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PHASE DETECTOR ESTIMATOR

The present invention relates to sampled signal detection systems
and, more particularly, to such systems used in infonﬁation storage systems.

In information storage systems such és 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
through windings in the storage transducer. Each such 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
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
“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'ii}a_:tion reversal regions in that
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
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scheme described. above. each such voltage pulse in the read transducer output
signal due to the reversal of magnetization directions between adjacent media
portions passing the transducer represents a binary digit "I'_', and the absence of a
pulse in correspondence with such portions represents a binary digit "0".

Digital data magnetic recording systems ha_ve used peak detection
methods for the detection 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 éxceed a selected threshold to determine that 2 binary digit “1”
relatedpulseooenrredmtheremeved signal, and also usethenmesbetweenthose
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 the detected peaks in this
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 opetatlon and the retrieval operation to result in nonuniform time
intervals, or nonumform multiples thereof, occurring between the voltage pulses in
the analog retrieved signal.

" In more recent digital data magnetic recordmg systems, partial
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
an increased densxty of data bemg stored in the magnetzc xbedna Data recovery
the basis for dlgmzmg this mgnal, the gakmg of such saqples being initiated by
pulses in the clocking signal sﬁppli_ed by a phase-lock osciliator. The magnitudes
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of the samples initiated by this clocking signal have ‘magnitude contributions to
them by mor 4 than one pulse representing a retneved binary digit because of the
planned mtersymbol interference.

As part of providing a signal transrmssmn channel with frequency
response charactensucs suitable for pamal response sxgna]mg digital magnetic
recording systems often choose a type of partial response signaling system termed
a class 4 system Such a system is particularly suntable for magnetic recording in
view of the nature of the spectrum of the resulting analog retrieved signal because
the signal channel requtres relatively little equahzatton by the equalizer used
therewith to: pro\nde a channel frequency charactensttc substantially matching the
class 4 system srgnal spectrum In such a class 4 parual response signaling system

near that mstant,.xf. any, bnt not from the immediately preeedmg pulse one sampling
clock penod earlrer There will, however, be a: further contribution from the
magnitude of 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
subsequenee th one containing the even numbered samples and the other
] ;numbered samples. Each such subsequence can be submitted

mdependently to a Vltetbr detector as part of a' maximum likelihood symbol

detection arrangement .

" Here, 100, the analog retrieved szgnaif in such a partial response
signaling system is _p__rovtded to a phase-lock oscillat
the clocking 51gnal reflected in the timing represented by the occurrences of pulses
representing di'gital.'c_'lsta m the analog retrieved. s -

a8 the basis for recovering

é'i.e. the analog read signal
from the tran_sdt____:cer."' Accurate recovery of the bmary information in this signal
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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 rest of the detection system
therewith. One requirement for successfully recovering this timing information is
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) mpfeseipts the timing error in the
k% sampling interval. Thus, the sample currently takenhas a magnitude value of
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y(kT+<[k]). That s, at sample time (kT+t[k]), the phase-lock oscillator output
clock signal causes a sample-and-hold circuit to hold thethen current value of y(t)
to create an analog sample value of y(kT+t[k}), or samplefil, which is then sent to
an analog-to-digital copverter for conversion into an equivalent digital value.

In apamal 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 occuxtiqg in the partial response signal tréﬂsmission system channel,

the actual voltage values obtained in noiseless samples will be found instead 1o be

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 thnq"ﬁependence. The values
forV,, and V, canbe oig_tained from an averaging arrangement for finding average
values for high and low value samples.

Because of noise, timing jtter, and other sigoal transmission defects,
the sample value measm'ed at a sampling period samplefi} will not usvally be equal
to one of the ideal sample values idealfi). Thus, there will instead be an error having
a value equal to |

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

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

In the systzem of Figure 1, a magnetic matenal covered disk, 10,

containing pluralities of: magnetxzauon direction reversals along each of a plurality
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of more or less concentric, circular tracks is rotated past a data retrieval transducer
arrangement, 11, or “read head”, positioned adjacent a selected track by a “head”
positioner and initial sxgnal processor, 12, about a spmdle 13, to provide an initial
analog read signal x(t) Thls signal is subjected to further processing in a variable
gain amplifier, 14, and subsequently in a linear channe} equahzer 15.
Equalizer 15 has, beginning from its input, a succession of delay

elements, 16, to form a delay line with cach 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.
Thus, x(t) is presented to the input of equalizer 15 to be introduced into this delay
line with successive versions 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 be'-“iimltiplied by the associated tap weight value, w,. The
weighted values formmuluplners 17 are summed in summers, 18, to provide the
analog output y(t) df- equahzer 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
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, 23,10, eighting change mulnphers 19

The samples obtained in sampler 20 and the scaled ideal sample
values are also supplied to correspondmg T sec_ond_ _delay elements, 24 and 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
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signal to sampler 20 to initiate the taking of each sample of y(t) and to synchronize
other actions in the signal processing system.

Although this provides a useable timing error correction
arrangement, the timing errors are not corrected as well as possible in those
situations in which there are successive samples with values of zero. In this
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.

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
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
error deteriiner to provide phasé error estimates at said output thereof for
corresponding' sampling intervals based on the error magnitude indications as
selectively modiﬁi;d 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
estimates directl)é 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.
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The slope estimator can be connected to a signal delayer delaying the
input signals for a selected fraction of a current one of the -sampling intervals to aid
the slope estimator in determining magnitude values of sxgm]s transmitted through
the signal delayer during sampling intervals to provide estm:ates of slopes of such
signals for conespondmg sampling intervals. A said 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. _

Figure 1 is a block diagram of a timing er-}:o_r; correction system from
the prior art,

Figures 2A, 2B, 2C and 2D are block diagrams of subsystems
involved in the present invention, .

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
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
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
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squared error leads ;yoinstead using the timing error gradient of the squared error

o stively adjusting the timing phase toward a minimum without
having to find a mean n value, This resuits in a stochasuc gradient which is used for
the recursive adjustmg of the timing phase in a direction opposite thereto in a
feedback loop, or

tfk+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

-—(errar [k] )2 = —- (sample [k] -ideal [k])?
| S {Y(kT +t[k]) -ideal [k] )

=2 {y(kT+t[k]) -ideal [k] }-é?[-,-c-]-y (kT +c{k]D
=2 (error [k] )Ea;y (kT +t[k]).

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]).

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.
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Thus, the phase-lock oscillator 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. Typically, as indicated above, an equalizer will have been used in the
partial response sxgna] transmission 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 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
muitiplier 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 circuiit" cpﬁld be used for this purpose, such circuits tend to enhance
noise and so are often unsatisfactory.

Fxgure 2A shows a slope sign estimator circuit that estimates the
slope as alwaysextherposxtive or negative by plabing a 1" binary logic value at
either one or the other of the positive outputs of a pair of comparators, 30 and 31,
and so at one side of either a positive slope indic'atingi: Sizxgle 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 seconds through two T/3 delay el'emcntis;. 34 and 35, is connected
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to the mvemng mput of ‘comparator 30 and the nomnvertmg input of comparator 31.
Comparator 30 has ns output connected to one side of switch 32 and comparator 31
has its output. 1s connected to one side of switch 33

"l'hus, if y(t) is greater than y(t-2T/3), a positive slope is estimated
with compamtor 30 then having a binary “1" value at its output and comparator 31
having abmaty 2 __alue at its output. A reversal of the relative signal magnitudes
leadsto a reversal of the outputs on comparators 3{) and 31. The following equation
for the assocmted slope estimator th summarizes this behavior:

-1if y(t)<y(t-%£)

1if yO>ye-2)

The bmaryvalues n the outputs of comparators 30 and 31 are transmitted through
swiches 32 and 33 by 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 _'" ,'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
values occumng synunemcally in time on elther sxdc of the sample value y(t-T/3)
taken at time t- 155 to thereby provide a s]ope estunate of this signal about the
sample value. .

Fxgure 2B shows that the provisidn of a negative logic output on
comparator 30’ addmon to a positive logic output thereon, i.e. providing a fully
differential oomparator, allows eliminating comparator 31 Comparator 30 has been
redesngnated 30‘ in Fxgure 2B.

PCTUS9712743 -
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The estimators of Figures 2A and 2B.make no provision for zero
value slopes in al'vg;ayg assigning a slope value of either 1 or -1. Figure 2C shows
a slope sign esnmatorfor determining the presence of 2 zer0 value slope which, in
this instance, creates a range of small slopes within 22 which will be considered
zero value slopes_'._ Thls 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.lgebraxc sign of the constant being addeﬂ in the associated one of

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

-1 if y(t)+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
checks for the coimist'ency 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
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 nonmvertmg mput of comparator 31, and

PCTUS9TI12743
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to the input of delay element 35. ‘The signal so delayed through both delay elements
34and 351 prov:ded to 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
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
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.
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
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 fo:_'.tl__,:is_ loop with the results expected for a loop using the estimator
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2 given above can be made by applying this latter estimator and the stochastic
gradient to a common equalizer output signal. A smtable signal is the standard
preamble timing signal used to start the phase—lockf‘f__:bscillator loop in such a
subsystem which is recorded as a 50% duty cycle square wave in the magnetic
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

nt ™t
Yult)= sm( ZT] c°s( 2T)

The stochastic gradient based estimator, found above as

?at-(error [k] }*=2 (error [KT} )?ar'y (KT +t[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[k—"r]-} is the current algebraic
sign of the siope and the constant “2" is consldered combmed in the loop step size
parameter B as mdxcated above If the equalizer output signal with phase error
t[kT], ignoring any noise therem, is approxunated m a Taylor s series about a
sample value kT by retaining just the ﬁrst order term

ok yaeTy» SIETETD | per r e
yKT+<[kT]) = ykT)+=== K] =“[_ka:;(1<1'] kT}+- - -,

PCT/US97/12743
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errorikT] can be f_ound as
error[KT] =y(KT+t{kT]) - ykT) » m[KT}<{kT]
to provide

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

ay_ (0 r ( m) . ( nt)
-E—L—= IS e va—— —
TR T e 7 e 7 A

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 .K_T
m = eosmme — —
wlT1= g s 2 =3
n 13
mw[2T] =§-fwsu = --271_-

in T

=t sin S =
i e BT

m_[4 =—1r-cos21t=-"—
"'[T] 2T 2T

Thus, the stochastic gradient estimator for the preamble signal is evaluated as
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]
Ve, k] = E-f-c[k].

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

2 [k'l‘]--.vample [kTlideal[(k~1)T] + sample [(k~-1)T) ideal [KT]
"Y{kTW[kT]}Y{(k 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, therels obtained

2 [kT]=-HYIkT]+m[kT]T[kT]HY[(k nTj
+{{yl&-DT] +m{k-1) T ={(k~1)T]} } yIkT].

This can be expanded to yield

2, [kT} = -m[kT] ¢ [kT}y[(k-1)T} +m{k-DT) e{(k-) 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
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yl" [T]l= 81!]-2—- 1
Yor [2T] = -cosn =1
3n

Yy [3T] =i == -1
Yor [4T] = ~cos 2x = -1

.

.

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

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

for the standard preamble signal.

Thus, compamg the estimator £, for the standard preamble signal to the
stochastic gradient gsﬁmitor Vi, for that same signal, shows that the estimator 2,is
the'stochastic gradient estimator for the current period, V1, [kT),
Tac 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
the estimator £ can be obtamed by a new estimator, V@[kT] defined as a two-point

moving average of' the stochasuc gradient estimator thhout any weighting or scaling
coefficients used thh ‘the constituents thereof, ie. w:th the coefficients of the
moving average consntuents set to umity, or

VO [KT] a Ve[KT) + Vr[(k-1)T].
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This combined estimator thus offers the combined benefits of the stochastic gradient
based estimator, mdlcated above, and the two point averaging provided by the 2
estimator. i

In view of thc nnportance of the performance of these estimators during their
initial use with the standard timing preamble to assure that the timing error correction
feedback loops in wlnch they are used “Jocks” onto the proper timing phase, the
statistical behavior of these estimators is first compared with the standard timing
preamble signal be".-; - presented to them assuming the presence of a small fixed
phase error T. Thc mean value of the stochastic gradient estimator then is

- E{Ve,ld) = —E (v} =2,

where the expressmn above for the value provided by the stochastic gradient
estimator for the standard preamble timing sngnal has been used along with the
expected value of k“‘ 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]}

_RKTt TT _ =T

2T 21T T

where the expres‘si‘on: for the moving average estimator given above has been used
and the mdependence' bf 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
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sampling instants therein, the mean of the estimator 2, will be equal to that of the
moving average estimator.

In comparing the variances of these esnmators, the feedback loops in which
these estimators are used can be assumed to provide sufﬁcnent gain for the estimator
output signals to-operate similar voltage-control oscmators in each on a similar basis.
Thus, the loop gain when using the stochastic gradnent esmnator will be sufficiently
increased so that it will be providing a signal to the voltage-control]sd 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
contributors as-does the stochastic gradient by itself. Thus, to fairly compare the
estimates, the variance of the stochastic gradient esumator will be based on a
multiplying of that value by two. Thus, assuming for these purposes that the phase
errors at each samplmg instant are independent of tl;qsee of at other instants in the
standard preamble" ummg signal, and that these errors have a mean of zero and 2
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

2T
= d 2y . 1!22l'.!2
5F.§{_(:rml) )=

E((2V1,[K] -0} = E{2V<,, [K])*} = E{( mrkl)}

where the value for the stochastic gradient estmmtor operaung on the standard timing
preamble signal is again used along thh the assumptmn above that the expected

value of the square of the zero mean tnmng phase crror. ie. its variance, is equal to

o®. The variance of the moving average esnmator__ e circumstances is
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E{(V®,[K]-07} = E{(V®,, [KI)*) =E{(V5,[K] + V< k-1])%)
- {(——tlk]+—t[k 11) }-4—”2—E{(t[k]+t{k 117}

= m1-:( (k] + 2t[k]tk-1] + t2k-1)%)

. n2 20%) = nlg?
4T? aT?’

using again the expressions for the moving average estimator and the stochastic
gradient estimator, andusmg the independence of the rem 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 .uf 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 merefrom 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 un one of three sample values, 100r -1, at each sampling
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instant. Because of asymmetries in the data retrieval channel and various scaling
factors operativé__’ therein, these expected sample i‘al‘ue possibilities are more
accurately representedas the corresponding scaled ideal values of V,,, O (assuming
any offsets in the data retrieval channel have been corrected), and V, . The values
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
during operation cf the system,

Since, as md:cated offsets are assumed to be corrected in the data retrieval
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
value 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 tlw current sample value supplied thereto by sample-and-hold circuit
20 and prov:dcs the difference on a summer input line, 43, directed to summer 40
through a switch'to be described below. Finally, scaled ideal sample value V, is
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
provxdesthedrﬂ‘erence on a final summer line, 45, a]so directed to summer 40
through a further: swnch to be described below. '

Just whactg_-p._f these differences representing the possible sample error will be
used to 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 corresponding threshold values, Vi, and V.. A typical magnitude for
threshold value'V.,.; is V,/2, and a typical value for threshold V.. isV,2. A
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threshold source, 45, provides threshold value V,, to the inverting input of a first
comparator, 46, and source 45 provides threshold vaiue V. to the non-inverting input
of a further comparator, 47. If the value of the curri-,p; sample supplied from the
outpuzt of sample-aﬁq-'hold circuit 20 to the non-invgﬁ_ftiﬁg.ihput 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
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
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 resuiting in a NOR
gate, 50 with its inputs connected to the outputs of compafators 46 and 47, have a
1" logic value at it_s:-. output to direct the closing of a further switch, 51, to thereby
allow the sample value y(KT+t[KT]) to be directly provided. to-summer 40 on summer
line 41. Thus, the magnitude and algebraic sign of the current sample error are
deterniined, supplied to and passed through summer 40 fo;gcalcr 23 for equalizer 15,
and to the remainder of the timing, or phase error, "té'_.'o ‘point moving average
estimator and, subsequently, to the remainder of the timing or phase error control
feedback loop. '
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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
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
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;ﬂhtor 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
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 “0"-' 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
by voltage-controlled oscillator 28 through that oscillator also closing switch 33 to
provide the original error magnitude but with an opposxte algebraic sign to summer

ound in connection with the

60. If neither a positive slope nor a negative slope i
current sample, but rather zero slope estimate is mad the slope estimator, logic
values of “0" at both of the outputs of gates 38 and 39 rect that both of switches 61
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
i} (errar[k'l']) described above
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using the Figure 2D slope estimator M[kT] to prov;de the sign of the slope of the
equalizer output signa\ mikT) about the current sample -a}so described above.

The output of summer 60 is supplied to a further“ portlon of the phase error
corréction loop whxch creates the two point moving. average estimator from the
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
from summer 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 q_qtput of summer 64 is the two point moving average estimator
VO[KT) = Ve[KT] + Ve{(k-1)T) described above using the stochastic gradient based
estimates Vt[KT] = sga{{KT)(error[kT]) from summer 60 (Figure 3 shows
implementing estimator V@ but could implement estimator V< therein through the

removal of sample- 'd-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
for operating voltage-controlled oscillator 28 whxch serires as the source of the
timing, or clocking;-_'oqi}iveforms for the rest of the das I 'tneval system including, as
indicated, provxdmg the sample initiation pulses for sampﬁ-and—hold circuit 20.
Figure 4A provxdes plots of behavior of three dlfferent phase error estimators
over a range of phase errors in connection with the rej_:_ Yal of random stored data
in the presence of no:se to the extent of there being & na] to noise ratio of 15db,
the plots being of theresulung means of each of the ol ponding phase estimates
over a range of phase errors provided as fraction: a sampling period. The
stochastic gradient based ':_est;imator V1 is plotted usingf 1 data point designator "*",
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the estimator Z is plotted using the data point designator "o", and the two point
moving average estimator Vi is plotted using the data point designator *+*. Smooth
curves through the data points for each estimator have also been added to the plots.
As can be seen, the estimator Z near the outer ends oftﬁé_phase error range shown
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.

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
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
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] response 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
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
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average phase erroresumator is, in the instance of one of the dicode channels, of the
following form: '

owna - 4 0 if k is even o
V¥R ‘{Vc[k] +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 sampling: 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 lstakcn to be equal. The variance of the combined estimator is then
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E{(V-m)?}= U (0l g (V] 71Dy o )
SE(0-m P} + ZE((Vefk] +Veik-1] -m¥)

fl
”,M

+lE(t"[k]+1:2[k -1]+2¢[kek-1]

2
-2m tfk]-2m t{k-1] +m?}
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it
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m
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2
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2 i 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
estimator to oontrol the timing phase error in the full partial response channel.
Another caveat in connection with nse of phaseerror 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
timing phase error control activity. I the timing preamble is sampled at times t = kT,
the samples will have values of either the positive or the jiegative peak values in the
equalizer waveform. as indicated above, and the corrésﬁmding 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
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is sampled at times t =kT + T/2, thechannelsignalwinbe-sampled at peak values
but also at zero crossing values which will also resun_mﬂme mean timing error being
driven to zero in this system to 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
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 coordinated. to be near 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 corresponding noiscless samples to
control switches 48, 49 and 51. 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
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
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 i m system like that shown in
Figure 5 (which again is shown implementing esumator V§> 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
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a much larger lmcar range for the standard timing preamble than for random data,

and none of the estmmtors produce mean phase est:mates having an incorrect

algebraic sign . m the phase error range shown usmg tlns procedure. Figure 6B

provides plots showmg the behavior of the vanances of the normalized phase

5 estimates from these esnmators in these circumstances with the two point moving

average esumator agam showmg the smallest variance over the range of phase errors
plotted.

Although the present invention has been descnbed with reference to preferred

embodiments, workers skilled in the art will recognize that changes may be made in

10 form and detail without departing from the spirit and scope of the invention.
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WHAT IS CLAIMED IS:

1. A phase detector for a timing control loop provided in a signal sampling
system to comtrol acquisitions of samples, separated from one another 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 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
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on signals occurring at said error mdlcanon input thereof as
selectively modified by s:gnals p" : v:ded at said slope input thereof;
a first signal delayer having an mput"" '-ally connected to said phase
error estimation combmer output and havmg an output, said first
signal delayer being capable of delaymg sxgnals provided at said input
thereof for transmission therethrougb to sa1d output thereof for a said
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 at ' p_"ase error esumauon combiner output

based on corresponding said mdlcano peesnmates provided at said slope
indication input thereof. o .
3. The apparatus of claim 1 wherem sald slope esumator has a clocking input

and provides said indications: of sl
thereof upon corresponding recepu n_s__oﬁ:mdwann_g gnals on said clocking input
thereof. Vi I

estnnates at smd slope indication output
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4. The apparatus of claim 1 further comprising a controlled signal generator
having an input electrically connected to said phase error est:matmn combiner and
having an output electrically connected to said sampler to permxt said phase error
estimates provided at said phase error estimation combmer output to control
characteristics of output signals provided by said control __s_tg_nal generator at said
output thereof which control acquisitions of samples by satdsamplcr

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_t_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 oti;tp{_n_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___tator being capable of

determining magnitude values of signals transmitted through said first
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signal delayer during said sampling intervals to provide therefrom
estimates of slopes of such sngnals 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 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
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9, The apparaws of claim 7 wherein said phase error estimation combiner
receives said indications of error magnitudes at said;errai'iihdicaﬁon input thereof in
corresponding sampling intervals and provides from each such error magnitude
indication a corresponding indication of an opposite polmty error magnitude, and
wherein said phase error estimation combiner compnses'.a selector for selectively
modifying said signals occurring at said error mdxcation input thereof by signals
provided at said slope input thereof which alternauvely selects at Jeast either a said
indication of error l_nagmtude or a corresponding sald_ indication of an opposite
polarity error magnitude to appear at said phase error esﬁmaﬁon combiner output
based on corre'spt_m@ing 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. |

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-____ d sampler.

12. The apparatus of claim 8 wherein said slope esumator has a clocking input
and provides said indications of slope estimates at saa _'._'?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 saldéerror_mdncatxon input thereof in

corresponding samplmg intervals and prov:des from each such error magnitude
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indication a corresponding indication of an opposiie- pdihﬁty error magnitude, and
wherein said phase error estimation combiner compnses a selector for selectively
modifying said sxgnals occurring at said error md:cation input thereof by signals
provided at said slope input thereof which altemauvely selects at least either a said
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 iiidicaﬁon input thereof in a
further alternative of reducing them to a zero value.
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