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PHASE DETECTOR ES1'JMA,TOR 

BACKGROIJND OF]BE INVENnrni 

PCT/US!J?/12743 

The present invention relates to saDJ.PJed signal detection systems 

and. more particularly. to such systems used in mfo~ion storage systems. 

5 In information storage systems such as digital magnetic recording 

syste~. data is recorded in a moving magnetic media layer by a storage. or "write", 

eJectrical current-to-magnetic field transducer, or "bead", 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 su¢h write current transition to 

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

direction, in ·that portion of the magnetic media jUst passing by the transducer 

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

direction in that media mduced by the previous CUJTeDt flow in the opposite 

15 direction. In one coding scheme, often termed "nonretum-to-zero inverted (NRZI), 

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

transducer represents a binary digit "l" and the lack of any such reversal in that 

portion represents a binary digit "O". 

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 cpupling between the media fields and the 

transducer), or "head", is positioned to have the magnetic media. containing the 

previously stored data, pass thereby. Such Passing by: of the media adjacent to the 

transducer permits the t1ux accompanying the magnetiiation reversal regions in that 
. ,· 

25 media to induce a corresponding volt8*e pulse in forming an output analog read 

signal for that retrieval transducer or. alternatively. permits the flux accompanying 

these magnetization reversal regions to. bl tum, . ~bange a transducer circuit 

parameter to thereby provide such an output signal voltage puJse. In the coding 
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scheme descn"bed &hove, each such voltage pulse in the read transducer output 

signal due to the· ~versal of magnetization directions ~ adjacent media 

portions passing thettansducer represents a binary digit "l", and the absence of a 

puJse in correspond~ce with such portions represents ab~ digit "0". 

5 Digital data magnetic recording systems have used peak detection 

methods for the de~tion of such voltage pulses in the re~ved analog signal as 

the basis for dig~ this signal. Such methods are based.on determining which 

peaks in that signal ~xceed a selected threshold to determine that a binary digit "l" 

related pulse occurred in the retrieved signal, and also use '¥ times between those 

1 O voltage pulses to~ll$ttUCt the timing information used in the preceding recording 
. . 

opeiation in which the data were stored in the magnetic.~ as descn"bed above. 

The analog imievedsigoal is provided to a phase-locked loop forming a controlled 
oscillator. or a P•-lock oscillator or synchroni7.er, which produces an output 
timing signal, or "clopk" signal, ftom the positions of the detected peaks in this 

15 analog retrieved sipal. Absolute time is not used in ope(~ting the data retrieval 

system portion since,tlle speed of the magnetic media varies.over time during both 

the storage operati~n and the retrieval operation to restlJt in nonuniform time 

intervaJs. or nonuniforl;n, multiples thereof, occurring between the voltage pulses in 

the analog retrieved signal. 

20 In more recent digital data magnetic reco~ding systems, partial 

response signaling'~:~ which involves the acceptance of ~'.:predetermined degree 
.-.·; 

of intersymbol in~ce occuning between the recovered data pu1Bes involved 

in forming the tfaJISducer analog output signal which puJ8es again represent data 

symbols obtained from the recorded binary data. Such .an ah-angement allows for 

25 an ·increased density of data being stored in the magnetic:·~edia. Data recovery 

proceeds by periodically sampling the amplitude of this ~lilog retrieved signal as 

the basis for digitizing this signal; the taking of such salll~tes being initiated by 

pulses in the clocking signal supplied by a phase-lock osciliator. The magnitudes 



W098/04074 PCT/US97/12743 

-3-

of ·the samp~;iJ:Jitiated by this clocking signal )Jave·maguitude contributions to 

them by m()r,tf~ o.• pulse representing a retrie\'Cd binary digit because of the 

planoed inter~bolinterference. 
. . . . 

... ·... .• 

• .As part of providing a signal ~n cbannel with frequency 
':.·.· .... 

5 response char~ suitable for partial resPonse ·signaling. digital magnetic 

recording ~tems often choose a type o~ partial ~POnse signaling system termed 

a class 4 sysleJtl, Sti,ch a system is panicuJarly suita~Je for magnetic recording in 

view of the nature ()(;the spectrum of the resulting au81og retrieved signal because 

the signal c~anrie1·:·requires relatively little equ~on by the equalizer used 
. . . . . 

10 therewith to•pl'C)Vide.a channel frequency characteristic substantially matching the 
. . . . . . . . : . . 

class 4 sys~~-spectrum. Jn such a cJass 4 partjal response signaling system, 

the magnitu~~f·die retrieved signal waveform after.equalization at any sampling 
. :·-: :-... : .. : ":. 

instant bas a: contn1>ution thereto from the magnitude .of that pulse. representing a 

correspondiog.:~orded binary digit, newly included in the analog retrieved signal 

15 near that mtaJli~ if~. but not from the immediately Preceding pulse one sampling 

clock peri°'fe¥1,iet. There will. however. be a· further contribution from the 

magnitude of •. the~next earlier occurring puJse. if any~ in the signal waveform two 

sampling c~cf: ~riods but not from others occulling even ~lier. As a result, 

samples of t:Jie: i mullo8 retrieved waveform can be ·divided into two interleaved 

20 subsequences ~th:: l>ne containing the even n~hf=red samples and the other 

containing ~. odd. ntimbeted samples. Bach such 's~~sequence can be submitted 

independentl~ to a· Viterbi detector as part of a;~ likelihood symboJ 

detection arrangement. · · · 

' Here,· :too, ·the analog retrieved sig~' in such a partial response 

25 signaling ~lit is provided to a phase-lock o~t~r·as the basis for recovering 

the. clocking signal reflected m the timing represen~4'by the occurrences of pulses 

representing digital dilta<in the analog retrieved s~a\. i.e. the analog read signal 
. ····:·.' 

from the transd11cer .·. Accilrate recovery of the '·hfi¥Y infonnation in this signaJ 
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requires accuracy in the times of taking samples of that signal. and in the 

corresponding synchronization of the operation of the re8t of the detection system 
therewith. One requirement for successfully recovering·.this timDlg information is 

that there mt be too many "O" 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 110" data bits. 

10 The average frequency of the phase-lock oscillator representing the 
derived timing of the occurrence of puJses representing binary data in the analog 
read sigDal 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 sampliDg. 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 

anal.og 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 aigna1 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 ~g signal processing operatio1'8 including amplification 

and equalivrtion. The resulting processed analog read ~. 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 interval. is designated T so that the time to the cunent period is kT where k is an 

appropriate integer giving the number of sampling intervals which have occurred 
since the initial interval. and the phase error t[k] repre~nts the timing error in the 
kSD. sampling interval. Thus. the sample currently taken. has a magnitude value of 
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y(kT+-r[k]). That is, at sample time (kT+'t[k])t the P)lase-lock oscillator output 

clock aigDa1 causes a ~le-and-hold circuit to hold ~·tben current value of y(t) 

to create an analog sasnJ>le value ofy(kT+i:[k]), or .sample[i], which is then sent to 

an analog-to-digital converter for conversion into an equivalent digital value. 

S In a·paitial response system absent no~ in the chaDJJel, the output 

of the equalizer y(t) ideally is one of three sample values. +1, 0 or -1. obtained at 

the beginning of each sampling period. However, because of asymmetries and 

scaling effects occumng in the partial response signal transmission system channel, 

the actual voltage values obtained in noiseless samples \1Vil1 be found instead to be 

. 10 v I+• o. and v. in correspondence with these ideal sample just set out above to 

provide the actuallylise~.-~ ideal sample values. ideal[_j]. representing the value 

of the fb ideal sample without providing the specific time ·'dependence. The values 

for V .. and V .. can be obtained from an averaging arrangement for finding average 

values for high and low value samples. 

15 Bee~ of noise, timing jitter, and other ~ transmission defects, 

the sample value measure(! at a sampling period sample[i) will not usually be equal 

to ooe of the ideal SIU!iple values ideaJ[i]. Thus, there will. instead be an error having 

a value equal to 

error[i] = sample[iJ - idealfi). 

20 This error bas been contro.lled in the past with respect tioiing jitter contributions by 

adaptively adjusting -~ ;timing phase in a feedback lo~p usmg in that loop an 

unbiased, mhlimum varJance estimator for the desired loop timing function of 

i = -s~le[jJ • ideal [i-1] + sample[i- t]· ·· idealf.i] 

to establish the nature of the loop as 

25 t[i+l]=t[i]-d(i] 

to provide recursive tin1ing phase corrections. Such a sys~m is shown m Figure 1. 

In the system of Figure l, a magnetic nia.terial covered disk, 10. 

containing pluralities of t;n.agneti7.ation direction reversals ~ong each of a plurality 
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of more or Jess concentric, circular tracks is rotated past a data retrieval transducer 
arrangement. 11, or "'read head,,, positioned adjacent i;i selected track by a "head" 

positioner and initial ~ processor, 12. about a spm(!le, 13, to provide an initial 

analog read signal x(t). This signal is subjected to. further processing in a variable 

5 gain amplifier, 14, and subsequently in a linear cbannelequalizer, 15. 

Equali7.er 15 bas. begimllng from its input, a succession of delay 
elements. 16, to form a delay line with each of e1ement 16 providing a delay of T 

seconds, nomioally equal to the sampling interv~ to input signals provided thereto 
by passing those input sipa]s through a cascade of three T/3 delay filters therein. 

10 Thus, x(t) is presented to ·the input of equalizer 15 to be introduced into this delay 

line with successive vetSions thereof delayed by T se~nds being tapped from this 

delay line and provided to corresponding ones of· a plurality of tap weight 
multipliers. 17, to be' multiplied by the associated tap weight value. w.. The 

weighted values fomrttiUltipUers 17 are summed in summers, 18, to provide the 

15 analog output y(t) of equalizer 15. Changes in the tap weights are provided from a 

plurality of corresponcling weighting change multipliers. 19, based on multiplying 
the corresponding deia~ version of the input signal x(t) by a sca1ed version of an 
eITOr sigoal determined fi'O,lll samples taken of the output $ignal y(t) in a sampler, 20, 

based on a sample. and:hold circuit. These s~ples are supplied to an error 

20 determiner, 21, along·~~ the scaled ~deal values for .such samples from a source 

tbeieof, 22. from which ~terminer 21 ·determines~ error which is passed through 

a magnitude scaler, ~)t<>·:weighting change multip].iers 19. 

The :~~Jes obtaine<(in sampler: 70 :~d. the scaled ideal sample 

values are aJso supplied to corresponding T second delay elements. 24 and 25. 

25 respectively. and directIY to a phase detector, 26, to which the delayed versions from 

de1ay elements 24 and 2S are also supplied. Phase C;letector 26 uses these inputs to 

fonn the estimate de~d above which is scaled ·l>Y •·step size multiplier 9 27, and . . .·· ... 

then used to control a voltage-controned oscillator that:'provides the sampling clock 
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sigDa1 to sampler 20 to initiate the taking of each sample of y(t) and to syncbrome 

other actions ii1 the sigDal. processing system. 

Although this provides a useable timing error correction 

arrangement, t1le timing erro1'$ are not corrected as well as possible in those 

5 situations in which there are successive .samples with values of z.ero. In this 

situation, the estimator z can be seen to being subject to taking a value of z.ero on 

such occasions so that no timing error co1TeCtions ·wm be provided on such 

occasions. Thus. there is desired a timing error correction arrangement providing 

better timing error coITeCtion without a significant increase in complexity. 

10 SUMMARY Of DIE IN\7BNTION 

The present invention provides a phase detector for a timing control 

loop provided in a signal sampling system to control taking samples by a sampler 

of input signa1s. 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 estimates from signal magnitudes in sampling intervals and an error 

determiner receiving samples from the sampler to provide error magnitude 

indications colTCSpomting 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 deterininer to provide phase error estimates at said output thereof for 

corresponding· S8Q1pling intervals based on the em>r magnitude indications as 

selectively modified by the slope estimates. A signal delayer provides phase error 

estimates from the phase eJTOr estimation combiner to a summer delayed for 

corresponding.sampling interval, and the summer a1so 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 current and delayed phase error 

estimates. 
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The slope estimator can be CODDeCted tO a sigDa1 delayer deJaying the 

input signals for a selected fraction of a current one of UlC: sampling nelvais to aid 
·.·: 

the slope estimator in. determining magnitude values of Stgna1s transmitted through 

the signal de1ayer during sampling interva1s to provide ~timates of slopes of such 
s signals for corrmponding sampling mtervals. A said seco~d ·signal delayer to further 

delay the input signals t~red tberethrough for a ~ fraction of current 

sampJing intervals to further aid the slope estimator to determine magnitude values 
of signaJs transmitted through the first and second signal ctelayers during sampling 

intervals. 

10 BRJEFDESCRIPTIQN OFmE DRAWJNGS 

Figure 1 is a block diagram of a timing error 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 

embod~ 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 timing error correction system 
20 embodying the present :invention. and 

figure8·6A and 6B are graphs connected ~·the peiformance of the 

system shown in Figure 5. 

PEIAILED DESCRIPTION OF THE PREfERBEn EMBODIMENTS 

Reducing the error in samples due to t~g errors in the sampling 
25 is alternatively accomplished by forming the expected value of the square of this 

error. Le. the mean-squared error, and minimizing it wipi_~spect to the timing jitter. 

Such an effort requires finding the timing error gradieni;of'this mean squared error 

which must be set to 7.ero and solved. The difficulties in flricimg the minimum mean 
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squared error leads, to instead using the timing error gradient of the squared error 

itself as a ha.sis for ~ly adjusting the timing pllaSe toward a minimum without 

having to find a .Ill\ value. This results in a stochastic gradient which is used for 

the recursive adjnsting of the timing phase in a difection opposite thereto in a 

S feedback loop. or 

10 

15 

't[k+l] = -c[k]-al..(error [k])2, a't 

where u is a step·siJ.e or scaling parameter multiplying the timing error stochastic 

gradient. 1be stoclWtic gradient of the squared error with respect to the timing or 

phase error is foU;Dd to be 

.#-c¢!rror [kl)1 = ..!.. (sample [k] -ideal [k] )2 

o't · · · . c't 
=..E_ { y{kT +t [k]) -ideal [k] }1 

o't 
=2 {y{kT+'t[k])-ideal [k]} a y(kT+'t[k]) 

c't[kl 
a 

=2 (error [k] ) o't y (kT + 't [kl ). 

This gradient is (lien used in a feedback loop in the pllase-lock oscillator system to 

update the voltage·.controlled oscillator used therein on the basis 
. ·:._,. 

a . 
't [k+ 1) = i:[k] -p error[k]~y(kT + -r[k}). 

20 Here, the parameter p (in which the constant 2 is incorpo,rated) sets the updating step 

size and has a value determined so as to provide .stability for the phase-lock 

oscillator while allowing it to track changes in the timing of the pulses in the 

eguali7.ed analog read signal. 

. . .. . : . 
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Thus, the phase-lock osciDator loop must, be supplied with the error 

in the sampling of the equalized analog read signal along with the gradient of that 

signal with respect to the timing phase, or estimates thereof, as a basis for operating 

that loop. TypicaDy, as indicated above, an equalir.er will have been used ·in the 

5 partial response signal transmission system channel, and typica1ly one that is 

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 equali7.er will use the Jeast mean 

square error algo~ as a basis for such adaptation which correlates an estimate 

of the error in a cuaent sample error [i] with the signal present at the input of each 

10 multiplier used in the uansversa1 filter structure forming that equaliz.er to thereby 

provide a small adjustment in the gain of the multiplier. Thus, the system will 

typicaDy have available an error signal, or an estimate of that error signal based on 

the associated scaled ideal sample value~ for purposes of adaptation in the 

equalizer. 

15 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 signal 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 circuit cpuld be used for this purpose, such circuits tend to enhance 

20 noise and so are otten •atisfactory. 

Figure 2A shows a slope sign estimator circuit that estimates the 

slope as always e~ptjsitive or negative by placing a: "1" binary logic value at 

either one or the other of the positive outputs of a pair Qf comparators. 30 and 31, 

and so at one side of either a positive slope indicating· single pole, single throw 

25 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 comearator 31. and that signal 

delayed by 2T/3 secon~s through two T/3 delay elements, 34 and 35. is connected 
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to ~ invertingiaJm,' ofcomparator 30 and the no~verting input of comparator 31. 

Comparator~-b&s'b output CODDeCf.ed to one side· of switch 32 and comparator 31 

bas its output is co~d to one side of switch 33. 

_ 1bus. if y(t) is greater than y(t-2T/3), a positive slope is estimated 

5 with comparator-_3~ C)len having a binary ''I" v~ at its output and comparator 31 

having a binarj "O" value at its output. A reversal of the relative signal magnitudes 

Jeads to a ~l"sai ~ftbe outputs on comparators 30 and 31. The following equation 

for the associated slope e&timator Iii summarizes this bebavior: 
.. " 

:::/~: 

Jtt- 3 
{

-1 if y(t)<y(t-.!!.) 

- 1 if y(t)>y(t--¥-)
0 

The binary vahre& ~n_the outputs of comparators 30 and 31 are tran&mitted through 

10 switches 32 and 33 bY:a clocldng signal on the dashed switch activation lines which 

control the opemf'tg~@d closing of these switches. The signal sent on for sampling 

ftom this estinlator~-(he signal at the output of ~lay element 34. and so is delayed 
.. :, . .·. 

from the output of-equalizer 15 by T/3 seconds. -Thus, the slope estimation made 

from the equ~ omput signal values at tim~'.-i and t-2T/3 is based on signal 

15 values occurnrlg~s~etrically in time on either:side of the sample value y(t-T/3) 

taken at time t-T~: to thereby provide a slope ~stimate of this signa1 about the 

sample value. 

_ragure 2B shows that the provisi9n of a negative logic output on 

comparator 30'iJl:lddition to a positive logic outp~t the~on, i.e. providing a fully 

20 differential comp~tor. allows eliminating comp~ior 31. Comparator 30 has been 

redesignated 30'. mFigure 2B . 
. _:-::.· ... · .. 

·· .. ·,_; ·: 
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The estimators of Figures 2A and.2B make no provision for zero 

value slopes in alw~ys asaping a slope value of either,] or -1. Figure 2C shows .,, ' . . 

a slope sign estim&~r for determining the presence of a zero value slope which. in 

this instance, create$ a range of small slopes within :t.t' which will be considered 

S zero value slopes.. This is accomplished using the same estimator system as was 

used in Figure 2A ~ut:with combining constant vallles of:!£ with y(t) provided by 

a pair of constant value adders. 36 and 37. althou_.h.these values could have been 

combined with the: delayed version of this signal for each of these comparators by 

·changing the algeQraic sign of the constant be~ added in the associated one of 

10 adders 36 and 37. 'The estimator of Figure 2C can be represented by 

l
-1 if y(t) +e < y(t-¥-) 

1't = 1 'f y( ) y( 2T). 1 t -e > t--
3 

0 if otherwise 

The finding of a z.ei:o by this estimator results in both of comparators 30 and 31. and 

so the sides of switch~s 32 and 33 connected thereto. having a binary value of '-0" 

thereon. 

An. alternate slope sign estimator· is ~own in Figure 20 which 

15 checks for the coj]sistency of slopes on each side: of the sample value y(t- T/3). 
. ' . 

Where consistent·.·On either side, either a slope ~f: 1· or -1 is determined to have 

occurred. In tbo.sf;-iostances. however. where tb.e·.slopes differ on opposite sides, 

a zero value slope W. 4.etermined to have been present. 

~ output signal of equa1izer 15 is again provided to the 

20 noninverting input of comparator 30 and delay element 34 in the slope estimator of 

Figure 2D. The delayed signal from. delay elenie~t 34 is provided to both the 

invening input of comparator 30 and the noninverting illput of comparator 31. and 
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to the input of debi)'e,Jement 35. 'Ibe signal so delayed through both delay elements 

34 and 3S is pro~,to the inverting input of comparator 31. The outputs of both 

of comparators 30 -~ 31 are provided to the inputs of an AND gate, 38. and to the 

inputs of a NOR.gat~. 39. The output of gate 38 is pro\lided to one side of switch 

5 32, and the output of gate 39 is provided to one side of switch 33. 

~ ify(t) is greater than y(t-T/3), amt:y(t-T/3) is also greater than 
. . ·, 

y(t-2T/3), aco~t positive slope bas been found about the sample value ofy(t­

T/3) and each of pomp~tors 30 and 31 provides a binary "l" at its output which 

causes AND g~38 to provide a binary "l" to switch 32. NOR gate 39, on the 

10 other hand, provi~es ·a binary "O" output in these circumstances. If the these 

reJatiombips ~these signal values are just the opposite, a consistent negative 
' . 

slope bas been found about the sample value of y(t-T/3) and each of these 

comparators pro\li#s a: binary ''O" at its output which caqse NOR gate 38 to provide 

a binary "1" to switch· 33 and AND gate 38 to provide a binary "O" at its output. 

15 Other mixes of~,signal value relationships indicate a r.ero slope with resulting 

binary values of "O"appearing at the outputs of gates 38 and 39. This behavior is 

represented by · 

· 1-1 it Y<t> < Y<t-I) < Y<t-E> . .. 3 3 
di= • T 2T . . 1 if y(t) > y(t--) > y(t~-) 

3 . 3 
0 if otherwise · 

J'he·pbase-lock oscillator loop for the re~val or read subsystem of 

a magnetic ~ sior.ge·system based on the stochastic gradient of the squared error 

20 with respect to the ~g error can then be implemented using one of these signal 

slope esthnators and . an error estimator based on dp!erences between samples 

actually obtained and ideal scaled samples. A comparison between the results that 

can be expected for tlJis l()op with the results expected for a loop using the estimator 

. ·-... ;:;.:. 
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2? given above can be made by applying this Jatter es~or and the stochastic 

gradient to a eo11UDon equalizer output signal A suhl>le signal is the standard 

preamble timing signal used to start the phase-19ek·;oseillator loop in such a 

subsystem which is recorded as a 50% duty cycle sq\tare wave in the magnetic 

S storage media of a period equal to four sampling intervi,ls. Such a signal in being 

10 

·· .. 

sensed in the "read bead'' transducer, is effectively differentiated whether the 

transducer is based on inductive or .magnetoresistiVe e~ts. nus sensed &tandard 

preamble signal would pass through an equali7.er and be presented to the phase­

locked loop and the sampler as 

y; (r) =sm(.!!.)-cos(~). 
pr 2T 2T 

The stochastic gradient based estimator. found above as 

~error [k] >2=2 (error [kT] )J...y (k T +'t [kT]) ""2 (e"or [kT] )m[kT}, at · at 

with m(kT) being the slope of the output signal at a s.amJ>ling point. can be, as 

indicated above. reduced to 

V't[kT] = sgn ( m[kT]} (error [kT] ). 

Here, Vt[k.T] is the current estimator value and sgn{ m[kT]} is the current algebr~ 
. · .. ·: 

sign of the slope Bild the constant "2" is considered, co~d in the loop step size 

15 parameter p as indicated above. If ~ equalizer ~utpii~ signal with phase error 

t[kT], ignoring any noise therein, is approximated m)1:Taylor's series about a 

sample value kT by retaining just the ~st order tenn 

y(kT+'t[kT]) s:s y(kT)+ d~~kTJ) l [kT +y[kT]-kT] + • · ·, 
=kT 
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en-or[kT] can be found as 

error[kTJ =y(kTtt[kT])-y(kT)~m[kT]'C[kT] 

to provide 

V't(kT]=sgn{m[kTJ) (error[kT]}= sgn{m[kTJ}m[k.TJt[kT] = lm[kT]ji:[kT]. 

nus, the slope of the standard preamble signal is needed to evaluate 

S e"or[k.T] or 

()ypr(t) - (t) - Tt ( 1tt) . ( 1tt) -----m --cos - +sm - . at pr 2T 2T 2T 

1bis can be evaluated at the sampling times KT as follows using the 

first period of the.~. as characterizing the remainder of the signal without any loss 

in generality in ·vrew of the periodic nature of the signal: 

Thus. the stochastic gradient estimator for the preamb'~ signal is evaluated as 



WO !JB/04074 

-16-

V'tpr(k] = ..!..'t[k]. 
2T 

PCT/US97/12743 ·· 

Turning now to the estimator 2. that estimator can be, from above. written as 

!F (k.T] = -sample [kTJ ideal [(k-1 )T] + sample [ (k-1 )T] ideal [kT] 
= ..;y{kT+'t[k.T]}y{(k-l)T} +y{(k-l)T+i:[(k-l)T]}y{kT}, 

5 or. after substitu~ the approximation y[kTJ + m[lcT}-c'[kT] for y(kT + 't[kT]) as 

found above. there ~ obtained 

tpr[kT] = -( {yQCTJ +m[kT]T[kT]} )y((k-l)T] 
· + {{y[(k-l)T] +m[(k-l)T]'t[(k-l)T]} }y(kTJ. 

This cm be expmded to yield 

tpr[kT] = -:-~[kT] 't [kT] y [ (k-1 )T] + m[(k-l)T] 't;[(k-1) T] y[kT]. 

Thus. in addition to the sample values for the derivative o(~ preamble signal at the 

l 0 sampling points, the actual sample values at those points are aJso needed. These 

values, obtained fi:oni the standard preamble signal give~ .hove on the same basis as 

were the values for the derivative of tbB.t signal at the sa1*pling points, are 
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. • 1t 
y, [T]=sm-=l 

pr 2 
Ypr [2T] = -COS'lt = 1 

y, [3T] =sin~= -1 
pr 2 

Ypr [4T] = -cos 2-n = -1 

Using these values for the standard preamble signal at the sampling instants, and the 

above values for the ~etj.vative of that signal at those same instants. the estimator ~ 

found to be 

. . 1t 

. :."fr cn1 =xr ti: CkTJ +i: £(k-l)T1l 

for the standard pre81:i,lble signal 
'··-.· . 

5 Thus. comp~ the estimator 2,r for the standard preamble signal to the 
.: . .· ·~ 

stochastic gradient ~fu,!'tor V"t',, for that same signal, shOws that the estimator 2,r is 

equal to the sum of~.#cbastic gradient estimator for tlie!current period, V-c,, [kT], 

and the stochastic ~~t estimator for the preceding satrtpling point. Vi:pr [ (k- l)TJ. 

This indicates that ~ benefits of both the stochastic gradient estimator V-r[kT] and 

10 the estimator 2 can be obtained by a new estimator. v~&T]. defined as a two-point 

moving average of the stochastic gradient estimator witbQ~t any weighting or scaling 

coefficients used wit~ the constituents thereof. i.e. ~~th the coefficients of the 

moving average constittients set to unity, or 

V~ [kT] ~ V<t[kT] + V't[(k-l)T]. 
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nm combined estjnJ•torthus offers the combined benefits of the stochastic gradient 

based estimator, ·indicated above. and the two point averaging provided by the ! 

estimator. 

In view of the irnponance of the performance of these estimators during their 

5 initial use with the ~ant timing preambJe to assure that the timing error correction 

feedback loops iD '.!bich ·they are used "locks" onto the proper timing phase, the 

statistical behavior ·~f these estimators is first compared with the standard timing 

preamble signal \leing;presented to them assuming the presence of a small fixed 

phase error 't. TbC • value of the stochastic gradient estimator then is 

10 

2t 1t't E{V'tpr[k]) =-E{'t[k]} =-. 
2T 2T 

where the ~ .. above for the value provided by the stochastic gradient 

estimator for the .Standard preamble timing signal has been used along with the 

expected value ofkGI phase error value being 'C. The mean va1ue of the moving 

average estimator is 

··,E{V4>pr[k]} =E{V't[k] +V'C[k.-1]} 
.. =B{V't[k]} + E{V't[k-1]) 

1t't 1t1: 1t't 

=2T + 2T =-:r· 

15 where the expre$Sio,~.for the moving average estimator given above has been used 

and the indepe~:9f the phase error at each sampling instance has been assumed 

which is reasonab~. ~nee the feedback loop in which the estimator is used has 

reached steady state. Since the preamble timing signal bas no zero values at the 
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sampling instants ~· the mean of the estimator t,... will be equal to that of the 

moving average estimator. 

In comp"1ing the variances of these estimato~ •. the feedback loops in which 

these estimators are used can be assumed to provide sufficient gain for the estimator 

5 output sigmds to operate similar voltage-control oscillators in each on a similar basis. 

Thus, the loop gain when using the stochastic gta~nt estimator will be sufficiently 

increased so that it will be providing a sigDal to· the Voltage-controlled oscillator 

which will be on· a par in .magnitude with the signal pl'()Wled by the moving average 

estimator even though it bas twice the number of $tochastic gradient estimator 

10 contributors as do~ the stochastic gradhmt by itseJf. · 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 for ~theSe purposes that the phase 

errors at each sampling instant are independent of those· of at other instants in the 

standard preamble, :~g signal, and that these errors have a mean of 7.eto and a 

15 standard deviation of a, the mean values of each ~~or will be zero in this 

circumstance and the variance of the Stochastic ~~t estimator is 

... · .. :" : 

where the value for the stochastic gradient estima~o(6;pei-a,~g on the standard timing 

preamble signal is again used along with ·the ~ptiO~ above that the expected 

20 value of the square of the zero mean timing phase err()~; i.e. its variance. is equal to 

0
2
• The varian~ of the movmg average estimator.~~ circumstances is 

... ~-"'.":._: < · .. :· 
... _ '· 

.. .. = .. :·· 
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B{(V«apr[k]-0)2
} = E{CV•prlkl1) =B{(V't',J'k] :+- V-rJic-11)2} 

=J(.2!-'t[lcJ + .2!-i:[k-11rzt= ~ E{('t[kJ • 't'(k-1])2 } ,~ 2T 2T ) J 4T1 

1t2 = -B{ 't2[k] + 2<t[k)'t'[k-l] + t2[k-t]2J 
4T 2 

2 2-"-
- 'It (2a2) - Tt 0--- --, 

4T2 2T2 

using again the expressions for the moving average estimator and the stochastic 
gradient estimatoI, and. using the independence of the :r.ero Jnean phase timing errors 
at each sampling instant. Thus, the moving average estimator improves the immunity 

to noise by about 3db with a mean phase offset of zero. 

S Fipre 3 is a block diagram of a system forming a ponion of a data retrieval 
channel from disk 10 tbfough sampJe-and-hold circuit 20 including a timing. or phase 
em>r. correction loqp l:>ased on the moving average phase error estimator described 
above. Also, the slbpe •estimator of Figure 2D is chosen to be used as pan of this 

loop in the system of ~igure 3. The analog signal from equalizer 15, after a delay of 
t O a third of the samp]e inf:erval T/3 in deJay element 34, is provided to sample-and-hold 

circuit 20 for saillp~. The resulting sequence of sample values, y(kT+'t[k]). is 

provided to -subSeQukt subsystem components ·m_'tbe.Clata retrieval channel for 
. . .. '!; 

further processing to~ver the data. Also, these -samp]e_s ~ provided as inputs to 
the timing, or phase.error, corTeCtion feedback loop us~d~ in ·the data retrieval channel. 

ts In this lat~ use, each of the samples froill.'.sariil'ie-and-bold circuit 20 are 

provided to error cieterminer 21 to have subtract~d ~m scaled ideal sample 

values for each of the three of the sample magnitude$ ~~ to occur in the analog . . ~.'. . ::-:·; 

signal from the output of equalizer 15 at the prop~r 'S~pi,ing instants. In an ideal 

class· 4 partial response data retrieval channel. the o~tP.u'.t 9t the equalizer is expected 

20 to alternatively take on one of three sample valu~ l. 0: or -1, at each samp1ing 



W098/04074 PCT/US97/12743 -

-21-

instanl Because··of asYIDmetries in the data retrieval.channel and various scaling 

factors operative . tJie~in. these expected sample value possibilities are more 

accurately representett as the corresponding scaled ideal values of V ... O (assuming 

any offsets in the data J.'etrieval channel have been corrected), and V • . The values 

5 provided for V ~ &nd V.. by scaJed ideal sample ~es source 22 are typically 

provided in regisiefs iri:source 22 and obtained either from measurements made in 

the system prior: to. its use. or by computing averages of sample values obtained 

during operation of the system. 

Since, a.s indicated, offsets are assumed to be corrected in the data retrieval 
.': ': . 

10 channel, the expeet,ed,value for samples intended to be zero value samples is zero. 

As a result, no 8'1b~tion is made in error determiner 21 from the current sample 

supp1ied by samp~8JKt.bold circuit 20; rather, the current sample is directly supplied 

from the outpu~·ofcircuit 20 to an analog signal algebraic summer, 40, on a first 

summer input line, 41 ~.through a switch to be descrilJed below since any sample 

15 value can be viewed .a.s automatically having a zero value subtracted therefrom. 

Scaled ideal ~ V ... is supplied by source 22 to a unity gain subtractor, 42, which 

subtracts it fi'om· tile ®mmt sampJe value supplied thereto by sample-and-hold circuit 

20 and provides the difference on a summer input line, 43, directed to summer 40 

through a switch: to~ described below. Finally, scaled ideal sample value v .. is 

20 supplied by source 22 to,afurtber unity gain subtractor. 44. which subtracts value V .. 

from the current sample value supplied thereto by sample-and-hold circuit 20 and 

provides the did~ on a final .summer line, 45. also directed to summer 40 
··::.::·'. ···:·, . 

thro~gh a further:swnch to be described below. 

Just which of these differences representing the possible sample error will be 

2S used to actually tep.re$Mt the error value for the current sample is determined by a 

two value threshold•~angement which compares each current sample to each of a 

pair of corresponding threshold values. VT+ and VT-· A typical magnitude for 

threshold value VT+ is V.j2. and a typical value for ·threshold VT· is v .. ;i.. A 
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threshold source, 45, provides threshold value VT+ to the inverting input of a first 

comp~tor, 46, and ~urce 45 provhies threshold value VT. to the non-inverting input 

of a further comparator, 47. If the value of the current SllJlPle supplied from the 

outp~t of sampJe-ancl•hold circuit 20 to the non-inv~rting input of comparator 46 

S exreeds VT+• the ouq,ut of comparator 46 takes on a logic value of" l" to direct the 

clo~ of a switch,. 48, in summer line 42 to thereby provide the difference 

deterDiined by unity _gain subtractor 42, y(kT +'t[kT])-V .... to sununer 40. In the 

meanwhile, the output of comparator 47 maintains a "O" logic value at its output, 

which; directs a further switch, 49, in summer line 4S to remain open, since the value 

10 of the. current sample supplied from the output of sample-and-hold cilcuit 20 to the 

inverting input of tbat comparator is greater than VT·· 

If, on the oihe.r hand, the value of the current sample· is more negative than 

VT·• the output of comparator 47 will have a logic value "1" occur at its output to 

direct: the closing ofS\\'itch 49 to thereby allow the difference between the sample 

15 value 8nd tbe scaled ideal value, y(kT +'t[kT])-V •• to be provided to summer 40 on 

summer line 45. while the output of comparator 46 remains at a logic value "O" to 

keep ~witch 48 Opelt Fmally. should the current sample value neither exceed 
; 

tbreshOld value VT+ nor be more negative tbao threshold value VT·• each of 

compalato.m 46 and 47 will have a logic value of "O" at its output resulting in a NOR 

20 gate~ SO. with its input! connected to the outputs of comparators 46 and 47, have a 

"1" logic value at itS output to direct the closing of a fl,lrther switch. S 1, to thereby 

allow tbe sample va1uC y(kT +i:[kTJ) to be directly provided to·summer 40 on summer 

line 41. Thus, the llUlgnitude and algebraic sign of t~ current sample error are 

determined, supplied to and passed through summer 40 to ~aler 23 for equalizer 15. 

25 and to the remainder of the timing, or phase eITor. two point moving average 

estimator and, subsec)uently. to the remainder of the timing or phase error control 

feedback loop. 
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A fUrtber analog signal algebraic summer, 60, .b,as either a) this original em>r 

magnitude and algebraic sign suppJied by summer 40 •provided thereto through a 

further controlled switch, 61, or b) the original error. J:IUt.gnitude from summer 40 

suppJied thereto but with an inverted algebraic sign due to passing that summer 40 
5 output signal through an analog algebraic sign inVenet:, 62, and another controlled 

switch. 63. Which of these two sipa,18 is received by s'iri'mner 60 in connection with 

the cumnt sample is determined by the slope -~or circuit of Figure 2D as 

implemented in the system· shown in Figure 3A 'Ibus. if the slope estimator 

determines a positive slope is present in connecti0n With the cmrent sample, slope 

10 estimator provid,es.a "1" logic value at the output of AND gate 38 to direct the 

closing of switch 61 with this closing being synchro~ by the initiation of the 

taking of the current sample by voltage-controlled oscilJator 28 also closing switch 

32 to provide the error magnitude and algebraic sign supplied by summer 40 to 

summer 60. A ''O" -value on the output of NOR gate 39 keeps switch 63 open even 

1 S though switch 33 is closed by voltage-controlled oscillator 28. 

If, inate.ad. the slope of the equa.1im' output waveform associated with the 

current sample is determined to be negative, a ''()" ·logic value at the output of AND 

gate 38 keeps switch 61 open and a "l" logic value at the output of NOR gate 39 

closes switch 63 in syDChroDism with the initiation of the· taking of the current sample 

20 by voltage-controlled oscillator 28 through that oscillator also closing sWitch 33 to 

provide the original error magnitude but with an opposite algebraic sign to summer 

60. If neither a positive slope nor a negative slope is;,f~und in connection With the 

current sample, but rather mro slope estimate is 8'8d~.~the slope.estimator, logic 

values of "O" at both of the outputs of gates 38 and· 39 d~t that both of switches 61 .· .. :;:::•·: 

25 and 63 remain open even though switches 32 arid 3~: close so that the output of 

summer 60 is :zero for the particular sample. Thu$. thd··output of summer 60 is the 

stocbastic gradient based estimator Vt[kT] = sgn{~[~(e"or(kTJ) described above 
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using the Figure 20 ·~()pe_ estimator Ifl[kT] to provliJe. ~ sign of the slope of the 

equalim' output aigD8l Jll[kT} about the current sam.p~-~o descn"bed above. 

The output Qf $W1111ler 60 is supplied to a turtbei: portion of the phase error 
:~ . ; : . ~ ... • . 

correction loop wllleh ~ates the two pomt moving a~rage estimator from the 
: . . . :-

s stochastic gradient)>ased estimator signal provided at the output of summer 60. A 

further analog signalllgebraic summer, 64. receive~:~C,urrent stochastic gradient 

based estimate vttkn directlY from summer 60, and ()~ sample period delayed 

stochastic gradient based estimate V't[(k:-l)TJ from a~ sample-and-hold circuit, 
. -~, . : . : : ... · : ; . 

65. Samp1e-and-hoJ4 circuit 6S obtains current stochastic gradient based estimates 
;_· ... : :· 

10 from:summer 6Q·.11114 hold8·them for one sample period •. dJjs holding initiated by the 

same sample initiati~n Pulse provided by voltage-controlle'd oscillator 28 to sample­

and-hold circuit 20; 

Thus. the ~~tput of summer 64 is the two point moving average estimator 

VCb[kT] = Vt[kT] + V1[(k-l )T] described above us~g ~:.stochastic .gradient based 

15 est.illiates Vi:[kT]<= · sgnhfl[kT](e"or[kT]) from Sllllltt,ler 60 (Figure 3 shows 

implementing ~r VO> but could implement estimator V't' therein tbroush the 
.. . . 

removal of samp~~an~hold circuit 65). This two pojnt moving average estimator 

values are providet\'to step si7.e scaler 27 to be multiplied by ~, the step size 

weighting factor. The output of scaler 27 is then Used as.the control voltage signal 
,: ..... ·' '. ' '. ~ .. . . :- : . . : .... .:. 

20 for operating voftal~c~11troDed oscillator 28 w~.~--~ as the source of the 

timing, or clocking. Wavd'orms for the rest of the dat1f~trieva1 system including, as 

indicated, providing the sample initiation pulses for ~p~~and-hold circuit 20. 

Figure 4Aprovides plots of behavior of three diffe~nt phase error estimators 

over a range of phase· errors in connection with the ·re~val of random stored data 

25 in the presence of]lOise to the extent of there being'.a:~g~ to noise ratio of 15db. 

the plots being ofthe;resulting means of each ofthe·~~ponding phase estimates 
.. ·... .: ... ·.'· 

over a range of pb~ en-ors provided as fractiOJ1$:'._()f:,~ sampling period. The 

stochastic gradient~ :estimator V't' is plotted using the'data point designator "*", 
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the estimator z is plotted using the data point designator 110 11
, and the two point 

moving average estimatorVtt is plotted using the data point designator 11+". Smooth 

curves through the data points for each estimator have ~o been added to the plots. 

As can be seen. the estimator i near the outer ends of~_phase error range shown 

5 actuaDy changes algebraic sign to be of the wrong algebraic sign for correcting the 

phase mror involved. 'lbe estimator Vt and V4- both stay qf the proper sign over the 

phase error range shown. All of the estimators are more or less linearly related to the 

phase mor about the mo phase error value that ism tban half the phase error range 

shown. 

10 Figure 48 shows a plot of the variance of the normali7.ed 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 with the same signaJ-to-noise 

ratio. The two point moving average estimator Vet cJearly shows the smallest 

variance among these estimators with the estimator i showing less variance than the 

15 estimator V-r because of the effective averaging therein a8Jndicated above. 

The two point moving average estimator is described above on the 

basis of receiving all o_f the data samples for error detemlination purposes that are 

transmitted through the system data retrieval channel as a basis for operating the 

timing phase error comction feedback loop. However. ;tS indicated above. a class 
~ .. 

20 4 partial response system can be viewed as the interleaving of two sets of samples. 

the even samples and the odd samples. Le. as two dicode Channels each operating at 

half the sampJing rate used for sampling with the fun paruat'response channel. Thus. 

the moving average estimator could be used in a feedbaqk 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 circum8tance• the moving average 

estimator described above is given effect in every o~r s~ling period but must be 

combined with a zero value in the intervening sampling-periods when the other 
·. ;·; 

dicode channel is acquiring the next data sample. A.-; a result, a combined moving 
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average phase erro_r estimator is, in the instance of one of tJJe dicode channeJs, of the 
foBowing form: 

. V.!' ={o if k is even . . . . . 
··· (kl V't[k] + V't[k-1] 1f k 1sodd 

.. 

The statistical beh;avior _of this estimator can be found assuming that some phase 
5 error is present s6:t~~ Jhe stochastic algorithm estimator V-t(kJ bas a mean value of 

Dlc in this comb#<f'estimator and a variance of ac2
• In these circumstances, the 

mean of the comb~ estimator over the ha1f rate sampfutg period is 

E{'V'I') = B{Olk evca + (V-r[k] +-r[k=l])lt odd} 

. . =~E{O} +~E{Vt[k] +'t[k+l]} 
=O +¥.zE{V-r[k]} +¥.zE{Vi: [k-1)) 
=~m +~m = m. c c c 

where the likelihood of 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 
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E{(Vt-m/'}=E{ { {Olk evea +(V<t[k] +'tk-1J)lt odd-mJ1 } } 

·= .!.E{(O-m)2} +lB{(V't[k] +V<t[k-1]-m)2} 
2 2 

2 
me l -2n. 2 . =2•2B{1. L11.) +'t [k-1) +2't[k)'t[k-l) 

-2mc't[k]-2mci:[k-l] +m;) 
2 

= ~c +fB{i:2[k]-2mc't[k.] +m; +i:2[k-1]-2mci:[k-1) +m; 
+2,;(k)'t[k.-1] +m;-m;-m;} 

m2 1 . 
=__.!.+-(~ +az +2m 2+m2-m 2_m2) 

2 2 c cc cc c 

mz m2 
=.;;...!.. +02 + _..:;,. = ~ + m 2 

2 c l c c• 

where the ~ce of the timing phase errors at each sampling instant bas been 

used. Thus, the ··combined moving average estimator has a variance which is 

dependent on its. mean value making this estimator less suitable for controlling the 

timing phase em>r in a dicode channel as compared to using the moving average 

· 5 estimator to con®l the timing phase error in the full partjal response cbannel. 

Another- eayeat in connection with use of pbaSe' error estimators in phase 

timing mor conectiCJn loops using error information based 'on samples of the channel 

signal is the poSSibility of a "hang-up" in the loop at an· erroneous nonzero timing 

phase error value· ~uring the use of the timing preamble at the initiation of loop 

10 timing phase error control activity. If the timing preamb1e is sampled at times t = kT. 

the samples willbave values of either the positive or the ~gative peak values in the 

equalizer wavefilfDl, as indicated above, and the corresponding mean timing error 

will be driven to•z#o intbe descnl>ed system to thereby lock the loop to a zero phase 

error. However, if the initial timing phase error is sufficiently great so that the signal 
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is sampled at times t = kT + T/2, the channel aignal will Ile. sampled at peak values 
:·.,. . 

but aka at m'O crossing values which wm also reauldn·~ mean timing error being 

driven to :r.ero in this system to lock the loop to lock.~ loop to a T/2 phase eJTOr. . ·' . : 

nm last result is avoided by using a zero p~ resqut procedure to start the 

S data retrieval cbannel system each time its operation iS ·again desired after a period 

of inactivity. Jn t.bi& procedure, during an initial training•periOd, the phase of voltage­

controlled oscmator 28 at initiation is coordinated . to be. near zero along with 

generating an estimate of the pattem positive and negaqye.peak values of the timing 

preamble being received that is used to generate corres.,onding noiseless samples to 

10 control switches 48, 49 and 51. This allows the estabUshuig of values for V ... and V .. 

sufficiently for the sample errors to become small enough to assure the timing CJTOrs 

are also sufficiently small for the loop to lock onto 7.ero·,philse error. 

. Figure S shows the data retrieval channel system of Figure 3 modified to be 

capable of perfonning 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 SO, 

respectively. these outputs are connected to the inputs of a multiplexer, 52, to be 

selectively connectable to control these switches thro~gh the outputs of that 

lil1J:ltiPlexer. 1be scaled ideal values source, redesignated 22' in Figures. is involved 

with system control to also provide. through outputs thereof connected to further 

20 inputs of multipJexer 52, output signals that are. in effect. noiseless samples to 

control switches 48. 49 and S 1, and to provide a further;()Utpu:t 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 V't, z and V4' that can be expected U:l:a sygtem like that shown in 

25 Figure 5 (which again is shown implementing estimat6t VII> :and. could bnplement 

estimator V't therein through the removal of samp1e-and:-hold circuit 65) operating 

on the standard timing preamble from equalizer 15 inJhe presence of noise to the 
. . . . . : ~ 

extent ofa there being a signal-to-noise ratio of 15db. The mean phase estimate bas 
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a much larger~ar range for the standard timing pre~ble than for random data. 

and none of·tlie··~timBtors produce mean phase estiiliates having an incottect 

algebraic sip .~.:tile phase error range shown usill$.:.~ procedure. Figure 6B 

provides plots showing the behavior of tbe variance:$ of the nonnali7.ed phase 

5 estimates fro~'.tbeae e~timators in these circumstances with the two point moving 

average estDnatot:again Showing the smallest variance over the range of phase errors 

plotted. 

Although:~~ invention has been described with reference to preferred 

embodiments, wbrter& stilled in the art will recogni7.e that changes may be made in 

1 O form and detail;Wftb()ut:.departing from the spirit and .scope of the invention. 
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WHAT IS CLAIMBD IS: 

1. A phase detector for a timing control loop provided in a signal sampling 

system to conttol acquisitions of samples. separated ftom one another by 

corresponding sampling iotervals, of magnitudes of input sigDa1s provided at an input 

of said siglla1 sampling system by a sampler that forms sequences of said .samples of 

those input sigDa1.s at an output thereof which are supplied to a data output of said 

signal umpling system. said phase detector comprisblg: 

a slope estimator having a slope indication output and having a first signal 

mput coupled to said signal sampling system input, said slope 

estimator being capable of determining magnitude values of said 

input sjgnals provided at said signal sampling system input during 

said sampling intervals to provide therefrom estimates of slopes of 

such signa)s for corresponding said sampling intervals, and of 

providing indications of said slope estimates at said slope indication 

output thereof; 

an cm>r determiner having a signal input electricaBy connected to said 

sampler output to receive said samples and having a magnitude error 

output, said error detennmer 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 electricaily 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 colTesponding said sampling intervals based 

---·-·--·-~--------------·----------
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on signals occurring at said . error ind~ation input thereof as 

selectively modified by sigDa)s·•pri>\iidecl at said slope input thereof; 

a first signal delayer having · • illput:·~aJlY connected to said phase 

error estimation ~.·ou~iii·_imd having an output, said first 

signal delayer being capabie of d~ sjgDals provided at said input 

tbereof for transmission therCtbiqugb to s8id output thereof for a said 

sampling interval; and 

···--·-·--·----

a summer having an output. a first input· electricaUy connected to said phase 

error estimation combiner output and a second input electrically 

coDnCCted to said first signal. delayer output, said summer being 

capable of providing an output signal at said output thereof which is 
. . .:· 

the algebraic sum of corre8pon~.~: 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 an opp()Site polarity error magnitude. and 

wherein said phase error estimation combiner co~prises a seJector for selectively 

modifying said sigDals occurring at said: error indication input thereof by .sigDa1s 

provided at said slope input thereof whic:h ~lyselects at least either a said 
·'·· ... ·· ...... ;. . 

indication of error magnitude •Or a ~~g said indication of an opposite 
.• .· .. ·.·. ·.. ; 

polarity error magnitude to app~ at:aa.ciphase brror.~stimation combiner output 

based on corresponding said indicatitJ;::of::~Pe;~tes provided at said slope 
. - . ; ·-:~:-· . ·='. .. · . '. . 

indicauoninputthereot 

3. The apparatus of claim 1 w~reici~.$iope ~timator has a clocking input 

and provides said indications. of sl~.· ~~iJPate~ at ~ slope indication output 

thereof upon corresponding ~epti~'.~ ri(:l#diCatJng $1~ on said clocking input 

thereof. 
. ·, ·_.:._·:~>:: .-.. ~- \ 
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4. The apparatus of claim 1 further comprising a CQ$l'Olled signal generator 

having an input electrically connected to said phase error ~stjmation combiner and 

having an output electrically connected to said sampler to permit said phase error 

estimates provided at said phase error estimation cori.l.~r output to control 

characteristics of output signals provided by said control signal generator at said 

output thereof which control acquisitions of samples by slid sampler. 

5; The apparatus of claim 2 wherein said phase eln>r estimation combiner 

selectively modifies said signals occurring at said error iiidW&tion input thereof in a 

funher alternative of reducing them to a 7.eJ'O 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, separatetl from one another by 

corresponding sampling intervals, of magnitudes of input sigDals provided at an input 

of said signal sampling system by a sampler that fonns sequences of said samples of 

those input signals at an output thereof which are supplied to a data output of said 

siinal sampling system, said phase detector comprising: 

a first signal de1ayer having an input electrically. connected to said signal 

sampling system input and having an output, said first signal delayer 

being capable of delaying signals provide4 at said input thereof for 

transmission theretbrougb to said outpqt . thereof for a selected 

fraction of a current one of said samplillg··illtervals; 

a slope estimator having a slope indication ou~pqt and having a first signal 

input electrically connected to said first ~nal delayer at one of said 

input and output thereof, said slope · "~ator being capable of 

determining magnitude values of Signals ttafi~tted through said first 

-------·-' -----. ---·- ---- -
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signal delayer during said sampJing intervals to provide therefrom 

estimates of slopes of such signals for corresponding said samptmg 

intervaJs, and of providing indications of said slope estimates at said 

slope indication output thereof; 

an error· 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 mar 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 electrica1ly co~ted to said slope estimator slope 

indioltioo output and an error indication input electrically connected 

to said eITOr determiner magnitude error output, said phase error 

estimation combiner being capab1e of providing phase error estimates 

at said output thereof for corresponding said sampling intervaJs based 

on signaJ& occurring at said eITOr indication input thereof as 

se1ectively modified by signals provided at said slope input thereof. 

8. The apparatus of claim 7 further comprising a second signal delayer having 

an input eJectricaUy connected to said first sigDal 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 

ttansmissioo theretbrough to said output thereof for a selected fraction of a current 

one of said sampling bltervals, said slope estimator being capable of determining 

magnitude values of signals transmitted tbroµgb said first and second signal delayers 

during said sampling intervals to provide ~m estimates of slopes of such 

signaJs for corresponding said sampling intervaJ.s. 
--- - --- -·----. 
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9. The apparatus of clalln 7 wherein said phase en-or estimation combiner 

reaaves said indications of error magnitudes at said.em>r indication input thereof in 

corresponding sampling interva1s and provides from' each such error magnitude 

indication a Corl'e$J>Onding indication of an opposite pq~ error magnitude, and 

wherein said phase error estimation combiner COD\P~::a selector for selectively 

modifying said signals occurring at said error indication input thereof by signah 

provided at said slo~ inpUt thereof which alternatively selects at Jeast either a said 
indication of el'l"Qr J:Dagllitude or a COJTeSPOnding said ·indication of an opposite 

polarity error magnitude to appear at said phase error estimation combiner output 

based on correspoJl(ting said indicatiom of slope ~ provided at said slope 
indication · ut thereof. . mp .··. 

10. The appll(atUS of claim 7 wherein said slope estimator bas a clocking input 

and provides said cindications of slope estimates at said ·slope indication output 
thereof upon corresponding receptions, of indicating sigpa1s on said clocking input 

thereof. 

11. The apparatus .of claim 7 funher comprising a controlled signal generator 

having an input electrically connected to said phase em>r estimation combiner and 

having an output electrically connected to said sampler to permit said phase error 

estimates provided at said phase error estimation C()l:nbiner output to control 

characteristics ofol.itp1Jt signals provided by said control: signal generator at said 

output thereof which ~trol acquisitions of samp~ b}?s~ sampler. 

12. The apparatus of claim 8 wherein said slope eStiml.tor has a clocking input 
and provides said indications of slope estimates at ~Cj slope indication output 
thereof upon comsponding receptions: of indicating sig~ on said clocking input 

thereof. •·. : 

13. The apparatus of claim.:8 wherein said p~,:~OJ:" estimation combiner 

receives said indic•tions of error magnkUdes at saidi~rior btdication input thereof in . ' .. ( ;" ... · ... · 

corresponding sampling intervaJs and provides from each such error magnitude 

·-·-------~--------···--·-··-·---- -- ·-
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indication a corresponding indication of an opposi~ p~Jmty error magnitude, and 

wherein said· phase error estimation combiner comp~ a selector for selectively 

modifying said. signals occurring at said error ~ti<)n input thereof by signals 

provided at said slope input thereof which a1teman\1¢ty.~ts at least either a said 

indication of error iDagllitude or a coITeSponding said indication of an opposite 

polarity error magnitude to appear at said phase error ~timati9n combiner output 

based on co!TeSponding said indications of slope estUmt.tes provided at said slope 

indication inpUt the~of. 

14. The apparatus of claim 9 wherein said phase .error estimation combiner 

selectively modifies said signals occurring at said error fudication input thereof in a 

further alternative of reducing them to a zero value. 

15. The apparatus of claim 11 wherein said slope estiJ:nator 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 controDed signal generator output. 

16. The apparatus of claim 13 wherein said Pbase:.~r estimation combiner 

seJectively modifies said sigDa1s occurring at said error fudication input thereof in a 

further alternative of reducing them to a zero value. 

:' ... 
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