LEX COGRAPHI CAL ENCOBI NG AND DECCDI NG OF STATE- DEPENDENT oDESG1 7600254 —4
DESCRI PTION  Thi's invention relates to nmethods and apparatus Rorp/ Copyk
transmitting binary digital data over binary storage channel s, such as pe
detection channels and partial response channels using. maxi mrum | i kel i hood
(PRM.) sequence (debegbion. Mre particularly, it relates to a nmethod for
(a) reducing storage when | exicographically coding state-dependent codes
and .(b) locally reordering coded subsequences to pernit direct
non-return-to-zero SecB5ING (rodrh¥E-ORxkimea®| Bprshen usi ng
PRML sequence det ec{‘q’% R%%Eq?’oé{ﬁ%ﬁnﬁ;\dg prior art references are rel evant
to such nethos and appar at us: [A] D.T. Tang and L.R Bahl, "Block Codes
for a Cass of Constrained Noi sel ess DEPSREEIN " | nformation Control, No.

17, 1970.

This invention relates to methods and apparatus for transmitting binary
digital data over binary storage channels, such as peak detection
channels and partial response channels using maximum likelihood (PRML)
sequence detection. More particularly, it relates to a method for (a)
reducing storage when lexicographically coding state-dependent codes and
(b) locally reordefing coaed subsequences to permit direct
non-return-to-zero (NRZ) coding, which is especially desirable when

using PRML sequence detection.

The following prior art references are relevant to such methos and
apparatus:

¢
{A] D.T. Tang and L.R. Bahl, "Block Codes for a Class of Constrained
Noiseless Channels," Informatioh Control, No. 17, 1970.
. &
{B] G.F.M. Beenker and K.a. S Immink, “A Generalized Method for Encoding
and Decodlng&Run-Length-lelted Blnary Seqpences," IEEE Transactions on
Informatlon;The%ry, vol. iT -29, .No. 5 \;383
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[C] R.F. Lyon, IEEE Transactldns on éommunlcatlons, Com-21, 1438, 1973.
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[P] K.A.S. Immink, "Spectrum'thding w1th Blnary DC%-cbnstralned -Cbdes, *
Philips Journal of Research Vol.” 40 No. l, 1985.- T

In a block code with rate m/n, m-bit ihput strihgs,ayg-ehcodéa'ihtg_d'
output channel bits at a time with a fixed mapping. _

Reference [A] first considered the application of lexicographical
methods to encode and decode block codes with a {(d, k) constrained

Sequence; i.e., codes expressed in non-return-to-zero increment {NRZI)
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[B] ‘G'F. M ‘Beenker and K. A S. Imink, "A Generalized Method for Encoding
and Decodin Run-Length-Limted Binjary Sequences," |EEE Transactions on

I nformati on Theory wvol. [1T-29, No 5, 1983. [C] RF. Lyon, |EEE
Tranksacti ons on Communi cati ons, Com 21, 1438, 1973. [D] KA'S |nmnk,
"Spectrum Shapi 8‘9"%6%&1 Biny [err]-const rzai ned- Codes, " Philips Journal of

Research Vol 4 1985. In a block code with rate min, mbit
i nput strings are encoded into n output channel bits at atinme with a
fi xed mappi ng. Reference [A] - first considered the application of

| exi cogr aphi cal nefetirsd vhexsienemdenatprd hetectidEedsF derndcoaedmyy phkf'ed, k)
constrai ned sequete&; 1is.e., codes expressed in non-return-to-zero increnent
(NRZI) SA9- 91- 021 2 not ati on, wherein

r un | engt hs hav%heattealc EE;E o R%Peq‘er?cenﬁ)il v.l:relil-gn egrzenbec{ g; Elée?’en%gt[%%g ilm;)rso've
the efficiency of block code concatenation; by Reference {C] to include
direct current (dc)-free constrained block codes and disclose a
practical embodiment thereof; and by Reference [D] to higher order
dc-null block codes. All of these references employed bhlock codes and
used a universal orderinggsystem wherein each codeword is in a fixed

position in an ordered list. -

Reference [D] refers to the possibility of state-dependent codes for
improved code rates and calculates bounds for these code rates. There
is no teaching of employing a state-dependent code in a lexicographical
coding technique.

L4
Encoding an arbitrary m-bit~ binary sequence to an n-bit (d,k) sequence
could be accomplished through the use of a lookup table with 2™ n-bit
entries; with the encoder fapping arbitrarily chosen. Decoding could be
accomplished using a table with 2" m-bit entries which inverts the
encoder mapping and recognizes any unused n-bit sequences, which are
presumably flagged as invalid using an additional output bit. However,
in many systems, storage of large tables is prohibitively costly, and it
is therefore desirable to replace large tables with smaller size tables

and some additional logic functions.

Lexicographical (or enumerative) coding involves ordering céded
sequences, in much the same way as a dictionéry orders words so that
they may be found easily. In magnetic recording, coded sequences come
from a binary alphaBet, and generally have the above described (d, k)

constraints. . - -

It is known that the use of state-dependent codes can improve the code
rate over relatively short block codes. In attempting to apply

lexicographical coding methods to state-dependent codes, it is necessary



The! t eachi ngs of Reference [A] were extended by Reference [B] to inprove
the efficiency of block code concatenation; by Reference [C] to include

direct current (dc)-free constrai ned bl ock codes and dj 5 @9 T ﬁ
enbodi ment thereof; and by Reference [D] to higher orde '25 - -
codes. Al of these references enployed bl ock codes and .

ordering systemsmexietas each codeword is i3n a fixed position in an ordere
list. Reference [D] refers to the possibility of state-dependent codes
for inmproved code rates and cal cul ates bounds for these code rates. There
i's no teaching of c&RLOVItA%NE bR tHAPENIGRL cfa0ARa1e byl AXbCaZEARAE Cal
coding techni que, . . Fnaadind ap arbilrary meblle, biaary seadeqge, to, an
n-bit (d, k) seqiiencE COU G Be atESHEPT SHEFEhTEulR 1he IS8 0t Y4} 8bkup
table with 2 n-Pttvadid pri@uts ffomicerdn stesder O?Pap%“h’g’“aﬁﬁbﬁ PPy y chosen.
Decodi ng coul d {pamteenpldeshad dodrys oot abtle sttt h efhensihg dkdiogn entri es
which inverts t§Qe.ARg00fHis MBAVeRGnditd EHAMULLRE o2 M1 LiPUFIRG the Ril1e
sequences, Wwhi c&zgrbg hresumably flagged as invalid using an additional
output bit. However,; in nmany systens, storage of large tables is
prohibitively costly, and it is therefore desirable to replace |arge tables
with smal |l er siTthers aplaeseedrfdr soreffbdentt hadhed foroppdgcingrdpiagndor

Lexi cogr aphi cal 1ek@dogEpHital abaing)ofCadtérgedendent W@sther drér BIpckOda@ids sequences,
in nuch the sanga\@¥g Agrfa Al Gld GRadNg W adRESuNPr ds so that they may be found.
easily. In magnetic recording, coded sequences cone froma binary al phabet,
and general ly have.the above described (d, k) constraints. It is known
that the use ofkcsersirg tepom desientiopddsrecnProvigst v Bethp@ fende

lexicographically coding indicia in a state-dependent code between user

data and a coded sequence thereof, comprising the steps of:

{a) providing a coding trelli%,having a plurality of sets of
states, each state in each set having a respective threshold equal to
the number ‘of valid code subsequences from that particular state to the
end of the trellis; ¢ l

(bi determining a pata.through the trellis corresponding to a
current state; and

(c) recursively using the thresholds corresponding to successive
current states to provide an invertible mapping between the user data

and coded sequence thereof.

There is further provided apparatus for lexicographically coding indicia
in a state-dependent code between user binary data and a coded sequence
therebf, comprising:

(a) means providing a coding trellis having a Plurality of sets of
states, each state in each set having a respective threshold equal to
the number of valid code subsequences from that particular state to the
end of the trellis:

(b) means for detérmining a path through  the trellis corresponding

to a current state; and
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rat& ovef relatively short block codes. In attenpting to apply

| exi cographi cal coding methods to state-dependent codes, it is necessary
3 to contend with the problemthat various code stat

sets of codewords. A universal ordering may include H HEET HAS BEEN
not valid out putse-diregh certain states. Oze solution [s topeﬁﬁbﬁﬁﬁl)separ at e
encoders and decoders for each state, each using its own ordering. Tnrs
however incurs at the expense of nultiplying the table size by the nunmber

of states. (c) means recurs:.vely reéUMB{oqaerﬁlEeslh%M&gypondm It is
an ObJ ect of the EchgsesQAtre Ill;]r\{’en It%ne o ov1de an 1 verP% mappl dl sadvant .ages
of the prior af%: Faf gt 6° 8 ﬁe aspec tlﬁe %’rg%en'i *Thvent i on

there i s provi dehe BinAmn f5a é‘l"ér"he |cadaqdc TR hi caI ly coding indiciain a
st at e- dependent code between user data and a coded sequence thereof,

conprising the gfefiSpRbry bt &rtpmbcufrug,aad S0 110 alst@lelbdpehtRNE REkedis Pl Urality

of sets of stat Pexicograpnlca!l%t Secogledei?i'ﬁ: t%gtorbﬁ}{llng-bgt rb?§c?:egft ste?* t;[lt:]r %Shm d

equal to the )
determining a path of successive current states through the coding

trellis using a succession of the coded bits. The thresholds for a
succession of current states are selectively combined to provide the

n-bit block of user bits in decoded form.

Hhen encoding a binary input string into encoded subsequences to provide
an output in NRZ representation, if a choice of preselected code paths
between the states is offered, the encoded subsequences are locally
reordered. This reordering gives preference to a successor state that
permits concatenation of a most recent encoded subsequence with all
subsequences from the successor state to the end of the coding trellis
that do_not violate preselected modulatioh constraints.

_ ¢
A coded sequence which has passed through a partial response channel and
has been corrupted by noise may be decoded into a binary output without
intermediate conversion into a NRZI representation by determining in NRZ
representation a maximum likelihood estimate of said coded sequence, and

then directly decoding the NRZ representation into the.binary output.

In order that the invention may be well understood, preferred
embodiments thereof will now be described with reference to the

accompanying drawings, in which:-

Fig. 1 is a block diagram of one embodiment of a magnetic recording

apparatus embodying the invention;

Fig. 2 is a state transition diagram showing a (1,5) coding trellis for

a rate (4,7) NRZI_staté-depehdent code;
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nunber of valid code subsequences fromthat particular state to the end of
the trellis; (b) determning a path through the trelljis corresponding to a
current state; and (c) recursively using the thresholds corresponding to
successive current states to provide an invertible nmapping between the
user data and codeePis&juence t hereof. 5 According to another aspect of
the present invention there is provided a nmethod for | exicographically
encodi ng an n-bit input string of binary data, which is in a state-

dependent code, gf0r3 Us@ QB %haltn&rayraﬁmaame CHRANLHE EOeplRl AVinglCem@t Q4L PUL i N
the formof coded. su seq\co ces,having a presel ectabl e coding rate, said

met hod conpri si g the m%fﬂg"(ah’"browdlng a coding trellis having a
plurality of sets of states, and neeting preselected nodul ation

constrai nts defrigi Rgid erfleacharst ditgrammningabh ss@tence p£sp®stinvipldnatdsdol d
equal to the nuggeicaff:sVkdding QtprstRsequences fromthat particular state
to the end of the trellis; and (b) encoding the input string by conparing
a nunber x correspondi ng |n|t|aII to a binary representation of the input
to the threshol &9 drin? sﬁé'feeﬁ‘taf‘%’itl?fbﬂ’caggﬁ"‘af@“’r’ﬁ 3 I5rEEtRe L P hicA¥RI pr ef er r ed
one of said set®elXis)fousd ngtet (8e10)e¥ng| stabd-depeadenit codpaithsbral (1) determ ning
a next state angogfriytput bit thereof; (2) deducting said predeterm ned
one of said thresholds fromx if x is greater than or equal to said

Fig. 6 is a detailed block diagram of a state-dependent lexicographical

encoder for implementing the invention; and

Fig. 7 is a detailed block diagram of a state-dependent lexicographical
decoder for implementing the invention.

[ 4
At illustrated in Fig. 1, input data, in the form of binary code

strings, is transmitted from a bus 10 to a state-dependent
,1exicogfaphica1 encoder 11.‘t Encoder 11 produces a binary code sequence
in NRZI or NRZ notation which serves as input to a channel 12. In NRZI
notation, a "1" represents a transition between magnetic saturation
levels and a "@" represents no transition; whereas in NRZ notation, a
1" represents one level of magnetic saturation and a "@" represents the

other level of saturation.

This NRZI or MRZ code sequence satisfies modulation constraints
appropriate to the kind of binary storage channel being used. A channel
output sequence is generated by channel 12. This output sequence, which
frequently contains noise, is detected at the channel output by a
detector 13, such as a peak detector or a Viterbi detector. This
detector chooses thg most probable code 'sequence from the channel output

sequence.

According to an important feature of the invention, a state-dependent
lexicograbhical decoder 14 is used to decade éhe_ggdg string from

detector 13 into a binary data output in bus 15.
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4 ‘predeternined threshold to derive a nunber x' to be used in place of x;
and (d) recursively repeating steps (b) and (c) until_n input bits have
been encoded. According to still another aspect of the present
invention there is provided a nethod for |exicographically encoding an
n-bit input strigg-ef-obi nary data, in a state- dependent code, for use on
a binary storage channel to provide an output in the formof coded
subsequences having a presel ectable nin coding rate, said met hod conpri si ng

the steps of: rovidin caoding trellis | st t sets of
states inter con%@%’l‘g Staég'diége"\ﬂﬂt Pel"é‘ﬁ’éf?mcfgaa V@%QT ZB‘ iP ﬁr one \ggrfge
setting a nunberop%aémalbai‘%‘ @ frlAtrdng ja nagh feom gifgpdedtatshet @ reldiy- (c)
conmparing X to &nédevashchitet isdoiaeked N thel é@mpaRseltont @dch pagiitati on

constraints corrgsRONGi Rgait PeofrElﬁlX&JUP%Bdeﬁfsuyie'qh&cé‘éW% Bgrswrleae%ﬁgces froma
state in a preferrrg\3er SUGCESS

th di t d f
x < t, followi ng®F=Hrede|"acs ed1 %Ef c°ncate"?r}2|‘°n £ ePen Bgtfhcquldp\%ﬁs rt%enlt%t o

OU? u

| abel " t her eof t Gr"s"é{F dts“lhatcé}"eﬁt §5‘?tﬂ a"ﬂr*é‘Fé’raF’é’ds SHTEELE e thethich s3n pe [ err]
followi ng a dif ftekesnfroedle: etans.t hFomneaglitspedesdpirt state, cthe nugbedrheg | abel t her eof
to a different stiteueadtd FRALI B tIRGsAvES Wit o Xhe Téadlati@n e used in

bl ace of x; and (L) [GEILS LHELY LARGARLAG:SLERS (¥ A (he@ipibel yti] 1

out put bits have been
pregrammable read only memory. The coding hardware examines the ending

bit taken in its path to the current state, and gives preference to the
successor state which permits concatenation of all its subsequences
without violation of the modulation constraints. It then looks up the
number t of subsequences which, by themselves, meet all of the
modulation constraints as ending subsequences for the preferred
successor state. Coding proceeds fécursively by (i) comparing a number
to be encoded to the number t to determine the next trellls state and
the output of encoder 11, and (11) modifying said number for the next
iteration. ¢

NRZI Implementation

Assume now that binary data has been encoded by state-dependent
encoder 11 into an NRZI code string, and that detector 13 is a peak
detector which in conjunction with decoder 14 decodes the NRZI code

string into the original binary data.

Fig. 2 is a state transition diagram showing a state-dependent (d,k)=1,5
coding trellis in NRZI notation where the (d,k) constraint requires that
each "1" be separated by at least one "#" and at most five "@'s." The
coding functions are performed with two sets,-labelled A and B, of- -
states which correspond, respectively, to tﬁe last bit beiﬁg an NRZI "1"
and "g." These state sets A,B enforce the local d constraint via the
state interconnections, and the k constraint is enforced via table

entries for the two_state'seb&"



Accdrdinj to still another aspect of the present invention there is
provided a nethod for |exicographically decoding an n-bit input string of
coded bits in a state- dependent code into an n-bit block of user bits
conprising the steps of (a) providing a coding trellis having a plurality
of sets of statesas-etr®Blstate in each set having a respective threshold
equal to the nunber of valid code subsequences fromthat particular state
to the end of the trellis; and (b) using a succession of the coded bits,

<(1|e§ errr: ni ng aI Rabi pfl;ﬁdcﬁﬁ&ﬁbyﬁ(&,wi(?[bf) f&h@én@és t&rw&bftmfgtaﬁ,l lis; and
c) selectively iNi t S for a. Sj,0 en current
states to provi 539¥Eeﬂn- ‘f{e ﬁ]agctagg?poﬁggr%‘l'bﬁ %fgg??%%%g%%o%te% "c')°rr?h ,

Accordi ng to st iPPTPORHSEE hEFIUERFRATS GRS EpPET@NTLth AT SNET &Y PHEPE iR s
provided a et sbatefBr atdesridcwigh ayinoghlthseedeec i ndhe sllgwablerisalrsesuearesn- bi t
coded out put St rk€13isted ifl or8érak&- SRpaRda)t folDEled by tRdMnamblat WAL SOl age

channel , said ”‘%ﬁ&'b‘?%hﬁ.%&df&e@gmmetﬁ tsgl%%quence.

4a . of: (a) providing a coding trellis having a plurality of sets of
states, each state in each set

Table 1
a B
Subseguences Number . Subsequences  Number
0000010 16 0010001 21
0000100 15 0010010 20
0000101 14 0010100 19
0001000 13 9010101 18
0001001 12 0100001 17
0001010 11 ¢ 0100010 i6
0010001 w0, 0100100 15
f 0010010 9 0100101 14 i
0010100 8 0101000 13
0010101 7 0101001 12
0100001 6 0101010 11
0100010 5 1000001 10
0100100 4 1000010 9
0100101 3 1000100 8
0101000 2 1000101 7
0101001 1 1001000 6
0101010 0 1001001 5
1001010 4
1010001 -3
1010010 2
1010100 1
1010101 0



having a‘respective threshold equal to the number of valid code
subsequences fromthat particular state to the end of the trellis; (b)
after initially setting x equal to zero, decoding the  input string by
conditionally adding to x a succession of predeterm ned ones of said
threshol ds; (c) Ryefo9ldoeWi Nng a path through the coding trellis; (1)
determ ning a successor state; and (2) if the successor state is not in a
preferred one of . said sets, adding to x the threshold equal to the nunber

of valid code subsequences to the enpd Qf_ th Ills or the ate |n t he
preferred one of™§ qﬁteﬂtsé‘bsteS“e&é"rsi (‘/‘ﬂ'b%fea ? % B ¢ ' BT (RER ursﬁ’ 8% of x;

used
(d) recursively inetheatodndestuap 16 ppugmtite the Ila'fﬂeﬁﬁ PPYFE qfanPPPBF‘teé Hyave been _
decoded; and (e)theutipsjt tunNDenbtte cae ettt aridetheniblivbie lengtRDfddk eodd.ned i n step
(d). Accordi ng to still yet anot her aspect of the present invention
there is provide

‘% or |co I,,I(y dec&dl ng.to.an nber x an
n-bit input strif®g=th? sugfeé’fl%me e('Eiepen en!a gl fToma Drnary lrs’ts‘oér“'age
channel that proeetded thn letalplicorstiraine f?‘GFT'ntb‘? nesh RUEPRS By A esdwi th a
presel ect abl e coglk ngderabsxes aafodcedietriand tb@anpr ssitaget Be Fhops supfequeney
pr oviding a COd'e'ﬁgs WEG! L inRzthaph (‘Qeat the€gbr WG nSRE& ofe 8f,2tR%e is a
i nt erconnect ed ed esm\‘/:\,éetdhtol gtage sété c)r 4 G[_eetlp one s} L& setting x
equal to zero; (r‘F@Z Getef ™ Ri'ng, 1N éac f tes, ?referred edge;
(d) conparing t -'re&b%‘lce%\fr%“tﬁaﬁsr etted r“"éched’éethF’b“tlYF&t' e validyending nput bt ;
(e) if the | abelsbstquevots cor bespontkpazddiitly the priss@ieact erredpomsholed t to X
to generate a NAYWpatHThgch Xas (t@kddroustde isbt platudfvisiatiderdend @shol d t
bei ng det er m ne(i:oi’l;tgmnt. However, some of the subsequences which continue by

proceeding to state set B and are valid ending subsequences cause

trouble in concatenation, since the combined subsequence would violate

the k constraint. Therefore, preférence is given to state set A

whenever there is a choice, and the reordering in this case is simple.

Because the algorithm uses only the stored numbers for preferred state

set A, étorage is requiredeonly for the seven entries for state set A,

reflecting the number of valid ending subsequences of each length which

begin with a one. The total number of entries in the table is seven for

the method herein disclosed. By combining the tables for state sets A

and B, the need for two distinct coders has desirably been eliminated.

Table 2 sets forth the number of allowable ending subsequences of length
n that begin with a "1," and hence the number of wvalid ending
subsequences from state set A to the end of the coding trellis shown in
Fig. 2. These subsequence numbers i1, 7, 4, 3, 2, 1 represent the-

threshold t for deciding which path to take to the next state.
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pr ésel e¢t ed nodul ati on constraints corresponding to the nunber of valid
endi ng subsequences froma state in a preferred successor set to the end
of the coding trellis; (f) followng the edge |abel corresponding to the
input. bit to a successor state; (g) recursively repeating steps (c)
through (f) until smbi-p210ut puts of the inpwt bits have been decoded; and
(h) thereafter outputting the nunber x as determined in step (Q).

According to still yet another aspect of the present invention there is
provided a nethod of coding a binary ingytieSiring to provide an output in
NRZ representation neeting, said nethod conprising the steps of: (a)
providing a coding trellis having a plurality of sets of states and
presel ected code paths between said states and presel ect ed

nmodul ati on constrai nt sBilea.ni ng for eagh. of Abhkid Jubsmodnceet a respective

t hreshold equal to the nunber of valid code subsequences fromt hat
particular state to the7end of the trellis; (jh) encoding the input string
i nto encoded subsequences and (c) whenever a ch0|ce of paths is offered,
| ocal | y reordering said®%ncoded subsequences td give preference to a
successor state that persmits concatenation of & nost recent encoded

subsequence with all 4 3
’ 3 2

2 1

1 1

Figs. 3 and 4 depict, respectively, in flow chart form, the encoding and
decoding algorithms used in appligant's state-dependent lexicographical
decoder 14. .

¢
The follow1ng examples ilJustrate the manner in which these encoding and

decodlng algorithms operate for the NRZI 1mp1ementatlon

{I) To encode decimal 10 to NRZI coded binary 0010001, starting at

state set A, the following sequence of operations is performed:

Mext

Bit State State . NRZI
No, set Xt x<t(@) Set =~ x-t Output
7 - A 10 % DON'T CARE B DON'T CARE O

6 B 0 7 NO B 3 0

5 B 3 4 YES A DON'T CARE 1

4 A 3 * DON'T CARE B DON'T CARE O

3 B 3 2 NO B 1 0

2 B 1 1 NO B 0 -0

1 B 0 1 YES - A DON'T CARE 1

*Thresholds are stored for state set B only.



sub'sequehces fromthe successor state to the end of the trellis that do no
violate the nodulation constraints. According to still another
aspect of the present invention there is provided apparatus for

| exi cographically coding indicia in a state-dependent code between user
binary data and a gQdgd,sequence thereof, cogprising: (a) a read only
menory providing a coding trellis having a plurality of sets of states,
each state in each set having a respective threshold equal to the nunber
of valid code subsequences fromthat particul ar itate to tﬂp %Td of the
trellis; (b) nmeang® FBF14EEe FHFHEINIp PR PHETII E HE Trafs 1ovitt nov be
correspondi ng to deschiedmermtinedy- afndFige)? pehirkeredchipgidfratss thaspiiisi ve to
the threshol ds cseg@spogdi gateOses IC @RS Bhdifg Ghllsk @Rl sestt @dedted @noivigde an
invertible mappi Nghd3gingesiNtdenErebiddadoy @aiRiRNth thee Godad REGUENCQhere
DESCRI PTI ON OF THI:FS %RPFEnRRgr[a)'E ODLtME'\r%e to oytpu | Q " 'I;qg E)Qg‘t ttapees t

i nventi on nmay be Wwel Tundel St 60 ,ppréferr a8 freht $% fered W
be described withBreference to the acconpanyi ng draw ngs, in which:-
Fig. 1 is a block diagram of one enbodi ment of a magnetic recording
apparatus embodydigpdthe, erheitatOBet B, thereFirf twd chdics Shakesy !t {ARRbLd @N
di agram show ng a"]("lan%) gocgghsg&etsre%ll»l IOIS oL%’htaa Jﬁtﬁd(r%mzi)n inNaZaL:e set B. To

~state-dependent code;
determine which to output, the number 10 to be encoded is compared with

now

the threshold 7 for the prefetred successor state éet A. Since 1027,
output a "@" and remain in state set B, and subtract 7 from 10 to

provide a result of 3.

For bit 5, the result 3 is compared to the threshold 4 for preferred
state set A; and since 3<4, go te state set A and retain the 3. For
bit 4, the only output choice from state set A is a “@g", so go to

state set B and retain the 3. ! For bit 3, the retained 3 is compared to
the threshold 2 for preferred state set A; and since 3>2, .go to state
set B and subtract 2, leaving a resultant 1. For bit 2, this resultant
1 is compared to threshold 1 for preferred state set A; and since 131,
go to state set B, and subtract 1, leaving a resultant §. Finally, for
bit 1, the resultant @ is compared to the threshold 1 for preferred

state set A; and since @#<1, go to state set A.

(II) To decode the NRZI coded binary 0010001 back to decimal 10,
starting at state set A, the following sequence of operations is
performed:
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SA9-91- 021 5 Fig. 3is a flow chart

di agramm ng t he sequence of steps in inplenmenting -appl.icant’'s encoding

al gorithm Fig. 4 is a flowchart diagrammng the sequence of steps in

i npl ementing applicant's decodi ng al gorithm Fig. 5is a state transition
di agram showi ng sagleife2ee (0,3) coding trekiis for a rate (8,10) NRZ

st at e- dependent code with | ocal reordering; Fig. 6 is a detailed block

di agram of a st at e-dependent | exi cographi cal encoder for inplenmenting the

i nvention; and Fig. 7 is a detail edulahaake di agram of a st at e- dependent

| exi cogr aphi cal decoder f orerefgrkeneniabalg(a)he i nventi on. At illustrated in
Fig. 1, input datia, skatet he Hdge m of blnaK?mmode strlngs Is transmtted from
a bus 10 to a SNoat etlependaghel (B) Channel) b=t

7 A 0 0 YES 0 *  DON'T CARE
6 B 1 0 NO 0 7 7

5 B 1 1 YES 7 4  DON'T CARE
4 A 0 0 YES 7 *  DON'T CARE
3 B 1 0 NO 7 2 9

2 B 1 0 NO 9 1 10

1 B 1 1 YES 10 1  DON'T CARE

*Thresholds are stored for state set B only.
The thickened peth line in Fig. 2 denotes the path to successive state
sets.which are selected during decoding. The various steps in decoding

should be apparent from (II) and from the narrative description of (1).

NRZ Imglementation

Assume now that the state-deperident lexicographical encoder 11 shown in
Fig. 2 ﬁroduces an NRZ biqgry code sequence which serves as input to

partial response channel 12.

The channel output sequence generated by partial response channel 12,
which frequently contains noise, is detected at the channel output,
preferably by a detector 13 that is known in the art as a Viterbi
detector. Detector 13 chooses the most probable code sequence from the
channel output sequence. For sake of illustration, it will be assumed
that the NRZ code sequences are dc-free (i.e. they have no spectral
content at zero frequency) and have a (d,k) = (0,3) constraint and five

state sets.

In NRZ notation, the k constraint requires that at most k+l consecutive
like output bits appear in the modulated channel sequence. Given a
choice of next channel input bit, the algorithm gives preference to the

complement of the last produced channel sequence bit since this would



| exi cographi cal encoder 11. Encoder 11 produces a binary code sequence in
NRZI or NRZ notation which serves as input to a channel. 12. I n NRZI
notation, a "1" represents a transition between nagnetic saturation |evels
and a [err] represents no transition; whereas in NRZ notation, a "1"
represents one | eMeloraf21nmagneti c saturatiom2and a [err] represents the

ot her. level of saturation. This NRZI or NRZ code sequence satisfies
nodul ati on constraints appropriate to the kind of binary storage channel

bei ng used. A chag mﬂ@bhoqgw%e REGHRPAR:] SnACNGLAkRM e haRaferd2ioclii S
|1 C

out put sequence, requent tai ns_no e
chalr[:nel oﬂt put b§F°édedt‘a’t9eé116‘fm'i§th§u% SHEED WL’lfnge?m Yﬁ%et% cqm;@gme%t'

detector. This det tet bastairodised chippe e'ﬁFd’détﬂte"hE(?G%l@é'l?u‘éEnE’E Frsbm t he
channel output SQ@AWRRGE. the PeEaed Baget thagvhiahpor lagallefl edtutiee of t he

i nvention, a sta%ﬁ pHGDR0ALREz LaXi cographi cal decoder 14 is used to decode
the code string fromdetector 13 |nto a blnary dat a out put |n bus 15.

SA9- 91- 021 cantds state- eﬁd,@%
| exi cogr aphi cal HEgeddEr uaxatrsr¥ 6?%29 66%1‘11@%%&‘ *A£9% fE S BARE Y oﬁ fol'fowing a

path from st at e éxamsleat @hd ptage tsetd presdesignated 0 to 4 respectively. Of these
sets, sets O to 3 are valid initial and ending states at codeword

boundaries. The trellis indicates 10-bit channel sequences, indexed
along the bottom of Fig. 5 to indicate the relative positions of the
respective bits. The NRZ bit label for each edge is a "1" if the sum of
the state set and index at the end of the edge is odd, and a "@" if the
sum of the state set and index at the end of the edge is even. This NRZ
bit label is determined by takiné the XOR of the least significant bit
of the:state set number and the legst significant bit of the index.

Since %ig. 5 is arrange& so that complementary bits lead to the same
state set, determlnatlon of the preferred state set is simple; it is the
current state set. The preferred state transition’ '1abel or edge label
is that one which leads to the preferred state set. The non-preferred
state set is the current state set mihus 1 if the NRZ edge label is a
G " and is the current state set plus 1 if NRZ edge label is a "i."

The next state set is determined by an up/down counter (as hereafter

described) whose direction is determined by the NRZ bit label.

The number in each vertex in the trellis is the threshold for each state
set at that particular position in the 10-bit block. Since there are at
least 256 sequences from each initial state, a rate 8/10 code is

produced.

The following exampleé illustrate how applicant's encoding and decoding
algorithms (flow charted in Figs. 3 and 4, respectively) operate for the

NRZ implementation.



VWhenever 'a state is reached in the coding algorithns which pernits a
choice, a local reordering of coded subsequences is perforned. This
reordering is based on the concatenation of the path which was taken to
arrive at the current state and the various successor paths which can be
taken fromthat s{gif.of10r each successor sgate, the nunber of subsequences
whi ch, by thenselves, neet all of the nodul ati on constraints as endi ng
subsequences is stored in a table, preferably in a programable read only
memory. The COd‘gﬂg)aqgreqmeedegm diC% ltﬂ&eco%g 'bﬂﬁrp'ohob@i‘ﬁ@ﬂ Inits path to

’ a

the current stat fEiME St BERE e €NC erhk Orol IH0ilsGeSOle St dt € Whi ch
perm ts concat enati orpéefatiink isterSuBgiequences W t hout viol ation of the

nodul ati on constraints. It then | ooks up the nunber t of subsequerices:

whi ch, by therrse}la.vtesgta{geet all of the nod :"tei on. constraintg.as ending

'subsequences forNﬁ,_hegeQr ef errgd gucgessor sste% e. Cading pr oc&g%& recursively
by (i) conparing a nunber t0 bé encoded to the nunber t to 'd'é ermne the

next trellis state &@nd the 8utp9t s encoder 11, RONUC CARE) nodi fying said

nunber for the ngxt sz:ut er at :Ag%; 153 SES : é[ g%“"f CARE %ZIRZI
| mpl enent ati on Assune no hat;, b ry data has cod by
st at e- dependent Eencq;der 11 tj’ltolé.nN | cade striﬁgﬁngn that detector 13

is a peak detecter which i nnxonpoanaséi on wiit h decoder 14 decades the NRZI
code string intot¢thd originad bi®akEs data.l Fi g.DOR'T 6ARR stdte transition
di agr am showi ng & stlat e- depénden k) :1,‘1)5 codi ngj’"t’-'r BAREi s ign NRZI not ati on
where the (d,k) %on%trai nt r(z)equi e ost hat each "1", ke sgparated by at | east
one [err] and at nost five [err] e coding functions are perfornmed with
two sets, labelled A and B, of - states which correspond, respectively, to
the last bit being an NRZI "1" and [err] These state sets A B enforce the

| ocal d const rai MiRE gPeefi@asthy MR AfBrC 4RHBECP G S ebveie"donstraint is
enforced vi a tabheewiftre statéprvilhdet"@ idtide csugeptfsthe bit number and the next :
state set is even; and "1" if said sum is odd.

¢ i
For exa&ple, to encode 85,,initially set x to 85. Starting in state
set 2, for bit 10, compare x(85) with t(191), which is the threshold for
bit 10 in state set 2. Since x<t, the next state set will remain as
state set 2, and X will not be modified for bit 9, compare x(85) to
t(104); and again, since x<t, the next state set will remain as state

set 2 and x will remain unmodified.

For bit 8, compare x(85) with t(60); since x>t, x becomes 25 (i-.e.,
85-60) and the next state set becomes state set 3. Because the sum of
the bit number 8 and the state set 2 is 10, which is an even number, 1
is added to the state set number (i.e., 1+2) to change the next state
set to state set 3.

For bit 7, x(25) is comp;red to t(32). - Since x<t, the next state set
remains as state set 3 and x is not modified. For bit 6, x(25) is
compared to t(13). Now, since x>t, X becomes 12 (i.e., 25-13) and the

next state.set is changed to state set 2. Because the sum of bit number



-

SA9-91- 021 7 Table 1 lists seven-bit
(d,k)=(1,5) sequences for each of the state sets. To ensure that the k
constraint remains intact at codeword boundaries, sequences are allowed to
begin with at nost two zeroes in state B, and end with at nost three
zeroes. The al | ovabt®a-®&1bsequences are |listed in order for each state,

foll owed by the nunber whi ch the al gorithm assocéiates with the subseguence.

Table 1 A B Subsequences
Nunber 5 SH@SCRQQQQ:QGS%!: 3 NURBL! 1 is subtraél@@CQOHD the state sed Qumber
88%8281‘ - fio change t!('x)e nex]t staébff)tléb s;:l'al\‘-‘-ke set 2. én 51m11a8%%%g%18 ig
0010101 grgoding 1smg_rgé:lshed for bltsl%tl 3,2, and 1, with H'fomﬁ.&t that 17
0001010 . fink NRZ output will be(dsQD@icrted in (III)16 0010001 10
0100100 15

In Fig. S a thickened line denotes the path (beginning in state set 2
and ending in state set @) selected by the algorithm during encoding of
the integer 8S. '

{1V) To decode the NRZ coded binary output seqﬁence 0110001001 back to
decimal 85, starting at state set 2, the following sequence of
operations is performed:

Actual Edge
Preferred Label ()

Bit State Edge (From .
No. Set Label (P) Channel) P=A(?) X _t x+t
10 2 0 0 . YES O 131 DON'T CARE
9 2 1 1 YES O =~ 104 DON'T CARE
8 2 o} 1 NO 0, 60 60
7 3 0 o YES 60 32 DON'T CARE
6 3 1 0 NO 60 13 73
5 2 1 ¥0 NO 73 10 83
4 1 1 1 YES 83 6 DON'T CARE
3 1 0 0 YES &3 3 DON'T CARE
2 1 1 0 NO 83 2 85
1 0 1 1 YES 85 1 DON'T CARE

Since bits 10 and 9 have NRZ actual edge labels § and 1, respectively,
which are identical with their corresponding preferred edge labels P, x
is unmodified from its initial value of fi. For bit 8, NRZ actual edge
label 1 is not the preferred edge label #; the decoder therefore adds to
X (#) the value of the thr;shold t(60) for the preferred state'set

(§et 2): X becomes 60 and the state set for next bit 7 becomes set 3.
The actual edge label NRZ for bit 7 is the preferred edge label §, so x
remains unmodified. ' For bits 6 and 5 the NRZ edge labels are both.f and
do not follow the preferred edge label 1, so thresholds t (13 and 10,
respectively) are added to x (now 83), and the next state changes to
state set 1. for bit§ 4 and 3, the NRZ actual edge labeis 1 angd @,



0010010 *
0101000
0100001
1000001
0100101
1000101
0101010
1001010
1010010
1010101
si xt een subsequ

9 0100101 14 0010100 8
13 0010101 7 .0101001 12
6 0101010 11 0100010 5
10 0100100 4 1000010 9
FPA9-91-021 1000100 15 8 0101000 2
7 0101001 1 1001000 6
0 1001001 5 '
Ayrespectively, are the preferred edge labels, so x red{d@bhbdified (at 3
283). For bit 2, the NRZ actual edge label is ¢ and e QbO0 not fo110w 1
0 £ A9-ag1-.021 1d t (2) is added —t 885 %_J]e
eeeRrehtiBd r8s 1 P8 & £ eIl § A 2 50iT B Us& i n the

code because 16 thepfessdantryoededs [tarsgrist sa¥RverFopfid 1sufhp IRE edobyatiehds( 1, 5)

run | ength cons

t £l prefammed ke bibel karddestgbdthof addhehecomdee set Waeever a

subsequence ends pbbitids. NBEls sdquerdce - 8. theh NBe @OCIBE10kS=ab NinStRAt RcSBY A, the

| ocal d constra

! petor e(%treg?éstt,

NS HEMLcU BisulLede @ [err] and

According to another important feature of the invention, applicant's
lexicographical coding algorithms permit direct NRZ coding when detector
13 is a Viterbi detector for partial response maximum likelihood (PRML)
decodiﬁg. Insofar as applicant is aware, all prior lexicographical
coding techniques have been implemented in NRZI format and incur (when

used for PRML decoding) increased error propagation.

Descriptioqﬁof Encoder 11

As illustrated in Fig. 6, and afcording to the invention, encoder 11
-receiveé an 8-bit parallel‘data iﬁput on bus 10 (Fig. 1). A multipleker
(MUX) 100 selects the contents of either bus 10 {if a select input
signal in line 112 is a logical "1") or that of a bus 113 (if said
select input is a logical "g") as its output via a bus 114 to a register
101,

enable input EN in line 128 is a logical "1;" otherwise it retains its

Register 101 synchrénously loads its output onto bus 115 if its
previously loaded value.

A counter 102 synchronously counts from n down to "1," the current count
being indicated by four binary Q outputs. Terminal count output TC
indicates that the current count is at "1." Parallel enable input PE

overrides- the counting and syhchronously loads counter 102 with n.

An up/down counter 103 synchronously counts up, counts down, loads in
parallel, or does nothing depending upon which of the following inputs

Controls:



t he' coder nakes a forced transition to state set B. Wien a subsequence ends
wth a NRZI [err] (i.e., the coder is in state set B) . there is a choice
to proceed to state set A or state set B. Al of the subsequences from
state set A which, by thenselves, are valid endi ng subsequences can be
concat enat ed w t kasae-cubsequence correspomgling to the path which was taken
to state set B without violating the d or k constraint. However, sone of

t he subsequences which continue by proceeding to state set B and are valid
endi ng subsequences Eauﬁ%vétrr@&hlal;qmmlspms@t &ialel, GiRichStduee tieecquntdr aed

subsequence woul d yi ol t Lg%luptl Therefore, preference is given
to state set A ife #38 damftﬁetrhg clsn&%é hoi ce, 17and the reordering in this case

i's sinple. Because FHe“&%c@(ﬁnﬁ‘flﬁmcﬁ%"%nTV the stored nunbers for preferred
state set A, storag®Ir.svirigl)dkteguings|the fdhrecting ofesruntipnt(pp é§ hesigrat e set

A reflecting thg puebes: of ,wadhdrendbgigassupyequences of each | ength which
begin with a one. The total nunber of entries in the table is seven for

the nmet hod herein discl osed. combi ni n t abl &3 for, state sets A and
B, the need for ThadthasesPimes Qc%g%'\’% ﬂﬁa?“’&’% 1Eagblm cBeé’r‘led ’it?ntﬁaff 20 Tabl e

2 sets forth thepinenyb®mouwiitabf commiste 18hde r?g°%‘m)§e7th§n€‘é?§“toim P%g%fh n t hat
begin with a "1," and hence the nunber of valid endi ng subsequences from

state set Ato t{;l\ [Fgﬂeofoq-t&@plﬁgqionﬂng neh lehs 1§Jl@éM"'ott B¢ Rhiher Zne BRGRE
subsequence nunber t hresh I ] t for

deC| ding which pkt #f EBPESHEO% & Phaé ‘?1‘1?& € tter?ﬁ sl oGS 31-021

line 125. Exclusive OR (XOR) gate 105 outputs to line 119 the logical
XOR of the least significant outputs of counters 102 and 103. An OR
gate 127 outputs to line 128 the logical OR of line 116 and line 112.

Programmable read only memory (PROﬁ) 106 comprises a lookup table of 27
8-bit words in size. These words represent the two's complements of the
thresholds t. PROM 106 provides an 8-bit output to bus 120. The size i
of the lookup table in PROM 106 1s significantly smaller than the four

i lookup tables, each contalnlng 2 10-bit words, that would, according to
the prior art, be required for a direct implementation of this
four-state-set code using lookup tables and not employing applicant's
lexicographical coding technique. It should be noted that, according to
a feature of the invention, although PROM 106 is addressed by seven
binary inputs, only 48 valid addresses are used in encoding and decoding

to provide the 8-bit output in bus 120.

Adder 107 is a binary adder with a carry (overflow) output CO, The sum
of the contents of bus 115 and bus 120 appears on bus 113. A logical
1" on CO indicates a successful subtraction with a non-negative re;ult.
XOR gate 108 provides in Yine 122 a logical exclusive OR'ing (XOR) of
the signal in- lines 119 and 121; whereas inverter 109 provides in

line 121 an inversion of the EN sigﬁal in line 116.



Table 2 ° Bit No. No. of Valid Subsequences

7 11 6 .

7 5 4 4

3 -3 : 2 2

1 1 sA9-91-021 _ 17 1 Figs. 3 and 4 depict,
respectively, in flow chart form the encoding and decodi ng al gorithns used
in applicant's state-dependent | exicographical decoder 14. The foll ow ng

exanpl es ill USkéﬁtr&nbmawr&nﬂ@r 3, NinWpe 64t 161 €51 £ BN 0TI 0RY: APV £RE B tAG
al gOI’I thirs Oper:%e?n O%ﬁ&%ﬁéﬁ!@nt}o@i ﬁﬁﬁnlrﬁﬁln%”ns whg.tj:h) céﬁgefﬂlﬁpg& EECI mal 10

to NRZI coded Bi nary tate set ol 1 owi ng
sequence of opéf’a’rﬂ d,hg ngalbﬂ.r f!@}lh.élaer ata from bus 10 to be encoded, loads
Next Bit St at eounter 102 with n, counter 103 with a des8tedtimitial state set, and NRZ|I No.

Set X ret}_istéf' 01 (wAkh the input W3€f data. Thedeafter, loadingc_blﬁ put
counter 102 is controlled by its TC output. Counter 102 counts from n
down to "1" repeatedly in synchronism with the channel Bitclock pulse in
line 126. The TC output of counter 102 also causes register 101 to

reload with new user input data at the end of each block.

pata at the output of register_lOl is supplied via bus 115 to adder 107.
The appropriate threshold t for the current state set at the current bit
index, in two's complement form, is provided in bus 120 via bus 118 and
PROM 106. If the contents of bus 115 > bus 120, the carryover CO of
adder 107 indicates successful subtraction.

. [4
The contents of register 101 is the x in the flow chart (Fig. 3) and
claims. If x<t, the carryover €O of adder 107 is a logical "g,"
disabliﬂg a reload of registsr 101 and disabling countigg in
counter 103. It also complements the previous NRZ bit via XOR 108 and

inverter 109.

- If x3t, the carryover CO of adder 107 is a logical "1." This causes
register 101 to relecad with x-t, and counter 103 to count in the
direction determined by the previous NMRZ bit. It also causes a
tepetition of the previous MRZ bit in line 122. This process continues
until n output bits serially code& in MRZ format are produced in output
line 123 with switch 110, as shown in Fig. 6, connecting the output of
XOR gate 108 to line 123.

Note that the serial code output in MRZI format can readily be obtained
by repositioning switch 110 to its dashed line position to connect
line 123 to the output of inverter 109 in bypass of XOR gate 108.



7 ¢ A -+ 10 * DON' T CARE B DON T CARE 0

6 B
10 7 NO B 3 05 -B 3 4
YES A DON' T CARE 14 A 3 * DON' T CARE
B DON' T CARE 03 B _ 3 2 NO B 1
02 B SA9191-021) NO 12 g 0 -0 1 B
0 1 YES A DON' T CARE 1 *Thresholds are stored
for state set B only. SA9- 91- 021 10

To facilitate understandi ng, thebsaboweioexdnyecederd4encode 10 will now be
described narratively. In Flg. 2 a thickened |ine denotes the path

(begi nning in st telns now tﬁa}[}.gf %ndil.tnﬁl!l. rt‘:esr{o ?dethsd?tdeé)de?%h%%t ed_during

encodi ng of th&%h eger 1 arting there is
only one avai | awisgansarily identdral ‘t”d“cﬂ]ﬁ‘ﬁ‘ﬁ’f 15 [ EAmPynentie "g‘f)set‘o"“gt]:if“‘es set B.
For bit 6, frodmskeaider 3etwhBsh dreswbstnbialsoidshbicebygithntheed pf enepdeuiiput a " 1"
and go to st at gifHehte AerBtedbl Bk sihe| @IEEJendd Bk LdTRIDAL ipRinkEAtEreed iBms TO

det ermi ne whi ChyJ0sQulPYlgns §i16n By LA bel QerhitbePEa.Encoded i s conpared wi th

Decoder 14 differs from encoder 11 in the following respects. In
encoder 11, control signal 116 is pro&ided by the carryover CO of

adder 107; whereas in decoder 14, the signal in line 201 is provided by
the output of switch 110'. In encoder 11, the input to inverter 109 is
provided by the carryover CO of adder 107; whereas in decoder 14, the
serial coded channel output from detector 13 (Fig. 1) is input via a
line 200 to inverter 109'. PROM 202 in decoder 14 differs from PROM 106
in that the thresholds t are in binary notation in PROM 202, whereas
they are in two's complement form iA'PROH 106. Encoder 1l receives
paralle; déta to be encoded on bus 10, and provides from channel 1Z a
serial coded output in NRZI or NRZ format in line 123; whereas

decoder 14 outputs parallelfdecoded data onto bus 15. An additional
MUX, 203, in the decoder selects either bus 115' or bus 113' as the
output of the decoder.

As before, NRZ coded data will be decoded if switch 110° is in the
position in which it is shown; whereas NRZI data ‘can be decoded if the

switch is in the position denoted by dashed lines.

Referring now to Fig. 4, in operation, initialization is provided by an
external Initialize control signal in line 125'. This loads counter
102* with n,.counter 103' with the desired initial state, and register
101¢ with ng.n : ' -

The serial coded channel output from detector 13 that is input to

line 200 is transmitted via inverter 109', XOR 108', and switch 110' to
control whether the value x in register 101' is replaced by x+t. The
enable input EN -in line 128' to register 10L' indicates that the input

is not the preferred bit if it is a logical "1;" whereas a logical “@"



the' threshold 7 for the preferred successor state set A 'Si nce 10[err] 7,
output a [err] and remain in state set B, and subtract 7 from 10 to provide
a result of 3. For bit 5, the result 3 is conpared to the threshold 4 for
preferred state gglgB92:2nd since 3<4, go t,g state set A and retain the 3.
For bit 4, the only output choice fromstate set Ais a [err] so go to
state set B and retain the 3. For bit 3, the retained 3 is conpared to the

threshold 2 for preferr d State set A. and sin rel o} te set B
and subtract 2, “Pdéé?fleﬁgt ipgd u’rs St prfferl’—: cgb’bt Cfg Lﬁlug br%éscg?tbgnltn Q| s

conpared to t hresNEFinokation. greording da @Fa&%“s‘%‘t °55"”atﬁﬂ WPhcefaterr)1, go to
“state set B, angigaabtinddte 201 ieavilny the swsof thaprvéeus] connglx| g€ for bit 1,
the resultant [gLgiledrS1030RAY €k bpréfheatehinesdioldt brévateqrebrmr ad, st ate set

A; and since 0<1 99, to state _set ../ [ 0 | coded binary
0010001 back tOr%Pé' :I:J,xid-eglster £01t Alsg c);un-EQr Q% go%le"%a I\BZ

ng state set the follow ng
sequence of opePBﬁrPRfﬁgtei direction ﬁ‘é‘?"‘FWﬁ% 0k 135 Howeg 9“1"’@?2119“ n

11 line 201 is a "§," reload&gq|géjre§§§ggy 101' is dlsabled andPpahbinged
Label (A) at counter 103' is disabled.

This process continues recursively until n serial bits have been -
processed. - On the nth bit, the TC output of counter 102' signals that a
decoded byte appears on data out bus 15 and is used as a Byteclock
signal via OR gate 104'. This also causes counter 102' to reload with
n, and register 101' to reload with zero, in preparation for decoding of

the next byte.

It will now be seen that, according’to the invention, (1) storage
requirements can be significantly reduced by use of novel
encodiné/decoding algorithms for lexicographically coding and decoding
state~dependent codes and (2) whenever a state is reached in the coding
algorithms which permits a choice, a local reordering of coded sequences
is performed, permitting direct NRZ decoding which is especially

desirable when a Viterbi detector is used for PRML decoding.

Appendix A sets forth the essential conditions for local reordering of
subsequences as achieved by use of applicant's encoding and decoding

algorithms.

While the invention has been shown and described with respect to
preferred embodiments thereof, it will be understood by.those skilled in
the art that changes in form and detail may be made in these embodiments
without departing from the scope and teaching of tlie invention.
Accordinglf, the method and apparatus herein disclosed.are to be
considered merely as illustrative, and the invention is to be limited

only as specified in the claims.



Bit ~ Stat'e Edge (From No.  Set Label (P)  Channel)
P=A(?) X t  x+t 7 A 0 0 YES

0 * DON' T CARE 6 B 1 0 T NO 0 7
7-5 B 1 1 YES 7 4 DON' T CARE 4 A
0 0 sa9-91-021 YES 7 * DOy T CARE 3 B 1

0 NO 7 2 9 2 B 1 0 NO

9 1 10 1 B 1 1 ~ YES 10 1 DON T

CARE *Thresholds are stored for stateAggém)g( gnly. The thickened path
line in Fig. 2 denotes the path to successtve state sets which are sel ected
during decodi ng. The various steps in decoding should be apparent from (I1)
and fromthe narrative description of (Begkground NRZ
| mpl enent ati on Assune now that the state-dependent | exicographical

encoder 11 sho I_n._Fi 2 pr.od S, N | Y. q i ch
serves as input _eérhﬁé‘?'tg ? zfle alr)glsrﬁg%ge cg én%f'ﬁlga? ed%ﬁggbfgg'n%g{f%u%%ut
sequence gener at ¥4tHY BEFCEHPe Fe¥PoHL e ERRAh EFF 12ES RbnT ¢ nAT PPN Y
cont ai ns noi se, the «ig¢etdamihgaanyt fretichiamnedrtagubsyatdispinedf dagbs frdpythe det ect or
13 that it)sbrnownsgitn{ot,ﬂe Ahbn,a8sch pYth @kRRhangieed ek il B6LaEx 13 aChooses t.][le
nost probabl e co a wi u : sake o
illustration, i tte\?\hIl %ﬁﬂgg&g&%&g‘ t%Ecgétd Cl{}hfemﬁl%?ig%%%eg%%g%gﬁdggg S%%l:fg&c&c%(r ee
(i.e. they have FB°%petes sRoecthetint 255" PO FF dBtfe Aty ealfdtf8% d e d, k) =
(0, 3) const r ai ntorapid G fare areypad dntpogats. and that each vertex belongs to one of .
these sets.

The encoding and decoding algorithms shown in the flow charts of Figs. 3
and 4 provide an invertible code mapping which maps input integers to
sequences of concatenated edge labels corresponding to paths from each
vosI to T. Of these sequences, a gertain subset C, defined by various
coding constraints, .is allowed“to be used in the code. Each sequence
ceC will be called a codeword. :

For each vertex Vi' there is a set of subsequences Si of concatenated
edge labels describing paths to vertices in T. Of these subsequences, a
certaiﬁ subset Ci is the set of subsequences which, by themselves,
satisfy the various coding constraints as ending subsequences. Let Ni
be the number of subsequences in Ci' Some of ;he numbers Ni are used as
the thresholds t in the flow charts of Figs. 3 and 4. Some of the
subsequences in Ci may not be arbitrarily con;atenated with a beginhing
subsequence corresponding to a path to v without violating the coding
constraints. For each vtsT, there.is exactly one (empty) valid
subsequence describing a path to a vertex in T, so N.=l. By definition,
N0 is the number of codewords_starting in vertex /'
be ‘arranged in a table which is doubly indexed by the set that vertex vy

The numbers Ni can

belongs to and by the number of edges traversed from ] to T.



In NRZ notation, the k constraint requires that at nost k+1 consecutive

|l i ke output bits appear in the nodul ated channel sequence. G ven a choice
of next channel input bit, the algorithm gives preference to the conplenent
of the last produced channel sequence bit since this would

SA9-91-021 SA9-91-021 12 rever violate the k constraint

The algorithmtherefore perforns |ocal reordering, placing those
subsequences whi'ch begin with the conplenment of the |ast produced channel

sequence bit Aty G pealAR.O BE NG Liscle: A RI0G.d be RTerr od edge

that which is Ia if he cénpl enent dllustrates
a coding trelli%€r?Sran AEeCHIB dectibdd n estsﬁ'i‘téa]NFé?te‘iPa?rﬁF’é“’a]Tﬁé Ystate sets
are desi gnat ed Oredidulpesgeece] FedmytheClett dferigesdr &, wmdtasfOnty ® we valid
initial and endiafbeStdabesdaiuck QRANOI0sda0enBelatdrRga byl Bencatdahting th@Ch cates
10-bi t channel b%@%?ﬁbcgéaseibu@%xgﬂréé pOMnd '&? tP@E&t‘i’.”ﬂ of. FL}Q edé;a]‘.bbéllndl cate

the relative p0|t|onsdof he respective vfd, [\ 1 for each
edge is a "1" i T the UM 8T THe St at ejiset " and i °°3ew°rst tThE &t ¥F the edge
is odd, and a [%F?F1iiF TRt Hm BEfemed §Eaéfé”§‘l§f‘tlahc}a'i’ﬂde’%dal:ﬂ‘etshte end of the
edge is even. Tdiieh MREainstv,| aibetalisl tet prfimellsiyedsakisngetsee. XOR of the

| east significant bit of the state set nunber and the |east significant
bit of the index.

Lemma

Let G=(V,E) be as described above. The encoder algorithm provides a

mapping between integers in the range 05a<N0 and valid codewords; and

the decoder algorithm provides the inverse mapping from each codeword to

the appropriate integer.
Proof

Let So=a, with 0<a<M

i

0'¢

With the described edge ordering for EO' let e; denote the ith edge
(from VO to Vji)' and N denote the number of sequences in CJ . Then,
by definition,

N0=Nl+z

where z is the number of sequences in CJ2 which can be concatenated with

the beginning sequence and legitimately used in the code and 0<z<N2.
Then, there exists k with 1<k<2 such that

k

and the encoder algorithm issues 1kr the edge label for e



Sinte Ffg. 5 is arranged so that conplenentary bits |lead to the sane state
set, determnation of the preferred state set is sinple; it is the current-
state:set. The preferred state transition |abel or edge |abel is that one -
which:leads to the preferred state set. The non-preferred state set is the
current state set,monys,1 if the NRZ edge Label is a [err] and is the
current state set plus i if NRZ edge label 1s a "1." The next state set is
determ ned by an up/down counter (as hereafter described) whose direction
is determned by the NRZ bit |abel. The nunber in each vertex in the
trellis is the t¥r&Shdlodis b1PleasdIPYstiatct &A%t Spﬁ"at'b%arti cular position.in
the 10-bit bl ockiowSiencdfthier 8, 8pe 8inct daomniesly ddgtiEiieedhs ph dactheiniti al
state, a rate 8/4kGode®tfaniuse FhOdK@emation] ke récdbdroviiendiféeangel 65-3,)l ustrate
how appl i cant's encodi ng and decoding algorithns (flow charted in Figs. 3
and 4, respectively) operate,for, the NG TpLereOLat i@Mitmer case, there

are at least S1 concatenable subsequences from vjk available to form
codewords. The algorithm can therefore continue with vjk taking the

role of v

o’ Nk or z taking the role of NO; and S1 taking the role of So.

In each iteration, Si is replaced by Si+1. When the last edge is taken
i =1; i.e. =0, ti £ the
in an n edge path to T, 0 < Sn < Nt 1; i.e., Sn 0 Selection o

nth edge label determines the unique coded sequence for the integer a to

be encoded. The decoder identifies e, and recovers Sn-l - sn.

Since a = s0 = (S0 - Sl) + (S1 - Sz) +...1+ (Sn-l - sn) + Sn, the

decoder reconstructs a by taking the appropriate ;unning sum.



(11 I) To encode deci mal s Sheet cel§‘| nary 0110001001 starting
at state set 2, the foI | o operations is perforned:
Next Bit State St ate ., NRZ No.
Set X t (’7) ] — —
85 191 YES “boN T carE 09 THS SHEET RS BEY,
YES > ea9-91-08DON T CARE 1 823 2 RERLA

3 25 : 17 3 25 32 YES 3

DON T CARE 06 3 _ 25 13 NO 2 12

05 2 12 10 NO lerans 2 04 1
2 6 YES 1 DON T CARE 13 1 2 3
YES 1 DON' T CARE 0 2 1 2 NO

0 0 1. A method fqy ygxlcogepphlcally codlcg 1nd1c1a11n ?Eﬁgate depenqsnt

DON' T CARE codle betuiden usgy &g cald Rgcoded @equpteotitepretf , Eomprpdngabed in (111)
above and heretgfgsesstated, will be [err] If the sumof the bit nunber
and the next state t_Is.gven nd 1" 1, d or exanpl e,
to encode 85 init |(§ r°V1 et x atc°% tregfls lfa%h EM&iﬁg ¢ sui °|f: for bit 10,

conpare x(85) vitB¥est (eig‘EL)“ath‘h"C?‘ set Il?é‘”t“ﬁraeéﬁ‘fa?cdl‘feofhrﬁ’rht"l"ieq‘iaﬁ Btate set
2. Since x<t, tthe nuebetr &t wiled sede ywbkéquersenifnomashastirar bicgbar stateape the wi | | not
be nodified forenbiotf fle GOMREY € x(85) to t(104); and again, since x<t, the

next state set WI|| e n d|f|ed
bJ Lnueuﬁ.g {g % &8husf AL Oer.su}e% ,chJe@gmaﬂgwar@

For bit 8, conpare x% st nce x[err X becones 25 (i ,
85-60) and the ct‘i"é’i?f‘ t3te BVt becorres state set 3. Because the sum of

(c) recursively using the thresholds corresponding to successive
current states to provide an invertible mapping between the user data
and coded sequence thereof.

¥

2. The method of claim 1, including
determining the path by comparing successive thresholds with a
series of numbers recursivily denerated during step (c) for encoding the

user data into the coded seduende.

3.

are connected by edges with labels; and the path is determined by

The method of claim 1 or claim 2, wherein the states of the trellis
comparing successive edge labels to successive bits of the coded
sequence for decoding the sequence into the user data.

4. A method as claimed in any of claims 1 to 3 for lexicographically
encoding an n-bit input string of binary data, which is in a
state-dependent code, for use on a binary storage channel to provide an
output in the form of coded subsequences having a preselectable coding
rate and meeting preselected modulation constraints, said method further
comprising the steps of

(qy

corresponding initially to a binary representation of the input to the

encoding the input string by comparing a number x

threshold for a potentlal next state in a predetermined preferred one of

said sets,

* C L M H *
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the bit nunber 8 and the state set 2 is 10, which is an even number, 1 is
added to the state set nunber (i.e., 1+2) to change the next state set to

state set 3.  For bit 7, x(25) is conpared to t(32). Si _nCd-an $HE£TH$%EEN
EPLAC

next state set remnins as state set 3 and x is not nodifie

X(25) is conparecsAgep1-§Z13). Now, sSince x[ermw]t, x beconmes 12 GED
25-13) and the next state set is changed to state set 2. Because the sum
of bit nunber ' SA9- 91- 021 14 6 and the

state set 3 is odd, &)l %sﬁﬁbéh@%"s@lq $e QJE‘dtJ&ﬁpéis%kecoS&tteéﬂHﬁ@Q e&tosEaQQr‘ge the
next state set tg .state s S m | ar fashion, encoding is acconplished

e
for bits 5,4, 3, 2*"an °lfL "ththu?ehe result that the NRZ output will be as
indicated in (111). (5 dsdystipg spid nredegpumired MerRE Téfdheashelde fpem B if x
(beginning in st erese¢r thaamat epdi ng shid stedt@ersiabd tiresjold aboktd Dy t he
al gori thm duri ngn@b&odi Rg vefusbd@nipltRgsr x&a  (IV) To decode the NRZ coded
binary output sequenge 94&991%304@99&59%9@5 (@, 48P LRk e BRues SLALLLAY At

st at e set 2, t heblftg havéNLeegl encg e nce

5. The method of claim 4, wherein the preferred set is that set for
which all of the valid code remaining subsequences, when concatenated
with a most recent subsequence of the output bits, will satisfy the

preselected modulation constraints.

6. The method of claim 4, where in the next state is in the same or.a
different one of said sets of states.

¢ !
7. A method for lexicographically encoding an n-bit input string of
binary data, in a state-dependent code, for use on a binary storage
channel to provide an output in the form of coded subsequences having a
preselectable m/n coding rate and meeting preselected modulation
constraints, said method comprising the steps of:

(a) providing a coding trellis having at least two sets of states
interconnected by edges with labels;

(b) while in one state, setting a number x equal to a number i to
be encoded, where 05i<2m;

(c) comparing x to a threshold t corresponding to the number of
valid ending subsequences from a state in a preferred successor set to
the end of the coding trellis;

(d) if x<t, following a preselected edge e with an output bit
which is the label thereof to said state in said preferred successor
_se't: ' . .
(e) if x>t, following a different edge e with an output bit which
is the label thereof to a different state and generating a new number x'

= x-t to be used in place of x; and

Sheet Has Been R laced
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opératidns is perforned: ' Act ual Edge

Preferred Label (A Bit State Edge ( Fron -

Label (P)  Channel) P=A( ?) X t x+t 10 |[ 2 HAS BEEN

0 YES 0 191 DON T CARE 9 2 . REPLACED_L

YES O 104 DON T CARE 8 2 0 1 NO

60 60 7 -3 $A9-9D-021 0 25 YES 60 32 DON' T CARE 6
3 1 0 NO 60 13 73 5 2 1

0 NO = 73 10 83 4 1 1 1 YES
83 6 DON T CARE(8 retursively repditing steps (c) bhd (d) or (e) untiVESutSid 3
DON' T CARE 2 1bits have beln encoded. NO _83 . 2 85 1 0
1 1 YES 85 1 DON T CARE Since bits 10 and 9

have NRZ actual edge labels [err] and 1, respectively, which are identical
with their corresponientetheepircidia bdgertinbidp Prifersed setyisntdtfsebdofromits
initial val ue of wRichFA1 dF theSvalNRZoqCtdnalnissf gdséqbiles 1 vheh txatatehepr ef erred

edge | abel 0; th 1&69%% rLJasa{ Sl Guedss e Butb@) pidae Nl U i0fy Like
t hreshol d t (60) for State set (set 2); x becones 60 and the

rr.e
state set for ne®f*H ?Ct ‘L}‘g?“rtégn STE*P e actual edge |abel NRZ for bit 7
is the preferred edge Iabel [err], so x remains unnodified. For bits 6 and
5 the NRZ edge | abel sheahrhbDbh ci€inr], @edeidothadhpdtodtrow ihéen pr&S esdeed edge
| abel 1, so thresgpalés.t (13 and 10, respectively) are added to x (now 83),
and the next state changes to state set 1. For bits 4 and 3, the NRZ actual

edge labels 1 and [err]
10. The method of claim 7, wherein the input string is in NRZ code

notation.

11. A method for lexicographically decoding an n-bit input string of
coded bits in a state-dependent é;de into an n-bit block of user bits
' comprising the steps of: "

(a) providing a coding trellis having a plurality of sets of
states,.each state in-eaéh set having a respective threshold equal to
the number of valid code subsequences from that particular state to the
end of the trellis; and

(b) using a succession of the coded bits, determining a path of
successive current states through the trellis; and

{c) selectively combining the thresholds for a succession of then

current states to provide the n-bit block of user bits in decoded form.

12. A method for lexicographically decoding to a number x an n-bit
coded output string, in a state-dependent code, from a binary stofage
channel, said method comprising the steps of:

(a) providing a coding trellis having a plurality of sets of
states, each state in each set having a respective. threshold equal to

the number of valid code éubsequences from that particular state to the

end of the trellis;
___,__,———~——“"”—_—’_———
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SAd- 91- 021 15 respectively, are the preferred
edge | abels, so x remains unnodified (at 83). For bit 2, the NRZ act ual
edge label is 0 and thus does not follow the preferred edge label. sa
threshold t (2) is added to x (now 85), and the decoder [PTIIGESHBETHAS BREN
set 0. For bit 1, the NRZ edge |abel is the preferred edge IahgpLA@E[d SO
both x and the st?‘&q 915%% remai n unnodi fi ed. 2Thi S sequence—-s—thea-tire
60+13+10+2=85 in aIIy reordered list, and the decoder outputs 85.
According to another inportant feature of the I nvention, applicant's

| exi cographi cal coding algorithms permt direct NRZ codi ng when detector 13
is a Viterbi detectofb)f afterainiitially sSHARGE a9u3d BuATHoH keFidhesh she BRNL )

decodi ng. | nsof aktfisg dppohditiinal ¥y sddtNLto ald sypkbBion eKpeaigteapitied dheL0di NY
techni ques have hgen;d mRl.cxmpt.ed in NRZI format and incur (when used for
PRML decodi ng) incre ed err ropa
Descri ption of Encodgl ¥ fd%é’”% FLFS?h %“ag"‘ Recfogin% Ak according to the
i nvention, encoder 11 redeidebarmining apiuccesatrariade; a‘é’ta i nput on bus 10 (Fig.
1). A multiplexer (MJX) (]z@&fsmleemtessdresuaoﬂuembs iofa pieférard bosofBGa{d f a

sel ect input si g@@'!s 'ﬂld:l.ﬂgngo 2 kRe 'tﬁre@hdl@@qﬁﬁl nitbed Bata il &dbus 113 (if

Lo
sai d sel ect input |s rr L yla @ bus 1
regi ster 101. Regl ste%uem'leﬁlé s%‘r?c%n%onf]oﬁhsel treltusls I[lt&!‘es S\éu lgon o% rlfg 115 i f

its enabl e input °EN°F ifaiq pris1tpgdgriveya I“ﬁ'@qeéd‘l t‘°1*"" “i?tih’é’r%ag% oftiretains its

(d)  recursively repeating step (c) until all n of the input bits

have been decoded; and

(e) outputting the accumulated number x as determined in step {(d).

13. A method for lexicographically decoding te a number x an n-bit
input string, in a state-dependen®% code, from a binary storage channel
that provided an output in the form of coded subsequences with a
preselectable coding rate and which met certain preselected modulation
constraints, said methodicompr151ng the steps of:

(a) providing a coding trellls having at least two sets of states
interconnected by edges with labels;

(b) while in one state, setting x equal to zero;

(c) determining, in each set of states, a preferred edge;

{(d) comparing the label of the preferred edge to that of a next
input bit;

(e) 1if the labels do not correspond, adding a preselected
threshold t to x to generate a new number x' to be used in place of x;

(£) following the edge label corresponding to the input bit to a
successor state; .
_ {g) recursively repeating steps (c¢) through (f) until all n
outputs of the input bits have been decoded; and

(h) . thereafter outputting._the number x as determined in step (g).
14. The method of claim 13, wherein the input and output strings are in
NRZI code notation and the preférred edge has a label of “1."
[
Has Been Replaced

T
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previ ously | oaded val ue. A counter 102 synchronously counts fromn down
to "1," the current count being indicated by four binary Q outputs.

Term nal count output TC indicates that the current couyft—s—at—"1lm-
Paral | el enable input PE overrides the counting and syncHHSSHEET\HAS BEEN
counter 102 Wit fyole1-92/An Up/ down counter 03 synchronoysly CBERUEQE!IDO
counts down, loads in parallel, or does nothing depending uporm wrtirof—t he

followi ng inputs controls: SA9- 91- 021 16
PE, an overrldlng aral | e] o ich calses the counter to be
| oaded with thd®tc ﬁlee'?ﬁt§° ?* 6 "'1 7; o Rnre mE’l\'Tp"E/\ﬁ ch? a'r'fgﬁ'ft syc%ﬂﬁ?l ng; and

DIR whi ch det ererimdBz cpde wHtrEioRi oA Bt PEBlIATIrRIOT Bps Af labHeviichig the s
| ogical "1;" deusplédentiof afjé Qabel] €F tat edftrgusthpmeessedary Q out puts of
counter 103 are.conbined with the four binary Q outputs of counter 102 to

pr oduce a 7-bit 16. ug pnethod ofbcl'tlwémjg 8b1nary input string to provide an output in
NRZ representation meeting preselected modulation restraints, said
method comprising the steps of:
(a). providing a coding trellis having a plurality of sets of
states and preselected code paths between said states;
(b) encoding the input string into encoded subsequences; and
(c) whenever a choice of paths is offered, locally reordering said
encoded subsequences to give preference to a successor state that
permits concatenation of a most recent encoded subsequence with all
subsequences from the successor state to the end of the trellis that do
not violate the modulation constraints.
¢
17. A method for decoding into a Einary output without intermediate
. conversion into a NRZY representation, a coded sequence which has passed
through.a partial response c¢hannel and has been corrupted by noise,
comprising the steps of:
determining in NRZ representation a maximum likelihood estimate of
said coded sequénce; and
directly decoding the NRZ representation into the binary output.

18. Apparatus for lexicographically coding indicia in a state-dependent
code between user binary data and a coded sequence thereof, comprising:
(a) means providing a coding trellis having a plurality of sets of
states, each state in each set having a respective threshold equal to
the number of valid code subsequences from that particular state to the
~end of the trellis;
(b} . means for determining a path through the trellis corresponding
to a current state; and
(c) means recursively responsive to the thresholds corresponding
to successive current states to provide an invertible mapping between
the binary data -and the codéd_sgquence. ___________——————————————'—‘”
eet Has Been Rej laced
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An R gafe 104 outputs to line 112 the | ogical OR of either the output TC
of counter 102 or that of an external initialize conmand via |line 125.

Excl usive OR (XOR) gate 105 outputs to line 119 the | ogi cpd—=XQR of fhe-

| east significant outputs of counters 102 -and 103. An OR QIS SHEETOMADWERN
to line 128 the Iog| cal OR of line 116 and |line 112. Pr granﬂgp‘_@cmaa
only mermory (PR 108%%conprises a | ookup #able of [err]

size. These words represent the two's conpl enents of the thresholds t. PROM
106 provides an 8-bit output to bus 120. The size of the | ookup table in
PROM 106 is sign$fiBemrPyradnabf elainhsmn whaeif cdfd kankiipelyablspssiwach

contai ni Ng [ err keahO-dahdra¥dd fseriebals Masdrd, aﬁ&gﬁlﬂd&ﬁg mehst R &H:aqg.ngart be
I’eCIUI red for a QLCICQ&TJ-VA e@i{[ﬁﬁ& Q&.iho algfses— elsSc‘ff r(\)ulﬁ!l ers ?or enco%ln%glgeeﬂ%gl ng

| ookup tabl es and not enpl oyl ng Eé{) I cant ex1 cographi ca
techni que. It BHBHY aatlfe ’H‘Btté*l CPﬁ sequencerding to a feature of the
I nvention, although PROM 106 is addressed by seven binary inputs, only 48

valid addresseszar ethS@HaﬂaBuseslcemlmgsamcﬂ%de BEerb O PROYIHE LHRLS- it
output in bus 1201115 éngnn&QZd b % x{;ﬁﬁﬁa@egge cfiu%ﬂcar réé éooverf | ow)

out put CO. The sum qf the conten appears on bus
113. A logical “T®*gH ét'f‘ieﬁ%"‘ééf"ées %{’eéﬁéﬁég%"fefﬁl"%ﬁb'isr ok thomediit h a
non-negative resygence f°>‘((§?=‘g’a¥%5év@8$epvw¢ dew the dsendiddd? datd.ogi cal
exclusive ORing (XOR) of the signal in lines 119 and 121; whereas inverter

109 pr ovi des i r]21| ' rh%pa’lrggusaﬂ)rl &%gélﬁbqgtoog bgpﬁyqﬂtﬁt%%out 1nLérQeed1%éLe

conversion into a NRZI representation, a coded sequence which has passed

through a partial response channel and has been corrupted by noise,
comprising:

a detector for determining in yRZ representation a maximum
likelihood estimate of said coded sequence; and

a decoder for directly decoding the NRZ representation into the .
binary output. *

i - i ‘
22. BApparatus for encoding an n-bit input string of binary data for use
on a binary storage channel to provide an output in the form of coded
subsequences having a preselectable coding rate and meeting preselected.
modulation constraints, said apparatus comprising:

(a) means providing a coding trellis having a plurality of sets of
states, each state in each set having a respective threshold equal to
the number of valid code subsequences from that particular state to the
end of the trellis; .

(b) means for comparing a number X corresponding initially to a
binary representation of the input to a predetermined one of said
thresholds for a state in a preferred one of said sets for encoding the
input string; -

(c) -means responsive to the result of said comparison for

determining a next state and an output bit thereof;

./.

This Sheet Has Been Reﬂ ced

* c L ] S *



SA9-91- 021 17 Referring nowto Fig. 3, in
operation, initialization is provided by the external Initialize control
signal in line 125 which causes MJX 100 to sel ect the "pamgid ¢ i
data frombus 10 to be encoded, |oads counter 102 with )
a desired initi shostad2e set, and register 401 with the B
Thereafter, |oading of counter 102 is controlled by its TC out put.
102 counts fromn down to "1" repeatedly in synchronismw th the channel
Bitclock pulse in line 126.. The TC outpyt of counter 102 also causes

regi ster 101 to rel(ggdm'\’@"f hf°ﬁ_ed§vd"tf§’énrg Taﬁgd’f e%ﬁ R °tnF1e°("2esr‘?(5'L 5PreEAfs bl ock.
Data at the outf8t Xotf Fegi Eeerer 1tn o5 esigptq exfdAradeserinefstireshatities 107.
The appropri at edetrivees haibdr tx fobe tubal tnplaatofst:atrd set at the current bit
index, in two's conpj en@nt fbOBturkvely OMledBHqisteddUh)130) Yha (BUS 218 and
PROM 106. |f thg,qont ll‘ll% $:1Qf pous, 113 > .bus 120, the carryover CO of adder
107 indi cates successtu

Slfb}t'ractlon. he contents of register 101 is the
x in the flowchart (Fig. 3) and clains. |f x<t, the carryover co of adder
107 is a | ogi ce3- | appafatgis stabldengliag telaomabaf x rag gi-sitetoddd) dutpnd sekisabl | ng
counting in count£ktak@epdddest Sﬁecﬁwlammyssﬁo%eWhgmeﬁ)y§ailx%pmattusvi a XOR
108 and inverter, 1Q99% .. If x[err]t, the carryover CO of adder 107 is a

logical "1." Thi's calses register 101 to reload with x-t, and counter 103
to count in the di f&¥ctTER® BETEH TP aeHYs EHdLHT BVEHLAE APt Hivp setg °6l so '
causes a . states interconnected by edges with labels; '

(b) means operative, while in one state, for setting x equal to
zero;

{c) means for determining, in each set of states, a preferred
edge;

(d) means for comparing the label of the preferred edge to that of
a next bit of the n-bit coded string; ‘

(e) means operative, if the labels do not correspond, for adding a
preseleéted threshold t to &k to generate a new number x' to be used in
place of x;

(f) means responsive to the edge label corresponding to said next
bit to select a successor state;

(g) means for recursively repeating steps (c) through (f) until
all n bits have been decoded; and

(h) means operative when all n bits have been decoded for

outputting the number x.

24. BApparatus for coding-a binary input string to provide an output in
NRZ representation meeting preselected modulation constraints, said
apparatus comprising: |

(a) means providing a coding trellis having a plurality of sets of
states and preselected code paths between said states; -

{(b) means for encoding the input string into encoded subsequences;
and
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repe'ti tion of the previous NRZ bit in line 122. This pr ocess continues
until n output bits serially coded in NRZ format are produced i n out put

line 123 with switch 110, as shown in Fig. 6, connecti, OR
gate 108 to line 123. Note that the serial code out puitHi% SHEET HAS:BEEN Fan
readi |y be obtained by repositioning switch 110 to its}|dasheRERLAGEDposit] on

to connect |ine sh2P1t@1t he out put of inversber 109 in bypass of XOR garc
108. SA9- 91- 021 18
Descri pti on of Decoder 14 Referring nowto Fig. 7, it will be noted that

decoder 14 is subst(arlt nédnk Y of Bivle%kné%tﬂa c%slfc@d&r alﬂs &%E%?Qcﬁ”}% busses
e

encoder 11 wl| enot ed rre Te erence nuner fp Fihed;

wher eas i tens tPAf2 G YFYY °% |agﬁ‘l’lsh"&%er’ffles‘?°%51’ [suseuertLSB raddy. Subseﬁlee@wer 14

di ffers from enfremidhe Blccepsorhmtatokd G mod pesectedlis thatedcwderiolte contr ol
signal 116 is phewcaadtivy dohstredteyover CO of adder 107; whereas in decoder
14, the signal in line 201 is provided by

-
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t he 'out pdit of switch 110'. In encoder 11, the input to inverter 109 i's
provi ded by the carryover CO of adder 107; whereas in d der t he
serial coded channel output fromdetector 13 (Fig. 1) i'g THIDLBH HAS bFﬂi
200 to inverter 109'. PROM 202 in decoder 14 differs fri ﬁ 1
the thresholds t s? |J} bi nary notation in_PROM 202, wh
two's conplenment Tormin PROM 106. Encoder "11 receives parallel data to be
encoded on bus 10, and provides fromchannel 12 a serial coded output in
NRZI or NRZ format in line 123; whereas decoder 14 outputs parallel decoded
data onto bus 15. AFAEOFRAFTARRH ENAGKING R DECQPING, QF JTATHREPENDENTEQDES i t her bus -
115" or bus 113" as the output of the decoder. As before, NRZ coded data
wi Il be decoded if switch 110" is in thgsspgrti on in which i't is shown;
whereas NRZI datane 60 she sflRfAUE o] | %&Ja?ngswoma Jegmgme%bse osition denoted

by dashed |i nes. rrlng now. t , Initialization is
provi ded by an e]ff’ecf’ﬂ‘?PhﬁcﬂJr |?§‘F?dz‘ég/(‘,16 109 staf ‘br‘?%ﬂe“?ﬁ‘i‘“l?ﬁ% » 1298 locally 5 | pads
counter 102' wi thsordering aetiesd sub§Siuengies ot eemidedirectdNAZndodingl £t pereicubard

regi ster 101' widppliketibgs in ThpesdRl dedbctioled channel out put from detector 13
that is input toline 200 is transmtted via inverter 109", XOR 108, and
switch 110" to control whether the value x in-register 101' is replaced by
x+t. The enable input ENin line 128 to register 101' indicates that the
input is not the preferred bit if it is alogical "1;" whereas a | ogical
[err] ' :

This Sheet Has Been Reﬂlaced
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SA9-91- 21 _ 19 indicates the input is the
preferred bit. This input bit can be in NRZ or NRZI notation, according to *
‘the position of switch 110'. If the signal inline 201 is a "1," the sum of
the previous:contents x of register 101, and the appropriate threshold t
provi ded by PROM 202, replaces x in register 101'. Also, counter 103

counts in the appropriate direction determ ned by XOR 105 . However, if the
signal inline 201 is a [err] reloading of register 101' is disabled, and
counting at counter 103' is disabled. Thi/® process continues recursively
until n serial bits have been processed. On the nth bit, the TC out put of
counter 102' signals that a decoded byte appears on data out bus 15 and is
used as a Byteclock signal via OR gate 104'. Thi's al so causes counter 102
toreload with n, and rgatster 101' to reload with zero, in preparation for

decodi ng of the next by It wll now bg=seen t hgse==pccording to the
invention, (1) storage rgquirenents can be |stghificgntl ¥ reduced by use of
novel encoding/ decodi ng plgorithms for | exiTtognaphi codi ng and
decodi ng st at e- dependent| codes and (2) @henever R /4Pdtle is reached in the
codi ng al gorithnms whi its a choic®, a |loc eorjderi ng of coded
sequences is perforwgds itting direct eco ich is especially
desirabl e when a Viférgizde ector is used flor PRML decodi ng. Appendi x A
sets forth the essent|i o ditions for,lo ~veor gergrg of subsequences as
achi eved by use of appgjig 's encodi ng-and-decogi{ 1ty gorithns.
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Wiil e the invention has been shown and described with respect to preferred
enbodi nents thereof, it wll be understood by those skilled in the art that
changes in formand detail nay be nade in these enbodi.nents w thout
departing fromthe scope and teaching of the invention. Accordingly, the
met hod and apparatus herein disclosed are to be considered nerely as
illustrative, and the invention is to be limted only as specified in the

cl ai ns. SA9-91-021 20
APPENDI X A | 2/6 Background Let G=(V,E) be a
directed acyclic graph with edge labels; and let all initial vertices be |

and all terminal vertices be T. Assune now that the edges | eaving any
particul ar vertex have distinct |abels fromthe set {0,1}. Then, each path
extending froman initial vertex to a termnal vertex can be traced by
foll owi ng the correspondi ng sequence of concatenated edge | abels. Assune

further that all the vertices in th Befe g€ @nouped into sets, and
t hat each vertex belongs to one of @é@ D

Y

INITIALIZE ENCODER STATE SET,
S, TO DESIRED INITIAL SET.
INITIALIZE P_OTSOI'I;I ON COUNTER,

i

I
Y

SET x TO DATA, i, TO BE
ENCODED. SET j TO BLOCK
LENGTH OF CODE, n.

. yes / ‘x < jth TABLE ENTRY, t,
FOR PREFERRED SUCCESSOR
STATE SET,s'?

SET s TO PREFERRED SET x TO x-t.SET sTO NON-
SUCCESSOR STATE, PREF ERRED SUCCESSOR
SET S.OUTPUT PREFERRED STATE, s. OUTPUT NON-
STATE TRANSITION LABEL PREFERRED STATE TRANSITION
- LABEL
Y - Y
\
- - SETj TO j-I
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t hese sets. The encodi ng and decoding al gorithnms shown in the flow charts
7of Frgs. 3 and 4 provide an invertible code mappi ng whi ch maps i nput

" integers to sequences of concatenated edge | abels corresponding to paths
fromeach [err] to T. O these sequences, a certain subset C, defined by
various coding constraints, is allowed to be used in the code. Each
sequence [err] will be called a codeword. For each vertex [err] there is
a set of subsequences [err] of concatenat3® edge | abel s describing paths to
vertices in T. O these subsequences, a certain subset [err] is the set of
subsequences which, by thenselves, satisfy the various coding constraints -

as endi ng subsequences. Let [err] b subsequences in [err]
Sonme of the nunbers [err] are used DECHRER), Ifs t in the flow charts
of Figs. 3 and 4. Some of the subsequences jin [err] may not be arbitrarily

concatenated with a begi nning subsequence gorresponding to a path to [err]
w t hout violating the coding o 'nl E 2 ] there is exactly
one (enpty) valid subsequence zj%‘é?}l 1%%? E@(%B@ ex in T, so [err]
By definition, [err] is the fu TEISEREEYOIITIAL@ET Noj i n vertex [err]
The nunbers [err] can be arrdngreriaLIZet abserminiczb'numﬁnl bly i ndexed by the
set that vertex [err] belongg to and by thE nunber of edges traversed from
[err] to T. ] 23
CLAIMS 1. A nethod for |exicographicallylcoding indiciain a
st at e- dependent code between
i

SETxTO O

SET e TO NEXT SERIAL DECODER
INPUT -

L 2 v

e = PREFERRED .
YES & sTATE TRANSITION YN0
LABEL 2

Y

SET s TO PREFERRED SET x TO x+jth TABLE ENTRY
SUCCESSOR STATE SET,s! . FOR PREFERRED SUCCESSOR
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user data and a coded sequence thereof, conprising the steps of:. (a)
providing a coding trellis having a plurality of sets .of states, each state
in each set having a respective threshold equal to the nunber of valid
code subsequences fromthat particular state to the end of the trellis;

(b) determning a path through the trellis corresponding to a current

state; and . (c) recursively using thgshresholds corresponding to
successive current states to i de nvert ible mapplag betWeen the
user data and coded sequence thergof. 2 —| The jmtfhod of <} aim 1
i ncl udi ng: det erm ni ng ATE path onparfTg sucCyssi ve threshol ds
wth a series of nunbers regursjvely geper d gluring stfep (c) for
encodi ng the user data.int@ the coded sefuexic 3. Thgq net hod] of cl ai m
1, wherein the states he t is ar onnecreg by e gytr1 | abel s;
and the path is deternmifell by ¢onparin ccessid edgej[abels th
successive bits of thefcoded sequence”for decodini\t p€sgequencefinto the
user data. 4. A nmet hod for | exji cogfaph|cally epco g dn n-bit}input
string of binary data, which islin a“state-depe t ®ode, for juse on a
bi nary storage channel [tof provigselan oytggt in | bife for g pof goded
subsequences havi ng a pxegel ec € COH rat g—y<ai d negRod coppri sing
the steps of: (a) iding a coflin reflis havijng a plurality of
sets of states, and neetjin rgsel ect ed] ngdid at fon constjrai nts defi ni ng
for each-state-in eachesef a r ctiv
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t hreshol d equa
particular state to the

end of the trellis;

and

i nput string by conparing a nunmber x correspondi ng ini
representation of the input to the threshold for a pot

a predetermned preferred one of said sets;

sai d conpari son
t her eof ;

(c)

to the nunber of valid code subsequences'fron1that

(b)) _encoding the
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of

(1) determ ning;g next state and an output bit
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24

.(2) deducting said
greater than or eqqga
to be used in
and (c) until n inpu
wherein the prefer

remai ni ng subsequences,

pl agefof x;

(d)

r@@pr3|vely repeatin
5. Th??
for mhch al | t

reaeterm ned ggie Ofsald thresholds rromX 11

xibj

X

t
of the output bIﬁEﬂT?MJ : i e )
:> 8
10 B & (8) /
/12
- | e
=127
102 ~ (8)
- 2 5 /065 ]
n 4 ‘ .
I e 1 |
COUNTER - 7 PROM
Ql 04y | N 72
TC
CK ‘i-'l:t-: ﬂ 16 ;
(//7 (/03 105
INITIAL ) >
STATE (3D
SET UP DOWN Q3
COUNTER Q2
J Ql ]
/26 CK EN PE DIR 79
BITCLOCK \ [ l 7
INITIALIZE
- |
125
(//6‘
//o (/23 -
_ SERIAL
Frso6 2t ° NRZI %OUPTE
/



-

6.

different one of said sets of states. 7. A nethod for

The net hod of claim4, wherein the next state is in the sane or

eX|coqraph|caIIy

encoding an n-bit input string of binary data, in a stat
for use on a binary storage channel to provide an out put

ﬁamfﬁﬁgéﬁmggar

coded subseguences having a presel ectable min coding rat

conprising the steps of: (a) providi mggsa coding tr
| east two sets of states interconnected by edges with |a
while in one state, setting a nunber x equal to a_nuf$t
where Jerr]i<2m (c) conparing x to.a thr€shol d8b

ellis
bel s;

i to be
determn

haV|ng at

>

SERIAL IN 299)

This Sheet Has Been Reﬂlaced .

presel ected nodul ati on constraints corr,gpondl g[to tﬁe nug@gg
endi ng subsequences froma state in a é}eferre, ccessar to -2 d
of the coding trel(is. (d) if¢8 < t. follow lesel ect e ge e
wi th an output bit ich is the |abel thereof tlo|spi ' [
~ preferred successof pet; (e) if x[err]t, {fol]o nt edge
e with an output bft whi ch i 's,/bpe | abel &kpereof o\a nd
generating a new nunper x' =x-\ to be used in pldce ol x;. and
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(f). -recursively:repeating steps (c) and (d) or (e) until n output bits

have been encoded. -
8. The nethod of clajm 7, ein the preferred set is BF&ELA&CEMENT

all of the MatHIg SHEET HASTBEEN B9 subsequences, when conchtpnated wiith a
nost recent sybsequpppeaceref the output bits, will satisfl |hel PrhitelEét
nodul ati on con } - - he nethgd of claim 7, whefe] n the input
string is in NRZI code notation. 10. The nethod of claim
input string is in NRZ code notation. 11. The method oflclaim 7. \M:]Q[QI ,
the threshold t limts the run | ength of NRZI zeros in the

i et REHGOGERERCAL ENGIBRGARPpEcoRiRiof s ThaipaR Dt OIS,

bits. 13. A nethod for |exicographically decoding an n-bit input stri ng
of coded bits in a state-dependent code into an n-bit block of user blts
conpri si ABSTRAGT eps of :

A method and apparatus for reducing storage requirements by lexicographicéuy
encoding/decoding (12, 14) state-dependent codes, and localiy reordering coded
subsequences to permit direct NRZ coding for particular applications in sequence detection.

Fig. 1 -~
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. | o | " SHEET|
(ax proyiding a coding trellis having a plurality of sets iENq 3 '
state in each set having a respective threshold equal to]lthe n gms
val i d code subsequences: fromthat particular state to th

trellis; and (b) using a succession of the coded bi|t
path of successive current states through,the trellis; afjd (c)

sel ectively conbining the thresholds for 2/8ucce kan of tlhen—cuent
states to praovide the n-hit block of user bits i\n"decoded form 14, A
met hod for |Exicographically dkcoding to a number x an n-bit _coded output )
string, in sf at e- dependent code, from a binary storage channel, said )
met hod conprj s] ng o (@tﬁ providing a coding ¢ogllis
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sai'd set’s,

- (2)
adding to x

if the successor state iis
the threshol d equal

subsequences to the end of the trellis for

of said sets to deri've a nunmber Xx

recursively repeating step (c) until

decoded; and
in step (d).
n-bit
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R REPLACEMENT SHEET
_(e')"j f the labels do not correspond, adding a presel eci%}%fl*iéﬁ(.;EeNslchlldS@ 0

.to generate a new nunber x' to be used in place of x; the thre I
" being determined from preselected nodul ati on constrain{s cﬁf‘e@%@ﬁ@fg

t he nunber of valid ending subsequences froma state in @ _preferred
successor set to the end of the coding t3ellis; () followng the
edge | abel corresponding to the input bit to a successol - : '

oot by el BB BecBinhah e Su i Tk et s i eb gl
the  nput el o 8 Byt it mapoiodt SeVRRR ich s % 8tq R o
P ng anfrobPtaifl ates; One sdibriof 36 EfIRY sBharfic bhdens plf BESORACIIIAS,
B?i 2 [S ggghte%hah ubitigliftCowR REGIRNt Thfs AdWeveRBRursO4t thbdkpeRd W lizli;ﬁfplymg |
' the table size by the number of states.

SUMMARY OF THE INVENTION

t

It is an object of the present invention to ameliorate one or more disadvantages of
the prior art. |

According to one aspect of the present invention there is provided a method for
lexicographically coding indicia in a stafe-dependent c;,od'e between user data and a coded
sequence thereof, comprising the steps of: (a) providing a coding trellis having a
plurality of sets of 'states, each state in each set having a respective threshold equal to the
number of valid code subsequences from that pérticular state to the end of the trellis; (b)
determining a path through the trellis corresponding to E!l current state; and (c)
recursively using the thresholds corresponding to successive current states to provide an
invertible mapping between the user data and coded sequence thereof.

According to another aspect of the present invention there is provided a method for
lexicographically encoding an n-bit input string of binary data, which is in a state-
dependent code, for use on a binary storage channel to provide an output in the form of
coded subsequences having a preselectable coding rate, said method comprising the steps
of: (a) providing a coding trellis having a plurality of sets of states, ‘and meeting
preselected modulation constraints defining for each state in each set a respective
threshold equal to the number of valid céde subsequences from that particular state to the
end of the trellis; and (b) encoding the input string by comparing a number x
corresponding initially to a binary representation of the input to the threshold for a
potential next state in a predetermined preferred one of said sets; (c) using the result of
said comparison; (1) determining a next state and an output bit thereof; (2) deducting

said predetermined one of said thresholds from x if x is greater than or equal to said
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18. A nethod of coding a binary input string to provide| af - T NRZ
representation neeting, said nethod conprising the steps| of : 4DC”T 1497)
providing a coding trellis having a plurality of sets of} sfate

sand "’

presel ect ed code paths between said states and presel ect
constraints defining for each state it each set a respective threshold
equal to the nunber of valid code subsequences fromt hat—particutar—state

Loconeq” aphcbehfiticl! firldhdld to derive (PImBRROK " bY sk M pRLE RS BE (@)

encoded subsequences; a never a choice of paths is o

local |y raeufievedly depeatifl S8 H Gnd TNERT ARME itk atk ¥&nntbdigence to a

successor state that permts concatenation of a nost recent encoded
subsequence wAtctording $eilstitiqamothars aspectTof ke presests iventismttitere Gist fhroviied of
the trellis that do no violate the nodul ati on constraints. 19. Apparatus
for | exi cogthmdhior dekxigographinglly endoding am nebit inpue sttingeof binaryc daka, lie tanstate-
user binary data and a coded sequence thereof, conprising: (a) a
read onl yd¢nsadent gede.faziusg oa abiaprygsterage channghtp prgvisepin guipyttin the form of of
states, each state in each set havi n%la respective threshold equal to the

number of Coigd; sybseqyamaces hating Aopreselegtatlem/p coding rate, spid methed gomprising theid of

the trellis; nmeans for.determ ning a path.through the trellis

COr T €S pon?fFWgOff (ga)apr((’)&?l?i%? co@jggtt@'i ing at casPtwo Sets of states u%erconnected {)y
edges with labels; (b) while in one state, setting a number x equal to a number i to be

encoded, where 0=i<2m; (c) comparing x to a threshold t determined from preselected
modulation constraints corresponding to the number of valid ending subsequences from a
state in a preferred SuCCessor set“to the end of the coding trellis; (d) if x<t, following a

_preselected edge e with an output bit which is the label thereof to said state in said
preferred successor set; (e)-if x=t, following a different edge e with an output bit which
is the label thereof to a different state and generating a new number x' =x-t to be used in
place of x; and (f) recursively repeating steps (c) and (d) or (e) until n output bits have
been encoded.

According to still another aspect of the present invention there is provided a
method for lexicographically decoding an n-bit input string of coded bits in a state-
dependent code into an n-bit block of user bits comprising the steps of: (a) providing a
coding trellis having a plurality of sets of states, each state in each set having a
respective threshold equal to the number of valid code subsequences from that particular
state to the end of the trellis; and (b) using a succession of the coded bits, determining a
path of successive current states through the trellis; and (c) selectively combining the
thresholds for a succession of then current states to provide the n-bit block of user bits in
decoded form.

According to still another aspect of the present invention there is provided a
method for lexicographically decoding to a number x an n-bit coded output string, in a

state-dependent code, from a binary storage channel, said method comprising the steps



A
(6) means recursively responsive to the threshol ds corras]')c..v...Ed +6
successive current states to provide an invertible mapp|n eg#ﬁﬁegﬁ%ge
bi nary data and the coded sequence. 20. The apparatus pf}cl ek
wherein said recursively responsive nmeans generates a spries _of nunbers
and includi ng means for conparing succe$&ive thresholds pith said series
of nunbers for encoding the user binary data into the cobed-segHereer——adt
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string by conditionally adding to x a succession of predeterm ned ones of
sai d t hr eddeodig; the input string by conditionally adding to x a succession of predetermined
| oﬁes of said thresholds; (c) by following a path through the coding trellis; (1)
determining a successor state; and (2) if the successor state is not in a preferred one of
said sets, adding to x the threshold equal to the number of valid code subsequences to the
.end of the trellis for the state in the preferred one of said sets to derive a number x' to be
used in place of x; (d)' recursively repeating step (c) until all n of the input bits have been
decoded; and (¢) outputting the accumulated number x as determined in step (d).
According to still yet anotﬁer aspect of the present invention there is provided a
- method for lexicographically decoding to a number x an n-bit input string, in a state-
dependent code, from a binary storage channel that provided an output in the form of
coded subsequences with a preselectablei coding rate, said method comprising the steps
of: (a) providing a coding trellis having at least two sets of states interconnected by
edges With labels; (b) while in one state, setting X equal to zero; (c) determining, in each
set of states, a prefei'red edge§ (d) comparing the label of the preferred edge to that of a
next input bit; (e) if the labels do not correspond, adding a preselected- threshold t to x to
generate a new number X' to be used in place of x; the threshold t being determined from
preselected modulation constraints corresponding to the number of valid ending
subsequences from a state in a preferred successor set to the end of the coding trellis; (f)
following the edge label corresponding to the input bit to a successor state; (g)
recursively repeating stéps (c) through (f) until all n outpﬁts of the input bits have been
decoded; and (h) thereafter outputting the number x as determined in step (g).
According to still yet anéther aspect of the present invention there is provided a
method of coding a binary input string to provide an output in NRZ representation
meeting, said method comprising the steps of: (a) providing a coding trellis having a

plurality of sets of states and preselected code paths between said states and preselected
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(c') by followi ng a path through the coding trellis,
determ ning a successor state; and (2) if the srzcessor 3%3;
to

|
not in a preferred one of said sets, adding to x the thi hot 4 @ gt t he
number of valid code subsequences to the end of the trell[s for the stale
in.the preferred one of said sets to defPve a nunber x' |to be used in plafe

of Xx; (d) recursively repeating step (c) unt|I al | lLn—of-the—tiput—bi-is

have  beenndandsy cofifhin agth) G EAMLIE% bR, SE UGB GIIMIRGS el
number x @8 mimibel of VAl c6d¢ dulBequeficad ﬁéxﬁ&ﬁ‘at‘iﬁﬁl%ﬁf&f@%at&ﬁﬂﬁe Q&Qfﬁtﬁe RefR! Y

storage channel that provided an output in the formof coded subsequéntes

with a pr@jenesdiapltke it Rgringhingo @ncbdel isabsefBénce®rdndi @) WHRHES @ G @Hme of

nodul ati on constraints, said nmethod conprising the steps of: (a)

pr ovi di ngpaths dsd offgrety dad>dalls teaxdening ssaid emcotled wabssquences tos ive qmreference to a
interconnected by edges with | abels; (b) while in one state, setting X
equal to Suseessor state lg@t)Pleﬂé rcnnwmgpon of @ amost secenbéncoderd aﬂzsequqnce fwathr Al
edge; (d) corrparl ng the | abel of the preferred edge to that of a next
i nput bi tsubsequen?eé) pm fheesucsessor sigts v thecend %m&elhadhﬂtn@o aopyietate dhe ed
~threshold t .to.,x to generate a new nunber x' to be used in place of x;

(f) fol | oRPARationcoRsiaMiS he| corresponding to the input bit to a successor

Sutputs of J&Wﬁﬁﬁ? B ghREE s ot bihen Ve (ftﬂ?r‘égisébré" gred
hod. of

ol ey m 13 PRty {07 Rhicbe bR BURE adli bR e “]“%P!z et b,

and the pgighs" da‘?éiaﬁ'&ig%oﬁaﬁse?luéﬁbg%er%f, ‘comprising: (a) a read only memory providing

a coding trellis having a plurality of sets of states, each state in each set having a

respective threshold equal to the number of valid code subsequences from that particular
state to the end of the trellis; (b) means for determining a path through the trellis
corresponding to a current state; and (c) means recursively responsive to the thresholds
corresponding to successive current states to provide an invertible mapping between the
binary. data and the coded sequence.
DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

In order that the invention may be well understood, preferred embodiments thereof
will now be described with reference to the accompanying drawings, in which:-

Fig. 1 is a block diagram of one embodjment of a magnetic recording apparatus
embodying the invention;

_.Fig. 2 is a state transition diagram showing a (1,5) coding trellis for a rate (4,7)

NRZI state-dependent cbde;
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the input string and output string are in NRZ code not ﬁl&l’m@wpsmﬂ
preferred edge has a | abel which is the conpl ement of the¢ | abel of tha

edge just processed. 16. A method of S%gi ng a binary|i ppu 4sOET %% o
provi de an output in NRZ representation eting presel gcjed nodul ati on

D

restraints, said nethod conprising the steps of: a)__ providing a
coding trellis having a plurality of cgApusf states and preselected co
pat hs between sai d states; (b) encoding the input string into encoded

subsequentes; Aamethod fof téxisdpeaphieallyacodiy Bdickf idatshie depibar Gshe beabd Y

reordering said encoded subsequences to give preference to a successor

st at e t haisepdtaiand acunded sequencotherdof acommisingethe stepeofioded subsequence with
al | subsequences fromthe successor state to the end of the trellis that do
not violate t@ ryQuiding arcodings trellisrhaving a pluralitynaft setwiof statedeeadti sgts i 0 a
bi nary out Eﬁ%@t {1t hout internedjate conversion into a NRZI representation, a

coded sedt 185 anesPeeiye &t egﬂlﬂl@,@g“aléod:m ongber ef yalid sodhsuhsequences has
repr esont i Shee Doria e B it dERRISTE of sai 0 coded sequence: and-
directly decqgy nGehdifniliRe a path ﬁﬁgﬂéha&l}e%ﬂisnéo%egggnd?ﬂgnt%w L tlé%a'te; and

(c) recursively using the thresholds corresponding to successive current states to
provide an invertible mapping between the user data and coded sequence thereof.

2.  The method of claim 1, including:

determining the path by coinparing successive threshoids with a series of numbers
recursively generated during step (c) for encoding the user data into the coded sequence.
3.  The method of claim 1, wherein the states of the trellis are connected by edges
with labels; and the ipath is determined by comparing successive edge labels to successive

| bits of the coded sequence for decoding the sequence into the user data.
4. A method for lexicographically.ehcoding an n-bit input string of binary data, which
isina state—dependent code, for use on a binary storage channel to .provide an output in
the form of coded subsequences having a preselectable coding rate, said method
comprising the steps of:

(@) providing a coding trellis having a plurality of sets of states, and meeting
preselected modulation constraints defmiﬁg for eac:h state in each set a respective
threshold equal to the numb_er of valid code subsequences from that particular state to the
end of the trellis; and

(b) encoding the input string by comparing a humber x corresponding initially to
a binary representation of the input to the threshold for a potential next state in a
predetermined preferred one of said sets;

(c) using the result of said comparison;

(1) determining a next state and an output bit thereof;

* ¢ L MW 0§ =
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18. Apparatus for |exicographically coding indicia in S —UEpeET
code between user binary data and a coded sequence ther ¢of, fgrﬁgt- 090"
(a) means providing a coding trellis having a plurality]o] sets St'at ps
each state in each set having a respective threshold equal
val id code subsequences fromthat partiéflar state to the end of t he
trellis; (b) neans for determning a path throughThetrettTs .
corresponding to CUgb&tinst ; mit NS, I [ r ansi ve
to the threshol ds?zc)orraespon i%& (r)éads%ucceggi (\Q/ﬁeig 85??@&“%@[%3%%?/&@5?&8 an
| nver ti bl gregfR hai0olEdAE &Nsdidl BrédeitRnined AhrasiM td B&iveOF REmBEILED i
SA0. 91. 02T S Rf1sald Prede e S 1q Betive  RlmBEris W e sed jg.
wher ei n splade b£gpami vel y responsive neans generates a series of numbers,
and including neans for conparing successive thresholds with said series of
nunmbers for e(@odrevyrsively vepeating steps/(bj ahd (6)nintil h lisput bits atebeedrsiRoded. 20.
The apparatus_of claim 18 or claim 19, wherein the states of the trellis
are conneét edThg metaed; oficlaim| 4 behereinathd prefetrediisetyisrthatnset ffor which all of the
valid code remaining subsequences, when concatenated with a most recent subsequence
of the output bits, will satisfy the preselected modulation constraints.
6.  The method of claim 4, wherein the next state is in the same or a different one of
said sets of states.
7. A method for lexicographically encoding an n-bit input string of binary data, in a
| state-dependent code, for use on a binary storage channel to provide an output in the
form of coded subsequences having a preselectable m/n coding rate, said method
comprising the steps of:
(@) providing a coding trellis having at least two sets of states interconnected by
edges with labels; |
(b) while in one state, setting a number x equal to a number i to be encoded,
where 0Si<2m; .
(¢) comparing x to a threshold t determined from preselected modulation
constraints corresponding to the number of valid ending subsequences from a state in a
preferred successor set to the end of the coding trellis;
(@ if x<t, following a preselected edge e with an output bit which is the label
thereof to said state in said preferred successor set;
(e) if x=t, following a different edge e with an output bit which is the label
thereof to a different state and generating a new number x' =x-t to be used in place of x;
and |
(f) recursively repeating steps (c) and (d) or (e) until n output bits have been

encoded.

* 4 L M S *
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for decoding said sequence into the user binary data. 21. Apparatusifbr
decoding into a binary output without internediate cofvérs2dnOChtidia NRyI
representation, a coded sequence which has passed thrqugh a partial
response channel and has been corrupted2By noise, congrisrng: _ a
detector for determining in NRZ representation a maxirum |ikelihood :
estimate @f sehé ngResH : : r ' . e ng
Che NRZ r opr os i PARGE of ERSETE VRIS the prefRriSl SB Gt e 1oL SHicH off SE3 67 g
an n-bit valjltodd fenitGniff sibeaudncdsa! Whéd EontaRnfted il HMost SERhARFbsEFARE! to
provide an output in the formof coded subsequences having a presefectable
codi ng r aofthartpue ditswilpsatisey thetpeeselsettd| médudion@dasttah®! S, sai d apparatus
conpri si ng: (a) nmeans providing a coding trellis having a plurality of
sets of sgat ethe sthodsefalaim 7, wherkinsthe il stripgds ireNRE I tcbdendtaties.hol d equal
to the nunber of valid code subsequences fromthat particular state to the
end of th#0.t r The method of clgipy 7 iwhersinf the inputrptzingrig) inaNRZnénsle notationr espondi ng
initially .yo a binary representati on of the i”PUt. to a predeterm ned one of
sai d threyfml eF@a“é Trwhergingbe threshokhblimits the mndengsh fof NRALzetoh g

neans responsive to the result of said

the i nput, stripg; c
conpari soff ‘F‘SF%&%’FH&’?{%@% next state and an output bit thereof;
12. The method of claim 7, wherein the threshold t limits the run length of running

digital sums of streams of NRZ encoded bits.

13. A method for lexicographically decoding an n-bit input string of coded bits in a
state-dependent code into an n-bit block of user bits comprising the steps of:

(a) providing a coding trellis having a plurality of sets of states, each state in
each set having a respective threshold equal to the number of valid code subsequences
firom that particular state to the end of the trellis; and

(b) using a succession of the coded bits,- determining a path of successive current
states i:hrough the trellis; and .

(c) selectively combining the thresholds for a succession of then curfent states to
provide the n-bit block of user bits in decoded form. |
14. A method for lexicographically decoding to a number x an n-bit coded output
string, in a state-dependent code, from a binary storage channel, said method comprising
the steps of:

.. (@) providing a coding trellis having a plurality of sets of states, each state in
each set having a respective threshold equal to the number of valid code subsequences
from that particular state to the end of the trellis; |

(b) after initially setting x equal to zero, decoding the input string by
conditionally adding to x a succession of predetermined ones of said thresholds;

(¢) Dby following a path through the coding trellis;

(1) determining a successor state; and

AR 0
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SA9- 91- 021 29 (d) mepns—t+or—dedtet s?id
redeterm ned one of said thresholds fromx if x is greater gqya
: bg @wﬁm ade of

QD

to said predeterm ned threshold to derive a nunber Xx
x; and (e) means for recursively repeating steps i(h), (c) and (Jd)
until all n output bits have been encodé8. 23. Apparatus for decoding to
a nunber x an n-bit coded output string in a state-d a

bi nary st or age chanelf te $3és@P AR ot TPpeRrRA: one of selPlerTMEng to x

providing a coding trellis having at |east s of states _ _

| nt er connghettkebshiyld @dgsistovthé umdBebsvalid code(sibseqB@ites &P dnl \6T thiiel1f fop One
state, for setting x equal to zero; (c) neans for determning, in each
set of stéestate in theqireferred ond f said sets to derineanamber x'Clorteatseddn plage bake! of
the preferred edge to that of a next bit of the n-bit coded string;

(e) means opefdit i weenrsively nepeating:stsp do) wiil aflon pf Seainpiyt bicr havddieey dacoded;
preselected threshold t to [err] to generate a new number x' to be used in
pl ace of 3nd (f) means responsive to the edge | abel corresponding to

said next bit,to sel ect successor . staje,; (g) . heans for recursively
repeating st ef§ (%‘}tp’t‘WPSEB‘ha"(CPP“W pumbsr xagdeternibedinsteh(decoded; and

nunor . 157 24 Hsdia SoF hafpardbial J08e 5 iRt o £hi ootk seoue. e

Out put i Ngate dependent code, from a binary storage channel that provided an output in the form

of coded subsequences with a preselectable coding rate, said method comprising the
steps of:

(2) providing a coding trellis having at least two sets of states interconnected by
edges with labels;

(b) while in one state, setting x equal to zero;

(c) determining, in each set of states, a preferred edge;

(d) comparing the label of the preferred edge to that of a next input bit;

(e) if the labels do not correspond, adding a preselected threshold t to x to
generate a new number x' to be used in place of x; the threshold t being determined from
preselected modulation constraints corresponding to the number of valid ending
subsequences from a state in a preferred successor set to the end of the coding trellis;

(f) following the edge label corresponding to the input bit to a successor state;

(g) recursively repeating steps (c) through (f) until all n outputs of the input bits
have been decoded; and

(h) thereafter outputting the number x as determined in step (g).

16. The method of claim 15, wherein the input and output strings are in NRZI code
notation and the preferred edge has a label of "1".

17. The method of claim 15, where the input string and output string are in NRZ code
notation and the preferred edge has a label which is the complement of the label of that

edge just processed.
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NRZ representation nmeeting presel ected nodul ati on constjr3 1

appar at us conpri si ng: (a) neans providing a codingjtrgl]is haying.
ploﬁral ity of rrEets 019 states and presel ected code paths betv\géLOg%lh@é&tat
(b) means for encoding the input stringzﬁnto encoded sybdeguences; a
SA9- 91- 021 30 (c) nearfs, operative
whenever a choice of paths is offered, for locally reorldeH
pr ef er encEB.t oAa nstlask ssfotodingt @ binafy ARHUT §@ingORs PrevRAL! 8R Glpdt TRSNEECENt
encoded subsequence with all subsequences fromthe successor State to the
end of t hiepresenthiien mieeting] saitbimethod Icetnpriking thiostepsadft on constrai nts.

(@ providing a coding trellis having a plurality of sets of states and preselected

code paths between said states and preselected modulation constraints defining for each
state in each set a respective threshold equal to the number of valid code subsequences
from that particular state to the end of the trellis;

(b) encoding the input string into encoded subsequences; and

(c) whenever a choice of paths is offered, locally reordering said encoded
subsequences to give preference to a successor state that permits concatenation of a most
recent encoded subsequence with all subsequences from the successor state to the end of
the trellis that do no violate the modulation constra;ints.

.19. Apparatus for lexicographically coding indicia in a state-dependent code between
user binary data and a coded sequence thereof, comprising:

(a) a read only memory providing a coding trellis having a plurality of sets of
states, each state in each set having a respective threshold equal to the number of valid
code subsequences from that particular state to the end of the trellis;

(b) means for determinihg a path through the trellis corresponding to a current
state; and

(c) means recursivelyﬂ responsive to the thresholds corresponding to successive
current states to provide an invertible mapping between the binary data and the coded
sequence.

20. The apparatus of claim 19, wherein said recursively responsive means generates a
series of numbers, and including means for comparing successive thresholds with said
series of numbers for encoding the user binary data into the coded sequence.

21. The apparatus of claim 19, wherein the states of the trellis are connected by edges
with labels, and including means for comparing successive edge labels to successive bits

of the coded sequence for decoding said sequence into the user binary data.
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LEXICOGRAPHICAL ENCIDING AND DECODING OF STATE-DEPENDENT CODES

ABSTRACT

A method and apparatus for reducing storage requirements by lexicographically
encoding/decoding (12, 14) state-dependent codes, and locally reordering coded

subsequences to permit direct NRZ coding for particular applications in sequence detection.

Fig. 1



