17, JAN 2006 (12) | NTERNATI ONAL APPLI CATI ON PUBLI SHED UNDER THE PATENT

COCPERATI ON TREATY (PCT) (19) World Intellectual Property Organl'zq; Jgg %ayﬁ
I nternational Bureau (43) International Publication Date 23 January Z0
(23.01.2003) PCT (51) International Patent Classification : Gl1B 20/ 14,

HO3M 5/ 14 (2
| nt er nat i ogal ‘%ﬂ“(“ﬁﬁ“ﬁ&w AP,

Language: (26) Publication Language: (30
60/ 303, 831 BiolwbNath Qe]ct H}% ey QA dikartoly_(f
LLC [US/ US] ; f ’]920 9’ By eaﬂé Ry, S
| nvent or s: VASI C Bane 4841 N. Vall ey

KURTAS, Er Oza“ 43 Qer E&QE jcatib Bk - Ui €

IPC

(74) Agent:

P

,,_'
\%\ i cant : SEAGATE TECHNOLOGY

| nt er nat i onal i cation Nunber: PCT/US02/05917 (22)
éﬁi&“&éﬂ%@%@‘(‘ﬂ?ﬂ HY PADRNTGOQPBRATION [FREATY (PCT)

iority Data: English English

{

3
= Pi tt l:i’5 cati IIJTS er
'ﬁ%{m%ﬁ% i

012 gate T
Pl ace Pl ttsburgh PA 1522 -4215°(US) . eﬁ@%ﬁ

: nt er nat i orl?:l‘f’l }'ﬁgjﬁﬁé‘%‘;"]}%‘%# R rr%°1"ll\1/\¢§%§}' @%‘%é(‘lfé) s'lgi ﬁf‘%@’%tﬁd“ﬁﬁbﬁ%‘s” AU,

(national): AE, AG AL, AM AT, AU,
(21) International Application Number: PCT/US02/05917

(22) International Filing Date: 27 February 2002 (27.02.2002)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
60/303,831 9 July 2001 (09.07.2001) US

(71) Applicant: SEAGATE TECHNOLOGY LLC [US/US];
920 Disc Drive, Scotts Valley, CA 95066 (US).

(72) Inventors: VASIC, Bane; 4841 N. Valley View Road, Tuc-
son, AZ 85718 (US). KURTAS, Erozan; 910 Bingham
Street, Unit J, Pittsburgh, PA 15203 (US).

(74) Agent: BORDAS, Carol, 1.; Seagate Technology LLC,
1251 Waterfront Place, Pittsburgh, PA 15222-4215 (US).

CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, H, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, L.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG,
S1, 8K, SL, TI, TM, TN, TR, TT, TZ, UA, UG, UZ, VN,
YU, ZA, ZM, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,

KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, T™),
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR,
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent
(BE, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR,
NE, SN, TD, TG).

Declarations under Rule 4.17;

as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(i)) for the following designations AE,
AG, AL, AM, AT, AU, AZ, BA, BB, BG, BR, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, ES,
FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KR KR KZ LC, LK, LR, LS, LT, LU, LV, MA, MD, MG,

[Continued on next page]

(54) Title: METHOD AND APPARATUS FOR SUPPRESSING LOW FREQUENCY CONTENT IN DIGITAL DATA

| 01

256 bit long
user word

SCRAMBLING
SEQUENCE

708

AT 00 0 0 OO

704-1 711 ‘]
8-10 ENCODER |
\imj /’ 709
268-BIT LONG
| 704-1 08\ | zor | 708 | SohEr woro
A
e
SCRAMBLED AND 2-BIT SCRAMBLER
< SCRAMBLED INVERTED BITS INFORMATION
BITS 10-8IT POSITION

] 705 INFORMATION
S POSITION WHERE
g INVERSION STARTS
o~
&

(57) Abstract: A method of encoding digital information in order to suppress dc includes the steps of receiving a sequence (605)

\ of m message bits of a message word (701), and mapping the sequence of m message bits of the message word to a codeword
(709), of length n bits, generated from the m message bits using algebraic operations. Muitiple codeword candidates are generated
from the m message bits using the algebraic operations to combine the m message bits with different periodic scrambling sequences
(606-609). One of the codeword candidates is selected for mapping based upon an optimizing criteria. Second order digital sum

g sequences (630-633), corresponding to each of the plurality of codeword candidates, can be used as the optimizing criteria to select

the codeword.
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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 medijum, 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



5 Application No. 60/303831, filed July 9, 2001, and entitled "METHOD AND
APPARATUS FOR SUPPRESSI NG LOW FREQUENCY CONTENT I N DI A TAL DATA ". FIELD
OF THE | NVENTI ON The present invention relates generally to thelfqeugNoﬂmﬁ
coding 10 for digital systenms. Mre particularly, but not by [imtation,
the present invention relates to inproved nethods 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 rgcording information on a
recordi ng nmedium and readi ng-back the data from 15 a recordi ng nmedi um
such as magnetic disc. BACKGROUND OF THE | NVENTI ON Recor di ng nmedi um f or
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namely low disparity between +1s and -1s, means that the content of
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)= hby+ hD+ hD*+ ..+ h D', where D is a time delay operator. The
values of the polynomial coefficients k3, h2,...,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- D)"(1+ Dy* 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 4D)= (1+ D)”. If the partial response

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



-2 signal do not occur. It is also desirable that the sequence be
substantially dc-free to ensure that fluctuations do not occur ‘ q?@pﬂmm
signals, such as tracking error signals, occurring in the servd”con

Wth the recorded synbols taken to be +1 and -1, so that +1 5 corresponds
to binary 1 and -1 corresponds to binary 0, the so-called running digital
sum (RDS) is a standard neasure for evaluating the dc conponent. The RDS
is the total sumof the recorded synbols _fromthe tine of starting the
sequence. A snmall RDS absol ute val ue, ﬁely | ow di sparity between +1s
and -1s, neans that the content of 1o the dc conponent is low. ' Sequences
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partial responsdigital information that is to be recorded into strings of bits, called
10 message words. Each message word is then used to select a cocﬁteword
| 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 systems, 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



pol ynom al contains a term (1-D), then the frequency response of JAN 2006
-3 such a channel does not pass a dc conponent, and RDS control to nake

t he maxi num absol ute value of the RDS of the nodul ation code sdqfejaN 2008
small is therefore not needed. However, for partial response polynomals
that do not have factor (1-D), the .frequency 5 response of a channel does
have a dc conponent and RDS control does have to be carried out.

Modul ati on coding can be used to obtain dg-free sequences. Modul ation
coding may be inplenented, for exanple, by parsing digital information
that is to be recorded into strings of bits, called lo nmessage words. Each

message word i sitdieftyused réquiserelativalyc birer [CoABUAPERALRO s 1a¥§@ _
codewords in the codebook are of |ength n its, where the codeword bits
define a recor deda seqgirdagmted wimuitsr Alsoy tse ldrger ¢helendebodk tthedebirae a
sequence of synbols to be recorded on a _nedium However, efficient or
hi gh-rate dc-f rtiBenibdiakes itonacrsss sadewords inatheepedehodkouriWidh vateat of
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have a rate hi ginellehdathefilselvesaotaiety complexityl BrpRim@itaisn. be witten on

the recording nedium Codes having a relatively |Iong codeword |ength are
required for rates akiquisally @1 erronlcosrectinggmdeddatsedkia cmgunetiprn mdth wher e
the codewvords ian1rr1t0r(1:1%1a’ciom code. Error correcting codes introduce additional bits
10  toasignal 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



codebooks are dc-free. For exanple, a code of rate 16/17 requires a
codeword length of 17 and a codebook size of 65536. Such |arge codebooks,
however, typically require the inplenentation of conplex 17: JAN| OOAN ?UUG
circuitry and require relatively high power consunption and a | arge area
on integrated circuits. Also, the |arger the codebook, the nore tine it
takes to access codewords in the codebook. Wth current technology, it
woul d be extrenely costly, if even possing, to design a 5 codebook with
65536 words of length 17. Thus, there is a need for a nethod and
apparatus for generating high rate codes that are dc-free and |end
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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.



I's used together with high rate dc-free codes, the error nultiplication 25
Is inevitable. Error nultiplication neans that error in one recorded bit
produces errors on several bits in the decoded data. This effecgt.,i
consequence of the nonlinear structure of a nodul ation decoder».lﬁjﬁﬂﬁamﬁ
schenme, so called inverse concatenation, puts nodulation 1 7 JAN 2006 -5
encodi ng before error control coding, and nodul ati on decodi ng after

nodul ati on decoding. In this way, the errpors are first corrected. by an
error correcting code, and the error nulfiplication is prevented.

However, the érror correcting encoder does not necessarily produce 5
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m nmessage bitseaddof four candidates and for each respective position in the

corresponding set of positions, the second order digital sum sequence

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



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
codeword froma list of K codewrds and recording it on a recop?izg 5
medi um As opposed to previous art, the nethod does not require*w-suﬁbzmm
codebooks. The codeword is obtained solely by using al gebraic operations
such as addition and conparison. 17 JAN 2006 -6 In one particul ar

enbodi ment, the nethod includes adding a. set of four periodic sequences
to a message word, thus creating a set é% four codeword candi dates. For
each codeword candidate an RDS sumis calculated and a set of a positions
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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



whi ch periodi c sequence has been added to the nessage word prior to

I nversion, is also appended to the nessage word thus formng a  nodul ation
codeword. The nodul ation codeword is then encoded by an error dofr$ANi206
code, for exanple linear block code, and then 25 recorded to the nedium
The parity bits of the error correction code may introduce m sbalance in
synbols +1 and -1, however when the conputation of RDS and second order
RDS of the next nmessage word begins, thig msbalance is taken into
account, and the nodulation ,17 JAN 2006 -7 encodi ng nmet hod conpensat es
for it. Any msbalance in positive and negative bits after adding parity

bits:in the errae Reiewed (NCIARSPN Pisé SriveO TP REAh h{&ﬁdéé‘atcﬂgc Bagk |

nodul ati on encodi ng round. The priesent invention also provides a _

and appar at us W6 whideisadongtédhbaraspindie fioe theshvwEs ise chm%um A
nmore conpl ete understanding of the present invention, as well as other
features and adnghdegespbraliteobinaiwidual dises 108 whichyarbenotmhidnied cowi t h

reference to the follow ng detailed, d ription and acconpanying
drawi ngs. 10 THOLHOM AR eeRirgl axis &éét Eada discwH)7 has anvassosigéed whi ch
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eading of - the Mrrbh perdict i uBESEiET | G o Tots cipagt Aie wiite
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view of a disc drive in dccordance Wt erbr ( e pr
i nvention. Fl GSurfacari@93Eacle prbdakt el B0Es sl pbi‘té&‘bg%s égfeﬂsicﬁf‘@l@econd

read channel architectures in which the nethods of thé inveéention can
which is in turn attached to a track accessing arm 120 of an actuator
assembly 122. Actuator assembly 122 is rotated about a shaft 126 by a
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.



be inplemented. 20 FIGS. 4 and 5 are plots illustrating running digital
suns (RDSs) which illustrate aspects of the present invention. FIG 6 is
a block diagramillustrating an apparatus configured to inplengnt

encodi ng methods of the present invention. FIGS. 7 and 8 are di Ao alANaQ008
Il lustrations of;- respectively, 25 encoding and decodi ng operations of
the present invention. DETAILED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS
FIG 1is a plan view of a disc drive 10Qgwhich includes a housing with a
base 102 and a top cover 104 (sections of top cover 104 17 JAN 2006 -8 are
renoved for clarity). Disc drive 100 further includes a disc pack 106

whi ch is nmounted on #FIGHi pdnd M@trét@%ﬁaﬂ}iﬂ'@ecogg DAk a iiec. sudes a
plurality of individual discs 107 which are nounte or co- rotation about

central axis 10%8-Earid #28&2 ifiO¥hivhsthererrodae ahddddronling wedthBaa b tha Wwhi ch
carries one or nore read and wite transducers (read and wite heads) for
communi cat i ng wp¥esest gwendionf canebel doplemeritedr dhecvarhmasicitdts shosmppar t ed
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haft 126 b ' ' t 124, ,which is control |l ed by, servo
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circuitry 128 which herein agranmatically representS crrcul _
associ ated w t hreftxveedhtageakricdlly as béingesicyigyused in processing signals to

be witten to or read fromthe disc or nedia surface. The position in
which circuitry 128 Asshown inFIG. 2, data bits of a message word to be recorded
on the recording media 109 are provided to error cotrecting code

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 inodulation coding,_ 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. Uéing head-
media interaction of the type which is well known in the art, the high
rate and de-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



| ocat ed need not be as shown in FIG 1, but instead, the position of
circuitry 128 shown in FIG 1 is provided as an exanple for discussion

pur poses. Further, disc drive 100 is intended to represent any of a 20

vari ety of data storage devices in-which the nethods and apparatqs7.¥@‘QmE
present invention can be inplenented. For exanple, in one enbodinent,

disc drive 100 is a magnetic' disc drive utilizing perpendicular
recordi ng techni ques and conponents. Howgger, in other enbodinents, disc
drive 100 can be other types of nmagnetic disc 25 drive, or can be other
types of disc drive such as an optical disc drive, a nmagneto-optical disc

drive, etc. Thezrﬁatekg[udﬁz@ﬂﬁlrﬁjﬁlm&@irlt&cuﬁir?g@,s@ﬁid*&ﬁ&ﬁhél d&Bcdl 205hgeused
in other data storage devices, for exanple in magnetic tape storage

devices. .1 7 Jwed006a-@nrentondl awhrer, td genesdte 4 resdbakdsigasbade
channel architectuyres 128;% and 128-2 in which the _encoding and decodi ng
met hods of the W%‘F‘gbé%ﬁ’r? to decademeircwitine 280« eBecader viacuibtys 280r cui t s
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bits of a nmessaps pedeided BECIR0088E of FRe tdiend1e2DN ¢ %@o&ﬁgé stidAr& ©
provided to error correcting code 0 circuitry 205. Error correcting code

(ECO) ci rcui t rybitmwhidushsubdidotiespand kidselyt ¢o tthe dms bageoftidicrotging] t 0
form an encoded signal 206. _The additional bits inprove the abiTity of
the systemto rogsiage wesd. sFpaB illnsmatencthensrode dhittuginyl ashBEG b2ebut

corrupted by noi,se inptroduced t he recordi ng .channel .
P Y Nhows ' that “the mo%%lat?on encod%ggfunctions of the 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, =(5,®),c, as s® = s* D+ 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 by and is of length #-m. Then a codeword can be created by

25  appending by to the partially inverted input word. The codeword is

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

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



15 Encoder circuitry 210 receives the ECC encoded signal 206 and

i npl ements nodul ati on coding, in accordance with the invention, to obtain
dc-free sequences. As will be discussed below in greater detail, encoder
circuitry 210 uses nethods which allow for the generation of hi g‘}mﬁrajm 2006
codes that are at the sane tine dc-free and 20 possess error control °
capabilities. The generated codewords (represented in FIG 1 as signal

211) are indicative of the original dat aq bits of the nessage words
provided to the channel. Using head rrediz} interaction of the type which

is well known in the art, the high rate and dc-free codewords generated

b d [ | ia. The head- nedi
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equal i zer fUnCtBaQ&%céHc&dévGHHsrchléﬁgthﬁ-'};gi§hanne| detector 225 are used,
in a conventional nanner, to generafeé a readback signal 226 which is

provi ded to decoder circiytry 230. Decoder circuitry 230 inplenents
decodi ng net hoﬂs of  t p&™pr esent invention to generate a 5 signal 231 which
is still ECC e @Meh? Theln, ECC decoder circuitry 235 provides ECC

decodi ng of the signalz231 to produce estimated bits which should
correspond closely to\he data bits of the. original message word. FIG 3

st o SRR s Xaer bt e Bgh ST 2 b0
Cbod ments. 1 MR ARl JeafeE (NG UKD PR e eopieaeds e on
the readback  mystbe sufficient to encode all possible positions p.

To illustrate this construction, consider a message word
a=(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{” = s89 /2= 1 isp=5. The last eleven bits of the message can be

inverted to give a modified message of (0,01,1,1,0,0,0,0,0,0,1,1,1,1,1).
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. Description 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  bits 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



signal prior to the nodul ati on decodi ng provi ded by decoding circuitry
230. 15 1. Theoretical Basis of the Method In order to understand the

nmet hods of the present invention, an explanation is provided for a nethod
of generating bal anced codewords. G ven a nessage word a = (adk? JAN 12006 r
of length m(with m being an even integer), one can cal culate the running
digital sum 20 sequence si = (s, (k))isksmas s(kl, = s(k~") + a(k)
assumng ss) = 0, and can find the snaILE%t i ndex p such that s, P> = s
")y / 2. Next, invert the last m-p bitsof the nessage word and encode
the position p by a balanced code. The bal anced codeword corresponding to
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possi bl e position ustrate i s construction, consider a nessage
word- a=(0,0,1,1,1,1,12,12,1,1,1,§, N @)k,f | ength m=16. The running
di gi t al S taP={s 2

where the array entries can be calculated as
s = sV 4 g8 Equation 1
assuming s = 2>a®- 1. Consider metrics on an array Sy(a) of the

10 following form
m, (a) = ﬁ:‘ W, Xmax(lsi(")l Equation 2
= 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 4. 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



10 sumof this sequence is a dashed curve as shown in FIG 4. As can be
seen, the total nessage disparity is s('6> = 2, and the position p, such
that s( P) =sil1l6) / 2 =1 is p =5. The last eleven bits of the nessage can
be inverted to give a nodified nessage of
(0,0,1,1,1,0,0,0,0,0,0,1,1,1,1,1). The resulting disparity afdef JAN 2008
inverting the last eleven bits is zero, and 15 the running digital suns of
the nodified nessage is shown as a solid gurve in FIG 4. 2. Description
of the Method and Apparatus of the Preseﬁl'lnvention In general, there
can be nore than one position p within a codeword such that Si P) = s(m

/2, dalth ' ' A - It b d
codeword, the ooameshondingidriing Bbind s sBob B BT faneRhmine

di f f t ity isdidef en Sirgnifd ' § taslheir.

rr:axi anraIendi giofiatl gt?riﬁrggﬁsafli oﬁg.' Theu{fe?%cg){éi%lf p\,\étlﬁécg1 gr?aztgg‘gt"ishwe%f :lolr‘? t akes

advantage of t hps10hShe vaduleing dibgarityaftet iRrTRENAM 196 AYOBIL EILESEPS

record of all possible positions 25 and choos he opti one.
optimality critendothe menhnirg dighal Sumhs) AN #0modifiefB K dZBAgES Sﬁélf‘%@r
hi gher order digital sumis used. The description of a second order
digital sumis Hefeagh¥ad, hadng evespaiber bitainverted, anduthenrigavingithel sum
vector SAO (s S)smdefining the initial conditions, the running
digital sum 5 gﬁf )ﬁjﬂ mXF’Ef@FlS] }ﬁq%é“’ﬂ%\a? ﬁé@l@%wﬁaﬁ)ﬂ(} psiTheilengirungsr n
where the array ' e .culated, as sjk) = Sik"') + sih; uation
1 assuming sol 002 éxdé% %eﬁ’?cf'illi’e f‘:@ﬁgﬁgeﬁgﬁ@{ ??I@s&%)t‘?téﬂ{‘ B s@ﬁ“@&?ngﬁ t he
smaller.

Described now is a second type of modifications, referred to
10 herein as “modifications of a second kind,” of a message word. Again

assume that “4” is a message word being processed and
5@ =(5,")gen is a vector of running digital sums of orders i,
1<i<sMat the end of the previous codeword. Further, let

S ={s,. 11<i < 2”} 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 sequence vup of the form (07,1 »), where »” 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; ®u,,b, ), where j; , is a balanced

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



10 following formMn (a) =w x max(ls~ " | Equation 2 k where w, are

wei ght coefficients. Notice the recursive character of calculations in
Equation 1. The netric cal cul ation does not require anything nore than a
sinpl e cumul ati ve adder (see Equation 1) and 15 M conpar at ors](]sgAN ZUPS
Equation 2) to keep track of maximal running digital suns of orders to
M A running digital sumof order M2 gives satisfactory performance.

Thi s paragraph above describes a set of ﬂ)dification rules applied to a
message sequence a. This set-of rules wiff be referred to hereafter as
"modifications of first kind." 20 Mreover, |ooking back to FIG 4, it can

he sol i | inverting the | ti i.e.,
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digital suns are high regardless of the _ eword-i
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ot her nmessage bit to obtain a nodified nessage wor
(0,1,1,0,1,0, 1, eonjuoction, with FiG16. . Taidesdribie hiapiratus 2onsidee apoadi ofg
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runni ng di gi tal of uatev8y 1@t ared the 186Wwb Bitd heARsbd toSERAIRY one of four
Walsh basis vectors used to modify user data. The basis vectors used
10  in this example are: 0™, 1, (10)"/2 and (01)m/2, Note that there are B1p
=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



Descri bed now is a second type of nodifications, referred to 10 herein as
"nodi fications of a second kind," of a nessage word. Again assune that

"a" is a nmessage word being processed and s(0) = (sl ' )1sts [
vector of running digital suns of orders i, 1Si:5 Mat the g% @fWﬂQﬁ

previ ous codeword. Further, let S = {s; :1:5 i< 2" } be a set of
vectors, called "base" or "scrambling” 15 vectors, all of length m Forma
set of codewords a (r) si , and for each codeword a (r) si conpute a
metric array Sl (a (B si) . Then, find alSet of all positions p within
the codeword a $ si such that siP> =slm / 2. Invert the Iast m- p bits

f d d nce he_fo m
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array and the qs6RSAVILRY jfic mvl(a msi (5 up) Al'l the sequences
(a msi (Du p) are balanced but have different maxi mal absol ute val ues

o, 70010, 815, L5, Sl alSuntot sy praet . s ) iyl
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used to nodify6léendislz, whieh hasirespetivelys austdtiplier 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+41}. 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.



10 in this exanple are: On 1m (10)m2 and (01)m 2. Note that there are
Bio =252 bal anced codewords of length 10, which is not enough to encode
m =256 possible inversion positions. Thus, two codewords with dzmlzgg
-2 and two codewords with disparity +2 are added to the code. 1T f (1
of m sbal ance in the codeword is conpensated by the 15 feedback of the
algorithm i.e. by the property of the algorithmthat the inverting
position is selected on the basis of the i)ﬁlnni ng digital sum of the whole

sequence, not only on the basis of the currYent codeword. A detailed block

di agram of the apparatus is shown in FIG 6. 20 In the enbodi nent

ncl'ude four 1 datt BRek SR, RMREL Rl iibecBle, pBRRDAE AN sl ig e
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appl i es general Lyndfi branches as well. In the bit ex-or circuit
615 of processi Eg régﬁgﬁo%tiﬁ% he scranbling sequence 606 is added nodul o
two to the sequence GRHowing Rigistef 620 até AR 4AdECH2S ahd & RRAMERERRLY. I N

the processing circuits or Dl oCcks

629. The purpose adder 628 and delay element 629 is similar to the
10 purpose of adder 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



616 and 617, which are respectively a nultiplier and an adder, the so

bi nary sequence com ng from processing branch 601 is translated to a

bi pol ar sequence that is fed to processing circuit or block GlQ.lINemmﬁ
el ements of a binary sequence take values froma set {0,1}, while the

el ements of a bipolar sequence take values froma set {-1,+1}. The
multiplier 616 nultiplies a bit of the sequence 619 out wwth two to 15
generate an out put 620. In adder 617, the,yalue one is subtracted froma
resul ting nunber producing a bipolar seqidehce. The block 618 is used to
cal cul ate the cunmul ati ve sum of a sequence at the output of adder 617.

The cunul-ative is. the S as descri bed ve., The del ayed val ue
of the RDS at tﬁg&gﬁﬁ%‘%&%ﬁﬁerﬁg& aﬁﬁeseﬁlﬁjéﬁge% valyada t}g‘ﬁ regetelfdder
622 to the bipo Wi@ i 0 The val ues of
runni ng digital BQ‘Isu equenceg?ﬁgg\(/)g%%ggngf&} é%(%l ﬁgggégfzﬁiﬁ V%lhlﬁ‘?’a €each
position withi overdil ackigun ealidwiBbe FreSest B Bk fdbisies| The

l ogic block 624 finds a position wthi nlﬁ': hee bl ock f é%@ghg?%ﬁffﬁ%%nd

i nversi on 25 of obtheslasteorsparisonThi s operation is done according to the

al gorithm discussed above in the Theoretical Basis of the Method section.
A set of positions PSexplained ahave inithe digcussicsy of the ticoretical basis oft

roduced. 17 806 0Bk bt 1G5 she Smallest dPGeRcacof RaBLH ALl
7 shoul d e uniays e MO upBrheda Bl fegRaql umbBhentl TR R | oo
whi ch-he. | mver ook o B o R R Se oS o by S™
i nversi on posi t aten ferfutexed Abing i ¢drapatdtorse®b)icg, 16371 ahdr 638 whieR6 and
627 with a sequence
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 .encoding 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



conprised of all +1s. Follow ng register 623 are an adder 628 and a del ay
el ement 629. The purpose adder 628 and delay elenent 629 is simlar to
the 1o purpose of adder 622 and del ay el ement 621 of bl ock 1@’] vmi ﬁﬁb S
to find the cunmul ati ve sum of a sequence brought to the inpu fA g
adder. The adder 628 suns values of running digital sumfrom register 623
and the del ayed value of the second order digital sumat the output of a
del ay el ement 629. The result is a second order digital 15 sum (2RDS). The
val ues of 2RDS are stored in the shift r é‘ister 630. The sanme set of
operations is also perforned on each streamof running digital suns at

f ' 25 62 Usi rations, th

Sequancos. of s BTaRs TR AR ARG mﬁle%ae‘gt%%@%épﬁf%&% é&gtfm gdﬁced
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632 and 633, aﬁﬂvéﬂ@.ﬁ)tﬁéf%m& Vs%l‘%ﬁlév‘f[hgi'ﬁ ;huﬁogitﬂfr{( Ig?\frer? 't]g%/ fpfagiggﬁ cal

Fi ndi ng the maxi mum secohd order di IS peftorne

sets of circui inforiroitiony0fthatds hasbeerbdbterfidhed by2hendr@ddy in FGI Be
operation will be explained by using the notationin the branch 601. The

current maxf malTheasgeamblegRrportienk eptthien strhamr F@ist, ethes trambled aingbnpar ed

with the output of a,register. 630 using conparator 635, _the output of
which is fed tb“Y‘Ffée@m%F‘SF oy tSfFﬁan&g;@ﬁna?W@lﬁlaﬁitbﬁewebltlnfprmozo% -17
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the | ast conpari son.
codeword 709. The 10 bit sequence 707 carrying the information on

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



5 As expl ai ned above in the discussion of the theoretical basis of the
algorithm the streamwth the smallest deviation of a 2RDS wll have the
nost suppressed | ow frequency conponents. To find such a sequepqejég g
set of 4 times L sequences, a series of conparisons are perforned 3@@
conparators 635, 636, 637 and 638 (which 10 provide respective integers
610, 611, 612 and 613, each corresponding to the second order digital sum
in a particular branch) and conparator 614. The out put 639 of conparator
614 is fed to a logic circuit 640, which41s used to produce a sequence
641 with the smallest deviation of 2RDS. This logic circuit 640 al so
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scranbl i ng sequeppendéed Ubeshsiaze @k?%%.e%?@xaﬁﬁﬁgggﬁﬁgﬁgr e?_éi‘ngers

performthe 8-10 encoding a | ook-up table can b table Is
conprised of 25mayavary dependityg ofi thengarticiila Beattvrt forothe ehedlinpt y 2
and 2 words of disparity -2. The operations of the encodi ng nethod are
sunmari zed i ‘Method . and capparatus ombilel amainteindng 0gulfstantiabtynihieesamauence

ceranl i ng. sequiesonahly WitBaHF Hereriagyfony He B andospE0s! a8 and
000 onoun L1 1 GesBle SRR o3I SRR g P03 SHRHBLAD 1
B Coden vord. Then the Lt per 1 s e B dnd Sppgrt Bt O
drive data storage system, it will be appreciated by those skilled in
10  the art that the teachings of the present ﬁvention can be applied to
other systems, like magnetic tape data storage systems, without

departing from the scope and spirit of the present invention.



inversion logic 703, starting froma position given by the position
information 705 that is has been determ ned by the circuitry in FIG 6. 5

The scranbl ed portion of the stream 704-1, the scranbl ed i d
portion of the stream 706, as well as the 10-bit infornaf?ggNuegy%@k?th
position where inversion starts, and th@02-bit information 708 on the
scranbl i ng sequence used are conbined to create a 268-bit codeword 709.
The 10 bit sequence 707 carrying the information on 10 the position where

the inversi agpaterd 6 ApveR) g.ned by encoding the sequence 706 at the

out put of bit mv'e‘%‘rm on ¢ 703 using an 8-10 block encoder 711. The
decodi ng opegration i | ained in.FI.G. 8. The 10-bit portion 707 of the
268 bi 1 code- vor & T Bt aifbe el igTormiatgn m ol wisepbiudieses carent

i nformation 6 on the position fromwhich to start inversion is

det er mi ned. (GHiCSNieAt theraethedcomprisiegl in bit i nversion | ogi ¢ 805 to invert

the portion of scranbled and inverted bits 706. The information 708 on

the scranbling seepeenega beuesecdfmy messagerbits ofa meeagewenl;sel ect or 807 to
sel ect a scranbling sequence 812. By adding 20 the scranbling sequence 812

which3s identi cahappmgtthes@pémwfhnﬁxesﬁgaaﬁmﬁh&ﬁﬁ?sa' E‘wtoﬁftoezrg&fé%rord

descranbl er 813 generates or recovers he original 256 bit Tong usér word
701. It is to be ungefsb@Oof dikabefS0d i haracterist.ics and
advant ages of various efbodi rre’n%g o?tg(tihe %Ee ?ﬁ\r}g%s&%%enbﬁ%%mge BePLHE forth
in the foregoing description, together with details of the structure and
function of vari ousépgf%féhf’n%’mrgmo?“ai’ﬂggwh?/éﬁ‘ﬂ‘f%ﬂ‘? O?H?sm‘?ﬁs%%ﬂ By farthes
illustrative only, and changes may be nade in detail, especially in
matters of structur®™i¥®Arrangenent of 1 1 JAN 2006 -19

generating a plurality of codeword candidates, each of length n bits, from
10 the m message bits using algebraic operations by adding a different
one of a plurality of periodic scrambling sequences to the m message
bits of the message word; and
selecting one of the plurality of codeword candidates based upon an

optimizing criteria.

15
2. The method of claim 1, 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
20 sequences.

3. The method of claim 2, wherein each of the plurality of codeword candidates

is a binary sequence, and wherein selecting one of the plurality of codeword



parts wthin the principles of the present invention to the full extent
i ndi cated by the broad general neaning of the terns in which the appended
clainms are expressed. For exanple, the particular el enment ar
depending on the particular application for the encoding 1%-’@}&?’%8&’23%(1
apparatus while maintaining substantially the sanme functionality w thout
departing fromthe scope and spirit of the present invention. In
addi tion, although the enbodi ments described herein are directed to an
encodi ng et nd .apparatus. for a disc . drjive data storage system it
will be apprcg@lﬂg &% TONASE | OmPTISES CPRYgTHNE the {”IRQFaérSFq‘!ql?ﬁ% of fach cadewergs of
the present in .gnti on can be applied to other systens, |ike nmagnetic tape
dat a storagé"”é‘% ‘l‘tEH%?b\HO{aﬁé‘iﬂuen@eparti ng fromthe scope and spirit of the
present invention. 17 JANUARY 2006 20 WHAT IS CLAIMED IS: 1. A nethod of
encoding digital information in order to suppress direct current (dc)
content, the nethod conprising: receiving a sequence of m nessage bits of
a message wekd; Theangthod of bR &) waRESn %r e BSAIRqRId Bfred age
word to a codeword, of length n bits, generated fr(()lmtheC mer@gig@gztgbits
usi ng 3l gebleadit of GRE LRIk Sof WORMR: ] . n of m nessage
bits further conpri spgg?mgeqr’]erati ng&]zf p gétg’istfeﬁ;e%g ggoége%p’& BlgF?gE%é)?es,
each of len i . 0 10 t he. m nmessage bits using al gebraic
oper ati ons %%’/&Q%b&?ﬁ%édéd%%sf{ﬁgpgnﬂompgﬁ%& of a plurality of periodic
scranbl i ng sequences to tgqe m nessage bits of the nessage word; and
sel ecting one of SEREAHEA WISt erderunpipg dligitad suna fier theceds eahdidatm; an
optimzing criteria.

determining a set of positions within the codeword candidate, such that,

modifying the codeword candidate by inverting bits in the codeword

10 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 for the

codeword candidate and each respective position in the corresponding set

of positions within the codeword candidate at which bit inversion began.

15
5. The method of claim 4, 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
20 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.



15 2. The nmethod of claim1l, wherein selecting one of the plurality of
codeword candidates further conprises generating second order digital sum
sequences corresponding to each of the plurality of cod r j dat es,
and selecting the one of the plurality of codeword candﬁgg?gggggggg upon
the second order digital sum 20 sequen22s. 3. The nmethod of claim 2,
wherein each of the plurality of codeword candidates is a binary

sequence, and wherein selecting one of the plurality of codeword 17

JANUARY 2006 21 i further .conpri.ses converting the hipal ar
sequence of %éachqf:}%ﬁ{é%gsrxg%f Stéhrﬂi o ST n’gs%le 1“|§o‘?n§r§stéﬁ@g%1§y of codgieordet hod
of claim3, wherein for the bipolar sequence corresponding to 5 each of
the plurali " f’at%émé% CRIes atedecting ethec o pfothe plurality of wodéward of
codeword candi dates further conprises: generating a first order running
di gi tal sumcprdidatpeandghe posidor imthi d¢atrespondieg setrifpiosigions which @roduess theons
within the codeword candi date, such that, nodifying the codeword
candi dat e bpmiaHestrabisolgtebialae iof sebend oftRWaUShiAS Gt sad, eto%e'?tﬁéxI Wit @k 2
position fromthe set of positions results in a running digital sumfor
the cadewor pefdielsétamBliReidadeRUMich Qa?@d&?t@ﬁq calculating a separate
second order running digital sum sequence tor the codeword candi date and
each respective position in the corresponding set of positions within the
codeword candi date at which bit inversion began. 15 5. The nethod of claim
4, wherein gal culating th epayat e _second order running digital sum
sequence for the Smefcczq’\g‘léé’? bgf,%ae EaRiNingdhe saqupnes of g siessaga bits t he
correspondi n? set of positions within the codeword candidate further
conpri ses c8F &mnessagsgverHefusheneemprisieg modulating thei message word withugreees f or
each of the

correcting code to provide the sequence of m message bits.

10
8. The method of claim 6, and after mapping the sequence of m message bits of
the message word to the codeword, further comprising modulating with an error
correcting code.
15 9. An encoding apparatus which encodes digital information in order to
suppress direct current (dc) content, the encoding apparatus comprising:
an input receiving a sequence of m message bits of a message word;
a plurality of parallel processing branches each generating a different
codeword candidate from the m message bits using algebraic operations,
20 wherein each of the plurality of parallel processing branches comprises

scrambling circuitry which receives the m message bits and a scrambling
sequence as inputs and provides as an output a codeword candidate,

wherein the scrambling sequence used by each processing branch is



20 plurality of codeword candi dates and for each respective position in
the corresponding set of positions at which bit inversion began as
currul ative sunms of first order running digital sumvalu g #éAéegy Y
2006 22 6. The method of claim5, wherein selecting one o ' I ity
of codeword candidates further conpris23 selecting the one of the
plurality of codeword candidates and the position in the correspondi ng
set of positions which produces the snallest absolute value of second

order running digit ogether with the 5 iodic scranblin
sequence whi ch was g}fg%’rqﬂ%énl &'% STrAMRE fERYEge Wg‘ﬁﬁéia&‘é,tﬁﬁﬁ@%%a@

recei ving the sequence . of nessage bits of a nessage word, further
conpri si ng modul ati R ratlﬁ%ofrﬁaé@@é@r%ﬁﬂlg/@rﬁwhﬁﬁ afror correcting code to
provi de the sequence of mnessage bits. 10 8. The nethod of claim®6, and
after mapping the sdepiembes sslectingemsanfea lumlityf of théewmd sagdidaes dedcd t he
codeword, further conprising nodulating with an error correcting code. 15

9. An encodi ng appagaktsedibych diffeetiesndi @i th! plubfiiey ¥t p@MIdI NpBE&Siot O
suppress direct current (dc) content, the encodi ng apparatus conpri §i ng:

an i ngut receiving BrahERY ISR MReiAdee Rlifesi, Of @ message word; a
plurality of parallel processil?ggs)nbraryrl?cﬁfljé1 %g}é ﬁa'enerati ng a different

codeword candi date fromthe m nessage bits using al gebraic operations, 20
- wherein each of the plurality of parallel processing branches conprises
the m nessage bits and a scranbling

scranbl i ng (‘l'br cuil.ilry whj.ch recei vgfs } _

sequence as hput <S¢ AP IWRIEAUSAL claimy Iy Wherein cagh efihepluzatity ofpazallel

wherein the scranbling sequence used by each processing branch is 17

JANUARY 2008@reggssing branches further comprises conversion circuitry coupled to the
scrambling circuitry, the conversion circuitry converting the codeword candidate

10 from a binary sequence to a bipolar sequence.

11. The encoding apparatus of claim 10, wherein each of the plurality of parallel
processing branches further comprises:
first order running digital sum calculating circuitry, coupled to the
15 conversion circuitry to generate a first order running digital sum for the
codeword candidate having the bipolar sequence;
inversion position determining circuitry 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
20 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 storing a running digital sum

sequence for the codeword candidate and each respective position in the



different than the scranbling sequence used by all of the others of the
plurality of parallel processing branches; and a selector for selecting
one of a plurality of codeword candi dates, each generat i.fferent
one of the plurality of parallel processing 5 branches,qgggxggﬁgéh%an
optimzing criteria. 10. The encodi ng apparatus of claim9, wherein each
of the plurality of parallel processing branches further conprises
conversion circuitry coupled to the scranbling circuitry, the conversion

circuitry convertin h deword candi date. 10 from a binary sequence to
a bi pol ar sequence.&th.s&lrﬁgnge%égé)gipr?éméfﬁi)é{‘?&f‘hﬁ‘eo‘deEW%%?aI@}d at whigheach
of the plurality of parall|el processing branches further conprises: first
order running digi tl%ifmé’ﬁliﬁo@eheé%ﬂ-ati ng circuitry, coupled to the 15
conversion circuitry to generate a first order running digital sumfor the

codeword candi date havi ng the bi pol ar sequence; inversion position
determning circuitry coupled to the first order running digital sum

circuitry ta2det @hsiencodingipariusnsFl4imOns whetei Sachht? HROBIBIIFof SRR dat e,
such that, nodifying the codeword candi date by inverting bitgozgﬁ?n t he

codewsr d capgiceaim SrhaactHes Rtk cBmPASdstseOhd’ &8P xhgr‘ﬁgggﬁ i%lgtilglggciélfchggiéu al to

results in a running digital sumftor the codewor

zero; and a | i f.r hng.digital .sumregi sters, storing a running
gl sumciedf el o S PIRE. Bt Hhnimt Rl dh ettt fo SHeteiovs
position in _the 17 JANUARY 2006 24 corresponding set of positions wthin
t he codewor SPRAEAIG SEFAPE Oer fyning digital; symetegrense et codewortisandidate dndig
apparatus of claim 11, wherein each of the plurality of parallel 5
processi ng BRANEmREstiTe pesiéon inothp rdosresposdingreet of plesitionsnwitlrig thé gddeslord um
cal cul ati ng

candidate at which inversion begins.

10
13.  The encoding apparatus of claim 12, wherein the selector is coupled to the
plurality 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

15 corresponding scrambling sequence.

14. An 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;
20 and
means for mapping the sequence of m message bits of the message word to a
codeword, the means for mapping comprising:
a plurality of parallel processing branches each generating a different

codeword candidate from the m message bits using algebraic



circuitry coupled to the plurality of running digital sumregisters to
calculate a separate second order running digital suH1sequence for the t
codeword candi date and each respective position in the I g se
of positions within the codeword candidate at which invg?gégggggghﬁs. 10
13. The encodi ng apparatus of claim 12,2%wherein the selector is coupled to
the plurality processing branches and selects the one of a plurality of
codeword candidates and the position in the correspondi ng set of

positions which produ .he snal | .est solute val e of the second order
running digital sum t% §§r8{’ﬁ%sr %C?h(’ft ﬁ’g S@Ba?’éﬁr‘??egﬁfﬁlﬁ; WQC%Sé’!ngn]ﬁ‘_laPH&Sd t
sequence. 20 14. An apparatus for encaoding digital information in order to
suppress direct curr SREPLIERS) ScEsphling; Cirquifay avwely eeceives Sepmi giesspge ditsi nput
whi ch receives a sequence of m nessage bits of a nessage word; and neans
for mapping the sequeAB® aofcramblings sageeiiet s ofputshandprwiate ascirdotitpuaa
codeword, the neans for mapping conprising: a plurality of parallel

processi ng branches eacdevgrdenmlidag wheteinfthe 8etambh @é@@eﬂcec@éaéit%aéa%hfrom
the m nessage bits using al gebraic 17 JANUARY 2006 25 10 15 operati ons,

each af the pluralitypRiceRcbhfdh RIBEESH Y HE5in oS ' _
scranbling circuitry \I/\)hicgh rg(?%:ei ves (?ﬁe m ne%?gaeg%?é?@sngd%ﬁgédgéglg?%%l I ng
sequence as inputs an [ an output a. codeword, candi date,
wherein the scranbl i ngugég‘\éé’g‘%z oﬁ@3&’1WH%’§)§ﬂ?arauelcprocessmg branches; and

a selector 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.

10
15.  The apparatus of claim 14, wherein each of the plurality of parallel
processing branches further comprises conversion circuitry coupled to the
scrambling circuitry, the conversion circuitry converting the codeword candidate
from a binary sequence to a bipolar sequence.
15
16.  The apparatus of claim 15, wherein each of the plurality of parallel
processing branches further comprises:
first order running digital sum calculating circuitry, coupled to the
conversion circuitry to generate a first order running digital sum for the
20 codeword candidate having the bipolar sequence;

inversion position determining circuitry 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



processing branch is different than the scranbling sequence used by all
of the other of the plurality of parallel processing branches; and a
selector for selecting one of a plurality of codeword can|gﬁbgﬁY28&ch
generated by a different one of the plurality of parallel processing
branches, based upon an optimizing crit2ia. 15. The apparatus of cI aim
14, wherei n each of the plurality of parallel processing branches further
conprises conversion circuitry coupled to the scranbling circuitry, the
conversion circuitr r ewor.d & ndldte ma bi nary
sequence to a bi polﬁaér&l%gxgleﬁﬁfé@ggg%%a %%Qg ﬁ‘é’o ca@fhélia %fg’g‘?ﬂﬁélr@l n
each of the plurali t% par all el processi ng br anches further conprises:
first order runni ng sum cal cul ating circuitry, coupled to the
conversion circuitry to generate a first order running digital sumfor the
20 codeword candidditealifyof fenning digitabisem rgigteen storing rv emsing) digital simn
determning circuitry coupled to the first order running digital sum
circuitry to det er nieqeerse fet thefcopoedrticandidate tahd Badthesseet e¥psdtio ang@k dat e,
such that, nodifying the codeword candidate by inverting bits 1in the
codewsi d candi dat e cdrfpdnathgdet df &tlbhémltiﬁ t | 17
JANUARY 2006 26 5 resul%s Hﬂgaéa ruFr?r?l ng di gi tlgmesélﬁe??gltrd ﬁ%‘dﬂfé%ldzg\/\‘gfrﬁ h
candi dat e bei ng eq%lln"v&s1o¥n pand a plurality of running digital sum
regi sters storing a running 5 gltal sum sequence for the codeword

candi date and each respective position in the corresponding set of
positions within the codeword candi date at which bit inversion began.





