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-1- MATCHED SPECTRAL NULL CODES FCOR PARTI AL RESPENSE—EHANNECS™TM
iznvention rel ates generally to encoding and
over parti al
More particularly, this invention re
devel opi ng a non-quasi cat astrophi ¢ and phase m&sbnt nmgeﬂle-&a’sffemgeﬁl -------
trellis code having a preseiected code r ra\)o(ﬂ 33 i gtgbe mhapageﬂ éie
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This invention relates generally to encoding
and deocoding of binary data over partial respense
channels using naximum likelikeod segquence detection
(PRML). More particularly, this invention relates to
2 method for developing a non~guasicatastrophic and

phase invariant matched spectral null trellis code

having a preseiected code rate, wherein the arder of

the higher order null in the transfer function of the .

partial response channel is >1.

Methods for wenceding binary data for
recordation on storage media such as a computer disk,
and for subsequent dgcoding of retrieved data are
generally kmewn ia the art., In this regard, data
coding and decoding mathods have been developed with

a view toward maximizing data storage density anad

media storage capacity while permitting rapid data
. storage and subsequent retrieval at a minimum error
rate, Such methods have included matched spectral
null codes of the so-called trellis type, designed
for use in a partial response system having a
transfer  function of the form (1=-D)(2+ D)2,
identified typically as the dicode, PR4, EPR4 and
B°PR4¢ chammels for m = o 1, 2 and 3,
respectively. Matched spectral null codes of this
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recordati on on storage nedia such as a conputer disk, and for subsequent
decoding of retrieved data are generally known in the art. In this regard,
dat a codi ng and decodi ng net hods have been devel oped with a view toward
maxi m zing data storage density and nedia storage capacity while permtting -
rapi d data storage and subsequent retrievdl at a minimumerror rate. Such

xggodzegﬁ\éﬁ#cl uged gttﬁ%%d S&E@h{ %&?‘1‘*%%‘%@’%5@ hg‘?ﬁ SO- cakaaelg trellis

transfer %F’{gﬁ 9&1 the - form (1-D)(1+D)[err], identified
typl caI I y as d| co PR4, EPR4 and Eferr] PR4 channel S for n

= 0, 2  Matkhed 3pectral null trellis codes including background theory related thereto are
described in more detail in Karabed and Siegel, Matched Spectral-Null Codes For Partial
Response Channels, IEEE transactions on Information Theory, Vol 37, No. 3, p. 818
(May 1991), which is incorporated by reference herein. See also U.S. Patents
4,888,775; 4,888,779 and 5,096,484,

Despite the discussion of such trellis codes in the printed literature, aod the
theoretical benefits which would arise from their use, matched spectral null codes which
are both phase invariant and noﬁ-quasieamstrophic and also match the higher order null
of a partial response system with n22, have not been developed. In this regard, it is
know that the data recording density increases in direct proportion to the value of (n),
and hence it is desirable to utilize the higher order channels where n=2 and n=3, -
However, to date, these trellis codes have been limited to partial response systems, for
n=0, and for n=1, such that it has not been possible in actual practice to take maximum
advantage of the higher order channels.

The present invention is specifically directed to overcoming this problem, by
providing a matched spectral null trellis code which can be used on higher order partial
response systems, i.e., n=2 and n=3,

According to a first aspect of the present invention, there is provided a method
for coding an input string of data for a partial response channel having a transfer
function of the form (1-D){(14D)" to provide an output having a preselected code rate,
said method comprising: deténnining the frequency at which there is a higher order nuit
in the transfer function of partial response channel, wherein n21; and encoding an input
string of data into a binary code string having a power spectrum value of zero for such
frequency. |

Aeoordim to a second aspect of the present invention, there is provided a method
of coding an input string of data for a partial response channel having a transfer
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respectively. Mat ched spectral null codes of this 2 type are known in
theory to provide signal-to-noise (SNR) gain in the course of data storage
and retrieval. Matched spectral null trellis codes including background
theory related thereto are described in npre detail in Karabed and Si egel,
Mat ched Spectral -Null Codes For Partial Response Channels, |EEE

t ransact i ons functiomoetihafetrotl-DXtbd)! to\posvideran mmuthavipgaamqumcommg. whi ch
is incorporateqd b efere_nc h reJ n. See alsg U S Patents 4,888, /75;
4,888, 779 an F9mpTising; g the nputsting of fataintad weesstipnofdaties i n

t _he printed u&&r&{sgfe&ed ﬁﬂﬂ’rhrlgngth wherein the number of unique data words is a function
' of said selected data word length; translating said data words to code words of selected
uniform length greater than said selected data word length, by generating an encoding
table from canonical state diagrams (G) and (GF) for binary sequences having spectral
nulls at Nyquist frequency, wherein the power (p) of the diagram (GP) is a function of
code word length, wherein for each code word selected the complement thereof s also
selected, wherein a selected code word that forms a loop in the diagrams (G) and (GP)
corresponds with a loop that is non-quasicatastrophic in the diagram (G), and wherein
each selected code word and its complement decodes to the same unique data word.
These methods may be advantageously employed for encoding binary data for = ~
recordation on storage media such as a computer disc, and for subsequent decoding of .
retrieved data. |
According to a third aspect of the present invention, there is provided a system
for encodmg an input string of data for a partial response channel having a transfer
function of the form (1-D)(1+D)" o provide an output having a presclected code rate,
said system comprising: means for encoding an input string of data into a binary code
string having a power spectrum value of zero for each frequency at which there is a
higher order aull in the transfer function of the partial response channel for n21,
According to a fourth aspect of the present invention, there is provided a system
for encoding and decoding an input string of data for a partial response channel having a
transfer function of the form (1-D)(1+D)P to provide an output having a preselected
code rate, said system comprising: finite storage means for storing an encoding table for
translating a succession of input data words of selected uniform length to a succession of
output code words of selected uniform length greater than said selected data word length,
wherein each unique data word translates to a unique code word; said %
e
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t heoretical benefits which would arise fromtheir use, matched spectral

nul | codes which are both phase invariant and non-quasi cat astrophic and

al so match the higher order null of a partial response systemw th n[err]2,
have not been developed. In this regard, 4t is know that the data recording
density increases in direct proportion to the value of (n), and hence it is
desi rabl e t oentodinigzable being gerleeatedofrom cansinicahsiate disgrams (63 andi(GF ) fosbinagywever
to date, these trellis codes have bheen linmted to parti al ress)gg e systens,

for n =0, andequence having sneetral mulls atiNyquist fregyeneye thepsen Sieipowes @ al
Dot e o et TP T AR by ok Rl SAE b hrih LB o, 1,
Or dor part | ol FSuaE CEAS UG e fadrks (0Pun 1) Bspor IR 157 half npk D1
aspect of thquisictembphicinané diagramt ()7 andi decgier meaisdondernting eachamiquedodey an
U0 o o e complamio ot o s i o s s>
These systems may be advantageously employed for encoding binary data for
recordation on storage media such as a computer disc, and for subsequent decoding of
retrieved data.
Tn accordance with another aspect of the invention, a method is provided for
developing a matched spectral null trellis code which is ﬁm—quasiutasuophic and phase
invariant, and wherein the order of the higher order null in the transfer function of the ~ ~
partial response channel is 21. The generated trellis code can be used to encode strings .
of binary data in accordance with 2 preselected and advantageous code rate to achieve
higher storage density or signai-to-noise (SNR) gain. The encoded data can be decoded
ina simple’manner and with a high degree of accuracy by use of a rhodified Viterbi
decoder. '
The encoding method may include selection of a data word length for subdividing
a stream of binary data into a succession of data words of uniform length, and selecting 2
code word length to which each data word is to be translated. For example, in a
preferred form of the invention, a stream or string of binary data is subdivided into data
words having eight bits, and these data words are translated to code words having ten
bits. A high code rate, i.e. Rate (R) = 8/10, is preferred for optimum use of channel
band width. |
An encoding table is developed for translating each data word to a unique code .
word, using a canonical state diagram (G) for binary sequences having spectral nuils at
the Nyquist frequency. To achieve desirable phase invariance and non-quasicatastrophic ‘

W

characteristics, the encoding table is developed according to the following rules:

-
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functlon of the form(1-D)(1 +D)[err] to provide an output having a

presel ected code rate, said nethod conprising: determ ning the .frequency at
which there is a higher order null in the transfer function of partial
response channel, wherein n[err]1; and erfcoding an input string of data
I-nto a binary code string having a power spectrum val ue of zerqQ for such
frequency. Accor dk ng tﬁ?r&ﬁ@e@éh&m%mpdoﬂ’emp reof iy alse alecteds here i s

Channel having a Fr andiep o6 ot st %ﬂ%ﬁﬁ?&lﬂ?&%d% R B8 i 0
ng\é: S?d?ggoﬂlguf ngﬁrllgt W%l nt o a SUCCGSSI on dg@5 ﬁa% Stng:
forms a loop in (G) and (GF), then it corresponds with a loop that is not
quasicatastrophic in G, wherein the power (p) of the diagram (GP) is a
function of code word length.
The resultant trellis code can then be used to encode a string of data words (e.g.,
eight bit data words) to individually unique code words (e.g., ten bit code words) and
can be used on tlu_: higher order partial response channels for n=1, n=2 or n=3, if
desired. The code words can be re-converted to re-create the original data by use of a
finite memory Viterbi sequence detection device and method, with each specific code
word and its complement translating back to the same data word. .
Other features and advantages of the present invention will become more apparent _
from the following detailed description, taken in conjunction with the accompanying
drawings which illustrate the invention,
For;. better understanding of the invention, an embodiment will now be
described by way of éxnmple, with reference to the accompanying drawings, in which: '
FIGURE 1 is a block diagram of a partial response recordi:ig system adapted to
utilize a trellis code developed in accordance with the invention;
FIGURE 2 is an illustrative canonical state diagram for binary sequences having a
spectral null at zero frequency;
FIGURE 3 is an illustrative canonical state diagram for binary sequences having a
spectral null at Nyquist frequency;
FIGURE 4 is 2 seven-state canonical state diagram for binary sequences having a
spectral null at Nyquist frequency, for use in developing a rate 8/10 code;

——
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words of selected uniformlength wherein the nunber of unique data words i's
a function of said selected data wordgl ength; translating said data words
to code words of selected uniformlength greater than said sel ected data
word | ength, by generating an encodi ng table from canonical state diagrans

(G and (Jerr]) for pideky FopeNactHrve-tatRedubyrapgh | sapt ollyqui st
frequency, wherein the power ( ﬁkfx t he dlgg{:a%n (%{é{,%% bg I%unctlon of
code word | efB8h S9FRRA: RPWER o5 TR FEVRBTI*R%T e e o%p ément
t.hereof is algo selected, wherein a selected code word that forns a loop in

the diagrans (G and f:ﬁn’#%org woﬁﬁét&hb‘gﬁjlﬁﬁﬁ‘ _h&ia&fam ¢3)

non- quasi cat ast rophi c e diagr ein _each sel ected code
wor d and itsreﬂﬂﬁﬂemgdeMesf&?ht hPaxaR Af qFBeattRERTF*3Fhese net hods
may be advangasgedphy (¢ya®yesh.f 8 encoding binary data for recordation on

?g?;?g\?egecdi:i?a.suzgcgr |n6£_) ouze'[ﬁ“rs éséél%tf%rf{ tshe re erﬁ d?ﬁ%}??ogf t here
i s provided 48pystand (Gp) Tespectively <represeanting isolate
portions of the three-state subgraph (G);

PIGURE 8 is a pair of subparagraphs (Ggp)
and (Gpp) representing additional peortions of the
three-state subgraph (G);

FIGURES 9-12 represent the c¢ode graph at
progressive stages of development;

TIGURZ 13 represents the final code graph:

FIGURE 14 is a tabulation of 10=bit code
words for the rate 8/10 trellis code, represented by
decimal equivalents: )

FIGURE 1S5 is a table representing operation
of a finite state machine encoder in accordance with
the -cod. word tabulation of FIG., 14; and

FIGURE 16 is a decoder table to decode the
seguences of 10-bit ¢ode words.

The present embodiment. pertains te an
improved method of encoding and decoding binary data,
and to the resultant matched spectral null code
developed therefron. The embodiment particularly
adapted for use in partial respense systems having a
transfer funection of the form (1-D)(1+D)8,
jdentified typically as the PR4, .EPR4. and E3DR4
channels for n = i, 2 and 3, respectively. The
method of the embodiment Provides a matched spectral
null code of the ¢trellis type which is phase . =
invariant and non-quasicatastrephic, and which can be
used at the liigher orders of the partial response

—

This Sheet Has Been Replace

i




n Flie dh T 447 AW dedbe 4 - ashaaliiems 4w cu

16-NOU-1955 15:48 JIMILLER & 'CO " o 81714300275  P.10
for encodi ng an input string of data for a partial response channel having
a.transfer function of the form (1-D)(1zD)[err] to provide an output having
a presel ected code rate, said system conprising: neans for encodi ng an
i nput string of data into a binary code string having a power spectrum

val ue of zerosggteRpchifd.Sauai¥sy amndhi Gie3,hergheselry h| peemietiey null in

the transfer function,of the rtjal response neI [ ord| ng to

a fourth aspe%‘? Tre ’HI% pr%%ceqwemdiegﬁgﬁ her‘gﬁiad; prOV| Sgﬁ a‘é%stem for

encodi ng and dignalstp-moiaeE8NB) rgaip.of data for a partial response

channel having a transgfgugeng t| ﬂaﬁ?eiéﬂiﬂﬁﬁt‘@ (gth;QcéQj,péow de an
|

out put having a preselected c de rate, Sa risi ng finite
storage means®o §?‘E$’?91g°%1rPg'f'ﬂ:% ﬁ%’?”l‘?& ggt FRgeaTtRcessi on of

i nput data wogde eeceelaticnl ofi thumdlazaglah tap succession o:rt afodrit put code
words of sel eGLEEs“Ekf Lhiy! kﬂg%hﬂﬁgﬁﬁer thap & gbﬂcéf'%ﬁ%a@%ﬂ,mrd
| ength, Mereltg.e%%“lér;;qu& tzan a.t-st r&nesi:l astuccass:.vouns't%ie S t.? wor d;
data bits of preselected length into a3 unique code
woyrd consisting of a greater number of bits for
racordation on the appropriate storage media, as
represented by the partial response channel 12. For
example, in a preferrsd form, the incoming data is
subdivided into a succession of data words of 8-Dbit
length, and eaeh data wvord is translated by the
encoder 10 to a unique code word of 10-bit length, ' ~
thus previding a code rate (R) = §/10. It will De
understocd, however, that other preselected and fixed
code rates can be followed, e.g9., (R) = 3/4, 6&/8,
ete. Moreover, it will be understood that the method
may be applied to any application requiring daka
enceding in & partial resporse systam and is not
linited tc data storage on magnetic storage maedia, or
the like. The encodaed data, or aocde words, can bse
re~convertad or decoded to the original data sequence
by a decoder 14 after detaction by a modified finite
memory Viterbi sequence detection device 13,

Matched spectral null trellis codes and
related Dbackground theory are described in <the
nt-n'cnrc, e.g., [Karabed and 8iegel, Natched

sai d

IEED rmsactiens on Inf.enatian rhaozy, vol. 37, No.

i 3, p. 818 (May 1991), which is incorpoerated Dy

’ reference harein. Seae also U.8, patents 4,888,775;
4,888,779; and 5,095,484. The trellis aodaes
discussed in these raferences have not been admpted v &=
to match the highexr order null, referred to as the

R
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4 encoding t

(G[err]) for
wherein the

P.11

abl e being generated from canoni cal state diagrans (G and

bi nary sequences having spgctral nulls at Nyquist frequency,
power (p) of the diagram (Jerr]) is a function of code word

| ength, and further wherein a selected code word that fornms a loop in the

di.agranms (G
quasi cat astr
uni que code

ﬂf guist eniall), Cahaesmmsn&ﬂhn%tl yer happlicdsie to
(0]
vB | KASRIPRY, o AT FERE: (ot

1 C J the di aﬁram nd decoder neans for de d| ng each

associated t hprmnh anﬁmﬁimeaystpmim ba caetindgend| y:esuptayed for
encoding bi nagyaglaldibA’ dofued Cﬁewrml BieficapBek 2nyyalsgSpareommut or

di sc, and for subsequent deco

retrl dat a accor

anot her aspectaff thRS caRe e dﬁ“"a Yiithothe shisher jetdel channels

wheare n=2 and n=3,

rar' any random sequence of Dbinary data
(bg} with a sampling frequency (f,), the average
power spectral power density S(f) is given by the
following egquation:

| N 12
(1) S (f lim E -: n“‘
(8] =N_) Nl b, l
n =0

vhare E is the expectad value based on statistical
average, N is the number of bignary data bits in the
binary string, bn S 1, =1 .. and D is a frequency
term:

(2) D= c-jzm and T= 1/,

From equation (1), the following two
equations can be written for f=0 (dc frequency), and
for fy (Nyquist frequency) = !,/2:

{1 2\
(3 S(q) \N ngob )
- N 2
(4 5(fy) = ““«‘{5!2%"”‘}
m=0Q
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devel oping a matched spectral null trellis code which is

non- quasi cat astrophi ¢ and phase invariagt, and wherein the order
null in the transfer function of the partial response channel
is [err]1l. The generated trellis code can be used to encode strings of

hi gher order

binary data in accor danssumiet htisapr ol est exbeprathendy
achi eve higheng stQﬂ@ge&q&gg%¥eo%%§éﬁ‘gm§%oi§o|ss&iél ) dgra&,_n. S;I'Fg

data can be déedodéd in a si

word length to which e dat a

nher Wth a egree

of the

poesos cade rate.to

encoded
accuracy
by use of a ns@WSta88E\EKierbi decoder. The encodi ng nethod may incl ude
selection of a data word | ength} f®r spbdividing a stream of binary data

I mto a succession of dgta words Hg fgmlength, and selecting

a code

to be translated. For exanple, in

preferred formof the inventioni®®0stteamor string of binary data is
subdi vided into data words having eight bits, and these data word
translated to code words having ten bits. A high code rate, i.e.
8/ 10, is preferred for opti numuse of channel

It then follows from (Eg. 3) that for such
.8 sequence S(0) = 0. In other words, if the running
sum of a sequence (b,} is Dbounded, then that
sequence has a null at 4e¢ in its power spectrun.

Now, assume that for a sequence ({b,) for
all N, the following ineguality is satisfied for some
constant m:

| N
(6 '{an(-l)nSm

-

It then follows from (Eg¢., 4) that for such a
sequence 3(fy) = 0. In other words, If the
difference Dbetween = the running sum of the
even-indexad terms and the zrunning sum of the
odd-indexed terms of (b} is Dbounded, then ({b,}
Bas a aull at Nyquist frequensy in its power
spectrum.

Binary saguences with speatral null
constraints are normally claracterized by so-called
canonical state diagrams or graphs, as represented by
wvay of example in FICS. 2 and 3. In developing the
canenical diagram for a sequence of symbols ({b,},
with a mapping rule using binary code symbols {1, 0)
for modulation symbols 1 and -1, the graph used to
generate binary sequences with a spactral null at dc
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to a unique code word, using a canonical state diagram (G for binary
sequences havi ng spectral null's at the Myquist frequency. To achieve
desi rabl e phase invariance and non-quasi catastrophic characteristics,
encodi ng tabl e (ks Jdeﬂel Qas%acmréxag 3 the ikl oyl 5yl ama tné 1.

e Co + hereof IS al so s Iected 2.
eRgFt oSPHNeBERE (NEER R 3

For

Naaas e e -
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band wi dth. An encodi ng table is developed for translating each data word

each code wor

t
Each code wor 9578 |t§’8énpf:8meﬁ

sel ec

P.13

t he

| f a code wor dspectzakonalbrat h¥yqudsti Gthneaet dfpyr dss shewmntk (GP)
forms a 1o0op i g1l 3qnGeeT 5531 krgl N®Y. | | PSS SORNERL MY Nafad it hal 1S

not

can be usad as the basis to daevelop a code for
translating arbitrary binary sequences or data words
into new Dbinary segueancss or code words that can
later be converted into a modilated seguence with a
spectral null at Nyquist frequeacy.

@raph Capaeity

-

If ¥ represents the number of states in the
cancnical diagram, the capaeity (C) of the graph is
given by the following:

4
7 - . ————
{7) (o] 1+logzcos(N*l)

For example, for the graphs of Fres. 2 and
3, N=¢. ¥From Bg. 7 above, the graph capacity (c) is
approximately 0.6942. The capacity of either graph
can be inereased by ineresasing the number of states
(N) while preserving the labelling scheme.

The graph capacity (C) is the upper limit to
the achievable code rate (R) of a code which can be
designed from that graph. In other words, ¢to
aonstxuct a code to translate 8-bit dJata words to
10~bit code words, 1i.e., R=8/10, the starting graph
must be a canonical state diagram having a Nygquist
null labelling scheme, with a number of states (N)
where the graph capacity (per Bg. 7) is at least
0.8, A 6-stu.e.' Nygquist null graph Bkas a graph
capacity (per Eq. 7) of approximately 0.8495. a
7-state Nyguist null graph has a grapk capacity of
about 0.8837. Although baoth the é-gtate and 7-state
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quasi catastrophic in G wherein the power (p) of the diagram (Jerr]) is &
function of code word length. The resuligant trellis code can then be used
t'o encode a string of data words (e.g., eight bit data words) to

i ndi vidual Iy uni que code words (e.g., ten bit code words) and can be used
on the highergxaphy ixrthedrychpovessuctioients dapaaityl tonjrogeed =3, f
desired.. The e r - Vet (o =T g e Orlsigi nal data
by use of a f“li%?t éwr%e?re;br&;/‘a{}ll?%ﬁ s%éac%iuglcsgqgét gc%gpo%ned}te\%fc% e?n s(“:’mat hod,

W th each spedicsen cinicther praferred eshpliment fpfhdisatdensuide’ to the
sane data worgh #£3Mekws|calueas idnGredrant gaestet chaviendesss mAwention will

becone nore par. fromthe follow ng detailed.descripiion, taken in
conj unction %’Pﬁiﬁ% cc@hpgﬁﬁ%bi’tﬁ ath ﬁ@?'\/\/rﬁllffq I ﬁs#gg{’epﬁ?@%i nventi on.
For a better inwanisatndddgnob-gnesieatastizophign enbodi nent will now be
described by way of exanple, with reference to the acconpanyi ng draw ngs,

i n which: Dow : tod

The atd paver of the grapk is a graph
whose states are the same as the original graph, but
in whiech the label on an edge oY path detween any
pair of atates is the sequence of n sSymbols read off
the edges of the path joining those states in the
original graph. FPor exanple, the 7-state graph of
FIG. 4 yields a 3-state subgraph (G) as depicted in
FIG. 5, wherein the subgraph (@) represents the
sacond power of ths original 7-state graph (¥IG. 4).

A loop 4in the graph is a path that bagins

; and ends at the same state. A loop that does not

' pass threugh any other state is referred to as a
salf-loop. The graph is irreducible if there is a
path of some langth Dbetween every pair of states in
the graph. An irreducidble graph is said to be
periodiec with a period (p) if the length of every
loop in the graph is a nultiple of (p), with p>1i.
The pth power of a periodic graph with periecd (p) can
be subdivided into (p) disconnected aperiodis graphs.

j The period of the 7-stats Nygquist null graph

: of PIG. 4 equals 2, as can bhe varified by taking its
second power (FIG. S). The second power splits into
two graphs, one consisting of states B, D ama F (PIG.
5) and the other consisting of states A, C, E and G.
As previously deicrihed. ¥IG. 5 shows the 3-state
subgraph of the second power, including states B, D
and ¥. , . .

MG
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FIGURE 1 is a block diagramof a partlal response recordl ng system adapt ed
to utilize a trellis code devel oped.in ? cordance with the invention;
FIGURE 2 is an illustrative canonical stdate diagramfor binary sequence's
havi ng a spectral null at zero frequency; FIGURE 3 is an illustrative

canoni'cal statw%&%%ﬂ@ﬁfequences having a spectral null at
Nyqui st frequency, IS a seven-state canonical state diagramfor
bi nary sequences having a spectral null at Nyquist frequency, for use in
devel oping a rate 8/ 10 pde; eanbhiddiCg¥Faph, 5 Todphrbe- ségérredibgy aph (G
_Of as quasicatastrophic if its label is the seame in
| binary c¢ode as the ladel on any other loop. Far
exanple, in PIG. 5, the self-loops "1li* around states
B, D and 7 are identical, whereby these loops are
quasicatastrophic. 8imilarly, the self-loops “oo¢
for these states are alse identical and are thus
quasicatastrophic. Moreover, the loops B-D-B and
D=F=~D are gQuasicatastropliic since their 1labels are
the same, namely, 01207, If any loop is
guasicatastraphic, the graph is referred to as a
quasicatastrophic graph. Conversely, if ne loop is
guasicatastrophic, then the graph is refsrred to as

non=~guasicatastrophic,
Adaicenoy Matzix

- The adjacency matrix (A) eof a canonical
graph with (m) states is a (m) x (m) matzrix in which
A (i, ) = 0 if there is no edge between the states
() and (§), and A (i, ) = r if there are (r) edges
betveen statas () and (j). For example, for
subgraph (G) of FIG. S5, the adjacency umatrix is
represented as follows:

BDF

B |]210
A= p (121
P 012

(8)

I£ (A) is the adjacency matrix for a graph,
then AR is the adjacency matrix for the n%® power

of the graph.
: *
_X\
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t he second power of the seven-state diagramof FIG 4; FIGURE 6 is a

canoni cal state diagram (Jerr]) represeying the flfth power of the
three-state subgraph (G of FIG 5, FIGURE 7 is a trio of subgraphs

(derr]), (gerr]) and (G[err]) respectively representing isolated
partions of thRetars : Papdy aph (G; FIGURE 8 is a pair of

subpar agr aphs (GBD) ) and " g er r ) representing additional portions of

the three-state subgraph (G ; FlIGJRES 9-12 represen he, code graph at
progresswe stages of dbvORBORiFAl graph ia deterministic “if, J¢of

every stata in the graph, the edges leaving that
state have distinct ladels. the ntl power of the
deterministic graph is alse detsrministic, For
exanple, the subgraphk G (PIC. 5) is detarministic.

d 8 T o

For a partial response channel, having a
transfer function of the form (1-D)(1+D)2, where
a =0, 1, 2, 3, that is operating in additive white
Gaussian neoise (AWGN), use of a code having a null in
its power spectrum at the frequency at which the
channel has a higher order null will result in a gain
in signal-to-noise ratio (SNR) at the output of the
encoded channal. This gain is lower bounded by 10
log [(n+1)/n] 4B if n>0, and by 34dB if n=0, provided
that the uncoded and encoded channels operate at the
same transmission rate.

- The partial response channels are commonly
referred to as the dicode channel, the PR4 channel,
the EPR4 «channel, and the E?PR4 channel,
respectively.

t '_uc

The code design process for a rate (R)s8/10
code is started, as previously dJdescribed, frem the
7-state Nyquist-null canonical diagram of rIic. 4,
sinse that graph has a capacity (C) greater than
G.8. The 7-gtate state graph of FIG. 4 is then
converted to tha second povwer diagram (G) of FIG. S.
This second power, 3-state subgraph (G) forms the
foundation for the code dasign procedurs. ' -

Sheet Has Been Re‘ilaced
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FI GURE 13 represents the final code graph; FIGURE 14 is a tabulation o

P17
f

10-bit code words for the rate 8/ 10 trel 3% code, represented by deci mal
equivalents; FIGURE 15 is a table representing operation of a finite state

machi ne encoder
FIGJRE 16 is a

devel oped thererr

in accordance wt

14; and

t he code rd tabyl ation of FI
decoder t fe‘f&°8§c&fe"?$e’§g§ﬁﬁﬂée3%f Fo53Ree€ode wor ds.
The present endtsi fdfth powwy = c¢constxuctpa oratiendyhod caideenidodi,ng and

decodi ng bi nar y?d%tmas ‘a%%,.t o] %ﬁ%ﬁjﬂgﬁ%ﬁ f{}exd tnseoexpetsrﬁk:_aﬂ%l | code

enb
subgraph ts) is:

9
B D F

B {132 164 100

AS -’
®= D [164 232 164

7 100 164 132

- 8ince thaere are mere than 256 edges with 10
Bit ladels leaving each state of the subgraph (G°),

there is an excess nunber of candidate 10~bit code

words to comstruct a rate 8/10 code. In this regard,
the reguisite number of 10~bit ecode words is

- 2% = 25¢ possible 8-bit data word combinations.

The c¢ode word < selection process proceeds by
arbitrarily removing, i.e., not selecting those code
words that would be incompatible with desired

nen~guasicatastrophic and phase invarian;
characteristics.

sa ITAvVari =GQuasicatastropic Ccod

A code is phase invariant if and only if:

(1) PFor each code word, its complement is
8130 a code word, and

(2) The decoder interprets or decodes each
¢ede word and its compiement to the
sane data word.

A code is non-gquasicatastrophic if and only

(1) No loop in the «cecde graph is
quasicatastrophic, and

(2) No 1loop in the code graph .is a
guasicatastrophic loop in (G) and
@),

This Sheet Has Been Replaced
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adapted for use in partial response systens having a transfer function
of t he form (1-D) (1+D)[err], idepgified typically as the PR4,
EPR4 and [err] channels for n = 1, 2 and 3, respectively. The net hod
of the enbodi nent provides a matched spectral null code of the trellis
type which is phase i nvariant and non- qua5|catastroph|c and which can be
used at the hig Okl & 4 . Q system i.e., n=2
and n=3, thereoy perm ‘|ng TNCT 6ASe0 recorolng density with a
favor abl e

FIG. 6 is a zreproduction of the subgraph
(Gs) of ¥id. 8, with edgse labels rewritten to
indicate the set of edges Joining each pair of
states., For example, 81 denotes the set of 132
10-bit labealled edges that begin and end at state B.
The number of lo-bit labelled edges comprising the
sets refarrsd to by 81, S2... S10 are given by the
adjacen:y matrix a8 (Bg. 9).

The subgraph (G°) as well as the final
code ¢raph to be 'devllopcd can be viewed as lheing
compiled in increments from the subkgraph of (G) that
progressively increase in complexity.
Correspondingly, the adjacency matrix as {Eg. 9) ' ~
can al20 be viewed as being incrementally generated.

Nore specifically, FIG. 7 illustrates ¢the
subgraph (6) in paxtial form as three 1l-state
subgraphs Gy, Gp. and Gp-. Each of thesa three
i-state subgraphs has 32 different sslf-loops on each
state in (@5). ‘These 1-state subgraphs 4o not
generate any other paths in (G°). - Let M, denote
the contridution ¢to <the adjacency wmatrix as by
these l-stata graphs:

DF

{200 M, = B [320 0
D |0 320

F [0 032

Since the labels on the loops for states B,
D and ¥ are the same, these 32 loops are
guasicatastrophiec in (63) and are therefors avoidea

in the final code.
The next step in the interconnection -

complexity between the states in the subgraph (G} is

eet Has Been RTlaced '
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signal -to-noise (SNR) gain. FIGURE 1 generally illustrates the encodi ng of
a, string of bi-nary data at a presel ecteglgcode rate for recordation of the
data as a succession of code words of the fixed length, 1In a typical

application, the encoder 10 transl ates each successive string of data bits

of presel ect edviewed ) vinéruia whiguaudgiaplorabnstitutesi indeméndentgreater
nunber of bits, for, regordati og on pr oLl rage i dp as :
repr esent ed byztﬁéa'tp.ar &?&P%espﬁﬁse@?a?ﬂ %% a‘}%o? %xgrgrplgétl n®a
preferred forrfothcthakdheny dat a0 dirasti connection shoNr ReEVWeAR of data
words of 8-bitgd g b a3 y.each data word is translated by the
Note that the subgraphs Gpp and Gpp are
identical, As a result, the adjacency matrix N for
each subgraph will also be identical. Fer example,

the adjacency matrix of Gy is:

@ BD
N = B (21
| _ D |12
(12) .B D
NS = B 1122 121
D (121122

- Prom the adjacency matrix N5, it is noted
that 122 self-leops are generated around 8 in ta5)
by Ggp- However, from Eq. {(10), 32 of those
self-loaps are formed by B alone. Therefore, by
connecting state D to. state B to form Ggps 2an
additional 90 self-loops (122-32) around 3 are
present in (a@%). Moreaover, since Gpp and Gpp
ars identical, those same 90 self-loops are alse
generated around D in (@%) by Gpp- lccézaingly,
these ¢two sets of 90 self«loops are thus
gquasicatstrophic in (¢%), and thus ocannot both be
included in the £final code. One set of tiese 90
self-loops can Dbe included. The gelected set is
shown with respect to state D in FIG. 9, and is
identified by Spp.

The adjacency matrix N also indicates
that there are 122 self-locps formed around D in -
(a3 by Ggp- REowever, as mnoted imn Eq. (10}, 32

-
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encoder 10 to a unique code word of 10-bit |length, thus providing a,code
rate (Ry = 8/10. It wll be understood,,however, that other presel ected

and fi xed code

rates can be foIIowea,"1 e.g., (R = 3/4, 6/8, etc.
Moreover, it will be understood that the method may be applied to

any

appl i cation rwi%ﬁm dai o 1opadi it ﬂreﬁg)aaé'tﬁieddesyormea]mye,t Em anﬂ
at { orage an i rage i &, 4Or e Like. The
’t“%h + dst%caﬁg%gggégﬁegér?eggﬁ %%od%d ? LQ IDI

is not limted
encoded dat a,

or code

0 the original

data sequence [Besgltedoddm 149G:f t addikkanal orsedf-3oapdi f @EQuRdni t nenory
Viterbi sequenaed®igst tRBsdC WoC additidRas h8d1 S RISy aFotida t beldrdes codes

and

the complements of the set referenced above bY Spp.
and hence are noted in PIG. 9 by Bppy. Sinece Gy
and Gpge are identiecal, these 90 additional
self~loops ares alse generated around P in (6%) by
Gpps and are thus quasicatastrophic if both sets
are included in the final eode. PIG. 9 indicates
selection of the set Spp around state D, but not
the corresponding set around state PF. FIG. 9 thus
represents a partial graph of the final code, teo
include 8pp and its complement set Bp.. | .

FIG. 10 illustrates modification of the
partial graph of PIG. 9, by splitting state D inte
two states D,;, and D,. BY splitting state D, new
loops Dy=Dy=D, and Dy=D,=Dj result,
wherein these loops are non-guasicatastrophie in rId.
10 and in (@).

From the adjacency matrix NS (E2q. 12), it
is noted that Gy, generates 121 paths from state B
to state D in (@%). By symmetry, Gpp alse
generates 121 loops in (GS), with the same labels
as the paths bhetween states B and D. Similarly,
Ggyp QJenerates another set of 121 labels fer paths
from state D to state B, wherein the set in this
direction are complements to the set from state B to
D. The set of loops from B to D are referred to as
Sppes aRd the complement set from D to B is referred
to a Byp. The same analysis applies to the 121
sets of loaps from atate D to state ¥, referred ¢o
Spp- and the complement set of loops from state F
to D, refarred to Hpp. The set of paths Sy, and
Spy 3are the same, and thus we dencte Spp as

Ssp.
e
heet Has Been Reﬁaced "
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rel ated background theory are described in the literature,

Kar abed and

Si egel , Mat ched Specti@al -Null Codes For

P.2t
e.g.,

Parti al - Response Channels, |EEE Transactions On Information Theory, Vol.
818 (May 1991), which is i ncorgorat ed e%\; ref erence

37, No. 3, p.

her ei n. See al so U. $hexafexes in ¥3§.738, ifgh

The trellis

a7iabell

#4988 095 484,

inc dxtendsefirod (Pero rnigrmsthav'eems b’égb adapt ed
to match the hle,g'p.enr'a rdéa{“pul Inzrefgreda’to %%etahe the8 resultant

B=Dy-D,-8 loops would be the same as the B-D-D~B
loops in (@%) that wvere gemeratad by Ggp-
Similarly, if the edges in 8z, extend back to B
from the same state (D; ‘er D,) te which the edges
S8gp come from B, then the loop B<Dy=B or B-D,~B
would be the same as the B=D-B in (G®) generated by
Ggp- Soth B~D-B and B-D-D-B loops are

guasicatastroplhiic in (G) and thus the code graph
should aveid them. Hence, in FIG. 10, the edges in
Spp Should extend from B to D,, and the edges in
8gp should extend from D, to 3. 8y the same

reasoning, the edges in S8y, should extend from D,

to F, and the edges in Sppn should extend from P to
D, The code graph Teflecting these edges,
inclusive of the edges selacted per FIG. 9, is shown

in PIG. 1l1l.
To this point, the contribdution ¥, of the

2-state subgraphs Gpp and Gpp to the adjacency
matrix AS is as follows:

B D F

i3
(3 B |90 121 O
M, = D |121 180 121

P 9 121 %0

The next step in sequence in tarms of
increased intarconnection complexity of the subgraph
(G) involves examination of the independent 3-~state
graph defined Dy the subgraph (G). The contributien
M, made Dby this "3-state graph to the adjacency
matrix a% is qivop by:

(24) My = A% - (0, + ny)

from which the following is derived:

/ '
as Been Reiaced '
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Nqu st null, and thus have not been applicable to the higher order
partial response  systens. The presenggenbodi nent provides a nethod and
resul tant code which does natch the higher order Nyquist null and thus can
be used wth the higher order channels whereg=g apd n=3. Sequences Wth
Spectral Nulls At DC/ NW38) st Frequency Fq any rangom sequence of
binary data {[err]} wth a sanpling 4 e@yl [err]), the average
power spectral power density S(fM3i & gi ven yst Be 4®l| owi ng equation: (1)
S(f) =1limE [err] where E is the expectged|im ¥§ p@}ed on statistical

All of the loops inm (G%) that are preduced
by (6) will Dbe non-guasicatastrephic in (¢%).
Hence, these loops can de included in the final cede,
up to a number providing 256 edges leaving each state
in the code graph. |
The twenty additional self-loops around
state D in (G%) formed Dby (G) can be evenly
distriputed between D; and D,, with ten edges
: leaving D, and the other ten edges leaving D,.
These two sets of ten adges are complements to each
other, and are dencted in PFIG. 12 by 8ppg 2and
Zppa- | ' . .
The set of 43 edges generatad by (G) that
axtand from state B to state D ina (G’) is referred
to in FIG. 12 by Sppge Similarly, the set of 43
edges generated by (G) and extend from state D to
: state ¥ in (@%) are designated Sppc. +  The
' complement sat of 43 edges generated by (G) to extend
' from state P to state D in (65) are labelled
!3 pgs and the complement set of 42 edges generated
by (@) to extend from state D to state 3 in (6%
ars h.bencd Bpre
In (G’). the graph (G) also generates 10
self-loops on state B, demoted im FIG. 12 by Spp.
and 10 complement self-loops arcund state P, hhennd
8gg in FIG. 12. . :
Finally, the graph (G) generates 100 odges
extending from state P to state P in 6%y,
identified in PIG. 12 DY 8gp- Another 100 edges
are generated to extend from state F to state B in
(Gs), wvherain this set is a complement o Spyps
and is thus noted in ¥IG. 12 as Spp.

This Sheet Has Been Re
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average, N is the nunber of binary data bits in the binary string, [err] =
1, -1 ..., and Dis a frequency term @g) D=7Jerr] and T = [err] From

fequatlon) (1)8 t he fol | owi ng t wo equations can be vvrlttenfor f=0 (dc
requency), and for [err] (Nyqui st frequency) er S(O =
lim[err] (4) S(f[errThe=codemgraph s shown in F]IG- 12, "hm (9

constitutes a conposite of FI6s. 10-1l. In this
graph (FIG. 12), the edges Sppc are showa to extend
from state 3 to D,, and the edges Sppg are shown
to extend from state Dy to B. The symbol "U" on
the code graph (FIG. 12) denotes the union of sets.
For example, the notation Sup U Sgpg on the edge
connecting state B and D, refers to all of the
edges in the union of sets B8ppn 3and Sppg that

' extend frem state B to D,. '

' The aqomplexity of the code graph can be
reduced by omitting self-loops on states D and F. 1In
addition, for a rats B8/10 ocde, to arrive at the
raquisita 256 code words, 8 additional edges can Dbae
eliminated, for example, from Spp and the
complements thereof in Fgp. This permits all of ' ~
the edges in the sets 8gpg and Sppg 8 Dbe
utilized, a choice that aids in reducing the
detection memory required to implement the code.

In this regard, given a stream of 10=hbit
code words, it is desirable to detect the path in the
code graph that would have generated the code word.
If the code graph path for each code word can De
identified from the <¢code word itself, without
refersnce to knowledge of the preceding code word,
then the detection memory of the code graph is said
to be zereo.

If a code word defined by a pazrticular
10=-dit pattern or sequence is the label for an edge
in the set Sypg. then the path in the code graph is
identified as Detween the states D, and F.
However, if the 10~-bit pattern is the label for an
edge in the set 8g,, it is not possihle %o specify
whether that pattern represaents a code graph path
between the states B and D, or between the states
D, and ¥, unless the preceding code word is known.
‘pPhat is, if the preceding code word is the label for

Sheet Has Been Replaced
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for a sequence {[err]}, for all N, the follow ng
s satisfied for sone congjant k: N (5) [err] It then

I nequal ity i
foll ows from

sequence has

sequence {Db[

sonme const ant
' :

(Egq. 3) that for such a sequence S(O= 0. In other words,
t he running sum of a sequence {b[err]} is bounded, then that

err % 194t ﬂfl the I:a&g]?ﬁ?ow ﬂat\é§§jjlt§§; g%df 19(r)ra

Q}, cod ]roproson s
and Dy;- BHowever, if the pricr ecode word is from
the 3sets 8gns Spp ©OF 8gpgs the ecurrent code
word Xepresents an edge Dbetween the states D, and
F. Omission of the 8 edges from Syp 2ard 8gp
aveids the need to know the prior code word in the
stream, to thus simplify detection memory.

The -snt of all 256 possible 8-bit data words
are assigned to individual 10~bit code words,
following the rule that any given 10-bit code word
and its complement must decode to the same 8~bit dats
word. The resultant code is thus made phase
invariant.

The final code graph is shown in FIG. 13,
whezein the states B, Dy, D,, and ¥ have Dbeen
re~labelled as 1, 2, 3 and 4, and wherein the sets of

' edge labels representing 10-hit code words Spp,

s!n.al SD’G' 83,, SDD and SDDG have bheen

re-labelled as A, B, @, D, B and ¥. Similarly, the

complement sets have been re-labelled X, B, T, D, E,

and ¥, The code represented by FIG. 13 is bloek’

decodabla. _
PIG. 14 is a table vwhersin the sets of
10-bit cede words are listed by decimal eguivalent in
association with the six re-labelled sets A through ¥
(FIG. 13).

¥I6. 15 is an encoder table representing the
operation of a. standard 4-state block encoder 10 in
7IG. 1 to assign a unique 10-bit code werd. to each
unique 8=dit string of binary data. FIG. 16 is a
decoder table representing the operation of a deceder
for decoding the code words and their complements to
retrieve thae original @ata in tie form of successive
8-bit strings. '
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It then follows from (Eq. 4) that for such a sequence S(f[err]) =0. 1In
other words, if the difference betyeen the running sum of

the even-indexed terns and the running sum of the odd-indexed terns
of {bn} is bounded, then {bn} has a null at Nyquist frequency inits
power spectrum G aphigndgpr @enyitassy of dSEQEﬁéﬁ'-Nldl fsagencgs Binary

by so- cal | echRuRSRERSY  aia o ia. FRIA “aF B ° MR e Y BV NG5O0

exanple in Fl m-uznam;swusmsagnaemg S¥R geivmeievidhdvamusd or a |

sequence of gyMgles pibéRéd] lapactral-null code can be used to
improve performance. However, in practice, to
realize this benefit, the detector must only use a
finita memory, wherein the trellis of such detector
is referrsd to as a finite~memory trellis. Another
practical constraint is that the complexity of the
trellis should not be toc great in terms of the total
numnber of states and edges,

The presant embodiment thus provides a
matched specstral null code for partial response
channels, and a zrelated method of code construction,
wherein the code is non-guasicatastrophic and phase

i . invariant, and further whersin the code is applicable
: to higher order partial response channels with =1,
2, 3. Although a specific rate 8/10 code has been
described in detail, it will be understood that the’
sane methedclogy can be used to develcp- other matched
spectral null codes at other code rates, such as 3/4,
§/8, eatc. Aceerdingly, it will be understood that
the invention is not limited to the embodiment shown
and described herein, eX2cept as set forth in the
appended slains. |

-
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with a mapping rule using binary code synbols {1, 0} for nodul ati on synbols
1 and -1, the graph used to generate binary sequences with a spectral null
at dc 10 (f=0) is shown in FIG 2, for k=3 (Eq. 5), and the graph used
to generate binary sequences wth a gpectral—nullat—Nygui-st—F+requency

(f[err]) is showmm in FIG 3, for m=3 (Eq. 6) The rans can
be_ used as tOLAIMS:s to develop a code for transﬂﬁmﬂgﬂmﬁﬂmﬂ lmbl nary
sequences or data words
1. A method for coding an input string of data for a partial response channel having
a transfer function of the_form (1-D)(1 +D)" to provide an output having a preselected
code rate, said method comprising: -
determining the frequency at which there is a higher order null in the transfer
function of the partial response channel, wherein n>1; and
encoding an input string of data into a binary code string having a power
spectrum value of zero for such frequency. |

2. The method of claim | wherein said encoding step comprises subdividing the
input string of data into a succession of data words of selected uniform length and
translating said data words respectively to code words.of selected uniform length,
wherein each unique data word translates to a unique code word.

3. The method of claim 2 further including the step of decoding said code words to
recreate said input string of data, said decoding step comprising translating each unique
code word and the complement thereof to said unique data word associated therewith.

4. The method of claim 2 or 3 wherein said encoding step comprises generating an
encading table from canonical state diagram (G) and (GP) for binary sequences having
spectral nulls at Nyquist frequency, wherein the power (p) of the diagram (GP) is a
function of code word length, and further wherein a selected code word that forms a loop
in the diagrams (G) and (GP) corresponds with a loop that is non-quasicatastrophic in the
diagram (G).
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i nto new binary sequencesor code words that can | ater be converted into a
modul at ed seque ' al null at Nyquist frequency. G aph
Capacity If N rmﬂm\wl‘ mmﬁu‘mer of states in the canonical diagram the
capacity (C) of thecgraph 1s geven by the24ollowing: (7) C=1+Jerr]
For exanple, for the graphs of FIGS. 2 and 3, N=4. .From Eq. 7 above, the
graph capaci t3 ( C)Thegnethest ofany.one pf the pesgeding claimsovhesgin said gncedingisteper gr aph
can be increagge i ncr.eas) unber. of states. . wWhi | reservin
the labellin &%@ﬂ&f&ﬂ%ﬂqﬁgd&wmétoacoﬂsponﬁmg%queco&\eor‘am g
accordance with a phase invariant and non-quasicatastrophic encoding table.

6. A method of coding an input string of data for a partial response channel having a
transfer function of the form (1-D)(1+D)® to provide an output having a preselected
code rate, said method comprising:

subdividing the input string of data into a succession of data words of selected
uniform length wherein the number of unique data words is a function of said selected
data word length;

translating said data words to code words of selected uniform length greater than

said selected data word length, by generating an encoding table from canonical state ' ~

diagrams (G) and (GP) for binary sequences having spectral nulls at Nyquist frequency, .
wherein the power (p) of the diagram (GF) is a function of code word length, wherein

for each code word selected the complement thereof is also selected, wherein a selected
cade word ilzat forms a loop in the diagrams (G) and (GF) corresponds with a loop that

is non-quasicatastrophic in the diagram (G), and wherein each selected code word and its
complement decodes to the same unique data word.

7. The method of claim 6 wherein the canonical state diagram (G) has a number of
states sufficient to yield a graph capacity (C) which exceeds the ratio of said selected
data word length to said selected code word length, wherein the graph capacity (C) is

given by the formula:
T
C=1+loggcos{(—-——__)
N +1
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The graph capacity (C) is the upper limt to the achievable code rate (R)

of a code whi [ - from that raph. In other words, to

construct a camﬂwm“ﬂgmﬂmg bit data vvordg tg 10-bit code words, i.e.,
R=8/10, the startitngtgrtph® mrst be a canggi cal state diagramhaving a

Nyqui st null labelling scheme, with a nunber of states:(N) where the graph

capacity (p8r Edrhe/methed oft cldimoGor Pfubther inéludifig Hiedted of\decpding! eacinuituegr aph

has a graph capacity (per Eg. 7) of approximtely 0.8495. A 7-state

Nyqui st nul | cofleaysid n&moqgnnimpn@&qataemmﬁqqurd%mmtmwmmt h the
6-state and 7: &tate

9. A system for encoding an input string of data for a partial response channel
having a transfer function of the form (1-D){1+D)2 to provide an output having a
preselected code rate, said system comprising: |

means for encoding an input string of data into a binary code string having a
power spectrum value of zero for cach frequency at which there is a higher order null in
the transfer function of the partial response channel for n21. '

10.  The system of claim 9 wherein said encoding means includes means for s
subdividing the input string of data into a succession of data words of selected uniform .
length, and means for translating said data words respectively to code words of selected

uniform length, wherein said translating means translates each unique data word to a

unique code word. |

11.  The system of claim 10 further including decoding means for decoding each
unique code word and the complement thereof to said unique data word associated
therewith.

12.  The system of claim 10 or 11 further including means for generating an encoding

table from canonical state diagrams (G) and (GF) for binary sequences having spectral

mulls at Nyquist frequency, wherein the power (p) of the diagram (GF) is a function of

code word length, and further wherein a selected code word that forms & loop in the

diagrams (G) and (GP) corresponds with a loop that is non-quasicatastrophic in the

diagram (G). O
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graphs in theory have suffi-cient.capacity to proceed with the code design,

the 7-state gra | hosen in the preferred enbodi nent and is
described as foDEﬂﬂ&H‘ﬁ‘sﬁlﬂ:MleffordS greater convenience and flexibility
in designing a ¢ h phase igqvariant and _
non- quasi cat astrophi c. G aph Power And Period The nth power of the :
Whi ch the | angl on SERATel g S0 dEcoliog M npRe siing of ol 3 pasial Moyt 11
sequence of rehaynebldving 2mrshsfid function of the form (1-D)(1+D)? to provide an output having
| a preselected code rate, said system comprising:
finite storage meané for storing an encoding table for tran#lating a succession of
input data words of selected uniform length to a succession of output code words of
selected uniform length greater than said selected data word length, wherein each unique
data word translates to a uniqu_e code word; | '
said encoding table being generated from canonieal state diagrams (G) and (GF)
for binary sequences having spectral nulls at Nyquist frequency, wherein the power (p)
of the diagram (GP) is a function of code word length, and further wherein a selected
code word that forms a loop in the diagrams (G) and (GP) corresponds with a loop that
is non-quasicatastrophic in the diagram (G); and
decoder means for decoding each unique code word and the complement thereof .
to the unique data word associated therewith.

14. A n;ethod for coding an input string of data for a partial response channel] having
a transfer function of the form (1-D)(1+D)" to provide an output for storage on a
storage medium having a preselected code rate, said method comprising:

determining the frequency at which there is a higher order null in the transfer
function of partial response chm&, wherein nz1; and

encoding an input string of data into a binary code string having a power
spectrum value of zero for such frequency.

15. A system for encoding an input string of data for a partial response channel
! having a transfer function of the form (1-D)(1+D) to provide an output for storage on a
: storage medium having a preselected code rate, said system comprising:

. iges
e
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the edges of the path joining those states in the original graph. For
exanple, the 7-state graph of FIG 4 yields a 3-state subgraph (G as
depicted in FIG 5, wherein the subgraph (G represents the second
power of the original 7-state graph (FIG9g4). Aloop in the graph is a path
t-hat begins and ends at the sane state. A |oop that does not pass through
any other state imednsforencellingoancinpt seritigiofldaminto a biley gadestringshavingaduci bl e
if there is a path of sone | ength between every pair of states in the

gr aph. Anpower speptruimttalue of 2enorfor each frequascy atovitich thers is aihigher eder:mylicini od
(P 1T e | R Yianatll unotiombof e fartal responsd chidanel for e[ |1 P! € OF (P). with

* € L M s *
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The pth power of a periodic graph with period (p) can be subdivided into
(p) disconnected aperiodic graphs. The period of the 7-state Nyquist null
graph of FIG 4 equals 2, as-can be verified by taking its second power
(FIG 5). The second power splits into go graphs, one consisting of
states B, Dand F (FIG 5) and the other consisting of states A, C, E and
G As previously described, FIG 5 sABSERAET 3- st ate subgraph of the
second power, including states B, D and F.

MATCHED SPECTRAL NULL CODES

FOR PARTIAL RESPONSE CHANNELS

A method is provided for encoding and decoding binary data, using a non-
quasicatastrophic and phase invariant matched spectral null code for a partial response
channel, The method is particularly suited for partial response systems wherein the
order of the higher order null in the transfer function of the partial response channel is 2
1, resulting in maximum signal-to-noise (SNR) gain of the channel output. Ina
preferred form, the method is used to develop a rate 8/10 Nyquist-null trellis code.
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12 Non-Quasi castastrophic In a canonical graph, a loop is referred to as
quasi catastrophic if its label is the sane in binary code as the

t abel on any ot her | oop. For exanple, in FIG 5, the self-loops "11"
around states B, Dand F are identical1!gpereby these Ioops are
guasi cat ast r ophi c. Simlarly, the | oops for these states
are also identical and are thus quasicatastrophic. Nbreover, the | oops
B-DB and D-F-D are quasicatastrophic since their |abels are the
sane, nanely, "0110". If any | oop is quasicatastrophic, the
graph is referred to as ya 'y
DATA ' PARTIAL
———» ENCODER j~———e1 RESPONSE
STRING CHANNEL
' 13 14
v ‘ %ﬁ?
VITER |

@
LY
(=)
(=] [ ]
.,
o
>
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quasi cat ast rophi ¢ graph. Conversely, if no |oop is quasicatastrophic,

then the graph is referred to as non-quasi cat astrophi c. Adajcency Mtrix
The adjacency matrix (A) of a canonlcal graph with (m states is a

(M x (M.matrix in which A (i, j) = Bhere is no edge between the-
states (i) and (j), and A (i, j) =7 |f there are (r) edges between states
(i) and (j). For" exanpl e, ﬁpr subgr aph (G%o of FIG 5, the
adj acency matrix presente foll ows: (8 - BDFB 2
10 ot m :
| B D F FIG. §
10 10
00 00 11
S = s7
S2 ‘—'84 S5
B - 0 ) r
. S3 S6
s10 FIG. 6
6B 6p OF .
| f1 i1 11
"(9)“ "(D)" F/)7 FA67
0w | 00 00
GBD GOF
11 1 1 1
1] o 01 o
B ) 0 D} {F) FIG 8
10 10
100 00 00 00
SOD
- O e
Sop
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D 121F 0121f (A is the adjacency matrix for a graph, then
i[err] I's the adjacency matrix for the [err] power of the graph. 13
Determ nistic Gaph A canonical graph is determnistic if, for every
state in the graph, the edges Ieaviﬁ¢5 that state have distinct
| abel s. The [err] power of the

D1

® B O

D_
Fue -\ SN JvE
1 EUF| [EUF 3
FIG. 13 AUD n AUC
b
i \
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det ermi ni stic graph is also determnistic. For exanple, the
subgraph G (FIG 5) is deterministic. Matched Spectral Null Code Theorem
For a partial response channel, having a transfer function of the
form (1-D)(1+D)n, where n =0, 1, 2, (/5 hat is operating in additive
whi t e Gaussi-an noise (AWGN), use of a code having a null in its power
spectrum at the frequency at which the channel has a higher order null wll

result in a gain i ' ' ' of the
encoded chan%el : Wﬁ%hlgés'fggg?oﬁs?w W&ﬁgﬂg 1%‘*'@’%@{” n] dB if n>0,
and by 3dB if n=0O provided that the uncoded and encoded channel s operate
at the A= {13, 16,18, 25, 28, 3, 49, 52, 55, 61,84, 67, 73, 76, 79, 97,

100, 103, 109, 112,115, 121, 124, 193, 196, 199, 205, 208, 211, 217,220

223, 241, 244, 247, 253, 259, 265, 268, 271,289, 292, 295, 301, 304, 307

33, 316, 319, 385,388, 381, 397, 400, 403, 409, 412, 415, 433, 436,439,

445, 451, 457, 460, 463, 481, 484, 487, 493,496, 499, 505, 508, 769, 772,

775, 781, 784, 787,793, 798, 799, 817, 820, 823, 829, 832, 835, 841,844

847, 865, 868, 8M, 877, 880, 883, 889, 892,895, 961, 964, 967, 973, 973, 976,

979, 985, 988, 991,100, 1012,1015};

B = {22, 70, 82, 88, 91, 94, 118, 214, 262, 274,280, 283, 286, 310, 322,
328, 331, 334, 352, 355,358, 361, 364, 367, 370, 376, 379, 382, 406, 454,
466, 472, 475, 418, 502, 790, 838, 850, 856, 859,862, 886, 982};

C= {37, 133, 145, 148, 151, 157, 181, 229, 421, 517,529, 532, 535, 541,
565, 577, 580, 583, 589, 592,595, 601, 604, 607, 613, 625, 628, 631, 637,
709,721, 724, 727, 733, 757, 805, 901, 913, 916, 919,925, 949, 997}

D = {5, 17, 20, 23, 29, 53, 65, 68, 71, 77, 80, 83, 89, 92, 95, 101,

113, 116, 119, 125,197, 209, 212, 215, 221, 245, 257, 260, 263, 269,272,
275, 281, 284, 287, 293, 305, 308, 311, 317,320, 323, 329, 332, 335, 353,
356, 259, 385, 368,371, 377, 380, 383, 389, 401, 404, 407, 413, 437,449,
452, 455, 461, 464, 467, 473, 476, 479, 485,497, 500, 503, 509, 773, 785,
788, 791, 797, 821,833, 836, 839, 845, 848, 851, 857, 860, 863, 869,881,
884, 887, 893, 965, 977, 980, 983, 969, 1013};

E={0 33, 3 39, 45, 57, 129, 132, 135, 141,144, 147, 153, 156, 158,
177, 180, 183, 189, 201,225, 228, 231, 237, 249, 513, 516, 519, 525,
528,631, 537, 540, 543, 561, 564, 567, 573, 576, 579,585, 588, 591, 608,
612, 615, 621, 624, 627, 633,636, 639, 705, 708, T, N7, 720, 723, 728,
732,735, 753, 756, 759, 765, 771, 801, 804, 807, 613,825, 897, 900, 903,
909_;;912. 915, 921, 924, 927,945, 948, 951, 957, 969, 993, 996, 999, 1005,
10175 '

i F = {150, 534, 582, 584, 600, 603, 606, 630, 726, 918}
FIG. 14
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sanme transm ssion rate. The partial response channels are conmmonly referred
tjo as the dicode channel, the PR4 channel, the EPR4  channel, and

the E[ err] PR4 channel , respectively. A Rate 8/ 10 Nyqui st Null Code The
code design process for a rate (R)=8/10 e is started, as previousty
described, from the 7-state Nyquist-null canonical diagram of FIG 4,

since that graph has i Efa@é Fhite Uidhhe Hrctié Ritei80 cieS.  The 7-state

state graph of EllamdudeSafloR—coRwer: -he—seeewdrewa—dm;ram(G) of
F:I G 5.: Thi s. se:oneggﬁpv\e Sused W5rd DedtiiY" K Nextcgtute mg
v - 8/10 Code
| | 0- 12 ) A
1 ' 13 - 155 B
156 - 255 3 D
0-12 3 A
- 113 - 1585 c
2 156 ~ 245 . E
248 - 255 F
0 - 112 . A )
3 113 - 155 B
156 - 255 1 ) )
| - 0 - 112 1 R
il 113 -~ 185 c
¢ 156 - 245 . E
246 - 255 F
- F1G. 15
The Decoder Table for the Rate~8/10 Code
If cods word | User Word Decimal
Belongs To 8/10 Code
Aor A 0 - 12
BorB. | 113-155
Col 113 - 185 FIG. 16
DorD 156 — 245
EorE 156 - 245
ForP 246 - 255
" ‘This Sheet Has Been R TOT‘.".-___P-_SG
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ATC ED SPEC RAL NULL CODES FOR PARTIAL
RESPONS CHANNELS

This is the -reptdeemﬁt sheet
Date: % lsl qb

This invention relates generally to encoding.

" and decoding of binary data over partial response
channels using maximum likelihood sequence detection
(PRML). More particularly, this invention relates to
a method for developing a non-quasicatastrophic ahd '
phase invariant matched spectral null trellis ‘code
‘having a preselected code rate, wherein the order of
the higher orde:"null in the transfer function of the
partial response channel is >1. o
Methods for -_encoding binary data
recordation on storage media such as a computer disk,
and for subsequent decoding of retrieved data are
generally known in the art; In this regard, Qata
coding and decod:.ng methods have been developed with
a view toward maximizing data storage dens:.ty and
media -storage capacity while permitting ra.pid data
storage and suh_sequent retrieval at a minimum error
Such methods have included matched spectral
designed

for

rate.
aull 'c"c,_;d'e"s -of the so-called trellis t?pe,
for use ‘in a ‘partial respcnse system having a
transfer funct:.on of the form (1=D)(2+D) 7,
identified typ:.cally _as the dJ.code,' PR4, EPR4 and
B2PR4 channels for n o, i, 2 3,
i:es'p.eétively.  Matched sﬁeci:z_:al null codes of this

and



v

F 100 164 132 Since there are nore than 256 edges W fRgk@ tﬁétreﬂnﬂ@ahsnt sheet_ '

| eaving each state of the subgraph (Herr]), there is an excess nunber of
candi date 10-bit code words to construct a rate 8/ 10 code. s regard,
the requisite nunber of @ 10-bit code words is 28Date: 2153 %gs_si bl e.
8-bit data word conbinations. -The code word selection pr ocess
proceeds by arbitrarily renoving, i.e., 4ot sel ectl ng t hose code words

IR o W nnr“g“ﬁd@slg%ﬁﬁéééﬁm“ S R
Non- ouaS| cat asgteracr’r 'r(emevgf ' ' | - . )
Matched spectral aull trellis codes including background theory related thereto are
described i in more detarl in Karabed and Slegel Matched Spectral-Null Codes For Partial
Response Channels, IEEE transactrons on Information Theory, Vol 37, No 3, p. 818
-~ (May 1991), which is i_ncorporated by reference herein. See also U.S. Patents
4,888,775; 4,888,779 and 5_,096,_484. o
Despite the discussion of such trellis codes in the pnnted literature, and the
' theoretical benefits which .wonld arise from their use, matched spectral null codes which
are both phase invariant and non-quasicatastrophic'and also match the higher order null
of a part.ial' response system_With n>2, have not been de\)eloped; In this regard, it is
know that the data recording density increases in direct proportion to the value of (n),
and hence it is desirable to utilize the higher order channels where n=2 and n=3. |
However, to date, these trellis codes have been limited to partial response syste_ms, for
- n=0, and for n=1, such that it has not been possible in actual pmcﬁce to take maximum
advantage of the higher order channels. |
The present invention is specifically directed to overcoming this problem, by
~ providing a matched spectral _nnll trellis code which can be'u'sed on higher order partial
response systems, i.e., n=2 and n=3. | |
According to a first aspect of the present invention, there is provided a method
for codmg an mput stnng of data for a partlal response channel having a transfer
: functlon of the form (l-D)(l +D)n to provrde an output havmg a preselected code rate,
said method compnsmg determmmg the frequency at whrch there is a hlgher order null
in the transfer functlon of partial response channel, wherein n2_1, and encoding an input
_ "string_of data into a -binar-y' c_ode -string n;ving n power spectrum value of zero for such
- frequency. - .. ..
According to a second aspect of the present ihventi'on, there is provided a method

of coding an input string of data for 2 partial response channel having a transfer



£

A code is phase invariant if and only if: (1) For eaeﬁlg ﬁ\e"\férfbcehfﬁ\t sheet
conpl ement is also a code word, and (2) - The decoder interprets or decodes

each code word and its conplenent to the same data word. A¢ %g
_non-quasi catastrophic if and only if; (1) No loop Date: tl?é‘l de
gr aph I s quasi catastrophic, and (2)- " loop in the cod
a quaS|catastroph|c loop in (G and (Gerr]). °

| funcuon of the form (1-D)(1+1)M to provide an output having a preselected code rate,

graph is

said method compnsmg subd1v1d1ng the input string of data into a success1on of data
words of selected umform length wherem the number of umque data words is a function
~of said selected data word length, translatmg said data words to code words of selected
uniform length greater than said selected data word length, by generating_an encoding
table from canonical state diag'rams (G) and (GP) for bi_nary sequences having spectral
nulls at Nyquist frequency, wherein the power (p) of the diagram (GP) is a function of
. cede 'wprd length,_. wherein for _each. _cede word selected the .'complemen't thereof is also
selected, wherein a sel_ected code Wor'c_l that forms a loop"'in_the diagrams (G) and (GP)
corresponds with a loop that is ndn'-quasicatastrophic in the diagram (G), and wnerein
each .selecte'd code word and its complernent decodes to the same unique data word.
" These methods may be advantag_ethly empleye'd for encoding binary.d-ata for
recordation on storage media such as.a computer disc, an_d for subsequent decoding of |
| retrieved data. - o |
~ According to a third'aspect of the present invention, there is provided a system
for encoding an input string of data for a partial response channel having a transfer
function of the form (1-D)(1+D)n to provide an eutput having a preselected code rate,
said system compri_sing:"'means for encoding an input string of data into a binary code
string having a poWer spectrum value of iero for each frequency at which there isa
- higher order null in the. transfer function of the partial response channel for n=1.
Acoordlng to a fourth aspect of the present invention, there is prov1ded a system
for encoding and decoding an input stnng of data for a part1a1 response channel having a
transfer function of the form (1-D)(1 +D)n to provide an output having a preselected
~ code rate_, said system comprising: finite storage means for storing an encoding table for
translating a succession of input data words of selected uniform length to a succession of
~output code words Qf. selected uniform length greater than said selected data word length,

wherein each unique data word translates to a unique code word; said
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15 Code Construction For A Rate 8/ 10 Code FIG 6 is TRsi§M® fepiacenmentsheshe
- subgraph (Herr]) of FIG 5- with edge 1labels rewitten to indicate
-fhe set of edges joining: ‘each pair 'of states.  For 'l‘rqbe, S1
~denotes the -set of 132 10-bit 'l abelled edges that DB&ji naizg end at state
- B. The nunber of 10-bit |abelled edges cgrrpri sing the sets referred .to by

S1, 82 .. S10 are given by the adjacency matrix Alerr] (Eq. 9). - _
encoding table being generated from canqriical state diagrams (G) and (GP) for binary

sequences having spectral nulls at Nyquist frequency, wherein the power (p) of the
diagfam (GP ) is a function of _e'ode_wom Iehgth, and further wﬁerein a selected code |
‘'word that forms a loop. ir.llthe' diaém’ms (G) and (GP) corresponds with a loop that is non-
quasicatastfophic in the diagram ,(G);' and decoder means for decoding each uhiqua code
word and the complemenf thei'eef to the unique data word essdciated .ther'ewi-th_.

These systems niay be adyaniﬁgeously employed for encoding binary data for
recordation on storage media such as a COmﬁuter disc, and for subsequent decoding of
retrieved data. - | | |

In accordance with é.nofher aspect of the invention, a method is previded for |
developing al matched speetra_l null trellis code which is nen-quasicatastrophic and phase N
invariant, and wherein the order of the higher order null in the transfer function of the
'p'artial.response channel is 21_. The generated trellis.code can be used to encode strings
of binary data in aceordénce' with a preselected and advantageous eode rate to achieve
higher storage density or signal;to-noise_ (SNR) gain. The encoded data can be decoded
in a simple manner and »'vithl a high degree' of aecuracy by use of a modified Viterbi' |
decoder. | | | | |

The '_encoding methbd may include selection ofé data word length for subdividing
a siream of binary data into a .suceession of data words of uniform length, and selecting a
code Word_ length to which eech datzi Word is to be translated For example, ina
preferred form of the invention, a stteam or stfing of bi'riary data is subdivided into data

| words having eighf bits_, and these data words are translated to code words having ten -
' bits. A high code rate, i.e. Rate (R) = 8/10, is preferred for optimum use of channel |
band width. B | _' |

An encoding table is developed for translatirig each data word to a. unique code .
word, using a ¢anonical state diagram (G) for binary Seq'uences having spectral nulls at
the Nyq_uiSt frequeney. '150 achieve desirable phase invariance and nbnfquasicataSt_:ophic_

characteristics, the encoding table is developed according to the following rules: .



The subgraph (derr]) as well .as the final codeTpisaigithe sefiacement shest
devel oped can be viewed as being conpiled in increnents- from the subgraph
of (G that progressively - increase -in .. CoJ 8%
Correspondingly, the adjacency matrix Alerr] (Eq.'-D@}e:ca‘%?Lﬁsqo be .
‘viewed as being increnmentally generated.sMre specifically, FIG 7
illustrates the subgraph (G in partial form as three 1-state

Suboranhe e, Edidath advofd Rldcled, indRhiibleént RSt is B eluRl! ©

subgraphs has 32 different s oops on each’state iIn err]). These
1-state subgraphs  Eeh ddaé webd SAdIS camilemh'Will 8&doke to the safe®atd word. Let

[err] denote the contribution to the adjacency matrix Alerr] by
‘3., Ifacode word selected from the canonical state diagrams (G) and (GP)
forms a loo_p in (G) and (GP), then it cofresponds with a loop that is not
. quasicatastmphic in G, wherein the power (p) of the diagram (GP) is a
function of code word length. | .
The resultant trellis code can then oe used to encode a string of data'words (e.g., |
eight bit _data words) to ihdividually unique code words (c. g., ten bit code wo'rdS) and
- can be used on the higher order partial_response channels for n=1, n =2 or n=3,if
desired. The code words can be re-converted to f_e—create the original ldata by useofa
finite memory Viterbi sequence detection device and method, with each specific code
word and its completﬁerit_ translating back to the same data word._ |
' Oth.ef feafures aod advantages of the present inven_ﬁon ‘will become more apparent
from the following detailed description, takén in conjunction with the accompanying -
drawings which illustrate the invention.
For a better undefstanding of the invention, an embod_iment will now be
- described by way of example, with reference to the accompanying drawings, in which:
| FIGURE 1 is a block diagram of a partial responae recording system adapted to
 utilize a trellis code developed in accordance with the invention; |
FIGURE 2 isan illustrative canonical state diagram for binary sequences having a
spectral nﬁn at zero frequency; ' |
FIGURE 3 is an illustrative canonical state diagram for binary sequences having a
‘spectral null at Nyquist _frequency; - | | |
FIGURE4isa scvenQState canonical state diagrarﬁ for binary sequences haVing a

spectral null at Nyquist frequency, for use in deVelopiog arate 8/10 code;



%

these 1l-state graphs: B D F (10) [err] = B 32 0 OTﬁ}s ,Qtﬁ@rgbﬁce;&m(br@gt
‘Since the labels on the Ioops for states B, D and . are sane,

these 32 loops are 5 quasicat astrophic in ({derr]) and ar {l: grefore
avoided in the final code. The next step in thPates rﬁ%ﬁl) nection
conpl exi ty between the states in the subgraph (G is

FIGURE 5 is a three-state subgraph (G) of
the second power of'the seven-state diagram of FIG.
4; ” | o N o |
. FIGURE 6 is a canonical state diagram (G°)

representing the £ifth power of ' the three-state
. 'subgraph (G) of FIG. 5; _ -

FIGURE 7 is a trio of subgraphs (Gp),
(Gp) and (Gyp) respectively representing' isolated

portions of the three-state subgraph (G); '

. PIGURE 8 :.s a. pa:.r of subparagraphs (GBD)
and (Gpp) represent:.ng additional portions of the
‘three-state subgraph (G); g | |

FIGURES 9-12 represent the code graph at
'progress:.ve stages of development; '

FIGURE 13 represents the final code graph;

FIGURE 14 ‘is a tabulation of 10-bit code
words for the rate 8/10 trellis code, represented by

deczmal equ:.va.lents.

FIGURE 15 is a table "representinq operation
- 'of a finite state machine encoder in accordance with

the code word tabulation of FIG. 14; and

FIGURE 16 is a decoder table to decode the

sequences of 10-bit code words.

__ 'The present embodiment. pertains to an
improved method of encoding and 'deeoding'b_inar‘y data,
and to the resultant matched spectral null code
developed therefrom. The embodiment ~ particularly |
~adapted for use in partial response systems na.v:.ng a
transfer function of  the form (1-D)(2+D)®,
‘identified typically ‘'as the PR4, EPR4 and 32PR4.
'channels for n = 1, 2 and 3, respect:.vely. The
'netnod of the embodiment prevides a matched spectral
null code of the trellis type which is phase -
invariant and non-quesicatas'trophie, ‘and which can be
used at the higher orders of the partial response
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16 vi ewed, wherein this subgraph constitutes independertis?s tHeatepiacpman shoet
g[err] ~and (derr] as viewed in FIG 8. Note that there is no direct -
Connection shown between states B and k. Note that -the subgr g&lq@[ err]

and ({Jerr] are identical. As a resul t, 'the adj acenegt emat 3 for each
subgraph will.also be identical. For exarrpl e, the adjacency matrix of

~Gerr] is: FRfa;  iR.,2l n=2 and n=3, thereby permitting
mcreased recording 'density . with a favorable
s:.gnal-to-no:.se (SNR) ga:.n. '

FIGURE 1 generally 111ustrates the encodlng
of a s_tr:.ng of binary data at a preselected code rate
for recordation of the data as a _euccession of code
words of the 'fixed length. In a typical _epplication,
the encoder 10 _tra.nsla.t'es each sueeessive ‘'string of

- data bits of 'preselected. length into a unique code
word cerisistiné- of a greater number of bits for
recoi'dation on the appropriat'e storage media, as
represented by the partial response channel 12. For
example_, in a preferred form, the incoming data is
subdivided into a Suceessien of data words of 8-bit
length, and ea.ch data word is translated by the
encoder 10 to a unique code word of 10-bit length,'
thus providing a code rate (R) = 8./10- It will be
- understeod, hoivever, that other'preselected and fixed
' code rates can be followed, e.g'., (R = 3/4, 6/8,
etc. Moreover, it will be understood that the method
may b,e" applied to any application requiring data
encoding in a partial response syeteﬁ and is not
limited to data eteraQe on magnetic storage media, or
the like. The encoded data, or code words, can be
re~-converted or decoded to the e:igix_aal data sequence
by a decoder 14 after detection by a modified finite
memory Viterbi 'seque'n'ce detection device 13. |
 Matched spectral null trellis codes and
related background theofy are described in the
litera.ture, e.g., Karehed and ;s.iegel, Matched
gectral-'Nu;;' Codes For Partial-Response dhannels,
IEEE Transact::l.ens on Information 'rueory, le. 37, No.
-3, p. 818 (May 1991), which is _incorporated by
reference herein;' See also U.S. patents 4,888,775;
' 4,888,779; and  5,095,484. . The  trellis codes
discussed in these referenees have not been adapted
to matech the luqher order null, referred to as the



D 12 (12) B Dlerr] =B 122 This ipthe mpigopment shost

adj acency matrix Nerr], IS noted that 122 self-| oops are generated
around Bin (Gerr}]) by G{err] Hoé/vever fromD BZ‘N:JSZ of
those self-1oops are forrred by B -al one. Thereto re b onnect i ng
state D to state B to . form {err], an additional self-loops

tnd- cer rHrase .Mﬁ&ﬁ?ﬁsma‘ hagf g 55 et %ﬁ%ﬁr 1y "Ef
generat ed theouhdghRr noxddrr rdrtial GResponmxorsysyens.  The -
present embodiment provides a method and résult_:ant
code which does match the higher order Nyquist null
and thus can be used w:.th the lugher order channels

where n=2 and n-3.

: sgﬁences Wwith Spectral Nulls At DC/Nygquist Preg_gencx

"For any random sequence of Dbinary data
{by} with a sampl:.nq frequency (fg), the average
power spectral power densa.ty S(f) is given by the

o ollow:.ng equa.t:.on.

(1) s'(f) = lim E
S N

‘'where E is the 'expected' value based on statistical
'average, N is the number of binary data bits in the
h:.na.ry st:_::.ng, by = 1, =1 .., and D is a frequency
term: .

(2) D = e ™ andT=1A,

From  egquation '(1), the following two
equations can be writtea for £=0 (dc frequency), and
for fy (Nyquz.st frequency) = £g/2:8

(3) sS(0) = lxm E_ Zb

| o | (1| N 2\
4 _ = ol  (=1)12
| (49 s(fy) thcoE kNluz_:obn( 1) J



these two sets  of 90 self-loops are thigisathecapscement sheatn
(derr]), and thus cannot both be included in the final code. One set
of these 90 self-loops can be incl u@ed The seél ected shovvn
with respect to state Din FIG 9, “and is ident idgtey &ﬁgf err]. The
adjacency matrix Nerr] also indicates that there are 122 self-loops

formed - around D . ' i -
formed ar "TabshEle | eRheT 8oL 2 JYENSELe P! or Nmfd (10,
N, the following. J.nequa.lz.ty is satisfied for._' some

: constant k:

sy, an <k
: In-,-"o

It then follows from (Eq 3) that for such
'a sequence S{(0) = 0. In other words, if the running
sum of a seqﬁence {bn} ie bounded, then that
sequence has a null at dc in its power spectrum.

Now, assume that for a sequence ({b,} for
all'N,' the fol.lowzx_xg inequality is satisfied for some

constant m:

. lN .
(6 }an( DY <m

n=90

| | It then follows from (Eq. 4) that for such a
sequence S(fy) = 0. In other words, if the
difference between the. ruhninq sum of the
even-indexed terms and the running sum of the
odd-indexed terms of (b,} is bounded, then {by)
has a null at Nyquist <frequency in its power
spectrum. | '

Graphic Reggesentaticn of SQecfrel-Null Sequences

Binary sequences with speetral null
construnts are normally eharaeter:.zed by so-called
canonical state d:.agrams or graphs, as represented by
“way of example in FIGS. 2 and 3. 1In developing the
canon;cal diagram for a sequence of symbols (bn},
w:.th a mapp:.ng rule us:.ng h:l.nary code symbols {1, 0}
for modulation symbols 1 and -1, the graph used to "
generate binary _sequenees with a spectral null at dc
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of those self-1oops are already defined by D alone, such that the

i nterconnecti on between B and D resulted in 90 addi Thisimthe wopidcomeand sheet
ar ound D. Notably, those 90 additional self-loops around D are the
conpl enents of the set referenced abo€ by S[err], anﬁbh&enc % ted in
FIG 9 by S[err]. Since GBD and Jerr] are - ident®€al hese 90

~ addi tional I Ioop are alsqg._geney at d round . F i er -
derr], ands(gﬁ 18hZBo ﬁﬁaé‘r’ba?& o{fhg i 3boﬁﬂ 5333 éG%, %%uded in
the fi naI cgd'aph Eis’bdQ todi gahezratel ebunalny obetjtfenw Spien] aaround.
state nd. st.at hus
represents z%b g?%a% %d'ﬁg‘phg 9&%’@&% na#ré%’gg & F)‘ is sho %n l_ﬁ

F1G. 3, for m=3 (Eg. 6). These canon:.cal diagrams

can be used as the basis to develop a code for

‘translating arbitrary binary sequences or data words

ints new binary sequences or code words that can

later be converted into a modulated sequence with a

spec.ltral'null at ‘N'yquist frequency.

Graph Cap ec;'-tz

If N represents the number of states in the -
canonical diagram, the capacity (C) of the graph is
given by the following: ' o

(7) ' -
_ C. l+1°32_°°s(N+1

For example, for the graphs of FIGS. 2 and
3, N=4. From Eg. 7 above, the graph capacity (C) is
_approximately 0.6942. The capacity of either graph
can be increased by increasing 'the ‘number of states
(N) while preserving the labelling scheme.

The graph capacity (C) is the upper limit to
the achievable code rate (R) of a code which can be
designed from that graph. In other words, to
construct a code to translate 8~bit data words to
-10-bit code wcrds, i.e., R-S/J.o, the starting graph
must be a canonical ‘state diagram having a Nyquist
null labelling scheme, with a number of states (N)
where the graph capacity (per Eq. '7) is at least
0.8. A é-sta't-e"ﬂyquist null graph has a graph
capacity (per Eq. 7) of approximately 0.8495. A
7-state Nyqu:.st null graph has a graph capacity of
about 0.8857. Although both the 6-state and 7-state



include S[err] and its conplenent set S[err]. FIG 1 illustrates -
nodi fication of the partial graph of FIG 9, by %Nﬁt'ht%"@ﬂ‘%mtls’ﬂeet
two states Dlerr], and Dierr]... By spilttlng state D, new | ogp
Dlerr]-Derr]-Derr] and Derr]-Derr]-Derr] resulpg wheﬁ&] Zﬂll?ese Ioops
are non- qua5|cat astrophic in FIG 10 and in (G. From the adj acency :

R ee tLgERbnsl T thkork ddvdObGEriplal] BbhetePY fﬁﬁé@éecpat hs from

state B to ) al so
generates witli theomoden designy] Fhewiitstate g%@ﬂé I°§beﬁ'%3as4th% pat hs

bet
beeer Sty n e Broeciild Shbodthiind 2"t Sascaider el of

. as follows, since it affords greater convenience and
flexibility in designing a code which. :.s both phase
jnvariant and non-quas:.catastroph:-.c. -

Graph Power And P_er‘ieg

_ 'x.'he"nth pdwer of the graph is a-c';raph
whose states are' the same as the drigin’al'g'raph, but |
in wh:.ch the label on an edge or path between any
pair of states is the sequence of n symbels read off .
the edges of the path joz.n:mg "those states in the
| .eriginal"graph. For example, the 7~ state graph of
FIG. 4 yields a 3-state subgraph (G) as dep:.cte_d in
FIG. 5, wherein the subgraph (G) represents the
second power of the 'origi'nal 7-state graph (FIG. 4).
A loop in the graph is a path that begins
~ and ends at the same state. A loop that does not
pass through any other state is referred to as a
self-loop.  The graph is irreducible if there is a
path of some length between every pair of states in |
the g'raph. An irreducible graph is said to be
. periodic with a period (p) if the length of every
loop ia the graph is a multiple'of (p), with p>1.
' The pth power of a per:.odz.c graph with period (p) can
be subdivided into (p) disconnected aperiodic graphs.
~ The period of the 7-state Nyquist null graph
of FIG. 4 equals 2, as can be verified by taking its
second power (FIG. S). The :sec'ond 'power splits into
two g'raphs, one ccnsxstuxg of states B, D and F (FIG.
5) and the other consisting of states A, C, E and G.
As previously _des;:ribed, FIG. S shows the 3-state
subgraph of the second power, including states B, D
and F. . o , o -



from state D to state B, wherein the set in this di recitms)lsaieerephc'emnts'heet'
conplenments to the set fromstate Bto D. .The set of loops fromB to D are

referred to as S[err], and the conpl ensy set fromDto B.is rgz} dto a
S[err]. The sane analysis applies to‘the 12 1 sets ofD?SDp L state
Dto state F, referred.to S[err] and the conpl enent set of |oops from

state F to QO,{ gggggaggaggga je The set of paths [err] and Slerr] are

the sanme, “an enote Slerr] as Serr].
| ‘In a canonical graph, a loop is referred to
as quasicatastrophic if its label is the same in
binary code as the label on any other loop. For
example, in FIG. 5, the sélf-loéps m1in around states
B, D and F are identical, whereby these loops are
quasicatastrophic.' S8imilarly, the sel.f.-l_oops' 17Q0n
for these states are also identical and are thus
qu;éicatastrophic. 'Moreov_er, _the ldbps B-D-B and
D-F-D are gquasicatastrophic since their labels are
the same, namely, "o1lo0®. = If any leop is’
quasicatastrophic, the graph is referred to as a
quasicatas_trophi’c" graph. cbnversely, if no 1loop is
quasicatastrophic, then the graph is referred to as
non-quaszcatastropluc. '

Adajcenc rix

'rhe adjacency matnx {(A) of a canonical
graph with (m) states is a (m) x (m) matr:.x in’ which
A (i, j) = 0 if there is no edge between the states
(1) and (§), and A (i, j) = r if there are (r) edges
between states (i) and (3). For example, for
subgraph (G) of FIG. 5, the adjacency matrix is
represented as followss: o

'BDF

(8)
_ B (210
A = D (121
F 012

If (A) is the a’dj-acency matrix for a é:aph,
then AP is the adjacency matrix for the at® power
of the graph. ' ' ' ' '



This is the replacenent sheet ‘18 Therefore, in FIG 10, if the |abelled
edges in S[err] extend from Bto Dierr], and tH&S isffesenfacement sbesiq
from Dierr] to B, then. the resyll tant [err] Ioops woul d bethe

sane as the [err] loops ~in (derr])~ that  wer gq.jg'mﬂ% |
Jerr]. Simlarly, if the edges in S[err] exten ack fromthe _
same state (Hdtynimistiecigdapho which the edges S[err] come from B, then
‘the'loop B-Dferr]-B or B-Derr]-B would be the same as the B-D-Bin
(Herr]) generated by err]. ' ~Both B-D-B and B-D-D-B | oops are
gua5|cat astrophic im (E@namital hgraptheiscodeteghinistic if, for

every state in the graph, the edges leaving that
st_a:e have distinct labels. The nt-l_‘ power of the
deterministic grap'h is also deterministic. For
example, the subgraph G (FIG. 5) is deterministic.

Matche_d SQ'ectrg Null c::d_e_' Theorem

" For a partial response channel, having a
transtar funct:.on of the form (:I.-D)(1+D)n where '
'n =0, 1, 2, 3, that is operatlnq in additive white
Gaussian no_i.se (AW.GN), use of a code having a null in
its power s_peétrum at the frequency at which the
channel has a higher order null will result in a gain
in signal-to-noise ratio (SNR) at the output of the
encoded channel.' This ga:.n is lower hounded by 10
log [(n+1)/n] aB zf n>0, and by 3438 if n=o, provzded
that the uncoded and encecded channels operate at thé :
same transmission rate. | o

The partial response channels are commonly
referred to as the dicode channel, the PR4 channel,
the EPR4 channel, and the E2PR4 channel,
respectively. ' '

A Rate 8/10 Nyguist Null Code

The code design _p_rocess for a rate (R)=8/10
code is started, as 'previ_.ously_' ‘described, from the
7-st_:at'e' Nyquist-null canonical diai;rain of FIG. 4,
since that graph has a capaciﬁy (C) greater than
0.8. The 7-state state graph of FIG. 4 is then
conve:ted to the second power diagram (G) of FIG. 5.
This second power, 3-st_a.te subgraph (G) forms the
foundation for the code '_clesigh procedure.



should avoid them Hence, in FIG 10, the edges iﬂmﬁ[ienhé replacerionbahast
fromB to Derr], and the edges in S[err] should extend from Derr] to
e sane reasoning, the edgest4 n S[err]Q Ehouléd} gpd fromto

B. By

F, and the edges in S[err] should extend from F t

graph-

2-state
follows:

th
refl

sub
(13

‘err ] . The

- code

ecting t hese edges, inclusive of the edges selected per FIG
9, is shown in FIG 1Jrhé'05hlmaﬁxd)opblwe:t hsubgmhpmbumpnxsl\/[raﬁ.s}edoftd he

gt%ph&:t%{ err rant(:jo G%erndt t. hegetgzaglgf&y mat ri. <. é&:a' is as

2 X 5 = 10). The adjacency matnx for the resultant
subqraph (Gs) J.S‘ '

(9) | S

| B D F,
s B (132164 100)
A" = p 164 232 164

P (100 164 132

8ince there are more than 256 edges _with.' 10
bit labels leaving each sta.t"e_ of the subgraph (%),
there is an excess number of candidate 10-bit code
words to construct a rate 8/10 code. Iix this rggafd,
the requ:.s:.te number of 10-bit _céde _words is
28 = 256 possible 8-bit data word combinationms.

The code word selection process proceeds by

arbitrarily removing, i.e., not selecting those code

~words that would Dbe incompatible with desired
' non-guasicatastrophic and phase  invariant

characteristics.

Phase Invariant and Non-guasicatastfogic Code

A code is phase invariant if and only if:
(1) For each code word, its complement is
 also a code wo:d,- and |

(2) The decoder interprets or decodes each-

-code word and its complenent to the
same ‘data word. ' '

‘A code is non-gquasicatastrophic ir. and only

(1) No '_1oop in  the code graph is
quasicatastrophic, and h o

(2) No loop in the code graph is a
quasicatastrophic loop in . (G) and
- (a5).
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Merr]= D 121 180 121 E 0 121 90 The next st ep Thismis theqepiecemenhsheet
terms of increased interconnection conplexity of the subgraph (G) I nvol ves
exam nation of the independent 3-state 1@ aph defined b tthe ? 2 h (9.
‘The contribution [err]. made by. this "3-state graph 18 j acency -
matrix [err] is given by: (14) [err]= A[er_r] -(Merr] + [err]) from
.\/\hlchthefollovmngls derived: ' ' S

: c::de Construction For A Rate 8[10 COde

FIG. 6 is a r_epro.duction of - the subgraph
(¢5) of FIG. 5, with edge labels rewritten to
indicate the set of edges joining each pair of
states. For exanmplae, S1. denotes the set of 132
- 10=-bit la.belled edges that begin and end at state B.
' The number of lo-bzt labelled edges comprising the
sets referred to Dby 81, S2... S10 are given by the
adjacency matnx as ('Eq. 9). BN

The subgraph (Gs) as 'well as the final
code graph to be devéloped can "be_viéwed as being
 compiled in increments from the subgraph of (G) that
. progressively  increase ' in complex:.ty.
Correspondingly, the adjacency matnx A% (Bg. 9)
can also be viewed as being incrementally generated.

- More "specifically,_ FIG. 7 illustrates the
subgraph (G) in partial form as three l-state
subgraphs Gy, Gp, and Ggp. Each of these three
1-state subgraphs has 32 different se_lf-loops on each
state in (65). These 1-state subgraphs do not
' generate any other paths in (63). Let ¥, denote
the contribution to the adjacency matrix A% by
) these l-state graphs:

- . D F
(100 My = B 320 0
- D |0 320

F |0 0 32

Since the labels on the loops for states B,

D and F are the sa.mé, these 32 loops are

quasicatastrophic in (G5) and are therefore avoided
in the final code. | -

| The next step in the ~ interconnection

complex:.ty between the states in the suhgraph (G) is
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19 B D FB 10.43 100 Merr]= D 43 20 43 F 100 43 1Q

loops in (Jerr]) that are produced by (G wll be This ‘S%I‘e replacen?ent sheat ,
non- quasi catastrophic in ({derr]). Hegce, these |oops can be_i égded in
the final code, up to a number providing 256 edges | eavpgfbs: eadh I r e |n
the code. graph. The twenty additional self-loops around sta

(derr]) foafmdadbywhé&mcemsbeum;/ﬁpu dbﬁtstmited mahmraex{t _and
Dierr], wth ten edrgae
: 2-state hs GBD and Gpp as viewed in FIG. 8.
Note that there is no direct connection shown between '
. states B and F.. ' '
' Note that the _suhgraphs GBD and Gpp are
identical. As a result, the adjacency ‘matrix N for
- each subgraph will also be identical. For example,

the adjacency matrix of GBD is:

_ ' BD
(11) .
Na- 221
D |12
(120 B D
5. B 122 121]

D [121 122]

From the adjacency ‘matrix N5 , it is noted
that 122 self-loops are generated around B in (G>)
by Ggp- However, fr‘om Eq. (10), 32 of those
self-loops are formed by B alone. Therefore, by
connecting state D to. - state B to form Ggp, 2an
additional 90 sel:-lo"opa (122-32) around B are
presant in (Gsi).' Moreover, since Ggp and .G'DF
are identical, those same 90 self-locops are also
' generated around D in (¢3) by Gﬁr_. Accordingly,
these two sets  of 90 self-loops are thus
quasicatstrophic :.n (63), and thus cannot  both be
included in the final code. _ One set of these 90
self-loops can be included. The s_eiected set is
shown with respect to state D in FIG. 9, and is .
~ identified by Spp. S |

. The adjacency matrix N° alsc indicates
that there are 122 S_elf—loops_ formed around D in-
(¢5) by Gpp. However, as noted in Eq. (10), 32



| eaving Dlerr] and the other ten edges leaving Derr]. These two
sets of ten edges are conplenents to each other, and Thisds tte meplacement shest

FIG 12 by S[err] and Serr]. The Sfj_ of 43 edges generated by (G that
r']

extend fromstate Bto state Din (He ) is referred_t Léi P2 by -
S[err]. Simlarly, the set of 43 edges generated by and end from

state D 10 Sbal &ndae | BarfA66bE) a ealf@?é#o Wfihedl rsgflo alBfe,

conpl enent set of ges gen rate m state to
state D inSugel ertﬁﬁt ke |ab§#:eenspet#]=n afetiwrer onpl erand s@t of 43

edges gener atggdub¥ed(Oidf O 9¥! ekd{iBnaY At Selk 1 DoGhE! © Bdund A 8L11)

Notably, those 90 ed_ditional self-loops around D are
the complements of the set referenced above by Spp,
and hence. are neted in FIG. 9 by Spp. Since Ggp
and Gpg = are - identical, these 90  additional
self~-loops are also generated around F in (¢3) by
Gpp, and are thus 'quasieatastro'phic if both sets’
are 1nc1uded in the final code. FIG. 9 indicates
selectzen of the set SDD around state D, but not
the cer_respondz.ng set around state F. FIG. 9 thus
represents a "pa.rtial graph of the final code, to
include SDD and :.ts complement set SDD' _

FIG. 10 11_1_ustrates modification of the
partiel graph of FIG. 9, by splitting state D into
two states Di, and Dy. By splitting state D, new
loope _ Dl'Dz'DJ. _ end Dy=-D;-Dy, result,_
wherein these loops are non-quas;catastroph:.c :.n FIG.
10 .and in (G).

From the adjacen'cy matrix N5 (Bq. 12), it
'is noted that GBD"g'enerafes 121 paths from state B
to state D in (6°). By symmetry, Gpp also
generates 121 loops in (Gs), with the same labels
as the paths between states B and D. Similarly,
Gyp generates another set of 121 labels for path's'_
_from _'state D to state B, wherein the set in this
direction are complements to the set from state B to
D. The set of loops from B to D are referred to as
Spps and the complement set from D to B is referred
to a Sgp. -The same analysis applies to the 121
sets of loops frcm state D to state F, referred to
Spps and the complement set of loops from state F
' to. D, referred to Spp. The set of paths Spj and
Spp are the same, and thus we denote Spp as

Spp.



“are labelled S[err]. In (derr]), the graph (Q al soTlgsI’EIth'ﬁ ﬁﬁ:laéu?mnt sheet
sel f-1oops on state B, denoted in FIG 12 by S[err], and 10 conpl enent
self-1oops around state F,. labelled ipgFl G 12. F| naI lﬁg&'gi@, (G)
generates 100 edges extending -from state B :
(derr]), identified in FIG 12 by Serr]. Another 100 edges are

generated 1o extend iReidte, fd 02al 0B iR (H&rIdBertlier gagesthis set
is a conplenent to Slerr and is thus'noted in FIG 12 [err].
' in 8gp extend trom B to Dy, and the edges Sap

extend from D, to B, then the resultant
B=D;-D,-B loops would be the same as the B-D- D-B'
‘loops in (%) | thz_st were _generated by - Ggp-
'simila._rly, if the edges in st extend back to B
from the same state (D; or D,) to which the edges
.s-lBD come from B, then the locp B-D,;-B or B-D,-B
would be the same as the B-D~B in (G°) generated by
Gpp- Both B-D-B and B-D-D-B loops are '
guasicatastrophic in (G) and thus the code graph
shotlxld-avoid then. Hence, in FIG. 10, the edges in
Sgp Should extend from B to D,, and the edges in
Sgp should extend from 'Dl to B. By the same
rease’ning, the edges in SBD should extend from Dy
te P, and the edges in SBD should extend from F to

D,. The code graph_ reflect;ng these ‘edges,
inclusive of the edges selected per FIG. 9, is shown
in FIG. 11. | |

To this pc:.nt, the contribut:.on Mz of the
z-state subgraphs Ggp and Gpp to the ‘adjacency
matrix AS is as follows: ' '

(13) B DOF
B (90 121 O
M, = D 121180 121

F LO 121 90

"rhe next sﬁep 'in sequence in terms of
:anreased :.ntercennect:.on eomplexz.ty of the suhqraph
- (8) :.nvelves examination of the :mdependent 3~-state
'greph defined by the subgraph (G). The contribution
M, ‘made by . this 3-state graph to the a.djacency

matnx aS is gzven by°
(14) My = 2% - (M, + M)

from which the following is derived:



20 The code graph is showmn in FIG 12, which constltut-,eﬁ §°’§ﬁ§\ﬁﬁ

FIGS. 10-11. In this graph (F1G 12) the edges S[err

extend fromstate B to Dlerr] , and the gdges S[err] are shovvn t,0 extend
from state Derr] to B. The synmbol "U" on the code ghué: @F 96.2)
denotes the union of sets. For exanple, the notatiqQn Slerr] [err] on

‘the edge connecting figte B and Derr] r& el Fo all of the edges -
of sets S[err] and S[errB [hgtg gxf@:idfromstateBto

"the union-

"Derr]. The conplexity of theMcode grth gqn,

Sppe-

®43 |
P (10043 10]

All of the loops in (G°) that are produced
by () will = Dbe ncn-quasiicatastro'pnic in _(Gs).
Hence, these loops can be included in the final _cdde,

up to a number provic_iing’ 256 edges leaving each state

in the code graph.

The twenty additional self-loops around

state D in (G5) formed by (G) can be evenly
distributed between D, and D,, with ten edges
leaving D; ‘and the other ten edges leaving D,.

These two sets of ten edges are ccmplements to each

other, and are denoted in FIG. 12 by Sppg and

The set of.'dz edges éenera_.ted by (G)' that

_extéhd_ from state B to state D in (G°) is referred

to in FIG. 12 Dby SBDGV' Similarly, the set of 43
edges q_enerated" by (G) and extend from state D to

state F in (_Gs) are designatead sDFG' The

complement set'of 43 edges generated'by (G) to extend

from state F to state D in (G°) are labelled

Sape- and the complement set of 43 edges generated

by (G) to extend from state D to state B in (G>)

are labelled -SDFG‘l _ _ .

In (63 '), the. graph (G) also generates 10
self-loops on state B, denoted in FIG. 12 by Spp.
and 190 complement self-loops around state F, labelled

_r:.nally, the' graph (G) q_enera_tes 100 edc’;eé -

extending from 'state B to state F in (G°),
identified in FIG. 12 by Sgp. Another 100 edges

~are generated to extend from state F to state B in

(Gs), wherein this. set. is a complement to 8gp,

and is thus noted in FIG. 12 as §BF‘

in



reduced by onitting self-loops on states D and F.

8/10 code, to arrive at the requisite 256 code mrgwgt?‘ﬂgdeﬁ%ﬁ'@?hgé‘gﬂ
can be el i m nated, for ~exanple, Poom Gl err] and t Re yconpl enent s
thereof in Serr]. This permts all of the edg®ates naﬁt’]tﬁe Ibet s
Sferr] and [err] to be utilized, a choice that aids i'n  reducing

t he detecti ](c)nlgegnry "ngquidda(}- t grappl ej(,jmntshut;?gcggﬁedri@. thes ﬁe@.&ﬁxd ‘gi ven
a stream o i.t .code words, it, is Si e to detect t t.h in the
code graph IPRSTAFRERSHafe &8:‘1‘@%"(‘@8 t R rs‘g&%ra 0=kt he £ébdgg‘g‘n‘saph pat h

for each coderaph d(Fag.ba2)flethefl iedged rogy; tdfe sadern vibs dextead f,

wi t hout
fron _state B to D,, and the edges sDFG are shown
to extend from state D, to B. The symbol wgn on
_the code graph (FIG. 12) denotes the union of sets.
For example, the notat:.cn SBD U Sgpg ©°n the edge
connecting state B and D, refers to all of the
edges in the union of sets S8ap and 'SB'DG that
‘extend from state B to D,. '
| The complex:.ty of the code graph can be
reduced by omitting self-loops on states D 'and F. In
addition, for a rate 8/10 cdde, to arrive at the
- requisite 256 code words, 8 additional edges can be
eliminated, for example, from ~ Sg, and the
‘complements thereof in Bgp- This permits all of
the edgés 1n the sets S8pp; and Sppg to be
utilized, -a cheice that aids in reducing the
deﬁection ‘memory required to impie_mént'the code.

In this regard; given ‘a stream" of 10-bit
code words, it is des:.:a.ble to detect the pa.th in the
code graph that would have generated the code word.'
If the code graph path_ for each code word can be
jdentified from the code word itself, without
‘reference to knowledge' of the preceding code word, |
then the detection memory of the code graph is said
to be zero. ' . :

_ - If a code word def.z.ned by a part:.cular
10-bit pattezn or sequenca is the label for an edge
in the set 8ppg, them the path in the code .graph'.is-
identified as Dbetween the states D, and F.
However, if the 10-bit pattern is the label for an
edge in the set Sgp, it is not possz.hle to specify
whether that pattern repreﬁents" a code g'-riph | path
between the states B ian.d D, or .between the states
D, and F, unless ‘the preceding code word is known.

. That is, if the preceding code word is the label for



R}

reference to know edge of the precedi ng code word, t héfhis festhéctepiacement sheel
menory of the code graph is said to be zero. .If a 'code word efined by
a particular 10-bit pattern or sequencezils t he | abel. flgr an g¢ Eﬂb t he set
[err], then the path in the code graph i'S identified AL pet n t he .
states Dlerr] and F. However, if the 10-bit pattern is the label for

Sgt ?g?ﬁ Irgpye}lgegﬁé err]g:ﬂgér ag tpgﬂf'bef %L{ﬁ°§ptaﬁ’5§’8 a%FDferr] or .
bet ween t he sitzntent Hode |wond Egppresenss an wdgedegweetdeswetdsi 8 known.

‘That is, If e Brecedljﬂgwg@g‘e_ "QEd ife t BricdPelol8" wora is from

' the sets 8gp, Spp ©OF S8ppgs the current code

word represents an. edge between the states D, and

F. Omission of the 8 edqes'from_sBD and SBD

avoids the need to kxnow the prior code word in the

streanm, to thus simplify detection memory.

The set of all 256 possible 8-bit data words

are assigned to :.nd:.v:.dual 10 -bit code words,

following the rule that any g:.ven 10-bit code word

and its complement must decode to the same 8-bit data

~ word. The resultant code is thus made phase
invariant. _ o -

_ | The final code graph is shown in FIG. 13,
wherein the states B, Dy, D,, and F have been °
re-labelled as 1, 2, 3 and 4, and wherein the sets of
- edge labells_l' repfesent:.ng 10-bit code wo'rds .sBD'

Sgpgs Spresr Sprs Spp 2amd  Sppg have been.
re-labelled as A, B, C, D, E and F. Similarly, the
_conplement sets have been re-labelled A, B, G, D, B,
and F. ' The code represented by FIG. 13 is block
'decodable. . -

'FIG. 14 is a table wherein the sets of
10-bit code words are listed by decimal equivaleat in
association with the six re-labelled sets A th,reug'h F
(FIG. 13). | | | |

FIG. 15 is an encoder table represent:.ng the
operation of a. standa:d 4-state block encoder 10 in

FIG. 1 to ass:.gn a unique 10-bit code word. to each

-unique 8-bit string of binary data. FIG. 16 is a
decoder table ‘representing the _operat:.on of a decoder
for decoding _the code words and their complements to
retrieve the orii;inal data in the form of | successive
8-bit strings. - o



.

21 an edge in the set [err] or [err] or [err], thaR ichRecoplacermentosheet
word represents an edge between states ‘B and D2. Hovvever I f the prior

¢ode word is fromthe sets -[err], [err] or Jerr rrent - code
word represents an edge between the st #t%es [err] an ate g#on of the

8 edges from [err] and avoids the need to know the prlor code word in

to thus sinplify detection nmenory. The set of all 256 possible
8-bit data words When a Viterbi detector is used to _

t he stream

demodulate the code words 'at the cutput of the
part:.al response system, the SNR gain achieved by use
of the matched spectral-null code can be used to
improve _ perfd:mancs. : However, in | practice, to

. realize this benefit, the detector must only use a

finite memory, wherez.n the trell:.s of such detector-

is referrsd to as a f:.n:.te-memory trell:.s. Another
practical constraint is _that the complexity of the

trellis should not be too great in terms of the total

number of states and edges.

. 'The present embodiment thus provides a
matched spectral null code for partial response
channels, snd a.'related methodlbf code construction,
wherezn the code is non-qua.s:.catast ophic and phase
invariant, and further where:.n the ccde is applicable
to higher order partlal response channels w:.th n=1,
2, 3. Althouqh a spec:.f:.c rate 8/10. code has been

described in detail, it will be understood that the
‘same methodoloqy can be used to develop other matched

spectral null cedes at - other ccde rates, such as 3/4,
6/8, etc. Accc:dmgly, it w:.ll be understood that
the invention is not limited to the embodiment shown
and described herein, except as set forth in the
appended claims. o



‘are assigned to individual '10-bit code words, fo'Illmmt_glet'ﬂeDhGQF\?“iﬁﬁ?et
any given 10-bit code word and its .conpl ement must decode to the sane 8-bit

data word. = The resultant code is thus nmmde m@’;’a’ i The
final code graph is shown in® FIG 13, wherein the tgs - [lerr],
[err], and F have been re-|abelled 1, 2, 3 and 4 and wherein the
sets of edge |abels representing 10-b code words [err], [err],
[err], [elLr [err] and [err] have been re-labelled as A, B, C
D, E and F.~ |m'IarIy, the conpl enent setss have been re-|abelled A B, C.
D, E, and F. The code represent ed by FIG 13 is block _

1. A method for codmg an mput string of data for a partial response channel havmg

a transfer function of the form ( 1-D)(1 +D)n to provide an output havmg a preselected
code rate, said method comprising: _
determmmg the frequency at which there i isa hlgher order null in the transfer
function of the partial response channel, wherem n21; and |
encodmg an input string of data into a binary code stnng havmg a power

spectrum value of zero for such frequency.

2. The method of claim 1 wherem said encodmg step compnses subdividing the
input string of data into a succession of data words of selected uniform length and
translating said data words respectively to code words of selected uniform length

* wherein each umque data word translates toa umque code word.

3.  The Imethod of claim 2 further including the step of 'decoding said code words to
recreate said input strmg of data, said decodmg step comprising translatmg each umque

code word and the complement thereof to sa1d unique data word associated therewith.

4, The method of claim 2 or_3 wherein said encoding step comprises 'generating an

. encoding table from canonical state,diagram (G) and (GP) for binary sequences having
spectral nulls at Nyquist frequency, wherein the power (p) of the diagram (GP) is a
function of code word length and further wherem a selected code word that forms a loop

.-in the diagrams (G) and (GP) corresponds with a loop that is non-quasrcatastrophlc in the

diagram (G).

| |II|II| "ll“ IIIII “III Il IIII g " This Sheet Has Been Re; laced




decodable. FIG 14 is a table wherein the sets T,ﬂg ,slgfeb,;erpmmmhdﬁ
are listed by decimal equivalent in association with the six re- Iabel | ed
sets Athrough F (PIG 13), PIG 15 is an encoder table. repre ng the
operation of a standard 4-state bl ock encoder 10 in Hb@e:1l r gn a

uni que 10-bit code word to each unique ‘glt string of binary data. FI G
16 is a decoder table representing the o ration of a decoder for decoding -

t he code rds etrieve 0 L nal ain the -
form of sngcess?\eée] n'&a'gid[ otcatggpdﬁigr&?%e pltegedmg claims WI'IQI%IH gaidgencodmg tt S
' compnses encodmg each unique data word to a correspondmg unique code word in '

accordance w1th a phase invariant and non-quasmatastrophlc encoding table

6. A method of codmg an 1nput stnng of data for a pa.rtial response channel havmg a
transfer function of the form ( l-D)( 1 +D)“ to prov1de an output havmg a preselected
code rate, said method comprising:

subdividing the input string of data into a succession of data words of selected
u'niforin length wherein the number of uniqtie data words is a function of said selected

- - data word length; | | |

transl’afihg said data words td code wdtdS of selected uniform length greater than
said selected data word length, by gen_eratihg an encoding t'able from canonical state
diagrams (G) and (GP ) for binary sequences having'sbectfal nulls at Nyquist ffequency,

| wherein the power (p) of the diagram (GP) iS a function of code word length, wherein

for each code word selected the complement thereof is also selected, Wherein‘ a selected
code word that forms é loop in the diagrams (G) and (GP') corresponds with a ldop that
is non-quasicatastrophic in the diagram (G); and wherein each selected code word and its

complement decodes to the sanie'uniq_ue data word.

7. The methdd_ of claim 6 wherein the canon’icai state diagram '(G) has a number of
states sufficient to yield a graph capacity (C) which exceeds the ratio of said selected
data word length to said selected code .v'vo:d length, wherein the graph capacity (C) is

~ given by the formula:

C=1+logycos( —)
o ' - N +1

LT Wﬁm’"ll i i filld



22 When a Viterbi “detector is used to der?d\!ﬁrl g repwgemggﬁsheet

words at the output of the partial response system the ain
nprove
e

~achi eved by use of the matched spectral -null code campdag: usEH

. performance. However, in practice, to realize this ben t he

- detector nust only use a finite nmenory, wherein the trellis of such
detector is referred to as afinite- mem)?r5y trellis. . Another practi cal

constraint is that t | exit t he
8. € me od of claim yfurther mcludmg the step of decoding each unique

code word and its complement to the same unique data word to recreate said 1nput string

of data

9. A system. for encoding an input strlng of data for a partial .respOnse channel
.havmg a transfer function of the form (1 D)(l +D)n to provide an output havmg a
preselected code rate said system compnsmg

means for encoding an input strmg of data into a bmary code string havmg a
power spectrum value of zero for each frequency at which there is a higher order null in

the transfer function of the partial response channel for n21.

10. The system of claim 9 wherein said encoding means includes means for
subdividing the input string of data intoa succeSSion of data words of selected uniform
length, and means for translating said data words respectively to code words of selected
unifo__rm length, wherein said'translating means translates each unique data word to e

unique code word.

11.  The system of claim 10 further lncluding decoding means for decoding each
unique code word and the complement thereof to said unique'data word associated

there_with.

12.  The system of claim 10 or 11 further including means for generating an encoding B
table from 'canonic_al state diagrams (G) and (GP) for binary sequences having spectral |
nulls at Nyquist frequency, wherein the power (p) of the diagram (GP) isa function of
code word length, and further wherein a selected code word that forms a, loop in the
diagrams (G) and (GP) corresponds with a loop that is non-quas1catastroph1c in the
dlagram (G). - S—
eet Has Been Replaced
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‘trellis should not be too great in terms of the tot afh;gugwréﬁhm;ﬂ%hagﬂ
edges The present enbodinent thus -provides a matched spectral null

Code for partial response channels, and a rel ated_method. pfy code
‘construction, wherein the code is non-quasicat astrop‘ﬂﬂ'f@ aﬁ&%i

i nvariant, and further wherein the code;ss appl i cabl e to hi gher order -
.partial res_ponse channels with n= 1 2 Al t hough a specific rat,e 8/ 10

'_ ﬁg?ﬁogglsogy can use%reﬂ(:&ﬁﬁ\g op 0 B@#Lkgﬂg% wr&lﬁt’ﬂfh

other c Odechﬁhélshavﬁ‘lg@ trﬁﬁsfé’i/ fhnctidrCof 188 ‘form (ﬁmﬂrﬂbﬂgtoypm{/iﬁe% |dutﬂ?f€ havmg

under st ood
a preselected code rate, said system compnsmg

finite storage means for storing an encodmg table for translating a succession of | '
input data vt/ords of 'select'ed'u_nif'orm length toa succession of output code_ words of
selected uniform length greatﬁ_ than said seiected data word length,l vtrhere'in each nniqne
data word translates to a unique code word;
said encodlng table being generated from canomcal state dlagrams (G) and (GP)
for binary sequences havmg spectral nulls at Nyquist frequency, wherem the power (p)
of the diagram (GP) is a function of code word length, and further wherein a selected
- code word that forms a lbop in the dia'grams'.(G) and (GP) corresponds with a loop that
s non-quasrcatastrophtc in the dlagram (G), and |
~ decoder means for decoding each unique code word and the complement thereof

‘to the umque data word associated therewith.

.14. A. method for coding an input string of data for a partial response channel having
- a transfer function of the form (1-D)(1+D)! to previde an output fcr storageona -
storage medium having a preselected code rate, said method comprising: |
deter-rnining the fréduency at which there is a higher order null in the transfer
function of partial response channel, wherein n21; and |
'enc'oding' an input string of data into a binary code string having a power

spectrum value of zero for such frequency.
15. A system for encoding an input stri_ng of data for a partial response channel

having a transfer function of the form (1-D)(1+D)" to provide an output for 'storage ona’

storage medium having a preselected code rate, said system comprising:

R — Thia St Hoe Bocn Repac
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t'he invention is not linmted to the enbodi nent Sho"‘“rtﬁé‘gs'th%e%ﬁgdcgﬁgnhsheet
[ -2 )

herein, except as set. forth in the dppended clains.

nmet hod for coding an input string of data for a partial respopse channel
having a transfer function of the form (1--D)(1+D)[erwdtet'02ﬂza e an out put
" having a preselected code rate, said net ?d conprising: detérhining the =
. frequency at which there is a higher ord null in the transfer function of

the partial response.channgl , wherein n[err]l:. and. encodi ng.an input string |
of data into a BIASH (PrEOURIYE AR HUh SERGT delsdia s binaty code'Seirg habily & :
power spectrum value of zero for each frequency at which there is a higher order null in -

the transfer functidn of the partial respd‘t,i_.se channel for n21.

* [ L M S *

T
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spectrum val ue of zero for such frequency. 2. “The TR o thedfeptdodimBnt sheet
- Wherein said encoding step conprises subdividing. the input string of data

into a succession of data words of selected uniformlength and jtranslating
said data words respectively to code words of sel ect ddatgai f&t 'H gt h,
d.

wherein each uni que data word transl at es,d 0 a uni que code wor The

~method of claim2 further including the Step of decoding said code words to

recreate said input string of data, ggfsehggeqdl ng step conprising ,
transl ati ng each uni que code word and the conpl enent thereof to said uni que _
data word associated therewith. 4. The nethod of claim2 or 3 wherein.
sai d encodi ng step conpri ses generatl ng an encodi ng table from canoni cal

state diagram (G and (G eMATCHED SPECTRAE NUDLODES ng spectral nulls

at Nyqui st frequency, wherein the power (p) of the diagram.(derr]) is a =
function of code word | enfiOR PARTIAL RESPONSE«CHANNELSct ed code word that -
forns a’ loop in the diagrams (Q and (derr]) corresponds wi-th a | oop that
i'S non- qua3| catastrophic in the

A method is prov1ded for encodmg and decoding bmary data, using a non-
quasmatastrophlc and phase invariant matched spectral null code for a partial response
- channel. The method is particularly suited for pértial responSe systems wherein the
order of the higher order null in the trarisfex_' function of the partial response channel is >
1, resulting in maximum signal-to-noise (SNR) gain of the channel output. Ina

preferred form, the method is used to develop a rate 8/10 Ny(iuis_t-null treilis code.

Figure 1



di agram (G . 24 5. The nmet hod of .any one of t_he-=pﬁecedi:an_ _
wherein said encodi ng step conprises encodi ng each uni que data word to a

~ correspondi ng unique .code word in accordance with a phase_invariant and

non- quasi cat ast rophi ¢ encodi.ng table. .6. A nethod B™Eodi ng an i nput
string .of data for a partial response cfBnel having a transfer functi on of-
the form (1-D)(1+D)n to provide an output having.a presgj ed cqde rate,
sai d nethod conprising: subdividing the i nput string o?ﬁggggﬁéjﬁ?‘g“?m‘m sheet

successi on of data words of selected uniformiength wherein th unber of -
uni que data words is a function of said selected Date: 9:-7-73qu | -
_ ]/0 , | - 1/2 o
" DATA ] PARTIAL
smNg ] ENCODER |- RESPONSE
] CHANNEL
— . 5 | "
/ — ot
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6.1+ DETECTOR | DECODER  |—="
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FIG. 3
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data word length; translating said data words to codgxuq S E ted
uni formlength greater than said sel ected data word Ie‘ng%ﬁ'?e géf%%ﬁ'gﬁ t

an encoding table from canonical ‘state diagrams (G and (Je %'_) for binary
-sequences having spectral nulls at Nyquist frequencyDateherdt BL the power (p)
of the diagram (Gerr]) is a function of&pde word | ength, wh
code word sel ected the conplenent thereof is also selected, wherein a -
selected code word tfjat forms a Igop in the diagrgg (G and (Jerr])
~ corresponds with a p that isjpmom quasicatastrepfhc in the diagram (G,
~and wherein each s ed cmde : ,-%nd im's conp gnt decodes to the sane
N\etarm-6=f
C): ciont

uni que data word. 7. ' %inth anoni cal state

diagram (G has a n nt?er cien eI d a?&ax capacity (C

whi ch exceeds the [afh ted 18at a e ength to said selected
capacity (O ‘_gi ven by the fornul a:

code word | ength,

o . . o . : o
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[err] C= 1+ [err] 25 8. The net hod of cl ai niBisds tfe feplacament sheet
.including the step of decoding each uni que code word and its conplenment to
the same unique data word to recreate said input .st-rbnf]eéof dat 9. A
system for encoding an input string of 31 a for a pa afey v O‘ng channel
having a transfer function of the form ng)(1+D)n to provide 'an- out put
havi ng a presel ected code rate, sai'd system conprising: neans for encoding

an input string of data i ntoaﬁjﬁary code string.having a

O +Hp O
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power spectrum value of zero for each frequency at
VWW&%H&E nné’?"\? 5,399{

order null in the transfer function of the partial response c

n[err] 1. 10. The system of claim9 wherein said encoding ans i ncl udes
means for subdividing the input string. of, data mto@l@tjcﬂ?% Qn of data
wor ds of sel ected uniformlength, and & for translating skid data words
respectively to code words of sel ected uniforml ength, wherein said
translating neans translates each uni que data word to a uni que code word.

11. The systemhefSersI@ﬂm-m doué Wﬁﬁl& fbrnfhle @b?e@ay RérédBRRP by or ' decodi ng
_each uni que code mord and to sai'd unique data word.
associ ated therew th. The systenlof cIa|n110 or 11 further including

nmeans for generati n%éan encodl nggt abl e from canoni cal state diagranms (G)

and (Jerr]) for AoFriddy 18etudiced HadbPnd2 Hebl.bhi6Tdd £6,a19, WY qui st

. frequency V\'hereﬂmthﬁ.') ,PI08E1Z 15, 1, 124 196, alQGaTBQ( @0%;r208) 2115 2¢7,42@nct i on of
223, 241, 244, 247, 253, 259, 265, 268, 271,289, 292, 295, 301, 304, 307

313, 316, 319, 385,388, 391, 397, 400, 403, 409, 412, 415, 433, 436,439,

445, 451, 457, 460, 463, 481, 484, 487, 493,496, 499, 505, 508, 769, 772,

775, 781, 784, 787,793, 796 799, 817, 820, 823, 829, 832, 835, 841,844 _
847, 865, 868, 871, 877, 880, 883, 889, 892, 895, 961, 964, 967, 973, 973 976,
979, 985, 988, 9911009 10121015}

B = {22, 70, 82, 88, 91, 94, 118, 214, 262, _274.280_, 283, 286, 310, 322,
328, 331, 334, 352, 355,358, 361, 364, 367, 370, 376, 379, 382, 406, 454,
466, 472, 475, 478, 502, 790, 838, 850, 856, 859,862, 886, 982};

C= {37, 133, 145, 148, 151, 157, 181, 229, 421, 57,528, 532, 535, 541,
565, 577, 580, 583, 589, 502,595, 601, 604, 607, 613, 625, 628, 631, 637,
708,721, 724, 721, 733, 757, 805, 901, 913, 916, 919,925, 949, 997}

{5 17 20, 23, 29, 53 85, 68, 71, 77, 80, 83, 89, 92, 95, 101,
-113 116, 119, 125,197, 209, 212, 215, 221, 245, 257, 260, 263, 269,272,
275, 281, 284, 287, 293, 305, 308, 311, 317,320, 323, 329, 332, 335, 353,
356, 259, 365, 368,371, 377, 380, 383, 389, 401, 404, 407, 413, 437,449,
452, 455, 461, 464, 467, 473, 476, 479, 485,497, 500, 503, 509, 773, 785,
788, 791, 797, 821,833, 836, 839, 845, 848, 851, 857, 860, 863, 869,881,
884, 887, 893, 965, 977, 980, 983, 989, 1013};

E =10, 33 36, 39, 45, 57, 129, 132, 135, 141,144, 147, 153, 156, 159,
177, 180, 183, 189, 201,225, 228, 231, 237, 249, 513, 516, 519, 525,
528,531, 537, 540, 543, 561, 564, 567, 573, 576, 579,585, 588, 591, 609,
612, 615, 621, 624, 627, 633,636, 639, 705, 708, 711, 717, 720, 723, 728,

732,735, 753, 756, 759, 765, 777, 801, 804, 807, 813,825, 897, 900, 903,
909, 912, 915, 921, 924, 927,945, 948, 951, 957, 969, 993, 996, 999, 1005,
1017}

F = {150, 534, 582. 594, 600, 603, 606, 630, 726, 918};

FIG. 14



code word length, and further wherein a selected codef;s/\@rmet,g
loop in the diagrams (G and ({Jerr]) corresponds with a Ioopaﬁﬁ '?'OHESR"M

non-quasi catastrophic in the diagram.(G. 11111111 1111 1111111111 *
C L M S * ° 2613. . A system for gncoding a ’1 n input .

string of data for a partlal response cﬁ;&el having a’ transfer function of
t he form(1-D) (1 +D)[err] to provide an output having a presel ected code -

rate, -sai d system conpriThé Bacodéri mltem@},ﬁéq@ethmfes.ayw C&deOri Ng an encodi ng '
Gt GG e-6-0-5-S =0

table for trang _
Cgtr:;::t _ User Word Decimal Next_ State BC;g:g\;lqgrg
| - 8/10 Code -_ - _ :
| _0-m , A
T [ 13-155 | B
156 - 255 | 3 D
S 0-m2 3 A
) 13- 155 - c
156 - 245 . _E |
246 - 255 | Fo
| 0-112 B A
3. | m3-15 i B
| 156-255 { b
0- 112 | - A
\ . U3-155 ' ¢
= 156 - 245 _. E
246 - 255 ’ F
FIG. 15

~ The Decoder Table for the Rate-8/10 Code

f code word | User Word Decind
| Belongs To - 8/10 Code

ek | 0=
| BorB-| m3-15 |
Col | "."113 155 |
T FIG. 16




i nput "data words Ofhis@ thet mplaceivient sheength th a @}Mput sgocfe
words of selected uniformlength greater than sglm,s HAgEALR tYYafed ..
| engt h, wherein e h uni ata word transl a G]ﬁ un| eé:ggj(g 27
sai d encodi ng tabl "Seﬁ?@ggﬁer ated from canomﬁq}mﬂﬁs) I'a'mgg o
(GP) for binary sequences having spectral nul hed """
wherei n the power ¢( G28rr]) |s a unctl A cod “word

| engt h, and further d code word that forms a l e
di agrans (GHABMS: (q‘mmﬁ"@lmgﬂ“aw with a BATELGF CEIPTQP%P"Jfg
non- quasi cat astrophicinrm t Iagr (G ; and decoder neans for decodi ng
each uni que code word and the conplenent thereof to the unique data word
associ ated therew t nmet hod for coding an put string of data for
a partial resp%%tWa&?ﬁ@d‘H&Wh@“ésmww o e tBADORHRCHRBRFh fating ( 1
*D)n to praoylde Hs{é‘%g ggo%u amnglga a pr&eﬁ‘ected

presel ect o

i ngtion e o, R RS @ 8

code rate, said method comprising:

determining the frequency at which there is a higher order null in the transfer

function of the partial response channel, wherein n21; and

encoding an input string of data into a binary code string having a power

spectrum value of zero for such frequency. .

2.

The method of claim 1 wherein said encoding step comprises subdividing the

input string of data into a succession of data words of selected uniform length and

translating said data words respectively to code words of selected uniform length,

" wherein each unique data word translates to a unique code word.

3. The method of claim 2 further including the

step of decoding said code words to

recreate said input string of data, said decoding step comprising translating each unique

code word and the complement thereof to said unique data word associated therewith.

4.

The method of claim 2 or 3 wherein said encoding step comprises generating an

encoding table from canonical state diagram (G) and (GP) for binary sequences having

spectral nulls at Nyquist frequency, wherein the power (p) of the diagram GPyisa

function of code word length, and further wherein a selected code word that forms a loop

in the diagrams (G) and (GP) corresponds with a loop that is non-quasicatastrophic in the

diagram (G).



determ ning the frequency at which there is a hi ghﬁ{is%ﬂfé’rs;bﬁde%é.tshset-
n[er ;- an

transfer function of partial response channel, wherein

encodi ng an input string of data into a binary code strin avi ng a power
spectrum val ue of zero for such frequency. 15. A)dyste?mZBEﬁgencodi ng an

I nput string of data for a partial response channel havin transfer
function of the form (1-D)(1 +D)[err] tQ@4provide an output for storage on a
storage nedi um having a Fresel ected code rate, said system conpri sing:

27 means Por erhednethodiat anypone ofi the precoding wlaims wherein isaidengodingistept r i ng
havi ng a power, spectrum val ue of zero for each frequency at which there is
a hi gher &PHBFsesANCOIAS eAeh vniguesdata word ¢ a garrespopdiag unique code word in

accordance with a phase invariant and non-quasicatastrophic encoding table.

6. A method of coding an input string of data for a partial response channel having a
transfer function of the form (1-D)(1+D)™ to provide an output having a preselected
code rate, said method comprising:

subdividing the input string of data into a succession of data words of selected
uniform length wherein the number of unique data words is a function of said selected
data word length;

translating said data words to code words of selected uniform length greater than
said selected data word length, by generating an encoding table from canonical state
diagrams (G) and (GP) for binary sequences having spectral nulls at Nyquist frequency,
wherein the power (p) of the diagram (GP) is a function of code word length, wherein
for each code word: selécted the complement thereof is also selected, wherein a selected
code word that forms a loop in the diagrams (G) and (GF) corresponds with a loop that
is non-quasicatastrophic in the diagram (G), and wherein each selected code word and its

complement decodes to the same unique data word.

7. The method of claim 6 wherein the canonical state diagram (G) has a number of
states sufficient to yield a graph capacity (C) which exceeds the ratio of said selected
data word length to said selected code word length, wherein the graph capacity (C) is

given by the formula:
T
C=1+logycos( )
N + 1

A



parti al response channel for n [err] 1. 16. A ety med in clai m
1, wherein said encoding includes encodi ng each uni que gtﬁfd'e%mmfﬁ t ghee

correspondi ng uni que code word in accordance with a phase |nvar| ant and
non- quasi cat astrophi c encodi ng tabl e. Date: '
25
8. The method of claim 6 or 7 further including the step of decoding each unique

code word and its complement to the same unique data word to recreate said input string

of data.

9. A system for encoding an input string of data for a partial response channel
having a transfer function of the form (1-D)(1+D)? to provide an output having a
preselected code rate, said system comprising:

means for encoding an input string of data into a binary code string having a '
power spectrum value of zero for each frequency at which there is a higher order null in

the transfer function of the partial response channel for n21.

10.  The system of claim 9 wherein said encoding means includes means for
subdividing the input string of data into a succession of data words of selected uniform
length, and means for translating said data words respectively to code words of selected
uniform length, wherein said translating means translates each unique data word to a

unique code word.

11.  The system of claim 10 further including decoding means for decoding each
unique code word and the complement thereof to said unique data word associated

therewith.

12.  The system of claim 10 or 11 further including means for generating an encoding
table from canonical state diagrams (G) and (GP) for binary sequences having spectral
nulls at Nyquist frequency, wherein the power (p) of the diagrain (GP) is a function of
code word length, and further wherein a selected code word that forms a loop in the

diagrams (G) and (GP) corresponds with a loop that is non-quasicatastrophic in the

diagram (G).

A
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13. A system for encoding and decoding an input string 6f data for a partial response
channel having a transfer function of the form (1-D)(1+D)" to provide an output having
a preselected code rate, said system comprising:

finite storage means for storing an encoding table for translating a succession of
input data words of selected uniform length to a succession of output code words of
selected uniform length greater than said selected data word length, wherein each unique
data word translates to a unique code word;

said encoding table being generated from canonical state diagrams (G) and (GP)
for binary sequences having spectral nulls at Nyquist frequency, wherein the power (p)
of the diagram (GP) is a function of code word length, and further wherein a selected
code word that forms a loop in the diagrams (G) and (GP) corresponds with a loop that
is non-quasicatastrophic in the diagram (G); and

decoder means for decoding each unique code word and the complement thereof

to the unique data word associated therewith.

14. A method for coding an input string of data for a partial response channel having
a transfer function of the form (1-D)(1+D)® to provide an output for storage on a
storage medium having a preselected code rate, said method comprising:

determining the frequency at which there is a higher order null in the transfer
function of partial response channel, wherein n>1; and

encoding an input string of data into a binary code string having a power

spectrum value of zero for such frequency.

15. A system for encoding an input string of data for a partial response channel
having a transfer function of the form (1-D)(1+D)! to provide an output for storage on a

" storage medium having a preselected code rate, said system comprising:
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means for encoding an input string of data into a binary code string having a power spectrum
value of zero for each frequency at which there is a higher order null in the transfer function of the

partial response channel forn> 1.

16. A method as claimed in claim 1, wherein said encoding includes encoding each unique data

word to a corresponding unique code word in accordance with a phase invariant and non-

quasicatastrophic encoding table.
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