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METHOD AND APPARATUS FOR IMPLEMENTING 
PRML CODES WITH MAXIMUM ONES 

BACKGROUND OF THE INVENTION 

- L Field of the Invention 

The invention. relates generally to encoding data, and 
more particularly to data encoding methods and apparatus . ~ 

for a p~rtial-response· maxinib'm-likelihood (PRML) data 
channel in a direct access storage device (DASD). 

2. Description of the Prior Art 

Computers often include auxiliary memory storage 
units having media on which data can be written and from 
which data can b~ read fo~ later use. Disk drive units 
inco~porating stacked, comm~nly rotated rigid magnetic 
disks are used for storage of data in magnetic form on the 
disk surfaces . Data is ·recorded in concentric, radially 

. spaced data information tracks arrayed on the surfaces of 
the disks. Transducer heads driven in a path t~ward and 
away from the drive axis write data to the disks and read 
data from tl:ie disks. Partial-response signaling with 
maximum-likelihood sequence detection techniques are known 
for digital data communication and recording applications. 
Achievement of high data density and high data rates has 
resulted in the use of· a PRML channel for writing and 
reading digital data on the disks. 

Uncoded binary data is not suitable for use in P::<..ML 
data channels because unconstrained c~stomer data may 
contain .long spans of null signal or adjacent zeroes which 
provides no timing or gain information to the channel and 
prevent proper timing and gain tracking to the read back 
signal wavefor~" Rate 8/9 modulation 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 disclosed class-IV partial response channel polynomial 

equals (l-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 the same waveform delayed by a 2 bit 

interval. A (d=O,k=3/kl=5) PRML modulation code is uti­

lized to encode 8 bit binary data into codewords comprised 

of 9 bit code sequences, the maximum number k of consecu­

tive zeroes allowed withi!! a code sequence is 3 and the 

maximum number kl of consecutive zeroes in the all-even or 

all-odd subsequences is 5. A minimum number d of consecu­

tive zeroes great~r than zero is not needed because in 

PRML channels compensation for intersymbol interferences 

(ISI) is inherent in the M~ detector. 

U. S. patent No. 4, 707, 681 discloses rate 8/9 RLL 

block codes having (0,4/4) and (0, 3/G) constraints. 

Disadvantages of known codes relate to ·timing and 

gain control and susceptibility to misequalization effects 

in PRML channels for at least some of the codewords in the 

codes. 

SUMMARY OF THE INVENTION 

Important objects of the present invention a!"e to 

provide improved methods for coding data input strings at 

high rate to improve the timing corrections and to rsducs 

ssnsitivities to misequalization cf partial response c~an­

nels; to provide encoder and decoder structure that can be 

effectively and efficiently configured for transmission of 

digital data over PRML c:iannels; 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 arrangemen~s. 

In brief, the objects and advantages of the present 

invention are achieved by apparatus and a method for en­

coding a predefi.ned" number of bi ts 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 sequences of codewords are generated respon­

sive to the received binary data. Each of the generated 

codewords have more ones than zeroes. The generated se-

quences 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 subsequences 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 misequalization 

effects in PRML channels. 

BRIEF DESCRIPTION OF TEE DRAWING 

The present invention together with the above and 

other objects and advantages may best be under~tood from 

the following detailed description of the embodiment cf 

the invention illustrated i~ t~e drawir.~s, wherein: 

FIG. l is a block diagram represe::.tation of a P?.:·?L 

channel; 
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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; 

E'IG. 4 is a schematic diagram representation of an 

encoder for a rate 8/9 (0,8,6,•) cede arranged in accor­

dance with the invent~o~; 

FIG. 5 is a schematic diagram representation of a 

decoder for a rate 8/9 (0,8,6,•) cede arranged in accor­

dance with the invention; and 

FIG. 6 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 a rate _8/9 

(4,4,10) code.and uncoded data. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

Referring now to FIG. 1, there is shown ~ 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 methods of the invention. Data to 

be written is applied to an 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 a (1-D2) ope~ation. A channel output is generated by 

the channel (14) a~d detected at the channel output by a 

Viter~i detector (16) coupled to a decoder (18) to com­

plete the maximum-likelihood (ML) detection process for 

data readback. 
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The PR class-IV channel transfer function (l-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 inpu~ stream is applied to the encoder (12) and en­

qoded. 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 B/9 block codes particularly suitable for mag­

netic recording are provided for use in the PRML channel 

( 10). With the rate 8/9 code, a 9-bi t encoded block or 

codeword is generated for every 8-bit data byte 9f data 

input. Proper · operation of the Viterbi detector ( 16} 

requires a coding constraint of Io < PM, where Io repre­

sents the maximum number of adjacent zeroes within all­

even or all-odd sequences and PM equals the interleaved 

length of the path memory for the Viterbi detector (16}. 

Run length limited (RLL) constraints for the rate 8/9 

block codes are identified using a (d,Go,Io,Gl) notation. 

The d specifies the minimum number of adjacent zeroes and 

Go specifies the maximum number of adjacent ;z:eroes or 

maximum run length of zeroes in the channel output code 

bit s_equence. Gl specifies the maximum number of adjacent 

ones or maximum run length of ones in the channel output 

code bit sequence. 

Two codes of the invention include run length limited 

constraints (0,8,12,•) and (0,8,6, 00 ), respectively and 

each code maximizes the number of ones within all 256 9-

bi t codewords for ·the given Io ccnstraint. TABLE I anc 

TABLE II provide codeword assignment tables for the rate 

8/9 (0,8,12,-) anc (0,8,6,•) PRML rnod~lation codes cf the 

invention. Both rate 8/9 {0,8,12, 00 ) and (0,8,6, .. ) codes 

maximizes the numbe:?:' of ones with each 9-bi t codeword 

including at least 5 ones or in bther words no more than 4 
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zeroes. 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 Io constraint as follows: 

(0,8,12,•) 

010101011 

110101010 

101010101 

------> (0,8,6,•) 

------> 000111100 

------> 001111000 

--~---> 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 all ones 

codeword corresponding to an all ones 8-bit data byte used 

for the sync pattern. 

Referring to FIG. 2, there is shown a schematic dia­

gram representation of an encoder generally designated 

(12A) for implementing the rate 8/9 (0,8,12,-) code. 

·Encoder 12A includes an 8-bit binary data byte input de­

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

X = XljX2,X3,X4,XS,X6,X7,X8 

Y = Yl,Y2,Y3,Y4,Y5,Y6,Y7,Y8,Y9 

An intermediate variable denoted M is given by the follow­

ing: 

if ! Xl, X2, X3, X4, XS, X6, X7, XS < 41 
if I Xl, X.2, X3, X4, XS, X6, X7, X8 ~ 4J 

An add the X1,X2,X3,X4,XS,X6,X7,X8 inputs and compare 

with 4 function is provided ty full-adder blocks (2C), 

(22), (24:)", (25), carry-generator (28), JI.ND gate (30) and 

OR-~ate (32) for providing the i~ter::nediate variable (M). 

(M} is set equal to zero when the sum of the 
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Xl,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 

Yl,Y2,Y3,Y4,YS,Y6,Y7,Y8,Y9 are given by the following: 

Yl = Xl E9 M 

Y2 = X2 E9 M 

Y3 = X3 E9 M 

Y4 = X4 Ell M 

YS = M 

Y6 = XS Ell M 

Y7 = X6 e M 

Y8 = X7 e M 

Y9 = XB e M" 

The Xl,X2,X3,X4,XS,X6,X7,X8 inputs anc the intermedi­

ate variable. (M) are received by a plurality of exclusive­

nor (XNOR) gates {34), (36), (38), (40), (42), (44), (46) 

and (48) for providing the Yl,Y2,Y3,Y4,Y6,Y7,Y8,Y9 encoder 

outputs. The intermediate variable (M) provides the YS 

encoder output. 

FIG. 3 illustrates a decoder implementation for the 

rate 8/9 (0,8,12,•) code generally designated (lSA). 

Decoded data outputs, denoted Z, defined by: 

Z = Zl,Z2,Z3,Z4,ZS,Z6,Z7,Z8 

The decoded data outputs Zl,Z2,Z3,Z4,Z5,Z6,Z7,Z8 are given 

by the following: 

Zl = Yl e YS 

22 = Y2 e YS 

Z3 = Y3 e YS 

Z4 = Y4 e YS 

ZS = Y6 e YS 

Z5 = Y7 e Y5 

~--

C C1 l"C::::: 11ti1nm1nr 
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The decoder inputs Yl,Y2,Y3,Y4,Y6,Y7,Y8,Y9 and the YS 

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 

Zl,Z2,Z3,Z4,ZS,Z6,Z7,Z8. 

Referring to FIG. 4, there is shown a schematic dia­

gram 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 interme­

diate variable N is defined by: 

N = {Xl +XS) + (X3.X6) + X2 + X4 +XS + X7 

The codeword outputs YI, Y2, Y3, Y4, YS, Y6, Y7, Y8, Y9 are 

given by the. following structures: 

Yl = {Xl EB M)+N 

Y2 = (X2 e M)+N 

Y3 = X3 e M e (Xl+N) 

Y4 = (X41DM).N 

YS = M EB N 

Y6 = {XS e M) .N 
Y7 = X6 e M e (X8+N) 

Y8 = {X7 e M)+N 

yg = (X8 El M)+N 

The intermediate variable N is produced by a NOR gate 

(104) receiving the Xl and X8 ir..pu~s, a NAND gate (106) 

receiving the X3 and Xe inputs a!'ld a 6-wide NCR (108) 

receiving the outputs of gates (104) and (106) and the X2, 

X4, XS and X7 data inputs. The Yl codeword output :i.s 
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produced by a XOR gate (.;1.10) receiving the intermediate 

variable M and the Xl input and a NOR gate (112) receiving 

the intermediate variable Mand the output of gate (110). 

The Y2 codeword output is produced by a XOR gate 114 re­

ceiving th~ intermediate variable M and the X2 input and a 

NOR gate {116) receiving the intermediate variable N and 

the output of gate (114). The Y3 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 Xl 

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 gate (124) r_eceiving the intermediate 

variable M and the X4 input and a NAND gate (126) receiv­

ing the intermediate variable N at an inverting input of 

gate (126) and the output of gate (124). The YS 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 XS 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 intermediat~ variable M 

and the XS input, a NOR gate (136) receiving the XS input 

and ~he intermediate variable N at an inverting input of 

gate (137) and an XOR gate (138) receiving the outputs of 

gate (134) and (136). The YB codeword output is produced 

by a XOR gate (140) receiving the intermediate variable M 
and the X7 input and a NOR gate (142) receiving the inter­

mediate variable N and the output cf gate (104). The Y9 

codeword output is produced by a XOR gate (144) receiving 

the intermediate variable M and the XS input and a NOR 

gate ( 146) receiving the i.::termeC.iate va:-iable N and the 

outp~t of gate (144). 
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FIG. 5 illustrates a decoder implementation for the 
rate 8/9 (0,8,6, 00 ) code generally designated (18B). An 
intermediate value is given by the following: 

N = {CY3.Y4.Y5.Y6.Y7)+Yl+Y2+Y8+Y9) 

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 Yl, Y2, YB and Y9 inputs and a 
NAND gate (154) receiving the outputs of gates (150) and 
(152). The decoded data outputs Zl,Z2,Z3,Z4,Z5,Z6,Z7 ,ZS 
are given by the following: 

Zl = Yl e YS e (Y3+N)" 

Z2 = (Y2 e YS)+N 

Z3 = (Y3 e Y5)+N 

Z4 = (Y4 e YS)+iii 

ZS = (Y6 e YS)+N 

Z6 = {Y7 e YS) .N 
Z7 = (YB e YS)+N 

ZS = Y9 e YS e (Y7+N) 

The Zl decoder data output is provided by a XOR gate 
(156) receiving the Yl 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 YS inputs and a NOR gate 
(164) receiving the intermediate variable N and the output 
of gate (162). The Z3 decoder data outpct is provided by 
a XOR gate (166) receiving the Y3 ar:d YS inputs and a NAND 
gate (168) receiving and inverting the intermediate vari­
able N and the output of gate (166). Similarly, the Z4 
and 25 deccce.:?:" data outputs are proviced by XOR gates 
(170, 174} and NOR gates (172, 176), respectively. The Z6 
decoder data output is provided by a XOR gate (178) re­
c;;eivinq the Y7 and YS inputs a,nd a Nil~'ID gate (180) receiv-
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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 Y5 inputs and a NOR 

gate {184) receiving the intermediate variable N and the 

output of gate (182). The 28 decoder output is provided 

by a XOR gate {186) receiving the YB and YS inputs, an 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. q provides a chart illustrating power spectrum~ 

given a random input for the rate 8/9 {0,8,12,•) and rate 

8/9 (0,8,6,•) PRML modulation codes of the invention rela­

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

As shown, the rate 8/9 (0,8,12,•) and rate 8/9 {O,S,6,•) 

PRML modulation codes of the invention produce greater 

power in the center of the channel bandwidth and less 

power at the bandwidth edges relative to known codes. 

This power spectrum decreases the codes susceptibility to 

misequalization which occurs dominantly at the bandwidth 

edges. · 
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T~.BLE II 
RATE S/9 (O,B,6,a:>) CODE"riOF..DS 

INPUT OUTPUT INPUT OUTPUT INPUT OUTPUT INPUT OUTPUT 

00000000 111107111 07000000 101101111 10000000 011101117 11000000 001101111 
0()0(!0001 111101110 01000001 101101170 10000001 011101110 11000001 001101110 
Q0000010 111101101 01000010 101101101 10000010 011101101 11000010 007107101 
0()000011 111101100 01000011 101101100 10000011 011101100 11000011 110010011 
00000100 111101011 01000100 1<11101011 11J000100 011101011 11U00100 0<111010.11 
00000101 111101010 01000101 11)1101010 7(>00()707 011101010 71<100707 110010101 
00000110 111101001 01000110 101101001 10000110 011101001 11000110 110010110 
00000111 111701000 01000111 01po10111 1000U111 100010111 11000111 110010171 
00001000 111100111 01001000 101100111 10001000 011100111 11001000 001100111 
00001001 111100110 01001001 101100110 70001001 011100110 11007001 110011001 
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What is claimed and desired to be secured by Letters Pat­
ent of the United States is: 

RO 9 91 055 



RO 

15 

CLAIMS 

THIS SHEET HAS BEEN 
REPLACED 

1. A method for encoding a predefined number of bits of 

binary data -into codewords having a predefined num­

ber of bi ts for a partial-response maximum-likeli­

hood (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 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 sequences of codewords including two 

subsequences, one of said subsequences including odd 

bit positions and another of said subsequences in­

cluding even bit positions, said subsequences having 

less than a second predetermined number of consecu­

tive zeroes, whereby 

said generated sequences of codewords ~rovide greater 

power density in the center of the FRML chan..;el 

band;;idth and less pow.er at the bandwidth ecges 

thus repucing susceptibility to misequalizaticn. 

2. P.. method as recited in claim 1 wherein 8-bi ts cf 

binary data are encoded into 9-bit codewords and. 

said predetermined set of. codewords includes 256 

9 91 055 -·--------- ··-----· -· 
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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 a-bits of binary data ; 

comparing the calculated sum with 4; 

defining an intermediate variable equal to zero re­

sponsive to the calculated sum less than 4; 

defining said 

responsive to 

equal to '!;. 

intermediate variable equal to one 

the calculated sum greater than or 

3. A method as recited in claim 2 wherein said first 

predetermined number equals 8 and wherein said sec­

ond predetermined number equals 12 and further in­

cludes 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. 

4:. A method as recited in claim 2 wherein said first 

predetermined number equals 8 and wherein said sec­

ond predetermined number equals 6 and further in­

cludes the steps of : 

defining a second intermediate va~iable as a function 

cf said 8-bits cf binary data; 

combining the cefined intermeciate variable a~d each 

of said a-bit~ by an exclusive or operation; 

RO 9 91 055 
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defining 8 of the 9-bi t 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. 

5. A method for decoding said generated sequences of 

codewords as described in claim 3 comprising the 

steps of : 

combining .ea~h 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 sequences of 

codewords a~ described in claim 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. 

7. Encoding apparatus (12A) for carrying out the method 

of claim 3 wherein said encoding apparatus includes 

a plurality of gating means. 

E. Encoding apparatus (lZS) for carryi~g cut the ~ethcd 

cf claim 4 wherein said encodinc; apparatus includes 

a plurality of ga~ing means. 
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9. Decoding apparatus (18A) 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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