1 16 Septenber 2003 Trellis Code for Extended Partial Response Maxi nmum

Li kel i hood (EPRM.) Channel BACKGROUND OF THE | NVENTION FIELD OF THE

| NVENTI ON The present invention relates to encoding for disk drives and,
particularly, to an inproved trellis gode for an exteg@edpRanbé@bobgsponse
wi th maxi mum |i kel i hood (EPRM.) channel. DESCRI PTI ON OF E RELATED ART In
order to achieve higher recording densities, designers of magnetic recording
channel-s have switched from anal og peak detection techniques to sanpl ed data
detection techniques. In sanpled-data detection systens, the readback
signal is filtered and sanpled at a channel rate of in, where T is the
duration of a channel symbol. One such technique is referred to as extended
parti al resppﬂgﬁsmgé, - ) , e itra sfer
function of 0
represents a unit tine delay ope(appumm@th"ﬂmhéftrne T. Thus, the noi sel ess
out put of the extended partial response channel is equal to the input
signal mnus a version of the input signal delayed intime by 2T, mnus a

version of the input si gnals@k@ﬁ%w@dp-rgg Véﬁ‘r d plus a version of the
input signal forward in time I'n an ssemthe out put of the

noi sy partial response channel’}/lﬁbﬂs‘aﬁﬂ'll‘lﬁj"*ﬁﬂifﬁﬁ@l\bhannel rate and detected
usi ng a maxi iy bidsahi BASf sk ek BN 05808 1580 ©
generate, i nputs F C)anneei%fs ttoeertnﬁg?g ngﬁeﬁdggr ?rﬁf 0’%‘&{'%&( ﬁgcadr ded
bit sequiirfeed Wltlﬁcemfpr@@d@gendqd mldle@ﬁpqrﬂeewﬁrommmasaenmm (ERRMUM
nunber ofhgL@Bpecutive zeroes and to maxim ze the m ni num nunber of
transitions per code word. Further, it is desirable to mnimze the error
propagation due to EPRM. m ni num di stance channel errors. Additionally, in
order to achieve higher r i 1§ i irable to have as
efficient a code as possr%%ﬁeggm%hghtérééﬁﬁcy is expressed in
terms of a rdboerdelfo Selpeentigher2@8&didg densities, designers of magnetic recording

channels have switched from analog peak detection techniques to sampled data detection

techniques. In sampled.data detection systems, the readback signal is filtered and
sampled at a channel rate of 1/T, where T is the duration of a channel symbol. One such
technique is referred to as extended partial response maximum likelihood (EPRML). The
discrete time transfer function of an extendad partial response channel is (1+D-Dz-D3),
where D represents a unit time delay operator with unit-time T. Thus, the noiseles.s output
of the extended partial response channel is equal to the input signal minus a version of the
input signal delayed in time by 2T, minus a version ef the input signal delayed in time by 3T
and plus a version of the input signal forward in time by T. In an EPRML system the output
of the noisy partial response channel is sampled at the channel rate and detected using a
maximum likelihood Viterbi detector. _ '

Modulation codes are used to generate inputs to EPRML channels to increase
detectability of the recorded bit sequences. With such codes, it is des.irable to decrease
the maximum number of consecutive zeroes and to maximize the minimum number of
transitions per code word. Further, it is desirable to:minimize the error propagation due to
EPRML minimum distance channel errors. |

Additionally, in order to achieve higher recording densities, it is desirable to have as

efficient a code as possibie. Gererally, code efficiency is expressed in terms of a rate,




which is the ratio of the nunber of input bits to be encoded to the nunber
of output bits in the resulting code word. It is desirable to have the rate
approach unity. SUMVARY OF THE I NVENTION A first trellis code according to
the present invention is a rate 24126 trellis code “‘tPBEﬂg?Shﬁa j§6§5
error propagation due to EPRVML m ni num di stance channe or's

of six (6) transitions per code word and a nmaxi mum of twelve (12)
consecutive zeroes. A second trellis code according to the present
invention is a rate 48151 trellis code, derived fromthe first trellis
code. The second trellis code has four (#) bytes error propagation due to
EPRML m ni mum di stance channel errors, a m ni mum of twelve (12) transitions
per code word and a maxi mum of twelve (12) consecutive zeroes. Athird

trellis wap8s aLEkbidnthd Qb difRRBlts tAWEBhESTRAIS tRe RdhBeddt Rlpdt bR I S
code with four (4) bytes error propagation due to EPRM. m ni mum di stance

channel ﬁ}erréﬁﬁltmglcﬁﬁ’%}”ﬁ{ﬁn Ibfs Cf%‘ﬁ?'?'ééﬂ gyaihe BRI PPghY er code word and a
maxi nrum of el even (11) consecutive zeroes. BRI EF DESCRI PTI ON OF THE DRAW NGS
A better understanding of the invention is obtained when the foll ow ng

detailed description is conSUMARY] QF J&HF IMCENBYN th the fol | owi ng

drawi ngs in W@m@ttréﬂ&odﬂe éc%o?d"?deé%ara@en%v@ﬁﬂms%h@@@ixz@%mg dbdyitp an
enbodi mrent of the 1 nvention is a di agram of an exenpl ary

encoder ﬁ@@@f&iuhygeq@rqrpr@m@@pwéne EPRMlemirvent dianceEri@nnelerersad bl ock
di agram gfin; @R -SXEP ejrtbéngﬁeﬁ@ﬁ%r &ﬁ%%&lﬁ%dtaoméﬁlnﬁjmeﬂmmt(@i cordsBEutive

invention; FIGS. 3, characterize an exenp étrellls code
accor di ngemwest Resecent bidllirende éﬁcqm'% to the pireeBIvVeption 'SQWEI't%“ SAtedik cafagr am

of an exggmegffgorﬁf&@&ﬁﬁ a6cessl ég)ec% Jé@eddo@@mtas%urw@,tww&ﬂon FI G

9B is a I agram o an exerrp ary er according to an enbodi ment of
t he i nveptdpepatidedSeist BRBEL RioT3UB dlstance channel errars, a minimum of twelve {12)

transitions per code word and a maximum of twelve (12) consecutwe zeroes. A third trellis
code according to the present invention is a rate 48/51 trellis code with four (4) bytes error
propagation due to EPRML minimum distance channel errors, a minimum of fourteen (14)

transitions per code word and a maximum of eleven (11) consecutive zeroes.

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the invention is obtained when the following detailed
description is considered in conjunction with th.e following drawings in which:

FIG. 1is a diagram of an EPRML channel according to an embodiment of the
invention; :

FIG. 2A is a block diagram of an exemplary encoder according to an embodiment of
the invention; | _ '

FIG.2Bisa block‘diagram of an exemplary decoder according to an embodiment of
the invention;

FIGS. 3, 4A, 48, and 5-8 characterize an examplary trellis code according to the
embodiment of FIGS. 2A and 2B;

FIG. 9A is a block diagram of an exemplary encoder according to an embodiment of
the invention; '

FIG. 8B is a block diagram of an exemplary decader according to an embodiment of

the invention;



FIG 10A is a block diagram of an exenplary encoder according to an
enbodi nent of the invention; FIG 108 is a block diagramof an exenplary
decoder according to an enbodi nent of the invention; FIGS. 11A, 118, 12A,
12B and 13-14 characterize an exenplary trellis code Qb RSet @ t her
enbodi nrent of the invention; FIG 15A is a bl ock dlagran1oP an exenpl ary
encoder according to an enbodi nent of the invention; and FIG 158 is a
bl ock di agram of an ‘exenpl ary. decoder according to an enbodi nent of the
i nvention. DETAILED DESCRI PTI ON OF THE | NVENTI ON Turni ng now to the draw ngs
and with particular attention to FIG 1, a block diagram illustrating an
EPRM. channel according to an enbodi nentz of the invention is shown. The
channel 10 includes an encoder 12 according to the present invention, a
precoder 14, an EPR channel 16, a Viterbi detector 18, a postcoder 19, and
a decoder 20. Ffﬁwéoéné@décrckzoagrpm@fmmawmnmg aveowiing toedrl érmboditiest
accordlngf&gl%ngmgﬁesent invention, as will be explained in greater detali
below. Afirst trellis code accordlng to the present invention is a rate
24126 trel | i sFl6od@8vik eiblodkitizgsan3)f doyeesnmany clecpdaspagardingrioduneert bodhRRM.
nlnlnun1g§ﬁg%q&$ngﬁannel errors, a mninmmof six (6) transitions per code
word and max| mum of twel ve (12) consecutive zeroes. A second trellis code
accordi ng to fieS. priés émB, 13w dRaBiand 1314 chanaetedigs B exemblanstrelisiepde deri ved

from the,lddshots hibs: 60 mENPAREGRRAER! |1 s code has Tour (4) bytes

error propag a ion due dr'St ance channel errors, a mninmm
of twelve (12IG.1barsathlaphsiiggramadce amntﬂ:iam@naodmmmrmWftommc(rﬂ]@)t
consecut jy third trellis code according to the present invention
is arate tﬁ@?@f%ﬁérél |ds code with four (4) bytes error propagation due to
EPRML mi ni nurfti@i. §68ng e bidvanliegramaraf @anssxemphdmidevoden iacf @dingée an (@b odiment
transiti e word and a maxi num of el even (11) consecutive zeroes.
As shomgﬂﬁe@w&nﬁ%ﬁj‘ an input signal on aline 22 is transmtted to an input
of an encoder 12. The encoder 12 produces an encoded out put signal fromthe

Input signal, as 16 Sentepbet AB82cripTION OF THE INVENTION

Turning now to the drawings and with particuiar attention to FIG. 1, a block diagram
illustrating an EPRML channel according to an embodiment of the invention is shawn. The
channel 10 includes an encoder 12 according to the present invention, a precoder 14, an
EPR channel 16, a Viterbi detector 18, a postcoder 19, and a decoder 20. The encoder 20
produces one or more novel trellis codes according to the present invention, as will be
explained in greater detail below. -

A first trellis cbde according to the present invention is a rate 24/26 trellis code with
three (3) bytes error propagation due to EPRML minimum distance channel errors, a
minimum of six (8) transitions per code word and a maximum of tweive (12) consecutive
zerces. A second trellis code according to the present invention is a rate 48/51 trellis code,
derived from the first trellis code. The second trellis code has four (4) bytes error
propagation due to EPRML minimum distance channel errors, a minimum of twelve (12)
transitions per code word and a maximum of twelve (12) consecutive zeroes. A third trellis
code according to the present invention s a rate 48/_/51 trellis code with four (4) bytes error
propagation due to EPRML minimum distance channel errors, a minimum of fourteen {14)
ransitions per code word and a maximum of eleven (11) consecutive zeroes,

As shown in FIG. 1, an input signal on a line 22 is transmitted to an input of an

encoder 12. The encoder 12 produces an encoded output signal from the input signal, as




4 wll be explained in greater detail below The output of the encoder 12 is
coupled to the Iline 24 to provide the coded sequence to the precoder 14.
The precoder 14 has an input and an out put and generates a precoded sequence
based on the coded sequence. In particular, according {g guhtempedi

the present invention, the precoder 14 is defined by the transfer function
(1/ 1eD(DD2i DD3). The precoder 14 nay be a finite state machine with i nput

X, output y and state s, where at tinme n the following holds: initial state
Sinitial= (state, state2 state3), where statek, k=1,2, and 3, is the output
of the pre-coder at time n=k, output y = x+state, +state2+state3 (nod 2), and
final state Sfinal = (y state, state2). 4The precoder 14 will be described
further with regard to the particular enbodi nents. The out put of the
precoder 14 is coupled to the fine 26 to provide the - precoded sequence to
the EPR witidrermiplafed iAgreatepaetaibbelohe Treeewpetrof te pacasles 32 i eupdrstito thack t o

t he encoPQ%%}§d£r§§IF¥m6¢e Qﬁceed%%%%hpee% t:hgfgéceq%te?%det ail below A detector 18

receives ahne ong line 28. The detector 18
may be a Vit eTHa prdeddxstidrhas Emeinpet et ar omlt&uparu;:i/geci'esateh@ rtetasiedeqoenqeut

al ong line 3 ost coder, [ Lnverse
of “the oo hersaqh SERARA in Briele osPelehh gér*b@ﬁ”é‘%@ff%é#?&?ﬂf
decoder “EOent'Bnetrdaq:irectﬁTerZQﬁ)eefﬁmdrm/ mberanlsfwémrmsomf(ﬂﬂ@@eéh prTHie and has
several enbodi

r ondi n ft
code, asPWFP erb‘dr ’B@%B?l Bﬁ& fﬂt%wacﬂ?en“glf Wpﬁﬂ)&\?emggfangs%{tatgnbgﬁg%aﬁ c% t he
encoder nlmiﬁmmhg halcfsat e 24/26 trellis code with three (3) bytes error
propagati on due, t PRML m ni num di st ance, c an eI r.rors m, Qi mym of si x
(6) transiti ons’”ﬁ@ll de wot 3 f;gg ﬁ%&‘?z ‘g %%te*'d(ﬁ')z'é%gem?? ve
zeroes. A bl ock di agram of P g?fe‘?rel@ to this enbodiment is
shown in FIG 28UPEhG parti dul aF X SiesHigaz* ﬂ83 EHeFM92A is characterized

by a first map EESHE secdiiet r’r@(ps?e‘ 52191 | be expl ained in greater det ai |
bel ow Two maps ML and M2 further characterize. the

expl ained in gf BRPECORY: i Will e dracripe gerits N@F%@etpﬁnicl\'{fv}aé enbodl ment
I s showngiBokihfentBrhel®\8put of the precoder 14 is coupled to the line 26 to provide the

precoded sequence to the EPR channel 16. An output of the precoder 14 is also provided
back to the encoder 12, as will be described in greater detail below.

A detector 18 receives the output of the EPR channel 16 along line 28. The
detector 18 may be a Viterbi detector. The detector 18 provides the detected output along
a line 30 to a postceder 19, which essentially performs the inverse of the precoder 14. The
output of the postcoder 19 is provided to the decoder 20. The decoder 20 performs the
inverse of the ehcoder 12 and has several embodiments, each corresponding to an
embodiment of the trellis code, as will be described below.

As nated above, a first embodiment of the encoder implements a rate 24/26

- trellis code with three (3) bytes error propagation due to EPRML minimum distance
channel errors, a minimum of six (8) transitions per code word and a maximum of twelve
(12) consecutive zeroes. A bilock diégram of an encoder 12A according to this
embodiment is shown in FIG. 2A. In particular, as shown, the enceder 12A s
characterized by a first map F and a second map f, as will be explained in greater detait
below. Two maps M1 and M2 further characterize the map F, as will be explained in
greater detail below. A decoder according to this embodiment is shown in FIG. 28. The
decoder 20A is characterized by a Map FF, which is further characterized by Maps MM1

and MMZ2, as will be explained in greater detail below.




decoder 20A is characterized by a Map FF, which is further characterized by
Maps MML and MW, as will be explained in greater detail below 16

Sept enber 2003 5 The encoder 12A according to this enbodi mrent nay be
inplenented as a finite state nmachine that receives 2 @ebt&%b@r 2@@31 a,
2.... a,12) (a2l a22... a212), and outputs a 26- bit code-word,

bl2....b112) el (b21 b22...b212) e2. It is noted that a,1 is the flrst bi t
recei ved and bll is the fi rst. bit transmtted. As noted above, the code-word
is passed through a (1/(1eDeDA2eD"3)) pre- coder. For this enbodi nent, the
out put of the pre-coder 14A has an even nunber of ones every 26 bits that
span the inmage of a code-word. Specifically, if (x= X2 ...x25) _ (bl1
b12....b112) el (b21 b22...b212) e2 is input to the pre-coder having initial
state s;,;t;ai=(state, state2 state3), then yl+y2+.. +y2s=0 nod2, where Yk
is the output oThetevea:qdee4%decordmgrtoet§penﬂbiodgnart§ﬂ!ayebei implgmeddted As arfmited

eoove,, SReTRRES phERoER B, SIBATKE Ll DR atP IR . 0 Ly S A
b22. .. b2ltZode- ‘.emrd {1 baz 1. ta12) el (b281312).6a82) e22X is na@d2haterd inthe; fast bit- _ > e2.
AL 50\35 A, ARPYSr e B Bl doscri Ded by tvo rmps M and e rhe
sets are defi neginydtchohelthe todpantd kipasséhthradgmea (1/0R0DSR 240 3()Lee- ~ to
denot e Bl EThs o1 50°%E AR 951018, 8 Rl 8 BEDPAGARURLYE 09
(at..alZyenstebids thaas@efh thé5ma§e an ease Jvotdhasp@Bfiqaty, it (3) x2 Clzer={(b(®l . . al2):
az= a3 - be}g _bﬁ%) 21 21 bzgh% 15 IS lnp othe pre-coder having initial state sintai=(state,
“state; states), then yi+ya+... +y2s=0 mod2, where yk is the output of the pre-coder
corresponding to the input x«.
As noted above; the encoder 12A can be characterized by two maps F and §,
where . _
F:{ai1 a:2....2112)(a21 a22...a212) === > (011 b12... .b112) el (b21 b22...b212),
and '
f: (ay1 a12....a112)(a21 a22...a212) X Siniat === > e2.
Also as noted above, the Map F may be described by two maps M1 and M2.
The Map M1 maps 12 bits, a=(al1---a12), to 11 bits, .(b‘l--—b‘l 1}, Next, several sets are
defined which help to partition the domain of map M1:

(Let ' to denote Complement
~ todenote AND
v todenote OR
@ todenote EXCLUSIVE OR)

Let:

C1={(al..a12): a2=a3, a4=a5, ab=a7 } (has 2° points)
C2 ={(a1..a12). a1=a2, a3=a4, a5=a6, a7=a8 } {has 28 points)
C3={(al.a12) a2=a3=a4 =ab=ab} {(has 2° points)
C4 ={(al1..a12) at+a2+ +a12 <=1} (has 12+1=13 paints)
Let:

C=C1uC2uC3,C4

B1=C1 ~ C4

B2=C2 ~ C1'~ C4&'
B3=C3 ~C1'~C2' ~ C4’
B4=C4



={ (al..al2): al+a2+..+al2 <=1} (has 12+1=13 points) Let: C= Cl
02UC3uC4 Bl=C1 ¢4' B2=C2 n Cd'- &4 83=C3 nCl'n C'" n C4 B4=C4 16
Sept enber 2003 e B=B1 v B2 u B3 u B4 G=B LEMVA 1 B=C. LEMVA 2 Bi's are
pair-w se disjoint. Let: Vl={a2=a4, a6=a8} V2={al=l,1 %‘e]pteﬁfb'e@%OOQ/:)’ ={1 =
a2 = a4 = a6} RL =V1 R2=V2 n V1' R3=V3 n V2' n VI e mappi ng for the
Map M is shown in FIG 3. In particular, the second to the |eft-nost
colum defines the sets (i.e., the subset of M) to which the bits a = (al.
.al2) belong (i.e., the sets define the partitioning of the nmap). The top
row defines the eleven bits b = (bl ...bll) into which the twelve bits a =
(al...al2) are to be mapped. The rennigder of the table defines the
particul ar mappi ng. For exanple, if the twelve bits a = (al...al2) belong
to the set defined by G above, then the eleven bits (bl...bl1) = (al .all).
Simlarlpsgif, dhe gyelse bits a = (al...al2) belong to the set defined by 62
above, @¢d4en the bits are mapped into b = (bl1l...bl11) = (0, 1, 0, a2, a4, a6,
a8, a9, al0, all. al2). The map M2 maps 12 bits, a=(al---al2), to 10 bits,
(v1---vii@pmmaeveegl sets are defined which help to partition the domain of
map M. | EMMA 2 Bi's are pair-wise disjoint.

Let:

V1={a2=a4, ab=a8}
V2={a1=1, a2=1, a4=ab}
V3={1=a2=a4=a6}

R1=V1
R2=V2 A V1’
R3=V3 A V2' A V'

The mapping for the Map M1 is shown in FIG. 3. In particular, the second to the
left-most coiumn definés the sets (i.e., the subset of M1) to which the bits a = (a1...a12)
belong (i.e., the sets define the partitioning of the fnap). The top row defines the eleven
bits b = (b1 .. .b11) into which the twelve bits a=(al. ..al2)are to be mapped. The
remainder of the table defines the particular mapping. For example, if the twelve bits a =
(al...a12) belong to the set defined by G above, then the eleven bits (b1. . b11) = (a? .
.a11). Similarly, if the twelve bits a = (ai. . .a12) belong to the set defined by B2 above,
then the bits are mapped into b = (b1...b11) = (0, 1, 0, a2, a4, a6, a8, a9, a10, a11, al12).
" The map M2 maps 12 bits, a=(a1-—a12), to 10 bits, (v1--v10). Several sets are
defined which help to partition the domain of map M2,

Let:

E1={(a1..a12); a4=a5, a6=a7, a8=a9 , a10=al1} (has 2 points)

E2 ={(a1..a12): a3=a4, a5=ab, a7=a8, ad%=all } (has 2 points)

E3 ={(al..a12) ad=ab = a6 = a7 = a8=a%=al10 } (has 2° points)

Ed4 = {(al1.a12); al+a2+. +al12 <=2} (has B66+12+1=79 points)
ES = {(al..a12): aB+a7+aB8+a9+a10+a11+a12=0}

Let:

E=E1UE2UE3 U E4

D1=E1 ~ E4

D2=E2 ~ E1'~ E4’
D3=E3 ~ E1'~ E2' ~ E4’
D4=E4



Let: E ={ (al..al2): ad4=a5, a6=a7, a8=a9 , al O=al 1} (has 28 points) E2
={ (al..al 2): a3=a4, ab=a6, a7=a8, a9=al0 } (has 28 points) E3 = {
(al..al2): ad4=ab = a6 = a7 = a8=a9=all0 } (has 26 points) E4 = { (al..al2):

al +a2+. . +al2 <=2 } (has 66+12+1=79 points) E5 =

a6+a7+a8+a9+al0+all+al2=0 } Let: E= El E2UE3UE4 Dl 1 E&B}e%getgooaﬂ,

E4' D3=E3 n E1',-) E2' r) E4'" D4=E4 16 Septenber 2003 7 D5=E5 n E1'n E2' n
E3'n E4' D=D1 uD2LD3v04Li D5- GG=D LEMVA 1 E=D. LEMVA 2 Di's are pair-w se
disjoint. Let: TlI={al=1 a2=1 a3=aba7=a9} T2={a2=a3 ab=a7 a9=al | }

T3={al =a3 a7=all} T4={al=0 a2=a3=a5=a7=a9=| all =0} The actual mappi ng of
the Map M2 is shown in FIG 4A and FIG7 4B. For exanple, if the set a= (al

al2) belongs to the set GG then the 10-bit set v = (vi ...v10) takes
on the a7, a8, a9, al0, all, al2). To conplete the
encoder %Eé%@ 5 |s necessary to define the maps F and f. Let's
recal | a 12) (a21 a22... a212) > (b, 1 bl2....bl112)
el (b21 b212)
LEMMA 1 E=D.

LEMMA 2 Di's are pair-wise disjoint.

Let: ,
T1={a1=1a2=1 ad=ab a7=a%}
T2={a2=a3 a5=a7a%=alt}
T3={a1=a3 a7=alil}
T4={a1=0a2=a3=ab5=a7=a9=1 a11=0}

The actual mapping of the Map M2 is shown in FIG. 4A and FIG. 4B. For example,
ifthe seta=(a1...a12) beiongs to the set GG, then the 10-bit setv = (v1 .. .v10) takes
on the values (a3, a4, a5, a6, a7, a8, ag, a10, at1, a12).

To complete the encoder characterization it is necessary to define the maps F
and f. Let's recall that : |

F: (a1 a12....8112)(ax21 a22...az12) === > (b1 b12....b112) &1 (b21 b22...b212),
and :

£ (a1 a12....a112)(az21 222...2212) X Sl === > €2. ‘

The table of FIG. 7 completes the description of the Map F. For exampie, if Al is
inthe set Gand A2isin the.set GG, then b1, . .b111is M1(A1); by12 is a112; el is 1; b21
is a21; b2 is a22; and by3b24. . h212 is M2(A2).

The following equation describes the Map f.

e2=h:9 + b5 + b1 + b110 + b46 + b2 + states + states,

where sintiai=(state; state; states).

Thus, the current code-word is passed through the pre-coder 14A and the final
state of the pre-coder is the initial state for the computation of 2 of the next code-word.

The decoder 20A according to this embodiment is a block map, which inverts the
encoder. The decoder 20A receives 26 bits, (b1 bs2....bs12) 21 {b21 b22...b212) 2, and it
outpuis a 24 bitdata, (211 a:2....a112){a21 a22...a212). As ncted above, the decoder can
be characterized by a map FF, where

FF:(b11 012....0112) @1 (b21 b22...b212) €2 === > (a11 a12....a;12)(az1



and f: (a,1 al2.... a,12)(a2l a22... a2l12) X sinitial =_= > e2. The table of
FIG 7 corrpletes the descri ption of the Map F. For exanple, if Al is in the
set Gand A2 is in the set GG then bll...bl111l is M (Al); bll2 is all 2; el
is 1; b21 is aal; b22 is a22; and b23b24...b212 is M2 (18 seplértbbp 2o ng
equation describes the Map f: e2=b29 + b25 + b21 + b110 + b1l6 + bl2 + state,
+ statez, where sinitial=(state, state2 state3). Thus, the current
code-word is passed through the pre-coder 14A and the final state of the
pre-coder is the initial state for the conputation of e2 of the next
code-word. The decoder 20A according to this enbodinent is a block map,

whi ch inverts the encoder. The decoder ®20A receives 26 bits, (bll

b12. .b112) el (b21 b22...b212) e2, and it outputs a 24 bit data, (all
al2. é%ﬂ a22... a2l12). As noted above, the decoder can be
charact@?uz y a map FF, where FF: (b,1 b, 2.... b, 12) el (b2l b22...b212)
e2 =__ > (at 1Taue2v1ap MM &Zjeﬂ’laédnrﬂlcsépnrﬂn‘oems ae%a Bitsa®2. . .b1apPtbXveivéhe Map

MVIL fined F G 5 1 | bi

WA T 85000 TuTES o 0o heen, Wdm L anapd il 69, byslireg B 1S
b5, b5 bBobL7, Hﬁibgbmo 3,1).b9, blO bll) The map M2 naps 10 bits (v1...vl 0)
to twel bi t h Fl G E

V2=0"and va-1. ¥haneq B mage SpERE (T vighio GENRRE L7 a0, e RAMRE,

v9, v10)s shbhe hamesofFoFb.ﬁm;ﬂec;om):loe&r&ﬁv:i:t’letr@na(aact_eu)za@wpm,oﬁs, vdesmap FF

For exa i f_el hen (a,1 al2...a,10) = (b, 1bl2...bl10), a,11l. =
b, 11, an?z = VB, & V3 ‘ﬂL Jb b21, a22 b22, and (a23a24...a212) =

(b23b24. . b212)TheA\aiﬁlato¢Fi@ilfﬁdorhﬂii@{e'sltﬁe emgctaﬂmrbdldﬂmet@ap Freqan@xemprdi ment
of the anent i on be generated fromthe 24126 trellis code described

above. ff#15ar ﬂe&fﬁ‘d 212 @1t & Oy P1e gkt 104G bt a'lbhéﬂ %12 Rk 12d & Pdnd2?has
four (4 hy!&d @L884. PRORBEAbLI4dus, £29. EPRM. m ni mum

A rate 48/51 trellis code according to a second embodiment of the invention may
be generated from the 24/26 trellis code described above. In particular, the trellis coder
acéording to this embodiment has four (4) bytes error propagation due to EPRML minimum
distance channei errors, a minim.um of twelve (12) transitions per code word and a
maximum of twelve (12} consecutive zeroes. FIG. 9A illustrates a block diagram of an
encoder 12B according to this embodiment. The encoder 12B according to this
embodiment includes a pairof Maps FA and FB, which are characterized similarly to the
Map F described above. In addition, a Map fa is provided, as will be explained in greater
detail below. A deceder 20B according to this embodiment is shown in FIG. 98. As will be
explained in greater detail below, the decoder 20B includes a pair of maps FFA and FFB,
which are generally similar {o the Map FF described above.

The encoder 128 according to this embodiment is characterized as follows: (a;1
a:i2....a:12)(az1 a22...3212) (as1 a32....2312)(as1 242...2412) === >
(011 012....5112) e (b2l b32...b212) (b31 ba2....b312) 2 (bs1 bs2...bs12) €3,
where
(b11 012....b112) &1 (b21 b22...0212) =FA ((a11 a12....a112)(a21 a22...3212)),

(b3t b32....0312) 2 {bs1 bs2...b412) =FB ( (231 @32....a312){(a41 as2...a412)), where the
Maps FA and FB are as described above with reference to the Map F.

The Map fa is described by the following equation: €3 = ba8 + b5 + byt + b110 +

B38 + 022 + ba10 + 028 + b22 + by 11 + 147 + b3 + state,




di stance channel errors, a mninmmof twelve (12) transitions per code word
and a nmaxi num of twelve (12) consecutive zeroes. FIG 9A illustrates a

bl ock diagram of an encoder 12B according to this enbodi ment. The encoder
12B according to this enbodi nent includes a pair' of I\/p@gelﬁe,a,lggr PBosvhi ch
are characterized simlarly to the Mp F described above, In addition, a
Map fa is provided, as will be explained in greater detail below A decoder
208 according to this enbodinment is shown in FIG 96. As will be explained
in greater detail below, the decoder 20B includes a pair of maps FFA and
FFB, which are generally simlar to the Map FF descri bed above. The encoder
12B according to this enbodinent is chd&acterized as follows: (a;1 al2....al
12) (a21 a22... a2l12) (a31 a32.... a312)(a41 a42 . a412) === (bi 1 b12 ...

bi 12) el (b21

i 1 2 312 12) e3,
D12 (5 (021 ch2ns R Bt SRr sR3ARL tn(%*ﬁe]rf%%ﬁa s 8% 82)(6121
agiz)(aﬁb&z\%g ﬁmifg@m ne&)&éaby te2e(ﬁewla1all|2§\8datdabiﬂ52)3 beBl v}l a32. b
a a X s ve
with refer enceTf‘Sdteﬁ@q\/g\ggFa“?ﬁQ“%%gaerﬂo SSUR 8ra6ffF%§%$5+F ﬁ’d?
equat i 0p;2. €3, R2)0H(b11 BAD. 1,104 fost B3 1001 2) B3 G0t tbzz bs1D2B=+ b1+ b22 + blll
+b17+b3+state 16 Septenb 20@? Encodi for the first 25 code-word

2E?zit(331b?3§s Bt %é‘g%c

bits rra?‘?beé‘l'hzéﬁzﬂéaﬁzﬂ‘ v8t.“/Thus, it is not necessary
to receive all wh8refdata bits to begin COdI ng. The decoder 20B according to

this enbodi nent i characterlze ws: 2~...0hil2) el (b21
b22. . b@mi)a %bﬁ*%ééﬂ 322 $p33) 3 gth%W b16§;f§% %23}312 2 fﬂah : (

al2. pa%l%ma%ﬂgﬁaa a&zja%)lz)(ﬂgﬁBf\lﬁ)%‘l baza%ea)ziéﬂma‘m m@m where (a, 1
al2. a, 12)(a21 é b12. 2v3 E,}bzl 2%. v2212)).
(231 a32. ... 23!13258(@&1‘/1%%2':': aaﬂiﬁ)cﬁﬁr lﬁBd(eéﬁ@deo@VG ‘ ap

b42. b#ﬂ'-%):)th e@hﬁé@fér*b%nl\@mpgfeé ARk Eif&baa@co@@r)descrl bed above Wi th

reference to the F'(with e3 used for parity gurposes in- the Viterbi

decoder). Deco@ieﬁ@d'f‘@fo"t‘%f“fsf ?%93@4‘3"@3&'3&’ BP%‘& 6‘:‘?‘&92 89791214 BifS 6 code- wor d

bits argceived. Thus, itis not necessary to receive all 51 code word bits to begin deceding.
Finaily, a 48/51 trellis code according to another embodiment of the invention is
described. Accordiné to this embodiment, a rate 48/51 trellis code is provided, with four (4)
bytes error propagation due to EPRML minimum distance channel errors, a minimum of
fourteen (14) transitions per code word and a maximum of eleven (11) consecutive zeroes.

The code; TCl, encoder is characterized as follows: -

(211 a12....8112)(az1 a22...a212) (a31 a3:2....a312)(as1 as2...2412) === >
(b11b12....0112) e1 (b2l b22...0212) (bal1 £32....b312) e2 (bat by2...bs12) €3, _

It is noted that a11 is the first bit received and b1 1 is the first bit transmitted. The
pre-coder 14 according to this embodiment has an even number of ones (1) every 51 bits
that span the image of a code-word. Specifically, if '
(X1 %2 ...X51) = (011 b12....6112) 1 (b21 b22...0212) (b31 ba2....b312) €2 (bs1 b42... bs12)e3
is input to the pre-coder 14 having initial state siniz=(states state; states), then
yitya+ . +ysi=0 mod2, where vy is the output of the pre-cader corresponding to the input x«.

First, we define a rate 24/25 code C, as shown in FIG. 10A and FIG. 10B. The

encoder for the Code C includes an encoder 12C characterized by a Map F1, which is

further characterized by a Map M3, as will be explained in greater detail below. The Code
C decoder 20C (FIG. 10B), in turn, may be characterized by a Map FF1, which is further

characterized by a Map MM3, as will alsc be explained in greater detail below.




received. Thus, it is not necessary to receive all 51 code word bits to
begin decoding. Finally, a 48151 trellis code according to another

enbodi ment of the invention is described. According to this enbodi nent, a
rate 48/ 51 trellis code is provided, with four (4) byt QRﬁﬂ?tlon
due to EPRML m ni mum di stance channel errors, a nlnlnuﬁgggﬁﬁgﬁhgieen (14)
transitions per code word and a nmaxi mum of eIeven (11) consecutive zeroes.
The code; TC, encoder is characterized as follows: (a,1 al2....a,12)(a2l
a22...a212) (a3l a32.... a312)(a4l a42... ad4l2) === > (bll bl2....bl12) el
(b21 b22...b212) (b31 b32. . b312) e2 (b41 b42...b412) e3, It is noted that
a,1is the first bit recelved and b1l i3%the flrst bit transmtted. The
pre-coder 14 according to this embodi ment has an even number of ones (1)

SOy = (bin D18 ol eNel RO o RO iR S A o5 b
b42. .. b4kRee8s 2hditidadat to the pre-coder 14 having initial state s~n;,;

a, =(stat » %tz’ﬂ E‘az )ggtlea?b ézli'f)“ané!%J’égf;%Ys a Xﬁtl:o%em%ré bV\ffISI’? %1?)386# {bﬁe a

out put o der correspond n i nput X
rate 24/@8 cflmdé}C as shown in FIG 1 QA and FIG 10B. The encoder for the

Code C Lol udesaaNoRIGAISE, G ERM ARCLLF Bl o bODLEl o ML BY Ligrcledt e

characteri zed by a| ne grea &ow. The
Code C @etadkr. azmm(iﬂla@ . EQ63), --r=n>(Mﬂrbﬂna@rﬂﬁéeeclﬂaznatnﬂer’nztfé)d by a Map FF1,

which is furthe al ized b S 0 be explained in
greater detail E%?@ Oa%étzgép(iaéﬂb ‘?haﬁ%%%pzf&%he%a Fl1 V"fjrl]r'%"?:’s‘(\)der 12C may be
enbodi edriat (& ff b42i 1.8+ B)@&tidbpalci?i. N 1P hat= >racleaZes. a214})¢m21 aglat.ax12)all a, 2.

a, 12)(a21 az22...a2l12), and outputs a 25-bit code-word, (b,1 bl2.... b112) eI
(b21 b22. ) t V, e-en 1 L jAed by
a map Fl | g'x]aé MB%SUSQ.\% tg%gggﬂf tﬁif%]J(Fgl?Rggdap r%gfg{d% *fbt&h% ?acl 521277
b112) el tO(ﬁ@ZﬂSbﬂﬂ-—-bﬁBlZ\)ext Taalefioe sdegralgCs Mrchtffelrctmerranmcerthzehbntwn af rrap
FF1, whe 5)531 (b11 b12.... b112) el (b21 b22...b212) > (a,1 al2.
a112)(a2 5

az12). A nap MB is used to specify the map F1. The nap NB
maps 12 fiets, a=(&ldendtd Lomplement ‘

A, todenote AND

v to denote OR ‘

@ todenote EXCLUSIVE OR)

Let:

C1={(a1.,a12); a2=a3, a4=a5, ab=a7, a8=ag } - (has 2 points)

C2 = {{al..a12): a3=a4, a5=a6, a7=a8, a9=a10} : (has 2 points)
C3={(atl.a12):a3=ad4=a5=a6=a7=a8=a9%} {hasZ points) :
Cd = {(at.a12): al+a2+ +al2 <=2} (has 66+12+1=79 paints)
C5={(al.a12): a1+a2+..+ab6 =0} A, C1'A C2' A C3' ~ C&

Let

C=C1uC2_uC3yucC4

B1=C1 ~ C4'

B2=C2 ~ C1'~ C4'

B3=C3 A C1~ C2' ~ Ca'

B4=C4

B5=C5

B=B1u B2 U B3 B4 B5

G=g'
“LEMMA 1 B=C.

LEMMA 2 Bi's are pair-wise disjoint.

Then, the Map M3 maps 12 bits into 10 bits as shown in the table of FIGS. 11A and
11B. Then, the table of FIG. 13 completes the characterization of the Map F1.




to 10 bits, (bl---b10). Next we define several sets which help to partition
the domain of map M3. (Let to denote Conplenent A to denote AND vV to
denote OR (D to denote EXCLUSIVE OR) Let: d ={ (al.,al2): a2=a3, a4=a5,

a6=a7, a8=a9 } (has 2% points) C2 ={ (al..al2): a3=a = -

a9=al0 } (has 28 points) C3={(al..al2). a3:a4:a5:a6:a€§§%§ﬁggﬂff§§ﬁg%
points) C4 ={ (al..al2): al+a2+..+al2 <=2 } (has 66+12+1=79 points) C5 = {
(al..al2): al+a2+..+a6 =0) n-Cl'n C2' n C3' r) C4' Let C= Cl jC2QC3u04
BI=C1L C4' B2=C2 n C1'nC4 B3=C3 nCl'n C2 n C4 B4=C4 B5=C5 B=81uB2~,)
B3uB4~_) B5 G=B' LEMVA 1 S=C. LEMVA 2 Bi's are pair-w se disjoint. Then,
the Map MB maps 12 bits into 10 bits a%! shown in the table of FIGS. 11A and
11 B. Then, the table of FIG 13 conpletes the characterization of the Mp

L 10 Sepierier. 1003 11.The, SR, €.06800es 20 A BhOSfe BT 1
(b21 b2decode? deivearyd thits, @4t PUL.S .ta124e bibbt B8 ab,12f,aind iediRputs.a 24 BRY4@21
azz... a(zalfg)a}z-.r.haeﬂ )e(ggldaegE..Fa%?Z)pq'h%hdaeEg érecrainzbeedchba\(a&errirzae% b'i'Falhm\F’Jw}-‘?ﬁEj\ where
FF1:(b11 b12....b112) e1 (b21 b22...b212) === > (a11 a:2....a:12)(az1 a:2...a212). Amap
MM3 is used to characterize the map FF1. The map MM is shown in FIGS. 12A and 12B.
Finally, the table of FIG. 13 completes the characterization of the map FF1 from the map
MM2.
The rate 24/25 code, C, described above is used to generate a trellis code, TC,
having a rate 48/51. Block diagrams of a Code TC encoder and decoder are shown in
FIG. 15A and FIG. 15B, respectively. In particular, the Code TC encoder 120 includes a
pair of Maps F1A and F1B, similar to the Map F1 described above. In addition, a Map 2 is
provided, which will be explained in greater detail below. Similérly, the decoder 20D is
characterized by a pair of Maps FF1A and FF1B, similar to the Map FF1 described above.
' The Code TC encoder is characterized as follows:
(011 b12....0112) e1 (b21 b22...b212) =F1A ( (311 a12....a112)(a21 az2...a212)),
(b3l ba2....b312) 82 (be1 ba2...bs12) =F1B ( (a31 a32....a312)(a«1 a42...2412)), and
where the maps F1A and F1B are as the Map F1 described above, and
€3 = be9 + ba5 + bal + b310 + bab + ba2 + ba10 + b6 + ba2 + by11 + by7 + by3 + statex,
mod 2 '
It is noted that it is not necessary to receive all forty-eight (48} data bits to start
encoding. As soon as twenty-four (24) data bits are received, the first twenty-five (25}
code-word bits may be encoded.
The Code TC decoder is characterized as follows:
{b11 b412....0112) e1 (b21 b22...b212) (ba1 bs2....b312) €2 (D41 bs2...bs12) €3=== >
{a11 a:2....a112)az21 a22...a3212) (231 a32....a312){as1 as2...a412),
where
{a11 a12....2112){a21 a22...2212) = FF1A ((b11 bs2....b112) 1 (b21 b22...0212)),
(@11 a12....a312){as1 a42...a412) = FF1B ((ba1 b32....b312) 2 (ba1 ba2...Ds12)),
where the maps FF1A and FF18 are as the map FF1 described above (and with e3 used

for parity purposes in the Viterbi decoder}.



FF1: (bl1l bl12....b112) el (b21 b22...b212) === >(a, 1 a,2.... all2)(a21l
a22...a212). Amp MMB is used to characterize the map FF1. The map MMis
shown in FIGS. 12A and 12B. Finally, the table of FIG 13 conpletes t he
characterization of the map FF1 fromthe map - MR. Theqg %? C,
descri bed above is used to generate a trellis code, TC, V|ng rate

48/ 51. Bl ock di agranms of a Code TC encoder and decoder are shown in FIG
15A and FIG 15B, respectively. In particular, the Code TC encoder 12D
includes a pair of Maps F1A and FIB, simlar to the Map Fl described above.
In addition, a Map f2 is provided, mhlch will be expl ained in greater
detail below. Simlarly, the decoder 28D is characterized by a pair of Maps
FF1A and FF1 B, sinmilar to the Map FF1 descri bed above. The Code TC encoder

S A ol e A P AR g B4 LA

=FI B ( ozea::bﬁ[r@?,mfter hwedgivé 423) cade- worazbltz)a)re r@wedmﬂr@rf‘éstttwenmfpsr f2épdatad FI B

are as El ri bed above, and , b49+b45+b41
PR L LY Th17vb13+state, mod 21t s noted that it is

not necessary to receive all forty-eight (48) data bits to start encoding.
As soon as twenty-four (24) data bits are received, the first twenty-five
(25) code-word bits may be encoded. The Code TC decoder is characterized as
follows: (bll bl2....b112) el (b21 b22...b212) (b3l b32.... b312) e2 (b4l
b42...b412) e3=== > (all al2....al12)(a2l1 a22...a212) (a31 a32....a312) (a4l
a42...a412), where (a,l al2....all2)(a2l a22..,a212) = FF1A ((b,1 b12...

b, 12) el (b21 b22...b212)), (a3l a32....a312)(a4l a42...a412) = FF1 B ((b31
b32....b312) e2 (b4l bl2...b412)), where the maps FF1A and FFl1 B are as the
map FF1 descri bed above (and with e3 used for parity purposes in the
Viterbi decoder). 16 Septenber 2003 12




It is noted that it is not necessary to receive all fifty-one (51) bits to
start decoding. After twenty-five (25) code-word bits are received, the
first twenty-four (24) data bits nmay be decoded. 16 Septenber 2003 13
CLAIMS WHAT 1S CLAIMED IS: 1. An extended partial resppgse Xt M003

| i kel i hood (EPRM.) channel, conprising: an encoder coupled to receive an

i nput signal and inplenenting a rate 24/ 26 trellis code having three (3)
bytes error propagation due-to EPRVML m ni mum di stance channel errors; a
precoder coupled to receive a coded signal fromsaid encoder, performa
precedi ng operation on said coded signal; an extended partial response (EPR)
channel coupled to receive an out put ffom sai d precoder; a detector for
detecting an output of said EPR channel; and a decoder coupled to receive an
out put of said detector for inverting said éncoder. 2. An EPRML channel
according to Claim1l, wherein said encoder has a mnimum of six (6)
transitions per code word. 3. An EPRMAIEBannel according to ClaimT. wherein

sai d e%ggﬁ?%ﬁ%@@':wm of twelve (12) consecutive zeroes. 4. An EPRM.

channel aim1, wherein said encoder inplements a rate 48151
trellis code having four (4) bytes error propagati on due to EPRML m ni num

di stange channel [LrOrs.,usi o i ! drellis
code. 5: An!aﬁlﬁféfﬁ_ndgﬂfr?ﬁ’elPe@f'(?gg?%fﬂnagnﬁ%h%P%fhﬁ]gg,(@%gﬁzgﬂéﬁaaﬁd& Aehi%%g{ r has a
m ni mum of ahweksder(cb2pletintansidiveoarsinpet sigad endomplem@nting aEPR\E4/eH Haliel

28?]2;2{??)?9%\%?39 gfér?e%i)tabwy%%%%én er?b%@%iﬂfé’ to@R@lL%ﬁinmfmd%ftanéeV@a\ﬁﬁet( 12)
errors; :
a precoder coupied to receive a coded signal from said enceder, perform a
precading operation on said coded signal;
' an extended par'tial‘response (EPR) channe! coupled to receive an output from said

precoder;
a detector for detecting an output of said EPR channel; and

a.decoder coupled to receive an output of said detector for inverting said encoder.

2. An EPRML channel according to Claim 1, wherein said encoder has a minimum of

six (6) transitions per code word.

3. An EPRML channel according to Claim 1, wherein said encoder has a maximum of

twelve (12) consecutive zeroes.
4, An EPRML channel according ta Claim 1, wherein said encoder implements a rate
48/51 trellis code having four (4) bytes error propagation due to EPRML minimum distance

channel errors using a concatenation of said rate 24/26 trellis code.

5. An EPRML channel according te Claim 4, wherein said encoder has a minimum of

twelve (12) transitions per code word.

6. An EPRML channel according to Claim 4, wherein said encoder has a maximum of

twelve (12) consacutive zerces.




7. An extended partial response maxi mum |ikelihood (EPRM.) channel,
conprising: an encoder coupled to receive an input signal and inplenenting
a rate 48151 trellis code having four (4) bytes error propagation due to
EPRML m ni mum di stance channel errors; a precoder coupg%{gpttgn{b%g;ejd@ a
coded signal fromsaid encoder, performa precoding operation on salid coded
signal; an extended partial response (EPR) channel coupled to receive an
output fromsaid precoder; -a detector for detecting an output of said EPR
channel ; and a decoder coupled to receive an output of said detector for
inverting said encoder. 8. An EPRML channel according to Claim7, wherein
said encoder has a mninumof fourtee¥ (14) transitions per code word. 9.
An EPRML channel according to Claim7, wherein said encoder has a maxi mum of
el even (11) consecutive zeroes. 10. An extended partial response maxi mum

| i kel i hood (EPRM.) channel, conprising: an encoder coupled to receive an

i nput  si.gnalanegidendge garedltrés@nde hiadirhims likeltwodiEPRM L) ghanpelr tcamprisirigng i nt o
at least first an secog% nags; aﬁgrecoder co plep to. receive %sifdﬁd si gha
from sai d eRBGIEPICHAUPEAHP LScq WO IPHES 8P PRFIBR'SGIFYAF & BEEI° 5IgHal ;. an
ext endegdpaiatingl foue@penes etrcPRopagativnetue aupPBRVU minirecei digaace chenpat from
said precoder; a detector for detecting an output of said EPR channel; and

a decod€P™®oupl ed to receive an output of said detector for inverting said
encoder . a precoder coupled to receive a coded signal from said encoder, perform a

precoding operation on said coded signal;

an extended partial response (EPR) channel coupled to receive an output from said
precoder; '

a detector for detecting an output of said EPR channel; and

a decoder coupled to receive an output of said detector for inverting said encoder.

8. An EPRML channel according to Claim 7, wherein said encoder has a minimum of

fourteen (14) transitions per code word.

9. An EPRML channel according to Claim 7, wherein said encoder has a maximum of

eleven {11) consecutive zeroes.

10.  An extended partial response maximum likelihood (EPRML) channel, comprising:

an encoder coupled to receive an input signal and implementing a trellis code
including a partitioning into at least first and second maps;

a preceder coupled to receive a coded signal from said encoder, perform a
precoding opera'tion on said coded signal;

an extended partial response (EPR) channel coupled to receive an output from said
precoder;

a detector for detecting an output of said EPR channel; and

a decoder coupled to receive an output of said detector for inverting said encoder.



