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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 retlieval 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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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 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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function of the form (1-D)(1+1)" 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 (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)" 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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encoding table being generated from canomical 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 fucther 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 decdder means for decoding each unique code
word and the complement thereof to the unique data word associated therewith.

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 a preselected and advantageous code rate to achieve
higher storage density or signal-to-noise (SNR) gain. The encoded data can be decoded
in a simple manner and with a high degree of accuracy by use of a modxfied 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
characteristics, the encoding table is developed according to the following rules: ‘

-
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For cach code word selected, the compleﬁlent thereof is also salected.

2. Each code word and its eomplgment will decode to the same data word.

3.  Ifacode word selected from the canonical state diagrams (G) and (GP)
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 (GF) 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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FTIGURE 5 is a three-state subgraph (G) of
the second power of the seven-state diagram of FIG.
4: -

PIGURE 6 is a canonical state diagram (a3)
rep:asenti.ng the firth power of the three-state
subgraph (G) of FIG. 57 '

FIGURE 7 is a triec of subgrapks (Ggl,
(8y) and (Gp) zTespactively representing isolated
portions of the threse-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
ef a finite state machine encoder in accordance with
the code word tabulation of FIG. 14; and

TIGURE 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,
identified typically as the PR4, .EPR4. and E2PR4
channels for n = 1, 2 and 3, Trespectively. The
method of the embodiment Provides a matched spectral
ntll 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
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system, i.e., 2=2 and n=3, theredby permitting

increased recording density with a favorable

signal-to-noise (SNR) gain,
FIGURE 1 generally illustrates the encoding

"of a string of binary Adata at a preselected code rate

for recordation of the data as a succession of code
words of the fixed length. In a typical application,
the encoder 10 translates each successive string of
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 each data word 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 Siegel, Natched

IEED rmsactiens on Inf.enatian rhaozy, vol. 37, No.
3, pP. 813 (May 1991), whichk is incorporated Dy
refarence harein. Seae also U.8, patents 4,888,775;
4,888,779; and 5,095,484. The trellis aodaes
discussed in these refsrences have not been adapted
to match the highexr order null, referred to as the

R
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Nyquist null, and tihus have not Dbeen applicable to
the higher order partial response systems. The
present embodiment provides a method and resultant
code which does match the higher order Nyquist null
and thus can be used with the higher order channels
where n=2 and a=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:

SR

- - {1 i

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:

(3) S{0) = ]
| (.) N Zb )
n=0
: N 2
(1| )
(4) s(fy,) = lim B, — b (=1}
(fy) = lim \Nin;()'n( 0o
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Assume that for a sequence (b,}, for all
N, the following inequality is satisfied for some

constant k:

N
(5) b, sk
ngo

It then follows frem (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) ' lzbn(-l)“Sm

Ln =0

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,}
'ha_ls a aull at Nygquist fraequeney 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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(f=0) is shown in PIQ. 2, for k=31 (Bg. 5), and the

graph usad to generate binary sequences witk a

spectral null at Nyquist frequency (fy) is shown in
PIG@. 3, for m=3 (Bg. 6). These canonical diagrans
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 fraquexncy.

@raph Capaeity

-

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

7 - :
{7} o4 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 capaecity (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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graphs in theory have sufficient capacity to proceed
with the code dasign, the 7=state graph of FIG. 4 is
chesen in the praferred embodiment and is described
as follows, since it affords greater convenience and
flexibility in designing a code which is both phase
invariant and nom~-guasicatastrophic.

Pow -1

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.

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 ard F (FIG.
5) and the other cousisting of states 2, C, E and Ge
As previously descrihed. ¥IG. 5 shows the 3-state
subgraph of the second power, including states B, D
and r.
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In a canonical graph, a loop is referred to
as quasicatastrophic if its label is the same 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 identi¢al 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 Matrix

- 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:

gDF

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.
_
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Deterministic Graph

A eanonical graph is deterministic if, for
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 procedure.
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The second pover subgraph (G) is raised to
its fifth power to construct a rate 8/10 code (i.e.,
2 xS = 10). The adjacency matrix for the resultant
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 construct a rate 8/10 code. In this regard,
the requisite number of 10-bit eode 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
@),
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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:

D
32 0
0
0

F
(20) M, = 0
0

W

2
03

L=
L

_ 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
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viewved, wherein tdis sudbgraph constitutes indepcnde'nt
2-state graphs Gpp and Gpp as viewed in FIG. 8.
Note that thers is no dirsct connection shown between
states B and F. _

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:

(i BD

"N = B 121

_ . D |12
(12} ~-B D
Ns - B 1122 121
D {121 122

- 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-loops are formed by B alone. Therefore, by
connecting state D to. state B to form Gyy, an
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-lcops 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-loops formed around D in
(a3 by Ggp- REowever, as mnoted imn Eq. (10}, 32

-
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of those self-loops are already defined by D alene,
suchk that the interconnection between B and D
resulted in 90 additional self-leops areund D,
Notably, those $0 additional self-locps around D are
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 poth sats
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 (67). 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.
/
Has Been Reﬁaced
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Therefore, in FPIG. 10, if the labelled edges
in 8y, extend from B to D,, and the edges Sy,
extend from B, to B, then the 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 adges in 83, 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
Grp- Both 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

13
(a3 B (90 121 0
M, = p (121180 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:

/ '
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B D F
B [10 43 100]
F (10043 10]

(15)

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 leaviag 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 set 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 'Bnrc.

In (¢ ). 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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The code graph is shewn in FIG. 12, whieh
constitutes a composite of FIGS. 10-1l. In this
graph (FIG. 12), the edges Sppc are showa to extend
from state B3 to D,, and the edges Spp; 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 8pn 3nd Sgppa that
extend frem state B to D,. '

The aomplexity of the code graph car Dbe
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 cheice that aids in reducing the
detection memory required to implement the code.

In this regard, given a sgtream of 10-bit
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 particular
10=-dit pattern or sequence is the label for an edge
in the set Sypyz, 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
Dy and 7, unless the preceding code word is Xknowa.
‘pPhat is, if the preceding code word is the label for

- ——
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an edge in the set Bpp or By, or Fppg, then the
surrent code word represents an edge between states B
and D,. However, if the prier code 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,
vherein the states B, Dy, D,, and F have Dbeen
re=-labelled as 1, 2, 3 and 4, and wherein the sets of -
' edge labels representing 10-hit code words Spp,
Sapes Sppgs Sppr 8pp and Sppg bhave Dbeen
re~labelled as A, B, ¢, D, BE 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 eqguivalent 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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When a Viterki datector is used ¢to
demodulate the code words at the output of the
partial response systen, the SNR gain achieved by use
of the matched spectral-aull ecode ¢an 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
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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CLADMS: (R T

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 ct;mprising: -

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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5.  The method of any one of the preceding claims wherein said encoding step
comprises encoding each unique data word to a corresponding unique code word in
accordance with g 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 lmgth, 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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8. The method of claim 6 or 7 further including the step of decodihg 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)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
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). |
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13. 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)® to provide an output having
a preselected code rate, saxd system comprising:

finite storage means for storing an encoding table for translatmg 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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means for encoding an input string of data into 2 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.

* € L M s *
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