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METHOD AND APPARATUS FOR REDUCED-COMPLEXITY

VITERBI-TYPE SEQUENCE DETECTORS

TNYVENTT

This invention relates generally to detection, demodulation
and deccdihg of digital information in data storage and/or
communicatioﬁ systems, and to the efficient implementation of
such circuits.' More particularly,'ﬁhe invention relates to
sequence-based demodulation of partial-response sigﬁals and to
sequence-based decoding of convolutional codes using a Viterbi-

like algorithm.

In the storage or transmission of digital information, the
bits or symbols of the user data are acth#lly transmitted or
stored via a physical medium or mecﬁanism whose responses are

.essentially analog in nature. The analog write or transmit
signal going into the storage/transmission medium or channel is
typically modulated by channel bits that are an encoded version
‘of the original user-data bits. The analog read or receive
signal coming'from the medium is demodulated to detect or

extract estiméted channel bits, which are then decoded into
_—
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estimated user-—data bits. Ideally, the estimated_user—data bits

wo;ld be an identical copy of the original user-data bits. 1In
practice, they can be corrupted by distoétion, timing
variations, noise and flaws in the medium and in the
write/transmit and read/receive channels.

The process of demodulating the analog read signal into a
stream of estimated user-data bits can be implemented digitally.
Digital demodulation in advanced mass storage systems requires
that the analog read signal be sampled at a rate that is on the
order of the channel-bit rate. Maximum-likelihood (ML)
demodulation is a procéss of constructing a best estimate of the
channel bits that were writ;en baséd on digitized samples

captured from the analog read signal.

FIGURE 1 shows an-exemplary read signal 100, which is a
positive-going éulse generated by an inductive read head, for
éxample, from a single medium transition such as transition 103
from North-South to SouthQNorth magnetization of track 104 on a
rotating disk. Typically, the write signal modulates a
transition in the state of the medium to write a channel bit of
1 and modulates the absence of a medium transition to.write ao0
chanfiel bit. Thus, transition 103 corresponds to a single

channel bit of value 1 in a stream of 0's.

It is common to use run-length-limited (RLL) encoding of
the original user data bits, which are arbitrary or

unconstrained, into an RLL-encoded stream of channel bits. It

This Sheet Has Been Re

(AW Iill S

- m—



-3 .
may be desirable that there be no less than d zeroes between

ones} that is; that the medium transitions be spaced by at least
d+1 bit times. This constraint can help keep to a manageable
level the interference.effects among the pulses in the analog
reag signal. On the other hand, because medium transitions
provide timing information that must be extracted from tHe read
signal to ensure synchronization of the demodulator with the
pulses in the read signal, it may be desirable that there be no
more than k zeroes between-ones; that is, that there be a medium
transition at least every k'th bit time. An RLL(d, k) codé is a
code that can encode an arbitrary stream of original user-data
bits into a stream of channel bits such that thé encoded channel

bit stream satisfies these two constraints.

For example, the following table shows a commonly used

RLL(2,7) code:

000 000100

0010 00100100

0011 00001000

010 100100 - '
- 011 | 001000

10 0100

11 1000

Note that this RLL(2,7) code requires that the information

bit rate available for channel bits be twice the bit rate
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provided for user-data bits. Other RLL codes enforce the

constraint that d=1 (i.e. that no édjacent channel bits both be
1) . RLL{1l,k) encoding is also called one-constraint encoding,

or encoding with a minimum run length of 1.

In FIGURE 1, sample set 101 shows the values of foug
samples in the case of side sampling of read signal 100; i.e.
0.333, 1.0, 1.0, and 0.333. Sample set 101 is equivalent to the
set 1, 3, 3, 1; that is, only the ratios among samples afe
significant. A signai model gives rise to an expected sample
sequence for a single or isclated transition in medium state.
Typically, only a few samples of the response to an isolated
medium transition ére non-zero; in this case, four are non-zero.
In a side-sampled signal model such as 1, 3, 3, 1, timing
circuitry in the demodulator attempts to ﬁaintain a lock on the
incoming signal such that there are two adjacent samples on
6pposite sides of the peak of an isolated pulse. Other sample
timing arrangements may be useful; In center sampling, the
timing circuitry trys to lock the sample times to the read
signal puises such that one sample occurs at the peak of each
pulse. Sample set 102 shows the values of four samples in the
case of center sampling of a similar read signal 105; i.e. 0.5,
'1.0: 0.5, and 0.0 (or 1.0, 2.0, 1.0 and 0.0 depending on the
arbitrary normalization used). An expected sample sequence of
1, 2, 1 corresponds to the signal model known in the prior art

as Extended Partial-Response Class IV (EPR4).
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Such sample sequences are samples ‘of a continuous-time

analog read-sxgnal waveform such as may be produced in the
receiver of a communications system or in the readback circuitry
of a storage device. For a system that is bandwidth limited to
1/(2T), where T is the sample spacing in time, the sampling
thecrem declares that the continuous time wavefor@ must be a.
superposition of sinc functions (sinc(x) is defined as sin(x)/x
for x<>0, and as 1 for x=0), with one sinc function centered at
each sample point and of amplitude equal to that sample wvalue
and with zero crossings at all other samplé points. As an
example, in saturation magnetic recording, the current in an
inductive write head takes on values of +I and -I. The basic
excitation applied to thg recording channel is a step in cgrrent
. from +I to -I, or vice versa, in the analog write signal. This
step in write cﬁrrent produces a transition in the magnetization
state of the medium as it moves past £he head. When an
inductive read head is passed over this magnetic medium
transition, a voltage pulse is induced by the bandwidth limited
differentiating interaction of the head with the magnetization
of the medium. By suitable filtering or equalization, the
sequence of samples on an isolated transition response pulse can-
be made to be {..., O, 0, 1, 2, 1, 0, 0, ...}, in which case the
recdrding or transmission channel matches the EPR4 signal model.
Another-sample sequence well known in the prior art is the

Partial Response Class IV signal model (PR4), which corresponds
t0 an expected sample sequence of 0, 1, 1, 0. There are

numerous other known signal models. Further, as one is

r
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designing or taking measurements on a write/medium/read channel,

it may be desirable to take into. account the exact response,
noise and distortion characteristics of the channel in'selecting
the signal model to be implemented in the demodulator. Thus,
there is a need for a demodulator that is programmable as to the

signal model, or expected sequence of sample values for an

isolated medium transition.

In data storage it sometimes happens that a data record is
not read correctly on the first attempt. Such an event is
.usually detected by an error detection scheme, but it may not be
possible to correct the error(s). 1In that event the only hope
of recovéring the data is to attempt another read of the data
record. On second and subsequent reads (i.e. on retrys) it may
be desirable to change some parameters of the read circuitry in
the hopes that such changes will suppress or attenuate the error
mechanism. Thus there is need for read-channel electronics that
can be easily changed for retries. Additionally, in the case of
data storage on rotating disks, the constant angular velocity of
the disk results in a variable veloci;y of the recording medium
with respect to the read and write heads. Even if zones are
used, in which the channel biﬁ rate varies among zones as the
'heé&s move in and out on the disk, there is still a variation in
signal shape within each zone from its innermost track to its
outermost track. Thus there is a need for read-channel
electronics that can be easily changed to accommodate changes in

system characteristics.
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In situations such as mass information storage in magnetic

medium, significant storage-system speed and capécity gains caﬁ
be realized if the information bits can be closer together in
position/time on the medium. However, according to information
theory the sample rate must be at least as high as the channel
bit-raté to utilize all available channel capacity. More
precisely, the Nyquist sampling criteridn requires that the
sample frequency be at least twice the highest frequency
contained in the signal, or else information is lost due to
aliasing. This information loss could be prevented by
introducing redundancy through appropriate coding, but this
would reduce the channel capacity for user information. All the
partial response signal models de§cribed herein may contain
frequencies up to one-half of the channel bit rate, implying
that the sample rate must be no less than the channel bit rate
to avoid aliasing. Sampling at exactly the channel bit rate
satisfies the Nyquist criterion when the sample times are
appropriately synchronized with the signal. Sampling at the
channel bit rate is also convenient for synchronization of the
demodulator circuits because the demodulator then produces one

estimated channel bit per sample.

-~ T Therefore, at least one sample of the analog read signal is
typically required per channel bit that is to be §emodulated
£from the signal.’ Digital'decoders are typically complex
circuits and may reqﬁire a slower processing or clock rate than
can be supported by analog-to-digital converters and simple

. buffers. Thus, there is a need for demodulator circuitry that

-_— : )
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can process in real time read-signal samples that are taken at a

higher sampling rate than the processing rate of the demodulator

itself.

Further, as medium transitions are more closely positioned,
the-writing and reading processes become more sensitive to the
distortion, timing variations and noise that are inevitably
introduced in the processes of writing, storing, and reading.
Also, as the transitions become closer,_the ability of the
mediuh_to fully tranéition from, say, North-South magnetization
to South-North magnetization may be taxed. Also, as the medium

transitions become closer, interference effects increase among

adjacent or nearby transitions.

FIGURE 2 shows how positive-going pulse 200 from first
medium transition 201 combines with negative-going pulse 202
from second transition 203 to produce analog read signal 204,
which can be viewed as the interference of the two pulses.
Adjacent medium transitions always give rise to read pulses of
opposite polarities because they ;lways are created by
transitions of opposiﬁe types, for example NorthfSouth changes
to South-North in transition 201, so adjacent transition 202
ius; be South-North changing back to North~South. Read. signal
204 might give rise to a sequence of samples such as 0.333, 1.0,
0.667, -0.667, -i.O, -0.333. To the extent that the read

process is linear (and it may not be entirely 1linear), the

voltage waveform induced in the read head will be the

\
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superposition of a sequence of pulses, where each pulse is the

xésponse to an isolated magnetic transition on the medium.

Clearly, engineering a high~performance digital demodulator
is a complex challenge given the combined effects of the limited
saméling rate in aldigital demodulator, possibly incompleEg
transitions. in the medium, interference among read-signal
respoﬁses to medium transitions, and distortion, timing

variations, noise and flaws in the medium and in the write and

read channels.

The prior art uses a method known as partial-response
signaling to increase medium transition rates. Partial-response
signalingjis described in the book "Digital Transmission of
Information", by Richard E. Blahut, 1990, pp. 139-158 and 249-
255. This method allo&s the analog response of the
storage/transmission medium and of the write/transmit and
read/receive circuitry to a medium transition to overlap with
the response to adﬁacent transitions associated with subsequent
information bité. If properly implemented, this method can
achieve higher information bit rates/densities than the
alternative of requiring the medium transitions to be spaced
such~that the read signal responses do not overlap

significantly. A sequence demodulator is required for partial-

response signaling.

The prior art uses the Viterbi algorithm to implement

sequence detectors, including demodulators and decoders. The

_
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viterbi algorithm is described in ;he book "Fast Algorithms for

Digital Signal Processing”, by Richard E..Blahut; 1985, pp. 387-
399. A Viterbi demodulator does not attempt to decide whether
or not é medium transitién has occurred immediately upon receipt
of the sample(s) that correspond to that transition. Rather, as
'sa$§les are taken from the analog read signal, the Viterbi
demodulator keeps a ruﬁning tally of the error between the
adtual sample seqﬁence and the $ample sequence that would be
expected if the medium had been written with a particular
sequence of transitions. Such an error tally is simultaneously
kept fof several possible transition sequence;. As more samples
are taken, less likely choices for transition sequences are
pruned from consideration. If the set of possible sequences of
medium transitions is appropriately constrained, then the
location of each medium transition becomes known with a high
degree of likelihood within a reasonable time after taking the
samples corresponding to that transition. This effect is shown
in FIGURE 5, which illustrates the deferred decision making of a
particular Viterbi demodulator in the case of a particular
actual sampie sequence by showing how the contents of the path
memories evolve as additional read-signal samples are. taken. A
paﬁh memory of a sequence demodulator stores information
concerning a particular sequence of transitions that is
currently being considered as a candidate for the correct

transition sequence.

Two of the most significant decisions in designing a

modulator and corresponding demodulator are the choice of
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encoding constraints and the choice of signal models. The

encoding constraints chosen may effect the complexity of the
demodulator. The.filtering and sampling strategy used in the
read/receive/demodulate processes can be designed to generate a
Pulse response to an isolated medium transition that corresponds
with the signal model chosen. A sample sequence model is a
particular finite-state machine, where the states and
transitions of the finitefstate machine are determined by the
encoding constraints and the signal model chosen. A sequence of
expected read-signal samples can be viewed as being generated by
a sample sequence model. Viterbi demodulators keep track of one
error tally per state in the sample sequence model.

rd
FIGURE 3 shows the sample sequence model for a stream of

RLL(1,infinity) encoded channel bits as viewed by a demodulator
that uses the EPR4 signal model. Each sequence-model transition
is represented in FIGURE 3 by an arrow labeled both with the

expected values for the associated read-signal sample and with

‘the current RLL-encoded channel bit that generated the current

medium transition, or lack thereof, in the
write/transmit/modulate process. For example, sequence-model
zransition 301 is labeled with expected sample value 302 (+0.5)
and with estimated channel bit value 303 (1).. Transition 301
oécurs upon taking the saﬁple that shows the leading edge of the
positive-going read-signal pulse associated with an isolated
medium transition, as might be produced for example in the case
of a magnetic medium trénsition from North-South magnetization

to South-North magnetization. Each sequence-model state is

_—
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represented in FIGURE 3 by a circle which, as an aid to

understanding, is labeled with a sequence of 3 digits (0 for
North and 1 for South) corresponding with the current medium
state and the medium states associated with the previous two
samples (from right to left). Accordingly, séquence—model
transition 301 is the transmtlon from state 000 (or North,

North, North) to state 001 (or North, North, South). Note that
these state labels do not directly correspond to the sequence of
channel bits. Often the sequence-model states are referred to.
by the decimal equivélents of the state labels used in FIGURE 3
as interpreted as three bit binary numbers. All possible
sequences of EPR4 signals that can be read from medium written
with an RLL constraint of d=1 may be generated by traversing the

state diagram of this sample sequence model.

In general, the number of states in a sample sequence model
without RLL constraints is 2“N, where N is the number of saﬁples
between the first and last nonzero samples (inclusive) of the
system response to its basic excitation. The imposition of
coding constraints, such as RLL constraints or other codes
mapping from user-data bits to channel bits, may change the
number of states and transitions between states. For example,
in the case of FIGURE 3, because of the RLL constraint of dél
cﬁoséh,-the 010 and 101 states are impossible or prohibited
states. To take another case, an RLL constraint of k=7 that is
incorporated into the sample sequence model may increase the
number of sequence-model states. If each sequence-model
transition is assumed to occur with some specified probability,

- _
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then a sample sequence model is equivalent to a Markov model for

a source of expected samples.

The labels on the sequence-model transitions shown in
FIGURE 3 associate the presence (estimated channel bit value of
1) ;r absence (estimated channel bit value of 0) of a medium
transition with the sample where the corresponding read-signal
response first appears. There are other ways to associate the
estimated channel bits to be output with the sequence-model
transitions, e.g. the 1 values could appear on sequence-model

transitions that correspond to the peak of the read-signal

response.

To understand this sample sequence model, consider a simple
decoder for én ideal read signal without noise, distortion or
timingqvariations that is implemented according to the state
machine of FIGURE 3. This decoder makes 6ne state transition
per each sample of the read signal. Assume that this decoder is
currently in state 000 (corresponding to a medium sequence of
North-South, North-South, North-South, of‘NNN) and the

demodulator receives a sample value of +0.5. This sample

’

indicates the leading edge of a medium transition from North-

South magnetiiation to_South—Nofth magnetization. This results
in a next state of 061 (or NNS) and a demodulaﬁor output or
estimated channel bit of 1, which indicates the presence of this
medium transition. Because of the one-constraint encoding, the
only sample that can be expected to occur next is +1.0, which is

the sample that is aligned with the center of the read-signal
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pulse due to this medium transition. This sample results in a

next state of 0ll (or NSS) and a demodulator output of 0, which
indicatés that another medium-transition response does not start
with this sample. Because we have now satisfied the run-length
constraint, the next sample may or may not be affected by the
leaaing edge of a pulse due to a second medium transition. Thus
state 011 has two possible transitions leading from it. 1If a
second medium-transition pulse is starting with the next sample,
then the +0.5 trailing sample fhat must be present due to the
first transition would be offset by the -0.5 leading sample of
the second medium transition, and the expected sample would be
0.0. Therefore, receiving a sample value of 0.0 results in a
next state of 110 (SSN), and an eétimated channel bit of 1 té
indicate the.second medium transition. Alternatively, receiving
a sample value of +0.5 indicates that there is not yet another
medium transition and results in a next state of 111 (SSS) and a
demodulator putput of 0. If the state machine is in state 111,
then receiving a sample of 0.0 results in a next state of 111
and an outﬁut of 0, i.e. no new medium transition. The
remaining transitions and states are symmetrical with those in
zhe above description. Given an ideal seﬁ of samples, the
output of a demodulator that directly implements this state
machine would exactly reproduce the channel bits written to the

medium.

In operation, a Viterbi demodulator can be thought of as
walking the trellis formed by taking each state of a sample

sequence model over each sample time. FIGURE 4 shows the
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fundamental frame of the trellis of the EPR4 state machine shown

in FIGURE 3 between time T and time T+1l. Each possible
transition of the EPR4 state machine is represented as a branch
in the trellis frame. Let S(T) be the read-signal sample taken
at time T. Let the branch error metric of, for example, the
br;nch from state 001 to 011, be the Quantity (S(T) - 1.0).
squared, because +1.0 is the expected sample value for that
branch. Because there is only one sequence-ﬁodel transition
leading into state 011, the path error metric for staté 011 at
time T+l is always the path error metric for state 001 at time
T, plus this branch exror metric and the associated estimated
channel bit is always 0. To take a second example, state 001
could be reached at time T+l either from state 000 with a
channel bit 6f 1 and an expected sample of +0.5 or it could be
reached from state 100 with a channel bit 6f 1 ané an expected
sample of 0.0. So for state 001, both branch error metrics are
computed, i.e. the.quantity (S(T) - 0.5)~2 and S(T)”2. The
first branch error metric is added to the path error hetric for
state 000 at time T, and the second branch error metric is added
to the path error metric for state 100 at time T. The Viterbi
algorithm then compares the;e two metrics and the path with the
smallesﬁ distance from the actual sample sequence is selected as

indicating the most likely path along which state 001 might be

entered at time T+1.

For each sample time, the expected sample for each possible
state-machine transition, or trellis branch, is compared with

the read-signal sample to generate an error metric for that
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branch. This branch error metric is accumulated over multiple

sample times, thﬁs forming a path error metric. A Euclidean
distance metric may be used; i.e. a branch error is the square
of the difference between the actual read-signal value and'the
expécted value for that state transition at that sample time. A
Euciidean path error would be the square root of the sum~§f~the
branch errors aloﬁg that path, but since only comparisons among
path error metrics are significant, there is no need to compute
a sQuare root and the sum of the branch paths may be used as the
path error metric. Other error metrics may be used, for example
the absolute value of the difference between the actual sample
and the expected sample. For each state at each sample time,
the history of possible paths that may have led to that state is
reduced by assuming that the étate was entered by that path:
leading into it that has the lowest path metric. This
simplification is justified by the fact that no future samples
will shed any further lighf on which path may have led up to
that state at that time. As an example of this calculation,
state 000 in FIGURE 3 could be entered from either itself or
Zrom state 100. In the former case, the exbected sample would
be 0.0 and in the latter it would be -0.5. At each sample time,
the current samplé is compared with each of these expected
sample values. Let S be the current sample and P(X) the current
path error metric associated with state X. If (S + 0.5)°2 +
P(100) is less than (S - 0.0)72 + P(000), then the Viterbi
algorithm considers that state 000 would be entered from state
100 at this time and not from the loop from itself. A similar

computation is performed for each state at each sample time.
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At any sample time, the state that currently has the
minimum path error metric could be taken as the correct state
and the estimated channel bit could be taken directly from the
sequence-model transition corresponding to the chosen branch
info that state. But instead, the Viterbi demodulator, like
other sequence démodulators, defers this decision until a
sequence of subsequent samples has been taken. No attempt is
made to determine which state correctly models the channel bit
sequence written into the medium at the corresponding write
times. Rather, the pruning of unlikely past possibilities
occurs only within each state for each sample. Thus, path
histories of estimatgd channel bits must be kept for each state
in the sample sequence model. If the modﬁlator and demodulator
are designed appropriately for the characteristics of the medium
and the read and write channels, then after a reasonabie number
of samples beyond sample T, the path histories associated with
all of the sequence-model states are very'likely to ﬁake the

same estimate of the value of the channel bit corresponding to

sample T.

FIGURE 5 illustrates the deferred decisions that a Viterbi
demgdulator makes. This figure was generated by a softﬁare
;mplementation of a particular Viterbi demodulator opérating on
a particular actual sample sequénce. Signal 501 represents a
digitally sampled ideal read signal without noise, distortion or

timing variations. Trellis path 502 is the correct path, i.e.

it corresponds to the written channel bits and to ideal read

\
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siqnal-SOl. Signal 503 is a noise signal that is added to

signal 501 to produce actual sample sequence 504. Trellis 506
shows the paths contained in the path memory, after the 10th
sample has been taken, for eéch of the 8 states of the
particular sample sequence model used in this figure. Note that
after the 10th sample, each path estimates the same sequence-’
model state corresponding to the 1st through the 5th samples,
but that after the 5th sample, the conterits of the path memories
diverge in order to find the most likely path into the state
‘that they represent at the 10th sample time. Trellis drawings
507-510 show the paths contained in all path memo;ies as of the
11th through the 14th sample time respectively. In each of
trellis drawings 506-510, the path histories associated with all
of the sequence-model states make the same estimate of all
channel bits up to a reasonably recént tihe, i.e. between 3 to §

samples prior to the current sample.

In a mathematical sense, the maximum-likelihood decision
rule says to choose as the estimate of the written channel bit
seqguence that sequeﬁce, out of all possible channel bit
sequences, for which the conditional probability of receiving
the aétual sample sequence is highest. A Viterbi demodulator
sémpilng the analog read signal at the channél bit rate
satisfies this maximum-likelihood criterion if the analog read
signal contains white Gaussian noise added to the expected read-
signal pulse samples and the analog read signal is passed

through a filter with a frequency response matched to the

chapnel, —8M8 ===
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For each state in the sample sequence model, the path
histories 6f estimated channel bits are kept in a path memory.
The patﬁ memory in a sequence detector stores the information
necessary to define_each surviving path in the trellis. 1In a
priér-art Viterbi detectdr, there is one surviving path for each
state of the source model. The information in the path memory
may be encoded and managed in a variety of ways. One wéy is to
simply store.the sequence of decisions from each ACS module
regarding which of its‘input paths was chosen at each iteraﬁion;
In this case the path memory amounts to a set of shift
registers, and some means must be provided to trace the paths
back through the trellis to determine the estimated channel bit
sequence that is the primary output of the demodulator. The
length of the path memory is the number of frames back through
the trellis for which each surviving path can be reconstructed,
counting the current frame. 1In well-desigﬁed detectors, theie
is a high probability that the surviving paths will all emanate
from the same sequence-model state at some point in the trellis
within the length of the path memory, and thus share a common
path before that point. When this is so, any one of the
surviving paths may be traced back to determine the
demodulator's estimated channel bit output associated with the

oldest frame in the path memory.

In practice, a path memory of 6 to 30 bits may be
sufficient. That is, it may be large enough to ensure that

there is a high probability that the channel bits are identical
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in each state's path memory for the bits at the least-recent end

of ;ach path memory. Path memory requiremeﬁts depend on the
signal model and on the.coding constraints applied. For
example, a lower value for k in.the RLL(d,k) constraints on the
channel bits can in some cases lower the length of the path
meméry required because the occurrence of medium transit;gns\

tends to force or expedite the Viterbi algorithm to ‘make

significant decisions.

Path memories can be burdensome to implement. Thus there
is a need for techniques to reduce the number of path memories

required to implement a Viterbi-like algorithm.

In typical prior~art implementations of the Viterbi.
algoriﬁhm, the signed add, square, add, compare and séelect
computation described above is performed for each sequence-model
State. The results of the signed add and square computation may
be the branch error metric for more than one bran¢h. In this
case, the output of some of the modules that implemepﬁ the
computation of the branch error metrics may be used as inputs to
more than one add, compare, select (ACS) médule. For example,
FIGURE 6 is a block diagram of an implementation of these steps
for the EPR4, d=1 sample sequence model, which is shown in
FIGURE 3. Branch error metric generators 600-604 implement the
signed add and square computation for each of the possible
values of exéected samples, i..e. -1.0, -0.5, 0, +0.5, and
+1.0). ACS modules 605, 606, 608, and 609 implement the add,

compare, and select computation for states 000, 001, 111, and
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110 respectively. Each also stores the currert path error

metric for the best path, at any given time, into the state it
reptesents. They also communicate, via selection indicator
lines 611-614 respectively, to path memories 615 which of the
two possible input transitions they have selected as the most
likely path into the state they represent. A more detaiied
block diagram of the implementation éf two-input ACS modules
605, 606, 608, and 609 is shown in FIGURE 7. Modules 607 and
610 are ACS modules for the special case of states 011 and 100
which have only one séquence—model transition leading into them.
Modules 607 and 610 implement the add and store-path-error-
metric functions only. 1In this prior-art Viterbi demodulator
implementation, one ACS.module is required for each state in the

sample sequence model. ACS modules can be burdensome to

implement.

As more samp;es are taken per each medium transition
résponse and as larger amounts of interference are allowed among
pulses in the read signal, more states are required in the
sample sequence model. Thus there is a need for a technique
that reduces the number of ACS modules required to implement a
Viterbi-like algorithm.

-
~

Consider the following actual sample sequence: 0.0, 0.25,
0.75, 0.75, 0.25, 0.0 in the d=1 EPR4 partial-response model
described above.  The trellis diagram shown in FIGURE 8 shows.
two paths that could equally well, or equally poorly, have

generated such a sequence of samples (there are ofher such

[N
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paths: the two paths shown assume that state 000 was the initial

stéte). The channel bit sequences associated with these two
paths are 010000 and 001000. They differ by one bit time in
terms of where the medium transition'occurs. The expected
sample sequence associated with the first of these two paths is
O.d, 0.5, 1.0, 0.5, 0.0, 0.0, while the expected sample sequence
for the second path is 0.0, 0;0, 0.5, 1.0, 0.5, 0.0. The
squared Euclidean metric for each path may be gomputed for a.
given actual sample sequence by summing the squarés of tﬁe
differences between the actual sahple sequence and each expected
sample sequence. The fesult is that each path arrives in state
111 at time T+5 with-a squared path metric of 0.25. This
represents a case where the actual sample sequence lies on a
decision boundary, and some arbitrary choice must be made‘
between the two paths. More commonly, the sample values will
favor one path over the others, for example an actual sample
sequence of 0.0, 0.26, 0.75, 0.75, and 0.24 favors the channel-
bit sequence of 010000 with its squared path metric of 0.2402,
over the channel-bit sequence of 001000 with its squared path

metric of 0.2602.

If one of the paths in FIGURE 8 is the correct path, i.e.
the path representing the sequence-model transitions that
correspond to the sequence of written channel bits, then the
other path is ah error path. The selection by the demodulator
of the erfor path instead of the correct path would constitute
an actual error event, and would result in one or more erroneous

estimated channel bits being output from the demodulator. The
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example of FIGURE 8 is a closed potential error event beginning

at time T+l and ending at time T+5 because the erroneous path
and the correct path converge to the same state at time T+5. In
contrast, it would be an open potential error event if the

trellis ended at time T+4, before the paths had merged.

-~

More generally, any path through the trellis may be the

correct path and any pair of paths in the trellis constitutes a

potential error event as long as they begin in the same stéte.
A potential error event is any two paths in the trellis that
begin in the same state and diverge in their second state. Ihe
beginning of a potential error event is the point where any two
paths diverge. A codeword is the expected sample sequence

associated with a particular trellis path.

The diétance of a potential error event is the distance
between the codewords of the two paths of the potential error
event. Using the Euclidean metric, the square of this distance
is equal to the path error metric that would be built up in the
error path if the gctual sample sequence corresponded to the
ideal sequence for the'correct path. The minimum distance for a
given signal model is defined as the minimum distance of any
c%oseg'potential error event or the minimum distance of. any open
potential error event of duration greater than the path length,
whichever is'smallér. Since the error rate of the demodulator
decreases with increased minimum distance, one is motivated to
choose, if possible, a path length sufficient to contain all

open error events whose distance is less than the minimum
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distance of closed potential error events. These considerations

are analogous to Hamming distance properties of error correction

codes.

At relatively low bit error rates, the performance of a
Vitérbi demodulator is almost entirely determined by the minimum
distance and by the siénal-to—noise ratio. Actual error events
of distance larger than the minimum distance are quite
improbable compared with the minimum distance events and may
safely be ignored in the design of the demodulator without
seriously affecting the bit error rate. Thus there is a need
for a technique that reduces the implementation complexity of
the Viterbi algorithm without sacrificing its ability to handle

minimum distance error events.

A partial-response information channel is ideally
egquivalent to a finitg impulse response (FIR) digital filter.
FTor example, if the.input to a magnetic disk recording channel
is taken as a sequence of writé current levels taking values of

plus and minus I, then the unit pulse response of the digital

filter is the response to the write current sequence

-I -I-I-I+I-I-I-I-1

I

divided by 2I (the amplitude of the current pulse). The DC

offset in the above unit pulse is immaterial if the channel
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response is 0 at DC. This is the case with magnetic disk

recording channels using inductive read heads. 1In other cases,

‘¢

the DC offset can be easily corrected for by subtracting the
response to a DC current of -I from the response to the above
current pulse. For an EPR4 channel the response to the current

pulse above would be as follows:

001 2 1 000 ... {(response to first transition)
plus oo =) =2 = ... (response to second
transition) |
to give...0 01 1 -1 -100 ... (response to pulse)

Since an ideal partial-response system is equivalent to a
discrete-time filter, the analysis techniques used on discrete-
time filters can be applied to partial-response systems. Oﬁe
such analysis technique is the Z-transform, in which the inverse
of the transform variable z represents a time delay by one
sample interval. ‘A similar analysis technique commonly used in
magnetic disk storage is the D-transform wherein the transform
variable D represents the same delay as the inverse of z. The
Z-transform (ér D~-transform) of the unit pulse response of a
digital filter is the transfer function of that filter, and may
‘be used to reveal its characteristics in.the frequency domain.
Tor a finite impulse response filter, the D-transform is simply
the polynomial in D whose coefficients are the samhe as the unit
pulse response sequence. For the EPR4 unit pulse response
sequence of (1, 1, -1, -1), the D—transfprm'is the polynomial 1
+ D - D*2 - D~3. This polynomial is referred to as the EPR4

e

T
—
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partial-response polynomial. This polynomial factors to (1-

D) (1+D) 2, which reveals that the EPR4 channel has a spectral
null at DC and a second.order spectral null at the Nyquist

frequency of one half the sample rate.

The response of a partial-response channel to a unit~pulse
can be computed by taking the inverse D-transform of the
partial-response polynomial. This amounts to reading the
sequence of polynomial coefficients and taking them as the
sequence of sample values. It is also possible to determine the
response to an isolated transition, otherwise known as the step
response of the system, from the partial-response polynomial.
This is done by dividing the polyﬂomial by (1-D) and taking the
invérse D-trahsform. Dividing out the (1-D) factor from the
EPR4 polynomial leaves the polynomial (1 + 2D + D~2), which

corresponds to the EPR4 isoclated pulse of 1, 2, 1.

Convolutional Codes

In addition to their use for demodulating partial-response
signals, Viterbi detectors can also be used to decode
convolutional codes. Viterbi decoding of convolutional codes is
described in the book."Error-Correction Coding for Digital
Communications", by George C. Clark Jr., and J. Bibb Cain, 1981,
op. 228-235. The encoding process for a confolutional code may
be described as a convolution operation between the data symbol

stream and an encoding sequence, called a generator. This
-
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encoding process may also be viewed as a filtering operation

whére the generator is the finite impulse response of a discrete
time filter. The coénvolution or fiitering is frequently done
with finite field arithmetic (often binary). Redundancy may be
introduced into convolutional codes in order to allow error
deféction and/or correction capabilities by using multipie
generators. The'enéoding filters for the generators operate in
parallel and their outputs may be interleaved into a single
encoded data stream. By combining multiple gener?tors with
decimation or subsampling of the output sequences from each
encéding filter one can introduce redundancy in any desired
amount. For example, one could use three generators, tripling
thé number of information symbols, but discard every second
symbol from each generator so that the encoder produces 3
encoded symbols for every 2 data symbols and the code rate is

2/3. Such a rate 2/3 encoder is illustrated in FIGURE 9.

A partial-response data channel is based on the fact that
an isolated step or pulse at the input to the channel produces a
particular response of finite duration in the sampled output
sequence, and that the response to a sequence of input pulses is
the linear superposition of the responses to eéch individual
input pulse. This is equivalent to a rate 1 convolutional code
in which the generator is the impulse_resppnse of the data

_ channel.

Thus there is a need for a technique for reducing the

implementation complexity of Viterbi detectors for decoding of
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convolutional codes as well as those for demodulation of

partial-response signals.
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BRIEF SUMMARY OF THE INVENTION

A Viterbi detector, such as may be used to demodulate
partial-response signals or to decode convolutional codes, is
modified to reduce its implementation complexity. In the case

of demodulation, a partial-response signal may be viewed as a
sequence of expected samples generated from a finite-stat;—
machine model. In a typical Viterbi demodulator implemented
using the add, compare, sglect method, each state in the
expected sample sequence model is associated with a hardware
module to perform the functions of'adding new branCh error
metrics to path error metrics, comparing path error metrics, and
selecting the path having the lowest path error metric. 1In the
prior art, the required number of these add, compare, select
(ACS) modules is equal to the number of sequence-model states.
In this invention, an ACS module may have two or @oré sequence-
model states dynamically associated with it, such that at some
times one sequence-model state is associated with it and at

| other times another $equence-model_state is associated with it.
The present invention reduces the number of ACS modules required
and also reduces the size/complexity of the demodulator's path
memories which must store one path for each ACS module. Groups
of sgguence-model states may be chosen to share an ACS. module
w;thout significant'loss in performance as compared to the
original, unreduced Viterbi demodulator. Further, the present
invention supports a wide range of sample models by making the

expected sample sequence of an isolated medium transition

programmable, Further, the present invention reduces the speed

i
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at which the detector circuitry must operate relative to the

saﬁple rate by allowiﬁg multiple samples to be processed
simultaneously. Further, several reduced detectors for specific
sample sequence models are presented for particular
applications. The present invention is equally applicable to
other types of Viterbi detectors, such as the case of decoders

-~

for convolutional codes.

It is an object of the invention to provide sequernce
detectors, such as demodulators for partial-response signals and
decoders for convolutional codes, having reduced implementation
complexity. Implementation complexity may be taken to mean the
amount of processing required, whether that processing is

embodied in logic gates, analoeg circuits, or software.

Another object of the invention is to accomplish the
complexity reduction with minimal degradation of performance as
compared to a p;ior-art Viterbi detector, particularly with
respect to minimum d;stance errors and other errors of

relatively high likelihood or importance.

A still further object is to provide sequence detectors,
dempdulators, and decoders that are well suited for

implementation in digital integrated circuit form.

Yet another object is to provide sequence detectors,

demodulators, and decoders suitable for signals whose source

hmﬁ}hsB&mRTﬂmmd
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models contain more states than would otherwise be allowable

within given limits for detector complexity.

Another object of the invention is to reduce the path
memory required to implement a Viterbi-like algorithm.

Another object is to apply these simplifications regardless
of the convolutional code, the sample sequence model, the

channel bit encoding constraints, or the signal model used.

A still further object is to apply these simplifications to
Viterbi-like demodulators for nonlinear channels, as well as to

Viterbi demodulators for linear channels.

Another object is to implement a Viterbi-like detector,
demodulator, or decoder with a programmable expected sample
segquence for an isdlated.medium transition. A related object is
<o support multiple, alternative expected sample sequences for
rétrys or for situations in which the medium characteristics
change, ‘e.g. within or among zones of a disk storage device in
which a constant angular velocity of the disk results in
variable velocity of the medium with res@ect to the read or
yritg heads. Another related object is to develop progfammable
sample sequence models that support multiple signal models that
would regquire distinct sample sequence models and distinct
kardware architectures when implemented with non-programmable

sample sequences.
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Another object is to apply these simplifications regardless

of the RLL or other user-data-bit to channel-bit encoding used.

Yet another object is to implement a Viterbi-like detector,

demodulator, or decoder that can process two or more actual

.
~

sample values per detector cycle time.

Another object is to implement sequence detectors for
several specific sample éequence models and with several
specific selected subsets of potential error events by applying

the general techniques of this invention.

//;.
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BRIEF DESCRIPTION OF THE DRAWINGS
FIGURE 1 shows a state transition on a medium such as a
track of a disk drive and its associated pﬁlse in an analog read

signal. It also shows two digitized sample models of such read-

sighal pulses.

FIGURE 2 shows two adjacent medium transitions and their

individual and combined read-signal pulses.

FIGURE 3 is the state machine model of the expected
sequence of samples for the case of an EPR4 signal model and a

d=1 run-length constraint.

FIGURE 4 shows the fundamental frame of the EPR4, d=1

trellis.

FIGURE 5 illustrates the deferred decision making of a
particular Viterbi demodulator in the case of a particular
actual sample sequence by showing how the contents of the path

rmemories evolve as additional read-signal samples are taken.

.FIGURE 6 is a block diagram of a prior-art implementation
of a Viterbi demodulator for the EPR4, d=1 sample sequence

model.

FIGURE 7 is a more detailed block diagram of the

implementation of an add, compare, select (ACS) module for a

—
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sequence-model state having two transitions that may enter the

state.
FIGURE 8 shows an error event on the EPR4, d=1 trellis.

FIGURE 9 shows a block diagram of a rate 2/3 encoder for a
convolutional code suitable for decoding using the Viterbi

algorithm,

FIGURE 10 is a sharing diagram where a line between states
indicates that that pair of states from the EPR4, ,d=1 sample
sequence model of FIGURE 3 can share an ACS module in the
demodulator based on the criterion that all error events of
distance less than or equal to 2 must be handled properly, i.e.
in the same fashion as would a Viterbi demodulator with one ACS

module for each of the 6 states of the sample sequence model.

FIGURE 11 is. a version of the sample sequence model from
TIGURE 3, showing how a reduced-complexity detector for that
signal may be constructed with only two ACS modules that each

represent one of three states at any given time.

. FIGURE 12 is a block diagram of a simplified implementation

cf the demodulator shown in FIGURE 6 using only two ACS modules

selected according to the sharing diagram of FIGURE 10.

FIGURE 13 is a sample sequence model for a partial-response

class IV (PR4) signal without RLL constraints. The
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corresponding partial-response polynomial is (1 - D) (1 + D),

and the expected sample sequence for an isolated transition is

1, 1.

FIGURE 14 is a sharing diagram for the sample sequence
model of FIGURE 13 under the condition that all error events of
distance less than or equal to the square root of 2 are resolved

properly, with a path length.of P = 10,

FIGURE 15 is a sharing diagram for the sample sequence
model of FIGURE 3 under the conditions that all error events of
distance less than or equal to 2 and éll error events that
correspond to drop-outs or drop-ins are resolved properly with a

path length of P = 6.

FIGURE 16 is the sample sequence model for an extended
partial-response class IV (EPR4) signal without RLL constraints.
The corresponding part;al—response polynomiai is (1 - D) (1 +
D)2, and the expected samﬁle sequence for an isolated

transition is 1, 2, 1.

FIGURE 17 is a sharing diagram for the sample sequence
model of FIGURE 16 under the condition that all error events of
distance less than or equal to 2 are resolved properly, with a

path length of P = 10.
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FIGURE 18 is a sample sequence model for a partlal response

class IV (PR4) signal with an RLL constraint of d = 1., The

- expected sample sequence for an isolated transition is 1,1.

FIGURE 19 is a sharing diagram for the sample sequence
modél of FIGURE 18 under the condition that all erroxr events of
distance less than or équal to the square root of 2 are resolved
properly, with a path length of P = 10. This same sharing
diagram applies when the added condition of proper resolution of

drop-in and drop-out error events is applied.

FIGURE 20 is a sample sequence model state diagram for an
RLL constraint of d = 1 and a signal model given by the
polynomial (1 - D) (1 + D)"3. The corresponding expected sample

sequence for an isolated transition is 1, 3, 3, 1.

FIGURE 21 is a sharing diagram for the sample seguence
model of FIGURE 20 under the condition that all error events of
distance less than or equal to the sgquare root of 10 are

resolved properly, with a path length of P = 11.

FIGURE 22 is a block diagram of an implementation of a
Vite¥bi demodulator for the sample sequence model of FIGURE 20
 simplified to use only three ACS modules as taken from the

sharing diagram of FIGURE 21. g

FIGURE 23 is a block diagram of an implementation of a

Viterbi demodulator for the sample sequence model of FIGURE 20

o
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simplified to use five ACS modules as taken from the sharing

diagram of FIGURE 21,

FIGURE 24 is a sharing diagram like FIGURE 21 with the
added condition that all drop-in and drop-out error events are

resélved properly. ;

FIGURE 25 is a generic block diagram of a sequence

demodulator with shared ACS modules.

FIGURE 26 is a sample sequence model for a nonlinear

write/medium/read system.

FIGURE 27 is a sharing diagram for the sample sequence

model of FIGURE 26.

Figure 28 illustrates a six state machine model with a

‘programmable expected sequehce of samples.

Figure 29 illustrates a ten state machine model with

another programmable expected sequence of samples.

g-FIGURE 30 shows a six-state modified sample sequence model
%or EPR4 with a minimum run length constraint of d=1, each
sequence model transition in Figure 30 representing the
combination of two consecutive sequence model transitions in the

unmodified sample sequence model of FIGURE 3.
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FIGURE 31 is a sharing diagram for Figure 30 for the

condition that all potential error events of distance 1ess than

or equal to 2 be handled properly.

FIGURE 32 is a diagram showing how states from FIGURE 30

may be grouped to share two ACS modules.

FIGURE 33 shows a ten-state modified sample sequence model
for partial response signals corresponding to the polynomial (1-
D) (1+D)~3 with a minimum run length constraint of d=1, each
sequence model transition in Figure 33 representing the

combination of two consecutive sequence model transitions in the

original model of FIGURE 20.

FIGURE 34 is a diagram showing how states from FIGURE 33

may be grouped to share three ACS modules.

FIGURE 35 is a diagram showing how states from FIGURE 33

may be grouped to share five ACS modules.

FIGURE 36 shows a modified four—-state sample sequence model
for PR4 signals without run length constraints, differing from
fIGdﬁE 13 in that each sequence model transition in this model
represents the combinFtion of two consecutive sequence model

transitions in the original model of FIGURE 13.

FIGURE 37 is a diagram showing how states from FIGURE 36

may be grouped to share two ACS modules.

-
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Step 1. Generate a finite-state-machine model for the

expected sample sequence from the read signal to be demodulated.

Number the states in some convenient fashion.

FIGURE 3 shows the result of step 1 for the EPR4 model with
the-d=l constraint. For convenience we shall refer to the
states by the decimal equivalent of their binary labels. For
example, an isolated pulse of positive polarity is produced by
beginning in state 0, moving to state-1l, then 3, then 7, and
remaining in state 7 via the self-loop. As thi's model traverses
this sequence of states, the expected sample labels on the paths
traversed generate the EPR4 sampled pulse, {0.5, 1.0, 0.5, O,

.}, and the estimated channel bit labels indicate a single 1

that excited the channel to produce this pulse.

Step 2. Choose a length, P, for the path memory in the
demodulator. This path length may be only for analysis
purposes, and the path length implemented may be different if

desired.

In general one should choose a path length no less than the
maximum duration of any opén or closed potential error event at
minismum distance. Other factors may also be involved in the
choice of path length, particularly in cases where there exist
open potential error events of infinite length at minimum
distance. We choose path length P=6 for our example, which is

known to be adequate for the EPR4, d=1 sample sequence model.
[
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Step 3. Make a complete list of all codewords, or legal

seéuences of expected samples, that are of length P or less.
Include in the list the sequence of states that generates each
codeword. A codeword of length n is any sequence of expected
sam?les that can be generated by n consecutive state transitions
of-the state machine from step 1. For this purpose, two
codewords are considered distinct if their state segquences
differ, even if the expected sample sequence is the same. In
general, codéwords 6f léngth less than the path memory length,

P, must be considered in addition to codewords of length P.

It is not practical to include the exhaustive list of EPRA4
d=1 codewords of length 6 or less in this document. As an
example we list all sample seqpencés of length 4 that begin in
state O (OQO). (In performing this stép, all sample sequences
of length é Beginning in any state must be considered, only
those starting in state 0 being used herein for illustration
purposes.) Note that the state sequences for length 4 sample
sequences have 5 entries because they contain both the beginning

and ending states.

l STATE_SEQUENCE
- 0000 60000
0001 50001
0012 00015
0121 60131 '
0120 00136
1210 01377
— e
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121 - 01376
120 -2 . 013614

Step 4. Consider éll possible potential error events, both
ope; and closed, from the list of sample sequences genetated in
Step 3. A potential error event is any pair of sémple sequences
of equal length which have the same starting state but differ in
the second state in their sequences. It is possible for the
first sample sequence_to be the correct (transmitted or stored)
sample sequence while the demodulator erroneously chooses the
second sample sequence. An errxor event is "closed" if the two
state sequences ever return to the same state at the same time
(even if they do not remain together), otherwise it is "open”.
Choose a subset of potential error events for which you would

like to preserve the error-handing performance of the full

Viterbi demodulator.

For our EP§4 example, we choose to include the set of
potential error events whose distance is less than or equal to
2, since 2 is the minimum distance of all ciosed potential error
events and there exist no open potential error events longer
than_ our path memory of disﬁance less than or equal to 2. Using
the Euclidean norm, the distance of an error event is the square
root of the sum of the squares of the differences in each
element between the two codewords comprising the error event.

From our example list in step 3, the following 3 potential érror

events of length 4 are selected:
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CODEWORD .S_IAIE_SEQHENCE- DRISTANCE
0121 00137

1210 0137717 2 (closed)
0120 00136

1210 0137717 1.732 (open)
0120 _0 0136

121 -1 01376 2 (closed)

Step 5. Build a sharing table with one row and one column
for each stéte in the state machine from step 1. Begin with
each element of the sharing table TRUE. An element is marked
FALSE if the two States represénted by its row and its column
are ever simultanéously occupied by the two state sequences of
any error e#ént in the chosen set. This criterion applies at
any positién in each error-event state sequence for the subset
o? potential error events selected in step 4. In the sharing
zable, either the order of the states éan be taken both ways, or
gltgrnatively only the upper triangle of the sharing table can
be used. All remaining TRUE elements in the sharing table, if
any, indicate that the corresponding pair of states may share an
ACS module in the demodulator without sacrificing the ability to
handle every error event in the chosen subset just as it would

be handled in the full Viterbi demodulator.

This Sheet Has Been Replaced

[T




T e e BTN R o . e e e e e s

-44~

E‘of the EPR4 d=1 example, we will build a sharing table
with 6 rows and 6 columns. ﬁgch entry is presumed TRUE until
shown to be FALSE. Consider the first error event from the
uexample list in step 4. The state sequence for the first sample -
sequence is in state 0 at the second clock cycle, while the
state.séquence for the second sample sequence is in state 1.
This means that to distinguish between these two paths and
properly process this error event we must not share an ACS
module between states 0 and 1. Thus mark the element in the
sharing table in the row for state 0 and the column for state 1
as FALSE. Also mark the element in the sharing table in the
column for state O and the row for state 1 as FALSE. The
remainder of the state sequences for the first example error
event imply that the pairs (1,3) and (3,7) are also unable to
share an ACS module. When this line of reasoning is continued
through all error events in the subset selected in step 4, the

following sharing table results (where 1 means TRUE and 0 means

FTALSE) :

(0) (1) (3) (D (6) (&)

000 ©01 Q11 111 110 100

~ (0) 000 1 o 1 1 1 0
(1) 001 0 1 0o 1 1 1

(3) 011 1 o 1 0 1 1

(1) 111 1 1 0 1 0 1

(6) 110 1 1 1 0 1 0

(4) 100 0 1 1 1 0 1
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The above sharing table shows whether pairs of states can
share an ACS module based on both the error events listed as
examples in step 3 and on the additional error events that must
be considered but were not listed in the example. When in a
full execution of step 3 one considers the sample sequences that
start from state 7 (111) and the related error events of step 4,
one finds that the two pairs of states (0,4) and (4,6) cannot
share an ACS module. It happens that sample sequences that
start from states other than 0 or 7 do not yield any additional

pairs of states that can not share.

FIGURE 10 shows the information from the above EPR4 d=1
sharing table in a graphical way. Each circle represents one of
the 6 states. Each pair of states that are allowed to share an
ACS module is connected with a line. A group of states may
mutually share an ACS module only if every pair within the group

is allowed to share.

Step 6. Decide how to group the states that are allowed to
share ACS modules, if any. The states may be grouped to obtain
the minimum number of ACS modules possible, or non—minihum
groupings may be chosen because of other desirable properties.

The EPR4 d=1 Sharing table from step 5 indicates that there
is only one grouping possible that uses only two ACS modules.

In this grouping, one ACS module is shared by states 000, 011,
[
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and 110, while the second ACS module is shared by states 001,

111, and 100.

Other groupings are possible using more than 2 ACS modules.
One of particular interest is to share in the pairs: 000 with
111, 001 with 110, and 100 with 011. With this sharing
arrangeﬁent, the path labels have a fixed magnitude and only
depend on the state of origin for their signs, potentially
resulting in further simplification of the implementation of the

branch-error-metric computation.

To prevent substantial performance loss one should include
all minimum distance potential error events in the chosen
subset. Other potential error events may be included as
desired. For exampLe, one could choose to include all the
potential error events whose distance was less than a specified.
+hreshold which is greater than the minimum distance. Or one
could choose to include all poteqtial erfor events that can be
characterized as resulting from a particular non-ideal aspect of
the information channel, such as dropouts from defects in
magnetic medium. Potential error events of length less than the
path memory length, P, must be considered in addition to error
evenEs of length P. This can be seen by first considering error
e&ents of iength 2. The 2 terminal states éf a length 2 error
event cannot share an ACS module unless the associated error
event at length 2 has already exceeded the threshold distance.
It may be possible.that all length P extensions of this length 2

error event exceed-the threshold distance, but the fact that, all

~.
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extensions exceed the threshold distance is not sufficient for

the 2 states to share an ACS module. This argument can be
extended to'pairs of states on error events of any length less
than P. Thus, ;f such a potential error event were the only one
to forbid sharing between a particular pair of states, and if
one considered only potential error events of length P, one
would eironeously conclude that the pair of states in question
.were able to share an ACS module. In reality, sueh sharing
would force a premature decision between two paths whose
distance was still below the threshold at the time the decision
was made. This would reduce the effective minimum distance and

increase the error rate accordingly.

This completes the step by step process for determining
which states will share ACS modules in a sequence detector.
This process may be applied to any state—machine signal model to
design a reduced complexity Viterbi-like detector for that
signal. By suitable choice of the selected subset of error
events, one can control the performance degradation associated
with the complexity reduction. It is frequently possible to
obtain substantial complexity reduction with negligible
performance degradation. Prineiples and examples follow which

indicate how such detectors may be implemented.

The sharing of ACS modules may be viewed as a dynamic
association of the source-model states with the ACS modules.
The sharing of ACS modules is implemented by adding one or more

memory bits to each shared module to indicate which state the

-
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module represents at any given time. The number of memory bits

must be sufficient to allow a unigque representation for each -
state sharing the module, thus requiring the number of bits to
be greater than or equal to the base-2 logarithm of the number
of states sharing the module. At each processing cycle, the
branch error metrics for all input paths to a given ACS module
are evaluated and added to the corresponding path error metrics
stored in other ACS modules. The new path error metrics are
compared and the lowest one is selected as the surviving path
for that ACS module. The new path error metric for the
surviving path is stored in the ACS module for use in the next
clock cycle. In addition, the most recent state from which the
surviving path comes uniquely defines which étate the current
ACS module should represent at this time, so its memory bits are
set appropriately. The labels on the paths leaving-the ACS
module, which will be used to generate branch error metrics
during the next clbck cycle, are determined by the memory bits

’

within the ACS module.

FIGURE 11 is a sample sequence model in which the sequence-
model states from FIGURE 3 havé been grouped into two groups
that share ACS modules based on the sharing diagram of FIGURE
10. _ ACS module 1100 is associated with one of states 000, 011,
or 110 at any giveh point in time. ACS module 1101 is -
associated with one of the remaining three states at any given
point in time. Transition 1102 either represents the transition
from state 000 td itself (if ACS module-llol currently is in

state 000), or it represents the transition from state 011 to
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state 100 (if ACS module 1101 currently is in state 011).

Transition 1102 can be described by the following table:

Current Next Expected Sample /
State State j
000 000 0.0 /0

011 110 0.0 / 1

For example, if ACS module 1100 intgrnal state memory bits
indicate that it represents state 011 ét a particular time, then
the self-loop c¢n that module has an expected sample of 0.0, an
estimated channel bit 6f 1. Should that path be selected, then
+he next state to be represented by that ACS module is 110.

Note that if the present state is 110, then the self—loob from
ACS module 1100 to itself does not exist and some means must be

provided to prevent its selection.

Similarly, transition 1103 can be represented by the

following table:

Current Next Expected Sample /
State State Estimated Channel Bit
000 001 0.5 /1 )
011 111 0.5/ 0

110 100 -1.0 /0

Transition 1104 can be represented by the following table:

Current Next Expected Sample /
. State State Estimated Channel Bit
111 111 0.0/ 0
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100 001 0.0 /1

Note that if the present state is 001, then the self loop
does not exist and some means must be provided to prevent its

selection.

Transition 1105 can be represented by the following table:

Current Next Expected Sample /
State ' State Estimated Channel Bit
001 011 -1.0/ 0

111 110 -0.5 /1

100 000 -0.5 /0

Each path in FIGURE 11 is now in effect labeled with a
table showing the expected sample labels and the estimated
channel bit (to be output to the path memory) labels and the
next state for each of the possible states that may be

represented by the ACS module from which the path originates.

The block diagram in FIGURE 12 shows an implementation of a
réduced—complexity.Viterbi demodulator for EPR4 signals with 4 =
1 simplified in accordance with the shéring diagram of FIGURE 10
and the grouped sample sequence model of FIGURE 11. There are
only two ACS modules, each having only two sequence-model
transitions to select between and each representing one of three
states at any particular time. There are only 4 branch error

metric generators even though there are 5 different expected-—
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sample values as path labels. This is p0351ble because the

total number of paths in the state machine of FIGURE 11 is only
4, implying that it is never the case that branch error metrics
for all 5 expected sample values will be needed simultaneously.
The expected sample memory stores the expected sample labels

from the tables for each path in FIGURE 11.

FIGURE 13 is a sample sequence model for a partial-response
class IV (PR4) signal without RLL constraints. The
corresponding partial-response polynomial is (1 - D) (; + D),
and the expécted sample sequéhce for an isolated medium
transition is 1, 1. FIGURE 14 is a sharing diagram for the
sample sequence model of FIGURE 13 under the condition that all
error events of distance less than or equal to the square root
of 2 are resolved properly for a path length of P = 10, i.e. are
resolved as they would be by a full Viterbi demodulator with one
ACS module per sequencé—model étate. FIGURE 14 shows that there
is a unique grouping for a grouped sample sequencé model with a
minimum number of ACS modules: i.e. states 1 with 2; and states

3 with 4.

FIGURE 15 is a sharing diagram for the sample sequence
nmodel of FIGURE 3 (EPR4, d=1) under the conditions that all
efro; events of distance less than or equal to 2 and all error
events that correspond to drop-oﬁt or drop-in error events (more

thoroughly described later) are resolved properly with a path

iength of P = 6. FIGURE 15 shows that there is a unique

ThlS Sheet Has Been Reﬁ ace

- T




-52- _
minimum-ACS grouping for this case: i.e. states 100 with 001;

states 110 with 011; state 000; and state 111.

FIGURE 16 is a sample sequence model for an extended
partial-response class IV (EPR4) éignal without KLL constraints.
The corresponding partial-response polynomial is (1 - D) (1 +
D)~2, and the expected sample sequence for an isolated medium
tfansition is 1, 2, 1. FIGURE 17 is a sharing diaéram for the
signal model of FIGURE 16 under the condition that all error
events of distance'less than or equal to 2 are resolved properly
with a path length of P = 10. There is only one ACS module that
can be shared among two states in this case: i.e. states 3 and

4.

FIGURE 18 is a sample sequence model for a partial-response
class IV (PR4) signal with an RLL constraint of d = 1. The
expected sample sequence for an isolated medium transition is 1,
1. FIGURE 19 is a sharing diagram for the sample sequence model
of FIGURE 18 under the condition that all.error events of
distance less than or equal to'the square root of 2 are resblved
properly with a path length of P = 10. This same,sharing
diagram applies when the added condition of proper resolution of
édrop—-in and drop-out error events is applied. Like FIGURE 14,
FiGURE 19 shows that theie is a unique minimum-ACS grouping:

i.e. states 1 with 2; and states 3 with 4.

FIGURE 20 is a sample sequence model for an RLL constraint

of d = 1 and a signal model having a partial-response polynomial

i

This Sheet Has Been Repl

: AW




- -53-
of (1 - D) (1 + D)*3. The corresponding expected sample

sequence for an isolated medium transition is 1, 3, 3, 1.

FIGURE 21 is a sharing diagram for the sample sequence
model of FIGURE 20 under the condition that all error events of
distance.less than or equal to the square root of 10 are
resolved as they would be by the full Viterbi demodulator, with
a path length of P = 11. The sharing diagram of FIGURE 21
indicates that the states can be grbuped in the following three
groups each sharing an ACS module: 1, 3, 8, and 10; 2, 4, and 6;
5, 7, and 9. It is also clear that no grouping can be made into
less than three sharing groups, since states 1, 2, and 5 have no
connections with one another and must end up in separate groups.

FIGURE 22 is a block diagram of such a three-ACS implementation.

There are many sharing arrangements for the sample sequence
.model of FIGURE 20 that have four or more ACS modules. One of
special significance is the pairing: 1 and 10, 2 and 9, 3-ahd 8,
4 and 7, 5 and 6. This arrangement requires five ACS modules to
implement, but has the advantage that the magnitude of all
expected samples within the same sequence-model transition is
constant regardless of.the current sequence-model state within
the §equence—model state group. This may allow the branch
metrics to be partially precomputed with minimal additional
hardware, which may reduce the time required for éaéh iteration
to be processed, because only the sign of the expected sample

depends on the current sequence-model state. FIGURE 23 is a

block diagram of such a five-ACS impleméntation.
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FIGURE 24 is épéhafing diagram of the sample sequence model
of FIGURE 20. It uses the conditions of FIGURE 21 with the
added condition that all drop-in and drop-out error events are
properly resolved. One minimum-ACS groupings for this sample
sequence.model requires the following 6 ACS modulés: states 1
and 8; states 2 and 6; states 3 and 10; states 5 and 9; state 4;

and state 7.

FIGURE 25 is a generic block diagram of a sequence

- demodulator in which some or all of the ACS modules are
associated wifh multiple states. The state transitions block
determines, for eaéh ACS module at each iteration, which of its
associated states it should represent at the next iteration
based on the selected branch into that ACS module and the
present state of the ACS module from which the selected branch
originates. The branch label selection block determines the
appropriate branch labels for each branch based upon the present
state-represenﬁed by the ACS module from which the branch

originates.

In general, trade-offs may need to be made between the
complexity reductions allowed by this invention and other
considerations such as circuit timing. For example, the 5-ACS
implementation of FIGURE 23 may have advantages over the

apparently less complex 3-ACS implementation of FIGURE 22.
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Drop-out and drop-in error events

One of the non-ideal aspeéts of some medium, of some
magnetic recording medium for example, is the presence of small
regions on the medium that do not make transitions, e.qg.
magnetize, as desired. Such a medium defect can result in the
attenuation or complete suppression of the analog read signal
over a small time interval. Or, it may result in spurious
pulses in the analog read signal caused by the transition
between a magnetized region and a defect region. A drop-out
error is an error in which a written transition is not detected,
while a drop-in error is an error in which a transition is
falsely detected where none was written. In a situation where
medium defects tend to cause drop-out or drop-in errors, it may
beimportant for the sequence demodulator to handle drop outs
and drop ins Fo the best of its ability. If so, drop-out and
drop-in errors need to be characterized and incluged in the set
of error events for which the reduced-complexity detector

performs as well as the full Viterbi detector.

We characterize an error event as a drop-out if the
estimated channel bit sequence contains a 0 indicating no
fraﬁ;ition in every position where the correct channel bit
sequence contains a 0, and if the estimated channel bit sequence
"contains zeros in one or more positions where the correct
channel bit sequence contains a 1 1ndlcat1ng that a transition

was written. An error event is characterlzed as a drop-in when

the same error event would be a drop-out if the roles of the
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correct and estimated channel bit sequences were reversed.

Since either path in an error event is a legal choice for the

correct path, the inclusion of all drop-out error events in the

subset 6f interest automatically includes all drop-in error
events. The events that are not included are those that
represent some combination of drop-outs and drop-ins within the
same error event. The sharing diagrams in FIGURE 15 and FIGURE
24 show the allowable sharing of ACS modules for two different
signal models when drop-out and drop—in error events are

included in addition to minimum distance error events.

Finite State Models for Nonlinear Channels

Partial-response channels are.linear systems, but the use
of a finite state machine model for a signal source does not
necessarily presupéose a linear system. Whether or not a state
machine represents a linear system, a Viterbi detector may be
built to match the state machine médel and select surviving
paths through the associated trellis. The present inveption

applies to such detectors for nonlinear channels just as well as

it applies to Viterbi detectors for linear channels.

FIGURE 26 shows a sample sequence model for a system with a
nonlinear write/transmit channel, medium response, and/or
read/receive channel. The type of nonlinearity described here
is a simplification of a nonlinearity acéually exhibited by some

nard disk medium at high recording densities. The sampled
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response of this system to an isolated transition is 0, 1, 1, o,

as would be the case for a PR4 channel. But because of system
nonlinearities, adjacent transitions mutually reduce the
amplitude of the readback pulses for each transition by an
amount greater than would.be predicted by linear superposition
bf the pulsés. If a transition has a neighboring transition in
the adjacent bit positions on either but not both sides, then
its response pulse is reduced in amplitude so that the sample
values are 0, a, a, 0 for some a<l. If a transition has
neighboring transitions in the adjacent bit positions on both
sides its amplitude is further reduced to give sample values of
0, b, b, 0 for some b<a. The binary state labels may represent
a four-bit record of the state of the medium. If the location
of a transition is associated with the first nonzero sample of
the resulting pulse, this state machine incorporates one bit
look-ahead in the sense that the rightmost digit in the state
label indicates the state of the channel in the bit position
following the one whose transition response is just beginning.
This is necessary in order to determine whether or not the
current transition is reduced in amplitude by a succeeding
transition. However, this look-ahead is only conceptual, since
we could just as well have associated each transition with the
sample just before its response pulse began.

The nonlinear behavior modeled in FIGURE 26 reduces the
oinimum distance for this model as c0mpared to the minimﬁm
distance for the PR4 model, which is the.square root of 2. It
also creates a situatiod'in which there are potential error
-
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events of distance slightly greater than minimum distance but

close enough to minimum distance that it may be important to
include them in the set considered to be of interest in Step 3
of the simplification method above. Therefore, the optimal ACS
sharing possibilities in the sample sequence model of FIGURE 26
depend on the nonlinearity parameters a and b, as well as_on.the
distance chosen as the threshold for error events of interest.
They may also depend on the coding constraints, such as RLL
encoding, and the path-memory length selected. FIGURE 27 shows
a sharing diagram for the sample sequence model of FIGURE 26 for
thé case of a=0.85, b=0.7, P=8, and including all potential
error events of distance less than or equal to the square root
of 2 (the minimum distance of closed potential error events in
this case is 0.85 times the square root of 2). The sharing
diagram of FIGURE 27 shows that a minimum-ACS detector for this
sample sequence model can be implemented by 10 ACS modules as
follows: states 0 with 13; states 1 with 12; states 2 with 15;
states 3 with 14, states 6 with 9; states 7 with 8; state 4;

state 5; state 10; and state 11.

Simplified Software Implementation of Viterbi Sequence Detectors

-

In situations where the information rate is low relative to

the instruction execution rate of an available processor, it is

possible to demodulate samples of an analog read signal using a

rmultipurpose processor executing appropriate software. While

[

such an implementation does not have ACS modules, where a
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"module" 1s a hardware unit, 1;5§;es have ACS routines that
perform, as a sequence of instructions on the processor, a
series of add, compare, select functions that are equivalent to
the functions of a hardware ACS module. The techniques
presented herein are applicable to reducé the number of
executions of such ACS routines required to process each sample
taken, thus speedinglup the maximum sample rate that a given
processor can support. It is poséible that this speed up could,
in a particular situation, make a software impleméntation of a
Viterbi demodulator practical whereas without the simplification
of the present invention and its associated speedup a hardware
demodulator would have been required. Besides the potentially
lower implementation cost of such a software demodulator, a
software implementation would provide potentially very
advantageous flexibility in the choice of sample models and

encoding constraints.

For some applications, it is preferable to implement a
sequence detector such that one can vary the sample sequence
expelted due to an isolated transition. Figure 28 illustrates a
six state machine model with a programmable expected sequence of
samples a, b, ¢, and Figure 29 illustrates a ten state machine
model with another programmable expected sequence of samples a,
b, 1, c."The sample sequence a, b, 1, c'can fit any éignal

model of 4 or fewer samples per isolated medium transition. _ The
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values of a, b, and c should be allowed to range from, say 0 to

-2, so that they can be chosen such that the constraint that the
third expected sample is i is a mere matter of normalization.
For example, allowing a and ¢ to range from 0 to approximately
0.5 and allowing b to range from 0 to approximately 2, allows
the sequence a, b, 1, ¢ to cover any pulse shape thaf may,
reasonably be expected to be produced by inductive magnetic read

heads over a range of recording densities.

A significant implication of the programmability of the 4-
sample detector involves combining some of the special cases
that were treated in the prior art as quite distinct; If one
sets a, b, 1, cto 0, 1, 1, O oné'has a detector for PR4. If
one sets a, b, 1, ¢ to 0, 0.5, 1, 0.5 one has a detector for
EPR4. The point is that PR4 and EPR4 and 4~samples would
ordinarily each have their oﬁn distincé state machine model, and
thus their own architecture of ACS modules. The sample model
programmability of the present invention supports the PR4 or the
EPR4 (or one of numerous other signal models) cases with a

single detectoxr or demodulator architecture.

The use of a programmable sequence detector allows a great
vgriepy of retry strategies to be implemented. when used in
combination with a programmable equalizer, different .
equalization targets can be set for both the detector and the
equalizer for attempted rereads of a data record. For example,
one could begin with the detector set for a side-sampled
isolated pulse of 1, 3,.3, 1 and the equalizer programmed to

-
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‘provide such a pulse. Upon failure to read a data record one

could then switch to the center-sampled pulse of 1, 2, 1, alter
the equalizer to provide such a pulse and attempt to read the

data record again.

The use of a programmable sequence detector also has the
benefit that the optimum equalizatidn target may not be the same
for every part of the recording medium. The inside track of a
magnetic disk may need a different pulse shape for best
performance than the outside track. Also, for-disks with
multiple heads and recording surfaces, the optimum pulse shape
may be different for each_head. A programmable detector allows
each track of each recording surface to be read with its own

optimal set of parameters.

A programmable sequence detector may be built using the ACS
sharing principles of this invention. In this case, care should
be taken to insure that the chosen sharing arrangement is
allowed for all possible programmed values of the expected

samples.

Sometimes the required sample rate and corresponding
channel bit rate exceed the maximum ACS module cycle rate, i.e.
the rate at which a particular implementation of an ACS module

can accept new actual sample values and select surviving paths.
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when this occurs, a means is needed to restructure the

computations so that more processing may be done in parallel.
This can be accomplished in a sequence detector by beginning

with a suitably modified sample sequence model.

Consider the case where a doubling of thé rate at which an
ACS module processes read-signal samples is sufficient. 1In this
case, the sample sequence model is modified by considering each
pair of possible consecutive sequencé model transitions as a
single state transition in the modified sample sequence model.
* All sequence-model transitions of the modified sample sequence
model represent all possible-consecutive pairs of transitions
from the original sample sequence model. The modified detector
accepts a pair of samples of the analog read signal, generates
branch metrics by comparing the received sample péir to expected
sample pairs for éach branch, adds the compound branch metrics
to previous path metrics and selects the surviving paths. 1In
effect, the sample éequence model is modified to accept and
process multiple samples per state transition, and the
fundamental frame of the corresponding trellis is replaced by a
modified fundamental frame whose branches represent all paths
through two consecutive fundamental frames of the original

trellis.

The advantage of this modification is that the add,
compare, select process can operate at one half of the sample
rate. The cost of this modification is that the compound branch

metrics are more complex to compute and that there may, in
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general, be more paths entering each ACS module. The

comparisons among the greater number of path metrics may be

carried out in parallel, as may the computation of the compound
branch metrics. As will be clear to one skilled in the art, an
analogous modification éan be used to process 3 or more samples

in parallel per cycle of the ACS module.

FIGURE 30 shows a six-state modified sample sequence model
for EPR4 with a minimum run length constraint of d=1. This
model differs from FIGURE 3 in that each sequence-model
transition in this model represents the COmbination of two
consecutive seéuence model transitions in the unmodified sample
sequence model of FIGURE 3. The labels in FIGURE 30 indicate
pairs of expected samples and pairs of corresponding estimated

channel bits.

FIGURE 31 is a sharing diagram obtained when we fequire
that all potential error events of distance less than or equal
to 2 be handled properly. The longest potential érror event at
- Ehis distance spans six frames of the original single~sample
+rellis. The same potential error event may span parts of four
frames in the double-sample trellis, so for this sharing diagram
the path length was taken as P=8, meaning that potential error
évents up to eight samples long were considered. Since the_
.samples are processed in pairs, only poteﬁtial error events of
even length are considered. Note that the sharing allowed in
this case is identical to the sharing allowed when the same
sample sequence model is applied one sample at a time.
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Both grouping of sequence-model states to share ACS modules
and modification of sample séquence models to process multiple
samples per transition can be implemented in the same sequence
detector. FIGURE 32 is a diagram showing how states from FIGURE
30 may be grouped to share two ACS modules. Each ACS module
handles® four input paths. WNote that there are parallel paths in
the figure. For example, if state 01l is currently represented
by the ACS module for the left-hand group of states, then branch
B3 represents a branch from 011 to 100 with a label 0, -2/1, O,
while branch B4 represents a branch from 011 to 111 with a label
1, 0/0, 0. Each of these branches represents a possible
sequence model transition and both must be considered when the
surviving path is selected by the ACS module to which they go.
FIGURE 32 implies an architecture with which a sequencé detector
may be implemented for EPR4 signals with d=1 at a processing

rate of one-half the sample rate.

FIGURE 33 shows a ten—sﬁate modified sample sequence model
for partial response signals corresponding to the polynomial (1-
D) (14D) "3 with a minimum run length constraint of d=1. This
model is modified from FIGURE 20 in that each sequence model
tranfition in the quified model represents the combination of
gwo consecutivé sequence model transitions in the original mﬁdel
of FIGURE 20. The labels in FIGURE 33 indicate pairs of
expected samples and pairs of corresponding estimated channel

bits.
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When the sample sequence model of FIGURE 33 is analyzed to

determine allowable sharing of ACS modules, the result is the
same as for the single-sample case. For proper resolution of
all potential error events of distance less than or equal to the

square root of 10, the sharing diagram is as shown in FIGURE 21.

FIGﬁRE 34 is a diagram showing how states from FIGURE 33
may be grouped to share three ACS modules. Each ACS module
handles three input paths. 1In this case, no parallel paths are
required. FIGURE 34 implies an architecture with which a
sequence detector may be implemented for partial response
signals corresponding.to the polynomial (1-D) (1+D)"~3 with d=1 at

a ACS module cycle rate of one-half the sample rate.

FIGURE 35 is a diagram showing how states from FIGURE 33
may be grouped to share five ACS modules. Each ACS module
handles two or three input paths, and no parallel paths are
required. ' FIGURE 34 shows how a sequence detector may be
implemented for partial response signals corresponding to the
polynomial (1-D) (1+D)“~3 with d=1 at an ACS module cycle rate of
one~half the sample rate. As in the unmodified or single-sample
case, the branch labels in this architecture only depend on
their state of origin for their signs, allowing partial

precomputation of the branch metrics.

FIGURE 36 shows a modified four-state sample sequence model
for PR4 signals without run length constraints. This model

differs from FIGURE 13 in that each sequence model transition in
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this model represents the combination of two consecutive

seéuence model transitions in the original model of FIGURE 13.
The labels in FIGURE 36 indicate pairs of expected samples and

pairs of corresponding estimated channel bits.

When the sample sequence model of FIGURE 36 is analyzed to
determine allowable sharing of ACS modules, the résult is the
same as for the single-sample case. For proper resolution of
all potential error events of distance.less than or equal to the

square root of 2, the sharing diagram is as shown in FIGURE 14.

FIGURE 37 is a diagram showing how states from FIGURE 36
may be grouped to share two ACS modules. Parallel paths are
required, and each ACS module handles four input paths. lFIGURE
37 shows how a sequence detector may _ be implemented for PR4 at
an ACS module cycle rate of one-half the sample rate. Note that
in the prior art, sequence detectors for PR4 have.been built by
de-interleaving the sample sequence into two sub-sequences, each
of which is demodulated independently using a Viterbi detector
for a (1-D) partial resﬁonse signal. The proceséing rate in
each interleave is one-half the sample rate. This de-
interleaved demodulation is possible for PR4 because the PR4
polyfomial (1-D) (1+D) = (1 - D~2) contains only even powers of
ﬁ, and therefore the dependence between samples is restricted to
samples in the same interleave. The present invention gives an
~alternative way to achieve parallelism and reduce the processing

rate in PR4 sequence demodulators.

—_—
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MATLAB PROGRAM

script file shareacs.m generates a list of codewords for a given state
machine and identifies all error events (starting in the same state and
differing in the first transition). Then it goes through all error
events, screens them against some specified criteria, and determines
which states in the state machine can share an ACS unit and path memoxry
without compromising the detector's ability to handle the specified set
of error events. It can also analyze the allowable sharing under the
conditions that 2 or more samples are processed per clock cycle.

The state machine is described by a combined transition/input matrix, A,
The matrix is square, and the i,j element is the expected sample for the
path from state i to state j. If there is no path from state i to state
j, the matrix A should contain a NaN in the i,j position. A corresponding
matrix O gives estimated channel bit for each transition specified in A
(the elements of O that don't correspond to transitions in A are don't
cares) .

Richard T. Behrens, February 1992.

P P 0P 0P 0P OP P dP P O 0P IO UP O IR OP P OP oF

format compact
%
$ Accept user input to define the problem:
]
clc
A = input (‘Enter the state transition/input matrlx. '):
O = input (‘Enter the output matrix: ');
nclock = input ('Enter the number of samples to process per clock cycle. "):
Nmax = input ('Enter the decoder path length: ');
if (rem(Nmax,nclock) ~=0)
error('Path length must be a multiple of the number of samples per clock ')
end
normtype = input{'Enter the desired norm (use 2 for Euclidean): ');
disp ('Now specify what types of error events you want to include: ')

disp (! (1) Events with distance <= a given “critical” distance. ')
disp ("' (2) Events that can be characterized as dropouts.')

disp(' ")

critdist = input ('Enter the "critical" distance: ‘');

savedrop = input('Include dropout errcrs (0/1)? *'):
if savedrop -
.4l = input ('Max number of dropped out bits to consider: ');
else
dropout = 0;
end
tellwhy = input ('Do you want examples of why each share is forbidden (0/1)? '):

n = length(A):; % number of states

‘Appendix A Page 1 of §
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(T,I,D] = statconv(A,0,nclock); % convert the state machine to another
format

sharetable = ones(n,n): % begin by assuming all states are shareable

for N = nclock:nclock:Nmax % for each length of codeword

disp(['Considering codewords of length ' int2str(N)])

for i = 1:n % for each starting state ...
disp(['Working on error events that start in state ' int2str(i)])
tidx = find(T(:,1)==i): % find all transitions from state i
stateseqgs = T({tidx,:)'; $ keep track of state sequences
cws = I(tidx,:)*; % and codewords
outputs = D(tidx,:)’'; . % and channel bits.

(dummy,M] = size(cws):
for k = (2*nclock) :nclock:N
newstateseqs = {]:
newcws = [];
newoutputs = [];
for j = 1:M
tidx = find(T(:,1)==stateseqs({k/nclock,j)):
stateseqg = stateseqs(:,j) *ones(l,length(tidx)}};
newstateseqs = [newstateseqs [stateseq; T(tidx,2)']);
cw = cws(:,j)*ones(l,length(tidx)):
newcws = [newcws [cw; I(tidx,:)'1}]:
output = outputs(:,Jj)*ones(l,length(tidx)):
newoutputs = [newoutputs [output; D{tidx,:)'}];
end '
- stateseqgs = newstateseqs;
CWS = NewCcws;
outputs = newoutputs;
{dummy,M] = size(cws): % codewords of length k from state i

end

% now we have a list of all M codewords that start from state i,
$ and we can investigate all the error events that begin in state i.

for j = 1:(M-1)
for k = (j+1):M

lf {statesegs (2, j)~=stateseqs(2 k)) % if pair is an error event
dist = noxm({cws{:,j)-cws{:, k) ,normtype); % find distance
if savedrop % check for dropout/dropin event
dropout = isdrop(outputs(:,Jj),outputs(:,k),dl);
dropout = dropout |isdrop (outputs(:,k),outputs(:,j),dl);
end
T . if (dist<eritdist) [dropout % if an event of interest
N sti = 2; % start at the beginning of the error event

while (sti<=(N/nclock+l}) % until the event closes’
if (statesegs(sti,j)~=stateseqs(sti,k))
stj = stateseqgs(sti,j);
stk = statesegs(sti,k);
if sharetable (stj,stk)
sharetable(stj,stk) = 0; % share not allowed
disp(['Marking nonshareable state pair: '

'\ Appendix A - Page 2 of 5
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int2str(stj) ', ' int2stx(stk)}])

if tellwhy

disp('An error event needing this pair: ')
disp('Codewords: ')

disp(lcws{:,j) cws{:,k)1")

disp('State sequences: ')
disp({stateseqs(:,j) statesegs(:,k)]"')
disp('Outputs: ')

disp ([outputs(:,j) outputs(:,k)]1")
disp(['Distance = ' num2str(dist)))

if dropout

disp(*This is a dropout event.')

end
pause
clc
end
end
sti = sti + 1;
else
break
end
end
end
end
end
end
end
end
end
clc

sharetable = sharetableé& (sharetable');
disp('Sharing table: ')
disp([nan 1:n; [(1:n)' sharetable])])
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function dropout = isdrop{outl,out2,dl)

$ dropout = isdrop(outl,out2,dl) returns a 1 if the error between

% birary sequences outl and out2 can be characterized as a dropout,
$ otherwise returns a 0. A dropout is indicated when:

$ (1) every 0 in outl is 0 in out2 (no drop in or shift)

$ and (2) at least one 1 in outl is 0 in out2 (dropout)

% and (3) not more than dl 1s in outl are 0 in out2 (not too many)
%

%

$

%

If dl is not supplied, it is taken as infinity.
Richard T. Behrens, February 1992.

if nargin<3
dr = inf;
end
nemdrop = sum( {outl==1)& (out2==0));
dropout = (~any((outl==0)& (out2==1))) & (numdrop>0) & (numdrop<=dl);

—_— Appendix A Page 4 of 5
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function (T,I1,D) = statconv(A,0,n)

% [T,I,D) = statconv(Ad,O,n) converts a state machine from the input format
% used by shareacs.m (and described therein) to a format suitable to '

% describe state machines that process n samples per clock cycle. The

$ new format consists of three matrices. T is a list of transitions, with
% one row for every transition path in the machine, and two columns

% containing the state numbers that the transition path comes from and

% goes to. I is a list of input labels (expected samples), with one row

% for every row in T, and one column for every sample processed in one

% clock cycle (n). D is a list of output labels (channel bits) in the

% same format as I. :

%

%

%

Richard T. Behrens, February 1992.

ns = length(A); % number of states

T=1[}: I=1{1;D=(}:

for i = 1:ns $ for each starting state
trans = find(~isnan(A(i,:))): % find valid transitions
statesegs = trans: % keep track of state sequences
cws = A(i,trans): % and input labels
outputs = O(i,trans); % and output labels.
M = length(cws);
for k = 2:n

newstateseqs = []:
newcws = [];
newoutputs = (];
for j = 1:M
trans = find(~isnan(A(statesegs{k-1,3),:))):
stateseq = stateseqs(:,Jj) *cnes(l, length{trans)}));
newstateseqgs = [newstatesegs [stateseq; trans]];
cw = cws(:,3j)*ones(l,length(trans)):
newcws = [riewcws [cw; A(stateseg(k-1l),trans)]]:
output = outputs(:,j)*ones(l,length(trans));
newoutputs = [newoutputs [output; O(stateseg(k-1),trans)]];
end
statesegs = newstateseqgs;
CWS = NEewWCwWSs;
outputs = newoutputs; . :
(dummy,M] = size (cws); % number of codewords of length k from state i

end
% add the length n codewords to the transition path list
I = {I; cws'];
T = [T; {i*ones(M,1l) stateseqgs(n,:)']];
D = [D; outputs'};
end
—_— 2ppendix A Page 5 of 5
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We claim:

1. A sequence detector for signals characterized by a
predetermined state machine model having a first number of
states, comprising a seéond number of édd, compare, select (ACS)
modules, said second number being less than said first number,
at least one of said ACS modules being associated with a
plurality of sﬁates of said predetermided state machine model so
that one ACS module is associated with each state of said
predetermined state machine model, each of said ACS modules
associated with a plurality of states of said predetermined
state machine model having memory means for storiﬁg which of the
respective associated stgtes said ACS module should represent at
any particular time based upon the state associated with said

ACS module having the lowest path metric thereto.

2. A sequence detector for sighals characterized by a
predetermined state machine model having a first number of
states, comprising: |

branch metric generator means;

~é second number of édd, compare, select (ACS) modules, said
second number being less than said first number, at least one of
said ACS modules being associated with a plurality of states of

said predetermined state machine model so that one ACS module is

associated with each state of said predetermined state machine

il
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model, each of said ACS modules associated with a plurality of

stétes of said predetermined state machine model having state
memory means;

each of said ACs modulés associated with a plurality of
states of said predetermined state machine model having means
fof receiving each of the branch metrics for all input paths to
the states associated with the respective ACS module, for adding
the same to the corresponding path metrics stored in said ACS
modules, for selecting the lowest sum as the surviving path, for
storing fhe new path metric for the surviving péth in the ACS
module and for storing in said state memory means the state

associated with the surviving path.

3. The apparatus of either of claims 1 and 2 wherein each
of said ACS modules-associated with a plurality of states of
-said predetermined state machine model are associated only with
states selected from a group of states satisfying.the criteria
that:

(a) from all possible codewords of a predetermined
codeword length or less and the respective state sequences, and

(b) from all possible pairs.of said codewords of equal
length representing error events which have the same starting
state but differ in the second state, and from the state
sequences for each said pair of said codewords representing
error events;

there is a predetermined subset of said error events for
which no two states from said group of states are ever

simultaneously occupied by the two state sequences from any
_\N\_n ’
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error event in said predetermined subset of error events at any

position in the state sequences.

4. The apparatus of claim 3 wherein error events included
in the predetermined set of error events are selected based at

least in part on error event distances.

S. The apparatus of claim 4 wherein error events in the
predetermined set of error events include minimum distance error

events.

6. The apparatus of claim 3 wherein error events in the
predetermined set of error events include error events
characteristic of non-~ideal aspects of the source of the signal

to be detected.

’

7. The apparatus of claim 6 wherein said erxor events
characteristic of non-ideal aspects of the source of the signal

to be detected include drop-out and drop-in errxors.

-

8. Apparatus in accordance with either of claims 1 and 2

wherein said predetermined state machine model of said apparatus
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includes nonlinear behavior of the system providing the signal :

to be detected. i

9. The apparatus of either of claims 1 and 2 wherein each
sequence model transition of said predetermined state machine
model repfesents the combination of at least twb consecutive
sequence model transitions of an underlying state machine model,
the totality of all sequence model transitions of said
predetermined state machine model representing all possible said
consecﬁtive sequence model transitions of the underlying state

machine model.

10. The apparatus of claim 9 wherein said predetermined

state machine model is as follows

‘a_'“
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representing the combination of two consecutive sequence model

transitions in the following said underlying state machine

model;

1lp‘~o 'O‘iﬁﬂb
(O—CF—

said second number of ACS modules .including first, second,
third, fourth and fifth ACS modules, each having a state memory
means for storing any one of two states;

said first ACS module being_associated with states 5 and 6
of said predetermined state machine model;

said second ACS module being associated with states 1 and
10 of said state machine model;

said third ACS module.being associated with states 3 and 8
of said predetermined state machine model;

said fourth ACS module being associated with states 2 and 9
of said state machine model;

said fifth ACS module being associated with states 4 and 7
of said state machine model; .

each of éaid ACS meodules having means for receiving each of
the'Lranch metrics for a;l input paths to the states aséociated
with the respective ACS module, for adding the same to the
corresponding path metrics stored in said ACS modules, for
sélecting the lowest sum as the surviving path, for storing the

new path metric for the surviving path in said ACS module and

—
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for storing in said state memory means the state associated with

the surviving path.

~11. The sequence detector of claim 10 wherein the expected
sariple sequence for an isolated medium transition in said

underlying state machine model is programmable.

12. The sequence detector of either of c¢laims 1 and 2
wherein the expected sample sequence for an isolated medium
transition in said predetermined state machine model is

programmable.

13. A seguence detector for demodulating EPR4 signals with
a minimum run length constraint of d = 1 having the following
state machine model_with the six states 000, 001, 011, 111, 110

and 100;

said sequence detector having;

branch metric generator means;

-_
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first and second add, compare, select (ACS) modules, each

ha;ing a state memory means for storing any one of three states;

said first ACS module being associated with states 000, 011
and 110 of said state machine model; |

said second ACS module being associated with states 001,
lli and 100 of said state machine model;

said first and second ACS modules each having means for
receiving each of the branch metrics for all input paths to the
_states associated with the respective ACS module, for adding the
same to the corresponding path metrics stored in said ACS
modules,.for selecting the lowest sum as the surviving path, for
storing the new path metric for the surviving path in said ACS
module and for storing in said state memory means the state

associéted with the surviving path.

14. A sequence detector for demodulating EPR4 signals with
a minimum run length constraint of d = 1 having the following
state machine model with the six states 000, 001, 011, 111, 110

-and 100;

said sequence detector comprising:

branch metric generator means:
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a plurality of add, compare, select (ACS) modules numbering

less than six, at least one of said ACS modules being associated
with a plurality of states of said state machine model so that
one ACS module is associated with each state of said state
machine model, each of said ACS modules associated with a
pluéality of states of said state machine model having staﬁe
memory means;

each said ACS module associated with a plurality of states
of said state machine model being associated with states which,

taken any two at a time, are directly connected in the following

diagram;

:each.of said ACS modules assbciated with a plurality of
states of said state machine médel having means for receiving
2ach of the branch metrics for all input paths to the states
associated with the respective ACS module, for adding the same
to the corresponding path metrics stored in said ACS modules,
for selecting the lowest sum as the surviving path, for storing
the new path metric for the surﬁiving path in the ACS module and
for storing in said state memory means the state associated with
~he surviving path. '

\
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15. A sequence detector for demodulating PR4 signals
without a minimum run length constraint having the following

state machine model with the four states 1, 2, 3 and 4;

(& §)e)

said sequence detector comprising:

branch metric generator means;

first and second add, compare, select (ACS) modules, each
having a state memory means for storing any one of two states;

said first ACS module being associated with states 1 and 2
of said state machine model;

said second ACS module being associated with states 3 and 4
of said state machine model;

said first and second ACS modules each having means for
receiving each of the branch metrics for all input paths to the
states associated with the respective ACS module, for adding the
same. to the corrésponding path metrics stored in said ACS
modules, for selecting the lowest sum as the surviving path, for
storing the new path metric for thé surviving path in said ACS
—module and for stpring in said state memory means the state

associated with the surviving path.
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16. A sequence detector for demodulating EPR4 signals with
a minimum run length constraint of d = 1, having the following
state machine model with the six states 000, 001, 011, 100, 110

and 111;

said sequence detector comprising:
branch metric generator means}
first and second add, compare, select (ACS) modules, each
having a state memory means for storing any one of two states;
third and fourth add, compare, select (ACS) modules;
said first ACS module being associated with states 001 and
100 of said state machine model;
said second ACS module being associated with states 110 and
011 of said state machine model;
said third ACS module being associated with state 000 of
said state machine model;
_said fourth ACS module being associated with state 111 of
said state machine model;
said first and second ACS modules each having means for
receiving each of the branch metrics for all input paths to the
states associated with the respective ACS module, for adding the

same to the corresponding path metrics stored in said ACS
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modules, f0r selecting the lowest sum as the surviving path, for

storing the new path metric for the surviving path in said ACS
module and for storing in said state memory means the state
associated with fhe surviving path; |

said third and fourth ACS modules each having means for
recéiving each of the branch metrics for all input paths to the
states associated with the respective ACS module, for adding the
same to the corresponding path metrics stored in said ACS
modules, for selecting the lowest sum as the surviving path, for
storing the new path metric for the surviving path in said ACS

module.

17. A sequence detector for demodulating EPR4 signals
without a minimum run length constraint, having the following

state machine model with the eight states 1 through 8;

said sequence detector comprising:

branch metric generator means;

a first add, compare, select (ACS) modules having a state
memory means for storing any one of two states;

second through seventh add, compare, select (ACS) modules;

_—
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said first ACS module being associated with states 011 and
100.of said state machine model;

said second through seQenth ACS modules each being
associated with a unique one of states 000, 001, 010; 101, 110
and 111 of said state machine model;

) said first ACS module having means for receiving each of
the branch metrics for all input paths to the stafes associated
with the respective ACS module, for adding the same to the
corresponding path metrics stored in said ACS modules, for
‘selecting thé lowest.sum as the surviving path, for storing the
new path metric for the surviving path in said ACS module and
for storing in said state memory means the state associated with
the surviving path;

said 5econd through seventh ACS modules each having means
for receiving each of the branch metrics fof all input paths to
the states associated with the respective ACS module, for adding
the same to the corrésponding path metrics stored in said ACS
modules, for selecting the lowest sum as the surviving path, for

storing the new path metric for the surviving path in said ACS

module.

18. A sequence detector comprising:
means for demodulating signals with a minimum run length
constraint of d = 1 having the following state machine model

with the ten staﬁes 1 through 10;

\
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said means for detectinghsignals having;

branch metric genérator means;

a plurality of add, compare, select (ACS) modules numbering
less than ten, at least one of said ACS'modules being associated
with a plurality of states of said state'machiné model so that
one ACS module is associated with each state of said state
machine model, each of said ACS modules associated with a
plurality of states of said state machine model having state
memory means;

each said ACS module associated with a plurality of states
of said state machine model being associated with states which,

taken any two at a time, are directly connected in the following

diagraim;

B
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each of said ACS modules associated with a plurality of
states of said state machine model having means for receiving
each of the branch metrics for all input paths to the states
associated with the respective ACS module, for adding the same
to the corresponding path metrics stored in said ACS modules,
for selecting the lowest sum as the surviving path, for storing’
+he new path metric for the surviving'path in the ACS module and
for storing in said state memory means the state associated with

-

the surviving path.

-
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19. A sequence detector comprising:
means for demodulating signals with a minimum run length
constraint of d = 1 having the following state machine model

with the ten states 1 through 10;

said means for detecting signals having;

branch metric generator means;

a plurality of add, compare,-select (ACS) modules numbering
less. than ten, at least one of said ACS modules being associated
with a plurality of states of said state machine.model so that
.one ACS module is associated with each state of said state
machine model, each of.said ACS modules associated with a
olurality of states of said state machine model having state
memory means; ' '

each said ACS module éssociated with a plurality of states
of said state machine model being associated with states which,
—aken any two at é time, are directly connected in the following

diag¥am;

\
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each of said ACS modules associated with a plurality of
states of said state machine model having means for receiving
each of the branch metrics for all input paths to the states
associated with the respective ACS module, fof adding the same
to the corresponding"bath metrics stored in said ACS modules,
for selecting the lowest sum as the ssurviving path, for storing.
the new path metric for the surviving path in the ACS module and
for Storing in said state memory means the state associated with

the surviving path.
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20. A method of sequence detection for signals
chagacterized by a predetermined state machine model having a
first number of states, comprising the steps of;

(a) associating at least one plurality of the first number

of states together;

) {b) for any of the first number of states not associated
with any other state in step (a), maintaining the path having
the lowest path metric of any paths entering that state;

(c) for each plurality of the first number of states
associated together in step (a), maintaining (i), the path
having the one lowest path metric of any paths entering any of
the states associated together, and (ii) the identification of
specific state so entered; and,

for each signal sample,

(d) determining the branch metrics;

(e) adding the path metrics maintained in steps (b)
and (c) to the respective branch metrics determined in step
{d) to determine new path metrics;

(f) for each of the first number of states not
associated with any other state in step (a), causing the
new path having the lowest new path metric of any new paths
entering that state to be the ﬁath maintained in step (b),
and for each plurality of the first numﬁer of states
associated together in step (a), causing (1), the new path
having ﬁhe lowest new path metric of any new paths entering
any of the states associated together to be the path

maintained in step (c) (i), and (2), the identification of
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the specific state so entered to be the 1dent1f1catlon of

the specific state maintained in step (c) (ii).

21. The method of sequence detection of claim 20 wherein
eacﬂ of the states associated together in step (a) are states
selected from a group of states satisfying the criteria that:

(a) from all possible codewords of a predetérmined
codeword length or less and the respective state sequences, and

{b) from all possible pairs of said codewords of equal
length representing error events which have the same starting
state but differ in the second state, and from the state
sequences for each said pair of said codewords representing
error events; |

there is a predetermined subset of said error events for
which no two states from said group of states are ever
simultaneously occupied by the two state sequences from any
error event in said predetermined subset of error events at any

position in the state sequences.

22. ‘The method of sequence detection of claim 21 wherein

error events included in the predetermined set of error events

-
-

are selected based at least in part on error event distances.
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23. The method of sequence detection of claim 22 wherein

A

error events in the predetermined set of error events include

minimum distance error events.

24. The method of sequence detection of claim 21 wherein
error eVgnts in the predetermined set of error events include
error events characteristic of non-ideal aspects of the source

of the signal to be demodulated.

:

25. The method of sequence detection of claim 24 wherein
said error events characteristic of non-ideal aspects of the
source of the signal to be demodulated include drop-out and

drop-in errors.

26. A sequence detector comprising:

means for demodulating partiél response signals with a
minimum run length constraint of d = 1 having the following
predetermined state machine model with the ten states 1 through

i0;

o
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said sequence detector having;

branch metric generator means;

first, second, third, fourth'and fifth add, compare, select
(ACS) modules, each having a state memory means for storing any
one of two states:;

said first ACS module being associated with states 5 and 6
of said predetermined state machine model;

said second ACS module being associated with states 1 and
10 of said state machine model;

said third ACS module being associated with states 3 and 8
of said predetermined state machine model;

said fourth ACS module being associated with states 2 and 9
of said state machine model; .

said fifth ACS module being assoeiated with states 4 and 7
of said state machine model;

each of said ACS modules having means for receiving each of
the branch metrics for all input paths to the states associated
with the respectiﬁe ACS module, for adding the same to the

corresponding path metrics stored in said ACS modules, for
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selecting the lowest sum as the surviving path, for storing the

~new path metric for the surviving path in said ACS module and
for storing in said state memory means the state associated with
the surviving path;

thereby having the following shared state machine model

(o
S
00

S
27. The sequence detector of claim 26 wherein each
sequence model transition of said predetermined-state machine
model corresponding to the combination of two consecutive
sequence model transitions of the following underlying state
machine model, the totality of all sequence model transitions of
said predetermined state machine model representing all possible

said consecutive sequence'model transitions of the following

underlying state machine model;
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28. The sequence detector of either of claims 26 and 27
wherein the expected sample sequence for an isolated medium
transition in said underlying state machine model is

programmable.

29. A sequence demodulator comprising:
means for demodulating partial response signals with a
minimum run length constraint of d = 1 having the following

predetermined state machine model with the ten states 1 through

10;

said sequence demodulator having;

i
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branch metric generator means;
. a first add, compare, select kACS) module having a state
memory means for storing any one of four states; '
second and third add, compare, select (ACS) modules, each
having a state memory means for storing any one of three states;
" said first ACS module being associated with states 1, 3, 8
and 10 of said predetermined state machine model;
said second ACS module being associated with states 2, 4
and 6 of said state machine model;
said third ACS module being associated with states 5, 7 and
9 of said predetermined state machine model;
each of said ACS modules having means for receiving each of
the branch metrics for all input paths to the states associated
with the respective ACS module, for adding the same to the
corresponding path metrics stored in said ACS modules, for
selecting the lowest sum as the surviving path, for storing the
new path metric for the surviving path in said ACS module and

for storing in said state memory means the state associated with

the surviving path.

30. The sequence demodulator of claim 29 wherein the
expected sample sequence for an isolated medium transition in

said underlying state machine model is programmable.

-
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