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dc equals zero. pr%é&qt HREHERE Relates to improved methods and apparatus for

high rate encoding and efficient decoding of digital data in such a

way that coded data are dc-free and suitable for recording
information on a recording medium, and reading back the data from
15  arecording medium, such as magnetic disc.

BACKGROUND OF THE INVENTION

Recording medium for recording data include magnetic discs,
optical discs, magneto-optical discs, and magnetic tapes, for example.
When data is digitally recorded on, or read back from, a recording

20  medjum, it is preferable that the data is recorded at a high density.
Partial response systems are usually used for this purpose. High-
density recording is then possible by adopting a PRML (Partial
Response with Maximum Likelihood) method that combines the
partial response equalization and Viterbi detection.

25 During readback it is desirable that the signal does not have a
dc (direct current) component, or at least that the dc component is as
small as possible. This means that the power spectral density
function of the recorded sequence at dc equals zero. Such sequences
are said to be dc-free. It is desirable that the sequence be as dc-free as

30 possible because it is necessary to ensure that, for example, errors due

to variations in a reference level during quantization of the read back



are said to be dc-free. It is desirable that the sequence be as dc-free as
30 possible because it is necessary to ensure that, for exanple, errors due
to vari atwors/onrso@ ref erence | evel during quantization of PChasosesdtback WO
03/ 007300 PCT/ US02/05917 -2 signal do not occur. It is also desirable that
t he sequence be substantially dc-free to ensure that fluctuations do not
occur in error signals, such as tracking error signals, occurring in the
servo control. Wth the recorded synbols taken to be +1 and -1, so that +1
5 corresponds to binary 1 and -1 corresp%hds to binary 0, the so-called
running digital sum (RDS) is a standard neasure for evaluating the dc
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10 the dc component is low. Sequences with equal numbers of +1s and -
1s are referred to as being “balanced.” Balanced sequences do not
have a dc component. Further measures of suppression of low
frequencies of a signal are so called “RDS of higher order.” The
higher order RDS can be computed recursively in such a way that the

15 RDS of the order i is an algebraic sum of values of an RDS of lower
order, i-1.

Partial response systems, or system with a controlled inter-
symbol interference, are commonly described by so-called “target
partial response polynomials” having the form

20  KD)= hy+ D+ 5,D*+ ..+ h)D’, where D is a time delay operator. The
values of the polynomial coefficients k1, hz,...,h represent values of a
sampled channel response to an isolated impulse. The typical form of
a partial response polynomial used in magnetic disc devices
exploiting longitudinal recording is #D)= (1- Dy"(1+ D)’ where m and

25 n are positive integers. In optical recording systems and in
perpendicular magnetic recording systems the typical form of a
partial response polynomial is #D)= (1+ D)”. If the partial response

polynomial contains a term (I-D), then the frequency response of



25 n are positive integers. In optical recording systenms and in

per pendi cul ar magnetic recording systens the typical formof a partial
response wolgnonsdal is h(D) = (1 + D1;1. If the partial PeETaSNYE9I17

pol ynom al contains a term (1-D), then the frequency response of WO

03/ 007300 PCT/ US02/05917 -3 such a channel does not pass a dc conponent,
and RDS control to make the maxi num absol ute value of the RDS of the

nodul ati on code sequence small is therefore not needed. However, for
partial response polynom als that do noB-have fact or (1-D), the frequency
5 response of a channel does have a dc conponent and RDS control does have
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10  message words. Each message word is then used to select a codeword
| from a codebook. The codewords in the codebook are of length n
~ bits, where the codeword bits define a recorded sequence. In other
words, the codeword bits define a sequence of symbols to be recorded
on a medium. However, efficient or high-rate dc-free modulation
15 codes that can ensure bounded value of RDS, without adding an
excessive number of redundant bits to the information to be recorded,
typically require both codewords and codebooks of larger sizes as
discussed further below.
The measure of code efficiency is a parameter called “code
20 rate,” which represents the ratio between m, the message word length
and 7, the codeword length. Furthermore, in recording systéms, it is
desirable that a modulation code have a rate higher than 8/9, so that
more information can be written on the recording medium. Codes
having a relatively long codeword length are required for rates above
25 8/9. Also, large codebooks are required where the codewords in the
codebooks are dc-free. For example, a code of rate 16/17 requires a

codeword length of 17 and a codebook size of 65536. Such large

codebooks, however, typically require the implementation of complex



having a relatively long codeword length are required for rates above 25
8/ 9. Also, |arge codebooks are required where the codewords in the
codebookswerog/oased ree. For exanple, a code of rate 16/ 17 PequiSnBes9a7
codeword length of 17 and a codebook size of 65536. Such |arge codebooks,
however, typically require the inplenmentation of conplex WO 03/007300

PCT/ US02/ 05917 -4 circuitry and require relatively high power consunption
and a large area on integrated circuits, Al so, the |arger the codebook,
the nore tinme it takes to access codemﬁ%ﬂs in the codebook. Wth current
technol ogy, it would be extrenely costly, if even possible, to design a 5
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a 10  to a signal to form an encoded signal. The additional bits improve the
ability of a system to recover the signal when the encoded signal has
been corrupted by noise introduced by a recording channel.
Examples of a modulation codes are the 8-10 code adopted in
digital audio tape recorders (DAT), the EFM (Eighteen to Fourteen

15 Modulation) code adopted in compact disc (CD) players, and the
EFMPlus code adopted in digital versatile disc (DVD) players.
Various codes for eliminating dc free components are known.
Examples of error correcting codes include Reed-Solomon codes
adopted in magnetic and optical recording systems.

20 Typically, data is first encoded using an error correcting code,
and then using a modulation code. This is called a traditional error-
correcting--modulation coding concatenation scheme. When a
traditional error correcting--modulation coding concatenation scheme
is used together with high rate dc-free codes, the error multiplication

25  is inevitable. Error multiplication means that error in one recorded
bit produces errors on several bits in the decoded data. This effect is a
consequence of the nonlinear structure of a modulation decoder.

Another scheme, so called inverse concatenation, puts modulation



traditional error correcting--nodul ati on coding concatenati on schene is
used together with high rate dc-free codes, the error multiplication 25 is
i nevi t ablwo oB00700 nul ti plication neans that error in one PETArsdzs9I1DI t
produces errors on several bits in the decoded data. This effect is a
consequence of the nonlinear structure of a nodul ati on decoder. Anot her
schene, so called inverse concatenation, puts nodul ati on WO 03/007300

PCT/ US02/ 05917 -5 encodi ng before error control cedi ng, and nodul ati on
decodi ng after nodul ation decoding. In this way, the errors are first
corrected by an error correcting code, and the error nultiplication is
prevented. Ho : r td r ily
produce 5 baIaﬁ%@%ﬁ%%gEﬁgﬁgggﬁgﬁgﬁﬁﬁﬁé?gggg%?gqggggggggggéﬁgﬁﬁgéﬁﬁgoing t he
di sparity contrglodilitiosdeestibg. Inehisneiy, ahé efroensrderst cdhesetiGyean there
is a need for a nethod and apparatus for generating high rate codes that
are at the saneetﬁxnxanﬁdﬁngecadd,pnéséxseéﬂﬂonndﬁpgﬁﬂkﬂldama@WEnkkbs. 10

SUMVARY OF THE ENTI Enbodi ments of the present, invention relate to
Tethods and  apBlMRYSS s CHPEKOTELENS REGORGT RS NGk RSCEssATllY duRgHthg of

froe. and sui{ aobaorar HdSvi Al APARa R St sl hen i tiaE e 1Y Cna

readi ng back thgighatity fcbAffoR ih@68HEd By @i tbduldtforaBR@SRirUThetdlste)de dat a
storage devi ces and systens which inplénment the nethod. The present -

i nventi on addr eflsee i$ henamidofoereentdtbod dngdr aippaeratus foy generdtiignigh raéé hod and
apparatus for encgdi g digital, 20 information to_be recorded on a
recor di ng medi ufPdemnBdtetRort i pamestimredsiigssand Resseisy eiHgr £988lence of

m message bits, NG,

10 SUMMARY OF THE INVENTION

Embodiments of the present invention relate to methods and
apparatus for high rate encoding and efficient decoding of digital
data. The methods provide coded data which are substantially dc-
free and suitable for recording information on a recording medium,

15 and reading back the data from a recording medium. The apparatus
include data storage devices and systems which implement the
method.

The present invention addresses the aforementioned problems
by providing a method and apparatus for encoding digital

20  information to be recorded on a recording medium. The method
includes the steps of receiving a sequence of m message bits, and
mapping the sequence of m message bits to a list of not more than K
codewords of length n. The method preferably includes selecting one
codeword from a list of K codewords and recording it on a recording

25  medium. As opposed to previous art, the method does not require
using codebooks. The codeword is obtained solely by using algebraic

operations such as addition and comparison.



mappi ng the sequence of m nmessage bits to a list of not nore than K
codewords of length n. The nethod preferably includes selecting one
codewor d Womnioer3be st of K codewords and recording it on aPceasodiieg’ 25

medi um As opposed to previous art, the nethod does not require using
codebooks. The codeword is obtained solely by using al gebraic operations
such as addition and conparison. WO 03/007300 PCT/ US02/ 05917 -6 In one
particul ar enbodi nent, the nethod includes adding a set of four periodic
sequences to a nessage word, thus creatifig a set of four codeword
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10  is calculated as a cumulative sum of RDS values from the beginning
of the encoding process, and a sequence which produces a smallest
absolute value of a second order RDS is selected together with a
periodic sequence added to it, and a position where the inversion of
bits has started. Although sets of four codeword candidates are

15  described herein, more or fewer codeword candidates can also be
used.

In some embodiments, the position from where the inversion
of bits has started is first encoded by a classical low disparity code
(that use for example codebooks, as explained in previous art), and

20  then appended to the selected codeword. Two bit information, on
which periodic sequence has been added to the message word prior
to inversion, is also appended to the message word thus forming a
modulation codeword. The modulation codeword is then encoded by
an error correcting code, for example linear block code, and then

25 recorded to the medium. The parity bits of the error correction code
may introduce misbalance in symbols +1 and -1, however when the
computation of RDS and second order RDS of the next message word

begins, this misbalance is taken into account, and the modulation



to inversion, is also appended to the nessage word thus form ng a

nodul ati on codeword. The nodul ati on codeword is then encoded by an error
correcti rnyowader30d or exanple |inear block code, and then PETriSovosded to the
medium The parity bits of the error correction code nmay introduce

m sbal ance in synbols +1 and -1, however when the conputation of RDS and
second order RDS of the next nessage word begins, this m sbalance is taken
into account, and the nodul ati on WO 03/ 007300 PCT/ US02/ 05917 -7 encodi ng
met hod conpensates for it..Any ni sbal anc& in positive and negative bits
after adding parity bits in the error correction encoder is conpensated
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inplenmented. 20 FIGS. 4 and 5 are plots illustrating running digital suns
( RDSs) with reference to the following detailed description and
accompanying drawings.
10 These and various other features as well as advantages which
characterize embodiments of the present invention will be apparent
upon reading of the following detailed description and review of the

associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

15 FIG. 1 is a plan view of a disc drive in accordance with
embodiments of the present invention.

FIGS. 2 and 3 are block diagrams illustrating first and second
read channel architectures in which the methods of the invention can
be implemented.

20 FIGS. 4 and 5 are plots illustrating running digital sums (RDSs)
which illustrate aspects of the present invention.

FIG. 6 is a block diagram illustrating an apparatus configured
to implement encoding methods of the present invention.

FIGS. 7 and 8 are diagrammatic illustrations of, respectively,

25  encoding and decoding operations of the present invention.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

FIG. 1 is a plan view of a disc drive 100 which includes a

housing with a base 102 and a top cover 104 (sections of top cover 104



which illustrate aspects of the present invention. FIG 6 is a block
diagramillustrating an apparatus configured to inplenent encodi ng nethods
of the prweasmoismvention. FIGS. 7 and 8 are di agrammati c ipClrasbz/edoions of
respectively, 25 encoding and decodi ng operations of the present

i nvention. DETAILED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS FIG 1 is a

pl an view of a disc drive 100 which includes a housing with a base 102 and
a top cover 104 (sections of top cover 104 WO 03/007300 PCT/ US02/ 05917 -8
are renoved for clarity). Disc drive 100°turther includes a disc pack 106
which is nounted on a spindle notor (not shown). Disc pack 106 includes a
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be witten to enrfacad09.rBanht pediics bead 1dRds suppofted by arsespeasion B8 i n whi ch
circuitry 128 is . ] qcated need not be as_shown in FIG_ 1, but instead, the
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10 voice coil motor 124, which is controlled by servo control circuitry, to
move head 112 in an arcuate path 130 between a disc inner diameter

132 and a disc outer diameter 134.
Also shown in FIG. 1 is circuitry 128 which herein
diagrammatically represents circuitry associated with the channel
15  architecture used in processing signals to be written to or read from
the disc or media surface. The position in which circuitry 128 is
located need not be as shown in FIG. 1, but instead, the position of
circuitry 128 shown in FIG. 1 is provided as an example for discussion
purposes. Further, disc drive 100 is intended to represent any of a
20 variety of data storage devices in which the methods and apparatus
of the present invention can be implemented. For example, in one
embodiment, disc drive 100 is a magnetic disc drive utilizing
perpendicular recording techniques and components. However, in
other embodiments, disc drive 100 can be other types of magnetic disc
25  drive, or can be other types of disc drive such as an optical disc drive,
a magneto-optical disc drive, etc. The methods and apparatus

disclosed herein can also be used in other data storage devices, for

example in magnetic tape storage devices.



20 variety of data storage devices in which the nmethods and apparatus of
the present invention can be inplenented. For exanple, in one enbodinent,
di sc dri vwe01B001380 a magnetic disc drive utilizing perpendiceaisazoioerordi ng
t echni ques and conponents. However, in other enbodi nents, disc drive 100
can be other types of magnetic disc 25 drive, or can be other types of disc
drive such as an optical disc drive, a magneto-optical disc drive, etc.
The net hods and apparatus disclosed hergin can also be used in other data
storage devices, for exanple in magnetic¢ tape storage devices. WO
03/007300 PCT/US02/05917 -9 FIGS. 2 and 3 illustrate first and second
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10 circuitry 205. Error correcting code (ECC) circuitry introduces
additional bits to the message data bits to form an encoded signal 206.
The additional bits improve the ability of the system to recover the
signal when the encoded signal has been corrupted by noise
introduced by the recording channel.

15 Encoder circuitry 210 receives the ECC encoded signal 206 and
implements fnodulation coding,k in accordance with the invention, to
obtain dc-free sequences. As will be discussed below in greater
detail, encoder circuitry 210 uses methods which allow for the
generation of high rate codes that are at the same time dc-free and

20 possess error control capabilities.  The generated codewords
(represented in FIG. 1 as signal 211) are indicative of the original data
bits of the message words provided to the channel. Using head-
media interaction of the type which is well known in the art, the high
rate and dc-free codewords generated by encoder circuitry 210 can be

25  recorded on the media.

The head-media interaction can also be used to read, at a later

time, the codewords recorded on the media in order to retrieve the

content of the message words. Front-end timing functions or circuitry



generation of high rate codes that are at the sane tinme dc-free and 20
possess error control capabilities. The generated codewords (represented
in FIG Iwaeysimgnmal 211) are indicative of the original daca/useto®ipf the
nmessage words provided to the channel. Using head- nedia interaction of the
type which is well known in the art, the high rate and dc-free codewords
generated by encoder circuitry 210 can be 25 recorded on the nedia. The
head- medi a i nteracti on can al so be used_if read, at a later tine, the
codewords recorded on the nedia in order'to retrieve the content of the
message words. Front-end timng functions or circuitry WO 03/007300
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detector 225 are n a conventiona generate a readback
si gnal 226 whigded,Sinpd @vhdestibldeanter, 6i gaidriteya 288dbdRCadRAL 2DF CUI LTy
230 inplenments decodi ng nethods of the preSent invention to generate a 5
si gnal 231 whi cwhich & provided tendechetér chtuaitry E230. d&eodder circwitiyt 250 235
provi des ECC decodj ng of the signal 231 to produce estimated bits which
shoul d corr espo’r‘iﬂpj@fﬂ?ﬁg@? geeeslipgemgite: Sistitbe GFesRE INVRNtAMTiA senfaage wor d.
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nodul ati on €nc ng Tunctrons © i‘nventi on provide

circuitry 210 czab Beovidps @mtc@éo@ﬁ{éobﬁtﬁ@gignap@%%qﬂbwcé 660 |
desired. In these enbodi nents, the ECC decoding functions would |ikew se

be i npl enent ed hbits Widch ehdbht korresgpral closelyrtot thet dataithubfthiecorigieabdi ng
provi ded by decoding circuitr 23?. 15 |., Theoretical Basis_of the Mthod
In order to und&YeS$3IeIVOR -n%ﬁoml ratae the samet ciraylEy: poKlG. gnbut

explanation is sﬁ{o%é dﬁ%’cf fle amgahpa?%nofengggler{gatijuﬂgtiggsl ¢ E"cﬁe present
10  invention provided by circuitry 210 can be implemented before the
ECC encoding functions if desired. In these embodiments, the ECC
decoding functions would likewise be implemented on the readback
signal prior to the modulation decoding provided by decoding
circuitry 230.

15 1. Theoretical Basis of the Method
In order to understand the methods of the present invention,
an explanation is provided for a method of generating balanced
codewords. Given a message word a=(a®) ., of length m (with m
being an even integer), one can célculate the running digital sum
20 sequence s, = (85,"") e, 35 5P = s+ a® , assuming s = 0, and can
find the smallest index p such that s{” = s /2. Next, invert the last

m-p bits of the message word and encode the position p by a
balanced code. The balanced codeword corresponding to p is denoted
by b, and is of length n-m. Then a codeword can be created by
25 appending by to the partially inverted input word. The codeword is

of the form ¢=(a®u,,b(p)), where u, is a discrete unit step vector

P

raising at k=p, i.e. a vector of the form (07,1 ?), and x” is an all x



codewords. G ven a nessage word a = (a (k) )i<k<,n of length m(with m

bei ng an even integer), one can calculate the running digital sum 20
sequence Wb 03/0¢Bb{ k) as s; k) = sik-1) + a(k) , assum ng si PCEFUBp2/68%7 can
find the smallest index p such that s( P) = sing /2. Next, invert the |ast
mp bits of the nessage word and encode the position p by a balanced code.
The bal anced codeword correspondi ng to is denoted by by and is of length
n-m Then a codeword can be created by 2% appending by to the partially
inverted input word. The codeword is the forme = (a O+ up. b(p)),

where up is a discrete unit step vector rai sing at k— i.e. a vector of

the form (0P, 1m I 0 00 300 /USO (0591 -11
sequence (()f Ienwe??fg[lﬁygf}lls ?FS?@ II}B%% %1% é Pa ’p ]% %ced and
therefore th d rd I bal nb bal d

codewor ds ofel g%&?\r,\\@ﬁ ‘?ﬁ’?éshgn?gdé’(soﬁp%el% a-{soz baga%%acﬁﬁ?%qﬁ%necrte}?é upper
bound on the megglgggear 89%‘901- &ﬁléﬂ‘%th 143111—15 The last inequality requires

t hat the number anced codewor must be sufficient to encode al
possi bl e p05|t|ons p. (Toy!llustrate this construction, consider a nessage
word a=(0,0, lnf , 1/ n,1,1,0,0,0,0,0) of length m=16. The running
digital 10 su lﬁLn fiifs spquence is a dashed curve as shown in FIG 4. As
can be seen, the totall tessage disparity is s116) = 2, and the position p,
such that S(p) = s116) %/ = 1is p =5. The last eleven bits of the

2
message can B’#ﬁl i f m
(0,0,1,1,1,0,0, W’k‘g&g I(tﬁb% %0[ 1}(1%& e‘]fl r‘ggﬁﬁq%?ﬁgﬁgigg&%%ﬁhyz a'f't| ei™i nverting
the last el evenr_[ﬁé tlgstllﬁe@%lﬂy I%aglires that the number of balanced codewords

must be sufficient to encode all possible positions p.

To illustrate this construction, consider a message word
2=(0,0,1,1,1,1,1,1,1,1,1,0,0,0,0,0) of length m=16. The running digital
10 sum of this sequence is a dashed curve as shown in FIG. 4. As can be

seen, the total message disparity is s{'® = 2, and the position p, such

that s{” = s{!®/2=1 is p=5. The last eleven bits of the message can be

inverted to give a modified message of (0,0,1,1,1,0,0,0,0,0,0,1,1,1,1,1).
The resulting disparity after inverting the last eleven bits is zero, and
15  the running digital sums of the modified message is shown as a solid
curve in FIG. 4.
2. Descripition of the Method and Apparatus of the Present Invention
In general, there can be more than one position p within a

codeword such that s{” = s{™ /2, and although inverting the last m-p

20 Dbits produces a balanced codeword, the codewords obtained by
inverting bits starting from different positions can differ significantly
with respect to their maximal digital sum variations. The method of
the present invention takes advantage of this observation. The
inventive method or algorithm keeps record of all possible positions

25  and chooses the optimal one. As an optimality criterion (metric), the



15 the running digital sunms of the nodified nessage is shown as a solid
curve in FIG 4. 2. Description of the Method and Apparatus of the Present
| nvent i orwolog/ogsner al , there can be nore than one positi oRCp/UsS0L/OF9M7 a
codeword such that s( P) = s(m / 2, and although inverting the last m-p
20 bits produces a bal anced codeword, the codewords obtained by inverting
bits starting fromdifferent positions can differ significantly wth
respect to their maximal digital sumvariations. The nethod of the present
i nvention takes advantage of this observation. The inventive method or

al gorithm keeps record of all possible positions 25 and chooses the opti nmal

one. As an optipgality.critaerion (netric)..the WO 03/ 007300 PCT/.US02/ 05917
-12 maxi nal sec%}?()]‘_ I?ﬁc&? _roro @Fr 8?%?’%%]Igltsa§ﬁ]i1{r'slsu%‘°’§ :%%ﬁedéagééﬁ?%ti on of
a second or der QfQbéc@ndsémekﬁi%kél%ﬂnpﬁlrﬁi%nﬁgfow.a sequence a =
(a(k))15k:g,n and a running digital survector s(0) (si(0) )1<<_,n

defining the initial FegPAGeihONR o EN@*HNNIT MGd @i @ininddg SiTtal Zusd axoef order
Mis defined as SM(a) 'S k) SiSM 5kbmwhere the array entries can be

cal cul ated as s;g(mkg(s;(o ; ké&hﬁ%ﬁ%g@%@ﬁoﬁtﬁmﬂ%ﬁ b o | a(k) -

1. Consider netrics dn &fi"array ormiiM(a) _

w, X max(lsisKk) aﬂraE%%h&&anisdeﬁ%leHa‘éhere w, are weight coefficients.
Notice the recursive character o calculations in Equation 1. The netric

cal cul ati on does not require %n”y((d)i__n@migth han a sinple cunul ati ve adder
(see Equation 1) and boi<ksm

where the array entries can be calculated as
s = s D4 sH) Equation 1
assuming s{’ = 2xa® - 1. Consider metrics on an array S (a) of the

10 following form
M
My (@)= w, X max(lsi(")l Equation 2
i=l k

where w, are weight coefficients. Notice the recursive character of
calculations in Equation 1. The metric calculation does not require
anything more than a simple cumulative adder (see Equation 1) and

15 M comparators (see Equation 2) to keep track of maximal running
digital sums of orders 1 to M. A running digital sum of order M=2
gives satisfactory performance. This paragraph above describes a set
of modification rules applied to a message sequence a. This set of
rules will be referred to hereafter as “modifications of first kind.”

20 Moreover, looking back to FIG. 4, it can be seen from the solid
line that inverting the last portion (i.e., beginning at position 6) of the
message word did not break long runs of consecutive like symbols
and therefore the maximum values of running digital sums are high
regardless of the fact that the codeword is balanced. Consider now a

25 modified sequence obtained by inverting every other message bit to

obtain a modified message word of (0,1,1,0,1,0,1,0,1,0,1,1,0,1,0,1). The



15 M conparators (see Equation 2) to keep track of maximal running digital
suns of orders 1 to M A running digital sumof order M2 gives

sat i sf actwow3penbor mance. Thi s paragraph above descri bes &C3atS02/@917

nodi fication rules applied to a nessage sequence a. This set of rules wll
be referred to hereafter as "nodifications of first kind." 20 Mreover,

| ooking back to FIG 4, it can be seen fromthe solid Iline that inverting
the last portion (i.e., beginning at position 6) of the nessage word did

not break | ong runs of consecutive |ike '%%‘rrbol s and therefore the nmaxi num
val ues of running digital sunms are high regardless of the fact that the
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correspondl ng runhing digrtal 'sumis ovvn | 5 (dashel)

disparity is sij8)1=The r&@l@uﬁé‘ﬂlﬁﬁ?ity'a%r&ﬁé&@ﬁ tt'h@tlaé?t(fﬁ’x)e Blt@lsl zédop= 1 1s

p=11. The resulting disparity after inverting t | ast five bits is zero,
and the runni ngand giheakusmimg digitdhesurnsli dfi gk m&vﬁgd friessage the, Sheressage
word having every other bit inverted, and then having the |ast 5 bits

inverted) isd shBig§sage wosd hayieg eyery ather dit HWeTWél PBAgthenizaviag éher oken

and the running ar i tlon i S nlf tl smal | er

Bescri bed now  Eok S GRS SRR F e SR hahEr B PhedSBG R i
“modi fications gfe Brok@RoR ﬁie%mu?%d?glfm%ﬁﬁ%aﬁﬁlﬁ&m RGNS b Sifie AT that "a"
is a nessage word being processed a s(0) = (si(0))1<<<,"is a vector of
runni ng di git al smalter.of orders i, 1< i<_ Mat the end of the previous
codevvord Further | et ={si ;1< _i<_2b} be a set of vectors, called
"base” or "scranbl i n&esqrsbeﬁb@pm is agerond type @f medificatione refarrest te odewor ds

a (r) sj & d Lerem as modlflcatlons of a second kind,” of a message word. Again

/i

assume that “a” is a message word being processed and

5O =1(5,") e, is a vector of running digital sums of orders i,
1<i<Mat the end of the previous codeword. Further, let

={s,. (1<i< 2b} be a set of vectors, called “base” or “scrambling”
15 vectors, all of length m. Form a set of codewords a®s,, and for each
codeword a®s; compute a metric array §,(a®s;). Then, find a set

of all positions p within the codeword a®s, such that s® = s{™/2.
Invert the last m- p bits of codeword a®s; by adding modulo two
the seqﬁence u, of the form (07,1™ ), where x? is the all x sequence of

20 length y, and find the array and the corresponding metric

my,(a®s, ®u,). All the sequences (a®s; ®u,) are balanced but

have different maximal absolute values of running digital sums.

Supposing that combination (j,p) has a minimal metrics, the

codeword is created as (a®@s; Qu,,b, where b, is a balanced

(j,p)) 4

25 codeword corresponding to input word (j, p).



codeword a Ot si conpute a netric array S, (a +Osi) . Then, find a set of
all positions p wwthin the codeword a O+ si such that s(P) =s( m / 2

| nvert thwoloamo73ne p bits of codeword a (r) s, by addi ng modiSo2/03807 t he
sequence up of the form (OP,1""- P), where xy is the all x sequence of 20
length y, and find the array and the corresponding netric Mn(a (5 si Ot
up). Al the sequences (a E! s, O+t u p) are bal anced but have different
maxi mal absol ute val ues of running digital sunms. Supposing that
conbination (j, p) has a m ninal metricsi4the codeword is created as (a Q
si O+up, b(j, p)) , where b(;,p) is a balanced 25 codeword
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application, is prov ow ng description in conjunction with

FIG 6. To descritkeptdsentpppliadtits, is gnovithrd i eheldolddwing alescriptzntir 68,
having in mnd that codes of different |engths can also be generated by
adopti ng the necorguscgn with Beserdio desgehe it app@asiy, iconsidet 2 coge®f m=256)

i ded b | ' ity hlock cod f, rate, 810, and the |ast t
bits are usel (B afe Mvingdn e dhrniedd Geditrenfiag e cndai ry
data. Th i ey i | : 10) .2
and (1) m 2. NoteotRAEaRS br BlobBnb Ik ShanpACHR e Biient Bvatfiorn, |0 10,
which is not enpyglioh® €RGOGE, mEpBELisRARSHBH Dy @Y&h&ii?%hrﬂ@%lbi:l@@éde'rhu&

two codewords with disparity -2 and two codewords w diisparity +2 are
added to the cofleateThElGfanelc theolashitelwabiincee iusetihi® endelsoode i fourmpensat ed

by the 15 feedback of the algorithm i.e. by the property of the algorithm
that the i nverﬂ’fﬁ@}l Baglﬁmesww gsg%#@é!ﬂ@ﬁﬁbﬁ%@&%?h% %awsmﬁfétqra Haedhg

digital  supg ofiffg WGhBISEIHGRCE:, (kP AN RiREhS: Bhrd DR FYT T ENt

=252 balanced codewords of length 10, which is not enough to encode

m=256 possible inversion positions. Thus, two codewords with

disparity -2 and two codewords with disparity +2 are added to the

code. The effect of misbalance in the codeword is compensated by the

15 feedback of the algorithm, i.e. by the property of the algorithm that

the inverting position is selected on the basis of the running digital

sum of the whole sequence, not only on the basis of the current
codeword.

A detailed block diagram of the apparatus is shown in FIG. 6.

20 In the embodiment illustrated in FIG. 6, the encoding circuit or

apparatus is shown to include four identical parallel processing

branches 601, 602, 603 and 604, each performing the operations on the

same input uncoded sequence 605 and different scrambling

sequences 606, 607, 608 and 609. The result of these operations are

25  four integers 610, 611, 612 and 613, each corresponding to the second

order digital sum in a particular branch. The running digital sums

610, 611, 612 and 613 are compared, using comparator 614, to select



codeword. A detailed block diagramof the apparatus is shown in FIG 6. 20
In the enbodinent illustrated in FIG 6, the encoding circuit or apparatus
i s shown wo oBnei3ode four identical parallel processing bramaisexo®01, 602,
603 and 604, each perform ng the operations on the sane input uncoded
sequence 605, and different scranbling sequences 606, 607, 608 and 609.
The result of these operations are 25 four integers 610, 611, 612 and 613,
each corresponding to the second order digital sumin a particular branch.
The running digital suns 610, 611, 612-¥¥nd 613 are conpared, using
conparator 614, to select WO 03/007300 PCT/US02/ 05917 -15 the branch with

detai | s nce 4D CFouH BRI sBalesREPs Fircd sonsags. e T derried .
description of b%ng,vqlqgrr@étgpagta@erfor med in branch 601 is provided, 5 and
the description appli&s generally to the other branches as well. In the bit

ex-or circuit 615 ofSipteoaR SouhdIbp@RedIHY bratidies B804 anrgidepeplonce 606 is
added nodulo two to the sequence 605, one bit at a tinme to generate a
sequence 619. [desetiptipn g etbei opperatipnsiipesfosmeld] e kzandh160lairdpsavidedni ch are

respecti vel a [ ti i er, and an,.adder, h 0 bj.na S ence ing from
o eesi ne Br B o HasElipAGR aPBLESEherally o HRe QiHes Beaeibe S0 Meetl R 124 1 o

i NG Ci T Ghh tpiDlond T i quance tak
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val ues from a sefudnce 604 is ddied MIlE WY tbde saduehbd 685, Ghddbit fa t he
sequence 619 out with two to 15 generate an output 620. In adder 617, the

val ue one is subne dotgederate ameguensbl9. nin therpevcepsiog ueitougts ardilpdksar
sequence. The B %and 617, whid are Sespectively a multiphior and an adder, the °
10  binary sequence coming from processing branch 601 is translated to a
bipolar sequence that is fed to processing circuit or block 618. The
elements of a binary sequence take values from a set {0,1}, while the
elements of a bipolar sequence take values from a set {-1,+1}. The
multiplier 616 multiplies a bit of the sequence 619 out with two to
15 generate an output 620. In adder 617, the value one is subtracted
from a resulting number producing a bipolar sequence.
The block 618 is used to calculate the cumulative sum of a
sequence at the output of adder 617. The cumulative sequence is the
RDS as described above. The delayed value of the RDS at the output
20 of a delay element 621 is added in the adder 622 to the bipolar
sequence at the output of the adder 617. The values of running digital
sum sequence (the values of running digital sum at each position
within a block of length 256) are stored in register 623. The logic
block 624 finds a position within the block from which the inversion
25 of bits can start. This operation is done according to the algorithm
discussed above in the Theoretical Basis of the Method section. A set
of positions P is found such that by inverting all the bits at positions

equal or larger than the position P, a balanced codeword is produced.



sequence at the output of adder 617. The cunul ative sequence is the RDS as
descri bed above. The del ayed val ue of the RDS at the output 20 of a delay
el enent 6@0 BsIAAded in the adder 622 to the bipolar seqeRemasozaossthe

out put of the adder 617. The values of running digital sum sequence (the
val ues of running digital sumat each position wthin a block of |ength
256) are stored in register 623. The logic block 624 finds a position
within the block fromwhich the inversion 25 of bits can start. This
operation is done according to the aIgorﬂ@hn1 di scussed above in the
Theoretical Basis of the Method section. A set of positions P is found

such that by inyertin the bits at positions .equal or |arger than the
posi tion P, a biMkeek Beudie® ihdaRs Rt B0usRas Pnd bioediel Bipshoso17
-16 The bl ock 624ofAIEEREY ofligligleRs 625Vl AR 6PPSITE SANSIEBE whideidBgqt hem
into a series of registers 625, 626 and 627. It should be understood that
the nunber of sdedt thegushlesrsofissicheégibiens isatbttlionftedito fduut batcarbbe any nunber

L. If there are |less positions P fromwhich the inversion can 5 start than
there are regi shambertlhelf theee pra/less positipns It frem wihvicle theszwergipn cgna| |

remai ning registers 625 . 626 and 627 w,th sequence conpri.sed all +1s.
Fol | owi ng regi s?@frggﬁ thege aredgas eréglé"egnﬁlea grs{wngcgﬁrﬁq fm%f@%fzz%he

pur pose adder 62§.a A s ef%?@t 295k S 8 M, ar 1 se of
adder 622 and déﬁgyggl g&rr{e}%%{u%l %1]@0%%5,6%15%%:?7?5%?% Tai %%I t r@@

curmul ati ve sum Q@n@rg@a@ageﬂlgrought to the input of the adder. The adder

628 suns val ues of "running digital sumfrom register 623 and the del ayed
val ue of the second &pHewing gegistersi?h are ant hdden6PBiandf a slelpst elemdrdnent

629. The result b5 s eiond SLaSE LS, AU (A0 . e vl s o 2R0S
performed og, ea%ﬂrﬁ&eem&&er 622 and delay element 621 of block 618, which is to
find the cumulative sum of a sequence brought to the input of the
adder. The adder 628 sums values of running digital sum from
register 623 and the delayed value of the second order digital sum at
the output of a delay element 629. The result is a second order digital
15 sum (2RDS). The values of 2RDS are stored in the shift register 630.
The same set of operations is also performed on each stream of
running digital sums at the outputs of registers 625, 626 and 627.
Using these operations, the sequences of second-order running digital
sums of length 256 are produced and stored in registers 631, 632 and
20  633. The values of second-order digital sum sequences are read one
by one from the registers 630, 631, 632 and 633, and the maximum
value within a block of 256 is found.
Finding the maximum second order digital sum is performed
by identical sets of circuitry following registers 630, 631, 632 and 633.
25  The operation will be explained by using the notation in the branch
601. The current maximal value of 2RDS is kept in the register 634. It
is compared with the output of a register 630 using comparator 635,

the output of which is fed to the control input of a binary multiplexer



running digital suns at the outputs of registers 625, 626 and 627. Using

t hese operations, the sequences of second-order running digital suns of

| engt h 25®0aBeoPBroduced and stored in registers 631, 632 &00/U802/6387 The
val ues of second-order digital sum sequences are read one by one fromthe
regi sters 630, 631, 632 and 633, and the maxi mum value within a bl ock of
256 is found. Finding the maxi mum second order digital sumis perfornmed by
identical sets of circuitry following registers 630, 631, 632 and 633. 25
The operation will be explai ned by using fhe notation in the branch 601.
The current maxi mal value of 2RDS is kept in the register 634. It is

d with f ' 30, usi 635,. . th
ot pat of wni chors TsapleSel & Pofer mtleSer SRESTERGE kEites Faset "o
03/ 007300 PCT/ Uﬁ%ﬁﬁ gg %%?forhﬁﬁg@ﬁ@se %aggﬂrlé bRIGUE bf 856 RBESEAubIGhb ar ger

2RDS val ue to t rster 634. By ‘per m ng these operations on each of
256 2RDS val uesovéradl maxanaid valeivilinbey presenin thdsegisies 684 at thd ed r egi st er
634 at the end of the last conparison. 5 As expl ained above in the
di scussi on of t hbtheHaghreompatistsasi s of the algorithm the streamwith the
smal | est deviation of, a 2RDS will haye the npst essed | pw.frequency
conponents. o find S§EKP gnganéhgﬁ%gq}/}}eoa{ssugséqn B?H%D ef?ﬁ"sth?i g@ﬂﬁé’ ces, a
series of conpar AL e - WS ] 6 7 and
tHe> 21D rithin ggfEfr%ﬁ%ﬁﬂsﬂh@%ﬁ%_@gﬁ?&%@ a 2@%@ wai

638 (which 10 provi & resp Ive I ntegers and each

correspondi ng h@véﬁ@eﬁﬁié@@dg fedesd W iftefuedtyncomponeatd. | AW fad Buakch) and
conparator 614. The output 6 of conparator 614 is fed to alogic circuit

640, which i s usedquengerfooimce set afehtioresd. Setuenced; at deaies pd|cosytarisgayi at i on
of 2RDS. This logic cjrcuif 640 al so gives an. _ou t g4 5 the 8-bit
posi tion from wABr &ef s, aiSieo FoRRATaI0N 1 &, B & aﬁgb%t?’sl (which

10  provide respective integers 610, 611, 612 and 613, each corresponding

to the second order digital sum in a particular branch) and

comparator 614. The output 639 of comparator 614 is fed to a logic

circuit 640, which is used to produce a sequence 641 with the smallest

deviation of 2RDS. This logic circuit 640 also gives as an output 642

15 the 8-bit position from where the inversion has started, and the 2-bit

information on which scrambling sequence is used. The 8-bit position

information is then encoded in the 8-10 balanced block code and the

appended to the coded sequence. The 2 bits specifying which

scrambling sequence is used is also appended to the codeword. To

20 perform the 8-10 Iencoding a look-up table can be used. The table is

comprised of 252 balanced words of length 10 and 2 words of
disparity 2 and 2 words of disparity -2.

The operations of the encoding method are summarized in

FIG. 7. A 256-bit long data word 701 (for example sequence 605

25 shown in FIG. 6) is scrambled in the scrambler 702 by one of four

scrambling sequences (for example, scrambling sequences 606, 607,

608 and 609 shown in FIG. 6) to generate scrambled portions 704

(scrambled bits which can be described as first and second scrambled



i nformation on which scranbling sequence is used. The 8-bit position
information is then encoded in the 8-10 bal anced bl ock code and the
appended wo oBle73eoded sequence. The 2 bits specifying whi ®oT/UGsS0r/68%1 | ng
sequence is used is al so appended to the codeword. To 20 performthe 8-10
encoding a | ook-up table can be used. The table is conprised of 252

bal anced words of length 10 and 2 words of disparity 2 and 2 words of
disparity -2. The operations of the encoding nethod are summarized in FIG
7. A 256-bit long data word 701 (for exéﬁple sequence 605 25 shown in FIG
6) is scranbled in the scranbler 702 by one of four scranbling sequences

(for exanple, scranbli se 06 07, 08 609 .shown .in FIG 6)
to generate scrpé’ﬁﬁPQﬁ 7@%111 ?fglﬁg&frgi gfr?@lgﬁ%lpéﬁgf}ﬁ whisch fléstltnp%%m&escri bed
as first and s r e / )Rk - et 1 ons
a1 and voas SR RER g}c}%{}ﬁtgﬁSggﬁ-mlﬁ?lsl?gg{?‘zelﬁ?%tlsoép%%ﬁegn&%}c} B | odo
word. Then, théngeswidlpge 708N siting firom Bvisdsiten i givémbybithe posM@NSI on

l ogic 703, starting froma position given by the position information 705
that i s has beénfodaradion Z{Ed%l@yl&he@ hsenclsitemyined 51 the @reudtryia Her 6nbl ed
portion of the _stream 704

-1, the scranbled an i rted portion aof the
T bam 206, Sne The RetRatblad  pettin st fe raticrdn 7oA he RenSbledPad whor e

i nversion start; -k i e then5G %m sequence
used are conbi trjllgvéleIfll{;)'(‘jl r eg?lg og tgggq'?%lgt C%%ié\/\vg%@%%@e %ﬁ% I taltfg)glquence
707 carrying tm7idH gidpbsibnonhd@ hhersd®s star) antdiethe 2-bR ihforaiadiopn starts

i's obtained by encoding the sequence 706 at the Qué;EUt of bit inversion
| ogi ¢ 703 usi ng08rorethescrarhblbiig sequetee used ardltenddned to\greapea 268-bit | s

ie)épljgi:gggdi 3 siF lrggdgf@ggt}?ﬂloﬁ% EO b?tosretqiuggcgg& g;rrwneg t 6e8ﬁ1t%i)}*mgt?gr? o\llr\lm d 709
10  the position where the inversion starts is obtained by encoding the
sequence 706 at the output of bit inversion logic 703 using an 8-10
block encoder 711.
The decoding operation is explained in FIG. 8. The 10-bit
portion 707 of the 268-bit code word 709 is decoded using decoder
15 811, and the 8-bit information 806 on the position from which to start
inversion is determined. This information is used in bit inversion
logic 805 to invert the portion of scrambled and inverted bits 706. The
information 708 on the scrambling sequence is used by scrambling
sequence selector 807 to select a scrambling sequence 812. By adding
20 the scrambling sequence 812 which is identical to the scrambling
sequence used in the encoder, descrambler 813 generates or recovers
the original 256 bit long user word 701.
It is to be understood that even though numerous
characteristics and advantages of various embodiments of the
25  invention have been set forth in the foregoing description, together
with details of the structure and function of various embodiments of
the invention, this disclosure is illustrative only, and changes may be

made in detail, especially in matters of structure and arrangement of



15 811, and the 8-bit information 806 on the position fromwhich to start
inversion is determned. This information is used in bit inversion logic
805 to i nweros/ootseo porti on of scranbled and inverted bits POE/USIEs9I17
information 708 on the scranbling sequence is used by scranbling sequence
sel ector 807 to select a scranbling sequence 812. By adding 20 the
scranbl i ng sequence 812 which is identical to the scranbling sequence used
in the encoder, descranbler 813 generates or recovers the original 256 bit
| ong user word 701. It is to be understo o that even t hough numer ous
characteristics and advantages of various enbodi nents of the 25 invention
have been set
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-20- WHAT IS CLAIMED IS: 1. A nethod of encoding digital information in
order to suppress direct current (dc) content, the method conprising :
recei vi ngvea osmeosence (605) of m nmessage bits of a nessagePCmarsd2/¢3p01); and
mappi ng the sequence of m nessage bits of the nessage word to a codeword
(709), of length n bits, generated fromthe mnessage bits using al gebraic
operations. 2. The nethod of claim1l, wherein mapping the sequence of m
nessage bits further conprises: generatlna a plurality of codeword

candi dat es(619, 620), each of Ilength n be¥s, fromthe m nessage bits using
al gebraic operations; and selecting one of the plurality of codeword
candi dat es base lﬂhglng criteria. 3. The nethod of claim 2,
wher ei n gener at Hag—the—prira codeword candi dates further conprlses
generating eachjof t WO 1) { éﬁ?ﬁ
different one of a eﬁ??%#%éfé#¥f@§ %‘scrg ﬁﬁﬁgﬁgﬁﬁﬁiﬁk (606 609) to
the m nessage bdh@cnﬁni@ﬁxﬂeﬁaggamw&hdnmﬁhoah@ngﬁi :of claim3, wherein
sel ecting one of the plurality of codeword can dates further conpri ses
generating second or tegeivitgidegherenio8eefangeessage bils poadnes§age each of the
plurality of codeword candlg?h . Hq selecting the one of the plurality
of codeword candi dates bX¥&¥ @@nap e second order digital sum sequences.

5. The method of clajfg pqu@lﬁé(;gédﬁaeng&m%ﬁfrrlteg?ag@ﬁi{sadf‘th&r?éssaé‘@%‘ﬁ@rd

candidates is a binary ereln |'ect
to a codeword (709), of length n bits, generated from the

m message bits using algebraic operations.
2. The method of claim 1, wherein mapping the sequence of m
message bits further comprises:
generaﬁng a plurality of codeword candidates(619,620), each of
length n bits, from the m message bits using algebraic
opérations; and
selecting one of the plurality of codeword candidates based
upon an optimizing criteria.
3. The method of claim 2, wherein generating the plurality of
codeword candidates further comprises generating each of the
plurality of codeword candidates by adding a different one of a
plurality of periodic scrambling sequences (606-609) to the m message
bits of the message word.
4, The method of claim 3, wherein selecting one of the plurality of
codeword candidates further comprises generating second order
digital sum sequences corresponding to each of the plurality of
codeword candidates, and selecting the one of the plurality of
codeword candidates based upon the second order digital sum
sequences.
5. The method of claim 4, wherein each of the plurality of

codeword candidates is a binary sequence, and wherein selecting one



WO 03/ 007300 PCT/US02/05917 -21 of the plurality of codeword candi dates
further conprises converting the bipolar sequence of each codeword

candi dat ewD@3@mo3dpol ar sequence. 6. The nethod of cl ai m PCTser/eiom7 f or the
bi pol ar sequence corresponding to each of the plurality of codeword

candi dates, selecting one of the plurality of codeword candi dates further
conprises: generating a first order running digital sum (623, 625, 626,

627) for the codeword candi date; determ ning a set of positions (624)

wi thin the codeword candidate, such tha??‘nndifying t he codeword candi date
by inverting bits in the codeword candi date starting at a position from

the set of positigns results in a running . digital sumfor the codeword
cand; dat o bei ngobHuariuFaty a3 cgdlefiond Tan s st ciiinsRt contiiEor der
runni ng digital 1§€U15ﬁ> ( < td : Wﬁ@pi date and each
respective posi %I on P?\ﬁgﬁgﬂgﬁer(g%%g)ﬁg?%‘t@et E%?dlggm tion W thin the
codewor d candi dgéquedicewhi ch bit inversion began. 7. The nmethod of claim 6,

wherein calculating the separate second order running digital sum sequence
for the codewor@ cahbiedeetboded cledtd, mekgreint fordhe binalansequencde
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o | 1, BBt o Sl S el opect e
comprises:
generating a first order running digital sum (623, 625, 626, 627)
for the codeword candidate;
determining a set of positions (624) within the codeword
candidate, such that, modifying the codeword candidate
by inverting bits in the codeword candidate starting at a
position from the set of positions results in a running
digital sum for the codeword candidate being equal to
zero; and
calculating a separate second order running digital sum
sequence (630-633) for the codeword candidate and each
respective position in the corresponding set of positions
within the codeword candidate at which bit inversion
began.
7. The method of claim 6, wherein calculating the separate
second order running digital sum sequence for the codeword
candidate and each respective position in the corresponding set of
positions within the codeword candidate further comprises
calculating the second order running digital sum sequences for each
of the plurality of codeword candidates and for each respective
position in the corresponding set of positions at which bit inversion

began as cumulative sums of first order running digital sum values.



began as cunul ative suns of first order running digital sumvalues. WO

03/ 007300 PCT/US02/ 05917 -22 8. The nmethod of claim7, wherein selecting
one of thwomBuwembity of codeword candi dates further conpPCIasoyeioeTti ng
the one of the plurality of codeword candi dates and the position in the
correspondi ng set of positions which produces the snmallest absolute value
of second order running digital sum together with the periodic scranbling
sequence which was added to it. 9. The nethod of claim8, and before
receiving the sequence of m nessage bi t320f a message word, further
conprising nodul ating the nessage word with an error correcting code (205)

aftor mapping tite. Seque e oh s e Bt Sl e gt Ao 1 he
codeword, furth -S4 e at i . 1 error
correcting gode%c%eé/g%&%dﬁla%ﬁ enc%%f&ndg}ﬂg{aggsr%t us %@8%\%&%&%00%5

digital infornphirghty 6f @déVordrasidpdtesandithiepbsitivhlirhe (dc) content, the
encodi ng apparatus conprising: an input (605) receiving a sequence of m
nmessage bits of cerrespmsshing selorfcositignawhidht grogiucesitl sraallest ebedytag

branches (001 004) egeh Senerating. o ALLLPTEN. coteunrd,sand dale from (e
010) o1 o8 ° e Bn b gReRluAlaL athoapatier d cond cacce, cach
branches, basedg. upoTham&@Rbi Bf ldif & ahtdidfére receiving the sequence of m
message bits of a message word, further comprising modulating the
message word with an error correcting code (205) to provide the
sequence of m message bits.
10.  The method of claim 8, and after mapping the sequence of m
message bits of the message word to the codeword, further
comprising modulating the codeword with an error correcting code
(205).
11.  Anencoding apparatus (210) which encodes digital
information in order to suppress direct current (dc) content, the
encoding apparatus comprising:
an input (605) receiving a sequence of m message bits of a
message word;
a plurality of parallel processing branches (601-604) each
generating a different codeword candidate from the m
message bits using algebraic operations; and
a selector (614, 634-638, 640) for selecting one of a plurality of
codeword candidates, each generated by a different one
of the plurality of parallel processing branches, based
upon an optimizing criteria.
12.  The encoding apparatus of claim 11, wherein each of the

plurality of parallel processing branches comprises scrambling



12. The encodi ng apparatus of claim 11, wherein each of the plurality of
paral | el processing branches conprises scranbling WO 03/007300

PCT/ US02/WB9Y/p0736@3 circuitry (615) which receives the m wmegamgyodits and a
scranbling sequence (606-609) as inputs and provides as an output a
codeword candidate, wherein the scranbling sequence used by each
processing branch is different than the scranbling sequence used by all of
the others of the plurality of parallel processing branches. 13. The
encodi ng apparatus of claim 12, wherein @dth of the plurality of parallel
processi ng branches further conprises conversion circuitry (616, 617)

he codevor d candraEvel ot PbERoRar s Lot e b d A rdrrldonce, 14
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paral | el processi er conprises: firstorder running digital
sum cal cul at i ngcgididuid, Whelrbihhe scratipligg séquehlae ueed Bereath proddssitist ry to
generate a first order running digital sumfor the codeword candidate

havi ng t he bi pobranchds détfierent tharetheisgrambling sequetee esad byredl efitheui try (624)
coupled to the first_qrder running digital sumcircuitry to determne a
set of positi pn@th/ﬁr§ Hfﬁ‘qﬁgr%&&ﬁﬁ%‘gﬁpa‘?ﬁs@g%@ﬁﬁ%hay modi fyi ng the
codeword candi dgie byyakE0 R0, Dk isld] ol PLUMBEA SRAdqaLe starling at
a position fromthe set of pOsitions results Tn'a running digital sum for
the codeword Capﬂhﬁﬁﬁﬁogggﬂﬂgggﬂﬁb%%ﬁgbﬁh&be@wﬁﬂkﬂ%dﬁﬁﬁﬁéyhﬂﬁm%ﬂaﬁ'ng

digital sumregisters ( , 6 627) storing a running digital sum
sequence for theircuitry (616,617) coupled to the scrambling circuitry, the conversion
circuitry convérting the codeword candidate from a binary sequence
to a bipolar sequence.
14.  The encoding apparatus of claim 13, wherein each of the
plurality of parallel processing branches further comprises:
first order running digital sum calculating circuitry (618),
coupled to the conversion circuitry to generate a first
order running digital sum for the codeword candidate
having the bipolar sequence;
inversion position determining circuitry (624) coupled to the
first order running digital sum circuitry to determine a
set of positions within the codeword candidate, such
that, modifying the codeword candidate by inverting
bits in the codeword candidate starting at a position
from the set of positions results in a running digital sum
for the codeword candidate being equal to zero; and
a plurality of running digital sum registers (623, 625, 626, 627)
storing a running digital sum sequence for the
codeword candidate and each respective position in the
corresponding set of positions within the codeword

candidate at which bit inversion began.



codeword candi date and each respective position in the corresponding set
of positions within the codeword candidate at which bit inversion began.
WO 03/ 00A30038aBNJS02/ 05917 -24 15. The encodi ng appar at e€TAfSozbH3I™M 14,
wherein each of the plurality of parallel processing branches further
conpri ses second order running digital sumcalculating circuitry (628,

629) coupled to the plurality of running digital sumregisters to

cal cul ate a separate second order runntgg_digital sum sequence for the
codeword candi date and each respective p&sition in the correspondi ng set of
positions within the codeword candi date at which inversion begins. 16. The

encodi ng appar aggs Ofl“h‘éleﬁicgaﬂ'%a ehls D LREmSE SAHREin ShchGRtRe €d to the
ranches and $e tﬂ

plurality of parallel processin ects e one of a

plurality of cogawaliy 6apsiatiel sfoceBding bearideh Fiudherd dorhpisesbongpondi ng set
of positions which produces the smallest absolute value of the second
order running dpyderaunsdimg digitpd stray calgulhting eircaidry 62506%8) egupteddebl i ng

sequence. 17. A a rat.us for encqdi.ng digital infor ion in order to
Suppr6ss. di 1 ect HRLPEAL QiR nEgR IR SHE EBs 00 S LU ASERBRE an | npu
whi ch recei ves Qec%?lglu&a%‘f‘rﬁﬂnm%@ggtggﬁgﬂ'iﬁ%@{cteﬁfgrﬂ’f‘é@&ﬂﬁvmr d; and neans

for mapping the sequence of m I'ts message word to a
codeword, of | epgididatdaideadeRepedtBd pdditedh ithedRoTRSPAALINY et 0fsi ng

al gebrai c operations.

positions within the codeword candidate at which inversion begins.
16.  The encoding apparatus of claim 15, wherein the selector is
coupled to the plurality of parallel processing branches and selects
the one of a plurality of codeword candidates and the position in the
corresponding set of positions which produces the smallest absolute
value of the second order running digital sum, together with the
corresponding scrambling sequence.
17. A apparatus for encoding digital information in order to
suppress direct current (dc) content , the apparatus comprising:

an input which receives a sequence of m message bits of a

message word; and
means for mapping the sequence of m message bits of the

message word to a codeword, of length n bits, generated

from the m message bits using algebraic operations.



