P

N

alpvrspd WO

_ ""0"“23'32"—2’0""

‘ REPLACED SHEETS SG
#1 Deéscription : paged ..%... to paged .Z.......
Y| Claim(s)  :paged.%... to paged .3\.....
W1 Drawing(s) :paged...%.. to paged o A
: : i1 Abstract : paged ..%%.. to paged .........
SA9-90-042 1 |DATE OF RECEIPT......... rreeeresennrrrenssasesns

-

LOOK-AHEAD FOR CODED SIGNAL PROCESSING CHANNELS

This invention relates to a method and means for processing, in a
coded signal processing channel, sample values representative of coded

binary data using a look-ahead algorithm.

The present invention is related to the channel signal processing
method and means described in European Patent Application EP - 369962-A,
(priority date November 14 1988, Docket SA9-88-030) and Eufopean Patent
Application 90850410.3 (priority date January 25 1990, Docket
SA9-89-086). |

The first cited application describes a fivé-sample look-ahead
algorithm for processing sample ‘values in a (1,7) coded partial response
channel, when the pulée shapes are ideal; i.e., when the_read response

to the positive and negative magnetic transitions are the pulses with

~ the sample values ...,0,2,4,2,0,... and ...,0,~2,-4,-2,0,...,

respectively. It also shows how to adjust the test thresholds of the

" algorithm in orxder to accommodate variatjons in the pulse shape. The

thresholds may be optimized empirically in response to.the boundary
crossingguin actual test data. Alternatively, the thresholds can be

expressed as a function of the sample values ...,O,al,Bl,_l,O,... and

in the positive and negative readback pulses.

A five-sample look-ahead algorithm was used for processing channél

' sample values Yo:Y1:Y2: Y37, to decode the current sample value Yo
. This algorithm works well when all error modes are caused by similar

_ noise circumstances. However, in specific applications, such as

magnetic tape and optical recording, when the readback pulse is

substantially reduced in amplitude during a media defect or distorted
towards being too wide, the available distance is reduced for specific
pairs of sequences of sample values. This incréases the risk of peak

shift errors, and the reliability performance of the decoder, in such
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case, is predominantly determined by the lower margin of error

associated with these sequences.

The second cited applicatibn describes an enhancement to the
processing method just desc;ibed. It involves precomputing a {
peak-position check including expressions using up to six-sample values
Yo~ ¥s ahead of the then current sample value Yo Use of this six-
(instead of five) sample look-ahead algorithm provides increased signal
detection reliability and increased tolerance to r;adback pulse'
distortion by substantially reaucing the exposure due to peak shift
patterns. However, when these peak shift errors are removed, the
primary concern shifts to patterns which are more sensitive to missing
or extra bit errors, particularly in the brégence of defects and

nonlinearities.

A phase check is required in both of the above-cited signal
processing methods in order to 11m1t the propagatlon of detection

errors.

There is a need for a signal processing method wherein this
sensitivity to missing or extra bit errors can be minimized and wherein
full advantage of a (1,7) run-length-limited code constraint can be’

achieved and the phase check can be eliminated.

Accordingly the present invention provides a method of processing,
in a signal proce551ng channel dlgltal sample values corresponding to
an incoming analog 51gna1 representative of coded binary data,

comprising the steps of:

developing an eight-sample look-ahead algorithm including the

following functional expressions for a baseline check:

Hl = Yo + Zyl - 2y3.
By =y * 2y *y,-v3- 2y,
.H3 = .y0.+ 2y1 + Yo =¥, - 2_Y5
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Hyo=yg+2y; +y, - ¥5 - 294
H. = Yo + 2y1 + yz - Y6 - 2y7

where Yo is a then current sample value, and ¥y, are sample values in

successive clock cycles following Yo and

using said algorithm during each of a series of successive
clock cycles to decode one successive bit of coded binary data
corresponding to said current sample value and to advance to the next

clock cycle with the computed next state as the new current state.

The present invention further provides a methed of processing, in a
signal processing channel, digital sample values corresponding to an

incoming analog signal representative of coded binary data, comprising

the steps of:

precomputing from an eight-sample look-ahead algorithm the

values of the following functional expressions for a baseline check:

H =y, + zyl - 2y,

-t

Hy =yo+ 2y +5, -3 725,
Hy =yp ¥ 29, %3, -9, - Ty
Hy =3q v 29 ¥, = Y5 7 W
Hs =35 * 2y * 5, =¥ = 2%

_“qhere yb is a then current sample value, and yl-yi are sample values in

successive clock cycles following-yo;

from said algorithm precomputing the values of the following

functional expressions for a peak-position check:

He =Yg * 31 7 ¥ = 73
Hy = 3g* ¥ "y, * 2y,
Hg =39+ 91 =¥, * ¥4 = V5i

[« ]
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following completion of said precomputing steps, comparing

said precomputed values against appropriate thresholds to provide

respective binary decision outputs;

from said outputs in conjunction with state values
corresponding to the current state, determining state values for the
next state, which become the current state values for the next iteration

of the clock cycle; and
during each of a series of successive-clock cycles,

(a) decod1ng one successive bit of coded blnary data

correspondlng to said sample value, and

{b) advancing to thé next clock cycle with the computed

next state as the new current state.

The invention further provides signal processing apparatus

comprising means for performing the above methods.

Aécording to the invention, an improved method and means employing
an eight-sample lookfgheéd algorithm is disclosed for processing, in a
signal processing channel, digital values corresponding to an incoming
analog signa}'representative of éoded binary data. An eight-sample
look-ahead aigorithm includes the following expressioﬁs for a baseline
check:

TVt 2y - 2y,

Yottty -y %y,
Vo ¥ 29 vV, m v, - s
Hy = %9 * 291 * 55 =95 = %4
He =yg + 2y, +5, -y, - 2y,

mo o
W N
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where Yo is a then current sample value, and y,"y, are sample vélues in
successive later cloqk cycles following Yo The algorithm is used
during successive clock cycles to advance from a current state to a'next
state and to decode one successive bit of coded binary data

corresponding to said sample value at each clock cycle.

The algorithm is used (l) to precompute the values of said
expressions for the baseline check and also (2) to precompute the values

of the following functional expressions for a peak-position check:

6= YotV "V " Y3
H, = Yo + Yy ", + 2y4
g " YotV " Yy vV, " Vs

==
!

Said values are then compared against appropriate thresholds to provide

respective binary decision outputs.

From these outputs in conjunction with state values corresponding
to the current state; state values are determined for the next state,
which become the current state values for the next iteration of the
clock cycle. The algorithm is then used to decode one successive bit of
coded binary data corresponding to-said'cnrrent sample value at each

clock cycle.

In order that the invention may be fully understood a preferred
embodiment thereof will now be described, by way of example only, with

reference to the accompanying drawings in which: .

Fig. 1 is a schematic diagram of a coded digital signal processing

channel;

Fig. 2A depicts written_transitibns oF magnitude 2 between +1 and
-1 levels of magnetic saturation, and Fig. 2B depicts a read response
normalized by a scaling factor to correspend to said written

transitions;

s Sheet Has Been Replacec
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Fig. 3 shows write and read waveforms for (1,7) coded data and read

sample values;

Fig. 4 is a block diagram of a decoder embodying an eight-sample

look-ahead feature and decision boundaries according to the invention;

Fig. 5 is a schematic diagram showing specific details of the
pipelined data flow through adders and registers of a precomputation
device for precomputation of the values of functional expressions of

sample values for deéoding.yo;

Fig. 6 is a schematic diagram of a comparator circuit with constant

positive and negative threshold values;

Fig. 7 is a schematic diagram of a comparator circuit with

programmable positive and negative threshold values to provide a

programméble decoder that adjusts to variations in analog input signal

shape; and

Fig. 8 is a schematic diagram of a comparator having thresholds at

zero such that the output is determined by the sign of the input.

As illustrated in Fig. 1, a signal processing channel includes a

 line 10 via which an analog read signal is fed from a transducer, such

as a magnetic or optical read head in a digital storage device. This
read signal corresponds to a recorded (1,7) data sequence, which is a
binary data sequence coded with the (1,7) RLL code during the write
operation. The read signal passes through a preamplifier 11 with
automatic gain control (AGCj and a low bandpass filter 12. The output
of filter 12 is supplied to a phase-locked clock 13 comprising a
phase-locked loop timing recovery circuit including a variable frequency
oscillator (VFO). This apparatus may be identical with that used in the

conventional peak-detection channel with (1,7} code.

Case
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The channel is preferably of the type referred to as extended
partial response maximum likelihood (EPRML) channel which is .
characterized by the polynomial (1-D)(1+D)2; In EPRML signaling, the
signal spectrum resembles a typical magnetic recording channel transfer
function, desirably obviating the need for the notch filter required in

the normal PRML channel characterized by the polynomial (1-D)(1+D).

More specifically, the filter 12 and equalizer 22 operate to filter
the read signal so that the response to a single magnetic transition is
a pulse given by the sample values ..., 0, 2, 4, 2, 0, ... . Fig. 24
depicts written transitions of magnitude 2 between +1 and -1 levels of
magnetic saturation; and Fig. 2B depicts the read respohse that is

normalized by a scaling factor to correspond thereto.

In the environment herein described, use of the (1,7) RLL code
reduces crowding of write transitions on the media to 2/3 that
experienced with the PRML or EPRML channel. The (1,7) code acts és a
trellis code providing a built-in redundancy with its 2/3 rate. It is
very tblerant to nonlinearities in a high-density, high-data-rate

magnetic recording channel.

Briefly, the coded analog read signal output from filter 12 is
supplied to a delay means 20. Deiéy means 20 may.be a digital chip of
the type which permits selectively adjustable delays in increments as
low as a tenth of a nanosecond, depending upon the rate of the clock.
Delay means 20 provides delay alignment between the analog signal and
glock signal inputs to an'analog-to-digital converter (ADC) 21. ADC 21
converts the analog input signal into digital sample values at
successive clock times. These digital sample values, in some cases
depending on the characteristic of filter 12, may be equalized by an
equalizer 22. The digital sample values are then passed to a decoder 23.
Positive and negative threshold constants are applied via lines 24,25,
respectively, to decoder 23. Decoder 23 applies a decoding algorithm to

the equalized digitized sample values to provide a coded binary.data
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output in line 26 and, where appropriate, a pointer flag in line 27, at

successive clock times under control of clock 13.

Fig. 3 depicts the write and read waveforms and associated
sequences of data and sample values in a noise-free environment as they
are clocked by clock 13. With the pulse shape as shown in Figs. 2A,2B,
the sample values, in accord with the decoder implementation, will range
through the discrete set {-4, -2, 0, +2, +4}. Actual samples, however,
will include signal anomalies and additive noise, and thus will range

through various noninteger values around the integers in the discrete

set.

The read clock is derived from read signal 10 using a conventional
peak-detection circuit driving a variable frequency oscillator (VFO)
with a phase-locked loop in the clock 13.- As earlier noted, the ADG 21
under control of clock 13 converts the analog signal to digitized sample
values at successive clock times; and the digitized sample values are

equalized at 22.

Referring to Figure 4, decoder 40 comprises precomputation device
4] which is depicted as a block in Fig. 4 but shown in greater detail in

Fig. 5.

Assume that v, denotes the digitiied sample valﬁe corresponding to
the ith clock cycle. Then, as illustrated in fig. 5 hereof, the current
value of Yy is illustrated as Yo corresponding to the.current clock
cycle i=0. Decoder 40 processes these digitized equalized sample values
iteratively, through the precomputation circunits in Fig. 5, receiving
one new sample per clock time with a look-ahead of eight-sample values.

Thus, decoder 40 receives y as it processes the previously received

i+8 .
eight samples and decodes v; into the ith digit of the recorded

sequences.

It should be noted that the decoding process is state dependent.

The state of decoder 40 at the iFh clock cycle is represented by a three
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digit binary number aibici’ where ai. bi and c; represent.the binary
logic levels of the write current (as illustrated in Fig. 3) for the
last three bit values at the ith clock cycle. This identifies one of
the six possible states, namely, 000, 100, 110, 111, 011, and 001. (The
states 101 and 010.do not occur with (1,7) coded data employed in an

EPRML channel). During each cycle of clock 13, decoder 40 determines

-one digit of the recorded (1,7) sequence and also identifies the next

decoder state for processing of the next cycle. -

Decoder 40 executes a novel eight-sample look-ahead algorithm using
the test definitions and equations in the accompanying Table A for
decoding. In this algorithm, the éample value that is currently being
decoded is denoted by Yo corfesponding to.the clock cycle i=0. Tﬁé

process is iterative and is driven by read clock 13.

Tables B and C tabulate the-decoding rules for state transitions in

positive phase and negative phase, respectively. As noted. above,

‘decoder 40 is state dependent; i.e., given the current state aoboco and

. sample values Yogr Yqs Yoo Y3 Y4 Vs Vg and Vg the decoder determines

the next state alblcl. It also decodes this state into a data bit d0 as
a 1 or 0 (presence or absence of a magnetic transition) in the

originally recorded (1,7) data sequence. The actual decision resulté.?yf'
from the outcome of the tests on the sample values as given by the

equations in Tables A, B and C.

Tables B and C show how decoder 40 moves from-one state to another
in accordance with the combined outcome of the tests at each state.
Note that the movement from one state to another is highly structured
and that the form of the equations is very simple and similar at various
states. The states 110, 100 and 000 (Table B) corresponding to the
positive phase of the signal have mirror image symmetry with states 001,
011, and 111 respectively (Table C) corresponding to the negative phase
of the signal. The mirror image symmetry is characterized by the same

structure with a change in the sign for all expressions of the sample
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values in the éorresponding states of the two phases as seen in Tables

A, B and C.

The decisions of decoder 40 are driven by the outcome of two basic
checks: namely, (i) a baseline check; and (ii) a peak-position check.
The outcomes of these checks are represented in the form of Boolean
variables denoted by G1 and G2 for the baseline check; and by Ql and Q2

for the peak-position check.

Variables G1 and G2 are logical functions of more specific checks
represented by newly added Boolean variables Al’ Bl’ Cl’ Dl’ El’ Fl, Ml’
N1 and AZ’ Bz, CZ’ Dz, EZ, F2, HZ’ N2 which use up to eight look-ahead
sample values; namely, Yor Yo Yoo Y30 Yo Y5 Vg and Yy in their
functional expressions. These functional expressions represent
precomputed functions of sample values for the baseline check. These
functional expressions are denoted .as "1’ HZ’ H3, H4 and H5 and are
identified in the first column of Table A which sets forth the test

definitions and équations for decoding.

The functional expressions "1’ "2‘ H3. H4. HS for the baseline

check are given by

Hy =y, +2y, -2y, (1)
Hy =y, +2y, +y, -y, -2y, (2)
Hy =y + 2y, +y, -y, - 2y, (3)
Hy =y, +2y, +y, -y - 2y, (4)
Hy =y, + 2y, +y, -y - 2y, 5y -

Q1 and Q2 are logic functions of more specific checks represented
by Xl’ XZ’ Yl’ YZ’ and also by a modified Zl,Z2 and by a newly added W1
and W2 which use up to six look-ahead sample values (namely, Yor ¥q» yz;
Y32 ¥, and ys) in their functional expressions. These functional
expressions are denoted as H6, H7 ag@_ﬂs and are identified in the first . i
column of Table A as precomputed functions of sample values for the

peak-position check.
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The functional expressions H6’ H7, "8 for the peak-position check

are given by

Hy =¥ty - ¥, -3 : (6)
Ho =¥y +y, -y, + 2y, (7)
H8=Y0+Y1'Y2+Y4"Y5 (8)

A phaée check can be used in order to limit the propagation of
detection errors, but it is preferred that the phase check is eliminated
and error propagation is controlled by the new baseline check with

eight-sample look-ahead and the run-length constraint of the (1,7) code.

Each chgck is a comparison of a specific function (from the set H1
through H8) of the sample values against a fixed threshold. Each
threshold is represented by a corresponding constant that is strongly
related to the shape of the readback signal and defined by the
right-hand side of the corresponding test equation. In the following
test equations, the threshold constants correspond to the nominal pulse
shape with sample values .., 0, 2, 4, 2, 0, .. and .., 0, -2, -4, -2, 0O,

. as illustrated in Fig. 2B. ' |

(1) Baseline Check (G, and G,)
Gy =4M (B, +C +D +E +NF) ' (9)
G, =4,M, (B, +C, + D, +E, + N,F,) (10)
where
Al =1 implies H <7 (1)
Ml =1 implies H2 <9 (12)
N1 =] implies H3 <9 (13)
B1 =1 implies Hl < -1 (14)
C;, =1 implies H, < -1 (15)
D, =1 implies Hy < -1 (16)
E, =1 implies H, < -1 (17)
F1 =1 dimplies HS £ -1 (18)
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and
A2 =1 implies Hl <9 (19)
M2 =1 dimplies Hz <11 ¢ (20)
N2 =1 implies H3 <11 (21)
B2 =1 implies Hl <1 (22)
02 = 1 implies HZ <1 (23)
D, = 1 implies H3 <1 . (24)
E, =1 implids - H, <1 (25)
= i i : <
F2 1 implies H5 <1 (26)
(ii) Peak-?osition Check (Ql and QZ)
Q = X, +Y,2.W _ - (27)
Q, = X, + Y2\, (28)
where
X1 =1 implies H6 < -2 (29)
Y1 =1 implies H6 <0 (30)
21 =1 implies H7 < -5 (31)
Wl =1 implies HS < -1 (32)
and
X2 =1 implies H6 <0 (33)
¥, =1 dmplies M, <2 (34)
ZZ =1 implies H7.$ -3 (35)
W2 =1 implies HS <1 (36)

Note that the baseline check is very different ffom those described
in either of the above cited applications. In the improved baseline
check, all expressions [(1) to (5)] and checks [(9) to (26)] are new,
making use of additional information from an eight-sample look-ahead.

In the peak-position check, however, formunlae (27) and (28) for Qi and
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QZ’ formulae (31) and (35) for Z1 and ZZ’ and formulae (32) and (36) for
W, and W2 are essentially similar to those in the second cited

1 :
application, making use of six-sample look-ahead.

The five functions, Hl""’HS that now replace the two bgseline
check equations in both the above cited applications increase the
available square distance by 50% as seen by the extra-bit and
missing-bit errors through the baseline check. With these more powerful
equations, extra bit and missing-bit errors become extrem&ly unlikely.
Furthermore, if an extra-bit or missing-bit error occurs, then the
baseline check includes specific functions that return the decoder to
correct phase well within the seven-digit run-length constraint of the

(1,7) code. Thus, a phase check is not required and is eliminated from

decoder 40.

The above tests [Equations (9) through (36)] correspond to the
states 100 and 000 in the positive phase of the signal. The same tests
with a sign change to all expressions [(1) through (8)] of the sample
values are uséd for the states 011 and 111 in the negative phase of the

signal. This is shown in further detail in Table A.

As earlier noted and as illustrated in Fig. &, decoder 40 comprises
the precomputation device 41 (shown in Fig. 5) for precomputlng the two
groups of functional expre581onq “1 [5 and H6- 8 for the baseline check
and the peak-position check, respectively, listed in Table A using up to
eight look-ahead sample values. Device 41 opnrates during each decoder
cycle to move data one bit at a time from one register to the next with
a pipelined network of registers and adders to provide the precomputed
functional expressions HI-H8 for the'baeeljné check and peak-position

check. Each of these expressions “1 8 is compared against positive and

‘negative thresholds 42a,42b of a respective comparator logic circuit 42

(shown in greater detail in Fig. 6). The outputs from each circuit 42

are passed to intermediate logic 43 which uses the logic in section 2 of

172

Table D to compute R.,R R R' These intermodiate variables together
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'ﬁith the state values ao,bo,co-from register 45 are used by output logic

block 44, applying the logic in sections 1 and 3 of Table D.

Refer now to Fig. 5 for a more detailed explanation of precomputing
device 41. Device 41 comprises twenty-one registers 50-70 which hold

the respective interim functions of the sample values Yo through Yy

.During each cycle, the content of each register 50-70 is moved in the

direction of the arrow to the next register as appropriate functions are
created through thirteen adder circuits 80-92. The outputs Hl’HZ""’Hs
from each of the respective eight registers 63-70 are fed to a
corresponding comparator circuit 42 having constant positive and

negative threshold values. As illustrated in Fig. 6, for example, the

" value of H1 is compared against two fixed thresholds in the comparator

circuit 42 and the two outputs correspond to those for the variables Al,
and Ai, in expression (11) and its counterpart for the negative phase.
The sign change for the negative phase of Hl is not required because
(-H157) can be also implemented as (H12—7). Thexe is one such
comparator circuit for each of the variables Al, Ml, Nl’ Bl’ Cl, Dl’ El’
Fl’ AZ’ Mz, NZ’ BZ’ Cz, DZ’ EZ’ and F2 of equations (11)-(26), and for
the variables Xl, XZ’ Yl’ Yz, Zl, Zz, Wl and WZ’ of equations (29)-(36).
The outputs from the respective comparator circuits 42 are values "1" or
"0" which are combined in accordance with the intermediate logic 43
{(given in Section 2 of Table D) to generate the intermediate variables
R R, Ri and Ré. These variables, together with the state values ag»

1’
b

0’ %o from register 45, are used'by the output logic block 44.

The output logic block 44 provides the decoded data do
corresponding to state aoboc0 in accordance with the logic of section 1
of Table D. Block 44 also creates the state value alblcl for the next
state in accordance with the logic of section 3 in Table D. This state
value is supplied to state régister 45 to become the current state value

aoboc0 for the next clock cycle.
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Table E provides programmed values for thresholds for all the
equations corresponding to the variables A, B, C, D, E, F, M, N, X, Y, 2
and V. :

In Table E and in the following description, a plus sign and minus
sign are used to denote constants for the positive phase and the
negative phase, respectively; whereas primed and nonprimed variable

names are used to indicate variables for positive and negative phase,

“fesﬁéctively. For example, the test corresponding to Boolean variable

A1 will use the constant KA; for the state 100 in the positive phase and
the test corresponding to Boolean variable Ai'will use the. constant KAI

for the state 011 in the negative phase.

To implement programmability, each comparator circuit 42 of Fig. 6
is replaced by a corresponding comparator circuit 46 illustrated in
Fig. 7 as corresponding to the Boolean Qariable Al. This circuit 46 is
supplied with two separate values for the constant operand, namely KAI
and KA;, and the output will be Boolean variables A, and Ai
corresponding to state 100 and state 011, respectively, as shown in
Fig. 7. The sign change for negative phase is nst required because

(-HISKA;) can be also implemented as (HIZ—KA;j. The comparator circuit

46 for each of the other twenty-five Boolean variables will be similarly'

modified to receive two separate values for the constant operand, and
the output will be two Boolean variables (the original and the primed)
which, in each case, correspond to the states in the positive phase

(c0=0) and negative phase (c0=1§, respectively.

When anomalies in the signal shape cannot be compensated for by a
filter and an equalizer, such as 12 and 22, programmable decoder 40
pProvides an easy means to compensate for misequalization by adjusting
the thresholds in the two ﬁhaseé of the decoder. This flexibility

Permits operating decoder 40 at near-optimum performance even in the

.absence of idedal shape of the readback signal. In disk recording

Systems, this is especially important because the programmability of the
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decoder can be used to change threshold constants at different tracks or

bands of tracks and obtain near-optimum performance at all tracks.

In tape recording systems, media defects on the magnetic recording
tape cause signal dropouts. The severity and size of such dropouts
depend on the age and usage of the tape and also on the position of the
recording track relative to the edge of the tape. The programmability
of the decoder, especially the thresholds for the new baseline checks,

is very useful in accommodating these large variations in media quality.

The programmability of decoder 40 also enables it to continuously
adaptively adjust digital parameters in the decoder. More specifically,
the estimated sample values at the output of decoder 40 can be monitored

in comparison with the received sample values. When averaged over a

. preselected number of like sample values, the signal shape can be

characterized in terms of the parameters.ul, Bl, —10 "%y -Bz, -
This information can be used to obtain the corresponding threshold

constants (Table E) and adaptively adjust the decoder for variations in

the signal shape.

If desired, threshold values for decoder 40 can be easily verified
through an extensive amount of testing, and then be adjusted in

accordance with the empirical results to accommodate specific anomalies

in-the signal."

In particular, the first set of preselected thresholds
corresponding to the baseline checks-Al. Ml, Nl’ Bl, Cl’ Dl’ El’ Fl, AZ’
Hys Ny» By, Gy, Dy,
phase, is used for controlling the missing bit and extra bit errors

EZ’ Fz, and their counterpart checks in the negative

caused by media defects-related anomalies in the incoming analog signal;
and the second set of preselected thresholds corresponding to the
peak-position checks Xl’ Xz, Yl’ YZ’ Zl’ Zz, Wl, W2 and their ‘
counterparts in the negative phase, is used for controlling peak shift

errors caused by nonlinearities-related anomalies in said signal. -
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The baseline check herein disclosed is very powerful in terms of
the available distance at varioﬁs checks. 1In fact, the available
distance for the baseline check is at léast 2.25 times the miniﬁum
distance for the overall detection process. Among these, the variables

A, A, B B2 (and their counterparts in negative phase, as defined in

1: 2’ 1)

- Table A) have the smallest distance which may be called the minimum

distance for a baseline check, affecting the missing-bit and extra-bit
errors. =
Since the remaining variables in the baseline check have larger
distance, the complexity and amount of hardware can desirably be reduced
without reducing the minimum distance of the baseline check. The
thresholds corresponding to varlables_Cl, Dl’ El’ Fl’ C2’ DZ’ E2, F2

(and their counterparts in the negative phase) are near zero, as shown

in Table A. In order to achieve the simplification, these thresholds
are fixed-and intentionally made not programmable.so that they can be
implemented without requiring a respeétive comparator circuit 42. With
the thresholds fixed around zero, the output is determined by sensing .
the sign bit of the input with a sensing circuit 95 as shown in Fig. 8.
This desirably wili eliminate eight pairs of comparator circuits 42 or
46 and eight pairs of storage units for the threshold constants, and
substitute only the four pairs 95a,95b of sign-bit sensing circuits 95

of Fig. 8 - one such pair corresponding to each variable C, D, E and F.

In addition, the thresholdé corresponding to the variables Ml, Nl’
MZ; N2 are made same as the programmable phreshold for the variable-AZ,
and the thresholds corresponding to the variables M!, Ni, Mé, Né are
made the same as the programmable threshold for the variable Aé. This
eliminates the need for eight storage units for storing threshold
constants and also eliminates the need for four comparators because the
Variables Ml’ Nl’ Mi and Ni will now be identicél with the variables Mz,

N,, M. and N], respectively. These changes are summarized in Table F.
2° 72 2

While the invention has been shown and described with respect to -

preferred embodiments thefeof, it will be understood by those skilled in
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the art that changes in form and.detail may be made in these embodiments
without departing from the scopé and teaching of the invention.
Accordingly, the method and means herein disclosed are to be considered
merely as illustrative, and the invention is to bg limited only as

specified in the claims.



Table A. Test Definitions and Equations for Decoding

Precomputed Functions
of Sample Values

Positive Phasc

Negative Phase

Decision Boundary
at Statc 100

Decision Baundary
at State 000

Decision Boundary
at State 0 1 1

Decision Boundary

atState 111

Bascline Check

Hy=jyo+ 2 = 2p

Hy=yo+ 2y -!-yi—y;—2y4 )

Hy = yo+ 200+ 3= o — 25

Hy=po+ 2 -+ 33 = ys = 255
Hy =y + 2p1 + y3 = yg = 2

Gi=AM((B + C+ D,
+ El + Nl["l)

A=(<g7)
Bi=(<-1)
M, = (H,<9)

C = (Hy < —1)
M= (Hy<9)
Dy=(H,<-1)

Ei=(He<-1)

F= (Hs < —l)

Gi= AM";(’L +C ¥ Dy
+ By 4 Nily)

Ary=(H,<9)
Bi=( <)
My=(H, < 11)
G=(H<1)
Ny=(Hy < 1)
Dy=(H<1)
B=(Hig 1)
B=(Hs< 1)

G =AM(DY 4+ C 4 DY
-l' li'l' - N|'l'.|')

A =(=-1<T)
B =(—H <-1)
My =(~ Hy<9)
G = (= Hr < 1)
Ny’ = (— Hy < 9)
Dy =(~Hy< ~1)
B =(=Hig~1)
R = (= Hs < —1)

G =AM (B -+ G + DY
+ B NY 1Y)

A =(—-H <9
B=(—H<l)
M= (= Hy 2 1)
Gl =(-H<I)
Ny =(—Hy< 11y
D =(=thg)
Ef=(=Hy<1)
I =(-Hs<1)

Peak Position Check

Ho=potp—y1—n

Hy=yy b y1— 91+ 20

Hy= o=+ yo—ps

O =X+ Y2\ W,

Xy = (Hs< -2)
Y= (Hs; < 0)

Zy=(H<-5)
Wy=(Hy < -1)

O =X+ V2ZyIV,
Xy=(Hs<0)
Va=(Hs < 2)
Zy=(H1 g =3)
Wa=(Hi< 1)

Ql' = ,‘l’; + y‘rzlp‘iy‘l
X = (=€ -2)
W=(-1<0)

CZy=(-1h<-5)

W= (=1l < —1)

O =X+ Y7y Wy
X! =(—H¢<0)

1 =(—He<2)
Z=(~Hy < -))
Wy =(-Hi< 1)

TABLE A

2H0-06-6YS
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Table B. Decoding Rules for State Transitions in Positive Phasc

Current State

Results of Tests on Sample Values

Decoded Next State
-~ Data .
o b o Y-t Yoo Y Yu Y Ya Vs Y- M a-b g pL)
110 -20r 0 None 1 100 -4
Gi+Q)=1 0 000 2
100 -4 .
Otherwise 0 001 0
. G+ Q) =1 0 000 0
000 Oor-2 :
Otherwise _() 0ot 2

TABLE B

Z70-06-6VS
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Table C. Decoding Rules for State T'ransitions in Negative Phase

Current State

Results of Tests on Sample Values

Decoded Next State
- Data -
a b g Y- Yo, }_’l. Y Iy Y Vs Yoo a b a Yo
001 2or0 None 1 011 4
(G +0)=1 0 111 2
01l 4 .
Otherwise 0 110 0
(Gh+ Q=1 0 111 0
111 Oor2
Otherwise 0 110 -2

TABLE C

Z¥0-06-6VS
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_Table DD. Intermediate Logic and Output Logic

1. Decoded Data.
do= b + By

2. Intermediate Logic,

Ri=Gi+ Q=AMB + C+ D+ E+ N\F) + X, + Y\ Z 0V, -
Ra=Gat Oy =AMy + Go ot Dyt By + Nol3) + Yo+ ViZ IV,

R =G+ Q' = A'MY(B + G + Dy + E' + N/F') ++ X + Yz
R'=G/+ Q) =AM (B + C' + D + B + N B+ Xy 4 V' Z Wy

3. Next State.
a=bh
bh=a

= b + Riaohy 4 Ry @ -+ Ry by + Ry o

TABLE D

)

Z%0-06-6YS
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Table E. Programmed Values for Test Thresholds

[Nominal Values]

Test

Positive Phase

Negative Phase

State 1 00

| State 000

Statc 0 1 |

| State 111

Bascline Check

A Kd*=KA*—y: [T1] Kda* =B+ B+ a2 9 Kli-=Kdy= =y, [7)] KAvr=p+pfh+a)f? (9]
KBi*=KBy* —ys [—=1]| KBy =2 [1] KB~ =KBy—y, [=1]| KB =ayf2 . (n
M KM\ = KMy — vy, [9] . KMy = Ka* + (y1 + @3)[2 [l'l] KMy~ =K =y [91] KMy =K+ @2+ a)f2 [11]
o KCGr=KGr*—y, [-1)| KG*=yi2 g KC~=KG—y [~1]| KG=y2 - N
N |' KM*=KMr 9] KNyt = KM f* (113 KNy~ = K- [9] KNy~ = Ky~ {im
D | KDy* = KC,* (-1 KDy = KG+ S A KD~-=KC~ [-1] KDy =KG- (n
E KE*=KC*+ [-1] KE* = KG* n KE - =KC- [.—l] KE;_"' = KG~ (n
F KR*=KCG* [-1] - KR =KG* [ KF-=KC- [-1] KF-=KCr - (n
Peak Position Check .
X KXy = K/Yz;—' va [=2)] KG*r=a1—y [0] KNi-=KXg~ =y [-2)] Kb =~y (0]
Y Ki*=Kt=y: [0]| KNi*=art+ar~y (2] Kh-=KYy -y, [0] KYr=ata—y 2]
A KZ\* =KZy* —-y: [-5] - KZir == P2 [=3] KZ\- =KZy- -y, [-5] -'{?'KZ,‘ =a—fi — 9,[2 [ -43]
\\% KWW =KWt~y [=1)] EWir=o + (y2=—y1—a)f2 [1] Ki-=KWr —y [ =1] KW =m+(n—y—a)2 [1]
Note:  The positive and ncgutivu.rcadback pulses are (..., 0, f1yy1,0..) and (.., 0, — ay, = fiz, = y3, 0, ... ) respectively.  The nominal

values are ¢y =az=2, fi=f;=4,

Y =yr= 2,

TABLE E

aediad
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Table F. Modificd Equations for Decoding

Precompulted Functions
of Sample Values

Positive Phasc

Negative Phase

Decision Boundary
atState 1 00

Decision Boundary
at Stale 000

Decision Boundary

Decision Doundary
atState 111

Bascline Check
H| =M + 2y| — 2y;

Hi=p+2n+pm—n— 2?4
H, = Jo+ 21 + Y1 —Pa— 2ps

Ho=yo+ 20+ y1— ys — 296
Hy=yo4+ 20+ y1—ps— 2

 Av=(H S KAY)

B = (H, < KB,*)
- Mi=Af
G=G
M=N,
Dy=D,
E=E
F=F

Az = (H| < KA)‘)
”) = (H| S KB)')

My= (Hz < KA:") '

G= (< 0)
Ny = (Hy 5 KAy")

Dy'=(Hy < 0)
Ey=(H.< 0)
F=(Hs<0)

atStatle 011

Al =(~1IL< K4™),
B|’ = (— l’| < K”]')
M/ =My

G=C
Ny = Ny’ .
Dy =D
Ef =E
K =F

A = (—H, < Kdy)
BY = (~H, < KBy")
My = (—Hy < KAy)
G =(—H20)
N = (=Hy < KAy)
D) =(— H,<0)

Ei' =(—Hi<0)

F' =(-Hs<0)

Peak Position Check

Hi=po+ypi=yp—nm

H, =Jt+th—p+ 2}"
Hy=pot = yak ya—ps

X ='(H,SK,\'I.0)
Yi=(HeS K1)
Zy = (H: < K7,%)
W, = (M < KIVyY)

Xy =(H, < KXy

Yy=(Hy < KYy'y

Zy=(H, < K7,
 Wiy=(Hi < KIY)

X' = (—Hs < KXy7)
W= (=Hi < KY))
2 =(~H, < KZy)
W = (= Hy < KW

Xy = (= Hs < KXy)
1Y =(-Hs < K¥y)
Zy = (= Hy < KZy)
Wy = (— Hy < Kiy")

TABLE F

t%0-06-6VS

K44
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Claims

1. A method of processing, in a signal processing channel,
digital sample values cbrresponding to an incoming analog signal

representative of coded binary data, comprising the steps of:

developing an eight-sample look-ahead algorithm including the

following functional expressions for a baseline check:

Hy =y 23y - 29,

By =% * 29, +5, -y~ 2,
Hy =99+ 2y, %9, =¥, = %5
Hy =3 % 29y * ¥, = 35 =
Hy =¥o * 2y, * ¥, = ¥ = 27y

where Yo is a then current sample value, and yl-yi are sample values in

successive clock cycles following Yos and

using said algorithm during each of a series of successive
clock cycles to decode one successive bit of coded binary data
corresponding to said current sample value and to advance to the next

clock cycle with the computed next state as the new current state.

2. A method as claimed in claim 1, including, during said using

step, the step of precomputing the values of said functional expressions

for the baseline check.

3. A method as claimed in claim 1, including, during said using
step, the step of precomputing the values of the following functional

expressions for a peak-position check:

]
i

6 =Yoo TV TV 7T
Hy =y, +v¥, - ¥, +2y,
Hg =39 * V1 " ¥ 7 9, " Vs

iThls Sheet Has Been Replace
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4. A method of proce551ng, in a signal processing channel,
dlgltal sample values corresponding to an incoming analog s;gnal

representative of coded binary data, comprising the steps of:

precompuﬁing from an eight-sample look-ahead algorithm the

values of the following functional expressions for a baseline check:

By =¥ * 2y - 275

Hy =S " 2y v, " 93 - 23,
Hy = %o * 23 ¥ 35 = ¥, = 235
By =% + 29 7 ¥, = ¥5 = Wy
Hy =¥g + 29y %5, = ¥g = 297

.where Yo is a then current sémple value, and ¥{"y, are sample values in’

successive clock cycles following‘yog

from said algorithm precomputing the values of the following

functional ekpressions for a peak-position check:

Hg =¥o* ¥ -9, ¥3

HyEYety Yt

Hg = 3g + 9y =¥ ¥ ¥, = ¥si

following completion of said precomputing sfeps, comparing
- said precomputed values against appropriate thresholds to provide

respective binary decision outputs;

from said outputs in conjunction with state values
corresponding to the current state, determining state values for the

next state, which become the currant state values for the next iteration

of the clock cycle; and

during each of a series of successive clock cycles,

This Sheet Has Been Replacec
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(a) decoding one successive bit of coded binary data

corresponding to said sample value, and

(b) advancing to the next clock cycle with the computed

next state as the new current state.

5. A method as claimed in claim 4, wherein the state values for

the next state are determined without requiring a phase check.

6. A method as claimed in claim 4 or claim 5, including the steps

of:

defining each clock cycle by an electronic clock signal that

is phase locked to said analog signal; and

converting the incoming analog signal to said digital sample

values at a rate of one sample value per clock cycle.

7. A method as claimed in any of claims 4 to 6 including the step
of: '
generating a programmed value for each threshold.
8. A method as claimed in any of claims & to 7, including the
step of:

computing each threshold from digitized parameters

corresponding to the analog signal shape.

9. A method as claimed in any of claims 4 to 6, including the

- steps of:

fixing thé values of at least some of the thresholds; and

generating programmed values for the remaining thresholds.

1This Sheet Has Been Replac
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10. A method as claimed in any of claims 4 to 9 wherein, during
the comparing step, at least some of the values are compared against
thresholds which are fixed near zero by examining the algebraic signs of

such values.

11. A method as claimed in aﬁy of claims & to 10, including the

step of -

employing different thresholds for positive and negative
phases of the analog signal shape as necessary to accommodate asymmetry

of the signal shape.

12. A method as claimed in claim 4, including the steps of:

generating a programmed value for each threshold; and

programmably modifying values for the respective thresholds
for different tracks on a disk of a disk file to optimize performance

for all tracks.
13. A method as claimed in claim 4, including the steps of:
generating a progfammed value for each threshold; and

programmably'modifying values for the respective thresholds
for accommodating signal dropouts caused by media defects on a magnetic
recording tape in a .tape recording system to optimize performance for

all tracks.

14, A method as claimed in any preceding claim, wherein the binary

data is in the form of & run-length-limited (1,7} code.

s Sheet Has Been Replace(
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15. Signal.processing apparatus comprising:

means for generating successive clock cycles défined by an

‘electronic clock signal that is phase locked to an incoming analog

signal representative of coded binary data;

an analog-to-digital converter for converting said incoming

analog signal into digital sample values; and
decoder means for processing said digital sample values to
decode one successive bit of coded binary data at each successive clock

cycle using an eight-sample look-ahead decoding algorithm that includes

(a) for a baseline check, the following functional

expressions:
Hl = yo + 2y1 - 2y3 .
By =9+ 2y ¥5, "9~ %,
Hy =¥ * 29y * ¥y = ¥, = %5
Hy =% * 2y, + ¥, = ¥5 = g

wn

H. = yo + 2y1 + y2 - y6 - 2y7

where y, is a then current sample value, and y. -y, are sample
0 1-°7 . .

values in suceessive clock cycles following Yos and

(b) for a peak;position check, the following functional

expressions:

He =55+ 5 =¥y " 3
H7 =Y + ¥~ Y, + 2Y4
g~ Yo+ ¥y~ ¥yt Y, - Vs

=
|
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16. Signal processing apparatus for processing digital sample
values corresponding to an incoming analog signal representative of

coded binary data, said channel comprising:

means for precomputing, from an eight-sample look-ahead

algorithm, the values of the following functional expressions for a
baseline check:

H1 = Yo + Zyl - 2y3

Hy=vo+ 2y ¥ 3,73~ %
Hy=vyg* 2y + 3, - ¥, - s
B =yt 2yt Yyt Y5 T W
Ho =y + 2y, +5, - ¥ = 2%

where Yo is a then current sample value, and y,"y, are sample values in

successive clock cycles following Yo

means for precomputing from said algorifhm the values of the

following functional expressions for a peak-position check:

-
]

6 =Yo*t¥ "V " Y3
Yot ¥, -V, t 2y,
H8=YO+Y1-y2+Y4-Y5;

=~
~
1}

means for comparing said precomputed values against

appropriate thresholds to provide respective binary decision outputs;

- means responsive to said outputs and to state values
corresponding to the current state for determining state values for the

next state, which become the current state values for the next iteration

of the clock cycle; and

means operative during each of a series of successive clock

cycles to decode one successive bit of coded binary data corresponding

—/ - . '-_
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to said current sample value and advance to the next clock cycle with

the computed next state as the new current state.

17. Apparatus as claimed in claim 16, wherein said comparing means
compares at least some of the values against thresholds which are fixed
near zero and the comparison is made by examining the algebraic signs of

such values.

R AR
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