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METHOD AND APPARATUS FOR IMPLEMENTING
' -PRML CODES WITH MAXIMUM ONES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention. relates generally to encoding data, and
more partlcularly to data encodlng methods and apparatus
for a pgrtlal.response max1mum-11ke11hood (PRML) data

channel in a direct access storage device (DASD) .

. 2. Description of the Prior Art:

Computers often include cux111ary memory storage
‘units having media on which data can be written and from
which data can bé read for later use. Disk drive units
incorporating stacked, commonly rotated rigid magnetic
disks are used for storage of data in nqgnetlc form on the
disk surfaces. Data is recorded in concentric, radially
. spaced data information tracks arrayed on the surfaces of
the disks. Transducer heads dfiven in a path toward and
away from the drive axis write aat: to the disks and read
data from the dlsks Partial-response 51gna11ng with
maximum-likelihood seguence detection techniques are known
for digital data communication and recording applications.
Achievemenf of high data density and high data rates hzs

resulted in the use of a PRML channel for writing and

reading digital data on the disks

Uncoded binary data is rot suitzble for use in ERML
daté channels because unconstrazined customer data may
null signal or adjacent zeroes which
provides ne tzmlna or gazin information to the channel
prevent proper timing and gain

signal waveform. Rate 8/% modulaticn codes are known for
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use with PRML channels to assure a minimum correction rate
for the PRML timing and gain control loops.

U. S. patent No. 4,786,890 discloses a class-IV PRML
channel using a run-length limited (RLL) rate 8/9 code.
The discl&sed class-IV partial response channel polynomial
equals (1-D2), where D is a delay operator and D2 is a
delay of 2 bit times and the channel response output wave-
form is described by taking the input waveform and sub-
tracting from it th-e same waveform delayed by a 2 bit
interval. A (d=0,k=3/kl=5) PRML modulation code is uti-
lized to encode 8 bit binary dataz into ccdewords comprised
of 9 bit code seguences, the maximum number k of consecu-
tive zeroes allowed within a code sequence is 3 and the
maximum number kl of consecutive zeroes in the all-even or
all-odd subseguences is 5. A minimum number d of consecu-
tive zeroes greater than zero is not needed because in
PRML channels compensation for intersymbol interferences

(ISI) is inherent in the ML detector.

U. S. patent No. 4,707,681 discloses rate 8/9 RLL
block codes having (0,4/4) and (0, 3/6) constraints.

Disadvantages of Xknown codes relate to  timing and
gain control and SUSceptibility to misegualization effects
in PRML channels for at least some of the codewords in the

codes.
SUMMARY OF THE INVENTION

Important cbjects of the present invention are to
oved methods for coding dat

1 toc provide enccder and decoder struciure that can ke
ively and efficiently configured for transmission ©

digitzl data over PRML cnannels; to provide encoder and
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decoder structure that reduces and simplifies hardware
requirements and to provide such improved coding methods
and encoder and decoder structure that overcomes many of

the disadvantages of prior art arrangements.

In brief, the objects and advantages of the present
invention are achieved by apparatus and a method for en-
coding a pfedefiﬂéd number of bits of binary data into
codewords having a predefined number of bits for a partial-
response maximum~likelihood (PRML) data channel in a di-
rect access storage device (DASD). The binary data is
received and seguences of codewords zre generated respon-
sive to the-received binary data. Each of the generated
codewords have more ones than zeroes. The generated se-
guences of codewords have less than a first predetermined
number of consecutive zeroes and include two subsequences,
one of the subsequences including odd bit positions and
another of the subsequences including even bit positions.
Each of the subseguences has less than a second predeter-

mined number of consecutive zeroes.

Objects of the invention are achieved by rate 8/9
block codes having maximum ones and run length constraints
{(0,8,12,«) and (0,8,6,~) that provide timing .and gain
control and reduced susceptibility to misegualization

effects in PRML channels.
BRIEF DESCRIPTION OF THE DRAWING

The present invention together with the above and
other objects and advantages may best be understood irom
the following detziled description of the embodiment of

he inventiorn illustrated in the drawings, wherein:

FIG. 1 is =z block diagram representation of a FRML
channel;
R —
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FIG. 2 is a schematic diagram representation of an
encoder for a rate 8/9 (0,8,12,«) code arranged in accor-

. dance with the invention;

FIG. 3 is a schematic diagram representation of a
decoder for a rate 8/9 (0,8,12,=) code arranged in accor-

dance with the invention;

FIG. 4 is a schematic diagram representation of an
encoder for a rate 8/9 (0,8,6,«) code arranged in accor-

dance with the invention;

FIG. 5 is & schematic diagram representation of a
decoder for z rate 8/9 (0,8,6,«) code arranged in accor-

dance with the invention; and

FIG. & is a chart illustrating power spectrums for
the rate 8/9 (0,8,12,-) and rate 8/9 (0,8,6,=) codes in

accordance with the invention relative to =z rate 8/9

-~ =2

(4,4,10) code and uncoded data.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Referring now to FIG. 1, fhere is shown a block dia-
gram of a partial-response maximum-likelihood (PRML) re-
cording channel (10) in a direct access storage device for
carrying out the coding metheds of the invention. Datz to
be written is applied to zn encoder (12). Encoder (12)
produces coded data or codewords which serve as an input
to a class-IV partial-response (PR) channel (14) described
by (1-D2) operation. A channel output is generated by
the channel (i4) and detected at the channel output by =z

m

Viterbi detector (18) coupled to & deccder (1l8) tc com-
plete the maximum~-likelihood (ML) detection proccess for

datza readback.
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The PR class-IV channel transfer function (1-D2) is
equivalent to two independent interleaved dicode channels
each displaying a transfer function described by (1-D)
where D represents one interleaved sample delay. Customer
data input stream is applied to the encoder (12) and en-
coded. Odd and even sequences of channel output are de-
tected by Viterbi detector (16) and applied to the decoder
(18). The decoder (18) then generates the channel input

data.

Rate 8/9 block codes particularly suitzble for mag-
netic recording are provided for use in the PRML channel
(10). With the rate 8/9 code, a S~bit encoded block or
codeword is genérated for every 8-bit data byte of data
input. Proper operation of the Viterbi detector (16)
reguires a coding constraint of Io < PM, where Io repre-
sents the maximum number of adjacent zeroes within all-
even or all-odd segquences and PM equals the interleaved
length of the path memory for the Viterbi detector (16).
Run length limited (RLL) constraints for the rate 8/¢
block codes ére identified using a (4,Go,Io0,Gl) notation.
The d specifies the minimum number of adjacent zeroces and
Go speéifies the maximum number of adjacent gzeroces or
maximum run length of zeroces in the channel output code
bit sequence. Gl specifies the maximum number of.adjacent
ones or maximum run length of ones in the channel output

code bit seguence.

Two codes of the invention inclucde run length limited

constraints (0,6,12,=) and (0,8,6,«), respectively =znd

each code maximizes the number of ones within all 256 9-
bit codewords for -the given Io ccmstraint. TABLE I and
TABLE II provide codeword assignment.tables for the rate
8/% (0,8,12,=) and (0,8,6,«) PRML mocdulation codes cf the
Both rate 8/9 (0,8,12,«) and (0,8,6,=) cocdes
maximizes the number of ones with each S-bit codeword
including at least 5 ones or in bther words no more than 4

inventicn.
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zerces. For the rate 8/9 (0,8,6,=) code, three codewords
are substituted for codewords that have only 4 ones in
order to obtain the lower Jo constraint as follows:

(0,8,12,%) =me=m- > (0,8,6,=)
010101011 ~=we==> 000111100
110101010 = =eemee- > 001111000
101010101 -===-==> 001101100

Both rate 8/9 (0,8,12,~) and (0,8,6,~) codes have the
property of read backward symmetry. - Also both rate 8/9
(0,8,12,») and (0,8,6,~) codes provide an =zll ones
codeword corresponding to an all ones 8-bit data byte used

for the sync pattern.

Referring to FIG. 2, there is shown z schematic dia-
gram representation of an encoder generally designated
(12a) for implementing the rate 8§/5 (0,8,12,«) code.

‘Encoder 12A includes an 8-bit binéfy data byte input de-

noted X and assigned 9-bit codeword denoted Y, defined by:

X1,X2,X3,X4,X5,X6,X7,X8
Yl,YZ,Y3,Y4,Y5,Y6,Y7,Y8,Y9

X
Y

An intermediate variable denoted M is given by the follow-

ing:

—

[0 if T X1, X2, X3, X4, X5, X6, X7, X8 < 4
M = |

1 if I X1, X2, X3, X2, X5, ¥6, X7, X8 2 4
id the X1,X2,X3,X4,X5,X¢,X7,X8 inputs and compzre

th 4 function is provided ky full-adder blocks (2C),
g€), AND gate (30) and

[ 3]

(22) Y, (268), carry~genefratcr (28)
OR~czte (32) for previding the intermediate variable (M).

(M) is set wequal to =zerc when the sum of the
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X1,X2,X3,X4,X5,X6,X7,X8 inputs is less than 4. Otherwise
(M) is set equal to one when the sum is greater than or
equal to 4. The codeword outputs

Y1,Y2,Y3,Y4,Y5,Y6,Y7,Y8,Y9 are given by the following:

Y1l = X1

e M
Y2 = X2 8 M
Y3 =X3 6 M
Y4 = X2 0 M
Y5 =M
Y6 = X5 & M
Y7 = X6 @ M
Y8 = X7 e M
Y9 = X8 e M- .

The X1,X2,X3,X4,X5,X6,X7,X8 inputs and the intermedi-
ate variable. (M) are received by a plurzlity of exclusive-
nor (XNOR) gates (34), (36), (38), (40), (49) (44), (26)
and (48) for providing the Y1,Y2,Y3,Y4,Y6,Y7,Y8,Y9 encoder
outputs. The intermediate wvariable (M) provides the Y5

encoder output.
FIG. 3 illustrates a decoder implementation for the

rate 8/9 (0,8,12,=) code generally designated (183).
Decoded data outputs, denoted Z, defined by:

Z = Z21,22,%23,%24,25,26,27,Z8

The decoded data outputs 21,22,Z3,24,25,%2¢,27,28 are given

oy

<
of
a2
®
Hh
o]
[
[
Q
%
[
o}
Q

Z1 = Yl @ Y5

Z2 = Y2 & ¥5

Z3 = ¥3 & Y5

Z4 = Y4 ® Y5 e -
25 = Y6 @ Y5 {as Been Replaced
26 = Y7 ©

| "
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. Y8 @ Y5
Y8 & Y5

Z7
28

The decoder inputs ¥1,Y2,Y3,Y4,Y6,Y7,Y8,Y9 and the ¥5
input are received by a plurality of exclusive-nor (XNOR)
gates (70), (72), (74), (76), (78), (80), (82) and (84)
for providing the decoder data outputs

21,22,23,24,25,26,27,28.

Referring to FIG. 4, there is shown a schematic diza-
gram repr¥esentation of an encoder implementation generally
designated (12B) for the rate 8/9 (0,8,6,~) code. Encoder
(12B) receives the 8-bit binary data byte input X and
produces the intermediate varizble M provided by gates
(S0), (92), (S4), (%6), (%8), (100) and (102). An interme-

diate variable N'is defined by:

= (X1 + X8) + (X3.X6) + X2 + X4 + X5 + X7

[1H)
N
o

The codeword outputs ¥Y1,Y2,Y¥3,Y4,¥Y5,Y6,Y7,¥8,Y¥Y9

given by the following structures:

¥l = (X1 ® M)+N

Y2 = (X2 © M)+N

Y3 = X3 @ M & (X1+N)
Y4 = (X4 & M).N

Y5 =M e N

Y6 = (X5 @ M).N

¥7 = X6 & M & (X8+N)
¥8 = (X7 © M)+N

YS = (X8 @ M)+N

The intermediate variable N is produced by a NOR gate
(104) receiving the Xi and X8 irputs, =z NAND gate (1C6)
receiving the X3 and XZ inputs znd = B-wide NCR (108)
receiving the outputs of gates (104) and (106) and the X2,

X4, X5 and X7 datz inputs. _The Yl cecdeword output is

RO © 91 055 .
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produced by a XOR gate (110) receiving the intermediszte
variable M and the Xl input and a NOR gate (112) receiving
the intermediate variable M and the output of gate (110).
The Y2 codeword output is produced by a XOR gate 114 re-
ceiving the intermediate variable M and the X2 input and a
NOR. gate (116) receiving the intermediate variable N and
the output of gate (114). The ¥3 codeword output is pro-
duced by a XOR gate (118) receiving the intermediate vari-
able M and the X3 input, a NOR gate (120) receiving the X1
input and the intermediate variable N at an inverting
input of gate (120) and an XOR gate (122) receiving the
outputs of gate (118) and (120). The Y4 codeword output
is produced by a XOR gzate (124)'receivin§ the intermediate
variable M and the X4 input and a NaND gate (12€) receiv-
ing the intermediate varizble N at an inverting input of
gate (126) and the output of gate (124). The Y5 codeword
output is produced by a XOR gate (128) receiving the
intermediate variables M and N.  The Y6 codeword is pro-
duced by a XOR gate (130) receiving the intermediate vari-
able M and the X5 input and a NAND gate (132) receiving
the intermediate variable N‘at an inverting input and the
output of gate (130). The Y7 codeword output is produced
by a XOR gate (134) receiving the intermediate varizble M
and the X5 input, a NOR gate (136) receivipq the X8 input

-and the intermediate variable N at an inverting input of

gate (137) and an XOR gate (138) receiving the outputs of
gate (134) =and (136). The Y8 codeword output is produced
XOR gate (140) receiving the intermediate vgriable-M

by =a
and the X7 input and a NOR gate (142) receiving the inter-
mediate variable N and the output c¢f gate (104). The Y9

codeword output is produced by a XOR gate (144) receiving
the intermediate variazble M and the X8 input and a NOR

cgate (146) receiving the intermedizte varizkle }
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FIG. 5 illustrates a decoder implementation for the
rate 8/9 (0,8,6,«) code generally designated (18B). An

intermediate value is given by the following:

N =((¥3.74.¥5.Y6.Y7)+Y1+Y2+Y8+79)

The intermediate value N is produced by a 6-wide NAND
(150) receiving the Y3, Y4, Y5, Y6 and Y7 inputs, a 4—widé
NOR (152) receiving the Y1, Y2, Y8 and Y9 inputs and =a
NAND gate (154) receiving the outputs of gates (150) zand
(152). The decoded data outputs Z1,22,23,24,25,26,27,28
are given by the following:

71 =Yl © Y5 @ (¥3+N)
22 = (Y2 © Y5)+N
23 = (Y3 @ Y5)+N
z4 = (Y4 @ Y5)+N
Z5 = (Y6 © ¥5)+N
26 = (Y7 & ¥5).N
27 = (Y8 & Y5)+N
28 = Y3 © Y5 © (Y7+N)

The 21 decoder data output is provided by = XOR gate
(156) receiving the Yl and Y5 inputs, an OR gate (158)
receiving the Y3 and inverted intermédiaue output N and a
XOR gate (160) receiving the outputs of gates (156) and
(158). The 22 decoder data output is provided by a XOR
gate (162) receiving the Y2 and Y5 inputs and a NOR gate
(164) receiving the intermediate variable N and the output
of gafe (162). The Z3 decoder data output is provided by
a XOR gate (16€) receiving the ¥3 and ¥5 inputs and a
gate (168) receiving and inverting the intermediate vari

eble N and the output of gate (168). Similarly, the 24

ct

and Z3 decccer data cutputs are providsd ky XOR gzt
vy

decoder data output is provided by a XCR gate (178)
ceiving the Y7 and Y¥S inputs and a NAND gate (180) receiv-

RO § S1 055
This Sheet Has Been Rep

L i




11

ing the inverted intermediate variable N and output of
gate (180). The Z7 decoder data output is provided by =a
XOR gate (182) ' receiving the Y8 and fS inputs and a NOR
gate (184) receiving the intermediate wvariable N and the
output of gate (182). The Z8 decoder output is provided
by a XOR gate (186) receiving the Y8 and Y5 inputs, zn OR
gate (188) receiving the Y7 and inverted intermediate
output N and a XOR gate (190) receiving the outputs of

gates (186) and (188).

FIG. 6 provides a chart illustrating power spectrums
given a random input for the rate 8/9 (0,8,12,~) and rzte

8/9 (0,8,6,«~) PRML modulation codes of the invention rela-

tive to a known rate 8/9 (4,4,10) ccde and uncoded data.

As shown, the rate 8/9 (0,8,12,=) and rate 8/9 (0,8,6,=)
PRML modulation codes of the invention produce c¢rezter
power in the center of the chanﬁel. bandwidth and less
power at the bandwidth edges relative to known ccdes.
This power spectrum decreases the codes susceptibility to
misequalization which occurs dominantly at the bandwidth

edges.
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INPUT

00000000
00000001
00000070
00000071
$0000700
00000707
00000710
00000177
00007000
00001007
00007070
00001077
00001100
000071707
00007710
000071111
00010000
00010001
00070010
00010017
00070700
00010707
00070710
20010777
00017000
00071001
60071070
000711077
00077700
00077107
00077170
00071111
00100000
00100007
00700070
00100077
00100700
00100101
00700170
00100717

00707000

00107001
00707010
00707077
00707100
007017107
0Q707110
00707177
00110000
007110007
00110010
00710071
00770700
0071701017
00110770
00710771
00117000
00117001
0071170170
007111071
00131100
0031717301
03113770
[ B a b ai

\n

-
o

\0D

QuUTPUT

7171071711
1717101170
117101701
1171701700
111101011
111101010
7111010017
117707000
7111001171
117100770
111700107
111100700
171100011
117100070
117100007
000011171
1110011117
111001770

' 111001107

177007700

© 117007011

171001070
711007007
00071707177
117000171
1710007710
117000707
000171077
11710000717
000111707
000111170
000111111
170707117
710701770
71071071707
710707700
71071010711
001171000
110107001
007010711
7107007717
170700170
170100707
007011071
110100011
007077107
007077170
007071111
110007177
110007770
170007707
001770071
110007077
001710701
007110770
001110177°
110000117
007711007
007711070
0011170717
0071111700
001111107
001717110

. 001771177

o
wm
(9]

RATE

INPUT ouTPUT
07000000 1011011711
01000007 101101170
01000010 101707101
07000071 101101300
07000700 101101071
01000101 107101070
071000170 107107001
010007717 0700107773
07001000 1017007171
010010017 102100170
07007070 107300101
01001077 070077017
071007100 107100077
010017707 0100711701
01007710 010011170
07007117 0100111117
01010000 107007177
07070001 101007710
07010010 1910011017
070700717 010110011
07010700 101001077
07010707 010110707
01010110 070110710
01070711 070770717
01077000 1070007117
Q10170017 010111007
01077010 010171010
01071011 010111011
07017700 010711700
@1011101 010117701
07071710 010111170
a1011111 101717171
07700000 100701171
01700007 100701170
07700010 700701701
07700077 0711070017
Cc1100700 - 100101077
071100101 0710707017
017700710 071070710
07100777 0711070171
81107000 100700117
071701001 017011007
077017010 0110717070
01107017 0170110117
01101100 017017700
0117011707 017017707
017071170 071071710
0711071111 Q11071171
07770000 100007717
01170001 011710001
017110070 0171110070
01110011 017110071
01710100 011710700
¢177101707 013110707
013701710 011330170
01110111 0111101117
01111000 a11117000
07711001 0771110017
01771070 011171070
011710711 0117710717
017117700 077113100
01171101 011111101
01311110 Q11117110
01117171 0111111717
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TABLE II

INPUT

70000000
70000007
10000070
10000071
10000700
10000107
700007170
10000711
70007000
10007003
10007010
10001017
10001700
10001107
10001110
10001711
$0010000
10010007
10010070
10070071
10010700
10010101
10070770
100707111
10317000
10077007

10071010

10011077
10012700
10011107
10011170
10071717
70700000
10700007
10700010
10700017
70100700
10700107
10700170
10700717
10707000
307107001
10101010
10107011
70701700
10101707
10701770
10101112

101700¢0 -

10110007
707710010
107110017
70710100
10170707
10110110
10110711

10717000

10711001
10111010
10717011
10311700

10171707 .

10111110
10117111

8/5 (0,8,6,) CODEWORDS

ouTPUT

017107171
011101770
011107107
017107100
0177010117
011107070
017707007
100010717
011700171
011100170
011700107
100071071
017700017
100017707
100071110
100017117
011001711
071007770
017001101
700170011
011007011
700770107
300110710
100110711
011000771
1001771007
100711010
100117011
7001717300
100711701
100717170
7007117177
0707071317
070707770
0170701701
301070077
600111100
0017071100
1010710170
707070717
610100777
1010770017
101017010
10710770717
101071100
701011701
101011710
101017117
010001111
107770007
7071770070
101170077
707120100
101310707
101170770
701710171
101113000
1071117007
1011171010
101111017
101117100
1017171707
1017177110
1071171111

INPUT

71000000
11000001
11000070
71000071
11000100
11000107
110001170
11000717
77007000
710070017
110017010
71007071
77007100
11001701
17001110
71001711
11070000
11010001
11010070
77070071
11010700
17070102
11010170
11010171
17017000
17011007
11017010
11011071
1107171700
110111017
11071110
11071111
11100000
17100007
11700070
73100077
1110010Q
11100107
17700710
11700771
11101000
11107001
71107010
11101071
71707700
11101107
771107770
1310117171
17110000
171770007
11110070
71710077
71170100
11110107
11110110
171101117
11111000
111717001
11117010
11111011
111317100
117111101
71111110
1711811

ourTPULT

0017017%%
001107110
001101107
110010071
1107011
110010101
7100101390
71001071117
00770077¢
110037007
110071010
110077011

130011100

110077107
110011770
110071137
WI007713
1101100¢ T
1101710010
110170077
170710100
110710107
710730130
110710177
1707177TCX%
170717007
110711072
110717071

110721700°

170111307
11aet11110
170771111
0001077177Y
711010007
1710100170
711070071
117010159
111010707
177010770
111010171
177071000
7770710C1
111011070
1171077077
1110717100
117077107
717011110
111011137
71111000¢
177770001
121710010
111270071
1111707100
11171101017
111110130
1117110771
111113000
171117003
111113022
111711071
111711100
177117101
177712120
111719377

~—



RO

0
0
=4

THIS SHEET HAS BEEN
REPLACED

What is claimed and desired to be secured by Letters Pat-
ent of the United States is:

n

Sheet Has Been Reﬁaced

T I




THIS SHEET HAS BEEN
REPLACED

. This Sheet Has Been Re; laéed
= R X

CLAIMS

A method for encoding a predefined number of bits of
binary data -into codewords having a predefined num-
ber of bits for a partial-response maximum-likeli-
hood (PRML) data channel in a direct access storage

device (DASD) compfising the steps of:
receiving the binary data; and

generating segquences of codewords responsive to the

received binary data,

each of said generated codewords keing included with-
in a predetermined set of codewords, said codewords

set having a maximum number of binary ones;

said generated sequences of codewords having less

than a first predetermined number of consecutive

zeroes;

said generated segquences of codewords including two
subsequences, one of said subseguences including odd
bit positions and another of said subseguences in-
cluding even bit positions, said subseqdences having
less than a second predetermined number of consecu-

tive zeroes, whereby

szid generated sequences of codewords provicde greater

ensity in the center of the FRML channel

d
9
®
"
0,

bandwidth and less power at the bandwidth edges

thus reducing susceptibility to misegualizaticn.
2 methecé as recited in claim 1 wherein
(o}

are encoded into

a
predetermined set of codewords includes

A0 MY LR
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codewords and at least 253 codewords have at least 5
ones, and wherein said step of generating segquences

of codewords includes the steps of :

calculating the sum of said 8-~bits of binary data ;

comparing the calculated sum with 4;

defining an intermediate varizble equal to zero re-

sponsive to the calculated sum less than 4;

defining said intermediate variable egqual to one
responsive to the calculated sum greater than or

equal to 4.

3. A method as recited in claim 2 wherein said first
predetermined number eguals 8 and wherein said sec-
ond predetermined number eguals 12 and further in-

cludes the steps of :

combining_the defined intermediate wvariable and ezch
of said 8~bits by an exclusive nor operation to
define 8 of the 9-bit codeword; and

.defining another codeword bit equal to the defined

intermediate wvariable.

4 A method as recited in claim 2 wherein said first
predetermined number egquzls 8§ and wherein said sec-
ond predetermined number eguals & and further in-

clucdes the sters of :

combining the defined intermedizte v

of said 8-bits by an exclusive or operation;

RO & 281 055 e

R O 0
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defining 8 of the 9-bit codeword as a function of
said combined bits and said second intermediate

variable; and

combining the defined intermediate wvariable and the
second intermediate variable by an exclusive or
operation to define another codeword bit.

5. A method for decoding said generated sequences of

codewords as described in c¢laim 3 comprising the

steps of :

combining .each of the defined 8 of the 9-bit codeword
with said other codeword bit by an exclusive nor
operation to produce the binary data.

6. A method for decoding said generated seguences of

-

codewords as described in clazim 4 comprising the

steps of :

combining each of the defined 8 of the 9-bit codeword
with said other codeword bit by an exclusive nor

operation; and

combining said combined bits with said second inter-

mediate value to produce the binary data.

Encoding apparatus (12A) for carrying out the methed

of claim 3 wherein said encoding apparatus includes

~1

plur allty of gating means.

1]

g1 055
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S. Decoding apparatus (182) for carrying out the method
of claim 5 wherein said decoding apparatus includes

a plurality of gating means.

10. Decoding apparatus (18B) for carrying out the method
of claim 6 wherein said decoding apparatus includes

a plurality of gating.means.
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METHOD AND APPARATUS FOR IMPLEMENTING
PRML CODES WITH MAXIMUM ONES

Abstract of the Disclosure

Apparatus and methods are provided for encoding a
predefined number of bits of binary data into codewords
having a predefined number of bits for a partial-response

maximum-likelihood (PRML) data channel in a direct access

storage device (DASD).: Rate 8/9 blcck codes having maxi- .
mum ones and run length constraints (0,8,12,«) and
(0,8,6,») provide timing and gain control and reduced

susceptibility toc misegualization effects in PRML chan-

nels.

Figure : 1
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use with PRML channels to assure a minimum correction rafe for the PRV timimg-and
gain control loops. '

U.S. Patent No. 4,786,890 di_scloses a class-IV PRML channel using a run-length
limited (RLL) rate 8/9 code. The disclosed class-IV partial response channel polynomial
equals (1-D2), where D is a delay operator and D2 is a delay of 2 bit times and the
channel response output waveform is described by taking the input wavefOrm-_ aﬁd
subtracting from it the same waveform delayed by a 2 bit interval. A (d=p,k;=3/ic1 =35)
PRML modulation code is utilized to encode 8 bit binary data into codewords comprised
of 9 bit code sequences, the maximum number k of consecutive zeroes allowed within a
code sequence is 3 and the maximum number k1 of txmsecﬁtive zeroes in the all-even or
all-odd subsequences is 5. A minimum number d of consecutive zeroes greater than zero
is not needed because in PRML channels compensation for intersymbol interferences
(IST) is inherent in the ML detector. |

U.S. Patent No. 4,707,681 discloses rate 8/9 RLL block codes having (0,4/4) and
(0,3/6) constraints. _

Disadvantages of known codes relate to timing and gain control and susceptibility
to misequalization effects in PRML channels for ‘at least some 6f the codewords in the
codes.

SUMMARY OF THE INVENTION

According to one aspect of the invention there is disclosed' a method for encoding a
predefined number of bits of binary data into code§vords having a predefined number of
bits for a partial-response maximum-likelihood (PRML) data channel in a direct access
storage device (DASD) comprising the steps of: receiving the binary data; and
generating sequences of codewords responsive to the received binary data; each of said
generated codewords being included within a predetermined set of codewords, said
codeword set having a maximum number of binary ones; said generated sequences of
codewords having less than a first predetermined number of consecutive zeroes; said

generated sequences of codewords including two subsequences, one of said subsequences

et ~2-3 1 1-%,10, - (9



including odd bit positions and another of said subsequences including even bit positions,
said subsequences having less than a second predetermined number of consecutive
Zeroes. |

According to another aspect of the invention there is disclosed apparatus for
encoding a predefined number of bits of binary data into codewords having a predefined
number of bits for a partial-response maximum-likelihood (PRML) data channel in a
direct access storage device (DASD) comprising: means for receiving the binary data;
~ and means coupled to said receiving means for generating sequences of codewords
responsive to the received binary data; each of said generated codewords being included
within a prédetermined set of codewords, said codeword set having a maximum number
of binary onmes; said generated sequences of codewords having less than a first
predetermined number of consecutive zeroes; said generated sequences of codewords
including two subsequences, one of said subsequences including odd bit positions and
anotheri of said subsequences including even bit positions, said subsequences having less

than a second predetermined number of consecutive zeroes.

BRIEF DESCRIPTION OF THE DRAWINGS
The present invention together with the above and other objects and advantages
may best be understood from the following detailed description of the embodiment of the
invention illustrated in the drawings, wherein:

Fig. 1 is a block diagram representation of a PRML channel;

REPLACEMENT SHEET
12 JUL 1597




X1,X2,X3,X4,X5,X6,X7,X8 inputs is less than 4. Otherwise (M) is set equal to one

when the sum is greater than or equal to 4. The codeword outputs
Y1,Y2,Y3,Y4,Y5,Y6,Y7,Y8,Y9 are given by .the following:

YI = X1oM

Y2 = X206M

Y3 = X3&M

Y4 = X40M

Y5 = M

Y6 = X50M

Y7 = XeoM

Y8 = XIoM

YO = X8@M

The X1,X2,X3,X4,X5,X6,X7',X8 inputs and the intermediate variable (M) are
received by a plurality of exclusive-nor (XNOR) gates (34), (36), (38), (40), (42), (44),
(46) and (48) for providing the Y1,Y2,Y3,Y4,Y6,Y7,Y8,Y9 encoder outpufs. The
intermediate variable (M) provides the Y5 encoder output.

Fig. 3 illustrates a decoder implementation for the rate 8/9 (0,8,12,0) code
generally designated (18A). Decoded data outputs, denoted Z, defined by:

Z = Z1,72,73,74,75,76,77,Z8

The decoded data outputs Z1,72,73,74,75,76,Z7,Z8 are given by the following:

Zl1 = Y1e¥Y5

2 = 72075

Z3 = Y3eprs

Z_‘ - ;‘:: REPLACEMENT SHEET
2 = TG 12 JUL 1997
zZ7 = Y8®Ys

Z8 = Y8®YS



The decoder inputs YI,Y2,Y3,Y4,Y6,Y7,Y8,Y9 and the Y5 input are received by
a plurality of exclusive-nor (XNOR) gates (70), (72), (74), (76), (78), (80), (82) and
(84) for providing the decoder data outputs Z1,72,73,74,75,76,7Z7,Z8.

Referring to Fig. 4, there is shown a schematic diagram representation of an
encoder implementation generally designated '(12B) for the rate 8/9 (0,8,6,) code.
Encoder (12B) receives the 8-bit binary data byte input X and produces the intermediate
variable M provided by gates (90), (92), (94), (96), (98), (100) and (102). An

intermediate variable N is defined by:

N = (XI+X8)+(X3.X6)+X2+X4+X5+X7
The codeword outputs Y1,Y2,Y3,Y4,Y5,Y6,Y7,Y8,Y9 are given by the following

structures:
YI = (X1I®M)+N
Y2 = (X20M)+N
Y3 = X3@MO(X1+N) "
Y4 = (X4OM)N
Ys = M®N
Y6 = (X5OM).N
Y7 = X6OM®(X8+N)
Y8 = (XT®M)+N
Y9 = (X8®M)+N

The intermediate variable N is produced by a NOR gate (104) receiving the X1 and
X8 inputs, a NAND gate (_106) receiving the X3 and X6 inputs and a 6-wide NOR (108)
receiving the outputs of gates (104) and (106) and the X2, X4, X5 and X7 data inputs.

The Y1 codeword output is

REPLACEMENT SHEET
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Fig. 5 illustrates a decoder implementation for the rate 8/9 (0,8,6,0) code

generally designated (18B). An intermediate value is given by the following:

N = ((73.74Y57677)+Y1+72+78+79)
The intermediate value N is produced by a 6-wide NAND (150) receiving the Y3,
Y4, YS, Y6 and Y7 inputs, a 4-wide NOR (152) receiving the Y1, Y2, Y8 and Y9
in’puts and a NAND gate (154) receiving the outputs of gates (150) and (152). The
decoded data outputs Z1,722,73,74,75,76,77,Z8 are given by the following:

Z1 = Y1eYs®(¥3+N)
72 = (P2075)+N
73 = (V3@YS+N
74 = (Y4®Y5+N
Z5 = (Y60I5)+N
Z6 = (Y1OYS5.N
Z1 =' (Y8®Y5)+N
78 = Y9OY5®(Y7+N)

The Z1 decoder data output is provided by a XOR gate (156) receiving the Y1 and
Y5 inputs, an OR gate (158) receiving the Y3 and inverted intermediate output N and a
XOR gate (160) receiving the outputs of gates (156) and (158). The Z2 decoder data
output is provided by a XOR gate (162) receiving the Y2 and Y5 inputs and a NOR gate
(164) receiving the intermediate variable N and the output of gate (162). The Z3
decoder data output is provided by a XOR gate (166) receiving the Y3 and Y5 inputs and
a NAND gate (168) receiving and inverting the intermediate variable N and the output of
gate (166). Similarly, the.Z4 and Z5 decoder data butputs are provided by XOR gates
(170, 174) and NOR gates (172, 176), respectively. The Z6 decoder data output is
provided by a XOR gate (178) receiving the Y7 and Y5 inputs and a NAND gate (180)

receiv-
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CLAIMS

1. A method for encoding é predefined number of bits of binary data into codewords
having a predefined number of bits for a partial-response maximum-likelihood (PRML)
data channel in a direct access storage device (DASD) comprising the steps of:

receiving the binary data; and

generating sequences of codewords responsive to the received binary data;

each of said generated codewords being included within a predetermined set of
codewords, said codeword set having a maximum number of binary ones;

said generated sequences of codewords having less than a first predetermined
number of consecutive zeroes;

said generated sequences of codewords including two subsequences, one of said
subsequences including odd bit positions and another of said subsequences including even
bit positions, said subsequences having less than a secoﬁd predetermined number of
consecutive zeroes. i
2. A method as recited in claim 1 wherein 8-bits of binary data are encoded into 9-bit
codewords and said predetermined set of codewords includes 256 codewords and at least
253 codewords have at least 5 ones and wherein said step of generating sequences of
codewords includes the steps of: |

calculating the sum of said 8-bits of binary data;

comparing the calculated sum with 4,

defining an intermediate variable responsive to said compared values.
3. A method as recited in claim 2 further includes the steps of:

defining the intermediate variable equal to zero responsive to the calculated sum
less than 4;

defining the intermediate variable equal to ohe responsive to the calculated sum

greater than or equal to 4.
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4. A method as recited in claim 3 wherein said first pr'edetemiined number equals 8
and wherein said second predetermined number equalé 12 and further includes the steps
of: _ |

combining the defined intermediate variable and each of said 8-bits by an exclusive
nor operation to define 8 of the 9-bit codeword; and

defining another codeword bit equal to the defined intermediate variable.
5. A method as recited in claim 3 wherein said first predetermined number equals 8
and wherein said second predetermined number equals 6 and further includes the steps
of:

defining a second intermediate variable as a function of said 8-bits of binary data;

. combining the defined intermediate variable and each of said 8-bits by an exclusive

or operation;

defining 8 of the 9-bit codeword as a function of said combined bits and said
second intermediate variable; and |

combining the defined intermediate variable and the second intermediate variable
by an exclusive or operation to define another codeword bit.
6. A method as recited in claim 1 wherein said generated sequences of codewords
provide greater power density in the center of the PRML channel bandwidth and less
power at the bandwidth edges whereby susceptibility to misequalization is reduced.
7.  Apparatus for encoding a predefined number of bits of binary data into codewords
having a predefined number of bits for a partial-response maximum-likelihood (PRML)
data channel in a direct access storage device (DASD) comprising:

means for receiving the binary data; and

means coupled to said receiving means for generating sequences of codewords
responsive to the received binary data;

each of said generated codewords being included within a predetermined set of

codewords, said codeword set having a maximum number of binary ones;

REPLACEMENT SHEET
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said generated sequences of codewords having less than a first predetermined
number of consecutive zeroes;

said generated sequences of codewords including two subsequences, one of said
subsequences including odd bit positions and another of said subsequences including even
bit positions, said subsequences having less than a second predetermined number of
consecutive zeroes.
8.  Apparatus as recited in claim 7 wherein 8-bits of binary data are encoded into 9-bit
codewords and wherein said means for generating sequences of codewords includes
means for defining an intermediate variable equal to either one or zero responsive to
each received 8-bits of binary data.
9.  Apparatus as recited in claim 8 wherein said first predetermined number equals 8
and wherein said second predetermined number equals 12 and further includes:

means for combining the defined intermediate variable and each of said 8-bits by
an exclusive nor operation to define 8 of the 9-bit codeword; and

means for defining another codeword bit equal to the defined intermediate variable.
10. Apparatus as recited in claim 8 wherein said first predetermined number equals 8
and wherein said second predetermined number equals 6 and further includes:

means for defining a second intermediate variable as a function of said 8-bits of
binary data;

means for combining the defined intermediate variable and each of said 8-bits by
an exclusive or operation;

. means for defining 8 of the 9-bit codeword as a function of said combined bits and

said second intermediate variable; and

means for combining the defined intermediate variable and the second intermediate
variable by an exclusive or operation to define another codeword bit.

11. Apparatus as recited in claim 9 further includes decoder means for decoding said

generated sequences of codewords. REPLACEMENT SHEET
12JUL %97 |
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12. Apparatus as recited in claim 11 wherein said decoder means includes means for
combining each of the defined 8 of the 9-bit codeword with said other codeword bit by
an exclusive nor operation to produce the binary data.

13. Apparatus as recited in claim 10 further includes decoder means for decoding said
| generated sequences of codewords.

'14. Apparatus as recited in claim 13 wherein said decoder means includes means for
combining each of the defined 8 of the 9-bit codeword with said other codeword bit by
an exclusive nor operation and means for combining said combined bits with said second
intermediate value to produce the binary data.

15. Apparatus as recited in claim 8 wherein said first predetermined number equals 8
and wherein said second predetermined number equals 12 and wherein said encoding
apparatus includes a plurality of gating means for producing the codewords.

16. Apparatus as recited in claim 8 wherein said first predetermined number equals 8
and wherein said second predetermined number equals 6 and wherein said encoding

apparatus includes a plurality of gating means for producing the codewords.

REPLACEMENT SHEET
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METHOD AND APPARATUS FOR IMPLEMENTING
PRML CODES WITH MAXIMUM ONES -

Abstract of the Disclosure

AppératuS' and methods are provided for encoding a
predefined number of bits of binary data into codewords
having'a predefined number of bits for a partial-response
maximum-likelihood (PRML) data channel in a direct access
storage device (DASD) .- Rate 8/9 block codes having maxi-
mum ones and run length constraints (0,8,12,-) and
(0,8,6,») provide timing and gain control and reduced
susceptibility to misequalization effects in PRML chan-

nels.

Figure : 1 i
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