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rel ates to sanpled signal Hetection systens and, nore pgrticularly, to such
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data is recorded in a novi . B3

el ectrical current-to-mgnget f ransducer, eqd", positioned

I mmedi at el y adj acent thereg A%?'F?é’?da't gpd - S'to? QFQS?' Wi ten to the magnetic
medi a by switching the diréecCtions or rrowof—asubstarttal |y const ant

magni tude wite current provided 10 t hrough wi ndings in the storage
transducer. Each such wite current transiticon to an opposite direction
flowresults in a correspondi ng reversal of the magnet i zation direction, in

that portion of the magnetic |a a55| n t he transducer during
the ghanging of the current di r&ﬂﬁg &&;@&A’!‘QR he magneti zation
direction in that nedia mduceﬂlﬂ?x?m% flow in the
opposite 15 direction. In one codlng sche
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binary digit "®". In information storage systems such as digital magnetic recording

systems, data is recorded in a moving magnetic media layer by a storage, or "write",

electrical current-to-magnetic field transducer, or "head", positioned immediately

adjacent thereto. The data is stored or written to the magnetic media by switching

the directions of flow of a substantially constant magnitude write current provided

10  through windings in the storage transducer. Each six;_’:h write current transition to

an opposite direction flow resuits in a corresponding reversal of the magnetization

direction, in that portion of the magnbtic media just passing by the transducer

during the changing of the current direction, with respect to the magnetization

direction in that media induced by the previous current flow in the opposite

15  direction. In one coding scheme, often termed “‘nonreturn-to-zero inverted (NRZI),

each magnetization direction reversal over a portion of the media moving past the

transducer represents a binary digit "1" and the lack of any such reversal in that
portion represents a binary digit "0".

When data so stored is to be subsequently recovered, a retrieval, or

20 “read” magnetic field-to-voltage transducer (which may be the same as the storage

transducer if both rely on inductive coupling between the media fields and the

transducer), or “head”, is positioned to have the mégnetic media, containing the

previously stored data, pass thereby. Such passing by;of the media adjacent to the

transducer permits the flux accompanymg the ma‘g_net'iifa_:tion reversal regions in that

25  media to induce a corresponding volta:'_gc' pulse in formmg an output analog read

signal for that retrieval transducer or, al?ematively. permits the flux accompanying

these magnetization reversal regions to, in turn, change a transducer circuit

parameter to thereby provide such an oﬁtput signal irt)ltage pulse. In the coding



~Wen data so.stored is to be subsequently recovered, a retrieval, or 20
"read" magnetic field-to-voltage transducer (which may be the sane as the
storage transducer if both rely on inductive coupling between the nedia
fields and the transducer), or "head", is positioned to have the magnetic
medi a, “tont aiVi@ AT previ ousl y stored data, pass thereby. PERUSIPRSSI Ng by
of the nedia adjacent to the transducer permts the flux acconpanying the
magneti zati on reversal regions in that 25 media to induce a correspondi ng
voltage pulse in form ng an output anal og read signal for that retrieva
transducer or, alternatively, permts the flux acconpanying these
magneti zation reversal regions to, in turn, change a transducer circuit
paranmeter to thereby provide such an outp#t signal voltage pulse. In the
codi ng WO 98/ 04074
PCT/ US97/ 12743 -2- scheme descri bed above, each such voltage pulse in the
read transducer somdem'@dabOWM(sucmmhagwpumin thé. remdarmiducer ovtput

represent s o bi AR G O SERAREof Bheleion djstiots beech st Aedspondence
with such porti qmmmpmﬁgﬁ&ﬁsdtbﬂ&épfe&hﬂlat digi® *1"; and the absence ofa D' 91 t al
data magnetic record'Sﬂnsﬁﬁégggwﬂﬁﬁimﬁiﬁﬂmsﬁ%hmg;ffﬁimgdgn"w'

5 Digital data magnetic recording systems have used peak detection
methods for the de;ecﬁon of such voltage pulses in the retrieved analog signal as
the basis for digitizing this signal. Such methods are based on determining which
peaks in that signal exceed a selected threshold to determine that a binary digit “1”
mhmdmmboumnmhnﬂmnnmmmdmmmLmﬁahommﬂmtmwsNMMwnﬁm&:

10  voltage pulses to. reconstmct the timing information used in the preceding recording
operation in which the data were stored in the magnetic . med:a as described above.
The analog retrieved s:gnal is provided to a phase-locked loop forming a controlled
oscillator, or a phase-lock oscillator or synchronizer, wlnch produces an output
timing signal, or "cloc " signal, from the positions of thc detected peaks in this

15  analog retrieved slgnal Absolute time is not used in operatmg the data retrieval
system portion since the speed of the magnetic media varies.over time during both
the storage operation and the retrieval operation to result in nonuniform time
intervals, or nonumform maultiples thereof, occurring between the voltage pulses in
the analog retrieved signal.

20 ' hxnmm:mamtdmmndmanmgmncnmmﬂmgswmmw,pmuﬂ
response signaling is used which involves the acceptance of a. predetermmed degree
of intersymbol mterferenoe occwiring between the recovered data pulses involved
in forming the transducer analog output signal which pulses again represent data
symbols obtained from the recorded binary data. Such an a rrangement allows for

25  an increased densxty of data bemg stored in the magnetzc xﬁedna Data recovery
the basis for dlgmzmg this sngnal the gakmg of such saqples being initiated by
pulses in the clockih__g- signal supplied by a phase-lock oscillator. The magnitudes



.methods for the detection of such voltage pulses in the retrieved anal og
signal as the basis for digitizing this signal. Such nethods are based on
det erm ni ng whi ch peaks in that signal exceed a selected threshold to
determne that a binary digit "I" related pul se occurred in t@@nﬁ%ﬁh&ﬁXQd
signal, “and al ¥ WI9%he tines between those 10 vol tage pu

reconstruct the tining information used in the preceding recording
operation in which the data were stored in the magnetic nedia as descri bed
above. The analog retrieved signal is provided to a phase-|ocked | oop
formng a controlled oscillator, or a phase-lock oscillator or

synchroni zer, which produces an output timng signal, or "clock" signal,
fromthe positions of the detected peaks imthis 15 anal og retrieved
signal. Absolute tine is not used in operating the data retrieval systen1

portion since the speed of.-the netlc medi a varies over tine_dur bot h
the storage operatquﬁeém;.._-.-?i’- NS?’ MWV@W"WW‘WH f orm

time intervals, Orth (ft@'ﬂ%rﬁﬂé pikd 2P %@RWUM’&:M@MM@

vol tage pul ses |nt og:.retrieved I'n nore
recent digital dauamagmmbnbe@rfmem syst ens, part i al response signaling

|t er eynbol i nt or Ter ence. oc A Hidhie Pl fiBaloR S YA duency
Irg\;;(rjla\s{ggt | gaI gs?\{gbz;%d%g’s lng% %&E&%ﬁ?m%ﬁnar%@ﬁ%ﬁgm "
?Lreaﬂggggm Calﬁlégl da cl%tﬁs)fseﬁp\&blya system is particularly suntablc for magnetic recording in "
view of the nature of the spectrum of the resulting analog retrieved signal because
the signal channel requ:res relatively little equahzauon by the equalizer used
10  therewith to: pro\nde a channel frequency charactenst:c substantially matching the
class 4 sys "'sgnalspectrum lnsuchaclass4parualresponseslgnnhngsystem

15  nearthat mstant.:xf any, but not from the immediately preeedmg pulse one sampling
clock penod earher There will, however, be a: further contribution from the
f the next earher occurring pulse, if any. in the signal waveform two

sampling clock;penods but not from others occumng even earlier. As a result,
samples of the analog retrieved waveform can be divided into two interleaved
:one containing the even numbered samples and the other
containing the___'dd:numbered samples. Each such"e; sequence can be submitted

20

mdependently to a Vltctbl detector as part of a ma:nmum likelihood symbol
detection arrangement :

" Here, 100, the analog retrieved szgnal in such a partial response
25  signaling system is prov1ded to a phase-lock oscilla ‘a8 the basis for recovering

; __ d by the occurrences of pulses
representmg dlgxtal daca m the analog retrieved. sngnal.' i.e. the analog read signal
from the transducer Accurate recovery of the :bmary information in this signal



~proceeds by periodically sanpling the anplitude of this analog retrieved
signal as the basis for digitizing this signal, the taking of such sanples
being initiated by pulses in the clocking signal supplied by a phase-Iock
oscillator. The magnitudes WO 98/ 04074 i
PCT/ US97/ 1274W09804034 t he sanples initiated by this clocki ngcangeaiz7imayve
magni t ude contributions to them by nore than one pul se representing a
retrieved binary digit because of the planned intersynbol interference. As
part of providing a signal transm ssion channel with frequency 5

response characteristics suitable for partial response signaling, digital
magneti c recordi ng systens often choose a type of partial response
signaling systemternmed a class 4 system.4Such a systemis particularly
suitable for magnetic recording in view of the nature of the spectrum of
the resulting analog retrieved signal because the signal channel requires

relatively l|itt|equipsadccaraty @i theytihése of Gdkidgl Faipled SHma0 signdlN 8P tthe t ©
provi de a channel fregyency characteristic substantially nmatching the class
4 system si gnal Wﬂg\‘ﬁs Biz#tion of the operationofithaestof Shecletestion systemi ng
Systom ihe MOk, Ohe iyinkdiot b $asbeihid MooVt Yk ik iforBbR 21 O"
that there not be too many "0" bit symbols in a row in the binary data which would
5 lead to too few pulses occurring in the analog read signal forming the basis from
which the phase-lock oscillator derives such timing information. This need is
satisfied by properly precoding the data provided for recording on the magnetic disk
media using a code having a nature that results in preventing any such inordinately
long sequences of “0” data bits.
10 The average frequency of the phase-lock oscillator representing the
derived timing of the occurrence of pulses representing binary data in the analog
read signal must clearly equal the average frequency of the occurrence of pulses in
that read signal since the read detection system must generate as many data bits,
based on the frequency of sampling, as were actually recorded. However, even
15 having met this requirement, the phase-lock oscillator output clocking signal will
exhibit phase variation representing variations in just where each pulse in the
analog read signal is sampled over its duration. This variation in the timing phase
is usually referred to as phase jitter or timing jitter. Such jitter must be controlled
in the clocking signal of the phase-lock oscillator to achieve accurate sampling.
20 The analog read signal, x(t), as provided by the read transducer, is
initially subjected to analog signal processing opergtioés including amplification
and equalization. The resulting processed analog read s1gnal, y(t), after such analog
processing, is then ready for sampling, and will be sampled at times which can be
represented as (kT+t[k]). The period of the clocking-. signal, i.e. the sampling
25  imterval, is designated T so that the time to the current period is kT where k is an
appropriate integer giving the number of sampling mtervals which have occurred
since the initial interval, and the phase error t[k) mpfeseints the timing error in the
k% sampling interval. Thus, the sample currently takenhas a magnitude value of



. Instant has a contribution thereto fromthe magni tude of that pulse,
representing a corresponding recorded binary digit, newy included in the
anal og retrieved signal 15 near that instant, if any, but not fromthe

i medi ately precedl pul se one sanpling clock period earlier, There wil,
however, be a%¥ ? contribution fromthe magni tude of t hEGTERP7EARN | er
occurring pulse, I f any, in the signal waveformtwo sanpling cl ock periods
but not fromothers occurring even earlier. As a result, sanples of the
anal og retrieved waveform can be divided into two interleaved 20
subsequences with one containing the even nunbered sanples and the other
contai ning the odd nunbered sanples. Each such subsequence can be submtted
i ndependently to a Viterbi detector as pa#t of a maxi numlikelihood synbol
det ection arrangenent. Here, too the anal og retrieved signal in such a

partial response 25 signaling systemis provided to a phase-I|ock
osci.l | ator as th¥kFas{kd). f'ﬁlﬁisem%dgﬂﬁ ﬂfé‘%likb)emerg}ass%rlgmoscﬂblloeouwtl n the

timng represent?ﬂﬂps\yﬂ%m dat a
in the analog retrre Sl gna e ana*tg(gﬁ?l{é S] g raglﬁ]%ﬁg@
t ransducer. Accutmmcrmnﬂegmlevnme oby{kﬂ‘ﬂ-ﬁk])némnﬂe[mmhmhﬁﬂleﬁ senk gnal

\Ié\gT? 3/88;1? 14217 43  ananalog-to-digital converter for conversion into an equivalent digital value.

5 Ina pamal response system absent noise in the channel, the output
of the equalizer y(t).ide‘ﬂly is one of three sample valneé, +1, O or -1, obtained at
the beginning of each sampling period. However, because of asymmetries and
scaling effects occux_r‘iog in the partial response signal tréosmission system channel,
‘the actual voltage values obtained in noiseless samples will be found instead to be

10 V,,, 0, and V, in correspondence with these ideal sample just set out above to
provide the actually used system ideal sample values, ideali}, representing the value
of the i® ideal sample wnhont providing the specific timq"oependence. The values
forV,, and V, canbe oig_tained from an averaging arrangement for finding average
values for high and low value samples.

15 Becauge of noise, timing jirter, and other signal transmuission defects,
the sample value measm'ed at a sampling period samplefi} will not usvally be equal
o one of the ideal sample values ideal[i]. Thus, there will instead be an error having
a value equal to |

error{i] = sample[i] - idealli).

20  This error has been controlled in the past with respect timing jitter contributions by
adaptively adjusting the tlmmg phase in a feedback loop using in that loop an
unbiased, minimum vanance estimator for the desired 100p timing function of

= -sampte[x] + ideal [i-1] + sample[l-l] zdeal[n]
to establish the nature of the loop as

25 v[i+1]=t{i]-c2(i]
to provide recursive timing phase corrections. Such a system is shown in Figure 1.

In the system of Figure 1, a magnetic material covered disk, 10,
containing pluralities -of-tx_iagnetization direction reversa]é';;iong each of a plurality



~requires accuracy in the tinmes of taking sanples of that signal, and in the
correspondi ng synchroni zation of the operation of the rest of the detection
system therewith. One requirenent for successfully recovering this timng
information is that there not be too many "0" bit synmbols in a rowin the
bi nar y*dat a viWND@804B4| d 5 | ead to too few pul ses occurri rgTussvizaanal og
read signal formng the basis fromwhich the phase-|ock oscillator derives
such timng information. This need is satisfied by properly precoding the
data provided for recording on the magnetic di sk nmedia using a code having
a nature that results in preventing any such inordinately | ong sequences of
"0" data bits. 10 The average frequency of the phase-| ock
oscillator representing the derived timng of the occurrence of pul ses
representing binary data in the analog read signal nust clearly equal the

aver age frequency of t e occurrence of pulses in that read signal since the
read detection SYEPENN §°&éﬁ§/’°€l’éﬁ asswtawm dl tepnsduger

frequency of saaﬁhmgmngslv&rtmmll; g&p{ k&)ﬁ[‘ » havi ng
t he pha |

met this requirenent, - phase-| ock ‘osci |l ator out put c ng signal wll
exhi bit phase vBP’f‘%%%Pdr - Hfmérlﬂa@h@hgsnmmq Llﬁtto\mand; apeinitialpul se in

timing phase. | s SucEfad bipa AP Phls QG s shiledief & chbr plbbimb A BBl | " ch
jitter must Be gan@mpli %mddﬂbsequm@mh@hﬁnewqumher,nbase I ock
oS | ator 10 ach eve oC e e Tt Woind oo e s 5 5 09 1 °°
elements, 16, to form a delay line with each of element 16 providing a delay of T
seconds, nominally equal to the sampling interval, to input signals provided thereto
by passing those input signals through a cascade of three T/3 delay filters therein.
10 Thus, x(¢) is presented to the input of equalizer 15 to be introduced into this delay
line with successive vesions thereof delayed by T seconds being tapped from this
delay line and provided to corresponding omes of ‘a plurality of tap weight
multipliers, 17, to befiimltiplied by the associated tap weight value, w,. The
weighted values formmuluplners 17 are summed in summers, 18, to provide the
15 analog output y(t) of equallzer 15. Changes in the tap weights are provided from a
plurality of corresponding weighting change multipliers, 19, based on multiplying
the corresponding. delayed version of the input signal x(t) by a scaled version of an
error signal determmedﬁ‘om samples taken of the output signal y(t) in a sampler, 20,
based on a sample a.nd hold circuit. These samples are supplied to an error
20 determiner, 21, along: thh the scaled ideal values for such samples from a source
thereof, 22, from whlch determmer 21 determines the eryor wlnch is passed through
a magmtude scaler, 23, eighting change mulnphers 19
The samplcs obtamed in sampler 20 and the scaled ideal sample
values are also supplied to correspondmg T sec_ond_ _delay elements, 24 and 25,
25  respectively, and directly to a phase detector, 26, to which the delayed versions from
delay elements 24 and 25 are also supplied Phase detector 26 uses these inputs to
form the estimate descnbed above wlnch is scaled by a step size multiplier, 27, and
then used to control a voltage-controlled oscillator that ‘provides the sampling clock




initially subjected to anal og signal processing operations including
anplification and equalization. The resulting processed anal og read signal,

y(t), after such anal og processing, is then ready for sanpling, and will be
sanpl ed at tinmes wi ;h can be represented as (kT+[err][k]). The period of
t he cl ocki ng s‘f”& 07 e. the sampling 25 interval, is desi 4%

that the tine to the current period is kT where k is an appropriate integer
gi ving the nunber of sanpling intervals which have occurred since the
initial interval, and the phase error [err][K] represents the timng error
in the k[err] sanpling interval. Thus, the sanple currently taken has a
magni t ude val ue of WO 98/ 04074

PCT/ US97/ 12743 y(kT+[err][k]). That is, at7sanple time (kT+[err][k]), the
phase-1ock oscillator output clock signal causes a sanple-and-hold circuit

to hold the then Sthlt6 : ; %ar@g: _ | .al ue of
y(kT+[err][K]), or sarrp| ?alll ]#Qﬁ%a#%m?ﬁéﬁi-g%kt gﬁ%ﬁ%’gﬁgﬁsﬁa t al
converter for corotharactions inthesignal prooéssing systemdi gi t al val ue. 5

In a partial response syste, hannel , the outpuyt of the

_ _ _ %p enﬁpno}se in_the g _
equal i zer y(t) ideally is YED | fhise PreVIdes) 3 B HMIE EITQF COfTECHOR aj ned
at the begi nni ng afangemment, Stheiniiid efpers i adél notHEorRecE, asDREIRUS Posaibler &y HOBL ' | €S
O g ts ©ichasns th Whh héve' S shitbasive samplck Wb varied o 2210, o shis © "
syst em channelP, pies W ot zero

situation, the estimator z can be seen to being subject to taking a value of zero on
such occasions so that no timing error corrections will be provided on such
occasions. Thus, there is desired a timing error correction arrangement providing
better timing error correction without a significant increase in complexity.
10 SUMMARY OF THE INVENTION
The present invention provides a phase detector for a timing control
loop provided in 3 signal sampling System to control taking samples by a sampler
of input signals provided to a signal sampling system to result in a signal sample
sequence output using a slope estimator receiving the input signals to provide signal
15 slope estimate_s' from signai magnitudes in sampling intervals and an error
determiner receiving samples from the sampler to | provide error magnitude
indications corresponding to the samples received based on differences in magnitude
occurring between such said samples and expected values of such samples. A phase
error estimation combiner is electrically connected to the slope estimator and the
20 error determiner to provide phasé error estimates at said output thereof for
corresponding sampling intervals based on the error magnitude indications as
selectively modiﬁéd by the slope estimates. A signal delayer provides phase error
estimates from the phase error estimation combiner to a summer delayed for
corresponding sampling interval, and the summer aiso receives current phase error
25  estimates directly from the phase error estimation combiner. The summer provides
an output signal which is the algebraic sum of the cun§nt and delayed phase error

estimates.



.the actual voltage val ues obtained in noiseless sanples wll be found

I nstead to be 10 V[err] O, and V[err] in correspondence with these ideal
sanpl e just set out above to provide the actually used systemideal sanple
val ues, ideal[i], representing the value of the i[err] ideal sanple wthout
provi difhg thew@g®84074 c ti ne dependence. The val ues for V[ er PCTaISS/NT4 1]
can be obtained froman averagi ng arrangenent for finding average val ues
for high and | ow val ue sanples. 15 Because of noise, timng
jitter, and other signal transm ssion defects, the sanple val ue neasured at
a sanmpling period sanmple[i] will not usually be equal to one of the ideal
sanple values ideal[i]. Thus, there will instead be an error having a val ue
equal to error[i] = sanple[i] - ideal[i]-820 This error has been
controlled in the past with respect tinmng jitter contributions by

adaptively adjusting the hase in a feedback |00 u5| ng in that |oop
an unbi ased, i ni mum vari mﬂ"ém %&P“Pﬁé‘? Y5 gelaying the
function of [ er mputsignals forlaskledted mﬁaabﬂm&:mmls%bn&lmm% higl to

establish the nature of the | op as

[err][i+1] =[ er r fheislope sstjmator n m ‘PM alues PWM@W@@I ons.
matorai cover oo a belaerdufi Snbptnk ink3e Y o0 Slilled f fioe of affO" ! ©
direction re§er signalsfa mgsmm sempling fitervals.i A paid second signal delayer to further
delay the input signals transmitted therethrough for a selected fraction of current
sampling intervals to further aid the slope estimator to determme magnitude values
of signals transmitted through the first and second sxgnal delayers during sampling
intervals. _
10 BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of a timing er}p\f correction system from
the prior art, |
Figures 2A, 2B, 2C and 2D are block diagrams of subsystems
involved in the present invention, .
15 Figure 3 is a block diagram of a timing error correction system
embodying the present invention, |
Figures 4A and 4B are graphs connected with the performance of the
system shown in Figure 3,
Figure S is a block diagram of a ummg error correction system
20 embodying the present mvennon, and
Figures6AandGBaregtaphsconnectedwnhthcpafommnce of the
system shown in Figure 5.

Reducing the error in samples due to- tunmg errors in the sampling

25  is alternatively accomplished by forming the expected value of the square of this
error, ie. the mean-squared error, and minimizing it wn;h;gespect to the timing jitter.

Such an effort requires finding the timing error gradient of thls mean squared error
which must be set to zer0 and solved. The difficulties mﬁndmg the minimum mean



.W\O 98/ 04074

PCT/ US97/ 12743 -6- of nore or |ess concentric, circular tracks is rotated
past a data retrieval transducer arrangenent, 11, or "read head",
p03|t|oned adj acent a selected track by a "head" positioner Ll L -
processot, 12, WIBBH#74 spindle, 13, to provide an initial an?&%ﬁw&ﬂ
signal x(t). ThIS signal is subjected to further processing in a variable 5
gain anplifier, 14, and subsequently in a |linear channel equalizer, 15.
Equal i zer 15 has, beginning fromits input, a succession of delay elenments,
16, to forma delay line with each of elenent 16 providing a delay of T
seconds, nomnally equal to the sanpling inf{erval, to input signals

provi ded thereto by passing those input sia%als t hrough a cascade of three
T/3 delay filters therein. 10 Thus, x(t) is presented to the input of

equal i zer 15 to bequarécrmbtqadstdmadmsﬁgwtmmgemmdimaﬂmsem&mrSI ons
t hereof del ayed by T seconds bei nq tappedgjfﬁrom this delay |jnpe and pI’OVI ded

to corresponding mﬁbwf?ﬂm Wasdd miginum withoyt, e
mul tiplied by theh@ﬁﬁg)&'ﬁh%éaam@'mmmmeasw&nsgtfc]gma&\@wﬁﬁhmse&fdfal ues

formmultipliers 17 are sumed-in sumers, 18, to provide the 15 anal og
output y(t) of eqthel regusive 8djusting ofdhe fiming pbasecip adiregtions oppasits, thevateldal af r om a

5 feedback loop, or
tk+1] = t[k]~a-;—t(error {k1)?

where « is a stépfjs'iz_e or scaling parameter multiplying the timing error stochastic
gradient. The stochasnc gradient of the squared error with respect to the timing or

phase error is found to be
10 -—(errar [k] )= -- - (sample [k -ideal [K] Y
| S {Y(kT +t[Kk]) -ideal [k] )
=2 {y(kT+t[k]) -ideal [k] }-é?[-,-c-]-y (kT +c{k]D
=2 (error [k] )=y (KT +t[k]).
15 a1t

This gradient 1sthenused in a feedback ldop in the ph___ase-lock oscillator system to
update the voltage controlled oscillator used therein on the basis

© (k1] = <[] -B error[k] Zy(kT + T{k]).

20  Here, the parameter B (in which the constant 2 is incorporated) sets the updating step
size and has a value determined so as to provid¢ _:stability for the phase-lock
oscillator while: -aﬂdﬁring it to track changes in the timing of the pulses in the
equalized analog read signal.



~plurality of correspondi ng wei ghting change nultipliers, 19, based
"nmul tiplying the corresponding del ayed version of the input signal
scal ed version of an error signal determ ned from sanples taken of the

out put signal y(t) in a sanpler, 20, based on a sanple and hold circuit.

21, pcnuseg/1awds h -t he

These sanpl ewoas®4674ppl ied to an error 20 det erm ner,

scal ed ideal values for such sanples froma source thereof 22, fr
determiner 21 deternmines the error which is passed through a nagnitude
scaler, 23, to weighting change nultipliers 19. The sanples obtained in
sanpl er 20 and the scal ed ideal sanple values are also supplied to

corresponding T second delay el enents 24 and 25, 25

respectively,

on
x(t) by a

om whi ch

and

directly to a phase detector, 26, to whigp.the del ayed versions from del ay
el ements 24 and 25 are al so supplied. Phase detector 26 uses these inputs
to formthe estl mat e described above which is scaled by a step size

mul tiplier, and t hen

excillatoy Iop myst. beamppliod mith theserrar| at or

pCT/ 807/ '18'32; S O e dlond afl o bt alopg it gy of s,

sanpl e of y(t) mmmmdnlmgthmommmsmmoﬂh.eabastrfaiop@mmgsm ng

syst em

10

15

20

that loop. Typically, as indicated above, an equalizer will have been used in the
panhlnmpmups@pﬂtnmmmh@mlamumdemmLzmdtnﬁmﬂycmethnis
adaptive so as to be able to adapt to changes occurring in that system channel as in
the system of Figure 1. A typical linear adaptive equalizer will use the least mean
square error algorithm as a basis for such adaptation which correlates an estimate
of the error in a current sample error [i] with the signal present at the input of each
multiplier used in the transversal filter structure forming that equalizer to thereby
provide a small adjustment in the gain of the multiplier. Thus, the system will
typically have availéble_ an error signal, or an estimate of that error signal based on
the associated scaled ideal sample values, for purposes of adaptation in the
equalizer.

In addition, the phase-lock oscillator loop must be supplied with an
estimate of the slope of the signal being sampled at the time of sampling. Since the
magnitude of the sxgnal based on the gradient that is supplied to the loop is scaled,
the algebraic sign of the gradient is a sufficient estimate. Although an analog
differentiator circui"t" coﬁld be used for this purpose, such circuits tend to enhance
noise and so are ofcen unsausfactory

Fxgure 2A shows a slope sign estlmator circuit that estimates the
slope as always either - pdsxtive or negative by placmg a *“1" binary logic value at
either one or the other of the positive outputs of a pair of qomparators, 30 and 31,
and so at one side of either a positive slope indic'atingi: single pole, single throw
switch, 32, or a negative slope indicating single pole, single throw switch, 33. The
analog signal y(t) from the output of equalizer 15 is applied to the noninverting
input of comparator 30 and the inverting input of éoméa’gr-ator 31, and that signal
delayed by 2T/3 secopds through two T/3 delay el'emcntis;. 34 and 35, is connected



. Although this provides a useable timng error correction arrangenent, the
timng errors are not corrected as well as possible in those 5 situations
in which there are successive sanples with values of zero. In this
situation, the estimator z“tan be seen to being subject to taking_ a gglue
of zerg on sud¥P B ons: 50 that no tinming error correctlonECVG$h

provi ded on such occasi ons.  Thus, there is desired a timng error
correction arrangenent prOV|d|ng better timng error correction wthout a
significant increase in conplexity. 10 SUWARY OF THE
| NVENTI ON The present invention provides a phase detector for a timng
control |oop provided in a‘signal sanplln%ésysten1to control taking sanples
by a sanpler of input S|gnals provi ded to-!&a-signal sanpling systemto
result in a signal sanple: sequence out put using a slope estinmator receiving

the input signalg, Jrolel-t r I

magni tudes in sarrp{hghngalﬂ# erv *&B%L'a&’gn ?an'raror ﬁ%ﬂ%@ﬁo&g@ﬂ}uﬁﬂﬁgggaml es
fromthe sanpl er WB@M&O@IWWMthﬁmmmm|MQ to
the sanpl es receiy fLf, n. i tude occurring between
such said sanpl e?asegsa"m@%gsc@wb "88 sée gﬁg’ﬁ%r‘rpl es. A phase error
estimati on conbiner is eI edhus,ﬂfq{d)ysgrmmﬁﬁth-l!%) lagositiedoRSé éstiBiattd and

t he 20 error. determ ner tg:provide phase error estinmates at said out put

A S

thereof for cdrr O 2hipen & Rils Ve akdts outpuhandsomparatas i  ude
i ndi cations as sqhgfdd vy SE oltput. théxJe&@Fof%tx’eﬁﬁ%‘-’sﬁgmfm&nﬂG@és

del ayer provi des phase error::
leadsto a reversal of the outputs on comparators 30 and 31. The following equation

for the assoc:_a__te_.d s;ope estimator th summarizes this behavior:

-1 if y(t)<y(t-%£)

1if y(t)>y(t-33'5)'

The bmaryvalues n :t_'h'e' outputs of comparators 30 and 31 are transmitted through

10 switches 32 anci'33'3"‘i59' aclocking signal on the dashed switch activation lines which
control the opemng and closing of these switches. The signal sent on for sampling
from this esumator s the signal at the output of delay element 34, and so is delayed
from the output of equahzer 15 by T/3 seconds. Thus, the siope estimation made
from the equalmr output signal values at txmes t and 1-2T/3 is based on signal

15 values occumng synunemcally in time on euher sxde of the sample value y(t-T/3)
taken at time t- 135 to thereby provide a s]ope estunate of this signal about the
sample value. .

Fxgure 2B shows that the prov:slon of a negative logic output on
comparator 30 i m addmon to a positive logic output thereon, i.e. providing a fully
20  differential oomparator. allows eliminating comparator 31 Comparator 30 has been




.esti‘mates fromthe phase error estimation conbiner to a sumer del ayed for
correspondi ng sanpling interval, and the summer al so receives current phase
error 25 estimates directly fromthe phase error estimation conbiner. The
sumer provi des an output signal which is the al gebraic sumof the current
and defayed pVia98048T4 or esti mates. WO 98/ 04074 PCT/US97/12743

PCT/ US97/ 12743 -8- The sl ope estinmator can be connected to a signal del ayer
del aying the input signals for a selected fraction of a current one of the
sanpling intervals to aid the slope estimator in determ ning magnitude

val ues of signals transmtted through the signal delayer during sanpling
intervals to provide esti mtes of slopes of such 5 signals for
correspondi ng sanpling intervals. A said-Eecond signal delayer to further
delay the input signals transmtted therethrough for a selected fraction of

maani Tude Val U6 of i gna) e ERERENRGE SRS A A0 2B ReprouEn S AT oi gnal
del ayers during ﬁnﬁmdpeﬂmlﬂhtrﬁ&mhgﬁmgk%pe value of either 1 or -1, Figure 2C shows
a slope sign esnmator for determining the presence- of a zero value slope which, in
this instance, creates a range of small slopes thhm :te wh:ch will be considered
5  zero value slopes__ Tlus is accomplished using the same estimator system as was
used in Figure 2A -§ut;-:with combining constant values_ef £ with y(t) provided by
a pair of constant value adders, 36 and 37, although these values could have been
combined with the delayed version of this signal for each of these comparators by
‘changing the a.lgebrmc sign of the constant being added in the associated one of
10  adders 36 and 37. ‘The estimator of Figure 2C can be re_presented by

-1 if y)+e < y(t'-__zsz)

B=1 e y(t)-e>y(t-331)'

0 if otherwise

The finding of a zero by this estimator results in both of comparators 30 and 31, and
80 the sides of switches 32 and 33 connected thereto, having a binary value of “0"
thereon. " _
An alternate slope sign estimator is shown in Figure 2D which
15 checks for the cons:stency of slopes on each side: of the sample valne y(t- T/3).
‘Where consistent.on either side, either a slope of i or -1 is determined to have
occurred. In those instances, however, where the slopes differ on opposite sides,
a zero value slope 1s determined to have been present
'I‘he output signal of equalizer 15 is again provided to the
20  poninverting input of comparator 30 and delay element 34 in the slope estimator of
Figure 2D. The delayed signal from delay element 34 is provided to both the
inverting input of comparator 30 and the nonmvemng mput of comparator 31, and



Figure 1 is a block diagramof a timng error correction systemfromthe
“prior art, Figures 2A, 2B, 2C and 2D are bl ock diagranms of subsystens

invol ved in the present invention, 15 Figure 3 is a block
diagramof a tim error correction system enbodyi ng the present -

i nvent i &n, Fldﬁpéyamﬁ'and 4B are graphs connected with the pEFFTESHARZAR of

t he systen1shomn in Figure 3, Figure 5 is a block diagramof a timng error
correction system 20 enbodyfng the present invention, and Figures 6A and
6B are graphs connected with the performance of the system shown in Figure
5. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS Reducing the error in
sanples due to timng errors in the sanpling 25 1is alternatively
acconpl i shed by form ng the expected val uel3f the square of this error, ie.
the nmean-squared error, and mninmzing it with respect to the timng

hean squared err P e St S5 5 o S b o B ol {112
in finding the mﬂlmmmdto the inverting input of comparator 31. The outputs of both
of comparators 30 and 31 are provided to the inputs of an AND gate, 38, and to the
inputs of a NOR.i_g:atg_, 39. The output of gate 38 is provided to one side of switch
5 32, and the output of gate 39 is provided to one side of switch 33.
Thus, if y(¢t) is greater than y(t-T/3), and y(t-TI3) is also greater than
y(t-2T/3), a conslstent positive slope has been found about the sample value of y(t-
T/3) and each of comparators 30 and 31 provides a bmary “1" at its output which
causes AND gate 38 to provide a binary “1" to switch 32. NOR gate 39, on the
10  other hand, pro\rides ‘a binary “0" output in these circumstances. If the these
relationships between these signal values are just the oppos:te, a consistent negative
slope has been: found about the sample value of y(t-T/3) and each of these
comparators prowdes a binary “0” at its output which cause NOR gate 38 to provide
a binary “1" to sthch 33 and AND gate 38 to provide a binary “0" at its output.
15  Other mixes of these s:gnal value relationships indicate a zero slope with resulting
binary values of “0" appeanng at the outputs of gates 38 and 39. This behavior is
represented by -

-1 if y) < y(t-l;'-) < y(t--?;T—)

B 1y > y(t-::f-) > y(t-_-.—z,a,z)'

0 if otherwise

The phase-lock oscillator Joop for the retricval or read subsystem of

a magnetic data stdfa'ge-system based on the stochastic g’radient of the squared error

20  with respect to the ummg error can then be unplemented using one of these signal
slope estimators and an error estimator based on dxfferences between samples
actually obtained and ideal scaled samples. A comp_an_son between the results that

can be expected for this loop with the results expected for a loop using the estimator



. WD 98/ 04074 .

PCT/ US97/ 12743 -9- squared error |leads to instead using the timng error
gradient of the squared error itself as a basis for adaptively adjusting
the timng phase toward a m ni num w t hout having to find a nean val ue. .This
results in awnesouerdti c gradient which is used for the recURGHYITA# st i ng
of the timng phase in a direction opposite thereto in a5 f eedback | oop,
or [err] where [err] is a step size or scaling paraneter multiplying the
timng error stochastic gradient. The stochastic gradient of the squared
error with respect to the timng or phase error is found to be [err] This
gradient is then used in a feedback | oop in the phase-lock oscillator
systemto update the voltage controlled odcillator used therein on the
basis [err] 20 Here, the paraneter [err] (in which the constant 2 is

to provi de- st abri P15 okl be el 5P ey B e miey 0 R GhRAR! PO °°
track changes i igradient to aicommofi equadizayoutpat sigmalt lAcsuitgbie signalds thecstangande ad
signal . preamble timing signal used to start the phase—lockibscillator loop in such a

subsystem which is recorded as a 50% duty cycle square wave in the magnetic

5 storage media of a 'per'iod equal to four sampling mterva]s Such a signal, in being

sensed in the “read head” transducer, is effectively differentiated whether the

transducer is based on inductive or magnetoresistive: eﬁects This sensed standard

preamble signal would pass through an equalizer and be. presented to the phase-

locked loop and the sampler as

] ) _ T
yw(t)-sm(-ﬁ] cos(ﬁ.

10 The stochastic gradient based estimator, found above as

?at-(error [k] }*=2 (error [KT] )?ar'y (KT +<[KT]) =2 (error [KT] )m{kT],

with m(kT) being the slope of the output signal at a sampling point, can be, as

indicated above, reduced to

V<[kT] =sgn { m{kT]} (error (kT)).

Here, VT[KT) is the current estimator value and sgn{m[KT]} is the current algebraic
sign of the slope and the constant “2" is considered combined in the loop step size

1S parameter B as indicated above. If the equalizer output signal with phase error
£[kT], ignoring any noise therein, is approximatefd m _'_;_:a'%Taylor’s series about a
sample value kT by retaining just the first order term

0T oeeT) 5o DD | persepery-any -,

=kT
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PCT/ US97/ 12743 -10- Thus, the phase-lock oscillator |oop nust be supplied
with the error in the sanpling of the equalized anal og read signal al ong
with the gradient of that signal with respect to the timng ase, oOr

esti mates themu@98040% a basis for operating that |oop. Typic§¢VVﬂ”Q§"B

i ndi cat ed above, an equalizer wll have been used in the 5 parti al
response signal transm ssion system channel, and typically one that is
adaptive so as to be able to adapt to changes occurring in that system
channel as in the systemof Figure 1. A typical |inear adaptive equali zer
w Il use the |east nean square error algorithmas a basis for such
adapt ati on which correlates an estinmate oflSthe error in a current sanple
error [i] with the signal present at the input of each 10 mul tiplier used

in the transversgé,oﬂgtl.iTE b%tfé Lyre form ng that equalizer to thereby

provide a smal | he gain of the nultiplier. Thus, the system
will typically have avallabl 14 I imate of that error
si gnal based on the associ afﬁﬁ tscg ’ggffﬂkg?a‘ggggl eﬁﬂ; ue for purposes of

adaptation in the equalizer. In additi on t he phase-| ock
oscillator |oop W(t,“&e suppl i ed with an

V[kT] =sgn{ m[KT]) (error [KT1) = sgn{ m{kT]) m{kT]*[kT] = {m[kT}{<[kT}.

Thus, the slope of the standard preamble signal is needed to evaluate
5 error[kT] or

9y,(9) ( m) ( m)
d—&— 2 e
o Pe(= 7% 37 * ol 37

This.can be evaluated at the sampling times KT as follows using the
first period of the signal as characterizing the remainder of the signal without any loss
in generality in view of the periodic nature of the signal:

T X
my{T] = 5 sin 2= 55
m [2T]-—¥co = -271_-

sinF .- T
m[3T) = g sin = <o

m_[4T] = e os21t—"
[T] 2Tc 2T

Thus, the stochastic gradient estimator for the preamble signal is evaluated as



_esti'mate of the slope of the signal being sanpled at the tinme of sanpling.
Since the magnitude of the signal based on the gradient that is supplied to
the loop is scaled, the algebraic sign of the gradient is a sufficient
estimate. Al though an analog-differentiator circuit could be used for this
pur pos&; suchw&i9®#’#s tend to enhance 20 noi se and so ar PQINUSIN12743 -
unsatisfactory. Figure 2A shows a slope sign estinmator circuit that
estimates the slope as always either positive or negative by placing a
binary logic value at either one or the other of the positive outputs of a
pair of conparators, 30 and 31, and so at one side of either a positive
sl ope indicating single pole, single throw 25 swtch, 32, or a negative
sl ope indicating single pole, single throwsw tch, 33. The anal og si gnal
y(t) fromthe output of equalizer 15 is applied to the noninverting input
of conparator 30 and the inverting input of conparator 31. and that signal
del ayed by 2T/ 3 seconds through two T/3 dehgy el enments, 34 and 35, is
connect ed WD 98/ 04074 VT, K] = —1k].

PCT/ US97/ 12743 -11- to the inverting inputZBf conparator 30 and the
noni nverting input of conparator 31. Conparator 30 has its output connected
to one side of swtch 32 and conparator 31

Turning no,\__';;r_é'.,__to the estimator 2, that estimator can ;be, from above, written as

2,, IKT) = -sample [KT}ideal{(k~1)T] + sample [(k~1)T) ideal [KT]
= ~y (kT +tKT]} y{&- DT} +y{&-DT +<[(k-1)T)}y{KT},

5 or, after subsmutmg the approximation y[kT] + m([kT}[kT] for y(kT + t[kT]) as
found above, there is obtained

2, [KT] = ~{ {y(kT] + m[kT)<[kT]}} y[(k-1)T]
" +{yI&-DT] +m{k-1) Tt (k- 1)T]} }yIkT).

This can be expanded to yield

2, KT} = ~-m[kT] v KT]y (k- )T] + m{&-DT) t(k-DH T y[KT].

Thus, in addition tothe sainple values for the derivative ofthe preamble signal at the

10 sampling points, the actual sampie values at those pomtsare also needed. These
values, obtained from the standard preamble signal given above on the same basis as
were the values for the derivative of that signal at the samplmg points, are



~has \its output is connected to one side of switch 33. Thus, if y(t) is
"greater than y(t-2T/3), a positive slope is estimated 5 W th conparat or
30 then having a binary "1" value at its output and conparator 31 having a
binary "0" value at its output. A reversal of the relative Sy g_gﬁ;
magni t udes | eQWROY  eversal of the outputs on conparators AR The
foll owi ng equation for the associated slope estimtor msunmarizes this
behavior. [err] The binary val ues on the outputs of conparators 30 and 31
are transmtted through 10 switches 32 and 33 by a cl ocking signal on the
dashed switch activation |ines which control t he opening and cl osi ng of
these swtches. The signal sent on for- qgllng fromthis estimator is the
signal at the output of delay elenment 34.7dhd so is del ayed fromthe output
of equalizer 15 by T/3 seconds. Thus, the slope estimtion made fromthe
equal i zer output signal val ues at tines t and t- 2T/3 is based on signal 15
val ues occurring symetrically in o eﬂ side of the sanple val ue
y(t-T/3) taken at tinme t-T/3 to thepe proy e a slope estinmate of this

si gnal about the sanpl e val ue. FlgyrgnQB.%bgmslthat the provision of a
negative |ogic output on conparat or® 30 i n ajdition to a positive logic

out put thereon, ie. providing a fuﬂ*ﬁnﬂesuhgffférentlal conparator, allows
el i m nating conparator 31. Cbnparato 1%0 Qg ,P?Qﬂ redesi gnated 30" in
figure 2B.

.

.

Using these values for the standard preamble signal at the sampling instants, and the
above values for the féigr__i}'ative of that signal at those same instants, the estimator 2,
found to be e

S n
_ ___;2:« =] =37 {t kT] +t [k-1)T])

ﬁnﬂmsmm&ndp@@gﬂbﬁgnl
5 Thus, compamg the estimator £, for the standard preamble signal to the
stochastic gradient ¢ eMtor V1, for that same signal, shows that the estimator 2, is
' Edmﬂngnmmmeammuwﬁnﬁmcmmmnpmum v, [KT),
ic grat nt estimator for the preceding samplmg point, Vz,, [(k-1)T].
This indicates that the beneﬁts of both the stochastic gradtent estimator Vt[kT) and
10  the estimator £ can be obtalned by a new estimator, V<I>_[l;1‘], defined as a two-point
moving average ofthe stochastic gradient estimator withg{n any weighting or scaling
coefficients uvsed thh the constituents thereof, ie. w:th the coefficients of the

moving average constituents set to unity, or

VO [KT] a Ve[KT) + Vr[(k-1)T].



WD 98/ 04074

PCT/ US97/ 12743 -12- The estimators of Figures 2A and 2B nmake no provision
for zero value slopes in always assigning a slope value of either 1 or -1.
Figure 2C shows a slope sign estimator for determ ning the presence of a
zero vat ue slwQesAdarLh, in this instance, creates a range oPCITM8IVI2ZB30pes
within [err] which will be considered 5 zero value slopes. This is
acconpl i shed using the sane estinmator systemas was used in Figure 2A but
wi th conbi ning constant values of [err]Je with y(t) provided by a pair of
constant val ue adders, 36 and 37, although these val ues could have been
conbined with the delayed version of this signal for each of these
conpar at ors by changi ng the al gebraic sigggof t he constant being added in
t he associ ated one of 10 adders 36 and The estimator of Figure 2C can
be represented by [err] The finding of a zero by this estimator results in
bot h of conpar altss ¢pmbined esfingtor thus d ethemnlbmddebemﬁtssﬁ\ﬂtstwhasﬁégnddnt%

connect ed t her gfgug E%ﬂﬂhﬁg&%‘w b4 bwo Boint AEraRiY proviaed by e 3 © °' OP°

Si gn esti mat or gure
estmator

In view of thc nnportance of the performance of these estimators during their
5  initial use with the standard timing preamble to assure that the timing error correction
feedback loops m_wlnqh they are used “Jocks” onto the proper timing phase, the
statistical behavior f these estimators is first compared with the standard timing
preamble signal bemg presented to them assuming the presence of a small fixed
phase error T. Thc mean value of the stochastic gradient estimator then is
10 '

- E{Ve,ld) = —E (v} =2,

where the expression above for the value provided by the stochastic gradient
estimator for the standard preamble timing signal has been used along with the
expected value of ’k_'é‘.phase error value being t. .The mean value of the moving
average estimator is

E{W’ [k]} = E{Vzik] + Vt[k-1]}
: =E{V1[k]} + B{V<[k-1]}

_rT + T 7T

2T 21T T

15 where the expressxon for the moving average estimator given above has been used
and the mdependence of the phase error at each sampling instance has been assumed
which is rcasonable ‘once the feedback loop in which the estimator is used has
reached steady s_tat_e. Since the preamble timing signal has no zero values at the



.15 <checks for the consistency of slopes on each side of the sanple val ue
y(t- T/3). Where consistent on either side, either a slope of 1 or -1 1is

determ ned to have occurred. In those instances, however,

where the sl opes

differ on opposite sides, a zero value slope is determ ned to have been -
present =~ The ONM@B8®40% gnal of equalizer 15 is again provi ded®
noni nverting input of conparator 30 and delay elenent 34 in the slope
estimator of Figure 2D. The del ayed signal fromdelay elenment 34 is
provided to both the inverting input of conparator 30 and the noninverting

I nput of conparator 31, and WD 98104074

Copa i

PCT/ US97/ 12743 -13- to the input of delay elenent 35. The signal so del ayed
t hrough both del ay el enments 34 and 35 is ptdvided to the inverting i nput of
conparator 31. The out puts of both of conparators 30 and 31 are provided to

the inputs of an The
out put of gate 38 IS rov l@@%@é%%ﬁ%ﬁ@%ﬁgﬂ & out put

of gate 39 is prnmwiﬂgdvmgmmmde of svmtch 33. . Thus,

if y(t)

i's greater

LERTRE N e MO O
these estimators are used can be assumed to provide sufficient gain for the estimator
5 output signals to operate similar voltage-control os(:i]’l‘ai&rs in each on a similar basis.
Thus, the loop gain when using the stochastic gradi;e_ni_éés’timator will be sufficiently
increased so that it will be providing a signal to the %Mge-wnmkd oscillator
which will be on-a par in magnitude with the signal provided by the moving average
estimator even though it has twice the mumber of stochastic gradient estimator
10 contributors as-does the stochastic gradient by itself. Thus, to fairly compare the
estimates, the variance of the stochastic gradient estimator will be based on a
multiplying of that value by two. Thus, assuming fdr7tiném purposes that the phase

errors at each samplmg instant are independent of tl;o;see of at other instants in the

standard preamble" ummg signal, and that these en'ors have a mean of zero and 2

15 standard deviation of o, the mean values of each estunator will be zero in this
circumstance and the variance of the stochastic gradxent estimator is

E((2V1,[K] -0} = E{2V<,, [K])*} = E{(z_.___’”m)}

2T
______E 2} o
= { (tkD%} T2

where the value for the stochastic gradient estmator
preamble signal is again used along thh the assum

20.2

ratmg on the standard timing
:_161:1 above that the expected

20 wvalue of the square of the zero mean tnmng phasé eitor, i.e. its variance, is equal to

o®. The variance of the moving average esnmator_

these circumstances is



. T/ 3)- and each of conparators 30 and 31 provides a binary "1" at its output
whi ch causes AND gate 38 to provide a binary "1" to switch 32. NOR gate 39.
on the 10 ot her hand, provides a binary "0" output in these
circunstances. If the these relationships between these signal values are
just the oppweovsmse™ consi stent negative sl ope has been foupcreseitiss he
sanpl e value of y(t-T/3) and each of these conparators provides a binary
"0" at its output which cause NOR gate 38 to provide a binary "1" to switch
33 and AND gate 38 to provide a binary "0" at its output. 15 O her m xes
of these signal value relationships indicate a zero slope with resulting

bi nary val ues of "0" appearing at the outputs of gates 38 and 39. This
behavi or is represented by [err] The pha2g-1ock oscillator |oop for the
retrieval or read subsystemof a magnetic data storage system based on the
stochastic gradient of the squared error 20 wth respect to the timng

error can then b I d | ope estinmators
BAVD, I0PS E!W |"'fq¥erences llt)lﬁ gV%Hﬁgahp’s

and an error estimatoff based o : | es act uaI |y

obt ai ned and i deal scal ed sa es. . omzi _ he r ts that

can be expected for this Ioogﬁ e e ulﬁ -émﬁﬂk {ka?ﬁ p using
= 4—1-:( K] + 2ckelk-1] + 2k -11?)

t he esti nator
= ﬂ (202) £ 02
472 aT?’

using again the expressions for the moving average estimator and the stochastic
gradient estimator, andusmg the independence of the eero rhean phase timing errors
at each sampling instant. Thus, the moving average estnnator improves the immunity
to noise by about 3db with a mean phase offset of zero.

5 Figure 3 is a block diagram of a system formmg a portion of a data retrieval
channel from disk 10 through sample-and-hold circuit: 20 including a timing, or phase
error, correction loop I___:ased on the moving average phase error estimator described
above. Also, the slope sign estimator of Figure 2D is chosen to be used as part of this
loop in the system of Figure 3. The analog signal from equalizer 15, after a delay of

10  a third of the sample interval T/3 in delay element 34, is provided to sample-and-hold
circuit 20 for samplmg The resulting sequence of . sample values, y(KT+t[k]), is
provided to subsequent subsystem components | m the data retrieval channel for
further processing to: recover the data. Also, these samples are provided as inputs to
the timing, or phase. error, correction feedback loop used j_ the data retrieval channel.

15 In this latter use, each of the samples from sample—and—ho!d circuit 20 are
provided to error determmer 21 to have subtracted therefrom scaled ideal sample
values for each of the three of the sample magmtude ; ected to occur in the analog
signal from the output of equalizer 15 at the prop : lmg instants. In an ideal
class 4 partial response data retrieval channel, the ou ) of rhe equalizer is expected

20 to alternatively take on one of three sample values, 1, 0 or -1, at each sampling




WD 98/ 04074

PCT/ US97/ 12743 -14- [err] given above can be nade by applying this latter
estimator and the stochastic gradient to a conmon equal i zer. output signal.
A suitable signal is the standard preanble tining signal used to start t-he
phase-1 otk oscWPI8P4974 | oop in such a subsystem which is recoPGEFSEEII550,
duty cycle square wave in the magnetic 5 storage nedia of a period equa
to four sanpling intervals. Such a signal, in being sensed in the "read
head" transducer, is effectively differentiated whether the transducer is
based on inductive or magnetoresistive effects. This sensed standard
preanbl e signal woul d pass through an equalizer and be presented to the
phase- | ocked | oop and the sanpler as [err$l-10 The
stochastic gradi ent based estimator, found above as [err] mﬁth n(kT) being

Zbove, Feduced tABtE D oy im0 AR ol B P { Bl °S g
[err] is the cur faetdrs Tipgrativetiercin, thesef expbcted Isample avathet poasibilifiest @Rt more' | S
consi dered conbi ned t he Ioo step size 15 ar anet e err] as |nd|cated
above. If the eqﬁ%‘f‘f reprsesiRd %W“Pﬂ%f‘f‘&?g \?i“es { »'d (assuming
any offsets in the data retneval channe] have been corrected) and V, . The values
5 provided for V and 'V, by scaled ideal sample values source 22 are typically
provided in regnsters in source 22 and obtained ither from measurements made in
the system pnor 10 its use, or by computing averages of sample values obtained
mnmgomHMmmofmeWan
Since, as md:cated offsets are assumed to be corrected in the data retrieval
10 channel, the expectedvahe for samples intended to be zero value samples is zero.
As a result, no 'stibi'raction is made in error determiner 21 from the current sample
from the outpu; __of circuit 20 to an analog s_lgnal algebraic summer, 40, on a first
summer input lmc, 41, through a switch to be described below since any sample
15 wvalue can be vi'ewéd as automhtically having a zero value subtracted therefrom.
Scaled ideal value V,, 1s supplied by source 22 to a unity gain subtractor, 42, which
subtracts it from the current sample value supplied thereto by sample-and-hold circuit
20 and providgé thedlﬁ’erence on a summer input line, 43, directed to summer 40
through a switch'to be described below. Finally, scaled ideal sample value V, is
20  supplied by source 22 to:a further unity gain subtractor, 44, which subtracts value V,
from the cuxrentisampl:'e value supplied thereto by sample-and-hold circuit 20 and
pnnmhsthsdﬁ&nnweonztﬁmﬂsmnmmﬁhm 45, aho:hmmmﬁto:mnmmr40
through a further: swnch to be described below. '
Just whactg_-p._f these differences representing the possible sample error will be
25 usedto actual]yrepresent the error value for the current sample is determined by a
two value thresh(_jld'?\axrangement which compares each current sample to each of a
pair of correspo;idipg threshold values, Vy, and V.. A typical magnitude for
threshold value Vi, is V,/2, and a typical value for threshold V.. isV,2. A



[err][kT], ignoring any noise therein, is approximated in a Taylor's series
about a sanple value kT by retaining just the first order termJ[err] WO
98/ 04074

PCT/ US97/ 12743 -15- error[kT] can be found as [err] to provide [err] Thus,
t he sfope ofW@MBMMandard preanble signal is needed to evaPOHUSYMZEBr or [ kT]
or [err] This can be evaluated at the sanpling tinmes KT as follows using
the first period of the signal as characterizing the remai nder of the
signal without any loss in generality in view of the periodic nature of the
signal [err] Thus, the stochastic gradient estimator for the preanble
signal is evaluated as 2

threshold source, 45, provides threshold value V,, to the inverting input of a first
comparator, 46, and source 45 provides threshold vaue V. to the non-inverting input
of a further Ccomparator, 47. If the value of the current sample supplied from the
output of sample-and-hold circuit 20 to the non-mvemng input of comparator 46
] exceeds Vr,. the output of comparator 46 takes on a logic value of "1" to direct the
closing of a switch, 48, in summer line 42 to thereby provide the difference
determined by unity gain subtractor 42, y(KT+t[KT])-V,,, to summer 40. In the
meanwhile, the output of comparator 47 maintains a "0" logic value at its output,
which directs a further switch, 49, in summer line 45 to remain open, since the value
10 of the current sample supplied from the output of sample-and-hold circuit 20 to the
inverting input of that comparator is greater than V..
| If, on the other hand, the value of the current sample is more negative than
Vy., the output of comparator 47 will have a logic value "1" occur at its output to
direct: the closing of switch 49 to thereby allow the difference between the sample
15 value and the scaled ideal value, y(kT+t[KT})-V,, to be provided to summer 40 on
summer line 45, whiie the output of comparator 46 remains at a Jogic value "0" to
keep switch 48 open. Finally, should the current sample value neither exceed
t.hreshnld value Vp, nor be more negative than threshold value Vi, each of
comparatoxs 46 and 47 will have a logic value of "0" at its output resulting in a NOR
20 pgate, 50, with its inputs connected to the outputs of comparators 46 and 47, have a
1" logic value at its output to direct the closing of a further switch, 51, to thereby
allow the sample value Y&T+T[KT)) to be directly pmvxded to summer 40 on summer
line 41. Thus, the magmtude and algebraic sign of the current sample error are
determmed supplied to and passed through summer 40 to scalcr 23 for equalizer 15,
25 and to the remainder of the timing, or phase error, two ‘point moving average
estimator and, subsequently, to the remainder of the timing or phase error control
feedback loop. '



WD 98/ 04074
PCT/ US97/ 12743 -16- [err] Turning now to the estimator [err], that
estimator can be, fromabove, witten as [err] 5 or, after substituting

the approximation y[ KTl + n{kT][err][kT] for y(kT +[e”][kT])PF§?|+SP%IﬁR§ in

above, fhere i¥%O "#ed [err] This can be expanded to yield

addition to the sanple values for the derivative of the preanble signal at
the 10 sanpling points, the actual sanple values at those points are al so
needed. These val ues, obtained fromthe standard preanbl e signal given
above on the sane basis as were the values for the derivative of that
signal at the sanpling points, are 23- .

A further analog signal algebraic summer, 60 has either a) this original error
magnitude and algebraic sign supplied by summer 40 provided thereto through a
further controlled sthch, 61, or b) the original error magmtude from summer 40
supplied thereto but with an inverted algebraic slgn due to passing that summer 40
5 output signal through an analog algebraic sign mve_rtqt 62, and another controlled
switch, 63. Which of these two signals is received': by summer 60 in connection with
the current sample is determined by the slope estimator circuit of Figure 2D as
implemented in 'the system shown in Figure 3A. Thus, if the slope estimator
determines a positive slope is present in connection wnh the current sample, slope
10 estimator provides.a “1" logic value at the output of AND gate 38 to direct the
closing of switch 61 with this closing being synchro_n__m__ed by the initiation of the
taking of the current sample by voltage-controlled osf;illator 28 also closing switch
32 to provide the efror magnitude and algebraic sign supplied by summer 40 to
summer 60. A *“0"value on the output of NOR gate 39 keeps switch 63 open even

15  though switch 33 is closed by voltage-controlled oscillator 28.
If, instqad, the slope of the equalizer output waveform associated with the
current sample is .dé._termined to be negative, a “O'l loglc value at the output of AND
gate 38 keeps switch 61 open and a “1" logic value at the output of NOR gate 39
closes switch 63 in synchronism with the initiation of the taking of the current sample
20 by voitage-controlled oscillator 28 through that oscillator also closing switch 33 to
provide the original error magnitude but with an opposxte algebraic sign to summer

found in connection with the

60. If neither a positive slope nor a negative slope i
current sample, but rather zero slope estimate is mad by the slope estimator, logic
values of “0” at both of the outputs of gates 38 and 39 ect that both of switches 61
25 and 63 remain open even though switches 32 and 33 close so that the output of
summer 60 is zero for the particular sample. Thus, the output of summer 60 is the
2} (errar[k'l']) described above




WO 98/ 04074

" PCT/ US97/ 12743 -17- [err] Using these values for the standard preanble
signal at the sanpling instants, and the above values for the derivative of
that signal at those sanme instants, the estimator [err], found to be [err]
for the standwrsogereanbl e signal 5 Thus conpari ng t¥crressyazras or
[err] for the standard preanble signal to the stochastic gradient estimator
[err] for that same signal, shows that the estimator [err] is equal to the
sum of the stochastic gradient estimator for the current period, [err]

[ kT], and the stochastic gradient estimtor for the preceding sanpling
point, [err] [(k-1)T]. This indicates that the benefits of both the
stochastic gradient estimator Vr[kT] and40 the estimator [err] can be
obtained by a new estimator, [err][kT], defined as a two-point noving
average of the stochastlc radient estinmator w thout any wei ghting or

scal i ng coef f i BSinghthe Figure slmmem&tﬂfﬂ tRoproyide theysigsrof the slopegfithe t he

coefficients Oéqﬂaﬁﬁr G&W%&Qﬁﬁtﬁr&ﬁ%ﬁ%o B&cﬂhta or [err]

The output of summer 60 is supplied to a furthe.r“ portlon of the phase error

corréction loop whxch creates the two point moving. average estimator from the

5 stochastic gradlent based estimator signal provided at the output of summer 60. A

further analog s:gnal a}gebrmc semmer, 64, receives: thercurrent stochastic gradient

based estimate Vt[k'l'} directly from summer 60, and ne sample period delayed

stochastic gradlentbasedestxmate Vel(k-1)T] from a further sample-and-hold circuit,

65. Sample-and-hold circuit 65 obtains current stochastic gradient based estimates

10 fromsummer 60: and holds them for one sample period; tlns holding initiated by the

same sample mmation pulse provided by voltage-controlled oscillator 28 to sample-
and-hold circuit 20

Thus, the output of summer 64 is the two pomt movmg average estimator

VOIKT) = VeXT]: + Vt[(k-l)'r] described above using the stochastic. gradient based

15 estimates V‘:[kT] = sgn{ w{kT)(error{kT]) from summer 60 (Figure 3 shows
implementing estumtor V@ but could implement estunator V< therein through the
removal of sample-and-hold circuit 65). This two pomt moving average estimator
values are provxded to. ‘step size scaler 27 to be mulnpked by B, the step size
weighting factor. The output of scaler 27 is then used as the control voltage signal

20 for operating voltage-controlled oscillator 28 whxch serires as the source of the

indicated, provxdmg the sample initiation pulses for sample-and—hold circuit 20.
Figure 4A provxdes plots of behavior of three dlfferent phase error estimators

over a range ofphas'e-emrs in connection with the rets
25 in the presence of no:se to the extent of there being & ria] to noise ratio of 15db,
the plots being of the resultmg means of each of the ot ponding phase estimates
over a range of phas_e_ errors provided as fraction a sampling period. The
stochastic gradient based ':_est;imator V1 is plotted usiné_f 1 data point designator "*",

val of random stored data



WD 98/ 04074

PCT/ US97/ 12743 -18- This conbi ned estimtor thus offers the conbi ned
benefits of the stochatic gradient based estimtor, indicated above, and
the two_ point_averaging provided by the 2 estlnator In view of the

i mport ance of WPH#4924 f or rance of these estimators during tthF"§y"1ﬁfﬁ|aJ
use with the standard timng preanble to assure that the timng error
correction feedback | oops in which they are used "l ocks" onto the proper
timng phase, the statistical behavior of these estimators is first
conpared with the standard timng preanble signal being presented to them
assum ng the presence of a small fixed phase error [err]. The nean val ue of
the stochastic gradient estimtor then i s230 [err] where the expression
above for the val ue provided by the stochastic gradient estimator for the

standard preanblyg &diiiafdg E’%d &Lmﬁﬁﬂn"" ob d val ue
of k[err] phasehgcrror valzﬁltha &ﬁ%rr] nmeah val uehm{dhﬁ?] n@gﬁa\g
aver age est i nat Zoviog ayeage pstinpton wnpthedsiamomtdwgnhmmﬁ\nmmerage
estimtor gi Vencm\ﬁﬁ'oﬁﬁfmpaﬁgp&ﬁﬁ%rmhesnmatorhave also been added to the plots.

As can be seen, the estimator Z near the outer ends of the phase error range shown

5 actually changes algebraic sign to be of the wrong algcbmc sign for correcting the
phase error involved. The estimator V¢ and V< both stay _§f the proper sign over the
phase error range shown. All of the estimators are more o{-less linearly related to the
phase error about the zero phase error value that is less than half the phase error range
shown.

10 Figure 4B shows a plot of the variance of the normalized phased estimates for
these phase estimators over the phase error range again ;in fractions of a sampling
period for random stored data in the presence of noise thhthe same signal-to-noise
ratio. The two point moving average estimator V@ q}carly shows the smallest
variance among these estimators with the estimator Z showing less variance than the

15 estimator Vt because of the effective averaging therein as indicated above.

The two point moving average estimator is described above on the
basis of receiving all of the data samples for error determination purposes that are
transmitted through the system data retrieval channel asl a basis for operating the
timing phase error correction feedback loop. However, as indicated above, a class

20 4 partial response system can be viewed as the mterleavmg of two sets of samples,
the even samples and the odd samples, i.e. as two dxcode chaxmels each operating at
half the sampling rate used for sampling with the full pama]____:rcsponsc channel. Thus,
the moving average estimator could be used in a feedback loop for controlling the
timing for a half sampling rate dicode channel to provide the basis for establishing

25 timing phase error corrections therein. In this cn'cumstance the moving average
estimator described above is given effect in every other sampkng period but must be
combined with a zero value in the intervening samplmg periods when the other
dicode channel is acquiring the next data sample. As a result, a combined moving



~and the independence of the phase error at each sanpling instance has been
assuned which is reasonable once the feedback | oop in which the estinmator
is used has reached steady state. Since the preanble timng signal has no
zero values at the WO 98/ 04074 .
PCT/ USS7/ 1274%0-9884076¢ anpl i ng i nstants therein, the nean of (HCTAISYMI2TER O
wll be equal to that of the noving average estinmator. In conparing the
vari ances of these estimators, the feedback |oops in which these estimators
are used can be assumed to provide sufficient gain for the estimtor 5

out put signals to operate simlar voltage-control oscillators in each on a
simlar basis. Thus, the | oop gain when using the stochastic gradi ent
estimator will be sufficiently increased-2% that it will be providing a
signal to the voltage-controlled oscillator which will be on a par in

magni tude with the signal proyvided by the noving average estimator even
thgugh it has t e ﬂ'ﬁ’gﬁ&m@( élﬁfh‘& Yanee ofp éﬁ‘ﬁd‘g@ﬁm of the
contributors asfollewigiférgn:St ochastic gradient by itself. Thus, to fairly
conpare the estimates, the variance of the stochastic gradient estimator
will be based on a rrulti pl ying of that value by twd. Thus, assum ng for

t hese purposes that the phase -

v =4 0 if k is even o,
V¥R {ch +Ve[k-1] if k isodd
The statistical behavxor ot' this estimator can be found assuming that some phase
5 erroris present so that the stochastic algorithm estimator V<[] has a mean value of
m, in this comb:ggt_i_f__esnmator and a variance of 0., In these circumstances, the
mean of the coniﬁihéd estimator over the half rate sa.mpliﬂg-period is
{V‘P) =B{0]} pyea* (VK] +Tlk=1D)], 44}
_ - =1BE{0} +KE{Vz[k] +1:[k+l])

o =0+WE({Vtk]} +YE{Vt[k-1])
=tam_+%m_ = m,

where the likehhood pi_’ the occurrence of each estimator value in the half-rate
10  sampling period is taken to be equal. The variance of the combined estimator is then



_errors at each sanpling instant are independent of those of at other
instants in the standard preanble timng signal, and that these errors have
a nmean of zero and a 15 standard deviation of [err], the nean val ues of
each estimator will be zero in this circunstance and the varjan % he
stochasfic gr N ®MOMst i mator is [err] where the value for tﬁ‘g"ﬁ?’&@% tic
gradi ent estinmator operating on the standard timng preanble signal is

agai n used along with the assunption above that the expected 20 val ue of
the square of the zero nean timng phase error, ie. its variance, is equal
to [err] The variance of the noving average estimator in these
circunstances is WO 98/ 04074

PCT/ US97/ 12743 -20- [err] using again the‘ZEXpressi ons for the noving
average estimtor and the stochastic gradient estimtor, and using the

I ndependence of the zero nean phase timng errors at each sanpling instant.
Thus, the noving aﬂﬂvmcﬁiﬁf-ﬂﬁ{(ﬂ{,VLJ’FIWOISK@G'CK*H)ILWLPY}Y[0 noi se by about
3db with a nmean phase offset pf zero re 3 i,s a block diagram

51 Fl % _ 2
of a systemforning a port_i%q%‘ﬂ“@fa&*&;ﬁé@rﬁ@f&?f -1} -m )’}
2
=22+ (K] P11+ 200Kk 1)
-2m t[k]-2m t{k-1]+m?}

m: 1 2 2. .9 2

=.-_-2— +-£E{t k)~2m t[k] +m  +t*[k-1] -2m t(k-1] +m
+2t{k)t(k-1] +m?~m?-m?}

m:. 1 2 2.2 2 _2

=‘T+E( o0 +2mc +m; -m, -m;)
2 2

st vgl s =0l +m?,

2 2

where the independence of the timing phase errors at each sampling instant has been
used. Thus, the :: combined moving average estimator has a variance which is
dependent on its mean value making this estimator less suitable for controlting the
timing phase er_ro"rj_in a dicode channel as compared to using the moving average

5 estimator to control the timing phase error in the ful partial response channel.
Anothexzi caveat in connection with use of pha;sé‘f‘:error estimators in phase
timing error correction loops using error information based on samples of the channel
signal is the possﬂnhty of a “hang-up” in the loop at an erroneous nonzero timing
phase error va,l__ue_j:'-= dunng the use of the timing preambie at the initiation of loop
10 timing phase error control activity. If the timing preamble is sampled at times t = kT,
the samples will have values of either the positive or the @egative peak values in the
equalizer waveform. as indicated above, and the corrésbimding mean timing error
will be driven toizéb in the described system to thereby Iock the loop to a zero phase
error. However, 1frhe initial timing phase error is sufficiently great so that the signal



~ channel fromdisk 10 through sanpl e-and-hold circuit 20 including a tim ng,
or phase error, correction |oop based on the noving average phase error
estimator descri bed above. Al so, the slope sign estimator of Figure 2D is
chosen to be used as part of this loop in the systemof Figure 3. The.

anal o si gnaVoPMPLqual i zer 15, after a delay of 10 a thi PETESVRMIsanpl e
interval T/3 in delay elenment 34, is provided to sanple-and-hold circuit 20
for sanpling. The resulting sequence of sanple values, y(kT+err][k]), is
provi ded to subsequent subsystem conponents in the data retrieval channel
for further processing to recover the data. Al so, these sanples are
provided as inputs to the timng, or phase error, correction feedback | oop
used in the data retrieval channel. 15 -28- In this latter use, each of
the sanples from sanple-and-hold circuit 20 are provided to error

determ ner 21 a ea a al ues for
each of the tf#%f¥§%&ég iﬁ'%égﬁ”?%@@@ﬁ@@%gu@ g’E‘P“ et‘she anal og
signal fromt meukaaommewmmwmamwmgm:mﬁgant s. In
an ideal class 4 partial response ta retrieval- channel, the output of the
equal i zer is @g tﬁl{ggtgﬂtg}q?g@q)geg,mtlg 1he,j00p k.8 I2 RhAseRITOa | e
values, 1,0 or -1, MmMusmg\ﬁQeﬁeﬂMﬁumwdmmsmme

PCT/ USQ7/ 12743 - 21-
5 data retrieval channel system each time its operation is.again desired after a period

of inactivity. In this procedure, during an initial training period, the phase of voltage-
controlled oscillator 28 at initiation is coordinat_ed'.:.;t:p benear zero along with
generating an estimate of the pattern positive and negative peak values of the timing
preamble being received that is used to generate comsp_ontting noiseless samples to
10  control switches 48, 49 and 1. This allows the establishing of values for V,, and V,
sufficiently for the sample errors to become small enough tct assure the timing errors
are also sufficiently small for the loop to lock onto zero phase erTor.
Figure 5 shows the data retrieval channel s’ystein‘ ot’ Figure 3 modified to be
capabie of performing this procedure. Rather than switches 48, 49 and 51 being
15 operated by signals at the outputs of comparators 46 and 47 and NOR gate 50,
respectively, these outputs are connected to the inputs.of :a-multiplexer, 52, to be
selectively connectable to control these switches through the outputs of that
mukiplexer. The scaled ideal values source, redesxgnated 22’ in Figure 5, is involved
with system control to also provide, through outputs: thereof connected to further
20 inputs of multiplexer 52, output signals that are, in. effect noiseless samples to
control switches 48, 49 and 51, and to provide a further. output to direct multiplexer
52 as to which set of its inputs to connect to its outputs '

Figure 6A provides plots showing the behavior: of the mean phase estimates
from estimators Vt, 2 and V& that can be expected m',_f system like that shown in
25 TFigure 5 (which again is shown implementing esumator Vd> 'and could implement

estimator Vt therein through the removal of sample—and-hold circuit 65) operating
on the standard timing preamble from equalizer 15 in- the presence of noise to the
extent of a there being a signal-to-noise ratio of 15db. The mean phase estimate has



.instant. Because of asymmetries in the data retrieval channel and various
scaling factors operative therein, these expected sanpl e val ue
possibilities are nore accurately represented as the correspondi ng scal ed

i deal values of V[err] O (assuming any offsets in the data retrieval -
channel "have b fected), and V[err]. The values 5 provid@ﬂ“ﬁggnﬁw%rr]
and V[err] by scaled ideal sanple values source 22 are typically provided
in registers in source 22 and obtained either from neasurenents nade in the
systemprior to its use, or by computing averages of sanpl e val ues obtai ned
during operation of the system Since, as indicated, offsets are assuned to
be corrected in the data retrieval 10 chaagel, the expected val ue for
sanpl es intended to be zero val ue sanples ¥$ zero. As a result, no
subtraction is made in error determner 21 fromthe current sanple supplied
by sanpl e- and- holathmédh/18ges 1indhk: rafigd!fbethe sialidrd Ui PreaniblEthsh fob ratidbM data
supplied fromthe output of<circuit 20 to an anal og:signal al gebraic
sunmer, 40, on a2nd mope of thasestimatoss pradyes mean phase estimates hapingcan ingomest

descri bed bel ow e 5@(% R ?Pl" -' W c,?ﬁmau tigal |y
having a zero va@ﬁsﬁjﬁ%atfe t er%&o}‘gkn#ggﬁ%gg?%ea va ue'\f@gﬂrﬁafs
suppl i ed by sour peoddestplots showing theabehasiobof thet variance? of the abrnsalibéd phdse | t
fromthe currept sanple.vakue st ied thereto sampl e-and-hold circuit
50 and pr ovi des. RERRET PR shiie SRR i el itmabesk YR i NG pOURL o
summer 40 t hr ouglaverageestimatortagaild shooking adici snexllesb edriance dvere kange sfpasclerrateal
sanpl e value V|er i.s 20 “supplied by source 22 to a further unity gain
subtractor. 44, '@ﬂ'subtracts val ue V[err]
Although the present invention has been described with reference to preferred
embodiments, workers skilled in the art will recognize that changes may be made in
10 formand detaﬂjﬁiﬁhduf:,deparﬁng from the spirit and scope of the invention.




fromthe current sanple val ue suppti-ed_thereto by sanpl e-and-hold circuit
20 and provides the dlffer I?IH flnal ‘sumrer line, 45, also directed to
c

summer 40 through a furthe ﬂﬂ,achrl bed bel ow. Just which of
these differences representi*ng sanple error will be 25 used

t o actual | ywaAs04Ient t he error val ue fPor “the current sanREWY/RIAEr m ned
by a two val ue threshold arrangenment which conpares each current sanple to
each of a pair of corresponding threshold values, V[err] and V[err]. A
typi cal nmagnitude for threshold value V[err] is V[err]/2, and a typical
value for threshold V[err] is V[err]2. A WO 98/ 04074

PCT/ US97/ 12743 -22- threshold source, 45, provides threshold value V[err]
to the inverting input of a first conpaB®tor, 46, and source 45 provides
threshold value V[err] to the non-inverting input of a further conparator,

47. If the va nt sanple supplied fromthe output of
sanpl e- and- holwlﬁAl rcM@'the non-inverting i nput of conparator 46 5
exceeds V[errl. theAqmmuetwtorcfomaimﬁgom&el mab@aomdanlaminm saglplige of " 1" to

direct the closi of a.s tch ,48, l'in 42tothereby prowde
t he di fferencéy‘lfég W Bé tmf fiom one another

y(kT+[err][ kTHméébﬁﬂinb sﬁxﬂ)hﬁglmfalsﬂd?mahﬂtﬂdbﬁof input signals provided at an input
of said signal sampling system by a sampler that forms sequences of said samples of
those input signals at an output thereof which are supplied to a data output of said
signal sampling system, said phase detector comprising:

a slope estimator having a slope indication output and having a first signal
input coupled to said signal sampling system input, said siope
estimator being capable of determining magnitude values of said
input signals provided at said signal sampling system input during
said sampling intervals to provide therefrom estimates of slopes of
such signals for corresponding said sampling intervals, and of
providing indications of said slope estimates at said slope indication
output thereof;

an crror determiner having a signal input electrically connected to said
sampler output to receive said samples and having a magnitude error
output, said error determiner being capable of providing indications
of error magnitudes at said output thereof corresponding to those said
samples received thereby based on differences in magnitude occurring
between such said samples and expected values therefor;

a phase error estimation combiner having an output, and having a slope
indication input electrically connected to said slope estimator slope
indication output and an error indication input electrically connected
to said error determiner magnitude error output, said phase error
estimation combiner being capable of providing phase error estimates
at said output thereof for corresponding said sampling intervals based

——

e,

i ////7i7l77ii7“"



meanwhi | e, the out put of conparator 47 maintains a "0" logic value at its

“output, which directs a further swi-tch, 49, Tn:sumer line 45 to renmain
open, since the value 10 Mmﬂlmmm le supplied fromthe out put of
sanpl e-and-hol d circuit 20t ”"lmmﬂnnput .of that co é

gr eat er=t han WQIM074| f = on't-he-bi her. *Martd, *the val ue of the%ﬁﬁéarrpl e
is nore negative than V[err], the output of conparator 47 will have a |ogic
value "1" occur at its output to direct the closing of switch 49 to thereby
allow the difference between the sanple 15 value and the scal ed i deal

val ue, y(kT+[err][kT])-V[err], to be provided to summer 40 on summer |ine
45, while the output of conparator 46 remains at a logic value "0" to keep
switch 48 open. Finally, should the currerdl-sanpl e val ue neither exceed
threshol d value VI[err] nor be nore negative than threshold value VI[err]
each of conparators 46 and 47 | 1 have a la |c:vaJ of 0" gt | s out put
resulting in a NOR 20 gat"@, ) ‘ﬂgu"t’?’c ES oifft put s
of c'orrpar ators 46 and 47, sElaMﬁreQmoﬁxﬁahwlsgnﬂﬁ m:dadaus‘aidslnpbmﬁutwrect
the closing of a further switch, 51, to. thereby-all ow t he al ue
y(kT+[err][kT]) to béﬁtﬁé’@ﬂfe‘a)'fd\hﬂmﬂ?é“@m AFic ?P‘%'&MF“E €41.

" Wm uf; [shid (firgk! €

Thus, the magnitude and alep@Pesintatidh Gombiher! Giitpift tin
det er i ned, supplied to and passed through: sumrer 40 to scaler 23 for

equal i zer 15, 25 and to tsigaaldelayer beingicapableiof delaying signals provided absald mpvt  t wo
poi nt moving average esti W;OGWrF&&H&PJJgKm&&M&:W?&%M the

timng or phase error cont
sampling interval; and

a summer having an output, a first input'_thricany connected to said phase
error estimation combiner- ohfpﬂt and a second input electrically
connected to said ﬁrst signal. delayer output, said summer being
capable of providing an output sngnal at said output thereof which is
the algebraic sum of correspondmg szgna]s provided on said first and
second inputs thereof.

2, The apparatus of claim 1 wherein said phase error estimation combiner
receives said indications of error magnitudes at said error indication input thereof in
corresponding sampling intervals and provides from each such error magnitude
indication a corresponding indication of in opposite polarity error magnitude, and
wherein said phase error estimation combiner ébmpﬁses a selector for selectively
modifying said signals occurring at said error mdmcauon input thereof by signals
provided at said slope input thereof whxch altemauvely ‘selects at least either a said
indication of error magnitude -or a correspondmg sand indication of an opposite

polarity error magnitude to appear av; : p_"ase error esumauon combiner output
based on corresponding said mdlcano
indication input thereof. "_' N
3. The apparatus of claim 1 wherem sald slope esumator has a clocking input
and provides said indications: of sloj
thereof upon corresponding recepu n_s__oﬁ:mdwann_g gnals on said clocking input
thereof. gz ;

pe‘esnmates provided at said slope

estnnates at smd slope indication output
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WD 98/ 04074 I

"PCT/ US97/ 12743 -23- A furjt_. naI al gebraic sumer, 60, has
either a) this original et ﬂa@ﬂi&” ﬁ E‘w al gebrai ¢ sign suppl ed by
sumer 40 provi ded thereto #hr eu controlled switch. 61, or b)
the orirgi nal veostadeniagni t ide ‘f rom summer 40 suppl i ed ther et 3CDUBITIZIA an
inverted al gebraic sign due to passing that summer 40 5 output signal

t hrough an anal og al gebraic sign inverter, 62, and another controlled

swi tch, 63. Wiich of these two signals is received by summer 60 in
connection wth the current sanple is determ ned by the slope estinmator
circuit of Figure 2D as inplenented in the system shown in Figure 3A. Thus,
if the slope estimator determines a positgxe slope is present in connection
with the current sanple, slope 10 estimator provides a "1" |ogic val ue at
the output of AND gate 38 to dlrect the closing of swtch 61 with this

cl osi ng bei ng s$nchrbis sRparais o w@mﬂlmrlcempmms # sonteplled, gigaal genesatetr r ent

o ovi de. L heer r Al Bl OB condio 8 i il Eh PRl (ilbidf sl |
sumer 60. A " Ohaving mmtehmmm&dmgmmgo perayitssaish\phase efior open
even 15 thoughe st & prviddd’ af b8 Paddyentc? dsiiiaci B ifther SShef %o’ LoD 2
characteristics of output signals provided by said control __s_ng_nal generator at said
output thereof which control acquisitions of samples by smdsamplcr
5. The apparatus of claim 2 wherein said phase error estimation combiner
selectively modifies said signals occurring at said error mdxcauon input thereof in a
further alternative of reducing them to a zero value. :
6. The apparatus of claim 4 wherein said slope estimator has a clocking input
and provides said indications of slope estimates at said slope indication output
thereof upon corresponding receptions of output signals on said clocking input -
thereof from said controlled signal generator output.
7. A phase detector for a timing control loop provided in a signal sampling
system to control acquisitions of samples, separate;_i‘ from one amother by
corresponding sampling intervals, of magnitudes of input signals provided at an input
of said signal sampling system by a sampler that forms sequences of said samples of
those input signals at an output thereof which are supplied to a data output of said
signal sampling system, said phase detector comprising:

a first signal delayer having an input electxicany connected to said signal
sampling system input and having an output, said first signal delayer
being capable of delaying signals provnded at said input thereof for
transmission therethrough to said output “thereof for a selected
fraction of a current one of said samplmgmtervals

a slope estimator having a slope indication oﬁ;tpﬁt_i_and having a first signal
input electrically connected to said first s:gnal delayer at one of said
input and output thereof, said slope %fe,st.i__t,:t___lamr being capable of
determining magnitude values of s‘igna!s:: transnntted through said first

“iiﬁ‘iiﬂ‘ri’iifﬂﬁi"uﬁn




If, instead, the slope of the equalizer out It put wavef orm associ ated with the
current sanple is determ ned t e ative, —a*8" |ogic value at the
out put of AND gate 38 keeps swi ”ﬂ;ﬂ ' "1" logic value at the

out put of NOR gate 39 cl oses svw-.,- onismwith the jnitiation of
the takimg of VOISR ent sample: 20 Lby "olst-age-control | ed od&T {lfsa s
through that oscillator also closing switch 33 to provide the original
error magni tude but with an opposite algebraic sign to sumer 60. |f
neither a positive slope nor a negative slope is found in connection with
the current sanple, but rather zero slope estimate is nade by the sl ope
estimator, logic values of "0" at both of the outputs of gates 38 and 39
direct that both of switches 61 25 and 633Pemai n open even though swtches
32 and 33 close so-that the output of summer 60 is zero for the particular

ot mai or Lorr] (KT = sqn( PP PR Ateibs sfd i BAALE 1 pRbiol thectfie
98/ 04074 estimates of slopes of such signals for correspondinggaid saeipling 2743
the sl opedot "tho. St e bR Sl el ot B S O
al so described above. The gsibpeitidication dupatthereér;i s supplied to a furt her
portion of ‘the phase gzrz re(l?rror determiner having a signal input electrically connected to said
sampler output to receive said samples and having a magnitude error
output, said error determiner being capable of providing indications
of error magnitudes at said output thereof corresponding to those said
samples received thereby based on differences in magnitude occurring
between such said samples and expected values therefor; and
a phase error estimation combiner having an output, and having a slope
indication input electrically connected to said slope estimator slope
indication output and an error indication input electrically connected
to said error determiner magnitude error output, said phase error
estimation combiner being capable of providing phase error estimates
at said output thereof for corresponding said sampling intervals based
on signals occurring at said error indication input thereof as
selectively modified by signals provided at said slope input thereof.
8. The apparatus of claim 7 further comprising a second signal delayer having
an input electrically connected to said first signal delayer output and having an output
electrically connected to a second signal input of said slope estimator, said second
signal delayer being capable of delaying signals provided at said input thereof for
transmission therethrough to said output thereof for a selscted fraction of a current
one of said sampling intervals, said slope estimator being capable of determining
magnitude values of signals transmitted through said first and second signal delayers
during said sampling intervals to provide therefrom estimates of slopes of such
‘signals for corresponding said sampling mtervals

"ﬂns Sheet Has Beée
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.correction loop which creates the two point noving average estinmator from
the 5 stochastic gradi ent hased esti maTor*-s—r—gnaI provi ded at the output of
sunmmer 60. A further anal o?lmmm m C ‘sunmer, 64, receives the
current stochastic gradien @’I err] [ kT] directly from sunmer
60, and- one SWOEBR4Ieri od dél ayed stuol c:gradi ent based FIVISIHIZ4S -
[err][(k-1)T] froma further sanple-and-hold circuit, 65. Sanple-and-hold
circuit 65 obtains current stochastic gradient based estimates 10 from
summer 60 and holds them for one sanple period, this holding initiated by
the sane sanple initiation pulse provided by voltage-controlled oscillator
28 to sanple- and-hold circuit 20. Thus, the output of summer 64 is the two
poi nt moving average estimator [err][kT] =ggrr1[kT] + [err][(k-1)T]

descri bed above using the stochastic gradient based 15 estinmates [err][KkT]
= sgn([err][kT](error[kT]) fromsumrer 60 (Figure 3 shows inplenenting
estimator [err] %but 'Ibmhgpﬁmpﬂeﬁdain%avﬁarmwdﬂ:hm]ermhesﬁhmmmrthe

renoval of sanp 6 nov|j average
estimator val ue%%?%@%&pﬁegpt&g@g@s “‘?}e therppfiing by
[err], the stepccmaponﬂhg}kﬁmpliﬂgﬁﬁ&bﬂian&r ﬁwﬂd&ﬂbﬁ:é&h%ﬁéﬂ %orziaéﬁma@e” used
as the control yoltage signal . for, operatl ng,. vol:age- contr ol

oscillator 28 witdigatigppg of 6‘P°Rﬂ?é‘t°cl’%¢"@frmmw@i,ﬂgd
wavefornms for t B gﬂgags I doRibiie;
%efeﬁﬁﬁm ilh*@ ﬁmﬁﬁn dO l‘?&sﬁzés OI’ sarrpl gr saer]]e%_ﬁ%eoxd

i ndi cated, providing the sanple initiation
circuit 20. Fi gfRodifhing aidsignals opsuering asfsaﬂmmxcadm inputthertof by signdls phase

error esti mat or $rovided at said slope input thereof which alternatively selects at least either a said
indication of error magmtude or a corresponding sald indication of an opposite
polarity error magn;tude to appear at said phase error esumauon combiner output
based on corresponding said indications of slope estimates provided at said slope
indication input thereof. _
10.  The apparatus of claim 7 wherein said slope estimator has a clocking input
and provides said .indications of slope estimates at said slope indication output
thereof upon corresponding receptions: of indicating signals on said clocking input
thereof. o
11.  The apparatus of claim 7 further comprising a controlled signal generator
having an input electrically connected to said phase error.estimation combiner and
having an output electrically connected to said sampler to permit said phase error
estimates provided at said phase error estimation coinbiner output to control
characteristics of output signals provided by said control -signal generator at said
output thereof wlnch control acquisitions of samples by-___

sail sampler.

12. The apparatus of claim 8 wherein said slope esumator has a clocking input
and provides said indications of slope estimates at sm _'._'?slope indication output
thereof upon correspondmg receptions: of mdxcatmg sngnals on said clocking input
13.  The apparatus of claim 8 wherem said phase error estimation combiner
receives said mdxcauons of error magmtudes at sardéerror_mdncatxon input thereof in

corresponding samplmg intervals and prov:des from each such error magnitude

R
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.over-a range of phase errors—imconmection Wth the retrieval of random
stored data 25 in the prese he extent of there being a
signal to noise ratio of 15dmﬁ“r\ !Imljmmg g of the resulting nmeans of
each of the correspondi ng phase .es es over ;a range of ph

provi ded as f MR Q"g 4 of a sarrpl I'ng period." The stochastic g?éﬁ“'%ﬂ{lgﬁgsed
estimator [err] is plotted using the data point designator "*",

98/ 04074

PCT/ US97/ 12743 -25- the estimator [err] is plotted using the data point
designator "o0", and the two point noving average estimator [err] is plotted
using the data point designator "+" . Snpoth curves through the data points

for each estimator have also been added t®3he plots. As can be seen, the
estimator [err] near the outer ends of the phase error range shovvn 5

correct!ng the ekl Pbdrebicalin Sl of il splbB goipiol kel nl |
st ?Iy m(;{ oE Qeafreopwheremgimdcphese enloe egtimation comuiner camprises lacselectorfdr sdébt;ti:?bt o
EZro phase erro%% WW%@?H@@&W’ #‘E@%ﬂq@@tgﬁqﬁ shown.

10 ]IC:I gur epréWidatstsaidalope hpunberéctfewhi@rahamevd;f selebr abRasteithe? @@aidhased
esti mat es or

indication of error magnitude or a corresponding sand indication of an opposite
polarity error magnitude to appear at said phase error gsumanpn combiner output
based on corresponding said indications of slope estimates provided at said slope
indication input thereof.

14.  The apparatus of claim 9 wherein said phase error estimation combiner
selectively modifies said signals occurring at said exror indication input thereof in a
further alternative _of reducing them to a zero value.

15.  The apparatus of claim 11 wherein said slope estimator has a clocking input
and provides said- indications of slope estimates at saxd slope indication output
thereof upon corfe#ponding receptions of outpui signals on said clocking input
thereof from said 3cointroned signal generator output.

16.  The apparatus of claim 13 wherein said phase error estimation combiner
selectively modifies said signals occurring at said error indication input thereof in a
further alternative of reducing them to a zero value.
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these phase estimators over the phase error range again in fractions of a
sanpling period for random stored data in the presence of noise with the
sane signal-to-noise ratio. The two point noving average estinmator [err]
clearly shows the snallest variance anong these éstimators m% & -
estimat 6f [er VOB T4y | ess variance than the 15 estinmator %E@#%bﬁﬂgeause
of the effective averaging therein as indicated above. The two point noving
average estimator is described above on ghgQasis of receiving all of the
data sanples for error determ nation purposes that are transmtted through
the systemdata retrieval channel as a basis for operating the timng phase
error correction feedback | oop. However, as indicated above, a class 20 4
partial response system can be viewed as the interleaving of two sets of
sanpl es. the even sanples and the odd sanples, ie. as two di code channels
each operating at half the sanpling rate used for sanpling with the ful
partial response channel. Thus, the noving average estimator could be used
in a feedback loop for controlling the timng fqu_a.half sa i

di code  channel to provide the basis for establighing 25gi mng phase error
corrections therein. In this circunstance, the roving a esti mat or

descri bed above is given effect in every other danpling but nust be
conbined with a zero val ue Ry _the int&@vening sgqnpl-i-ng peli when t he
ot her di code channel is acqui esult, a

yext dat a Jsanpl e.
conbi ned novi ng Gb .
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WO 98/ 04074

"PCT/ US97/ 12743 -26- average phase error estimator is, in the instance of
one of the dicode channels, of the following form [err] The statistical
behavi or of this estimtor can be found assumi ng that sonme p . ris
present "so t haWOPRB4034 ochastic al gorithmestimator [err][k] has a nean
value of nferr] in this conbined esfina;gi gsd a variance of [err]. In

t hese circunstances, the mean of the co ﬂ estimator over the half rate
sanpling period is [err] where the |likelihood of the occurrence of each
estimator value in the half-rate 10 sanpling period is taken to be equal.
The variance of the conbined estimator is then WD 98/ 04074

PCT/ US97/ 12743 -27- [err] where the independence of the timng phase errors
at €ach sanpling instant hds been

T yH ,
30 > 4
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used. Thus, the conbined noving average estimator has a variance which is
"dependent on its nean value naking this estimator |ess suitable for
controlling the timng phase error in a dicode channel as conpared to using
the noving average 5 estimator to control the tim ng phase error in the-
full partial MQMBH® channel . Another caveat in connection RFHHSE2M3s -
phase error estimators in phase timng error correction |oops using error

i nformati on based on sanpl es of the chagg?l signal is the possibility of a
"hang-up" in the |loop at an erroneous n éao timng phase error val ue
during the use of the timng preanble at the initiation of |loop 10 tim ng
phase error control activity. If the timng preanble is sanpled at tines t
= kT, the sanples will have values of either the positive or the negative
peak values in the equalizer waveform as indicated above, and the
correspondi ng-nean timng error will be driven to zero in the described
systemto thereby lock the loop to a = hﬁgQZbrror. However, if the
initial timng phase error is sufficiéﬁ}i’ﬁg so- that the signal WO
98/ 04074 ' ' PCT/ US97/ 12743
-28- is sanpled at tinesyt = kT + T/2, the annel signal wll be sanpled
at peak values but also pt zero crossingdnﬁﬁﬂes which will also result in
the nean timng error be]ng ;
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driven to zero in this systemto lock the loop to lock the loop to a T/2
"phase error. This last result is avoided by using a zero phase restart
procedure to start the 5 data retrieval channel systemeach tine its
operation is again desired after a period of inactivity. In this r%%iu_fe,
during an initwwo9s@eMni ng peri od, the phase of voltage- cont’F‘S’W@ﬁ’ 7
oscillator 28 at initiation is coordinate &I}Q be near zero along with
generating an estimte of the pattern posi e and negative peak val ues of
the timng preanble being received that is used to generate correspondi ng
noi sel ess sanples to 10 control switches 48, 49 and 51. This allows the
establishing of values for V[err] and V[err] sufficiently for the sanple
errors to becone snmall enough to assure the timng errors are al so
sufficiently small for the Ioop to |l ock onto ste error. Figure 5

shows the data retrieval ITTE =Sy be capabl e
of performng this pfoCeqdur g. '(yhes ‘48, 49 and 51 bei ng 15
operated by signals § A o ors 46-andb4g and-NCR gat e
50, respectively, theseg o - 0 1 hgf inpuLs a

mul tipl exer, 52, to be [ 3 ntroi t hesie_sw t ches

through the outputs of "that nult}plexer. The scal ed i deal val
redesi gnated 22' in P4 J{T ’ i YW system CPDAG G
provi de, through outputs O further i pp

mul tipl exer 52, o?gsput sig

control sw tche
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_Figure 6A provides plots showi ng the behavior of the nean phase estimates
fromestimators [err], [err] and [err] that can be expected in a system

li ke that shown in 25 Figure 5 (which again is shown inplenenting
estimator [err] and could inplenment estimator [err] therein h&ﬁ@gg%ﬁiaej
rermoval "of sa'PP&¥H hold circuit 65) operating on the stan g
preanble fromequalizer 15 in the presence of noise to the extent of a
there being a signal-to-noise ratio of - 15dHQ The nean phase estimte has
WD 98/ 04074 '

PCT/ US97/ 12743 -29- a much larger linear range for the standard tim ng
preanbl e than for random data, and none of the estimators produce nean
phase estimates having an incorrect algebraic sign in the phase error range
shown using this procedure. Figure 6B provides plots showi ng the behavi or
of the variances of the nornmalized phase 5 estimates fromthese estimators
in these circunstances with the two point noving average estinmator again
showi ng the smal |l est variance over the range of phase errors plotted.

Al t hough the prsent invention has been described with reference to
preferred enbodi nents, workers skilled in the art will recognize that

changes may be nadgain _
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10 formand detail without departing fromthe spirit and scope of the

i nventi on. 30 WHAT IS CLAIMED I S: 1. A phase detector for a timng
control loop provided in a signal sanpling systemto control acquisitions
of sanples, separated from one another by correspondi ng sanpl | %g} al s,
of magnitudes OW signals provided at an input of said s% 9 §§%I i ng
system by a sanpler that forns sequences of said sanples of those input
signal s at an output thereof which are supfQed to-a data output of said
signal sanpling system said phase detector conprising: a slope estimtor
having a sl ope indication output and having a first signal input coupled to
sai d signal sanpling systeminput, said slope estimtor being capabl e of
determ ni ng nagni tude val ues of said input signals provided at said signa
sanpling systeminput during said sanpling intervals to provide therefrom
estimates of slopes of such signals for corresponding said sanpling
intervals, and of providing indications of said slope estimates at said

sl ope indication output thereof; an error determ ner having a signal input
coupled to said sainpler output to receive

i
tn
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.sai d" sanpl es and having a magnitude error output, said error determ ner
bei ng capabl e of providing indications of error magni tudes at said out put

t hereof corresponding to those said sanpl es received thereby based on

di fferences in magni tude occurring between such said sanpl es and ﬁgg@%&d
val ues fheref oWO 4se error estimation combi ner having anéﬁﬂ?éw,z d
having a sl ope indication input coupl edj?éai d sl ope estimator sl ope

i ndi cation output and an error indicatidnfi¥iput coupled to said error
determ ner magni tude error output, said phase error estinmation conbiner
bei ng capabl e of providing phase error estimtes at said output thereof for
correspondi ng said sanpling intervals based on signals occurring at said
error indication input thereof as selectively nodified by signals provided
at said slope input thereof; a first signal del.“-pghaving an i nput coupl ed
to said phase error estiflij-or—corb ~frev oPput, said
first signal del ayer Hrg—tapabl e p—aetayrng signals provided at said

i nput thereof for tréangrgssiomtherethroygh to said Qutp hereof f a
said sanpling intervgald amka su,r_q_er.rhﬁ/"% a out pyt,; a f|/ér i F%
coupl ed to said phase érraeogstifmti on} conpi ner outplt apd a
coupled to said first 'gﬁa;;deliyer out put,
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.31 said sumer bei ng capabl e of providing an output signal at said output

t hereof which is the al gebraic sum of correspondi ng signals provided on
said first and second inputs thereof. 2. The apparatus of claim 1l wherein
sai d phase error estimation conbiner receives said |nd|cat|ons of error -
magni t udes at WAPHMEM or | ndication input thereof in correspSREUHY 2B ng
intervals and provides from each such error nagnitude indication a
correspondi ng indication of . an opposite polarity error nmagnitude, and
wherein said phase error estimation con’g[ig conpri-ses a selector for

sel ectively nodifying said signals occurring at saiée error indication input
thereof by signals provided at said slope input thereof which alternatively
selects at least either a said indication of error nmagnitude or a
correspondi ng said indication of an opposite polarity error magnitude to
appear at said phase error éstimation conbi ner output based on
correspondi ng sai d indications of slope estinates provided at said sl ope

i ndication input thereof. 3... The apparatus of claim1l wherein said slope
estimator has a clocking input and provides said indications of slope
estimates at said slope indication output thereof upon corresponding
receptions of indicating signals on said clocking input thereof. 4. The
apparatus of claiml further conprising a controlled signal generator
havi ng an i nput electrlcally .connected to said phase error estinmation

conbi ner and havi ng-5;
sai d phase error est nates prOV|ded at said
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.phase error estimation conbiner output to control characteristics of output
signal s provided by said control signal generator at said output thereof

whi ch control acquisitions of sanples by said sanpler, 5. The appar at us
of claim2 wherein said phase error estimation conbi ner sel ectivel -
nmodi fi es”sai d WYIM¥4occurring at said error indication inpURCVHﬁﬁgﬁ?sih a
further alternative of reducing themto a zero val ue. 6. The appar at us
of claim4 wherein said slope estinator S cl ocki ng i nput and provides
said indications of slope estinmates at said slope indication output thereof
upon correspondi ng receptions of output signals on said clocking input
thereof from said 32 controlled signal generator output. 7. A phase
detector for a timng control |loop provided in a signal sanpling systemto
control acquisitions of sanples, separated from one another by
correspondi ng sanpling intervals, of magnitudes of input signals provided
at an input of said signal sanpling system by a sanpler that forns ,
sequences of said sanpl es of those input signals at an output thereof which
are supplied to a data output of said signal sanpling system said phase
det ect or conpri si ng:
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a first. s ng an input coupl pd t@%‘%ﬁl\éﬁﬁ'ﬁaﬁﬁﬁﬁdﬁpl i BG

\sgsteml nplﬂl““lﬂﬁlﬂiﬂ"l m' output, said firsj ElEﬂﬁmPtt!?@I skfelt@g?agﬁﬁtgl
of  del ayi nd si®gnhl s" provi*ded at said input théA&3ainiey t:rapedd@ 3o pagedT,
therethrough to said output thereof for 38 se| ddtRrdwinghs)t:ipagedi...d0 Qagednt.
one: of said sarrpl ing intervals; a slope esti[vdldkbstracti g pagad Opeo ipagedat.i

out put Lr)gmjbllgst Si gnal i nput couplpd to said first s| | del ayer
at “one sal I nput and output thereof, saif BJA'?E RS Ocapablie

of det erm ni ng rragnl tude vaI ues of si gnal s t¥

si gnal dgl ayep lehg%bgéﬁ@é? rp#‘ ViBediP¥ s gui Qﬁﬁﬁfpﬁ’?}swm to

estimates’ of sl es o suc signars ondi ng
i nterval s:pntnoidacﬁumnms df samples|i separateds from sne caneﬂlepé’yesamespomd;natsaa')@hxm

| ope i ndj &8 Qut put , t her eof erro er.m ne t
Coupt et deE O BApRibacs AEAHRE sghRa Fhried o EpSlr oA 1B SoPhlRg st
mag ni t ;debyw sa]gﬁple:uhwﬁonns aeqixet dmescoltf siidtsgzlnpiel elf tlimee ingput ?@hlls at af optgpﬂth&:em@
I ndi cations of error ni tudes a i d,ou reof correspqgndi 0
t hose. sai ek g SUHlisap b daieroah, ShEe SR hPIIE RGN, todaet qaiseir
occurrinqmgg*mﬂgn such said sanples and expected values therefor; and a

phase error “estimati on conbi ner having an output, and hawi ng_a sl ope,
a slope estimator having a slope indication output and having a first signal input

coupled to said signal sampling system input, said slope estimator being
capable of determining magnitude values of sé_iéihput signals provided at said
signal sampling system input during said iﬁéé_mpling intervals to provide
therefrom estimates of slopes of such signais for corresponding said sampling
intervals, and of providing indications of said slope estimates at said slope
indication output thereof;

an error determiner having a signal input coupled to said sampler output to receive
said samples and having a magnitude error output, said error determiner being
capable of providing indications of error magnitudes at said output thereof
corresponding to those said samples received thereby based on differences in
magnitude occurring between such said samples and expected values therefor; '

a phase error estimation combiner having an output, and having a slope indication
input coupled to said slope estimator slope indication output and an error

~ indication input coupled to said error determiner ‘magnitude error output, said
p}'xase error estimation combiner being capable of providing phase error
estimates at said output thereof for corresponding said sampling intervals based
on signals occwrring at said error indication input thereof as selectively
modified by signals provided at said slope input thereof;

a first signal delayer having an input coupled to said phaée error estimation combiner
output and having an output, said first signal delgyer being capable of dclaying
signals provided at said input thereof for tranSmission therethrough to said
output thereof for a said sampling interval; and

a summer having an output, a first input coupled to, said phase error estimation
combiner output and a second input coupled to said first signal delayer output,




I ndi cat i on_ i nput cm*ﬁ)‘ sai d sl ope estimator slope indication output
arfd an erw“”mnmt put coupled to said error determ ner nmagnitude .
-error out ;”'"m, irror estimtion conbi ner being capabl e of

prow di ng phase erfors estmates at sai dagut put thereof for 33

correspondi ng said sanpling intervals bdsed on signals occurring at said
error indication input thereof as selectively nDdlfled by S|gnals provi ded

at ‘sai d slope inp dt f
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connected to a second aa h’ln ut of said slope estimator, said second

si gnal del ayer be| del ayi ng signals provided at said i nput
thereof for transm SSI on t heret hrough to sajd output thereof for a selected

fraction,of urrent on ai d sanmpl | I nterval.s,  said slope estinator
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combiner comprises a selector for selectlvely modlfymg said sxgnals occurring at said error
indication mput thereof by signals prowded at said slope mpu_t thereof which alternatively
selects at least either a said indication of error magnitude or af__'corresponding said indication
of an opposite polarity error magnitude to appear at said phase error estimation combiner
output based on corresponding said indicaﬁpns of slope es‘tﬁnates provided at said slope
indication input thereof. '

3. The apparatus of claim I wherein said slope estimator has a clocking input and
provides said indications of slope estimates at said slope indication output thereof upon
corresponding receptions of indicating signals on said clocking input thereof.

4, The apparatus of claim 1 further comprising a controlled signal generator having an
input electrically connected to said phase error estimation combiner and having an output
electncally connected to said sampler to permit said phase error estimates provided at said
phase error estimation combiner output to control charactenstlcs of output signals provided
by said control signal generator at said output, thereof which cq_ntrol acquisitions of samples
by said sampler. | | 3

5. The apparatus of claim 2 wherein_s_aid phase error estimation combiner selectively
modifies said signals occurring at said error indication input theif@bf in a further alternative of
reducing them to a zero value. " '

6. The apparatus of claim 4 wherein sald slope estnnator has a clocking input and
provides said indications of slope estimates; at said slope mdlcatxon output thereof upon
corresponding receptions of output signals on said clocking input thereof from said



ndlca ions of error magnhitudes at said error indication input thereof in
Cof r s mm”ul lmmu intervals and provides fromeach such error

nagni t correspondl ng indication of an opposite polarity
error magnl tude” ahd *wher ein said phase error estimation conbiner conprises

a selector for selectively nodifying sai3® signals occurring at said error
i ndi cation input thereof by signals provided at said slope input thereof

whi ch al t ggimfled st %@@{&@{ put.€ast either a said indication of error
espon

nmagni tude or a co r Ing sSaid indication of an opposite polarity error
magni tude to appear at said phase error estimation conbiner output based on
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permt Sagdin 3 error estimates provided at said phase error estimation:
combi ner output to cgontrgl characteristics of output S|éJnaI s ‘provi ded 34
a first signal delayer having an input coupled to said signal sampling system

input and having an output, said first sxgnal delayer being capable of
delaying signals provided at said input thereof for transmission
therethrough to said output thereof for a selected fraction of a Current
one of said sampling intervals; |
a slope estimator having a slope indication output and having a first signal
input coupled to said first signal delayei' at one of said input and output
thereof, said slope estimator being capable of determining magnitude
values of signals transmitted through said first signal delayer during
said sampliﬁg intervals to provide therefrom estimates of slopes of such
signals for corresponding said sampling intervals, and of providing
indications of said slope estimates at said slope indication output
thereof; |
an error determiner having a signal input coupled to said sampler output to
receive said samples and having a magnitude error output, said error
determiner bemg capable of providing i mdlcatlons of error magnitudes
at said output thereof corresponding to those said samples received
" thereby based on differences in magmtude occurring between such
said samples and expected values therefor, and
a phase error estimation combiner having an output, and having a slope
indication _1_:__1put coupled to said slope es_t_l_mator slope indication output
and an error indication input coixplé@i. to said error determiner
magnitude error output, said phase error estimation combiner being
capable of providing phase error estimates at said output thereof for




by sal d control‘ ﬂ& mﬁ:nerator at said output thereof which control

.aeqw Si “ﬂﬂ\ y said sanpler. 12. The apparatus of claimS8
wherel tor has a clocking input and provides said
i ndi catibns o

sI ope estimtes at said slope indication output thereof upon
correspondi ng receptions of “indicating ¥}gnals on said clocking input
thereof. 13. The apparatus of claim@8 wherein said phase error estination

combi ner receives said iggi rgﬁg F(;H ?‘?hg
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said signals occurrin ajd error indication I nput thereof in a further
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saxd first and second signal delayers durmg said sampling intervals to provide

therefrom estimates of slopes of such signals for corr&spondmg said sampling intervals.

9. The apparatus of claim 7 wherein said phase error estimation combiner receives said
indications of error magnitudes at-said emor indication input thereof in corresponding
sampling intervals and provides from each sﬁch error magnitude indication a corresponding
indication of an opposite polariiy_error magnitude, and wherein said phase error estimation
combiner comprises a selector for selectiveiy modifying said signals occurring at said error
indication input thereof by signals provided at said slope input thereof which alternatively
selects at least either a said indication of error magnitude or a corresponding said indication
of an opposite polarity error mé.gnitude to appear at said phase error estimation combiner
output based on corresponding said indications of slope estimates provided at said slope
indication input thereof.

10. The apparatus of claim 7 wherem sa1d slope estimator has a clocking input and
provides said mdlcatxons of slope estimates. at said slope indication output thereof upon
corresponding receptions of indicating signals on sald_ clocking input thereof.

11.  The apparatus of claim 7 further comprising a controlled signal generator having an
input electrically connected to said phase eror estimation combiner and having an output
electrically connected to said sampler to pemnt said phase error estimates provided at said
phase error estimation combiner output to control characteristics of output signals provided



out put signals on said clocking input thereof

T N s e
from. sai ‘ i mation conbiner selective
i phase ey rdr estinmatlion ¢ _ : rt her
:SL?"\rll\Qler'seijgcfur*’rfi ng at sai'd error indication input thereof in a fu

al ?erna‘t?i-;'i'-i'/e of reducing themto a zero 3l ue.

By sa:d control signal generator at sajd outpuf thereof which:égntrol acquisitions of samples
by saud sampler. '

12, The apparatus of claim § wherein said slope estim_afd_r has a clocking input and
p_rov__idés said indications of slope estimates at said slope i‘r@ication output thereof upon
qbrrééppnding receptions of indicating signals on said clocking input thereof,

: 13 " The apparatus of claim 8 wherein said phase error estimation combiner receives said
3;.‘;i;ﬁdidati¢ns of error magnitudes at said error indication mput thereof in corresponding
; samplmg intervals and provides from each sucﬁ error magmtude :

indication a corresponding indication of an opposite polarity éri-or magnitude, and wherein”
: .séid phase error estimation combiner comprises a selector fur_._ selectively modifying said
| s_i_énafs occurring at said error indication input thereof by signa_léprovided at said slope input
thereof which altématively selects at least either a said indication of error magnitude or a
cdi'reSj:onding said indication of an opposite polarity error magmtude to appear at said phase
er_:jor éstimaﬁon combiner output based on corresponding said indications of slope estimates
provided at said slope indication input thereof.

14. The apparatus of claim 9 wherein said phase error estimation combiner selectively
modifies said signals occurring at said error indication input thereof in & further alternative of
reducing them to a zero value, |

15.__,_ Thg apparatus of claim 11 wherein said slope estimator has a clocking input and
profyidés said indications of slope estimates at sajd slope indiéation output thereof upon
corresponding receptions of output signals on said clocking:'-_:'.input thereof from said

con_troll_:ed signal generator output.
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