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TRELI S CODE W TH | MPROVED ERROR PROPAGATI ON

BACKGROUND OF THE | NVENTI ON ' ) The present invention
relates to digital comunication systems and nore particularly to
digital connunl t ystens that use nmultiple 5 | evel s %F %@Q gto
protect user @ﬂuf passes through a noisy COWWUHI% ﬁ% sdb
channel . Digital comunication systens are designed to
transmt user data froma source to a destination, The neans
connecting the source and destination can be a sinple conducting
wire, a global satellite systemor a 10 magneti c storage system The
connecting neans is often generalized as a channel between the
souroe and destinati on. A} channel s occasional ly
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The present invention relates to digital communication systems

and more particularly to digital communication systems that use multiple
5 levels of encoding to protect user data as it passes through a noisy
communications channel. -

Digital communication systems are designed to transmit user
data from a source to a destination. The means connecting the source and
destination can be a simple conducting wire, a global satellite system or a

10  magnetic storage system. The connecting means is often generalized as a
channel between the source and destination. o

All channels occasionally introduce electronic noise into the
signals they carry. This electronic noise changes the digital signal and thus
creates errors within the digital signal. To protect the digital signals as they

15 pass through the channel, encoding and decoding systems have been
developed that add additional bits to the digital signal so that the original
signal may be recovered even if the channel introduces errors. In some
communication systems, multiple levels of encoding are used, meaning that
the original digital signal is encoded more than once before being passed

20  through the channel,

An example of a multiple-level encoding system is found in the
encoding system used in some magnetic storage devices. In these systems,
the user data is first encoded using an error correction code (ECC) and then
further encoded using some form of trellis code. In the ECC encoding

. 25  process, the user data is typically broken into bytes of digital values where
each byte represents one unit of user data. For example, user data may be
. grouped together in blocks containing 175 bytes of user data and 5 bytes of
ECC redundancy. The S bytes of ECC redundancy are chosen based on the
digital values found in the 175 user bytes. Typically, S bytes of ECC



creates errors within the digital signal. To protect the digital signals as
they 15 pass through the channel, encodi ng and decodi ng systens have
been devel oped that add additional bits to the digital signal so
that the original signal may be recovered even if the channel

I ntroduces errors. In sone comuni cation systens, nultiple | evels of
encodi ng are used, neaning that the original digital S%ﬁiﬁﬁﬂﬁﬁg
encoded nore t hYRIABA pefore bei ng passed 20 t hrough the 7506
An:exanple of a multiple-level encoding systemis found in the

encodi ng system used in sonme magnetic storage devices. In these systens,
the user data is first encoded using an error correction code (ECC) and

t hen further encoded using sone formof trellis code. In the ECC
encodi ng 25 process, the user data is typically broken into bytes of
digital values where each byte represeﬁ?s one unit of user data. For
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user bytes. Typically, 5 bytes of ECC mplefecby WO 96/ 41341

PCT/ US96/ 09506 a sector containing 540 bytes, so that the complete set of user bytes and

ECC bytes for any one block can be found by sampling every third byte of
5 the interleaved output.

Interleaving reduces the effects of burst errors on the ECC
encoded signal. Burst errors are localized error events affecting one or
more consecutive user words. By ensuring that consecutive words in the
ECC encoded signal are not from the same block, interleaving reduces the

10  chance that a burst error will affect more than one byte in a block. Since
ECC can only correct two user bytes per block, interleaving reduces the
chances that a burst error will exceed the maximum number of user bytes

- that ECC can correct.

In prior art coding methods for magnetic storage devices, the

15  interleaved ECC encoded values are further encoded by two parallel trellis
encoders. Each of the two paraliel trellis encoders typically produces a
spectral null code, also referred to as a DC free or DC mull code, whose
encoded data stream has a spectral null at zero frequency. The outputs of
the two trellis encoders are interleaved together to create a signal that has

20  both a DC null and a null at the Nyquist frequency, i.e., at half the channel
bit frequency. Input signals that have a spectral null at D.C. and the Nyquist
frequency are preferred because they match the spectral response of a disc
drive channel equalized to class-IV partial response (PR4), and this
improves the destination’s ability to recover encoded signals from the

25  channel

In the prior art, the interleaved ECC encoded values are
assigned to the parallel trellis encoders by first assigning the even bytes to
one trellis encoder and tlie odd bytes to the other trellis encoder. Each
trellis encoder then uses 12 bits at a time from the streéam of bytes assigned



- 2- redundancy can correct up to two erroneous user bytes in each

bl ock The ECC encodi ng systemis conpleted by interleaving three
separate blocks in a sector containing 540 bytes, so that the
conpl ete set of user bytes and ECC bytes for any one bl ock can be

found by sampling every third byte of .5 the interleaved output.
Interleaving r g’ re effects of burst errors on the ECC Nﬁg&oded
signal. Burst e ?)3?12133 e localized error events affecting onel’(():'r”US9

nore consecutive user words. By ensuring that consecutive words in the

ECC encoded signal are not fromthe same block, interleaving reduces the

10 : chance that a-burst error will affect nore than one byte in a bl ock.
Si nce . ECC can only correct two user bytes per block, interleaving
reduces the chances that a burst error will exceed the maximum
nunber of user bytes that ECC can cor’?‘éct
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to make a first even stream codeword. .

The codewords produced by each trellis encoder are created

in parallel so that the bits of the two paraliel codewords may be interleaved

10  at the encoder’s outputs. The series of interleaved codewords passes

through the channel where it is occasionally corrupted by burst errors. The

burst errors usually affect two or more consecutive bits and, because of the
interleaving, corrupt two or more codewords.

After the channel, a deinterleaver reconstitutes the codewords

15 and sends the individual codewords to detectors to be decoded into

approximations of the ECC encoded signal. Since each pair of interleaved

codewords is constructed from four bytes of ECC encoded data, the

corruption of a pair of interleaved codewords by a burst error results in the

corruption of four bytes of data. For example, one corrupted codeword may

20  corrupt bytes 1 and 3 and the other corrupted codeword may corrupt bytes

0 and 2. The fact that a single burst error can corrupt four separate bytes

is significant because the ECC encoded signal is created using a three-way

interleave. Every third byte of the ECC encoded signal is from a single

block of ECC encoded infarmation. Thus, in the example above, corrupted

25  bytes 0 and 3 are from the same block. This means that one burst error can

corrupt two bytes from the same block. Because ECC can only correct two

’ erroneous bytes in a block, this one burst error has consumed the ECC's

entire ability to correct corrupted data. If two burst errors occur, corrupting

a total of four codewords, the ECC decoder will not be able to correct the



drive channel equalized to class-1V partial response (PR4), and this

| nproves the destination's ability to recover encoded signals fromthe 25
channel . In the prior art, the interl eaved ECC encoded
val ues are assigned to the parallel trellts encoders by first
assigning the even bytes to - one trellis encoder and the odd bytes

to the other tr ¥ coder. Each trellis encoder th
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it to create codewords. This neans that each trellis encoder uses one full

byt:e and one half byte of the ECC encoded bytes to create one codeword.
Thus, the odd byte trellis encoder uses all of byte 1 and half of byte 3 of

t he
4

corrupted data because more than two bytes of ECC encoded data will be
corrupted in a single ECC block.

SUMMARY OF THE INVENTION |

: The present invention is a digital communication apparatus for

S transmitting sectors of digital bytes through a channel. Each sector contains

a number of error correction coded blocks, each of which contain error

correction bytes used to detect and correct errors within the block. The

error correction system is capable of correcting up to a maximum number

of erroneous bytes per block. The digital communication apparatus includes

10  an encoding system that encodes the blocks of digital bytes so that a single
burst error in the channel corrupts at most one byte in each block.

In one preferred embodiment, the present invention uses a
multi-level encoding scheme where the first level of encoding uses an ECC
encoder with three-way bytewise interleave. The three-way bytewise

15 interleave combines bytes from three different ECC blocks so that every
third byte is from the same block. Each block of the ECC encoded data
contains ECC values that can correct up to two erroneous bytes in that
black. _

The second level of encoding uses two parallel 12/15 trellis

20  encoders. Each trellis encoder takes 12 bits from the ECC encoder and
produces a 15-bit codeword. The two 15-bit codewords are then bitwise
interleaved.

Since each trellis encoder needs 12 bits of ECC encoded data
to produce one codeword, 24 bits of ECC encoded data are needed to

25  produce the two interleaved codewords. The present invention ensures that
all twenty-four bits come from only three bytes of ECC encoded data.

With the pfesent invention, a burst error that corrupts two
interleaved codewords corrupts at most 3 bytes of ECC encoded data. Since
each of the 3 bytes is part of a separate ECC block, the burst error only



ECC encoded bytes to nmake a first odd stream codeword and the other half 5
of byte 3 and all of byte 5 to nake a second odd stream codeword.

Li kewi se, the even byte trellis encoder uses all of byte 0 and half of byte
2 to make a first even stream codeword. The
codewords produced by each trellis encoder are created in parallel so
that the bits o yo parallel codewords may be interleave 896@%04 he
encoder' s outputs!géhe series of interleaved codewords passesq'c;mI rough
t he channel where it is occasionally corrupted by burst errors. The

burst errors usually affect two or nore consecutive bits and, because of

t he I nterl eaving, corrupt two or. nore codewords.

After the channel, a deinterleaver reconstitutes the codewords 15 and
sends the individual codewords to detectors to_be decoded into
approxi mati ons of the ECC encoded si gnal . Si n®% each pair of interleaved

codewords i s construc edfro ur f.es of. E ded data, the
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codeword may .20 corrup es 1 and 3 and the other corrupted code
may corrupt bytes  8stwo @nprs.ﬂf@s; the: Present investinp cap @geept twice 35 many

corrupt four separat %“mte%ﬁrlgethe chhﬁnejlagmghﬂ@,nhbecause the ECC encoded

signal is created using a erleave Ever third byte of
t he ECC encoded §gnal i s frorkkalis d RAWINGS oded
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fromthe same bl ock Thi s neans one urs rror corru
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abi 111y o corrett corrupt ed duEle 1 ¢ MR SRR shiSue Aot Figwe £ oo
a total of four codewords, theFigafe 3léscodmtrivvof thermontdnes abbweffar@2osfrFigate 2.he
10 Figure 4 is a block diagram of matched spectral null encoder
64 of Figure 2.
Figure 5 is a more detailed diagram of matched spectral null

encoder 64 of Figures 2 and 4.
Figure 6 is a trellis diagram demonstrating the encoder rules
15  of encoders 106 and 108 of Figures 4 and 5.
Figure 7 is a diagram of one embodiment of clock generator
44 and detector 42 of Figure 1.
Figure 8 is a diagram of one embodiment of decoder 50 of
Figure 1.
20 Figure 9 is a Viterbi Detector treliis used to detect codewords
in read equalized signal 40 of Figure 1.
Figure 10 is a minimum distance error event in the Viterbi
Detector trellis of Figure 9.
T. N PRE ED EMBO
. 25 Figure 1 is a block diagram of a preferred embodiment of the
present invention in which the present invention is utilized in a direct access
storage device, such as a magnetic disc drive. Digital communication
apparatus 20 receives USER DATA 22, passes it through a channel 32 and
retrieves it as RECOVERED DATA 52, When used in a magnetic disk
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corrupted data because nore than two bytes of

ECC encoded data will be corrupted in a single ECC bl ock.

SUMVARY OF THE | NVENTI ON The present invention is a

di gi tal communi cation apparatus for 5 transmtting sectors of digital
bytes through aaﬁ%?a h. Each sector contains a nunberégi ok/Dds06
correcti on code ocks, each of which contain error correction
bytes used to detect and correct errors within the bl ock. The error
correction systemis capable of correcting up to a maxi mum nunber of

erroneous bytes per bl ock. The digital communication apparatus includes 10
an encodi ng systemthat encodes the blocks of digital bytes so that a
single burst error in the channel corrupts at nost one byte in each

bl ock.
i nventi on uses a

10

15

20

In one preferred ermBodi nent, the present

drive, channel 32 is 2 magnetic disk where information is written to the
magnetic disk by altering localized magnetic fields on the disk and where
information is read from the disk by sensing the localized magnetic fields.

Typically, the disk drive contains a microprocessor or state
machine controller 210 to control the reading and writing processes.
Controller 210 communicates bidirectionally with a host interface 211, and
sequencer logic 212, Under user control from host interface 211, and
receiving various signals from the disk drive such as INDEX 213, a signal
which provides the orientation of the spinning disk, controller 210 causes
sequencer logic 212 to provide control signals for writing and reading the
appropriate section of the disk. Sequencer logic 212 enables writing through
WRITEGATE signal 122, and reading through READGATE signal 282.

USER DATA 22 is received by encoder 24 which encodes the
user data to make it easier to recover the data from channel 32. Encoder
24 produces ENCODED DATA 26 based upon an encode rule appropriate
for channel 32. The encode rule is chosen as a balance between
recoverability and transmission efficiency. Enough code bits should be
added to ensure recovery of USER DATA 22, but the encode rule should
not fill the channel with excess code bits.

Signal generator 28 converts ENCODED DATA 26 into
WRITE signal 30, which is an input waveform proper for channel 32. In the
case of a magnetic storage device, channel 32 includes a means for writing

and reading magnetic information to and from a magnetic disk. The

magnetic information written to the disk is based upon WRITE signal 30.
The information read from the disk is found in READ signal 34, the output
of channel 32. Due to imperfections in the magnetic disk and errors in
writing and reading, channel 32 introduces NOISE 36 into READ signal 34.
This noise usually occurs in short bursts and often affects a short series of
consecutive values in READ signal 34,



multi-Ilevel encoding scheme where the first |evel of encoding uses an ECC
encoder with three-way bytew se interleave. The three-way bytew se 15

i nterl eave conbines bytes fromthree different ECC bl ocks so that every
third byte is fromthe same bl ock. Each bl ock of the ECC encoded data
contains ECC values that can correct up to two erroneous bytes in that

bl ock. . The second | evel of encoding uses t I
12/.15 trellis 2‘6)9“4é3f14(1:0ders. Each trellis encoder takes 12 bi%’@é’@sﬁe
ECC encoder and produces a 15-bit codeword. The two 15-bit codewords
are then bitw se I nterl eaved. ) Since each trellis
encoder needs 12 bits of ECC encoded data to produce one codeword,
24 bits of ECC encoded data are needed to 25 produce the two interleaved
codewords. The present invention ensures that all twenty-four bits
cone -fromonly three bytes of ECC encoded dat - Wth
the present invention, a burst_error, that .corrupts two interl eayed
codewords corrupts at nost 3 @Q%é%mﬁarﬁét%auabmééwhwhm h
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PCT/ US96/ 09506 signal 34 so that they more closely match a PR4 channel output. In a
perfect PR4 channel, the output signal is equal to the input signal minus the
S  input signal delayed by two time units. This relationship is sometimes
described using the transform h(D) = (1-D?) where "1" is the input signal
and D? is the input signal delayed by two. time units. In magnetic disc drives,
the channel output is similar to a PR4 channel output. Read equalizer 38
simply improves upon this output to create a more ideal PR4 signal. The
10  PR4 channel output of read equalizer 38 is EQUALIZED signal 40 which
. is input to sampler 41.

Sampler 41 receives BIT CLLOCK 46 from clock generator 44,
and samples EQUALIZED signal 40, to produce one digital sample per
clock cycle. Each digital sample is preferably taken from the center of an

15§  expected data bit in EQUALIZED signal 40. The series of digital samples
produced by sampler 41 is output as DIGITAL SAMPLES 43.

Clock generator 44 uses DIGITAL SAMPLES 43 to create
BIT CLOCK 46. In a disc drive, clock generator 44 typically contains timing
control logic that synchronizes itself to pulses created by read

20  synchronization fields stored on the magnetic disk. The pulses create a fixed
frequency pattern in EQUALIZED signal 40 and DIGITAL SAMPLES 43.
This fixed frequency is used by the timing logic to set the phase and
frequency of BIT CLOCK 46 so that it matches the phase and frequency of
the data bits stored on the disk.

. 25 Detector 42 receives DIGITAL SAMPLES 43 and BIT
CLOCK 46 and uses the digital samples to select codewords that the series
of samples most likely represent. The samples are usually in the form of an
imperfect PR4 channel output. They are imperfect because they are often
corrupted by NOISE 36 in channel 32. Detector 42 reconstructs codewords



affects one byte in each block. Since the ECC system can correct up to two
corrupted bytes, the present invention can correct data corrupted by as
many as two burst errors. Thus, the present invention can accept
twi ce as many burst errors in the channel as the prior art. 5

BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 is a bl ock
di agram of a di gj nmuni cati on system of the prese n.
Figure 2 is a b&é%’ﬂ?@gram of encoder 24 of Figure 1. 'Fd/ﬁk\éﬁﬁbtshoo
Figure 3 is a matrix of the contents of buffer 62 of Figure 2. 10

Figure 4 is a block diagram of matched spectral null encoder 64 of
Fi gure 2. Figure 5 is a nore detail ed di agram of
mat ched spectral null encoder 64 of Figures 2 and 4.

Figure 6 is a trellis diagram denonstrating th_g.encoder rules 15 of
encoders 106 and 108 of Figures 4 and 5. Figure 7 is a

di agram of one enbodi frent ,of £l oc enerat 4 and d ect r 42. of
Figure 1. from ‘h"'se“‘m ﬁyﬁ?’ﬂﬁ%é‘e

decoder 50 of d[ﬁisﬁ IeQ:oﬂeworZQand selecting the most suﬁilﬂ'wbde\%t& 'lme‘{eélﬁiciﬂe
Detector trellis used to

[ et ect codewor gs ad . egual i.zed_si gnal
40 of Figure 1. f°1'l"~= this coppgrison lié'sr:%ssaéjmfﬁq%mﬂm sOnag Deggtor,
event in the Viterbi 42 has selected a codeword it passes the codeword to decoder 50 along -

5 SELECTED CODEWORDS 48.

Decoder 50 uses the inverse of encode rules of encoder 24 to
decode each codeword in SELECTED. CODEWORDS 48. The decoding
is synchronized with the production of SELECTED CODEWORDS 48 by
BIT CLOCK 46. This decoding process produces RECOVERED DATA 52.

10 Figure 2 shows a more detailed block diagrani of encoder 24
of Figure 1. USER DATA 22 received by encoder 24 is input to ECC
encoder 60. ECC encoder 60 divides the user data into bytes of data and
creates ECC coded bytes based on these bytes. In one preferred
-embodiment, ECC encoder 60 creates 5 bytes of ECC code-bits for every

15 175 bytes of user data. ECC encoder 60 stores the user data bytes and the
ECC code-bits in a buffer 62. In one preferred embodiment, buffer 62 has
two storage areas. While information is being written to one storage area,
stored information is being read from the other storage area. ECC encoder
60 preferably stores 525 user bytes and 15 ECC bytes in each area of buffer

20 62 :

The user data and ECC bytes stored in buffer 62 are passed
to matched spectral null encoder 64 as INTERLEAVED ECC DATA 66.
The values from buffer 62 are interleaved in a manner described below in
reference to Fxgure 3.

25 Matched spectral null encoder 64 receives BIT CLOCK 46
from clock generator 44 and WRITEGATE 122 from sequencer logic 212
of Figure 1 and uses the bit clock to generate BYTE CLOCK 68 that
controls the timing of the bytes in INTERLEAVED ECC DATA 66.
BYTE CLOCK 68 aiso controls the production of bytes by ECC encoder 60.



Detector trellis of Figure 9. DETAI LED DESCRI PTI ON OF THE PREFERRED

EMBODI MENTS 25 Figure 1 is a block diagramof a preferred
enbodi ment of the present invention in which the present invention
is utilized in a direct access storage device, such as a magnetic
disc drive. Digital comunication apparatus 20 recei ves USER DATA
22, passes it t channel 32 and retrieves it as G6350¢
DATA 52. Wen ugé |%M§ magneti ¢ di sk WO 96/ 41341 Prhist

PCT/ US96/ 09506 drive, channel 32 is a nmagnetic disk where
information is witten to the magnetic disk by altering | ocalized
magnetic fields on the disk and where information is read fromthe

di sk by sensing the | ocalized magnetic fi el ds.

Typically, the disk drive contains a m'croprocgessor or state

Matched spectral null encoder 64 encodes the values from INTERLEAVED
! ECC DATA 66 into a series of interleaved codewords that appear in
ENCODED DATA 26. The encoding is performed in such a manner that
in the preferred embodiment only three bytes of INTERLEAVED ECC
S DATA 66 are used in the production of two interleaved codewords.
Because of this limitatibn, if a channel burst error compromises two
interleaved codewords, it will only affect three bytes of INTERLEAVED
ECC DATA 66.
Figure 3 is a representation of one storage area in buffer 62.
10  Inthe representation, buffer 62 is divided into rows and columns of memory
locations, each memory location capable of storing one byte of information. -
Rows 70, 72 and 74 each represent separate blocks of data bytes and
associated ECC bytes. In the preferred embodiment of the present
invention, each block contains 175 bytes of user data and 5 bytes of ECC
15  wvalues. The S bytes of ECC values are capable of correcting up to two
erroneous bytes in any one block. Thus, the 5 bytes of ECC values in row
70 can correct up to two erroneous bytes of user data in row 70.
To create INTERLEAVED ECC DATA 66 from the values
stored in buffer 62, bytes of data and ECC values are retrieved from buffer
20 62 in the following sequence. The first byte in row 70 marked as user byte
78 becomes the first byte on INTERLEAVED ECC DATA 66. The first
data byte in row 72, marked as user byte 80 becomes the second byte read
from buffer 62. The third byte is user byte 82 from row 74. This process of
taking one byte from each of the three rows continues in the next bytes
. 25  where user bytes 84, 86 and 88, taken from rows 70, 72, and 74 become the
fourth, fifth and sixth bytes respectively. This process continues until all of
the user bytes and all of the ECC bytes have been interleaved and sent to
matched spectral null encoder 64.



5 machi ne controller 210 to control the reading and witing processes.
Controller 210 comrunicates bidirectionally with a host interface 211, and
sequencer |logic 212. Under user control from host interface 211, and
receiving various signals fromthe disk drive such as | NDEX 213, a signal
whi ch provides the orientation of the spinning disk, controller 210 causes

10 sequencer | ogi 2 to provide control signals for witi ?%ME"P’%PI ng
t he approvg‘?lng?l section of the disk. Sequencer logic 2 enables

witing through VRl TEGATE signal 122, and readi ng t hrough READGATE
si gnal 282. USER DATA 22 is received by encoder 24
whi-ch encodes the user data to nmake it easier to recover the data
from channel 32. Encoder 15 24 produces ENCODED DATA 26 based upon an
encode rul e appropriate for channel 32. The encode rule is chosen as
a bal ance between recoverability and tt™8nsnission efficiency. Enough
code bits should be added to_ensure r(_acover¥ of USER DATA 22, but

t he encode rule should Figure 4 i3 2 block dingrara of matehed speatral agllengoder.
20 Si : r :

VWRI TE signal 30, whi cﬂ@?‘éﬁggn%h?h%%fi%?%%??eer for channel 32. RA?ﬁe
case of a magnetic stﬁﬁrfaqaM&ﬁté@,”wﬂm&mm%@@@ma@ﬂmnﬁi@ng

mmanet ¢ 1ot ormat i on SRITECATE 122 Gl WobR TolE 917 Eilel fap! 10 yaos BIT,
The information riad CLOGK: 4 talgeierate BYTEICLOOR=A® apd glivdiesSENTEREEANEDt
ariting and reading, ERGIIATALS M3 R shabeal R sras: SORSIRERY 302 hpa
Thi s noi se usual |y 0BOTTOM STREAMuIHS EOR STREAMNQ2(iS tuptus tatophendods enlees
of consecut| "e1o%aa'n3§oﬂo§F§‘PREA%%4 §s4ihput to bottom encode rule 108. Top

encode rule 106 and bottom encode rule 108 are preferably identical to each

10  other and encode the signals in their respective streams in an identical
manner. As a result of this encoding, top encode rule 106 produces TOP
CODED STREAM 110 and bottom encode rule 108 produces BOTTOM
CODED STREAM 112,

TOP CODED STREAM 110 and BOTTOM CODED

15 STREAM 112 are input to interieaver 114, which also receives BIT CLOCK
46 and WRITEGATE 122. Interleaver 114 interleaves the bits of TOP
CODED STREAM 110 with the bits of BOTTOM CODED STREAM 112
and outputs the interleaved stream as ENCODED DATA 26 at a rate set
by BIT CLOCK 46. The interleaving is such that ENCODED DATA 26 is

20 constructed from alternating bits of TOP CODED STREAM 110 and
BOTTOM CODED STREAM 112,

Figure 5 is a preferred embodiment of matched spectral null
encoder 64 of Figure 4. In this embodiment, encoder map 100 of Figure 4
is constructed from first-byte register 124, second-byte register 126,

25  partitioner 128, and divide-by-ten counter 120.

Divide-by-ten counter 120 is driven by BIT CLOCK 46 and is
reset by the inverse of WRITEGATE 122 of Figure 1. For every ten pulses
on BIT CLOCK 46, divide-by-ten counter 120 produces one pulse on BYTE
CLOCK 68, which controls the loading of first-byte register 124 and second-
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READ signal 34 is input to read equalizer 38 which nodifies READ
signal 34 by filtering sone noise and by shaping the pul ses of READ
signal 34 so that they nore closely match a PR4 channel output. In a

perfect PR4 chagpel e output signal is equal to the input 4 e JUS
Yefendd i s

the 5 I nput el ayed by two tinme units. This relationsh
soneti nmes described using the transformh(D) = (1-Derr]) where "1"
I's the input signal and Djerr] is the input signal delayed by two.
time units. In magnetic disc drives, the channel output is simlar
to a PR4 channel output. Read equalizer 38 sinply inproves upon this
output to create a nore ideal PR4 signal. The 10 PR4 channel output of
read -equal i zer 38 is EQUALI ZED signal 40 whi ctil- IS input to sanpler

géher ator 44, msgggi%sél r i!(il I p st:s %lra%‘%}?& f‘% Lé%ﬁoggle&ﬁb@]ﬁl Q&t al
fﬁgpggnfg; of an ¢l oqRTERIEAVELF BCE DATA 66 RHteré miatched 3pEctrdl bl iehiesder 640M
on an eight-bit bus, one byte per BYTE CLOCK cycle. The eight-bit bus is
connected fo partitioner 128 and the input of second-byte register 126. At
5 the first pulse of BYTE CLOCK 68, the first byte of data on
INTERLEAVED ECC DATA 66 is loaded into second-byte register 126.
After a short propagation delay, this value appears at second-byte bus line
130, which is the eight-bit bus output of second-byte register 126. Second-
byte bus line 130 is input to partitioner 128 and first-byte register 124.
10 With the next pulse on BYTE CLOCK 68, the byte value on
second-byte bus line 130 is loaded into first-byte register 124 and after a
short propagation delay appears on first-byte bus line 132, which is the eight-
bit bus output of first-byte register 124. This BYTE CLOCK pulse also
causes the next byte on INTERLEAVED ECC DATA 66 to be loaded into
15  second-byte register 126 and, after a short delay, this next byte appears on
second-byte bus line 130. This puise on BYTE CLOCK 68 also prompts
buffer 62 for another byte of data which passes onto INTERLEAVED ECC
DATA 66 after the previous byte appears on second-byte bus line 130.
At this point, first-byte bus line 132, second-byte bus line 130,
20  and INTERLEAVED ECC DATA 66, together carry a set of three bytes
that appeared consecutively on INTERLEAVED ECC DATA 66. These
three bytes are input in parallel into partitioner 128 and together form 24
bits of data and/or ECC values. These 24 bits are divided by partitioner 128
into two 12 bit words that are placed on TOP STREAM 102 and BOTTOM
. 25 STREAM 104 respectively. TOP STREAM 102 and BOTTOM STREAM
104 are 12-bit bus lines that are input to top encode rule 106 and bottom
encode rule 108 respectively. The two encode rules encode each 12-bit word
into a 15-bit codeword to produce TOP CODED STREAM 110 and
BOTTOM CODED STREAM 112 which are carried on 15-bit bus lines.




15 expected data bit in EQUALI ZED si gnal 40. The series of digital

sanpl es produced by sanpler 41 is output as DI A TAL SAVMPLES 43.
Cl ock generator 44 uses DI G TAL SAMPLES 43 to create BIT CLOCK 46. In
a disc drive, dock generator 44 typically contains timng control

| ogi ¢ that synchronizes itself to pul ses created by read 20

synchroni zati on g stored on the magnetic disk. The pul se

fixed freaﬁ%ﬁ%§§%attern i n EQUALI ZED si gnal 40 and DIGI?XEhé%wgﬁ@S
43. This fixed frequency is used by the timng logic to set the phase
and frequency of BIT CLOCK 46 so that it matches the phase and
frequency of the data bits stored on the disk 25

Detector 42 receives DI A TAL SAMPLES 43 and BIT CLOCK 46 and uses the
digital sanples to sel ect codewords that the_ﬁﬁries of sanpl es nost

i kely represent. The sanples are usually in e formof an I mper f ect

corr upt ed by NG St 380 4R iER BhesElebiy RS N2 Sl EonBierhers sach 17 o
WD 96/ 41341 the codeword represents one direction of magnetization oir@hé¢ GSRE4MP506
each "0" represents an opposite direction of magnetization. For reference,
the directions of magnetization are referred to as the "+1" and "-1"
5  directions.
Each codeword within TOP CODED STREAM 110 and
BOTTOM CODED STREAM 112 is input to shift register 138 which acts
as interleaver 114 of Figure 4. The 15-bit bus line of TOP CODED
STREAM 110 is interleaved with the 15-bit bus line of BOTTOM CODED
10 STREAM 112 at the inputs of shift register 138. Thus, input D0 is the first
bit of BOTTOM CODED STREAM 112 and D1 is the first bit of TOP
CODED STREAM 110. Likewise, D28 is the last bit of BOTTOM CODED
STREAM 112 and D29 is the last bit of TOP CODED STREAM 110.
The values of TOP CODED STREAM 110 and BOTTOM
15 CODED STREAM 112 are loaded into shift register 138 at each positive
going transition received on LOAD 144 at the load input of shift register
138. LOAD 144 is created by divide-by-30 counter 146, which produces one
positive going transition for every. thirty pulses on BIT CLOCK 46. The
shifting of shift register 138 is controlled by BIT CLOCK 46 which is
20 received at the clock input of shift register 138. With each clock pulse on
BIT CLOCK 46, the bits in shift register 138 shift one position towards the
least significant bit where they are output from the shift register at serial
output Q. After 30 pulse on BIT CLOCK 46, all 30 bits from the two 15-bit
codewords of BOTTOM CODED STREAM 112 and TOP CODED
25 STREAM 110 have been output through serial output Q. This produces
ENCODED DATA 26, a serial, interleaved representation of the codewords
on TOP CODED STREAM 110 and BOTTOM CODED STREAM 112,
Figure 6 is one embodiment of a trellis diagram for the encode
rule found in top encode rule 106 and bottom encode rule 108 of Figui'e 5.



fromthese inperfect sanples by conparing the series. of sanpl es agai nst
possi bl e codewords and selecting the nost simlar codeword. The techni que
for performng this conparison is discussed further below. Once Detector
42 has selected a codeword it passes the codeword to decoder 50 al ong 5

SELECTED CODEWORDS 48. Decoder 50 uses the inverse of
encode rul es of H@&gﬁgﬂg 24 to decode each codeword in W
CODEVORDS 48. TR #&dddi ng i s synchroni zed with the production o
SELECTED CODEWORDS 48 by BIT CLOCK 46. This decadi ng process
produces RECOVERED DATA 52. 10 Figure 2 shows a nore

det-ai |l ed bl ock di agram of encoder 24 of Figure 1. USER DATA 22

recei ved by encoder 24 is input to ECC encoder 60. ECC encoder 60

di vides the user data into bytes of data and creates ECC coded bytes
based on these bytes. In one preferred -1Benbodi ment, ECC encoder 60

creates 5 bytes of ECC code-hits for every 15 175 bytes of user data,
ECC encoder 60 store diagram has,y verticah axis 160 that has values fromozerpite six, a

ellis
buffer 62. In one pfﬁ%m@?@%ﬁ?m&%ﬁ%aﬁs 162 repréfentd 95 fifife

areas. Wile infornma en to _one storage ared.

t
stored infornation i @eﬁgds\yithm digip of thee 15 bitcgodeward being decided @t each: e
60 f er-abl t ; . 1 pe ' . f
20 't o0 Y S1OrCS pRBd! R BeE Shoit in gty RibfESed Vol Sindig il ' O
are passed 5 t o vabues at dachpime.r The amtawsdretwersy baxes eepresdnERAlIINrEOsHOG
DATA 66. The (Al She LN /et VR SEEHER atrbd BRI arrow

descri bed bel ow in nce i gure
164, represent +1’s at the channel input corresponding to one direction of

magnetization on the disk. Downward diagonal arrows, such as arrow 166,
represent -1’s at the channel input corresponding to the opposite direction
10  of magnetization. For each upward diagonal arrow, 1 is added to the
running digital sum and for each downward diagonal arrow, 1 is subtracted
from the running digital sum. The trellis of Figure 6 has a rinning digital
sum constraint that forbids the running digital sum from being greater than
6 or less than zero. Thus, in maximum state 168, the only allowable.
15  transition is to state 169, a transition that represents a -1 at the channel
input and a reduction in the running digital sum. Similarly, the transition
from minimum state 170 must produce 2 +1 so that the running digitél sum
will increase from 0 to 1.

Each unique path through the trellis of Figure 6 represents one
20  possible 15-bit codeword for each 12-bit data word used as input to the
encode rules, with the exception that none of the codewords may have a
string of six identical values. The generation of each codeword begins with
a running digital sum of four at state 172 and ends with a running digital
sum of three at state 174. Because there are 15 bits in each codeword, there
. 25  will always be an unegnal number of "+ 1’s" and "-1's" represented by each
codeword. Specifically, there will be 8 "-1’s" and 7 "+ 1’s” represented in

each codeword produced by trellis 163 of Figure 6.
The distribution of "+ 1’s" and "-1’s" in ENCODED DATA 26
.detel.'mines the spectral response of the trellis code. The spectral response



25

Mat ched spectral null encoder 64 receives BIT CLOCK 46

fromclock generator 44 and WRI TEGATE 122 from sequencer |logic 212
Figure 1 and uses the bit clock to generate BYTE CLOCK 68 t hat

controls the timng of the bytes in | NTERLEAVED ECC DATA 66. BYTE
CLOCK 68 al so controls the production of bytes by ECC encoder 60.

WO 96/ 41341
PCT/ US96/ 09506
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Mat ched spectral null encoder 64 encodes the val ues from | NTERLEAVED
ECC DATA 66 into a series of interleaved codewords that -appear in
ENCODED DATA 26. The encoding is perforned in such a manner that

the preferred enbodi ment only three bytes of |INTERLEAVED ECC 5 DATA
are used in the production of two interl eaveql_lf_odev\ords.

10

15

is a running digitel sum produced by sampling ENCODED DATA 26 at
different frequencies. For a PR4 channel, it is preferred that ENCODED
DATA 26 have a running digital sum of zero at DC, which samples every
bit, and at the Nyquist frequency, which samples every other bit. A running
digital sum of zero is usually referred to as a spectral null, since it has no
value at that frequency.

Because each codeword produced by trellis 163 represents one
more -1 than +1, its spectral response has a spike at DC instead of a DC
null, ¥ the codewords from both trellis encoders were simply interleaved to
produce ENCODED DATA 26, that interleaved signal would have a
spectral response with a spike at both DC and the Nyquist frequency.

of

in
66

To remove these spikes, the present invention inverts the .

binary values of every other codeword from top encode rule 106 and bottom
encode rule 108. In addition, it is preferred that the inverted codewords also
be reversed so that the last bit becomes the first bit in the codeword.
Inverting the codewords makes the number of "+1’s" and "-1’s" equal over
any two consecutive codewords from a particular encoder. This introduces
a null into the channel input at DC and the Nyquist Frequency. The
inversion and reversal is performed within top encode rule 106 and bottom
encode rule 108 of Figure 5.

Figure 7 is one embodiment of clock generator 44 and detector
42 of Figure 1. Clock generator 44 contains timing control 230 and Voltage
Controlled Oscillator (VCO) 232, which together create BIT CLOCK 46.
Sequencer logic 212 provides READGATE 282, which rises during a
synchronization field, with a fixed frequency of transitions, and timing
control 230 uses this fixed freqﬁency to set a voltage to control VCO 232.

' Specifically, timing control 230 creates a control voltage that controls the

frequency of a clock signal produced by VCO 232.  Once synchronized, this
clock signal becomes BIT CLOCK 46.



Because of this limtation, if a channel burst error conprom ses two

I nterl eaved codewords, it will only affect three bytes of | NTERLEAVED

ECC DATA 66. Figure 3 is a representation of one
storage area in buffer 62. 10 1In the representation, buffer 62 is divided
into rows and colums of nenory | ocations, each nenory | ocation

capabl e of stor| byte of information. Rows 70, 7 ch
represent separ ﬁ}g’%ﬁ%‘éks of data bytes and associ at edzrgggsg%esge In
the preferred enbodi nent of the present i nvention, each bl ock
contains 175 bytes of user data and 5 bytes of ECC 15 .values. The 5
byt-es of ECC val ues are capable of correcting up to two erroneous
bytes in any one block. Thus, the 5 bytes of ECC values in row 70
can correct up to two erroneous bytes of user data in row 70.

To create | NTERLEAVED ECC DATA 66 from the varlfes . stored in buffer
62, bytes of data and ECC val ues are retrieved fro 62 in the

m huffer .20
fol | owi ng sequence. The first BAREION 42,1528 QO KB glu@@ﬁ’rbbyﬂﬁtmrs and; g
becomes the first byt ibaion 1B 50 dBiget Ekiboftf in DIGITAISSAMPLES 431t He

byte in row 72, marked as user byTe 80 becones_the second lz)g/te r ead

frombuffer 62. The ttworparaliel Vitesbidasectoss; Bvep VitethhDesopton236rand; QddoViterbi of
10 one vt 1 e ek AT, A 5

where user bytes 84, and » fromrows /0, 72, a > th
fourth, fifth andSsi xXmisebgud sutput peeries/ of godewiords en d8-bitsbuses:t The aletesction |is

oo U VoChalgh Al  EEIS CEBCR ATl ORISR BB
are tied to the enable inputs of Even Viterbi Detector 236 and Odd Viterbi
Detector 238 respectively. Both EVEN CLOCK 240 and ODD CLOCK 242
are created by divide-by-two clock 234 which creates the signals by dividing

10  the frequency of BIT CLOCK 46 in half. Divide-by-two clock 234 is simply
a D-flip-flop with its clock input tied to BIT CLOCK 46 and its inverse-
output, Q, tied to its D input. This design causes divide-by-two clock 234 to

. flip-flop with every positive transition in BIT CLOCK 46.
The output, Q, is EVEN CLOCK 240 and the inverse-output

15 Q,is ODD CLOCK 242. Because the EVEN and ODD clocks are inverses
of each other, they enable Even Viterbi Detector 236 and Odd Viterbi
Detector 238 on an alternating basis. 'When EVEN CLOCK 240 is high,
Even Viterbi Detector 236 is enabled and Odd Viterbi Detector 238 is
disabled; when ODD clock 242 is high, Odd Viterbi Detector 238 is enabled

20  and Even Viterbi Detector 236 is disabled. ' _

When a Viterbi Detector is enabled, it will accept a new
sample from DIGITAL SAMPLES 43. Since each Viterbi Detector is only
enabled on every other puilse of BIT CLOCK 46, each will only accept
alternating samples from DIGITAL SAMPLES 43. For instance, Even
. 25  Viterbi Detector 236 receives samples 0, 2, 4, 6, 8... and Odd Viterbi
Detector 238 receives samples 1, 3, 5, 7... Thus, divide-by-two clock 243 acts
as a deinterleaver that separates the pairs of bitwise interleaved codewords
found in DIGITAL SAMPLES 43.
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- 10- Figure 4 is a bl ock diagram of matched spectral

nul | encoder 64 of Figure 2. An encoder nmap 100 recei ves | NTERLEAVED
ECC DATA 66 frombuffer 62, as well as BIT CLOCK 46 from cl ock
generator 44 and VRI TEGATE 122 from sequencer |ogic 212. Encoder map
100 uses BIT .5 46 to generate BYTE CLOCK 68 and divi

| NTERLEAVED wo ATA 66 into two separate data streans, dﬁ‘%ﬂ"%‘f’&ﬁm
102 and BOTI OM STREAM 104. TOP STREAM 102 is input to top encode rule

106 and BOTTOM STREAM 104 is input to bottom encode rule 108. Top

encode rule 106 and bottom encode rule 108 are preferably identical to each
10 ot her and encode the signals in their respective streans in an

i denti cal manner. As a result of this eﬂgpding, top encode rule 106
produces TOP CODED STREAM 110 and bott df?encode rul e 108 produces

BOTTOM CODED STREAM 112. ) , TOP CODED STREA d
BOTTOM CODED 15  STREAM 112 2P&fore,pbeing , deigteziepyed, o the | .%“ﬁfé@rﬁﬂ

{ﬁgeib;/teg 5}[ TT%OCK SAMPEES a3 $rifEiably dfehds’ PRUthahnd datput Hefotel A1 %y €5
where 1 is the input signal and D? is the input signal delayed by two BIT
CLOCK pulses. Such a signal is the same as two interleaved (1-D) signals,
S  where D represents one delay. Thus, after deinterleaving, each Viterbi
detector receives a noisy (1-D) channel signal at its input.
~ Even Viterbi Detector 236 and Odd Viterbi Detector 238
produce EVEN CODEWORDS 244 and ODD CODEWORDS 246,
respectively, which are input to frame sync detector- 248 and decoder 50 of
10 Figure 1.

During the period when the transducer is over a
synchronization region of the magnetic disc, frame sync detector 248 uses
values from the two Viterbi Detectors to synchronize the detection and
decoding of codewords in the data region of the disc. Frame sync detector

15 248 monitors the outputs of the detectors during this period to determine if
the current DIGITAL SAMPLE is the last sample in the frame sync region
of the disc. If it is the last sample, frame sync generator 248 sets its output,
SYNC FOUND 250, high.

SYNC_FOUND 250 passes to D-FLIP-FLOP 252 and AND-

20  gate 256, which work together to convert the single positive-going transition
on SYNC FOUND 250 into a pulse. SYNC_FOUND 250 is tied to the D-
input of D-FLIP-FLOP 252, which receives BIT CLOCK 46 at its clock
input. The rising edge of SYNC. FOUND 250 is synchronized with the
rising edge of BIT CLOCK 46 so that D-FLIP-FLOP 252 does not capture

25  the change in SYNC_FOUND 250 until the next rising edge of BIT CLOCK
46. This delays the transition at the output of D-FLIP-FLOP 252 for one
BIT CLOCK period. After that delay, the inverse output, Q 254, of D-FLIP-
FLOP 252 becomes low.



CODED STREAM 110 with the bits of BOITOM CODED STREAM 112 and out puts
the interl eaved stream as ENCODED DATA 26 at a rate set by BIT CLOCK
46. The interleaving is such that ENCODED DATA 26 'is 20 constructed from
alternating bits of TOP CODED STREAM 110 and BOTTOM CODED STREAM
112. Figure 5 is a preferred enbodi nent of matched

spectral null oder 64 of Figure 4. In this enbodi mentl,:gzl%g}m map
10Q of Figure 4w°96’4?‘&§s constructed fromfirst-byte register ) b

second- byte register 126, 25 partitioner 128, and divide-by-ten counter
120. Di vi de-by-ten counter 120 is driven by BIT CLOCK 46
and is reset by the inverse of WRITEGATE 122 of Figure 1. For every
ten pul ses on BIT CLOCK 46, divide-by-ten counter 120 produces one

pul se on BYTE CLOCK 68, which controls tlhle | oadi ng of first-byte
regi ster 124 and second- WO 96/ 41341"

PCT/ US96/ 09506 AND-gate 256, which receives both SYNC_FOUND 250 and

Q 254, combines the two signals to create a pulse. When SYNC FOUND

250 goes high, Q254 is already high forcing the output of AND-gate 256,

STARTCNT 258, high. After the delay created by D-FLIP-FLOP 252, Q

5 254 goes low and STARTCNT 258 returns low. This creates a pulse on
STARTCNT 258 that is one BIT CLOCK period wide.

The rising edge of STARTCNT 258 resets Modulo-30 counter
260, which repeatedly counts from zero to twenty-nine. The count is
controlled by BIT CLOCK 46 which is tied to the clock input of module-30

10  counter 260 causing the counter to increment once for each sample in
DIGITAL SAMPLES 43. When module-30 counter 260 is reset, count zero
begins at the first bit of two interleaved codewords in DIGITAL SAMPLES
43. At count 29, thirty counts after module-30 counter 260 was reset, the
sample in DIGITAL SAMPLES 43 represents the last bit of the two

15  interleaved codewords. This relationship is repeated for each pair of
interleaved codewords in DIGITAL SAMPLES 43.

The count on module-30 counter 260 is output on a five-bit bus
line 262 that is input to a count decoder 264. The count decoder produces
five separate outputs that have high values during particular counts. For

20  instance, 28_CNT 266 is high during the time period when the count on
module-30 counter 260 is 28, otherwise 28 CNT 266 is low. Similarly,
29 CNT 268,23 CNT 270, 13_CNT 272, and 3_CNT 274 are high when the
count is 29, 23, 13 and 3 respectively, but otherwise, these signals are low.

The pulse on STARTCNT 258 is input to AND-gate 276 along

25  with ODD CLOCK 242. If the pulse on STARTCNT 258 occurs at the
same time ODD CLOCK 242 is high, the output of AND-gate 276 will be
high. This will only occur when the last bit of the frame sync found in the
servo region is fed to Odd Viterbi Detector 238. If the last bit of the frame
sync is sent to Odd Viterbi Detector 238, then the first data bit will be sent



-11- byte register 126. Under the control of BYTE CLOCK 68,
I'NTERLEAVED ECC DATA 66 enters matched spectral null encoder 64 on
an eight-bit bus, one byte per BYTE CLOCK cycle. The eight-bit bus is
connected to partitioner 128 and the input of second-byte register 126. At
5 the first pulse of BYTE CLOCK 68, the first byte of data on

| NTERLEAVED E ?? Is | oaded into second-byte register

After a short propagation delay, this val ue appears at second te %&EP|IH€
130, which is the eight-bit bus output of second-byte register 126 Second-
byte bus line 130 is input to partitioner 128 and first-byte register 124.
10 - Wth the next pulse on BYTE CLOCK 68, the byte val ue on
second-byte bus line 130 is loaded into first-byte register 124 and after a
short propagation del ay appears on first-bytey?us line 132, which is the

ei ght - bi t bus output of first-byte régtster 124. This BYTE CLOCK

pul se al so s e byt n L NT \/| DATA .66 t 0 be
| oaded into 15 %Ef%}ﬁ(jﬁ#%%g %a%%focg rf’?fm a“fﬂfs
next byte appears OnmterleavedeWﬂmedaeétem Evén Viterbi Ipetbcror 236 whild

passes onto | NTERLEA eodeword of goeh B9 S‘ttr’ﬁbpwaﬁyﬁe«ﬂ?w%%g@ar :

on second-byte bus | pgg 130. At this point, first-byte
bus line 132, second-byte bus line 130, and INTERLEAVED ECC_DATA 66,
together carry a3set of three Hipquiput ommmﬂ%éeamtmsmzmﬂyn&n

| NTERLEAVED ECC DATAGH ahtgﬁgﬁh of D-FLIPFLC 280/ -FLIPSFLOP %hé 078

into partitioner 128 an er form 24 bits of data and/

val ues. These 24 bit Qﬂaﬂae@wm%‘f—r’ﬁm high:valuesgfound at thelﬂ‘i@mlttoim bi t
R R
passes the high value to the D-input of D-FLIP-FLOP 280 which passes the
~10  value to its output, EVEN_FIRST 284. Since this output is then fed back
to the D-input of D-FLIP-FLOP 280 by way of OR-gate 278, D-FLIP-FLOP
.280 retains this high value until it is reset. _
Since EVEN_FIRST 284 is set high when the first data bit is
being fed to Even Viterbi Detector 236, EVEN_FIRST can be used to

15  determine if the first codeword is on Even Viterbi Detector 236 or Odd
Viterbi Detector 238. If EVEN_FIRST is high, the first codeword of each
interleaved pair of codewords will be detected by Even Viterbi Detector 236.
If EVEN_FIRST is low the first codeword will be detected by Odd Viterbi
Detector 238.

20 - D-FLIP-FLOP 280, D-FLIP-FLOP 252, and frame sync
detector 248 are all reset by the inverse of READGATE 282, a signal that
is high during read operations. Thus, READGATE 282 resets the outputs
of these devices; SYNC_FOUND 250, STARTCNT 258, and EVEN_FIRST
284, at each synchronization region marking a new sector. Within a sector,

25  these signals remain constant, meaning that EVEN_FIRST 284 has the same
value for an entire sector.

Figure 8 is an embodiment of decoder SO of Figure 1 which
can be used in conjunction with detector 42 of Figure 7. The decoder
receives detected codewords from the detector of Figure 7 and decodes the



104 are 12-bit bus lines that are input to top encode rule 106 and bottom
encode rule 108 respectively. The two encode rul es encode each 12-bit word

into a 15-bit codeword to produce TOP CODED STREAM 110 and BOTTOV
CODED STREAM 112 which are carried on 15-bit bus |ines. WO

96/ 41341 PCT/ US96/ 09506
-12- The“ﬁn&ﬁﬂﬁlrules preferably apply a NRZ codi ng sc

each "1" in the codeword represents one direction of nagnetization on
t he di sk, and each "0" represents an opposite direction of

magneti zati on. For reference, the directions of magnetization are
ref-erred to as the "+ 1" and "-1" 5 . directions. Each
codeword within TOP CODED STREAM 110 and BOTTOM CODED STREAM 112 is

input to shift register 138 which acts -19-

codewords into a series of bytes of user data and ECC values. The
codewords are received on EVEN CODEWORDS 244 and ODD
CODEWORDS 246, with complete codewords arriving at count 28 or 29 of
module-30 counter 260 of Figure 7. _

5 The full codewords on EVEN CODEWORDS 244 and ODD
CODEWORDS 246 are received by and held in registers 300 and 302
respectively for a 30 count cycle of module-30 counter 260 of Figure 7. The
joading of registers 300 and 302 is controlled by the output of AND-gates
304 and 308 respectively. AND-gate 304 has one input tied to EVEN

10  CLOCK 240 of Figure 7, allowing the register to be loaded only during the
sampling period of Even Viterbi Detector 236. Similarly, AND-gate 308 has
one input tied to ODD CLOCK 242, allowing register 302 to be loaded at
odd sampling periods. Both AND-gate 304 and AND-gate 308 have one
input tied to the output of OR-gate 306, which performs a logical OR of

15 28 CNT 266, and 29_CNT 268 of Figure 7. Thus, OR-gate 306 produces a
high value when module-30 counter 260 of Figure 7 reaches a count of 28
or 29, coinciding with the last bits in the two interleaved codewords. Under
this control system, registers 300 and 302 load a new codeword at the last
bits of each codeword in EVEN CODEWORDS 244 and ODD

20 CODEWORDS 246, respectively.

The output of registers 300 and 302 are input to a 15-by-2
multiplexer 310 that selects one of the two inputs as its 15-bit output. The
selection is controlled by SELECT signal 311 from Exclusive OR-gate 312,
One input of Exclusive OR-gate 312 is EVEN_FIRST 284, which is high if

. 25  the first codeword of two interleaved codewords is stored in (even) register
300 and low if the first codeword is stored in (odd) register 302. Thus,
EVEN FIRST 284 controls which register should be the first to pass its
output through 15-by-2 multiplexer 310. The other input to Exclusive-or-
gate 312 is tied to the output of register 314 which controls the period of



as interleaver 114 of Figure 4. The 15-bit bus |ine of TOP CODED

STREAM 110 is interleaved wth the 15-bit bus line of BOTTOM CODED 10
STREAM 112 at the inputs of shift register 138. Thus, input DOis the first
bit of BOTTOM CODED STREAM 112 and D1 is the first bit of TOP CODED
STREAM 110. Likewi se, D28 is the last bit of BOITOM CODED STREAM 112
and D29 is the il of TOP CODED STREAM 110.

val ues of TCP.C@%’@#I!{EAM 110 and BOTTOM 15 CODED STREAM 1{‘(:1'(/5‘[; ea;%aded
into shift register 138 at each positive going transition received on
LOAD 144 at the load input of shift register 138. LOAD 144 is created
by -di vi de-by-30 counter 146, which produces one positive going
transition for every thirty pulses on BIT CLOCK 46. The shifting of
shift register 138 is controlled by BIT CLOCK 46 which is 20 recei ved at
the clock input of shift reg| ster 138. Wth e®n cl ock pul se on BIT

%23" o gni 11 cant  bi (A EAd TeRBFH 00 288 SRR # w‘iﬁ%""s'“ alyes digh 1iby-2 h
f\%l iS bi t out pgz)dewor of g%opum@(:&% STWMZ and T%h%éésﬁﬁet ©

STREAM 110 have been msmﬂn in 28 CHA 266 m@atmbx;a Positive fragsition dn 3_CNT

ENCODED DATA 26, a sey %Mtg "
on TOP CODED STREAM 11 alk r%%?g%%%éﬂ EAI\/l %%%d&b&mg 29,
Figure 6 is one e&bod‘D‘hﬁh"s "2fand "8} and the othexjcodewiond forrall ethendounts. Workirge

found in top encode rybgyd06he308 it &E&iﬁ%ﬂg DR ghtz 319 8aies 13-Bf25mltiplexer

310 to pass the first codeword of each interleaved pair during the counts of

29", "0", 1", "2" and "3", and the second codeword of each interleaved pair
second, during the remaining counts.

10 The output of 15-by-2 multiplexer 310 is a 15-bit line that is

input to Trellis Decoder 314. Bach codeword is decoded by Trellis Decoder

314 according to the inverse of encode rules of Figure 4. Based on the

encode rules, Trellis Decoder 314 produces twelve bits of user data and

ECC values for each codeword. These twelve bits are output on three

15  separate four-bit lines DECODB_BO’I"I‘OM 316, DECODE_MIDDLE 318,

and DECODE_TOP 320.

DECODE _BOTTOM 316 is input to four-bit delay register

322, and DECODE _MIDDLE 318 is input to four-bit delay register 324.

Both registers accept values on their inputs at positive going transitions in

~20  OUT_BYTE CLOCK 326, which is produced by OR-gate 325. 23 CNT 270,

13 CNT 272, and 3_CNT 274 are input to OR-gate 325 to produce a signal

with a pulse at every 10 counts of module-30 counter 260 of Figure 7. Thus,

OUT_BYTE CLOCK 326 has three equally spaced pulses for each pair of

interleaved codewords. The output of delay registers 322 and 324 is

25 DELAYED BOTTOM 328 and DELAYED MIDDLE 330, respectively.

The signals from Trellis Decoder 314 and delay registers 322

and 324 are input to two 4-bit by 3-input multiplexers, 332 and 334, which

have three common enables. Multiplexers 332 and 334 both have three

inputs A, B, and C, and three enable inputs Enable A, Enable B and



WD 96/ 41341

PCT/ US6/ 09506 The trellis diagramhas a vertical axis 160
that has values fromzero to six representing a running digital sum
Horizontal axis 162 represents 15 tine periods with one digit of the
15 bit codeword being decided at each tine period. The boxes shown
in Figure 6 reprgs lid running digital sum 5 val ues a LTE .
The. arrows bet vve‘gﬁs%%l)?)gg represent valid transitions frgﬁ]ﬂgﬁm
period to the next. Upward di agonal arrows, such as arrow 164,

represent + |'s at the channel input corresponding to one direction of
magneti zation on the di sk. Downward di agonal arrows, such as arrow 166,
represent -1's at the channel input corresponding to the opposite direction
10 of magnetization. For each upward diagongbnarroma 1 is added to the
running digital sumand for each downward di aggnal arrow, 1 is subtracted

u

sum const raint that PERGE Pree AR CRE R LA TRIC R S KAMET: Gt 0
6 or 1ess than zero. theusultiplexérs o pussithé ghlae badinptithA, Bpoy Catdspeaively. 15
channel - input and a' r oo FORPBeA ForkE DT A AciG Sl dfcodst 204,08 .
the transition Figure 7. 3_CNT 274 is high during the period when modyle-30 counter 260
5 is on count "3". Similarly, Enable B receives 13_CNT 272 and Enable C
receives 23_CNT 274. Thus, each input, A, B and C, of multiplexers 332
and 334 are passed to the outputs at different times separated by ten counts
of module-30 counter 260. The four-bit outputs of the two multiplexers are
combined to form 8-bit BYTELINE 336. The value on BYTELINE 336 is
10  loaded into output register 338 upon each positive-going transition in
OUT_BYTE CLOCK 326. The value is held at the output of output register
338 until the next positive going transition in OUT_BYTE CLOCK 326.
Thus, the multiplexers 332 and 334 work with output register 338 to perform
a parallel to serial conversion.
15 For example, when 3_CNT 274 becomes high, the values at the
A inputs of multiplexers 322 and 324 are output on two separate four-bit
lines from the multiplexers. The A input of multiplexer 334 receives
DECODE TOP 320 and the A-input of multiplexer 332 receives
DECODE_MIDDLE 318. Thus, at the count of "3", BYTELINE 336 has
20  the first eight-bits of the first decoded codeword of a pair of interleaved
codewords. ’
The pulse on 3 CNT 274 also causes a pulse on OUT_BYTE
CLOCK 326 causing delay register 322 to load DECODE_BOTTOM 316
and output register 338 to load BYTELINE 336.
25 ‘ The next enablement of muitiplexer 332 and 334 occurs at
count "13" when 13_CNT 272 goes high for a short period. At this time,
Trellis Decoder 314 has decoded the second codeword in the pair of
interleaved codewords and DECODE_BOTTOM 316, DECODE_MIDDLE
318, and DECODE _TOP 320 each contain four bits of user data and/or



frommninmmstate 170 nust produce a + 1 so that the running digital sum

W ll increase fromO to 1. Each uni que path through the
trellis of Figure 6 represents one 20 possi ble 15 bit codeword for each
12-bit data word used as input to the encode rules, with the
exception that none of the codewords may have a string of six

I denti cal val ue eneration of each codeword begins with sﬁmﬁnT
running digital %ﬂ%ﬂa‘g?ﬁf our at state 172 and ends with a runnipncérmdsl girta

sum of three at state 174. Because there are 15 bits in each codeword,

there 25 will always be an unequal nunber of "+ |'s" and "-1's" represented
by -each codeword. Specifically, there will be 8 "-1's" and 7 "+ 1's"
represented in each codeword produced by trellis 163 of Figure 6.
The distribution of "+ 1's" and "-1's" in ENCUQED DATA 26 det er m nes
t he spectral response of the trellis code. Theé“spectral response

WO 96/ 41341 ECC values from the second decoded codeword. 13 CNT 272 enables the

PCT/ US96/ 09506 .
B-inputs of multiplexers 334 and 332 which are tied to

DELAYED BOTTOM 328 and DECODE_TOP 320 réspectively. Thus, the
B-input of mnitiplexer 334 receives the last four bytes of the first decoded
5  codeword, and the B input of multiplexer 332 receives the first four bits of
the second decoded codeword. This byte replaces the current byte in output
register 338. _
The pulse on 13_CNT 272 also causes the second and third
four-bit nibbles of the second decoded codeword to be loaded into delay
10  registers 324 and 322 respectively. These stored values are used on the third
enablement of multiplexers 332 and 334 upon the occurrence of a pulse on
23 CNT 270. The pulse is fed into Enable_C, and causes the multiplexers
to pass the values at their C-inputs to BYTELINE 336. The value at the C-
input of multiplexer 334 is DELAYED MIDDLE 330 which contains the
15  middle nibble of the second decoded codeword. The value at the C-input
of multiplexer 332 is DELAYED BOTTOM 328 which contains the last
nibble of the second decoded codeword. These values are loaded into
output register 338 along BYTELINE 336. .
For each pair of interleaved codewords, output register 338
20 produces three serial bytes comprised of the first eight-bits of the first
decoded codeword; the last four bits of the first decoded codeword and the
first four bits of the second decoded codeword; and the last eight-bits of the
second decoded codeword. These three bytes represent the three bytes used
to construct the two interleaved codewords in matched spectral null encoder
25 64 of Figure 2.
Figure 9 is a diagram of a Viterbi Detector Trellis for use in
Viterbi Detectors 236 and 238 of Figure 7. The Viterbi Detector Trellis of
Figure 9 has two states for each of the states shown in the trellis diagram of
Figure 6. One state is indicated by a shaded box and the other state is



- 14- Is a running digital sum produced by sanpling ENCODED DATA 26

at different frequencies. For a PR4 channel, it is preferred that
ENCODED DATA 26 have a running digital sumof zero at DC, which
sanpl es every bit, and at the Nyquist frequency, which sanples every
other bit Arunning 5 digital sumof zero is usually referred to as a
spectral null, g ,t has no val ue at that frequency.

Because each coggm%gg‘%roduced by trellis 163 represents one Pcmjsmm -1
than + 1, its spectral response has a spike at DC instead of a DC

null. If the codewords fromboth trellis encoders were sinply interleaved

to -10 produce ENCODED DATA 26, that interleaved signal would have a
spectral response with a spike at both DC and the Nyqui st frequency.
To renove t hese spi kes, the present invention,jnverts the - bi nary
val ues of every other codeword fromtop encod® rule 106 and bottom

encode rule 108. In additi.o it IS Rr red co S
al so 15 be reverse’ffpﬁ)"e’?tﬁgtbytﬁ 05@?3%(? t&ﬁs%hﬂ}g #&th Wéj
cocliewor d. | | nvep kviaﬁshﬁmmbﬁﬁwepx@senwd(aaauﬁeaguﬂofﬁmagnetﬂhon anfidhe
"-1's" equal over WO C0ns codewor r articul ar
encoder. This introd%%%haggdi’ ‘ﬁ‘a’rcF &’Pbaf%m Fmﬁigiﬂ‘t éj’! %E‘e?nﬂ “Fhe
Nyqui st Frequency. Teifection ofmdgﬁew Fut ihatiides shaded ok 180 atdChol-shiaded t op
encode rule 106 and bottom 20 code r | e 10315)8&#1&;% 5

Figure 7 is one énbomaﬁth&lsﬂ ‘éts'@t‘e ¢ &t If; the channel bit s

Figure 1. O ock geney 16 $tateOrTR2ak éﬂtéaaglca{wﬁérb?mt&mimmsmldbe
Control l ed Gscill atorﬁ&%glo 232, Wh?}??] t oget her create Bl T CLOCK 46

Sequencer |ogic 212 ﬁars@ﬁ#d Howeverrif thebit previews tojssate 142 reprgsentedsa -1, the
synchroni zation i el ¢ieMs Derdbrdr Hetis' SroRIpERY wohid BeAhhdde 4B, and tim ng

As discussed earlier, channel 32 is preferably a PR4 channel
10  that ideally has a transfer characteristic of (1-D?), where "1" represents
WRITE signal 30 and D? represent the write signal delayed by two time
units. This means that READ signal 34 will ideally be a 1-D? representation
of WRITE signal 30 of Figure 1. Those skilled in the art will recognize that
a (1-D?) transfer function is the same as two interleaved (1-D) transfer
15  functions. Thus, if READ signal 34 is deinterleaved, as shown in Figure 7,
it produces two (1-D) signals. This means that the signal received at each
Viterbi Detector is equivalent to a series of channel input bits minus that
series delayed by one time unit.
The signals at the Viterbi Detectors are not perfect 1-D
20 - representations of WRITE signal 30. First, passing READ signal 34 through
read equalizer 38 equalizes the signal so that it has expected sample values
of +1, -1 and 0. In addition, NOISE 36 of Figure 1 corrupts READ signal
34. Values in the deinterleaved signals that are close to +1 are generally
decoded as a trénsition from "-1" to "+1" in WRITE signal 30; values close
25  to"0" are generally decoded as no transition in WRITE signal 30; and values
close to "-1" are generally decoded as a transition from "+1" to "-1" in
WRITE signal 30.
Thus, a value near "0" generally indicates that the channel bit
remains the same. Detected "0’s" are depicted on the detector trellis as any



control 230 uses this fixed frequency to set a voltage to control VCO 232.
Specifically, timng control 230 creates a control voltage that controls

t he frequency of a clock signal produced by VCO 232. Once _
synchroni zed, this cl ock signal beconmes BIT CLOCK 46. WO
96/ 41341 PCT/ US96/ 09506

- 15- WO 96/41341 " Detector 42 uses two parallel Vi terbltc@w&ggs
and synchronrzation logic to detect codewords in DI G TA L 43.
The two parallel Viterbi detectors, Even Viterbi Detector 236 and
Qdd Vi ter bi Det ector 238, receive DIG TAL SAMPLES 43 on five-bit or
Si x-bit input 5 buses and output a series of codewords on 15-bit buses.
The detection is synchroni zed, in part, by EVEN CLOCK 240 and ODD
CLOCK 242 whi ch are tied to the enabl e_'ﬂ‘_nputs of Even Viterbi

Det ector 236 and Odd Viterbi
- path between two consecutive shaded baxes, such as path 183, or any path
between two consecutive non-shaded boxes, such as path 184. A detected
"+ 1" is shown on the detector trellis as a path from a non-shaded box to a
shaded box, such as path 185, and a detected "-1" is shown as a path from
5  ashaded box to a non-shaded box, such as path 186.

To detect a codeword, each Viterbi Detector constructs several
hypothetical paths through the detector trellis for its deinterieaved signal and
then determines which hypothetical path is closest to the deinterleaved
signal. To build these hypothetical paths, the Viterbi Detectors look at each

10  time period sequentially. For each time period, the detectors determine the
most likely path into each state given the value in the deinterleaved signal
for that time period. The most likely path into each state is determined by
comparing the accumulated metrics of each path into that state. The
accumutated metric for each path is the sum of a previous state metric and

15  a branch metric. For the preferred embodiment of this invention, the
single bit paths (branches) have been assigned the branch metrics listed

below:
SINGLE BIT PATH BRANCH METRIC
shaded-to-shaded by =0
20 - white-to-white b, =0
shaded-to-white byj=S+y
white-to-shaded by=5-y

where y is the equalized sample value in the deinterleaved signal for that
time period. For each path leading into a state, the detector computes a
25  metric equal to the sum of the branch metric for the last bit of the path, plus
the state metric of the predecessor state which is at the source of the last bit.
These metrics are compared, and the minimum metric and its associated
path are selected as the most likely. The metric and path history are



Det ector 238 respectively. Both EVEN CLOCK 240 and ODD CLOCK 242 are
created by divide-by-two clock 234 which creates the signals by dividing
10 the frequency of BIT CLOCK 46 in half. Divide-by-two clock 234 is

sinmply a Dflip flopwith its clock input tied to BIT CLOCK 46 and
Its inverse- output, Q tiedto its Dinput. This design causes

di vi de- by-two cl to flip-flop with every positiv hdnk ON
in BIT CLOCK 46. ‘985 Zl%ﬁi The output, Q is EVEN CLW%%d

t he i nverse-output 15 Q is ODD CLOCK 242. Because the EVEN and ODD

cl ocks are inverses of each other, they enable Even Viterbi Detector
236 and Odd Vi ter bi Detector 238 on an alternating basis. Wen EVEN
CLOCK 240 is high, Even Viterbi Detector 236 is enabled and Odd
Viterbi Detector 238 is di sabl ed; when ODD cl ock 242 is high, Gdd

Viterbi Detector 238 is enabled 20 and EveR®iterbi Detector 236 is

di sabl ed. VWhen a Viterbi itowill

accept a new W‘ﬁmﬁﬂ@m WL@&%OM@%& method of

Detector is only the\ﬁiié digbrithmevery other pulse of BIT CLOCK 46, each
terna

wi Il only accept ting sanples fromD G TAL SAMPLES 43. For
i nstance, Even 25 Viterbi DWheatfinishedsthe-detector bas ¢hosen ane pathintoseach

gin\(% gllejfjb;/ﬁ- : \i/(r)blcl ock %pg&cﬁg&%gﬁ&&??%gl n'tﬁg%ﬁe%dy%aft&gg%ar at é_ﬁﬂﬁﬁe
pairs of bitw se §nt spomezpaths thooighathe ddetector trellis will termimite and| sogePillogind3.

' their way through the entire trellis, The path with the smallest state metric
is chosen as the most likely codeword. .

Figure 10 shows the Viterbi Detector Trellis of Figure 9 with

a minimum distance error event of maximum length for the trellis code of

10  the present invention. A minimum distance error event is the most likely

error event that can occur and still produce valid codewords. The minimum

distance of a code is the minimum sum-of-squared differences between

noiseless samples corresponding to two different paths in the trellis. For the

trellis code of the present invention, the minimum distance of the code is 4.

15 The depiction of a minimum distance error event appears as

two pathways depicted as solid black lines through the detector trellis. In

Figure 10, first path 190 and second path 192 are both valid codewords. The

data streams which produce first path 190 and second path 192 differ from

each other in four different instances by a value of 1. The sum of the

20  squares of these differences equals 4, which is the minimum distance error

for this trellis code. These four differences are marked as error events 194,

196, 198 and 200. Note that the minimum distance error event does not

cross codeword boundaries, 201 and 202. The two paths are forced back

together at codeword boundary 202 before the beginning of the next

25 codeword. This ensures that a burst error will not cross codeword

~ boundaries, thus ensuring that the error will not affect the proper detection
of other pairs of interleaved codewords.

Because minimum distance error events are contained within

one codeword, burst errors will be limited to one codeword. When the
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PCT/ US96/ 09506 Bef ore bei ng deinterl eaved, the
signal on DI G TAL SAMPLES 43 preferably matches a PR4 channel out put
denoted as (1-Derr]) where 1 is the input signal and Derr] is the
i nput signal delayed by two BIT CLOCK pul ses. Such a signal is the
sane as two int o (1-D) signals, 5 where D represent $cRRRoélisey -
Thus, after deinterleaving, each Viterbi detector receives a nolsy
(1-D) channel signal at its input. Even Viterbi Detector
236 and Odd Viterbi Detector 238 produce EVEN CODEWORDS 244 and ODD
CODEWORDS 246, respectively, which are input to frame sync detector
248 and decoder 50 of 10 Figure 1. During the period
when the transducer is over a synchroni gg_tl on region of the magnetic
di sc, frame sync detector 248 uses val u fromthe two Viterbi

Detectors to synchro | &
t he data region of t%oé%v& a%ﬁgng%s%g&gg?zé%cpab@ﬂmz 3 Cr%'ﬁe% gm#}é’
out puts of the det ectthefacdthaltbgrstbrrersﬁmved:dencontainedmmnecédewordmeahethat
current DI G TAL SAMP le he | ast, sanpl e.i he fr S of
t he disc. i's thﬁ 55% ?"éu FL%R&J%{%{O ﬁ’é’ﬁ%?’%‘% gg%és‘g{ds“ﬁefsdaw‘
output, - - Thus, no one burst error will consume all of the ECC’s ability to correct

S  errors.

Although the present invention has been described with
reference to preferred embodiments, workers skilled in the art will recognize
that changes may be made in form and detail without departing from the
spirit and scope of the invention.

10



SYNC F SYNC FOUND 250 passes to
D FLI P I mjﬂ 20 gate 256, which work together to convert the

single pos¢ ransition on SYNCFOUND 250 into a pul se. SYNC
FOUND 250 is t| ed to the D i nput of D-FLIP-FLOP 252, which receives
BIT CLOCK 46 at its clock I nput. The rising edge of SYNC FOUND 250
I s synchroni zed rising edge of BIT CLOCK 46 so
D-ELI P- FLOP 252 oég‘ﬂ%fgt capture 25  the change in SYNC FQJN[SI‘%?E‘)S""’%"‘?
t he next rising edge of BIT CLOCK 46..Thi s del ays the transition at
t he out put of D FLIP-FLOP 252 for one BI T CLOCK '
del-ay, the inverse output, @54, of D FLIP- FLOP DBHSHSHRET-HAS BREN
WD 96/ 41341 : - REPLACED |
PCT/ US96/ 09506 ' - 1I7-
T : 27-
- WHAT ]S CLAIMED IS:
1 A digital communication apparatus for transmitting sectors of

digital units, each sector comprising a series of blocks and each block
including error correction values used to detect and correct errors within the
5  block, the error correction values useful in correcting up to a maximum
number of digital units, the digital communication apparatus comprising:
an encoding system, for producing an encoded series of digital
values from the blocks of digital units;
a channel, coupled to the encoding system to receive the
10 encoded series of digital values and to produce a
representation of the encoded series, the channel
capable of occasionally introducing burst errors into the
representation of the encoded series; and
a decoding system, coupled to the channel to produce a
15 representation of the blocks of digital units received by
the encoding system, the decoding system’s
representation based on the channel’s representation of
the encoded series, the decoding system’s
representation occasionally containing one or more
20 ' consecutive erroneous digital units due to burst errors
in the channel, the number of consecutive erroneous
digital units caused by any one burst error always being
less than the number blocks in the sector.

This Sheet Has Been Replac

(T !lll d



|ch recei ves both SYNC FOUND 250 and Q 254, conbi nes
reate a pul se. When SYNC FOUND . 250 goes high, Q
254 Ts a forC| ng the output of AND- gate 256, STARTCNT

258, hi gh After tF1e delay created by D-FLIP-FLOP 252, Q 5 254 goes | ow
and STARTCNT 258 returns low. This creates a pul se on : STARTCNT 258

that is one BI T“%;k{%}‘ eriod w de. The ri
STARTCNT 258 resets ul o- 30 counter 260, which repea’?bgl y counts
fromzero to twenty-nine. The count is control |l ed by BIT CLOCK 46

which is tied to the clock input of nodule-30 10 "y O 1jne
counter to increnent once for each sanple in :
When nodul e-30 counter 260 is reset, count zero : =5 R

bit of two interleaved codewords in DI G TAL HgPLES 43 At count 29,

thirty counts after nodul e-30 counter 260 was reset t he sanple in
DI G TAL SAMPLES 43 rgpresents Tﬂbedlgﬂﬁ coBin?mﬁ me claift ¢ WHaRAA The
codewords. This relationship i's rePeated for each pair

i nterl eaved codewor dendoditp Spstem comwisesS 43 The count

on nodul e-30 counter 260 is o Bui‘ﬂtm% e\égi }Qﬁlﬁn | 45 t fat
IS input to a count decoder e C h{ cog 2 the dl& Zﬁﬁs\/gﬁ
separate outputs that have h| gh valdm&nglusathg)fpdlgl mets Mnltwo seyies oD
i nstance, 28 CNT 266 is high duri n$ hhﬁ é coll

nodul e- 30 counter” 260 is 28, otherwse hg%“gg&%&gs Iowél%frr aﬁ y

29 CNT 268, 23_CNT 270, 13 CNT 272, diginil 8niCifon? édchablockhingd sedteny. t he

count is 29, 23, 13 and 3 respective but ot herw ese SI nal s are
ow e e ket PRI 1o 8 Perociies e’ o7

along 25 with ODD CLOCK 242. |f ahlcedeh! receiving 3&%& B&f,’esoatpmuahed he
same time ODD CLOCK 242-is high, heoutegg]il ?ﬂdA 6. Wl |
. high. This will only occur when th¥alugscaghen EVF&"?%?H‘"? Rf t he

servo region is fged to Qdd Viterbi pﬁ&itﬂﬁkﬂﬁraﬁ%@mtbfa stehes bf&ddekiokds? and he

f

rane an interleaver, coupled to both encoder means and
interleaving the series of codewords from the two

encoder means into the encoded series of digital

values.
15 3. The digital communication apparatus of claim 1 wherein the
channel is a magnetic recording device.
4, The digital communication apparatus of claim 1 wherein the
decodmg system comprises: _
a deinterleaver, for dividing the channel’s representation into
20 . , - two data streams;

two parallel detectors each receiving one of the data streams
from the deinterleaver and each producing a stream of
codewords based on the respective data stream; and
decoder means, coupled to the detectors, for generating the
25 | decoding system’s representation of the encoded series
from the series of codewords produced by the
detectors. _
S. The digital communication apparatus of claim 4 wherein the
decoder means comprises:

-
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sync is sent to Odd Viterbr—Detector 238, then the first data bit will be

PCT) US96/ 09_506\/\0 Pefatsal lm“l ||l|!llj”|||!M|L - 18-

Even Viterbi Detector 236 a

to
i rst codeword of each pair of

I nterl eaved codewords will be detected by Even Viterbi Detector 236 while
the second codeygryébspiggcach pair will be detected by Odd Vi terﬁr@&@;{, r
gate

238. 5 The output from AND-gate 275 is input to
278 al ong with the output of D-FLIP-FLOP 280. D-FLIP-FLOP 280 and
OR-gate 278 act together as a register, trapping h_val ues found at

t he' out put of AND- gate 276. As.soon as AND-gate Z'ms SHE
hi gh, OR-gate 278 passes the high value to the |nput gf&%’%
280 which passes the 10 value to its out put_29_EVEN- Fl RS- e th|

output is then fed back
gate means, receiving the two streams of codewords from the
two detectors, the gate means for passing one of the
two streams of codewords during a first time interval
and the other of the two streams of codewords during
5 a second time interval; and
a decoder, coupled to the gate means, for receiving codewords
and for translating each codeword to form the decoding
system’s representation of the blocks of digital values
received by the encoding system.
10 6. An encoding apparatus for encoding user data and error
~ correction values for transmission across a channel, the encoding apparatus
comprising encoder means for encoding the user data and error correction
values into codewords and combining means for combining each codeword
with at least one other codeword, the encoding apparatus characterized by:
15 partitioning means coupled to the encoder means, for
partitioning the user data and error correction values
provided to the encoder means, the partitioning such
that two burst errors in the channel will not cause
more errors than the error correction values can
20 - correct.
7. The encoding apparatus of claim 6 wherein the encoding
means comprises two parallel encoders. '
8. The encoding apparatus of claim 7 wherein the combining
means combines codewords in pairs and the two codewords in each pair are
25  together encoded from three bytes of user data and error correction vatues,
the three bytes each from separate blocks of user data and error correction
values, the error correction values capable of correcting up to two bytes of
user data and error correction values per block.

Sheet Has Been Replaced
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to t ' > FLI P-FLOP 280 by way of OR-gate 278, D FLIP-FLOP
280 E‘l Iﬂi@m‘"ﬁ u value until it is reset. Si nce
EVEN i¢ hi gh when the first data , beln_gfedto

Even Viterbi Detector 236, EVEN FIRST can be u
first codemord is on Even Viterbi Detector 23
Det ect or 238. 5¥EN | RST is high, the first codewort—e¥ i

i nterl'eaved palr codewords will be detected by Even Viterbi D
236. . If EVEN FIRST is low the first codeword will be detected by Cdd
Vit er bi Det ector 238. 20 . D-FLI P-FLOP 280, D FLI P-FLOP
252, and franme sync detector 248 are all reset by the inverse of
READGATE 282, a signal t-hat is high during read operations. Thus,
READGATE 282 resets the outputs of thesggdevi ces; SYNC FOUND 250,
STARTCNT 258, and EVEN FI RST 284, at each synchronization region

mar ki ng a new sector.g Wt hi n azsfighed of QS of WNEP dAta G Eri ! -
meani ng that EVEN FI RST 284 has the sane value for an entire sector.

Figure 8 i s an embodicomection MMWQ%@?’@OWWMS can be used
in conjunction with-detector 44 "%12#: eq,qﬁ. »Y
det ect ed codewords from t-he detect of |gurza£§ an Q% S%eéﬁﬁ?ht]%ﬁst
two streams of digital values;
5 encoding each stream of digital values into a stream of
codewords, where each codeword is. delimited by

codeword boundaries such that ‘minimum distance
errors do not cross codeword boundaries;
combining at least two streams of codewords into a combined
10 stream of codewords, the combined stream of
codewords such that a single burst error in the channel
will corrupt beyond recognition at most a number of
codewords that together represent fewer digital words
than the number of digital words the error correction
15 code can correct; and
transmitting the combined stream of codewords through the
channel. | _
10. The method of claim 9 wherein dividing the user data and
error correction code comprises dividing at least one digital word of user
20 data and error correction code into at least a first portion and a. second
portion, and placing the first portion in a first stream of digital values and
the second portion in a second stream of digital values.

/
eet Has Been Re(ilac"d
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-19- codewords into a series of bytes of user data and ECC values
The codewords are received on EVEN CODEWORDS 244 and ODD

CODEWORDS 246, with conplete codewords arriving at count 28 or 29 of
nodul e- 30 counter 260 of Figure 7. 5 The full codewords on
EVEN CODEWORDS 244 and ODD CODEWORDS 246 are received by, &}M@%

regi sters 300 anyo 341341 respectively for a 30 count cycle

counter 260 of Figure 7. The | oadi ng of registers 300 and 302 is
controlled by the output of AND gates 304 and 308 respectively.
AND- gate 304 has one input tied to EVEN 10 CLOCK 240 of Figure 7,
allowing the register to be | oaded only ing the sanpling period of
Even Viterbi Detector 236. Simlarly, A ate 308 has one input tied
to OOD CLOCK 242, allow ng register 302 to be | oaded at odd sanpling
periods. Both AND gate 304 and _AND-,gate 308 have one input tied to
the output of OR-gate 306, whi & rforms a logical OR of 15 28 CNT 266,
and 29 CNT 268 of Figure 7. Thug ) te 306 produces a hi gh val ue
when nmodul e-30 counter 260 of Fjgule 7| reaches a count of 28 or 29,
coinciding with the | ast bR 0 i nterl eaved codewords. Under
this control system registers § new codeword at the | ast

[ §$JD 20 CODEWORDS 246,

respectively.

CLOCK
GENER-
ATOR

/
i
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The output of registers 300 and 302 are input to a 15-by-2
mul tiplexer 310 that selects one of the two inputs as its 15-bit output.

The selection is controlled by SELECT signal 311 from Excl usive
OR-gate 312. One i nput of Exclusive OR-gate 312 is EVEN FI RST 284,
which is highif 25 the first codeword of two interleaved codewords is
stored in (even ISt er. 300 and low if the first cod j
staored in (odd)%pggggﬁgr 302. Thus, EVEN FI RST 284 contro éﬂﬂ%?%ﬁ
regi ster should be the first to pass its out put through 15-by-2

mul ti pl exer 310. The other input to Excl gSigye-or- gate 312 is tied to
the output of register 314 which control e period of WO

96/ 41341 PCT/ US96/ 09506
- 20- ' time each register, 300 and 302, is selected to pass its

val ues t hrough 15-by-2 mul ti pl exer 310. The output of register 314

is set high by a positive
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transition in 28 CNT 266 and is set low by a positive transition in 3_CNT
274. Thus, the output of register 314 selects one codeword for counts "29",
5 "0, "1", "2 and "3" and the other codeword for all other counts.

Wor ki ng together, the two inputs of Exclusive-OR-gate 312 causes
15-by-2 mul ti pl exer 310 to pass the first codeword of each

interl eaved pair ) the counts of 29", "0", "1", "2~ near
and, t he second gg gﬂg? of each interleaved pair second%n%ﬁégﬁﬁﬁ?he
remai ni ng counts. 10 The out put of 15-by-2 nultipl exer 310
is a 15-bit line that is “input to Trellis Decoder 314. Each codeword
i s decoded by Trellis Decoder 314 rding to the inverse of encode
rules of Figure 4. Based on the encode rules, Trellis Decoder 314
produces twel ve biits of user data and ECC val ues for each codeword.
These-twel ve bits are output on three 15 separate four-bit lines
DECODE_BOTTOM 316, DECODE M DDLE 318, and DECODE TOP 320.

DECODE BOTTOM 316 is input to four-bit delay register 322, and
DECODE M DDLE 318 is input to four-bit delay register 324. Bot h

regi sters accept val ues on tmﬂg ibuts at positi @ going transitions in

20 OQUT BYTE CLOCK 326, which roduced by OR-gdte 325. 23 CNT 270,

13 _CNT 272, and 3 CNT 274 arge_jnputi tg OR-gate 325§§o produce a signal

with a pulse at every 10 coynts of nodul e- 3o—eeurt-es—260 of Figure 7. Thus,
OUT BYTE CLOCK 326 has thre¢ equakly spaced pul sgs for each pair of

i nterl eaved codewords. Egeffutput del ay jreqgi stlers 322 and 324 is 25
DELAYED BOTTOM 328 and DELAYED M E 330, [frEsSpegtivey.
The signals from T Trellis Decodet 314 arfd del ay r-dgi sftexs 322 and 324
-are input to two 4-bit by 3R+mmpyt nultﬂgheﬂﬂrs, 332 jang; 334, which

have three comon enabl es. MIlftTT] exers—332 and 334 {bo have t hree
inputs A, B, and Gf nd threelenapl e ants Enabl] A,| Enabl e B and
gé _
& G

100
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g~ l‘\%
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WD 96/ 41341

PCT/ US96/ 09506 -21-
Enabl e C where a high val ue on Enabl e _A, Enable B and Enabl e C causes
the nultiplexers to pass the value on input A B, or C, respectively.

Enabl e A receives 3-CNT 274 from count decoder 264 of Figure 7. 3 CNT
274 i s high duriggdshgeperi od when nodul e-30 counter 260 5 TR GRS
"3", Simlarly,. Enabl e-B receives 13 CNT 272 and Enable C _recerves 23
CNT 274. Thus, each input, A, B and C, of nultiplexers 332 and 334
are passed to the outputs at different tines separated by ten counts

of nodul e-30 counter 260. The four-bit out of the two nultiplexers are

conbined to form 8-bit BYTELINE 336. The val'de on BYTELINE 336 is 10
| oaded into output register 338 upon each positive-going transition in
OQUT BYTE CLOCK 326. The value is held at the output of output register

338 until t-he next positive going transition in OUT BYTE CLOCK 326.

" i
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Thus,
a parallel

count of "3",

to serial
274 becones hi gh,

i nterl eaved

the multiplexers 332 and 334 work with out put
conversion. 15

t he val ues at the

324 are output on two separate four-bit
The A input of nultiplexer 334 receives
A-input of multiwbeysis32 receives
BYTELI NE 336 has 20
decoded codeword of a pair of

regi ster 338 to perform

For exanpl e,
A inputs of multiplexers 322 and
lines fromthe nultipl exers.
DECODE TOP 320 and the
DECODE M DDLE 318. T, e
the first eight-bits of thgef’P?ﬁ“’g”Q
codewor ds.

The pul se on 3-CNT 274 al so causes a pul se on OQUT_BYTE

causi ng delay register 322 to | oad DECODE
regi ster 338 to | oad BYTELI NE 336. 25
mul tipl exer 332 and 334 occurs at

high for a short period. At this tine,

count

decoded the second codeword in the pair of

DECODEBOTTOM 316, DECODE M DDLE &
bits of user data and/ Of..cpemepecd PAQOAL41341.
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PCT/ US96/ 09506
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162

when 3_CNT

CLOCK 326
and out put

The next enabl enent of
"13" when 13 CNT 272 goes
Trellis Decoder
i nterl eaved codewords and
318, and DECODE TOP 320 each contain

314 has



-22- ECC val ues fromthe second decoded codeword. 13 CNT 272
enabl es the B-inputs of nultiplexers 334 and 332 which are tied to
DELAYED BOTTOM 328 and DECODE TOP 320 respectively. Thus, the

B-input of nultiplexer 334 receives the last four bytes of the first
decoded 5 codeword, and the B input of multiplexer 332 receives the
first four bits t he second decoded codeword. This by S
the current bytéﬂéﬁﬂgaPput regi ster 338. ﬂéhﬁéﬁ%%@?
pul se on 13_CNT 272 al so causes the second and third four-bit

ni bbl es of the second decoded codeword to be | oaded into delay 10

regi sters 324 and 322 respectively..These stored val ues are used on the

third enabl ement of nultiplexers 332 and 334 upon the occurrence of
a pul se on 23 CNT 270. The pul se i sOfd into Enable C, and causes.
the mul tipl exers to pass the values at their Cinputs to BYTELINE
336. The value at the C i nput of multiplexer 334 is DELAYED M DDLE
330 which contains the 15 m ddl e ni bbl e of the second decoded codeword.
The val ue at the C-input of multiplexer 332 is DELAYED BOTTOM 328
whi ch contains the | ast ni bbl e of the second decoded .codeword. These

val ues are | oaded int { ouk p regf st @r 338 fl onggBYT NE 336.
For each pair of inter] eayed cogtwords, t utﬁfeg ster pr oduces

three serial bytes conprised of [the f§ eilght - bj ts—of—tfe—f+
decoded codeword; the |as{ four bit f coded codawpfd and the
first four bits of the| se¢ond decoded codewprid; ‘En% ast |€i 1;t-bits of

t he
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second decoded codeword. These three bytes represent the three bytes used
to construct the two interl eaved codewords in matched spectral null encoder

25 64 of Figure 2 Figure 9 is a diagramof a Viterb
Detector Trellis for use in Viterbi Detectors 236 and 238 of Figure
7. The Viterbi Detector Trellis of Figure 9 has two states for each
of the states saeﬂﬁugﬂbthe trellis diagramof Figure 6. pEpRsseosidd | S
i ndi cated by a shade ox and the other state is WO 96/ 41341
PCT/ US96/ 09506 - 23-

represented by a non-shaded bo. The shaded boxes indicate that the
previ ous channel bit represented a + 1 direction of magnetization and the
non- shaded boxes indicate that the previ od§/®hannel bit represented a -1

%

\314
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oaa”
22
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RESET




direction of magnetization. For instance, shaded box 180 and non-shaded 5
box 182 are the split states for state 172 of Figure 6. |If the channel bit
| eading to state 172 represented a + 1, the Viterbi Detector Trellis would

be in state 180. However, if the bit previous to state 172
represented a -1, the Viterbi Detector Trellis of Figure 9 would be
in state 182. As di scussed earlier, chann |
preferably a Pdﬂogﬁgﬁ%%I 10 that ideally has a transfer cha?gggéﬁygﬁ?c of
(1-Derr]), where "1" represents VWRI TE signal 30 and Derr]
represent the wite signal delayed by tmgﬁgbpe units. This neans
that READ signal 34 wll ideally be a 1- ] representation of

VWRI TE signal 30 of Figure 1. Those skilled in the art will recognize that

a (1-Derr]) transfer function is the same as two interl eaved (1-D)
transfer 15 functions. Thus, if READ signal 34 is deinterleaved, as shown
in Figure 7, it produces two (1-D) signals. This nmeans that the
signal received at each ViterRi §Detfegtor is equivalent to a series
of cHannel input bits m nus that vk i es del ayed by one tinme unit.
The signals at the Viterbi Detectors gk st perfect |-D 20

representations of WRITE signal 30. Figig passi ng READ signal 34 through
read equal i zer 38 equalizes the signal hat it has expected sanple

val ues of + 1, -1 and 0. In_gAg O SE 36 of Figure 1 corrupts
READ si gnal 34. Values in tie [éhved signals that are close
to + 1 are generally decoded ion from"-1" to "+ 1" in

¥ ¢ pgpral ly decoded as no

2 EiIose tONV-1" are

1" in N VRI TE si gnal
eral |l y*ndi cates that the
" are‘}@picted on the

VWRI TE si gnal 30; val ues cl ose 25 P
transition in WRITE signal 30; and 3
general ly decoded as a transition

30. Thus,
channel bit remai ns the
detector trellis as any

186



WD 96/ 41341

PCT/ US96/ 09506 - 24-

pat h between two consecutive shaded boxes, such as path 183, or any path
bet ween two consecutive non-shaded boxes, such as path 184. A detected

"+ 1" is shown on the detector trellis as a path froma non-shaded box to a
shaded box, suc h 185, and a detected "-1" is shown as om
5 a shaded bogmﬁﬁuga%on-shaded box, such as path 186. priRbeloskis

To detect a codeword, each Viterbi Detector constructs severa

hypot heti cal paths through the detector trellis for its deinterleaved

si gnal and then determ nes which 9]90t hetical path is closest to the
dei nterl eaved signal. To build these hypothetical paths, the Viterb
Detectors |l ook at each 10 time period sequentially. For each time period,
the detectors determ ne the ‘nost likely path into each state given
the value in the deinterl eaved signal - for that tine period. The nost
likely path into each state is detgrqi Y o conparing the

accurrul ated netrics of each path i Qte. The

Fig. 10

190

196



accurrul ated nmetric for each path is the sumof a previous state metric and

15 . a braﬁehhneLLL~___EgLylgg preferred enbodi ment of this |nvent|on the
single bit paths (branches ve been assigned the branch : '
f I4 BHEET HAS BEEN

bel ow:

| NGLE BI T PATH : BRANCH
shaded to- sl"muU”,”",””m H"T =0 20 whi {e- t o-RERLAGED
[e shaded-to-vx/nite b[erT] = 5 ¥y~
vvhlte to shaded b[err] =5-y where y is the equalized
sanple value in the deinterl eaved si-gnal for that time.period. For

each path leading into a state, the detector conputes a 25 metric equal
to the sumof the branch metric for the lasfl-bit of the path, plus "
the state netric of the predecessor state which is-at the source of the

| ast bit. These netri csAMENmm'FS TORCTHELAIMSTUM netric and its:
associ at ed ath are cted,as t.he ik The rretr ¢ and path
hi st Olr y are P %ggfnade at time gpghap{ereﬁbe ! P

PCT/ US96/ 09506

1. A digital communication apparatus for transmitting sectors of

5  digital units, each sector comprising a series of blocks and each block

including' error correction values used to detect and correct errors within the

block, the error correction values useful in correcting up to a maximum
number of digital units, the digital communication apparatus comprising:

an encoding system, for producing an encoded series of digital

10 values from the blocks of digital units, the encoded
m_L_dzgnal_valuﬁ_mmggM_gj
i Vi WOr WOT ah
parately _encoded fr T word!
secti deword ecti e e
15 g £ digital units. f dipital uni
i i e digit it fro k in th q

a channel, coupled to the encoding systém to receive the

ericoded series of digital values and to produce a

representation of the encoded series, the channel

20 capable of occasionally introducing burst errors into the
representation of the encoded 'series; and

a decoding system, coupled to the channel to produce a

representation of the blocks of digital units received by

‘the encoding system, the decoding system’s

25 - - representation based on the channel’s representation of

the encoded series|, the decoding system’s

representation occasionally containing one or more

consecutive erroneous digital units due to burst errors

in the channel, the number of consecutive erroneous
s Sheet Has Been Reraced ) ' :

Thi
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' e A HTID
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-J25- : updated via the comonly known ADD- COVPARE- SELECT net hod of

the Viterbi algorithm When finished, the detector has
ghosen oneclmﬂmﬂn"uu n state for that time period. By repeating

t his proce mm mla period, 5 sone pat hs through the detectar
trellis will*térmtnale and some will w nd their WAL T T E"
entire trellis. The path with the snallest state netric THlSS\H%: gﬁ‘gs
the nost |ikely codeword. Figure 10 hows RERBAREY ey i |
Detector Trellis of Figure 9 with . a mnimum di stanC€ error event of
maxi mum |l ength for the trellis code of 10 the present invention. A

m ni mrum di stance error event is the nost li kel'y error event that can
occur and still produce valid codewords. The m ni num di stance of a

code is the m ni num sum of - squar, i ffar Qj

sanpl es corresponding to two di ﬁé}%%ﬁ%gﬁﬁg&flﬁp%ﬁglegpfsltgrrcﬁcﬁl@?*sggesmg
trellis code of the present i nvdgssithan the aumhbrerrblocks ﬁiﬂi&&c@dr].t‘ he code is
4. 15 The depiction of a m ninumdi stance error event

appears as 6: wo pat hwdyis emspdingeapparatus for igngeding; user datacagd errer
detector trellis . | BLr . fo h .
are both valid c%?fjé’%t%ocfls‘.'ahfgge% t?aﬂthHg{lgﬁ éh%gks%ggqg? %ﬁg@@ﬁ\g%&g?r%ﬁ%h
190 and secofid pedrhptiSidgirich@ér meafis for encodiing tifd ser datafandr exdtof teFreblion
i nstances by a value of 1. The sumof the 20 squares of these differences

equal s 4, whi ch Yaluehintaicedawards andieembining means for cgmbining each|codewordie.

These four diffe IOk 0 and

200, Note that { HELAAPR ook depeh effenfirdy in Yibiag dparanus chatireribéd o}

codewor d boundaries, 201 apdrtiifthing hmean® paipledate tiw caftodeskmeans, for
partitioning the user data and error correction values

10 ) providéd to the encoder means, the partitioning such
that two burst errors in the channel, each error
local ithi respectiv £
codewords, will not cause more errors than the error
correction values can correct. | -

15 9 A method of transmitting digital words of user data and error

correction code through a channel, the method coniprising:
dividing the user data and error correction code into at least
two streams of digital values;
encoding each stream of digital values into a stream of

20 | codewords, where each codeword is delimited by
codeword boundaries such that minimum distance
errors do not cross codeword boundaries;

combining at least two streams of codewords into a combined
stream of codewords, the combined stream of

25 codewords such that a single burst error that does not

| cross codeword boundaries in the channel will corrupt

beyond recognition at most a number of codewords
that together represent fewer digital words than the

This Sheet Has Been Reﬂlaced
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fogeth odeword boundary 202 before the begifining of the next 25"
codeworz This € that a burst error will not cross codevvord
i

poundar /”ﬁ uring that the error will not affect t
det ect i im pairs of interleaved codewords. TH_S SﬁEET HAS BEEN
Because mi nf error events are contained within REﬁté\CED _
codeword, burst errors*will be linited to one codeword. Vihén The
WO 96/ 41341 B
PCT/ US96/ 09506 ' codewords are |ater decoded and recorrbl ned
into three bytes of ECC Dat a, - the fact that burst errors have been
contai ned to one codeword neans that -3.the burst errors will be
contained to three bytes of ECC and user data. Thus, no one burst
error will consume all of the %ﬁeﬁafmé%%rQPEﬁ@Eﬁor correction code can
correct; and
transmlttmg the combined stream of codewords through the
channel.
5
T
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d. . e1r [)‘{jv Altho"u‘g'h 't he present invention has been

~descert be ence to preferred enbodi

in the artrﬂmm Ql'p 'If ml t hat changes ‘may bgﬁmEfL@$Mﬁ1‘\zt($

det ail romthe - spi r|t and scope of the i nventlon
27- V\HAT | S CLA : A—gli-gital

connunlcatlon apparatus for tran
sector conprising a series of b
correction values used to detec

XalTa ] : hlm? W K,
the error correction values useful in correcting up fofa maxinu ujrber
of digital units, the digital conmunication aggar at up Conpt+sRg-

an encodi ng system for producing an encoded ries pf di gltai

val ues fromthe blocks of digital units, the S_lncoded
gate means, receiving the two streams of codewords from the

R(EP[::ﬂGEMEMInsmﬁT dach
I ncTudirng e

two detectors, the gate means for passing one of the

two .streams of codewords during a first time interval

and the other of the two streams of codewords during

5 a second time interval; and

a decoder, coupled to the gate means, for receiving codewords

and for translating each codeword to form the decoding

system’s representation of the blocks of digital values

received by the encoding system.

6. An encoding apparatus for encoding user data and error
correction values for transmission across a channel, the encoding apparatus
comprising two parallel encoders. for encoding the user data and error correction

values into codewords and combining means for combining each codeword

with at least one other codeword, the encoding apparatus characterized by:
partitioning means coupled to the encodef means, for
. partitioning the user data and error correction values
10 provided to the encoder means, the partitioning such
that two burst errors in the channel._q_a.m
localized _withi » ¢ bined
codewords, will not cause more errors than thé error
- correction values can correct.

i The encoding apparatus of claim 6 wherein the combining
25  means combines codewords in pairs and the two codewords in each pair are
together encoded from three bytes of user data and error correction values,
the three bytes each from separate blocks of user data and error correction
values, the error correction values capable of correcting up to two bytes of

user data and error correction values per block.

i 1



seri €3 of digital values conprising sections of

i nterl eavtmjmmlmﬂmﬂmﬂnh codeword in each secti onREPLACEMENT SHEET

separ at el her codewords in the : o
section, the Codewotds of a secti ' =7l REPLACEMENT SHE
s =L OHEET

froma set of digital units, the '

I ncl uding one digital unit frome ch bif CEDthe sgctjorf;
a channel, coupled to the encodin smTo Tecerve thg 07 DEC 1998
encoded series of digital values and to produce a
representation of the encoded series, the channel
capabl e of occasionally introducing burst er3grs into*he '
representation of the encoded series; and a decodi ng
system coupled to thegchannel W:mauhodiuﬁ&amwttmgdxgltalwordsofuserdataand error

representation of the ™Dl ocks of | ni recel

the encoding system 't$PEreqEe dﬁgﬁ’g‘{%ﬁ "fxg.nnei the me ogco%pnsmg
representation based on the Chaﬂﬁﬁimgsthéﬁﬁéxe@&ﬂfaﬁﬂlcﬁ*&r@fwrrecnon code into at least
t he encoded seri es. ' 2. The digifal, communi cati on apparat us

of claim1 wherein the encodi ng ¥PsTHEATIE &) jetakalues; a

partitioning neanS, for partiti gfiodsh t@&hdktgééxﬁi'ofuﬂigh&l Pues into 2 stream of .
di viding sets of di gital units into tvvo series of

partitioning val ues, each set of di gfodayorgsi Mbermraal codeword is delimited by
codeword boundaries such that minimum distance

errors do not cross codeword bounc_iaries;
combining at least two streams of codewords into a combined
10 stream of codewords, the combined stream of
codewords such that a single burst error that does not
cross codeword boundaries in the channel will corrupt
beyond recognition at most a number of codewords
that together represent fewer digital words than the

15 - number of digital words the error correction code can

correct; and
" transmitting the combined stream of codewords through the

channel.
9. The method of claim 8 wherein dividing the user data ana

20 * error correction code compﬁses dividing at least one digital word of user
' data and error correction code into at least a first portion and a second
portion, and placing the first portion in a first stream of digital values and

the second portion in a second stream of digital values.

This Sheet Has Been.
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_2‘8_ e
“two ene
and each

recej vi
val ues, H@UMEH“E?@“&S transl ati ng each seri
partitio U =a series of codEmords: a

. : coupl ed to both encoder
interleaving the series of codewords fromthe twp D‘Drawing
encoder neans into the encoded series of digital] [0 Ab

channel i s WHAGRSCRABIRERGTC' G2, 0o 7Pg e

i
comuni cati on apparatus of claim1 wherein the dee%é}‘ﬁgag

i nterl eaver,

a dei nterl eaver,
two data st{ eans:
the data streans

; upl ed to fhe; partitjoning neans
the seri‘es of partitioned.

S

i e )psES 1-d
one digital unit fromeach block in a s %

o

d Description : paged -

means and [ EClim(s)

ital
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s _OREPLACEMENT SHEETS
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:paged . to paged 30
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of claim1l vﬁ?g?%ﬁ’f P rRaged .0
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BouR 5200

for dividing the channel's representation into

A digital commﬁxﬁ@atiBfﬁ afpdritus B itRGkAItEnEsetbrs 8£€1 Vi ng one of

romt he deinterl eaver and each

produci ng adigitalamits,cfach sector comprising a series ofdresks end eashiddeckon t he respecti ve
data str ea%cﬁ%g error correction values used to detect and correct errors within the

block, the error correction values useful in correcting up to a maximum

number of digital units, the digital communication apparatus comprising:

2.

an encoding system, for producing an encoded series of digital
values from the blocks of digital units, the encoded
series of digital values comprising sections of
interleaved codewords, each codeword in each section
separately encoded from other codewords in the
section, the codewords of a section together encoded
from a set of digital units, the set of digital units
including one digital unit from each block in the sector;

a channel, coupled to the encoding system to receive the

~ encoded series of digital values and to produce a

representation of the encoded series, the channel
capable of occasionally introducing burst errors into the
representation of the encoded series; and

a decoding system, coupled to the channel to produce a
representation of the blocks of digital units received by
the encoding system, the decoding system’s
representation based on the channel’s representation of

the encoded series.

The digital communication apparatus of claim 1 wherein the

encoding system comprises:

a partitioning means, for partitioning the digital units by
dividing sets of digital units into two series of

partitioning values, each set of digital units having

REPLACEMENT SHEET
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_décodér means, coupled to-the—detectors, for generating the
decodi ng system's representation of the encoded series

fromthe seri‘mumu “ﬂ ﬂmhroduced by the ~detectors.
5, iRl ni cation apparatus of claim4 wherein the

decoder neans ‘torfpri‘ses: @g-e neans, receiving the two streans
of codewords fromthe two detectors, the gate neans for
passi ng one of the two . . gf..codewords during a
first tinme interval and ?IheedlglwIMtﬂomeac}lb%di{qﬁ%?ﬁ%%r’of the two streans of
codewor ds during a stwmenstotlemmeans, each coupled to the partitionieg wadans and

a decoder, coupled to the gate neans, for.Jeceivi dewor ds
- 29- a’ﬁﬁﬁcﬁwe{%?}ea‘{fit{\egseggﬁﬂp @%ﬁ@ d to. formthe

g_eC_Odi lng | valuess ¥h@ft&ler aRansEstishiting Bachf setibeod| ocks of
igital values ' '
e vard partitioned vall.lreg ?netcl) \é%gﬂcgsyoftcggevsor}ﬁgz%ﬁg system

an interleaver, coupled to both encoder means and
interleaving the series of codewords from the two
encoder means into the encoded series of digital

values.

3. The digital communication apparatus of claim 1 wherein the

channel is a magnetic recording device.

4. The digital communication apparatus of claim 1 wherein the
decoding system comprises:
a deinterleaver, for dividing the channel’s representation info
two data streams:
two parallel detectors each receiving one of the data streams
from the deinterleaver and each producing a stream of
codewords based on the respective data stream; and
decoder means, coupled to the detectors, for generating the
decoding system’s representation of the encoded series
from the series of codewords produced by the
detectors.

5. The digital communication apparatus of claim 4 wherein the
decoder means comprises:
gate means, receiving the two streams of codewords from the
two detectors, the gate means for passing one of the two
streams of codewords during a first time interval and the
other of the two streams of codewords during a second time

interval; and

a decoder, coupled to the gate means, for receiving codew
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paratus for encoding user data and error
'correctlon”!um n'mF m ssion across a channel, the encodi ng apparat us
conpri si ng encoders for encoding the user data.and error
:correction values into codemords and conbi ni ng means for conbi ni ng each
codeword with at |east one other codewgg, the encodi ng apparatus
characterized by: partitioning neans coupled to the two
encoder neans, for ata and error
correction val ues andfortranslatmgesagéodgggmgr}?ﬁﬁlﬁ%m%&g%p | 1 el encoders,
the partitioning such system’srepresentation of thablockoofxdigial valuesrs in t he

channel , each error | ocalized within a respective set of
conbi ned received biy.the eaeoding §ys LeHbt cause nore errors than the
error correction values can correct. 7. The
encodi ng apparatus of claim6 whereip the conbl n| n nfans combi nes
codewords % pai rs a#@@ﬁ%dl{l&ép gacqdmnguserd gl"‘? ¥ t oget her encoded
fromthree Qytes %rﬂ' sﬁum&%s@ra(ﬂaﬁﬁﬂe?%é%oﬂﬁi arafge three bytes
each from separate cks of user data and error correc I on val ues, the

error corrwmmmgdmm&bmode@ﬁompéagwsebd@%a@wgﬂogﬂmﬂ user data
and error C&ﬁ%e% Pd ﬂgg %c?@&mﬁhﬁgii?eans Jcombnnn%each%oﬁg\%ﬁd of

transmtting user a and error torrection code through a
channel , thmthnntllaanﬂonemﬂnereodegmrd,theencodmgapparanus'chhra@emwdb%er data and

o110 01 2CC1 0N Ol i petd te o vy st oS o
st ream of partitioning the user data and error correction values

provided to the two parallel encoders, the partitioning such

that two burst errors in the channel, each error

localized within a respective set of combined

codewords, will not cause more errors than the error

corréection values can correct.

7. The encoding apparatus of claim 6 wherein the combining
means combines codewords in pairs and the two codewords in each pair are
together encoded from three bytes of user data and error correction values,
the three bytes each from separate blocks of user data and error correction
values, the error correction values capable of correcting up to two bytes of

user data and error correction values per block.

8. A method of transmitting digital words of user data and error
correction code through a channel, the method comprising:
dividing the user data and error correction code into at least
two streams of digital values;
encoding each stream of digital values into a stream of
codewords, where each codeword is delimited by
codeword boundaries such that minimum distance
errors do not cross codeword boundaries;

combining at least two streams of codewords into a combined
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chéwf‘)rd.s, wh eword i s delinited by codeword
“boundari es sugmlﬁaﬁ Hml stance errors do not
cross codewor ds pe S IS conbi ning at |east two streans of

-codewords into a conbi ned
- 30- stream of codesgords, the conbi ned stream of
codewords such that a single burst error that does not

cross codeword boundari e%eggl%%ﬁgg‘p&agq{é%éﬁg}&i?g‘gg&&mof

t hat

.beyond recognition at no er o ,
t oget her represent fewercaliegotdsisuctnthdta sihgle butst error that does not nunber
of digital words the error _correctd,on de.can . correct;
and transn‘i’?fﬁ‘?‘?&@ﬂ@@b’ﬂ%ﬂ’?&éﬂﬂ}erc&ﬁ?ﬂ%wlclzg%uv%rds t hrough t he
channel . 9. Thiseyonhd beedgnition binostd nunsbee oficallewordsng t he user data
and error correction code co I ses dividing.at.least, one digital word of
user data and error corr ?@g&?dﬂﬁreﬁwm%?@%wo sthansthe ot i on and a
second number of digital words the error correction code can

| correct; and

transmitting the combined stream of codewords through the

channel.

9. The method of claim 8 wherein dividing the user data and
error correction code comprises dividing at least one digital word of user
data and error correction code into at least a first portion and a second
portion, and placing the first portion in a first stream of digital values and

the second portion in a second stream of digital values.
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