
-1- MATCHED SPECTRAL NULL CODES FOR PARTIAL RESPONSE CHANNELS 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 and phase invariant matched spectral
null trellis code having a preselected code rate, wherein the order of the
higher order null in the transfer function of the partial response channel
is [err]1. Methods  for   encoding   binary   data   for 



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,
data coding and decoding methods have been developed with a view toward
maximizing data storage density and 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)(1+D)[err], identified
typically  as  the  dicode, PR4, EPR4  and E[err]PR4   channels   for   n
=   0,  1,   2   and   3, 



respectively.   Matched  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 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, and the 



theoretical benefits which would 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 partial response system with n[err]2,
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)(1 +D)[err] 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 partial
response channel, wherein n[err]1; and encoding an input string of data
into a binary code string having a power spectrum value of zero for such
frequency. According 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    3 function of the form (1-D)(1 + 1)[err] 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 (G[err]) for binary sequences having spectral nulls at Nyquist
frequency, wherein the power (p) of the diagram (G[err]) 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 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 encoding an input string of data for a partial response channel having
a transfer function of the form (1-D)(1+D)[err] 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 nl. 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)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 of selected uniform length greater than said selected data word
length, wherein each unique data word translates to a unique code word;
said  



4 encoding table being generated from canonical state diagrams (G) and
(G[err]) for binary sequences having spectral nulls at Nyquist frequency,
wherein the power (p) of the diagram (G[err]) is a function of code word
length, and further wherein a selected code word that forms a loop in the
diagrams (G) and (G[err]) 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. 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. In accordance with
another aspect of the invention, a method is provided for 



developing a matched spectral null trellis code which is
non-quasicatastrophic and phase invariant, and wherein the order of the
higher order null in the transfer function of the partial response channel
is [err]1. 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 modified 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 a 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 nulls at the Nyquist frequency. To achieve
desirable phase invariance and non-quasicatastrophic characteristics, the
encoding table is developed according to the following rules:    5 1.
For each code word selected, the complement thereof is also selected. 2.
Each code word and its complement will decode to the same data word. 3.
If a code word selected from the canonical state diagrams (G) and (GP)
forms a loop in (G) and (G[err]), then it corresponds with a loop that is
not 



quasicatastrophic in G, wherein the power (p) of the diagram (G[err]) 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 the 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 a better understanding of the invention, an embodiment 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 response recording 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 a seven-state canonical state diagram for
binary sequences having a spectral null at Nyquist frequency, for use in
developing a rate 8/10 code;    6 FIGURE  5 is a three-state subgraph (G)
of 



the second power of the seven-state diagram of FIG. 4; FIGURE 6 is a
canonical state diagram (G[err]) representing  the  fifth  power  of  the
three-state subgraph (G) of FIG. 5; FIGURE  7  is  a  trio  of  subgraphs
(G[err]), (G[err])  and  (G[err])  respectively  representing  isolated
portions of the three-state subgraph (G); FIGURE 8 is a pair of
subparagraphs (GBD) and  (G[err])  representing  additional portions  of
the three-state subgraph (G); FIGURES 9-12 represent the code graph at
progressive 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 decimal
equivalents; FIGURE 15 is a table representing 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
decoding binary data, and  to  the  resultant  matched  spectral null code
developed therefrom.   The embodiment   particularly 



adapted for use in partial response systems having a transfer   function
of   the   form   (1-D) (1+D)[err], identified  typically  as  the  PR4,
EPR4  and  [err] channels for n =  1, 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-quasicatastrophic, and which can be
used at the higher orders of the partial response    system,  i.e.,  n=2
and  n=3,  thereby   permitting increased   recording   density   with   a
favorable 



signal-to-noise (SNR) gain. FIGURE 1 generally illustrates the encoding of
a string of binary data 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 a unique code word  consisting  of  a  greater
number of bits  for recordation on the appropriate storage media, as
represented by the partial response channel 12.  For example, in a
preferred form, the incoming data is subdivided into a succession of data
words of 8-bit length, and  each  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 understood, however, 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  be  applied  to  any
application  requiring  data encoding  in  a partial response  system  and
is not limited to data storage on magnetic storage media, or the like.  The
encoded data, or code words, can be re-converted or decoded to the original
data sequence by a decoder 14 after detection by a modified finite memory
Viterbi sequence detection device 13. Matched spectral null trellis codes
and 



related  background  theory  are  described  in  the literature,   e.g.,
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   5,095,484.
The   trellis   codes discussed in these references have not been adapted
to match the higher order null, referred to as the    8 



Nyquist null, and thus have not been 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 n=3. Sequences With
Spectral Nulls At DC/Nyguist Frequency For  any  random  sequence  of
binary  data {[err]}  with  a  sampling  frequency  ([err]), the  average
power spectral power density S(f) is given by the following equation: (1)
S (f) = lim E [err] where E is the expected value based on statistical 



average, N is the number of binary data bits in the binary string, [err] =
1, -1 ..., and D is a frequency term: (2)   D = [err] and T = [err] From
equation   (1),  the   following   two equations can be written for f=0 (dc
frequency), and for [err] (Nyquist frequency) = [err]: N    2 (3)  S(O) =
lim [err] (4)  S(f[err]) =  lim E [err]    



Assume that  for a sequence  {[err]},  for all N,  the  following
inequality  is  satisfied  for  some constant k: N (5)    [err] It then
follows from  (Eq. 3) that for such a sequence S(O)= 0.  In other words, if
the running sum  of  a  sequence  {b[err]}  is  bounded,  then  that
sequence has a null at dc in its power spectrum. Now, assume  that for a
sequence  {b[err]} for all N, the following inequality is satisfied for
some constant m: (6)       [err] 



It then follows from (Eq. 4) that for such a sequence  S(f[err])  = 0.  In
other  words,  if  the difference   between   the   running   sum   of
the even-indexed  terms  and  the  running  sum  of  the odd-indexed  terms
of  {bn} is bounded, then  {bn} has a null at Nyquist frequency in its
power spectrum. Graphic Representation of Spectral-Null Sequences Binary
sequences   with   spectral   null constraints are normally  characterized
by  so-called canonical state diagrams or graphs, as represented by way of
example in FIGS. 2 and 3.  In developing the canonical diagram  for a
sequence  of symbols  {b[err]}, 



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 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  with  a spectral null at Nyquist frequency
(f[err]) is shown in FIG. 3, for m=3 (Eq. 6).  These canonical diagrams can
be used  as the basis to develop  a code for translating arbitrary binary
sequences or data words 



into new binary sequences or code words that can later be converted into a
modulated sequence with a spectral null at Nyquist frequency. Graph
Capacity If N represents the number of states in the canonical diagram, the
capacity (C) of the graph is given by the following: (7)    C = 1 + [err]
For example, for the graphs of FIGS. 2 and 3, N=4.  From Eq. 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 words, i.e.,
R=8/10, 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  6-state  Nyquist  null graph
has  a graph capacity  (per  Eq. 7)  of approximately  0.8495.   A 7-state
Nyquist null graph has a graph capacity of about 0.8857.  Although both the
6-state and 7-state  



graphs in theory have sufficient capacity to proceed with the code design,
the 7-state graph of FIG. 4 is chosen in the preferred embodiment and is
described as follows, since it affords greater convenience and flexibility
in designing a code which is both phase invariant and
non-quasicatastrophic. Graph Power And Period The  nth  power  of  the
graph  is  a graph whose states are the same as the original graph, but in
which the label on an edge or path between any pair of states is the
sequence of n symbols read off 



the edges of the path joining those  states in the original graph.   For
example, 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 (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
graph.    An  irreducible  graph  is  said  to be periodic with a period
(p) if the length of every loop in the graph is a multiple of (p), with
p>1. 



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 two graphs, one consisting of
states B, D and F (FIG. 5) and the other consisting of states A, C, E and
G. As previously  described, FIG. 5 shows the 3-state subgraph of the
second power, including states B, D and F.    



12 Non-Ouasicastastrophic 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 self-loops "11"
around states B, D and  F are identical, whereby these loops are
quasicatastrophic.    Similarly,  the  self-loops  "00" for these states
are also identical and are thus quasicatastrophic.   Moreover, the loops
B-D-B  and D-F-D  are quasicatastrophic  since their labels  are the
same,  namely,  "0110".       If  any   loop  is quasicatastrophic,  the
graph  is  referred  to  as  a 



quasicatastrophic graph.   Conversely, if no loop is quasicatastrophic,
then the graph is referred to as non-quasicatastrophic. Adajcency Matrix
The  adjacency  matrix  (A)  of  a  canonical graph with (m) states is a
(m) x (m) matrix in which A (i, j) = 0 if there is no edge between the
states (i) and (j), and A (i, j) = r if there are (r) edges between  states
(i)  and  (j).    For  example,  for subgraph  (G)  of  FIG.  5, the
adjacency  matrix  is represented as follows: (8)                B D F B  2
1 0 



A =   D  1 2 1 F  0 1 2 If (A) is the adjacency matrix for a graph, then
A[err] is the adjacency matrix for the [err] power of the graph.    13
Deterministic Graph A  canonical graph  is deterministic if, for every
state  in  the  graph, the  edges leaving  that state have  distinct
labels.   The [err]  power of the 



deterministic  graph  is  also  deterministic.         For example, 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, 3, that is operating in additive
white Gaussian 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 will
result in a gain in signal-to-noise ratio (SNR) at the output of the
encoded channel.  This gain is lower bounded by 10 log [(n+1)/n] dB if n>0,
and by 3dB if n=O, 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[err]PR4   channel, respectively. A Rate 8/10 Nyquist Null Code The
code design process for a rate (R)=8/10 code is started, as previously
described, from  the 7-state  Nyquist-null canonical diagram  of  FIG.  4,
since  that  graph  has  a capacity  (C) greater than 0.8.   The  7-state
state graph  of FIG. 4 is then converted to the second power diagram (G) of
FIG. 5. This  second  power, 3-state  subgraph  (G) forms the 



foundation for the code design procedure.    14 The second power subgraph
(G) is raised to its fifth power to construct a rate 8/10 code (i.e., 2 x 5
= 10).  The adjacency matrix for the resultant subgraph (G[err]) is: (9) B
D  F B   132 164 100 [err]=   D   164 232 164 



F   100 164 132 Since there are more than 256 edges with 10 bit labels
leaving  each state of the subgraph (G[err]), there is an excess number of
candidate 10-bit code words to construct a rate 8/10 code.  In this regard,
the  requisite  number  of  10-bit  code  words  is 28  =  256  possible
8-bit data  word  combinations. The  code  word  selection   process
proceeds  by arbitrarily removing, i.e., not selecting those code words
that  would  be  incompatible  with  desired non-quasicatastrophic      and
phase      invariant characteristics. Phase Invariant And
Non-ouasicatastropic Code 



A code is phase invariant if and only if: (1)  For each code word, its
complement is also a code word, and (2)  The decoder interprets or decodes
each code word  and its  complement to  the same data word. A code is
non-quasicatastrophic if and only if; (1)  No  loop   in  the   code
graph   is quasicatastrophic, and (2)  No  loop  in  the  code  graph  is
a quasicatastrophic  loop  in  (G)  and (G[err]). 



15 Code Construction For A Rate 8/10 Code FIG. 6 is  a reproduction  of the
subgraph (G[err])  of  FIG.  5,  with  edge  labels  rewritten  to indicate
the  set  of  edges  joining  each  pair  of states.   For example, S1
denotes  the  set of  132 10-bit labelled edges that begin and end at state
B. The number of 10-bit labelled edges comprising the sets referred  to by
S1, S2... S10 are given by the adjacency matrix A[err] (Eq. 9). 



The  subgraph  (G[err])  as  well  as  the  final code graph to be
developed can be viewed as being compiled in increments from  the subgraph
of (G) that progressively        increase       in        complexity.
Correspondingly,  the  adjacency  matrix  A[err] (Eq.  9) can also be
viewed as being incrementally generated. More  specifically,  FIG.  7
illustrates  the subgraph  (G)  in  partial  form   as  three  1-state
subgraphs  G[err], G[err], and  G[err].   Each  of these three 1-state
subgraphs has 32 different self-loops on each state  in  (G[err]).    These
1-state  subgraphs  do  not generate any  other paths in  (G[err]).   Let
[err] denote the  contribution  to  the  adjacency  matrix  A[err]  by 



these 1-state graphs: B D F (10)  [err] =    B 32 0 0 D  0 32 0 F  O  0 32
Since the labels on the loops for states B, D  and   F   are  the  same,
these  32  loops  are 5 quasicatastrophic in  (G[err]) and are therefore
avoided in the final code. The   next   step   in  the   interconnection
complexity between the states in the subgraph (G) is  



16 viewed, wherein this subgraph constitutes independent 2-state  graphs
G[err]  and  G[err]  as viewed in  FIG. 8. Note that there is no direct
connection shown between states B and F. Note that the subgraphs  G[err]
and  G[err]  are identical.   As a result, the adjacency matrix N for each
subgraph will also be identical.   For example, the adjacency matrix of
G[err] is: BD N =    B  2l 



D  12 (12)                    B   D [err] = B  122 121 D  121 122 From the
adjacency matrix N[err], it is noted that 122 self-loops are generated
around B in (G[err]) by  G[err].    However,  from  Eq.  (10),  32  of
those self-loops  are  formed  by  B  alone.   Therefore, by connecting
state  D  to state  B  to  form  G[err], an additional  90  self-loops
(122-32)  around  B  are present  in  (G[err]).  Moreover,  since  G[err]
and  G[err] are  identical,  those  same  90  self-loops  are  also
generated  around  D in  (G[err]) by  GDF.   Accordingly, 



these   two   sets   of   90   self-loops   are   thus quasicatstrophic  in
(G[err]), and  thus  cannot both  be included in the final code.   One set
of these 90 self-loops  can  be  included.   The  selected  set is shown
with  respect to  state  D in  FIG. 9, and  is identified by S[err]. The
adjacency  matrix  N[err]  also  indicates that there  are  122  self-loops
formed  around  D in (G[err] by G[err].   However, as noted  in  Eq. (10),
32    17 



of those self-loops are already defined by D alone, such that the
interconnection between B and D resulted  in  90  additional  self-loops
around   D. Notably, those 90 additional self-loops around D are the
complements of the set referenced above by S[err], and hence are noted in
FIG. 9 by S[err].  Since GBD and   G[err]   are   identical,   these   90
additional self-loops  are  also generated  around  F in  (G[err]) by
G[err], and  are  thus  quasicatastrophic  if  both  sets are included  in
the final code.   FIG. 9 indicates selection  of the  set S[err]  around
state  D, but not the corresponding set around state F.   FIG. 9 thus
represents a partial graph of the final code, to 



include S[err] and its complement set S[err]. FIG.  10  illustrates
modification  of  the partial graph  of FIG. 9, by  splitting state D into
two states D[err], and D[err].   By splitting state D, new loops
D[err]-D[err]-D[err]  and  D[err]-D[err]-D[err] result, wherein these loops
are non-quasicatastrophic in FIG. 10 and in (G). From  the  adjacency
matrix  N[err]  (Eq. 12), it is noted that G[err] generates 121 paths from
state B to  state  D  in  (G[err]).    By  symmetry,  G[err]  also
generates  121  loops in  (G[err]), with  the  same labels as the  paths
between  states  B  and  D.   Similarly, G[err]  generates  another set of
121 labels for 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 S[err], and the complement set from D to B is referred to a
S[err].  The  same analysis applies  to the  12 1 sets of loops from state
D to state  F, referred to S[err], and the complement set of loops from
state F to D, referred to S[err].  The set of paths [err]  and S[err]  are
the  same,  and  thus  we  denote  S[err]  as S[err].    



This is the replacement sheet 18 Therefore, in FIG. 10, if the labelled
edges in  S[err]  extend  from  B to  D[err], and  the  edges S[err] extend
from   D[err] to   B,   then   the   resultant [err] loops would be the
same as the [err] loops   in   (G[err])   that   were  generated   by
G[err]. Similarly,  if the  edges  in  S[err]  extend  back to  B from the
same state (D[err] or D[err]) to which the edges S[err]  come from  B, then
the loop  B-D[err]-B  or B-D[err]-B would be the same as the B-D-B in
(G[err]) generated by G[err].         Both B-D-B and B-D-D-B loops are
guasicatastrophic  in  (G) and  thus  the  code  graph 



should avoid them.  Hence, in FIG. 10, the edges in S[err] should extend
from B to D[err], and the edges in S[err]  should  extend  from  D[err]  to
B.    By  the  same reasoning, the edges in S[err]  should extend from to
F, and the edges in S[err] should extend from  F to D[err].     The  code
graph   reflecting   these  edges, inclusive of the edges selected per FIG.
9, is shown in FIG. 11. To this point, the contribution  M[err] of the
2-state  subgraphs  G[err]  and G[err] to  the  adjacency matrix A5 is as
follows: (13)                    B  D  F B    90 121 0 



M[err]=   D  121 180 121 E  0   121 90 The  next  step  in  sequence  in
terms  of increased interconnection complexity of the subgraph (G) involves
examination of the independent 3-state graph defined by the subgraph (G).
The contribution [err]  made  by  this  3-state  graph  to  the  adjacency
matrix [err] is given by: (14)  [err]=   A[err] -(M[err] +  [err]) from
which the following is derived:    



19 B  D  F B   10 43 100 M[err]=  D   43 20 43 F  100 43 10 All of the
loops in (G[err]) that are produced by   (G)  will  be
non-quasicatastrophic  in  (G[err]). Hence, these loops can be included in
the final code, up to a number providing 256 edges leaving each state in
the code graph. The  twenty  additional  self-loops  around state  D  in
(G[err])  formed  by  (G)  can  be  evenly distributed  between  D   and
D[err],  with  ten  edges 



leaving  D[err]  and  the  other  ten  edges  leaving  D[err]. These two
sets of ten edges are complements to each other,  and  are  denoted  in
FIG. 12  by  S[err]  and S[err]. The set of 43 edges generated by  (G) that
extend from state B to state D in (G[err]) is referred to in FIG. 12 by
S[err].  Similarly, the set of 43 edges generated by  (G) and extend from
state D to state  F  in  (G[err])  are   designated  S[err].  The
complement set of 43 edges generated by (G) to extend from  state  F  to
state  D  in  (G[err])  are  labelled S[err], and the complement set of 43
edges generated by  (G) to extend from  state D to state B in (G[err]) 



are labelled S[err]. In  (G[err]), the  graph  (G) also generates  10
self-loops on state B, denoted in  FIG. 12 by S[err], and 10 complement
self-loops around state F,. labelled in FIG. 12. Finally, the graph  (G)
generates 100 edges extending   from   state   B  to  state  F  in
(G[err]), identified in  FIG. 12 by  S[err].   Another 100 edges are
generated to extend from state F to state B in (G[err]), wherein  this  set
is  a  complement  to  S[err], and is thus noted in FIG. 12 as S[err].   



20 The code graph is shown in  FIG. 12, which constitutes  a composite  of
FIGS.  10-11.   In  this graph (F1G. 12), the edges S[err] are shown to
extend from state B to D[err] , and the edges S[err] are shown to  extend
from  state D[err] to B.  The symbol "U" on the code graph  (FIG. 12)
denotes the union of sets. For example, the notation  S[err] U S[err]  on
the edge connecting  state  B  and  D[err] refers  to  all of the edges  in
the  union  of  sets  S[err]  and  S[err]  that extend from state B to
D[err]. The  complexity  of the code graph  can be 



reduced by omitting self-loops on states D and F. In addition, for a rate
8/10  code, to  arrive  at the requisite 256 code words, 8 additional edges
can be eliminated,   for   example,   from   S[err]   and   the complements
thereof  in S[err].    This  permits  all of the  edges  in  the  sets
S[err]  and  [err]  to  be utilized,  a  choice  that  aids  in  reducing
the detection memory required to implement the code. In this regard, given
a stream  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 be identified  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  defined  by
a particular 10-bit pattern or sequence is the label for an edge in the set
[err], then the path in the code graph is identified   as  between   the
states   D[err]  and   F. However, if the 10-bit pattern is the label for
an edge in the set [err], it is not possible to specify whether that
pattern represents a code graph path between the states B and D[err] or
between the states D[err] and F, unless the preceding code word is known.
That is, if the preceding code word is the label for 



21 an edge in the set [err] or [err]  or  [err],  then the current code
word represents an edge between states B and D2.   However, if the prior
code word is from the  sets  [err],  [err]  or  [err],  the  current  code
word represents an edge between the states [err] and F.   Omission  of the
8  edges  from  [err] and avoids the need to know the prior code word in
the stream, to thus simplify detection memory. The set 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
data word.    The  resultant  code  is  thus  made  phase invariant. The
final code graph is shown in  FIG. 13, wherein  the  states  B, [err],
[err],  and  F  have  been re-labelled as 1, 2, 3 and 4, and wherein the
sets of edge  labels  representing  10-bit  code  words  [err], [err],
[err],   [err],   [err]   and   [err]   have   been re-labelled as A, B, C,
D, E and F.  Similarly, the complement sets have been re-labelled A, B,  C,
D, E, 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 equivalent in association with the six re-labelled
sets A through F (PIG. 13). PIG. 15 is an encoder table representing the
operation of a standard 4-state block encoder 10 in FIG. 1 to assign a
unique 10-bit code word to each unique 8-bit string of binary data.   FIG.
16 is a decoder table representing the operation of a decoder for decoding
the code words and their complements to retrieve the original data in the
form of successive 8-bit strings. 



22 When   a   Viterbi   detector   is   used   to demodulate  the  code
words  at  the  output  of the partial response system, the SNR gain
achieved by use of the matched spectral-null code can be used to improve
performance.    However,  in  practice,  to realize this benefit, the
detector must only use a finite memory, wherein  the trellis of such
detector is referred to as a finite-memory trellis.   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, and a related method of code
construction, wherein the code is non-quasicatastrophic and phase
invariant, and further wherein the code is applicable to higher order
partial response channels with n=1, 2, 3.  Although a specific rate 8/10
code has been described in detail, it will be understood that the same
methodology can be used to develop other matched spectral null codes at
other code rates, such as 3/4, 6/8, etc.   Accordingly, it will be
understood  that 



the invention is not limited to the embodiment shown and  described
herein,  except as  set  forth  in the appended claims.    23 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)[err] 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[err]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 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 (G[err]) for binary sequences having spectral nulls
at Nyquist frequency, wherein the power (p) of the diagram (G[err]) is a
function of code word length, and further wherein a selected code word that
forms a loop in the diagrams (G) and (G[err]) corresponds with a loop that
is non-quasicatastrophic in the 



diagram (G).    24 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 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)n 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 (G[err]) for binary
sequences having spectral nulls at Nyquist frequency, wherein the power (p)
of the diagram (G[err]) 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 a loop in the diagrams (G) and (G[err])
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: 



[err] C =  1 + [err]    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)n 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
n[err] 1. 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 (G[err]) for binary sequences having spectral nulls at Nyquist
frequency, wherein the power (p) of the diagram (G[err]) is a function of 



code word length, and further wherein a selected code word that forms a
loop in the diagrams (G) and (G[err]) corresponds with a loop that is
non-quasicatastrophic in the diagram (G). 11111111 111111 111111111111111 *
C   L  M   S  *    26 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)[err] 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 (G[err]) is a function of code word
length, and further wherein a selected code word that forms a loop in the
diagrams (G) and (G[err]) 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)n 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[err]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)[err] to provide an output for storage on a
storage medium having a preselected code rate, said system comprising:
27 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 n [err] 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.    






