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5 Application No. 60/303831, filed July 9, 2001, and entitled "METHOD  AND
APPARATUS FOR SUPPRESSING LOW FREQUENCY  CONTENT IN DIGITAL DATA ". FIELD
OF THE INVENTION The present invention relates generally to the field of
coding  10 for digital systems. More particularly, but not by limitation,
the  present invention 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 a recording 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 medium, 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  do
(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 ' 1 7
JAN 2006 



-2 signal do not occur. It is also desirable that the 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.
With the recorded symbols 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 measure for evaluating the  dc component. The RDS
is the total sum of the recorded symbols  from the time of starting the
sequence. A small RDS absolute value,  namely low disparity between +1s
and -1s, means that the content of 1o 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 h(D) = ho + h1D + h2D2 +
... + h,D, where D is a time delay operator. The  values of the polynomial
coefficients hi, h2,...,hi 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 h(D) =
(1- D)m (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 h(D) = (1 + D)m. If the
partial response  



polynomial contains a term (1-D), then the frequency response of JAN 2006
-3 such a channel does not pass a dc component, and RDS control to  make
the maximum absolute value of the RDS of the modulation  code sequence
small is therefore not needed. However, for partial  response polynomials
that do not have factor (1-D), the .frequency 5 response of a channel does
have a dc component and RDS control  does have to be carried out.
Modulation coding can be used to obtain dc-free sequences.  Modulation
coding may be implemented, for example, by parsing  digital information
that is to be recorded into strings of bits, called 1o 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 n, 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 17: JAN 2006 -4
circuitry and require relatively high power consumption and a large  area
on integrated circuits. Also, the larger the codebook, the more  time it
takes to access codewords in the codebook. With current  technology, it
would be extremely costly, if even possible, to design a 5 codebook with
65536 words of length 17. Thus, there is a need for a  method and
apparatus for generating high rate codes that are dc-free  and lend
themselves to a low complexity implementation. Typically, an error
correcting code is used in conjunction with  a modulation code. Error
correcting codes introduce additional bits  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 1 7 JAN 2006 -5
encoding before error control coding, and modulation decoding after
modulation decoding. In this way, the errors are first corrected by an
error correcting code, and the error multiplication is prevented.
However, the error correcting encoder does not necessarily produce 5
balanced codewords nor low disparity codewords, hence undoing the
disparity control introduced by the modulation encoder. Therefore,  there
is a need for a method and apparatus for generating high rate  codes that
are at the same time dc-free and possess error control  capabilities. 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. 17 JAN 2006 -6 In one particular
embodiment, the method includes adding a  set of four periodic sequences
to a message word, thus creating a set  of four codeword candidates. For
each codeword candidate an RDS  sum is calculated and a set of a positions
within the codeword is 5 determined, such that, inverting bits in the
codeword candidate  starting at a position from the set of determined
positions results in  an RDS at the end of the codeword being equal to
zero. Then, for  each of four candidates and for each respective position
in the  corresponding set of positions, the second order digital sum
sequence 1o 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 ,17 JAN 2006 -7 encoding method compensates
for it. Any  misbalance in positive and  negative bits after adding parity
bits in the error correction encoder is  compensated for in the next
modulation encoding round. The present invention also provides a method
and apparatus  5 for decoding information stored on a recording medium. A
more  complete understanding of the present invention, as well as other
features and advantages of the present invention, may be obtained  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 17 JAN 2006 -8 are
removed for clarity). Disc drive 100 further includes a disc pack  106
which is mounted on a spindle motor (not shown). Disc pack 106  includes a
plurality of individual discs 107 which are mounted for co- rotation about
central axis 108. Each disc 107 has an associated 5 product head 112 which
carries one or more read and write  transducers (read and write heads) for
communicating with disc  surface 109. Each product head 112 is supported
by a suspension 118  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. .1 7 JAN 2006 -9 FIGS. 2 and 3 illustrate first and second
channel architectures  128-1 and 128-2 in which the encoding and decoding
methods of the  present invention can be implemented. The various circuits
shown in  the blocks of FIGS. 2 and 3 can be implemented as integrated
circuits, 5 discrete components, or suitably programmed processing
circuitry.  For discussion purposes, various blocks shown in FIGS. 2 and 3
are  referred to generically as being circuitry. As shown in FIG. 2, data
bits of a message word to be recorded  on the recording media 109 are
provided to error correcting code  1o 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 modulation 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. 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 1 .7 JAN 2006 -10 215,
equalizer functions or circuitry 220, and channel detector 225 are  used,
in a conventional manner, to generate a readback signal 226  which is
provided to decoder circuitry 230. Decoder circuitry 230  implements
decoding methods of the present invention to generate a 5 signal 231 which
is still ECC encoded. Then, ECC decoder circuitry  235 provides ECC
decoding of the signal 231 to produce estimated  bits which should
correspond closely to the data bits of the. original  message word. FIG. 3
illustrates the same circuitry as FIG. 2, but  shows that the modulation
encoding functions 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(k) )15ksrrr
of length m (with m  being an even integer), one can calculate the running
digital sum 20 sequence si = (s, (k))isksm as s(kl, = s(k~-') + a(k)
assuming ss) = 0, and can  find the smallest index p such that s, P> = si
"') / 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 n-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 (r) up,b(p)), where up is a discrete unit step vector
raising at k=p, i.e. a vector of the form (OP,l'"- P), and xy is an all x
II JAN 2006 -11 sequence of length y (xe[0,11, y20). Both a (r) up and bp
are balanced  and therefore the codeword c is also balanced. The number of
balanced codewords of length n-m is n-m n-m  2 5 which implies the upper
bound on the message length: 2'n S IBn-m I .  The last inequality requires
that the number of balanced codewords  must be 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('6> = 2, and the position p, such
that s( P) = si16) / 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. 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 Si P) = s(m)
/ 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 1.7 JAN 2006 -12 maximal second or
higher order digital sum is used. The description  of a second order
digital sum is given below. For, a sequence a = and a running digital sum
vector  SAO) (s ) )15ism defining the initial conditions, the running
digital sum  5 array of order M is defined as SM (a) _ [Si Si<_M  <k5rn
where the array entries can be calculated as sjk) = Sik"') + sih; Equation
1 assuming solo = 2xa(k) - 1. Consider metrics on an array SM (a) of the  



10 following form Mm (a) = w, x max(Is~ ` I 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 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 1 7 JAN 2006 -13 corresponding
running digital sum is shown in FIG. 5 (dashed). The  disparity is si'6> =
2, and the position p such that SiP) = 51I')/2= 1 is  p=11. The resulting
disparity after inverting the last five bits is zero,  and the running
digital sums of the modified message (i.e., the 5 message word having
every other bit inverted, and then having the  last 5 bits inverted) is
shown as a solid curve in FIG. 5. The long runs  are broken and the
running digital sum variation is now significantly  smaller. 



Described now is a second type of modifications, referred to  1o herein as
"modifications of a second kind," of a message word. Again  assume that
"a" is a message word being processed and  s(0) = (s1 ' )1sts,n is a
vector of running digital sums of orders i,  1S i:5 M at the end of the
previous codeword. Further, let  S = {s; :1:5 i<_ 2" } be a set of
vectors, called "base" or "scrambling" 15 vectors, all of length m. Form a
set of codewords a (r) si , and for each  codeword a (r) si compute a
metric array Sl (a (B si) . Then, find a set  of all positions p within
the codeword a $ si such that siP> = slm) / 2.  Invert the last m - p bits
of codeword a m si by adding modulo two  the sequence u p of the form
(0P,1m- P), where xy is the all x sequence of 20 length y, and find the
array and the corresponding metric  mM (a m si (5 up). All the sequences
(a m si (D u p) 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 (r) si m up, b()), where bui,,, is
a balanced  25 codeword corresponding to input word (j, p). 1 7 JAN 2006
-14 An apparatus performing the first and the second types of
modifications described above, in accordance with embodiments of  the
present application, is provided in the following description in
conjunction with FIG 6. To describe the apparatus, consider a code of 5
rate R=256/268, having in mind that codes of different lengths can  also
be generated by adopting the methods of the present invention.  Position p
(15p Sm, m=256) is encoded by a low disparity block code  of. rate 8/10,
and the last two bits are used to encode one of four  Walsh basis vectors
used to modify user data. The basis vectors used 



10 in this example are: Om, 1m, (10)m/2 and (01)m/2. Note that there are
Bio  =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 .1 7 JAN 2006 -15 the branch with smallest second order
digital sum. This is described  below in greater detail. Since all four of
processing branches 601-604 ,are identical, a  description of the
operations performed in branch 601 is provided,  5 and the description
applies generally to the other branches as well. In the bit ex-or circuit
615 of processing branch 601, the scrambling  sequence 606 is added modulo
two to the sequence 605, one bit at a  time to generate a sequence 619. In
the processing circuits or blocks  



616 and 617, which are respectively a multiplier and an adder, the so
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. 1 7 JAN 2006 -16 The block 624 further dictates inverting
positions and storing them  into a series of registers 625, 626 and 627.
It should be understood  that the number of such registers is not limited
to four, but can be any  number L. If there are less positions P from
which the inversion can 5 start than there are registers, then the
inversion position finder 624  fills all remaining registers 625, 626 and
627 with a sequence  



comprised of all +1s. Following register 623 are an adder 628 and a delay
element  629. The purpose adder 628 and delay element 629 is similar to
the  1o 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 1 7 JAN 2006 -17
636. The multiplexer 636 passes the larger 2RDS value to the register
634. By performing these operations on each of 256 2RDS values, the
overall maximum value will be present in the register 634 at the end  of
the last comparison. 



5 As explained above in the discussion of the theoretical basis of  the
algorithm, the stream with the smallest deviation of a 2RDS will  have the
most suppressed low frequency components. To find such  a sequence from a
set of 4 times L sequences, a series of comparisons  are performed using
comparators 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  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 1 7 JAN 2006 -18
portions 704-1 and 704-2). Scrambled portion 704-1 is a first portion  of
a coded word. Then, the second portion 704-2 is inverted in the bit  



inversion logic 703, starting from a position given by the position
information 705 that is has been determined by the circuitry in FIG. 6. 5
The scrambled portion of the stream 704-1, the scrambled and  inverted
portion of the stream 706, as well as the 10-bit information  707 on the
position where inversion starts, and the 2-bit information  708 on the
scrambling sequence used are combined to create a 268-bit  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 1 1 JAN 2006 -19 



parts within the principles of the present invention to the full extent
indicated by the broad general meaning of the terms in which the  appended
claims are expressed. For example, the particular elements  may vary
depending on the particular application for the encoding 5 method and
apparatus while maintaining substantially the same  functionality without
departing from the scope and spirit of the  present invention. In
addition, although the embodiments described  herein are directed to an
encoding method and apparatus for a disc  drive data storage system, it
will be appreciated by those skilled in 10 the art that the teachings of
the present invention can be applied to  other systems, like magnetic tape
data storage systems, without  departing from the scope and spirit of the
present invention. 17 JANUARY 2006 20 WHAT IS CLAIMED IS: 1. A method of
encoding digital information in order to suppress direct current  (dc)
content, the method comprising: receiving a sequence of m message bits of
a message word; 5 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, wherein mapping the sequence of m message
bits further  comprises: 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 17
JANUARY 2006 21 candidates further comprises converting the bipolar
sequence of each codeword  candidate to a bipolar sequence. 4. The method
of claim 3, wherein for the bipolar sequence corresponding to  5 each of
the plurality of codeword candidates, selecting one of the plurality of
codeword candidates further comprises: generating a first order running
digital sum for the codeword candidate;  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. 17 JANUARY
2006 22 6. The method of claim 5, wherein selecting one of the plurality
of codeword  candidates further comprises selecting the one of the
plurality of codeword  candidates and the position in the corresponding
set of positions which produces the  smallest absolute value of second
order running digital sum, together with the  5 periodic scrambling
sequence which was added to it. 7. The method of claim 6, and before
receiving the sequence of m message bits  of a message word, further
comprising modulating the message word with an error  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 17
JANUARY 2006 23 



different than the scrambling 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 candidates, each  generated by a different
one of the plurality of parallel processing  5 branches, based upon an
optimizing criteria. 10. The encoding apparatus of claim 9, 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  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 17 JANUARY 2006 24 corresponding set of positions within
the codeword candidate at which bit inversion began. 12. The encoding
apparatus of claim 11, wherein each of the plurality of parallel  5
processing branches further comprises second order running digital sum
calculating 



circuitry coupled to the plurality of running digital sum registers to
calculate 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 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. 20 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;  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 17 JANUARY 2006 25 5 10 15 operations,
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 different than the scrambling 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 candidates, each
generated by a different one of the plurality of parallel processing
branches, based upon an optimizing criteria. 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. 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 17
JANUARY 2006 26 5 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  corresponding set of
positions within the codeword candidate at which  bit inversion began. 




