TECHNI QUES FOR MODULATI NG DATA USI NG SHORT BLOCK ENCODERS BACKGROUND COF THE
| NVENTI ON 5 [ 0001] The present invention relates to techni ques for inposing
nodul ati on constraints on data using short block encoders, and nore
particularly, to techniques for inposing nodulation constraints on a subset
of bits in each data bl ock using a short bl ock encoder prior to inposing
nodul ation constraints on the even and odd interl eaves. [0002] A disk drive
can wite data bits onto a data storage di sk such as a magnetic hard 10

di sk. The TEESHNIQUESTOR MODVLATING DATABSINGSHORTSBROCKN a data

di sk. Certain sequences of data bits are difficult to wite onto a disk and
often cause errors during read- bENCODIRSdata. [0003] Binary sequences
are routinely transformed fromone representati on to another using
precoders and inverse precoders, according to well known techniques. In
describing 15 this invention all binaré sequences are represented as PR4

sequences that can be tr BREKGRAUNDOE THE RYENTEINesent ati on by a precoder
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15  this invention all binary sequences are represented as PR4 sequences that can be transformed
into an NRZI representation by a precoder that convolves with 1/1+D or into an NRZ

representation by a precoder which convolves with 1/(1+D?).

[0004] Long sequences of consecutive zeros (e.g., 40 consecutive zeros) are examples of
data bit patterns that are prone to errors. A long sequence of zeros in alternating positions
20  (e.g.,0a0b0c0dO..., where a, b, ¢, d may be 0 or 1) is another example of an error prone data

bit pattern.

[0005] Therefore, it is desirable to eliminate error prone bit sequences in user input data.
Eliminating error prone bit sequences ensures reliable operation of the detector and timing
loops in a disk drive system. One way to eliminate error prone bit sequences is to substitute
25  the error prone bit sequences with non-error prone bit patterns that are stored in memory in
lookup tables. Lookup tables, however, are undesirable for performing substitutions of very

long bit sequences, because they require a large amount of memory.

[0006] Many disk drives have a modulation encoder. A modulation encoder uses
modulation codes to eliminate sequences of bits that are prone to errors. Fibonacci codes are

30  one example of modulation codes that are used by modulation encoders. Fibonacci codes



error prone bit sequences. [0007] A Fibonacci encoder maps an input nunber
to an equi val ent nunber representation in a Fibonacci base. A Fi bonacci
encoder maps an input vector with K bits to an output 5 vector with N bits.
A Fi bonacci encoder uses a base with N vectors, which is stored as an N x K
binary matrix. Successive application of Euclid' s algorithmto the input
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maximum number of consecutive zeros, and a t constraint refers to the maximum number of

consecutive pairs of the same bits (e.g., aabbceddee ...).

20 [0010] Error prone sequences of the form 0a0b0c0dO as described above are eliminated by
the I constraint where the parameter I enumerates the longest run of consecutive zeros in even
or odd subsequences. It therefore be desirable to provide modulation encoders extend the

Fibonacci codes construction to encompass combined G and I constraints.

25 BRIEF SUMMARY OF THE INVENTION
[0011] The present invention provides techniques for applying modulation constraints to
data streams using a short block encoder. A short block encoder applies a modulation
constraint to a subset of the bits in each data block. Then, the even and odd interleaves in a
data block are separated into two data paths. A first modulation encoder encodes the even
30  bits according to a modulation constraint for even bits. A second modulation encoder

encodes the odd bits according to a modulation constraint for odd bits, which in general



interleaves are then interleaved to formone serial data stream [0012]
According to an enbodi nent of the present invention, a short bl ock encoder
of the present invention inproves the rate of the resulting interl eaved
code by allowing the even bit 5 and the odd bit nodul ati on encoders to nap
Mbit input vectors to Mbit output vectors. The overall code transforns
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nodul ati on encodi ng schene of the present invention. The enbodi nent of
Figlle 1 has a short block encoder that applies 25 nodul ation constraints

to a subset of each datﬁ%ﬁjﬂéﬁscﬁpd@m b"gﬁhﬁ’%ﬁk&@?ﬁ&@ es the even and odd
u e

interleaves in the data block Tnc I'ng I'ts generated by the short

bl ock e[00ader Figufew illBeuleat nydubifiondacslindwhe@p thay itk h3hdit Blokk t he even
and odd interleaves separately. [0019] The enbodi nent of Figure 1 has two
Fi bonacefcodsicanddhat appligs megilation; constraints to eisrzad 9dd intarlesves sspastaly-nunber s.
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N-bit mappin on 1 nterleav a ng a short bl ock encoder 101 to 3
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[0016] Figure 3 illustrates an example of a modulation encoding scheme that uses a 9/10

short block encoder, according to an embodiment of the present invention.

[0017] Figure 4 illustrates an example of a modulation encoding scheme that uses a 13/14

20  short block encoder, according to an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
[0018] Figure 1 illustrates a generalized embodiment of a modulation encoding scheme of
the present invention. The embodiment of Figure 1 has a short block encoder that applies
25  modulation constraints to a subset of each data block. A demultiplexer separates the even
and odd interleaves in the data block including the bits generated by the short block encoder.

Two modulation encoders then apply constraints to the even and odd interleaves separately.

[0019] The embodiment of Figure 1 has two Fibonacci encoders that map N bit input
numbers to N bit output numbers. The modulation encoding scheme of Figure 1 is able to

30  perform N-bit to N-bit mappings on interleaved data by adding a short block encoder 101 to



nodul ati on encoders to map a reduced set of N-bit input nunbers to N-bit

out put nunbers on an N-bit to N-bit basis, even though the N-bit output
nunbers are constrained to having less 5 than 2N possible values. [0020] In
t he enbodi nent of Figure 1, a portion P of 2N - X bits are fed into a short
bl ock encoder 101. Short bl ock encoder 101 substitutes the first P bits in
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encoders. [0023] Miltiplexer 105 interleaves the constrained even and odd
bits tocQyeiRipisiROdeeto ﬁeﬁv@rth%awhercpitpaswte palues elcqagh block of thedaputdaick of 2N
- X data bits input into the systemof 25 Figure 1, 2N bits are generated at

t he out @021]of Dﬂmluitimémx $02 fe@ivesTthe PeixKrcmtp(lt bits of encederdidd cindbblye shaiding| ock

encoder [[0024]_ . Th t vectors o Jtiplexer 105 e a gl obal
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encoder 104 converts the N odd interleaves into N output bits that are constrained according
to a global odd bit constraint Go using a Fibonacci base. Fibonacci encoders 103 and 104
20  both convert reduced N bit input numbers into N bit output numbers, thus performing N-bit to
N-bit mappings. According to further embodiments of the present invention, encoders 103

and 104 can also be other types modulation encoders other than Fibonacci encoders.

[0023] Multiplexer 105 interleaves the constrained even and odd bits to generate the
interleaved data output vectors. For each block of 2N - X data bits input into the system of

25  Figure 1, 2N bits are generated at the output of multiplexer 105. The extra X bits are added
by short block encoder 101.

[0024] The output vectors of multiplexer 105 have a global constraint of G and an

interleaved constraint of I. The global constraint of the output data is determined by G = 1 +

2 x min (Ge, Go), if Ge # Go; and by G = 2 x Ge, if Ge = Go. The interleaved constraint of
30  the output data is determined by I = max (Ge, Go).



of the input data to 4 bits (yo, yi, y2, y3) selected froma |ookup table.
Short bl ock encoder 201 perfornms a 3-to0-4 mapping to enforce the constraints
(yo, y2) # (1, 1) and (y', y3) ~ (1, 1)- 5 Table 1 illustrates mappi ngs that
are perforned by short block encoder 201 according to this exanple. Table 1
I nput bits (xi, x2, x3)Qutput bits (yo, y2)Qutput bits (yl, 0000000 0010001
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stre 100 .even bits yo,. Y2, y4, , yl1l9s a stream of 10Q. odd hits yi,
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interl egugmid 0 @ 100-bit Fibonacci 15 code, and Fibonacci encoder 204 nmaps
the 100-bits odd interleaves to a 100-bit Fi bonacci code. Muiltiplexer 205
interl eaves the two Fi bonacci codesé%ﬁ)gfnerate a conbined data streamthat
has 200 bits. [0028] Short bl ock en 1501 reduces the number of val ues
that can be_sent as input to Fibonacci ers 203 and 204 by (25% . By
preventing hhlpl'ut bmt(Xt;,vn,a\)er Outpst bits (tybn,.e:slzljd elOwputibitsi(yiy o bei ng 11, only

t hree of thp—fetr—pess+bte—vai-tes—f b5y o—are—yA—art-e | owed (00, 01
and 10). The nunbeb(Uj p055|hle |nfgé%r val yes for%Phe 100} bit even

interl eaves[TS TEQUFED Dby 29% DbeCgySe one [quartegjof the| possible 100-bit
i nt eger val pes that beqin witth 11 5 are not jallowed. As a fesult, Fibonacci
encoder 203{only h&@sl@o map at the O@st 75%|of thel02100 grssible val ues for

D

a 100-bit ejpen Ln%%ﬁ{fa¥e.4F-benaﬂﬁb]éncednf 2@3ﬁ£§ﬁfpﬂff m 100- bi t
100 01 01
101 01 10
110 10 _ 00
111 10 01

[0026] Thus, short block encoder 201 receives 3-bit input vector (X1, X2, X3) and generates
10  a 4-bit output vector (Yo, Y1, 2, y3) for each 199-bit data block. Demultiplexer 202 receives

the 4- bit output (Y, y1, ¥2, ¥3) of short block encoder 201 and the remaining 196-bit vector

(Y4, Vs, ..., Y198, Y199). Demultiplexer 202 separates the even and odd interleaves to generate a

stream of 100 even bits yq, V2, V4, ..., Y19s and a stream of 100 odd bits vy, y3, Vs, ..., V199.

[0027] Fibonacci encoder 203 maps the 100-bit even interleaves to a 100-bit Fibonacci
15  code, and Fibonacci encoder 204 maps the 100-bits odd interleaves to a 100-bit Fibonacci
code. Multiplexer 205 interleaves the two Fibonacci codes to generate a combined data

stream that has 200 bits.

[0028] Short block encoder 201 reduces the number of values that can be sent as input to
Fibonacci encoders 203 and 204 by (25%). By preventing the first two even bits in the user

20  data from being 11, only three of the four possible values for bits y, and y; are allowed (00,
01, and 10). The number of possible integer values for the 100-bit even interleaves is

reduced by 25%, because one quarter of the possible 100-bit integer values that begin with 11



to 100-bit (N-bit to N-bit) mappings, as long as no nore than 25% of the
2100 possi ble values are forbidden by the global even bit constraint GCe,
i.e., as long as the corresponding 5 Fibonacci code has at |east 3 x 298
code sequences. [0029] The sanme principle holds for the odd interl eaves. By
preventing the first two odd bits (yl and y3) in a data bl ock from bei ng
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299. This nmeans that a 99.5 bit _block has about X = (1.41421) x 299 possible
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a 200 bit constrained block of data on a 1-to-1 basis using the Fibonacci encoding technique

for rate (N — 1)/N. To reduce the size of a 199/200 Fibonacci encoder by half to reduce the

20  storage space requirements, requires that an input number be 99.5 bits and the output number

be 100 bits.

[0031] A theoretical 99.5 bit block would have 2°*° possible values, i.e.v2 x 2°° or about

(1.41421) x 2°°. This means that a 99.5 bit block has about X = (1.41421) x 2% possible

values. A 100 bit block has Y = 2 x 2*° possible values. A rate 99.5/100 modulation encoder
25  needs to have at least X code sequences for mapping all of the possible input values to

distinct output code sequences.

[0032] Therefore, from the possible 2'% unconstrained 100-bit sequences only about X =
(1.41421) x 2% code sequences are required, which is about 70.7% of the total number of
possible 100-bit sequences. The remaining 29.3% of the values of the 100 bit block can be

30 forbidden by a modulation constraint G.

[0033] Because short block encoder 201 constrains blocks of the user data bits to having

only % of their possible values, Fibonacci encoders 203 and 204 only need to map at the most



75% of the 2100 possible values of the 100 bit input nunbers in the range
from0O to 3 x 298 1. Short bl ock encoder 201 can be replaced with anot her
short bl ock encoder of higher rate, thereby reducing the range of the
100-bit input nunbers. In the limting case, where the rate of the short
bl ock encoder is 199/200, the nunber of required code sequences can be

r educed7ss, bPtROWHsSsibIATalueNSr e 100 Kit lispudhumBas tin ¥é/réndeap®i 0 t63. /3% - 1] 0034]
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i nvention ﬁn I.I nqw be descri bed. short bl ock constra(j ngd chi.ng of rate
(2K- 1) /PRRYATG,SHagETEAHERRENY oL dgistrzved modulaion encodey by replacipga oy 15
out put  fiblet S FHERELHLIKWitY h setof cotstiinkd bIICAGKBR bibckRacsee Bf ARPrdseRt 0dd
interl eaves of the output sequence satisfy the same constraint, which is
def i nedingentionlchnyeplack @ny dasited numbgpofithe user bits with corsttdined bits. [Shortthdodki nar y
represent at i of  [2(2K-1)/2 1, i.e...of the smallest integer, |arger, or
caulsh * PBiiredydh acsERpbeh Samedinpirts dfeRRlinE g M8 SRy mFRdEli:

bl ock ' emaRdes scope 8f the Prddntlifeentiof td 3-2d18 bit rhdlpings0 Orld®f NI in ALarOWell
interleave yo, y2, ..., y2K-2 and yi, y3, ..., y2K-1, respecti vela/, are

snal | eruﬂdﬁﬁtﬂndﬂgﬁé the priesent éwe@tmnzﬁ:slew?ny differenktypes of shesiddeqk engoders.

| exi cographic ordering wiwth the nost significant bit being at the |left npst
posi t i ofe035]or Furtissr @mbedingentsadfahOprklens hvichtidll wilkn®n bo dedcribedisArsksrt blsak i n
each interleave the bit streamwl| start with a five bit sequence, which is
| ess  t9oaptraipadcodinepnf rate (3K +1/2K Hanséumsanderyt PYFGANCh Bt Xadl -+ okere, INLAD 10110

IS val.j - hi i,n 25 Bec i J
con@t rZ‘#déﬁ{t%€tﬁ§ech?egécéb'?’%ﬁ’g'"ﬁﬁa(ull’ S{ﬂ?%n%%glg ePéﬁEnLﬁ@é%@%%ﬁédj%%&r (t‘éﬂ;ﬁeeg tto even
and oddseijmdnee katisfethe shfie 3Fhstrint ewhiohlisdefined bs folloher Lebt, a8k +en2bder.. havi ng

rate-9/10 constrai ned codes is, Shg"‘@mi)ﬁ Figure 3. The enbodi nent of Figure
3 i ncl ded +axstrdhe bpapeiepesenigion afgz o | dengf thesmallest intoger langprysqual

encodertgrﬂ?é)%{uggﬂmop&dzm-lpar allel-to-serial converter (or 30 multiplexer)

305. Sho ock “encoder "301 i nposes constraints on the first 9 bits of each
g:t : blbljggiét L’?ﬁ%k&?xm{s Qp%rlited %lyct)}(l:eksh%gtcb?gc ren%(?dler rirggi%elg Q)? tlfeI r[:c?&ire?nctl)llt Ehsét 'n each
20  the even and odd interleave yy, Y2, ..., Y2k-2 and yi, Y3, ..., Y2x.1, respectively, are smaller than
the K-bit sequence zy, z, ..., zx Wwith respect to lexicographic ordering with the most

significant bit being at the left most position. For instance, a rate-9/10 short block encoder

ensures that in each interleave the bit stream will start with a five bit sequence, which is less

than 10111. For example, the sequence 11000 is not allowed, but 10110 is a valid 5-bit string.
25  Because both interleaves satisfy the same constraint, the resulting modulation code is

balanced with respect to even and odd interleaves.

[0037] An embodiment of a short block encoder having rate-9/10 constrained codes is
shown in Figure 3. The embodiment of Figure 3 includes a short block encoder 301, a
demultiplexer 302, Fibonacci encoders 303-304, and a parallel-to-serial converter (or

30  multiplexer) 305. Short block encoder 301 imposes constraints on the first 9 bits of each data
block received. Short block encoder 301 maps the first 9 bits in each data block to 10 output

bits to provide a 9/10 rate code.



bits to provide a 9/10 rate code. 7 [0038] Denultiplexer 302 separates the
even and odd interleaves fromthe remaining 190- bit vector (yl10, yl11, ...,
y199) of the original data block and the 10-bit output vector of encoder
301. Fi bonacci encoder 303 inposes a nodul ati on constraint on the even
interleave to generate a constrained even interleave, and Fi bonacci encoder

304 | WD[MS%] amﬁﬂuiméieeaoﬁsé‘p@m&srtﬁé ElqienCHﬁdtoﬂe itededvet BbIOAY ferhdin@gnopat e a
constral ned odd i nterl eave, as descri bed above. Parallel-to-serial

conver t @it var®r (Fonbinesyeshof dhmerigingl date tlocknngdribe Edhioutus sectenef ascederi nt o
one ser i@l t traj : e -hi ut sequence
yo, Vi ,3@1.'.1%%@(:%&? ﬁdé&? ggggg(}sfggg}loo%?%%{l)?gc ééngggygbreégiﬁ%{l%&g?@en by: 10
(Yo, Yzgenkraféla d¢9nsfrifihed ¥3dn intefléavie) afd Fibodacti dcod¢ryii4 iippseéd, modulatiésy) i 4 (Y,
Y3, Y5, Y7, Y9) [004Q] These constraints epnsure that the | argest even/odd
out put SW§HRIALYN {#ﬁgda ietlgave 4o genegate 2 SOPNRIC] QOB MAA rascBie RS 2BOVa n t er s
of Bool gual : 0 L drdXp, Yz =0
Vi ys S ENAMELARon eSS GARTHECIoTathod (AT A R et L ER 2.

st ands dmersenelghitd dreammul ti plicati on stands for AND, and addition stands for
OR. Anobng these three operations, negation has the highest precedence, and

OR hasjoph9) | THeebnsRARELHEME Q0-bibuRbdtisediRNte yor,l?l,e.rr,eﬁtﬁtth@fmeomn@soﬁ ate-9/10
encoder 301 is obtained using the technique of gated partitions. Four
partitiblnek encoder ¥rlargpwenbyed by the 25 fol |l owi ng Bool ean vari abl es, where
xI -x9 represent the 9-bit inputs to encoder 301: m = -Xl

10 (o, y2) # (L1)
(yla Y3) # (1:1)
(Yo, Y2, Y4, Y6, YS) # (170717171)

(Y1a‘Y3, Ys, ¥7, Y9) # (1,0,1,1,1)

[0040] These constraints ensure that the largest even/odd output sequence has a 5-bit prefix,
15  that does not exceed 10110. In terms of Boolean equations, these constraints are

characterized by:

Yoy2 = 0
y1y3 =0
Yo~Y2¥4Ye ys = 0
20 ' Yy1~y3y¥sy7ys = 0

[0041] The symbol ~ stands for negation, multiplication stands for AND, and addition
stands for OR. Among these three operations, negation has the highest precedence, and OR
has the lowest precedence. An efficient implementation of the rate-9/10 encoder 301 is
obtained using the technique of gated partitions. Four partitions ml-m; are specified by the

25 following Boolean variables, where x;-Xg represent the 9-bit inputs to encoder 301:
m = ~Xy
m; = X; X2 ~{ X4 X6 X3 )

m3 = X; ~X2 ~( X5 X7 Xg )



M2 = X] x2X4 X6 x8) M = xi -x2 (x5 x7 x9 ) 8 M4 = -(m + n2 + M3) [0042]
The i nput/output map of encoder 301 is specified by: Yo=n2+nmd4 Y1 = nB +
1114 5 Y2 = ML x2 + nB x3 10 Y3 = ML x3 + n2 x3 y4 = --md x4 + M4 x3 Y5 =
-1114 x5 + md (x2 x5 + -x2 x4) Y6 = -md x6 + md (x2 X7 + -x2 x6 -x8 ) y7 =
-md X7 + md (X2 X9 + -x2 x6 xg ) yg -md xg + mt -X2 xg Y9 = -md x9 + md -x2
-xg [0043] The present inventifn=al(s®, +ne,udes;)short bl ock decoders that

convert data block vectors that have been encoded by a short bl ock encoder

back ool OThgiialioHBAnARLE EicBaer o1 Hieshiffibyb! ock decoder that = -

corresp S to encoder converts sets o it vectors back
vectors by reversing the short bl ock map_Pi ngs descri bed above. An enbodi nent
of such a short block decoder us¥s~fMge"dWkiliary variables gl-g5 and
conputes the inverse nmapping via the Bool ean expressions given below 20 25
gl = -(yo + Y1) g2 = Yo -Y1l @3 % =Yos¥img4 Yo yl g5 =Yg+Y9 x1 = g2 +q3 +
g4 X2 = ql Y2 + g2 + g4 -5

5 y2 = My X2 + M3X3

y3 = mp X3 + My X3
V4 = ~my4 X4 + My X3
ys = ~mMy Xs + Mg (X2Xs + ~X2 X4)

V6 = ~my X¢ + My (X2X7 + ~X2Xg~Xg)

10 y7 = ~my X7+m4(X2X9+ ~X2X6X8)
yg = ~Mmy4 Xg + My ~X3 Xg
Y9 = ~My4 X9 + My ~X3 ~Xg

[0043] The present invention also includes short block decoders that convert data block
vectors that have been encoded by a short block encoder back to the original data pattern.

15  The short block decoder that corresponds to encoder 301 converts sets of 10-bit vectors back
to 9-bit vectors by reversing the short block mappings described above. An embodiment of
such a short block decoder uses five auxiliary variables q;-qs and computes the inverse

mapping via the Boolean expressions given below:

q = ~(Yo + y1)
20 42 = Yo ~Y1
q = ~Yo 11
4 = Yo 11

Qs = ¥8 + Yo

X1 =qQ +qQ3 + Qa
25 X2=q1y2 + @2 + Qa ~QS

X3 = (Qu+q2) y3 + Q3y2 + Q4 Y4



=(ql +9g2) Y3 +09g3 Y2 +q4y495+94 -g-5+YS + 94 (gs +ys ) q4
(-qgs + Y6 + Y7) + 94 (gs + Y6 ) + g4 (-gs +ys) + g4 (gqs + Y7) [0044] The
rate-9/10 short bl ock encoder 301 has 47 two-input gates, and the
correspondi ng short bl ock decoder has 42 two-input gates. This gate count
gives a total conplexity for the encoder/decoder pair of 89 two-input
gates. 10 [0045] An enbodi nent of a short bl ock encoder having rate-13/14
constrained codes is shown ¥n~ Fﬂbdﬁé‘ﬂ4(TﬁE'%ﬁ%Sdinent of Figure 4 includes
a short bl ock encoder 401, a denultiplexer 402, Fibonacci encoders 403-404,
and parallel-to-serial convexie#~ﬂ4ws-+mu|(quex£)) 405. Short bl ock encoder
401 i nposes constraints on the first 13 bits of each data block received.
Short bl ock encoder 401 nag§=a~% 6b#th@c@pndﬁp+?§ph data block to a 14 15
bit output vector to provide a 13/14-rate code 0046] Denul tipl exer 402
separates the even and odd i terI e emai ni ng 186- bit vector
(y13, Y14, ..., yi99) of theQBrlg ﬁ% §d%tga% g%fand the 14-bit out put
vector of encoder 401. Fi bonacci encoder, 403 i nposes a nodul ation
constraint on the even interfseavelts + ederdat® Ya) const rai ned even
i nterl eave. Fibonacci encoder 404 inposes a nodul ation 20 constraint on the
odd interleave to generate axgensyswi hegh Ogd+i nilerl eave. Parallel-to-seria
converter 405 conbines the constrained even and constrained odd interl eaves

into onRossy i he raﬂabﬁo%haﬁ%mck[eﬁ%%} 36PEasQW1$JoEi%bﬁ‘tt%°até§”aﬂchﬁe 14-bit out put

sequence yo, yl, of the rate-9/10 short ck encoder 401 are
gi ven bgorreggor(dmg shvz)black(dpcg_c)er (h¥s_]_42 mg)-mp(ug_ gatys. (’Eh)s gate couit givgg a total

¥s) (1, éompjléx12y for the encoder/decoder pair of 89 two-input gates.

10 [0045] An embodiment of a short block encoder having rate-13/14 constrained codes is
shown in Figure 4. The embodiment of Figure 4 includes a short block encoder 401, a
demultiplexer 402, Fibonacci encoders 403-404, and parallel-to-serial converter (or
multiplexer) 405. Short block encoder 401 imposes constraints on the first 13 bits of each
data block received. Short block encoder 401 maps a 13-bit vector in each data block to a 14-

15  bit output vector to provide a 13/14-rate code.

[0046] Demultiplexer 402 separates the even and odd interleaves from the remaining 186-
bit vector (yi13, Y14, ---, Y199) Of the original data block and the 14-bit output vector of encoder
401. Fibonacci encoder 403 imposes a modulation constraint on the even interleave to
generate a constrained even interleave. Fibonacci encoder 404 imposes a modulation

20  constraint on the odd interleave to generate a constrained odd interleave. Parallel-to-serial
converter 405 combines the constrained even and constrained odd interleaves into one serial

data stream.

[0047] The constraints on the 14-bit output sequence yo, V1, ..., Y13 of the rate-9/10 short
block encoder 401 are given by:

25 (0, y2) # (L,1)
i y3) # (1,1)
(Yo, ¥2, ¥4, Y6, y8) # (1,0,1,1,1)

(Y1, ¥3, ¥5, 7, y9) # (1,0,1,1,1)

10



(Yi, Y3, Ys, Y7, Y9)(1,0,1,1,1) 10 (Yo, Y2, Y4, Y6, Y8, Ylo, Y12) #
(1,0,12,1,0,1,1) (Yl, Y3, Ys, Y7, Y9, Y11, Y13) # (1,0,1,1,0,1,1) [0048]
These constraints guarantee that the | argest even/odd interl eaved out put
sequence has a 7-bit prefix that does not exceed 1011010. The correspondi ng
Bool ean equations are 5 given by: Yo Y2 0O Y1 Y3- 0 Yo -Y2 Y4 Y6 Y8 =0

10 15 20 25 Yt - Y3 Y5 (¥4 y)(gz4,-y6§)y8Y@10, yl\{)Z;tYGl (/8,1;,0,¥8) Ylo Y12 = 0 VYl - Y3 Y5
Y7 -Y9 Y11 Y13 = 0 [0049] An exarrp e of a Bool ean Iogl c inpl errent ation of

the rate-13/14 encoder Yy} gra;g,s y9 g%gby(l gygqiﬂ X2, X3, ..., x13 to

out put sequence yo, alix |I|ary variables ri-ri2
as sho y efollown ons: r3 = x8
Sy abBasl  BRSe Onealifaagitesipatth bargesteyepradd icrlgaveplgtiput e 15 =
X2 1| Ongs a%lbit préfik that '_doésll%t)éigeeﬁ‘ml 1010. The corresponding Boolean equations are

5 givenby:

0

Yo ¥2

0

Y1 y3

0

Yo ~Y2Y4 Y6 ¥s

y1~Y3y5y7y9 = 0

10 0

Yo~ Y2 ¥4 Y6~ ¥8 Yio V12

Vi~y3 Ysy7~Yo Vi1 yiz = 0

[0049] An example of a Boolean logic implementation of the rate-13/14 encoder 401 maps
input bit sequence X1, X, X3, ..., X13 t0 output sequence Yo, Y1, Y2, ---, Y13 using the auxiliary

variables r-112 as shown by the following logic functions:

15 I

= X4 Xp

I = X331

I3 = XgIh

I4 = ~Xgn

Is = X5X7

20 Is = X315
I7 = Xg9Is

Ig = ~X9TI5

Ig = X1 X2

Tipo = X3 ~X2

25 i1 = X10X1214

11



1 2 = x11 x13 r8 5 10 15 20 [0050] The exanpl e Bool ean | ogic

npl ement ati on of the encoder al so uses seven partitions nil, n2, nB8, nb,

n6, n7, nB where: M =7*-xI n2 =r9 -r3 -rll M =r10 -r7 ~rl2 M4 =~ (m

+ M +nB) nb=r9r3 M=19111 n7¥ =rior7 rrnB =rlo rl2 [0051] The

i nput/out put map of the Bool ean | ogic inplenentation of the 13/ 14 short

bl ock encoder 401 is specified bynzyoxj)qg,+ M Y1l =nB+m4 Y2 = 1111 x2 + M3

X3 Y3 = 1111 x3 + n2 x3 y4 = -mt x4 + --r5x3+nm6 +n7 -rl x3 +nB "'rl
- +

X?S ,YSX@Oi&A *Ee ﬁzvarﬁ?plih% féglllor%c 1m;ﬁ!§mer§at10}1 of ther : cioéer alé:%us?s Ig%ve)rhrrﬁ ?(g) + g

-5 - X3pattifidhs(m{, m,Xfhs,'mg, A, thy /¥l whegres - m4 X8 + n/ + ng xg yq = -md x9 + nb

X9 + 6 X9 + nv x3 YI0 = “md X10 + nb x1o + n6 ..r5 X5 + n¥ x10 + nB xlo 25

Y1l = ~'md x11 + nb x11 + rn6 x11 i x}1 + ng -rl x4

H

rl
| e

5 my = Ig~T3 ~I1)
m3 = Iy ~I7 ~T12

my = ~(m1+m2+m3)

ms = 1913
Mg = T9In
10 my = riolv
mg = Iz
[0051] The input/output map of the Boolean logic implementation of the 13/14 short block
encoder 401 is specified by:
Yo = Mz + my
15 y1 = m3 + my
y2 = m X2 + m3X3
y3 = m; X3 + mMyXj3
Y4 = ~M4 X3 + s ~I5 X3 + Mg+ My ~r1 X3 + mg ~1 X3
Ys = ~my4 X5 + ms ~IsX5+ Mg ~I5 X3 + M7 ~T; X4 + Mg
20 Y6 = ~Myg Xg + Ms5 ~I5 ~X3+ Mg+ M7 ~I1 ~X3 + Mg ~I1] ~X3
y7 = ~my X7 + Ms (~rs X7 + I)+ Mg ~I5 ~X3 + m7 (~I1 X6 + I2) + mg
¥ = ~mg Xg + my+ mg Xg
Y9 = ~INy Xg + s Xg+ Mg Xg + M7 Xg
.
Yio = ~My X3¢ + M5 Xjp+ Mg ~I5 X5 + M7 Xjp + Mg X0
25 Vi1 = ~mMy X33 + Ms X171 + Mg X11 + M7 X317 + Mg ~T1 X4

12



12 y12 = -m4 x12 + nb x12 + n6 (-r5 X7 + r6) + n/ x12 + nB x12 Y13 = --m4
x13 + nb x13 + nb6 x13 + nv¥ x13 + nB (-r] x6 + r2) [0052] A short bl ock
decoder that corresponds to encoder 401 converts 14-bit vectors back to
13-bit vectors by reversing the short bl ock mappi ngs descri bed above. The
Bool ean logic 5 inplenentation of the decoder for the rate-13/14 short bl ock
encoder uses theﬁyxl L,lngrxxz +vg{|,@19he§,6$(lrss,@ +gll6y$r}nlpq(luow ¥,= Y4 Y6 10 S2 =
Y8 51 S3 =y5 vy 54 = y9 53 é = Y5 + Y7 [0053] The Bool ean
| ogi c inplenentatjon o he ,decode S eve ions. aly, 92, 93, g5,

a6, q7, qs mhere%}ﬁS 41* XB (y gl ’?f)Hl ll§ g?gglgﬁ%"é + 1), ys Ylo Y12) q3

= -yoy (S3 - 1 13 g4=yoYl S| " Ys 20 25 g6 = g4

si -53 10472 é&mﬂﬁocksé q%e &iat CORRSPORYs tg@ﬂf%r,ﬁ?l wertﬁ %@M&f—m bagkp f or

ihgzdicqgﬁibﬁ §30?(H§’ ngré\’%ﬁsﬁﬁl the Rfork 8ldcR MApPind8 RRCRBSd abott. THE HI3AM 108 = al Y2
5  implementation of the decoder for the rate-13/14 short block encoder uses the auxiliary

variables s;-s¢ given below:

S1 = ¥a¥s
$2 = y8Si1
$3 = ¥sy7
10 S4 = Y953
S5 = Y4+Y6v
S¢ = Ys+Yy7

[0053] The Boolean logic implementation of the decoder uses seven partitions qi, qz, g3, gs,

e, 97, qs Where:

15 q = ~(Yo + V1)
Q2 = Yo ~Y1 ~S2 ~(S1~Y8 Y10 Y12)
Q3 = ~yo Y1~S4 ~(S3 ~¥9 Y11 ¥13)
dqa = Yo N1
Qs = Q4 ~S1 ~S3 ~Y¥s
20 . Qs = Q4 S1 ~S3

q7 = Qa4 ~S1 ~S3 Y8
ds = Qa4 ~$1 S3
[0054] The input/output map for the decoder is specified by the following mappings:
X1 =qQ +qQ + Q4

25 X2 = quy2+ qQ +(gqs + qs)

13



10 X3 (ql+g2) Y3 + g3 Y2 + g5(Y4 +-s5Y7) + g6(Y5 +-s6Y12)+ g7(Y4 +-ssY7)+
g8(Y4 +--s5Y13) X4 = -g4 Y4 + qs + g6 + g7 (Y5 + -- s5) + g8 (VYil + - ss)

Xs = -q4 Y5 +g5(y5 +-s5)+ g6(Ylo +-s6)+ g7+ ga X6 = -qg4 Y6 + g5 + g6 + Q7
(S5 Y7 + - sB) + g8 (S5 Y13 + ~. S5) X7 =-094 Y7 + g5 (s5 Y7 + - Sb) + (6
(S6 Y12 + - S6) + q7 + g8 xs =-04 Y8 + g5 + g7 Y9 + 8 ys x9 = -04 Y9 + g5
YO + 96 Y9 + gy, X1O(gT+- l,0 S +4 A + 4085 Y10 « x11 = --g4
Y11 + g5Y11+ g%3Y112(q67\?%€¥¥q8q;§(?2 54%44 %%iylﬂqsﬁ%%i qei”él Y12+ ga Y12
X13 = -g4 Y13 + g5 Y13 + g6 ,Y13 +.097,\Y13 #.Q 0Q55] The rate-13/14 encoder
401 has 93 two-input gat egq,7(;((ﬁd+tﬁ?ay%gr?geg%‘ogdi[sﬁ “decoder has 102 two-i nput
gates. This gate count gives a total conplexity for the encoder/decoder 15
pair of 195 two-i nput =gades. + [Bo584+Hi(Y% t hésipt Se&fn tmvishti on has been
described herein with reference to particular enbodinents thereof, a

| ati tude of nodifi cat i-O0Rgs Ysariqe(ys chrasyyesqs @nd subgtd gut-igns are i nt ended
in the present invention. In sone instances, features of the invention can
be npl oyed wi t hout _a. r ngli - I UL esqy W t hout

depasreti ng fromtﬂ)g6 scopq(eig%fﬁ%qt ﬁgep?]rz\lggﬁ-{)%ngg)gﬁsqggﬁ?’%r ?h.ss her ef ore, many
nodi fications may be made to adapt a particul ar conii guration or nethod

di scl osed, without’ depd®7 g% o7t he's s%@ﬁklslﬁé'lu dcopsttaWdt Wirit of the
present invention. It is intended that the invention not be |imted to the
particul ar enbodi nent di sc¥sosed;d+Batt 4t Yohe dsywention will include all
enbodi nents and equivalents falling within the scope of the clains. 14 WHAT
IS CLAIMED IS: 1 1. A di skxdriveqsysteqs wamgs ys+ng: 2 a short bl ock encoder
that applies constraints to a first subset of bits in a data 3 block to
generate output bits;

X10 = ~qa Y10 + gsYi0+ g6+ §7 Y0+ s Y10
10 X11 = ~gayuu + gsyu+ geyu+ g7 yu + Qs
X12 = ~qa Y12 + Qs ¥12+ Q6+ Q7 y12+ Qg Y12
X33 = ~qayi3 + §syi3+ e Y3+ 7 Y13+ (s

[0055] The rate-13/14 encoder 401 has 93 two-input gates, and the corresponding decoder
has 102 two-input gates. This gate count gives a total complexity for the encoder/decoder

15  pair of 195 two-input gates.

[0056] While the present invention has been described herein with reference to particular
embodiments thereof, a latitude of modification, various changes, and substitutions are
intended in the present invention. In some instances, features of the invention can be
employed without a corresponding use of other features, without departing from the scope of
20  the invention as set forth. Therefore, many modifications may be made to adapt a particular
configuration or method disclosed, without departing from the essential scope and spirit of
the present invention. It is intended that the invention not be limited to the particular
embodiment disclosed, but that the invention will include all embodiments and equivalents

falling within the scope of the claims.
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4 a denultiplexer that separates even and odd bits froma second subset of
bits 5 in the data block and the output bits of the short bl ock encoder; 6
a first nodul ati on encoder that encodes the even bits to generate
constrained 7 even bits; and 8 a second nodul ati on encoder that encodes the
odd bits to generate constrained 9 odd bits. 1 2. The disk drive system
defined in claiml further conprising: 2 a nultiplexer that interleaves the
const r MHARISCLAIMER ISing the constrained odd 3 bits into one data stream
1 3. The disk drive systemdefined in claim1 wherein the first nodul ation
2 encoder and the secgngameil gtgﬁrbog{b{qlgg,gg are Fi bonacci encoders. 1 4. The
di sk drive systemdefined in claim3 erein the first nodul ation 2 encoder
ma@s N even bit sa slori\blodnsitcodéntbal appbes donstsaintatala fingt ssseveoftbitsddaldata on
enc derl éf%s N odd biits to N constrained odd bits. 1 5. The disk drive
rRIQek [9Rederate VRYLRIE wherein the short block 2 encoder maps P bits to
P # 1 output bitgdenulfiplekbethal ssharlich ¥eerSaAtRANLHS flones sddand kabsel &f pierei n the
short block 2 encoder naps a 3-bit vector of the data block to a 4-bit
outyput intbe dagp blotk 2nd Hhecoudpus bits pf the sBgrs blogk de¢ddasd in claim 5 wherein the
short bl ock 2 epgoder a 9-hit vector pof the.data bl qgck a 10-bit
outhut vector - 18 B siog ARG Bactiedt haGEbRS B elelbiR0 Bt Eotiliafiety Che
short &leadhts; ahdencoder maps a 13-bit vector of the data block toa 14-bit
outfgut vector. 1 9. The disk drive systemdefined in claim2 wherein the
fir&t nodul at i on2 sezophmedelatiopprgoder that angedesdhoedd bitsdagenerptsicopyraingd
cortﬁtr&i(ﬂ%g even bits, the second nodul ation 15 3 encoder applies an odd
gl obal “consfraint to the constrained odd bits, and the multiplexer 4
generates interleaved data that has a global constraint equal to tw ce the
m ri mum of the e¥en TPhadisbdtiveonsit défiriedadn claine 1dddha|cohprisingnstraint. 1 10.
The, di sk drive systemdefined in claim9 wherein the interl eaved da 2 has
an 4 nterl eaved cHRYHRIEXS tl@&ﬂ‘éﬁ‘rpqaﬁestth%c%‘}sgé’c"é cpen ?‘F?@“BJ%%C%SH%FéjEé‘ﬂst rai nt

or # hepigdgodrd @PAreaANSt r ai nt.

1 3. The disk drive system defined in claim 1 wherein the first modulation

2 encoder and the second modulation encoder are Fibonacci encoders.

1 4, The disk drive system defined in claim 3 wherein the first modulation
2 encoder maps N even bits to N constrained even bits, and the second modulation encoder

3 maps N odd bits to N constrained odd bits.

1 5. The disk drive system defined in claim 1 wherein the short block

2 encoder maps P bits to P + 1 output bits.

1 6. The disk drive system defined in claim 5 wherein the short block

2 encoder maps a 3-bit vector of the data block to a 4-bit output vector.

7. The disk drive system defined in claim 5 wherein the short block

2 encoder maps a 9-bit vector of the data block to a 10-bit output vector.

1 8. The disk drive system defined in claim 5 wherein the short block

2 encoder maps a 13-bit vector of the data block to-a 14-bit output vector.

1 9. The disk drive system defined in claim 2 wherein the first modulation

2 encoder applies an even global constraint to the constrained even bits, the second modulation
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1 11. A disk drive controller chipset conprising: 2 a short bl ock encoder
that maps a first portion of each block of input data to an 3 out put
sequence; 4 neans for separating even and odd interleaves froma second
portion of each 5 block of input data and fromthe output sequence of the
short bl ock encoder; 6 neans for applying a first nodul ation constraint to

the _even interl eaves to, .7 generate constrained,even interleaves; and 8
means {80 bbﬂ’%ﬂeﬁéf‘adéék’t'?ﬂ]oc_%%‘a%ma‘?it%c%‘éﬁ%'??‘gﬁlff blffpa{'ﬂ@e_ HUplekeh | eaves to
9 Qﬂnerg%&at_%é) ﬂﬁér!e%'v&?&'atﬁ’ﬂﬁt hay z?élb_@zﬁ‘é%ﬁstralntjeaual-[@ Bviet e HidimEmcshe &leher ]

chi pset” defined in claim11l wherein the short 2 block encoder maps P-bit

vecbor glatiat ¢nnstraiator the odé global eopstraidtat a to P + 1 bit output vectors. 1 13.
The disk drive controller chipset defined in claim 1l wherein the short 2
bl ock encoder mapg 3- ki o Lt hy ] 4-bi t
out put vectors. iors L gyt YRR b e aierd MR MR 1
whepei mat heintdrivated conbirsiake @atoake grears oPthbievernvglobalrconstidiiti o taedd bl ock of

i nput data to 10-bit output vectors. 1 15. The disk drive controller chipset
def Pnedlobd] eansiraint. 1 wherein the short 2 bl ock encoder maps 13-bit vectors
Wi thin each block of input data to 14-bit output vectors. 1 16. The disk

dri }(e controll er ghi p%?isﬂﬁib@@&ﬂdﬂle?&ﬂb@ g,gmwl?i;ﬁ in the 2 neans for

applying the first no ation constralint conp es neans for mapping N even
bit8 3 to N constshaitbstkevnesiebitttas mapsalfirst portivared edarblagpofyinpyt dakeetos@cond
nmodyl ati on constraint 4 conprises neans for mapping N odd bits to N

const r HPSE¥E%rts. 1 17. The disk drive controller chipset defined in

claym 11 further mcing GFREpaThiME eviR aRd oddink@leal dsSrorh @-se@indPorts WtRr t hat
interl eaves the constrai ned even interleaves 4 and the constrai ned odd

i nt ér | edoackofiinpub dataand fitom e ootput sequeB:e ol theethbgdldakrengededror mi ng nodul at i on
encodi ng on bl ocks of .dat riof ,2 to r.ecordjn dat a a conput er
reagabl e nedi um B4 F%taﬂﬁlég)%%{sﬂ E’n"ﬂ@'?{‘%” 8"5‘5*’9‘%8’*}5‘: %ngﬁeﬁwsg%nst rai nt
to @ figehdrale@ohitRiincdlcveRallelalés; ah@ck to 4 generate a constrained output; 5
separating even and odd interleaves of the constrained output and a second

8 means for applying a second modulation constraint to the odd interleaves to

9  generate constrained odd interleaves.

1 12.  The disk drive controller chipset defined in claim 11 wherein the short

2 block encoder maps P-bit vectors within each block of input data to P + 1 bit output vectors.

1 13.  The disk drive controller chipset defined in claim 11 wherein the short

2 block encoder maps 3-bit vectors within each block of input data to 4-bit output vectors.

1 14.  The disk drive controller chipset defined in claim 11 wherein the short

2 block encoder maps 9-bit vectors within each block of input data to 10-bit output vectors.

1 15.  The disk drive controller chipset defined in claim 11 wherein the short

2 block encoder maps 13-bit vectors within each block of input data to 14-bit output vectors.

1 16.  The disk drive controller chipset defined in claim 11 wherein the

2 means for applying the first modulation constraint comprises means for mapping N even bits
3 to N constrained even bits, and the means for applying the second modulation constraint

4  comprises means for mapping N odd bits to N constrained odd bits.

1 17.  The disk drive controller chipset defined in claim 11 further

2 comprising:
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6 portion of each data bl ock; 7 inposing nodul ati on constraints on the even
I nterl eaves to generate 8 constrained even interleaves; 9 inposing
nodul ati on constraints on the odd interleaves to generate 10 constrained
odd interleaves; and 11 interleaving the constrained even interl eaves and
the constrained odd 12 interleaves. 1 19. The nethod defined in claim 18
wherei n appl ying.the ulation 2 const.raint tg the fi.rs aor.tiqn qf each
datd bl ock f ur t nareufFBie it Sl ErEang iEhe, e ORstibal AR iREIRRRY 270 s
i n #he a6@ 5t doRbtienkdoddditterldsicd intd o8B Qith sheagk encoder. 1 20. The net hod
defined in claim218 wherein applying the nodulation 2 constraint to the
first portion of each data bl ock further conprises mapping 9 bits in each
datd 3 block tol8o biAmetheddferpesiompingamadidatinn engpdins Pa blocks abdata prige k
enceder, (o) ' ' ' ' ing the

rmdgl att(l) 6%0%%"%%);??? %gnnmi&t“gﬁ'ﬁé{gg |alr)1'rsétlﬁ%gl?1?’: %1? 0 éizdcoﬁnlgggl §y bl ock further
conPri ses mappi ngplying a modulatéacdonsBaidttba fixktoquittidrooflebchidata blockithe

constrai ned out put ,usjng a short block encoder. 1 22. The nethod defined in
cl affm B8NSARYE ASORSAMEQURPtodul ation 2 constraints on the even interl eaves
compri ses Mappi nGedlrifakveh hitd bl MEGRAS FHREDbnSY ERePblibut and 2AREATROST NG
nodul ation constraints on the odd interleaves conprises mapping N odd bits
to 64 Novwmgsifrrachdada blddkbits. 17

7 imposing modulation constraints on the even interleaves to generate

8 constrained even interleaves;

9 imposing modulation constraints on the odd interleaves to generate
10  constrained odd interleaves; and
11 interleaving the constrained even interleaves and the constrained odd

12  interleaves.

1 19.  The method defined in claim 18 wherein applying the modulation
2 constraint to the first portion of each data block further comprises mapping 3 bits in each data

3 block to 4 bits in the constrained output using a short block encoder.

1 20.  The method defined in claim 18 wherein applying the modulation
2 constraint to the first portion of each data block further comprises mapping 9 bits in each data

3 block to 10 bits in the constrained output using a short block encoder.

1 21.  The method defined in claim 18 wherein applying the modulation

2 constraint to the first portion of each data block further comprises mapping 13 bits in each

3 datablock to 14 bits in the constrained output using a short block encoder.

1 22.  The method defined in claim 18 wherein imposing modulation

2 constraints on the even interleaves comprises mapping N even bits to N constrained even bits,
3 and imposing modulation constraints on the odd interleaves comprises mapping N odd bits to
4 N constrained odd bits.
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