
@
- o
2
"
T8
°§ = =
o =4 2 =& -
0 o] 3 n a 4 D
v P é 3. =N Q.
L - .-\ ~N o ot
~—n € Hqo ] 1-'-?. s 2w 2z 95
i g 2 @82 * 0 £§0 = 480 ~
o =8 ERE; i
i A

8z0
Y
\1
—
COUNTER
TCI=
Q2
o
¥

1330
1392



addi ng the phase correction signal to a center frequency of .an oscillator
generating the clock signal. 6. The nmethod of claim2, wher€in the
extracting step conprises the stepi OL:&generating a frequency correction
signal prowpordpzeMzal to a differenc 4 bt deen a frequency of poRUsIsmss4si gnal
and a frequency of the first plurality of pulses; and adding the frequency
.correction signal to a center frequency of an oscillator generating the
.cl ock signal. 7. The nethod of claim4, wherein the adjusting step
conprises the steps of: generating a voltage signal corresponding to the
- difference between the mnimumtine interval between transitions in the
i nput signalmand the duration of the correspondi g second plurality of
pul ses; and “generating a current signal proportidmal to the vol tage signal
wherein the current signal controls the duration of each of the second
plurality of pul ses. 8. A nmethod for recovering a clock signal from an
i nput signal having a variable bit rate, said nethod conprising the steps
of: estimating a mninumtine interval between transitions in the input
signal; generating a first pluralityan pul ses correspondi ng respectively
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transitions in the input signal; adjusting duration of eamm 938f/r2552k
plurality of pul ses based on the estimated mninmumtine i‘n a

i nputting into a narrowband filter the adjusted first RESERAIY S ;b eZJJUU
determning a center frequency of the narrow band filtess™¥X ¥ on the
estimated mninumtime interval; andgoparggracting in the narrow band

filter the clock signal fromthe adj usted first plurality of pulses. 9.

The net hod of clgim8, Iy C Steps of :
generating a set Eiof d aye npu?serﬁg R; b{%ﬂalgéogr?%n %Eﬁesigi%l;%at’iﬁg gnal
serially thratighle bit s2¢, s&ﬂxﬁkﬁlbcﬂlwompgmﬁgltlﬁstephefei n the set of delay segnents
delay the input signal based on a set of P]fd? eterm ned. delay tines,
respectively; conpari ﬁﬁ“"t‘%’é‘glar‘i’b‘ﬁ’tm‘%‘?%aimt%v? eifRen Hansitigns FbMeiipih g del ayed

I nput  si gnals?napnd generating a control signal based on a sumof the

predeterni ned délay times that are |ess than the mininumtime interval
bet ween transitions i detetminingpeenter figquency 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 minimum time interval; 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

estimated minimum time interval.

4. The method of claim 2, 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 in 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
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10. The met hod of claim8, wherein the estimating step cmf
steps of generatl ng a set of delayed input signals by pasgi.ngd
signal serially through a set of programabl e del ay segnijjs]
set of programuabl e del ay segnments delay the input signal )
pr edet er m ne nrgedfay times, respectively; conparing the input signal with

the set of generated del ayed i nput signals; and generating a control signal
based on a sum of the generatieg @phse\entredidrogigrial poportihmdl tméifﬂeweethan t he

et hod of  oF BRHFS & er o HE EREk et i+ Plgse Db o AR nEes olbs of |

generating one or mread@ﬁﬂg@h(@ﬂmﬁé@i‘ébﬁdr@"gﬁmb% aRAERI fﬂéilu'%ﬁkﬁr JfaR¥kcigdtgmnal
through a progranmabl e tine interval generator, whereln the del ayed

transitions gensrajioséealecd sigagled on a set of delay tine val ues,
respectively; conparing transitions in the input signal with the gener at ed

del ayed transitions; and
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 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

L
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adjusting one or nore of the delay tinme values, such tham f?t% 23%6524
ti-me values matches the mninumtinme interval bet ween t he ns

the input signal. 12. An apparatus for recovering a m f

i nput signal having a variable bit rate, said apparat ug 'r?g wﬂ]m
detector for estimti NGugelHdh BHabrbiTahdtif (Bl lRRENrbh ASdseas 10 the
input signal; a transition detector for generating a first plurality of

pul ses correﬁp@nldrahg'wfembes;t ively to transitions in the input signal; a
narrow band filter for extracting the clock signal fromthe adjusted first
plurality of pulses; and a rate selector for adjusting, based on the
estinmated m ni munyti NETHethethabdf.claimBaivheBinQhe &ttty stépniprisedthl ural ity of
pul ses and a center frequency of the narrow— band filter that receives the
adj usted firsepsffurality of pul ses. The apparatus of claim 12,

wherein said rate det %&,9{&1@ f%;%’ @1 G{sxé}falsqﬁ'éﬁ%l%ﬁggﬁﬁhtss@ﬁpneCt ed in

series for generating set put”sig ed on a set of
pr e- det er mi nedtiatiy ktayughi awesof debxyp@mnmw;rcmnue get sﬁdelayfsegratm&é&laybtbn nected to

the set of dela res |ve [ compar he set of del ayed
i nput si gnal énp\’lth‘ H%eﬁg ﬂlbﬁtsetg ?te‘gﬁ%édq%f?g ’rfSSpﬁ Sttrol signal based
on a sumof the pre- de&o&tpﬂ:ﬂ@dteqiqiuas&gﬁdlmmd‘e%t oﬁg’cﬁerhte&&clh%aﬁnﬁdﬂe m ni num

time interval between transitions in the input signal.
signals; and

generating a control signal based on a sum of the predetermined delay

times that are less than the minimum time interval between transitions in the input

signal.

10. - The method of claim 8, wherein the estimating step comprises the
steps of:
generating a set of delayed input signals by passing the input signal
serially through a set of programmable delay segments, wherein the set of
programmable delay segments delay the input signal based on a set of pre-determined
delay times, respectively;
comparing the input signal with the set of generated delayed input
signals; and
“ generating a control signal based on a sum of the pre-determined delay
times that are less than the minimum time interval between transitions in the input

signal.

11.  The method of claim 8, wherein the estimating step comprises the
steps of:
generating one or more delayed transitions by passing the input signal
through a programmable time interval generator, wherein the delayed transitions are
generated based on a set of delay time values, respectively;

comparing transitions in the input signal with the generated delayed

NI
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14. The apparatus of claim 12, wherein said rate detect IS ¢ S
programmebl e tinme interval generator for generating a sqléﬁ'fﬂ&g&MSZ?SZﬁ
transitions based on a set of delay tinme values, respectiyvely: and an ed
transition conparator connected to the programmable ti mi SeRTY @&Mh?ﬁ)ﬂ(}
for conparing the set of delayed transitions with transiftions In the input -
signal and adjusting one or nore of the delay tine values, such that one of
the del ay ti g@n@dndemdnmat ches the mninmumtime interval between the
transitions in the i nput signal. 15. The ap[i)ar atus of claim 12 further
conprises: a cal i br at iadi¥stingang 8r more of dhecdelayitisg values,) spef tet o6 o§thgnal  havi ng

a set of pre ) DIt & ' . ; ect or

esti mat es ande ttﬁﬁn%%%%grl%a?%r%eﬁ%gﬁ%l&uh}%@Eeﬁ%?w%g&%gﬁh%:a%ﬁlg%&ﬁg{ﬁal ; and a
response noninpatrsignak. det erm ni ng di fferences between the pre- determ ned
reference bit rates and the estimated reference bit rate and for adjusting
the rate selector until the one of the determ ned differences equals zero.
16.  The apparatus ofAddppharitul for iédoREMigh bk sighbFfréiR bR GipRt sigRAVigEeS: an
interval generator for generating a second plurality of transitions that
correl ate t oa Yaiablebitate: sashappargtus RIPHSIRE si gnal ;

a rate detector for estimating a minimum time interval between

transitions in the input signal;

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

a narrow-band filter for extracting the clock signal from the adjusted
first plurality of pulses; and

a rate selector for adjusting, 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.

13. The apparatus of claim 12, wherein said rate detector comprises:
a set of delay segments connected in series for generating a set of
delayed input signals based on a set of pre-determined delay times, respectively; and
a set of latches connected to the set of delay segments, respectively, for
- comparing the set of delayed input signals with the input signal and generating a
control signal based on a sum of the pre-determined delay times that are less than the

minimum time interval between transitions in the input signal.

14.  The apparatus of claim 12, wherein said rate detector comprises:
a programmable time interval generator for generating a set of delayed
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
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a tran5|t|on conparator for determining a difference betwem &@552
of each of the second pl urality of transitions and a tine in

each of the transitions in the input signal; and a feedm f

adjusting the duration of each of the second plurality ?o@is“'mn?qna‘
the determ ned difference equals zero. 17. The apparatus of claim 12,
wherein the narrowband filter conprises: a phase conparator for generating

a phase cor nmmit sigmlsi gnal proportional to a difference between a phase of

the clock signal and a phase of the adjusted first plurality of pulses; and

a first adder for adding the phase correction signal to a center frequency

of an oscill at or jgenerat hﬁﬁ;&d@&,f@jagﬁhzwrgﬁaéomﬁﬁes The apparatus of claim
17, wherein the narrowband filter further conprises: a frequency

conparator for gener agicaliprationsaege fre genemting acalibrationpsignal bpvinga €t ehal -to a
di fference &2{-&@ g?[J ﬂéﬁ?éé'x?@ﬁ% ol %ﬂ&ex e e BRAL dﬁlgr?atéf"‘a aBr &Py of the

adj usted fi plu ses a second ng t he
frequency catfernte binrasd tg‘rtm cahbraaon: sngnzé;rand37-

a response monitor for determining differences between the pre-
determined reference bit rates and the estimated reference bit rate and for adjusting

the rate selector until the one of the determined differences equals zero.

16.  The apparatus of claim 12, wherein the rate detector comprises:

an interval generator for generating a second plurality of transitions
that correlate to the transitions in the input signal;

a transition comparator for determining a difference between the
duration of each of the second plurality of transitions and a time interval between each
of the transitions in the input signal; and

a feedback means for adjusting the duration of each of the second

plurality of transitions until the determined difference equals zero.

17.  The apparatus of claim 12, wherein the narrow-band filter comprises:
a phase comparator for generating a phase correction signal
=~ proporfional to a difference between a phase of the clock signal and a phase of the
adjusted first plurality of pulses; and
a first adder for adding the phase correction signal to a center

frequency of an oscillator generating the clock signal.

18.  The apparatus of claim 17, wherein the narrow-band filter further
comprises:
a frequency comparator for generating a frequency correction signal
proportional to a difference between a frequency of the clock signal and a frequency
of the adjusted first plurality o1 pulses; and

a second adder for adding the frequency correction signal to a center
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frequency of an oscill at or generating the clock signal. PngsTQBB«%FaEﬁSLah

of claim 16, wherein the interval generator conpriseg..an edge triggered
one-shot for generating a second plurality of pul ses JES{tiE ?I et\iui.? bm
transitions in the input signal. 20. The appar at us o7 1716, 3 i
the interval generator conprises: one or nore resettabl e edge triggered

del ay elenents for generating a second plurality of pulses that correlate
to the tradeaedngyief am osaillatorgeneratingghaflocipsignal. An apparatus for recovering a
clock signal froman input signal having a variable bit rate, said
apparatus conprising: a rate detector for estimating a mninmmtine

i nterval betweeld.tr it dpparaths bficlhifel d, Mheileinsthe inddryal gereddter coaipgisdsor connect ed
to the rate detector; a transition de}ector connect ed ,tS&rate sel ector;

t
and a narrow band fi3%e98e KS8FIEL PREShob Lor |generating 8iseqon Ph’éﬁg}ﬁ ulseSd the rate

sel ector, glethrielfd tolthetrimitRns &l 1REInBht fatiSt s, based on the estimated
mnimmtinme interval, duration of each of a plurality of pul ses generated

by the transition detector and a center frequency of the narrow band filter
for extracting E&e Ch(ljecalf)pgrlatglgg% cl];ignofg, Rv@lgreirﬂ%j }nte%{'aq I%glrlle:'rator comprises:

one or more resettable edge triggered delay elements for generating a

second plurality of pulses that correlate to the transitions in the input signal.

21.  An apparatus for recovering a clock signal from an input signal having
o a variable bit rate, said apparatus comprising:
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 estirnated 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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(57) Abstract

Methods and apparatuses consistent with the present invention recover a clock signal from a varjable bit rate data signal by estimating,
in the time domain, the bit rate of the data signal, and based on the estimated variable bit rate, determining a center frequency of a
narmmrow-band filter for extracting the clock signal from the data signal., A clock recovery circuit consistent with the present invention
extracts a clock signal from a variable bit rate data signal by estimating a minimum time interval between transitions in the data signal,
generating a plurality of pulses that correspond respectively to transitions in the data signal, adjusting the duration of each of the pulses
based on the estimated minimum time interval and inputting into a narrow—band filter the adjusted 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 pulses.




